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Npeaucnoeue

IlpennaraeMas BHMMAHMIO YUTATENEA KHUIA IOCBSiEHA OTHOMY
M3 AOCTATOYHO IIOJHO pa3paGoTaHHEIX Pa3lc/iOB ICKTPOHHOH TEo-
PUM — TEOPUM JICKTPONPOBOAHOCTH M CBEPXIPOBOIHMMOCTH.

[IpennaraeMeit MaTepHaa COOEPXUT NMOAPOOHBIC CBEEHUA IO Te-
MAaTHKE pa3dena, YToO IIO3BOJIACT YMTATENIO He 3aIVIAAbIBAaTh NOCTOSHHO
B ApYrM€ MCTOYHHMKM B IOMCKAX HEOOXOMMMEIX TIOSCHEHHIA.

Cama TeMaTHKa M COAepXaHUE KHHIM HapOYUTO MOAPOGHO OTpa-
XEHHl B €€ OIVIABJICHNM, TO3TOMY HE BO3HMKaeT HeoGXOOWMOCTH ITO-
BTOPATh U KOMMEHTHPOBATD MX B NPEIUCTOBUM. _

CrnestyeT OTMETHTB, YTO, OTTMPAsACh HA MaTepHan 4-TOMHOTIO y4e6-
HOTO NMOCOOHA MO TEpMOOMHAMHKE K CTAaTHUCTHYeCKoi u3nKe, BhI-
MYIIEHHOTO 33 MocAeaHHe roAn namateabcTBoM URSS, aBTOp coBpan
pa3GpocaHHBIE N0 OTAETBHEIM KHUIAM M MX IIaBaM 3TMM30MH, OTHOCS-
IMUEeCs TMEHHO K TEOPYH 3NIEKTPOHHOTO Ta3a, KHHETHICCKON ero TEOpHH
B PaMKaX CTallHOHapHOTO MPHONHKEHHS U ARICHHIO €TO CBEPXITPOBORM-
MOCTHU, U BKIIIOYHJI UX B ¢{MHBII ONYC, MTOCBAIIICHHBIA XapaKTEPHRIM JIA
3NEKTPOHHOTO Ta3a B MeTawiax sricHUAM. OaHaKO, HECMOTpA Ha 3TH
¢hparMEeHTApHBIE CaMO32UMCTBOBaHHA, NAHHASA KHHUIa ABNSCTCS BIIOIHE
8RTOHOMHBIM COYMHEHHEM.

Jlna 6onee noapoGHOro 03HAKOMIEHHMS € OTHEIIBHBIMM YaCTHBIMU
BBRIKJIAAKAMH M 4aCTHLIMH BONPOCAMM aBTOP CHAGAMN TEKCT CCHUIKAMM
Ha YTIOMSIHYTO€ BHllle 4-TOMHOE NOCOGHE, KOTOPHE UMEIOT OCHOBHOM
L{€JbI0 HATIOMHMHATD YX€ H3BECTHBIE NTOMTOXEHHUS M He HapylllaloT JIOTHKY
M T0CJIE0BATENAbHOCTE OOLLIETO UATOXEHUS TPEACTARASIEMOro MaTepHa-
Ja. TIlpeHeGperas BO3MOXHBIMY YIIPEKaMH 110 MOBOAY BCTPEYAIONIETOCA
B TEKCTe KHUIHM aBTOLIMTUPOBAHHUA, aBTOP MCITONbL30BaA 3TOT NIPUEM OT-
HIOAb HE B LEJIAX CAMOPEKIAMBI, 2 HCKTIOMHMTENLHO HCXOAs M3 XeJaHHusA
O0BEIMHHTD JaHHBIA BHITYCK ¢ YIIOMSHYTHIM BHILUE U3MaHUEM HE TOJb-
KO MO MaHepe HANOXEHWdA, MO MCMoNb3yeMbIM OOO3HAaYEHHMSM W T. 1.,
HO M Mo o01ieif HIeonornd U oS1MM NOCTaHOBOYHBIM  BOMPOCaM,



10 MNpeaucnosue

Y1068 HE CHAOXATH AaHHYIO HEGOMBIIYIO KHUTY OOBEMHEIM CAMC-
KOM JIMTEPaTyphi, MPUBEIEM TOJNBKO KOOPAHHATH 4-TOMHOIO Nnocobus,
Hapyluas Tpaguluio, NPSAMO B NPEANCIOBUM.

ViiomsHyTOE TMOCOOME MMeeT ofliee HalBaHWe «epMOIWHaMUKa
M cTaTUCTUYeCKast Guankas, OTIENbHBIE €T0 TOMa UMEIOT TOA3ATOAOBKY!

ToM 1 — «TepmonnHamuka» (M.: URSS, 2002. 238c.);

ToM 2 — «CraTHcTHYecKast ¢pu3nka» (M.: URSS, 2002. 429¢.);

ToM 3 — «Teopus HepaBHOBecHbIx cuctem» (M.: URSS, 2003. 447c¢.);
ToM 4 — «KBanroBaa cratuctuka» (M.: URSS, 2005. 349¢c.).

B 1ensax KpaTKoCTH CCRIJTKM B TEKCTE KHUTH GYIYT BKIIIOYATh TONLKO
HOMEp TOMa, a Takke HOMepa COOTBETCTBYIOLINX TJ1aB K maparpa¢os.

ABTOp BhIpaXaeT MCKPeHHI00 O7arosapHOCTb BCeMy KOJUIEKTUBY
u3narenbcTBa URSS, BrINonHMBIIEMY paboThl [10 H3IAHUIO KHUTH HA Bhi-
COKOM NPO(EeCCHOHATTPHOM YPOBHE, NPOsIBUBIIEMY HOOpoXeaaTeIbHOE
W TEPIEJNBOE OTHOIIIEHHE K aBTOpY, U ocobeHHo JoMurTro MapuHy Pn-
KO0, aKTUBHas1 IOIICPXKa KOTOPOTO M MOCTOAHHOE BHHMaHHe K aBTopy
TIO3BONWIN B KpaTyalillie CPOKM peUTM30BaTh TIpeAsiaraeMoe M3naHue.
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Masa 1

Kunetuyeckoe ypasxenue Maynm
U KMHeTHYecKoe ypasHeHue bonbimaHa

TeopeTUueckoe OMUCaHME CTALMOHAPHHIX SIRICHUIl IEPEHOCa KaK
SIRICHU, MPOWCXOASIINX B C/Ta0OHEPaBHOBECHHRX CHCTEMax, TpeOyer
HMCIONB30BAHUS COOTBETCTBYIOLIETO PACCMATPHBAEMOI! TIpobNeMe KitHe-
TMYECKOro ypaBHeHHs1. He 3aMMCTBys KaKylo-1M60 roTOBYIO ¥ NOAXOAS -
11YIO K HalieMy CJIY4alo ¢CXeMy, Mbl C LEIbIO BHIABUTH COOTBETCTBYIOLIME
TIPEUMYIIECTBA ¥ OTPAHHYEHHs] KHHETWYECKOro TIOAX0oNa K OIMMCAHHUIO
CTaUMOHApHBIX SIRJICHUI pacCMOTPHM 3TOT BOMPOC HAYMHAS ¢ CAMBIX
WCXOAHBIX MO3NLUNR,

§ 1. KsaHTOBOMEXaHW4eCKas TeOpUsi BOSMYLLEHUA AN YNCTOrO
# CMELLAHHOTO KBAHTOBOMEXaHWYECKOr0 COCTOSHHA

INycts 3agaH raMUnbLTOHMAH cucteMnl H = Hy + §H, Takoif. uro
coBcTBeHHBIE QYHKIIMH M 3HAUEHHS HYJIEBOM €ro YacTH M3BECTHEI,

Hoyn(q) = En¢n(q).

3aMeTHM, YTO CHCTEMA, ONMUCHIBAEMAas raMwisToHHaHoM Hy, mo cy-
1MECTBY SIRNSETCH CUCTEMON TUMA HIEATBHOTO «rasa» M3 COCTOSHMM
|n) = t¥y,(q), ¥ HUKaKKX peraKcallMOHHBIX NIPOLECCOR B Helt He MpoMc-
X0ouT. B CBSI3H ¢ 3TMM NPEINMONIOXUM, YTO YACTh MOJHOIO IAMUILTOHM-
aHa 0 H gonyckaer M06nle KBAHTOBBIE MEePeXOIsl MEXIY COCTOAHUAMM
{%n(g)} 1 TeM caMBIM OBecTIeUMBAET CTATHCTHYHOCTD cucTeMBl H (T. ¢,
BRICTYTIAeT KaK 6bl B POJTH TOW <TUTAHKOBCKOM» MBUTMHKM B Tpobiaeme
PaBHOBECHOTO IEKTPOMATHUTHOTO MATydenus (cM. T. 1, . 1, c1p. 77),
KOTOpasi ofecreyuBaeT HACTYIUIEHHEe PaBHOBECHOIO TepMORAHHAMHYe-
CKOTO COCTOSTHUA CUCTEMBI).

Tlycts B MOMEHT BpeMeHH f CHCTEMa HAXOXNach B COCTOSTHUH
¥n(q). K MoMeHTY Bpemenu £ > £ 370 cocTosiHMe Gtaronaps JeHCTBHIO



14 Yacts | Sanernn nepeHoca B BuPONBEHHOM 3NEKTPOHHOM rase

omnepatopa 0 H 3BOMIOIHMOHMPYET, M €10 MOXHO, MCIOAB3YsA (PyHKLUUU
{¥n(g)} B xauecTBe GA3UCHRKIX, IPEACTABUTH B BUAE PA3IOKEHHMs

Tn(g,8) = Y p(n.tin', )gw(@);  Tn(g,t) = ¥al9)-

Bektop cocrosmus {¢(n,t|n’,t')} ynoenersopser ypasHemmio Llpé-
IMHTEDA:
_Ei(t:t:_z "H 6H”) tn” . t) =
T g P tin8) =) (w|Ho + 6HIn )e(n, tin", t) =
nll

= Eyp(n, tin', t') + E (n'|6H|n"Yp(n, tin", t').

nlﬁ

Hcexnioyas nepBoe cjaraeMoe NMpapoii YacTH YPaBHEHMS € MOMOLILIO
CTaHZAPTHOW 3aMeHH

a(n, tin',t') = p(n, tin', t')er Bt

[oxIy4aeM

h 8 . i - U
- -z:a;d)(n,tln',»t') = E (n'|6H |n"Yer BB §(n_t|n", ¢),
n”
d(n, tin',t')|,_, = Aln —n),

WM Cpa3y B HHTETPaAbHOM BHIE

d(n, tn', t') = A(n-n') +
¢
1 ' 1\ 4 (B ~Epp )t n
+ i—hfg(n |6H|n")e* d(n,tin",t").
t

BTO ypaBHEHME NMO3BOJISET PAa3BUTH BPEMEHHYIO TEOPHIO BO3MYLUEHHIA
TIO CTETEHAM TlapaMeTpa, onpenensouero senuunHy d H. OTHocHTeNb-
HO 3TOTO OnepaTopa NMPEANOIOXHM, YIIPOLas JajibHEHIINE BEIKIAIKH,
uyro 0H W BoobIIE HE 33aBUCHUT OT BPeMEHH (KaK, HalpuMep, To-
TeHLMAs B3auMozeicTBus yactuu (|7 — 73])), aubo ero 3aBUCUMOCTh
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OT BpEMEHU <«KpynHoMaciuTabHa» (JIn Aaxe XBA3UCTATMYHA), TaK YTO
HHTepBan BpeMeHu Al, 3a KOTOpOe MPOUCXOAUT CKONb-HUbyas 3aMeT-
HOE ero U3MEHEHUE, 3HAYMTEALHO GOMBIIE MEpPHONOB MPOMCXOASLINX
B CHCTEME KBaHTOBOMeXaHWueckux xonebammh h/E,.

TIpou3Boas NoCaeN0BATENIEHO UTEPalMM, Cpa3y ITOJyJacM pelllcHUe
MHTErpaEHOTO YPaBHEHHS 1O BTOPOTro (HEOGXOAMMOTO HaM B fajibHel-
meM) nopAaka 0 §H BKITIOUHTENBHO:

8O (n, tin', ) = An = n'),
tl

@(])(ﬂ,tln',t') = (n,lJHln);]ﬁ fe“;‘i(E“n—En)t'rdtll,
t

1 2
(2) Pogh ! Y] -
S n, 1) = S IsHi o) ()
‘0 t"
% f dr" / di e;‘;(E,,a—b‘,‘.')t" e{(Enn-E,.)t‘".
t t

HUurerpans no nepemenHsiM £’ u t" Gepyrcs aneMenTapHo. O6paTuM

Cpa3dy BHUMaHue Ha BPEMEHHYIO OrPaHUYEeHHOCTh MOMY4EHHOTo pele-
Husl ypaBHeHus1 LlIpéaunrepa: Tak KaK Mepsas MONpaBKa A0/KHa BbITh
TAKOBO 10 OTHOLIEHHIO K HYJEBOMY TIPHOIIIDKEHUIO, TO, B35IB WHTETPAT
no ¢, umeem

sin (M(t' - t)) ,
|2V (n, t|n',¢)| = 25 - [(n|6H|n"}| - -t ¢ 1,
E, - Ey t - 1) h
2k
OTKYJa C/IENyeT OTrpaHWueHHe Ha BPEMEHHONU WHTepBan t'—t CBEPXY,
) A
t -t ﬁ,

TIe BeNMYWHAa MONYNS MaTPHYHOTO 3JEMEHTA OMEPATOPa «BO3MYyLle-
Hus» {[(n[6H|n')[} = |6H| B3aTa B HeKOTOPOM 3(HeKTHBHOM 3Ha-
YeHMH AN TeX cOCTosHMi |n) u |n'), KoTopHe BrocnencTsuM Gyayr
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CYLIECTBEHHBLIMM TIPH (hOPMHPOBAHMH CTATHCTHYECKOTO COCTOSIHMSA CM-
cTeMBl (T. 6. MMKPOCKOIHYECKUX COCTOSIHMI, BXOISIIMX B TIPHHHMa-
eMbIll TIDH CTATHCTHYECKOM PACCMOTDEHMM CHCTEMBI 3HEpreTHUeCKWi
cnoit O (em. 1.2, 1. 1, §3)).

OrMetuM GU3MYECKUt CMBICT BEANYMHEI KBaJPAaTa MORYJIS aMILIH-~
tyan ®(n, t|n’, t'),

'|<I>(n, tin', t')lz = |p(n, tin', t’)|2 =W(n,tn' t),

KOTOpasi B COOTBETCTBUM C €¢ KBAHTOBOMEXAHWHMECKUM MOHWUMAaHUEM
TPENCTARNAET BEPOSTHOCTb OGHADYXHTb CUCTEMY B COCTOSIHMM 7' K MO-
MEHTY BpeMeHH t', eclM B MOMEHT BpeMEHM ¢ OHA HAXOAWIACh B CO-
CTOAHMHU 7. .

IToaToMy, ecTM CHCTeMa B MOMEHT { HaXomuaach He B YHCTOM
KBaHTOBOMEXaHMUYECKOM COCTOSIHUM ¥p(g), @ B CMEILIAHHOM COCTOSHUH
{ww (£); ¥y (g)}, TO BepOATHOCTH OGHAPYNKUTD CUCTEMY B COCTOAHUM 1t
B MOMEHT BpeMeHHM ' > t. Gyner pasHa

wa(t) =Y wa(OOW @', t[n,t') =Y we ()8 (n',t]n, £)B(n', t|n, t').
n' n

Pacnionaras peweHueM ypasHenus [Lpénuurepa, MOIcTaBuM B 3TO BHI-
pakeHHe ciieayiolye KoMOHHaUMH, OTPAHMYMBASCH BTOPLIM TOPAIKOM
1o 0 H BKNIOYHTENBHO:
Y (', tIn,t) 2O tIn,t') = A(n—n'),
3 (', tin, )20, tn,t') + 8O (0, tin,t) @ (', tin,t') =
= A(n—-n') (@Y (n,tn,t') + 8V (n,t|n,t')) =0,

E,-E
———”m (' -t
30 (0! tln, ) (' t|n,t') = | (nid H 0y |* - 4sin ———— =
E, —E,
——(t'-t)

= Z A(n" - n')|(nl6H|n") |2 -4sin?

n?

(En" - En)2 ’
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2O (', tin, )@V (', tin, t') + &' (', t|n, )OO (0, t|n, ) =

En"—En 1]
R -1

(En“ - En)2

= -A(n 7)Y [(rl6H|n")[* - 4sin®
"M

Pa3obheM KOMGHHAINMIO (Sin Z/z)’ Ha 1Ba COMHOXUTENHM, TIONOXHM
t' =t +7(r > 0) u BBENEM 0GO3HAYEHHE

sin (E—" — B 1') sin (E" — E"'r) |
I(En - En’, T) = 2ﬁ 2h B

ﬂ-(En - En’) ) En - Enl r
' 2h

Toraa [T HAYATEHOM CTAIUM 3BONIOLIMK CMEUIAHHOTO COCTOSTHUS CH-
cTembl (T. €. pacnpeaeneHus wy(t')) momyyaeM, MepeMecTHB craraeMoc,
coxepxallee wy(t), Hanepo, noxenus ofe YaCTH PaBEHCTBA Ha T, M y6u-
pas nMpu CyMMHMPOBaHMM OIVH WITPHX, COOTHOIIEHHE

-w..(t+r) wn(t) Z(.,,,,.(t) —up(t)) X I( 6 |n') " (B - Ew, 1),
OTPaHUYEHHOE YCJIOBMEM

L —=

6H|’
M KOTOpOE, OCTaBasCh LEJIMKOM KBAHTOBOMEXAHWYECKUM, YK€ NpHoG-
peTaeT YepThi KHHETHIECKOTO YPAaBHEHHA (XOTA UM elle He SRIAETCA).

§2. Cratuctvueckue cucremnl. OrpyGnenne wxanb!
BPEMEHH U 3aKOH COXPAHOHNS SHEPriK

OGpaTuMca Temepb K CTATUCTHYECKUM cHCTeMaM, T. €. CHCTeMaM
mHOTMX (N > 1) yacTHL, YIOBRJIETBOPAIOIMM BCEM HEOGXOAMMEIM
YCIOBHSIM, 06€CMEYMBAIOLINM UX «CTATUCTHYHOCTE» (CM. T. 1, 1. 1 M T. 2,
1. 1, § 2-B). HamoMHuM, 4TO MHTEPBaX MEXAY SHEPTETHUECKUMH YPOB-
HSAMMU B TaKOI CUCTEME OYEHDb MAJT: €CITM AT MaeaTsHO! cucTeM N ya-
CTH1I OH OKA3KIBAETCA 3aBUCSLLMM OT YMCIA yacTHL Kak AE, ~ eN ™3,
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INe € — CPEAHAS SHEPrus, NPUXONAILAACA HA OOHY YaCTULY CUCTEMEI
(BBIDOXIEHNE CaMMX SHEPreTHYeCKUX ypoBHeN E, O'POMHO M WUMeeT
dakTopraneHy10 Mo N 3aBUCUMOCTB), TO € YIETOM B3aUMOIEHCTBUS 9a-
CTHLl CUCTEMBI APYT C APYTOM 32 CYeT YACTUYHOTO CHSTHS BBIPDOXICHWA
UHTEPBAN MEXIY 3HEPreTHYECKUMU YPOBHAMM ellle Gonee cyxaercs.

PaccMarpuBasi B KauecTBe HCXOAHOW TTO3ULIMM B TIOCTAHOBKeE arma-
paTa CTaTUCTUYECKOM MeXaHUKH M30JIMPOBAHHYIO CUCTEMY MHOTHX Tel,
T. €. GUKCUPYH MAKPOCKOMUYECKOE COCTOAHMUE CUCTEMbl MaKpPOCKOIIM-
YeCcKMMM Xe TapaMeTpaMH, 3Heprus £, oobeM V u uuciao yactuu N,
VM YYMUTHIBAsA afdUTHBHYIO CTPYKTYPY 3TUX MapaMeTpoB, B YaCTHOCTH,
£ =Nen~N', dukcauust caMoM BelUYUHBL £ NOMYCTMMA B Ipede-
J1aX TaxK Ha3bIBAaEMOI0 «3HEPTETHYECKOTO Clos» 4E, YIOBAETBOPAIOLLETD
YCJIOBUIO

AE, < 66 <eN'™2,

rae a> | (cornacHo BeiBOJAM, TIOMY4EHHBIM Ha OCHOBAHUM KaHOHMYEC-
Koro dopMarama [i66ca, a=1/2, cm, 6onee noapoGHOT. 2,1, 1,§ 3 u 4).

"Kak 6B «pa3MaseiBasi» BHYTPH HEPTeTHYeCcKoro ciost € (xoto-
DBt MOXeT UMETb BHYTPU ce0fi MHOXECTBO TECHO PacCIONOXEHHBIX
ypoBHeit F,) aHepreTHdecKwii aprymeHT £ M XeJlasi COXPaHUTh TOT €T0
CMBIC/I ¥ IIO OTHOLUCHMIO K 3aBHCMMOCTHM OT HEMO MHTEpecylolleil Hac
BeJIMYMHBL W, (T.e. rnonaras 31y ¢yHkuMio B MacmTabe AE, Toxe
IOCTATOYHO pa3Ma3aHHOW M AOCTATOYHO IUIABHON (yHKUMEH 3Hepre-
TUYECKOTO apTyMEHTa), HEOOXOAMMO OTMETHTb, YTO 3Ta BO3MOXHOCTb
peain3yercs He IpH Bcex 3HaYeHusix 7. OMHaKO HayMHasl C onpeneseH-
HOTO 3HaueHWsI 3TOro uHrepBaia BenuuuHa I(E, — B, , T) npHo6peraer
xapakrep §-pyHKuMu, ofecriednBaonieil 3aKOH COXpaHEHWS 3Hepruu
B KBAHTOBBIX I1€pEX0JaX, NPOMUCXOASIIIMX B U30IUPOBAHHOM CUCTEME, a,
CJAEOBATENbHO, U TOSIBICHUE OCMBICIIEHHOTO M «3aKOHHOrO» 3Hepre-
THYECKOro apryMeHTa Kak OOLIEro nmapaMeTpa CUCTEMBI.

JHeHCTBRTEITBHO, TIepBbI COMHOXUTENb B popMmyne mid I(E, — By, 7)
nMeeT BUI OBICTPO OCUMLTUDYIOLLel JonpenenbHolt d-dpyHkumu dupa-
Xa, KOTOpast UMEET He CKOMNEHCHPOBAHHBIA 3THUMHU TUIOTHBIMH OCLIVN-
asuusaMy rop6 BeicoToil 7/2xh B o6aacTu

B
0<IBw - Bal < T,
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Puc. 1.1. Mpaduk ponpenensHoih ¢yHKUMM E(E,.: — E,) W 3XBMBANEHTHOW e/

0CTPO COCPEAOTOHEHHON OKOMO HYNA CBOEr0 aprymeHTa (PyHKUMM. TTyHKTMPHOR

NMHUeln n306paxeH NNaBHO MEHAIOWWIACHA B MacwTabe AE, MHOXWTenb, CoOnpo-
soxgaiowvin dyHkumio I(Ey — By, 1)

KOTOPHIH B IPHCYTCTBHM JIaBHLIX B Macirtabe A E,, MHOXTENEN, 3aBH-
caumx ot Eyy , MOXHO 3aMEHHTD Ha OCTPOCOCPEIOTOYEHHYIO OKOJNO HYS
CBOETO apryMeHTa «bu3ndecKylo» -¢ynkumio (cM. puc. 1.1).

JleHCTBHTENEHO, 3aMUCBIBasg MEPBBIf MHOXHTENb B QyHKIMH T
B BWJIE WHTerpaa,

. Eﬂ'_Eﬂ r
SIHTT 1 b1
S -f - K — —— $(Eyw—Ea)z -
(B — By) J(E!, ns T) 21_/6 dz
"
1 1 ¥ E,
= — i{1-20
g [ oni(1-F o
-

YUHTBIBAsA, YTO B 06/1aCTH HY/s CBOEro apryMeHTa BEJIMYUHA BTOPOro
COMHOXMTE/S, MMEIOIEr0 BUL (Sin T/Z);—0, CTPEMHUTCA K €AMHMLE,
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nony4aem B npeaene E,7/2h — 0o, uTo

. ]l ~ E,

> h/E,
I E,

— — —— \V=40(E, - E,).
E,f’(l E) (Bn - Ex)

TakuMm 06pazoM, OrpaHWYEHHE BENUYMHEL T CHU3Y, T > h/E,, obecrie-
YUBAET MOABIEHHE TPH PACCMOTPEHUH M3ONUPOBAHHOM CHCTEMBI MaK-
POCKOMMYECKOro MOHUMAHMS 3AKOHA COXPAHEHUS IHEPTHM, BEIUYMHY
KOTOpOIi Tenepb MOXHO MCII0/1b30BaTh B XAYECTBE NapaMeTpa TEPMOIU-
HaMMYECKOrO COCTOSHMS CUCTEMBI.

O61ee orpaHUYeHMe, KOTOPOMY B HALUEM PACCMOTPEHMM LOMXEH
OBITh TOTUHHEH WHTEPBAT BPEMEHU

!
T=1 -4t
UMEET BUI

h T h

g T —.

E, |6 H]|

Brinionnenne sToro ycnoBusi, C ORHOM CTOPOHLI, OOecnedUBaeT

CIpaBELIMBOCTD IIONYYEHHOrO ML QYHKUMM wy{t + T) BbIpaXeHus,
¢ Apyroil — jaeT MPaBO TOBOPUTE 00 OMpeAeNeHHOM 3HAYEHWH SHep-
THH CHCTEMBI, KOTOpPOe MOXHO MCIONb3OBATE B KAaYecTBE apryMeHTa
OYHKIIMU W, KaK B MOMCHT BpeMeHH ¢, Tak U B MoMeHT ¢ + 7. Tlo-
NyyeHHOE Hamu BhipaxeHwe 1S w,(l + T) B 3TMX YCIOBMSAX NpH-
0o0peTaeT Byg

wn(t +7) — wa(t)
T

= 3 (0w (8) — wa(®) 7 |(IoH 1) 6(Bn ~ Ew).

KoHCTpyKums, crosiluasi B MpaBoi 4yactd mocie (wy — w,), BMECTe
¢ d-dyHKUMeH npencTaBisAeT U3BECTHYIO (GOPMYY TEOPDHH KBAHTOBBIX
nepexonos. JefcTBUTeMEHO, IoNaras 1’ # n (cnaraemoe ¢ n' =7 B npa-
BOW YaCTH BCe PAaBHO BBIMANAET) M BCIIOMHHAs, YTO BETMUMHA

|<I>(n’, tn,t + 1')|2 =W(n', tn, t +71)
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OTIpeJieNsIeT BEPOATHOCTh OOHAPYXHTL CUCTEMY B COCTOSIHMM 12 B MO-
MEHT BpEMEHH £ + 7, eC/I B MOMENT £ OHA HAXOIMAACH B COCTOAHUM 1’
(1. €. BepoATHOCTH Nepexona n’ — n 3a BpeMs T), NONYYaEM JUIA CKOPO-
CTH NMOAOGHEIX KBAaHTOBHX IEPEXONOB, OrPaHUIUBAACh IPH 3TOM HH3-
WM IT0 TCOPUH BO3MYILUEHHI €€ TIOPAIKOM,

o i}
w(n'|n) = EW(R" tn,t+71)= El@‘“(n’, tin,t +'r)'2 =

2sin (—E"' —_ E"r) i
2 0 2h _

— ' —
s | S
22sin (E—"';E"r)
= [(n|6H|n' = w(nn).
|(nloH|n")|" hEy - Ey) (nin')

ITpu suinonHenun ycnosusi 7 > hi/E, 3aBMCHMOCTh 3TOH CKODOCTH
KBAHTOBBIX MEPEXOJOB OT T MPONAKaeT, 4 KOHCTPyKUMs ¢ CHHYCOM
TipeBpalaercs B §~hyHKIMIO, M MH TTOJTydaeM, 9T0

w(n|n') = w(n'In) = %Knl&ﬂ |n’)|26(E,.. - E,).

§3. Mepexon x KMHETHYECKOH wWKANE BPEMEHN
1 NOCTPOEHHE KMHETHYECKOrO ypaskenus Maynu

OGpaTtuMca Teneps K NpobiieMe MOCTpOCHUS KHHETHIECKOTO ypaB-
HEHM#A WIS BEPOATHOCTH wy(t). Pacnonaras ofmweit xapTuHoit mopene-
HUS BEPOSTHOCTH w0y, (+7) Kak dbyHxuuu (cM. pHC. 1.2), MBI BRISICHITH,
yto BHYTpH uHTepBana 7 < h/E, BenuyuHa W, €nic HE MOXET COXpa-
HATH HEPrUIO COCTOSIHMS B KAYECTBE CBOErO apryMEMTa M IIO3TOMY
CIIYXHTh XapaKTEPUCTHKON 3BOMIOLMOHHONO MPOLECCa, IIPOHCXOASLIE -
10 BO BCeil CUCTEME, emte He B cocTosHUM. CKIaZILIBAIOmIAACsl CHTYaLMs
AHAJIOTMYHA TOM, KoTopask BO3HHKIIA B KJIACCHMUECKONH TeopwH NpH pac-
CMOTPEHWH CHCTEM THTIA Pa3PEXEHHONO ra3a B CBA3M C BLIXOIOM 3BO-
JIOLMOHHOIO Npollecca Ha KHHeTHYecKHi ero 31an (cm. 1.3, 1. 5, §6),
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w, (t)

-~

! ~
] T~ao
) S
Ow (t) SS
| n
| ot 2>//
[}
|

|
PELELIALLLL T
0 \—h _h
E |6H|

n

_’
T

Puc. 1.2, O6wui xapakrep 3aBUCUMOCTH OT BPEMEHI BEPOATHOCTM Wy (t + 7)

KOT[la OMHOYACTHYHAA (PYHKIIMSA pacTIpeAcicHUS nepectaeT ObITh aTpu-
OyToM Kakoi-TO ofHO#I H3OpaHHON 9JacTHMIIHI, a YX€ YNpaBisieT Bpe-
MeHHON 3BommiouHeRt Beeif ccreMbl. YTOOBI pewuts Ty Xe mpobiiemy
B pacCMaTpuBaeMOM HaMH Cliyyae, HeoOXoammo mepeitn K orpybieH-
Ho#t (yXe He KBaHTOBOMEXaHMYECKOH) LIKale BPEMEHHM, B KOTOPOW
moboe, Jaxe Manoe ero M3MeHeHHe Af > h/F,. OrpaHuueHue Xe
Ha BETHUMHY 7 CBEPXY HE M03BOJIAET NPOABUHYTLCA BO BpEMEHH 3a Npe-
AENbI JIMHEHHON 3aBUCHMOCTY PYHKuMM w,(t + 7) mo 7, T.€. B 3TOM
OrpyOJIECHHOI IIKajle MBI MOXEM ONPEACHUTH TOJNLKO IPOM3BOZHYIO
GyHKIMH W, TIO «OTPYGJIeHHOMY» (KMHETHYECKOMY) BDEMEHH

- Ow,(t)

0 t
s P

wa(t + 7) — wy(t)
T

Ormpenenvs TakMM 06pa3oM NPOU3BOAHYI0 GYHKUUN Wy, (t) 1O BpeMeHn,
MBI TIPHXOAMM K KHHETHYECKOMY YPABHEHHIO OTHOCHTE/IbHO BEPOATHO-
CTH OGHApYXWTh CHCTEMY B COCTOSIHUM i B MOMEHT ¢,

a‘u;‘t(t) - ; %’rl(nwﬂln’)lzé(Eﬂ - En’)(wn'(t) - wﬂ(t)) =

= 5" winln') (ww (t) - wa(t)).
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370 ypaBHeHue Gbu0 nonyyeHo Boabdranrom IMaynu (W, Pauli, 1928).
Yicnonb3ys CBOICTBO CHMMMETPHI BEPOATHOCTU Ilepexola B eXHHULY
speMenn w(n|n') = w(n'|n), MoxHO 3amKMcaTh 3TO ypaBHeHME B BUIE

6;”; =) (wnw(n'[n) — waw(n|n)),

LOMYCKAIOWEM EI0 HAMISAHYIO (GU3UYECKYIO MHTEPNIPETALIMIO (MCIIONb-
3yeMyI0 [1044ac Kak MpoCTOi Croco6 NMOMydeHMsA 3TOrO ypaBHEHHA),
BeCbMa CXOOHYIO C HHTEpIIpeTaluelt KITacCHYeCKOro MHTErpaia CTOMNK-
HoBeHuit Bonbumana (cM. T. 3, rn. 5, §6): cnaraemoe wy, - w(n'|n) —
370 YOLNL 3a CEKYHAY BEPOSTHOCTM OGHAPYXWTb CHCTEMY B COCTOSI-
HUM 7 33 CYET IIEPEXOOB BO BCE APYTHE COCTOSHUA T, & CllaraeMoe
wyw(n'|n) MpencTaBnsieT COOTRETCTBERHO 06paTHLIH Mponecc. Bamatic
3TMX MIPOTHUBOINOJIOXHO HANpaBAeHHBIX MPOLECCOB M OTpenenser o6-
IOy CKOPOCTh M3MeHeHMs GyHKUMM wy(t). B cBA3M ¢ npuBeneHHON
WHTEpIpeTaLyelt KUKeTHUecKoe ypasHeHWe Tlaym Ha3biBaloT ypaBHe-
HHEM KUHETHYECKOTO 6aNnaHca (B aHTNOA3LIYHOM TUTEPaType UCTIONB3Y-
£7Cs TPYAHO fIEPEBOAMMEIH HA PYCCKMIA S3BIK TEPMMH Master equation).

§4. Uaonuposannbie cuctemn. Muxpokanommueckoe
pacnpenenenme f66ca. MpoGnema obpaienns spemeny

PaccMmatpuBas M30JHPOBAHHYIO CTATUCTHYECKYIO CUCTEMY, MaKpO-
CKOMHWYECKOE COCTOSTHUE KOTOpo# (uKcupyercss HaGopoM MapaMeTpoB
(€,V, N) (8B atoM cny4ae onepatop 6 H He BKiIl09aeT B3aUMonENCTBHIA
€ BHELIHUMM TOJIAAMM, U KHHETHKA CHCTEMBI 00YC/IOBNEHA TOALKO BHYT-
peHHUMH dakTopaMu), U ONNCHIBAsA SBONIONHIO PACTIPENCNCHNS Wy,
B KMHETHIECKOI IIKae BPEMEHH, T. €. C MIOMOIIbIO ypaBHeHMA Tlaynm,
obecrneynBalomero 3aKOH COXPaHEHUs1 SHEPTUM NIPH MIMEHEHUH COCTO-
SHHH cUCTEMBI, MH (PaKTHYECKM 3apaHee OmpeAensieM 3aBHCHMOCTb
byHKUMH W, OT 3HEpPreTHYecKoro aprymeHTta. [deilcTBHUTENBHO, eciaHu
TIEPBOHAYAIEHO B MOMEHT { MHKPOCKOITHYECKOE 3HaYeHNE 3Heprun K,
BXOIWJIO B HEpreTHYecKHit cioll 4€, onpenensieMblii KBa3HKPOHEKE-
posckoit dyukumedi (cm. Sonee nogpobso T.2, mi. 1, §3)

1 Bcnyvae |E, —€&|< b€,

A(€ — E,) =
( n) 0 Bcayyae |E, —E&| > 0E,
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TO C TEYEHNEM BpEMEHMW B CHIY 3aKOHA COXPaHEHUS SHEPTUM M3MEHS-
IOLIMECs COCTOSIHMSE CUCTEMb! HE AOJDKHBI BHIXOIUTH 32 Mpedesnl 3TOro
3HEPreTUYECKOro MHTePBaa, T. €. 32aBUCUMOCTb (hyHKUMU Wy OT 3HEp-
My £ DOMKHA UMeTh BUA

wn(g’ t) = A(£ - Ep) - falt).

ITokaxem Tenepb, 4TO ypaBHeHMe [laymu siBnsercss ypaBHEHUEM
penakcauMoHHOTO THNa (oBs3arensHOe TpeGoBaHWE, MPENBABIEMOE
KHHETHUECKUM YPABHCHUAM, ONUCHLIBAIOINMUM 3BOJIOLHNIO CTaTHCTUYEC-
ckott cuctemnr). TTOOXNM, COXpaHSAS B HAMMMCARUH TOTbKO apryMERT £,

-t
wy(t) = wne
Torna contacHo ypaBHeHulo ITayny nonyyaem Uit BeJIMYMH W, CHCTEMY
JIMHEWHBIX anre6panieckyx ypaBHeHHH

—vw, = Z w(nin')(wy — w,).

VMHOXast 06¢ YaCTH PaBEHCTBA Ha W, W CYMMUpYA TO 7, MOTy4aeM,
MCTIONb3ys cMMeTprio byHxumi w(n|n’) = w(n'|n) u npouseoas s3a-
UMHYIO 3aMeHY MHIEKCOB CyMMMPOBaHUAl 1 ¢ 7',

—v Y wh =Y w(nn)(wy — waw, = — D winln')(wy — wy)wy,

nn' nn'
OTKyZIa, B35B ITOJYyCYMMY BapHMaHTOB 3alMCH HpaBoil YaCTH, IOJydaeM

1 1
V== 2 Funln)wn — ) > 0.

E Wy

n
M3 3TOro COOTHOLUEHUA BHITEKAIOT OYEHb BaxHble OOIIME CIIEACTBMS.

a) Tak Kaxk Bce claraéMsle noA 3HAKOM JBOMHOM CyMMbI HeOT-
pULIATENbHDI, TO B caydae v = 0, korga Jwy(t)/8t = 0, T.e. cucreMa
AOCTUIIIa CBOETO CTATUYECKOTO COCTOIHUSL Wy, (L) = const, Bce ee cnarae-
Mbi¢ OOpaIialoTCsi B HOMb. DTO O3HAYALT, YTO B PACCMATPUBAEMOM HAMH
cityaae w(n|n') # O (OTCYTCTBHE MONHOCTHIO 3AMpPELIEHHBIX MEPEXO-
JOB MEXIY COCTOAHWAMM, SGHEPTUU KOTOPLIX BXOAAT B SHEPIeTUYECKUM
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MHTepBan §€) BCe MUKPOCKOITUYECKHE COCTOAHUS BHYTPH SHepreTude-
ckoro cnos A(€ — E,) oxasbiBalOTCsl PaBHOBEPOATHHIMM, T. €.

wal£) = %8)’“

rae HopMUpOBOYHBI K03 duimenT 1/T'(€), onpenenseMsiit W3 ycaOBUS
L) =Y A(£ - Ey),
n

npeAcTarasgeT coboi YHCITO MUKPOCKOIMYECKUX COCTOSHHM, ¢ TIOMO-
IILIO KOTOpPBIX Peann3yeTcs NaHHoe MakpococtosHue (£,V, N), T e.
CTATHCTUYECKUIl BEC 3TOr0 COCTORHHMA. TaxuMm 06pa3oM H3HAYANBHO
KBAHTOBOMEXaHWUYECKOE PACCMOTPEHHE 3BOMNOIIMOHHOIO TIpoliecca, Mpo-
HCXONSIIEr0 B M3ONUPOBAHHOW CHCTEME MHOTHX Tell, -ToCHe COOTBET-
CTBYIOHIEr0 OTpyOAeHUS LIKATEI BPEMEHH M TEPEX0Aa K KHHETHYECKOH
¢dase TOTO Mpolecca NPUBOAUT HAC K K MHKPOKAHOHHYECKOMY pac-
npegenenmo Iu66ca (T. W. Gibbs, 1902), smisgioueMyca B MCXOTHO-
PABHOBECHOM CTATHCTHYECKOMN TEOPUM OCHOBHOM aKCHOMOW (aKCHOMOI
0 PaBHOBEPOSITHOCTH MMKPOCKOITMYECKHX COCTOSHUI CUCTEMEL, PeaTH-
3YI0IUX €€ MAKPOCKONUYECKOE COCTOAHME KAaK H3OIHPOBAHHOE U HK-
cupyemoe napametpamu (€, V, N) (cM. T.2, rn. 1, § 3-5)), . e. otipas-
HbIM ¥ MOMHOCTHIO HOCTATOYHHIM IOJOXEHHEM, U3 KOTOPOrO CJACRYIOT
KaHOHWYecKoe, Gomburoe KaHOHWYecKoe pacnpeneneHusa [M66ca u Beck
pabGouuit anmapaT paBHOBECHOM cTaTUCTUYECKOR MEXaHUKH.

Bruay TOro, 4to BCE BENIMUUHEL Vv > (0, 32BUCUMOCTb PyHKIUIMU
pacnpeneseHMs N0 MMXPOCKONMMYECKUM COCTOAHUAM

wy(€,8) = A(E — Ey) fu(t)

OT BpeMEHH UMeeT SIBHO BEIPAXECHHRIN pejTakCALIMOHHBIN XapaKTep, Ha-
TIPaRJICHHBIN K HOPMUPOBAHWIO MIKPOKAHOHINYECKOTO pacripeneieHus,

1
vt Vink
—— ~Y ——— t - it
+ E aye ( )-i—cons e

Brtopoit BapyuaHT 30l dopMynsl ans fy(£) npuBeneH ISt CITyYast, Koraa
CIIEKTP BENMYUH V AUCKpPeTeH, {V| = Vyin, V2, - ..}, KOTIA peanuayercs
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MI0C/IEIOBAaTEILHOCTh PENAaKCALTMOHHBIX MPOLIECCOR 3KCIIOHEHLIMANBHO-
[0 TUIA, YTO, KOHEYHO, He 06A3aTeNBHO, U B APYTUX CJIyyYadx pejiakcauvs
K PAaBHOBECHOMY PacNpeIeIEHUI0 MOXET UMETh U HE 3KCMOHEHMANTb-
HBIA XapakTep.

0) C npuHsATHEM KMHETUYECKOTO ypaBHeHus ITTaynu mapanokc Jlour-
muara (J. Loschmidt, 1876) mpeononesaetcst caM co6ot. Peub waeT o He-
COBMeCTHMOCTH H-Teopembl Bonmsumana (L. Boltzmann, 1872) ¢ mipo-
Lenypoi o6palueHus BpeMeH!.

Cama H-TeopeMa JOKAa3bIBaeTCS HA OCHOBE KMHETHYECKOIO YpaB-

HeHnMsa [Taynu anemeHTapHo. OnpenennM H-byHKUMIO TPAAULMOHHBIM
o6pa3oM xax

H(t) = Z wa(t) In wa(t)

W BBIICHUM 3HAK CKOPOCTH W3MEHEHMS 3TOW BEIMUMHLI B NpOLECCE
KMHETUYECKOH 3BOMOLIMK cucTeMbl. JAuddepeHumpys H-QyHxumo no
BPEMEHU Y YUUThIBasi HOPMHUPOBAHHOCTb PACTIPENE/ICHHA Wy (t) 1 noaun-
HeHHOCTb OYHKUWU wy(f) ypaBHenuto IMayiau, UMeeM, YUMTBIBas, 4TO
w(nln) = w(n'|n) > 0,

3?{ _ E 3w,, 2 In w,
- 7 ; wn(t) + % w(nln,)(wn’ - wn) Inw, =

il

=- E w(n|n')(wy — wy) Inwy =

nn‘

=—-= Z w(n|n')(wy — wy,) 111

nn’

Takum o6pazom umeeM 9H(t)/8t < 0, uTo u cocTaBser copepxa-
HUE H-TEOPEMBI.

C NOBEPXHOCTHOM TOYKM 3peHus oOpalleHue BpeMeHu ¢t — —f
JO/XHO MPUBECTH K peaynsraTy X > 0, npotuBopevaiiemy H — Teo-
peMe, U K TOSIBJIEHHIO PacCKaYMBAIONINXCS DELUCHUH THUMA e+"|", T. €.
K aHTUKUHETUYCCKOMY TIOBEACHHIO CHCTEMEI, JUTSI KOTOPO# paBHOBeC-
HOE COCTOSHME SIBJIISETCH HEYCTONYMBbIM. OIHAaKO NOIOOHBLIM BbIBOA
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OCHOBaH Ha HENOpasyMeHWU: NpH IIepeXole K KMHETHUECKOH LuKae
speMenu T > h/Ey, 3Hak §-GOYyHKUMM, obecrieyuBaloliedl MOSBICHUE
3aKOH4 COXPAHEHMA SHEPTUU B KJIACCHYECKOM €r0 BRIPAXEHMH, OTIpE-
JleTAETCS 3HAKOM BEMVUUHE! T = t — ¢ (B NPEXBITYIEM WM3TOXEHUH
y Hac 6bi0 7 > 0 M 3TOT 3HaK NMPOCTO He GHUKCUPOBAICS),

sin AE AET
in —7 sin —
2k 2h ~
I(AE,7) = —~F A d(AFE) -sign (1),
T |

1 MO3TOMY «OTPaXeHHBIi» BO BPEMEHH BapMaHT KMHETHYECKOro ypaB-
HeHua Tlaynu 6yaeT BRITISAETh Kak

3"’;@) Ew(nln) ww (t) — wa (1))

Toraa Bce ¥ € 0, 1 HUKAKOM «packadyku» mpu £ — —00 B cUCTEME
He mipou3soiner. Takum oGpa3oM, Mepexon K HeMeXaHW4ecKoi uikaie
BpEMCHU B pamkax ypaBHeHusi ITaynam uckmouaer napanoxc Jlommua-
Ta: Ipy 0OpalleHM BpeMEHK SBOMIOUNA CUCTEMBI BCE PABHO OCTaeTCd
KHHETHYECKOI.

§5. Mepexon k ypasHexnio Bonsumana

INokaxeM Temnepb, yro ypaBHeHue Ilaynu coaepxwur B ceGe B xa-
YECTBe YAaCTHONO CIy4asn KMHETHYeCKoe ypaBHeHMe BombumaHa (M ero
KBaHTOBLIE 0606mIeH ). TaK KaK TPaIWIIMOHHOE ypaBHeHWe Boibuma-
Ha (cM. T. 3, 1. 5, § 6) ONMMCHIBAET KMHETHKY KIIACCHYECKOTO pa3pexXeH-
HOTO rasa, pelaKCalMOHHBbIC [TPOLECCH B KOTOPOM OGECTieuMBaloTCs
[APHLIM B3AMMOAEHCTBUEM YACTHL APYT C APYTOM, [PEATIONONHM, YTO
Hama cucreMa H + 0 H npeacTapisieT TOYTH KIACCHYECKMI U TOYTH
WICATLHHI a3, XapakTepu3yeMBid TaMWIBTOHHAHOM HIACAIBHOH CH-
cremnl, H = Hy, B T0 BpeMa Kak K omepatopy 0H oTHeceno Bce
B3aUMOACHCTBUE YaCTHIL APYT C IPYTOM,

SH=Hy= Y (-7

1i<i<N



28 Yace . SaneHns nepexoca B BbIPOXAEHHOM SNEXYPOHHOM rade

(o606Imenre Ha Cayyall HECKO1bKO-KOMMOHEHTHON CUCTEMB MOXHO
6yaer caenars fOToM No Mepe Heobxoammoctd). Durypupyowmii B
NpeabiayLLeM HIN0XEeHUWM HHACKC 72 B A@HHOM CJ1y4a¢ OTHOCUTCS K N -ya-
CTUYHOMY COCTOSHUIO MAEAIbHOIO rasa, KOTopoe MOXHO 3aMKCHpO-

BaTh C MOMOLLLIO HaBopa UMMYILCOB (F), §a, ..., PN), 2 CAMO COCTOSI-
HME 1y, IPEACTABUTH B BUIE COOTBETCTBYIOWETO TIPOM3BENEHUS TUIOCKHMX
BOJIH '
" 1 i
—=exp{ —pF¢.
vV k

BBeneM B pacCMOTDEHHE ONHOYACTHYHYIO (DYHKUMIO pacTipesiene-
Hus (CpefHME YMCIa 3aMOIHEHMA), HOPMHUPOBAHHYIO Ha MOJMHOE YUCIAO
yactuy N,

F@l)Eﬂ@n)=/wn(ﬁ'n,ﬁz,...,p'y)dﬁz...dﬁ‘”.

Ecnu panu MPOCTOTH! MANOXEeHUs NpeHebpeys ydeToM npuHuuna [Maynu
(mp4 HeO6XOAMMOCTH 3TOT YYET MOXHO GyIeT BOCCTAHOBHTD), T. €. ONy-
CTMThL ONEpaliMM CUMMETPU3aLMM Y AHTHCUMMETPM3AUMH, TO (YyHK-
MM W, U W, B JAHHOM Clyyae MIealbHHIX cUCTeM GyIyT MMeTh BUI

N
H =), wn= H N
i=I 1=
VuuTeIiBas COOTHOILIEHUE
2 /ex {i(ﬁ’— ")i"}di"-&(ﬁ— 2
(2]

TIONyyaeM JUTSE BEPOSTHOCTH Tepexona w(n|n’) (HeHyneBle claraeMbie
GYIYT TONBLKO Te, B KOTODBIX i =i U j' = j) B pe3ynbTate y4eTa TONBKO
MApPHLIX CoynapeHu

™ .
= |(nlsHIw) [ 6(Bn - Bw) =

2m ) L L.
= Y. S l@#ei5iE) s, 9) ] 66 - 53,

ISI<jSN L)
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rae MaTPUYHBIA 3JIEMEHT [OTEHIMANA B3AMMONEHCTBHS YacTHLL
®;5 = (I — 75)

PACCYMTHIBAETCA ¢ MOMOLUIBIO (PYyHKLMIL MIOCKMX BOJH M FAe BBeJeHa
COKpallleHHAas 3anuch A §-~PYHKIMH OT SHEPIUU

dg(i, j) = 6(Bpi + Ep; — Eyi — Byj).

YyuThiBasi, 4TO CTOsiMIEE B MPaBOil 4aCTM KMHETHYECKOTO ypaBHEHHA
Maynmu cyMmupopaHue mo n' Temeph O3HAYAET MHTETPHUPOBAHME IO
153 ... PN, YMHOXNM 00€ YACTH 3TOTO ypaBHEHMst HA N ¥ mpo-
WHTETPUPYEM WX TIO HEWITPHXOBAHHBIM P, ..., Py. B mpasoit wacth
BeiGepeM BCe (N — 1) cnaraeMeiX, COREpPXaUIHX OCTaBINYIOCS «B XM~
BBIX» TiepeMeHHYI0 Py. Tak xak anst £ # 1,2

[[ “Bs-53) agiagi = [

TO ATl OTOOPAHHBIX C1araeMBIX C «XKUBBIM» §) MOAyYaeM

n(py) ... . . .
(;:," §(Pi ~ Ft) AP dP = 1,

- IRV 2, SV N Y]
N(N~1)/dp:fdp'xdp:;l(mml%:lp'm'z)| X

cas0, ) "EDRED _ nUENE)

TMon 3HakOM WHTErpala B 3TOM BHIPAXEHWH CTOWT YMCJIO MEPEXOIoB
(B, §2) — (B, F3), npoucxonsuMX B CHCTEME 33 CEKYHAY B pe-
3yAbTaTe paccesHUa vyacTuu 1 u 2 Ha noreHumane P(|F; — 7|). Dror
npoliecc cTporo aerepMuHupoBan. IlogoGHasA 3a/laua B MEXaHUKE pella-
€Tcs TOYHO, M MpPH 33JaHHKIX apaMeTPaX PAcCeAHMs — NPHUENLHOTO
PacCTOSTHUSA @, PACTIONOXKEHHS TUIOCKOCTH, B KOTOPOW MPOMCXOIUT pac-
cestHie (YTON ), aeT TOUHBIN OTBET VI KOHEYHBIX HMITY/TECOB 1aCTHIL
B ipoliecce (), §>) — (Py, §2). BeencTsue ykazaHHON AeTepMAHApPO-
BaHHOCTH OGPaTHHIN NMpoIECT, KOT/IA 32 MCXOMHEIE 3HAYCHWS MMITY.TLCOB
GepyTes 3HaYCHUA P, U P, TIPH TeX Xe NAPaMETPaX paccesHus, J0J-
XeH TIPUBOIUTH K HEUITPHXOBAHHBIM 3HAYEHHSIM WUMITYTLCOB YaCTHII

(51’52) — (ﬁl)ﬁl)‘




30 YacTh |, PBAEHMS NEPEHDCA B BHDOXASHHOM 3EKTPOHHOM raie

Kpome TOro, B CHily 3aKOHOB COXpaHEHWS MMIYNbCa M 3HEPrHU
B 33Jaye ABYX TeJd BEKTOP OTHOCHUTE/BHOH CKOpPOCTM YacTHU 1 M 2,
HE M3MEHAs CBOEl BEIMUUHb

|| =

MOBOPAYMBAETCA Ha YTOJ PACCEAHUS ¢, a SKOGUAH mepexona ot nepe-
MEHHBIX J) U P K NEPEMEHHBIM P ¥ P B CUJIy OZHO3HAYHOCTH pelle-
HUS MEXAHMYECKON 3219 1 B3aMMOOBPaTHMOCTH (F), ) «— (P, P2)
PaBeH CONBUILIC
} B(j"l s ﬁ2)
a(ﬁl ) 52)
TloatoMy MHTerpupoBaHUE MOXHO NPOM3BOAUTH KakK 10 MMITYJIbCaM
«40 CTOJIKHOBEHUA», TaK U MO MMITYABCAM YaCTMH «J10CJE» MX CTOJK-
Hosenus (T.e. popManbho dPy dp, = dp, dp,).
B cuay ctporoit onpenelieHHOCTV KOHEYHHIX 3HAYEHMI MMIIYAb-
COB YacTHU 1 M 2 B pe3yspTaTe MX paccessHMs ApYr Ha ApYre 3HaYeHus
7 n F, N0 KOTOPHIM MPOM3BOANTCH HHTETPHPOBAHHE B HAMMCAHHOM
BRIIIE BHIPaXEHMH IUIST (PParMeHTa JICBOA 9acTH KHHETHYECKOTO YpaB-
Henwmd ITaynu, MOTYT GLITH He MOOBIMI, 2 TIHIEL «<KOHEYHBIMU» | H D3,
T. €. CTOSIIUMA 1O 3HAKOM 3THX WHTErpaloB KBaapaT MOAyNs mepexoaa
(B, F2) — (P}, F3) DomkeH B pe3ynsTaTe pellleHWs 3amadqyu IBYX TeN
comepxath d-pynkumu §(F| — 51) n 8(5) — 1) (B pesynLTATHBHOK
YacTH 00CYyX1aeMOro BKJala B KMHETHYECKOE YPABHEHUE TEM CaMbIM
MPONANIacT Pa3sHKIA MEXIY ITPUXOBAHHBIMU ¥ «OBOJTHOBAHHBIMM» 3Ha-
YEHUAMM UMITYJIBCOB YacTHL 1 # 2), 1 OH CBOPaYMBAETCS B BHIPAXEHMUE,
TIPeACTABIIAIONIES YUCIO NEPEXONOB @, p) — (p] , p2) 32 CeKyHRy
1 NTOSTOMY COIEPXKHUT ITEMEHT 06beMa u - @ da dp = 4 dw (3anuchiBae-
MOTO 4acTo B BUIE o(u, ¢, @) sin ¢ dy dg, rae & — COOTBETCTBYlOLIEE
CeueHHE TIPOLIECCa PACCEAHHA), 2 CUMBOINYECKOE CYMMUpPOBAHHMeE TI0 7'
IpexyCMaTpUBacT CYMMY IO BCEM BO3MOXHbBIM KOHEYHBIM COCTORHMSAM,
T. €. MHTErpa o BCeM IOITYCTUMBIM MapaMeTpaM CTOJIKHOBEHMUIA.
OcTanbHble cnaraeMele, He comepxallue UMIYAbCa Py, BCleacTBHe
COOTHOIIEHUS

dp; df; = dp; dp;
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¥ B3aMMHO CHMMETPHM NpoLeccos (F;P;) +— P Pj OOPALIAIOTCS B HYIb,

L 20 o o
/ dp dP3g|(P2P3|‘I’2,3|P 2 '3)|25E(2, 3) x
9 (" PPy ﬂ(ﬁ)"(ﬁ)) -0

N? N?

W MBI TIONyuaeM, TIEpexons K Gonee_ TPANHUHOHHEIM 0603HaYeHNAM
(T.e. 3aMeHss P, Ha P, §» Ha ) M P) Ha P, P2 Ha P)) ANA OAHOYA-
CTUYHOW QYHKIMH pacripeneneHus

1) = nF @) = _n(@),

rae v = V/N = 1/n = const, K1aCCH4€CKO€ KHHETHUYECKOE YPaBHEHME
BonbuMaHa a5 cityyas MpOCTPaHCTBEHHO ORHOPOIHON M30MPOBaHHOM
cucreMnl (cM, T. 3, rr. 5, §6)

0f(P, t) / (f(f’ t)f (7 t) - 1(, t)f(fl',t))u dw dp,.

B ciyyae, xorma BO3HMKAET HEOGXOAUMOCTL PACCMATPUBATH KUHETUKY
BBLIPOXKIEHHBIX KBAHTOBBIX Ta30B, MHTErpaN CTOJKHOBEHH HECKOMBKO
YCIOXHACTCA 33 CYET MPOBENEHWMS oTeparmit cuMMerpusauvim (B Go-
3e-cAy4ae) MAM aHTHCHMMeTpu3auuy (B depMH-cayuae) GpyHKumi co-
CTOSTHUH, C MOMONIBIO KOTOPHIX PACCYMTHIBAETCS] MATPUYHBIH AJIEMEHT
{(n|0H|n'). TIpy McNONBL3OBaAHWM NMpENCTABNEHHA BTOPUYHOTO KBAHTO-
BaHMA, [€ CBOJICTBA CUMMETPHMM YYTEHH 3a6JarOBpeMEHHO, COOTBET-
CTBYIOLIMIT MHTErpajl CTONKHOBEHMII nmomyumacs Onl aBTOMATHYECKH.
Tak, B cryyae BHIDOXAEHHONW (hepMU-CHCTEMBI, MCTIONB3IYEMOW B Ka-
YeCTBE MOIENW IMEKTPOHHOIO rasza B MeTalnax, NpuHumn Ilaynu Ha-
KNa/ibiBaeT NOCTATOYHO XECTKHE OrpaHM4YEeHHs Ha HayalbHble U KO-
HeYyHble 3HaYCHUS MMITYITHCOB: PacyeT KBaapaTa MaTpHYHOTO IEMEHTa
(7192191271 72) st mponecca (1, F2) — (71, F'2) HacT MHOXMTENS
n(p, )n(p;) Wi HAYATLHBEIX COCTOAHMEA (OHM 3aHATHL ITUMU B3AMMO-
neicteyrownmy wactuuamm) u (1 - n(F1)) (1 - n(52)) wia xoxeunrx
(mepexox Ha HelaHsTbie MecTa) H HaoBOpOT MpH OOPaTHBIX Ilepexo-
nax (51, §3) — (P, P2). OrpaHHUNBAACE IECh TONLKO CAENAHHBIMH
3aMeyaHUusIMHU, Mbl 110 MEPE HEOOXOAMMOCTH BEpHEMCA K NpobaeMe BhI-
POXIEHHBIX CUCTEM B AaNbHEHIIEM.



naga 2

'OBuwe 3ameyaHna ¥ BONPOChHI
MOAEHPOBAHUA CUCTEMDI

HeckombKo coB 06 MCTOpuH Borpoca. [TOHATHE «3ME€KTPOHHBIH
(a3 Guuto peeAeHo Jpyne (P. Drude, 1900), yTo cnocoGcTBOBANO 06B-
JCHEHIIO HCKOTOPBIX XapaKTePHBIX 0cOGEHHOCTEN METATUYECKHX TIPO-
pONHUKOB. 3AMETHM, YTO CaM 3/EKTPOH KAK YaCTHUa, Hecyluas 3aps,
fbL1 OTKpHIf 38 TPU roaa 10 3toro Tomcorom (W. Thomson, oH xe nopa
Kenbpun). /lopeHL (H. Lorentz) B 1904~1905 ronax MogHsu1 TEOpHUIO
4/IEKTPOHHIrO Ia3a B MeTaJLIaX €LI¢ B JOKBAHTOBOM BapHaHTe 10 YPOB-
ASl KMHETUYECKOH TEOPUH. Jist BHIPOXAEHHOTO 3M1eKTPOHHOIO ra3a co-
OTBETCTBYWMIME Pac4eThl GRUTH BHINONHEHB! HECKONBKO o3Xe 30MMep-
pemvaom (A Sommerfeld, 1928) — vepes TpH Tona nocne GOPMyITHPOB-
(M TIO OTHOWEHMIO K SMEKTPOHaM fipuHumma 3anpera (W. Pauli, 1925).
HONMBLIYIO POTE B PA3BUTUM KBAaHTOBOW 3/IEKTPOHHOM TEOpUM B Me-
famax ceipaty GyHIamMeHTarsHee paborer @enukca Broxa (F. Bloch,
1928—1930), KOTOPEIM TTOKA3al, YTO ABWKEHME YaCTHUR B TIEPHOAUYE-
CKOM noJie \PUCTAIUTHYECKOM PELIETKH OMUCHIBAETCA HE IUIOCKMMH BOJI-
HaMM, a Tas Ha3bIBAEMbIMM GnOXOBCKMMM yHKUMAMY (HE pacrionaras
SOUHEIMM SHATUTUYECKMMY BBIPRXEHUAMH, 3TH QYHKLUMM B KOHKpET-
ABIX pacqemx BCC PAaBHO NpHXOAMT(] aniIPOKCUMUPOBATh COOTBETICTBY-
(OLIAM 00pi3OM MOATIPABIEHHBIMK TUIOCKMMH BONTHAMMU), COCTOSTHHSA
4acTHL, OMICRIBAEMEIE ITHMH QYHKUMAMM, NEPUONMYECKUM TIONEM pe-
(IIETKM He JACCCHBAIOTCA, TOITOMY MeXaHW3M BOSHUKHOBEHHS COMPO-
TUBIEHHA ¥ CBSI3AHHBIX C HUM JAPYTUX ABJICHUH nepeHoca 06ycnonieH
8 HU3KOTEMIEPATYPHON OGMacTy He HETOCPENCTBEHHBIM PacCEsTHUEM
ANEKTPOHOF HA HOHAX KPUCTAUIMYECKON PELUETKHM, 8 C PACCEAHMEM UX
fia HapyleAUsIX ee CTPOrOii MEpMOlMYECKOi CTPYKTYPhI (HeusbexHbie
{IOCTOpOHHAE TMPUMECH, AeHEKThl PEHIETKH ~— NUCAOKALMH M, HZKO-
pel, Terioshie KoneGaHus caMolt peLueTku).
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§ 1. Wcxniovenue y4€Ta NONOXUTONLHO 3aPAXEHHOrO
¢doHa KpUCTANNM4ECKON peLeTkH

B Halmmmx MccnenoBaHuUsIX, OPMEHTHPOBAHHLIX Ha PAacCMOTPEHHE
ABACHUI repeHOoca, NPOUCXORAIMX PEATHHO B 3¢MHBIX YCJIOBHSIX, MbI
GyoeM TrofaraTh 3NEKTPOHHEIN Ta3 CYIECTBEHHO BHLIPOXACHHBIM: NpU
PEATHHBIX ero IoTHOCTAX = N /V ~ 102-10% en 3 TpaHUYHAsA 3HEPTUS
Gepmu ep=h2/2m(31r2N /V)2 3 okasmrsaercs mopsuka 10°K ~ 106V,
YTO HA TPH JECATUYHLIX NOPAAKA NMPEBRIAET KOMHATHYIO TeMIlepary-
py € ~ 300K, He roeopsl yXe 0 «HH3KHUX» Temmepatypax ~ 1-10K.
Met GyneM Takke MONAraTh CUCTEMY HEPEMATUBHUCTCKON: MakcUMaib-
Hasi CKOPOCTb 3JIEKTPOHOB, COOTBETCTBYIOINasi rpaHuile PdepMU, HUMe-
€T NOPAIOK 10° KM/CEK, YTO B THICSYY Pa3 MeHblIe CKOPOCTH CBeTa
c3-10° KM/CeX, ¥ B CBAA3M ¢ 3TUM OyeM moJarath, YTo B3aMMoneit-
CTBHE 37ICKTPOHOB OCYILECTRAAETCS B COOTBETCTBHM ¢ 3aKOHOM KysloHa
®(R) = ez/R, T. €. 6yneM mpeHebperarh TOK-TOKOBBHIM B3aMMOZAeNCT-
BHEM ABIKYLUMXCA 3aPSOKEHHBIX YaCTULL.

PaccMaTpMBaeMast cUCTEMAa B UENOM SJIEKTpHYECKM HeHTpalbHa,
T. €. OHa KaK MUHHMYM IBYXKOMHOHEHTHA H COCTOHT M3 ITOJOXHUTEIHEHO
JAPSOKEHHON PELIETKN MATOMOLBHXHBIX UOHOB M OTPHMIIATENIBHO 3apsi-
XEHHOro «CBo60aHOro» 3eKTPOHHOro rasa. Tak Xak Macca OTHENLHHX
yionos B 10* pa3 u Gonee NpPeBHIILAET MAcCy IEKTPOHA, TO OHH B CHIY
CBOE! UHEPTHOCTH UTPAIOT OTHOCHTETBHO HEOONBINYIO PO B KHHETH-
Ke BCEH CHCTEMBI, M B PsAe 3allay MX NMPHUCYTCTBHE MOXHO 3aMEHMTH
PaBHOMEPHO «pPa3Ma3aHHbLIM» (HOHOM THMa Xeje (IUIOTHOCTb 3apsja
XOTOPOro no MOZYI0 COBNAJaeT ¢O CpelHel ILIOTHOCThIO 00BEMHOro
3apsAfia MEKTPOHHOTO Ta3a) WIM OTPaHMYMTBCSH YYETOM MAJIBIX TapMo-
HUYECKUX KojeGaHnii MMPOCTPAaHCTBEHHOR PEmIETKH, COOTBETCTBYION{HX
TEMITEDATYPHOMY COCTOAHHIO HOHHOTO OCTOBA TBEPAOTO Tena. I1o otHo-
LIEHUIO XE K CAaMOMY 3NIEKTPOHHOMY ra3y MOXHO MCIIOIBL30BAThL WIEI0
JlopeHua o KMHETHKE JIErKOM KOMITOHEHTDbI, CYIIECTBEHHO YHPOLIAI0-
myio npobneMy peneHHst GOJTBIIMAHOBCKOTO KMHETHYECKOTO YpaBHe-
HHes B CTAIMOHAPHOM CJjTydae.

§ 2. Camocornacosannoe none w naa3menHbie konebanus

CucTeMBbl MHOTHX YaCTHL ¢ KYJIOHOBCKUM B3aWMOJIEHCTBUEM WX IPYT
C OpyroM o61a1aloT PAAOM CieUUPHIECKUX 0COGeHHOCTElM, CBA3aHHbIX
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€ NPOABACHUEM CBOMCTB BOZHHMKAIOILETO B HUX BCIEACTBUE KYNOHOBCKOIO
JajlbHOAEMCTBUS OOLIEro CaMOCOINIACOBAHHOIO MOMf. ITO B NEPBYIO
oyepeb KOUICKTUBHEIE KONEOaHUs TIOTHOCTH HEaKYCTHYECKOrO Xapak-
Tepa, HashIBaeMble TUTA3MCHHBIMU, W CBOMCTBO 3NEKTPOCTATUCTUUCCKOM
IKPAHUPOBKM NMOMEHIEHHBIX B CUCTEMY 3apsiioB. TaK KaK 3TH KOJUIEK-
THUBHBIE > dheKThl HANPSMYIO He CBA3aHbl C Npo0AeMaMH EKTPONpPO-
BOAHOCTH, OrPAaHMUMMCS TOJILKO KPATKHM MX onucaHueM (cM. Gonee
moapo6HO T.3, 1. 5, § 5; .2, ™. 3, § 1, a Takxe T.4, rn. 4).

ITpeHe6Gperast ARIDKCHUSIMM HOHHON PeleTKN U HCTTOIb3Ya ISl Hee
MOIeNb PABHOMEPHO Pa3Ma3aHHOIO XeJe, OFpaHMYHUMCA YMCTO THAPO-
JAUHAMMYECKUM PACCMOTPEHHEM ABAEHHMM, CBA3aHHBIX C HM3MEHEHUEM
COCTOSTHHIT OGIIETO CaMOCOTNTACOBAHHOTO NONIA ¥ XapaKTEPHBIX IJIs
3NIEKTPOHHOM TUIa3MBI B 6ECCTONKHOBHMTENILHOM A Hee TIPUOIHXEHHH.
[TonoxuM, YTO OTKIIOHEHHUS JIOKAJIbHEIX 3HAYeHUIR MacCOBOi MJIOTHO-
CTH 3NEXTPOHHOTO rasa p(t, ) = mn(f, ¥) OT HEBO3MYLIEHHOTO €¢ 3Ha-
yeHUusl po = MmN /V, KOMIIEHCUPYIOIIETO ACKTPOCTATUCTHYECKHI (boH
TTIOJIOXUTENLHO 3apKEHHOH WOHHOH PeIeTKH, OTHOCUTEJILHO Marno,
YTO JIOKATbHAA CKOPOCTb ABIXEHUSA ILU1a3Mbl H({, 7) MMEET TOT Xe nopsi-
IOK MAJIOCTH, U NIpeHeGpexXeM rpaaueHToM RapjicHus1 V P B BhIpaXEHUU
U1 TUIOTHOCTHU CYUIIBI, AefCTRYomei Ha | cM® «BeCCTONKHOBHTELHOMY
3)eKTpoHHOM MmnasMbl F(¢, 7). UHTepecysch TombKo NpononbHbIMK 3¢-
(dbekTaMH, 3aMETHM, YTO OTKJIOHEHHE IUIOTHOCTH JIEKTPOHHOIO rasa
OT PaBHOBECHOIO 3HAYeHMsl CO3OAeT «BO3BpaIalollee» 3JeKTPOCTaTH-
" yeckoe Tosne E"(t, f), CIJIOBOE BO3XEHCTBHE KOTOPOTO Ha | cM® CHCTeMBI
paBHo F..(t, 7) = en(t, HE(t, 7).

Torna ypaBHeHUEe HENPEPHIBHOCTH, ypaBHEHUE ABMXKEHUS Jiiiepa
Y ypaBHeHue IlyaccoHa Wi 3NEeKTPOCTaTUYECKOrO [10/14

ap-l'-div =0
pg TVPEED
pﬁ=F3n_vR

- [
ivE = dn—(zp -
div m—(zp = po)

Tociie MpOBEACHUSA HX TWHEAPH3ALUNHA

P(ts‘f') =P0+Pl(ta F"9 Pl(t,ﬂ<<p0;
u(t, ) =w(t,F), u=0;, Et 7 =Elt,7
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npuoﬁperam,mm CHCTEMH YpaBHEeHUIt
pi(t, ) + po divit; (¢, 7) =0,
poii(t, 7) = Po—:;El(t, ),
div B (t, ) = 4#%/)1 t, ).
HudrbepeHLmpys neppoe ypaBHEHUE IO BPEMEHH,, HCKITIOYAs U3 HETo
C MOMOIIBIO BTOPOTO YPAaBHEHHA BETHYWHY i), 2 C TIOMOIIBIO TPEThe-

TO — BEIWNUHY div E. , Tony4aeM nuHelHoe mmddepeHumansHoe ypas-
HEHUE BTOPOrO MOPAAKA OTHOCHTEIBHO MANKIX OTKIOHEHUH TUIOTHOCTH

2

.. €

At P+ 47"90;#1(" f)=0.
[Tonarag ero peuicHue B BHAE MPOJOTBHONW BOJTHEI

AN
pl(t’ i‘) = ﬁkue{ 1,
110/lydaeM JUCIIEPCUOHHOE YPABHEHUE JUIA YaCTOThI IUTA3MEHHBIX XONe-

6aHuM
4me’n

W (k) = wj =

— nenrmioposckux (1. Langmuir, 1929) crosiunx BONH IUIOTHOCTH, B KO-
TOPOM 3aBMCHUMOCTb OT KBAJpara BONHOBOTO YMCia k yTepsHa BCTEn-
CTBME NpocCTeitieit annpoxcuMaumMy BeNUIMHEL F(t, 7).

3aMeTHM, HaKOHELl, YTO A AMEKTPOHHOM U1a3Mbl IPY 3HAYEHMSIX
n~102-10%cm™3, m=0,9-107 1, e 4,8 107'° CGSE sneprus
BO3BYXICHUS KOJUIEKTHBHOTO KoNe6aHMs TUTOTHOCTH OKa3hIBaeTcs J0-
CTATOYHO BHICOKO# Fiwg ~ 10eV ~ 10° K (lev 22 1,16- 10° K) mo cpas-
HEHMIO C IHEPTHEN OXHOYACTHYHBLIX BO3OYXIECHHI 3IEKTPOHHOTO ra3a,
obpazyonmx Temreparyproe pasmurtie (@ ~ 300 K) chepnr Depmm.

§ 3. Tomac-¢pepmuenckas 3KpaHUPOBKa
KYNOHOBCKOro notexusana

BrophiM 3dhdexToM, CBA3AHHEIM C HATMIHEM B CHCTEME 0043aHHOTO
JTaTbHOIEICTBYIOLIEMY KyJIOHOBCKOMY B3aUMOJENHCTBHIO CaMOCOT/Iaco-
BAHHOCO MOJS, ABNAETCA CIIOCOOHOCTb ANMEKTPOHHOI MnasMbl 3ddex-
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THBHO 3KPaHUPOBATH I10J1€ HAXOMALIUXCS B HEl INMEKTPHUECKUX 3apALOB.
B cratuueckoM ciryuae NOMeLieHHMI B Hayano KoopauHat R = 0 3a-
PsA ¢ MOAAPU3YET CpeRy, OKpYXas ce6s YacTHLUAMH NPOTHBOMNONOXHOTO
3HaKa, [IN10THOCTh MX YUC/IA N HAaYyMHAET 3aBMCETb OT paccTosHus R
[0 BO3MYINAIONIETO CHCTEMY 3apsiia ¢, B pe3yasTaTe Yero BOKPYT Hero
B COBOKYITHOCTH C €ro coGcTBeHHBIM 1ToNleM ¢/ R obpazyeTcst ocnabnen-
Hoe 3Toi nonsipusanmeit adbexrusHoe one U (R) = —e@(R) (s =—¢€).
OrpannuuBasce caMoit rpy0oit orneHKol 3Toro 3d@exra, TOTOXKHM,
4YTO XUMHYECKUIL MOTEHIIMAN 3JIEKTPOHHOIO I'a3a MOXHO alnpoKCUMH-
pOBaTh XMMHYECKHMM MOTEHLIHAJIOM BbIPOXICHHOU MIcanbHOH (epMu-~
cucteMms! (cM. T.2, I1. 3, § 1), T.e.

2 2 3 n o
u =5 (rn@) =5 (et (50) =er (T2

Hicnionesys ycroBde TepMOIWHAMHYECKOTO DAaBHOBECHA CUCTEMBI BO
BHEIIHEM MOTEHUMATBHOM NoJie (eM. T. 1, nt. 1, § 6-6), uMeem

WR) +U(R) = p|,_ = ¢r,

YTO Cpasy ONpedeNsieT CBA3b JIOKANbHOMK IIOTHOCTH n(R) C BeJHUMHO#M
adpexturHoro morerimana @(R),

. ea(a))’”.
€F

n(R) = n(

Bocnons3opapumce ypasHeHueM ITyaccoHa B AIEKTPOCTATHMECKOM MpU-

GMKeHMH, NOoNy4YaeM BTOpPOE COOTHOWIEHME, CBA3bIBAIOMEE BEJIMYHHBL
n(R) u $(R):

V*P(R) = —4mgd(R) + 4me(n(R) - n),

KOTOpOe MOC/IE HCKITIOUCHHA M3 HeTo BeymIuHEl n(R) U nocaeayouei
€T0 IMHeapH3auun B cryyae ep(R)/erp < | MIpHOGPETAET BUA H3IBECT-
HOIO nHHeHHOro AnddepeHRHAABHOIO YPAaBHEHUS

6me?

~ n
(V° — Kir)@(R) = ~4mgd(R), #te = ——.
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Peutenne 3TOro ypaBHEHMA MMEECT BMI KYNIOHOBCKOIO MOTEHLHANA,
€0311aBaEMOT0 3apsloM ¢, ¢ ToMac-pepMUEBCKONH SKCIIOHEHLMAILHOM
skpaunpoeko# (L. Thomas, 1926; E. Fermi, 1927)

~ - i -A7rR
P(R) = Re .

TMoxacrapinas B popMyNy Jisa paguyca IKPAaHHPOBKH 3JICKTPOHHOM mJias-
MO KYJIOHOBCKOIO B3aUMOeHCTBMA #*TF = 1 /KATF BEAUYUHKI 11, eue F»
XapaxTepHble U1 BHIPOXIEHHOTO 3JIEKTPOHHOIO rasa, mojlyyaeM, YTo
3Ta BeIMYWHA UMEET TOPANOK 60POBCKOro pajuyca, T. €. MEHee OJIHOTO
aurcTpema, rrp ~ 1A = 1078 cum.

§4. Kpnrepui naeaNbHOCTH PeanbHoro
3NEKTPOHHOIO rasa B mMeTaanax

OGpatuMces Tenepb HEMOCPEACTBEHHO K MEPEHOCYHKY MEKTpHUe-
CKOTO 3apfifia, AMEKTPOHHOMY raly, Mojlaras ero BEIPOXICHHON depMu-
cucreMolt. PeanbHBIN 3iEKTPOHHBI TA3 B MeTaJTaXx — 3TO CHCTEMA
C OCTaTO4HO CWILHBIM KYJIOHOBCKMM B3aMONENCTBMEM YacTHLL ApYT
c apyroM. Ilpu peansHrix ero wioTHoctsx n = N/V ~ 102-10% em~?
CpelHsisi SHEPIUs BIauMoaeiicTBUA YACTHI]

e 2_1/3
& =—=€nmn
=

oKa3biBaeTcs Topsiaka 10eV, 1 no3ToMy oxwIaeMbIfl TPaIWLIMOHHEBIN
KpMTEpUN NIEANBHOCTH CHCTEMBI

fon _ /8 3498 )
Exun (3/5)er h?

IUIA CYLUECTBYIOLLMX B 3¢MHEIX YCJIOBUSAX NPOBOAHUKOB HE BRINONHACTCA
BBUJY HEIOCTATOYHO BEICOKOW B HUX TUIOTHOCTH YHCHAA 3JICKTPOHOB 1.
SHeprua PepMu UMeeT TOT Xe TIOPANOK €x ~ 10eV, moaroMy g
GONMLUIMHCTBA METAIOB OTHOWIEHUE Eyy;/€xqn: OKA3MIBACTCS NOPANKA
1,2, 1. e. 6onbile eAUHHLLL. YTOOH 3TOT KpUTEpHit NIeaNlbHOCTH CUCTe-
MEI COOTBETCTBOBAN XOTA 6B BestiumHe 0,1, IUIOTHOCTD BHIPOXICHHOrO
depmH-rasa I0JDKHA VMETh BEIUYUHY B 10° pa3 NMpeBHIIIAIONMYIO TUIOT-
HOCTb 3/IEKTPOHHOIO ra3a B peajbHO CYIIeCTBYIOIUMX METAJLIAX.
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B ¢BfA3U ¢ 3TUM, BO-NEPBLIX, BOZHUKAET COMHEHNE B IPABOMEPHO-
CTH MCIIONIb30BAHMA B MPEAbLAYIIMX OLEHKAX COOTHOLIEHMI, 3aMMCTBO-
BAHHEBIX U3 TEOPUU MACAIbHBIX GEPMU-CUCTEM, U, BO-BTOPbIX, BOZHUKA-
€T €CTECTBEHHAA MOTPEeGHOCTL OCO3HATE, NMOYEMY, HECMOTPSl Ha OTKpO-
BEHHYIO HEUAEATBHOCTL PEATBHOTO 3JIEKTPOHHOTO ra3a, ero TEpMOIWHA-
MHYECKME U KHHETHYECKHE OCOOEHHOCTH BTIONHE YIOBIETBOPUTETHHO
ONMCHIBAIOTCS HAa OCHOBE VCTIONB30BaHMS ST HEr0 MOJENHM UIeaTbHOTO
hepMu-Taza.

OKasrIBaeTCs, KaK MBI TTIOKaXeM HIKE, YTO JUIS SJIEKTPOHOB C UM-
nyTbcaMu, Omuakumu K rpanviie Pepmu, BCreACTBUE ASHCTBUS NPHH-
nuna 3anpera ITaynmm, 3aTyxaHue, OGYCIOBNEHHOE B3aUMONCHCTBHUEM
3JIEKTPOHOB JApYT C JPYIOM, OKa3bIBACTCS MCYe3alollle MaJikM BO BCeil
00JIACTH COCTOSIHHM, COOTBETCTBYIOLUEH TEMIMEPATYPHOMY pPa3MBITHIO
cpennl PepMul. DTO TaeT HaM TIPaBO COXPAHUTh OOIIYIO CXeMy KMHETWYE-
CKOIt TeOpUH, MOOUDUIIMPYS B HEN paclipec/ieHue 3MCKTPOHOB I10 CKO-
pOCTSIM B COOTBETCTBUY ¢ pactipenencHueM Depmu (E. Fermi, 1926) ansi
UIEUTHhHOTO Ta3a, Y TIPeICTARIISATh B CTAIMMOHAPHOM CITydae OTHOYaCTHd -
HYI0 QYHKUWIO pachpene/icCHUA B BUAE

2m3 1

F(F.9) = (2h)? meh nle) = Ty

2 - -
THe £ = MV /2, a yciopue / F(7, %) d0 = n onpenensieT 1oKanbHOE

3HayeHWe XUMHYECKOro noTeHuuana g = u(f, n).

IIpy paccMOTPEHUH SBIEHMH IEpeHOca, XapaKTepHBIX Wi HOp-
MAJIbHEIX (T. €. HeCBEpXIPOBOAAILMX) IIPOBOIHMKOB, POAb BO3GYXICH-
HBIX. COCTOSIHUI CBOGOMHEIX (T. €. He CBA3AHHLIX C MOHAMM PELICTKH)
3JIEKTPOHOB, SIBJSIOIIUXCS HOCUTEIAMHU 3apsila, SBIAETCH OIPEIessiio-
weit. Crienrduka BoipoXA€HHOrO hepMU-Tasa CBs3aHa co crieLubuye-
CKHMM CTPOEGHHMEM S3TMX BO30YXNEHMIA: OCHOBHOE COCTOSHUE CHCTEMBbI,
NPEACTABMAIOIES B MMITYJBCHOM IIPOCTPAHCTBE 3aMONHEHHyI0 cdepy
depmy, HapyluaeTcs mepexonoM 4YacTHIbl U3 chepbl PepMu wid ¢ ee
TIOBEPXHOCTH B COCTOAAHUE C UMITYJILCOM fF, GOJILLUMM IPaHUYHOTO MM-
mynsca @epmu, [P’ > pr. Takoe BO3OYXIEHHOE COCTOSHUE TPAXULA-
OHHO MHTEPNPETUPYETCH KAaK pOXIEHME YACTUIBI BHE cthephl Depmu
1 BAKAHTHOIO MECTa, IMEHYEMOTO NBIPKOfi, BHYTpH Hee. Ecay yacTHlbi
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CHCTEMBI B3aUMOIEHMCTRYIOT APYT C APYTOM, TO Nofo6HOoe BO3GYXACHHOE
COCTOSIHUE He DyleT CTAI{MOHAPHBIM U HAYHET 3aTyXaTb.

Hcnonb3ys KBaHTOBOMEXAHHYECKYIO KOHUCTILHIO KBa3HCTARUOHAD-
HBIX YPOBHEI, 3aBUCHMOCTB OT BpEMEHH BOTHOBOM (DYHKIIMU 3JIEKTPOHA
B KBa3UCTaUMOHAapHOM COCTOSHHM Had cdepoit PepMy MOXHO TNPEA-
CTaBUTh B BHIE

¥p(t) = ¥p(0) exp {—%ept - %F,t} = 9,(0) exp {—%(ep - z’I‘,,)t},

UMEIOLIEM TEOPETHUECKOE ONPAaBAaHUE M CMBIC] KBA3HCTALIMOHAPHOTO
COCTOSHUSA TOJIBKO B CJTydae, KOTaa 3atyxaHne [y 3HauMTeAbHO MEHBIIE
IHEPIUH BO3GYXIEHHOTO COCTOSTHUS

L]

2m 2m’

T.e. I'p/ep K 1. OTCI0na CrIEayeT, YTO KBAHTOBOMEXAHUYECKAA BEPOAT-

Hocth W(t) = ¢y (£)|? o6HapYXHTh CHCTEMY B TOJOGHOM KBAa3MCTALM-
OHApHOM BO30YXIEHHOM COCTOAHUM

Wilt) = W0 { - 113t}

VIOBJIETBOPSIET MPOCTENLIIEMY PENAKCALIUOHHOMY YPaBHEHUIO

OW,(t)
o

B KOTOPOM BeNTHUMHA Wy, = 2['p/h AMeeT cMBICT BEpOSTHOCTH NEPEXOna
yacTHUbl ¢ uMnynbcoM § ([P | > pr) B xakoe-1u60 Apyroe He 3anpe-
uleHHoe npuHuMnoM IlaynM cocTosHue 3a ceKyHIy. BennuyuHy stolf
BEPOATHOCTH MOXHO OLEHWTb, HCMONBL3Ys M3BECTHYIO (KCTaTH, TMoty-
YeHHYI0 HaMW B TpeablayineM pasnene) ¢hopMmylly BpeMeHHOIt TeopHu
BO3MYILEHHH.

PaccMOTpUM 3EKTPOH ¢ UMIYALCOM P, HaxoosALIMifcad Henocpen-
crBeHHo Han cheport Qepmu, |F| > pp. Chepa 3amonHeHa MEKTPOH-
HBIMH COCTOSTHMSIMM, TIO3TOMY B3aMMOAEHCTBHE ITOTO 3TEKTPOHA C Xa-
KHUM-JTN00 HAXOASINMCA BHYTPH chephl DepMH 31eKTPOHOM C UMITYITb-
com k (Jk| < pr) MOMKHO NPHBECTH K ero Bhixony u3 ceps Depmy,

—w, Wy (t),
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T. €. OH TIpHoOpeTeT HMITYIbC k+ ¢, mo Moxysito Gonburmit hepmmencko-
ro, [k +§ | > pr. MMnyAbc MCXOOHOTO ANEKTPOHA IPH 3TOM OCTAETCA
BHe chepnl DepMu, |F—§ | > pp. KBaHTOBOMEXaHMYECKas BEPOATHOCTh
TaKoro Tepexofia B GOPHOBCKOM MPUGIIMKEHUN PaBHa

w(p,k|f~§ d’)*——l(p K|®|5~ K+ 6(Ey+Ey— Epq ~ Egg)-

VKa3aHHBIE BHILIE AOTONHUTEbHbIE OTPAHHYEHNST Ha Beuuunbl k u §
MOXHO YYECTh ¢ MOMOLIBIO KOMOWHALMHM U3 (PEePMUEBCKUX CTYMEHEK
(1 — ngyg)(1 = mp—g). Torna, IpoCyMMHMPOBaB 1O BCEM JOMYCTHMBIM
IHAYCHMAM Kk ¥ §, TIONYYNM MHTEPECYIOMIYIO HAC BEPOSTHOCTD W)

wp =Y w(F,KIF— & F + Pl — mesg)(1 - 1py).
kq
3aMeTHM, YTO MATPUYHBI 3JIEMEHT NMOTEHLHANA B3AUMOAEHCTBMA DJleK-

TpoHOB ([, —3|), paccumranHbiii ¢ HOMOLIBLIO HOPMUPOBAHHBIX B 0GB~
eMe V BomHOBBIX (hyHKIIMI MNOCKHX BOMH

440~ e { ).

csegeTcs X ¢ypse-o6pasy 3roro noreHumana. JeicreurensHo,

@Relp- g+ a = [ [ aridrs oo {30+ | x

v

S| .

x@(lru—ml)cxp{ " —a‘ﬂ+£r3+«ir*z)}=

1 e e o i,
W//drl dr, ®(|F —-rzl)eXD{—EQ‘(ﬁ “7‘2)} =

v)
*LdeE@(R)ex {i'fi}—l (@
“V() PR =y
. \ 4

Ecau 3aMeHUTh V(g) Ha HEKOTOpYI® 3(dEKTUBHYIO BeNWYHHY ¥
U BHIHECTH €€ 32 3HAK CyMmbl MO §, TO MOACYET BEPOSTHOCTH Wy
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MOXHO OCYMIECTBHUT: TOYHO, ONHAKO MUIA HAIUMX Lejeill ROCTaTOYHO
OTPAHMYHUTLCS TOMBKO €€ MPOCTOit OUEHKOH. 3aMETHM, YTO BCJEACTBUE
aeficreua npuHumna Ilaynu anexTpoH ¢ UMITYNILCOM P HE MOXET «OIly-
CTHTbLCH» NO CBOEH SHEPrHM HHXE YPOBHMA £p, T. €. €r0 KOHEYHBIH
HMITYJILC OCTAeTCA BCETAa B LIAPOBOM CJioe, oKpyxatomeM chepy Pep-
MH H HMEILeM 00BEM B VIMITYILCHOM TIPOCTPAHCTBE 41rp%\(p - pr).
TTo3TOMY 4YMCIIO BO3MOXHBIX KOHEYHEIX COCTOAHMI IUIS HEro TipH Te-
pexomax § — P — ¢ He MOXET NMPEBBIIIATh BETMYHHY

2P~ PF

Al"p =V .4WPFW.

OTO — BepXHAH [PAHKLA YHCIIA CTATAEMBIX B CyMME 10 M3MEHEHHIO
HMMITyIbCa B3auMOeicTByIommx YacTull ¢. Tak Kak nepBOHMa4aibHas
3Heprus Bo30yXAeHHOTO HaJ cdepoit PepmM 31€KTPOHA, OTCUHTLIBAE-
Mast OT YPOBHA £, UMEET BETWUYHHY

TO OH MOXET BO3OYIUTh TONBKO TAKOM 3MEKTPOH C HMITYILCOM E us-
nox cheput PepMu, COCTOSSHHA KOTOPOTO PACMONOXEHH BOAM3IM ee
MOBEPXHOCTH B IUapOBOM cNoe TOMWMHH (p — pr). Takum oGpa3om,
MaKCUMAIBHOE YUCIIO CIaraeMbiX MO MMITYJIBCY BO3GYXIaeMOi 9acTH-
ubt k Toxe paBHO BeimunHe ATy = AT, nponopunoHansHoi (p—pr).
Brinensis pasMepHOCTb 3HEProcoxpaHsomelt d-QpyHKuun,

Ep+ Ex - E, ¢ — E,
§(Ep + Ex — Bp—g — Ek+q)_“*6( e Equ kﬂ)’

NOTy3aeM JUisi MCKOMO#A BeIUYMHDBI Wy OLEHKY (HAMEPECHHO 3aBLIIICHHYIO)

1 mip?, 3 lm £
w-’:_z' h ~pr) = = €

(ToyHmIit pacueT MHTErpaioB Ao § U k BMecto muoxarrens 1/2 naer 1/8).
Mu nonyyunu takuM o6pa3oM, YTO 3aTyXaHUE OIHOYAaCTHUYHOIO
BO30YXIAEHUsA, CBSI3aHHOE C B3aMMOREUCTBUEM IIEKTPOHA ¢ APYTUMM
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3NeKTpoHaMu, B6GIM3M rpanunel PepMu McuesaeT Boobiue,

310T 3 dexT He MMeeT KIACCHYECKOIO aHauora U UeNUKoM obsi3aH
aedicTBuio npuHnumna ITaynu B KBaHTOBEIX CHCTEMaX YACTULL C TMONYLIE-
JIBIM CTIMHOM.

IIponaBeaeM 4YUCAEHHYIO OLIEHKY 3TOTO 3aTyxaHus. [lycThb 3Ha-
yeHUe MMITyIbca P BhIOpaHO Ha rpaHdlle TEMIEpaTypHOTro pa3MblTuA
cdheprr Oepmu (T. €. <HAUXYAUTHM» 06pa3oM), Korna

om
ep=0 u (P—PF)NP_F-

TIToroxum
7~ f ®(R) dR ~ 37,

rne ® — cpenHsist aHepryd KyJIOHOBCKOTO B3aUMOAEHCTBHA SJIEKTPOHOB
e2/a,, a 7 — 3(hbeKTUBHBI pagnyc 3TOTO B3aNMOJIEHCTBHA, MMEIOLIHIA
MOPSIIOK ToMac-(hepMHUEBCKOTO 71r. TOTAa ISt OTHOCHTENILHOW BEJINUH-
HBI 3aTYXaHMs, ONpEACIAIONIENd Mepy UIEATbBHOCTH CHCTEMBI, NOTy4aeM

OLIEHKY

T, 1 1m®F 5 18N (mier)’ 8

g, 2 0 8mKS T 2\ep xh? ) ep
YyuteiBas , YTO TSI pCATBHHX METAJUTOB CPECOHsA NMOTCHIIMAJIbHAA SHEp-

IAfl KyTOHOBCKOTO B3aMMOIEHCTBHS SIEKTPOHOB MMEET TIOPAIOK Cpen-
HEH KHHETUYECKON MX SHEpruy, T.e. ®/cp ~ 1, yro IIpn 3HAYEHUAX

m~10%r h~ 107? apr.cex, ep~ 107" 3pr U re 1078 cm

BBIPaXCHUE, CTOsIIIEE B CKOOKAX BTOPOTO MHOXHTEISI OKa3bIBaeTCsl To-
XK€ NnopgiaxKa €AWHHYLbL, TONTY4aeM I OUEHKHU OTHOCHTEIBHOTO 3aTyXa-
Hust 'y /€, OMHOYACTHYHBIX BO3OYXIEHHBIX COCTOSHMI PEATBHOTO 3TeK -
TPOHHOTO ra3a B MeTaUlax JOCTaTOYHO YOenuTesnbHbll KpuTepuit ero
MICATBHOCTH,

r #
(—2) ~— 1072107 < 1L
6? max Er
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Tak Kak BO BCeX pacueTax ¢ ¢epMHEBCKMMM MHTerpaiamu (cM. T.2,
L. 2, § 2-B) CylECTBEHHA TOJBLKO Ta OGNacTs 3HaUYEHMH F, KOTOpOi
COOTBETCTBYET TeMIepaTypHoe pa3MeITUe cdephl depmu, B KOTOPOH,
KaK MBI TIOKA3aJIH, SNEKTPOHHDIN Ta3 TONLKO K ARNSETCHA «MIACATBHLIMY,
TO TIONY4YEHHasA OLEHKA CO 3HAYMTETLHBIM 3allaCOM «MAJIOCTH» CIYXHT
HAZEXHBIM ONPABAAHHEM MCTIONB30BAHHA MOJETH MIEAILHOIO (epMu-
rasa [1sl 3NEKTPOHHOTO ra’a B MeTaulax (MPH HEOGXOXMMOCTH TOX-
npaBaeHHoM BBeAcHUEM 2 dEKTHBHON MACCHI JUISL YACTHLL CHCTEMBI).



Masa 3

Kunetudeckas Teopust NpoaoNnbHLIX
TepMO3AEKTPUYECKUX ABNEHUI B 3NEKTPOHHOM rase

TeopeTHuecKre WCCNETOBaHNS SBIEHHI MepeHoca B CTaTHCTHYe-
CKMX CHCTEMAX MCXONAT U3 KUHETMYECKOro MOAXOH2 K PACCMOTPEHUIO
aTux npoueccoB. CaMu KUHETHYECKIE YPABHEHHUA, ABNARCH HCXORHBIMHU
B 3TMX MCCNENOBaHMsX (€CIU 3TO He (PeHOMEHOMOTHYECKash MX CXeMa)
O4YeHBb CITOXHBI. OHM, KaK MPaBUIO, OKA3BIBAIOTCA M MHTETPaIbHBIMH,
Y HEJIMHEMHBIMU OTHOCUTENIBHO OAHOYACTHYHLIX QYHKLMI pacnipenene-
HUA, 1 MX MCCIEN0BAaHUE BCTPEYaeT Cepbe3Hble MATEMATHYECKUE TPYL-
HocTi (Ha KOTOpHIE ellle MOMONHUTENbHO HAKITANBIBAIOTCS MPOGNeMbI
ydeTa MOTEHIMATA B3aWMOLEHCTBUA YAaCTHIL IPYT C APYrOM M T. 4.).

-§ 1. JlopeHuyesa ¢opma unTerpana CTONKHOBEHUH

PaccMOTpPHM B CBSi3U C 3TMM OIOHY HMPOCTYIO KWHETHYECKYIO CXEMY,
UCCNIeHOBAHME KOTOPON YAAETCA MPOBECTH O€3 MPUBIEYEHHS TPOMO3-
KHMX MaTeMaTHYeCKMX METONOB. Peus muer o monudukaliu MHTErpata
CTONKHOBEHMIA, IIPOM3BeAeHHOM XeHapuxom JlopeHueM (1905) B ces-
3¥ C pa3BHTHIM MM KWHETHYECKNMM TMOAXOAOM B NEKTPOHHON TECOPUM
MeTamToB. Pagu duanmyeckol HarsAHOCTH MCTIONMB3YEM KIACCHYECKYIO
CXeMY KMHETHYECKOA TEOPHMH, KOTOPYIO [0 Mepe BO3HUKIIEH HanobHO-
CTH JOCTATOYHO MPOCTO MOIUDULIMPOBATH IPUMEHHUTEILHO K 3JIEKTPOH-
HoOM cucteMe B MeTaste. JIpakTHYeCKH 3T0 CBEETCs K TOMY, YTO BMECTO
BeposTHOCTH w(n|n') MBI GyneM WCIONBIOBATH MHTETPAN CTONKHOBE-
Huit BoneuMana, GUIMIECKNIA CMEBICT KOTOPOTO JOCTATOYHO HAIJAREH.
YUMTHIBAsA, YTO CHUCTEMA 3JIEKTPOHHbLIIA ra3 B METALIE SIBJSAETCA Kak
MMHHAMYM ABYXKOMIIOHEHTHOM, BBEAEM COOTBETCTBYIOILME MHTErpainl
CTOJIKHOBEHHMI

Iy= [ (AEIHED - KO 1)) wsoy(us, ¥) d2 a7,



Masa 3. Kunetwiecxas TeopHa NPOAONLHELX TOPMOANSKTPUYECKAX RRNEHN 45

re w; = |¥; — 7|, dQ = siny dy dp a vmnexcw i M j npuHuAMaloT
3HayeHus 1 v 2, npuyeM uugekc 1 OTHOCUTCS K XapaKTepUCTHKAM 3NeK-
TPOHA, HHAEKC 2 — K COOTBETCTBEHHHIM XapaKTepHMCTHKaM HoHa. Toraa
CHCTeMY KMHETHYECCKMX YPAaBHEHHIL IUIs 3eKTPOHHOM f u MOHHOH [,
OAHOYACTHYHHIX QYHKUMIA pACPeNeICHUA MOXHO TPESACTABUTD B BAIE

OH(t.7.9) | F 8% _ 8U:f,

ot tmor orop mnmtmin
ofHt 7. P) Fofh OU»8f
ot Tmor orop mTmR

TAE 1| ¥ N3 — TUIOTHOCTH YKCEST YaCTHI KaXIOH M3 KOMIIOHCHT.

Ecnu y4ects puanueckue 0COGEHHOCTH 3NEKTPOH-HOHHON CHCTe-
MBI, TO 3TY KHHETMYECKYIO CXEMY MOXHO 3HAYMTENbHO ynipocTHTs. [pe-
XJIe BCEro, CYUTass B COOTBETCTBUM C MPOBEACHHBIM BHIUE MCCIEAO0-
BaHMEM BRIPDOXICHHBIN 3MEKTPOHHBIA ra3 MICATHHEIM ra3oM ®epmwu,
nostoxuM Iy = 0. 3aMeTM, YTO B3aNMONEIHCTBUS OCTABIIMXCA B WHTE-
TPANbHBIX WICHaX ypaBHeHMIt YacTHLL 1 M 2 0CBOGOXIEHH OT 3amnpeToB
npurimna [Taynm (ocraioTcs TONbLKO OTpaHHYEHHs Ha HaYaIbHbie W KO-
HEYHEIE COCTOSIHMSI CAMMX 3EKTPOHOB, YYACTBYIOIUMX B APOLIECCAX HX
paccesinusi § — §’ Ha MOHaX M APYTMX YaCTHUAX PELIETKM).

HNanee, B 3MEKTPOHHOM ra3e B META/UIAX B CTALMOHAPHAIX Cy4asX
00LEMHRBIE NeKTpUHECKHiA 3apsaa PpaBEH HYAIO, NIO3TOMY B Ciyyae pe-
LIETKH W3 OAHO3APANHBIX HOHOB N3 = Ny = N.

OTMeTHM, HaKOHELl, YTO EKTPOHHLIH ra3 — 310 Haubosee yoe-
JUTENbHBI NpHUMep JIerkoii KOMIIOHEHTH, TAK KAK OTHOIUEHHE Macc
ANEKTPOHA H MOHAa UMEET NOPAAOK

™ot
m;.

Bcenctemne 3T0T0 M BHIPOXAEHHOCTH JIEKTPOHHOW KOMIOHEHTH 1M~
PWHK KBa3MPABHOBECHRIX pacTipeaeNeHHit o uMnyascaM f1(P) w f(p)
CYILECTBEHHO OTJIMYAIOTCA APYT OT Apyra,

((sz)%)lﬂ > ((sz)%) v w R o8 (cM. puc. 3.1).

v/ 6/ma
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f 2 (Uz)

k fl (”x) .
0 A/m, V €/, v

Puc. 3.1. Xapakrep pacnpepeneHnii N0 KOMIMOHEHTE CKOPOCTU ¥, ANA CUCTEMbI
TAXENHIX 43CTUL W ANEKTPOHROIO BLIPOXAEHHOTO rasa B cliyvae m, K my nep > 0

B cBsi3n c 3THM MOXHO MNOJOXHThb, YTO MOAY/NL OTHOCHTENbHOM
CKOPOCTU U3 NPAKTUYECKHN HE OTAUYAETCA OT MOLYNA CKOPOCTH pacce-
WBAIOLIEACS JIETKOM YaCTHLIBI

)y = |ty — 6uon| o |6an| =,

BEJIMUMHY KOTOPOTO ¥ TENEPh MOXHO BHIHECTH 38 3HAK HHTErpaa Nno uc-
XOXHOMY UMITYTECY P) TSAXENOM YaCTHIIB.

B crnoxwBureiica curyaumu ectecTBeHHO TipeHebpedn 3ddexkTamMmm
OTIIa4YM NIPH pacCEeHUM NEerkoit YaCTUIIbl HA B 10* pa3 bosee ee TaXeNon
(yuer ormayu BO3IMOXEH, HO [OCTATOMHO rpoMO310K). Toraa MMIy/bC
TSKENOW YacTUIH A0 ¥ TOCHE €€ CTONIKHOBEHUSl C NEerKoW uqacTHLel
He M3MeHsieTcs, T.€. P = P|, BBuAY vero fi(F)) = fa(Pi), v 3ma
¢yHK1MA NOJ 3HAKOM MHTerpana I;; BHHOCHUTCA 3a CKOOKY.

Haxoneu, Tak Kax ABXEHUE TSKEbIX YaCcTHULl OKA3BIBACTCA 10 CPaB-
HEHMIO ¢ OLICTPOIt peaklMeil IErkKuxX 1eKTPOHOB AOCTaTOYHO MEIIECH-
HBIM, TO MOXHO ITOJIarars, YTO pacnpeieneHne ux o ummynascam f ()
MaJIO OTJIMYAETCA OT PABHOBECHOTO (WK JIOKATbHO PaBHOBECHOTO) pac-
npenenaeHus W, (P ). Honaraa f,(P1) = wa(P), Mbl, BO-nepBbIX, HCKILIO-
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YaeM U3 PaCCMOTPEHUS KUHETUKY TSIKENOI KOMIIOHEHTH! (OTHAlaeT BTO-
poe ypaBHeHME B MCXOJHOM cHCTEMe YpaBHEHMiI OTHOCHTENBHO (byHK-
uuit fi v f;) 4, BO-BTOPHIX, HHTErpal MO UMITYJIbCY i CBOPAuMBAETCH
B HOPMUPOBOYHBRIA

/w2(j"1) dﬁl = 19

TaK YTO QyHKUMS pACNpeAeNeHHs MO UMITyIbhCaM TSKEJIBIX YaCTHII BO-
obule MCYe3aeT M3 PAacCMOTPENMs, a B HHTErpaie CTONKHOBeHMH Ijp
COXPaHWTCH TOJBKO WHTETPUpPOBAaHME 10 yraaM df) = sin ¢ di dy.

O6osnavas nf,(t, 7, 9) = F(t,f,¥) (Hopmuposka dynxumm F
HA MOJIHOE YMCIO YacTul N ), MONy4aeM B UTOre AMHERHOE KUHETHYE-
CKOE YPaBHEHHWE JUTS ONHOYACTMYHOM HYHKUMM pacnpeneaeHMss JeK-
TPOHOB

8F(t,7,7) _OF O8U OF ,
TRRAY — e vf(F—F)adQ‘

Beumy TOro, 4yTo CTOfINIAs B WHTETpaNe CTONKHOBEHMI HEWU3BECTHas
byuxuus F' = F(t,7,7') conepmrr B Ka4eCTBE OJJHOTO M3 CBOMX ap-
TYMEHTOB CKOPOCTb 37IEKTPOHa #’ Moc/ie €ro CTONKHOBEHMS C TSDKENON
YacTHLER, XOTOpasi ONPENeNsAeTCa B Pe3yabTaTe PEIIEHHS COOTBETCTRY-
el 3aJaun pacCesHUA, TIONYYEHHOE YpaBHEHMWE, HECMOTPA Ha JIO-
CTHUTHYTYIO €T0 JIMHEWHOCTh M OTKPOBEHHO YACTHHIH XapakTep, BCE Xe
OCTaeTCA NOCTATOYHO CIIOXHBIM.

§ 2. CrauuoHapHoe pelLueHHe KUHETUYECKOro
ypasHeHus JlopeHua

TMokaxeM Tenepb, YTO B ZOCTATOYHOM IS TEOPETUYECKOIO MCCIIE-
ROB2HUS ABNEHUI NepeHOoca CTallHOHAPHOM TIPKOJIMXKEHNH, KOTIa

oOF
ot

MHTErpalt CTONKHOBeHWit Ij; NOTyCKaeT JanbHeHIIMe anmpOKCHMALINH,
NO3BONSAIONINE TIONYYUTh TO pelleHHe T (GYHKUMM pacrpencieHus
F(7, ¥), ¢ MOMOIBbIO KOTOPOTO MPOMIBOIMTCS OLEHKA XapaKTepH3yIo-
IUHX NEKTPOHHBII ra3 Ko3duLMeHTOB nepeHoca.

=0 u F=F(F o),
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OrpaunyupBasch, KaKk BCEria B 3TOf TEOPUM, AMHEHHKIM NPHOIH-
XEHMEM IO IPaAMEHTHHLIM BEJIMYMHAM M HATIPOKEHHOCTSM BHEIIHHX
nosiel, 6yaeM nonarats, yro pynkuma F(F, #) Mano ornnyaercs or pas-
HOBECHOTIO JIOKanbHOTro pacnpeaenenus Fy(F, ¥), T.e. Gyaem nonarate

F(F, ¥) = Fo(F, %) + Fi(F, ), Fi(F, 9) < Fo(f, ¥),
TPUYEM JUTSi BLIDOXKIEHHOTO 3MEKTPOHHOTO Ta3a

- 2m
Fy(F, %) = Gy

my?
€=Ts 9=0(7_')9 ﬂ=”(7?)

ae), ne) =" +1)7",

BriGEépeM B KayecTBe OCH 2 HampamieHHWe rpagueHTa pyHkunu F (7, 7)),

T. €. TONOXNM
oF oF
= (00.5):

B cdepuueckux KoopauHaTax € MOJSPHON OChI0O BAOAbL OCH 2 (PyHK-
uus F BCIeNCTBME M3OTPOMHOCTM IPOCTPAHCTBA OT YINA § HE 3aBUCHT,
Te. F = F(z,v,9), tne 9 — yron Mexay ocbio z W BEKTOpDOM U,
a v = |¥]. 3aBHCHMOCTS Xe OT yrna ¥ MOXeT GBITh NPeICTARIEHA B BUIE
paTOXEHH MO NOSHHOMaM Jlexanapa, mepBbie U3 KOTOPBIX MMEIOT BH

Py(cos?) =1, Pi(cos¥)=cosd,
OrpaHWYMBasACh, KaK BCETNA, YUETOM TOJIBKO NEPBO¥ NONPABKH, NQJAraeM
F(z,v,9) = Fy(z,v)(1 + ®(z, v) cos ¥) = Fy + F}.

Torma npasas YacTh KMHETHYECKOIO YPaBHEHHS NOC/e BhIHECEHMs 32 3HAK
MHTETpaia He 3aBUCAILMX OT yriioB BesnuuH Fy 4 & npuobperaer Bua

nl); = nvFy(z, v)@(z, v) / (cos ¥ — cos D)o (v, ) dQ2.

YToGB! BHITIONHHATE HHTETPUPOBAHUE MO YIJIaM, BBEIEM IPYIYIO CHCTEMY
KOOPJIHMHAT C NOJAPHOH OCbI0 BIONL BekTopa § (cM. puc. 3.2). Ha ean-
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Puc. 3.2. MpOCTPaHCTBEHHOE PACNONOXEHUE EANHUYHBIX BOKTOPOB Z,, ¥, W ¥,

HIaHOM cpepe GYIEM MMETH TOrAa

)

A = (0,0, 1);

v
ﬂ'l
v, = P (sin 9 cos ¢, sin Y sin ¢, cos ¥);
Z, = (sin9, 0, cos ¥).
Orciona cpa3sy cieayeT n3BecTHas GPopMyJia TPHTOHOMETPHH Ha chepe

(Z.9%) = cos ' = sin 9 sin 9 cos ¢ + cos B cos .

HHTerpupoBaHue no yory ¢ AaeT

2x

2x *
/d<p=21r, fcosgodqp:O,
0 0
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U MHTErpajl CTOJAKHOBEHUN 1puobpeTaeT BUR

T

nl;; = noFy(z, v)®(z, v)2r f(cos tp cosd ~ cosd)o(v, ¥) siny dy =
0
= —vFy(z, v)®(z, v) cos ¥ - nE(v) = —vF (2, v) - nXZ(v),

The BeaugrHa L(v), Ha3bIBaéMas TPAHCIIOPTHBIM CeYeHUEM, OMpPEaecsi-
€TCSl MHTErPATLHBIM BhIPAXEHHEM, BKITIOUAIOIINM AUbepeHIIaTbHO:
CEYEHNE TTPOLIECCOB PACCETHHS 3MEKTPOHOB Ha TDKENBIX YacTHliax o (v, 9),

m

L(v) =27 / o(v,¥)(1 — cos9p)sinyp dy > 0.

0

B neBOif YaCTH KUHETUYECKOro YpaBHEHMS B CTaLlMOHAPDHOM NpUOAH-
xeHuu OF /8t = 0 B ocTaBLUIMXCS FPalMEHTHAIX WIEHAX ROCTATOMHO MC-
II0JIb30BaTh HydeBoe (T. €. JIOKANIBHO PaBHOBECHOE) MpPUGIMXKEeHUe wist
oyuxuvn F(z, v). 3amedas, uro

oUu £
~—— =¢nE, = —eE, — =mu,
oy 'y € o0, mu,

nony4aeM ISl Hee

OF, OU OF, (@ _eE%>
"oz T 9z d(mv,)  \ 0z o )’

YuureiBasi, uto GyHKUNS Fy 3aBUCHT OT Z Yepe3 3aBUCUMOCTh OT 2
JIOKaNbHBIX 3HaYeHWH XUMUYECKOTO MOTEHUMaNa g W TeMIepaTypsl 6,
nMmeeM
- 0Fy % 06 f’ﬂ 8_p
52 08 6z ' op bz’
Kpome Toro B cIy KOHCTpyKuuy ¢yHkuuu Fy, Brmovaloweit pepmu-
pacnpeaeneHue n(e),

8F0 aFo %__S—ﬂ%

ou de’ 88 08¢’



Maea 3. KuneTwieckan TE0pHS NPORONLHLIX TEPMOMNEKTPUYECKUX SBNCHNH 51

B CBSI3H ¢ YeM CTALMOHAPHOE YpaBHEHUE NPUOOpPETaET BUA

z( Op e-poeé eE)aFo

_.5;— 7 -a-;.. x:nIn="ﬂF|‘ﬂE.

BBoxast BMecTO ¥ BETMYHHY

HMMEIOLIYIO NPSIMYIO aHAJIOTUIO CO cpenueﬁ uiHo#i csobomxHoro npoGera
JIETKMX YACTHLl B KIacCHYeCKoi Teopuu A = 1/no (cM. 1.3, § 9 3amau
K TN 5), IONyJaeM pellleHWe CTallMOHAPHOTO YPAaBHEHWS B <«ITEPBOM»
no A(v) npubmaxeHuu (T.e. ¢ NOMPAaBKOW K PABHOBECHON (YHKUHM
pacripeneeHus, CBA3HHON ¢ yYeTOM IPOLIECCOB DACCESIHMA JIEFKMX
9/1eKTPOHOB HA TSIKEJIBIX YACTHLAX PELIETKM)

F(Z, v’ﬁ) =F(Z,E, vz) =

- p 00

= Folz, €) + A(w) 2 (a_” e-—pob +CE) OFo(z,€)
m

6 08z 9

v, 02
(MBI YW1, 4TO cos ¥ = . UE= —2-).

§ 3. InexTpo- U TeNNONPOROAHOCTL BLIPOXACHHOIO
ANEKTPOHHOro rasa B MeTannax

C MoMOWIBIO MONIYYEHHOTO pEIHEeHMN, XAaPaKTEPUCTHKH SBJICHHH
miepeHoca, o0g3aHHbIE SNEKTPOHHOMY ra3y, pacCCYMTRIBAIOTCH CTAaHAApT-
HEIM 06pa3oM. Tak KaK NpH HHTEIPHPOBAHHH 110 NPOCTPAHCTBY ¥ BXO-
JAUIHA NOL 3HAK WHTErpajla MHOXWTENb v§ Bcnenc'mne sanucpmocm
OCTANIbHBIX no,uumerpanbmx BRIDaXCHHH o1 v’ =1v2 +v, + vz MOXHO

32MEHHTH Ha v°/3, TO MCIIONB3YSl IPU STOM ChePHIECKHE KOOPIMHATSL,
d5 — v? dysin 9 dd dp — 4xv’ dv,

H TICpEXOASs OT UMHTCTPUPOBAHUA TI0 MORYNIO CKOPOCTH v K MHTEIrpany
Mo BENTHYHHE
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MOJIYYUM VISl CPEOHUX BEJIHYHH ITOTOKOB YHCJIA YacTHL] jn M SHEPIHH j,_-

Jn = fv,F(z,e, v,) d¥ =

_ 16mm /A ( L Eop08 E) E) 4e.
0
2

8 0Oz o

v,)div =

o0
_ 16mm fA( )(8p+e—u60+eE)€28n(e)d€
0

7 ¢ o e

Tax Kax BeMuuHa —dn(€)/0¢ B clyyae BHPOXIAEHHOM CHCTeMBI /€ p K 1
KaK IIPOU3BOAHASN OT CHAETKa PAIMBITONH eAMHUYHON CTyreH4aToi GyHK-
" MM TIDEACTABISAET OCTPO COCPENOTOYEHHYIO OKONO 3HAYEHMsl € = f
BEIMYKHY, TIpH 6 — 0 nepexoasiuyio B §-dyuxkumio d(€ — €p), TO B TEX
clyyasx, Koraa B o6nacTH 3Ha4eHWil € ~ €p BeinudMHa A(€) oxa3sn-
BacTCsa KOHC‘IHOﬁ €€ MOXHO BBIHECTH 334 3HaK HHTCIpaJia no &, TeM
caMbIM ITpeBpaTHB ee B oGIHit NapaMerp A(€r) = Ap, XapakTepuay-
IOIUMIi IOTOKH Jy M J¢, 2 OCTABLUMECS BHIPAXEHHH — B CTAHAAPTHLIE
tdbepMueBcKie MHTErpainl. 3T WHTErpaibl NOACYMTAHH (cM. mpwi. I)
U MMEIOT BMI DavIOXEHHMH MO MeTHHIM CTeneHsM napamerpa 0/cp
(eM. 1.2, 11.2, §2),

Iy=fe"n(e)d€—- V_‘_l/(—%)e"“de:
[ 1]
_ prt! ”2(_9.)2 )
_V+1(l+(u+1)u6 ’ +... ).

Hcnonsays MUHUMATBHO HEOGXOAMMYIO anMPOKCHMALIMIO ITHX MH-
TErpaioB, MMEEM B HalEeM CIy4ae

T ( one)

ni\e
/5(— de )d€=Io=ﬂ,
0

I
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[o(-52) - (5 (5) +-)

0

o) 03 ),
pme(1-2(L) ).

Omnpezesnssn NPOBOIMMOCTD MEKTPOHHOTO rasa o (WM YAeabHOTro
CONpPOTHBIEHHS p = 1/0) B M3OTepMUYecKOM ciayuae f(z) = @ = const
(BesencTsue ycoBHa = const Taxxe u(n, 8) = const) B COOTBETCTBHU
¢ 3axoHOM OMa [UIS NOTHOCTH MeKTpHuecKoro Toxa I = —ej, = oF,
U OMycKas TEMIEPATYPHYIO IOMIPaBKy, IOJyyaeM OCHOBHOM pe3y/sTaT
(TeMmepaTypHY10 TIONPABKY K HeMy CM. T. 2, § 9 3agay K ri. 5)

e

1 16rme*Apep
P 32RO

B cryqae xe 86/0z # 0 (a, cnmemosatentHo, u du/dz # 0) umeeM,
TIOLCTABNAA 3HaueHUsT (PEPMUEBCKMX WHTETPAIOB B BRIDAXCHHA MIA
MOTOKOB Jp M j;, CPa3y e BHHOCHA BEIHYMHY Ap 33 3HaK MHTerpaia
M TIpUBOIA NONOOHBIE YWICHH

. ., l6mmAp Ou 1 20 00
R TP L "‘(0 teE T e
. . 16mmAp op 2 000
e ="30mme (ae"' eE+ 3% 53z

Onpeaensasn x03bPULNEHT TETUIONPOBOAHOCTH «3aTOPMOXEHHOIO» 3J1€K-
TPOHHOIO Ta3a K, T.€. IPH YCIOBUK OTCYTCTBHS /IEKTPUYECKOTO TOKA
I =0, korna
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NOJIy4aeM B COOTBETCTBHM C 3aKOHOM Dyphe j, = —Kk 00/0z,
o 72 16rmAper
T3 32wRY

CpapHyBas NoAy4EHHbLA PE3YALTAT CO CXOAHOM Mo Buay hopMynoil pis
3JIEKTPOTIPOBOTHOCTH O , MOJTydaeM, MCKIIOYast BEIMUUHY A, H3BECTHBIR
3akoH Bunemana—®panua (G. Wiedemann, R. Franz, 1853)

IIpuBencHnas 6e3pasMepHas KOMOWHaUMS X0 PHULIEHTOB NepeHoca K
M 0 Ha3nBaeTcsd 4acTo uMcjioM JIopeHua, TEOpEeTHYECKAA BETHYMHA
KOTOpOro 1r2/3 BIOJIHE YIOBJETBOPHMTENILHO COOTBETCTBYET IKCNECPH-
MEHTANBHBIM €T0 3HAYCHUSM JUIS MHOTMX METAUIOB B CJIy4yasx, Korma
paccestHe 3MeKTPOHOB OEeMCTBUTENBHO [TPOUCXONUT HA TAXENbIX LIEH-
Tpax: Ha aroMax TIPHMECH, Ha AMCIOKAUHAX (B LIMPOKOM IManasoHe
TEMIIEPATYP) ¥ Ha MOHAX KPUCTALAMYECKON PEUIeTKH TPU Ten iepaty-
pax, MpeBLIUAIOIINX 1e6aeBCKyI0, @ > fp, KOorda B TEILIOBOE ABUKEHUE
pELIEeTKH BOBJEYEHR! BCE UOHBI, H paccessHUe NEKTPOHOB NPOHUCXOAUT
TIpaXKTHMeCKH Ha KaXIoM W3 HUX He3aBHCHMO. B obGnactu xe 6onee
HHM3KUX TemrepaTyp (MO cpaBHeHMIO ¢ fp) CUTYALMSA CTAHOBHTCS CO-
BEPLIEHHO MHOM: 3/eKTPOHbI PacCerBAIOTCS HE Ha OTAE/IBbHLIX MOHAX,
a Ha JUIMHHOBOJIHOBELX KONe0aHUAX KPHCTAUIMYECKOM penleTku. Pacyer
3TOro ARJICHUA B pAMKaX COBMECTHOI'O KMHETHYECKOro ITOIX0Aa K 3€eK-
TPOHHOMY rasy M KoJeOaHHAM peleTkil GblN BeIMOMHEH (DerUKcoM
Broxom (1930), 1 3a mpoIeamKe Togbl 3TOT BECBMa CTOXHBIN pacuer
MPaKTUYECKM He GbUl H1 ydyyYlleH, HM MOIEPHU3UPOBAH (€CU HE CuM-
TaTb y4yeTa IPyTMX MEXaHU3MOB B3aUMOMAEICTBMSA IEKTPOHOB C HOHHOM
PELLETKOM).

§ 4. TepmoanexTpuyeckne ABREHUS
B MeTafAu4eckux NpoBOAHUKaX

Mpexne yem MepeiT! K pacCMOTPEHUIO 3TOTO WHTEPECHOTO ABJIe-
HUS (KOTOPOE MBI MPOBE/IeM HeCKOTbKO MO3Xe Ha KaJeCTBEHHOM YPOBHE
1 6e3 MpUBAEYEHHUsA 0COGO CTPOTUX METONOB M CJIOXHBIX MaTeMaTHye-
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1
TCDMOCTB.T 02 : TIPOBOIHUK Q

i

TPOBOAHWK b

Puc, 3.3. flpocreiituan cxeMa ycTaHoBskv ana HabmoaeHus
TOPMO3NEKTPHUYECKNX ABNEHUIA

CKHX BBIKNANOK), OCTAHOBMMCS JOMOIHUTENbHO, 4TOOb HE CO3aBANOCh
JIOXHOrO BMEYaT/NeHUd, YTO JIOPEHUEBCKOE NPHOIHXKEeHHEe MpUCoco6-
JIEHO TOJIBKO K PAaCyeTy BEAHYHH 0 U K, Ha MPOLOJbHBIX TEPMOINEK-
TPUUECKUX SIBNECHUSAX, XapPaKTEpPHBIX AJIA TIPOBOAANIEH 3NEKTPOHHOIM
CHCTEMBI, OTIPENCNAIOUINE XapaKTEPUCTHKU KOTOPHIX PaKTHUECKH yXe
TI0JIyYeHb! HAMHU TIPY pacyeTe BETMIWHBI j,. YCIOBHasd NMPUHIIMITHATS-
Hag cXeMa 3eXTpUUecKoft Henn, B KOTOPOi peanuiyiores 3TH 3 eKTh],
¢ HEOOXOAMMEIMM MOSICHEHUSMU TIpUBeAeHa Ha pMc. 3.3.

B npubnuxenur A = Ap = const yci0oBUE OTCYTCTBHA 3JIEKTPH-
YECKOTO TOKA B NPOBONHMKAX (K04 K pasoMKHYT) O3HAYAET HAiM4me
B KQXIOM Y3 HUX HAMNpPSXEHHOCTH IEKTPOCTATHYECKOrO 10JA

(B ¥cMonb3yeMOM YacTo TIpUGIKeHun T = A /v = const 3Hauerus dep-

MHWEBCKMX MHTETPAJIOB BCACACTBHE ¥ = 4/ 26/ COOTBETCTBEHHO M3Me-
HAIOTCA, W TIepel TEPBBIM ¢J1araeMbIM B 5T0ii (OpMyJic BMECTO MHOXH-
TeNns 1r2/3 OyueT cTosiTh 1r2/2). B npubmnkennu 8/ep L1 u n = const

HUMEEM
By a( ( 1r2(0>2 )) 72 8 860
Y= —(eplli-={=) +...) }2-=2=,
0z Oz 12 \ eF 6 ep 02

W MBI oTyd9aeM JUTST HAMPsXEHHOCTH TOPMO3SILICTO ITOTOK 3/IEKTPOHOB
nons BEAUINHY
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BSC AU B uenu, cocrosiieit U3 AByX IPOBOLHUKOB @ M b ¢ LiuHamu [,
# Iy, CTIaH KOTOPBIX MTOIEPXUBAIOTCSA NIPH TEMMEpaTypax 8, u 0;, ¥ BOITET-
METpa, OTIpEACIIieTCs BeIMIHWHOM uHTerpana ot E no xoHTypy I, +1p

6
172 6 80 1 %2 6 6
av-§ gas= (‘z?as;)“*z?a ()™

(la+h) h

OI‘paHH‘{HBaHCB, KakK Bceraa, JIMHEHHBIM anGHuxenneM
02—01=A0<0] =0,

noydaeM wist epMoDJIC B cooTBETCTBHY € 3aKOHOM 3eebexku AU = ZA0
(T. Seebeck, 1821)

17x2 1 1 )
AU =-—{ ———-—— 1048 = ZA4.
e6 ((Er)a (erks

Ecn¥ TIJIOTHOCTH 3MEKTPOHHOIO Tasa N, M 7y B MPOBOAHHKAX a U b
GAM3KM IpPYT K IpYTY, TaK 4TO An = ny — n, € n, &£ n, To BCIen-
CTBHE 3aBMCHMOCTH OT n 3Hepruu PepMmu cp = hz/2m(31r2n)2/ >
KOHCTaHTHI 3eeGexu Imojydaercs Gojiee poOCTOE BRIpAKEHUE

Ecnu kmou K 3aMkHyT (CM. puc. 3.3) u pa3sHOCTh TemnepaTyp Af = 0,
TO MPOXOOALIMMA MO LenH TOK I NMpOBOLMPYET Ha CHasX METALIOB @
¥ b BbIENCHME TeIUia, BeIMUMHA KOTOPOTO 33 CEXYHAY OIpeaensiercs
uHeAHBIM 3akoHoM [Tenstse (J. Peltier, 1834)

Q = III = IIq.
Boiaensemoe IIPpH MPOXOXIOEHUM 4Yepe3 Crau OJHOro KyjaoHa 3JCKTpHU-~

yeckoro 3apsana Teruio Ilensrbe II B COOTBETCTBHM € TaK Ha3biBaEMBIM
BTODHIM cOOTHOLIeHHeM TomcoHa (cM. T. 3, 1. 4, § 3) cBsi3aHo ¢ K03¢h-
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dumenToM 3eeGexu Z npocTsiM cooTHouteHueM Il = —8Z, noaToMy
cpasy nmoayyaem
o= l"_2 (L - 1 )92 &~ _lZQf_
e 6 \(er)s  (eF)a e3 n ep

Haxkotel, nocaeaHmit U3 NpoaoJIbHbIX TEPMOATEKTPHYECKUX 3thdekToB
32KJII0YAETC B TOM, YTO HAa YYacTKe MEXOy TepMocTaTamu 8; H 6
B cnydae Af # 0 npoxoasuwit 1o nposofaM Tok I NepeHOCHT 3Hep-
THI0, MPOTIOPLIMOHANBHYIO BEJTMIWHE TOKA W TPAIMEHTY TeMITEPaTypHI,
KoTopas onpezensiercs 3akoHoM Tomcona (W. Thomson, 1856)

AQp = TIAG,

TIe T — KONHYECTBO TeIUIa, epeHOCUMOE TOKOM OT TepMocTaTta 8+ Af
K TEPMOCTATy # NpH NPOXOXIEHMU B 3TOM HAIpPaBJIEHUU IO IIPOBOA-
HMKY eIMHULBL 3apsfa (oaHoro KynoHa). COrMacHO TaK Ha3biBAeMOMY
nepsoMy cootHoernio TomcoHa (cM. T. 3, 1. 4, § 3) Terno ToMcoHa T
cBs13ar0 ¢ Koagpuumentamu Tenstbe U 3eeGekH MPOCTHIM COOTHOILIE-
HHEM, MCMONK3IYA KOTOPOE NOMydaeM (C y4eToM cpasy ABYX TIDOBOXHM-
KOB C POTHBOMNONOXHO HaNpaBleHHRIMU TOKAMH)

o1 ?_Z_ 1#2(1 l)_’!ltZZAnO

n T =055 = % = 5 \Ers  GEr)a



Masa 4

Yyet anexTpoH-pOHOHHOrO B3aMMOAEHCTBUS
8 TEOPUM NEKTPONPOBOAHOCTH METaNNOB

TIpucTynas K paccCMOTPEHMIO BAUSIHUS HA BICKTPOHHBINA Ta3 He-
U3MEHHO CYWIECTBYIOIUMX B cucteme (mpm @ # 0) KonebaHwit Kpu-
CTATHYECKON PELETKH MBI OTPAHHYHMCSA KAYECTBEHHBIM TTOMXOMOM,
He TMpeBBILAIOHM TOTO YPOBHS, KOTODPBIH NPHHAT MPH NMOCTPOCHUM
TEOpHH TEMIOEMKOCTH TBEpHOTO Tena B aebaesckoM (P. Debye, 1912) ee
BapuaHTe (CM. T.2, T1. 2, §4).

§ 1. MopenvpoBaH1e raMMAbTOHWAHA B3aMMOAEHCTBNS
3NEKTPOHOB C KoNeGaHMAMU peLreTkH

OrpaHu4uBasch caMbiM TIPOCTHIM BApMAHTOM PacCMOTpEeHHUs, Oy-
IIEM NOJIATaTh KPUCTALIUYECKYIO PELIETKY OAHOATOMHOM, reoMeTpuue-
CKM NPaBWIbHOM, a KOJieGaHaA yJIOB B Hell MAIBIMK, TADMOHMYECKUMH
¥ He3aBUCHMBIMM OApYT OT Apyra. Toraa B Takoit uneansHol CHCTEME rap-
MOHHYECKMX XoJieOGaHUH pacnpOCTPaHAIOLIYIOCA B KPUCTAJL1E OTIAENb-
HYIO TIPOAONbHYIO BOJIHY OTKJIOHEHHH Y3J10B PEIIETKH OT MX ITOJOXKEHUIH
DABHOBECHS MOXHO IMpencTaBUTh B BHUAE

gE(F’ t) - Ae‘iwt‘“iiﬁ'f",

riae ¥ — BONHOBOM BEKTOp, CBA3AHHbIHA ¢ UMNY/ABCOM ITOI BOJIHBI, UME-
Hyemoit POHOHOM, COOTHOLUEHUeM § = Ak, mpUueM 4acToTa w W CBSi-
3aHHas C Heil SHepIys TAKOM aKycTH4YecKoi BOAHEI (T.e. HOHOHA) JH-
HeliHa 1O MOIYJI0 UMIIYkCa, £, = hw(q) = cq, Ile KBagpaT cKOpOCTU
PaCNpOCTPAHEHUA BOJHBI ¢ = K/(nM) nponopLUMOHANEH KOHCTAHTE
YIPYIOCTH K MO OTHOMIEHUIO K CATHIO-PACTAXEHUIO B NPUGIKEHHH
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JIMHEHHOro 3akoHa [yka ¥ ofpaTHO NMPONOPUMOHAIEH MACCOBOM ITIOT-
HOCTH Y3/10B PEeLIETKH nM, TAe n — IUIOTHOCTb YHCiA €€ y310B, M —
Macca aToMa B KaXJIOM U3 YJIOB pelIeTKH.

Hcnonb3ys obliue npeacTaBieHus, ONPeaeauM 3aBUCHMOCTb aM-
TUTHTYABR A OT TEpedMCIIEHHBIX Bhillie BeWYHMH. CpemHas KHHeTHYe-
CKast 3HepTHS 9aCTHL, y4acTBYIOUIHX B ()OPMHPOBaHWH BONHBI OTKIIO-
HeHus y3noB £g(F,t) OoT VX TONOXeHUit paBHOBecws (MO TIPHHLMITY

m'vz/2 =M |§E|2/2 Ha YacTUI, YUCJI0 KOTOPBIX B TpEXMEPHOM 0ObeMe
dF paBHO n df), OLlEHUBAETCH KaK

1. 1
T, = / Ele,;lzn dF = 5A”Mm.ﬂv.
v)

CpenHsas Ux IOTeHLIHANbHASA SHEPTHS, CBA3aHHas ¢ fedpopMaimeit yrpy-
THX CBS3eit (MO MPUMHLIMITY mw'c’/2 - Mw2|§§|2/2), HUMEET TY Xe Be-
JVYUHY,

1 1
U, = f Eszlgglzn df = E.sznw’V.
v) ‘
Conocrarssi nonHyio sxepriio dounona €, = T, + U, ¢ BerwunHON fw,

hw = const - AZMnw’V,

110/y4aeM, OMyCKass KOHCTAHTY, HCKOMYIO 3aBUCHMOCTD

A= h 1 h
“VMwv =~ WV Mnck'

Torga, ucnonb3yss HeoOXOAMMYIO HaM B AanbHeiluleM KBaHTOBO-TOJNE-
BYIO CUMBQJIMKY, JJIS1 TOSBUBLIECS] B CHCTEME WIH HCYE3HYBIEH BOJIHBI
OTKJIOHEHMIK MOXHO HaIkcaTh

= 7% V T (e ¢ et F),

TIE CHMBOJIOM b;-" 0603HaYEH OTIEPATOP POXIEHUS («MOSBIEHHS») BON-
HbL OTKJIOHEHWI, a by — omepaTop ee YHHYTOXEHMs! («IIOIIOIEHHS»)
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COOTBETCTBEHHO (CM. Gonee moapoGHo T. 4, ra. 1, § 3, a Taxxe npwi. 1I),
BeJIMYMHA KOHCTaHTH NIOKA HECYLUECTBEHHA.

Tak XaK BOJHAa TIOTHOCTH YTOB pewweTKH n(f,t) mMpv Hantmuuu
OTHO(POHOHHOTO e¢ BO3GYXIEHHA, CBA3aHHAA C U3MEHEHHEM pacCTosI-
HHUA MEXIY Y3NaMu

At = &5(z + 0) - () = a2,
z
IMIPEACTABASET cOGOM 1O ITOM NpUYMHE BOJNHY TPAAMEHTA BEJHYMHBHI
£z(7, 1), TO, MCTIONMB3YA BRIpAaXEHHE Wi {; W MUCIIEPCHOHHYIO 3aBUCH-
MOCTb W = ¢k, MOJIYMaeM U1 OTAENbHON BOJHAL IUVIOTHOCTH Y3TOB

o IL Rk iwteiEe _
nk—'yW'\/Mnc(bEe +ke)=

VRS 4 (4 it idr
= \/V‘I_Mnc(bq‘e +k.c.).

YTOYHATE KOHCTAaHTY 4’ Ha JAHHOM 3Talle HEe MMeeT CMBICNA, TaK KaK
OHa Bce paBHO GyIET morTolieHa Tol BETHYHHOM, KOTopas 6yaer xapak-
TEPU30BaTh HHTEHCHBHOCTD /IEKTPOH-GOHOHHOIO B3aUMOMENCTBHSA.
BygeM nonaraTth, YTO BpeMsl peflakCauMH T 3JAeKTPOHHOIO rasa
TI0 OTHOIICHWIO K CMEMECHHWIO YJIOB PEIICTKM 3HAYUTENBHO MEHbine
TlepHoTa e¢ ITMHHOBONHOBLIX (A > (V/N)"/ 3 = n~') konebamm,

2

ck’

T. €. TUTOTHOCTh YHCJA MOHOB NPAKTHYECKH COBMANaeT ¢ IUVIOTHOCTHIO
3/IeKTPOHHOrO rasa

T<<T=é=
c

0 (7, t) = n (7, ¢)

M TIPU BOZHUKHOBEHUHU ABIDKEHMS MOHOB PEIIETKY CBA3AHHLIX C MX CME-
LICHUSIMH OOBEMHBIX 3apsi0B He 0Opa3yeTcsi: OHH CIIPOBOLMPOBATU OB
MPOLIECC TUIMA BBICOKOYACTOTHHIX fiwy ~ 10eV ~ 10° K mnasmeHHbix
KoteGaHUR, U KHHETUKA CUCTEMbI MOUUIH OBl COBCEM IO IPYroMy cLe-
Hapuio (OTMETHM, YTO 3HEPrusa Bo3byxmeHUs GOHOHA Ha TPH M Gonee
HDECATUYHBIX TTIOPSIKOB MEHBLIE 3HEPIUH Fiuy ). B TakoM «ammabaruve-
CKOM» TIPUONIDKEHNU, CITPABEUTMBOM BO BCAKOM CJIyyae JUIS JUTHHHO-
BOJIHOBBIX (POHOHOB (M 3TO B OCHOBHOM ¥ TPeGYeTCA), BOJIHA INOTHOCTH
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Y3N10B pelueTku Oymer COMpOBOXIATLCSA BONHON MIOTHOCTH NIEKTPOH-
HOTO raza, Tak Kax caMy ILUTOTHOCTb YMC/1a 3JIEKTPOHOB MOXHO IIpel-
CTABUTH KaK

= 3 sr-r), [omar=n,

1IN A

TO BOJTHA 3TOii IIOTHOCTH 3anMiLeTcs Kak ee ¢pypbe-rapMOHHKa

- L 1 -
pr= f pMedr= 3 e, mpmem p(f)=7 D pre™
IKIKN R

OG6o3HauYMM CPEAHIO SHEPTHIO B3aMMOIEHCTBHSA 3MEKTPOHA C pemieT-
Ko ®(n), c KOTOPOI OH HAXOAMTCA B COCTOSTHIM JAAHAMWYECKOTO paB-
HOBECHS B KaXIOM JIOKATbHOM obractH cucteMbl. Toria aHepruo Bia-
HMOJEHCTBYSL BCETO MEKTPOHHOIO raja ¢ MOHHOM pemmeTKol MoXHOo
3aITUCATh B BHIE

& = [ per2(n(r)ar
V)

Ecau B cucteme Bo3byawica oauH ¢oHOH (NMOABWIOCH ONHO Maynoe
Kone6aHue peleTkn) ¢ HMNyabcoM ¢ (M amHOM BONMHRM A = 27h/q >
> a = (V/N)'?)

n() =n+ngd,  Ing)l < .

TO U3MEHEHUE FHEPIHH CHCTEMMI, CBA3aHHOE C TAKUM e¢ BO3OYXIeHHEM,
6yneT paBHO

Hy= [ p18(0+ng()aF - No() = ¥(n) [ p(Pny(d) o
") )

Wcrons3ys pasnoxeHMe nioTHOCTH p() o rapMoHuKaM pyr (§' = hk)
¥ BeIpaXeHWe ans ng(F), Geps wHTerpan mo df,

1 .
7 [eo{za+ar}ar=aa+a).
W)
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noJyyaeMm

st 1 q I + _
HJ—7<I>(n)\/‘—,\/nMC;A(q+q Npgbg +ke) =

_7,1_‘/_3_ +
vV nMc(p""b" k.c.) ’
2

rA¢ Y — HEKoTopad O6wasi KOHCTaHTa, B KOTOPYIO BXOAMT €° # T. 1.
YuuTeiBas, 4T0 P4 = p;" (cm. npw. 11), u cyMMuHpys no BceM Koneba-
HUAM peeTku (1o BeeM § = (g;, gy, ¢;)), NoTyyaeM

H = ZHq— 727‘/ (p+b++bqpq).

Hcnons3ys g onepatopa pypbe-KOMMOHEHTH! TUTOTHOCTH YHCIA JJEK-
TPOHOB P, NIPENCTARIEHUE BTOPUYHOTO KBAHTOBAHMA Yepe3 pepMu-one-
PATOPH POXIEHUST M yHUUTOMeHUS (cM. rpwn. IT), MoxHO npencrasuTe
OIEpaTop 3NEKTPOH-(HPOHOHHOTO B3aMMOAECHCTBUA B BUIE

\/— 2 " Mo ("p apb] + beay i ap).

Bra popMa onepatopa H, 06RIYHO Ha3LIBAEMAast FaMUIBTOHHaHOM Ppé-
muxa (H. Frohlich, 1950) (xoTst OH TOJHOCTBIO COOTBETCTBYET WICAM
MaTpuyHoro rnomxona Penukca Broxa, 1928—-1930), B onepatopHOM oT-
HOLLEHWU aHANIOTHYHA TOM, KOTOpast HCTIONB3YeTCd B 3MIEKTPOIWHAMHKE
(B3ammMoneiicTBHE NEXTPOHOB C (POTOHAMH) H KBAHTOBOIH TEOPMU MOJIA,
MO3TOMY OHA BOCIIPDMHAMAETCH KaK 4TO-TO BIIOJHE CaMoO COOOM pasy-
Meloleecs.

IlonyyeHHOE BEIpAXEHHE VI AMIUIMTYAB SNEKTPOH-(OHOHHOrO

B3auMoIeicTBUA
9
il
(@)= 7\/ nMc¢’

HECMOTPSI Ha €€ OTKPOBEHHYI0 MOAEbHOCTb, ONPaBObIBAET cebsl B TEO-
pHH NIPOBOJIWMOCTH M TETUIOTIPOBOAHOCTH HOPMANBHOTO (T. €. HE CBEpX-
NIPOBOJSAILETO) INEKTPOHHOIO Ia3a, a 3aBUCHMOCTb OT Macchi HoHa M
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OOBSICHAET M3BECTHBII U3 IKCIEPUMEHTOB M30TONMYecKUit 3¢ dexr. Ko-
HeYHO, MpelioxeHHas Moxenn H, ABaAsAch (U3MUECKOi, AOCTATOY-
HO rpy0a, OHA HE YMUTRIBAET BCeX AeTaneit U palnuyHBIX MEXAHW3MOB
3NEKTPOH-(HOHOHHOTO B3aUMOIEACTBHS, U KOTOPHIX .BemmunHa ®(g)
MoxeT GeITh MHOW. B mampHeirem anst Hac GyAer BaXHO TOBEIEHWeE
BeTHUMHb D2(g) NMPU Malbix 3HAYEHMSIX UMIIYbCa ¢ (B Mopenn Dpé-
axa d(g) ~ q).

§2. Pacyet TPaHCNOPTHOTO CEYEHUA PACCEAHUS U OonpeaeneHue
TeMnepaTypHOil 3aBUCUMOCTA YAGLHOrO CONPOTMRAEHMS
B 00NnacTH HU3KNX W BBLICOKMX TEMNEPATYP NO OTHOLUEHMIO
K Temneparype [Je6aa

Pacnonarasi ABHHIM BUJOM TFAMWISTOHHAHA 3ACKTPOH-(OHOHHOTO
p3avumMogaeiicTeusi H|, yxe MOXHO Ha KBAaHTOBOM YPOBHE pacCYMTaTh
achexTMBHYIO WMHY cBoGomHOrO Npobera A(p) = (rX(p))™", Bxoms-
LIYI0 MO 3HAaK WHTETPAIa 10 MMIYALCY P B BBIPAXEHUAX VTS JTIPOBO-
IHMOCTH ¢ 3JEKTPOHHOIO ra3a M €ro TeIUIONPOBOAHOCTH K. s 3TOro
BMECTO KJIACCKHYECKOTO CEYEHMS paccesius o (v, ) NeKTPOHA HA UOHE
HaM HYXHO HCITOJIb30BaThb OUEHKY BEPOSITHOCTH paccesHUs 3JEKTPOHA
¢ UMTTYIBCOM P HA KOJIeOaHHAX KPUCTALTUIECKOHR PelneTKn, T. €. Bepo-
STHOCTE €T0 TepexolloB P — P F § © MCNyCKaHWEM HWIH IOorIoule-
HueM (oHOHa ¢ uMnyJiscoM §. [Ipoile BCEro 3To caenarb, BOCHONb30-
BaBLIMCh CTAHAAPTHON KBAHTOBOMEXaHMYECKOH bopMynoil BpeMeHHOi
TEOPUM BO3MYLIEHMIt LT BEPOATHOCTH KBaHTOBHIX Tiepexonos w(n|n')
(cM. ypaBHenwe TTaynu § 1, m. 3), XoTopast OMpeReNsAETCS KBaIpaTOM
MOOYJIST MaTpHYHOTO 3JIEMEHTA, COOTBETCTBYIOIIETO 3THM TIEpeXoliaM,
oT omnepaTtopa H;.

Cnenys Bnoxy, OyaeM I1onaratb, YTO JMEKTPOHLI U HOHHAsA peLueT-
Ka HaXoJATcsa (B HYJEBOM MPUGTIDKEHUM, KOTOPOE MCIONb3yeTCs TpH
NoICYeTe YKa3aHHBIX MATPUYHBIX 3JIEMEHTOB) B OGIIIEM COCTOSTHHM CTa-
TUCTHYECKOTO paBHOBecUd. TOrAa cpeHue OT Ipou3BeIeHu 6o3e-omne-
pPATOPOB POXIECHUA ¥ YHUYTOXEHHS (POHOHOB ¥ COOTBETCTBYIOUIUX KOM-
6uHaLUMit depMH-0TIEpaTOPOB POXIECHHS M YHUUTOXEHUS SIEKTPOHHBIX
COCTOSIHUI OyIayT BBIpAaXaThCs C TIOMOIBIO TEOPEMBI O CMAPWUBAHMAX
(cM. mpu. I1T) uepes cpenHwe ymcia 3aTTOTHEHUS v, — Goae-pacnpe-
NeJIeHUE ¢ PaBHBIM HYJIIO XMMHYECKMM TIOTEHLMAIOM U Ny, — (epMu-
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pacnpenecHue Visi HACIbHOro rasa,

|
(b5 bg)o = bl by = A(T— Ty
~
(bedf Yo = bpbt = AT~ T)(1 + 1),
(a) aylo = af ay = AP — §')ny;
~
(ayay Yo = apay = A(F - F')(1 -

Torma 8epOATHOCTL KBAHTOBOMEXAHWUECKOTO NEPEXoaa ANEKTpoHa U3 UC-
XOJIHOTO COCTOAIHMSI C UMIIYABCOM § C MCNycKaHWeM (OHOHA € HUM-
myecoM ¢ (T.e. ¢ BO3GYXIeHNeM BOJHBI TVIOTHOCTH HOHHOM PEIIETKH)
P — P — 4, n ¢ nornollleHHeM oHoHa F — P + § 3a ceKyHly Gynet
paBHa )

w(plF - é’)+w(ﬂp+d)——-7 LI B

X (Bp(1 = np_g)(1 + V))0(Bp — Ep_g — cq) +
+ np(l = 1y )V 0(Ep — Epy g + Cq})

3aMeTHM, YTO ¢ TOYHOCTBIO IO YICHOB TOPSKa q

0(Bp - EpzgFeq) =

—6( pq:hcq)”ﬁ(gq——cq)=26(c050—ﬁ),
2m  m m pq P

a TaK KaK B pacCMaTpMBaEMOM CJlyya€ BHIDOXAEHHOIrO (depMH-rasa
p ~ pr, a BEIMYMHA MC/Pp ~ 107%-107%, 10 yroa ¢ MeXny BEKTOpaMH
P 4 § oKa3blBaeTCsl NPAKTHYECKM NPAMBLIM (CM. puc. 4.1).

VTon Xe paccessHHsi % MeXIy BeKTOpaMu P M § =p=+{ B clyuae
|ﬁ |~|7 '| ~pp N ¢ K Pr Mall ¥ AOCTATOYHO TIPOCTO BHIpAXaeTcs yepe3
MOQYRb BEKTOpA ¢,

.
=2 —=.
g =2p sin 5
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Takum 06pa3oM, 4TGB! MOACUMTATL TPAHCMIOPTHOE CEHEHUE

(p) = f o(p, $)(1 - cos ) sin 9 dyp d,

HeoGX0OMMO NOICTABHTE BMECTO 0 (P, 1) KBAHTOBOMEXaHWIECKOE ceve-
HUE paccesHus, T.e. BemwunuHy w(P | § F §), HeNeHHy10 Ha TUIOTHOCTB

q

ety [ o+q

Puc. 4.1. Cxema COQTHOLE-
HWA U B3aUMHOrO pacnono-
xeHua Bextopoe F, p+Jn §
B cnyqae p ~ pr U ¢ & Pr

TOTOKA PacCEUBAIOINMXCA YacTULL p/m, H
BHIPa3UTh B HEM BETMIMHY ¢ Yepe3 yron ¢.
OnHako ynobHee chaellaTb B HEKOTOPOM
CMHICJIE HAOGOPOT: MHTErpHPOBATh HE TIO
VITIaM 1) | ¢, a TIo IPOCTPAHCTBY ¢ (ToXe
B2 MHTETpasia BBHIY HAMumA A ~QyHKLmm).

YToGH! He MepenuchBaTh JUTHHHEIX Bhi-
paxeHuit, HAHOMHWM, YTO HaM HaJIo pacro-
NaraTh OUEHKOI BeAMuMHH A(p) He Bciony,
a TONbKO Ha rpauuiie PepMn: B CIITY KOH-
CTPYKIMU MHTETPANA, ONIPENEASIOIETO Ipo-
BOJIMMOCTb SNICKTPOHHOTO Ta3a &, UMEHHO
B 3TOM TOUKe NPU @ K £p BeHuMHA A(p)
BBIHOCHTCS 3a €ro 3Hak. [ToaroMmy, yuurhi-
Bas, YTO B CHITY 3aKOHa COXpaHEHMsi IHEP-

mn Epzy = Ey F cq, umeeM B cydae Ep — p = 0 (npu s1oM n, = 1,
TAK KaK MCXOIHOE 3HRYCHHWE MMITYJIECA NEKTPOHA P < pr)

1 e Bo=i1)/0 g~cq/8 ece/o

np(1 = np_g)(1 +v,) =

IR

eB-p)/f | ’ e(Ep~1)/8 g—cq/8 +1 " eta/f 1 =

1

(1 + ee)(eca — 1)’

1 e Bo=1)/0 geq/6 1

np(l = npig)vy =

elBr-m)/8 4 | ) e'Bri)/8 geq/6 41 ‘ eca/d _ 1 =

1

=2
(1 + e—ce/f)(ew/? - 1)

(B mpUHATOM NPHGIMXEHUY 06a NPOLIECCa PACCesT Uy 3JIEKTPOHA C UCITYyC-
KaHHEM U MOLIoIeHUEM POHOHA BOJIM3H MPaHM1y) DepMu BHOCHT OaUHA-
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KOBHIit BKJIaJl B OGLIYIO BEPOSTHOCTD €10 PacCesiHust). YUUTbIBadA, YTO

Y. @
1—cosgb=25m2——§——-—
2p?’

W Tepexois MPU MHTErpupOBaHUH 10 § K chepyecKM KOopaAUHaTaM
E - ——V—/...qqusind dd dy,
. (2xh)?

NONyIHM WISt MHTepecyoLLel HAC BEIMYMHH ceueHua T(p) Ha rpaHuue
Depmu

1 m 21 , q 1 i ¢ y
(2nhy BT aMe “1rewl e 1 2pL

X(pr) =

n
x m 6(cos % - 1_n£) sind d9 - 2xq’dg.
prq ! pr

WnTerpan mo yrny 4 BBUIY MaXOCTH BeMMUNHE Mmc/pr < | paBeH emm-

HULE
1
/J(x— Tﬁ)d:vz 1.
Y Pr

OcraBlieMycsl Xe MHTErpajJy o ¢ MOXHO NpuIaTh XapakTep MHTEp-
nonguuoHHo# GopMyJbl, MONOXUB, KaK U B TeopHu Hdebas Ternoem-
KOCTH TBEDHOro Tena (CM. T. 2, Ci. 2, §4), BepxHMil npenen paBHbIM
Imax = Mwmax/C¢ = Op/e¢, Tae @p — nebGaeBckasi Temneparypa. Toraa
TIONYINM, OOBEAMHSA BCE KOHCTAHTHI B OHY L W BhIENsAs Ge3pa3mep-
HBI TeMIepaTypHuIit tapametp 6/6p,

— q“dq V] s z‘dz
Hlpr)= quf e (a) | Trene-n

HeobGxommmo 3aMeTHTh, YTO eCi Obl MBI IPH OLIEHKE BETUYHWHBI TPaHC-
MOPTHOTO ce4eHUs X(p) (KOTOPOE CTOMT B 3HAMEHATENE MHTEMPAIILHOTO
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BLIPAXEHUS /LI 37IeKTPOHHO MPOBOAMMOCTY ) 110 MHEPLIMY CHayala
YCPeAHWIH GBI e¢ 10 3NeKTPOHHBIM COCTOSHUSAM (T. €. IIPOUHTErPHPO-
BN GH [0 ), KaK 3TO OGBIYHO HENAETCS, A YX MOTOM BHIHOCHIU Gbl
32 3HAK MHTETpaNa, TO BMECTO BHIMHCAHHOIO BRILIE WHTETpala IOayYH-
mm 611 TpamMumonHy0 dopmyrty Brioxa (F. Bloch, 1930) (B mutepatype
ee yame Ha3bBatoT hopMyiolt Ipronaiiaena (E. Griineisen, 1933), xoto-
phlii comocTaBua GHopMyay Biaoxa ¢ 3KCnepUMEHTaIbHBIMM AAHHBIMIM),
B KOTOPO# 101 MHTErpasoM BMecTo Muoxurens (1 + e *)~' crour

(3)-(-e

Hcemenyst TeMTIEpaTYpHYIO 3aBUCHMOCTD CeUeHNs! L(pr), BBISBISA-
€M ee XapaKTepHoe ToBeleHHUe B ciaydasax 8 < 8p u 8 > 0p,
)

[ (2] - Zrtncn () =

0

%(pr) (9 )5
= =24 18| —
=, 4 18( 5 B Cllyyae 0<<QD,
i 8\ 18
-— 3 -— R
f2z da:(ob) 30, B caysae 8 > 6p
L o

(Mer ywmm, gyro I'(5) = 4! M BOCTIONB30BAMCH TAGINYHHIM 3HAYCHNEM
z3eta-pynkovn Pumana (5) = 1,0369...), koTopoe LieNHKOM Iepe-
HOCHTCSl Ha YIENBHOE COMPOTUBIIEHHUE,

s
24,18 (—) B cioydae 8 < Op,

TIe 0y BKITIOYAcT B ce0Gs KOHCTaHTY L,

16rmeler 16rme?er 1

o = = ,
7 30rhy 70 3(2rh) 0%,
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§ 3. Pacuer nonpasok K OCHOBHOMY pe3ynsrary

TTosydeHHas TeMmepaTypHasi 3aBUCHMOCTb YHEIbHOTO COMPOTHUB-
JIEHUSA TIPH COOTBETCTBYIONIEM BHIGODE BETMYHHH #p B OGIUMX 4ep-
TaX JOCTATOYHO XOPOIIO OMPaBIbIBaeTCS Ha 3KcTiepnMenTe. [apaMerpr
(fp)r B rpagycax KenbBuHa, nogo6paHHbIe M3 cOOGpaXeHUHl MaKCH-
MAaJIBHOTO COBHAIEHUS 3KCTIEpUMEHTA C TEOpUel, NMpuBeIeHb! B TadN. 4,1
TS psifa OBMXOIHBIX MeTannoB. TaM Xe IS CpaBHEHHS TpUBEIE-
HEl HMEIOLIME TOT Xe TMOPSIOK 3HAYEHWS NeGacBCKOW TeMrepaTypsl
(fp)c, KOTOpBIE HaMIY4IIMM OGpPa30OM COIIACYIOT TEMIIEPATYPHYIO 3a-
BUCHMOCTb TEILIOEMKOCTH TBEPAOTO Tejla ¢ TEOPETHYECKMM €€ OImHca-
HMeM Tio Teopum Jlebast (cM. T.2, T1.2, §4).

Tabnnua 4.1

Mertamn Pb Au Na Ag Li Cu Al Ni

(6p)r 86 175 202 223 330 333 335 472

(bp)e 95 165 160 215 354 343 398 465

@DopManbHBIE YTOYHEHWs! NMPUBEACHHBIX PE3YNLTaTOB Wi XL(Pr),
TNONYYEHHbIX [IpM CaMOM rpy6oii aripoKCUMAaLXH OMpeAcsaIomHNX 3Ty
BEJIMUUHY MHTEIPAJIOB I10 € = p2/2m M ¢, AOCTATOYHO HECIOXHHI,

Tak Kak paccMaTpvBaeMBll 3NIEKTPOHHEBINM ra3 BHIPOXAEH, TO TIpH
TeMriepatypax § < €p (IIPU 3TOM BBUAY TOTO, UTO €5 ~ 10°-10° K, 7a
TEMIIEPAaTypa MOXET 3HAYMTENbLHO NpPeBblllaTh aebaesckyio fp K £p)
C YYETOM TEMITEPATYPHOHN 3aBUCUMOCTH XMMHUYECKOro NMOTEHUMaNa

_ '(1 s i)2+ . __ﬁi(ﬁ 7
B = po 12 o eve gy ko = F—2m vV s

MMEEM OLICHKY JUIS (PepMHEBCKOTO UHTETPAIa ¢ TOTHOCTEHIO A0 MepBoi
TEMITEPATYPHOW NMOMPABKU

Jrol e %5053

0
OF 2 [ 6 \? F 2 [ 6 \?
Bpo 12\ po Opy 6 \po

= F(po) -
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Monaraa F(g) = eA(e), nomy4aeM Ans 3neKTporpoBOAHOCTH

16nme? On(e)\ , _16mmelep
o= 3(2#5}3/ A( )( )dE-——WA(&F)X

x{lg(x_z_n_z er OMer) 7 _c} a2A(ep)) (1)’+ }
12 4 Aer) Oep 6 Aler) 06 €p

Tak kak

[ 1 1
e €h () = Tm) ~ °F

TO TOACYMTBIBASI TIPOM3BOXHBIE 1O €F M TIDHBOASA TONOGHEIE WIEHH,
nony4yaeM :

i6rme‘ep

m—m}f\w(”%*z(%)z) s (43 (3))

1 z 3,78V
o Yo "4 EF
YTouHsA BenuuMHy L(pr)/Lo B 061acTu § < fp, Mbl AOJKHEI BHIYECTD

U3 NONYYEHHOrO paHee peayibraTa MHTerpal rno Hegusnyecko 061actun
JHayeHUR T. YUMTHIBAsA, 4TO B 3TOi 06/aCTH Z > 1, MMeeM

R

= dz = ]" e’z dz =
(1 +e2) ez -1) -

fo/6 0o/

SR CORORSRORS
=|— 144—+1 =2l —= o
(9) + 0D+2 oo +. 2 e R

I03TOMY € YYETOM 3KCIIOHEHUMaibHO Manoit pH 8 < 6p mobGaBku

noay4aem
() (s (3) )
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B cnyuae Boicokux Temneparyp 8> 6p (o # < £r) obnacTs 3Ha-
YeHMM NEPEMEHHOM & orpaHMYeHa MAJIbIM MHTEPBAJIOM
fp
0z ] £ 1,
TI03TOMY «KBa3MKjlacCHM4eCKas» NONpaBKa K JIMHeHHO#I 1o TeMnepaType
3aBUCUMOCTH YAEIBHOIO COTIPOTUBIIEHMS OIpeaeaAeTCs BEJIUYHHOM

op/8 8p/8
z(pp)_(o)ij4dx~(0)5]1 Ddr
— — = —_— -—l=
Eo fp . 2shz ép . 2]_'_3“:2

R

(]
(&) [ G-Be=1(-5(3))
— T ldr=-—[1-=({2] ],
oo 2 12 8 6p s\ s
0

HMLIHOJIyqaCM
1, 16/ 1/(6pY
P=5 = P36 s\e /) )

§4. ObcyxneHne U KpHTHYECKHE 3aMEYAHUS

IR

CnenaeM HECKOJBKO 3aMEYaHMil 10 NoBoAY INOJYYEHHbIX pe3yiib-
TatoB. OCHOBHOE HOCTWXEHHE TeOPUM Bioxa cOCTOMT B OOBACHEHUM
Ha 6a3e KMHETWYECKON TEOPAW W KBaHTOBOTO IMOMXOla TeMINepaTypHOH
3aBMCUMOCTH YAEJRHOTO CONPOTHRAEHUS METAUIOB, CMaJajolIero Nnpu
0 — 0 no creneHHOMy 3aKOHY. 3aBMCUMOCTb p ~ 6 npu 8 < 6p,
Ka3aJIoCb, MOXHO OGbi10 Npeayragath U3 o61tHX cooGpaxeHuii: cpeaHee
YHCI0 BO3GYXAEHHBIX (P)OHOHOB B PABHOBECHOM CJIy4ac MpOIOpLHO-
HATLHO TPETBEW CTEMEHH TEMNEPATYphl, Ny ~ 03, a TaK XaK B JUIWHHO-
BOJTHOROM 00nactn ¢ € pr, TO paccessHHE MEKTPOHOB Ha 3THX $oHo-
Hax NPOMCXOAMT HA MaBle yrAbl, U BesuuuHa (1 — cos ), Bxoasamas
B TPAHCIIOPTHOE CeYeHWE Y., JAaeT MOA HWHTErpajioM HOMONHUTEALHBIN
daxrop q2, KOTOPHI NIPH TiepexoAe K UHTErPHPOBAHHIO 10 Ge3paszmep-
HOM nepeMeHHOoM HaeT 02, JoBoaa obuyl0 3aBUCMMOCTb [0 ¢*. Oz-
HaKO, MPUBIEKATETHHOCTE ITOU WHTEpIpeTaLUUy OOMaHYWBa, TaK KakK
H3 MIPUBEIEHHOTO PACCYXIEHMS MONHOCTHIO BBINAIA CTPYKTYPA aMIln-
TYABI 3NeKTPOH-DOHOHHOTO B3auMoaeMcTBHA $(g), KoTopas, KaK 6bU10
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MOKAa3aHO BblilllE, CYIHECTBCHHO BIUSACT Ha 3aBUCUMOCTh CEYECHHA X
ot TeMnepatypst €. CornacHO ucxonsier u3 GusMdeckux coobpaxe-
HUil dpenuxoBckoit Monenu mnst H; BenuyuHa <I>2(q) ~ ¢, 4 B 3TOM
cay4ae Teopus Bioxa naer p ~ 6°, HO 7TOT 3aKOH Ha TpaKTHKE COGMo-
HOaeTcs CKopee KaK UCKIMoYeHWe. Eciu monoxuTs p ~ 6* , TO OKaXeTcH,
YTO TSl OONBITMHCTBA METAUIOB BEJIMUMHA Kk JIEXUT B UHTEPBAJIC 3Have-
Hult 3,5 < k < 5, 1 Bce NpeINpHHSTOE Bhile Bocxouainee X P. Bioxy
paccMOTpeHHE, HaYMHAs C OKa3aBmeicsa (paxTHIECKH HepeamnsyeMoHn
CTPYKTYpH (HPETMXOBCKOTO TAMMITBTOHHAHA 3JIEKTPOH-(POHOHHOTO B3a-
umMoneiicreus H;, mpnobpeTaer OTKPOBEHHO MOMCNBHBIH XapaKTep.

B o6ractu Temmepatyp # > fp BIMSHME MOIENW JUIST aMIUTUTYIHI
®(q) Ha 06pa3oBarHe TEMIIEPATYPHOI 32aBHCHMOCTH CEUeHHA ¥ HaKTH-
YEeCKM CXOIMT Ha HET, TaK KaK MOSIBAAIOIIANCA JIMHEHHas! 3aBUCHMOCTD
3 ~ # cBsi3ana ¢ peneii-DKUHCOBCKOM aNpoKCHMAaNei CpeTHUX YHCe
3amosHeHWs A (hoHoHoB ¥y 2 6/(cg). B aroit TemnepaTypHO¥ 061a-
CTH JIMHEHHBIA 3aKOH /IS YOEABHOTO CONPOTHRIECHWA C HeOOMLUIMMH
OTKJIOHCHHSIMH OT HETO B 06€ CTOPOHBI BRITIONHAETCS 11 GONBIIHHCTBA
METALIOB, '

B o6macT MPOMEXYTOYHBIX TEMIIECPATYP MAUTOXKEHHAS TCOPUS SB-
JNACTCA WRTEPNONSALUMOHHOH, U €l CBOMCTBEHHEBlI KaK ycmexu B 00606-
IEHHOM OTIMCAHVH ABICHUH MPOBOIWMOCTH, TaK W KeIOCTaTKH, CBOM-
CTBEHHEIE TeOpUAM ToflobHOro Tvma. Bes kputnka Teopun Jlebas Tern-
JIOEMKOCTH TBEPIBIX Tel MEPEHOCUTCS LEIUKOM Ha PacCMOTPEHHYIO
BBILIE TEOPHIO TPOBOXWMOCTH ¢ NOOaBJICHHEM YIIPEKOB <«MECTHOTO»
xapakTepa. IIpuBemeHHoe B TabaMlle CONOCTABICHHWE TOATOHOYHOIO
B TEOPMHM INIEKTPONIPOBOAHOCTH MTapaMeTpa — «IebGaeBeKOi» TeMIIlepaTy-
pht (fp)R €O CTONL Xe MOArOHOYHOM NebaeBcKoit TeMmepaTypoit (6p)c
B TEOPUHU TEIUIOEMKOCTH TBEPAOIO Teja, C ONHOM CTOPOHBI, OTKPOBEHHO
paiyeT TeM, YTO STU BEJMYKHHBI OKA3bIBAIOTCS OJHOTO ITOPSAIKA, C ApY-
roil — oropyaeT T€M, YTO OHU HE COBMANAIOT OPYT C APYTOM B TOUHOCTH
(3TOrO, KOHEYHO, HeJb3sA OBLIO ¥ OXMIATh OT TAKOM OTKPOBEHHO Kaue-
CTBEHHOI TEOPUMH, KAKOBOI ABIsAETCA Teopua bioxa).

B o6nacTd OYeHb HU3KMX TEMIEPATyp CONPOTHBIEHHME p, CBA-
3aHHOE C paccessHMeM JJIeKTPOHOB Ha KOJIeOAHMSX PellleTKH, CHaNaeT
IO HYJNA, HO TaK KaK MAEAIbHBIX KPUCTALIMYECKMX CTPYKTYp Oe3 mo-
CTOPOHHMX TpumMecert U nedekToB He GbIBAET, TO paHee He3aMETHLIE
3¢ddexrbl, CBI3aHHBIE C paccessHUEM 3eKTPOHOB HA ITHX HEOAHOPOI-
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HOCTSAX, HAUMHAIOT UIpaTh OCHOBHYIO pojib. IMEHHO OHM onpelensior
TaK Ha3b[BaeMOE OCTATOYHOE CONPOTHBAeHME Merasna. Tax Kak Ipo-
LECChl pacCesHUsA Ha JIPUMECHLIX LEHTpax M AMCIOKAUMAX U paccesd-
HMS Ha JJIUHHOBOJIHOBLIX (POHOHAX NMPAKTUYECKH HE3aBUCHMBI, TO 06-
wiee CeueHUe X = Loy + Lppyu, M YACTIHHOE CONMPOTHURIEHME p ~ &
np1oGpeTaeT AMIMTUBHOE CTPOEHME, P = Ppew + Prpum (3Ta OCOBEH-
HOCTh YOEIBHOIO CONpOTUBAEHUs Obula monMeveHa eule MaTucceHOM
(A. Matthiessen, 1862)). Ilepeas 4acTb, Ppey, ObUIa paccuuTaHa Ha-
mu no Brnoxy, a BTopas, Pnpmy, — HECKOJBKO paHee B pMOIMKEHUH
He 3aBHCALIEN’ OT TeMIepaTyphl BenuduHel Y(pr). B ominuue oT ppem
3T4 44CTh, IIPOMOPLMOHANbHAA IUIOTHOCTH HE3aBUCUMBIX APYT OT ApyTa
TIPAMECHBIX LIEHTPOB, ¢1a00 3aBUCUT OT TEMIIEPATYPhl, NIPH NOBHILIEHUH
KOTOpOif HAGMIONAETCA HE3HAYNTENLHEIN ee POCT, CBA3aHHBIN! C yCHIIe-
HUEM TETUTOBOTO NBIKEHUS PACCCHBAIOUIMX 3JIEKTPOHBI LIEHTPOB,

Hakonel, B o61acTi oueHb HU3KMX TeMnepatyp (OT monelt 2o eau-
HUL M JecATKa rpanycoB KesbBHHa) MHOTME META/LIB! CKAYKOM TEPSIOT
CBOE COITPOTHBNEHUE. DTOT (Da30BRIlt TIepexon B CBEPXIPOBOASAIIEE CO-
CTOSTHHME CBSI3aH C NEPECTPOIKOM OCHOBHOTO COCTOSHMSA SNEKTPOHHOTO
ra3a, B3aHMOJEHCTBYIOMETo ¢ KPUCTAUTHYECKOH HOHHOMK peleTkoi Me-
Ta/U1a, H CTPYKTYPHI €10 BO3OYXXAEHHEIX COCTOSIHUM, CBA3aHHON C BO3-
HHKHOBEHMEM MEXIY UTEKTPOHAMM CWIHHHIX KBAHTOBHIX KOppeswit.
TMo3ToMy MCIONMB30BaHME B KAYECTBE «HYNIEBOTO>» TIPHOIWXEHHUA MOJe-
nY MaeaTtbHoro depMm-Tasa (KaK 3To ACNANOCh B Teopuu Bioxa) crano-
BUTCA HETIPHEMJIEMBIM, U TEOPETUIECKOE NCCNICAOBAHNE 3TOTO SBICHHUSA
(kK KOTOPOMY MB! TIDHCTYNVM B CAEAYIOUIEH, OCHOBHON Y4aCTH HaHHOTO
PYKOBOICTBA) NIEXHT YXe B 061aCTH KBAHTOBOH CTaTHCTHYECKOH Mexa-
HUKM CYIIECTBEHHO HEUACANLHEIX CHCTEM.

§ 5. TennonpoBOANOCTL 3AEKTPOHHOO rasa
B 3/1eKTPON-POHOHHON MOAENM BIaUMOABIHCTBHS

3axkaHumnBas obcyxIeHHe, OCTAHOBUMCSH BKPATIle Ha XapaKkTepe TeM-
TICpaTypHOIi 3aBUCHMOCTH K03 HIIHEHTa TEMIONPOBOIHOCTH NIEKTPOH-
HOTO rasa K, OOYC/IOBECHHO! B3aMMOJEHCTBMEM EKTPOHOB C Koseba-
HuAMM pemretku. Ecau B TemMnepatypHuix o6aactax @ < 4, roe npeob-
NafaeT OCTATOYHOE COMPOTHBICHHE Ppew K Prpum M 0> Op pacceanne
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Puc. 4.2. Xapaktep TemnepaTypHOil 33BUCUMOCTU YAENBLHOrO
CONPOTUBBHURA P, KOIDDUUNEHTA TENIONPOBONHOCTH K 1 YACNa
Noperua L = eznp~/9; 0 < 8 <8, — obnacts CeepXNPOBOAU-
MOCTH, 8, < 0 < @ — ofbnacTe OCTATOMHOrO CONPOTMRNEHUR,
§ < 8 < 6y — obnacts nNpeobnanaHus 3NEKTPOH-(POHOHHOFO

B3auMopeictems, 8 > @p — obnacTb paccesHnA Ha Hekoppenm-
PO8aHHO ABMXYULMXCR UOHAX PeWwETKK
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3JIEKTPOHOB IIPOMCXOOUT Ha NPMMECHBIX LEHTPaX M Ha OTIEIbHBIX
HNOHaX, NIBHXXKEHHUE KOTODLIX IIPAKTHYECKH HE KOPpEIMPOBAaHO, BBHINOJ-
HaeTcsl 3akoH Buznemana-—®paniua, T. e. Xo3)OHIHEHT TEIUIONTPOBO-
HOCTH OTIpefiensieTcs] B COOTBETCTBHM C TEMIEPATYPHON 3aBHCHMOCTBIO
YAEJBHOTO COMpPOTHBACHUS,

w8 0 Bobnacrn 6 <8, rre p= const,

3elp const Bobmactu 8>6p, rme p~0,

TO B MPOMEXYTOUHOU obmacTn 6<o< fp, B KOTOPO# OCHOBHBIM Me-~
XaHU3MOM pacCeAHHS IEKTPOHOB SABJIAIOTCA IIPOLIECCH MX PACCESTHMSA
C UCIYCKAaHWEM M TNOMIOLIEHUEM (POHOHOB, HENO OGCTOMT HECKONb-
Ko wHave. Tax Kak YclOBHME OTCYTCTBMS SMEKTpHyecxoro Toka J = 0
(t.e. E # 0), npu KOTOPOM onpenessieTcsi BeMMYnHa K03 puLMEHTa K,
MCKIIIOUACT IBKDKEHWE JJIEKTPOHHOIO Ia3a KaK LIENoro, TO paccesiHue
3NeXTPOHOB GyIET MPOUCXOAMTL HE Ha MANEBIE YITTH ¥, a MPaKTHYECKH
WM30TPOIHO, ¥ WICH C COS § B TPAHCITOPTHOM CEYSHHH OKAXETCH YXKe He-

cymecTBeHHEIM £(pr) = S(pr) = fa(p, ¥) sin ¢ dv dy, a 3T0 cpasy
TPUBEAET K TIOHMXKEHMIO CTENEHU ¢ TIOJ 3HAKOM MHTETPANa Ha B eAu-
HUILL, U MBI OyAeM UMETh

- 80/0
Z@F)_(i)aja:zdx_
S \6p 2shz
0
2-1 6\’ 0\?
— ) ~21 -
> 1"(3)((3)(0])) 2, 03(00) B cnyyae 0<K0p,
18 B ac >0
40‘[) CITy4 Ds

OTKyHa Wit KO3POULHEHTA TEIUIONPOBOMHOCTH IMojydaeM

1
n? 16emer 0 7 B Crygae 0 < fp,

K =—— — ~
3 3(27h) nS(pp)

const B cCnyyae 6 > Op.

O6IUHIt XapaKTep 3aBUCHMMOCTH OT TEMNEPATYPHI BEMWIWH P, K W dWCTa
JI.Jlopenua L = e"np/O npeAcTaBieH Ha puc. 4.2,
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BeeneHune B Teopuio
CBepXNpPoBOAUMOCTU
3NEeKTPOHHOro rasa

TIpseTynas K pacCMOTPEHHIO 3TOTO GOJBILIOTO M JOCTATOYHO CIIOXHOIO
pa3nena KBaHTOBOY CTATHCTMKM, OTMETHMM, YTO €aMO CO3aHUE MHMKPO-
CKOMUYECKOi TeOPHMH CBepXNpoBoaMMOCTH B 1957-1958 rr. okazanocs,
noxanyi, nocieaAHuM B XX BeKe KPYNHbBIM JOCTHXEHUEM CTaTUCTHYE-
CKOM (PM3UKH, BCKPHIBILEM MEXaHH3M ABMEHUSA, KOTOPOE NOYTH ITOJIBEKa
TTOCHTe €r0 3KCMEPUMEHTATEHOTO OTKPHRITUS He HaxOMWIO aleKBaTHOTO
n ybeautensHoro o6wbaAcHeHMs. ITpencramnas cofoit MCKMOYUTENbHO
KBAHTOBKH 3¢ DeKT, ARIEHHE CBEPXITPOBOANMOCTH HE UMEET yOeANTEb-
HBIX ¥ TIPUBBIYHBIX «KJACCHYECKMX» QHAJOTUM, U ecnV B NpeaBlIyllieM
pasene elle OCTaBaTach BO3MOXHOCTb JIst HAaTMAIHOTO (B OGBIBaTeh-
CKOM CMBICJIE) UCTOJNIKOBAHMS TeX WM WHBIX 3(heKTOB, TO B CAyuae
CBEPXITPOBONMMOCTHU TIONOGHEIE «KITacCUYecKWe» MHTEPIIPETALIUH, YACTO
HCTIoNb3yeMble B MOMY/IAPHON JMTepaType, NpeaCTaBIAIOTCA HaoyMaH-
HBIMU WM OTKDOBEHHO HOMYJIUCTCKUMU.
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Masa 5

aKCI'lepHMEHTaIIbeIe U Teopetruyeckue
npeanochiNiKK TeOpun CBepXNPOBOAUMOCTH

Teopus CBepXMPOBOAUMOCTH pa3paGaThiBaNIach HE Ha IYCTOM MECTe,
HaNpOTUB, OHA ONMMPANACH Ha AOCTATOYHO AOCTOBEPHAIC 3KCIIEPUMEN-
TANbHbIE JAHHBICE U OCHOBBIBAIACh HA UENOM pside NPEABAPUTCIbHBIX
noNy(peHOMEHOJOTHYECKUX TeopeTHYecKHX coobpaxeHuii. Terreps yxe
BpAA JTU CTONT OCTAHABJIUBATBHCS HAa HUX CJIMINKOM IMOIPOOHO, OHM J0-
CTAaTOYHO TOJTHO OCBEUIEHBI B M3BECTHBIX MoHorpadudeckwx ob3opax
[0 TEOpPMM CBEPXNPOBOAUMOCTH, HanpuUMep, B KAlMTAIBHOM 0030pe
«Pu3uka Hu3kux temneparyp» (MJI, 1959) — mepesoa 14-15 TomoB
Handbuch der Physik, rnaesi 8 u 9 conepxat 6oaee 400 CCBINOK Ha OpH-
TMHaJIEHBIE MCCNEAOBAHUS IO BOIIPOCAM CBEPXITPOBOAMMOCTH, B 0630-
pax astopoB Teopuu k. Uipuddepa «Teopus cBepXNpOBOANMOCTH»
(«Hayka», 1970) 194 ccbuiku, k. bapauna u JIx. Hpuddepa «Hosoe
B TEOPHU CBEPXITPOBOAMMOCTH» (DuaMatrus, 1962) 274 cchuikd, B MOHO-
rpaduu H. H. Boronio6osa, B. B. Tonmauesa u 1. B. Hlupkosa «HoBkrit
MeTon B Teopuu csepxrpoBoauMoctd» (Man. AH CCCP, 1958) — 25
CCHIJIOK U T. 1. Bonee Toro, coBepimeHHo 6eCCMBICTIEHHO B yieOHOM JICK-
IMOHHOM KYpPCE MCIIONB30BaTh CCHIIKYM Ha aBTOPUTETHBIE MCTOYHMUKH,
yTo6HI, OrTylUas ciyllaTeeil BCEMMPHO H3BEeCTHRIMU MMeHaMM, 6e3no-
Ka3are/IbHO MCnoib30BaTh B3ATHIA OTTYAA rOTOBBINM MaTepHali, IIpeBpa-
ast TeM CaMBIM JIEKIIH B JIYUIIEM CJTydae B HayJHEBIH 0630p. B XuBoit
CTYNEeHYECKOH ayIUTOPUM BCe HOMKHO OOBACHATBCS U IEMOHCTPHPO-
BaThCA B «M3HAYANBHON» MaHepe TIOXPOOHO U JOCTATOYHO aBTOHOMHO.

§ 1. Hemxoro ncropun

HemHoro 06 nucropun obcyxnaembix BorpocoB. OHa BHoJHE To-
yuntenbHa. Havano XX Beka 03HaMEHOBAIOCH BO3POCIIUM HHTEPECOM
$U3MKOB X OCOOEHHOCTSM [OBEJEHMA TEPMOAMHAMUYECKHX CUCTEM
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B 00JJAaCTH HMU3KMX TeMNepaTyp, He YKIAJIbiBAIOIMMMCH B CXEMY KJac-
cH4ecKoi 60abuMaHO-THO6COBCKOM cTaTUCTHYeCKOM Teopuu. B 1910
X. KaMepnuHT-OHHeC TIONYYHNT XUAKUI Temmit ¥ ¢ TIOMOIIBIO METO-
Ja OTKaYKH €TO TIapoB, pacrioyaras AOCTATOYHO MOIMHBIMM HAacocCa-
MM, NPMCTYIIMN K MCCICAOBAHUIO €ro CBOMCTB MpU TeMNepaType HU-
xe 4° no KenbBuMy. 3TH HCC/ENOBaHMA B KOHLIE KOHLOB YBEHYAIHCh
€r0 NEepBLIM KPYITHBIM YCITEXOM — OTKPHITHEM B oONacT Temmepa-
1yp T\ = 2,17 K 0COGEHHOCTM A-TUTAa B TEMNepaTypHOM MOBEAESHUU
TEIUI0EMKOCTH XHIKOro rejivs, HUXe KOTOPOil TeIUIOEMKOCTh Bejia ce-
65 MPONMOPLUNOHAILHO T, TTapastenibHO ¢ MCCIEIOBAHWEM CBOICTB
XKunkoro requsi KamepnuHr-OHHec, U3Mepsis COMPOTUBIICHUE TBEpIOi
pTyT™H, 0BHapyX*WI TIpH TeMriepatype Ty = 4,15 K ee nepexon B cBepx-
TIpOBoOAsAIIEe COCTOAHME. DTO OBIN BTOPOI €ro KpyImHBIN ycTiex.

CrnenyeT 3aMeTHTb, UTO B 3TO BpeM# KBaHTOBO MEXaHMKM KakK
OCO3HaHHOM HaykKu eule He ObUIO, a NMpenBapuTeNibHaa Teopus bopa
ZeNiana TIePBhIE Mark Mo MyTH OOBACHEHHS CIIeKTpa UITY4eHHs ATOMOB
BoAopona. Tak 4To BhisiRleHHHe KamepnuHT-OHHeCOM OCOGEHHOCTH
TETUI0EMKOCTH XVIKOTO refus Kak ee nosexerus C ~ T° (HanoMHuM,
yTO (HOHOHHOIK TEOPUM TETUIOEMKOCTH TBepabiX Ten Jlebas u npencras-
nenni o aroMy Nosoay bopHa u KapMeHa ellle He CylIeCTBOBANO), TaK
u ee A-ocobeHHocTs Mpu T, = 2,17 K (xaK 0Ka3aloch BNOCHEACTBHM,
3Ta 0COOEHHOCTh, SKCTIEPHMEHTANBHO INpoBepeHHada M. BexuHreMom
yxe B 1958 1. ¢ TouHocThiO O [T — T)\| ~ 1078 K, umeer norapud-
MHWYECKHI XapaKTep), M OTKPHITOE WM SIBNIEHWE CBEPXIIPOBOXMMOCTH
TOJNIBKO CIYCTS HECKOJILKO AECATKOB JieT GBIIM OCO3HAHEI XaK MaKpo-
CKOIIMYECKHE MPOSIBIEHMSA CYLIIECTBEHHO KBAHTOBBIX 0COOEHHOCTEH MC-
CleayeMbIX MHOIOTENLHBIX CTATMCTUMECKHMX cHcTeM. OTMETHM TakxXe,
YTO CBAZAHHEIE CAMHON KPHOTEHHOW TEXHUKON, HCCIEAOBAHUA CBOMCTB
XMAKOIO Iejidsi M OCOOEHHOCTEN CBEPXIIPOBOIHYKOB W3HAYATHLHO HITH
NAPALIENLHO IPYT APYTY, YTO U CO3/1aBa/IO IIOYBY AIA KAKOTO-TO €1U-
HOOOPAa3HOTO MX UCTOJIKOBaHMA.

Hance, B 1928 . B. Kee3oM, mpomomkasi MCCeA0BaRNA SIBIEHUS
CBEPXIIPOBOTUMOCTH, X 1932 1. 06Hapyxwit, uto B Touke T = T, npouc-
XOIOMT KOHEYHHIH CKAYOK TEILI0EMKOCTH (TepMOAMHAMMYECKON TEOPUM
$azoBoro nmepexoxa 2-ro poaa no IpeHdeECTy B Te rombl elle He 6bUI0),
anpu T < T, ee TeMneparypHoe NOBeICHNE ONpeaenseTcd B OCHOB-
HOM (baKTOPOM e AT (xBaHTOBast MexaHHMKa yXe GbUTa, HO KBAHTOBAS
cTatucTvka eue He cHopMuUpoBanach, MU IO XapakTepy TeMIIEpaTyp-
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HOit 33aBUCHMOCTHM TEMMOEMKOCTH ONIPEIC/IMThL XapaKTep HUIIEXAIIUX
BO30YXIEHHBIX COCTOSHUIF CUCTEMAI ¢ MX XapaKTEPHOH 3aBUCUMOCThIO
OT UMNyNsca GU3UKH erfe He yMeJIM, 3TO OTHOCHUTCA KaK K CIy4yal
C ~ T?, 1aK u K 3abucumoctn C ~ e~ /7).

B 1933 1. B. MeiicHep u P. Oxcendenba 0OHAPYXIIM AHOMAIbHBI
IWaMarHeTU3M CBepPXIPOBOAHMKORB, CBSI3aHHBI ¢ BMTECHEHHUEM M3 HHX
TONST MATHUTHO! WRAYKIWMH, U B 1934 r. O_JIoHnoH npemioxwn ¢peHo-
MEHOJIOTUYECKYIO TCOPHIO JUISI OTMCaHUST MaXPOCKOTTMYECKHX CBOWCTB
CBEPXITPOBOASIUMX METAJLIOB.

CylLUEeCTBEHHEIN CIBUT B Pa3BUTHH TEOPETUUECKUX NPEACTaBACHUTH
B o6MacTM (PH3UKM HU3KUX  TeMIepatyp Ipouloiien B 1938 . ®Ppuu
1 XeitHit JIOHIOHB! BEIBENYM COOTHOLLEHHS], ONpeaegIolue TePMOANHA -
MHYECKHEe CBo¥icTBa UAcabHOro 603e-rasa, BKITI0Yasa 06J1acTh C KOHEY -
HOM 101eil KOHJIEHCHPOBAHHOIO B UMITYJILCHOM TIPOCTPAaHCTBE COCTOS-
HUS (3m dopmyiibl Teneps GUrypHpyioT BO BceX yueOHMKAX IO CTaTH-
cTudeckoit Ghusnxe), ¥ hasosbiit mepexox (B TepMuHOIOrHM Dpendecra
3-ro pona ¢ MIVTOMOM TETIIOEMKOCTH B TOYKE HCYE3HOBEHHA 603e-KOH-
feHcara) B HEKOHIEHCUPOBAHHOE KBA3HKIACCHYECKOE COCTOAHHE. ITO
BBIMAJEHWE KOHEYHOM OOMM YacTull CUCTEMB M3 €€ TEILTOBOIO IBH-
XEeHWA TIOCTYXWIO OCHOBOM mast co3manust JI. Tuccoit B ToM xe romy
JIBYXOKMAKOCTHOM MOICITM pealbHOTO XHMIKOTO TeiMsa, KoTopas IONy-
qWia AOCTATOYHO CEPLE3HOC PA3BUTHE KaK B TEOPETUYECKOM ILUIAaHE,
Tak U B Ka4eCTBE MHTEPIIPETALMOHHOIO MaTepyajia, OCOOEHHO B CBSI3H
¢ orkpeitueM I1. JI. Kanuueit B 1938 1. ARJIEHHUS! CBEPXTEKYIECTH XHAKO-
TO resiun-4 Yepes y3Kue KammUAph!, UeAH 1 MOBEPXHOCTHYIO TUIEHKY.
deHoMEHOMOrnYecKass Teopus THCCH, TpeACTABNIAIONIas XUAKWi re-
JUH B BUAC BAOXEHHBIX JPYr B APYra ABYX XHAKOCTE, CBEPXTEKYUeid,
He Hecymeil SHTPONMH, U HopMaikHOW, Gba K 1941 r. 3aBepimeHa
JI. /1. Taupay (moJNHast TMApOAVHAaMHYECKasi TeopHs, BKoYast ocobeH-
HOCTH T2K HA3bIBAEMOTO BTOPOTO 3BYKA M T.11.) M MCMOJb30BAHA NpH
pasputus (yxe x 1950 r.) JI. B. luna6yprom u J1. J1. JlaHnay Maxpockonm-
geckoit Teopun cBepxmposoapMocTi @. JIoHAOHA. DT0 yKpeTIoneecs
B3alIMOTIDOHHKHOBEHHE HIEil ABYyX BeTReil PU3NKHU HU3KHMX TeMIiepa-
TYp, €CTECTBCHHO, BHI3BANO IOMBITKM MHTEPIIPETUPOBATh CBEPXIIPOBO-
JUMOCTDb 3JIEKTPOHHOIO I'a3a KaK SIBJICHUE ero CBEPXTEKYYECTH.

CylIecTBeHHEIM pe3yIbTaToM paboTl Jlannay 1941 r. sewicsa chop-
MYJAPOBaHHEI# MM HAa OCHOBE UHCTO KUHEMAaTHIECKHMX IOCTPOCHMNA
KpWTEPHIii CBepXTeKyyecTH, NomyyuBiunii ero ums. [lpemnoxennas um
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TOTAA Xe CTPYKTYpa BO3GY)XIZSHHbIX COCTOAHHH XMIKOTO resus yao-
BJCTBOPSUIA STOMY KPUTEPHIO M COCTOS/Ia M3 BETBU aKyCTHYECKHX KO-
AebaHuit — (HOHOHOB, 0OCCTIEUUBAIOILNX TEMITEPaTYpPHOE TIOBEIEHHE
TeroeMkocT C ~ T3, M OTAENEHHLIX OT HYJIEBOTO OCHOBHOTO COCTO-
SIHMSA aHaAOra BOJIH KPYTIWILHEIX KOJIeOaHMl B TEOPHUU TEILI0EMKOCTH
MHOTOaTOMHOIO KpHCTALIHYECKOro Teepaoro tena (M. Bopu u T. Kap-
MaH, 1912T1.), XOTOpBIE IO 3TOif MpU4YMHE GBI Ha3BaHbl POTOHAMU.

OTH TpeNCTaBIeHMs MpPOAepXaTuch Hegonro. B cBoeM moxnanxe
oceHbio 1946 T. H, H. Boromo6oB B paMKax MHKPOCKONHYECKOi Teo-
PUH cnabo-HenaeaabHOro 603e-Ta3a 1OKa3ajl, YTo B CBSI3U C HAIHYHEM
B 3TO#f cHcTeMe MaKpOCKONHYeCcKo#! IomM §03e-KOHAeHCcaTa NMpONCXo-
JUT Ka4eCTBEHHAs NEPecTpoilka HE TOAbKO €€ OCHOBHOIO COCTOSTHUS,
HO Y CTPYKTYPHI e¢ BO30OYXIEHHbIX COCTOAHMIA: TIPH MaJIbIX 3HAUEHHUAX
UMITyNbca — 3T0 oHOHBI, E(p) = pe, ¢ pocToM UMNYILCa P B 3aBH-
CMMOCTHM SHEPIuU Bo30yxkzmeHHOro coctosinus E(p) oGHapyxuBaetrcs
nposan (Bo36yxaeHusi, COOTBETCTBYIOLIME ropaToil obnactu E(p) ne-
pel HKM, Teleph 4acTO HA3LIBAIOT MAKCOHAMM), U [I0C/IE ITOTO MPoBaja
xpusat E = E(p) BBIXOIMT Ha 3Hepriio p’/2m. B cBasu ¢ 3tnm
TTOJYYEHHLIM MCKIIOYHTEIEHO TEOPETHYECKUM METONOM Pe3yTETATOM
Jlanaay B 1947 1. COOTBETCTBEHHO M3MEHMWII MPEMJIOXEHHYI0O MM paHee
CTPYXTYPY BO3GYXKIOESHHEIX COCTOSTHMM XUIKOTO rejivs, o6beiuHUB po-
TOHB!I ¢ (POHOHAMHM B OJHY AMCIIEPCMOHHYI0 KPHMBYKO, COXpaHWB TIpH
3TOM YX€ CTaBIUYIO MONYJIAPHON TepMMHOAOrMIO. Tak B AuTEparype o-
- SBUNACH «DOTOHHAs SIMa» (XOTA B HEW HHYErO HE KPYTUTCS, TaK KaK BCs
kpusasg E = E(p) mpeactaBisieT coGoi 3aBUCMMOCTH 2HEPTHHA TIPO-
JDOTMLHBIX KOMEGaHUM TINOTHOCTH, M ¢ POCTOM HMMY/IBCA <10 JAOpOre»
HUYETO B HUX 3AKPYTUTHCA HE MOXKET). DKCIEPUMEHTHI IO PACCESHHIO
HeHTPOHOB Ha koM renny B obnactu T ~ 1 K ([, Xeniuoy, A. Bync,
1961, u nanee 1964, 1971, 1973 1 T. 1.) OGHAPYXWIH 3Ty POTOHHYIO MY
H TIOATBEPAIUIN OONIYI0 CTPYKTYPY GOromMoGOBCKOro pe3yasTara.

DTU 3KCNEPUMEHTBI IO PACCEAHMIO HEMTPOHOB MOCTABWIM Ha CBOM
MecTa MHorue npoGrembl. Bo-nepBeix, xpuTHueckan ckopocts JlaHnay
TIO OTHOWIEHHIO K (POHOH-POTOHHOMY CTIEKTPY OKa3aigachk ropsmka 200
M/ceK (3TO He yAMBMTENBHO, TAK KAK IO OTHOLUEHHIO K CNIEKTpPY KoJje-
GaHui TUIOTHOCTY KPUTHYECKAsi CKOPOCTh JlaHIay COOTBETCTBYET CKO-
POCTH DPAcCIIpOCTPaHEeHHsA VIApHOM BOJHbI), 2 CKOPOCTb CBEPXTEKYYEro
IepeTeKaHNs refing comtacHo axcnepuMenTam I, JI. Kanuist cocrarms-
€T BeMIMUMHY Bcero nums nopagka 10 cM/cek, T.e. B 2000 pa3s MeHblile,
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TaK 4YTO XOTA Ohl TOJNBKO MO3TOMY Takoe caMO coGoii pasyMeloiliee-
CA W fierkoe OOBLSICHEHMWE SBRJIEHUS CBEPXTEKYUYECTH C MPHBIICYeHHEM
KpuTepus JlaHaay 0Kasanoch HECOCTOATENBHBIM. OIHaKO, KaK 3TO 4a-
CTO OBIBAaCT B TeOpeTHYECKOH (M3MKe, XOpomIve UWAEH He NMpomajaloT
3pA — KpuTepmit JlaHmay oka3ancsl CyleCTBEHHHIM [pH OLIEHKE Be-
JIMYUHBI KPUTHMYECKOTO TOK2 B CBEPXTIPOBOXHUKAX (3TO CAYYHIIOCH YXe
Ha CIEAYIOLIEM JTare Pa3BuTHs PUIMKKM HI3KUX Temmiepatyp). Hecmor-
pA Ha 3710 OBITYIOMME A0 CUX MOP TIOIBITKM MHTEPTIpETallid CBEPXNpo-~
BOIMMOCTH JIEKTPOHHOIO ra3a (3aBUCHMOCTBb SHEPIUH BO30OYXIEHHBIX
COCTOSIHMIA OT MMITyJIbCa KOTOPOIO MMeeT COBEPIUCHHO MHOW XapakKrep
N0 CPABHEHHIO C HOHOH-POTOHHEIM CMIEKTPOM KKAKOTO Ie/IiA) KaK AB-
JCHUS CBEPXTEKY4ECTH, AKOOR GCOIHAHHONH M UCTONKOBAHHOMH Ha Gase
Kputepns Jlanzaay, npeBpaTiuIMChL B HEOCYLIECTBIMOE NOXeNaHue.

Bo-BTOpbIX, 3KCNEPUMEHTEI IO PACCEAHUIO HEHTPOHOB Ha XUIKOM
resiuyl, MHOTOKPATHO YTOYHSieMble BILIOTh A0 KOHUA XX Bexa, He 06-
HapyXWIK BO3OYXICHHBIX COCTOAHUHR, JieXamMX HIKE aKyCTHYecKoi
BETBH (T. €. HHKaKOTO «BTOPOTO» 3BYyKa). PasneneHue BHIPOXIEHHON 60~
3¢~CHMCTEMBL Ha BJIOXEHHRIE APYT B ApYra CBEPXTEKYUYI0 U HOPMAJIbHYIO
XHUAKOCTH KaK MHTEPIPETALIMOHHBLI IIpHeM, HECMOTPS Ha €10 HECOBMeE-
CTUMOCTE C OOLIMMY KBAHTOBOMEXaHHMYECKUMU TIPEACTARICHUAMH, OBI-
no HaunHas ¢ 1938 T. BecsMa momynapHoO ¥ TTopoi adGEKTUBHO NMPU Ha-
TSI ZHOM MHTEPNPETALMH HEOOLIUHEIX ¢ O0BbIBATENLCKON TOUKM 3PEHUS
sBneHuit, ONHAKO, NpeacKa3aHue CylleCTBOBaHUS BTOPOro 3ByKa, ABTO-
MAaTHYECKH CIEAOBABLIETO M3 JABYXKHMIKOCTHOW I'MADOAMHAMHKM, OKa-
3an0Ch MPEXIECBPEMEHHBIM N HEMOATBEPKICHHBIM SKCICPUMEHTAITBHO,
M BCS ABYXXKUAKOCTHAS MICOJOTUA TEM CaMbIM CYUIECTBEHHO NMPHUOIIL-
3UJ1aCh K YPOBHIO TEOPETHYECKOrO BHIMBICHA.,

TTocnre HACHIUIEHHBIX TPOAYKTHBHBIMK HIECSAMH U SKCIIEPHMEHTATh-
HBIMH JOCTHXEHUSIMU 193847 1. B 061aCTH PHINKHM HUIKHX TEMIIEPATYD
Hactynuna 10-1eTHui? nepuon NOUCKOB NYyTel TEOPETUYECKOI0 OCMBICIE-
HUA MEXaHU3MA BO3HUKHOBEHHS CBEPXIIPOBOISILETO COCTOSIHYSA JIEKTPOH-
HOro rasa B Metajuiax. OObsACHEHWe SIBJICHHAS CBEPXTEKYydeCTH TOTIa Ka-
3aJ10¢h, B OCHOBHOM, PELICHHOW NPobiieMoN, TOTOMY 3TOT epuos GbUT
HAMOJIHEH IMONEBITKAMM TEOPETUUECKH 00OCHOBATh BO3MOXHOCTb CyLIe-
CTBOBaHUS B CUCTeMax (hepMu-yacTuLl (KAKOBBIMHU SIBAJIIOTCS HECyime
3NEKTPUIECKHI 33T TIEKTPOHA) YCTONYMBBIX 503¢~MOI0GHBIX KOMTLTEK -
COB, CITOCOGHBIX K KOHAEHCAUMH, H TOTId CBEPXITPOBOAUMOCTE MOTIJIa Ob1
HHTEPIIPETHPOBATHCS KaK CBEPXTEKY4YeCTh MOAOOHBIX 00pa3oBaHUIA.
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B 1957 r. Ox. Bapaun, J1. Kynep u Jx. llpuddep (8 aanvHeit-
weMm BKII) Ha ocHOBE MoneNu ¢ NAPHLIM HENOKANLHBIM 31€KTPOH-
3MEKTPOHHBIM B3auMMONEIACTBMEM, UMEIOMIMM XapaxKTep NMPUTAXAHHS,
IOCTATOYHOTO WA 06pa3oBaHNsA 603e-MOJOGHHX 3JNEKTPOHHBIX map,
1 H. H. Boromo6os (1958 1.) Ha ocHOBe yyeTa 31eKTpOH-GOHOHHOTO
U KYJAOHOBCKOTO B3aWMOICHCTBHIT CO3JATH MHMKDOCKOMHYECKYIO Teo-
PHIO CBEPXTIDOBOIMMOCTH B OCHOBHOM, 3aKPHIB TEM CaMbIM TTOYTH TO-
JIYBEKOBOI «10/II» TeOpeTHYECKOi GH3MKM mnepen 3KCrnepMMEHTaToOpa-
MM, paboTalolIMMHU B 06/1aCTH GM3UKH HU3KUX TEMIIEpATyp.

Pa6ora BKII no npasy 3acnyxuia HobGenesckyo npemuo. B pa-
G6otax H. H. boronio6osa Haumm cBOX0 YOESAUTENBHYIO peant3aLiiio yio-
MSAHYTBHIE BHILUE PH3MUECKHe aHATIOTHY CBEPXTIPOBOAAILETO COCTOSHHUA
CO CTPYKTYpOI BEIDOXIECHHOTO HEWAEATHHOTO 603e-ra3a, BbISIBIEHHOMN
UM eute B 1946—47 IT., KOTOpble ECTECTBEHHAIM OOPa3OM BRIPA3UIMCh
B OOLIHOCTY MaTEMAaTHYECKOrO0 METOMA MX BRIABICHHUA.

B ocHOBY npewtaraeMoro BapHaHTa UNI0XEHUS 3TOi TEOPHH 11010~
XeHa ucxonauas u3 uacit boromoboBa paboTa aBTopa JAaHHKX JICKUM
1958 . ABTOp ycMaTpuBaeT JOCTOVHCTBO 3TOMO METOHAa B TOM, YTO OH
ABNSIETCS M3HAYANBHO CTATUCTHYECKUM (a8 He KBAHTOBOMEX2HHYECKHM
AT CUCTeM Nipu TeMrepatype # = 0), uMeeT GOPMATbHYIO aHANOTHIO
¢ npoGieMoil ynopsinoyeHus: M JAIbHErNO MOPAAKA B CTATHCTHYECKHX
CUCTEMAX U KpOMeE TOrO JOMNYCKaeT JOCTATOYHO yOeAMTe/lbHOE M Mate-
MAaTUYEeCKU HE IPOMO3IKOE NOKA3ATENLCTBO ACHMIITOTHMYECKOM TOYHO-
CTH MOTYYaeMBIX C €r0 MOMOLIBIO PE3yNSTaTOB. B TaHHBIX JIEKLNAX aB-
TOP YIEJTUT BHUMAHME TOJBKO OCHOBHBIM 3hdeKTaM, XapaKTepHBIM LIS
00BEMHOTO METAIA, OCTABISAA CUCTEMBI U3 IJIEHOK, CIOMCTBIX CTPYK-
TYP M NPO4YNX MaKpPOXMCHEPCHBIX 00pa30BaHMf, MPOSRIAIOMINUX B KOM-
IUIEKCE MOPOil XMTPOYMHEIE CBOMCTBA, MCCASAOBATENAM, 06Nagaommum
KOMOUHALIUOHHON U MHXEHEpHOIt dhaHTasueil.

§ 2. Bonpocsl MOAENUPOBAHUS CUCTEMBI
3NEKTPOHHOro rasa 8 MeTannax

Tlocne o61Iero HCTOPUYECKOTO BBEACHHUA OCTAHOBMMCA Ha TeX 3KC-
TIEPUMEHTATBHBIX M 001Ie DU3NYECKIX HaHHBIX, KOTOpPbIE MOCTYXIWIH
HaBOIALMMHU COOOpaXEHNSAMU TPH TIOCTPOEHHM TEOPUH CBEPXITPOBO-
IUMOCTH. DTO KacaeTcsi B [IEPBYIO OUEpeNb PalMOHANLHOTO MOJEIHUPO-
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BaHHs CHCTEMBl Ha MMKPOCKONMYECKOM YPOBHE. DTOT MCXOAHbLINA MO-
MEHT, OT KOTOPOL'O 3aBHCHUT YCIIEX BCETO TEOPETHYECKOTO PACCMOTPEHHU,
OYeHb OTBETCTBEHEH: TAMMITBTOHMAH CHUCTEMbI JIONKEH GBITH cMOaenH-
POBaH TaK, YTOO, C ONHON CTOPOHDbI, OH OTPaXal PEANTLHEIC OUHAMMU-
qgeckye 0COOEHHOCTH B3aMMOAEHCTBYIOIMX YaCTHIl CUCTEMSI, a € Opy-
roit — 4tTo6H MaTeMaTHuecKas 06paborka 3Toif MOAEIBHON CHCTEME
B paMKaX ru66COBCKOM CTaTUCTUMECKON TEOPHH BRISIRJIUIAa GH HHTEpE-
cyloumit Hac 3ddekT. B 310l npouenype dopMupoBaHusa MogenH, KO-
TOpas MO WACE 3apaHee NOKHA COHEPXaTh MOTEXauInit 0OBICHEHUIO
3dbeKT, KoHeyHO Xe €cTh ONpelNeNieHHas A0S JYKAaBCTBa, MpUCYLIas
MOYTH BCEM MUKPOCKOTIMYECKUM (T. . TEOPETUYECKHM) HCCIIENOBAHUSIM
N O6BSICHEHUSIM MaKpPOCKOMTMYECKU HaGMomaeMBIX sIBTCHUIA.

Kak w B npennaymem paagene (cM. § 2 v § 4) oTRIeYeMcs OT KOH-
KPETHhIX AcTajieii HOHHOM peleTkd U 6yaeM MCXOOUTh U3 MOHENH «Xe-
Jie», caenaB paccMoTpeHue Goslee yHHBepCcallbHHM M KaK Obl ycpeaHeH-
HbIM MO BCEH TPYNIIE CBEPXNPOBOAAIIMX MECTALIOB,

OnHako 3TOT HOHHHI (HOH He ABIAETCS YEM-TO 3aMOPOXEHHBIM.
B MHTepecylolieM Hac aMana3oHe teMmneparyp 0 <8< 8, ~ 10K, xoro-
Pblii JIEXUT 3HA4UTEAbHO HIKe Xe0aeBCKON TeMIepaTyphl, UMeEIOMEH
TIOPSIIOK COTEH rpanycoB KenbBHUHA, TEMIIEPaTYpHOE COCTOSTHUE MOH-
HOM peleTKu 06ecTIeYMBaeTCA Ta3oM UTHHHOBOMHOBHIX (hOHOHOB (T. €.
€ 4acToTaMy, COCTaBIAIOILMMU ML MAJTYIO OO Ae6aeBCcKOM MaKCH-
MaTbHOM YacTOTHl, COOTBETCTBYIOUIEH «LTMHE» BOMHbI NMOPSAKA MEX-
ATOMHOTO PAacCTOSTHUSA @ = \S/V/N ). IMeHHO 3TH BO3GYXIeHHs OT-
BETCTBEHHBI 32 xapaKTepHoe TEMIIEPATYPHOE ITOBEACHUE TEILIOEMKOCTH
penteTkd Cpeyn ~ 8*, xoropas nipu 8 ~ 10 K oka3biBaeTcs npeHeOpexu-
MO MaJIoil TIO CPAaBHEHMIO C TEIUTOEMKOCTBIO HOPMAIBHOTO J/IEKTPOH-
Horo ra3a Cs; ~ 6.

TIpu Tcmnepa'rypax nop;uu(a 10 K 3/1eKTpOHHBI Ta3 CyIeCTBEHHO
BHIDOXIEH (€5 = pp/2m ~ 10°~10° K), 4 Bo36yxOeHHBIE ero co-
CTOSTHUSI, UMEIOIIIHE YaCTUYHO-IBIPOYHBIA XapakTep, MO HEPTUH KOH-
LIEHTPUPYIOTCS B HETIOCPeACTBEHHOW GMM30CTH K ypoBHIO Pepmu. Kak
GBUTO MOKA3aHO B TpeAsiayuieM paszene (cM. §2) satyxanwme Iy, BO3-
HUKAIOLLEE BCJIEACTBUE B3aUMOLEMCTBHS NEKTPOHA, MOKUHYBILErO 3a-
MOJHEHHYIO chepy DepMu, C IPYTMMH 3JIEKTPOHAMH IO OTHOLIEHMIO

K €ro 3HEpPTUH
_V _ Pk pr
&p = m - m m(P Pr),
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OKAa3bIBACTCA MCYE3alolle MakIM BO Beeit 00J1aCTH TeMNEPATYPHOIO pa3-
mbiTHa cdepul Pepmu, I'p/e; < 0/ep, uTO B HaweM Chaydae COOTBET-
CTBYET BeJIMYUHE 10™*-107> « 1, ¥ 4TO MONHOCTHIO OMpaBAKIBAET UC-
[101b30BaHUE B KA4ECTBE MOAEIM NEKTPOHHONO Fa3a ero peacTapicHUe
nneanbHuIM depMU-Ta30M C XapaKTepHON [l HEero TeMmepaTypHoit 3a-
BMCHUMOCTBIO YIeAbHOU TermnoeMKkocTd Cyy &2 7r20/25p, neaukoM obs-
3aHHOW MMEHHO YacCTUYHO-IBIPOYHOMY XAPAKTEpPY BO3DYXKICHUI Hax
€r0 OCHOBHHIM COCTOSHUEM.

YueT B3auMoneicTBUA JEKTPOHOB APYF C ADYIOM Y € KOJeOaHUAMH
pelIeTKH, IMPON3BOAMMBIA METOJAMM TEOpMU BO3IMYLIEHUN, YTOWHMN,
HO He M3MEHWI OCHOBHOTO XapakTepa MOBEACHHS 3JIEKTPOHHOrO rasa:
CTPYKTYpa €r0 OCHOBHOTO M BO3GYXKIEHHBIX COCTOSTHMI{ B MPHHINTIC
OCTaBa1ach TOH Xe, 4TO ¥ Ui MACAIbHOro rasa. Ilocne oTKpLITHA fAB-
JIEHHA CBEPXIIPOBOIUMOCTH TAKME CUCTEMBI CTATU KMEHOBATh HOPMaNb-
HeIMM. BiiMdHMe Xe paccessHUsA 3JeKTPOHOB Ha TEIIOBHIX KojebaHM-
SIX KPUCTAUIMUECKON PellIeTKY, paccyuTaHHoe eie Mennkcom Bioxom
(cM. §4 npenninyiuero pasnena), ONpeaeNHIo TEMNEPaTypHYIO 3aBUCH-
MOCTE YIEJIBHOTO COIPOTURIEHUS METANIA MpH Temrnepartypax # < 6p,
KaKk p ~ 95, KOTOPOE€, He IOXOOSl A0 Hyns, Grmokwupyerca cmaGo 3a-
BHCSIIIIIM OT TEMIIEPATYPH OCTATOYHEIM COMPOTHRICKHEM, CBSI3aHHBIM
€ paccestHHeM 3MEKTPOHOB Ha MPUMECSTX ¥ IMCNOKALHAX (CM. pHc. B § 4).

TakuM 06pa3oM, yyeT HEHACATLHOCTH EKTPOHHOIO a3a B METANl-
Jlax MeTOAAMH PETYIAPHON KBAHTOBOMEXAHUYECKOI TEOPHH BO3MYLLIEHU i
B BUJIe Pa3NoOXEHHUS TIO CTENEHAM KOHCTAHTHI CBSI3U ¢ = e, HecMoTpA
Ha JOCTATOYHO pealTucTidecKoe oObsiCHEHEe 0COOEHHOCTER 3/IeKTPOH-
HOIO ra3a B COCTOSIHMM HOpManbHO#R ero ¢asnl, 3¢ dexra cBepxnpoBo-
IMMOCTH, T. €. MTHOBEHHOIO HCUE€3HOBEHHMH LEIUKOM BCEro COMPOTHB-
JIEHUSA TPU MOHMXKCHMH TEMIIEpaTypPHl DO YPOBHA @), BBIABUTH HE CMOT.

§ 3. Yuer akcnepMMeHTaNbHLIX aHHbiX: Manas 8enuYMHa
TeMnepartypsi )a3080ro nepexona N0 CpPaBHEHMIO
CO CpenHeil aHepruei B3aWMOAEHCTBUS 3IEKTPOHOB
APYr C APYroM 1 ra3oM $HOHOHOB

IMepeitneM Termepb K 00CYXOEHMIO XApPAKTEPHLIX TS ABTEHUS CBEPX-

TTPOBOIMMOCTH 3IKCIICPUMCHTAJIBHBIX HOAHHBIX, H3BCCTHBIX 3a70JTO OO0
ITOABJICHHS! TEOPKMH CBEPXITIPDOBOIHMMOCTH H NOCIYXUBILIUX HABOAALNUMH
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coobpaxennsamu npu ¢e¢ dopmupoBanuu. [lepBoe coobpaxeHue Ka-
caerca BeNMYMHBl TeMIepaTypsl 6y ¢a3oBoro mepexosa B CBEPXIIPO-
Bomsillee coctoaHue. OKasaloch, YTO YYET 3/EKTPOH-3JIEKTPOHHOIO
H 3/IEKTPOH-(QOHOHHOIO B3aUMOAEHCTBUI B SHEPTETUYECKOM BHIpaxe-
HWW OTIpenensieT BeNWYWHBI Topsinka 10eV (B 3TOM HecnoxHo yGe-
IUThCH, IPUKUHYB K MPUMEPY BETUYMHY CpelHEl SHEPrMH KYJTOHOB-
CKOTO B3aMMONENCTBUS 3NTEKTPOHOB ez/a, rie e = 4,8- 107" CGSE
na= 3YV/N ~ 1078 em, uto maer e?/a X 2- 10;9',.l 2~ 10 eV, TaK Kax
leV= 1,6 IO:Zl,'r2 & 11600 K), B T0 Bpems kaK TeMmepatypa $ha3oBoro
Tepexona UMeET NopAanok fy ~ 10 K & 1073 eV, 1. e. 6oJice YEM B THICAYY
pa3 MeHbitie. BeeacTBHe 3TOTO CTAHOBUTCSA MOHATHBIM, TIOYEMY paio-
KEHHE IO CTEMEHAM ¢ = e’ (T. €. hopManbHasa TeOpUs BOIMYILEHHUH, pac-
CYWTAHHASA Ha OITHCaHHe HOPMATBHBIX hepMU-CHCTEM) He CMOIIO YIIo-
BUTD 3 PEeKT CBEPXIIPOBOAMMOCTH, TaK KaK 3aBUCKMOCTL €¢ KIII0YeBOro
napamerpa f, OT KOHCTaHTh! B3aMMOIECHCTBHA ¢ OKasanach Gaee ciabo,
YeM IiepBas WIK Kakas-Jiubo enle ee creneHb. TeM CaMuIM B 331a4y MUK-
pOCKONMYecKO! TEOpMM BKIIIOYAETCA yXe MareMaTMyeckass npoOieMa
onpeneneHus atol cnaGoit u, aBHOE, HE AHANNTHYECKOI (T. €. He npea-
CTaB/IAEMO! B BUAE PETYAAPHOro psla Mo CTEMEHSIM @) 3aBUCHMOCTH.

§4. Yuer axcnepumeHTansHbiX AaHHbIX: rHNOTE3d
0 HanW4YMK B CNEKTPe Bo30yxAeHHLIX COCTORHUA
IHePreTUHECKOl Lenu U H3KOTeMNEPaTYPHOo
nosefieHue TennoeMKOCTU CBEpPXNPOBOAHMKA

Ianee, npouasenernnie KeeaoMoOM H3MepeHNA TEIUIOEMKOCTH CBEPX-
TIPOBOIHMKOB IIpH # < 8 BHIABWIM XAPaKTEPHYIO €€ TeMIIEPATYPHYIO
3aBMCUMOCTD, BKJIIOYAIO11YIO- hakTop e , YTO C HECOMHEHHOIt omnpe-
JEAEHHOCTBIO YKA3hIBACT HA TO, YTO 3HEPIUA HUAIEXaIUMxX BO36YXIAEH-
HBIX COCTOSAHMIT CUCTEMBI, OTBETCTBEHHLIX 33 €€ TEMNEPaTypHOe COCTO-
SIHHE, OTHEJIEHA OT SHEpPrMd OCHOBHOIO COCTOSIHUSI 3HEPreTHYECKOM
WENbIo mopsiaKka A (HAMOMHWM, KCTATH, 4TO B 06Naaioniem cBoficTBoM
CBEPXTEKYYECTH HeuAeaTbHOM 603e-raie TIOMOOHONM 3HEPreTH4ECKoN
e HEeT, U HUIICXKALIHe BO3OYXIEHHbBIE COCTOSTHUS CHCTEMBI, MME-
omue XapakTep POHOHOB, 06ECIEYHBAIOT KyOWUYECKyIo 3aBUCUMOCTh
TETUI0EMKOCTH OT TemMnepaTypul C ~ 03).
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Puc. 5.1. XapakTep 3aBUCMMOCTM OT UMMyNbCa 3HEPrn &, BO3GyxaeHHuIx Co-
CTOsHWIA Hap cdepon DepMu B cnydae NORBAEHUA HAJL HEW SHEPreTUYECKON Lue-
m A; vy = A/pr — xpUTMUECKas CKOPOCTE HE3ATYXALLEro ABUXEHUS CUCTEMb
B COOTBETCTBUU C KpuTepuem Slanaay. Macwrale B 061acTv p ~ pp panu Harnso-
HOCTM HAMEPEHHO YKDYMHEHBI, KMH, OBPa30BaHHLIA NPAMBIMU Ppr(p — pr)/m,
kacatensHbiMA K E, = p2/2m 8 TONKE P = pPp, H3 CaMOM fene O4eHb OCT-
pbid, BeMuMHs Ap/pr n A/ep UMeOT NOPAAOK 10™*, yto oTpasutL rpadm-
YECKV He MPeaCTaBNSeTCA BO3MOXHLIM (HA PUCYHK® X6 STU BOAIUYMHbLI UMEIOT
nopRAoK 0,15). Toncroi annuen n3o6paxeH ywacTox KPUBOW, annpokcumupye-
Muiii napa6onoit (p — pr)2/2M + A

Haiume TaKoi SHEPTETHYECKON 1LEJIM 03HAYAET CYLIECTBEHHYIO Tie-
PECTPOVIKY CTPYKTYpbI BO3GYXIEHHBIX COCTOSHMIt CUCTEMBI (CM. puc. 5.1),
BCAELCTBUE KOTOPOi 3MEKTPOHBI C UMIYALCaMH p < Pp MOIYT MOKU-
HyTs chepy PepMu, TONBKO IpeoaoseB 3HepreTyyeckuil 6apeep 24,
M3MEHSST TEM CAMBIM XapakKTep TEIUIOBOLO ABMXEHUA UMEHHO B HM3-
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KOTEMIIEpaTypHOii 06NacTH 6 < A (Npu 3TOM NOPAAOK BETHUMHBI A
HaYyMHAeT acCOLMMPOBAThCs ¢ 8 ). PaccMOTPHUM B CBI3M ¢ 3THM IIPOCTYIO
CTaTUCTHYECCKYIO 3adady, HCXOASIUYIO U3 NPEAINONOXEHUS CYILECTBOBA-
HVS SHEPrETUYECKOM e A M ¢crieKTpa BO30yxKiIeHUH, H306paXeHHOTo
Ha puc. 5.1. ‘

IIpou3sBeneM aKKypaTHO OLEHKHY (PUTYPUPYIOIIUX HA 3TOM PUCYHKE
BeauuvH. OmpedennM BeIMYMHY «pa3MuiTHsa» chepsl. PepMu Beren-
CTBUE TIOSABIIEHUSI SHEPreTHYECKON IETH U3 YCITOBUA

br -4
;(p-pp)|p_m=w2= A — —==—~10"

ANTTIPOKCHMHPYEM BEIMIHHY €, B WHTEpBaE 3TOTO PasMBITHSA
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OHa Kacaetcs npsAMoil (p — pr)pr/m. IIpUpaBHIBas MX TIPOM3BOIHEBIE
B 3TOW TOUKe, NOIydaeM
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M

ppe=dpz M m  2pr 2p

T. e. BeaeacTene M ~ m- 10™* ara napaboJ1a OKa3bIBaeTCH OYEHb KPYTOM.
Jlna cpeqHux 4Mcen 3amojiHeHus B 06JacTH TeMIiepaTyp
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a8 YacTb If. Beenexue 8 TEOPWIO CBBPXNPOBOAMMOCTH 3NBKTPOHHOO ra3a

OTKYJA CJIENlyeT, YTO HECMOTPS1 Ha CYLLECTBEHHYIO BEIPOXISHHOCTh 3J1eK-
TpoHHOro rasa (0/ep < 8y/ep ~ 10"‘) B 006MacTH TeMmepaTyp 8 € A
TepseTC THIL CTATUCTHKH, a npH @ = 0, ny, = 0, T. €. BO3OYXAEHHHX
COCTOSTHMI ¢ MMITYJIbCAMH, JIEXALIMMHK B WHTepBasie Ap, HET COBCEM.
Ob6uree YMCTO BO36YXIEHHBIX COCTOSTHHI ONPERENSETCS MHTETPATIOM

o0

* 2V -A/8 / (p - pF)2 2

= = —-—————— 4

N E- ny (thye exp M8 np° dp,
=) 0

KOTOpHI BenencTeue M ~ 10*m Y, CIeIOBATENLHO, COCPEROTOUEHHO-
CTH rayCCOBCKOIO PacIpefe/IeHHUA OKOO 3HAYEHUs p = pp, NpEBpalla-
ercs B ONHOMepHBIil unrerpan [yaccoHa no nepemenHont P = (p—pr),
M MBI TIONTYYaeM

8V -
N*'= (Z:rrh)’p%‘ 2r M0 e,

Jins pHyTpeHHEeH SHeprUM CHCTeMsl, ronarasi B = 1/8, uMeeM, BRnoi-
Hs1A HecJOXHoe nud¢epeHunpoBaHue,

(P PF)2 _ 3N'_ * 1 ~ At
&= E(A+ ) =g =N (A+50)_NA,

OTKyJa CIICAYCT BBIDAXCHUE IUIA TETUIOEMKOCTU CHCTEMBI

Y AN A 3 A\
= - S+l )N
Cyn = ) N((0)+0+4) (0)
Onpenensis yOeaIbHYIO TeIUIOEMKOCTh B pacyeTe Ha OJHY YacTHLy CH-
CTEMH, TIOTyYaeM

7V ol _A,,((A)2 A 3)E
VN = Narny ¥ 2T ME o) e%1)"

810p} o
ng)% A

B TIOJHOM COOTBETCTBMM C 3KCIICPUMEHTANTLHBIMM HAaHHBIMM U C pe-
3yJILTATOM, CIEAYIOINM N3 MUKPOCKOITUYECKOH TEOPUH, KOTOpast GyfeT
paccMOTpeHa HaMH B NauvHelmeM (cM. gaiee §4).
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3amMeTHM, 4TO B MpPOBEAEHHOM IpeaBapuTeIbHOM OllEeHKEe MBI IO-
JNOXUAY BeTUYUHY A He3asucsAuleit OT TeMNEPaTyphl, YTO MOXHO OyIeT
OTIpABAAaTh TOALKO B ciyvae & < 6.

TTpuHMMasn MO NMOACKA3KE 3KCMEPUMEHTAILHO OOHAPYKHBAEMOTO
TEMIEPATYPHOTO TIOBEACHUA TETUTOEMKOCTH THIIOTE3Y CYINECTBOBaHUSA
SHEPIeTHYCCKOM 1IeNu, Mbl aBTOMATHYECKH pelllaeM BOINPOC O CBEpPX-
MPOBOAMMOCTH 3AEKTPOHHOTO rasza. B cootBeTcTBMu ¢ kpuTepHeM JlaH-
Jay KpUTHYECKas CKOPOCTh 6e3MHCCHITAMOHHOTO NBIXEHHS CUCTEMH,
TPONTOPUHOHATEHAS KPHTHYECKOH BEIMYHHE CBEPXIIPOBONSIILETO TOKA,

onpeaensaerca NpsiMoi
( s )
— | =vop,
Pr

KacaTeNTLHO! K «BHYTpeHHe#» mapabone A + (p — pp)2 /2M, T.e.

A_1A  _1ap M
Pr  2ep F_2PF = m T

B cnyyae § =0, monaras A/ep~68y/Ep~ 10~*, umeem v~ 10" *vp, e
IUTSL PEAJTHHBIX TTOTHOCTEM 3MIEKTPOHHOTO ra3a vp = pp/m~2- 10 cM/cexk
1 vy ~ 200 M/cex. C noBEIlIEHHEM TEMIIEPATYpPH BennuuHa A(f) yMeHs-
LiaeTcs 10 HyAs npu 6 = @y, YTO COOTBETCTBEHHO CKa3blBaeTCA Ha Besd -
YUHE Vg,

§ 5. KoppensuvnonHbii paguyc 603enopobHbIX koMnnekcoB
3NIeKTPOHOB B Cry4ae HanU4us B MX ChnexTpe
8030YN/AEHHLIX COCTOAHMA SHBPreTMHECKON Lieny

Crenys HaBs34MBO# MAEE COMOCTABUTHL CBEPXITPOBOASALIEE COCTO-
SAIHME 3EKTPOHHOIO ra3a CO CBEPXTEKy4decThlO resmsi-1I, MBI AOJDKHLI
NPENIONOXNTh, YTO BO3OYXAEHHBIE CHCTEMBI JIEKTPOHOB NpU 8 = 6,
cTaHoBATCA Go3e-MonoOHBIMH. Tak Kak ¢epMHU-dacTUml B 603eBCKHE
TIPEBPAaTHTh HUKAK HeNb3sl, TO OCTaeTCH CAWHCTBEHHasi BO3MOXHOCTB
TIPEANOIOXHUTD, YTO B CBEpXIpOoBOAsiiueiil (ase BOAH3N hepMu-IIOBepX-
HOCTH (OPMMPYIOTCS B KayeCTBE BO3OYXIEHHBIX COCTOSHUIH KOMILIEKCHI
M3 YeTHOTO yncna depMu-yacTi (o KpattHelt Mepe M3 IBYX 3MEKTpO-
HOB) ¢ OGLIMM HYJeBRIM (WIM LIENEIM) 3HaYEHWEM CIIMHA ¥ CKOMIICH-
CHUPOBaHHBIM 3HAaYE€HUEM OGILENO MMITy/IbCa (HAIOMHMM el pa3, YTo
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BOIU3M NOBEPXHOCTH PepMU UMIMYILCH 3/1EKTPOHOB UMEIOT MOPAAOK
PF = h(31r2N /V)'/ 3, urto COOTBETCTBYET MX CKOPOCTH Vp = Pp/M =
= /2er/m ~ 2-10° cM/cex). B 3TOM NPEANONOXEHUM HET HWHe-
rO CBEPXECTECTBEHHOTO, TaK HarIpuMep, 603e-YacTHIIbI, COCTABISIIONINE
XKUIKMIA TeNuil, COBCEM He 3NEeMEHTapHHI, a MPEACTaBIAT coboit siapa
He4, OKPYXCHHBIC MTUHAMWYECKH CBSI3aHHHIMU ¢ HUMM MapaMH 3JieX-
TPOHOB B $-COCTOSSHMY € OOGIIMM HYJIEBBIM CITHHOM, W BECh 3TOT KOM-
IJIEKC, COCTOSIINMIT M3 WIeCTH epMU-4acTuLl, (PUTYPUDYET B TEOPUM
603e-ra3a kax ogHa 603e-yacTULa, COCTOSHHE KOTOPO# xapaKTepHu3yeT-
¢ oOIIMM 3HAYEHNEM MMITYJIBCA.

TIpeanonoxeHue O CyLIeCTBOBAHMH dHepreTueckoil wenu A~ 10K
M03BOJISIET OLEHUTDb M3 CaMblX OOLLHX cOOOpaxXeHUil KOppeasLLHOHHbII
pasMep 3THX 603e-nogo6HbIX oOpasoBaHuii. JledCTBUTENLHO, TAK KAK
Pa3MEITHE 110 MMIY/ALCY OCHOBHOIO cOCTOSAHUSI (hepMU-CHCTEMBI CO-

CTaBfIsAeT BeTHUHHY
A
Ap & ( — ) Pr,
EF

TO B COOTBETCTBUM C COOTHOLUEHUEM HEOIlpeneSeHHOCTEH

A 1/3
RKOPPNQALp:%(MLzN) *E%EZF0§3'104A:3-10-4CM,
yro B 10° pa3 MPEBLIINAET MEPHON KPUCTATIHYECKON PelleTKU, U CPEI-
Hee paccTosHWe Mexay snextpoHamu a¢ = (V/N )'/ 3, T.e. 3TM Bo3e-
MoAOOHBIE KOMILITEXChHI MPOCTPAHCTBEHHO HE H30IMPOBAHBI IPYT OT APY-
ra (T.e. He CO3Ia0T MOROGUA OTAETBHBIX YaCTHL), a 06pa3yIoT eXMHBIN
KOHTJIOMEPAT, TaK KaK BHYTpH cdeprl pamnyca Ry,,, HaXONWUTCSl OYEHB
MHOTO TIEPEXPHIBAIOIIMX IPYT IpyTra MOOOOHBIX Xe KBAaHTOBLIX 06pa3o-
BaHuiti. HanoMHWM miisi cpaBHeHMS, YTO TOMac-pepMueBCKMil pamHyc
3KPAHUPOBKY, MIPEACTABNAOUINNT KOPPENALUOHHBMN panuyc KyJlOHOB-
CKOro B3aUMOJIEMCTBUS JEKTPOHOB B UOHHOM «XeJie», UMeeT TIOPSIIOK
TOJBKO OTHOTO aHrcTpeMa (cM. § 2 MpeabIAyIIero pasnena),

1 AN .
RTF = p = (61,.62”) (ad 10 CM.
TF
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§6. Ycnoaua Cyu|ecTBOBaHMA KBA3HCBA3HOO
cocroanmns anextponos no Kynepy

Camas npocTas W3 BO3MOXHBIX 003¢-TTONOOHBIX KOHCTPYKIIHI H3
depMH-YacTHIL — ITO Mapa JIEKTPOHOB C MPOTUBONOIOXHLIMH CITHHAMH
H MIPOTHBOIMONIOXHO WK JIOYTH IIPOTHBOIION0XHO HATIPABICHHBIMHY UM-
nynbcaMH. Ipy6Gas olleHKa BO3MOXHOCTH BOSHHKHOBEHUS CBSI3aHHOTO
cocTosiHus Takux ¢epMmuoHoB Geura coenana JI. Kymepom B 1956 .,
¥ 9Ta paGoTa TOCHYXHa OTPENEISTIONMM CTHMYIIOM B (JOPMYIINPOBKE
teopuu BKILL.

KcTaT 0TMETHM, 4TO BO36YXIEHUS] HOPMATILHOTO (HECBEPXIPOBO-
Iawmero) depMH-ra3a Toxe Kak Gbl IBYyXYACTUYHBI: BHILUCALIMIA U3 3a-
noNIHeHHON chepbl PepMu INEKTPOH OCTARIAET Ha CBOEM TpeXHeM
MecTe B MMITYTbCHOM IPOCTPAHCTBE HE3aHATOE COCTOSIHUE, HMEHYEeMOe
AbIpKOi, KoTopast Ha ¢oHe 3anoIHeHHON (depMH-chepbi Beder cedsa
KaK YacTHLA C MPOTHBOMOJOXHKIM CIIHHOM M 3A¢KTPUYECKHM 3aps-
JIOM, DTH BO30YXIIEHNS, XapaKTepHEIE JUTIS HOPMAJIBHBIX PepMU-CHCTEM,
He 06pa3yioT XOppeNMPOBaHHBIX COCTOSTHUIT W, XPOME TOTO, HE HECYT
3NEKTPUYECKOro 3apsAna. B MHTepecyiollieM Hac CIydae npennoiarae-
MOE BO3MOXHbIM BO30OYX/IEHHOE COCTOSTHHE UMEET COBEPUIEHHO MHYIO
CTPYKTYPY — 3TO KBAa3MCBSI3aHHOE (T. €. CIJIBHO KOPPEJIHNPOBAHHOE) CO-
CTOSIHME TTapbl YaCTHU (MM Maphl ABIPOK) Ham (WUIM HETIOCPENCTBEHHO
non) chepoit PepMu C MPOTHBOTIONOKHBIMIA CITMHAMH M UMITYJIBCAMHU,
UMUTHPYIOUIUE «KOHICHCATHYIO» YaCTHUY 3KBHBANIEHTHOH 603¢-cHcTe-
Mbl. Hiuxe Oyner npeacTaBleHa HECNIOXHAsA KBAaHTOBO-MeXaHHUYECKasi
OLIEHKA 3TOi BOBMOXHOCTH B MAKCHMAIBHO YIIPOILIEHHOM M ZOCTATOY-
HO IpyOOM BapHaHTe, TaK Kak JUIfl HalHX neneif oHa OyneT uMeTb
XapaxTep Jiiilb 0OLIWX HABOASIINX COOOpaxXeHUi, YaCTHYHO peain3o-
BaHHbBIX B NOCAEAYIOLIUX Pa3paboTKax TeOpHUu.

B KayecTBe HCXOOHONO MOMEHT2 3TOT0 PACCMOTPEHUS MCIIONIb3YeM
ypasHenve Ipéxunrepa (Hy + @)y = EY 11 cucTeMBI IBYX B3aNMO-
JNEWCTBYIOUIMX OPYT ¢ APYTOM JIEKTPOHOB C MMITYyNLCaMM Hax chepoit
®epmy, SHEPIHA KAaXIO0ro U3 KOTOPBIX, OTCYMThIBAEMAs OT YDOBHSA £p,
paBHa €, = Ep — ep & pr(p — pr)/m > 0, u oueHNM B NpUGTIDKEHUM
c1a60To MX B3aMMOEHCTBUA, OMUCHIBAEMOTO NoTeHIHaIOM B(|F — 7)),
BO3MOXHOE 3HAYE€HHE 3HEPIMM 3TOTO HBYXYACTHYHOTO KOMIUTeKca F,
Tiojiarasi TTPOOHYI0 BOJTHOBYIO (DYHKIMIO COOTBETCTBYIOLUEH «KOHICH-
caTHoMy» 603e-IoTOGHOMY cocTosiHMIO (P, 1; —P, |), o6pa3oBaHHOMY
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]
B HYJIEBOM NPUOGIMXCHHH U3 IVIOCKMX BOIH @p(f) = exp{gﬁf'}/ vV,
T.C.

P(f1, 1) = % Zt,bp oexp{%ﬁ(i"l - 1'-'2)}.
2

OTMeTHM, YTO CITMHOBOE cocTosiHMe TMaph (1, }) dbHKcupoBaHo M WC-
KJTIOYAET KBAHTOBYIO KOPPEAINio GepMH-YacTHILI, CBR3IAHHYIO C YUCTOM
npuHipna aynu. Bee ocTanbHble hepMu-4aCcTHLRL CUCTEMBL HE B3au-
MONEHCTBYIOT C PACCMATPHBAEMLIMU AByMs BO30YXICHHBIMH JIEKTPO-
HaMmu, 0Bpa3yioT 3anonHenHyo cdepy OepMH H TeEM 00€CIeYHBAIOT HM
9HEPIMIO, B HYNIEBOM MPHOIMXEHMH PABHYIO £p HA KaXOYIO YaCTHLLY.
IMoncrapnsia 31y NpobHyo ¢yHKIMIO B ypaBHeHne LIpémmrepa,
YMHOXas €T0 TIOWIEHHO ciera Ha ¥ (), 72), HHTErpHpys Tio ) M 72,
HCTIONB3YSL 1IpU 3TOM NepemenHbie B = 7y — 7 U 75 ¥ YUHTHIBAsA, YTO

72 / dry dry exp {——p (n—rz)} eXP{—ﬁ(r-—rz)}
fdrz /dﬁexp{ )R}:
_=7/dﬁexp{-,5<ﬁ—ﬁ'>ﬂ'} = G- 7)

1 - JE i — - - =
7 f[ df, df; exp {—Ep'(n - 1‘3)}4’(|ﬁ - ) x

v)
. 1 . o
X exp {—;—5(17. - F;,)} - f dR ®(R) exp {%(ﬁ—ﬁ )R} =
1 - !
= yvp -7,
e Mbl 0603HawUH Xak Beerna V([ — §'|) dbypre-06pa3 noTenumana

B3aMMOIENCTBUS YacThLl &(|F, — 7|), momyyaeM, cCOKpaTHB MoYIEHHO
Ha aMIVIUTyny tp, MCxonHoe ypaBHeHue lllpénvHrepa B MMIyILCHOM
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npeacTasncHU

1
(B = 2ep)8p = 3 D w15~ 5"y,
5
Kax u ucxomHoe, 3To ypaBHEHME B 06111eM BUIe, KOHEYHO, HE peIlaeTcs.
Yr1obbl MpeonoseTh MaTeMaTHUECKUE TPYXHOCTH IaThHelllero uccie-
NOBAHMS U TOJYYUTH OLEHKY ‘oxunaemoro sbdexra, Kymep moruen
Ha KpPailHI010 MEpY: OH TPEIOXKHI OTKa3aTbCA OT UCXOXHOro, UMEIo-
LIETO JIOKATHHBIN XapakTep AMHaMUYECKOTO B3aUMOMACHCTBUA YacTHL,
OMuChIBaeMOTO ToTeHuManoM ®(|F — |), ¥ anmpokcUMMpoBaTh €ro
dbypbe-06pas v(|f ~ F'|) MyIBTUILIMKaTMBHON KOHCTPYKLMEH

v(ip-5'l) — -Je@eF"),

COCPENOTOYEHHON U MMEIoIIeH TIOCTOSHHYIO BelMuuHy —J B sHepre-
TWYECKOM CJTO€ IUMPUHEI W OKOJIO YPOBHA £,

1 Bcaywae |&)| < w,

8(p) =

0 Bomyuae |gp] > w.

HecMoTps HA TO, YTO MCIOAB30OBaHME MOAENEH BEPTUKAIBHLIX MOTEH-
HUABHBIX CTEHOK HE COIJIAcYeTcsl ¢ OOLUUMH KBAHTOBOMEXAHHYECKH-
MM TIpEACTABACHASAMY, a TAXKEe Ha CBA3AHHYIO ¢ TIPWHSTHEM THIIOTE3bI
0 MYNETHIUTMKATHBHOCTN (yphe-o6pa3a MOTEHUHANIA B3aWMOICHCTBHA
YacTMLl M JOTEPIO €ro JIOKAITBHOrO XapakTepa, 3Ta MOIENb B3aHMO-
JCHCTBUA UIEKTPOHOB CTANIA OCHOBHO! B TEOPHHU CBEPXIIPOBOAMMOCTH
BKII, no3sonueineft ¢ onpefeieHHEIMU TOTEPSIMU B AETAIAX TOBECTH
HCCIIeoBaHKe TPOGIEMBI JI0 -OKOHYATENBHBIX (BKITIOYas YMCICHHEIE)
pe3yNLTaToB. :

B HanreM ciiyyae mocie IpuHATHA TIPELTOXECHHON BHIIE MOAEIH
B3auMogeitcTeus ypaBHeHME 1lIpénytHrepa npruodpeTacT BUL

(B — 2ep)¢p = —J6(p) Z 87 Yy,
ﬂ'
03BONSLIOLMIL CPa3y XKe BBIIMCATH ero PElIEHMe

C 1 )
Y= _M(p-)E——kp’ me C=2 ;0@ Y-
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F(E)A

2 /

cnyvait 1/J >0

Puc. 5.2. paduueckoe uccnenosanve pewennin ypaesHenua F(E) = —1/J. Npo-
eKumm Touek nepeceveHus rpagwikos F(E) v —1/J Ha nonyoce onpeaenaiot co6-
CTBEHHBIE 3HAYEHWA ABYXHACTUYHLIX BO3BYXAEHWH BHIPOXAEHHOrO ANEKTPOHHOTO
rasa tuna (P, 1; -9, 1) Han chepoii Depmn. B cayvae 1/J > 0 (cnyuait npursixe-
HUR) KPOME KBa3uHenpepbiaHoro cnextpa E, = 2¢, + O(J/V') > 0 cywecrsyer
pewenne E, < 0, cooTBeTCIRYIOUIEE CBA3aHHOMY COCTORHUIO 31EKTPOHHOR Naphi

IMoncrapnas pemeHue s ¥, B GOpMyIly A KOHCTAHTH C, nonyyaeM,
UCKMOYasA TPUBMATILHOE pemenue ypasHenust Lipéannrepa (T. e. caydai
C = 0), ypaBHeHWe INA COGCTBEHHRIX 3Hayenuit E (Ml yynu, 4to

o(@) = 6)

1 1 1
TV Zi:a@E—- 2, = F(E).

Ipadmueckoe uccaeaoBaHKE BOZMOXHEIX PELUEHMIT 3TONO ypaBHeE-
Hust (CM. pHC. 5.2) moKa3biBaeT, YTO OTAECNMBINEECS OT HEMPEPHIBHOIO
CIIEKTpa KBa3UYaCTUYHEIX BoaOyxaenuil pemenue Eq < 0, nexauee
HUXe YPOBHS 3HEPTHM 3anojHeHHOM cdepnt PepMH U COOTBETCTBYIO-
lee CBA3AHHOMY COCTOSIHMIO 3JIEKTPOHHOII Maphl, BO3MOXHO TOJ/IBKO
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B oryyae J > 0, T.e. B ciydae Hamuusi AMHAMUYECKOTO TIPUTSOKEHUS
3JIEKTPOHOB APYT K JApPYTY.

YTo6Hl paccuuTaTh 3T0 COOCTBEHHOE 3HAUYeHUE Fy, riepeiineM B ro-
cllefHeM YPaBHEHMM K HHTETPHPOBAHUK) 10 UMITYILCY«p. B3siB HHTEerpan
IO yriiaM ¥ Niepeiiis OT MHTETPUPOBAHMSA TTO MOIYITIO MMITY/ILCA K WHTE-
TPHPOBAHMIO 110 SHEPTHU £ = Ep, OTPAHMIEHHOMN CBEPXY BEIUYHHONA W,

ToryJaeM
o

s [ (E) =

0

[Monarasi, YT0 HHTETPUPOBAHKE O € MPOM3BOIMUTCA B IIpeAeiaxX OTHO-
CHTENTBHO Y3KOTO cnosi BOIM3n GepMHU-YPOBHSA Ex, TIOIOXHM

=J 4mp? J l 2k
- Bep/ﬁp 2m2h3 (afp/ ap)p:w

R

= const > 0.

P

Torma nofy4aroleecsi ypaBHEHHE UHTETPUPYETCH [0 £ = 2¢ cpasy,

1 dz 1 z=w | |Eo|+ 2w
= - R | , =-In ———,
/ n (z + |Eol) am0 =3 In Bl

OTKy[a B IIpeAeabHOM CIIydae ¢l1aboro MpUTAXEHUSA JIEKTPOHOB IPYT
K APYTY, KOIZa rnapaMeTp 3TOTO BlauMOoAEHCTBHA p K 1, noidyyaeM

— ~ -2
|E0| = m = 2@6 /p'
3ameTHM Tenepb, YTO €CH BOCMOJIB30BAThCA apryMeHTanmch Jlanpay
TIPH BBLIBOJZIE €r0 KPHUTEPHUA CBEPXTEKYYECTH M BBECTH HOBYKO CHUCTEMY
OTCYeTa MMINYAbCOB BCEX YacTUll, p — § — mi, TO SHEpPrusa HHTEpe-
CYIOLIETO HAC CBA3AHHOIO COCTOSIHMS VXK€ B «IBHKYINEMCH» COCTOAHUM
Bceit cucTeMBl B OOLIYHOM MOXoslueiicst cucTeMe orcuyeTa OyaeT paBHa

Ey =E0 - (ﬁﬁ).

Ecu monoxwuts ¢ = (v, 0, 0) ¥ yyecTs, YTO B ypaBHeHUU Vsl SHEPTHH E
HHTEIPUPOBAHHE 110 MMITY/JILCY OCYLUECTBISIETCSI TONBKO B HEOOMBIION



96 Yacts il. BeepeHie B TeOpUI0 CBEPXNPOROAMMOCTH 3ABKTPOHHOTO rasa

OKpECTHOCTH OKono chepst Pepmu, T.e. |p| = pr, T0 B cliyyae NBU-
Xylielicss CUCTEMEL B 3TOM YPaBHEHWH BMECTO BeJIM4MHEI |Ey| GymeT
CTOATh

|Ey| = |Ey| — ppv,

H U114 KPUTHYECKOR CKOPOCTH ¥ Iaphl YXe IBHXYLIUXCH SNEKTPOHOB,
HITKE KOTOPOY COXpaHAETCH CBA3aHHOE MX COCTOSIHYE, TIONYYNM B CO-
OTBETCTBHMHU ¢ ycrnosueM |E,| = 0 cooTHOmenwe

pr 2 ep

KOTOpOE COTNIacyeTca ¢ MONYYEHHBIM paHee Ha OCHOBE TUIOTE3BI O CY-
LIECTBOBAHMH 3HEPTETHYECKON LIeH BHIpaXeHHEM, €CITH TOJIBKO NON0-~
XuTh B HeM |Ey| = A. OaHako 6su10 651 HAMBHO AyMaTh, YTO NpPOBE-
JEHHOE BHILIE PACCMOTPEHUE PELLAET BONPOC O BEIUYHUHE KPUTHYECKOTO
TOKa M 3aKphIBaeT npobiemy ceepxnposoauMoctd. IIpexae Bcero, sta
nmpobneMa OOMKHA pelIaThes HE HA 3JIEMEHTapHOM KBaHTOBOMEXAaHM-
YeCKOM YpOBHE 3aMaud OBYX TeNl ¢ UENMLIM pAIoM obnerdaiommx Ao-
TOJIHUTENBHBIX TIPEATIONOXEHHWI, 2 HA YPOBHE MHOTOYACTUYHOI KBaH~
TOBOCTATUCTAYECKOM Teopud. Y1 mOTOM, YTO SBAAETCHA IJIABHBIM, He-
O0XOIUMOrO IS MOHWMAHHS SIBJIEHUS CBEPXIIPOBOAMMOCTH IEJeBOro
Xapakrepa Crnekrpa Bo30yXAeHHbIX COCTOSHHI! B JaHHOM pacyere, HCXO-~
ISUIeEMY IO CBOEMY ITOCTPOESHHMIO M3 KOHCTPYKUWH NpobHoit dyHxamu
%(F1,T2), B MPUHLMIIE BOHUKHYTh He MOXeT. LIEHHOCTH Xe TIpoBe-
JEHHOro TIPeABapUTEILHOIO MCCAEN0BAHUS COCTOUT B OLIEHKE SHEPIHU
CBSI3H KYIIEPOBCKOH Napkl ¢ XxapaKTEPHO €€ HEAHAJIMTHYECKOH 3aBUCH~
MOCTEIO OT XapaKTepu3ylolleit MPUTAXKEHHE YaCTHL KOHCTaHTH CBA3M J,
MDA CKONb YTOZHO MaJiol ee BeAWYKMHE BKITIovatouleit daxrop

|Eo|  1]|Ey)
> UF,

e—const/] & aan’

HE NMOAMAOUINICA PacyeTy IO TCOPUM BO3MYILUEHHUH, OIIEpUpYIOLUEH pa3-
JIOXEHUSMH TIO CTEIIEHSIM 3TOTO I1apaMerTpa.

TakuM 06pa30M, CICAYIOMHM 3TAMOM NPEIBAPHTEILHOTO PACCMOT-
peHust MpobieMBl CBEpXITPOBOAMMOCTH CTAHOBUTCS TIp06jieMa BBHISABIIE-
HUS TOTO KOPPEISIIMOHHOTO MEXaHW3Ma, MMEIOLIEro Xapakrep TIpH-
TSDKCHHWsSI, KOTOpPBI HeoOXomuMm Iwia o0pa3oBaHMs YCTOWIMBBIX Go3e-
MOROGHBIX KOHCTPYKUWiA Tuna map (, 1; -9, 1).
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§7. Crpyxtypa AMHaMIMECKOro B3aUMOBEHCTBHR
aNeKTPOHOB B MeTanne

H3 nusamMuyeckux $akTopoB paccMaTPUBAeMOX HAMM MOACIH €K~
TPOHHOTO Ta3a B METALIC Mhl UMEEM TOJIBKO JIBa pEAIbHO CYIMECTBY-
JOLIMX MexaHu3Ma B3iauMoneftcrBus. 3T0 — KYJIOHOBCKOE B3auMoneli-
CTBHE 3NEKTPOHOB APYT C APYTOM,

1 — .
H, = v u(q)apﬂa;_qa,,,ap,
».p, 90

roe v(q) = 41re252/q2, U B3aUMONEUCTBHE 3EKTPOHOB C KONeOaHUIMMU
WOHHOW pemeTky (MMelolllee B MPUHIIATIE TAKXKE SNIEKTPOCTATUYECKYIO
NIPUPONY), KOTOPOE B LJIMHHOBOJHOBOM it (DOHOHOB AuAIa3oHe [0-
CTATOYHO Y6eAHTENBHO aNIIPpOXCUMHUPYETCa raMunsTonuadoM @Opénuxa
(cM. §4 . 1)

1
Hy = —= E F(@) (o7 +P;bq) =
e
1
= — = Z 7(a) (a5 q8pb5 + 67 qapbg),
VeV o ‘ ’ _

e f(q) = v4/2w(g)/(mMc?), n w(g) = cqg — 3ueprust poHoHa. Tak
K4K HaM HEOOXOOWMO BBISTBUTH JHHAMHYECKYIO CTPYKTYDY B3auMoneH-
CTBUA TOJNBKO B OGNAacTH pasMeiTus cheput DepMu, XapaKTepHIyeMoit
BENUYIHHOMK

- 32N\ 2
Ap~10"pp=10'-“h( "V ) %3-10‘42,

a MakCUMaIbHasl JJIMHA BOJHL! (DOHOHA, COOTBETCTBYIOILAS €r0 MM-
TYIBCY Gmin HE TIPEBBILAIOMIETO OGNMACTL Pa3sMBITUS AP ~ Guin, KMEET
HOPAROK Amaxy = M/Geuin ~ 0,3 - 10°a > a, T0 AMMHHOBONHOBAs anmpox-~
cUMaLMs B3aMMOIEHCTBUSA EXTPOHOB C KONEOAHNAMH KpPHUCTaUIHYE-
CKOH pelieTKU, COGCTBEHHO TOMRKO U YYUTHIBACMasa B (GpETMXOBCKOM
TAMUJIETOHMaHE BNONHE ONPaBAdHa 1A Hallero AanbHeRero paccMoT-
peHus.
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(Hl)sdxp =

pP—q

Puc. 5.3. Cxema BBeAeHUA UHAYLIMPOBAHHOMO KoNebaHnAMK KPpUCTanMuecKon
peweTky NPAMoro 3Pp¢pexTMsHOro 83aUMOAEHCTBUR INEKTPOHOB

Ha ocHoBe y4era anextpoH-(oHoHHOTO B3aumoneiicteua H. H. Bo-
romo0oB B 1958 r. MOCTPOWI TEOPHIO, OIPaBHABIIVIO CYIICCTBOBAHWE
SHEPIeTHYeCcKoil wwean, obecrneyuuBalolleii ABjIeHUE CBEPXMPOBOAUMO-
CTH, M ee TEMIIEPaTYpHOE NOBEACHHUE BIUIOTh IO €€ UCYE3HOBEHHS B TOU-
Ke (a3zoBoro mepexonaa MEKTPOHHOIO ra3a B HODMATLHOE COCTOAHME.
Tak Kak vHIyLMpYyeMoe (OHOHAMM B3aMMOACICTBHE 3JIEKTPOHOB, B~
Jollieecs CJIEACTBHEM MCITYCKaHUSA ()OHOHA OIHMM W3 HHMX H €ro NMOomIo-
LICHUST IPYTHM, MOARNSETCA BO BTOPOM TIOpSAXE TEOPVH BO3MYIIIEHUIt
1O KOHCTaHTe 7, Bxopsuleii B ammwintyay f(q), TO xapakTep 3TOro
B3aHMONEICTBHA NOCJe yepeaAHeHUs: o GOHOHHOMY NMOAIO OKAa3biBaeT-
Csl TMIMA TNMPUTAXEHHUS, YTO H OOECIIEYHBAET NOCTATOUHYIO KOPPEIALMIO
3JIEKTpOHHBIX map (7, 1; —P, 1) Dis ¥X yCTOWYMBOTO COCTOSTHWSI MpH
TeMrniepatypax 6 < 8,.

OnHako, coxXpaHssi BCIO MIAEOJIOTMIO, MOXHO HECKOJILKO C3KOHO-
MHTh B POPMANIBHOM UIIOXEHUM TEOPUM, H B CYLIECTBEHHOM 411 Hac
o6nactu pasmeiTia chepul Pepmu Ap < pp UCKITIOYUTL POHOHHOE TTO-
Jie Ha TIpEABAPUTENALHOM 3TaTle MCCIICIOBaHMsA, T. €. BBECTH TIepe/iaBac-
MO€ JUTWMHHOBOJIHOBLIMM KoneGaHusaMM pemreTku 3PHEeKTUBHOE 3apaHee
YCPEITHEHHOE 110 COCTOSTHUSIM CUNBHO «Pa3peXeHHOIo» HH3KOTEMIIepa-
TYPHOIO ra3a )OHOHOB MPAMOE B3AUMOJAEMNCTBHE INEKTPOHOB 110 CXEME,
U300paKeHHON HA PHC. 5.3, UCKIIOYHB TEM CaMbIM 3(PPEKTH «3ama3nl-
BaHMS» MEPENAYH UMMYNILCA § OT 3JEKTPOHA K SMEKTPOHY W CBOAA 3T0
MHIYyIMpOoBaHHOE (POHOHAMHM B3aUMOJEICTBIE K MTHOBEHHOMY.

- HTOOBI peanu3oBaTh 3Ty CXeMy, TipeacTaBuM ypasHeHne [IIpénmunrepa
B BHIie ero ¢GopMAIBHOTO pelIeHUs

1
(BE-Ho)y=Hpp — =

E - H,
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H NOACTAaBUM ITO PELICHHC B IMTPABYIO YaCTh UCXOAHOI0 YpaBHCHMHS,

E-H)y=H Hyy = Hyyp,
( 0¥ =Hyp— F il ¥
0bpa3oBaB TeM CaMbIM HEODXOAMMBLIH HaM BTOPOiH MOPSNOK 110 B3au-
MoueHcTBuio Hy yxe B «HyneBoM» NpUGMCKeHnn. Bocnons3osaBmmch
dbopMaTEHOM TeopMEl BOZMYINEHWIT, BHINEAWM 3TOT BTOPO# TIOPSIOK

B YHCTOM BHIE,

P

H H]+...ngme,

' E - H,
rae Ey — SHepTHs OCHOBHOTO COCTOAHMUA HIeanbHOM cucteMul Hy (T. €.
3aMONTHEHHOMN ceprt DepMu), H YCPENHAM 3TO BbIpakeHWe TIo POHOH-~
HbIM COCTOSIHHSIM, YYMTBHIBasi, UTO B pacCMaTpHUBaeMoii HamMH obiacT
Temnepatyp 6 =  IUIOTHOCTb 3TUX COCTOAHMI N - 41|'q2 /(21|'h)3 Yype3-
BhIYAai{HO Majyia, U TIO3TOMY MOXHO NMPHHATH aNMMPOKCUMAaIKIO

™~ | e |
(beby) = byby = Alg — ') + b by = Alg — ¢)(1 +ng) = Alg — ¢).

Toraa 6ymem mmets (ycnosue § 7 0 BOIHMKAeT B pE3yALTaTe yyeTa
onepauuu P, 3anpemaomieii mosieneHne Hynst B 3HAMeHAaTene)

b,at, a,bF
i = )f—an’ qG +q pOq
= ,,,,%H,f O e B, +wia)

1 8} _japay, 0y
w g;‘#of @ ~(Eprq = Bp +w(g)

Pacrionaras ¢pepMH-0TICpaTOPH B IPUBRIYHOM IS oniepaTtopa Hy «HOp-
MaJILHOM» TIOPAAXE U OTHOCA BO3HMKILHE B PE3YJLTAaTE NEPECTaHOBOK
3THX ONEPATOPOB claraeMbie, BKIIOYAlOMME KOMOHHALMIO a;ap K Hy-
NEBOMY FaMIIBTOHMaHy (KaK 6Kl IEpEHOPMHPOBKA KCXOOHOM BENHYM-
Hu E,), nomyuaem anst 3dpeKTHBHOTO B3aUMOMEHCTBUS 3NCKTPOHOB
B KPHCTaLIE

o f 2(Q) + +
(Hi)o00 = V » ‘,z:#,[ Epiq~ Ep +wl(q) Ortaly—ar
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»
0 lz_rp""a R > a R

xopp

Puc. 5.4. Xapaxrep 3aBMCMMOCTN NAPHOW KOPPEAALMOHHON (DYHKLMMA DeKTpO-
voe Fi; (R) OT pacctonHWa mexay HUMKM C YHETOM 3NeKTPOH-POHOHHOTO U KYNO-
HOBCKOro B3anMOOSHCTBUIA

Tak Kax 10 caMOMY CMBICJY NPOBEJEHHOR OIEpaLMHM MO BLLIEJIEHMIO
sToporo nopsanka no H, senwuuhsl By, > ep, Ep < €p, T.€. miA
Bcex 3HaveHudt ¢ # 0 sHameHatens E, 4 — E, + w(g) > 0, TO BHIpa-
XeHWe B KBapaTHBIX CKOOKaX BCETNA MEHbILE HYMNd, YTO Ompeneiser
XapaKkTep WHIYUWPOBAHHOTO (DOHOHAMH B3aMMOJEHCTBUS 3JIEKTPOHOB
KaKk TpUTSXEHUE. TakuM o0pa3oM, KOppensuus JEKTPOHOB onpene-
JIsieTcs TIOMMMO MpUHIHMA [laymm ABYMST OQWHAMWYECKUMM MEXaHH3-
MaMH: 3T0, ¢ OJHON CTOPOHBI, KYJIOHOBCKOE OTTAJIKHBaHHE, HMelolee
3¢ PexTUBHLI pagvyc nopanka Rrp = 1/Kpp ~ @&, U3MepsieMblil He-
CKONBKMMH aHICIPEMAMM, H MHIYIMPOBAHHOE KOJNEGAHMSIMM PEILECTKH
TIPUTSKEHAE, PAAMYC AEHCTBUSA KOTOPOIo COM3MepHM ¢ [UIMHOMN BOJHLI
Tex KoJle6aHmii OHHON pelleTKN, XOTOPBIE 3TO NPUTAXEHNE CO3AAIOT,
T. €. B COOTBETCTBMH C TIpHMBEJCHHBIMHM paHee OIEHKaMH PaIuyC 3TOro
B3aMMOAEHCTBUS TIO KpaifHel Mepe B 10° pa3s Gonbize MeXaTOMHOTO
paccTosiHusA a = \3/ V/N. B uenom xe B3auMMOACHCTBHE JIEKTPOHOB
APYF C JIpYyroM B MHTepecylouiell Hac 006.JaCTH BMECTE C KYJIOHOBCKMM
MMEET BUA, CXEMaTHYECKH MPEACTaRIEHHBIR Ha puc. 5.4.

EcH monurrateea HCTOKOBATh TIONYYEHHBIH crietiHyUIecK KpaH-
. TOBBI 3 PexT C MOMOLIBIO KJIACCHYECKUX NMPENCTABIEHHI H HATATHBIX
KapTMHOK (T. €. TI0 CYIIECTBY, ¢ MOMOLIBI0 OBMXOIHBIX MaKpPOCKOITH-
4ecKMX TOHATUI — CTOMKOe 3abiyxmeHue, MUCXoOsAlUEe B M3BECTHOM
Mepe OT CaMHX OCHOBaTeell KBaHTOBOI TCOpMH), TO BBHISARIEHHOE Bhiille
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UHAYLIMpOBaHHOE (POHOHAMM ‘NIPOCTPAHCTBEHHO TNMPOTSDKCHHOE «JIpH-
TAXKEHHE» SNEKTPOHOB (B OOBLIYHOM MOHUMAHUM 3TO B3aUMOLEWUCTBME
HEMOKAILHO M MHTEPNPETHPYETCA € NOMOUWIBIO IGBGHEKTUBHOTO NOTEH-
nrana ®(R) BecbMa YCIIOBHO) MOXET HE TONBKO TOCTYXHTb OCHOBOIK
Ut 06pa30BaHUA KYTICPOBCKUX Tap, HO M B CUITY HMEHHO CBOETO Hahb-
HOIEHCTBYA TMOAABUTL BJIUSHUE KYJIOHOBCKOTO OTTAJIKMBaHMs, 3ddex-
TUBHO ACUCTBYIOLIETO Ha pacctogHuax R < Rpp, U paccessHUs Ha cO-
3AAI0IHX OCTATOHHOC COTIPOTUB/ICHHE TPHMECSX U ZUCIIOKALIUAX, TAKXE
HMEIOLLMX panuyc AEVCTBUA NOpALKA N€pUOaa PEUIETKU a4 = \3 /V/N
(apTopnr Teopuy BKII He y4uThIBasi TMX OGCTOSATENILCTB NOJIaraiy, YTo
U1 TONABNEHMS KYJOHOBCKOTO OTTAIKMBAaMUSL JOCTATOYHO TOTO, YTOO
B cperHeM (Ugyn + Usn—gon) < 05 3TOT YHCTO YCTOBHBIA M OTKPOBEHHO
KayecTBEHHBIK KpuTepwit, oGecreauBaountit J > 0, Heobxomumo Oy-
OeT yTOYHUTH B JATbHEHLIEM).

B pesynbrare IpoOBeAEHHOrO B 3TOM Maparpade NpeaBaBpuTeib-
HOFO pacCMOTPEHMS NMpoOJIeMEl CBEPXNPOBOAUMOCTHA MBI MOXEM B Ka-
YeCTBC MCXOIHON MUKPOCKOMTMYECKON MOAETH CHCTEMEI HCTIOIL30BaTh
oneparop [amMunsrona H = H — N suaa

. o oo +
H = E Epa;;apg + 2—V_ Z V(p + q,p, Q)a;_.i_q‘,apn_q,apl,'apn
£.s P8P8 G40
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ANeKTPOHHDIA ra3 ¢ NpsMbIM NepeaaBaeMbIM
¢oHOHaMK B3aUMOAEHCTBHEM

-§ 1. Boiaenenne 4actu raMwibTONMana, OTBETCTBEHHON
3a GOpMUPOBaHUE KYNEPOBCKNX COCTORHMIA

T1penpapuTeNbHOE pacCMOTPEHHE MPOOAEMbI CBEPXIIPOBOAMMOCTH,
MpOBeACHHOE B TIPESHBIIYINEM Taparpade, co Bcel ONMpenelIeHHOCThIO
YKA3LIBAET Ha TO, YTO 3TO ARICHME HAXOAWT CBOE €CTECTBEHHOE 00bAC-
HeHMe B cTyyae, KOria B CHCTEMe 3NEKTPOHHOTO ra3a Bo30yXIeHHbBIe CO-
CTOSIHUA OTAEe/IeHbl OT OCHOBHOIO YHEPTETHYECKOIA 11e/bI0. DTO B CBOIO
odepeb HENOCPEACTBEHHO CBA3AHO C CYLLECTBEHHON NEPECTPOMKOM Kak
OCHOBHOTO, TaK X BO30YXIeHHBIX COCTOSSHUI CHCTEMBI: B OYEHb Y3KOM
HMHTEpBATE MMITYJIBCOB OKONO TpaHULBl DepMu, BeTUYNHA KOTOPOTO
COINIACOBaHa C Pa3sMEPOM SHEPreTHYecKOd IlenM, oKa3blBaeTcs Cylie-
CTBEHHBIM MEXaHU3M O0pa3oBaHUA KOPPESUPOBAHHLIX COCTOSIHUM 6O-
3e-NONOGHBIX 3MEKTPOHHHX map (P, 1; —5, 1) (B octansuoit obnactu
3HadYeHUH WMIyaeca epMU-ra3 oCcTaeTcs NO-TIpeXHEMY WACATBHBIM),
M BO3GYXIEHHS SJIEKTPOHHOTO Ta3a B CBA3M C TEM, YTO SHepTeTHUECKUE
COCTOSTHMSI 3TMX Tap B obacT Ap jexXaT HUXe MX SHEPreTHUEeCKO-
rO YpPOBHS, MePECTaloT GbiTh KBa3UYAaCTMYHBIMM (T. €. GeclieneBbIMU
(p — pr)pr/m).

TakuM 06pa3oM, BOHHKAIOLIASA Epell TEOPETHYECKAM PacCMOTpe-
HHWEM TiepBoodepeaHas mpobiieMa 3aKiTioyaeTcd B 000CHOBAaHMM HA OCHO-
BE ITHAMMNYECKOTO MPHHIINTA U THOGCOBCKON CTATUCTUKM (B KBAHTOBOM
ee BapuaHTe) 3TOM NMEePECTPOIKU MUKPOCKOITMUECKUX COCTOSTHUM, Tpu-
BOJSLIEN X BOIHUKHOBEHMIO LIESIEBOTO 3HEPrETHUECKOrO CIEKTPA B CU-
CTeMe IJEKTPOHOB ¢ MHIYLMPOBAaHHHIM (hOHOHAMU B3aMMOIEHCTBHEM.
IToatoMy B Ka4eCTBe TMEPBOTO LT3 HAUMHAIOIETOCS UCC/IEAOBAHMS 11€-
Necoobpa3Ho BRIIEAUTDL B NOJHOM TAMWIETOHUAHE CUCTEMBl UMEHHO Ty
yacTb M, KOTOPas MOXET CII0COGCTBOBATH BOJHMKHOBEHHIO YKA3AHHBIX
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BBIIE XOPPEIMPOBAaHHbBIX KBA3UCBA3AHHMIX TAp 3JEKTPOHOB C IPOTH-
BOIIOJIOXHO M IIOYTU MPOTHBOIOIOXHO HAIPABIEHHEIMU HUMIYILCAMH,

-of
H = Z &(a f“p'r + a5 1“5L Z J(B, P —pJ,a Tai'ra—p'b
p#i'
l - -
H =H-H = -7 d° J@ ', Patspahasra g —
b2 A el

z J(7.7) (a_mama t@-gr + a—;u ;aﬁ"l“—i)"l) -

- ﬁ E J(B, 7, @) (als papagno-pig +
P, §#0

+ o+ .
+ 0l 105,8518-5740,),

tne J(B, 7', §) = —v(|1-5+§|, |F'], |P'—P+q ). B coorBeTcTBAM C MIpO-
BeeHHBIM B § 1 mpeaBapHTEILHBIM PaCCMOTPEHUEM GyIeM MoJaraTh,
yro 3¢¢deKTHBHOE B3aMMONEICTBHE 3ACKTPOHOB C TPOTHBOIOIOXHO
HaIpaBICHHbBIMM MMITYJBCAMU M CIIMHAMH HMeEET XapaKTep TIpUTIXE-
uusa, r.e. J@ §') = —v( - §,19'|, 1§’ — $1) > 0. Hesicreurensro,
eCNY YYECTb TONBKO (PPENTHXOBCKOE NMEKTPOH-(POHOHHOE B3aUMOJEi-
creue U cTpyKTypY f2(q) ~ w(q) = cq, To BBULY Pr/mc ~ 10°, a Takke
p+7 2 2pr n |§—p'| < pr umeem

J(p- -.I) — 272 cl.ﬁ‘_ﬁll g 72m > 0
nMc? E,— Ey + clp— '\ nMcpr =

KoHedHO Xe, 3TOT TAMMALTOHHAH 7 ABMSICTCA YK€ MOIENLHBIM:
B HEM HE YITEHHI Te YaCTH, KOTOphie NPy 06paboTKe MX 10 CTaHAapTHOM
CcXeéMe TCOPUM BO3MYINEHWH TPHUBOIAT K GJIOXOBCKOMY pe3yNIBTaTy JUIA
NiPpOBOAUMOCTH JEKTPOHHOIO rasa (cM. §4 nepBoil YacTH) WM K I10-
NpaBKaM Ha KyJIOHOBCKO€ B3aMMONEHCTBHE B GECINECIICBOM COCTOSTHHH
cucTeMbl (T. €. 111 HOPMAJILHOTO 3MIEKTPOHHOIO Ta3a B METajLlax).

XKepTBya y4eToM 3THX OcobeHHOCTel HEWIEaTbHOTO SMEKTPOH-
HOTO Ta3a U MHTepecysch 60yee TOHKMMHU 3(PdeEKTaMu, 0OXMIIEMEIMH
B y3ko# obnacti mMmmymscoB Ap = (A/ep)pr ~ 10_4PF, B KOTOpO¥t
HOpMaJIbHasl KOMIIOHEHTa acCOLUMMPYETCS ¢ KIEATLHLIM (hepMU-Ta30M
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(caMoe Gosbluoe ¢ ImompaBKo¥ Ha 3¢ddeKTUBHYIO Maccy) ¢ 3Heprue
BO36YyxneHu# Han cepoit PepMu €, = |p — pr|pr/m, MBI COXPaHWTH
B FaMMIETOHMAHEe H Te 4NeHbl, KOTOphlE NMpH 06paGoTKe MX MO Teo-
PVM BO3MYLIEHUH CO CTAHIAPTHBIM (T. €. OECILENEBHIM) BUIOM HYJCBOTO
TaMMJIBTOHMAaHa J210T HyNeBble BKIIAIB! (WIM BKJIaIbl, UMCIOLINE Hye-
BOM CTATHCTHYECKMH TIOPANOK 10 YHery N 0~ 1), TaK KaK OXHIaeMble
OT HX YYeTa CABHIM B IHEDPIrUd OCHOBHOIO COCTORHUA K CBOOOTHOM
JHEPTUM CHUCTEMBI JIO/LKHBI OBITh clabee N0OOOM CTeNEHM KOHCTaHTHI
CBSI3H, BXOAALIEH B GYHKLMIO V, U NTPEABAPUTETRHO UMETh HEaHATUTH-
YeCKYIo CTPYKTYpY Thma exp {—1/p}. 3aMeTHM, HakoHell, YTO HMEHHO
YacTb TAMIWTETOHMaHa #H aBnAnack ocHoBo# Teopuu BKII, B koto-
POl BeMMMHA yCIOBHOTO B3aumogeitcteus J (P, §') nonaranacek Hexo-
TOPOI KOHCTaHTe, COCPEAOTOYEHHON BOIM3H depMU-ypoBHA (3Ta MO-
IeJIb B3aMMONEHCTBHS yXe (UIypHpOBala y Hac NPH pacCMOTPEHHM
addexra Kynepa).

§ 2. (u—v)-npeobpa3osanue BoromoGosa
$bepMU-0nepaTopoB paccMaTPHBAEMON MOAENW

C LB PEeasIbHOINO BBHISBICHUA KOPPEMSILHM JICKTPOHHRIX CO-
crosHuit (7, 1) u (—p, §), Bo3HMKaomeH BCACACTBHE YCTaHOBIEHHOTO
BBIIIE MOMCIBHOTO B3aUMOAEHCTBIA YacTHIl B 061acTi BOGIM3H PpepMut-
chepsr, H. H. boromo6oB MCNonb3oBall IPUEM, ¢ YCIIEXOM ONpaBAaB-
it ceds B ero paGote 1946 roma, MOCBAlLEHHON BHIABICHUIO 0COOEH-
HocTel c1ab0-HeuneaIbHOTO BhIPOXISCHHOro 603e-raza. 21a Npoleaypa,
3aKJTI0YaIoINasICA BO BBEAEHUH HOBBIX PEPMH-OMEPATOPOR @y M 3 W Nie-
PETYTEIBAIOLIAS Ha KHHEMATHIeCKOM YPOBHE HCXOIHBIE TUTOCKOBOJTHO-
Bhle cocTossHuA (P, 1) u (—P, 1), B bepMu-ciryuae BcieacTsye HATHYNSA
CITMHOBOTO MHAEKCA BBHII/ISLAMT HECKOIBLKO CIOXHEE,

_ +. + _ + .
agt = UpQp + U5y ; Gz = Uplty + VpPp;
- _ +. o+ _ -+

Caa3b k03bdUIMEHTOB 31010 (% — ¥)-Npeobpa3oBaHus, ABIAIOWAACA
YCJIOBUEM €10 KAHOHHYHOCTH

2 2 _
up-i-vp—l,
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06ecneyUBacT BHIMONMHEHHE BCEX CTAHAAPTHBIX i PepMU-ONEPaTOPOB
TIEPECTAHOBOYHBIX COOTHOLLIECHMI,

- -~ +
logr. a1+ = [afi. apuls = AF -5, lagysa-pls =0,
a obpatHoe ipeobpazoBanue
' +
ap =tz — V015, By = upa_j +vpa5

TMOKa3bIBAET, YTO HOBBIE AMIUTUTYABI MEPEMYTHBAIOT MMEHHO COCTOSHMS
(7, 1; —P, 1) vicxonno#t Monenu.

310 npeobpasosaHre GaKTHIECKH 03HAYAET BHIGOP HOBOTO OCHOB-
HOTO COCTOSIHMSA CHCTEMHRI, Ha POHE KOTOPOTO YYeT yxKe npeobpa3oBaH-
Ho#t wactu |, ramwmsTonnana H' He GymeT NMPUBOOMTD K TIOSBIEHHIO
TPMBMATEHBEIX BiOTaioB. HoBbie onepaTopsl @, M 3, AeHCTBYIOT yxe
B IPYTOM NpOCTpaHcTBe HYHKUMMH, MCTIOMB3YeMOM TP BBENEHUM JIPE-
CTaBieHMs1 BTOPHYHOTO KBaHTOBaHHMA (CM. npu. 11), Kaxaniit 6a3mcHEL
BEKTOpP KOTOPOrO MPEACTABNAET CYMEPTO3ULIMIO TPEXHUX COCTOSHMIA
(P, 8; —P, ~8), TIOCTPOEHHBIX B COOTBETCTBUM C NMPOLEAYPON MX BBEJE-
HHsL Ha OCHOBE NPEICTARICHMS O IUIOCKMX BOJHaX @5,(F). Koagpdumm-
EHTBI ©p M ¥, CYUTAIOTCS AEHCTBUTENHBIMU (OHYU GYNYT OmpeneeHsl
HECKOJIBKO T103Xe), BMECTO HMX MOXHO BBECTU OOMH Mapamerp (OoHy
GYHKLMI0) 1Tpeobpa3oBaHus, TIOJOXHE

, 2, 2
up=cosgp, U v, =sing, (u;+v;=1),

u torga (¥ — v)-npeoGpa3oBaHue MPENCTABUTCA KaK Gbl B BHUAE TIOBO-
poOTa OpT TWIEOEPTOBA MPOCTPAHCTBA Ha HEKOTOPEIH «YTOI» Py,

Cnyuait, korna ooy M3 K0XPOULIHEHTOB NMpeobpa3oBaHus paBeH
HYJ10, HaMNpHMep,

=1, v,=0 Bcnyrae E; > ¢p,

COOTBETCTBYET TPMBHAILHOMY IIpeoBpa30oBaHMIO TUIIA MTepeobo3HaAYeHUSA
OTePaTOpOB, KOTAa @y U (3, MpENCTABMSIOT ONEPATOPH POXICHUS dep-
MH-4acTHII B cocTostHMsIX (P, 1) u (—7, {) Bre chepst epmu (p > pr),
" poxaeHus abipoK (—P, 4) u (7, 1) BHYTpH 3amonHeHHol cdepur Pep-
MU (p < pr).
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ITpeoGpa3oBbiBas OTAEAbHBIE YacTH onepaTopa 4 K HOBRIM depMu-
onepaTopaM, MMeeM,

Ho—zepa agy =

= Z Ep [("p v;) (a5 ap + 85 Bp) +2upvp(af By + Bpary) + 2”1»]

7‘[' = —— E J(p "')a_maﬁTap:Ta_ﬁJL =
p#p
="v Z J(B.5") [upBy oy — vy, +
ﬁ#ﬁ'

+ Uply (ﬂp By + ap ap) — upvp] x
2 2
X [uypfy — vﬂﬂp.*a; +upvy(aay + By By) — upvy].
BBeneM omeparop
Ay = '"pﬂ ”;apﬁp + uyvy (g ap + By By)

H 0003HaYMM

Cp) = = Z J (B, 7 ey vy.

"#P
Torna, yuutsisag, yro J (7, ') = J(§', §), nonyyaem

= —— Z J@B, 7 )u,,v,,u,,lvpf + = Z J(7,7) 7 )upvy X

p#p’ p#p'
x [("p’ ~ o) (ayBy + B ) + 2uyvy (foy + B3 By) | -
——ZJ(p PN Ay =

"

== 2_%uC(E) + > C) [2“1)”? (o ap + 87 Bp) -
7 2
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- (45 - v;) (o5 87 +ﬁp°‘p)] v Z TG PNy

p#p
Ecnmn BBecTH 0603HAYEHHs
U= Z EPZ‘U; - Z C(p)up¥s
7 2
A(p) = ey (1 - 02) + 2u,0,C(P)s
B(p) = £p2uptp — (u - v2) C(P):

TO TAMWIETOHMaH WcciemyeMol cucremm H = H + H sanmmertcs
B BHIE

W = U+Z [A V(o a, + 55 B,) + B(p) (a3 By +ﬂ,,a,,)] -

- = 2 J(B, 5" )Af Ay,
p#ﬁ'
W =H-H ———EJ(p = (A’+Ap,+ "*A y) -
p#EP!
1
X IGE D[N+ A M)
ﬁ#ﬁ’ §#0

Iie omepatopsi A, M A"+ TIpefCTaRASTIOT KOMIUIEKCH (=7, 1; 7, 1)
u (—7,4;7,1), a «COBMHYTHEe» Ha BeMMduWHy § OTEPaTopl Agy, Agh

u Ay — xoMmrexcst (—§+q,4:i5,1), (~F+4, 15, 1) 1 (=F+§, 4 5,4)
COOTBETCTBEHHO MMEIOT BHA

A = uf,afpa, + upvp(al, B, + Bpay ) + v B_oBp,
AT = wpBy B, — upvy (B a-p + apBlp) + Uy,
Apg = Up—qtpBy 40 — Up—q¥patp_ofip + tp-q¥9Bp-oBp —
- ”p-q"pap-qa; ,

1+ +
Apy = up_qupax —p+qap + Vp—qUpB_psgBy + Up-qUpQ pgBp +

+
+ Vp-qUpB-p+q0tp 5
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ll+ +
= Up- q'“pﬁp qﬁ—p"‘”p qUpOp—qQlp — Up_gVpfy_0x_p —

- ”p-q“pap-qﬂ—p’

M B OTIIMYME OT BBEAECHHOTO paHee oreparopa A, He conepXaT B CH-

ny ycioBust P # 5’ M § # 0 IMArOHATEHEIX KOHCTPYKUMI THNIA a;ap

u ,‘f Bp. D10 03HAYAET, YTO NIPU BRIYUCICHUMN CPEAHUX 3HAYECHHIL O CO-
CTOSIHUSIM «TIOBEPHYTOM» UICAIBHOA CHCTEMH, TAMWIBTOHHAH Kompou
H, COACPXUT JWATOHATBHEIE KOMOHHAIIHH HOBBIX oncparopoa ap ay
U ;6; Bp, CPEAHHE OT MPOM3BENEHMI ONepaTtopoB A, ¢ F # ' pacna-
JAKTCS HA TIPOU3BEAECHUS CPEOHMX,

(Ay Apda = (Af Yo (Apdo,

a CpeHYE OT OCTANBHBIX OTEPATOPOB A B pe3YILTaTe TAKOTO YCPETHEHUS
BRINAAA0T U3 PACCMOTPEHUA.
Hauia panmpHeifmas Le1b COCTOMT Terepb B Bhipaborke Haubonee
. LIe7ecoo6pa3HOl TIpoLEAYphl pacdeTa ko3bduuuenTos (v — v)-npeod-
pasopaHus. Y3 M3BECTHBEIX SKBUBANIEHTHBIX METOMHK MBI OCTAHOBHMCS
Ha ToM, HOCTOMHCTBA KOTOpOfi OTMEUYCHHI B KOHWE . |, § | sTOM 2-if
YaCTHM W KOTOpas CBsi3aHa C UCHOJIb3OBAHUEM CTATHCTUMECKOI BapH-
alMOHHOM TeopeMbl Boromo6oBa (cM. mpu. IV), OLICHMBaoLieif CBO-
60HYI0 3Hepruio cucteMbl F = —6In Z cBepxy,

Sp {H,e~Ho/%}

_ —(Ho+H,)/0 _ _ —Hy/0
F=-0InSpe <¥=-0InSpe + Spe-Fold

Yro6ut nomyyaeMasi oneHKa Ghuia GBI He TOJIBKO CUMBOJTHYECKOH, HO 1 3¢d-
dexTBHOMH, HEOOXOAMMO IPEXHE BCEr0 TaK BHIOPaTh ONEPATOPHYIO
crpyxTypy Hy, 4TOoGBI pacyerhl BeauuyuH Sp e 5/ y CpPEOHUX 3Ha-
yenuit ((H — Hp))o = (H})o He npeBpamanuch Ohl B HEBHIIIOIHHMYIO
C MAaTeMaTHYECKOW TOYKM 3peHUs TNpobieMy, a OCYILECTBASNMCH Obl
TOYHO. Jlanee, Tax KaK B pa3leJIeHWM TIOIHOTO TaMWIkTOHMaHa H wc-
ciienyeMoit cucteMbl Ha yactd Hy v H; MoOXeT y4acTBOBaTb HEKOTO-
PO€ YHC/IO Pa3syMHO BBOIMMBIX NapameTpoB (B HalIeM Ciy4ae — 3TO,
KOHeYHO, koadhduumuents (4 — v)-npeobpazopauus), T0 HaumydLlas
OLleHKa CBOOONHOM 3HEPTMM MOJYYMTCH TOrma, KOTAA 3TH MapaMeTpsl
GynyT ONpEeAENnsTHECA U3 YCAOBUS MUHMMYMa BEpXHe# ee TpaHu1Ib], TIpU-
yeM, yenosue ¥(0, V, N; \) = min onpeaenur Te 3Ha4€HUA NapaMeTPOB
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A = (6, V, N), xoTopble ¢ TEPMOTMHAMMYECKOH TOUKM 3PEHUS STBIS-
IOTCA HAWITYYUIHMMU.,

§ 3. Onpepenenne koadpPpuuueHToB (u—v)-npeobpasosaxus
W oueHKa CBOGOAHO#H dHeprum cucTeMbi B COOTBETCTBUM
C BapuauvonHon Teopemoit Boroniobosa

B cooTBeTCTBUU €O CHENaHHRIM BEILIE IIPOFPAMMHBIM YKa3zaHUEM
BhHIOEpEM B KayecTBe oIepaTopa Hy Ty YacTh IIOJHOTrO TaMWIBTOHHaHa
H, xoTOopasi JOMYCKAeT TOYHOE pellleHue, T. . KBanpaTHYHYK hopMy
TI0 HOBBIM OTiepatopaM (& — ), BXOISIIMM B TaMHIBTOHUAH 7,

Ho=U'+ 3 [Aw) (05 ap + 55 B5) + BO) (o5 55 + Byay)]
7

(dbopMy HeomepaTopHOM yacTu U’, Bknoualomeit BeeneHHoe paee U,
YTOYHUM HECKOJIBKO TT03xXe). OTMETHM cpa3y, 4YTO MMIYJIBCH § B KBaj-
paTiyHON dopme omepatopa Hy He TepelyTaHhl, YTO 3HAYMTENHHO
obnervaer mpobsieMy ero nmowieHHo# AmaroHamviammu. Hcnonb3yem
LIS 3TOM LIEJIM aHATOr NPOBEAEHHOIO HaMH (u—v)-npeobpasoBaHus —
HOTIONHUTENbHOE (A — f4)-Npeobpa3oBaHHe OT ONepaTOpoB &, M fp
K HOBBIM (bepMU-OIIEPATOPaM Gy U by,
ap = Ay — pipby . a;," = ’\P“; = Hpbp. 2, 2

w0 o + s Aptpp=L
Bp = Apby + ppay By = Apby + pipay

Torna, Buinucas Bxogaume B ‘Hy oneparopHbie KOMOUHALIMM,

oy ap = Mgy 8y — by by — Mpitp(ag By +Bpap) + iy
By By = Agby by = lipay ap + Aptip (V7 85 +0pby) + 117

}xA(p)'

+
a By = '\ia;. by + Agitp (b5 by + 0y ap) — ﬂgbp“p ~ Aplip

bz

H TIOTpe6oBaB, UTO6H KO3(hDGIUUMEHTR IIPH HEAMATOHATEHON KOMOUHa -
wn (a b7 + bpap) B oneparope Ho as Beex P paBHATHCH Ghl HYILo,
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noyyaeM
Ho=U'+ Zf@)(“;“p*'b;bp)’
g

Ile HOBBIM 9 PeKTHBHBIN CIIEKTp BO3OYXKIEHHBIX COCTOAHHM

£(p) = A(p) (3] — 1p) + B(p) - 2:pity

H 3HEPTUA OCHOBHOTO COCTOAHMA

U'=U+Y_ [Alp)2p; - B(p) - 22ptty)
P

ONPEAENSAIOTCA HANMCAHHBIMY BhIllle BRIPAXEHUSIMU TIDU BBITIONTHEHUH
YCROBUA

2 2
0 = A(p) - 2Appp — B(p) (’\p - l‘p)s

IBJIIOLIETOCS YPABHEHUEM [UTA OTIPEAENECHHS KOIDDHUMEHTOB Ap M fip.

JeiACTBUTENIEHO, ONMyCKasd B HAMMCAHUM OOLIVN MHIECKC P, HMeeM

" B
. 2 2 2
M= - ) A+t =1+ (0 - p),
A — B
Agpt=1 ().—ﬂ)2=1-—z(/\2-p2),
OTKYIa, MOCJIC NEPEMHOXEHUA JICBHIX H ITPABLIX '{aCTCﬁ, caeayer
2 B? 2
(W -u) =1- F(Az-ﬂz) ;

H MBI NOJy4YacM

,\2 2-#- 2A _L.
b=y Mt yrip

)\2=1—,u’=1(1+$).
2 VA2 + B?

TMoncTasnsas 3TH BeipaXeHus B popMyisl uist £(p) 1 U ', nMeeM

2 BG)
RV ey M A
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. ) A(p) _ B*(p) -
U _U+%:(A(P)(1 \/Az(pHBz(p)) \/A2(p)+B2(p)) -

=U+Z(-4(P)- A2@>+BZ(P>)’
4

WM OKOHYATE/IbHO, YUUTHIBAS BBeICHHKIE paHee BripaxeHus 111 A(p),
B(p) u U u BbinonHAs NpUMUTUBHbBIE apudMeTyeckue 1eHCTBYA:

£(p) = /5 + C*(n),

U' = (ep + upv,Cp) — £(p)),
P

rae no-npexHeMy
1 _
Clp) = % E J(B, P Yupvy.
ﬁ‘

HecmoTpst Ha T0, 4T0 K03GHLIMERTHI Uy B Up TIOKA €IE He onpe/iene-
HBI, TIOJTy4EHHBIN pe3ynsTaT JocTaTogHO rnepenektupeH. Ecm C(pp) = 0
(T.e. vp =0, u, = 1 WM HaoGopor), TO
e@):e,:p%, U =0,

¥ peanuayeTcs Clyuail HopMaibHO# (epMH-CHCTEMEI CO CIEKTPOM BO3-
GYXJIEHHEIX COCTOSTHMI, M300pakeHHBIM TOHKHMHM JIHHUSMK Ha puc. 5.1.
Ecnu e B3aumMoneicteme J (7, §') o6ecrieanBaeT meperyThiBaHue JJeK-
TPOHHKIX COCTOSIHHM (J, 8) M (—pP, —8) B 00GnacT, TpHUMbIKAOLIEH
K ctepe Depmu, To C(pr) # 0, U B ciekTpe £(p) TIOABISAETCA SHEP-
retiueckas wens £(pr) = [C(pr)| = A (roncreie nvHuM B 0GNMa-
CTM Ap Ha TOM X¢ DHCYHKe), ofecrniedMBaiomias HepaspylIaiouiee-
Cs TOKOBOE COCTOSTHHE 3JIEKTPOHHOTO rasa, T. €. ero CBEPXIIPOBOIM-
MOCTB: TaK KaK JIeKTPOH U3 3aNoNHeHHON cdeprl PepMU ¢ UMITYTBCOM
|P'| = pr — § = pp (caMulit HEBLITOAHBIN CAYyYali), ABUrasICh CO 3HAYM-
TeAbHON (HO MeHbluell KpuTHueckoit vy = C(pp)/pr ~ 10 *pp/m)
CKOpOCTbi0 ¥ W He mpeononesas aHeprerudeckoro 6apnepa 2C(pr)
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(T. e. He nepexoas Bo BHeuHocTh chepsl DepMu), IPUOGPETAET NONO-
XKUTEJLHYIO 2HEPrio

2C(pr) > £(Pr + mP) = e(pr) + (mt‘)‘- 8%;’:—)) & C(pr) £ vpr > 0,

TO 3HEPIHSI TAKMX <«BO3GYXKIEHHHIX» COCTOSSHMHA IBUTAIOUIMXCH 3JIEK-
TPOHOB, He MEPeXOIALIMX BO BHEIHOCTE ABuraromeics chepsl Depmu,
6ymeT TOXE ITOJIOKHTEJIBHOM, T. €. TOKOBOE COCTOSHHE CHCTEMH 6ymer
YCTORYMBRIM.

IlepeiineM Terepb K pacy4eTy CPEOHMX 3HAYEHMH

Sp {(M — Hp)e /)
Sp e~Ho/®

(H ~Ho) =

PaccMOTpMM CHadana cpenHee (A},’LA;") E;chTBcHHue BXOASILLNE

B 3TV YacTh KOMOGHHALIMH, KOTOpKE NPH YCIOBHM P # §' GyayT napath
HeHYJIeBbIE BKIAAK — 3TO CPENHUE THIA (a_‘,a;,r 8ya_y), PacyerT Koro-
PHIX ¢ IOMOLIBIO TEOPEMEI O CITAPUBAHUAX JAET

(alpa5apa_p) = —”;A(ﬁ'i' 7),

Y IIO3TOMY CpeHee OT 3Tolk uacTu onepatopa H — Hy GyIeT colepXaTh
TOJIBKO OAHO CYMMUPOBaHUE MO MMITYALCY P,

<——— E J (P, *')A’*A,,> = -i',- z J(P, —P)(Ay A_p) ~N° =1,
y

pEs’

¥ €ro MOXHO ONYCTUTH, TAK KaK 3TO cpem-lce He OyJeT MMeTb Heod-
XOAMMOIO CTATUCTUYECKOTO TIOPSANKA N B TOYHOCTU TO X€ caMoe
OTHOCHUTCS M K ClTaracMoMy

<-— 2 IEIATA >~ N’ =1,

P#P’

a cpeHme OT KOMGHHaIMI onepaTopos Agy, Apg W Apg B CHITY yCTIOBHS
q # 0 pooOuie GYayT PABHATLCSA HYJLIO.
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Taxum ofpa3oM, B cpenHeM (M - ’H(,) OCT2eTCH TOJILKO ONHO CJia-
raeMmoe

(H - Ho) = (H —Ho) = - E J(@,7') (A Ap) =
p#
=-= Z J(@B, 7' ) (A7 YAy,
p#ﬁ’

KOTOpOE B CHy KOMCTPYKUMM Hg, He TepellyThiBaIOIIeH OlepaTpphl
C PaSHBIMM 3HAYCHUAMM UMIYIBCOB, JOMYCKAET, KAK MBI yXe OTMEIIH
paHee, pacyeT CPeNHMX OT KAXNOH KOMGMHALMK OTIEPATOPOB POXIEHUSL
M YHUNTOXEHMS C eIMHbIM 3Ha4eHHeM P OTACJLHO OT APYIHX, Xapak-
TepU3yeMbIX APYTHM 3HAYeHHEM HMIYIbca P "4 P.

Buipa3uM omepartop A;," B TEPMMHAX HOBEIX ONEPaTOpOB dp M b,
¥ COXpaHMM B HeM TONBKO IMaroHaNbHElE KOHCTPYKIWH &, 6, 1 by b,
(ocTanbHbie B pesyMLTaTe yepenHeHHs namyT Hym). Mimeem,

(A5 )n,uar = (“p By ay — vy ap 2 By +upty (ayay+ 5, ﬁp))m:ar
= up (= Aptty (B by + a5 ap) + Apity) —
— v (— App(ag ap + b3 B,) + Appsy) +
+ upvp((Ay — ttp) (' ay + by bp) + 201p) =
= 2uptppty + (up — 25) Aphtp +
+ (“p”p()‘; - ";) - (“121 = ”xzi)'\pﬂp) (a;' Gp + b;- By).

Pacuer cpemH¥X 3HaYeHWIt OT hepMUEBCKUX YUCEN 3aNOTHEHUS a;,* a, =

=N, =0;1mu b;,*b,, = M, = 0; | npuBeneT K NOABJICHUIO COOTBET-
CTBYIOIIMX (PEpMH-pacnpeaesSeHH! i Jorapi(dMOB OT HHX, UTO B OaTh-
HeHleM TIoTpedyeT NOMOMHUTENBHAIX MPeobpa3oBaHUM TTONMYYAOIX-
¢ pe3ybTaToB. UTOOE 3TON0 HE CAYYWIOCH, TpeodpasyeM IBOWYHYIO
cuctemy (0; 1), BBeIs MISHHTOBCKWE CUMBONHI 0, = X1 u 7, = %1,
TIONIOXWB

Ogp+ Ty

20;-0., — 1 =0, 2b;-bp -l=1, a;'ap —+ b;'bp =1- 5
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Toraa HyneBOR raMWIBTOHKAH TIPHOOPETET BUA

1 .
Ho=U" - 5(p)5(¢7p + ),
)

rae

U'=U'+> eld) =) (e(p) + 5,2,C(p)).
2 7
YyurkiBasi, 4TO

B- = 1) = [ - ey + 2,00

2ppp = %(f))) = Rlps [2"'»"1059 ~ (up - ”;)C(P)] ,

nonyqaem wist (A}) B (o - 7)-0nepatopax AOBONBHO KOMTAKTHOE

ZHar

BHIPAXEHME
1 2 2.2 g, + T,
(A5) e =50 = 2 [2"””1’ (o= np) — (15— "p)npl‘p] * 2 P-
Ipt T, C(p) 0p+,
= —C u = i 2
tly‘vp 2% (p) (p)( p+'vp) upvp 26(})) 2
Tak xak B ramunsToHMan H; = H' — M) sxoaut npoussexe-

HHe A: Ay, TO pameHelmee pacCMOTPEHME YIMBHTENBHBIM O6pa3oM
HAIIOMHHAET COOTBETCTBYIOLIEE HCCIEAOBAHHE M3UHTOBCKOI CHCTEMBI
(eM. 1.2, 1.3, §2, . ).

WMeeM 11a «HyNEeBOro» TEPMOAMHAMUYECKOrO TOTEHLHANA

-Hy . U’
Qy=—-08InSpe o/ff —U" —@In Z cxp{20 Ze(p (ap—l—rp }

{op.15}

= ; (ep +upv,C(p)) - ZB;chh Y
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a TaK Kak
E o-pe(e(.p)/za)al’
o=l e(p) Ip+ Tp
(0p) = (Tp) = T cewang — Mg “< 2/
gp=$1
TO

) =ty - 0 0 5,

H MEI TIOJIy4aeM B COOTBETCTBHH ¢ BapMalMOHHOH Teopemoii boroio-
GoBa

RSV =0 - 7 3 TG F)A ) Ay) =
pEp’
_Ee,,—wzlnz ch =2 EC:(S) o) _

) C(p) p E@)  C@) e(p/)
EJ(p ) 2o'e(p')“‘ .

If#ﬁ !

H¥TepecHo OTMETHTD, YTO B 3T0 BHpaxeHue Wit ¥ xo3bdUUeHTH
(u—v)-nipeobpa3oBaHua BXOAAT TONBKO B KOMOHHALIHH, ontpenensiomei
BEJIMYMHY 3HepreTHueckoit wenn C(p). meHHo ona H Gyner Toit Bapbu-
PYEMOii BEJIMYMHOI, KOTOpas Ofpene/iseT MUHHUMANbHOE 3HAYEHHE OLIEHKH
TepMOIMHAMUYECKOTO TMoTeHLIMana  cBepXy. Jas Gyayiero 3aMeTum
TaKXe, YT0 PacXouMMocTb CYMMhl Ye(p) dMKTUBHA, TaK KaK

Zsp 2021n2ch ) _
= Z(e,, -+ C2(p)) ~ 20 Z In (14509
5 5

Ecnn yuectn, yro

dp) O/ +C0P )

aC() 8C(p) e(p)’
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TO YPaBHEHIUE MUHMMU3ELUMU (byummoﬁana v (6, V,N; C(p)) s

6%(Ck))
6C(p)

ONpEaEASIONIEe HAWIYYLIYIO ¢ TEPMOTHHAMHYECKON TOYKH 3peHHS Be-
JTWYWHY 3HepreTrueckoi memn C(p)

cn) Clp) 0_[CW),, ¢, CO), ) _
0==20th 0" 20ep) * P aC(p)[ )" ] )" 20
C(P’) S(P') 0 C'(P) (p)

2VZJ(” ) o) P28 500 o) © 20]

=0,

NPHMBOIMT K TPAHCIICHAEHTHOMY YpaBHeHmIo AN semmynHbl C(p),

2 CZ
c@)——zJ(p-' cw) Ve row

o B

(B npapoit yacTh B cymme no P’ HeT craraemoro ¢ P = P, uTO MOX-
HO yuecTb, opmansHo nonoxms J (P, ') = 0). Bropast Bapnaumsa ¥
no BemmuHe C(p) TPU BWINONHEHHH YCJIOBWS TEPMONMHAMHYECKO-
r0 PaBHOBECUSI CHCTEMBI 10 OTHOLIEHUIO K BETMYMHE SHEPreTHUCCKOM
wenu §¥/6C(p) = 0, peanusyeMOro peiieHueM ypapHeHHa (x), KaK
3TO M IOJDKHO ObUI0 OBITh, OKA3HBAETCA NMOJOXMTENbHOM,

(6211 )‘*’ & n@ O |

3C() e Wex(p) _, €@
2
Clp) 1 € e(p) E(P)
= {szp) h 6 }> %

"0 4 0

T. €. peleHHe ypaBHEHHA (*) onpeneser MAHHMAILHOE NO OTHOLIE-
HUIO K BEJTMUHHE SHEPreTUUECKOM HIENN 3HAYEHHE TEPMOAMHAMHYECKO-
TO NMOTEHLHANA, COOTBETCTBYIONIEE YCTOHUYUBOMY TEPMOAMHAMUYECKOMY
COCTOSIHMIO CHUCTeMBI (cM. puc. 6.1).
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¥(0) A

o a 1

Puc. 6.1, Xapaktep 3asucumocTu Benmuunsl ¥ o1 «leneBoro» napameTpa C

3aMeTUM elile, 4TO B TOYKE P = pr, KOIAa £p, = 0, B Cayuae,
6 < C(pr)

’

(‘52_‘1’)(‘) 1t L2 conn
CO )y 2 C(ZI;F) 8

Y BenuurHa ¥, COOTBETCTBYIOLLAS TPUBHAILHOMY PEIUCHHIO YPaBHEHUS
(*) C(pr) = 0, nexur Boilue 3HaUeHNs ¥, OTpPENENAEMOTO PEMIEHHEM
C(pr) # 0 (ecntv OHO, KOHEYHO, CYIIECTBYET), T. &. COCTOSHHE CHCTEMBI
C OTNMMYHOMN OT HYAA FHEPreTHYECKOM LIETIbIO OKa3kBaeTCa 601ee YCTOM-
YUBBEIM, Y€M HOPMAJIBHOE COCTOSHUE 3JIEKTPOHHOIO rasa.

Ec/IM ONCTABHTL pelleHHe YpaBHEHMA (¥) B BhIpaxeHue wna W,
TO OHO 3@METHO YIIPOCTHTCA ¥ NMPUHOGPETET BHIL

02u=3" (e~ /e +Cp) -263 1 1 + e VEEIN)
7 7 -
1 5 C2(p) \/& + C*(p)
7

+ = th
2 /6}1’ + C*(p) 20

(B 3TOM «TONCTaRNEHHOM» BapMaHTe 3alIUCH TEPMOIWHAMUYECKOTO IO~
TeHUMana npomssogHas O¥/8C(p) yXe He paBHa Hymo). 3aMeTHM
TaxXe, YTO TPUBMANBHOE pelieHue ypasuenus (x) C(p) = 0 ocrasnser
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B OTOii 3aITMCH TONBKO BTOPOE CJIAragMoe, KOTOpoe B CHIy £(p) = €p
COOTBETCTBYeT 3HaueHuo 3 = (), T. €. «HOPMAIBHOMY» COCTOSHHUIO
3EKTPOHHOTO Ia3a, ONIMCHIBAEMOMY MOJETBIO MASATBHOrO (hepMH-rasa.
HHTepeCHO OTMETHTB, YTO BEIMMMHA NMPOU3BOAHOU MOJTYYEHHOIO BHI-
paxennst wis ¥ o C*(p) MeHbIe Hyns,

U9 6(p) LS @) _
500 am(m{ e Syt ) }“
_ o1 e(p) ()
~ 8(p) ch? E_(P) (Sh 8 ) <O
26

T. €. BeJHYMHA ¥ mpM HaIMYHH KOHEJHOro 3HaYeHHSs c? (p) # O Bce-
TI2 MCHbILe BEMMIMHEL, COOTBETCTBYIOILEN TPHBMATBHOMY PELICHHUIO
C*(p) = 0. Ecau monoxuts @ = 0 (torma €y = 0) M pamIOXUTb
¥(C(p)) B bopmanbHHil pax o cTeneHsM C # 0, To noayuuM

AY =¥(C #0)-¥(C =0)= 8204(”) +...<0,

R

YTO COIIACYETCH C IPEeNBUIYIIUM HEPaBEHCTBOM M €llle pa3 yKA3hIBaeT
Ha TO, 4TO TpK § = 0 B ciyyae CYNIECTBOBABMSA HETPHBHAILHOTO PelIe-
HUS YpaBHEHUS (%) PEaNH3yeTcsi HMEHHO TO COCTOSIHHE EKTPOHHOTO
ra3a, KOTOPOS XAPaKTEPHIYETCs HAMWYMEM aHepreTrueckoit menu C(p)
B CIIEKTpe ero BO3GYXIEHHBIX COCTOSHMIA,



hasa 7

WUccneposanue ypaBHenus AN 3HepreTuyeckon
wenu 8 cayyae ynpouweH1oii mMopenu
B3aMMOAGACTBUA 3/1EKTPOHOB

§ 1. YpasHenue ang aHepreTuyeckon wenu
W TEPMOAUHAMUNECKUIA NOTEHUMAN CHCTEMbBI C MOACAbHBIM
B3aMMOAEHCTEBUEM YacTuLl, ACMYCKAKILMM AanbHeNLee
HceneaosaHue npobnembl CBEPXNPOBOAWMOCTH

BBIACHUB B NpUHLMIE, KaKMMH CBOUCTBaAMM OyHeT o61aaath CH-
CTeMa, OIMCHIBacMad TEPMOAMHAMHYECKHUM MOTeHIUHaIoM ¥, B cirydae
CYLLECTBOBAHKA HETPUBMAIBHOIO PELIEHUA YpaBHeHUs (%) 1A 3Hepre-
THYecKol 1wenu C(p), 3aMeTHM Cpasy, YTO STO ypaBHEHME IIPH CaMbIX
ofmmx npeanonoxeHuax o6 ycrpoiictee dynxum J (P, § ') He pema-
eTcA. OTa MaTeMaTH4eCKas TPYIHOCTD, NMODKUAABINAsA Hac C MOMEHTA
uccaenoBanns apdexta Kynepa (cM. § 1 a1oM yacT), Swigercs BHOBb,
Y YTOGR! MIPEONOJIETD €€ U IONYYUTh HEOOXOIMMYIO HaM OLIEHKY BEJINYH-
Hu C(p), BOCHONIB3YeMCA, KaK B § |, My/IBTHIUIMKATUBHON alMpPOKCH-
mauuei dynkuan J (P, 5'), J(P,7') = JO(P) - (§'), cocpenorouennoi
U uMerolLLielf TOCTOAHHYIO BEJIWIUHY B SHEPTETHUECKOM CIOE IMMUPUHBI W
okKono ¢depMU-YpOBHS €f,

1 Bcmydae gy < w,
o(p) =
0 Bcayyae |ep] > w.

Ota moness, NpeptoXeHHasn asropaMu Teopuu BKIL, signsercsa B Hammem
MCCIeIOBAaHWM IOCITEAHAM 3TarioM MoaennporaHusa 3ddexTHBHOrO B3a-
umoneiicteust ¥(§ + §, P, §). HecMoTps Ha TO, YTO OHa YYHMTHIBaeT
Bce (DM3WYECKHE TIPEONONOXEHHA, cHODMYTMPOBAaHHEIE HAMHU B § I,
B ¢opMaibHOM OTHOWIECHUH, Oyaydu pa3pbiBHOW, OHa, KOHEYHO, OYEHb
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e(p) A

Puc. 7.1. MNMosepeHne cnextpa BO3GYXAEHHBIX COCTORHMM 3BNEKTPOHOB &(P)
86n13un rpaHMu.u ®epmu cornacHo BKLU- annpoxomauuu nx B3aMMOAeINCTBNa;

B oxpecmocm P = pr wveem £(p) = (p 2;7) rae adpexTmBHan macca
A A

M=m—= m—p Lm
2ep Pr

rpyba, IPUBOAMT K HapyweHWo raakocTd GyHkumu £(p), onpexens-
oLl 3aBUCHMOCTh 3HEPTHU JTCKTPOHHBIX BO3OYXACHHIA OT UMITy/IbCa
(cM. puc. 7.1) ¥ TaK jHanee, HO 3aTO MO3BOMMET NOCTATOYHO TMPOCTO
MPEONONETh BCE MATEMATHUECKHME TPYAHOCTH M NOBECTH NPEATIPHHATOE
HaMM MCCJIEOOBAaHME NpPOOGIEMbL CBEPXIIPOBOJUMOCTH IO JIOTHYECKOIO
KOHLA. (3aMeTUM, YTO TepMOAUHAMUYECKUE XAPAKTEPMCTUKM BHIPOX-
HEHHOTO SJIeKTPOHHOIO rada ¢ ¢heHOMEHOJOTMYECKM 3aNaHHBLIM LIe-
JIEBBIM CHEKTPOM BO3GYXIEHHBIX COCTOSHMIA JIETKO PacCYMTHIBAIOTCH
CTaHIapTHHIMU MeTonaMu (cM. § 1, 1. 4)).

Moncrasnss BKII-annpokcumauuto anst J(F, §') 8 ypasuenue (),
monyyaeM

(P’) Ef, + C(p)

th

c 0 5! ,
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OTKYyZAa CJeAyeT, Y4To

Clo) = A(0) B cnydae |ep| < w,
B caydae |ep| > w,

M ypaBHEHME [l HETPUBMAILHOIO peuieHUus A(f) npuobperaeT BUX

J 1 \/€},+A2
h .

l=— t
2V;\/;§+_A§ 20

[Tepexons Kaxk 4 B § 1 OT CyMMUPOBaHHUS 110 UMIYJILCY P K MHTeE-
TPHPOBAHUIO MO BEJIMYUHE £p = § = (p2/2m) — ey V 0003Havas

p (J : Anp ) onst > 0
= =C N
(27]‘5)3 aep/ap A\ P=pp

TIPHXOAMM K OXOHYATENhHOMY BHAY YIIPOLIEHHOTO YpaBHEHUS IS 3a-
BUCALIEH OT TeMIepaTyphl 3HepreTH4ecKoik mem A = A(0)

_ 1 JEIN :
l—p[mth o) ag, (*)

[Ae w — 3HepreTu4YecKas fpaHULIA YYTEHHON BO B3anMogeHcTBUM
v(P, §', §) LIMHHOBONHOBOIX, T. €. TOMBKO (JOHOHHOW UacTH Tepenaio-
(MX B3aMMOREHCTBHUE OT NEKTPOHA K INEKTPOHY KonebaHUN penieTKu
(re. w < wp).

TepMoauHaMuyeckuii noTeHuMan ¥ B IT0MH annpoKCuMalliy NpHu-
ofperaet BUA

4\/62+A2 174

— — . /e2 2 _v ' A2

\I:_Eﬂ:{ep Vei+A 291n(1+exp 2 )}+JA
y 2 2

A A e o

0 J
0
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HHTepecHO OTMETUTD, YTO B 3TOM BapHaHTe TeOpMU

oq;_z(l_iz 1 thw/€§+A2)=0
W farm B

A |
U TepMOAMHAMUYECKHIl noTeH1Man ¥ 06afaeT S3KCTPEMATLHRIM CBOH-
CTBOM 10 OTHOWIEHHMIO K BeWuuHe A,

§ 2. Pacuer remneparype $a3oeoro nepexoaa 8,
U TeMnepaTypHoe NOBeAEHNe SHEPreTUMECKON LWenu
B avanasone 0 < 8 < 6,
[Ipucrynas X pacCMOTPEHMIO YpaBHEHWS (*'), 3aMETUM, YTO OHO
TOXE B IIOJHOM OOBEME TOMHO HE pelllacTcid, NOITOMY MH PaccMOT-

pHM IOC/IEIOBATE/IBHO PAN YaCTHHIX CJIy4acB, KOLAA €ro MCCICIOBAHUE
He TpebyeT 0COOHX 3aTparT.

1. Cnyuait 8 = 0. Ecnu B ypaBHEHNH

— r l' '
l_pof\/ﬁzwéd{

CIleNaTh 3aMEHY NIEpeMeHHOM MHTerpuposanus § = Agz, TO

w/hy
! = / dz = arcsh ud
p J Vzi+1 Ay’
¥ MEI TTOJTyYaeM B Mpeaene cnaboii cea3u

1
Ao = Zw'e*l/p_—e_l/— & dwe

-1/p
7 ’

T. €. MMEHHO TOT PE3yNLTaT, KOTOPHIA B COOTBETCTBHM C TIPENBAPUTE/b-
HhIM 0OCYXICHHEM HaMy H oxuaancs (cM. § 1).

2, Cnyyait @ < Ay. ITonaraa

VETE VETE,

th =1- -
29 1 2exp{ 2
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nonayyaeM cornacHo (*') mpubKeHHOe ypaBHEHME

W
— 40 =arcsh— — 46
arcs A

- 7

rae, 3aMeHAs B MONPaBOYHOM uneHe BeuuuHy A = A(6) Ha Ay = A(0)
M YYMTRIBast, 4TO B obnacth £ = (

\/§2+Ao 0 1 (2

9 8 "ing T

HMMEEM, HCTI0Ab3YS METONMKY pacyeTa aCHMIITOTHKH C IIOMOLLBIO METOAA
nepeBaia (CM., HanpuMep, T.2, ri. 1, 3anayy 3) B npenesie Ag/0 > 1

i 1 —/& + A?
0=2 exp { }d{
[\/£2+A2 8

—_ { A ,
0

1R

OTKylla CJCOYET HM3KOTEMIIEpaTypHOE MOBeIeHHE 3HEPreTUYECKOoi
weau A

1

_ o~ =1/p -6 ~y _ —Ao/8
A= 2wel/p+5 ey 2we e =2 Ag—2rAbe .

3. Cnyuaii A(6y) = 0. YpaBHeHHe ISl KDUTHYECKOH TEMTIEPATy-
pi 8 cornacHo (*') uMeeT BHA

Tax Kax aHAMUTUYECKMMM METOJAMM 3TOT MHTErpal He Oepercs, Mpo-
M3BEAEM B COOTBETCTBHH C pHC. 7.2 ero rpy6ylo OLEHKY CBEpXY.
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'
1
]
1

0 z =¢/28,

Puc. 7.2. Tpadux nogsiHterpansHoi ¢gyHkuum th z/z, onpegensioLedi Be-
Anuudy By (TONCTan NUHWR) U ee anNpoKcMauMa B MHTepeanax 0 < z < 1
U 1 < z < 00 (ToHKME NMKHKK)

HNMeemM, pa3biiBass MHTETpPaJl Ha IBa y4acTKa,

OTKYHa, noncmmmﬂ 3HauyeHHe e = 2, 718 nojrydyaeM
0 < Ewe ~Vp & 1 26we™ P

YucneHHbI PacyeT UHTErpajia ONpeleisieT TEMIEpaTypy (ha3oBOro Ie-
pexola B HOPMAJILHOE COCTOAHUE (TeMITepaTypy HCUE3HOBEHUS dHepre-
THYECKOM LIEIM U SIBIEHHS CBEPXIPOBOAMMOCTH) KakK

6o = 1,13we™ /7 22 0,565A,,

uto Ha 10 % ¢ HeGONMBUIUM MeHBIlle TIOMYYEHHOM HaMU Tpy6oit OLIEHKM.
4. Cnyuaii
60 (90 - 6)
—=—"KK1.
& 6o <
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B aroM ciydae A/8y < 1, ¥ noaToMy, pazsiaras TIOXBIHTETPATBHOE BhI-
paxeHUe B ypaBHeHuu (*')

l,/w_l L S
p—o VE T+ AT 20 + 88)

110 BenMumHaM 66 u A’ u Tepexols K HHTErPHPOBaHMIO TIo Ge3pa3mMep-
HOM mepeMeHHOK T = {/20,, TONyYaeM B TIEPBOM MODPSAIKE

w/20, w/26,
06 / 1 dz = A? f (tha: 1 dz)
6o J chlz 86} J @ zlch’z )’
WK ,
80 A
—A=—B.
6 863
Unrerpansl A m B cxoaarca, M MX BEPXHUE TIpeie/TH
d 7
-~ 1
T

MOXHO 3aMCGHUTL Ha +00. Torma, OCYIIECTRASISA YMC/EHHBIA pacyer
uHTerpana B (caMas rpyGas ero oLeHKa, NPOBENeHHast B ayxe puc. 7.2,
AaeT BenmuuHy B < 2/3), monyyaem

A
A? = 5 86,00 = 9,390,460,

OTKyna
0 —0
6

OO0t BUL TeMMEePaTYpHOU 3aBUCUMOCTH BeMHMYMHHL A, npen-
CTaBJICHHbIII HA pUc. 7.3, OTKPOBEHHO HANIOMMHAET TEMIIEpaTypHYKO 3a-
BMCHMOCTDb MapaMeTpa NANBHETo MOpSAKa (CMOHTaHHOW HaMarHW4eH-
HOCTH) B CHCTEMax, JOMYCKAIOMMX NMPHGIIDKEHHE MONEKYIISIPHOTO No-
N5, B KOTOPHIX TOYKa & = 6, TaKxke sABNAETCA TeMrepaTypoif ¢azosoro
nepexoza 2-ro pona (cM. Apui. V).

A 23,0646,
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AlDg A

>

016, = 1,476/, 1

Puc. 7.3. O6wuit BuA TeMnepaTypHOil 3aBUCUMOCTU 3HEPTeTUHecKol wenu A
B CNEKTPe 3NeMeHTapHbIX BO3BYXAEHUI SNEXTPOHHOrO ra3a 8 MeTannax

BosHukinag ¢ MOMEHTa BBEAECHMS M3WHTOBCKMX uMcen o = =1
H T = 1 aHaIOrUs ¢ TeOpHeH MOMEKyIApHOro nois (Kak c¢akropa
JanbHero nopsaka no Bperry—BuibsaMcy), noaTBepXoaeMoit 1S CH-
CTEM W3WHTO-Tei3eHOEProBCKOTO THTIA BapUAUIMOHHOM OLIEHKOWH (CM.
npuA. V), JOCTaTOYHO HaBSI34UBA: TE XC THIMEPGOIMUECKHE TaHTEHCHI
M KOCHMHYCHI B BEIpAXXCHHH [UIS TIOTeHIMana ¥, a ypaBHEHUE I SHep-
TETHYECKON e BOOOIUIE BBIMISITUT KaK WHTETpAIbHOe 06061cHuE
ypaBHeHMA Bejicca Ut CIIOHTAHHOW HAMarHNYEHHOCTH (OTCIONA U CXO-
XECTb B TEMIEPATYPHOM MOBEAEHUM BETUYMH SHEPTETHYECKOH 1uenm
A(#) v yrenpHOM CIOHTaHHON HAMATHWYEHHOCTH ¢(6)), He roBops yxe
00 MOSHTUYHOCTU XapakTepa ¢a30BOro 1nepexona ¢ KOHEYHHM CKAYKOM
TEIUIOEMKOCTH (CM. nanee §4).

OTa aHaNOrus ycwiMBaeTcd ele Ooyiee B MpoUecCe N0KAa3aTellb-
CTBa ACUMITTOTUYECKOU TOUYHOCTH MONYYEHHBIX B UIIOXEHHON TEOpHU
pe3ynsTaTos (cM. § 7), KOTOpoe, MO CYLUECTBY, ARIAETCA KaibKOR JKOKa-
3aTe/1bCTBA ACHMITOTHYECKONH TOYHOCTH BApHAUMOHHOIO MPHOMKEHUs
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B TEOPHU TIeid3eHOEeproBCKOro (peppoOMarHeTu3Ma Ipu MCNONb30BAHUU
MOZETH €1260T0 B3aUMOAEHCTBUS CIIMHOB CUCTEMBI CO CTPEMSILIAMCH
K GECKOHEYHOCTU panuycoM HeicTBusi. OTMETUIM IIONYTHO, YTO BapMa-
LIMOHHAA OLICHKAa TEPMOAMHAMUYECCKOrO MOTEHLIMAIa — 3T0, KOHEYHO,
NpUGMICKeHWe, U TOMBKO TUIOTE3a O OECKOHEYHO HalbHOOENCTBYIO-
LEM XapaKTepe B3aUMOLEMCTBIS YACTHLL (WM Y3IIOB PEILETKM) youpaer
JnorapuMuyecKyl0 0COGEHHOCTs B TEMIIEPATYPHOM II0BEAEHUH TEIl-
JI0EMKOCTH B O0JIaCTH HEMOCPeICTBEHHOM GIM30CTH X ToUKe (Ha30BOro
TIiepexoja, pealbHO CYIIECTBYIOLIYIO B TPDEXMEPHBIX cricTeMax eppoMar-
HHMTHOTO THIIa, COXPAHAS JMILb e¢ KOHEUHBbIA cKadoK AC ¥ cBOIA TeM
caMBIM (a30Bblii TTIepexox A-TUIA K HasoBOMY MEpEXOAy BTOPOTO poja.

OnHako, dheppoMarseTuk leifzenGepra (AMCKpeTHas cUCTeMa), K-
TPOHHBIN 43 B MeTale (ZBYXKOMIIOHEHTHAA 3NeKTPOH-(POHOHHAsA cU-
CTeMa) M BHIPOXKICHHBIY HEWACATLHBIA ONHOATOMHBINA 603¢-ra3 — 3T0
¢ PUandecKoi TOYKU 3pEHUS COBEPILEHHO Pa3HbIe CHCTEMbI KaK B AMHA-
MMYECKOM (pasHle [0 XAPaKTEPy THIILI B3aMMOIEHCTBYSI), TAK X B KU-
HEMaTUYECKOM OTHOLIEHMSX (603e-cUCTeMa — CO CBOEil KOHjeHCauu-
eif, hepMu-raz — c npuHuunoMm ITaynu, a cucremMa yucen £1 BooGuIe
He UMeeT OTHOWIEHHS K KBAHTOBOI TEOPHH). ABTOP BCEraa AOCTaTOYHO
HACTOPOXEHHO OTHOCWICS K YTBEPXICHUSAM YpPe3MEPHEIX NOCTOMHCTB
TEOPUM Noa0OHs, OTHOCA €¢ K (F¢HOMEHOMOrH4eCKOM KaTeropMu, Tak
KaK 3TH BO3HMKAlOLiWe Nnopoit ¢opManbHble AHAJIOTHM M COBIIANEHMS
HaC YAUBIAIOT, HO HUYETO HE JOKa3bIBAIOT, a SIBIAIOTCA JUILbL 3MOLIUO-
HaIBHBIM BTIEYaTACHUEM.

B 10 Xe¢ BpeMsI HEMb3d HE 3aMETHTh, YTO 3TH aHAIOTWM B JIYJINCM
CJTydae MOTYT OBITh MCIOJIB30BaHEl B KAYECTBS HABOOALLMX COOOPaXCHMIA,
KAK 3TO MMCHHO M TIPOM3OLUIO B MVIOXKEHHOI B 3TOM Naparpade TeOpHH.



Mmasa 8

TepmoanHamuyeckue CBOWCTBA
MOAENbHOr0 CBEPXNPOBOAHMKA

JnddepeHuvpys noayyeHHOE B MpeABAYLIEM aparpad)e Belpaxe-

HMe U TEPMOIHHAMHYECKOTO NoTeHHaia W o TeMmepatype H yau-
ThiBasA, UTO

ov

aA?

MOJIydaeM Uit SHTPONMUM CHCTEMBL

=0, .

ov
S—~———Z%2aln2ch—20—=
,/52+A2 \/52+A2 €3 + A2
—E 2In2ch +— 5 T

OTKYJA JUIA TEIUIOEMKOCTH IIpH TIOCTOSHHOM 0GbeMe CliedyeT

Veat+ar e+l
N N i e
5 . €+ A?

¢ 20
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TO NOJy4acM OKOH4YATEIbLHO

2 2 2
e 1 {ep+A 18A}=

fe2 2 200 49 00
7 2 g+ A

¢ 28

_ﬁzj ! grar_1aa)

sJ pVEEAT| 260 4006 [
0 " ———

2

Hcenonpaya nomydeHHBIE B § | WacTHEIE Pe3YNETATHI LIS BEIHYMHBI A?
B 06NacTH HMAKMX TeMrnepatyp § <€ Ay ¥ B obnactu, mipuneraiomen
K TeMMepaType UCUC3HOBCHMA 3HepreTHuecKol wemn A(fy) = 0, xorna
(60— 8)/8y < 1, nccrenyeM TOBENEHHE TETUTOEMKOCTH B 3THX Xe Kpali-
HHX CIy4asx.

Cnyyait 8 <« A. YunrniBasg, uto B 061acTH, Npuwierawowei X no-
BepxHocTH DepMu |p ~ pr| < Ap, MOXHO TIONOXHUTH

G &\ . . 1rkp—pe)?
24 A2 — he P~ _ER\P T PF)
g+ A —A(1+A2) _A+2 Al

—- 2 P2
p-pr) P

=48+ M

e «xbPekTBHAagA» Macca, XapaKTepu3ylollass KpPYTH3HY Napaboisr,
WCXOAALIeH W3 TOUKH P = pp (cM. puc.7.1),

A A
M=m—= m—p & lO"‘m,

2%p PF

HMEEM Pa3yMHYIO aNIpOKCHMALTHIO NEPBOTO MHOXMTENA TOALIHTEIPATh-
HOI'O BRIp2XeHMs B popMy/e WA TeroeMKkocTy C

1 & 4o~ D0 . pmP/2M0

¢ 20
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Tak KaK BTOpOe claraeMoe B (PUIypHBIX CKOOKAX B 3TOM Xe€ WHTerpaie
COMEPXUT BEIHUMHY

3_A2 " —-A (21er ) me-AD/a

T. €. ellleé ORHY IKCMOHEHTY e A8 < 1, TO €ro NpH TPoBEeJEHHUH OCHOB-

HOM OLICHKM MOXHO OITYCTHTh. JTO X€& OTHOCHTCA M K y4eTy TemIepa-
TYpHOI 3aBUCUMOCTH caMoil 1eau

A=Ag— /2708 -2 = A,

Hanee, ycpeIHEHHE BeTMYIAHEL e,z, +A? no KBa3UMAaKCBE/NIOBCKOMY Pac-
NpesesieHNIo o BesimuiHe P paer

2 AZ 2 ‘ﬁ 2 ' 4 ~A2~A2
€p+ A+2A —A 1+Z = = Ay,

¥ ME[ TIONY4aeM JUTS TEIUIOEMKOCTH CHCTEMEI B 06J1acTH 8 < A

Ao Ao/o —PY2M8 4 ~Ay/8 4
C= 24202 14+0( 5 )+ P( 3

0

00
dnppV ~P} M0 —Ao/8 T 0 [Ao\ ~Ao/8
Qrhy 202fe dPe =3NS 5\% ) ¢

14

14

—00
NHR337? M -4
rae Mbl yU, 4yto V = ———, u B cuy P &~ 107" pacwnpunu
Pr

061acTh HHTErPpHPOBAaHHS 1O BeNu4HHe P,
-Ap<P=(p-pr) <+A4p

Ha BeCh MHTEPBAT OT —O00 A0 -+00. DTOT XAapaKTEpHBIN pe3ynnraT
JUTSI CUCTEM, B KOTOPEIX 3HEPIHHM BO30YXIACHHBBIX COCTOAHMI OTAeNeHE
OT 3HEPruH OCHOBHOTO cocro;mml SHEPreTUYECKON WICAbIO, M colep-
JKAIUI 3KCIOHEHTY € -4/ & 1, MOTHOCTBIO COBMAfAET ¢ PelleHHeM
3aayM, MPUBEACHHEM B § 1, . 4.
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131

Cny4aii 6 = 6,, A(6y) = 0. INonaras

o _
v

1 (E) _

31
4€F,

2.3, _ -2, 3475,
0

HMeeM
31 1 %
C(0y) = N-—2 2,3475 |d€ =
(0) 4€F / h2 € (2024— ) £
26,
0
36 22 42,3475
N5 / 2D g
EF ch’z
0
3aMeqasd, 4to
1
w w o~ |/P > 1

20, 2-0,565A,  2°

MBI MOXEM B HUTETPATIC MO BEIUYNHE T — -b— 3aMEHWTh BEPXHUI Tipe-
0

Ien Ha +00. YUTeM YMCICHHBIE 3HA9EHUS OITPEACNICHHEBIX WHTCTPAJIOB

x 1 =400
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Torna, oTHeCs BEAUYMHY TEIUIOEMKOCTH CBEPXIIPOBOAHMKA CJEBA OT

TOYKH 00 K TCIDIOCMKOCTM HACANIbHOI'O (bepml-raaa Ip4 TEMNeEpaType
72 0,
cinpasa ot 6y, Cyy = N T MOJIy4aeM
F

C(0,) 'ij +23475d
Cua(o) n? .

6-23475 [ 1 ,
= 14+ 0,85z°) dx =
72 / ch? z( +0852)

= 1,428(..41 +0,854,) = 1,428 - 1,699 = 2,426 = 2,43
C(6,)

wa(oo)
ou6ky B 8,7%).

TakuMm 00pa3oM, MPY ODOCTUXKEHUM TeMiepatypw 6y B cUCTeMe
nporcxonuT a3oBhIif Mepexon 2-1o poAa Mo 3peH(eCTOBCKON Kiac-
CHPUKAHNA U3 CBEPXNPOBOAAILETO B HOPMAJBHOE COCTOSIHME 3JIEK-
TPOHHOIO rada ¢ KOHEYHBIM CKAYKOM TeIUIoeMKOCTH AC/C,y = 1,43.
C(6)
Cvm(oo)

(rpy6as OLIEHKA TAG/IMYHOTO uHTerpana A, aaer 264, T

Ipadux TeMnepaTypHOoil 3aBUCMMOCTH BETUUUMHBI NPENCTARICH

Ha puc. 8.1.

Teop. | T1 | Zn | V | Ta | Al | Sn | Nb [ Hg | Pb

C(0)/Con(B0) | 2,43 | 2,15[2,25(2,57| 2,58 2,60 | 2,60 [ 3,07 3,18 3,65

Hccneays ynpouieHHYI0 M30TPOMHYIO MOZENb CBEPXINPOBOJHMKA,
MEI MOJIYYWIH HEKOTOPOE YCPENHEHHOE 3HAYCHHME SHEPreTHYECKOM e
a A(9), onpenensomeii yXxe MOTOM Kak Gbi B OGIIMX YepTax xapak-
TEPHBIC OCOOEHHOCTH BCEX CBEPXMPOBOIAIINX CHCTEM (To Xe caMmoe
MOXHO, K NPHUMEPY, CKa3aTh U 06 yHUBepCcabHOM B YIOMAHYTOM BhILUE
CMBICTIC TEOPUH TEIUIOEMKOCTH TBepAhiX Tea no Jle6aio). Ha axkcnepu-
MEHTE Xe KaK B HH3KOTEMINEPaTYpHOU 06/1acTH, TaK U B MOMEHT Iepe-
XOJa M3 CBEPXTIPOBOASIIETO B HOPMATBHOE COCTOAHME MPOABIAETCA MU-
HUMAJAbHOE 3HAYEHMUE DHEPIETUYECKONM LLENU, TaK YTO TEOPETHYECKHE
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Puc. 8.1. TemneparypHoe foBeaeHUE TENNOEMKOCTU MOLAENBHOro CBepxnporoa-
HWKA, OTHECEBHHOW K TenNoemMxocTu vaeanbHoro dgepmu-rasa B Touke Haslororo
nepexona 8 = 8,

1
3
1
]
1
1
{
1
1
1
)
1
1
1
T

pe3yNbTaThl U TETUIOEMKOCTH U APYTUX BEAWYMH, TIPONIOPLIMOHANS-
HBEIX A WIM &, OKa3pIBAIOTCI HECKONBbKO 3aBbllleHHEIMM. Ho Bee xe,
€C/IM COMOCTABUTD TIONYYEHHYI0O HAMU Ha OCHOBE MCIIONL30BAHUSA BECh-
Ma rpy0oft MOJETH INEKTPOHHOTO Ta3a B MeTajuie 6e3pa3MepHyIO OLEHKY
cKauka TeroeMKoeTH AC/Cya(fp) ¢ 3KCIEPWMCHTATHHEIMA JaHHBI-
MH, TO 06HapYX1BAETCA BEChMa TIPUATHOE COOTBETCTBUE 3THX BEJIMYMH
(cM. Tabn. Ha cTp. 132), YTO ¢ HECOMHEHHOCTBIO CBUIETE/ILCTBYET O TOM,
47O rpybas U OTKpoBeHHO dopmansHas Moxenb BKIU npasuibho oT1-
paXaeT WMEHHO TOT OCHOBHON IWHAMMYECKUH MeXaHW3M, KOTOpbIi

TIPUBOIUT K 06pa30BaHMI0. YCTOWYNBOTO CBEPXNTPOBONSINETO COCTOSTHUS
CHUCTEMBI.
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BenuunmHa KpUTMHECKOrO MArHUTHOTO MONS
1 $a3osbid nepexos 2-ro popa

§ 1. TepmoanHammuyecxas Teopmus

TepmonuHamuyeckas Teopusi Ga3oBoOro nepexoja MeTaUia U3 HOp-
MaJIbHOTO B CBEPXIPOBOALIEE COCTOSHHE MCXOINUT U3 GEHOMEHONOH-
yeckoro ydyera sddexra MeiiccHepa U allIPOKCUMALMM SKCTIEPHMEH -
TANBHBIX JAHHBIX O TEMIEPATYPHOM 3aBMCHMMOCTH KPUTHYECKOTO Mar-

HUTHOIO nosid ,
sioon(-(2)).

CTipaBe1MBOH B OCHOBHOM B obnactu 8 < 8y (cM. puc.9.1).

BOTa Teopusi IPOCTa, MIO3TOMY LieecoO6pa3Hee ee HAIOMHHTD, YeEM
OTCBINATh K y4eOHOI1 uTeparype.

Cornacuo 3ddexty MeliccHepa, nmoje MarHMTHON MHAYKIMM B
npy temneparypax # < 6y NOMHOCTHIO BBITECHAETCA M3 LWIMHAPHYE-
cKkoro obpaslia ycaoBHO OeCKOHeWHOH ANWHBI, B cBA3M ¢ 3TMUM s
BEJIMYUHBI HaMarHuyeuusa M umeeMm

H
B-H _d B 00JIACTH CYLLUECTBOBAHHA $-(ha3nl,
4

0 B 00/1aCTH CyILeCTBOBaHUSA N-(a3nl.

IMostoMy u3MeHeHue noreHumana ¥ eaMHuilbl 06beMa MeTajla, CBS-
3aHHOE ¢ BK/IIOYEHHEM MarHuTHoro noas H 6yner umerb BUA

2

H
0 0 B CITyyae n-¢pasm.
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q:v

0 B,

Pue. 9.1, KaveCTBeHHLIA BVIA rpaduka 3aBMCUMOCT BeNvuviHbI KPMTUYECKOro
MarHuTHOro Non\ OT Temneparypsi, paspenriowiero obnactn CeepxnposoOpALLero
(8) » HOpManLHOro {N) COCTORHUIL MeTanna

TaxuM o6pa3oM, A pa3sHOCTH NOTEHINATIOB eqMHHUUB 06BEMa MeTaUIa
pa3HbIX ¢a3 npu 3HageHusax § < 8, moayuaeM

1
7 (Tn(8, H) = 0,(6, H)) =
1 H' _HL0) H
= v(wn(o,o) - U,(8,0)) - B
OTKYyIa, BCITIOMHWHAS, UYTO SHTPONUA
S = —%,

HUMEeM

_ Hyp(6) OHy,(6)
ax a6

T. €. IUIs1 BCeX 3Ha4eHuit TeMmepaTyphl 8 < 6y ¢$ha3oBHIif Iepexon u3 Hop-
MaTbHOTO B CBEPXMPOBOASALLEES COCTOSHWE ABNACTCA (Da3oBBIM IIepe-
xonoM l-ro poma ¢ OTAWYHOI OT HyNA CKPHITOR TeruioTod Niepexona
g = 0AS. Sta BeMUMHA paBHa HYNIO TOMBKO B ciiydae # = 8, Tak KaK
Hyp(0p) = 0, 1 Ml mony4aeM, uto B ciy4yae H = 0 Npu HOHMXKeHUM
TEMIEPATYph! 40 BeIMUMHLL § = 8, npoucxoauT Ga3oBLLil nepexon 2-ro

Sa_Sn
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pola U3 HOpMAILHOLO COCTOAHHA CHCTCMBl B CBEPXIIPOBOAALUCE C KO-

HEYHBIM CKAaYKOM TEIUVIOEMKOCTH
_& (aH,,,(o) )’

rae penuunHa H,,(#) cBasana co CKaukoM TEPMONMHAMHYECKOTO 110~
TeHmana AV =¥, — ¥, cucremMsi coo'momex-meM

H.%,,(O) 1
8t 7(‘1’" — ) H=0

)
Ci=Cn=AC=05,AS

1
= -—?A\I!.

§ 2. Can3b adppexta ¢ BENUIMHON IHEPTETMHECKOH Lienu

IlpencTaBUM MOJAY4EHHYIO B § 3 BEAHUMHY
AT =¥(9,V, N|A?) - ¥(9, V, N|0)

B BHJE PA3IIOXEHHA B pAl MO CTENECHAM A?. Yrobu B xo3tpbuureHTax
2
3TOro PaVIOKEHUA BEJIUYUHBI @ 1 A° (HAMOMHMM, 4YTO BO BCEX HALUMX

dopmynax A’ = A?(8)) 651 6bi COMIACOBAHB! IPYT C APYTOM TIO TEM-
neparype, OyxeM pasnaraTh B psii HE \D(Az) B OKPECTHOCTH A = 0,
a Bemuunny W(A” - Az) B okpecTHocT! A’ # 0. Tora

AT = ¥(AY) - ¥(AT-AY) =

=‘fIl(A2) - (\I'(Az) - 6?5)& + 8(2:’ A(g? %4 + ) -
_av(AY) ,  Hu(AY) A
T aAr T (8Aa) 2

Janee umeeM
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M BXITAN, IPOTIOPLMOHANBHE A’ B BhipaxeHun wist AV, B cwiy ypas-
HEHHUS 1715 SHepreTHyeckou eru A(9) npornanaer

20 20e3+A?

-1
2o Jed+Ar | VA
-2 (gm) o Y2 ,
g+A

U MH MOJIyYyaeM, COXpPaHsist TONLKO HU3NIN{, YeTBEPTHI NOPAAOK Mo A
B BhipaxeHuu wia A¥, yro

32,1, AI A4 2,1, Az 4
PO T . T
(aA) 2 (8A22 ) oy 2
=% A
53 20 2052 cht &2 28 (27
26
Tlepexoas K MHTETPUPOBAHMIO N0 BENUYMHE § = £p, YUUTHIBasA, YTO
pV _ Vmpr
T T
N BBOIOA 6e3pa3mepl-ry10 NMEPEMCHHYI0O UHTCIPHPOBAHUA
¢
=%
NnoJiydaeM
1 p f" R S i A4
——Aav=L2 )l h> - —. =
1% J 0{53 20 26¢2 hz& a 8
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Wnrerpan mo nepeMeHHOM & HaM 3HakoM (cM. § 3, m. 2). OH paseH
B = 0,85. YuntnBad, 4To

m _ pr _ A3wn e n-—N
Pr = 2ep o 2ep . A - vV
NoJiyuyaeM
1 3.0,85 A* H?
——Am — 3 n = KP(B) ,
| 4 64 0%cp 87

OTKYIA Ui KPUTHYECKOIO MArHHTHOIO 1104 6yIeM HMETh

pr(g) = 1 275 \/—

\/_

Yycino, CToSIES MO 3HAKOM KBAIPATHONO KOPHS, YIMBUTEIbHLIM 06-
pa3oM okasmiBaeTcsi paBHBIM 1,00087, yro maer HaM mpaBo 3aMCHUTH
BECh YHCJICHHBI KO3(GDUIHEHT HA eIHHULTY.

Tak Kak B HallleM WCCIEIOBAHWU WHTEpEC NpeAcTamiseT obnacTb
9 < 8y, B xoropoit A? = 9,392(1 - 6/6,), T0 MBI 1TONYYaeM

(7
Hkp(e)a/f—’;- 9,3900(1- 5;),

OTKYHa ClelIyeT, YTo

(0 st
a6 0==0, Y EF.

2
w 00

Vuurreisast, 4To st | M HopManbHO# daset Ciy () = nI s Bynem
F

UMeTh s 6e3pa3MepHON BENTUUYUHBI CKAYKA TEIUIOEMKOCTH, COIJIACHO
TEPMOIUHAMUYECKOI TEOPUMH,

ac
Cua

88,2
> 1,424
9=8, 2n

BMECTO TIOMYYECHHOM paHee BETHYHHEI 1,426, UTO MOXKHO OTHECTH 32 CUET
NOIPEIHOCTENR YUCIEHHOIO pacyera.
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HakoHel, eciM NpeacTaBUTh MOJYYEHHYIO Hamu opMyny st
H,,(0) B obnactit 8y — 6 < 6 B BuUIE BRIPAXECHUs, MCIOJb3YEMOIro
B (heHOMEHOIOTHYECKOH TEOPUH

Ho(0) & \/29,39%“ (1 - (%)2);

M COBepIIEHHO HEOMPABIAHHO YKCTPAIOIMPOBATh €0 Ha BECH MHTEPBA
0 < 8 < 6y, T0 NonyunM, uto BenmuuHa Hy, CTOAIIAS B SKCHIEPUMEH-
TanbHO# annpokcumauun H,p(6), 6ynet pasna

Ho = /2 46956, \ I2 2652,
€p ErF



masa 10

KayecrBeHHblid yyer
KYNOHOBCKOr0 B3aUMOAEHCTBUA

Bauy TOro 4YTO MOJHBLA pacyeT RIMSIHUSA KyIOHOBCKOIO OTTa/IKMBa-
HMSI Ha CYLIIECTBOBAMME YCTOHYMBBIX KOPPEIMPOBAHHEIX ap (7, T; —P, 1)
B JHEPreTHYECKOM CJIOE, MPHMBIKAIOWIEM K noBepxHocty Pepmu, rpen-
CTaRIsIeT IOCTATOYHO CJOXHYIO 3allauy, pPacCMOTPMM 3Ty NpoGjieMy
Ha ypOBHE YX& HMCMOJIb30BaHHOW HaMu B § 3 amrpoxcuMmauuy B3aM-
MOJeCTBHA 31eKTPoHOB J(F, §'), KoTopas No3Bo/iia HAM C MMMH-
MAJBHBIMH 3aTpaTaMM NPEeONoJIeTh BCe MAaTeMaTHYeCKHe TPYSHOCTH pe-
IUCHUsL ypaBHeHUsi (x) Jns 3Hepreruueckodl wenu C(p). Ytobu ewie
Goslee YIIDOCTHUTH 3a1ady, pacCMOTpHM caydadl § = 0, Korma 3To ypas-
HEHHe TTpHoOpeTaeT Haubonee NMPOCTOi BUT

cw)
/& +CHY)

Yuyrem, 4TO HHIYUHMPOBaHHOE KONEOAHMSIMM PELICTKU TIPUTAXCHHUE
3NEKTPOHOB CYIIECTBEHHO B OOMACTH —w <& <w BOMH3M TPAHMIILI
MepMmu, e w < wWp, ¥ XapaKTepHU3yeTCd KOPPEIALUOHHREM PaqycoM
Ryopp~3- 104, a KYJIOHOBCKOE OTTATKUBAHUE, 3KPAHUPYEMOE UOHHBIM
¢oHOM pelreTky Ha paccToOfHUU Rrp ~ 1A B 6onee UIMPOKOH o6racTy
—w; < £p < W, TOE COMIACHO OLIEHKE, NpUBeaeHHON B § 1 3TOH yacTy,
W) TIPEBHIIAET BETMYNHY W B 10°-10* pa3. Uro6nl pemurs B 3Tolt cH-
Tyauuu ypasHenue st C(p), vcnonsayeM, Kaxk W B § 3, CTyneH4aryio
anmnpoxcuManmio GyHxkimu J (5, 5'): BBeneM ase §-byHKumu

Co) = 37 S IG5, 7)
-

1 Bcaydae |ep) < w,
0 Bcmywae |ep| > w,

o~ {
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1 somyvae w < lep| <wy,
0 Bomywae |ep| > w,

0 = {
ABE XOHCTAHTHI, XapaKTepUayloliue npuTspxerye J > 0 U OTTAIKWBaHHE
(=J1) < 0, v nonoxum

J(p,7") = (J - 1) 8(p) 8(F") - J, (D) 6:(") —
- J,0:(D) 0(F") — J: 6:(p) 6:(F").

T. €. ANIEKTPOHRI B3aUMOIEHCTBYIOT C 0C1a0NIeHHO KyIOHOBCKHM OTTaN -
KHBaHHEM WHTCHCUBHOCTHIO J — Ji, eciM 062 Ux MMITy/Ibca HaxolsaTcd
B 30HE 3NIEKTPOH-(OHOHHOIO B3AMMONEHCTBHA €| < w, @ BO BCEX HHBIX
CITy4asx OTTAIKMBAKIOTCA ¢ MHTEHCUBHOCTHIO, XapaKTepH3yeMOil BENu-
yuHoit —J; < 0. Torma, 0603Ha4HB BEJUYMHY SHEPreTHYCCKON ILETH
C(p) = A 14 1ex 3HaYeHHIt HMITYNILCA , KOTOpBIE [ONANAIOT B 3HEP-
reTMuecKOM nmanaion |€; < w, ¥ nonoxus C(p) = A, €N UMITYIBE
§ COOTBETCTBYET «BHEUTHEN» SHEPreTHYecKol 30He w < |¢p| < wy, moO-
JIY9HM B COOTBETCTBHH C 3THM PasNesiecHWEM Ba ypaBHEHNS,

A= (J~N)0F)——= 516,57
w3 F R

_ A,
1— 2VZJ10(p) ,_.__A2 2VZJ101 \/ey_l_—AZ

WIH, TEpexoasi K WHTETPUPOBAHMIO MO BeMuuHe § = £y, TONaras
p = Impp/Q2u’K’) u py = Jimpp/(27°K’)

4

4

_ [ & 7 a
_(P—Pl)[—m'A—pljﬁA

cp [ A, [
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Tak kak

b b+ vbI + Al
arcsh arcsh =In +

/\/Ei at+valt Al

TO, YYMTBIBasA, uyTo coracHo § 3, Vw? + A? & w MOXHO 3anucathb
MMONYYEHHYIO CHCTEMY HETHHEHHBIX YPaBHEHMIA B BUIC

2w
A=(p- Pl)lﬂ— A~ p,ln——~A,,
2w
A,=—p.lnz—-A—plln;l—-A1.

Hcxiovas BETHYHHY A, H3 EPBOTO YPABHEHHS C TIOMOIIBIO BTOPOTO,
MPUXOANM K YPABHEHMIO, OMPENEIAIOLIEMY BETUYUHY IHEPTETUIECKON
menu A B MHTEpecylollleM HacC IUAMa3oHe 3HaueHMi UMmmynbca Ap

P w . 2w

1= - |In—=pln —
P i) "2 P

rno <¢opMe IOJHOCTBIO COBMAJAIOLIEMY € TIONYYCHHBIM HaMM paHee
(Ho ¢ 30dEKTUBHBIM 3HAYEHHEM p) U MMEIOUIEMY DEHIEHHE TOIBKO
B cnyyae p > 0. DT0 HEPABEHCTBO SIBASIETCA KPUTCPHEM CYLIECTBOBA-

HUS TPY HATHYUM KYTOHOBCKOTO OTTAJIKHBAHUSA 1UETEBOIO PEILEHUA
A= 2we V7,

T. €. CBEPXTIPOBOAALLIETO COCTOSHUS KOPPEITUPOBAHHBIX JIEKTPOHHBIX Nap,

WHTepecHO OTMETIMTB, YTO IeicTBylOllee B Gonee 1IUpOKOil 00-
JIaCTH HUMIIYALCOB KYJIOHOBCKOC OTTAIKHBAHUE SJCKTPOHOB NMEPEHOD-
MHpYeTcsl BCJICACTBHE TOTO, YTO B 3HAMEHaTeJle BTOPOro, HEOTpHIa-
TENBHOTO CJIaracMoro B BRIPAXEHWM IS p CTOWT GONbIIas BeJIMYMHA
In wy/w, mO3TOMY B3auMoAeicTBue J(f, 7P ') MOXeT JAXE UMETh XapakK-
Tep OTTUIKMBaHHUS BO BCEH 06/1aCTH UMNYALCOB, T. €. J —J; <0, ¥ TeM
He MeHee yeioBre p > 0 MOXET GbiTh CO610€EHO, T. €. CBEPXIIPOBOS-
I11ee COCTOSTHUE MOXET CYIIeCTBOBATh TAKXKE M B CJIy4ae npeobranaHns
KYJIOHOBCKOTI'O B3aUMONEHCTBUSA Hal WHIYLUMPOBAHHBIM KoONeOaHUSIMH
pEIIIGTKH IIPUTSKEHUEM.,
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Tlo To#t Xe npuynHe 3TO «JaNbHOoAEHCTBYIOees (B Macurrade no-
CTOSIHHOW pewteTku a ~ 1-10 A) mpuTsixeHue 3MEKTPOHOB, TIPHBOIS-
1ee X 06pa3oBaHMIoO «ITMHHOBOJTHOBHRIX» KYTEPOBCKUX NMap, MOAaBsSeT
5¢dexT MxX paccesHus] HA TIPUMECHX U IUCIOKALMSIX, B HOPMATbHOMN
¢aze npuBoadIiero x 0CTATOYHOMY CONPOTURIEHMIO, B IOMHOA aHaJO-
ruM (C TOYHOCTBIO 20 3aMEHKI ITUHBI Ie-6poitIeBCKOR BOIHH A = C/w,
XapaKTePU3YIOLIEH COCTOAHME KOPPEIMPOBAHHBIX 3MEKTPOHHBIX Tap,
Ha JUTHHY BOJHBI 3JEKTPOMarHUTHOTO MITYyYEHUSI A = ¢/w) ¢ KJIacCH-
YecKHM IHANMa30HOM TeOMETPHYECKOI OITTHKY, KOTAA JUTHHHOBOJJHOBBIE
(nopsiaxa 10°-10* A) 3NEXTPOMATHUTHBIE KOoNeOaHWA, B3auMoaeACTBYs
C 3epKajlaMM M JMH3aMU, He pa3pyllaloTcsi MONEKYJIAPHEIMU HepPOBHO-
CTSIMW TIONIMPOBAHHBIX TTOBEPXHOCTEN W BHYTPEHHUMY AebeKTaMu 3THX
TIpubOpOB.
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BapnaumoxHoe npubanxeHue U aCHMNTOTHYECKASR
TO4HOCTb NONYYEHHbIX Pe3yNbTaToB

[NonyyerHoe HaMH B § 2, 1. 3) pelueHue Ui TEPMOAVHAMUYECKOTO
noteHuxara ¥ CUCTEMEI, XapaKTepH3yeMoii TaMWIBTOHHaHOM ', u 11a
YPaBHEHUS (*), OMpPEACNAIOWIETO BENUYUHY SHEPTETHYCCKON IUENU B
CTIEKTPE BOIOYXICHUN CBEPXITPOBOISIICH CUCTEMBI, SBIAETCS, KOHEUHO,
JIMUBb BapHALHOHHBIM PUGIIDKeHHEM. BapuallMOHHBIE METOILI B OT/H-
9Hie OT TEOPUY BOIMYLIECHUI He ARISIOTCS peryAIPHEIMK, H YCTAHOBUTH
WA XOTA OBl OLEHUTh AOCTOBEPHOCTH IOMYYAEMBIX € UX MOMONIBIO
PE3Y/ILTATOR TIOPOii OKA3hIBAETCA AOCTATOUHO COXHO. 3aTO B OTAU-
YyHe OT TEOPMYU BOIMYLLEHHUIT BApHALMOHHAR NPOLIEAYPA MOXET BLiABUTH
B MCC/IenyeMOii cucTeMe (da3oBhlit nepexos (T. e. oBHapyXuTh B TemMnepa-
TYPHOM TOBEIEHUH OLICHWBAaEeMOTO T¢PMOAMHAMMYECKOIO TIOTEHIANA
aHANTUTHYECKHE OCOOEHHOCTH THNA Pa3PHBOB €I0 NMPOM3BOAHKIX ¥ T. 11.).
Onpnako, B CHIY CBOeil TIPHpONLI BapHaUWOHHAs TIPOUEAYPA KAK Obr
CIJIAXUBAET 3TH OCOOCHHOCTH, UCKAXKAas TIPH STOM peasibHhlii Xapakrep
00HaPYXEHHOIO C ee NMOMOUIbIO (pa3oBOro mepexona. Tak, Harpumep,
3TOT METOI, MCIOMb30BAHHMWI MPH pacCMOTPEHUM reit3eHOepropckoii
(MAM M3MHIOBCKOM) CHCTEMBI (CM. NPWL. V) NPNBOINT K PE3yJIbTaTaM,
COOTBETCTBYBIOIIUM MPUOIIDKECHHIO MONEKYISIPHOTO TIONA, H NO3TOMY
onpeniensier Gha3oBHit nepexon B Toyke Kiop ToNBKO 2-TO poaa, Cria-
JIMB B TEPMOIMHAMIYECKOM TIOTEHIIHATE GONEe CWILHYIO, 4eM (8 — 6,)
0coGeHHOCTh THIa (6 — 00)2 In (|1 ~ 6/6,]), onpenensiowyo peansHO
CYILUECTBYIOLMIT B MOMOOHKMX CHCTEMAX (Pa30BLIil epexod A-THMA.

Yto6nl npeoaoners Ouryiomee B 06Mxoae fipeHeOpeXNTeNbHOE OT-
HOILIICHHE K BapAAITHOHHON TeXHMKE OLIEHOK, 3aMETUM, YTO NMPHONIMXKe-~
HYe MonexynspHoro nois Beiicca, npeanonarapoiee 06uI9HO B3aUMO-
AeHCTBHE TONBKO OMOKANIINX APYr K JAPYTY COCCOHUX YIIOB pelieTKH,
NPY pacCITHPEHHH YHCNAa AMHAMHIECKHX CBA3eH Yy3/ioB, YCHNHBAIOMIEM
TCHACHIHIO K YNIOPAKOUCHUIO COCTARMSIONMX €€ MATHUTHRIX MOMEHTOB,
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¢ GM3MYECKO TOYKU 3peHUA CTAHOBHTCH BCE BoJiee ONpaBlaHHKM H Na-
Xe 6oj1ee, — aCHUMITTOTUYECKH TOYHEIM B NIpeaenc GECKOHEYHOTO pani-
yca B3aMMOIENCTBUs y310B pelneTku (cM. nipun. V). Ecnu scnoMHuTs,
4TO B KOHLE § 3 MBI IOCTATOYHO NOAPOOHO OOCYIMNY BhIBUBIIYIOCH
SIBHO (POPMANIbHYIO AHAJIOIKIO NOJYYEHHBIX B TEOPHHM CBEPXIIPOBOAM-
MOCTH peUIeHHt C pe3yIbTaTaMy MCCHENOBaHWSI TUCKPETHBIX CHCTEM
U3IKHTOBCKOTO THIA, TO Pa3BUTHE 3TON aHaNOTHH HABOXWT Ha MBICIE,
9TO TIONMYHEeHHOE BapHALMOHHBIM METOIOM pEUIeHHWe TTPOOIEMEl CBEPX-
TIPOBOAUMOCTH €CJIM W HE ABJISETCH TOYHBIM, TO B KAKOW-TO MEpE TIpH-
BGNIDKAETCA K HEMY.

CuTyaums KapIMHATLHO MEHSETCS, KaK TOJIBKO MBI ITEPEXOIUM K Mc-
nons3osatuio BKIL-monenn siaumoneictsud nap J (9, 5) = J 6(p) 6(5"):
BapUHALIHOHHAA OLEHKA COBMANAET C ACMMIITOTUYECKM TOYHBIM pelie-
HueM npobaeMsl (B NOJHOM aHAIOrMK ¢ YIIOMSAHYTOM BhIlle 3afayeil o6
U3MHIOBCKOM cuCTeMe ¢ GecKOHeyHONAIbHOAEACTBUEM, CM. MPWIL V).
I1poneMOHCTPHpPYEM 3TO C IOMOLUBIO HENOCPEACTBEHHOTO pacyueTa.

HraK, paccMOTpUM CHCTEMY, XapaKTepH3yeMyl0 raMIIETOHHAHOM

H=Hy+H =U+_ (A} o] ap+B7 By)+B®)ej B7 +Bpap)] -
}’

-= ZJ(p ')A Ay,
r#i’
roe
A; = "xzwﬂ;- a; - ”;apﬁﬂ + “p”ﬁ(ﬁ; By + 0‘: ay).

ITpHBeAs ¢ MOMOIIBIO AOTIONHUTENLHOTO THHEHHOTO (A— g )-TIpeobpazo-
BaHMst oneparop Hy K AMaroHaJbHOMY BUIY 10 HOBBIM ONEpaTopaM
ay ap by b,, ME1 TIpeACTaBWIM €TO B § 2 B BUIE

0p+fp

Hy = (ep + upC(p)) Z e(p) 2L

4

rae No-mpexHeMy

W) = S IG g, coy=1/+C0)
=
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Ecnu Mul 3anuineM HeoGX0AUMYIO HaM CTaTUCTUYECKYIO CYMMY B BUle
OECKOHEYHOTO PaOXEHHA B TEPMMHAX TEPMOIMHAMMYECKOA TEOPUM
BO3MYyIIeHMnit cM. T.4, 1. 1, §2, .7

Sp e H70
Spe~Ht
*1+E]N dt, ] dt, .. t/ dt, 5P {e-%/;u',(f;{):’/.a..u',(t,.)}’
n>1 P e
rae
Hi(t) = 9 et = — = E J(5, 7 VAT () Ay(t),

i#ﬁ'
H Y4YTeM, YTO MPH JAAHHOH ONEepaTOPHON KOHCTPYKLHH FaMWIbTOHHaHa
Ho TIpH pacyeTe CPENHMX 3HAYEHMIT MBI MOXEM BOCIONB30BATECA TEO-
pemoit o cnapuBaHusx (cM. npua. I11), To 1erko 3aMeTUTh, YTO HEHyIe-
BHIE BKJTANH, 0OPa30BaHHBIE CUCTEMOl CapHBaKuii B KaxuoM u3 H; (t),
OyayT DaBaTh TOJNbKO IUATOHANBHKIE 110 ONepaTopaM a ¥ b yactu onepa-
TOPOB A, a KaXI0e HEeHyJIeBOe ClIapMBaHMeE STHX OTIEPATOPOB M3 HeAna-
TOH&JIBHBIX YacTeit onepatopos A(t) ¢ momoOHBIMUM Xe ONepaTopaMH
u3 A(t') noumXaeT CTaTUCTHYECKHH BeC BCETO BKJIAIA IAHHOIO MO-
paaxa 1o obwvemMy cucreMbl V' (wy mo yueny gactul N =V /v) Ha
EOMHMILY M STOT BKJIAJ BCJIE[ICTBHE IpPOBEACHMsI NpPeNeNbHON CTaTH-
CTHYECKO Mpoueayphl BbiflanaeT u3 paccMoTpeHMda. Takum o6pasom,
B ofneparopax A, BOCTaTOYHO YNEPXATH JMLIb AMATOHAILHBIE MO OIle-
patopaM a ¥ b KOHCTPYKLIHHU, B CBAI3M C YeM OrepaTop H| npuoGpertaer
BUA (yXe B TepMHUHAX (0—T )-CHMBO/IOB)

M “‘ZupvpC(P)"'Z ¢ (p)ap+‘r,

-l " C(p)d +71, C(W)oy+1y
_Wﬁ%]@“e(p) T 2

S5 nZB()
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TlocnenHee cnaraemMoe, KOTOPOE KOMIIEHCHPYET CHATOS HAMM YCJIO-
BUe p#£ p B IBOHHON CyMMe, MOXHO CPa3y OIyCTHTB, TAK KaK OHO MMEET
CTaTUCTUYECKHN MOPSOOK
~V0=1,
T. €. HA eANHULY MEHbLIE CTATUCTUYECKOTO MOpsaKa OCTAIbHbIX ¢lara-
eMBIX B oriepatope Hj.
Mepexons K paccMOTPEHHMIO CHCTEMBI € YITPOLIEHHON MOZEIThIo B3an-

MOJEeHCTBUA NMap
J(p,7') = J8(p) 6(5"),
xorga C(p)= A =const, nomy4yaem

, .
H=S ¢, dm%+“+z:A.%+5_
zﬂ:’ ; 2 e(p) 2
J A o,+T
"-(Zs(p) 7 p)’

Tle CYMMHPOBaHUE TIO P ONpENeNAETCH YCIOBHEM |€p| < w. CratncTu-
YecKasi CyMMa CHCTEMbl, XapaKTepH3yeMOW TaKMM TaMWIETOHHAHOM,
paccuuThRIBaeTcd B npenejae V — 0o, n = N/V = const acuMNTOTHYE-
CKH TOYHO.

TTOHH3UM TIOSTBASIONIYIOCS B IKCIIOHEHTE € CTATHCTHYECKOH
CYMMEI BTODYIO CTETICHB OTieparopa (0p + 7p)/2 (HenuaroRanbHas 4acTb
FaMWIETOHHAHA, TNPONOPUMOHATIbHAS KOHCTaHTe BlaumoneicTsus J)
C NOMOIBI0 OYEBUAHONO COOTHOLLEHUS

JV 1 A o+, 2}_
°""{ (f VEEG-T) 2 ) -
_fIv o1 Jvazr Jgv 1 Acrp+r,,}
~V 72 ﬁi/e"p{ w2 2w Y 2e(p) o
)

BBeAeM 0003HAYEHME JJIsi BOHUKINETO B IKCIIOHEHTE KO3(pPMLMEeHTa
apu oneparope (0p + 7p)/2

%(E@’"% 2 (p)) “. %)

-#H'/9
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M y4TeM, 4YTO

E {Z“(p z)ap+‘r,,}

{ﬂ,,f,} P

O cxp{a(p,;)o,} o {2227 _

F o=l
= 1;[(2ch “(pz’”)):cxp {2%:ln2ch “(”2’”)}.

Torna mif CTaTHCTHYECKOH CYMMHE MOJydYaeM

¢=Spe M= T exp{_m"?—"”?)} =

{0575} 9
v o1 F wa
T
= E.—mfdwcxp{ Zs,, 20 2
~00

1 a(p, 7)
+VVZ:21n2ch > }

¥ U NTOJYYCHUS] OKXOHYATCHABHOTO OTBCTA HAM OCTAaCTCA TOJIBKO B3fITh

WHTETpal Mo NMEpEMEHHON I.

Tak Kax rapaHrdpoOBaHHOM BEJIMYMHOI CTATHCTUYECKOW CyMMBbl (
(w1 TepMonunamuyeckoro noteHunara ¥ = -4 In {) smnsercs nuuip
e [JIaBHAsA aCUMIITOTHKA N0 GOPMAIBHO YCTpeMIIsiEMOMy K 6eckoHey-
HOCTH a[IIVTUBHOMY NTapaMeTpy, B Ka¥eCTBe KOTOPOTO Y Hac (hurypupyer
o6beM cucteMnl V (moTHocTs uncaa dactuil n = N/V =const), To 310
aCHMITOTHYECKOE 3HAYEHE WHTETPANIA NNO NIEPEMEHHON £ MOXHO OItpe-
OeNKThb C NMOMONILIO MeTona nepesana (cM. npui. VI), ocHosHylo dop-
MYJTy KOTOPOTO B HallleM YaCTHOM ClIyyae MOXHO TIPEICTABHTH B BIIE

+00
Vu(z) | s V(20
w)| = / dz| = 1/V|w,, - [1+0

—-00

I TOUKa TlepeBana To ONpeleNseTcs U3 yciosus w'(zg) = 0.
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3anMchwiBan BenM4HHy ( B BUIE

+%

¢ V.1 e_w?c'/d X

=4 — i — T
20 /Ix

-0
i e(p) A JA J ,
=Y 2In2¢ch ~ -
X‘”‘p{"[vz,,: e ( 6 oe<p>+29e<p)“’) 26" ”
H TIpHpaBHHUBasi K HYIIO HpO]_'ISBOJIHYIO 10 ¥ OT BBIpAXCHHA B KBal-

paTHBIX cKo6Kax, MOAy4aeM YpaBHEHHE LISl TOYKU &g, ONpeIesiouet
aCUMIITOTUKY HCCAGNYyEMOro MHTerpaia,

1 £(p) A? JA
w7y Ze(p) “( 20s<p>+4es(p)“”°)‘

Eciy UCKITIOUUTh BeTMYUHY Ty M3 3KCnoHeHTH exp {Vw(zo)}, nono-
XUB Ty = 2A/J, TO Moce COKpalleHus Ha BeTHUMHy A # (0 ypaBHeHHe
IS To TPUMET BUA

6(17)

v Z s(p)

a BEJIMYMHA CTATUCTHYECKOW CYMMBI OKAXETCS PaBHOM

(=“1fmexp{—; [;(ep 201n2ch E(P)) + JAz}}

OTKYIa 1A TEPMOIMHAMHMYECKOro noTeHuMana ¥ nomyyaeM 3HaxoMoe
HaM 1o § 3 BeIpaXKeHue

«/52+A2 v
¥=-@In¢=" Z(Ep—201n2ch p—) + —Az,

= 20

YAOBIIETEOPSAIOLUEE YCIOBMIO MUHUMYMA TI0 A’

oy V(l J i \/€%+A2)_0

— == th
aa? — J

W;\/EH—A: 2
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He B CHJIy BapMal{OHHOIO NPHHIIMIA, a BCJICACTBHE DPACIONOXEHUA
TOYKH Tiepesana ro = 2A/J, aBToMaTHueckd obecrieudpalomeil MUHH-
MJIBHOE 3HAYEHHE TEPMOAMHAMUYECKOIO TIOTCHLMA/IA 110 OTHOILEHMIO
K BEJIMMUHE dHepreTdeckoi menu A.

Taxum 06pasoM, TONYYEHHBIC HAMH PE3Y/ILTATHI 71 CHCTEMBI € YIIPO-
LUEHHEIM B3aMMOIEIMCTBIEM 3MEKTPOHHBIX nap J (P, 7)) = J&(p) 0(p")
SBIAIOTCS ACUMIITOTHIECKH TOYHKIMH BO BCeil TeMiiepaTypHoil o6macTu
CYLUECTBOBAHMSA CBEPXIIPOBOJAILETO COCTOSIHMS, BKI0Yas TouKy 8 = 6
€r0 MCYE3HOBEHHSA, KOTOPad 0Ka3anach TOUKOH (a30BOro nepexoaa 2-ro
poa ¢ KOHEYHBIM CKAYKOM TEIUTOEMKOCTH, KaK 3TO U UMEET MECTO
B IeWCTBUTENILHOCTU LSl PEATHHO CYLISCTBYIOMIUX CBEPXIIPOBONHUKOB.
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MpuHumMn KOMNEHCcaLuu «OnachbiX AUarpamMm»

PaccMOTpHM BXpaTiie HIelo aNbTepHAaTHBHOIO, HE BAPUAITMOHHOTO
TIONXOJA K PEIeHHIO MPOGIEMBI CBEPXIIPOBOINMOCTH, TIPEIIOXEHHOIO
H. H. boromo6oBuIM B 1957 r. OrpaHnunuMca caydaeM @ =0 u paccMoT-
PHM CHCTEMY, XapaKTEPU3YEMYIO YXe KaK Gbl «TIOBEPHYTHIM» C IIOMOILBIO
(u—v)-npeobpazosanus ramwisToHuanoM H' (cM. o603HaueHUs U 06-
cyxneHue B § 2, m.2)

H =U+> {A®) (o5 oy + B; By) + B(p) - (a5 B + Bpap)} —
g

1 o
- > I 5) Ay Ay
PFEP!

Eciv Mcnons3oBaTh ero IMArOHAIBHYIO YacCThb

Ho =Y Alp)ag ay+ 5 Bp) =
?
= E (sp(uf, - v},) + 2upv,C(p)) - {af ap + By Bp)
2

B Ka4eCTBE HYJICBOTO MPUGIIIDKEHIA CTALTMOHAPHON TeOPHH BO3MYILICHHH,

TO YXe BO BTOPOM TNOPSUIKE OT ydeTa WIECHOB, COAEPKAIIUX OTIEPATOPHI
+a+

(ap By + Pptp) BOHUKHYT «ONACHBIE» SHEPIETUYECKHE 3HAMEHATENH

1 1
Hi——=H, ~ N
< lJ_'?,‘o -Ho 1> Z[ep(u}, ~v3) + Zu,v,C(p)]

Kotopbie B ciydae J(f, §') = 0, T.€. B Cilydae OTCYTCTBHA LUENEBOrO
pelieHHA :

! -
Cw) =5 3 I 5 upvy =0,
g
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MpM YCIOBHM, UTO YMCJIMTENb STOTO BHPAXEHMS HE KOMIIEHCUDYET
CTPEMJICHHS K HY/MIO €I0 3HAMEHATEJIs, IPUBOAAT K PaCXOAALIMMCH NPU
P — pp HEMHTETPUPYEMBIM TTOAUMHTErPAIBHNM BhIPAXCHHAM.

Y106BI MOAOOGHBIX «OMaCHBIX» IHAMEHATENEH HE BOSHUKANO, TOJNO-
XM ko3 dymment

B(p) = gpupv, — (u,’, - v,z,) C(p)

TIPH YHOMSAHYTOI OnepaTopHOl KOHCTPYKUMH PaBHEIM HY/IO. 31O cpasy
TIPUBOUT K CHCTEME YPaBHEHHI I K03¢dbulmeHToB (4—v)-npeobpa-

30BaHH4
) 2upvp€ [

2
BT%E 0w
KOTOPYY0 MBI B TepMHMHaX (A-p) yxe pewanu (cMm. §2, m. 2). Taxkum
06pa3oM, noxyyaeM
C(p) Ep

Ja+C) NEEYZ)

ToacTaBias NOTYyYEHHOE BRIpaXEHHE LIS 2tyv, 8 dopmyny wist C(p),
TIOTy4aeM Cpa3y ypaBHEHUE (%) IS SHEPTETHYSCKOM IEAY B Ciiy4ae 6 =0

L 5 5 C)
Cp)=75) JB,p)—.
0 =5 DI0F)

Pacrionaras peumieHneM nis Ko3(pPUIMEHTOB U, U ¥Up, TOTYYAEM YXKe
JHaKOMBIC HAM BBIPaXXCHHUA UIS1 JHEPIrHU OCHOBHOIO COCTOSAHHA

, | C%(p)
By= (|0 =U =3 [e,— /3 +C" -5 = _
0o = (0|H'|0) 3 [ep £+ (P)]+2 a '—e},-i-C’ )

M 1A 3HEPIUM KBa3WYaCTUUHBIX BO3OYXICHHNA C XapaKTepHOH s
CBEPXIMPOBOASIIETO COCTOSTHUS SHEPreTUYECKOR LIENBIO

ep = OlayH'a;f [0) ~ (0[3]0) = A(p) = 1/23 + C(p).

AHATOrMYHOH KOMTICHCAUWOHHOM NMpOLeAypoii MOXHO BOCITOJIB30BATECS
U [P aHAITU3E CUCTEMBI C JIEKTPOH-(DOHOHHMIM B3auMoneiicTBueM (To

2 2 _
Up +tp =1,

_ 2_ 2 a2 1 _
2uyvp = Up —Vp =2ty — 1 =
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€CTb N0 nepexoiia K 3(PeKTUBHOMY HETBEPHOMY FaMMJIBTOHHAHY) YXKe
BO BTOPOM IOPsifIKe TEOPHH BO3MYLICHMA, OCHOBAHHOH Ha UCMONB30-
BaHHM B KAauecTBE HYJEBOTO FaMWibsToHHaHa Hy IMaroHaiabHoO! dop-
MO TIO OTHOLIEHWIO K CNErKa <«MOBEPHYTHIM» C TIOMOWIBIO (U—v)-
npeobpa3osanmst onepatopam @p M By M GOHOHHEIM OnepaToOpam b,;.
XapaxkTepHo, 9T0 KOMIIEHCHpYs BO3HHKaOIHE OT YacTH raMIIbTOHHaHa

B(p)(a; By + Bpay)

OflaCHBI€ 3HAMCHATC/IM BKJIagOM OT BTOPOro Iopsaka Nno KOHCTAHTE
MCKT‘DOH—(DOH’OHHOI‘O B3aUMOAEHCTBUSI, Mbl BHECEM B pPacCMOTPEHME
HUMEHHO TOT 3HaAMEHATENb

(Bpiq — Bp+ “-’(q))_l»

KOTOPEIH rostBvica y Hac B § 1, 1. 7 B IpoLiecce KCKIMIOUSHUSA 3NTEKTPOH-
(GOHOHHOTO B3aMMOACHCTBUA U BBeieHMS 3PPeKTHBHONO YETBEPHOrO
B3aUMOJeiCTBHSA

f’(q) 27 w(g)
-E,+ w(g) ~  nMe Eprq— Ep+w(q)’

V(p+¢p’q.)___

e w(q) = cg. 3aMeTHM B CBA3N C 3THM, YTO >HPEKTHBHOE TIPHUTIKE-
HHe, COSMHAIOLIEE B TTApHI MMEKTPOHH (P, 1) n (—p, }), onpeneasieTcs
npefeibHeM Npd ¢ — 0 BbipaXeHHeM (CM. § 2,nl)

J(@,p") = -v(I -5 19’'l, 15" - $1) >0,

KOTOPOE B YUCTOM q)pennxoncxom BapHaHTe 3NEKTPOH- cbououuoro B3a-
UMOCHCTBMA, KOrna f (g)~cq, B npenene ¢ — 0, T.¢. |7’ — Pl = 0,
HE pacxonuTcCs

J(p -I) . 2 clp p | ~ 72m
n,Mc2 Ey-Ey +clp-p'| nMcpp
(MBI yunn 3necs, uro E, — By = pr (p p’) ~ 10> 1).

OnHako, Kak MBI OTMETHIH B Y. 1,12, .4, yc'r";f{onnemﬁ ®. Bno-
XOM 3aKOH IUIf HU3KOTEMIIEPaTypHOIO NMOBEACHUA YAEIBHOIO COMPOTHB-
JIEHUS] HOPMATLHOTO 3JIEKTPOHHOTO Ta3a p~05, OGYCIIORIEHHOTO LIENH-
KOM (PpEITMXOBCKMM 3JIEKTPOH-(POHOHHEIM B3aUMOACHCTBHEM, Ha NpaK-
THKE HE BBIMOMHAETCH, Poyen~ 0%, [e a <5, T.€. CTPYKTypa peanbHo
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at\ fla) a; a;
a' a!
Bip) )+ qé ;{ + ﬁ* + .= G@Hﬂ =0
B! R £ BB

Puc. 12.1. Cxematuieckoe naoBpaxenne KOMNEHCALWMOHHOW npouenypl
B CUCTEME C 3NeKTPOH-GOHOHHBIM B3aumMoaencTeueM (noapobHo pa3Meyena
pmarpamma, komnencupyiowan B(p) so sropom nopsaxe noe f(g))

3aBHCHMOCTH BEIMUKHbI f(g) OT MMITyIhca HIDKE TIEPBOI CTENCHH IO ¢,
M KOMITCHCAIlMH «OITaCHOTO» 3HaMCHATENs1 BEJIMMMHOM fz(q) HE TIpo-
HACXOIT. )

HecMOTpst Ha TO, 4TO KOMITIEHCAITMOHHAST TIPOLICAYPA BHITVISLMT NPOLIE
HCIIOJILIOBAHHONK HaMM B § 2 M KaK Onl ObIcTpee NPUBOIUT K TEM XK€
peayasTataM mis wead C(p), Hepruil OCHOBHOTO M BO3GYXIEHHBIX
COCTOSTHMM CHCTEMEI, HEOOXOXUMO OTMETUTH, YTO OHa — 6ecTeMriepa-
TypHas, TaK KaK LeJHKOM OCHOBBIBAETCA Ha KBAHTOBO-MEXaHHUECKOMH
TEOPHU BOMYLIEHUH, M HAKOHELl, KOMMEHCALMSA B CYLIECTBYIOLIEM Ba-
PHaHTE €€ OCYLUECTBICHHS IPOBEAEHA TOIBKO B HU3LIEM e TOpaikKe,
XOTsl COBEPLUEHHO SICHO, YTO KOMIIEHCALIMA «BPEOHOrO» NEHCTBUA One-
paTopa B(p)(a;," By + Bpap) Kax ¥ BapUaLMOHHasi TIPOLEAYPa, HE SB-
JIeTCsl PETYNAPHBIM METOXOM, KpOME€ TOro, OHa IOJDKHA BKITIOYATh
U Gosiee BBICOKHE MTOPSAKY IO ATEKTPOH-(DOHOHHOMY B3aUMOAEHCTBUIO
(cM. puc. 12.1).

Mhu1 He OyiaeM 31eCh IPUBOAMTL BCIO 3TY B LEAOM IIOHATHYIO, HO
TEXHMYECKH TPOMO3AKYIO MPOLEIYpY, OTPaHMYMBAACH CACTAHHBIMU BbI-
e 3aMeYaHMAMM U MAMSTYsI, YTO B KOHEYHOM CYETE TIDH JOBEOEHUHU
pacyeToB O KOHIIA HaM MO HEOOXOOMMOCTH BCE PAaBHO TPUXOOAWTCS
MCII0/1b30BaTh MOAC/IbHBIE MIPEACTABAEHHA O XapaKTepe NPOLECCOB B3a-
MMOIEICTBUS B paccCMaTpUBACMOM CUCTEME.
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O6was cTpyxTtypa BO36YXaeHHbIX COCTOSHHA
CBEPXMPOBOAALLEro M HOPMANLHOTO 3NEKTPOHHOrO
ra3a B MeTannax :

B 3akniodeHMe 3TO# YacTH JeKUUH o6cyouM B OOLIMX YepTax BO-
f1pOC 0 3aBUCUMOCTY JHEPIHii BO3OYXIEHHBIX COCTOSIHUMN SIEKTPOHHOIO
rasa B MeTajLlax OT MEpeHOCHMMBIX UMH UMITyNbCOB. UTOGHI He 3arpo-
MOXJIaTb Halle paCCMOTPEHUE MaTeMaTHYECKMMY NOAPOGHOCTAMH, UC-
TMOJIb3YEM TMONYYEHHRBIC BBIIIE PE3YABTATHI VTS CHCTEMBI C MOACIBHBIM
BaauMoneiicTeueM nap yactuu J (5, 5') = J 0(5) 8(F') n 6ymem mona-
TaTk TEMIIEPaTYpy PaBHO HyIIO.

3aBHCHMOCTD SHEPreTHUECKOMR 1IeaU B 3TOH MONEIN BecbMa Ipy6o
aNIMpOKCUMUPYETCA cTyrieHuaTolt dpyHKLMel

A
A Bconydae |gp|= Pep <w, WM |p|<7p;
C(p)=A8() = Ap
0 Bcayuae |ep|>w, wiM |p|> -

rae, KaKk Mbl yKa3alld paHee, Ap/pp=w/2ep~10"4. B cBsi3u ¢ 3TOM
OLICHKOt 3aMETUM KCTATH, Y4TO TaK KaK 2ep ~ 10°-10° K, To ipenensHasn
BeTMuuHa w~ 10742 P 10-10° K, 4To cocTapnsieT TONbLKO [INTHHHOBOJI-
HOBYIO 4acTh GOHOHHOrO CTEKTpa (IeGacBCKas 4aCToTa Wy ~ 10>-10° K)
M OTIPaBIBIBACT TEM CaMbIM (PPETUXOBCKYIO MOIEIb INEKTPOH-(POHOH-
HOTo B3auMozeicTeua (cM. 4. 1, §4). Otnasas ceGe OTYET B TOM, 4TO
NOJ06GHOro0 CTYNIEHYATOr0 MOBEAECHHA AMHAMHYECKHUX BEJMYUH B GU-
3U4ECKOM MHMPE He GhIBAeT W Ha caMoM fejie Benmuyuua weau C(p)
JOJXHA JOCTATOYHO IL1aBHO CXOAUTBb Ha HeT npu p — Ap/2, Mbl GyaeM
WUCMOJB30BaTh 3TY MOAENh, MaMATYH, YTO UMEHHO OHa IMOMOI/Ia HaMm
TNPEONIOINETs BCE TPYAHOCTH MO PEleHHIo YPaBHEHHUS (*) U pacyery Xa-
PAKTEPUCTUK CBEPXIIPOBOAALLEH CUCTEMBI.
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CnexTp MHIMBHIYAILHBIX BO3OYXASHUY 119 HOpManbHOR depMu-
cucTeEMB! BOAH3M rpaHHIb DepMH ONpPeRENseTCa BHPAXKEHHEM

(pr+9)? 9} . (PrQ)

7 m 2m 2m

Bcaydae ¢ > Ap/2 (wm |e4| > w), a B CBepXNPOBOIALLIEM COCTOSHUM —
HMCTIONIB30BaHHOW Hamu B § 3, n. 2 napaBosdyeckott anmpokcHMaLIHEH

~ '8 Pr 2
6(q)=\/E%+A2=A+m=A+2mqu

B ciy4ae ¢ < Ap/2. HecthixOBKa 3TUX PopMyn (cM. puc. 7.1) B Touke
q = Ap/2 oba3aHa rpyboil CTyNEeHYaTod ANMIPOKCMMALUMH BEINYUHBL
C(p) = AO(P), 0 KOTOpO¥ MBI TOBOPHITH BBIILE,

IToMuMMO MHAMBMOYAJBHRIX B PACCMaTPUBAEMOil CHCTEMe CylllecT-
BYIOT KOJUIEKTHBHBLIE BO36YXAEHUS!, U3 KOTOPBIX Mbi OCTAHOBUMCS TOJb-
KO Ha TIPONONBHBIX KONeGaHNAX ILTOTHOCTH. [UTi HOPMATBHOTO COCTO-
STHUS JICKTPOHHOTO Ta3a, KOrAa BO3GYXKAECHHS BHPOXICHHON CHCTEMB
UMEIOT YaCTHYHO-ILIPOYHKII XapakTep, ocoGeHHOCTh Pypbe-006pa3a Ky-
JIOHOBCKOTO B3aUMOAEHUCTBUA COCTABAAIOIUX €10 YaCTULL

4melh?

. q2
«IIOTHUMAET» 3HEPTHIO BO3OYXICHHBIX KOJNeGaHUii TNOTHOCTH C Hyns
npx q = 0 0 YPOBHS JICHTMIOPOBCKOM 4acToTHl (cM. 4. 1, § 2, 1. 2)

/4 2
wy = hwg = h w:;n ~ 10eV.

Bemrauna 1ok sHepruH B Maciitabe A ~ 10K ~ 1073 eV oka3niBaevcs
BECbMa 3HAUWTEILHOMN, TaK XakK A/wy ~ 1074,

B muanasoHe q < Ap/2 KylOHOBCKOE B3aHMOACHCTBHE, KaK Mbl
nokasanu B § 6, nogarneHo, M iasMeHHble KonebGaHus BOSHUKHYTb
yXe He MoryT. BMECTo HAX KofieGaHuA TIOTHOCTH CBEPXTIPOBOASALLETO
3NEKTPOHHOTO ra3a NPUOOPETAIOT XapaKTep aKyCTHYECKUX, SIHEpreTHye-
CKuit criexTp Bo36YXneHUil KOTOpRIX W(g) = C¢ MOXET Pearu3oBaThCs,
HE 3aTyXasl, TONBKO BHE OOMaCTH HenpEPHIBHOTO CNEKTPA HIEAEBHIX BO3-
OyXIeHuii WHIMBHRYATLHOIO THIA, T. €. B OOGNACTH, NeXaliel Hyke
aHepreTMuecKoil wenu W(q) < A.

v(g) =
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YT1o6h! YOEAUTHCA B 3TOM, OCTAaBasCh B paMKax MOJCNBHEIX IIpe/l-
CTaRJIEHMH O cTpYKType dyrKkumy J(F, §'), BOCTIONBIYEMCS TIPHEMOM,
OCHOBaHHOM Ha MCIIONB30BaHMHM CBA3H CKOPOCTH PAaCMpoOCTpaHeHUs
IUTHHHOBOJTHOBBIX (T. €. B MPHOIMXEHWH CIIIOLIHOM CPeabl) KONeOaHuil
IUIOTHOCTM B JIHHEAPUIOBAHHOM (T. €. L1 Cy4yasi MaJhiX KojeGaHuit
BOIM3U COCTOSIHMA PABHOBECHS) TMAPOIMHAMMYECKOM IIONXONE K 3TO-
MYy BOIPOCY, KMEHHO

opP
Erk

rae P — TepMOIMHAMUYECKOE AamleHMe, a p = mN/V — maccoas

IUIOTHOCTS (cornacHo 111 Hauany TepMOIMHEAMMKY B ciiyyae & = 0 u3o-

TepMUYeCKUH ¥ annabaTHYeCKUt MOIYNH YIIPYTOCTH COBMANAIOT).
Wrtax, GyneM CXOTUTH U3 MOTYYEHHOTO HaMK B § 3 BRIpaXXeHUS LT

CBOGOIHOMN 3HEPIrHU ¥ 371eKTPOHHOTO CBEPXIIPOBONAIETO IA3a B CAy4yae
=0,

3

v=2. f(e VETE) e+ Lo,

H PacCYMTaEM NEPBYIO U BTOPYIO IIPOM3BOAHBIC 3TOM BETHUNHE TI0 O6h-
eMy V. Umeem

=2 2_/(5 VETR) s+ Y

) dA?
+

(_”f\/m )Mz

3’y

ovi— ("fﬂ

+V

1 1
+7(I_p.0/\/52+A2d€) (797 T

Vo1 1 \" /8a2\?

AT ) (2,

JT2J \ &+ A2 oV
0

oA? 02A2)
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B cwny yenosust MUHEMYMa noTeHuMaia ¥ no OTHOLUEHHIO K BEIHYUHE
A? (ypasHenue (*) B crydae 6 = 0),

w '1
—_— 0,
oj VE + A? dg)

au@Y) _V(
anr T\ " *

B BHIpAXCHUH JUIA 02\11/8V2 OCTAETCA TONBKO TOCJENHEE CliaracMmoe,
Crosinii B HEM MHTETPal JIETKO pacCYUTHIBACTCH,

(¥

0

w/A
1/‘13/2d11~111A21
— — r = == —_—. — —
Al 22 +1 A? A2 A2 2 w? A?

14+ =
w
A
(MBI ywH 3mech, 9TO " ~ 10_4), M MBI NOJTYJaeM

’v VvV p ('aA2)2
8V g 2A2\ 8V )
BHITIOIHUB 3TOT MpeaBapHTeNbHHEIM pacueT, 06paTMMCH K HallEMy MC-

clenoraHulo. MiMeeM IUIs KBaapata CKOpPOCTH pacTipOCTPAHEHMS! aKy-
CTMYECKHUX KoeGaHUH B cpene

&

8P V2oP VW VIV p (8A2)2
dmn~ mNAV mNOVZ mNJ2A02\ 8V /°

A€ Mbl V4IH, YTO JAaBJIEHNE B CHCTEME CBS3aHO CO CBOGONHON 3HEpTHEI
cooTHOIeHWeM P = ~Jgv/aV.

YT106HE pacCcYNTaTh NIPOU3BOIHYIO 6A2/8V, VUTEM, YTO COMTACHO
§ 3, n.2 ¥ 3aBUCMMOCTH mapaMeTpa & OT TWIOTHOCTH 1 = N /V,

N 1/3
A2:4 2 —2/p’ ~ (_) ,
w e W %

dw? 2 w? AA?

v 3V’ |8V

—2 Az.
T3 v’
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a BeJIH4YXHa
V s

W COCTaBJIIET ee YacTh, w < wp). [ToaToMy uMeeM

Nén2r Y’
(MBI ywnn, yTO neGaeBcKas YacToTa Wp = (___.._)

~_ [P 1 V |8A? _ [ 1 z A
EVVvmm AoV |"VVmm 3
BcrnioMuHasd, uro
£ = mpF E =n= pi-'
r RV K332’

NIONYYaeM OKOHYATENbHO W1 CKOPOCTH PaCIIpOCTPaHEHUA NIPONOAbHOM
AKYCTHYECKOH BOJIHBL

TIe Y9 — KPUTHYECKass CKOPOCTD (CM. § 1, 1. 4) ABKDKEHMS 37€KTPOHHOM
CHCTEMEI, HaXORAUENHCS B CBEPXITPOBOASIEM COCTOAHWIN,

Obmas cxeMa OHCTIEPCHOHHBIX 3aBUCHMOCTEM 3HEPIHii BO30YX-
JOEHHbIX COCTOSHMU YTIOMSIHYTBIX BhIILE TUIOB OT UMNY/ECA ¢ Npen-
CTaB/eHA Ha puc. 13.1.

H306paxxeHHas Ha 3TOM PHUCYHKE CXEMa HMEET OOWH CYIIEeCTBEHHBIMH
HEAOCTATOK: SHEPTHs BOIOYXIEHHBIX COCTOSHUIt NeKTPOHHOTO ra3a

e(g) = 1/ej+C(a)

B TOuke g = Ap/2 pa3zphiBHa, YTO He COOTBEICTBYET 3APABOMY CMEICTY
¥ obiueMy Buay 3TOH 3aBMCHMMOCTH, IPHBENCHHOMY Ha puc. 13.1. Drot
nedexT CBA3aH HE CTOMBKO C NIPUHATHEM MYJLTHINTUKAaTUBHOW MOIENTH

B32MIMONICHCTBUSA
J(@,7') = J (D) 6(p"),

6a1aroaaps YeMy CTa0 BO3IMOXHAIM OCYIUECTBUTL KA4eCTBSHHOE UCCIIe-
IOBaHME YpaBHeHHs () AnA 3HepreTdeckoit wmen C(p), CKOMBKO ¢
NPEATIONOXEHUEM, YTO COCPENOTOYEHHasT B 06acTH |§| < Ap/2 B6nusm
rpaHiusl PepMu BenuwuuHa 6(P), 3apaHee onpejensiollas 3aBUCH-
MOCTb BeJIMYMHBI C(p) OT UMITYJIbCa, HMEET PA3PHIBHYIO CTON006Pa3HYIO
dopmy.

B MMKpOCKOTHYECKON TeOPUN (€CNH OHAa MCXOMUT U3 GHUIUYECKHUX
NPHHLMIIOB, a HEe OTKPOBEHHO MOIENbHas), a TéM 60Nee B KBaHTOBOM
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Wy peen-- -

2
\ (‘)o:h .4_1::‘&

-~ 1 > e - -

Puc. 13.1. Cxema 32BMCHMOCTEA OT MMINYNBCA @ =P — Ppp IHBPIMI 0AHOYACTUY-
HbiX BO3OYXOGHWIA M KONNBKTMBHLIX NPOAONLHLIX KoneBaHuf, xapakTepHuiX ANA
SNeKTPOHHOro rasa 8 MeTamne B CAy4ae csepxnposodsitero {(A#0,4< Ap/2)
u HopmanoHoro (A = 0,9 > Ap/2) ero coctosnuit AnA YNPOLEHHOI! MOAEan
esaumoneiictaun J(B,§') = JO(5)8(5’) (seuny Toro, uro we/A ~ 10, sennummna
NNA3MEHHON CUCTEMDBI Wy NOMEeLLeHa Ha CXeMe YCIIOBHO)

MeXaHuKe B IPHHUMITE He GbIBacT BEPTUKANBHBIX CKAYKOB TUHAMUYECKHX
BEJIMYUH, TIO3TOMY JISI COCPENOTOYEHHOM OKONO p = pr GyHKIUMH §(P)
pa3dyMHee GRUTO 6B MPELTOXUTD CTIAXEHHYIO KOHCTPYKUMIO THNA

cos? 7q
Ap '’

- 1_¢ _
G(q)—exp{‘im}, 'wm 6(q) =
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KOTOpasi 06ecneunBaa Gbl HEMPEPLIBHYIO 3aBUCUMOCTD £(P) OT HMITY/b-
ca B o6nactu rpaHuibl PepMu. IIogo6HOe «yCOBEPIIEHCTBOBAHUE» 3HA-
YUTENILHO YCIIOXKHWIO OBl MaTeMaTH4YECKY10 00paboTKy UCKAJICYEHHOrO
ypaBHeHMs! (*) u pacyer W, HO B KaYeCTBEHHOM CMBICIE OHO BPSAI JIN
U3MEHWIO0 OBl Teé OCHOBHBIE PEAYJIBTATHI, KOTOPHIE OBUIH ITOJTYYEHE C HC-
MOJIb30BaHHMEM IIpOCTEMILEH MoaEaH O(q), He FoBOPS Y€ O TOM, YTO IIPH
3TOM COXpaHWwics Obl HeNpUATHBIK OCamoK PeHOMEHOIOTHYECKO! ITon-
FOHKH MOX «PEabHOCTE» 3aBUCHMOCTH BenMYMHL C(p) OT MMITylnbCca,
KOTopast Ha CaMOM JieJie JOJDKHA OTIPENeATLCA B pe3yibTaTe pelleHUs
OCHOBHOTO HEMCITOPYEHHOTO YPaBHEHHSA (%) JUTA 3HEpreTHecKoit HIemH.



Maea 14

Kputepuit BOZMOXHOrO CyLIeCTBOBAHUS
IBNEHUA CBEPXTEKYYECTU B BbiPOXAEHHON
dbepMu-cucTeMe ¢ KyneposcKoi Koppensuuen
COCTaBASIIOLUMX €€ YacTuL U ycnoBue
YCTOMYUBOCTU HOPMAfbHOrO ee COCTOAHUS

B mocnenHeM, necatoM naparpade 3Toi yacTW, UCTOJNb3YST OMKIT,
MpHOOpPETEHHEI B Mpoliecce pacCMOTPEHUA ABJNEHHS CBEPXIIPOBOINV-
MOCTH JIEKTPOHHOIO ra3a B METaUlaX, HCC/IEAYEM BOIIPOC O BO3MOX-
HOCTH CBEpXTEKYYEro COCTOSSHUS B BMPOXISHHBIX (epMy-CHCTEMAX
IOCTaTOYHO O0MIero Buaa. K TakuM cucTeMaM MOXHO OTHECTU He TOJBKO
3NEKTPOHHLIH ra3, HO ¥ CUCTEMbI THIIA CBEPXIUIOTHBIX HYKJIOHHBIX 006pa-
30BaHUM, UMEHYEMBIX AZepHON MatepHeil. EcM He cunTaTs Sapa Tsxe-
JTBIX 3JIEMEHTOB, 3aMBIKAIOIIMX NEPHOAUYECKYIO cHcTeMy MeHneneesa,
B KOTOPRIX YHUCJIO HYKIOHOB 00j1€e ABYXCOT M KOTOPLIE C UENbIM PAIOM
CEPBbE3HBIX OTOBOPOK MOXHO TOJaraTe H30MHPOBAaHHBIMU «KYCOYKaMU»
PaBHOBECHOM ANEPHOI MaTepHu, TO B 3¢MHBIX YCIIOBUAX WHBIX CUCTEM
MOZOOHOTO TMIMA NMpocto HeT. ONHAKO, 3BOMIOLMA 3BE3AHBIX CHUCTEM
NpeaycMaTPUBaeT CYLLECTBOBAHHE CBEPXILIOTHRIX HYKIOHHBIX 00pa3o-
BaHMH, rnybOKO BhIPOXICHHBIX, HAXOMANIUXCS B COCTOSIHMAX, 6AU3KUX
K KBa3MpaBHOBECHOMY U INO3TOMY OONYCKAIOWMUX MCMOAL3OBaHME I
UX OMUCAHUS METOAOB KBaHTOBOM CTaTMCTHKM,

§ 1. Mopenuposanne MCXOAHOrO FaMMALTOHWAHA

OcTaBasich BCAEACTBHE HEAOCTATOMHON OCBENOMIEHHOCTH O JeTa-
J9X 3TNX OGBEKTOB B paMKaX MOIEJIbHBIX NPEACTARIEHMI, paCCMOTPUM
CHCTEMY, B raMWITOHHAHE KOTOPO# BbLIENIECHA YaCTh, COOTBETCTBYIOLLAN
Y4eTy B3aUMOZEIICTBUS YaCTHII C MPOTHBOMONOXHO HANpPaBIEHHBIMH
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uMNyIbcaMHu (T. €. Ta OCHOBHAs YacTb H' , KOTOpast B HpeabLIyIEM HCCTIe-
NOBAHMM NEKTPOHHOTO Ta3a onpeaeisia 3¢hdheKT CBepXIPOBOIMMOCTH)

H= Z(E(P) - I‘)a’;;ra'pa +
po

1 _ by o+ 4
toy Z (1B, 7’| 01 0202 61) a7y, 67 pg, 0_p ot Gy,
PP o0y070

npuyeM 6yeM nojarath, 4To cyulecrsyer 3pGeKTUBHOE 3HAYEHHE SHep-
uv Yactvtel E(p), 06s13aHHOEe CUBHOMY B3aUMONEICTBHIO €€ ¢ ApY-
TUMH YacTHLIAMH CUCTEMBI, TaK YTO 3(PtheKTH «PETYIAPHOTO» UX B3aH-
MOIEHCTBUS PACCUUTRIBACMBIE, HAPHUMED, C TIOMOIHBIO TPATULIHOHHOM
TEOPHU BO3MYIUECHUH 10 KOHCTAaHTE 3TOr0 B3aUMOICUCTBHSA, YK€ ydTe-
HBL B cTpykType dynxuuu E(p). [ng HOPMaIBHBIX COCTOSIHUIT TaKON
CHUCTEMBL YYeT B3AMMOACHCTBUA YaCTHMLL, C IPOTUBOIMOJOXHO HAIpaB-
JICHHBIMU MMITYJIbCAMM HE 3((PEeKTHBEH, TaK KAK B NPEICALHOM CTATU-
cTHYecKoM ciydae V = o0, v=V /N =const Bcc MATPHYHBIE JIEMEHTHI
OT TaKOro B3aHMMOACHCTBMS, PaCCYMTHIBAEMbBIE C MOMOLIBIO COOCTBEH-
HBIX QYHKIIUI HYNEBOro raMwibTOHHaHa 00pallaloTcesl B HOMb, M CBOM-
CTBA CHCTEMBI OMPCAENAIOTCH MEPBBIM CllaraeMbIM TaMWIBTOHHMAHA 74,
NMPELCTaBNAOMM HIeaNbHbIi GepMU-ra3 co crexTpoM 3Hepruit E(p).
1 «CBepXTeKyuero» Xe COCTOsiHUsI 3TO B3aMMOeiiCTBHEe, KaK MbI yoe-
IWJIMCh Ha NPUMeEPE 3JIEKTPOHHOIO ra3a, OKa3bIBaeTCA NPUHLIMIHATILHO
CYLUCCTBEHHBIM.

Hcnonslys npemioxXeHHY0 MOAeTb ANCPHO MaTepHuH, WIS KOTO~
poii HOPMAITLHOE €€ COCTOSIHUE ACCOLIMMUPYETCS C COCTOSHHEM BBIPOX-
JEHHOTO HACATRHOTO (pepMH-Ta3a, BHISCHUM TIPH KaKHX YCIOBHSAX IS
HEE CYIIECTBYET BO3MOXHOCTb CBEPXTEKYUETO COCTOAHMS NMPU HYJIEBOMA
M KOHEYHbIX 3HAYCHHAX €€ TeMITepaTyphl.

He koHkperusupys sun, dyHkimu E(p), a Takke B3aUMONEHACTBUs V,
M OCTaBasiCh B paMKax (pOPMATILHOIO UCCACAOBaHUSA, 0003HaYMM NApHOE
3HAYeHHE UMMYIILCOB (f, —P) OLHMM CUMBOJIOM §, BBEA JOTOTHUTEb-
HEI HAeKe 7 =1, Tak wrobs (§, +1) =p u (§, —1) = — P, obbeanHUB
€ro €O CIMUHOBBIM WHACKCOM ¢ =] B OOLIMA ANCKPETHEIA WHOEKC
8= (0, T), IPHHUMAIOIUI YETHIPE 3HAUECHUSI

= (++)» (+_)’ (—_)’ (—+)‘
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Torna, omyckasi palM ynpounieH s 3anmuceli BeKTopHoe obo3HaYeHue Be-
JMYMHBL § M He CTaBsi 3aIThIX MEXIY BE/IMYMHAMY ¢ M 8 (3TH 3alAThle
B HammMcaHUH HHTephEepHpYIOT ¢ HHACKCAMH 1 ¥ 2 ¥ CO3NaloT IMyTaHU-
1Y), NPE/ICTABKM raMWILTOHMAH pPaccMaTpHBAeMOit CUCTEMK B BHJIE

1 * .
H=>_e(g)a]; a5 + T D Iigqs1 3285 8)) ags, a3y, aps, ags,
gs ¢ 8182838}

rae, KaK Bcerna, £(¢) = E(g) — i, T. €. DHEPIUs YaCTHIl OTCYMTHIBACTCH
OT YpOBHA XHMHYECKOTO TOTEHIMana (B pacCMaTpHBAaeMOM CJTydae —
axTHYECKH OT YPOBHs SHepruu DepMu), 3 YCIOBHE HepMUEBOCTH Ome-
pPaTOPOB POXACHUSA M YHHYTOXEHHS HanaraeT obuine yciosusa Ha, B 06-
HIeM CITy4ae, HeTOKANLHOS B3aMMOICIKCTBUE YaCTUll,

I(gq'|s) 8, 85 8)) = I'(¢'qls} 51 82 81) =
= —I(qq'1s1 3 8) 83) = —I(g ¢'|5, 8, 83 8)).

§ 2. Paspenenue (u—v)-npeobpasosanHoro
raMWIbTOHWEHE Ha YaCTH

Cnenys mporpamme, peany3oBaHHOM IPH PacCMOTPEHUH 3JleK-
TPOHHOTO I'a3a, MPOM3BeseM KaHOHUYECKOe (u—v)-npeobpa3oBaHne He-
XOIOHBIX OTNEPaTOPOB POXAEHVS ¥ YHUYTOXEHUA

Ogs = Z{"(Q”') g +v(gss) oy},
Y . _

K03(pbMMEeHTH KOTOPOTo YIOBIETBOPAIOT JOMONHUTEIbHBIM YCIOBHAM

£(gss’) = 2 {u*(gs5")u(gs's") +v"(gs8") v(qs's") } = ..,
M(gas’) =y {u(gss")v(gs's") +v(gss")u(gs's") } =" (gss') =0,

obecneunsalomnM HepMHEBOCTb HOBEIX OIIEPATOPOB POXIEHHS H YHM-
ITOXEHUA a;,'; M ag,. Toria, BHIONHWB MMEMEHTAPHYIO MOACTAHOBKY,
MOXHO TPEICTABUTh FAMIIBTOHMAH CHUCTEMBI B BHJE

H=U+Ho+H +H,
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TAE NOCAE BBENCHWA BEIWUMHbI C(qsl 32)’ paBHoiL
C(gs:8:) = "C(Qﬂzsl) =
2 3 Kl ) 5w e )

#s & "

U onepatopa Ay(8:8;), KBaIpaTMYHOIO MO HOBEIM ONEPATOpaM pOXIe-
HMS M YHWYTOXEHMS,

A (818) = Z [u"(qals'l) u"(gs28)) ay iy +
818
+v*(g518}) ‘U'(Wzs’z) gy Qg +
+ (u*(gs181) v*(gs283) — v*(gs151) u'(gs293)) a;,;,aqs;] :

OTHENBHBIE YACTH TaMWIETOHWAHA H MOXHO TPENCTABMTh BO BIIOJIHE
0603pHMOM BHIIE, IMEHHO, 6€30NepaTOpHOI YacTH

U= E £(g) v*(gss’) v(gss) + Z C(g38:8) Z v*(gs,8") u*(g528"),
@358’ [T
IMaroHAJILHOM KBafpaTUYHOM O onepaTtopaM @& (popMEL

Z{e(q) E (g88') u(gss") — vigss') v*(gss")] +

qa's”

+3 (Clgsis:) [u'(gs1)) v'(gs2s”) -

8183

— v*(g8,8) u'(g28") +c.c.])} Oy gy,

HeIMaroHanbHOi KBaJpaTHUHOH (bopmu

H =32 [Clasis) uw'(gnis) u'(gas”) -

¢s's" 818,

— C*(gs8132) v(gs,8') v(gs28")] gy A +C.C.
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M YETBEPHOM II0 OrnepaTopaM & KOHCTPYKLUH

1
H' = Y > I(qq|31323281)A+(3132)Aq'(3132)

qq 4182858)

HiMess B BUIYy NpeAeabHBIN CTATHCTHYECKHA mepexod V -+ 00, B 310l
YeTBEpHON YacTH raMIIETOHMAHA MOXHO TI0/1araTh ¢ # ¢ , TaK KaK y4er
caraemoro ¢ ¢’ = ¢ IacT MonpaBKy K pe3y/IsTaTaM, IIOAYYEHHBIM C yya-
cTHeM oneparopa Hy B OTHOCHTEJIbHOM BhIpaXXeHMU mopsanka 1/V,
OnpenenM OCHOBHOE COCTOSIHHE CHCTEMBI, XapaTKepH3yeMOlt ofte-
patopoM Hy, Kak 3anosikeHHylo chepy @epmu ¢, = |F), obnanaio-
mee cBOHCTBAMU gy |[F)=0, (vg,%0)=(F|F)=1, u Bo36yxaeHHbIe
COCTOSIHMs Hall WIM IOA Heil KaK «MOsIBNeHHe» YAaCTHIIbl WIM Abip-
Ku (BAXAHTHOTO MECTA B 3allONHEHHOM cepe Pepmu) Yo, = af|F),

(Yga¥qs) = (F |aq,a;|F) = 1. Torna oTaeabHbIE YACTH TAMWIBTOHHAHA
H npuoOpeTaloT COOTBETCTBEHHBIM CMBICI

U = (%5, Hypo) = (F|H|F),
Ho= Z('ﬁ;u?qu) = Z(Flaqaﬂa; |F) a;;aqs = ZE(qs) a;;aq.n
98 q8 gs

rac

E(qs) = £(g) Z [*(g5's) u(gs's) — v(qs's) v"(gs's)] +
+ E [C(qs's" )(u (gs's) v*(qs"s v'(qs’s) u'(gs"s)) +c.c],

a MaroHaJIbHas yacTh onepatopa H; = H—Ho = U+H +H", Tonbko
M HeOoGXOMMMas HaM B TANbHEHIINX BLIYMMCICHHAX, IPHOOGPETAeT BUI

(H)war = U + 57 2 I(gq'|8182836)) x
q#a‘

X Z{u (g315') v*(g328) — v*(g3:18") u’(¢828") }a gy %

x Z{u (¢'518") v(q'528") — v(q's18")u(q'828") }ag g .
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§ 3. MocTaHoBKA BapMaLMOHHOW 3aAauu
TMpu npoBeIEHUU OLIEKKU TePMOIMHAMMYECKOTO TIOTEHITHANA
Q=-6In Sp e H/e
¢ TIOMOIILIO BapHaLIMOHHOU TeopeMbl boromo6ora

Sp{(U +# +H")e M/}

— ~Holb
Q< ¥=-0InSpe Sp o=

HepeineM npu B3SITUM LUNYPOB C BECOM e"”“’e, Kak U TpU aHaIo-

I'MYHOM pacyeTe B CNIy4ae 3JIEKTPOHHOIO Ta3a, OT UYMCes 3alOIHEHHSs
Ny = a;f,aqs = 0; | X M3HHTOBCKHM CHMBONAM dgs = 1 — 2N, = 1.
Torma momyynm

e=a oy

LB L
2V

qs’

x Y {I(qq'lslszS'zS'l) u*(gs,9) v‘(quS) X
¢'5152855)
X E v(q's)s") u(q'shs") + c.c.} —
3”
1 * *
-5 E I(qq'|8,5:835)) u*(g8,8') v*(gs28") x

g#£q' 515,858, 8'8"

r o on

x v(q's1s") u(q's>s") th

E(¢s') h E(q's")
20 20

Bxozasiuue B 370 BhpaxeHue 3HaueHUs KoIhbULHeHTOB (4—v)-npeos-
Pa30BaHMsI OTIPEAENSIOTCS COTMIACHO BADUAIIMOHHOMY NIPYHUMITY M3 YCJIO-
BUS MUHMMYMa BeTHYMHB! ¥ (1, v) TIPH COGMOIEHNM NOTMONHATENBHEBIX
YCN0BUi, obecneynuBaroOmuX KaHOHH‘{HOCTb npeo6pa3onamm HCXONHBIX
onepatopos a® U a B oneparope at W @,

£(gss’) = d,9, M(qss’) = IM*(gss’) = 0.

[MepeBons peleHUE 3TON BapHaUOHHOM NPoOIeMEl Ha YPOBEHD 3a1a4ul
Ha Ge3YCNIOBHbIA 3KCTPEMYM, BBEAEM MHOXUTENN DAIEPR Agsyr U flgsy
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H ONIPEAC/HM paCUIMPEHHAH PYHKLIMOHAN

@(u, v[A, p) = ¥(u,v) + Z{Aqas'sqa's‘ + (tgseMgsy + c-c')} =

gss’

= E /\qu' E{u (qss )u(qs' ”) +v (qas )v(qs’ n)} +

gss’

+ E [pq,_,- Z{u(qss") v(gs's”) + v(gss”) u(gs's") } + c.c. ]

gss’

BaprHpys 3T0T GYHKUHOHAT MO BETMYMHaM 4, u°, v, v*, A, p u 4’
CO BCEMM MX MHIEKCAMM, TIONaras HX BAPKAIAH APYT OT Apyra HE3aBHCH-
MEIMM ¥ [IPMPABHYBAsH K HYJIO TEPBYIO €10 BapUALIMIO IT0 BCEM 3THM Be-
nnuunaM, 0@ (u,v|A, u) =0, MOXHO NOMY4HTH CHCTEMY HEOGXOMMMBIX
YPaBHEHHWil 1S OMpeAeNieHHs: HAWNy4IuX 3HaveHuil (4—v)-xoapdu-
LMEHTOB, 00eCreYHBAIOIINX MUHMMAIbLHYIO BEJIMYKHY TEpMOAMHAMMU-
YeCKOro TIOTEHIMANa CHCTEMBI. DTH YpaBHEHMA B obIeM BUe OYeHb
rpomo3nxH. Bonee Toro, naxe caMblie CMEXBIE aMPOKCHUMALMH MO h-
Horo BaaumonecTns 1(gq’|s;8,858)), 0 KoTopoM haKTHIECKH Mbi Ma-
JIO YTO 3HAaeM, HO KOTOPhIe MOIMH 6Bl 3HAYUTENLHO YNPOCTHTH 3TH
YPaBHEHHA, He IapAHTUDPYIOT NOJYYEHUs: MX B BMAE, NOCTYNIHOM LI
HCCNEN0BAHUA MX OKOHYATENLHEIX PELIEHUH (B 3TOM Mbl yXe ybeau-
JIHCh, peluas Ty Xe MpoGieMy NP PacCMOTPEHUN CBEPXMPOBOASALLETO
COCTOSIHMSA 3JIEKTPOHHOTO ra3a B METaJUIax).

§ 4. Boipenenne TPUBHANbHOrO pelleHUs

3aMeTM Temepb, YTO BCE HALUE pacCMOTpPEHHWE, HAYWHAas C BBejle-
Hua (4—v)-npeo6pa3oBaHUs BIUIOTH A0 HEBLIMMCAHHKLIX YPaBHEHHH,
onpeaendiolmx Ko3OPUUHUEHTH 3TOr0 MpeoOpasoBaHMs, AOMYCKAIOT
TPHBHAIbHOE pelieHHe, COOTBETCTBYIOUIEE B Halleii MOAENN HOpMalb-
HOMY COCTOSIHMIO BHIDOXACHHOH MAeaNbHOMH GHepMU-CHCTEMbI U UMeIO-
Iee CMBICT COXPaHEHMST NCXONHEIX OMepPaTopoB a¥ W a [yiA 3HaueHui
HUMITyscOB BHe chepht Depmu (peurenne u = 1, v = 0) u nepeobosHa-
YeHHS OTEPaTOpPOB MOABICHNUS M 3aNOMHEHMS BAKAHTHBIX MECT BHYTPH
cheprl QepMH B OMEPaTOPHI POXACHUS M YHHYTOXEHWS JHPOK (pellre-
Hue 4 =0, v = 1 19 MMAYIHCOB, MEHBUMX (ePMUEBCKOTO P ). Ecnu
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BBECTH CTYIEHYATYI0 QYHKIUIO
1 Bcnysae ¢q < pp,
n, =
‘ 0 Bcaywae ¢ > pp,

TO 3TO TPUBHAIBHOE PELICHHE MOXHO NPEICTABUTH B BULE
u(gss’) = (1 = ny) b,y, v(gss’) = n b,y

ToncraHoBKa 3TOTO PeIleHNs B BhIpaxXeHue s E(gs) u ymoms-
HyThI€ BbILI€ BhIMKCAHHbIE IOJPOGHO BOPMYIIBI faeT

E(gs) = e(@)[(1 = ng) = ng]l = (1 - 2n,) £(q) = |e(g)|,

wid B Gonee MPHBLIYHOM BHAE, TPHHATOM B TEOPHM BBIPOXJIEHHOTO
HIeasHOTO (hepMHU-Tas3a

23 (p) pc
()| = |B(p) - u| = p=p'><lp 2 oy =p—2rl

%IP_PF] B CMyYae pp <K mc,

o

clp—prl Bcayvae pp>me,

a TAKXKE
p(gss’) =0, _
2n E(qs) £(q)
Naas) =el@) =200 0 28, ey m”‘”a.,y

§5. Kpurepuit BO3HUKHOBEHHA YCTOMYUBOTO
CBEPXTEKYYero COCYOSHUA CHCTEMbI

OTKa3aBIINCL BBMIY YPE3MEPHOH CNOXHOCTH H FpOMO3IKOCTH
OT MCcCAenOBaHUA CBOHMCTB M YCJI0BHH YCTOMYMBOCTH HETPHUBUAIBHOTO
(cBepXTEKydEro MM CBEPXTIPOBOAAINETO) COCTOSHUS HEpMHM~CUCTEMBI,
B NPEIUTOXXEHHON HE KOHKPETU3NPOBAHHOM 00meit mocTaHoBKe (B yacT-
HOM BapHaHKTe 3TO WCCJIEOBaHHe OBUTO MPOBENEHO B TIPEIBIAYIIHX TMa-~
parpacax s 3J1EKTPOHHOIO Ta3a B METALNAX), COCPENOTOYMM Halle
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BHMMAaHMe HA pelueHMH B CMBICJOBOM OTHOLUEHHM OOPATHOW 3amgauu.
HiMenHo, yXe pacnoiarasy TpMBUAMBHEIM pellieHHeM, TIOCTaBUM BOMPOC
00 YCTON4YMBOCTH COOTBETCTBYIOLIETO €My HOPMAIBHOIO COCTOSHUsA TAKOi
$epMH-CHCTEMEI, ATA KOTOPOR He UCKIIOYEHa BO3MOXHOCThL 33 CYeT
yuera B3auMonencTsus Tvma 1(qq’|8) 8,8287) BOIHMKHOBEHMS ¥ CylIECT-
BOBaHWA HETPMBUANBHOTO CBEPXTEKYYEro COCTOAHMA. YTOOEI peliMTh
3TOT BOIMpPOC, HEOOXOMKMO PACCYMTATh BTOPYIO BAPHMALIMIO MOTEHLMAIA
;I'I(u, v|A, 1t), COOTBETCTBYIOLIYIO TPMBHAIBHOMY PELIEHHIO IS KO-
¢bunMeHToB % 1 v. Vicnoasayd MoMy4eHHOe Ha OCHOBE BaPMALIMOHHOIO
OpHHOMIa BhipaxeHHe Js U (u, v), Nocie HECTOXHBIX BRIKITAIOK C yde-
TOM CTPYKTYPHI TPHBUANLHOIO PellIEHHA MOJyYaeM

e (q)l

2(6 2§)Hopm = E 2le (Q), th

X (nq du(gs's)+(1-ny) 51’(‘138')) +

+v Z I(qqls;s;szsl)thwthle(;g)l

q'.am;a,a,

x (ngdu’(g8182) +(1—ng) 6v"(g928))) x

« (nebudsot)+ (1 -ngdond i) -5 S0 (4 )

x {(1-ng)(du(gss)+dv (qss)) +ny (dv(qss) +0v (qss))z}.

TTocnesee cnaraemoe, OHAKO, PABHO HY/IO B CHUTY YC/IOBHI KaHOHWYHO-
CTH (u—v)-npeobpazoBanus. [JIeHCTBUTENLHO, V3 YCIIOBHSA HOPMHUPOBKH
TPUBHANBLHOTO PELEHHS MMeeM B Cilyyae 8' = 8

3 {(1 - ng)(Bulgss”) + 6u’ (gas")) + g (Solgss”) + 8v"(gas™)) } =0,

(ng6u’(gs's)+(1—ny) 6v* (gss')) x

OTKyna, yduThiBad, 4T (1 — n4)ng = 0, moxyyaem

(1 - ng)(du(gss) + bu*(gs3))’ + ny (6v(gss) + 6v* (gss)) = 0.

YT0GH! MPEACTABUTh OCTABIIYIOCH YaCTh BTOPOM BapHallMM NOTEHIINATA
¥ B Go/lee KOMIMAKTHOM BHAE, BBEAEM MPOMOPLMOHANLHYIO BApHALIUSM
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K03 dULIMEHTOB #* U v* B 0BNACTAX ¢ < pr M q > Pp BeTMYHHY -

¥"(9318) = {n 00" (93:8,) + (1 — n,)0v"(g8,8,) } th |€§_3)| -

le(q)| [ du*(gsis;) Bcnywae ¢ < pp,
20 | dv'(gs1s;) Bonyuae g > pp

=th

M eil conpsaxeHHyo %(q818;). Torma BHIpaXeHHEe BTOPOH BapHalH
noreHuMana ¥ st TpUBUANBHOIO pemeHds ipuodpeTaeT BUA Kpalpa-
TUYHOIK POpPMBbI

26 B e = 4 28(0) -l in (Z L ) gigones) +

g313,

1 } ) ! 11! X
v Z I(gq'|1528,81) ¥(g 3132)}¢ (g5182).

7538

HopMasbtioe coctosinve gepMu-CHCTEMEI GyeT yCTOWYMBBIM B Ciy4ae,
ecin 620 > 0, T.e. B Cyvyae, XOoraa BO3HUKWIAA KBaapaTHIHAsA (hopMa
GyD.CT IOJNOXUTEJABHO ONPEACc/cHa, 4 3TO MOXET p€anu3oBaThkCs TOraa
(1 ToNIBKO TOTNA), KOIIA BCE COOCTBEHHbIE 3HayeHusA Euq 5, ypaBHEHUS

t0) - s ein (L= ) pigaisy +

1
55 D Hag115:0381) $(q'518) = Epnitlan52)
7838, ‘
OKAXYTCA MOJOXHTEIbHBMU. JIEHCTBUTENBHO, B 3TOM Ciydae o6pa3o-

BaBILAsCA MO OTHOUIEHWIO K BETHYMHAM %" W 1) KBanpaTWdHas dopMma
CTAHOBHTCS KMAarOHATBHOM

(ézg)nopm = ZEqalsz¢‘(qsls2)¢(qsls2)’
2318,

U OHA OyZCT MOJIOXMTEIBLHO ONMpelesieHa TONBKO TOTHa, KOTAa Bce 3Ha-
yeHust Eg 4, > 0. Ecim Xe B CTIEKTpe COOGCTBEHHBIX 3HAYEHUH Egy
HMeeTCs XOTA OB OOHO 3Ha4eHUE MEHbILEE HYJS, TO YCTOWYMBONK OKa-
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3BIBACTCH YXE ApYraf, He HOpMajlbHasi, a Ta, KOTOpas COOTBETCTBYET
HETPMBHAIBHOMY PEILEHUIO ypaBHeHU# s (4—v)-KOIPPHULUHMEHTOB.

3ameTHM MOIMYTHO, YTO Baphupys yciosne (g8 s;) = 0 no ko-
3D PHUHEHTAM ¢ H ¥ C YUETOM UX TPHBHANLHOTO PELUCHMA,

ou(gs182)(1 - ng) +ngdv(gs 82) + 6v(g8:18:) (1 — ny) +nydu(gs:s;) =0,

TIONYYHM, 9TO TYPH PaCCMOTPEHHH NPOGJIEMEI COBCTBEHHBIX 3HAYEHWI! «ypaB-
HeHus» JUIA (31 8;) HEOGXOMUMO YHTLIBATD, YTO «APOGHaR GyHKUMUI»
(g8, 8,) yAORNETBOPSET YCIOBHIO aHTUCHMMETPHH (81 82) = —1(¢828) ).
TaxuM 0Gpa3oM, NMOMYYEHHOE U3 YCIOBHMS YCTOWYHBOCTH HOPMATLHOTO
COCTOAHUSA PepMH-CUCTEMBI YPABHEHHE JUIA «COOCTBEHHBIX 3HAYEHMH»
BEJIMYMH 1(g8,8,), NPEACTARNAIOIUX COBOH JMHefiHbe KOMOUHALMM
Bapuaunit Koadpduuuentop (u—v)-npeodpasosaHus, NpUOGPETAET 5AB-
HOE BHEUIHee CXOACTBO C ypaBHeHmeM Hlpéumurepa (Mo + )y = Ey
(TTpHYeM, ¢ TEMMEpaTypHOIt 3aBMCUMOCTBIO TIEPBOTO B HEM CIaTaeMoro,
Kcyesaioeit npu 8 = 0), x0T UM HU B KOeik Mepe He SBAseTCs.

B cayuae @ = 0 3TO «XBA3MLIPEAKHIEPOBCKOE» YPaBHEHHE TIEPEXO-
JIMT B cooTHoIeHue, nastysenHoe H. H. Boromo6ossim B 1958 romy kak
KDUTEpHUIt CYIIECTBOBAHUS CBEPXTEKYYETO COCTOSHMSA SACPHOIO BELIC-
crpa. [lonaras, YTo 3TOT KPUTEPUI BhNONHsAETCS OpH 6 = 0, NONYYHM
ypaBHEHME Ui KpUTHYECKON TeMnepaTtyphl 6y, npu KOTOpPOik CBEpXTe-
Kydasa daza ucyesaer

E —_
|E(g) — pl cth (l(—qz)o—"l)fb(qmz) +
1 '4 ! ) Y AN 4
+ 55 > I(qq|s18:835)) ¥(q'8)8) = 0.

gan

Co6CTBEHHEIE 3HAYEHNS YDaBHEHUSA 11 (g8 83) 06pa3yIoT 3aBUCALIMN
OT TeMIIEPaTyPH CTIEKTp 3HaUYeHul E,; ,,(6). HopMansHas da3a depmu-
CUCTEMH YCTOMYMBA, €CIM MUHMMAILHOE M3 ITHUX 3Ha4YeHUH TMOJIOXKH-
TeNLHO, Bmin(8) > 0. Ecniu 310 3HaYeHKe paBHO HY/IO, TO HAIMCAHHOE
VTS 3TOTO CITyuast YpaBHEHHE, T. €. Enq(6g) = 0, onpenenser Ty Temme-
paTypy, IpH KOTOPOIt MCUE3aeT YCTOWIMBOCTD HOpMaNTbHOM (a3sl M npyn
@ < 6 BO3HHKAET TO YCTOMYMBOE COCTOSHHME CHCTEMBI, KOTOPOE aCCOLM-
UPYETCSl CO CBEPXTEKYYMM COCTAHMEM (bepMHU-CHCTEMM THHA AACPHOI
MaTepHH WIH CBepXIMPOBOAIIETO INEKTPOHHOIO ¥a3a B METAINAX.
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MNpunoxenue |

Pacuet dpepmueBckuX MHTErpanos

PaccMOTpHM WHTETpaN IO MEPEMEHHOM € = p2/2m

he [emoae - 7 [(-09)ovia,
0

0

raé

n(e) = ;

et—#/0+1"
B ofnacTyt HU3KWX TeMTIEpaTyp, Korna 8/p < 1, senwauna (—8n{e)/d¢)
KaK IPOM3BOAHAS OT CJerka pa3MbiTOi B 00MacTH € = it eAMHUMHOM
tbepMU-CTYNIEHBKU NIPEACTABIAET CO00I OCTPO COCPENOTOYECHHYIO OKOJIO
sHaucHus € = p dynkumo (cM. puc. I1.1). Tlosromy yder mpucyr-
CTBYIOLIEH MOM UHTEerpajioM (GyHKUHH g+ (wy xaxkoi-muGo mpyroi
peryisspHoi cbymcu.uu) CYILECTBEHEH TOJILKO B Y3KOii objiacth TeMiie-
paTypHoro pasMbITHsl chepn DepMu.
BeeneM HOBYIO IEpEMEHHYIO WHTETPMPOBAHHA

I Gl D)
7
310 npeobpa3oBaHue ABAACTCS HE TONBKO MEPEXOXOM K MHTEIpHpOBa-

HMIO 1o Ge3pa3MepHOIi [IEpeMEHHOI, HO U MACIITaBHBIM Mpeo6pa3ona-
HUEM THNa pacTsixku. Umeem

2
On(e) e* 1
O de =g(z)dz, g(z) = (e +1)7 (Zch :c/Z) =9(-2)

U Torna, Mpou3Beas pa3NnoxXeHHe BETHIHHbBI

+1
Eu+l — ”Il-f-l(] 4 gz)u ’
H
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Mpunoxenus
A ,
ﬂ _wn(e)
VE
/v+l
£
g
0 B T
" >
_b 0 = ETB
0 ]

Puc. N1.1. XapaktepHih Bua coNeTalns rpadmkoB GyHKUMA
(—8n(€)/B¢) v "', kotopoe popmupyior B cyuae 8/p <
NOALINTErpaNsHOe BIPAXBHUS BeNWUUHL I,

CToALIEN IO 3HAKOM MHTErpalia o NepeMEeHHOM 2, 1o creneHsaM 8/u,
MONYYHM '

[e <}
]L”-H f ( 9 )V+1
= = dz =
1, o1 l+#:c g(z) dz

—p/

pu+1

=T f(1+(V+1)§m+y(L;—l—)(%)zwz...>g(x)dm.

~n/8

ViepXHBas TOIbKO CTEIEHHOE pavioXeHue BeawyuHu I, no 8/p, pac-
IHpPUM 061aCTs MHTETPHMPOBAHUS 0 NIEPeMEHHOM T HAa HePUIMUECKYIO
obmacTe ee 3HaYeHMI

—m(zé-%,

B XOTOpOH

g(z) = e,
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T. €. 206aBMM X paCcCMaTPMBaeMOMY MHTerpaiy no I, BeuyuHy

~u/0

- /0
f\" -z N o\" n o" r —dz
2 /e z'dz = u (- 3o fe dz
-00 -0
n n
-(3) 7)< (5)-
a=| b 0 v

(0) 1) e

3KCTIOHEHUMATBHO MAaNyl0 B KaXAOM TODSINKE TO 7 M0 CPaBHEHHIO
C WIEHaMK, NMPONOPLUUOHANLHBIMH LieJhIM CTENeHAM napamerpa 6/pu.
Toroa, yYuTbiBasA YMCIEHHbIE 3HAYCHUA WHTErpanios

]

+ +00 +00 )
_/ glz)ydz =1, f g(z)x dz = 0; / g(x)z’ dz = %
S e A

(unTerpanti, comepxatuue 2} ¥ T. 4. Nerko GepyTcs ¢ MOMOLLBIO Teo-

PEMbI O BBIUETaX), TIONYYaEM ACUMITOTHYECKOE PAVIOXEHHE MCKOMOH
BeMYMHBI I, IO YETHBIM CTEMeHAM 0e3paiMepHolt TeMIepaTypH

[s <]
B , —pu+l 1'._2 _0. 2 )
I,,—/r:n(e)de_y+l(l+v(v+l)6 p +...],
0

CICACTBHEM KOTOPOro SBJIAIOTCA M3BECTHbie (POPMYIbl I XUMUYE-
CKOro NOTEHLMANA, YASJbHOW BHYTPEHHEH 3HEpruu M TEILIOEMKOCTU
BBEIPOXACHHOTO MACATHHOTO (hepMU-Ta3a

w26\
[l;=€p(l“ﬁ( )-l»...),
_E i _5. 2 0)2
E—SEF -I-lzﬂ' +...],

Tae rpaHuyHas sueprus Pepmu

h2 N 2/3
LG
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Mpencraenenne BTOPUYHOro KBaHTOBaHMA
B 3ajjayax CTaTUCTUMECKOM MEXaHUKK

OCTaHOBMMCSI KPATKO Ha CMBICJIOBBIX MOMEHTaX 03alIaRICHHOTO
BOINpOCca ¥ Ha HEOOXOAMMOM B MPOBOANMBIX MCC/ICHOBAHHMAX PELICTITYpE
BBEJICHHSA 3ITOTO TPEACTARIEHHUSA, OTCHUIaA 3a MOAPOOHBIM €ro Hanoxe-
HUEM K DYKOBOACTBY (T.4, 1. 1, § 3, cTp. 41-81).

§ 1. IN -vacTyHeIN Ga3uc

Brepenue TpencTaBicHUs BTOPUYHOTO KBAHTOBaHMS B 3afadax
KBAHTOBOU CTaTHCTVKM UCXOIHMT U3 niocTpoeHUs N -4acTuuHoro 6asuca
¢ OMpefeNeHHBIMUA CBOMCTBAMM CHMMETPHH (603¢BCKUMM HIH (hepMH-
¢BCKMMH B 3aBHCHIMOCTH OT TPEMIIONATAEMEIX B JaTbHEHIIEM WCCIe-
HOBaHHH), T €. B ITOCTAHOBOYHOW YaCTH PAacCMATPUBACMEIX TPOGIEM
elle o KOHKpeTHOH (uKcalMM JUHAMHYECKON CTPYKTYPH HCCNEHye-
MO#t cucTeMnl (10 GHKCalLMY KOHKPETHOTO BHIA TaMWIBTOHMAHA, T. €.
A0 MMKPOCKOTMYECKOrO 3aNaHMfl cMCTeMB N OAMHAKOBRIX YAaCTHL).
Takum oOpa3oM, KUHEMATHYECKHE 0CODEHHOCTH MHOTOTeJbHOM CHCTe-
MEHI OKA3bIBalOTCS (PUMKCUPOBAHHMMM 3apaHEe B JOCTATOYHO YHUBEpP-
CalbHOM BapHaHTe, Y YXe JANCE NMPH TEOPETHYECKOM PACCMOTPEHUH
KaKnX-TM60 MaKpOCKOIMUYECKHX TIPOABJACHHUII TEX CBOWCTB CHCTEMBI,
KOTOpble HEMOCPEACTBEHHO CBA3aHBI C HAIMYHEM AMHAMHYECKOTO B3a-
UMONEHCTBUS YAaCTULl CHCTEMbI APYT C APYTOM WIM WHHIMU NOASMH, 3Ta
«KBaHTOBAasi KWHEMATHKA» YUYHTHBACTCA aBTOMaTHUYECKH.

Tak Kak B CTATMCTMYECKOI MeXaHWKE OCHOBHBIE PE3YJIBTAaTHl —
9TO CpEOHME 3HAYCHUS, BhipaXalolnecs ¢ MOMOU(LIO ONepaLHil «B3SITHA
IITypa» M MO3TOMY HE 3aBUCHULIHAE OT NMPEACTARICHUI, B KOTOPBIX TH
HITYphl PacCYMTHIBAIOTCA, TO B BhiOOpe 0a3uca BO3HMKAET M3BECTHBIM
NPOMU3BOJI, KOTOPBIii ClleAyeT MCHONAb3OBATh paliMOHANBHBIM 06pa3oM.
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[IpakTnuecku 3T0T Ga3uc AN cucTeMbl N OOMHAKOBBIX YACTHL, I1O-
MeUIeHHBIX B 00beM V, CTPOMTCA U3 COOTBETCTBYIOUIUM 06pa3oM CHM-
METPUIOBAHHBLIX WK aHTUCHUMMETPUIOBAHHBIX TTPOU3BEACHUNT ONHOYA-
CTHYHBIX (PYHKUMIT cBOGONHOTO ABWXEHUS YaCTUIl — TUIOCKHMX BOJH
s 603e-yacTHl, 6¢3 CMUHA MU TUIOCKHX BOJH CO CITMHOBO#A ¢hyHK-
meit wig GepMH-9acTHIl CO CNHHOM 1/2,

pp(T) = ‘/—exp{wr}

03 (7, 8) = 937 1s(0) = A8 — 0) = \/, exp {”7 ""}.

Takoit BeIGop 6a3ucHbIX QYHKIMIA ¢ MareMaTHYecKo# TOYKM 3peHMSs
ARJIACTCA BeCbMa TIPOAYKTHBHBIM, TaK KAK BCE MHTETPATHLHLIC CBEpT-
KM ¢ TaKuMU PYHKUMAMU NMPUOOPETAIOT BUI MHTErpajioB dypee M HX
MoIU(UKALIUA, KOTOPbIE PACCHMTHBAIOTCA AOCTATOYHO 3MEMEHTAPHO.
C apyroit cTopoHbl WCMOJAbL30BaHME TaKMX Oa3MCHRIX (DYHKUMIA, AB-
JISIOMIMXCS COBCTBEHHBIMH (PYHKLIMSIMA HYJIEBOTO TaMHJTBTOHWAHa Hg,
XapaKTePU3YIOUIETO CUCTEMY HEB3aUMOMCIHCTBYIOMMX APYT C JPYTOM Ya-
CTHUl, MOATOTARINBAET PA3BUTHEC CTATUCTUYECKON TCOPUM BO3MYILEHHUIA,
B KOTOPOii MOMpaBoYHKIE K HYJICBOMY IpUGIXeHUIo (K pe3yabraTaM,
X2PAKTEPUIYIOWUM COOTBETCTBYIOMIA MACANLHBIA ra3), wieHsl npei-
CTaRIIAIOT cODOM B3ATHIE C ITMGOCOBCKHM BECOM

e—Ho/®

Po= Sp e~ /¢

. CPEAHME 3HAYCHMS, PAaCCUUTRIBACMBIC C TMOMOLIBIO LIMYPOB 1O COCTO-

AHUSAM WACANBHOA CHCTEMBI OT COOTBETCTBYIOLUCTO YMCIa WTEpALIUii
oneparopa H, == H — H,, onuChIBAIOIIETO B 00lIeM raMUIBTOHHAHE
cuUCTeMB H w3anmMoneficTBUe ¢ YacTusl.

§ 2. Mpencragnenne 6a3uca B TePMUHAX YUCEN 3ANONHEHUA

BBepeM BMECTO TPEXMEPHOTO UHIEKCA P; M YETHIPEXMEPHOTO P;0;
eNUHBIA cUMBON f;, a T; W COOTBETCTBEHHO f48; 0603HaAYMM GYKBOIA
z; (i=1,2,..., N). CoorBerctBeHHBIM 06pa30M CMMMETPH3OBaHHbIE
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MPOM3BENEHUS OXHOYACTUYHBIX (DYHKLMIL tp,;,.(a:,-), ofpazyolme HOp-
MHUpPOBaHHBIe N -yacTMuHEle 6a3UCHBIE PYHKUUU

‘P{fu--.,fu}(zl, ey BN) = oz, - 2N,

npeobGpa3yeM OT MMITYICHOTO MpelCTanieHuss K MpelICcTaBIeHUIo YM-
Cell 3aIOMHEHMS. YUYMThIBas BCe NOIMYCTHMBE 3HAYEHUS BENMYMHH f,
KaXxIOMy M3 HMX CONOCTaBUM uejoe uncno Ny = 0,1,2,..., yka3n-
palollee, CKOJMBKO pa3 HaHHOE 3HaYCHNE f BCTPEYAETCS B COBOKYITHO-
ctu uHaekcoB {fi} = fi,..., fn. Takum 06pa3oM KaxmoMy WHIEKCY
6a3ucHex dyuxuvit {f;} (cocrosimeMy Tonbko U3 N 3NeMEHTOB), co-
nocramisercs Habop uucen sanonHenust {N;} (sooGuue rosops, Gec-
KOHEUHRIN), CyMMa HEHYJIeBBIX 3HAYEHMI KOTOPHIX MOAYHHEHa YCIO-
Buio N -4aCTHYHOCTH
> Ny=N.
!

§ 3. Oneparopbi AUHAMUYECKMX BEAWYMH
B NPEACTABNEHWH YUCEN 3aNOAHEHUS

YTOOH 3anMCaTh ONEPATOPR AMHAMWYECKUX BEJIMYMH B IPEACTaB-
JICHUM HCEN 3aIOJHEHMs, packiacCuPUUUpPYeM HX MO XapakTepy Au-
HaMWYECKO AU THBHOCTH: OTIEPATOP AYIUTHBHOTO (KITH OHOYaCTUY-
HOIO) THIA WMEET BHI OJHOKPATHON CYMME! TI0 WHIEKCAM YACTHIL,

A=A(L,....N)= > A(G),

1IN

6MHApHOro (WIM NBYXYaCTHYHOIO) THIIA — JBOHON CyMMBI 1O WHJIEK-
caM YacTHI, ‘

B=9(,....N)= > B(,j)
1<i<jEN

u T. 1. OG0o3HaYass HOPMHPOBAHHKIC B Nj-TpeAcCTamicHWM Ga3ucCHbIE
dYHKLMM B BHIIE IMPAKOBCKHX §pa ¥ kem -BeKTOPOB (T. €. BRHOCS MHO-
ro6ykseHHuIH uHIeKc { Ny} Ha OCHOBHYIO CTPOKY)

‘I’{N,}(zh---;zﬂ) =I"'N!""')
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Y PACCYMTBIBASA C MOMOLIBIO 3TUX QYHKLMIL MATPHYHLIC 31EMEHTH! Olle-
patopa % B MpeACTaBAECHUK MMCEA 3aMOJHEHMA, HECIIOKHO MONYYUTb
ux ¢opMy B BUne

(...Nf”...|Ql|...N}"...) -

=N (HAIN . Ny |(Flal Pl oo Npo ),
Ir

rie BBeAeHO f-NpeicTaBneHue OTAENLHOrO claraemoro orneparopa 2A

(t1417) = [ o3 AWep(a)) dai,

a KaXAblii MATPUYHLINA 31eMEHT onepatopa & B f-npeacraBicHuM (T.e.
B MMITY/IbCHOM TIPEACTABIIEHNH) NPEACTABIIAET COBOIt OMeparTop B IMpo-
CTPaHCTBE YUCEN 3aMONTHEHUS, UIMEHSAIOWMI Ha SAMHUILY IITPUXOBaH-
Hble 4KCIIa 3anonHenust ¢ uuaekcamu f u f': Ny=Ny—1, Np=Np+1
(IV -uactuunocTs HaGopos {Np} u {Nq} crporo coxpaHsiercs), B oT-
HOILEHNM NPYTHX 3HaueHuit f” ocTaBasch AMATOHATBHLIM. DTH OnEpa-
TOPH UENMKOM COCTABAEHBI H3 OGLIHTETPHPOBAKHBIX MO BCEM KOODIHM-
HaTaM Z;, BKIOYasi T, MPOM3BENEHHI TUIOCKOBOTHOBBIX (DYHKIMM @ #(x)
H TIO3TOMY He 3aBHCAT OT CBOWCTB onepatopa A, ABAAACH YHUBEPCAIb-
HBEIMM JU1S1 BCEX ONEPATOPOB AZAMTHBHOrO Tna 2A. DTOT ONepaTOpHBII
MATPHYKbIA snieMeHT (f'|a)f) B NpencTaBnerMu uwces 3aNQIHENYS TIOCTe
MpPOBENEeHHS YKA3aHHBIX MHTETPHPOBAHMIL C YYETOM OPTOHOPMHPOBAH-
HOCTH OIHOYACTHYHBIX QYHKIHIt  ;(Z) (BCTIEHCTBUE YETO MIPU UHTETPH-
POBaHUM TOARIAIOTCA COOTBETCTBYIOIINE KPOHeXepoBcKUe A-(dyHK-
1K) npuobpeTaeT BUA B ciyyae f = f

N{..Np...[(flalf)l... Np ...y = Ny [] AN = Npw)
i
u B cayuae f # f
N{..Np...|(f'lalf)) ... Np..) =

= /NiN; ANy - 1= N) ANy = Np+1) [[ AW = Np).
PELL
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Ecny BRUTOJTHUTD aHANOTUYHBIE ASACTBUSA TIO OTHOLICHHMIO K OIIepaTopy
THNa B, TO NONYYUM aHANOrMYHBLIA pe3y/IbTAaT.

N(N-1
%I...N}"...)=—L2—)X

X 3 (s ABADUL £ Ny [(Fs S1BU1 ) N,
fhtif

(...Np...

roe

(1 £IBOAA, 1) =
= [ 610 ¢ (@DBA2) o) o) da de

NpUyeM OKa3blBaeTcA (DPeAKUM Ciyyail, KOrIa «aByx4acTU4Has» CTPYK-
Typa NpeACTaBIseTCs B BUAE KOMGMHALMHI «OXHOYACTHYHKIX» ), YTO MAT-
PMYHBIN 3NEMEHT orepatopa 8 B f-TIpeACTaRTEHUH LIETMKOM BbIpaXa-
eTCs Yepe3 HECTIOXHYIO KOMOHHALIMIO ONePaTOpPOB aAlNTHBHOIO THTIA &,

NN =1, flBlN. 1) =
= N(fllalf)) - (filalf2) - NA(fi = £2) - (filalf),

B CBfI3N C 4YeM BCA JajbHeWinass nmpouexypa MoXer 6bITD OrpaHHYcHa
UCCJIEIOBAHUEM CBOWCTB TOJNLKO orepatopa «a.

§ 4. Beepenne ONEPaTOPOB POXIEHUA ¥ YHUMTOXEHMUS

Co6cTReHHO mpoLeaypa BBeAEHUs NPEACTaBACHHA BTOPUYHOIO
KBaHTOBAHMA COCTOMT B TOM, YTO B MATPHYHOM 3/IEMEHTE OMNEPaToOpa
(f'|alf) srinensioTCA ONEpAaTOPHKE YACTH, YMEHBIIAIONINE ¥ YBEANUH-
BalOIMe YHCNTA 3arionHeHus Ny m Ny Ha ¢IMHHMIY, HEe HIMEHSSA NpH
3TOM BCEX OCTANLHBIX ukcen ¢ nugexcamu f # f u f” # f'. B 603e-
cayyae (6asMcCHble YHKUMM COCTABJIEHH M3 CHMMETPH3OBAHHBIX NPO-
u3BeAeHNH QYHKUMIt @y(Z)) 3HAYCHMs HYMCEN 3ANONHEHMS HIYEM He
orpaHuyeHn N ;' =0,1,2, 3, ... Onpenensas MATpHYHOE TIPEACTABICHUE
onepatopa by, npeactaansiouero yacts onepatopa (f'|alf), B Bune

(..Nj .. |bgl...Ny..) = /Ny AN =Ny + 1) [] AN —Np),
I"#S
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BBIMULIEM EAUHCTBEHHbIII HEHYIEBOM €r0 MAaTPUYHBINA SJIEMEHT, UMEI0-
LUMA uHAEKC f, ONYCTUB LIS NPOCTOTEL BHIIIUCHIBAHUA COXPAHSI IOIIIUECH
yncna Ny ¢ vHIekcamu f' # f. Torma umeem

(Ny = 1|bs|Ny) = /Ny,

WK B GoJee «onepaTopHoii» dhopme

bsINy) = /Ny|Ny — 1),

JInst 3pMUTOBO-CONPSIKEHHOM KOHCTPYKIME (... Ny ... |b}“| SN
COOTBETCTBEHHO ITOJIYYaeTCS

(N7 + by INp) = ‘/N} +1,
WIH, OTIyCKasi LUTPUX,
bfINy) = /Ny + 1IN; + 1),

DTN OneparTopbl, U3IMEHAIOIUE COOTBETCTBYIOLIWEe MX HHIEKCY 4YHCHIa
3anoiHeHus Ny Ha eauvHuuy, TIONy4Mid Haspanus: by — omeparop
YHUYTOXEHUA U b;’ — OnepaTop POXICHHSA (xom IIpH 3TOM HHUKaKHe
YaCTULIEI C KOHEYHON Maccolt B CHCTEME He MCHE3aI0T M HE TIOABIIAIOTCST)
YaCTHL B COCTOSHUU f (T. €. OMMCHIBAEMBIE TIOCKOMN BOTHOM ¢ MMTIYTb-
coM P). Y3 npuBeneHHbIX Bbile GOPMYII CAELYIOT COOTHOILEHMS

by bg|Ny) = Ny |Ny),  byb}|Ng) = (Ny + L)INy),

3aNMChIBAEMBIE TPAAMIMOHHO KaK INATOHANhHEIE KOMOHWHAIMY Ofnepa-
TOPOB POXIEHUA M YHUUTOXEHHA

biby =Ny, beb7 =Ny +1,
W XapakTEPHBIC ANA 603e-cUCTEM UX KOMMYTAILIMOHHBIE COOTHOLLCHUSA
[bs,b7) = bsb} — bpby = A(f = f), [by,bp) = [0, 7] = 0.

CoenvHsis BheneHHble yacTH omnepatopa (f'|a|f), TpencTaBneHHEE

€ NOMOLIIBIO OMepaTopoB by 1 b}F, MOJIy4aeM IUIsl Hero Tak Ha3blBaeMoe
NPeACTaBIeHUEe BTOPUMYHOIO KBAHTOBaHUA

N(f'laif) = b} by
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JBYX4acCTHYHEIA onepatop S B 3TOM Xe MpPeACTaBNeHKH Onpeaeisercs
cpa3y o bopMyne, ycTaHaBIMBAIOLIE €r0 CBs3b C ONEPaTOpOM a,

NN = 1) (fl, £ilBlf1, £2) = b} b)bpdy.

B depMu-ciTysae aHTHCHMMETPH30BAHHBII 110 MPOU3BEACHHAM DYHK-
it ¢ ¢(z) N -gacTaHB 6a3nc (ipeacrartsonmii coboii Det ||¢y, (25)]])
MpH TIepeXoie K MPEACTARIEHHIO YHCEIT 3aOMHEHUSA OTPAaHWYHBACT MX 3Ha-
YCHHS MBYMA BO3MOXHOCTAMU Ny = 0 v Ny = | (mpuHuun IMaymn).
TToaToMy omepaTop YHHYTOXEHHS g, NEHCTBYA Ha YMCIO 3aNOHEHHA
Ny = 1, ymeHbImaeT ero 3Havenue o Ny = 0, a ero nefcTua Ha Ny =0
TIPHBOIAT K HYAEBOMY pe3yabrary. COOTBETCTBEHHO OMEPaTop poXxaeHus
a}', neficTByst Ha uucno Ny=0, npeppautaer ero B Ny =1, a neiicteys
Ha N;=1 naet HOJb, TaK KaK COCTOSIHMSA ¢ Ny =2 3anpelLieHHl.

IJTO IPHBOAMT K OTIMYHBIM OT 603¢-CiIydass COOTHOLUISHHAM

asINy) = NyIN; - 1),  af|Ny) = (1= Ny)|Ny +1);
a}"a;=N,«, a;a}’: I—Nj,

a 1o OTHOHJCHPIiO K cCaMHMM oneparopaM ay u a’; — K COOTHOWEHHUAM
aHTHKOMMYTal U

[a}, 8]+ = 6} ap +apa} = A(f - f'),
[asap]s = [0;0?]4- =0, ajap= a;f,a}" =0.
TIpu 3T0M hOpMYIIK 1S ONEPATOPHEIX MATPUYHLIX 3neMenToB (f'|alf)

u (f1£3|pol f1f2) BHELIHE OCTAIOTCS TIPEXHUMY NPY YCIOBMHM COXpaHe-
HMS YKa3a8HHOM TIOCAENOBATENLHOCTH MHIEKCOB,

N(f'lalf) = a7 ay,
N(N = 1)(f1, floolf1, 12) = a}af,apay,
TIO3TOMY B IPWIOXEHUSX OMEPATOPH POXIEHHUS H YHHITOXEHUA B Go3e-

1 depMH-cIyuasx 0603Ha4aIOTCS GyKBaMu @' M G, OrosapuBas rpu
3TOM XapaKTep HX KOMMYTALHOHHRIX COOTHOLUEHHH,
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B peayabrare UMeeM MpeacTaBieHUst BTOPHYHOrO KBAHTOBAHUS LIS
oneparopos Tvrna A u B,

2= 3 Al — 2 =S (f14If)a} ap,

1€IKN 1
Z B(i,j)— B = Z (fi. f2BIf1, £2) o, a}, ag a.
1Si<I<N hhtih

§5. Pabouue dopMynsl Ans ONEPaTOPOB AUHAMUYECKMX
BENMYUH B NPeACTaBNEHUU BTOPUHHOIO XBAMTOBAHNA

IIpuBeneM, HaKOHelu, OCHOBHble pabouue DOPMYIH s Haubo-
JIee 4acTO UCIONb3yeMbIX B TIPWIOXEHUSAX ONEPATOPOB IWHAMMYECKHUX

BCJTHYUH B «<MMITYJIBCHOM» BapHAHTE TIPEACTABICHUA BTOPUYHOTO KBaH-
TOBAHHUA.

a) Onepamopui addumuerozo dunamureckozo muna .
Hcnone3yst TIIOCKOBOJIHOBBIE (PYHKLIMH

o) = or{ 7|

Ans pacyeta MaTpwunbix anementon (f|A|f') u COOTHOMIEHNE

1 1V 2 20 L0 P
erxp{—h—}dr_A(p—
v

HUMEEM LjIst ofi€paTopa MOJHOI0 YHCIa YaCTHLU B CHCTEME

N=Y 1, Al)=1+—N=) afa,

ISIEN »

re CYMMHPOBaHH1E IPOU3BOLHNTCS B Go3e-ciydae o p=F=(pz, Py, Pz),
a B ¢epmu-ciyyae — no p = (p, o), o £ 1.
g oneparopa MoTHOTO MMITYJTkca CUCTeMBbl N YacTHiL HMEEM

P= Zp,, A1) = pl-——V,r——>P Epapap

1SIKN
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I HyseBoro raMuisToHMana Hy (raMibTOHHAHA MIEabHOR CUCTEMbI)
HMeeM

P;
Hy= r
ISISN 2m
P? 2 2 ’ +
A(1)=E=—-2'-1;V,'——>'Ho=;2 ap Gp

JIng NOTeHUUATLHOM SHEPTUM B3aUMONEHCTBHS YACTULL C BHELLIHUM I10-
TeHUMATBHEIM TioneM U (F) mMeeM, pBons ¢ypbe-06pa3 byrkuun U (F),

o= [vOe{-Lha v=3 v,

) ’ 1ISiIKN
. 1 1 .
AN =U(H)— U= v E u(q) ay Gpiq = v Z u°(q) 6514 ap,
» 74

e 30eCh M Jajiee B MTOROOGHEIX CIyYasX NMPU HANMYUH Y YaCTHL] CHCTEMBI
CIIMHA

pz(ﬁ,a), p+q=(ﬁ+§’,0), q=(®'
6) Onepamopw 0gyxuacmuumoeo usy 6unapnozo muna B.

TakuM onepaTopoM SABJIAETCS ONEPATOP B3AUMONEIICTBUA YaCTHMLL
IpYT C ApPYroM, MpocTeiiuas Moeib LI KOTOPOIo, COOTBETCTBYIOLIAs
MapHOMY UEHTPATHHOMY B3aMMONEHCTBUIO JacTHLl, HMEET BU]

H= ) (-

I1Si<jEN
IMonaras, 4To MOTEHIUMaT MAPHOrO B3aUMOICHCTBHSA
&(R) = ®(R)

HMEeeT MaTeMaTHYECKM OCMBICIEHHOE (Pypbe-TIpencTaBAeHHE,

v = [ e®en | %} dF,
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npeactaruM noteHuuan ®(|7; — 7|) B UMNyN1bCHOM NPEACTABIEHUA

o sy ! 1 IR )
, [’ - , = — X P — X
(71, P2 ®(IFL ~ Tal) P1, P2) = 373 /e p{ : P }

. o = Py
ip T P
+

x ®(|Fy ~ 7]) exp { 5 S

}dﬁdﬁ:
U R
=A(P1+P2—P'1‘P;)§V(IP'1—Pll)-

CHMMas 0IHO M3 HETHIPEX CYMMUPOBaHUH B HOpMYe JUTA IPEACTABICHS
orieparopa ‘B BO BTOpUYHO-KBAHTOBAHHOM BHAE W MONAarast f)", - =q
nonyyaem

1
g pr
roe

g=(9), p+eg=(p+q0),
p' —q= (ﬁl _q.’al)’ p' = (ﬁ'so')s p= (ﬁ’a)-
B) Onepamop hypbe-KOMNnoHembt nIOMROCMU MUCAG Hacmuy.

Onpenensis IMIOTHOCTbh YMCAA YACTHLL CUCTEMB! B KOOPIMHATHOM
MPEACTABIIEHUHN KaK ’

= 3 s7-r), [ omar=n

1IN )

nonyyaeMm Juist e¢ Gypbe-KOMIIOHEHTH AJNUTHBHYIO IMHAMUYECKYIO
CTPYKTYDY, T. €. onepatop tvmna %. No3ToMy MMeem

PGFY i g7
pq=fp(7’)exp{qT}dr= > exp{ %‘},
v =
iqr
A(1) = exp {T} = Pg = Z Gy rq O

OTMETHM HEKOTOPHIE OYEBMAHBIE CBOMCTBA oneparopa py. Coracho ero
onpenenennio (8 M1060M NPENCTARIECHUM), p; = p_q. Onepatoprt p,,
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BHE 3aBHCMMOCTH OT TOTO, COCTABJNEHH OHHM M3 6o3e- wiu U3 pepMu-
OIIEPATOPOB, KOMMYTHDYIOT APYT C APDYTOM

[P, Pel- =0,

B TO BpeMsl K&K KOMMYTATOp C OTACIBHBIM ONEPATOPOM G, OTIHYEH OT
HyJI,
lapa Pel- = ag_q.

B TepMHHax p, MOXHO 3ammcarh orepatop U,
1 .
= v Z u (q)Pq»
q
M DOMYYUTh yAOOHYI0 dopMyny ans oneparopa H,

H = 1% ZV('I)Pq Pq— 5% E v(a) 2 ap ap =
N
—V ; V@i Py - 5 Zq: v(q).

1) Onepamop 31exmpor-hoRoHHO20 63aumodeiicmeaus.

IMonarasi, 4TO TEIUIOBOE ABMXEHWE B MOHHOW KPMCTALINYECKOR
peleTKe MeTaa PeaIH3yeTcs KaK rapMOHMYECKHE €€ KOonebauus WiH,
4YTO TO X€ CaMO€, XaK COBOKYIIHOCTh BOJIH TUIOTHOCTH aKyCTMYCCKOIO
XapaxTepa (Ha3biBagMEle MO3TOMY GOHOHaMH), GydeM CYMTATh, YTO ITH
BOJTHBI HE NMPOBOLUPYIOT HOABICHUSA 00BEMHBIX INEKTPHIECKUX 3apsiOB
(opoxaaI0IMX BHCOKOIHEPIeTHYECKHE TITa3IMEHHBIE KONE6aHMS), T. €.
3TUM KoNeDaHuaM PEIICTKH BO BCAKOM CJiyvyac B JUIMHHOBOJHOBOM UX
IUara3oHe COIMYyTCTBYIOT CHHXPOHHEIE ¢ HUMH KOjAeGaHHA IL1OTHOCTH
3NEKTPOHHOIO ra3a, TaK YTO IUIOTHOCTh 0GBEMHOTO 3apsiaa

pau(f,t) = (npelH(f) t) — (T, t))e =0

Torma B TaKOM «agMabGaTHYeCKOM» TIO OTHOLIEHHIO K DIEKTPOHHOMY
Ta3y NpUGIDKeHUH (M IPHUGTHKEHWY MaTbIX MMITYTCOB (POHOHOB) Ta-
MWIBTOHNAH 1EKTPOH-(POHOHHOIO B3aMOIEMCTEMS JOLKEH BKIIOYATh
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Ofneparopbl OOHOBPEMEHHOTO POXAEHHS! (MU COOTBETCTBEHHO YHUUTOXE-
HHUA) HOHOHA ¢ MMITYNsCOM § (onepaTtop poxaeHust 603e-THNa b;h)
H KOMIeHcHpyloluit o6beMHEINR 3apsn oNepaToOp BOJHBI TUIOTHOCTH
NMEKTPOHHOTO Ta3a p;. TaMUJIBTOHNAH TaKoit YIIpOLeHHONW, HO BIOTHE
dbu3nyeckoit Moaenu B3auMoneicTeuA Toraa OyaeT UMeTh BUIL

!
Hamgon = S ®(g) e b7 +byp) =
']

1 + . op+
= 7 % B(g) (8,-q0pb; + bya,. 40),

o(q) = 7\/nch

(M — wmacca voHa, n — riotHocTs N/V, ¢ — CKOpoOcTb pacmpo-
CTpaHeHUs aKycTHUYeCKMX KojeGaHWi, cBsizaHHass ¢ 3Hepruelt doHOHa
hw(q) = cg). MonHeli raMWIETOHKAH 3NEKTPOH-DOHOHHOI CHCTEMBI
JOJDKEH BK/I0YATh TAMWISTOHMAHLI CBOGOAHBIX MEKTPOHOB (WICAIb-
HBI pepMU-Ta3) ¥ NaeaTbHOTO Tra3a ¢hoHoHOB (603e-ra3),

Hy = Z E(p)aja, + Z hw(g) b] b,.
P 7

rne (CM. OCHOBHOI TEXCT)



MNpunoxexue

Teopema 0 cnapuBaHusx

PaccMaTpuBad UAEAIBHYIO CUCTEMY, XAPAKTEPU3YEMYIO FAMMIBTO-
HuaHoM Hj, B KayecTBE HyNeBOTO NMPHOIUXKEHMS U Pa3BUBAdA 3aTEM TeO-
PHIO BO3MYILEHHUM 1O CTETEHAM TapaMeTpa, ONPEAENAIONIEr0 BEANYHHY
BKJIAIOB OT OCTaBLIelCs YAaCTU NOAHOTO raMmuisronMaHa Hy = H — Hy,
€CTECTBEHHO MCIIONB30BATh NPH pacueTax, CpeHMX 3HAYEHHii Mo pac-
npegeneHuto Tu66ca Ast MIACATBHON CUCTEMBI (3TH CpPEAHME UMEIOT BUA
LITTYpOB C BECOM g~ Ho/ 0) 6a3uc, coOCTaRMeHHBIN U3 COGCTBEHHBIX GYHK-
U HYyACBOTO TaMIWIBTOHMAHA, a TakXkKe TPEACTARICHWE BTOPWYHOTO
KBaHTOBAHUA [UIA YCPEIHAEMBIX OMepaTOPOB, MOCTPOEHHOE Ha OCHOBE
TOIO Xe IUIOCKOBOJHOBOrO 0a3uca, OTU pacyernl MOXHO BhIMOTHMUTH
HeITOCPeICTBEHHO, HO 3HAYUTEILHO Npollte ¢ LesecoobpasHee BoCHONb-
30BaThCH TEOPEMO#, 03HAYEHHOUN B 3arNaBHHU.

CpedHee 3nauenue npou3sedenlss YemHo20 Hucia ONepamopos poXc-
OeHUA U YHUYMONCEHUA, PACCHUMbIEaeMoe ¢ NOMOWbIO B0AbIUI020 KAHORU-
yeckozo pacnpedenenus ITubbca s udeanvroeo 2asa, Xapakmepusyemozo
2aMUNbNOHUAHOM

Ho=Ho— pN =Y (B, - paja, = Y_ £,07 ay,
4 p

20e, 8 yacmHocmu, 6 Hepeﬂnmueucmcxomlmyqae E, = p2/2m (022 go-

monnozo 2a3a u gomnonos = 0 u E, = hw(p) = pc), pasno cymme écex

BOIMONCHBIX NOAHBIX CNAPUSAHUL ONEPAMOPO8 PONCOCHUS U YHUHIMONCEHUA.
OTH CITapUBaHHA ONPENETAIOTCA KaK

Sp {ap aye~Ho/f})

) + -— —
Gp Gy = (ap ap'>0 = Sp -/t =A@ —p’)np,
Gat = 12678y = Alp— p)(1 £ny),

dply = (apap)0 =0, Gpa; = (aya;)o =0,
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rae CpefHHME YMCaa 3anojiHeHHs B Go3e- (BepXHuMM 3HaK) U hepMu-
cydasix (HUXHMI 3HAK) OMPeaeAloTcs BhpaXeHUeM

1
n, = povEL

TIpaBnno 3HakoB Tepea Kaxmoil MOJTHOI cucTeMOM crmapuBaHuit
npoy3BeAeHUIl onepaTopoB ot u a, axTyansHoe TOILKO NPH PaCcCMOT-
pPEHUH (pepMH-CHUCTEM, ONIPENCIHETCHA YETHOCTHIO YMC/A MEPECTAHOBOK
AHTHKOMMYTUPYIOIIIUX OTEPATOPOB, HEOOXOMMMEIX LISl TOTO, YTOOH! CIa-
pHBacMbIC OMEPaTOpHl @y W Gy (wm ay W a;," ) CTOSUTM pSLIOM, WITW
fipoule — YETHOCTHIO YMCNA TOYEK NEpecedyeHus JUHUN CriapuBaHHN
B MOJHOM MX CUCTEME.

JloKa3aTeqLCTBO 3TOH TEOPEMBI MOXHO OCYIIECTBHThH METOOM Ma-
TEMaTHYECKONH MHAYKIIMM, PACCIMTAB TIPCABAPUTETHHO TIPSMBIM CIIOCO-
60M ¢ NMOMOLWIBIO GONMBILOTO KAHOHHYECKOIO pacmpeAcieHUs cpelHee
OT NpOM3BEAEHUA ABYX NMap ONEpaTopoB POXACHMA M YHUUTOXCHHA,

(a;a;apaap:] Yo = Ny, Ny, (A(p‘ - Pll) Ap; - Plz) +
!
+ A(py = pb) Apr ~ 1)) = & &3, Gy ;.

WIH Ha OCHOBE CIEIMalbHO IS 3TOTO NPHUAyMaHHOro rmpueMa. He npu-
BOIA 37eCh 3TUX CKYYHBIX BBIKNIANOK (cM., Hamp., T. 4, DL 1, § 3-H),
IIpUMeM 3TY TEOPEMY HA Bepy.

Y1066l YOeAUTLCS B ZIOCTOMHCTBAX 3TOM TEXHUKM PACUETOB CPEAHUX
nio pacnipeaencHuio Inb6ca, npuBeeM IBa MPOCTHIX TpUMepa.

Tak Kak

) =l ,
(Nplo = (a5 6pa5 Gp)o = G Gpay Gy + Gy Gply 4y = 1 + (1 £ 1),

TO M1l DUCTIEPCHUM YMCesl 3aMOIHEHUS Cpa3y MojlyyaeM
2 2 2
((ANp))o = (Np)o = {Np)g = np(1 £ np).

Pacyer nepBoif monpabky K BHYTPEHHEH 3HEPIUM HeuneanabHOro
dbepMu-raza Takke mpocT,

v

1 o 1
AB = (H\)o = 77 V(9) (a54 g 05— q Oy ap)y =
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N? 1
= 5520 - 5 % Y(@)p+gMps

e
N =an=2ny.
» »

Eciii cMMBOJE! CITApHBaHUY NMpeNCTaBNTE rpaduecKn CIUIOUTHEIMU
JTMHUAMY, HECYIIMMM OT OMepaTopa a;r K @p 3HAUECHHE MMITyNbCa p,
a BaauMoneytcTeue v(q)/2V — IYHKTUPHBIMH JTHHUAMM, HECYLIMMU
MMIyJILC ¢, TO 06pa3yeTcs duarpaMMHas TeXHMKa, HarAHO M300pa-
Xalollasd BKIaIbl 10 TEOPHH BO3MYILEHUH OT COOTBETCTBYIOUIUX TIONHBIX
CUCTeM CNAapUBAHUM B KAXIOM M3 MOPSOKOB Mo H|, KOTOpEIC MOXHO
TYT Xe MPEeICTABUTh B BHAE COOTBETCTBYIOMMKX HHTETPAIbHBIX BRIPAXE-
Hult, yXe OCBOGOXZEHHEIX OT MpOLEAYPhl B3STHUA CPEAHMX IO CTaTH-
CTHUYECKOMY PacIIpeleICHMIO,

TeopeMa o criapuBaHuaXx, nokasanHas KinonoM Bbroxom w Jomu-
HucucoM (C. Bloch, S. de-Dominicis, 1958), BepHa TOIBKO Wl TeX cy-
YaeB, KOTAa CPEAHUE YHCIA 3aTIONIHEHHS Tl MMEIOT YKA3aHHYIO TPAIULK-
OHHYIO dhopMy 603e- u PepMu-pacnpeneeHUl L9 NACAIBHBIX CHCTEM,
T. €. Bcerga s pepMu-ciyyas, Ho i 603e-cydast — TOJNBKO JJIs BCEX
p # 0, TaKk KaK cpegHHe OT uuciaa Ny = ag' Qg M ero creneHed Bcen-
cTBue Gose-kKoHueHcauuyu npu @ < §y monoGHOK ¢GHOPMEI HE UMEIOT.
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BapuauuonHas Teopema Boronio6osa

Bapuamviownsiit mpunumn H. H. Boromo6oBa (nepsas ero my6miu-
Kalusa ¢ KOHKPETHBIM UCHOIb30BAHHEM CONEPXKUTCA B 3aMeTKe 1956 1.
aBTOpa JIAHHO KHUTH) TIpeIHa3HaueH 1t 3hHeKTHBHON OLIEHKM BepX-
HEH IpPaHULLbl CBOOONAHON 3HEPIMM PaBHOBECHOM CTaTUCTUYECKOMN CH-
creMbl. OpUIHHAJIBHOE 10KA3aTENbCTBO 3TOIO aH3aTLa IPUBEAEHO B IIO-
co6uK aBTOpa 110 TEPMOLMHAMMKE U CTATUCTUYECKOM (usmke (CM. T.2,
T 3, § 2-m). Uto6nl Gonee YeTKO MOMYEPKHYTh, YTO OCHOBHOE HE-
PaBEHCTBO 3TOW OLIEHKMW SIBJISIETCH CIEACTBMEM CBOJMCTBA BBITYKIIOCTH
SKCITOHEHTHI U 3KCNOHCHLUMANBHON Xe CTPYKTYPH T'MOOCOBCKOro pac- -
NpeaeacHus, NMpHBEIEM 31EeCh HECKOIBKO MHON Mo HopMe €ro BBIBOI,
pa3buB OOKa3aTeNbCTBO HA TPU MYHKTA.

1. Mycts F = Ft — camoconpsxeHHBI#l omepaTop, B NMpUHIHNE
HMelolmii COGCTBEHHBIE 3HAYeHUA f,, COOTBETCTBYIOLUME COGCTBEH-
HuM dyHKUUsaM |n), F|n) = f,|n). O603Hayas yrinoBHMYU cKoBKaMu
NPOLIENYPY B3ATHSA CPEAHETO C MOMOLUBIO HOPMUPOBAHHOTO HA EAUHMLY
pacnipeneneius W (He obs3atenbHO ru6GCOBCKOr0), T0KaXeM CBOUCTRO
BBIMYKJIOCTH CPEIHEro oT SKCMoHeLManbHoro onepatopa (ef) > e,
wi In (eF) > (F). PaccMoTpum Benmummy

F) = (4™ = (),

rae mapaMeTp A orpeneneH B WHTepBame 3HadeHWH 0 < A < 1, wee
IIPOU3BOIHYIO

a5 _ A(F-(F))
L = ((F - ()T,
ITpu 3HadyeHUM A = 0 uMeeM corracHo orpenenenmnto GyHkuun f(A)
of(A
10 =1, I (F) - (F)=0.

8A A=0
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BenencTeue cBoiicTBa BHIIYKIOCTH SKCIIOHEHTRI MMEEM npy A 2> 0 M Jio-
OBIX 3HAUCHMSIX 2
e Az >z,

YTO Cpas3y ofepeieiseT OLIeHKy Cpe/IHeit BeTHYMHB Npou3BogHoit 81 /0,
(F - )e,\(F- )) — Z(f" — (F)) BA(IH-(F))<n|W|n> >
2D (fa = (F)(n|W|n) = (F) - (F) = 0.

1N |,
BA = ]

T.e. dyHkuua f()) Apnsetcs BospacTalowedt dyHKuuedt mapaMerpa A.
Tonaras A = 1, umeem f(1) > f(0) = 1, oTkyna ciexyeT HepaBEeHCTBO

TaxuM 06pa3oM, MbI OIYYWIM, YTO TPU A 2 0 rIpoM3BOZHASA

(eF) > e,

2. OGpatuMca Teneps K crpykrype pacnpenenenns W. Ilonaras
ero ru66COBCKMM, BRIAEIMM M3 on;ezl IOLIEr0 3TO paclnpeacieHue
SKCTIOHEHUMAIBHOTO OIepaTopa e ,tie H = Hy+ H|, — raMib-
TOHMAH PacCMATPHBAEMOI CUCTEMRI, 3KCTTIOHEHIMATBHYIO YacTh, COAEP-
Xallylo TOMbKo onepatop Hp. BBoxd CHOBa mapaMerp A, MOJOXUM

e A e‘n"a’\V()«).

IMponuddepeHupoBaB 06e YaCTH 3TOTO PaBEHCTBa MO A, MONy4YaeM

- (_ﬂ_ﬂ) e PV () = - 90 e V() + e 1“*36; )

OTKyIa crnemyeT auddepeHIManTLHOE YpaBHEHHE WA omnepatopa V(M)
C «HAaYalbHbIM» YCIIOBUEM npu A = 0,

3V(/\)_ +£’60}‘( H, -2
o —¢ —7>e V(A),

Vo) =1,
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pellleHre KOTOpPOro UMeeT BUI

2 .
V(\) = exp {—/eg‘nr%e_%“d‘r}.

0

IMomaras A = 1, mofydaeM MCKOMOE COOTHOLLEHHE

o

I
e~ Ho+ /8 _ =B/t oy {_ /e 771.9 'OQ’d‘r}.
0

3. 3auMCTBYSl M3 IPEABLIAYLICTO MYHKTa ONEPATOPHYIO CTPYKTYDPY
3KCTIOHEHIIMATBEHOTO OIEpaTopa, MOJ0XHM

I
F=- f e%nfﬂe'g‘n’dr.
J 0
Toraa, ycpenHss no pacnpeaesneHuio [u66ca ¢ HyreBbIM raMILTOHHaHOM
e~ Hoft

M COBEpLUAs LIMKIHYECKYIO TIEPECTAHOBKY ONEPATOPOB NOX 3HAKOM L1y~
pa, rojiy4aeM, B3B MHTerpai 1no 7,

1
_ -fa-n B B H
Sp{ofdre 2 ¢ —Sp{;‘-e'”“/"}

(&) = Sp e~Hu/# - Sp e~Ho/¢

Ins cpenHero oT 3KCMOHEHLMAIBHOIO OflepaTopa, COMMacHo I, 2, Mo-

JayyaeM
1
Sp {e‘H"/" exp [— /dr eg'arﬂe’y_’n'] }
0 6 - Sp e‘m

F — —
(€)= Sp e~Ho/0 ~ SpeHi/f
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Npunoxenus

IloncTaBnas 3TH CpeIHUE B MONYUEHHOE B I1. | HEPABEHCTBO (eF ) = P R
MOJIy4aeM OUEHKY IUIsl CTATUCTHYECKONA CYMMnh!

Hy _gp
—_ Sp —e 0
— Qp o= 5 ~Ho/8 6
Z=Spe 2Spe exp Spe-Folt ,

KOTOpPYI0 MOXHO NpENCTABUTh B BUAE OLIEHKH BEPXHEH IPaHHUbI CBO-
GomHolt 3HEPTUM CHCTEMEI B BHIE OCHOBHOM opMyNnH BAPHALIMOHHOTO
npuxuuna H. H. BoromoGosa

F=—8Inspe” ™/ < g=_gin spe™” +

Sp He~Ho/?
Sp e—Ho/b

CpoenaeM HECKONBKO 3aMEYaHHU MO MOBOAY AOKA3aHHOIO BhlllIE

COOTHOILIICHHA.

a)

6)

PaaneneHuve raMiIBTOHMAHA CHCTEMB! Ha aBe yactu H = Hy + H,
¢ GOPMAIBHOM TOYKH 3PEHHMS MPOM3IBOJILHO, OAHAKO, BROOp ome-
paTopHOM CTPYKTYpH TaMIUTBTOHMaHa Hj BecbMa OTBETCTBEHEH:
yTOOH BapualWOHHas TeopeMa paGorana 3dxpeKTHBHO, Heo6XO-
numo, utobsr Sp e 2® paccaurmpancs 6W Z0 KOHLA, TO Xe OT-
HOCMTCH ¥ K pacyeTy cpemHell BeimuuHKn (H,).

B oneparopul Hy v Hy = H — Hy MOTyT BXOAMTH PA3TMYHOTO THIIA
napaMeTphl. Ux BuOOp HeoaHO3HAYEH, M ycTleX BapHAMOHHOH Npo-
LEAYPhI CYLIECTBEHHO 3aBHCHT OT TOTO, HACKOJIbKO COTNIaCOBAaH 3TOT
BRIGOP C XapaKTepoM pacCMarpMBaeMoi CHCTEMBI H €¢ GHINYECCKUMH
OCOOEHHOCTSIMH.

Ilocne B3sATHA WNYPOB H pacyeta W 3TH napaMmerpal Bu6HpaloTca
HAWIYYIIUM 00Pa3oM C LEJIbI0 MAKCHMMANBHO MOHH3UTh BEPXHIOID
TpaHuIy cBo6onHoil sHeprun W. IIpH 3TOM He MCKIIOYEHO, YTO
YCJIOBMS MUHHMH3ALHH BeNWYHHE! ¥ 1O 3TMM napaMeTpaM MoryT
TIPMBECTH K I1OABIEHMIO HEINAAKHX PEliCHHMH, COOTBETCTBYIOMUX
¢a30BLIM nepexoaaM 1-ro U 2-ro pojoB, YTO BEITOAHO OTIIHYAET Ba-
PHMALHOHHYIO NIPOLICAYPY OT OrpaHNMIEeHHOM HECKOJIBKMMM TOpsil-
KaMH no H;, TepMOAMHAMMYECKOH TEOpHM BO3MYIMEHHH, KAaXnas
H3 NOIIPaBOK IO KOTOPOii MPEeACTABNAET IMalKylO MO OTHOLUEHHIO
K TEpMOAHHAMHYECKUM TIapaMeTpaM BEJIMIHHY.

B cnemyioieM npwioxeHHy GyaeT pacCMOTPEH NpOCTeNImii IpuMep
MCIIONBL3OBAHUA M3TOXEHHOIO Bhlllle BApHALKMOHHOINO NMPUHLMIIA.



Mpunoxexwe V

®eppomarveTvk leizeHbepra B BapHALMOHHOM
NpUGNMXEHun M NpUMEpP MOAENM, KOrAa

310 npubnuXeHne SBNSETCA aCUMNTOTHYECKH
TOYHbIM PELLEHHEM CTaTUCTUYECKOH npobGnembl

3asgBJICHHBH BBIIE CIOKET NPELI0XKEH HE C HENBIO PEAHUMUPO-
BaTh MEPBYIO MyOIUKALUIO, TTOCBSMIEHHYIO TIPUMEHCHUIO BADUAMOH-
HOTO TIPWHIIATIA B 3aJ]layaX CTATHCTUUECKON (PHU3UKN, BEITOITHEHHYIO
apTopoM B 1956 roay, a ¢ LIeTBI0 MPOIEMOHCTPUPOBATH Ha MPOCTOM
B MaTeMaTHYeCKOM OTHOLICHHH TIpMMeEpE NONHYI0 GOPMabHYIO NOCH-
TUYHOCTh OIIMCaHUS (Ha30BOro MEPEXOa B MONEAbHOM (pepPOMArHeTHKeE,
HOMNYCKAIOWIEM TOUHOE PeLUCHHE, ACUMIITOTUYECKM COBIIAAAIOLIEE C pe-
3yALTATOM BapHALMOHHOM OLEHXH, ¢ (Ha30BbIM IIEPEXOAOM JIEKTPOH-
HOTO ra3a B METaNjI¢ B CBEPXMPOBOASLLEE COCTOSHUE TIPK YCIOBHUU CO-
OTBETCTBYIOUIETO BBIOOPA MOIENIU B3aMMOACHCTBMSI e€ro 4acTuil. Peun
WJIET 31eCh He 06 YTBEPXKICHHHM HEKOETO «3aKOHa MOX06UA» (CKenTHye-
CKOE OTHOLIEHHE K HEMY MMeeT JOCTaTOYHbIe OCHOBAH¥S), 3THX COBED-
IIEHHO PaVIMYHBIX MO CBOeH mpyvponre $ha3oBbix mepexomax, a UMEHHO
0 ¢opmanbHOIt aHANOrM¥ BO3HUKAIOUIMX MATEMaTHYECKHX IIpoOJieM,
IIPEOAOACHME KOTOPbIX, 3HAYUTENDHO PA3NTUYAIOLIUXCS O CIIOXHOCTH,
HO CXOAHBIX NTO UAee, MPUBOIUT K CXOXHBIM Xe KOHEUHBIM pe3yJibTaTaM.

§ 1. Teopus monexynapHoro nons Beiicca
KaK BapuaumoHHoe npubnnxenue

PaccMOoTpuM CHCTEMY, OTIpERENAEMYI0 TaMWJIBTOHMAHOM [eizeH-
6epra (W, Heisenberg, P. Dirac, 1928)

1 N
H = —poHZo',-' -3 ZJ(Z — 7)8id;,
i i£]
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= eh
rJie HaNPSDKEHHOCTE BHEIIHETo MarauTHOTO oyt H = (0,0, H), = Tme
— MarHeroH Bopa, J(i — j) = J(7i — ¥j) — obMeHHOe B3anMonxeH-

CTBUE 3MEKTPOHHEIX OOOMOYEK ATOMOB, HAXOMMLIMXCS B YanaX KpH-
CT/UIMYECKOi peleTKu 7; M ¥; (B ciyyae (eppOMarHMTHOlM peuieT-
xu J(i—j) > 0), & = (0f,0)0]) — marpun Taymi, HHAEKCHI §
U j npoberaior no BceM N yanaM NpOCTPaHCTBEHHO 3aKpeIUIeHHOM
U HECOBEPLUAIOUIEH CAMOCTOATEILHOIO TEIUIOBOIO ABMXEHMSA KpUCTan-
JyecKoit pemerk. OTHeceMes K 3TOH JBaXan AMCKPETHOH CMCTeMe
(10 XOOPXMHATHOMY NPOCTPAHCTBY C PUKCUPOBAHHLIM PACTIONOXEHHEM
TIPaBIWIBHON KPUCTAUTUMECKOW PEINeTKH {7} M NO 3HAYEHHSAM BENH-
uun {0} = %1}, onpenensionyx B COBOKYIHOCTH MUKPOCKONMYECKOE
COCTOAHHE CHCTEMB) KaK K (pOpMasibHO#t MOJAEIM ¢(EePPOMArHUTHOrO
HM30JISTOpa, He 00CYXNas NPaBOMEPHOCTh.CE COMOCTABICHUS C pealh-
HbIM GeppOMarHeTHKOM.

3aMeTUM KCTaTH, YTO 3TOH MOJENH UCTOPUYECKH IpeAliecTBOBaIa
Monens Usutra (E. Ising, 1925), B kotopoit BMecto MaTpuu Ilaynu ¢u-
TYPUPOBAIH YHCia o; = I (T. €. KaK GBI B refiseHOeproBCKOi MozlenH
HCKIIOYATUCh 0° - ¥ oY -KOMIIOHEHTH). DTa GEHOMEHONOrHYECKasT MO~
nens GheppoMarHeTUkKa COBEpLIEHHO CBOGONHA OT KAKUX-TUO0 KBaH-
TOBBIX TPEACTaBICHHN, U MO-BUAMMOMY BCJICACTBHE 3TOTO TaK TOMY-
JIApHA cpeayl MATEMaTMKOB. TOYHBIN PacyeT CTaTHCTHUYECKOH CyMMBI
IUIs TaKO¥ CUCTEME! He COCTAaBM TPYA2 TOJIBKO B OHOMEDHOM Ciyyae
(cM., Hanp., T. 2, T 3, 3az. 26), IpK 3TOM HUKAKOrO (a30BOro Mepexona
3Ta CHCTEMA € YYETOM B3aMMOMACHCTBHA TONMBKO GIIKANIIMX COCETHUX
Y3I10B He 0GHapyxuBaeT. OOHAKO B ABYXMEPHOM CJTyYyae TOYHOE perie-
HMe CTATUCTUYECKOM 330auit, NOJNYYEHHOE B PE3y/ILTaTe BEChMA CIIOXHO-
ro pacueta OHcarepoM (L. Onsager, 1944) mnst yactHoro cnyqass H = 0,
IOKa3ano, YTO CHCTEMa MCIBIThIBAET (DA30BBIN MEPEXON A-THUIA TIPH
miepexone 13 ¢eppoMarHUTHOTO COCTOAHMSA, VIIOPANOYEHHOTO TO Be-
NVYKHaM 6;, TaK yT1o (0;) # 0, B MAapaMaTHMTHOE HEYNOPSNOYEHHOE
cocrosinne {g;) = 0, npyyeM B TOuKe Ha3oBOTO Mepexona NpH TEMIIe-
parype 8 — 6y TEIIOeMKOCTb UMEET JIOrapuPMHIECKYI0O OCOGEHHOCTD

16 — 65|
)

TOYHEII pacyeT TpeXMepHOR CHCTeMBI, MO-BUAUMOMY, BOOOILE HEBO3-
MOXEH.

Cn~|n




Npunoxenne V. Geppomarnetuk feiisenbepra 199

IMpencraBneHHas HUXE BAapMAlMOHHAs OLEHKA HEUyBCTBMTEJILHA
K BbIOOpDY reit3eHOEProBCKOM WJIM M3MHIOBCKOII MOOEJBHOU CHCTEMBI
U K ee pasmepHocTH. Kak K m1060if npubaukeHHbIH METOA CTATUCTH-
YeCKOi CyMMbl, BADMALMOHHAS MPOLIeAyPa B MPHHLIMIIE HE MOXET IaTh
MATEMATM4ECKM TOYHOTO ONKMCAHUA OCOOCHHOCTH HEIANKOro TIOBEe-
HUA cBOOOAHON IHEPIrMM CHUCTEMBI, OHAa MPUBOMUT K ¢$a3oBOMY Hepe-
X0y 2-ro poaa ¢ KOHEYHHM CKayKOM TEIUIOEMKOCTU IIPH TeMIepaType
0 = 00.

BriGupas npocrefiinyio KOHCTPYKUMIO raMWILTOHHAaHA Hy, yaoBnie-
TBOPAIOILYIO COPMYIMPOBAHHBIM B KOHLE Tipwi. IV yciiosusiM, B BUIe
OnePaTopHOIl CTPYKTYPBl MACAIBHON CHCTEMEL

> z
Ho = -BH E o},
i
rme Be/MdMHa H virpaer ponb BapHALMOHHOIO MAPAMETpa, M YYHTHIBAS

- 1
’Ht=’H"HO:_ﬁ(H—H)ZiUf_EZJ(i_j)Ei&J'*

iEj
HUMCEEM
Spe "/ = ;ﬂu;u exp {%aﬁ} = (2 ch %)N
H xajnee |
(:65) = (F:)(55) = (o} )(0F) = (0*),
roe

Z azexp{ﬁ—aﬂ—az} -

(0) = o = Z=2! ~mfH

> exp{ga‘} "y

gi=x%)

Yuurhiasi, 4T0 OGMEHHOE B3aUMOAEHUCTBUE OYeHDb OBICTPO CIIANAeT 10
HyJI C YBEJIMYEHHEM PACCTOSHMA MeXIy YITaMH PelueTKU U addek-
THBHO B OCHOBHOM TOJIBKO [UIS COCENEi, COCTABIAIOLIMX IIEPBYIO KOOP-
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AMHAMMOHHYIO cdepy, 0603HAYUM

S J6-7)=NY"J(§)=Nci=Na,
$Ej J#0
rae ¢ — yncno Gmkaiimx coceaei (WA IpocToit Xybuueckoi pewerku

¢ = 6, W14 rpaHeLeHTPUPOBAHHOM M TeKCArOHANbLHONA ¢ = 12 u np.),
a J — adbdexrBHas BermiuHa 0OOMEeHHOro UHTErpana. Toraa nofyyaeM

(H) =-NfHo — -;—choi =N (—,BHU - %0062),
(H))=N (—ﬂ(H - H)o - % 0002) ,

rme o = th (/SI? /6), u oueHXa yaenbHO# CBOGOAHON 3HEpruM npuo6-
peraeT BUA .

1. pH PO D
| IV“I" @1n2ch - B(H - H)o 5 6o’
MUHUMM3IHPYs 3TY BENMYMHY IO [apaMeTpy H
91 BH 8 ~ o do
——U=-8th=— .Z + 80 - B(H - H)—= - po— =0,
SHAN g g Thr-A( Vo7 " om
TOJTy4acM sl HEro TPaHCLUCHACHTHOS YPaBHEHHUC
ﬂﬁ:ﬂHi-Oothé-g,
HIH - _
m";:f — (ﬂH +9o;h(ﬂH/9)),

B KOTOpOM 6¢3 TpyZla y3HaeTCA YpaBHCHHE MOJICKYIApPHOTO MoA Beitcca

—n (B2 00)

BenunHA ¢ OMpeneNsieT ApaMeTp AANbHETO TIOpsiika no bperry—
Bunpamcy (G. Bragg, E. Williams, 1913~1934) u HemocpencteeHHO CBsi-
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3aHa ¢ HAMarHH4Y€HHUEM CHUCTCMMBI

M= —-g—;l;.— = Nﬂ6=M00,
e My = N — MakCHMalbHO BO3MOXHOE 3HAYEHHE MarHHTHOI'O
MOMEHTA CHCTEMAI.
B ciryuae otcyTcTBua BHemiHero nonss H B cucTeMe Npu NMpHONH-
XeHuM X Temmeparype @Oy npoucxoaut ¢a3zosuilii nepexon 2-ro pona,
CBSI3aHHBIH € UCYE3HOBEHUCM AANBbHEro nopsaxa. MMeeM B 3ToM cygae

)

6

Pelasi ypaBHeHWE I ¢ B HOCTYITHBIX JUISl aHANHTHYECKOTO HCCITEN0-
BaHUs 061acTaAX, NOdyyaeM

1
o, E=(Hy) =~-N=byo.

= th
7 3

1-2e7%/% ... Benysae 8 < 8y,

[/ 0 6 -6
o = — - — | & 9 <
o \/3 (1 00) \/3 B B ClTy4ae < 6,

0 Boryyae 8 > 6,

OTKYIA WIS YAENBHOM TennoeMkocTn cremyet (cm. puc. I15.1)

C - IB_E_ 060_
TNO 80
0 2 .
(2;) e W B Ciyyae @ < 6,

ll

3 8(0-—00))
= _ <
2 (1 + 59 + B Cydae ~»00,

0 Bcaysae 8> 0,

YTO Y ONPpEIEAIET XapaxTep 3peHPECTOBCKOro (a3oBoro nepexona.

C omHOH CTOPOHEBI, IPEACTARICHHHE PE3YNBTaThl CBHAETENBCTRY-
10T 00 3(hPeKTHBHOCTH UCTIONB30BAaHHS BapHALIMOHHOTO TpPWHLUINMA —
B OAHOMAapaMETPHYECKOM BapHAHTE OLIEHKH CBOGOIHOM 3HEpTUYH OH 06-
OCHOBaJI (PU3UYEKUI CMBICH Y BHIBOIbI (PEHOMEHOIOIHYECKOH Teopuu
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>V

— »
0: ’ 6, 8

Puc. N5.1. Xapakrep reMnepaTypHOi 3aBUCUMOCTH YABLHOM CMOH-
TEHHOH HAMArHM4eHHOCTU U YABNLHOW TerIoeMKOCTU BeHCCOBCKOrO
¢eppomarHeTvka B cnysae H = 0

MOJICKYJIAPHOTO TOJA, C APYTO# — XapakTep OGHapyxXeHHoro ¢a3soBo-
ro MepexoZia He COOTBETCTBYET peanbHON CHUTyaunHu: (a3oBbii Nepexon
B TAKO# CHCTEME, KaK reif3eH6EproBCKMIl WX M3HHIOBCKMIT eppomar-
HETHK, JOJDKEH OHITL HE 2-10 poaa, a A-tuna. K coxaneHuio, HUKakue
TIPUGTHKCHHBIE METOIBl MCCMENOBAHHA 3TMX M TIONOGHBIX UM CHCTEM
HE B COCTOSTHUM YCTAHOBHMTH TOYHHI XapakTep 0COGEHHOCTH TEPMOAN-
HaMM4YECKOIo NMOTEHIMANA B A-TOYKE.

§ 2. Mpumep coenageHns BapHALMOHHOK OLEHKM
¢ aCUMNTOTMYECKM TOYHBIM pelieHuem

OIHAKO MMeeTCH CITyYal, KOrja NMoMyYeHHOE BAPHAIMOHHEIM CIO-
coboM PCUICHHE SIBISICTCA aCMMIITOTHYCCKH TOYHBIM,
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Iycth xapakrepuas TemnepaTypa puxcuponana, §; = ¢J = const,
a BEJIMYMHA ¢ HAYMHAS C YMcaa OMMXalIx cocelieil yBeJIMYHBACTCA.
UYem Gonnlile ¢, TeM C GpUINYECKON TOUKH 3peHMs Bee 60jiee CTaHOBHTCSA
000CHOBAHHKWM TIPUOIIDKEHHE CaMOCOIVIaCOBAHHOTO ITOJIA.
PacCMOTPUM MPENENbHYI0 BO3MOXHOCTbD TAKOTO YBEJIUMEHNT —
cnyyalt «6ecKOHeYHOAaIbBHOAEHCTBYSI», KOTAA
T_7

00=NJ=N-N

[TpeHe6peras - v y-KoMIoHEHTaMi MaTpyil [1aymu (Tak Kax Bce paBHO
(6®) = () = 0) uMeem, orycKast HEHYXHBIH MHIEKC z Y NOGARIAL
K IBOWHOI CyMMe cilaraeMsle ¢ § = J, :

’H=—ﬁHZa,— -—(Zm, ‘ 03) _

s
_ﬂHZ o — -—(Z a;)z + -;'.7
i
BBeneM BenMuMHYy

1 N
=LY
=1

HMMEIOILYIO HYNIEBOM CTATHCTHYECKUiA mopsanok no wydcay N. Toraa, 3a-
NUCHBas CTATUCTUYECKYIO CYMMY B BUZIE

SH Foa 2}
Z= N s NT. 1l
a;ﬁ“"{:f” 9 )

3aMeyaeM, 4TO OHA HE pacnagacTcH Ha NMPOU3IBECACHUE HE3ABUCHUMBIX

CYMM MO KaXaoMy M3 g;. OaHako, yMes 6paTh IyaCCOHOBCKHH WHTe-
rpajl, MOXHO HamucaTh

~ ~ +00
Ni/ 8\ /NJ J o2
= =4/ == N N
exp{ 6 (ﬁ) } 20x /exp Sx 62 }dx’
-0



204 Mpunoxens

T. €. LICHON BBEJEHMSA nononnmenbﬂoit UHTErpaJibHOR Ipouenyphl uc-
KIIOYUTDH ONEPATop S M3 BKCTIOHEHTH CTATHCTHYECKOH cymmbl. Torna
OCHOBHas ImpobJieMa CTaTUCTHYECKON TEOpUH — CYMMUPOBaHUE 10 MUK-
POCKOTIMYECKHM COCTOAHUAM CHCTEMHI, PELIaeTCsl ANEMEHTapHO

N
S o]l 5 e genar”
Ol uON i=l gi=%1

rae

J BH

a= T+ ~—

é 9’

H MBI TIONTy4aeM BRIPaXEHHE JUTA CTATHCTHYECKOH CyMMBI

po +co0 - ~
NJ _j'/)g/ { J z? (J ﬂH)}
=‘/— d ~N—-— —-Z+— | p=
z 29,,-8 T exp NO 2+Nlr12<:h oz+ 2
-0
NT +00
= / -J/2 Nu(z)
201re fd:z:e s
-

TIOJTHOCTHIO TIPMIOTORNEHHOE UL B3STHS OCTABUIETOCA MHTEIpaia Io fe-
peMeHHOM T MeTonoM mnepesana (cM. mpwr. VI a Takke T. 2, 1. 1, 3ax. 3).
Onipeznesiss TOYKy MepeBana & = T, u3 ycnobus u'(z) =0, obHapyxu-
BaeM, YTO OHA COBNAJAeT C TOM BEJIMUMHON YAENbHO! CIIOHTAHHON Ha-
MAarHYEeHHOCTU &, KOTOpas GpurypvpyeT B BApHaLIHOHHOMN OLEHKE CBO-
6omHOM 3HEPTHHM CHCTEMHI (M B TeOpHM MOJIEKYIApHOTO nona Beiicca)

0 0 0

H+ Je -~
i—)a’=th£—:—h, J =6

J J  pH
w'(zo) = —1$o+th (-{Eo-l— g——) =0

OKoHYaTenEHO MMeeM

f=-0m2Z" = —guw(r) = -#1n2ch (%a-{- %E—I)+;fa
8f

15,
=f-6_;=-pHo - I
e=f T pHo 2.70, HT.A
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OchxoeHan ¢opmyna MeTOpa nepesana h

Peub MaeT 06 aCHMITOTMYECKOH OLIEHKE MHTErpana Buna

I(N) = f N p(z) dz
c

npu N — 00, tae w(z) u f(z) — anauTudeckne GYHKIMH KOMILTEKC-
Hoit nepeMeHHOM

2=z +1iy,

peryasapHbie B 061acTH, Yepe3 KOTOPYIO NPOXOAUT ITYTh MHTETPUPOBAHUA
OT TOYKHU 2| 1O TOYKH 2; 10 KOHTYpy C, a caM MHTerpaji KOHE4YeH npu
MoObIX GUKCHPOBAaHHEIX 3HavYeHusx N.

Tlono6Hast MHTETPATEHAS KOHCTPYKIIHS JOCTATOYHO aKTyaTbHa B pac-
YyeTax, TIPOBOIUMBIX B paMKaX pPaBHOBECHOM CTATHCTHYECKOU TEOpUH,
TaK KaK r'i60CcOoBCKOe pacrpeneieHue BKIIOYAET IKCIIOHEHTY et/ , e
raMWISTOHUAH MHOTOTEIbHOM CHCTEMbI NPONOPLIMOHAIEH O0LEMY YHC-
ny yactiu N B Heil, a CTATUCTHYECKasA CYMMa U CpeAHMe 3HAYEHUS OTIpe-
JeNsIoTcs MHTerpanbHoil onepauneit Sp {F e 2/ 9}, npuyeM, ABJLIACH
acUMITOTHYECKOIt Teopuelt, ru66coBcKasi CTaTUCTUKA B COOTBETCTBUU
¢ MPUHLMIOM TepMOAMHAMMYECKON aJIMTUBHOCTU (cM. 1.1, . 1, § 1)
TapaHTUPYET NpH MPOBELEHUN NPeNe/IbHON CTaTUCTHYECKO TIPOLIeAyDBI
N — 00, N/V = const TOTBKO OCHOBHYIO aCHMITTOTHKY II0 N.

B netHOM OTHOLIEHWW MeToN oLeHKH uHTerpanos suna I(N') cdop-
MHpOBANCA TNaBHBIM o6pazom Gnaronapa paGortam Jlannaca (P. Laplace,
1820) u He6ast (P Debye, 1909). Mbl orpaHHYNMCS HECKOILKO YTIPO-
IEHHBIM, HO BITOJTHE HATTALHBIM BADHAHTOM HWITOXCHMS 3TOTO METOIA,
M0 BO3MOXHOCTH He OTycKasl ReTaneit BLIBOAA U OroBapMBas BCe Orpa-
HMYEHMA, TaK KaK 3T0 BAXKHO VIS IOHMMAaHNS MATEMAaTHYECKOIO CMBIC/IA
YIIOMSIHYTOSN BhllU€ NPENeNbHON CTATUCTUYECKOM NMPOMEnypH.
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§ 1. Boigenenme £-0kpecTHOCTH B 06nacT¥ ToukM nepesana

PaccMoTpuM ofnactbh Ha xomn.nexcl-xoﬁ TUIOCKOCTH BOMM3H TOYKH
2 = 2y, B KOTOPOMH TIpOM3BOTHAA W (zo) 0, ¥ BHLIETHM B PAIOXKEHHH
byHKUMH w(z) TIO CTENEHAM (2 — Zg) nepm.m HEUCYE3alolUi B Mpea-
nonoxeHun w'"(zp) # 0 wie,

w(z) = w(z) + w"(zo)(z 20)? +Z—w(")(zg)(z 20)".

n=3
Ilycte R — pagMyc CXOOMMOCTH 3TOrO pAfda. BBuOy perynsipHocTH
bynkumuy w(z) 3HaUEHHMA ee MOAYIIA Ha OKPYXHOCTH Cr, 06pa3oBaHHOI
Touxkamu 2zp + Re™, 0 < ¢ < 27, orpanuvenst |w(z + Re')| < M.
Orciona ¢ UCMONB30BaAHUEM TeopeMhl Koilin

w(z) = 2Lm tZ(E):f

Cr

clenyeT orpaHuYeHHe Ha KO3(bdUUMEHTR padnoxenns GyHKuun w(2)

1 w(()dCA( 1 M, M
2m | €)™ R®

w™
n, (20)| =

M TIO3TOMY JUIsi BCEIl «OCTATOYHOM® CyMMBI OT 18 = 3 10 66CKOHEYHOCTH
~ 1
(2 — 20) = w(z) ~ w(z0) = 30" (20)(z - 20)’,

nonaras z — 2o = te“’, rae t < R, U cyMMupys y6slBaoutyio npu £/R < 1
TEOMETPUYECKYIO NPOTrPECCHIO, MMeEM OLEHKY

|z Zol" Mt
< .
MZ RZ(R—t)

[s.]

3 o) 20"

n=3

[D3(2 — 20)| =

OrpasMyuM 06712CTh MU3MEHEHUs] MOLYJIA |Z — 2g| €-OKPECTHOCTBIO, Ta-
Koit, yto 0 < ¢ < € < R (cM. puc. I16.1). Torza

_ Mg Mée
- 2)| < S aikdly
|w3(z ZO)I RZ(R — E) RJ
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Ucnonb3ys Npou3Bos B BHIGOpPE BeMUYUHB € (eIMHCTBEHHOE OTPAHH:
yeHMe Ha Hee — 310 € < R), YCTAaHOBUM 3aBUCHMOCTH €€ OT yucaa N

e(N) =eoN~¥8 0< 6 <1/6,
Tak 4To6nl npu N -0
IN@s(z — z)| ~ N33 = N=3+3

B TO BpeMS KaK KBaJpPaTMYHbBIA WieH

~ N

1 "
N—2—w (Z())(Z - Zo)z

ocraBalics Oul IABHOM ITONPABKOI, 3aBUCSILUIEH OT epeMeHHOI NHTerpy-
poBaHus, X KOHCTaHTe Nw(zp). [103TOMY B YCTAHORIEHHOMR &-OKpecT-
HOCTM TOYKW 2 = Z¢ IUIsl KCTIOHEHTHI, CTOSIIEH IO 3HAKOM MHTErpaia
I(N), nonyyaeM, padnaras exp { Nw3(z — z)} B psti o MOKa3aTemo,

1
er(;) — eNW(zn) exp {Niw”(zo)(z - zO)Z} X

X (1 + Niy(z — z9) + %Nz(ﬁ3(z—zo))2+...).

§ 2. MameHeHne NepBOHAYANBHOrO KOHTYPA UHTErpUPOBaAHUA

HedopmupyeM nepsoHayalbHbIi KOHTYD uMHTerpupoBanust C Tak,
YTO6BI OH MPOXOIMN Yeped TOUKY zp (cM. puc. I16.1). Tak Kak no ycno-
BHIO hYHKIHA W = ¢+ v ABNACTCA AHAIMTUUCCKOM, TO I MOBEPXHO-
creit u(z, y) v v(z, y) TOuKa 2y ABAsETCS celwnoBoil. deficTBuTeNbHO,
cornacHo ycnopusim Komu—PumMana

ou_ov ou__ow
oz~ Oy’ oy oz’
1 TIO3TOMY BCIOLY, BKITIOYAS TOYKY Zo
*u , v v
ort Oyt ozt Ay
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»
z

Puc. M16.1. BuiaeneHe £-0KpeCTHOCTU QKOO TOYKK 2o, Onpesde-
nsieMon ycnoBuem w'(zo) = 0, yepes KOTOPyID NPOBeREH HOBbIM
KOHTYp MHTerpupoBanus

Tonoxum

1 I i
Ew”(zn) —_ ‘E’w"(zo) eia = ae'®.

Torza, yuuTHIBas, yTO 2 — 2y =t€e'¥, MMeeM BIOAbL HOBOrO MyTH HHTe-
TPUpPOBaHMsl, MPOXOIAUETO YEPE3 2o, B £-OKPECTHOCTH 3TON TOYKH,
B KOTOpPO# 4acTeio wWs3(2 — 29) MOXHO Npd N — 00 npeHe6peys,

l 3
w(z) — w(z) = Em"(zo)(z — z)? = at?e’@+?),

BriGepeM Tenepk HAKIOH 3TOTO NMYTH TaK, YTo6k ¢ = —(7+a)/2. Torna
w(z)—w(z) = —at’. DTOT MyTh COOTBETCTRYeT ABHKEHWIO BN ONHOM
M3 IPAMEIX

v(z» y) = 0(30, yO)

(pu BRIGODE ¢ = (7 — @)/2 MBI MMen 68 w(2) — w(z) = at’), a Tax
KaK JMHUM YpoBHeH v(Z,y) = const OPTOrOHATHHE! X JHHHAM YPOB-
Heit u(z,y) = const, TO BAONL BHIGpaHHOTO MYyTH, QyHKUMT u(Z,y)
n3MeHsercs Hanbosiee GuiCTpO. Takoe HalpaneHUe ¢ Ha3blBAETCH KPHU-
TUYECKMM B TOYKE 2y WIM HAmNpaBleHUEM HauGLICTpeiiliero cmycka
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(BTOpOE KPMTHUECKOE HANpaBIeHHE COOTBETCTBYET CyaI0 HauGkICT-
pelimero nogsema, w(z) — w(zo) = at?).

§ 3. AcumnToTYeCKan OLEHKA WHTerpanos

Wcnonb3ys MPON3BOJI B BHIGOPE BCETO HOBOTO MyTH MHTETPHPO-
BaHMUs, YCTAHOBHM €ro TaK, YTOGH OUEHKH MHTETPAIOB MO OTAEAbHBIM
YYacTKaM 3TOro myTH NPOM3BORWIMCH Obt 6€3 ocoboro Tpyna. MmenHo
TYTh OT MCXOAHOM TOYKM 2| N0 FPAHMLBI £~OKPECTHOCTH 2| = 2y —£ €'
¥ BEMMYMHY £ < € BHIGEPEM TakK, YT00b QYHKUMS u(Z, y) BIONL HETO
BCE BPeMs He YObIBana; B MHTEDBANE OT 2| 10 2; = 2o — £2€'7 GyneM
IBWUTATECSL BIONB JIMHWM YpOBHA ¥(Z,Y) = v(Zo, Yo) U uepes «mepe-
BaI» B TOYKE 29, e GyHKuMs u(Z,y) AOCTUTAET CBOETO MAKCHMYMa,
IO IONHMHE MOBEPXHOCTH u(Z, §f); MyTh OT TOYKK 2) 1O KOHEUHOil 2)
M BEJAMYHMHY € < € BoIGepeM Tak, yTo6sl GyHKUMA u(Z, ¥)- BIOTL HEro
He Bo3pacTana. 3aMKCHPOBAB TaKUM 00pa3oM ITyTh WHTETPHPOBAHUS,
MBI MOXEM B TIDMHLMTIE WCTIONb30BATh MAPAMETPUYECKOE €r0 3aJlaHHe
z = z(t), y = y(t) v BLIGpaT 3TOT MapameTp ¢ Tak, 4ToOH B TOUKE
nepesaia OH ob6pawancs 66 B HOMb, a B €€ £-OKPECTHOCTH Mo abco-
JIIOTHO BEAMYUHE COBNaian Obl ¢ YCTAHOBIEHHOM paHee BeJIMYuHOM £.
Torma xapakrep usMeHenus: GHyHKUMA #(2) U v(Z) BONb 3TOrO MyTH
6ymeT MMETH B, MIPEACTaBNEHHBIt HA pyc. 116.2.

TTonoxum
z

J = Je-Nulz) _ / N - £ ) 4,
2
U OLlEHMM CHAayvaJia BKJIaJibl B HErO OT Y4aCTKOB NNYTH MHTCIPHPOBAaHUA

! o
OT TOUYKM z; JO 2] M OT 2, 10 KOHEYHOH TOYKH Z3.
Hmeem

—&
[Ty = l/ eN("(Z)_ww)f(t)% dt‘ <
1

e
< / N t-u)

1

2
< Kye™Ve,

bl

105 at
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e w (20, 30

u(z) —at’

v(zy, Yo)

Puc. 116.2. Cxemarnyeckmii sup, dyHkuun u(t) n v(t)
NpU NAPaMETPUYECKOM 3aNaHWM NYTU MHTErpUPOBaHNA

aHATOTUYHO

t;
| T3] = |f eN(W(Z)-w(Io))f(t)ftd_i dt| K;e—Nag,
. €2 .

roe K| u K, — KOHeYHHE BeJMYUHBI, He 3aBHCsume OT N (HallOMHUM,
yTo MHTerpan I, a CAeIOBaTEIbHO M OTHENAbHBIE HaCTH MHTerpana J
CXOmsTCs N0 yeaosuio). BubepeM tenepn

€ = eoN"ﬂH.

Toraa, Bo-nepsbix, moxarasi § > 0 Mbl BpaBe NpeHeOpedb BKIaAOM OT
MEepBOro y4acTKa HHTEIPMPOBAHUS, 8, BO-BTOPBIX, BuiGHpas 0 <4< 1/6,
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MOXEM OTOXRECTBUTD £, = £. AHANOrMYHO MOXHO FOCTYIIHUTL U C BE-
JMUMHON uHTerpana Ji, U ¢ £;, TIONOXUB £; = €.

Takum o0pa3oM, OT Bcero uHrerpaia J OCTACICHA TONBKO <«LEH-
TpaJibHAs» €r0 YacTh

€
i ; 1 )
= f eV (l + N—3—'w(3)(zo)t3e’3¢' + N:‘-'w“)(zo)t"e“'”’ +.ot

—£€

1 1 LI o
+ = Now®(z0) ) €' + ... ) - f(zo + te'?)e™ dt.
27 3

YTo6b! NMpEeBpaTUTh 3TOT MHTErpal B NMYaCCOHOBCKUIi, KOOaBUM
K HEMY HHTerpabl o obnactsiM —o0 <t < —e " € <t < 00. OneHky 3THX
MHTEIpPajIoB OLIMO0K CONEPXAT IKCIIOHEHIIUAIBHEINA (PaKTop eV ae’ ,T.€.
Ty X€ 3KCIIOHEHTY, KOTOpas MO3BOAKIA HaM npeHedGpedb UHTETpalaMu
Jv w Jy, Tak kak upy € = egN 2™ 3101 daxtop eV as? _ gmuciN*
npu N — 00 onpenensietT B NPOM3BOAWMYIO OLEHKY IKCTIOHCHIIHAILHO
Manet BKJIAN MO CPaBHEHUIO C BEJIMYHHAMM, MpPOMOPLMOHATBHBEIMHA
Jo60# KoHedHo# crenenn |/N (MHBIMM CIOBaMU, aCHMITTOTHYECKOC
PA3NOKECHUE 3TUX BKIANOB B oOmwit wwterpan J no creniensam 1/N, ue-
JILIM WM APOBHBIM, COIEPXKUT B KadecTBEe KOIDODHLUNEHTOB OTHHA HYJTH).
[IpeHebperast 3TUMH 3KCAOHEHIMAILHO MaTbiMU WieHaMM, UMEEM

+00
J= / g~ Net' (!Jrin(3)e"3“’t3+—I—Nw(4)e"4‘°t4+‘..+
6 24
-00

1/1 0\ - o -
+ 3 (gNw(”e”“’) t6+...) (f+f’e“"t+%f’ e‘z“’tz-l-...)e'“’ dt

(3HayeHMss yHKUMU f, ce TIPOM3BONHBIX M IPOM3BOMHBIX (PYHKUMHK W
B3ATHI B Toyke ¢ = 0 WNM 2 = 2;), OTKYHA, NPOM3BOAS TIEPEMHOXEHUE,
6epst cTaHOapTHBIC yaCCOHOBCKHME WHTETPATH 10 TIEPEMEHHOM ¢,

+00
g 1-3-5-...-(2n-1) N3
_ Nat® ;0n .
Py, = / e tdt = on (Na)"‘H/P

—00
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+00
Ppyi = / e M at <o,

-0
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JIpyrne KHHrH Halero M3IaTelbCTBa:

KBaHTOBAs MEXAHUKA U KBAHTOBAs TEOPHUS TIONA

Dok B. A, Havana ksanvoBoii MeXaNHKH.

Dox B. A. KBanTo8an GHINKA H CTPOCHHE MATEPHM,

@ok B.A. PaGoThi nO KBAHTOROH TEOPHH NOAA.

Epaitns JT, de. Buegenne B BORHOBYIO MEXRHMKY.

Kemngpep @. OcHOBHBE NONOKEHHA KBAHTOBOR MEXBHHKH,
Momm H., Cheddon H. Boinoran MexaHuka W ee NPHMENEHHA.
Tapacoe JI. B. OcHOBB KBAHTOBOH MEXAHHUKH,

Tapacos JT. B. Brenenne 8 KB2HTOBYIO ONTHKY.

Tanuykuiz B. M., Kapnaxos b. M., Kozen B. H. 303844 N0 KBanToBO# MexaHHke. B 2 KH.
Topbaueauy A. K. KnaHToean Mexauuks, 8 obuieil TeOpMM OTHOCUTENBHOCTH,

Kunun C. /1. KBaHTOBAS ONTHKA: NOAR H WX 1ETEKTHPOBANME,

Buasg) @. XK. Jlorwmeckas CTPYKTYPa KBAHTOBOH MEXRHMKN.

Sodunemon A. OTHOCHTEALHOCTL ¥ KBANTH.

baysp 5. BpeleHne B T€OPHIO TPYIHT W €€ NIPRIOKEHHS K KBaNTOBOR du3nke.
Tlempawens M. H., Tpugoros E. . TipumMenenme TeopHH rpynn B KBAHTOBOH MEXaRHKE,
Macnos B.IT., llsedos O. FO. MeToA KOMNAGKCHOTO POCTKA B 3a/la%e MHOTMX YACTHIL

H KBAHTOBOH TEOPHM Mos.

Cmosnoackuii A. B. Beeaenne B MaTeMATHYECKHE SPHHUMKIM KBAHTOBOH TEOPHH NOAS.

Duanka ANEMEHTAPHBIX YACTHL

Kanumonos H. M. Beeneune B hM3BKy xapa # wacTHLL.

Huxanoe b.C., Kanumornoe H. M., Tymuns H. A. Hyxneocuntes 8o Beenesinoi.
Oxyns J1. 5. ODnakka d5eMenTaApHMX YacTha,

Oxynw J1. 5. Jleatonn u xpapxn.

Boapxun O. M. Beegene b PHINKY INEMEHTAPABIX 4BCTHI.

Soapxun 0. M. DPW3MKa MACCHBHLIX HEHTPNHO.

Haxosckuts B.J.. boroxoe A. A. Thynimst CHMMETPHN 1 JICMENTAPHBIE MACTHUN,
bpancxut: B. 11, Teopua 31eMeHTApPHbLIX YACTHR KAX 00bEXT METOADIOTHYECKOTO
HCCAE/I0BAHNA.

bpanckuii B. {1. 3navenne pesATHBHCTCKOrO MeToaa DiHWTeina B GOPMUpPOBAHMM
o6uwed TEOPHN 2TEMEHTAPHBIX 4aCTRIL.

Teopml NO;IY U TpaBUTaL(Hs

Pybaxos B. A. Knaccwueckne kaanbporourme nois. Boaoknsie Teopun.
Pybaxos B. A. Knaccnyeckue kaandposounnie nois. Teopun ¢ dpepmuonamu.
HexoMMyTaTHBHEIE TEOPHH.

Heanenxo A. 1., Capdanawaunu I'. A. Tpaewrauns.

Capodaraweunu I. A. Cospereniibie MeToaM TeopHn noas. T. 1-4.
Kononaesa H. I1., llonos B. H. Kaaubposounste noas.

Boeyu A. A. Beeaenne B KaTHGPOBOUNYIO NONEBYIO TEOPHIO FNEKTPOCAAGHIX BIgHMONEACTBHMA.

Boeywi A. A., Mopos J1. I'. BeieHHE 8 TEOPHIO KAACCHYECKHX NONE.

{Tpoxopos JI. B., llla6anos C. B. TaMuAGTOHOBA MEXAMHKA XKATHOPOROUMEIX CHCTEM.
Menckuis M. 5. Tpynna nyTei: U3IMEPEHHS, NOAA, HACTHUM,

Buseun B. IT. EnHRME TeOpUH NOMA B KBAHTOBO-PEAATHRHCTCKON PEBONIOUMH.
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JIpyrHe KHHTH HAIWIEro H3JATENbCTBA:

Konebanns # posiHR

Dok B. A. TIpobaemm AAGPAKUNK H PACNPOCTPRHEHNS INEKTPOMATHETHRIX BOAN,
Kabucos K.C., Kanaaos T.D., Jlypre B. A. KoneGarma u soxsosue nponeccs. | JRSS
Cmpamm (Paeii) Jixc. B. Boanosas Teopua caera.

fxossee O. H., Axybos B. {1., Ypados B. I1., Masesves A. I. PacnpocTpancime paxsiosoan.
lonsapenxo A. M., Kapnenxo B. A. Ocrosst Teopist ONTIMECKMX BOAROSOAON.

Kpasvuenxo H. T. Teopia BOAHOBHIX MPOLECCOB,

Hobponiobos A. H. Berymme soanu aedopmaimn.

Jobpasobos A. H. Crolmxerine, xavenne, Boans.

Jlobposoboe A. H. Bainosolk fiepesoc settecTas,

Abypoxcanua I. JT. Camoopranuauns weamselsinx BHXPEsEIX CTPYKTYP W BHXpesol
TYPGYACHTHOCTH B ACTIEPTHPYIOUWX CPeanX.

bapdsokac 1. H. u 0p. PAcnpoctpanenne 30an 8 NeKTPOMATHITOYNPYTHX CPEAaX,
Cmap4enxo H. 5. [unasmuuecxuft X20¢ 8 MAPOAKYCTHKE.

IMoanuxoes B. I Heanneinan TeopHA CAYMAANOIO NOXA BOAA HA BOAE.

HWauxos A. I, Bybnos B. A., Suxoscxuii C. 10. Boanossie AnieHus TeNroNPpOBOANOCTH.
Heanos 5. H. Mup PmameckoR rapoAHNAMAKN.

3eszun B, I,, Imumpuenxo B. T. AARPOKCHMAUNONHO-TORONOTHYECKNH B02X0R

K HCCACZOBAHHIO 3124 ruapossnamMuu, Cucrema Hasve—Croxca.

Temaunz A. B. KovBexups Panen—~Beniapa. CTpyKTypal n Ruuamnka,

Uimwiznescrkui FO. . Anannradeckne SCCACAOBAHNA ANHAMNKM M33 M KMAKOCTH.
Maenuurui H. A., Cudopos C. B. Hostde MeTONM XAOTWYECKOH NWHAMMKM.

Tabop M. Xaoc n umrerpupyemocts s nemmelinoit AntiammKe. Tlep. c aurn.

ACTPOHOMUS M acTpodhH3IuKa

Kyauxoscxuii IT. I. CupaBo9HBK 06HTeIA ACTPOHOMMN.

Edppemoe 0. H. Bray6o Beenesroll. 392308, MAAMKTHKY # MHPOIAINNE.

Topbynoe 1. C., Pybaxos B. A. Beeacune » veopmo panneil Beexennoi.

Weapyuwurd M. CTpoenne n 380mouss 38€31.

Baade B. Dpomouns 3ne3n 1 ranaxTH,

Kune A. P. Boeneuse B KASCCYNECKYIO IDEARHYI0 NRHAMMKY.

Apxaneeavcxan H, M., Yepuun A. ., Pozenmans H.JI. KocMoRorua W Huarecknit aaxyym.
Pozernmans H.J1., Apxanzenvckaa 4. B. Teometpus, ammamuxa, Beenennas.

Yeprun A. 1. 3neanpt m du3nxa.

Huoanoe B.C., Kanumonos H. M., Tymuns H. A. Hykneocunres o Beenenmoh,

Caxcun M. B. Cospemennas XOCMOTOTHA B DONYARPHOM HAIOXKEHNH.

Xaonos M. IO. Kocmomnkpodmamka.

Xaonoe M. 1O. Ocnosul KOCMOMMKPODHINKN.

Jleguman E. I1. ®wawka Beenewnok: 3xckype » mpoiaemy.

Cypoun B. . ACTpoROMMMECKNE 31]2UN C PERICRHAMM.

Hnamos C. H. Murpauns nebecrux ren 8 Coamesnoit cucreme.

Hopog B.A., Maxasxun A. 5. Ssononns pasveli Conneunoli cHcTemsl.

Kycxos O.J1. u dp. Cucrenms 10murepa m Cavypua.
Jaepcxoii b. A. Ocnosm reoperiieckoll KocModHINKN,
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Jpyre KHHTH HAITETO M3JATEAbCTBA:

Cepust «CrHepreTHxa: OT IPOWOTo K GyayLieMy»

Menpoys P. HOBHIA YM KOPOJISl. O xomarioTepax, MMILEHAH
¥ 3akomax $puankn. Mep. ¢ anrn. URSS
Maiinyep K. Caoxuocucremioe muuienne: Marepus, pasym, “4€108€9eCTB0.
Hoswit cunres. {Tep. ¢ anta.
Xaxen [. Undopmauns u camoopranmsauus. {lep. ¢ aurn.
Manuneyxuis T. I. MateMaTH9eCKHe OCHOBBI CHHEPTETRKN.
M wir I I, llomancs A. 5. Heanneiiman AuNaMHKa H X20C: OCHOBHBIE DOHATHA,
Manuneuxuin I'. 1., NNomanoe A. B., [Todrazos A. B. Heanneitnas uHaMHKa.
Manuneyxui I, I. (pen.) Byaymee Poccun » 3epxate CHHEPreTHRN.
Manuneweuir I'. I'. {pea.) Cunepretika: Hccenosasma v TeXHOAOMH.
Krumonmosuy F0.J1. Typbynenrioe ABWKEHNE H CTPYKTYPa XA0CA.
TpyGeuxos . H. Bseneune s cuneprernxy. B 2 xH.: KoneGanns n soanus; Xaoc u CTPyKTypsi.
Apronvd B. H. Teopas katactpody.
boikos B. H. MoneanmpoBanne KPHTHYECKNX RBACHHA B XMMHYECKOH KHHETHKE,
bespyuxo B. I1. u dp. [yrs B cRmepreTHKY. DKCKYPC B AECATH NeKUHAX.
Janunos 10. A. Jlexunn no uenmmeoh nammke. Daemenraptioe BeecHie.
Knazesa E. H., Kypowmos C. I1. Ocrosauns cuneprernxn. Ki. 1,2,
Anuwenxo B.C. 3nakoMCTBO ¢ HeAHHeRHOH ANHAMHKOR,
Anuuterxo B. C. Chomnble KOACOAHNA B BPOCTHIX CHCTEMAX.
Onemcroli A. H. Cusieprerdra cnoxuulx cucrem: DenomMenonoma f CTATHCTHIECKAR TEOPNI.
Pedvko B. I. 3Bom0una, HERPONHMIE CETH, HNTEANEKT.
Benreyxui B. B. Ouepkn o NBIKEHHH KOCMIMECKHX TeN.
Tiokun H. 10.. Tepexoe B. A. Ananmanus B HeaHHEHWLIX AHHAMBYECKHX CUCTEMAX.
Yepuascrui J{. C. CunepreTnka w HAGopManmnn (IHNaMHYECKAN TEOPAs HAGOpMALHN).
bapanyes P. I, CunepreTuxa B COBPEMENHOM €CTECTBOIHAHHH,
bapanyes P.I'. u Op. ACHMNITOTHNECKAN MATEMATHK2 H CHHEPreTHKa,
Hpuzoxcun H.. Cmenzepe H. Bpema. Xaoc. Ksaur. K pewennio napaaokca spemenn.
Hpuzoxucun H., Cmenzepc M. Tlopagok u3 xaoca. Hoasift awasior qerosexa ¢ Rpuponoil.
IIpuzoxcun H., Huxoauc I. TIoznanue caoxoro. Beegenne.
Ipucowcun H.. Dencdopd 1. TepmoaMuaMudecKan TEOPHS CTPYKTYPbI, YCTORUHBOCTH
%E W QAyKTYRUHR.
?Gﬁ Cysdanes M. I1. Hanorexnonorus: GHINKO-XHMAR HAHOKIACTEPOB, HAHOCTPYKTYD
‘mpm| W HaWomaTepHaics.

i Hawu KM MOMKO MPHOGPECTH B MArasHHax:

| | Ten./axc:
: «buOnuo-Tnodycy (M. JlySsmma, yn. Mackuukan, 8. Ten. (498) 625-2457)

(499) 135-42-46, | . Mocuoscnnn A0M KuMrun (. Apdatcean, ya. Hoswil Apdat, 8. Tea. (495) 203-8242)
(499) 135-42-16, uMonoAaR reapauns (W, Moasika, yn. B. NonsKka, 28. Ten, (495) 238-500, 780-3370)
£-mall: «J10M HayUHO-TeXHWYECHON wiwirue (Nexmncxidl np-v, 40. Ten. (435) 137-6018)

) «floM RHUrK Ha Slapomcrod» (M. BayMancran, ya, Nagomenen, 8, c1p. 1. Ten, 267-0302)
URSS@URSS.IU | «Tnoskcn (. Yhwmepcuter, 1 ryw. Kophye MY, noww, 141, Ten. (495) 939-4713)
.| «¥ Hentaspa» (PITY) (N.HoBocxoGoackaf, yA. Yannosa, 13. Ten, (499) 973-4301)
htt://URSS.MU | g pow murwo (Hearmeh mp., 26, Ten. (812) A48-2358)




Veakaemble unTaTenu! YBakaemsie aBTOpbI!

Hanle M3narenncTBO cnelHaNM3aMpyerc Ha BRITYCKE HayuHolt M ydeGHoil
JIMTEPATYPH, B TOM YHCJIE MOHOrpaduit, XypHanOB, TPYIOB yuennx Poccait-
CXO}f aKANeMNM HayK, HAYYHO-MCCIICHOBATENIbCKMX WHCTHTYTOB M Y4eGHbIX
3aBefieHHil. MBI NpefiataeM aBTOpaM CBOM YCIYTH Ha BRITOAHKIX 3KOHOMH-
qeckx ycnoBusx. Tipu 3toM MBI GepeM Ha ceba BCio paboTy 10 NTOATOTOBKE
M3IAHHMA — OT Habopa, DEIAKTUPOBAHWA M BEDCTKM O TMPAXHPOBAHHA
M PacnpoCTPaHEeHHA, URSS

Cpezu BHIUCHIINX W TOTOBALIMXCS K WATAHHIO KHUI MBI NpetaraeM BaM cnenylomue:

Cepusi «KyaccHHecKki YHHBEDCHTETCKHI yyeGHHKS

Keacnuxos H. A. Tepmopnuamuxa v ctaTneTweeckan duamka. B 4 1,

Huwanos B.C., Kanumonos H. M., I00un H. JT. YacTHusbt W aTOMHLE AApA.
Kownonosuy 3. B., Mopoz B. H. O6wsil kypc acTpOHOMMH.

Mlemposcxuii H. I, JIeKuMn no Teopui oOnKHOBeHHLIX AN(depeuuMansuuiX YPanHeHuit,
Thedenxo b. B. Kype reopum seporTHocTeil.

Koamozopos A. H., Opazarur A. I. MaTemarmueckas joruka,

Ksacnuxoe H. A. Moaexynaphas dnanka.

Camoiinosuy A, I, TepMOINeKTPHIECKHE B TEPMOMATHHTHAIE METOAL! NPEEPALEHNA INEPIUN,
Hoxaonckuli H. A., Bupko C. A., Modewox C. JT. CraTucTWaeckan GHINKA nOAYRPOBOAHNKOS.
3atiyea P.O. uarpaMMHLI¢ METOAM B TEOPHH CREPXNPOBOAHMOCTH ¥ HICPROMATNETHIMA,
3aiiyee P. O. Boeaenne » COBpeMENHYI0 cTaTHCTHYECKYIO (irsmxy. Kypc sexaunél.

Jaityea P.O. BoeaeHHe 8 COBPEMERHYIO KHHETHYECKY Teopmo. Kypc nexamii.

Psyxurt JI. H. PaguausMosHO-CTHMYTHPOSANHLIC HIMERCHNS DMORCKTPAHCCKOR ANCIEpCHN,
bBasapos H. I1. 3abnyxnenus v omnGus » TepNOIMBAMMKE,

Xaiimyy C.J. Ucropnn napaxoxca Thbfca.

Kpuinoe H.C. Paborm no obocuonanmo cratucTaveckoll Guanxn,

Bpunsiosn JI. Knanronas CTATRCTHKA.

Xwvun A. . Mavemarwieckue 0CROBANNA nmm CTRTRCTIRN.

Bapuxaw B, M., Boacyn A. H., Axcenoe B. B. Chopnux 32123 no cTarncTimecxoll pmasnxe,
Kybo P. Cramicramecxkas Mexaunxa. ConpemeHnniil Kype ¢ 3a229MH 4 PeimeaHEMMN.
Bapozoxac J. H. u dp. 332N N0 TEORN TEPMONEICIRCKTPHIECTRS C PERICUMEMM,
EBapawoe A. A., Koanawuxos B.JI. PEARTHBMCTCKAS TEPMOMEXAHUKA CRIIOMIEMY CPel.
Wlanxun A. H., Cudopoa FO. H. Tepmoamnauniecuste MO2CAN B KOCMOXMMAN K ASHETONOIMH.
Azees E. I1. Hepanmosecnas TEPMOIMEAMNKS 8 BONPOCAX H OTBETAX.

Hypos B. A., A2e¢e E. I7. Tepmonunanugecxas TeOpus pacTsopos.

Mioncmep A. Xemseckas TCpMOBHAMIKS.

Ihanx M. Teopun TenA0B0I0 HATYIEHMNS.

Ilngnx M. Beeacume v Teopenireckyn guanxy. KH. 1-5: Obmas mexamka; Mexamuxa
Aehopmupyemuix Tex; Teopus anexTpidecTsa H ManMerHaMa,; Ommuka; Teopus TensoTw.
Deiinman P. Knanronas anextpoinnamuxa: Kype sexmnit,

Deiinman P., Jeimon P, Canoc M. Definmanosckse Nekuns uo dunke.

o ncem sonpocam Bu moxere o0paTuTnce KX HaM:
mea./daxc (499) 135-42—16, 135—4246
anm 3sexmponnok noumoi URSS@URSS.ru Hay‘ma’ n yqeﬁﬂu
Moanuil xatanor waxsawit DpeacTannen arTeparypa
8 uumeprem-mazazune: bitp://URSS.ru







