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NPEAUC/JA0OBHE

EcaM KpaTKO .0XxapakTepU30BaTbh coOJepHaHue NpeaJsaraeMoro
uutatemnio 1X toma Kypca TeopeTHuecko#l (PM3HUKH, TO MOXKHO CKa-
3aTh, YTO OH IOCBALIEH KBAHTOBOM TEOpHH KOHJAEHCHPOBAHHOIO
coctosHus BemectBa. OH HayHHaeTCcs C NOAPOGHOIO H3JIOXKEHUSA
TEOPDHH KBAHTOBHIX MXHJKOCTeH —G03eBCKOH M (epMHEBCcKOH. 3ra
Teopus, cozfaHHaa JI. [I. Jlanzay Bcaes 33 3KCnepHMEHTAJbHBIMH
orkpuitusiMu  I1. JI. Kanunel, npejacraBifgeT B HaCTOsLIEE BpeMsi
CaMOCTOSITEJIbHBIH pasfies TeOopeTuueckod ¢H3uKu. Ero BaxHOCTh
ONpefie/IIeTC JaXKe He CTOJIbKO TeMU HHTe PECHBIMH ABJEHHSIMH, KOTO-
pble NPOMCXOAAT B KHMIAKHX H30TONAX TeJHA, CKOJBKO TEM, UTO
MpeJCTaBJEHUS O KBAHTOBOH IKHAKOCTH H €€ CHEeKTpEe HABJAIOTCS
I10 CYIECTBY OCHOBOH KBAHTOBOTO ONHCAHHS MAKPOCKONUUYECKHUX TEJ.

Hanpumep, Ana rayGoKoro noHuMaHust CBOHCTB MeTaJJOB Heo6-
XOAMMO pacCMaTPHUBATh 3JEKTPOHH B HHX KaK (epMH-)KHZKOCTb.
CBOHCTBA 3JEKTPOHHOH KHJAKOCTH, OAHAKO, YCJOXHAIOTCH HaJH-
YHEM KPHCTANJIHYECKOH peleTKH, U IPEABAPHTENbHOE H3YUEHHE
GoJjiee MPOCTOro cJyyas OXHODOAHOH H H3OTPONHOH KHIAKOCTH
ABJIACICA HEOOXOAMMBIM LIArOM B IOCTPOEHUH TeopHH. TouHO Tak
XKe CBEPXIMPOBOAHMOCTbL METaJ/JIOB, KOTOPYIO MOXKHO paccMaTpPHBaTh
KaK CBEPXTEKYYECTh 3JEKTPOHHOH KHUAKOCTH, TPYJAHO SICHO NOHATH
6e3 npeiBapUTE/bHOrO 3HAHHA GoJee NPOCTOH TEOPHH CBEPXTEKY-
yecTd 603e-XKUAKOCTH.

HeorpemneMylo yacTh MaTeMaTHUeCKOrO anmapara COBPeMEHHOH
CTaTHCTHYECKOH (PH3MKHM COCTaBJ/fAET annmapar TPHHOBCKHX O(yHK-
uuii. DTO CBA3AHO OTHIOAb HE TOJBKO C TEMH BBIYHCJ/HTE]bHBIMH
yAOOCTBaMH, KOTODhiE I1PEAOCTABJAECT AMATPAMMHAA TeXHHKA BBIYHC-
JIEHHAl TPHHOBCKHX (GyHKUMH. [les0 mpexpe Bcero B TOM, YTO IpH-
HOBCKHE (YHKUHH HEMOCPEACTBEHHO ONPENEJSIOT CIEKTP 3JEMeH-
TapHbIX BO30YXKJACHUH TeJa M IMOTOMY SIBJSIOTCA TeM S3BIKOM, Ha
KOTOPOM CBOHCTBa 3THX BO306YXjeHUHl HauboJsiee eCTECTBEHHO OIH-
ceBaTh. IJ0o3TOMY B HacTOsiieM TOMe METOAMYECKHM BOIDOCAM —
TEOPHH T'DHHOBCKHX (YHKUMA MaKPOCKOMUYECKHX TeJ — YAEJeHO
3HaYUTe/bHOE BHHMaHHe. XOTA OCHOBHBHIE HJEH MeTOfa OLHH H Te
ke AJIs BCEX CHCTEM, KOHKPETHBIA BHJ AMArpaMMHOH TeXHHKH pas-
JIHYCH B pasHBIX ciydaax. IlpencrabisieTcss eCTecTBEHHBIM B 3TOR
CBI3H DasBUBaTb 3TH METOABl Ha IpHUMeDPE TeX Ke H3OTPONHEIX
KBaHTOBHIX KHAKOCIeH, I/le CYIUHOCTh METOAA BRIABJSETCH B YHC-
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TOM BHjE, 6€3 yCIOXHeHHHA, BHOCHMBIX NPOCTPAaHCTBeHHOH HEOLHO-
POMIHOCTBIO, HAJHYAEM HECKONbKHX COPTOB YaCTHI H T. 1.

ITo aHaJOTUYHBLIM NPHYAHAM MHKPOCKONHYECKYIO TEOPHUIO CBEPX-
IIPOBOAMMOCTH MBI H3JlaraeM Ha IPOCTOI MOJie/I H30TPOITHOFO (PepMHu-
rasa co cjaabbiM B3aUMOJeHCTBHEM, OTBJEKAafAChb OT YCJOXKHEHHH,
CBA3aHHBIX € HAJMYHEM KPUCTAJJIHYeCKOH pelleTKH H KYJOHOBCKHM
B3aUMO/IEHCTBHEM.

B cBf3M ¢ rJaBaMH, MOCBAIIEHHBIMH 3JeKTPOHAM B KPHCTaJJH-
YeCKOH pellleTKe W TeOPHH MarHeTH3Ma, NOAYepKHEM JIHIIHUA pas,
YTO mpejJiaraeMasi KHMra—4acTh Kypca TeOPeTHYeCKOH ¢H3HKH
M HH B KoeHl Mepe He NpH3BaHa 3aMeHHTb COOOH KypC TeopHH
TBEPAOrO TejJa. B COOTBeTCTBHM € 3THM 3heChb PaccMaTpUBAIOTCH
JYLIL BONMPOCHL HaHGoJee OOLIEro XapakTepa M HE 3aTpPardBaloTCs
KaK BONPOCHI, TpeGyolllHe HCIO/Ab30BAHUS KOHKDETHBIX 3KCIepH-
MEHTAJbHLIX JAHHBIX, TAK U T€ U3 pacCueTHBIX METOAOB, KOTODHIE
He UMEIOT oA cobol scHol Teopetuyeckoil 6asnl. Hamomnum takxe,
UTO K JAHHOMY TOMY He OTHOCATCS KHHETHUeCKHe CBOHCTBAa TBep-
ABIX TeJ, KOTOpble MBI IIpello/jaraeM paccMOTpPeTb B CJAEAYIOIEM,
3aKJIOUHTETLHOM TOME Kypca.

Haxkonen, B 3To#i KHure H3JaramTcs TaKxkKe TEOpHS 3JEKTpo-
MarHdTHBIX QJAYKTyalu#l B MatepUaJbHBEIX Cpefax M TeopHs T'HApo-
JdHaMuyecKux ¢aykryanu#i. Ilepsag W3 HuX BXoaunaa paHee B CO-
ctaB VIII tToma. Ee nepenecenue B HACTOSIIHI TOM BBI3BAHO HeOG-
XOIUMOCTBIO IIPUMEHEHHS TPUHOBCKHX OYHKUHMHE, UTO MO3BOJSET
npunath Bcell Teopuu GoJee MpocTof M YAOOHHIA AJSl IIPHUMEHEHHS
BiJ. KpoMe TOro, eCTECTBEHHO pPaccMaTpPHBAaTb 3JEKTPOMArHUTHbIE
H THApOAUHAMHYecKHe (IYKTYalHH B OJHOM TOME.

JI. 1. Jlangay oTCYTCTBYeT Cpeid (paKTHUECKHX aBTOPOB 3TOH
Kuuru. Ho udTaTenb JIErKO 3aMETUT, CKOJb YacTO BCTPEYAETCH €ro
HMS B TEKCT€ KHHMTH;, eMy JHYHO MJIH B COTPYAHHUYECTBE C €ro
VUEHHKAMH [PHHAAJEXUT 3HAUHTEeJbHAsA JOJA H3/14araeMblx 3jech
pe3ybTaToB. MHoroseTHee oOLIeHHE C HAM JAaeT HaM OCHOBAHHE
HaJeAThCSI, YTO HAM YAAJOCh BEPHO OTPA3UTb €rc TOYKH 3PEeHHA
[0 3THM BONPOCAM-—-Pa3yMeeTCsI, C YUYeTOM TAKXe H TOro HOBOTIO,
yTO GLLIO BHECEHO B HUX 3a 15 jer, mpomeplinx co AHA, KOrja
TaK TpParkyeCcKu IpepBajach €ro AeATeNbHOCTb.

Mnl xotenn 6uf mo6aarogaputb A. ®. AugpeeBa, M. E. [Hssao-
wrHcKoro B M. M. Jludwuia 3a noctossiHoe o6CyXAeHUE BOIIPOCOB,
PACCMOTPEHHBIX B 3TOH KHUre. Mbl H3BJIEK/IH TaKKE MHOIO IOJb3bI
U3 usBecTHoM xuurd A. A. A6pukocopa, JI. Il. TI'oppkoBa H
HU. E. JI3AJ0IIMHCKOTO—ONHOH M3 IepBEIX KHHT B (HU3HUECKOH
auTEpatype, NOCBAUIEHHBIX HOBbIM METONAM CTATHCTHYECKOH QU3UKH.
Haxonen, Mel 6aarogapusi JI. I1. I'opbkoBy u 10. JI. KnuMoHTOBHUY,
NPOYUTABUIHM KHHT'Y B PYKONHCH H CAEJaBIIMM DS 3aMEYaHHH.

Anpens 1977 r. E. M. Jupwuy, J. II. ITumaesckutl
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rJdiaBA 1

HOPMAJIbHASA ®EPMU-)XHUAKOCTb

§ 1. daemenTapHble BO30YXKAEHHS B KBAaHTOBOH (hepMH-KHIKOCTH

ITpu Temmepatypax HacTONbKO HH3KHX, 4TO Je-OpofjeBcKas
JIJHHA BOJIHBI, OTBeyawllas TEIJOBOMY ABHIKEHHIO aTOMOB XKHIAKO-
CTH, CT2HOBUTCS CPABHUMOH ¢ MEXaTOMHBIMH PACCTOAHUAMH, MaKpo-
CKOIHYeCKHe CBOHCTBA JKUJKOCTH OMPeNeIsIOTCA KBAaHTOBbIMH 3(deK-
tTaMi. Teopusi TAKHX KBAaHTOBBIX KHAKOCTEH IIPeACTaBJACT 3HAYHU-
TeJbHBIH [PHHUUNHAJbHBIA HHTEpPEC, XOTA B IIPUPOAC CYLIECTBYIOT
JIMIIb JIBa 0O0BEKTa TAKOTO POjia, ABJISIOLIHECS KUAKOCTAMU B OYKBAJIb-
HOM CMBICJ/Ie 5TOIO CJIOBA;-3TO — KUAKHe usoronsl reqaus (He® n He?)
npu temneparypax ~ 1—2K. Bce apyrue BelllecTBa 3aTBEPACBAIOT
3HAYHTEJNbHO PAHBIIE, YeM CTAHOBATCA CYIIECTBCHHBIMH KBAHTOBBIE
spdertsl B HUX. Hamomuum B 3TOH CBfI3H, YTO, COIJIACHO KJacCH-
yeCKOHl MeXaHHKe, BCe Tesa JOJKHBI OblIM Obl ObITH TBEPJBIMH IIPH
abcosoTHOM HyJe (cMm. V § 64); reauit xe, 6aarogaps ocoGoil c.a-
6oCTH B3aUMOAEHCTBHS €ro aTOMOB, OCTAETCA KHAKHM BIJIOTH 10
TeMNepaTtyp, KOrid BCTYNAOT B CHJY KBAHTOBblE fIBJEHHHA, [OCJE
Yero 3aTBepAEBAHHE YKe NepecTaeT ObITH 0053aTebHBIM.

Bolunc/eHHe TepMOAHHAMHYECKUX BeJHUYHH MaKpPOCKONMHYECKOro
Tena TpeGyeT SHAHHMs CIEKTPa €ro ypoBHeH snepruu. Pasymeercs,
B CJyyae CHCTEMbl CHJIBHO B3aHMOAEHCTBYIOWMX HacTHL, KaKOBOH
sBJsieTcsl KBAHTOBAs JKUJKOCTb, peub MONIKHA HATH HMEHHO 00
YPOBHSAX, COOTBETCTBYIOMHMX KBAHTOBOMEXaHHYECKHM CTALMOHAPHBIM
COCTOAHHUAM BCEH KHAKOCTH B 1IeJOM, & OTHIOAb HE COCTOSTHHAM
OTAENbHBIX aTOMOB. IIpM BBIUMCJEHHH CTATHCTHYECKOH CyMMBI B 00-
JaCTH JOCTATOYHO HHUSKHX TEMIEDPATyp AOJIKHBEl yUHTHIBATHLCA JHIIb
cn1a60 B0o3GYKIECHHBE yPOBHH 3HEPrud XKUIAKOCTH-—YPOBHH, pacmo-
JIOXeHHble He CJMIIKOM BBICOKO HAaJj OCHOBHBIM.

Crenyroiee 06CTOATENBCTBO HMeeT (yHAaMEHTANbHOE 3HAYeHHE
AJs Bcel TeopuH. Besikoe c1abo Bo3OYKAEHHOE COCTOSHHE MaKpo-
CKONHYECKOTO TeJa MOXKHO PacCMaTpHBaTb B KBAHTOBOH MEXaHMKE
KaK COBOKYIHOCTb OTHAEJNbHBIX 94eMeHMapHblX 6030yscdenuil. ITH
9/JeMeHTapHEE BO30YKAeHHSA BeAyT ce0s Kak HEKOTOpble Keasu4ac-
muypl, IBUXKYLMECS B 3aHMMaeMoM TeJOM o0beme M obsajaiouiue
OnpeJie/leHHHIMH SHEPTHAMH € W HMIyJbcaMd p. Bup 3aBUCHMOCTH
e (p) (unu, KaK TOBOPAT, 30KOH Oucnepcuu 3JIEMEHTapHbIX BO30YK-
IeHHfl) sABJSETCS BaXKHOH XapaKTePHCTHKOH 3HEPreTHUYCCKOro
cnexTpa Tesa. IlofyepkHeM JIMIUHME pa3, UTO NOHATHE 3JEMEHTap-
HbIX BO30YACHHH BO3HHMKAET KaK CIoco0 KBaHTOBOMEXaHHUYECKOro
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ONHCAHHUA KONJEKTHBHOTO ABH2KEHHS aTOMOB TeJja H KBa3HYaCTHLBI
OTHIOAb He MOFYT OBbITb OTOXJEeCTBJEHH C OTAEJAbHEIMH aTOMaMH
WUJH MOJeKyJaMu.

CyillecTBYIOT pa3JHyHble THIIB 3HEPTreTHYeCKHX CIIEKTPOB, KOTO-
pBIMH MOTYT, B NpHHIHMNE, 06/afaTh KBAHTOBEE XUAKOCTH. B 3aBH-
CHMOCTH OT THIIA CIIEKTpa XKHAKOCTb OyZeT MMEThb TaKXKe H CoBep-
IIeHHO pPa3JHYHble MaKPOCKONHuecKHe cBofictBa. Mbl HauHem c H3y-
YeHHsI KHAKOCTH CO CHEKTPOM THIA, KOTODHIE MOXKHO Ha3BaThb
pepmuesckum. Teopusi Taxoit (epMH-KHIAKOCTH Obl1a CO31aHA
J. . Jlanday (1956—1958 rr.); emy npHHajjexaT pe3yJbTaThl,
u3naraembe B §§ 1—41).

DHepreTHUECKU CHEKTP KBAaHTOBOH MKHAKOCTH (hepMHEBCKOIO
THIIA CTPOMTCS B M3BECTHOM CMBIC/IE AHAJIOTHYHO CIIEKTPY HJealb-
Horo ¢epmm-rasa (¥3 YacTHI CO CIIHHOM 1/2). OcHOBHOE COCTOSTHHE
MOCJELHErO COOTBETCTBYET 3aNOJIHEHHIO YaCTHIIAMH BCeX COCTOSIHHH
BHYTPU (pepmuesckoil cepoi—cdepbi B UMIYJALCHOM IPOCTPAHCTBE
C panuycoM pp, CBA3AHHBIM C IJIOTHOCThIO rasza N/V (uucioM uya-
CTHL B eIMHHIle ofbeMa) ¢opmyJol

N o 4ary  r% 11

V T 3@k 3ahs 4.1
(cM. V § 57). BosbyxkIeHHble COCTOSIHHSI rasa BO3HHKAlOT, KOrAa
YacTHLEL NEPEXOASIT W3 COCTOAHHH 3aloJHEeHHOH c(ephl B KakHe-
Ju60 COCTOAHHS € P > pPp.

B KHAKOCTH, pasyMeeTcs, He CYINECTBYeT KBAHTOBHIX COCTOA-
uui#l Aas oTAe bHBIX YacTHll. OJHAKO HCXOAHBIH NYHKT AJIs IOCTpoe-
HHS crekTpa hepMH-KHIKOCTH COCTOHT B YTBEPXKIEHHH, YTO KJacCH-
(duKauus ypoBHEH 3HEPIHH OCTaeTCs HEM3MEHHOH IDH IOCTENEeHHOM
«BKAIOYEHUYY B3aUMOJEHCTBHS MEXAY aTOMaMH, T. €. NPH Hepexoje
OT rasa K XUAKOCTH. B 3TO# KJaccHpHKALHMH POJb YacTHL rasa
NépexoluT K 3/eMEHTaPHEIM BO30YKIEHHUSIM (KBa3HYaCTHLAM), YHCJIO
KOTOPLIX- COBIajlaeT C YHCJIOM aTOMOB H KOTOPhE IOJYHHAIOTCA
cratucTuke Pepmu.

Cpasy e OTMETHM, YTO CHEeKTPOM Takoro THIIa MOXeT ofJa-
JaTh, OYEBHUIHO, TOJNBKO XUAKOCTH H3 YaCTHI C IOJNYLE/bM CTTHHOM —
COCTOSIHHE CHCTeMbl H3 6O30HOB (YaCTHI C LEJIEIM CIIHHOM) He MOXKeT
ONMCHIBATECA B TEePMHHAX KBAa3WyacTHI, NOAYHHAIOIIMXCH CTaTHC-
tHke PepmMH. B 10 ke BpeMs cJelyeT NOAYEPKHYTh, YTO CIEKTP
3TOr0 THIIA He MOXeT OblTh YHHBEPCAJbHBIM CBOHCTBOM BCEX  TAKHX
kuakocref. Tun cmekTpa 3aBHCHT TaKxKe H OT KOHKPETHOrO Xapak-
Tepa B3aHMOJEHCTBHA Mexay aTtoMaMHu. lIpoctoe coobpaxenue

1) 3aGeras Bnepes, Cpasy e YTOYHHM, BO H30exaHHe HELOPA3yMEHHH, 9TO
peub HJeT O HecBepXTeKyueH (MJH, KaK TOBODAT, HOPpMAAbHOU) (PEePMH-KHIAKOCTH.
Takosofi sBisieTcs XUAKHHA Hsoton He® (c orosopkoH, Kotopas Oyjaer clenana
B IpHMeuaHMHu Ha cTp. 263).
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Jenaetr 370 OGCTOSTEJIbCTBO OYEBHIHBIM: €CJIH B3aUMOJEHCTBHE
TaKOBO, YTO B €ro pe3y/]bTaTe aTOMbl CTPEMSTCA acCOLMHPOBATHCA
B Maphl, TO B Npejiesie MBl NOJAYYUIH Obl MOJIEKYAAPHYIO XKHJIKOCTb,
COCTOAILYI0 M3 YACTHL[ (MOJIEKYJ) C LeJBbM CIHHOM, AJ KOTOPOH
paccMaTpHBaeMbill CIIEKTP 3aBEAOMO HEBO3MOXKEH.

Kaxpasn u3 xBasuuacTul, 00/1a[jaeT ONpele eHHbIM HMIYJIbCOM P
(MBI ellle BepHEMCS K BOIPOCY O CNPaBeNJIHBOCTH 3TOr0 YTBepXKJe-
Hus). IlycTb n(p) ectb GYHKUMS pacnpejelieHHs KBasHYaCTHI[ MO
UMIYJbCaM, HOPMHUPOBAHHAS YCJOBHEM

N __4p_
Sndt- 7 dt ek

(310 ycJoBHE OYyeT YTOUHEHO HHKe). YTNOMAHYTHIA BBILIE IIPHHIMI
KJ1aCCU(HKALUN COCTOUT B MPEANONOXKEHHH, UTO 3ajande 3TOH ¢y HK-
LIMM OJHO3HAUHO ONpejiesisieT SHePruio £ KHUIAKOCTH M YTO OCHOBHOE
COCTOSIHME COOTBETCTBY®T (YHKIIMM paclpeieseHusi, B KOTOPOH
3aHSTBl BCE COCTOSIHMS BHYTPU (epMH-CHEpHl C PajiuyCOM pg, CBs-
3aHHBIM C ILJIOTHOCTbIO KHMJKOCTH TOH e ¢opmyJoi (1,1), uro-u
B cJydYae HAeaJbHOrO rasa.

BaxHO MOAYEPKHYTh, UTO NOJIHAS IHEPrUA XKUAKOCTH E OTHIOAB
He CBOAMTCA K CyMMe 3HEpruil & KBasuuacTull. [[pyruMH CJIOBamH,
E npexncraBasier co6ofi ¢GyHKUHOHaM OT (YHKIUHH pacrnpejeleHHs,

He cBOASIUACA K HHTerany'Snadr (kaKk 3TO HMeeT MecCTO [.1d

HJeaJbHOro0 rasa, TJe KBasHyacTHLB COBINAJAlT C HCTHHHBLIMH
yacTHUAMH H He B3auMogeficTBylOT APYr ¢ Apyrom). Ilockoabky
NepBUYHbIM NOHATHEM ABJAETCS MMeHHO E, TO BO3HMKaeT BONPOC
06 ONpejie/leHuH SHEPrun KBa3HyacTHII C Y4YeTOM HX B3auUMOfeH-
CTBHS.

Jas 3TOro paccMoTpuM H3MeHeHHe E npu 6eCKOHEYHO MaJioM
usMeneHnn GyHkuuM pacnpejesesust. OHO JOJIKHO, OYEBHUIHO, OI-
penessiTbCsl MHTErPajJoM OT BBIPAMEHHUHA, JHHEHHOTO MO BapHALHUH
On, T. e. UMeeT BHUJ

?/E e (p) Sndr.

BesnudHa & ecTh BapHallMOHHAadA MPOMU3BOAHAadA OT 3HePruu E mo
.byHKuuH pacnpejesneHusi. OHa COOTBETCTBYeT HU3MCHEHHIO HEPTHH
cHcTEMBl OpU J00aBJeHHM OJLHOW KBa3HYACTHULBL C HMIYJbCOM P,
M MMEHHO 3Ta BeJHUMHA HrpaeT pOJb TaMHJIbTOHOBOH (¢yHKLHH
KBa3HyaCTHUIl B NOJIe APYTrHX yacTHL. OHa ToXke sBJsAeTcA (yHKLHO-
HaJoM GYHKUMH paclnpefelieHHst, T. €. BUA QYHKLUH € (p) 3aBHCUT
OT pacmpejeseHusl BCeX YacTHIl B XKHJIKOCTH.

OTtMeTHM B 3TOH CBsi3H, YTO 3jeMeHTapHOe BO30yXIeHHe B pac-
CMaTPUBAEMOM THIIE CIIEKTPa MOXKHO B HM3BECTHOM CMBICJIE TPaKToO-
BaTb KaK aToM B C€aMOCOIJJACOBAHHOM IMoJE€ APYTHX aTOMOB. DTy
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CaMOCOT1aCOBaHHOCTD HEJb3sl, OHAKO, TOHUMATh B OGLIYHOM B KBaH-
TOBOH MexaHHKe cmbicie. OHa HMeeT-37ech GoJlee IJyGOKHH Xapak-
Tep, B raMHJbTOHHAaHE aTOMa YUYHTHIBAeTCS BJUSHHE OKpY2KaIOIHX
YacTHIL HEe TOJBKO Ha MOTEHIUAJbHYK 3HEPTHI0, HO MeHseTCA
TaKkke M 3aBHCUMOCTBH Olleparopa KHHETHUeCKOH SHEPTHH OT omlepa-
TOpa UMIYJbCA.

Jlo c¥X mop Mbl OTBJEKaJHUCh OT HAJHYUA Y KBa3HYaCTHIL CIIHHA.
Tak xak COuH SBJASETCS KBaHTOBOMEXaHHUECKOH BeJHUHHOH, TO
OH He MOXKET PacCMaTPHBAThLCS KJIACCHUYECKH, BBHIY 4ero Mbl JOJKHbI
CUHTATh QYHKIHUIO paclpelie/eHusi CTATHCTHUECKOH MaTpHIeHd B OTHO-
UIeHHH CHHHA. DHEePrus ke 3/ieMeHTapHOro BO30YXJICHUSA € B oOleM
cjyyae sIBASETCA He TOJbKO (yHKIHeH OT HMIyJbca, HO U olepa-
TOPOM MO OTHOWIEHHIO K CIHHOBBIM NEPEMEHHBIM, KOTOPLIH MOXKHO

BBIPAa3HTh Yepe3 ONepaTop CNMHA KBasHyaCTHUL s. B ogHOpoxHoH
H H30TPOMHOH XHUIKOCTH (He HAXOASILEHCS B MarHUTHOM NoJe U He
(epPOMArHHTHOIH) ONepaTop s MOMKET BXOAHTL B CKAJADPHYIO (bYHK-
I[HIO & TOXe JIHUIL B BHUJE CKaJApOB S UJHU (Sp)?; HepBasi cTemeHb
NpOu3BeJeHHA SP HeJONMyCTHMa, NMOCKOJAbKY B BHJIY aKCHAJbHOCTH
BeKTOpa CIMHA OHA SIBJsETCH NceBjocKaasipoM. KBajgpat s2=s(s--1),
a s cnuHa §=1/2 cBOAUTCS K He 3aBHcAlleH OT S NOCTOSIHHOH
Takxke U CKaasap (sp)?= p*/4. TakuMm o6pa3oM, B 3TOM C.Iyyae SHep-
TUsl KBa3HYacTHLH BOBCE He 3aBHCHT OT omeparopa CIHHa, T. €.
BCe YPOBHH 3HEPrHHM KBA3HYaCTHI ABYKPATHO BLIPOXK/EHBI.

Ilo cymecTBy yTBepKIeHHE O HaJHYHM COUHA Yy KBA3UYACTHIIBI
U BblpaxkaerT (GaKT CYyLIeCTBOBAHUS 3TOr0 BLIPOXKAeHHA. B 3ToM
CMBICJIE MOXKHO yTBep:KAaTh, YTO CIUH KBA3HYACTHI B AAaHHOM THIIE
CHEeKTpa Bcerja paBeH 1/2, BHe 3aBUCHMOCTH OT BeJHUHHBI CIIMHA
HCTHHHBIX YaCTHI XHAKOCTH. [leficTBUTeJbHO, AJs JMIOGOTO OTJIHY-
HOro OT 1/2 cnMHa s uieHb! BUAA (SP)? MpHBeaM Gbl K pacIIenNJe-
HHIO (28 +- 1)-KpaTHO BLIPOXKJEHHBIX ypOBHEH Ha (25 --1)/2 yposHei
C JIBYKpaTHpIM BHIpOXJeHHeM. JIpyruMu CJ0BaMH, MOSIBJSIOTCA
(2s--1)/2 pasnuyHbX BeTBell (QYHKUHH &(p), Kaknas U3 KOTOPHIX
COOTBETCTBYET «KBa3HUaCTHILAM CO CIIHHOM 1/2».

.Kax yxe 6b10 oTMeueHO, C yyeTOM CNHHA KBa3M4acTHIl (YHK-
LHs pacmpejiefieHdst CTAHOBHTES MaTpHUell HJH OIeparopoM 1 (p)
N0 OTHOIIEHHIO K CIIMHOBLIM IlepeMeHHbIM. B sIBHOM BHje 3TOT oIle-
paTop 3amUChIBAETCA KaK IPMHUTOBA CTATHCTHYECKAs MATPHLA Mqg (P),
rie o, —CIHHOBble MaTpPHUHblE HHIEKCH, Npoferamolnye 1pa 3Ha-
ueHdss +1/2. JluaroHa/sbHBlE MATpHYHBIE 3JEMEHTH OIpeAessoT
YHCJla KBA3UYaCTHIL B ONpeJIeJIeHHbIX CIIHHOBBIX COCTOSHUAX. [loaToMy

yCJIOBHEe HOPMHPOBKH (YHKLHH pachpefeseHdsi KBa3HYacTHI Hago
[IHCaTh Tellepb B BUIe

ndt= = = Fr_
SpSndT_Sn““dT_V’ dt—(2nﬁ)3 1,2)
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(cuMBoJ Sp o3HayaerT B3fATHe CJeAa MaTPHUIBl 1O CITMHOBBIM
HHjleKcaM) ).

OnepatopoM—MaTtpunell 0o CIHHOBBIM IepPeMeHHBIM — ABJIACTCS
B OOLIEM CJyyae Takme W SHePrusi KBasuyacTuipl €. Ee ompenese-
HHe HaJ0 3alHChIBaTh Tak:

O0E ~e
+ =Sp Seén di= S eqp0npy dT. (1,3)

Ecau crnvHOBas 3aBHCHMOCTb (YHKIHMH paclpeieNeHUss H 3Hep-
FHM OTCYTCTBYET, T. €. flgg U Eqp CBOAATCA K €IMHHUYHOK MAaTpHIE

nocB = naaﬂv 806[3 = SGOLB’ (1 s4)

1o B3sAtHe caena B (1,2—3) cBOAMTCA MPOCTO K yMHOXEHHIO Ha 2:
N SE

QSndtz—V—, —V—=258<Sndt. (1,5)

Jlerko BHAETH, YTO B CTATHCTHUYECKOM pABHOBECHH (yHKUUSA
pacrpefeJeHHs KBa3UYacTHI HMMeeT BHJ pacnpejeienuss depmu,
TIPHYEM DOJIb IHEPIHU UrpaeT omnpefefieHHas coraacHo (1,3) Benu-
yrHa &. JIeHCTBHTENBHO, B CHJIY COBHAJeHHSA KJIaCCH(bHKAILHOHHBIX
CBOMCTB YDOBHEH 3HEPrHH KHAKOCTH H HAEaJAbHOro ¢epMH-rasa
3HTpONUS S XHAKOCTH ONpefessieTcd TAaKHM Ke KOMOHHATODHBIM
BbIpaKe HUEM .

F=—5p {{AlnAa—1—n)InQ1—n)}dr, (1,6)

Kak M B cayuae rasa (cd. V § 55). Bapbupys 310 BhlpaxkeHHE NDH
JOMOJNHUTENbHBIX YCJAOBHSX TMOCTOSHCTBA TOJHOTO YUC/JA YAaCTHL, H
NOJIHOH 3HEpPTHH

0N ~ O0E ~an
7=Sp56nd1=0, —‘/————SpSeGndT:O,
MBI HOJIYUHM HMCKOMOE paclpejesenne

ﬁ:[e(g—u)/T_f_l]—l, (1,7)

rje U— XUMHYECKHH MOTeHIHAJ KHAKOCTH.
Tlpu He saBuCsmedl OT CNMHA 3HePTHH KBasHuacTHI ¢opmy.ia
(1,7) o3navaeT Takywo Ke CBA3b MEKAY BEJIHYHHAMH 7 H &:

n=[ete-wiT 4 1]-2, (1,8)

TIpr Temneparype T =0 XHMHYECKHH MOTEHUIHAaJ] COBMAfaeT C rpa-
HUYHOH 3HepTHell HA MOBEPXHOCTH chepsl Depmu:

Wlroo=¢ep=¢e(pp). (1,9

1) 3mecr M Besje HMXKE IO JBAKIbl NOBTOPSIOUMMMCH MHJEKCaM, Kak
OGLIYHO, TIOADPa3yMeBaeTcsd CYMMHDOBAHHe. .
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TopuepkneMm, yrto, HecMOTPsA Ha (POpPMasbHYI0 AHAJOTHIO BbIpaxe-
Hus (1,8) ¢ ofbiunbiM pacnpenesendeM @epMH, OHO HE TOXKAECT-
BEHHO C HHM: IOCKOJbKY & €aMO ecTb QYHKIHOHAN oT n, GopMysa
(1,8) npencraBasier co60i, CTPOro roBopsi, C/JI0XKHOE HESBHOE OIpe-
Ielenye n. ) 5

BepheMcs K CAETAHHOMY IDPEANOJIONKEHHIO O TOM, YTO KaxjoH
KBa3HYacTHIE MOXKeT ObITb MPHUIHCAH OMNpPEeASJCHHBII HMIYJbC.
YcJoBHe CHpPaBeJIHBOCTH 3TOTO MPEANOJNOXKEHHsT Tpe6yeT, YTOGHI
Heolpefie/JCHHOCTh HMIYJbca (CBA3aHHAS C KOHEYHOCTHK JJHHEI
cBOGOZHOro mnpofera KBasM4acTHIB) Obla MaJja He TOJBKO IO
CPaBHEHHIO C BEJHYHHOH CaMOro HMINYJbCa, HO H IO CPABHEHHIO
¢ MmHpHHOH Ap «06/1aCTH Pa3MBITOCTH» pacHpefesnenus — 06,1acTH,
B KOTOPOH OHO CYINECTBEHHO OTJHYAETCS OT «CTynmeHYaroHs ¢GyHK-
oMU 1):

1 npu
e(p)zﬁ(p)={o OO (1,10)

Jlerko BHIETb, UTO 3TO YCJOBHE COGJIONAETCS, €CJAH PACIIpeieer e
n(p) oriuvaercst ot (1,10) mumb B Mamnoi o6acTH B6MH3H MOBEPX-
HOCTH ¢epmu-chepsl. leficTBUTEIBHO, B CHJIYy NpuHuuna [lay.su
B3aHMHO pAacCEeHBATBCA MOTYT TOJBKO KBa3HYacTHUB B 06JacTd
PasMBITOCTH pacnpejiesieHHsi, IpHYeM B pe3yJbTaTe paccesiHHsl OHH
JOJIXKHHl TI€PeXOJHTh B CBOOOJAHLIE COCTOSTHHSI B TOH e OBJACTH.
ITosToMy BEpOAITHOCTb CTOJIKHOBEHHs MPONOPLUHOHANbHA KBajpaTy
IIMPUHBL 3TOH oGsacTH. COOTBETCTBEHHO MNPOMOpPLHOHANbHA (Ap)?
H HEONpeJe/EeHHOCTb 3HEPrHH, a C HEI0 H HEeONpeleNeHHOCTh HM-
nysabca kKBasuyacTuubl. OTCl0fa SCHO, YTO MPH JOCTATOYHO MAaJjIoOM
Ap HeonpeseeHHOCTb MMIYJbca GYAET Maja He TOJBKO IO CpaB-
HEHHUIO C pp, HO M NIO CpaBHeHHIO C Ap.

Takum o6Gpasom, u3jaraeMeli MeTOA CHPABEJHB TOJBKO HJ5
TaKUX BO3CYXIEHHBIX COCTOSTHHH MKHAKOCTH, KOTODBIE OMHCHLIBAIOTCS
¢ynkuuell pacnpenesieHHss KBa3HYacTHL, OTJHYAOWeEHCA OT «CTy-
NeHbKH» JIMIDb B y3KOH o06nacTd BGJH3H MHOBEPXHOCTH Depm.
B yacTHOCTH, 1/1s TepMOAMHAMHUECKH PABHOBECHBIX pacllpejeseruii
AONYCTHMBl JIHilb J0OCTATOYHO HH3KHe TemmepaTypel. IHupuua (mo
JHEprud) OG/aCTH Pa3MBITOCTH PABHOBECHOTO paclpelesieHHs MO-
psaka T. KBaHToBas xe HEONpPeNeIeHHOCTb SHePIHH KBAa3HUACTHIIH,
CBsI3aHHAS CO CTOJKHOBEHHSMH,—NOPSAKA BEJHUHHB Ji/T, Ie T —
BpeMst CBOGOAHOro mnpoGera KBasHuacTHUBL. Ilo3TOMY  ycJ/0BHe

1) OtveruM 1as RaabHelero, yto [.pPOH3BOAHASA

8" (p)=—238 (p—pp).
IeficTBuTeIbHO, 06€ CTOPOHBI 3TOr0 DAaBEHCTBA JAKT OJWHAKOBHIH peayabTar
(eAHHHLY)} NPH HHTETPHPOBAHMH NO JIOGOMY HHTEPBATy p, cojlepKallemMy TOUKY
P=Pg.
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NPUMEHHMOCTH TEOPHH
kit <LT. (1,11)

[Ipy.3TOM, COrJacHO CKAa3aHHOMY BhIlle, Bpems T o6paTHO Mpo-
MOPIHHOHAJbHO KBajpaTy WHPHHB 06JaCTH Da3MBITOCTH, T. €.

TonT 2,

tak uto (1,11) saBegomo BrnosHsiercs npu T — 0. JIisa XKHAKOCTH,
B KOTOPOH B3aWMOJEHCTBHEe MeXJAy 4YaCTHIAMM He siBJIsSeTCs cJa-
6bIM, BCe 3HEpreTHYeCKHe MNapaMeTpbl MO TOPSAKY BeJHYHHBI CO-
-BNIaJlaloT C TPAaHAYHOH 3Heprueil e B 3TOM cMbicje yciosue (1,11)
5KBHBaJeHTHO ycjaoBHO T K| ex|1).

Ilns pacnpeleseHudt, 6IM3KHX K «CTyNeHYaToMmy» (pacmpejese-
nue npu T =0), MOXKHO, B NMePBOM TNPHOJIHIKEHHH, 3AMEHUTD Py HK-
[IHOHAJ € ero 3HaueHueM, BBIUHCJeHHBIM 1J5 n(p)=0(p). Toraae
CTAaHOBHTCSH OnpejeseHHOH (yHKIHefl BeJHUMHBI HMIYyJbca, H Gop-
myna (I,7) craHoBHTCS O6BIYHBIM pacnpefenenneM Depmu.

[Tpu 3ToM BO/MM3M TNOBePXHOCTH (epmu-chepn, rae ¢yHKIUA
e (p) TOJIBKO H HMeeT HenocpeiCTBeHHBIH (QU3HUECKHIl CMbIC/, ee
MOJKHO DAa3/IOKHTb MO CTENEHAM DasHOCTH p—pp. Fmeem

e—er Ve (P—PF), (1,12)
rae
de
VF=5 o= (1,13)

eCTb «CKOPOCTb» KBAa3HYaCTHI, Ha ¢epMH-NOBEPXHOCTH. B upeasnb-
HOM (epMH-Ta3e, TAe KBa3HYACTHIBI TOXAECTBEHHBI C HCTHHHBIMH
qacTHILAMH, HMeeM € = p2/2m, TaK YTO Ug= py/m. 10 aHaJ0ruu MOXKHO
BBECTH A7 (epMU-XKHIKOCTH BEJHUYHHY

m‘:pF/vF’ (1914)

Ha3BaB ee APhexmugnoll maccoli KBa3sUYaCTHIL; 3Ta BeJHYHHA TO-
JOXHTeJbHA (CM. KoHer § 2).

B TepMHHAX BBeleHHBIX TaKHM 006Da3oM BeJUYHH YCJOBHE MPH-
MEHHMOCTH TEODHH MOXKHO 3anucatb Kak T <€ Ugpp, NPHYEM peajib-
HBIM CMBICJIOM 0GJafaioT JHIIb KBa3HYaCTHUBl C HMIYJbCAMH p,
JJsL KOTOPHIX | p—pp| K pp. TloguepkHeM JHIIHHH pa3 nocJentee
06CTOATENILCTBO H OTMETHM, YTO OHO NDHIAeT B OCOGEHHOCTH He-
TPUBHAJBHBIH XapakTep cooTHoweHuwo (1,1) Mexay pp W MIOTHO-
CTBIO JKHAKOCTH, TOCKOJBKY €ro HarJsaueifi BbiBOp (dJs dep-
MH-ra3a) OCHOBaH Ha INpeACTABJIeHHH O YacTHUAX B COCTOSHUSAX,

1) Ias xuaroro He?, onnako, 06/1aCTh KOMHYECTBEHHON MPHMEHHMOCTH TEODHH,
KaK NOKa3uBaeT SKCIepHMEHT, (GaKTHYeCKH orpaHHuena Temneparypamu T =;0,1K
(MeXRy TeM Kak lsFl ~ 2,5 K).
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3aMOJIHSIOIHX BCIO epMH-chepy, a He TONBKO OKPEeCTHOCTH ee
NIOBEPXHOCTH 1).

SddexTuBHas Macca oOnpele/iseT, B YaCTHOCTH, 3HTPONUIO S
H TensoeMKocTb C XHIKOCTH MNpPH HH3KHUX Temmeparypax. Ouu
HaroTcs TOH ke GopMmyJioi, uTo H AnsA HAeasdbHoro rasa (V § 58),
B KOTOPOH Hal0 TOJIbKO 3aMEHHTb MacCy YacTHIBI 7 3(pdpeKTHBHOIH
Maccoit m*:

m*p m\2/8 m¥/ N\1/3
S=C=IT, v=m=(5)" &(7) (1.19)

(BBUAY JHMHeHHOH 3aBHCHMOCTH OT 7 Beauuunsl S u C COBManamor).
HeficrButennro, Bhipaxenue (1,6) suTponuu uepes dyHKuuiO pac-
npejeeHHs OJUHAKOBO I/ XKUAKOCTH M 1/ rasa, a NpH BbIYHC-
JeHHH 3TOr0 HMHTErpaja CYyuieCTBEHHA JIMIIb OGJacTb HMIYJbCOB
BOJMN3U pp, B KOTOpOH (YHKIHMH pacnopelefeHHs KBa3HUacTHIL
B XHJIKOCTH H YacTHI{ B rase JalOTCS OJHHM M TeM XK€ Bbipake-
Huem (1,8)2).

Tlepen TeM, Kak NPOJO/KHTb Pa3BHTHE TEODHH, clieslaeM cJe-
ILyomee 3ameyaHue. XOTS H3JaraeMbelfi Crocof BBeJeHUS IOHATHS
KBa3uyacTul, B (epMH-XKUJAKOCTH B NMOJHON aHAJOrMHM C YaCTHIAMH
rasa Haubosee yno0eH IJs CHCTEMAaTHYECKOrO MOCTPOEHHS TEODHUH,
CBSI3aHHHAsA C HHM (PH3MUeCKas KapTHHA HMeeT TOT HEeJOCTaTOK,
yTo B Hedl ¢urypupyer HeHaOsofaeMas 3ano.gHeHHas pepMH-chepa
KBa3HyaCTHI. JTOT HENOCTAaTOK MOXKHO GbLIO Gbl yCTPaHHUTH GopMy-
JIHPOBKOH, B KOTODOH 3JleMeHTapHble BO3GYXKIEHHSA IOABJAIOTCS
Toabko npu T 0. B Takofl KapTHHE POJIb 3JeMEHTAPHBIX BO3GY K-
JeHU# UIpalOT KBa3HYacTHIbI BHe (epMH-cheps H «IBIPKH» BHYTPH
Hee; NEepBbIM HAJ0 NPHUNHUCATh (B NMPUG/JIHKEHHH, OTBeyaioumeM ¢op-
myJe (1,12)) suepruio € =vp(p—pp), a BTOPHIM &=U0g(pr—p). Cra-
THCTHYECKOE pacmpelieJeHHe TeX H JAPYLHX JaeTcs GopmyJioi
pacnpenenenvss QepMH C PaBHBIM HYJI0 XHMHYECKHM IOTEHIHAJOM
(B COOTBETCTBHH C T€M, YTO YHCJIO 3JEMEHTApPHBIX BO3GYKIEHHI
IIpH 3TOM HE IMOCTOSHHO, @ CaMO ompefiesisieTcsi TEMIEpaTypoil 3))

n=[es/T 4-1]-. (1,16)

1) HokazareabctBo coortHoweHHsA (1,1) Tpe6yeT mpuMeHeHHS Gosee CJIO0MKHBIX
MaTeMaTHYeCKHX METONOB M 6ygner AaHo HHXke, B § 20.

) Ona xuakoro He® (npu HyJseBOM AaBieHHH): pF/ﬁ/ZO,S-lOS oM~ omt =
= 3,1 m (He®); p; onpenensiercs no NJIOTHOCTH XKHIKOCTH; m* — IO TENJIOEMKOCTH.

8) HanomuuM (cp. V § 63), uTo B TakHX yCJOBHAX YHCJIO KBA3HYAaCTHL Nyg
OnpeAe/sieTcsi YCJIOBHEM TEPMOAHHaMHYECKOr0 paBHOBECHS — MHHHMAJbHOCTBIO
cBoGosHO! anepruu F Kak ¢yHKuMH Nyp IPH 3aflaHHEIX TeMiepaType H ofbeMe:
(0F/ONgg)y y=0; HO 9Ta NPOH3BOAHARH H €CTh «XHMHUECKHI NOTEHLHaJ KBasH-
4acTHL» (He CMEWIMBATh €r0 C XHMHYECKHM NOTEHIHAJOM | XUAKOCTH, ONpeJeseH-
HbIM NPOM3BOLHOHK OT F IO YHCITY HCTHHHEIX wacTHL N).
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DnemeHTapHBle BO30YXKIEHHS B 3TOH KapTHHEe NOAB/AIOTCA HJIH
WcyYe3aloT JHIIb NapaMH, TaK 4YTO MHOJHBIE YHCJIA BO30YKACHHH
C HUMNYJbCAaMH p > pp U p < pp BCerja OJAHHAKOBHI.

OTMeTHM TaKxke, 4YTO IpPH TAKOM OIpPEACNeHHH 3/eMeHTaPHBIX
BO30YXKIeHHH HX 5HEpPrus HENPEeMEHHO I[OJIOXKHTENbHA: 3TO €CThb
TNpeBHIICHHE B3HEPTMH BO3GYXKAECHHOrO YDPOBHA Haj 3Heprued
HOPMaJIbHOTO YPOBHSI CHCTEMBl. DHepPrusi Xe KBasHYaCTHIL, ollpeje-
neHHas corjacHo (1,3), MoxeT ObITb KakK IOJOXHTeNbHOH, TaK
H OTpHLIaTeJbHOMH.

Bosee Toro, mns MUAKOCTH NP HYJEBHIX TeMIepartype H AaB-
JEHUH BeJMYUHA Ep=|I 3aBeJOMO OTpHIaTe/bHa, a MOTOMY OTpH-
naTeNbHbl ¥ OJM3KHE K €p 3HAaueHUsd &. DTO ACHO H3 TOrO, 4TO
npu T=0 u P=0 BeJuurHa — | COBNIajaeT C MOJOXHUTEJNbHON Be-
JUYMHON —NpeJe/bHEIM 3HAaUeHHEM OTHECEHHOH K OJHOH dacTHie
TeNJIOTOH HCNapeHUS KHUIKOCTH.

§ 2. Ba3aumojaeiicTBHe KBa3H4acTHI|

SIBassch QyHKIHOHaNAOM OT (PYHKIHHU pacnpeleseHuss KBa3uyac-
THI[, HX 3HEepPrHs MeHseTcs NPH H3MeHeHHH 3ToH QyHKHHH. Fl3me-
HeHHe 3HePrHU MPH MaJIOM OTKJOHeHHH On GYHKIMH pacnpefeseHus
ot «cryneHbku» (1,10) mosxHO HMETH BHJA

8¢op ()= Fav, g (P, P')Onsy (p') AT’ @,1)
HaH, B OoJee CHMBOJIMYECKOM BHJE, ‘ ‘
8e(p)=5p’ § F(p, p) 07 (p") dT’,

rae Sp’ o3HayaeT B3fiTHe CJeJa MO Ilape CIHHOBHIX HHIEKCOB,
OTBEYAlOWMX UMNYJbcy p’. OYHKUHIO [ MOXKHO HasBaTh (pyrkyuet

s3aumodeticmeus xBasvyactul, (B ¢epmu-raze f=0). Ilo cBoemy
onpefeseHHI0 3Ta QYyHKUHS NpelcTaBaseT cofGOH BTOPYK BapHalH-
OHHYI0 HPOH3BOLHYIO OT IOJHOH 3HEPTHH XKHAKOCTH £ H MO3TOMY
CHMMETPHYHA MO MePEMEHHBIM P, P’ H COOTBETCTBYIOIHM HM IlapaM
CIMHOBBIX HHJAEKCOB:

fav, g5 (P, P) =Ty, 68 (P’ P)- (2,2)

C yuetoM usMeHeHHs (2,1) 3HeprHsl KBasHyaCTHI BOJIH3H TIIO-
BepxHocTH (depMu-cheprl AaeTcs CyMMOH

2 (p)—ep=0p(p—pR) +-Sp' { F (o, p)SR(YAT.  (2,9)

B yacTHOCTH, AJs TEPMOJUHAMHYECKH PABHOBECHBIX paclpejeseHui
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BTOpOH unen B ¢opmyne (2,3) onpepeaser 3aBHCHMOCTb 3HeEp-
THH KBasHyaCTHUBE OT TeMrnepatypul. OrkaoHeHHe On' 3aMeTHO
OTJIHYHO OT HyJs TOJBKO B Y3KOM CJI0€ 3HAaYeHHH p’ BOJH3H Io-
BEPXHOCTH (epMH-CPEDPLl, H B TAaKOM XK€ CJoe HaxoAsiTCsi HMIY./Ib-
CBl p peaJbHbIXx KBasuyactuiu. IlosToMy ¢ymkmmio f(p, p’) B ¢op-
Mynax (2,1), (2,3) ¢aKTHueCKH MOXKHO 34MEHHTb |66 3HauCHHEM
Ha caMOH 3TOH MNOBEPXHOCTH, T. €. NOJNOXKHTb p=p’ = pp, TaK 4TO
f 6yner 3aBHceTh TOMIBKO OT HalpaBJeHHA BEKTOPOB p H p’.

CnnHOBasi 3aBUCHMOCTb (YHKUHH [ CBSI3aH4 KaK C PeJISITHBHCT-
CKHMH 3(peKTaMH (CIHH-CIHHOBOE H CHHH-OpGHTAJbHOE B3aHMOJEll-
CTBHA), TaK U ¢ OOMEHHBIM B3aumoneicrsuem. [locienHee HauGoJee
cymecTBeHHo. C ero yuetoM QyHKUHA B3aUMOAEHCTBHS KBAa3HYACTHIL
HMeeT (Ha (epPMH-NIOBEPXHOCTH) BHJI

pgm*

— [0, p)=F () +00'G(9), (2,4)

rae o, ¢' —marpuusl Ilayau, peficTBylomHe Ha COOTBETCTBYIOLIHE
(T. €. OTBeYalOLIHE NEPEMEHHBIM P H P’) CIMHOBbIE HHJIEKCH, a F
Hu G—pBe QyHKUMH yrJaa ¢ Mexay p u p’ ). Bux storo BHIPaKeHH
CBSI3aH C XapakKTEPHBIM CBOHCTBOM OGMEHHOTO B3aHMOLEHCTBHSA: OHO
He 3aBHCHT OT OPHEHTALHH IIOJHOTO MOMEHTA CHCTEMbI B IPOCTPaH-
CTBE; IIO3TOMY ONEPATOPHl ABYX CIHHOB MOTYT BXOAHTb B HETO
JHLIb B BHAE CKaJspPHOro NMpousBeleHHs. ONpenesieHHble, COrIacHO
(2,4), dyukuuu F u G Ge3pasmepHbl. BBeueHHbl 151 3TOf nean
B JIEBOH cTOpoHe (2,4) MHOXHTE/Ib NpeACTaBJaseT coGoil 4HC/IO0
COCTOSTHHH KBA43HYAaCTHIbI HAa (EPMH-IOBEPXHOCTH, OTHECEHHOE
K €IHHHYHOMY HHTEPBAJy 3HEPrHi:

2dt _ 2.4mpf ( dp )
p

V) = e emer = oty (e

HJH

2 ®

PF ppm
Vp == e e | 2.5
F n2ﬁavF s @ )

Ilockoabky cnex marpuu Ilaysu paBed Hymo, TO mocie B3ATHS

caepa Sp’ BTOpol uJeH B (2,4) ucyesaer, Tak uro Sp’f He 3apm-
CHT YK€ U OT 0. Takasi He3aBUCHUMOCTb HMEET MECTO B JelCTBUTE b
HOCTH TaKXe H NPH yyeTe CNHH-OPOUTAJBHOTO H CIHH-CIHHOBOIO

B3aUMOJCHCTBHE. [lelo B TOM, yTO cKaJspHas ¢ynruusa Sp’fMmoraa

1) B aBHOH MarpuuHO# dopme:

ppm*
athe Jov, 86 = FOupdyst-Goop0,s. (2,42)
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6bl colepKaTb OnepaTop CNHHA JHIIL B BHJIE MPOH3BENEHHSA §[pp’]
JBYX aKCHaJbHBLIX BEKTOPOB s H [pp’] (BbIpaKeHHS ke, KBajpaTHy-
HblE 1[I0 KOMIIOHEHTaM S, MOXHO He paccMaTpuBath, TaK Kak /s
cnuHa 1/2 OHH CBOASATCH K uJeHAM, JHHEHHBIM [0 § H HE COAep-

XKaluM s BoBce). Ho 310 mpou3BejeHKe He HHBAPHAHTHO IO OTHO-
LIEHHIO K OOGDAlleHHI0O BPEMEHH H NMOTOMY HE MOXeT BOHTH B HHBa-

pHaHTHYIO BeawuunHy Sp'f.
Beenem ynoGHoe jaJisi fanbHefilero o6o3HaueHHe

Fan 870, D) =8usf (0, B'), f=-Sp SP'F. (2,6)
Hs Bblpa}KeHHﬂ (2,4) umeem
2ﬁ3 f (9) =2F (3). (2.7

QyHKIHSA B3aUMOAEHCTBHSA KBa3HYacTHL, YAOBJETBODHAET ompe-
JeJeHHOMY WHTETPAJbHOMY COOTHOLUEHHIO,- CACAYIOWMEMY W3 IPHH-
IIHIa OTHOCHTEeNbHOCTH [anujes. IlpAMbIM CJeACTBHEM 3TOTO NPHH-
I[HTla SBJASETCH COBNAJeHHE HMIYJbCa e€IMHHIb 06beMa >XHAKOCTH
C INJOTHOCTBLIO TOTOKa ee Macchl. CKODOCTb KBa3H4aCTHLBI eCTb
Je/dp, TaK YTO NOTOK KBAa3HYacTHIL ILaETCH HHTETpasoM

Sp g % % e,

ITocKOMIbKY uYHCJO KBa3H4acTHLL B KHJAKOCTH COBNAJAET C YHCJ/IOM
HCTHHHBIX. HAaCTHI, TO fACHO, HTO MOJIHLIH NMEPeHoC Macchl KBasH-
YaCTHUAMH TOJNYYHTCA YMHOXKEHHEM IIOTOKAa HX YHCJa Ha Maccy m
HCTHHHOH yacTHLH. TakuM o6pa3om, IOJAYUHM CJeyloliee PaBeHCTBO:

spgpﬁdr=5pgmg—;ﬁdr. 2,8)

ITonoxus rngp = nb,s, €qp = e0yp, BapbuUpyeM 00e CTOPOHHI
(2,8). HUcnonesosas (2,1) H obosnauenune [ us (2,6), noayuum

[p@nd‘r:mj %E—@ﬂd’t—}_mj\af(I;})p’)’lan/dele
a , a ’ ,
z’”jﬁs‘ﬁﬂﬁ—mfﬂp, p") 5 Sndud’,

rie n'=n(p’) (Bo BTOpPOM HHTerpase 3ameHeHO ofO3HaueHHE Iie-
PeMeHHBIX H IIpOH3BeJleHO HHTeTPHpPOBaHHe Mo yacTaMm). Beuay
IPOH3BOJIbHOCTH On OTCIOA CJejyeT MCKOMOE€ COOTHOIIEHHE

2_ (@, o) 2lar 2.9
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Jns crynenuaroit ¢y HKUHH
' n(p")=0(p")
npousBogHaa on'/dp’ cBoauTCA K O-QyHKUMH:

L= —25(p—pp. (2,10)
Ioacrasus B (2,9) ynkuuwo e (p) u3 (1,12), 3ameHuB 3ateM Besje
HMIYJEC p = PN 3HAYEHHEM Pp== pPpn Ha (pepMH-NOBEPX HOCTH H YMHO-
XKHB 00€ CTOPOHBI PABEHCTBA HA Pg, NOJYYHM CJeLyHOllee COOTHO-
lIeHHe MeX/1y MacCod m HCTHHHBIX yacTHU H 3ddekTHBHOH Maccolt
KBa3sHYacTHI:

Pr

1
T @nhk)?

- ‘Yf(ﬂ) cos § do’, @,11)
rae do’—sJeMeHT TeJleCHOTO yrJa B HanpaBierun p’. Ecam mox-
CTaBHTb ciofia aad f () BelpaxeHHe (2,7), To 3T0 paBeHCTBO IPH-
HHMaeT BHJ

| +F(§)cos T, (2,12)

Tie 4epTa O3HAYaeT yCpeJHEeHHe IO HalpaB/JeHHAM (T. €. HHTETpH-
posanue 1o do'/4m =sin$d9/2).

BbiyHc/IHM ellle CXKHMaeMOCTb (e pMK-3KUAKOCTH (MPH a6Co/IOTHOM
HyJle), T. €. BeJH4HHY u? = 0P/0p 1). [lnoTHOCTD ®KUAKOCTH p = MmNV,
TaK YTO

u2=:___zi_£E1

mN oV *

Ans BbYHCTEHHS 3TOH NPOM3BOAHOH YAOGHO BHIPa3HTh ee yepes3
NPOU3BOAHYI0 OT XHMHYECKOI'O MOTeHUHasJa. 3aMeTHB, 4TO MOCJe[-
HHI 3aBuCHT oT NV u V TonbKO B BHie oTHowleHus N/V, a Take,
yro npu T =const =0 puddeperunan dp =VdP/N, umeem

w__ Vow__ Vo
oN N oV NtoOV®
TaK 4YTO
N du
YL
U= oot (2,13)

Ly Tlpy T=0 Takxke B S=0, Tak uTO HeT HEOGXOIHMOCTH Pa3JHYATh H30-
TePMHUECKYI0 M ajHabaTHYecKyl0 CKHMaeMoCTH. BeanuWHa i« ONpejeneHa Kak
H3BECTHOE BBIPaXEGHHE CKOPOCTH 3ByKa B Xujakoctu. CielyeT, OJHAKO, HMeTb
B BHIY, 4T0 (pakTHyeckH npu T =0 oObuHLI 3ByK BOOGILE HE MOXKET pacnpo-
CTPaHATbCH B (PepMH-KHAKOCTH —CM. Hagamuo § 5.
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TMockoMbKy p=gg npn T =0, TO H3MeHeHHe Op NMpH H3MeHe-
HHM yucJa yactHi Ha 6N paBHO

, 4 s 08
Sp =5f(p,,—, p') on'dz —l-a—p-f(SpF. (2,14)

IlepBoifi wieH B 5TOM BEHPaXXKeHUH —H3MEHEHHE BEJHYHHH & (pp)
6narofaps H3MeHeHHI0 QYHKUMU pacnpepeseHnsi. Bropo#t ke unen
CBSI3aH C TEM, UTO H3MeHEHHe TOJHOTO YHCJa YaCTHIL MEHSET TaKKe
H 3HaueHHe INpeJeJbHOrO HMnyJabca: B cuiay (I,1) umeem 6N =
—Vpi8pg/nth3. TlockoabKy On’ 3aMeTHO OTMMYHO OT HYJS JIHUIb
npu p' &~ pp, TO, 3aMEHHB B HHTerpaje QyHKUMIO [ ee 3HAYeHHEM
Ha (epMH-TIOBEPXHOCTH, MOXEM HANHCATh
2d4v 1 T ON

(1onav ~ g (fao" (" T =5 4aF 5.

[MoacTaBuB 370 BeIpaxexue B (2,14) u BBeaAss m* cOryIacHo Oep/Opy =
= pg/m*, NOJy4uM

n2h3
ppm*V*

(2,13)

w _ T
W=t

Haxkonen, B3sB l/m* u3 (2,11) u croBa yurs (1,1), nmonyuum
OKOHUATENLHO

ut = +3m< )Xf({} (1—cos §) do. (2,16)

C ¢yuknueit f(8) u3 (2,7) u c ucnosab3oBanuem (2,12) 310 BeIpa-
XKeHHe MOXKHO NpPHBECTH K BHAY
2

wr =t (14 F(G)). (2,17)

®yHKUMA [ JoMKHA YAOBJETBOPSITH OIpeje/IeHHBIM YCJIOBUSM,
BO3HHKAWINHUM H3 TPe6OBaHUS YCTOHUHBOCTH OCHOBHOTO COCTOSTHUS
xHuAKkocTH. IlocnensHeMy oTBeyaeT 3amoJHEHHE BCeX COCTOSHHIA
KBa3HYyaCTHI, BHYTpH (epMH-c@eprl, H 3HEPrus 3TOr0 COCTOSHHSA
Jo/KHA ObiTh MHHHMAaJbHA 110 OTHOIIEHHIO K IPOHU3BOJBHOH MaJof
Jedopmauuu cohepul. He npuBoas Bcex BBIYHUC/IEHHEH, YKaKeM 3JeChb
JHIIb HX OKOHYaTeJbHHH pesyabrar?). Ero ymo6uo chopmy.iupo-
BaTb, pa3/ioxuB ¢ynxuud F($) u G () u3 (2,4) no nosnmHOMaMm
.Hemaﬂ,upa T. €. NpPeACTaBHB HX B BUJE

F(9)=3 @I+ 1) FiPy(cos9), G (9)=3(2+1)G,P, (cos 9) (2,18)

1) Cm., H. F. Homepanuyx, JXITD 35, 524 (1958).
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(mpH TakoM ompeneneHHH KosbduuneHtos F, 1 G, OHH COBNAZalOT
CO CPefHHMH 3HayeHMsIMH INpousBeleHddt FP, u GP,). Torpa ycumo-
BHSI YCTOHYHBOCTH 3alHCBHIBAIOTCH B BHJIE HEPABEHCTB

F,+1>0, 2,19)
G,+1>0. 2,20)

CpaBuuB ycnoBue (2,19) npu /=1 c BeipamenneM (2,12) nas
3(heKTHBHOA MacChl, yGexpaeMcs B MOJOXKHTEJIbHOCTH MOCJEAHEH.
Ycnopue ke (2,19) npu [=0 ofecneynBaeT mNOJOKHTEbHOCTD
BhipaxeHud (2,17).

§ 3. MarHuTHas BOCHPMHMYHBOCTL (ePMH-KHIAKOCTH

KBasuyacTulia C OTIHYHBIM OT HYJA CIIHHOM 06Jajaer, BOOGUIe
TOBOpsi, TaKXKe M MarHUTHHIM MoMeHTOM. A cmuea 1/2 omepartop
3TOr0 MOMeHTa HMeeT BHJ PO (2-IPOEKIUS MATHUTHOTO MOMEHTA
paeHa =+ f). I[locrosunasn 2B/%, OIpeflesIsoulasd OTHOMIEHHE MarHUT-
HOTO MOMEHTa KBa3HyaCTHIBl K MeXaHHYeCKOMY (ﬁ/2), COBIajaeT
CO 3HaYeHHeM TAKOH K€ MOCTOSHHOM A/ MCTHHHBEIX YAaCTHI: OYe-
BHJIHO, 4TO BeJHYHHA 3TOrO OTHOLIEHHS HEe MeHSETCS NpPH JIOGOM
crnocofe CJOXKEHHS CIMHOB YaCTHI B CIHH KBA3HYaCTHILAL.

Hasnyne y XBasuyacTHIL MarHHTHOTO MOMEHTA [PHBOJHT, B CBOIO
OuYepenb, K napaMarHeTH3My XKHIKOCTH. BBIMHC/IHM COOTBETCTBYIO-
LIYI0 MarHMTHYIO BOCIPHHMUYHBOCTb.

s «cBOGOAHOM» KBasHYacTHUBI ONEPaTop AONOJHHTENbHOH
SHepruH, npuobperaemMoil e0 B MarHuTHOM noJe H, 6bl1 6 —poH.
Ho B depmu-k#IKOCTH HEOGXOAUMO YUECTH TOT darr, 9yTO B CHJIY
B3aHMOJEHCTBHA KBa3HYaCTHI, 3HEPTHA KaxAOH H3 HHUX H3MEHHTCH
eme U B pe3yJbTaTe H3MEHeHHs (YHKIHH paclpeiesieHHs B Mar-
HHTHOM noJe. [IpH BbIYHC/IEHHH MaCHHTHOH BOCIIPMMMYHBOETH HAO
TI03TOMY IHCAThb ONlEPATOP HU3MEHEHHS 3HePrUH KBA3HYACTHIILI B BUAE

8&=—foH + Sp’ { for’ dv. 3,1)

HMsmenenue ke GyHKUMH pacnpefiesleHHsI CaMO BbIpaxkaeTcsl uepes
e cornacno 6n=(0n/0e)8e?); TakHM oGpasom, Ajs Oe noJiyyaem
ypaBHeHHe

6 (p)=—BoH +Sp’ [F(p, p) G- (0N, (3,2)

1) Ilpn BbluHCHEHHH [06aBKH On, 3aBucsAWesl OT NOJs, M3MEHEHHE XHMHue-
CKOro nmoTeHuHand MOXKHO He YYHTHIBaTh. Fl3MeHeHHe MaKpOCKONHUYECKOH BejH-
YHHEl [L B H3OTPOMHOH KHIKOCTH MOXKET GbITh JHIbL KBAJPAaTHUHHIM 10 moao H
(ABAAOIMMCH TIDH  BHIYHC/IGHHH BOCHDHHMYHBOCTH MAaJIOi BEJHYHHOH), Mexay
TeM xak 8¢ nepsoro mopagka MasoctH no momo. OTMETHM TaKe, 9To BBHRY
MaJIOCTH MAarHHTHOH BOCHPHHUMYHBOCTH KHIKOCTH 31€Ch MOXHO He JeJaTh pas- -
JHYHA MEXNy HaNpSXKEHHOCTHIO H HHAyKUHeH Nois B Hedl,



§ 3] MATHHTHAS BOCHPHHMUHBOCTb ®EPMH-XHIKOCTH 25

Ham nonanofutcs HHXKe pelleHHe 3TOTO0 yDaBHEHHS JHINL Ha
nopepxHOCTH (depMu-cheprl. Hiiem ero B BHJAE

86 =— L goH, (3,3)
rie g —noctosHHasA. Jas crynenuaroit pyHkuuu n (p’) =0(p’) nmeem
d ’
P‘% - 6 (6 —GF))

TaK 4TO HHTErpupoBaHue Mo dp’ =de’/vr CBOAUTCA K B3ATHIO 3Ha-
YEHHMs TMOABIHTETrPa/bHOrO BblpaXkeHHs Ha (epMH-TIOBEPXHOCTH.

IloacTaBuB ¢yHKIUIO f u3 (2,4) u 3aMeTus, uto AJs MaTpuu [layau
Spe=0, Sp'(co’)c = 3io Sp'e’c’ =20,

HaxoguMm g=2—gG (), niu

2 __
1+G@®)°
rie yepra cHoBa (Kak H B (2,12)) osHayaeT ycpeaHeHHe MO Ha-
npaBJeHUAM.

BOCHpI/II/IM‘IHBOCTb X onpenenasaercss H3 BhIpa:KEeHHA AJad MarnHuT-
HOro MOMCHTA €JHHHIIbI o0beMa KUIKOCTH:

YH= ﬁSpSoéndr——[SSpSoée dt

g= (3,4)

HJIH, TOCJ€ MHTErpUPOBAHHS CO CTynquaToﬁ byHkunet n(p):
H=—p 0 — Sp 68E (py)-

Haxkonen, noacraBus cioga (3,3—4) u sameTus, uto Sp (6H) o =2H,
TIOJIyYuM

ﬂzme. —_ 3?52 (3 5)
k(146G a2 (14+06)° ’

X=

rage y—Ko3bpHUHEHT B JHHeHHOM 3aKoHe TemjoeMkoctu (1,15).
Bripaxenune ¢ =3yp%n? ecTb BOCIPHHMYHBOCTL BHIPOXKACHHOTO
depMH-raza H3 YacTHI C MarHUTHHIM MOMeHTOM P (cM. V (59,5)).
Muoxurenr xe (14 G)~t BelpaxkaeT co60i OTJHMuMe (epMH-KULKO-
CTH OT depMH-ras3al).

OrmeTHM, uTO ycJoBHe ycToruuBoctd (2,20) ¢ /=0 coBmanaer
¢ ycJgoBueM ¥ > 0.

) Ina Hed: G~ —2/3.
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§ 4. Hynesoii 3Byk

HepaBsnoBecHnie cOCTOfHUA  (GepMHU-KUAKOCTH  ONUCHIBAIOTCH
GYHKIHSAMH pacrnpelie/leHHsl KBa3HYACTHL, 3aBHCSAILIHMH He TOJIBKO
OT MMIYJIbCOB, HO TAKXKe M OT KOODJAHMHAT H BPeMeHH. DTH (yHK-

unH 7 (p, r, {) NOAYMHSIOTCA KHHETHYECKOMY YDABHEHHIO BHAA

& _sta, 4,1)
rie Stn—Tak HasbBaeMblil HHTerpas CTOJKHOBEHHH, ompezensio-
IGHH M3MEHeHHe YHCJa KBa3HUacTHI[ B JaHHOM 3J1eMeHTe (pa30BOro
o0beMa, 06yc/OBJEHHOE HX CTOJNKHOBEHHSIMH JAPYT C JAPYrom?).

[losnas mpousBogHas 1Mo BpemeHH B (4,1) yUHTHIBaeT KaK sIBHYIO
3aBHCHUMOCTb # OT !, TaK H HeSABHYIO 3aBHCHMOCTb, CBfISaAHHYIO
C H3MEHEeHHeM KOOPJAMHAT, UMIYJbCa H CIOHHOBBIX IlepeMeHHBIX
KBa3HYaCTHLUbl COTJIacHO €€ ypaBHeHHsM JBHxeHHsa. Cnenuduka
(hepMH-XKHIKOCTH COCTOHT B TOM, YTO IOCKOJBKY 3HEPrHs KBasH-
YacTHUB! sABJSETCS (yHKUHOHAJOM OT (YHKUHH pacnpeleseHns,
TO B HEONHOPOZHOH MKHAKOCTH BMeCTe C 1 3aBHCHT OT KOOPAHHAT
Takke H €.

Hnst pacnpefenenuit 7, c1afo OTJAWYAIUKXCA OT pPaBHOBeC-
HOro 1n,, MHIIEM

n, r, )=n,(p)+81(p,r, 1). (4,2)

Ilpp sTOM 3Heprua KBasMyacTHUbl &= g, Oe, IIe &,~—3Heprus,

OTBedaiolllas pPaBHOBECHOMY pacnpefeJeHHio, a 0& JaeTcs Bblpaxe-
HHeM (2,1), Tak uro

de  06¢ = N 08T (D) .
= =P jf(p,p)—;@dr- (4,3)

B OTCYTCTBHE€ BHEIUIHEr0 MATrHUTHOTO TI10J4 € H 1, OT CIIHHA HE
3aBHCAT.

SIBHast 3aBHCHMOCTb 7 OT BPeMe€HH AaeT B dn/df djen

T) Conepianue sToro naparpada npeanosaraeT 3HAKOMCTBO C IOHSTHEM KH-
HETHYECKOTO ypaBHEeHHSs U B 3TOM CMEICJ€ BhiNagaeT H3 npobu/s JaHHOTO TOMaA.
Onnako Ges KMHETHYECKOTO yPaBHEHHs (H €FO NPHMEHEHHs.B 3TOM H C/IeIylOmeM
naparpadax) QOpMyJHPOBKZ TeOpHH (epPMH-KHAKOCTH Gblia Gbl HeZOCTaTOYHO
nosnna. Ham nowamoburcs sflech MHIIb ypapHeHHe Ge3 HHTErpasa CTOJKHOBEHHE;
BOIPOCHl, CBA3aHHBIC C KOHKPETHLIM BHJAOM HHTerpaJa CTOJKHOBEHHH, GyAyT
PaccCMOTPEHRl B APyroM ToMe, NOCBSAILIEHHOM (PH3HUeCcKOH KHUHETHKe,
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3aBHCHMOCTb ke uepe3 KOOp}IHHaTbI H HMIYJBG JaeT YJIeHH

~

= +opP

Posb raMuabTOHOBOH (yHKUHMH KBa3HYaCTHHB UT'PaeT ee 3HEPrusg e,
B cuny ypaBHeHu# ['amMHJIbTOHA HMeeM
s 9 2 o8

l':%, p=——a-l-_-.

TTosToMy HMMeeM, ¢ TOYHOCTBIO O YJEHOB NEPBOro mopsaka mo on:
961 dgy  Ong 08¢

or o op or
Haxoneln, usmeHeHHe co BpeMeHeM (YHKIHMH 7 Kak onepaTtopa 1o
CIHMHOBBIM MNEpeMeHHBIM JaeTcsi, N0 OOWHM NpaBHJAaM KBaHTOBOMH
MeXaHHKH, KOMMYTaTOPOM

— {e, n}. (4.9

OfHaKO TNPH He 3aBHCSAINMX OT CHHHA M, H & YIEHH NEpBOTO IO-

psiKa MO 87 B 3TOM KOMMYTaTope OTCYTCTBYIOT.
Co6upasi HanHMCaHHBIE YJeHbl, MOJYYHM ypaBHEHHE

bn |, de, 067 A6e dn,
o T T o oL

TIpexne, yeM MNPHCTYNUTb K HCNOJb30BAaHHIO KHHETHYECKOTO
ypaBHEeHHs, OCTAHOBHMCS Ha YCJOBHAX €ro NpUMeHHMOCTH. Hcnosp-
30BaB KJaccHyecKue (IO KOOpPAHHATaM H HMNYJbLCY) YpaBHEHHS,
MBI T€M CaMbIM TNpeAnoJarajy JABHKeHHe KBa3H4acTHI, KBa3ukKJac-
CHUECKHM; 3TO K€ NPEANooxKeHHe JIeKHT N0 CYUECTBY YKe B OCHOBE
€caMOTO ONHCaHHs KUAKOCTH QYHKUHeH pacnpeneseHusi, 3aBUCAILEH
O/lHOBPEMEHHO OT KOOpJHHAT M HMIYJbCOB KBa3HyacTHL. YCJIOBHE
KBa3HKJACCHUYHOCTH COCTOHT B MAaJIOCTH Je-6pOiljIeBCKOH AJIHHBI
BOJIHBl KBa3WYAaCTHI %/pr MO CPABHEHHIO C XapaKTepHOH AJHHOM L,
Ha KOTopofi cyulecTBeHHO MeHsercs (QyHKuHMs n. BBens Bmecto L
«BOJIHOBOM BEKTOP» HEOAHOPOAHOCTH R~ 1/L, 3anHiueM 310 yCJIOBHe

B BuAc’) fik < pp. (4,6)

Yactota ® H3MeHeHHs (YHKUHMM pacnpeneseHHsi, yCTaHaBJUBAIO-
wasics NpH 3aJaHHOM R, NMOPAAKA BEJHYHHH & ~ Upk H aBTOMAaTH-
YeCKH YJOBJETBOPAET YCJIOBHIO

ﬁ(l) <8F' (4’7)

1) Coraacro onpegeaenuio (1,1), ﬁ/pp NopAiKa BEJHUHHE MEeXaTOMHLIX pac-
CTOsiHMH, TaK 4To ycnaoBue (4, 6)—oqub caaboe.

(4,)
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CooTHOlIEHHE e MeXAY fio u Temnepatypoit 7 mMoxeT GBITh JIIOBBIM.,
Ecau ﬁu)>T, TO POJIb IMHPHHBI OGJACTH DPasMBITOCTH (yHKIHH
pacnpejeneHuss HrpaeT HMEHHO BeJHYHHA ; Toraa (4,7) ecthb
obsi3aTe/ibHOE A/l MPUMEHHMOCTH Bcell TEODHH yCJOBHe, ofecme-
YHBAKLlee MaJOCTh KBAHTOBOW HeOolpeJe/eHHOCTH SHEPrHH KBa3H-
YaCTHUB! (CBA3aHHON C HX CTOJIKHOBEHHSIMH) IO CPaBHEHHIO C fio.

IlpumeHuM Tenmepb KHHETHYECKO® YPaBHEHHe K HCCJIELOBAHHIO
KoJle6aTeJbHBIX JBHXCHHH (epMH-KHIKOCTH.

Ilpp HH3KHX, HO OTJIHYHBIX OT HYJs TeMIepaTypax B (ep™u-
KUAKOCTH TMPOHCXOAAT B3aHMHbIE CTOJKHOBEHHS KBAa3HYACTHL(, NpH-
ueM Bpemsi HX cBoGopHoro mnpoGera tcoT-2 Xapakrtep pacnpo-
CTPAHSIOIKXCS B XKHJKOCTH BOJIH CYNIECTBEHHO 3aBHCHT OT BeJIHMYH Hb!
IIPOU3BEJEHHS OT.

Ilpy ot<€1 (4To PaKTHYECKH 5KBHBAJIEHTHO YCJOBHIO MaJIOCTH
AJHHB! Mpofera KBasMYacTHUB! [ MO CPaBHEHHIO C AJHHONH BOJHbI A)
CTOJIKHOBEHHSI YCNEBAIOT YCTAHOBHTb TEPMOAMHAMHYECKOE PaBHOBe-
CHe B Kax/OM (MajioM O CPaBHEHHIO C A) 3/eMeHTe o6bheMa KUJ-
KOCTH. DTO 3HAYMT, YTO Mbl HMeeM JeJOo ¢ OOBbIYHBIMH THAPOLHHA-
MHYECKHMH 3BYKOBHIMH BOJIHAMH, PacnpoCTPaHAKIIUMUCA CO CKO-

pocteio u =1 0P/dp. Tloraomenue 3BYKOBEIX BOJH IpH oT<< !
Majo, HO MNpPH YBeJHYEHHH ®T OHO BO3PacTaeT M NpPH T ~ |
CTaHOBHTCA OYeHb CHJbHEIM, TaK 4TO PaCHPOCTPAHEHHE 3BYKOBbIX
BOJIH CTAHOBHTCS HEBO3MOKHBIM 1),

IIpn panbhefiiiem yBesHueHWH T, KOrAa yxe ot>>1, B depmu-
AUJIKOCTH CHOBA CTAHOBHTCSI BO3MOXKHBIM DAaclpPOCTDAHEHHE BOJIH,
HMEIOIINX, ONHAaKO, ApPYrod (ushyeckuil xapaktep. B sTix kose6a-
HUSX CTOJKHOBEHHS KBA3HYACTHIL HE HI'PAIOT POJH M TePMOXHM Ha-
MHYECKOe paBHOBECHE B KaXJIOM 3JeMeHTe o0beMa He yCheBaer
ycTaHaB/IuBaThecsi. lIpolecc MoXHO paccMaTpHBaTh Kak NPOUCXOMS-
muA Npu aGCOMIOTHOM HyJIe TemiepaTypel. DTH BOJHB Ha3bIBAIOT
HYAe8bIM 38YKOM.

CoryiacHo cKa3aHHOMY BHllle, IPH OTS> | B KHHETHYECKOM ypas-
HEHHH MOXKHO ONYyCTHThL HHTErpaJ CTOJKHOBEHHH; ToOrna

a8n a8n  On, 98¢
o TV a % =0 (4.8)
rje v=0¢/0p—CKOpPOCTb KBA3HYaCTHIl, BLIYHCIEHHAS [0 HeBO3MY-
LeHHOH SHEPTHH & (V=0gn, Iie N—eIHHHYHEI BEKTOp B Hanpas-
JeHHH P); HHIEKC 0 y & 37ech H HHXKE ONyCKaeM.

Ilpu T =0 paBHOoBecnas ¢yHKUMsS pacnpefefeHHs 1, IPeICTAB-

JseT cofolf CTymeHyatylo ¢yHKuuo 6 (p), OGpPHBAIOULYIOCS y

1) pr 0t << 1 Ko>PYHIHEHT NOTrMOUIEHHS 3BYKA v ~ @®1/pu?, rae 1 —psa-
KOCTb XHAKOCTH. Ilo MOPSAJKY BeauuuHBl HMeeM 4 ~ U, N/p ~ vpl ~ V%71, IIe
Up—CKOPOCTh KBA3HYACTHU (He 3aBHCSLIAS OT TeMIEPATYpH), TaK YTO oo T-2
(H. A. [omepansyx, 1950). Ilpu atom YU/ ~ ot ~ /T2,
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NpeleJbHOrO HMIYJbCa p= pp. Ee NpousBopHas
on,

'515'—_“5(P pp) =—vd (e —ep).

Ipeanonaras, uTo 3aBHCHMOCTb On B BOJIHE OT BPEMEHH H KOOp-
JMHAT JaeTcs MHoOxkHTenaeM exp [i (kr—wf)], 6yaeM HcKaTb pelieHHe
KHHETHUECKOTO yPABHEHHUS B BHJE

8n=06(e—ep) v (n) e (kr-on), (4,9)
Torpa ypaBHenue (4,8) c 065/61' u3 (4,3) npuHHEMaeT BHJ

(@—vgnk) v (n) = nk —2£— Sp’ Xf(n n)3 @) do’,  (410)

@ ﬁ)3
rae n U n'—eJHHUYHbIE BEKTOPhl B HalpaB/JeHASX P W p’, a HH-
TerpHPOBAaHKNEe NPOU3BOAUTCSA MO HANpaBJeHHSM n'.

PaccmotpuM kKogeGanusi (HyJeBOH 3BYK), He 3aTparuBamlilne
CIIHHOBBIX XaPaKTEPHCTHK XHJAKOCTH. DTO 3HAYHT, UTO OT CIIHHOBHIX
IlepeMeHHBIX He 3aBHCHT HE TOJIbKO PaBHOBecHast QyHKIMS pacipe-
JeJeHHusI, HO U ee «BO3MylleHue» On. B Takoll BoJIHe u3MeHeHHe
(yHKIUH paclpefeleHus NPH KoJeGaHHUSIX CBOAUTCA K JedbopManuu
rpaHuyHOH QepMH-TIoBepXHOCTH (Cheph! B HEBO3MYIIEHHOM pacpe-
JeJleHHH), ocTalollefcsl NPH 5TOM Pe3KOH rpaHHLleH Mexay 3amoJ-
HeHHBIMH W He3allOJHEHHBIMH COCTOSTHHSIMH KBasHyacTHIl. PyHKIUS
ke v(n) npeacrasJsgeT cOGOH BeJHUHHY CMelleHHS (B e€fHHHIIAX
5HEepPruH) 3TOH NOBEPXHOCTH B 3aJaHHOM HaNpaBJeHHH N.

[TockoabKy v(n’) He 3aBHCHT OT CIHHOBBIX IE€pEMEHHBIX, TO
onepauus Sp’ B (4,10) npuMeHnsiercs TonbKo K QyHKIHY f. Hanucas
nocaennol0 B Buge (2,4), 6ynem uMerb Sp’ f=(2mA3/p.m*) F (9).
Takum o6pasoM, oneparop ¢ BbilagaeT BOBCe U3 YpaBHEHHS, NMpH-
HHUMAIOLIETO Tenepb BHJ

(m——kv)v(n)zkaF({})v(n’)i—(:. 4,11)

Bri6epeMm HnanpasjeHHe k B KadecTBe MOJSPHOM OCH, H MYCTh
yrasl 0, ¢ onpenejsioT HalpaBJeHHe n. Bpeas TakXke CKOpOCTh
pacnpocTpaHeHHs BOJHEI 4, == »/k U 0003HAYEHHE S = UL,/VUp, HATIHIIIEM
OKOHYaTeJbHO TOJYyYeHHOe YPaBHEHHE B BHJE

(s—cos ) v (6, cp)=jcoseSF(ﬂ)v(e', o) 5, (4,12)

D10 HHTerpanbHOe YypaBHEHHe OIpeJesser, B NPUHIHIE, CKO-
pOCTb pacnpocTpaHeHHs BOJIH H QyHKLUI v (n') B Hux. Cpasy ke
OTMETHM, UTO JJIs He3aTyXalluXx KoJeGaHHBl (KOTOphiE 3Jech Hac
TOJBKO H MHTEPECYIOT) BeNHUHHA S JOJKHA NPEBHINATH 1, T. e
JOJIXKHO OBITH

Uy > Vg (4,13)
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ITponcxoxkneHne 3TOro HepPaBEeHCTBA MOXKHO IOHSTh, MepPemNHCaB
(4,12) B BHIE
- ~ar " do’
v (6, q>)=costF(6)%;%?—4%,
IJie BMECTO v BBeJIeHa Ipyrasi HeuspecTHasas GyHKIHSA v=(s—cos 0)v.
Ilpu s=w/kvg <1 nombiHTErpasbHOE BHIPaXKEHHE HMEET IOJIOC
B Toyke c0s8'=s, H I/ NPHAAaHHS UHTErpasy CMBICJA STOT MOJIOC
NoJXKeH ObiTh OGOHAEH MO OmpejesieHHOMY NpaBHJAY B NJOCKOCTH
KOMILJIEKCHOTO IepeMeHHOro cos6’. DToT 06xon BHOCHT B HHTerpa’
MHHMYIO YacTb, B pesy/bTaTe Yero NpHOGPETaeT MHHUMYIO YacTb
Takke W YacToTa o (NP 3aJaHHOM BeLIECTBEHHOM k), 4YTO H O3Ha-
yaeT 3aTyXaHHe BOJIHEL. (DU3HYeCKUil CMBIC/T paBeHCTBA COS 6 = u,/vp
(OTBeYaOIIEro MOMIOCY) COCTOMT B TOM, YTO 5TO €CTh YCJOBHE YepeH-
KOBCKOrO HM3Jy4YeHHS BOJIH HYJIEBOTO 3BYKa KBAasHYaCTHIAMH 1).
PaccMoTpHM B KaueCTBe IpHMepa cayuail, Koraa ¢yHKIHS F®)
CBOAHUTCA K IOCTOSTHHOH (0Gosnayum ee F). Murterpan B npasoil
cTopoHe YypaBHeHHsi (4,12) He 3aBHCHT IIpH 3TOM OT yIJIOB O, ¢.
ITosToMy HcKoMas QYHKIHS v HMEET BHJ
cos 6
- v =const "s—cosB" (4,14)
DepMH-NIOBEPXHOCTL MpPHOGPeTaeT, TakuM o6pasoM, GOpMy mosepx-
HOCTH BpallleHHs!, BHITAHYTOH Bliepe] 10 HANpaBJEHHIO pPacmpo-
CTPaHEeHHS BOJIHB H CIJIIOCHYTOH B OOpPaTHOM HampaBJ/eHHH. Dta
aHH30TPONHSA SIBJSETCA NPOSABJEHUEM HEPABHOBECHOCTH COCTOSIHHS
JKHAKOCTH B KaXK/OM 3JIeMEHTe ee 06beéMa: B PaBHOBECHH BCe CBOHCTBA
JKHIAKOCTH JOJXKHBI OBITh H3OTPONHEIMH H TEM CaMbiM (e pMH-IIO-
BEPXHOCTb —CpepHYECKOH. YKaxeM /5 CPABHEHHS, UTO OGBLIYHOM
3BYKOBOH BOJIHE COOTBeTCTByeT cdepHyecKasi (epMH-NOBepXHOCTh
KoJie6JIiolerocss paguyca’ (TPaHHYHBI HMIYJbC Pr KoJebJjercs
BMECTe C IJIOTHOCThIO JKHAKOCTH), CMellleHHAass KaK lieJasl Ha BeJH-
YHHY, CBA32aHHYIO CO CKOPOCTBIO JBHJKEHHS MKHIKOCTH B BOJIHE;
COOTBeTCTBYIOIAsT QYHKIHS v HMeeT BHA v=8pp-}-const.cosO.
[lnst onpesesienus CKOPOCTH PacImpOCTPaHeHHS BOJIHbI HYJEBOIO
3BYKa 4, noacraejseM (4,14) B (4,12) u maxogum

1.

T
FS cos 6 2nsin6dO __
0)s—cos® 4xn -
.0

Ilpoussenst HHTErpHpPOBaHHe, NOJNYYHM ypaBHEHHe, ONpeAesioliee

1) Takod MeXaHH3M 3aTyXaHHS HAa3HIBAIOT saryxaunem Jlamaay; ono 6yper
noipo6HO H3yYeHO B ToMe X B CBA3H C KOTeGAHHSMH MJa3Mbl. IlpaBnao o6xoxa
rnojioca B HHTerpale yCTaHaBJNHBAeTCH 3aMeHOH ® Ha w-1i0 (T. e. s — §-+i0),
CMBLICT KOTOPOH COCTOHT B TOM, YTO €10 ObecrHeuHBaeTCd KOHEYHOCTb BO3MYILEHHS
BO BCe NPEAHAYMIHE MOMEHTE BPEMeHH (B TOM HHC/IE MPH ¢ —» — c0),
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B HesgBHOM BHJE CKOPOCTH #«, IO 3aJlaHHON BeJIHYHHE Ft):

i —1=p. (4,15)
0

®dyHKOMA B JeBOH CTOpOHe ypaBHeHHsi yGbiBaeT oT oo o 0 mpwH
H3MeHeHHH S OT 1 10 oo, OCTaBasCh BCerja MoJoXHTeabHOH. OTclofa
cJelyeT, YTO pacCMaTpHBaeMble BOJHBI MOTYT CYIIECTBOBAThH TOJBKO
npu F, > 0. IloguepkHeM, uTO BO3MOXHOCTb DPacIHpPOCTPAaHEHHS HY-
JEBOIro 3BYKa 3aBHCHT, TaKHM 06pa3oM, OT CBOHCTB B3aHMOJeHCTBUSA
KBa3HyacCTHL B (pepMH-KHIKOCTH.

[lpu F,— 0 Haligem u3 (4,15), uto s cTpeMHTCH K | 1O 3aKOHY

s—1 = 2e-2F, (4,16)

JroT cayuali uMeeT Gosee ofllee 3HaueHHe, ueM ¢opmyaa (4,15)
(npeanonararmomas F=const==F,): OH COOTBETCTBYeT HYJEBOMY
3BYKY B [OYTH HJeaJbHOM (hepMH-rase IpH NPOH3BOJbHOM BHJE
¢pynkuun F (9). IleficTBUTeNbHO, MOUYTH HAealbHOMY rasy COOTBeT-
CTByeT MaJas nmo abconoTHo#l BeauunHe ¢yHkuus F (§). M3 ypas-
HeHus (4,12) BugHo, uto mpH 3TOM s OyjleT O6JaH3KUM K 1, a dyHK-
U Vv-—3aMeTHO OTJWYHOH OT HyJf JHHIb NPH MajblX yrjax 0.
Ha stoM ocHoBaHMH, paccMaTpHBasi JHIIb 06JacTb MaJ/blX YIJVIOB,
MOXXHO 3aMEHHTb B HHTerpaJle B IpaBoOH cTopore (4,12) dyskuuio F(4)
ee 3HaueHHeM npH =0 (npu 6=0 u 0'=0 Takke u §=0).
B pesyJbTaTe MBI CHOBa BEDHEMCH K tdopmynam (4,14) u (4,16)
¢ 3ameHodl KoncranTtel Fy Ha F (0)!). OrmerHM, uTO B cj1a6o Hedje-
aJpHOM rasde CKOPOCTb HYJ/IEBOI'O 3ByKa IpeBbINAET CKOPOCTb OOLIY-
HOrO 3ByKa B }/3 pas. JleHCTBHTeNbHO, 1/ NEPBOH UMEEM Uy~ Up,
a Aas BTopoll HaxomuM H3 ¢opmyJabl (2,17) (mpeHebperasi B Hell
F n nonoxus m*=~~m), u?=x py/3m*2=uv}/3.

B ofmem cayuae mnpousBoJbHOH 3aBHCHMOCTH F (8) perlenue
ypaBHeHHs (4,12) HeonHosHauno. OHO, B INpPHHUMMeE, JOMYyCKaeT
CYHIeCTBOBAHHE pAa3/MYHBIX TUIOB HYJEBOrO 3BYKA, OTIHYANOLIHXCS
IAPYyr OT Jpyra YIJoOBOH 3aBHCHMOCTBIO HX aMIVIMTYZAH v (0, ¢) H
pacnpocTpaHMAIOMHKXCA C Pas3JHYHBIMH cKopocTaMH. [lpu sToM Ha-
PALY C aKCHA/IbHO-CHMMETPHYHBIMH pellleHHsAMH v (0) MoryT cyuie-
CTBOBATh M AaCHMMETPHYHBIE pellleHHs, B KOTOPBIX Vv COLEPXKHUT
asuMyTajibHble MHOXHTeJH e* /™9 rje m-—IeJble YHcJa (CM. 3a-

gauy). OTMeTHM, YTO /5 BCeX TAKHX PEHIeHHH HHTerpaJ S vdo=0

T. €. 00beM, 3aKJIOUeHHBIH BHYTPH (DepMH-[IOBEPXHOCTH, OCTAETCS
HEeH3MeHHBIM; 3TO 3HAUUT, YTO KoJebGaHHA NPOUCXOIAT Ge3 H3MeHe-
HHS TJIOTHOCTH XXHAKOCTH.

1) KoseGauus, COOTBETCTBYiOL(HE HYJNEBOMY 3BYKY B cJjabo HeHJeaJbHOM
depMu-rase, 6uiaH Bnepsoie paccmorpentt fO. JI. Kaumonmosuwem v B. I1. Cu-
aunoin (1952).
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Bo3MoKHOCT pacnpoCTPaHEHHA BOJH B (epMU-KHIKOCTH MpPH
abCONIOTHOM HYJIe 03HAYaeT, YTO €e SHEPreTHUYECKHUH CIEKTD MOXKeT
cozepKaTh BeTBb, OTBEYAKLLYIO 3JEMEHTApHBIM BO3GYXKIAECHHAM C
uMnyJscoM p=Hhk u sHepruell &=/Fw = u,p— «KBAaHTbl HYJIEBOTO
sByka». Tor ¢akr, 4TO HYyJeBOH 3BYK (C /M0OGHIM 3agaHHbM K)
MOXKET HMeTb HPOH3BOJBHYIO (Malyl) WHTEHCHBHOCThH, B TepPMHHaX
3JeMEHTAPHBIX BO30YXKIACHUH 03HAuaeT, YTO IOCJAeJHHE MOTYT 3aH0J1-
HSITb CBOU KBAHTOBbIE COCTOSIHHA B JIIOOOM YHCJe; APYTHMH CJOBaMH,
OHH TOJUMHSIOTCA CTaTHCTHKe bose W o6pa3ylor, Kak TOBOPAT,
6o3esckyro 6emee CnekTpa ¢depmu-KuHAKOCTH. IloguepkHeM, ofHaxo,
YTo B pamKax Teopud JlaHzay Obl1o OBl HEeNPAaBHJABLHBIM BBOJMTH
COOTBETCTBYIOIHE 3STOH BeTBU MONPaBKH B TePMOJUHAMHUYECKHE
BeJIHYH HE ()e PMH -?KH/IKOCTH , [IOCKOJBbKY OHH CojiepKaT GoJee BHICOKHE
creneHHd TeMneparypel (7 B TeNJOEMKOCTH), YeM YXKe IIepPBHE MOI-
PaBKH K H3JIOXKEHHOH NPUOJHKEHHOH TEODHH.

Bonpoc o morJoueHdd HyJeBOro 3ByKa TpeOyeT pacCMOTpeHHs
CTOJKHOBEHHH KBa3HY4CTHI, H He OTHOCHTCS K COAEPIKAHHUIO 3TOTO
ToMa.

3anaua

Haittn cKopocTh pacnpocTpaHeHHf aCHMMETPHUUHEIX BOJH HyJEBOTO 3ByKa
npu F=Fy - F;cos 8.
Pemenue. Ilpu
< F=Fy+ Fy (cos 0 cos 6’4 sin 6 sin 6’ cos (p—¢))

MOTYT CyLIeCTBOBATH Pewrenus ¢ v ~ e+ '@, JleficTBuTenbH0, MO0OKHB v = f (6) £'?,
nojicrasub B (4,12) ¥ nponsseass MHTerpHpoBaHHe IO d¢’, mo.ydYHM

£
(s—cos0)f= FTI cos 0 sin 6 S sin® 0'f (6’) d6’.
0

Orcioza
sin 6 cos 0
ST e

v =_const -
s—cos 0

[}

IloacTaBHB 91O BRIpaxkKeHue OGPHTHO B ypaBHEHHE, NOJYYHM COOTHOLIEHHE

4

sin3 6 cos Gde _ 4

5s—cos 0 T F

0
Onpejessioliee 3aBHCHMOCTb CKOPOCTH pacnpocTpaHeHHs oT Fy. UuTerpaa B Je-
BOM CTODOHE DAaBEHCTBA ABJASIETCH MOHOTOHHO yObiBawouled ¢ynkumneit s. TTosTomy
ero Haubosbllee 3HaYeHHe JOCTHTAETCH npH s=1. BeiyucauB HHTerpas npu s =1,
HaujAeM, 4TO PacnpoCTpaHeHHE acHMMeTpHYHOH BOJHE PAacCMOTPEHHOrO BHIA BO3-
MoxHO npu Fi > 61).

1) Ons xuakoro He? Moxuo Buumcants Fy 1 Fy N0 H3BECTHHM 3HaYeHH M
m* u u® c nomowwo dopmya (2,12) u (2,17): Fy=10,8, F1=6,3 (npu nyaesom
JaBJIeHHH).
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§ 5. CnuHoBbie BOJHE B (lepMH-KHAKOCTH

Hapagy ¢ paccMoTpeHHbIMH B IIpefblAylUeM naparpacge perne-
HHAME v (n), He 3aBHCAIMMH OT CIMHA, ypaBHenue (4,10) umeer
TaKXKe H pelleHHA BHAA

G:op,(n), (5v1)

P KOTOpbIX H3MeHeHHe (YHKIHH pacnpeje/eHHs KBasHYaCTHL 3a-
BUCHT OT IIPOEKIMH HX cnuHa. Takdhe BOJIHBI MOXHO HasBaTb
CUROBLIMU. R

Tloacrasus (5,1) B (4,10), cHoBa B3sAB QyHKuH© [ B BHAe (2,4)
¥ 3ameTuB, 4To Sp’ ¢’ (66’) =20, NOJAYYHM (IIOC/Ie COKPALIEHH Ha O)

(s—cos 8) (8, @) =cos 6 S GERE, 9) (5,2)

Taxum o6pasom, A1s KaKKoH U3 KOMIIOHEHT BEKTOpa M IOJy4aeTcs
ypaBHenue, orimuapmeecs oT (4,12) jumb sameHo#t F Ha G.
[TosTomy Bce nasbHeiiliue BbIUHCICHHHA, POU3BEJEHHbIE B § 4, MOTYT
GbITh IpHMEHeHbl H K CIHHOBBIM BOJHAEM').

CIHHOBbIE BOJHBEL APYTOTO THIA MOTYT PacipoCTpaHATbes B dep-
MH-XUIKOCTH B IPHCYTCTBHH MarHUTHOrO moas (B. I1. Cuaun, 1958).
Mbl orpaHMyMMCs 3JieCh paccMOTpeHHeM KoseGamuit ¢ k=0, B Ko-
TOPHIX 8L He 3aBHCHT OT KOOPIHHAT.

Tpy Hamuuuu MaruuTHOro nmosa H yiKe «HeBO3MYUIEHHBIE» KOJe-
OaHHAMH 3HEpPrHsi KBa3WyacTHI H (YHKUHA MX pacnpeie/eHHs
3aBUCAT OT CIHHA. DTH 3aBHCHUMOCTH CBfA3aHH JAPYr ¢ APYyroM H
BhIpaxaiotess dopmysaamu (cM. § 3)

go=¢, (p)—B,0H, B, =B/(1+G), . (5,3)
~ d
flo =11 (p)——3= B10H =11, (p) -+ 8 (e —2) B,0H, (5,4)
rJie &, {(p)—3Heprus B OTCYTCTBHE IOJIA; HHAEKC 0 cHOBa HaIOMH-
HaetT O TOM, 4YTO 3TH BbIpaKEeHH S OTHOCATCA K paBHOBeCHOf{ KUn-
KOCTH.

CHOBa HIIeM MaJjyio IepeMeHHYIO 4acTh GYHKIHMH paclpeae/eHus
B BOJIHE B BHAC

8 =6 (e—ep) op (n) e—iot,

COOTBeTCTBYIOI.H,ee H3MeHEeHHE 3HEPTHH KBasHYaCTHILBIL

Se=0 Sp,(n') G (8) 2. g-tor,

1) B xunkom Hed peanunna Go=G (#) < 0 (cM. mpuMeuanne Ha cT1p 25).
TlostoMy pacnpocTpaieHHe TAKHX BOJH B STOH XHAKOCTH HEBO3MOMHO.
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B KuHeTHYeCKOM YypaBHeHHH JOJKeH GbIThb YYTEH Tenephb ujeH

(4,4) ¢ xommyraTtopoM {e, n}; AN He 3aBHCALIKX OT KOOPJAMHAT
pacnpefeqeHuii OHO NMPHHUMAET BHJ

8n i o~ =~
%t—”+%{e, ) =0. (5,5)

C TOYHOCTBIO IO JHHEHHBIX [0 07 WJIEHOB HMeeM
{e, 1} =— By {oH, dn}+B,8 (s—ep) {Oe, oH}.
Croslue 37ech KOMMYTAaTOPH! ONpeResiorcs: GopMyJioi
{oa, ob} =2ic[ab],

rae a, b—npoussoabupie Bektophl (cM. IIT (55,10)); B pesyabrate
KHHETHYeCKOe YDABHEHHE NPHUBOAUATCH K BHAY

fop (n) = —Q%I—[Hp )], (5,6)
rpe o6o3HayeHO
pm=pm+{nm O (5,7)

B ofmem cayyae pemenne ypaBHeHus (5,6) MoxeT GbITh pa3-
JIOXKEHO B Psij 10 mMapoBueM GYHKIHUAM Y, (0, ¢) (C noJasIpHO{ OChIO
Broiab H). Kaxaell yjeH passioxeHUs NpecTaBJsieT ONpejeseHHbIH
THI KOJeGaHHH €O CBOeH 4acTOTOH ®,.

[TepBoii u3 HuX, ®,, OTBeyaloT KojeGaHusi ¢ p=const; npu

stoM p=p (1 4-G) u ypaBrenue (5,7) cBOAHTCA K
. 2
lwoouz’ﬁ_ﬂ[ﬂu];

Konebanusi nomepeunnl k nomo (m | H). PacnmucaB ypasHenue B
KOMIIOHeHTaX (B MNJOCKOCTH, nepnenukyaaproit H) u COCT4BUB
onpeiesuTeNIb 9TOH CHCTeMbl, HalJeM yacTOTy

W = QﬁH/ﬁ- (5,8)

HanoMuuM, yTo f-—MarHUTHEI MOMEHT YacTHubl (ACTHHHOH) XKHJ-
xocTH. TakuM o6pa3oM, 4acroTa @,, OKasblBaeTcsl BOBCE He 3aBH-
cAled OT crmeuu¢pHYeCKHX CBONCTB MKHAKOCTH. 3HAUeHHA Ke BCeX
OCTaJIbHBIX YacCTOT ®,,, 3aBHCAT OT KOHKPeTHOro BHAa ¢y HKuuu G (9).

§ 6. BoipoxaeHHblit nouTH upeasbHbIi epmMH-ras
€ OTTAJKHBAHHEM MEXJY 4YacTHLAMH

Bonpoc o tepMoanHaMHueCKuX CBOHCTBAX «IOYTH HAEaJbHOTO»
BLIDOKJEHHOTO rasa He HMeeT HeNoCPeACTBEHHOTO (U3KYECKOTro
CMbICJIa, TaK KaK peasibHO CyLIeCTBYIOIUHE B IPHPOAE rasel NpH
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TeMIepaType BGJIH3H aGCOJIIOTHOrO HyJsl KOHAEHCHpPYyloTcsi. Tem He
MeHee, BBUAY CYIIECTBEHHOIO METOAHYECKOIro HHTepeca 3TOr0 BOI-
poca, HMeeT CMBICJ pPacCMOTPeTb ero A/s BOOGparxkaeMOd MOJEJH
rasa, YacTHLBl KOTOPOro B3aHMOJEHCTBYIOT TakuM 00pasoM, 4TO
KOHJIEHCALUS Tasa HCKJIOYeHa.

Yenosue ciaaboii HeHueaJbHOCTH rasa 3aKJ4YaeTCss B MaJOCTH
paauyca AEHCTBHSA MOJEKYJAPHBIX CHJ r, IO CPaBHEHHIO CO Cpel-
HHM pacCTOsiHMeM Mexay uyacruuamu [~ (V/N)'/3. Bmecre c ycJo-
BHEM r, <</ 6y1eT GIIpaBEAJHBO TaKXke H HEPaBEHCTBO

pro/h <1 (6,1)

15 HMIOYJbCOB p uacTuu. JleHCTBHTENbHO, LA BHPOKAECHHOTO
(epMH-Ta3a MNpefesbHBIl HMIYJbC prp OLEHHBAETCS 1O QopMmyJe
(1,1), corsacHo KOTOpOH prlli ~ (NVY3 <L 1r,.

Mpl GyjeM paccMaTpuBaTh 3A€Ch JHIIL NapHOe B3aHMOAEHCTBUE
MEXIY 4YacTHIAaMH, NPHYEM A NpPOCTOTH OYAeM CYHTaTb 3TO
B3auMojieiictBue U (r) He 3aBHCSIIMM OT CIHHOB uacTuu. Harua
HeJb COCTOHT B BLIYMCJEHWU MEPBHEIX UJIEHOB Pa3JOXKeHHS TepMo-
AVHAMHYECKHX BEJHYHH [0 CTElleHSIM OTHOILEeHHA r o/l MyTeM IpH-
MeHeHHS] KBaHTOBOMEXAHHYECKOHA TeOpHH BO3MYLIEHHH. 3aTpyiHeHHe
33KJIOYaeTCss B TOM, YTO, BBHAY OBICTPOTO BO3PACTAHHS 3HEPTHH
B3aMMOJEHCTBHS Ha MaJblX PACCTOSHUAX MEXJY YacCTHUAMH, TEOPHS
BO3MYIIEHUH (Tak HasblBaeMoe GOPHOBCKOe NPHOIHKEHHE) K CTOJK-
HOBEHHSIM YaCTHL B AeHCTBUTENbHOCTH HellpUMeHHMa. ITO 3aTpyA-
HEHHE MOXKHO, OJHaKo, OGOHTH CJ/IeAYIOUIHM 00pasoMm.

B mnpefenbHOM cJayyae «MelJEHHBbIX» (KAKMMH OHH SIBJSIOTCH
npu ycJjosBuu (6,1)) cTONKHOBeHHH, aMIJIMTYJla B3aHMHOTO pacces-
HHS YacTHI, C Maccofl m CTPeMHUTCH K IIOCTOSIHHOMY Npeleny—a,
KOTOpbifi B GOPHOBCKOM MNPHO/HKEHHH [a€TCs  BbIpaxKeHHEM
(em. IIT (126,13))

—a=— U, U= (U)o, (6,2)

NpHYeM 3TOT Npefles] OTBeYaeT S-COCTOSIHHMIO Mapbl YacTui (CO ChH-
HOoM 1/2); MOCTOSIHHYIO BEJHUHHY @ Ha3BIBAIOT OAUHOU pacceanus?t).
- [TockOJIbKY 3Ta BeJHYHHA NOJHOCTBIO ONMpejesisieT CBOACTBA CTOJK-
HOBeHHH, TO OHa e AOJIKHA OIpeje/aTb H TepMOAMHAMHYECKHe
cBolicTBa rasa.

OTciofa BHITEKAeT BO3MOMKHOCTb NPUMEHEHHA CJelYIOIlero Mpu-
€Ma (ero HasbBalOT neperopmuposkoi). POpMalbHO 3aMEHSEM

1) Buipaxenne (6,2) He yuHTLIBAET KBaHTOBOMEXAHHYECKOH TOXJECTBEHHOCTH
yacTun, B mpeseabHOM Caydae MelJEHHBIX CTOJKHOBEHHH TOXAECTBEHHBIX YaCTHL
€O cnuHaMu 1/2 paccesiHHe IPOHCXOAHT TOJIBKO NPH aHTHNApaJJe/bHbIX CIHHAX,
npudeM anbdepennmuasbHOe CeYeHHe PACCEsIHHS B TeJMecHHfl yroa do (B cAcTeme
LUEHTpa HHEpUHH) ecTb do=- 4a®do; no/aHOe cedeHHE NOJyYaeTcss HHTErpHpOBa-
Huem do no noaycpepe: o=_8mna? (cm. II1 § 137).
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UCTHHHYIO 3Hepruo U (r) zapyro#i ¢yukmuedi, ¢ TeM ke caMbIM
3HAYEHHEM @, HO JONYCKAWwIel NPHMeHEHHe TEOPHH BO3MYUICHHIR.
o Tex nop (r.e. 10 TaKOro NpHGJHKEHHS) NOKa OKOHYATEJbHbI
pesy/ipTaT BBIYHCJIEHHH CORePXHT U TONBKO B BHIE AMILIHTY.bI
paccesHus, 3TOT pe3yJabTaT OyfeT COBNAfaTbh C TeM, K KOTOPOMY
npHBeJo Obl HCTHHHOE B3aHMOJCHCTBYE.

Panuyc neficTBHA HCTHHHOrO B3auMOIeHCTBHsI, BOOGIlIe roBODH,
COBNAZaeT MO NOPSAKY BEJHYHHBl C JJHHOH paccesiHus a. [Lis
GurTHBHOrO X%e nous U (r), BBEIEHHOTO B Ka4yeCTBe BCIIOMOTATe/Ib-
HOTO MOHATHSA, YCJIOBUHE NPHMEHUMOCTH GOPHOBCKOTO NPHOGJIMKEHHS
O3HayaeT, YTo @<L r,. VICTHHHBIM MalbM NapamMeTpoM pasfioKeHus
TEODHH SIBJISIETCS, KOHEUHO, BeJHYHHA apgp/fi.

Huxe Ham mnonago6utcs cBssh mexay U, H a He TOJBKO
B mepBoM (popmyna (6,2)), HO W BO BTOPOM GOPHOBCKOM NPHUGJIH-
KeHHH. [INA ee HaXOXACHHS BCIOMHWM, YTO €CJH BepPOSTHOCTD
HEKOTOPOro nepexoja CHCTEMbI MOJ BJUSHHEM IOCTOSTHHOTO BO3MY-

IueHUst V ompefensieTcs B NePBOM NMPHOIMKEHHH MaTPHYHBIM 3Je-
MeHTOM V,,, TO BO BTOpPOM NpHGIHKeHHH V,, 3aMeHseTcs Ha

" VeV
Voo +2 Eo‘]lz‘ln ’
n

rie CyMMHpOBanHe NPOU3BOAUTCH MO COCTOSHHUSIM (n==0) HeBos-
MymeHHO# cucTeMel (cm. IIT § 43). B pandom cayyae peun uzer
O CHCTeMe ABYX CTaJKHBAIONIUXCSH YACTHUI, 3 BO3MYILUEHHEM SBJSETCS
HX B3aumoge#cTBHe U (r). MaTpuYHBIE 3/1eMeHTBl BO3MYLIEHHS 151
NePeX0/l0B C H3MEHEHHEM HMIYJbCOB YaCTHI Py, P, — P;, Ps (IpH-
ueM Py +p,=p;+ ps) paBHLI :

’ ’ 1 .
<Pitty, Pi |U [Py, p2a2>=7§U (e ®hdx,  (6,3)

e p=p;—p,=— (P;—P,); BBUIY HE3aBUCUMOCTH B3aHMOJEHCTBHS
OT CNHHOB NPOEKUHH CHOHHOB YacTUL (YKasuwlBaeMble HHJAEKCAMU
@y, O,) NPH CTOJKHOBEHHH He MeHsiorTcs. Poab V,, urpaeT marpuu-
HBIH 3J1eMEHT NpHU HYJeBHX uMmnysscax: Uy/V. Takum o6pasoM, s
Nepexoja OT NepBOrO KO BTOPOMY NPHOJHMKEHHIO Haj0 3aMe-
Huth U, Ha

| pi-pa—pi'—ps’ |7t —ipr/higs . |2
U“"'VZ [ - Ue ldsx
Py

(cymMMHDOBaHHe NPOH3BOAMTCS NPH 3aJAHHBIX Py, P, MO P17 Py, D,)-
ITocko/bKY B HallleM ciyyae HMIyJAbChl YacTHIL IPeANOJAraloTes
MaJjbiMH, TO BO BCEeX CYILECTBEHHBIX YJeHAaX B CYMMe MOXKHO 3aMe-
HHTh MAaTpHYHbEe 3JeMEHTH WX 3HayeHusME npu p=0. Czenas
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aTO, MOJYUHMM CJefyiollee BHIpaxKeHUE NJIs IJHHBI paccesHHs !):

n U3 2m
a= U,+32 | - 6,4)
anhr | Yoy g‘ pi+p3—pit—ps ©,
1

C Tofl e TOWHOCTBHIO HMEeM OTCIOLa

4nh2a 4rhiza 2m .
U,= [ — > ; 6,5
0 m I: an Ep; p%+ﬁ%—ﬁ12—pzz] . ( )

1

PacxonumocTs cymmbl B (6,4) (npu GoJbUIHX P;, P;) CBSI3aHa ¢ IPO-
H3BEJEHHOH 3aMeHOH BceX MATPHYHBIX 3/€MEHTOB IOCTOSTHHBIMU
3HAYEHHSIMM ¥ HECYIECTBEHHA, TaK KaK NJPU AaJbHEHIIEM KCMOJb-
30BaHUH 3TOTO BhIpAXKEHMs I/l BBIYHC/EHHS 3HEPTHH CHCTEMBI BCe
PaBHO TOJYYHTCS CXOAslIeeCs] BblpaxKeHHEe, B KOTOPOM OOJbIIHE
HMOYJIBCBL HE HTPAIOT poau. Mel HOHHMaeM NOA @ AJMHHY paccesiHUS
MeJJEHHBIX YacTHI[, He B3aBHCAILYI0 OT HX 3HepruH. dopmyna xe
(6,4) comepkuT, Ha TNepBHI B3TJAAA, 3@aBHCHMOCTb OT HMIYJbCOB
Pi» P;- B IeHCTBUTE/NBLHOCTH 3Ta 3aBHCHMOCTb 3aKJ/KUEHa JHIIb
B MHHMMOH YacTH aMIJIUTYIbl paccesiHus (BO3HHKAICUIeH NpH Hajje-
XallleM onpefeseHud crocoba cymmupoBanusi—cp. III (130,9)),
Ha KOTOPYI0O MOXHO He oOpamaTh BHHMAHHS, IOCKOJBKY HaM 3a-
paHee H3BECTHO, YTO OKOHYATEJbHBIH pe3yJbrar OyAeT BCE paBHO
BeleCTBEHHBIM; K 3TOMY BONPOCY MblL emie BepHemcs: B § 21.

B sToM nmaparpade Mbl paccMOTPHUM MoJeJb ¢epMH-rasa ¢ oTraJ-
KHBaTeJbHEIM XapaKTepoM B3auMOJEHCTBHMA MeXAy 4HacTHIIAMU;
IJA TakKoro B3ammojelcteua g > 0. HMMmeHHO B 3TOM CJlyuae ras
FMeeT 3HepreTHuecKuil crekrp onucaHHoro B §§ 1, 2 depmuesckoro
THOA.

'aMHIbTOHMAH CHCTEMBl YacTHIL (cOo cnmuHoM 1/2) € mapHeM
B3aMMOJEHCTBHEM MEXKIY HHMH 3allHCLIBAE€TCH B MeTOfe BTOPHYHOIO
KBaHTOBaHUA B BHJIE
~ 2 A ~
H= 2 a;aapa—}—

2m
pa

1 , , o T S
+5 Z <pitty, Picty [ U [p12%, Patsd A7 0, L 0, a0ty (6,6)

(cM. I11 § 64). 3pech Gy H Gpg— ONEPATOPH POMKACHHS U YHHYTO
KeHUs1 CBOGOJHOH 4acTHUBl C MMIIYJBbCOM P H NpPOEKIHel cOHHA O
(@==+1/2). Ilepsuil unen B (6,6) OTBeuaeT KUHETHYECKOH, a BTO-
poit —IOTeHIHAJbHOH 3HEPIHH YacTHI[; B MOCJeJHEM CYyMMHpPOBaHHE

1) Bo Bcex npOMeXyTOUHHX QOpPMyJiaXx ME TNHUIEM CYMMB 1O JQHCKDETHHIM
SHAYeHHAM MMINYJBCOB YACTHI, 3aKJIOUEHHBHIX B KOHeYHOM obreme V; npH okoH-
9aTe/IbHOM BLIYMCJICHHK CYMMHDOBAHHE 3aMeHsfeTCs, NO ofWieMy NPaBHAY, HHTEr

pupoBanuem no V d3p/(2nh)?,
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NPOH3BOAUTCS MO BCEM 3HAUEHHSIM HMITYJILCOB H IIPOEKUHH CIIHHOB
¢ cob/ojJeHHeM 3aKOHA COXPaHEeHUS UMIYJbCa NPH CTOJKHOBEHUAX.

B coOTBETCTBHHM C MpPEINOJOXKEHHEM O MAaJIOCTH HMIYJbCOB
YacTHI[ CHOBA 3aMeHfieM MAaTpPHUYHbE 3JeMeHTH B (6,6) HX 3HaueHHEM
npu uyaeBwx umnyascax: <Oa,, Oc,]U|Oay, Oa,>=U,V. Haxee,
3aMeyaeM, 4TO B CHJY aHTHKOMMYTATHBHOCTH ONEPATOPOB Op,a,, Ip,a,
B crarictuke Pepmu, UX POH3BEIe HHe AHTHCHMMETDPHYHO TIO OTHO-
UICHHIO K nepeCTaHOBKe HHJIEKCOB; TO K€ CaMOe OTHOCHTCS K IIpO-

H3BeIeHHAM a i a;% B pesyJabTaTe B3aMMHO COKpalialTCs BCe
2

yJeHBl BO BTopoﬁ cymme B (6,6), comepxaiue Mapel OJHHAKOBHIX
HHJIEKCOB o;, ¢, ((pH3HYECKH 3TO CBA3aHO C YIOMSHYTHEIM ViKe
00CTOSITE/IbCTBOM, YTO B IIpefiesie MeJ/eHHBIX CTOJTKHOBEHHH B3aHMHO
pacceHBaTbCs MOLYT JHLIb YacTHUH C HPOTHBONOJOXKHBIMH CIH-
HamH).

Takum o6pa3oMm, TaMHJAbLTOHHAH CHCTEMBl NPUHHMaeT BH/JL

~ pZ
H=) apaapa+ Z aiagtay.a, ., (6,7)
P& , Plpzpl
Toe a,,.=dp,+, a{+Eap1»+ U T. M., a UHAEKCHl - U — 30ech U

1IHXKe CTOAT BMecto +-1/2 m —1/2.
CoGcTBeHHBIE 3HAYEHUA 3ITOTO0 TaMHJAbTOHWAHA BBIYHCASIOTCH
C MOMOIIBI0 OOGLIYHOH TEOPHH BO3MYIIEeHHH, IpHUeM BTOpPOH uJeH
B (6,6) paccMaTpHBaeTcsi KaK MaJasl [ONpPaBKa K NEPBOMY UJeHY.
Tlocnenimit yxe uMeeT JUHaroHaJbHLIH BHJ H €ro co6CTBEHHBIE
311aYCHHS PAaBHEL .
EO=3%" 5m s (6,8)

po
TAC flpg—YHCIA 3al0JHEHHS COCTOSHHE pal).

HonpaBKa nepBOoro mnopsiika paerca JAHaroHaJbHBIMH ManPI'-I-
HLIMI 2JleMCHTaMH 3HEPIruu B3auUMOJedCTBUA:

EP =23 nyn,, (6,9)
PiPz
Tic Ny, =Hp,« H T. II.
Jlna Haxoxeuds NONPABKH BTOPOro MOPSAKA MOJb3yeMcs H3-
BeCTHOII pOpMYJI0ii TEOPHH BO3MYUICHHH

’ 2

@ | |Vnm'__
2 —}-a E,—E,"*
m

1) ITpeaoaaras;, YTo YacTHH O6IAZAIOT Onpeje/eHHbIMH 3HAYCHHUSIMH TIPO-
eKUHII CIHNA, MBl TEM CaMbiM npejnoJaraeM npyBeleHHON K AHATOHAJNBHOMY BHAY
TA4KE I CTATHCTINIECKYID MATPHLY 7,4 (p); dynxuun xe n, (pp ¢ o==%1/2 8-

GAI0TCd IIpH 3TOM €¢ JHaroHaJIbHBIMU KOMHOH(—‘,HT&MH:
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re WHIEKCH #, M HYMEPYIOT COCTOSIHHA HEBO3MYyLIEHHOH CHCTEMSI.
[IpocToe BBIYHCAEHHE (C HCIOJb3OBAHHEM H3BECTHBHIX MATPHYHBIX

9JIEMEHTOB ONEPATOPOB dpa, dps) NPHBOZHT K Pe3yJbTary

_l_]%_ Z Ny +hg- ([—n;+)(1'—‘né—) (6 10)
ve . (p2+pi—pi —pi)iem ’

P1PePy
CTpyKTypa 3TOro BLIpaXKEHHMs BIOJHe IOHSTHA: KBaApaT MaTpHY-
HOrO 3JleMeHTa Nepexofa P,, P, — Pi, P, NPONOPLHOHANEH YHCIAM
3aNOJIHEHHS COCTOSHHUH p,, p, H YHCJaM CBOGOXHBIX MECT B COCTOf-
HHAX DI, Pi

Bxogswu#d B (6,9--10) unrerpan U, HoJuKeH OLITh BHIpaXKeH
yepe3 peasibHYIO QH3NYECKYIO BeJHUHHY—aMILNIMTY [y paccesHus —a.
B useHax BTOpOro mopsijka 3TO MOXeT GbITh clesaHo mo (6,2), a
B uJieHaxX NepBOTo mopsiaka tpebyercs GoJiee ToyHas dopmyaa (6,5).
[lpoussenss 3TH NOACTAHOBKH, IOJYYHM JJIi [ONPABKH INEPBOTO
nopajka Io a:

E® = Tg/’_Z Nyflye (6,11)

P1Ps

U AJis NONpaBKH BTOPOro MopsiaKa:
2mg* _[(1—=nis) (1 —n3)—1
E® = Vf Z nng_ [(1—niy) (1—na_) ]

2 2 ’2 2
g 2 2 ot
DuD:, pitpa—p1 —p2

(a1 KPATKOCTH BBOJHM B NDPOMEXKYTOYHHIX HOPMYyJAX «KOHCTAHTY
CBASH» YacTHL Tasal) g=4nﬁ2a/m). PackpriBag BelpaxeHnHe B yuC-
JHTeJIe, 3aMeYyaeM, YTO UIEeHb! ¢ 1POU3BEele HUAMH YEThIPEX 1 B3aHMHO
COKpalawTes, MOCKOJbKY HX YHCJHTEJH CHMMETDHUYHBI, 8 3HAME-
HAaTeJ¥ &HTHCHMMETPHYHB 1O OTHOIUEHHIO K MEPECTAHOBKE Py, P,
H p;, P;; CYMMHpOBaHMe XK€ IO 3THM MEPEMEHHBIM IPOH3BOJHUTCSH
CHMMETPHUYHEIM 0o6pasoM. Takum 06pasoM, OKOHYATEeJbHO HMeeM
2 ny_ (n1 -
E® = 2315 Z Ny 4Ny (1++f12 ) . (6,12)

2_1_ a 2 2
1 a—Mh —PpP2
DiDePy Prp—p

Dra cymma (B KOTOPOH BCe fipg— 0 MIpH p— 00) yKe CXOLUTCS.

C NOMOIIBI0 MOJYYEHHEIX (GOPMYJ MOXKHO IpeXie BCEro BBIYHUC-
JWTh 3HEPIHIO OCHOBHOFO COCTOfHMS. [lif 3TOr0 HafO MOJOKHTH
BCe My, PAaBHBIMH eJHHHIE BHYTPH QepMmu-chepnl (p < pp=
= f, (3n*N/V)1/%) u paBHEIMH HYJIO BHe ee. 3aMETHM B 5Tof CBA3H,
YTO XOTA B HCXOZHOM TaMHUJbTOHHAHE COGCTBEHHble 3HAYEHHS

1y Ilocse nepeHOPMHPOBKH aMIUIMTYIBl paccesHHS 5Ta BeJHYMHA yHE OTHIOLb
He coBhajaer ¢ nocTosHHOA Ug, durypupyomei B (6,2)!
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OTIePATOPHLIX MPOH3BENCHHH Qpolpe AAIOT YHCJIA 32TIOJHEHHS COCTOS-
HMH CaMHX YyacTHL, rasa, HO IIOC/e AHAroHaJU3alHd raMHJ/bTOHHAHA
C TMOMOIIBIO TEOPHH BO3MYLIEHHH Mbl yike HMeeM JeJio ¢ GyHKnHel
pacnpesie/eHHsl KBa3HYacTHL, (0603HAaueHHOH HaMH, Kak U B IIpe-
AbIAyHUX Maparpadax, uepes fpg).

3ameuas, 4T0 D flpy = 3 fp_ = N/2, mosyunm u3 (6,11) nonpaexky
[IepBOro NMopsiaKa

EP =gNz/4V.

B ¢opmyne (6,12) 3ameHseM CyMMHpOBaHHe IO TPEM HMIY/bCaM
C Y4YeTOM YCJIOBHUS D, P, ==p; - p; HHTErpUPOBAHUEM IIO
Vs p , , ,
W 8 (p+Pp,—pi—p3) dp, d°p, &*py d°p,
TaK YTO

___ Amg®V (8 (p1-+pa—p1—p3) Sy dop"
EP =— (2nih)® S ) s d°py d°p, d°pl d’py,

pi+pi—p1 —ps

IpHYeM HHTErPUPOBAHHE NMPOHCXONHT MO OGJACTH Py, Py, Pi< Pr.
Brrunc/ieHMe HHTerpaJsa ') IpUBOAUT K CJEAYIOMEMY OKOHYATENbHOMY
pe3yJabTaTy AJA SHEPrdH OCHOBHOIO COCTOS HUS:

3pk 10 pra |, 4(11—21n2) / pra \2
=N [+ S+ 2 ()] e

rJe BeJHYHHA, croAIlas mepel CKOGKaMH, —3HEprusi UAeaJbHOTO
tdepmu-raza (K. Huang, C. N. Yang, 1957).

XHMHYecKHH NOTeHUHA] rasa npu aBCOMIOTHOM HYyJIE Ompefe-
JAETC KakK NpoM3BojHas Y = (0E /ON),, BepaxkeHHHH yepe3 mpe-
JeJbHBIA HMIYJABC pp, OH HMEET BHJ

P[4 4 pra  4(U—2In9) (pra\:
H=2m [1 w £ T o ( % ) ] ’ ®,19)

CornacHo o6muM MOJIOXKEHHSIM TeopuH JIaHAay, CIekTp sjieMeH-
TapHbIX BO30YXKIeHHH & (Pp) H QYHKUHS B3aHMOJEHCTBHS KBasuya-
CTHL foq (P, p’) ONpefesAloTCA MepBOil H BTOPOH BapUAIHAMH [10JHOK
SHePrHH No (GYHKIHHM paclpefle/eHHs KpasudactHi ?). Eciu mnu-
catb £ B BHJe JAMCKPETHOH CYyMMHl IO p H o, TO HMeeM, MO Ompe-
JeJleHUIo,

SE=Yea(p)Spat5r 3 faw (P, P') Srtpa it (6,15)

pa pa, p'a’

1) ®akTHyecKH npolle TPOH3BOAHTH BHYHCJAEHHA B APYTOM MNOpsijKe, Haya
C BHYMCNEHHs GyHKRHH [ (CM. HuXKe).
2) Matpuua faor (P, P’) B 3TOM naparpade— COBOKYIHOCTb AHArOHAMbHBIX

no ABYM NapaM HHAeKcoB (&, § H ¥, 0) KoMumoHenT MaTpHLH fﬂ?' 8o ®, pY).



§ 6] BHIPOWIEHHHH MOYTH MIEA/NBHRH GEPMU-TA3 41

(npuuem mocsae guddepeHHIUPOBAHUA 3SHEPTHH HAAO 3aMEHHTD fpg
eJMHHIEH BHYTPH H HyJeM BHe (pepmu-cheprt)” B BolUHCICHHH TaKUM
nyrteM 35(deKTHBHOH Macchl KBa3HuyacTHI[ m*, OJHAKO, HeT HeoO-
XOAHMOCTH, IIOCKOJbKY OHa MOxKeT OhThb HafijleHa H 6oJiee IIPOCTHIM
crocoboM (CM. HUXKe).

Jns BouucJeHAS Xe QYHKUHH [qo (P, P’) (Ha depMH-TIOBEpX-
HocTH), AudxbepeHUHpYeM nBaxkAn CyMMy Bhipaxenud (6,11—12),
[OC/Ie Yero Haao INOJOXKHTb p=p’=pg IlpousBens 310 mpoctoe -
BHIYHCJEHUHE W TepeldAs OT CyMMHPOBAaHHUS K HHTeTDHPOBAHHIO, MO-
JYIHM

fe-(p, P)=g—

4mg? Hé(p-%p’——p;—pz)_l_
(@nh) 2pfF — pi — pi
5 e 8 (p ey
CICES . 2:&1}}%’ PP pZ)}dapldspz’

Fes(P p)=F-_(p, P)=
_ 2mg® j‘é(p+pl-—p’~pz)+6(p’+p1——p—pz)

— 3 8 .
by e @pudip,

HurerpupoBaH#ie B 3TuX (GopMyJax CPaBHHTEJbHO NPOCTO BBHIY
MeHbUIEH KPaTHOCTH HHTETPasoB.

OxoHyaTebHBEIH pe3yJbTaT MAOJKeH OHITh NIpeACTaBjgeH B BHIEC
(2,4), He 3aBHCAm2M OT BLIGOpPa OCH KBAHTOBAHHS CIIHHOB.

B rtakoMm Bume oH jgaeTca ¢opMmyJIoH

.0
cos & I+ sin 7\
In )

2sm—2— l—sm-—/

2nah? 2
Fovpo ="~ 1 +57( 2+

a56v6 -

2
. O
1 4sin —=
2apf I . & 2
— 1+nﬁ2 1———2—5111—2—11‘1-1——.——? Oap0ysr,  (6,16)
—Sln—2—

rae 3—yroa Mexny BeKTOpaMm¥ Pp U pr (A. A. Ab6puxocos, H. M.
Xaramruros, 1957)1).

ApdexTnBHAT Macca KBa3sHYaCTHIL 110JydaeTcss OTCIOAA MHTErpH-
poBanuem no ¢opmyde (2,12) 1 paBHa

* 8 a 2
Bl o (7 1n2——1)<—%>. (6,17)

1) dyuxkumsa (6,16) obpamaerca JorapudMHUecKH B GecKOHeUHOCTH NpH &= 1.
3710 G6CTOSATENLCTBO TBSI3aHO CO CHEJAAHHBLIMH NpeHebpexennsMH. Douee TouHOe
HCCJIeJOBAaHHE INOKa3blBaeT, UYTO XOTsi 3Ha¥eHHe (=g [eHACTBUTEJIHLHO SBJAETCS
oco6oft TOUKOH (YHKUHH, HO NocjeiHAs obpalnaeTcd B HeH He B GeCKOHEHHOCTD,
a B HyJab (cM. npHMeyaHHe Ha cTp. 263). Henpumenumocts opmyist (6,16) B6au3su
U=gn HeCcylecTBEHHA AN AAAbHEHIIHX NPUJOKEHHH, B KOTOPHX GHIYPHPYIOT
HHTerpanbl, CXOAAUlHecs B STOH TOUKe,
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Qopmyna xe (2,17) nospoaser HafiTH CKOPOCTb 3BYyKa B rase:

ok 2 apr | 8(11—21n2) [ app\?
w1+ F e ()] e

Uurerpupys satem seanunny u?m/N (BHIpaXKeHHYIO yepes NV
BMeCTO pg) nmo dN, Mbl HaleM, COTJIaCHO (2,13), xuMuyeckui noren-
uuan rasa, a emie OJHO MHTerpuposanue no dN npuBeler K BhIpa-
xenuto (6,13) 115 sHEepPruH OCHOBHOTO COCTOSIHHA.

Qopmyisa (6,13) npencraBaser cofoit nepBbie Y/eHB! Pa3JlOKeHHS
SHEPTHH Tasa IO CTEMEHAM «MapaMeTpa rasoBocTu» 1= ppa/f ~
~ a(N/V)/*. AHanOrMYHBIMH, XOTSl M 3HAYHTENbHO GOJiee MPOMO3J-
KMMH BBIYHCHEHHSIMH MOKHO ObLIO bl MOJYYHTb €Ie H HECKOJIbKO
CJAeNYIOWHX Y/IeHOB pasjokeHus. [leso B TOM, 4TO B cayyae depMu-
rasa TPOHHBIE CTOJNKHOBEHHSI BHOCAT BKJIAJ B SHEPTHIO JIHIIb B CPaB-
JHTEJBHO Ja/IeKOM NpHOIuKeHuH. V3 TpeX cTanKHBAONIUXCSA gacTHIL
no KpaliHel Mepe 1Be HMEIOT OZHHAKOBYIO NMPOEKLHIO CIIHHA; npu
3TOM KOOpJHHATHAA BOJNHOBaA QYHKIIHSA CHCTEMBI IOJ/KHA ObITh aHTH-
CHMMETDHYHOH MO OTHOLIEHWIO K 3THM JBYM HaCTHUAM. DTo 3HAWHT,
YTO OpGHTaJbHHIH MOMEHT OTHOCHTE/JBHOTO JBHMEHHS 3THX YaCTHIl
paBen no kpaiiseit mepe | (p-cocrosinue). CooTBeTCTBYIOmMAS BOJ-
HOBaf (YHKUHA COAEPNKHT JIHIIHIOK (MO CPABHEHHID C BOJHOBON
dynkuue# s-cocroanus) crenenb p/h (cm. 111 § 33), u, cnegosa-
TEJbHO, BEPOATHOCTb TaKOTO CTOJKHOBEHHS COACPMKHUT JHIIHee p,
T. e. ocaabnserca B N(pa/}‘i)“‘~1r]’z pas Mo cpaBHEHHIO C BepoOAT-
HOCTDBIO «1060BOTO» CTOJIKHOBEHHS YACTHII, HETIOAYHHAIOMWHXCS I'PH H-
uuny [laymu. B pesysibrTate TpoHHBlE CTOJKHOBEHHSA JanyT BKJaj
B 3HEPruI0 JIHIIb B YJeHaX, copepxamux ofbem Kak V-2/—2/3,
Ilpyrumu cjioBamMH, Yepes XapaKTePHUCTHKH OLHUX TOJLKO MapHBIX
CTOTKHOBeHHH BEIDAXAIOTCA BCE WIEHbI PA3/IOKEHHS SHEPTHH BILJIOTH
IO u/eHOB NOPsiKa

p?
N

BKJ/IIOUHTEJIbHO (T. €. ellle TPH UfeHa, CJACAYIOMHX 32 BHITHCAHHBLIMH
B (6,13)). Onnako B uyucje XapaKTepPHCTHK NapHBEIX CTOJIKHOBEHHH
Gynet QHUIYpHPOBaTh He TOJNBKO AMIJIATYAA $-PacCesiHHA AJf Men-
JIEHHbIX CTOJIKHOBeHHUIt (KaK B (6,13)), HO u ee NPOH3BOLHBIE 11O 3Hep-
THH, @ TaKXKe aMIJIMTYAA p-pacCesHud.
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F’PHHOBCKHUE ¢YHKLUHWHU ®EPMH-CUCTEMbBI IIPU T=0

§ 7. ®yukuusa I'puHa MaKpOCKONHYeCKOH CHCTeMBbl

[lpuMe HeHHBI B npenblAylieM naparpage MeToA CTAHOBUTCH IPO-
MO3JKHM H HPAKTUYECKH HENpUMEHHMHIM B BRICUIHX NPHGJIHKEHHAX
TEOPUH BO3MYIIEHHH. DTOT HeZoCTaTOK TeM GoJsee CYLIECTBEH, YTO
B peasbHbIX PU3HYECKHX 3a7auaX B3auMOJeHCTBHE MEXIY YaCTHLAMH
OTHIOAb He SIBJAETCH C1albiM, TaK 4TO AJIsl BbISICHEHHS Pas/HYHEIX
OOUIMX CBOMCTB MaKPOCKONUYECKHX CHCTeM Tpebyercs paccMoTpenite
$eCKOHEYHBIX COBOKYMIHOCTEH WJIEHOB psjia TeOpHU BO3MYILIeHHH. 115
npeosiosieHUsT TNOAOOHBIX TPYJAHOCTEH CylieCTByeT MaTeMaTHYecKas
TeXHHKa, nojgofHasa TOH, KOTOpas NPHUMEHsAETCS B KBaHTOBOH TeOpHH
MOJA.

Koukpernaa c¢opMa 3TOro MaTeMaTHYeCKOro amnapara CyllecT-
BEHHO 3aBHCHT OT XapakTepa MaKpOCKONHUeCKOH CHCTeMbl, K KOTO-
poii oHa jgo/xkHa HpuMeHATbeA. [locieayromue mnaparpadel 3ToH
rJaBpl MOCBSIEHB! PasBHTHIO aNNapaTa AAsd depMH-KHAKOCTH MPH
abCcoaoTHOM HyJse TemiepaTyp !). [1pu 3TOM Ha/OKeHHe HMeeT CBOeH
UeJbi0 HE TOJAbKO (akTHUECKOE HPHMEeHeHHe MeTola K JaHHOMY
06BEKTY, HO U J@MOHCTPAUHIO TOr0, KaKuM ofpa3oM BooblIe CTPOHTCA
TaKoOH# amnnapar.

HMcxoaupiM MaTepHajoM B HEM SIBJSIOTCS BTOPHUHO-KBAHTOBaH-
Hble 1-OTepaTophl, CBOHCTBA KOTOPBIX H3BECTHH H3 KBAHTOBOH MeXa-
Huku (cm. IIT §§ 64, 65). Ham ceituac noHanoGsTcsi 3TH OnepaTopsl
B Treli3eH6eProBCKOM NpeACTaBJEHHH, B KOTOPOM OHH 3aBHCAT ABHO
or BpemeHH. [103TOMy Mbl HauHeM C BBHISICHeHHS HEKOTOPHIX CBOHCTB
\p-OMepaTOpoOB B ITOM MPeACTABAEHMH.

Mp 6ygeM paccMaTpHBAaThL CHCIeMbl, COCTABJIEHHBIE K3 YaCTHIL
co cndaoM 1/2. CooTBeTCTBEHHO 3TOMY, P-onepatopam JOJxeH ObITh
MPUIHCAH MHAEKC, YKasHBAaIOUMA 3HAaYeHHE MPOEKUMH CIIHHA M IPO-
Gerarouuf 3saveHdss +1/2; cnHHOBBIE HHAEKCH OYAeM NO-peKHeMY
0603HauaTh OyKBamH rpeyeckoro ajdaBHTa, 2 0O ABaxk/ibl IOBTOPHIO-
WHMCA MHIEKCaM NOJAPA3yMeBAETCA CYMMHPOBAHHE.

I[To 06m,eMy npasuay (cm. IIT § 13) onepatop F(t) moboit dusu-
yeCKOH BeJIMYHHLI B redseHGe proBCKOM N PeACTABJIECHHH BBIPAKaeTCS

yepes He SaBUCAHMH OT BpeMeHH (LIpeAHHIepOBCKHH) omepaTop f

1y CucremarruecKoe NOCTPOEGHHE STOTO amnapara npunagiexut B, M. lasuy-
wony u A. 5. Muzdary (1958),
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TOH e BeJNHYHHBI COrJacHOY)
f(t)= ez'Htfe-t'ﬁf’

rie H—raMuJbTOHHAH CHCTEMH!.

3necb, ofHaKO, GyJeT Ueeco06pPa3sHO HECKOJbKO H3MEHHTH 3TO
onpejesende. JleJo B TOM, 4TO B KBaHTOBOH CTaTHCTHKE yjgo6Hee
paccMaTpHBaATh COCTOSIHHST CHCTEMBI He IPH 3aJaHHOM YUHCJE YaCTHI]
N B wmed, a npH-33]aHHOM XMMHUECKOM NOTeHUHAJe p. IIpH 3ToM
OCHOBHOE COCTOSIHHE CHCTEMEI, B KOTOpPOM OoHA HaxopuTcs npu T =0,
MOXKHO OINpPEeJeJHTL KAaK COCTOSIHHEe C HaUMeHBIUHM COGCTBeHHBIM
3HayeHHeM olepatopa ’

H =H—pN (7,1)
(a He ﬁ, Kak npu 3ananHoM N). JleAcTBHTeIBHO, BePOATHOCTh CH-

CTeME HAXOAUThbCS (NMPH 33JAHHOM 3HAYCHHH [4) B COCTOSIHHH C 3Hep-
rueit E, u uucjoM gactuu N,

- w o exp (——E——————";”N”>=exp (——-—?,-”-)

(cM. 'V (35,1)); E,—coGcTBeHHble 3HayeHHst omepatopa H’, u mbl
BUAHM, 4TO OpH 7' =0 OCTaeTCss TOJLKO COCTOAHHE € HAHMEHB-
mum E; 2).

Taxum o6Gpasom, onpejenum relisenGeproBCKHe -OepaTophl
opmy.1amMu

I'I‘ra (¢, r)= em't{pa (r)e- il?’t,

. : ) 7.2
T3 (¢, 1) =ty (1) om0, 72

Mur 6ynem 0603Hauathk refizeHGeproBCKHe Y-OMEPaTOpPhl 3araBHOH
6yksoit ¥, a mpeanHrepoBCKHE —CTPOYHOH GYKBOH 1.

UIpesuHrepoBCKHE -ollepaTOPHl YIOBAETBOPSIOT H3BECTHLIM Mpa-
BHJIaM KOMMYTauHH. KOMMYTaTopel ke refiseHOeprOBCKHX OIEpaTo-
POB, B3ATHIX B pas/JM4HLIE MOMEHTH BpeMeHu ! W {’, He/b3s1 BHIUHC-
JuTh B ofweMm Buje. OpHaxko npu f={' UX NpaBHJa KOMMYTaluH
COBNAfaMOT C [IPaBHJaMH JJs WPeJHHIePOBCKUX omepaTtopoB. Tak,
U3 IpaBHJa

Vo, (F) B (1) + 94 (') $o (r) = 66 (r —1)

1) C neanto ynpomeHud sanmuci opMys M GyZeM IIHDOKO MOJB30OBaThCS

CHCTEMOH elHHHI, B KOTOPOH KBAaHTOBAs MOCTOAHHAs B =1 (TaKk uTO HMIYJNbC HMEET
pasmeprOGTh ¢M~?%, a oHeprus cek—1). Jlaa mepexoza OT STOH CHCTeMHBI K OOHYHLIM

CIWHHIAM BCe HMIYJbchl P H 3nepru# E B dopMysax Hafo saMeHHTb Ha p/B
E/h. Takse eiunnup HCTOJMIb3YIOTCA, B YaCTHOCTH, B 3TOH IJlaBe.

2) Mu Gynem nasuBatbh omepatop ', kak B H, rammibTomHaHOM,
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cJjgeayeT aHaJOru4dHOe IMpaBu/o
B t, ) TE(E, ) T (¢, YT, (¢ 1) =
= et (1, (1) B (1) + B (') B (1)) €7 1 = 808 (r—1"). (7,3)
Takum >xe o6pasom:
B, (¢, Pa(t, r')+¥a(t, )T, (¢, 1) =0,

- . - - (7,4)
B, 0T, ) F T, ) Pa(t, =0
Juddepenunpys onpenetenue (7,2) mo BpeMeHH, HaHjeM, 4TO
reiise HGe proBCKUH P-onepaTrop YAOBJETBOPHAET YpPaBHEHHIO
. 0§ 7\ q 71
—imr Vo (t, 1) =H Yo (¢, n—Y, (¢ A (7,5)
(cp. 111 (13,7)).

TefiseHGe proBcKOe H LIPeJHHITePOBCKOE MPeACTaB/ICHHA TOXAE-
CTBeHHbl /s Onepatopa BCAKOH COXPaHAOMEACH BEJHYHHBI (T. e.
orepaTopa, KOMMYTATHBHOTO C TaMHJbTOHMAHOM). DTO OTHOCHTCH,
B YacTHOCTH, K CAMOMy TaMHJbTOHHAHY, a TakKXe K OMNepaTopy
yyc/la YacTHIL— TOXKe, pasyMmeercs, COXpPaHAIMENCs BeTHYNHbl. Bbi-
paXKeHHs 3TUX ONEPATOPOB yepe3 LIPEJIUHIePOBCKHE WM refiseHbep-
TOBCKHe Y-Onepatopbl OAMHAKOBEI. Tak, omepaTop YHcJa YacTHIl

F={imv.odx={¢ 0T ¢ e (7.6
laMHJIBTOHUAH 3Ke CHCTEMBl B3aMMOJEHCTBYIOIIHX YACTHIL HMEET BHJ
ol :H'(0)+17(1)+[7(2>_|_ .
~, 1 PN ~ Py
A <o>=_%5\}f; ¢, 1) AY, (¢, 1) dsx—pN,

V\(l):S{ij‘; (t, l') yw (r) {Pa (t) r)daxy (7’7)
V<a>=.;_5 T, ) TL(t, v UD —1) Ty (¢, 1) Py (¢, r)doxds’

3necy H'® -—raMuIbTOHHAH CHCTEMBI CBOGOJHBIX yacTuiy; V! —ore-
patop X B3auMojeficTBUs ¢ BHewHuM nosiem U®(r); V¥ —omnepa-
TOp TMapHOTO B3aUMOJEHCTBUs YaCTHIL, pryeM U® (r—r')—3Heprus
B3aHMOJefiCTBUS ABYX YacCTHIl; ONYIIEHHbIE Y/JIEHB —TPORHbIE U T. A.
B3aumozesicTus (cp. I (64,25)). st mpocTOTHI NpejnoaraeM Bee
B3aHMOZeliCTBHS He 3aBHCAIMMH OT CIHHOB YacTHI.

Kommyratrop H' u ¥y B (7,5) BbUHC/ISETCS C IOMOIILBIO NPABHII
(7,3—4); Bo3HHKaiomue Npu 3TOM O-QyHKIHH YCTPAHAIOTCA HHTEr-
pupoBanHeM. B pesyabrare moayuum «ypasrenue Ulpexuurepar ans
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~

¥, (t, r) B BUgE
ia%"qra (t, l')=(—-—2—ln;A——u—f—U(“(r)>li’a(l‘, r)+
+S‘i’ﬁ ¢, Y UD (—r )P (t, ) d3% - ¥, (4, ) +... (7.8)

OCHOBRYIO POJIb B M3/1araeMOM MeTOJe HIPaeT NMOHATHE PYHKYUL
I'puta MakpocKonnyecKoli cucteMbl. OHa ONpefesseTcst CJeAyIOmHIM
BbipakeHHeM 1):

Gap (X1, Xo)=—1i <TT, (X)) TF (X,)>. (7,9)

3nech U Huke X 0603HauaeT, NIf KPATKOCTH, COBOKYIIHOCTB MO-
MEHTa BPeMEHH ! W PajHyC-BeKTOPA TOYKH F. YTJ/IOBBIE CKOGKH <. ..>
03HA4AOT YCPEAHEHHE MO OCHOBHOMY COCTOSIHHIO CHCTEMBbI (BMECTO
6oJiee T'POMO3IKOrO CHMBOJIA AHATOHANLHONO MAaTPHUHOTO 3JeMEHTA
<0]...]0>). CumBos %e T ecTb 3HAK XPOHOJOTHYECKOTO NpoH3Be-
AeHUs: CJefyIoude 32 HHM ONeparopbl JOJIKHBI OBITh PaclOJIOKeHb
CpaBa Ha/NeBO B MOpPSAKE BO3pAacTaHHs BpeMeH f,, ¢,. Ilpu stoMm
B CJyyae QepMHOHOB NePEeCTAHOBKA Maphl -0NepaTopoB (MO CpaB-
HCHHUIO C MX DacCloJIOXKeHHEM B NEPBOHAYATLHON 3aUCH NPOK3Bese-
HH#A) JIO/)KHA CONPOBOXKIATHCH H3MEHEHHEM 3HAKA NPOH3BEJEHHUSI.
B saBHOM BHzAe 3To 3HauuT, YyTO

— <P (X)TF (X, t,> 1,

¢ el " (7,10)
T (X) Ta (X)), 1, <ty

{
Gap (X, X,)= { ‘

OTMeTHM HEKOTOpBbIE OYEeBHHbIE CBOHCTBA QY HKIHH I'puna. Ecim
CHCTeMa He QepPOMArHHTHA M He HAXOAUTCA BO BHEIIHEM IOJE, TO
CIUHOBAs 3aBHCHUMOCTb (GYHKUMHM [I'pHHA CBOAMTCH K €IHHHUYHON
MarpHie:

Gup (Xiy Xo) =0844G (X, X)) (7,11)

(Bcsixas apyras ¢opma 3aBHCHMOCTH BHLAEJISIA Gbl H36paHHOe Ha-
IIpaB/eHAE B NPOCTPAHCTBE —OCh Z KBAaHTOBaHHA cnuHa)?). B cuay
OAHOPOAHOCTH BPEMEHH MOMEHTHI f;, ¥ ¢, BXOAAT B pyHKIHIO ['puHa
JHLIb B BUJE PasHOCTH ¢ = f;—¢,. Ecyu, cBepx Toro, cucrema makpo-
CKOMHYECKH ONHOPOAHA B IPOCTPAHCTBE, TO JHLIb B BHJE Pa3HOCTU

1) 310 onpenesienne AHATOrMUHO ONpPELEIEHHIO TOYHHIX Gynkuuit Ipuna (mpo-
112raTopoB) B KBaHTOBOH 3/eKTpoAHHaMHKe (cp. IV §§ 100, 102).

%) D10 yTBepxaenue Tpebyer mosicHenHus. CIHHOBEE KoMIoneHTH W cocTaBas-
10T KOHTP2BaPHAHTHEIA CIHHOP NEPBOTO PaHTa (M B 3TOM CMpICTe GoJiee NpaBHJIBHEM

Gt
6e110 681 O6o3Havenne W ¢ uHgeKkcoM o cBepxy). KoMmoHeHTH e Y3 coctaBasioT

KoBapHaHTHLI# cnHEOP. ITosToMy Ggp ecTh cMemamubii COHHOD BTOPOrO paHra.
EZHHHYHBM Xe CMEWAHHEM CIHHOPOM BTOPOrO paHra fIBJIeTCA HMEHHO 6aﬂ.
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r=r,—T, BXOAAT TaKXe M KOOPAUHATH ABYX ToueK. JIpyrumu
CJI0OBaMH, B 3TOM CJyyae

aB(Xl’ X ) aﬂG (X) X=X1'_X2' (7»12)

ITopye pKHeM, YTO MHKPOCKOMHYeCKas OAHOPOAHOCTh O3HAYaeT, UTO
TeJO MpeAnoJaraetcss OXHOPOAHBLIM HE TOJNLKO MO CBOeH cpelHEl
(MaKpPOCKONHYECKOH) MNJOTHOCTH, HO H MO IJOTHOCTH BEPOSATHOCTH
pasJMuYHLIX (MHKDOCKONMHYECKHX) INOJIOKEHHH ee YacTHI[ B IPOCTPaH-
cTBe. MIMEHHO TaKOBH JKHAKOCTH W Ia3bl (HO He TBePJALIE KPHCTAJJIbI).
B cuay ux usorponuu G (¢, r)=G (¢, —r). B artoli cBA3u noguepx-
HeM JHMIIHHHA pa3, 4To B TO ke Bpems (yHKuus G (¢, r), o camomy
CBOeMy OIpeje/ieHHIo, OTHIOAb He YeTHa IO mepeMeHHOH {. B sToM
CMbICJIe TIOPSANOK f, U ¢, B PasHOCTH f={¢,—1, CylIECTBEH.
Koopaunaruas MdTpI/IIla IJIOTHOCTH lIaCTHIlbI B CHCTEMe OIlpe-
JeJsieTcsl Kak cpejHee 3HayeHHe
l ~

0up (5, 1) =5 <Tg (¢, 1) T (t, 1> (7,13)

3HaHHe 3TOH MaTpHILl MO3BOJISIET OMNPENEJHTb CpejiHee 3HAUEHHe
JI060H BEeJHYMHBI, OTHOCAIIEHCS K OTHAeJbHOH uyactuue. [JeficTBH-

TEJbHO, MYCTb Fqp— HEKOTOPBIH «OJHOYACTHYHLIA» omneparop, T. e.
omepaTop BHAa

Fag =.§a]fé?é, (7,14)

rae f“”—onepaTop, JEHCTBYIOIHA Ha KOODAWHATBI H CIHH JHIIb
OfHO# (a-f) YacCTHLBI, a CyMMHDOBaHHE NPOH3BOJAUTCS MO BCEM ya-
CTHIAM B CcHcTeMe. B anmapare BTODMYHOIO KBAHTOBAHHs TaKoOH
omepaTop 3amuChiBaeTcs (B refi3eHOepPrOBCKOM INPEACTABJEHHH) KaK

. Fop (1) = %2 (¢, Feyy (2, ) dx (7,15)
(cp. TIT (64,23)). Otciona AcHO, 4TO cpejHee 3HaYCHHE BeJIUYHHBI F
MOXKET OLITb BbIPAa’KEHO B TEPMHHAX MAaTPHUIbI MJIOTHOCTH B BHJE

KF>=N<>=N S [fz(xlépﬂa Iy, )] =, d%xy, (7,16)

rue f‘l’—-onepaTop, JAEeHCTBYIOIIUHA Ha KOODIHMHATH r; (IOJIOKHTb
r,=r; Hajo mocJe BO3XeHCTBHS ONEPaTOpa, HO Nepej MHTETrpPUPO-
BaHHEM).

Coraacuo (7,10), maTpuua NJOTHOCTH MOXeT OBITb BhIPakeHa
uepe3 IPUHOBCKYI0 (QYHKIIHIO

Pap (F1, 1) =— = Gog (t;, T3 £,+0, 1,). (7,17)
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3nech (Kak M Be3fie HHxKe) 0603HAaueHHEe apryMeHTa yHKIHH B BHJE
t;+0 o3nHayaeT, uYTO HMeeTca B BHAY MpeleN IPH CTPEMJEHHH
aprymMeHnTta K 3H4YeHHIO f; CBepXy. BasTHeM 3TOro mpenena oecme-
YHBaeTC MpaBHJbHAasg PAaCCTAHOBKA WY-ONEpPAaTOPOB, COBMAAAOMAs
¢ HX paccTaHOBKOH B Ipoussenenun (7,13).

J111 MEKPOCKOIHYECKH OJHOPOJHOM CHCTEMBI MATpPHILA IJIOTHOCTH
3aBMCHT TOJIBKO OT DA3HOCTH T==T,—T,, 8 [IPH He3aBHCUMOCTH OT
CIIHHOB Qqg = Oqp0, NpPHUEM

p(r)=—=G(t=—0,1), (7,18)

rre BMeCTO Gup (X, X,) BBemeHa ¢ynkuusa G (X, —X,)=G(X)
cornacuo (7,12). Ilpu ry=r, U nOCJNe B3ATHHA CJeAa O CIHHO-
BBIM IIepEMEHHRIM [IPOH3BEJEHHE onepaTtopoB B (7,13) npespamaerca
B W;¥,—omepaTop NJOTHOCTH YHCJA YaCTHL, B chCTeme. [1osTomy
CpeiHsAs NJOTHOCTh TeJa

. %zsz (0) = —2iG (t =—0, r=0) (7,19)

(¢! cTpeMHTCH K HYJIIO CHH3Y). DTO PaBEHCTBO CBA3bIBACT XHMHYECKHIT
noreHnuasn wnpu 7'=0 (oT KoToporo G 3aBUCHT Kak OT napamerpa)
C IJIOTHOCTBIO yucaa yactuu N/V.

dypoe-passnioxenne QYHKIHH o (r,, I,) ONpejeseT paclpejese-
HHe YacTHI[ 110 MMIYJ/bcaM !) .

N@=N o, r)epe-mnd(x—x)=

(7,20)
=—i (G, 0} __erdx.

OTO eCThb YHCIO YacTHU (B eIMHHIE 06beMa) C ONpefefieHHbiM
3HAYEHHEM IIPOEKUHMHU CIIHHA M C MMIYJIbCAMH B HHTepBage d3p/(2m)3.
[ToguepxHem, 4TO peub HJeT 3hech 06 HCTHHHBIX YacCTHIAX, a HE O
KBa3HyaCTHUaX (NOC/JeNHKE B W3JaraeMOM anmapare elle He MOfABH-
auce!). OGosnauenne N (p) BBefeHO B OT/HMYHe OT (DYHKLHH pac-
npejeseHdsT KBa3H4acTHL # (p).

1) Hanomuum (cm. II1 § 14), uTo ogHouacTHYnash MaTpHUA NJOTHOCTH €CTb
HHTerpasn

p (ry, o) =S W (2, @) ¥ (r1, 9) dg,

rie ¥ (r, ) —BoaHOBast QyHKINS CHCTEMbI B 11eJ0M, TIPHUEM r 0603HauaeT paauyc-
BEKTOD OAHOH YaCTHUEL, @ § — COBOKYNHOCTh KOOPAHHAT BCEX OCTAAbHBIX YaCTHL: TIO
NOC/eIHUM TDOHIBOAUTCS HuTerpupoBanue. $ypbe-KOMIOHEHTH MATPUUE MJOT-
HOCTH COBNAfaloT C BEIpAXKEHHEM

S , S W (6, g) P dox *dg,

OTKyZa H CJIelyeT ee CBA3b C pacnpelieleHHEM 4YacTHL 10 HMIIyabcaM.
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B nanbpHeiilneM Mpl 6yjeM OObLIYHO HMETb JeJio ¢ dyHKiuen ['puna
B MMIYJbCHOM [PEICTABJEHUH, OINpeJe]eHHOH KaK KOMIIOHEHTa
bypre-pasnoxenus ¢GyHkuud G(f, r) mo ¢ U r:

. do d?
G(t’ r)=SG((’J7 p) gt (pr-of) ((20”)4p . (7’21)
G, )=\ G(t, r)e- ®r-ondtdox. (7,22)

Pacnpene/sieHne YacTHIL IO HMIYJbCAM BEIPAXKAETCS Yepe3 3Ty
dyuknuo dopmyaol

N(@p)=—1 lim S G (o, p)e“fm’ii—")— , (7,23)

{ o —0 2n
noJyyamwomeiics noacranosko#t (7,21) B (7,20). Ee HopMmupOBKa BbI-
paxaetess GopmyJson
—9i lim (G(m, p)e=i

f—>—0

dodp N

t —
© Ot TV (7,24)
npeacrasasiomell cobo#l ycaoBue (7,19), BeIpakeHHOe B HMIYJIECHOM
npeicTaBieHnu. TakuM ofpasoM, pacrmpeiesende N (p) aBTOMarH-
YeCKH [IPaBHJIBHO HOPMHDOBAaHO!

a3 N
2 (V) ms=7

QrMeTHM, 4TO TNpefeli, B KOTOpOM GepyTcs HuTerpadsi (7,23—24),
5KBIIB2JICHTEH ONpeJeJeHHOMY MpaBuay 00Xola B IJIOCKOCTH KOM-
MJIeKcHOH mepemeHHOH . Hamuune muoxutens e~ ¢ ¢ <0 mos-
BOJIIET 3aMKHYTb MyThb HHTErPHPOBAHHUS (BellleCTBEHHAs OCb) GeCKO-
HEYHO yJaJeHHOIl IMOJyOKPYKHOCTBIO B BEpPXHell MOJYIJIOCKOCTH o,
TAK YTO HHTerpaJ onpejefsercs Bouetamu ¢ysknud G (o, p) B ee
moJiocax, Jexalux B 3TOH NOJYIJIOCKOCTH.

§ 8. OnpejeneHue 3HepreTHUeckoro crnekTpa no ¢yskuuu puna

JIns MHKDOCKOMHYECKH OJHOPOJIHOH CHCTEMBI JIETKO ONMpPEAE/UTh
3aBHCHMOCTb OT BPEMeHH M KOOPJAMHAT MATPHYHBIX 3/IEMEHTOB rei-
3eH6EProBCKOTO P-Onepatopa MO OTHOWIEHHIO K CTallOHAPHBIM
COCTOSIHHSIM C ONpeAe/]eHHBIMH 3HAUEHHAMH 3HEPTHMH M HMIYJbCa.

3aBHCHMOCTb OT BpeMeHH [aeTcsl OOBIYHBIM 3KCIOHEHIHAJbHBIM
MHOKHUTEIEM

| Ta(t, )| m> =enm' <n)Po (r)|md, (8,1)

HO TMOCKOJIbKY refi3eHGeproBCKHH p-omepaTop onpegeseH C Io-
MOIIBIO TaMuJ/bTOHHaHa fA’, TO '

Oum=En—En=Ep—En—p(Ny—Na).
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Corsacuo ofuum cBOHCTBaM y-onepatopos, omepatop ¥ yMeHb-
mwaer (a W+ yBeJMYHBAET) YMCJO YacTHL, B CHCTeMe Ha 1. [TosTomy
B MaTpHYHOM 3JeMmeHTe (8,1) N,=N,—1, tak uto

Opp=FE, (N)—E,(N-41)4p, 8,2

Tie B BHAC apryMEHTOB YKasaHbl YAC/A YACTHLL B COOTBETCTBYIOMIHX
COCTOSIHHSIX .

Ina onpepeseHHst KOOPAMHATHOH 3aBHCHMOCTH 3aMeyaem, UTO
B CHJIy OLHODOJHOCTH CHCTeMbl MaTPHYHbIE SJIEMEHTEI ee Y-0mepaTo-
pOB HE MOTYT H3MEHHTBCS NPH CMENIEHHH Ha Jio6Oe pacCTOSHHE r
OTHOCHTE/IbHO CHCTEMbI. JTO, OAHAKO, HE O3HAYAET, YTO MATPHYHEIE
3JIEMEHTHl BOOOIle HE 3aBHCAT OT KOOPAHHAT. Jlel0 B TOM, YTO
OTJHYHE Y, (r) OT 3HaueHHS VY,,(0) B HEKOTOPOH 3amaHHOH TOuKe
r=0 cBf3aHO C JBYMS NPHYHHAMH: CO CMENIEHHEM Ha PacCTOSHHE r
OTHOCHTE/IbHO CaMOH CHCTeMBl M C IePeMelIeHHEM TOUKH Hab.rofe-
HHA B APYro€ MECTO MPOCTPAHCTBA, YTO TaKXKe MeHseT (hasbl BOJI-
HOBBIX (yHKUKA. UTOGH HCK.IIOUMTD MOCaeHee H3MeHeHHe, CMECTHM
CHCTEMY HA BEKTOP —T, T. €. IPUMEHHM K €€ BOJHOBHIM (Y HKIIH M
onepaTop mapasseJbHOro mepeHoca

T(—r)=e-v?

(P—omnepatop monHoro uMny/abca cucreme; cm. IIT (15,13)).
B pesyabraTe 3THX Omepaumit Touka HaGMofeHUS BEpHETCA B HCXOJ-
HO€ MECTO NPOCTPAaHCTBA, HO OCTAHETCS CMEIEHHOH OTHOCHTEJbHO
CHCTEMBl Ha BEKTOp r. MIHBapHAaHTHOCTb MAaTPHYHBIX 3JEMEHTOB IO
OTHOLIEHHIO K TaKOMY MNpeo0pa3soBaHHIO BHIPA3HTCS PaBeHCTBOM

<) Ba (0) | 1> = < | P (r) =172 | m>. " 8,3)

Eciu B cocrosiHusx n H Jn cuctema ofJagaeT onpeneseHHbIMH
umnyJabecamd P, u P,, To

» <[ %a (0) [ my = e <n |y () | m,
OTKyJa
| Wo(t, 1) m>=e ©nn'¥unD n| G, (0) | m>,

" (8,4)
<n|WEE, r)|md>=<m |V (t, 1)|n>*,
roe k,,=P,—P,,.

C noMombio 3THX HOPMYJ MOKHO NOJIYYHTh BasKHOE pasJioike-
HHe Aa7 GYHKUMM ['pHHA B MMIYJbCHOM npocTpaHncTse, Iposic-
HAolllee ee (DU3HYECKHI CMBIC.

Beuny «paspeisHoro» onpegenernus ¢ynkuuu G (¢, r), npu Bh-
gucaendd G (o, p) Hago paséuTb WHTErpal o df B (7,22) Ha gBa
HHTerpana: or —oo o 0 u ot 0 g0 co. Bo BTOpOM M3 HuX (1. e.
npu t=1*,—1t,>0) HMeeM, pacKpeBas onpexenenre (7,10) no
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NPaBUJIy YMHOXEHUS MaTpHIL:

G(t, 1) =5 Gan= — ¥, <0 ¥o (X) | m> <m | TE(X,)| 0>

(CyMMHPOBaHHE [0 BCEM KBAHTOBBIM COCTOSHUSM cHcreMsl). [Toxcra-
BUB cioga (8,4) ¥ 3ametuB, YTO B OCHOBHOM cocTOsiHMH Py=0,
HAXOJHUM

i

G(t, 1) =—5 3 1<0|¥a (0) | m> e Con’ *Pu®,  (8,5)

rae 0n=Eq (N)—E, (N +1)+p.

HurerpupoBanne no npoctpaHctBy B (7,22) (¢ G (¢, r) u3 (8,5))
JaeT B KaxaoM uieHe cymMmel S-pyrkuuio 8 (p—P,). Ilpu mnre-
rpupoBaHHH ke 1o df (f > 0) nna obecrneyeHHs CXOAUMOCTH HaJo
n06aBUTh K o GECKOHEUHO MaJyio NOJOKHTENbHYIO MHHMYIO YacThb,
T. €. 3aMeHuTb ® — © -+ i01). Torga moayuum

@®

. 2m)3 ~ S(p—P,
SSG (t, r)ei©@t-pdsy dt =i—2”~)~2| <0 | P (0) | m> |2 Tﬁ.
o m

AHajlordyHBeM 06pasoM BHIYHC/AsSETCS HHTErpat mo df oT —oo
no 0. Ilpu ¢ < 0 BMecTo (8,5) HMeeM

G (t, F)=-5 3 [<m | (0)]05 26! ©mi' P, (8.6)

rae O, =E,(N—1)—E,(N)+pn. Boudcaup Tenepb HHTErpan
oT —oo Jo 0 u cnoxus oba uHTErpasa, NoJyyHM

_ (2n)® And 0—Pn)

m

+ B, (p4-Pn) }
O+pt+Ey (N—1)—Ey (N)—i0 |

rue 6603Haqeﬂo
An=1<0]Pa(0)|m>]2, B,=|<m|ba(0)]0> . (8,8)

DTO0 H eCTh HCKOMOE DPasjioKeHHe ?).
BBeneM o603HaueHHS

8$)=EM(N+1)—E0(N), 3(”;)=E0(N)—EM(N——1) (819)

1) Dra npouepypa aHajloTHYHA crocoly BUHC/eHHs GyHknuA I'pHHAa B KBaH-
TOBOH 3JjekTpoauHamuke (cp. IV § 76).

2) Agajornudoe pa3JioXeHHe B KBAHTOBOH TEODHH NOJIA Ha3bBaloT GOpMYJok
Yennena—Jlemana (cp. IV §§ 10L, 108).
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AN 3Hepruéi BO3GYKAEHHSH, OINpeJeNeHHBIX 10 Pa3HOCTAM MEXAY
BO30YXKACHHBIM yPOBHEM CHCTEMBI C OlIpefieeHHBIM YHCJIOM YACTHIL
H OCHOBHEIM yPOBHEM CHCTEMBI, COiepKalell Ha OfHY YacTHIy 6oJblie
HIH MeHbute. MHZeKcHl (+) 4 (—) yKasbiBAIOT, 4TO 3TH IHEPrHH

e >p, o <. (8,10)

Heiicteurensno, samerus, uro E,(N+1)—F, (N)=~O0E /ON =p —

XHMHYeCKUH moTteHnuan npu 7 =0, nuiew, HampuMmep,

e =E,(N+1)—E (N+1)+E,(N+1)—E, (N)=
~E,(N+1)—E,(N+1)]+p.

Ho pashoctb B KBagpatHbix CKOOKax (rie o6e 3HEPrHH OTHOCATCH
K CHCTeMaM C O/IHHAKOBLIM YHCJIOM YaCTHII) NOJIOXKHTEJIbHA 10 OIlpe-
ACJIEHHIO OCHOBHOTO COCTOSIHHSI, OTKYAa M CJeAyeT, uto &) > .
K cmbicay onpenenenns (8,9) Mbl eme BepHeMCS HHKe.

CABHI NOTIOCOB YIEHOB CyMMBI (Kak (yHKUHE @), BBIpaxaeMuli
ciaraemeiMi {0 B MX 3HAMeHaTeJsiX, 3KBHBAJEHTEH [OSBJEHHIO
8-y HKILMOHHEIX MHMMBIX YacTeil COrsacHo npaBuay ?)

1 I__.
TI0 = Py Fiad (x). 8,11)
[Tpumenus ero x (8,7), HaliieM BCLIECTBEHHYIO 4acCTb T PHHOBCKOH
hyHKIHH

ReG((O, p):4n32p[‘4m6(l’~pm) _,_ Bm(s(P‘f—pm):I (8,12)

oTu—ep " efu—ey

H ee MHHMYIO YacTb (3/1eCh HAZO y4ecTh, YTO BCe PA3HOCTH &5 —u >0,
a Bce pasHOCTH eff’ —p < 0):

ImG (o, p)=
‘/—4n42Am8(p—th)6(co—}-p.——eﬁ;,“) npu o >0,
=3 " (8,13)
l 4n4ZBm6(p+Pm)6(w+u—sﬁ;’) apn o< 0.

Orcionia BHAHO, yTO BCerja
sign Im G (w, p)= —sign w. 8,14)

L Cp. I (43,10). 3mak P osHayaer, uro NIPH HHTETPHPOBAHHH BBIP2XKEHHUIf
BHAA [ (x)/(x£i0) HHTerpas KO/KeH NMOHHMATHCH B CMEICJE IMIABHOIO 3HANEHWA

y AL B % 1%-dx:pmf o).

x+ 0

Bropoit 4nen Bo3nHKaeT OT ofxoja mouoca X = — {0 (v x=1i0) no moayok-
PYAHOCTH CBepXy (MM CHH3Y).
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OTMeTHM TaK¥Ke acHMITOTHUecKoe noseienue ¢yHKuuu G (@, p)
IpH ®— oo, U3 (8,7) umeem

G (©, D)= E 34,8 (p—Py)+ B,d (0 +Pa)]-

m

Kosbhduuuenr npe l/o paBeH, Kak Jerko y6eJuThbcs, KOMIOHEHTE
®dypee no r;—r, oT

L Talt, )WL, 1)+ FE(E 1) Ta(t, 1)) =0 (1),

T. e, efuHuLe. TakuMm oOpasoM,
G(o, p)— /o npun |o|— oo. (8,15)

[naBHoe cBoficTBo ¢yHKUMH ['pHHA B HMMIIYJbCHOM MpeacTaBJe-
HHH COCTOHT B TOM, UTO €€ IOJIIOCHl MOTYT JIEXaTh TOJIBKO B TOUKAX
©=¢g,—W, TAe ¢€,-—ONpejeJeHHbe YKa3aHHbIM Bbile 06pasoM
JHCKpeTHEE SHepruu Bo3GyxueHHs cucreMbl. Kaxpas H3 3THX
3HEPruil OTBEeydeT ONPEAEJEHHOMY 3HAYCHHIO HMIYJ/bca CHCTEMsI P,
0 uYeM CBHJETeJbCTBYeT HaJHyHe COOTBETCTBYoWeH O-byHKIHH
B KaXJOM MOJIIOCHOM ujeHe dyukuuu I'puHa.

Hac, onnako, uurepecyer 3aech QyHKLHA ['puHa MakpOCKOMH-
YeCcKOro TeJa. IJTO 3HAYUT, UYTO pacCMaTpHBaeTcs MpeleJ, Korjia
o6vem V u uynciao yactun N crpeMmsitcs K GECKOHEYHOCTH (NpH 3a-
JaHHOM KOHEYHOM 3HaueHMH oTHomenus N/V). B stom upegene
pPacCTOsiHUS MeXIY YPOBHAMH CHCTEMBI CTPEMATCS K HYJW, MO-
Jocel QyHKIUE G (0, p) CAHUBAIOTCA H MOXKHO yTBEpKAaTh JHII,
yT0 3Ta (QYHKUUSA HMEeT MHHMYIO YacTh IPH 3HAYEHHAX P
B HENMPEPHIBHOH 006/MacTH BO3MOMKHBIX 3HaueHHH SHEPrHH BO3OYxIe-
HHA cHCTeMbl. VICK/OueHHEe COCTaBJSIOT, OAHAKO, BO30YXIeHHS,
B KOTOPBIX BeChb HMIYJBC P MaKPOCKOMHYECKOH CHCTEMbl MOXKET
ObITb NpPHUIHCAH BCEro OJHOH KBa3H4aCTHLE C OlpPeJe/eHHbIM 3a-
KOHOM JHCIEepcHH g (p) (HaOMHHMM, YTO B OCHOBHOM COCTOSTHHH
cucteMbl p=0); TakuM 3HAUYECHHAM OTBEYAIOT H30/HPOBAHHBIE IIO-
Jwocel ¢GyHkuHd I'puna.

Ecay e uMIyJbC P CKJI3JbBaeTcst U3 HMIYJbCOB HECKOJBKHX
KBa3HyacTHI, TO 2HepPrus CHCTEMBl YXe He OIpejessercs OfHO-
3HAYHO 3HayeHHeM pP: 3aJaHHBI HMIYJbC CHCTEMBI MOXKET CK.a-
IBIBATLCS Pas3/HYHBEIM 00pa3oM M3 HMIYJbCOB KBa3HYacCTHL, CyMMma
9Heprufl KOTOPEIX IIpo6eraeT IpPH 3TOM HEIPEPLIBHBIH PSAN 3HAYe-
HUH; HHTErPHPOBAHYE N0 BCeM TAKHM COCTOSIHHAM yCTPaHAET MOJIOC.

Takum o6pasoM, ypaBHEHHEM

G (e—p, P)=0 (8,16)

onpejessieTcsi 3aKOH JuclepcHu KpasuyactHl (B. JI. Bonu-bpyesuu,
1955).
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Iopuepkuem, uro cnoco6 ompenenenus SHEPTHH BO36YIKIEHHS,
coriacHo (8,9), KakK pas COOTBETCTBYET OIpejieJie HHIO 3HEpPTUH
KBasuyactuil B Teopun Jlangay. JleHicTBUHTENBHO, pasHOCTD €5 eCTb
H3MEHCHHE 3HePrHH CHCTeMbl IIPH R0OaBJEHHH K Hefl OZHOH wyac-
THUbI, NIPHUIHCAB BCe 3TO H3MEHEHHE OJHOM KBA3MYacCTHIE, Mbl
onperesseM & B coorBeTcTBHM ¢ (1,3). AHaloruuHnM o6pasom,
—&€p’ €CTb H3MEHeHMe SHEPTHH NPH YAAJEHHH OHOf YaCTHIB,
TaK 4TO &’ €CTb 3HEPTHS YAa/NeHHON KBAaSHUACTHIb. ECTeCTBEHHO
IOSTOMY, . 4TO &;” <M, TaK Kak B Teopuu JlaHjay KBasHyacTHua
MOXET GbiTb YAajeHa TOJBKO H3HYTPH tbepMu-chepsr ).

ITockoneky Bce ¢urypupymomue B passnioxeHnuH (8,7) Bo3byx-
ACHHBIE COCTOSIHHS MOJyYaloTCd H3 OCHOBHOTO COCTOSIHHS 106aB-
JICHHEM HJIM yla/Je€HHeM OJHOH YacTHLBI (CO cnuHOM 1/2), TO sicHO,
4TO JJISl CHCTEMBI (bePMHOHOB NOJIOCH (yHKIHH ['pHHa Ol peLeJIaioT
JHIIL CHEKTP 3JEMEHTapHbIX BO3OYXKIAEHHA (GEepPMHEBCKOro THIA.
Kak onpenensercss GoseBckasi BeTBb, GyzeT MoKasaHo HHXe, B § 18.

Onucanne cneKTpa MaKPOCKONHYeCKOH CHCTEMH € MOMOIIbIO
IIOHATHA O KBASMYACTHLAX C ONpe/e/eHHOH 3aBUHCHMOCTBIO € OT P —
NPHOJIHKEHHO® ONHCAHHE, TOYHOCTb KOTOPOIO MAajaeT C yBeJHYe-
HHeM |e—p|. OTK/IOHEHHE OT KApPTHHEL He3aBHUCHMbIX KBa3HYaCTHIL
NPOABJIAETCS B CIBHIe noJioca GYHKIHH I'DHHA B KOMIJIEKCHYIO
06J1aCTh: HEPTHA € (P) CTAHOBHTCS KOMILIEKCHOH. COrJiacHo 001 UM
IpaBH/IaM KBaHTOBOH MexaHuku (c. III § 134), Komm/eKcHOCTB
YPOBHEH 9SHEPIHH O03HAYaeT KOHEUHOCTh BPEMEHH KH3HH T BO3-
OyXIEHHOTO COCTOSHHS CHCTEMBI (T~1/| Ime|). Cama xe Bean-
YHHAa Ime XapakTepusyer cTeneHb «pPasMasaHHOCTH» 3HAYEHHH
SHEPrHH KBAa3HYaCTHUbl (WIMPHHA YPOBHA). Pasymeercs, Takas
TPAKTOBKAa HMEET CMBICJ JIHIIb NPH YCJOBHH AOCTATOUHON MaJIOCTH
MHHMOH yacti: |Ime|<€]e—p|. Kak 6b110 06BsIicHEHO B § 1, 3T0
YC/IOBHE NEHCTBHTEJBHO BHIIOJHAETCS ISl c1abo BO3GYHKAEHHBIX
COCTOSTHHH CHCTEMBI, OCKOJIbKY | Ime|~1/T oo (p—pr)?, B TO Bpemsa
KaK Re (e—p) oo | p—ppl.

Heo6xonumsiit 3nak Ime o6ecneunBaercs Ol PeJie/Ie HHOCThIO 3HAKa
MHHMOH wactH QyHKuud [puHa. LelcTBHTeNbHO, BGJM3H CBOErO
nomoca ata GyHKUMS HMeeT BHJ

Z
G (o, p)= TRy (8,17)
npuyeM nocrosinHas Z > 0, Kak 3TO CJefyeT H3 NOJOXKHTEJbHOCTH
Koapduunentos A,, B, B pasomenuu (8,7): BeJHuYHHy Z vya-
CTO HA3HBAOT (IO AHAJOTHH C KBAHTOBOH 3JIeKTPOLHMHAMHKOI)

1) O6paTuM BHMMaHHE Ha TO, YTO B onpejie/ieHHE SHEPTHM KBa3MYACTHI[ &5y’

BO3CYXJCHHEH YpoBeHb cucreMn E, BXOIHT CO S8HAKOM munyc. C 3TuM cBa3aH
H TOT aKT, YTO HMNYJALC 3THX KBASHUACTHIL p= —P,, Kak 5T0 BHAHO H3 8-(yHK-
uun 8 (p4-Py) B coorBETCTBYIOMEMX usenax pasaoxenns (8,7).
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neperopmuposouroll nocmoaxrol. MuauMas yacTb GyHKUHH ['pHHa
Zlme

lofp—e]®*

3aMeTHB, YTO 3TO BEIPa)KEHHE OTHOCHTCHA K 3HaueHUAM @ R E—

W CpPaBHUB ero 3HaK ¢ npaBugaoM (8,14), HalizeM, 4TO

Ime<<0 npu Ree>p,
Ime>0 npu Ree<p,

ImGx

(8,18)

KaK M JOJXKHO OBITh: Takofl 3HakK Ime B ofoux cayuasx (ef u &7
B (8,9)) cooTBeTcTBYeT NpPaBHJABHOH OTPHLATEJbHOH MHHMOH JO-
6aBKe K 3HepPTrHH BO30yXJEHHOTro cocTosiHMf E .

K aHanuTHYyecKHM CBOHCTBaAM TPHHOBCKOH (YHKIHH MBI Bep-
HeMmed ewe B § 36, rae sToT Bompoc OyJAeT pPaccMOTpeH cpasy JJs
o0Liero cayyasi MPOU3BOJIBHBEIX TEMIEPATYD.

§ 9. ®yukuusa I'puna ujeanbHoro gepmu-rasa

Jas namocTpanuu paCCNFOTPEHHbIX B NpeAblAyLleM naparpade
o6LMX COOTHONIEHHH BHYMCIUM ¢yHKHUIO I'puHa ujeannHOro rasa.

HlpeauHre poBCKUe AP-ONePaTOPhl BCEIAA MOXHO IIPelCTaBHTb
B BHJAE Pa3/OXKeHHUS

P (1) = 2 apatbpa (1) 1)

10 NOJNHOMY Ha6opy YHKUHH Ypy,— BOMTHOBBIX (PYHKLHH CBOGOJ-
HOH,4aCTHIBl ¢ UMIYJbCOM P (M Heprued p2/2m), T. €. MO NJIOCKHUM
BOJIHaMm

Ug,

'qucz,'—_- V-V el.'pr (9’2)

(4o — criMHOBas aMIJIUTYAa, HOPMHPOBAaHHAsA YCIOBHEM Ugly=1);
TaKoH BBHIOOD (YHKUHMH Ppo HE HMEET OTHOIIEHHS K pealbHOMY
B3aUMOJEHCTBUIO YACTHI B CHCTEME.

Ho pas cucremMel HeB3auMOJAEHCTBYIOIUX YacTUI, MOXKET OBITb
3amucaH B SBHOM BHJE TaKXe H Teli3eHOeproBCKHH P-omepaTop.
B 3ToM ciyyae mepexof OT HIpeJHHI€POBCKOTO K reid3eH6e proBCKOMY
IPeJCTaBJEHUIO CBOJAUTCS K BBEIEHHI0O B KaxXIbll wWIeH CYMMEI
B (9,1) cooTBeTCTByIOLIEr0 BPEMEHHOrO MHOMKHTEJS

Talt, 1) =Y dpatpe O exp [—i (F—n )] ©3)
pa

B 3toM serko y6enuThCsl, 3aMETHB, YTO MaTPHYHbIE 3JEeMEHTHl refi-
3eHGEProBCKOro omeparopa AJsl BCSIKOro nepexopga [ —-f JOJIKHBI
cojepaTb MHOXKHTeIH exp[—i(E;—Ef)t], rae E;, Ej—3Heprun
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HayaJIbHOro M KOHEYHOrO COCTOSIHMH (B JaHHOM cJyuae 3TO—Co6-
CTBEHHBIE 3HAueHHA raMHJIbTOHHaHa H' = H—pN). [as nepexona
C YMEHBIIEHHEM YHCJIa YaCTHL B COCTOSHHH po Ha -1 pasHOCTH
E;—E;=p¥2m-—p, TaK 4T0 yKasaHHOoe TPeGOBAHHE BHIIOJIHEHO.

Onnako, BMeCTO NpPAMOro BHIUHC/HEHHA (GyHKUHH I'pHHA ¢ mo-
Momebio (9,3) no onpegesenuto (7,10), yno6Hee cBecTH CHauaja
5TO ONpeje/eHHe K IKBHBAJEHTHOMY eMy AH(depeHIHAIbHOMY ypaB-
Henuto. Jlna storo mnpoaudoepennnpyem ¢yurumio Gep (X, — X,)
mo t,. Ilpn stoM Hago ywectb, uTO B TOuKe f, =1, 3Ta (PyHKIUS
paspreiBHa. [leiCTBHTENbHO, COrVIaCHO ompenenenuio (7,10), ckauok
QyHKIHH

[Gap]=Gap lt,= t,4+0—Gup |1,= t,-0 =

= —icWa (t;, 1) Ui (£, )+ V5 (4, 1) Valty, 1>

uiad B cuay (7,3)1)
+ [Gap] = —iagd (r, —r,). 9,4)

Hamuyne cxauka mpuBOAHT npu 1udbepeHIHPOBAHUH K NOSIBJACHHIO
uneHa [Gupl 6 (¢, —1¢,). TTosatomy .
3 ~ s 0Va (X)) g .
5 Oop = —i (T —5n T (X,))—iBagh (r,—1,) 8 (£, —1;).  (9,5)
Has cucteMbl CBOGOJHEIX YaCTHI, Feii3eHGeproBCKHi p-onepatop
YIOBJIETBOPAET ypaBHEHHIO
. oV 1 @ -
LWO&—' “————'WAW“—MIPQ
(cp.7,8)). TMoacraBuB 5Ty nponssoguyio B (9,5) H CHOBA BOCTIOJB30-
BaBIIHCh onpefesenueM (7,10), nonryunm ypaBHeHHe A5 QyHKIHH
I'puna

. 0 A
-~ (gt ao, =50 s, 9.6)
TIe yiKe MOJI0KEHO Gh = 0,5G, a uupekc (0) y G YKashIBaeT OTcyT-

CTBHE B3aHUMOJCHCTBHA MEXKIY YaCTHIAMH.
[Ipeo6pasyem sTo ypasHenue no ®ypoe:

(w-—g—:}ﬂ) G (0, p)=1.

Onpenesisis OTClOZa IPHHOECKYIO (yHKIHIO, Hazo A06GaBUTh K © Gec-
KOHEYHO Ma/ylo MHHMYI0O 4YacTb TakKHM o06pa3oM, uyTo6bl MHHMas

1) TloguepkreM, uTO BeJHUMHA STOTO CKauKa Boofiie He 3aBHCHT OT B3aHMO-
JeHCTBUA YacTHIl
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yacTb G MMesa NMpaBHJAbHBIA 3HaK (B cooTBeTcTBHH C (8,14)):
GO (@, p)= [0—F+p+i0-signo| . (9,7)

TTostoc 3TOrO BEIpaXKEHH S JEKUT NPH ® + P =& (p) = p*/2m B COOTBET-
CTBHH C TeM, UYTO B HjeaJIbHOM rase KBa3HYaCTHIILI COBNAAAIOT C pe-
aJbHBIMH yacTHlaM¥. XHMHYeCKMH NOTeHIMas HAeaJbHOro (depMu-
rasa p = p%/2m. Jns cna6o Bo3OYKIACHHBIX COCTOSTHUHM p 6JHU3KO K pp,
TAK YTO MOXKHO 3aMeHHMTb p%2m = W+ Vp(p—pp (T Vp=pg/im)
H Ans TaKuX cocTosHuf NMepenucaTh QyHxuuo [puHa B BHIe

GO (o, p)=[0—vp(p—pp) +i0-sign o]~%. 9,8)

[1pu BcAKHX MHTETPHPOBAHHAX C yuyacTHeM ¢yHKUMH G Hamau-
yge GeCKOHEYHO MaJ/IOH MHMMOH yacTH B ee 3HaMeHaTeJe CYIICCT-
BEeHHO TOJBKO BOJM3H MOJIOCA, KOTAa ® X Up (p—pp). B 3ToMm
cMBicaIe signw B (9,7) MOXKHO 3aMeHHMTb Ha sign (p—pg) B HaHCATb
G B Bujge

G (o, p)=[o—p¥2m-+p+i0-sign (p—pp]~*. 9,9

Takasi 3aMeHa CYIIeCTBEHHa B TOM OTHOIIeHHH, uTO B BHJIE (9,9) G
OKa3blBaeTcsl eIMHOM aHaJHTHYeCKOH BO Bcell IJIOCKOCTH QY HKIIHeH
KOMIIIEKCHOH INepeMeHHO!l ® M A/ BBHIYHCJEHHS HHTErpasoB MOIKHO
[0Jb30BAaTLCST METOLAMH TEOPHH aHAJUTHYeCKHX QYyHKIHUH.

Tak, AJd BLIUMCJCHHMS HHTerpaJa (7,23) (pacnpelieleHHE YaCTHIL
[I0 HMIOYJbCAM) TPH OTIMYHOM OT HYJIS OTPUIATEJNBHOM [ 3aMBIKaeM
NyTh HHTETPHPOBAaHHUA (BeuwjeCTBEHHAS OCh @) GeCKOHEWHO yIaJeH-
HOH TOJYOKPYKHOCTBIO B BepXHeH MOoJyNJOCKOCTH ([OC/e 3TOro
MOKHO 10/0kKHUTh { =0), HUuterpaa

i de
N@p= ——QES © — p2/2m+ pn-+10.sign (p — pp)

onpefensieTca Telepb BHUETOM NOABIHTErPAJLHOIO BHpPAaXKEHHUs B IIO-
Jioce, HaxojsileMcsi B BepxHeil moaymniockoctd. I1pu p > ppTakoit
noJioc OTCyTcTBYeT, TaK 4To N (p)=0. Ecau %)e p < pg, TO Haxo-
AuM N (p) =1—Kax H J01KHO OhlJIO OBITh A5 OCHOBHOT'O COCTOSHH S
HaeanbHOro ¢epMu-rasa.

§ 10. Pacopepesenne uyacTvy (hepMH-KHMAKOCTH [0 HUMOYJbCAM

T'puHOBCKas GyHRUKS PepPMH-IKHAKOCTH He MOXKeT OHTh, KOHEUHO,
BBIUMCJIEHA B OOIIEM BHJe, KaK 3TO OBbLIO clesJaHo AJs gepMH-rasa.
Ho yrBepxkaenne o ToM, 4TO (pepMH-KHAKOCTE 0GJAfaeT CIEKTPOM
omucaHHoro B § 1 THma osHayaer, yto ee ¢yHKUHA [ puHa mMeer
[OJIIOC TPH

=g (p)—W~Vp(P—Pg), Up=ppm* (10,1)



58 TPHROBCKHME ®YHKIMU GEPMH-CUCTEMH NPy T =0 [rn. u

Hpyrumu crosami, oHa MOXeT GBITh IpeicTaB/eHa B BHUJIE

Z
GO P =G rsms T€@ P, (10,2

rae g (o, p)—¢yHKuHEs, KoHeunas B touke (10,1). Kax ymxe 6biio

OTMEYeHO B CBA3M ¢ (8,17), kosbduuuenr Z (BbueT dpynkuuu G B no-
JIIoce) MOJIOXKHTE/IEH.

W3 Boipaxenus (10,2) MOXHO clenaTh HHTEpeCcHOe 3aKJIOYeHHe

O XapaKTepe pacnpefie/ieHHsi YaCTHIL XHAKOCTH (He KBa3uyacTHill)

no uMmnynascaM. Mmenno Boiymcaum pas-

we) HOCTb 3HayeHHHd (YHKUHH pacrpepejeHus

bt I N (p) (baktuyeckH 3aBuCsIled JHIIb OT a6-

J COJIIOTHOH BEJMYHHB p) 1O 06e CTOPOHHI

» TIOBepXHOCTH ¢epmu-cdhepnl, T. e. mpegen

pasHocTH

f N (pg—q)—N (pg+9)

npu g=-+0.
Puc. 1. Pacnipenenenne N (p) Bmpaxkaerca ue-
pes ¢yuxwimo I'puHa uHTerpajtom (7,23).
BBuny koneuHocTH QyHknuM g (0, p) 3apaHee OYeBUIHO, YTO
Pa3HOCTL HHTErpasioB OT Hee OyaeT CTPEMHTBCS IIPH ¢ — 0 K HY.JIIO.
ITosromMy foCTaTOYHO paccMOTPeTh JMIIB PasHOCTH HHTErpajoB OT
IIOJIIOCHBIX yneHoB B (10,2). ITockombKY NIpH MHTErpHPOBAHUHY usIeH i
B 3HaMeHaTeJe CYLIECTBEH TOJLKO BOJH3H I0TI0CA, MOKHO (KaK yiKe
ObLI0 yKa3aHo B § 9) nucats sign (p— pp) BMecTO sign . Torga umeem

.w VA z dw
N (pg—q)—N (pp-+q)=—i S {m+qu—i0 T 0—upgti0 }7“—

—®

(BBHAY CXOAMMOCTH 3TOrO WHTErpana OT Pa3HOCTH, MHOXKHUTEJn e~iof
¢ t=-—0 B HeM MOXHO ONYCTHTE). 3aMbiKas Teleph NyTh HHTETPH-
poBatug GeCKOHEUHO y/a/Ie HHOM MOMYOKPYKHOCTBIO (BCE PaBHO B KO-
TOPOH U3 MOJYIIOCKOCTeH), HaliieM, 4TO Bech HHTErpaJl paBeH Z
H He 3aBHCHT OT ¢. TakuM o6pasoM, HMeeM

N (pp—0)—N (pp+0)=Z (10,3)

(A. B. Muedan, 1957).
Boiwe 6e10  ykaszano, uro Z > 0. ITockombky N (p)<<1, 1O
u3 (10,3) cuaenyer, uro

0<Z< (10,4)
(mpuyem 3HaueHHe Z==1 JOCTHraeTcs JMIIb B NPeNeJbHOM Cayyae
HJeaJIbHOTO rasa).
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TakuM 06pa3oM, pacrpeneseHHe YacTHIL 10 HMIyJbcaM B depMu-
xunkocty npd T =0 umeeT, Kak H B rase, CKa4oK Ha [OBEPXHOCTH
tdepmu-chepsl, yMeHbIIASCh B HaNpaBJCHUH U3HYTPH chephl HAPYXKY.
B otsiuyue ot cJjayyas rasa, BeJHYHHA CKayKa, ONHAKO, MEHBIIIE eJH-
HUIBI, H GyHKOUA N (p) ocTaeTcs OTJUYHOH OT HyJ/s TakKXke W NpH
p > pp, KaK 3T0 NOKa3aHO Ha PUC. ] CIJIOMWHOH KPUBOH (IyHKTHPHas
JUHHUS OTBeYaeT rasy).

§ 11. BrpluxcreHHe TepMOAMHAMHYECKHX BeJHUNH
no dbynxuuu Ipuna

3HaHue IPHHOBCKOH PYyHKIHH CHCTEMbl JOCTAaTOUHO JJI1 ONMHCAHHUSA
ee TepMOiHHaMHYecKHX cBoicTB. Ilpu T =0 3TH cBOHCTBA BhIpaXa-
I0TCS1 3aBHCHMOCTbIO 3HEPTUH CHCTEMb (coBNajawineil ¢ sHepruefl
OCHOBHOTO cocTosiHHA E,) oT maornocta N/V.

[Tocsie Toro Kak ompeneseH (peiesueM ypaBHenus (8,16)) sakon
JUCIepCHE KBA3HYaCTHI €(p), 3Ty 3aBHCHMOCTb MOXHO HaiTH, BO-
CN0JIb30BABIIUCDh TEM, YTO

e (pp) = - (11,1)
[TockoabKy 3aBUCUMOCTb pp oT N/V ussectna, corsacho (1,1),
pp= (303N V)12, (11,2)

pasenctso (11,1) onpepensier pynkuuo w(N/V) (X0t u B HessBHOM
BUJE, TaK KaK H 3aKOH JHCNEPCUH € (p) COLePKUT, BOOOIIE TOBOPA, W
kak napamerp). Ilpu 7 =0 (a notomy u S =0) XUMHUECKU} NOTEH~
uuan p = (0E,/ON)y; HHTerpHPYs 3TO PaBEHCTBO, HaliieM HCKOMYIO
SHEPTHUIO

N
Eo=3‘u (-’VK) dN (11,3)
L
0
(upu N =0, pasymeercs, u E,=0).

Ilpyroil crnoco6 OMHCaHKS TePMOAHHAMHYECKHX CBOHCTBIIpU T =0
COCTOMT B BBHIYHCJEHHH TepMojHHaMHuecKoro mnorennuana £2. Co-
raacao ofiemy omnpeneseHuo (cM. V. § 24), srOoT noTeHUHan
Q=FE—TS—uN =—PV u ero pupdpepenunan dQ= —SdT —Ndy;
npu T =0 umeem Takke M S=0, U 3TH BHIPAXKEHHUSA CBOZATCA K

Q=FE—pN, (11,4)
dQ = —Ndp. (11,5)

HanoMHUM TakKe, YTO IO CMBICJY MOTeHNHaJja Q OH ONHCHIBaeT
cBoiicTBa cHcTeMbl npu V= const.

[pocrefimmii cnoco6 BepasuTh £ yepes Gpyukuuo I'puia coCTOUT
B Hcrob30Banuu cBsasu (7,24) N/V ¢ G. Tloacrasus N u3 (7,24) B (11,5)
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U uHTErpupys mo dp (mpu V =const), mosyynm

n
R . d3pd
@) =20V [du- Jim [0, Dt SR, (116)
MOCKOJbKY, ONATh-TakH, Q=0 nmpu p=0.

§ 12. ¥-onepaTopbl B NMpeicTaBJeHUH B3aHMOJeHCTBHUS

I'puHOBCKYI0 QYHKLUHIO CHCTEMBl B3aUMOJAEHCTBYIOUINX YaCTHI
Hesb3s, pasyMeercsi, BBIYHCJAHTHL B obmeM Buge. CyuecTByeT, Of-
HaKoO, MaTeMaTHyeckad TexHHKa (nojpofHas nuarpaMMHOM TeXHHKe
KBAHTOBOH TEOpHH TOJA), MO3BOJAIONIAN BLIYHCJAATDL €€ B BUIE psja
IO CTENeHAM SHePTHH B3auMoAeHCTBHA wacTull. IIpu 3TOoM KaxKapli
ujeH psna BhIpaxaercsl yepe3 GyHKIHH I'pHHA CHCTEMBI CBOGOJIHBIX
YaCTHIL M OMepaTop B3aHMOAEHCTBUSA.

BBezem, HapaARy ¢ refiseHOeproBCKUM, €llie W JpYyroe TpeicTas-
JeHHe ONepaTopoB—IpeACTaBJeHHe, B KOTOPDOM HX 3aBHCHMOCTD
OT BPEMEHH ONpelensieTCs] HE UCTHHHBIM FaMHJIbTOHHAHOM CHCTEMBI

BB 0LV RO—pf T
(V—omnepatop B3auMOAEHCTBHA), a4 TaMUABTOHUAHOM CBOGOAHBIX
yactur, H'®;

$, (¢, 1) =exp (B’ © 1) (r) exp (— if’ ©¢). (12,1)

OnepaTopn! H BOJHOBBIE (DYHKIIHH B 5TOM MpeAcTaBJIeHHU (TaK Ha-
3biBaeMoe npedcmasgrenue e3aumodelicmeus) OyAeM OTJIHYATb HHJEK-
com 0. Boipasus ¢ynkuuio I'puna uvepes omepaTopnl W, (BMecTo
refizen6eprockux W), Mbl TeM caMbIM clesaeM mepBblfi IIar K Jo-
CTHXKEHHIO TOCTAaBIeHHOH LeMH — BhipaxeHnuio G gepes G© u V.

O6osnauum B 3ToM mnaparpade OyxBoit @ (1M @) BOJHOBHE
(GYHKIHH B «IPOCTDAHCTBE YHCEJ 3aNOoJHEHHS» (B OTJIHYHE OT KO-
ODIAHHATHBIX BOJHOBBIX GYHKUUE ¥ uan P); Ha 3TH QYHKIUHA AeiicT-
BYIOT BTOPHYHO-KBAHTOBAHHBIE omepatopsl. IlycTh ¢-—Takast GyHK-
LKA B LIPeZHHTePOBCKOM N PEICTABJEHHH; ee 3aBHCHMOCTB OT Bpe-
MEHH ONpefie/IsieTCs] BOJHOBHIM ypaBHEHHEM

. 0 iy 2
iSE=(H"+TV)e. (12,2)

B reiiseH6eproBckomM npeicTaBJeHUH, rje BcS BpeMeHHas 3aBHCH-
MOCTb MepeHeceHa Ha OllepaTOphl, BOMHOBafd (yHKUHMsT cucTemsl D
BOOOIE He 33aBHCHT OT BpeMmeHH: D =const. B npeacTaBjednu xe
B3aUMOJEHCTBHsI BOJHOBas (ynkuus @, 3aBHCHT OT BPeMeHH, HO
3Ta 3aBHCHUMOCTb CBf3@aHa TOJBKO CO B3aHMOACHCTBHEM YaCTHI[
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B CUCTEMe U ompejeJisieTcsad ypaBHeHUEM
.0 5 ;
P57 Do (1) =V, (5) Dy (1), (12,3)

rie
V,=exp (i’ @ 1)Vexp (— iH'©¢) (12,4)

— omepaTtop B3auWMONEHCTBHA B TOM e NPEACTaBjeHHH (B Omepa-
topax BHAa (7,6—7) mepexoj K 3TOMY MNPEACTABJIEHHIO CBOLHTCH
npocro k 3amene ¥ na ¥,). Ypasuenue (12,3) jerko moJyuuThb,
3aMeTHB, YTO NpeofpasoBanuio omeparopos, coraacHo (12,1), orse-

yaeT npeoGpasoBaHHe BOJHOBBIX (QYHKIHH COrJacHO
D, =exp (iH @) ¢ (12,5)
(em. 11T § 12). Huddepentupys 3TO BBIPAXKCHHE C YYETOM (12,2),
noayuum (12,3)1).
B cuay (12,3) snauennss @, (f) B xBa GecKoHEUHO OJIHU3KHX MO-
MEHTa BPeMeHH CBS3aHBl APYT C APYroM paBeHCTBOM
@, (t +6t)=[1 — i8¢tV (£)] @, (¢) =exp {— i8t-V, ()} @, (£).

CooTBeTCTBeHHO 3Hauenue @, B NPOH3BOJbHLIN MOMEHT [ MOXKET
GHITh BBHIDAXKEHO Uepe3 3HaucHHe B HEeKOTOPHIli HauaJbHBEIH MOMEHT
ty (£, < 1) Kaxk

D, (1) =S (£, 1) Dy (t0), (12,6)
rape
t
8t to= 11 exp{—idt-V,(ta}, (12,7)

TNpHYEM COMHOXKHTEJH B 3TOM TNPOU3BEJEHHH DPAaclOJOXKEHbI, Oue-
BHAHO, CIpaBa HajeBO B NMOPSAAKE BO3PACTaHUs BpeMeH f; moapa-
3yMeBaeTCsl Mpejes IPOM3BENEHHS [0 BCeM GeCKOHeWHO MasbiM HH-
teppaiam 8f Mexny f,u ¢. Ecan 66l V, (f) 6110 o6euHON by HKIHeH,
TO 3TOT Mpejes CBOAHJICA Obl MPOCTO K

exp{——i (v, dt}.

to

Ho rakoe cBeleHHe OCHOBAHO Ha KOMMYTATHBHOCTH MHOXKHTEJEH,
B3ATHIX B DAa3JHyHble MOMEHTHl BDEMEHH, MOApasyMeBaiollelics: MpH
nepexoje OT MPOH3BeNEHHS B (12,7) Kk cyMMHPOBAHHIO B [I0Ka3aTele.

Ilns onepartopa V,(f) TAaKOA KOMMYTAaTHBHOCTH HET H CBEJEHHE

1) Ypapuenne (12,3) coBnagaer ¢ ypasnennem 1V (73,5), u cJeRYIOIHA HHXKe
NpomECC €ro pellenHs MoBTOpseT manoxenne B IV § 73.
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K OOBIYHOMY HHTErpany HEBO3MOXHO. BMECTO 3TOro MOXKHO 3amucath
(12,7) B cMMBOJHYECKOM BHJe

t
8(t, t) =Texp {—iSVo(t)dt}, (12,8)

to

rae T—CHMBOJN XPOHOJIOTHUECKOTO PAacCIOJIORKEHHsT MHOXHTesed
B TOH XKe NOCIeNOBATEJbHOCTH, yto B (12,7), T. €. cnpaBa Ha/leBo
OT MeHbILIHX BpeMeH K GOJbIIHM.

Onepatop S ynutapen (S-=S8*) u obaagaeT OYeBHAHLIMH
CBOHCTBAMH:
S(tm tz)S(tzy tl):S(tm tl)’

N 2 > (12,9)
Sty £)STH(t,, ) =871ty 1)

I ynpoumeHust fafibHEHINHX pacCcyXaeHHH caesaeM dopmasb-
HOe Mpeano/oKeHHe (He OTpaXkarwlleecss Ha OKOHYATENbHBIX Pe3yJib-

TaTax), uto B3auMmojeficrBue V, (f) agunaGaTHyeCKH «BKJIOYAETCH» OT
{ =-—o00 K KOHEYHBHIM BpeMeHaM U ajuabaTHUECKH «BBLIKJIIOYAETCH»
npu ¢ = - oco. Torga npu { — — oo, 10 BKJ/IIOUEHUS B3aHMOJEHCTBUS,
BoJTHOBas Py HKu s @, () coBnanaer ¢ refiseH6eproBekoil Gy nxnuei @.
[Tomoxup B (12,6) {;=— oo, nosyyum

@, () =S (¢, — 00) D. (12,10)
YcTaHOBHB, TAKHM 06pa3oM, CBSI3b MEXAY BOJTHOBBIMH (Y HKLHSMH

B 000MX MNpeACTABJEHHSAX, Mbl YCTAHABJMBAEM TEM CaMbiM H 3aKOH
npeo6pa3oBaHHA ONEPATOPOB, B TOM YHCJE Y-ONEPATOPOB:

¥=38-1(t, —o0) T,8(t, —o0). (12,11)

B cuny ynurapHocTH S no TakoMy e 3akomy npeoGpasywores
" onepartopu ¥+,
- BeipasuM Tenmepb pynknuio I'puna yepe3 Y-onepaTopsl B Npe-
cTaBJleHuH B3aumofercteusl). Ilyers £, > £,; Toraa
Gap (X1, Xo) =—i ¥a (t,) ¥§ (1)) = .
=—1i<871(t;, —o0) ¥y (f,)S (¢, —o0)S71(f;, —o0)X
X¥Wip (£5) S (2 — o0)>.

CornacHo (12,9) umeem
S(tl,—oo)S'l(fz,-—-oo)=§(f1,fz)g(tz,—oo)S‘l(fg,—oo)zg(fl,fz),
S-1(t, —o0)=8"1(t;, —o00) 81 (o0, ;)8 (o0, )=

=8-1(c0, —0) 8§ (o0, t,).

1) Orot BbIBOA mOBTOpSiET paccyxjedus B IV § 100,
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IlopcraBasis B NpeiplAyuiee BblpakeHHE, MOJYYHM
Gop (X5, X,)=
=—i <81 (00, —00) § (00, t,) Wou (1) S (1, t,) Fip (2,) S (£ — o).

[lonumass omepaTopsl S kak mpousBeseHHs (12,7), MBI BHIHM, YTO
BCE MHOXKHUTENH B yCpeJHSAeMOM BhIpaxXkeHWM, HAYHHAS CO BTOPOro,
PACToJIOXKeHbl B XPOHOJOrMYecKOM MOpPSAJKE CIOpaBa HaleBO OT
t=—o0 10 t=o00. [ToaTOMy MOXHO HamHCaTb

Gap (X1, Xo)=—i<S*T[Vou (1) Tin (1) S, (12,12)

rie 0003HAUYeHO

@

( .
8 =38 (c0, — c0)=Texp i—i { 7, att. (12,13)

Brruncenenus npu ¢, < ¢, OTAHYAIOTCS OT MPOM3BEAEHHBIX JHIIb
0603HayeHHsIMH, U OKOHYaTeNbHbH pe3ynabrat (12,12—13) cnpasex-
JMB NPHU JIOOBIX 1y, 1,.

ITpousBeneHHOe MpeoGpasoBaHHe He 3aBUCHT OT TOrO, O KAKOMY
COCTOSTHHIO CHCTEMBI NojpasyMeBaercs ycpeiHeHue. Ho ecnu ycpen-
HEHHe NPOM3BOAMTCS 10 OCHOBHOMY cocTosiHHIO (Kak B (12,12)), To
npeo6pasoBaHHe MOKeT OBITb NPOJABHHYTO ele U AaJblue. s sToro
3aMeTHM, 4TO ajvabaTHyecKoe BKJ/OYeHHE MJIH BHIKJIOUEHHE B3aHMO-
JeficTBHA, KaK BcAKoe anuabaTHyecKoe BO3MYIICHHE, He MOXKET Bbl-
3BaTh Ilepexofia C H3MEHeHMeM 3HEPTMH KBAHTOBOH CHCTEMBI (CM.
IIT § 41). Tlostomy cucTeMa, HAaXOAMBIIASCA B HEBLIPOXKJIEHHOM
COCTOSIHHM (KaKOBbIM H SIBJSIETCS OCHOBHOE COCTOSIHME), B 3TOM

COCTOSIHUH H ocTaeTcs. JIpyTHMH cJoBaMH, JieficTBHe oneparopa S
Ha BOJHOBYIO QYHKUHIO O = (— o0) HAOJKHO CBOAUTbCA K yMHO-
XEHHIO Ha (HeCyIeCTBe HHbIA 115t COCTOSIHHS) (ha3OBbIi MHOXKHTENb —
cpefiHee 3HaAyeHHE S B ocHOBHOM cocTosinuu: S®=<S>®. Touuo
tak e O*S-1=¢S)~1@*. Takum 06pa3oM, OKOHYATEJLHO [10yYaeM
caenywomyo ¢opmyay Aasa yHkuud I'puHa, BhpaeHHOH 4Yepes
ollepaTopsl B NpeACTaBJEHHH B3aUMOJEHCTBHA !):

. t 3 5 2
iGap (X1, X)) == <T[Pu (X) ¥ (X SD. (12,19

Ilo cMblcny 3TOro mpejicraBleHHs ycpefHeHue B (12,14) npous-
BOAMTCS ITIO OCHOBHOMY COCTOSIHHIO CHCTEMBI CBOGOJHBIX YaCTHIL.

1) OrMeruM HEKOTOPYIO YCJAOBHOCTH o6o3Havenuil B (12,14): xots cumpoa T
B HeM OHIypuHpyeT ABaXKAbl (B SIBHOM BHJIe H B onpeleneHHH S), HO B JAeHCTBH-
TeJbHOCTH BCe MHOXHTEJH B TPOU3BEJEHHH JOJUKHBI PacCTaBJATBCS B eHHOH
XPOHOJIOTHYECKOH MOC/1eA0BATENbHOCTH.
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HeiictBuTenbHO, cBOMCTBA onepatopoB ¥, COBNanamT CO CBOACTBAMH

refisen6epropckux omnepartopos ¥ B OTCYTCTBHE B3aMMOMEHCTBHI,
a refiseHGeproBckast BOJIHOBas QyHKUHA @ OT BpeMeHH HE 3aBHCHT,

TaK YTO COBNAjaeT CO CBOUM 3HAYeHHEM IpH { = — co, KOTJa B3aH-
MmofeficrBue orcytcTByeT. [losToMy, B YacCTHOCTH,
TWoo (X)) ¥ip (X2)> =G (Xy, X5) (12,15)

ecth Gyukuusa ['pHHE cHCTEMBl HEB3aHMOJEHCTBYICIIHX YaCTHII.

§ 13. JnarpaMMHas TeXHHKa Jjs (epMH-CHCTEM

CMblcs1 CHMBOJIMYeCcKHX BblpaxeHnil tuna (12,14) coctouTt B TOM,
YTO OHH JAIT BO3MOXKHOCTH JIETKO HAMCaTh NOC/eJ0BATE/bHbIE

yJTeHbl pasjoxeHHH no crenenam V. Tak,

TVoo (X) ¥ (X)) S =

f: o S di,. .. S dt, <TW00 (X) T (X)V, (8). . .V, (2>,

(13,1)

a BeIpaxeHHe LI <S> OTIHYaeTCs OT HAMHCAHHOTO JHIIb OTCYT-
creueM MHOXHTened ¥ ,¥iz non swakom T-npoussegenusi. Kak yxe
6bt0 ykasaHo, omepatop V,(f) B MpeACTaBNeHHH B3aHMOAEHCTBUS
noanyuaercsa H3 (7.7) 3ameHo#l Bcex ¥ Ha W,. BrlyncieHHe mocie-
JOBATEJbHEIX YJICHOB pasJsoxenus (13,1) ceogures, ciaegoBaTeabHO,
K BBHIYHCJCHHIO CDEJHHX IO OCHOBHOMY cOCTOAHHUIO OoT T-mpousse:
JeHHsT pasjHYHOrO YHCJa P-onepaTtopoB CBOGOAHBLIX YACTHII.

ITH BHIYMCJEHHS B 3HAYHTEJNBHOH CTENEHH ABTOMATH3HPYIOTCSA
C NOMOLIBIO NPABUJI JUAZPAMMHOL MeXHUKU, KOTOpbie, OAHAKO, CY-
IMEeCTBEHHO 3aBHCAT OT Xapakrepa HCcaefyeMoH (H3HNYeCKOH cH-
creMmbl. Manaraemass B 3ToM naparpade TeXHHKAa OTHOCHTCS K He-
CBEPXTEKyUYHUM ¢epMH-CHCTEMAaM, NpPHUYEM B3aUMOJLEHCTBUE YACTHIL
MPE/IONAraeTCsl NAPHBIM M HE 3aBHCAIMM OT CIHHOB. COOTBeTCT-
BYIOWIUA oOmepatop B3auMOJeHCTBUA:

Vo (t) =
=g T E T, U E—r) Ve, 1) To ¢, 1) dosxy do,,
(13,2)

rae U (r,—r;)—sHeprus B3auMopeHcTBHA [ABYX YaCTHU (HHAEKCHI
(2) y V u U onyckaem).
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CpenHee 3HaueHHe IPOH3BEJEHHH P-OlEpPaTOPOB BBIUHCAAETCA
C TOMOINLI0 meopemst Buka, koTopasi ryacur!):
Cpezmee OT NPOU3BENEHHs JIOGOr0 (4eTHOTO) YHCJA OllepaToOpOB

¥ u ¥+ pasno CyMMe NpOH3BelJedn#l BCeX BO3MOMKHLIX NONApHBIX
CpeIHHX (CBEPTOK) 3TUX OHepaTopoB. B Kaxjpol nape oneparops
CTOAT B TOH 2Ke IIOC/eJOBATENBLHOCTH, YTO M B IIepBOHAYaJbHOM I po-
H3BeJeHHH. 3HAK KaXJIOTo uJeHa B CYMMe OIpelensieTci MHOXKHTe-
JaeM (—1)F, rge P—uHCJI0 IepecTaHOBOK OIEPaTOPOB, KOTOPHIE HAJ0
IIpOU3BeCTH, YTOGLl [IOCTABHUTL PALOM BCe YCpPeJHSeMble OIlepaTopHI.

OT/HYHEL OT HYJA JIUIIL CBEPTKH, B KOTOPEIE BXOJHT OJHH OIepa-
Top ¥ ¥ ogun W*: B guarosajbHOM MaTPHUHOM 3JE€MEHTe BCe ua-
CTHILI, YHHUTOXaeMble onepatopoM ¥, JOJXKHEL ObITh BHOBL DOXKe-

Hbl onepartopom ¥*. flcHo nostomy, 4Tto CpeiHee OT IPOU3BEJEHHS
HECKOJIbKHX 1-ONepaTopoB MOXKeT OBITb OTJIHYHO OT HYJSI, TOJBKO
eCJH B HEM CONEPKHTCH OJHHAKOBOE UHCJIO omeparopos ¥ u ¥+,

B npumenenuu kK cpeanemMy ot T-nmpou3BeieHHA TeopeMa BuKa
II03BOJIAET BLIPA3UTh €ro uepe3 CPeiHHe OT MonapHuX T-npoHsBe-
JeHHH, T. e., corjacHo (12,15),—uepe3 rpuHOBCKHE (PYHKIIHU CBO-
GopHblx yactHu. CruesaeM 3TO JJs IONPAaBKH IEPBOr0 MNOPAAKE
B GYHKUHH ['pHHA CHCTEMBl B3aHMOACHCTBYIOIUX YAaCTHIL.

IlpenBapuTeibHO OTMETHM, YTO [IPH PAcKpBHITHH IO TeopeMe Buka
BbIpaxkeHHd B yHcauTesae ¢opmyasl (12,14) BosHHKawT, B yacTHO-
CTH, YJeHbl BHJA

T 00 (X1) Tap (X0)> <S> =G (X1, X)<S>,  (13,3)

B KOTOPHIX Napa «BHEIIHHX» (IO OTHOLIEHHIO K S) y-omepaTopos

CBOpayUBaeTCs Mexkny coGol; BeIpaxeHHe e <S)> COAePKHUT (B Kax-
JIOM UujieHe €ro pasJoMKeHHs) JHIIbL CBEPTKH «BHYTPEHHHX» orepa-

TOPOB MeXAy co6oii. MHOXHUTENb <S> UEJHKOM COKpamaercs €o
3HameHareseM B (12,14), u, TakuM o6pa3oM, BCe 3TH UJeHH JAOT

NPOCTO «HEBO3MYIIEHHYIOS TPHHOBCKYIO GYyHKIHIO iGYy.
OcraBue B (13,1) nBa mepBHIX UJeHa pasJ/OMKeHHS, IOACTABHB
(13,2) u nepeo6o3HaYHB INePeMEHHbBIE, MOJYYHM

iGap (X1» Xa) ~ iGSY +iGSY,
rae

lG(l) = — % <Tlfrooc (Xl) lir:ﬁ (Xa) X

x § dt §doxgdon, Ut 1) Wi (6,0 U (1 —1) Ban (¢, 1) Toy (£,7).

1) Uro6n He pa3buBaTh H3JOXKEHHA, JOKA3aTeJBCTBO 8TOH TeODEMHl OTJIOKHM
Ha KoHell naparpada.
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Jas 6onbluefi KOMOAKTHOCTH 3anucH (opMy/a BBeleM o603HayeHHe
UX,—X)=U(r;—r,) 6 (t,—1,). (13,4)
Torpa?d)
6 =—+ S T 800000, 05 U, di X, diX,,
rae d*X =df d3x.

Uro6bl ycpemHHTh MO TeopeMe BHKa, BHIIHIIEM OTAEJAbHO OIle-
pPaTopel M M306pasuM BCe HYXKHbE BAPUAHTH CBEPTOK:

4
(%G N~ F Y @w
+4 ‘Fér—_\ Y3 s Wa¥s + ¥y 11”2 A2

CorsacHo cka3aHHOMY BblIli€, ONyIIEHbI YIEHHl, COlePKall[He CBEPTKY
. ¥, ¥; . llonapHo cBOpayHBaeMble (COEJHHEHHbIE 1yTaMH) OMIEPATOPLI

Hajo IepecTaBUTb K COCEACTBY Jpyr ¢ apyroMm. Tak, mepBmil u3,
HalHCaHHBIX YJEHOB O3HAyaeT IIPOH3BeJeHHE

TP, Bi> <TE T, <TEHY,>,
a nocJegHUH
— T8, T TP (TP

CeepTky mpousBefeHHHA P-0oMepaTopoB Pa3IMUYHHIX APTrYMEHTOB 3a-
MEHAIOTCH COryiacHo

L BN 0 T - .
W1q’3 = <T‘F11F3 >-—- lG13 s lyg W4=—LG24 u T,
CBepTKH e Y-0NepaTopoB OAHHAKOBBIX apryMEHTOB MpPeACTaBJSIOT
coboit NPOCTPAHCTBEHHYIO IIJIOTHOCTb YHCJA YacCTHI B HAcaJbHOM

rase (o6o3HayuM ee yepe3 n'”), MoHMMaeMyi0 KakK GYHKIHMIO XHMHU-
YeCKOro NOoTeHUIHana?):

@mp)*/2
3n2

TS = n® () = (13,5)

1) 3pecs M HHXKe A YNPOIIEHHS 3aNHCH OCOGEHHO TPOMO3IKUX BLIpAXKEHHH
yCJIOBHMCS ONycKaTh HHAeKC y ¥y, a undpoBLIMH HHiekcaMu 1, 2, ... o603HayaTs

COBOKYIMTHOCTB 3HaYeHHH apryMmeHra X U CIHHOBOI'O HHJIEKCa:
¥, =¥q (Xy), Vo= "¥p (Xa),
Glgaaaﬂ (Xli Xz), UIQEU (Xl—Xz).
2) Takune CBEPTKH BCerjla MPOHCXOAAT OT YP-OnepaTopoB, BXOAAIHHX B COCTaB

OJHOTO H TOrO Xe omnepatopa B3auMopeficTBus V. ITosToMy B TakHX ujieHax F+
BCerja CToHT caeBa or ¥.
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TaxkuM o6pas3om, NOJTYTUM
G = [ dX,d'X, U ,[— GRGRGE — GRORGR+
+in®GRGY +in®GRG].
DTH yeThHIpe uJieHA MOMAPHO PaBHHI APYT JPYry-—oOHH OTJIHYAIOTCSH
JUIIb 0003HauyeHHeM NepeMeHHbIX uHTerpupoBanus X, u X,. B pe-

ayJbTaTe MHOXKHTeJb 1/2 HcuesaeT H, TakUM 006pasoM, MONpaBKa
nepBoOro mopsaka B ¢yHKUHH ['DHHA CONEpXKHT BCEero JBa 4YJeHa:

i6® = U, [invGQGR —GRGHGR]d* X, d*X,.  (13,6)

CTPYKTypy 3THX ujeHOB YAOGHO H306pasHThb r'padHuecKkH C mo-
MOIIBI0 CJENYIOIUX Juazpamm Peldnmarna:

Q

1 e T

i —
1 4 2 1 38 4 2

Ha THX JuarpaMMax cmJjomHas JHHUA 4«2 o3HAYaeT CBEPTKY

(13,7)

‘I"P* (t. e. pywxumo (GY); uUHPpH YKAa3bLIBAIOT HOMEpA NepeMeH-
Helx X, 1 X,, OT KOTOPBIX 3aBHCAT CBEPThHIBA€Mble ONepaTophl, a

HampapJeHue CTPEJKH oTBeyaeT HampabJenHio oT ¥+ k ¥ B cBepTke.

TN

Ceeprtka ¥+¥ naByx omepaTopoB, 3aBHCAIIHX OT OJHUX H TeX XKe
nepeMeHHBX (T.e. NJOTHOCTh n'®), n306paxaercs COOTBETCTBEHHO
netjeil —CHJOMWHOA JIHHHel, «3aMKHYTOH Ha ce6si». IlyHKTHpHas
JUHUA 3 ----- 4 osHavaer MHOXHTeJb U,,. [To BceM nepeMeHHBIM,
0603HaUYEHHBIM Yy BHYTPEHHHX TOYeK JHArpaMmbl (TOUKH Nepeceye-
HUs JIMHUE), TmojipasyMeBaeTcsl HHTerpupoBaHue. IlepeMennnle (X;
4 X,), o603HaUYeHHBIEe y «BHEIIHHX KOHIIOB» JAHArpaMMbl, OCTATCS
CBOOOJHBIMH.

Uneupl mepBoro nopsiaka, npoucxoasimue us (13,3), usobpasu-
JUCh OBl AHarpaMMmamH, paclajaliolUMHCS HA JBe OTAeJbHbHE Ya-
cTH — npaAMoi oTpe3ok (iGFp) H Gurypy ¢ 3aMKHYTHIMH NeTJSAMH
CIJIOIIHBIX JIMHHH, HalpHMep,

———

Baymapuinch B cnoco6 CBepTbIBAHMSA OINEPaTOPOB M CTPYKTYPY €O-
OTBETCTBYIOUIMX JHArpaMM, MOXKHO MOHSAThL INPOUCXOXJAeHHe oflle-
ro npaBHJa: BO BCeX MNOPSAAKAX TEOPHH BOSMYIUEHHH POJb MHOXKH-
Tensa <S>~! B (12,14) cBopuTCca K TOMY, YTO JOJIKHBI YYHTHIBAThb-
Csl JIHIb «CBS3HBIE» AHAarpaMMbl C JBYMSI BHELIHHMH KOHI@MH, He
cofiepKalliie <«OTCOeJUHEHHbIX» MeTeJb Oe3 BHEIIHWX KOHLOB, He
CBSI3aHHBIX C JPYTHMH YacTsMH JHArpaMMel HM CIUIOIUHBIMM, HH
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NYHKTHPHBHIMH JIMHHSIMK (CP. aHAJOTHYHYIO CHTYallHIO B KBAaHTOBOH
anexTpoguHamuke — IV § 100).

Cokpamenre kosdpduuuenta 1/2 B (13,6) ects mposiBaenne o6-
miero nmpasusia: He Hajo YYHTHIBATH (B WJeHAaX n-TO MOPsijAKa) MHO-
XKuteap 1/n!, mpoucxopsuui oT pasnoxeHnHs (13,1), 1 MHOXHTesb
2-n Bo3HHKaMMWHUHA oT Koadduuuentos 1/2 B (13,2). HelicTBHTEIBHO,
JHMATPAMMHEL 7-TO TOPSIAKA COJEPXKAT MO # NYHKTHPHBIX JHHHE
P----- k. Muoxutenp l/n! cokpamaercsi OT NPUBEJEHHS YJEHOB,
OTJIHYAIOIMXCA MepecTaHOBKAaMH Iap 4HCeJ [, £ MEXAY BCEMH n
NYHKTHPHBIMH JIHHUAMH. MHOXHTeJab Xe 27" COKpalljaeTcsi OT me-
PECTaHOBOK WHCEN i, K MeX1y KOHIAMH KaXJOH H3 3THX JHHUH.

OKoHuaTeJbHBE MpaBHJAa AHArPaMMHOH TeXHHKH Mbl Copmy-
JupyeM s BbIYHCAeHUs] GYHKUUH I'puHa He B KOOPAHMHATHOM, a
cpa3y B HMNYJbCHOM IpeACTaB/JIeHHH, HaHboJee BaXXHOM AMA ¢Gu3H-
YeCKHUX TPUMEHEHHH.

Tlepexon K HMNYJBCHOMY NPEACTABJIEHHIO OCYIIECTBAAETCS MyTeM
passioxenuss Oypre (7,21—22), KoTopoe 3anuiieM B «YeThIPEXMep-
HOM» BHJe!)

4
GX) =GP G, G(P) =[G ePrdX, (138)
rae «4-umnyasey P=(w, p), a PX=wt—pr. AsajoruynnM o6pa-
30M pasJioXKUM TAKXe U MNOTeHLHaJ B3aHMOAEHCTBHUS:

UX)=8(Um={U@exLL, (13,9)

rae Q=(q,, q); npu s3toMm U (Q) coBmajaer ¢ KOMNOHEHTOH Tpex-
MEPHOTO Pa3soXKeHHs
U@Q=U(a)={ U r)e-iodex. (13,10)
Beuny uetrHoctd ¢yuxruuu U (r) oueBunno, yto U (— q)="U (q).
TIpoi3BeeM 3TO pasJiokKeHHe [ NMONPAaBKH IePBOro INOPsiiKa
G =G% (X;—X,). das storo ymuoxaeMm pasenctso (13,6) na

exp[iP (Xg—X,)| u unrerpupyem ero mno d*(X;—X,).
B mepBoM useHe muinem

@lP (Xy=X3) — plP (X~ Xy) piP (X3—Xy)
H, 3aMEHHB NEpPEMEHHbIC HHTerHpOBaHHH, InoJyyaem
in® § GO (X;— Xa) 6P 1= X0 dt (X;— X,;) X
% § 6B (X, — X,) eP &= dt (X,— X,) § U (X,— X,) d* (Xa— X,).

1) Hcrnionb3yst ans yuoGeTBa H3nokedds W 0603HaueHHii ueTbIPEXMEPHYIO Tep-
MHKHOJIOTHIO, MOAUEPKHEM JMIIHHH pas, YyTo OHA HEe HMeeT 37eCh HHKAKOTO OTHO-
LIEHHs K DeNATHBHCTCKOH HHBapHAHTHOCTH! :
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Tlepsrie ABa uuterpana naiot G (P)GR(P), a TpeTHH paBeH
U (0)= S U (r)d*x—3Hauenuio U (q) npu q=0.
AnaJorHYHEIM 06pa3oM, BO BTOPOM YJEHE IHIIEM

2iP (X1=X3) — giP (X1=Xs) giP (X3~ X)) gtP (X,=X2)

H TOCJIe TIepeXofia K HHTer pHpoBanHuIo o X;— X, Xi—Xi Xi—Xa
noJyyaeM

- — GO (P) § GR(X) U (X) ePX d*X -G (P).

OcTaBIIHICS HHTETrPAJ BLIPakaeTcs uepes Gypbe-KOMIOHEHTH (Y HK-
unit G n U c nomowmbio GopMyJbl A5 ¢ypbe-KOMIIOHEHT MPOHU3-
BeJeHHs1 ABYX OYHKuui?Y)

[rxg@errax={1PygP—PIgms- (13,11

TakuM ofpasoM, AJs NONPABKU IEPBOTO MOPsJKa B by HKIUU
[puHa B HMIYJBCHOM IPEACTABJIEHHH OKOHYAaTe/JLbHO HAaXOAHM

iG% (P) =in®U (0) G (P) G (P)—
d*P;
~[ a8 P 6B P CHPYU@—P) - (13,12)

Kaxnomy u3 Asyx uienosB B (13,12) craBuTCA B COOTBETCTBHE
onpefenenHas auarpamma deilnMana, U BhHIpameHHe (13,12) sanu-
CHIBaeTCi B BHJE

2nl1] -
Goplt)= |+ R (13,13)
P P B F P
o) )

1)y Jlast HOKa3aTekCTBA STOH bopMyJbl HAlo MOJCTABHTB B €e JIBYIO CTOPOHY
camu dynkuan f(X) 1 g (X) B BHIE by pbe-pasioKeHHH:
. . AP AP
(70800 47 asx={ 1P g (P 7 ~P1=P) XX S50,

Unrerpuposarne no d*X ocymectaasgercs no dopmyse

S ¢PX g1 X = (2m)8 84 (P),
e «ueTnpexMeprasy O-pynkuua OW onpegensercs Kak NPOH3BEACHHE 3-ynr-
LHii OT KOMIIOHeBT ¢4-BekTopa» P. BosHuMK&OWHH MHOXHTENb 84 (P—Pi—Py)

yCTpaHseTc HHTerpHpOBaHHeM IO d*Pg, H Mbl NPHXORUM K npaBoii cTOpOHA
(13,11):
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Touku nepeceyeHUs JUHUH Ha3LIBAIOT GEPUIUHAMU JHATDAMMEL
Kaxpas puarpamma uMeeT 2n BepUIMH, TIAe N —NOPSAOK TEOPHHU
BO3MyIeHHA. B Kaxnoi BeplIMHe CXONATCH JABE CIJIOLIHLIE H OfHA
NyHKTHpHAass JHHMH. Kaxno# cnJomHol JHHHH [PUIHCHIBAETCS
CBOH «4-UMNYJbc» P B HanpaB/eHHH, YKAa3aHHOM CTPEJKOH (IpH-
yeM BJOJb Ka¥KJ0# HempepBIBHOH NOCAEN0BATENLHOCTH CIIJIOLIHBIX
JIMHHH HampasjieHHe CTpeJIOK He MeHsercs). KaKmolt myHKTUpHOM
JIHHHH IPHIHCHIBAETCS 4-UMOyJabC @, OpUYEM H AJS 3THX JHHHH
YCJOBHO BhIGHpaeTcs Kakoe-nHGo (/M06oe) HalpaBieHHE CTPEJKH ).
B BeplIHHaxX AHarpamMel BHIIOJHAETCA «3aKOH COXpaHEHHUS 4-HM-
nyJabca»: cyMMa 4-UMIYyJbCOB BXOAAINIMX JHHHHA paBHA CyMMe 4-HM-
0yJbCOB BHIXOAANIMX M3 BepIINH JHHHH. Beplinue mpumucHBaeTcs
TaKke H ONpejle/IeHHbIl CIMHOBHIH HMHAeKC . Kaxkpas auarpamma
HMeeT [Be GHewlnue JMHUM (BXOAANLYIO H BBIXOAAILYIO), 4-HMIYJbC
KOTOPBIX €CTb apryMeHT HCKoMoH ¢(yHKuIMHM [I'puHa G,g(P); BbIXO-
AAlmed H BXOAsIeH BHEIIHHM JIHHHSAM NPHIHCHLIBAIOTCH TaK:Ke CIIH-
HOBBHIE MHJIEKCHI o H f 3T0# yHK1uu. OcTalbHbe JHHAH [MarpaMMbl
HA3bIBAIOT 6HYMPEHHUMLU.

AHanuTHYECKas 3alHCh YJIEHOB, OTBEYAIOUMX KaXkAOH AHArpaM-
Me, NPOH3BOAUTCA MO CJeNYIOUHM MpaBHJaM:

1) Kaxpoit cnjiomHofl JHHHH MeXxAy BepUIMHAMH o M B cTa-
BHUTCH B COOTBETCTBHE MHOXHTeNb IGGR(P), KaxIod NYHKTHPHOM
JIHHHH —MHOXHTeNb —iU (Q). 3aMKHYTOH mHeTsle ¢ OfHOH Bepuiu-
HOW CONOCTABJAETCA MHOXKHTENb A0 ().

2) B Kaxuo#l BepIIHHe BBHIMNOJHACTCS 33aKOH COXPAHEHHS 4-HM-
nyasca. [lo ocrawmumes Heonpegese HHBIMH 4-HMIY/IbCaM BHYTPeH-
HUX JIMHHH NPOM3BOAUTCA HHTErpHpoBaHHe mo d*P/(2m)4. B Kaxmoi
BepIUMHE NPOU3BOJAMTCA CYMMHPOBaHHE MO I[ape HeMBIX CIIHHO-
BbIX UHAEKCOB—IIO OAHOMY OT Ka)KJIOTO H3 COCefHHX (‘©-MHOXKH-
TeJed.

3) O0wuii MHOXHTEb, C KOTOPHIM [HArpaMmMa BXOZHMT B iGyp,
pasen (—I1)f, rae L—uucio copepkamuxcsi B Hell 3aMKHYTBIX
neresib CIJIOUIHBIX JIHHUH ¢ GoJiee yeM OfHOH BepiluHOH.

Ilociiennee npapuJIo HMeeT CEAYIOLIEE IPOUCXOKACHHE. 3aMKHY -
Tas NeTiA ¢ k> 1 BepiuMHAMH NPOHCXOXHT OT CBEPTKH 1P-Omepa-
TOpPOB BUJIa

W, @; llf \IFIE Yk «
W T2

3necp BCe CBepTKH paBHbL iG{Y, ..., iGR, ,, a mocjeqHss paBHa

1) «BpemenHEle» KOMIOHENTE 4-BEeKTOPOB Q@ =1(g0, q), BOOOLIE TOBOPSH, OTIHY-
HBl OT Hyns, HO Gyuruus U (Q), no onpexesennwo (13, 10), oT gy He 3aBucHT.
YCJOBHOCTD HANpaB/ieHHsT NYHKTHPHON JHHHH CBH34dHA ¢ UETHOCTHIO byHRUHH

U(=Q=U(Q).
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—iG. Yrto kacaercs meTesab ¢ OAHOH BEPHIMHOH, TO HX NPABHJb-
HEI 3HAK YUMTHIBaeTCs yke BBefieHHeM n'® mo mpasuiay 1.

Jlns npuMepa H300pasuM COBOKYMHOCThL [HArpamm, onpefeJs-
IOIMX TONpaBKy BTOpOro nopsifika B QyHkuuMH I'puna:

———
- - ~
- ~ P -

B} - \\N_.—” e) 1-———{1-——-
g

Q ‘ (13, 14)

o9y
._._L__, ] 1 /, ), < 3

¢ #) Y

QL Palhh Pl ,Q

4 )

Haxkomen, BepueMcsa K TeopeMe Buka M fajuM ee JoKasareb-
CTBO B MNpPUMEHEHHH K (MAKDOCKONHYECKOMY Ipeneay» (T.€. NpH
V — co HJH, YTO TO € NPH 33JaHHOH IJOTHOCTH CHCTEMBI, MpPH
N — 00), KOTOpHIi TOJBKO M CYIIECTBEH B CTATHCTHYECKUX IIPH-
MeHeHHSX.

PaccMoTpuM, HanpuMep, CpeiHee OT NDOHU3BEAEHHS YeThIpex
Pp-onepaTopoB THIlA

F VT Tio=vr 3 <@pdpanazyexp(...) (13,15)

P1...Ps

(y-omepartopsl npeacTaBaeHsl B Buie (9,3); OueBHIHBE, HO TPOMO3J-
Kue MOKa3aTe/H 5KCIIOHEHT He BBINHCHIBaeM). B 3T0# cymMme oT/IMUHb
OT HyJs JHUIb WIEHbl, B KOTOPHIX COAEPXKUTCA IO ONUHAKOBOMY
YHCJy ONEpPaTOPoOB Gp W Qp C ONUHAKOBBIME 3HAUCHWAMU HMIYJb-
coB. Cpeau HHX €CTb YJEHL, B KOTODHIX HMIYJLCH DaBHBHI NONAPHO,
Hanpumep, p,=p, H P,=pPs. OTH HIEHHl OTBEYAIOT I[IONADHOH
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CBepTKe
TR | TR
Yot o2 Yos Tos

H BBHIpAXaloTcs CYMMOH BHza

1 Aaga s
7Y <@ p,Op.>< Ap, Op,> €XD (. - - ).
PP

B npenene V— oo cymMMHpOBaHHE 1O Py M P, 3aMEHAIOTCS HHTET'DH-
poBanreM no V2d®p,dip,/(2m)¢, o6beM V cokpaujaercs H 3TO Bblpa-
JKeHHe ocTaeTci KoHeyHHM. B cymme (13,15) oraMyHbl OT HyJs
TaKXe M WIEHB C P, =pP,=pP;=p,; 3TH UJeHbl 00pasyioT Cymmy
BHZA

1 g
’V‘z‘}_:(apapa;a;>exl)(---);
)

HO TIIOC/Je Mepexoja B Hell K HHTETPHPOBAHHIO OJMH MHOXKH-
teqb 1/V ocraercsi, u B npepese V — oo BrpaxeHHe obpaniaercs
B HYJb.

SIcHO, YTO 3TOT pe3yJbTarT HMeeT oOmuii Xapaktep: B npefeJe
V— oo B cpefHEM 3HAueHUM OT IIPOU3BEAECHHS 1P-ONEPAaTOPOB He
ofpauialTcs B HYJb JHLIL pe3yJbTaThl MONAPHEIX CBEPTOK.

OTMeTHM, 4TO B H3JOXKEHHOM JI0OKA3aTebCTBE MO CYLIECTBY He
HCIOJIb30BAJ0OCh, YTO YCpPEAHEHHE NPOH3BOAHTCH HMEHHO IO OCHOB-
HOMY COCTOSIHHMIO, H [I09TOMY OHO OCTaeTCs CHPaBelJIHBLIM M IIPH
yCpPeHEHHH MO JIOGOMY KBAHTOBOMY COCTOSIHHIO CHCTEMH *).

§ 14. CobcTBeHHO-2HEpreTHYECKAS (DYyHKIMUSA

CdopmyHpoBaHHBIE B TNpenbaylieM naparpade npaBuja jpuar-
paMMHOH TeXHHKH 006/1ajal0T Ba>KHbIM CBOHCTBOM: OOILK# Ko3pdu-
LIHEeHT B JMarpaMme He 3aBHCHT OT ee nopAaka. B cuay atoro
cBoficTBA Kaxkjas «bHUrypa» Ha JparpaMme HMeeT ONpejleseHHBIH
AHANUTHYECKUHl CMBICJI HE3aBHCHMO OT TOTO, B KaKyl0 JHATrpaMMy
OHa BXOJMT, TaK UTO €€ MOMKHO BBIUHC/IATHL HE3aBHCHMO, 3apaHee.

%) Ho ecan ycpelHeHHe NPOH3BOJHTCS IO OCHOBHOMY COCTOSIHHIO, TO Teopema
Buka crnpasepiuBa He TOTbKO B MakpOCKONMHYeckoM mnpefiese. COOTBeTCTBYOLIee
JOKa3aTe/IbCTBO TEOPEMHW B CTATHCTHKE COBMAajaeT C ee JOKa3aTeJqbCTBOM B KBaH-
TOBOH saeKTpojunamuxe (IV § 78). EAMHCTBEHHOe OTMHYHEe MeXLy STHMH Ciy-
YafAMH— pa3HEe OCHOBHHE COCTOSIHHSI: B BaKyyMe YaCTHUB OTCYTCTBYIOT, & B Hje-

aTbHOM rase 3anonHAOT depMu-chepy ¢ paauycom pr. [lna onepatopos ayf, a,

POXJIeHHSI H YHHUTOXEHHS YAaCTHI C P > pp 3TO OTJHYHE BOOGILE HeCyUEeCTBeHHO
H JI0Ka3aTe/IbCTBO NepeHocHTcs GyKpanbho. Jlna onepaTopos xe ¢ p < pp Hano

NPeARAPHTENBHO TiepeofosHaunTh Gy == by, @y=b,, T. e. mepelitn or vacruu

K JBPKaM, KOTOPHE B OCHOBHOM COCTOSHHH BHYTPH (epMH-cepPH OTCYTCTBYIOT.
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Mano Toro, MoXKHO 3apaHee BHIYHC/JHTb CyMMY HEKOTOpHIX QHryp,
HMEIOUIHX OlipefieJileHHOe YHCI0 KOHLOB, H 3aTeM BCTaBHTB 3TOT
«6710K» B GoJiee CJIOXKHBIE JHarpaMMbl. 3TO—OJHO H3 BaKHEHIIHX
[pPeHMYIIECTB AHArpaMMOl TeXHHKH.

OpuuM H3 TakuX <«OJOKOB», HMEIOIHX TaKXe U CYlLleCTBeHHOe
CaMoCTOsITe/IbHOE 3HAueHHe, ABJAAECTCA TaK HasblBaeMas coOCMEEHHO-
sHepeemudeckan gynxkyuat). Urto6pr NpUATH K 3TOMY IOHSATHIO,
paccMOTPHM Bce AHarpamMMul AJis GyHKUHH [pHHA, KOTOpDble He/lb3s
pasfeuTb Ha JABe 4YacTH, COeJHHEHHbIC JHIIL OAHOH CIJIOLIHOH
JuHvedl. K TakoBbIM OTHOCSTCH, HampHMep, o6e JuUarpaMMel mep-
BOro mopsiika Teopuu BosMymeHui# (13,13) n auarpammel (13,14a—e)
BTOPOro nopsiika. Bce 5TH auarpaMMbl NOCTPOEHbl OZHOTHIIHO: IO
OZHOMY MHOXHTeMO iGYp MO KOHLAM H HEKOTOpas BHYTPEHHAS
yacth (hyHKuus ot P), KOTOPYIO H Ha3bIBAlOT COGCTBEHHO-3Hepre-
THUeCKOH (yHKnuel. CymMMy BCeX BO3MOXKHBIX TAKHX 4acTed Hasbl-
BAIOT TOYHOH UJH NMOJHOH cOBCTBeHHO-3HEPTEeTHUECKOH (YHKIHel
UM MACCOBLIM Onepamopom; 0003HAUMM ee deped — iZqg (P).

Bce muarpaMmbl COOCTBEHHO-3HEPTeTHUECKOTO THHA JAIOT B TPH-
HOBCKYIO ¢(yHKIHIO BKJ/aj, PaBHHIH

iGgh (P) [—iZpy (P)]iGYs (P) =iG” (P) 2 (P) G (P) 8as, (14,1)

rie noMHMO GG = G'® 8,3 HamMCaHO TaKxe H _
Zup (P) = 84p Z (P). (14,2)

[Toanas xke ¢yuknus I'puna (M3oGpaxkaeMass rpadHuecKH XKHpPHOU
CIJIOLIHOM JIMHHMel) JaeTcss CyMMOH OGECKOHEYHOro psija

1—-—=d—+4—o4‘—+‘—o‘_o“';+"' ’ (14’3)

e KpyXKH H306paxaloT TOUHbe COGCTBE HHO-3HEPreTHUeCKHe ¢y HK-
uud (—iZ.p). Kaxppil 4ieH 3Toro psifa (HayvHasi ¢ TpeTbero)
TnpeicTaB/sieT CO60H COBOKYMHOCTb RMArpamM, KOTOpEIE MOryT GBITh
pacceueHnl Ha ABe, TPH H T. A. YaCTH, COeAMHEHHBle MexJy Cco0oii
OXHOH CIJIOLIHOH JHHHeH.

Ecau ot Bcex uneHoB paAja (14,3), HauHHas CO BTOPOTO, «OTCEUbY
ONMH KPYXOK C MpHCOCJHHEHHOH K HeMy CIpaBa JHHHEH, TO
ocTaBlumiics psAj OyAeT CHOBA COBNaAaTb C MOJHLIM DAAOM. DTO
3HAYHT, UTO

o * O‘ (1414)

4
i

1) Cp. aHajOTHYUHOE® ONpejielieHHe B KBAHTOBOH 3JEKTPOAMHAMHKe, rAe Takas
QYHKUHA Ha3eIBaJiaCh KOMIAKTHOH COGCTBeHHO-sneprerTuueckoir (IV §§ 100, 102).
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B ananuTtHueckoM BHJAE 3TO paBeHCTBO 3alHChIBaeTCA Kak

G=G094 G2 G@ (14,5)
uau, pasnenuB Ha G9G:

1 1

OTMeTHM, YTO 3HAaK MHHMOH YacTH X COBIaAaeT co 3HakoM ImG
u, corjacuo (8,14),

sign Im 2 (0, p) = — sign o. (14,7

1o caenyer us (14,6) ¢ yuetom Toro, yto 3HakK ImG~* mportHBo-
noJqoxen 3Haky Im@G, a coraacuo (9,7), ImG0-1=0. ‘

Takum o6pa3oM, BbUHCJAeHHe (G CBOJAMTCS K BHIYHCJICHHIO X,
TpefyiomeMy pacCMOTPEHHS] MEHbILUEro YHcJa AHarpaMM. To YHCJO
eme GoJiee yYMEHBbIIAeTCS B CBS3H C TEM, YTO HaCTh OCTaBLIHXCS
JuarpaMM cpasy CYMMHPYyeTCsi K OUeHb IIDOCTOMY BbIpaKeHHIO.

ViMeHHO BBIIEJTHM H3 BCell COBOKYMHOCTH JAHarpamM, oIpeje-
JSIOWUX 2 (IPH MapHOM B3aHMOZECTBHH MEXIY 4YacTHLAaMH), Te,
KOTOpble NMPEACTABAAIOT COGOH pas3fiHyHble «OTPOCTKH», IMPHCOENH-
HEHHBle K KOHLEBLIM JIMHHAM OJHHM HYHKTHPOM: HX CYMMY 06o-
3HauUM uepe3 2,. Bce Takue jpmarpamMmsl ComepKaTCs B OJHOM
cKenemmuoll duaepamme BHIAl) y

&) ? o
OcranbHylo xe uyacTh X 0603HauuM 2,. Tak, Ccpeflu JaHarpamm

NepBOTO H BTOPOrO IOPANKOB K IepBOHl KATErOPHH OTHOCATCH
crefyonye:

il
3

Y
=? + ?+ C) (149)

|

8 g 8

') Kak 1 B KBaHTOBOH TEOPHH IO/, CKEJETHHMH HA3HBAIOT AHArpaMMH,
COCTaBJICHHBle M3 XKMDHBIX JHHHI H GJIOKOB; KaxJas Takas JAHarpaMma SKBHBa-
JICHTHA OIPENeJeHHOH COBOKYNHOCTH GeCKOHEYHOrO YHCJIAa OOGHIYHBIX JHArDaMM
PasJHYHEIX NOPSAAKOB.
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a KO BTOpOIil:

@ =‘-<—-—-'::J}1—-+4-’::'::)-\:-\-\4—- + 1 +
a 1) '——(‘-—"7—
N -
8 (14,10)
L O S F
2 )

JKupro#t mersne ua pauarpamme (14,8) oTBeyaer TOYHas IJIOT-
HOCTb cHCTeMbl 7 (u) (NOZOOGHO TOMY, KaK TOHKOH mNeT/ie Ha JQuar-
pamme (13,13a) OTBeyaeT IJIOTHOCTb HAeanbHOrO rasa n'®(u)).
ITostomy u3 ompenenenns (14,8) ciepyer, uto

—i%, = —in (u) U (0). (14,11)

Takum o6pasom, ‘
S=n (U (0)+Zs, (14,12)

TaK 9T0 0Cc0o60Oro BbIYHCJeHUs TpeOylOT JHIIL JAHarpaMMel, BXOAs-
mue B 2.

3aKOoH JAuCMepCHH KBasHyacTHIL onpeaeseTca ypasHenueu (8,16).
BoipasuB B HeM G uepes I, corsacHo (14,6), u B3as G us (9,7),
NOJYYHM 3TO ypaBHEHHE B BHJE

1 2
o= =t @) — g =2 (—w, ). (14,13)

Ha rpanune depmu-chepbl NPH p=pp 3HEPTrHA KBa3UYACTHIBI

coBnapaetr ¢ W. Orcoaa BHJHO, 4YTO
2

D
u—2(0, pp) =50 (14,14)

B pesysbraTe ypaBHeHHe 3aKOHA JIMCIEPCHH MPHHHMAeT (NpHU 3Ha-
yeHUAX p BOJU3M pp) BHA

() —p=-L(p—pp)+Z(e—p, pp—2(0, p). (14,15)

TMoauepKHEM, YTO Pp 3/6Chb— TOUHOE 3HAYeHHE FPAHUYHOrO UMITYJIbCa
JJIS CHCTEMbI B3aHMOAEHCTBYIOWIUX wacTHil. OHO CBA34HO COOTHOLIE-
HHeM p}/37%=n c TOYHOH NJAOTHOCTBIO £ (W), @ He C NPHUOIHKEH-
Holt n'", Kak B (13,5).
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§ 15. JisyxuactuuHas ynkuus I'pHua

K npyruMm BaXHBIM NOHATHAM JAHarpaMMHOH TEXHHKH MBI IpH-
JeM, paccMOTpeB YCPEeJAHeHHOe MO OCHOBHOMY coOcTOsiHMi0 T-mpo-
HSBeJleHHe YeThIpeX refiseHGeproBCKUX -OmepaTopoB?):

Koy, 1= <TC, ¥ 9195, (15,1)

D1y GYHKUUIO HasHIBAWOT dsyxuacmudnoil ¢ynxyueld I'puna (B OTIH-
ype oT ¢yHkuuu [puHa (7,9), HasbiBaeMoH B 3TOH CBf3H OJHO-
YacTHYHOMH).

Jlas npUMeHeHHsl TEOPHH BO3MYyLIEHHH M NMOCTPOEHHs AHarpam-
MHOl TeXHHKH Haj0 CHOBa mnepefiTH K 1-omepatopaM B NpelcTas-
AeHuH B3aumojeiicTBusi. Kak u B cayuae ¢pynkuud @, 310 NIpuBe-

T K MOSIBJEHHMIO MHOXHTENs S noj 3HakoM T-NpOH3BeCHHs:

K34, 12:?315_<T1ir03qr0.11r0+1fp0+2§>_ (15,2)

B nynesom npuGiuxeHuu (T.e. npu S=1)3T0 BblpaXeHHe pacna-
JaeTcsl Ha CYMMYy MpOHM3BeJeHHH JBYX CBEPTOK, BHIpaXKalOUIMXCS
yepe3 GO-pyHKIUUH:

K§) 2= G502 — G2 Gat - (15,3)

JanbHellee oGCyxKAeHHe CBOHCTB ONpeje/eHHOH TakKMM ofpa-
30M JABYXYacTHYHOH ¢YyHKUMH ['puHa OyjAeM NPOBOAUTE B HMIY/b-
CHOM N peJCTaBJIEHHH.

Jas opnopoaHo#l cucTeMbl QYyHKUHA K gy, 1 3ABHCHT (PAKTHYECKU
JUIL OT TPeX He3aBHCHUMBIX pasHOcTeHl apryMeHTOB, HampuMep,
ot X;—X,, X,—X,, X;—X,;. B UMIIy/IbCHOM NPEACTABJIEHHH ITO
CBOMCTBO BHIPAXKaercsl TeM, YTO KOMIIOHEHTAa pasJjoxeHusa @Pypbe
no BceM mepeMeHHbiM Xy, ..., X, COIepXKHUT 8-byHKUHIO:

§ Kau, 12%p {i (P Xy + P X —PiXs—Py X} diX;. . X, =
=(2TL)4 8 (P3+P4—"P1'_P2) Kvé, aﬁ(P:n Pd; Pn Pa)' (15:4)

B sTtoM Jerko yGeauTbcs, 3aMETHB, YTO

P Xy +P X, —P X;—P, X, =

= P, (X3—~X2).+P4 (Xi—X,)—P, (X1_X2)'—Xz (Pi‘l"Pz“‘Pa-Pa),

u mepeifina x uHTerpuposanuio mo X,—X;, X,—X,, X;—X,, X,.
OTMeTHM, KcTaTtH, uTo ¢opmyay obpaTHoro ¢pypbe-npeo6pasoBaHus

1) Mbl cHOBa NMPHMeHsieM yNpoOlleHHHe 0GO3HAYeHHs, Tle HHIeKeH 1, 2, ...
0003Hayai0T COBOKYNHOCTH 4-KOOpPAHHAT M CNHHOBOro HHJeKca: Xja, X.f, ...
(cp. mpHMeyaHHe Ha cTp. 66). B noanoit 3agicH

Kaq, 12=Kys, ap (X3, X4 Xi, Xy)s
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MOXHO 34aIIHCAThb KdkK
K, 12:SKy6,aB(P3’ P Py, Py+P,—Py)X
d*P,d*Pyd*P,

xexp{—i [P3(Xa-—X2)+P4(X4—X2)—P1(X1——X2)]}———(2—n)12—- .
(15,5)

OnpeieleHHYI0 TaKHM 06pasoM ¢yHKIMIO Ky, op (P, Pys Py Py)
Mbl M OYyieM HasblBaTh ABYXYacTHYHOH (yHKnued I'prHa B UMIYJIbC-
HOM T pEACTaBJEHHH; €e apryMEHTbl CBs3aHbl PaBEHCTBOM

P,+P,—P,+P,.

B HyJeBoM NDUOJHMKEHHH HmeeM JJif Hee (B COOTBETCTBHH
¢ (15,3))
‘(;%,aﬁ(Pay Pa; Pl) P2)=
= (2m)4 [8W (P,—P;) G (P,) GR(P,)—8W(P,—P,) Gy (P,) G (P1)],
(15,6)

T.e. K cBogMTCsi K CyMME€ JBYX IPOHM3BEJICHHH OLHOYACTUYHLIX
TPUHOBCKUX (YHKIHH.

B ciepyioldx npuGIMKEHHAX TEOPUH BO3MYLIEHHH MOSIBJASIOTCH
YJeHbl, CBOAAIIHECA K BBEIEHMIO NMONPABOK K 3THM OJHOYACTHYHBIM
¢ynkuuan. Hapsay ¢ HMMH, OfHAKO, BO3HMKAIOT TakKkKe H YJCIBI,
He YyKJaibBaiomuecss B npousBenenus G-Oyukuui. KMmenuo sta
yacTh ABYXYacTUYHOH (YHKUMH ['DHHA IPEACTABISET CAMOCTOSAT b
upii MHTepec. [Js ee BheJeHHA NpeAcTaBUM K B BHJE

Kaaau %y g (P3’ P4’ Pi’ P2): (231;)‘ [6(4) (Pl—Pa) Gasal (Pl) Gataz(P2) -
—ow (PI—P4) Ga;az (Pz) Gaﬂ; (Pl)]+

+Gaaﬁs (PS) G“4ﬁ4 (P,;) iFﬂaﬂv BiB2 (P31 P4; Pl’ P2) Gﬂlal (Pi) Gﬂ.a, (P2)°

(15,7)

Onpefie/ieHHYI0 TaKUM 06pasoM GYHKUHIO I' HasHBAOT 6epUUHHOL
PyHryuel.

CorsacHo ompegesenuio (15,1), nsyxuacrtuunas Qpyunkuusi ['puna
B NPOCTPAHCTBEHHO-BPEMEHHOM IPEICTABJEHHM AHTHCHMMETPHYHA
N0 OTHOIICHHIO K MEePECTaHOBKAaM apryMeHTOB (BMECTe CO CIHHO-
BLIMH HHJEKcaMH) HepBo#l H Bropod mapnl: | u 2 uan 3 u 4. Or-
cioia cJeAyeT aHaJOorHYHOe CBOMCTBO CHMMETDHH JJIs (PYHKIHH
I'puna W BepuMHHON GYHKUHH B HMIYJbCHOM TpeJCTaBJEHHH:

FvﬁyaB(Pa» P4; Pi» Pz):—rdv,aB(Pu P Pi, P2)=
=—I“V6 .ﬁa(Ps»P4; Pz’ Pl)' (15»8)

CMBICT BHieIeHHsI YeThipeX G-MHOXHTeNeH B ompejeneHdu I
(mocsiepuuit uyen B (15,7)) CTaHOBUTCS $iCHBIM, €CJH HPOCJCAUTD
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3a XapakTepoM JAHAarpamMMm, BO3HHKAIOUIUX IPH pPACKPHITHH BbIpa-
xeuMa (15,2) ansa pByxuactuyHod ¢yukumm [puna. Caenyrouine
HHXe pacCyXJAeHHs CHOBa MNpeANoJaralT IapHOe B3aHMOJeHCTBHE
MeXLY YacTHLAMH.

B HynesoM npubaukeHud ¢QyHKUHH K CONOCTaBAATCA JH-
arpammel

P,—P, P,=P,;

P,=P, P,=P,

oTBeyalwlue JIByM ujeHaMm B (15,6). B mepBoM mnopsazxe Teopuu
BO3MYUIEHHH MNOABJAKTCA AHATPaMMbl THIIOB!)

s [P
€ ——tme gt
3 -’

NpeACTaBJAILIHE COOOH NONPaBKH K KaXJOMY H3 OTIE€JNbHBIX MHO-
xuTtejed B (15,6). KpoMe HHX, OAHaKO, MOABJAIOTCA TaKxke JH-
arpaMMbl, He pasbuBarolliecs Ha JBe OTHeJbHble YaCTH:

s ]
fey—h  B—r—4
@ = 1 + i (15,9)
he—t—p A2
% L
Yerslpe crpenku Py, ..., P, oTBeualoT ueTbipeM G-MHOXHTENAM B

nocJjegHemM usneHe B (15,7), a «BHYTpeHHsisl» 4acTb AHarpamm oOIpe-
JenseT (B MepBOM INOPSJKe) BePLIMHHYIO (YHKUHIO—KDYXOK B Je-
BOIl CTOpOHe JaMarpaMmHoro paseHcTBa (15,9). PackpwB 3TH ju-
arpaMmbl B aHAJHTHYQCKOM BHJE, NOJYYHM

%, ap (P3s Py P, P,)=— 6av6B5U (P1“‘_Pa)+6a66ﬁvu (P,—P,).

Juarpammbl 6oJiee BBEICOKHX IMOPSJKOB COJAEDIKAT NMONPABKH TPEX
KaTeropuii: 1) pajbHeHluMe NONPaBKH K JBYM He COeAHHEHHBIM
MeX]y COoGOH CHJIOHMIHBIM JIHHHAM, 2) NONpPaBKH COGCTBEHHO-3HED-
reTHYECKOTO THNa K KOHIEBbIM JHHHAM Ha juarpammax (15,9),
3) monmpapku, o6pasywouie GUrypy, 3aMeHsIONIYI0 CO60H NYHKTHD-
HYIO JIHHHIO Ha juarpammax (15,9); cymma BceX BO3MOXKHEIX TaKHX

1) Kak H B cayuae ojHowacTHyHoli ¢yHkumH I'pena, MHOXHTeab <S>~! B
onpefienenvd (15,2) NPHBOAKHT K HCUE3HOBEHHIO AHArpaMM, COJepiKallMX OTCOE/H-
HeHHple 3aMKHYThle NeTVIH CIJIOWHHIX JIHHHA.
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duryp u Aaet ToyHylo BepmuuHylo ¢yukuuio iI'. B rpaduueckom
NpeCTaBJIEHHH AByXyacTHyHofl ¢ynKuun ['prHA CYMMOH CKeJeTHBIX
Auarpamm
P 4
P3=P1 Pq=P1

+

+ (15,10)

T Pe=Fy
P, A
4 2

KUpPHBIE JHHUH H306paxaioT TOuHbe G-QyHKINH, a KPYXKOK yCJI0BHO
0603HaYaeT BEPUIMHHYIO (YHKIIHIO.

Bhiync/IeHHe BepUIMHHOH (QYHKIMH B PasiHYHBIX NOPSAAKAX TeO-
PHH BO3MYLIEHHH J[OJKHO TPOM3BOAHTBCS MO CHOPMYJIHPOBAHHEIM
B § 13 mpaBuiaM JAHArpaMMHOH TEeXHHKH, NPHYEM NOJKHBL pac-
CMATpPHBATbCSA JAMArPaMMbl C UETHIPbMS BHEIIHWMH KOHUAMH (a He
¢ nBymsi, xak npu Bouucaenuu G). Ilpasuio 3), ompepessiomiee
ofmuil 3HAK JAHArpaMMbl, [OJIKHO ObITb JOINOJHEHO CJEAYIOLIHM
YKa3aHUeM: €CJIH HeNpepbIBHBIMH MOCJeA0BATEIbHOCTSMH CIJOMHBIX
JuHMI cBsi3aHel KOHIBI 1 ¢ 4 u 2 c 3 (Bvecto 1 ¢c 3 u 2 c 4),
TO 3HAK AMArpaMMbl MeHseTcst Ha OOpaTHBIH.

Mso06pasuM, [/ TpHMepa, BCe AHArpaMMbl, OlpejeaionHe Bep-
WHHHYIO (QYHKIMIO BO BTOPOM INOPSiKE TEOPHH BO3MYUIEHHH:

P, 3\\‘_/7 3\/1

£
1

%
P2 /\
+

2

4 c) 2 4/;}\2
Q0
.8)

Co6cTBeHHO-3HepreTHyecKasgs H BepmuuHHag ¢yukuun (2 u TI)
He He3aBUCUMBI; OHU CBSI3aHLI APYT C APYIOM ONpeje/]eHHbIM HHTe-
TpajibHLIM ypaBHeHHeM (TakK HasblBaeMbIM ypasuenuem [adicona)’).

S A :J AN /! (15,11)
t \-—/ \\‘xl
R Rt
4 \
1 / \
/\ 4 2 4 2
2 2 e )]

1) OHo aHaJOrMuHO ypaBHeHHIO JalicoHa B KBaHTOBOH 3/EKTPOJHHaMUKeE
(cM. IV § 104).
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Has ero BeiBoja BocnoJb3yeMcs ypasHeHHeM (9,5), cnpasef-
JUBLIM (KaK GHIJIO OTMEYEHO TaM JKe) M IIPH yueTe B3auMOACHCTBHA
gacTHll. Pa3dula 1o cpaBHeHHIO ¢ BEBoAoM B § 9 cocTouT, ofiHaKo,
B TOM, YTO Telepb 1P-oleparop YAOBJeTBOpPAeT YypaBHeHHIO (7,8).
OnycTHB B NoCJeHeM YJeH C BHEILHHM ITI0/IeM H I[OACTAaBHB U3 HETO

N POH3BOAHYIO o¥/0t; B (9,5), noayuum
. 0 A
(i 2t ) G (X X) — B (X — X,) =
=— i {(TT5 (X)) U (Xs— X) ¥y (X,) d X, T (Xp) T3 (X,)) =
= — i § Ky vp (X5 X3 X0,X,) UgydiX,.  (15,12)

D10 paBeHCTBO pellaeT, B IPHHIUIE, NOCTABJCHHBIN BONpOC, Tak
kak K Beipaxaetcst yepe3 I' corsmacuo (15,7). Ocraetcst suwp me-
pe#iTH K UMIYJbCHOMY NpeAcTaBaeHHI0. J[1s 3TOr0 YMHOXKHM pa-
BerctBo (15,12) Ha exp[iP(X;—X,)] u mnpoumHTerpupyem mo
d* (X;—X,), npeiacraBus Ky 4, B Buge (15,5), a U, B Buge (13,9).
Torga uuterpupoBaHue mo 4-koopauHartaMm fAaeT O-QyHKILHH, KOTO-
pble YCTPaHAIOTCS HHTErPHUpPOBaHHEM Ho 4-uMnyJabcaMm. B pesysn-
Tarte INOJYYHM

[GV=* (P) G(P)—1]80p =

4 4

~—i { Kya 49 (Py, Pis P+ P,—P, PYU (P—P) 200

et (15,13)

c GO (P) u3 (9,7).
Teneps octanocs Boipasuth K uepes I'. IloacraBus (15,7) B
(15,13), noayyuM OKOoHYaTesNbHO ypaBHeHHe [laiicoHa B BHJe

8ap [V~ (P)—G 1 (P)] = 80pZ (P) =
=U(O)n(p’)6aﬁ+i6aﬁgU(P_PI)G(PI) (d;:)i <

+g I'yo,vs (P, Py; P3+P,—P,P)G(P;)G(P)G(Py;+P,—P)x

diP,d*P,

XU(P_‘P4) (2n)8

(15,14)

3xechb n(W)—TOYHAA MJIOTHOCTH CHCTEMbI KakK OGYHKIHA €e XHMH-
YeCKOro NOTEHIHAJ/ia; 3TOT MHOXKHTeJb BO3HHKaeT OT HHTErpHpO-
BaHusl G-QyHKUHH no dopmyse (7,24) (npu 3TOM YUHTBIBAETCS, YTO
AaHHasi G-QyHKUHS BO3HHMKJA OT CBepTKH, B KorTopoit ¥+ cTouT

crea ot ¥). OTMeTHM, UTO mepBHil UJeH B npaBoH CTOpOHe ypas-
Henus (15,14) ectp I, (14.11).
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§ 16. Cpsi3b BepWHHHON (PYHKIHH C aMNAHTYAOH
paccesiHHs KBa3H4aCTHIL

MaremaTtryeckufi anmapat, pasBUTHIi B NMpeARAYINHX mHaparpa-
¢dax, naeT BO3MOMKHOCTb CTPOrO 0GOCHOBAaTb H Gosee IyGOKO IO-
HATb CMBICJ OCHOBHBIX COOTHOHIEHHH Teopuu (epMU-KUAKOCTH JlaH-
nay, KoTopble ObliM BBeleHBl B riaabBe | Jo HEKOTOPOH CTemeHH
HHTYHTHBHEIM 06pasoM. dtoMy nocBslleHbl §§ 16—207).

CymiecTByeT TeCHass CBS3b MeX1y BepLIHHHOH (QYHKUHEH H
aMIJIMTYA0H B3aHMMHOTO paccesiHWs KBasuyacTun. [as Jsyyuiero
ysACHEeHHA 3TOH CBSI3M pAacCMOTPUM €€ CHayaja B paMKax YHCTO
KBAHTOBOMEXAHHUECKOH 3aJauyld O paccesHHH JABYX YacTHI[ B Ba-
KyyMe.

B KBaHTOBOH MeXaHHKe «4eThIPeXXBOCTKM»—JHarpamMbl C Ye-
THIPbMSI BHENIHHUMH KOHIIAMH (ABYMsI BXOIAILIHMH H ABYMS BBIXO-
JAIMMH) — OTBEYAIOT MPOLECCY CTOJNKHOBEHHA IBYX 4YacTHil; NpPH
3TOM B AHAJMTHYECKOM BBIPAXKEHMH JHarpaMMbl ee BHEIIHHM KOH-
0aM COMNOCTABJASIOTCS aMIJIHTYJBl BOJHOBBIX GYHKUMA (MJIOCKHX
BoJIH) cBOGOxHbIX yactui (cp. IV § 103). Ilpocsenum, Kakum o6Gpa-
30M TaKWe JHArpaMMel Pas/JHYHBIX NOPSAJAKOB ACHCTBHTENBHO JAlOT
nocJefoBaTeJbHbe 4jeHb OGBIYHOTO HepeNsTHBUCTCKOro OOpHOBCKO-
r0 pasJIoKEeHHs aMIJIHTYIbl paccesHHS.

[Tpexne Bcero B caydae BaKyyma O6o0JbIIOE UYHCJIO JAHAr'PaMm
BooOGIle obpaiaetcsi B HYJAb., DTO mpollle BCEro HOHATh B KOOpAH-
HATHOM MNpejCTaBJeHHH, 3aMeTHB, YTO B BaKyyMe DaBHBl HYJIO Bce

cBeptkd Buga <¥Y*W¥), B KOTOpPHIX ONEPaTOP YHHYTOXKEHHS CTOUT
cnpaBa H fAefCTByeT Ha BAaKYyMHoe COCTOSIHHe IIepBBbIM, OCTAIOTCA
TOJbKO cBeptku Byga <YW+>. IlosTomy ofpalnanTrcss B HyJb Bce
JMarpaMMmbl C 3aMKHYTBIMH NETJSMH CIJIOIIHLIX JIMHHA— OHH BCErja
comepxat cBeptky Buga <W*W). [lo Tofi e NpUYHMHE PABHBI HYJIO
BCe MONpPABKH K T'DHHOBCKOH ()YHKHHH, T.€. K BHYTPEHHHM CILJIOLI-
HBIM JHHHSM Juarpamum ?). HakoHen, paBHBEI HYyJIIO JQHarpaMmbl
C MepeKpelHBAIUMHUCA Ny HKTHPHBIMH JTHHUAMH; TaK, B JHarpamMme

1) Conepxanue §§ 16— 18 npunagnexur J. [. Janday (1958), a conepxa-
nue §§ 19, 20—J1. A. Janday u J. II. Mumaescromy (1959).

%) HcueanoBeHHe BceX MOMPAaBOK K T'PHHOBCKOH (YHKUMH B BaKyyMe BHIpa-
XKaeT co6oil mpocTo TOT (aKT, UTO OXHOK uacTHLE HE C HeM B3aHMOJEHCTBOBATD.
HanomuuM B 3Tofl CBfI3H, UTO €YIIECTBOBAHME BAKYYMHBIX NONpPaBOK K (QYHKIHH
I'puHa uYacTHUE B PENSTHBHCTCKOH TEODHH CBSI3aHO € BO3MOXKHOCTBIO TMOSIBJIEHUS
B MPOMEKYTOUHBIX COCTOSHHAX BHPTYANbHHX 3JEKTPOHHBIX map H (OTOHOB.
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(3mech undpel 1 1 2 03HAYAIOT aPTryMeHThIf, U {,) IPH £, > {; BepXHel
BHYTpPeHHell JUHHU OTBeyaeT CBepTKa P3¥,>=0,a ecan t, < t,,
TO CBepTKa <¥#W¥,> =0 oTBeuaeT HUXKHell JIHHHH.

TakuM 06pa3oM, NJs ABYX YacCTHI B BaKyyMe OCTalOTCH TOJBKO
cJeNyIOlHe JAHArpaMMbl, ofpasylomive, KaK TOBODPAT, «JIeCTHHYHBIA
pAny:

Py

F
¢ (16,1)
7 +—~r=-——P, T L T

P . + oo (Femry)

BHYTpeHHHM CIVIOIIHBIM JIHHHAM B HHX OTBeYaloT BaKyyMHEIe Gy HK-
nuu I'puna

G(BaK) ((1)’ p) = [(1)—2-2,%—'-1:0] - (16,2)

(dopmysa (9,7) ¢ p=0). O6paTHM BHHMaHHe Ha TO, 4TO (BBHAY
OTCYTCTBHA CJlaraeMoro p B 3HaMeHaTeJsie) MOJIOC 3TOH ¢y HKUHH
BCETJla HaXONHTCA B ONpelieJieHHOH (HUXKHEH) NMONYNIOCKOCTH KOMI-
JekcHoro @. O6paiieHHe B HyJb NEePeUHCJEHHBIX BhbIlIE AHArpamm
BO3HHKAET, C MaTeMaTHUECKOH TOYKH 3peHHs, UMEHHO BCJ/EICTBHE
pAacnoJIoKeHHs BCeX IOJIOCOB MOABIHTEr paJbHEIX BEIPaKeHHH B 0fHOM
NOJNYNJOCKOCTH; ofpallleHHe HHTErpajoB B HYJb CTAaHOBHTCH oOYe-
BHIHBIM INIPH 3aMbIKaHHH NYTH HHTErPHPOBaHHA B APyro#l moay-
[JIOCKOCTH.

JlectHuunbii pap (16,1) MoXHO NpoCcyMMHpPOBaThb, CBels €ro
K HHTerpajbHOMY YpaBHEHHIO (CP. HHXKe CYMMHPOBAaHHE aHAaJo-
rugHoro psaja (17,3)). Ecan cHagasna onycTHTb AHArpammbl C mepe-
CTaBJeHHHIMH KOHIAMH 3 H 4, 3T0 ypaBHEHHE OKaMKeTCs 3SKBHBa-
JeHTHBIM ypaBHeHHio Ilpeaunrepa ans AByx vactuu Ge3 yuera
HX TOXKAECTBEHHOCTH, 3allHCAHHOMY B HMIIYJbCHOM IIpeJCTaBJIEHHH
(ypaBuenne I1I (130,9)). CoorBeTcTBeHHO, BepiunHHass (yHKuua I'
BBIPA3UTCA Yepe3 aMIJIHTYAY paccefaHus f ABYX vacTHL (opMyJoil

va, of (Pa’ Pa; Pl" Pz)=6a?650%’f' (1613)

[Ipn6GaBreHue ke AHArpPAMM C [epecTaBJeHHBIMH KOHUaMK 3 u 4
NPUBOAUT K QHTHCHMMETPH3alUHH AaMIJIMTYIABI, KaK 3TO0 H JOJKHO
ObITh AJsA (pepMHOHOB. B mepBoM mpHO/IMKEHHH TEOPUH BO3MYIIe-
HHH ocTaroTcs JIHLIb HepBas pauarpamma (16,1) u puarpamma c me-
pecTaBJIeHHBIMH KOHIIAMH, B Kotophle ((*2) Boofumie He BXOIHT.
Jasa aMnauTyael paccessiHHsi Torja NOJY4YHTCS OOGBIYHAsi GopmyJia
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nepsoro GopHoBckoro mnpubauxkenud. [locaenywoliue AHarpammei,
[ocje NMpOBeJieHUs] HHTErpHPOBAHHSA MO IPOMEXYTOYHBIM YacToTaM,
JAlOT H3BECTHBlE BBHIpaXKeHUs JJS INONPABOK K aMINIHTYLe B cJe-
LyoOImuX GOPHOBCKHX NpHOJHKEHHAX.

B ¢epMH-XKHAKOCTH B3aHMOAEHCTBHE CTAJKHBAIOIHUXCA YacCTHLL
C YacTHLAMH Cpeibl NPUBOAHT K UX 3PheKTHBHOH 3ameHe KBasH-
yacTHilaMd. Bce cBsi3aHHbIe ¢ 3THM B3aHMOJAEeHCTBHEM MONPaBKH
K BHYTPEHHUM JIHHHSIM JHArpaMMbi aBTOMAaTHYeCKH YYHTHIBAIOTCS
onpefetenneM (yHkuun I'. J[OMONHHTENLHOTO yueta tTpebyioT, Of-
HAKO, MONpPaBKM K BHEIIHHM JHHHAM. B KBaHTOBOH TeOpHH MOJIS
HoKaskBaeTCs, UTO yXke B CUJy OOmUX TpeGoBaHHH YHHTapHOCTH
MaTpUILl pacCessHUSl 3TH NONPABKH INPHBOAAT K MOSBJEHHIO B aM-

IJIUTYJE pacCesiHHs IO MHOXKHTEJIO V'Z na xaxpblii cBOGOAHBIH

KoHell, T'le Z—INepeHOPMUPOBOYHAss NOCTOsAHHAasA (QYyHKUHA [puHa

(cMm. IV § 107); ana auarpaMm C 4eThIPhbMA KOHLAMH 3TO O3HayaeT

yMHOXeHHe Ha Z?. XOTd H3JIOXKEHHBLIH TaM BBHIBOJ CNPaBelJUB H

A5 KBasMyacTHI[ B (PepMH-KHAKOCTH, INOSACHHM 3JleCh IIPOHCXOXK- .
JeHHe 3TOT0 MHOXHTEJs TaKXKe H C MOMOILbIo GoJiee MPOCThIX (XOTA

H HE CTPOTHX) paccyXIeHHH.

Jeno B TOM, UTO TIPHHOBCKAs (DYHKIHUA XKUAKOCTH BOJIH3H CBO-
ero ToJioca (nepBbm ynen B (10,2)) oTiHYaeTcsi OT FPHHOBCKOH
(yHKUHH HAEAJBHOTO Tasa TONLKO MHOXKUTEJEM Z. Ecqd BBeCcTH

BvMecto ¥ u ¥+ OIepaTophl IP,‘,—‘P'/]/Z ‘P’ 11” V' Z, 10 cocTas-
JeHHas M3 HUX TPUHOBCKasg (pyHKIHUSA G,‘B—G/Z 6y)1eT BHITJISIIETh
BGIM3U TMOJIOca B TOYHOCTH KaK JAJd HjeaJbHOro rasa. B aTtom
CMBICJIE 3TH ONEPATOPhl MOXKHO paccMaTpuBaTh KaK P-OrepaTophl
HieaJbHOTO rasa KBasuuactHil. OnpejesieHHass MO0 HEM JABYX4YacTHY-
nHag ¢yukuusa Ipuna Oymer K, =K/Z%, H, clieloBaTe]bHO (CO-
raacHo onpeneneduo (15,7)), BeplInHHas yacth Iy, =T22 uto u
Tpe6oBaJOCh.

B mnpHMeHeHHH K KBasHYacTHIAM IIPEJCTaBJ/AET HHTEPEC He
CTOJIBKO CEYeHHE paccesHHsi, CKOJbKO UHCJO CTONKHOBEHHH (B 1 cex
B 1 cm® xupkoctH). JIJIa CTOJIKHOBEHHH C 3aJaHHLIM H3MeHeHHEM
HMIyJI5COB H MPOEKUHH CIIMHOB YacTHI, (e, P, — Psy, p.O) Takoe
qucao jgaetcsi GopmyJsoH

dW =2n| Z°T'ys, ap (Ps, Py Py Py)|*0 (85 +-€,—8,—8,) X

d3p,d3psd®
X g, tigy (1 — 1)) (1 —mp ) =5 l5=2, - (16,4)

-

npuyeM P, +p,=ps+P, @ fp— QYHKUHS pacnpeieeHnss KBasH-
yacTuil. MHOXHUTeNH np, U flp, BBIPAXKaloT COGOH MPOCTO TOT (aKT,
YTO YHUCJO CTOJKHOBEHHH KBasHYaCTHIL C 3aJaHHLIMM HayajbHLIMH
MMIIYJbCAMH M (IPOEKUHAMH CIHHOB) NPONOPHUOHAIBHO YHCJaM
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TAKHX KBa3H4acTull B ¢JHHHNE o0beMa. MHoxuTenu ke (1—np,)
H (1—np,) cBA3aHBL C TeM, YTO, corsacHo npuununy [laynu, cTOJK-
HOBEHHE MOXKET IIPOHM30HTH, TOJBLKO €C/IM KOHEYHBIE COCTOSHHS CBO-
63,0158

§ 17. Bepwnnnasi GyHKUMSA NPU MaJbiX mepejadax HMIYJAbCA

BaxHyo poJsib B TeOpHH (epMH-KHAKOCTH HrpaeT BepLIMHHAS
QYHKIHA MpH GNHU3KUX 3HAYEHUAX Map NepeMeHHBX P,, P, u P,,
P, (Mbl yBHAHM, B 4acTHOCTH, YTO OHA TECHO CBA3aHa ¢ (yHKUHEH
B3aUMOJeHCTBHA KBazuyacTul). FiMes B BUAY CBsI3b

P1+P2:P3+P4,

noscxkuM P,=P,-+ K, P,=P,—K ¥ BBelleM YIpolIcHHOe 0603Ha-
YeHUe

Pro,ap (Pr+K, Po—K; Py, P)=T1s,a8 (K Py, Po); (17,1)

Mbl OyJAEM paccCMaTPHBaTh 3Ty GYHKIHIO NP MaJbX 3HayeHuaAx K.
B TepMHHaAX MNpOLECCOB paccessHHsA KBa3HYyaCTHI[ 3TO 3HAYHT, YTO
paccMaTpuBalOTCs CTONKHOBEHHS C MaJoH mepeflaueil 4-HMmyJbca,
6/IM3KHEe K «PacCesHHIO BIIepefy.

[Ipy K=0 ¢ynknua I' umeer, Kak Mbl YBHIMM, 0COGEHHOCTb;
Hac OyZeT HMHTEPeCOBAaTh HMEHHO Ta 4acTb (YHKUHH, B KOTOPOH
3aKJioyeHa 3Ta oco6eHHOcTb. IlpoHcxoxkneHHe mocJaefHedl Jerko
NOHSATh H3 PACCMOTPEHHA CKeJIETHOH JyarpaMMEL

ook B
(17,2)

3ak/oyawouieit B cefe Ty COBOKYNHOCTb JHAarpaMM JBYXYaCTHYHOM
¢yHkuuu puna, KoTopele MOrYT GHITb DacceyeHEl MeXAy Napamu
KoHuoB P,, P, u P,, P, Ha jBe uacTu, COeJUHEHHBIE MeXAy COOOH
ABYMs CIVIOIIHBIMH JHHHMAMH!'). JIBYM COEIMHHTEJIbHBIM 2KHPHBIM
JHHHSIM OTBEYAIOT TOYHBIE OJHOYACTHYHBIE T'PHHOBCKHE (YHKIIHH
G(Q) u G(Q-+K), npuyeM no 4-umnysaecy K B Auarpamme MHpo-
H3BOAHTCA uHrerpupoBanue. IIpy K — 0 aprymeHTHl 3THX JBYX
GYHKUHH COMHKAIOTCS, a TOTOMY cOJHXKAIOTCA H MX moJtockl. COTH-
2KaKOIKUECsT MOJMIOCH MOTYT «3aXKaTb» MEXAY COGOH NyTb HHTETPH-
pOBaHHS (CM. HHKe), YTO M fIBJISETCS HCTOYHHKOM BO3HMKHOBEHHS
ocoGeHHOCTH B yHKIHH T,

) Tag, BO BTOpOM HOpsiAKE TEOPHH BO3MYWIEHH{ (IO MapHOMY B3aHMOZEficT-
Buio) B (17,2) Bxomar muarpammm (15,11a,6,8) u guarpamma (15,1in) c mepecrap-
JICHHEIMH KOHUAMH 3 H 4,
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Nns BoyucjaeHns TouHoH Gyekuuu 1I' Hafo NPOCYMMHPOBATH
Becb psifi TeOpHH BoaMyuieHHH. [TocKoJbKy Hamia LesJb COCTOMT
B Bbifle/IEHUH YacTH, UMeionieil 0co6eHHOCTb NPH K =0, Hano npexje
BCEro OTHEJNHTb BKJaj OT BCEX AHarpamm, KOTOpbie He MOrYT ObiTb
pacceyeHnl MO MapaM CIUIOUIHBIX JIHHHA ¢ GJU3KHMHU (OTJIHYAIOIH-
Muca Ha K) 3HaueHHaMH 4-uMmnysabca. DTy yacte GyHKuuu I', He
uMetomylo ocobenHoctd npu K =0, o6o3nauum mocpeactsoM I'; B
Heil MoxkHO mnoJoxutb K =0, Tak uro I' 6yjer dyHkuue#i JHuIb
nepeMeHHbIX P;, P, Dys, ap (P1, P.). UTO ke Kacaercs «ONACHBIX»
JHarpaMM, TO HX MOXHO KJacCH(QHIMPOBaTb MO YHCJIY COAepKa-
IIMXCA B HHX Nap JHHAH C GJUSKUMH aprymMeHTaMu. TakuMm oO-
pa3oM, moJiHas BepIIMHHAs 4acTb I' H306pasHTCA CaeAylOLiHM Gec-
KOHEUHBIM «JIeCTHHYHBIM» DAJOM JHAarpamm:

& %
5 X YA pooh s

B B

3jech CBETJIOMY KPYXKYy OTBeuaeT HCKoMoe il', a 3amITpHXOBaHHbE

KPyXKH HzobpaxkaioT iI'. BHeiuHue JuHHH Ha 3THX AHarpamMmax
He BXOJAT B omnpefesenue I' U cJaysKar JHMIb AJs yKa3aHHsA YHCJ/A
H 3HaYeHHH BXONAWUX H BHIXOAALIHX 4-UMIYJbCOB.

Bce BHYTpeHHHe JUHMH Ha Auarpammax (17,3)—xkupHbie, T. €.
HM COOTBETCTBYIOT TouHble G-dyHkuuu. IlogyepkHem B 3TOH CBf3H,
YTO BO3MOXKHOCTb mpeActaB/ieHHs I' B BHAE 3THX CKeJeTHBIX jua-
rpaMM (2 TeM CaMbM U Bce JaJjbHefIne CICACTBHS U3 HUX) OTHIOADb
He MNpeAnoJiaraeT MNapHOCTH B3aMMOJEHCTBHA MeXAy YacTHIIaMH,
IIOCKOJIbKY IYHKTHPHBIE JIMHHH 3JleCb B fIBHOM BHAE OTCYTCTBYIOT;
OT XapaKTepa B3aHMOJeHCTBHA B JAeHCTBUTEJbHOCTH 3aBHCUT JIHIIb
(He mHTepecyOIlasA HAC 37eCb) BHYTPEHHAA CTPYKTYpa GJOKOB, H30-
OpaXeHHBIX KPYyXKamul).

3agaya o cyMMmupoBaHuu paga (17,3) cBogHTCA K pelleHHIO
MHTErpajbHOrO YPaBHEeHHs, JJi TOJYYEHHS KOTOPOrO «yMHOMKHM»

BeCb pAA €lle Ha OJHO F, T. €. 3aMEHHM €ro psaiaom
e = e+ RO+

1) IIpeanoJaraetca JHIbL Takoe oflliee CBOHCTBO, KAK COXPaHEHHE UHCJA da-
crut. ITocnesnee NposiBAsSeTcs B IOCTOSHCTBE Pa3HOCTH UHCHA JHHHHA, NPOXOASHIHX
HampaBo H Ha/leBO B KaXK[OM CeuYeHHHM JHarpaMMil (PaBHOH HYJI0 LJs CeueHui
nokasasHoro B (17,3) Tena)s
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CpaBHeHHe C HCXOAHBIM psaAjoM (17,3) mMpUBOAHT K PaBEHCTBY

e B h B noA
= >C< - (17,4)
44
B+K PrK  PrK Bk Bk Bk

D10 puarpaMMHOe paBeHCTBO, OyAyYH 3alHCaHO B aHAJHTHYECKOM
Bule, ¥ AaeT WUCKOMOe HHTErpajibHOe ypaBHEHHE

Lys, ap (K Py, P,)=
= Tyo,08 (s, P)—i [ To e (P, Q) G (Q+K) G (Q) %

XD, 15 (K; Q, P s (17.5)

Cor/lacHo cKasaHHOMY Boille, B QyHRuuax ' mosoxkeno K =0; Hc-
[OoJb30BaHLl BBefleHHbIE Bhillle cokpauleHHble ofo3Hawenus I' u T
a TaKke IOJNOKEHO Gop = GOqgp.

Iasa ucc/efoBaHHs 3TOTO YPABHEHHST PacCMOTPHM Hpexkie BCero
crosimee B ero sigpe npousBelenue G (Q +K)G(Q). Kak yxe 6bu10
OTMeueHO, NpH MajelX K mosocel 060HX MHOXHTeNeil GJIM3KH JpyT
K Apyry. B6ausu stHX mnomocoB G-QyHKUHH NPEACTaB/AIOTCA I10-
gocHbeiME  wieHaMmy (10,2). O603HaYUB KOMIOHEHTH! 4 BEKTOPOB K
H @, corgacHo

K=(o, k), Q@=(49), (17,6)
MHIEeM B 3TOH o6JacTu
G(Q)GR+K)~
zzz[qo—vF(q""PF)+i61]_1[qo+w'—vF(|q+k]_pF)+i62]_1’
(17,7)

rae 6,, §,—0OeckoHeuHo MaJgble Jg06aBKH, 3HaK KOTOPHIX (BOJIH3H
IIOJIQCOB) OMpefe/sfeTcs cOrJacHo

sign 6, =sign (¢§—pp),
) : 17,8
sign 8, =sign (| q+k|—pp). (17.8)

3uaku 8, u O, ompelessOT paclnosoXKeHHe IOJNOCOB—B BepX-
Heli MJM HMXKHEH NOJYMJOCKOCTX KOMIIJIEKCHOH IlepeMeHHOH ¢,.
Oco6eHHOCTb B siApe HHTErPalbHOTO YpaBHEeHHS (2 C HAM M B €r0
pellieHNH) BO3HHMKAeT B pe3yJbTaTe 3aXKaTHsi KOHTYpa HHTErpHpo-
BaHUsl 1O dq, (BelleCTBEHHAs OCb) MeEXAY MNOJIOCAMH, MJf Yero
noc/iefiHiHe JOJ/IKHBl HAXOAMTECA NO Fas3Hble CTOPOHH 3ITOrQ KOH-
Typa, T.e. B Pas8HbX MOMYIJIOCKOCTSIX.
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IMpexnosoxum cHayana, uto qk >0, 1. e. cos®>0, rre 60—
yroa mexny q ¥ k. Torna |q+k|>¢, u 6, u 8, umeror pasany-
uele 3Haku (8, <0, 6,>0), ecan ¢ < pp, |q+k]| > pr, uT0 BBUAY
MaJIOCTH 2 3KBHBAJIEHTHO YCJOBHAM

pr—Fkcos < g < pp (17,9)

[Tpu nanwpHefiimem nHTErpHpoBaHuu no dg, B (17,5) myrb HHTErpH-
POBaHUSI MOXKHO 3aMKHYTh GeCKOHEYHO YJaJeHHOH TOJyOKpYyX-
HOCTBHIO (BCE PaBHO-—CBepPXY HJH CHH3Y), M TOTJa HHTErpas ompe-
JIeTUTCH BBIYETOM IOIBIHTErPAJbHOTO BEIPAXKEHHS B COOTBETCTB VIOLIEM
noJoce. [lpu 3ToM BBHAY y3ocTH HHTepBania (17,9) (npu manom k)
B MHoxkHUTeaax I' u I' moj 3HakoM HHTerpasa MOXHO GyJeT MHoJIo-
*HUTb £=0 H COOTBETCTBEHHO JJIfl IOJIOKEHHUS IOMIOCOB ([IPH MaJIBIX
k, ®): g, ~ 0.

JpyruMu cJoBamH, B CMBICJIe CBOEH POJIH B Siipe HHTEFPaJbHOIO
ypaBHeHusa (17,5) mpouspefieHHe NOMOCHBIX MHOXHTenell (17,7)
5KBHUBAJEHTHO O8-hyHKUMAM

Ad(q,)8(qg—pr)

¢ Kospounuentom A, oupeeseHHHIM KaK HHTerpas
4 _‘S‘ Z2 dq,dg
T [9o—vr(a—pp) +i61] [go+ 0 —vp( q+k|[—pp) +ide] *

Korpa g nexur BHe uuteppana (17,9), ofa momioca Jexar B ofHOH
TOJTYTJIOCKOCTH KOMIIJIEKCHOTO ¢, ¥, 3aMKHYB IyTh UHTErPUPOBAHHS
no dg, yepes JAPYryw IOJYIJIOCKOCTb, YGeIUMCS, 4TO HHTEerpa
o6pamjaercss B HyJab. B obmactu xe (17,9), 3aMKHYB myTh uepes
O/Hy M3 NOJYIJOCKOCTeHdl ¥ BbIYMCAAS HHTErpas IO BHIYETY B pac-
NOJIOKEHHOM B 3TOH MOJMYNJOCKOCTH ToJI0Ce, HafijeMm .

_ 2niZ%q
A —f o—vr(lq+k|—g)+i0

(yureno, uto B obaactu (17,9) 6, < 0, §, > 0). ITockosnbky B CHIY
(17,9) ¢ =~ pp>k, T0 MOXKHO NOJIOKHTL |q+K|—g =~ kcos®, noce
yero (¢ yuerom mpeaenos (17,9))

A= oniZ? k cos 0
T o—kugcos9”

Jlerko mokasaTh TeM Xe CIocoGOM, YTO TaKOe e BBIpaXKeHHe
ana A (do ¢ apyruM 3HakoM y i0) moayyaercs H mnpH cos® <0
(Korjza MHTerpHPOBaHHE JO/KHO MPOU3BOJUTLCSA 1O 06JACTH g > pp,
|q+k| < pp). Takum obpasom, B sape ypaBHeHHs (17,5) umeem

G(QGQ+K) =gl e 1 o),  (17,10)
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rae wuanucano lk BMecto kcosO(1=q/q), a pyHKuIHA @ HE coxep-
XKHT (npH ManblX K) 8-byHKIHOHHOH YacTH, H NOTOMY B Hell MOXKHO

MOJIOXKHTD K =0.
Ioacrasus (17,10) B (17,5), mosyyuM OCHOBHOE HHTerpaJbHOe

yPaBHEHHe B BHJeE
F'YG.OLB (K Pl’ Pz)—rvb of (Pi, 2)—'
——lSFc ax (Pi Q)(P(Q)Pud 8 (K Q, P2)(2n)4

1z Ik d
(25;;; SFW; ox (P, Qp) T'us, 28 (K; QF, P )—ﬁ (17,11)

B mocsnenHeM uieHe mopctaBiaeHo d*Q = g®dgdo,dg, (rae do,—>3.e-
MEHT TeJeCHOro yrIJa B HanpaBJeHHU 1) M MHTerpUpOBaHHEM IIO
dgdg, ycrpanens 8-dynkumu. B sToM usene B dymkuugx I''u T
aprymeHT Q Geperca Ha depMu-noBepxHocTH: Qp=(0, pgl).
OGpaTuM BHHMaHHe Ha crneuuduyecKH# XapakTep MHOXKHTE/IA
1k/(o —vplk) B agpe ypaBHenus (17,11): ero npepen mpu k—0,
o — 0 3aBUCHT OT MpeJesia, K KOTOPOMY CTPEMHTCH NpPH 3TOM OT-
HomenHe o/k. TakuM e xapakrtepoMm 6yaer o6Jagathb, CJeI0Ba-
TeJbHO, H pellieHHe ypaBHeHUd: npefea oyHruuu I' (K; P;, P,) npu
K — 0 3aBucur ot crnoco6a CTpPeM/IEHUS K HYMO ® H k
O6o3nayum nocpegctBoM I'0 (P;, P,) npepen

36, a8 (Py, P2)=11<im01“vc,aa(f<; Py, P;) mpu k/o—0 (17,12)

-
(Mpl yBuzuM B § 18, uTO HMeHHO c 3TOH BeJMHYHHOH CBfi3aHa (yHK-
uua B3auMojeficTBua KBasuyactuu). Ilpm TakoMm cmocoGe mepexona

K IIpefieay fpo nocJaelHero HATerpaabHoro uiena B (17,11) obpama-
ercd B HYJb, TaK 4yTo I'® yJIOBJETBOpPSIET ypaBHEHHIO

T9s, s (Py, Pa) =
=Fy,08 (Py, Po)—i{ Tt an (Py, Q) @ (Q T, 15 (Q, Pz) G (17.13)
OrmeruM, uro BBHAY (15,8)

[9s, a8 (s, Ps) =Ty, gu (Pay Py). (17,14)

Us pByx ypasmenuit (17,11) u (17,13) MOXHO HMCKMIOUHTB I.
Pe3ynbTaT HCKJ/IIOUEHHS:

'y, ap (K; Pp P,)=T%s, ap (P, P,)+
Z pF re p 1k dOl
(275)3 (7 om( 19 QF) »6, ¢f (K QF’ P) lk (17,15)

HelictBHTeNbHO, ecu dopmanbHo 3anucath (17,13) B uge I'=LT°,
o (17,11) 3anumerca xak

sn_ &, Z2%F 5~ 1k
LT=T+ o IT prasa do,




§ 17] BEPIUHHHAS OVHKIHS TPH MAJHX TNEPEJAYAX HMIY/BCA 89

IloacraBus ciona I'=LT® u npuMeHHB K oGeMM CTOPOHAM paBeH-
cTBa omeparop L-%, moayuum (17,15).
Beenem Tenepsr ¢yukumio I'* corsacho

s, ap (Pi, P2)=}li—r>n(J T'ys, o5 (K; Py, P)) npn o/k—0.(17,16)

HmenrHo 3Ta ¢yHKUMA (YMHOXKeHHAas Ha Z?) NpeACTaBJseT COGOH
aMIJIHTYAY paccesnus Bunepep (T. e. nepexoxa Py, P,—P,, P,),
OTBEYaloIYyI0 peanbHBM (H3HYECKHM TMpolieccaM, MPOHCXOAALIUM
¢ KBasHYacTHIIaMH Ha (epMH-IOBEPXHOCTH: CTOJIKHOBEHHS, OCTaB-
JAA0liMe KBa3W4yacTHLH Ha 3TOH MOBEPXHOCTH, CONPOBOXKIAIOTCSH
H3MEHEHHEM HMIyJibca 63 M3MEeHeHHs SHEPTUH, U MOTOMY NEPexon
K Tpeeay HyJeBoHl mepefaun umnyibca (K — 0) A0MKEH MpPOM3-
BOJAMTBHCA TPH CTPOTO pPaBHOH HyJ/JI0 nepepaue 3Heprun (o =0).
Beeaennas ke Bhime Gynxuus I'® orBeyaer HepH3HYeCKOMY Ipe-
JAENBHOMY CJyYal «paccesiHHs» C MasoH nepejayell 3HEPruu Ipu
CTPOro PaBHOH Hymo mepefaue HMNyJabca (K=0).

Tonoxus B (17,15) @ =0, nepeiins x npegeay k— 0 u ymHo-
KHB 00e CTODOHHEI PaBeHCTBA Ha Z2, NOJYYHM

ZZF":’G. ap (Pi, P2)=22F$6, ap (Pi, Pz)—“
2
e gfzzr%’c, ax (P1, Q)+ ZThs 16 (Qp, Py)do,.  (17,17)

T ur @)
TagkuM o6pasoM, cyuieCcTBYeT ofliee COOTHOLICHHE, CBA3bIBalOlIEE
ofe npejenbHbie GOPMBI aMIJHTYALI pacCesiHHs BIEpes.
CeoiicTBa antucumMetpud (15,8) ana I' paror Hexortopyio uHdop-
mauuio o nobeaeunu I'* u I'® npu P; — P,. Ilos0XHB B 3TOM paBeH-
ctBe Py=P, 0 o=, noaydum

Tys, aa (Pi+K, P,—K; Py, P;)=0 (17,18)

(cymmupoBanus no « sgech Her!)?!). Ilepexon k I'® mau I'* B 310M
paBeHCTBe Hal0 MPOM3BQAHTbL C OCTOPOMKHOCTHIO, TaK Kak B I'®, I'*
cHavyaJsa noJoxeno K=0, a B (17,18)—cnauana P;=P,.

Ilycte opnoBpemenHo mannl K U P;—P,=8=(s,, s). Toraa
noMuMo pHarpamm (17,2) 6yzyT omacHBIMM TaKXe H JHarpaMMEl

booqesen R

X~}

KK X

1) INpn yuere JHmb O6MEHHOTO B3aHMOAEHCTBHS MEXNAY CIHHAMHM KBa3HYacTHIL
H3 BCeX I'y8, @o OTIHUHEI OT HYJAA AHMWD Do, aa. DT0 yTBepXk/JeHHe BLIpaXKaeT
co6ofl HEUSMEHHOCTb BEKTOpAa CIIHHA NPH PAacCesiHHH. Ero MOMXHO NpeBepHTEH
TaKKe H HENOCPEACTBEHHO N0 BHIpaXXEHHIO BHAa (2,4).
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Ipu K, S— 0 dynkuua I'ys o Oyler 3aBHCETb, CJELOBATE]bHO,
OT ABYX «OCOCBIX» aprYMEHTOB:

=9 — Sofo
¥=F YSTore

u (17,18) osHauaeT ofpauleHHe 5TOH (YHKUMH B HYJb OpH X=y.
Bynem paccmarpuBaTth 3Hauenust I' ma Qepmu-nmosepxuocrti; TOria
0=5,=0, 1ak ut0 ¥ y=0. TlostoMy B TakKoMm mnpejneje paBeH-
ctBo (17,18) uMeeT MecTto, TOJbKO eciau B x=0. J[pyruMH CJI0BaMH,
Ha (epMH-NIOBEPXHOCTH OHO CIpaBefuBO aas [%:

s, aa (Py, Py)=0 (17,19)
(N. D. Mermin, 1967).

§ 18. Cesa3b BepmHHHOM GYHKUMH ¢ yHKIHeR
B3aMMOJEHCTBHSA KBa3UYACTHI{

[logo6Ho TOMy Kak B 06pasoBaHHH MaTPHYHOTO 9neme1—na‘(7,9),
Onpefe/sLUIero OJHOYACTHYHYIO (PyHKUMIO ['pHHA, y4acTBYIOT Npo-
MeXYTOYHBIE COCTOSIHHSI C yucJaaMd yactul, N 4= 1, tak B ofpaso-
BaHHH JABYyXYacTHYHOH QyHKuuM I'puHa (MatpuuHbli sjement (15,1))
y4acTBYIOT NPOMeXYyTOuHble cocTofguus ¢ N, N 1, N 2 vactu-
1amu 1).

BBuay HaMuds NPOMEXYTOUHBIX COCTOSTHHH ¢ N + 1 yactuueil
ABYX4YacTH4Hass QyHKUHS [puHa HMeéT TOJMIOCH, COBMAAA0LLHE
¢ nojqiocamMd ¢yHKuMH G, 7. €. ¢ SHepruell KBasuuacTHLel. CoOT-
BETCTBYIOIIE MHOMHUTEIH, ONAHAKO, BbiAe/]eHb B (15,7) B siBHOM
Busie. [lostoMy omnpenesnsemas 3710l ¢Gopmysoil BeplIMHHAA (YHK-
uua I' uMeeT JHMINb INOJKCH, COOTBETCTBYIOIIHE COCTOSTHUAM € N
# N o= 2 yactunamd. MOMEHT HMIYJbCa 3THX COCTOSIHMH OTJIHYaeTCs
OT MOMEHTA OCHOBHOTO COCTOSHHA Ha O uau 1, Tak 4TO OTBeyamolle
9THM TMOJIOCaM 3JIeMeHTapHbIE BO3CYXKACHUS HMEIOT UENABH CHOHH
(0 uwau 1) m noroMy nojuuHsOTCA craTHCTHKE DBose. Jpyrumu
CJIOBaMH, TOJIOCHI BePINMHHOH QYHKIHH Olpeleasiior 603eBCKHe
BEeTBH SHEDPreTHYECKOTO CNEeKTPa (PepMH-3KHUAKOCTH,

[omiocel, BO3HHKAaOLIME OT NPOMEXKYTOYHLIX COCTOAHHI 6e3 H3Me-
HEHHSl YHMCJA YacTHL, OTBEYAIOT 3JeMEHTApPHBIM BO30CYKACHUAM,
IPEACTABMSAIOUNM KBaHThl HYJEBOTO 3BYKa. B juarpammHuofi Tex-
HHKE MPOMEXKYTOUHBIM COCTOSHHAM OTBEYAOT Pas3JHYHBIE CEYeHHS
AuarpamM, paspe/ifiOlHe HX Ha JBE YacTH MEXIY TeMH HJH HHBIMU
H3 ee BHEWIHUX KOHLOB. B JaHHOM C/yyae NPOMEXKYTOYHEIM COCTOS-

) Cocroanna ¢ N uacTHUaMH BOSHHKAIOT NPH Tako#, HanpuMep, nocaenoBa-
TeJBHOCTH onepartopos B T-npougsefeHuH, Kak ¥, Wy ¥, Wi, Cocronanus xe ¢ N+2
YaCTHLIAMH OTBEUAIOT TaKHM IIOC/eJOBaTe/IbHOCTAM, KaK ‘Pa‘I"l‘PI‘If; .
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HUSM 6e3 H3MEHEHHd YHCJa YacTHI[ OTBEYAOT CEUEHHA auarpamm
(17,3) mo oAHO# M3 Map CNJIOIIHBIX JHHHHA, COEAHHAIMHUX COCEJHHE

610ku I'; HeH3MEHHOCTh YHCJA YaCTHIL B 3THX COCTOSIHHUSX BHIPa-
JKaeTCs OJHHAKOBOCTEBIO YHC/Ia JUHHUH, JlepeceKawlliX CeYeHHe B Ty
H Ipyryilo cTopoHsl. IlepeHoc 4-uMnysbca yepes TaKoe CeYEHHE €CThb
(@ + K)—Q =K; COOTBETCTBEHHO 3TOMY, 3JIEMEHTapHLIM B0O36YXK-
neHusM 6e3 H3MEHEHHS YHCJAa YACTHI[ OTBEYaloT MOJIOCH BepIUMH-
Hoii ¢yskunu I'(K; Py, P,) no nepemeHHOH K.

Ml Bugeau Beuue (npd BuiBoge (17,10)), 4To H3 ABYX HMIOYJIb-
coB q u q-k (Bxogsamux B 4-BekTOophl Q W Q+ K) OOHH JO/KeH
6biTh GOJblle, a APYTOH MeHblle NpeleabHOro uMnyJbca pg. C Apy-
rofi CTODOHbI, NpPHU BO3GYXKIEHHH M3 OCHOBHOrO COCTOSIHHS BHe
depMu-chepsl MOTYT OBITH TOJBKO «YacTHUbl», a BHYTPH HeEe —
TOMBKO «AbIPKH». B 35TOM CMBIC/IE MOXHO CKasatb, YTO HYyJIeBbie
BO36yXIeHHSI B (pepMH-KUAKOCTH MOXKHO pacCMaTpHBaThb KakK CBf-
3aHHBIC COCTOSIHHSI YaCTHULH H JBIPKH !).

DneMeHTapHbIe e BO3GYXKIEHHS, OTBeYalollMe NPOMEXKYTOYHBIM
COCTOSTHHAIM € N -= 2 yaCTHLIAMH (MM COOTBETCTBYIOT MOJIOCH (yHK-
unu T (K; Py, P,) no mepemensoit P;-+P,), MoxHO OblIO GBI pac-
CMaTpHBaTb KaK CBfi3aHHble COCTOSHHA JBYX 4YacTHI HJIH JABYX
JBIpOK. Hasiuuyue TakHX COCTOSHMI, OJHAaKO, NpHBENO O (Kak
6yJeT NOKa3aHo B rjaBe V) K CBePXTeKYUeCTH ¢epMH-KHIAKOCTH,
uTO, B CBOK Ouepefb, TpeOyeT CYIECTBEHHOTO H3MEHEHHS BCETO
MaTeMaTHYeCKOro anmapaTta JHarpaMMod TeXHHKH.

Takum o6pasom, 1Js onpejeseHHs GO3eBCKOH BETBH 3HEpreTH-
YeCKOTrO CMEKTpa HeCBepXTeKyueH (epMH-KUAKOCTH HAJO HCCJIENO0-
BaTb MOJMIOCH BepluMHHON GyHkuuu I (K; Py, P,) Mo nepeMeHHOH
K =(w, k). Tlpy kaxaoM 3HayeHHH K TMOJIOCY OTBeyaeT ompefe-
JeHHast 3Heprus o =o (K), YeM H omnpeneJsieTcss 3aKOH JHCIEpPCHH
5>THX BO36GymaeHHil. [ C1a60 BO3OYXACHHBHIX COCTOAHHA © M k
MaJbl, TAK YTO MOXKHO MCIOJIb30BAaThb YPABHEHHs, NMOJNYUYEHHBIE JJIsA
dyukunu I'(K; Py, P,) B o6nacTH ManibiX 3HaueHH# K.

B6ausy momoca ¢yHkuuu I' jeBas cTopoHa M HHTErpasa B Iipa-
BOfi cTopoHe YypaBHeHMs (17,15) ckoJb yrogHo BeJHMKH; WIEH Xe
I® (P,, P,) ocTaeTcsi KOHEYHEHIM M TNOTOMY MOXeT ObiThb OMNYIIEH.
Jlajee 3aMeyaeM, HTO MNepeMeHHas P, a Takxe HHIEKCH [ H 8
He 3aTPATHBAIOTCS ONEpanusiMH, ITPOM3BOAMMBLIMH B yDaBHCHHH
(17,15) Han ¢ynkuuedi T, T. e. HIpalOT B HEM POJIb HECYINECTBEH-
HBIX napameTpoB. HakoHel, mbl GyieM paccMaTpuBath ¢yHkumo I'
Ha TIOBEePXHOCTH (epMu-chephl, T. €. NoJ0XKHM Py=(0, pgn), rae
n—nepeMeHHblH eIUHHYHEH BekTOp. MMesi Bce 3TO B BHAY, 3aK/IO-

1) B rakoft nocraHoBKe 3ajaya (OpMaJbHO HMeeT MHOro ofiiero ¢ 3agavei
06 orpelesieHHH yPOBHeil CBA3aHHEIX COCTOSHHME 3J€KTPOHAa H NO3HTPOHA B KBaH-
TOBOH 3/eKTponMHamuke (cM. IV § 122). B wacrhoctH, ypasuenre (17,4—5) aHa-
aorugHo ypasnennio Bere—Cosnurepa 1V (122,10—11).
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yaeM, 4TO OIlpejiesieHHe 3BYKOBBIX BO3GyXJCHHHA B (pepMH-KHIKOCTH
CBOAHMTCS K 3anaye O COOCTBEHHBIX 3HAYEHHSAX HHTEI'PaJbHOTO ypaB-
HEHUSA

Z2p} kd
e (1) =528 [0 (0, D (D 520, (18,1)

Th€e Yye (N)—BcloMorartesbHas QyHKIHSA.
IlpeoGpa3yeM 370 ypaBHeHHe, BBeAs BMeCTO % HOBYIO (yHKIHIO

k
Vo (1) = w—“"_"ank e (1)« (18,2)
Torma ypaBHenue (18,1) nmpumer Buz

2 72
(0 —vpnk) vyq (n):kn%—s‘m& ax (1, n') vy (n') do” (18,3)
(oBo3nayenve 1 sameneHo wa n').

d10 ypaBHeHHe IO (opMe B TOYHOCTH COBNAajaeT ¢ KHHeTHYe-
ckuM ypaBHeHHeM (4,10) aas koneGanuil depmu-xkuakoctu. Cpab-
Hende OGOWX YpaBHeHHH [PHBOAUT K cCJeAylomleMy COOTBETCTBHIO
Mex1y (yHKUHeH B3aHMOZEHCTBHSA KBasHMyacTHI H ¢yHKuUHeH I':

fvo, a8 (PE, pen’)=Z°T9s ap (n, n’). (18,4)

Tem caMbiM BBHISICHAETCHA CBA3b MEXAY ¢yHKUHMed f W cBofcTBaMH
paccesiHHsi KBa3HYacCTHIL!).

PasenctBo (18,4) cBsaspBaeT [ ¢ aMNAHTyZOH HeH3HYeCKOro
npoiecca paccesinus. Bocnosnsyemcss Ttenepr ¢opmydsoi (17,17) u
IIOJyYHM C ee INOMOLIbI0 SIBHOE COOTHOLIeHHE MeXay [ H «pH3Hue-
CKOM» aMIIUTYJOH paccesiHHsl BIepel A/ KBasWdacTHI Ha depMu-
II0BePXHOCTH, KOTOPYI O0O3HAauYHM KakK

Avﬁ, af (n1v n2)=Z2I";6’ af (“is nz)- (18’5)
Cootnomenne (17,17) Ha ¢depMH-IIOBEpXHOCTH NMpPHHHMAaET BHJ
Avé, B (Ny, n,)= \

PF r do”
= fy6, ap (N, nz)—‘znvaS‘va, ax (Ny,n") Ays, ta(n’, 0;) yra (18,6)

CniiHoBasi 3aBHCHMOCTb QyHKIHA A u f MoxkeT GbITh BhIpaKeHa
¢ momompio Matpuiy [laysim o. B ofmem cayuae 3t GyHKHUH
MOTYT COJEpKaTh JIOOble CKaJspHbe KOMOMHAIMH YeThIPEX BeKTO-

%) Usnoxennnii ofmuii seBoA upunagnexur JI. . Janday (1958). Iaa
cn1a60 HEHAeasnbHOro (epMH-ra3a BBLIBOJ KHHETHHUECKOrO ypaBHeHHS NMyTeM CYMMH-
POBaHHS KOHKpeTHHX JHarpamMM THma (17,3) 6bl1 pamee npoussefed A. 5. Mue-
oarom ¥ B. M. I'aauykum (1958). 3ameruM, uto B ciyuae rasa B G-OyEKUHAX
(B HyseBOM TPUOJHXKEHHH) OTCYTCTBYIOT HEMOJIOCHHE uJeHH, B NOTOMy BOTIPOC
06 HX HCK/IOUEHUH He BO3HHKaerT.
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poB n;, N, 63, 0,. Ho ecau B3auMojeHCTBHE MEXAY 4YaCTHILAMH
sipasieTcsi OGMEHHBIM, TO JHONYCTHMBIMHM CKajsipHBIMH HPOH3Beje-
HUAMH SBJSIOTCS JHUIb NN, U 6,0,. Torna ¢yHkuun A u f MOXKHO
npeacTaBuTh (Kak 3to GbLIO Yike chienano nast f B (2,4)) B Buze

2
o Tvs,ap (g, 1) = F (8) By B8 + G (9) 0ya0sp,
(18,7)

2
e Ay, o (0, 1) = B (8) 8085 +C (9) 04a06p,

rae koappuuuenter F, G, B, C—OYHKUMH TOJBKO OT yriaa i
MEXKLY n, U n,. dTH GYHKLUHU pasjaraeM 1o nojdHoMam Jlexanapa

B(ﬁ):é0 (1 +1) B,P, (cos D), . .. (18,8)

IToxcraBuB (18,7—8) B (18,6) M BHIUHCJAMB HHTETpaj (HCIONb3Ys
DK TOM TEOPEMY CJOKEHHS AJIsl NOJHHOMOB JlexaHnapa), noayynm

B,=F;(1—B), C,=G,(1—C). (18,9)

Stumu GopMyJaMH ycTaHABJAUBAETCA IpocTas ajnredpanyeckas CBf3b
MeXAy KOphHIHeHTaMU pasjoxkeHUR f H A.

Yeqaosus yceroiiyuBoctd (2,19—20) npuBoAAT K aHaJOTHYHBIM
HepaBeHCTBaM J1s Koadduuuentos B;, C;

B,<1, C,<1. (18,10)

KpoMe Toro, 3TH KO3(D(pUUHEHTH YJOBJETBOPSAIOT COOTHOUICHHIO,
ABJsiomeMycs caeactsreM dopmyast (17,19): B(0)+C () =0 unu

120 @I+ 1) (B;+C;)=0. (18,11)

PasenctBa (18,9) u (18,11) BMecTe ¢ ycnoBusimu (18,10) gocraTtoyHs
IJISI NOKa3aTeJbCTBA HHTEPECHOTO YTBEPXKJAEHHUA:. BO BCAKOH ycTOH-
yuBOH (bepMH-KHJIKOCTH CYLIeCTBYyeT IO KpalHe#dl Mepe OfHA BeTBb
(o6biuHAsi HMJH  COMHOBag) aKCHaJbHO-CUMMETPHUHOTO HYJIEBOTO
3ByKal).

§ 19. ToxpgecTBa Ajas nMpou3BOfHBIX OT QyHKuud FpuHa

B maTtemaTHuecKoM ammapaTte ¢yHKUMH I'pHHa CcymecTBeHHYIO
pOJb UIPAOT HEKOTOPHIC TOXKASCTBEHHLIE COOTHOLICHHA MEXKAY Ipo-
H3BOAHLIMH OT 3THX GYHKUHE W aMuJIHTyAOH paccesiHus KBasH-
yacTHil. BEIBOA 3THX COOTHOIIEHHH ONHOTHUIICH: BBIYUCJAETCA H3Me-

1) Cm. N. D. Mermin, Phys. Rev. 159, 161 (1967).
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HeHHe TPHHOBCKOH (YHKIHMH TOJ BJHSHHEM HEKOTOPOTO (PHKTHB-
HOTO «BHEIIHEro I0Js», pe3yJbTaT BO3JeHCTBHS KOTOPOrO Ha CHCTEMY

H3BecTeH 3apaHee.
[TosToMy mNpexkjae BCEro BBIYHCIHM H3MeHeHHe 8G TI'PHHOBCKOH

QJYHKHHH noj BJHSHHEM «BHEIIHEro IoJsa» IPOH3BOJBHOTO BHJA.
TaKOMy M0JII0 COOTBETCTBYET B raMHJbTOHHAHE YJIEH

svw =¥z ¢, noUTa(t, r)dow, (19,1)

i () 80 — HEKOTOpHIfl omepaTop, AeHCTBYOmHMH Ha (QYHKIHH OT r

(1 MOryuu#l 3aBHCeTb TaKke OT BPeMeHH f).

[lpy HaJMYMH BHeILIHero moss GyHKUHsS ['pHHA 3aBHCHT yXe OT
ABYX 4-uMnynabcoB P; u P,. B puarpaMMHo#l TeXHHKe Takoe mose
H306paXaeTcsi HOBBIM IpadHYecKHM 3/1eMeHTOM — BHELIHEH mYHKTHD-
HOH JIMHHeH:

—
% —h

-

npHYeM TaKoH JUHWUH COIOCTaBJSETCSI MHOXKUTEIb
—i8U (P, Py)=—i § ePaXs0e-PiX deX. (19,2)

B mepBoM MOpsifKe MO BHEIIHEMYy IMOMIO IONPaBKa K TOYHOH
¢yukuuu [puna Mso6parxaeTcsi CyMMOH JABYX CKeJETHHIX JHarpamm

' $
] 2,
{85(B R )= F) temmmaltmmmn o+ - (19,3)
al
L

rje BCe CIJOIIHBIE JHHUM —KHpHble (TouHble G-pyHKLIHH), a Kpy-
KOK — TouHasi BepmHHHas ¢yHkuusa (iI'). B anaauTHueckoMm BuIe
3TO PaBEHCTBO 3alHCHIBAETCS KakK

8Gpa (Ps. P)=Gpy () 8U (Ps, P) Gya (P —
— iGpy (Py) Gea (Py) § Tys, ¢ (P, Qui Py, @) X
X 8U (Qur Q) Gt (@) Guo (@) 5k, (19,4)
npnﬁeethSIé—;BP;i :BPI:I;!I—‘E%I.E.CYIOH.IHX HaC TOXKAECTB CBsI3aHbI C COXpa-

HeHHeM 4YHCJIa YacTHI[ B CHCTeMe. B raMHJbTOHHaHE CHCTEMHl 3TO
CBOMCTBO BHIpaXKaeTcsi TeM, YTO P-ONepaToOPHl BXOAAT B HEro NapaMu:

no oxnomy ¥+ (X) u ¥ (X) mas kawmoro aprymenta X.
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[TpousBepeM KajauGpoBoyHOe NpeofpasoBaHue YP-ONepaTopoB:

~ -~y . ~ ~rE .

Vo (X)=Vo(X)e-x ™), W5 =Yg enX), (19,5)
rae ¥ (X)—BeuwecTBeHHas QyHKUHA'). B cHIy yKa3aHHOTO Xapak-
Tepa ramusabToHHana, ecid ¥ yposiersopsier «ypasnenuio [lpenun-
repa» (7,8), 10 ¥ yjoBieTBOpsieT TOMY JKe YPABHEHHIO C 3aMeHOH

. 7} 7} . oy,
—_ 2 _— s [ i
A _>(V lVX) ’ ot - ot l ot °
[Tpu GeckKoHeuyHO MaJjoM j = 8y Takoe H3MEHEeHHE YDPaBHEHHS SKBH-
BaJICHTHO A00ABJEHHI0O K TaMHJbTOHHAHY «BHELIHEro IOJs»

5 o) ]
60 =—ZL 4 oL (Aby+2 (78%) V).

B uacTtHOCTH, ec/H
8y (X) =Re (ye~K¥), K=(o, k),

(npuueM BBHAY JHHEHHOCTH MOCJTEAYIOUMX oOnepauuit 3HaK Re
MOJKHO ONYCTHTb), TO

SU (P, P) =i (@) 1,8 (Py—Py—K) {0 — gk (Bu 4P| - (19.6)
C apyro# croposl, ¢yHKuHaA ['puHa, nmocrpoeHHas Mo P-onepa-
TOpaMm:
B =W, (14i8y), Vo' =¥5(1—idy)
oT/JHYaeTcs OT QYHKLHH, [MOCTPOEHHOH IO Omeparopam ¥, ¥+ na
8Gap (X1, Xo)=iGap (Xy— Xa) [6% (X;)— 0% (X,)]
i, B KoMmnoHeHtax ®ypbe:

GGaB (P, P)= S 5Gaﬁ(X1, X,)e (PoXy=P X da X dt X, =
=i [Gap (P1)—Gap (Py)] 8% (P, —Py), (19,7)
rae
8y (P) = § 81 (X) ePXdi X = (2m)* 5,8 (P—K).
TakuM 06pa3oM, OAHO H TO e H3MeHeHHe OG,p BBIPAXKEHO
B AByX BHAax: (19,7) u (19,4), Kyaa Hano nmoacrasutb SU us (19,6).

[pupaBuaB o6a 3TU BHIpaXeHHs APYT ApPYyry, TNOJYYHM (rmocje
saMeHbl Ggp= GOy M HEKOTOpHIX MepPeobOo3HaYeHHH MepeMeHHBIX)

8a5[G (P +K)—G (P)]=G (P+K) G (P) {[_m+“<29+k>] 8up +

2m

11 { oo, a8 (K: P, Q) G(Q) 6 (@—K) [0 —EE2=0] 01

2m

1) Ono aHaJOrHYHO KanHGPOBOUHOMY NpeoCpasoBaHHI0 B KBAHTOBOH 3/IEKTpO-
nudamuke (cp. HI1 (111,8-9)).
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HckoMble ToxaeCTBa MOJYYAIOTCS yTEM MEpexXoia B 3TOM paBeH-
CTBe K npeiedy o, k— 0; npu stoMm

oG oG
G(P—i—K)——G(P)—»mm—{—k—@— (19,8)
(rne P =(py p)). TIpousBenss 3ToT mepexof NpH YCJOBHH kR/w — 0,

NOJYUYHM INEPBOC TOXKAECTBO

aﬁag,f” —{G*(P)}o [ op—1 Srsé a (P, Q{G* (Q)}o (2“)4]'

(19,9)

6

31ech BBejeHO 0003HayeHHE
{G*(P)}o= lim G(P)G(P+K) mnpu kio—0. (19,10)
o, k>0

AnanoruyHeiM o6pasoM, TNpOU3BeAs IpelesbHBIH Nepexoi NpH
YCJIOBPII/I o/k— 0, NOJyYUM ellle OJHO TOXKIECTBO

a8 o ={G* ()i [ 2 008 =1 { Tht, a0 (P, Q 2{G*( Qi e |
(19,11)
¢ aHaJOrHYHbIM oGo3HayeHHeM {GZ(P)},. ’
Hanee, paccmoTpuM u3MeHeHue (QYHKUHMH ['pHHA mpH HajoxKe-
HUM Ha CHCTEMY NOCTOSIHHOIO MoJsg

8U = 08U (r) = U et (19,12)

Ilpg k—0 310 mnoJsie MeAJE€HHO MeHSeTCHd B INPOCTPAHCTBE, TakK
YTO €ro BJAHSHHE Ha CHCTEMY MOMKET pacCMaTpHBATbCS MaKpOCKO-
nuyeckd. CorjacHO TepMOAHHAMHYECKOMY YCJIOBHIO DPaBHOBECHS
BO BHeIUHeM IoJje, AOJKHO Obith p~-8U =const (eMm. V § 25); mpu
k— 0 370 3HAyHT YTO XHMHUYECKHH MMOTEHUHAN | HU3MEHSeTcs Ha
manyio BenuunHy — U,. CoorsercTByioilee uaMeHeHHe ¢y HKIHH
I'puna:

— Uybes 3G (Xi— Xs)

op

a ero (ypbe-KOMIIOHEHTA (OmpejeseHHas, Kak B (19,7)):

6Gaﬂ (Pz, Py)=— (2:1:)4 6 (P P1) U 9G (P1 .

GGGB (Xi’ Xz) =

2

C Apyro#i CTOPOHHI, 3TO K€ H3MEHEHHE (byﬂxunn I'pHHa MOKHO
BBIYHC/IHTL N0 Qopmyde (19,4), monoxus B Hell Ha 3TOT pas

U (P,, P,)=(2n) Usd® (P,—P,—K), (K=0,k).

[lepexon K npepeay k— 0 B gaHHoM cJydae (IOCTOAHHOE IoOJe,

—
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o =0) orBeyaer cayyaw w/k— 0. B pe3ay’abraTe NOJYyyaeM TOX-
JIeCTBO

6(153%;_13): ~{G“‘(P)}k[6as—i5F’§e,ao (P, Q){G (Q);k(%;%]. (19,13)

Haxkonen, noc/jeanee TOXKEECTBO BO3HHKAET KaK CJEJICTBHE TaJji-
JIEeBCKOH WHBApHAaHTHOCTH cHcTeMbl. I/ €ro BLIBOAA PAacCMOTPHM
JKHJKOCTb B CHCTEME KOODPJMHAT, ABHIKYUIEHCA ¢ MeJJIEHHO MeHsIo-
melicss Co BpeMeHeM Ma/oli ckKopocTblo 8w (1) =w,e~ ', Tlepexox K
TAKOi cHCcTeMe SKBUBAJEHTeH HAJOXKEHHIO BHEIUHEro MoJA, onepa-
TOp KOTOpOro?l)

6(7=—-lm6w.f)=,—;-6w-v (19,14)
HJH, B UMIYJ/JbCHOM IpEACTaB/JAE€HUH,

8U (Py, P,) = ——p,ow (21)8% (P,— P, —K), K=(o, 0).

1o BhipakeHnHe Halo MoAcTaBHTh B (19,4), mocse yero npou3BoAHM
npefenbHuil nepexof o —- 0.

C napyro# cropoHbl, npu ®—0 pedb HAET O NpeoGpasoBaHUH
Tanuies or ofHOM MHepUHAJbHOH CHCTEMBI OTCUeTa K APYro#, ABH-
XKylieHcsi € TMOCTOAHHOH ckopocThio Ow. Eciau B XHAKOCTH HMe-
eTcsl 3JeMeHTapHoe BO30yXKIeHHe ¢ 3Hepruefl e(p), To B CHCcTeMe
oTcueTa, JABHMXKYIIEHCcH OTHOCHTE/NbHO JKHAKOCTH CO CKOPOCTBIO OWw,
SHEprusi 3Toro Bo36GyxueHust Gyner e—pdw ?). IlosTomy B HOBOH
cHCTeMe OTcYeTa d9aCToTa p, JOJKHA BXOAUTb B ¢YHKIHIO G (P)
B KOMGUHAUuu p,--pSw (Tak, 4TOGH MOJIOC (PYHKUHH CIABHHYJICS
Ha —pdw). Takum oGpasom,

0G
8G = pbw s
¥ Mbl NPHXOJAUM K TOMIECTBY

20— —(G* () {usp—1 [ Thos (P, Q) 4 {C* (g -

9P
(19,15)
Ham npupercss HumKe NpHMEHATH NOJYYEHHBIE TOX/ECTBA, B YacT-
HOCTH, NpH 3HauYeHHWsSIX cBoGojxHOH mepeMeHHoi P =(p,,p) Ha dep-
munosepxHoctH: Pp=(0, pr). Ilepenecss muoxurenr G*(P) us npa-
BHIX CTOPOH TOXKJECTB B JIeBhle, 3aMEHHUM TaM NPoU3Bojube 0T G (P)

aaﬂp

1y B xaaccuueckoli dyHKURH Jlarpanxka cBoGoxHoH wacTHUM L=muv?/2 nepe-
XOA K JBHXYUIEHCA CHCTEME KOOPJHHAT COBEpIIAETCH 3aMEHOH V—>v-|-O0w H
NPHBOAHT K MosABJAEHHIO MaJjiofl (NpH MaJjoM Ow) nob6asku 8L =mvdw. CooTserct-
BenHo (cp. I (40,7)) noGaska k ¢yukuuu IamuanToHa 0/ = —pbw, a B KBaHTOBOH
MexaHHKe efl orBeuaeT oneparop (19,14).

2) Cp. Gosee mMOAPOGHHE pacCykieHus Huxe, B § 23.
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Hnpou3BoAHEIMH oT G~1(P); npH 3TOM cnoco6 nepexoja K Npefe-
ay K —0 B G(P) G(P -+ K) HecyuiecTBeH.

C npyro#i cTopoHbl, B6/H3U (hepMH-TIOBEPXHOCTH (yHKuHs ['puna
ONpeJiesisieTCsl CBOMM ITOJIIOCHBIM YJEeHOM, TaK YTO

I
6= (P)=7 [ Pe—ur (p—pp)] -
Otciona, Ha caMoll 3TOH NOBEPXHOCTH,

0G-1 1 0G-1 UdeF

dpy  Z' “on  Z dp
~B pesyabrare, Hanpumep, ToxkzgectBa (19,9) u (19,13) npunuMaioT
Ha (epMH-IIOBEPXHOCTH BHJ

i {Ts, a0 (Pr, Q) {C* (o W =(1—7) 8, .19,16)
i { Db, as(Pr, Q) 6 (s s = (1 —F 25 ) 8upe (19,17)

§ 20. BbiBox CBA3H MeXAY NpelebHbIM HMIYALCOM
M NJOTHOCTBIO

TlonyyeHnHele B mpeAnAyIHX Naparpadax COOTHOIIeHHA MO3BO-
JAIT JAaTh NOCJeN0BAaTE/bHOE J0Ka3aTeJbCTBO OCHOBHOIO MOJIOXKE-
HUS Teopud ¢epMHU-KHAKOCTH JlaHAay: YTBepAKAEHHS O TOM, 4TO
CBSiI3b MeXJy MpPeJeJbHBIM MMIOYJAbCOM pp W IJOTHOCTBIO XKHJ-
kKoctd N/V naetcs Tofi xe dopmydoh (1,1), 4To B gns HAeaJbHOIO
rasa.

Maesa nokaszaTenbCTBa COCTOMT B HE3aBHCHMOM BBIUHCJEHHH H3-
MeHeHHH N U pp npH GeCKOHEYHO MaJoM H3MeHeHHH XHMHYeCKOTO
NOTEHIHAJa P M 3aTeM HX CPaBHEHHH.

CornacHo (7,24), moJigoe 4HCJIO 4acTHIL (B 3afaHHOM o0beme V)
KaK GYHKIUS XHMHYECKOTO IOTeHIHaJsJa JaeTcsl WHTerpasioM

N=—2iVlim { G (P)e-io ‘”)’, P=(p,, p).-  (20,1)
t>—90
Otciona npousBogHas
l dN OG(P) dsP
2S N - (20,2)

BBHAY CXONHUMOCTH 3TOr0 HHTErpaJfa npH Goabiux p, (0G/0p oo
o I/p® npnu |p,| — o0) mucaTh MHOKHTENb e~ P! B IOJBIHTET P aJIbHOM
BhIpAXKEHHH YyXke He Hamo. Ilocse mopcTaHOBKU ciofa dG/du u3
roxkfiectBa (19,13) (HpocyMMHpOBaHHOI‘O no a=p) HaxoAuM

l_ﬂ—Q S 02(P)}k(2 )3 +S {G2(P)}, T+ (P, Q){G*(Q)}s d(;:i;Q ’
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rae aas Kpatkoctd I'=Tgy 4y Lleab pajgbHefimero BobiYHC/IeHUS
COCTOHT B TOM, 4YTOObl BbIPa3HTb MPAaBYIO YacTb 3TOTO paBeHCTBA
yepes HHTETpas TOJbKO IO (epMH-NOBEePXHOCTH.

[pexnae Bcero moactaBuM BMecTo I'* Bo BTOpPOM HHTerpase BbI-
paxenue u3 (17,17) (3aM€HHB B HeM o6o3HaueHHe Qp Ha Sp):

LN 91 [ 6° (P e+ [ 4G* (P T® (P, Q) {6 (@ s
diP d1Q doy

kB
2 {G* (P)} T8, an (P, SP) Thy. 13 (Sps @ {G* @bz -
TR Een)? r Tag, ax F) Doy, tv (Spy k (2m)
(20,3)
[IpeoGpasyem cHayaJja MocJefHHH 4jeH. B ero moxeiHTerpaJb-
HOM BBIPaXKE€HUH OT @ 3aBHCAT TOJbLKO MOCJeJHHe JBA MHOMHTENS;

MHTerpajd oT HHX 1o d*Q onpelensieTcsi (Ha (depMH-NOBEPXHOCTH,
S =38z ¢opmyno#t (19,17), Tak 4TO 3TOT YJieH MPUHHUMAET BHJ

. prZ d*Pdog vF dpf
UF@“)J{GZ T (P, Sp) Tomye <1_7d—u>'

Jlanee, BCMOMHHM, YTO NpH HHTErPHPOBaHHH Mo d*P mpejenbHble
s3Hauenus G (P)G (P + K) uapo noHimmatb B cmmcie (17,10); nos-

romy {G* (P)lo=9 (P), a |
(G (P =10 (Ple—2Z 8 (p,) 5 (p—pp).  (20,4)

ITocae 3T0H 3aMEHBI MOJYHHM

. 2Z2 .d d4Pd o —
lylf}(?Qn)s <1 ____?2_5_5_:_) {‘S\{Gz (P)}ml"‘” (P, SF) _(Ejo‘l__— SJTLF} ,

‘rpe, corgacHo (18,4), BBejeHa (GYHKIMA B3aMMOAeHCTBHS KBasH-
YaCTHI, U HCNOJb30BAHO BLIPAXEHHE f[qt ¢ Hepe3 GyHKuHIO F ()
corsqacHo (2,6—7); uepra Hajx I 03HayaeT HMHTErpPHpOBaHHE MO
doj4n. OctaBuumiics uHTerpan no d*P paerca dopmynoit (19,16),
ocJle 4ero MHTErpHpOBaHHe Mo do, 1aeT eile MHOXHTenb 4m. B pe-
syJabtaTe TpeTHi useH B (20,3) OKa3piBaeTCs DPaBHBIM

2
pEZ? vrdpr 1 =
T Tupal <7 an 1) {1 —Z +F} : (20,5)

AnanorvunpiM of6pasom mnpeoGpasyerca BTopod used B (20,3):
Beanunnb {G?(P)}, u {G*(Q)}, Bbipaxkawtca dyepes {G*(P)}, u
G*(Q)}o coraacuo (20,4), mocle 4Yero HCMOJB3YIOTCH TOXIECTBA
. (19,9) u (19,16). B pesysibrate 3TOT WIeH OKa3biBAETCH PABHEIM

.( 0G d*P prZ? 1 =
_2‘5 o0y T 2 f{Gz (Po (2n)4 Ly {2<—Z"—1>——F}'
(20,6)
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TlepBuift HHTErpas obpaliaeTcss B HYJb NIPH HHTErPHPOBaHHH 10 dp,,
nockoaAbKy G— 0 npu p,— = oco.

Hakoneu, nepseii uien B (20,3) nocse NOACTAHOBKH B HEro
(20,4) naer

. dip k22
2 [ {6t (Pofore + 225 (20,7)

Crnoxus Tenepb Bce BKaanbl (20,5—7), Haiiiem

1dV  pkd ¥z d e
S I ) PMIED JF C X

C zapyro#t cTopoHb, IPOH3BOAHASA
du. _<6u> <6N> _ Vet o
dpr~ \ON/v\Opr/v_ n2hs ON*

coraachHo (2,15), paBHa

%=UF(1+F)- ' (20,9)

TloauepkHeM, yTo HpH BBIBOZEe (2,15) ellle He HCMOJbL30BAJNACH KOH-
KpeTHast 3aBHCHMOCTb pr oT N/V, H NH0O3TOMYy Mbl HMEEM MpaBo
NpPHMEHHTD 3[€Ch 3TO COOTHOIIEHHE C LeJbl0 HaXOXKAEHUs yKa3zaH-
HO#t 3aBHCHMOCTH (paBeHCTBO (20,9) MOXKHO, KOHEUHO, MOJYYHThb H
C TIOMOLIBID TeX e COOTHOILIeHHH A/ BepIIHHHBIX YHKUHH, KO-
TOpble GbIIH HCIOJb30BAHH NPH BhBoAe (20,8)) 1).

C yueToM 3TOro paBeHCTBA MBI BHIMM, 4TO (pHrypHas cKobKa
B (20,8) obpamaeTrcs B HyJb M, TAKUM 06pasom,

__d_i:fff_ﬂ__d_[_mﬂ% ] “ (20,10)

Tpu N/V—0 Mbl uMeeM [eJ0 ¢ Ta3oM, Tak 4TO B 3TOM IpejeJe
3aBHCHMOCTh pr OT N/V BO BCSAKOM cJyyae AOJKHA COBIAfaTh
C Ta30BOH. JTHUM YCJOBHEM YCTaHABJMBaeTcsi MOCTOSIHHAs NPH HH-
TerpupoBaHun (20,10), ¥ MBI TIPHXOAHM, HaKOHEL, K HCKOMOMY
cooTHoweHHw (1,1):

N _ Bk
V = 3@ng

1) ®opmyaa xe (2,11) naa spdexTHBHON MacCH MoOXeT GLITh BHBeAeHa ¢ Io-
Molubio cooTHowenns (17,17) u toxzecrs (19,11) u (19,15).
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§ 21. I'puHOBCcKas ¢GyHKOUS MOYTH MAEAJbHOrO (pepMH-rasa

Jast namoctpaunu cnoco6a MpHMeHeHHS AHArpaMMHOH TeXHHKH
B 3TOM maparpade Mbl HPHMEHHM €€ K BBIYHC/JEHHIO TPHHOBCKOH
GYHKUKH MOYTH HAeaJbHOTO ¢epMH-Ta3a B paMKax TOH XKe MOJeJH,
KoTopasi Gblia paccmMoTpeHa B § 6 ¢ moMollbio OGBIYHOH TEOPHH BO3-
mymennl (B. M. Faauyxuti, 1958). HanoMmHHM, 4TO pedb HIET O rase
C OTTAJKHBAaHHEM MeK/y YaCTHIAMH, IpHYeM ONHCaHHBIH B § 6 Mpuem
103BOJIIET IPHUMEHATD K 3TOMY B3aUMOJEHCTBHIO TEOPHIO BO3MYILEHHH
IO TeX MOop, IOKA B OKOHYATEJBHBIH pe3yabTaT BEIYHCJIEHHA BXOJIUT
TOJNBKO aMIIHTYJa pPacCesHUS.

Kax 6bu10 moxasaHo B § 14, waxomxnenue ¢yHkuuu I'puHa cBo-
JUTCS K BBIYHC/EHHIO COGCTBEHHO-3HEPreTHYECKOH by HKIHH Zqp (P).
B nepBoM H BTOPOM NPUOIHKEHHSIX TEOPHH BO3MYLIEHHH OHA JaeTcs
COBOKYMHOCTBbIO auarpamm (14,9) u (14,10). Mzo6pasum HX 37ecCh
clelyomuM o0pasom:

P-Q
2 @' P ( Pl + ; +
P pe—i—rp
2)

5) @1,1)

i
8 e

Huarpammer (21,1a—6) oxBaThIBalOT CO0OH AMArpaMMbl MepBOTO MO-
psgka (14,10a) u (14,9a) u guarpamMmul BToporo nopsaixa (14,106—sz)
u (14,96—8); mocJaejHHe OTJIMYAKOTCA OT IEPBBIX JIHIIb MOMpPAaBKaMH
K BHyTpeHHel CIJIOIIHON JHHAH; 3TH JHHHH H306paxkens B (21,1a—06)
JUPHBIMH M MM JOJKHBI CONMOCTABJATLCHA, CJEN0OBATEJbHO, HE TPH-
HOBCKMe (DYHKUHH HIealbHOro rasa G, a pyHkuuu G, ucnpasJeH-
HBle 1O 4JeHOB mepsoro nopsika. Hakowmen, (21,1B—r)—3T10 AHa-
rpaMmbel Broporo mopsiaka (14,10r—u). Bee guarpamel gedopmupo-
BaHHEl TAK, YTO CTAHOBHTCS SICHBIM XapakKTep HX CTPYKTYDHI; 3TO —
nepBble YJEHBl «JIECTHHYHOrO» DA YeTHIPEXKOHIEBLIX AHArpamM,
B KOTOPHIX IO Tape ‘U3 BHEIUHHUX JHHHA «3aKOPOYEHH» APYT C APY-
roM ABYMS Ppas3/HYHBIMH CIIOCOOAMH.

Haunem c¢ Bouucaenus auarpammel (21,1a). Ee aBanuTHyeckoe
BBIpaXKeHHE

[—iZ (P)]a—:S U@QaG((P—Q) (—3-45(314 ’ (21,2)
Q= (90, 9, P=(0, p)
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(o6muit MHOXKMTeNb Oq4p omyieH). IlpousBenem cHayaJja HHTEr PHPO-
BaHue 1o dq,. ITockonbky, ognako, muoxuress U (Q)=U (q) ot g, He
3aBHcHT, a Gool/g, npH |g,| — oo, TO HEOGXOAHMO MpeABaPUTENBHO
YTOUHHThL CNOCOO HHTErpHpOBaHHKsA. [{1151 3TOro HaJlo BEpHYThCA K I1PO-
HCXOXKIEeHHIO auarpaMmel (21,1a) U 3aMeTHTb, UYTO CILIOLIHASA JHHUSA
B HeH COOTBETCTBYET CBEPTKe Naphl P-ONMePaTopoB BHYTPH OAHOTO
A rtoro xe oneparopa V. dro sHauut, yro ¥ u ¥* Gepyrca B omu-
HaKOBBIfl MOMEHT BpeMeHH, H npH cBepteiBaHud ¥+ crout cresa ot V.
JlpyruMu cJloBamH, B KOODAMHATHOM IIpeJCTaBJIEHHH BO3HHKAIOMAS
G-pynkuus Geperca npu ¢ ==F,—¢,— —0. B uMnyabcHOM ke npej-
CTaBJEeHHH 3TO O3HayaeT J00aBJieHHEe B MOJLIHTETPaJbHOM Bbipaxe-
HHH B (21,2) MHOXHTe I eXP (— iq,t) c NepexoJoM K npeaeny ¢ — —0.
Hcnonr3zosae tenepb dopmyay (7,20), moayuum

[—iZh=i [ U@N p—a) g » @1,3)

rae N (p)—¢@yHKUMA pacnpefesieHHs] YaCTHIL.

®ypoe-komnoHenTa U (q) CyIleCTBEHHO 3aBHCHT OT BE€JHMYHHHL q
JMLIb NpH q = l/r,, rae r,— paguyc aeiicTBus noJs U (r); atu 3Ha-
YeHHs 3aBeJOMO BeJHKH (IJ Pa3pekKeHHOIo rasa) mo CpaBHEHHIO
¢ pp Eciu orpaHuuHTbCs 3HaueHHAMH |p—pg << 1/r,, To npH yxa-
3aHHBIX 3HaueHHAX q 6yger N (p—q) =~ 0. Iloatomy U (q) B (21,3)
MOXHO 3aMeHHTb Ha U (0) m BbIHeCTH H3-NOJ 3HaKa HHTerpaJadl).
OcraBumiics HHTErpajs paBeH NOJOBHHe (3aaHHOE 3HaueHHE MNpO-
€KUHH CNHHa!) MJOTHOCTH rasa n (u), Tak uto [S], = —n (u) U (0) /2.

Juarpamma xe (21,16) ¢ 3aMKHYTON Ha ce6d CIJIOLIHOM JHHHeH
naet [Z]s=n (1) U (0). Taxum o6pa3oM, BKIax B 3 OT 060K X AHATPaMM
ecTh

[Zhs=5 WU ) =2 n(@a, (21,4)

rle a—JIMHA paccesiHHs, ONpeje/eHHas cornacHo (6,2).

Bripaxenue (21,4) comepxuT B cebe, B YaCTHOCTH, BeChb adxhekT
nepeoro nopsajika. B atoM npubiuxkeHuu n (W) HaZO NOHHMAThb Kak
IJIOTHOCTh HJeajbHOTO Tasa n'” (p), Tak yTo

IO =IO = %? n® (u)a. (21,5)

Haa nanpHefilero BEIYMCJICHHS! BBEJEM, B KaUueCTBe ITPOMEXKY TOU-
HOoro oGosHayeHHsi, (yHKuHIO F, ONpese/eHHYIO0 JeCTHHUHBIMH

1) JlomyckaeMasi TaKHM 06PasoM NOTPELIHOCTh HMeeT, KaK JeTKo BHAETb, OT-
HOCHTeJbHBLA MTOPAAOK BeJIMYHHbL ~ (OFrg)? U OTOMY HE OTPAXKAETCS JaXKe Ha YjieHax
CJIELYIOLIETO NO Prry NOpAAKa.
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JHarpaMMamu:
Pj'a' T Pa - T b ‘IF ¢ 21,6
B}s éﬂ i le + le e ( )
(xak Bcerga, P,+P,=P,;+4 P,). B ananuTHyeckom BHIE
iF s, ap (Ps, Py Py, P,)=1i84y0p5 (FV + F?), (21,7)
rie
IFOV=— iU (P;—Py), (21,8)

dap’

(F® = SG(O) (Pl) U(Pl“"P’) G(O) (P1+ PZ—P’) U(P'_Pa)(—%—t)j

(1,9)

PackpoiB 06e auarpammbl (21,1B—r) H BbipasuB HX uyepes F@,
Moy YHM ’

[——lZ(P ]B, ——SG(O)(Q F(Z)(P Q; Q P) (23)4+
+2fov@F P, ¢ P, QG @LI0)

(rakue e umHTerpaninl ¢ F® BMecto F® paiort (21,5)). Pasuuna 3xa-
KOB Iepej JABYMSl HHTETpajaMH CBfi3aHa C HaJHYHEM 3aMKHYTOH
netau 8 auarpamme (21,1r); 6-MHOXKMUTe/IM B NEPBOH AuarpamMme AarOT
6w6w—6a5, a BO BTOPOH: 84p0,, = 20,p.

[lepeitnem K BoiyucieHuio F®. TlockosbKy U (Q) He 3aBHCHT
OT g,, TO HHTETPHPOBaHHE MO dp, CBOAMUTCA K HHTErpany

SG“”(P GO (P, + P,— P') 2.,

TMopcrasus cioga G u3 (9,9) (¢ yyuTelBas CXOAMMOCTh UHTErpana
IpH [po | — o0), 3aMBbIKaeM NyTb WHTEr PHPOBARHS feckoHEYHO yAa-
JleHHOH IOJYOKPYKHOCTBIO B OJHOH H3 NOJYNJIOCKOCTEH KOMIIJIEKC-
HOT'O pg, HHTETPAJ OTJHYEH OT HYJIA, JHIUb eCJH HOJIOCH ABYX (Y HK-
mui GO JexaT B PasyIMYHBIX NOJYNJIOCKOCTAX, T. €.

sign (p' —pp) =sign (| py+ Py —P' | —Pp)- (21,11)
B pesyabTtaTte noJayyHm
F® (Py, P,; Py, P,)=

— r U ’_ H I_
- U(pxl p) U " —py) sign (0" — pF) ( (21 12)
01+ 03+ 2 — 5 [p"2+ (P1+p2—p')*] +i0-sign (p" —PF)

(rae ©, = py,, ©,=Py). IIpn 3TOM, YTOGH aBTOMATUYECKH YYeCTb
TpeGoBanue (21,11), B uYHCJAHTesne NOABIHTET PAJBHOIO BhIPAXKEHHS
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CJIE}LYET 3aMEHHTDb
sign (p" —pg) — 1—06 (p')—6 (p, +p,—p'),

rie 0 (p)—crynenuatas ¢ynkuus (1,10).

" Mul Bugeny B § 16, uTO psAj JECTHHUHBIX AHATPAMM ONpefeJseT
(B BaKyyMe) aMILIHTYAy B3aMMHOTO paccessHHsI ABYX uacTHil. Ilos-
ToMy BbipaxeHHe (21,12) copepxkuTt B ce6e NONPABKY K YJEHAM Iep-
BOTO NOPSIiKa B aMIIJIUTYAE paccesi HUA. DTy NONPABKY MOXKHO YUeCTh,
3amMeHuB B F (21,8)

U (Ps —pl) —> 'ig‘ Ref (Ps, pl)

(rme f—TouHAs AO BTOPOrO NMOPSAKA aMIJIMTYJA PAacCCesHHs B Ba-
KyyMe) ') ¥ OfHOBPEMEHHO BBIYTS W3 BhlpaxkeHus F (21,12) Bemect-
BEHHYI0 YacThb €ro 3HayeHHs B BaKyyMme, T. e. npH pp=0, un=0
H 3HauYeHUAX ©,= pi/2m, ®,= pj/2m, oTBevAOIHUX SHEPIUsM ABYX
peajibHBIX CTaJKHBAIOIHXCS YacTHL («bHU3HYecKHe» BHELIHHE KOHIIDI
nauarpamm). Ilocsie sToro MoxkHO yike 6yjeT 3aMeHHTh — Ref 3HaueHHEM
IIpH HYJIeBOH 3HepTHUH, T. . JJIHHON paccessHUs a ?). TakuM o6pasom,
OyjieM HUMeThb '

F(Z)(Ps, P4; P1’ P2)=
=_(gs_tg)2§{ 1—0 (') —0 (p1+ps—p) i
") Nortoo2p—g 15+ (1ot p)?] - 10-sign ('~ pp)

—Pp 2m } o’ (21,13)

P+ p—p " —(,+p,—p)? [ GO

3nak P BO BTOpOM ujleHe O3HAYaeT, YTO HHTerpaJ GepeTcs B CMBIC/E
TJJaBHOTO 3HAYEHH S ; 3TO — PE3Y/bTaT OTAEJIEHUA BellleCTBe HHOH YacTH
HHTerpaja ¢ IOMOLLbI0 npaBuaa (8,11).

IMockonibKy Brepaxkenue (21,13) cummerpuuno no P, u P,, o6a
uHterpajia B (21,10) cosnmamaloT, Tak yTO

[— 2 (P)h,r={ G2 QF® (P, Q P, Q) fgos -

1) He cMewnBath f B 9ToM naparpade ¢ GyHkHefi B3anMOJCHCTBHA KBAa3UUACTHI!

2) Ora saMeHa He Morsa GbiTb npousBefeHa B (21,12), Tak kak npusesa Gbl
K PacXOfuMOCTH MHTerpaja npu Goapwnx p’. Ilocse npousBeJeHHOro e BhIYHTA-
HHUSL HHTEIpaJ CXORHTCH (IpH p’ ~ pp) yXKe H C TaKOi 3aMeHOH, YTO U I03BOJIAET
NPOH3BECTH €e. BhlyuTanHe JHIIbL BEIECTBEHHOM YaCTH HHTerpaJa (M COOTBETCTBEHHO
3aMeHa U wuepes Ref) mpouapefieHo ¢ fesbl0 H36eXKaTh 3aTPyAHEHHS, CBA3aHHOTIO
C MHHUMOH YacCTblO aMIIHTYJAB paccesHHs. [leJlo B TOM, UYTO IPDH MaJjbiX HMITYJ/b-
cax Ref pasnaraerca mo uetunM, a Imf—no HeueTHEIM CTeNmeHAM HMIYyJbCa
{cm. 11§ 132). TlosToMy yueT uMIyJAbCHOH 3aBHCHMOCTH f MpHBes GHl K MONPABKaAM
OTHOCHTEJIBHOTO nopsiika (§ra)?, T. e. npeHeGpexuMum. 3aMena xe U — — 4nf/m
norpeGoBasia Gbl y4eTa MHHMOH uacTH f, NpHBOAMAIEH K NONPaBKaM OTHOCHTEIbHOFO
NOPSAKA BeJHYHHE PFds
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[lpu nopcTaHoBKe cloja mepporo ujeda us (21,13) unrerpan mo
dg, oTJHUeH OT HYJd, eclH

sign (p’ — pp) = — sign (g —pp), (21,14)

TaK Yyto 006a MOoJMI0Cca MOABIHTErPaJbLHOTO BhIPAKEHHA CHOBA HaXO-
AATCS B pasHblX MOJYIJIOCKOCTAX g,. [IpH NoAcTaHOBKE e BTOPOro
yneHa u3 (21,13) or g, 6ysetr 3aBHCeTb TOJbKO MHOXHTENb G, (Q),
UHTerpHpoBanue no dg, ocyumecTsisercs Qopmyqaod (7,23) u paer
N© (q) —dyHukiHo pacnpefieneHHss YacTHIl B HAeaJbHOM rase, T. €.
cryneHyatyio gyHkiuo 6(q). B pesyabTare noJay4yuM (co6pas BKJALLL
ot Bcex auarpamm (21,1 a—r))

2 (0, p) =22 n () a-+I% (o, p), (21,15)
rjge

Z® (0, p) =
_< dna )S{ [1—6(p)—6(p+a—p)]10())—H (p)]

" m+u+§i—n[qz—p’2~—(p+q—p’)2]+i0-sign(p'~pF)
—p 2m0 (q) } d*q d°p’ (21,16)

pr g —p @+ a—p): f (B0

(MuoxuTesap 6(q)—0(p’) B uyHMCJMTENE MEPBOro YieHa IOJ 3HAKOM
HHTerpaja 3ameHsieT cofofl—sign(q—pp) npu ycnosuu (21,14)).

3aMeTHM Opexae Bcero, Yyto 2 HMeeT MHHMYK yactb. Ota Bbl-
mensierca u3 (21,16) ¢ nomompbio npaeuaa (8,11) u gaercs Bhipa-
KeHHEM

tm3 (o, p)=— (222 )*a {{0 (@ [1—0 (1[I —0 @ -+a—p")]—
—[1-8@10@)0(P+a—pIix
%6 [o+p+55 @ —p —0+a—p)?) | T @LID

(BblpaxkeHHe B QUTYDHBIX CKOGKax npeo6pasoBaHO C YYETOM TOrO,
uto 62 (p) =0(p)). ’

CrekTp 5Heprufi KBa3HuacTHIl BblYHC/seTCH, corsacHo (14,13),
KakK

2 2 2
e@) =it Zn@atIo(L—up)  (2L,18)

(8 £® MokHO, ¢ TpPeGyeMoll TOWHOCTbIO, MOJIOXKHTb €= p?/2m).
KoMIJEeKCHOCTh 3 O3HayaeT HaJHYHe 3aTyXaHHA y BO3OYKACHHH
(Ime==0).

[TosiBJeHHe 3TOrO 3aTyXaHHs BhIpaxaeT HeyCTOHYMBOCTb KBasH-
YacTUI, CBA3AHHYI0 ¢ BO3MOMKHOCTBIO PeasJbHOro Ipoliecca X pac-
naza. Ksasuuactulia MOXKeT OTAATh YacTb CBOEH 3HepTHH, 32 cyer
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KOTOPOH pOxAdeTCs MNapa KBa3HYacTHL (YacTHLa H JwlpKa). Pac-
CMOTDHM, HAlpHMep, NEPBbIA YJeH B GUIYPHBIX CKOOKAX IOJ HHTEr-
pajom B (21,17). Ilo cBoficTBamM cTynenuyarof QyHKUHH 3TOT YJjeH
OTJIHYeH OT HYJs, ec/H

p’'>prr |Q4+P—p' | > pp qg < pg.

OTH HepaBeHCTBAa OTBEYAIOT IpoLeccy, B KOTOPOM KBa3HYacCTHIA
C HayaJbHBIM HMIYJIBCOM P (p > pp) NepPexXomHT B COCTOSHHE P’
(p > p’ > pp), npHYeM UMNYJIbC p—p’ NepefaeTcss yacTHUE BHYTpH
bepmu-chepsl  (uMnyabc g < pg), BO36YKAAaeMOH [0 COCTOSIHHUS
¢ HMnyJscoM q--p—p’ BHe depMu-chephl; Takoil Nepexoj 3KBH-
BaJIeHTEH [MOSIBJEHHIO ABYX HOBBIX 3JIeMEHTapHHIX BO30YXKIeHHH —
C UMNYJAbCaMH — q (AbIPKa) U q--p—p’. 3aKOH COXpaHEHHS IHep-
TMH B 3TOM Ipolecce Bhipaxkaercs 8-oynkuueii B (21,17), B KoTopoi
® - HrpaeT po/ib HayaJbHOH PHeprHH KBasHUYaCTHIHI & (P):

e(p)=¢e(p')+[e(@+p—p')—e(q)]

(34eChb JOCTATOYHO MOJIOXKHTh, B IEPBOM NPHOJIHKEHHH, & (p) = p?/2m).
B COOTBETCTBHH C yKa3aHHLIM CMHIC/JIOM, ONpefie/ieHHAS 3THM paBeH-
CTBOM 3Heprus & (p) AeHCTBHTEJBHO OTBEYaeT KBa3HYaCTHIE BHE
dbepmu-coeps (& > ).

AHaJlOTHYHBIM 06pa3oM, BTOpOH uJeH B (UTYPHBIX CKOGKax
B (21,17) BO3HHKaeT OT MNpOHeCCOB, B KOTOPHIX Mapa pOXKAaeTcs
IBIpKOfi. DTOT 4YJeH JaeT 3aTyXaHHe 3/eMEHTapHBIX BO36YXIeHHH
c e < u. Ha si3plke pHarpamMMHOl TeXHHKH BO3MOXKHOCTb POXKIECHHA
napel KBa3uyacTHLEH BBIPaXKaeTCsl BO3MOXKHOCTBIO pacceyb jAHar-
paMMy G-QyHKHHH Ha JBe YacTH IyTeM IIepeceYeHHs €€ IO TPeM
CIJIOUIHBIM JHHHAM, H3 KOTODHIX [B€ HalpaBJeHH B OIHY, 4 TPETbsi—
B Apyrywo ctopoHy. Ha nuarpammax (21,1 B—r) TakOBH CeYeHHs,
NPOXOAALIHE MEXKLY ABYMs NYHKTHPAMH.

Cnyya#t cn1a60 HenjeasnbHOro rasa crenuduyeH (o CPaBHEHHIO
¢ o0muM Cc/1yyaeM MPOH3BOJIbHON (ePMH-XKHIAKOCTH) B TOM OTHOIUE-
HHM, UTO CMEKTp KBa3HYACTHII B HEM HMEET CMBICJ BO BceH 06/1acTH
3HaueHHH HMMIYJbCOB, a He TOJbKO BONH3H (PepPMH-MOBEPXHOCTH:
3aTyxaHHe KBasuyacTHIl (Ime) okaswiBaeTcsl OTHOCHUTENBHO MaJbIM
yxe 6Jarojaps MajoCTH «lapameTpa ra3oBOCTH» app. Mbl IpHBegeM
37leCb, OJHAKO, OKOHUATE/JbHBIH pe3y/bTaT BBIUMCJAEHHH JUIIL AJd
IBYX TNpefiebHBIX CJYyYaeB.

B6nmu3u depmu-nosepxHocTH (| p—pp| <L pp) Nonyyaercs

Ree=p+(p—pp) peim*

c p u3 (6,14) u m* us (6,17). Hns 3aTyxaHus ke KBa3uyacTHI
HoJyyaercs

Ime=——— (p;a)* (p—pp*sign (p—pp).  (21,19)



§ 21] MOYTH WAEAJBHHE GEPMH-TA3 107

[TponopIuHOHAIBLHOCTD 3TOrO BhIPaXeHHA KBaapaty (p—pr)® HMeeT
SICHOE IPOHCXOXKJeHHe: OAHH MHOXHTEIb p—pp BO3HHKAET Kak
IUKPHHA TOH O6JACTH HMIYJbCHOTO NpPOCTPaHCTBA (y3KHH L1apOBOH
cJI0f1), B KOTOpYIO MoNajiaeT HMMYJbC KBa3uYacCTHLb NOCJE POXKAe-
HHS €10 TNapbl, a eile OAHH TaKOH MHOXKHTeJb— KaK LIMPHHA CJ04,
B KOTOPOM poxaaercs napa. OTMeTHM, KCTaTH, YTO 3TH COOGpaXKeHHs
OTHOCSITCA M K JOOOH (hepMH-KHAKOCTH, TaK YTO BO/IH3H (epMH-
MOBEpXHOCTH Bcerna Ime oo (p —pp)*t).

Ilpu Gonbmmx umnyabcax p>>pp (HO Bce ke pa<Kl) HMeeM

_ [ p | 2% ;
€=\2m 7 3am Pra

Fi

22 (pra)*. (21,20)

B o6oux cayyasx ornoweHHe Ime/Ree mano. MakcumasbHoe
3HayeHHe 3TOTO OTHOIUEHHA JOCTHIaeTCd NpPH p ~ pPp, HO H 3JeCh
oo ~ (ppa) <K 1.

Haxkonen, npuBefeM 3HaueHHe NePeHOPMHPOBOUHON MOCTOSAHHOH
¢yukuun [puna ciabo HemieaabHOro rasa. Ona BBIYHC/IACTCA KaK

1 __Zp .

Z Jdo ©=0,p=pp
W paBHa

z=1-212(p.ap. (21,21)

I

1y Tlpu OTAHYHBIX OT HYyJs TeMrepaTypaXx ycpeiHeHHe S5TOf BeJHUYHHLI 1O
TeN/IOBOMY pacnpefeieHHI0 NPUBOJHT K MPONOPLHOHAJIBHOCTH 3aTyXaHHA KBajl-
paty T3 o ueM yxe rosopuiocs B § l.



r1TABA I

CBEPXTEKYYECTb

§ 22. JnemeHTapHBle BO30YXKJIEHHS B KBAHTOBOH 603e-KHAKOCTH

O6paTtuMcsi Termepb K M3YYeHHIO KBAHTOBBLIX XXHAKOCTEH C 3Hepre-
THYeCKHM CIIEKTPOM COBEpLUEHHO HHOTO THIIA, KOTOPHIH MOXHO
HasBaTh 603e6cKuUMm ).

DTOT CIeKTp XapaKTepH3YeTcsl TeM, YTO 3JeMeHTapHble BO30YXK-
IeHHs] (OTCYTCTBYIONIHE B OCHOBHGM COCTOSIHHM XMJKOCTH) MOTYT
NOABASATBCH M HCUe3aTh NMGOJHHOYKe. Ho MOMeHT HMIyJbca BCAKOH
KBAHTOBOMEXAHHUYCCKOH CHCTEMEBI (B JaHHOM CJyyae — XKHJKOCTH) MO-
JKeT HCIBITHBATh H3MEHEHUA JUIIb Ha HeJsoe yhcio. IToaToMy Bo3HHKa-
IOIHe TIOOAMHOYKE 3JeMEHTapHble BO3GYXKIEHHS AOJIKHBI 06JafaTh
LeJIOYHCJIEHHBIM MOMEHTOM H, CJeJ0BaTeJbHO, NOXYHUHATHCA CTaTH-
ctuke bBose. CnekTpom TakKoro THNA JOJKHA BO BCAKOM CJaydae
06/1a7aTh BCsiKasg KBaHTOBas XHJKOCTb, COCTOsIINAS H3 YacTHIL C [e-
JILIM CIIMHOM (TaKOB XHMAKHH u3oton He?).

HanmoMHuM 1J15i CpaBHEHHsA, 4T0 B (PepMH-KHMIKOCTH, NPH OIH-
CaHMHM ee B TepMHHAX CIIEKTpa 3JIeMEHTapHEIX BO36YXKIeHUH, OTCYT-
CTBYIOIHX B OCHOBHOM COCTOSHHH (CM. KOHer § 1), 3TH Bo30y:KAeHHUS
MOTYT IOSIBJSITECA HJM HCYe3aTh JHIIb mapaMH. MMeHHO ¢ 3THM
CBsi3aHa BO3MOXKHOCTH 3JeMEHTapHbIM BO3GYXJIEHHUAM B 3TOM THIE
CIEKTpa UMeTb MOJYIeJblfl CIHH.

B kBanTOBO#l 603e-KUAKOCTH 3JeMeHTapHble BO30YyKAEHHs C Ma-
JILIMH HMMIIYJIBCAMH p (AJIHHA BOJHEI BeJHKa MO CPaBHEHHIO C MEX-
ATOMHBIMH DAacCTOSIHMSIMH) COOTBETCTBYIOT OOLIYHLIM THIAPOJAHHAMH-
YeCKHM 3BYKOBBIM BOJIHAM, T. €. NPEACTaBJAAIOT COo60H (POHOHLI.
DTO 3HAYHT, YTO IHEPrHs TAaKHX KBA3HYACTUL fABJAeTCH JHHeliHOR
$yHKIHEH HX HMIyabca:

&= up, (22,1)

rle ¢ —CKOPOCTb 3BYyKa B KUAKOcTH. Ilocsennsisi naetcss oOLIYHOL
¢opmyJsoli u? = 0P;0p, npuyeM HeT HeOOXOAHMMOCTH YTOYHSATD,

1) Teopust TAaKHX KBaHTOBHX XXuAKocteli 6wmtna cospana JI. [. Jlandaj
B 1940—41 r., Beaen 3a otkpeitHeM [1. JID Kanuyeti CBepXTeKYYECTH XKHAKOrO
requsi. DTHMH OTKPHITHAMH OBIO [IOJOMKEHO Haya/lo BCEMY Pa3BHTHIO COBpeMeHr
HOH GH3HKH KBAaHTOBHIX XHAKOCTEH,



§ 22] SJEMEHTAPHbIE BO3BYXIEHHS B KBAHTOBOH BO3E-wuiukoctw 109

6epercst 1M NPOH3BOAHANA NPH NMOCTOAHHOH TeMmepatype T HJIH 3HTPO-
nuy S, nockoabky npu T — 0 takxke 1 S—01).

Yucao sneMeHTapHHX BO36YKAEeHHH B 603€-XKHAKOCTH CTPEMHTCSA
K "Hymo npd T —0, u NpH HU3KHX TeMIeparypax, KOraa ux mnJjor-
HOCTb JIOCTATOYHO MaJja, KBa3WYaCTHLBl MOXKHO CYHTATh HE B3aHUMO-
JefiCTBYIOIIUMH APYT C JAPYroM, T. €. oOGpasyiollHMH HAeabHEIH
6o3e-ras. [lo3ToMy CTaTHCTUYECKH paBHOBECHOE pachnpefeseHHe
3JeMEHTApPHBIX BO30YXKAeHHH B Go3e-KUAKOCTH JaeTcs (PopMyno
pacnpesienenusi Hose (C paBHBIM HYJIO XHMHYECKHMM NMOTEHIHAJIOM —
cp. mpuMeuaHue Ha cTp. 18)

n(p) =[es /T —1]"1, (22,2)

C noMompto 3TOr0 pacnpefeseHdHst, U 3Hass 3aBHCHMOCTb & (p)
IPH MAaJBIX p, MOXKHO BBIYHCJHTE TEPMOAHHAMHYECKHE BEJHYHHBI
JKUAKOCTH AJ1s1 TakKHX GJH3KHX K abCOJI0THOMY HYJIO TeMIepartyp,
IIDH KOTOPBIX INpPAKTHYeCKH BCe HMEIOIUECH B KHUAKOCTH 3JEMEH-
TapHble BO30yskIeHuss 06/124a10T MaJbIMH 3HePIHAMH, T. €. ABJAKTCS
tdononamu. CooTBercTBYIOWHE (HOPMYJb MOXKHO HAalHCcaThb Cpasy,
BOCIMOJIb30BABIIKCEH BEIpaKEHHAMH AN TepMOAHHAMHYECKHX BeJHUYHH
rBepIOro Teja NpPU HH3KUX TeMmepaTypax (cm. V § 64). Pasuuna
3akJoyaeTcsl JIUIb B TOM, YTO BMECTO TpeX BO3MOXKHBIX Halpab-
JeHUH TNoJspH3alUHd 3BYKOBBEIX BOJH B TBEPAOM TeJsie (OAHO NIpo-
JO0JIbHOE M JiBa TOMEPEUHBIX) B KUAKOCTH CYHIECTBYeT JHIIbL OLHO
(MponoNbHOE); TMO3TOMY BCE BHIPaKEHHUS JJS TePMOAHHAMHYECKHX
BeJHYHH cJaenyer paspmeiuts Ha 3. Tak, A48 cBOGOAHOH SHEPrHH
JKUJIKOCTH HMeEM
nT4

F:FO’—VW,

(22,3)

rae F,—cBobogHast 3HePrHS HPH abCOIOTHOM HyJle. DHePrus XHJ-
KOCTH paBHa
n2Te

E=E0+V§0—(ﬁu—)s. (22,9
a TenJIOeMKOCThb
2n2T3 .
cC=V B da (22,5)

OHa MpONOpLUHOHA/JbHA KyOy TemmepaTy phl.
®oHoHHBIH 3aKOH AHCHEPCHH (22,1) CMIpaBeAJIHB JIHIIb NOCTOMBKY,
TIOCKOJIbKY JAJHHA BOJIHBI KBa3HYacTHLE! fi/p Be/JHKA 1O CpPaBHEHUIO

1) Ilonsitie o QoHoHax Guio BBeeHo B V §§ 71, 72 ans sneMeHTapHLIX BO3-
6yxaeEHH B TBepAblx 1e/ax. [lofuepKHEM, YTO HMIYJLC 5JeMEHTAPHOrO BO3GY K-
JleHHsT B MMKDOCKONHYECKH OJHOPOZHOH CHCTeMe— KHJKOCTH —eCTh WCTHHHBIH
HMIYJbC, a He KBa3HHMIIYJbC, KaK B IePHOJHYECKOM [0Jie KDHCTA/JHYeCKOH
PeLIeTKH TBPJOTO TeJa.
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C MEXATOMHEIMH paccTognuAMH. [lo Mepe yBesHYeHHS HMIYJbCa
KpHBasi €=¢ (p), KOHEYHO, OTKJIOHSETCS OT JHHeHAHOH 3aBHCHMOCTH;
JalbHeHIHA ee XOJ 3aBHCHT OT KOHKDPETHOTO 3aKOHa B3aHMoJeii-
CTBHSI MOJIEKYJl KHMJKOCTH H HE€ MOXeT ObiTb NO3TOMY OIpejeseH
B ofIieM BHIE. ’
B XHJAKOM re/iMM 3aKOH JAHCIEPCHH 3JeMeHTapHbIX BO3OYXKAEHHH
HMeeT QopMy, H306paKeHHYIO Ha pHC. 2: 1OCJEe HAYaJbHOIO JHHEH-
HOro BO3pacTaHus GYHKLHA ¢&(p) HOCTHTaeT MaKCHMyMa, 3aTeM

gK

e

9y

(] (] S

1 1 1 ¥
3 pfhen?
Puc. 2,

yObiBaeT M IPH ONpejieleHHOM 3HAYeHHH HMIIYJbCa p, MPOXOLHT
yepe3 MHHHMyM?!). B TenmsoBoM paBHOBeCHH GOJbIIHHCTBO 3JeMeH-
TapHLIX BO36YXKJAEHHH B XXKHJAKOCTH UMeET SHEPTHH B 00J1aCTAX BOJH3H
MHHHMMYMOB (QYHKUHH &(p), T.e€. B OGJacCTH MaJbiX & (06.JacTh
BOJH3H €=0), u B o6/JacTH 3HaueHHs € (p,). [To3TOMy HMEHHO 3TH
006J1aCTH OCOGEHHO CyIecTBeHHbI. BOIH3H TOUKH p = p, QYHKLUHSA & (p)
MOXeT OBbITb pa3joXKeHa IO CTeneHsM p—p,. JIMHeHHBI uJeH
B Da3/OXEHHH OTCYTCTBYeT, H C TOYHOCTBIO [0 4JEHOB BTOPOroO
NOpsAKa HMEeeM

' e=A EP) (22,6)

1) Dta dopma cnekTpa 6pLna Brepshe npemiomena J. J. Jauday (1947) Ha
OCHOBAHHH 2HAJIH3a SKCIEPHMEHTAJIbHEIX JaHHbIX O TEPMOJAHHAMHYECKHX BEJHYHHAX
JKHAKOIO rejHs; B janbHefilleM oHAa 6HJla NOATBEPXKAEHa 3KCIEPHMEHTAJbHO
OTILITAMH O PacCesHUI0 HEHTPOHOB.

KauecTBenHas Teopus crnekTpa Takoro tuna jana PeiinManom (R. P. Feynman,
1654); cM. HHKe NpuMeyaHHe Ha cTp. 429.
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rie A=e(p,) ¥ m*—nmnocTosiHHble. KBasHyaCTHLBI 3TOrO THIA Ha-
spiBaoT pomonamu. IloguepkHeM, ofHakKo, yTo ofa THMA KBa3Hya-
CTHI — QOHOHBI H POTOHBI — OTBEYAOT JHIIbL PasHbLIM YyyacTKam
OAHOM M TOM e KPHBOH, MeXKAY KOTOPHIMH HMeeTCsl HellpepPblBHBIH
nepexon.

OMnupHYeCKHe 3HAYeHHS MapamMeTpOB 3HEPreTHYECKOTo CNeKTpa
KHJKOTO leJidsl (3KCTPAIOJHPOBAaHHbIE K HYJEBOMY JaBJEHHIO IPH
njotHoctd p=0,145 r/cmM®) TakoBHI'):

u=2,4.10* cm/cek, A=8,7K,
(22,7)
po/h=19-10% cu=t, m*=0,16m (He?).

[TocKONIbKY 3HEprusi POTOHA Bcerja COAEPKHT BeJHUYHHY A,
6obINYI0 MO CpaBHeHHIO ¢ T —MOpH TeMmmepatypax A0CTaTOYHO
HHU3KUX JJIS TOTO, UTO0B MOXHO O6blJIO TOBOPHTL O «POTOHHOM
rase»,— TO IMOCJEJAHHH MOXKHO ONHCHIBATL BMECTO pacHpejesieHHs
Bose pacnpeneienueM boabumana. CoOTBETCTBEHHO 3TOMY, /A
BBIYHMCJECHHS POTOHHOH 4YacTH TepMOJHHAMHYECKHX BEJHUHH XKHJ-
KOTO reJHsi HWCXOAMM u3 GOpMYJbl A/si CBOGOAHON 3Hepruu GoJb-
LIMAHOBCKOTO rasa

F=—NTIn4 e-¢/Tdr, dv= &p
N (2nﬁ)3

(cm. V § 41). Ilpu stom mox N B 37O ¢opMyJsie HAIO MOHUMATH
yhc/ao POTOHOB B kMAKoctH. Ho 3710 umeno camo onpesnensiercs
yC/JIOBHEM TEPMOJIHHAMHYECKOrO PaBHOBECHs, T. €. YC/IOBHEM MHHH-
MaJabHOCTH cBoGoauo# suepruu. IlpupaBuas 0F/ON Hymo, Halizem
JJIS YHCJIA POTOHOB

Ny=V § e-erdv (22,8)

(4TO COOTBeTCTBYET, €CTECTBEHHO, OOJLLUMAHOBCKOMY pacnpejese-
HHIO C PaBHBIM HYJIIO XMMHYeCKHM noteHuuasoM). CooTeTCTBYIOLICE
3HayeHHe CBOOOAHOH 3HeprHH

Fy=—VT {e-/7dr.

B 3ty ¢opMyasl Hajo noxactaBuTh (22,6). [lockoabky pi>m*T,
TO NPH HMHTErPHPOBAHHK MO dp MOXKHO BBHIHECTH MHOXHTENb p?
M3-oj 3HAKa HHTerpaja, 3aMeHHB €ro C JOCTATOYHOH TOYHOCTLIO
Ha p?. [IpH HHTErpHPOBaHHH 3KCNOHE HIHA/IbHOTO BHIPAXKEHH S MOXKHO
pacmpocTPaHHTh 06JacTb HHTerpHpOBaHHs OT —oo 10 oo. B pe-
3yJabTaTe MOJYYHM

2(m*T)Y2 plv
T e Ry, @29)

1) YKaxeM Takxke 3HaueHHe XMMHYECKOr0 MNOTEHUHAJNa KHAKOTO reJius npH
T=0: p=—7,16K.
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OTC}OJla BKJIa4 DPOTOHOB B 3HTPOMHIO H TENJOEMKOCTH:

S=N;(5+7), CG=N(g+7+7). (@210

Ms! BHAHM, YTO TeMIepaTypHAs 3aBHCHMOCTh POTOHHOH YacTH T€pPMO-
JHMHAMHYECKHX BEJHYHH B OCHOBHOM 3KCIOHeHIHaJ/abHa. [loatomy
NpH JOCTATOYHO HH3KHX TeMIepaTtypax (IJH XKHIKOTO Te/Hs — HHKe
npumepro deMm 0,8 K) poToHHas wacTh MeHblle GOHOHHOH, a NpH
Gosiee BBICOKHX TeMIePaTypax ITOJOXKEHHE MEHSeTCs, H POTOHHBIf
BKJaJ NPeBOCXOAUT (GOHOHHBIH.

§ 23. CepxTekyuecTh

KBaHTOBasi HAKOCTb C SHEPreTHYECKHM CIIEKTPOM ONHCaHHOTO
THNa 06/1ajjaeT 3ameyaTesbHbIM CBOHCTBOM TaK Ha3bIBAeMOH ceepx-
meKyvecmi.— CBOWCTBOM NPOTEKaThb MO Y3KHM KaIlHJLIAPaM HJH Iie-
J5M, He o6HapyXuBas BA3KocTH. HauHeM ¢ paccMoTpenus xuji-
KOCTH NIPH aGCOMIOTHOM HyJle, KOTAa OHa HAaXOLUTCS B CBOEM HOD-
MaJIbHOM, HeBO36YXKIEHHOM COCTOSHHH.

PaccMoTpuM XKHAKOCTb, TEKYIYIO IO KaNHLISAPY C HOCTOSHHOH
CKopocThio v. Hanuume BA3KOCTH NpPOABHIOCH Gbi B TOM, 4TO 6.a-
rofapsi TPEHHIO O CTEHKH TPYOKH H TPEHHIO BHYTPH CAMOH XHIKO-
CTH Npoucxoausa Obl AUCCHINALHA KHHETHYECKOH SHEPTHH MHIKOCTH
H MOCTENEeHHOe 3aMell/leHHe MOTOoKa.

Ham 6yzer ymoGuee paccMaTpHBaTh TeYeHHE B CHCTeMe KOOPAH-
HaT, JABHXYLIEHACH BMeCTe ¢ XKHAKOCTbIO. B 3TOH cucTeMe reJufi
NOKOHUTCS, a CTEeHKH KaNWlisipa ABHXKYTCA CO CKOPOCTBIO — V.
Ilpu HaNuYHH BA3KOCTH MOKOSIWLHHCH TeJHE TOXKE HOJKEH ObLT 6bl
Hayarb JABHraThcs. MHU3HYECKH OYEBUIHO, YTO YBJCYEHHE KHUIKO-
CTH CTEHKaMH TPYOKH He MOXKeT NPHUBECTH C CaMOTO HayaJa K IBH-
KEHHIO KHUAKOCTH Kak uesnoro. [losiBjieHHe ABHKEHHA IOJKHO Ha-
YaThCH C MOCTENEHHOro BO36YXKAeHHS BHYTPEHHHX IBHIKEHHI, T. e.
C MOABJEHHA B XKUAKOCTH 3JIEMEHTAPHBIX BO30YXKIeHHUH.

IpenmnonoxuM, 4YTO B MKHAKOCTH TNOABJIAETCH OXHO 3JEMEHTAp-
Hoe BO36YXKIEHHE C HMIYJbCOM p M 3Heprueii e(p). Torma suep-
rusi £, XUIKOCTH (B CHCTeMe KOOPAMHAT, B KOTOPOil OHa HepBo-
HaAyalbHO MOKOMJIACH) CJAeJaeTCs PaBHOH SHEPTHH 3TOr0 BO3GYXKie-
HUA €, a ee umnyabc Py—umnyancy p. [lepeiinem tenepn o6partho
K CHCTéMEe KOOpAHHAT, B KOTOPOH moKouTcA Kanuisp. CorjacHo
H3BECTHBIM M3 MeXaHHKH GopMyaaM npeo6pa3’oBaHUs SHEPTHH H
HMIYJIbCA, MUMeeM JJIA 3HepPrHH E H HMIyJbca P XKUAKOCTH B 3TOH
CHCTEME )

Mo?

E=E,+Pyv+ 5

P =P, +Mv, (23,1)
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rae M-—wmacca xugxoctu. [lopcraBus e, p BMecto E, P,, Hanumem

E=etpv4+22. (23,2)

Yuen Muv?/2 npencraBasier co6oii NepBOHAYAJBHYIO KHHETHYeC-
KYI0 SHEPTHIO TeKYIlleH MKHIKOCTH; BLIPAMKEHHE K€ &--PV ecTh H3-
MEHEHHe 3HepPruH GJarogaps MOSABJEHHIO BO3GYXKICHHA. DTO H3Me-
HEHHE JOJIKHO OBiTb OTPHUATEJbHBLIM, MOCKOJIbKY SHEPrHs IBHKY-
IeHCss JKHAKOCTH HOJIKHA YMEHbIIAThCH

e+pv <O0.

Ilpn 3anaHHOM 3HAYEHMH p BeJHUHHA, CTOAILAS B JeBOH cTO-
POHE HEepaBeHCTBA, HMeET HAMMEHblIee 3HAYEHHE NPH AHTHIApaJ-
MIEABHBIX P H V; IO3TOMY BO BCSIKOM C/1y4ae JOJIXKHO ObITh & — pu < 0,
T. €.

g
v> rk (23,3)

STO HEPaBeHCTBO NOJKHO BBINOMHATBCH XOTA Gbl AJS HEKOTO-
PBIX 3HAUEHHH HMIYJIbCA p 3J€MEHTAPHOro Bo3Gymjenus. [lostomy
OKOHYATE/IbHOE YCIOBHE BO3MOXHOCTH IIOABJICHHS BO36YXKACHHIT
B ABHXKYINEACH MO KaNHAMAPY KHAKOCTH Mbl IOJYYAM, HAHIS MHUHHU-
MyM BeJHYHHBl &/p. ['eOMETpHUECKH OTHOLUEHHE &/p €CTb TaHrEHC
yrya HakJ/OHa MpPSAMOH, MPOBEAEHHOH M3 Hayasla KOOPAMHAT (B IJOC-
KOCTH p, &) B HEKOTOPYIO TOYKY KPHBOH &=¢ (p). Ero MHHHMAa/b-
HOE 3HAYeHHe ONPeJeNHTCs, OYEBHIHO, TOYKOH, B KOTOPOHl HpoBe-
AeHHas M3 Hayajla KOOpAMHAT IpsMas KacaTeJbHa K KpuBo#. Ecuu
3TO MHHHMMAaJ/bHOE 3HaYeHHE OTJIHYHO OT HYJf, TO IPH HE CJHIIKOM
OOMBIUINX CKOPOCTSIX TeYeHHS B KHAKOCTH HE CMOTYT IOSIBUTBLCS
BO30YXKIeHHA. DTO 3HAUHT, YTO €e TeueHue He GyjeT 3aMeiJsATbCH,
T. €. XHUAKOCTb OGHAPYIKHT fIBJEHHE CBEPXTEKYYeCTH.

[TonyuenHoe yc/n0BHe HANHUMA CBEPXTEKYUYeCTH IO CYLIECTBY
CBOJIHTCH K TPeGOBaHHIO, YTOObl KPHBas € =¢ (p) He Kacajaach OCH
abcupcc B CaMOM Hayajle KOOPIHMHAT (OTBJEKAsCh OT MaJiOBEPOST-
HOH BO3MOMKHOCTH KacaHHs efo 3TOH OCH B Ja/ibHeillleM CBOeM Xofe).
[TosTomy K cBepXTeKyyecTH MPHBEIET IO CYIIECTBY BCAKHH CIEeKTp,
B KOTOPOM [0OCTaTOYHO MaJible BO30YXKAEHHS ABJAIOTCH (OHOHAMH.

PaccMoTpum Temepb Ty Ke MHAKOCTb IPH TEMIEPaType, OT/IHY-
HOH OT abCoMOTHOTrO HYJA (XOT M GIM3KYIO K HeMy). B sTom cay-
Yae XUAKOCTb HE HAXONUTCS B OCHOBHOM COCTOSHHH — OHA COZEPHKHUT
Bo30yxJeHns. IlpuBelleHHBle BbllIE paCCYXAEHHS caMu 1o cebe
OCTalOTCA B CHJIE, MOCKOJbKY B HHX He O6bUIO HCNOJb30BAHO
HeNnocpeACTBEHHO TO OO6CTOATEJNBCTBO, UTO MKHAKOCTH HaXOMHJach
NepBOHaYalbHO B OCHOBHOM COCTOSHHHU. J[BUKEHHE MHIKOCTH OTHO-
CHTeIbHO CTEHOK TPYOKH TPH BbINOJHEHHH YKa3aHHOTrO YCJOBHSA
NO-IpeXHeMy He CMOXKET NPHBECTH K IIOSBJIEHHIO B HEll HOBLIX 3/e-
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MeHTapHBIX Bo36yxaeHui. Heo6xoaumo, oiHaKo, BLISICHHTH, KaKHM
o6pasom GyieT MPOSBIATbCA HajJHuue BO3CYKACHHH, YyKe Cyliect-
BYIOLIHX B JKHAKOCTH.

IMpeactaBuM ce6Ge AJs1 3TOTO, UTO «ra3 KBA3HYaCTHI» JABHXKETCH
KaK 1leJIoe OTHOCHTEJNBHO XKUAKOCTH NOCTYNATeNbHO CO CKOPOCTHIO V.
®ynKuus pacnpefieleRus As JABHXKYLIEToCs Kak lleJjoe rasa no-
aAyyaercd H3 QYHKUHHM pacnpejeseHus n(g) HENOABHAKHOTO rasa
nyTeM 3aMeHbl SHEPTHH € YAaCTHLB BeJHUHHOH €-—pV, Tle p—HM-
nyJabc yacTHubl. s OGBIYHOrO rasa 310 OGCTOSTENbCTBO fBJAETCH
HEMOCPeACTBEHHBIM CJIACTBHEM IPHHIHNA OTHOCHTENBHOCTH ['aau-
Jess W JAOKasblBaeTcsi MPOCTO NMyTeM INepexoia OT OAHOH CHCTEMBI
KOOpAMHAT K Apyroii® B naHHOM Xe C/yuae TakHe COOGpaxKeHHs
HEMOCPEJCTBEHHO He IPHMEHMMBI, TaK KaK ra3 KBasHYaCTHIL JBH-
XKeTcsl HE B NYCTOTE, a «CKBO3b XKHAKOCTb». TeM He MeHee yTBepxK-
JNeHHe OCTaeTCsl B CHJIE, KAaK 3TO BHITEKAeT H3 CJACAYIOLIHX PACCyXK-
JEeHHH.

ITycTb ra3 Bo36yXKAeHHH JBHIKETCS OTHOCHTEJNbHO XKHIKOCTH CO
CKOpPOCTBIO V. PaccMOTpPHM cHCTeMy KOOpAMHAT, B KOTOPOH ras Kak
eJoe MOKOHMTCH, a4 XKHUAKOCTh COOTBETCTBEHHO JABHXKETCS CO CKO-
pocThio — v (cucteMa K). Corsiacio dopmyJie npeoGpasoBanus (23,1),
sneprusi E »uakoctH B cucTeMe K cBsizaHa ¢ sHepruedl E, B cuc-
TeMe, B KOTOPOH JKMAKOCTb NOKOHTCA (cHCTeMa K), COOTHOLICHHEM

E=E,—Py+242.

[lycTh B XKHAKOCTH MOSIBJIAETCA 3J€MEHTapHOe BO3CYKJEHHe C IRep-
rueii & (p) (B cucreme K,). Toraa ponosiHuTe bHAS SHEPTHS XKHAKO-
c¢tH B cucTeMe K Oyjaer €é—pv, 4eM H JOKashiBaeTCs CleJaHHoe
yTBEPKIEHHE 1),

Takum 06pasoM, MOJHBIH HMIYJbC Ia3a KBa3uYacCTHIL (OTHECEH-
HBI K elnHHLe o6bema) OyjeT

P= S pn(e—pv)dr.

ITpeAno/IoXHM, YTO CKOPOCTb V MaJjia, M PasJ/ioxkKHM IOJBIHTETPaJb-
HOe BhIpaxeHue N0 creneHsaM pv. UJeH HYJIeBOro Mopsjika Hcye-
3aeT (NPU MHTETPHPOBAHUH N0 HANPABJEHHAM BEKTOpPa p), H OCTAETCS

d

=—{pv) 9 g,

HJH, NOCJAE yCcpeAHeHus IIo HanpasJCHUAM p,
v dn

1) Ons BasuuacTHU B 603e-KHAKOCTH £ (€)—pacnpenenende (22,2). O6pa-
THM BHMMaHHE Ha TO, YTO YCJOBHE CBEPXTEKYUeCTH (U < &/p) KakK pas coBnajaer
C YCJIOBHEM, 0GeCTIeYHBAIONIMM NOIOKHTEILHOCTD H KORCYHOCTb BHPAXKERUT N (e—pv)
A5 BceX SHEprHi,
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Tlpexme BCEro Mbl BHJIHM, YTO ABHXKEHHE Ia3a KBa3HYACTHI[ CO-
IPOBOXKJAeTCA MEePEeHOCOM HeKOTOpOH MaccH:. s(eKTHBHAA Macca
elMHHUIBI o6beMa rasa olpefenseTcs KOs(bHIIHEHTOM MPOMOPIHO-
HaJbHOCTH MeXIy HMIyJabcoM P M ckopocthlo v B (23,4). C npyroi
CTOPOHBI, NMPH TEYeHHH KHAKOCTH, CKaxKeM, MO Kamnu/ISpy HHYTO
He MellaeT KBa3UYaCTHIAM CTAJKHBATbCS CO CTEHKAMH TPYOKH H
06MeHHBATLCA € HHMH HMOYyJbcOM. B pesysbrate ras Bo3Oyxkle-
HUE OGydeT OCTAHOBJEH, KaK 3TO NPOH30ILIO Obl CO BCAKHM OObIY-
HBIM T'a30M, NPOTEKawIUM N0 KalH/JIADY.

Takum o6pasoM, MBI IPUXOJMM K CJEAYIOLIEMY OCHOBHOMY pe-
3yabtaTy. IIpH OTJMYHBIX OT HYyJA TeMIEpPaTypax 4YacTb MAacCHI
KHAKOCTH GyleT BecTH Ce0A Kax HOPMaJbHasi BSi3Kasl XKHIKOCTb,
CHENJIANIancs» NpH IBHXEHHH O CTEHKH COCYJa; OCTajbHasi Ke
yacTh Maccw GymeT BecTu cefsi KakK He obJjajamoollas Bs3KOCTBIO
CBepXTeKyuasi XKHAKOCTb. IIpH 3TOM BecbMa CyIIECTBEHHO, 4YTO
MeXAY OOEHMH STHMH JBHXYIIUMHCA «APYr 4epes APYra» YyacTAMH
Macchl XKHAKOCTH HeT TPeHHsi, T. €. He NPOHEXOMUT Nepefayd HM-
myJbca OT OJIHOH M3 HHX K APYro#. [IeHCTBHTEeJNIbHO, CaMO HaJH-
yye TaKOr0 B3aHMHOrO JABHXKEHHSI OJHOH YacTH MacChl XKHAKOCTH
OTHOCHTEJNIbHO JPYro# Mbl MOJYYHJH NPH PaCCMOTPEHHH CTATHCTH-
YeCKOI'0 PaBHOBECHsI B PABHOMEPHO ABHXKYyleMcsA Trase Bo30yKIeHHH.
Ho ecan kakoe-a160 OTHOCHTE/NbHOE ABHIKEHHE MOXKeT HMETb MECTO
B COCTOSIHUM TEIJIOBOIO PaBHOBeCHA, TO 3TO 3HAYHT, YTO OHO He
COMPOBOXKAAETC TPEHHEM. .

[TonuepkHeM, YTO PacCMOTPEeHHE MKHJAKOCTH KaK «CMeCH» HOp-
MaJpHOl M CBEPXTeKyuell ee «yacTel» sBjsgercs He Oosiee, ueM
croco6oM BeIpa)keHus, YAOOHBIM [Js ONHCAaHWA sBJIEHWH, IPOHUC-
XOASIINX B KBAaHTOBOH JKHAKOCTH; OHO OTHIOAb He O3HayaeT BO3-
MOXXHOCTH pea/bHOrO pasfe/eHHsl KHAKOCTH Ha jaBe yacTH. Kak
H BCAKOe ONHCAaHHe KBaHTOBLIX SBJEHHUH B KJaCCHYECKHX TePMHHAX,
OHO He fABASETCA BIOJIHE aJeKBATHHIM. B meficTBHTeAbHOCTH HAJNO
rOBOPHUTb, YTO B KBaHTOBOH 003€-XKHIKOCTH MOTYT CYLIeCTBOBaTh
OfHOBpPEMEHHO JBa JBHKEHHA, Ka)KJoe H3 KOTOPBIX CBfI3aHO €O
cBoell 3dpekTHBHOH Maccolt (Tak 4TO CyMMa 3THX MacC paBHa moJ-
HONl MCTHHHOH Macce XuakoctH). OAHO M3 3THX JABHXKEHHH «HOp-
MaJbpHO», T. €. 006JajaeT TeMH Ke CBOHCTBAMH, YTO W JIBHIKEHHE
O6GLIYHOH BA3KOH KHUAKOCTH, APyroe xKe —«cBepxTeKydee». O6a 3TH
JBHKEHUs NPOUCXOAAT Ge3 mepejayd HMHIYJbCa OT OAHOTO K ApY-
roMy.

Taxkum o6pasoM, B THAPOAMHAMHYECKOM CMBICJE IIIOTHOCTh Go3e-
KUIKOCTH MOKeT ObiTh MpeAcTaBleHa B BHIE CYMMBl O =0, -0
HOpPMaJIbHOH M CBepXTeKyueHl wacTe#l, Kaxaas W3 KOTOPEIX CBs3aHa
Co cBOell THAPOAMHAMHYECKOH CKOPOCTbIO — V, H V. BaxHbIM CBOH-
CTBOM CBEPXTEKYUYero JBMKEHHs SBJAETCH ero MOTeHUHAJbHOCTb:

rotv,=0. (23,9)
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D10 CBOHCTBO fBJSETCH MAaKPOCKONHYECKHM BBIPAXEHHEM TOTO
¢daxTa, YTO 3JMEeMeHTapHBle BO30YKNEHHS € GOJBbIIOH AJHHOH BOJHBI
(T. e. ¢ MaJBIMH HMIYJbCaMH) SBAAOTCA 3BYKOBHIMH KBAaHTaMH —
¢oroHamu. IlosaToMy Makpockonmuuyeckass THApPOJAMHAMHKa CBepXTe-
Kyuero JBHXEHHS He JOJKHA AONYCKaTh HUKAKHX APYTHX KoJe-
GaHuii, KpOMe 3BYKOBBIX ), uTO W ofecrmeyHBaeTcsl ycjaoBueM (23,5)
(MBI elle BepHeMcs K ero oGocHoBaHHIO B § 26)2).

Ilpu T =0 HopMaibHasA yacTb NJOTHOCTH p,=0; "KHUAKOCTb
MOKeT COBEepIIaThb TOJNBKO CBepxTeKyuee aBuxeHHe. IIpH OTVIMUHBIX
J)Ke OT HyJs Temnepartypax p, Aaetca dopmydon (23,4):

0, z.é_y ( dn )p2 dr. (23,6)

Has BLHIUMCIEHHS (OHOHHOrO BKJajga B p, nosaraem B (23,6)
g=up:

oL {dn g tnpdp
(On)o = — 34 § dp (2nﬁ)3

U TIocJie HHTErpHpoOBaHUusa MmO 4YacTAM HaxXOAHM
o

4 4np?dp 4
(Pn)e =35 § P oudys 3 § en dr.
0

OcTaBmniics 31eCh MHTerpasa eCcTh He YTO HHOe, KaK 3HeDPrus eiH-
HHILl oObeMa (GOHOHHOrO rasa; B3fAB 3Ty BeJHYHHY H3 (22,4), mo-
JYYHUM OKOHYATEe/bHO

4E,  2n2T4

(pn)lb VG 45ﬁ3u5 . (23:7)

Jnst BLIYMC/JEHHS K€ POTOHHOTO BKJajga B p, 3aMeuyaeM, 4TO

IIOCKOJIbKY POTOHH MOKHO ONHCBIBAaTh pacinpefesneHnem Bolbnmana,
TO AAsi HuX dn/de=—n/T, u us (23,6) nmeem
1 7 Ny

(pn)pzﬁypznde 3T vV "

[TosoxuBs, ¢ mocTaToOyHOM TOYHOCTBIO, p?==p¢ u B3AB N, U3 (22,9),
HOJTYYUM

PNy 2(m)pg
(On)p= 3TV~ 3@n)¥/2T/*}s

-A/T, (23,8)

1) TTogpasymeBaeTcsl, 4TO XKHMAKOCTh He OrpaHuyeHa. [IpH HaJaHYHH CBOGOAHOH
NOBEPXHOCTH BOSMOKHb TaKiKe [OBEPXHOCTHEIE KANH/JISPHbE BOJHLI (4TO MPHBO-
IHT K ONpEeLeNeHHOH TeMIepaTyPHOH 3aBHCHMOCTH NMOBEPXHOCTHOTO HATSXKEHHS —
cM. 3agasy ).

2) ITogpo6Hoe H3/I0}KeHHe THIDOAHHAMHKH CBEPXTeKyueH MKHAKOCTH Aaercs
B ApyroM ToMe storo Kypca (tom VI),
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[Tpu caMeIX HH3KHX TeMIepatypaX (OHOHHBLIA BKJal B P, BeJHK
110 CpaBHEHHMIO ¢ poTOHHLIM. OHM cpaBHHBaOTCA NpuMepHo npn 0,6K,
a mpd GOJBLIMX TeMmepaTypaX DOTOHHBIH BKJaJ CTAHOBHTCS Ipe-
06J1a1a101IHM.

ITo Mepe mnoOBbIIEHHS TeMmepaTypel Bce GOJIbIUAS YACTh MAcChl
SKHIKOCTH CTaHOBMTCA HOpMaJbHOH. B TOuKe, B KOTODOH AOCTH-
raeTtcsi PaBeHCTBO P, =0, IIOJHOCTBIO HCYe3aeT CBOWCTBO CBePX-
TEKyueCTH. DTO— TaK HasbiBaemasi A-mouka MKHAKOCTH, NPeACTaB-
Jsiomasi coboit Touky ¢asoBoro nepexoia Broporo poaal). Uro
KacaeTcsl KOJHUYECTBEHHBX Qopmysa (23,7—8), To OHH, KOHEYHO,
HenpUMeHHMbl BOJH3H A-TOYKH, TJe KOHLEHTPAUHsI KBa3HYaCTHI
CcTaHOBHTCS GOJBILOMN, TAK UTO Jaxe CaMoe NOHATHE O HHX B 3Ha-
YHUTEJbHOH CTENEeHH TePSET CMBIC.

OcCTanoBUMCH ellle Ha Bompoce O TNOBeJeHHH aTOMOB PacTBOPEH-
HBIX B XKHJIKOM TeJHH IOCTOPOHHHX BEUIECTB; KOHLEHTPALHA NMpPH-
MecH NpeJnoJaraeTcss HacTOJABLKO MaJoH, YTO ee 4aTOMbl MOXHO
CYNTATb HeB3aHMoOjeHCTBYOUMME ADPYr ¢ apyrom (JI. . Jlanday,
H. A. Homepanuyr, 1948).

Hanuune pOCTOPOHHErO aToMa B YKHUJIKOCTH NPHBOAHMT K MOSB-
JICHHIO HOBOH BETBH 3SHEPreTHUeCKOI'O CIIeKTPa, COOTBETCTBYIOMIEH
JBHKEHHIO 3TOI'O aToMa uepe3 XKHJAKOCTb; pasyMeeTcs, BBHIY CHJIb-
HOTO B3aMMOJEHCTBHS aroMa TIPHMECH C aTOMaMH KHIKOCTH, 3TO
JIBHIKEHHE sIBJAETCH B JeHCTBUTENbHOCTH KOJJIEKTHBHLIM 3((heKTOM,
B KOTOPOM NPHHHMMANOT yYacTHe TaKKe H aTOMHl JXHAKOCTH. IDTOMY
JIBHKEHHIO MOXHO MPHIIHCATH HEKOTODBHIH pe3yJbTHPYIOUHA coxpa-
HAOIUACA HMMOYJabc p. TakuM o6pasoM, B KHAKOCTH NMOSBJAIOTCS
KBAasH4YaCTHIBI HOBOrO THIHA (B UYWCJE, PABHOM HHCJIY daTOMOB TipH-
MECH), DHeprust KOTOPHIX €, (p) ABJASETCS OMNpefeNeHHOl QyHKIHEH
HMIyJbCa. B TEN/JOBOM DaBHOBeCHH 3HEPTHH 3THX KBA3HYaCTHIL
6yayT cocpefoTOyeHbl BOJIH3H HAaHMEHBIUErO W3 MUHHMYMOB (YHK-
HHU €., (p). PakTHUeCKH peub HAET O mnpumecu usorona He?, u
SVIIHPHUECKHE JaHHBIE NOKa3blBAOT, YTO TAKOH MHHHUMYM JIEKHT
npu p=0; B6U3H HEro 3HEPrus KBA3UYaCTHLH HMeeT BHJ

p?
ey (P) =50 (23,9)

¢ sdpdekTHBHON Maccoll my,=2,8 mMacc atoma Hesd.

[TpuMecHble KBa3HYaCTHIB B3aHMOJAEHCTBYIOT ¢ HOHOHAMH H POTO-
HaM¥, CTaJKHBasCh C HHMH, H, TaKuM o6pa3oM, BXOAAT B COCTaB
HODMaJbHON YacTH KHUAKOCTH. BBHAY Majodl KOHUEHTPalMM 3THX
KBa3HYacTHIl HX TEMJOBOE paclpejeseHHe —60JbIMAaHOBCKOe, H HX

1) JKunkuil renni NpH TeMIepaTypax HHIKe STOH TOUKH HasbBaloT requem 1l.
A-TOUKH 06pa3yioT JIHHHIO Ha (a30oBoy puarpaMme B nJockoctH P, T. DTa JHHHSA
nepeceKaeT JIHHHIO PaBHOBECHS JXHJKOCTH C NnapoM npH Temuepatype 2,19K.
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BKJaj B p, (onpeaeleHHbl corsacHo (23,6)) naetcst GopMyJiol

©On)op =m0 22 _ Nop s (23,10)

rae N,/V—uucio aTOMOB NpUMECH B €IMHHIE oObema.

3anpauu

1. HajiTH npefebHbI 3aKOH TeMrepaTypHOH 3aBHCHMOCTH Ko3(dbHUHeHTa
MOBEPXHOCTHOTO HATSIIKEHHA ¢ JKHAKOFO rejusi BOIH3H abCOJIOTHOrC HYyJIs
(K. R. Atkins, 1953). .

Pewenue. Kosbpuunent « ecth cBobomHasi 3HEPTrHs €JHHHLBI NJOLLAAH
MOBEPXHOCTH KHAKOCTH (cM. V (154,6)). 3ra pesuunHa BbhiUHCAseTes o ¢op-
mysae V (64,1), B KOTOpOH 4YaCTOTH (¢ OTHOCSTCS Tenepb K NOBEPXHOCTHHIM KOJIe-
GaHusM. B JApyMepHOM cJyuae INepexoi OT CYMMHPOBAHMS K HHTeTrPHPOBaHHIO
(Mo BOJIHOBHIM BeKTOpaM KoJeGaHHH) OCYyIIeCTBASETCS BBEJAHHEM MHOXHTE/S
d?k/(2m)% uan 2nk dk/(2n)%. Tlocje MHTErpPHPOBaHHS MO YaCTAM HafzeMm

_ _o-hoyrykdk_ B kdo
a~a0+T§ln(l e )2:1: Qo— 7 ST ]

(cto— moBepxHocTHOe Hatsikenne npH T =0). IIpn Z0CTaTOUHO HH3KHX TeMmepa-
TYpax CyLIECTBEHHbl JHIIb KOJeGAaHHS C MaJbIMH YacTOTaMH, T. €. ¢ GOJIbIUHMH
JJIHHaMHK BOJIH. TakHe KoJeGaHHs NDPEeACTaBAs0T CO60H THAPOJHHAMHYECKHE KalHI-
JIApHBIE BOJHDBI, AJSl KOTOPHIX @%=ak3/p =~ aok?/p (P—TJOTHOCTE XHAKOCTH).
[TosTomy

@®

oo 2/35‘ 0% de
a=a—g ()" ) oy
b

(6BICTpasi CXOAMMOCTb MHTErpasa MO3BOJSET 3aMeHHTh BepXHHH mnpeles GecKoHeu-
HOCTbiO). Bmluncnenue upterpana (cMm. npuMevande B V § 58) NPUBOZHT K pe3y.ib-

Taty
T7/3pz/3 7 7 T7/3pz/s
azao_'&rdi‘/aaﬁ” r (3) ¢ (3)_%—0,13 ﬁ4/3a3/3 '

DroT peaysbTaT OTHOCHTCA K Kuakomy He* npu TemnepaTypax HacTO/bKO HH3-
KHX, 4TO BCIO MacCy >XHAKOCTH MOXHO CUHTaTh CBepxTekyuei l).

2. Hailth 3aKOH [HCIIEPCHH €pp*(P) AJIA NPHMECHBIX HaCTHL B ABHXKYIUeHcs
cBepXTeKyuell KHJAKOCTH, €C/JIH H3BeCTeH 3TOT 3aKOH eg’ﬁ (p) B HENOABHXHOM
xKuakoctu (J. Bardeen, G. Baym, D. Pines, 1567).

Pemenune. Ilocne ao6aBieHHss K HenQABHKHOH XHAKOCTH (mpu T =0)
aToMa MPHMECH (C Maccoil #1) ¢ HMIYJbCOM Po ee SHEPTHS H MMIYJbC (B CHCTEME
KOODJAHHAT, B KOTOPOH XXHIKOCTb MepPBOHAYaJbHO MOKOHJACh) €CThb Eozeg’g (Po),
Po=py. B cHCTeMe XKe KOODAHHAT, B KOTOPOH XXHAKOCTb ABHKETCS CO CKOPOCTHIO V,
HMeeM, cornacHo (23,1),

E= % (o0) -+ poV +5 (M--m) 02, P=py+(M+m)v.

1) B depmu-xkuakoctu (kuakuii He®) RanHanspHBIE BOJHB PacCMOTPEHHOTro
THNA (Kak H o6beMHble BOJHH OORIYHOIO 3BYKa) He CYLIECTBYIOT BBHAY Heorpa-
HHYEHHOI'0 BO3pacTaHHfA BA3KocTH npu T — 0,
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OTC(OILa BHJHO, UTO H3MEHEHHS SHEPTHH H HMIyJbCa zusmxymeﬁc;( XHUIKOCTH NpH
Jo6aBsieHHH K HeH aToMa NpHMECH paBHbI

mu?
enp =enp (P0) +PoV +—5—» P=Po+-mV.

Boipagus g, uepes p, HaxoluM
2
0) mu
&np (P) = &np (P—mvV) PV —
ITpu MaJLiX 3HAYEHHSX U, C TOYHOCTHIO JIO U/JEHOB NepBOTrO NMOPSAKA, AJlS CNeKTpa
e (p) Buza (23,9) umeem

2 m
snp(p)=2n’z* +vp<1—m—*>.
np np

§ 24. ®oHOBBI B XKHAKOCTH

IIpu nepexose OT KJaccUYeCKOH KapTHHH 3BYKOBLIX BOJIH K KBaH-
TOBOMY MNpeACTaBJeHUI0O O (GOHOHAX THAPOJUHAMHYECKHE BEeJHUYHHbI
(mJIOTHOCTb, CKOPOCTb XHIKOCTH H T. M.) 3aMEHAIOTCA Oneparto-

paMH, BHLIPAXKAIOMHMHCS Yepe3 ONepaTophl Cy, Cx YHHUTOKEHHS H
poxieHHst ¢oHOHOB. BhiBenem ¢opMyJibl, Jaiolllde 3TH BbIPaXKeHHS.
HanoMHuM, 4TO B KJaCCHUECKOM OIMCAaHHH 3BYKOBOH BOJIHBI
IJIOTHOCTh KHJIKOCTH MCHEITHIBaET MaJble KoseOaHHSI C YaCTOTAMH
U BOJIHOBBIMH BeKTODaMH, CBSI3aHHBIMH ADYT C.APYI'OM COOTHOIIe-
HHeM o = uk. BeJnunHOH Toro xke nopsjika MaJoCTH, 4TO H Iepe-
MeHHasi YacTb IIJIOTHOCTH p’ =p-—p, (p,— PaBHOBECHOE 3HayeHHe
IJIOTHOCTH), fIBASIETCS CKOPOCTb XKHIKOCTH V. JBHIKeHHE XHIKOCTU
B BOJIHE TNOTEHNHAJbHO, T. €. MOXeT OBbITb OINHCAHO CKaJspHBIM
MOTEHI[HAJOM CKODPOCTH ¢, ONpPeIesIONAM CKOPOCTb COIVIaCHO

VvV = Vq), (24, l)
CKOpocTb M IMJIOTHOCTb CBSI3aHBI JADYT C APYrOM ypaBHEHHEM He-
NpepHIBHOCTH 0p’/0t = — div (pv) ~—p,divv, uau
d
a‘; — p,Ag. (24,2)
DHeprus KUIKOCTH B 3BYKOBOH BOJIHe llaeTCﬂ HHTErpaJjioM
v
E =S(P° L 2p )dsx. (24,3)

[lepBbift 4JeH B MOABIHTErpPaJbHOM BBHIPAXKEHHH €CTb [JOTHOCTb
KHHETHUYECKOH, a BTOPOH-—BHYTPEeHHeH 3HEpPrHu KUIKOCTH; 06a
KBaJpaTHYHBI 110 MaJbiM BeJHYHHaM Vv H p’.

JlanbHedmyo HpouleAypy KBaHTOBAHHS MOXKHO Gblio Gbl Ipo-
BECTH NOJHOCTBIO AaHAJOI'HYHO TOMY, KakK 3T0 ObLIO CAeNaHo AJs
GoHOHOB B TBepAplX KpucTasnax (cMm. V § 72). Mul, oxnako, usGe-
pPeM 3JeCh HECKOJbKO HHOH MyTb, ACMOHCTPHDYIOMIHA HEKOTOpPHLIE
NOYyYHTebHblE METOAHYECKHE MOMEHTHI. PaccMOTpHM CHayajla one-
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paTopBl MJIOTHOCTH H CKOPOCTH XHMAKOCTH, BbipaKe HHbIE Yepe3 MHKPO-
CKOIHMYeCKHe IepeMeHHble —KOODAMHATH YaCTHIL.

B KJaccHyecKO#l TEOPHH IJIOTHOCTb P H IJIOTHOCTb IIOTOKA MaccChl
JKHUIKOCTH j MOTYT OBITb IpeACTaBJeHbl CyMMaMH

p(r)=§ma6 (l'a—l'), j(r)=§pa5 (l'a——l'),

B3AITLIMH MO BCEM yacTHuam (r, ¥ p,— PaiHyC-BEKTOPBl H HMIYJbCH
YacTHI); MHTErpajbl OT 3THX (YHKIUH N0 KakoMy-i1H60 o0bemy
JAIOT TOJHYIO MacCy H MOJHBIH HMIYJbC XKHIKOCTH B 3TOM 0Gbeme.
Ilpu mnepexoje K KBAHTOBOH TEOPHH 3TH (QYHKIHH 3aMeHSIOTCA
COOTBETCTBYIOIIHMH oOnepaTopaMu. OnepaTop MJIOTHOCTH HUMEET TOT
ke BHJ,

p (1) =X mb (r,—1), (24,4)
a onepaTrop IJOTHOCTH IOTOKA
() =53 {pad (r,—1) +8 (r,—1) .} (24,5)
rae ﬁa:———iﬁva—onepaTop HMIIyJ1bCa YaCTHUB 1),

HaiizeM npaBHIO KOMMYTAIlHH MeXIy ollepaTopaMH j(r) H p(r),
B3ATHLIMH B TOYKAaX r H r’; IPH 3TOM MOKHO, A/l KPaTKOCTH, pac-
cMaTpuBaTh BCErO I10 OLHOMY 4JeHy B cymMaX (24,4—5), IOCKOIBKY
omepaTops, COOTBETCTBYIOUIHE Pa3HBIM YaCTHUAM, KOMMYTaTHBHbI.
Ilpu pacKpeITHH KOMMyTaTOpa onepartopsl Buaa & (r,—r) v,6 (r,—r’)
npeo6pasyioTcs ClelylouHuM o6pasom:

8(r,—r)v,8(r,—1")=06(r,—r) (V6 r—r")N+ 6@ —r)d(r,—r1)V,

rje B nepBoM uJjeHe (VO (r—r’)) osHauaer npocTo rpajineHT 8-dyHk-
IIMH; BBHAY HaJHuusg MHOXKHTeJs & (r;—T) B 3TOM UJeHe MOXKHO
nucatb B HeM (V6 (r—r’)) BMecTo (V0 (r;—r’)). B pesyabrare mo-
JIy UHM

i()p () —p (£ (1) =—ifip (V8 (r—r")). (24,6)

BBeleM Temepb BMECTO | ONepaTop CKOPOCTH MKHIKOCTH V, CO-
TJIaCHO Ol pejeJie HHIO,

R S T
j=5( v+ vp).

1) [TycTs, AJS MPOCTOTHI, CHCTEMA COCTCHT BCErO M3 OJHOM uacTHIsl. Ycpen-
HeHHe onepaTopa p (r)=md8 (fy—r) N0 COCTOSIHHIO C BONHOBOH (yHKUHEH 1P (ry)

naet S P* (r1) E)\]J (c) d3xy=m| P (r) |3 Kak ¥ ROMKHO GBITb. AHAJIOTHUHBIM 06pa-

30M, ycpelHeHHe omnepaTopa j(r) JaeT NpaBH/bHOE BEIpaxeHHe MJIOTHOCTH IIOTOKA

(h/20) {¥* @) 99 O —¥ ©) v9* O}
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[paBH/o KOMMYTAallid ONEPaTOPOB p W V ONpejessieTcsi TpeGoBa-

HHeM, uTOGHl /I KOMMYTaTopa p H j 0J1y4asioch Bhlpaxenue (24,6).
Jlerko mpoBepHTh, UYTO [/ 3TOTO HAAO HOJIOXKHUTD

V() p () —p (r') v (r) = — i (V8 (r—r"))

(IpH 3TOM HaJO yYecTb OYEBHAHYIO KOMMYTAaTHBHOCTb ONEPaTOPOB
p (r) u p(r')). Hakonew, nosoxus v (r)= V¢ (r), noiyyaeMm NpaBH/oO
KOMMYTalHHH MeXJy OInepaTopaMy NJOTHOCTH M MOTeHUHAaJa CKO-
pocTH

- NN NI . '

QO p () —p' (') ¢ (1) =— ihs (r—1') (24,7)
(BMeCTO p MOXKHO, KOHEUHO, IIHCAaTh 3JeCh OMepatop p’'=p —p,
nepeMeHHON wacTH mjorHoctH). IlpaBuno (24,7) aHAJOrHYHO mpa-
BHJIY KOMMYTAaLMd MeXJy KOODJAMHATOM W HMIyJbCOM YacCTHIHI,
B 3TOM CMBICJIe BeJHUHHLI o’ H ¢ HIpPalOT B JAHHOM Cjydae poJib

KAHOHHYECKH CONPSIXKE HHBIX 06001 HHBIX «(KOOPAHHATY H <HMITY JIBCOBY.
Hcnonb3oBaB Bhipaxenus (24,4—>5) AJsi yCTaHOBJEHHS NpaBHa

(24,7), uanumem Tenepp OMepaTOpHl @ H P’ B NPEACTABJEHHH BTO-
PHYHOrO KBaHTOBAHHS (T. €. BBIPa3HM HX UYepe3 OIepaTopel yHHY-
TOMEHHSI U POXIEHHsS (POHOHOB), MOTPeGOBAB NPH 3TOM, UTOO! OHH
yAO0BJETBOPSIH npaBuay (24,7). st 3Toro nuieMm

o (r) =T/1—V- Y (Axoxels 4 Agche=t)
k

C MOKa He omnpefeJeHHHMH Kosddunuenramu Ax; CYMMHpOBaHHe
NPOU3BOAKUTCS MO BCeM 3HaYeHHAM BOJHOBOTO BEKTOPA, IPOGEraeMbiM
IJs KHAKOCTH B 6GosbLIOM, HO KOHeuHOM ob6beme V'1). Omeparophi

Ck, Cl YMOBJETBOPSAOT GO3eBCKHM NpPABHJIAM KOMMYTAaIHH
Cx Clr— CreCi = By (24,8)

Hanomuum pas AaHbHEﬁMHX CCBIJIOK, YTO OTJHUHBEIE OT HYJS Ma-
TPHYHLIE 3JIEMEHTHI 3THX ONEpPaTopoB

e —1|Ck| me> = <ni| il me—1> =V nx, (24,9

TAE My — YHCJA 3aNoJHEHHs] (OHOHHBIX COCTOSIHHH.

B panbHedeM HaMm MOHaAOGHTCS, OAHAKO, HE HMIPEAHHIEDPOBCKHH
onepartop (B(r), a reft3eHGeproBCKHH ¢ (¢, r). OH nonyyaeTcs H3
@ (r) TIPOCTO TMyTeM BBeAEHHs MHOXKHTeNeH exp (d=iwf) ¢ yacToTamu

1) B oriH4YMe OT -ONepPaTopPOB HACTHL, ONEPATOP BELECTBEHHOH BEJHYHHE! @
5DMHTOB H COAEPXHT OJZHOBDEMEHHO ONEPaTOpbl POXKAEHUST M YHHUYTOXKEHHS (OHO-
HOB. HanmoMHHM, 4TO 370 CBOHACTBO (KaK H TaKOe€ Ke CBOHCTBO ONEpaTopoB I0JIA
B KBAaHTOBOH 9JeKTPOLMHAMUKe) CBA3aHO ¢ HeCOXDaHeHHeM YHCJ/A «HaCTHH» B (¢o-
HOHHOM IIOJIE.
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©=uk B KaXIbll YJIEH CYMMEI

-~ 1 ~ . .~ )
e, )= V_V—Z (Akcke‘ (kr—kut) 4 A, %ot (kr—kut))
k

(cp. cKasaHHOe 1O 3TOMY NOBOAY A/ P-ONEPaTopoB B Hayase § 9).
Omneparop ke maotHocTH ' (£, r) HoskeH CbiTh CBSI3aH C omepa-
TOpoM @ (¢, r) cooTHowleHHeM (24,2) ¥ MOITOMY [AaeTCsi TAKOH xKe
cymmoit ¢ mMHOXHuTe1MH [Axp k/u BMecto Ay. [Nocie sToro MHO-
KATeNH Ay HaNO OMPeeNHTh TaK, YTOGbl BHIIOJHHJIOCH IIPAaBHJIO
KoMMmyTauuu (24,7). B pesysbTaTe mosyyaioTcs cjeyioliie OKDH-
YaTeJbHEIE BHIDAKEHH: :

~ . % 1/2 1~ ~ .
\ (P(tv r):Z(_QT/é%E) (Cket (kr—ukt)_*_cze—t(kr—ukt))’
k

24,10
o (¢, 1) =Z i ( pohk )1/2 (Zkei(kr-u'kt)__the—i(kr—ukz‘))' ( )
k

2Wu

Jle#CTBUTENBHO, TIOACTABHB 3TH BBIDAXKEHUSI B JIEBYIO YacTh Mpa-
Busa (24,7), c yuetom (24,8) moayuum TpeSyemyio 8-pyHKIHIO:

— ity X (budi i) ek o) =

__ ik ik (r=r") ih o -y VB _ . '
~——V—;e ——7y | o = ihé (r—r’).

Jlerko yGemuTbCS TaKKe, UTO FAMHJIBLTOHHAH JKHAKOCTH, TOJY-

YAIKACH MOACTAHOBKOH v==V@ H o' BMecTo v H p’ B HHTerpal
(24,3), uMmeer, KaK H CJIeJ0OBAaJO, BHJ

fi= X uhk e+ 5 )

ero CoOCTBeHHble 3HAueHHS paBHB Suhk (ny +1/2) B COOTBETCTBHH
C TpeicTaBJeHHeM O (OHOHAX C SHEPTHAMH &= uhk.

Bripaxenue (24,3) A1 3HEPrHH KHIKOCTH B 3BYKOBOH BOJIHe
IpejcTaBiasieT cO00H mepBble (TOcjae HYJEBOrO) YJEHbI PasJioxKeHHS
TOYHOT'O BBIPAXKe HUS

E =S[p2l2+pe (p)]d"‘x

(rme e(p)—BHYTpeHHSA SHEPrHs €IMHHIB MacCH MKHIKOCTH). Po.b
TOYHOTO TaMH/IbTOHHAHA MHAKOCTH HIPaeT 3TOT HHTErpaj, B KOTO-
POM Vv U D 3aMeHEeHbl ONEPATOPAMH V=VQ HPp=p,+p’ ¢ @ u p’ U3
(24,10):

~a A

H =§ [%V-Jr pe (ﬁ)}d% (24,11)
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(onepaTop KHHETHUeCKOH SHEPrHH HalHCaH B CHMMETPH30OBAaHHOM

BHZE VPV/2, 4TO6bl GHITH 3pMHTOBEIM). IIpH 3TOM CyINeCTBEHHO, YTO
HMEHHO p H @ SBASIOTCS KaHOHHYECKH COIpSIXKEHHBIMH «0600IeH-
HHIMH KOODJHHATaMH H HMIyJbCAMH», Yepe3 KOTOpble AOJIKEH OBITH
BeIpaxeH TaMHJBTOHHAH. DTO BHAHO H3 TOrO, YTO INPAaBHJO KOM-
myranuu (24,7), KoTopoMy yAOBJ/eTBOPSIOT onepatophl (24,10), sB-
JsieTcsi TOUHBIM—B ero BbIBOZE MaJIOCTh KoJeGaHHH HUrJe He HC-
HOJIb30Ba/ach.

UneHsl GoJslee BHICOKUX (TPeThell M T. J.) CTelleHeH B Pa3/OKeHHH
3TOTO TaMHJbTOHHAHA BBIPaXKalOT cOO0H aHrapMOHHYHOCTH 3BYKO-
BblX KoJe6aHHI, a B TepMHHAX (OHOHHOH KAPTHHBI— ONMHCHIBAIOT
B3aHMOJIeHCTBHE (JOHOHOB. DTH UJEHHI HMEIOT MAaTpHUHbie 3JEMEHTH
IJIs1 TIepeXoJ0B C OJHOBPEMEHHBEIM H3MeHEeHHEeM HeCKOJbKHX UYHCEN
3aNO/MHeHHs] (POHOHOB H TeM CaMEIM HIPalOT pPoJib BO3MYINEHHS,
BBI3LIBAIOLIETO Pa3/IHYKbIe NPOLECCH PACCesHHs H pacnana q)OHOHOB
Ilpu stom MaTPHUHBIE 5JIEMEHTbl CAMHX ONeEPaTOPOB Cx H Ck HMeloT,
pasyMeercsl, npexHull BuA (24,9), mOCKONBKY (Kak 3TO Bcerja je-
JaeTcsi B TEOPHH BO3MYLIEHHH) HCHOJbB3yeTC IIpeiCTaBJEHHE, B
KOTOpPOM JHaroHa/jeH HeBO3MYLIeHHBH raMuabroHnaH. [lpuBesem
3/lech BHIpAXKEHU UYJIEHOB TPETHEr0 M UYETBEPTOrO MOPAAKOB

R ~ Nz}
Hm:g [Lgl+ (d‘;o ;‘J %]dax, (24,12)
o= (% p—) j 5" dox. (24,13)

§ 25. BhIpoXjaeHHbIH NMOYTH MAeaJbHBIH Go3e-ra3

OcHoBHBle CBOHCTBA 3HepreTHYECKOTrO CHeKTpa GO3eBCKOrO THNE
SICHO BHJAHBl Ha MOJeJH ¢jabo HeHaeaabHOro Gose-rasa npu G/aus-
KHX K HYJIO TeMIepaTrypax. Jra MoJAeJb OyAeT pacCMOTpeHa B 3TOM
naparpaje aHajOrH4YHO TOMY, Kak 3T0 ObLIO cfiefaHo B § 6 nas
¢pepmu-rasat). Bce ckasansoe B § 6 B cBA3u C obwWwell xapakrepu-
CTHKOH MojeJsel BEHPOXIEHHOTO TOUTH HJAeaJbHOrO r'a3a OTHOCHTCSI
H K HacTosmeMy cjaydarn. B yacTHocTH, ycjaoBHe cjaaboll Heujeasb-
HOCTH (rasoBeii mapametp a(N/V)'? <1, a—pauHa paccessHus)
MOKeT OBLITh MO-NIPeXHEMY ccpopMmepOBaHo B BHle ycJosHs (6,1)
MaJIOCTH HMINYJIbCOB UYaCTHIL: pa/ﬁ<

1) HManaraembili HMke MeToy npuHagiexkutT H. H. Bozoaobosy (1947). Ipu-
MeHeHHe UM 3TOro Metosia K Go3e-rady SIBHJIOChH TepBHIM TIPUMEPOM TOCJI€J0Ba-
TeJIbHOTO MHKPOCKONHMYECKOTO BHBOJA HEPreTHYECKOrO CIEKTPa «KBAHTOBBIX KM[-
KOCTefi».

?) MBI yBHIHM HHIKe, YTO B BLIPOXKJeHHOM 603e-rase OCHOBHAsl Macca YacTHIL
(BHEe «KOHJeHcaTa») 06JafaeT UMIYJbLCAMH p ~ hVaN /V, 119 KOTOPHIX YKa3aHHOe
HEePaBEHCTBO JEHCTBHTENbHO CIIPaBeJIHBO.
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FaMHILTOHHAH CHCTEMBl NapHO B3aHMOZEHCTBYIOIINX 6030HOB
(RoTopbie Mbl 6ymeM NpeanoJaraTh GeCCIHHOBHIMH) HMeET BHA, OT-
Jauyawmuiics ot (6,6) JHILIb OTCYTCTBHEM CNHHOBHIX HHAEKCOB:

- 2 A ~ ~ PPN
A=Y £ a3ap+5 3, <0ipi | U|piDs> 3y 275,05, (25,1)

(CyMMHpOBaHKE MO BCeM HMNyJbcaM, GUrYPHPYIOIIHM B HHIEKCAX),
Onepatopsl Ke YHHYTOXKEHHS H DOMKASHHS YacTHI, YAOBJETBOPSIOT
Tenepb NpaBHJIAM KOMMYTaLHH

apay —ap ap=1.

Kak u B § 6, cHOBa 3aMeHsieM, B COOTBETCTBHH C IPEJNOJIOKEHHEM
0 MaJIOCTH HMIYJbCOB, BCé MaTpPHuHble 3JeMeHTHEl B (25,1) ux 3Ha-
yeHHEM NPH HYJEBbIX HMIYJbcaxX; TOTAa
H= 2pm aya,+ g—&’Zagiagéap,apl. (25,2)
HcxoAHbIM NMYHKTOM NPHMEHEHHS TEOPHH BO3MYINEHHH K 3TOMY
TraMHJbTOHHAHY SIBJASIETCS CJaefyiollee 3aMeyaHHe. B ocHoBHOM co-
CTOSIHUH HJeaNbHOro $o3e-rasa BCE YACTHILI HAXONATCA B KOHOeH-
came—COCTOSSHUM HYJIEBOH 3HEPTHH; YHCJAA 3aNOJHEeHHS Np-o=
=N,=N, Np=0 nipy p=0 (cM. V § 62). B noutu HzeaspHOM XKe
rase B OCHOBHOM H B ¢JiaG0 BO3GYXKJEHHBIX COCTOAHHAX yucaa N
OTJIMYHBI OT HYJISI, HO OYEeHb MaJibl 10 CPaBHEHHIO C MaKPOCKOHH-
yecKH 6oJibIUM yucjaoM N,. Tot daxT, 4To BeHUYHHA aoa =N,~N
BeCbMa BeJMKAa N0 CPaBHEHHIO C eJMHuIeH, o3HAayaeT, 4TO BhIpa-
KeHne .

aaf —afa, =1
MaJio M0 CPAaBHEHHIO C CaMHMH @,, @, U TOTOMY MOXKHO paccMart-

pHBaTh NOCJeiHHEe Kak obblunble (paBubie )/ N,) uucaa, npeneGperas
HX HEKOMMYTaTHBHOCTBIO.

IlpuMeHenne TeopHH BO3MylleHHH O3HayaeT Teneph GoOpMaJbHO
pasJiokeHHe YeTBEPHOH CYMMBI B (25,2) MmO cTeneHsM MaJiblX BeJH-

YHH ap, ap (p=0). HyneBol uien passioxenus papeH
: afaga,a, = as. - (25,3)

UJieHBl NepBOrO MOPSIAKA OTCYTCTBYIOT (BBUAY HEBO3MOXKHOCTH CO-
6MIONCHHA B HHX 3aKOHAa COXpaHeHHs HMmyJbca). UJseHH BTOpPOro
nopsijgka

ah 3 (@pa-p+azay+46;a). (25,4)

OrpaHHYHBASCH TOYHOCTBIO A0 BEJHYHH BTOPOTO NMOPSIAKA, MOXKHO
3aMeHHTb B (25,4) aj= N, Ha TIOJIHOE HHC/O HaCTHIL N. B unene xe
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(25,3) cnenyer yduecth 0oJiee TOYHOE COOTHOLIEHHE
2+p§0 aga, =N.
B pe3ynntaTte cymMa uneHoB (25,3—~4) craHoBHTCS paBHOH
N2+Np§o(ap&_p+&;&ip+2&;&p),

H [OCJe TOACTAHOBKH B (25,2) moayyaeMm cJelyioliee BhipakeHHe
ILJS raMHJILTOHHAHA:

~ NZ 2 o~ A N ~ A ~,~ ~pm
H=; Uo—i—;;—ma;’ap—}—-z—v Uup§0 (apa_p+agaZ,+2ayap). (25,5)

IlepBhifi 4j€H 3TOrO BHIPAMKEHHSA ONpejenser, B NepBOM IIPH-
OMKeHHH, 3Hepruio E, OCHOBHOIO COCTOSIIiHsl rasa, a ero Hpous-
BOJHAas M0 N —COOTBETCTBEHHO XHMHUYECKHH moTeHuuan p npu 7 =0:

NZ N
EO :2—V UO’ H=V UO' (25,6)

OcranpHbE Ke 4JeHbl B (25,5) onpefesioT IONPaBKY K £, U CIeKTp
c1a6o BO30YKIEHHBIX COCTOSHHE rasa.

Bxonswuit B (25,5) uuterpan U, noidKeH eme GblTh BbipakeH
uepes peajbHYIO (DU3HUECKYIO BEJIHUHHY —JJIHHY DACCeSTHHS a.
B ujeHax BTOPOTO IMOPsIAKA 3TO MOXKeT GBITH CHEJAHO NPSMO IO
tdopmyae (6,2): U,=4nh*a/m. B IepBOM e uJeHe HYKHa Gojee
touHasi ¢opmyna (6,5), yuuTeiBaouiasi BTopoe 60PHOBCKOe IPHOJIH-
KEHHe B aMIJIHTyle paccesinus. IIpu 3TOM peub HIET O CTOJKHO-
BeHHH JBYX YacTHI[ KOHJEHCaTa, COOTBETCTBEHHO YEMY B CyMMe
B (6,5) Hano MoJOKHUTb P,=p,=0, py=—p;=p, TaK 4to Oyner

U, = 4nﬁa< +4nlf/ia _»

p¢0 .

TToacraBuB 310 B (25,5), mMOTYyYHM AJsl FaMHJIbTOHHAHA

_2 ﬁ2 N? 4 ﬁz 1
ahla (l nhla Z p2‘>+
fiza N o 2
2 ~ ~ -~ -~ -~ -~
nm a’v 2 (@pa—p+ ap al,+2a; ap) +22%a; - (25,7)
P

p=0

b:)

_|_

Ilns onpenesNeHUst YPOBHeH 3HepPrHH HAA0 MPUBECTH TaMHJBTO-
HHAaH K JHaroHaJbHOMY BHIY, UTO OCYMECTBIAETCA HaMIeHALHM

JUHeHHbIM TpeoBpa3sOBaHHEM ONEPATOPOB dp, ay. BBemeM HOBbie
omeparopsl bp, by, COTJIACHO OmpejeJieHHIO,

ay= uphp+v5b 5, Gy = uyby +0pb -,
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npuyeM notpedyem, 4TOObl OHH YAOBJETBOPANH TAKHM K€ COOTHO-
HIEHHAM KOMMYTailluu

PN “ aAay oga

bpbp"—bp'bDZO’ bpbp’—“bp’bpzapp’:
KAaKUM YIOBJETBOPSIOT OMEPaTophl dp, dp . JIErKo BHAETDH, 4TO AJIf

Z o
3TOrO JOJIKHB ObiTh tp— Up=1. YureM 5T0, HamHcaB JHHeHHOe
npeoGpa3oBaHHe B BHJE

. -
~ b+Lb a;:bp+LPb_p
2 ’ 2 :
'l/l——L 1/1—-—Lp
Besuyuny L, Hamo onpemesdTb TaKHM 06pa30M qTodbr B TaMHJ/b-

TOHH@HE BBbINA/K HeAMaroHa/ibHble WieHn (Db _p, b6 1p). ITpoctoe
BBHIYHCJIEHHE JaeT

(25,8)

Ly=-L {s ) féi’:;——muz} , 25,9)

rle BBeJeHbl 0003HAUEHUS;
e (p) = |t + (£ )], ©(25,10)
= (”ﬁfﬁ’v)l”. (25,11)

an 5TOM TraMHJIbTOHHAH NPHHHUMACT BHJI
A=E,+ 2 e(p)byb, (25,12)
p =0

rjae

Ey=Y murtt 3 {8(p)———mu2+mp” } (25,13)

p+0

. Bun ramuapronnana (25,12) u 603eBCKHe COOTHOUIEHHS KOMMy-
TAlWK A5 ONepaTopoB by, b;’ MO3BOJIAIOT 3aKMOMATh, 41O by

bp IPEACTABASIOT COGOH ONEPATOPbl POXKICHUS M YHHUTOKE HHS KBA3HU-
JacTHIL C 3HEpruell e(p), NoAUYMHAWILNXCA cTaTHCTHKe Bose. Co6-

CTBEHHBbIE 3HAUEHHsI AMArOHA/ILHOrO onepatopa b, b, mpeacTaBIAOT
co6oil wHc/ia n, KBasUYacTHIL ¢ HMIyJbcoMm p, a dopmyiaa (25,10)
onpejesiseT 3aBUCHMOCTb MX 3HEPrMH OT HMIyJbca (4HCJA 3amM0Ji-
HeHHs KBa3WYacTHl, CHOBa O0GO3HAYeHB! NOCPEACTBOM #,, B OTIH-
yhe OT 4uces 3amojiHeHus Np MCTHHHBIX yacTHi rasa). Tem caMmbim
MOJIHOCTbIO OIpefiefieH 3HEPreTHYeCKHH CIEKTp ¢naGo BO36YXKACH-
HBIX COCTOSIHHH paccMaTpHBaeMOro rasa.

Bennunda xe E, ecTb 5HEpPrus OCHOBHOTO COCTOSHMS rasa.
3aMeHHB CYyMMHDOBaHHE NO AMCKPeTHHM 3HaueHHsIM P (B o6beme V)
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HHTETPHPOBAaHUEM IO Vdap/(Q:rtﬁ)a H NpOU3Beld BHIUHMC/EHHA, NOJY-
4YUM CJeJylouiee BhIpaKeHHE:

onh2aN? 128 o /&8N
E, == [1+—15—]/-W] (25,14)

(T. D. Lee, C. N. Yang, 1957). [las XMMHYeCKOTO TNOTEHIHAJa
raza (npu T =0) cooTBeTCTBEHHO HMeeM

p=Bo th ) 2/ T (25,15)

oN mV aV

D1u bopMyJBl TpelcTaBAAIOT COGOH JBa MNepBLIX 4JeHa pasJoxKe-
HUH mo creneHaM (a®N/V)V2, Ho yxXe cjlelyolui ujeH He MOT Obl
ObIThb BBIYHCJEH U3J0XKEeHHBIM crnocofoM. OH poJikeH CcofepXaTb
0o0beM Kak V2, a BeJIMYHHA 3TOrO MNOPSAAKA 3aBHCHT YK€ HE TOJBKO
OT JABOHHBIX, HO M OT TPOHHBIX CTOJKHOBEHHH.

Ilpu Gosblunx 3HAYEHHSAX HMIYJbCa (p>>mu) 3HEPrus KBA3H-
uyactun (25,10) crpemurcs K p?/2m, T. e. K KHHETHYeCKOH 3Hep-
MM OTAeNbHOH YacTHlbl rasa.

Ilpy magabix Xe wumnyJascax (p<€mu) uMeeM &= up. Jlerko
BHIeTh,  UTO KO3(pOhUIHEHT ¢ COBNAfaeT CO CKOPOCTHIO 3BYKa B rase,
TaK YTO 3TO BhIpaKeHHe OoTBeyaeT (OHOHAM B COOTBETCTBHH C OOLLHMH
yrBepxaenusiMu § 22. Ilpy T =0 cBo6onHas 3Heprus coBHajaer
¢ sHepruedt E,, U B3fB IJIaBHHIH 4JieH B DasJ/OXeHUM NOCJaefHeH,
HaXxOAHUM JaBJeHUe

p___ 2 2nhizaN?
TTwW T Ty

CkopocTh Ke 3BYKa noJayyaercss Kak u=J} 0P/0p (rae p=mN/V—

NJOTHOCTb rasa) u coBnagaer ¢ (25,11).

OrMeTuM, 4YTO B paccMaTpuBaemod Mojeau 06o3e-rasa JJHHA
paccessHHsl @ HelpPeMEHHO JOJKHA OBITh IOJIOXKHUTEJNbHOU BeJHYU-
HON (OTTaJKHBATEIbHOE B3aHMOJEHCTBHE MeXAY 4acTdulamu). ITo
BUAHO HOpPMAJIbHO yXKe U3 TOro, UTO B NOJYyYeHHHX (BopMmynax IJs
5Heprun npu a < 0 moaBuAuchk O MHHUMBlE YJeHb. TepPMOZHHAMH-
YeCKHH 3Ke CMBIC/ YCJAOBHA a > (0 3ak/aio4aeTcd B TOM, UTO OHO
HEeOGXOAMMO A8 cobmofeHns B JaHHON MoJesu Gose-rasa HepaBeH-
ctBa (AP/oV), < 0.

CraTuCTHYeCKOe pacnupelieieHHe 3JeMEeHTapHBIX BO36YXKIeHHH
(cpenHWe 3HAaYeHHS N, WX 4YHCeJ] 3aNOJHeHHs) IPH OTJIHYHOK OT
HYJsl TeMIlepaType HaeTcs MpocTo HopMyJoH pacmnpefeserus bBose

(22,2). Pacnpepenenue ke Np HCTHHHBIX YacCTHIL rasa mo MMmy.Jip-
CaM MOXXHO BBIYHC/HTH yCPeJHEHHEM OIepartopa apap Hcnoub3zo-
BaB (25,8) H YuHTHIBaf, uTO Mpou3BeAeHHA b_pb, u by bY, He umeroT
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AUArOHAJIbHEIX MATPHUHBIX 3JIEMEHTOB, IMOJYYHM

— o +L2(n +1
szﬁ_ﬂ’.j___). (25,16)
1—Lg

Sro BEIpaXKeHHe ClIpaBeAHBO, pasyMeercs, aub npu p == 0. Yucao
e YacCTHI[ C HYJeBBIM HMIYJbCOM

Ny=N—¥ N,=N—

p+0

14
@nh)

yﬁp dsp. 25,17)

B wacTHOCTH, npH a6GCoO/MIOTHOM HyJse Bce #p = 0, H C NOMOILBIO
(25,9) noayunm u3 (25,16) dyHKuMIO pacnpeleseHHs B BHIe!)

_ m2ut
Mo =5 e DT T (25,18)

(npu T =0 cpennue 3Hayenus N, COBNAAAOT C TOYHHIMH 3HAYeHH-
sIMH; [IOTOMY wepTy Haj GykBoll onyckaem). Heumeasabnocts Gose-
rasa NPUBOAUT, €CTECTBEHHO, K NOSIBJEHHIO YACTHI[ ¢ OTJHYHBIM OT
HyJs HMMIOYJAbCOM M OpH a6COMIOTHOM HYJe; HHTeIrpHpOBaHHe
B (25,17) ¢ Ny u3 (25,18) npou3BoguTCS 5JeMEHTAPHO H RaeT

NOZN[l_i N_“s_] 25,19)

3 wv

Haxkomnen, cpesaem eme ciejyollee 3aMeyaHHe 110 NMOBOJY MOJY-
YeHHOTO 37ech cnekTtpa. [IpH Maneix p npousBogHas d?e/dp? > 0,
T. €. KpuBaf &(p) sarubaercs BBepX OT HauaJbHOH KacaTeJbHOH
e=up. B TakoM cayuae (cM. Huxe § 34) BO3HHMKaeT HeyCTOHUH-
BOCTb CIIEKTpa, CBf3aHHAf C BO3MOMKHOCTBIO CaMOIPOH3BOJIbHOIO
pacnajga kBasuyacTHL, (¢oHOHOB). CooTBeTCTBYIOU[Aas IUHPHHA YPOB-
Hell, OJHAKO, Mana (IpomopuHOHalbHA p% MNPH MaJhiX p) H He
3aTparuBaeT BhIpaXeHHH, MOJYYAIMHXCA B PaCCMOTPEHHBIX IIPH-
6HKEHUSX.

§ 26. Bouanosas (hyHKuUuS KoHJAeHcaTa

Kak yxe ynomuHajoch B § 23, nosiBJeHHe HJIM HCUE3HOBEHHE
CBEPXTEKYYeCTH B JKHAKOM TIeJIHH TNPOUCXOLUT MNyTeM (ha3oBOro
nepexona Broporo poxpa. Takoll mepexoj Bcerga CBS3aH C KaKHM-
Ju60 KavyeCTBEHHbIM H3MeHeHHeM CBOHCTB Tesa. B ciayuae A-Touku
JKHAKOTO Tequsd 3TO H3MEHeHHe MOoxeT OBIThb ONHCAHO MaKPOCKONH-

1) OTMeTHM, 9TO MaKCHMYM HMCJIa YacTHI, ¢ 3aJaHHOH BeJHUHHOH HMIYyJbca
(~ pﬂNp) JICKHT NIPH p/ﬁ ~ ¥V aN/]V, rie NPOHCXOHT NMepexos OT OXHOTO IPefeib-
HOTO BLIpaXkeHHA € (p) K ApyroMy. IT0 OGCTOATENLCTBO OBIJIO YK€ YNOMAHYTO
B NpHMeyaHHH Ha ctp. 123,
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yecKHM 06pa3oM, Kak MOsBJeHHEe HJIH HCUe3HOBEHHE CBEpXTeKyueil
KOMIIOHEHTH XHAKOCTH. C GoJee TrJyGOKoH, MHKPOCKOMHYECKOH
TOUKH 3PeHHs pedb uUAeT 06 ompejie/IeHHBIX CBOWCTBAaX pacrnpejele-
HUS qyacTHI, (HCTHHHBIX!) XUAKOCTH 1O uMnynabcaM. KMiMenHo B cBepX-
TeKyueldl KHJAKOCTH, B OTJHYHE OT HECBePXTeKyueH, KOHeuHasi 1104
yacTuil (T. €. MAKPOCKOMHYECKH OOJIbIIOE HX YHCJIO) HMEET CTPOro
paBHBIN HYJIO HMIYJbC; 3TH YaCTHIE 00PasyloT 603e-3uiHuumetitos-
ckutl kondencam (MM MPOCTO KOHAEHCAT) B HMIYJbCHOM MNpOCT-
pauctBe. HamomuuM, 4to B HieaibHoM Oose-rase mpu T =0 Bce
ero uyacTHHBl TepexoisT B KoujeHcar (cm. V § 62), a B moutd
HieasJbHOM TIaze —IOYTH BCe yacThiel. B ofueM ke ciyuyae 0ose-
KHIKOCTH C CHJIBHGIM B3aUMOZEHCTBHEM MEXKAY YacCTHLAMH JHOJA
yHcsaa yacTHL, HaxopAmuxcsa npu T =0 B KomHeHCaTe, OTHIOAL HE
6/M3Ka K elIHHHLE.

TTokaxeM, KakuM 00pasoM CBOHCTBO 603e-3HHINTEHHOBCKOH KOH-
JeHCAHH (POPMYJHPYETCs B TePMHHAX Y-ONepatopos.

Ilas upgeanbHOro Go03e-raza—CHCTEMBl HEB3aHMOJAEHCTBYIOUMX
6030HOB —reli3e HOEPrOBCKHH -OomepaTop B3alMHUCHBAETCS B SBHOM
BHJE KaK1!)

P 1 S AN
¥ (¢, r)——ﬁgapexp{ﬁpr Mmt}. (26,1)

Kak 6bl1o 00bscHEHO B § 25, MOXKHO NR2HEOpPEYb HEKOMMYTATHB-

HOCTBIO ONEpaToOpoOB @, W dp, T. €. PacCMaTPHBaTb MX KaK KJac-
CHUecKHe BeJHYHHBL. JIpYTHMH CJi0BaMH, OOBIYHLIM YHCJIOM OKasbl-
BaeTcst 4acTb 1p-omepartopa (26,1), KoTopylo 0GO3HayuM uepes E:

8= -2 (26,2)

JIlna ¢opMyJHPOBKH 3TOrO CBOHCTBA -OmepaTopoB B OOILEM
cyyae TNPOU3BOJBLHOH 603€-XKHIKOCTH 3aMETHM, YTO . MOCKOJIBKY
B KOHJEHCaTe BCE pPaBHO HAXOJHTCH MAaKPOCKONHYECKH G6OJiblIoe
YHCJIO YAaCTHIL, TO H3MEHEHHe 3TOTO YHCJa HA 1 Mo CylecTBy He
MeHsIeT COCTOSIHHS CHCTEMBI, MOXKHO CKasaTh, 4YTO B pe3yJ/ibTaTe
n06aBJAeHUA (MM OTHATHS) OAHOH YacTHIB B KOHJGHCAT H3 HEKO-
TOPOTO COCTOSTHHSI CHCTeMbl N YaCTHIl TOJYYaeTCsi «TO 2Ke Camoe»
cocTostHHe cucTeMbl N -+ 1 wacrun 2), B yacTHOCTH, OCHOBHOE COCTOSI~

uue ocraetcsl ocHoBHbIM. O603HauuB mocpeActBoM &, E* Ty uvacth

1 Cp. (9,3). Mol npeanosiaraeM yacTHnsl rasa GecCNHHOBBIMA, NOSTOMY CIH-
HOBHI HMHJEKC oTcyrcTByeT. B (26,1) yuteHO Takxe, yTo And HAeanpHOro Gose-
rasa npu T =0 xumudeckuii norenuuan p=~0, # NOsTOMy 4jeH — uf/fk B NOKaza-
TeJSIX ONYILEH. :

2) JloGaB/eHWe HJH YyjateHHe YacTHIE HaJO NPeNCTaBAATh cele KaK copep-
aemoe GECKOHEYHO MeJ/eHBHO. DTHM HCK/IOYaeTCH BO3CYHMACHHE CHCTEMHl INiepe-
MEeHHBIM TI0JIEM.



136 CBEPXTEKYIECTE [ra,

Y-omeparopoB, KOTOpas MeHseT Ha | YMCJO yacTHIl B KOHJIEHcare,
HMeeM, TaKHM o6pas3oM, MO OmpejeseHuIo,

Blm, N-t1>=E|m, N>, E+|m, N>=E*lm, N+1>, ,

rie cumBoJl |m, N> u |m, N4 1> o603HayaroT ABa «OJMHAKOBBIX»
COCTOSIHHSA, OTJHYAKOMHUXCA TOJBKO YHCJOM 4YacCTHI B CHCTEME,
a E-—HEKOTOPOe KOMIIJIEKCHOE YHC/JI0. DTH YTBEepKAeHMA CIpaBel-
JIUBbl CTPOro B npepese N — oo, IloaToMy onpeje/ieHHe BeJHYHHBI

[onl

o CJIefyeTr 3anucaTth B BHAE

Nlim <m, N|E|m, N+1>=E,
. - = = (26,3)
lim <m, N+1|E*|m, N>=E%
Now
Mepexof K Npeiesy COBeplIaeTCsl NMPH 3aJaHHOM KOHEYHOM 3Haue-
HHHM NJOTHOCTH XKHAKOCTH N/V. .
Eciu npefcrTaBUTh p-OnepaTopel B BHAE

P=E 4 ¥, Pr=8+ ¥, (26,4)

TO ocTa/jbHas («HaJAKOHJAEHCATHAsS») HX YacTh NEPEeBOJHT COCTOAHHE
|m, N> B OpTOroHaJbHBIE €My COCTOSHHA, T. €. MAaTPUYHBIE 3Je-
MEHTHI 1)

lim<m, N|®'|m, N+1>=0, lim<m, N+1|¥"+|m, N>=0.
Now Noo (26’5)

B npegene N —s oo pasnuna Mexay coctosHusiMu |m, N> u

[onl

|m, N+ 1> ncyesaer BoBCce, H B 3TOM CMbIC/le BeJIHUHHA E CTaHO-

BHTCA CPERHHUM 3HayeHHeM onepatopa ¥ 1O 35TOMY COCTOSIHHIO.
ITonyepkHeM, 4TO XapakTepHbIM MAJIf CHCTEMBl C KOHAEHCATOM fB-
JSeTCs HMMEeHHO KOHEYHOCTb 3TOro IpejeJa.

PaBeHcrBaMu (26,3) ucuepmblBalOTCA «OlepaTOPHLIE» CBOHCTBA

B, B, W HX MOXHO CuMTaTb KOMMyTaTHBHEIMH ¢ ¥', W'+,
B yactHOoCTH, onepaTopel B, E* GyayT 3ameHsATbes Ha B, B* (T. e.
BeCTH cebs KaK KJacCHUeCKHe BeJHYHHBI) PH JIOOHX yCPeJHEeHHsX
0 OCHOBHOMY cocTOsiHUI0. ITopuepKHEM CHOBa, YTO TakKoe NPHOJIH-
JKEHHe CBf3aHO (BBHAY MaKPOCKOMHYHOCTH YHCJA YaCTHIL B KOH-
JeHcare) ¢ npeHeGpe:keHHeM JIMLIb BeJHYHHAMH OTHOCHTEJbHOrO

nopsjaka majgocte 1/N 2).

1) Bo u3GexaHne HefOpa3yMeHHH HANOMHHM JUILHHE pa3, YTO 9TH PpAaBeH-
CTBa OTHOCHATCH JHIb K NEPeXOfaM MeXIY «OJHHAKOBLIMH» COCTOSIHHAMH!
2) C 3TOff TOYHOCTBIO, B YACTHOCTH, CJEAYET CYHTATH COBIAAAICIIHMH MaTDHY-

Hbi€ 3JIEMEHTBI ONEpPaToOpoB Y nas nepexoAoB MeXAY pPasJHYHbIMH COCTOSAHHAMH,
OTJIHYAKIHMHACA Ha OJHHAKOBOE (Maﬂoe) YHCJO YacCTHL[ B CHCTEME.
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Ecsiu BpeMeHHASl 3aBUCHMOCTE BOJTHOBHIX (PyHKUHH ompejensiertcs

=

no rammabTonnany H'=H— tLN TO BeJUYHHA £ He 3aBHCHUT OT
BpeMeHH. [leHicTBHTE/IbHO, MaTpUUYHBLI 3neMeHT <m, N|E|m, N+1)
HPONOPIHOHAJEH

exp {—%[E(N—}-l)—E(N)—(N—}-l)u—}-Nu]} )

Ho mokasaresqb 3T0#l 3KCHOHEHTH ofpamaetc B HYJb, NOCKOJBKY
(c TouHocThio K0 BeauuHHel ~1/N)E(N+1)—E (N)=p

B ojHOpORHO# HEHMOABHKHOH KHUAKOCTH E He 3aBUCHT TaK¥XKe
W OT KOOpJAWHAT H (IPH HajAjexkaueM Bbibope ¢as3bl 3TOH KOMIJIEKC-
HOH BeJMYHHBI) PaBHO MPOCTO

E=Vn,, (26,6)

Tzie f,—YHCJO KOHJEHCATHBIX HaCTHL B eJHHHIE o6beMa KHAKOCTH.

r-|

ﬂencramenbﬂo B+H ecTh omepatop NJOTHOCTH WYHCIA YacTHIL
B KOHJIeHCaTe, a cpejlHee 3HAYeHHUe 3TOr0 OePaTropa ecTb Kak pas .

CyuiecTBOBaHHe KOHJIeHCaTa NMpPHBOJAUT K KaueCTBEHHOMY OTJIHU-
YHI0O B CBOHCTBAX MaTpHLBl NJOTHOCTH YacTHL 603e-KHAKOCTH MO
CpPaBHEHHIO C MATpHLUEH MJOTHOCTH B OOBIYHOH XKUAKOCTH. B mpous-
BOJTBHOM COCTOSHHH OJHOPOAHOH 603e-KHMIKOCTH MaTpuLa NJaoT-
HOCTH OIpejie/IfeTCsl BHparkeHHEM

Np(ry, r)=<m, N | ¥+ (¢, r) ¥ (¢, r,)|m, N, (26,7)

npuyeM 3Ta (QYHKUHSA 3aBHCUT JHIIbL OT DPAa3sHOCTH [ =T,—T,
(cp- (7,13)). TloncraBus ciopa 'p-onmepatopnl B Buje (26,4) u yuu-
ThiBasi cBoicTBa (26,3) u (26,5), momyyum

Np(r, 1) =n,+Np' (ry, 1,). (26,8)

«HapkouneHcaTHasg» MaTpHIla IJIOTHOCTH p’ CTPEMHTCH K HYJIO
IpH |r;—T,|— 00; MaTpHUA e IJOTHOCTH O CTPEMHTCS IPH 3TOM
K KOHEUHOMY mpesesty n,/N. Itum Bhpakaercd CyueCTBOBaHHE
B CBEepXTeKy4YeH XHAKOCTH «Ja/bHEr0 MOPAAKa», OTCYTCTBYIOIIETO
B OOLIYHBIX JKHIKOCTSIX, rje Bcerga p — 0 mpu |r;—r,|~ o0. D10
€CTh TO CBOHCTBO CHMMETPHH, KOTODOE OTJIHYAET CBEPXTEKYyuyio
¢dasy xuagoctu oT HecBepxTeKyde# (B. JI. I'unsbype, JI. [A. Jlan-
day, 1950).

®ypbe-KOMIOHEHTa MaTPHLbLl MJIOTHOCTH ONpejie/ifeT pacnpefe-
JIEHHEe YaCTHI{ XKUJIKOCTH MO HMIyJbCaM COTVIACHO (opMy.Jie

N @) =N o erdsx (26,9)
(cp. (7,20)). ToacraBus ciona p B Buge (26,8), monyuum
N (p) = (21) 136 () + N § p” (F) =" dox. (26,10)
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Ysnen ¢ 8-pyuxnuelt cOOTBETCTBYET KOHEYHOH BePOSTHOCTH YACTHLE
HUMETh CTPOrO PAaBHEIl HYJ/IO HMIIYJbC.

Ecnu B RHUAKOCTH NPOHCXOIHT CBepXTeKydyee JIBHIKEHHE, WJIH
eC/M OHa HAXOJUTCA B HEOIZHODOJHBIX M HECTALHOHADHBIX BHeI-
HHX YCJOBHsX (CyLIeCTBEHHO MEHSIOLIMXCSH, OJHAKO, JHIIb Ha pac-
CPOSTHHAX, OOJbIIHX IO CPaBHEHHIO C MeXaTOMHBIMH), TO 003e-
3WHIITeHHOBCKAA KOHIEHCAlHMs TNO-TPEKHEMY HMEET MECTO, HO yiKe
HeJb3sl YTBEDXKJAAThb, YTO OHa OyJeT NPOUCXOJHTb B COCTOSHHE
¢ p=0. Beinuuna E, no-npexHemMy onpejesseMas corJacHo (26,3),
O6yzer Telepp GyHKLHEH KOODIAMHAT H BPEMEHH, HMeIOUeH  CMBICJ
BOJIHOBOH (YHKUHMM YacTHLULl B KOHAEHCATHOM cocTosiHud. OHa
HODMHMDOBaHA YCJOBHeM |EZ|2=n, H IOTOMY MOXeT ObITb Ipej-
CTaBJieHa B BHJE

B(t,N=Vn,( 1) eotn, (26,11
(

Biarogaps TOMy, YTO B KOHAEHCATHOM COCTOSIHHH HAXOAMTCS
MakKpOCKONHUYeCKH 6OJIbIIOe YHC/IO YaCTHI, BOJHOBAS (yHKIHSA
3TOTO COCTOSTHHA CTAHOBHUTCSI KJACCHYECKOH MAaKpPOCKOIHYECKOH
BeqauunHoH ). Takum o6pas3oM, B CBEePXTeKYYeH XKHIKOCTH |[IOSIB-
JleTCH HOBas XapaKTeDHCTHKA MAaKPOCKONMHYECKHX COCTOSHHI,
B TOM YHC/e TepMOAMHAMHYECKH PaBHOBECHBIX.

Il10THOCTE NMOTOKA, BEIYMCACHHAS O BOJIHOBOH GyHKIuu (26, 11)
€CTh

. .ﬁ == = Lrar] L-an} ﬁ
rom = 57 (EVE*—E*VE) = — 1, VO,

rjie m-—macca YacTHIBl XKHAKOCTH. llo cBoeMy cMBbICHY, 310 ecTh
IJIOTHOCTb MaKPOCKOMHYECKOro MOTOKA KOHIEHCATHLIX YACTHIL, H ee
MOXKHO IPEACTaBUTb B BHJAE /1,V,, TAE V,—MaKpPOCKOIHYECKAsT CKO-'
pOCTb 3TOro nABHKeHHS. 3 cpaBHeHHS 060uMX BhIpa)keHuii Haxo-:
M, 4TO

v, :_1% vo. (26,12)
[locKOJABKY 3TO JABHXKEHHE MOXKET HMeTb MeCTO B TePMOAHHAMH-
YeCKH DaBHOBECHOM COCTOSIHHM (XapaKTepU3yeMOM BeJHUHHOH E),
TO OHO GeCHMCCHNATHUBHO, TaK 4ro (26,12) ompepesser ckopocTsb
CBEDXTEKYUero JABHMKeHHA. Mbl CHOBa TPHXOAMM, TaKHM 06pasoM,
K yXKe YIOMAHYTOMY B § 23 CBOICTBY CBepXTEKYYEro JBHMKCHHI —
€ro NOTeHUHaJbHOCTH. [IpH 3TOM MOTEHLHaJ CKOPOCTH ¢ OKAa3hIBaeTCs
COBMAJIAOIIHM (C TOYHOCTBIO A0 NMOCTOSHHOIO MHOXHTeJs) ¢ (a3oi

1) ABAnOTHYHO TOMY, K8K CTAHOBHTCS KJIACCHUECKON BeJMYHHON HampsixeH:
HOCTb T0JI5l 9JEKTPOMArHHTHBLIX BOJH NPH GOJBIIHX YHC/IAX 3aNOJHEHHS QOTOHOB
B KaXJoM coctosauuu (cp. IV § 5).
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KOHJCHCATHOH BOJHOBOH (QYHKIIHH

cp=%(1). (26,13)

Bo us6exxanue HefopasyMeHHH MOAUepKHeM, OAHAKO, 4TO, XOTH
CKOPOCTb KOHJiHCATa M COBNAJaeT CO CKOPOCTHIO CBEPXTEKyuei
KOMIIOHEHTEI JKHAKOCTH (M XOTA KOHJEHCAT M CBEPXTEKyuyas KOM-
MOHEHTa ONHOBPEMEHHO IMOSIBJSIOTCS B A-TOYKe), MJIOTHOCTH KOH-
JeHcaTa mn, 4 IJIOTHOCTb CBePXTeKydyeil KOMIIOHEHTHI P, OTHIOAD
He COBMAJAIOT APYT ¢ apyroMm. He roBops yxke o TOM, 4TO OTOXJe-
CTBJEHHE 3TUX JABYX BeJHUYHH HHKAaK He MOIJO Obl GHTh 0GOCHOBAHO,
ero HeNmpaBHJbLHOCTb BHAHA M M3 TOrO, YTO MPH aGCOJIOTHOM HYyJie
BCS Macca JKHAKOCTH fBJSETCS CBepXTeKydueH, Mexay TeM Kak
OTHIOJNb HE BCE ee YACTHIbl HAXOAATCA B KOHAEHcaTel).

>

§ 27. TemnepaTypHasi 3aBMCHMOCTb TJIOTHOCTH KOHJEHcaTa

[110THOCTD YiCJIa YacTHI[ B KOHAeHCaTe MakcuManabHa npu T =0,
a Tpu TNOBBLIIEHHH TeMnepatypbl oHa magaer. [lpemesbHbid 3aKoH
TeMIIepaTypHOH B3aBUCHMOCTH 3TOH MJIOTHOCTH npH T — 0 MoxeT
ObiTh HalifleH IyTeM paccMOTpeHHS BJIYKTYallHi MaKPOCKOMHYECKOH
BeJHUYHHLl — KOH/eHCATHOH BoJsiHOBOH ¢yurkuuu 2 (R. A. Ferrell,
N. Menyhard, H. Schmidt, F. Schwabl, P. Szépfalusy, 1968).

HanoMHEM IIpexae Bcero, YTO 2 eCTb KJacCCHYecKas BeJIHuHHa,

KOTOpOﬁ B KBAHTOBOMECXAaHHYECCKOM (bOpMaJII/I3Me OTBCYaeT oIllepa-

top ¥. ITosToMy m/isi BbIUMCIEHHs GJIYKTyauu#i cienosano G,
B NpPHHIHKIE, [10Jb30BaTbCA 3THM onepatopoM. C APyrod CTOPOHHI,
BOAM3H aBCOJIOTHOIO HYJs OCHOBHYHIO POJIb B CHeKTpe PJIyKTyanui
MaKPOCKOIHYECKOH BEJHYHHEl MIPAIOT JJIHHHOBOJHOBLIE KOJe0OaHus.
OtH KoJeGaHHA B XKHIKOCTH NPEACTaBJ/AIOT COGOH 3ByKOBLIE BOJHEI,
OIMUCEIBAIOIHECT MAKPOCKONHYECKUMY Y PaBHEHUAMH THIPOIHHAMHUKH,
M TeM CAMbIM BO3HHKAeT BO3MOMKHOCTb IIOCTPOUTH ONEpPATOP, OTBE-

[rer]

yalomui BeJiHUMHe 2, nyTeM €€ He3aBHCHMOIO KBAHTOBAHHA.

far]

B panHOM cCayyae A/ BEJHYHHBI E=1'n, exp (i®) B AINHHO-
BOJIHOBOM Tmpefiefie HauboJee CHIbHO (ayKtyupyer dasa @, He-
NOoCpPeJCTBEHHO CBfi3aHHAs C IOTEHIIMAJOM CBEPXTEKydYeH CKODOCTH
dopmy.Jtofi (26,13). Hamomuum, uyTo 00e BesuyuHel ¢ U @D HeoxHO-
3HAUHbI—K HHM MOXKHO TNpHOaBHTb JMOOYIW0 KoHCTaHTy. OnHO3HAY-
Has ke BeJWuMHA )/ n, MOKET BHIPAaXKaTbCsl NOITOMY JHIIbL Yepes
npoussoanbe oT @, a notomy KoMmmoHeHTH Dypbe ee QayKTyarui
6yAyT COLEpPAAaTh JHIIHKE, CTEIIEHH BOJHOBOrO BeKTOpa K, 1. €. 6ynyT
MaJipl IpH Manabx K. s

1) daxTHyecKkH NJIOTHOCTL KOHJEHCATA B JKHUAKOM TIeJHU COCTABJSIET, [MO-BUIAH-
MOMY, JAWLIbL MaJayl AOJIO OT NONAHOH IJIOTHOCTH MHAKOCTH.
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Cessb ¢asei @ ¢ NOTEHIHANOM @ MO3BOJSET NPAMO CBA3aTh
ee ¢ BeJHYHNHAMH, XapaKTeDHU3YIOUWMMH pacnpeiesneHHe (GOHOHOB
B XuAKOocTH. [asi aToro paccMaTpHBaeM @, a TeM caMbiM u @
KaK BTOPMYHO-KBAHTOBAaHHLIH oONepaTop, BLIPa3HB €ro, COrJaacHoO
(24, 10), yepe3 omepaTophl POXAEHHS M YHHYTOXKEHHA (POHOHOB:

N /
©=3 ( 21’/7:zup )1 * (Cpelor/h - Cte-iorih) (27,1)
P

(HEeBOBMYILEHHYIO MJIOTHOCTb XKHAKOCTH 3aMHCHIBAEM B BHIE p = nm,
rje n—ImJOTHOCTh YHcJa 4Yactul, HHAekc O onyckaem). CorJacho
CKa3aHHOMY BHIle, 3TO O3HAaYaeT, YTO ONEPATOP MAKPOCKOMHYECKOH
BeJIMYHHH Z, T. e. AJUHHOBOJHOBas uacTtb onepatopa ¥, mMoxer
6bITh MpeicTaBieHa B BHJE

¥ =11, exp (i), (27,2)

rje n,—IJOTHOCTh YaCTHI KOHJEHCAaTa.
Tpexne Bcero Bocmoab3yeMcsi aTofl $opMyJNofl A BHIYHCAEHUS
pacnpejesieHHsl «HaJKOHJACHCATHBIX» YacTHN G0O3e-)KHAKOCTH IO HM-
nyJascaM (MpH MaJbX 3HayeHHs X HOCJeNHMX). B onxHouacTHyHol
MaTpHIe NJOTHOCTH P (T4, T,) NPH GOJNBIIHX PACCTOAHHAX |Iy;—T,|
MOXKHO BOCIIOJIb30BATLCS JJIHHHOBOJHOBLIM BHIDaXKeHHeM W-omepa-

Topa (27,2):
No (ry, 1) =<V (1) ¥ (r,)> = nCe=i@F i@ oy (27,3)

rjae cpejHee GepeTCsl MO COCTOSTHHIO XKHIAKOCTH MHpPH JAHHOH TeM-
neparype. BBuay manoctn ¢ayKTyanmuil cleiyeT passiokHTh 3TO
BhIpaxeHue no crenedsM @D, coXpausia JHIIb NepBHE HeHCUe3AOMuUe
(XBaapaTHyHblE) uieHb. YuuthiBadg, uto O+ =@, moayunm

Np (rg, 1) =n,—no <D (1)> £ 1, <D (r,) D (ry))>.  (27,4)

TpeTuit uneH CTpeMHTCSs K HYJIO NPH |r,—Tr,|—00 H JaeT HCKO-
MYyIO HaJKOHICHCATHYI0O HYaCTb MATPHIbl IJIOTHOCTH (BTOPOH ke
yjeH B OZHOPOAHON XKMAKOCTH BOOGMIe HE 3aBHCHT OT I H faeT
NonpaBKy K MJOTHOCTH KOHAeHcaTa, KOTGpas GyJeT BEIYHCJEHA
HHXKE HEeCKOJbKO HHBIM crnoco6om). Henmoawsys (27,1), npuBojum
HaJKOHJNCHCATHYIO YacThb K BHAY

No' (ry, r2)=ﬁ2%’/"_n‘iz 1 {(E*E Se—ip (rl—r,)/h+<(3:,gs->eip ry=ra)/hY —

= ”om” ip (ry—r )/h
zp (0 + 5 )eme

np = [er4/T—1]-2,

rae
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[lepexogs OT CYMMHPOBaHHSI K HHTETPHPOBAHHIO, HMeeM

1
Np' (ry, 1,)= = 5 Rl eiP (ri=rs) L _, (27,5)
n P (2nh)3
D10 BbIpameHUe, pasymeeTcs, CIPaBeJIMBO TOJIBKO 1/ BKJajla
OT MaJbiX p (7/p BeJMKO MO CPaBHEHHIO C MeXATOMHBIMH paccTos-
nusimu). IlogpinTerpasibHoe BeIpaxkeHue B (27,5) npsMo ompejeJser
pacnpejesieHHe YacTHL, IO MMIYJ/JbCaM

1
N (p) =T (np + 7). 27,6)
IMpu T =0 31a dpopmyna naer
N (p) =50 27,7)
(J. Gavoret, Ph. Noziéres, 1964), a npu T=0, up<LT;
T
N (p) =" (27,8)

Tenepb MOXKHO OMNPEAEJIHTh TeMIEPaTypHYIO 3aBHCHMOCTb MJIOT-
HOCTH KoHJeHcaTa. [lo ompese/ieHHIO, HMeeM

d3p
oy (T)=n— § N (p) s (27,9)
Eciau nmpsAMo MOACTaBUTH B 3Ty QopMyay (27,6), nHterpan pasoi-
JIeTcsl M3-3a HYJeBbIX KoJeGaHHH. DTO OOCTOATEJbCTBO CBS3aHO
C HENPUMEHHMOCTBIO (27,6) npu GOJBIUMX p W O3HayaeT JHLIb He-
BO3MOXKHOCTb BBIUHCJHTH TaKHM CIOCOGOM 3HayeHHE KOHIEHCATHOH
miaotHoctH npu T =0, KOTOpoe HAJ0 CYHTATh 3J€Ch 3a4aHHOH
BeJHuMHOH. JINs ONpeneseHHs] 2Ke HCKOMOH TeMIepaTypHOi 3a-
BHCUMOCTH Haj0 BbluecTb M3 1, (7T) ee 3Havenue npu T =0, nocie
yero HHTErpas yxe OyjAeT CXOAMTbCs. B pesyibraTe NMOJYYHM

no (T)—ne 0) _ _L"iS"_D_daP_=
O) T n ) p @oah)p
mT? ‘ xdx mT?
7 on2nus é‘ =1~ 12nuks (27,10

[Ipy BelUHCJIEHHH Mbl NpeHeGper/in TeMNepaTypHOH 3aBHCUMOCTBLIO
HOJHOH MJIOTHOCTH JKHMAKOCTH; 3TO INpeHeOpexkeHHe 3aKOHHO, IO-
CKOJIbKY TeIJIOBOE paclUMpeHHe IKHIAKOCTH (CBA3aHHOe ¢ BO30YX-
JeHueM (OHOHOB) NPONOPLHOHAJBHO 60Jiee BHICOKOH CTENEHH TeM-
nepatypel—T* (cp. V § 67)1).

1y Tloayuennsie GopMyJel, cnpapefnnsbie Anf Joboit Goze-XHAKCCTH, Haxo-

IATCS, KOHEYHO, B COFJIACHH C TOJydYeHHHIMH B § 25 dopmynamn aas caabo wne-
HjealbHoro 6ose-rasa. IIpH cpaBHEHHH Hajo YUYeCTb, 4TO JJIfl TaKOFO Fa3a no=m,

a ycsIoBHe ManocTH p HMeer Bup p <& mu~Mh (an)t?,
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Haxkosen, crenaeM HeKOTOpble 3aMeyaHHsi O METOJHYECKH HH-
TEpPEeCHOM BOIpOCe O ABYMepHOi (o3e-3KHIKOCTH. B 3TOM ciyyae 3a-
BHCAIIAS OT TeMIePaTypsl YacTb nHTerpaJa (27,9) jorapudmuuecku
pacxoauTca B o6nacTd Magawx p, riae dopmydaa Aas N (p) aoJkHA
6bl1a O6bl ObHITb BepHAa. JTO O3HAyaeT, YyTO B JABYMEPHOM cCJjyuyae
HEeBEpPHO OCHOBHOE IIPEANOJOKEHUe O CYIIeCTBOBAHHH KOHJeHCATa
OpH OWIHYHBIX OT HYJA Temmeparypax; KOHJeHCAaT B 3TOM CJyuyae
MOKeT cymectBoBath Jumb npu T =01). IlosoxkeHune 3gecy ana-
JOTHYHO CHTyaUHH C JBYMEPHBIMH Kpuctaaniamu (cm. V § 137).
ITonoGHO TOMY KaK B MNOCJEAHHX (DAYKTyaluud CMelIeHHs ATOMOB
pPa3MBIBAIOT pelleTKY, TaK GAYKTyauud (asbl yHHUYTOKAIOT KOHIEeH-
caT. ®opMasipHas aHAJOTHA MEXIY JBYMs CHCTEMaMu COCTOHT B TOM,
uTO B OOOUX CJydyasX 3HEePI'HH 3aBHCHT OT BeJHUYHH, KOTOPBIE MOTYT
BXOJHTb B Hee JHMIIb IOJ 3HAKOM IPOH3BOAHHIX. B nepBoM ciyuae
3TO— BEKTOPBl CMEIICHUS ATOMOB, KOTOpble He MOTYT CaMH BOHTH
B 3HEPrHi®d BBUAY HHBAapHAHTHOCTH HOCJeAHEH 10 OTHOIIEHHIO K CMe-
IIEHUAM CHCIeMBl KaK leJjoro. Bo BTopoM cayuae 31o—(dasa KoOH-
JIeHCATHOH BOJHOBOH (YHKIHMH, KOTOpas He MOXeT cama BOHTH
B 5Hepruio BBHAY CBOeH HEOAHO3HaYHOCTH. TOT GakT, YTO 3Heprus
BaBUCHT JIUIb OT TPajHeHTOB 3THX BeJHYHH H IPHBOIHT B KO-
HEYHOM cyeTe K pacXoAuMOCTH huayKTyarui.

Hanee, Mol Bugesan B V § 138, uto cnabas (Jgorapupmuyeckas)
pacxXoAUMOCTb (IYKTyallHH NPUBOAUT B ABYMEDHOM KpHCTaJ/je
K MeJJIcHHOMY (CTemeHHOMY) yOBIBAaHHMIO KOPPeNsLHMOHHOH QYHKIHH
B CHCTeMe. AHAJOrMYHO, B ABYMepHOH (03e-CHCTeMe MaTpulla MJOT-
Hoctu (27,3) y6eiBaeT npu |r,—r,|— o0, a He cTpeMHTCH K MO-
CTOSTHHOMY I@pefieJy KakK IpH Ha/JHYMM KOHJEHCAaTa, HO JHULIb MO
CTENeHHOMY 3aKOHY 2). 3aMeTHM, YTO TeM CaMLIM Takas CHCTEMA
KaYeCTBEHHO OT/IMYaeTCs OT OOBIYHOH MKHUAKOCTH, TaK 4TO U B JABY-
MEPHOM CJyuyae BO3MOKeH (asOBBIH NepeXxofi BTOPOTO poja Mexay
OGBIYHOH JKHIKOCTBIO € S5KCHOHEHLUMaJbHBIM yObIBaHHEM p (ry, T,)
H XHJKOCTBIO CO CTeIeHHBIM 3aKOHOM YyOblBaHHUS.

§ 28, IloBegeHHe cBepXTeKyued NJOTHOCTH BOJM3H A-TOYKH

Kak ymxke ynoMuHanock B § 23, C NOBLILEHHEM TeMIEpPATYpPHI
JOJIST CBEPXTEKyuel ILJOTHOCTH p,/p 003e-KUAKOCTH YObIBaeT, obpa-
masce B HYJAb B TOUKe (pa30BOTO Nepexofa BTOPOro Pojia —TaK Ha-
3pIBaeMOH A-TOUKH KHUAKOCTH. Temmepatypa T 3TOH TOYKH SIBJSIETCS
¢yukuuell nasnenus P; ypapHeHue T =T, (P) onpeieasier JUHHIO
A-TOuek Ha (¢azoBoHl auarpamMe B IJOCKocTH P, T.

B ofmwelt Teopun $asoBHIX NepexoloB BTOPOrO pPOjJa H3MeHeHHe
COCTOSIHHA TeJla ONUCHIBAETCS IOBeJleHHeM NapaMeTpa MHOpPsiKa,

1) 3t yTBepXKJEHHS OTHOCATCS W K ABYMEDHOMY HJIeaJbHOMY 603e-rasy.
%) INogpobuee cM. J. W. Kane, L. Kadanoff, Phys. Rev. 155, 80 (1967).
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XapaKTepH3YIOWEro ero CcBojictBa cummerpuu. JLis A-nepexoza
603e-KUAKOCTH POJb TAKOTO MapaMeTpa HrpaeT BOJHOBAs QyHKIHSA
KOHjeHCATa =, ONHCHIBAWMAsA, KaK ObO 00BACHEHO B § 26, «paJb-
HHUil TIOPAAOK» B XHAKocTH. KommiekcHocth Z O3Hayaer, 4To na-
pameTp MOpsAAKAa HMeeT JBe KOMIIOHEHTBHI, MPHYEM 3teK THBHBIH
raMHJIbLTOHHAH cHCTeMBl (cM. V § 147) saBucut Toapko oT |[E%,
T. €. MHBaDHAHTEH OTHOCHTE/JbHO NPeoGpasoBaHHs E—¢@E ¢ Jmo-
ObIM BEIECTBEHHLIM .

SDMIHpUYyecKHe JaHHBE O A-TEPexofie B MKHIKOM TIeJHH CBH-
JeTeNbCTBYIOT, [O-BHAHMOMY, O TOM, YTO AJs HEro OTCYyTCTBYET
061aCTh NPUMEHHMOCTH TeopHH (pa30BBIX mepexofos Jlanjay: xpu-
tepuit V (146,15) He BBINOJHSAETCS HUIJE B OKPECTHOCTH Ah-TOUKH
(r.e. murge B obnactu |T—Tx|<LTy). Ilostomy ans omucanus
CBOHCTB 3TOTO Mepexoja Hafo0 M0Jb30BaTheA (YKTYaLHOHHOM TCO-
prefi ¢Ga30BBIX NEPexOof0B BTOPOro poia, Aatwoleli BO3MOMKHOCTD
cBSI3aTh JPYr C APYTOM TeMmIepaTypHble 3aBHCHMOCTH [A3JIHUHLIX
BeJIHUHH.

TeMnepaTypHas 3aBHCHMOCTb NapamMeTpa NopaiKa (2 TEM CaMbM
I NJOTHOCTH KOHpmeHcata n,) npu T — T JdeTcsd «pUTIUeCKHM
ungekcom B (em. V § 148): '

|E|=Vn, o(Th—T)"~. (28,1)

BoJsee uHTEpeceH, OJHAKO, BONPOC O NOBEACHHH cBepXTeKyuel
MJIOTHOCTH pg. JJIsi €ro BBIYHCJIEHHSI PACCMOTPHM XKHAKOCTB, B KO-
Topoit ¢aza @ KOHAEHCATHOH BOJIHOBOU (YHKUHH MEJJIEHHO Me-
HseTCS B MPOCTPAHCTBE. DTO 3HAUMT, YTO B KHAKOCTH HMEET MECTO
MaKpOCKONHYeCKoe CBEpXTeKyuee J(BHXKEHHE CO CKOPOCTHIO (26,12)
I COOTBeTCTBEHHO C KHHETHUeCKOH sHeprueifl (Ha epuHHiy oGbeMa
SKHIKOCTH)

psvi A 2
5 =0s 5oz (VD) (28,2)

D10 BbIpaXKEHHE MOXKHO NPHMEHHTH H K JJIHHHOBOJHOBBIM (QIYK-
TyanusiM mapamerpa mnopsaxka. CoriacHO THIOTE3E MmacLiTaGHoH
HHBAPHAHTHOCTH, €IUHCTBEHHBIM MapaMeTpoOM JIHHbI, ONpeje/isio-
muM GUIYKTYaLHOHHYI0 KapTHHY B OKPECTHOCTH TOYKH mepexona,
ABASETCS KODPEJSLHOHHEIH Dajuyc QJAYKTyamHd r,. Hm xe omnpe-
JesisieTcsi, C/AEfOBATENbHO, NODSAOK BEJHUHHBI DPAaCCTOSHHIL, Ha
KOTOPEIX (aAyKTyauuoHHoe H3veHenne ¢aspt (O mopsAKa euHUIBL
Mo3TOMY CpeiHee 3HaueHHE KBajapaTa (JYKTYaUHOHHOH CKOPOCTH
MeHsieTC C TeMIepaTypoll IO 3aKOHYy

vieorieo(Th—T)%,
rjie v-—KDHTHUCCKHH HHJIEKC KOpPe/IANHOIHOro pajnyca. C npy-

ro#t CTOPOHBI, NOCKOJABKY UMeHHO C AJHHHOBOJHOBLIMH (I)J'IYKTya'
NUAMH CBsI3aHa 0COOCHHOC ['b repMOAHHaMIUeCKHX BEJHYHH B TOUKE
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nepexoia, €CTeCTBEHHO CUHTAaThb, YTO B OKPECTHOCTH 3TOH TOYKH
GnyKTyaluHOHHast KHHeTHUecKas 3Heprus (28,2) MeHsieTcsi C Temre-
paTypodl 1O TOMY 2Ke 3aKOHY, 4YTO M CHHIYJSIpPHAsl YacTb TepMo-
JIHHAMHYECKOrO NOTEHIIHAMA XKHJAKOCTH, T. €. KakK (T)—T)%~% (rme
o, — KPHUTHUECKHH HHACKC TENMJIOEMKOCTH Cp). Takum obpasom, Ha-
XOAHM, YTO _

PsviNPs (TL—T)ZVN(TK_T)Z_Q!

oTkyAa psoo(Ty—T) 2~%-2V. HaKoHell, yuTs COOTHOLIeHHe 3v=2—a
(caenyromiee U3 THNIOTE3bI MACIITaGHOMN HHBAPHAHTHOCTH—CcM. V § 149),
IIOTYyYHUM OKOHYATeJbHO

ps(Tp—T) =0/, (28,3)

OTUM yCTAaHABJIHBAaeTCs CBfA3b MEXKLY TeMIepaTypHBIMH 3aBH-
CHMOCTAMH P, U TeNJOEMKOCTH BOAu3U A-ToukH (B. D. Josephson,
1966) 1).

§ 29. KsanToBaHHbIe BHXpEBHIE HHTH

O6bplyHAsT KHAKOCTb, 3aKJ/IOUYEHHAass B LUJIHHAPUYECCKOM COCYIE,
BpalllalomeMcss BOKPYI CBOeidl OCH, YBJeKaeTcss TPEHHEM O CTEHKH
cocyJa M B KOHIE KOHIOB NPHUBOAHTCA BO BpallleHHE KaK lieJioe
BMeCTe ¢ cocyJaoM. B cBepxTeKyueH XKHJKOCTH yBJeKaeTcsi BO Bpa-
LIEHHE TOJIBKO €6 HOPMAaJbHafd KOMIIOHEHTAa; CBEPXTEKYUasl Ke KOM-
IIOHEHTA OCTAeTCSl HEMOJBHUKHOH —B COOTBETCTBUH C TEM, UYTO 3Ta
KOMIOHeHTa BOOOIle He MOXKET BpallaThCsl KakK LeJjoe, TaK Kak
IIPH 3TOM Hapylajack Obl MOTEHUHAJLHOCTb CBEPXTEKYUEro ABHKeE-
HHUA 2). : )

OnHako npu JA0OCTaTOYHO GOJBIIHX CKOPOCTSIX BPALIECHUS TaKoe
COCTOSIHHE CTAHOBHUTCS TEPMOJHHAMHUECKH HEBHITOXHBIM. ¥ CJIOBHE
TePMOJHHAMUYECKOTO DABHOBECHSI COCTOHT B MHUHHMMAJBHOCTH Be-
JIHYHU HBI

E,,—E—MQ, (29,1)

npeACTaBisOle CO60# SHEPTHIO MO OTHOLIEHHIO K Bpallaioliencs
cucteMe KoopauHaT; E U M-—3Heprus H MOMEHT HMIYJbCa CHC-
TeMbl OTHOCHTE/JBHO HENOJBUAKHOH CHCTeMBl KOODAMHAT (cM. V § 26).
Unen —MQ B 5TOM BBHIpa)XeHHH H NPHBOAUT (HPH JHOCTATOYHO
GonpUux ) K TePMOJY HAMHYECKOH BHIFOJIHOCTH COCTOSIHHS ¢ MQ >0
II0 CPaBHEHHIO ¢ cocTosiHHeM ¢ M=0.

1) Mumekent o0 ¥ § g5 KHAKOrO TeJiusi GaKTHYECKH OYEHb MaJbl; MO3TOMY €
xopoleil TounocTsio P 1/3, Tak uTO P~ ng~(Th—T)%/3.

2) Ilpu BpalleHHH XHIKOCTH KaK LEJIOro ckopocts v=[Qr], rae Q —yrio-
Basl CKOPOCTb, 4@ pPaJAHyC-BEeKTOD I OTCUHMTHIBAETCS OT KaKOH-MHGO TOUKH HAa OCH.
Ilpu stoM rot v=28 3 0.
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TakuM o6pasoM, npu YBeJUYEHHH CKOPOCTH BpalleHHs COCyJla
JOJKHO B KOHIIe KOHLIOB BO3HHKHYTbH CBepPXTEKyyee [BHKEHHE.
Kakymeecs npoTuBopeyre Mexjy 3TUM YTBEPXKAECHHEM H yCJIOBUEM
NOTEeHIIHabHOCTH CBEPXTEKYUEro [ BUKEHHSA YCTpaHsercs Ipejro-
JIOXKEHHEeM, 4TO MOTEHI[HAJbHOCTh HAapyllaeTCsl TOJBKO Ha HEKOTO-
PbiX OCOGBLIX JHHHAX B MKUAKOCTH —eUxpesoix Humsax'). BoOkpyr
3TUX JHHHH XKHJKOCTb COBeplIaeT ABHXKEHHE, KOTOPOE MOXKHO Ha-
3BaTh NOMEHYUAAbHbIM 6épaueHlieM, TaK YTO BO BCeM 0GbeMe BHe
Jaunuit rotv,=0.

BHXpeBble HHUTH B JKHAKOCTH HMEIOT TOJIIHHY, H3MepseMyio
ATOMHLIMH pPa3MepaMH, U C MAKPOCKONHYECKOH TOUKH 3PEHMST LOJIKHBI
paccMaTpuBaThCi Kak GeckoHewHo TOHKHe ?). HMx cyuecTBoBaHHe
HE NPOTHBOPEYMT BBIPAXKEHHIO CKOpocTH B Buie (26,12), Tak Kaxk
3TO Bblpa)kEHUe IMpeJoJaraeT JOCTATOYHYIO MEJIJIEHHOCTD H3Me-
HEHHS] V, B INPOCTPAHCTBE, MEeMXIYy TeM KaK BGJH3H BHXPEBOH JiH-
HHUHM V, MEHSIeTCsl CKOJIb YTOAHO GBICTPO (cM. HHke opmyany (29,3)).
OHa He NMPOTHBOPEUYHUT TaKKe U HM3J0XKEHHOMY B § 23 0GOCHOBAHHIO
[OTEHIHAJbHOCTH CBEpPXTeKyyero JABHXKEHHSA CBOHCTBAMH 3Hepre-
THYECKOTO CleKTpa 603e-)KHAKOCTH, TaK KaK C BUXPEBOH HUTHIO
CBsi3aHa oOlpejeseHHass MaKPOCKONMHYeCKH GoJibliasg 3HEprusi (CM.
Huxe (29,8)), u cocTogHHE KHAKOCTH C HHTBIO He MOXKeT CYH-
TaTbCsl Cc1a60 BO30YKAEHHDLIM.

PaccMOTPHM CHaya/ja BHXPEBBIE HUTH C YHCTO KHHEMATHYECKOH
TOYKH 3PEeHHUs —KaK ocofple JHHHA B pacrpeieseHdd CKOPOCTH
IpH TOTEHIHAJbHOM JBUMKEHUH MKHUAKOCTH. Kaxknias BHUXpeBasi HUTh
XapakTepU3yeTcs OlpeleseHHbIM 3HayeHHeM (0GO3HA4HM ero 27mx)
ILUPKYJSIHHA CKOPOCTH 1O 3aMKHYTOMY KOHTYDY, OXBaTbIBalOLIEMY
3Ty HHUTH:

$v.dl=2mx. (29,2)

D10 3yayeHHe He 3aBUCHT OT BLIGOPa KOHTYpa HHTerPHPOBAHHMS.
HeiicrButenapto, ecad €, u C,—Ba KOHTypa, OXBaThIBAIOLIMX
BHXPEBYI0O HHTb, TO Pa3HOCTb LHPKYJALUMH CKOPOCTH BJOJb HHX,
corsacHo Tteopeme CroKca, paBHa INOTOKY BeKTopa rotv, uepes
MOBEPXHOCTb, HaTAHYTYI0 Mexay C, o C,; HO NOCKOJIbKY 3Ta IO-
BEPXHOCTb HHIJle He IllepeceKaeT BHXDPEBYI0 HHUTb, TO BO BCEX ee
Toukax rotv,=0, Tak uTo WHTerpaJ o6pamaercsa B HyJab. Orciofa
e cJeiyer, YTO BHXpeBas HUTb He MOXKET IPePLIBATbCA: OHa JHGO
3aMKHyTa, JHG0 OKaHYHMBaeTCcs Ha TIpaHHIAX XUAKOCTH (a2 B He-
OrpaHUYEHHON MKHUIKOCTH— YXOAHT OGOUMH CBOMMH KOHIAMH Ha

1) 3o npeanosnoxenne OGbljio BeickazaHo OmucarepoM (L. Onsager, 1949) u
sateM pasputo Qeiinmanom (R. P. Feynman, 1955).

2) DTo yTEepXKJeHHe He OTHOCHTCSH, OJHAKO, K GJH3KOH OKPECTHOCTH A-TOHKH;
3echb TOJIUHHA BHXPeBOH HHTH MOPAAKA BEJHYHHE KODPPEJALUHOHHOIO pajgHyca
daykryauni.
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6ecKoHeuyHOCTh). JleACTBUTENBHO, HAJHYHMe Y BUXPEBOH HHTH CBO-
60/IHOTO KOHIA 03HAYajo Obl BO3MOXKHOCTH HATSAHYTH Ha KOHTYp C
IOBEPXIOCTb, HHIAC He IePeCeKalollyl0 HHUTh, B Pe3yJbTaTe Yero
HHTEerpaJ B JeBoh cTopoHe (29,2) ob6partusca Gel B HYJb.

Yecqnosue (29,2) mosBoJigeT ONpefesHTh paclpefesenue CKOpoc-
Ted B KUAKOCTH, ABM¥K)IIEHCS BOKPYTL BHXPeBOW HUTH. B mpocteii-
meM ciayyae NPAMOJHHEHHOH HHTH B HEOTPAHMUYEHHOH MHAKOCTH
JUHIH TOKa SBJAAIOTCH OKPYXKHOCTSIMH, IJIOCKOCTH KOTOPBIX Mep-
OeUJUKYAAPHEL HHTH, a MHeHTPpHl JexaT Ha Hed. Hupkyasmus
CKOPOCTH BAOJb TAKO[ JHHUHM paBHa 2m/v,, TAK 4TO

e
g,=2, (29,3)

rie r—paccrosinge 10 HHUTH. OTMETHM, YTO MPH MOTEHIHAJLHOM
BpallleHHH CKOPOCTh IafaeT ¢ yAaJieHHeM OT OCH BpalleHus (BUXpe-
BOH HHTH)——B IPOTHBOIOJOXKHOCTH BpANlEHHIO KaK MeJaoTo, TIie
CKOPOCTB BO3pacTaeT MPONOPLHOHAJBHO f.
Jlns BUXpeBOH HUTH NPOU3BOJILHOH (HOPMBI paclpeseieHHe CKO-
pocteit naercs dopmyJoH
v ._—ﬁS’ [dl-R] (29,4)

=T TR

rie MHTeIpHPOBaHWE MPOM3BOAMTCA BAOJAb HHTH, a R —panuyc-
BEeKTOp, NpoBelCHHBbIH 0T dl K Touke HalJIOJeHHS CKOPOCTH ).
Ha paccrosiHHAXx OT HMTH, MaJblX IO CDABHEHHIO C €€ DPajHycoM
KpuBu3Hnb, ¢Gopmyaa (29,4) npuOIMKEHHO CBOJUTCH, KOHEYHO, K
(29,3).

Kak yxe Obljio oTMeueHo, gopmydsl (29,2—4) aBasitorcsa Ciaej-
CTBHEM OJHOH JHUIL NOTeHIHAJbHOCTH JBUIKEHUS KUAKOCTU. Kpall-
TOBasg e IPHPOJA BHUXPEBHIX HHUTEH B CBepXTeKyueH KUAKOCTH
NpOAB/AAETCA B TOM, YTO TOCTOSIHHAS ¥ MOXKET HMETh JIHIIb 3Ha-
YeHWs U3 ONPEAeJICHHOIo AHCKPETHOro psga. JeficTBUTENBHO, BOC-
NOJIb30BABIIMCE BhipaxienHeM (26,12) ckopoctu v, uepe3 dasy @
BOJIHOBOH /PYHKUHH KOHJeHcaTa, HAXOAHM JJs ee [UPKYJIUUH

9§vs di 22‘ AD, (29,5)

rae AD—n3meHenne ¢assl npu o6xoze KoHtypa. Ho BBUay ozmo-
3HAYHOCTH BOJHOBOH (YHKUHMH H3MeHeHHe ee (asbl NPH BO3Bpa-
IIeHUH B HCXOAHYIO TOYKY MOXKeT OBITh JIMINGL LEJbIM KPAaTHBIK

1) OTo BEpaxeHHe MOXKHO HANHCATh NPSMO MO AHAJIOLHM C M3BecTHOH ¢op-
myJiofi Bruo — CaBapa /151 MArHHTHOTO IIOJIA JIHHEHHLIX TOKOB. DopMasibHOe COBNa-
JeHHe O6eHX 3ajad OYEBHAHO H3 CpDaBHEHHs WMPKYJAUMH CKopocTH (29,2) ¢ uup-

. o ki
KyJsunedi MaruutHoro mosisi H BOokpyr JuueitHoro toka J: ﬁﬂ dl:—c— J. Onna

8ajaua [oJyyaercd u3 Apyrod sameHo# o6osHavewni: H — v, J/c— x/2.
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ot 2n. Orcioa caenyer, uTo
% = nhjm, (29,6)

rre n—ueaoe yucjgo. Mbel yBHAUM HHXKE, YTO TePMOAMHAMHYECKH
yCTOHYHBbl PAKTHYECKH JINIIb BHXPEBble HUTH C HAUMEHBILIMM BO3-
MOXKHBIM 3HaueHHeM nupkyasauug- (n=1). [Tostomy naJee Mel 6yaem
noJarath

»x =h/m. (29,7)

OnpenenuM Tenepb KPUTHYECKYIO CKOPOCTb BpALleHUS LUJIHHA-
PHUYECKOTO COCYJa, NpPH KOTOPOH BIIEepBble IOABJSAETCH BUXpeBad
HUTh. M3 coobpaskeHUH CHUMMETPHH OYEBHIHO, YTO 3Ta HHUTh OYJET
pacmnoJsioXkeHa BIOJb OCH cocyaa. M3aMeHeHHe 3HEpPTHH XHJKOCTU
3a cyeTr NOABJeHHS B Hell BHUXPEBOH HHTH eCTb

2
AE:S“)S;S av =%~L‘S‘v§-2mdr=Lpsﬂx2jd7r-

(L—nauHa cocypna). MHrerpupoBaHue no dr JOMXKHO IPOU3BOJUTHLCS
B IIpefieJaXx MexXAy paiuycoM cocyla R M HEKOTOPbIM 3HayeHHEM
r ~ a TIOPSJKa BeJHYHHBI ATOMHBIX PACCTOSHUHA, HA KOTOphIX MakK-
POCKONUYECKOE DPACCMOTPEHHe TepsieT CMBIC/]; BBUAY Jorapudpmu-
yeCKOH pPacXOAUMOCTH HHTErpaJa ero BeJHYHHA MaJo YYBCTBUTE/bHA
K TOYHOMY BBIOODY 3HaueHus a. Takum ofpasom,
2
AE = Lap, i—z n® (29,8)
(310 BbIpaXKeHHe MMeeT, KaK IOBOPAT, JOrapuMHYECKYIO TOYHOCTD,
T. e. InpeanoJsaraercsi GOJIbIIMM He TOJBKO OTHOLUeHHe R/a, HO
H ero Jjorapudgm)!). MomeHT Ke HMMIYJbCa BpAaIIAOWEACS KHI-
KOCTH:
13

M =Spsvsr dV=psdeV= LaR: . (29,9)

Bo3HUKHOBeHME BUXPEBOH HHTH TePMOAMHAMHYECKH BBITOJHO, €CJH
AE,,=AE—MQ <O, 1. e. ecan

Q>Q,, bR

= in . (29,10)

a
HN3zaoxeHHble pacCyxKIeHnsd NO3BOJSIIOT TAK2KE NOHATb NPUYUHY,
1o KOTOpOﬁ OKasplBAlOTCA TEPpMOAHMHAMHYECKH HGYCTOﬁqHBbIMH

—

) IlpureHHe BOKPYT BHXpeBOH HHTH CONPOBOXJAaercs, BooGlie FOBOPH, He-
KOTODHIM H3MeHeHHeM IJIOTHOCTH KHIKOCTH. [IpeHeGpexkenke B H3/IOXKEHHOM Bhl-
YHCJeHHH 3THM H3MeHeHHeM ONpaBJaHO TeM, YTO OCHOBHOH BKJaJl B 3HepPTHIO
(29,8) BosHHKaeT (B CHJY JOrapH(MHYECKOH PacXOJHMOCTH HHTerpaja) oT 60.b-
LIMX pPacCTOSHHH r, Ha KOTODHIX H3MeHEeHHe IJIOTHOCTH YxXe Maso. ITo 3roil xe
NpUYKHE MOXKHO IpeHeGpeyb BKJaafoM B AE OT H3MeHEHHS BHyTPeHHefl 3HeprHH
XKHIKOCTH,
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BUXpeBble HUTH ¢ n > 1 B (29,6). [leiicTBHTE/1bHO, IPH 3aMeHe 3Ha-
ueHHsl n =1 3HaueHHeM n > | sHeprus AL yBeanyuBaeTcsa B n? pas,
a mMoMeHT M—B n pas; npu 3toM AE,, 3aBeIOMO yBEJUUHUTCS .

[Ipu panbHefieM yBeJHYEHHH CKODOCTH BpPAIleHHS UHJIHHAPH-
YeCKOro Cocyia (3a KpuTHueCcKHM 3HaueHueM (29,10)) BosHHKAIOT
HOBble BHXpeBble HHTH, W IPH £23>Q, ., YHCJIO 3THX HHUTeH Oyler
yKe oyeHb GosblinM. MX pacnpefe/ieHHe IO CEYEHHIO COCYAa CTpe-
MHTCSI NPH 3TOM K PaBHOMEpPHOMY, H B Npefie/lé MX COBOKYIIHOCTb
UMHTHDYET BpallleHde BCeH CBepXTeKyued 4YaCTH XKHIKOCTH Kak
nesoro?). Uucno BuXpeBBIX HHTeH NpH 3ajaHHOM (6OJBIIOM) 3Ha-
yeHHH Q JETKO ONpejeviuTb, NMOTPeGOBaB, YTOOBl LUPKYJAAIHUA CKO-
pOCTH MO KOHTYpPY, OXBaThiBarolleMy 60./bLIOE YHCJIO HHUTEH, HMesa
6bl 3HAUeHHe, OTBeualolllee BpAalleHHIO XKUIKOCTH Kak ileJsoro. Eciau
TaKOH KOHTYp OXBaTblBaeT eJHHHYHYIO NJjowaib (B MNJOCKOCTH,
NepreHAUKYAAPHOH OCH BpallleHHs), TO

fvsdl:v-Qnuzﬁwz,
m

rge v—IJOTHOCTb paclpejie/eHuss BHXPEBBIX HHTeHdl IO CeyeHHIO
cocyna. C apyroit CTOPOHbI, NPU BPALIEHHH JKHAKOCTH KaK WeJoro
rotv,=2Q, u ra ke uupkyJasauus pabHa 2Q. IlpupaBusB o6a
3HaueHus, HaljaeM

v =mQ/nh. (29,11)

[TosiBneHHe BHXpPeBBIX HHTe#l B H3BECTHOM CMEIC/]E HapymiaeT
CBOMCTBO CBEPXTEKYUYECTH KHJAKOCTH. DjeMeHTapHble BO36YXKAeHHA,
COCTaBJIAIONHE HOPMAJbHYIO KOMIOHEHTY KHJAKOCTH, 6YAYT Tenepb
pacceMBaTbCsl Ha HHUTAX, NepefaBad UM (a TeM CaMbIM—CBepXxTe-
Kyuefl KOMIOHeHTe KHUAKOCTH) YacTb CBOETO HMIYJbca. IDTO O3Ha-
yaeT, APYTUMH CJOBAaMH, [TOSABJEHHE CUAbL 3AUMHOZ0 MPEeHUs MEXITY
06eUMH KOMIIOHEHTaMH XKHAKOCTH.

BuxpeBble HHTH, BOOOINE TOBOPS, NepeMElaloTCA B NPOCTPaH-
cTBe BMecTe C Tekyliell xuakoctbio. Ilpu T =0, KOoria XuiKOCTb
IIeJIMKOM CBepXTeKyua, Kaxibifl sjeMeHT dl HHTH IBHXKeTCA C TOH
CKOPOCTBIO V,, KOTOPYIO JKHAKOCTb HMeeT B TOYKE HAXOXKIAEHHS
storo sjemeHTa. [lpn OTJHUHBIX Ke OT HYJA TeMIEpaTypaxX HCIIbI-
TblBaeMasi BHXPeBOH HHTBIO CHJa TPEHHUA NPUBOJUT K IOSABJEHHIO
HEKOTOPOH CKODPOCTH ee IepeMelLIeHHs] OTHOCHTe/IbHO CBEPXTeKYyuekH
KOMIIOHEHTbI.

BuxpeBbie HHTH, BO3HHKAaIOUIMe NPH BpalleHHH, MMEIOT NpPSAMO-
JuHeHHyO ¢opMy. TeueHHe >Ke XKHUJIKOCTH IO KaNHJIAPAM, ILEJAAM

1) B 310M Jerko y6epHThCS, 3aMETHB, YTO TaK KaK YHCJO HHTEH pacTeT mpo-
nopunoHanbHO Q (cM. Huxe (29,11)), To BTOpOH WsNeH B AEL, =AE-—MQ pacrer,
Kak 2%, a nepseli—xkak Q, u nostoMy npH Q3> Qy, HM MOXHO NpeHeGpeyb.
Torpa munumusauus AEp, CBOJZHTCA K MaKCHMH3aLHH M, nocTuraeMoili HMeHHO
MpH BpAIlleHHH JXKHAKOCTH Kak LeJOTo. i

v
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H T. II. MOXKET COTPOBOKAATHCSI 06PA30BAHHEM 3aMKHYTBHIX BHXpe-
BBbIX HHTel —auxpessix xosey. OHO TNPHBOAUT K HApYLIEHHIO CBEPX-
TeKyYeCTH TPH TEYEHHH CO CKOPOCTSIMH, NPEBHIAIMUMH Onpeje-
JeHHYI0 KDHTHYECKYO BequunHy. PakTHyeCKHE 3HAYEHHST 3STHX
Kpumuueckux ckopocmeti 3aBHCAT OT KOHKPETHBIX YCJOBHH TEYeHHS;
OHM TOpasfo MeHbIe TOrO 3HaueHHsl, 328 KOTOPHIM HapyLIaeTcs
ycaoBue (23,3).

B npoTHBONO/IOKHOCTb NPAMOJHHEHHBIM BUXPEBBIM HHUTSIM, KOTO-
pble MOTYyT CTOSITh Ha MeCTe B MOKosuleHcs (BAaJH OT HHX) KHA-
KOCTH, BHXPEBblE KOJblia ABHKYTCSI OTHOCHTENbHO XKHAKOCTH. CKo-
pOCTb TMepeMelleHHs] KaxAOro 3JeMeHTa AJHHbl HUTH €CTh TO 3Ha-
yeHHe v,, KOTOpoe cospaetcs (cormacHo gopmyse (29,4)) B Touke
€ro HaxOXK[IEHHs BCEMU OCTAJbHBIMH YYaCTKAaMH HHTH; JJs HCKPHB-
JeHHBIX HHTeH 3TO 3HaueHHe, BooOLle TIOBOPSI, OTVIHYHO OT HY.JA.
B pesy;brate BHXPeBble KOJIbIlA HMEIOT KaK [eJIOe He TOJNBKO Ompe-
JeJeHHBble 3HEPrHU, HO M ONpejie/leHHBIE HMOYJbCH H, B 3TOM
CMBICJIe, TPEACTABASIOT COGOH OCOGLIH THN 3JIEMEHTAPHBIX BO36Y K-

JNeHHH.

3agauwu

1. HafiTh cKkopocTb EBHIKEHHS H HMITYJbC KPYTOBOI'O BHXDEBOTO KOJbLA.
Pemenne. Kamkaplli 37€MEHT KOJbLA JABHIKETCA CO CKOPOCTBIO Vg B [JaH-
HOH TOuyKe, 4 BBHAy CHMMETDHH KPYTFOBOTO KOJbla 3Ta CKOPOCTb BO BCeX ero
TOuKax OJHMHAKOBAa. [Jo3TOMy J0OCTaTOYHO ONPeeNHThb
CKOPOCThb Vg, CO3/1aBaeMyl0 B KakoH-aHGO OJHOH TOuKe P
KOJblIAa P BCEMH OCTA/JbHBIMH €ro YacTAMH. OJEeMEeHTH
dl kosbua W panuyc-BekTopel R ot dl k Touke P
JexaT B IJIOCKOCTH KOJbL@; MO3TOMy oOnpeleJseMast
tdopmyJoii (29,4) ckopocTb B Touke P nepHeHAHKY.Iap-
Ha NJOCKOCTH KOJbl@ (B pe3y./bTaTe Yero KOJbLO Iepe- ‘
MelaeTcsl 6e3 H3MeHEHHs CBoel (OpMBI M pas3Mepa).
OnpegenuM 1noJoXeHHe 3jeMenta dl  yraom &
(puc. 3). Torza dl

dl =R, db, R=2Rosin%, [[dl-R]|=Rsin-2 a1
2 Puc. 3.
(rme Ry—panuyc xoabua), H K3 (29,4) HaXOXHM /IS CKOPOCTH KOJbLUA U BhIpa-

HKEeHHE
kS

vt 9 dd
78Ry sin (9/2)°
0
JTOT HMHTerpan, OAHAaKO, JOTapHOMHUECKH PacXOIHTCA Ha HUMKHEM npeiese H
IoJKeH OBITb o6pe3an Ha 3HaueHHH b ~ a/Ro, OTBeUalOMeM aTOMHBEIM PaCcCTOAHUAM
(~ a) anementa dl mo toukH P. C norapH(MHYeCKOR TOYHOCTBIO MHTErpaj ompe-
Jensercs o6nacThio 3HaueHHH a/Rg << <€ m u pasen
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TaK uTO "
o= R P Re )
2R, a 2mRp a
C Toi ke JorapHOMUYECKOH TOYHOCTHIO SHEPTHSI BHXPEBOro KoJiblLa
hiz R
e=2n2 — In=2 2
Rops mz a ( )

(fopmyna (29,8) c samemofi R — Ry, L —2mR,). DHeprus € cBs3aHa CO CKO-
POCTBIO U COOTHOMmERHeM de/dp=1v, rie p—umnyabc Konbla. Orciosa

de 13
dp=? = 4”29551- RodRy

(¢ norapudMHYecKOR TOUHOCTbIO, NpH AHbdEPEHIHPOBALKE CACAYET CUHTATh GOJIb-
woll Jorapu(M noc10AHHLEIM), H 3aTeM

3
. p=2m2ps - Ri- ®)

Dopmyast (2}, (3) onpenesioT B napaMeTpHuUeCKoM BHie (Mapamerp R,) 3aBHCH-
MOCTB € (p) AJST BHXPEBHIX KOJEL.

OTMeTHM, YTO BBHJIY JOTapH(MHYECKOTO XapakTepa MHTEIDHPOBAHHMS, IPHBO-
nauero X dopmyne (1), 3Ta GopMysna (c HEKOTOPHM H3MeHeHHeM 0603HaueHwit
B Helf) OCTAeTCs CNPaBefIHBOH M JJ CKOPOCTH V NepeMelleHHs KaxA0To JaHHOTO
8/eMEeHTa HCKDMBJEHHOK BHXPeBOK HHTH J0Go#H GOpMEIL:

» A
V=-2—R—0bh’l-a-. (4)

3pech b—eaWHHUHBIH BeKTOD, NEPNEHAUKYSPHB KacaTeJbHON NJIOCKOCTH B JaH-
HOH TOYKe HHUTH (BeKTOp OHHOpMaNH); Ro— PaJMYC KPHBH3HBl HHTH B 3TOH Ke
TOYKE; A - XapaKTePHOe DacCTOSHHE, HA KOTCPOM MEHSETCH KDHBH3HA HHTH.

2. HafiTu 3akoH [ucnepCcHH Masiblx KoneGaHHH IIPSMOJHMHEHHON BHXpeBOH
nutH (W. Thomson, 1880).

Pemwenuec., BubupaeM JHHHIO HHTH B KauecTBE OCH 2, H IyCThb BEKTOP
r=(x, ¥) 1aeT OTKJOHEHHE TOYEK HUTH IIPH ee KoJeGaHHsX; OH sABafeTca (yrK-
uHeid z u BpeMenn / BHla exp [i (kz—w?)]. CKOPOCTb TOUEK HHTH maeTcs POpMy-
J0fi (171»)’ B ch;Topoﬁ NOJ A HAalO B IAHHOM CJlyyae NOHHMaTh JJIHHY BOJHBI KoJjeba-
HHIT (A~ 1/

v—£~— ior =—1n 1 b
Tdr T2 T uRRy

Bextop Gumnopmanm b={[fn], rze t M n—egWHHUHBE BEKTOPH KacaTeJbHOH M
TJIaBHOH HOpManu X XpHBoH. CoOrslacHO u3BecTHOH Qopmyde Huddepesnunansiod
reomeTpHH, dr/di®=n/R,, rae !—gnuHa, OTCUMTHIBaeMas BIOAb Kpupod. Hpu
MaJblx KOJe6aHHAX HHTb CJaGo H30THYTa, TaK Y10 MOMKHO MHOJIOXHTb [ ~ 2z u
t=n, (€AHHHYHBIA BeKTOD BROJb OCH Z); TOTHA

b d’r

R'—o ~ [nz 3;2_] =—f2 [nero

Taxkum oﬁpasoM, HaxXOLHM ypaBHEHHe ABUIKCHHS HHTH

. ®k? 1
— ior =5 in,r] In P
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B packpeiTOM BHIe OHO JaeT CHCTEMY [ABYX JIHHEHHBIX OAHODORHBIX YPaBREHHH
IS x W Y, MPHPABHSB HYJIO ONpeJeJHTeb 3TOH CHCTeMbI, TOJIy4HM HCKOMYIO
CBSI3b MeXIy © H k:

o= ”kz In—= !
= =

§ 30. BuxpeBast HHTb B NMOYTH HAeaJbHOM G6o3e-rase

Kak yXe ynoMuHa/Joch, TOJIIUHA CaMOH BUXPEBOH HUTH B KH]I-
KOCTH H3MepsieTCi ATOMHBIMH paccTosHHAMH. HCK/ueHHe B 3TOM
OTHOLIIEHUH NpeACTaBJ/AET, OJHAKO, CAyual MoYTH HIeaJbHOTO Go3e-
rasa. 3JieCb «ceplLeBHHa» BUXPeBOH HUTH, B KOTOpPOH CBOHCTBa
CpeZpl CYINECTBEHHO H3MEHEHH, uUMeeT (KaK Mbl YBHJIUM HUKe)
MaKpOCKONHYECKYIO TOJIHHY, H €e CTPYKTypa MOKeT ObITh ONiCaHa
MaKpPOCKONHYeCKUM obpasoM (B. JI. I'uusbype, JI. II. ITumaesckuii,
1958; JI. I1. [Tumaeeckuti, 1961; E. P. Gross, 1961).

PaccmoTpum ci1ab0 HeuJeaJbHBIH ras mpu abCONIOTHOM HYJe
TeMnepaTypel. B TakoM rase mnouTd BCE €ro YaCTULIE HaXOASATCS
B KOHAEHCATHOM COCTOSHMH. B TepMHHaX p-onepaTtopoB 3TO 3Ha-
YHT, YTO «HAIKOHJEHcaTHas» uactb omneparopa (¥') mana mo cpas-
HEHHIO C €r0 CpDeJHHM 3HAauyeHHeM, T. €. IO CPABHEHUIO C KOHJEH-
caTHOH BOJHOBOH yHKuUEH Ecau npeneGpeub 3TOH MaJsoH
YyacTelo BOBCe, TO (YHKIUA 6yAeT YAOBJIETBOPSTH TOMY IKe
«ypasrenuto lllpenunrepa» (7,8), KOTOpOe HMeeT MeCTO MJIf TOJ-
Horo omeparopa W. C yueToM JMIIb NapHBIX B3aHMOJIEHCTBHH OHO
uMeeT BHJ (AJA GeCCIHHOBHIX YaCTHIL)

bR =—(tmAtu)B ¢ I+
= (f, r)S IB (¢, ') 12U r—1")dsx’.  (30,1)

[ [11

Cuuras dyskuumo E (¢, r') Man0 MeHAIOMEHCA Ha ATOMHBIX PACCTOSHH-
f1X, MBI MOKEM BBIHECTH ee (3aMeHHMB Ha E (¢, r)) U3-Noji 3HaKa HHTerpa-

Jla, KOTOPHIA CBOJUTCA TOTJA K S U (r)d*x=U,. lloncraBus TakKe

sHauenne p=nl, (cM. (25,6); n— HEBO3MYIIEHHOE 3HAYEHHE MJOT-
HOCTH_UYHCJIA YaCTHIL B Tase), NOJYYHM ypaBHEHHE

;ﬁ__t-=—-§’_n-An+Uo {E|E2—nE}. (30,2)

[n]

B crauuoHapHOM cocTofiHMH E He 3aBHCHT OT BpeMeHn!). [lps-

1) Hamomnum, uto ypassenne (30,1) yxe OIBedaeT raMHJIBTOHHAHY A=
=fH— !
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MOJIHHEHHOH BHXPeBOH HHTH COOTBETCTBYET DEIEHHE BHJIA

- %
E =V ne® (L) I, = —————m 30,3
— V f o ’ 0 V2mUon ’ ( ’ )

rlie r ¥ Q—pacCcTOssHHe N0 OCH BHXDsl M NOJADPHHIA yrosa BOKpyr
Hee. @a3a 31Ol (QYHKLUHM OTBEYAET 3HAUEHHIO LHPKYJsuuu (29,7).

)
1

L~

0 7 2 3 4 5 g
Puc. 4.

Ksazgpar |[E|* ecTb NJIOTHOCTb YMC/A YACTHL, B KOHJEHCATe: B
paccMaTpuBaeMOM NPUGJHXKEHUH OHA COBNAjaeT C NOJHOH IJIOT-
HOCTbIO rasa. [IpH r— oo mocsenwsisi n0/XKHA CTPEMHTBCS K 3a-
JlaHHOMY 3HAueHHuIo n, a GYHKOHS f-—COOTBETCTBEHHO K .

Beensi GespasMepHyo nmepeMeHHYIO & =r/r,, MOJTYUHM JJIs1 (PYHK-
uun f(E) ypaBHeHHe

O

Ha puc. 4 nokasano pemenne, mnosnyuentoe u3 (30,4) umc/IeHHBIM
unterpuposanueM. Ilpu § — 0 ono ofpamaercss B Hys b nmponopimo-
Ha/lpHO §, a npu §— co cTpeMuTCs K | 1O 3aKOHY f=1—1/28z.

ITapamerp r, onpenessieT MopsjoK BeJHUHHB pajHyca «Cepale-
BUHBI» BHXDs. BBeas Bmecto U, aiuHy paccesnusi, COrJacHo
U, =4nka/m (6,2), nHaiigem, uto

re~ n—1/3n—-1/2 >n—1/s’

Irjie m=an'/? —ras3oBwlil mapaMerp. JTOT pajHyc, TAKHM o6pa3zom,
AEHCTBHTE/JBHO BeJMK MO CPaBHEHHIO C MEXATOMHBIMH PacCTOs-
HHUSIMH, eCJIH Ta30BHH NapaMeTp JOCTATOYHO MaJ.

3apgaua

Ha#ri cnexTp ssneMeHTapHbix BO3GyMIEHHE B mOYTH HieaabHOM Gose-rase,
paccMaTpuBas €ro Kak 3aKOH JHCIEPCHH MajbiX KOMeGaHHH KOHAHCATHON BOJ-

HOBOH (YHKIHH,
Pewenue. PaccmatpupaeM MaJbie KoneGanns & BOKDYT NOCTOSIHHOTO Cpej-

Hero 3Havenua Vn:
8= V,'{_{_ Aéf (kr~a1) +Bue—i(kr-mt)’
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rie A, B*—Manble KOMINJeKCHble aMIauTyApl. [loAcTaBHB 3TO BhIpaXKeHHe B yDaB-
Henue (30,2), NHHeAPH30BaB €ro U OTAE/JHB YJEHH C PAa3/HYHLEIMH 3KCIIOHEHLHaJb-
HEIMH MHOXKHTEJSIMH, NOJYYHM CHCTEMY ABYX YypaBHEHHH

ﬁmA=£’T; A+nUy(A+B),

—FoB=P2 i
ﬁwB_—2mB—!—nU0(A—‘r B)
(p:ﬁk). Or1ciofla, PHPABHAB HYJIO OTpele/HTe/b CHCTEMBbI, HaiifeM

oy = (22 ) +5 nve,

uTo coBnafaer ¢ (25,10).

§ 31. IpuHoBckHe DYHKUMH GO3e-AHAKOCTH 1)

MareMaTtnueckuit annmapat Gyuxuuii I'pHHa 603e-XKHAKOCTH CTPO-
HTCS BO MHOIOM MOJ0GHO aHAJOTHYHOMY annapary aiasa ¢epmu-
cucreM. He moBTOpsin 3aHOBO BCeX DPacCyXIEHHH, Mbl IPUBELEM
3llech CHayajJa OCHOBHEIE ONpefeseHHs H (GOPMYJbl, HOAYEPKHYB
IIpH 3TOM OT/IHYHs, CBSI3aHHblE KaK C APYTOH CTaTHCTHKOH 4acTHIL,
TaK H C HaJWYHeM KOHAeHcaTa?). Kak H B npefbAyliHX Iaparpa-
dax 3TOH TrJaBbl, YACTHUBE XKHAKOCTH IpPeAnoJaraiTcsi GeCcClnuHO-
BEIMH.

[Ipu onpeneneHHH TPHHOBCKONH (GyHKUHH §03€-KHUAKOCTH CJAEAyeT
BBIIEJIHTh H3 TelizeH(eproBcKHX Y-ONepaTopoB KOHAEHCATHYIO YacTh,
npeacTaBuB HX B BHAe (26,4). Pyukuus I'pHHa ompepessercs IO
HaJKOHAEHCATHOH YacTH OIepaTopoB COTJIACHO

G (X, X,)=—i<T¥ (X)) ¥+ (X,)>, (31,1)

rjie CHOBa CKOOKH <...> O3HayalT YCPeJHEHHE II0 OCHOBHOMY CO-
CTOSIHHIO CHCTeMbl, 2 T-—3HaK XPOHOJOTHYECKOrO MPOH3BEIEHHS.
ITpu sTOM, ofHAKO, B OTJIH4HE OT c/ayyasl (EPMHOHOB, NepecTaHOBKa
--0lepaTOPOB IJSI NPHBEleHHA HX B HYXHOE pACIOJIOXeHHe He
JOJKHA COINPOBOXKAAThCSI H3MeHeHHEM 3HaKa IIPOM3BEIEHHS, TakK
yto (B orauyue ot (7,10)) ‘

Ir? . A1_‘_ 3
G (X,, x2)={ E(Xg) THX), >,
<IP +(X2)IP (Xi)>! t1‘<t2'
Takoe xe cpenHee 3HaueHue, Kaxk (31,1), HO ¢ MOJHBEIMH 1-Omepa-
TOpaMH BMeCTO HaJAKOHJEHCATHBIX JaJio Obl

—i<TY (X) T (X)>=—in+G(Xy, Xo),  (31,3)

(31,2)

1) B §§ 31—33, 35 ncrmoJb3yercsi CHCTeMa €IUHHUL, B KOTOPOH fi=1.
2) [puMeHeHHe MaTeMaTHUeCKOH TEeXHHKH IPHHOBCKHX QYHKUHI K Go3e-cucTeMaM
¢ KoHjencatom npuHaanexut C. T. Besnesy (1958).
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Tle f,—IJIOTHOCTb YHCJA 4acTHL[ B KOHJAeHcaTe!). B omgnopomHoii
KUIKOCTH (QYHKUHA G 3aBHCHT, KOHEYHO, TOJBKO OT pAa3HOCTH

= 1‘— 2
HanxonjencatHasi MaTpuua IJOTHOCTH o’ BLIpaxkaercss yepes

¢yHxuuio I'puna corJaacHo

No'(ry, 1)) =iG(t, ry; ¢4,40,1,)=iG(t=—0,r1) (31,4
(o6paTiM BHHMaHHE Ha JPYro# o6LHMH 3HAK 110 cpaBHeHHIO ¢ (7,19)).
B yactHOCTH, IpH I, =T, OTCIOZA IIOJYYaeTCsl HOJHAs IJOTHOCTb
YHCJIAa HAJKOHJEHCATHBIX YaCTHIL

N —hy=iG ({=—0, r=0) (31,5)

(cp. (7,19)).

[lepexon K HMIYJbCHOMY MpPEJCTABJEHHIO NPOHCXOLHT IO TEM
xe Qopmynam (7,21—22). Hopmuposka ¢yukunu G (o, p) Bbipa-
KaeTca QopmyJiol

N .. rof A d3
7:n0+1tiu_noja(m, p)emiot ot (31,6)

(cp._(7,24)).

Hast gynxunn I'puna Gose-cHCTeMbl B HMIYJIbCHOM MpeACTABJIe-
HHH MOKHO IIOJIYYHTb DPasJokeHHe, NOoA06HOe TOMY, KOTOPOe GELIO
noayueHo B § 8 nas depmu-cucreM. [ToJHOCTBIO aHAJOTHYHBIE BbI-
YHCJIEHHS TNPHBOJAT CHayanda K opmy.ie

— -\ A8 (p—P,,)
G (0, p)=(2m)® }m_{ e e
Bnd (p+Pr)
- o—Ey (N)+Ep, (N—1)4+p—i0 }’ (31,7)

riae -
Ap=1<0]9" () |m>P, B,=|<m|§ (0)|0>]

(Ip’ (r) —IpeMHrePOBCKHH HajKOHAEHCATHBIN oneparop) 2). [as npu-
BeJleHHs 3TOrO pAas/OXKEHHsT K OKOHYaTeJbHOMY BHAY 3aMeyaeM,
YTO 3HEPruH Bo30yXneuus e, (N) B Gose-CHCTEME ONpefesioTcs
KaK (BCeria I0JI0XKHTeJbHbIE) PA3HOCTH MEXIY SHEPTHAMH BO3GY K-
NEeHHbIX COCTOSIHHH CHCTeMbl H HeprHeH ee OCHOBHOTO COCTOSHHUS
IpH HEH3MEHHOM yHcJe yactdu N. YyutwBas, uto E, (N)4-p=

1) Kak u nas depMu-cucTeM, Mbl 6yfeM paccMaTpHBATh COCTOSHHS 603e-CHC-
TEMBl TIPH 32JaHHOM 3HAYeHHH XHMHUYECKOro noTteHuuana [ (a He umcaa V). Coor-
BETCTBEHHO pOJb T[aMHJIbTOHHAHA CHCTEMBl HIPaeT PasHOCTh H’:ﬁ—pN (7,1).
Ilpr 5TOM KOHJEHCATHas yacTh YP-0Nepatopa OT BPeMeHH He 3aBHCHT.

%) Popmyna (31,7) otseuaer popmyse (8,7). Muoxurenr 1/2 OTCYTCTBYyeT Te-
Neph B CBA3H € GECCNHHOBOCTbIO uacTHU., O6GpaTHM BHHMaHHE Ha JDYrofi 3Hak
NepefeBTOPHIM uJeHOM B (31,7) mo cpaseHuio ¢ (8,7).
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= E,(N-1), Haxonum mostoMy, 410 ’
En(N+1D)—E,(N)—p= E,(N+1)—E,(N+1)=¢,(N+1) >0,
En(N—1)—Ey(N)+p = E,(N—1)—E,(N—1) =g, (N—1) > 0.

Ho pnobGaBieHde HJIH ViajJeHHe OXHOH YACTHIBR MEHSET CBOHCTBA
CHCTeMbI JIHIIb B YJEHAX OTHOCHTEJBHOTO mnopsika ~1/N; pas
MAKPOCKOIHUYECKOH CHCTEMBl 3TH UWIEHBI NPeHeGpeRKHMO MaJbl, TaK
YTO 3HEprud Bo3OY:KieHus &, (N-£1) ciaepyer cunTaTth coBnajgarwo-
mWUMH JApYyr ¢ Apyrom H ¢ g, (N). TakuMm o6paszom, oKOHuaTe/bHO
HaXOJQHM

Amém( _pm') Bmém( _I"pm
G (('0’ p) = (23-[)3 Z{ m—e,5+i0 - m+e:-~10 )} . (31’8)

m

Tem ke cmocoGoM, Kak OblIO moJayueHo (8,14), orcioga Jerko
HafiTH, 4TO AJs Go3e-CHCTEM MHHMast 4acThb GyHkuMH I'pHHa Bcerpa
OTpHILATENbHA:

Im G (o, p) <O0. (31,9

AcuMnroTuyeckdii Buj (yHKIMH ['pHHA npH @ — 00 OCTaeTCs
TEM K€, YTO H B cJyyae (epMH-CHCTEM:

G (o, p)— /o npH |o]— o (31,10)
(cp. (8,15)). Ilpu ero BriBOJE cJ/eAyeT yuecTb NPABHJIO KOMMYTAIMHU
Yt i) ¥ (t, r)— ¥ (¢, 1) ¥, 1) =06 (r,—ry),

B KOTODOM CTOHT Telepb KOMMYyTaTop omneparopoB ¥ u W+ Bmecto
aHTHKOMMYTaTopal).

JaJsee, TakHe ke pacCyKAeHHs, 4TO H B § 8, mpuBOZAT K ocC-
HOBHOMY pe3yJbTary O TOM, 4TO NOJIOCH GYHKUMH ['puHa ompe-
JIEJISIIOT CHEKTP 3JieMeHTapHLIX BO30YXKIeHHI

G-1(e, p)=0, 31,11)

IpHYeM CJefyeT Gpath TOJbKO INOJNOXKHTeNbHbIC KODHH 3TOrO ypaB-
HeHHs; B OTJHuHe oT (8,16), BbiuMTAaTh U M3 € 3JeCb He TpeGyeTcs.
B6su3u csoero nousoca GyHKUHS 'pMHA uMeeT BHJ

VA

4+ .
FER Z,>0, Z_<0 (31,12)
3HaK BblYeTa B IOJIOCE COBNAaJadeT CO 3HAKOM @, KaK 3TO CJaeayer
H3 MOJIOKHTENBHOCTH KoaddHuuueHra A,, B, B (31,8) (Bennunna xe
BLIUETA He OrpaHHYeHAa HHUKAKHMH YCJOBHSIMH, HNOJOGHLIMH, Ha-
npuMep, ycjopuio (10,4) B cayuae Qepmu-cucrem). Hcemonbsys

G (0, p=

1) Tor dakT, uto B onpenenennn G BHeseHa KOHJEHCATHAs yacTh 1-OlepaTo-
pOB, 3lleCh HecyIlecTBeH: NMOCTOSHHOMY uJedny —iny B (31,3) B HMIYJIBCHOM mpea-
cTaBJeHHH oTBedaer O-pyHkuus § (w) O (p), He oTpaxamwlascs Ha (31,10).
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Bripaxenue (31,12), merko yGenutncs. (mogoGHO TOMY, KaK 3To OBLIO
cpenaHo B § 8), uro HepaBeHcTBO (31,9) aBTOMaTHUecKH oGecreuH-
BaeT IOJIOXKHUTeNbHOCTE KO3(MpHI[HeHTa 3aTyXaHHS KBa3HYaCTHIL,
T. €. HyXHH#H 3HaK —Ime >0, Koria sHaueHHA & CIBHTAIOTCS B
KOMIIJIEKCHYIO 06J1aCTh.

BoaMoxHocTh Nepexofa HAaAKOHIEHCATHHIX YaCTHII B KOHJeHCAT
H 00paTHO NPUBOAHT K TOMYy, YTO B MaTeMaTHUECKOM ammapare
¢yHkuni I'puna ans Gose-cHcreM Hapapy ¢ ¢yukuueit (31,1) aBro-
MaTHYeCKH MOSABJAIOTCA (KaK Mbl yBHAHM B § 33) Takike H QyHKLHH

iF (X, X =<N—2|T¥" (X) ¥ (X)) | N>, (31,13)
iF¥(Xg, X)) =<N|T+ (X) ¥+ (X)|N—2>=
=(N+2|T¥+ (X) ¥+ (X)|IN>, (31,14

rje MaTpPHUHBIA 3JeMeHT Oepercsi MJsi NepPeXof0B C H3MeHeHHEM
MOJIHOTO YHCJAa YaCTHI[ B CHCTeMe, a CHMBOJ | N > 03HauaeT OCHOB-
HOE COCTOfHHMe CHCTeMbl ¢ N YacTHuamH (NocJiefHee pPaBEHCTBO
B (31,14) cnpaBefiMBO ¢ TOYHOCTBIO AO BeJHUHH ~ 1/N-—cp. npHu-
MeuaHHe Ha crp. 130). Onpenenennrie TakuM o6pasoM (yHKUHH F
U F* HaspBaloT anomassromu pyrxyusmu I'purna. TlokameMm, uTo
B OJHODOJHOH M HeMOABHIKHOHN KHUAKOCTH ¢yHKUUH F U F* coBna-
JaioT ApYr ¢ APYroM.

Kak v ¢yukuua G, ¢yurumn F u F* piaa ofHOpPOZHOH XHJ-
KOCTH 3aBHCAT TOJBKO OT pasHocTH X = X;— X,1). [1pn stoM, mo-
CKOJIBKY mnepecTaHoBka X; M X, MeHsfeT JHLIb NOPAJOK pacnoJo-
XKEHHs OIepaToOpoB B NPOH3BeJeHHH, KOTOPHIl BCe paBHO YCTaHAaB-
JIHBaeTCA oNepalyell XPOHOJOTH3ALHH, TO

F (X)=F (—X). (31,15)
Orcrona cregyer, KOHeYHO, YTO H B HMIYJbCHOM MNpeACTaBJEHHH
F —uerHasi ¢yHKIHS CBOEro aprymeHTra

F(P)=F (—P). (31,16)

[anee, onpejeneHHoe COOTHOLIeHHe Mexny F M F* BO3HHKaeT Kak
peayabTar cJelyIolero CBOHCTBa refiseHGeproBCKOro p-omepaTtopa

1) HesaBucuMocTe ¢yHKUHH F OT cyMMH BpeMeH fy-}{, CBsI3aHa c TeM, 4TO

B Ompenenenue raMuabTonHana H' = H — pN BKJIIOYEH 4JeH ——p,N TeM caMEIM H3
PasHOCTH COGCTBEHHBIX 3HaUYeHHIl 3HEPTHH CHCTEM C PasJIHUHBIMH UHCJIaMH YacTHLL
HCKJIIOYEH 4JIeH

E(N+2)—E (N) ~ 20E/oN =2y,

a H3 MATPHUYHBIX 3JIEMEHTOB onepa'ropa ‘1"1 ‘Fz COOTBETCTBEHHO HCKJIOYEH MHOXH-
Tens exp [—ip (t1-+1y)].
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HENOJABHKHON XKHAKOCTH 1):
¢, =0 (—¢t, —r1). (31,17)
ITonaras, ckamxewm, £, > f;, HMeeM HO3TOMY
iF+ (X, X)=<N+2|¥+ (Xy) P+ (X)|N>=
NP (X)) T (XD [N +2> =
=N (=X) ¥ (—X) [ N+2>=iF (—X,,—X,),

wid F* (X)=F (—X). C yuerom (31,15) orciofa cireayer HCKomoe
pPaBeHCTBO
* (X)=F (X). (31,18)

BripasuB ¢ynkuuio F (X) uepes MaTpHYHBlE 3JIEMEHTH Y-omepa-
TOPOB, MOXKHO MOJYYHTb AJA F (@, p) DPaslokeHHE, aHaJOTHUHOe
pasioxenuio (31,8), H TeM caMbiM BHIICHHTH BONPOC O MOJIOCAX
3To#l (GYHKUHH; Mbl He GyleM OCTaHAaBJMBATbCA 3/1eCb Ha 3ITOM.
VkaxeM JHb, YTO Mo/iockl GyHKuud F (®, p) COBNAJAIOT C NOJIO-
camu ¢ynkuun G (o, p).

B 3akJmoueHuHe 3Ttoro naparpada BeMHCAMM QyHKIHMIO I'puHa
naeasbHoro Gose-rasa GY¥. 3aMeTHM MNpexje BCEro, YTO MOCKOJbLKY
B OCHOBHOM COCTOSIHHH TAaKOTO rasa BCe YacTHIlbl HaXOAATCHA B KOH-

JeHcaTe, TO HaJKOHJEHCATHBIH onepaTop yHHUTOXeHus yactun ¥’ npu
BO3JeHCTBHUY Ha BOJIHOBYIO (YHKIHIO OCHOBHOTO COCTOSIHHSI obpa-
umaer ee B Hyab. ITostomy oynkuua G©(f, r) oTvIHYHA OT HYJA

1) B HeM MOXHO YOelHTbCH CJIe/ylOmHM o6pasom. Bce orinunble 0T Hyas
MaTpHUYHble 3/1eMEHThl ONepaTopoB ap, a; MOryt ObiTh ONpeieseHHl KaK Bellect-
BeHHbIE Bequmm (cM. III (64,7—8)); B 5TOM CMbic/Ie ©nepaTophl BelllecTBEHHbI,

T. €. ap _ap-ap. I'IoaTomy WPeIHHIepOBCKH I P-onepaTop

PO =V 1“’Zae

o6nagaeT CBOHCTBOM ’lTJ"‘ (r)={[;(—r). Orciofa, B CBOIO OuYepenb, CJelyeT paBeH-
ctBo (31,17) mas reisen6eproBCKOro omnepartopa

W (¢, r)=exp (A (r) exp (—iH1),
B ueM JIerko yOeZHTbcs, 3aMeTHB, YTo (/s CHCTEMEl 6€3 CIHHOBHX B3aMMojefct-

BHH) [aMHJBTOHHAH H pemecTsen (TaK uTO H+=H), aB CHJTYy H30TPONHH CHC-
Temn H (—r)= =H (r). ITogueprHeM, OJHAKO, YTO BELIECTBEHHOCTb TaMHJIbTOHHaHa
NOZpasyMesaeT OTCYTCTBHE B KHIKOCTH MaKPOCKOIHYECKOTO CBEPXTEKYYero KBH-
x)enus. [las Gose-CHCTeMBl ¢ KOHJEHCATOM IaMHJBTOHHAH 3aBHCHT OT MakKpOCKo-
[THYECKOro napaMeTpa — KOHJeHcaTHOfl BojHOBOH ¢yHKuMn E. B mBHXKYllefcs
KHAKOCTH 3TOT IapaMeTp KOMILJIEKCEH, a C HHM KOMILIEKceH (HO, pasymeercs,
SDMHTOB) H TaMHJbTOHHAH,
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TOMbKO MpH ¢=1¢;—¢, >0 (korpa, cornacko (31,2), nepsbiM Jefi-
CTBYET OMmepaTop pOXKJeHUSA gy,

Xotsi AJA HJAEaJbHOrO ra3a XUMHYECKHH MOTeHUHas =0, Mbl
He OyJleM moJiarath sJAecCh 3TOr0, pacCMaTpHBas [ KakK He OIpeje-
JIEHHBI!l 3apaHee CBOGOJHHIH MapaMeTp; 3TO HEOGXOAMUMO JJIsl Najb-
Hedlero npuMeHeHHs (GYHKIUH G® B aHarpaMMHON TeXHHKe /s
NPOU3BOJLHOH XHIKOCTH, I'fle | HrpaeT poJb HMMEHHO TaKOI'o Ia-

pamerpa. CooTBeTcTBeHHO 3TOMY, onepartop Wi (¢, r) 6yaeM mucaThb

B BHje
, ' p?
Yt r)=—= lé;oa,,exp [t(pr—gﬂ;t—l-uf)} (31,19)

(otauyatomuMes oT (26,1) unenoM iuf B mokasaTtessix 3KCIOHEHT).
Ilpu mnoactaBke 3TOro BeipaXKeHHs B onpejenenue GO corsacuo
(31,2), sameyaeM, 4YTO NPH YCPEAHEHHH (T. €. B3ATHH JHATOHAJb-
HOro MaTPUYHOTO 3JeMeHTa) MoryT JlaTb OTJIMYHLIH OT HYJs pe-
3yJbTaT JHMIIb NPOM3BENEHHS @pdy M O dp; HO NOCKOJIPKY B OC-
HOBHOM COCTOSIHMH rasa 4YucJa 3aloJHeHHs BceX COCTOSIHHE 4acTHII
¢ ps=0 paBHH HyJO, TO

<apap>=0, <apap>=1.

Ilepefins 3aTeM OGLIYHBIM O6pPa3oOM OT CYMMHDOBaHHA MO P K HHTe-
IpHPOBAHHIO, MOJYYUM

(——iSexp [——i—’i—l—iuz’—l—ipr] . npu >0

GO (¢, r) =4 2m (2m)? T (31,20)
0 mpu ¢<O.

Orciona 1715 QyHKuMH I'pHHA B MMIYJBCHOM MPEACTABJECHHH HMeeM

-]

GO (0, p)= ——iSexp (—ig”ﬂ; t 4 iut—l—icot) dt.
0

HuTerpupoBanne OCyIIeCTBJSIETCS! € MOMOILIBIO (HOPMY.JILL
w

Se"“’dz‘= ailo (31,21)
0

(B MOABIHTErPajbHOE BbIPAXKEHHE BBOAHTCSH MHONKUTENb e~ ¢ A > 0,
IocJie Yero mepexoAuM K npeneay A — 0). OkoHuyaTeJbHO

GO (0, p)= [(0 __5;’7;1_’_”_’_ iO] “1. (31,22)

Urto kacaercs QyHKIHU F, TO AJs HAeaJbHOro rasa FO (X)=0,
KaK 3TO OUeBHAHO M3 ompeneseHus (31,13), B KoTopom oba omepa-
TOp2 YHHYTOXKAIOT HAJKOHJAEHCATHHE vacTubl. [losToMy U B uM-
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nyJbCHOM HpeﬂCTaBJleHI’II/I
F® (@, p)=0. (31,23)

OTHM paBeHCTBOM BbIpaxkaetcs TOT (GaKT, YTO HAJAKOHIEHCATHbIE
yacTHIE nosABAAWTcA (nmpH 7'=0) TOJbKO B pe3y.abTare B3aHMO-
JefcTBHA.

3ana q‘a
Haiita dynxkuuio I'puHa GOHOHHOrO NOJsA, OMpeenseMylo Kak
D (X, X9 =D (X;—X,) = —i<Tp ' (X1)p'(X), (1)

e YrJaoBHe CKOGKH 03HAYAOT yCpeAlieHHe MO OCHOBHOMY COCTOSIHHIO moJisi; p’'—
oriepaTop NJOTHOCTH M3 (24,10), a xpoHosorHYecKoe NPOH3BEACHHE PACKPHIBAeTCA
no npasuay (31,2).

Demenue. Ilpu noacraHoske (24,10) B onpenenenne (1) sameuaem, uto
IOCKOJBKY B OCHOBHOM COCTOSIHHH BCE UHCJ/IA 3aNOJHeHHs (OHOHHBIX COCTOSTHHI
DaBHBl HYJIO, TO OTJIHUHbI OT HYJSl JIHWb CPEJHHe 3HaueHns <ccp>=1. Ilepeit-

Jis 3aTeM OT CYMMHPOBaHHS MO K K HHTErPHPOBAHHIO, NOJTYYHM

_ (PR ieFukny 9%k
b n= SZiu e @nt’
rje 3HAKH — H -} B IOKasaTese OTHOCHATCH COOTBETCTBEHHO K £ >0 m £ <0

(B muterpane uas ¢ < 0 mpousseieHo mepeoGosHaueHHe NEPEMEHHON HHTErPHpO-

Banus k — —k). [lozuurerpansHoe BhipakeHHe (6e3 MHOXHTENS ¢’¥T) ectn yaxe
KOMIOHeHTa (bypbe-pasioxenus ¢yHkuun D (¢, r) no Koopauxatam. Pagnaras
T4K M€ H [0 BPEMeHH, NOJyYHM I'DHHOBCKYIO QYHKLUHIO B HMIYJIBCHOM IpeiCTaB-
JICHHH ’

® 0

D((D, k)= _2%% {S e[ (w—-uk)t dl(_l_ Sef (0+uk)t dtl )
0 -

@

Hnterpupobanne OCYIIECTBISETCS ¢ NOMOIIbio dopmyant (31,21):

D(m,k)__-pk[ 1 1 ]= ph? .

2u |o—uk+i0 ot uk—i0 0 —uPk? - i0

§ 32. luarpammHasi TeXHHKa JJs 603e-XKHLKOCTH

JaabHélIlee NMOCTPOEHHE AUATPaMMHOH TeXHHKH JJIs1 BHIYHCJe-
s Qyskumil [puna Go3e-CHCTEMbI NPOU3BOJHUTCS MOJOGHO TOMY,
KaK 3To O6buio cuenano B §§ 12—13 nna depmu-cucrem. Kak o
TaM, cGOpMysaHpyeM mpaBHJa 3TOH TEXHHKH JJs CHCTEM C NapHLIM
B3anMOJEHCTBHEM MEXAY YacTHIIAMH, OIIUCHIBAIOIIHUMCS ONEePaTOPOM

V@)= T ) ¢, ) U =) F 1) T (¢ 1) dxy s
(32,1)
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Crnenuduka 603e-KUAKOCTEH € KOHIEHCATOM COCTOHT Mpexe
BCEro B TOM, YTO Bce Teifi3eHOGePrOBCKHe P-0MepaTophl AOJKHbI GBITh
IpeACTaBJIeHEl B BHJE ¥ =9'1 8, rae ¥'—ero HagkoHJeHCATHAS
YacTh, a & — KOHJeHCaTHAsl BOJHOBasi (MYHKUHs, NpeACTaBsOIAs
co6ofl (N1 HEMOABHKHOH KHAKOCTH) MPOCTO BeleCTBEHHOE
uneao Vn,1). Iocae takoi moxcranosku omepatop (32,1) pacna-
JaeTcsl Ha psij 4JIEHOB, COJEPKAIHMX OT YeThipexX A0 HYJs onepa-
TopoB ¥’ (BMecTe ¢ COOTBETCTBYIOMIMM JOMOJNHHTEJNbHBIM YHCJIOM

MHOXuTeNel ) 1,).

Bce ckasaHHoe B § 12 o mepexofe K NpeJCTaBJEHHIO B3aHMO-
JIeHcTBHA OCTaeTcd MOJHOCTBIO B CHJje, a jaJibHefilliee PACKPLITHE
NOJYYAIOLIUXCSl BhIpaXKeHUH OCYIIECTB/AETCA C TOMOILLBIO TEOPEMbI
Buka (c TeM JmIb OTJIMYHEM, UTO INepecTaHOBKA 1p-OME€PATOPOB B
YCPEAHAEMOM TPOM3BEAeHUH He TpeGyeT Tenepb H3MeHEHHs 3HAKa).
Pa3noo6pasye 4YieHOB, HA KOTOpBe pacnajaercss omepatop (32,1),
NPUBOAUT, OfHAKO, K TMOSIBJEHHIO HOBBIX 3JIEMEHTOB B (peiHMaHOB-
CKHX jauarpamMmax. Onumem 3TH 3JeMeHTHl cpa3y B OKOHYaTe/b-
HOM, HMITYJbCHOM IIpejCTaBJEHHH.

B kaxnofi BepluuHe [HarpaMmbl IO-TIPEeXHEMY CXOAATCA TPH
JUHUHU: TYHKTHpPHAS JHHHSA (KOTOPOH COMOCTABJASAETCS MHOXKHTEJNb
— iU (Q) ¢ 4-umnyascom Q=1(q,, q)) ¥ JABe JHHHH YaCTHL-—OLHA
BXoAsAuAas ¥ ojHa Bbixoisamlad. Ho mpu 3TOM Hajo pasauyarhb
KOHJEHCATHEE M HaJKOHJeHCaTHble 4YacTHIb. CHJOWHBE JHHUH
6YLyT OTBeYaThb TeNepb HAJIKOHAEHCATHBIM YAaCTHLAM, H TAKOH JUHHH
(c 4-uMnynscoM P =(w, p)) NO-peXHEMY OTBEYaeT MHOXKHTE/b
iG(P). JluHuy e KOHJEHCATHBIX 4acTHL OyAeM H306paxkaTh BOJ-
HUCTBIMH; 3THM JHMHHSAM NpUNHUChBaeTcss 4-umnyabe P =0, u uM
comocTaBseTcss MHOXUTeab V/ n,?). TakuM 06pa3oM, BO3HHKAIOT
BEPUIMHBI YeThIpeX BHAOB:

YoON RS

Q—-
\Ql_—-
\Q:-—-
Q-

(BepmIMHBI ¢ ONHONH WJH ABYMS BOJHHCTHIMH JHHHAMH Ha3bIBalOT
HenoAnoimu). B Kakpoll BeplIMHe JOJKEH BbLIIOJHATLCA «3aKOH

1) IMoauepkHeM, YTO NMOCKOJBKY 5Ta BeJMUYMHA BO3HMKAeT OT pasjieleHUs] Ha
4acTH TOYHOTO (reii3eHGeproBCKOTO) -omepaTopa, TO 71p— TOYHOE 3HaueHHe ILJIOT-
HOCTH KOHJeHcaTa B KUAKOCTH (npu T =0).

2) Tounee, BXOAAlNEH B BEePIIHHY BOJHHCTOH JIMHHHM JOJKEH COMOCTaBJATHCS

=

MHOXKHTEIb E, a BHXOAslLEeH —MHOXHTeNb E£% BBULY BELIECTBEHHOCTH I 3TH
MHOXHTeNH (aKTHYECKH OJHHAKOBH,
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coxpaHeHust 4-HMIYJbCa»; NMO3TOMY B BepllHHAX 0 H 6 4-HMIYJbC
NYHKTHpa CcOBHajaeT ¢ 4-UMOYJbCOM CIJIONIHOH JHHHH, a B Bep-
IIHHE & OH paBeH Hymo). BoJHHCTEIE JHHHHM Bcerja SBJSIOTCA
BHEUIHHMH JHHHAMH JHarpaMmel, T.e. IPUCOEAHHEHH K HeH JIHIIb
OJIHMM H3 CBOHX KOHIIOB, BTOPOH ke KOHeIl[ ocTaeTcsi CBOGOJHLIM.

Kaxpaa auarpaMma, Bxojsmasi B onpejaejienue GyHkuuu I'puHa
G (P), uMeeT jBe CIJIOIIHLIE BHEIIHHE JHHHH C 4-HMOYyJabcamMH P
(BXOAAIMYIO H BHIXOASILYIO), a CBEPX TOTO MOXET HMETb HEKOTOpOe
(1eTHOE) YHCJIO BOJIHHCTHIX BHEIIHHX JIHHHH; MOJIHBIE YHCJIA BXOHfA-
IMX H BBIXOASIIHX BHEUIHHX KOHIIOB BO BCAKOH jaHarpaMee OjH-
HAKOBHI (YeM BHIpaXkaeTcsi COXPaHeHHe MOJHOrO YHCJIAa YacTHIL
B CHCTeMe —KOHJEHCaTHHIX BMecTe C HaJKOHJAeHCAaTHLIMH). Kak u
AJs GhepMH-CHCTEMB (H MO TOH Xe MmpHYHHe —cM. § 13), nonmycTHMEI
TOJIbKO JHarpaMmbl, He pacnajawomuecss Ha jBe (HJH Gosee) He
CBfI3aHHBIE JPYT C JApyroM uactd. B oTauuue or cayyas depmu-
CHCTEM, MeHsieTCs, OJHAaKo, NpaBHJIO, OMNpejeJsiomee OOIHHA 3HAK,
C KOTOpPHIM JHarpaMMbl BXoafiT B i{(G: Bce JHarpaMMbl BXOJAT
C OJMHAKOBBIMH 3HAKaMH (T. e. yCTpaHseTcd yKasaHHoe Ha ctp. 70
npasuio 3).

Kaxpas H3 DYHKTHPHBIX JIMHHH B JUarpaMMe HMeeT Ha CBOHX
JABYX KOHIIAX MOJIHYIO HJH He[OJHYIO BEpIIHHY. DTO He MOryT,
ofHakKo, GBITh [Be BepIIMHEI THma (32,2r): He HMes HH oaxoro
CIJIOITHOTO KOHIA, Takasi (Gurypa BooOlEe He MOXKeT 6HITb MpH-
coejuHeHa K guarpamMe ¢yHKIUH ['pHHA. DTO He MOTYT GBITh TaKXKe
BepuiHHbl THHIOB (32,2r) u (32,2B) (Mau (32,2r) u (32,26)): npu Ha-
JMYHY TPeX BOJHHCTHIX KOHLOB COXPaHeHHe 4-HMIyJibca B BepUIHHAX
npuBeJio 6Bl B TaKoll (Gurype kK oGpallieHHIO B HYJb TaKXe H 4-HM-
nyJabca YeTBEPTOTO KOHLA, T. €. MBI NPHILIIH OBl K GUrype cO BCeMH
YeTBIPbMS KOHJEHCATHLIMH (BOJIHUCTBIMH) KOHIIAMH.

3HayuTesbHOE UHCJAO JAHArpaMM B KaXAoM MOpsAKe TeopHH
BO3MYINEHUH, MOCTPOEHHHIX IO ONHCAHHBIM NpPaBHJAM, OJHAKO,
TOXJECTBEHHO ofpalaercsi B HYJb. [IpHUHHON 3TOro HCYE3HOBEHHS
SIBJISIETCA OTCYTCTBHE HAJKOHAEHCATHBIX YACTUI B OCHOBHOM COCTQ-
sIHMYM HJIeaJsbHOTO 603e-rasza. 310 B 0COGEHHOCTH SICHO BHJIHO, €CJH
NPOC/IEAUTh 32 MPOMCXOXKIEHHEM JHAIpaMM B KOODIMHATHOM Mpes-
CTaBJIEHUH: PAaBHBI HYJIO BCE CBEPTKH BHIA <}If’+‘lf >, B KOTOPBIX
ornepaTop YHUUTOXKEHHS HAJKOHJIEHCATHEIX YaCTHI[ CTOUT CIPaBa H
IeACTBYeT Ha OCHOBHOE COCTOSIHHE MEePBBIM; OCTAOTCA TOJIbLKO
cBepTKH BHpa <W'W'*>1).

Tak ofpamamTcss B HYJb JAHarpaMMbl C «3aMKHYTOH Ha ce6s»
CHAJIOIHHOI?I R JHHHeHA: Takad JIMHHS  BO3HMKaeT OT CBepTKH
W'+ (¢, r) ¥’ (¢, r)>, npeacraBisiomeil NJIOTHOCTb HAaJKOHIEHCATHBIX

1) Tlo awmanoruysoli mpHYMHe OGpallajMCk B HYJb HEKOTOPHE IHArpaMMbl
LA paccesiHHS ABYX 4acTHI, B Bakyyme—cp. § 16,
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yactun. [aJjee, paBHBI HYJIO JAHArpaMMbl, COJepKallHe CIJIOIIHYIO
JHHHIO, 3aMKHYTYIO HYHKTHPOM:

Takas auEHsT Bo3HHKaer oT ceeprku <W'* (¢, r,) V' (¢, r)> mByx
p-0nepaTopoB BHYTPH OJHOTO H TOTO XK€ ONepaTopa B3auMOAeHCT-
Bus1 V (¢), B xoropom ¥'* crosar caesa or W'.

Hakonern, paBHbl HyJI0 BCe QnarpaMMbl, B KOTOPBIX MOXHO MpoO-
BECTH 3aMKHYTBIH KOHTYD II0 HEKOTOPOH [10C/IeloBATENbHOCTH
CIVIOWIHBIX ¥ IYHKTHPHBIX JWHUHA TaK, UTO HAMPABAEHUS CIJIOIIHAIX
JHHHH BJOJb BCErO KOHTYpa OJHHAKOBLL. }]306pasuM KOHTYp Takoro
poja, yKasaB y TOYeK Ha KOHIAX JHHHH BPEeMEHHLE apryMeHTHl
P-onepaTopoB:

8t
t‘} . s I

Nfcrrmesem i

& i

ApryMenTsl Ha KOHLAX KakIOTO IYHKTHPA OXMHAKOBH ). Apry-
MEHTBI K€ QYHKIHA G, OTBeUYAOWHX CIJIOWIHBIM JHHHSAN, PaBHbI
pasnoctsm t,—t,, t,—t,, t,—t,, t,—1t,; ANA mOGOTO 3aMKHYTOTrO
KOHTypa HX cyMMa 6yJeT paBHA HYJIO, TaK YTO XOTH Obl OJHH H3
HHX OTpHUATeJeH H COOTBETCTBYIomAs OQyHKuusa G obpatuTcs
B HYJb.

Onucannpie npaBu/ia OTHOCATCS W K AHArPAMMaM, OIlpejeJsiio-
UM aHoManbHyl ¢yHruuio [puxa, ¢ Tofd JHIIb pas3uuued, yTo
06e CIJIOIIHBIE BHEIIHHE JIHHUH JOJUKHBI ObITh BBIXOJSHIHMH {1
¢yHkunu F) nam obe Bxoasmumu (pas ¢ynxkuun F*). CooTBercr-
BEHHO CTAHOBATCA HEOJMHAKOBBLIMH B 3THX JAMarpaMMax YHCJ4 BXO-
ASAWKX M BBIXOAAIIUMX BOJIHHCTHIX JHHUH —TaK, 4TO6LI 0bLIee YHCJIO
BCeX BLIXOJSIIUUX JIHHHK OCTAJIOCh PaBHBIM OGLEMY UHCY BXONSMIUX.
OnHoit W3 BHEWIHUX CIIONIHBIX JHHHH NIPHIICHIBAETCA 4-HMIYJIhC P,
a Apyro#—4-umnynbc—P (rge P—aprymMeHT HMCKOMOH §yHKIHH
F(P) unu F* (P))?); cymMa 4-UMDYJbCOB 06€MX STHX JHHHI J0JKHA
OBITH PaBHa HYJIO B CHJY «33KOHA COXPaHEHHs 4-MMIy/bcay, NMpHU-
MECHEHHOrO K AHAarpaMMe B IEJOM.

Boluncsiennsie mo pmarpammuoil texumke ¢ymkuuu I'pura co-
AePXKAT JBa IapaMeTpa-— XHMHYeCKHH MOTEHLHAJ W H [JOTHOCTH
KOHJeHCaTa #,;, 3TH IapaMeTPhl HAaJ0 elle CBsI3aThb € NJIOTHOCTBIO

1) HanoMuHM, 4T0 B IPOCTPaHCTBEHHO-BPEMEHHOM NPeACTABJeHHH JHarpamm
NYHBKTHPHOH JIHHHE MeXK1Y TOYKaMH | ¥ 2 CONOCTAaBAALTC MEOMKHATEND iU (X1—X,),
copeprauit d-gynkunio 8 (4,—¢f,).

%) Iockoarky F—uetHas GyHKUHA CBOEro apryMenTa, TO BhiGop ofumero
3HaKa P ajech HecyllecTBeH.
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KpnKkoctH n=N/V. Onso cOOTHOIIEHHe MeXLY STHMH TPeMs BeJH-
yuHaMH jaet ¢opmyna (31,6), crepymolass HENOCPENCTBEHHO U3
onpepenenua ¢yuknuu I'puna. B KayectBe BTOPOTO COOTHOWICHHS
MOJKHO IOJIb30BaThCsl NMOJYYEHHHIM HHKe ypaBHeHueM (33,11), sABHO
BHIDAXKAWOIIUM W B TepMHMHAxX MOHATHH JMarpaMMHOH TeXHHKH.

§ 33. CoGcTBeHHO-3HepreTHIeCKHEe DYHKIMH

H3ayuum Gonee mnonpoGHO CTPYKTYPY AHarpamm Anas GyHKIHH
I'puHa, BBeisi B PACCMOTPEHME TOHSTHE O COOCMEEHHO-3Hepeemu4eckotl
(hynkyuu nogoGHO TOMY, Kak 3T0 GbLIO cienaHo B § 14 s depmu-
CHCTEM: IIYTEM PACCMOTPEHHsI COBOKYIHOCTH BCeX AMarpamM (C AByMs
BHEUIHUMH CIJIOIIHBIME JHHHSMH), KOTOpble He MOTYT OHITb pacce-
YeHBl Ha JiBe YacTH nepeceyeHHeM JIMIUb OAHON CIJIOUIHOH JIHHHH.
B ortauuve ot § 14, omHako, Temepb BO3HHKAKT pas3/jiuyHble BO3-
MOKHOCTH B CMBICJIe HamNpaBJeHHs BHEIIHHX JHHHH JAHarpaMm:
HapgAy C AMArpaMMaMH ¢ OJHOH BXOAsIUEH M OfHOH BHIXOAsLIeH
JHHHEH CYIIECTBYIOT AMarpaMMbl ¢ IBYMS BBIXOASAIIMMH HJIH JBYMS
BXOAAIMMH JIHHHUAMH. COOTBETCTBEHHO 3TOMY, BO3HHMKAIOT coOCT-
BCHHO-3HEepreTHYeCKHE YacTH TPeX pPOJAOB:

L%y 25y

1%,
=0 0 703 (33,1)

(B 3THX o0603HaYeHMAX MNEePBBIH HHAEKC y X YKa3kBaeT YHCJIO
BXOJAIIMX, & BTOPOU-—UHCAO BHIXOASLIHX BHEIIHUX CIJIOLIHEIX
JuHui). Hapsnay co cnjOHBIMH BHEINHHUMH JHHUSAMH cOGCTBEHHO-
SHepreTHYecKHe JMarpaMMEl MMelOT, BOOOLIe TOBOPsi, TaKke H BOJ-
HiCThie (KOHAEHCATHbIE) CBOGOAHbIE KOHIE. JTH KOHIBI BRKJOYAIOTCS
B OmnpefeJieHHe cOGCTBeHHO-SHEPTETHYECKOH (YHKIMH, H306parkeH-
HOH 3Jechb KpPYKKOM. Mbl yBuauM Huxke, 4To QyHRUMH 3, (P) u
2,0 (P) darTHYeCKH COBIALAIOT

Zos (P) =2y (P). (33,2)

Cpasy ke OTMETHM TaK#e, 4TO NOCKOJbKY P U — P BXOHAT B OI-

peneseHue 3THX (PYHKIHMH CHMMETPHYHEIM 06pa3oM, OHH YETHBI MO
CBOEMY aprymeHTty:

- Zgy (P)=Zy, (— P). (33,3)

[IpuBesemM MJf WJUIOCTPALMM BCE OTJHYHBIE OT HYJS JUarpamMbl

GYHKUUA 2y B %y, B ABYX NePBLIX NMOPAAKAX TEOPUU BO3MYILEHHH

70+ =‘—'§"§—+ZE: +W“FT+“T_'_1: (33,4)
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CocTaBHM Tenepb YpaBHEHHs, Bblpaxkalou#e TOUHbe QyHKIHH G
H F uepe3 coGcTBeHHO-3HEPreTHYECKHe (DYHKIHH.

B TepMHHax TeOPHH Bo3MyileHuii pasHocte G (P)—G'” (P) BHI-
paxaercsi cyMMOHl GeCKOHEUHOTO YMcJa AMarpaMM—LeNoYeK BHAA

L QL
|

COCTOAIIMX H3 Pa3JHYHBIX YHCEJ KDPYKKOB, COEIMHEHHBIX BCEMH
BO3MOKHBIMH CIIOCOGaMH CTPeJNIKaMH IIPSIMOro H 06PaTHOro (1o cpas-
HEHHIO C JBYMA KpaHHUMU) HanpabJeHH{l, AHAJOTHYHLIM 06pa3oM,
TouHaa ¢yHkuua F (pyskuus F© =0) usofpasurcsi cyMMoH Leno-
uyeK, B KOTOPHIX JBé KpaiiHHe CTpeJKH HMEIOT MPOTHBOIOJIOXKHEIE
HanpaBJeHHS:

L OO O
!
|

Ecin orTceub BO BceX I3THX LEMOYKax KpaliHee 3BeHO (KPYXOK
BMeCTe CO CTPeNKOH) KaK NMOKa3aHO BEPTUKAJLHBEIM NMYHKTHPOM, TO
COBOKYIHOCTb OCTABIUIHXCS JAMArpaMM C OJMHAKOBLIMH Hampa.Jie-
HHSIMH KpaHHHX CTPEJIOK CHOBA 6yJIeT COBNaAaTh ¢ TOYHOH pyHkuui G,
a COBOKYNHOCTb JHAarpamMM C MPOTHBOMNOJIOXHLIMH HallpaBJieHHAMH
KpafiHUX CTPEeJOK—C TouHOH ¢yHKuuei F.

BeegeM rpaduueckoe oGo3HaueHue 3ITHX OGYHKUHH KHUPHLEIMH
OJlHO- U JBYCTOPOHHHMH CTpEJKaMH

iF(r) iF¥(p) (33,6)
P -F P <P

s
4

Torpa cprenaHHble YTBEPXKAEHUA 3anuILyTCcs B BHAE rpa(pnqecxnx
PaBEHCTB, COCTaBJEHHBIX H3 CKEJIETHBIX AHarpamm:

P PP P PP

LS S AN A g WA
(33,7)

= 57Ot O07

(cp. anajsoruyHoe ypapHeHue (14,4)). B aHanMTHYECKOM BHAE 3TH
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paBeHCTBA JAOT?!)
G (P)'_‘[l 'I‘En (P)G (P)'I‘Ezo (P)F(P)] G (P)’ (33 8)
F(P)=G" (—P)[Z;(—P)F (P)+ 2y, (P) G (P)]- ’

PewB 5TH ypaBHeHHs OTHocHTesbHO G M F ¥ MOACTaBUB BbIpa-
xkenue (31,22) pas G'%, moayyuM HCKOMBIE (GOPMYJIbI

G(P) =7 [0+ L—r+3u(=P)], FP)=—73u@), (39)

rjue
D=[202 (P)]a_' \ .
—[EH(P)—-w—iO%—Qp—m—u][211(—P)+w+i0+-2”7n—u]. (33,10)

TlopuepkueM, 9TO 3TH COOTHOWIEHMS He 3aBHCAT OT BHYTpeHHeH
CTPYKTYpbl COGCTBEHHO-3HEPreTHYeCKHX (QYHKIHHA, a MOTOMY He
CBSI3aHBl H C MPEINOJNOXKEHNEM O NMaPHOCTH B3aHMOACHCTBUH MEXIY
YacTHUIAMH, TAK YTO OHH BEPHBI AJs JIOO0H G03e-XKHIKOCTH.

DHeprusi sJeMeHTAPHBIX BO3OYXKACHHH B XKHJIKOCTH B 3aBHCH-
MOCTH OT HMMIYJbca p omnpefensercs momocamu GyHknud G U F no
OTHOLIEHHI0O K mnepemeHHOH . Ilpw Manbix p 3TH BO36YXKAEHHS
ABJSAIOTCA (OHOHAMH H HX SHEPIHs CTPeMHTCS K HYJIO BMECTe C P.
Tostomy ¢yukuus (33,10) mo/mkHa obpauiarbesi B HYJb mpH p=0,
o =0. Otcioga HaX0AUM PaBEHCTBO

. [Z41 (0)—p]r=2% (0).

Kak ypaBHeHMe IO OTHOIHNEHHIO K W, OHO HMEeT ABa KOPHs, H3
KOTOPBIX JOJKeH ObITb BhIOpaH

=2y (0)— 2 (0). (33,11)

JefictBuTe/IbHO, B JAMHHOBOJHOBOM Tpefiese p-OmepaTop Aaercs
BbIpaXKEHHEM (27,2) H_€ro HajKOHAEHCATHAs YacThb ‘P"::‘P'——Vnoz
~iVn,®, tak uro ¥'+=—V’ u satem F ~—G; nocieanee pa-
BEHCTBO BHINMOJHSIETCA MMEHHO NpH BeiGope (33,11), xorga yuciau-
teqn B (33,9) (B mpemene P —0) OTIHYAIOTCA TOJBKO 3HAKOM.
PasencrBo (33,11) u ectb TO BTOpPOE COOTHOILEHHE (CM. KOHeI
§ 32), xoropoe BMecTe ¢ cooTHouleHHeM (31,6) naeT BO3MOXHOCTb
BHIPA3UTh NMapaMeTpul [ H 7, YEpe3 IJOTHOCTb JKHAKOCTH fl.
Hanpueiinee passoxenue BoipakeHHs (33,10) B psag mo o u p
onpefenaser BHA (yHKOMH I'pHHa B 06J1aCTH MaJblX 3HayeHHH HX
aprymenrtoB. Tlpu 3ToM Hajo yuecThb, UTO CKaJsgpHbE GYHKIHH Z,,

1) AHaJIOTHYHYIO CHCTEMY VDaBHEHHMH MOXKHO Gbl10 Gbl HanHcgrh s G u F+,
IpHYeM OHA OWIHYanach Om oT (33,8) mumwb 3ameHoll 249 H gy APYT HA JpyTa.
Hockonpky F=F+, T0 orciofa cielyer paBeHcteo (33,2).
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u Z,, pasjaraiorcs 0 CTeNeHsM p?, a pasJiokKeHHe YETHOH IO BeeM
CBOMM apryMeHtaM (GYyHKUMH 2, COXCPKHT JHIUIb YETHBIE CTENEHH
Takke M nepemeHsoit . Ilpencrasus (33,10) B Bupe

D={0 +i0+5[Z; (P)—Z (—P)I}' —
R ) )

cpasy 3ak/oyaeM, YTO NePBble HEHCUe3aomUe YJeHbl Pa3J/IOoKeHHA
uMeroT BHA D =const(w2—u2p?+i0), rie u—nocTosuyxas, Upex-
cTaBJsifomas coboi, OUeBHAHO, CKOPOCTh 3BYKa B XKHAKOCTH. 3ame-
THB TakXke, 4To B cHay (33,11) wucauresan B (33,9) npu w, p—0
OTJIHYAKTCHA TOJBKO 3HAKOM, HalieM, 4TO

const

-G=—F= w2 —u2p?4i0 "

3HaueHHe MOCTOSHHOH B YHCJHMTE/E MOXKHO ONPENEJHTb, BBIUHC-
JUB 1O 3TOH TPHHOBCKOH (YHKUHU HMIYJbCHOE pacnpefeseHue
yactu N (p) (IpH MaJblX p) U CPABHHB €ro C M3BECTHBIM YIKE ‘HAM
pacnpepenenueM (27,7). Hurerpan

«©
N@E)=i lim { G, pe-iorde
t—+-0 Y
(cp. (7,23)) BblyHCAsETCS MyTeM 3aMbIKaHHS NYTH HHTEIPHPOBAHHS
GeCKOHEYHO YyAAJEeHHON IMOJYOKPYXHOCTbIO B BEpPXHEH MOJAYIIO-
cKOCTH (Cp. 3aMeuaHHe B KOHUe § 7) H COOTBETCTBEHHO oIlpeje-
JgeTcsl BHUETOM B NoJioce o =—up -4 i0. B pesynbrare nojayduum
N (p) =const/2up u cpaBHeHHe c (27,7) naet const = nymu?/n. Takum
06pa3oM, OKOHYATEJbHO HAXONMM CJefywolee BhlpaxeHne GyHKIHH
I'puHa npy MajblX @ H Pp:
ngtnu®

OtMmeTuM, 4TO 3Ta (QYHKIIHS COBMAaZaeT (C TOYHOCTBbIO JO HOPMH-
poBouHoro kosdpuunenta) ¢ pynkuued I'puna GoHOHHOTO moss (CM.
safauy B § 31)—BHoJHE ecTeCTBeHHBLIH pe3yJbTar, NOCKOJBKY B
061aCTH MaJblX @, P BCE 3JeMeHTapHbie BO30yXIeHHA B 603e-XKHJ-
KOCTH ABJAIOTCS (HOHOHAMH.

.Hakoreu, npoH/IOCTPHPYEM NOJydYeHHBIE (GOPMYJis! B IIPUMeE-
HEHHH K PacCMOTpeHHO! B § 25 Mojesu mOYTH HAEaNbHOrO 60o3e-rasa
¢ TapHBLIM B3aUMojeHcTBHEM MeXAy yacTHuaMu. B mepsoM mpuGIH-
KEHHH TEOPHH BO3MyIUeHHH 2;; H 2, ONpPee/sIOTCs MNePBBIMH
nByMsa amarpammamu (33,4) u nepsoid auarpammo# (33,5). PackpoiB
HX B aHAJHTUYECKOM BHJAE, MOJYyUHM

zil‘. =M, [Uo +U (P)]: an = noU (p).
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C To#l e TOYHOCTBIO IJIOTHOCTh KOHJEHcaTa M, B 3THX (GopMyJsax
MOXHO 3aMEHHTh MOJIHOH IIJIOTHOCTBIO rasa n. Kak GblIO yKasaHo
B § 25, B 3TOH MOAe/NH HMOYJbCH YaCTHL T'a3a MOMXHO CYHTATDb
MaJIbIMH, COOTBETCTBEHHO yeMmy ¢(ypbe-KOMIOHeHTH U (p) MOXKHO
3aMeHHTh HX 3HaueHuem U, npu p=0. Torza

2, =2nU,, So,=nU,. (33,13)

ITopcranoBka 3TuX Bepamenu#t B (33,11) naet p=nlU,—B corsacuu
¢ (25,6). TloncramoBka ke B (33,9—10) NpUBOAUT K CJEAYIOLIHM
dopmynam ans ¢ysxkuuit puna:

+-p*2m--nl,
G (o, p) =—gtmT e,
: —e(p)+ 10
U, (33,14)

Flo, P) =m0
rae

o= (&) + L),

U3 Bupna 3naMenaresnel 3THX QYHKIHUHA fCHO, 4TO & (p) ecThb 3HEprus
3JIEMEHTApHBIX BO3GYXKICHUM —B COrJIaCHH ¢ MNOJYYCHHBbIM paHee
ApyruM cmocoGoM pesyJabraroM (25,10—11).

§ 34. Pacnag xBasuuacTtay

KoHeynasi npojo/KuTeNIbHOCTb 3KM3HM (3aTyXaHue) KBa3nua-
CTHUH B KBAHTOBOH IXHIKOCTH MOXeT OhiTb CBsi3aHa Kak C ee
CTOJIKHOBEHHSIMH C JPYIMMH KBasH9acTHIAMH, Tak H C ee CaMo-
[IPOHM3BOJIBHEIM pacnajioM Ha ABe (HJH 6ojiee) HOBLle KBA3HYACTHLBL.
Ilpu Temneparype T — 0 mnNepBHH HCTOYHHK 3aTyXaHUs HCUe3aeT
(Trak KaK BEPOSITHOCTb CTOJIKHOBEHHH CTPEMHTCH K HYJ/IIO BMeCTe
C IJIOTHOCTBIO YHCJIa KBAasWYaCTHL), M TOrAA 3aTyXaHHe BO3HHKAET
JUIOb OT paclaja KBasHYaCTHII.

PaccMorpuM pacmaf KBasHyaCTHIH (C HMIYJBCOM P) Ha JBe.
Ecan q—uMnyasc oHO¥ H3 BO3HHUKAIOIIMX KBa3HYACTHI, TO HM-
nyJabc Apyrofi ecrb p—q, M 3aKOH COXpaHEHUA BSHEPruH JaeT
ycJosae

e(p)=e(q9)+e(p—a). (34,1)

MoxeT okasaTkCcfl, YTO B HEKOTOpo# 06JacTH 3HAYeHHH p 3TO
PaBEHCTBO He BLINOJHSAETCS HH NPH KaKHX q; TOTAA KBa3HUYACTHHE
B 5TOH o6JjacTd O6YyZyT BooOGlne He 3aTYXalOWHMH (€c/H, KOHEYHO,
HEBO3MOXKEH TaKXKe M pacnaj Ha 6oJbluee YHCIO KBasHYacTul).
ITo Mepe H3MeHeHHSI p 3aTyXaHHE BO3HHKAeT IpH 3HAYeHUH p=p,
(mopor pacmajga), OpH KOTOpPOM BHepBHeE IMOABJSAIOTCA KOPHH
ypaBueHus (34,1).
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OrMeTHM mpexpae BCero, YTO B TOYKe p==p, NpaBas CTOPOHA
pasenctBa (34,1), Kak QyHKUHSA OT q, HMeeT 3KCTpeMyM. JleficTBH-
TeJIbHO, IYCThb 3KCTPeMaJjbHOe 3HaueHHe CYMMel €(g)-+e(|p—q]|)
IpH 3allaHHOM p eCTb E (p) (412 ONpefesleHHOCTH GyleM CYHTaTh,
YTO 3TO—MHHHMMyM). ToTja B ypaBHEHHH

e(p)—E (p)=¢e(q)+e(p—a))—E (p)

npasasl CTOPOHA HeoTpHiaresabHa. lJo3TOMy ypaBHEHHE 3aBeJOMO

He HMEET KODHeH NPH 3HAaueHMsX p, AJA KOTOPHIX &(p)—L (p)<0;

KOpeHb NOABJsETCS TOJbKO B TOUKe p = p,, B KOTopol & (p,) = E (p,).
IpencraBuB ypaBHeHue (34,1) B CHMMETPHUHOM BHJE

e(p)=¢(q,)+¢€(q,), 4+q,=D0,

HafileM, YyTO YCJIOBHE 3KCTPeMyMa ero mpaBoH 4acTH MOXKHO 3amu-
carb Kak 0Oe/0q, =0e/0q, HJH

V=V, (34,2)

T. €. B NOPOroBoH TOYKe JBe paclajiHble KBA3HYaCTHIB! HMEWT OAU-
HAKOBble CKOPOCTH. 37eCh MOXKHO pas/uyaTh HECKOJIBKO CJyyYaeB
(JI. 1. Humaescruti, 1959).

a) CxopocTh KBa3WYacTHIBI B 603e-KHIAKOCTH paBHa HYJIO IPU
HMIYJbCcE p=p,, OTBEYaIONleM pPOTOHHOMY MHHHUMYMY Ha KPHBOH
puc. 2. Ilostomy ecan v,=v,=0, TO 3TO 3HAUUT, YTO B TOUKE
Hopora KBasHyacTyila pacrajaercs Ha ABa POTOHA C UMIYJbCaMH p,
u sHeprusiMi A. CoOTBeTCTBEHHO 3HEDrHs pacnajaroleics KBasH-
yacTUnel €(p,)=2A, a ee uUMIOyJbC p, CBA3aH C p, YCJOBHUEM
P, =DPo1+ P T. € 2p,cos0=p, rne 20—yron passnera IBYX
poronos. Orclofia ciepyer, 4TO BO BCSAKOM Ciydae JOJKO ObITb

Pe < 2p,. (34,3)

6) Ecanm ckopoctn v, =v,5=0, npHYeM COOTBETCTBYIOLUIHE UM
HMIYJBCH (, U {, KOHEYHbl, TO 3TO 3HAYHUT, YTO pacnaj B IOPO-
TroBOH TOYKEe NPOHMCXONHT Ha JBe KBA3HYACTHLBI ¢ KOJIJIHHeaPHBIMH
(mapaJ/Jsie/bHBIMH HJIM aHTHIApaJJebHBIMH) HMITYJIbCaMH 1),

B) EcJiu ke CKOpPOCTH V, H V, OTJIHYHbI OT HYJsl, HO OJHH U3
HMIYJbCOB (CKaxeM, ;) CTPEMHTCS K HYJMIO BOJH3H HOPOTOBOH
TOYKH, TO COOTBETCTBYIOIlasl €My KBa3uyacCTHHA fABJseTcs GOHOHOM
U CKODPOCTb U, =u. B 3TOM ciyuae Mbl HMeeM A€o C NOPOToM, 3a
KOTOPBIM CTAHOBHTCSI BO3MOXKHBIM POXKJEHHe KBa3HyacTHIleH QOHOHA.
B camoii moporoso#i Touke 3Heprus GoHOHA paBHA HYJIO, & CKOPOCTb
KBasHYaCTHUbl KakK pa3 JAOCTHTraeT CKOPOCTH 3ByKa (COBHAnas Co
CKODOCTAMH 0, =0, = U).

X
1) B CHJIy H3O0TPONHH XHJIKOCTH Hanpab/JeHHs HUMIyJbCa KBasHYaCTHLUL P H
€€ CKOPOCTH V:6£/6p KOJITHHeapHbl, HO MOTLYT GLITh HanpasJICHbl KaK B OJHHa-
KOBYK), TaK H B NIIPOTHBOIIOJIOXKHBIC CTOPOHHI.
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r) Hakonen, eme oauH, ocolblfl cayuail NpeacTaB/feT pacnaj
¢oHOHA Ha ABa QOHOHA, NMpUYEM NIOPOTOM SBJSETCA caMa HayaJabHAS
touka crnektpa p=0. Tako#i pacnajg, oQHAKO, BO3MOXEH JIHILb
IpH OIpejieJIeHHOM 3HaKe KPHBH3HBbI HayaJsbHOro (QPOHOHHOrO) yua-
CTKA CIeKTpa: JO/KHO ObiTh d2 (p)/dp? >0, T. e. xpuBas e€(p)
JOJKHA 3aru6aThcsl BBEPX OT HauaJbHO# KacaTeJbHOH &=up.
B sTOM Jierko yGeauTbcsl, IPeACTaBUB 3TOT yYacTOK CNEKTPA B BHJE

&(p) = up + op?, (34,4)

yVUHTHIBAOLIEM HAapAAY C JHHEHHBIM TaK:Ke M CJAEAYOIHUH 4JeH pas-
JIOKEHHSA 10 CTEeNEeHSM MaJioro HMNy/bcal). YpaBHeHHe COXPaHeHHs
sHepruu (34,1) naer Torza

u(p—q—|p—q)=—a(p*—¢*—{p—ql?).

B6au3u nopora GoHOH HCMycKaeTcst NMoj MaJjelM yrJjoMm 0 K Hanpas-
JEHHI0 HavaJbHOTO HMIyJbCa KBa3HYaCTHIBI p; B JIeBOH CTOpOHE
ypaBHEHHS HMeeM

p—q—Ip—a|~—52 (1 —cosh), (34,5)

a B NpaBoHl JOCTATOYHO MOJIOKHUTbL |p—q|= p—¢q. Torna Haxonum
1—cos0=3a(p-—q)2. (34,6)

OT1coa BHAHO, YTO JOJMKHO GbiThb o > 0.

Mol yBuaum Huxke (§ 35), yTo B cyyasx a) U 6) QYHKUHA & (p)
BOOOIE HE MOMKeT GbITh NPOAOJIKEHA 33 IOPOrOBYIO TOYKY, OKa3bl-
BaIOLIYIOCs, TAKHM 00pa3oM, TOYKOH OKOHYAaHHSA criekTpa. B cayuasax
JKe B) U I') pacrnaj KBasHYacTHIbi ¢ HCNYCKaHHEM JJHHHOBOJHOBOTO
¢dboHOHA MPUBOAUT K IOSBJACHHIO CJAAa6OT0 3aTyXaHHA, KOTOPOE MOKET
GLITh OMNpEAEJEHO C MOMOIIBI0 TEOPHH BO3MYILEHHH 2).

Bblyic/iuM 3aTyxaHue (oHOHA, CBsA3aHHOe C €ro pacnajoM Ha
IBa ¢onona (cay4a# T)). Marpuusble 3J€MeHTH 3TOTO Npoilecca
UMEIOTCS B WJIeHAaX TPeTbero NopsjikKa B raMH/JIbTOHHAHE, JAOUIHXCS
BoipaxenueM (24,12). HIna nepexofa M3 HAYaabHOTO (i) COCTOAHHSA
¢ OfHUM (OHOHOM P B KOHeyHoe (f) cocTosHHe ¢ QOHOHAMH (, H q,

1) ITucrnepCHOHHOE YypaBHeHHe 3BYKOBHIX KoJseGaHuil ompeleseT KBaipaT
4acTOTHl ®? KAaK (QyHKLHIO BOJHOBOIO BeKTOPa. COOTBETCTBEHHO 3TOMY, PETYJADHO
pasjaraetcss no CTeleHsM HMIYJbca P KBaapaT 3Hepruum goHona e? (p); paaio-
JXeHHe HAUMHAeTCs C 4YeHa ~ p? W BBHIY H30TPONHH XHIKOCTH NPOHCXOAHT IO
ctemenam p2. PasjoxeHue Ke camoil QYHKIHH € (p) COAEPXKHT, CJIe0BaTeNbHO,
HEeuyeTHBIE CTEMEeHU p.

2) KakHe HMMeHHO H3 [ePeYHCTEHHBIX CJAYYaeB MOIYT (GaKTHUYECKH OCYLIeCT-
BJASITHCS — 3aBHCHT OT KOHKPETHOrO XOja KDHBOH CHeKTPa KBasH4YaCTHL & (p).
DMIHpHUecKHe JAaHubie AAst xkujikoro reqns (Het) cBHIeTesbCcTBYIOT O HalHUHH
(npu paBienusix < 15 aTM) HeGOJBIIOrO HAYAJIBHOIO yYacTKa (QOHOHHOIO CHEKTpA,
B KOTODOM HMeeTCs HeyCTOHuMBoCTb THIA caydas r), OKOHyaHHe Xe CNEKTpa
B XKHIKOM TeJIHH HMeeT MeCTO B TOYKe THIA cayyas a).
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MaTpHYHBI SJEMEHT OmepaTropa BO3MYUIEHHS paBeH

3! (2nfh)? 1/2 P4
V=8 (0—0i—9) 5 gl (3 P9u%:) {1+& 52} @4

(unmexc 0 y HeBO3MyIIEHHOH IIOTHOCTH p, onyckaem). O6paTtum
BHHMaHHe Ha HaJuyue MHOXHTeas (pg,q,)'/?; ero MajocTb (peyb
HIEeT O pacnaje AJHHHOBOJHOBOrO (OHOHA) H OOeCNeYyHBaeT MpH-
MEHHMOCTb TeOpHH BO3MYlHeHHH ).
[udpdepennuanbnas BeposiTHOCTh pacnaja (B 1 cex) naercs
topmyI0H
21 V2 d3g;diq
dw="F|V, 28 (E,—E;) —F—=2
ﬁ' n O (E—Ey) (@nh)s
(cm. III (43,1)). Ilpu noxmcranoBke cioopa (34,7) BO3HHKAeT KBajpaT
O-0OyHKIHH; ero HalO NMOHHMATh Kak ?)

Vv
(2nﬁ)3 6 (p—qi"’qz)' (34,8)

B(p—q,—q,)=

Ocraiomascs 8-pyHxkuus ycTpaHseTcs HHTETPHPOBaHHeM MO d3q,;
noJ0XKUB Takxke E;=up, E,=u(g;+¢q,), noayuunm

1 p? d u?)2 9n digy
w'——f{l-}_@?ﬁd-pf} Hi;gp‘h (p”—‘h)a(p"‘h—lp—%l)m

(pH HE3aBHCHMOM HHTETDHPOBAHHHU 0O d3qg, u d?g, OTBeT AOJIKEH
ObITh NOAEJNEH Ha 2 JJas yuyeTa TOXKIACCTBEHHOCTH ABYX (OHOHOB).
Haxkonen, BoipasuB aprymedT 6-pynxuuu B Buje (34,5) u mpoussens
HHTErpHpoBanue No d’q;=2ng;dq,dcos® (no obaactu ¢;<<p),
HafileM NOJIHYI0 BepOsTHOCTh pacnaja

__ " p? __d_f_}2
Y= S20mphe {1'["'37”9 pf " (34,9)
Kosdobunuent saTyxanus ¢osona y=—Ime="Fw/2. B yacrHo-

CTH, J1Js TOYTH HJeasbHOro rasa, corgacHo (25,11), Beanumna

1) TTpy BBIYHCAEHHH MaTPHYHOrO d/eMeHTa (34,7) CleAyeT yuecThb, UTO KamAHi

u3 (OHOHHEIX ONEpaTopos ¢, K c;“ MoXeT 6paThcsl H3 J0G0OTO M3 TPEX MHOMKH-

Tenelt p’ HAM V; oTciofa MHoXHTeab 3!. HenbTa-pyHkuus B (34,7) BO3HHKaeT OT
HHTCTPHPOBAaHHSA MHOXKHTES exp[i(p—ql——qz)r/ﬁ]. Hakonel, yuTero, 9To Hanpas-
JIEHHAl P, G H (y MOYTH COBMAJAIOT.

%) Hesicteutensro, §-dynkuns 6 (k) BosHHKaeT OT HHTerpana Se”“' d3k/(2m)s.

Ecan Xe BHUHCIHTD ApYrofl Takoii e uuTterpas npu k=0 (B cHAY HamuuHs
yxe oxHol 8-GyHKIWH), MpHYEM PAacHPOCTPaHHTh HHTEIPHPOBAHHE MO KOHEUHOMY
o6vemy V, To nonyuutca V/(2m)%; aTo H BHpaxeHo ¢opmynodt (34,8).
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utlp &~ 4n7‘»2a/m9 He 3aBHCUT OT MJIOTHOCTH. B 3TOM CcJayuae

__3
= 6405k %p (34,10)

(C. T. Beasies, 1958).

Ilna mpouecca ucnyckaeusi GoHOHa KBas3uuacTHueHd BGIH3H MO~
pora Tuma B) BHJ ONepatopa BO3MYINEHUs YCTaHABJIHBAeTCH IyTeM
PacCMOTpPEHHsT H3MEHEHHN SHEPrHM KBa3HuaCTUIEl B 3BYKOBOH BOJ-
He. DT0 HW3MeHeHHe CKJaaJHBaeTcsl U3 ABYX yacTel:

de ,
8 (p) =0’ + VP-

TlepBrifi usieH CBsI3aH ¢ M3MEHEHHEeM NJOTHOCTH XKUJAKOCTH, OT KO-
TOPOH SHEPrHsl KBa3WYacTHIIBI 3aBUCHT KaK OT mapametrpa. Bropo#
ysneH (B KOTOPOM V—CKOPOCTb JKHIKOCTH B 3BYKOBOH BOJIHE) eCTh
H3MeHEHHe 3HePrdd KBasH4yacTUIbl 6J1arojaps MakKpPOCKONMHYECKOMY
IBUKEHHIO KHIKOCTH; TMOCKOJbKY JJIMHA BOJHEI HCIYyCKaeMOro
(B6u3u mopora) QoHOHA BeJUKA 110 CPABHEHWIO C JJHHON BOJHEL
KBA3HYACTHIIE, MOXKHO CUMTATh, YTO IOCJENHAS HAXOLUTCH B OA-
HOPOJHOM MOTOKE XXUIKOCTH, H TOTAA H3MEHCHUE ee SHeDrHyl omnpe-
JensieTcs, Kak Obiio ofbsicHeHo B Hauyage § 23. Onepatop BO3MY-
MeHus noJayuaercsi U3 Oe 3ameHoll V=Y¢ H p' BTOPAYHO-KBAHTO-
BaHHBIMH onepatopamu (24,10), a p—onepaTopoM ummy/bca KBasH-
yacTaupl p=—ihy:

V=§§p’+—é-(VP+pV) (34,11)
(Bo BTOpPOM uJieHe IPOH3BeNeHA CUMMETPH3AIHsi MPOU3BEACHUS JJIA
NpHBEJEHHA €ro K B3DMHTOBY BHAY). BhluncJeHHe BePOATHOCTH
HCNycKaHnusi GOHOHA MPOU3BOAMUTCS JaJjiee aHAJOTHYHO TOMY, KAk
370 GBIJIO CAENAaHO BeUE AJA pacnaga ¢onoHa (CM. 3a1ayy).

3axaua

Onpene/ATb BEPOATHOCTb HCNYCKAHHS (JOHOHA KBAa3HUaCTHUER ¢ HMIYJIbCOM P,
GIHBKHM K IODOrOBOMY 3HA9eHHIO p,, NPH KOTOPOM CKOPOCTb KBa3H4acCTHIbI KO-
CTHIaeT CKOPOCTH 3BYKa.

PeuweHne. Marpuunnl sneMent oneparopa (34,11) Gepetcss AnA pOXKAeHHS
oaHoro GOHOHA (C HMIYJbCOM () C ONHOBPEMEHHBIM NEPEXOJOM KBa3HYacTHILL
MeX[y COCTOSIHHAIMH (IJIOCKHMH BOJIHAMH) C WMNyJabcaMH p H p’. B6ausn mopora
uMnyasc QoHORa § <€ p,, a HaNPaBJeHHe q NOYTH COBNaJaeT C HampaBJeHHeM p i),

1) Ins onpesieIeHHOCTH PacCMaTPHBAeM caydali, Koraa (OHOH HCIyCKaeTcs
HMEHHO B TAaKOM (a He B o6paTHOM) HanpasJeHHH. ysa storo GyHKIma € (p) B6AH3H
nopora HOJIZKHA HME€Tb BHJ

e(p) R e(pr)+ (p—pe) uto (p—p)?
(c DOMIOXKHTEJbHBIM 3HAKOM B JIHHEHHOM uJsieHe). M3 3aKkOHAa COXpaHeHHS SHePTHH
JIerKo yOeAHTbCst, UTO MCNycKaHHe (OHOHAa BO3MOMHO NpPH 3TOM, eciH o > 0, u
NPOHCXOAHT NPH P > P,; HMIYJbC HCIycKaeMoro ¢OHOHA npoGeraeT SHAYEHHS B
puTteppane 0= g2 (P—py). -
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C yueToM 3TOr0 HaxoxuM
R A u\1/2
V== @b 8 (p—ai—o) s (52 )

20
rme
Oe
A= P oe
Pet u dplp=r,"
Otciona nuddepennuanbiad BepPosITHOCTh HCnycKaHus GoHOHa

ngu
p
(6-byHKUMSA UMIYJBCOB yXe ycTpaHeHa uHTerpupoBaHHeM 1o d3p’). Hanucas

aprymeHT §-QyHKuMH B npubauKeHHOM BuAe —uq (1—cos 8) u npoussenss uHTer-
pHpOBaHHe mo d3g, MOAyYHM
w2 (p—pcf®

3npht

d3q
d == 2 — —_— —_— ————
w A8 [e (p)—e (IpP—q|)—uq] kb

§ 35. CeoiicTBa cneKTpa BOJM3H TOUKH €ro OKOHUAHHSA

B sToM maparpade Mbl pacCMOTPHM CBOHCTBa cCIekTpa 6o3e-
KHAKOCTH BOJIM3H IIOPOTOB pacliaza 3JeMeHTapHBIX BO30YXkKIeHUH
Ha JBe KBa3sWYacTHLLIl, H3 KOTOPLIX HH OIHA He ABJAETCH (POHOHOM
(cnyuan a) u 6) u3 § 34)1). B npoTHBONONOKHOCTL pacnajam
¢ poxaeHHeM (OHOHA, K 5THM CJIYy4YasfM TeOPHs BO3MYIIEHHs He-
npUMeHHMa, H HX HCC/eloBaHHe TpeOyeT BLIACHEHHA Xapakrepa
ocoGeHHocTel, KOTOpble HMMEKT B IOPOTOBHIX TOYKAX TPHHOBCKHE
¢byuruun xkuakoctH. C Apyro# CTOPOHBI, TOT GAKT, YTO HAC OyAyT
HHTEpeCcOBaThb TOJIBKO 35TH OCOOEHHOCTH, INO3BOJISIET CYIIECTBEHHO
CXeMaTH3HPOBaTh M TEM CAMbIM YIPOCTUTb BBIYHCJEHHA. B yacTHo-
CTH, MOXKHO He JeJaTh pasanuds Mexny GyHkuouamH G u F (mo-
CKOJIbKY HX aHaJUTHYEeCKHEe CBOHCTBA OJMHAKOBH) H IOCTYNAaTh TaK,
KaK eCJd OBl CyLIeCTBOBAJ TOJIbKO OJMH THI 'PHHOBGKHX (YHKIHH;
yueT pasauuud Mexny G u F npusesa Obl JHIIL K TOSIBJACHHIO
B YpaBHeHHAX HECKOJbKHX aHaJOTHYHBIX (10 CBOHMM aHAJHTHYECKHM
cBoficTBaM) WJIEHOB, YTO He OTPa3uJoch Obl Ha pe3yJbTaTax.

Tor ¢akT, YTO HHTepecyloliasi HAC OCOOEHHOCTb T'PHHOBCKOH
GYHKOMHM CBfi3aHA ¢ pacmajgoM KBasHYaCTHLUBL Ha JBe Jpyrie,
B TepMHHAX JNHAaTPAMMHOH TeXHHKH O3HAYaeT, YTO OHA MPOHUCXOIHUT
OT JHarpaMM BHAA

a
00— (35,1)
Pl

KOTOpbIE MOI'YT OLITh pacceuyeHbt IO ABYM CIIJIOIIHLIM JHHHUAM, T. €.
KOTOpbIE COAEPKAT B cebe ABYXUaCTHYHLIE ITPOMEXKYTOYHLIE COCTOA-

1) Conepxanue sroro naparpada npuHaggaexur JI. II. Iumaesckony (1959),
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HuA. B 3THX AuarpamMmax 1o npomMexy ToYHOMY 4-UmMnyascy Q = (q;, q)
IIPOU3BOAMTCS HHTETPHPOBAHHE, NPHYEM ONpPelesIoulyl0 (B CMBICIe
BO3HHKHOBEHHsSI OCOGEHHOCTH) pOJIb HrpaeT of/aactb 3HayeHu# Q
1 P—Q, c KOTOpBIMH pacnaiHble KBa3HYacCTHIBI (MPOAYKTHL pac-
naja) poxparorcsi BGIH3M nopora. OCHOBHBIM /IS H3J1aTaeMOH HHXKe'
TEOpHU SBJSETCs YTBepXKJAEHHe, YTO 5Ta 06/1acTb 3HaueHHH 4-UM-
nyJabca He sBJseTcs ocoGofl 1is ¢pyHkuuud I'puna G (Q): B Hei oHa
uMeeT OGbIYHBIA MOJIOCHOH BHJI

G(Q)=G(q, q) ~[q,—e(q)+i0]™, (35,2)

rae QyHKUMS €(g)—>Heprus pacnagHbiXx KBa3sHYacTHI -—HE HMeeT
ocoBeHHocTell. (Pusnueckass BbiieleHHOCTb 3TOH 06JaCTH COCTOUT
JHIIb B TOM, YTO B He#l KBasuYacCTHIA Mor/a Obl «CJHIHYTbCS»
C Jpyroil KBasuyacTuleH; HO 3TOT NPOIECC HEBO3MOXKEH NpU HyJe
TeMIepaTypbl BBUMAY OTCYTCTBHS peaJsibHbIX BO36yxaeHu#. Ocofoit
061acThi0 AJsi QYHKUMH [ puHa SBASIOTCS JHIIb 3HayeHusa P (BHel-
HHe JHHMM muarpamm (35,1)) BGIM3H mopora pacmajga HCXOAHOH
KBa3UYaCTHLEL

JIBYyM cOeNMHMTEJbHBIM JHHUAM Ha auarpamme (35,1) orBevaior
mHoxutesu G(Q)G(P—Q), a mo Q NPOH3BOAMTCS HHTETPHPOBA-
nue. Ilpy 3TOM, BBHAY CYNIECTBEHHOCTH JHIIb MaJio¥ 06JacTH 3Ha-
yeHu#l @, ocTaJbHBEE MHOXHTEJH B JHarpaMMe MOXHO CYHUTaTbh
IpY HHTETPHPOBAHHH IIOCTOSIHHBEIMH, DPaBHBIMH HX 3HAYeHHIO IPH
noporoBoM 3Hayenun Q=Q.!). Takum oGpasom, B juarpamme
BO3HHKAET MHOXKHTE/b, BbIpa’kKaloUlUBcsS MHTETPaJioM

i S d4Q
(2m)* [90—€{g) +i0] [o—gy—e (lp—al)-+i0] ?

INnP)=

rie P=(w, p). HurerpupoBanue no dq, BLINOJHSETCS NyTeM 3a-
MBIKAHHUS NYTH HHTETPUPOBAHHUS GECKOHEYHO YAJIEHHOH IOJNYOKPYXK-
HOCTBIO B OZHOH H3 IOJYIJIOCKOCTEH KOMILJIEKCHOTO ¢, W Jaer

! d3q
HP)= Gy S o—e(g)—e(p—ah+i0’ (35,3)

K ucceoBaHHIO 3TOTO HHTErpaJia Mbl BeDHeMcsl HHXKe, a Telepb
Hal0 BHIPA3UTh uepe3 HEro HCKOMY TouHylo (yHkumo G (P),
NPOCYMMHPOBAB JJisi 5TOrO Bce JAMarpammbl Baxa (35,1).

1) Dro yTBepKAEHHE clefyeT YTOUHHTb. [Jleq0 B TOM, UYTO MHOXKHTEIH
G(Q) G(P—Q) He 3aBHCAT OT yrJa @, ONpeleJIfiOUlero NOJOXEHHE NJIOCKOCTH
(p, q). IMosToMy wHHTerpHposaHHe N0 d@ CBOZHTCA K YCDPELHEHHIO 0CTaJibHORA
YacTH NONBIHTErPANbHOTO BLIDaXeHHS 0O ¢, mocae dero d4Q MOXHO MOHMMAlb
kaK 2ng2dgydgdcos B, VMeHHo B TakoM HHTerPHPOBaHHH mo d4Q cymiecTmeHHa
Masasg 061acTb. DTO SaMedaHHe OTHOCHTCA H K APYTHM 4HAJOrHYHBIM MOMEHTaM
BLIYHCJEHHH HUXKe,
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Jns ¢ynkuuu G (P) MOXKHO HamucaTh AMarpaMMHOe ypaBHEHHe
Jaiicona

2
e = e b G (35,4)
? P e

3eck XupHEE JHMHMH H300paxaioT TOYHYo QyHkuuio {G, a CBeT-
Jible — «Heoco0y10» 4acTh 3TOH (YyHKIHM, ONpPeiesseMyH COBOKYI-
HOCTBIO JHarpamM, <HEJeJHMBIX IO JBYM JIHHHUAM». Bropol xe
uyjied B npapofi yactu (35,4) usob6paxaer COBOKYINHOCTb AUArpaMM
puga (35,1). IIpn 3ToM cBeTJBIl KPYXOK IpeACTaBJafAeT TOUHYIO
«TPEeXKOHLEBYIO» BepIUMHHYIO QyHKIHIO (0603Hayum ee I'(Q, P—Q,P)),
a 3aIUTPUXOBAHHLIH —ee HeocoOYI HACTb, M3 KOTOPOH HCKJIOYEHH
JHarpaMMsel, MOT'yIIMe GBITh pacceyeHkl 0 JBYM CIVIOILHEIM JHHHAM 1),
Kak 6bl10 00BACHEHO BhlUE, HHTerpupoBaHHe mo d4*Q IpHUBOAUT
K mnosifenuo MHoxutens II(P), mpuueM ocTajbHEIE MHOMXKHTEJH
B JMarpaMme 3aMeHAIOTCA HMX 3HageHHeM npu Q = Q.. Taxum oGpa-
30M, paBeHCTBO (35,4) o3magaer, 4TO

G(P)=a(P)+0b(P)G(P)T (P)IL(P), (35,5)

rne T, (P)=TI(Q., P—Q., P), a a(P), b(P)—mnekoroprle pery-
Jaspueie (B6AU3M nopora P=P,) GbyHKUUHU, '

B (35,5) ¢urypupyior xBe ocobble GyHKuHM—G u I, u ana
BhIpaxeHHsi uXx depe3 Il HeoOXO0AHMO MOSTOMY ellle OJIHO ypaBHe-
HHe. MBI MOJMyYHM €ero, 3aMeTHB, YTO TOYHAS BepluuHHAs Qynkuus I
IIpeAcTaBisAeTCsl PSAAOM «JIECTHUYHOrO» BHAA

P S YO

aHaJIOTHYHBIM psay (17,3) pas gyeTelpeXKOHLEBOH BepluHHHON QyHK-
nud. Ero cymMmupoBanue NPHBOZUT K ypPaBHEHHIO

aQ U 2
> P o_ %:) [ >@ P
P-q pea Tl P-4

(cp. (17,4)); B ananuTHYecKoM Buie, npu Q ~ Q,, ono jaer

rae ¢(P), d(P)—peryaspuse ¢yukuud. Hckmouns temepp I, u3
AByX [OJIyYeHHHIX YypaBHeHufl, HafiieM HCKOMOe BHIpaxKeHHe

1) Cutyauust 3neck amanoruyHa ypasHenuio llaiicoHa B KBaHTOBOH 3JeKTpo-
aunamuke (cM. IV § 104): kak u Tam, Bcs TpeGyeMast COBOKYNHOCTE IHATPaMM
NOMy4aeTCss MyTeM BBEACHHA NONpPABOK JHWE K ORHON H3 BepIUMHHHX QYHKUHA.
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¢ynxknuu I'puna uepes II:

(P AP TP
G*(P) =55 10y +C P (35,6)

rie A, B, C—cnoBa peryJsipuble (B6au3u P=P_.) OyHKUUH.
JlanpHelilune BHYHCJEHHS PAa3JHUYHBI JJs PasHbHX THUIOB pacna-
OB KBa3HYacTHIL.

a) ITopoz pacnada Ha 08a pomoHa

B sToM cJjyuae 3Heprus €(g) pacmafHBIX YacTHI BOJIU3H mopora
naetca dopmyJoit (22,6), u unterpaa (35,3) MPHHAMAET BHJ,

(e, 9)= j {w — 2A—§—,,12* [(q——po)2 +(p—q l—po)*] }'1 (;i;‘)’s .

(35,7)
JIis HHTErpyupoOBaHHsl BBOJAUM HOBHIE I€PEMEHHHE ¢, gp, COTJIACHO
olpejiesIeHHIO,
g, =(p,sin®+qp)cos @, q,=(p,sin8+g;)sino,
q.=pocos8+g,

mpuyeM ocb 2 HampaBjeHa BAOJb P, a yroJ O omnpeneien paBeH-
cTBOM 2p,cos®=p. B6iusu mnopora q;, g, Majbl, ¥ C HYXHOH
TOYHOCTBIO HUMEEM

g ~ po+4qpsin8+4-q;cos6, |p—q|~ p,+gpsin8—g;cosH,
dsq =~ p, sin@dgq, dq; de.

Bripaxenue B QUIYPHEX CKOOKaX B (35,7) MPHHUMAET BHA

{m——QA—— ! (q},zsinze-{—q;zcosze)}

m*
W mocJe MOBTOPHOH 3aMeHBl IePEeMEeHHBIX

gy sin®=1"m*p cosP, gzcosB=)"m*p sin i
HAaXOAHM, MHTErpUpys 1o P,

m*py pdp
I (o, p)=—2ncos€) —w-+2A4-p%°

PacxoiMOCTh 3TOr0 HHTErpasa IpH 60JbIIAX O CBfA3aHa JIMIIb
CO CHeJIAHHBLIMH TIpDeHeGpeXeHHs MM M HECYLIeCTBEHHA; obpe3aHue
HHTErpaja NpH HEKOTOPOM 3HaueHHH p23>|2A—eg| gacT BKJag
Jumb B peryaspHyio uacth II. Mutepecywoinas xe Hac ocobas
gacTh 3TOH (QYHKIUM BO3HHKAeT OT 00JIaCTH BOJM3HM HHXHErO mpe-
Jesla MHTETPHPOBAHHA, H /s Hee HAXOAUM

Deolng— (35,8)

1
A—q °
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[Tpu manpix 3HaueHHAX 2A— 3TOT Jorapudm BesJHK; MOACTa-
BuB (35,8) B (35,6) M pa30XKHUB 1O ero OOpPaTHBIM CTENeHSM, IO-
JYYUM

— - a
G 1((1), p)=b+cln 1—2—A-__—('0,

rie a, b, c—HoBble peryaspHble QyHKUHM OT © H p. B noporoso#t
Touke (p==p,) 3Heprus pacnajamolielics KBasHyacTHLUbl paBHa 2A.
[TockoabKy aHeprus KBasHYacTHIL OMpefessieTcss HYJAAMU GYHKIHH
G~', To 310 3HauuT, uto G~'(2A, p,)=0, a A 3TOro JOJIKHO
6uith M b (2A, p,)=0. Ho peryaspHas ¢yunkuusa b(w, p) pasaa-
raetcsi MO IeJBIM CTeNeHsM pas3HocTel p—p. H o —2A; 3aMeHHUB
TaKXKe peryJspHble GOYHKUHU a(®, p) U ¢(®, p) UX 3HAYCHUAMHU
B TOpOTe, NOJYYHM B De3yJabTaTe cJjefylolliee BhlpaxkeHHe PYHKUHUH
I'puHa B OKOJIONOPOTOBOH 06.JacTH:

G (0, p)=B [p—p.+aln 5], (35,9)

rge a, o, f-——INOCTOAHHEIE.

[lpupaBHABR 3TO BhIpaXkeHHe HYJIO, MBI [OJYUHM BHJ CIEKTpa
e (p) B6aU3W mopora. EcaM o6nacTb HeBO3MOKHOCTH pacnaja JeXHT
npu p < p., € <2A, TO NOCTOAHHBIE ® M @ JOJXKHBI OBITH I110J10-
JKUTEJBHBIMH M ypaBHeHHe (~'=0 HMeeT 3Jech HesaTyXxamwlllee
pelleHue

s=2A——aexp(— o ) (35,10)
Pc—P

Mbl BUIMM, YTO KDHBasl CIEKTpa MNOAXOJZUT K IOPOroBOH TOUKe
¢ TOPH30HTAJBHOH KacaTesnbHOHl GecKOHeyHOro nopsjaka. B obsactu
)e p> p, ypaBHeHHe (G '=0 He HMeeT HH BelleCTBEHHHIX, HH
KOMIIJIEKCHBIX pelleHud ¢ e~ 2A npu p=p.. B 3ToM cMbicTe
KpHBas CIEKTPa BOOOIIE He NPOJOJIKAETCH 32 NOPOrOBYIO TOUKY,
OKaHYHBafACh B Hei ).

6) Ilopoe pacnada Ha 08e KeA3U4ACMUYLL C NAPANICALHOIMU
UMNYALCAMU

[Tockospky B TOPOrOBOH TOuUKe, MNpPH p=p,, BbIPAXKEHUE
e(9)—e(|p—4q|), kKaKk OYHKUHS OT q, JAOMKHO HMETb MHHHUMYM,
TO BOJU3U IOpPOra OHO UMeeT BHE

e(@)—e(lp—aq|)=¢.+v. (p—p.)+a(q—q,)*+H (@—qo P.)?
(35,11)

1) Kak yxe Obl10 yKasaHO B NpHMeuaHHH H2 CTp. 163, B XKHIKOM TeJHH
CIIEKTP 3aKaHYHBAeTCs HMEHHO B TOYKE TAaKOrO THNA (KpHBas Ha PUC. 2 npuGiau-
XKaeTcs K NpsMolt e=2A ¢ ropusoHTa/IbHOH KacaTeJbHOH).
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THe o, P-—TIOCTOAHHBIE; U, €CTh CKOPOCTh KaXA0H U3 POKAAIOIUXC S
B JIOPOTOBOH TOYKE pacnafHbIX KBA3UYACTHIL, A G,— UMIYJIbC OLHOH
u3 nux. IloacraBus (35,11) B (35,3) u BBels HOBLIE IEpeMeHHbLIE
HHTETPUPOBAHUA COTJACHO

o=4—q,, Pp.=pp.Ccos ilJ,
MOJTYYHM

1 p2dp dcos ¢
II (©, p)= (¢m)? S E—8,—U¢ (p_pc)_OLPZ—ﬁpzp%COszlp )

OTOT MHTErpaj HMeeT B IOPOTOBOH TOYKE KOPHEBYIO OCOGEHHOCTD:
e [UL‘ (p_pc)_(s_—sc)]l/Z . (35’12)

IMoacraBus 3T0 BHIpaxenue B (35,6), HAXOAUM TI'PHHOBCKYIO
GbyHKUHIO B OKOJIOMOPOroBoll 06/14acTH

G7 (@, p)=A (0, p)+B (o, p)[v.(p—p.)—(0—e,)]"/2.

Tak kak G-'(e,, p)=0, a A u B—peryaspune GyHKUHUH, TO,
passarasi moc/egHHe IO CTeNeHAM p—p, U ® —&,, OKOHYATEJbHO
HaXOAUM

G™leo [U(.‘ (p—pc)—ﬂ(m_sc)]”2 +[a (p_pc) +b ((0—8(_.)], (35!13)

rie a, b—nocToAHHLIE.

Bux cnektpa onpepedasercss ypasHendHem G~I(e, p)=0. Humem
€ro pelleHue B BUJie e—e, =0, (p — p)--const(p—p,)?; AJs TOrO 4TOOLI
OHO CYIIEeCTBOBAJO Ipu p < p., JOJNKHO ObTh a--bv, >0 u Torma

e=8,+0, (pP—p.)—(a+bv) (p—p.) (35,14)
Ilpu TOoM »¢e yc/aoBMM B 06aacTdH p > p, ypasHeHue G-1=0 ne

HMeeT pellleHMH ¢ e~ e, NpH p & p.. Takum o6pasoM, H B 3TOM
Clyyae CHeKTpP OOpHIBAETCA B NMOPOTOBOH TOYKE.



rJaABA IV

®YHKIIUH FPHHA MIPH KOHEYHbIX TEMIIEPATYPAX

§ 36. I'puHoBCcKMe GYHKUMM NPH KOHEUHBLIX TeMmeparypax?!)

Onpenenenne ¢ynxkuuy 'pHHA MaKpPOCKONHYECKOH CHCTEMBI NpH
OTJIMYHBIX OT HYJS TeMIeparypax OTJHYaeTcsl OT HX ONpeeJeHHs
OPpH HYJeBOH TeMmepaTtype JHIOb TEM, YTO YCpeAHEHHe IO OCHOB-
HOMY COCTOSIHMIO 3aMKHYTOH CHCTEMHl 3aMEHSIeTCSl yCpeJHEeHHeM II0
pacnpegeienuio I'm66ca: cumBOa <...)> OYyAeT Tellepb 0603HAYATh

Q—Eq
->=§wn<n|...|n>, wn=exp< 7 >, (36,1)

rge CyMMHpOBaHHe IpPOU3BOAUTCS IO BCEM COCTOSIHHSIM CHCTEMbI
(ornuuyaromumcs xak osHepruefi E,, Tax u yucaoM uactuy N,),
E,=E,—uN,, a<n|...|n>—zAnaroHaJbHHH MaTpPUYHBI SJEMEHT
no n-My cocrosinuio. OnpejeseHHEle TaKHM 0Gpa3oM cpeiHHe 3HA-
YeHHsT SBJIAIOTCA (QYHKUHAMH TEPMOJAMHAMHYECKHX IepeMeHHBIX
T, w V. -

ITpu ucciepoBaHUM aHAJUTHYECKUX CBOHCTB PUHOBCKHX (YHK-
uui npu Komeunwx temneparypax (J. . Jlanday, 1958) ueneco-
o6pa3HO -BOCIOJIB30BATBLCS TaK Ha3biBaeMBIMH 3anasfblBalOIIMMH
¥ onepexamomumyu ¢GyHKUHsMH [puHa, aHajuTHYeCKHE CBOHCTBA
KOTODHIX OKa3blBalOTCs GoJlee MPOCTHIMH 2). [l ompejesleHHOCTH
GynemM roBOpuUTb CHauaJa O (epMu-cHcTeMax.

Sanazowearouan bynkyus [puna onpejensieTcss cOrJacHo

iGR, (X, X,)= { <P (X)) T (X)) + 5 (X,) P (X1)>: Zziz
(36,2)

Jns MHKDOCKONHUYeCKH OAHOPOAHOH HedeppOMAarHHUTHOH CHCTEMH,
B OTCYTCTBHE BHELIHEro mojsi, 3Ta QYHKHHS (KaK 4 OObiyHAA Gag)
CBOAHUTCA K CKaJIspHOH (pyHKLmH 3aBHCALEH JIMIOb OT PasHOCTH
X=X —X,

GBs (Xar X,)=845GR (X), GR=- GE,. (36,3)

1) B §§ 36—38 mosbayeMcsa CHCTEMOH EMHMIL C h=1.
?) OtH GYHKUMH NPHHATO OTJMYAaTh HHAEKCaMH R W A-—OT aHIVIMHACKHX CJIOB
retarded ® advanced.
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TTepexon K UMNYJBCHOMY MPEACTABJIEHHIO OCYLECTBJIAETCS 00bIY-
HeIM ofpasoM. Ho nockosbky GR (¢, r)=0 npu ¢ <0, 1o B onpe-
JeJIeHUH

o0

GR (0, p) = { e ©-on GR(t, r)dt dox (36,4)

0

HHTerpHpPOBaHHE N0 [ MPOM3BOAUTCS (aKTHYECKH JHWb OT O 10 oo.
CMeleH”e NepeMEHHO @ B BEPXHIOK MOJYIIOCKOCTh JHillb YaAyd-"
maeT CXOLMMOCTb Takoro uHterpana. ITostomy uHrerpan (36,4)
onpefensieT B BepXHell MOJYNJIOCKOCTH @ aHAIMTHUECKYIO PyHKIHIO,
He MMeoIylo ocobeHHocteli!). B HuXKHeH XKe MOJNYMJIOCKOCTH, Iie
byukuusa GR onpelensieTcs NyTeM aHANMTHYECKOTO TPOROJIKEHHUS,
OHA HMeeT MOJIOCH (CM. HHXKE).

IMonyuum aas byHkuuu GR pasioxeHHe, N0100HOE BbIBEICHHOMY
B § 8 pasnoxkennw (8,7) ana ynxuun G npu T =0.

PackpbiB MaTpHyHbIil 3/1eMEHT {n|...|n> OT MPOHU3BEACHHA
{y-0nepaTtopoB MO MNpPaBHAY MAaTPUYHOrO YMHOXEHHS H BHIPA3UB
MaTpHYHBIE 3JeMeHTH B Buie (8,4), monyynm

iGR(t, r)=
= L3 w0, fet @tk < 0) | m> < | (0) | >+

¢ Cnnt ~Kna? < | G (0) | m> <m | e (0) | 1,
rae
Opp = Er’n"_Er’n kmn = Pm—Pn'

JIna gBYX u/ieHOB B GUIypHbIX CKOOKax CyMMHPOBaHHe IO 7 H
M ¥MeeT HECKOJbKO pas3jJHYHBbI CMBIC/I: B INEPBOM YJeHe yHcaa
YacTHIl B COCTOSIHHSAX 7 M m CBsi3aHbl coortHoweHueM N, =N, -1,
a Bo Bropom: N,=N,—]1. UToOb yCTpaHUTh 3TO pasjuyHe, B3a-
MMHO Nepeo60o3HaunM BO BTOPOM CyMMe MHAEKCHl M M n. 3aMeTHB
TaKxke, 4To .

<1 Pa (0) | m> <m | P (0) | np =] <n|$a (0) | m> 2= 4,,,,
HpHBO,ILPIM ﬁce Bpra}KeHHe K BPI,ILy

iGR (1, 1) =g 3, Woe=! @ =YD A (1 €= 0mnlT), 10,
n,m

(36,5)

1) Cp. anajoruuuble paccyxjenns pas dyukuum o (0) 3 V § 123. Cxoactso
aHaqMTHYECKHX cBoicTs GyHKUME GR u o, pasyMeercsi, He ciywaiimo: corJacko V
(126,8), nocjexHsAs BHpaaeTcs anaJOTHUHWM 0G6Da3oM dYepes ompenesNeHHBIH
onepaTopHLA KOMMYTAaTop.
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Hakonen, npu BbUMCJIeHUM HHTerpana (36,4) sameHseM (Kak
uB§ 8) ®— 0 -+{0 1 OKOHYAaTeNbHO HaXORHM:

2“) w Apnd 0—Knn)
n [
O— 0,110

GR (0, p)= (14 e=9a/T).  (36,6)

m, n

Of6patuM BHHMaHHe Ha TO, YTO BCE IOJIOCHI 3TOTO BbIPaKeHHHA
PACIIOJIOXKEHE! {B COOTBETCTBHH CO CKA3aHHEIM BhIlE) I10OJ BELIECT-
BEHHOH OCbI0, B HHKHeH MOJYNJOCKOCTH .

IMocaennee ¢BOHCTBO HOCTATOYHO JJSI TOTO, YTOGH YCTaHOBHTL
OIpe/ieIeHHYIO CBf3b MeEXKAY BelIeCTBEHHOH M MHHMMOH YacTAMH
(dyHKUMK — TaK HasblBaeMoe coomuouierue Kpamnepca — K pornuea, HiH
ducnepcuonsoe COOTHOLIEHHE:

ReGR (0, p) —%% ““G ImG D g, (36,7)

(CcM. BLIBOA TaKOro Xe COOTHOLIeHHs Aaa a(w) B V § 123). B ero
CNPaBeJHBOCTH MOXMHO TaKxke y6eIUTLCST H HeToCpPeACTBEHHOR mpo-
Bepko#l, ornesuB B (36,6) BellecTBEHHYIO W MHHMYIO 4YacTH
¢ nomouibio gopmydast (8,11). OTMeTHM Takxe, YTO C y4eTOM TOH
ke GopMyaBl MOxHO Hepenucatb (36,7) B BHAE

1 ,
GR (0, p)== Sup P du, (36,8)
Tae
3
Y (u’ p) = (2;1) Z wnAmn6 (u_wmn) 8 (p‘_kmn) (1 +e_wm"/T)'

[Tpu peluecTBeHHHX ® HMeeM p = Im GR.

[pencraBacuue (36,8) mpuoGperaer GoJee IyGOKHH CMBICA IPU
nepexoyie K «MakpOCKONMHYECKOMY Mpefnenys» V - oo (MpH 3afaHHOM
otHoureHud N/V). B stoM nmpejiesie MOMOCH @, CIHBAOTCA, H
dyHruua p (4) ZesaeTcd OTAMYHOH OT HYJAd INPH BCeX U (a He
IPOCTO paBHa cymme O8-GOYHKUHHE B AMCKPeTHBIX Toukax). IIpH sTom
¢opmysa (36,8) HemocpeACTBEHHO ONpene/ser GR(w) B BepxHel
MOJIYIJOCKOCTH ® M Ha BelllecTBeHHOH ocu. [IJ1a onpefiesieHUs XKe
GR (0) B HMKHEH NOJYNJOCKOCTH  HEOOXOAHMMO MpPOMU3BECTH aHa-
JUTHUECKOE NpPONOJKEHHE HHTerpana, AJs yero caepyer jaedopmu-
poBaTh KOHTYp MHTErPHPOBAHHA TaKUM o0pa3oM, 4ToObl OH BCerja
orubaj TOYKY # = CHH3Y. [Ipn stom GR(0©) MOXeT HMETb 0COOEeH-
HOCTH B HHXKHEH IOJYIIJIOCKOCTH (Ha KOHEUHOM pacCTOSHHH OT Be-
IIECTBEHHOH OCH), KOTJa KOHTYP «3aXKHMaeTcs» MEXAY IOJI0COM
L =0 H OCOGEHHOCTBIO YHCJIUTEJSA.
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Onepescarowjan pyukyua I'purna BBOAUTCS aHAJOTHYHEIM 06pa3oM,
COTJIACHO OIMpeJiesIeHHUIO,

. 0 . >t

GA X y X :{ ~ ~ ~ - ’. 1 29

WOap (X X =\ @, (X)) 5 (X)) - B¢ (X)W (X)>, 1, < 1y,
(36,9)

®yuxius G4 (o, p) B UMIYJbCHOM MPEACTABJEHHH SIBJSETCS aHa-
JUTHYeCKOH (pyHKIHeH mepeMeHHOH ®, He HMemwlell ocobGeHHOCTEH
B HUXKHe#A nosymsockoctd. Ee passoxeHue orauuaercs ot (36,6)
H3MeHeHHeM 3Haka nepen {0 B 3HameHaTe/fix. DTO 3HAYHT, UYTO HA
BelecTBe HHON ocH G4 (w)=GR* (»), a BO BceHl MJIOCKOETH ®:

G4 (0*) = GR* (o). (36,10)

[Mpu ©® — oo ¢yHkuHE GR u GR CcTpeMsaTCs K HYJIO MO TOMY
ke 3aKoHy, uto H dyHKuus G:

GR, GA—1/o mpu |o|— oo. (36,11)

HanomuuM (cM. BhiBog (8,15)), uto KosddHUHEHT (EAHHMIIA) B 3TOM
ACHMIITOTHYECKOM BbIPaKEHHH OIpeJesseTcs BeJHYHHOH CKauka
GYHKUHMH TpH f,=1{,; 3TOT CKAYOK HE 3aBHCHT OT TEMIEpPATYypbl U
OIHHAKOB s Bcex Tpex Gyuxuuii GR, G4, G, Kax 370 SICHO U3 HX
OTpejeseHHH,

s ycTaHOBJEHHS CBS3H MEXAy BBEJEHHBIMH TaKHM 00pasoM
byukuuamu GR, G4 u obbiuHo#t dyHKuHeH ['puua

iGap (X1, X;) = <T%o (X)) W3 (X,)> (36,12)

MoNyuuM JJs1 noc/denHell passoxeHHe, aHasoruuHoe (36,5). Bbiyuc-
JIEHHS, BIIOJIHE aHAJOTHYHblEe N1POH3BEJEHHbIM BEHILIE, IPHBOIAT K pe-
3yJabTaTty 1)

G (o, p) =—22 Z 0,40 (D—K ) X

X {m—_g(l + e“”mn/T)+m6 (©— ©,py) (1—-e“°mn/T)} . (36,13)
CpaBuus (36,13) u (36,6), Haiizem

GR (o, p)
G4 (o, p)} ReG(m p)—l—tcth 71mG (o, p).  (36,14)
[Tpu sTOM, Kak BHAHO M3 TOro e Bblpaxenus (36,13):
signIm G (w, p)=—signo. (36,15)

!) Tlpn nepexosie K HMNy/ILCHOMY NpeICTaBJEHHIO MHTETpa Mo f pa3bupaercs
Ha JBe 4aCcTH—o0T —o Jo O u oT 0 10 o, NpHYeM B OAHOH H3 HHX TPOH3BOAHTCH
nepeofo3HaYeHHe HHJEKCOB CYMMHDOBAHHSA M, n.
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O6patuM BHMMaHHe HA TO, YyTo GyHKUUA G, B oraHyue oT GR u G4,
He ABJAETCS aHaJUTHYeCKOH OYHKUIHeH o,

Tpu T — 0 umeem cth (0/2T)—signw, 1 u3 (36,14) crenyer,
YTO Ha BelleCTBeHHOH ocu

G GR, o>0,
1G4 e<0.

TakuM ofpasom, ¢yHkuus G(w) npu T =0 npeacrasaser cobo#
Ha ABYX BELIECTBEHHHIX IIOJIyOCHX @ TpeAe/bHble 3HaYeHHs (NpH
|Ime|—0) aByX pasiuyHbIX aHAMUTHYEeCKHX GYHKuui: GR(w) Ha
npaeoit 1 G4(w) Ha JeBo#l moJyocH.

Jlerko HamucaTth Bulpaxenus QyHkuuit GR, G4 ans HieanbHOro
¢depmu-raza. [JocTaTOYHO 3aMeTHTb, YTO OHU YJOBJETBOPSIOT TOMY
e ypaBHeHnuio (9,6), B BbIBOJAE KOTODOrO HCNOJIb30BAHO JIHIIb 3Ha-
yeHHe CcKauka QYHKOMH npu f;==F,. Chnoco6 xe of6xoxa moJioca
H3BeCTeH M3 Toro, 4to AJas G©R oH mo/KeH MPOXOAMTH MOJ, a AJs
G94_—wuan BeuleCTBeHHOM ocbio. OTCIOfa CJeAyeT BbipaxeHHe

CGoR (o, p)=[o—Ltpxio] 7, (36,17)

(36,16)

CIpaBeAJHBOE Kak IPH HYJEeBOH, TaK M NDH KOHEUHBIX TeMIepaTy-
pax. Jas ¢ynkuuu ke G© Haxozum, corJacHo (36,14),

1 . 2
G (@, P) =P 5wz —in th g7+ 6 (m—%+p) . (36,18)

Tlpu T—0 ™Mb BepHemcst K ¢opmyJe (9,7), oTanyaiomelcss oOT
(36,17) sameno#i 4 {0 Ha i0-signe.

IlpuBenem aHasoruuHble GOpMyJanl AJS1 caydas 6o3e-CUCTEMH.
3amasjpiBaolllag H oNepexawoomias (QyHKHHH ['puHa omnperensiorcs
COTJIACHO:
iGR(Xl, Xz): <\P(X1)\P+(X2)_IP'+ (Xz)‘P(Xl)% ZL1>t2»

0 y t1’<t2)

0 >,

"—<‘P(Xl)lp+(X2)“‘IF+(X2)W(X1)>» t1<t2-

Eciu mpH 3TOM UJeT pedb 0 TeMIepaTypax Bhillie A-TOUKH, TO B 3THX

onpejeseHHAX QUIYPUPYIOT NOJHBE P-ONepaTOpHl; NPH TeMIeparty-

pax e HHXe A-TOUKH ONpejie/IeHHEe OTHOCHTCH K HaAKOHAEHCATHBIM
oneparopaM. Bmecto (36,6) umeem temepsb

GR (0, p) = (2n)3 Z w, Amnnd 0—Knp) (l_e—mmn/r)_ (36,20)

m—mmn+ i0

(36,19) .
iGA(X;, Xz):{

Cesisb ke 310H QyHRuUMM ¢ G gaercss dopmyJoi

GR(©, P)=ReG (0, p)+ithzr-ImG, p),  (36,21)
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NpHYyeM Ha BelleCTBEHHOH OCH
ImG (o, p)<0 (36,22)

(byuxknus G onpepmessiercsi, corsacHo (31,1), ¢ ycpenHeHueM mo
pacnpefiesento ['n66ca BMECTO yCpeJHeHHs1 IO OCHOBHOMY COCTOf-
Huo). [Jas wupeanpHoro Gose-rasa ¢yHKuHA GR paerca ToH ke
dopmyaok (36,17), a dysknua G:

2
G (0, p)= PaTz/lm;—"” cth o - 8 (m—%ﬁ-—l—p) . (36,23)

Ousnyeckuii cMuica QyHKuHH [pUHA NpPH OTJIHYHBIX OT HYJA
TeMIlepaTypax B OCHOBHOM COBMajaeT ¢ HX CMbicjoM mpH T =0.
PasymMeercs, ocraiorcsi cnpaBefJHBBIMH (GOPMYJbI, CBS3HBAOLIHE
IPUHOBCKYI0 GYHKIHIO G € MMIYJbCHBEIM paclpefejeHHEeM YacTHIl
(7,23) u BooGme ¢ Marpuue# nsotHoctu (7,18), (31,4).

OcrtaloTcs B CHJIe Takke H OCHOBHBIE YTBEepDXKACHHS O COBHaje-
HUH IoJocoB GyHKUUU ['puHA ¢ sHepruell sjeMeHTApHHX BO36YXK-
JdeHu#i (MOCKOJBKY, OAHaKo, camMa QyHKUHsA ( He aHAJIMTHYHA, TO
IpH 3TOM YJoOHee TOBOPUTH O MMOJIOCAaX aHaJHTHYeCKOH GYyHKIHU
GR, KoTOpLIe OHA MMeeT B HHXKHe#l INOJYIJIOCKOCTH ®, HJIH O IIOJI0-
cax ¢yukuud G4 B BepxHell NMOJYMJIOCKOCTH). DTO YTBEPKIAeHHe
cHoBa (Kak H B § 8) ciexyer u3 pasnoxenus (36,6). Xora B pas-
JHUYHBIX UYJeHaxX 3TOr0 pasJioXKeHHs OGHrypHPYIOT Tellepb YacCTOTHI
IepexojoB (v, MEXAY JIOGLIMH JBYMS COCTOSTHHAMH CHCTEMBI, HO
(mocsne mepexofa K MaKPOCKONMHYECKOMY TIIpefiesy) TO-NpeKHeMy
OCTalOTCH MOJIOCH, OTBEYAIIHe JIHIIb [epexofaM M3 OCHOBHOTIO
COCTOSIHHSI B COCTOSIHHA C OJHHM 3JeMEeHTapHHIM BO3GYXICHHEM.
[lepexonpl xKe MexAy ABYMsI BO3OYXKICHHBIMH COCTOSHHSIMH He NpH-
BOJSIT K BO3HUKHOBEHHIO NOJIOCA B MaKpOCKONHYeCKOH O HOYACTHY-
Holt ¢yukuuu I'puHa no Tofl ke HPHUYHHE, IO KOTOPOH He NPHBOASAT
K BO3HHKHOBEHHIO IIOJIIOCA H IEepeXolbl M3 OCHOBHOTO B COCTOSIHUS
c Gosee ueM ojHOH KBasuuacthue# (cMm. § 8): pasHocTh aHeprui
TaKUX COCTOSSHHH He omnpejeJ/sfeTcsl OJHO3HAYHLIM 06pa3oM pasHo-
CTBI0O HX HMIYJbCOB.

IToguepkHeM Takzke, 4TO NPH OTJIHUYHBIX OT HYJA TeMueparypax
IOPOJOIKHTENLHOCTE KH3HH KBA3HYACTHI, CBA33aHA He TOJBKO C HX
COGCTBEHHOH HeyCTOMYHBOCTBIO, HO W C HX CTOJKHOBEHHSIMH JpYT
c JApyrom. 3aTyxaHHe OT OOOHX 3THX HCTOYHHKOB JOJI)KHO OBHITh
cJaabeiM aJs Toro, 4To0pl MOHATHE O KBA3HYACTHIIAX MPOLOIKANO
HMETb CMBICJI.

§ 37. Temnepatypubie tyaxkuuu Fpuna

st nocTpoeHus AuarpaMMHON TeXHHKH BBHIYHCJEHHS IPHHOBCKOR
GYHKIHM NpH KOHEYHBIX TeMNepaTypax Halo OuJao Gbl nepe#iTH oT
refizeH6eproBCKOro NpeACTaBJeHHS P-OHNePATOPOB K MPE/CTA BJICHHIO
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B3aumoeHcTBIsA, Kak 3TO0 Obl10 ciesano B § 12. Tlpu stom Mul
CHOBa MpHUIIIHM 6Bl K BblpaKeHHu1o, oTaAHyawomemycs ot (12,12) aums
TeM, 4TO YcpelHEHHe IPOU3BOAUTCS He 10 OCHOBHOMY COCTOSIHHIO.
ATo OTIMYME, OAHAKO, OUeHb CYIIECTBEHHO: yCpeJHeHHe omepaTopa
S-1 ye He MOXKET 6LITb OTAENEHO OT YCPENHEHHS OCTAJLHEIX MHO-
JKHTeJel, kak 3T0 GbLIO cAesaHo NMpu nepexofe ot (12,12) k (12,14);
JIeJo B TOM, UTO HEOCHOBHOE COCTOSIHME MIOJl BJHSIHHEM OlepaTopa

S—1 pepeBOAUTCH He caMo B cefsi, 4 B HEKOTODYIO CYIepPIO3HULHI0
BO30YKJEHHBIX COCTOSSHUH ¢ TOH Ke 3HeprHell (BK/IOYAIOULYIO B cebs
pe3yabTaThl BCEBO3MOXKHBIX MPOLECCOB B3aHMHOIO PACCeHUs KBa3H-
yacTHi). DTO OGCTOATENbCTBO NMPHUBOAUT K CYLIECTBEHHOMY YCJIOXK-
HEHMIO JAMarpaMMHOA TeXHHKH-— BO3HHKAlOT HOBBIE UJIGHBl OT CBep-
ThIBaHH, B KOTODHIX YYacTBYIOT TAKXKe M -OMepaTopel H3 S~

MoxHo, OJHaKO, U3MEHHUTH OTpejeseHNe IPHHOBCKOH (PYHKINH
TakuM 06pa3oM, 4ToObl NOAOOHBIX YCJIOKHEHUH He BO3HHKaJM0. OcHo-
BAHHLIA Ha 3TOM ompejesleHHH MaTeMaTUueCKHH ammapar, paspabo-
rannblii Mayybapoii (T .Matsubara, 1955), B ocobeHHOCTH liesec000-
paseH JJIs BBIYHCJEHHS TEPMOAMHAMHMYECKMX BEJHMUHH MAKPOCKOIIH-
YeCKOH CHCTEMBI.

BBeseM Tak HasbiBaeMble mauybapoeckiie P-onepaTopel, COTVIACHO
OTIpeAesIeHHIO 1),

W3l (v, 1) =€ (r) e,

= n . (37,1)

P (v, 1) =ePh(r) e,
rie T— BCIIOMOTATe/JbHAsl BeIeCTBEHHAsa IepeMeHHasi; 3TH omepa-
TOPBI OTJHYAIOTCA, ¢ (HOPMAJBHON TOYKH 3PEHHSI, OT red3eH6epros-
CKHX ONEPATOPOB 3aMeHOH B NOCJ/EJHHX BEelleCTBeHHON MepeMeHHOH {
MHUMO# BeJnurHOH —it2). Takoil xe 3amenoit (¥ — WM, ¥+ __, T
i0/0t ——0/0t), Hanpumep B (7,8), moayyalTcsl YpaBHEHHS, KOTO-
pbIM YAOBJIETBOPAIOT omneparopsl (37,1). C momombio 3THX omepaTo-
pos HoBasi GyHKuMA ['puHa ¥ ompejessieTcs aHAJOTMYHO TOMY, Kak
oOblyHAs TPHHOBCKAsA (GyHKUHA (G OImpese/sercs yepes reiisentep-
roBCKHe P-0mepaTophl:

Gup(Tyy 115 Ty, Tp) =—<TOM (1, 1) PP (1, 1)>,  (37,2)

rae CHMBOJI TT O3HAQUYAaET «T-XPOHOJIOTU3aHHIO» — PACIIOJIOZKEHHE Olle-

1) B stoM naparpade MEl 6yaeM nucaTb GOPMYJB OXHOBPEMEHHO AJst (depmu-
cucteM M Gose-cucreM (Buie A-ToukH). IIpu pasHule B 3HaKax (epMH-CHCTEMaM
6yLyT OTBeyaThb BepXHHe, H Go3e-cHCTeMaM —HHXKHHe 3HakH.  Kpome TOrO, AJs
6o3e-CHCTeM C/IefyeT ONYCTHTb CNHHOBBIE HHIEKCH

%) TloguepKHeM, YTO B BHAY 3TOTO OTJHYMs onepatop ¥M OTHIOAb He COBIa-
Aaet ¢ ¥M+,
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paTopoB B HOpsfKe yBeJUYEHHs T clpaBa HaJeBo (C H3MEHeHHeM
3HaKa MpH IepecTaHOBKe OMEepaTopoB B ciayyae (epMH-CHCTEM);
CKOOKH Xke <...> 03HayaioT yCpeJHEHHe N0 pacnpejesenHo ['Ho6ca.
Ilocnennee MOXXHO NpeACTaBUTHL B SIBHOM BHAE€, 3allHCaB OnpeseJe-
Hue (37,2) Kax

Q—H'

‘9’043:—51) {zZJTT‘iféd (le rl) I—If_é\'l (72’ rz)}, z@:exp (T) ’ (37’3)

rie Sp o3Hauyaer cyMMy BceX JHArOHaJbHBIX MATPHYHBIX 3J€MEHTOB.
OnpenesieHHyl0 TakuM 00pas3oM TPHHOBCKYI0 (QYHKLHIO HA3HIBAIOT
memnepamyproll B OTIHYNE OT «OObIYHOH» (GYHKUHH G (KOTOPYIO
HasblBalOT B 3TOH CBS3U 8pemertill).

Kak u G,p, OyHKUHA Y5 AN HedepPPOMATHUTHOM CHCTEMBI
B OTCYTCTBHE BHEIIHEr0 MAarHHTHOTO IIOJI CBOAHTCH X CKajaspy:
Gap="90,p. [ MpPOCTPAaHCTBEHHO-OJHOPOJHOH CHCTEMBI €€ 3aBHCH-
MOCTb OT f; M r, CHOBA CBOAMTCA K 3aBHCHMOCTH OT Da3HOCTH
r=r,—r,.

Jlerko Takxke BHAETb, 4TO YK€ IO caMOMY onpefneJeHHio (37,3)
dOYHKIHUA ¥ 3aBHCHT TOJIBKO OT Pa3HOCTH T==T,—T,. 1lycTb, HANpH-
Mep, T, < T,; TOTAA HMmeeM?!)

Y — 4+ T)eg/T Sp { H’/TerzH’,q)a (1'2) e(—'l:2 + Tq) H”q)a (rl) e~ TH }
HJIH, TPOU3BENsd MOj 3HAKOM Sp IHUKJIHYECKYIO NEepPeCcTaHOBKY MHO-
KUTEen:

§ = o g %7 Sp fem AT+ TG () AP ()}, T<O, (37,4)

OTKYZa U OUEBHAHO CJIeJaHHOe YTBEPXKACHHE,
Ilepemennass v Oyaer ¢akTHueckH MNpo6eratb 3HAYEHHS JIUIIb
B KOHEUHOM HHTepBaJe

—T<t< YT, (37,%)

Ilpu sToM 3HaueHHss OQYHKIMHM & () npu T<<0 um v>0 cBaA3aHbl
ApPYr ¢ APYroM NPOCTEIM cooTHoweHueM. Ilpu ’I.'-—Tl—’l.‘z >0, ana-
JIOTHUHO BHIBOAY (37,4), HaxoIuMm

G ___;_)_ eQ/T Sp {e= W/T= A, (r,) e~ 'y (r,)} =

- —éy e2/T Sp {e= V'Y (ry) e= WT-D A, (1)}, >0,

1) 3akJjIoueHHHH B CKOGKH MHOXHTENb 2 OTHOCHTCA K QepMH-cHCTeMaM, a JAas
6o3e-CHCTEM JOJIKeH GhIThb 3aMeHeH eJHHHLEH.
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a cCpaBHHB 3T0O BhIpaxeHHe ¢ (37,4), moayyum
$(t)=F¢ (r+—;-), <0 (37,6)
(sBuAY (37,5) aprymeHT &yHKuUME cnpaBa npu T < 0 MOJOKHTENEH).

Passnoxum renepp ¢yHkuuio % (t, r) B unrerpaa dypre mno
KoopauHaTaM H B paj Pypee no 1 (Ha uurepBaje (37,5))1):

-2 ; - d3
smn=7 X OS5, npn, 61D
npuuem JAas ¢epMu-cHcTeM
Ls=(@s+1)aT, (37,8a)
a jpng Gose-cHcTeM
¢, =2saT (37,86)
(=0, =+l1, 42, ...); npx 3TOM aBTOMAaTHYECKH BHINOJHSIETCS
ycaosue (37,6). O6patHoe x (37,7) npeoGpasoBaHHe HMEET BHJ,
yr .
$Cup=§ Je ' CENg @, ndxnd (37,9)

0

(unrerpan mo o6aacty —I1/T <{t<C1/T npeo6pasoBaH B HHTErpaJ
or 0.70 /T ¢ yuerom (37,6) u (37,8)).

BHuHCJ€HHsI, aHAJOTHYHBlE NpPOH3BeJeHHBIM B § 36, NO3BOJSIOT
BbIpa3HTb & ({,, p) Yepe3 MaTpHUHblE 3AEMEHTHl LIPEAUHIePOBCKHX
y-onepatopoB. OHH NPHUBOAAT K pe3yJbTarty

2 3 \ Amné -—k”ln - ;
9 P =550 3 w0, Am2Ootmd (1 em0nuT). (37,10)

Orciofia BHAHO Npexje BCEro, urto )
g(_—gs» p):g* (gsy p) (37’11)

Hanee, cpaBuuB (37,10) ¢ pasnoxkenusamu (36,6) u (36,20) ana GR,
HaljeM, UTO
g(gsv p) =GR (ig.n p)9 gs > O‘ (37912)

Ycaosue ;>0 cBasano c Tem, uyto Belpaxenus (36,5) u (36,20)
CIIpaBe/l/IHBLl HEIIOCPEACTBEHHO JIMIIb B BepXHeH MOJYIJIOCKOCTH o,
KaK 3T0 06bficHeHO Ha cTp. 174. Takum o6GpasoMm, B KOMMOHEHTaX
®ypoe TemueparypHas dyHkuus 'puHa cOBNAAaeT ¢ 3amnasfibBaio-
we# QyHkuued I'prHa, B3gTO# B JUCKPETHHX TOUKAX MHHMOH OCH ®.

!} Beenenne storo npuema npuxagaexur A. A. A6puxocosy, JI. I1. T'opexoey,
H. E. Jassomuncrony (1959) v E. C. Ppadruny (1959).
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3T0T pe3yJbTaT IO3BOJAET, B YAaCTHOCTH, Cpa3y HamHCaTb BhHIpawke-
HHe JJs TemnepaTypHoll ¢yHkuuu ['puHa HeaJbHOro rasa: saMeHoi
o — I{, HaxopuM H3 (36,17)

-1

SO, p)= [ics —%ﬂt] . (37,13)

B caenytoliem naparpade 6yAeT H3J0XKEHA AMAarpaMMHas TeXHHKa
AJ51 BhlyHcJAeHHs QYHRUHH ¥ (L, p). s onpeleseHus xe QyHKIHH
GR(w, p) (1 TeM caMbiM, B YaCTHOCTH, [Jis ONpefieIeHHS IHEPTreTH-
YecKOro CIEKTPa CHCTeMbl) HalO0 NMOCTPOHTb AHAJUTHYECKYIO GYHK-
L0, COBmajawInyw ¢ $(f,, p) B TOUKaX ®=il; H HE HMEWOLLYIO
ocoGenHocTell B BepXHefl HNOJYNJIOCKOCTH . DTa NpoLeaypa OLHO-
3HayHa, ecJH 7o6aBUTb TpeGoBanue GR(w, p)~—0 npH |o|— oo
(eM. (36,11)). Tem He MeHee B KOHKPETHBIX CJIyyasX Takoe aHajH-
THYECKOE MPOJOJKEHHE MOXKET ORITb CONPSAXKEHO C OIpejeeHHBIMH
TpyaHocTsaMH. Ho aasd BHYHC/IEHMA TePMOAMHAMHYECKHX BEJHYHH
€ro MpOU3BOJAUTbL He Hajo.

Tak, AJs BbIUHCJEHHs DOTeHNHaska £ MOXHO HCXOIHTb M3 BHI-
paxenHs ycpeiHEeHHOH mo pacnpefenenuro I'm66ca MaTpulpl MJOT-
HOCTH

Npep (ry, 1)) ==+ gOLB (ty, Ty T,+0, 1) (37,14)

(oueBuanoro 3 ompezesenus (37,2); cp. (7,17)). Tlonoxus r,=r,
(1 npocyMMHpOBaB N0 =f), NOJYYHM JJIs1 IJOTHOCTH CHCTEMEI

N - L g &
V'::thzz_mSg(cs’ p)e ltsr(-?n!))s T -0 (37,15)
Aro BhpameHue onpefeaser N kak ¢ynkumo w, T, V, nocie yero
Q(u, T, V) BblyuCIsieTC HHTETPHPOBAHHEM PaBEHCTBA N = —0Q/0p.
. .

§ 38. lmarpaMmHasl TeXHHKa AJ4 TeMIepaTYPHBIX
¢yuxuui [puna

JlnarpaMMHas TeXHHKa JAJS1 BHIYHCJEHHS TeMmepaTypHOH ¢yHK-
uud puna § cTpouTCs MOJOGHO TOMY, KaK 3TO lesasnoch B §§ 12, 13
s Bpemenuo#t ¢ynkuuu G. Tor ¢dakt, yTo ompenejenre Many6a-
POBCKHX -onepaTopoB (37,1) oTiiMYaeTcsi OT ONpejeJie HUsl reii3eH-
GeproBCKHX OMEPaTOPOB JHLIb GOpPMaJbHOH 3aMeHO# if —» T, 103BO-
JAeT BO MHOrOM BOCHOJIb30BaThCS NPSAMOH aHajoruei.

Tpexne Bcero BBOAMM Maly0apOBCKHE ONEPATOPhI B «IPEACTaB-
JeHHH B3aMMOJEHCTBHS», OTIHYaAKOIHecs o1 (37,1) 3aMeHON TouHOrQ

raMuJbTOHMaHa A’ HAa raMuIbTOHHAH CBOGOAHMX yacTun, Hj:
YM (z, r)=exp (tHy) Vo(r) exp (— tHy). (38,1)
CBsi3b Memay onepatopamd ¥ wu ¥H ocymectBaseTca MamyGa-
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poBckol S-maTpuueil, mocTpoeHHoH anajoruuHo (12,8):

T2

6 (1,, 7,) =Teexp {— (7, (@}, (38,2)
k Ty
rae

170 (t) =exp (rFI()) Vexp (— rﬁ;) (38,3)

— oneparop B3aI/IMO}IeI:ICTBI/Iﬂ B TOM K¢ NpeACTaBJ/JEeHHH. Ho B 10

BpeMsa Kak B § 12 cBaszp mexknay Y u ¥, ycranaBaHBaJgach NpH
HAayaJbHOM VCJOBHH <«BKJIOUEHMsI» B3aUMOJeHCIBUA NpH [ =— oo,
Tenepb poOJb «HAUaJbHOrO» YCJIOBHA JAOJKHO UIPaTh COBNAajeHHe

¥ g ¥M npu t=0. CoorBercrBenHo BMecto (12,11) mumem
TM(r)=06"1(1, O) P (v)o (z, 0). (38,4)
[ToactaBuM 31O BhIpaskeHHe B onpefeneHHe ¢GYHKUHH ['pHHA
(37,3); nosoxue, AJs8 ONpeAe/eHHOCTH, T, > T,, HMEeM
Gap (T2, T)=
——Sp {©o~1 (1, 0) P (1) 3 (3, )57 (2, 0) Vi (35 (xsy )}

(apryMeHTbI r,, r, AJS KPAaTKoCTH He BbIIIHCbIBaeM). 3aMeTHB, 4TO
IpH T, > T, > Tg

~

8(171’ 173);—:6'(171, 12)0’9’2, ),
0 (Ty, T,) 07 (Ts, ’[71):0’(1’2, Tg)s
nepenuceiBaeM B BHIE
f905[3("71’ T,) =
ORI 1 ~ 1 @M ~ ;M -~
——Splac (T,o) o T,rl> M (1) 6 (1, T,) T2 (1) (5, 0) | V.

MHOXHTeM B KBajpaTHHX CKOOKaX YiKe DPAaCIOJIOXEHBl B IOPAJKE
BO3pacraHusl crnpaBa HaJeBo. [TosToMy MOXKHO HamucaThb

Gap (T4, T,)=—Sp {wc 1T, 1I’m(r1 ‘l’ (To) G]} (38,5)

6=0(-r,0).

rue

Jlerko mpoBepHTh, UTO B TAaKOM BHJE 3TO BHIpa)KeHHe OCTaeTcs
COpPaBeJJUBEIM H IPH T, < T,.

B orauune ot (12,12), B (38,5) conepxurcs aumHuE (ru66COB-
cKHuil) MHOXHTEJb, H, KPOME TOrO, yYCPeJHEHHE NPOH3BOAHTCA ellle
IO COCTOSIHHSIM CHCTeMBl B3auMoOfeHcTBymowHX uacTHu. [Tokaxem,
uTo 00a- 3TH OTJIHYMA «B3aHMHO IIOrallalTcs», B pe3yJ/bTaTe Yero



§ 38] JUATPAMME I/ TEMIIEPATYPHBIX OYHKIHH TPHHA 183

BOCCTAHABJHBaeTcsl NMOJHafg anagaorus ¢ (12,14). Ilaa storo Boc-
noJb3yeMcst dbopmynon

o=t — =G (1, 0), (38,6)

KOTOpas TmoJyyaetcs myTtem noicraHoskH (38,1) B (38,4) n nocJe-
AYIOUIMM CPaBHEHHEM IOJYYHBIIEIOCH BbIPAXKEHHS C OMNpeJiesieHHeM

P cormacuo (37,1). C ee momoubio 3aMenseM B (38,5)
frrn-1( 1 -B;/T
-8rS5-1 _
e o <T , 0) =g 07,

MHuoxuTeab xe e%7T BHIHOCHM H3-NIOJA 3HaKa Sp, IepeHecsl ero s
YHC/ANTeJAA B 3HAMEHaTesb M MPEACTABHB B BHJE

e=T =Spe-H'/T=5p el G <%, 0).

HakoHel, YMHOMHB UHCJHTEJb M 3HaMeHateab Ha exp (2,/T) (rhe
Q, — TepMOJMHAMHYECKHH NOTEHIHaJ H/ea/IbHOTO rasa IpPH TeX Xe
3sHayeHusx W, 7, V), NoJyuuM OKOHYaTe/IbHO

1 a S5 ~
goc[i (Tl? Tz) - _«";0 <TT\F(%L (Tl) lP.(Zl\ffi (Tz) 0>0’ (38’7)

rjie ycpejHeHHe NMPOU3BOAUTCA IO COCTOSIHHAM CHCTEMbl HeB3aHMO-
JNeHCTBYIOIHX YaCTHIL:

<o Do=Sp W, ..}

Amnasorus storo pesysabrata ¢ (12,14) oueBuiHa.
Jns mepexofia K jHarpaMmam T€OPHH BO3MYlIeHHiT, Kak u B § 13,
pasjaraeMm Buipaxenue (38,7) IO CTeneHsM onepaTopa B3aHMONEH-

cTBusi V,(t). JLJs CHCTeMbl C TAapHBIM B3aHMOJEHCTBHEM MeXAy
yacTHIAMH 3TOT omepatop orandaercs or (13,2) JHumb 3ameHOH

refizenGeprosckux ¥,, ¥i na mauny6aposckue ¥, WM. Cpennue
3HaueHHsl TNPOM3BeleHHH P-ONepaTopoB CHOBA paCKPLIBAIOTCS IO
TeopeMe Buka (T.e. myTeM Bhi6Opa BCeMH BO3MOXHBLIMH crocofamu
MonapHLIX CBEPTOK OIEPATOPOB); NPHMEHHMOCTb 3TOH TeOpeMbl
B MaKpOCKOIHYECKOM TpeJiesie JOKAa3blBAETCs B JAHHOM Clyyae TEMH
e pacCykieHHAMH, uTo U B § 13.

Bosnykaonie, TaKHM 00pasoM, IpaBujia AHarpaMMHON TeX HUKH
BNOJIHE aHAJOTHYHHI TPaBUJIaM, TOJYYeHHBIM B § 13 M1 TeXHHKH
npu T =0. I'paduueckoe uzofpaxeHHe AHArpaMm OCTaeTCs B TOY-
HocTH TeM xXe. Hecko/pKO MeHSIOTCA JHIb MPaBHJa aHa/JAUTHYe-
CKOTO MNPOYTEHHA AHaTPaMM.

B KOODAMHATHOM NpEACTABJCHHH KaXIOW CIAOMIHOM JMHUM,
HAywmEH OT TOYKH 2 B TOYKY 1, comocTaB/jsieTcsi MHOXKHTeJNb
— %8 (1, )} Ty Tp) (CO 3HAKOM MHHYC). KamjoMy myHKTHDY, Coe-
AHHSIOLEMY TOUKH 1 H 2, oTBeyaeT MHOXHTeNb — U (r,—1,) 8 (T, —1,).
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ITo BceM mepeMeHHHM T, I BHYTPEHHHX TOYEK AHArpaMMEl IIPOH3-
BOJHTCSI HHTEIPHPOBaHHe MO d%x MO BCeMy NPOCTPAHCTBY M MO
dt—s npegenax or 0 po I/T.

Jasi mepexofa K HMIYJbCHOMY NPEACTAB/ICHHIO HAJ0 PA3IOXHTh
Bce ¢ynkuua ¥'© B Bupe (37,7). Ilocne mHTErpHPOBaHHA MO BCEM
BHYTPEHHHM NEepPEMEHHBIM I B KaXKIOH BepIUIHHE AHArpaMMbl BO3HH-
KaeT 6-QyHKUHsI, BhpazKarolas 3aKOH COXPaHeHUs uMny.Jibca (Zp=0).
Kpome Toro, B Kaxk10H BepIIHHE BO3HHKaeT HHTerpaa BHJA

YT

{ exp{— it (g +Lu+Eo)} dr.
0

drot uurerpan (c yderom (37.8)) OTJIHUEH OT HYJs, TOJBKO €C/IH
3¢,=0, npuyeM B 3TOM cayyae paeeH l. Takum o6pa3oM, B Kax-
IOH BeplIHHE COGJIONAeTCH TAKXKe H 3aKOH COXPaHEHHS JHCKPETHHIX
yactor. KaxIo#l crnjomHo#l JHHUM CTaBUTCH TeNePb B COOTBETCTBHE
MHOXHTENb — 903 (s, P) (CTJIOLIHOM Ke JMHUH, 3aMKHYTOH Ha cebs,
CHOBa OTBeYaeT MHOXHTeNb 10 (1, T)—NJA0THOCTDL HJeaJbHOrO rasa
npu 3ajaHHelx w, T). Kaxnolh myHKTHPHOH JHHHH CONOCTaBJHETCA
muoxuteap — U (q). ITo Bcem MMmyJabcaM H yacTOTam, OCTaBIIMMCS
HeOoMpeJle/IeHHBIMH (IIOCJIe yueTa 33aKOHOB COXPaHeHHs BO BCeX Bep-
HIHHAX), MPOU3BOJUTCS HHTETPUPOBAHHE H CYMMHDOBaHHE BHJIA

- ] dap
r ¥
Sz =
O6mui  Ko3pdHIHEHT, C KOTOPLIM JHArpaMMa BXOIMT B — g,
B cayuae ¢epmu-cHcTeM paBeH (— 1)f, rae L—4HCI0 3aMKHYTHIX
nocjefoBaTeNbHOCTEH CIJIOUIHBIX JUHHA B Auarpamme. B caygae
Ke Go3e-CHCTeM 3TOT KosdduuueHT paseH I.

Pasymeercss, © B 3TOH TeXHHKe (KaK H B TeXHHKe npu T =0)
MOXKHO IPOW3BOJHTb YaCTHYHOE CYMMHPOB4HHE M BBOJAHTbL pasJ/Hu-
Hble JHarpaMMHble «6J0KH». B 4acTHOCTH, MOXKHO ONDEAEJHTHL Bep-
UIMHHYI0 YacTh, BHIPAXKAIWOILYIOCA Yepe3 ABYXYACTHYHYIO QYHKUHIO
puna. dra BepIUMHHAA YacTb CBf3aHa ¢ QYHKIHEH ¥ ypaBHeHHEM
Haiicona, anajoruyuuiM (15,14). Mo He 6yjileM BHIIHCHIBATH TaKHe
(OpMYJE, BBIBOJ KOTOPBHIX BIOJIHE aHAJOTHYEH BBHIBOAY B JHArpaM-
MHOU TexHure mnpu 7T =0.

Tlpu nepexome X cayyawo T =0 cyMMH 10 § B Many6apoBcKHX
JHarpaMMax MnpeBpaulaloTcss B HHTErpaJs mo { M Manyb6apoBckas
TeXHHUKA NpeBpamiaeTcsl B TEXHHKY, OUeHb HANOMHHAOIMYIO 00pIYHYIO,
uznoxeunyto B rjaaee [l. PasHuna, ogHaxko, COCTOUT B TOM, YTO
NPH BEUIeCTBEHHBHIX { Many6apoBckue QYHKIHH COBNAJAIOT CO 3HA-
yeHHAMH GR ®w G4 Ha COOTBETCTBYIOIUUX MOJAYOCAX MHHMOH ocH
(cm. (37,11—12)). Ons nepexoma Kk OO6bIYHON TexHHWKe mpH 7 =0
HaZio ellle NOBePHYTb KOHTYP HHTErPHPOBAHHUA NO COBNAJCHHSA C Be-
HIECTBEHHOH OCBIO @.
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CBEPXINMPOBOAUMOCTb

§ 39. Csepxtekyuuii depmu-ras. IHepreTHUeCKHH CNEKTp

Bes usnoxennag B raaee I teopus Jlanpay OTHOCHTCA TOJIBKO
K OJHOM KaTeropuu depMu-KHAKOCTeH —K XKHAKOCTAM, 0018 Aa0IUM
SHEPreTHYECKHM CHEKTPOM, He NPUBOASIIHM K SIBJEHHIO CBEPXTEKY-
YeCTH. DTOT THI CHEKTPOB He ABJSETCSA eJUHCTBEHHON BO3MOXHOCTLIO
AJIS1 KBaHTOBOH (epMH-XKHAKOCTH, M Mbl MEePEXOJHMM TENepPh K H3Y-
YeHHI0 (epMH-CHCTEM CO CHeKTpoM jpyroro tHma. [Ipoucxoxperue
2TOr0 THIA 3HEPTeTHUeCKHX CIEKTPOB H €ro OCHOBHHE CBOACTBA
MOKHO HauGoJsiee HArJsAHBIM O0pPa3sOM BHIICHHTH Ha NPOCTOH MO-
JeJiH, JonycKamouell MOJHOe TeOPeTHUECKOE HCCJe0BaHHe — BRIPOXK-
JeHHOM TIOQUTH HjeaJbHOM (epMHU-Tase C IMPHUTAXKEHHEM MEXAY
YacTHIIAMH 1).

Cna6o HeuaeasbHHHE (epMH-ra3 ¢ OTTAaJKHBAHHEM MeXIY YACTH-
naMu Gewn1 paccmotper B § 6. Ha nepsmil B3riff, npousBefeHHbIE
TaM BHIYHCJIEHHS B PaBHOH CTeNEHH CNpaBelJHBH KakK IJs cjyyas
OTTAJKHBAHMS, TaK H JJA NPUTSAKEHHA MeX]y YacTHIAMH, T. €.
Kak IMpU IOJOXKUTEJbHOH, TaK H NPH OTPHHATEJbHOH JJHHE pac-
cesHUs a. B jeficTBUTeNBHOCTH, OZHAKO, B cJyyae IPHUTSAXKEHHS
(a << 0) HafijeHHOe TakuM 06pa3soM OCHOBHOE€ COCTOSIHHE CHCTEMEl
OKa3hiBaeTcsd HeyCTOHUMBRIM IO OTHOILEHHIO K OMpeJieJeHHOH mepe-
CTpOiiKe, MeHsOLIeH ero XapakTep H MOHHKAIOWEH 3HEpruio.

dusnueckas Npupoja 3TOH HeyCTOHUYHBOCTH COCTOHT B CTpeMJe-
HHHM YacTHIL K <CIapUBaHMIO»: O0OGPa30BaHHIO CBA3AHHBIX COCTOSHHH
napaMM YacTHI, HAXOAAUIUXCA (B P-MpOCTpaHCTBe) BOJIH3H (epMH-
MOBEPXHOCTH M 06JajaolUX PaBHHIMH 1O BeJHYHHE H IPOTHBOINO-
JIOXHEIMH N0 HAMpaBJEHHIO HMIyJbCaMM H AaHTHIApa/JesbHHEMH
CIMHAMHM —TaK HasbiBaeMbiil agpgpexm Kynepa (L. N. Cooper, 1957).
3ameyaTeJbHO, UYTO 3T0T 3ddeKT BO3HHKaeT B (pepMH-rase yxe HpH
CKOJIb YTOAHO CJ1a6OM NPHTAMEHHH MEXAY YaCTHIIaMH.

HmenHo B cuay 31010 3ipexTa HCIONL30BAHHAS B 3a/la4e O ¢depmu-

rase ¢ OTTAJKMBAHHEM CHCTEMA ONEPATOPOB Gpq, dpq, COOTBETCTBYIO
KX CBOGOAHEIM COCTOSIHHSM OTAeJbHHIX YacTHI[ rasa, He MOXeT

1) Dra 3afaua JEXHT B OCHOBE TEOPHH CBePXMPOBOJHMOCTH, ITOCTPOEHHOR
Bapdunom, Kynepon u Wpupdepom (J. Bardeen, L. N. Cooper, J. R. Schrieffer,
(1957). Hanaraemunii HuXe MeTOX pellleHus npuaaznexur H. H. boezorwbosy (1958).
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CJYXHTb TENePb NPaBU/JIbHEIM HCXORHBLIM NPHOJMXKEHHEM TEOPUH
Bo3MylleHu# 1), Bmecto HHMX Hajgo yxe Cpa3y BBECTH HOBBIE OIle-
paTopel, KOTOpLle OyAeM HCKaTb B BHIE JHHEHHHIX KOMOHHaLHH

bp_—u ap +v a_p,+,

(39,1)
by, =u a,,+—v a_p, -

00BbeNHAIIIX ONepaTopPhl YacCTHIl ¢ IPOTHBOIOJOKHBIMH HMIYJIb-
CaMH M CIHHAMH (HHAEKCB , W _ OTHOCSTCS K JIBYM 3HAUEHHSM
NMPOEKUHH CNHHA); B CHJY H30TPONHHU rasa KO>PQUUHEHTHI U,, Uy
MOTYT 3aBHCETb TOJBKO OT abCOMIOTHOH BeJHYHHEL Mny.nbca p-
s Toro yToGBI 3TH HOBLIE OTIEPATOPLI OTBEYAJIH POXKIAECHUIO H YHHU-
TOXEHHUIO KBA3UYACTHUL, OHH JOJIKHBEL YJOBJETBODATb TAKHM IKe
npaBuaaM KoMMmyTauuu Pepmu, KaK U cTaphle ONepaTOpHL:

Bpabga + Bp‘Locho. =1 s (39’2)

a Bce APYTHe Tappl ONepaTOPOB aHTHKOMMYTAaTUBHBEL (MHJEKC o HY-
MEpYyeT 1Ba 3HAUEHHUS TNPOEKUHMH chuHa). [ 3T0r0 KoadhpUIHEeHTD!
npeo6pa3oBaHUs JOJIKHBL YIOBJETBOPSTH YCJAOBHIO

uy+v,=1 ) (39,3)

(4p, Up MOTYT OHITH CeJIAHBI BEWECTBEHHBIMH HAJJIEXKAIUM BEIGOPOM
(1)3301301“0 MHOXkHTe ). I1pu atom oGpaTHoe (o oTHOLIEHHIO K (39,1))
npeobpa3soBaHHe HUMEET BHJ

a,,Jr =u b,,Jr +v b-p, - (39,4)
a,,_ =t bp-—0v,bLp 4. '

Ilo TeM Xe mpuunHaM (OCHOBHOH pOJH B3aHMOJEHCTBHS MeXKLy
napaMd 4acTHL ¢ NPOTHBOIOJOXHBEIMY HMIYJbCAMH H CIIHHAMM) Mb
COXpaHHM B raMuJbToHHaHe (6,7) BO BTOPOH CyMMe JHIUb 4YJICHBHI,

’ ’ 7,
B KOTOPHIX Py =-—P; =P, hp=—P: =P :
2 pE o~ E Qo S+ o -
HZZW apaapa—72 Qp +8-p’,~0Q—p,~lp+, (39,5)
px pp’
IJie CHOBa BBeJleHA KOHCTAHTa CBA3H» g=4nh?|a|/m (niuHa pac-
cesiHus a < 0).

B nasnbHeAMX BbIUHCJAEHHSX OyZeT yZoOGHO CHOBa BOCIOJIB30-
BaThCs OOBIYHBIM MPHEMOM, MTO3BOJISIOLIMM H30aBHTbCS OT HeoO6Xomiu-

1) YkasaHHe Ha HENPHUMEHHMOCTb TEODHH BO3MyLieHHH (B HCIIOJIb30BAHHOH
B § 6 (QopMe) kK napaM uyacTHI[ C NPOEKLMAMH CIHHOB =+ 1/2 M ¢ HMIyJbcaMu
P2 & —P1 HaeT yxKe HaJHuHe OCOGEHHOCTH NpPH U=, KOTOPOH o6GsajaeT rosy-
HeHHOe ¢ MOMOIIbIO 3TOH TEOPHH BbIpaxieHHe QYHKIHH B3aUMOJEHCTBH 1 KBa3HYaC THIL
(6,16); ata OCOGEHHOCTb CYIIECTBYET TOJbKO NPH aHTHNApa/JIeTbHBIX CIIHHAX, KO-
TOPLIM OTBEYaeT paBHOe — ] CoGCTBeHHOe 3HayYeHHe oNeparTopa ¢10.
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MOCTH SABHBIM 06p330M YUHUTBEIBATh IIOCTOAHCTBO YHCJIa 4YaCTHL B
CUCTEME. B KaueCTBEC HOBOTO TaMW/IBTOHHAHA BBOJAHTCA pPa3HOCTD,

~

H' =H—upN, t1e
- Ay~
V= 2 Qpalpo
paL
— OIeparTtop 4HCJ/a YacCTHIL; XUMHYECKUH IIOTEHII M AJ ofnpeneaseTcs

sateM, B MNpPHHIKIE, YCJOBHEM DaBeHCTBA CPEJHEro 3HayeHus N
3aJaHHOMY YHCJY YaCTHIl B CHCTEME.
Beejnem takxke obo3Hauenue

2
np:—p—"— . (39’6)

ITockoabky p = py/2m, To B6MU3N noBepxHOCTH Pepmu
Np=0Up(P—PF), (39,7)

rie vgp==pr/m. Beuras uN u3 Boipaxenud (39,5), HanuueM, Takum
o6pa3oM, HCXOJHBINl TaMHJIBTOHHAH B BHJE

I “+ g 4 T+ - -
H’ ZZT]papaapa—vzap'+a—p’,-a—p,—ap+- (39.,8)
o pp’

IIpousseneM B 3TOM ramuJabTOHMaHe mnpeofGpasoBaHue (39,4).
Hcnonb3ys coorHowenus (39,2—3) ¥ BO3MOKHOCTb 3aMeHbl HHEKCa
CYMMHPOBAaHHA P Ha — P, MOJYYHM

H'=22”]pv?;+2 Ny (Up—Up) (5;+5p++5;—5p—)+ .
) P

+2 3 g, (bpibp, - +bop - Bp.) _§Z ByB,, (39,9
P pp’
Bp=ulb_p by —02bp, 02y v, (b_p . bEp - —T by ).
Brifop KO3(G(QHIHEHTOB 4 ,, U, OCYIECTBUM TeNepb H3 YCJOBHA

MHUHHMAaJIbHOCTH 3HEPruu E CHCTeMbl NpH 3ajaHHOH suTpomuu. Ilo-
cJefHsis OnpefessieTcss KOMOGUHATODHBIM BbIpayKeHHEM

S = — X [Npo 10 fipe+ (1 —1pg) In (1 —r1p0) .
po

INosTomMy yxasaHHOe yc/OBHE 3KBHBAJIEHTHO MHHHMH3ALHU 3HEPTHHU
NpH 3ajaHHHIX YHCJaX 3aN0JHEHHS KBAa3HYACTHIL Hpg,.

B ramuabronunare (39,9) amaroHa/bHbIE MaTpHYHBIE 3J€MEHTHI
UMeIoT JIHWb WYJeHbl, COJep:KallHC IPOU3BeJeHH s

~4 3 ~ s
bpabpa == n«pa, bpa poL == 1 —'n«pa.
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[losToMy Haxogum

E=22’qpv§+ Z M, (Up—03) (p+ +1p-)—
L4 p
-——5— [Eupvp(l—-nﬁ—np_)]z. (39,10)
P

Bappupys 3To BhIpaxeHHe No mapamerpaMm #, (YYUTHIBAs NpH
3TOM CBa3b (39,3)), mosaywuM B KayecTBe YCJOBHA MHHHAMyMa

8E 2
= (1—npy —np-) [anuﬁvl’_—

Sup v
—-5— (43 —1}) 2 Up ¥y, (1 —Npry — np'_)] = 0.
p

Orcroga HaxORUM ypaBHeHHE

20 1,0, = A (up—103), (39,11)

rie A ofo3HayaeT CyMMYy:
A=-§— 3,0, (1—nps —np-). (39,12)

p

Ha (39,11) u (39,3) Buipaxkaem u,, v, uepes 1, H A:

1
ty }=_<1i____"f’ > (39,13)
v, J 2\ T VAt
TlogcTaBHB e 3T 3Hawenus B (39,12), mosyuuM ypapHeHHe, OI-
penensomee A:

LA S Yo

WG Varyn

B papHOBeCHH YHCJ/Ia 3aNOJHEHHS KBAa3WYaCTHIl He 3aBHCAT OT Ha-
NpaBJeHHs] CnWHa M jaoTca dopMmynol pacnpepenenns Depmu
(C paBHBIM HYJIO XHMHYECKHM IIOTEHIIMAJOM-—Cp. NPHMEYaHHe Ha
cTp. 18):
Npt+ =Np—=np =[e¥T-1]"1 (39,14)
IMepefinst Takxke OT CYMMHPOBAHHS K HHTErPHPOBAHHIO MO P-TPoO-
CTPaHCTBY, 3amulleM 3TO ypaBHEHHE B BHJe
g 1—2n d3p
£ =1. (39,15)

;S V Az n; (@nh) B

OGpaTuMc K HCCJEJOBAHUIO IOJYUYEHHHIX COOTHOWEHHH. Mebl
YBHAMM, YTO BeJMIMYHHA A HUrpaeT OCHOBHYIO POJib B TEOPHH cIje-
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KTPOB PacCMaTpHUBaeMOrO THNA. BEIYHCJIHM Npexkfae BCEro 3HaYeHHe
3Toil BesuuuHe npu T =0 (o603nayuM ero A,).

IMpu T'=0 KBa3uyacCTHUH OTCYTCTBYIOT, TaK 4TO np = 0 H ypas-
nHenue (39,15) npunuMaer Buf

g 4nptdp
=], 39,16
2<2nﬁ>3§ VaREqS ( )

Cpasy e OTMeTHM, YTO 3TO YpaBHEHHe 33BEJOMO HE MOLJO 6bl
UMeTb perueHus (ois A,) npu g < 0, T. e. B cayuae oTTaJKUBaHHA
(3HakH o6eHX CTOPOH YpaBHeHHS GBLIMM OBl 3aBEJOMO Pa3JHYHEI).

OcHoBHO# BkJag B uHHTerpaJ B (39,16) BHOCHT 06.1aCTh UMNYJIb-
coB, B KOTopoll A, <Lvp|pp—p|<Lvppp~ 4 ¥ HHTEIPAN HMEET JIO-
rapudMuuecKHi xapakTep (MaJjocTb A, IO CpaBHEHHIO C | MOATBEP-
Kpnaercs pesyaptatoMm). O6pesas sorapudMuuyeckKHuit HHTerpas npu

HEKOTOPOM 1 =g ~ |1, UMeeM!)

IR X N I
[AS +of (pp—p2] 27 vp J(A3Hm2)Y2 T up T A,

[Tostomy Haxonum

-

gmpr _& .
2n2f3 In Ao 1, (39;17)

OTKYyIa

- onzhs - b
Ao-—eexp (-— 2P )—-eexp (—ma—l). (39,]8)
3to BEIDAZKEHUE MOXKHO 3anHcaTb TakKxKe H B BHIEC
AO:Eexp (_ 2/ng)’ (39719)

rie szmp,.-/nzﬁﬂ—aﬂepremqecxaﬂ NJIOTHOCTb WYHCJA COCTOAHHH
yacTHUbl Ha (ePMH-TIOBEPXHOCTH (Vde—4HCJI0 cOCTOAHUfl B HHTEp-
BaJje de).

HauGonbmu#i HHTepec mnpexacTaBiser ¢opMa 3HEPreTHYECKOTo
CNEKTpa CHCTEMbl—3HEPrHsl 3JEeMEHTAPHBIX BO3OYXKIEHHH g5, =
= gp_ =¢(p). MBI HalileM ee NO HU3MEHEHHIO 3HEPTHH BCEH CHCTeME
NPH H3MEHeHHH YHCes 3aMoJHEHHS KBa3H4acTHIL, T. €. MPOBAPLUPO-
BaB E u3 (39,10) no nye. Ilockoabky 3HaueHHs u,, U, yXe BHI-
O6paHbl W3 YCJOBHS pAaBeHCTBA HYJIO NPOU3BOAHBIX OT E MO HHM,

1) Tlpr p > pr BeJUUHHA Np o~ p?, u nuterpan (39,16) B nanncasHOM BHIe
pacxXopuTcs, Kak p. B JeACTBHTE/ILHOCTH, OJHAKO, 3Ta DPacXOXHMOCTh (HKTHEHa
H YCTpPaHSeTCA NePeHOPMHDOBKOH CBA3H MEXAY KOHCTaHTOR g (T. e. AVIHHOA pac-
CesTHHSI @) M NOTEHIHaJOM B3aHMOJEeHCTBHSA, MOAOGHO TOMY, KaK 3TO GHLIO ClesdHo
B §§ 6 m 25. [locnenoBaTesbHOe NpOBeJeHHe TaKOTO JOBOJBHO CJIOXKHOIO pacyeTa
JaeT BO3MOXKHOCTb ONPENEJHTL TaKKe H KO3PQHIMEHT NPONOP IHOHANBHOCTH MEXIY
napaMeTpoM OGpesaHHsi € H XHMHUECKHM IIOTeHUHAoM p: £=(2/e)"/9 pn=0,49u
(cM. JI. 11, T'opokos, T. K. Meauk-Bapxydapos, XXITD 40, 1452 (1961)).
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To BapbupoBaHUe E MO #p, MOXKHO NPOM3BOAHTL IPH MOCTOSHHBIX

U, U, Takum o6pasom,

BoiuncJenye NpousBofHofl ¢ ucnosb3obanueM (39,11—13) npusogur
K TpPOCTOMY pe3yJbTaTy:

e (p) =V BT . (39,20)

Mb! BHIMM, YTO SHEPrHs KBa3MYACTHILI HE MOXKeT ObITh MeHbIle
BeJIHYKHHBL A, JOCTHraeMO# MpU p = pPp. JIPYTHMH CJIOBaMH, BO3-
6yKJEeHHblE COCTOAHHA CHCTEMBI OTHAEJIEHBI

£ OT OCHOBHOTO 3Hepreruueckoi uesabio. O6-

Jajasi MOJyHEJbIM CIOHHOM, KBa3W4yacTHIIBI

JIOJIKHBLI TOSIBJASTECA Mapamu. B s3Tom cMblc-

4 Je MOXKHO cKas3aTb, 4YTO BeJMYMHA IIeJH

paBHa 2A. O6paTuM BHMMAaHHE Ha 3KCIO-

HEHIHAJbHYIO MaJOCTh 3TOH BEJIMYHUHBL:

PP,  TOCKOJDLKY pelal/hi<€1, 1o A, skcnoHeH-

IHaJbHO MaJso 1o cpaBHeHHIO ¢ u. Otme-

Puc. 5. THM Taxxe, uto Buipaxenune (39,18) =me

MOXKET GLITh PA3JIOKEHO O CTENEHAM MaJjoro

mapaMeTpa —KOHCTAHTEI CBA3H g; MOCJEHss BXOJAUT B 3HAMEHATeb

[IoKa3aTeJas SKCIOHEHTHI, TAK 4TO 3HauyeHHe g=0 sBJseTCA Cylle-
CTBEHHO 0coGoi Touko# GyHKIHU A, (g).

Crektp (39,20) yHOBIETBOPSIET YCTAHOBJEHHOMY B § 23 yCJIOBHIO
CBepXTeKYUYeCcTH: MHHHMaJbHOE 3HAYeHHe &/p OTJIHYHO OT HYJA.
TlostoMy (epmu-ra3 ¢ TNPHUTSKEHHEM MEXy YacTHIAMH JIOJIKEeH
06/1a7aTh CBONCTBOM CBEPXTEKYUYECTH.

Ha puc. 5 cpaBHeHBl 3aKOHbI JMCNIEPCHH KBa3HYaCTHIL B CBEPX-
TeKyuell (BepXHfsl KDHBas) M HOpMajbHOH (epmu-cucTemax. B mo-
cJe/lHel 3TOT 3aKOH HM3006paxaercsi (B COOTBETCTBUH C YKa3aHHOM
B KoHLE § 1 TPaKTOBKOH) ABYMsI NPSMBIMH e=Up| p—pE|-

BesuudHA meJAd A 3aBHCHT OT TeMIEpaTyphl, T. €. cama ¢opma
CIIeKTpa 3aBUCHT OT CTATHCTHYECKOTO pacnpeseieHHs KBa3UUacTHL, —
CHTVAlLHsi, aHAJOTUYHAS TOMY, YTO HMeeT MeCTO A1d (epMH-KHA-
KOCTH HopMaJjbHOro Tuma. IlockosibKy npy BO3pacTaHMH Temmepa-
Typbl YHCJIA 3aTOJIHEHHs KBa3WYaCTHIL BO3pAcTaloT (CTpeMsch K 1),
To yxe u3 ypaBHeHus (39,15) BUIHO, 4TO A [IPH 3TOM YMeHBIIAETCS
U NPU HEKOTOpoil KoHeuHOH Temmepartype T, oOpaTutcs B HYJIb:
cHcTeMa TlepefileT M3 CBEPXTEKYUero COCTOSHUA B HOpMaJbHOe. Jta
TOyKa npejcTtaBisieT cofod $asoBplil mepexoj BTOPOro poxaa (no-
J0oGHDLIHl A-Tepexony B cBepXTekydyeil Go3e-KUIKOCTH).

HaJnuye sHePreTHYecKo# IIeau B CIEKTpe BLIPOXKIEHHOTO dep-
MH-TA3a H SBJAETCH BhIpaxkeHueM adpdekrta «CnapuBaHHA», O KOTO-
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poM yxKe roBOpHJIOCH B HauaJie maparpada. Bemuunny 2A Moxwuo
paccMaTpuBaTh KaK 3HEPrHIO CBSI3M KYNEPOBCKOH Maphl, KOTOPYIO
HaJ0 3aTpaTUTh [J/15 e€e pa3phiBa.

Famuibronnan (39,5) yuuThiBaeT (Kak yme 6blI0 OTMeueHO B § 6)
B3aMMOJEHCTBHE JIMIUb MeXAy [apaMH YacTHI, HAaXOAAL[MMUCS
B CHHIVIETHOM S-COCTOSIHHH: OPGHTAJ/IbHBII MOMEHT OTHOCHUTEJbHOIO
ABMXKEHHS YaCTHL PaBeH HYJ/IO, a HX CHHMHbl AHTHNAPAJJeNbHDI.
OGnagast paBHBIM HYJIO MOJHBIM CIIMHOM, Maphl BelyT ce6si KAk
Go3eBcKHe 06pPa30BaHUS U MOTYT HAKAMJHBATLCS B KOHEUHOM YHCJIE
Ha YDOBHE (CBOEro [BHXKEHUS KaK Ie/0r0) ¢ HaWMeHbluell 3Hep-
rHefl — ypOBHE C PaBHBIM HYJIO CyMMAapHLIM HMIYJbCOM. B Takom
HArJIHOM HCTOJIKOBAHHH 3TO sIBJIEHHE BIIOJIHE AHAJOTMYHO HAKAll-
JIMBAHUIO YACTHL B COCTOSIHHM C HYJEBOH 3Hepruefl (Gose-sMHIuTeH-
HOBCKOH KOHJeHcalluH) B Go3e-rase; B JaHHOM CJyyYae KOHAEHCATOM
SIBJSIETCS COBOKYIHOCTL CHApPEHHBIX YacTHIL.

IIpeacraBaenno o cBA3aHHBIX MApax HE CJAENyeT, KOHEUHO, MpH-
AaBaTh CIHINKOM GYKBaJIbHBIH cMbIcJ. BoJlee TOYHO c/leAyeT roBOpHTD
O KOppeJIALHH MeX]Y COCTOSHUSMHU Napbl YacTHIL B P-NPOCTPAHCTBE,
NPUBOJAICH K KOHEYHOH BEPOSITHOCTH YacTHUAM HMeTb pPaBHYIO
HYJIO CyMMY HMIyJbCOB. Pas6poc 8p sHauenuil uMmysnbcos B 06Ja-
CTH KODpEJIALNH COOTBETCTBYET SHEPIHHU NOpsfKa A, T. e. 8p ~ Ajvp.
CooTeTcTByIOIAsA JAJHHA §~ﬁ/6p~wa/A onpefieaseT MOPSI0K
BEJIMIHHDI PACCTOSTHHH MEXJYy YaCTHILAMH C KOPPEJHPOBAHHBLIMU HM-
nyabcamu. Ilpun T'=0 3r1a puna (ee Ha3LIBAOT QAuHOll Kozepenir-
Hocmu) " " "

VR 1
B~ T ~ Sexp (W) . (39,21)
[Tockosibky B BRIpOXNKIEHHOM (epMmH-rase fi/pr COBMajaeT Mo mo-
PALKY BEJHYHHBI C MEKATOMHLIMH DPAaCCTOSHHSIMH, TO MBI BHIUM,
4TO §, OYeHb BeJHKO IO CPaBHEHHIO C MOCJENHHMH. DT0 06CTOf-
TENTbCTBO B OCOGEHHOCTH HATJAJHO NEMOHCTPHPYET YEJIOBHOCTD
MOHATHA O CBSA3AHHBIX Mapax.

ITponcxoxpenne sddexra Kymepa TecHo CBA3aHO ¢ CyliecTBO-
BaHHeM (ePMH-IOBEPXHOCTH, OTpaHHYABAIOLE} (B P-POCTpaHCTBe)
KOHeYHYI0 006J1acTh 3amojHeHHBIX (MpH 7 =0) COCTOSHHUII, BaXXHOE
0GCTOSATEILCTBO COCTOMT B TOM, 4YTO 3SHEpreTHYeCKast MJOTHOCTD
YHCJa COCTOSHHH Ha 3TOH MOBEPXHOCTH OTJMYHA OT HyJA. ITa
CBs3b MNposABAfAeTcs B dopmyse (39,19) paa Bemuuuunt meau A,,
obpamatouieficss B Hy/b npu vep— 0.

§ 40. Cpepxrexkyunit depmu-ras. TepMogMHAMHYECKHE CBOMCTBA

Hsyuenne TepmMopuHaMHYeCKUX CBONHCTB CBEpXTeKyyero depmu-
ra3a Ha4yHeM C BBIYHCJIEHUS TEMIEPaTypPHOH 3aBHCHMOCTH BeJHYHHDLI
SHepreTHyeckol weau. [lepenncas ypasnenue (39,15) B caenyomem
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BHJIE

3
—1 g d3p _ J\ npd P
+ 2 Je@ah)s g e (2ah)3’

3aMeyaeM, Yro HHTerpaJl B ero JieBoi CTOPOHE OTJIHYaeTcs OT HHTe-
rpana npu T =0 Janwb 3ameHoit A, Ha A, Hosmmy yuHuteiBaga (39,17),

MBI BHIHM, YTO JieBas CTOpPOHA paBHa gp:,; lr1 . Bpagoii cropone

noictasiseM n, H3 (39,14) m nepexogum K HHTerpHpOBaHmo no
dp = dn/vg:

Bo (a1 _o(A
In2 ie(ewul)“?[(T)' (40,1)

rae

__m dx
”“)“ogvmwxpvmw

(BBHAY OHICTPOH CXOAMMOCTH HHTerpaJja mNpejiesibl UHTerpHPOBaHMUs
MOTYT OHITL paclpocTpPaHeHBl A0 == oo).

B o6sacty Huskux temmneparyp (T <€ A) uHTerpas BHUUCJAETCA
npocro!) U moJayuaercs

onT
A=A, [1_ —go—e—w]. (40,2)

B o6sacTu ke B6JIH3H TOYKH nepexofa A Mafo, H NepBhHe YJieHbl
pasnoxenus unterpana I (A;T) paior?)

A T 7¢ (3) Az
Ing=InZz+ 2. (40,3)

Orciopa, mpexze Bcero, BUAHO, Y10 A ofpaliaercsi B HyJb IIPH
TeMIlepaType
T,=vyA,/n=0,57A,, (40,4)

1) Ilpu Goabwix u mepBt yneH pasnoxenus J () mo 1/u:

I~ E%—xexp [—u (l_}__z‘f%)]:(%)l/ze-u.
0

%) Nas pasnomeHHA uHTerpaia [ (u) npH u — O npuGaBideM H BLIYHTAeM H3

Hero HHTerpan
K 1
15’ X
e .._..._.th_ dx‘
2 (Vx’+u2 x 2)
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MaJoil o cpaBHeHHIO ¢ TemnepaTypoill Beipoxaenus T,~ p. ITocse
sToro B nepsoM nopsake mo 7,—7T noayyum

8n2 T\]? T
A= T[7c<3)<1 T)] =3,067. )/ 1—7-.  (40)

Ham ocTaJjioch BBIYHCJAHTH TEPMOJHHAMHYECKHE BEJHYHHBI rasa.
PaccmoTpuM cHawana 06/1acTh HHU3KHX TEMIEparyp.

Jl1s BBIUMCJ/EHHS TEIJOEMKOCTH B 3TOH 00/acTH IIpOlle BCETO
HCXOAHUTE U3 GOPMYJIH

SE = X ¢&(Snps + Omp-) =2 D) ednyp
P P

1719 M3MeHEHHs IOJHOH 3Hepruu IPH BapbHPOBAHUM UMCENa 3aMmoJ-
Henus kBasuuacTHi. Pasnenus Ha 0T U nepefdfd OoT CYMMHPOBaHHA
K HMHTEr pHPOBAHMIO, MOJYYHUM TEIJOEMKOCTh:

@

C= VmpFSsandn.

23
[Tpu T<A (pyHKmm pacrpejieJieH sl KBasHuacTHl n =~ e~%7, a ux
3HEepTHA ~ A,+"n?%2A,; mnpocToe HHTErpHpOBaHHE INPHBOAHUT

Torpna I =11+ 1,, THe

F: VELE
=%S(—lx—th%—v Ly Vrte >dx
5 x2+u 2

B /y mepBHii WieH B NOJWHTEIPAJbHOM BHIDAXKEHHH HHTETPHPYETCH SJIEMEH-
TapHO, a BTOPOH MHTEIPHPYEM MO YacTAM K HaXoJHM

Inx
2hy=—lng 45 Schz @

Crosmumii 37ech uHTerpan pasen 2 1n (/2y) (rzme Iny=C=0,577 —nocrosunas
Dinepa), Tak uro 2/1=In (s1/yu).

Muterpan Iy obpamaerci B Hyab npH #4==0. [lepBuidl uaeH ero passoxe-
Hus N0 W%

IToacTaBasia cooja pas/oXKeHHe
«w
_’_V____. 2 2 271
th3 4x20[n (2n-+1)2 +£?]

(ero BHEOA cM. B NDHMeHaHHH Ha CTp. 205) moayuHM

e [ > e L TEO)
2= Y (s 20(2n+{) = 20,
n=

n=00
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K pe3yJbraty:
V 2mppAd/

C - V ﬂa/zﬁaTa/z

-7, (40,6)

Taxum o6pasoMm, npu T — 0 TemsoeMkocTh yGbIBA€T MO SKCIOHEH-
LHAJbHOMY 3aKOHY —IPSIMOE CJIEACTBHE HAJHYMs IUEJH B 3HEpre-
THYECKOM CIIeKTpe.

Jns nanbuefilunx BbIYMCJEHHH YAOGHO HCXOJHTH M3 TePMOJH-
HaMHYeCKOro MnoreHuHuana {2, mockoJbKy Bce PacCMOTPeHHE BejeTcs
HaMH IpH 34JaHHOM XHMHYECKOM IIOTEHLIMaJse CHCTEMBbI (4 He yHcJa
YacTHIL B Hei)!). BocnoJabsyemcsi ¢popmyoi

(45 ) v 0 = (50 (40,7)

rie A —xakoli-in6o mapamerp, XapakTepusylowuii cucremy (cp. V
(11,4), (15,11)); B maHHOM cayyae B KayecTBE TAaKOroO napamerpa
BbIGEPEM KOHCTAHTY CBA3H g, QUTYPHPYIOULYIO BO BTOPOM UJEHE
ramuabTonuana (39,8). Cpexnee 3nmaueHnue 3TOro wjieHa jaeTcs IIO-
CJEIHMM cJaraeMeiM B ¢opmye (39,10), pasroM, cordacuo (39,12),
—VA?g oo g. Tlostomy umeem '

oQ VA2

o
Ilpu g— 0 sHepreTnyeckas WeJb A cTpeMuTCA K HYJIO. [Noatomy,
MHTErpUpys 3TO PaBEHCTBO Mo dg B npeiesax or 0 1o g, HakljeM
PasHOCTb MeXAY TePMOJAMHAMUYECKHUM IOTEHIHAJOM £ B CBepxTe-
KYYeM COCTOAHMHM H 3HaYeHHEM, KOTOPOe OH HMeJs Gbl B HOpPMaJb-
HOM cocTosiHuH (A =0) mpu Tofl xe TeMmepaType 2):

g
AZ
Q—Q,=—V {2 dg. (40,8)

CorsiacHo ofwiefi TeopeMe 0 MaJsbix JAoGaBkax (cm. V (24,16)), mo-
npaska (40,8), 6y1yuHn BhIpa)keHa B COOTBETCTBYIOUIUX MepPEMEHHbIX,
OJIMHAKOBa IJIs1 BCeX TePMOJMHAMHYECKHX IOTEHLLHAJOB.

!) He cvemusaTh XMMHYeCKHI NMOTEHIMAN Ia3a KAK TAKOBOTO ¢ (PABHLIM HYJIO)
XHMHYECKHM IOTEHLHAJOM Ta3a KBa3HYacTHI!

£) 3nech HeOGXOAHMO CleNaTh 3aMeuaHHe, CBSI3aHHOE CO CJAEJAHHBIMH HAMH
€ caMoro Hauazna npeHeCpexenusamu. IIpn g=0 B ramusnbronuane (39,8) Boo6ie
HE OCTaeTCsi B3aHMOJACHCTBHS MeXJAY YaCTHLAMH, H MOXKHO Obi0 6 NOAYMaTb,
UTO MBI MDHXOJHM K HJealbHOMY (epMHU-Ta3y, a HE «HOPMANbHOMY» HEHJEATbHOMY
rady. B nefictBuTeNbHOCTH, O1HAKO, B raMHnbTOHHaHe (39,8) yXe GHUIH Cleaanbi
npeHe6PeXerHs, N0C/Ie KOTOPBIX HE MOXET HATH DEUH O BHYHCJICHHH aBCO/IOTHON
BEJIMYHHbL SHEPTHH. BhiAH onymeHEl u/eHB B3aHMOAEHCTBHA (HEeCYIIECTBEHHHE AMs
HaXOXJIeHHsT (JOPMEL CTIEKTPa M PasHOCTH Qg—Q,), KOTOphe AAOT BKJaJ B SHep-
THI0, GOJBLIOH II0 CPaBHEHHIO C 3KCIOHEHIHAJBHO MaJO BEJHUHHON (40,8) (310
Kax pa3 TOT BKJal, NMponopuHoHaibHHH Ng, KOTOpHi pnaeTcs ¢opmyuoi (6,13)).
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[Tpu a6comotHoM Hysne A=A, u, corsacHo (39,18), umeem
dhy  2m2hRA,

dg mprg® ’
[Tepexonsa B (40,8) OT WHTErpHPOBAHUS NO dg K WUHTEr PUPOBAHHUIO
no dA,, HalileM cJejyioliee BbipakeHHe [Jd DPa3HOCTH 3HEPruil
OCHOBHBIX ypOBHell cBepXTeKyueHl M HOpPMaJ/JbHOH CHCTEM:

Es—Enz—V4:f£3 Az, (40,9)

OrpuliaTe/IbHBIH 3HAK 3TOH PA3HOCTH W O3HAYAeT YINOMAHYTYIO B Ha-
yaJjie naparpaga HeyCTOHYHBOCTb «HOPMaJbHOIO» OCHOBHOI'O COCTOfA-
HHs B CJydae NPUTSIKEHHS Mexay uacTHiamd rasa. OrHecenHas
K onHoll wacTume, pasHocTb (40,9) cocTaBasieT BeJqHUHHY ~ A?/u.
[lepeiinem k ofpatHomy cayuawo, T —T,. Hudpdeperuupys
paseHcTBo (40,3) MO g, HAXOAUM
78 (3) AdA__dAo_Qn?ﬁf*dg
472T2 T Ay mpr g’

[ToxcraBun oTcioga dg/g® B popmyay (40,8) moHumas ee Kak pas-
HOCTh CBOGOJHEIX 3HEDTHM:

A
Fy—Fo=—V =020 { A A
nthaT? o

H OKOHuyaTesabHo, ¢ yuetoMm (40,5),

oy 2mpeTe T\
F,—F,= V7;(3)ﬁ3<1 ) (40,10)

Orcioga pasHOCTb 3HTPONHMI:

Ss—s,,=-—vi’-’ﬂa<1—l).
7L 3) B3 T,

PasHocTh e TernsoeMKkocTell crpemutcss npH T — T, K KOHEUHOMY
3HAUCHHIO

_C — 4mppT ¢
C,—C, =V e, (40,11)

T. e. B TOYKe Mepexojia UCMHTLIBAaeT CKayok, npuuem C; > C,. Ten-
JI0EMKOCTb HOPMaJIbHOTO COCTOSIHHMsI JaeTcsl (B NEPBOM INPHGJHMKE-
Huu) ¢opmysaoil ugeanbHoro rasa (cM. V. (58,6)); BelpaxeHHas
yepe3 pp, OHA HMEET BUJ C,=Vmp;T3ks. TlosTomy oTHOEHHE
TemJOeMKOCTell B TOUKe Nepexoja .

Ce(T,) 12

Cory = T1=243 (40,12)
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B oTHOmEHHH CBOEH CBEepXTeKy4yecTH ras3 xapakKTepu3yeTcsi pas-
JieJIeHHeM ero NJOTHOCTH 0 Ha HOPMaJbHYIO U CBEPXTEKYUYI YacTH.
Cornacno (23,6) HOopMaJ/ibHAsi YacCTh MJOTHOCTH

8n

1 a
. PF dn
3@nh)? ) dn.

Ty ) @

= ' 4ﬂ ~
On pt——dp

ITonHas »Ke MJOTHOCTb rasa CBf3aHAa C Pr NOCPECACTBOM

__ m_N _ 8np?r/n
T v 3@mhp’
ITostomy
Pr__ I dn
fw_zgﬁum (40,13)

ITOT MHTerpas He TpeGyeT O0COBOro BBLIYHCJAECHHS, TaK KaK MOMKeT
ObiTh CBeleH K m3BecTHOH Yxe dynkuuu A (7). Ipoauddepenunpo-
BaB ypasHenue (40,1) mo 7 u cpaBHHB mnoJyyaiouUufics npH 3TOM
unrerpana ¢ (40,13), MoxKHO y6eguThHCH B TOM, UTO

0 A

L=1—7. (40,14)
IlozcraBuB croma mnpenenbnsie dopmyas (40,2), (40,5), moayuum
0 Pn_ 2ntA \1/2 — AT
T o.p_(T> =T, (40,15)
T Ps_of1 _T
T—T,:% _.2(1 Tc>. (40,16)

Haxonen, Heo6XOIMMO clieJ1aTh ellle JBa 3aMeYaHHs OTHOCHTENbHO
00J1aCTH CIIPABEJJHBOCTH MOJYYEHHBIX (OPMYyJ IO Temmeparype.

Ilpu mpubnumenuu K Touke mnepexoga T, CTAHOBATCS CYIIECT-
BeHHBIMH TPOLECCH B3aMMOAeHCTBUS KBAa3UYACTHIL (HE yYHTHIBaeMble
B H3JIOKEHHOH TEOPHH); UMEHHO 3TH MPOLECCH OTBETCTBEHHBI B JaH-
HOM cJyyae 3a BOBHMKHOBEHHe OCOOEHHOCTEH TePMOAHHAMHYECKHUX
BEeJIHYMH, XapaKTepHBIX JJIA TOYKH ()a30BOrO Iepexoja BTOPOTO
pona. B pocratounHofi 6.1M30CTH K 3TOH TOYKE MOJYYEHHBIE BEHIIIE
GbopMyJIbl JIOMKHBL B KOHIIE KOHIOB CTaThb HENPHMEHMMbIMH. Ho
B CHJy HaJHYHS MaJoro napaMerpa (KOHCTAHTBI CBfA3H g) B pac-
CMOTPEHHOH MOJEJH 3TO HACTyIaeT JIMIIb NPH YPE3BHIYAHHO MaJbIX
sHaveHusax T,—T; Mbl BepHeMcH ellle K GoJsiee MOAPOGHOMY O6CYK-
JeHHI0 3TOro Bompoca B § 45.

Kak u B cmepxTekyueil 603e-JKMIKOCTH, B paccMaTpPHBaeMOM
GepMu-rase (B MPOTHBONOJIOKHOCTb (PEPMU-TA3Y C OTTAJKHBAHHEM —
cp. § 4) MOXKeT pacnpocTpaHsTECA 3BYK (CO CKODOCTBIO U ~ pgim,
Ompenessioencss O6bIYHBIM 06pa3oM CHKHMaeMOCTBbIO CpelE). To
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3HaYUT, YTO HAPAAY C PACCMOTPEHHBIM 3JeChb CHEKTPOM BO36yXKIe-
HHUH (b2DMHEBCKOro THIA B CHEKTPe TAKOro rasa CyIecTBYeT TaKXe
n QoHoHHas, 603eBcKasi, BETBb Bo30yxaenuii. O6yc/oBicHHAA (o-
HOHAMH TeIJIOEMKOCTh I1PONOPIHOHaNbHA T3 ¢ MaabM Koa(gpUUHeH-
ToM, HO npu T — 0 B KOHIE KOHLOB OHA JOJ/uKHA cTaTh Npeob.Ja-
Jawolnell Haj SKCIOHeHIHaJbHO Yy6biBarolleil TenmoeMKkocTbio (40,6).

§ 41. I'puHOBCKHe (BYHKIHH CBEPXTEeKy4yero depMH-rasa

TlepefineM K MOCTPOEHHIO MaTeMaTHYECKOH TEXHHKH I'DHHOBCKHX
GOYHRUUA B NpUMEHEHHH K CBEPXTEKYYHM (PEpMHU-CHCTEMaM!).

Mu Bugenun B § 26, yTo B TepMHHAX Y-omepaTtopos 6ose-sfH-
mTeiHOBCKAsA KOHJeHcalUus B Go3e-CHCTEME Bbipa)kaeTcs CyIIECTBO-
BaHMeM OTJIHYHBIX OT HYJf MpelebHBIX (KOTAa YHCJIO YacTHI
N — o0) 3HagyeHHH MAaTPUYHEIX 3JIEMEHTOB, CBS3LIBAIOU[UX COCTOA-
HHS, OTJAHUAIOMUecs JHLIb U3MeHeHHeM N Ha eguHHNy. PU3HUECKHA
CMEICJI TOT'O YTBEDXKAEHHSA COCTOUT B TOM, 4TO yiaJjieHHe WJIH NpPH-
6aBjeHUHe OJHOH 9aCTHIBI B KOHJEHCAT He MeHseT COCTOAHHA Mak-
POCKONMHYECKOH CHCTEMEL.

B cuayuae cBepxTekyued (epMH-CHCTEMBI TO XKe CaMOe [OJ/IKHO
OTHOCHTBCS K KOHJEHCATY M3 KYNEPOBCKHX Map: COCTOSTHHE CHCTeMbI
He JOJDKHO MEHAThCH NPH HM3MEHEHWH Ha eAMHHIY 4ucJa mnap
B KOHJeHcaTe. MareMaTHuecKU 3TO Bblpa)kaeTcs B HaJIMUMM OTJIHY-
HbIX OT HYJS TpelesbHbIX (N —» co) 3HAYEHHH MAaTPHYHBLIX 3JEMEH-
ToB y npoussenenus Yg (X,) ¥y (X,) —onepatopa yHHUTOXEHHS ABY X
4acTHll, H Y SPMHUTOBO-CONPSXKEHHOTO €My Oneparopa pOXKIACHHS
naps gactan WE (X,) ¥4 (X,). DTM MarTpuuHble 57eMeHTH CBS3bl-
BAIOT «OJHHAKOBbie» COCTOSTHUSA CHCTEM, OTJHYAIOLlHecH JHIIb yAa-
JeHHEeM HJH Npu6aBJeHHEM OLHOH IMaphbl YACTHIL:

lim <m, N|%Pp(X,) Pa(X)|m, N42>=
No>w»
= lim <m, N4+2|P5(X,) T§ (X,)|m, N>*==0. (41,1)

No o
B naasmefimiem Mpl GygeM oONyckaTb 3HAK B3fITHS INpelena; [Js
KpaTkocTu OyleM TaKxke ONycKaTh [AHAaroHaJbHbIA MATPHYHLIA HH-
IEKC 1, HYMEepYIOIHH «OJUHAKOBBIE» COCTOSIHHSA CHCTEM C pa3Jiuy-

HBIMH 4HCJaMH YacTHIL.

Kak u B cayuae 6Gose-cucreM (§ 31), B MaremMaTHYecKOM armmna-
pare TPUHOBCKHX (QYHKUUH AJS CBEPXTEKYYMX (epMH-cHCTEM (H-
IYypHPYET HECKOJbKO pasauyHbX OyHKUMH. Hapsagy c o6byHO#
rpUHOBCKOH (yHKIHEH

iGap (X Xp)=<N|T¥, (X)) ¥4 (X,)|N> (41,2)

1) Uajaraemass B 5TOM naparpade TexHuka npuHamiexut J. I, Iopexosy
(1958).
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HEOOXOAUMO BBECTH TakKke H <«aHOMaJbHble» (GYHKIHH, COrJACHO
onpeaeseHUsM,

iFap (X1, Xp)=<N | T, (X,) ¥p(X,) | N 425,
iFig (X1, X,)=<N 42| TPE(X,) ¥ (X,) | N>

IMockonbKy Kaxnas u3 QYHKUHH Feg B Flg CTPOUTCS M3 ABYX OfH-
HAKOBEIX ONEPaTopoB, TO

Faﬁ (X4, X2)=_’Fﬁoc (Xzs X4), ;ﬂ(Xb X2)=—F§a(X2, X,) )
(41,4

HanomMuum, 4To cOrsacHo OCHOBHBIM NPHHIHIAM CTATHCTHKH Pe3YJlb-
TaT CTaTHCTHYECKOTO YCPEeIHEHHA He 3aBHCHT OT TOTO, [POH3-
BOJHUTCS JIH OHO [0 TOYHOH BOJHOBOH (YHKLUHH CTalHOHAPHOrO
COCTOSIHHMSl 3aMKHYTOH CHCTeMBl HJH C NOMOWIBIO pacIpeeseHus
I'u66ca. Pasnuua COCTOHT JHIIL B TOM, YTO B TEPBOM cJayuae
pesyabTaT ycpeiHeHus OyJeT BeIpakeH uepes suepruio E #u uHcs0
yactHll N, a Bo BropoM —uepe3 T u pu. s clelyouux Huxe B
3TOM naparpade paccyxuenuin Gosee yno6eH mepBhfl crocob.

B paccmorpentodl B § 39 Monesn (epMH-ra3a CBs3aHHbE Maphbi
HaXOASTCA B CHHIVIETHOM cocTosiid. CHHHOBAS 3aBUCHMOCTD
MaTPHYHBLX 3JEMEHTOB OIepAaTOPOB DPOXKIEHHUS HJ/H yHUYTOKEeHHS
TAKOH Napbl CBOAUTCS K €IHHHYHOMY aHTHCHMMETPHYHOMY CIIHHOPY

(41,3)

0 1
g =(_} o)- (41,5)
Hanumen nostomy ¢ynkuun (41,3) B BHpe?)
Fop=gaopF (X1, X,), Fap=4gupF'* (X1, Xy); (41,6)

npd stoM B cuay (41,4) F u F* cummerpuunsl mo X, u X,. Cnu-
HOBas K€ 3aBUCHMOCTb IPHHOBCKOH QYHKUHH Gug 115 Hedeppomar-
HHUTHOH CHCTeMBI CBOAHTCA K Gop=0,3G. B oxHopomro#, Makpocko-
NHYECKH HENOJABHKHOH CcHCTeMe TDHHOBCKHe QYHKUHH G, F u F+
3aBHCAT TOJBKO OT PA3HOCTEH KOOPIAHHAT TOYEK U pPAasSHOCTH Mo-
MEHTOB BpeMeHH (cp. INpHMeuaHHe Ha cTp. 150).

[Topo6HO TOMYy Kak BBeAeHHass B § 26 dyHknus E (X) umena
CMLIC/I BOJIHOBOH (YHKIHH 4YacTHL B KOHJEeHcATe, TaK (YHKLHIO
iF(t, r;; {, r;) MOXHO pacCMaTpPUBaTb KakK BOJIHOBYIO (DYHKIHIO
yacTll, CBA3AHHBLIX B HAXOJSIIMXCA B KOHJEHCATe KyNEPOBCKUX
napax. Toraa ¢ysRUMA

B (X)=iF (X, X) (41,7)

1 Cp. npumevanue Ha ctp. 46. B To BpeMs Kak no Cpoeil cnuHOBOH CTPYK-
TYDE Gaﬁ €CThb CMeluaHHblH COMHOD BTOPOTO PaHra, QyHKUUH Fup ¥ F;ﬁ npen-

CTaBASIOT OG0 COOTBETCTBEHHO KOHTPa- H KOBAPHAHTHLI CIHHOPBL.
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6yleT BOJHOBOH (YHKIHEH JABHMKEHHS ITHX Hap Kak uejoro. Hs
onpenenennit (41,3), (41,5) nerko Buaeth, yTo NpH 3ToM F* (X, X)=
= {B*(X). B craunuonapHoili, MaKpOCKOIHYECKH HEMOABHKHOU CHC-
teMe yHKuHsA E (X) CBOZHTCH K MOCTOSHHON; HajJjeXallUM BbIOO-
poM ¢a3 P-onepaTopoB MOKHO CleJaTh 3Ty MNOCTOSHHYK BeleCT-
BEHHOH.

BLIuHCIHM Temepb ONpefie/leHHHE TaKUM 06pa3soM TPHHOBCKHE
GyHKIHE gns Momead ¢epMH-Taza €O clabbiM NPHTAKEHHEM MeXIY
YACTHIIAMH.

Teit3en6eproBCKHil P-0MepaTop yA0BJIeTBOPSET ypaBHeHHO (7,8).
BBuay MajsocTH pajguyca AefiCTBHS CHJ MeXJy 4aCTHIAMH B pac-
CMaTpHBaEeMOM ra3e B HHTEIPaJbHOM YJjleHe 3TOTO YPaBHEHHS MOXKHO
B3STb 3HaueHHs MHOXHTeJell W (f, r') B Touke r’ =T H BBIHECTH HX
H3-TI0], 3HAKA HWHTErPHPOBAHHS; TOTAA ypaBHEHHe NPHMET BHJY)

¥ 2 .\ PPN
i——az”;=—<2v—m+u>‘1’a—g‘y$‘}’y‘1’a. (41,8)

SpMUTOBCKHM CONPSXKEHHEM BCeX UYJIeHOB STOTO yDaBHEHHs MOJY-
YUM aHaJOTHMYHOEe ypaBHeHHe AJs1 omepartopa W+:

; 9% (¢ Vi 4 PP 41,9
L"_at_“—“ %"{‘P‘ a+g a Ly Ly ( ’)
[orcraBuB Bhipamenue (41,8) B npousBopnylo 0Gqp/0f (9,5),
MOJy4UM ypaBHEeHHE
. 0 V2 ’
(ig+3m+ 1) Gap (X—X)—
—ig N [ TFS (X)W, (X) W (X) T (X)| N> = 889 (X — X')
(41,10)
(cp. (15,12)). @urypupyrowiii 31ech AHarOHaJIbHLIH MaTPHYHBIA
3J1eMEHT NPOH3BEeAEHHS ueThlpeX 1P-0MepaTopoB MoOKeT OLITH pac-
IHCaH, COTJIACHO IMPABHJY YMHOMKEHHS MaTPHL, B BHAE CYMMb
Npou3BeleHHH MaTPHYHBIX 3JIEMEHTOB ABYX map omepartopos. M3
BceX TaKHMX MPOHM3BeJEeHHH OCTaBHM JHIIb TO, KOTOPOE COAEPHKHUT

MaTpPHYHbIE 3JEMEHTH JJf NePeXojJ0B C H3MeHeHHeM YHCJa YacTHI|
N e N-+2, 4 onycTHM BCe OCTaJbHbIE YJIEHBI

N | TP PF | N> —
(N | TEP, | N2> <N 2| TET | N> =
=— Fyu (X, X)Fig(X, X')=—084gF (0) F* (X—X') (41,11)

1) Kak u B § 39, nonb3yemcs ob6o3nauenHeM g JJIs1 KOHCTAaHTbl CBSI3H, COBMa-
Jaomel ¢ NOCTOAHHOR —Uoz—-—g U d3x. Ouepatop Jlansaca mumeM kak y? Bo

n3bexanue NMyTaHulbl co weabio A. B stom m cieayiouem mnaparpadax noJiaraem
1=1.
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(B mocsiefineM npeo6pa3’oBaHHM HCIOJL3OBaHH BeIpameHus (41,5)).
QH3HYECKH 3TOT WIEH OTBEYAET CIAPHBAHMIO YACTHI H IO NOPSAKY
BeJIMUHHBI COBIAJaeT C NJOTHOCTHIO KOHJEHCATa.

INopuepkHeM, OJHAKO, MPUHUHUNHKAJbHOE OTJHYHE OT HpeHeGpe-
JKEHHH, KOTOpHIE [eJaJIHCh B cjaydae cnaabo HeujgeaJsbHOro Gose-
raza. B mnocJjenHeM INOYTH Bce 9YacTHUB HaxogsTes npu T =90
B KOHJEHCATe, a YHCJO HAJKOHJEHCATHBIX YACTHI, NOSBJSIOIHXCH
TOJIbKO B pe3yJbTaTe c¢Jaboro B3aUMOJEHCTBUS YaCTHL, OTHOCH-
TEJbHO Majo. B jpaHHOM e cJjyyae, HAaOPOTHB, CaM KOHAEHCAT
NOsIBJASIETCA B pe3yJabTaTe cJaboro B3aUMOREHCTBHS =H IOTOMY
BKJIIOUaeT ‘B ce6s JIHIIb MaJylo AOJK yacTHu. Ipyrumu cJjoBamy,
or6paceiBaeMble Npu 3ameHe (41,11) ujeHsl He MaJibl, a BEJHKH IO
CPaBHEHHIO ¢ OCTaBJeHHBIMH. IlocnenHue, oaHako, NPHBOAAT K Ka-
YECTBEHHO HOBOMY 3(deKTy —H3MEeHEHHIO XapaKTepa CIeKTpa, B TO
BpeMs KaK nepBble OblH Obl HYXKHBl JHHIL JJS BHYHCJAEHHS HE
HHTEpECYIOed Hac 3/leCb NMONPABKH K OCHOBHOMY YPOBHIO CHCTEMBI
(cp- B 3TOH CBA3M NpHMeuaHHe Ha cTp. 194).

Ilocne. samener (41,11) ypaexenue (41,10) cBogutTcss K BHAY

(ig+am+nr) G +EEF+ (=89 (X)  (41,12)

(apryment ¢ynkunn X — X' 3ameHeHn Ha X, a nocrosiHHas iF (0)
o6o3HayeHa yepe3 E-—B COOTBETCTBHH C ompenenenueM (41,7)).
Ciofa BxOmAT aBe HeusBecTHble GYHKUuM G (X) U F* (X), nostomy
JJisl MX BBIYHCJEHHS HEOOGXOAMMO €lle OfHO YpaBHEHHE.

Ero MOXHO NOJIyYHTb, BBIYHCJSIS NPOHU3BOLHYIO

+ 73 ar+ ~
; OFap (X—X') T a‘Fg;X) “X')IN ,

ot =(V+2
uled ¢ O-pynxuued (mopoGHbfi Bropomy useHy B (9,5)) 3mech He
BO3HHKaeT, IOCKOJBKY (byHKuHﬂ Fip(X—X') (8 TPOTHBOTIOJIOX-
HOCTb QYHKUMH Ggg (X — X')) HenpeprBHa npu t=1t'1). Ioxcra-
BUB crofia (41,9) u cHoBa mnpousBeist BHJEJEHHE KOHJEHCATHOIO
uJeHa, aHajoruyHoe (41,11), monyuum B pesyJibTaTe ypaBHEHHE

(a = )F+(X)+g”‘G(X)— (41,13)

9t om

B Hero BxoasAT Te e e ¢ynxkumd G u F*, uto u B (41,12);
NO3TOMY 3TH JBa YPaBHEHHS JOCTATOUHH JJIsSI BBEIUHMCJEHHS 3THX
Gbyukuuii (s BbYHC/IeHHS Ke F Hano 6bl10 6Bl BHIBECTH aHaJo-
THYHEIM 00pa3oM ellle OAHO ypPaBHEHHE).

1) B a1oM Jerko y6eAMTBCS, BHUHCJSS CKAuoOK QyHRIHE FaB ToA0GHO TOMY,
KaK 3To jenanock B § 9 aas GaB’ H 3aMETHB, 4TO ONepPaTophl ‘I’a (¢&,r)un ‘P’B(t r')
aHTHKOMMY TATHBHKL,
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IlepefineM B 3THX yPaBHEHHAX K HMIYJBCHOMY HPEACTaBJCHHIO,
BBeJs OOBIYHEIM O6pa3oM ¢ypbe-xkomnoHeHTsl G (P) u F* (P):

(0—m,) G (P)+-gEF*+ (P)=1,
("""TI;SF* (P)+gB*G(P)=0 (41,14)

rie P=(w, p) u m,=p?2m—p. OTMeTHM, YTO BBHAY YETHOCTH
¢dyakuHn F+ (X), geTHH Takxe H ee Qypbe-KOMIOHEHTH F+ (P) =
=F* (—P).

Hckmouns W3 ABYX ypasHeHud ¢yuruuio F*, Hafinem gas G
ypaBHEHHE

(0*—np—A%) G (P) =0+, (41,19)
rje BBEAEHO OOO3HAUEHHE
A=g|E]. (41,16)
dopnanbHOE pellieHHe yPaBHEHHUS (41 15):
- ©+n, - 2
G(P)—(Dz—sz(p)‘ -—8(p)+ p)’ (41117)

rie &(p) VA2+np, a u, u v, gaorcsa popuynamu (39,13). ¥Yxe
oTCiofd BUJIHO, UTO CﬂeKTp anemeHTaprlx BO30yKIECHHH, Olpese-
JIIeMBIH MOJIOXKHUTENbHEIM MOJIocOM (QYHKIUM ['pUHa, paeTcs QyHK-
Line#l € (p)—Mbl CHOBA IPUXOAUM K pe3yabraty (39,20). Mul BuguM
TaKke, YTO »HepreTHMyeckas wesdb A M MOAYJIb KOHJIEHCATHOH BOJ-
HOBO# ()YHKUMU JBHXKEHHs Nap Kak [eJ0ro OKashlBaloTCs IPONop-
UHOHAJIbHBIMU APYT JAPYTY BeJHUYHHAMHU.

' Beipaxenue (41,17) naa G (P), onHako, ellle HEMOJHO: B HEM
He omnpejesieH croco6 o6Xo/a moalocoB. JIpyTrHaH CJI0BaMH, OCTaeTCs
eile HeonpeAeseHHOH MHUMAas wacTb dyHKUHMHM (; 3Ta 4acTb CoAep-
KUT 8-PyHKUMIO O (0 €) U MOTOMY BHIIAAAeT NPH YMHOXKECHHU Ha
®?-—g¢? B ypaBHeHuu (41,15).

Ipu T =0 npaBuio 06X0ja NOJNIOCOB yCTAHABJINBAETCS IPSAMBIM
cpaBHeHueM Beipaxenusa (41,17) c¢ pasnoxenuem (8,7): B uJjeHax
C TOJIOXKHUTEJNBHBIMH H OTPUNATENbHBHIMU IOJIOCAMH MepPeMEHHYIO
HaJ0 BaMeHHTh COOTBETCTBeHHO Ha ® (0 W w—i0; Torpa (41,17)
IPUMET BHJ,

2 'U ‘0“,‘71;:
G (o, p)= e(p)—l—10+m—l—s ;)-—LO (@—e—+-i0) (0 +e—

- (41,18)

Bripaxaa Ttenmepb F* mu3 BTOporo H3 ypaBHenuil (41,14), na-
XOJHM

...._g._‘
F* (o, p)= (0—e-i0) (0-e—i0) (41,19)
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C npyrofi CTOPOHHI, HMeeM, NO OMNpeJeNeHHIO,

iB* == F+ (X =0) SSF+ (“Q’j)f. (41,20)

INopcraBuM ciona (41,19); unTerpupoBanne no de OCYLIECTBJsIETCS
nyTeM 3aMBIKaHHA KOHTYpa GecKOHeuHO YyJaJeHHOH IOJYOKpPYXK-
HOCTbIO B BepPXHEH IOJYNJOCKOCTH, NOCJE Yero HHTerpaJ Bhlpa-
JKaeTcA yepe3 BHYET B IOJIIOCE ® = €. B pe3yJbTaTe, mocJe cOKpa-
lWeHHsA Ha Z* nosaydum paseHcTBo (39,16), onpegpeasowee A,.
IIpn T30 HaxoxjgenHe MHUMOW HacTH TFPHHOBCKUX (yHkKuuii
HECKOJIBKO cJoXKHee. [[na moctpoeHHs ¢yHKuuu G (w, p) ¢ mpa-
BHUJbHbIME AHAJMTHYECKHMH CBOKCTBAMHM [0 MepeMeHHOHM ® Hamu-
lmeM CHayaJa 3anasjaeBaiomylo ¢yHkuuio GR(o, p); oHa JOJKHA
ObIThb aHAJUTHYHA B BepXHeH NMOJYIJOCKOCTH ¥ MOTOMY TOJydYaeTcs
u3 (41,17) samenoit o — w4 i0. Mpumas yacth 310/ QyHKIHH:

Im GR = — 7 [upd (0 —e) 4036 (0 + €)].

Muumas ke uyacTb McKOMOH (yHXOHM G HaXOGHUTCs OTCIOAA ¢ TO-
moupio gopmyasl (36,14), coraacHo KOTOpoOH

Im G (0, p)=thg > ImGR (0, p) =
=— (1—2n,) 7 [428 (@ —&)— 028 (0 +¢)],

rie n, — pepmMHenckas Qynklus pacnpenetenns (39,14) (ucnosb-
30BaB 5Ty (opMyJy, MBI TeM CaMBIM OCYILIECTBJIsIEM Mepexoj OT
YyCpeIHEeHHS 1O 3aJaHHOMY CTalHOHAPHOMY COCTOSIHHIO CHCTEMBI K
ycpelHeHH0 no pacnpenesennto ['n66ca). Oyukuuio G ¢ 3T0H MHH-
MO¥ UacTbi0 MOXKHO 3amHcaTb B BHJE

ll

G0, py=5—72" 10+m+g =5 T 2ming [u36 (0 —e) —138 (0 +-¢)].
(41,21)

as ¢yukuun xe F* (0, p) HaxopuMm Tenephb

mgun

F* (0, p)=F* (0, p)lree———F"[8 (0—e) +-8 (0 +2)], (41,22)

rae nepeBeifi ujseH ecTe ¢yurnus (41,19), otnocsmascs k¥ T =0.
IloacraBuB 310 BHipa)keHue B (41,20) ¥ mpousBenss HHTeTrpHpoBa-
HHe, MBI BepHemcfl K ypapHenuio (39,15), ompeneasiomemy A (T).

¥YpaBHenusa (41,14) moxHO u306pasuTb B JAUArpaMMHOM BHJE
AHAJIOTHYHO TOMY, KaK JUISt CBEpXTeKyuel 603e-CHCTeMbl ObIN npef-
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cTapjensl ypasueHus (33,7). Ilpu stom dymknuu G, F, F* usobpa-
JKalTcsd TeMH Ke rpaduuecKUMH 3jemeHTamMu (33,6) —oaHO- H
JABYCTODOHHHMMH cTpeskamu. JIBa ypaBHeHHus (41,14) samuceiBaiorcs
B BHJE

% | (41,23)

Tonko#t cTpeJike oTBeuaeT MHOXutenb iGY (P), rae G (P)—rpu-
HoBckasa (QYHKUMS HAeaJbHOro ¢epmu-rasa. Bxopsueil xe B Bep-
IIHHY W BBIXOAsleH M3 Hee BOJIHHCTHIM JIHHHSM OTBEYalOT COOT-
BETCTBEHHO MHOXHTeJH (g8 H —igB* CpasruB (41,23) ¢ (33,7),
BUAMM, YTO 3TH [OCJEJHHE MHOXKUTEJH COOTBETCTBYIOT COOCTBEHHO-
sHepreTHueckuM QYHKIUAM (D, H iZ,,, T. €. NPEACTABJAAIOT COGOH
NEPBbie NPUOAMIKEHHA M 3TUX BeJHduH. OTMETHM, YTO HOBBIMH
3J1eMEHTaMH — JIBYCTOPOHHHMH CTPEJIKAMH M BOJTHHCTHIMH JIHHHSIMH —
OTpaHHUUYNBAIOTCS OCOOEHHOCTH [HATDAMMHOM TEXHHKH JJ1S CBEpX-
TeKyuHx QepMH-cHCTEM; B OTJHUHE OT cJjyyas 603e-CHCTEM, «TPOH-
HbiE» BEpIIHHbI 3flech He Bo3HHMKaloT. [losTomy auarpammHas Tex-
HHKA OKAa3bIBaeTcfA 3Jech Tropasio npome u OJHXe K «OObIYHOMY,
yeM JJIsT CBEPXTEKyuHuX 603€e-CHCTEM.

§ 42. TemnepaTypHbie rpuHOBCKHE (DyHKUHH
cBepxTekydero epmu-rasa

B § 41 61 onpenesieH 3HePreTHUECKHH CNEKTD CBEPXTEKYYEro
¢epMH-ra3a mNyTeM HCIOJb30BAHHA OOBIYHBIX, (BPEMEHHBIX», TPH-
HOBckKMX ¢(yHruuii. OnHako A5 pelleHHA 6oJiee CJOXKHBIX 3aKay
(n mpeJe BCero AJs HCCJEAOBAHHS CBOHCTB CHCTEMEl BO BHEHIHHX
noJsix) 6oJee yao0eH MaTeMaTHYeCKHH alnapar TeMIeparypHBIX
rpuHoBckux dyurunit (A. A. A6puxocos, JI. I1. I'oporos, 1958).

Temnepatypuas ¢yHKUMA $,p omnpejesasercd TOH Xe dopmy-
ao#t (37,3), uto W AJAsA HOpMaJbHOTO depMmH-raza. TemmepaTypubie
Ke QYHKUHH F o H & op (COOTBETCTBYIONHE BPEMEHHBIM (Y HKIHAM
Fop u Fig) onpesesnM aHaJOTHYHBIMH (GOpPMyJamH

Fap (T, Fis Tyy Ty) =‘E <m, Nlith‘f’a’}{‘i"gﬂm, N+2>,

—_ PSS 42,1
5'—“,3‘(171, Iy Ty, Fy) =Z <m, N +2,wTTW(}Z"{T€gIm) N>. ( )

CnuHOBasi 3aBHCHMOCTh 3THX GYHKUHH OTgefsieTcss (QHAJOTHYHO
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(41,5)) B BuZe MHOXHTeNEH Zupl):
Fop=GupT» Fap=—LupT - (422)

Kak u %, dyHgnuu & u & 3aBUCAT TOJBKO OT PasHOCTH T ==
=1T,—T, U yLOBJETBOPSIOT COOTHOWeHUAM (37,6) (c BepXHHM 3HA-
KOM):

F (1) = —3(T+TL), Fa)=—& (~:+Ti). (42,3)

Paget ®ypbe mo T Aas 5THX GYHKIMA COAEPHKAT, CJENOBATEJBHO,
TOJIbKO HeueTHbie «gacTothd (37,8a): L,=(2s+ 1) nT.

Many6aposckue -omepatopsl npH t=0 COBNaj4i0OT ¢ reH3eH-
GeproBcKuMH npH #==0:

IM(z=0,r)=F (=0, r).

CpasnuB onpefeeHus Qyukuuii &, & c onpenesnenusimu F, F*,
HafijeM MO3TOMYy, 4TO

FO,50,0=E@r), FO60,n=8F), (424
rje moi E Hajo MOHUMAThb KOHJEHCATHYI0 BOJIHOBYIO ¢y HKIHIO,
ycpenHeHuyio mo I['u66cy, T. €. BbIpaXKeHHYIO Yepe3 TeMIepaTypy
CHCTEMH.

[MokameM, KaKuM 06pasoM C I[IOMOIIbIO TeMImepaTypHbIX (yHK-
uuit TpuHA MOXKHO CHOBA IOJIYYHTH 3HEPreTHYECKHH CNEKTp CBepX-
TeKyyero (epMu-rasa npH OTJHMYHHX OT HYJs TeMnepaTypax.

YpaBHeHus IJs1 TeMrepaTypHbIX QYHKuuit ¥, &, & BHIBOAATCA
B TOYHOCTH aHAJOFMYHO BHIBOAY YypaBHeHu# (41,12—13), npuuem
BMecTO AuddepeHIHpoBaHHs 110 { NPOU3BONHMTCS AH(pepeHLHPO-
BaHHe 1O T, a BMecTO ypaBHeHHH (41,8—9) Hcmosib3yioTcs ypaB-
HeHus, oTHyaromuecs ot (41,8—9) samenoit it — 7. Kak u B (41,11),
B3 CpeJHero 3HAYEHHs] MPOH3BEJEeHHs yeThipeX MalyGapOBCKHX -
OIEepaTOPOB BLIAEJIAIOTCH YJEHHI, COAEPHKALUHE MAaTPUYHBIE 3/1EMEHTEL
IJS TepexoloB C H3MEHeHHeM YMcJa YacTull Ha 2. B pesyibrare
NOJAYyYHM ypaBHeHUs

("%+§%+M)g(r, r; v, r')+gEF (5,17, 1) =8 (v—7") 8 (r—r"),
(42,5)

5 om T (t,r; v, r')—g8*¢ (1,r; 7, 1) =0.

1) Pasnble 3HaKM B OnpeleleHHAX & H § (B NPOTHEONOJOXKHOCTL OIMHAKO-
BHIM 3HakaM B-(41,5)) uesecoo6pa3Hi B CBA3H C OTCYTCTBHEM B OLDElIEJCHHAX
(42,1) MEOXHTeJq i, KOTOpmH Oua B (41,3), -
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Tlocne nepexoma k Gyphe-KOMIIOHEHTaM 3TH YyDaBHEHHs IpH-
HHMAIOT BHJ,

(le—np)_gj (Csv p)+gE§(§sv p)=1, (42,6)
— (& +1p) & (&5, P)—EE*Y (5, p)=0.

Pelienuie 3TUX ypaBHEHHI:

$ .0 p) =———§—++—'—‘— (42,7)
T €0 = = F* (i, D) (2.9

rfe cHoBa e2=A?4-n}, A=gE (npHyeM 3TO pelleHHEe Onpele/eHO
OJHO3HAYHO ¥ HHKAKUX O-PYHKIMH—KaK 3TO OBLIO A QyHKIIHH
G u F*—Boofie He COAEPKHT).

YcioBne, omnpelensolliee 3IHEpreTHYECKylo INeah B CIEKTpS,
foJyyaeTcd Tenepb M3 paBeHCTBa

E*:?(‘t=0,l‘=0)=T 2 S&’@;a p)(zn)si

§= 0

HJIH, TIOCTe IMOACTAHOBKH (42,8):

dap
=1. 42,9
(2“)3 s——w Cs—rﬁ2 P ( )
CymMHupoBaHHe N0 § ocyllecTBJsAercsa HopMy.ioit 1)

Y @s+lpmtali=rths (42,10

S=—@
H IPHBOJHT K DaBEHCTBY

g (1 s d3p
4§ < thor gas=L (42,11)

COBIIafawIIeMy € (39, 15).

1) Dty dopMyay MOXKHO NOJNYYHTh, HalmHCaB

1 1 1 1 ]
GsTIPmtat 2a [a—]—in BGT) Ta—m@sTnl

@®
‘=§13S g=8% [e-iu(zs+1)x+ RETCIEY 1x] gy

W npousBeqs CYMMHpOBAaHHE FeOMeTpHUecKOH NporpecCHH INoA 3HAKOM HHTETpH-
poBaHus.
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§ 43. CpepxnpoBoAHMOCTb MeTAJJIOB

sIsneHre CBEPXIPOBOJUMOCTH META/JIOB IIpeicTaB/seT coGol
CBEPXTeKyYeCTb 3JIEKTPOHHOH (epPMH-KHAKOCTH B HHUX, IOAOGHYIO
CBEPXTEKYUECTH PacCMOTPEHHOTO B IpeALIAYIIMX Maparpadax BEIPOXK-
JeHHoro ¢epmu-rasa. PasyMeercsi, BO MHOTHX BaXXHBIX OTHOIIEHHAX
3/JeKTPOHHAas XKUAKOCTb U hepMHU-Ta3 aBIAI0TCA CYUECTBE HHO Pa3Jind-
HLIMH QH3HWYeCKUMU cHCTeMaMd. Ho B TO ke BpeMs OCHOBHble (H3HYe-
CKHE MOMEHTbI, OTHOCSIIHECS K CBOMCTBAM 3HEPreTHYECKOTO CIEKTPa,
B 060UX CJydYadX OCTAIOTCH OAHMHAKOBBIMH. O6CY)1HM KaueCTBe HHBIM
0o6pasoM BOIPOC O TOM, KAaKHe HMEHHO YepThl PACCMOTPEHHOH BbiIle
MOJeJIH MOXKHO IepeHeCTH M B KakoH Mepe Ha 3JeKTPOHLI B Me-
TaJ1ax.

BazkHol 0co0e HHOCTDBIO MeTaJl/1a IBJAAETCS] aHH30TPONHS €Tro 3JeK-
TPOHHOTO 3HE PreTHUECKOr0 ClIEKTPa B IPOTHBOINIOJIOXKHOCTL H30TPOIIHH
CIIeKTpa pacCMOTPeHHOro depMu-rasa. 1o 06CTOATeNBCTBO, OHAKO, HE
MelllaeT BO3HMKHOBeHHIO peHoMeHa Kynepa, 1J1 KOTOPOro CyIlecTBeH
JHUIIb caM (aKT CYILIECTBOBAHHUS Pe3Koil GhepMH-IIOBe PXHOCTH (KaKOH
66l HH Obliia ee opMa) H KOHEUHOCTH IIJIOTHOCTH YHCJA COCTOAHHU
Ha Hefl. HeobxoanMo Takke, 4T0GbI 3/71€KTPOHH C IIPOTHBOIO/IOXKHbIMHU
HMNYJbCAMH H CIIMHAMH HMeJH OJHY H Ty e 3HeprHio, T.e. Ha-
XOAHJIUCh Obl 062 Ha ¢epMH-NOBEpXHOCTH. ITo TpeGOBaHHE aBTO-
MaTiyecKH obecneyHBaeTcs CHMMeTpHeH IO OTHOWEHHIO K obpalie-
HHIO BpeMeHH. MoOXHO cKasaTb, 4YTO CIAPHBAIOTCS 3JEKTPOHHE
B COCTOSIHHUSAX, NOJYYAIOIHKUXCA APYT U3 Apyra ofpalleHHeM BpeMeHH.

lanee caenyeT BompoC O 3HAKe B3AaUMOAEHCTBHA 3/AEKTPOHOB
B MeTajje. B oveHb yHpOIIEHHOM CMBICJIe MOXKHO CKa3dTb, YTO 3TO
B3aUMOAeIICTBHE CKJAJLIBACTCA U3 KYJOHOBOTO OTTAJKHBAHHS, 5Kpa-
HUPOBAHHOTO HAa MEKATOMHBIX PacCCTOAHHAX, U H3 B3aHMOAeHCTBUSA
yepe3 peuieTky. [locsennee onucobiBaeTcsi Kak pe3yJbTaT obMeHa
BAPTYyaJbHEIMM (OHOHAMM H MMeeT Xapaktep npurtaxenus (§ 64).
B cayuae, ecain nocsefHee B3aHMOJeHCTBHE «lepeBelIUBaeT», MeTaJLI
IpH AOCTATOYHO HU3KHX TeMIepaTypax CTaHET CBEPXIIPOBOLHHKOM.

CyliecTBeHHO, YTO BO B3aUMOJEHCTBUH yepe3 obMeH GOHOHAMH
yYacTBYIOT TOJIBKO 3JEKTPOHBI, Jexalllie B CPABHUTEJbHO Y3KOM
cJIoe p-IPOCTpaHCTBA BOJU3H (PEPMH-IIOBEPXHOCTH; TOJIIHHA 3TOrO

cl0st ~ Hop ¥ Mala N0 CPABHEHUIO C XUMUYECKHM TOTEHIHaIoM
3JEeKTPOHOB | (@p— Ae6aeBCcKas yactoTa Kpucrajana). [Tostomy, ecau
[0J1b30BAaTLCS AJI OMHMCAHHS CBEPXIPOBOAHMOCTH MOJEJBI0 €J1abo

HeHeaIbHOTO (e pMH-Ta3a, To NOJ, MapamMeTpoM ofpesanus e B (39,19)
HaJo NMOHHMATL BeJHUHHY !)

e~ fop (43,1)
(BMecTO & ~ ).

1) TeM caMBIM, KCTATH, OTMafaeT BONPOC O PACXOAMMOCTH MHTerpata (39,16)
npH GOJBIUMX MMOyJbcax (Cp. NpHMeYaHHe Ha CTP. 189).
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Uto KacaeTcst MpPeANoOJIOXKEHUsI O €/1a00CTH B3aUMOJAEHCTBHS, TO
peasbHO JJ51 BCEX CBEPXIPOBOJHHKOB

T, <Llhop<p. (43,2)

Cnenannoe B § 39 mpenmosiokeHHe, OJHAKO, MOApPa3yMeBaeT HEUTO
GoJ/billee: Ma/JoCTh KOHCTAHTHl CBSI3H g, MPUBOASAILYIO K GOJbIIOMY
3HayeHHI0 Oe3pa3MepHOTro NMokasaTess 3KCNoHeHTH B (39,19). B nau-
HOM cJiyuae 3TO TpeGOBaHHE BLIPAXKAETCS YCJIOBHEM

In (op/T,)>> 1 (43,3)

— JIOMIXKHO GHITh BEJHKO He TOJbKO OTHOWeHHe fiwp/T,, HO H ero
Jorapum. ITo yCJI0BHE peasbHO BHIIOJTHAETCS 3HAUHTENBHO XY XKe 1).

C yueToM BCeX peajbHEIX OTJHYHH 3JEKTPOHHOH  XKHIKOCTH
B MeTaJ/Je OT MOAe/JH CJNabo HeujealdbHOro ¢epMmH-ra3a TeopHUS
CBePXMNPOBOJHMOCTH CTaHOBUTCH OUYeHb CJOXKHOH. B TO XKe Bpems
OKa3blBaeTCs, YTO yxKe NPOcTasl TeODHs, OCHOBaHHAs HA yKa3aHHOMH
MOJIe/Id, BO MHOTHX OTHOIIEHHSIX XOPOIIO OMHChIBA€T CBOHCTBA
CBEDXMPOBOJHHKOB, TNpPHYEM HE TOJbKO KAUeCTBEHHO, HO JaxKe
H KoJuyecTBeHHO. Kak yxxe ynomHHagdoCh, 3Ta Teopus Gblia Mo-
crpoeHa DapansoM, Kynepom u Ilpudepom; B 3TOl CBA3H 0 MoO-
nend depMu-rasa Co C1abblM NPHUTSXKEHHEM MeXIY YacTHILAMM To-
BODPAT Kak o modeau BKII,

§ 44. CpepxnpoBoismuii TOK

JByM BHIAM [BHXXEHHS B 3JIEKTPHYECKH HEHTpaJbHOH CBepXx-
TeKy4el XHAKOCTH (XKHAKHH re/iuii) OTBEYaloT B CJyyae CBEPXIPOBOIs-
IIEro MeTaJ/ia ABa BUAA 3JEKTPHYeCKHX TOKOB, MOTYIIHX MPOTEKATh
B HeM OJHOBpPeMeHHO. Ceepxnposodawjuil mox He TMEPeHOCHT TenJaa
H He CONPOBOXKJIAeTCHA AHCCHNALHNeHd SHEPTHH H MOXKET HMETh MeCTO
B TePMOJAHHAMHMYECKH DABHOBECHOH CHCTEME; HOPMAAbHbIL XKe TOK
CBsI3aH C BbIJEJEHHEM JKoyJeBa TemJa. DyaeM o6osrauarh nJjor-
HOCTH CBEDPXMPOBOASIIErO H HOPMAJbHOIO TOKOB KakK j, H j,; moJ-
Hasi NJOTHOCTb TOKA j=j, 4 j,.

Pan BaXHBIX 3aKJ/MIOYEHHH O CBOHCTBAaX CBeDPXNPOBOASAILEIrO TOKA
MOXKHO c/ielaTb Ge30THOCHTEJbHO K KaKOH-THGO uacTHOH Mojenu
yXKe H3 caMmoro (akTa NOSBJEHHS HOBOH MaKpPOCKOMHYECKOH BeJH-
YHHBI— KOHJIEHCATHOH BOJHOBOH (yHKUHH E (¢, r).

Kak u B § 26, BBesieM ¢azy @ 3toii GyHKUHH:

B(t, 1)=|B|e®. (44,1)

[Tono6HO TOMY Kak B KMAKOM TeJHH rpagueHt dasel O onpesenser,
cornacHo (26,12), ckopocTb CBepXTEKY4ero JBHXKEHHS V,, TaK

1) Ornowenne ﬁmD/Tc MeHfeTCa B Ipelesax oT npumepHo 10 gna Pb 1o
300 naa Al u Cd.



208 CBEPXNPOBOJUMOCTD [r1. v

B CBEPXNPOBOJHUKE IPaJHeHT Qasel onpenessieT HabTOAAEMYIO B 3TOM
cayyae BeJUYMHY—IMJIOTHOCTh CBePXNPOBOASAIIETO TOKa. Bauay
AHH3OTPONUH MeTaJsla HampaBJeHHe j; He COBHmajaer, BooOlie ro-
BopsA, ¢ HanpapjJeHHeM V@ u cBA3p MeXAY KOMIOHEHTaMH 3THX
BEeKTOPOB 3a/laeTC HEKOTOPHIM TEH30POM BTOpOro paHra. Bo u36e-
’KaHHe HeNPHHIHUNHAJIbHBIX YCJOXKHEHHH, OJHAKO, Mbl OTPaHHYUMCS
3jlecb caydaeM KyGHYecKoH CHMMETPHH MeTaJVIHYeCKOTO KPHUCTAJIa.

Torna Ttensop BTOporo paHra CBOAMTCS K CKaJsipy, a CBfA3b
Mex1y j, B VO—K mpocToH NpPONOPUHOHAJLHOCTH, J3anuIleM ee
B BHIe

. eh
Is ='27n'svd)’ (44,2)
rie, 0O OIpeaAc/eHuI0, €= — I e [—3ap;m 3JIEKTpOHA, a m—ero

(ncTunnasg) Macca. OmnpejeneHHYI0 TaKUM 00pasoM BeJNHUHHY A,
(PyHKLIHA TeMIepaTyphl) HASHIBAIOT AAOMHOCHGI0 YUCAA CEEPXILPOEO-
OAujux 3AeKMpPoHos; 3Ta BeJHYHHA UrPaeT 3J1eCh POJib, AHAJOTUYHYIO
IJIOTHOCTH CBePXTeKYy4yeHl KOMIOHEHTHl B XKHAKOM rejinu. Iloauepk-
HeM, YTO OHAa OTHIOAb He COBMNAJaeT C IVIOTHOCTBIO KOHJEHCaTa
KYNEePOBCKHX Nap —ImoA06HO TOMYy, KaK B 2KHAKOM TeJHH p, He
COBNAJaeT C NJIOTHOCTbIO KOHJAEHCATHHIX ATOMOB 1),

®dopmyna (44,2) (kak u dopmysa (26,12) pas KUAKOro resns)
npeAnosaraer JOCTATOYHYK MeIJIeHHOCTb H3MeHeHHs assl B Ipo-
crpaHcTBe. B TO BpeMsi, OfHaKO, XKaK B chayuae (03e-XKHAKOCTH
TPe6OBANOCh MaJIOCTh M3MeHeHHs @ /UMb Ha MEXKATOMHBIX PacCTos-
HHUfX, 3J1eCb YCJIOBHE OKa3bIBAETCS 3HAUNUTENbHO §0Jiee CHIbHBIM. Pouib
XapaKTepHOro pasmepa [Js CBepXTeKydell (epMH-)KHIKOCTH Hrpaer

JJIMHA KOT€PEHTHOCTH E, ~ wa/Ao, u ¢aza @ go/KHA MAJIO MEHSITbCH
HMEHHO Ha T4KOM DAaCCTOSHHH (GOJBLIOM MO CPABHEHHIO ¢ MeXKaTOM-
HBIMH) 2).

Ces3p Mexpy j, U @D ycnoxHsercs, €CJH CBEPXIPOBOIHUK
HAaXOAMUTCA BO BHEHIHEM MATHHUTHOM Il0Jle; MBI PACCMOTPHM 3J€Ch
cJayyall mocTosiHHOro (Bo BpeMeHH) noJs. Heo6xofumble U3MeHeHHUS,
KOTOpble Hafo BHeCTH B dopmynay (44,2), MOXKHO BBIICHHTb HCXOJS
H3 Tpe6OBaHHs KaJuOPOBOYHOH HMHBApPHAHTHOCTH TEOPHH.

J1o TpeGOBaHHE COCTOHT B TOM, UTO Bce HabJnaeMble GH3H-
YeCKHe BeJIMYMHBI JOJIKHBEI OCTaBaTbCl HEU3MEHHBIMH NpPH KajauGpo-

1) Koapduument B (44,2) 3sanucaH Tak, uToGH B CBOGOJHOM CBEpXTeKyueM
¢depmu-rase (Mojenr BKII) mng coBnagano c BuuucjaeHHOR B § 40 BenuuuHOM pjg.
Tlocneansisi omnpelesieHa TakuM oGpasoM, YTO TOK js JOJIKEH BBIPAXKAaTbCH B BHIE
Js=engvs, rle Vg—CKOPOCTh CBEPXTEKydYero jBHXeHHs. B cBoo ouepeip, vy
cBf3aHa C rpajHeHTOM Ga3sl paBeHCTBOM Vg= (1/2m) y®D; ynBoeHHas Macca 2m
(sMecto m B (26,12)) cTroMT 3jech B CBf3M C TeM, YTO KOHJEHCAT COCTaBJEH U3
CHapeHHBIX 4acTHll.

2) IMNoadepkHeM, uTO 3fech GUIYpHPYeT HMEHHO NMOCTOSHHBIH (HE 3aBHCALIUMY
OT TeMIepaTypH) napameTp AJUHB Eg; CTporoe 060CHOBaHME 3TOFO KPUTepUs 6yleT
JaHO B JaqbHeiilieM (cM. Komew § 51).
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BOYUHOM NpeofpasoBaHMM BEKTOPHOIO MOTEHIHAJa MArHUTHOIO NOJA:
rae ¥ (r)-—npousBosibHas ¢GyHKUMA Koopamuar. IIpu stom -ome-

paTtopel TpeofpasylTcs MO 3aKOHY, COBNAjalOUIeMy € 3aKOHOM
npeo0pa3soBaHHs BOJHOBBIX (DyHKUHI:

‘?—»‘?exp(%x), ‘f“'—»‘f”’exp(——-%c-x), (44,4)

TJie e — 3aps /i YacTHull, ONUChIBaeMbIX YP-onepatopom (cum. 111 (111,9))1).
IpunoBckue xe dyuxunu G(X, X') u F (X, X'), Kak MaTpHUHbBIE
saemenTsl npoussenenuit YV'+ uaun YY’', npeoGpasyrorcs coraacHo

G(X, X) —exp - [x—x (G (X, X,

i (44,5)
F(X, X)—exp {2 [+ @I F (X, X).
IIpu 3TomM
E=iF (X, X)—exp (% x) =,
c

T. e. asa KOHAEHCATHOH BOJHOBOH (PYHKUUH

O — D422 (1), (44,6)

c

CooTHouieHne (44,2) He WHHBApHAHTHO MO OTHOWIEHHIO K TaKOMY
npeoGpasosanuio ¢asbl. Jas ARocTHAKeHHs TpeOyeMoH HHBAapHaHT-
HOCTH OHO JOJIKHO GLITh JIONOJIHEHO YJIEHOM, COAEPIKAIIUM BEKTOD-
HBIfl MOTEHI{HaJ MarHUTHOTO MNOJS:

N ns<v(1)—£e—A>. (44,7)

B ynBoeHMH 3apsna (BO BTOPOM UJ€He B CKOOKaX) IPOSIBJASETCH
crapuBaHue 3JEKTPOHOB B CBEPXIPOBOJAHHKE.

ViKe 3TO BbipaxKeHHE JOCTAaTOYHO JJA TOr0, YTOOH OOBACHHTD
OCHOBHOE MaKPOCKOTMHYECKOe CBOHCTBO CBEPXIPOBOJHHKAE — BEITCCHE-
HHe M3 Hero MarHuTHOTO noas (apgexm Meiiccnepa)®).

1) Baarojaps TOMy, YTO BO BTOPHYHO-KBAHTOBAHHBIA TIaMHJLTOHHAH 7.7
P-onepatopbt Bxoxar napame ¥ (X) u ¥+ (X), on npeofpasyercs npu sameHe
(44,3—4) Tak xe, KaK H OGLIYHLIH FAMHJbLTOHMAH NPH TaKOM Xe npeoGpasoBaHuu
O6LIYHLIX (HE ONEPATOPHbIX) BOAHOBLIX QyHKuUMHA. IIpeoGpasopanue Bupa (44,3—4)
6L10 GaKTHUECKH HCMOJb30BaHO yxe B § 19.

2) DeHOMEHOJOTHYECKAs 3JIEKTPOJAMHAMMKA CBEPXNPOBOJHHKOB  HM3JOXKEeHa
B Apyrom tome 31oro kypca—cum. VIII raasa VI. -



210 CBEPXIPOBOJHMOCTh [rn. v

PaccMOTpUM  OfIHODOAHEIH  CBEPXNPOBOAHHK, HAXOMSMHICH B
c1aboM MAarHUTHOM MOJe, — BeJHYHHA [0Js NPEANOJaraeTcs MaJok
0 CPABHEHWIO C KPHTHYECKHM moJeM ff,, paspymaoluM cBepx-
IPOBOAMMOCTb. DTUM YCJOBHEM HCKJIOYAETCA CYIIECTBEHHOE BJIHSI-
HHEe MATHHTHOIO IOJIA HAa BeJUYHHY A, IlycThb Teso Haxomutcs B
TEPMOJMHAMHUYECKH DPAaBHOBECHOM COCTOSIHHM, TaK YTO HOPMAJbHBEIH
TOK OTCYTCTBYeT H MO3TOMy j,=jl). IlpumeHuB Ttemepr K oGoum
CTopoHaM paBeHcTBa (44,7) omepauuio rot ¥ 3aMeTHB IIpH 5TOM,
4To 10t A =B —MaruurtHas MHAYKLUS B Tese, MOJYYHM ypasHeriue
Jondoros

rotj=—2ls (44,8)

m
(F. London, H. London, 1935)32).
D10 ypaBHeHHe cmenH®UYHO I/ CBEPXIPOBOAHHKA. MCIoub-
3yeM Takxe M ofmue ypaBHeHHsT MakcseJJa

4n
rot B =—] (44,9)
divB =0. (44,10
Honcrasue j us (44,9) B (44,8) u 3amerHB, 4TO B cuay (44,10)
rotrot B=—AB, nosyunM ypaBHeHMe A MATHUTHOrO MOJS B
CBEPXIPOBOAHHUKE
AB =68-1B, (44,11)
rjle BBeJeHO ofOo3HauyeHue
8% = mc?/4nen,. (44,12)

HaiizeM ¢ moMompio 3Toro ypaBHeHMSI pacIpelefeHHe IO
B CBEPXNPOBOJHHKE BGJIH3H €ro MOBEPXHOCTH, KOTOPYIO GyAeM CuH-
TaTh IUIOCKOH; 3Ty IIOCKOCTb BRIGHPAeM B KauecTBe MJOCKOCTH yz,
a OCb X HanpaBMM BHYTPb TeJa. B 3THX yc/oBHAX pacnpenenenue
n0J17 3aBHCHT TOJIBKO OT OAHOH KOOPMMHATHEI X, U H3 (44,10) mme-
eM dB./dx=0; us (44,11) aBTOMaTHueckH cJjefyeT TOrAa, HTO
H B,=0. Ypasuenue (44,11) npuuumaer teneps Buz d*B/dx?=B/8?,
OTKYyJa
B (x) = $e-*/9, (44,13)

TIe BEKTOp $ mapaJiieseH MOBePXHOCTH.

Mbl BHIMM, YTO MAaTHHTHOE MOJE SKCIOHEHIHAJBHO 3aTyxaer
B rJyGb CBEpXIPOBOAHHMKA, MPOHHKAs B HEro JIMIIb HA pAccTos-
HUA ~8. JTa AMMHA MAaKPOCKONMYHA, HO Maja IO CPaBHEHHIO

1) D10 6yzer npeamonaratecs M Besse HHMXe B 3Tofi IaBe, TAK 4TO nox j
GyZeT Be3lle NoJpasyMeBaThCS IUIOTHOCTh CBEPXMPOBOASALIETO TOKA.
%) HanoxenHbll BIBOJ ypasHenus (44,8) npunaniexur J. . Janday (1941),
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¢ OoGBIYHBLIMH Pa3MepaMH MacCHBHLIX 06pasnoB (8 ~ 10-¢—10-3 cwv),
TAK 4YTO NOJE NPOHUKaeT (aKTHYeCKH JHIIb B TOHKHH NOBEPXHO-
CTHHIA cJaofl. nMHY 8 Ha3BBAOT 20HO0HOECKOU 2AybuHOLL NPOHUKHO-
sernus monas. llojuepkHeM, YTO OHa ABJAETCH HENOCPEACTBEHHO
H3MepHMOH BeJHUYHHOH, HMEIoIIell BIOJIHE ONpejeseHHBIH CMBICH,—
B OTJIHYME OT YCJOBHOTO CMBICJIAa NapaMmeTrpa fig.

[TpousBefeHHEIA BLIBOJL HYIKHAETCS, OJHAKO, B CYIIECTBEHHOH
orosopke. Mcxognas ¢opMyna (44,7) npuMeHHMA JHIIb NPH YCJIO-
BHH JHOCTATOYHOH MeNJIEHHOCTH H3MEHEeHHsl BCeX BeJHYHUH B IpO-
CTPAHCTBE: XapaKTepHble pacCTOSHHA, HA KOTOPHIX MPOHCXOIHUT
CYLIEeCTBEHHOE UX H3MeHeHHe, NOJLKHBL GbIThb BEJHKH O CPaBHEHHIO
C AJHHOHM KoTepeHTHOCTH §,1). B JaHHOM cJydae 3TO 3HAYUT, YTO
JOMKHO OHTH

8> E,. (44,14)

3to TpeGoBaHue, pasymeeTcsi, He OpocaeT TeHH Ha caMoe Jo-
Ka3aTeJbCTBO (paKTa BLITECHEHHS IOJIS M3 CBEPXNPOBOAHHKA: Npej-
[I0JIOJKEHWE O HEBBITECHEHHHM MO0JI INpPHBeNO Obl K JIOTHYECKOMY
NPOTHBOPEUHIO, TAK KaK ero H3MEeHEHHe B TAKOM cJjydae Oblo Obl
3aBeflOMO MeLJEHHHIM M ypaBHeHHe (44,11) O6blio 6bl NIPUMEHHMO.
Ho koukperHoe ypaBHeHue (44,11) u caefylOIlu# H3 HEro 33aKOH
saTyxaHusa nonas (44,13) cnpaBefJiMBbl TOJLKO NPU COGIOJAECHHU
ycyoBust (44,14).

Cutyaimo, KOrja B CBepPXNPOBOJHHKE BHIIOJHAETCA HepaBeH-
cTBo 63> E,, Ha3bBalOT A0HOOHOECKOU. B 06paTHOH e cHTyalHH,
Korga 6 <<€ §E,, TOBOPAT O nunnapdoscKom Cayuae (32KOH 3aTyXaHHs
10Jisi B IJ1y6b CBEPXNMPOBOXHHKA B 3TOM CJyuae OyJeT pacCMOTPeH
B § 52). Ilpuy T — T, NJOTHOCTh CBEPXNPOBOAAIIHX 3JEKTPOHOB
nyg—0, tTaKk uto 6 —> 0o. [TosTOMY B JOCTATOYHOH GJIH30CTH K TOUKE
nepexoja CHTyauus Bcerpaa JoHgoHoBckas. Ho npu T —-0 cootHo-
nieHde Mexny O U E, 3aBHCHT OT KOHKPETHBIX CBOHCTB MeTaJa 2).

HaxoHel, paccMOTpHM ellle OXHO CJaedCTBHE BhipaxeHusa (44,7),
He 3aBHCsLIEe OT COOTHOLIeHUS Mexny & u E,.

Kak HM3BeCTHO H3 MaKpOCKOMHUECKOH 3JEKTPOJAHHAMHKU CBEpX-
TIPOBOAHHUKOB, €CJH Yepe3 OTBEpCTHE CBEPXMPOBOASILETO TOPA TPO-
XOOUT MATHUTHHIA TI0TOK, TO 3TOT IOTOK OCTaeTCA IOCTOSHHBIM
npu JioGbIX M3MEHEeHMSX COCTOAHHSA Teja (He HapymAOUKX €ero
CBEpPXMPOBOAUMOCTH); MpH 3TOM INpeArojaraercsi, 4To TOP MacCH-

1) HanoMuum, 4To caMa HHAyKuus B eCTb MCTUHHA® MUKPOCKONMYECKad
HanpsKeHHOCTh MACHHTHOTO N0JIS, YCPeJHeHHAs N0 QU3HUYeCKH 0eCKOHEYHO MaJsihiM
2/MeMeHTaM o6beMa, Pa3Mephl KOTOPEIX- BeJMKH JHIIb N0 CPaBHEHHIO C NOCTOAH-
HOH pellleTKH.

2) JlouaoHoBCKHA caydyaii Bo Bcefi o6.71acTH TeMIepaTyp HMeeT MecTo, HanpH-
Mep, B YHCTHIX MeTa/l/aX MepeXoAHBIX TIpYIN TepHOAHYECKOH CHCTeMBl, B HEKO-
TOPbIX MHTePMeTA/IHYeCKHX cOoefHHeHHsX. IlunnaproBckKHi cayual HMeeT MecCTo
(Bnanu or T,) B UHMCTHIX MeTajsiaX HemnepeXOAHbLIX Fpymi.
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BeH—ero JAuHaMeTp M TOJIIHHA BeJUKH IO CPaBHEHHIO ¢ AJMHOH
KOTePEHTHOCTH H TJYOUHOH npoHUKHOBeHUs mnoJd. [lokaxkem, yro
BEJHYHHA «BMEP3LIEro» B OTBEPCTHE TOPa MarHUTHOTO INOTOKa MO-
KeT OBITh JIMIIb LEJIBIM KDATHEIM HEKOTOPOTO 3JeMeHTapHOTO «KBaH-
ta nortoxkar (F. London, 1954).

B rtosme TeJsa (BHe 06J1aCTH NPOHHKHOBEHHS I10J11) IJOTHOCTb
ToKa j=0; BEeKTOPHLIH Xe NOTEHHHAJ OTJHYEH OT HYJ/i— PaBeH
HyJII0 JHIIb €ro poTop, T. e. MarHuTHas uuAykuda B. BriGepem
KakKoH-1u60 3aMKHYTHIH KOHTYp C, OXBaTHBAaOmHHA coGOH OTBEp-
CTHE TOpa U NMPOXOASIIUA BHYTPH TeJsa BAaJH OT €0 MOBEPXHOCTH;
TAKHM BEIOOpPOM ofecleunBaeTcsl COOJIOJEHHE YCJIOBHA IIPHMEHH-
MocTH Gopmynsl  (44,7)—JaocTaToyHas MENJIEHHOCTb HU3MEHEHHs
¢aser @ u moteHnHana A B IPOCTPaHCTBE. anxynﬂunﬂ BeKTopa A
BJIoJIb KOHTYpa C cOBrnajaer ¢ NMOTOKOM MAarHUTHOH HHAYKLIHH Ye-
pe3 HaATAHYTYI0 Ha KOHTYD IOBEPXHOCTb, T. €. IIOTOKOM ¢¢ 4epes
OTBEPCTHE TOpa:

$Aadi={rotA.di={Bdi=g.

C apyro#t cTopoHbl, NPUPaBHAB BeipakeHHe (44,7) HYJIO H IPOUH-
TErpHPOBAB €ro Io KOHTypy, [OJIyYHM

9§Ad1 ——9? VO.dl =25

rae 6@ -—u3mMeHeHHe (asbl BOJIHOBOM q)yHKLmn npu o6xojme KOH-
typa. Ho u3 tpe6oBaHua 0AHO3HAYyHOCTH 3TOH QYHKUMH CJepyer,
4TO H3MeHeHHe (ha3pl MOXeT ObITb JIHIIb IeJbIM KPAaTHBIM OT 27T.
TakuM o6pa3om, Mbl IPHXOILHM K pe3yabTaty

nﬁc

b =ne,, ¢0=~m—=2-10‘1 rc-cme, (44,15)

/’ic © 5,

rpe n—uenoe yucsao. Benuuuna ¢, npeicrasiser coGo# saeMeH-
TApHBIH KBAHM MAZHUMHO20 NOMOKA.

KBaHTOBaHHe MaTHHTHOTO IIOTOKAa HMeeT Takxke H JApPYyro# ac-
NEeKT: OHO IPHUBOAHT K JHCKPETHOCTH 3HAYeHUH IIOJHOTO TOXKa J,
KOTOpHIH MOXET INpPOTEKAaTh (B OTCYTCTBHE BHELIHEIO0 MarHHTHOTO
[I0Jis) MO CBePXIpoBOAAIIeMY KoJblly. leficTBUTeNbHO, TOK J co-
3laeT MarHHTHBI MOTOK Yepe3 OTBepCTHE’ KoJsblla, paBHEIN LJ/c,
rae L—koapdunuenT camouHAykuuu. I1pupaBusaB 3toT motok ng,,
HaxXoJUM, YTO TOK MOXKET HMeTb 3HayeHH:

_co nﬁc“‘
J""T.‘g =TerL™ v (44,16)

B InpOTHBOMNOJIOKHOCTH KBAaHTY MarHHTHOTO [OTOKAa, «KBAHT MOJ-
HOr0 TOKa» 3aBHCHT (BMeCTe C CAMOHMHAYKHHeH L) oT GpopMEl U pas-
MepoB KOJIbla.
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3apgaua

Onpepe/uTh MarHHTHEA MOMEHT CBePXNpoBOAsUiero wapuka paguyca R <8,
HaXORSIIEroC B MAarHHTHOM INoJie, B JICHAOHOBCKOM cJlyuae.

Pemenwne. [Ipp R<€ MoXHO CYHMTaTh MarHHTHOe NOJ€ BHYTDH IapHKa
DOCTOSIHHBIM H DAaBHHM BHelliHeMy Toaio §. Ecim BulfpaTb BeKTOPHBIH NOTEHNHAN

B BHe A=/, [Hr], TO MOXKHO TNOJOXKHTb NPOCTO
j=— (nse*/mc) A

(t. e. mosoxuTh B (44,7) ®=0); rpaHduHCe yCJOBHE HCUe3HOBEHHS HOPMasbHOH
cocrasisioliell Toka (nj=0) Ha NOBEepPXHOCTH IIapHKA BHILOJAHAETCA TOTAA ABTO-
MaTHYeCKH, MarHHTHBIH MOMEHT BBIUHCJSETCS KaK HHIerpal

M=—2—IC—‘S‘[rj]dV

10 06beMy IAPHKA H PaBeH

R5
M =307 ©-

§ 45. Ypasnenus uH3Gypra— Jlangay

[Tonnasi Teopus, ONHCHIBAIONAS I[OBEJEHHE CBEPXNPOBOJHHKA
B MarHHTHOM MOJle, OYeHb cJoxHa. CHTyaluus, OJHAKO, CYLIECTBEHHO
ynpouiaercsi B 06JacTH TeMIepaTyp BOJIU3H TOUKH mepexoja. 3J4eCh
OKa3blBaeTCsl BO3MOXKHBIM IOCTPOHTb CHCTEMY OTHOCHTEJbLHO IIPO-
CTHIX YpaBHeHHH, I[IpHueM NPHMEHHMBIX He TOJBKO B cJabklX, HO
H B CHJbHHX HOJAX?Y).

B ob6melt Teopud Jlangay ¢asoBLIX NEPEXOAOB BTOPOrO pOXa
OTJIHYME «HECHMMETPHYHOH» (pa3bl OT «CHMMETPHUHOH» OMHCLI-
BaeTCHd MapaMeTpoM MOpPAAKA, ofpallaicIiiMca B TOUKe Mepexona
B HYJb (cM. V § 142). [Ina cBepxnpoBofdAumell ¢aspl ecteCTBeHHLIM
TaKUM IIapaMeTpoM fBJAseTCs KOHJAeHcCaTHas BosHoBas QyHKuHs E.
Bo wusfexkaHde M3JHIWIHHX (C TNPUHIUOHAJLHOH TOUKH 3peHHA)
yCJI0KHeHHH 6YyJeM cUHTaTh CHMMETPHIO METaJJIHHEeCKOTO KpHcTaJa
KyOu4yeckoH; Kak ObuIO ykasaHo B § 44, B 3TOM cJaydae CBepXIIpO-
BOASIIEE COCTOSHHE XapaKTepHU3yeTCs CKaJspPHOH BEJHUHHOH n, —
IJIOTHOCTbIO CBEPXIIPOBOAALINX 3JEKTPOHOB. DoJiee YAOGHBIM Bbl-
GopoM mnapaMeTpa MNOpAAKAa B 3TOM CJydae sABJSETCS BeJHYHHA
(06o3HauuM ee uepe3 ), NPONOpiIHOHaAAbHAA E, HO HODMHPOBAaH-
Has ycJaoBueM |¢[|2=n,/2. ®asa BeJHUHHHB P CcOBNajaer ¢ ¢asoit

byHKOHE E: ‘
= l/-%ez‘o. (45,1)

1) Uanaraemasi Huxke Teopusi npuHamaexut B. JI. Tuusbypey w JI. 1. Jau-
day (1€50). 3amevarenbHO, uTO OHa OBLIA TNOCTPOEHA (DEHOMEHOJOTHYECKHM Y-
TeM, ellie X0 CO3A3HHS MHKDOCKONHYECKOH TCOPHH CBEPXIPOBOAHMOCTH.
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[TaoTHOCTL cBepxnpoBojsllero Toka (44,2), BhipaKeHHad yepes P,
3alichiBaeTcAd B BHIE

o= v o—— L rrp—re. (#5,2)

OTnpaBHbLIM NYHKTOM TEOPUH SABJASETCS BHIpAXKeHWe AJA CBO-
6071HOH 3HEPIrUH CBePXNPOBOJHHKA, KaK (YHKIHOHaJa OT (YHK-
muu P (r). B cooTBeTcTBUH ¢ OGIIUMH IIOJOXKEHUAMH Teopuu JlaH-
Jay, OHO TOJIyYaeTcsl pa3JIoKEHHeM MJOTHOCTH CBOGOLHOH 3HepruH
IO CcTelleHsAM MaJjoro (BGJIH3M TOUKH Nepexoja) napaMeTpa INopsii-
Ka Yy U ero NPOU3BOAHBIX IO KoopauHatam. CHayaja paccMOTPUM
CBEPXINPOBOJHHK B OTCYTCTBHE MATHHUTHOIO MOJSI.

B COOTBeTCTBHH €O CBOHM CMBICJIOM KakK BeJHYHHBI, IIPOIOPILHO-
HaJabHOH rpuHHOBCKOH ¢yHKuuu I (X, X)=—IiE (X), napamerp Io-
paaka VP HeogHO3HAYeH: mockoJabky ¢yHkuusa F (X, X) cocrasJena
H3 1BYX omepatopoB ¥, TO NpOH3BOJbHOE U3MeHeHHe (Ga3bl 3THX
onepaTtopos, ¥ — W ¢i%/2 mpuBOAUT K uaMeHeHH10 Ga3pl GyHRIHH F
Ha o. Pusnyeckue BeJUYHHHl He JOJKHBI, KOHEYHO, 3aBHCETH OT
3TOro IPOH3BOJA, T. €. JOJKHH ObIThb HHBAPHAHTHBI IO OTHOLIEHHIO
K Npeo6pa3oBaHHI0O KOMIIJIEKCHOTO NapaMeTpa MHopsiika: Wb — e,
DTHM TpeGOBaHHEM HCKJIOUAIOTCS YJEHBLl HEYETHBIX CTeNeHeH mo
B DasJ/IOXKEeHHH CBOGOLHOH SHEPTHU.

KoHKpeTHEIH BHJL 3TOro pasJ/OXKeHHs YCTaHABJHBaeTcs Ha OcC-
HOBE TeX Xe COOOpakeHHH, YTo U B oO6ulell TeopHH (a30BBIX Iepe-
X0n0B BToporo poga (cM. V § 146). He moropas stux paccyxne-
HUH, HallHmeM cJejfylollee pasJioxKeHHe MOJHOH CBOGOJHOH HEpTHH
CBEpPXMPOBOAALIEro TeJsa 1):

F=Fot (Lo | voptalul + 510k }av.  459)

3neck F,—cBofonHasi sHeprusi B HOPMAJbHOM COCTOSIHHH (T. €. NIPH
P=0); b—3aBHCAIUNA JHIIb OT IMJOTHOCTH BellleCcTBA (HO HE OT
TEMNEPATYPHI) MONOXKUTEABHBIA KO3(QxpHIHEHT; BeJMUHHA @ 3aBHCHT
OT TeMIlepaTyphl MO 3aKOHY

a=(T—T,) o, (45,4)

ofpalllasgch B HYJb B TOUKe Iepexoja; kodpdunueHt oo >0 B cOOT-
BEeTCTBHH C TeM, YTO .CBeDXIpOBOAfAIIell ¢asze oTBeyaeT 06.1aCThb
T < T, xosppuuuesT npu | V¢ |* B (45,3) BeiGpaH Tak, YTOOBI A
TOKa NOJyYaJoch BbipaxeHHe (45,2) (cM. Huxke)?). Tor dakr, yTo

1) HanoMuHM Jsmmb, uTO HanHCaHHWN BHI TPAJIMEHTHOrO UJEHA CBs3aH
¢ NpellIoNIONeHHOH KyOHYecKoH CHMMeTpHeH kKpucTaana. IIpH Gosee HH3KOH CHM-
MeTpUH OH MMes Obl BHA GoJtee obimell kBagpaTHIHOH DOPMEI H3 TPOU3BOHBIX OVY/0x;.

%) DtoT BHIGOP (B TOM YHCJE OTOKIECTBICHHE M C UCTHHHOH Maccol 3JeKTpOHa)
He HMeeT, KOHEYHO, Iiay6oxoro CMEICJIa H yCJIOBEH B Toll XKe Mepe, Kak H onpe-
lesaeHne ng B (44,2).
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B (45,3) ¢urypupyor Jaullb NepBble NPOU3BOAHLIE OT P, CBA3AH C
IpeAnosoxKeHHeM O JOCTATOYHOR MEJJICHHOCTH H3MEHEHHA Y B Ipo-
CTPaHCTBE.

B ozHOposHOM CBEPXNPOBOJAHUKE, B OTCYTCTBYUE BHEINHEro 1oJf,
napameTp 1 He 3aBHCHT OT KoopauHar. Toraa seipaxkenue (45,3)
CBOIUTCSH K

F=F,+aV |+ |y (45,5)

PaprosecHoe sHauenue |Y|* (npu T < T,) onmpefensiercsl yCJI0BHEM
MUHHMAJBHOCTH 3TOTO BbIPAXKEHHS:
a o
[V[P= —5=75T.—T) (45,6)
IJOTHOCTh CBEPXIPOBOAAIHX 3JEKTPOHOB B 3aBUCHMOCTH OT TeMIe-
patypsl ofpainaercsi B TOUKe Nepexoja B HYJb IIO JHHEHHOMY 3a-
KOHY.
[ToacrasuB 3nayenue (45,6) o6patHo B (45,5), HalJeM PasHOCTb
CBOGOJHLIX 3HEPTHil CBEPXIPOBOAALIEIO M HOPMAJBLHOTO COCTOSIHHMH:

Fy—Fy=—V -2 (T,—T) (45,7)

JuddepennpoBaHineM 1o TeMIeparype OTCIOJa MOXKHO Ha#¥TH pas-
HOCTb SHTPONHH, a 3aTeM H CKayOK TeIJOEMKOCTH B TOYKE Iepe-
xoznat):

o?T,

C,—C, =V

(45,8)

B6/aH3u TOYKM mepexoja pasHocTk (45,7) IpenctaBiaseT co6oi
MaJaylo 106aBKY B cBoOoiHOf 3Hepruu. CorjacHo TeopeMe O MaJhbiX
noGaBkax (V § 15), sta XKe BenuuuHa (BblpaxKeHHass B OYHKIHH
TeMnepaTypel U NaBJCHUA BMECTO TeMIepaTypel H oGbeMa) pnaer
pasHocTh TePMOAHHAMHUYECKHX mnoTeHnuasnos O,—®d, . C npyroi
CTOPOHBI, COTJacHO ofmwel GopMyJsie TePMOJAHHAMHKH CBepXIpPOBOJ-
HuxoB (cMm. VIII (43,7)), 3ta pasHocTb COBIAJA@eT C BEJHUHHOM
—VH?/8n, rie H,—KpUTHYecKoe IoJie, pa3pylidiolllee cBepPXHpo-
BOAMMOCTb. TakuM o6pa3oM, HAXOAHUM JJA IOCJASJHEr0 CJelyIonuil

1y Cpasuus ¢opmyust (45,6) u (45,8) ans [P |2=p¢/2m ¥ nag ckauka Ten.o-
emroctu ¢ dopmyaamu (40,16) n (40,11) gas Tex e BeauyumH B Mojeau BKIII,
MOXHO HaliTH sHayeHHs KoadpuumueHToB o H b B 3T0#f Mojean (JI. I1. Iopexos,
1959):

a=6aT, /7L Byu=7,04-T,/p, b=aT./n;

HCIOJNb30BAHA CBSA3L NJIOTHOCTH YHMCJ4 YacTHI A =0/M H XHMHYECKOI'O IIOTeH-
usana b (npy T==0) ¢ npesenbHBIM HMNYJIHCOM KaK s HAEAJIbHOTO rasa:

n =p¥/3nks, p= pE/2m.
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3aKOH TeMIepaTypHOH 3aBHCHMOCTH BOJH3H TOYKH mepexopal):

e ()=

[Mpu Ha/MMYUH MAarHUTHOTO moJf BhIpaxeHue (45,3) a3 cBoGox-
HOH 3HEPrdH JOKHO GLITh U3MEHEHO B JBYX OTHOUICHHAX. Bo-mep-
BbIX, K IIOJbIHTErpalbHOMY BLIPAXKEHHIO HAAO N06aBHTb IMJIOTHOCTh
3Hepruud MarHutHoro mosst B?/8n (rme B =rot A—wmaruuTtHas uH-
AYKIOUS B Tese). Bo-BTOpLIX, Hal0 H3MEHHTb TPaJHEHTHHIH YJeH
TakHM 06pa3oM, YTOGH YJOBJETBOPHTb TPEGOBAHHIO KaauOPOBOU-
HOIl WHBapHaHTHOCTH. B mpeabiaymeM naparpade GbLIO MOKa3aHo,
YTO 3TO YCJOBHE MPHBOJHT K HEOOXOAHMMOCTH 3aMeHbl TpajHeHTa
¢ashl KoHeHcaTHO! BosHOBOK QyHKUMH VA PasHOCTHIO vO —2¢A/fic.
B nanHOM cJayuae 3TO 3HAYHT, YTO HAJO 3AMEHHTbL:

2ie

V=€V ||+ ip YO — T —5— Ay

TakuM 06pa30M, MBIl IIPHXOJAHM K CJCAYIOIEMY OCHOBHOMY BbIpa-
KEHHUIO!
%2

LI ol __ 2 2 21 b e
FeFut (ot g | (V=R A) o[ +al vl g ok} av
(45,10)
(F,,—cBoOGORHAsl 3HEPTUS TesJa B HOPMAJbHOM COCTOSSHHH B OTCYT-
CTBHE MAarHWTHOrO moJs). IloguepkHeM, uTo Kosbduunent 2ie/fic B
TOM BLIpaMeHHH HMeeT Oe3ycJOBHBI XapakTep (B OT/IHYHE OT
OTMeUEHHOH BbIIIE YCJIOBHOCTH BhIbOpa KoshdunueHTa ﬁ2/4m).
YinBoeHue 3apsia 371eKTpoHAa B HeM ecTh cJejcTtBHe 3ddekra Ky-
nepa (JI. IT. T'opoxos, 1959); 310T KO3(pdUUHEHT HE MOr Obl GHITH,
KOHEUHO, YCTAHOBJIEH UHCTO (PeHOMEHOJOTHUECKHM INYTEM.

JudpepennnanbHble ypaBHEHUs], ONpPEAesIONINE paclIpeleeHue
BOJIHOBOH (YHKIMH P H MArHUTHOTO IO/ B CBEPXIPOBOAHHMKE,
HAXOAATCH Telepb MUHUMHU3AaUUEH cBOOOLHON 3HEPIUHU KaK PYHKIIHO-
HaJa OT TpPeX He3aBHCUMBIX GyHKuuA: P, P* u A.

Komnaekcuass BeJHuHHA 1P €CTb COBOKYIHOCTb ABYX BellleCTBEH-
HLIX BeJMYHH; NO3TOMY P u P* Hajo paccMaTpUBaThb NPH Bapbu-
POBaHHH KaK He3aBHcHUMble GyHKIMU. Bappupys uHHTerpasn mo ¢*
W npeoGpasoBaB HHTErpast OT uieHa (Vy—2ieA/fic) y8¢* uurerpu-

1) B monean BKIII:
H.=2,44 mpp/h®'/* (T.—T) npu T —>T,.
IlpuBeneM Takxxe 3HaueHue /. B 3710l e Mojenu npu T=0:
H =099 T, (mpp/h?)/*

(oHO mMosyuaercs MpHpaBHHBaHHeM —VH2/8% pasHocTH sneprait (40,9)).
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POBaHHEM MO YACTAM, NOJYYHM

oF = [{ =2 (732 )y rapo v | oy aV +
+—;’”:7 <V¢—%A¢)61}J*di; (45,11)

BTOpO# HHTerpas Gepercsl MO NOBePXHOCTH Tesa. ITosoxup OF =0,
INOJYy4YHM, B KayecTne YCJOBHA paBQHCTBa HYJI0 06beMHOTO0 HHTErpa-
Jla NIpH NPOH3BOJBHOM 8Y*, CJeAyIOILee ypaBHEHHE:
1 . 2e 2
m(—‘ﬁV*T >1p—}—mp—}-b|1p[21p=0 (45,12)
(BapbUpOBaHHe Xe HHTerpasa 1m0 P MPUBOAUT K KOMIJIEKCHO-CO-
[PSXKEHHOMY YPaBHEHHIO, T. €. He JaeT HMUUYEro HOBOTO).

AnanoruysbiM 06pasoM, BapbMUpPOBaHME HHTErpajda no A npH-
BOAUT K ypaBHeHHI0 Maxrcpe/a

rot B=2j, (45,13)
IIPpHYCM IIJIOTHOCThP TOKa JaeTrcd Bpra}KeHHe_M
. ief, 2¢?

j= — o (*VH—pTP*) — = | P [2A, (45,14)

COBMafamomumM ¢ (44,7) (Mpl numeM j BMeCTO j;, TaK Kak B TE€PMO-
AMHAMHUYECKOM DaBHOBECHH HOPMaJbHBIH TOK otcytcTByeT). OTMme-
THM, 4TO H3 (45,13) caexyer ypaBHeHHe HempepbiBHOCTH div j=0;
5TO ypaBHEHHE MOXHO MOJYYHTh TakKxe M NPAMBIM AuddepeHIHpo-
BaHHeM BhipaxkeHHs (45,14) c yderoM ypasHenus (45,12).

YpaBrenue (45,12—14) cocTaB/SIOT NONHYI0 CUCTEMY ypa6Hen ULl
T'unsbypea—Jlanday.

IpaHnynble ycJOBHA K 9THM YpaBHEHHAM IOJIYYaIOTCA H3 YCJIO-
BHSl PaBeHCTBA HyJIO HHTETPaJIOB IO NOBeDXHOCTH B Bapuauuu OF.
Us (45,11), Takum oGpasom, IoJy4yaeTcs IPaHHYHOE YCJIOBHE

n(-—-iﬁvm——%fAlp>=O, (45,15)
rge n——BeKTop HOpMaJH K HOBerHOCTPI TeJa. OTMeTHM, 4YTO B cuny

3TOr0 ycJOoBHsS ofpamaercsi B HYyJb, KaK U CJeROBAJO0, TaKkKe M
HOpMaJIbHas KOMIIOHeHTa TokKa (45,14): nj=072).

) Ilpu rpanuunoM yciosuu (45,15) camo 1 He oGpamaeTcst B HyJab, Kak
3TO, KasaJoch OH, AOJKHO GbI0 ObiTh IJIs BOJHOBOH GYHKUHHM Ha TpanMue Tesa.
910 06CTOSTENBCTBO CBA3AHO € TeM, YTO B AEHCTBHTENBHOCTH 1) yGhiBAET A0 HYJs
JHUb HA DacCTOAHMAX ~§; OT NOBEPXHOCTH; MEXAY TeM TaKHE DACCTOSHHS
B TeopuH I'uH3bypra—Jlahnay paccMaTPHBAIOTCS KaK IpEHEGDEXHMO MaJble.

Yciosne (45,15) BrBeseHO 3/eCh MO CYLIECTBY A/ FPaHHIE CREPXNPOBOJHHKA
¢ BakyyMoM. OHO OCTaeTcsi B CHAe H I TPaHHUE C JH3JEKTPHKOM, HO AJs
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Uro Kacaercss PAaHHYHBIX YCJOBHH A N0/, TO U3 yPABHEHHS
(45,13) ¢ yueToM KOHEYHOCTH j BO BCeM IPOCTPaHCTBe (BIJIOTH
JO TOBEPXHOCTH Tesd) CJAEAYyeT HENpPephBHOCTH TaHTeHIHaJbHOH

KOMIIOHeHTHl HHAYKUHH B;. M3 ypaBuenus ke
divB=0

CJleayeT HeIPepLIBHOCTL HOpManbHOH cocTaBJstollel HHAYKUHH B,.
JipyrumMu cJjoBamMu, DaHHYHBIE YCJAOBHS TPeOYIOT HEINPePHBHOCTH
Bcero Bekrtopa B.

B csaoM MarHMTHOM IOJIE MOXKHO NpeHe0peub ero BJIHsHHEM
Ha |{|? ¥ cyHTaTh || paBHLIM NOCTOAHHOMY BAOJIb TeJa 3HAUEHHIO
(45,6). Torga mopcTaHoBka (45,14) B (45,13) (4 mocaenytomniee npH-
MeHeHue omepamu rot K o6OHM CTOPOHAM yDPaBHEHHA) MPHBOJAHT
K ypaBHeHuio JIoHnonoB (44,11) ¢ ray6uHOH NPOHHKHOBEHHS

me?b_ |1/2 mc?b 1/2
6= [ 8ne? | a| ] = [Sneza (TE—T)] . (45,16)

Hapsny ¢ stuM pasmepoM ypaBHeuus I'uns6ypra—Jlannay
COlePKAT ellle OfHY XapaKTepHYIO JJIMHY: KOPPesHHOHHEIA pajuyc
dbayxkryauuit napamerpa Hopsjika § (B OTCYTCTBHe M0J); 0603Ha-
yum ero uepes § (7). [lo usBecTHoM dopMyaam Teopuu GayKTyanui
(cMm. V § 146), stoT paguyc Bbpaxaerca depe3 KO3I(pdHIHEHTH B
cBoGoaHOM sHepruu (45,3) corsacHo

13 13

2= 2mla)?  2ma) (T~ (#.17)

XapakTepHbiMH aanHamu (45,16—17) omnpegensercs MOPsIOK
BeJMYHHbl PACCTOAHHH, HA KOTOPBIX CYIIECTBEHHO MEHseTCs mapa-
MeTp TNOPfAAKAa P H MarHATHOE I10JIe, ONHChIBAEMLIE YDaBHEHHSIMH
Fuus6ypra—Jlannay. Ilpu stom pauHa 8 xapakTepHa, BooOme
roBops, AJs Mar{uTHOre mnoJas, a aaumHa §(T)—paa pacupezedie-
Hug . OOGe STH JJMHBL JOJAXKHB OHTh BEJAMKH IO CPABHEHHIO
¢ «pasMepami napsi» £, 11 TOTO, YTOOH BHIIOJAHAIOCH 1 PeANOT0KEHHE
0 JAOCTaTOYHOH MEJJIeHHOCTH H3MEHEHHd BCeX BeJHYHH B MPOCTPaH-
ctBe. ITockonbKy 06Ge AHHBI BO3pacTalOT NPH NPUOINKEHHH K TOUKe
nepexoxa (mo 3akony (7T,.—-T)-1/?), To BONH3H Hee 3TO YCJOBHE,
BOOOIIE T'OBOPsI, BHIMOJHSAETCS (CM. HHIKe).

rPAHUNUEL pasfeda MeXAy Das/HuHLMH MeTajjlaMi (M3 KOTODHIX OJMH CBepXMnpo-
BOAfIL, a APYroli HOPMaJeH) OHO HeNpPHIOAHO—B HeM He yuiThBaeTcs 3ddexT
YyacTHYHOTO NMPOHUKHOBEHHS CBEPXMPOBOASLLIUX 3/I€KTPOHOB B HOPMAaJbHBIH MeTaJLl.
B stoM cayvae (45,15) 3ameHsiercs ycaoBHeM GoJee OGLIEro BHAA, COBMECTHMOTO
¢ TpefoBanHeM nj=0: .

n(—iﬁvmp-——Axp) L3 (45,15a)

rae A—BelleCTBEHHAsT NOCTOsIHHAsA (pasMepHocm JJHHB]); OUEHKA 3TOil IOCTOSIH-
ol TpebfyeT, onnako, GoJee 1eTajlbHOIO MHKDOCKONHYECKOTO HCCJ/€I0BAHM.
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BaxHoe 3HayeHue B H3/jaraeMoil TEOpHH HIpaeT napamemp
Tunsbypea—Jlanday, onpenensieMblit KaK NOCTOAHHOR (HE 3aBHCALL
OT TEeMIlePaTypbl) OTHOIUEHHE ABYX YKa3aHHBIX AJMHH:

(M) mcb?
TED T em ek (45.18)

TTo mopsanky BeJuuyuHsl % ~ 8,/E,, riae E,-—11uHa KOTePEeHTHOCTH
(39,21), a 8,—sioHnOoHOBCKasl TJIy0HHa NMPOHHKHOBEHUS NpH abco-
JIOTHOM HyJe. YKaxmeM Takxke (QopMyay

x=2V 2Ll n, (1)8 (D), - (45,19)

nosyvawliyiocs ¢ nomombio (45,9) u (45,16) u Bblpaxaoulylo %
HeTOCPeJCTBEHHO Yepe3 HalbJojaeMble BeJHYHHLL.

YcTaHOBHB BHJ ypaBHeHHH, o6CYAHM Tenepb BOIPOC 06 06s1aCTH
HX IPUMEHHUMOCTH.

Co CTODOHBI HH3KHX TEMIIEpaTyp 3Ta 00JacTb BO BCAKOM CJyyae
orpaHuuena ycJjoBueM T,—7T <«£T,., N0O3BOJAIOIIUM CYHTATH IIapa-
MeTp MOpsAKa MaJblM H TeM CaMbIM JeXalluM B OCHOBE BCEro Ipo-
H3BeJIENIHOTO Pa3JlokKeHUusl CBOOOJHOH 3Hepruu. DTHM Ke YCJIOBUEM
obecrneynBaeTcs cobmopente nepapenctsa & (7') >> &), HO A4 cobuo-
neuust HepaBeHctBa & (T) 3> E, yc0BHe oka3bBaetcs GoJiee KeCTKHUM
B CJIyyae CBEpPXNPOBOAHUKOB C MaJIBIMA 3HaYe HUSAMH TlapameTpa % 1);
B 3THX cJyyasix M3 HepaBeHcTBa ©3>E; cJaenyeT ycJoBHe

T,—T <%T,. (45,20)

Co croponnl xke T — T, NpUMEHHMOCTb ypaBHEHHH OrpaHuyeHa
JUIp OOUIAM YCJOBHEM IPHMEHUMOCTH TeOpPUU (a30BLIX NEPEXO0B
Jlaupay, cBsSI3aHHBIM ¢ BO3pacTaHHeM (JaYKTyalul napamerpa Io-
pAnka. B nandom cayuae, 0JHAKO, 3TO YCJOBHE OKAa3blBaeTCs Ypes-
BbIYAHHO cJabbiM. [lelcTBHTEbHO, OHO BBIpaxKaeTcs yepe3 KO3(phu-
IHEeHTH pa3JioxeHHd (45,3) mepaBeHCTBOM

b2T%
T T>oc(ﬁ2/m)3

(cm. 'V (146,15)). Ouenus, Hanpumep, BolpaxkeHHe B IpaBoil CTOPOHe
¢ moMompio 3HayeHuil b u o B Mojesad BKIUI, moayyum

(TL‘—T)/TC>(TC/”‘)4 (45:21)

Beuay ' kpafinefi maJjocTd otHoweHus T ,./p~ 1073—10"¢ moxHO

1) [puBemeM A NPHMEPA IHAUEHHST X Al HEKOTODHIX YHMCTHIX METaJjJOB;
Al—0,01, Sn—0,13, Hg—0,16, Pb—0,23.
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CYNTATh, YTO 3TO YCJOBHE BHINOJHSACTCA NPAKTHYECKH BILJIOThH 1O
caMoi TOUYKH mnepexoia. PaykTyalHOHHAsd Xe obaacTb JJsd mepe-
XO0la BTOPOTO POJa MEXILY CBEPXIPOBOAALLEH H HODMaJbHON (asaMu
NIPaKTHYECKH OTCYTCTBYET.

3angaua

Ilns nJaockofi TJeHKH ¢ ToduuHoR d <€E, § HaliTH KpHTHYECKOE 3HaueHHe
MAarHUTHOTO NOJs (MapanjelgbHOro IJIOCKOCTH IJIEHKH), PaspyLiaiollero cBepxnpo-
BoauMoctb (B. JI. Tuusbype, JI. O. Janday, 1950) 1),

Pemenue. BrfepeM cepefHHHYIO IJOCKOCTh IJIEHKH B KayecTBe IJIOCKO-
CTH X2 C OCbIO X BJOJb HanpasieHHs noas. B ypasnennn (45,13) nas nosas
B =B, (y) (MeHsOIErocs MO OCH y NOMepeK NJECHKH) MOXKHO CUHTaThb = const.
Torja nepBHil YIeH B BHIpaXEHHH TOKa (45,14) HcuesaeT M IpHMEHEHHE ONEpallHH
rot kK (45,13) npuBOZHT K ypasHemuio B”=02B/8% rxe 0=1p/\Pg, Po=|al/b.
CuMMeTPUYHOE MO y PELICHHE STOrO YpaBHEHHUs

_ « ch(y0/8) y?—(d/2)?
BW)=% Frorm ~ ° [H" 752 02]

($—BHewHee mose). DTOMY MOJIO OTBEUaeT Pacnpele/ieHHe TOKa

. € p 02
jmh=—gm B e —gmt

B ypasuenuu wme (45,12) 3aBHCHMOCTBIO ) OT ¥ NOMHOCTHIO NpeHeGpeydb
Helbas: Majas TpousBomias 02/0y? GdaKTHUECKH YMHOXKaeTcs 3[ech Ha
B2/m|a|~E? u Tem caMuiM npHOGpeTaeT Goabwod (B cuny ycaosus d <KE)
mHOXHTeab (§/d)2; B TO Xe BpeMsi B 5TOM YDaBHCHHH MOXHO npeHefpeyb NOTEH-
unatoM A=A, (y), NpHBOAAUIHM 3Jech K ujeHaM Gojiee BHICOKOro nopaika
mastoctd no d/E. Urto6u H3GaBHTbCSI OT HEOGXOJAHMOCTH PAacCMOTPEHHS 3aBHCH-
MOCTH ' OT y, ycpesHnM ypasHenHe (45,12) mo ToJlLHHE IIEHKH; IPOH3BOJHBIC
0 y TIPH 3TOM BHINAAYT B CHJY TPaHHUHOTO ycjoBHA OY/dy =0 Ha MOBEPXHOCTH
NJeHKH. 3aMeTHB TakXe, UYTO

_Oh (N
o N(Ielﬁlwl“‘>

B CHJY 3aBHCHMOCTH (assl QYHKIHH ¢ OT x (M CBA3HM ee TPAJHEHTa C TOKOM)
HajigeM, mocje COKpalleHHsa Ha i

72
g el e=0,

rae
d/2 2d294$2
T L gy — S4TIR"
"=4 74y =smEre
-d/2

Hcnonb3oBaB TaKKe BHIpaXeHHs (45,9) u (45,16), npuieM K ypaBHEHHIO

onpejendoleMy 3HauYeHHE ’lp JJd MJeHKH B MarHUTHOM MOJie. KpHTH'{eCKOE 3Ha-

1) AHanorHUHyO 3ajayy A/l MaJeHbKOTO WIaPHKA, cM. B § 47,
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yenne noas ans naenkn HE™ ecTb To, UPH KOTOpOM 1 o6pamiaeTcsi B HyJb.
OHO CBfI34HO C KPHTHUECKHM HOJeM H, MacCHBHOTO CBEDXNPOBOAHHKA PaBEHCTBOM

HE = V' 24H,6/d.

B paccMOTpeHHEIX YCJOBHSX paspylieHHe CBePXNIPOBOAHMOCTH IOJEM IpoHC-
XOAKT myTeM (a3oBoro mepexojia BTOPOro poja: VP obpailaeTcs B HyJab NPH yBe-
JAHYEHHH §) HenpepulBHHIM 06pa3soM. DTO BHOJHE eCTeCTBEHHO, TOCKOJBKY NpH
d<€ 6 noie GakTHYeCKH NpPOHHKAeT B CBEPXNPOBOJASAINYIO NJEHKY, TaK YTO HET
IpHYHH I/ NEPEXOfid IEPBOrO POAa, KOTOPHIH KaK pas H cOCTOA] O BO BHe3all-
HOM IIDOHHKHOBEHHH IIOJIS B TeJoO.

§ 46. MoBepxHOCTHOE HATSIKEHHE HA TPaHHIE
CBepXNnpoBOAAUEedl M HopMaasHOH (a3

VYpasuenusi I'un36ypra—Jlangay mnosBoJsOT, B YaCTHOCTH
BBIYHCJIUTH MOBEPXHOCTHOE HATSIKEHMe Ha TDaHMIlEe CBEPXNPOBOASA-
meit (s) ¥ HOpManbHOR (n) ¢da3 (B OZHOM M ToM XKe ofpasie),
CBA3aB €ro ¢ BeJHYHHAMH, XapaKTepU3YIOIUMU 06beMHbIE CBOHCTBA
pemectBa (B. JI. Tunsbype, JI. 1. Jlanday, 1950). Hanomuum, yto
TaKue TPAHHUIBL CYIECTBYIOT B MeTaJJ/M4ecKHX o0pasuax, Haxons-
IMXCsI B TAK Ha3bIBAEMOM NPOMEKYTOUHOM COCTOSTHUH B MATHHTHOM
noJje. [TockoabKy Bce oTauude ofoux (a3 CBOAUTCH K TOMY, YTO B
ofHO# u3 HUX P=%=0, a B Apyroi#l P =0, To nepexox MEXKLY HUMH CO-
Bepluiaercsi HENPEPHIBHO B HEKOTOPOM CJIO€ M ONUCHIBAeTCS ypaBHe-
nusMu ['wH36ypra—JlaHnay ¢ rpaHHYHBIMH YCJOBHSIMH, NMOCTaBJIEH-
HHIMH JIMIIB HAa GOJIBIIHX PACCTOSAHHUSX O 00e CTOPOHBL 3TOrO CJOA.

PaccMOTpUM MJOCKYIO TPaHHLY pasjiena Mexiy n- H s-hasamu
MeTaJa. Bri6paB 3Ty IpaHHLY B KayecTBe MJOCKOCTH y2, Hampa-
BHM OCh X B Iy6b s-ha3bl; pacrnpejeneHue BceX BeJUYHH B OGOHX
¢aszax 3aBHCHT TOJbKO OT KOODAMHATHL X. BeKTOpHBIH moTeHuMaf
NoJist, BEIGOP KOTOPOTO OCTABAJCS €lle HEONHO3HAYHBIM, MOAYHHUM
kaau6poske, B Koropoift divA=0; B JaHHOM cayyae 3TO JaeT
dA,/dx =0, oTKyla BHIHO, YTO MOXHO momoxutb A,=0. 13 coob-
paxKeHHH CHUMMETPUH OYEBHJHO, YTO BEKTOD A JICXKHT Be3jie B OXHOM
MIOCKOCTH; MYCTh 3T0 GyAeT MJIOCKOCTb XYy, Tak yto A, = A, Toria
BEKTOP HMHAYKIHH JIEXKHT B IJIOCKOCTH X2, HPHUEM

B=B,=A4' (46,1)

(mTpux o3navaer AuddepeHUHPOBAHUE MO X).

Janee, mepenuuieM ypaBHeHHe (45,13) B OOBIYHOM B MaKPOCKO-
nuyeckofl snexkTpoanHaMuke BHAe rot H=0, BBens HanmpsKeHHOCTb
noass H corsnacuo?)

H=B—4nM, crotM=j.

1) HanomuuM, BO u36eXanHe HeJOpasyMeHHH, uto 3aveuanne B VIII § 41
0 HelleJecoo6pa3HOCTH BBeleHHs BeJHuHHBl H OTHOCHJIOCH K 3J€KTPOJHHaMHKe
CBEPXIIPOBOAHHKOB, B KOTOPOfi 06/1aCTb IPOHHKHOBEHHS MAarHHTHOTO NOJf pac-
cMatpuBasiach Kak GecKoHeYHO TOHKasi. Y paBHeHusi ke ['un3bypra— Jlaugay npH-
MeHSIOTCST HMEHHO K CTPYKType 3Toli 00/aCTH.
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Us storo ypaBHeHHS cJefyeT B JaHHOM cJuaydae, uto H =const.
Braju oT rpaHuibl pasjesa, B TOJLIE HOPMAJbHOH (asbl HHAYKIUS
H HamnpsiKEeHHOCTb COBNAJAIOT, HpHYeM pABHBL KAK pa3 KpHUTUYe-
ckoMy 3HaueHuto: B=H =H, (MarHuTHO# BOCIIPUUMYHBOCTBIO HOP-
maJsbHON ©asbl mpeHeOperaem). [lostoMy U BO BceM npocTpaHcTBe
Oyzer H=H,=H,.

IlpeneGperast U3MeHEHUEM MJOTHOCTH BellecTBAa IPH CBepXIpo-
BojsilieM (asoBoM mepexone, OyIeM CUMTATh ee (HapAAYy ¢ TeMIe-
paTypoil) mocTosHHO# Bposb Bcero TeJsal). O6GosHauuM uepes f
cBOGOIHYI0 3JHEPrUi0 €JWHHUIB o0beMa (B OTJIHYME OT CBOGOLHOMN
sHepruu F Tesia B nesoM). IIpH mocTOAHHBIX TeMmnepatype U MJOT-
HOCTH M TIpH TpeHeOpexeHHH MOBePXHOCTHBIMH 3bdektamu audde-
peHnuan

df = dB (46,2)

(cm. VIIT § 30). Orciona BHAHO, YTO JAONOJHHTENbHOEe TpeGOBaHHE
nocTosHcTBa B mpuBeso Gbl B 3THX YCJIOBHAX TaKXKe U K IOCTOSIH-

CTBY BeJHYHHE
= HB
f=F—%;- (46,3)

TlosToMy Bech BKJal B HHTErpaJ F:Sdet NPOUCXOAAMHA OT

nepeMeHHOM yacTH F, 06ycJIOBJIeH TOJILKO HAJHYHEM TPAHHUEB! pas-
nena. OTHecs 3TOT BKJAJk K €IHHHUIIE MJIOWAH I'PAHHIBI, Mbl MOXKEM,
¢JIeoBaTeIbHO, BHUHCIUTb KO3((HIIMEHT MOBEPXHOCTHOTO HATAXKeE-
HHSA KaK HHTerpadf :

o©

Qyps = S (f——fn) dxv (46’4)
-
IJe TOCTOSHHAS |, eCTh 3HAUEHHe f BJAJH OT TPaHUIBI paspena,
HanpuMep, B ruiyOHHe HOPMaJbHOH ¢asbl.
Ilns HopMaJbHOB (asbl cBoGopHas 3Heprua f,=f,, -+ B?/8mn =
= o+ H3/8n, TaKk uTO

= He H; a?
h=f— g =l =g =ln— o
(B mocjenHeM paBeHcTBe yuTeHo (45,9)). Besnunna xe f B mpowus-

BOJIHOH TOUKe BLIPAXKaeTcs 4Yepe3 IJIOTHOCTb CBOGOAHON 3Hep-
rud f corJgacHo

3 H.B
.

f:f'—_4

BocnoJsb3oBaBmIkch Temepb BhipaxeHuem (45,10), npuxomum K

1) Crporo rosops, npH (a3oBOM PaBHOBECHH NOCTOSHEH BJOJL CHCTEMEl XHMH-
yecKHI MOTeHUMaaA (a He NJAOTHOCTh). C yY4eToM H3MeHeHHA IJIOTHOCTH HAgo Obljio
6b! NO3TOMY DPaccMaTpHBaTbh He CBOGOJHYIO SHEPTHIO, a TepMOAHHAMHYECKHH mo-
TeHIHAT Q.
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caenymwomeil GopmyJsie A5 MOBEPXHOCTHOrO HATAXKEHHA:

4e?

a 2 h2 ,
= [Tt g (VI 4210 ) +
+albP+glvb—iE+obdr (46,5

Kax u cienoBaJio, HoABIHTEr pajibHOE BHIpaXKeHHe o0paiaercst B HYJIb
Kak B rayOHHe HOpMaabHOH (asbl (x ——o0), tae =0, B=H,,
TaK U B I1y0MHEe CBEpPXIIPOBOAAIEH (assl (x — 00), Tae [ 2= — a/b,
B=0.

O6paTHM BHHMMAaHHe Ha TO, YTO B IOJALIHTETPAJIBHOM BBIPAXKEHUH
B (46,5) Beimas usen {AVy B pesyabrate paBerctBa A, =0. Takoil
Ke uyjieH Bbimajaet u3 (45,12), tak uTO ocTaeTcqs ypaBHEHHE C Be-
1IECTBEHHBIMH KO3((pHLUHEHTAMH; IO3TOMY pelIeHHE 3TOTO YPaBHEHHS
MOKeT ObITh BBHIODAHO BEIIECTBEHHBIM, UTO M HpeAnoJaraercs HMxe.
IIpu 3TOM B BhIpaxKeHHM NJIOTHOCTH TOKa (45,14) mcuesaer mepBHIH
yJleH H ocraetcs

j=—2 A (46,6)

Kpome Ttoro, BBeieM BMeCTO mepeMeHHOH x M (yHKuui A (x),
P (x) 6e3pasMepHBle BeJHUHMHBI
-~ x = b - A = dA B
ng, 'lp-—'lp V_laly A_-HC6, B—_E—E° (46v7)
Huxe B 3TOoM maparpade Mbl 6yjJeM I110Jb30BaThCSI TOJNBKO STHMH

BeJHUYMHAMH, ONYCKad Mg KPAaTKOCTH YEPTOYKH HajJg GyKBaMH.
YpapHeHnue (45,12) B 3THX NepeMeHHBLIX NPHHHMAET BHJ

" A2
v [(F—1) v+, (46,8)
YpaBHenue ke (45,13) ¢ § u3 (46,6) npuBoaUTCA K BHAY
A" = A2, (46,9)

I'paHuyHBIE YCJOBHS K 3THM YpPaBHEHHSM B paccMaTpHBaeMoH
3ajaue (OTBeyamomue n- U s-paszaM HPH X ——o00 H X — 00):
Pp=0, B=A"=1 npu x=—oo,
(46,10)
Pp=1, A"'=0 IpH X =o0.

Jlerko mnpoBepurb, 4YTOo YypaBHeHHs (46,8—9) uMmeoT mepBHI
HHTerpaJ -
=2’ (2 — A2) P2 — Pt + A" =const = 1 (46,11)
3HayeHHe MOCTOSHHOH ONpEJEJIeHO MO TPAHHYHBIM YCJOBHAM!),

1) M3 ycaopns (46,10) aBToMaTHYeCKH CJIeAYeT, YTO NPH X —> + o0 TaKKe H
P =0, a U3 3THX 3Ke YyCJOBHH H ypaBHeHHA (46,9)—urto npu x— o0 A"=0
1 A=0 (onpeleneHHoe 3HaueHHe A (o0) OKa3biBaeTCs Pes3y./bTaToM BeiGopa Belre-
CTBeHHOH V).
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Haxonen, Bbipakenue (46,5) npunuMaeT BHA

®*

s = § [Z o7+ (@ —2) e (A — 1] de =
=5 3: (2" +4 @ —D)]ds (46,12)

-®

(mpu mepexone KO BTOPOMY PaBeHCTBY uJjeH * BhipaxeH u3 (46,11)).

[IpricTynuM K ¥McCJ/e]0BaHHIO HaNUCAHHBIX ypaBHeHHH. PaccmoT-
pHM cHayana cayyait ® <€ 1 (06bIYHO BHIIOJHAWIUACA B CBEPXIPO-
BOASILIMX YHCTBIX MeTajanax). ITo
HepaBeHcTBo o3Hawaer, 4t0 §(7) <L
<E(T), T. e. MarHuTHOE IIOJIE CY-
IIECTBEHHO MeHAeTCs Ha pPAacCTOSAHHH,
MaJoM IO CPaBHEHHIO C Xapakrep-
HEIM paccTosiiueM H3MeHeHHd ¢YHK-
U P (x).

Ha puc. 6 cxematuyecku Hsob6pa-
JKeHa KapTHHa pacnpefesieHHs MOJs
B Y B atoM ciayyae. B o6nactH, rue
noJje Beauko, HmeeM P =0, 3arem
noJje pesko cnazaer, a (QyHKUUA
Y (X¥) HayHHAeT MeJJIEHHO (HAa DACCTOAHHAX X~ l/%) MEHATHCHA B
otcytcTBue moas. [Tonoxus B (46,11) A =0, naxoxuM ypaBHeHUe

1|2'= (1“@22),

Puc. 6.

®
V2
KOTOPOE JOJIKHO GhITh pelleHo mpH ycaoBuH P=0 B Touyke x=0,

BHIGpaHHOH TZe-TO BHYTPH 0OJACTH cnajganusa mojs. Takoe pete-
HHe eCTb

P =th (xx/}/2), (46,13)

a BHIYHC/EHHe WHTerpasa (46,12) c sro#t ¢yukuuedn (u A =0) naer
o o HE® _ H 188 -

nTT3Y S 8 %

TlorpemsocTs 3TOr0 3HAYeHHsT IPOHCXOXHT OT MpeHeGpexReHHs

sfech BKJ4IOM B HHTerpaj oT 06/acTH, B KOTODOH CIajaer ImoJe.
Jna oneHky UMpHHH §; sToll ofnacTul) sameyaeM, ¢ OXHOH cTO-

(46,14)

%) IMMoxuepkueM, 4TO OHa He COBNafaeT ¢ TIIYOHHOH NPOHHKHOBEHHS IOJS
B CBEPXNPOBOAHHK M3 mycToTsl! B mocjiegHeM ciayuae B 06/1aCTH NPOHHKHOBEHHS
noas P~ 1, MeXny TeM Kak NpH TPOHHKHQBEHRH H3 n-(pasel noJe crafaer
B OGJaCTH C MaJuMH Y.
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POHEI, YTO, COFJlacHO ypaBHeHHI0 (46,9), 672 ~ 2. C npyroii cTOpOHHI,
¢opmyaa (46,13) mosnkHa ocTaBaThbes, IO NOPAAKY BEJHUHHEL, CIIpa-
BeJJHBOH M Ha rpaHuue obsaactu x ~ 8, oTkyaa P ~ x6,. M3 3THx
ABYX COOTHOLIEHHH HaxoauMm 8; ~ x~-1/2. BkJjaj xe B NMOBEPXHOCT-
HOe HaTsXKeHHe OT 3TOH 06J/1aCTH OKa3blBaeTcst ~ H28x~1/2, T. e. Man
no cpaBHeHHIO ¢ (46,14) Bcero B OTHOIIEHHH ~ %!/ (TaK YTO TOY-
HOCTb (46,14) cpaBHHUTeJbLHO HeBeJIHKa).

Ilpu yBeqHMyeHHH napaMeTpa ® Koxp@UUHEHT TNOBEPXHOCTHOTO
HaTsKeHHs TPOXOAUT Yepe3 HYJb H CTAHOBHTCA OTPHLATENbHBIM.
DTo BHAHO YXe H3 TOTO, YTO HepaBeHCTBO o, < 0 BO BCIKOM Ciyyae
OCYIIECTBJAETCH TPH JOCTATOYHO GOJBIIMX 3HAYeHHAX . [leficTBH-
TeJIbHO, XapaKTepHble PacCTOAHHA H3MeHeHus PyHKUMH ¢ (x) B 3TOH
3ajaye He MOTYT OblTb MEHBIUMMH, 4eM s H3MeHenus A (x), Tak
KaK yXe caMO MO ce6e H3MeHeHHe AzﬂpHBOJ.IHT K HM3MEHEeHHIO V;
[I03TOMY TpH 6OJBILOM X 4jieHOM Y’ /%? moj 3HAKOM HHTerpaJa
B (46,12) moxHo mnpeHeGpeub, a mnockKoabky 0<C A’ <1 (T. e.
0 < B < H, B 06LIUHLIX €IHHHUIIAX), TO MOJBIHTEr PAJILHOE BEIpaXKeHHE
OKasblBaeTCcsl OTpPHUATeNbHBIM. Ilokaxkem, yto ofpauieHue o, B HYJb
IIPOUCXOAUT TpPH 3HAUYEeHHH

x=1[)2. (46,15)

ﬂJIH 3TOro nepenuuieM BbIpaxKeHHe OJd o,. B BHIE

o, fhﬁ S‘[(A'-—l)z V] dx (46,16)

(OHO mosivyaeTcs M3 HepBoro uHrerpaJa (46,12) uHTErpHpOBaHHEM
yneHa {’> Mo yacTAM C mocJjepylomeld MoACTaHOBKOH " U3 (46,8)).
HHurerpasn 3aBefpomMo ofpaTuTCs B HYJ/b, €CJAH OYAeT TOXIAECTBEHHO
PaBHO HYJIO NMOALIHTErpaJbHOE BHIpaxKeHHe, T. €. ecJH OyaeT

A —1=—qe (46,17)

(o6paTHEIl 3HAK B 3TOM paBeHCTBe HEBO3MOMEH, TaK KaK [oJe
B=A' jpomxHo y6eiBaThb C yBeJuueHHeM x). Mckaiouus ) u3s (46,17)
u (46,9), HaligeM ypaBHeHHe

=A(1—4"), (46,18)

pellieHHe KOTOPOro (IpH I'PAHHYHHEIX YCJOBHAX A’ =1 npH x=— o0
H A=0 npu x=00) Onpege]HuT pacnpeiencHHe I0JA; B CHJIY
(46,17) rpaununeie yciaosus (46,10) aaa 1 mocse 3TOro BHINOJHATCSH
aproMaTHuecKd. He pemas ypasuenus (46,18) ¢axtHueckH, jpocra-
TOYHO YGEIHTHCH, YTO mpH #2=1/2 6yAeT aBTOMATHYECKH YJORJET-
BOPEHO TaKke H HEHCIOAb30BaHHOe elle ypaBHeHHe (46,8), uin,
YyTO TO e, ero nepewit HHrerpaa (46,11). IloacraBus (46, 17)
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B (46,9), noayuum ¢’ =— AY/2; s10 3Hawenue P’ Bmecre ¢ A’
u3 (46,17) neficTBUTEJbHO TOXAECTBEHHO YHOBJETBOPSET PABEHCTBY
(46,11) ¢ #2=1/2.

3apaya

Ilns cBepXrpOBOAHHKA C mnapameTpoM % << | HaiiTH NepPBYI0 NONpPABKY IO
noao K TayGHHe NPOHHKHOBEHHS B CabbiX MOJsX.

Pemenne. BrifepeM IOBEPXHOCTb CBEPXNPOBOJHHKA B KaueCTBe MNJOCKO-
CTH yz ¢ OCLI0 2z B HANDABJAEHHH BHEUIHETO NOJs §), OCh X HaNpaBHM BHYTPb
Tena, PacnpejeneHnenoass ¢ 1 B CBEePXNPOBOJHHKE ONPENENAETCS yPaBHEHHAMH
(46,8—9), xoTopble HaJ0 pewaTb ¢ TPAHUYHBIMH YCJIOBHSIMH

P=0, B=A'=§ npn x=0,
P=1 A=0 NpH  Xx==c0

(nepBoe H3 HUX ecTh ycnoBue (45,15)). Mmem pewenne B BHAE
P=141p; (x), A=—§He~¥14 4, (v),

rie ;, A;—Masnble TONMPaBKH K pelleEHI0 NpH %=0, oTBeHaouUleMy 3aTyXaHHIO
foJg N0 JOHAOLOBCKOMY 3akony (44,13). Has nonpasku 1, HMEEM ypaBHeHHe

" | S
Py == 2%y += ®2H%e %,
OTKYyJa C Y4eTOM TPaHHYHBIX YCJIOBHH

\pl:%uszze‘zx—‘l ll/_2_ufgze'v—2_”x. 00

Tenepb Aas A, nmumeMm ypaBHEHHE
A= A;—2§e= %y,

npHYeM Ajs Py CIOAa HAZO TOACTABHTb TOJNbKO BTOpPOH uner H3 (I) mepeoro mo-

p
psaka no %. C yueToM TrpaHHYHOTO YCJOBHS (A1=0 npu x=0) u npenebperas,
rje BO3MOXHO, BLICLUHMH 1O % YJ€HaMH B KO3QxHIHEHTaX, HaXOLHM

A1=——}3—S§3[(1-{-% Y B)emx —e=(1+VEW) x|, @

TeM caMbM HajifieHBl TONPABKH K 3aKOHY 3aTyXaHHs 104 B rnyCb CBEPXNPOBOA-
HHKa. DPheKTHRHYIO TIyGHHY NPOHHKHOBEHHS Oyp¢ BBENEM, COTIACHO OTIPEJe/IeHHID,

@

§00pp = B dr=—40)=H—4,(0).
0
Bosppamasich K OGbIYHLIM €JHHHLAM, HAXORHM H3 (2)

s (3]

§ 47. Jlra popa CBEPXNPOBOJHHKOB

3HaK NMOBEPXHOCTHOTI'O HATAXKEHHA &, OKa3bIBaeT CYUIECCTBEHHOE
BJHSIHHE Ha cBo#cTBa CBEPXMNPOBOIHHKOB. DTo JmaeT OCHOBAaHHE
JeJHUTb BcE€ CBEPXMPOBOAHHMKH HaA ABC KaTETOPHH!: CBEPXIIPOBOAHHKH
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nepgozo poda ¢ o, >0 u emopozo poda—c a,, < 0. Ilockoabky
3HaK o, ONpeJesseTcsl 3HaueHHeM Nnapamerpa ['mH36ypra—Jlannay
%, TO TepBbIM OTBeualoT (BGam3u T,) snauenna x < 1/)/2, a Bro-
pPBIM % > 1/]/2 .

PaccMOTpHM MacCUBHBIH UHJHHAPUYECKUH CBePXNPOBOAHHK BO
BHELIHEM NPOJOJBHOM MAarHUTHOM mnoJe . Eciu cBepXmpoBOZHHK
OTHOCHUTCHI K NEPBOMY pOAY, TO MPH YBEJHUYEHHH LOJS OH HUCHBITHI-
BaeT (a30BbIH Nepexox MepBOro poja, KOTAa MmoJe JOCTHraeT KpH-
THYECKOTO 3HaueHus f{,. PoJb TOBEPXHOCTHOTO HATSIKEHUS CBOJUTCS
IpH 3TOM (KaK H NPH BCAKOM (ha30BOM Iepexoie IepPBOro poja)
JIMLIb K 3aTPYAHEHHIO 00pa30BaHUsl NEPBBIX 3apoAnliledl HOBOH (hasnl
H TeM CaMbIM — K BO3MOKHOCTH METacTaGU/bHOTO COXPaHeHUs s-(hasbl
IpPH MOJfAX, HECKOJLKO NpeBblIIAIUX H .

Ecau ke CBEPXIPOBOJHHK OTHOCHTCS KO BTOPOMY POAY, TO yiKe
JO JOCTHXKEHMS NoJieM 3HaueHus H, B HEM MOMKET OKasaThcH Tep-
MOJNHMHAMHYECKH BBLITOAHLIM BO3HHKHOBEHHE «BKpanJjeHHf» rn-thasbl;
yBeJuueHHe OOBEeMHOH 3SHEPrHH KOMIEHCHPYeTCsl OTpHUAaTeJabHOH
3HepPrHell MOBEPXHOCTH TaKoro 3apopmsiua. HHKHIOIO TpaHHQy 3Ha-
yeHW# noJsisi, IPH KOTOPbIX 3TO CTAHOBUTCSH BO3MOMKHLIM, NPHUHATO
o6o3HayaTh KakK f[{,, W HAa3blBaTb HUJNCHUM KPUMUYECKUM NOAEM.
AnasioruuyneiM o6pa3oM, Hauap ¢ MeTajajaa B HOPMaJbHOM COCTOSIHHUH
npu GOJIbIIOM BHELIHEM IOJIE, Mbl IIPHAEM K HEKOTOPOMY 3HAYCHHIO
H,., > H, (6epxuee Kpumuueckoe nose), 3a KOTOPHIM TEPMOXMHAMH-
YeCKH BBHITOJHO BO3HMKHOBEHHE «BKpansieHUH» s-passl — CHOBA 3a CueT
BBIMTPBIIA B OTpUIATE/bHOM 3Hepruu rpaHuun. Takum ob6pasom,
B ompenesieHHOM HHrepBane moaefl, H., < § < H,,, cBepXnpoBof-
HUK HaXONUTCHA, Kak TOBOPAT, B cMewannom cocmosnuu®). Ero
CBOMCTBA B 3TOM COCTOSIHHH NOCTENEHHO MEHSAIOTCH OT YHCTO CBEPX-
npoBojsero npu H, A0 YUCTO HOPMajbHOro npu H,.; B TO Xe
BpPEMsI NPOUCXOIMT MOCTENEHHOE MNPOHUKHOBEHHE B HEr0 MAarHHUT-
Horo moJsi. 3HaueHHe ke ., onpenesiseMoe JHUIb COOTHOIIEHUEM
MEXNY OOBEMHBIMM 3HEPrusiMH n- U s-¢a3, camo 1o cefe B 3ToM
cJayyae HHYEM He 3aMeyaTesibHO.

OGa KpUTHUECKHX INOJS 3aBUCAT, KOHEUHO, OT TEMIEPaTypbl H
ofpamaiTtcss B HyJb npu T =T, DTo NPUBOAMT K (a3oBoil nua-
rpaMMe IS CBEPXNPOBOJHHKOB BTOPOTO POAA, H300PAXKEHHOTO HA
puc. 7 BUAa (O MYHKTHPHOH KPHBOH Ha 3TOM PHCYHKE—CM. HHUXKe).

BepxHee KpUTHYECKOE I0JIe OKAa3blBaeTCs BO3MOMXKHBLIM OIpefe-
JUTh (B paMkax Tteopuu I'mHabypra-—Jlanpay) naxe Ge3 mpejpa-

1) K nepsBoMy pOAY OTHOCATCS CBEPXNPOBOJSIHE YHCTHIE MeTa/JHYeCKHe
aseMeHThl. KO BTOpOMY pPolly OTHOCSITCS CBeDXNPOBOAsIINE cliaBH. ITpeanonoxe-

HHe O TOM, 4TO B cliaBax % > 1/ Y 2, nnepsele 610 BhicKasano JI. JI. Jlanday.

2) He nyTaTh €ro c NPOMEXYTOUHBIM COCTOSIHHEM CBEPXNPOBOJAHHKOB MEPBOTO
pona, BO3HUKAIOUIMM TNPH oONpeleeHHbIX Komburypaunﬂx ofpasua H BHeLIHEro
MarHUTHOTO moJs!
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PHTENBHOIO BBISICHEHHS XapakrTepa CTPYKTYpPHl CMeIIaHHOTO COCTOs-
HudA. JJocraTouyHo 3aMeTHTb, YTO NPH NOJAX, HECKOJbKO MEHBIIHX
H,,, 3apoibilid s-Ga3pl MOTYT HMeTb JIHIIb MaJjible 3HaYeHMs mapa-
MeTpa mopsiaka ¢ (oueBHpHO, uTo Y —0 mpu H— H,,). ITostomy
COCTOSIHHE 3THX 3apojblmell MoxKeT ObITh ONHCAHO YpPaBHEHHAMH

I'uus6ypra—Jlanaay, JUHeapH30BAHHBEIMH 11O
% YP. OnyctuB B (45,12) HesiuHe#HHBIN YJieH, IPH-
XOIMM K YypaBHEHHIO

. -

m (— AV —Z A ) v=lalv, (7D
IpHYeM noj A MOXHO IIOHHMaTb BEKTODHBIH
MOTeHIHaJ OAHOPOAHOro moss $ npu P=0,
KOTJ@a TeJO HaXOQuTC$ B HOPMAJBHOM CO-
CTOSIHUM C TIOJIHOCTBIO IPOHHUKIIHM B Hero
BHEILHHM ITOJIeM.

Ho (47,1) no cBoefi ¢opme ecth npocro
ypaBHenue Illpenunrepa jJif 4acTHIBI C Mac-
7 colt 2m u sapsioM 2¢ B MarHUTHOM TioJe,

IpuYeM |a| Wrpaer poJbp YPOBHS 3HEPrHY;

COBMAJAIOT U I'PaHHUYHEIC YCJIOBHSA B 06OHX 3a-

nauax: P = 0Ha 6eckoHeuHocTH. Kak H3BecTHO
(cm. IIT § 112), MuHHUMaJIbHOE 3HAYEHHE SHEPTUM YACTHIbI, JBHXKY-
mefici B ONHOPOAHOM MAarHUTHOM IIOJIE, €CTh E,=Foy/2, The 0y =
= 2|e| $/2mc (oT 3TOrO 3HaUEHUS HAUNHAETCS HENPEPLIBHBIA CIEKTp
suepruit). M3 aHasorun Mexay o6OMMH 3ajauaMH CJelyeT I03TOMY,
4yTO ONHCBIBaeMble ypaBHeHHeM (47,1) 3apopeniu s-assl MOTYT cy-
IIEeCTBOBATh TOJBKO IPH

Puc. 7,

la]> et g,

2me
TaK 4To KpHTHueckoe noae H,,—2mc|a|/e|k. C nmomompio Brpa-
XKeuud (45,9), (45,17—18) 3ra dopmya MoxeT ObITh 3aHCaHA Kak

H.,=V2xH, (47,2)

(A. A. A6puxocos, 1952).

Pemenune ypaBHeHusi (47,1) ¢ rpaHuuHBIM ycjosueM =0, mo-
CTaBJEHHHIM Ha GECKOHEUHOCTH, OTBeyaeT 0GPA30BAaHHIO 3apOIbIIA
s-asel B Toslme o6pasia, BAajgu OT ero noeepxHocTH. Iloxaxkem,
YTO HaJ/IMYHE TOBEPXHOCTH CIOCOOCTBYeT 06GPa3OBAHUIO 32POJbILIA,
B pesyJbTaTe Yero OHH MOT'YT BO3HHKATh B TOHKOM NOBEPXHOCTHOM
caoe yxe npH § > H,, (D. Saint-James, P. G. De Gennes, 1963).

Pemenune ypasHenus (47,1), omuceBamomiee 3apoabii s-¢asst
B6/IH3H MOBEPXHOCTH Tesaa (KOTOPYK CUHTaeM IIJIOCKOH), JOJIXKHO
YIOBJETBOPSATL Ha Hell TFpaHMyHOMY YycaoBHio 0P/0x=0, rae x —
KOOPAHHATA B HampaBJeHHH HOPMaJH K IMOBEPXHOCTH (YcJo-
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Bue (45,15) npu A, =0). [Ins ycraHOBJeHHS HYXKHOH KBaHTOBOMe-
XaHHYecKoit aHaJIOTHH BCIIOMHUM, YTO HCHOJB30BAaHHAA Bhllle 3a-
Jaya o ABHXKEHHH YacTHI B OJHOPOAHOM MArHHTHOM II0Je, B CBOIO
ouyepenb, 5KBUBAJEHTHA 3ajaye O ABHXeHUH B OJHOMEpHOH mapa-
60/HUeCKOH MOTEHLHANBHOH siMe

=2_;_n (‘0?‘1 (x——xo)z,
rie x,~—IMOCTOSHHAS, OTBeYaomas «UeHTpy op6uthly (cM. 111 § 112).
PaccMoTpum Tenepb ABOHHYIO MY, COCTaBJEHHYIO H3 JBYX OfHHa-
KOBBIX NapafoJHYecKHX $IM, pPAacIOJOXKeH-
HBIX CHMMETPHYHO OTHOCHTENBHO MJIOCKOCTH ufz)
x=0 (puc. 8). OCHOBHOMY COCTOSIHHIO Ya- .
CTHILI B TaKOM IIOJie OTBeyaeT BOJHOBas
¢yHKLHA Y (X), He UMeromias HyJeH H yer-
Hasg 1no X; Takas ¢YHKUHSA aBToMaTHue-
CKH YJOBJeTBOpseT yciaoBHio ¢ =0 npH
x=0. B T0 Xe BpeMs OCHOBHOH# YpPOBeHb
YacTHILL B JBOHHOMN siMe JIEKHT HHUXKE yPOB-
Hs B OJHHOYHOH siMel); B NMepeHoce HA 3a- Puc. 8.
Iayy O 3apoApIlIaX 3THM JOKAa3bIBaeTCH cle-
JaHHOE BBIIIE YTBEpXKIeHHe 06 0f6jerueHWH ux o6pa3oBaHus BOJIH-
3M NOBEPXHOCTH.

UucneHHBI pacueT YPOBHS B JBOHHOH sfiMe NMPHBOLHUT K pe3yJib-
TaTy, YTO €ro MHUHHMaJjbHOe (B 3aBHCHMOCTH OT IapaMeTpa X,) 3Ha-
ueHye cocrapaser 0,59E,. TIoBTOpUB paccyxAeHHS, NPHBOASILUE
K Qopmyne (47,2), HalizeM, 4YTO BepXHHH mpefes moJeH, B KOTOPBIX
BO3HUKAIOT NOBEPXHOCTHHE 3aPOJBIIN S-(asbl, JeKUT npu H g =
=H,/0,59, T. e.

H,y=1,7H,,=2,4xH,. (47,3)

Taxkum ofpa3oM, B ob6aactu noJgei mexny H,, u H,, Bo3HUKaeT
fiBJIeHHe TOBEPXHOCTHOH CBePXNPOBOAMMOCTH; I'paHuia 3Tod obGna-
CTH MOKa3aHa Ha pYc. 7 NyHKTUPHOH auHHel. TommuHa cBepxmpo-
BOASIIEr0 CJIOSi Y TOBePXHOCTH HOPMaJbHOH ¢a3bl — NopsijiKa
BenuyuHb & (7). DTY OLEHKY JETKO NOJYYUTh U3 TOH 2Ke KBaHTOBO-
MeXaHUYecKoH aHaJOrHu: BOJHOBas OYHKHHSA YacTHUL B TOTEH-
[HaabHOH sMe (Ha ypoBHe E ) cocpeoToyeHa B 06/1aCTH x~ |V mE,;
COOTBETCTBYIOIIMH pasmep 3apofbilIa MoJyyaercs 3amenolt £, Ha |a|
u (corsnacHo (45,17)) coenapaer ¢ &(7).

Bce cka3saHHoe BhILIE OTHOCHTCS K CBEPXIPOBOJHHKAM BTOPOTO
poma. Ho BBenenHble TakuM o6pas3oM KpuTuyeckue moas H,, u H,,

1) D10 CBSA3aHO C NOHHXKEHHEM NOTEHIHaJbHOH SHEPTHH B NMOJYNPOCTpaHCTBE
x < 0 mo cpaBHEHHIO C TOH, KoTOpas Oblja Obl NMPH OJUHOYHOH AMe (MyHKTHDHasa
JHHMA Ha puc. 8). Cm., nanpumep, 11l § 50, 3ajava 3.
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MOI'YT MMETb ONpefieJIeHHbl (U3MUECKMH CMBICT U JJI CBEpXNpo-
BOJHUKOB I1€pBOro poja.

Ecau x jgexuT B uutepBane 1/)/2=0,71>x > 0,59/)/2= 0,42,
to H,, <H, HO H,> H, Xora cmemannas ¢asza B 3TOM cJyyae
He BO3HHKAET, HO B HHTepBaJie noJjell mexnpy H, u H_, cymecTByer
MOBEPXHOCTHAA CBEPXINPOBOAUMOCTD.

Hakonel, no cMbic/ily NpOHU3BEXEHHOTO BbIBOAA, 3HaueHue H,,
(47,2) ompepeasier (npH JMoGOM %) BEPXHIOIO TPaHMIY MOJeH, B KO-
TOPBIX BO3MOXHO 00pa3oBaHHe 3apopbiliell s-(hasbl CO CKOJIb YTOAHO
MajbiMH Y. TloaToMy B CBEpXIpOBOJHHKE NEpPBOro pojaa (rae
H,, < H, B nonsax § < H,, TepMOIMHAMHYECKH HEBEITOjHAs HOP-
MaspHas asza ab6comoTHO HeycToiunBa. B uHTepBase xe H,, < H <
< H, HopmaJjbHas $a3a MOXKeT CyIecTBOBaTh KaK MeTacTabuJbHas:
(asoBHIl Iepexoj, nepsoro poja u3 n- B s-pazy B 3roft obJacT
MOXKEeT NPOM30HTH TOJIBKO NyTeM BO3HHKHOBEHUA 3apOAbILIEH s-pasbl
C KOHEUYHLIMM 3HAYEHHSMH 1P, 3aTPYAHEHHOTO MOJOXKHUTENbHLIM IO-
BEDXHOCTHBIM HATSKeHHWeM Ha ux rpanuue (B. JI. I'unsbype, 1956).

3apgaua

« OnpegesuTb KPHTHYECKOE IOJ€ JJIA CBEPXNPOBOASIErO IIADHKA MaJoro pa-
zuyca R<€ 8 (B. JI. Tunabype, 1958).

Pemenue. B stoM cayuae (Kak H B TOHKOH IJeHKe —cCM. 3ajauy B § 49)
paspylueHHe CBEPXIPOBOLHMOCTH NPOHCXONHUT NMyTeM ()a3oBOrO Iepexojia BTOPOro
poaa. KpuThueckoe rnoJe [Js IIapHKa MOXKHO HaHTH KaK 3HayeHHe, HHIKe KOTO-
poro n-asa TepseT yCTOHYHBOCTb [0 OTHOLIEHHIO K OOPa30BaHHMIO 3apOAblllelt
s-aspl. Kak H B TekCTe, 5TO CBOAMTCA K HAXOMXJEHHIO HAHMEHbIIEro COGCTBEHHOTO
3Hauenns ypashenust Hlpeannrepa (47,1). Ilpu ycaosuu R <€ 6 mocaeinee MOXKHO
HCKaTh C NOMOILBI0 TEOPHH BO3MYILEHHH MO OTHOLIEHHIO K BHELIHEMY TMOJIO, NpPH-
yeM HeBO3MYlieHHas BOJMHOBas GYHKIMA = const (3apoiklil 3aHUMAET BeChb 06beM
mapuka) CoGcTBeHHOE 3HaueHHE OTpPeNeJIfieTCs TOI4a NPOCTO KAaK CpejHee 3Have-
HHe omepaTopa BoaMmylieHHs (2eA/c)®/4m (cpemHee e 3HAueHHe OT omeparopa
(ieh/mc) (AV) npu P=const paBxo Hyo). [Ipy 5TOM BEKTOPHBHI} MOTEHIHAT OAHO-
POAHOTO MOJA JOJKeH ObTb BHOpaH B BHIE Az[f,‘r]/Z; HMEeHHO INDH T4KOH Ka-
JuGPOBKE peuleHne P=const yJ0OBJIETBOPAET Ha NMOBEPXHOCTH IIADPHKA FPAHHYHOMY
ycaopuio (45,15), ceopsmemycs K TpeGoBannio nA=0. ITpousBeiss ycpelHeHe,
HafizeM
2 2 __ezl\'ngz

e iy X e
E°“4mcz 3 2 10me? °

K puTHueckoe noJe ompefengercs (kak H B Texcte) ycaosueM Eg=|a|, npusoas-
IIUM K DPe3yJbTaTy

HI®P — V204 ,8/R.

HOI‘IYCTHMOCTB HCITOJIL30OBAHUS TEOPHH BOSMyH.LeHHﬁ MOATBEPKAAETCA TeM, UTO

Haiineninoe anauenne Eo (npn H=H"*") npu ycroouu R <O nefiCTBHTENBHO
MaJo IO CPaBHEHHIO CO CJelYIOIHM COGCTBEHHBIM 3HaueHMEM, KOTODOe COOTBET-
cTBOBaJO Gbl YyXKe nepeMeHHOH B oObeMe IIaPHKA BOJHOBOH (YHKUMH H HMeJo

b DOPAIOK BeaHuuHH h2/mR2,
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§ 48. CrpyKTypa CMeLIaHHOIO COCTOSIHHS

ByneM cHOBa (Kak M B npeaniayuieM naparpacde) paccMaTpHBath
OUANHAPHYECKUH ofpasell CBEPXIPOBOJHHKA BTOPOro pojid, Haxo-
ISUMACA B NPOLOJBHOM MarHHUTHOM moJie §). BLIsICHUM CTPYKTYypy
CMEIUAaHHOTO COCTOSIHUSI, B KOTOPOM TeJ10 OYAeT HaXOAHUTLCH B IOJAX,
JIMIIIb HEMHOTHM TPEBHIIIAIONIMX HHMKHee KpHTuueckoe moJge H 1),

B 3ToM ciyuae B OCHOBHYIO, CBEPXIPOBOASUIYIO a3y BKpamJieHb!
3apoAbIIH HOpMasibHOH ¢asel. [Isi JOCTHKEHHS MaKCHMaJbHOH
TEPMOJUHAMHUYECKOH BLITOAHOCTH OHM JOJIKHBEI HMeTh (IIDH OTPHILA-
TeJIhbHOM MOBEPXHOCTHOM HaTszKEHHH!) 110 BO3MOXKHOCTH GOJIBIIYIO 10~
BepXHOCThb. EcTecTBeBHa O3TOMY CTPYKTYypa, B KOTOPOH 3apOABILIH
n-bhasbl TpeACTaBAAIOT cOGOH HUTH, NapaJJelbHble HanpabBJeHHIO
nosas. B6au3u aTHX HUTeH (KX HA3bIBAIOT BUXPEGHIMU) COCPELOTO-
YyeHnl H NMPOHHUKILEE B TeJO MAarHUTHOE MoJie, H OXBaThIBAIOUIHE HUTH
KOJIbLIEBLIE CBEPXIIPOBOASIINE TOKH.

Yem Gauxke BHeurdHee mnoJje K f,,;, TéM MeHblIe B TeJlé TaKHX
HuTell W TeM GoJibllle paccTOsiHHMe MexAay HuMH. Korjpa nocnejHee
JNOCTATOYHO BEJIHKO, K OTHEJNbHBIM BHXPEBBIM HHUTSIM CTaHOBATCA
OpUMEHUMBIMH H3JI0KeHHbie B KoHOe § 44 coofpaxkeHus, B CHJY
KOTOPBIX MOJIHBIH COCPENOTOYEHHHIH BOJIM3H HHTH MATHHTHBLIA MOTOK
JOJIKeH OBITh I[EJbIM KPATHHIM OT 3JEMEHTAPHOrO KBaHTAa IOTOKA
@, = nhic/|e|; MBI YBHAMM HHJKE, YTO TEPMOAMHAMHYECKH BHITOLHBI
HUTH C HaUMeHBbIUHM BO3MOXHEIM TOTOKOM —OZHUM ¢,. HMwmenuno
KOHEYHOCTh (b, CTABHT Npefes fajbHelneMy APOGJIEHHIO 3aPOAbILeH
HopMaJbHOH (ha3bl.

Korga BHewrHee moJe, YBeJHYHBAsiCh OT MaJblx 3HauyeHui, A0-
cTuraet 3Hayenus H,,, B INU/JHHApPE MNOABJSETCH OLHA BHXpeBad
HUThL. Hanumem TepMopMHaMHYeCKOe ycJOBHe, ONpefeJsioliee 3TOT
MOMEHT, He BHMKas CHAuaja B CTPYKTYypy caMOfi HUTH, a YYUTHIBAs
JHIIb TO 06CTOATENbCTBO, YTO C Hefl CBs3aHa HeKoTopas (MOJOXKH-
Te/IbHAsI!) 3HEpPrus; 3Ty SHEPrulo, OTHECEHHYI0 K efUHHIE AJHHBI
HUTH, 0G03HAauYUM 4Yepe3 & (B jJaJpHeliieM oHa OyleT BHIYHCJEHA).

OueBujHO, YTO B LMJIMHIPHYECKOM TeJ€ B IPOLOJbHOM BHEIHEM
noJsie uHAyknusi B Toxke OyjgeT Besje HampasJieHa BROJb OCH IH-
JIUHAPA. DTO Ke OTHOCHUTCS H K MaKpPOCKONHYeCKOH HaNpsKeHHOCTH
noiass H=B—4nM, BpenenHofi B § 46. M3 ypaBHenus rotH=0
caenyet Torza, yTo H mocrosHHO BAO/IL ceueHHA (a MOTOMY H BCETO
of6beMa) IHJAMHAPA; B CHJYy TPAHUYHOrO YCJOBHS HENPEPLIBHOCTH
TaHreHIHaJbHOH KOoMIOHeHTHl H 3T0 mocTosiHHOe 3HayeHHe coBIa-
faer ¢ BHewrHUM IogeM: H=%. Takum o6pa3oM, MBI JOJIKHH pac-
CMOTpeTh TEPMOAMHAMHYECKOE PaBHOBECHE TeJa NpPH 3afaHNBIX €ro
o6beMe, TeMmepaType u HampsixkennocT mojs H. VYcjosue taroro

1) UznaraeMeie B 3ToM Daparpade (# B 33Ja4ax K HeMY) pe3yabTaThl NpPHHAA-
aexar A. A. A6puxocosy (1957).
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paBHOBECHS COCTOHT B MHHHMAJbHOCTH F -— TepMOAHHAMHYECKOrO
MOTEHIIHaJIa 110 OTHOIIEHHIO K YKa3aHHbIM nepeMeHHbIM (cM. VIII§30).

Tlycrs F,—>3TOT mOTeHUmHaN AJsi CBEPXNPOBOASUIEro WHIHHApA (1O~
CKOJILKY B cBepxnposoasiuleli ¢aze B=0, 1O F, cosnapaer co
cBoGoxnol snepruel F,). Torna noredguan F pns nununapa c ogHol
BHXDEBOH HUTbIO GyReT

F=F3+Le—5l;§dV=Fs+Le—-fin53dv.

Unen Le ecTh cBoGonHas sHeprast HutH (L —AJMHA HHTH, COBIA-
jJapomas ¢ AJUHOH IHUJHHApA), a MOCJeAHHA yJjeH OT/Ix4aeT MOTeH-

nuaa F or cBoGopHoii sHepruu F. Ilockosnbky HHAYKHHA B B Tene
cocpeioTOYeHa Jdilb BOJU3H BUXPEBOH HHUTH, TO SBdV=L¢o,rne
¢,—-NOTOK HHAYKUUH 4Yepe3 ceueHde HHTU. Takum oGpasoM,

FeF,4Le—18®, (48.1)

BO3HUKHOBEHHE BUXPEBBIX HHUTefl CTAHOBHTCS TEePMOJAMHAMHYECKH
BHITOAHBIM, Korja fobaBKa K F nenaercs orpuuartenbHoit. Ilpupas-

HsAB 2Ke e€¢ HYJI0, MbI Hafiiem, cJrejxoBa-
T€JbHO, KPHTHYECKOE 3Hau€HHE BHELIHErO
nons

el

H ;= 4ne/dp,. (48,2)

_ PaccMorpum Tenepr cTpyKTYypy OAHMHOU-
HOH BUXpeBoH HHTH. MBI oOrpaHHYHMCs
— ~ Ba)KHBIM cJyyaeM, KOrjia

5 x> 1, (48,3)

T. e. 63>E. Havwna § omnpenensier mnops-

1) JOK BeJMYMHEl PaHyca «CepAueBUHLI» HUTH,

B KoTOpOfi | |* MensieTcs OT HyAs (OTBeYalo-

IIero HOPMAJbHOMY COCTOSIHHIO HA OCH HH-

TH) KO KOHEYHOTO 3HaueHHsl, OTBEYalOMero

OCHOBHOH s-(pase; Ha GOJbIUUX PACCTOAHHAX

«————cem—s T r OT OCH HHTH | [? OCTAETCA yXK€ NOCTOAH-

¢ HbiM ). Mapykuns Xxe B (r) MeHsercA sHa-

Prc. 9, YHTEJIBHO MeJJIeHHee, 3aTyXasd JHIIb Ha

paccroaHuax r ~063>E. JlpyruMu cJaoBa-

MH, BeChb MarHHMTHLIl NOTOK B OCHOBHOM HPOXOAHT 1O ofJacTH BHe
CepAlEBHHH HHUTH, rge |¢]2=const (puc. 9).

1) B atoM naparpade Gyxpa r Gyjer 0603HadaTh LHJAKHAPHYECKYHO KOOpPZIH-
HaTy — paccTOsHHE OT OCH,
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TlocsepHee 06CTOATENBCTBO NO3BOAET HCIOAB30BATh /I HAXO0XK-
JeHHs paclpeieseHus Mojs ypaBHeHHe JIOHAOHOB (IPHMEHHMOCTH
KOTOPOro, HallOMHHM, HE CBfi3aHa ¢ GJM30CTHIO TEMIEPaTypPh K T.).
Ilnst mpujaHusi eMy HYXKHOTO 37eCh BHAA MPeXAe BCEro MnepenuieM
dopmy.ty (44,7), CBA3HIBAOLLYIO MIOTHOCTb CBEPXMPOBOJAILELO TOKA
¢ ¢a3oil BoJHOBOH (QYHKIHH:

A+68trot B=22yo, (48,4)

BBeSi B Hee rJyGMHY NMPOHHKHOBEHH# 8 M BHIPa3WB j yepes HHIYK-
w0 coraacHo j=crot B/4x. JIOHIOHOBCKOMY MPHOG/IMMKEHHIO OTBe-
gaer npexnosoxenne §=const. TlpounrerpupyeM paBeHCTBO (48,4)
0 3aMKHYTOMy KOHTYpy C, OXBaTbIBAIOIEMY HHTb H NPOXOAALIEMY
Ha pacCTOSHMSX r3>E oT ee ocH. Ilpeo6pas3oBaB HHTErpas or A
no teopeme CTOKCa B MHTErpaJ MO NMOBEPXHOCTH, ONMUpalolleHcs Ha
KoHTYyp C, TOJYyYHM -

{ Bdi+6* frot Bdl=e,, (48,5)
a npeo6pa3oBaB TakUM e 06pa3oM M BTOPOH HHTerpas, MHIIEM
{ (B +82rot rot B) di = by; (48,6)

B [IPaBOil CTOPOHE HAMHCAHO HAaMMEHblee BO3MOXHOE (OTJIHYHOE OT
HyJIs) 3HAYEHHe, OTBeuamollee PUPAINenuio Gpasbl BCero Ha OfHO 27.
Ecid KoHTYyp C TpPOXOAMT HA paccTosHuAX r>>8 or Huth, TIe
loJe H TOKH yXe MOXKHO CUHTATh OTCYTCTBYIOIMMH, BTODOH HHTe-
rpas B (48,5) MOKeT GHITh ONYIIEH, H Mbl BHHM, UTO ¢, COBNA/AET
¢ TIOJIHBIM TTOTOKOM HHIYKIHH, COCPEJIOTOUEHHBIM BOKPYI H30JHPO-
BaHHON BuUXpeBoil HuTH. Camast XKe OCb HHMTH TIPEACTaBJsIeT cOGOH
oco6yi0 JHHHIO, 06XOL BOKPYT KOTOpod MeHseT a3y BOJHOBOH
(pyHKUHH.

[MockosbKy paBeHcTBO (48,6) JOMKHO BHIOJHATLCS JJIS JMIOGOTrO
KOHTYpa C (yZOBJIETBOPSIOWIETO YKAa3aHHBIM YCJIOBHSIM), TO H3 HEro
cJefyeT, 4To JOJIKHO OHTh

B +62rotrot B=B — 82 AB =,0 (r), (48,7)

rje r—JABYMEpHBI PagHyc-BEKTOpP B IJIOCKOCTH MOMEPEYHOro ceue-
HHSl BHXPEBOH HMTH. 3amuch MpPaBO# CTOPOHBI 3TOrO YPaBHEHHA
B BHje O-QYHKUHH O3HAuaeT, YTO PACCTOSIHUSA ~ § pacCMaTpPHBAIOTCH
3jlecb KakK HyJeBble. Bo BceM IPOCTPAHCTBE, 32 HCKJIOUCHHEM JHs
uuu r=0, (48,7) coBnapaer ¢ ypaBHenneM JloHnouos (44,11), o
NI ONMCAHHA BUXPEBOH HHTH TpeGyeTcsl pellleHHe C 0COGEHHOCTDIO
npu r=0.

Pacnpegenenne 10Jsi Ha pPacCTOAHHAX r OT OgH B 06sacT
8> r > & Moxer OHTb HailiecHO HPSAMO U3 (48,5). BuiGepem B Ka-
yecTBe KOHTYpa C OKDYXHOCTb pajuyca r B 3ToH ofuactd. Ilorok
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HHAYKIHH Yepe3 3TOT KOHTYD (nepBulii usieH B JeBoi cTopoHe (48,5))
COCTaBJIsACT JIHMMb MAaJyl0 4YacTh BCEr0 MATHUTHOTO IOTOKA— €ro
nogo ~ (r/0)?; npene6pexeM ero. Bo BTopom uneHe dl ecTh syeMeHT
AJMHHBL OKPYKHOCTH, a NOCKOJIbKY BeKTOp B HanpasJ/ieH BJOJb OCH 2
(UHTMHAPHUYECKOH CHCTEMBI KOOPAMHAT C OCbIO BJIOJib OCH HHTH) H
3aBUCHT JIUIUb OT 7, TO

I[VB]=[1V]B=— 3f=— o~

(1—enuunuHbll BeKTOp KacartesnbHOR K OKpyxHocTH). Takum oGpa-
30M, NPUXOJUM K ypaBHEHHIO

IrotB=—28_ @ (48,8)
OTKyJa -
B(r)=:25n, t<r<s. (48,9)

Beuny JsorapupMHuecKoro xapakTepa 3TOH 3aBHCHMOCTH BepXHuk
npejiel HHTErPpHPOBaHUA (Ha KOTOPOM JOMKHO GbiTh B = 0) MOxKeT
ObITH MOJIOXKEH COBNAJamIMM C BepxHell rpaHHuell paccmaTpuBae-
MOH o6JsiacTH paccTosaHU#l r.

Jna npojosXKeHUs1 HaHJEHHOTO paclpefesieHHs] B 06JacTb 7 =6
BOCMOJIb3YeMCsl ypaBHEHUEM (48,7), mpUMeHHMBIM IpH Bcex r3>>E.
PackpoiB onepatop Jlamsmaca B UHJIHHIPHYECKHX KOOpAMHATAX
(c yuerom Toro, uro B = B, (r)), nepenuimemM ypaBHeHue (npu r == 0)
B BHE

B”+—rl—B’—[—6“2B=O.

Pemrenne storo ypaBHeHHsl, yGBIBaIOUlee NMPH 7 — 00, €CTh
B(r)=const-K, (r/8),

rie K,—&yukuusa Makjonanbaa (PyHkuums TanHKesns or MHEMOro
aprymenTa). IlocToAHHBIN Ko3bhULHEHT omnpejessieTcsi MyTeM
«CIIMBKH» ¢ perneHneM (48,9): ucrnonb3ys H3BecTHOE NMpefie/ibHOe Bbipa-
x)enue K, (2) ~ In(2/zy) npu z<£1 (y=€°=1,78). Takum o6pasom,
OKOHYATEbHO

B(r) =2 K, (5), r>¢. (48,10)

C nomomplo H3BECTHOTO AaCHMNTOTHYECKOro BhIpaxeHHs K, (2)=
=~ (m/22)Y/%¢~% npH 2— co HaXOMUM OTCIOJid, B YACTHOCTH, 3aKOH
3aTyXaHuf nosis BJAAJH OT OCH HHUTHU:

B(r)= @7%‘;—)@—26"’6- (48,11)
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O6paTtuM BHMMaHHe Ha OUEBH/HYIO aHAJIOIHMIO MEXJY CBOHCTBAMH
BUXPEBbIX HUTEH B CBEPXNPOBOXHHKAX M B xHjakom resuu (§ 29).
B obonx ciayvyasax peub HAeT 06 0OCOGBIX JHHUSX, 06X0J BOKDYT
KOTOPBIX MeHsleT (a3y KoHJAeHcaTHOH BoJiHOBOH (pyHKumu. Kpyro-
BBIM TPAeKTOPHAM CBEPXTEKYUero JBHKEHHUS BOKPYl BHXPEBbIX
HHTEeH B XKHJAKOM TCeJIMH COOTBETCTBYIOT KPYroBble TOKH B CBEpX-
NpOBOJHHKE; B MEPBOM cJyyae 1O 3akQuy 1/r yOeiBaer CKOpOCThb
CBEPXTEKYyUero JABHUKEHHS U, a BO BTOPOM-—II0 TAKOMY K€ 3aKOHY
yOblBAa€T MJOTHOCTb CBEPXNPOBOJSIIETO TOKa

. c c
j=£|rot B| =20, (48,12)
D10 coBnajeHHe BIOJHE €CTEeCTBEHHO, MOCKOJbKY B 06OUX cJaydasx
3TH 3aKOHBI SBJSIOTCSl NPSMBIM CJIEACTBHEM CYLIECTBOBaHHSA 0CO0OH
JuHud. Ho B TO BpeMa Kak B KHMJKOM TeJHHM yKa3aHHass 3aBU-
CHMOCTB U {r) HpocTHpaeTcs Xo JOObIX paccTOsHHA, B CBepXNpo-
BOJAHUKe yObIBaHUE j(r) mpH r>>0 CTaHOBUTCS 3KCIOHEHIHaJbHLIM.
D10 pasyuyde CBS3aHO C 3aPSAKEHHOCTBIO 3JIEKTPOHHOH >KHIKOCTH:
JIBUXEHHE 3apAXEeHHBIX YacTHIL CO3JaeT MarHMTHOE IoJie, KOTOPOE,
B CBOI0 ouepelb, SKpaHUPYET noJie (€CJH yCTPEMHTD 3aPsjl YaCTHUL &
K Hy/M0, TO ry6UHAa NpPOHUKHOBEHHS O — o).

Tenepb MOXKHO BHIYHCJHTH CBOGOAHYIO SHEPTHIO BHXPeBOH HHUTH.
BKJajJ B Hee, MPOHCXOAAWMH OT 06J4acTH NPOCTPAHCTBA BHE CEpA-
LeBHHBI (r>>E), AaeTcs B3ATHIMH 1O 3TOH 06JIaCTH MHTErpasiaMu

1 62
Fuura =5 | B2V 455 | (rot B dv. (48,13)

IeficTBUTEIbHO, BapbUpysi 3TO Bhipa)keHHe mo B (nmpu 3agxanHoit
TemMneparype, T. €. 3ajaHHoM 0), Mbl NPAMO MOJYyYHM YypaBHeHHE
Jlongonos (48,7) (mist r==0)1). Bropo#i unrerpana B (48,13), Jora-
pHOMHAYECKH pacxoisumuiicst Ha oboux Kpasx obmactd 63>>r > E,
BeJHK Mo cpaBHeHHI0 ¢ nepBuiM. [lojcraBus ciofa |rot B| u3 (48,8),
MOJYYUM XJsl 3HEPruH Ha eAUHHIE JJHHBI HHTH

e=(25) In . (48,14)

1) Bropoii uier B (48,13), 6GyAyuH BhIpaxKeH uepes TOK j, NPHHHMaET BHA
v2
onc?5? y j2dv =§ b av;

BO BTOPOM BHIPAXKEHHH MOJCTABIeHO Takke §%=mc>/4me?n; W BBefeHAa NJOTHOCTH
H CKODOCTb CBEpXTeKyueH KOMIIOHEHTBl COIIacHO j=epsVs/m (CM npHMevaHHe
Ha ctp. 208). Mb BHAMM, 4TO 3TOT 4JIEH MOXKHO PacCMaTPHBATDL KaK KHHETHYECKYIO
SHepTHI0 CBEPXNPOBOAAIIHX 3JEKTPOHOB.
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310 BhIpaKEHHE HMEET JorapupMuyecKyro TOYHOCTh, T. €. MpPeJrno-
Jaraetcss He ToabkKo 8/E>>1, Ho u In(6/8)>>1; umeHHO c 3ToHt
TOYHOCTBIO MOXHO NpeHeOpeub BKJIAAOM B & OT CEPINEBHUHBI HHTH.

Pesyabrar (48,14) naer, B 4acTHOCTH, BO3MOXHOCTb 060OCHOBAThb
CleJaHHOe BHIIE YTBEPXKIEHHE O TOM, YTO TEPMOAHHAMHYECKH BHI-
roJHO BO3HMKHOBEHHME BUXPEBRIX HHUTEH ¢ HAHMEHbIIHM IO BEJHYHHE
MATHHTHHM NOTOKOM. JleficTBHTENBbHO, NOCKOJBKY cBOGOLHAs 3Hep-
rusi HUTH TNPONOpPUHMOHAJbHA KBajpaTy CBA3aHHOIO C HHTBIO Mar-
HUTHOrO MOTOKAa, TO AJSI HUTH C NMOTOKOM 7¢d, B SHEPFUH NOABHJCSH
6Bl MHOXHTEJb n?, paclajieHHe Ke Takol HHMTH Ha n HHUTeH c Ilo-
TOKaMH (b, IPUBEJET K BHIUIPHIIY B 3HEPTHH B 1 pas.

IlogcTaBus (48,14) B (48,2), Ha®jgeM AJNA HUIKHErO KDHTHYe-
CKOTQ TIOJIA

8
Ho=2% Ing - (48,15)

Tlpu T — T, 5T0 BbIpa:KEHHEe MOXHO INepenucatb ¢ yyetom (45,19)
TaKKe W B Bujel)

Inx

H, =H, TR (48,16)
[To Mepe yBennMueHHUs BHEIIHEro IOJIA PAacTeT YHCJAO BHXPEBBHIX
HUTEH M TeM caMbIM YBeJIHYHBaeTcsl NPOHHKHOBEHHE MATHHUTHOTO
NoJs B CBepXNpPOBOAHHK. IlpH yuere B3aumojeHCTBHA MEXKIY HH-
“TAMH TepMoJHHaMH{eCKOMY pPaBHOBECHIO OTBeYdeT OIpejeeHHoe
VIOpAOYeHHOE pacloJioKeHue HHTeH, ofpasyiollee ABYMEPHYIO
pelleTKy (B IJIOCKOCTH ceyeHHs uuaHHApPaA)?). [Ipm moboi niaoTHO-
CTH UYHCJa HHTEH OCh Ka)JoH H3 HHX ocTaeTcsl JUHHeH, ob6Xoj
BOKPYT KOTOpOH MeHsieT a3y BosHoBo# ¢pyHKuuu ¢ Ha 2;. Cpep-

Hee Xe ([0 CEYEHUIO LMJHHJpA) 3HAyeHHe HHJYKLLHUH

B=vg,, (48,17)

FJle v—YHCJIO HUTeH Ha eIMHHULY NJomanH ceyenus. JefdcTBUTEBHO,
€CJIM TNPOUHTErPHPOBAThL CcOOTHOWeHHe (48,4) MO KOHTYpy Bcero
ceyenuss ofpasua, To Mbl NpujaeM K ypaBHeHHlo (48,9) ¢ Svg,
B NpaBoil CcTopoHe (S-—IJoUafb CeuyeHHs); B JeBOH Xe CTOpPOHe
NepBHIl HHTerpaJ ecTb IOJHBIH NOTOK HWHAYKUUH SB, a BTOpO#
npexacrasiaseT cofoil KpaeBoH 3(ddexT, MaJbiU [0 CpaBHEHHIO ¢ Nep-
BBIM B OTHOILIEHHH ~O0/R U noroMy npeHeGpexxuMblii (R — JHHEHHble

1) INTockoneKy 5Ta QYyHKLHA BhBefleHa B NpeANoJoXeHHH 1n x> 1, el Hemb3s
noJb30BaTheA NpH %~11 B uacthoetn, npr %=1/V 2 noxe H,, (xak H H)
JIOJ2KHO NPOCTO coBnajaath ¢ H,.

%) HauGosee BrIroAHa, NO-BHAHMOMY, DelleTka, o6pasoBaHHasi PaBHOCTOPOH-
HHMH TPEYTFOJbHHKAMH C BHXDEBHIMH HHTAMH B HX BepLUHHAX,
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pa3Mepsl CeueHHs); 34eCh CYIIeCTBEHHO, KOHEYHO, YTO [0Jie BOKPYr
HHTe# 3aTyxaeT HA PacCTOAHHAX ~3.

Jo Tex mop noka paccrosaHus d MeX1y HHTSMH OCTalOTCs 6OJb=
IIMMH [0 CPaBHEHHI0 C KOPPEJAUHOHHBIM paguycoM §E, MOXKHO
yTBEPKAATh, YTO MATHHTHHIE NOJSA BHXPEBbIX HHMTEH MPOCTO CKJa-
amBawoTca. [efictBuTenpHo, npu d3>E Bce eme MOXKHO IPOBECTH
KOHTYpP, OXBaTublBaloUuii co6ofl Jo6oe YHC/IO BHXDEBBIX HUTEH Ta-
KUM 06pa3oM, YToObl OH Be3je NMPOXOAHJ AaJ/eKO (Ha pacCTOSHUAX
>>E) or ux cepaueBHH. Ha TakoM KOHType BLINOJIHAETCS YCJOBHE
JIOHOHOBCKOTO NpPUG/IHIKEHHS (IIOCTOSHCTBO §), H MOTOMY Mbl CHOBA
NPHAEM K YpPaBHEHHIO, OTJIHYaomeMycs ot (48,7) JHiub TeM, YTO
B ero npaBoil uacTd O-OyHKUHS 3aMeHAeTcH CyMMOH O-pyHKUui
OT pacCTOAHHME [0 Kaxjpod W3 HHTeH; BBUAY JHHEHHOCTH 3TOTO
ypaBHEHHsl OTCIOfA CJelyeT CleJaHHOe YTBepXKACHHE.

Korja Breiinee mnoJge npubamxkaercs K f,,, pacCTOAHHA MEXY
BUXPEBbIMH HUTAMH CTaHOBATCA CPABHUMBIMH C §. DTO SICHO BHAHO
M M3 CaMOro BblPaXkeHHsi KpHTHYecKoro mnoJas (47,2), ecsau ero
Hamucath (¢ nomompto (45,9), (45,16—18)) B BHAe

H,,=,/2nEE; (48,18)

OHO OTBeYaeT NOTOKY ¢b,, COCPEJOTOUEHHOMY Ha mJomanu ~ .

Vcue3HOBeHHe CBEPXIPOBOLHMOCTH INPH H=FH , HTPOHCXOLUT
KaK (a3oBHil nepexof Broporo posa. B ayxe ofuieil TeopuH TaKHX
NEpexXoj0B MOXKHO YTBEPXAaTb, YTO NapaMeTp mnopsixka P Kak
QYHKIHKS BHEIIHEro NO0Jis 06palaercs B HyJIb 110 3aKOHY | |PooH o, —
— §.C 1pyroit cTOpoHbI, HAMATHHYEHHOCTD BemecTBa M = (B—H)/4n
(kak BenMuMHa, He 3aBHCAas OT BhiGopa ¢asw P) B 3TOH 06-
JIACTH caMa INpONOPLHOHaJbHA [ |2 YuHThBasf, yro npH =FH,,
IOJKHO ObiTb U B=H,,, Mbl NPHXOAHUM, TakuM obpasoM, K JH-
HeflHOMY 3aKOHY 3aBHCHMOCTH HHAYKIUH B B CBEpPXNPOBOJHHKE
OT BHELIHEro moJisi BOJU3H TOYKH NEpPexopa

B—H ,,oH —H,,. (48,19)

3agauu

1. BblUHC/IHTE SHEPTHIO B3AHMOACHCTBHA ABYX BHXPEBLHIX HHTEH, PaCrOJIOMKeH«
HHX Ha paccrosuud d>§ apyr ot apyra.

Pewenue. [Ipeobpasyem BhipameHne cBoGoano# sHepruu (48,13) nas cuc-
TeMBl IBYX BHXPEBbIX HHTell K BHIY, B KOTOPOM "HHTEIPHDOBAHHA IPOH3BOAATCH
JUmb BOVIH3H KaxHOH oTdeabHOB HHUTH. LI 5Toro nHiIeM, HCIOJAB3YA YypaB-
HeHue (48,7):

B2 - 82 (rot B)? == 62 {— B rot rot B - (rot B)?} =42 div [B rot B].
O6reMHEBIH HHTErpaj npeoGpasyercd B HHTErpas

62
Fazen == S (B rot BJ df, (1)
fatfs



238 CBEPXIPOBOJHMOCTD [rn v

B3SATHIt 10 UHIHHAPHYECKHM NOBEPXHOCTAM f; H fy (Manoro paguyca ry; £ <Lry<<£0),
OXBaTHIBAOLMM cepAuesHHbl Hutefl. Ilpn d>% noas HHTel afauTHBHEL, T. €.
B=B;+B,. 3Heprus BsauMojeHCTBHS HHUTel RaeTcA TOH yacTbio WHTerpasa (1),
KOTOpasi 3aBHCHT OJHOBpPeMeHHO OT By u B,:

2
Lem=§_n {S (B, ot By] df; - S [By rot By] dfz}
(unterpanni ke BHAa \ [B,rot Bi]df, ctpemsarcst x Hymio npu ry——0). C no-
Mmowbio (48,8) u (48,10) HaxoauM oTciona
2 2
312:2_6_ onr ¢0 B (d)= ¢0 Kb (%) ]

8“0 2mr b2 87352

B vactHocTu, Ha paccrosnuax d> 0:

_ Lo N1z _u
= g \7) @

2. OnpenesuTs 3aBHCHMOCTH CpeRHeH (MO ceYeHHIO UMJIHHADHYECKOTo ofpasua)

MarHdTHOH HMHAYKIMH B OT BHeWHero noss § B CMeIUaHHOM COCTOSIHHH, B KO-
TOPOM BHXDEBble HATH DPAacrnojokKeHH Ha paccTOsHHAX 43>8 Apyr oT apyra, o6-
pasysa (B ceueHHH 06pa3ia) pewerKy H3 PaBHOCTOPOHHHX TPEYTLOJbHHKOB.

PeweHnune. [liomans paBHOCTODOHHEro TpeyroibHHka pasHa V3 d%/4 (d —
JAJIHHA CTOPOHEI), & YHCJO HHTEH pAaBHO IOJIOBHHE YHC/IA TPEYIONBHHKOB B pe-
werke (N TpeyroJbHHKOB HMeloT 3N BepIUHH, HO B PellleTKe KaxJAad BepIUHHA

NPHHAIEKHT LWECTH CONPHKACAIUMCH TPeyroJbHHKaM), nostomy v=2/ V3 d2.

TepMoauHaMHueCcKHH MOTeHLUHAaJ [ efHHHLB o6beMa Tela B CMELIaHHOM COC-
TOSTHUH

= = 1
f:fS_'— 47 V(—H¢1+@)+? E €iks
ik
Flle BTOpPOH useH oTBeyaeT BHpaxeHuto (48,1) (¢ H,; u3 (48,2)); B TpeTbeM
YJIeHe €1, —SHEPTHSI B3aHUMOJEHCTBHSI JABYX HHTeH, a CyMMHDOBaHHe NPOH3BOAHTCS
N0 BCeM HHUTAM, NEPECceKalUM eIHHHUY IJoWaiH. BBHAY 35KCIOHEHLHANBHOIO

yObiBaHHS €1, NPH 43>8, B CyMMe JOCTATOYHO YYECTb JIHIUbL NAPH COCEJHHX HH-
Tefi. B TpeyronbHOlN peleTke KaXzasi HHTh HMeeT 6 GruKafWuX cocenel, MOsToMy

7 e =g 3 en=3vess @),
(L k i
IMoncrasup e, u3 GopMy.isl (2) npeablAyliell 3afayd, HaXOAHM
I_F b $H—H.q 3¢, e—¢
f=fst 2 ¥V 3nbd? [~ a? + 2 Y ax 62 a5/2]
Tre a= d/d. 3aBucHMOCTb @ OT §) onpeje/serca YC/JOBHEM MHHHMAJAbHOCTH QYHK-
muH [ (a); sto Aaer

P 3¢0 S p—G
@—Hﬂ—————4 Vit Vae ®3

(omymen unen Gosee BBICOKOTO NOpSIAKA IO 1/a<€1). Iro ypasHeHHe BMecTe C

paBeHCTBOM B=wv¢h, T. e.
a= (2¢o/ V§62E)1/21
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onpefeasieT HCKOMYIO 3aBHCHMOCTb B (). Omverum, uto npu $— H, npous-
BoJHas dB/dY ctpeMuTCH K GeCKOHEUHOCTH 1O 3aKOHY

S W

@ T H—Ho S—He o

§ 49. JluamarHuTHas BOCHPHHMYHBOCTH
Bbillle TOYKH Iepexona

B xoune § 45 yxe Obl1o OTMeueHO, YTO 06.1aCThb TeMiepaTyp
B6susu T,, B KOTOpOH (AYKTyaluH IMapamMeTpa mopsijka  CTaHo-
BATCS 6OJIbIIMMH, B CBEPXNMPOBOJHHKE UPe3BbIYaHHO y3Ka. BHe aToi
o6sacTi GUuIyKTyaluHOHHBlE NMONPAaBKH K TEPMOAMHAMMYECKHM BeJIH-
ygHaM, BooOlle ToBOpsi, oveHb MaJbl. OHH MOTyT, OAHAKO, OKa-
3aThCA CYIECTBEHHLIMHU JJIs1 MarHUTHOHM BOCIPHHMUYHUBOCTH METaJ/a
Bbille TOYKH Iepexoja: MosiBJeHue BeiaeAcTBHe (IYKTyanuil jpaxe
OTHOCHUTEJbHO MAJIOro YHCJa CBEPXMPOBOASIIUX 3JEKTPOHOB MOXKET
NPUBECTH K BKJAAy B MarHuTHYO BOCIPHHMYMBOCTb, MpEBbLUIAIO-
uEeMy OGHIYHO OYeHb MaJylo BOCIPHHUMUYMBOCTb HOPMAaJbHOIO Me-
TajJJa BJAJH OT TOYKH mepexojal).

PaccMoTpum Metatsl B caabom (D<K ;) BHelIHeM MarHATHOM
moJe MpPH TeMmepatype Bbllle TOYKM T, HO 6JM3KOH K Heit. Pas-
HOBECHOe 3HayeHue MNapameTrpa mnopsajika zjpech Pp=0, a AJs Bbl-
yhC/NeHHsI ero QUIyKTyaluil MOXKHO HCIIOJb30BATb CBOGOAHYIO 3HED-
rHio u3 Teopun I'uns6ypra—Jlangay. Ilpu stom B Boipaxenu (45,10)
MOXHO, B BHAY MaJioctd (JAyKTyanuil, COXpaHHUTb TOJILKO KBaj-
paTHyHble TMO Vp 4YJIEHB, ONYCTHB YJeH c |P|* m MoHuMas nox A
BEKTOPHBIA TOTeHIHA] OLHODPOAHOro moJs $ . DIyKTyaund HH-
AykKuud B, cBsidaHHbe ¢ QAYKTyauussMH 1, KBaJpaTHYHbl 10
(BBHJly KBaJPAaTHYHOCTH IJIOTHOCTH TOKa j). [loatomy B usene B%/8n
MOXKHO NOHHMATh Toj B cpeiHee (TepMOJMHAMHMYECKOE) 3HAaUeHHE
UHAYKOHH, NpeHeGperasi ee daykryanusmu. Takum o6pasoM, H3Me-
HeHHe TMOJHOH cBOOONHOI 3Hepruu MeraJJja npu QAyKTyaluu gaeTcs
CJIelyIOIUM BhIpaxKeHHeM — @y HKIIHOHAJIOM OT 1 2):

AF[¢]=S{;—m‘<—iﬁV—27"A>xp ? +a|¢|2} dv. (49,1

Ins Boiuncaendss ¢GuyKTyalHoHHOro BkJajga AF B cBoGOAHYIO
SHEPTHI0 Hajo paccMaTpuBaTh QyHxuuoHan (49,1) kak «3ddekTHB-

1) Dror afxpexT 6na1 ykasan B. B. Ilmudmon (1966).

2) Bo wu36eKaHue HeJOpa3yMeHuH mNoAYePKHEM, YTO MarHHTHOe MOJE He fAB-
JIFeTCA N0 OTHOIIEHHIO K CBePXMPOBOJHHKY «BHEIIHHM MMOJIeM» fi B TOM CMEIC]e,
Kak oHO Oblio BBeleHO B V § 144. Tlocsennee xouxHO Ob10 6bl BXOXHTE B CBO-
GonHylo 3HEpPTHIO B BuAe uieHa —h (P 4- p*), YTo B NaHHOM Ciyyae 3aBeloMO
HEBO3MOXKHO BBHMAY HEHHBAPHAHTHOCTH' TaKOTO HJE€HA 0O OTHOLIEHUIO K BhIGOpY

hasbi ).
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HBIH FaMHJBTOHHaHy, onpefenswomuii AF cornacuo dopmy.e
Ny AF . AF
exp (—-—T—) =S exp (—-—Thpl) Dy, (49,2)

rje HHTerpHpoBaHHe ((yHKUHOHAJbHOE) MPOM3BOJHTCA MO BCEM
pacnpeneseHuaM P (r) (cm. V § 147). DakTHyeCKH OHO OCYIIECTB-
JISIETCA MYTEM Pa3JioXKeHHs P IO HEKOTOPOH MOJHOH CHCTEME coBCT-
BEHHBIX (QYHKIMA M MHTErPUPOBaHHEM MO GECKOHEUHOMY MHOKECTBY
KO3(pUIHEeHTOB 3TOr0 pa3JjoxeHus. B ciayuae omHoponHoii (6e3
BHEIUHETO TM0JI) CHCTEMbl pPa3JjoKeHHEe MPOU3BOLMUTCA MPOCTO MO
IJIOCKHM BOJIHAM (cM., HanpHMmep, 3anauy B V § 147).

B naHHOM Xe cayyae pa3/lOkKeHHE CJELYeT NPOH3BOAHTL IO
COOCTBeHHBIM PyHKUHMAM «ypaBHeHHS I[lIpexunrepa»

i (— v —2 A ) p=Ev, (49,3)

OTBeyallltero raMusabTonnany (49,1). B § 47 yxke 6bl10 0TMeyeHO,
YTO 3TO ypaBHeHHe ¢opMmajbHO coBnajaer ¢ ypaBHeHHeM Illpexuu-
repa Jjs JBHMKEHHS 4YacTHUB (C Maccoll 2m u 3apsiiom 2e¢) B 0fHO-
pPOAHOM MAarHuTHOM MoJsie. Ero coGCTBeHHble DYHKIIMH HYMEPYIOTCS
OJHHM NHCKPETHBIM (f1) H ABYMsl HeNpPEePHIBHBIMH (P,, p,) KBAHTO-
BbIMH YHCJaMH, NpHYeM COGCTBEHHblE 3HAYEHMsI 3aBHCAT TOJLKO
OT # U p, (0Ocb 2 B HanpaBJeHHH $) H jgaroTcss GOPMYJIoH

E(n+%, pz)=(n +%)|fn'f®+y’,’5—; (49,9

YHCJIO Pa3JHYHHX COOCTBEHHBIX (YHKUHMH C 3aJaHHHIM #, 3Haye-
HHEM p, B MHTepBaje dp, U BCEMH BO3MOXHBIMH p, €CTh
2]el®

(2nh)%e 4p:

(cm. IIT § 112).
O6osHaunm, A8 KPaTKOCTH, COBOKYIHOCTb YHCEN £, p,, P
OfHHM CHMBOJIOM § M HamHIleM pasjloxkeHHe QYHKUMH P (r) B BHie

=2, (1), (49,5)

q
Ile C,=Cq-ic;—TNpPOU3BOJbHbIE KOMIJIEKCHbie KOI(XpHLUEHTHI, a
coOCTBEHHbIE (pYHKU.HH nmpeanoJararnTcs HOPMHPOBAaHHbBIMH YCJOBHEM

S |y, 12dV =1 (unterpupoBanue NPOH3BOAKTCS MO O6BEMY MeTana).

[Monctanoska pasnoxenus (49,5) B (49,1) nossoasier mpexze
BCEro INepediTH OT HHTErpUPOBAHHS MO OGBEMY K CYMMHPOBAHHIO
no q. [eHdcTBUTEIbHO, NPOMHTETPUPOBAB NEPBHI YJNeH IO YaCTAM,
npusoauM (49,1) x BHAY

AF[o)= [ (v g (— v —22A) 4 +-vrav) av.
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IMoxcrasus cioaa (49,5) ¥ yutsa, yTo Kaxaas H3 GyHKUuH §, yAOB-
Jeropsier ypashenuio (49,3) ¢ E = E  u ur0 cOGCTBeHHbIE PYHKHNH
C pas/HYHBLIMH ¢ B3aHMHO OPTOTOHAJbHBI, MOJYYHM

AF [} = ; leg It (B4 +). (49,6)

dyHKIHOHANBHOE HHTErpUpoBaHHe B (49,2) o3HAyaeT WHTErpH- -
poBanme mo BceM dcydc;. Ilocne mopctanoBku (49,6) uHTErpHpoO-
BaHHS 110 BCEM 3THM IEPEMEHHBIM Pas3fenfioTcst H JAaKT

AF H T
exp(_T)= L E__a_,
HJIH
"AF=—T% In-M_
AF = T}q ngg - (49,7)

B TEPMHHAX KBAHTOBBIX WHCEJ 71 H p, 3TO BbIpaxKeHHe 3alliChIBaeTCA
Kak

N ®
__p2lelT8 al
AF=—V (2nh)e }r; S In E(pz nt+12)+a dpz- (49.8)

—_

Srta cymma pacXopurcs npu Goabwux E, HO pacxonuMocTs B
neficTBUTEJbHOCTH (UKTHBHA H CBSi3aHa JMIIb C TeM, 4TO UCXOX-
Hasa ¢opmyaa (49,1) npumMeHHMa TOJIbKO IPH MeJIeHHO MeHAIMUXCA
GyHKIHAX P (r): H3MeHeHHe P JO/IKHO ObiTb Majo Ha PaCCTOAHHAX
~E, B TepMuHax cOGCTBEHHBIX 3HaueHHH £, 3TO 3HAYHT, YTO JO-
NMYCTHMbL JIHIHb Eq<ﬁ2/m§?;. O6pe3aB cymMMy NO # MPH HEKOTOPOM
GospiioM N, YHOBJEeTBOPSIONIEM [OCTaBJIEHHOMY YCJOBHIO, BOCIOJIb-
ayemcs ¢opmyJoi Ilyaccona

N ) N ) ) N
Eof(n+-2—)%§f(x)dx——2f;f )

(eM. V (59,10)). B mnpumenenuu k (49,8) mepBoili, HHTerpasbHbIH,
yjeH 5Tofi (OPMYJsl J3eT, KaK Jerko NOHATb, He 3aBHCAUME OT §)
BKJaJ B CBOGOAHYIO SHEPTHIO; 3TOT Y/EH He HYXKeH JJis BblYHCJe-
HHMS MAarHHTHOH BOCHPHHMYHBOCTH, H MBI €ro omycTHM. Bo BTOpoM
JKe UYJieHe MOXKHO TMOJIOXKHTh Tenepb N — oo (TaK 4TO Tapamerp
o6pe3aHusi BhINAjJaeT H3 OTBETa)'):

AF = 2T o §)° j‘ dp, .
F=V 48nfime? a+piam

-

1y B koappuumenre nonoxeno T =~ T.. Ilpu T B6mmsn T, cyllecTBeHHbe

B sToM HHTerpaie shauenns p;~ V.ma ~ B/E (T)<h/Eq 1. e. ynoneteopstor
TIOCTaBIeHHOMY Tpef0BaHHuIO.
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OkonyaTesnbHO, TOCJE B3SITHS HHTErpaJa,

AF =y 2T
4 24xhe? Vma (49’9)

Orciofa MarHuTHAas BOCI PHHMYHUBOCTDb

1 6®AF T,
TV T T T b ey BT —T (49,10)

(H. Schmidt, 1968; A. Schmid, 1969). Mbl BuguM, YTO BGJU3H
TOYKH INepexofa BOCIPUHMYHMBOCTH BospacTaeT kak (T —T,)-1/2,
B sto#i ob6nactu (49,10) npencrasasier co6oit OCHOBHOMN BKJIAj B Mar-
HHTHYIO BOCIPHHMYHBOCTb HOPMAaJbHOTO MeTaJJa.

3anaun

1. OnpezenTb MarHUTHEIA MOMeHT ToHKOf (rosuHa d <€ & (T)) nieHky B mep-
IeHJHKYIPHOM €e MJIOCKOCTH Cj1a6oM MarHMTHOM NoJe npu Temneparypax T > T,
T--T,<LT,.

Pewenne. KoHeuHoCTb TOMMMHE! NJEHKH NPHBOAHT K ANCKDETHOCTH KBAH-
TOBOTO UHC/IA Py B (49,4), NPHYeM A5 TOHKOH NJIEHKH HAZO OTPAHHUHTBLCS B (49,7)
Jullib SHAYEHHEM pp==0 (yxe NMepBoe OTIHUHOE OT Hyas SHAYeHUe D, ~ f/d, Tak
uTo E~ﬁ2/md2>ﬁ2/m§2~a). Uucao coGeTBeHHHIX (GYHKUME ¢ 3afaHHBIMH A
H p, (M BCEMH BO3MOXKHBIMH D) €CTh 2|e|SgS/2nﬁc, rje S—nJaouage NJeHKH;
NO3TOMY CyMMHpoBaHue nmo ¢ B (49,7) HaJlo MOHUMATb KaK (SgS/nﬁc)’Z. IIpumenuB

n
K cymme dopmyay Ilyaccona, nonyuum B pesyabrare

e2T .52
AF=S 24nmcia °
MaruuTHHE MOMEHT IJIEHKH
_OAF eT .5
- n 2mmea (T—T,) °

O6paTnm BHHMaHHWe Ha To, 4TO OH Bo3pacraer npu T — T, BeicTpee, uem B cay-
Yae HEOTPaHHYEHHOrO MeTaJJa.
2. To xe s mapuka paguyca R<KE(T) (B. B. inudm, 1966).
Pewenne. Borom cnyuae H3 Beex COGCTBEHHEIX 3HAaYeHHH ypasHeHus (49,3)
CYIIECTBEHHO JIHLIb OJIHO, HAHMEHbIIEe, OTBeYatlee COBCTBEHHON QYHKIUE = const
u pashoe Ey=e?R2H?/10mc? (cM. Bce cka3aHHOe 1O 5TOMY NMOBOAY B 3ajaue K §47).
CymMa (49,7) cBOIHTCSH K OJHOMY 4JIEHY, H MATHHTHBIH MOMEHT

T, OF, T R

& 50. Iddext Axozedcona

PaccmoTpuM fiBa CBepXIPOBOJHUKA, Pa3jieleHHEIX TOHKUM CJI0EM
AU3MeKTpUKa. Jljsi 3JeKTPOHOB 3TOT CJOH INpeicTaBasieT co6oil
MOTeHIHAJbHEI Gapbep, W €caH cJOH JOCTATOYHO TOHOK, TO CY-
IECTBYeT KOHEYHAsi BEPOSITHOCThL HX IPOHHKHOBEHHs yepe3 Hero
NyTeM KBAHTOBOIO TYHHe/NnpoBaHus. [laxe ecsd KospdHIHEHT mpo-
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Nnyckanud 6apbepa MaJj, ero OoTJxHuMe OT HYJA UMeeT NPHHIHIHAAL-
HOoe 3HauyeHHe: 00a CBEPXNMPOBOAHHUKA CTAHOBATCH €AMHOH CHCTEMOH,
ONMCHIBAIOIIEHCST €AMHOH KOHJAEHCATHOH BOJHOBOH PYHKIUHeH. ITO
06CTOsITeJILCTBO NPUBOAUT K adbeKraMm, BIepBble NPeACKa3aHHBIM
Hoosegpconom (B. D. Josephson, 1962).

EQMHCTBO KOHAEHCATHOH BOJIHOBOK DYHKIMH CHCTEMBI O3HAYaeT,
4TO yepe3 KOHTAKT MEXAY JBYMSI CBEPXIPOBOJHHUKAMH MOXKET TeUb,
B OTCYTCTBHE NPHJOXEHHOH H3BHE Pa3HOCTU IOTEHIINAJOB, CBEPX-
npoBogAmui Tok. ITogo6HO TOMY KaK BHYTPHU CBEpXIPOBOAHHKOB
[VIOTHOCTb TOK& oOmpefeserca rpaadeHToM ¢asol @ KoHAeHCaTHOK
BOJIHOBOH (YHKIMH, TaK MJIOTHOCTb j MPOTEKAIOUIEro Yepe3 KOHTAKT
CBEPXNPOBOASAIICT0 TOKA CBS3aHa C Pas3HOCTBIO 3HaueHu#r @, U D,
(a3l Ha 06OHX cTOpPoHax KOHTakTa'l). Ilockoabky 3HaueHus pas-
Hoctn @,—®,, oriuuaomHecs Ha [eJ0e KpatHoe oT 2m, (pusu-
YeCKH TOMKAECTBEHHBI, TO SICHO, UTO (PYHKIHSA

j:j((Dzl)’ (DZI =(D2_"(D1' (50»1)

JIO/KHA OBITb nepuofuyeckoil ¢ mepuomoMm 2m. Omnepaunusi o6pa-
IeHUsT BPeMEHH MeHsieT 3HAaK TOKa j M B TO XK€ BpeMsl MeHseT
3HaK $aset @,; (NOCKOJBKY BOJIHOBHIEC QYHKIMH 3aMCHAIOTCA CBOUMH
KOMIIJIEKCHO-CONPSIKEHHBIMU). DTO 3HAYUT, 4To ¢GyHKnus (50,1)
JIOJKHA 6bITh HeyeTHOH H o6painathbesi B HyJb npu O, =0. Byayuu,
pasymeercsi, orpanuuedHoi, ¢yukunus j(D,,) UMeeT CBOM MaKCH-
MaJbHOE MU MHHHMAaJIbHOE 3HaueHUs, MEXIY KOTOPBIMH OHA H Me-
HseTCST NPH H3MeHEeHMH Pa3HOCTH (a3, a B CUIY HEUeTHOCTH QYHK-
IIMH 3TH 3HAuYe€HHs OJUHAKOBHI MO a0COJMIOTHON BeJHUHHE; 0003HAUYUM
HX uepes == j,,.

Cneayer oTMeTdTh, Yro 3anuch (50,1) mnpennoJaraer mnpexe-
6pexKeHHe BJMSHUEM Ha TOK CO CTOPOHBI COGCTBEHHOTO MATHHTHOIO
NoJiss TOKOB BHYTPH KOHTaKTa. B NpoOTUBHOM ciayyae BMECTO pas-
HocTH @,; no/kHO ObIO OB (QUIYPUPOBATL KAaJHOPOBOYHO HHBA-
pHaHTHOE BblpakKeHHe

2
CDZ—(DI——-%’;— SA,; dx.
1

BBuy OuYeHb MaJOH TOJIIUHLL JUIJEKTPHUYECKOTO CJOsl yCNOBUE
AOTYCTUMOCTH IPEHEGPEKEHHUS CTOSLULUM 37€Ch HHTErPajoM OT Hemlpe-
poiBHOH GYHKUMH A, (¥) Jerko BHIIOJHAETCS (2 3HAUEHHS CaMOro

1) Nlns Toro uToGH CBEPXNPOBOASIIME TOK Yepe3 KOHTAKT HMeJ 3aMETHYIO
BeJMYHHY, TOJMIIMHA JHJEKTPHUecKOTO CJa0si (PAKTHUECKH XHOJNKHA OhTh OYeHb
Mana: ~ 10-7 cM. Taxune paccTosiRus Majnl Jaxke IO CPaBHEHHIO ¢ HAaUMEHBUIHM
XapaKTepPHEIM NapaMeTPoM JIHHLL B CBEPXIPOBOJHHKE — ITHHOH KorepeHTHOCTH &,
B sToM cmbicae cJofi JOJIXKEH paccMaTpPHBAThCst KAk GECKOHEUHO TOHKHH, a Io-
BezeHue (asnl BHYTPH Hero B TeopHH BooOule He ¢urypupyer. =
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noreHunajta A, Ha o0eHX CTOPOHaX KOHTAKTa MOXHO CYMTATb OJH-
HAKOBBLIMH).

Onpenenenve Bupa ¢yekumu j(®@,) Bo Bcel ob6JacTH TemIe-
paTyp BO3MOXHO JIHIIb Ha OCHOBE MHKPOCKOIHYEeCKOH TEOPHH.
Mbl orpaHHyuMCs 3fech GEHOMEHONOTHYECKHM PACCMOTPEHHEM B paM-
KaX IPHMEHHMOCTH TeopHu I'mnsbypra—Jlanpay.

Ecau 661 KOHTAaKT OBl COBCEM HENMPOHULAEM IJiA SJ'IeKTpOHOB
BOJIHOBBIE (DYHKUHMH P Ka>kKAOr0 H3 CBepXIPOBOAHHKOB YHOBJET-
BOpsiJM 6B Ha CBOEM KPalo KOHTAaKTa rpaHHYHBIM YCJ0BHAM (45,15):

oy Qle

ox x"'pl - O
17, 2
A ﬁ“” b=

KoHeyHass mnpoHHLaeMocTb Gapbepa H KOHeYHOCTb 3HAYeHMH P Ha
rpaHMiax KOHTAaKTa MNPHBOAAT K MOABJEHHIO B NPaBbIX CTOPOHAX
3THX YCJOBHH OTIMYHBIX OT HYJs BHpaxeHu#, 3aBUCAMHX OT
3HayeHHH P MO JAPYryld CTOpPOHY KOHTakKTa. BBuAy MaJjocTH
(B6.1M34 TOUKH mepexofa 7,) MOXKHO OrpPaHHYHMTbCA B 3THX QyHK-
IUAX JUHEHHBIMH 1O 1 wieHaMH, T. €. HalucaTb
; 2i 2i

WA=, G- (502
KoadduurerT 1/A npomopiroHaJ/er npoHuaeMoctTs 6apbrepa. PaBen-
crBa (50,2) ROJKHBI YAOBJIETBOPATH TPEGOBAHHUAM CHMMETPHH OTHO-
CHTEJIbHO OOpalleHHss BPEMEHH: OHH JOJIMHBI OCTaBaThCs CIpa-
BeJJIHBLIMU NpH npeoGpasoBaHud P — P*, A -——A; oTCl0fa Clle-
IyeT, YTO INOCTOAHHAs A BellecTBeHHa (TOrAa IPH YKa3aHHOM
npeofpa3oBaHnd paBencTBa (H0,2) mpocto COBNAjAlOT CO CBOHMHU
KOMILJIEKCHO-CONPAME HHBIMH).

CBfi3b MeXIY BeJHUHHOH CBEpPXIPOBOAAILEIO TOKAa 4Yepe3 KOH-
TAKT H pasHocTbi0 (a3 PyHKIUHK P MOXKHO ONpefeJHTh, MPHMEHHB
tdopmyay (45,14) k KakKoH-1HG0 U3 CTOPOH KOHTaKTa {CKaxeM, cO
CTOPOHH 1):

. hof .0 d 2 .
j=— (g g, D) 2 g g,
Iloacrasus ciopa 0v,/0x u3 rpanuyHoro yc/aoBHs (50,2), moayynm
. .ﬁ *® L]
i =— g (Wib— ;5.

JJ1 KOHTaKTOB OJMHAKOBHEIX MeTaJJIOB BEJHYHHBL Y, H ¢, OTJIH-
10TCA TOJBKO cBoe#t ¢as30i; HaxQguM TOrja A8 IJIOTHOCTH TOKa:

s

j=iaSin®y, ju=ly]s (50,3)
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IMpu npuOGIHKEHHH K TOYKe NMepexoja | ]2 CTPEMHTCA K HyJIIO Kak
T.,—T; no TakOMy e 3aKOHY, CJeAOBAaTEeJbHO, CTPEMHTCH K HYJIIO
1 MaKCHMaJbHas NJOTHOCTE TOKa uepe3 KOHTAKT!).

IlycTp Temepp K TYHHEJBHOMY KOHTAKTy INPHJOXKEHA OT BHeI-
Hero HCTOYHHKA HEKOTOpasi Pa3HOCTh ITOTEHUHAJOB, T. €. B KOH-
TaKTe HMeeTCs 3JieKTpHueckoe IoJe E. ByJeM OnHchBAaTE 3TO MoOJeE
CKaJISIPHBIM [OTEHIHAJNOM, 0603HAUUB ero 37ech yepe3s V: E=—vyV.
BausiHHe 3TOrO MOJS Ha CBEPXNPOBOAAIHHA TOK uepe3 KOHTAKT
MOKHO BBISICHHUTH YK€ Ha OCHOBAHUHM TpeGOBAHHH KaJHGPOBOYHOH
HHBapHAHTHOCTH.

B orcyrctBue noasi (npu V=0) ¢asza BoJHOBOH QYHKLHH He
3aBHCHT OT BpeMeHu: O®/0ft=02). A o6o6LieHHS 3TOrO paBeH-
CTBa HA cCJyYall HaJ MYHA SJEKTPHYECKOro II0Js 3aMeyaeM, 4TO
oflllee COOTHOINEHHE JOJKHO OBITh HHBAPHAHTHO MO OTHOILIEHUIO
K KaJHGPOBOYHOMY INpe0GpPa3OBAaHHIO CKAJsipHOrO NOTEHIHAJa

1 oy (9

HE 3aTparHBaiolleMy BEKTOPHBIH MOTEHIUHAaJ (KOTODHIH IpeAnoJa-
raercsi He 3aBHCAIUM OT BpeMeHH). ToyHO Tak, Kak 3TO OBLIO cle-
JaHo TIpH BbIBOAie npeobGpasoBanusa (44,3), (44,6), uaigem, uyto
oJlHOBpeMeHHO ¢ V jo/mkHa ObiTh Npeo6pa3oBaHa (a3a BOJIHOBOH
GYHKIHH COrJlacHO

qn_>q>+ﬁ3§-x(t). (50,5)

Orcrona sicCHO, 4TO KaJHOPOBOYHO HHBAPHUAHTHRIM OYJeT COOTHO-
1eHHe
oD 2e
- W—I—fvr—o, (50,6)
nepexopsitee B 00/0t =0 npu V=0. *
Ilpy He 3aBHCALIEM OT BpEMEHH 3JIEKTPHUECKOM [OJle HHTerpH-
poBanue paBeHcTBa (50,6) naer

2e
O=0Q 7 Ve,

1) MHKDOCKONHuecKash TeOPHA, oCHoBaHHaA Ha Mogean BKIU, noxasbipaer,
uTo Takas xe cBsab (50,3) mexay j u (g HMeeT MecTo npH Bcex TEMNEpaTypax.
DTa Xe TeOPHA NO3BOJSIET CBA3ATh [, C 3SJMEKTPHYECKHM CONPOTHBJIEHHEM KOH-
TaKTa MeXZAY ABYMsl MeTajJaMH B HOPMAJbHOM COCTOSIHHH. H3JoXkeHhe 3ToH Teo-
PHH MOXHO Halith B kKuure: M. 0. Kyaux, H. K. Sncon, Dpderr [xozedcona
B CBEpPXOPOBOISIIHX TYHHEABHHLIX CTPpYKTypax, «Hayka», 1970.

2) HanoMHuM (cp. npHmeuaHHe Ha c1p. 150), 4T0 BpeMeHHOH MHOXKHTeJb
exp (—2ipt/ﬁ) HCKJIIOYeH H3 BOJIHOBOH GYyHKUHH TeM, YTO FaMHJBTOHHAH CHCTEMH

A samener na H' =H—pN.
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rae @ He 3aBuCHT OT BpeMeHH. [loaToMy, eC/H K KOHTAKTY MNpH-
JIOXKeHa MOCTOsIHHAsA 3JeKTpuueckas pasHOCTb NOTeHUHaJoB V,;, TO
pasHocTh (a3 Ha HeMm
2e
— 0
CDZI_CDg’——ﬁ-th.
[ToncTaBuB 3TO BhipaxkeHue B (50,3), HaxoAuM CBepPXNPOBOAAILKH
TOK yepe3 KOHTAKT
2e

j=1j.sin (cpgy— = V21t> ) (50,7)

MEI mpuUxonMM K 3aMeuaTe/]bHOMY pe3y/bTaTy: HaJoXKeHHe Ha TYH-
HeJbHHH KOHTAKT MOCTOSHHOH pa3sHOCTH IIOTEHLHAJOB IMPHBOAHT
K MOSBJEHHIO CBEPXNPOBOAAIIErO IEPEMEHHOrO0 TOKAa C 4YacTOTOH

2
m]:_ﬁ-leVZII . (50,8)

[TorpeGnsieMass B KOHTaKTe MOIIHOCTb JAeTCH NPOHU3BeACHHEM
jV41; ee cpeiHee (IO BpeMeHH) 3HayeHHe paBHO HYJO, T. €. CHCTe-
MaTHyecKas 3aTpaTa 3HEPTHH OT BHEIIHET0 HCTOYHHKA OTCYTCT-
ByeT—KaK H JOJIKHO OBIThb JJ51 CBEpPXNPOBOASAIETO TOKa, He CBf-
3aHHOrO ¢ juccunanueill sueprud. [logyepkHeM, ofHaKo, YTO IpH
HAJUYUH BHELIHeH  3JeKTPOABHUXKYIIEH CHJBI Yepe3 KOHTAKT Oyler
npoTeKaTh TaKXKe M HEKOTOpPHH HOpMaJbHBIl TOK (cJabbii NpH
MmajoM V,;), cOnmpoBoXApawomuiica AUCCHNAIHed.

3ak/oueHe O MNepHoguueckoM ¢ uyacrorod (50,8) H3MeHEHHH
CBEPXMPOBOASIIETO TOKA uepe3 KOHTAKT CJEAYET Y¥Ke H3 CaMoro
¢dakTa nepuoAHyeckod 3apucumoctd j ot @, u JIMHeHHOH 3aBHCH-
MocTH D,, OT BpeMEHH; 3TO 3aKJ/OueHHe He CBJA33aHO ¢ KaKHUMH-
Ju60 TpelNoJOXKeHHAMH O BeJHUYHHe pPAa3HOCTH IOTEHLHAJIOB.
Koukpernas ke ¢opmyna (50,7) cnpaBeAauBa JUIIL IOPH YCJIOBHH
MaJIOCTH 4aCTOTBhl @, N0 CPABHEHHIO C XapaKTEePHOH A/ CBEPXIpO-
BOJIUMOCTH uactotoli A/h:

hio,=2|eV | < A(T). | (50,9)
3anpaua

Hanucate ypaBHeHHe 1/ TOKa B LEMH, COCTOsIUIEH H3 MOCJe[OBATENBHO COe-
NHHEHHEIX COUPOTHBJEHHSI R H CBepXNPOBONHHKA ¢ TYHHEJbHBHIM KOHTaKTOM;
B LenH JeHCTBYeT 3/JeKTPOABHXKYyINas cuaa V.

Pemenne. IonHoe nagenue HanpsxkeHus B uenu Vo=RJ 4V, rae J —
TeKYLHii N0 LenH TOK, a Vp; — pasHOCTh NOTeHIHAIOB Ha KoHTakTe!). IToncrans
ciona J=J,,sin Oy u Vpy u3 (50,6), noayuum

aiee. B Vo— RJ pp, sin Myj.

OTMeTHM, YTO ONHCHIBAEMBI STHM YypaBHeHHEM IepeMeHHbI TOK HMeeT HECHHY-
COHJABLHBIH XapaxTep.

1) MaabiM (npu MajoM V,) HOpMaabHBIM TOKOM B CBEPXIPOBOJHHKE TNpeHeGpe-
raeMm.
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§ 51. CBg3b TOKa C MarHHTHLIM TOJEM B CBEPXNPOBOJAHHKE

B § 44 6bin nosyueHbl GopMyJbl, ONpele/siomue CBA3b MEXAY
TOKOM H MAarHHTHBIM [10JIEM B CBEPXINPOBOJHUKE B Hpefe/IbHOM (JIOH-
JIOHOBCKOM) cJlydae MeAJIEHHOTO H3MEHEHHS BCEX BEeJHYHH BJOJb
o6beMa TeJa; MpH 3TOM MOJIe NPeano/aaranoch CJIaGLM—MaJbIM 110
CPaBHEHHIO C ero KpUTHYeCKMM 3HayeHueM. Tenepb Mbl pacCMOTpUM
3TOT BONPOC B OOIIEM Cjlyyae NPOU3BOJIbHO MEHSIOMETOCS B MPOCT-
paHCTBe CTATHYECKOrO IOJIST, MO-IIPeKHEMY NIPe/nosaras ero caa6uM.
C/l0Ba «IIpOH3BOJILHO MEHSIOLLEECsT» 03HAYAIOT 3/IeCh, YTO IOJI€ MOXKeT
CYHMIECTBEHHO MEHATbCS HA PacCTOAHUAX ~&; (HO, KOHEYHO, mo-
IpeHEMy MaJO MeHseTcl Ha pAacCTOSHHAX MNOPSAKA BEJHYHMHB!
[OCTOSIHHOH pPEeIIETKH; I03TOMY HEOZHOPOAHOCTb CPEeIbl — MeTaJ/1a —
Ha ATOMHHX PacCTOSHHAX HECYIIeCTBEHHA).

B of6umeM cJiydae CBA3b MeXAY TOKOM H MarHHUTHBIM MOJeM
B INPOCTPAHCTBEHHO-HEOTpaHUYEHHOH cpele H300paxaeTcss HHTEr-
panbHo#i ¢dopmysoll BuAa

i) =—§ Qu(r—1) 4, (') dov, (51,1)

rie anpo Q;, 3aBUCHT TOJBKO OT CBOHCTB caMoll cpenmil). Jluueii-
HOCThb 3aBucuMocTH (51,1) OTBeyaeT mNpEANMONONKEHHIO O CJa6OCTH
noJs.

Kak u3BecTHO, NJOTHOCTb TOKAa MOXET PacCMaTPUBATLCS Kak
BapHAaLMOHHASl NPOM3BOAHAsT OT SHEPTHH CHCTEMbl IO BEKTOPHOMY
MOTEeHIHaNy: H3MeHeHHe QYHKUNH ['aMHJIbTOHA CHCTEMbl IPH BapbH-
poBaHHH A ecTb .

1 .
6H=—Tg]6Ad3x

(em. IIT (115,1)). Tlostomy simpo Q;, B (51,1) siBasieTrcs BTOpOIN
BapHalHMOHHOH NMPOU3BOAHOW, a CUMMETPHsI OTHOCHTEJNbHO HOpPsIKA
AByKpaTHoro auddepennupoanus (mo A;(r) u A,(r')) osunauaer,
4TO

Qi (r—r') = Qp (r' —). (51,2)

Pasnoxus A (r) 1 j(r) B uHterpassl ®ypbe, 3anumeM ces3b (51,1)
1as (ypbe-KOMIOHEHT:

ft(k)=‘—Qik(k) Ak(k)’ (51,3)

npuueM B cuay (51,2) Qg (k) = Q; (—K).
Hekotopeie BaxkHble cBo#icTBa (GyHKuHH Q,, (K) ciaenyioT yxke
U3 TpeboBaHUi KaJHOPOBOYHONH HHBAPHAHTHOCTH. TOK j He JOJIKEH

1) 3agava 0 HeorpaHHYeHHOH cpele HMeeT B JAaHHOH CBS3H JHIUb GOpMalb-
Hbllt cMeics. Ee peanbioe 3naueHHe COCTOMT B JaJbHeiilleM NPHMEHEHUU €€ Pe3yilb-
TaTOB K 3ajaue 00 orpaHuueHHolfl cpele-—cM. cJelyiomuil naparpad.
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MEeHSATLCA NPH Kanu6poBoyHoM npeobpasoBanuu A (r) — A (r)+ vy (r)
HJAH, INS (PYypbe-KOMIIOHEHT:

A (k) — A (k) + iky, (k).

310 3HAUUT, 91O TeH30D Q. (k) HoMkKeH GHITL OPTOTOHAJEH BOJHO:
BOMY BeKTOpY
Qi (k) &, =0. (51.4)

B uacTtHOCTH, B KpHCTaJ/e KyGHYeCKOH CHMMETDHH TeH30pHAs 3aBH-
CHMOCTE Q;, CBOAMTCA K uJeHam BHAa O, U Kk, u3 (51,4) cre-
AyeT Torha, 4To

oun=(su—"8)0w, (51,5)

rae @ (k)—ckanapHas ¢GyHKIUSA.

Jlns panpHefimero BriGepeM KaJUGPOBKY IOTEHIIHAM4, B KOTO-
po#t divA (r)=0. JIn1s dypbe-KOMIOHEHT 3TO 3HA4HT, uTO kA (k)=0.
ITostomy cBs3p (51,3) Meday TOKOM H IIOTEHUHAJOM CBEJETCA

K paBeHCTBY
j(k)=—Q (k) A (k), (51,6)

T. €. 6yIeT OnpelleNIATbCS JHUIbL cKaaspHo# ¢dyHkuueir Q (k).

JIOHJIOHOBCKOMY CJlyualo OTBeYaeT npelejbHOe Bhipaxenue @ (k)
npu k— 0. 310 BolpaxeHHe JEIrKO HAHUTH, HPHUMEHHB K 0GOHM CTO-
poHam ypasrenns (44,8)

. rotj_—-—rotA

onmepuuHio rot H yuyrs paseHctBo divA =0. 3ameTuB, YTO B CHJY
ypaBHEeHHS HempepelBHOCTH Takke U div j=0, nonyuum

Aj=— e"‘AA

B HeorpaHuYeHHOM INIPOCTPAHCTBE A/ Be3Je KOHEUHBIX GYHKIHH
i(r) u A(r) orciopa caefyer, 4TO U

‘ =—S2A0, (51,7)

T. €. 3HayeHHe TOKa B KaxJOH TOYKe ONpeAe/iseTcs MMMl 3Hade-
HHeM MOTeHIHala B TOH e Touyke. Takoe ke PaBEHCTBO HMeeT
MecTo Mexny pypne-Kommonentami j (k) u A (k), u cpasHenue ¢ (51,6)
nmoxaseBaet, uto Q (k) naetcsa He saBucAmHM OT k BbipaeHHeM 1)

Q()_‘f—'ﬁ~4nf52 npr k— 0. (51,8)

1) B stoM ¥ caepywolWux naparpadax JOHZOROBCKAs r.nyﬁana IPOHHKHOBEHHA
ofo3HavaeTcs Kak Of.
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HanbHefimee coaep:xakue 3TOro maparpada COCTOHT B BHIUHCJIE-
wun Q (k) ans mogenn BKII, nox xoTopoll moapasyMmeBaeTcs, Kak
yXe TOBOPHJIOCH, W3OTPONHEIA BRIPOXJIEHHHIN (pepMH-Ta3 co ¢JabhM
NPHTAXKEHHEM MeXIY dYacTHIaMH (3JeKTpoHamu). B To Xke Bpema
npeinosaraercs, YTo 5TH YaCTHLBl B3aHMOJEHCTBYIOT ¢ MarHHTHBIM
NoJieM CBOHM 3apAJ0oM €.

B § 42 Gniiu HamucaHw ypaBHeHHs (425) pJsa TeMmmepartypPHBIX
TPUHOBCKUX (yHKUHH ¢epMH-ra3a B OTCYTCTBHE BHELIHETo TMoJf.
BpesieHne MarHMTHOTO MOJS OCYIIECTBJ/ISIETCH 3aMeHOH omeparopa
V— V—ieA/c B ramunbronnane H'® (7,7)'). Takoe Xe usmMeHeHue
BO3HHKaeT, CJefoBarebHO, B ypasuenud (7,8) mast ¥ u coorser-
CTBEHHO 3aMeHa V— V 4 ieA/c B aHaJOCHYHOM ypaBHeHHU anas ¥,

TO e CaMoe OTHOCHTCSI, OYeBHAHO, H K YypaBHeHusiM jaas ¥ y

WM, CnuHoBmi ke uwiaeH (~oH), oTBevatomufi nmpsamMoMy B3ammoO-
JIeHCTBHIO MArHHTHOTO MOMEHTa 3JIeKTPOHA C IOJeM, Majl H HM
MOXKHO TpeHeGpeyb B raMHJAbTOHMAHE H ypaBHeHHsX. [Ipu BO3pedi-
CTBHUM omepatopa V Ha ¢yHkuud $(v,r; 1, r") u F (v, r; 1, r')
auddepeHUHPOBAHKIO  NOABEPralOTCsl  COOTBETCTBEHHO — ONEPaTopbl
YM(v, r) u ¥M (v, r). Tlostomy u B ypaBHeHHax (42,5) BBelleHue
MarHHTHOTO NOJIS OCYILIECTBJISAETCS TEMH Ke 3aMeHaMH V — V T ieA/c.

Hanuyne BHelHero mnoJisi HapyllaeT NPOCTPAHCTBEHHYIO OHO-
POOHOCTb CHCTEMb!, B pe3y/abTaTe Yero 3aBHCHMOCTb T'PHHOBCKHX
(QYHKIHE OT apryMEHTOB I' M ' yXKe He CBOAHTCS K 3aBHCHMOCTH
OT r—7’; OT apryMeHTOB XKe T H T (QYHKUHH [O-NPEXHEMY 3aBH-
CAT TONBKO 4Yepe3 PasHOCTh T—T’'. Ml 3amuieM ypaBHeHHS Cpasy
anst $ypbe-KOMIIOHEHT 110 T—7T':

{it. +om [ V5 AO] +r} 5 @in 1) +6EF @i rr)=000),
51,9
{ . 1 ie 2 = /s . ’ e . ’ ( )
— it g | VHEA@ | Fu ) F @i, ) —gB @i, 1) =0,
B cayuwae ciaboro moJsi, KOTOPHIH Mbl TOJIbKO # 6yAeM 37ech

paccMaTpHBaTh, 3TH yPaBHEHHS MOTYT ObITh JHHEapH30BaHHI, MOJa-
raeMm -

G=%0 g
g=j§'<m+§m
(rme mepBHe uJleHbl-—3HayeHUH GYHKUHA B OTCYTCTBHE HOJA, a

BTOPEIE —MaJ/ble TMONpPaBKH, JHHEHHEIe N0 MNOJW) H COXPaHseM
B YPaBHeHHAX JHLIb YJEeHH NepBOro MOPAAKA MaJoCTH no A.

(51,10)

1) Huxe B oToM naparpade (8 ypaBHeHuax (51,9—19)) nonaraem h=1.
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Ilpn sTOM Hajio HMeTb B BHAY, YTO Ha/JH4HE MOJA MeHsAeT
TaKXe ¥ KOHJEHCATHYIO BOJHOBYIO (YHKIHIO E, HE CBOAALLYIOCH
B 9TOM cJydyae K NOCTOSIHHOH. DTO yCJ/IOXHEeHHe, OZHAKO, OTCYTCT-
ByeT NpH BBIOpaHHOH HaMu Ka/JHOPOBKE BeKTODHOTO IOTEHIHAJA,
B KOTOPOH

divA=0. (51,11)

HeficTBUTe/IBHO, NONpPaBKa MEPBOTO NMOPsAAKa (K IOCTOSHHOMY 3Ha-
yendo Z2'%) B ckajaspHo#l ¢$yHKUUH B (r) moraa Opl GbITh JHIIb
nponopuuonanbnoli divA u npu ycaosum (51,11) obpamaercs
B HyJb. [lostoMy c TpefyemO#l TOUHOCTbHIO MOXKHO TIOJIOXKHTL B JIH-
HeapH30BaHHLIX ypaBHeHUsAX gE =gE® = A, rie A—ueJb B sHep-
reTHYeCKOM CIEKTpe rasa B OTCYTCTBHe IOJsA (BellleCTBeHHAsA Be/lH-
qHHa).

B pesysbraTe JuHeapusoBaHHble ypaBuenus (51,9) nmpunumaior
BHJ,

(ics +§7;+u> D (s 1, 1) AF O (G 1,17) =
. =2 A@ VIO (G T,
(51,12)
(—ics +§,—Z+u) FOGsr, 1) —ASV G 1, 1) =
=— Tif—cA @) VFD (L r—r').

B Bupy JIMHE#IHOCTH 3THX ypaBHEHHH NO A JOCTaTOYHO DEILHTH HX
LJIsT OLHOH H3 Qypbe-KOMIOHEHT MoJjs, T. €.
A (r)=A (k) e¥r, kA (k)=0. (51,13)

IMpu TtaxoM A (r) 3aBucuMocTh QYHKOHHE P u FN oT cyMmul
r--r’ MOXHO CPa3y OTAENHUTh, IOJOXKHB

S (L, 1) =g (Gs T—r) e R,
(51,14)

FO (@i 1, 1) =f (G 1—r) ek T4,
Tak, nepsoe u3 ypapHeHu# (51,12) npuHHMaeT mocje 3TOro BHJ
3 I { ’ 7
[+ g (V5 k) 0] @i r—r) + 87 G 1 —1) =
=% A (k) ik r=r)/2 vF® sy r—1")

U aHaJordyHO Ajs BToporo ypaBHeHus. Ilpoussemem Tenepb ¢ypbe-
npeo6pasopaHue $pyHkuuii g 1 f mo r—r’. OKOHYATEJLHO TNPHXO-



§ 51] CBf3b TOKA C MATHHTHBIM MOJEM B CBEPXIIPOBOJIHHKE 251

IMM K cJjeaymoliefi cucreMe ABYX anre6paHyecKHX ypaBHEHHH:

[it—5 (p+5) +0|e € p+87 € 9=
= — 2 pA(k)$© (gs,p—g) ,
(51,15)
[~ it = (p 5 ) +0] /€0 D—Ag (G p) =
=ZpA )T (L, p—5 ).

IMocsie mpocThIX Npeo6pa3oBaHuil ¢ HCNMOJIb30BaHHEM BbIPAKEHUH

(42,7—8) ans ¢dyukuui 99 u F peurenue 3THX ypaBHeHHIl MPH-
BOJIHTCH K BHAY

-t (iCs+1M+) (Ls+n-)+ A

e ex=e@xk/2), n=n(p£k/2) (byskuma xe [(, p) Ham
HUKE He MOHaJOOHTCH).

IMepeiiaeM K BBLIMHC/EHHIO TOKa. JIJisi 3TOrO HCXOAMM M3 H3BECT-
HOro BBHIPa)KeHHsi OmepaTopa MJOTHOCTH TOKd B MPeACTaBJIEHHH
BTOPHYHOI'O KBAHTOBAHMUS ')

-~ i ~ -~ ~ ~ 2 S
T=go [ (V70) T 75 (v) | — 1 AT W

~

Jlna mepexoia K Mally0apoBCKOMY NPENCTABJIEHHIO 3TOrO omneparopa

7I0CTaTOYHO 3aMeHHTb refisenbeproeckue ¥, W+ na many6apoBckue
¥M WM, BcrnoMHHB ONpefie/leHHe TI'PHHOBCKOH ¢ynkuuu (37,2),
HafiieM, YTO TJOTHOCTb TOKAa (AMaroHaJbHBEIH MaTPHYHBIH 3J1eMeHT

omepaTtopa j, yCpenHeHHBI Mo pacmpefeneHuro I'mG6ca) Moxker
6LITL 3allicaHa B BHJAE

. ie ' o e?
i) =2 (V=93 n,r )];:,HO-—TEA(r)n, (61,17)

rie 7—INJOTHOCTb YHMCJa YacTHL (MHOXHTelb 2 BO3HHKaeT OT
Yue =2%).

IMpu noacrauoBke B (51,17) =% 4-$® ygen ¢ ¥ Bhmapaer:
AJs OHOPONHOH M H3OTPONHOH cucTeMbl yHKuua @ (r—r’) uerTHa,
u ee npoussoaHas npu r—r’ =0 obpamaercs B Hyab. Ilepefins

1) Cm. III § 115. 3gech onylieH uJeH, NPeICTABIAWIIMHA BKJIaA B TOK OT
cniMHa uacTul. Jis nedeppoOMaTHHTHOH CHCTeMb (KOTAAa TPHHOBCKAafd (QYHKIHS
Yap==0apg) STOT WIEH IPH yCpeRHeHHH 00pallaeTCs B HYJIb.
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TakXke K pasnoxeHuio Pypre mo t—1’, MONyUHM

O=L7 3 (7= 09 i 1, )om—22A (),

S= =

a nocJje noactaHoBkH A (r) u $© us (51,13) u (51,14) — |

k) =_2_€_7; Z ng C:’ p) (27‘&)3 Tn? (k)'

S= —®

Ilpu noacranoske ciofa g (¢,, p) 13 (51,16) yro6Ho cpa3y yuecTb
nonepeyHocTh BekTOpoB j(k) 1 A (k) H mpoH3BeCTH yCpeAHEHHE TI0
HamnpasJeHUAM P, B IJIOCKOCTH, NEPNEHAUKY/IAPHOA HanpasaeHuio k,
no ¢gopmyne

_— 2, kik
PLiPLe =%— sin* @ (5;'/:""#5) ’
rie 6—yron Mexay k u p. B pesynbTate HaxomuM cJjepyolilee

Bolpaxenne aas ¢yHkuun Q (k), onpefeasioulell CBA3b MeXAY
j(k) n A(k)r

- - 2 ainag Es+ne) (s +n-) +A% dop |, ne?
et= s_z_m P sinfd @+ (E+e2) @)t ome’
| (51,18)

1 k
ei=ni+A% M. =%(Pi"§>z-—ﬂ-

HanucanHble B TaKOM BHJE CTOSIIME 3JeCh MHTErpajsl H CymMMa
¢opManbHO pacxofdarcd. XOTs 3TH pacXOAHUMOCTH B JEHCTBHUTEJb-
HOCTH (GHMKTHBHEL, HO NPH BHIUHCJEHHH TpefyeTcsi OCTOPOXKHOCTB:
IO ycTpaHeHHs PacXOAMMOCTH pe3y/nbTaT MOXKeT 3aBHCeThb Adxke OT
NOpPAAKA, B KOTOPOM IPOH3BOASTCA MHTETPHPOBaHHE M CYMMHPO-
BaHHe.

A1y TPYAHOCTb MOXKHO OGOHTH, €C/H y4yecTb 3apaHee OUEBHIHOE
06cTosATeNBCTBO, YTO NPH A =0 A0a%HO 6HTh @ =0—B HOpMaJjb-
HOM MeTasljle CBepPXMPOBOASIIHEA TOK Booblle oTcyTcTByeT. Ilostomy
Mbl He H3MEHHM OTBeTa, ecau BegTeM M3 (51,18) Takoe ke BbIpa-
xkeuue ¢ A=0:

Z p? sin? @ {(i€s+ﬂ+)(i;s+ﬂ-)+A2_

Q (k) S= - (Ci-l— 83—) (C?‘l" 82_)
. 1 d3p
(fés—m)(igs—n_)} Gy * (51,19)

D10 BbIpaXKeHHE yKE XOPOLIO CXOAMTCS H HHTEIPHPOBAHHE H CYM-
MHPOBaHHE B HEM MOXKHO IDOH3BOAHTb B JIIOGOM.NOpPAAKE.
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OTMeTHM Npexe BCEro, YyTO HHTEpeCyIoliHe Hac 3HaueHHs k Manm
B TOM CMBICJIE, UTO k << pf; 3TO HePaBeHCTBO BHIPaXkKaeT Co6OH MPOCTo
TOT (DaKT, UTO XapaKTEePHbIE PACCTOSIHHUS, HA KOTOPHIX B CEEPXIIPO-
BOJIHHKE MEHSIOTCS II0Jie M TOK, BeJHKH IO CPaBHEHHIO C MeXuac-
THYHBIMH PACCTOSIHMSIMH (T. €. [0 CpaBHEHHIO ¢ ~1/pp).

IMpoussesem B (51,19) cHayana uHTerpupoBanue mo dp. ItoT
HHTErpaj CcocpefiotoueH B OCHOBHOM B Y3KOH 06J1aCTH HMITYJbCOB
B6/M3u (epMHU-IOBEPXHOCTH—B o6naact |p—pg|~k. B aroit
o6sacTH

Ne = n;l—_—é—kacoseva(p—pF)i %v,;kcose,

MHOXKHTEJIb p? B IOABIHTErPaJbHOM BblPaXKEHHH MOKHO 3aMEHHTD Ha pF,
a HHTErpHpOBaHHE MO d®p—HHTErpHPOBaHHeM Mo 2nmppdndcosf.
IMocsie storo muTerpas mo dn OT BTOPOro 4/ieHa B (UTypHHIX cKoOG-
kax B (51,19) o6pamaercs B Hyab: NYyTh HHTETPHPOBaHHSA B HEM
MOKeT ObITb Telepb 3aMKHYT OECKOHEYHO YNAaJeHHOH MONyOKPYX-
HOCTBIO B TMJIOCKOCTH KOMILJIEKCHOrO T, H OOpallleHHe HHTerpaJfa
B HYJb €CTh CJEJACTBHE TOro, YTo of6a MOJi0ca MOABIHTErpaJbHOrO
BHIPaXKEHHS HAXOAATCH B OXHOH M TOH e MOJYNJIOCKOCTH (BepX-
Hell MJM HMKHeH B 3aBUCHMOCTH OT 3Haka ;). MHTerpupopanue
no dn B mnepsom uiaeHe B (51,19) mpousBoAMTCS 3J€MEHTapHO,
nocJe Yero oCTaeTcsl JHIIb HHTErpas Mo INepeMeHHOH X=cos6.
BBenst Takke MJOTHOCTb # COTJIACHO PaBeHCTBY p¥ = 3w ?n, moJy-
YHM OKOHYATeJbHBHIH pe3ysabTaT B BHAe (B OOGBIYHBIX €JHHHILAX)

) 1
_ 3nTne A? (1—2?) dx
Q (k) =—; . =E_m _Sl [C2+ A2 (hupkx/2)?]] (Go-+A2)H2

t,=0@s+1)nT

(J. Bardeen, L. N. Cooper, J. R. Schrieffer, 1957)%).

B npeseJbHOM cJaydae MaJeix 3Hauenud kR (kE, <1, rne
B~ ﬁvF/Ao~ fivg/T ,—nJMHA KOTePEeHTHOCTH) MOKHO IOKa3aTh, UTO
Boipaxenne (51,20) cBOZHTCA K HE 3aBHCALIEMY OT R JIOHJOHOBCKOMY
BeipaxkeHHnio (51,8); Mel He 6yieM OCTaHABJIHBATBCS 3JEChb HA 3TOM.

B o6patHom npefieqbHOM chayuae, Koraa kE,>>1, B HHTerpasne
(61,20) cymectBeHHa 06JaCTh x<T, /fikv.<€ 1. TlosToMy MOXHO
npeHe6peyp x* MO CPaBHEHHIO C | B YHMCJAHMTENE MOABIHTErPaJbHOTO
BhIpaXKeHUs, MOCJEe Yero (BBHAY OBICTPO CXOJMMOCTH) pacrnpocrpa-
HHTb HHTEIpPHpOBaHHe OT — oo 10 oco. B pesynbrarte HaifeMm

(51,20)

2402 i A2
Q(k): 3n2ne?T

2mcﬁvpk s ® g3 A2 '

1) HanoxeHHbIH METOR MOJYUeHNS STOTO Pe3yabTaTa C MOMOIbIO TeMNepaTyp-
HHX TPHHOBCKHX (YHKWHI npuHagnexut A. A. Abpukocosy u JI. I1. I'oporosy
(1958).
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TMpousBenss cymmupoBaHue ¢ nomompto (42,10), mpexctaBum 31y
dopmyny B Buue!)

Q=2 p="UE ST Ath, RLSL (612D)

me2

TMpu T<LT, nveeM ng~n, A~A, n rtorna f~ 1/81E,. Ilpu
T,—T<<T, weap A maga, Tak uTo “th (A/2T) =~ A/2T ; ¢ yuerom
(popMyn (40,4—5), (40,16) naxonum cuoBa } ~ 1/63E,. Takum o6pa-
30M, BO Bcell ofaactu Temmeparyp ot O go T,

B~ 1/63E,. (51,22)

Hrak, ¢dyuruus Q (k) ocraeTcss NmpUMEPHO NOCTOAHHOH B obJa-
cTH k<< 1/E, (npuueM B6aM3M TOuKH k=0 pasjaraercs peryJsipHo
no cremeHsM k2); BHe 3Toft ob6aactu ¢yHkuusa Q (k) yGbiBaer, npu
k>>1/E,—nmno 3akony 1/k. Takomy mnosenenmio ¢ynxkuuu Q (k) oTse-
yaeT KoopauHaTHast GyHkuus Q (r), yobBawomas MelJ/eHHO (KakK 1/r?)
B 06JacTH r=< f;, W ObICTPO (IO 3KCIOHEHIHAJbHOMY 3aKOHY) BHe
3TOH o6Jaacti. Takum o6pa3oM, KoppeJsiius MeXAY INoJeM H TOKOM
NpPOCTHpAeTCs Bcerja Ha pacCTosiHust ~ &,. Iloguepkuem, 4TO 3TO
YTBEepKJEHHE CIPABEAJHMBO BO BCell 06/1acTH TeMmepaTyp OT HYyJs
no T, Tem caMbiM MBI NPHUIIH K OGOCHOBAHHIO CHE/JAHHOTO Yyie
B § 44 yTBepxKIeHHs 00 YHHMBepCaJbHOCTH §, KaK XapaKTepHOTro
IJIs CBEPXNMPOBOJHUMOCTH NapameTpa AJHHEL

§ 52. I'ny6uHA NPOHHKHOBEHHS MATHMUTHOrO TOJS
B CBEPXNPOBOJHHK

TpuMenHM nNoJyYeHHBle B NpeabymeM naparpade pesyJbTaThl
K 3aJaye O NPOHHKHOBEHHUM BHEIIHEro MArHMTHOTO NOJIS B CBEpPX-
NPOBOAHUK (B JIOHJIOHOBCKOM INPHUGJHMKXEHHH 3Ta 3anava Obljia pac-
cMOTpeHa B § 44).

IlycTh CBepXNpPOBOAHHK OrpPaHMYeH MJIOCKOH MOBEPXHOCTBIO H
3aHUMaeT MOJyNpoCTpaHCTBO X > 0, a BHeliHee noJe $ (a ¢ HUM U
HHAYKIHS: B BHYTpPH CBepXIpPOBOAHHKA) HanpasJ/jeHO NapaJJebHO
MOBEPXHOCTH, BROJAb OCH 2. Torxa Bce BeJHUHHBI 3aBHCAT TOJBKO
OT KOOpJAHHATHl X, IPHYEM TOK j M BEKTODHBIH MNOTeHLHaJ A (B Ka-
mu6poBke ¢ divA =0) HanpasJaeHbl BAOJb OCH Y. ¥ paBHeHHe Mak-
cpeaga rot B=— AA =4anj/c cBoauTca K

A =—2jw), x>0, (52,1)

rie ' ospauaer AudpdepeHIHpPOBaHHE TO X.

1) dopmyna Takoro BuAa 6blia npeaiaoxena Iunnapaom (4. B. Pippard, 1953)
Ha OCHOBAaHMH KayeCTBCHHBIX COOOpaKeHHH elle 10 cO3JaHMS MHKPOCKONHYECKOH
TEOPHH CBEPXITPOBOJHUMOCTH.
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I'paHuyHble YCJAOBHUSI K 3TOMY YDAaBHEHHIO 3aBHCAT, OAHAKO, OT
($hU3HUECKHX CBOHUCTB NOBEPXHOCTH MeTaJJa [0 OTHOUIEHHIO K Majlaio-
MMM Ha Hee 3JekTpoHam. HauGosee mnpocT ciayyail 3epKajbHOro
OTpakeHUs 3JEKTPOHOB OT MoeepxHocTH. OueBHAHO, YTO MPH TAKOM
3aKOHEe OTPaXKEHHs 3afaua O MOJYNPOCTPAHCTBE SKBUBAJEHTHA 3a-
Jaye O HeOrpaHMUEHHOH Cpele, B KOTOpo# noJe A (X) pacmnpeje/eHo
CUMMETPHYHO 1O o6e CTOpoHb maockocTH x =0 (4 (x)=A4 (— x)).
[lpu sroM npoussBopHasi A’ (x), Kak HeueTHas QyHKuUHA x, Oyler
HCILITEIBATL NpH x =0 pa3pbiB, MeHSAS 3HAK NPHU NPOXONKICHHH X
yepe3 HyJab. Jpyrumu cjosamu, ycaosHio B=A’=§ na nosepxuo-
CTH MOJYMPOCTPAHCTBA B 3ajaue C HeOpaHHYEHHOH cpeJiof OTBe-

yaeT ycJOBHE
A" (+0)— A" (—0)=29. (52,2)

YMuoxkuM ypaehenue (52,1) Ha e~#% U MPOUHTErpHPYeEM €ro 1o
dx B npemesax OT — oo 0 oo. B JieBOi CTOpOHE ypaBHEHHS NHILIEM

@ 0 ® ©
§ Aoty = § (Aremivey dx 4 § (A'eivy dx-pik § Ao~ dx.
2 3, ] §

[lepBuie fBa HHTerpaja AaioT B cymMMe —2§), a B OCJEJHEM MOXKHO
HHTETPHPOBATL Y¥Ke MPOCTO MO 4acTsAM, NMOCKOJbKY cama QyHKIMsA
A (x) HenpepuiBHa mpu x =0. B pe3yJbTaTe MbI IPHXOJMM K paBeH-
CTBY

29 +k2A (B) =2  (k),

rie A(k) u j(k)——(bypbe-KOMHOHeHTbl dyuxuuit A (x) u j(x), onpe-
JleJeHHBIX BO BceM mnpocrpadctBe. OHH cBf3aHBI, CJeiOBaTeJbHO,
coorHouleHueM |j (k) = — Q (k) A (k), rme Q (k) maercsi dopmy.amu,
NOJY4YeHHBIMH B npeapiaylieM mnaparpade. Takum obpasom, AJs
(Gypbe-KOMIIOHEHT IOJISI HaXOIHM

- 2%

Fay6una npoHUKHOBeHUs § ompenensieTcs Kak?!)

Ax=0)
—5

BuipasuB A (x=0) uepe3 ¢ypbe-kommoneHTH A (k) K NOACTABHB
nocaeanue u3 (52,3), uUMeeM

o o

_ 1 Bgdr— — (52,4
7

__ b dk _ 1
6——@ SA(k) 2% w S 2—{—4:‘5Q (khje *

- -

(52,9)

1) TIpu 5SKCNOHEHIHA/JbHOM 3aKOHE 3aTYXaHHA II0JIA 3TO ONPejeJieHHe COBMa-
Jaer ¢ omnpejeseHueM B (44,13).
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OcCHOBHYIO POJib B 3TOM HHTerpajie Hrpaer 06/acTh 3HaYEHHH &,
B KOoTOpo# k%~ 4nQ/c. B JOHIOHOBCKOM cJyyae (Korpa 6, >> &) atu
3HAueHHA Majbl B TOM cMbicae, uto kE, <€ 1. Ilpu stom Q (k) naetcs
He 3aBHCAIIUM OT k BhipaxenueM (51,8), ¥ uHTerpupoBanue B (52,5)
IIPHBOJIHKT, €CTeCTBCHHO, K 3HaueHHio 6 =4;.

B o6parHoM, mHIIapAoBCKOM cayuyae (koraa 8; <€ &) cymecrsed-
Hble B HHTerpaJe sHaueHus k>>1/¢,. 3aech Q (k) naeTcs BhIPaXKEHHEM
(61,21), u uurterpana (52,5) naer

5=05,=4/33/21/3, (52,6)

C yuerom (51,22) HaxoauMm, TakuM 06pasoM, YTQ IHINAaPAOBCKas
ray6uHa NPOHHKHOBEHHSA

8p ~ (B1E,)H/S. (52,7)

H3noxeHHBle BHIYHCJ/EHHS] OTHOCHJHCh K CJAYyYal0 3epKaJbHOIO
OTpaxKeHHsl 3JEKTPOHOB OT IIOBEDXHOCTH MeTajlj1a. B JIOHJIOHOBCKOM
clyyae, OJfHAKO, Iay6uHAa NPOHHKHOBEHHs BOOOILIE HE 3aBHCHT OT
3aKOHA OTPaXKeHHs, KAK 3TO SICHO H3 BBIBOjA 3HadeHud O; B § 44;
npu 63> E, AeTajH CTPYKTYphl NMOBEPXHOCTH HE CYILECTBEHHBI.

Ho u B munmmapioBCKOM cJydae 3aBHCHMOCTb IJyOGHHBI IPOHHK-
HOBEHHs OT 3aKOHa OTpaxeHHs (GaKTHYECKH OKashlBaeTCs BecbMa
He3HauuTeJpHOH. Tak, B 06paTHOM, 110 OTHOLIEHHIO K 3€PKaJ/IbHOMY,
cayyae auddy3HOro OTpaxeHHS (KOrjia HanpaBJIeHHS CKOPOCTel
OTPaKEHHHX 3JeKTPOHOB paclpejiefleHh H30TPONHO MpPH J0GoM
HaNpaBJeHHH NajeHust) 3HaueHHe O, okasniBaeTcsi Bcero B 9/8 pas
Gosblle, YeM IPH 3€PKaJbHOM OTPaXEeHHH.

§ 53. CeepxnpoBoAsllHe CIJABHI

Hannune npuMecell oKasbiBaeT Ha CBOHCTBA CBEPXNPOBOAHHKOB
3HAYHTEJBHO GoJsiee TJyGOKOe BJHSHHe, YeM Ha CBOHCTBE HOPMaJb-
HBIX MerasJioB. IlompaBKH K TepMOJHHAMHUECKHM BeJHYHHAM HOD-
MaJbHOrO MeTajjia OCTAIOTCA MaJ/bIMH A0 TeX NOop, MoKa MaJja KOH-
LIeHTpaNUsA X aTOMOB NPHMECH, H CTAHOBATCSA 3HAYMTEJbHBIMH JIHLIb
npu x~ 1, T.e. Korja cpejHee paccTosHHe MeXAY aTOMamy NpH-
MecH CTAHOBHTCSi CPaBHMMbIM C NOCTOSIHHOH pelleTkH a. Iloguepk-
HeM, YTO MH TOBOPHM 3Jech, KOHeUHO, 06 3JIeKTPOHHBIX BKJanax
B TepMOAMHAMHYeCKHe BEeJHYHHLI, NPHYEM O Te€X M3 HHX, KOTOpHIE
ONpeJeAIOTCA CpeiHedl MJOTHOCTBIO pacHpefie/leHHs] KBAHTOBbIX CO-
CTOSIHHH 3JEKTPOHOB NPOBOAMMOCTH B HMNYJbCHOM IPOCTPAHCTBE
(TakoBH, HaNpHMep, TEMJOEMKOCTh M MarHuTHasg BOCIPHHMUYHBOCTb
B cJabhIX I10JAX).

Hnaa gapTaHa B CBEPXNPOBOAALIMX MeTanjax. ITO CBA3aHO
C CYylleCTBOBaHMEM XapaKTEepPHOro mapameTpa AJHHE,, GOJBLIOrO IO
CPaBHEHHIO C a,— JJHHB KorepeHTHocTH §,. IIoCKOJIbKY paccesiHHe
9JEKTPOHOB Ha aTOMax NpHUMeCH HapyulaeT KOpPPEJSALHIO Mexny
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3JIEKTPOHAMH, CBOHCTBAa CBEPXIPOBOZHHKA MOTYT CyUIECTBEHHO H3-
MEHHTbCS, yKe KOrja JJjinHa cBOGOZHOro Npofera 3JeKTPOHOB CpaB-
HHBaeTcA ¢ §,; KOHLEHTPAILHs e X OCTAETCS MPH 3TOM ele MaJoH,
MEbl H3J10KHM 3fech KaueCTBEHHO OCHOBHBIE P€3YJ/bTATH, HEOOXOAH-
Mble 1711 OOllero INOHMMAaHHSl CBOMCTB TaKHX CIIIaBOB MaJjoH KOH-
LeHTpAalHH ). .

Ilycrs aToMbl mpHMecH He HMEIOT MEXAHHHYECKOTO, a TeM CaMbIM
U MarHHTHOrO MOMEHTa (He INapaMarHUTHbIE NpuMecH). B Takom
cjlyyae OHHW JHLIb ¢Jab0 BJHSAKT HAa TepMOJAMHAMHYeCKHe CBOHCTBA
CBEpPXMPOBOJHHKA B OTCYTCTBME MarHHTHOrO noJsi. /[leso B TOM, UTO
TaKHe IpPHMeCH HE HApYLIAOT CHMMETPHH OTHOCHTEJbHO OOpaieHH A
BpeMeHH. JleACTBHTe/bHO, B3aUMOZEHCTBHE pacClpejleJIeHHbIX HeKO-
TOPbIM 06pa3oM NPHMeCHHIX ATOMOB C 3JEKTPOHAMH MOXKHO OIHCATb
3ajJjlayHeM HEKOToporo noreHmuansHoro nmodst U (r). CorsacHo Teo-
peme Kpamepca, ypoBHH 3HepTrHH 3JeKTPOHOB B TaKOM IOJie OcTa-
I0TCA ABYKPATHO BLIPOXIEHHBIMH, IPHUEM COOTBETCTBYIOLLHE 3THM
YPOBHSIM COCTOSIHHSl Kak pas ABJAITCA B3aUMHO OOpaleHHBIMH IO
BpPeMeHH, W, CJeJOoBaTelbHO, 3JEKTPOHH B HHX MOTYT 06pa3oBbIBATh
KYyNepoBCKHE Napel. 10 GYAET MO-IpeXKHEMY [IPOUCXOAHTH BOJIHSH
peskod nosepxHocTH PepMH ¢ TOH JIMIIL PAa3HHULEH, YTO caMasd 3Ta
IIOBEPXHOCTb OrPaHWYHBAET TENEpb 3alOJHeHHHE COCTOSHHSI He
B HMIYJIbCHOM INPOCTPAaHCTBE, 4 B NPOCTPAHCTBE KBAaHTOBHX YHCEJ
B noJse U (r); npH MaJjol KOHLEHTpalHH NPHMECH ILIOTHOCTH KBaH-
TOBBIX COCTOSIHHH BOJM3U (DepMU-HOBEPXHOCTH H3MeHSETCH MAJo.

SIcHO mosTOMy, HTO MOCJ/e yCPeAHEHHS IO MNOJIOKEHHSIM aTOMOB
npHMeceil JOJKHBI NOJAYYHTBCSA (POPMYJIBL, OTAHYaoNecs: oT PopmyJa
TEOPUH YHCTHIX CBEPXIPOBOJHHKOB JHIb IONPABKaMH TOPsiiKa Ma-
JocTH X. B mpeneGpekeHHH 3THMH HeCYLIECTBEHHEIMH INONpPaBKaMH
He H3MEHSTC, B YacCTHOCTH, TeMIepaTypa TOYKH mepexoma T, u
BeJIHYHHA CKayka TenjoeMKocTH B HeH. Iloatomy He H3MeHuTCH H
oTHoweHHe a?/b Kos3pduuueHTOB B ypaBHeHuH [mH36ypra—Jlangay
(cM. (45,8)); caMblil xKe BHJ 3TOrO ypaBHeHHsi BOOGLIE He 3aBHCHT
OT OTCYTCTBHS HJIH HaJHYHA NpHMeceHd, ypaBHeHHe CIIPaBEAJHBO
B paBHOH CTeNeHH KaK JJIs YHCTHIX CBEPXIPOBOXHHKOB, TaK H LA
CBEPXIIPOBOAAILNX CHJIABOB.

JAPyro#l CTOPOHBI, MarHHTHHE CBOHCTBa CBepXIPOBOAHHKA,

B YaCTHOCTH TIJy0HHA [POHNKHOBEHHS MAarHHTHOTQ IIOJIf, CYLIECT-
BEHHO MeHSIOTCS1 yxe HpH [ ~ E,. OueHHM ryOHHY NPOHHKHOBEHHS,
npeamoJiarasi, YT0 XOTA KOHUeHTpauusa x << 1, Ho yxe JnuHa npotera
1L, (A. B. Pippard, 1953).

CTONKHOBEHHS 3JE€KTPOHOB C AaTOMaMH IIPHMeCH YHHUYTOMKKAIOT
KOPpeJALHI0 B JIBHXKEHHH 3JeKTDOHOB Ha DPAcCTOAHHAX r=[. Dro

1) TMosHast TeOpHA CBEPXNPOBOASALLHX CIJaBOB, noctpoeHHas A. A. A6puxoco-
sotm n JI. II. T'opexoseim, NOBOJILHO CJOXHA M BHIXOJMT 33 PaMKM 3TOH KHMIH.
Cm. opurusajpHne crated: )KOT@ 35, 1558 (1958); 36, 319 (1959).



258 CBEPXMPOBOIHMOCTD [tn. v

3HayuT, uTo 5iApo Q (r) B HHTerpasnbHOH CBSI3H MeXKAY TOKOM H
foJIeM B CBEPXIIPOBOAHHMKe OYAET 3KCIIOHEHIHaJ/JbHO 3aTyXaTb YiKe
Ha paccrosiHusAXx r ~ [ <€ E&;,. CooTBETCTBEHHO B HMMIYJbCHOM Hpei-
craBjaenuu Qyuknus Q (k) GymeT Tenepb 0OCTaBaTbCS HOCTOSHHOH
B objaactu k<1/l. 3HaueHHe 3TOH MOCTOSHHOH MOXHO ONPEJEJIUTh
nyTeM «CUBKM» Npu kI~ 1 ¢ dopmysnoi (51,21) (ocraromeiics cnpa-
BefsiuBOH npu k3>1/13>1/§;). Takum obpasoM, Haxoium, 4TO

Q@~%J§m%-mum<L (53,1)

I'ny6uHa NpOHUKHOBEHMS O OIpenesseTcsl COOTHOILeHHEM k2 ~
~ Q (k)/c mpn k~1/8 (cM. § 52). Mcnoarsysa (53,1), Haiigem
1/2 1/2
8~ 8 (T =0) | ey | ~ o (0 ()", 632
IpHYeM JAJs CIPaBelJUBOCTH 3TOH (OPMYJEl JOJ/IKHO BHINOJHSATHCS
HepaBeHCTBo 83>/, onpaBjplBaollee HCNoJb30BaHHe (53,1); HHAEKC
«YHCT» O3HAyaeT 3HAUeHHe BeJUUYUHBl B OTCYTCTBHE NpUMeceH, 3Ha-
yeHHe AJfA YUCTOrO CBEPXNPOBOJHHKA TOAPA3YMEBAETCS TaKXKe H
aasa §,. Bropaxenue (53,2) MOXKHO NPEACTAaBUTL TAKKe U JIOHJOHOB-
cKoH ¢QopmyJioH, monuMas B HeH INoJ MJIOTHOCTBIO YHUCJA CBEPXIPO-
BOASALINX 3JIEKTPOHOB BeJUYHHY

g ~ ng* e g/l (53,3)

B TepmuHax koa(duuueHToB o u b ypaBHeHus I'uH3Gypra—Jlangay
cootHolueHue (53,2) osHauaer (cM. (45,16)), uto

b (b) &
22 a Juper [ °

YuyuThiBag TakxKe OTMEUYEHHYIO Bbillle HE3aBHCHMOCTH OT HAJHYUSA
npuMecell OTHOLIEHUS o%/b, HAXOAHM, YTO

0 ~Oyyeroll, b ~bayer (Boll) (83,4)
CoraacHo (45,17), umeeM orciofa AJsi KOpPPeJSIHHOHHOrO pajuyca
E(T) ~E (T)ayer (/Eo)** (83,9)

U A4 napamerpa » (45,18)
% ~RaerSoll > %uyer- (53,6)

Tlpu pocratoudo maJgofi gnuHe mpoGera CTAHOBHTCS X% > 1/V'2, rax
4TO HOCTATOYHO «T'PSI3HBIE» CBEPXIPOBOLHUKH OTHOCATCS KO BTOPOMY
pony.

OG6aactb npuMeHUMocTH ypaBHeHud ['uH36ypra—Jlangay K «rpss-
HBIM» CBEPXNPOBOAHHKAM CO CTOPOHBI HU3KHX TEMIepaTyp OTpaHH-
yuBaeTcsl (akTHYeCKH TosbKo ycaoBueM T',—7T < T .. Heob6xogumoe
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HepaseHcTBO 8 (T)>>! 3kBuUBasieHTHO B 3TOM cJyuyae GoJjee crabomy
YCJIOBHIO

T,—T Eo\ 8 t
"?‘T‘<”aucr<—;‘> ~7‘270‘ .

Haxonen, ckaxeM HECKOJbLKO CJIOB O CBOHCTBaX CBEPXNpPOBOJ-
HUKOB C MapaMarHUTHEIMH MpUMecsiMM. Takue NmpuUMecH HapylIawoT
CUMMETDPHIO CHCTEMBl OTHOCHTENBbHO OOpallleHHs BPEMEHH U TeM ca-
MBEIM HapyLaloT caMoe fIBJIeHHE CNapPUBAHHUS 3JEKTPOHOB (NPH HaJIM-
YUY MATHUTHBIX MOMEHTOB O6palleHHe BPeMeHU TpebyeT TaKxke U
M3MEHEHHs1 3HAKOB MOMEHTOB, T. €. MO CYLIECTBY O3HAuaeT 3aMeny
oRHOH (usuuecKol cucreMel Apyroi). KousuuectBeHHOH Mepo#l BJHs-
HHUSl 3THX NpuUMecell Ha CBOHCTBA CBEPXIIPOBOJHHKA ABJAETCH AJUHA
npoGera I, mo OTHOINEHHIO K PaCCEeSHHIO C H3MEHEHNEM HanpasbJie-
HHf CTHHHA (BLI3BAHHOrO OOMEHHLIM B3auMOJeficTBHEM C aToMaMu
npumecH). CBepPXNPOBOZHMOCTb HCYE3A€T NPH NOCTHIKEHUH KOHIIEH-
Tpauuell x KPHTHYECKOTO 3HAYCHHH, NpPU KoTopoM [, ~ E,.

B neHcTBUTENBHOCTH, ONHAKO, HMeeTcs [Be KPHTUYECKHE KOH-
HeHTpanuy, obe OofHOro Mopsjaka BeJUYUHBL. [Ipu MeHbmell u3 HUX
(x,) obpamiaercs B HyJb lieNb A B 3HEPreTHYECKOM CHEKTpPE; KOH-
JeHcaTHasi ke BoJHoBasi QyHKIHs Z obpaliaercs B HYJb JUIIb OPU
HEKOTOPOH KOHUEHTpalHH X, > x,. B 06/1acTH Ke KOHUEHTpaluui
MEXKAY X, U X, UMeeT MecTo Oecujenesas CBEPXNPOBOAUMOCTb. [To-
CKOJbKY NPH BeiBoJle ypaBHeHUA JloHjaoHoB B § 44 ucnoJb30BadHCh
JUIIb CcaMbli (PaKT CYyLIeCTBOBAHHA KOHJAEHCATHOH (YHKIMH H COOO-
paxeHHA KaJUOPOBOYHOH HHBAPHAHTHOCTH, TO SICHO, YTO OCHOBHLIE
CBOHCTBa CBEPXNPOBOJAHHKA— CYUIECTBOBAHHE CBePXHPOBOASALIErO
ToKa, adxpekT MeiiccHepa—CoXpaHAOTCA H B 3ToH obsactu. Orcyrt-
CTBHE Ke IIeJH B CIEKTpe NposaBJsieTcs (B paBHOBECHBIX CBOHCTBax
CBEPXIPOBOZHHKA) B HEIKCIIOHCHLHAJbHOM TeMIIepaTypHOM Xoje
Tens10eMKoCcTH. OTMETHM, YTO NPOTHBOPEUHSI ¢ KPUTEPHEM CBEpXTe-
kyuectH Jlanaay (§ 23) 3gecb He BO3HHKaeT, TaK KaK K Heymops-
JOYEHHBHIM CHcTeMaM (THIA paccMaTpPHBAeMBIX CNJIABOB) 5TOT KPUTe-
pull BOOOLIE HENPHMEHHM, MOCKOJbKY 3JeMEHTapHble BO3GYXKIeHUS
He XapaKTepU3yloTcA ONPEJEeJeHHEIM HMIYJbCOM 1),

§ 54. dpdext Kynepa npun OTIMYHBIX OT HYJA
OpPGUTANLHBIX MOMEHTAX Naphbl

¥YXKe HEOJHOKPATHO T[OBOPHJIOCH O TOM, 4TO B OCHOBE BO3HHK-
HOBEHHS CBEPXTEKYueCTH B pepMH-CHCTeMe JIeXKHT ekt Kynepa —
00pa3oBaHue CBfA3AHHBIX COCTOAHHH (CMapHBaHHE) NPUTATHBAMOULH-
MHCSA YaCTHUAMH Ha QepMH-noBepXHOCTH. 15 depMu-raza ycsiopue

1) Hasoxenue Teopuu GecliesieBoll cBEPXNPOBOIHMOCTH CM. B OPHTHHAIBHOMN
cratee: A. A. Abpuxocos, JI. II. Topexos, XITP 39, 1781 (1960).
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NPUTAXKEHUS GopMyJHPYeTcs KaK TpeGoBaHHe OTPHLATENBHOCTH AJH-
HBl paccesHHUs a=S U dsx, T. e. NOJOXHUTENBHOCTD aMIIUTYABI pac-

ceAHUSI JBYX UYACTHIL B COCTOSIHHM € HYJEBHM OpPGHTAJbHBIM
MOMEHTOM OTHOCHTEJNbHOTO JBHXKeHHUA, [ =0 (UMEHHO 3TO COCTOSHHE
JaeT TJIaBHBEIH BKJaJ B paccessHHe NMPH MaJjblX 3HEPTrUsX).

CnpaBe;inBo, OJHAKO, H ropasio 6ojee CHJIBHOE yTBEpKACHHE:
cnapuBaHHe (H, KaK CJIeICTBHe, BO3HHKHOBEHHE CBEPXTEKYUYeCTH)
IPOMCXOJUT, €CJH B3aUMOJEHCTBHE HMeeT XapaKTep NPUTAKEHUS
xota OBl IpH OAHOM KaKOM-IHGO 3Hauenuu Momenta [ (JI. []. Jan-
Oay, 1959). TlopyepkHeM, 4TO peub HAET 06 H3OTPONHOH CHCTEME
(XUIKOCTb MJIM ras), Ileé MOXKHO KJacCHQHUHPOBATh COCTOSHHSA IO
3HayeHHuaAM [.

JIokaxeM 370 yTBepKAeHHe AJs HepMH-raza ¢ MOMOLILIO MeToAa,
NO3BOJIAIOIEr0, B IPHHIMIE, ONpenesutb Temneparypy T, mepe-
X0Ja B CBEPXTEKYyyee COCTOAHUE HCXOAs TOMBKO U3 CBOWCTB CHCTE-
MBl (HOpMasbHOro epmu-rasa) npu temneparypax T > T,.

B § 18 Gbli10 ynoMsAHyTO, 4TO B MaTeMaTHYeCKOM aNnnapare rPHHOB-
CKHX (QYHKUMH HOPMAJbHOH (epMA-CHCTEMbI 3HEPTHS CBSA3AHHOTO
COCTOSTHUSI NaPH YaCTHI NPOSBJASETCA KAK NMOJMIOC BePIIMHHOH (YHK-
uuM I; 10 ke camoe orHocutcs (mpH T ==0) ¥ K TeMmepaTypHOH
.BEePIIHHHON QYHKUHH, KOTOPYI0 0603HauuM yepes . [locse moss-
JIEHHSI TaKOTO MOJIIOCA BECh 3TOT ammapaT CTAHOBUTCH B AeHCTBH-
TEJbHOCTH HENPUMEHUMBIM, HO OH elne NDHMEHHM B NEPBLIH MOMEHT,
KOTAa, IPH NOHHMXKEHWH TeMnepartypsl, Npu T =T, BIepBbE NMOAB-
JISeTCS TMOJIOC, IIPUYEM SHEDPIHA CBS3H Maphl B 3TOT MOMEHT JOJIKHA
PaBHATLCA HYJIO; COCTOSTHHS CBeDXTeKydell U HOpMAJbHOH ¢a3 NpH
5TOM COBIAAAIOT.

Ha ckenernoit anarpamme

3 1

{: 2

Kpy#xoK H3oGpaxaer—<7 . Touka nepexona T, ompejensercs, cOr-
JIaCHO CKa3aHHOMY BbIllle, KaK TeMIeparypa, pu KOTopod & HmeeT
IIOJIIOC TIPH

gsi=€sz=0’ p1+p2=0' (54,1)

IlepBOe paBeHCTBO BhIpAXaeT, UTO CNapUBAWOIHECH YACTHIOH HaXO-
JATCA Ha PepMH-TIOBEPXHOCTH, a4 3HEPTHs CBSI3H Maphl paBHA HYJIO;
BTOpOE pPAaBEHCTBO 0O3HAa4yaeT, YTO CIAPUBAIOIIHECH YACTHLLE HMEKT
I POTHBOIM®/IOXKHEIE HMILY JbCHI. i
CnapuBanue yacTHIl BO3HHKAeT yXe NPH CKOJb YIOJIHO CjaGoM
HX [PHTAXKEeHHU. FICHO, UTO A BOSHHKHOBEHHS IOJIOCA HEOGXO-
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JMMO, YTOGHI B PSIjIe TeOPHH BO3MYIIEHHIT A8 BEePIIHHHOH GYHKUHH
HUMeJUChL OBl YJIEHBHI, COJepKalllie MHTerpaJel, pacxoisliuecs NpH
yciosuu (54,1) u npu T,— 0 (T, Mano npu caaboMm NPHUTKEHHH);
B [IPOTHBHOM CJlydae BCe NONpPAaBKH K (KOHEYHOMY) 4/eHy MepBOro
npH6/HKEHUA GHIJIH Gbl 3aBelOMO MaJlbl 10 CPABHEHHIO C IOC/IELHHM
npHd BCeX TeMleparypax, W NOJIOC HE MOTr Obl MOSIBUTBCA.

DToMy TPeGOBAHHIO YIOBJAETBOPSET PAJ «IECTHHYHBIX» JHarpaMm

3 )
T Y 73"{; 73*x‘;{*7,
= 1 bbb D e
4 1 24‘  FS— 2:1‘1112
4 2

«

Kak 6yneT BUIHO H3 IOCJENYIOWETO, BO BCeX 3THX AuarpamMmax
(HaunHas CcO BTOPOH) MaJOCTh MO B3aHMOAEHCTBHIO (oT npubaBie-
HUSl TyHKTHDHBIX JIMHMH) KOMIEHCHDYeTCs, B YKa3aHHOM CMEIC/e,
PacXofMMOCTbIO HHTETPAJIOB!).

[IpuMeHHB K 3TOMY DSy NPHEM, KOTODbiit OBl yXKe HCNOb30BaH
npu nepexoge or (17,3) x (17,4), naiineM, 4TO PaBeHCTBO (54,2)
5KBHBAJEHTHO JHarpaMMHOMY YPaBHEHHIO

Ps

p
— P8, = 1 PP, 54.3
3 72 ,
B - gt ( )
~£. -F, 4 7 3 7

Cro6OHBIM KOHIIAM H BHYTPEHHUM JIMHUSIM JHarpaMm OTBEYaioT apry-
MEHTEI, KOTopble yKasaHiel B (54,3) yxe ¢ yuetom ycjoBuit (54,1):
Pi=(0, p1)7 P3=(07 ps)! Q=(l§s, Q)

CrnuuoBaf 3aBUCHMOCTb TDHHOBCKHMX (QYHKIHH HAealbHOTO rasa

orneaserca B Buge 9 = 0,39, a cnuHOBast 3aBHCUMOCTb BepILIHH-
HOH GyHKuMH (6e3 aHTHCHMMeTpu3auuu!)—B BUIe

gv&,aB(Pav P4; piv Pz):(sow(sﬁéeq.(Psy P4; Pl’ Pz)-
Packpuis auarpamMmbl (54,3) Mo yKasaHHEIM B § 38 npaBuaaM H co-

KPaTHB CIIMHOBblE MHOXHTENH, TNOJAy4HM Aas QYHKUMH & HHTer-
pasibHOE YypaBHEHHE

T (Ps,—Pas P1,—P)+T Z S Ulp;—a) 99 (£;,9) $9 (— 85, —aq) X

S§= - ®

ds
X (2, — 0 Pu—P) gp =U 01—0s).  (54,4)

1) K puarpammad (54,2) Hano Gbiio Gbl 100aBHTH ellle TakOH Xe pajl AHarpaMM
C TMepecTaBJIeHHEIMH KOHUAMH 3 H 4, uTO NPHBOJHT K AHTHCHMMETDH3ALHH BEPIUHH-
HOHl (YHKIHMHU 1O ee CIHHOBHIM H OpPOHTAJBHHIM apTyMEHTaM. OjHako Ajas 1ocTaB-
JICHHOB 3Jech LeJH onpejeaenns T, 3TOr0 MOXKHO He JeJaTk, TAK KaK B 0GEHX 3THX
yacTAX BeplLUBHHON (QYHKIHE NOJIOC IMOABJAECTCH OAHOBPEMEHHO.
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B crosamHx 3j4ech CyMMe H MHTerpaJjax CYIeCTBeHHHI = MaJble
3HAYeHHA JHCKPETHOH NepeMeHHOH [, H 3HaueHHs] q BOJIU3H (epmu-
OBepXHOCTH (cM. Huzke). [ToaTomy B MHOXKHTeasiX U u J noj 3HaKoM
HHTErpaja MOXHO NOJIOXKHUTL (=0 U g=pr Ha depmu-nosepx-
HOCTH JIe’KaT TaK>Ke U BeKTOpHl P, U P,. TakuM oGpasoM, Bce QyHK-
e & u U B ypaBHeHuu (54,4) GyayT 3aBHCEThb KaxKnas JHIib
OT OJHOH He3aBHCHMOH MmepeMeHHOU — yTJa MekAYy KaKUMH-JIu60 1BY-
MA U3 TpeX BEKTOPOB P;, P,;, qHa (epPMH-TOBEPXHOCTH.

Ypapuenne (54,4) n0XKHO Telepb pelldTb, pasnoxuB U u & B
pAalbl no moJuuoMam Jlexasapa:

U ()= (2l-+1)a,P, (cos D),

(54,5)

@®

T @)=, Q+1)T,P,(cosB),

1=0

rie 4 —xaxko#i-in6o M3 ykasanseix yraoBs. IloacraBuB atu pasmno-
xKeHug B (54,4) H NpPOH3BeAsA HHTErPHPOBAHME 110 HAMPABJIEHHUAM C
IIOMOIIDLIO. TCOPEMEI CJIOKEHHA cepryeckux GYHKIUH, TOJYyYHM

I, (1-4qll)=a, (54,6)
rae

1= Ts;;wg 197 € OF 2 =g Z St e
byuxuua § Baara us (37,13), a g =q*2m—p =~ vp(¢g—pp). Cor-
JlacHo QopmyJie cymMMmMHpoBaHus (42,10), umeeM

s

Mg d3
= 2(251)3 Sth o n;’. (54,8)

PacxonumocTe uHTerpana no dq=dn/vp Ha BepXHEM mpejeJie
$HUKTHBHA (Cp. MpHUMeyaHue Ha cTp. 189) u HHTerpan AoJIKeH. 6bITH
o6pe3aH TmpuH HEKOTOpoM m & €;'). Ho npu T-—0 uHnTerpan pac-
XOJMTCA JOTaPHMHYECKH TakKKe W Ha HIKHEM Ipejene, T. e,
Bener ce6a kak In(1/7T). «

M3 (54,6) suaHo, uto &, obpamaercsi B GECKOHEUHOCTD (T. €. &
HMeeT MOJIOC) TIPH YCJOBHH

14,11 =0. (54,9

1) B Bugy GHICTPOH cXOAHMOCTH CyMMsl no s B (54,7) B mefl jelicTBHTeNbHO
CYWeCTBEHHL JHIIbL Maane (¢, a sorapudMuuecknii Xapaktep MuTerpasa no dq
ONpaBALIBAeT NPEANONONKeHHe O GJH3OCTH § K pf.
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Ho sTo ypaBHeHHe coBnazaer no ¢opme ¢ ypaBHEHHEM, Ol PefesIo-
[IHM TOYKY Nepexoxa npu cnapuBaHuu ¢ [ =0, oTIHYAAChL OT HETO
JIMILL 3aMEHOH «KOHCTAHTH CBA3W» g Ha —a,; (cp. (42,11)); nonu-
Mas 3Ty GopMyJy Kaxk ypaBHeHHe [Jis onpefesieHusa T, HAJL0 MOJO-
XKUTb B HeH A =0, nocse yero &(p) coBmajgaer ¢ 1, Msl BuLHM,
cJleloBaTeJIbHO, U4TO BepIIHHHAA GYHKUUS HMeeT NOJIOC, €CJH XOTs
6l OfHA M3 BeJHUHH @, OTpHIATeJbHa; NPH 3TOM TeMIepaTtypa
nepexoza

T9 =2 & exp ( —"’—) (54,10)

" Ta/lve

(cp. (40,4) u (39,19)). Ecau a, <0 npu paAje pa3NHYHbIX 3HAYECHUH
[, T0 mepexoj NpOUCXOAMT mpH Temmeparype 7'’ oTBevapolell Max-
cUMaJbHOMY |a,]|%).

MoxXHo mokasaTb, YTO BO BCAKOM (epMH-rase (HJH KUAKOCTH),
COCTOSILIEM H3 3JEKTPUUECKH HelTpaJbHEIX aTOMOB, BEJHYHHBI g,
BO BCAKOM CJ/ly4yae JOJKHBL CTaTh OTPHIATe/IbHBEIMH IPH JOCTATOYHO
Gonbiunx suavenusx [ (JI. I1. [Tumaesckud, 1959). Tlpuyuna saxiro-
yaercss B TOM, YTO BO B3aHMOJEHCTBHH HeHTpaJbHBIX aTOMOB BCET/]a
eCTb o6JacTb paccTosiHui (60JIbiKMX), Ha KOTOPBHIX OHO HMEET Xa-
pakTep NpPHUTHKEHHS —TAK Has3blBA€MOe BaH-ep-BaajibCOBO MPUTSI-
JKeHue.

B peajsbHO CYIECTBYiOUEeH KXHAKOCTH TaKOTO DPOAA-—RKHAKOM
n3otone He3— BO3HUKHOBEHHE CBEPXTEKYYeCTH NPOUCXOAHT, I[0-BH-
IMMOMYy, 3a cyeT crnapuBanusi ¢ [=12). Mul He OyjeM oCTaHaBJHU-
BaTbCsl Ha CTPYKType cBepxTekyuel (asel U OOCYIAHM JIHUIL KPATKO
BONpoC O BbIOOpe MapaMerpa mopsjka, OTJHYamoWero sty ¢asy or
HOopMaJbHOH. BesunHOfl, PAaBHOH HYJIKO BHIILE TOYKH Mepexoja H
OTJIMYHON OT HYJAS HUXKe Hee, fBJACTCA aHOMaJbHAsA IPUHOBCKAdA
byukuns Fog (¢, 1y ¢, 1,)==Fqp (r,—Tr;); Kak ObLIO yXe yKasaHO
B § 41, oHa urpaer poJsb BOJHOBOH QYHKIIMH CBSI3aHHBIX Map YaCTHIL.
Ee ¢ypbe-KoMINOHeHTa Fgg (p), B3ATasA Ha QEPMH-TOBEPXHOCTH (T. €.
npu p=2pp), siBjasercs QyHKIHeH HanpasjeHUsd n (a HE KOHCTaH-
TOH, Kak mpu cnapuBanuu ¢ {=0). B cuay aHTHKOMMYyTaIuH p-olne-
patopoB QyHKUHUA Fag(n) aHTHCHMMETPHYHA, KAaK M CJELOBAJIO,
0 OTHOIIEHUIO K IEPecTaHOBKe HacCTHIL Fgg (M) =—Fgo (—n).

1) OrMeteM, 4TO ecau Gbl Gulau Bece gq; > 0, TO nepexoi OTcyTCTBOBaJ Ohl H
dopmysaa (54,6) aaa §7; Obna Obl cnpapefiuBa NP BCEX TEMNEPaTypax BIJIOTH KO
T =0, I1pu 3ToM Bee ; cTpeMuanch 6u1 npu 7 -— 0 K Hy.110 1o 3aKony J; ~ 1/]InT|.
O10 sBaferca NposBJEHHEM YIOMAHYTOTO B NpHMeYaHHH Ha cTp. 41 dakTa obpa-
mennss npu T=0 B Hyas dysxuur F (a c Hew H QYyHKUHH BIaUMOAEHCTBHA
KBagHyacTHy f) JAJAs YaCTHI C MPOTHBONOJIOXHBEIMH HMIYJIbCaMH.

2) [lepexol NPOUCXOXHT npu Temneparype ~10-3 K. 3amerHm, uto ManocTsh
T, ofecneyuBaeT CyLIeCTBOBaHHE 06/J1aCTH NPHMEHHMOCTH TEOPHH HOPMaJbHOH
GdepMH-XKHAKOCTH K XujakoMy He?,
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Tlpu cnapuBaHuy ¢ /=1 (KaK 4 c JOGBIM HEYETHHIM MOMEHTOM)
F 4p — HeueTHast QPYHKUHUA N, TaK 4TO Fog— CUMMETPHYHLIN COHHOP.
D10 3HAYMT, YTO CNHH NApH paBeH eRUHUIE, KAK H AOJIKHO GHITDH
IJIsi COCTOSIHUS ABYX OLHHAKOBbIX (pepMHOHOB ¢ HeueTHHIM [. CHM-
METPHUYHEIH CIIHHOD BTOPOIO PaHra 9KBHBAaJIEHTEH BEKTOPY, KOTOPHH
ob6o3nayuM uepe3 d. B cayuyae /=1 saBucuMmocTs d OT n JoJ/KHA
oTBeyaTh noJuHoMmy Jlexaugpa P;(cos0), T. e. ObiTh JHHEHHOMH:
d; = PN, KoMniexcHeri TeH30p BTOpOro paHra 1\, (He 0643aTeJbHO
CHMMETPHYHBIA!) M ONHCHIBAeT cBepXTekyuyr (asy. PeasbHo cy-
IECTBYIOT JAB€ pasJHYHbIE CBepXTeKyuyHe ¢asnl xKujakoro He?, pas-
JUyaolliecs BHAOM TeH3opa V.



FJAABA VI

3JIEKTPOHbI B KPUCTAJIJIMYECKOA PEMIETKE

§ 55. JueKTpoH B MEPHOAHHECKOM moJe

dnekTpounsle 00OJOYKH aTOMOB B KPHCTAJIe CHJIBHO B3aHMO-
JeficTBYIOT ApYyr C JAPYroM, B pesyJbTaTe UEro yixe Hejb3sl TOBO-
pPUTh 06 YPOBHSIX 3HEPTUH OTJANbHBIX aTOMOB, a JHIIb 00 YPOBHSAX
JiJISl COBOKYITHOCTH 3JIEKTDPOHHBIX 000JI0YEK BCEX aTOMOB Te€Ja B lie-
JoM. XapakTep 3JeKTPOHHOTO 3HEPTeTHUYECKOIO CIeKTPa pas/uyeH
AJsl pasHblX THIOB TBepABIX Tes. B KauecTBe NpeNBapUTENHLHOTO
mara A M3y4YeHHs 3THX CHEKTPOB HE0OGXOJHMO, OJHAKO, PACCMOT-
peTb GoJiee GOpMAJBHYIO 3a/1auy O NMOBEAEHHH OTAEJIbHOIO 3JeKTPOHA
BO BHEIIHEM MPOCTPAHCTBEHHO-NEPHOAHUECKOM 3JIEKTPHYECKOM I0JIE,
KOTOPOE CJYKHT MOJEJBI0 KPUCTANIHUECKOH pEIeTKH. DTOMYy MO~
ceamenn §§ 55—60.

[leprHogMYHOCTDb 1OJS 03HaYaeT, YTO OHO HEe MeHsieTCs npu napa-
JIeJIbHOM IEpPeHOce Ha JIOGOH BEKTOP BHAA &= 1,a; 1 1,8, 7 /1,8,
(rne a;, a, a,—OCHOBHBIE NEPHONbI PEIIETKH; Iy, M4, My—IieJIbie
qucaa):

U(r+a)=U(r). (55,1)

[Mostomy u ypasHenue llpenunrepa, onuchBarollee IBUKEHHE 3J1€K-
TpoHa B TAaKOM MOJie, HHBADHAHTHO OTHOCHTEJBHO JIOOro mpeodpa-
30BaHusA r —r--a. OTrciofia ciaenyer, 4To ecju P (r) ecTb BOJHOBAA
GYHKIMS HEKOTOPOro CTallHOHAPHOTO COCTOSIHHA, TO Y (r + &) ToXe
ecTh peluenue ypaBHenHa IlIpennHrepa, omuchiBaiolliee TO XKe CaMoe
COCTOSIHHE 5JIEKTPOHAa. IJTO O3HauaeT, 4To 06e GYHKUUH JOJKHBL
COBHNAJaTh € TOYHOCTBIO A0 MOCTOSIHHOTO MHOXHUTeNs: P (r--a) =
= const - (r). OyeBuaHo, uto const f0JkHa GbITH PABHA 1O MOAYJIIO
eIHHHUIE; B TPOTHBHOM CJlyyae NpPH HEOrPaHHUEHHOM IOBTOPEHHHU
cMelleHHdsl Ha a (MJH Ha —a) BoJIHOBaA (YHKLUHA CTpeMHJIach Obl
K GeckoHeuHocTH. OGwuil Buj QYHKIMH, 06Jajawomell TaKHM CBOM-
CTBOM, CJEAYIOWHHA:

Yok (1) = e ugy, (1), (55,2)

rie kK —npou3BoJbHEIH (BelleCTBEHHbIN) MOCTOSIHHBIA BEKTOP, & Uk —
nepuopuueckas QyHKOUA

Usk (T +a) =us (r). (55,3)
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OS10T pesynbTatr Obi1 BHepBHe nogyuen P. Kaoxom (F. Bloch, 1929);
BOJIHOBHIE (GYHKLUMH BHAA (55,2) HaswBawT ¢yukyusmu baoxa, u
B 3TOH CBsi3H 00 3JIEKTPOHE B NEPHOAHYECKOM IOJIE 4aCTO FOBOPAT
KaK 0 0JIOXOBCKOM 3JIeKTPOHE.

Ilpn sapanHoM 3nauenmn k ypasuenue Illpenunrepa wumeer,
BOOGIe IOBOPs1, GECKOHEUHBIH DAJ Pa3J/HYHBIX PeHIeHHH, OTBEeyalo-
1HX GECKOHEYHOMY DALY Pa3JHYHBIX AHCKPETHHIX 3HAUEHHH SHEPTUU
3J1eKTpoHa € (K); HHAEKC S B Y5k HYMEPYET 3TH peuieHus. Takoi xe
HHJEKC (HOMEp sHepeernu4eckoll 30Hbl) HAJ0 NPHUIHCATh H PA3JIUYHLIM
BETBSAM OGYHKUHH &= g  (K)—3aKOHY AHCIEPCHH 3JIEKTPOHA B ME€PHO-
JAHYECKOM ToJie. B KaxknoH 30He sHEpTHs MpoGeraeT 3HAYEHHA B He-
KOTODOM KOHEYHOM HHTEepBaJie.

Jas pasnnuHLIX 30H 3TH HHTEPBaJibl PasfelieHbl «IHEpreTHye-
CKHMH MLIeJNAMH» HJH K€ YacTHYHO NEPEeKPHBAIOTCH; B NOCJeLHeM
cayyae B 00/1aCTH NEPEKPHITHA KaXIOMYy 3HAUEHHIO HEPTHH OTBe-
4aioT pasJuuHble (B Kaxao#d 3oHe) 3HaueHus k. I'eomeTpuuecku sTo
03HayaeT, YTO H30IHEPreTHYeCKHE INOBEPXHOCTH, OTBeYaiollHe NBYM
NEePEKPLIBAIONMMCS 30HAM S U §', HAXOJNATCA B PA3JIHUHBIX 06JacTaX
k-npoctpanctea. ®opmasibHO MEepPeKPHITHE 30H O3HAYAET BHIPOXKIE-
HHE — Da3JIMyHBlE COCTOAHHA O00JafaioT OJMHAKOBOH 3Hepruelt, HO
MOCKOJBKY 3THM COCTOAHHAM OTBEUAIOT pasjHyHble 3HaueHus k, To
5TO He IPHBOJUT K KAKHM-JH60 ocoGeHHOCTM B crnekTpe. OT o6lero
cJiyyasi MEPEeKPHITHsST HafO OTJHYaTh IlepeceyeHHe 30H, KOTJa 3Hayge-
Husl e, (k) u ey (k) coBmanaioT B OAHHX M TeX e Toukax K (uso-
SHePreTHYeCKHe NOBEPXHOCTH mnepecekatorcs). OGBIYHO NOJ BbIPOXK-
JeHHEM IOHMMAaIOT TOJNLKO TakKoH cJyyail; NepeceueHue MPHBOAUT
K TOSIBJEHHIO ONpPENEJEHHbIX OCOGEHHOCTEH B CIIEKTpeE.

Bce byHruuu P ¢ pasauyHbIMH $ uau K, pasymeercsi, B3auMHO
OPTOroHaJIbHBL. B 4aCTHOCTH, U3 OPTOTrOHAJIBHOCTH Vs C PA3JUYHBIMH
S U OJIMHAKOBBIMH K cJ/ieflyeT OpPTOrOHA/JBHOCTb (QYHKUHH ug. [lpu
3TOM BBHAY HX MEPHOIMYHOCTH JOCTAaTOYHO NMPOU3BOAHTH HHTETPH-
poBanue no o0beMy U OJHOH 3JieMeHTAapHOH fYeHKH peleTKH; NpH
COOTBETCTBYIOLIEH HOPMHUPOBKE

§ g st do =38, (55,4)

Cmplc1 BekTOpa K COCTOMT B TOM, 4TO Ompefe/sieT MOBeleHHE
BOJIHOBOH (PYHKLHH IIPH TPAHCJAANHAX: IpeoGpa3oBaHue r-—r--a
yMHOXKAaeT ee Ha efka

Pk (r+a) =ekap (r). (55,5)

Orciona cpasy cuenyer, yTo BeJMuuHa K 1O camMoMy cBoeMy ompe-
JeJIEHHIO HEONHO3HAYHA: 3HAYEHHS, OTJIHYAIOUINECs Ha JI0GOH BEKTOp
b o6parnoli pemeTKH, NMPHBOXAT K OAHHAKOBOMY IOBEJIEHHIO BOJIHO-
Boit Qynkuuu (MHOMHTeNb exp {i(k-b)a}=-exp (ika)). Apyrumu
CJIOBaMH, TakKHe 3HadeHHs K (H3MuECKH SKBHBAJEHTHLI; OHH COOT-
BETCTBYIOT OHOMY M TOMY XK€ COCTOSIHHIO 3JIEKTPOHA, T. €. OAHOH
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H TOH K€ BOJHOBOH QyHKuHH. MOXKHO CKa3aTh, 4TO QYHKIHH Psk
TepHOAHYHL (B OGPaTHOH pelneTKe) OTHOCHTENBHO HHJAeKca k:

Ps, k+b (l‘) = Psk (l‘) (55:6)
[lepyoayuuna TakXke U SHEPTUSA:
s (k-+b)=¢, (k). (565,7)

Oyarnun (55,2) o6HapyKUBAIOT ONpPeAe]EeHHOe CXOACTBO C BOJI-
HOBLIMH GYHKIHSMH CBOGOAHOTO 3JEKTPOHA-—IIJOCKHMH BOJIHAMH
P =const-exp (ipr/h); mpu 3TOM PO/Ib COXPAHSIOWETOCS MMIY.ibCa
UTpaeT MOCTOSHHBIA BeKTop /K. Mbl cHoBa (Kak u 4151 QoHOHA —
cM. V § 71) npuxomuM K TOHAITHIO O K6A3UUMNyAsce 3JEKTPOHA
B TNepHoauyeckoM moJse. [lopuepkHeM, 4YTO HCTHHHOTO COXpaHso-
Ierocsi UMNYJAbCA B 3TOM CJyuae BooOLle HET, TaK KaK BO BHELIHEM
1oJIe 3aKOH COXPaHEeHHs MMAYJbCa HE HMEEeT MecTa. 3aMeuaTeJbHO,
OJIHAKO, YTO B NEPHOAHYECKOM IOJIe 3JIEKTPOH TeM HE MEHee XapakK-
TEPU3YeTCs] HEKOTOPHIM IIOCTOSIHHBIM BEKTOPOM.

B " CTauHOHAPHOM COCTOSIHHH C 3aJaHHBIM KBa3HHMIYJbcOM fk
HCTHHHBIH UMIYJBC MOXKET HMeTh, ¢ Pas3/JHUYHBIMH BEPOSITHOCTIMH,
Geckoneunoe uucao 3HaueHuit Buaa % (k- b). 1o caeayer us Toro,
YTO pasjiokeHHe Mepuoauueckoll B MpocTpaHcTBe GYHKIUH B psif
dypbe comepxKUT UJCHBI BHAA e'br:

Us (r)= ; s, k + €07,

H [OTOMY pasJoxenue BOJHOBOH GpyHKIUH (55,2) Ha N/IOCKHE BOJIHEL
Yok () = 2 G,k pe ETDT, (55,8)
b

Tor ¢akT, uro Ko3apduUMEHTHl Pa3J/0XKeHUs 3aBUCAT TOJIBKO OT CYMM
kb, BeipakaeT coGoil CBOHCTBO NEPHOLUYHOCTH B 0OpaTHOH pe-
merke (55,6). ITonuepkuem, 4To 310T (akT, Kak u cBoHcTBO (55,6),
He ecThb JOIOJHUTEJNbHOE YEJOBHE, HajaraeMoe Ha BOJHOBYIO QYyHK-
IIUI0, a ABJISIETCSI aBTOMATHYECKHUM CJeACTBHEM NEPHOJHYHOCTH 10JIs
U (r).

Bce ¢u3nuecku passvyHble 3HaueHUsi BeKTopa K jexar B ofHOH
ssaeMeHTapHOH siuefike obparHOH pemerTKH. «O6beM» 3TOH siuelKH
paseH (2m)3/v, rie v—oGBeM 3J1eMeHTapHOH SUeHKH CaMoil pelleTKy
Kpuctagna. C apyroéi cropoHbl, o6beM K/2m-mpocTpaHCTBa ompeje-
JSEeT YHCJAO COOTBETCTBYIOIMX €My COCTOAHMH (IPHXOAAINMXCA Ha
efuHMuUHLI oObeMm Tena). Takum o6pas3oM, YHCJO TAKHX COCTOSIHHH,
3aK/IOYeHHEIX B KaxjJoHd 3HepreTHyeckoH 3o0He, paBHO l/v, T.e.
UHCJY 3JieMEHTapHBIX siyeeK B eluHHLE o0beMa KpHCTaJIa.

[Momumo cBoeil ngpuoanuHocTH B K-mpocTpaHCTBe QYHKIUH &, (k)
06J1afal0T TaKke H CHMMeTpHeH 1o OTHOIIeHHIO K IIOBOPOTaM H
OTpaKeHHAM, OTBEUAIOlIUM CHMMETPHH HalpaBJeHHH (KpHcTassinue-
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CKOMY KJjaccy) pemerkd. ITpu 3Tom, He3aBHCHMO OT HAJWYHA HJIH
OTCYTCTBHs LEHTPA CHMMETPHH B J@HHOM KDPHCTaJIHYeCKOM KJacce,
Bceraa

es (— k) =¢;, (k). (55,9)

D10 CBOHCTBO-—CJEACTBHE CHMMETPHH OTHOCHTEJIBHO O6palleHHs
BpeMeHH. [leACTBHTE/bHO, B CHJIY 3TOH CHMMETPHH, €CJIH Psx — BOJ-
HOBasl (QYyHKIHA CTAlHOHAPHOTO COCTOSIHUA 3JEKTPOHA, TO H KOMI-
JIEKCHO-CONPsIKeHHast QYHKIUA 5 OMHCHBAET HEKOTOPOE COCTOSHHE
c Toit ke smepruell. Ho 1 yMHOKaercs IPH TPaHCJASANHAX Ha
e~'ka, 1 e, el orBeyaeT KBasMUMNyJabCc —k1).

PaccmoTpuM, Jajee, 1Ba 3J€KTPOHA B IEPHOJHYECKOM TIOJE.
PaccmaTpupas HX BMecTe KakK OfHY CHCTEMY C BOJHOBOH (yHKLHEH
Y (ry, T,), MBI HafJeM, 4TO NPH NapasJieJbHOM NepeHoce 3Ta GYHK-
IIMs1 J0J/RKHA YMHOMXKHMTbCS Ha MHOXKHUTENb BHAA ¢'ka rae k Moxuo
11a3BaTh KBa3HUMIYJIbCOM CHcTeMbl. C Apyroff cTOpPOHBI, Ha GOJIBIINX
pPaccTOAHHAX MEXKAY 3JIEKTPOHAMM WY (r;, I,) CBOAUTCA K TPOH3Be-
JICHHIO BOJIHOBBIX ()YHKLHH OT/Ae/NbHBIX 3/1€KTPOHOB H NMPH TPaHCJs-
MM YMHOXHTCA Ha e'kide’k:a, L3 TpeGoBaHHS COBHAjeHHA OGOMX
BHJOB 3allMCH 3TOr0 MHOXHTeJIS HaXOAHM, YTO

k=k,+k,+b. . (55,10)

B wacTHocTH, orciona cJiefyer, uTO IPH CTOJKHOBEHHH ABYX 3JeK-
TPOHOB, JBHXYMHXCA B NEPHOJAHYECKOM IOJ€, CyMMa HX KBasH-
HMITyJIbCOB COXPaHsSeTCs C TOYHOCTBIO JO BeKTopa o6paTHoil pe-
ILIETKH:

k, +k, =k} +k;+b. (55,11)

JanpHefimas aHaslorus MeXJy HMIYJbCOM H HCTHHHBIM UMITYJb-
COM BbLISICHAETCA IIPH OIIpeACJeHHH cpe,zmeﬁ CKODOCTH 3JIEKTPOHA.

Briuncsienve ee TpeGyer 3HaHHs oliepaTopa CKOPOCTH vV =r B k-nipea-
crapyieHnH. OnepaTopel B 3TOM NpeiCTaBJeHHH AeHCTBYIOT Ha KO3(-
(ULUHEHTBl Cskx DPASJOKEHHS IPOU3BOJBHON BOJHOBOK (YHKIHH IO
COGCTBEHHBIM QYHKIHAM Py

V= 2 S CskPskd®k. (55,12) ‘

Haiizem cnayana omeparop r. MMeeMm TOXIeCTBEHHO
ay du
o= {curpucdh = {eu (— i 2k 1 jre 2 g,
'\P SZS sk wsk Zs sk( 7K 1e ok k

1) Tlpx Hanuuuu mepexpHITHS 30H H3 STHX DAacCyXJeHMH cleLyeT, CTPOro
rosops, JHUb 4T0 & (—k)=¢, (k), Iae s u 8’ —HOMepa KaKux-aubo 30H. Pagen-
crea (55,9) MoXHO, OfHaKO, BCerja AOGHTLCA NyTeM HajJelKaulero ONpeie]eHHms
HOMEePOB Da3JHuHHX BetBedi ¢yHkuun & (k).




§ 55] SMEKTPOH B NMEPHOIKYECKOM I1OJE - 269

B nepBoM uJeHe NpPOU3BOAMM HMHTETPUPOBaHHE IO YacTsAM, a BO
BTODOM pas3JIOKUM MepHOAHYecKYi0o (KaK H caMa usk) OQYHKIHIO
Ouq/0k TO cHcTeMe B3aMMHO OPTOTOHAJbBHBIX QYHKUHH g C TeM
xKe k:

ou

i Z <sk | Q| s'k> g, (55,13)
rae <sk|Q|s’k>-—nocrosunnle Koapduuouentel. Toraa mosaydum

M= ZS“Psk >k d3k+2505k<sk19]sk>1p5kd3k_

—ES{ +2<s k| Q|sk>co }qyskd?'k.
C Apyroil CTOPOHBI, N0 ONpefeJeHHIO ONEPaTopa I, KOJKHO GHITb
=2 S (TCsx) Vi d3k.
§
CpaBHHB C TOJY4YEeHHBIM BBEIpAXKEHHEM, Ha){OﬂHM
r—t-—+9 ‘ (55,14)

rle onepaTtop (3pMHTOB) Q 3anaercsi cBoefi matpuueit <s'k|Q]|sk).
CymecTBeHHO, 4YTO 3Ta MaTpHlla JHaroHajbHa mo HHAekcy k, u
nostoMy omepatop € KOMMYyTaTHBeH ¢ omepatopoM k=k.

Onepatop CKOpPOCTH moJydaercd, MO OOHIMM INPaBuJaM, MyTeM
KOMMYTHDOBAHHA ONeparopa I ¢ TaMHJIbLTOHHAHOM 3JeKTDOHa.
B k-mpeacraBsieHHH TaMHJbTOHHAH [ sABJsfeTCH AUATOHAJBHOH IO
k u HomepaMm 30H s Marpuuefi c saemenTamu e, (k)!). Onepatop
ke 0/0k, HeficTBYIOIUE TOJbKO Ha nepeMenHyio k, JHaroHajed mno
Homepam s. IlostomMy B BeIpazkeHuu

V= (i) =— 5 (Ag—5H)+0

A A dk
IepBHIEL uJjieH ABJAAETCA ,uuamHaanoﬁ MaTpuled c 3JeMeHTaMu’
1 0 1 0eg (k)
—2 (8 0 f—ge. (0) =z 250

MarpuyHble e 3JeMeHTH Q CBS3aHEI C MATPUYHBIMH 3/1eMEHTaMH Q
COOTHOIIEHHEM

¢sk|Q ls'k>=%[as (k) —ey (k)] <sk | Q] 'k>;

1) Tounee, Hafgo roBopuTh O ks-npejcrasjeHHd. HanomHuM, 4YTo BO/IHOBHIE
¢GyHKuMM B STOM NpeNCTABJIEHHH, Cgy, HE BIOJHE NDOH3BOJBHEI— OHH JOJIKHEI

OuTh nepuofH4HL no k.
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3TO BbIpaxeHHe ofpauiaeTcs B HYJb NpH s=s’, T. €. @ He HMeeT
3/1EMEHTOB, AMarOHAJbHLIX MO HOMEpPY 30HH. TakuM o6pa3oM, OKOH-
yaTeJbHO HAaXOAMM JJI MaTPHYHBIX 3JIEMEHTOB CKOPOCTH 3JIEKTPOHA

de; (k) :

iis = Kskjv|s'k>=<sk|Q|s'k> (s#5s’). (55,15)
JluaronanpHBIE 3JICMEHTHI S5TOH MaTPHIUBI NPEACTABJAIOT COGOM

CpPeJHHE 3HAYEHUA CKOPOCTH B COOTBETCTBYIOI[HX COCTOSIHHAX. DTH

3HAYEHHSs, CJIEAOBATEJbHO, KaK (DYHKUHH KBA3HHUMIIYyJbCa JAIOTCA

BblpakeHHEeM

<sk|v|sk> =

o a"Js (k)
v, =20, (55,16)

MOJIHOCTBIO AHAJOTHYHBIM OGBIYHOMY KJAaCCHYeCKOMY COOTHOLIEHHIO.

Jo cux mop Mbl BeJH H3JIOXKeHHe, OTBJEKAsACh OT HaJHYHA Y
3JIEKTPOHOB CNHHA. B npeHeOperkeHHH peNsITUBUCTCKUMH 3ddheKTaMu
(cinH-0p6HTANbHBIM B3aHMOJAEHCTBHEM) YUeT CIHHA MPUBOAUT NPOCTO
K JBYKPaTHOMY BBIPOXKJACHMIO KAXKAOTO YPOBHS SHEPTHHU C 3aJaHHBIM
3HayeHHeM KBa3UUMNYJbca k — Mo ABYM 3HAaYeHHAM NPOEKIMH CIHHA
Ha Kakoe-qM60 ¢GHKCHPOBaHHOe HAampaBjieHHE B MPOCTPAHCTBe.
C yueToM ke CHHH-OpGHTAJBHOTO B3aHMOJAEHCTBHA CHUTyalus pas-
JHYHZ B 33BHCHUMOCTH OT TOro, UMeeT JIM HJIM HeT KpHUCTaJ/Ju4ecKas
pelleTKa LEHTP HHBEPCHH.

CouH-op6uTanbHOe B3aUMOJEHCTBHE JJI1 3JE€KTpPOHA B NepHOAH-
4eCKOM [10JIe ONUCBHIBAeTCs onepaTopOM

Ay = Wcz [ovU] vV, (55,17)

rie 6—wmatpuna Tlaynm (cm. IV § 33). BomanoBble ¢yHKLHH, Ha
KOTOphle JEHCTBYET 3TOT OHEPATOP,— CHHHOPH NEPBOTO PAHFA Yskg,
rie a—cndHOpHBIH uHjgekc. CoraacHo Teopeme Kpamepca
(cm. IIT1 § 60), oTHocAmelcss K /mo6oMy (B TOM uHcie NepHOAHYe-
CKOMY) 3JIEKTPHYECKOMY IIOJII0, KOMIIJIEKCHO-CONPSKeHHbIe CIIHHOPHI
* o
Pskee H YPske BCErJA ONMHCHIBAIOT JBa Pas3JIHYHBIX COCTOSIHUA C OLHOH
*
U ToH e sHepruell. IlockoJabKY B TO ke BpeMs GYHKOHUA Yoy OT-
BeyaeT KBasHUMIYJbcy — K, TO MbI CHOBA (Tenepb YK€ H C yYeTOM
CHHH-OPGHTAJILHOIO B3aWMOJEHCTBHSI) INPHUXOAHM K COOTHOULIEHHIO
THna (55,9): ot
gso (— k) = €40 (k), (55,18)

r7le UHIEKCH ¢ U ¢’ OTJHYAT JBa pasJjHuyHbiX (oOpalieHHBIX IO
BpeMeHH) CIIHHOBBEIX COCTOSIHHA 1).

1) C yueroM cnunH-0pGHTANBHOTO B3aHMOJEHCTBHSA ONEpPaTop NPOEKIHH CIHHA
yKe He KOMMYTATHBEH C FaMH/JBLTOHHAHOM, TAaK YTO 3Ta NMPOEKUHA He coXpaHsgercs
H CIIHHOBHIE COCTOSIHHSI HE MOTYT, CTPOTO I'OBOPS, XapaKTePH30BaTbCA ITHM YHCJIOM.
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PapenctBo (55,18) He o3HawaeT, KOHEYHO, BEHIPOXKAEHHSA B TOM
CMBICJIE, O KOTOPOM TFOBOPHJIOCH BHIIIe, TOCKOJBKY 3HEPTHH B 06EHX
CTOpPOHAX paBeHCTBA OTHOCATCH K pasJHyHbiM 3HaueHuaM k. Ho
ecJqH pelleTka o6Jajaer HEeHTPOM HHBep- .
cuH, To coctosiHuf ¢ k ¥ —k HMmeoT ojn- u(z)
HAKOBYIO 3Hepruio. Toraa MBI NPHXOAHM K

PaBEHCTBY &sq(k) = ¢&s¢ (k), CHOBa O3Haualo-
IeMy JBYKDAaTHOE BHIPOXKJEHHE KaXKIoro r|{ r |«
YPOBHA C 3aJlaHHBM KBa3HHMIIYJIbCOM.

Hapsiny ¢ BHIPOXKJEHHEM, CBA3aHHBIM C ~b 0 a  a+h
CHMMeTpHel OTHOCHTE/IbHO O6pallleHHs Bpe- Puc. 10.

MEHH, HJd 3JEKTPoHAa B MNEPHOAHUYECKOM
II0JIE MOXKET CYIIECTBOBaTh TaKXkKe M BBIPOXKJEHHE, O0A3aHHOE INpPO-
CTPAaHCTBEHHOH CHMMETPHH peIIeTKH. DTHM BONPOCaM IOCBALIEH
HHXKe § 68.

3agaun

1. HaiiTH 3aKOH AHCNePCHH A5 ONHOMEPHOTO IBHXKEHHS 3JIeKTPOHA B NepHo-
JUUeCKOM IoJie, H3o6paxenHoMm Ha puc. 10 (R. Kronig, W. G. Penney, 1930).
Pewenue. Bonnosas ¢pyHruus B obnacth aMbl [ (0 < x < a) HMeeT Buf

Y= e~ %Xy = YV 2melh, )
a B obaacta Gapbepa Il (—b < x < 0):
p=ct®t® Lo~ %, g, =V om (e—Ug)/h. )

B ofnactu caenyomero 6apwepa 111 sosnoBas ¢pyRKUHS AOKHA OTIHYATECS OT (2)
JIHIDb (ha30BHIM MHOXHTeneM ei® @+8) (gt b nepuon nois):

1[)=8ik @+b (Caeiu, (x—a=~b) + C4e—m, (x—a- b)). %)

YciioBust HenpepHBHOCTH { H ¢’ B Toukax x=0 H x=g JalOT ueThipe ypaBHeHIs
IJst €y, ..., C;; YCJOBHE COBMECTHOCTH 3THX yPaBHeHHH NMPHBOZMT K IHCHEPCHOH-
HOMY ypaBHEHHIO

cos k (a-+b)=cos %,a.cos xzb——l- (ﬁ—l—ﬁ) sin x,a-sin »yb, 4)
2 \%y '

ONpelensIolleMy B HeSBHOM BHJAe HCKOMYIO 3aBHCHMOCTb & (k). Ilpn e < U, Benu-
YHHA %y MHHMa, H TOTJa ypaBHeHHe HaJ0 3alHcaTh B BHje

2] %\
e T ) sinyya-sh | #qb |. (5)

Ecan B (5) nepefith x npegeny Uy — o, b — 0 npu Ugb=const = Pq
MOJIyYHM JUCTIEPCHOHHOR ypaBHEHHE

cos k (@a-+-b)=cos x,a.ch | ugb H"% (

Pma? sin %1a
cos ka=cos % a-+ 1
ﬁz ®i1a

. ©)

Ono pemwaer safauy 06 yPOBHfX 3HEPTHH B MePHOAHYECKOM II0JIE, COCTABJIEHHOM
H3 O-OYHKUHOHHBIX NMHKOB:

U= aPZ 8 (x—an),
n
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Ha puc. 11 naHo rpabuueckoe mnocTpoenue, HMIOCTPHPYIOLIEE paclpeneseHHe
xopHeii ypaBHerHs (6). 3nech H306paxieHa npaeasi CTOPOHA yPaBHEHHs Kak (yHK-
LU OT %1@; KOTja oOHAa Ipo6eraeT 3HayeHHs MeXAy X1, KODHH yDaBHEHHS Npo-
GeraloT 3HaYeHHsi B HHTEPBa/iaX, YKa3aHHBIX XKUDHHIMH OTPe3KaMH Ha OCH abCLHCC,

2. HaiiT 3aKOH JHCIEPCHH JJs1 OJHOMEDHOIO JBHIKEHHSI YacTHLH B C/1abom
nepHoauueckoM nose U (x).

~ +1 N

-/l N -l _la A /i N /]
“2\ 2 N N /4 #e

= 7 =

[

B

Puc. 11.

Pemwenne. PaccMaTpuBas Mnoje Kak ‘Vajgoe BO3MYHIEHHe, HCXOLHUM M3 HyJe-
Boro npubauKeHHs, B KOTOPOM UYaCTHIla COBEpILIAeT CBOGOAHOE IBHIXKEHHE, OINHCH-
BaeMOe I.IOCKOH BOJIHOH

PO (1) = (}\}a)—l/2 pikx

(sopyppoBka Ha ] wactHny Ha AauHe Na; a—TepHOA T0Js); SHePTHS YacTHULI
e =H242/2m. TIpefcTaBuM TepHoiuveckyio dbyHkumio U (x) B Buje pana Pypse

U@x)= 2 U jedivinxie,

n=-—aw

MatpuuHble 3.eMeHTH STOTO MOJS IO OTHOWIEHHIO K IJIOCKHM BOJIHAM OT/HYHEI
OT HyJs 1T0JBKO JJI NePeX0f0B MeXIy COCTOAHHAMH C BOJHOBBIMH BEKTOPaMH
£ u k' =k-{2nn/a u B 3THX caydaax paBabl Uy ,=U,.

B nepBoM npubIMAKEHHH TeODHH BO3MYIIEHHH NONPaBka K SHEPIHH JaeTcs
AHarOHAJbHBIM MaTPHYHHIM 3jeMenToM eV =U,, =U,, T. €. He 3aBuCsIlel OT &

NOCTOSTHHOIY, JHIIb CMelllalomedl Hauano orcyeTa sHepTHH., Mckaioyenne CocTaBisioT,
OJlHaKO, YPOBHH SHEPTHH B OKPECTHOCTH 3HaueHHH k=mTn/a (n=+1, £2, ...).
B 5Tux TOukax Rk OTJIHYaeTcsl JHIUb 3HAKOM OT 3HaueHus k' =k—2nn/a, Tak uTo
sHepruu &0 (k) u &® (k') coBnagaioT. B OKpecTHOCTH 5THX 3HaueHHH, CiefoBa-
TeJNbHO, OTJIHYHH OT HYJIS MaTpPHUYHBIE 3/JeMeHTHl LJSl NePeXOJ0B MeXIY COCTOs-
BHSIMA C GJIH3KHMH OSHEDPTHSIMH, H JAJS ONpPeJeJeHHS IONpaBKH HOJKeH OGbiTh
HCTIOJIb30BaH MeTOJi TEODHH BO3MYILEHHH, OTHOCAWHKHACA K C/ayyaw GIH3KHX cO6-
cTBeHHbiX 3HayeHHi (cM. III § 79). Orser zaercs ¢opmydodt 111 (79,4), coraacno
KOTOPpOH B JZAHHOM cJydae

ey (B) = —;— [e® (B)-+ e® (k—K,)] +
+ {-14— [6©) (k) —e® (k—K )12+ U, ‘2}1/5 .

rie K,=2nn/a, a apnutupHas mnocrosHHas U, onyuiena; BbGop 3HaKa mepeq
KOpHeM onpelensieTcsi TpeGoBaHHeM, YTOGH BIAJH OT 3HaveHH k= + K,/2 ¢yuk-
uus € (k) nepexonuna 6wl B £(9 (k): 3HaKM -+ H-—OTHOCATCA COOTBETCTBEHHO K 06.a-
ctaM | k| > | Ky/2| nJk] <)Kp/2]. B camux toukax k= K,/2 dyuxuus e (k)
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HCUIBITHIBAET CKadYoK, paBHbf 2|U,|. Ha puc. 12, o sueprua & (k) uzoGpaxena
Kak ¢yHKUMs TepeMeRHo) k, npoferawomell 3HaYeHHA OT — oo 0 . Ecau xe
NPHBECTH 3HAYeHHS k (KBa3WHMIYJbCa) K MHTEPBAJy MEXIYy = fi/a, TOo MBI DpHIEM
K pHc. 12,6, rae H306paxKeHH JBe NepBule 3HEPreTHYECKHE 30HHL

O6paTtuM BHHMaHHe Ha T0, YTO 30HW Ha pHc. 12 (kKak W Ha puc, l1) me
HepeKphIBaloTCA. JTO ofltlee CBOHCTBO OJHOMEDHOTO JIBHXEHHA B I€DHOJHYECKOM
none. KaxXawii ypoBeHb SHEPTHH
IBYKDaTHO BHIPOXKJEH (10 8HAKY € €

k), a66bluas KpaTHOCTb BHIPOK- P ) i |
JeHHSI NDH ONHOMEDHOM JLBHXKe- | | i i
HUH BOOGIEe HEBO3MOXHA. OTMe- AN | i H

THM TaKXKe, 4YTO B OJAHOMepHOM i\ L1 i H
CJlyuyae TpaHHLbl KaXKIOH 30HBI ! =

(MYHHMAJbHbBIE W MaKCHMAJbHbIE [ |

3HaueHua & (k) COkOTBeTCTBYIOT : i | ! 1 i
3nayepusaMm k=0 u k=mn/a. Je-

JIO B TOM, YTO BOJHOBHIE QYHK- --Zalr-%r %1’ 2—? k --—{z-t- _%l‘_ &

LK, COOTBETCTBYIOUIHE B3HEPIH-
M B 3anpelleHHOM HHTepBaJe, Puc. 192,
YMHOXKAIOTCS NPH CMEIIEHHH Ha
TepHOA @ HA HEKOTOPHIH BELIECT-
BeHHBIH MHOXHTeNb (B CHJIy 4elro M BO3PACTalOT HEOTPAHHYeHHO Ha GeCKoHeu-
HOCTH). BonHOBble e (YHKUNH B pas3pelleHHbLIX HHTEPBajJax SHEPTHH NPH Ta-
KOM IIepeHoce YMHOXKaloTCs Ha ek, Ha rpaHnue Mexjy sanpelieHHHIM H pa3spe-
WeHHSIM HHTEPBAJaMH 5TOT MHOMKH1eJb, CJAEJ0BaTe/bhO, MAOJXKEH GbITh OJHOBpE-
MEHHO BEIIECTBEHHBIM U PaBHEIM 1O MOAY-
JIO eHHHLE, OTKYJa H cJjejlyeT paBeHCT-
BO ka HYJIO HJH .

3. Ha#iTh 3aKkoH JPCrepCHH HacTHIBI
B OJHOMEDHOM IeDHOJHYECKOM  IIOJe,
npeicTapiasiiolmieM co6ofi  IOC/T€ROBATE/be
HOCTb CHMMETPHYHBIX TOTEHUHAABHHIX fM,
YAOBJETBOPSIIOIMX YCJOBHIO KBa3HKJAC-
" CHYHOCTH (BBHAY 4Yero BePOATHOCTh HpO-

HHKHOBEHHSI YacTHIE yepe3 Gapbep Mex-

Ly AMaMH MaJja).

PelweHnHne aHANIOTHYHO XOAy pe-

MeHHsT 3ajayd O paclieNJieHHH YPOBHel
B gBofinofi same (II1 § 50, 3anaua 3). Ilyctb g (x) —HODMHPOBAHHASL BOJIHOBAs
$YyHKLHS, ONHCHBAOLIAs ABHMAEHHe (C HEKOTOPOH 3Hepruel &g, puc. 13) B oaHo#
M3 AM, T. €. 3KCNOHEHIHAJbHO 3aTyXawmasi B 00e CTOPOHBI OT IPaHHI 3TOH AMBI,
91a GyHKIUKS BEUIeCTBEHHA H MOXKeT GbiThb YETHOH WJM HEYeTHOM 110 NepeMeHHOH X.
TlparusbHas ke BOJHOBast (YHKLHS HyJeBOTO NPHUOIMIKEHHS M/ JABHIKEHHS
YaCTHUBL B [IEPHOLHYECKOM I10J€ HDPEJACTaBIAET COBOH CyMMY

Yr(®) =C ) eikenpy (x— an), 6))

n=—

rie C—HODMHPOBOYHAS MOCTOSIHHAA (NPH CABHIE x¥ — X-}-@ 3Ta GYHKUHUS yMHO-
XaeTcsd, Kak H cJeloBajo, Ha eika),
[Mumem ypasHenus llpenunrepa
2m 2m

ity P @—U 01 %=0, Yot [eo—U ()] $o=0,

YMHOXaeM IlepBOe Ha 1)), BTOPOe Ha 1, BHIYHTAEM NOWICHHO H HHTETPHPYEM
no dx B npeienax or —a/2 xo a/2 (puc. 13). 3aMeuaem, YTO NOCKOJBKY
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npou3BeJeHHs Yo (x) P (x—an) ¢ n # 0 Hcuesawille Maabl Be3je, TO
a2
S Vg (%) o () dx = C.
-aj2
Haxozum

2 ’ ’ a
& (k) — o= ;m—c- [vive—ui] 375

Ilpn x=a/2 B cymme (1) MOKHE GbITH COXPaHEHbI JUIUb YJeHH c n=0H n=1,
npuyeM Py (— a/2)= £ Py (a/2) B 3aBHCHMOCTH OT YETHOCTH HJAH HEUETHOCTH

GYHRUHH g (x):
Pr (@/2) =Cg (@/2) (1 £ ei*a),
Pk (a/2) = Cpo (@/2) (1 F etka);

aHAJOTHYHBIM ©6pa3oM, NpH X==-—@a/2 JOJKHBl OBITb COXPaHEHbl JIMIIb YJEHbI
¢ n=04u n=1. B pe3yJbrate noJyuum

e(k)—eg= £ Q—ﬁ—-’LlJ0< )¢0< )coska.-

Cioa HaJl0 NOACTaBUTbL 3HAUEHH S

¢o<§)=[2—%]l/2 exp —-%aflp(x)ldx ,
W(5)-2n(e)

rjle ®—KJ/JacCHyecKasi 4acToTa KoJseGaHHH 4acTHLBl B sMe; Xo—TO4YKa IOBOPOTa,
OTBEUalolldss SHEPTHH E,. OKOHYaTeNBHO:

a/2
s(k)—so——I——-VDcoska D =exp ——%‘S‘ lpx)|dx|.

TakHM 06pa3oM, KakJAbll YPOBEHb 3HEPTHH €j, OTBEYAOIHH JBHKEHHIO 4aCTHIL B

H30/IHPOBAHHOKN AiME, pacIlHpsieTcsi B Y3KYIO NOJOCY (30HY) C LIHPHHOM 2ﬁmD1/2/n,
onpeneaseMoil KoadhpHUHEHTOM NPOHHIAEMOCTH D nortennuasbHoro Gaprepa, pas-
JIeJIAIOIEr0 JiBe SIMBL,

§ 56. BunsAHHe BHelHero mojs Ha JBHIKEHHE

3JIEKTPOHA B pelleTKe

PaccMoTpuM 1BHKEHHE 3JeKTPOHA NPH HAJOXKEHHH Ha PelleTKY
NOCTOAHHOrO MAarHuTHOro nods H. Ecau ucXoauTh H3 raMHJbLTO-
HUaHa 3JeKTPOHA B mepHojauyecKoM moje U (r) B KOOPAHHATHOM
NpeiCTaBJIeHHN:

H———+U(r), (56,1)

(tae p=—ihv—oneparop wucTHHHOIO HMIyJbca), TO BBeJeHHE
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BHEIIHET0 MArHUTHOrO IOJs OCVUIEeCTBJSACTCSA OOBLIUHEIM 06pa30M:
2
1= (p—FA)+U O, (56,2)

rae A (r)—BekTOpHBII NOTeHHMaJ moJasA. 3ajaua, OZHAKO, pajH-
KaJbHO yIpomaeTcss —B CJayuyae JOCTATOYHO CJaGoro HOJIH-—HyTEM
nepexofia K KBA3UHMIYJILCHOMY IIpejicTaBAEHHUIO.

Beuay Goablioro pasHooGpa3usi B BO3MOXKHBIX BHIax 30HHOH
CTPYKTYpbl 3HEPreTHYECKOro CIeKTPa 3JEKTPOHA B PeUleTKe yCJOBHE
MaJIOCTH BHEIIHEro MoJis MOXKeT OBITh COPMYJHPOBAHO B oflieM
BHJIe JIHIIb JOBOJBHO Ipy6eIM o6pasoM. IlycTb szeKTpol A0 BKJIO-
YeHHA TIOJS HAXOAHUTCA B HEKOTOPOH ONpeleseHHOH (s-d) 3oHe.
O6o3HaunM uepe3 &, HAHMEHBLIYID M3 3HEPreTHYECKHX BEJIHUMH,
XapaKTepU3YOUWHUX 3TY 30HY,— ee XapakTepHYIO WIHPHHY MJH pac-
CTOSTHHE JI0 COCeMHHX 30H (T. e. pasHocrell g, (k) —ey (k) npu 3a-
paHHeiX k). JI1s1 TOro uToGhl MArHUTHOE MOJIe MOXKHO OBIJIO CUHTATD
caabblM, BO BCAKOM cJyyae [NOJKHO BBHIIOJHATBCH YCJIOBHE

fioy, <&, (56,3)

Tle «I1apMOpPOBa YacTOTa» wy ~ |e| H/m*c, a m* ~ hikjv— sdbexTuB-
Hasg Macca 3JeKTpoHal).

B otcyTcTBHE BHelllHero moJisi TaMHJAbLTOHHAH 3JIeKTPOHA B pe-
mweTkKe B k-mpeicTaBieHHH eCThb, KaK YK€ YKasblBaJoch, JHATOHAJb-
Hasg Marpuua c sJeMeHTaMu g, (k). B NpHCYTCTBHH NOJSA TaMHJIb-
ToOHMAH G6yJeT COofep:KaTh Takxke W HoTeHuunasa A(r) H ero mpous-
BOJHbIE MO KOOpAMHATaM —HaNpsAXKeHHOCTb H (2 B HeoJHOPOAHOM
noJie —TaKXe M JajbHellllie NPOU3BOAHLIE OT HANpPSKEHHOCTH);
B k-mpexpcraBsenun ¢ysruus A (r) 3ameHseTcs onepaTopom
A=A(r), rne r—omnepatop (55,14).

Tlorennuan A (r) ecTs BospacTarwouas (4Js1 OZHOPOXHOTO NOJST —
1o JHHeHHOMY 3aKOHY) (¢yHKUHSI KOOpAHHAT. BBHAy 3TOro BoO3pa-
CTaHH$ MOTEHLHAaJ, Jaxe AJs cjaboro noJs, OTHIOAb He SIBJSETCH
MaJIbIM BO3MYIIEHHEM B raMHJbTOHHAIIE HEOTPAHHYEHHOH CHCTEMHI
(3n1ekTpoH B pewieTke). MMeHHO mNO3TOMYy yxke cJjaboe MarHHUTHOe
foJie CYIECTBEHHO MeHAeT CBOHCTBA MPOTAXKEHHOH CHCTEMEBI—IIpe-
BpamaeT HENpepbBHBIH CIEKTp B ZHCKPCTHHIH (KBaHTYeT ypPOBHH,
cM. § 58). HanpsikeHHocTh Xe c¢Ja60ro noJs (B OTJAHYHE OT IO-
TeHLMaJja) NPHUBOAMT JIHLIL K MaJblM IOIPaBKaM.

Tlokazkem, yTo B npeHe6Gpexke HHH STHMH IONPABKAMH 3aBHCHMOCTD
TaMHJBTOHHAHA OT NOTEHIHANa MOJS MOXHO BBHISICHUTH B OGLIEM
BHJie HCXOASl U3 OJHHX  TOJBKO TpeGOBaHuWH KaJUOPOBOYHOH UH-

1) Bosee ToyHOe omnpeje/ieHHe YacTOTH jaercss HHKe dopmydod (57,7). IHns
3JIeKTPOHOB TNPOBOJAMMOCTH B MeTasje (cM. HuXe § 61) XapakTepHele 3HaueHUS
k ~1/a (a—nocTosiHHAs pelIeTKH); TNOJOXKMB TaKXKe gy ~ h?/m*a?, HaiijeM, 4TO
ycaoBHe (56,3) 3KBHBAJTeHTHO HEPaBEHCTBY I y>>a, e «pajHyc OPOHTH 7' gy~ V/0y.
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BapHaHTHOCTH. ITocKo/IBKY Mbl paccMaTpHBaeM IOCTOSIHHBIE TIOJIS,
TO JOCTATOYHO HMCIIOJIb30BATh MHBAPHAHTHOCTH YPaBHEHHWH OTHOCH-
TeJbHO HEe 3aBHUCAMIMX OT BPEMEHH NPeo6pa3oBaHUE NOTEHIHMaJga H
BOJIHOBBIX QYHKIHH BHjAa

A—A+Vf, P—spexp (ﬁ—f) (56,4)

rae f(r)—mnpoussombHas ¢yHkuus koopauuar (cM. I1I (111,8—9)).

B caabom noge notennuan A (r)—MeaseHHO MeHsOILAsACA QyHK-
M. KoopAuHAT. MmMesi B BHAY BHISICHEHHE DPOJH 3TOH MENJEHHOCTH,
PacCMOTPHM CHayaJsa NpejAeJbHBIH clyyall MOCTOSHHOrO NOTEHIMAa:
A (r) =const = A, (pa3ymeeTcs, HOCTOSIHHBIH NOTEHIHAJ] GUKTHBEH —
peasibHOE MoJie NPH 3TOM OTCYTCTBYET, TaK YTO peub HAeT O (op-
MasbHOM npeob6pasoBanuH). Ilepexon or A=0 x A=A, ’KBHBa-
JIEHTeH npeobpasoBanuio (56,4) ¢ f = A r; I03TOMY BMECTO HCXOAHBIX
(npu A =0) co6cTBeHHBIX (yHKIHI

Psk = U ekr (56:5)

cOOCTBEHHLIMH (DYHKUUHAMH HOBOTO TaMHJbTOHHAHA GYAyT
Usk(r) exp {i <k + ﬁe— A0> r} .
C

Orcrona BUAHO, YTO AJIsl IPHJAHUST KBA3HHMIYJIbCY IIPEXKHETO CMEIC/IA
(BeJIMUHHBI, OMNpejessiomel H3MeHeHHe (ashbl BOJHOBOH (YHKIHH
NpPH TPAHCJALHKSAX) HAZO NOJOKHTH k --eA /fic=K; onpexesenuyio
TakuM ofpasom Beqnuudy K MoxKHO Ha3BaTh 0606tyennbim Keasu-
umnyascom. Torna HOBble cOGCTBeHHLIE QYHKIUH 3aMUIIYTCS B BUJE

Vs = Us, K—eAy/he (r) eiKr,

a COOTBETCTBYWIUHE HM 3HAYEHHS 3SHEPrHM 3JeKTpoHa: e, (k)=
=g, (K —eA,/fic). Mbl MoxkeM Tenepb yTBep:KJAaTb, 4TO MPH He IO-
CTOAHHOM, HO MELJIEHHO MEHSIOUEMCsl B INIPOCTPAHCTBE MOTEHIIHA-
Je A (r) BoHOBbie QYHKUHH «HYJEBOro» (IO HANPSIKEHHOCTH 10J)
npubauxeHuss 6yayT

PsK = Us, K—-eA (r)/ke eiKr (56,6)
(mpuueM ¢YHKUMH u, 6Jjarojapsi nepeMeHHOCTH A, yxe He SBJfA-

I0TCS CTPOTO NEPHOAMYECKHMH) ). DHEPruH XKe ss(K-—eA/ﬁc) Hajo
paccMaTpHBaTh Teneph Kak ONepaTophl, 06pa3yIoIHe raMHIbTOHHAH

) Ecau pasnoxuts ¢ynkunH (56,6) no dyHRUHSM g, TO B pasioxeHne

BOHXYT, BooOwe rosops, QyHKUMH ¢ pasauuubiMe s. IlopuepkHeM, OZHAKO, UTO
5TC OTHIOAb He 03HaUaeT PeajbHOTO Tepexofa B APYry0 30HY, a BbIpakaeT JHIIb
H3MEeHEHHe BOJIHOBOH (YHKUHH IOX BJMSHHEM IOCTOSHHOTO IOJIS; HANOMHHM
B 5TOH CBHSH, 4T0 NOCTOAHHOE IoJe BOOGle He MOXKET BhI3BATh peaJibHBIH ITe-
pexon ¢ H3MeHeHHeM SHEPrHU. [l ySICHEHHS CHTYalUHH CJACLYET 3aMETHTb, YTO
XoTst noje ¢jaf0o, HO CBs3aHHOE ¢ HEM HM3MEHEHHE KJAacCHOHKALMH COCTOSHHH
(B TOM HHCIE COOTBETCTBUS My KBASHHMIYJbCOM M SHepruell) aHauHTEALHO.
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B K-npexacraBnenun. Ilpu atoM, B TOM Ke npHOJIHKEHHH, nonr
Hajo IOHHMAaTh onepatop r=id/0K, omycTus BTOpOPI gnen ()
B ompefeseHun (55,14). ﬂeHCTBHTeJIbHo, NpU BO3JeHCTBHHU Ha BOJI-
HOBYI0 (PYHKIHIO onepartop [0/0K, mo nopsiaxy BeJHYHHBLI, yMHO-
KaeT ee Ha «pasMep OPOHUTBHI» 7y, BO3pACTAIOLIHH NPH YMEHbLIEHHH
N0JIs; Pe3yJIbTAT Ke BO3JAeHCTBHA omepaTtopa £ Ha BOJHOBYIO (PyHK-
LHIO TAKOIO BO3PACTAIOMErO MHOMXHTEJNss He COAEPKHT. B aTom

cMbicsie B csaboM moJe onepatop £ Maa 1o cpaBHeHHIO ¢ [9/0K.
Ilockosbky, ¢ apyro#l cropoHbl, omepatop 0/0K auaroHajeH no
HOMEpaM 30H, TO OKa3blBaeTcs AHACOHAJBHBIM H FAMHJIbTOHHAH.
Takum ofpa3oM, Mbl NPHXOAHM K pe3yJbTaTy, UTO ABHIKEHHE
3JIeKTPOHA B pelleTKe B cJabOM MAarHHTHOM IIOJie OIHCHIBaeTcsl ra-
MHJIbTOHHAHOM (B K-IpeAcTaBjieHNH)
2~ e - ~ . 0d
Hs_as<K——ﬁ:A(r)), F=ig (56,7)
(R. Peierls, 1933). B atoM npu6JuKeHHH, CJeLOBATENbHO, HMEETCH
NOJIHAA &HAJOTHA CO cnocoO60M BBEIEHHS] MAarHHTHOTO MOJsA B ra-
MHJIbTOHHAH CBOGOAHOH YacTHIBl B HMIYJbCHOM HpPEACTABJICHHH.
Bripaxenne (56,7) emle He BIOJIHE ONpeAEsIEHO, TAK KaK He
YCTaHOBJIEH MOPAJAOK JAEHCTBUSI HEKOMMYTATHBHBLIX ONEPaTOPOB —
KOMIOHeHT BekTopa k= K—eA/fic. O pomkeH 6biTb onpejeseH
TaK, YTOObl 0GECTICYHTH IPMHTOBOCTL [AMHJBTOHHAHA. DTOTO MOXKHO,
B NpPHHLHMIE, BCerja JOCTHYb, NMPEJCTABHB NEPHOAHYECKYIO (B 06-
paTHO# peweTke) GyHkuuio &, (k) B Buge psajga Pypre

gs (k)= 3 Ay, etha (56,8)

(cyMMHpOBaHHe MO BceM BeKTopam a npsamoi pemerku). Ilocse 3a-
meHbl K — Kk B nokasartese KaXJOoro yjeHa 3TOTO psga 6ygeT CTO-

ATh TOJILKO OJMH ONEpaTop (MPOeKUHs BeKTOopa A Ha a), TaK YTo
BONpPOC O MOpsiiKe AeHCTBHSI He BO3HHKAET—BCE CBOAMTCH K CTe-
MeHsIM 3TOr0 OAHOro omneparopa. Tako# cHnocol6 «3pMHTH3ALHHY,
KOHEYHO, He euHCTBeH. CyliecTBEHHO, OJHAKO, YTO PA3HUIA MEXKILY
pas3JHYHBIMH CIOCOGAMH JIGXKHT 3a [pejesaMu paccMaTpHBAEMOro

NPHOIHKEHHs], NOCKOJIBKY KOMMYTAaTOPbl OMEpaTopoB k., ky, k
B 3TOM INPHOJHMKEHHH INPEACTABJAIOT COGOH MaJble BeququI Tak,

AJisT OAHOPOAHOIO IIOJIsI Ol€paTop

z

< 1 ~ i d

A=7[Hr]=7[ﬂw]; (56,9)
IIpAMBIM BBIYHCJICHHEM JIETKO HaﬁTH, qToO KOMMYTaTOpI:I

7T 1 NN . €

kxky_kykx=t'%z_'Hz"" _(56,10)

NpONOPLHOHAJbHE MaJjofi HanpskeHuoctd H.
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Onepatopel r=i0/0K 1 K=K umetor Te ke npaBH/a KOMMY-
TalMH, UYTO M KOOPAHHATH H 0GOOGIIeHHEIE HMNYJBCHL «CBOGOAHOM»
(6e3 pelleTKH) 4YacTHILHL. ECTeCTBeHHO NO3TOMY, 4YTO BBIYHCJIEHHE

KOMMYTaTOPOB ONEpaToOpoB f H K ¢ TaMHJIBTOHHAHOM NPUBOAHT
K ONEPaTOPHLIM YpaBHEHUAM

hk=— - (56,11)

?

0 ~ oK’

UMeoI UM BHA OOBIYHLIX YypaBHeHUH [aMuabTOHA (AJs1 BBIYHCJIE-
Husg—cM. dopmyast 11 (16,4—35)).

CHoBa MNOBTOPHM, YTO raMuJbpTOHHAH (56,7) ABJAETCA NPHOJIH-
JKEeHHEIM B TOM CMBICJE, YTO B HeM OTOpOLIEHBl BCe 4JeHRI, 3a-
BUcsInYMe OT HanpsxkeHHoctH H u He comepxamue 6OJBLIMX MHO-
JKHTEJEH — OPsAAKa BEJHYHHLI Pa3MepoB OpGHTHL 1. B caepyromux
HPHGIHKEHUSIX OTBET TOXKE MOKET OBbITh NPEACTaBJeH B BHAE HEKO-

Toporo ad¢ekTuBHoro ramuaprTonunasa H, (K—eA/fc, H), nuaro-
HaJbLHOTO N0 HOMepaM 30H, HO yXe He BbIpaxarouierocs uepes
OJHH TOJbKO (GyHKuUH e, (K)1).

B npeneGpekeHHH CHHH-OPGUTAJBHBEIM B3aHMOJACHCTBHEM, Yyuer
CIHMHA 3JCKTPOHA NPHUBOJAUT B I'aMHJBTOHHAHE K INOSIBJCHHIO OOBIU-
HOr'O YJeHa, ONHCHLIBAIOUIEIO B3aWMOJeHCTBHE MaI‘HI/ITHOI‘O MOMEHTa
c noneM.—BoH, rie ¢—wMarpuust Ilaymu, a f=|e| fi/2me—wmar-
HetoH Bopa. Ecam xpucrana obnajaeT LEHTPOM HHBEPCHH, CIHH-
op6uTa/sbHOe B3aUMOJefCTBHE TOJBKO MEHsSEeT MATHUTHHIE MOMEHT
3JEeKTPOHA, TAK YTO B3aHMOJCHCTBHE CNHMHA C MATHUTHBIM [OJIEM
npuo6peraer BHJ

—PoH,E;, (k). (56,12)

IleficTBUTEBHO, B 3TOM CJyuyae raMHJbTOHHAH AOJIKEH OLITb HHBa-
pPHAHTEH N0 OTHOMIEHHIO K OJHOBPEMEHHBIM ONepalHAM O6GpauleHHs
BpeMeHH H HHBepcud. Ilpu 5ToM npeofpasoBaHuUH HAAO 3aMe-
Huth H— —H u 0 — —o npu sensamennoMm k; (56,12) asnaser-
¢ o6LIMM BEIpaKeHHeM, YAOBJETBOPSAOLIUM IOCTaBJeHHOMY TpeGoBa-
Huto. Tensop &, (k), pasymeeTcs, HEJAb3sl BHIYHCJIHTL B OOILEM
BHJE.

HakoHeln, ocTaHOBHMCS Ha NOBEIEHHH 3JCKTPOHA IIPH HaJoxke-
HUH Ha peumeTky caaforo sjaextpuyeckoro noas E. Ycaosue caa-
60oCTH O3HAYaeT, YTO 3HEPrus, npuHobperaeMas 3J€KTPOHOM B MoJe

1) Tlpocroii npuMep BLIYHCJEHHS TONpPaBOYHOro 4uJjeHa Oyler jJad B § 59.
HanoxeHue perynsgpHoro MeTojfa NOJyYeHHS aMHJIbTOHHAHA B BHJIE pAja 1O CTe-
nerssM H, a rakxke o6liye BbIpa)KeHHS NEPBbIX YJEHOB 3TOrO pPAAa AaHbi B CTAaThAX:
E. 1. Blount, Phys. Rev. 126, 1636 (1962); Solid State Physics, r. 13, ctp. 306
(1963). OTMeTuM, YTO ecJH KpHCTalJa o06GrajaeT LUEHTPOM HHBEPCHH, DAL HAyH-
HaeTcs C 4/ieHoB nopsaika H? (cM. § 59).
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Ha PpacCTOSHMH ~ @, MaJja 1O CPaBHEHHWIO C XapaKTepHOH 3Hep-
rueil g, |e| Ea<Le,.

Kakx ¥ B cayyae MarHuTHOro mnoJisi, HauGoJiee BaXKHYIO POJb
UI'paloT 4YIEeHb, COJEpKallie BO3pACTAILYI0 QYHKIHIO KOOpJHHAT —
CKaJApHBIH TNOTeHHMasa 3JeKTPHUECKOro mnoJs @ (r). 3aBHCUMOCTb
raMUJbTOHHAHA OT ¢ MOXHO CHOBa BBISICHUTBE B OGLIEM BHJE HC-
X0as U3 coobpakeHHi, aHAJOTHUHBIX HCIIOJb30BaHHBIM BeILe. JleH-
CTBHTEJIbHO, BKJIIOYCHHE (PHKTHBHOTO IIOCTOSTHHOTO [IOTEHIHANA @ = @,
3KBUBaJeHTHO B ypaBHenuu lllpeauHrepa no0aB/eHHIO K 3HEPTUH
NOCTOSTHHOTO CJIaraeMOro eq,; TAaKOe cJaraeMmoe J00aBHTCI H KO
BCeM COOGCTBEHHBLIM 3HaueHUAM g, (k). Ilpu HemocTosiHHOM e, HO
MEIJEHHO MEHAWIeMCA B NPOCTPaHCTBe MOTeHUHAJe ¢ (r) aHaJo-
THYHLIH OTepaTOpHLIE yjeH Jo6aBasercsi K 3(peKTUBHOMY r'aMHJb-
TOHHaHY B Kk-TpeicTaBieHuHU:

H =2, (k) +eq (r). (56,13)

§ 57. KBa3ukJaccuyeckue TpaekTOPHM

[IpuMeHHM TOJyYeHHLIe B NpeJbLyLleM naparpade pesysabTaThl
K Ba)XHOMY CJy4alo, KOId J[BHXKEHHE 3JIEKTPOHAa B MarHHTHOM
noJie KBa3HKJIACCHYHO. ¥YCJOBHE KBA3WKJACCHUHOCTH COCTOHT, KaK
HU3BECTHO, B MAaJIOCTH H3MeHEHHS Je-GpOHeBCKOH JAMHBI BOJIHLI
YacTHNbl HAa pPacCTOSHUAX MNOpAfKa ee camMoi. B panHoMm cayuae
3TO YCJOBHE 3KBHBAJIEHTHO HEpPaBEHCTBY

S (57,1)

— pagHyC KPHUBH3HEI OPGHTBI BeJUK [0 CPaBHEHHIO C JJIHHOH
BOJHBL A ~ 1/k1).

B KBa3MKJacCHUECKOM CJyHae HMeeT CMBICJ HOHSTHE TPaeKTo-
puu uactunnl. OHa onpejessieTcsl YPaBHEHHSAMH JIBUXKEHHS, I10JY-
vajomumucs H3 (56,11) 3ameHoll onmepatopoB COOTBETCTBYIOUWMMH
KJIaCCHYECKUMH BeJHYHHAMHU:

FK —__ %8  _ 9H
K or? % 0K

(MHAeKC S A KPaTKOCTH OmycKaeM). PackpoeM »TH ypaBHeHus,
BBel BMecTO O0OOIIeHHOrO KBasuUMIy.bca K «KuHeTHYecKUil KBa-
3UHMNY JBCY

, H:E<K-£—0A(r))

e
k:K'—‘ﬁ;A(r).

1) 910 ycnosue, Boofie roop, Gosiee cHIbHOE, yeM ycaoshe (56,3). Ho
ecqd k~l/a (Kak 3TO HMeeT MeCTO JJ/I5l 3JEKTPOHOB MpPOBOJHMOCTH B MeraJje),
To 06a yCJOBHS, COBNAJAOT H (DAKTHYECKH BCELJA BLUTONHSIOTCH: OPH Iy~
~cﬁk/|e|H~cﬁ/a]e]H VCIOBHE rp>>a TPHBOZHT K TpPeGOBAHMIO HL
<ch/|e|a®~ 108—10° 5.
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Hmeem

hdk | e dA® ___ 9H_e  04;
dt Tc dt o ¢ ifor*

Hanucas 3necb dA/dt =(vV)A H 3aMeTHB, 4TO
(v;V) A;—(vV)A=[vrot A]=[vH],

IIONIYUYHM YpaBHEHHE IBHKEHHHA .

hdk _ e e (k
W—F[VH], V= ok .

D
=

(57,2)

310 ypaBHEHHe OTJIHUAETCS OT OGBIYHOrO KJIACCHYECKOTO ypas-
Henus JlopeHma Juinb Apyrodl 3aBHCHMOCTBIO € (K): BMECTO MPOCTOH
KBaAPaTHYHOH GYHKIIUH MBI UMEEM JIEJIO CO CJOXKHOH NepHOAHYeCKOH
(dYHKIMEH; COOTBETCTBEHHO CJIOKHOH TepHOAHYeCKOH (yHKIHEH
ABageTcss H 3aBUCHMOCTb Vv (k). ITO 06CTOATENBCTBO TNPHUBOJHT,
€CTECTBEHHO, K CYIIECTBEHHOMY H3MEHEHHIO XapakTepa JBHKEHHS
3JIEKTPOHA.

PacCMOTPHM [BHKEHHE 3JEKTPOHA B OAHOPOJHOM MAarHHTHOM
noje. YMHOXHB ypaBHenue (57,2) Ha v, HafiieM OGbIYHBIM 006pa3oM:
hv dk/dt =de/dt =0. Ymuoxus xe ypasrenue (57,2) Ha H, naiinewm,
uto d (Hk)/d{=0. Takum o6pa3oM, NpH ABHXKEHHH 3JEKTPOHA B pe-
IIeTKe, KaK 4 NPH JBHKEHHH CBOOOJHOIO 3JEKTPOHA B MarHH THOM
noJe:

e =const, k&,=const (57,3)

(ocb z—3B Hanpasienun noas H). Pasenctsa (57,3) onpeneasiot
TPaeKTOpHI0 3JeKTPoHA B k-mpocTpaHcTBe. ['eoMeTpUUeCKH 3Ta Tpa-
eKTOPUs TPEACTABJSET CO00H KOHTYD CeUeHHS H303HePTeTHYECKOH
nosepxHoctTH ¢ (k)=const mJI0OCKOCTBIO, MEpNEHAMKY/JIAPHOH Mar-
HHTHOMY TIOJIO.

H303HepreTHyeCcKHe NMOBEPXHOCTH MOTYT HMEThb CaMyl Pa3Ho06-
pasuyio ¢opmy. OHH MOTYT cofepxaTh (B KaxJOH siueilke o6pat-
HOl pEeHIeTKH) HECKOJBbKO He CBA3aHHBIX JAPYT C APYroM JHCTOB.
DM NUCTH MOTYT OBITh OLHOCBSI3HBIMH HJIH MHOTOCBSI3HBIMH, 3aKpHbI-
TBIMH HJIM OTKPHITBIMH. JIJIsi YSICHEHH S TOCJAEHET0 Pa3Jnyhs yA06HO
paccMaTpUBaTh H303HEPTeTHYECKYIO IOBEPXHOCTh, IE€PHOJUYECKH
NpPOJOJIKEHHYI0 1O Bceff ob6paTHolt pemertke. B kaxnoit sueiike
6yAyT HAXOMUTbCS OJHHAKOBble 3aMKHYTHIC INOJOCTH, & OTKPHITHIE
MOBEPXHOCTH TIPOXOAAT HEIpPEPHIBHBIM 00pa3oM Uepes BCIO pelleTKy,
yxolsl Ha GeCKOHEYHOCTh !). .

1) OrMeTuM, Bo u36exaHHe HeJOPa3yMeHHH, YTO MOXET 0Ka3aThCs HEBO3MOXK-
HEIM BHIGpaTh fueiiky OGpaTHOH peweTKH TaKHM 06pa3oM, YTOGH BCE CYIIECTBEHHO
pasiduHble (T. €. He SBJIAIOMHKecs TEPHOAHYECKHMH I[1OBTOPEHHSAMH) 3aMKHYTbIE
TIOJIOCTH OBIM DACTIONOMKEHE BHYTPH OnHOH sfueliku Ge3 Toro, yTobn OHITH pacce-
UYEHHEIMH €€ TPaHAMH.



§ 57] KBA3UKIACCHYECKHE TPAEKTOPHH 281

Ceyennsi HM303HepreTHYeCKOH MOBEPXHOCTH CKJAARBAIOTCA H3
GeCKOHEYHOr0 MHOKecTBa KOHTYpoB. Ciofa OTHOCATCS KaK KOHTYPEHI
CeyeHHsl Pas3JHYHBIX JHCTOB M303HEPreTHYeCKOH NMOBEPXHOCTH B Mpe-
Jenax OAHOH fAueHKH oO6paTHOH pelIeTKH, TaK M KOHTYDBI CEUCHHSA
JIUCTOB, TOBTOPSIONIMXCS B Pa3JHuHBIX suefikax. Ecau JucT H30-
3HepreTHTIeCKOH IOBEPXHOCTH 34MKHYT, TO H BCe €ro ceuyeHus
IIPEACTABIASIOT COGOH 3aMKHYThle KpuBble. EC/IH Xe JIHCT OTKPHITHIA,
TO €ro CeueHMss MOrYT OBITb KakK 3aMKHYTHIMHM, TdK H OTKDHITBIMH
(T. e. HempephIBHO I POAOJKAIOMUMHUCA yepe3 BCIO OOpaTHYIO pe-
LIeTKY).

KBa3uKJ/JIaCCHYHOCTDh ABHKEHHSA MOAPA3yMeBaeT TAKKE H MaJOCTh
BEPOSATHOCTH MA2HUMHO20 npPobos—CKAuKOoOOPAa3HOTO H3MEHEeHHs
KBa3HHUMIYJ/JbCA 3JIEKTPOHA C NEePEXOJOM €ero ¢ OJHOro KOHTypa Ha
Ipyroit (K YyCJOBHIO 3TOH MaJIOCTH MBI BepHEMCS B KOHie MHapa-
rpada). B npeneGpexkeHHH 3TOH BEPOSITHOCTBIO, CJENI0BATEJIBHO,
3JeKTPOH JABHKETCS JHIOb 10 OJIHOMY KOHTYDY CEYEHHsS H303Hep-
reTHYeCKOH HOBePXHOCTH.

Paccmotpum GoJsiee MOAPOGHO ABHIKeHHE IO 3aMKHYTBIM Tpaek-
TOPHSM B KBasHMMIYJ/JbCHOM NpocTpaHcTBe. Takoe ABHXKCHHe, Oye-
BHAHO, IIEPHOJHYHO BO BPEeMeHH; ONpPeEIe/]HM ero IepHOI.

IMpoerupys ypaBHenne (57,2) Ha NePHEHAHKYJSAPHYIO MOJIO
NJIOCKOCTD R, R,, TIOJYYHM

dly  lelH —
o =g YL v, =V0vi+0},

ur

rae dl, =) dk: +dki—>snement panuel k-oputsl. Otciona

f ch ( dl
poES o

ECJII/I TpaEKTOpPlH 3aMKHYTAa, TO nepuop; JABHIKEHUA paeTcd HHTe-
rpajiom
ch dly

T=|e|H v_L’

(57,9)
B3ATHIM 110 BCEMy €€ KOHTYPYy. DTO BbiPaxKeHHE MOXHO Ipeo6paso-
BaTh K GoJjee HarJALHOMY BHAY CJELYIOMIMM 0GPas’oM.

Beegem miomanp S (e, k,) ceueHHs H303HEPreTHUYECKOH NoBepx-
HocTH &=const mJaockocTeio k,=const. IllupuHa KoJbua B 3TOH
IJOCKOCTH MeXAy KOHTypaMH &= const u e de=const coctaBaser

B KaxJo#l ero Touke
de de

[9eiok |~ o,
TaK YTO MNJOWALb 3TOTO KOJIbLa
dS =de f

dly
Fo,
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Orciona BHAHO, uTO HMHTerpaa B (57,4) mpexacTasisieT cO60H HE YTO
HHOe, KaK YacTHYI0 NIpou3BOAHY0 dS/de. Takum oOpasom, NepHOS,
JIBHIKEe HU S

ch? 0S (e, ky)

T= le]H  de (57,5)
(W. Shockley, 1950). 3nechb ecTecTBeHHO BBECTU BEIHYUHY
ht as

KOTOPYH HAa3blBAOT YUKAOMPOHHOL Maccoil dJIEKTPOHA B DeLICTKE.
Yacrora obparieHust 3/JeKTpoHa No opOuTe BLIpaxkKaercda yepes 3Ty
BeJIMYHHY COIJacHo (opmyJe

0, =|e| Him*c, (57,7)

OT/IHYAIOLEACA OT U3BeCTHOH (opMyJ/bl I JapMOPOBOH YaCTOTH
cBOGOAHBIX 3JEKTPOHOB 3aMeHOH MX Maccel Ha m*1).

IMoguepkHEM, OJHAKO, YTO B CJydyae 3JEKTPOHOB B DelIeTKe
LIHKJOTPOHHAS] Macca—He IOCTOsiHHAfA BeJHuYMHA, a QYHKUHA & H
k,, Tak 4TO OHA pa3/HYHA AJ5 PA3HBIX 3JeKTPOHOB. OTMETHM TaKKe,
YTO 3Ta BeIMYMHA MOKeT GhITh KaK IOJIOXKHUTEJbHOH, TaK H OTpH-
LaTe]bHOU; B IMEPBOM cJjyyae 3JEeKTPOH ABHXKETCS NO opOHTe KakK
OTpHLATebHO 3apsKeHHas, a BO BTOPOM—KaK [OJOXHTEJbHO
3apsuKkeHHast 4acTHia—aplpKa. CooTBEeTCTBEHHO 3TOMY TOBODPAT 06
SNEKMPOHHLIX N ObLPOUHLIX MPACKMOPUAX.

Jlo cHX [Op Mhbl TOBOPHJIH O TPaeKTOPHH 3JeKTPOHa B K-mpo-
cTpanctBe. JIerko BHeTh, OLHAKO, 4YTO CYLIECTBYeT TecHasd CBA3b
MKy TPaeKTOPHSIMH B KBa3HUMIIYJbLCHOM H OOBIYHOM IIPOCTpaH-
cTBax. YpaBHeHHe nBHiKeHHS (57,2), mepelHCaHHOE B BHJE

fidk = — 1L [arn)],

moc/Je WHTErpHpOBaHuA (M HajJjexalero Bh6opa Hauaja OTCYeTa
KOODJHHAT F M KBasHHMIyJ/bcOB K), Haer

: fk=— L2l [rH]. (57,8)

Otciola BHAHO, YTO XY-IPOEKUHS OPOHTHl B OGBIYHOM IIPOCTpPaH-
CTBE MO CYIECTBY MOBTOpseT K-TpaeKTODHIO, OT/AHYAsACh OT Hee
JUIIb OpHEHTalHeH H MaciitaboM: IepBas IOJyyaeTcs H3 BTOPOH
3aMeHOH

H H
kx—F——leﬁl—cy, ky—>-,—eﬁ|7~x.

1) IHas cBoGOAHOTO 3JIEKTPOHA H305HePTeTHUecKas IOBEPXHOCTL— cdepa
e=Hh2k2/2m. Ee ceueHHs —KPYTH € HJIOWALbIO S=n(2msﬁ'2——k§), TdK 4TO
npouseoguan 98/0s=2mum/h? ¥ m* =m.
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Kpome TOro, B OObLIYHOM MNDOCTPAHCTBE HMeeTCsl ABHXKEHHE BJOJb
OCH 2 CO CKOPOCTbIO v, = 0e/h Ok,. Eciu TpaekTopust B K-nmpocTpaH-
CTBE 3aMKHYTa, TO B OOBIYHOM HpPOCTPAHCTBE OHA NPEACTABJACT
co60il crupa’db C OCbI0 BAOJDL HanpasJeHus nojsd. Ecau ke Tpaek-
TOPHS OTKpBEITAs, TO OTKpbITa TaK)Ke H INPOEKUHS TPaCKTOPHH HA
MJIOCKOCTH Xy B OGLIYHOM MPOCTPAHCTBE, T. €. ABHIKEHUE B 3TOH
NJIOCKOCTH HH(PHHHUTHO.

CraxkeM elne HECKOJBLKO CJOB O KBa3UKJAaCCHYECKOM [BHIKEHHU
3JIEKTPOHA IPH HaJ/I0XKeHHH Ha PelIeTKY NOCTOSIHHOTO OJHOPONHOIO

aJekTpuyeckoro nosas E. M3 KBa3HkJIaCCHYECKOrO y paBHEHHS fik = eE
HMeeM

k=k0+e—;-t. (57,9)

V3 3akoHa ke COXpaHEHHS IHEPTrHH HMeeM
& (k) —eEr = const. (57,10)

Ho sueprus e (k) mpoGeraer 3HaueHHsl B KOHEUHOM HHTepBase Ae
(wupHHa 30HbL); MoaToMy M3 (57,10) cjepyer, 4TO IBHIKEHHE 3JIEK-
Tpona B OJLHOPOZHOM 3J€KTPHUeckoM noJe ¢u-
HHTHO BAOJb [0JA: 3JEKTPOH COBEDLIAET B 3TOM y
HanmpaBJeHHH KoJeGaHHs ¢ amnautypoi Aef|e|E.
Ecau mone mapajinielbHO Kakomy-1u60 MepHoxy
b of6paTHONl peleTKH, TO ABHXKEHHE M€PUHOJHYHO S
¢ yacrtoTto# w=2n]elE/ﬁb; npu b~ l/a uveem ke
fio, ~ | e] E,. B ofmem ciyyae npoH3BOILHOTO Ha-
NpaBjeHds IOJAs IBHXEHHE KBa3MIePHOIHYHO.
Haxonen, ocTagoBHMCS Ha  YCJAOBHM  BO3-
MOXHOCTH IpeHe6peub YNOMSIHYTBIM Bblllle 5B- Piec. 14,
JeHHeM MarHHTHoro npoGos. BeposTHOoCcThL Te-
pexofa C ONHOH TpaeKTopHu (B K-mpocTpaHCcTBe) Ha ApYrylo,
ecTeCTBEHHO, BeJHKa, €CJH 3TH TPAaCKTOPHH Trie-1HO0 MOAXOLST
aHoMalbHO O6JauM3KO APYr K Apyry. Takasd cHTyanusa BO3HHKaeT
B cJyuae, KOraa TpaeKTopusi 6JH3Ka K TPaeKTOPHH C CaMoIlepece-
yeHHeM, JHGO ecJH TPaeKTOPHA IPOXOAMT BOJH3H IepeceueHHs
IBYX JHCTOB H309HEPTETHUECKOH IOBEPXHOCTH (T. €. BOJH3H TOUKH
BLIpOXKIeHU). TUNHUHAS KapTHHA TPAEKTOPUM B TAaKUX CJayyasx
n3o6paxena Ha puc. 14; paspbiB Ok MeXIy TPaeKTOPHAMH MaJ IO
CPaBHEHHIO C XapaKTepHHIMH pasMepamMu OpOMT B 1eJiOM, a pajuyc
KPHBH3HLI R, TpaeKTOpuH BOJH3H TOYEK HX MAKCHMAaJbHOrO COJH-
KEeHHs MO MNOPANKY BeJHYHHBI COBIajgaeT, Boolue rosops, c dk.
[lepexon ¢ oxHo#t Op6GHTH HA ADPYTYIO NMPOMCXOMMT IYTeM KBaHTO-
BOTO TYHHENMPOBaHHs. BeposiTHOCTH 9TOTO Ipolecca Maja (3Kcro-
HeHIHMaJabHO), ecid Ok BeJHKO MO CPABHEHHIO C PaccTosiHHeM AR,
Ha KOTOPOM 3aTyXaeT BOJHOBasA (YyHKUHS B KJACCHUECKH HeJO-
CTYNMHOR 06/1aCTH MEXAY TPacKTOPHSIMH.
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Ouenky Ak, MOXHO NOJYYHUTH, BOCIOJBL30OBABUINCH aHaJorue
MeXIy JIBHMKEHHEM 3JIEKTPOHA B MAarHHTHOM IOJIe H OJHOMEpPHBIM
JBHXEHHEM B HEKOTOPOM NOTeHIHaabHOM Nose U (x). dra anasnorus

OCHOBaHA Ha TOM, uTO, coraacHo (56,10), onepatops g = k,Jic/|e[H

" pzﬁky YIOBJETBOPSAIOT NMPAaBHJAy KOMMYTAllMH, COBMAjAloMEMY
€ MPaBUJOM KOMMYTAllHH KOOPIMHATH M HMOyJbca. B6JH3H Touek
MAaKCHMaJbHOTO COJMKEHHS TPaeKTOPHH NapaGOJHUHH, HM aHaJo-
rHuHa mnapabonaHueckass (asoBas (x, p) TPaeKTOPHS OXLHOMEPHOTO
OBHXeHHsI B ofHOpoaHoM moje (U =— Fx), ypaBHeHHe KOTOpOH
p¥2m=Fx (ecaiu KOOPAMHATA X OTCYUHTHIBAETCS OT TOYKH OCTa-
HOBKH). B nociesgnem cJayyae BosiHOBas (YHKLUHS 3aTyXaer 3a
TOUKOH MOBOpOTa Ha paccTosHHU Ax ~ (A/mF)1/3 (em. 111 § 24);
BBEJS pajHyC KPHBH3HBI (pa30BOH TpaeKTOPHH R ~ (d2x/dp?)~1 ~ mF,
nanumeMm Ax ~ (A%R)1/3. Tlo ykasaumoli aHajoruu HCKoMoe Ak,
MOXKHO NOJYUHTb MyTeM 3aMmeHsl Ax—s ficAk /le|H, R — R Jile|H/c.
Takum o6pasoM, HaxopuMm Ak, ~ (|e| H/fic)/® (8k)=1/3, u yciioBHe
Ak, << 0k npuHMMaeT BHJ

le| Hific <€ (8k)2. (57,11)

§ 58. KBasuknaccuyeckue ypOBHH 3IHEpPTHH

Mpl BUZENTH, YTO KJaCCHYECKOMY JIBHXKEHHIO 3JEKTPOHA B pe-
IIeTKe B MarHUTHOM IOJIe MO 3aMKHYTOH TpaeKTopuH B k-mpocTpan-
CTBE OTBeyaeT B OOBIYHOM IIPOCTPAHCTBE JBHXKEHHE, (DUHHUTHOE B
IJIOCKOCTH, MEpPNeHAHKYAsipHOH Hampasgaexuto noas H. Ilpu nepe-
X0le K KBAaHTOBOH MeXaHHKE 3TO NPHBOAHUT K BO3HHKHOBEHHIO
JUCKPETHEIX YPOBHEH 3SHEpPTrHH NpH KaxkKAOM (DHKCHPOBAHHOM 3Ha-
YeHHH NPOAOJLHOTO KBA3HHMIYJibca k,. DTH yPOBHH OINpeNessioTcs
OOIIHMH NPaBHJIAMH KBAa3HKJIACCHYECKOI'O KBAHTOBAHHS.

Bri6epeM BeKTOPHBIM MOTEHIHAJ OLHOPOLHOI'O MArHHTHOIO HOJA

(HanpaBJeHHOro BIOML ocH 2z) B BHie A,=—Hy, A,=A,=0.
Torja KOMINOHEHTBE O0OOLIEHHOTO KBA3HHMIYJbCa
szkx+'—€ﬁLHy, K,=k, K,=k, (58,1)
c

Koopaunata x #ABJAeTCH LHKJHYeCKOH NlepeMEHHOH, H IO3TOMY
X-KOMIIOHeHTa 06O00MIEHHOrO KBa3HHUMIYJ/IbCA COXPAHAETCS:

Ke=Fk, +'—C‘%L Hy = const. (58,2)

CorsacHo npaBuJy KBaHTOBaHus Bopa— 3ommepdennaa (cM. 111
§ 48), nueM ycJioBHe

| 9§Kydy|=n, (58,3)
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rJie HHTETPHPOBAHHE PACIIPOCTPAHEHO MO MepHOAY ABHXKEHHS, a4 1 —
IeJ0e MOJIOXKHTENBHOE YHCJO, mnpepnosaraemoe OGoapmum?). [loz-
cTaBHB cioAa, coraacHo (58,1—2), K, =k, u dy=— (ch/|e| H) dk,,
IOy YUM

ch

2nje| H fkydk"

rie Tenepb MHTerpaa Gepercsi mo 3aMKHYTOH TpaeKTopuu B K-mpo-
CTpPaHCTBe. ITOT HHTErpan——He YTO MHOe, KakK OXBaTelBaeMas Tpa-
eKTopuell mJowanb, T. €. BBeJeHHas B IIpefibiAylieM naparpade
niomane S (e, k,) ceueHus H303HepPreTHUeCKOH NOBEPXHOCTH I1JOC-
KOCTBIO &, = const.
TaxkuMm 06pasoM, OKOHYATeJbHO HAXOJHM
S, k=221 p (58,5)
(4

(H. M. JTuguuy, 1951; L. Onsager, 1952). dtuM ycJoBHeM H olipe-
JeJSI0TCS B HESIBHOM BHJE yYPOBHH HEpruH &, (k). Taxnm obpasom,
JHepreTHYeckasi 3oHa (HOMEp S KOTOPOH Mbl I/ KPaTKOCTH He Bbi-
n¥ChIBaeM) pachafaeTcs Ha JHCKpeTHell psl nodsox Jlanday, Kax-
Jasi #¥3 KOTOPHX IIpelcTaBiaseT co0of NOJOCY YPOBHEH 3HEPTUH,
OT/IMYAIONIXCS 3HAUEHHEM HEelpepLliBHOH NepeMeHHOH &,.

Kax u3BecTHO, KBa3HKJIacCHUecKoe YCJAOBUE KBAHTOBAHUS MOXKET
6LITh YTOYHEHO BBEJEHHEM NONPAaBKH, CBOASUIEHCH K NMpuHOAB/IEHHIO
K 60JbIIOMY KBaHTOBOMY YHCJAY 7 YHcJa Nopsika einHHnsl. Omnpe-
JIeJeHHe 3TOH NMompaBKH TpeOyeT pPacCMOTDPEHHS IBHiKEHHS BOJH3H
«TOYEK OCTaHOBKH», OTPAaHHYHBAIONIHX 06JacTb HHTETPHPOBAHUSA B
(58,3).

3aBucumocTh K, =k, OT y Ha TPAaEKTOPHH 3JEKTPOHa Ompejie-
JIfleTCsT YpaBHEHHEM

=n, (58’4)

e(k)=¢e (Kx_le—clg_y’ ky, kz> = const (58,6)

npd 3aJaHHOM 3HAYyeHHH k, H NpH K,=consl; TOYyKa OCTaHOBKH
y=y, OIpele]sieTcs ycJOBHeM OOpalleHuss B HYJb CKOPOCTH
vyzaa/ﬁaky. B6ausn 3toli Touku passoxeHHe ypaBHeHHs (58,6)
IO CTENEHAM y—Y, NaeT

I3 (3) =0,

1) TIpy nBHMEHHH B OJHOPOZHOM MAarHHTHOM MoJe ainaGaTHYeCKHM HHBapH-
aHTOM, He 3aBHCAMHM OT BHIGOPa BEKTOPHOTO MOTeHIMasa, SBJAETCH HHTEerpas

1

'2?\¢‘ Kqdr, rie K;—upoekuus oGollIeHHOro KBa3HHMIIYJbCa Ha IVIOCKOCTb, Nep-

neHauKyaapHylo nomo (cp. II § 21). Ilpu cuenannoM BmiGope A HHTerpan
K,dx=K, @ dx=0, Tak yro agHa6aTHieCKMH HHBapHaHT COBMNajaeT C HHTer-

paJjoM B (58,3),
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rae ky,,=k,(y,). Orciona BuAHO, YTO NMPUOIHKEHHE K TOYKE OCTa-
HOBKH HPOHCXOIHT 1O KODPHEBOMY 3aKOHY

ky_kyozi A Vy"‘yo

(a1 onpeleleHHOCTH CYHTaeM, YTO KJACCHYECKH HEJOCTYNHAs
06J1acTh JIEXKHT NpH Yy < y,). HO 3T0—TOT camblil 3aKOH, K KOTO-
pPOMY OTHOCHTCH OOBIYHHIH BbIBOJ NONPABKH B KBa3HKJACCHYECKOM
kBantoBanuu (cum. 111 §§ 47, 48). ¥YTounennoe npasuso (58,5) HmeerT,
CJIElOBATEbHO, BUJ
e|H 1
S, k)=2n c'ﬁ (n+7). (58,7)

Kak 3T0 sicHO M3 BhIBOJAa (OCHOBAHHOTO Ha pPasjOXeHHH (YyHK-
uun (58,6)), Ana cnpaBelHBOCTH YTOYHEHHOTO NMpaBHJa KBAaHTOBA-
HUA Heo6X0auMO, uToObl TPAcKTOpPHSA INPOXOAWTA B JOCTATOYHOM
yhaJeHuH OT ocobbix ToueK QPynkuuu €(k) (B TOM YHCJE OT KOM-
NJeKCHBIX TOueK BeTBJeHus). Heobxoaumo TakKe, 4TOOBI HHUTAE
B6JIH3H TPAEKTODHH He HapyllaJoch YCJOBHE KBAa3HKJIACCHYHOCTH
(B wacTHOCTH—He ofpamajacb B HYJb X, Y-TIPOGKIHA CKOPOCTH
Je/0k)1). HaroHen, Hago uMeTb B BHAY NpPUGIHKEHHOCTb CaMOTO
ramussTonuana (56,7), Ha KOTOPOM OCHOBaHHl Bce BbIBOAbI. Ecuau
pelleTka 06/1aaeT LEHTPOM HHBEPCHM, TO MONPABKH K TaMHJbTO-
HHAHY KBaJPATHYHBI IO HANpPAXKEHHOCTH MOJs H He OTPaxKaloTcs
na ycaoeun (58,7). Ho ecanm LEHTP HHEEPCHH OTCYTCTBYeT, TO
NONpaBKH K TaMHJAbTOHHaHy aunednsl mo H; B 3toM cayuae no-
npapoubift uner 1/2 B (58,7) TepsieT cMbICJ, TAK KaK MOTPEIIHOCTD
TOro Ke MOPSAKA AaeT H NPUO/IHKEHHOCTh aMHJIbTOHHAHA 2).

HutepBai Ae Mexay AByMfA MNOCJ/ENOBATENbHBIME yDOBHSIMH OT-
BeyaeT H3MeHeHHIo 60JIBIIOro Yyucaa # Ha equHHNy. OH onpefeasiercs,
CJIeIOBATEJNbHO, PABEHCTBOM

__ 08 _ 2m)e|H
AS == Ae == (58,8)

BBexs KJIAaCCHUECKYIO YaCTOTY IIEPHOJMYECKOTO JBHKEHHS Gy, CO-
raacHo (57,7), mOJyYnM
Ae=Fioy. (58,9)

1y B6au3u TOUCK aHOMANBHOTO COJMKEHHS JIBYX TDAEKTOPHH STH YCJIOBHS
COBHAfAOT ¢ TpeGOBaHHEM MAJOCTH BEPOSITHOCTH MAarHUTHOTO NPOGOs.
2y Jlas cBOGOZHMIX SJEKTPOHOB (CM. MpuMevaHne Ha cTp. 282) yciobue (58,7)

Jaetr

e=hoy (n+%>+ﬁ2k§/2m, oy=|e|H/mec

B COTJIACHU C H3BECTHHIM BhIpaXKeHHeM Jlanjay Aas CBOGOJAHOTO 3J€KTPOHA B Mar-
gutaom noje (111 § 112).
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TTofue pKHEM, YTO 4ACTOTa w cama ecTb GyHKuHsA & (4 k). [Tostomy
110C/1el0BaTe/IbHbIE YPOBHH SHEPTLHH ¢, (IPH 3aJlaHHOM k,) He sIBJIs-
I0TCS CTPOTO 3KBHAHCTAHTHBIMH, KaK 3TO ObuIO OB B cayyae CBO-
6GOIHbIX 3JEKTPOHOB, TJie My €CTh MOCTOAHHAsg BEJHYHHA.

He3aBHCHMOCTL ypOBHEH SHEPIHH OT COXPAHSIOWIEHACS BeJHUHHBI
K, o3navaer (kak ¥ 175 CBOOOJHBEIX 3J€KTPOHOB B MarHuWTHOM
noje—cuM. II1 § 112) ux Bbipoxzenue. Ecam npeactaBiasith ceGe
pemeTKy, ofJajawweil GOIBIIMM, HO KOHEYHHIM o0beMoM V, ToO
KpaTHOCTb ITOFO BEIPOXKIeHHA GyjAeT KOHedHOH. UHCI0 COCTOSTHHH
B uHTepBaje dk, U C 3aJaHHBIM 3HAYEHHEM 7 ONpeleNsercs Kak
VAS.dk,/(2n)3, roe AS—nJomane B MIOCKOCTH k,=const, 3ak.io-
yeHHAas MeXJAy TPAEKTOPUAMU C KBAaHTOBHIMH YHCJaMH n ¥ n--1.
dta naomagb jaercs BuipamxeHuem (58,8), M, TakuM o6pasoM,
HAXOAHM JJI51 HCKOMOTO UMCJIa COCTOSIHHH BbIpazkKeHHe

Vdk, \elH
@0 ok (5,10)
— TO XKe CcaMOe, YTO H B CJaydae CBOOOJHBIX 3JEKTPOHOB.

Harnagnaa npuunHa BRIPOXKIEHHS YpPOBHe# B MarHHTHOM IloJie
3aKJIOYaeTCcsl B HE3aBUCHMOCTH SHEPrHH OT IIOJOXKEHHSA B INPOCTPaH-
CTBe «UEHTpa JapMOPOBCKOH OPOHTHI» 3JeKTpPoHa. JlJisi cBOGOAHOTO
3JIEKTPOHA 3TO BbIPOKIEHHE fIBJACTCS TO4HBIM. JIJiA 3/€KTpOHA Ke
B pelleTKe OHO MOXKeT GblTb JHLIb NPHOJIHMAKEHHBIM: B BHAY HaJIMUHs
HEOJHOPOLHOTO (NePHOAMYECKOTO) 3JEKTPUUECKOTO MOJsI Pa3/HYHbIe
MOJIOXKEHHUST «UEHTPa OPGUTH» B 3JEeMEHTAPHOH fAUeliKe peleTKu
yKe He 5KBHUBAJEHTHbL. DTO OGCTOSATENLCTBO JOJIKHO INPUBOLHTH
K HEKOTOpPOMY paciienJeHdio yposHe#i Jlanzay.

Yyer cnuHAa 3JMeKTPOHA NHPUBOAUT K DACIICHJIEHHIO KaMXAOro
YPOBHSI HA JBe KOMIOHEHThH; B NMpeHeOpexeHHH CIHH-OPOUTANbHOM
CBs3bIO 3TH KOMIIOHEHTHI Pa3jiefieHnl (KaK H AJs1 CBOOOLHOTO 3JIEKTPO-
Ha) NOCTOSIHHBIM HHTepBasoM 2BH, rae f-——marueron bBopa:

enc (R;) =¢, (k) +0BH, o==+1. (58,11)

Takas cHUTyanusi ocTaeTcst ¥ NPH yyeTe CIIHH-OPOHTAILHOTO B3aH-
MOJieHCTBHS, €CJIH KPUCTaaa o6saajaeT LEHTPOM HHBepcHH. B atom
cJyyae COCTOSIHHS JEKTPOHA B OTCYTCTBHE MOJS BHIPOXKAEHH MO
CNHHY, a MarHMUTHOE [OJie CHHMaeT 5TO BbIpoxkKJeHHe. B pesynbra-
Te moJyuyaercs Tta ke dopmysaa (58,11) ¢ samenoii f na pg, (&,), rae
€, (k,) xapakTepusyer u3MEHEHHWe MATHMTHOTO MOMEHTA 3JICEKTPOHA.

§ 59. Tensop 3thheKTHBHBIX Macc aJeKTPOHA B peleTKe

Paccmotpum Toury k=Kk, B k-npocTpaHcTBe, B KOTOpOH 3Hep-
rus 3JeKTpoHa &, (k) MMeeT sKcTpeMyM; TAKOBbI, B YaCTHOCTH, TOYKH,
OTBeyaloliHe BEPXY M HHU3Y 30HHI. EcJd B 2TOH TOYKe HET BBIPOXK-
JeHysl (3a HCKJ/IOYeHNeM JHIUb BO3MOXKHOTO KPAMEPCOBCKOTO Bhbl-
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POXKIEHHS IO CNHHY—CM. KOHem § 55), To B €€ OKDECTHOCTH
¢yuruus e, (k) MoxeT GbITh IOABEPrHyTa peryJsipHOMY pasJjioxe-
HHIO 1O creneHsM pasHocTH q=k—k,. IlepBrle unensl Takoro pas-
JIOXKEHK S KBaJpaTHYHEL

e, (k) =, (k) + 2 mig,q,. (59,1)

Teusop m;,, o6patHelil TeH3opy Kox{pduuuentos myz' B (59,1), Ha-
SLIBAIOT MEH30pOM ipekmuensix mace 3JeKTpoHa B peuletke. Iloka-
JKeM, KakuM 0o6pa3oM MOXKHO BBIPA3HTb 3TOT TEH30D yepes3 MaTpHU-
Hble 3JE€MEHThl 1O OTHOLIEHHI0O K O6J0XOBCKHM QYHKUUAM Ysk, B
Touyke k.

B npeneGpekeHUH CNIH-0pOHTAIbHEIM B3aHMOJAEHCTBHEM IaMHUb-
Toygdan ajekTpoHa umeeT Bujx (56,1). TlogcraBuM B ypaBHenue
Illpenunrepa ¢ 3THM raMHJbTOHHAHOM BOJIHOBYIO QYHKUHIO B BHAC

Yo =g ot Dy == gy, (59,2)

Torga ypaBHeHHE NPHMET BHJ,

# B~ g
(g AU + [ ap+ 50 | o =e W o, (69,9
rie p= — iy —onepaTop UCTHHHOrO UMMYJbCA.

B okpectHocTH TOoukd k =k, BeKTOp q SIBJIfETCS MaJjOH BeJH-
yMHOl, H BHIpAXEHHE B KBaJpaTHOH ckoOke B (59,3) mMOXHO pac-
CMaTpHBaTh KAK ONEPaTop BO3MYIIEHHA. B HyJeBOM NPHGJIHIKEHHH,
nmpr q=0, QYHKUHH Qs COBMAJAIT ¢ PYHKUHAMH YPsk,. 1l0aTOMY
O6BLIYHA S TEOPHSI BO3MYILEHUI TO3BOJIAET BHIPA3HTh NMONPABKY K 3HEP-
THH yepe3 MaTPUUYHbiE 3JEMEHTHl 1O OTHOLICHHIO K 3THM QYHKLUAM.

Tak kak k,—TOuKa 3KCTpeMyMa, TO JIHHEHHas N[O q NONpaBKa
OTCYTCTBYET. IT0 3HAYHT, YTO JHAroHaJbHHE MaTPHYHbIE 3/IEMEHTH

<sky [p | skop = 0. (59,4)

Jlais onmpefesieHHS KBaApaTHYHOH MO ( MONPABKH HAJO YHeCTb 4JeH
G ¢® B ollepaTope BO3MYIEHHS B NEPBOM, a YJEH ¢ ¢—BO BTOPOM
nopsiike TeOPHH BO3MYIeHHH. B pesyJbraTe NOAYyYHM MJA & (k)
dopmyay (89,1), rae

-1 __ O _l_ t (pDssr (Pr)srs+ (Pr) ss* (P s7s
M = X e (ko) — e (ko) P (699)

s*

CYMMHPOBAaHHE IPOH3BOJHTCH MO BceM s’ z=s1). I yHpoIeHHs
3alHCH B OOO3HAYEHHH MATPHYHRIX 3JEMEHTOB 3/leCb H HHXKE Ony-

1) CymmupoBanue ke MO K* OTCYTCTByeT, TaK Kak, cornacto (55,15), mmmyuabe
P=mvV He HMeeT MATPHUHLIX 1EMeHTOB, HeQHMAroHaJpHHX no K, Tak 4TO BCE NpO-
MEX(YTOUHHE COCTOAHHA OTHOCATCHA K TOMY 2Ke KBasuummyabcy Ko.
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CKaeM JHaroHaJbHuIl MHIEKC K,: Pssr = <k, |p]|s'k,>. OtmeTHM, UTO
NpH HAJHYHH GJIHM3KO PAcHOJOXKEHHBIX 30H (T. €. MaJIBIX pasHOCTeH
gy —¢&,) BTOpON uieH B (59,5) MOxkeT OKasaTbcsl GOJIBIINM 110 CPaB-
HEHMIO C TMepBEIM, B pe3yJ/bTaTe yero 3(deKTHBHEIE Macchl GYAYT
MaJiel 0 CPaBHEHHIO C 1.

Ilycth Temepb HaA KPHUCTAJ HAJOXKEHO OAHOPOJAHOE. MATHHTHOE
nose H. Torpa, cornacko (56,7), raMUJbTOHHAH, IeHCTBYIOUMH Ha
GyHKIMM 0GOGmeHHOro KBasuuMmmyJsca Q, mosywaercs us (59,1)
3aMeHOH q Ha omepaTop

e 2 1 . 0
1=Q——A, A=-2—[H-16—Q]. (59,6)
INonyyatomuiics TaKuUM o6pa3oM raMHJIbTOHHAH
~ 2 ~ A
A9 =e, (k) -+ mad (9,7)

NPHUTrOJEH, pasyMmeeTcs, JHIIb B TOH e 00GJACTH 3HEPruil, 410 H
ucxoanas ¢opmyaa (59,1). dro 3HayHT, 4TO (IIOMHUMO YCJIOBHS cJla-
6octn moss (56,3)) mpepnoJaraercs, 4TO paccMaTpHBAeMbIE yPOBHU
Jlanaay pacrnoJsiozeHE! He CJIMILIKOM BBICQKO. B 3TOM CMbicsie BeJIHYH-
HBl q © Q JO/DKHBEI PacCMATPUBATLCA KaK MaJibie (BO3pacTamlliui xe
XapakTep IOTEHIHana A NPOsBJISeTCA B TOM, 4TO Jaxe B CJaGoM
0JIe HeJb3sl CYMTaTh, 4TO A MaJjo 1O cpaBHeHHIO ¢ Q).

Caenywomipe mnocae (59,7) uJjeHb B TaMHJIbTOHHAaHE COAepXkaT
noie H B «uucToM» (T. €. 6e3 CONPOBOXKAAIOUIMX onepaTtopos 0/0Q)
Buge. Takue uJeHH yXe HeJb3sl HAHTH M3 OJHHX JHIIbL COOOpaxe-
HHH KaJuOGpPOBOYHON HMHBapHAHTHOCTH. Ompeje/MM NEPBHIA U3 3THX
uysneHoB, JauHednnli no H. TIpH 3TOM MOXKHO B CUJy OTHOCHTEJb-
HO#l MaJIOCTH 3TOHM NOMpPaBKH NPH €€ BBIYHCJCHHH NOJOXHThH Q = 0.

PaccmoTpuM cHayasa NOCTaBJIeHHBIH BONpOCc Ge3 yuera CHHH-
op6uTaJIbHOrO B3auMojielicTBusA. MHTepecyomul Hac aunelnbi no H
yjleH MOXET BO3HMKHYThb TOJILKO M3 JIMHEHHOro o A yjeHa B Hc-
XOJIHOM TOYHOM FaMHJbTOHHAHE 3JeKTpoHa (56,2), T. e. myTeMm yc-
pellHeHHs1 MO BOJHOBOH (QYHKIHH sk, BRIPAKEHUS

—5 (PA -+ Ap) = ——— Ap (59,8)

(paBeHCTBO cBfi3aHo ¢ BhIGpaHHOH yxe KajauGpoBko#l c divA =0).
DTo NPHBOAHT K NOOABJIEHHIO K raMHJbTOHHaHy (59,7) usiena

H{Y=—MH, (59,9)
rpe
M = <sk, |[rp] | sk,> (59,10)

€CTb IPOCTO CpejHee 3HAYeHHe MarHHTHOIO MOMEHTa 3JIEKTPOHa
B coctosiuu# sk,. Iloguepknem, uto mompasky (59,9) moxHO poGa-
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BUTh K TaMHJIbTOHHaHy (59,7), He omacasch, YTO 3TOT 3bheKT yxe
yacTHYHO YyuTeH 3ameHoit (59,6); neficTBUTE]bHO, JnuHelHble mo H
uynensl B (59,7) npu Q=0 Boobule OTCYTCTBYIOT.

Pacnumem Bolpaxkenue (59,10) mo npaBu/ay MaTpHYHOTO YMHO-
JKeHHus, yuTs, 4To B cuay (59,4) p He uMeeT JHArOHAaJ/bHBIX MaT-
PHYHEIX 3JIEMEHTOB

T ;WZ, [(Qy)ss' (pz)S'S - (QZ)SS' (Py)s's]

(1 ananornuno ans M,, M,); Kak H JOJIKHO 6b1J10 OLITH, NIONIPAaBKa
K ramugbronnany (59, 7) BhIpaxkaeTcs Yepe3 MAaTPHYHBIE 3JIEMEHTHI
onepatopa Q. C NOMOIIBIO COOTHOLUIEHHS

Q. —_ Psrs
S5 i (esr—Es)

MOZKHO TII€pEeIucaThb M B BUne

_ ie ~" (p)ss” (py)sls—(Py)ss' (p2)sss
M,= 5 2o (ko) —es (ko) ) e (59,11)
o

OtMmeTHM, uTOo M, a TeM CaMbIM u Bcq nompaBka (59,9) o6pamaercs
B HyJb, €cJH KpHCTaJJ o6JajaeT LEHTPOM HHBEPCHH. [leHcTBH-
TEJbHO, TPH OHOBPEMEHHOM OOpalleHHH BPEMEHH M HHBEPCHH CO-
CTOSIHHE 3JIEKTPOHa (6e3 yueTa ero CHHa) HE U3MEHSETCs, a NOTOMY
HE HM3MEHHMTCS W INpaBas cTopoHa paBeHcTBa (59,11); Memy TeM
MarHHTHBIH MOMEHT NpPH 3TOM Npeo6pa3’OBaHHMU JOJKEH H3MEHUTH
3HaK.

YureM Tenepb CNUH-OPOUTANBHOE B3aHMOJLEHCTBHE B KPHCTAJIE,
J06aBHB K TaMHJIbTOHHaHY (56,1) crHH-OpOMTaNbHBIA YieH H, U3
(55,17). D10 mpuUBeieT K H3MEHEHHIO JHHEHHOTO MO ( YJeHa B ypas-

Henuu (59,3): oneparop p B 3TOM 4JjeHE 3aMEHHTCA Ha
~ - h
OnepaTop @ HMMeeT MpOCTOll (hH3HUECKHIT CMBIC/: HETOCPEACTBEHHO

KOMMYTHPYsl TaMHJbTOHHaH (c yuetoM f1;,) ¢ I, Ha#ueM, 4TO (B OT-
CYTCTBHE MarHHTHOTO NOJf)

~

r=a/m. (59,13)

Ananoruyno, npousBejs NMPH HAJHYMH MArHUTHOTO MOJA O6hIY-
HYI0 3aMeHy p— p—eA/c B HCXOHOM FaMHJIbTOHHAHE (B TOM WHCJE
B H,,), MBI HafizieM, 4TO M JHHefHbIH 110 A 4JIEH HMEeT BH] —extA/me,

oTanuaronuiics ot (59,8) Toft ke 3aMeHOH p na m. K MarHuTHOMY
xe MomeHTy (59,11) Hajgo NpHGABHTH €llle U CIMHOBBIA MarHUTHBIH
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MOMEHT CBOGOAHOrO aJIeKTpOHa, TaK yTo Oyner

___B <Sk lox] Sk > 4 2mc Z (70 2)ss7 (T0y)srs— (Ty)ss” (12)s7s , (59’14)

&5’ —E&g

C yueroM CnHH-OpPGHTaJbHOrO B3aMMOJEHCTBUS BTOPOH YJIEH B 3TOM
BHIpaXKeHUH OTHIOIb He paBeH HYJIO Jaxke B KDHCTaJJe C LEeHTPOM
uHBepcuu. JleficTBUTENBHO, OJHOBPeMEHHOE H3MeHeHHe 3HaKa Bpe-
MEHH M HHBEPCHS NPHBOJST K COCTOSIHUIO, OT/HMUAOHleMyCs Hanpas-
JeHHeM CNHHA, TaK YTo BCe BulpaxeHHe (59,14), yToOb H3MEHHTH
3HAK IPH 5TOM NpeobpasoBaHUH, JOJKHO JHIIL CBOAUTbCS K CpeAHe-
My ot oneparopa po;&;, (k) (cp. (56,12)).

BbIYHCJIHM TEH30p &, B cJyyae, KOrja cluH-opOUTaJbHOE B3aNMO-
JeficTBHE MOXKeT paccMaTpUBaTbhest KakK Bo3MyuieHue!). Ilepernm-
wem (55,17) B BUAE

-~

“ - if2
Hy =0y, §=1mz[VU-V]. (59,15)

Paccmatpusasi (59,9) u (59,15) Kak Bo3MmylleHHe, HaHAeM NONPaBKy
K 3HEPrHH BO BTOPOM IOpSJKe TEODHH BO3MYIUEHHH, OCTABHB INPH
3TOM TOJIbKO INepekpectuie (no (59,9) u (59,15)) unens. Jra no-
npaBka (Bce ellle OCTAMWIAACA ONepaTopOM — MaTpULEH —I10 CIIMHO-
BbIM TepeMeHHbiM) uMeeT BuA (56,12) ¢ TeH3opoMm §;,, DPaBHBIM

1 ' (0)sse (Lrdses Lp)ss (ids's
gikzéik—l—?)d (X) ( k) '"I_( k) (X) , (59,16)

Egr—8&s

rae AL = [rp]

Bce cKaszaHHOe OTHOCHJIOCH K HEBBIPOXKJAEHHBIM (KpoMe KaK IIo
cnuy) cocrosinusM. Ecau ke npu k=K, umeercs BbpoxjeHue,
TO JUIsl ONpefie/leHUs SHEPTHH HaJI0 COCTaBI/ITb ceKyJisipHOE ypaBHe-
HHe, VUHTHIBaOHlee BO3MyIleHHe (KBajipaTHble CKOOKH B ypaBHe-
Huu (59,3)) BIJIOTE 0 4JEHOB BTOPOro mopsaka (T. e. mo dopmy-
ae 111 (39,4)). CoiicTBa nosyuaromierocst TaKUM 06pasoM CeKy I pHOTo
ypaBHeHHsT 3aBHCAT OT CUMMeTPHH B Toyke K,. Mb BepHemcs emle
K 3ToMy Bompocy B § 68.

3anaua

HaiiTh KBA3MKJIACCHUYECKME VPOBHM SHEPTHH JUIS YACTHUH C KBAAPATUYHEM
3ak0HOM JHcrmepcuu (59,1) B MATHHTHOM IM0JIE IPOU3BOJLHOIO HalpaBJIeHHS.

Pewmenune. [IpuseneM TeH30D m;, K JHaTOHaJbHOMY BHAY K OyleM OTCUH-
TEBaTh SHEPTHIO H HMNYJbC OT TOYKH 3KCTpeMyMa (AJsA ONpe]eeHHOCTH —

1) Bupaxenne Hg (55,17) npencrabaser coGoil nepsriit 4ieH PasoXeHHs 1O
PeJATHBUCTCKOMY OTHOIIGHHIO (v/c)2 H TOTOMY B ONpeJeNeHHOM CMbICAe BCerja
MaJo. DTa MaJ0CcTh, 0JHAKO, HE HMeer OTHOLIEHHS K TPHMEHHMOCTH TEOPHH BOS-

Mymenuil B 1aHHO# KOHKpeTHOH 8ome. Tlostomy Hg B paccMaTpHBaeMoil 3aTaue
He BcelNa MOXKET PacCMaTPHBATLCHA KaK MaJjoe BO3MYIIEHHe.
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Munumyma). Torna

2 2 2
coo =t (B B K, m

m ny ms
rie my, My, My—IJaBHbBIE 3HAUEHHS TEH30DA My (MONOKHUTEJIbHBIE BEJHUHHE).
O603HayUB 4epes n eJuHUYHLIA BeKTOp B HampabjeHHp noas H, umeem
ky=nk=rnyk; - noky+ naks 2
(fy, Mg, Mz-—HaNpPaBIAIOMHE KOCHHYCH TIOJS OTHOCHTENbHO IVIABHHIX OCell TeH-

3opa ;). Ham Hajo mHalTH nuomazb S TOH 4aCTH MJIOCKOCTH (2), KOTOpasf JEXHT
BHYTPH aaaunconza (l); oHa moxetr ObITb NIpeAcTaBJdeHa B BHJE HHTerpana

S= S § (nk— k) dok, 3)

B3siToro no ofremy aaauncouia (1)1). 3ameHoft nepeMeHHBIX fik; = (2em;)2q;
HHTErpasn NPHBOZHTCA K BHIY

S=(2e)*/2 =3 (mumamy) /2 § 6 (va—t,) %,

rje BeKTOp ¥ B (-NPOCTPAHCTBE HMEET KOMHOOHEHTH v,~=(2£m,')1/2 n,'/ﬁ, a HuTer-
pHPOBaHHe TPOK3BOJHTCA N0 ofbeMy cdeprl q%=1. MIHTerpHpOBaHHE JIETKO Bbl-
MOJHSETCs B LMJIHHAPHUYECKHX KOOPAMHATaX € OCbIO BAOJAb ¥V H Jaer

2 2l
S (EJ, kz)=—{2—-m_l_ (8-—Eﬁ—> ’
!

Ine
m = My} -+ mang -+ myns,
my = (mlmzma/m“ )1/2 \

Iloacraeus B (58,7), RaiileM YDOBHH 3HEDPIHH

Lz 1 hek}
Gn(kz)—v ("+7)+"§W- ®

§ 60. CuMMeTpHSA COCTOSTHHH 3NEKTPOHA
B pellleTKe B MarHUTHOM HoOJE _

B 3stoM maparpade Ml pacCMOTPHM TouHHle oGuiMe CBOHCTBA
TPaHCHANHOHHOH CHMMETPHH BOJIHOBEIX QYHKHHE 6710X0BCKOTO 3JIeK-
TpOHA B MarHWTHOM IoJie, He CBA3dHHBIE ¢ KAaKHUM-JuGO npubianxe-
HueM (BpOJe YCJOBHA Csab0CTH IOJA HJAH YCJIOBHA KBa3UKJACCHY-
HOCTH).

1) Iycms f(x, g, 2)=const—ceMelicTBO nMoBepXHOCTell, 3aNONHSAOMUX HEKO-
TOpHH 06bem. Paccrosinne dl MexAy AByMs GeCKOHEUHO GJIH3KHMH NMOBEDXHOCTIMU
cemeiictBa: dl=df/|yf|, a obbeM Mexny aTuMH noBepXHOCTAMH: dV =S (f)dl,
rae S (f) —niomage NOBEPXHOCTH C 33aJaHHLIM 3HaueHHeM f. YMHOXHB DaBeHCTBO
S()df=|vy f}dV ua §-bynxuuio 6 (f) H npouHTeTpHPOBaB N0 06beMy H o df, nomy-

YHM NJOWAAb NMOBEPXHOCTH f (¥, y, 2)=0 B BHIe 8 (0)= S 1 vf |8 (f) d®x. B namem
cayyae | vf[=1, oTkyla u noaydaeTcsl BhpaxeHHe (3).
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Hanoxenue OJHOPOJHOrO MArHHTHOrO MOJs He MeHseT Gu3u-
YeCKOH TPaHCAANUOHHOA CHMMETPHH CHCTEMBI: OHA OCTaercs nepuo-
JuyecKofi B mpocTpaHcTBe. CBocoGpasue CHTYaluH COCTOUT, OJHAKO,
B TOM, YTO B TO K€ BpeMsl TaMUJbTOHHAH 3JeKTpoHa (56,2) TepsieT
CBOID CHMMETpPHU10. JTO CBA3aHO C TeM, YTO B raMHJIbTOHHAH BXOJHT
He MOCTOSIHHAsl HampsxeHHocTb H, a BekTopHbIA moTennuat A (r),
3aBUCALIMN OT KOOpJAMHAT U He o6Jajailliil HNepHOJIHIHOCTHIO.

HeuvBapuaHTHOCTb TaMUJbTOHHAHA NPHBOAUT, €CTECTBEHHO, K
VCJAOXKHEHHI0 3aKOHAa INpeo6pa3oBaHusl BOJHOBHIX (YHKIHHA MpH
TpaHcasuusax. BoiGepeM Aasi BEKTOPHOrO IOTEHNHA/IA OJJHOPOJHOrO
1oJIsT KaJauGpPOBKY

A = [Hr], (60,1)

H nycTb P (r)—HeKoTopasi co6cTBeHHasi QYHKUMSA TaMUJIbTOHHAHA
ff(r). Tlpu TpaHcasnue r—r--a (a—KakKoH-AH6O H3 MEPHONOB
peineTKH) 3Ta (GYHKUUS NEepeXoduT B P (r--a), HO 3TO OyIeT yxe
co6cTBeHHAs (PYHKIUSI TAMHJAbLTOHHAHA H (r-+a), He cOBNAAAIOLIETO
c ff(r), TOCKOJBKY I[IpOH30IlJa 3aMeHa BEKTOPHOrO IOTEHIHana

A(r)—A(r+a)y=A(r) +—;—[Ha].

Jaa HaxoxJEeHHT MCKOMOrO 3aKOHa INpeobpa3oBaHHMs HalO Bep-
HYTbCA K HCXOJHOMY TaMHJbTOHHAaHy, YTO JOCTHraeTcsl Kaaubpo-
BOYHHIM Tpeo6pa3soBaHHEM

A—A+vf, f=—-[Ha]r.

[Tpu sToM BoJHOBasi ¢YHKUUS mpeo6pasyeTca cordfacHo (56,4):

P — P exp (ief/kic).
OGo3nayyup pe3yabraT BceX STHX onepauuil xak 7T .9 (r), Haxo-
UM, TakuM ofpasom,

T () =" +a)exp (L [ha]), (60,2)

rie h:]e[H/ﬁc, a T, Ha30BEM oOmepaTOpOM MAarHUTHOH TpaHCJIA-

uud. Ecau 9 (r)—pemenue ypasuenns Ulpeauurepa H (r) ¥ = e,
To n (60,2) ecTh pelleHHe TOro e YPaBHeHHA, OTHOCHAIeeCH K TOH
XKe auepruu & (R. Peierls, 1933).

Hs onpezenenus (60,2) serko 3akJoOuuTh, YTO

TaTa'= Ta+a'(l) (ar a’),

o (a, a')=exp (————;—h [a a’]) . (60,3)
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ITpu nepecranoBKe a M a’ MOKa3aTesb CTENEHH B MHOXHTeNE @ (@, a’)

MEHSIET 3HaK; [o3TOMY omnepatopel Ta U T,, Booflle TroBops, He
KOMMYTAaTHBHHI:

TaTa=TaTaexp(—ih[aa’]). (60,4)

Taxkum obpasom, npousBeleHue ABYX onepatopoB 1, H T, OT-
Juyaercsl, Boollic roBopsi, ¢a30BHIM MHOXHTENEM OT oIleparopa

~

Ta+a'. ITo marematuuecko# TCPMUHOJIOTHH 3TO O3HayaeT, 4YTO Olle-

A~

paropel Ta OCYIIeCTBJAIT He OOBIYHOE, a NPOEKTHBHOE NpPEICTaB-
JIEHHE TPYNNL! TPAHCAALU; 6a3HCOM 3THX NMPEeACTABAECHHH SBJAIOTCH
BOJIHOBbIE (YHKLUHH CTAalHOHAPHLEIX COCTOSTHHH GJOXOBCKOTO 3JIEKT-
pona B maruuTHeM noJle ). Knaccubukamnus ypoBHell SHEPrHH T0IXKHA
TPOU3BOAHTLCS, CJA€J0BATEJAbHO, MO HENPHUBOAMUMEIM [POEKTHBHBIM
NpeACTaBJEHHIM TPYNNLl TPAHCAALUN, NOJOGHO TOMY KakK B OTCYT-
CTBHE II0JIS1 OHA NPOU3BOJHMTCS IO HENPHBOJAUMBIM OCEIYHEIM IpE]-
CTaBJEHUSIM 3TOH TPYNMHL.

Hanomuum B 3T10ff CBfA3HM, 4YTO rpynma TpaHcasAuuH — abesesa
(Bce ee 3sleMEHTEl KOMMYTATHBHBI), a NOTOMY BCe €€ HelPHBOAUMbIE
oOblYHbIe NIpejCTaBJeHHs OAHOMepHE. QyHKuMA ¢ 6azuca KaxkIoro
TaKOTO NpEJACTaBJeHHA NPH TPAHCJAALUH JHIIL YMHOMXKAeTCs Ha He-
KOTOPLIE ()a30BLIl MHOXKHTENb, NPHYEM MJIS JBYX OC/E0BATEJb-
HBIX TPaHCJSLUMHA 3TOT MHOMKHTEJb JOJKEH ObITb paBeH IPOu3Beje-
HHUIO MHOXKHTeJeH IS KaxXAOH TpaHCAAUMM B OTAEJBLHOCTH. DTO
3HAUUT, YTO

f‘a’qj = eika ’lpr

e K —nocToAHHEH BEKTOD; 5TOT BEKTOP (KBA3UMMIYJIbC SJ1EKTPOHA)
OKa3bIBACTCsI MapaMeTpoM, KAacCHHIMPYIOUHM HEI PHBOAHMEIE IIPeJ-
CTaBJEHHS.

Ilonnasg xuaaccubuxauMs HeNPUBOAMMBIX NPOEKTHBHBIX Ipei-
CTaBJICHHH TPYNIEl TPAHCJAALHH MOKET ObITh npouspeneHa (E. Brown,
1964; J. Zak, 1964) B cayuae, Korga MarHUTHOE MOJeE YLOBJIETBO-
pPSAET YCJIOBHIO

h=4n 22, (60,5)
q v

rae p u g—Jmobbie 1Ba B3aMMHO NPOCTHIX ILEJbIX YHCJA; d;— OJHH
u3 TpeX MNPOH3BOJbHO BLIOPAHHLIX OCHOBHEIX NEPHOLOB PeELIeTKH

1) C monATHEM O NMPOEKTUBHHIX NpEICTABJEHHAX IPYIN Mbl BCTPEUANHChH YIKe
B V § 134. HanoMuuM, 4TO NPOEKTHBHHIMH NDeACTABJCHHAMH IDYNIE G HA3bl-
BAKTCS BOOOINE TpeACTaB/JEHHSA, OCYIleCTBAAEMEle onepaTopaMH G, COOTHOMEHUs
MEXJY KOTOPLIMH COBIAJal0T C COOTHONICHHAMH MEXJAY COOTBETCTBYIOUIUMH 3Je-
MEHTAMH IPynnbl G Julib ¢ TOYHOCTBIO A0 (a3oBbIX MHOXKHTeNedH: ecau G1G,=Gj,
TO A oneparopoB umeeM G1G,=0;,G3, e Wi AOMKHO GHITH PAaBHO €JHHHIE
TOJIbKO 110 MOAYJIO.
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a,, a,, a;; v=[a,a,]a,—06beM 3JeMEHTapHOH siUeHKH peleTKH ).
Jpyrumu cioBaMM, MATHHTHOE [0Jie€ JOJKHO OBIThb HalmpasJ/eno
BJOJIb KAKOTo-JHOO MepHOAa pelleTKH, a BeJHYHHa hv/4ma, JOJXKHA
ObITh PalMOHAJBHBIM YHCJIOM. ¥ MHOXKHB paBeHcTBO (60,5) Ha [a,a,],
MOXKHO TNpEeACTABUTb 3TO YCJOBHE TAKKE H B BHJE

h[a,a,]=4mnp/q, (60,6)

s KJaccHpUKALUH HENPUBOJHUMBIX NPOEKTHBHBIX MpEACTAaB-
JEeHHH TpyNIBl TPAHCJAAUUHA CYIeCTBEHHO, YTO U3 3TOH Tpynmnml
MOXKHO BBIJIEJHTh NMOATPyHny (6yJAeM Ha3blBaTbh €e MacHUumHoLl), 1o
OTHOIIIEHMIO K KOTOPOH HpeACTaBJeHHEe fBIAETCA He IPOEKTHBHLIM,
a ob6piyHbiM. [lpu cobmofenun ycaosus (60,6) Takoll moprpynmno#
ABJSIeTCS COBOKYNHOCThL TPAHCASILUHA BHAA

a,=ra, +n,qa, +nsa, (60,7)

C LeJIOYHCJEHHBIMH KoOs(buuueHTaMU n,, N,, H,. JeHcTBHTeabHO,
KOrja BeKTOD h HampaBJeH BAOJbL a, H YAOBJETBOPSAET YCJOBHIO
(60,6), noia Bcex TpaHCAALHME TAKOTO BHJAA MOKa3aTeJb 3KCIOHEHTHI
B (60,3) oGpamaeTcs B HyJb WJAM B KpaTHoe OT 27, TaK 4YTO BCE
MHOXKHTeJH o (a, a’)=12). Cosokynnocts Tpascasuuit (60,7) o6-
pasyeT pellleTKy C OCHOBHBIMH NEPHOJAMH a,, §a,, a, (Ha30BeM ee
MarHuTHoi). MarnuTHaa xe o6paTHas pelleTKa COOTBETCTBEHHO
uMeeT nepuoamt b,, b,/q, b,, rae b,, b,, b,—nepuoas ocHOBHOH
o6paTHOH pelleTKH.

OOGbiyHble HENpPHBOAMMEIE I1PEACTABJIEHHS MATHUTHOH MOATPYINHI,
K4aK M I'PYNNB TPaHCJAALMH B IeJOM, OJHOMEpHE; OHH XapakTe-
PH3YIOTCA BOJIHOBHIMH BeKTOpaMu (KFasHumnyJascamu) K, Bce He-
S5KBUBAJIEeHTHBIE 3HAaueHHHA KOTOPOTO 3akKJIOyeHLl B OJHOH syelike
Mar{HHTHOH OOpaTHOH pelIeTKH.

Ilycts Y —dyHKIHA 6a3uca OAHOrO H3 TaKHX INPEACTaBJEHHH
¢ xBasuumnyJabcoM kW =K. Haa Hee

Ta, B0 (r) = ¢ %n ) (1), (60,8)

IIpu TpaBCAALMHM Xe Ha MNepHOX a, (He BXOAAWMH B MarHUTHYIO
noArpynmy) moaydum u3 P GyHKIHIO P ¢ APYrHM KBA3HHM-
nyJjabcoM. [[yg ero onpefeseHus nuileMm, Henoabsys (60,4) u (60,8):

Ta, ¥ =Ta, Tap® (r) =exp (—ih[a,a,]) To,Ta ¥ (r) =
=exp {—ia,, [a,h] 4+ ia, k®} Ty, v (r)

1) HanoMHHM, YTO B KayecTBe OCHOBHEIX MOKHO BbIGpaTh HaHMeHbIIHe MepH-
OJBl peIIeTKH B JIOGHX TPeX HEeKOMIJAaHAPHBIX KPHCTaJJHYECKHX HaNpaBAeHUsiX
(T. e. HanpaBJeHHsAX, APOXOAAMIUX Yyepe3 GECKOHEUHOE MHOMKECTBO Y3JOB DELIETKH).
O6peM sJeMeHTapHOH siYeHKH OT BLIGOPA OCHOBHLIX MEPHOAOB He 3aBHCHT.

2) Bui6op MarHMTHOH MOATPYMNiBI, BOOGIe roBops, HeojHO3HaueH: BMecto (60,7)
MOXKHO BBIOpATh JIIOOYIO COBOKYIIHOCTb TPAHCIALME BHIA &, = N1418) + Hogeds-+-Ngasg,
rie ¢, ga— lLeJbleé YHCJIA TakHe, 4TO ¢1§2=4.




296 SJEKTPOHE B KPHCTA/UIHYECKOH PELIETKE {rn, vi

HJH OKOHYATEJbHO
T (k(2)
Ta, H® (r) =™ *mp® (r),
rjpe
k® =k®—[a,h]=K —2{]’- b;

(B mocnenneM pasenctBe mnoacrasieno (60,5) n Beejex nepuoi o6-
patHoil pemertku 27[a,a;]/v=b,). [anee Hano pasiuyarh caIyuau
HEYeTHBIX U YETHHIX 3HaueHHH ¢1).

[lycts g—Heuetnoe uwmcso. [TOBTOpHB TpaHCASHIO HA a, elle
g—2 pa3s, mOJyYHM BCEro ¢ Pas3jHYHBIX (QYHKIHA ¢ KBA3HUMIYJb-
camu

k® =K, k<2’=K—2—5-b1,...,k(4’=K——2uq?_——L)b1- (60,9)

BriunraHHeM HajJeXKallero meJsJoro KpaTHOro Bekropa b, 3TH 3Ha-
yeHHs! NPHUBOAATCA (B TOH HJH HHOH moOCJ/eLOBaTelbHOCTH) K 3HA-
YEeHHAM

k=K, K++b, K+7b, .., K+Z=b. (60,10)

D1 ¢ QyHKUHHA H OCYLIECTBJSIOT ¢-MEPHOE HENPHBOAHMMOE IIPOeK-
THBHOE INpPEeACTaBJeHHe TPYHIBl TPAaHCIAUMH. MBI mOJyYyHuM BCce He-
SKBHBAJEHTHHIE TpeJCTaBJeHHst, Korja K npobGeraer 3HaueHUd B
siyelike co cTroposamu b,/q, b,/q, b; (kBasHuMnyJbchl xe KV kK®, ..

npoéeraloT IpH 5TOM 3HaueHHs B sAuellke co CTopoHamH b,
2/q’ 8)

[Tyets Temepb g—uerHoe uHcso. Torza B mOC/€A0BATEbHOCTH
(60,9) yxe (g/2+ 1)-e 3uauenue, paBHoe K—pb,, orauuaercs ot K
JIMIIb [EJHIM KPATHBIM HepHofoB o6paTHOH peweTkd b,. Jlpyrumu
CJIOBAMH, HMEETCH BCEro ¢/2 HeSKBHBaJeHTHHX 3HaueHHH K; oHH
natorca BoipaxendeM (60,10) ¢ ¢/2 BMecto g. Takum obpasomM, B
3TOM CJyuae HEeNmpHBOAHMEIE NpeACTaBJeHHs ¢/2-MepHbl, npHuem K
npoGeraer 3HaueHus B suyeliKe co cropoHamu 2b,/q, b,/q, b,.

3TH pe3yJbTaThl II03BOJAIT cHOpMYJHPOBAThH CJEAYIOLlee 3a-
KJIOUEHHE O XapaKTepe H3MEHEHUA 3HePreTHYeCKOro CIIEKTPa 3JEKT-
poHa B pelieTKe HPH HAaJOXEHUH Ha Hee MArHHTHOrO IoJas (yao-
BJeTBopstouiero ycaosuio (60,5)). B orcyTcTBHE HOMA CIEKTP COCTOUT
H3 JHCKPETHHIX SHepreTHUYeCKHX 30H, B KaXIOH M3 KOTOPHIX 3HEPrHs
e (k) siBnsercs QyHKIHeH KBa3HHMIYJbCa, NPOOErarero 3HayeHus
B QHOH suelike oOpaTHOH pelieTkd. IlpH HaJOXKeHHH I0OJa Takas

1) Ilpu g=1 MaruRTHasi NOATPYINNa COBMNAajaeT ¢ MOJHOH TPYNNOH TpaHCJd-
nuii. TakuM obpasom, ecan h— nesoe KpaTtHoe oT 47mag/u, TO NPOEKTUBHLIE HElpH-
BOJHMMEIE NPENCTaBJeHHA TPYNOH TPaHCJASIHE COBHAZAOT ¢ OGHYHHIMH HEemPHBO-
JIAMBIMH TpENCTABJEHHSIMH B COCTOSIHHA 3JIEKTPOHA KJacCHOHIHPYIOTCH TaK e,
KaK B OTCYTCTBHE IIOJIH,



»
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30HA pacIenJsercs Ha g NOf30H, B Kax10# H3 KOTOPHX BCE YPOBHH
5HePTHH BBHIPOXKIEHB C KPATHOCTHIO § NPH HEUETHOM MJH /2 1pH
YeTHOM (. DHeprus B IOJ30HE MOKET OBTb BhIpaxkeHa KaK ¢YHK-
nusa &(K) Bextopa K, mpo6erawomero 3mayeHus B 1/g%-# (npu He-
YETHOM ) HJM 2/q*-# (OpU YeTHOM q) wacTH sA4YeHKH oOpaTHOH
peleTKH.

OnucanHass KapTHHa B OllpeJieIeHHOM CMbIcjie KpafiHe YyBCTBH-
TeJIbHA K BeJMYHHE H HAINpPABJEHWI0O MAarHutHoro mnoJs. HefcTBH-
TeJAbHO, CKOJb VroJHO 6JH3KO K 3HaueHHwo H, ynoBierBopsiolleMy
ycnoBuio (60,5) ¢ HEKOTOpbLIMH p H ¢, JieKaT 3HaueHHd, YNOBJET-
BOPHIONIHE TAKOMY 2Ke YCJOBHIO, HO C ropasfo GOJBUIMMH ¢, Tak
UTO MYTEM CKOJIb YTOJHO MAaJOr0 H3MEHEHHS IMOJs YHCJIO OJ30H
MOXKHO CJeJaTh CKOJb yrogHo GOJbLUIHM. HOIL'-[epKHeM OJIHAKO, YTO
3TO OTHIOb HE O3HAYAET TAKOH Ke HEYCTOHUMBOCTH B HAG/IOJaeMBIX
dusnyeckux cpBoiicTBax. [locseHue OmpenensioTcs He CTONbKO KOH-
KPEeTHOH 30HHOU CTPYKTypoil, CKOJbKO pacipejefeHHeM YHCJAA CO-
CTOSIHHH IIO0 MaJblM, HO KOHEUHLIM HHTepBaJaM 3Heprufl; 3To pac-
npejesieHHe Majo MeHsieTcs NPH MajoM H3MeHeHHH nogas. [ego
B TOM, YTO CHJIbHO MEHSIETCH He HHEPrus COCTOAHMH, a JUIIb HX
KJaccuduKanus BBHAY H3MeHeHUs 006J1aCTH ONIpejieJieHHs KBa3HUM-
nysbca.

§ 61. dNeKTPOHHBIH CIEKTP HOPMANbHBLIX METaJJIOB

B peanbpHBIX KpHCTanJax HOPMAJbHBIX (HECBEPXIPOBOLAILUX)
MeTaJJIOB 3JeKTPOHB 06pa3yioT KBaHTOBYIO {epMH-XKUIAKOCTb, OTHO-
cAlylocs K onucaHHoMy B raase | tuny. Pax otsivuuii Bo3HHKAeT,
OJHaKO, B CBA3U C TeM, YTO 3JeCh MBI UMeeM Jej0 He CO «CBOGOJ-
HOH» M30TPONHOH XKHJKOCTbIO, 4 C XKHJKOCTBIO B aHH30TPOIHOM
IEePUOJHYECKOM M0JI€ pelleTKH.

[Tono6HoO TOMYy KaK sHepreTHuecKHH CIEKTp cBOGOAHOH depmu-
UJKOCTH CTPOHTCH aHAJOTMYHO CIEKTPY HJAeanbHOro ¢epMu-rasa,
TaK CHeKTD 3JeKTPOHHOH (epMHU-KHAKOCTH B MeTajljle CTPOHTCS
aHAJOIHYHO CIIEKTPY MHJeaJbHOTO «rasa B pellleTKes. [losiBieHue
KBa3HUMIIyJbCa KaK COXpaHswIleHcHd BeJIHYHHBl CBH3aHO TOJBKO
C IPOCTPAaHCTBEHHOH MNMePHOJHMYHOCTBIO CHCTEMBI ([IOJOGHO TOMY Kak
COXpaHeHHe WCTHHHOIO HMIYJbCa fABJsETCH CJeICTBHEM MOJHOM
IIPOCTPaHCTBEHHOH OJHOPOAHOCTH). EcTecTBeHHO mo3ToMy, uTO Ime-
peuncyieHHble B § 55 cBoHcTBa IepeHOCATCH W Ha XapakTep KJjac-
cubHKanHu YpPOBHEH B CIeKTpe 3JeKTPOHHOH XKHIKOCTH B Me-
Tajjle, NpHYeM POJb yvacTHl (3JEKTPOHOB) IEpPeXOJHT K KBa3uya-
CTHUIAM. -

IIpu TemmepaType abCOMIOTHOTO HYJS YacTHIB HJIEaJbHOro
¢depMu-rasa B NMEPHOJHYECKOM I[10JI€ 3aHMYT Bce HIDKHHE YPOBHH
C 3HEpPrusMH € BIJIOIb [0 HEKOTOPOro TIPAHHYHOrO 3HAYEHHS g
(cosnaparolyero co 3HayeHueM XHMHYECKOT0 IIOTEHIHaJId i IPH T=0)',
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OTpesie/IIEMOTO  YCJIOBHEM, YTO WYHCJIO COCTOSIHHE C €< & COBNA-
JlaeT ¢ TOJIHBIM YHCJIOM 3J1eKTPOHOB. I1pu 3TOM 3HepreTHUECKHE 30HH,
s KoTophiX €, (k) < €r MpH Bcex 3HaueHHAX K, oKaxyTcs moJ-
HOCTBIO 3aMOJHEHHBIMH, 30HH C &, (K) > ex—IyCTBIMH, a 30HHI, /IS
KOTOPHIX YPaBHEHHE

E;.v(k)=8F (6111)

HMeeT pellleHue,— GYAYT 3amoJiHeHsl yacTHyHo. YpapHenus (61,1)
onpeensiiorT B K-npocTpaHCTBe T'paHHYHYIO MoBepXHOCTh depm,
oTAenAOMYI0 (A KaKJOH 30HBI) 3allOJIHEHHBIE COCTOSIHHA OT
IIyCTHIX.

AnaJjiornyHo, B peasJbHOM MeTaJjlile CYLIECTBYET IOBEPXHOCTH B
k-mpocTpaHCcTBe, OTAenswmas o6jacTe 3anojHeHHbX (npu 7 =0)
COCTOSIHMH KBa3HUacTHI[ OT CBOGOJHBIX COCTOSIHMH, 1O OJAHY CTO-
pOHY 3TOH NMOBEPXHOCTH 3HEPTHM KBA3UYACTHIL € > €p, @ M0 APYIYIO
¢ < ep. Hanomuum, ojHako (cM. § 1), uTo noHsATHE KBa3HYaCTHUIL
B GePMH-KHIKOCTH HMeeT peaJbHbIH (PU3MUYeCKHH CMBICJ JHLIb BOJIU3H
(depMH-TIOBEPXHOCTH, TJle 3aTyXaHHe 3JeMEHTaPHHIX BO30YXKJIEHUH
CpaBHHUTEJNbHO MaJio. [ToaToMy mnpejcTaBJeHue O 3aNOJHCHHBIX 3Hep-
reTHYeCcKHX 30HaX (BO3HUKAWIlee NPH ONHCAHUH CIEKTPA HJeab-
Horo (epMH-rasa) B peaJbHOH 3JeKTPOHHOH XKHAKOCTH TepsieT CBOH
GYKBaJbHBIH CMHICJ.

KpasuuacTuubl BOJIH3H (epMH-MOBEDPXHOCTH HA3BIBAOT 3.eKmpo-
Hamu nposodumocmu. VIx sHeprus siBjsercs, B obLieM cJ/yyae, JiH-
HelHoOH (yHKIHeH KBasHUuMIYyJbca; aHagoruudo (1,12), umeem

e(k)—ep~ b (k—kp) vy, (61,2)
rie kp—Touka Ha (GepMH-NIOBEDPXHOCTH, &
de
hvp= (a_k )HF (61,3)

— CKOPOCTb 3JIEKTPOHOB IPOBOJMMOCTH B 3THX TOYKax!).

B6au3s GepMH-TIOBEPXHOCTH JIOJIKHA JIEXaThb H «0GJacTh pas-
MBITOCTH» PacrpejiesieHusl 3J1eKTPOHOB IPOBOJUMOCTH MPH OTVIMYHBIX
oT HyJas Temneparypax. Orcioja BO3HHKaeT yCJOBHE NMPHUMEHHMOCTH
TeopHH (BepMH-KUIKOCTH: T << hkpvp, Te kp ¥ Up—XapaKTepHble
BeJHUHHBI Pa3MepOB PepPMHU-TIOBEPXHOCTH H CKOPOCTH Ha Hel. OGBIUHO
pasMepsl kp COBNAJAOT 110 MOPSAKY BEJHUYHHBI C pasMepaMy AYeHKH
06paTHOH DeLIEeTKH, TaK YTO Rp~ 1/a (MCK/IOUEHUE COCTABJAIOT TaK
Ha3bIBAEMBIE [TOJYMETAJ B —CM. HHXKe). ITOJIOXKHB TaKKe JJis OlleHKH
Up ~ Tikg/m, npugem K ycaosuto T <€ 10*— 105K, npakTuyecku Bceria
BBIIIOJIHSAIIOILEMYCH. v

1) ®opmyas xe tHna (2,11) nng sddexTHBHOM MaccH, NoJyveHHble B § 2 naa
«CBOGOJHOH» (epMH-3KHIAKOCTH H3 coo0paxKeHHH rajujieeBOH HHBAPHAHTHOCTH, K
3JIEKTPOHHON XHIKOCTH B KDHCTaJJHYeCKOH DeweTke, pasyMmeeTcs, HE OTHOCATCA.
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®aKTUYecKH BCe MeTaJJIbl HMEIT KpPHCTaJdJHYECKHe pelleTKd
¢ neurpoM uHBepcun. CorJacHo CcKasaHHoMy B Komie § 55, Bce
YPOBHH 3HEPrUH 3JEKTPOHOB IPOBOJHMOCTH (C 3ajgaHHbIMH K) JBY-
KPaTHO BBIPOXKJAEHBI [0 CMHHY (peyb HJAET O MeTajjax He ¢eppo-
U He aHTH(EeppPOMATHHTHLIX).

®opma u pacrosioxenHe GepMH-IOBEPXHOCTH ABJATCS BAXKHOM
XapAKTEPHCTUKON KaXkIOr0 KOHKPETHOTO MeTanna. ¥ pas/uyHbIX
METAJIJIOB OHH HMEIOT CaMYl0 pasHooOpasHYH, BOOGLUIE FOBOPS CJI0OXK-
HYy10, dopMy. PepMH-IOBEPXHOCTh MOXKET COCTOSTh H3 HECKOJIBKHX
HE CBA3AHHEIX MEXIy cOOOH JIMCTOB, KOTOPEle MOIYT ObITb OAHO-
CBSISHEIMH WJIH MHOTOCBA3HBIMH, 3aKpPHITHIMH HJAM OTKPHITHIMH (CD.
cKasaHHoe B § 55 06 H303HepreTHyeCKHX MOBEPXHOCTAX BOOOILE).

3aMKHYTblE JHCTHl (PEPMH-TIOBEPXHOCTH MOXKHO PasJeJUTb Ha
JlBe KaTeropu B 3aBHCHMOCTH OT TOIO, OrPaHHYHBAIOT JH OHH 06-
JactH 3anodHeHHbX (npu T = 0) uau CBOOOAHBIX COCTOSIHHH KBasH-
yacTul (B MepBOM ciyyae BHYTPH HOJOCTH &< &g & BO BTOPOM
e > ep). O6a cayuast MOXKHO, OJHAKO, ONHCHIBATb aHAJOTHYHBIM 0G-
pasoM, ecJid CYHTATb BO BTOPOM cJydYae, YTo «IIyCcTasi» MOJOCThb
3all0JIHEHa «KBA3HABIPKAMH», I[1€Pex0], CHCTeMbl B BO30YKeHHOe
(OCTOSIHHE OITHCHLIBAGTCA TOTAA KaK Nepexoj KBasHALPOK H3HYTPH
(bepMH-TIOBEPXHOCTH Hapyxy. CaMylo GepMH-IOBEPXHOCTh HA3bIBAIOT
Torja Obipouror, B OTJIMYME OT JAeKMPOHHOL B IEPBOM cJaydael).
®dusuyeckoe pasanuue MexAy ABYMS THIAMH KBa3WYaCTHIl— 3JIEKT-
pOHAMH M JABIpKaMH-——ICHO MPOABJAETCS NPH HX JBHXKECHHH BO
BHEHMIHUX Tonsfx. Tak, Bce CeueHHsl ABIPOUHOH (WJAH 3JeKTPOHHOH)
‘hepMH-NOBEPXHOCTH, ONPEAE/IANHE KBA3UKIACCHYECKHE TPAEKTOPHH
NpPH JBHXEHHH B MATHHTHOM MOJIe, OTHOCATCA K JBIPOYHOMY (HJH
3JIEKTPOHHOMY) THIY B yKadaHHOM B § 57 cMmeicue.

B H30TpONHOK «CBOGOIHOH» (PePMH-KHAKOCTH, O KOTOpO# mizia
peun B § 1, hepMU-TIOBEPXHOCTD NPeACTABAAIA cOGOH chepy, pasuyc
KOTOPOH OTpeJesisijicsi MJOTHOCTBIO MXHAKOCTH COTJIACHO TeopeMe
Jlanaay (1,1). AHasoruyHad CBsSI3b HMeeTCs H IJisl 3JIEKTPOHHOH
XKHJKOCTH B MeTaJje,» HO clenuduKa cBOHCTB, CBA3aHHHIX C MEpPH-
OJMYHOCTBIO PEleTKH, MPHBOLUT K HEKOTOPOMY HaMeHenuro B ¢op-
MYJHPOBKE 3TOH CBA3H. "

UycJio 3/6eKTPOHOB B MeTasyie yA00HO OTHOCHTb K OJHOH 3Jie-
MEHTApHOH sAuefiKe €ro pemieTKH; IMYCTb A—IOJHOE YHCJIO SJIEKT-
poHoB B aromax ojAsoll siueliku. OGo3nauum uepes Tp CyMMapHbIH
06beM B OJHOH fAueliKe o6pATHOH PelleTKH, JieXKaMuH ¢ 3anoJHeHHON
CTOPOHBI (PEPMHU-IOBEPXHOCTH (T. €. CO CTOPOHBI, rle & < &r). Ci0BO
CyMMapHbIl O3HAyaer 3/ieCh, UTO €CJIH 3aMOJHEHHbIE 06J4CTH, COOT-

1) TToxuepkHeM, OAHAKO, BO H36eXKanHe HEAOPASYMEHHH, YTO CMBICJ TepMHHA
«JABIPDKa» He coBllajaer 3JeCb CO CMBLIC/IOM, B KOTOPOM OH IIDHMEHAJICA B OIHCAaH-
HOM B KOHUE § 1 aJbTepHATHBHOM CNOCOGE ONMCAHUA CUEKTPa (QepMH-KHIAKOCTH

(TaM HasHBaJHCh IBPKAMH JHIIb ITyCThie MecTa, 00pasoBaBIUMECS B 3amOJHEHHOH
ofacTH NMpPH BO30YKIACHHH CHCTEMEL).
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BETCTBYIOIIHE pAa3/JHYHLIM JIHCTaM (epMU-NOBEPXHOCTH, YaCTHYHO
NepEKPLIBAIOTCS, TO OHH BCe DAaBHO AOJUKHH CKJlaJblBaThbCA He3a-
BucuMo. OGbeM Ty yCJIOBHMCS H3MePATh B MHHIAX 06beMa caMof
siuelfiKM OOpAaTHOH pelleTKH; CA2JaHHOE 3aMeyaHHe O MePEeKPBLITHH
obnactefl 03Hauaer, YTO ONpejeJeHHan TaKHM 06Pa3OM BEJIHYHHA Tp
MOXKeT IpeBHILIaTh €AHHHLY. .
Hurepecywciee Hac yTBepxHAeHue (meopema Jammunocepa), sa-
MeHsOIee g MeTaJjja Teopemy JlaHJay, BHIpaxaercs PaBeHCTBOM

ne=2tp=n—21 (61,4)

rge {—HeKkoTopoe nesoe yucao (2= 0). B mofies HIeasbHOTO rasa
B pelieTKe 3TO YHCJIO HMeeT NMPOCTOH CMBLIC/: IOJHOMY 3aMOJHEHHIO
KaxJgoil 30HEl COOTBETCTBYET JBa 3JIEKTPOHA B fyeHke o6paTHOR
peweTkH (yJABOEHHE CBSI3aHO C AByMs CINHHOBEIMH COCTOSIHHAMMH),
TaK 4To 2/ ecTb YHCJIO 3JIEKTPOHOB, 3aMOJIHSIOIMHX ! HHXHHX 30H,
a pasHOCTb n—2/—4YHCJO0 3JIeKTPOHOB B HAacTHYHO 3aMOJIHEHHBIX
sonax. ®opmyna (61,4) BLipaxaer TOT—OTHIOAb HE TPHBHAJLHEIA —
¢daKT, uTo aHaJOrMYHas CUTYauHs NPOAOJIKAET HMEThb MECTO H IPH
yyeTe B3aHMOJEHCTBUA MexAy 3JeKTpoHamul). Ilo onpezpenenuto
MeTaJjja, [eJoe YHCAO N, OTJIHYHO OT HYJ.

TlycTh B MeTajJie HUMEIOTCS TOJBKO 3aMKHYTbie JIHCTbI (epMu-
HOBEPXHOCTH —3JEeKTPOHHEE M JblpoynHHe. O603HAYMM MOCPEACTBOM
T u T BKIAJH B Tp OT OTJAEJbHHIX 3JEKTPOHHBIX H JBIPOYHBIX
noJaocrefi: )

=219+ X1
s s

(CyMMHDOBaHHS1 COOTBETCTBEHHO IO BCeM 3JIEKTPOHHBIM M BCEM Jbl-
pouHEIM JHCTaM). BenuunHa v coBnajaer ¢ 06bEMOM 3JEKTPOHHOM
HOJIOCTH, a afbeM JBIpOYHOH moJocTH ecTb 1-—7tP. Beefem uHcaa
3JIEKTPOHHBIX U JABIPOYHBIX KBa3HYaCTHIL

n.=2019, n,=20(1—1).

Tlpu ueTHOM n (a MOTOMY M YETHOM 1,) BO3MOXKHEL CJyd4au, Koria
1, COBNAjaeT C YABOEHHHIM YHCJOM JbIpOYHHX noJgocTelt. Torza
paBenctBo (61,4) cBepercs, Kak Jerko yb6efurbcs, K paBeHCTBY

Ao =1l,. (61,5)

Takue MeTaabl C paBHBIMH YHCJ/JaMM KBasHYacTHL H KBasHILIPOK

HAa3HIBAIOT KOMNEHCUPOBAHHBIMU.
O6paTuM BHHMaHHe Ha TO OGCTOATENbCTBO, YTO IPH TOYHO BHI-

nmosHsomeMca paBeHctBe (61,5) caMu BeqMYHHBI A M M, MOTYT

.

1) Crporuit BEBOA 2TOTO yTBepxzAeHus cM. J. M. Luttinger, Phys. Rev. 119,
1153 (1960).



§ 61] SJNEKTPOHHREH CIEKTP HOPMAJBHHX METAJINOB 301

6bITh MPOM3BOJBHLIMH, B TOM YHCJIE CKOJb YrOAHO MajbiMu. B Takux
clyyasix, Korja oGbeMsl BceX MOJOCTEH (epMH-TIOBEPXHOCTH O4YeHb
MaJiEl (IO CPABHEHHUIO ¢ 06BEMOM OJHOH SUeHKH 06paTHOM peLIeTKH),
roBOPAT 0 noaymemassax?*). CyuiecTByeT, OJHAKO, HHXKHsS IpaHHNa
A5 YHC/Ia 5JEKTPOHOB TPOBOMMMOCTH, 32 KOTOPOH 3JEKTPOHHBIH
CHEKTP METaJJIM4ECKOro THIA CTAHOBUTCHA HEYCTOHYMBBEIM H CYLLECT-
BOBaTb He MOXKeT (cM. 06 3TOM HHxke, B Kouue § 66).

TepMoiHHAMHYECKHE BeJHUYHMHBL MeTa/ljla CKJIaJblBaloTCs H3 pe-
IIETOYHBIX H 3JeKTpoHHBIX uwacTeli. TemmeparypHas 3@BHCHMOCTb
noC/AeHHX ONpejesiseTcss KBa3HYaCTHILAMH B OKDECTHOCTH (Qepmu-
noBepXxHocTH (3akoH aucmepcun (61,2)). Xapakrep 3Tod 3aBUCH-
MOCTH, €CTECTBEHHO, TOT e, UTO H Y HJeaJbHOro (epMH-rasa HJIH
y usorponHoil QepMH-KUAKOCTH (cp. § 1); oTiMuue B QopMyJax
BO3HHKAET JIHIUb OT JIPYrOro YMCJa COCTOSTHHI KBas3MyacTul, BOJIH3H
depMH-IIOBEPXHOCTH, He siBjstiomeficss Tenepb Cepoit.

OGo3HauUM YHCJIO COCTOSIHHMH (OTHECEHHOe K ejuHHIe o0beMa
MeTansa), NPHXOAsALIEEC Ha WHTepBaJ SHeprufi de, uepes vde.
OnemeHT o6beMa K-mpocTpaHcTBa MeXAY O€CKOHEUHO OJH3KHMH
H309HEPreTHUECKUMH TOBEPXHOCTSAMHU, OTBEYAIOIMHMH 3SHEPTUSAM &g
" ep-+|de, paBeH df de/hvg, rae df—snement nuomanu depmu-o-
BEpPXHOCTH, 2 Up— BEJIMUHHA HOPMAJBHOTO K Hefi BekTopa Vp=0¢/h Ok.
TTostomy

vp=—— (4, (61,6)
(2m)® fiwg

e MHTerPHPOBAHHE NPOU3BOAUTCA MO BCEM JHCTaM (epMH-IOoBepX-
HOCTH, PacHOJIOXEHHBIM BHYTDH OJHOH siuefiKH OGDATHOM PeLIeTKH
(1PH OTKPHITOH hepMH-NIOBEPXHOCTH IPaHM CaMoil sIYeHKH B 06J1aCTh
MHTErPUPOBAHKs, PasyMeeTcs, He BXOJSAT).

Besnnuuna (61,6) 3aMeHsieT cOGOH B TE€PMOJHMHAMHYECKUX BEJIH-
YyHHAX BHIpaXeHHe, KOTOPOe AJsl rasa CBOOOZHBIX 4YacTHI (1OBepX-
Hocte Pepmu—cdepa) UMENO BHI

2 4dnpk _ mpp
- @nhy Prim — mfis

Tak, /51 3JeKTPOHHON YacTH TEPMOJAMHAMHYECKOTO MOTeHHHana Q
meranna umeeMm (cp. V § 58)

nz
Q= —% ve VT3, (61,7)
rae Q,,—3HayeHHe morennuana npu T =0. PaccmartpuBasi BTOpO#

yged B (61,7) Kak Manayio J06aBKy K £2,,, COIJIacHO TeopeMe O
MaJblx J06aBKax, MOMHO HamucaTb Takylo ke ¢opMmyny H Ajs

- ¢
1) Tak, y BHcMyTa n—=n, ~ 10~E,
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TepMOIlPIHaMPI'-IECKOFO ImoTeHI HaJa ®:
TI:Z
D, = Oy — 5 VeVT?, (61,8)

rje Temeph vy H V mpeanosaraioTcs BeIpaxeHHBIMH uepe3 P (1o
«HyJIeBOMY» NpHUOJHKeHHi0, T. e. npu T =0).
Onpegeass u3 (61,8) sHTponHio, a 3aTeM TENJI0EMKOCTh, HalaeM

n2
C,=T5veVT. (61,9)

Pemerounas e yacTh TeMJOEMKOCTH MpomopuyoHanpHa T2 (npH
TeMIEpaTypax, MajblX IO CPaBHeHHIO ¢ JAeGaeBckoil ©); mMO3TOMY
IpU JOCTATOYHO HHU3KHX TeMIIepaTypax JeKTPOHHBI BKJAaJX B TEIJIO-
€MKOCTb CTAaHOBHTCS Ipeo6.afalomumly.

Ilo sTofl ke HpHYHHe CTAaHOBUTCS mnpeoGsafaloliuM B 3TOH 06-
JACTH TEMOePaTyp TaKkKe H 3JeKTPOHHHIH BKJaj B TENJOBOe pac-
mupenue Meranana. Onpepensisi us (61,8) o6veM V =0D/0P, a 3ateM
KO3(Q(HLHEHT TEIJIOBOI'O pacllHPeHHs &, HahaeM

2
a=—117<%> S (47,3 (61,10)
P 3V oP

Ormetum, yto 37ech (Kak W B o6mactu T 3>0—cMm. V § 67) orHo-
LieHHe

av _ dln (Vvp)
c — oP

OKa3blBae€TCsl HE 3aBHUCSALIUM OT TEMIIEPAaTYPHI.

§ 62. I'puHOBCcKas (YHKUHS 2JEKTPOHOB B MeTaluie )

IlpoBenennoe B §§ 56—58 paccMoTpeHHE OTHOCHJOCH K JBHIKE-
HHUIO OJHOrO 3/JEeKTpOHa B peIIeTKe, Ha KOTOPYIO HAJO0XKEHO elle
BHellIHee MargHTHoe moJe. IloxaxeMm Temepb, Y4TO NOJYYEHHEBIE NIPH
3TOM pe3yJbTaThl OCTAITCA N0 CYHIECTBY CHPABEAJUBBIMH H A5
KBa3HYacTHL (3JeKTPOHOB NIPOBOJAMMOCTH) B 3JEKTPOHHOH KHUIKOC-
TH peaJIbHOro MeTaJjja,— MEHSETCS JHILb HECKOJbKO ONpejeJeHHe
BXONSIIIUX B COOTHOWEHHSA Beqauuut (0. A. Bewmros, JI. I1. Fopsros,
1961; J. M. Luttinger, 1961). TlogxoasuuM MaTeMaTHYECKHM amIa-
paToM A5 OBLIEro paccMOTPEHHS 3JEKTPOHHOH KHUAKOCTH ABJSETCS
anmapaTr TPUHOBCKUX (YHKIHH.

B ruase II 3ToT anmapatT 6bisl pasBuT AJs «CBOGOAHON» depMu-
HKHUAKOCTH. BBHISICHHM, B KaKHX IYHKTaX OH JOJ/KeH OHTb U3MeHeH
U1 KUAKOCTH B pelIeTKe.

1) Mareim napametpoM passaoxenus B (61,9) sBasercs ortmowenue T /er, a
B peLieTOYHOH TennoeMKOoCTH — oTHOWeHHe T/, [losTomy ofe uacTH TENJIOEMKOCTH
cpasHuBaloTc npu T2 ~ O3/ep,
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I'puHOBCcKas GYHKOMA 3JEKTPOHHOH MKHIKOCTH (IIPH Temiepa-
Type T =0) onpefensieTca uepe3 refiseH6epropckue 1P-omnepaTopsl
3JIEKTPOHOB ToH ke dopmyJso#t (7,9), rie ycpeaHEHHE MPOUCXOAUT
10 OCHOBHOMY COCTOSIHHIO MeTaJjsa. B cHJIYy OJHOPOAHOCTH BPEMEHH
3Ta QYHKIHA 3aBHCUT OT apryMeHTOB f;y H [, TOJBKO uUepe3 HX
pasHocTh {=1;—1¢,. IIpocTpancTBeHHas XKe ONHOPOJHOCTbL Hapy-
[leHa TeNnepb HaJHYHEM BHEINHEro II0 OTHOIIEHHI0 K XKHAKOCTH
noJisl pemeTkd. [1oaToMy TpHHOBCKast QYyHKUUS 3aBHCHT HE TOJBKO
OT pasHOCTH r;—r,. MOXHO JMIIb YyTBepXAaTb, YTO OHA HHBAapH-
aHTHA OTHOCHUTEJLHO OJHOBPEMEHHOTrO CJIIBUTA r; W I, HA OJHH H
TOT ke (MmoGoH) mepuoj peimreTku. Huke Mel 6yleM paccMaTpuUBaTh
TPHHOBCKYIO (PYHKIWIO B @, r-NPEACTaBJEHWH, T. €. BBElIEM ee
dypbe-KOMIOHeHTY 10 f: Ggp (®; Iy, T,). MMeHHO 3Ta QyHKUMSA 10-
3BOJIAET, B IPHHIUIE, ONPEAENUTh HEPTeTHUECKHMH CIEKTP 3JeKT-
POHHOH JKHMIAKOCTH B MeTajJge. [loBTopuM (He NPOH3BOAA BHOBb
BCeX BBIYHCJIEHHH) NPUMEHHTEJBHO K NAHHOMY CJYy4al0 H3JIOXKEHHBIE
B § 8 paccyxieHHus.

B § 8 6bwio NMOKa3aHO, YTO OJHOPOLHOCTb CHCTEMBl IO3BOJISIET
MOJIHOCTBIO ONPEJeJUTh KOOPAMHATHYIO 3aBHCHMOCTB MATPHUYHBIX
5JIEMEHTOB -ONepaTopoOB H TeM CaMbIM [I03BOJISIET 3aMHCaTh obluee
BHIpajK€HUE T'PHHOBCKOH (YHKIHH B TNPOCTPAHCTBEHHO-BPEMEHHOM
npeacTaBieHud B Bupe (8,56—6); orciofa MOXKHO OBLIO 3aTeM Ie-
pPedTH H K ee HMINYJbCHOMY IPEICTABJCHHIO B BHJIE DAa3JIOKEHHS
(8,7).

_ JaA 3JeKTPOHHOH KUAKOCTH B peIleTKE HHBAPUAHTHOCTb MarT-
PUYHBLIX 3JIEMEHTOB, Bhlpaxkaemas paBeHCTBOM (8,3), uUMeeT Mecro
TOJILKO JJIsT TPAHCAALMA Ha INepHOABl pellleTKH, T. €. IPH r=a.
OTO NpPHBOAUT, €CTeCTBEHHO, K MEHbUIEH ONPEeNeJEeHHOCTH B KOOD-
AMHATHOH 3aBHCHMOCTH: BMECTO (8,4) MOXHO YTBepXKIATh JHUIlb, YTO

0| W (2, 1) | mk> = gk (r) exXp (—iw,, (k) ?),

<mk | Po (2, 1) |0>="%5m —k (*) €XP ({0, (k) £), (62,1)
rue
Xt(z_r,;)k (r) = e ugmk (r), .
Xocmk (r)= X Vom i (r), (62,2)

Kk —KBa3sHUMNYJbC COCTOAHHUSA; fM— COBOKYIHOCTb OCTAJbHBIX Xa-
PaKTEPHU3YIOMUX €ro KBAHTOBBIX YHCEJ, 4 4 ¥ U—HEKOTOphe Me-
pHOJMYeCKHe B pelleTKe (YHKIMH KOODAMHAT (MBI BBIMHCAJIH MaT-
PHYHBIE 3JIEMeHTHI TOJBKO JJIS IEPEXOJ0B M3 OCHOBHOTO COCTOSIHHUSI—
cocrosgnus 0). ITo ceoum cBoiicTBaM (yHKUUH %*’ m %) aHaJgo-
TMYHBl GJOXOBCKMM BOJIHOBBIM GYHKIHAM 3JeKTPOHA B NepPHOJIU-
yeCcKOM ToJie. BbpasuB rpUHOBCKYIO (Y HKIHIO YEPE3 3TH MaTPHYHbIE
3JleMeHTHl M Ilepexols 3ateM K KomnoHeHTaM Pypbe mo Bpemenn
(mojo6HO TOMy, KaK 310 OblIO CledaHo B § 8), moayyum Tenephb
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BMecTo ¢opMysH (8,7) pasJoxeHue

B (rg) D (=) (r) 4"
Gop (0; Ty, T,) = Z{Xamk ) Uy (1) | e @) A (r"’)} (62,3)

K o+ p—elf)+i0 o-+p—els)—i0

€ TpPeXHUM CMBICJIOM ofo3HaueHHH e*) u &'~); Bo BTOpPOM uJjeHe
NpOH3BeAeHO nepeofo3Hauenne k ——k.

Hasnnure HezaTyxalomiHX OXHOYACTHYHEIX 3JIEMEHTAPHBIX BO36YXK-
JeHu# B6AH3M (eDMH-TIOBEPXHOCTH MeTaJsa MNPOABJAETCS B TOM,
YTO TIpH € BO6JM3H [L 3HEPrHs COCTOSIHMS 3aBHCHT TOJBKO OT k.
Jlns Tagux coctosiHUA ¢YHKOUA G (0; Iy, ) HMEeT TOJIOC NpH
@ =¢ (k)—p. B6ansn nomoca oHa uMmeeT BHJ

Yok (F1) XBk (r2) (62,4)
ofp—e(k) Ji0.signe " ’

Gczﬂ ((0; Iy, 1'2) =

TIpu HaJMUNH BHIPOXKIEHHH IO CIHHAM [OJUKHO elle MPOH3BO-
JUTbcA CYMMHPOBAaHHE NO JBYM CIIHHOBBIM COCTOSHHAM.

OnpefiesieHde 5HEPreTHYECKOTO CMeKTpa 1O TPUHOBCKOH (yHK-
UHH CBOAMTCHA, B NPHHIIHTE, K 3ajJaue O COOCTBEHHBIX 3HAUEHHAX
HEKOTOPOTro HHTErpo-AndQepeHlinalbHOrO JHHEHHOro omeparopa.

OcHOBHBIE MPHHIUNL AHArPAMMHOR TeXHHKH B KOOPJHHATHOM
IPOCTPAHCTBE AJIs1 PACCMATPHBAEMOTO CJAYYas OCTAIOTCS TEMH XKe,
4yTO H B OOLIUHON (epMH-KHIKOCTH. B uyacTHOCTH, BBeAA cOOCTBEH-
HO-3HepreTuyeckKyo QYHKLHIO Zgg (£, ry, I,) (KaK cyMMy OmnpejeneH-
Hoft B § 14 COBOKYNMHOCTH JAHarpaMm), MOKHO 3allHCATh IPHHOBCKYWO
dyHKIuO Geg (¢, ry, T,) B BuJe paja (14,3), KoTopuiii cymMmHpyeTcs
K muarpaMmHoMy ypaBHeHmio (14,4). Tonkasa cniomHas JHHHS Ha
3THX AHarpaMMax of03Hauaer IPHHOBCKyl dynkuuio G (¢, r,—r,)
cBOBOAHBIX 3JEKTPOHOB——HEe B3aHMOJCHCTBYIOLWHX HH € JAPYTHMH
3JIeKTpoHamu, HH ¢ pewerkoii. Coraacro (9,6), sta QyHKuMA yA0B-
JIETBOpsieT ypaBHEHHIO

. A
(ig+35+1) G8 (¢, 1) = Bugd (1) § (1 —r).

TIpumenuB cJeBa K ypaBHeHmio (14,4) omepatop (...) ¥ mepefigs
3aTeM K (ypbe-KOMIIOHEHTaM MO BPEMEHH, MOJyYyHM HCKOMOe ypaB-
HeHHe

A ' , -
(0435 ) up (@5 11 1) = § Ty (@5 14, 1) Gop (03 7, 1) o’ =
=0qpd (r;—r,). (62,5)
B6ausu noaioca G-pyHKuuu (mo mnepeMeHHOH ®), NIpaBas CTo-
poHa ypaBHEHH MOXKeT OBITh ONylieHa, H MOJydYaeTcd OAHOPOJ-

HOe HHTerpo-auddepeHHaNTbHOE ypaBHEHHE, COGCTBEHHbIE 3HAaUeHU S
KOTOPOTO H ONpeJIesIsioT 3HepreTHUeCKHi cleKTp cucteMul. [IpH aTom
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MHJIEKC B U nepeMeHHasl F, He 3aTParHBalOTC HHKAaKHMH OIepa-
IUSIMH, T. €. UIPAlOT B YpaBHEHHH pOJIb HECYLIeCTBEHHBIX Napa-
MeTpoB. [/l ompefesieHHs] CMEKTPa MOMKHO NHCATh MOITOMY ypaB-

HeHHe BHAAY)

(0 R+35) ta )= Zoy (@i 7, 1) 1y (1) 88" = (@—L) 1 (1) =<0
(62,6)

Jlast 3eKTPOHHON QepMU-KHAKOCTH B MeTaJJI€ OHO 3dMeHsAeT Co-
6ot o6eiyHoe ypaBHenue Ulpexunrepa. Ero coGcTBeHHblE 3HAUEHHS
OnpefesNsioT, Kak ykKe CKa3aHO, CIEKTP COrJacHo o =g (k)—p;
COOTBETCTBYIOLIHUMH K€ COBCTBEHHBIMU GYHKIMAME SBASIOTCA PYHK-
IHMH Yk (r) U3 (62,4) (kaK 3TO OUEeBHAHO U3 NPAMOH MOACTAHOBKU
(62,4) B (62,5)). IMockoabKy 3aTyxaHue BO3GYXKAEHHH BOJIM3H (ep-
MH-TIOBEPXHOCTH MaJo, onepaTop L npu MaJblX @ 3PMHUTOB (C TOYU-
HOCTBIO A0 YJEHOB MOpPSIKa ).

Jlns mepexofia K CJAyYail HaJWYyus cJa6oro BHELIHET0 MArHUT-
HOro HOJsi HAj0 3aMeTHTh, YTO NPH KaJuOpPOBOYHOM IpeoGpa3oBa-
HUH BEKTOPHOrO MoOTeHIHana 1P-onepaTopsl INpeobpasyloTcd Kak
BoJiHOBEIe GyHKIHU (cp. (44,3—4)), a noTOMy TpHHOBCKas! QYHKIUS
Gop (0; T, T,) TpeoGpasyercs Kak IpousBeleHHe Y-OYHKUUH
VP (r,) Y* (r,). 210 3Hayut, uto ¥ ¢yskuua x(r) B (62,6) mosxkua
npeo6pas3oBLIBaThCsl Kak obblunas Y-QyHkuus. Ho, npociaenus sa
npousBefieHHBIMH B § 56 paccyXkpeHHsMH, JIeTKO OOHapYXHUTh,
YTO B HUX HUCIOJb30BAHBl TOJBKO MEePHOJHYHOCTH pelleTKH KpHC-
TaJjia, obmue cBoficTBa KaJUOPOBOYHOTO INpeo6pas’oBaHUs U TOT
¢akT, 4TO 3HEpreTHYeCKHH CNEKTp ONpejessercs 10 COoOGCTBeHHBIM
3HAYEeHHsIM HEKOTOPOTO TFaMHJ/bTOHHAHA; POJb NOCJEAHErO0 HrpaeT
B JaHHOM cayuae omnepaTtop L B (62,6)?). [lostomy sicHo, uTO U pe-
3yJAbTaT—IPaBHJO Tepexofa OT CIeKTpa B OTCYTCTBHE MOJS K
CHEKTPY MPH HAJUYHH cJaa60ro mossi—OGyAeT TeM Ke: HOBBIH CIIEKTP
onpejesiieTcst 10 COOCTBEHHBIM 3HAYEHHUAM AMHJbLTOHHAHA

~ ~ . a
e(K—-T%A (r)), F=il, (62,7)

1) a9 MHKDOCKOIHUYECKH OJAHOPOAHOH (epMH-XKHAKOCTH 3T0 ypaBHEHHe B
HMIYJIBCHOM TpEJCTaBJIeHHH CBOXHTCS K ypaBHenHwo (14,13)
o-p=e® (p)-+Z (o, p).
2) MoxeT NOKa3aThCs CYyIleCTBEHHEIM OTJHYHEM B 3Toli CBA3H, uro B (62,6)

onepatop L caM 3aBHCHT OT ®. B pelicTBHTe/bHOCTH 5TO 03HAYaeT JHIIL HesBHRIH
crnoco6 3amMcH raMuJabToHMaHa. [Ipy Manabix o (B6JIPI3H (bepMH MIOBEPXHOCTH)

MOKHO fepefiTH ¥ K sBHOH B3allHCH, pasJOoKHB L~ Lo—i-le H YMHOXHB 3aTeM
ypaBHeHHe Lox o (1—Ly) % cJeBa Ha omneparop (1—1p-1,
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rie e (k)—cnekTp B OTCYTCTBHe moJs. Pasymeercs, cMblca camoil
¢ynkuuu e (k) Tenepb oT/IMYaeTcs OT ee cMeicaa B (56,7)—B Hel
YUHTBIBaeTCS KOJJIEKTHBHOE B3aHMOAEHCTBHE BCEX 3JEKTPOHOB B
CHCTeMe.

Hanee, nockoJpKy nposefieHHOe B §§ 57, 58 paccMoTpenue KBa-
3UKJ/JIaCCHYeCKOTO cJydas IeJHKOM OCHOBBIBAJIOCH Ha CYIIECTBOBa-
HUM TaMHJbTOHHaHa Buja (62,7), TO U 3TH pe3yJabTaThl HEMOCpes-
CTBEHHO IePEeHOCATCS Ha 3JeKTPOHHYIO KUAKOCcTb. IIpu stom, ox-
HAKO, BO3HHMKAeT BOIPOC O TOM, YTO HMEHHO CJelyeT NOHHMMATb
0] HaNpsIKEHHOCTBIO NOJIsA, JAEHCTBYIOUIEr0 Ha 3JeKTPOH IIPOBO-
JHMOCTH (@ TeM CaMbIM— U IIOJ{ BEKTOPHbIM NoTeHnua oM A). Ctporo
roBOps, 3TO JOJIKHO ObITb TOYHOEe MUKPOCKONHYECKOE 3HaUeHHe 110,
CO3/laBaeMOTr0 B JAHHOH TOYKe T BCeMH 3JEKTPOHAMH (U BHEIIHHM
riomeM). Ho B KBa3uKJaccHYecKOM CJy4yae XapaKTepHble pasMepsl
ry 00J1aCTH, B KOTOPOH NPOHCXOAHT B3auMOJeHCTBHe («1apMOpOB
paxuyc opfuT»), BEeJHKH IO CPaBHEHUIO C TNOPSLKOM BEJHYHHBI
MEXK3JIEKTPOHHBIX PacCTOSIHUH (COBMAJAMOIKM ¢ NOCTOSIHHOH perier-
Kd a). D10 06CTOATENbCTBO IPHUBOJUT K aBTOMAaTHYECKOMY YCpen-
HEHHIO MHKpPOCKONHYeckoro moJs. IIpoucxoxpaeHue sToro ycpense-
HHS MOXKHO IOSICHHTb CJIELYIOUMMH DPacCyKIACHUIMH.

[TpeacTaBUM MHKPOCKOIHMYECKYIO HaNPSKEHHOCTh B BHJE CYMMBI
ee cpefHero 3HayeHHA (KOTOpOe, IO NPHHATOH B MaKpPOCKOIIHYeC-
KOfl 3JIeKTPOJAHHAMHKE TE€PMHMHOJIOTHH, €CTb MAFHUTHAS HHIYKUHUA B)

u GuicTpo MeHswomelica yactd H. DBexTopHelfi noTenmuas, orse-
YapIKA ofHOpoIHOMY mnoJio B, Bo3pacTaer Ha BCeM NPOTAXKEHHH
pa3MepoB OpOGHTH, NPHHHMAs XapakTepHble 3HaueHUs ~ Bry. Ilo-
TeHIHAaJ] Ke, OTBEYAIOUIMHA OCHHJIJINDYIOIIEMY Ha PacCCTOSHUAX ~a

noso H, He BO3pacTaer cucTeMaTHyeCKH M HAaGHPAET JHMIUb 3Haye-
HHS ~Ba, KOTOPbIMH MOXKHO IIpeHe6peyb II0 CpPaBHEHHMIO C Brpy.
Mexnay TteM, Kak Obo ofbscHeHo B § 56, HMeHHO NOTeHIHAJ
[OJIsT ONpejieNisieT KBaHTOBaHHE [BUXKEHHS 3JeKTPOHOB. TakuM 06-
pasoM, Mbl NPHXOAUM K BBIBOLY, YTO JOCTAaTOYHO YUYHTHIBATh JHHIb
notennxa’d A onHopoxHo# HHAYKUMH B =rotA, koTopass u Gyger
UrpaTh poJib JAeHCTBYIOUEr0 Ha 3JekTpoH mnoas (D. Shoenberg,
1962). Mer yBujauM HHxke (koHeun § 63), uTO 3TO 06CTOATENBCTBO
MOXKET TPHBECTH K HEKOTODbIM HOBHIM SIBJEHHSIM B HAMarHHUYeHHH
MeTaJoB.

Takum o6pasoM, NpaBHJIO KBa3HKJIaCCHYECKOTO KBaHTOBAaHHUSA
(58,7) nJsi 31eKTPOHHOH KHIKOCTH B MeTaJjlle 3alHCbiBaeTCs Kak

1

S(e, k)= LB (n45), (62,8)

~

rie tenepb S (e, k,)—nJomanb ceueHHs] HCTHHHBIX H303HepreTdye-
CKHX ITIOBepXHOCTeHl 3/eKTPOHOB NPOBOAHMMOCTH MeTaJia (6JIM3KHX
K ero (epMH-OBEPXHOCTH).



§ 63} 9GOEKT JE TAA3A — BAH AJIBOEHA 307

Kak u B 3ajmaue o6 OAHOM 3JEKTPOHE B peHIeTKe C UeHTPOM
MHBEPCHH !), yYeT CNHHA 3JEKTPOHOB INPOBOAMMOCTH IPHUBOAHT K
pacuienyieHuio ypoBHe#i B MardMTHOM I@oJe Ha JABe KOMIIOHEHTHI:

&no (k) =¢, (k;)+opE (k) B, o=l (62,9)

Beanunna § (k,) npencraBaseT cofoff pesysabTaT YCpeNHEHHUs He-
Kotopoll ¢ynkuuu E (k) mo KeasukJaccuyeckoil TpaekTopuH. Ilpu
3TOM, C JAOCTATOYHOH TOYHOCTBLIO, BC€ TPAeKTOPHH MOXKHO CUH-
TaThb JekKalliMH Ha CcaMOH (pepMH-NIOBEPXHOCTH, TAK YTO pe€3yJ/bTaT
ycpelHeHHs 3aBHCHT TOJbKO OT k,. IlofuepkHeM, 4TO AJIsl 3JIEKT-
POHHOH (pepMU-KHAKOCTH OT/IHYHE BeJHYHHB §(R,) OT eAMHHLH (ee
3HayeHus JAns CBOGOAHEIX 3JEKTPOHOB) CBSI3AHO HE TOJIBKO CO
CHHH-OPOHTANBHEIM B3apMojeficTueM, HO ¥ ¢ OOMEHHBIM B3aHMO-
JeficTBUEM 3JIeKTPOHOB JpYr C JAPYIOM.

§ 63. dddexr ne N'aasa— san Aubtdena

MarHuTHAS BOCTPUMMUYHBOCTD MeTajJja B cJabHX MarHuTHBIX
noasx (PB<LT, P—wmarderon bopa, B—MariuTHas HHAYKLHSA)
He MOXeT ORITb BBHIUHCJEHA B ofueMm BHfe. [eno B ToM, 4TO B
paMKax Teopud QepMH-KHUAKOCTH MOXKHO pPaccMaTpHBaTh TOJBKO
napaMarHUTHYX (CIHHOBYIO) YacTb BOCIHPHUMYMBOCTH: 3Ta YacTh
olpefeJisieTCsl 3JeKTPOHAMH NPOBOAMMOCTH BOJH3H (epMU-IIOBEpX-
HOCTH, NOCKOJIBKY CHHHH 3JIeKTPOHOB B TJIyGuHe pacnpefe/ieHus
B3aUMHO CKOMIIEHCUPOBaHH. B [AuaMarHUTHYIO ke (OpOHTAJBHYIO)
4acTh BOCIPHHMYHBOCTH BHOCSIT BKJIaj BCe 3JIeKTPOHBI, B TOM YHCJIE
U3 TJyOUHBl pacrnpeje/ieHdst, TAe IOHSITHE KBa3HYAaCTHL B TEOPHH
(depMu-KUAKOCTH yKe TepseT CMBICA. MexAy TeMm ofe wacTH BoOC-
IPHHMYHBOCTH, BOOOILe FOBOPS, OJHOrO NOPSJKa BeJHYHHBL, a pe-
aJbpHBIH (PU3HYECKHH CMBICJ MMEeT TOJbKO HX CyMMa.

O6paTUMCsl K «CHJ/IBHEIM® MOJISIM, “KOTJa

T=pB <y, (63,1)

T. €. HHTepBaJbl MeXJy YPOBHSIMH JIaHJay CpaBHHMBI C TeMIepa-
TYpoH, HO BCe ellie MaJhbl IO CPAaBHEHHIO C XHMHYECKHM IIOTEHI[Ha-
JoM. B 3TOM ciyuae napa- M pguaMarHUTHAsE 4acTH HaMarHHYeH-
HOCTH BoOGLie He MOryT OBITh pasfelieHbl, HO 3JeChb CHTyauHs
MeHsieTCsT B TOM OTHOLIEHHH, YTO B HaMAarHHYeHHOCTH MeTaJjia
NOSIBJISAETCS OCUMJUISIHOHHAS 3aBHCHMOCTD OT HANPSI:KEHHOCTH 110151
(3¢ppexm Oe I'aasa—ean Axopera)?). MoHOTOHHAS wacTb HaMarHH-
YEeHHOCTH U 3JleCh 3aBHCHT OT BCEX 3JEKTPDOHOB B MeTajie H He
MoXKeT OBITh BBIYHCJEHAa B paMKaX TEOpHH epMu-KUAKOCTH. OCIH.I-

1) dakTuueckH KDHCTA/N/INUeCKHe PelleTKH BCeX MeTaJjJsoB 06JajaiT LeHTPOM
HHBEDCHH.

%) Cp. V § 60, rae atoT a¢dekT paccMaTpuBajcsd AJA8 HACAJbHOTO 3JEKTPOH-
HOro.rasa,



308 SJEKTPOHM B KPHCTAJIHYECKON PEMIETKE [ra. vi

JUpyiomas e YacTb HaMardH4YeHHOCTH ONpejessieTcsi, KakK Mbl
YBHJUM, JHIUb 3JEKTPOHAMH NMPOBOTHMOCTH B OKPECTHOCTH (epMH-
IIOBEPXHOCTH H MOXKeT GhiTh paccMoTpena B obuiem supe (M., M. Jlugp-
wuy, A. M. Kocesuu, 1955). ViMeHHO 5Ta uacTh M OyHeT HHTepe-
COBaTh HAaC 3JeChb.

OcuuANsUHOHHAS] 3aBUCHMOCTh HAMarHMYEHHOCTH OT TOJS sB-
JAfgeTcs CAeACTBHEM KBAaHTOBaHHS YPOBHEH 3HePrHH OpPOHTAJbLHOTO
JIBHXKEHHs 3JeKTpOoHOB. Ho KBaHTOBaHHMIO IOJBEPrarmTCsl TOJBKO
COCTOSIHHSI, OTBeYyalollHe XBHXKEHHIO 3JIEKTPOHOB II0 3aMKHYTBHIM
(B k-mpoctpaHcTBe) TpaekTopuaM. IloaToMy BKJaj B OCUW/JIALLHOH-
HYI0 YacTb TepMOJAMHAMHYECKHX BeJHYHH BO3HHKAET TOJbKO OT
3JIEKTPOHOB IPOBOAMMOCTH HA 3aMKHYTHIX CEYEHHSAX H303HepreTd-
YeCKHX NOBEPXHOCTeH MIOCKOCTAMH, IEPIICHANKY I DHRIMH 33 JaHHOMY
HanpamJeHuo noJsA. Mpl OyAeM CUHMTaTh, YTO Ha 3THX CEUYEHHAX
BBIIIOJIHACTCA YCHOBHE KBA3HKJACCHYHOCTH, T. €. 4TO Ompefesse-
Mble paBeHcTBOM (62,8) uncia n BeJHKH:

ficS)|e| B> 1. (63,2)

Jlnst THOUYHBIX QepMH-IIOBEpXHOCTEH B MeTa/JaX JHHeHHblE pas-
Mepbl ceueHHH ~1/a, TaKk uto S~a~2, u Torja YycJjosue (63,2)
3aBEJIOMO BBIIOJIHSIETCS (Cp. NpUMeuyaHue Ha cTp. 279).
KBasukJaaccuyeckde ypoBHH JaloTcsl (C y4yeTOM CIHHA) BEIpa-
KeHuem (62,9), rze e, (k,)— peiueHus ypaBHeHHs (62,8); Kaxaomy
YPOBHIO OTBeyaeT YHCJO COCTOSIHMH, naBaemoe ¢opmyJoit (58,10).
IlostoMy craTucTHyecKas cyMMa, omnpefelsionas TepMoJHHAMHYEC-
Ku#i mnoreHuman 2 (pyuruuss u, T u obbema V cHcTeMBl), UMeeT

BHX
g le1BV U(k n—e5) (6))
Q=—T- 2= §:§} ln{l—!—exp [k (63,3)

Hupekc s HymepyeT OTHeJIbHBIE JIHCTHl H303HEpreTHYecKOH MOBepx-
HOCTH; 3TOT HHAEKC M 3HAaK CYMMHMDOBAHHA 110 HEMY HHKe JIJIs
KpaTKocTd ‘onyckaeM. HMHrerpupopanue mno dk, NpPOM3BOAUTCH IO
TAKOMy HHTepBaJsy, 4TOObl B HEro GbIIM BKJIIOYEHBI BCE PasiHyHbie
(T. €. 3a MCKJIOYEHHEM HX IE€PHOAMYECKHX NOBTOPEHHH) CeYeHHS
BCEX JIHCTOB H309HePTeTHYECKHX IIOBEPXHOCTEH.

Ilpexpe Bcero BbIAENHM H3 € OCHUJJIHPYIOULYIO C NOJEM HacTh
(o603HayuM ee Q) npeo6pasoBaB cymmy (63,3) ¢ momompsio dop-
myJan Ilyaccona 1)

TF(0)+ ZF(n)__S"F(x) dx+2Re ZSF(x)eﬁ”xdx. (63,4)

n=1

L=

1y Cm. V § 60. Tor dakr, uro B (63,4) uneH cymms F (0) cToHT ¢ Koacpcpum{-
eHTOM 1/2, HeBaXeH, Tak KakK B cymme (63,3) Bce pPaBHO CYUIECTBEHHH! JHIIb uje-
RE C GONLIUHMH 1, »
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Tlepsuift usen 3tofi dopMysnl, npuMeHeHHol K (63,3), HaeT Heoc-
LUK PYIOIUE BKJad B €2; ONYCTHB ero, MHIUIEM

o= —LelBT e Sy 7, (63,5)

4n-cﬁ [=10=:%1

rje fzg——OCL[HJIJIHPYIOLLLaH YyacTb HHTErpaJa
Iio = Sln{l+exp _-—(—)} et g (63,6)
0

H BBElEHO TakixKe o00O3HAaueHUe Mg=—OofEB.
Jasi panpHefiltero npeo6pa3oBaHus BBeleM (QYHKIHIO

_chS(e k) 1
ﬂ(fi, kz) ———’QWEI—B——'E' ‘ (63,7)
(cp. (62,8)) u mepefifeM oT yHTerpuposanud no dn B (63,6) K uH-
TerpupoBaHuio no de:

I ~§§1n{l+exp } saite % 1t de; (63,8)

BHIOOD HUIKHETrO Mpejiesla HHTEFPHPOBAHHs NO de (YyCJOBHO 1OJO-
JKEHHOTO paBHBIM HYJI0) 0e3pasJuyeH, TaK KaK B HHTerpalie Bce
paBHO GYZAET CYILECTBEHHA JIHIIb OKPECTHOCTb 3HAYEHHS €= [ig.
[Nockosnbky ¢ynkuus n(e, k,) BeJHKa, 3KCNOHEHIHAJbHbIH MHO-
KHUTeJIb B IOABIHTErpasnbHOM BhipaxkeHHH B (63,8) —6wicTpo ocuu-
aupywoman ¢yHKnua k,. ITH OCUMJJIALMHM TOraulamT HHTerpaj no
dk,, W TOTOMY OCHOBHOH BK/aJ B Hero BO3HHKaeT OT TexX obJiacrei
nepemenHoft k,, B KoTOpeix QyHKUHA n(e, k,) MeHsercss HauboJee
MelJIeHHO (TaK YTO U OCUHJIAUNH HaubGosee MeiJeHHH). JIpyrumu
. CJIOBaMH, OCHOBHOH BKJIaJl B WHTerpasn JawT o6JacTH BOJH3H TO-
yeK SKCTPEMYMOB 7 KaK QyHKUHH OT 2, (IPH KaXkIOM 3aJlaHHOM &).
Tlycte k.., (€)—o0ZHA K3 TaKMX TOuEK; BOJH3HM Hee BHYUCJAEM
HHTEerpaJ MeTOJOM IepeBaJia: B NoOKa3aTese 3KCIOHEHTHl MHIIEM

P(e ) o res (&) (57 (hehansls Nes (9= (81 Bk ().

a4 B HE3KCHNOHCHIHAJIBHEIX MHOXKHTEIAX 6epeM HX 3HayeHHe INpH

k,=kFk,,. B pesynpTaTe HaliieM, 4YTO Ka)kfas H3 3KCTPEMAJbHEIX
TOUYeK JaeT B HHTerpas BKJaj

62n
2
Z

dne, 1

1{1+exp T }de VT

o exp {2tlnex = } de,

ex

e—8
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3amena On (e, k,)/0¢ ua dn,/de pomycruma, TMOCKOJILKY B TOUKE
sKcTpeMyMma On/0k,=0. 3HaKH -+ AN — B NOKasaTeJe 3KCIOHEH-
Thl OTHOCSITCSI COOTBETCTBEHHO K -CJyuasiM, Korja R,., sBJsercd
TOYKON MHHUMYMa WJId MaKcuMyMa dyHkuuu # (g, k,)1). Ilpeobpa-
3yeM 5TO BhIpa:KeHHe HHTErPUPOBAHHEM II0 YacTAM, HAMHCaB

dnex

exp (2niln,,)de = :::il dexp (2niln,, (e))

¥ YUHTHIBAf, 4TO MejUIEHHO MeHstioltylocst GyHKuuto | 9%n/0k; |, MOXK-

Ho He auddepeHnupoBarh. I1pouHTerpHpOBaHHBIi UJEH HE NPHUBOAHT

K OCHHJUISANHOHHOH 3aBHCHMOCTH OT IIOJIS; OMYCTUB €ro, HMeeM
exin/e G exp (Qnilnex) de

]10—2 omiTI3/® S [ (63.,9)

-

1+exp( )}102 AN

rJe CyMMHDOBaHHe TIPOU3BOJMUTCS IO BCEM SKCTpeMaJsbHBIM TOYKaM
(cMpICT KOTOpPHIX GYyNeT elme OOGCYKAeH HHXKe).

Muoxutean exp(2niln,,) B uncauTe 1€ NOABHTETPANLHOTO BEIpaXKe-
HHUSI —OGBICTPO OCUMJIHPYIOWAss (GYyHKUUA . ITH OCUMJJIALHH IO-
ramaiorT uHTerpasn mo de Besje, 32 HcKJOUeHHeM 061acTH €—pg~T,
B KOTOPOH GHICTPO MeHseTcsl 3HaMeHaTesb. CaMa ke QYHKIHUSA A,y (€)
B 3TOH o6JacTH MeHAeTCsl NJAaBHO H MOTOMY MOXeT OuiThb NpejcTaB:-
JIEHa B BHJe

Pex (€) & 1 (Wo) +flex (Wo) (8—Wo);

MHOXHTeJb e |3°n/0k l'l/“ MPOCTO 3aMeHsIeTCs ero 3HauyeHUueM NpH
g =g. Ilocsie sTOrO, MeEpefill OT HMHTErPHPOBAHHA MO & K HHTer-
PHPOBaHMIO TO X ={(g—U¢)/T W 3aMeHHB HHNKHHUH npepes —g/T
Ha -—oo (mocKosabky W/7T >> 1), noayuum ?)

- exp [2ntilngy (ug) & in/4] | _ ,
lo=—2 213/2102n/ak01u2 B 207 Thex (o) -

1y Tlepesanbublii HHTETPAN BHAA Se"’”"’ dz BLUHCIAETCA  NYTEM  3aMeHHl

o i
z=ue™* uan z=ue”""* npu a > 0 HaM a < 0, NOCJe Yer0 WHTEIPHPOBAHHE 1O
du pacnpoCTpaHseTcs OT — o0 10 0,

%) Ncnonb30BaHO 3Ha4YeHHe HHTerpana

=]

iz in
IES e? 1 dz—_sh:rcoz.i
-

Sty dopMyJsy MOXKHO NMOJYYUTB, PACCMOTPEB HHTETpPas IO 3aMKHYTOMY KOHTYDPY
B NJIOCKOCTH KOMILIEKCHOTO 2, COCTaBJEHHOMY K3 BeIIeCTBEHHOH oCH, [pSMOH
Imz=2n u gBYXx GeCKOHEYHO YHaJEHHBIX «GOKOBBIX» OTPe3KOB (Has ofecneueHns
CXOJHMOCTH H4 IIOCJefHHX BellleCTBeHHBIH napameTp o 3amensieM Ha o —i0). Hu-
Terpajg no 3TOMY KOHTYPY ONpPeAeJfieTCS BHIYETOM B MOJIOCE 2=, OTKyJAa Haxo-
UM [ — e 2% | == —2qjg— 7%,
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Tlpu cyMMHPOBAaHUH 3TOr0 BBEIpaXKeHHS IO 0 =+ 1 MOXHO Be3je
(KpoMe 3KCIOHEHIHAaJbHOrO MHOXHTEJA) 3aMeHHTb Uy Ha W, IO-
CKOJbKY o npexpnonoxenuio (63,1) BB << p. B dasoBoM ke (3Kcmo-
HeHIMaJbHOM) MHOXHUTesJe TaKas 3aMeHa HEJNONycTHMa: BBUAY
00JIbIIOH BeJHUYHHBl QYHKIUH fey (€) Y2Ke OTHOCHTEJbHO MaJjoe H3-
MEHEHHe ee apryMeHTa IpHBOJHT K 3aMeTHOMY H3MeHeHHIO dasbl;
31eCh, OJHAKO, JOCTAaTOYHO pa3JOKUTL N, (W == fB) mo crenenam
fB, orpaHUYUBIIKNCh JUHeHHBIMH uJjieHaMH. B pesynbrate mosmyuum

_ exp [2milne, () £ im/4]
Elzc—-—‘E 13/2]62n/6k ’1/2 X
€X

X sh=2 [2n2T nex (n)] cos [2nIBBEniy (W], (63,10)

rie ey ==E (R,ex)- OcTaerca BHIICHATb CMBICA BXOAAIMX B 3TO
BblpajkeHHe BEJHMYHH H INOJCTaBUTH ero B (63,5).

Coranacuo onpejesenuto (63,7), GyHKIHSA ey (€) CBS3aHA C 3KCTpe-

MaJjIbHBIM 3HaueHHeM S (€) MJIOWAJH CEeueHHs H303HEepPreTHYECKOH
noeepxHoctu S (g, k,) Kak QyHKRuuHd k,, a
ee 3HaueHHe IIPH €=W €cCTb MNJOILLAJb
SKCTPEMaJIbHOTO CeueHHst (epMHU-II0BepXHO-
ctu. Jas wamocTpanu¥ Ha puc. 15 uso-
GpaKeHbl HKCTPeMaJbHEE (1Ba MaKCHMaJb-
HEIX M OJJHO MHHHMAJIbHOE) CeYeHHS raH-
TeJieo6pasHoi GepMH-NIOBEPXHOCTH; OHH Hep- Pac. 15.
NeHJHKYJISPHE HanlpaBJeHHIOo 11015, YKa3aH-
HoMy crpeskofi. CymMupoBanue no ex B (63,10) mpoussoiuTeca 1o
BCEM 3KCTPEMaJbHbIM 3aMKHYTHIM CEYEHHAM BCeX JHCTOB (epMu-
NOBEPXHOCTH. Mp1 BBeJEM Takike, AJs YNPOLIEHHS 3alHCH PopMy.T,
IMKJOTPOHHYIO MacCy 3/eKTPOHAa NPOBOJAUMOCTH IPH €ro JBHIKEHUH
IO 3KCTPEMaJIbHON 3aMKHYTOH TpaekTopHH. COrJlacHO ONpejiesICHHIO
(57,6), ara Macca

~—

B2 3S(s, k) R o,
=% 96 b =n Sex (H),

2ex

*

rae S.,(e)=S (e, k,ex(€)); mocaenHee paBeHCTBO CHOBa CBSI3aHO
C TeM, YTO B TOUKE 3KCTpemyMa OS (g, kz)/ak =0.

B pesyabTate mpuxoaum K c/efylollled OKOHUaTEbHOH (opmy e
IJs1 OCHUJIMPYIOUEH YacTH TEPMOAHHAMHUECKOTO MOTEHIIMAaJa:

Q:Ei (—1)’9,cos{< f%egi 4>}

ex I=1
W (mBBY? 2SS (u, k|72 A -
Q= /12 h3m*512 M2 lex sh7 €os (ﬂl-,n—59x> , (63,11)

A=I[n*Tm*/mpB )
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(m—ucTHHHAsA Macca 3JIEKTPOHA, 3HAKH -+ HJH —B apryMeHTe
KOCHHYCAa OTHOCATCSI COOTBETCTBEHHO K C/Iyd4asM MHHHMAJIbHBIX HJIH
MaKCHMaJbHHIX CeueHHi)?!).

HamaruuyennocTs M (MarHUTHRIE MOMEHT €IHHUIE 00beMa)
BHEIUMC/ISETCS KaK IPOU3BOAHAA 2)

1 0Q
M=—72, (63,12)

Mpu stom auddepennuposanuio B (63,11) RoMKHB NMoaBepraThes
JHIIL HauGosee OGBHICTPO MEHSAIOMUECH MHOMXKHTEJIN — KOCHHYCHL
BBHAy aHH30TPONHH (epMU-TIOBePXHOCTH (m* M S, 3aBHCAT OT
HanpasJieHusl moJsl) HanpaBienHe M He coBnajaet, BooCuie roBops,
¢ HanpassenneM B. 19 ocuuanupyiomed YacTH IIPOROJBHOH
(B HampaBJeHHH NOJs) HAMATHHYEHHOCTH HAaXONAHUM

P ey

_B'2(mp)*2 S, | 8°S (, k1)
TR | o

Buipaxkenus (63,11) u (63,13)—cJ/0XKHbE OCHHJIHPYIOIHE
GYHKIIME MAarHHTHOTO IOJIA, IpHYeM OHHU COJepkar, Booblie roBops,
yJieHb! Pa3/HYHOH NEePHOAHMYHOCTH: UJeHbl, IPOUCXOAALIHE OT KaxK-
JIOTO M3 SKCTPEMaJIbHBEIX CeueHHH (epMH-TIOBEDXHOCTH HMEIOT CBOH

-2 ) m*
vy Ccos (ﬂl"}; Eex) . (63,13)

exX

}) Nas rasa cBoGoAHBIX 9/eKTPOHOB (epMHu-TIOBEPXHOCTh—Cdepa paxuyca
kp= V2mp/fi, Sex=mkF, H dopmyaa (63,11) nepexomur B dopmyay (60,5) us
V § 60.

2) Tor daxt, uto AnddepeHuupoBaHHe NMPOHaBOJHTCA Mo B, Tpebyer mnosice-
ung. K dopmyne (63,12) moxuo npuiity ciuexyomuy ofpasom. Hsmenenue ra-
MHJbTOHHAHA CHCTEME NPH GECKOHEYHO MaJjoM H3MEHEHHH BEKTOPHOIO NOTEeHLHAaJa
noJIs ecTh

5F1=_%S oA v,

rze §—omepatop naotHocTd Toka (cM. II1 (115,1)). VMsmeHeHHe e TepMOIHHAMH-

ueCKOro INoTeHIdajsa @ noayuaerca ycpeamenneM OH (npy 3alaHHEIX 3HaYeHHAX
p, T, V). Ho 1oT ¢harT, uTo KBaHTOBAHHE CHCTEMBI ONpeleNAeTCs (kax 6bls10 MMO-
KasaHo B § 62) He TOYHBIM MHKpocKomHueckum roJeM H, a ero Makpockonuyec-

KHM CpeJHHM sHauenneM B, osnauaer, 4ro m B 0/ noi A Hajo NOHMMATb BEKTOP-
BHI NMOTeHUMas cpeiHero noJst B. Bapuamumio 8A MoXHO, Cief0BaTe/NbHO, BBIHECTH
. H3-TIOJ 3HAKa YCPEIHEHHS, M TOTAa

8Q = <BH> = ~% S <> SAdV.

Beels Tenepb MATHHTHBIE MOMEHT, IO ompeleaenmio <j>=crot M, u npomnsseas
HHTETPUPOBAHHE IO YacCTHAM, NOJYYHM

80 —=— 0B S Mav.
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nepuos no nepemeHHoil 1/B, paBuelit
AL _dump_ 2ale] (63,14)

OrmeTuM, 4YTO S5TH NMEPHOALL HE 3aBHCAT OT TeMIepaTypshl.

TeMnepaTypHasi e 3aBHCHMOCTDH aMILJHTY] OCHHJIAIMA onpefe-
Jasercss MHoxuTesneM A/shi. Ilpm A>>1 amnauTyael yGLIBalOT 3Kc-
NOHEHIIHANbHO, W OCUMJIALMHA (aKTHuyeckH HcuesawoT. Ilpum A<l
MHOXHTEeIb A/shA ~ 1, M NOPAJNOK BeJHYHHB AMILJIHTYA ONpefe-
JIAI€TCS OCTaJbHLIMH MHOXHTeJsAMH B Q;, M M,; K 3TOMY cJayu4aio H
OTHOCATCSI BCE MOCJEAYIOIIHe OLUEeHKH. )

s rpy6Goli OLeHKH “IOJOXKHM

“mt~m, p~hkEm, S~k

rie kp ~ 1/a— nuHeltHnie pa3Mepr! depMu-noBepxHocTd. Toraa mo-
JYUUM
= B)5/2 B\5/2 & B\1/2
O~V BTy (BB R np (BB (63,15)
h3 i u
‘THE N~ k} —IJOTHOCTH YHCJa 3JeKTpoHOB. UTO Ke Kacaercsi Mo-
HOTOHHO 3aBHCSLIEH OT MoJa yacTH HAMAarHHYeHHOCTH (0603HAUMM

ee M), To ee MOXHO OLUEHHTb, IOJIOXKUB
- - mkgp BB -
~ ~ 2= ~ —
M~yB~f = B~nf i (63,16)

rie Y —<MOHOTOHHASI» 4acTh MArHHUTHOH BOCIPHHMYHMBOCTH, OLEHEH-
Has, HanpuMep, no dopmyse AJs BOCIPHUMYUBOCTH 3JIEKTPOHHOIO
rasa B caabeix noasx (cM. V § 59). CooTBeTcTBEHHO MOHOTOHHAs
YaCThb TePMOJAMHAMHYeCKOro noreHnuana Q~VMB~Vnu (BB/p)z.
ConocraBseHHe HamMCaHHBIX BHIPaXKeHHMH IMOKA3LIBAET, YTO OCI(HJIJIH-
pywluas yacTh TePMOJAMHAMHYECKOTO NOTEHLHa/ja Maja 1o CpaBHe-.
HUIO C ero MOHOTOHHOH MarHHTHOH YacThbio:

Q/Q ~ BB/W2 L1,

¥ TeM 6oJee —II0 CPABHEHMIO C €ro 3HayeHueM 2, ~ Vnp B orcyr-
crBue moJast: /Q, ~ (BB/n)%/2. Ocuninupymomas Xe yacTb HaMma-
THHYEHHOCTH, HAIllDOTHB, BeJHKa IO CPABHEHHIO C €6 MOHOTOHHOH
4acThIO

M| M~ (n/BB)'2 > 1.

Ilo nmoBoxy Bcell H3/0KEeHHOH TEOPHH OCUMJLISLHMH HAMarHHYeH-
HOCTH CJlefiyeT OTMETHTb, UTO OHa OTHOCHTCS K 3JIEKTPOHHOH XKHJ-
KOCTH B MA€aJbHOM KPHCTaJJje, H B Hel He YYUTHIBAETCsI BO3MOKHOE
BJIMAHHe Ha 3(PEeKT mpoueccoB paccesHHsA IJEKTPOHOB IIPOBOAHU-
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MocTH Ha (oHoHax H Ha JedekTax pelleTKH (HampuMep, Ha
aTomMax TmpHMecelt). DTH IpouecCch NMPHBOAAT K HeONpeleJeHHOCTH
B 3HEPrHH 3JEKTPOHOB: As~ﬁ/r~pr/l (rie T—BpeMA MeEXLY
CTOJIKHOBEHUAMH; [— AMHHA CBOGOAHOrO mpobera; Up— CKOPOCTb
3JIEKTPOHOB). PasMbITHE e pe3KHX YDOBHeH 3HEPIHH NPHBOJMT,
B CBO0 Ouepelb, K CIJIAXHBAHHIO OCUMJJIALMA HaMarHHYEHHOCTH.

YcJaoBHe HOMYCTHMOCTH HpeHeOpexeHHA IIpo-
K IfeccaMH paccesiHusl COCTOMT B MAaJIOCTH He-
onpejeneHHOCTH Ag MO CPaBHEHHIO C HHTEp-
BaJaMH MexJAy YPOBHSMH, T. €. JOJIZKHO
ObITh:

fiw g > Fiog/l. (63,17)

Ipu T — 0 momycrumul (ycaosHeM (63,1))
CKOJIb YTOJLHO MaJible 3Hauenus B (TouHee —
orpaHHYeHHble JHIIb ycaoBueM (63,17)). Ilpu

, 5TOM HaMarHWYeHHOCTb M MOMET, B NpHH-
6. uune, CTaThb CPABHHMOW C CaMOH HHIYyKUHel

B (tak xak M/B ~ ¥ (w/BB)!/?), Ho eie paHbiue
CTAHOBHTCS 6OJbIIOH (IO MOAYJ) MarHHTHas BOCIPHHMYHBOCTD
y=0M/OH ). JleficTBUTe/IbHO, CHOBA 3aMeTuB, YTO Au(pepeHunpo-
BaHHIO JOJKHBI HOABEPraTbCA TOJBKO OCUHJIIHP YIOl[He MHOXKHTEH,
HalizieM

Puc.

| %}~ % (w/BB)¥2. (63,18)

B Takoil CHTyaum#u OCUHJJIALHM HAMarHHYCHHOCTH TPHBOAAT
K [OSIBJEHHIO HA KPHBOH 3aBHCHMOCTH MaKpOCKONHYECKOH Hamps-
xeHHocTH H = B—4nM (B) ot uHAyKIuH B psga mocJ/eloBarelib-
HBIX MepernGoB, KaK S5TO NOKAa3aHO CXeMaTHuecku Ha puc. 16
(A.B. Pippard, 1963). Ho ycioBue TepMOAMHAMHYECKOH YCTOHUH-
BOCTH TpeQyeT, YTOGH GBLIO ?)

(%>T u> 0.

[TosTOMY COCTOSIHMSI, OTBeYalOLlHe TaKHM yuacTKaM KPHBOH, Kak be,
HEBO3MOXKHbI. BO3HHKaAIOIash CHTyallMsl BIOJHE aHaJOrWyHa TOH,
KoTopast NPUBOAMT K ()a30BOMY MepeXoAy B BelleCTBe NPU NOAB-
JeHuH mneperu6a Ha KPHBOM 3aBHCHMOCTH JaBJeHHA OT o6beMa
(cp. V §§ 84, 152). PaBHOBecHO# KpuBOH 3aBHCUMOCTH ff (B) 6yzer
B [efiCTBHTEIbHOCTH COOTBETCTBOBATh NPSAMOJHHEHHbIE TOPH3OHTAJIb-

1) Bo usbexanne H3JIHIIHMX YCJOXKHEHHH B CJELYIOIIeM HHXKe KauecTBeHHOM
PacCMOTPEHHH BO3HHKAIOUIHX 3(QEKTOB MBI OTBJIEKAEMCS OT BJIHAHHSA aHH30TPOIHH.

2) Cp. VIII § 18, rae aHa/nOrHYHOE YCJIOBHE BBHIBEJCHO AJIA SJIEKTPHUECKOTO
cJayuas.
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upii otpesok ad, mposejenHblt Tak, YTOOH 3aIITPUXOBAHHHIE Ha
pHCYHKe JBe IJIOWAAH OblH PaBHBI; y4acTKM XKe ab H cd OTBeYaoT
MeTacTaGuJIbHBIM COCTOSHUAM.

IMycte MeTajsuyeckuii ofpasell NPEeACTaBJisfieT COOOH LUJHHAD
C OCblo, HampaBJeHHO#l BOJb BHelHero moas &. Torpa manps-
MEHHOCTb H BHYTpPH LHJMHAPA COBNAfaeT ¢ § H IO Mepe YBeJH-
YeHHus MOCJeJHero TeJo OyJAeT HCHBITBIBATHL I10CJ/EN0BaTe ] bHbIE
($as3oBLIe MepPexojibl CO CKAYKOOOPA3HBIMH H3MEHEHHSIMH HHIYKIHH:
KaxJblli pa3 0OpH JAOCTHXKEHHH TaKOH TOYKH, KaK a, MHAYKLHSA
MeHsieTcsl CKaykoM OT 3HaueHusi B, x 3Hauyenuo B,;!). Ecau xe
o6pasel MpejcTaBaseT coOOH MJAOCKYIO MJACTHHKY B IEPNEHAHKY-
JAPHOM €H MarHUTHOM IIoJle, TO MPOMCXOAHT pasbueHHEe Teja Ha
yepelyonuecs CJIOH (OuamazHumroe 0omenv)) C Pa3JUYHOH HHAYK-
IHell —BIOJIHE AaHaJIOTHYHO pa3GHeHUI CBEPXNPOBOJHHKA B IIPO-
MEKYTOYHOM COCTOSIHHH HAa HOpPMaJbHbIe H CBEPXIMPOBOJASAIIHE CJOH
(J. H. Condon, 1966). BuemHee mose § cOBNajaeT B 3TOM cJydae
CO 3HayeHHeM MArHHTHOH MHAYKUHH, YCPEJXHEHHBIM IO BCeM CJIOSM.
Tak, B unrepBate B, < § < B, naactuHka pasbHBaeTcs Ha CJOU
¢ uHAyKuMAMH B, U B, m, 10 Mepe Bo3pacTaHusf §, o60beM BTOPHIX
BO3pacTaeT 3a cyeT ofbeMa MEPBBIX.

§ 64. Inexrpor-oHoHHOe B3aMMoAeHCTBHE

Jlo cux TOp MB paccMarTpHBAJH 3JEKTPOHHI TIPOBOAUMOCTH
B KpHCTaJaJe, OTBJEKasch OT HX B3aMMOJEHCTBHs ¢ KOJeGaHHAMH
peuweTkd, T. e. ¢ (oHOHAMH. DTO B3aHMOJAEHCTBHE BHIpa)aeT TOT
tdakr, yTo NedopMalMs peLleTKH H3MeHsAET MoJe, B KOTOPOM JBH-
JKeTCsl 3JEKTPOH; 3TO H3MeHeHHe II0Jf HasblBAIOT 0e(iopMayuoHHom
NOMEeHYUAAOM.

DNeKTPOH-POHOHHOE B3aHMOJAEHCTBHE HIpPaeT  OIPeAcJsALLYI0
poJib B KHHETMUECKHX SIBJEHHUAX B NOJYNPOBOAHHKAX H METaMJIaX,
HO 37ech Hac OyJeT MHTepecoBaThb TOJNbKO KauyeCTBEHHOe BJHMsAHHE
3TOr0 B3aHMOJICHICTBUS HA 3HePreTHUYeCKUH CHIeKTp 3JEKTPOHOB.
Jns ero usyyeHHs Ue/1ecO0GpPa3HO OTBJEYLCS OT YCJOXKHEHHH,
CBA34HHBIX C AHU30TPOINHeH pelleTKH H €e MHUKPOCKOIHYeCKOH
HEONMOPOAHOCTRIO. [[pYrHMH CJjiOBaMH, PacCMaTpHBaeM Cpely Kak
MHKDOCKOITUYECKH OJHOPOJLHYIO, H3OTPONHYI KHAKOCTh, COOTBET-
CTBEHHO YeMy B HeHl BO3MOXKHBI JIHIIb IPOAOJbHLIE 3BYKOBbie KO-
JeGAHHUS. ‘

B nepBoM npuG/aHKeHHH N0 AedopMallH NOTEHLUAJ, OTBeYaro-
Ui Takoll yNpOLleHHOH MOJeNH, NPeJACTaBHM B BHJE )

Uet (r)=%S‘W (r—r") p’ (t') dox’, (64,1)

1) [Ipegnosnaraercsl, YTo TNOBEPXHOCTHAf 3IHEPTHA TPAHHUB pasjena MexIy
(asaMy moJ0XKHUTENBHA.
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rie p’—TnepeMeHHAasl wacTb MJOTHOCTH cpeibl (a p—ee MOCTOAHHOe
paBHOBecHoe 3HaueHHe). Pynkuus W (r—r’) y6bBaeT Ha NJIMHAX
MOpAAKA MEKATOMHBIX DPAacCTOAHWH a. MBI yIPOCTHM BhbipaXkeHue
(64,1) eme nanplie, 3aMETHB, YTO AJIS B3aUMOREHCTBUS ¢ GOHOHAMH
C BOJIHOBBIMH BeKTOpamu k<€ 1/@ 3TH PacCTOAHHS MOMKHO CYHTaTh
PABHEIMH HYJIO, T. €. oN0XuTb W = wd (r—r'), rie w-—nocrosHHasl.
Torma U,q=wp’ (r)/p. B XBaHTOBOH# TeOpHH, B TPEIACTABICHUH
BTOPUMYHOTO KBAHTOBAHMS, 3TOT NOTEHIMAJ 3allHChIBaeTCH Kak Tra-
MHJIbLTOHHAH 3JEeKTPOH-QOHOHHOTO B3aHMOJAEHCTBHUS

H,_,},=%Sﬁr;(t,l 06 (¢, 1P (¢, ) dox, (64,2)

roe onepatopnt ¥, W* oTHocsATCS K 3JeKTpoHaM, a o’ —refizen-
GeproBCcKuil OnepaTop IJIOTHOCTH, OMKCHIBAKLIHI QOHOHHOE IIOJIe;
A1 CBOGOAHBIX (HE B3aHMOJAEHCTBYIOIIMX C 3JeKTpoHaMH) GOoHOHOB
OH paetcs ¢opmyJoit (24,10).

B MaTeMaTHuecKOM amnmnapare TPHHOBCKHX (YHKNUH B IpuMe-
HEHHH K 3JeKTPOH-(OHOHHOMY B3aHMOJICHCTBHIO NOABAACTCS HAPALY
¢ TPHHOBCKOi GyHKnueil s1ekTpoHoB G elle U (QOHOHHAA TPHHOB-
cKasi (QYHKUUA, onpenesnsieMas Kak

D(X; X)=D(X,—X,)=—i<Tp (X)p' (Xy)>, (64,3)
TIpH‘IEM XpOHOJIOFH‘IeCKoe nponsseneﬂue paCKpI:IBaeTCH o npaBHny

(31,2), orBeuamwemy ciyyaro G6030HOB. [lnsi cBOGOXHBIX (OHOHOB
IpHHOBCKast QYHKUMSA B HMIYJbCHOM MPEACTaBJCHHH

__pk 1 [ _ pk?
D™ (e, k)'—_ﬁﬁ—{m——uk—kio m+uk-—io}_mz_u2k=+io(64’4)

(cM. 3ajady K § 31; B mpomexyTouHbIX QOpMyJIaX mosaraem fi=1).
PaccmaTprBasl 3JMeKTpOH-QOHOHHOE B3aHMOJEHCTBHE KaK MaJloe
BO3MYIIEHHE, MOXKHO IIOCTPOHTH OCHOBaHHYIO Ha omepartope (64,2)
IHAarPaMMHYI0 TEXHHKY TOf06HO TOMY, KakK 3TO GHLIO CJeJaHO
B § 13 ana napHoro B3auMogeiicTsua ¢epmuonoB. He nosropss
3aHOBO BceX PacCyXAeHHH, chopMmyaupyeM MoJydarouiuecs npasuaa
COCTaBJIEHHS AHArpaMM (B MMIYJbCHOM IDEICTaBJEHHH)?).
QCHOBHLIMH  3JleMEHTaMHM JHarpaMm SBJAAIOTCA 3JeKTPOHHbBIC
(cntowHbie) H GOHOHHLIE (MYHKTHPHbBIE) JHHHUH, KaXKJI0H U3 KOTOPHIX
TIPHIHCHIBAETCS ONPEJeJeHHBIH «4-UMIYJbCy. DJIEKTPOHHOH JNHHUM
¢ 4-uMnyJibcoM P CTaBUTCS B COOTBETCTBHE MHOXKHTENb GG =
= (8,pG™(P)—rpHHOBCKas QyHKIUS CBOGONHBIX 3J€KTPOHOB. POHOH-

1) CtpyxTypa BupaxenHs (64,2) nns onmepaTopa 3JeKTPOH-HOHOHHOTO B3aHMO-
ZeficTBHS aHAJOTHYHA CTPYKTYPE Omepatopa 3JeKTpOH-(HOTOHHOTO B3auMOAeHCTH:A
B KBAHTOBOH 3J€KTPOJHHAMHKE. B CBSI3H ¢ 3THM aHAJOTHYHBl H NPaBUJa Marpam-
MHOH TeXHHKH B OGOHX cJayuyasXx. )
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HOft JUHUK C 4-HMIYJbCOM K COMOCTaBJSETCA MEOXUTENb IDO(K) —
rpuHoBckasd QyHKunusi cBoGoaHbix ¢(OHOHOB. B Kaxnolh BepmuH-
HOH TOYKE JHarpaMMbl CXOAATCA ABE CIJIOUIHBIE H OfHA NYyHKTHD-
Hasl JIUHHH; TaKOH TOYKe JONOJHUTEJIbHO CONOCTAB/SAETCH MHOXKH-
TeNb — (W/P.

Tak, .mepBasg moOmpaBKa K 3JeKTPOHHOH TPHHOBCKOH (QyHKIHH
H3o6paxaeTcss AHarpaMmmoi!)

X7 - (645)
F-K

KOTOpOﬁ OTBEHAET aHaJHUTHYECKOE BbLIDAXKEHHE

i8G (P) = —‘S—Z [6 (P) { G (P—K) D® (K) (—‘%2 . (64,6)

[Tepsas monpaBKa K GOHOHHOH IPHHOBCKOH QYHKIHH H30GpaxaeTcs
JHarpamMmon :

P

O e

F-K
HJ/IH B aHAJHTHYECKOM BHAE

iD (K) =245 [D (K) [ GO (P) G (P—K) e (64,8)

(k03dHIHEHT 2 BOSHHKAET OT CBEPTHIBAHUSA CIIMHOBHIX MHOMKHTEJIEH:
80p0pe =2; YyuTeH TaKxke MHOXKHTeNb — |, CBSI3aHHEII ¢ HaJHYHeM
ONHOH 3aMKHYTOH (epMHOHHOH meTan—cp. § 13). A
Tlokaxem, 9YTo 3/MeKTPOH-QOHOHHOE B3aHMOAEHCTBHE B MeTaJljle
TIPUBOIUT K MNOSIBACHHIO «3(DEKTHBHOIO NPHTAXKEHHA» MEXKAY 3J/1eK-
TpoHaMH BO6/H3U (epMH-OoBepXHOCTH. OHO MOXKeT GHIThL OMHCAHO
HarJIAfHO KaK pe3yJbTaT HUCNYCKaHHS BHPTYaJbHOro GOHOHA OZHHUM
H €ro IOIJIOIeHHs APYTHM 3JeKTpoHoM (J. Bardeen, 1950; H. Fréh-
lich, 1950). '

1) HrarpamMma ¢ 3aMKHYTOH Ha ce6sl 3.1eKTPOHHOMN THHHel (MoJo6HAas JHarpaMMe
(13,13a)) otcyrctByer BEHAY TOro, uto D (0)=0. IIpu sToM nojpasymeBaercs,
4TO MmepexoX k npefeay k — 0 coepuraerca npexie, geM @ — 0. DTo OTpaxaer
TO OGCTOATE/ILCTBO, YTO B KOODAHHATHOM NDOCTPAaHCTBE HHTEIPHPOBaHMe To d3x
(xak pas M o3HayawINee B JaHHOM cuyyae mnepexol K k — 0) cONEPHKHTCH yiKe
B ONpeJle/ICHHH TaMHJLTOHHAHA (64,2) M NMOToMy coBepIuaeTcs IO WHTErDHPOBAHHS
N0 BpeMeHH, BOSHHKAIOWIETO MPH NPHMEHEHUH TEODHH BO3MYINEHMH K 5TOMY ra-
MHJbTOHHAHY. ~
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PaccmoTpum auarpammy

H=RTK A

IK (64!9)

Bk B

M306paxkalollyio paccesHue ABYX 3JIEKTPOHOB, OCYIIECTBJSIOIIEECS
yepe3 o6MeH BHPTYyaJbHbIMH (GPOHOHAMH; 4-uMOyabCH P = (e—n, p),
K= (»w, k), p—XuUMHYCCKHH IOTE€HUMaJ 3JeKTpoHOB npu 7T =0,
COBIAJAOIIUA ¢ TPAHHYHOH 3HepPrueH er. DTOH AHATPAMME OTBEYAET
peplundHas QyHKIHA

iw

Pys, ap=T8asbpe, i =(—2)"iD® (K),

w?k?
p (@ — w21 10) °
npuueym fio =e{—e;, Bk =p;—p;.

[To mopsiAKY BeJHYMHBI, HMNYJbCHl 3JIeKTPOHOB BOJAH3H (depMu-
NOBEPXHOETH p ~ pp~ Mja, PaccesHAIO 3/MEKTPOHOB Ha yroa ~ 1
oTBeyaeT uMIyJabc GoHOHA fik ~ fija u ero sueprus huk~ uja~hop,
rie op—Ae6aeBcKas yacToTa (AJs MeTalioB fiop<€ep). C npyroit
CTODOHbI, 3JEKTPOH HE MOXKET OTAATh SHEPTrHIO 6OJbIIYIO, YeM & —&p.
[TosTomy, ecau AJisi 0GOMX 3JEKTPOHOB |e—erp| <€ wp, TO 3aBeOMO

'~ w?/puz > 0. (64,11)

VuyuthBas cumpici ' Kak amnautyast paccesHus (§ 16), Mbl BUAUM,
YTO ee 3HAK COOTBETCTBYET MNPUTSXKEHHIO Mexny yactunamu, Ilox-
yepKHEM, YTO 3TOT pe3yJbTaT OTHOCHTCS JHIIb K 3JEKTPOHAM
B CPABHHUTEJBHO Y3KOM CJIO€ (LIHPHHBI ~ fiwp 0 3HEPTUH) UMITYJTb-
CHOTO TNPOCTPAHCTBA BGJIH3H (HEPMH-NOBEPXHOCTH. IDTO OBCTOATE/b-
¢TBO OBIIO YK€ HCIOJMBb30BaHO B § 43 AJA yCTAHOBJEHHA BEJHYHHBI
napamerpa o0pe3aHHss B TEOPHH CBEPXNPOBOAUMOCTH METAJJIOBY).

HJIH

T (64,10)

§ 65. Bausinue 2eKTPOH-(POHOHHOTO B3aHMOAEHCTBUSA
HAa 3JEKTPOHHBLIH CNEKTP B MeTaJlle

PaccMOTpHM BONPOC O BJAHSHHH, OKa3biBa€MOM 3JIEKTDPOH-(DOHOH-
HBIM B3aUMOJEHCTBHEM Ha 3HEPTeTHYECKUH CIIEKTP 3/IEKTPOHOB B Me-
TaJje ?).

1) Yro gacaercst MOCTOSHHOH @, To Jaa rpyGoH OLEHKH ee AJISI METal/oB
MOKHO 3aMETHTb, YTO H3MEHEeHHe 3HEPTHH 3JTEKTPOHa JOJIXKHO JOCTHTaTh NOpAAKa
BEeJHYHHbI ee caMoli (~ €r), KOrja H3MeHeHHE MJIOTHOCTH p’ ~ p. Orciofa w ~ ef

o 82) Manaraembie B 3ToM naparpade pesyabratsl npHHaanexar A. 5. Muedaary
(1958). -
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B § 14 6blio nokasano, uTo AJs cneKTpa (epMHEBCKOTo THUIA
IOMpaBKa K 3aKOHY Aucnepcuu &(p) (MO CPaBHEHHUIO CO CUEKTPOM
CHCTeMbl CBOGOAHBIX (PEPMHOHOB) OMNpeAE/sIeTCs Pa3HOCTLIO

be (p) =2 (e—np, P)—Z(0, p), (65,1)

rae 2= G(0-1 —(~1—colCTBeHHO-3HepreTHIecKas (pymﬂmﬂ B nau-
HOM e cJyyae peub HJET O TONpPaBKe, BEI3BAHHOH B3aHMOjeHcT-
BHEM C (DOHOHAMH, a POJIb CHEBO3MYILIEHHOTO» HMI'DAeT CIeKTP, yUH-
TBIBAIONUIMH «I1PSMOE» B3aUMOJIeHCTBHE yacTHIL (371eKTpoHOB). CorsacHo
(64,6), nmeem?)

, w? d?K
2 (P)= —6G~1=080G/GV2 =i -;“’—5“ GO (P—K) D (K) Gzr+ (65,2)

HO nox G Hajgo MOHMMATH Temepb TPHHOBCKYIO QYHKIHIO B3aHMO-
JEACTBYIOUMX APYT C APYroM 3JeKTPOHOB. BOauss cBoero mosoca
TaKasl QYHKIHS HMeeT BHLI

G (e—np, p)=Z[e—p—uf (p—pp) +i0-sign(e—p)]~* (65,3

(cMm. (10,2)); uupekc (0) y vy 03HAuaeT, 4TO B 3TOH BeJMUHHE elle
He YYTE€HO BJIUSIHUE 3JIeKTPOH-GOHOHHOTO B3aMMOJEHCTBUSA.

Hama nesab CocTOUT TeNepb B OLEHKE BeJHYHHH (65,1), T. e. HH-
Terpana

Gs~
S‘{G(o) (e—p—0, p—k)—GO (— o, p—k)} D (0, K)—=—7 (275)4.
(65,4)

Kax BHAHO M3 MOCJELYIOIHX BLIYHC/JAEHHH, OCHOBHOH BKJaj, B 3TOT
HHTEerpaJ jaer o6/7acTb, B KOTOPOH HMNYJbC p—K H SHEPTHS &— @
(kak H caMH P U &) JexaT B6/IH3H (epPMH-NIOBEPXHOCTH, T. €. k<L pp,
o<&p. Mo srolt npuyuHe AaA GyHKuui G'® MOXKHO UCHOJb30BaTh
(65,3).

B cdepuueckux xoopadHaTtax B K-IPOCTPAHCTBE C OCHIO BAOJDb P
nMeeM d*K =2nk?dkdodcosB, e 0—yroa mexay k u p. Bmecro
cos® BBefieM nepeMeHHY p,=|p—K|; 3ameTus, yto pj=p*4-k*—
— 2pkcosb, nmeem

d*K =2nk?dkdap, dp,/pk ~ 2nk dkdo dp,

(MBI TIOJIOKHJIH P,/ p =~ Pp).

B nojslHTerpafbHOM Bhipa)eHUH B (65,4) OT p, 3aBUCHT TOJBKO
MHOXHTeJNb B (DUI'yPHBIX CKOGKax, paBHHIH
{--}=—(—pniZle—p—o—u ’(pl—pp)+10 sign(e—p—aw)]7x

X[—o—v® (p,—pp—i0-signo] 1.

1) B npomexyTouHnix opMyJax IoJaraem hi=1.
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BBuAy GHiCTpOH CXOAMMOCTH HHTerpaJa no d(p,—pr), MOXHO pac-
NPOCTPAaHHTb HMHTETPHPOBAHHE MO —=00; BBEAsT NEPEMEHHYIO 1) =
= v (p,—Pr), NOJNYUHUM HHTErpal

S{'“}dpr=

(e~u)Z dn
o [n-—(a-—p ®)—i0-sign (e—p—0)] [n-+o--i0.sighe] *

Ecau ofa no/oca NOJABIHTEIPAJBHOTO BbIPAXKEHUS HaXOAATCSH
0 OJHY CTOPOHY OT BEIleCTBEHHOH OCH, TO MHTerpaJ obpairaercs
B HYJb (B yeM yGexaaeMcs, 3aMKHYB IYTh HHTETPUPOBAaHHA B JIpy-
roit moaymmockoctd). IlosroMy HHTerpan OTJHMYEH OT HYJA, JHUIIb
sectd e—p >0 >0 uiu e—p < o < 0; B nepsoM cayyae oH pa-
Bed —2niZ/v®, a Bo BTOpOoM 2miZ/vf®. YUuTA TaKKe UYeTHOCTb
¢yHkuu D@ (o, K) no nmepemeHHOH ®, HaxXoJuMm, TaKuM oGpasom,

le— ul

1
o= Sﬂpuvm’j\y —uk+zo coJ,-uk..io]kzd“’dk' (65,5)

BelllecTBeHHAasi ¥ MHHMAs YaCTH 3TOTO BBLIPAXKEHHS OMNPeAeJAT
COOTBETCTBEHHO INONpPaBKY K CHEKTPY KBa3uyacTdl (3J1eKTPOHOB
NPOBOAMMOCTH) M HUX 3aTyxaHue. PaccMOTpHM cHayaJia 3aTyXaHHe.

Orpensisi B (65,5) MHuUMYy© gacTb mo npasuay (8,11), Haxomum

— — 22 (e gpe
Imée="rp yk dk; (65,6)

MHTErpHPOBAHHE 1O k mpousBogutcsa no o6jactu ot 0 jo |e—pl/u,
B KOTOpO# IIOJIIOC = uk TOJABIHTErpaJbHOro Bhipaxenus B (69,9)
Jexur B uHtepBase mexay O u |e—p|. Takum ob6pasom (B 0GbIY-
HEIX eJHHHIAX),

Zwtle—pl®
—Imée= W. (65,7)

Jns rpy6oil oleHKH 3TOH BeJHUYHHBI 3aMe€yaeM, YTO MapaMeTphl
v{® M w HMEKT 3JEKTPOHHOE INPOMCXOXKJAEHHE W BBIPAXKAKOTCH, II0
HOPSKY BeJHUHHBI, JHIUIb YePe3 MEXKAaTOMHLIE pPAacCTOSIHUS a H
Maccy 3JIeKTpoHa m. v‘°’~pF/m~ﬁ/am, w~eF~ﬁ2/ma2 (cm. mpu-
Meuanue Ha cTp. 318). IlioTHOCTL Xe p M CKOPOCTb 3BYKa u 3a-
BHCAT elle M OT MacChl HOHOB M, mpuueM pooM, ucoM~—/2, rak
yro putcol/M. TlosToMy OLLEHKY 3aTyXaHMs MOXKHO 3aIlHCaThb B BHJE

—Im Se~|e—p | (fiop) -2, (65,8)

rje fe6GaeBcKas 4acToTa wp~u/acoM-1/2,
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Crporo roBopsi, oleHKa (65,8) oTHOCHTCS K 3HaYeHUSIM | & —p | <€
<ﬁmD, IPU KOTOPBIX HHTEI‘pHpOBaHHe B (65,6) npoussoiuTcs IO
06J1acTi k<[e— [/u <ZLop/t, TAe AeHCTBUTENBHO IPUMEHHM HC-
HOJIb3yeMBIfi HaMH 3aKoH juctepcHd (oHoHOB o=ku. Ho nn1sa
rpy6oll OlEHKH MO0 MOP#AKY BeJHYHHBI MOXKHO NPHMEHHTH (65, 8)
H Ha Kpawo ofJjacTd Ipu e-—p~haop, rje OHa JaeT

—Im Se~Fiwp~e—p. (65,9)

Haxkonen, npu e——u>ﬁmD obJiacTb MHTErpHpoBaHus B (65,6)
HE 3aBHCHUT OT &-—W, TaK KakK NOJIC o =uk<<op BCErja JeXHUT

B pHTepBaJe Mexay 0 u e—u. B arom cayyae Skzdk~(mD/u) ,

3aTyxaHue
—Im Se~Fop, << e—p. (65,10)

Bripaxenus (65,8—10) onpegenstoT crnenuduyeckoe 3aTyXaHHe,
CBA3AHHOE C HCHYCKaHHEM ¢$hoHOHOB 3JieKTpOHAMH'). Mbl BuJHM,
4yT0 B HPIIOCpe,ILCTBeHHOH 6/1130CcTH K (epMu-IOBEPXHOCTH npu
|e—up|<hop, cormacho (65,8), saryxamue mamo (|Im(e—p)|<<
<|e—p|), TaKk 4To MOHSTHE O KBAa3MYACTHUAX-— 3JEKTPOHAX MPO-

BOMMOCTH — UMeeT BIOJIHE YETKHIl cMBICH. B o6macTu xe a——p~7i<oD
3aTyXaHHe KBa3WYacTHUIB CTAaHOBHTCH CPAaBHHMBIM C CaMoH ee
SHeprueil, CIUeKTp pasMbIBaeTcs M B 3HAYHUTEJBLHOH CTENEHU TepseT
cMmbicsi. OJHaKO Ha elile GOJBLIMX paccTOSTHUAX Hak (epMu-NOBEPX-
HOCTBIO TIPH 8—p>7ia)D (Ho, pasyMeeTcsl, MO-NpPeXHEMY &—l << ),
cornacHo (65,10), 3aTyxaHue, ocTaBaschb TeM Xe IO aGCOJOTHOH
BeJUYHHE, CHOBA CTAHOBUTCH MaJibiM IO CPAaBHEHHIO ¢ SHepruei
g—W, B KBa3WYACTHLL CHOBA MPHOOGDPETAIOT ONpPEJEJEHHBIH CMBICJ.
Pasymeercsi, Hapsily ¢ GOHOHHBIM 3aTyXaHHEM 3JICKTPOHOB IpPOBO-
JMMOCTH BcerJa HMeeTcsd TaKKe H 3aTyXaHHe OT 3JIeKTPOH-3JIEKTPOH-
HbIX CTOJIKHOBEHHH. DTO 3aTyxaHHe, XapaKTepHoe [J51 BCAKOH
HOpMaJbHOR ¢epmu-xkuikocT (§ 1), mpomopuuoHasdbHO (e—p)?
H IO MOPAAKY BEJUYUHH ~(e—M)2/W, T. €. BCeria Maso B 06JacTH
IPUMEHHMOCTH TEODPHUH.

OueHUM Temepb MONPABKY K BelECTBEHHOH. 4acTu e, T. €. K ca-
MOMY CHEKTpY.

BeulecTBeHHass yacTb HHTerpajsa mo do B (65,5) Haercs ero
I71aBHBIM 3HayeHHEM

le—pi
Re§D‘°’(co k) a)——P S { — m_il_uk}da)=-.
__ Pk e—pn—uk
_'Ez-fln e—utuk

1) CoxpanenHe 5HePTMH TPH DOXKJAEHHH KBasHduacTHUefi ¢oHOHa MaJol "ac-
TOThI BHpaXaercs paBeHCTBOM (0e/0k) 6k = v 6k =u 8k; oHO MOXeT BHIMOJHATbLCA
JIHILb OPH v > 4. B MeTanse 370 ycnoBHE BCErAa BRIIONHAETCH, MOCKOJIBKY UrS> U,
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IToatomy misi Re 8e umeeM (oGbIUHBIE €XHHHILBI)

e—p—ﬁuk

_ Iw? 2
Re §e — — 2% _ (k In [

&npuvl )

dr. (65,11)

Tlpu e—p> o, JorapudM B TOABHTErpajbHOM BbIPaKEHUH
~Rukj(e—p), U BeCh MHTErpan OUEHHBAETCH KAK ﬁuk3max/(e~—u)~
~Miuja® (e—p). 3ameuas Takxe, uTO B CHJIY HAJHUHSI MHOKHTEJS P
B 3HameHaTese B (65,11) Bce 3To BhipaxeHHe col/M, MpUXOAHM
K OlleHKe

Re 8e~(fiop)2/(e—p) < e—p.

Tagum o6pasoM, B 3TOM cJyyae MOMPABKAa B CMIEKTPE OTHOCHTEJBHO
MaJja, TaK YTO CIEKTP JAAeTcsl BhIpazKeHHeM

e—p~of (p—py) mpn e—p>hop (65,12)

C «HEeBO3MYILEHHBIM» 3HAUEHUEM CKOPOCTH Ha (epMH-TIOBEPXHOCTH UR.

B o6nacti ke e—p << fio, Jdorapudm B (65,11) ~(e—np)/huk,
M HHTErpaj ONeHHBACTCHA KaK (8— )Ry /fit~(e—p)/fiua?. Bce
BoipazkeHne (65,11) okaspiBaeTcsi B pe3yJabTaTe NPONOPIHOHAJb-
HBIM €—W] C KO3pOhHIHEHTOM, He 3aBUCSANIMM OT Macchl HOHa M
(Tak Kak npoHu3BeJeHUe pu® He 3aBUCUT OT M). DT0 3HAYHT, YTO
CIeKTp B 3ToH of6JacTdH OyJeT CHOBa TOTO e THIA

e—p~v(p—pp) npn e—p<Llhop, (65,13)

HO CO CKOPOCTBIO Ug, OTJHYalomeficss or uf) Ha BeJIUYHHY MOpsiiKa
ee camoil 1).

TakuMm ofpasoM, clekTp (epMHEBCKOro THNA LS 3JeKTPOHOB
B MeTaJ/Jle XapakTepu3yeTcss ABYMs pa3/HYHBIMH 3HAUEHHUSIMH CKO-
poCcTH Up M U —OJHHM B HenocpeJicTBeHHOH Giu30cTH K (depmu-
NIOBEPXHOCTH (8——H<ﬁﬁ)o), a IpyruM—Ipy e—p}ﬁmD. B repmo-
JUHAMHYeCKHX CBOMCTBax MeTaJ/ja Ipd HU3KUX TeMmepaTtypax
(TéficoD) ¢urypupyer napamerp vy u3 (65,13). Taxue xe sBe-
HHA, Kak ONTHYecKHe cBoHCTBAa MeTajsla [JAd 4YacToT > @p,
OIIpeJIeNINIOTCA CKOPOCThIO UR.

3apgaua

OnpefeanTb 3aTyxaHHe JIJIHHHOBOJHOBHX (k<< pr) (OHOHOB B MeTalsle 3a
CYEeT UX IOIVIOINEHHA 3/EKTPOHAaMH.

1) PasymeeTcs, B 3THX YCJOBHUSIX HCIO/Nb30OBAHHE NEPBOTO NPHOJIHIKEHHS Teo-
PHH BO3MYIUEHHH CTAHOBHTCS, CTPOTO TOBODS, HEKOPPEKTHBHIM. YHUET CJ/eRyloLIHX
NpUOIHIKEHHH He MOXKeT M3MeHUTh, OQHAKO, CAMOr0 XapakTepa MOJY4YeHHOro pe-
3y/abT4Ta: KOrfa MepBasl NONPABKAa CTAHOBHTCS MOpPsAKAa €IHHHIB, TOTO XKe Io-
pAlKa H OCTa/ibHBE IONPABKH.

Y
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Pemenwue. IlonpaBka k rpHHOBCKOH GyHKUHH (QOHOHOB JaeTcsl, COTVIACHO
(64,8), uHTerpanom

d*P

‘(2_:":)'4‘ ’ P={(py, p)y K=(o, k).

i8D=1 (K)= ——2;”2—2 S GO (P) GO (P —K)

B G-pynkuusix Hajo, OIHAKO, €llle Y4eCTh NONPAaBKH, CBSI3aHHLIE CO B3aHMO-
ZeHCTBHeM 3/IEKTPOHOB C KODOTKOBOJIHOBEIMH (oHoHamu. CorsiacHo cKazaHHOMY

B TeKCTe, 3TH TONPABKH NPHBOAAT NPOCTO K 3aMeHe G ua ¢yHkuMio G, OTJIH-

gamymocs oT (65,3) JHIIL 3aMEHOH CKOPOCTH vf na UF, H NIePEHOPMHPOBOYHOI

noctosHHolt Z Ha HekoTopylo apyryw Z'. Ilpu Maiwx K jAas npoussefexust
G® (P) G (P —K) MoxHO Bocroab3oBaTeest dopmy.olt (17,10). Hurerpuposanue
no-dp,dp cBoauTes K ycTpaHeHulo O-GYHKHHH, NOCJe 4ero ocTaercs emle HHTe-
rpupoBanue 1o dcos O (@—yroax mexay p ¥ k);
1
2w phk j‘ cos 0d cos 9
2n2p? ®—vpk cos B+ i0

8D-1 (0, k) = —

(nostaraeM o > 0). Ilomoc cos=w/kur HAXOAUTCT BHYTPH 06JacTH MHTErpPHPO-
BaHHA (NOCKOJBLKY Up > 4), H MHHMas yacTh HHTerpaJa

Z' e
ImoéD=1= ——27%—' 4
2np?vy;
3akoH gucnepcH¥ (DOHOHOB omnpefiensieTcs Kak KOpPeHb ypaBueHusa DO~1_L
+ 8D~1=0, oTkyxa HaxoAuM (B8 OGBIYHBIX eJHHHLAX)
2 2 2
. Z w
o=uk (1 —ia), a=———’2§2—

. 4ﬂﬁ3puvp
(nonpaBkoii K BellecTBEHHOH yaCTH ® He HHTepecyemcs). [Iponasenenue pucn YV M3
nostoMy B rpy6oil olenke o ~ Vm/M, . e 3aTyXaHHe BCerja MaJjo.

§ 66. JJeKTPOHHBIH CHEKTP TBEPABIX AUIJIEKTPHKOB

XapakrepHasi 0coGeHHOCTb 3/IEKTPOHHOTO SHEPreTHYECKOrO CIeK-
Tpa AH3JEKTPHUECKOTO HEMarHHUTHOTO KPHCTaJJa COCTOHT B TOM,
uTO yXe NepBHIHA BO30YXKJAeHHBI!I ypOBeHb HAXOMUTCH HA KOHEUHOM
paccTOfiH¥WM OT OCHOBHOTO YDPOBHS; JADYTHMH CJIOBAMH, MEXIY
OCHOBHBIM YPOBHEM 1I CHEKTPOM BO30YXKJIeHHEIX yPOBHeH HMeeTCH
3HepreTuyeckas Iieab (Y OGBIYHBIX JAH3JIEKTPUKOB—TOpPSJKa He-
CKOJIBKHX 3JIEKTPOH-BOJIBT).

DneMeHTapHoe BO3GYXKJAeHHe B AU3JEKTPHYECKOM KpHCTaJIe
MOXeT ObITb HarJsJHO OMHCaHO KaK BO36GYXJEHHOe COCTOSHHE
aToMa, KOTOpOe, OJHAKO, He/b3sl MPHIHCHIBATL KaKOMYy-JAHGO Onpe-
Jle/leHHOMY aTOMY; TPAHCJASIIMOHHAS CHMMETDPHU A PeLlleTKH, KaK BCerja,
MPHUBOJMT K <«KOJJIEKTHBH3HPOBAHHIO» BO30YXKIEHHs, PaclpocTpa-
HSIOIIETOCS B KpHcTasse, Kak Obl HepeckakKuBafd OT OJHOTO aToMa
K apyromy. Kak u B Jpyrux cjayyasax, 3TH BO3GYXKIEHHS MOXKHO
paccMaTpuBaTh KaK KBa3WyaCTHIbI (HasblBaeMble B 3TOM CJydae
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sKCcumoHamu) C ONpeJesIeHHBIMH SHEPTUAMH H KBa3HHMIYJbCAMH.
Kak ¥ BcsKHe KBasHYaCTHIEl, KOTOpPblE MOTYT MOSBJATHCH MOOJIH-
HOYKe, 3KCHTOHBl 06J1aJaloT LEJOYHUCACHHEIM MOMEHTOM H MOJYH-
HAOTCH CTaTHCTHKe Bosel).

Ilpy 3aganHoM KBasuHMNyJbce K 3HEprus 3KCHTOHA MOXKeT
npo6eraTh IUCKpPeTHBIH pAJ pas3auyHeIX 3HaueHuil e, (k). Korna
KBazyHMIYJLC npoberaeT 3HadeHHst B ofHOl sivefike o6paTHoil pe-
meTKH, KaxJas u3 ¢yHkuuid eg(k) npoberaer HEKOTOPYIO 30HY
3HauyeHUH SHepPruH 3KCHTOHA; pPAa3/MYHBIE 30HH MOTYT YacTUYHO
nepeKpeIBaTh APYr JApyra. MHUHUMaJbHEIE 3HAYeHHs KaxJoH H3
¢byHKINH &, (k) OTAHYHBI OT HYJA.

. Hapsagy ¢ skcuToHaMu B Ju3JeKTPHKe MOTYT CYIIECTBOBAThb
3JEKTPOHHBIE BO3GYXKIEHHA TaKXKe H Jpyroro poja. FKIx MoxHO
paccMaTpUBaThb KaK BO3HHKAaLIHe B pe3y/bTaTe HOHU3ALHH OT-
JleIbHBHIX aTOMOB. KaxJasi Takas MOHH3aUUst NPUBOXUT K TIOSBJEHHIO
B JM3JEKTPUKE [IBYX HE3aBUCHMO PaCHPOCTPAHSIOIIMXCS KBA3UYac-
THIL— 3JIeKTPOHA TPOBOAUMOCTH H «IplpKu». [locsennss mpencras-
JseT cofoll HeJOCTaTOK OJHOTO 3JEeKTPOHA B aTOME H TOTOMY Be-
IeT ce6s Kak IOJIOXKUTeJNbHO 3apsixeHHas yacruua. M 3gecn, roBops
O JBIXXEHHH 3J€KTPOHA M JBIPKH, MBIl B JEHCTBHUTEJBHOCTH HMEeM
B BHJIY HEKOTOphIe KOJIJIEKTHBHEIE BO36YXKIEHHBIE COCTOSIHHUS 3JIEKT-
POHOB JU3JeKTpHKa, comnpoBoxpamoumuecss (B NPOTHBONOJOXKHOCTh
SKCHTOHHBIM COCTOSIHHUSIM) MEePEHOCOM OTPHUATeJbHOTO HJH MOJO-
JKHTEJIBHOTO 3JIeMEHTapHOro 3apsja.

DJIEKTPOHBI H JeIPKH 06GJaNalT MOAYUEJbIM CIHHOM H TOAYH-
HatoTca cratuctuke Pepmu. IlojyepKkHeMm, 0JHAKO, YTO 3JIEKTPOHHO-
JIBIPOYHBIH CHEKTP AH3IJIEKTPHKA OTHIOAb He UMEeT XapaKTepa 3Je-
KTPOHHOTO cneKTpa depMHeBCKOrO THNA B MeTaJsL1ax. s nocsientero
XapakKTepHO CYLIeCTBOBaHHe TpaHUYHOH (epMU-TIOBEPXHOCTH B K-
IPOCTPAHCTBE, B OKPECTHOCTH KOTOPOH H JeXaT KBa3HUMIYJLCHI
5JIEKTPOHOB. B 1aHHOM e ciyuyae HUKaKOH MOJOGHOH NMOBEPXHOCTH
BoOOLIEe HeT, U OJHOBPEMEHHO MOABJSAIOIIHECH 3JEKTPOH H JIBIpKA
MOTYT HMeTb NPOH3BOJIbHblE KBa3sHHUMIYJbCHL. -

Bosee riay6oKo pasjauyde MeXJAy OOGOHMH THIAMH CIIEKTPOB
MOXHO TOHAThb, paccMaTPUBAsA 3aTyXaHHe 3JeMEHTapHBIX BO30YXK-
Ienuil. B depmu-xuAKOCTH J06asi KBasHYacTHIA, HaXoJsAliascs
BHe (epMHU-NIOBEPXHOCTH, MOXET pPOXKJAaTh Naphl HOBBEIX BO36YyXKie-
HUN (YyacTHLy M JABIPKY) H MOTOMY o6jajaeT KOHEYHBIM BpeMeHeM
JKU3HH, OLICTPO YOBIBAOLIUM IPH YyAaneHHU OT HPepMH-TIOBEPXHOCTH
(3/1eKTPpOH B MeTajJe MOXKeT, KpOMe TOTO, UCNYCKaThb (HPOHOHBI —
cM. § 65). 3aryxaHue e OJUHO4HOTO 3JEKTPOHA (HJIH JBIPKH)
B JH3JeKTpHKe B HJeasbHOH peitetke (npu T ==0) cTporo paBHO
HY/IO B KOHEYHOM HHTepBaJie 3Hepruii HaJ ee MUHHUMAaJbHBIM 3Ha-

(19311) Ilonatne o6 a3kcuTOHaX OnlJIo BHepBhe BBefieHo M. H. Ppenkesenm
)‘
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yeHneMm?). JleficTBuTENIbHO, 06pa30BaHHe 3JEKTPOHHO-ABIPOYHOM NapEl
BO BCHKOM cJyuae TpebyeT (B BHAY HaJH4Hs 3HepreTHYeCKOi
mead A-—cM. HHXKe) KOHEYHOH 3aTpaThl 3HeprHH. McryckKaHue e
KBa3HYacTHUEeH (oHOHA (aKYCTHYeCKOro) BO3MOXKHO, JHIIp €CJH
CKOPOCTb ¥ KBA3HYACTHLL He MeHbIle CKOPOCTH 3BYKa u# (CM. IpH-
MeuyaHHe Ha cTp. 321).

Bo3sMmoxxHubie 3HaUeHHS HEPTHH 3/1€KTPOHOB npoBofuMocTH & (k)
U IbipoK & (k) Toxe 3anoJHsioT 30Hb. llInpuHOl SHepreTHuecKoil
IWead B JU3JEeKTPHKe OOBLIYHO HA3LIBAIOT CyMMy A =e@, +e®, nau-
MEeHBUIHX BO3MOXKHBIX 3HAueHHH 3HEPrHH 3JeKTPOHA H JBIPKH.
ITockonbKy 37€KTPOH H IbIpPKa NOSIBJSIOTCS HJM HCYe3al0T BMeCTe,
TO pealbHHM CMbicJoM 06/aJaeT HMEHHO 3Ta CYMMa, 4 He BEJH-
YHHBI {5, H &), 10 OTAeJbHOCTH; 06LIYHO yCJIOBHO Nosaraior e, = 0.
MunnmanbHble 3HaUeHUA SHEPTHH MOTYT JOCTUTAThCH LISl 3JeKT POHOB
H JBIPOK IPH OJHOM M TOM XXe HJIUM [PU Pa3JHUYHBIX- 3HAYEHUSHX
kBazuuMnyabca k=Kk,; B mepBOM C/yuae roBOpsAT O npamot, a BO
BTOPOM—0 Henpamoti mead. Ecau ypoBHH 3HepTHH B 30He He-
BHIDOXKJASHBl (MJM BBIDOXJEHEI TOJNBKO JIBYKPATHO MO COHHY Kak
CJeJCTBHE CHMMETPHH IO OTHOINEHHIO K OOpAIlicHHIO BpPeMeHH), TO
BO/N3H cBoero MHHuMyMa ¢GYHKUHH &(K) HMeloT BHf

e© (K)=A+ 5 m§7gq,, &P (K)=4mP-igq,  (66,1)
rie q=k—Kk, a m u mf{ —rensops 3pPeKTUBHBIX MAacC 3JEKT-
POHOB H JHIPOR.

B sMTepaType 5JeKTPOHHYIO 30HY HepeJKO Ha3bIBAIOT MPOCTO
30Hotl npogodumocmu, a BMeCTO JLIPOYHOH 30HBEI TOBOPAT O 6a.AeHML-
Hoil 30He, KOTODas B OCHOBHOM COCTOSHUM KpHCTaJJa HOJHOCTBIO
3anoJiHeHa 3JeKTPoHaMM. BoO3HMKHOBeHHe napbl KBa3HYaCTHI, —
3JIEKTPOHA U [BIPKH— PACCMATPHBAETCH IPH 5TOM KaK pe3yJsbTaT
Mepexofia 3JMeKTPOHA U3 BaJIEHTHOH 30HB B 30HY MNPOBOJAMMOCTH
C OCTaBJIeHHEM JBIPKH Ha MOKHJAEMOM MecCTe.

Ha GosbluMx (MO CpaBHEHHIO C ATOMHBIMH) PacCTOSHHAX 3JIeK-
TPOH M JblpKa MNPHUTATHBAIOTCH 10 3akoHy Kyisowna. Ilostomy oHu
MOTYT O0pa30BEIBAThH CBSI3aHHLIE cocTOsiHHA. COBOKYNHOCTh CBA3aH-
HBIX 3JIEKTPOHA U JBIPKU [IPEeACTaBJsieT CO60H 3JeKTPHYECKH HeHT-
pPasbHYIO KBa3H4acTHIY, T. €. 3KCUTOH. [Ipu 3agaHHOM 3HaueHHH KBa-
3UHMNYJ/IbCA CBA32aHHBIM COCTOSIHHAM OTBEYAIOT NHUCKDETHHIE YPOBHHU
SHEPTHH CHCTEMBl 3JIEKTPOH - ABIPKA; KaXKABi ypoBeHb OTBeyaeT
ONHOH H3 3KCHTOHHHX 3HEPreTHYeCKHX 30H. DHEpruHM 3SKCHTOHOB
pacmosioxeHbl, TaKHM 06pa3oM, MOJ 3HEPTHAMH 3JEKTPOHHO-ALIPOY-
HBIX BO36YXJAeHHH (3HepreTHueckasl IieJlb B yKa3aHHOM B HauaJe
naparpada cMbicJe He COBHajaeT IMO3TOMY C BeJHUHHOH A, a

1) 3aryxanue Xe NPU ROHEUHHX TeMnepaTyPax, pasyMeeTcs, BCerla HMeeTcs
M3-3a paccesiHHA Ha APYIHX KBasMYacTHLAX.
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MeHbUIE €€ Ha BeJHYHMHY, PaBHYI0 MaKCUMAJbHOH SHEPTHH CBA3H
SKCHTOHA) 1), '
YDOBHHU 3HEPTUH 3KCHTOHA JIEFKO BBIYHCJHTD B NPEAEJbHOM CJY-
yae cJab0 CBA3aHHBIX COCTOSIHHH, KOIJIA CPEAHHE PACCTOSHUA MEXKIY
3JIEKTPOHOM H JBIDKOH BeJHKH II0 CPAaBHEHMIO C NOCTOSHHOH pe-
HIEeTKH &@; TaKOH 3KCHTOH Ha3bIBaIOT axcumonom Bawse — Momma.
B o6paTHoM e IpefesbHOM CJayuae, KOTAa pAacCTOSHHE MEXKAY
3JIEKTPOHOM U JLIPKOH MOpSAKa AaTOMHOrO, FOBOPAT 00 JKCUMOHE
Dpenrenn; pasymeercs, 3KcUTOH PpeHKess MOXKHO pacCMaTpHBaTh
KaK CBSI3aHHO€ COCTOSIHHE 3JEKTPOHA U ABIPKH JHIIb (OpPMaJjbHO.
PaccMOTpHM aM3JIeKTPHYECKHH KPHCTaJ1 KYGHYECKOH CHMMeT-
puu. las sxcutoHa Banbe — MoOTTa MOKHO CYMTaTb, YTO 3JIEKTPOH
| AbIpKa MPUTATHBAIOTCA MO 3aKoHY KyJ/oHa, NPHYEM POJib OCTaJb-
HBIX aTOMOB B pellleTKe CBOAMTCS JHIUb K CO3[aHHIO OJHOPOAHOLO
IH31eKTPUYecKoro ¢oHa, ocaabisolero B3auMofeiicTBue B & pas,
rie &— JU3JEKTpHUeCcKas NPOHHLIAEMOCTh KpHCTaJjsa (B3sTas AJs
3HA4YeHUH YacTOT, OTBEYAKCIIUX IO MHOPAIKY BEJHYHHBI SHEPrHU
CBAI3H 3KCHUTOHA); JAPYFHMH CJIOBaMH, 3HEPrus B3auMopeHCTBUA
3JIEKTPOHA H ABIPKH 3aNHChIBAeTCs B BHAe U = —e?/er. [1ycThb menn
B CIIEKTpe MpsaMas W AJSA NPOCTOTH 6yJeM CYHTATh, YTO MHHHMYMBI
3Heprufl 3jekTpoHa M ALIpKH Jexar Nnpu k=0. B xyGuueckom
KpHuCTa/ane TeH30Pbl 3(PPEKTHBHLIX MacC CBOASATCH K CKaJsipHBbIM
KOHCTaHTaM m, H M, TaK 4TO
25H2
S(E)(k):A‘i— ﬁk

2m,

fag2

th

e (k) = . (66,2)

B koHiue § 56 OblJIO YKa3aHO, 4TO ABHKEHHE YACTHIBI B KpHCTA-
JIHYECKOH pellleTKe C HaJOXKeHHHM Ha Hee MeIJeHHO MeHSIOUUMCS
B IIPOCTPAHCTBE BHEUIHHM 3JIEKTPHYECKHM I0JIEM ONHCHIBAETCS ypas-
venuem lllpenunrepa ¢ TaMHJIbTOHHAHOM, B KOTODOM pOJb KHHe-
THYecKol 3Hepruu urpaer ¢yukuus e(k). Ilockoabky B paHHOM
cayyae ¢yrguun & (k)—A u & (k) conapanoT no ¢opme ¢ Ku-
HETHYeCKUMH 3HEPrusiMH OGBIYHBIX CBOGOAHBIX YacCTHL, TO U ypap-
nenue Illpenunrepa paccMaTpuBaeMOf CHCTEMBI COBNAAaeT Mo Qop-
M€ ¢ TAKOBBIM JUISt CUCTEMBl IBYX OOBIYHEIX 4acTHL, B3aMMOAEHCT-
Bylomux 1o 3akoHy KyJaona, T. e. ¢ ypaBHeHueMm Illpenunrepa
3anaud o6 aToMe Bojopoxa. MhI MoxKeM I03TOMYy cpPasy HalHCaTh
YPOBHY 3HEPTHH CHCTEMBl, T. €. YHEPrHIO 3KCHTOHZ B BHJE

(ex) A hek? __ met
e (k)—A = 2 (et my) 22202

(G. H. Wannier, 1937). TlepBbli uYJ€H B 3TOM BBIPaXKCHHH €CTb
SHEprusi JBIKEHUS SKCHTOHA «KAK LEJNOro» ¢ KBa3HHUMMyJabcoM k.

(66,3)

1) DKCHTOHHEIE COCTOSIHHSL 06/afaoT, OJHAKO, KOHEUHBIM BPEMeHeM XKH3HH,
TaK Kak 3JeKTPOH H JbIPKa MOTYT PEKOMOHHHPOBaTb C HCIIyCKaHHeM, HalpHMep
¢oHOHa HJIH (OTOHE.
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Bropoil e uieH gaer 5HEPrUIO CBA3M 3JEKTPOHA U IABIPKH B SKCH-
TOHe (m=m,m,/(m,-+m,)—npuBeieHHas Macca cHcTembl). [lpu
3aJlaHHOM Kk JHCKpeTHBlE YPOBHHM SHEPTHH CHCTEMbl CIYLIAIOTCA IO
Mepe yBeJUYeHHs] SHePTHH K rpaHHile HEIlPepEIBHOTO CIIeKTpa. ¥YcJo-
BUe TPUMEHUMOCTH ¢opmyasl (66,3) cocTouT B TpPeGOBaHHH [0O-
CTATOYHO 6OJIbINON BEJUYHHK «PafHyca OPOUTED 7, ~ hiten?/me:S>a.
IT0 yCJIOBHE 3aBeJOMO BHINOJHSIETCS MPH GOJBIIHX 7, HO B KDPH-
cTajjax ¢ GOJBIIHM & MOXKeT BBIIOJHATBCA H AJA 1~ 11).

B 3akmawouenue 3Tore naparpada BepHEMCSH K YIOMSHYTOMY
B § 61 yTBepXKAEGHHIO O CYUIECTBOBAHHH HUXKHEHl TrpaHuibl A
MJIOTHOCTH YHCJA 3J€KTPOHOB MPOBOAMMOCTH B NOJIyMETaJJe.

B nussnekTpuke, rie sJeKTPoHb U AbIpKH npH T = 0 OTCYTCTBYIOT,
BO3MOXHOCTL 00pPa3oBaHHSl HMM CBSI3aHHBIX COCTOSIHMH O3Hauaer
JHUIIb [OSIBJEHHE HOBBLIX BETBeH 3HEPreTHYecKoro cnekrpa. B kowm-
IEHCHPOBAHHOM K€ MeTaJljie Takas BO3MOMKHOCTb O3HauyaJa Gbl, 4TO
COCTOsIHME €O CBOGOAHBIMH 3JEKTPOHAMH U JABIDKAMH He fIBJseTCS
HU3IIKM, T. €. CIeKTD MeTaJJIH4eCKOTO THNa Obli1 Obl HEYCTOUUHMBLIM.
BosmoxKHOCTD 00pa3oBanusi CBI3aHHBIX COCTOSIHHEI ycTpaHsiercs
5KPaHMPOBKOH KYJOHOBCKOTO B3aUMOJEHCTBUSA MEXKAY 3JEKTPOHOM
¥ JBIPKOH HaXOAAMMUMHUCS «MEXAY HUMH» JPYTHMH KBa3HYaCTHILAMH.
JIpyruMH cJ/I0BaMH, CpelHee pacCTOSHHE MEXKLY KBasH4acTHILAMH
JAO/KHO OBITh INOPAAKA BEJHYMHB HJM MEHble pPasMepoB 3HKCH-
TOHA r., (B €0 OCHOBHOM cocTosuuH). O6paTuM BHHMAHHE Ha TO,
UTO YyCTaHaBJMBAeMbIH 3THM TpefoBaHHeM HHXKHHE Tpenea pomy-
CTHMBIX JJISI MeTaJjla MJOTHOCTeH 4YHcAa 3JeKTPOHOB H  JBIPOK
najgaer ¢ yMmenblieHMeM HX 3(QeKTHBHBIX Macc.

§ 67. DneKTPOHBI M ABIPKM B MOJYNPOBOAHHMKAX

OHEepPreTHYeCKHH CHEeKTP YHUCTBIX (MJH, KaK TOBOPSAT, cobCmiBeH-
HbLX) TOJYIPOBOAHMKOBLIX KPMCTAJJOB OTJHYAETCs OT CIEKTPa
JAH3JEKTPUKOB TOJIBKO B KOJHYECTBEHHOM OTHOIIEHUH — MEHbIIMMH
3HAa4EeHUsIMU IeJu A, B pesyJbTaTe yero Nmpu OOBLIYHLIX TeMepaTty-
pax B INOJYNPOBOAHHKE HMEETC 3HAUUTC/AbHAs ([0 CPaBHEHHIO
C JAM3JIEKTPUKOM) IJIOTHOCTL HocHTeseH Toka. $fIcHO, uTo 310 pas-
JIHYKE YCJOBHO, H K TOMY K€ 3aBHCHT OT MHTepecywouledl mac o6-
Jacti Ttemnepatyp?). B npumecroix (MM ne2uposarHbix) TOJYNIPO-
BOJIHUKAX JIOMOJHHTEJNbHEIM HCTOUHMKOM 3JIEKTPOHOB HJH JBIPOK
ABJSIOTCST daTOMbl NpUMeceH, AJs KOTODHIX 3HEPTeTHYeCKas miesb

1) MiHTepecHO OTMeTHTb, YTO BGJIH3H BEPXHEro Kpast (MakCHMyMa) 30HBI, Tie
3¢pexTHBHBIC MacChl OTPHL@ATE/bHE], MOTYT 06Pa30BBIBATh CBA3AHHEIE COCTOSTHHSA 1B
3JIeKTPOHA (MJM JBe ABIPKH). DHEPTHA TAKHX COCTOAHHH JIEKHT B 3ampelieHHON
o6nacTH BhHIILE MaKCHMyMa CYMMapHOI SHEPTHH 3JEKTPOHOB.

%) TlpuseleM 3HAYCHHS SHEPreTHUECKOH IIeJH A JAs HEKOTOPHIX MOMYIPOBOA-
HukoB: Si—1,17 56, Ge—0,74 36, InSb—0,24 38, GaAs—1,52 38, PbS—0,29 3.
Jas THNHYHOTO AMJIEKTPHKA aiMasa A =>5,4 sa.
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110 OTHOIUEHHIO K OTaue 3JIeKTPOHA B peleTKy (JOHOpHas npumecy)
HJIH €0 3aXBaTa U3 pelleTKH (aKkyenmopHas NPHUMeChb) OKa3hIBAETCs
MeHbIlle, YeM SHepPreTHYecKasi Liesb B OCHOBHOM CIEKTpe.

PaccmoTpuM noppoGHee BONPOC O CBA3H MeXAY BeJHYHHOH
MeJd A M NJOTHOCTBIO 3JIEKTPOHOB IPOBOAMMOCTH H JABIPOK B IO-
JYNPOBOAHHKE (HJH JHIIEKTPHKE). -

[TonapHoe BO3HHKHOBEHHE HJH HCYE3HOBEHHE 3JIEKTPOHA (e) H
IBIPKH (f) MOXHO paccMaTpHBaTh, C TEPMOAHHAMHYECKOH TOUKH
3peHHsi, KaK «XHMHUYECKYI0 peakuuio» e-hA=0 (oOCHOBHOE COCTOSA-
HUe KpHCTajsa Hrpaer poJib «Bakyyma»). Ilo ofmum npaBuaam
(cM. V § 101) ycnoBHe TEpMOAHHAMUYECKOrO PABHOBECHS 3TOH peak-
MY 3allHCHIBAETCA B BHJE

Me—}'uh"_—'o’ (67’1)

e P, U [~ XMMHYECKHE [IOTEHIHaJIbl 3JeKTPOHOB U ABIpOK. Bauny
CpaBHUTEJIBHO HeGOJIBIIOH MJIOTHOCTH 3JEKTPOHOB (71,) M ABIPOK (1)
B nosynposoinuke (npu T << A) pacnpenesenne PepMu LJs HHX
¢ GOJbIIOH TOYHOCTHIO CBOAMTCS K pacnpeiesnenuio Bosabnmana, tak
4TO 3JEeKTPOHBI H ABIPKH 00pasyloT KJaccHyecKHH ras!). Ha ycJo-
Bua (67,1) caenyer Toraa o6biYHEIM o6padom (cm. V § 101) sakon
JIeHCTBYIOIIMX Macc, COINIACHO KOTOPOMY IIPOHM3BEJieHHe paBHOBeC-
HBIX IJIOTHOCTEH

nn,=K (T), (67,2)

rA€ cnpaBa CTOHT GYHKIHS TeMNeparyphbi, 3aBHCALLAS TOJBLKO OT
CBOMCTB OCHOBHOI peIlETKH, HAa aToMax KOTOpOH H NPOHCXONHT
POXIEHHE H YHHYTOKEHHe 3JIEKTPOHOB M JbIPOK; 3Ta QYHKIUHA HE
3aBHCHT OT HaJIHUHSI UJIH OTCYTCTBHS NpHuMecefi. BHYHCIHM QYHK-
nuo K(T), npuHAB 1/ ONpeeJeHHOCTH, YTO 3HEPTHH 3JIeKTPOHOB
U ABLIPOK ABJAIOTCS KBaAPaTUYHBIMH (YHKUHSMH KBasHHMIYJbca
(66,1).

Pacnpenenenne 3JeKTPOHOB (B efHHHle o6beMa) IO KBa3HHUM-
nyJbcaM Jaetcs pacnpepesnenuem BoJblmana

o—E, (K 3k
exp (u T ())2 @)°

(MHOXMTENb 2 YYHTHIBaeT JBa HanpabJenus cnuna). Ilepexon x pac-
Tpeje/ieHHIO 10 SHEPTHAM OCYIUECTBJSETCA 3aMeHOM

% V2m)/s
@n? ke
rae m,= (mmym,)/®, a m,, m,, m,—FJaBHblE 3HAYeHHs TeH30pa
sdpextuBHbIXx Macc myp. ITlosHOe YHCJO 3JEKTPOHOB B €IHHHIE

2

Ve,—Ade,,

1) [InOTHOCTH 3JeKTPOHOB W ALIPOK B NOJYNDOBOAHHKAX NPH OGHUHEIX TeM-
nepatypax cocraBasior 1013—]1017 cm=3, B TO BpeMA KaK B MeTalsaX OHH cCO-
crapagior 1022 —1028 cm—3, b
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o6bema ecTb, CJIELOBaTEJbLHO,
Ve mg/z T ° /T
ne=—p— e SL ee—AeTte de,
F14
A

(B BHAY OLICTPOM CXOXUMOCTH HHTEPUPOBaHHE MOMXHO PacrpocT-
paHuTb J0 GeckoHEUHOCTH). BBIUMCIHB HHTerpas, HaXOoAUM

AnanoruunbiM 06pasoM, NOJTYYHM
n,,=2( mT )” ®etnlT, (67,4)

onh?

Hakonen, nepemHoxuB 06a BblpaxkeHus H yura (67,1), moday-
YUM HCKOMBIH pe3ysabTaT -

/
fotty = % Te-AIT, (67,5)

B co6cTBEHHOM TOJYIPOBOAHUKE, TIE BCE 3JEKTPOHH H ILIPKH
BO3HHUKJIH NapaMH:

3/4
ne=nh=% To/2g—AT, (67,6)

[TpupaBusiB ke Bopaxeuus (67,6) u (67,3), HaljeM XHMHUeCKHH
MOTEHILUAJN 3JEKTPOHOB *)

po=g+5In 2% (67,7)

Yro kacaercsl BKJaja 3JeKTPOHOB H JHIPOK B TePMOJHHAMHYe-
CKHE BEJHUYHHH INONYNpoBOAHHKA, To npu T <€A OH 3KcnoHeH-
UMaJbHO MaJjl. YUUTHIBasA, YTO Ha POXKIEHHE OJHOH Naph 3JIeKTPOH —
IbipKa TpefyerTcss 3Heprus, GJH3Kas K A, uMeeM MJs 3JeKTPOHHO-
ABIPOYHOTO BKJaja BO BHYTPeHHIOIO 3Hepruio E,, ~Vn,A c n, u3
(67,6). Droil BeMHUMHON MOXKHO OOBIYHO IpeHeGpeub N0 CPABHEHHUIO
C penleTOYHHIM BKJAAOM B 3HEPTHIO KpHUCTaJJa.

§ 68. DieKTPOHHBIH CNEKTP BOJH3H TOYKH BBLIPOKJIEHH S

B stoMm naparpade Mbl NOKaxeM Ha NPOCTHIX NpUMepax, KaKHM
06pa3soM MOXKHO, HMCXOASI H3 COOGDaXKEHMH CHMMETPUH, HAHTH BHJA
SHEPreTHYECKOro CIIEKTpa 3JEKTPOHOB HJIH NbIPOK B IOJYNPOBOA-

1) B nuTepaType STy BelHUHHY 4acTo HasmBaloT ypoBHeM ®epmu. IToauepk-
HeM, OJHAKO, YTO XHMHUECKHH NOTEHIHAaJ 3JEKTPOHOB B IOJYNPOBOAHHKE OTHIOND
He HMMeeT TOIO CMBIC/d TPAaHHYHON SHEPIHH, KOTODHM OH o0/ajaeT B MeTa/aIaX.
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HHKe (MM JM37eKTpHKe) BOJIM3M oNpejiesleHHBIX Touek K-mpocTpau-
cTBa (0OpaTHOH peIIETKH), BbIAEJEHHLIX MO CBOEH CHMMETPHH ).

PaccMOTpuM pellleTKy, OTHOCAIYIOCS K KYGHYECKOMY KpHCTaJ-
JIHYECKOMY Kiaaccy @, u Oy/leM HHTepecoBaThbCcs CBOHCTBAMHU 3HEp-
FeTHYECKOrO CHeKTpa BO/IH3H TOYKH K =O0-—BeplIMHLI KyGuuyecKoi
AuedKH 0o6paTHON peIleTKH; 3Ta TOYKA HMeeT COGCTBEHHYIO CHMMeT-
pHIO HNONMHOH TOYeyHOH rpymnbl 0.

B KkauecTBe nepBOro npumepa pacCMOTPHM CIIeKTp Ge3 yuera
CIHHA 3JIEKTPOHA, M NyCTb B caMod Touke k=0 ypoBeHb 3HeprHH
B 30HEe JIBYKPaTHO BBIPOXKNIEH, OTHOCACH K HENPHBOJAHMOMY Mpej-
craBnenuio E, rpynnet Q,*%). Ilpu Boixoge u3 Toukd k=0 BhIpox-
JeHHe CHHMAeTCsi; 3ajadya COCTOHT B HAXOXAEHUH BceX BeTBEH 3a-
KoHa aucnepcyd e (k) BOIH3H 3TOH TOUKH,

B § 59 Owuio ob6bsacHeHo, KakHM o6PasoM MOXKHO paccMaTpH-
BaThb OTKJIOHEHHe OT HeKoTopod Toukn k=k, B k-mpoctpauctse
KakK BO3MylleHHe, KOHKpeTHBIH BHJ Onepatopa BO3MYIUEHHS IJs
Hac 3jleCb HecyiiecTBeH. JI0cTaTOYHO 3HATDL JIMIIL CTPYKTYpPY BLIpa-
XKEHHH, ONpele/IfolUX IONPAaBKy K 3HEPTHU B KaXJOM IOpAJAKE
no Majiol BesauuuHe q=k-—Kk, (B naHHoM cayuae k,=0, Tak urto
q=k). B nepBoM mnopsjke IONPaBKU OINPEAEJAIOTCH CEKYJSPHBIM
ypaBHeHHeM, COCTaBJAEHHBIM M3 MaTPHYHLIX 3JIEMEHTOB (J/IS Tepe-
XOJIOB MEXJY COCTOSIHMSIMH, OTHOCSAIIHUMHCS K OJHOMY H TOMY Xe
BHIDOX/JEHHOMY YDOBHIO) OT oOmepaTopa BHJa ky, rje y—HEKOTo-
pulfl BeKTOpPHBIH omepaTop. B JaHHOM cJlyyae BBHAY HaJHYusA B
rpynne CHMMETPHH LeHTpa HHBEPCHH BCe MaTpPHYHBIE 5JIEMEHTHE ore-

paTtopa y 3aBeJloMO 06palaiTcsi B HYJb, TaK 4TO 3eKT mepBoro
nopsaka no k orcyrcreyer (cp. V § 136). Bo BTOpoM mopsijike mo
k nmonpaBKH K 3HEpPTHH ONPEJE/SIOTCS CEeKYNIPHbIM ypaBHEHHEM, CO-
CTaBJEHHBIM H3 MaTPHYHBIX 3JeMEHTOB OT OIleparopa BHJAa

V= vk ik (68,1)

IJe y;,— HeKOTOpbIll TeH3OopAbl (CHMMETPHUHEI 1O WHIEKCaM i, k)
SPMHTOB OIepaTop; CIOAa BXOXSAT [ONPaBKH OT JHHeHHHX mo K
4/ICHOB B TaMHJbTOHHAHE BO BTOPOM MpPUGJMKEHHH TEOPHU BO3MY-
IIEeHUA M TONPABKH -OT KBAaJpaTHYHBIX 110 Kk UYJEHOB—B MEPBOM
npubamxenyn. CpelH MaTPHUHBIX 3JeMeHTOB omepartopa (68,1) 3a-
BeJIOMO CYIUeCTBYIOT OTJHYHBIE OT HYJs, HO TpeGOBaHHUS CHMMeET-
pHH HaKJaZBBAlOT Ha HHX ONpefe/eHHLIC CBSI3H.

B cmbicie cBoEro 3akoHa npeoGpasoBaHUs IPU ONEPALHAX CHM-
MeTPUH BOJIHOBbIe (YHKIHH, COCTaBJSIOMME Gas3HC MpeAcTaB/CHHA

1) Bes yuera clpHa 3J€KTPOHA 5TOT BONPOC (OPMANBHO TOMAECTBEH C TAKHM
&e BOMPOCOM JJisl SHEPTEeTHYECKOTO CHEKTPa (POHOHOB B KpHCTaste; cM. V § 136.
%) O6osnauenne mpejcTaBJeHHH Toueudmx rpymnn—cm. 111 §§ 95, 99.
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E,, MoxHO BHOpaTh B BHJE
;Lp1~x2 _*_myz_*_mzzz’ ,Lp2~x2+m2y2 +(1)32,
rae ,
0=e3 @r=0* |-+ote?=0,
3HaK ~ O3HAayaeT 3Jech CJoBa «npeobpasyercs kKak». IloBopoT C,

BOKpYr JAHaroHajsu Kyfa mnpeoGpasyeT KOOPJAHHATHL COlVIacHO X, Y,
2— 2z, X, Y; 0pu aToM QYHKUUHN P;, P, NpeodpasyoTcs Kak

Cs: 4 — 0P;, Py — 02),.

IToBopor C% Bokpyr peGpa Ky6a (mpeo6pasoBaHue X, Yy, 2— X%,
— 2, y) npeobpasyeTr QYHKUUH COTJIACHO

Ct: P — P, P — P;

u T. n. [lpy MHBEPCHH KOOPAMHATH X, Yy, Z MEHSIOT 3HAK, a (QyHK-
Uy P, P, He MEHSATCH.
Orciofla JIeTKO 3akKJIYHUThb, YTO BCE€ MATPHYHBHIE 3J/IEMEHTH OT

HeAHaroHaJibHblIX KOMIIOHEHT 7Y;e O6paﬂlalOTCH B HYyJab, @ MaTpHU-
Hble 3JIeMEHTBI OT JHAaroHaJbHLIX KOMIIOHEHT CBOJAATCSA K ABYM HeE-
3aBHCHMBIM BeIeCTBEHHBIM MOCTOAHHLIM:

AP | D =<2 [ 1 [ D =< |7y | D= ... =4,
e 2> =2 Ve [ D=8, <1|vy|2>=0B, <1|v.|2>=0B.
Tenepb MaTpuYHHIE 3JeMeHTH onepartopa (68,1):

A |V]>=<2|V|2)=Ak?,

1|V |25 =<2|V|1>* = B (k; + ok} + %k).

CocTaBUB 1O 3TUM MaTpHYHBIM 3JE€MEHTaM CEeKyJspHOe ypaBHEHHE
H peluB ero, IOJYy4YUM [B€ BETBH CIIEKTpa:

e1, 9 (k) —& (0) = Ak® & B[kt —3 (k3kj + kik + kjk2)*1/2. (68,2)

BoipoxaeHue CHHMaeTcsi INpH Beixoje H3 Toukn k=0 BO Bcex
HanpaBJeHHAX, 3@ MHCKJIOUEHHEM HanpaBJeHus JHaroHajH Kyba
(ks =k, =) ).

B xauecTBe Apyroro npuMepa pacCMOTPHM CHEKTP C YYeTOM
CTHHA 3JEKTPOHA; MPH 3TOM YPOBHSM 3HEPTHH OTBEYalOT JBY3Hay-

1) Tor ke peayapraT (68,2) mosyuaeTcs H JJs NpejcTabieHuss E, (B Touke
k=0). Boofme 3axKoH jaucrepcHd BOJIH3H 3aJaHHOH TOYKH BCerJa ONMHAKOB Ias
NpeACTABACHHH, OTIMYAIWUXCS APYT OT APYTa JIHIIL YMHOXKEHHEM Ha Kakoe-Ju6o
M3 OJHOMEDHbIX NpPEICTaBJEHHH TPYNNb (B JAaHHOM ciyyae Ey=EzX Ayy). Ove-
BH/IHO, YTO B TaKHX CJayyasix MaTDHUHBIE SJEMEHTHl JJs MePexoJoB MeX1y pas-
JUYHBIMH GYHKUHSMH Oa3uca CBSI3aHEl APYT C APYrOM OJMHAKOBLIMH CBSI3SIMH.
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Hble (CIIHHOPHBIE) IPEACTABJACHUSA I'PyNNK cuMMeTpuH. [1ycTh B Touke
k=0 yposeHs ueTBIPEXKPATHO BBIPOXKJEH, OTBEYas HENPHBOAUMOMY
npexcrasienuo Dy, (umu Dg) rpynnsl O, 1).

OyHKRUU 6a3uca 3TOTO IIPEJCTABJIEHUS] MOXKHO Bbl6paTb TaK,
4TOoOLl OHHM Ipeobpa3’oBbIBAMHCH KaK COGCTBEHHBIE (DYHKLIUU 1]31
(m=—j, ..., j) MoMeHTa ]—3/2 ?). ITo 06CTOATEJBCTBO TO3BO-
JifleT TpPUMEHHTb CJeAVIOUHH INpHeM, CYIECTBEHHO YINPOLiaomuii
pewenue 3anaud (J. M. Luitinger, 1956).

Jlas gerbipexMepHOro npencraBJeHHs MaTpHua oneparopa (68,1)
6yner panra 4x4, ¢ 16 snemMenTamMu. Bcefikylo Takylo MaTpUILy
MOXKHO IpeicTaBUTb B BHJe JuHelHOH KoMOHMHaumud 16 3ajiaHHEIX
JIMHe#HO He3aBHUCHMBIX MaTpHm 44, B KauecTBe KOTOPHIX BhIGepeM
15 marpun

fxr ;?C! {}:x'v }:y}+’ ;g’ {fx; ;_12/—‘;2}+

U TOJYYaIIUXCs M3 HHUX LHUKJHYECKHMH IepecTaHOBRAMH HHJEK-
COB X, Y, 2, U MaTpHULY {jx, {jy, jz}+}+ (cumBoa {...}, o3Hauaer
aHTHKOMMYTatop). 31ech j, [y, j,— MaTPHUBI A€KAPTOBLIX KOMIIO-
HEHT MOMEHTA ]._3/2 B3SITble II0 OTHOIUEHHIO K YeThipeM (yHK-
nusM Y% C npyrofl cTopoHBl, NpU TakoM BhiGope ¢pynkuuil 6asuca

CJellyeT CuMTaTb, 4YTO CAMH ONEPaTopHl j, f,, J, NPeobpasyror-
cA IpPH NOBOPOTA4X M OTPAXKEHHAX KaK KOMIIOHEHTEHl aKCHaJBHOTO

BeKTOpa. ITO 0GCTOATEJbCTBO MO3BOJISET 3aNHCaTh omnepatop V,
KBajpaTHYHMH 1O R, k,, k,, COCTaBUB €ro W3 BbpaXeHWH, HHBa-
pPHAHTHHIX MO OTHOILICHHIO KO BCEM npeo6pasoBaHuaM rpynns O:

V=p.k2+4B, (33 + BT+ R + o
+Bs Cestey (T Tube T Roke Ty Th e ool Tda), (68,3)

rae By, P, -B;—BelleCTBeHHEIE NOCTOSHEBIE.
MarpuuHsle 3JeMenTH onepatopa (68,3) MO OTHOIIEHHIO K (YHK-
nuaM

/2 3/2
P, ~ ‘Pglz’ P, ~ ‘Pl/z, Py ~ 113-1/2, Py~ ‘P—/s/z

JIETKO BBIUHCJAIOTCA Telepb IO XOPOIIO U3BECTHBIM MaTPUYHBIM
aJieMeHTaM MoMmeHTa (oHH jatoTcs dopmysamu II1 (29,7-10)). Takoe

1). Takas cuTyalHss HMeeT MeCTO JJisi JHA AHPOYHON 30HHL B ajMase, KpeM-
HHH H TepMaHHM, KOTOpPhHle BECe HMEIOT PeIleTKY OAUHAKOBOIO THIA.

2y B sagaue B III § 99 mokasamo, uTo HenpuBOAHMO® IpejcTasienne D(3/2)
NOJHOR TPynne BpameHuil OcTaeTCsl HENPHBOAUMHIM M IO OTHOLIEHHIO K Ipym-
ne O, cop.na}las{ ¢ ee npeficrtasineHuem D',
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BBIYHCJIEHHE TPHBOJUT K CJEeAYIOUIHM BRIDAXKCHHUAM!

Vii = V44 = (51 + 352) (k,zc + kz) + (‘31 + 9‘32) kgy
sz = V33 = ((31 + 7(32) (ki + k?}) + (B4 +ﬁz) kz,

V12 = V34 = 4‘ ﬁ3kz (ky + ikx)’ (68’4)

e s 5. .
Vio=Vau =2V 38, (k55— k) + 552 Byik.e,
Vo=V =0.

CocraBJieHHe CEKYJSPHOTC YPaBHEHHS MOXKHO YIDOCTHTb, 3aMETHB,
YyTO paciensedye YpPOBHS 32BEIOMO He MOXKeT OBbITb IOJIHBIM —
JIOJZKHO OCTaBaThCsl IBYKPATHOE (KPAMEPCOBCKOE) BHIPOKIEHHE. ITO
3HAYHT, YTO KamAuli KopeHb A =g (k)—e(0) cexkyaaphoro ypas-
HeHHAA (cOGCTBeHHOe 3HayeHHe Marpuubl V) Gyzer ApoHbM. Ipy-
THMH CJIOBAMH, KaXIOMYy COGCTBEHHOMY 3HaueHHIO A 6yAeT cooT-
BETCTBOBATh ABa JHHEHHO He3aBHCHMBIX Habopa BEJHYHH @, (/11 ==
=1, 2, 3, 4)—pemwenull ypaBHeHHH

E Vnm(Pm = 7"(Pn' (68:5)

KomGuuHpys 5TH 1Ba Habopa, MBl MOXeM, CJEeJ0BaTe/NbHO, HAJO-
JHTh Ha BEJHYHHH ¢, OJHO AOIOJHHUTeJbHOE YCJOBHE, B YacTHO-
CTH —O6paTHTh B HYJb OAHY U3 HuX; mycTb ¢,=0. Torza ypas-
HeHue (68,5) ¢ n=4 gacr

V@1 + Vs + Vi, =0.

[MozcTaBuB OTCIOfla 3HAUeHHe ¢, B ypaBHeHHdA ¢ n=1, 2, nonyyum
CHCTEMY BCero IBYX OJHODOJAHBIX YyPaBHEHHH C ABYMsS HEHU3BECT-
HBIMH @, H @,
(V1i—V41V13/V43 Vlz—v42V13/V43> (@1) = ((P1>
Var—~VaVasfVis  Vas—ViaeVes/Vus/ \ P P2

(ypaBHeHMe Xe ¢ n=23 He JaeT HHYero HOBoro). Takum o6pasom,
3a2/aua O COGCTBEHHBIX 3HaueHHMAX 4 X 4-MaTpHUbI CBOAUTCSA K 3ajaye
a4 2 x2-matpuubl. CocTaBUB /11 Hee CEKyJspDHOe ypaBHEHHE H
pewus ero (co 3HaweHuamu V,, u3 (68,4)), momyuum

b= Vit Ve 22 | 7 V= Va + Vi P+ Vs P

HJH OKOHYATEJBHO
&1, 5 (K)—€ (0) = Ak? = [BR* +C (Kikj, + kik: + RjRD) |2, (68,6)
rie

A=p,+5, B=16f, C—3(3B—16%)
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(G. Dresselhaus, A. F. Kip, Ch. Kittel, 1955). YpoBeHub paciuen-
JsieTcsl NPH BbIXofe M3 TOukH k=0 BO Bcex HampaBJieHHAX1!).

OcraHOBHMCSI KpaTKO Ha BOIpoce O BUJe YPaBHEHHH, ONH-
CHIBAIOIHX MOBeieHHEe dYacTuIl BOJM3H BBIPOXKACHHOTO AHA 30HHI
B MarHuTHoM mnoJe. Jl1a omnpeaeneHHOCTH OGyleM HMeTb B BHAY
BTOPO# M3 pacCMOTPeHHBIX B 3ToM MNaparpade cJydaeB-—CIEKTp
(68,6).

[MpsiMoe KCNOIb30OBaHHE TAMUJIBTOHHAHA, COCTAaBIeHHOrO U3 (68,6)
no ofumemy npaBuay (56,7), HaToJKHyJoch Obl Ha 3aTPYAHeHUS,
CBSI3aHHBle C HeAHAJHTHUECKHM XapaKTepoM CIeKTpa BOJHM3H TOUKH
k=0. 2TH TPYAHOCTH MOXKHO OOOHTH, eCc/iM IIPOM3BECTH 3aMeHy

k-—k=K—eA/fic He B (68,6), a B MAaTPHYHOM TaMHJbTOHHaHE
(68,3) (A5 cOXpaHeHHs 3PMHTOBOCTH IIPH 3TOM JOJIHA OBITH NPO-
H3BefieHa cHMMeTpu3anus no KomnoneHTam k). Kaxnaplii MaTpuu-
HbIH 3JeMeHT TaMHJbTOHHAHA IpeBpallaeTcs IocJe 3TOTrO B JMHEH-
gl auddepeHnuanbHblil onepaTop, AEHCTBYIOWMH He TOJAbKO Ha
CIMHO8ble MHAEKCH, HO M Ha aprymentsl ¢ynkuuid ¢, (K) B ypas-
HeHusx (68,5), Koropble mpeBpalalOTCs, TAKUM 00pa3oM, B CHCTEMY
yeThipex JHHEHHbIX AHGPepeHIHaNbHbIX ypPaBHEHHH.

Jns yuyera cnMHOBBIX 3((deKTOB IpH HAJHUMH MArHHTHOTO MOJS
K raMmuJabtonnany (68,3) Hajo eme J06aBHTb 4YJeHbl, HEMOCPENCT-
BeHHO 3aBucsamye oT H, KoTopble He OmNpefeJsloTcs coobpaxe-
HHAMH KaJu6poBOYHOH HHBapuaHTHOCTH. [lOCKOJBKY MoJie CYH-
Taerca cJaabbiM, HoGaBJseMble UJieHBl JOJKHBI ObITh JHHEHHB! 10 H;
B TO »Ke Bpemsi B BHAY IpejnoJiaraeMoll MaJoCTH K OHH He JOJIKHBI
3aBuceth oT Kk (cp. § 59). B naHHOM cJayyae oOmMA BUA TaKUX
YJIeHOB, WHBAPUAHTHBIX OTHOCHTEJbHO BCEX INpeo6pasOBaHUii CHM-
MEeTpHH KpHCTaJJa, TAKOB:

B H] B (H 12+ H, 3 H.J2). (68,7)

B 3akgioueHHe 3Toro mnaparpada yrmoMsHeM 06 HHTepecHO#
CHUTyallu}, BO3HHKaOIIeH, ec/lM OfiHa M3 CONpPUKACAIOUWMXCA B TOUKE
BeIpoxkJeHHsT K, 30H fBJsETCA 30HOH NPOBOAMMOCTH, a Apyras-—
BaJIGHTHOH 30HOH. DHepreTHyeckas IUeJb B CIEKTPe TAKOTO THIA
paBHA HYJMO; AJS POXIEHHS 3JIEKTPOHA H JBIPKH C HMMYJbCaMH,
6/13KHMH K K,, AOCTATOUHO CKOJb yropHO MaJjol 3Hepruu. Takue
KPUCTA/bl SABASAIOTCH B ONpPEJEJeHHOM CMbIC/e MPOMeXYTOUHBIMHU
Mexy AMSJEKTPHKOM H MeTaJlJloM. JHepreTuyeckas Iiesb OTCYT-
CTBYeT, HO 3JEKTPOHHbIE H JbIPOYHBIE COCTOSIHHS He pasjiesieHbl
TOJBKO B OJHOM Touke K-mpocrpaHcTBa. MoXHO CKasarb, 4TO 3TO

1) HamoMHHM, uYTO TIPHMEHEHHE TEOPHH BO3MYLIEHHH K COCTOSHHAM ORHOTO
TOJIBKO BBIPOXKJEHHOFO YDOBHS NpPeANoJaraeT MaJjocTb HHTEPBAJOB e (k)—e (0)
BO3HHKAOLIET0 pacllelJIeHUss N0 CPaBHEHHIO ¢ PAcCTOAHHAMH 1O COCCJHHX 30H,
B TOM uuhcJe TeX, KOTOPhe OTIeNW/AHCh H3-32 CIIHH-OPGHTa/JBHOrO B3aHMOACH-
CTBHS,
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MeTaJlj, y KOTOPOro NoBepxHocTh PepMH «CTSIHYTa» B OAHY TOUKY K.
Ilpu T =0 B TakoM 6ecujenegom noaynpogoOHuKe') HOCHTENH TOKa
OTCYTCTBYIOT, HO OPH HH3KHX TeMnepaTypax HX YHCJO BO3pacTaer
IO CTENEHHOMY, a He 3KCIOHEHIHAJbHOMY 3akOHy. Bua cnekrtpa
BOJIM3Y TOYKH K, Heslb3si YCTAHOBUTH MCXOASI U3 OAHHX TOJIbKO
cooOpakeHUH CHMMETPHH; KYJOHOBCKOE B3aHMOJEHCTBHE 3JIEKTPO-
HOB W JBIPOK MPHBOAHT K NOSIBJEHHIO B 3TOH TOUKE OCOGEHHOCTH
Yy MaTPHYHBIX 3JEMEHTOB BO3MYIUEHHUS 2).

1) TIpuMepoM SIBJSETCH OHA H3 MOAH(HKALMH 0/10Ba— CEPOE OJIOBO.
%) Tloapo6roe uccuenoBanue 3toro sonpoca cM.: A. A. A6puxocos, C. 1. Be-
Hecaasckud, JXITD 59, 1280 (1970).



r1TABA VI

MATHETHU3M

§ 69. YpaBHeHHe JNBHKEHHH MArHUTHOrO MOMEHTA
B theppomarneTuke

MarHuTHas CTPYKTypa KPHCTAJANIOB IPHBOJIHUT K TOABJEHHIO Y
HHX cmenupuuecKux BerBell sHeprernuecKoro crnekrpa. Ilepexons
K HCCJeJOBAaHHID 3THX CHEKTPOB, HAIOMHUM IIpexJe Bcero HEKOTo-
pble 0cOGEHHOCTH B3aHMOJEHCTBHH B MarHUTHHIX TeJax.

OcCHOBHBIM BHJIOM B3auMOJAeHcTBUI B peppoMarHeTukax sBJsfeTCs
o6MeHHOEe B3aUMOJEHCTBHE aTOMOB, KOTOpOe M TPHUBOJUT K ycTa-
HOBJIEHHIO CHOHTAHHOH HAMArHUYEHHOCTH. XapaKTePHBIM CBOHCTBOM
3TOr0 B3aMMOJEHCTBUS SIBJAETCS €ro He3aBHCHMOCThL OT OPHEeHTa-
LHH HaMarHHYeHHOCTH OTHOCHUTEJNbHO DeLIeTKH: OOMEHHOE B3aHMO-
JeHCTBHE SIBJASETCS Pe3yJbTaTOM 3JeKTPOCTAaTHYECKOrO B3aHMOJeH-
CTBUA 3JIEKTPOHOB C YYETOM CHMMETPHH BOJHOBOM (DYHKUHH CHC-
TeMbl W HE 3aBHMCHMT OT HANpaBJeHUS CYMMapHOro CIHHal).

Tpocrefinieit ¢eppoMarHuTHON cHCTeMOH SABJSAETCS QUIJNEKTPHK,
B KPHCTaJIMYeCKofl pelleTKe KOTOPOTO HMMEITCA aToMbl, o6Jajaio-
I(He MArHHUTHHIM MOMEHTOM, NpHYeM 3HaK OOMEHHOTO B3aMMOJeHCT-
BHSl TaKoB («peppoMarHuTeH»), YTO HEPreTHYECKH BBIFOJHO NapaJ-
JleJIbHOE TIOJIOKEHHEe MOMEHTOB. Torja OCHOBHBIM  COCTOSIHHEM
cucTeMbl GyJeT COCTOSAHHE, B KOTOPOM BCE CIIMHBI IapaJlfie/bHEL
TouHee, B 3TOM COCTOSSHUM IIPOEKUHS CYMMapHOIrO CIHHA CHCTEMBI
Ha HEKOTOPOE HanpaBJeHHe paBHa MAKCHMaJIbHO BO3MOXKHOMY 3HA-
yeHHio Xs, (cyMMa MO BCeM aroMmam), Iie S,—CIHH OJHOTO aToMa.

JeficTBHTEIbHO, TaMHJBTOHHAH OGMEHHOro B3auMojeHcTBust H g
KOMMYTAaTUBEH C ONEPaTOPOM IIOJHOTO CIHHA CHCTeMbl S, a 3Ha-
YHT U ¢ ero npoekiued S, (3To ciepyer u3 Toro, uto H,s He 3aBU-

CHUT OT HalpaBJeHUS CIOHHOB, a omepatop S M ecTb omeparop
NOBOpOTa B CIHHOBOM mHpocTpaHcTBe). IlosToMy ocHOBHOE cOCTOsI-
HHe JOJIKHO 00J1aJaTh ONpeJe/eHHEIM 3HayeHHeM S,, a MHHHUMYyMY
3HEPTHHM COOTBETCTBYeT MaKcHMaJsbHOe S,. 3aMeTHM, YTO TOria
PaBHBl CBOMM MAaKCHMAJbHBIM 3HAUEHUAM S, M NPOEKIHUH S, CIH-

1) DKcnepyMeHTaJbHBIE JaHHBIE O THDOMATHHTHRIX OTHOIUGHHAX g, Jaouine
JJ1sl GeDPOMarHeTHKOB 3HAYCHHA, OuYeHb G/IM3KHE K 2, CBHAETENbCTBYIOT O CIIMHO-
Boli npupose ¢eppoMarseTHama.
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HOB KamJOro M3 aTOMOB, TaK YTO MAarHUTHbIA MOMEHT B OCHOBHOM
COCTOSIHWM pPaBeH CBOEMY «HOMMHAJbHOMY» 3HaueHHIO Zp,, THe
M, — MATHUTHBIH MOMEHT ofiHOro aroMa. 3JTO CBOHCTBO, OJHAKO,
Hapymaercst Gojiee  cJaGLIMH — PesIITHBHCTCKMMH — B3aUMOJEHCT-
BUSIMH.

B GoJsee CJIOKHBIX cJayyasix HaMarHWYyeHHOCTb TeJa He paBHA
HOMHHaJbHOH. B uyacTHOCTH, Korja B3aHMOJEHCTBHE HE MeXIy
BCEMH aTOMaMH HOCHT (eppOMAarHUTHEIl XapaKTep, BO3MOXkHO obpa-
30BaHME CTPYKTYP M3 ABYX NPOTHBOIOJIOKHQ HaMarHHYEHHLIX MOA-
peleTok, HaMarHHYeHHOCTH KOTODPBLIX PA3JIMYHBI M [IOTOMY He BIOJIHE
KOMIIEHCHPYIOTCS; BEIeCTBA CO CTPYKTYPOH TAKOro THIA HasblBalOT
¢deppuramu (ciayyall e MOJHOH KOMIEHCAMH COOTBETCTBYET aHTH-
(deppoMarHeTrKy).

HaxkoHen, B eppOMarHuTHOM MeTaJjljie HeJib3sl paccCMaTpHBaTh
CIIHHBl aTOMOB HE3aBHUCHMO OT 3JIEKTPOHOB IPOBOJHMOCTH, KOTOPHIE
BO BCSKOM cJyyae He OyXyT (#3-3a 3¢(peKTOB (HepMHEBCKOTO BEIPOXK-
JeHHus) MOJHOCTbI0 HaMarHuueHbl jgaxe npu 7 =0. OcobeHHOCTH
MaTHHTHBIX B3aMMOJEHCTBHH MOTYT NMPUBECTH Takxke K GoJjee CJI0XK-
HOM CTPYKTYpe OCHOBHOTO COCTOSIHMS (eppoMarHeTMkKa ¢ HEKOJ-
JIMHEapHBIM pAacIoJIOXKEeHHeM aTOMOB MAarHMTHBIX MOMEHTOB-—TakK
Has3blBaeMble TeJHKOHJAJbHBIE CTPYKTYpHI.

Kak u BO BCIKOH MaKpOCKONHUYECKOH cHCTeMe, c/1a6o BO30Y K-
JeHHBle COCTOSIHHA ¢eppoMarHeTHKa MOXHO pPacCMaTpuBarTh Kak
COBOKYIHOCTb 3JIEMEHTAPHHIX BO3GYXKAeHHH —ra3 KBasuyacTHil. JJe-
MeHTapHble BO30GYXKAEHUS B YNOPSAJOYEHHOM DacCIpeesIeHHH aToM-
HBIX MATHHTHBIX MOMEHTOB HA3bIBAIOT MaeHoHami. I1ocKOJBKY peub
HAeT O KBa3HYacTHIlaX B TPaHCJSLHOHHO-CHMMETPUYHOH KpHCTaJ-
JIHUeCKo# pelueTke, MarHoHel o6J1afaloT ONpPeJeseHHBIMU He HCTHH-
HBIMM HMMIyJbCaMH, a KBa3HHUMIYJbCAaMH, NPOGEralmumMy 3HaYeHHs
B OJHOH suyelike o6paTHOH pelleTKH. B Kjaccuyeckod KaprHHe
MAarHoHaM OTBEYAIOT CHUHOBbIE B0AHbL— DPACTIPOCTPAHSIONINECT BJLOJb
peleTKH KoseGaHHs MarHHTHbIX MOMEHTOB. MarHoHbl MOAYHHSIOTCS
craTucTHKe bBose, W mpelesbHOMY KJacCHYECKOMY CJy4ar CHHHO-
BbIX BOJIH OTBEYarT GOJBLIHE YHCJA 3alOJHEHHS COCTOSIHHM Mar-
HOHOB.

EcJaM JJHHA CIHHOBOH BOJHBI BeJHKa MO CPABHEHHIO C INOCTOSH-
HOU pemeTKH a (T. €. BOJHOBOH BeKTOop k<X 1/a), TO BOJNHY MOXKHO
paccMarpuBaTh MaKDOCKONMYECKH; B pe3yJbTaTe 3aKOH JHCIEePCHH
BoJH ® (k) GyneT BeIpaxkeH depe3 (PEHOMEHOJIOTHYECKHE MapaMeTphl
(MaTepuasbHble KOHCTaHTH), BXOAsIME B MaKpOCKONMUYeCKHe ypaB-
HEeHHs [BUAKEHHMS MarHMTHBIX MOMeHTOB. TeM caMbiM OyJeT Boipa-
JKeH uepe3 3TH napaMeTpbl M CIEKTP MarHoHOB e =fio (k). Taxo#
MyTh OTpeJeJieHHs CIEeKTpa MaTHOHOB BIOJIHE aHaJIOTHYEH Ornpese-
JIEHMIO CMEeKTpa IJHHHOBOJHOBBEIX (DOHOHOB Y4epes MaKpPOCKOIHYECKHE
napameTpbl (ynmpyrue MoAyJH), . BXONJIIKE B MaKPOCKONHYECKHE
ypaBHeHHsi KojeGaHu#l B 3BYKOBHIX BOJIHaX. JIJisi BHOJHEHHS 3TOH
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IIpOrpaMMbl HeOOXOAUMO TpeiBapUTEIbHO BbIBECTH YKa3aHHbE YpaB-
HEHHS JBHIKEHHUs ).

[IpoBesieM cHayasna paccMOTPeHHE C Y4eTOM TOJbKO OGMEeHHBIX
B3aUMOJeHCTBHH.

[locKoJbKYy MBI HHTepecyeMcs cJabo BO30YKIAEHHLIMH COCTOS-
HuAMH deppoMarHeTuka (TOJbKO HX CBOHCTBA M MOTYT OLITb BHIfIC-
HeHbl B 0OUieM BHJE), Mbl JOJIKHBl OTPAHHYHUTHCA «MEAJIEHHLIMHY»
JIBIKEHUAMH MAarHUTHOTO MOMeHTa C MaJbIMH 4acTOTaMH. TaKuMH
GYAYyT IBHKEHHS, B KOTOPbLIX HampaBJeHHe MAarHUTHOIO MOMeHTa
MeJUIeHHO MeHsieTCsl B IIPOCTPAHCTBe, a €ro BeJHYHHA OCTaeTcs
MOCTOSIHHOH. JleficTBUTENbHO, paBHOBeCHAf BEJHYHHA HAMarsHuyeH-
HOCTH (HKCHPOBaHA OOMEHHBIM B3aHMOJEHCTBHEM; II03TOMY €€ H3Me-
HeHMe BO BCAKOM CJyyae CBfI3aHO C KOHeYHOH 3aTpaTod 3HEepruu
npu Jo6OH JJHHe BOJHBI (MpeAnoJaraerTcs, yTo TeJO HaxXOoZUTCA
JOCTATOYHO jasieKo oT cBoedl Touku KiopH, B KOTOpoH cHoHTaHHAas
HaMariuyeHHocTh Hcue3aeT). C Ipyrofl CTOPOHHI, Heprus He Me-
HsleTCs TPH NOBOPOTe MAarHUTHOrO MOMEHTa TeJja KaK LeJsoro; mo-
3TOMY HEOJHODOIHBI BJOJb Teja HOBOPOT HAMATHHYEHHOCTH 6YleT
TpeGoBaTh Te€M MEHbLIEH SHePruM, yeM OoJibllle AJHHA BOJHBI (APY-
THMH CJIOBaMH, AJHHHOBOJIHOBble KoJiefaHHs GYAYT HMeTb MaJyio
yacrtory). Mckomoe ypaBHeHHe 1718 IJOTHOCTH MarHUTHOT'O MOMEHTa
(namMarHHYeHHOCTH) M JO/IXKHO I0OTOMY HMeTb BHJ, COXpaHso-
muit [M]:

o =lam], (69,1)

rae @ —yrJjosag CKOPOCTb IIPELEeCCHH MOMEHTa, KOTOPYIO MBI cefi-
gyac ompejfenuM. Mbl NHIeM ypaBHeHHe ABHXKeHHs kak AuddepeH-
MaJbHOE YypaBHEHHe MEPBOro INOPAJKa II0 BPEMEHH, IIOCKOJBKY
IpH MaJblX 4acTOTaX BLICUIMMH NPOH3BOJHBIMH MOXKHO NpeHe6peub.

Ina omnpeneneHuss @ Heo6XOAHMO Y4YeCTb, YTO NDPHU GOJBIIHUX
IJMHAX BOJH M HH3KHX TeMIepaTypax AHCCHUIANUS 3HEPTHH IPH
U3MEHeHHH HaMarHMYeHHOCTH MaJa U el0 MOXKHO npeHe6peyb (Mbl
BepHeMCI K OGOCHOBAHHIO 3TOrO INpelnoJoKeHHs B KoHie § 70).
JIns BBISICHEHHS XKe BONPOCA O TOM, KaK BBITJAJHT YCJOBHE OTCYT-
CTBHSl THCCHIALHMH, OYyJeM paccMarpuBaThb MarHUTHBIH MOMEHT Mar-
HETHMKa KakK He3aBHCHMLIH NapameTp, paBHOBeCHOe paclpefedicHue
KOTOPOTO HaXoJuTCA MHHHMMH3alKell CBOGOJHOH sHepTHH. Mbl 6ylem
HNPOU3BOJHTb MHHHMH3AIHIO MPH NOCTOSHHBIX TeMIeparype, oGbeMe
TeJa M 3HAaYeHHHU Hanpsi:KeHHOCTH noJds H B Kaxkao#l ToyKe Teua;
TEPMOJHHAMHYECKHM MOTEHIHAJOM IO OTHOLIEHHIO K 3THM [epe-

1) JanbHefipe pesysibTarhl STOro naparpaba npuHagsexat JI. J. Janday
u E. M. Jupuwuyy (1935). OTMETHM, YTo 3TH pe3y/abTaThl CNPABEJHBE JJs
«O0OMeHHBIX» (eppoMarHeTHKOB. Mbl He 6yleM KacaTbcsl 3[ech Tak HAa3EIBAEMOToO
cyiaboro deppoMarHeTH3Ma, B KOTOPOM beppOMarHHTHE MOMEHT NOSBJASETCH TOJABKO
NpH yyeTe PeJATHBHCTCKHX B3aHMOZeHCTBHH.
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MEHHBIM SIBJSIETCS CBOGOJHast sHeprusi F1). Bapuauuio 8F mnpwu
0ecKOHEUHO MaJOM HU3MeHEHMH M MOXKHO 3amucaTh Kak

8F = —gﬂad,f_smav, (69,2)

rie Mbl BBeqiM oOosnaueHue H,, a1 «addekTHBHOTO nOJIA» MO
aHaJOTHH C BBIPAXCHHEM JJIs SHEPTUH MATHUTHOTO MOMEHTa BO
BHEIUHEM MarHuTHOM nose. B paBHoBecun H,,=0.

Juccunanusa sHEpPruM MpH H3MeHEeHUH HaMarHUYEHHOCTH CO BpE-
MeHEeM BBIYHCJAETCS KaK NPOU3BOJHAA

rae S—3SHTPONHSA Teaa, a Rp,,—MuHUManbHas pabora, HeoGXo-
JuMasi /s NpUBeJeHHS TeJa B JaHHOE HepaBHOBECHOE COCTOSIHHE.
C nomowpo (69,1) umeeM, TakuM 06pasoM,

Q=(H, Dy = (H,y[om]av. (69,3)

Ortciofa BHAHO, YTO B OTCYTCTBHE AUCCUMANHUM BeKTOp  JI0JKeH
OuTh napaJgesnien BeKTOPY H,q, TaK 4TO MOXKHO MOJOXUTE Q =
= const-H,,. Tlocae storo ypasnenne (69,1) npumer Bux

M =const [H,uM]; (69,4)

CMBIC/I H 3HAaYeHWe MOCTOSIHHON BBIACHATCH HHKeE.

Coraacuo onpepenenuio (69,2), ABHbH BHA 3b(EKTHBHOrO MOJSA
HAaXOJUTCA BapbHPOBaHHEM IMOJHOA CBOGOAHOH 3Hepruu Tesa. Ilo-
CJERHAS JlaeTCs WHTEerpaJioM

F:Hfo (M) + Upeor—MH —f—;}dv (69,5)

(cm. VIII § 36). 3necy f,(M)—nJjoTHOCTL CBOGOAHOH 3HEPTHH
OJHODOJHO HaMarHuueHHoro rteja npu H =0, yudTeBawllas Jdiib
o6MeHHble H3auMOJEHCTBUA U [OTOMY HE 3aBUcALlas OT HampasJie-
HUA M. Ugeon €CTh MJIOTHOCTH JAOMOJIHHUTEJNbHOH OOMEHHOH 3HEPTHH,
CBSI3AHHOM C MeJlJIeHHBIM H3MeHEeHHeM HampasJeHHs BeKropa M
BJIOJIb HEOJHOPOAHO HaMarHHYeHHOTO TeJa.

1) Cm. VIII § 36 (TepMopuHaMHYeCKHe BEJHUYHHH, OTHOCAIHECH K Tely B le-
JoM, 0Go3HaualHch TaM OyKBaMH pPyKoIHcHOro wpupra). [Ipu HeoaHopoAHOM pac-
Npefie/leHuH NpaBHIbHee FOBOPHTh O CBOGOJHOH SHEPTHH Tesa (HPH 3aJlaHHOM ero
o6neMe), a He O TepMOAHHaAMHUueckoM rmoteHnHante O. Mu He 6yJeM HHTepecoBaTbcf
3ech CTPHKLHMOHHBIMH 3(QdexTaMH, T. €. HANPSKEHHAMH H JedopMalusAMH KpHC-
Tan/a, BO3HHKAOIMUMH NPU M3MeHeHHH HaMarHHYeHHOCTH.
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HepBbIe YJEHBI Pa3J/IOKEHUA 3TOM 5HEPruH Nno CTeneHsM IPOoH3-
BOJHBIX OT MOMEHTA M no KOOpJAHHATAM HMEIT BHUJ

1 MoM
Useon =5 %it 35 5, * (69,6)

1IpHYeM 3Ta KBajpaTHyHas (110 NMPOH3BOAHBLIM) (opMa CYIIECTBEHHO
noJoxKHTeAbHA. Bruipaxenue (69,6) cocTaBieHo Tak, 4ToGbI (B COOT-
BETCTBHH CO CBOHCTBaMH OGMEHHOTO B3aHMOJEHCTBHfA) HE 3aBHCETb
OT aBCoJIOTHOTO HanpaBJeHHs BekTopa M. B ofHOOCHBIX KpucTas-
Jax CHMMETPUYHBIE TeH30D BTOPOro paHra o, HMeeT KOMIIOHEHTH
Oy =0y, =0, @, =a, (0Cb Z—O0Ch CHMMETPHH KPHCTa/Ia); B KY-
GHUECKHX KDPHCTAaMIAX O = aly,.

[Topsafok BeMHUYHHBI KO3(BDGHIHEHTOB C;, MOXHO OIIEHHTBb, 3aMe-
THB, YTO 3HEPTUsi HEOJHOPOJHOCTH, OTHECEHHas K 00beMy OIHOH
3J1eMEHTApPHOH fAYedKH KDPUCTAaIJIMYeCKOH pelleTKH, NoJKHa Oblia
Gbl JOCTHraTh XapaKTEPHbIX aTOMHBIX 3HayeHHH 3HePTHH OOMEHHOTO
B3aUMOJEHCTBHA, ecJH Obl HalpaBJeHHE MOMEHTa CYLIeCTBEHHO
MeHSJI0Ch Ha PAcCTOSHHAX IOPAJKA [OCTOSHHOH pemeTkH a. Xapak-
TepHass OOMeHHAsl 3HePrHs COBNAJaeT, MO MOPSAKY BEJHYHHBI,
¢ temneparypoil Kiopu T, (Touka Hcue3HOBeHHA (eppOMAarHeTusMa).
Hs ycaosusa T,/a® ~ aM?/a? HaxoauM

@~ T,jaMe. (69,7)

Bapbupys unrerpat (69,5) (npu 3ajaHHbix 3HaueHusiX H B Kax-
JIOH TOYKE Tesa) U MPOHM3BEAs BO BTOPOM YJeEHE HHTErpHpOBaHUE
M0 YacTAM, HOJYYHM

= e M oM \ )
6F~§ Vo (M) 37—ty g —H | SM AV

BO BTOPOM uJIeHe IIPOM3BEJEHO HHTerpupoBanHe 1o yacTaM. CormacHo
onpenesentio (69,2), BoipaxeHne B QUIYPHBIX cKOOKax ecTb —Hg.
Tlepsbiii ysneH B HeM HampaBjeH BaoJb M, HO NpH NOACTaHOBKE
B ypaBHeHHe jBHXKeHHs (69,4) Tako# uieH Bce PaBHO BHINAJAET, H
[IOTOMY €ro MOXHO BooOLle OMycTHTb!). TakuM 06pasoM, HaXOAHM

0*M
Hadlzaika_;;_a-;;—l—H' & (69,8)

Tpu yueTe OZHHX TOJbKO OOMEHHBIX B3aHMOAEHCTBHH, HE 3aBH-
cAIlMX OT HanpaBJeHHS MarHUTHOTO MOMEHT4, IJIs OZHOPOLHO
HaMarHHYeHHOro TeJja ypaBHeHHe (69,4) NO/KHO CBOIMTBCS K ypaB-
HEHHIO JBHXKEHHS CBOGONHO IpPEeIeCcCHpPYIOMEro MOMEHTA:

M gle|
8t 2me [HM],

1y Tocne 3toro, oAHako, Hyp y*Ke He o6s3aTeqbHO OyAeT 06paulaThest
B HyJb B PABHOBECHH,
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rie e=—|e|, m—3apsn U Macca 3JIEKTPOHA, a g— THPOMATHHTHOE
otHomenue Qeppomarsetuka (cp. II § 45). C apyroii cTopoHsl, npu
onHopojHCeM HaMarHuueHuu H,,=H; oTcropa caepyer, uTo nocro-
SIHHBIH Koaddunuent B (69,4) const =g|e|/2me, Tak uTo ypaBHEHHE
JIBHXKEHHU A1

oM e

= [H,M] (69,9)
¢ H,, u3 (69,8).

JI1s nosyyeHHs MOJIHOH CHUCTEMBI YDaBHEHHWH clofia Hajo foba-
BHTb elle ypaBHeHHe MakcBesJia, cBfsbiBalomee noJge H ¢ pacmpe-
JenenreM HamarHHyeHHocTd M. CrHHOBBIE BOJIHBI, KOTODHE GYAyT
paccMoTpeHE! B clefyolmeM nmaparpade, sBJASIOTCH HU3KOYACTOTHLIMH
B TOM CMbICJe, uTO @ <<ck. B 3THX ycsoBHAX ToJe KBasucTalHo-
HapHO; B ypaBHeHUAX MakcBeJs1a MOXKHO npeHeGpeys NPOU3BOAHBIMH
[I0 BPEMEHH, H OHH CBOJAATCH K BHIY

rot H=0, divB =div(H -+ 4nM)=0. (69,10)

B cBA3H ¢ 3TUM MOXKET BO3HHKHYTb BONIPOC O HPaBOMEPHOCTH
BapbHpoBaHuA HHTerpasa (69,5) no M npu mnocrosHnom H me-
CMOTPA Ha TO, YTO OHM CBf3aHbl BTOPHIM ypaBHeHHeM (69,10).
HeJio, ofHako, B TOM, 4TO ecau MoJoxHTb H=—V¢ (B BH1y
NepBOTO YpPaBHEHHS) M BBIYHCJHTb BapHAlMIO HHTErpaja IO @,
TO OHa O06GparuTcA B CHJIY BTOPOTO YypaBHEHHs B HYJb, TaK 4YTO

BapeupoBaHue H He paer BkJajga B OF.

Ecan Teqlo He HaXomuTcsl BO BHEIIHEM MAarHHTHOM MOJiE, TO
noJie BHYTPH HEro LEJHKOM CBSI3aHO C DacnpejieleHHEM HaMarHH-
YEHHOCTH H IpencTaBJjaseT cobo, BooOuie roBopsi, BeJHUHHY TOTO
XKe mopsaaka, uto u M. B stom cMbicae useH H B sdxpeRTHBHOM
nosie (69,8) mpeacTaBasieT cooll pelATHBUCTCKHH 3(deKkT (HamoM-
HHM, 4YTO ATOMHBIE MarHHTHbBIE MOMEHTHI, a C HHMH H CIOHTaHHas
HaMaI‘HHI{eHHOCTb M, ompegesnsiorcst marseronoM Bopa =
=le] h/2mc,— BesmuMHON, conepKalel ¢ B 3HaMmeHareJe). [Tosatomy
B DAacCMaTPHBAEMOM IMOKa YHCTO OOMEHHOM NDHOJIHMMKEHUH BTOPOM
yjeH B (69,8) cienyer onmycTHThb, TakK 4TO YpPaBHEHHE ABHIKEHHSA

M _ gle| oM
or = ome %ir [0x,-6xk M] : (69,11)

O6paTuM BHHMaHHe HAa HEJHHEHHOCTb 3TOTO YPAaBHEHHS.
¥YpapHenue (69,11) moxHO nHepenucaTtb B BHAE YpPaBHEHHSA He-
IOPEPBIBHOCTH AJS MarHUTHOTO MOMEHTa:

aM, _I_an,,

FA€ TEH30D NOTOKAa MOMEHTa HMEET BH]

_&lel oM
=g i [Maxk !
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Sroro cJeioBagO O0XHAATH 3apaHee, MOCKOJbKY B OOGMEHHOM MpH-
GAMAKEHHH TNOJHbIA MarHUTHBIA MOMEHT TeJja COXpaHseTcH.

YuTteM Tenepb, uYTO HapsAy ¢ OOMEHHLIMH B (peppoMarHeTHkKe
CYILIEeCTBYIOT TakKKe M 3HauuTeJbHO GoJiee caabble PesNSITABHCTCKHE
B3aHMOJEUCTBYS 3JIEKTPOHHBIX MOMEHTOB: CIIMH-CIIHHOBbIE M CIIHH-
opburanbHbie. B MaKpocKomHMYyecKod TeODHH OHH ONHCHIBAIOTCH
S5Heprueil MarHUTHOH aHU3OTPONHU, NJOTHOCTb KoTOpo# U,, 3aBHCHUT
OT HalpaBJ/eHUs BEKTOpPAa HAMAarHWYEHHOCTH N0 OTHOIIEHHIO K KpPH-
CTAJJINYeCKOH pelleTKe; 3THMH B3aHMOAeHCTBUAMH YCTAHABJHBAETCSA
PABHOBECHOE HaNpaBJeHHe CIOHTAHHOH HaMarHH4eHHOCTH (eppo-
MarHeTHKa. K peJsATHRUCTCKHUM OTHOCHTCS, Kak yxke OLIIO yKa-
3aHO, Takxe M B3auMmojeficteue M ¢ MarHutHeIM nosem H.

B 0lHOOCHOM KpHCTaJJje 3HEPTrHsl aBH30TPONHH HMeeT BHJ

Upe=— 5 Mz, (69,12)

Ecuan K > 0, To paBHOBeCHAsl HaMardHHYEeHHOCTb HallpaBJ/ieHa BAOJb
0CH CHMMETDUH —OCh 2 ((eppOMAarHeTHK TUNA «JerKas 0oCb»); eCJH
ke K <0, To HampaBJleHHe CIOHTAHHOH HAMarHHYEHHOCTH JIEKHT
B IJOCKOCTH xy ((eppOMarHeTHK THNA <«JeTkKas IJOCKOCTbY).
B KyGuuecKOM KpHCTaJjJje 3JHEprus aHH30TPONHH MoxKeT ObITh
IpejCcTaB/cHAa B BHAE

Uu=z (MM -+ MEMEL DEMD,  (69,13)

rIe OCH X, Y, 2 HAIpaBJieHB BIOJb TPEX Ocedl CHMMETPHH YeTBep-
Toro mnopsiika (pe6pa Ky6uueckux siveex). Ecam K’ > 0, To paBHo-
BeCHbIH BeKTOp M HampaBJeH BJOJbL OfHOTO K3 pefep KyGHUYECKHX
ayeek, a ecMH K’ < 0—To BAOJb OFHOM H3 NPOCTPAHCTBEHHHIX
auMaronaJsiefl siyeex !).

Jns onpefesnedHocTH, GyleM paccMaTpuBaTh OJHOOCHBIH (eppo-
MarneTHK. Jlo6aBHB K MOJbIHTErpajbHOMY BbIpaXKkeHHIO B (69,9)
yned U,, (69,12), nonyuuM mocJje BapbHPOBAHUS JOMOJHHTEJbHBIH
yten —KM, M, rie v—eIMHHUHBH BEKTOpP B HANpaBJEHHH OCH
cUMMeTpUH KpucTaana. Takum obpasom, fias 5PQeKTHBHOIO NOJs
HAaXOJHM

M
Hag = 0k gy, -+ KMV -+ H. (69,14)
Jlerko BHAETD, UTO 3TUM H3MeHeHHeM 3(PQeKTHBHOTO M0JIs HCyep-

MbIBAIOTCA H3MEHEHHS, KOTODbie yueT DPeJNsTHBHCTCKHX 3(peKToB
BHOCHT B ypaBHeHue ABKkeHus (69,9). eficTBHTeJbHO, NpeHebpe-

1) BeapasMephble BequuHHb K, K' Ans pasauunblX' ¢eppOMarHeTHKOB HMEIOT
3HayeHHs, JeXalllie B INHPOKOM HHTepBaJe OT JeCSTHIX AOJeH ejMHHUB! 10 fe-
cATKoB. [IOpSNOK 2Ke BEJHYHHB! OTHOLIEHHH PEJSATHBHCTCKHX B3aHMOJIEHCTBHH
K oltémen(x){ogay xapakTepHsyercs BeauunHoil a®U,y/T, H COCTaBJIsieT OOBIYHO
10=4—10-%,
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XKeHUe JHCCHmanued o3HayaeT NO-IpexHeMy, YTO NpaBas yacTb
YpaBHEeHHs JBHXKEeHHS Jo/KHA ObiTh meprneHgukyaspHa Hyy, T. e.
nomxkua umetb Bux [M'H,,], rie M’ Moxer otauuatecs or M smuuib
3a CYeT peJSATHBHCTCKHX MONPaBOK, BCErJa MasbiX [0 CPaBHEHHIO
¢ Goablof BeauunHOil M H MOTOMy HecyulecTBeHHBIX. PessTupucrt-
ckue ke ujenbl B H,, 1006aBasAOTCSA K BeJHUMHE, Majlod B CHJIY
MeAJIEHHOCTH H3MeHeHHss M Broab Tesa; 3TH YIEHBL MOryT-CTaTh
CYUIECTBEHHBIMH NPH AOCTATOYHO GOJIBUIMX JJIHHAX BOJH.

§ 70. MarHonm B teppomarneruxe. Cnektp

[IpuMeHHM NOJyYeHHBIE B INpeAbIAyuleM maparpade ypaBHEHUS
K pacnpocTpaHeHWId BOJH, B KOTOPHIX MJIOTHOCTb MAarsHTHOTO MO-
MEHTA CcOBeplIaeT MaJjble KOJeGaHHs, NpelHecCHPYA OTHOCHTEJbHO
CBOero paBHOBecHOro 3HaueHus M,. Mbl GyzeM paccmarpuBaTh
OIHOAOMEHHBLIA ofpasell, BO BceM ofbeMe KoToporo M, moctosiHuo,
H OrPAaHHYHMCSA CJyyaeM BOJIH C JJIMHOH, -MHOrO MeHbliell pasmMepoB
obpasua. Toraa cpepy MoXKHO paccMaTpHBaTh KaK HeOrpaHHUEHHYIO.

PaccMoTpuM cHayaja BOIPOC C Y4YeTOM TOJBKO OOMEHHBIX B3a-
UMoJeHCTBHH, T.e. Ha ocHOBe ypaBHeHus (69,11). Ionoxum M =
=M,+m, rae m—wmanaa BeJHYHHa, M JHHeapH3yeM ypaBHeHHe,
OTGPOCHB uJleHbl BTOPOTO MOPSAKA IO M; IOCKOJBKY aGCOMOTHAS
BenynHa M =M,, To B 3TOM npubamKenuu m | M,. Tloayuum

. le] 0%m
m=-—"-a, [mmo] (70,1)

(3nech M HHUXKe moJiaraeM g=2). [as m, 3aBHCSUIErO OT KOOPAH-
HAaT H BpeMeHH Kak exp [/ (kr—w?)], Haxomum

iom =1L 2 [mm,], (70,2)

m
rae oa=oa (n) =o,Mn"n,, N—eIUHHYHLIA BEKTOP B HANPaBJEHUH
BOJHOBOTO BeKTopa K. PackpbplB 3T0 ypaBHEHHe B KOMIOHeHTax,

HMeeM
: _lel 3
L(omx—m oMk my,
iom =——|—e—|—aMk2m
Y me x

(ocb z—B HanpasJeHun M,). Orcrofa HaXoAuM 3aKOH THCIEPCHH

CIIHHOBHIX BOJIH ')
o =LY 0 ) ke (70,3)

mc

1) KBagpaTHyHpi 3aKOH JHCHOEPCHH CIHHOBHIX BOJH GblI BREpBHE HalileH
¢ IIOMOIIbIO MHKpOCKONKYecKoll Teopud P. Baoxom (F. Bloch, 1930). Buipaxenue
3TOTO CNEeKTpa Yepes MaKpOCKOIHYeckHe mnapamerpul gaHo JI. J. Jlawday wu
E. M. Jupwuyen (1945).
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MLl BUAMM, B COOTBETCTBHH CO CKa3aHHbIM B HauaJe NPeIbIAYLIErO
naparpada, uTO B OOMCHHOM IPHUOGJHIKEHUH YacTOTa CTPeMHTCHA
K Hygio npu kR—0. BekTop m B CNHHOBOH BOJIHE Bpamiaercs
B IJIOCKOCTH XYy C IIOCTOSIHHOH YIJIOBOH CKOpPOCTbIO ), OCTaBasich
MOCTOSIHHBIM [0 aGCOJIOTHOH BEeJIHYHHE.

B kBaHTOBOM KapTuHe ¢opmyna (70,3) omnperesnseT HepreTH-
YeCKHH CHEKTP MAarHOHOB €=fiw 1):

e (K) = 2B Mo (n) k2. (70,4)

B ¢opmanu3Me BTOPHUHOro KBaHTOBAHHS MaKPOCKOMHYECKHE
BeJHYMHBI, OMHChIBaOUHe GeppOMarHeTHK, 3aMEHAITCSA Oneparto-
paMH, BbIPaXKeHHBIMH Yepe3 OMNepaTopbl YHHUTONKEHHS H POXIACHHA
MarsoHoB. IloKaxeM, Kak 3TO XOJIXKHO OBITL clleJlaHO AJH MAarHo-
nos (70,4).

TlpuBefieM B COOTBETCTBHE C KJaCCHYECKOH BeanuuHOH M Bek-
TOpHBIH onepaTop M, KOMIOHEHTEl KOTOPOro yJIOBJETBOPSIOT Ompe-

IeJEeHHRIM TpaBujiaM KommyTanud. Ilycte S(r) 8V —onepartop
CYMMapHOTO CIHHA aTOMOB B (GHU3HUeCKH GeCKOHEYHO MaJioM 3Je-

MeHTe ofbema 8V B Touke r. Omepatopnl S(r,) 8V, u S(r,) 8V,
oTHOCSIMECS] K pas3uyHbiM 3jeMeHTaM 8V, u OV,, KOMMYTaTHBHBHI.

KOMIOHEHTh! e 0JHOTO M TOro e omepatopa S (r) 8V ymoaerso-
pAIOT OGBIYHHIM NpaBHJaM KOMMYTAalHH MOMEHTA:
L OV.S,6V—§, 8V.5,8V=iS,8V,

win S S —S S,=1iS ,/8V (M aHaJOTHYHO I/ OCTaJbHBIX KOMMY-
TaTopOB) 'B npenene 8V — 0 3Tu mpaBuia 3anuchiBaiTcs AN
JI06BIX r1 U r, B eIMHOM BHIE

(rl)S (rz)’_S (rz) (rl)_lS (ry) 8 (r;—ry).
Y MHOMKHB Tenepb 5T0 PaBEHCTBO Ha 4f2 u 3aMeTuB, 4TO onepartop
HamariuyenHoctn M= —28§, nonyuum
£ (1) M, () — M,y (1) M, () =—2ipM, () 8 (r,—1,).  (70,5)
B npuMeHeHMH K CIHMHOBBIM BOJIHAM, B KOTOphX M MchbITHIBaeT

MaJjble KoJjeGaHusi BOKPYI OCH 2z, B NEPBOM npu6ﬂmeruu no ma-
JbIM BEJHYMHAM M, i, MOXHO 3aMEHHTb B mpaBoli ctopoHe (70,5)

onepatop M, uHcIOM Mz M; Ttorpa
mx(r1) my (1'2) m (rz) mx(r1 —-——QtﬂM(S (r1_‘r2) . (70,6)

OT1coma BHIHO, YTO BeJIH‘{HHbI m, U m, UTpawT (C TOUHOCTLIO A0
NOCTOAHHBIX MHO}KPITEJIEI/I) B ,I[aHHOM cJay4yae poOJib KaHOHHYECKH

1) B aroit rnase [ Besaze oGosnavyaer Marumeron Bopa: B=|elﬁ/2mc.
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conpsizKeHHHX ¢OGOCIEHHLIX KOOPAHHAT H HMIIYJbCOB» —MOJAOGHO
TOMY, KaK ¢ 4 p’ Urpajd Takyl XKe poJib IPH KBAHTOBaHUU 3BY-
KOBBIX BOJIH B KHAKocTH (§ 24). [lofuepKHeM, OJHAKO, CYLIECTBEHHOE
OTJIHYHE MexIy o6oMMH cJyyasiMH. [IpaBusio KommyTauuu (24,7)
47151 GOHOHHBIX ONEepaTopoB sABJAsieTcHl TOYHLIM, He CBA3aHHEIM C Ma-
JIOCTBIO KoJie6aHuil (T. €. ¢ MaJOCTbIO YHceJs 3aloJHeHUs GOHOHHBIX
cocrostiuii). IlpaBusio xe (70,6) sBAfeTcs NMpHOMHXKEHHBIM, COpa-
BeJJUBLIM JHIIb B TEpBOM NpPHUOJIMKEHHH 10 MaJjofl BeJHUHHE m.

Hcxons u3 mpaBusia KOMMYyTauuu (70,6) u cooTHOWEHH MEXAY
oneparopaMu 1, H f1,, OTBETAIOLLEro JHHeldHbIM ypaBHeHuAM (70,1),
MOXKHO HaHTH BblpaxeHHs 3THX ONepPaTopoB uepe3 onepaTophl
VHUYTOMEHUS H POXKAEHHST MAarHOHOB, NOJOGHO ToMYy Kak 3TO ObLIO
clienaHo B § 24 mas boHoHOB (cM. 3ajauy 4 x § 71).

BepHemcsi K M3YYeHHIO CIEKTPa MarHOHOB M OGpaTuMcs K YUeTy
BAMAHUA PeJATUBHCTCKUX 3ddeKToB Ha 3TOT crneKTp. Temepb yxe
Heo6XOZAMMO YUYHTHIBATL M MarHuTHOe noJe H, Bosnukaroliee mpu
KoJe6aHuax M. Ouo GyJeT Toro e MOPsAKA MaJoOCTH, YTO H m,;
o6o3HayuM ero 3jech Kak h.

Ypasuenus Maxkcseasia (69,10) pator

[kh]=0, kh=—4nkm.

Orciofa BUAHO, YTO MoJie h HampaB/eHO BAOJIb BOJHOBOTO BEKTOpa
U paBHO
h = —4n (nm)n. (70,7)

Ilogcrasus (70,7) B mocseiHHe [ABa 4J€HA MOJABIHTErPaJbHOTO BhHI-
paxenus B (69,5), moayuum

h2
—mh — 5— =2 (nm)* (70,8)

(3mech omymieH yseH Mgh, KoTopblfi BBHAY NMOTEHUHANbHOCTH ToJist h
np¥ HHTErPUPOBAHUU 10 BceMy oObeMy mpeobpasyercsi B MHTerpal
[0 HOBEPXHOCTH H ofpaliaercss B HyJb); 3Ty 4acTb SHEPrHH aHH-
30TPONHHM B CIHHOBOH BOJIHE HHOTJA HA3BIBAIOT MA2HUMOCMAMU-
ueckod. -

ITycts deppoMarHeTHK OXHOOCEH M OTHOCHTCS K TUNY «ierkas
ocby, Tak yTo M, HAmpaB/eHO BXOJb OCH CHMMETPHH KpHCTasjia
(ocb 2): My=vM. lmes B BUAY Aa/ibHeHIIHe IPUMEHEHHS, JOMYCTHM
TaKxe CYIeCTBOBaHUE BHEIIHEro HOJA §, MapajjiesbHOrO TOMY e
HANpaBJeHUIO v; IIPH 3TOM ofpasell Halo NpPEACTaBJATbL cebe Kak
WUAMHAD ¢ ocbio BRoib v. Torga mose BHyTpH Tesia H=$ 4-h.
JluHeapu3oBaHHOe ypaBHeHHe ABHIKEHHS (KOTOPO€ MBI BHITHCHIBAEM
y¥Ke YMHOXKEHHBIM Ha f1)

—iem =28 { (ak*+-K + &) [vm]—[vh]} . (70,9)
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s ogHoOCHOro KpHCTaJsIa @ =o, sin?0--a,cos?6, rie 6—yroa
Mexay k u wv.

Hoacrasus ciofa h us (70,7), pacnuceiBaeM ypaBHEHHE B KOM-
IIOHEHTaXx (MPHYEM OCh X yA06HO BRIGPAThH B MJIOCKOCTH, NPOXOASLIEH
uepes HampapJeHHs v H n). 3 ycsioBUS COBMECTHOCTH MOJYYaio-
WHUXCA JBYX ypaBHeHHH NI /M, W m, HAXOAMM 33aKOH JHCIEPCHH

e (k) = 2pM [(akz+1<+7{49-) (ak2+K+%+4n sin26)]1/2.
(70,10)

OtmetuM, uTo 6arofapsi HaJHuHIO useHa sin?0 = k2/k? pasiomeHHe
e(k) mo cremeHsM KOMIOHeHT K He HMEET NPOCTOrO CTEleHHOTO
XapaxkTepa; 3TO CBfI3aHO ¢ AAJbHOAEHCTBYIOIIMM XapaKTEpPOM Mar-
HHUTHBIX B3aUMOJEHCTBHH.

Bripaxenue Bupa (70,10), BhiBefeHHOe 37eCh IJ5 OXHOOCHOTO
deppomarteruka (THma «J1€rKas OChb»), CIPaBEAJIHBO H AIs KyGH-
YeCKHX KPHCTaJIOB. JTO cJeflyeT H3 TOro, YTO H3MEHEHHe SHeprHH
AHH30TPONMHH NPH MaJbIX OTKJOHEHHAX BekTOopa M OT CBoero pas-
HOBECHOTO HaNpaBJieHHs] HMeeT B OGOMX CJy4asX OJHHaKOBBIH BHJ,.
Tak, aas Ky6uueckoro kpucramia ¢ K' >0 usmenenue SU,, mnpu
OTKJIOHEHHH M oT Hampasisenus M, BIoJb peGpa Ky6a 3aBHCHT
TOJIbKO OT yrsa ¢ Mexay M u M, u passo §U,, =K’'M?42. CpaBuus
3TO C aHAJIOTHYHBIM BhipaxeHueMm OU,, =KM?3%/2 naa 0ZXHOOCHOrO
KPHCTA//IA, Mbl BHIHM, YTO JJIf Iepexoia K cJAy4ar KyGuuecKoro
kpucraiia ¢ K’ >0 pocratouHo 3samenuth B (70,10) K —2K’.
AnasiornuHbIM - 06pasoM, JIeTKO YGeAuTbCsi, 4TO AJs Nepexoia
K c/aydairo Ky6uueckoro kpucraJnia ¢ K’ < 0 (Hanpassienne M, BoJIb
npocTpRHCTBEHHON Anaronasu Ky6a) Hajo 3aMeHHTD K—4|K"|/3.
OTmeTHM Takxe, 4TO B KyGHYECKOM KpHCTaj/le BeJHYHHA o (n)
CBOMMTCS K TNOCTOAHHOH. JliA ofHOOCHOrO ke QeppoMarneTHka
THIIA «J1eTKas MJIOCKOCTh» (K < 0) cuTyauus nHas: HaMeHeHHe OU,,
INpH OTKJIOHEHHH M oT M, 3aBHCHT Kak OT MOJISIPHOrO yrJa, Tak
M OT asWMyTa HamnpaBJeHHss M oTHocuTesbHO M,; mosToMy 3TOT
cayyaid TpefyeT 0co60ro pacCMOTpPEHHS — CM. 3ajayy.

Hanomuunm, yto pesysabrat (70,10) oTHOCHTCS JHIIbL K HayaJb-
HOfl YacTH crneKTpa, B KOTOPOH KBasHUMIYJIbCH k <€ 1/a ¥ 10nycTHMO
MaKpOcKonuyeckoe paccMotpeHue. Co CTOPOHBI GOJIBINHX, HO YAOB-
JIETBOPAIOLINX 3TOMY YCJOBMIO 3HaueHHil & (ak®>>4m, K) BHIpaxke-
Hue (70,10) cBoputcs kK

e (k) = 2BMox (n) k2 -+ 285. (70,11)

[lepBoill usen 3fech coBMajgaer ¢ YHCTO OOMEHHBIM BBIPaXKeHHEM
(70,4). BHemmnee xe moJe f0GaBJsSET K SHEPTHH MarHoHa MpPOCTO
uneH 208). B 3ToM npuGanmKeHHH, clefoBaTeJbHO, MarHOH 06aafaer
npoekuued MoMeHTa Ha M,, paBHofi —2B. BosGyxpeHue B Tese
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KaxKJOro MAarHoHa yMeHblIaeT IOJHBIH MArHHTHHH MOMEHT TeJsa
Ha 2f.

B o6parnom cuayuae, npu k — 0, Boipaxenue (70,10) crpemurcs
K OTJIMYHOH OT HYJs BeJMYHHe, paBHON (npH & =0)

£ (0) = 2BMK (1 +iK’lsinze)"2. (70,12)

Taxkum ofpa3omM, yyeT MarHUTHOH aHHU3OTPONHUH NPHUBOIHT K IMOSB-
JIEHHIO 3HEePreTHYeCKOH IIeJH B CHEKTPe MarHOHOB!). JTO ecTect-
BEHHO, TIOCKOJIbKY IPH HaJHUYHH aHH3OTPONHH Jlaxe NOBOPOT Mmar-
HUTHOrO MOMEHTa Kak uesoro (T.e. npu k=0) cBsi3aH ¢ KoHeuHOH
sHeprueil. Mul BUAuM, uTQ Npu Maablx k pesisiTHBHCTCKHE 3(eKTHI,
HECMOTPSL Ha HX MaJoCTb, NPHBOJAAT K OTHOCHTEJBHO GOJIBIIMM
NONpaBKaM K CHEKTDY.

IlpencraBieHne 0 MarHoHaxX Kak o0 3JeMeHTapHHIX BO3Gyxje-
HHAX OTHOCHTCH K €J1a60 BO30YXKJAEHHLIM COCTOSHHSM TeJsa, a TeM
caMbIM—K HH3KUM TemneparypaM. ITosToMy B OTHOCALIMXCH K Mar-
HOHaM (opMy/aax 3HaueHHS BCeX MATEPHAJbHBIX KOHCTAHT (B TOM
yHcJle U HaMmaruuuyenHoctd M) JosxHb Opatbest npu T =0.

BepuemMcss x cienaHHoMy B § 69 npenmoJioxkeHHIO O csaGoCTH
JUuccunanyd. B KBaHTOBOH KapThHe AUCCHIALHUS O3HAYAET KOHey-
HOCTL BPEMEHH KH3HM MarHoHOB, OOYCJOBJIEHHYIO HX B3aUMOjeH-
CTBHEM JPYT € APYroM H ¢ APYTHMH KBasH4aCTHLAMH.

Ecau cHayasa roBOpHTb O B3aHMOJEHCTBHH MarHOHOB Jpyr
¢ ApYILOM, TO MNpeXJie BCEro Haj0 OTMETHTb, 4TO B OGMEHHOM IpH-
GJIMKEHMHM YMCJIO MAarHOHOB He MeHSIeTCsl (KaxKIbli MarHOH Jaer
B M, olnHaKOBbIH BKJajy —2B, a oOMeHHOe B3auUMOJeHCTBHE cOXpa-
Hsser M,). Ilo3ToMy B TakoM NPHOAMKEHUH BO3MOXKHEL JIMIUb
npouecchi paccesiHdss. HX BeposiTHOCTb, OJHAKO, YMeHBLIAETCS
C NMOHHXKEHHEM TeMIepaTyphl— yKe NPOCTO H3-32 YMEHbLICHHUs UHCJIa
paccenBaTesefl,—TaK 4YTO OGMEHHOE 3aTyXaHHe BO BCAKOM Cliyuae
cTpeMutcss K Hymo npu T=0. Mbel yeuguM HuXe (§ 72), uto co-
CTOSIHHE C OJHHM MAarHoHOM B OGMeHHOM NpHUOJIMKEHUH ecTh JeHCT-
BUTEJbHO CTPOTO CTAallHOHAPHOE COCTOSIHHE CHCTEMHL 2).

[Ipu T =0 3aryxaHHe MarHOHOB OGYCJIOBJIEHO TOJBKO IpOIlec-
caMM HX pacnafa. Takue npouecchl BO3MOMXKHEI JIHLIb 33 CYET peJisi-
THBHCTCKUX B3aHMOJEHCTBHA, W yXKe IO03ITOMY HX BEPOSTHOCTh
mana. Kpome Toro, npu Manelx k BeposTHOCTh pacnaja Bcerja

1) CoorsetcTBylomy0 wactoTy @ (0)=¢ (O)/ﬁ Ha3HBalOT vacToToll gheppomae-
HUMHO20 Pe3oHaHCA.

2} OTMeTHM TaKXe, YTO CeyeHHe PacCesiHMs JBYX MarHOHOB IPYr Ha Apyre
B o6MeHHOM NDHOJIHMKEHHH CTPEMHTCA K HYJ IO NPH yMeHbIIeHHH HX 3HepPTuH
(cM. § 73). DTo 06CTOATENBCTBO JONOJHHTEABHO YMEHBIIAET OGMEHHOE 3aTyXaHHe
MAarHOHOB NPY HH3KHX TeMmepaTypax. IIpd J1OCTATOYHO HH3KMX TeMIeparypax
PeATHBHCTCKHE 3((eKTl CYHMeCTBEeHHb H JJIA NPOLECCOB pacCesiHus,
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YMEHbIIAeTCs 34 CYeT MAJOCTH CTAaTHCTHYeCKMX BecoB ((asoBbIX
06beMOB) KOHeUHEIX COCTOSIHMH npoiecca.

3aTyxaHHe MarHOHOB BBI3BIBAETCH TaKXKe H MX B3auUMoJeHCTBHeM
¢ doHoHaMH (pPoJib ONEPATOpPa BO3MYLIEHHS HIPAaeT 3/leCh 3aBHCALLAA
oT jedopMalMH KpPHCTaJna 4YacTh raMHJbTOHHAaHA OOMeHHOTO B3a-
umojeiicreust). Ilpu T =0 Bo3MoxeH mnpouecc poxJeHusl ¢oHOHA
MarHoHOM; AJs 3TOr0, OJHAKO, KBAa*UHMMIYJbC MarHoHa JoJiKeH
GBITH JOCTAaTOYHO BEJHK— CKOPOCTh MarkoHa de/fidk JOMKHA GHITH
6oJsbllle CKOPOCTH 3ByKa (cp. npuMeuaHue na ctp. 321). Beposit-
HOCTb TMpolLecca MaJia TaKXe€ U 3a CueT MaJOCTH CTATHCTHYECKOTo
Beca KOHEYHOTrO COCTOSIHHA.

Hakonen, B deppoMarHHTHOM MeTajJe BCerhia BO3MOKHO (32
CyeT OOMEHHOTO B3aWMOJEHCTBHA C 3JEKTPOHAMH IIPOBOAMMOCTH)
B0o30yXKJieHHe MarHoHOM 3JeKTpoHa H3-NoJA (epMH-NOBEPXHOCTH.
U 31eck BepoOAITHOCTH Npollecca NpH MajelXx k masa 3a cuetr majocTH
CTaTHCTHYECKOTO BeCa KOHEYHBIX COCTOSIHHH.

3ajgaua

HaliTH cnekTp MarHoHOB B OZHOOCHOM (peppoMarHeTHKe THIIA «JierKas IJO-
ckocThy (K < 0).

Pemenune. PapHoBecHas HaMmarsHueHHOCTb M, JeXHT B maockocTw, mep-
MEeHAHKYJSPHOA OCH CHMMETDPHH KpucTaJsia (ocH z); BeiGepeM HampaBiaeHue Mg
B KauecTBe ocH ¥. JIuHeapH30BaHHOe ypaBHeHHe JIBHXEHHSA MarHHTHOTO MOMEHTA
AMeeT B TOM cJaydae BHJ

~iem=2f {ak? [n,m] —[K | m,n,—[n;h]},

rje fy, 0, —eIHHHYHbE BEKTOPEl BJOJD KOODAHHATHHIX OCEH, @ BEKTOD M JIEKHT
B IJIOCKOCTH yz, mepnexgHkynaspHoii My. Ilogcrasus cioda h us (70,7), pacnucas
ypaBHeHHe B KOMIOHEHTAX H NPHPABHAB HY/IO ONpeJlesHTe/b noJyvamolefcs
CHCTEMEI, NOJYYHM CIIEKIp MarHOHOB

e (k) =2pM [ak? (ak® 1| K |) 1 4s sin® 8 (@k® 4| K | sin? ¢)] 12,

rae 6 W ¢—nONAPHBIA Yrosl H a3sHMYT HamnpaBJeHHS K OTHOCHTEeJNbHO Hampasle-
HHsi M, (OpuveM a3HMYT OTCUHTBHIBAeTCH OT IIOCKOCTH x2). IIpH ak?3>>1 Mul
BO3BpalljaeMCsi K TOMY e KBagpaTHyHOMY cnekTpy (70,4), a npuH £ — 0 sHepIrus
MarHOHA CTPEMHTCS K BEJHYHHE

e(@) =4 (| K2 M |sinOsingp],

ofpamatomefics B HyJb, KOI'Ja BEKTOP K JIeXKHT B NJOCKOCTH x2, 06pa3oBaHHOH
OCBI0 CHMMETPHH H CIOHTaHHOH HaMarHHYeHHOCTBIO KPHCTaJsa. D10 obpalieHne
B HyJb SBJSeTCS, OJHAKO, NPHOG/INKEeHHBIM: ydyeT B SHEPIHH aHH30TPOIIHH YJICHOB
GoJiee BHICOKOTO HOPS/JKa NPHUBOAUT K NOSBJEHHIO AHH30TPONKH H B IJIOCKOCTH XY
H TeM CaMblM—K KOHEYHOH 3HepreTHYeCKOHl IeJH BO BCeX HampabiJeHHAX k1).

1) Hanomuum (cm. VIIT § 37), uto passiokeHHe 5SHEPTHH aHH30TPOIHH IO
cTeneHM M ecTb B IeHCTBHTEJBHOCTH PAa3JIOXKeHHe MO PeJATHBHCTCKOMY OTHOLIe-
HHIO v/c (H He CBA3aHO ¢ Manoc1bio M, T. e. ¢ GaM3oCThIO K Touke Kiop).
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§ 71. Marsonsl B (heppomarHeTnke. TepMOAHHAMHYECKHE BEJIH4HHBI

Bos6yxaeHHble B (eppoMarHeTHKE MarHOHBI BHOCST OfpeJeJIeH-
Hbli BKJAJ B €r0 TepMOAMHAMHYECKHe BeJHuMHbl. IlosyueHnsie B
npeabiayleM naparpade pe3yJabTaThl MO3BOJAIOT BLYUCAUTL 3TOT
BKJaJd NpH Temneparypax, HH3KHX B ToM cMblcae, uto T <£T,.
JlelicTBHTebHO, B TEMJIOBOM DAaBHOBECHH MpH TeMmepatype T oc-
HOBHASl 4acTb MarHOHOB HMeeT 3HePruH e ~ T. Jlis KBaJpaTHYHOTIO
CTeKTpa

e (k) = 2BMa (n) k2 (71,1)

5TO 3HayuT, uTo npu Temnepatypax T << T, BO3OyXIeHn MarHOHBI
¢ kpasuumnyascamu R<Z (T /PMa)l/?. Bocnonb30BaBUCh OUEHKOH
(69,7) A% o W OLEHUB HaMarHHYEHHOCTb Kak M ~ f/a® (Ha opyy
5/1€MEHTAPHYIO STUeHKY TPHXOJUTCH MATHHUTHHI MOMEHT IIODSiIKa
HecKOJMbKHX P), HaxoIuM otciofa ak<< 1, T.e. ycaoBHe NPHMEHH-
MOCTH pe3yabTaToB § 70.

«MarHoHHbe» 9acTH TEPMOJAHHAMHUYECKHX BeJHUYHH (eppoMarse-
THKA BBIYUCJAIOTCS KaK TEPMOAHHAMHUYECKHE BEJHYHHBI HJeaJbHOTO
Go3e-rasa ¢ paBHHIM HYMIO XHMHYECKHM MoTeHuuastoM. Tak, pas
MAarHOHHOH 4acTH TePMOILMHAMHUECKOTo NOTeHuuasa & HMeeM

Qmarsz‘ln(l—e—e/T)‘-’ﬂ‘

i (71,2)

(cm. V (54,4)). Otciofa [1s MarHOHHOrO BKJala BO BHYTPEHHIOIO
3Hepruo )

agmar € Vd3k
EMarzgmar_‘T oT ZS‘eB/T‘—l 2m)3" (71,3)

MarHOHHRH e BKJaJ B CMNOHTAHHYK HaMardiWyeHHOCTb JaeT
ee uaMeneHue ¢ Temmneparypoid. OH BBHUHCJAETCS KAaK NPOH3BOAHASA

1 0Quar
MmarEM(T)—“M (O)=--‘7 "EE_

mo BHemHeMy MarmutHomy mnoaio (cp. VIII (31,4)). [Juddepenunpys
BuipaxeHnue (71,2), nojydum

de
Mmar=—j‘£
ITpousponHas — (Je/0%) npencrap/sger coboit cO6CTBeHHbIH MarHHT-
Hbll MOMEHT MarHoHa.

H—>0

1 dsk
60 &/ T—1 (2)*°

(71,4)

1y TIpn xuMuuecKoM moteHuHate =0 (a motoMy ¥ ®=Nu-=0) nMeem E =
= @O--TS—PV =TS +Q; surponust ke S=—0Q/0T. Brpaxenne (71,3) MOXKHO
6bl10 Ohl, KOHeYHO, HamucaTh M HemOCPeACTBeHHO, Oes ofpaumeHus K gopmy.e
{71.2)- 3
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Boiuncaum uHTerpadst (71,3—4) npu tremneparypax T > 2apM1);
TOTJla JJIsi CHEKTPa MarHOHOB MOXHO I10Jb30BATbCS IpeJeNbHbIM
BoipakeHueM (71,1). B BHAy OLICTpOH CXOAMMOCTH HHTErpasioB HH-
TeTPHPOBAHHE MOXKHO pacrpocTpaHuTh Mo BceMy K-HpocTpaHCTBY
(BMecTo ofiHOH siueilKu oOpaTHoW peineTkyu). Ilosarast Bennuuny o
NOCTOSHHOH (/11 KYOUYECKHX KPHCTAJJIOB) H 3aMeHHB d3% — 4nk?dk,
nocje OYyeBUAHOH MOACTAHOBKH IOJIYYHM

VTS ? 2P de [ TORT G T ()

Mar Ty gt ) e =1 YRR
0

Tle 148 KpaTKocTH o6o3HaueHo A =28Ma (Tak uto & = Ak?)?). Ilns
tenjgoeMKocTd C,,p = 0E,,/0T HaxoauMm orcioja

ST Il g T Ve, |
Coe =V =C B T »0,113(7) V.. (71,5)

HanomHHM, YTO 3TO BbIpaxKeHHe JaeT JHIUIb MAarHOHHYIO YacTb Te-
IJI0EMKOCTH; Hapsjy ¢ Hell TeNJIOEMKOCTb KPHUCTaJJia COJEPKHUT ellle
H 00buHY10 QOHOHHYIO YACTh.

O6pamasich K uHterpaay (71,4), noacrapasemM, corJgacuo (70,11)
3HaueHHe —2B AnA MarHUTHOrO MOMeHTa MartoHa. B pesyanrate
npu T3> 2aBM noayuum

BT PPy
, My =— 2 V 5, (71,6)
0
OTKYa
a/2 J
M(T):M(O)_%iﬂlzm(m_o, 117B (T1A)¥ (71,7)

(MarHoHHbI BKJaj HCUEpNBIBaeT, KOHEYHO, Bce H3MEeHEHHe HaMar-
HHUEHHOCTH, MOCKOJBKY (OHOHBI He HecyT ¢ COGOH MarHuTHOTO
momenta). TakuMm o6pa3soM, H3MeHeHHe CIOHTAHHOH HaMarHHYeH-
HocTH B obJactu Temnepatyp 2afM KT KT, caenyet 3dkouy T3/2
(F. Bloch, 1930).

Hannune meau (70,10) B cneKTpe MarHoHOB NMPUBOAUT K 3KCHO-
HeHnuaabHOH 3aBucumoctd C,,p U M, .. or T B obaactu ele Gosee
Huskux rtemneparyp. [lpu T <<BKM

Cryars Myar oo €xp (—2BKM/T). (71,8)
Beanunna, crosmas B YHCJAHTE/]e 3KCIIOHEHTH,— HaHMEHbIee 3Ha-

yeHHe >HepreTHYeCKOH MLieJH, JocTHraemoe npu 8=0 u 0=mn (cM.
Tak:ke 3ajzauy l).

1Y Oast tunuuHoro 3uavenusi M =2.10% rc 310 ycaosue paer T 31K,
2) O BbLIYHCJEHHH HHTerpPajoB Takoro THna cm, V § 58, .
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Ecan crnoHTaHHasi HaMarHH4eHHOCTh (eppoMarHeTuka B OCHOB-
HOM COCTOSIHHM paBHa HauGo.blleMy BO3MOXKHOMY (KakK FOBODHT,
HOMHHAJBbHOMY) 3HAUEHHIO, OTBeYawlleMy MNapasJeNbHOCTH BCeX
ATOMHBIX MOMEHTOB B TeJse, To 3TO 3HAUCHHE YXKe HE H3MEHHTCS
IPH HAJOXKEHHH (B TOM e HanpaB/eHHH) BHEIIHEr0 MAarHUTHOTO
noJ/fl, T. €. BOCIPHUMYHBOCTL ¥, B 3TOM HAaNpaB/eHHH paBHA HYJIO.

Y4er pesIsiTHBHCTCKHX B3aHMOAEHCTBHH YMEHbLIAET CMOHTAHHYIO
HaMarHuueHHocTh (npu 7 =0) mo cpaBHeHHIO ¢ ee «OOMeHHLIM» 3Ha-
YeHHEM H NPHBOJHT K IOABJEHHIO OTJIHYHOH OT HYJSL BOCIPHHMUH-
Boctu (7. Holstein, H. Primakoff, 1940). Xors 3toT 3¢deKkT u oueHb
MaJl, €ro BbIUHCJeHHe NMpejcTaBJseT HPHHIUMHAJIBHBIE HHTEpeC.

[lpu BHIYHC/EHUH Bblle MACHHTHOH YacTH TepMOAMHAMMUYECKHX
BeJHYHH Mbl OMYCTHJH HYJEBYIO SHEPTHIO «MArHUTHBIX OCIHJJIATO-
poB», He JalOmyKw BKJaZa B TEMIePaTypPHYIO 3aBHCHMOCTb 3THX
BeJIMYHH. HyJsieBast 3HeprHsi OTBeYaeT UMCJaM 3amoJHEHHS MarHoH-
HBbIX COCTOAHMH, paBHBIM 1/2:

Vd3k

1
E (0)yar = § 5 & (1) Gs-
COOTBGTCTBEHHO pid8: ¢ «HyJIeBOﬁ» HaMarHH4eHHOCTH HUMeeM

"1 0e d3k
DTOT WHTErpaJs pPacxXoluTCs NPH GOJBMIKX R, T. €. OH ompejeasercs
rJ1aBHBIM 06Pa30M KOPOTKOBOJIHOBBIMH MarHOHaMH (ka ~ 1), KoTopble
BooOllle Hesb3si pacCMaTpHBaTb MakpockKomudeckKu. OAHAKO u3Me-
HEHHE HAMarHHYEeHHOCTH MHOJ BJAHSHHEM DPeJSTHBHCTCKHX 3(bheKToB
omnpejessieTcsl, KaK Mbl yBHIUM, JJIMHHOBOJIHOBOH 06J1aCTBhIO CHEKTpa
MarHoHOB H MOXKeT ObiTh BHIYHCJ/IEHO C MOMOILBIO MOJYYeHHLIX B § 70
dbopmy.J. ‘

Jasa mpocToTel 6yJeM paccMaTpuBaTh KyGHUeCKHE KPHCTaaad H
npene6pexeM Majoi B 3TOM c/Jy4yae KOHCTAHTOH anH30TPOMHH, T. €.
OyfeM mucatb crnektp MarHoHoB (70,10) B Bujge

e (k) = 2B [(bk* 4- §) (bk* + O + 4nM sinz ) ]/2, (71,10)
rre b=aM; penatuBHcTCcKHM 3(¢deKTaM oTBeyaeT B 3TOM BhIpa-
KeHuu uneH 4nMsin?0, BO3HHKAIOWHH OT yyeTa MarHHTOCTaTHYEC-
KOoH 3Hepruu. Hckomoe usmeHeHHe SM HaMarHHYeHHOCTH TOJ BJHA-
HHeM DeJIATHBHCTCKHX 3h(eKTOB Mosydyaerca BuiuHTaHHEM H3 (71,9)
TaKOro ke HHTErpana ¢ g, (k) =28bk?+ 289 Bmecto & (Kk):

1 0 d3k
6M=—§-‘S\£[s(k)—eos(k)]w. (71,11)

ODTOT MHTerpas yxKe CXOAUTCS MpH Goabmux k?).

1) Bo usbexanue Hefopa3yMeHNHiH OTMETHM, YTO NOMPABKY K SHePTHH OCHOB-
HOPO COCTOSIHHA STHM CHOCOGOM Onpeje/HTh Heab3s: Ge3 aubdepenunpopBanus
10 §) HHTErpal OT €—€,g PACXOXUTCHA IPH HCHOOJb30BAHHU JIJIUHHOBONHOBHX Bhi-
PaxKeHHH AJA CHEeKTPAa MarHoHOB. -
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Jlns BHUHCJAEHWA YI06HO cHayana mnpojaudpepeHIHPOBATHL €ro
no M mnpH TOCTOSTHHOM b (A/nf STOTO H BBeAeHO o6O3HaueHHe b
B (71,10)). Tlocse npocTeiXx mpeo6pa3oBaHHUMl MOJYYHM

T o
DBM=_4:'L2BMS‘S‘ sint 0 2nk®dk sin0 40
oM (2m)? J ¢ (bE% 4 §)1/2 (bk* 4 H+ 4aM sin2 )%/
Beuly CXOAMMOCTH HHTErPHPOBAHUE MO dk MOXKHO pPacnpoCTPaHHTDH
Jo oo.
ITpu $=0 uHTerpaa Jerko BHIUMCJSETCS; HHTETPUPYS 3aTeM
no M, noJyuum -

__ Y
M =—110

(71,12)
drta peJHuUHHA oueHb Maaa: OM/M ~ 10-¢.

EcJiu e BHELIHee TO0Je BeauKo (> 4nM), MoXHo npeHeGpeub
yteHoM 4nMsinf B 3HaMeHaTese NOJLIHTETPaJbHOTO BBIPAKEHHS.
IToctle 9TOTO BHIYUCJEHHE NMPHUBOJUT K Pe3YJbTATY

_ ompMmt/E
M =— 15“3/2@1/2 °

Ipu § — oo 8M cTpeMuTCcs, KaK W CJaeJ0OBaJO, K HYJIO.

B 3aK/mouyeHHe OTMETHM, UTO ecju Obl Mbl NONBITAJHCh TEM XKe
cnoco6oM, KOTopbifl GELT MpPHMEHEH B 3TOM naparpage K Tpexmep-
HOMY CJyYaio, PACCMOTPETh TeMNepaTypHYIO 3aBHCHMOCTb HaMarHu-
YeHHOCTH JAByMepHOro QeppoMarseTHka, TO0 (B YHCTO OGMEHHOM IpH-
6/MKeHUU) MBI NOJyud/IH 6bl BMecTo (71,6) Jorapugmuyecku pac-
XOISUMHCA HHTerpaJ. 10 03HAYAET, YTO CMOHTAHHOE HaMarHvuyeHue
B JBYMepHOH CHCTeMe ¢ OGMEHHBIM B3auMOJeHCTBHEM B JAeHCTBH-
TeJIbHOCTH OTCYTCTBYeT npu Bcex 7 =0. ITa curyauusi aHaJOTHYHA
Toit, KoTopasi 6bjia oTMeweHa B § 27 ansl (BYMepHOH G03e-XKHAKOCTH
(u B V § 137— paasa ABymepHOro Kpucrasa). HesaBucHMocTb SHepruu
CHCTeMbl OT HampaBJieHHS! MarHATHOTO MOMEHTa NPUBOAHUT K TOMY,
yTo B ee BhIpaxEHHEe BXOAAT TOJBKO MPOU3BOAHEIE BeKTOpa M;
B CBOIO OYepejb, 3TO MPUBOJUT, B KOHEUHOM HTOre, K PacXoju-
MOCTH GJyKTyauuil (B IByMepHOM cJyyae), paspyllaomuX Hamar-
HUUEHHE. YUYeT PeJSTHBHCTCKHX B3aHMOJEHCTBMH, 3aBHCAUIMX OT
HanpapJjeHust M, cTaGHJIH3HpYeT QUYKTyalMH U JeJaeT BO3MOKHBIM
CYULeCTBOBaHHe ABYMEPHOro ¢eppoMarHeruka.

(71,13)

3agavu

1. BHUHMC/HTh MarHOHHble Y4CTH TePMOJAHHAMHYECKHX BeJHUHH NPH TeMmepa-
typax T L& (0).

PemenHe. CymecTBeHHH MarHOHH ¢ MaibIMH KBasMHMnyibcamu K, pac-
NPOCTPAHSIOMKECS B HATPABJEHHH, IJe lieqb MHHUMAIbHA, T € BO/AH3H 0=0u
@=m; o6a 3T 3HaueHAA AAlOT OJHHAKOBbA BKJAaj., HanpuMep, npu Maieix 6
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HMeeM, ¢ TpeGyeMOHl TOYHOCTBIO,

& (k) = 2BKM + Ak% -+ 4npMO?,
rie A=2pMo nns kybuueckMX KpucTaldsnoB HIH A=2PMop A4 OZHOOCHBIX
KDHCTAJIJIOB THINA «JIeTKas Ocb», PacrmpefeseHHe MarHOHOB NPH paccMaTpHBaeMBIX
TEMIIEPATYPaX MOXKHO CYHTAThb GOJbLLUMAHOBCKHM (T. €. MOXKHO NpeHe6peub eAHHH-
Iefl B 3HAMeHaTeNsX MOIBHTErpaJbHbIX BLIPaXKEHHH) H 3aMeHHTb Be3Je B Npex-

SKCIOHeHIHANbHEIX MHOXHTedsx € (k) Ha &(0). MlHterpupoBanne no k& u no 6
pacnpocTpaHsieTcs Jo o, H B pe3yJbTaTeé HaXOLHM

KT3/? o (_ 2BKM Mo e — Euar
32n°/2 43/ T ) T VKM’

IlpH BbIYHCJEHHH TenJOEMKOCTH ClefyeT AH(@epeHIHPOBATh TOJBKO SKCIOHEH-
[MaJbHBIH MHOXKHTEJb

Emar:V

Cuar =2BKMT =2E yar.

2. OnpenenuTh 3aBHCHMOCTb HaMarHHYeHHOCTH OT BHEIIHEro noJs NpPH ycJo-
BHAX > 4nM, T > ph.

Pemenne. B ykasaHHbHX YCIOBHAX MOXKHO INpeHeGDeub DeJATHBHCTCKHMH
uiteHamMu ¥ nmcats € (k) B Buge (70,11), IIponuddepenunpopan Brpaxenue (71,4),
HaXogHM

' oM _4p2 (&7 an
o T J (@ T—1) e

B uuterpane cymecrteenHnl Maapie k. ITosTomy

M _ gy [ 1 _LE __Bde
o5 T Je @ 2a® ) (kM o1~ )

(nonaraem a==const; Mq—3nauenne M npu §=0) H OKOHYATENBHO
omM____ T
o5  8m(aMy)P2Ht
TakuM OGPas’oM, B pacCMaTpHBaeMHX ycuoBuax M —M, c §/2.
3. OnpenenuTh 3aBHCHMOCTb HaMarnH4YeHHOCTH npH T =0 oT BHelIHero moJs
B cjabblx NOJISAX.
PemeHnne. Jinddepenuupys uurterpan (71,11) ¢ e(k) us (71,10) nmo §,
TIOJTY9HM .
M _ 4n2P M3 sint 8 d*
9 [(@Mok? -+ 4nMg sin? 8-+ §) (aMok? -+ §)13/2  (2m)
Ipu § — 0 uHrerpan no dk pacxozurcs JorapupMHyYecKH NpH Maiaux k. Tlosromy,
orpaHHUMBasich Jiorapu$MHYECKOHl TOUHOCTbIO, MOXKHO IOJOXKHTb B NEPBOM MHO-

XHuTeJe B 3HameHatene k=0, =0, a Bo BropoM H==0, HO npPH 9TeM o6pe3aThb
HHTerpan cuusy npu k2~ H/aM, u ceepxy—npu k%~ 4n/o. B pesysbTare

NOJIy4HM
oM B 1 M

% 2VaMa §

Hanomunm, uto B (71,10) npeneGpexeno K. Ipu <€ KM B norapupme § same-
HsieTcs Ha KM,.
4. B 06MEHHOM NpHOAMXXEHHH ONpelesNHTh TPOCTPAHCTBEHHYI0 KOpPpeJasnHOoH-
HyI0 QyHKUmIO GIYKTyauHii HaMarHMSEHHOCTH HAa PACCTOSHHEX 7 3>a.
Pemwenne. Onepatopu my U my, yAOBJETBOPAIOLUHE NPABH/Y KOMMYyTalHu
(70,6) H BrHpaMeHHHe Yepes ONEPaToOpHl YHHYTOKEHUA H POXKACHHA MATHOHOB,
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HMeIoT BHA (B ILPEAHHIEPOBCKOM I1PE/CTABJIEHHH)
iy (1)= @MW)/ (a e +afemkr),
k

my (t)= i BM/V)!/? % (@, % —ajfe ).
C NOMOILBIO STHX ONEPAaTOPOB BBIYHC/SAEM KOPpEIAUHOHHYIO (QYHKUHIO

Qi ()= <1 (£2) g (o) - P2g () @)D, =11y

(uHpeKcH i, k npoGeraloT 3HaueHHH X, Y). YuTH, YTO OTJHUHHE OT Hy/as JHaro-
HaabHEle MaTPHYHble 3JEMeHTH HMEIT Toabko npoussegenna <aj ap>=n,,

<ay a;t) =n 41 (rne iy —4HCJAA 3aNOJHEHHA COCTOSHHA MaTHOHOB), HaXOJHM

1Y ikr d%k
@i (=i 260 (met5 ) e s,

[ToxbHTerpanbHoe BbipamKeHHe NpPAMO JaeT (hypbe-KOMIOHEHTY KOPpessiHOHHOH
¢dynkuuu, TTocToRHHBIA uleH B Heil MOXHO ONYCTH1b: eMy cooTBercTByer O-(yHK-
HHOHHOE cJjlaraeMoe B @ (r), MeXAY TeM, Kak Bce paCcMOTPEHHE OTHOCHTCS JIHUIb
K paccTosiHUsM r 3> a. Takum ob6pasom,

Qre (k) =2BMny 8ip=2BM [ 2 (/T _1]-1 8,
B kaaccHueckoM npefese, npu <€ T, HaxolAM
P;r (k) =8;,T /2ak?.
B kyGHueckoM ¢deppomarnetnre a=const, H Toria
Qi (0)=0;,T/8nar, r> (BMa/T) /s,

§ 72, CnuHOBBIA raMHIbTOHHAH

[ moJyueHMs 3aKOHa JMcNiepCUM MarHoHOB BO BCceM HHTEp-
BaJie H3MEHeHHs KBasHHUMNyJbca (a4 He TOJbKO B JJIHHHOBOJHOBOM
npejese) HeoGXOAMMO, pasyMeeTcsi, HCIOJAb30BaTh GoJjiee AeTasibHbIE
npejcTaB/leHHs] O MHKPOCKOIHYECKOH CTPYKType ¢eppoMarHeTHKa.

PaccMOTpHM JU3JIEKTPHK, COCTOAIIHHA H3 aTOMOB ¢ PaBHBIM HYJIIO
op6uTaNbHHIM MOMEHTOM, HO OTJIHYHBIM OT HyJas cnuHoM S. Ecau
He HHTEepecOBaTbCH BHICOKO BO30OYXKJCHHHIMH COCTOSIHHSIMH, CBsi3aH-
HBIMH ¢ BO3GyXJeHHEM 3JeKTPOHHBIX 000JIOUeK al10MOB, MOXHO
YCPeJHHTb TaMHUJbTOHHAH CHCTeMbl MO OPGHTA/IbHBIM NepeMeHHbIM
3/IEKTPOHOB aTOMOB B OCHOBHOM COCTOSIHHH (H NpPH 3aKpeNJeHHBIX
B y3JaX pelIeTKH aTOMHBIX fjpax). B pesysabrate Mbl MOJTYyYuM
CIHHOBHIH TraMHJbTOHHAH CHCTEMH, COAEPXKAlHH JHIIb ONepaTophl
NOJIHBIX CIIHHOB aTOMOB1!).

Ecau yuuTeIBaTH TOJIBKO OGMeHHOe B3aHMOJEHCTBHE, 3aBHCsllee
JHIIb OT OTHOCHTEJbHBEIX OpHEHTAlWil CIHHOB, TO OfIepaTOPHl BeK-
TOPOB CIHHOB aTOMOB MOTYT BXOJHTb B FaMHJIbTOHHAH JIHIUb B BHJE

1) Takass npoueiypa aHaJorHYHa TOMY, KaK CTPOSTCA TaMHJIBTOHHAHH OT-
ZeJbHHX aTOMOB, ONHCHBAIOLHE TOEKYIO CTPYKTYPY HX ypoBHeiiwcp. I11 §72.
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CKaJsipHBIX KoMGHHauufi. CyllecTBeHHBIH MeTOAUYECKHHI HHTepec
NPEeACTABJSET MCCJEJOBAHUE CHUCTEMbI, OINHCHIBaeMOfl mpocTefmum
raMHJbTOHHAHOM TAaKoOTO pona:

Hsg=—% X JamSuSm, Jam=J(tn—Tm),  (72,1)

ms=£n )
rfle CyMMHPOBaHHe NMPOUCXOJMT [0 BCEM aTOMaM; «BeKTOPHEIE» (C Ile-
JIOUHCIEHHBMH  KOMIIOHEHTAMH) HHAEKCHl M H n HYMEPYIOT YBJbl
peuleTkH; ry—HX paguyc-BeKTopbl. Uncaa J,m HasbBalOT o06meH-
Howmu unmeeparamu (cp. 1 § 62, 3agaun)?). Ilpu He3aBHCHMOM cyM-
MHPOBAHHHM 110 M H n KaxJasd Napa aTOMOB BCTpPeuaercsi B CyMMe
(72,1) mBaxanl, mpudyeM, KoHeuyHO, Jam=Jmn.

B (72,1) Bce MarHHTHBE aTOMBI B pelIeTKe IPeANoJaramTcs
ONMHAKOBBIMHM (10 OAHOMY B KaxJoH 3.1eMeHTapHOH svefike). OcHOB-
HOe JKe Npe.IoJoXeHHe, JeXalllee B OCHOBE TaKOTO FaMHJbTOHHAHA,
COCTOHUT B JOCTATOYHOH B3aUMHOH yJa/leHHOCTH aTOMOB B pelIeTKe.
OGMeHHBI!l HHTErpan onpejelsieTcs: «IePEeKPbITHEM» BOJHOBHIX (YHK-
M JBYX aTOMOB H OyYeHb OBICTPO (3KCIOHEHNHAJbHO) YyOHIBaeT ¢
yBeJHYEHHEM pacCTOSHUS MeXAY HHUMH. [l cucTeMB B3auMHO
yJa/leHHBX aTOMOB MOMKHO I03TOMY CYHTaTb B3aHMOJEHCTBHE map-
HBIM, B CBSI3H C 4eM B (72,1) OTCYTCTBYIOT YJIEHHI C IIPOH3BeJIcHU AMH
ONepaTopoB CHHHa Gojee yeM JByX aToMoB. C 3TOH e TOYHOCTBIO
MOXKHO CUHTaTh, YTO OOMeHHOe B3aHMOJEHCTBHE MEXAY ABYMS aTo-
MaMH OCYyILIeCTBJ/SAETCS KaX/plil pa3 Bcero ofiHo# napofi 3JeKTpoHOB —
IO OJHOMY M3 KaxJoro atomMa. Torja oneparop B3auMOAeHCTBHSA Gy AeT
coctaBJieH GHJIMHEHHO IO OMepaTopaM CIIHHOB 3JIEKTPOHOB, a MOCJe
yCpelHEeHHA MO COCTOAHHAM aTOMOB— GHJIMHENHO 10 ATOMHBIM CITH-
HaM (C. Herring, 1966)2).

CucTema, onuceiBaeMast raMusibToHHaHOM (72,1), deppoMarHuTHa,
ecJu OOMeHHBIe HMHTerpafbl Jmn > 0. OmpesesuM 3HepPTHIO OCHOB-
HOTO COCTOSIHMSI TaKoM cHCTeMbl. /[omycTHM 0OpH 3TOM HaJuuue
TaKXe H BHEIIHEr0 MarHUTHOro moJs &), no6aBus K (72,1) onepatop

‘7———-—25@23.112 (72,2)

(och z—B HanmpaBJIeHHH NOJIsK). Oneparop 2 S,.,POEKIUH TOMHOTO
CNIMHA CHCTEMBI KOMMYTaTHBEH Kak ¢ Hos, Tak u ¢ V; cocrosinus
CHUCTEMBI MOXKHO II03TOMY KJAacCUPHIUPOBATb IO COGCTBEHHBIM
3HaYeHHUAM 3TOH BEJHUHHHI,

1) Onncanne OGMEHHOTO B3aHMOJEHCTBHS CHHHOBBIM T[aMHJILTOHHAHOM GBIJIO
Beegeno Jupaxom (P. A. M. Dirac, 1929). Famuibronnan (72,1) BBegeH 6an Pie-
kom (J. H. van Vleck, 1931); ero o6biyHO HASHBAKT refiaeH6EPTOBCKHM, MOCKOJIBKY
OH COOTBETCTBYET MOJeJIH (eppOMarHeTHKa, BIEPBHIE PaccMoTpeHHol [eiisenbepeor.

?) B TaKHX YCJAOBHAX CYMMHpOBaHHe B (72,1) JOMKHO NPOM3BONHTBCH, KO-
HeYHO, JHIUb N0 NapaM COCEJHHX aTOMOB. DTHM, OJHAKO, 3aNHCh QOPMYJ HHKAaK
He ympoulaeTcs, H NMOTOMY MH He OyleM YUHTHIBATbL 3TG YCJOBHE SBHEIM OGpPa3oM.
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B deppoMarHHTHOM cJiyuae OCHOBHOMY COCTOSIHHIO OTBEUaeT
HauGoJiblllee BO3MOXKHOe 3HayeHHe MPOEKIHH CYMMapHOrO CIHHA,
paBHoe NS, rie N—uucio aToMOB B cHCTeMe (3TO He CBSi3aHoO,
KOHEYHO, C HaJMHYHeM BHeELIHero MoJisf, KOTOpOe JHIIb BBIIENsET
H36paHHOe HanpasJjeHue ocu). [1ycTh ¥, —HOPMHPOBAHHAS CIIHHOBASA
BOJIHOBasl (GYHKIIHS OCHOBHOI'O COCTOSIHHS.

MaxkcumanbHOe 3HaYeHHe NS MPOEKIHH MOJHOTO CIIHHAa MOXKeT
JNOCTHraThCsl, JHUIb €CJAH U NPOEKIHs] CIHHA KaXkJOro aToMa HMeeT
CBOe MaKCHManibHoe 3HadeHue S. Iloatomy 7y, eCTb B TO XKe Bpemd

H co6cTBeHHAS (QYHKUHSA KaxkIOr'o H3 ONepaTopoB Sp.:
Sano=SXo' (72,3)

BgeJeM Heo6X0JHMBle M/ TanbHeH1Iero onepaTopst Sisz:tiS’y,
YIOBIETBOPSAIOLINE NpaBHiaM KOMMYTalHH

5,8.—8.8,=98, 88.-8.8,=+8, (72,4)
(cm. IIT (26,12)). MIx mMaTpuuHble 3JieMEHTHI:

(cm. 111 (27,12)); onmepatop S, yBennuusaer, a S_ —yMeHblaeT Ha
eXHHHUY 3HaueHHe npoekuuu S,. Janee, muiueMm

Smgn = szgnz + ';" _(Sm+Sn_ +‘§m-‘§ﬂ+)

H 3ateM { -
H=— 7 Z Jmn (szSnz +Sm-—Sn+)_ 2‘3‘5 Z sz! (7276)

msn m

rfie HCNOJb30BAHA CHUMMETPHA Jmn=Jym H KOMMYTaTHBHOCTbH OIle-
paTopoB, OTHOCAIIIHXCS K Pa3HBHIM aToOMaM.

ITocko/nbKY ONMepaTopul Sp,. HMEOT MaTPHYHBlE 3JeMEeHTH JHIb
ISl TIepeXoOB C yBesJHUeHHeM uncen S,, TO AJS COCTOSIHHS C HaH-
60JbIIUME 3HAUEHHUSIMH 3THX UHCEJN

-~

Snite=0 (72,7)

(4To BHJAHO TaKxKe M H3 fABHBIX BHIpaXKeHHH# MaTPHYHBIX 3JIeMEHTOB
(72,5)). IloaToMy mpH BO3ReHCTBHH TraMuaAbTOHHaHa (72,6) Ha BOJ-
HOBYI0 QYHKLHIO ¥, NOJydaeTcs

3 1
on={—7 ) Jmnsz—%@NS}xo-
ms=n .

BripaxeHue B cKOOKax # ecTb 3Heprusi £, OCHOBHOTO COCTOfIHHSA.
3aMeHHB CYMMHPOBaHHe II0 M M N CYMMHPOBaHHeM MO M H IIQ
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q=n-—m, 3anuiieM OKOHYaTeJbHO Eo B BH]IE
1
Ey=—5NS* 3 Jo—2BSNS. (72,8)

q=0

ITo/IHbBIf MarHUTHEIH MOMEHT CHCTEMBI B 3TOM COCTOSIHHH ecThb 2BSN.

Crenymouiee, B nopsjike yMeHbUIEHUS MPOEKLHH MOJHOTO CIHHA,
COCTOSIKHE CHCTEMBI OTBedaeT 3HaweHHo NS—1 yKasaHHOI mpoek-
LIHH; OHO COOTBETCTBYET BO36YyKAEHHIO OJHOIO MAarHOHa C MarHHT-
HbiM MoMeHTOM —2f. TakuM 3HayeHHEM MPOEKIIHH MOJHOrO CNUHA
ofJiajlaeT COCTOSHHE C BOJHOBOH (DYHKIHEH

(28)=1/2Sn-%e» (72,9)

B KOTODOM BO3JelicTBHeM omepaTopa S,- yMeHbllleHa Ha | mpoek-
IMA CIIHHA OJHOrO M3 aTOMOB ). DTa OYHKIHSA, 0JHAKO, He ABJASETCH
co6cTBeHHOH (yHKIHeH raMHJIbTOHHAHA CHCTEMBI; B HEH HE yuTeHa
ellle TPaHCJASUHOHHAA CHMMeTpHA pemeTKu. Co6cTBeHHAas QyHKuusA
raMHJbTOHHAHA NOJXKHa OBITb [OCTPOEeHa Kak JHHeHHass KoMGuHa-
nua QyHKuu# (72,9) co BcemH HomepaMu n. Te Xe paccyxAeHHUS,
KOTOpHIE NpHBeaH Hac B § 55 k dyHKuuAM Bioxa Ans snexTpona
B IePHOJHYECKOM II0JIe, NMOKAa3blBalOT, YTO AJ7 NMPaBHJABHOrO yyera
TPaHCAALMOHHOH CHMMeTPHHM 3Ta JuHeHHass KoOMGHHAUMA JOJKHA
HMeTh BHJ,

ye=(2NS)-1/2 e, (72,10)

(MHOXHuTenb N-1/2 —HopmupoBouHblil). IlocrosHHbE BekTOp K ecTb
He YTO HHOe, KaK KBasHHMIYyJbC MarHoHa.

Oueprus ¢ (k) MarHona ecTh pasHocTb Ex— E; MeXIy 3HeprusiMH
BO30YXKJEHHOIO H OCHOBHOI'O COCTOSIHHH cucTeMbl. ITostomy

(H—E,) % = (K) %x-

ITogcTaBuB B JieBYI0 CTOPOHY 3TOrO paBeHCTBa BhipaxeHue (72,10)
U 3aMeHHB 3ateM E.y, Ha HY,, NOJYYHM

e (k) xe = (2NS)-1/2 D™ (A8, —Su_H)y,.  (72,11)

Crosituit 3ieCb KOMMYTaTOp JerKO BHIYHCJIHTh, 3aNHCaB 4 B Buje
(72,6) n ucnonbsoBaB mpaBusia’ KommyTamuu (72,4). CHoBa yuTa

1) HopmupoBry ¢ynkiuuu (72,9) Jerk0 npoBepHTb, 3aMeTHB, UTO

(gn—XO)* (gn_')(o) =X;S:_§H_Xo =<8 l Sn+ Sn_ lS) =
=<S|8py [S—15<S—1]S,_|Sy=2S.
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CHMMETPHIO KO3(PHUHEHTOB Jmn, HalifieM
HSH_—'Sn—H =2’Jmn (szSn_—Snsz_) + QﬁL@Sn_. (72,12)

HaxkoHell, nojicTaBuB 3To BolpaxeHHe B (72,11), BcnoMuuB (72,3)
M nepeliid K CYMMHPOBAaHHIO MO q =n-—m, NMOJYYHM

e (k) xk={s qgo.rq (1—e'") +2l3®} T

BrlpaxeHne B GUT'YPHBIX CKOOKax ecTb HCKOMas 3Heprus MarHoHa.
MHUMas 4acTb BBIPAXKeHHs TNOJ SHAKOM CYMMbI, OyAyd4H HeYeTHOH
GbyHKuHeR rq, obpamiaeTcss B HyJb B pesyJbpTaTe CYMMHPOBaHHS,
TaK YTO OKOHYATEJbHO

e(k) =83 Jq(1—coskrg)+26H (72,13)
q==0

(F. Bloch, 1930).

Dra QopMmysa JaeT TOYHBI 3aKOH JHCNEPCHH MAarHOHOB B CH-
cTeMe, oTMChbiBaeMoll raMu/IbToOHHAaHOM (72,1). B mnpejesnbHOM ciyyae
MaJblXx K OHa mepeXOoAHMT, eCTEeCTBEHHO, B KBAJPaTHYHBIA 3aKOH:

e (k) =%Skikk 3 Jgtas fas + 2B (72,14)
q=£=0

Touka Kiopy paccMaTpuBaeMOH CHCTEMbl JIEXKHT NpPH TeMiepa-
type T,~ J, Tak 4To mpu Temrepartypax T 3>>J cucTeMa yxe 3a-
BeJIOMO NMapaMarHuTHa. [Ipn Takux TeMrepaTypax MOXHO, B NEepPBOM
NpHOJIHIKEHHH, BOBCE NpeHefpeub B3aHMOJEHCTBHEM MeEXJy aro-
MaMH. B 3TOM npu6/HKeHHH MarHHTHash BOCIPHUHUMUYHBOCTD CHCTEMBI
GyJeT coBNajaTb ¢ BOCNPHHMUYHBOCTBIO HJIeaJIbHOT'O a3a aTOMOB CO
cnHHOM S M JaBatbest GopMYyJION

N 4p2S (S -1
JHsot) (72,15)
(cM. V § 52); BoCIpHHMUMBOCTb OTHECEHA K eJMHHIE OObeMa. Ao
BLIpaXKEHHe ABJAETCS NMEPBBIM YJeHOM pasioxeHus QyHKUHH ¥ (T)
no crenenaM 1/T. Chelyiomue uJeHBl pa3JioXeHUs YKe 3aBHCAT
OT B3aHMOJIeiICTBHsI aTOMOB; ONpeJe/JHM MepBblii H3 HHX.

BocrnpMHMYHBOCTD (B HYJIeBOM [10JIe) ONPEAEsAeTC KaK NPOH3-
ponHas y =0M/0$ npu §— 0, a HaMarHuyeHHOCTb M BBIUHCIAETCA
KaK MpPOH3BOAHAsA OT CBoGoAHOH sHeprum: VM =—0F/09. s
pellleHHs TIOCTABJEHHON 3aJlauy HANO BBIYMCIHTH F € TOYHOCTBIO JIO
yjaeHoB ~ 1/T2.

Ucxopum u3 ¢opmyasl F=—TInZ, rie Z-—cCTaTHCTHYECKas

cyMMa
N~ E T E Ey  EYN.
B (L
n

n
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CYMMHpOBaHHe MPOH3BOAHUTCA 110 BCEM YPOBHAM 3HEPTHH CHCTEMH ).
[Nonnoe wyucJO ypoBHEHl B CHEKTPe pacCMaTpHBAeMOH CHCTEMBI
KOHEUHO W PaBHO YHCJY BCeX BO3MOMKHbLIX KOMOHHALH# OpHeHTauui
aTOMHBIX CIIHHOB OTHOCHTeJIbHO pewteTKH. Kaxanil ciud uMeet 28 - 1
PasJHYHBIX OPHEHTALHH; MOITOMY YKa3aHHOe YHcJo ectb (2S5 - 1)V,
OGosnavas weproft Haj GYKBOH npocToe apupMeTHUECKOE ycpeHe-
HHe, mepenuileM Z B BHJE
. N 1w, 1w 1 =
Z=(25+1) [1——T—E+WE=—G—T-5E3].

Cpenee 3Hauenue E™=SpH™[(2S +1)V. [lo usBecTHOMY CBOM-
CTBY cJefla omepaTopa OH MOXKeT BBIMHCJAATHCA MO J0GOH mnoJHOH
CHCTeMe BOJIHOBHIX (PyHKUHH; mycTh 3To 6YAyT (YHKLUHH, OTBeyaro-
IHe BCceM BO3MOXKHBIM HaGopaM opHeHTanHi aTOMHEX cHHHOB. Torja
ycpelHeHHe CBOJHMTCA K He3aBHCHMOMY YCPeJHEHHIO KaXJ0ro H3
CIIMHOB MO €ro HamnpaeJeHHAM; npu 3ToM E =0. Jlorapupmupys
Tenepb Z U CHOBa pasJjaras no cteneHam 1/T, ¢ TOH e TOYHOCTHIO

MOJIyYHM
15, 1 =

F=NIn(28+1)—gp E* + ¢ E°. (72,16)

B 3TOM BblpaxKeHHH Hac HHTEPECYIOT 4YJeHH, COfepxKaline £?;

TOJILKO 3TH WYJeEHHl JAafyT BKJaj B BOCIHPUHMYHBOCTL. ONYCTHB BCe

OCTaJibHble YJICHbl H 3aMETHB, YTO IIpH YCPeAHEHHH HEYeTHHEe CTe-
IIeHH KOMIIOHEHT CIIHHAa oﬁpamaxoTc;I B HYJb, NOJYYHUM

2 pre 2 2 R T Ve o )
2_2%2811’ ——-(—2@—7%)——21— 2 2Jmn(SnSnz)(Smsz)-
n n o m

CpegHue 3HayeHHS -
SnzSur = SuzSay =0, Sk =S5(S+1)/3.

TaxkuMm ofpasom,
F=— 3= BINS (S+ ) — 5 BWS (S + 11 ¥ Ja,

qu0
H OTC10Ja OKOHYATEeJNbHO BOCINPHUHUMYHBOCTD
483S(S+-1) N S(S41
g =20t [1 +3840 & Jq]. (72,17)
q5=0

O6paTim BHMMaHMe Ha TO, YTO 3HAK MONPABOYHOTO YJjeHa B KBaA-
paTHHIX CKOOKax 3aBHCHT OT 3HaKa oOMeHHOrG HHTerpaJa.

1) Mocaenywomee BEYHCIEHHE CBOGOAHON 5HEPTHH COOTBETCTBYET BHUHCIEHHAM
B V § 73, npoasesas HX JO CleAyIOLIETO 4YJ€HA Pas3/IOKeHHA.
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3apgaun

1. HafiTH MarHHTHYIO NacTh TENJOEMKOCTH CHCTeMbl, ONHCHBAMOLIEHcS IaMH/Ib-
TorHaHoM (72,1), npu reMmeparypax T 3> J.

Pewenne. IlepBrlit uneH pasJOMeHHA TElJOEMKOCTH MO cremensM 1/T
BO3HHKaeT OT uneHa — E2/2T B cpoGoanofi 3Heprud (72,16). Ycpennss TeM Xe
crnoco6oM KBaZpaT raMuJabTOHHaHA (72,1), moiayuum

= 1, o e SUSHI1ZEN
B=72 3" J0SmSmk SuSne=3 - EOJg
q

mn-mi 9
ms=4£n
(taKk Kak S;Sp=S(S+1) 8;5/3). Ons TensoeMKoCTH HaXOZHM B pe3yJbTaTe

NS? (S+1)?
Coar = f(ST;H DINE
a0

B cooreeTcTBHH ¢ V (73,4).
2, Tlpene6peras B3aHMOAeHCTBHEM MeXIy CIHHAMH, BHIYHCJIHTb HaMarHHueH-
HOCTb [lapaMarHeTHKa NPH NPOH3BOJLHOM cooTHOmeHHH Mexay PH u T.
Pemenue. Cratuctuueckast cymMMma (/s OJHOTO CIIMHA B I10Ji€)

N
— 269 g | _sh [288(S+%2)/T]
Z_s;se"p(“’r_s‘)“ SGeD

F14

Boiuncass cBo6ofuyo asepruro H Auddepenunpys ee mo $, HaxoiHm Hamar-
HUYEHHOCTh

N0 __2pN 1 28H S+ 1 p&

(L. Brillouin, 1927). Tlpu B <€ T 310 BHpaxenre mepexofut B (72,15). B obpar-
HOM mpejesie, npH P§H>> T, HAMArHUYEHHOCTh CTPEMHTCHA K CBQEMY HOMHHA/IBHOMY

BHAYEHHIO [0 3aKOHY
20N 485
M_——__V—_{l__exp(_T) .

§ 73. BaauMogeiicTBHE MarHOHOB

CyllecTBeHHHM MeTOJAMYeCKHH HHTepec NPeACTaBJAfeT BONPOC
0 BKJajJe B MarHHTHYIO YacTb TepPMOJMHAMHYECKHX BEJHYHH ¢ep-
poMarHeTHKa, NPOHCXOASIEM OT B3aHMOAEHCTBHA MarHOHOB; HAamoM-
HHM, 9TO BLIYHCJeHHs B § 7] OhIM OCHOBaHH Ha MNpeNCTaBJCHHH
06 HeaJbHOM rase HeB3aHMOAECHCTBYIOLIHX MarHoHos. PaccMorpuM
3TOT BONMpPOC AJSl CHCTEMBI, ONMHCHIBAeMOH OOMEHHBLIM CIMHOBBIM ra-
MUJIbTOHHaAHOM (72,1).

HMesa B BHAY HaxoXJeHWe BKJaja TOJbKO HaHboJjee HHU3KOrO
nopsnka no MajsoMy ortHomeHHo T/T,, Mbl MOXEM OrpaHHYHTBCHA
JHIIL TapHHM B3aHMOAEHCTBHEM MArHOHOB. JTO SHAYMT, 4TO HaXO
paccMoTpeTb ABYXMAarHOHHEIE COCTOSIHMS CHCTEMhl, B KOTOPHIX mpo-
eKIMs MOJHOro cuHHa paBHa NS—2.
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Tako# npoekI WM OTBEYAlOT BOJHOBbIE GYHKUHH
2nn = [4S (28 —1)]~/280-Sn—%0,
Ymn =(25)"8m-Sn-%, MzEN;

IIOCKOJIBKY OIepaTophl CIOWHA pa3/HYHBIX aTOMOB KOMMYTATHBHBI,
TO Ymn = Ynm ). @yHKIHH (73,1) HOpPMUPOBAHLI YCJIOBHEM KmnXmn = 1,
B YeM JierKo yGeXHTbCst, pacKphiBas HpoH3BeJeHHe TaKUM Xe obpa-
30M, KaK 3T0 6bLIO CHesaHO MJIs NMPOBepKH HOPMHPOBKH B (72,9).
TeM 3Ke crmocofoM MOXKHO yO6eJIMThCA H BO B3aHMHOH OPTOTOHAJb-
HOCTH PAa3JHYHBIX QYHKIHH Ymn.

Oyuxnuu (73,1) He ABAAOTCA caMu 10 cebe cOGCTBEHHLIMH (YHK-
IHAMH TaMUJbTOHHAHAa. BosiHOBHe Ke (GYHKIHH JABYXMAarHOHHBIX
CTAllMOHAPHBIX COCTOSIHHE CHCTEMBl JOJIKHBI MNpPEACTaBAATh COOOH
onpejeneHHble JHHEHHBE KOMOGHHAUHUH GYHKUUH Y mn, KOTOPBIE 3a-
nuileM B BHJE

(73,1

*= Z “V_l—z‘ YmnYmn—+ ; PunYnn (73,2)

m=n

(OCKOJIBKY %mn H Ynm—ONHO H TO Xe, TO HAfO0 MmoJaraTb H
Pmn == Pnm). COBOKYNHOCTH KOSDPUIHEHTOB Pmn COCTABJSAET BOJHO-
BY10 OYHKIUHIO B NPEJCTaBIEHHH, B KOTOPOM HE3aBUCHMBIMU Tepe-
MEHHBIMH SIBJIAIOTCH HOMepa aTOMOB B pemerKe. Muoxkutenn 1/)/2
B nepBoii cymme B (73,2) BBeleH AJsA TOro, yrobbl KBajpar MOAY.Js
|%|* 6e1n paBen cymMe Z|vmnl|?, B KOTOPOH Kamkjias W3 pas/iny-
HBIX Pmn BCTpeyaJach Obl JHIIb OJHH pas.

Tem ke cmocoboM, KOTOphIM OBLJIO HalJeHO ypaBHeHue (72,11)
JJIsi BOJIHOBBIX (DYHKIMI OXHOMarHOHHBIX CTALMOHAPHBIX COCTOSHHUM,
HafigeM, uTo yHKI UK (73,2) M0JKHEl YA0BJETBOPATL aHAJOTHYHOMY
ypaBHEHHIO

P oo
&= Z 2—;/%{}11 Sm-Sn—}Xo+
ms==n

wnn -~ -~ -~
+Z2[S @S—1/? {H, Sn-Sa-} Yo (73,3)

rae tenepb & =FE-—E,—>3Heprus JABYX B3aHMOJEHCTBYIOUIMX APYr
C IPYroM MarHoHOB (a CKOOGKH {...} O3HAa4aiOT KOMMYTaTop).

PackpoeM KOMMYTaTopw B NpaBOd CTOpOHe ypaBHeHus (73,3).
Jlna aToro 3ameyaem, 4TO

{H) Sm—-gn-—}E{Hy Sm—}gn— +Sm— {H; Sn—}r

1) Ecan cnuH S=1/2, to AByKparHoe NpPHMEHEHHe OJHOTO H TOFO e one-
paTtopa Sn— K $YHKLUHMH OCHOBHOTO COCTOSHHA Yo ofpaiuiaer ee B HyJb. B atoM
cayyae, cJefOBaTe/bHO, BCE «AHATOHA/IbHbIEY QYHKUHH Ynn==0,
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H HcmoJb3yeM BhIpaxenus (72,12) aas xommyratopoB {H, Sp-}.
Tlocnie sToro ¢ yueroM mpaBH/ KoMMyTauuu (72,4) mepecrasisem
onepaTopl S, B KpafiHee NpaBoe MOJOXEeHHeE, TJie OHH, BO3REHCTBYS
Ha QYHKUHIO §,, YMHOXaIOT ee Ha S. B pe3y/jbraTe MHOJTY4YHM

{ﬁ, Sm—gn-} %o =S 2 [Jml (gm-‘—'gl-)gn— -+
+ Jn (Sn- —Sl—) Sm—] %o -+ 6mn 2 Jnl:g -Sl-xo—'-’mngm-gn—xo -+
-+ 4ﬁ‘5§~§m—~§n—x& (73,4)

JJisi  YIpOWEHHs 3anmHcH (opMyJs OTrpaHHUeHHs, HaJjaraemele Ha
HHJEKCHl CYMMHPOBaHHA, He BBLINMHCHIBAIOTCSA —CYMMHPOBAHHS MPO-
H3BOJATCA MO BCeM 3HaueHHAM 1, mo mpu 3ToM NOApa3yMeBaeTcH,
4yTO BCe «JAHaroHajbHBIEy Jy = 0.

HanbHelilas npouelypa cBOAHTCA K NojctaHoBKe (73,4) B ypas-
Henue (73,3) M NpHPABHHBAaHHIO KO3DOHUHEHTOB, CTOANIMX IpH
OJHHAKOBHIX GYHKLUHSAX Ymn B OOOHX CTOPOHAaX paBeHcTBa. BriuHc-
JIEHHWS] 3JeMEHTapHbI, XOTA H JOBOJBHO TPOMO3AKH. OHH IPHBOJSAT
B pe3yJbTaTe K cJeaylomell cucteMe ypaBHEHHH A BEIHYHH Ymn:

(QJS_G?) wmn = 82 (Jlmipln + Jlniplm) + Jmn"\pmn_'
—As [Jmn (¢mm+;\pnn)+26mn§.]lmiplm] ’ (73,5)

= [1=(5)"]

U BBeJeHo ofo3HaueHne J A8 CYMMBI X Jni, HE 3aBHcsueH, oue-
1

rjae

BHJHO, OT HHJeKca n?t).

IlepefijleM B 3TOM ypaBHEHHH OT KOODJAHHATHOTO MpeJCTaBJEHHSA
(He3aBHCHMEBIE NT€PEMEHHEBIE— KOOPJMHATHl aTOMOB Iy, I'm) K HMIYJbC-
HOMY, T. €. NOJOXHM

Pmn = X2 (K, k) e o), (73,6)
k

Bektop K Hrpaer posib CyMMapHOTO KBasHHMNYJIbCa JBYX MarHo-
HOB, a K—KBa3sHHMIyJbca WX OTHOCHTEJBLHOTO JBHIKEHHS; CYMMH-
poBaHHe NMpPOH3BOAHTCA No N JMCKpeTHBIM 3HaueHusM K, nomyckae-
MBIM J71S1 pelleTKH o6beMa Nv (N —uHC0 aTOMOB B pelleTKe, v —

1) OTH ypaBHEHHSA CIPaBEITHBH H B C/yyae cnuna S = 1/2, xorxa sce 1, npous-

BOJIbHBE. O6paTHM BHHMaHHEe Ha To, 4TO NpHS=1/2 Bce «IHArOHa/ABHBIE» BEJHYH-
Hbl 1, BoOSIIE BHNANAT H3 ypaBHEHHE C M # n. YDapHEeHHs Xe ¢ M=n B 3TOM

cjlyyae Haj0 NMpoCTO CHYHTATb OTCYTCTBYIOLIHMH,
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o6neM ee sjieMeHTapHOH suefiku). BmecTe ¢ Pymn HaZo NPeACTABHTDL
B BHJe paja Pypbe Takxke H OOMEHHBIE HHTErpaJbi:

J mn =LN};‘6"“ (=) (k), J (k)= Jane™ (07 (73,7)
n

(nockoabKy Jmn=Jnm, TO J(k)=J(T—k)).
OnycTHB NpoCTble NPOMEXKYTOWHbIE BHIKJ4AKH, NPHBEJEM Cpasy
OKOHYATEJIbHbIH pe3ysbTaT Npeo6pa3oBaHus ypapHeHus (73,5):

e (F+K)+e(5—k)—&] v (K, 0+
+HU®, & KR K, ) iE=0 (738)
rje
NU (K, k, k’)=AS[J (§+k)+J(§—k)+J(§+k')+
+1(3—K) |7l =)+ k+K)L (73,9)

a ¢ (k) —3Heprus oJHOro MarHoHa, onpefenasemas gopmyJon (72,13);
cymMmupoBaHue 1o k' 3aMeHeHO HHTErpHUpoBaHHeM IO OAHOH AYeiKe
o6GpaTHOH pelieTKH.

Takum o6pasoM, ToyHasd (B paMKax raMuJjbToHHaHa (72,1))
3ajlaua 0 ABYXMAarHOHHBIX COCTOSHHAX CHCTEMBI CBOJHMTCA K pellie-
HHUIO ypaBHEeHHs, BIOJIHE aHaJoruyHoro ypasHeHuio lllpeaunrepa
AN CHCTeMbl ABYX Y4CTHIl B MMMOYJbCHOM mpeacTaBieHud (cp. III
(130,4)). Tlpu srom ¢yHkuuu e(k) urpaoT posib KHHETHYECKHX
SHepruil YacTHl, a siApo MHTerpaabHoro ypaeHenus U (K, k, k') —
pOJib MaTPUYHOrO 3JieMeHTa SHepruH U HX B3aHMOAEHCTBHA /s
nepexofa (paccesiHHa) H3 COCTOSIHMH ¢ uMnyJabcamH K¢, k; B co-
cToAHMS ¢ uMnyabcamu ki, ki, rae

ki=stk, k=n—k k=atK, k=g—k

B stom cmbicie U (K, k, k') uesecoo6pasno samucaTb B BHJAE
NU (k;, ki; Ky, k) =As[J (kg) + 7 (k) +J (k) +J (k)] —
I ? ’
— [ (kg~K) + 7 (kg—K5)]- (73,10)

B o6umeM ciayuae ypapHeHue (73,8—9) ouenb cjoxuo. Mm orpa-
HUYHMMCS BbIYHCJIEHHEM NONPAaBKH K TEPMOAHHAMHYECKHUM BEJHYHHAM .
B npeanosoxeHun S>> 1. Ilpoctora 3TOTO C/yyas cBA3aHa C TeM,
YTO 3Heprusi MarHoHoB & (k) mpomopiHoHa/JbHa S, a UX B3aHMOJeH-
ctBue U He 3aBHCHT OT S (npu S 3> 1 koabduuuent 8 (73,9) As =~ 1/4).
[ostromy U MoXHO paccMaTpuBaTh Kak MaJoe Bo3MyuleHue. Torjia
nonpaeka Qj, (T B3aHMOJeACTBHA MarHOHOB) K TEPMOAUHAMHYECKOMY
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noTenuuany  GyAer AaBarhcs MPOCTO cpeAHHM 3HaueHHeM U. Bass
«IHaTOHAJILHEE MaTPHYHBIH 3JeMEHT»

U (ky, ks ky, ky) = 2_1lv‘ [J (k) +J (k) —J (k,—k;,)—J(0)], (73,11)

MBI TEM CaMbiM YCPeZHSEM IO COCTOSIHHIO C 3aJaHHBIMH KBa3HHM-
nysabcaMu MarHoHoB. Ilocsie 3TOro cTaTHCTHYECKOE yCpeJHeHHe IO
PaBHOBECHOMY paclipefie/IeHHI0 MarHOHOB OCYILECTBJISI€TCS HHTETpH-
poBaHHEM
243 3
Qs = [ 1 (k) (k) U (K, Ky Ky, k) e, (73,12)
rae n(k)=[exp (e (k)/T)—1]"'—dynkuus pacnpesenenus boze.
[Tpu HH3KHX TeMmepaTypax HHTerpaj onpejensercs 06J/1acThbio
manelx suaveHdd k,, k,, COOTBETCTBEHHO Ye€MY CJ/elyeT PasJ/OXKUThb
Bce ¢ (k) u J (k) mo crenensm k. Torza e (k) Aaetcs KBaJpaTHYHBIM
soipaxkennem (72,14). Tlockoabky J (k)—wuetHas ¢yuHkuug k, 7o
KBaJpaTHYHBl TaKXK€ H TepBble UJICHBl €€ pas3/oXeHHH:

J (k) = J (0)+-a; .k k.
Toraa
1
U (kp kz; kl! kz) =N aikklik2k‘

Ho npH NoOACTaHOBKe 3TOrO BEIpameHHs, HeuetHoro mo k;, u k,,
B (73,12) uHrerpan ofpailaetca B HyJb B pe3y/JbTaTe YCpPEAHEHH:H
no HampaBJeHHsAM K, H K.

IMostoMy B pasaoxeHun J (k) Hajo ydyecThb YJeHRl YeTBEPTOTO
nopsAjka, B pesyJbTaTe uero B uHTerpate (73,12) dyuxnus
U (ky, ky; k;, kK,) okasbiBaercsi Gpopmoii 4eTBEpTOH CTENEHH, NpHYEM
OTJIMYHLIA OT HYJA BKJaJ B HHTErpaJ MAlOT WieHbl 3TOH (POpPMEHI,
KBajpatuyHeie no k, u mo k,. BBuRy GblcTpoll CXOMMMOCTH HHTErPH-
poBaHHEe MOXeT OBITb DPacHpOCTPaHEHO MO BceMy K-mpocTpaHCTBY.
3ameHoit nepemennbix k =k )/ T y6expaemcs Toria, 4T0 3aBHCHMOCTh
Q. of T u & umMeeT BHJ

Qu, =VT* [ (H/T), (73,13)

npuuem f(0) u [ (0) xoneynnl. Otciofa c/aefyeT, 4To MONPABOYHBIM
yAeH B HaMarHHYeHHOCTH

My—=—-L | _const.Te. (73,14)

TV D ls=0

TakoMy e 3aKOHYy cJieflyeT MOMPABOYHHIA YJIEH B TENJOEMKOCTH!).

1) 3Tu pesysibTathl (B OOileM Caydyae NPOH3BONLHOTO CIHHA) ORUIM BIEPBLIE
noayuenn Jatconom (F. Dyson, 1956). B H3nomeHHOM BEIBOAe ypasHeHHs (73,5)
MH CJeJOBaJH B OCHOBHOM b0iddy B Kaasassiw (R. J. Boyd, J. Callaway, 1965).
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Mbl BHAMM, YTO B3aUMOJEHCTBHE MAarHoHoB NPHUBOAHT K Morpas-
KaM B TepMOXMHaMHMYyeCKHX BeJMUHHAX JHIIb B BLICOKOM MPH6JIU-
*kevuu mno T/T,. HamoMHHM, YTO OCHOBHLIE YJieHH B HaMarHu4eH-
HOCTH M B MAarHHTHOH YacTH TENNOEMKOCTH CAeXYyIOT 3aKoHy T'3/%,
Mexxy STHMH ujieHaMd M ToNpasBKaMM OT $2;, CYIECTBYIOT elie
YJieHbl, IPONOPIHOHaAbHbE T5/2 W T%/2, NPOHCXOAAUIHE OT CJeXyio-
IMX YJIEHOB pasJoXeHus 3Heprun MarHoHOB € (K) mo cremeHsiM K2.

C noMoibio NMOJNYYEHHBIX YPaBHEHHH MOXHO PAacCMOTPEThb TaKKe
BOIPOC O CBA3AaHHBIX COCTOSAHHUSIX JABYX MAarHoHOB. DTH COCTOSIHHA
IPOSBJAIOTCA KaK JUCKpeTHBle (mpu 3ajnanHoM K) cobeTBeHuble
3HaueHusi ypaBHenus (73,8). Kak ¢yukuuu nepeMerHoil K, 3Tu
co6cTBeHHble 3HayeHHsl & (K) mnpeacTaBasior co0OH HOBble BeTBH
3JieMeHTAapHBIX BO30YKIeHUH B cucTeMe. HMccJiefoBaHHE MOKa3bIiBaeT,
OIHAKO, YTO 3TH COCTOSHUS CYIIECTBYIOT TOJBKO NPH JNOCTATOYHO
Gosbinux 3HAueHHSX K; MO3TOMY OHH BO BCAKOM CJyyae He BJIHSIOT
Ha TepMOJUHAMHYECKHE BeJWUHHBI (eppoMarHeTHKAa NPH HH3KHX
TeMmepaTypax !).

3agava

B npexnosnoxerud S>> 1 HallTH NonpaBoYHble YJEHH OT B3aHMOAEHCTBHS
MarHOHOB B HaMarHHYeHHOCTH H TENJOEMKOCTH AJs KYOHYECKOH pelIeTkH, B KO-
TOpo# oOGMEHHHe HBTErpajn OT/JHYHBLL OT HYJSl TOJbKO AJS COCEAHHX (BAOJB Ky-
OHYeCcKHX OCed) map aToMOB.

Pemwmenne. Kaxauii aToM uMeeT lecTb GIMKAHIIHX COceJHHX aToMoB, [lo
onpezesaenno (73,7), HaxonuM

J (k)=2J, (cos k, a{cos ky a--cos k; a),

rae Jo—OOMeHHBIR HHTerpan AJs# Napbl COCEJHHX aTOMOB, a a-——JAJuHa pebpa
KyG6uueckofi suefixyu. Ilpu maanix k

. :
J (k) ~ J, [2—a2k2+i’—2 (k§+k;+k§)].

Orcoza
a J 0

U (k1, kg Ky, ko) == = (kizkhe +- K kg + Eizksz)

(onylesn u4seHH, HeuerHele 110 ki M Kg). DHeprusa Marnosa (cornacho (72,14))
e (k) =S8J, a?k2 1 2B5.

Buuncienue HuTerpana (73,12) npHBOAMT K CJEIYIOIIHM De3yJbTaTaM:

M_a_a__3ﬂC(3/a)C(5/z)< T\ o 15aBC N/ T \¢
M~ 282 S, )’ ™ S 4nSJ,

(§— nseta-pynkuHS).

1y Cm. M. Wortis, Phys. Rev. 132, 85 (1963). Peub uger o TpexMepHo# pe-
weTke. B [BYX- H OJHOMEPHOM CJy4asdX CBA3AHHLIE COCTOSHHA MarHOHOB CyLle-
CTBYIOT IIpH BCeX 3HaYeHHAX K.
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§ 74. MarHoHn B aHTH(eppoMarseTHke

AnTHdeppoMarHeTHKH XapaKTepHB TeM, YTO MATHUTHBIE MOMEHTH
BCEX 3JIEKTPOHOB B MpefieflaX KaXJOH 3jeMeHTAPHOR AYECHKH KpH-
CTaNJIMYECKON peIleTKH B3aHMHO KOMIEHCHPYIOTCH (B COCTOSIHHH
paBHOBecHs B OTCYTCTBHe MarHuTHoro moJs). IlJoTHoCTh MarHur-
HOro MOMeHTa paclpefeJieHa, CTPOro ToBOpsA, MO BCeMY OGBEMY
Aayefiky. Ho B KpHcrannax aHTHQepPOMarHUTHBIX JAH3JIEKTPHKOB
C XOpoluefi TOYHOCTBbIO MOXKHO CUMTaTh, 4TO (PaKTHHECKH 3Ta ILIOT-
HOCTb JOKaJ/JH30BaHa y OTJAEeJBbHBIX aTOMOB, KaXJOMY H3 KOTOPBIX
MOKHO NPHIHCATh ONpelesieHHbHl MATHHTHBIH MOMEHT. TH MOMEHTHI,
MOBTOPAACh TNEPHOJHUECKH BO BCeX fAveiiKax, CO3JaiT MQzHUMmHble
nodpewemky aHTHdeppoOMarHeTHKa.

PasninuHble aHTU(EpPOMArHeTHKH OYeHb PA3HOOGPAa3Hbl MO CBOEH
CTpyKType. Bonpoc 06 HX MarHuTHOM 3HepPreTHUYECKOM CIEKTpE MBI
paccMOTpPHM HA THIHYHOM IpHMepe KPHCTAJ/1a ¢ ABYMSA MarHUTHBIMK
aToOMaMH, PacloJIOKeHHBIMH B 3KBHBaJIeHTHHIX TOYKaxX KaxXJo# 3Je-
MeHTapHOH sueliku (T. €. B TOUKax, NepeXoJAllHX HAPYyr B Jpyra
0pH KakuX-1H60 NpeoOpa3oBaHUAX KpHcTajdorpapuyecKod CuM-
MeTpHH KpHcraana). CpefHHe NJOTHOCTH MAarHHTHRIX MOMEHTOB,
0o6pa3oBaHHbLIX 3THMHM aTOMaMH MOJApelleTOK, 0603HAaYMM yepe3 M,
H M, u BBeleM JBa BeKTOpa

M=M,+M, L=M—M, (74,1)

B ocHoBHOM cocTosiHHH aHTHQeppoMarHeTHka M =0, L=+#0,
MeX1y TeM Kak y ¢eppomarherdka 6buo 660 M40, L=0. Ilox-
YepKHEM CYIIeCTBEHHYIO DPasHHIy MEXJAY OCHOBHBIMHM COCTOSIHHSIMH
B ofoux cayyadx. B o6MeHHOM NPHOJNHAKEHHH, B OCHOBHOM COCTOfI-
EuH ¢eppoMarHetdka IPOEKIHH CIHHOB BCeX MAarHHTHBIX aTOMOB
HMEIOT onpejesieHHble (HauGOJbIIHE BO3MOXKHBIE) 3HaueHHA S,=S,
YyeMy COOTBETCTBYET HOMHHAJIbHOe 3HaueHWe HaMarHHYeHHocTH M.
B OCHOBHOM Ke COCTOSHHH aHTHeppOMarHeTHKa HaMar HHYeHHOCTH
MOJpeiieToK 3aBeJOMO He MOryT MMeTb CBOMX HOMHHAJIbHBIX 3Ha-
yeHMH, TaK KaK CyMMapHble NPOEKIHH CIIHHOB KaxkJOH H3 mojpe-
IUETOK B OTHEJBHOCTY HE ABJISIOTCA (Jaxe B OGMEHHOM MpPUGJIHIKE-
HHHM) COXPaHFIOWHMHUCA BeJIHUYMHAMH M IIOTOMY He HMeOT (B CTa-
IIHOHADHOM COCTOSIHHM) OnpefeseHHbIX 3HayeHHi. Tem Gosee He
HMEeIOT onpejiesIeHHBIX 3HAYeHHH NIPOEKIMH CIHHA OTAe/bHEIX aTOMOB.

BuJ MakpOCKOMMYeCKHX «ypaBHeHH{l [BHXKEHHA» BeKTOpoB L
H M ycranapiuMBaeTCsi aHaJOTHYHO TOMY, KaK 3To ObLJIO CAEJNaHO
B § 69 ana deppoMarHeTHka. YcJOBHe OTCYTCTBHSA AMCCHIIAIMH NIPH-
BOAHT K TpeGoBaHMIO, yTOGH B CHJY ypaBHEHHH JBHMKEHHMS BHINOJ-
HAJ0Ch PaBeHCTBO

dF L oM
— {H,_ T+ Hy G av =0, (74,2)
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rie «a(dekTuBHble mossy H, u Hy omnpefensioTcss BLIpaxKeHHEM
8F = —{ (H, 6L+ H, 6M)dV (74,3)

s U3MeHeHUs cBoGOAHOM 3Hepru¥ mnpu BapbHpoBaHuu L u M;
B paBHOoBecuH H;=H,=0.

B ofmeHHOM NpHOJHMEHHH HCKOMBIE YpaBHEHHS JOJIKHEI OHITh
HHBAPHAHTHB OTHOCHTEJBHO OJHOBPEMEHHOr0 NMOBOPOTA BCeX Mar-
HHTHBIX MOMEHTOB OTHOCHTEJBHO KpHCTaaauyeckoil pemerku. Bmecre
¢ Kpucramanorpadpuueckoili 3KBHBAJEHTHOCTHIO NOJIOXKeHUH ABYX Mmar-
HHTHBIX 4TOMOB B sYeilKe OTCIOJa CJeJyeT TakkKe H HeEOOXOJHMOCTb
MHBApHAHTHOCTH OTHOCHUTEJNBHO mepecTaHoBKH M; H M,, T. e. oTHO-
cuTeJbHO npeoGpasoBaHus L— — L, M-— M. Beuny unBapuasr-
HOCTH CBOOOJHOM 3HepPrdM 0OPH 5TOM Npeo6pPa3OBAHHH TaKxKe
H HL——’_HL' HM——’HM'

PaccmaTpuBas MaJible KoJieGaHHA MAarHUTHBIX MOMEHTOB, IOJIOXKHM
L=L,+1, M=m, rie | 4 m-—MaJjnle BeJuuuHbl. B JHHeliHOM
npuGIHKEHUH YpaBHEHHS JBUKEHHS, YA0BJETBOPSAIOLIHE IOCTABJEH-
HBIM YCJIOBHSIM, HMEIOT BHJ

at a
sr="[Hm],  Sr=v[H], (74,4)

rlle v—eIUHHYHEI BeKTOp B pPaBHOBECHOM HANPaBJCHMH BeKTopa
L,; nmpeo6pasoBanne L -— — L o3Hayaer, 4yT0 H v-——v. 3Jech
yuTteHo, yro Besnyuusl H, u Hy, o6pamaroninecs B HyJb B paBHOBe-
CHH, CAMH JIMHEHHB MO | ¥ M U YTO V—eJUHCTBEHHBIH HMEIOUIHi-
cA B HallleM pacrnopsKeHHM NOCTOSHHBK BekTop. [lo anHasoruum c
§ 69 KoadpuuHeHT Y MOXKHO Obl/I0 GBI 3anHCaTh Kak y=(g|e|/2mc) L,;
B OTJIHYHe OT (peppoMarHeTHKa, OJHAKO, Temepb g2 Jaxe B
npeHebpekeHNH pPeJATHBHCTCKHUMH 3¢dekTaMu. [IpH MoHOoXpomaTu-
yecKux KosebaHuux O01/0f=—iol, ..., U Torga ompejessieMble
ypaBHeHUAMH (74,4) BeKTOopw! | B M nepneHAUKyJAApHE v. B pac-
CMaTpUBaeMOM TNPHOJHKEHHH 3TO 3HAUYUT, YTO BeKTop L mpemeccu-
pyeT BOKPYI HampaBJeHHS Vv C NOCTOSHHOH abCOJIOTHOH BeJIHYHM-
Holt L~ L,.

Jnsi onpefenenns spdexktuBuuXx noned H, u H, nago ycrano-
BHUTb BHJ, cBOGOJHOH 3HepTHH KpHcTaJuia. [Ipu stom Hajo orpaHu-
YMTBCS1 YJIeHaMM BTOPOro Mopsifika MO MaJbM BenvuuHaM | u m,
a JJs YJEHOB C NPOM3BOJHEIMH OT 3THX BEJHYHH IO KOOpJUHATAM —
He BHIIE BTOPOrO MOPSAKAa MO BOJIHOBOMY BEKTOPY KoJeGaHHui,
IMHA BOJIHBI KOTOpHIX mnpeanosaraerca (kak u B § 70) GoJsbuuoH
0 CPAaBHEHHIO C NOCTOSIHHOH peuteTkH. B of6meHHOM npuOJIHKeHHH
cBo6ojHasA B3Heprus JoJKHAa OHTh HHBADHAHTHA MO OTHOLIEHUIO
K OJHOBPEMEHHHIM NOBOPOTaM BCEX MArHHTHBIX MOMECHTOB, 8 TaKxKe
H IO OTHOIIEHHIO K M3MeHeHHI0 3Haka L. Belpaxkenue, ynoBJIeTBQ-
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psAwpuee BCEM NOCTABJEHHBIM YCJOBHAM, HMEET BH],

am? - b 0l m 1 ol al
F06=S‘{-2——|——2—-<m—52——l%7) +7°‘ik mm}dv. (74,5)
TJe oChb Z HanpaBJieHa BJOJb v (TaK YTO H3MEHEHHE 3HaKa v 03Ha-
yaeT TaKXKe M H3MeHeHHe 3HaKa 2); Koabdunuent a >0 B cooTBer-
CTBHH C T€M, YTO B paBHOBEeCHH AOJIKHO OhiThb m=0. Ujen c 12
3JeCh OTCYTCTBYET, TAK KaK ero HaJHyye 03HAYaJ0 6bl 3aBHCHMOCTD
3HEPTHH OT HanpaBseHus BekTopa L=L,+1 B Kpucramase, Korto-
pas B oOMeHHOM npHGJIMKEHHH OTCYTCTBYyeT. UseH ¢ cyMmMoft
mol/0z+410m/@z cBomuTCcsT K TONHOH INIPOM3BOJHOH M HCYe3 Obl
NIPH MHTETPHPOBAHHUH MO o6beMy. HaKoHel, useHbl, KBagpaTHYHbIE
10 TNPOH3BOAHLIM Om/Ox;, He HANO YYHTHIBATh, TaK KaK OHU 3aBe-
ZOMO MaJbl 10 CPABHEHHIO ¢ YJeHoM ¢ m?. Bapbupys wuurerpan
(74,5) (u npoMsBeNs B HEM HHTETPHPOBAHHUS O YACTAM), MOJYYHM
om o ai

H,_=b—52——|—a,-k—m, HMZ—am——b—a-z—. (74,6)

Ilnist IIOCKOH MOHOXPOMATHYeCKOH CIHHOBOH BOJIHEI ypaBHeHHS
IBHXKeHHs (74,4) HaoT Tenepb:

— iol=—ya[mv]—ik, yb[IV],

— iom =ik, yb [mv]—ya (n) k2 [Iv], (74,7)

rae cHoBa (kak M B § 70) a(n)=o;,n,n,, Nn—eIUHHIHEIH BEKTOpP
B Hamnpap/ieHHH K. YMHOXHB NIEpBOE H3 3THX YPaBHEHHH BEKTOPHO
Ha v, NOJYYHM

yam=—io[lv]—ik,ybl, (74,8)

TIOACTAHOBKA XK€ STOr0 BHIDAXXEHUHA BO BTOPO€ ypaBHEHHE cpasy
NIPUBOJMUT K CJAEAYIOUIEMY 3aKOHY JAHCIEPCHH CNUHOBBIX BOJIH:

o = yk[ao (n) — b2 (vn)2]v/2, (74,9

Takum 06pa30M, JacToTa CIHHOBHX BOJIH, @ TEM CaMBIM H 3HEpPrus

MATHOHOB &=/® B aHTH(peppOMAarHETHKE B OGMEHHOM NpHOIHKEHUH
TIPONIOPUHOHAJIbHEL £, a He k2, KaK B (eppoMarHerukel).

YpaBHeHHA (74,7) ycCTaHaBJHBAIOT OXHO3HAYHYIO CBSI3b MEXNY
1 4 m, Ho 06e KOMNOHEHTHl ]| (B MJOCKOCTH, NEePNEHAUKYISIPHOH v)
OCTAlOTCA MPOU3BOJBLHBIMH. DTO 3HAYHT, YTO CIHHOBbIE BOJIHBI B pac-
CMATPUBAEMOM AaHTHPEpPPOMATHETHKE HMEIOT JIBA HE3aBHCHMHIX Ha-
NpaBJIeHUsT TOJSIPH3ALHH.

Jlng yuera MarHMTHOft aHW30TPONHHM HAAoO cjleJaTh GoJiee KOH-
KpeTHLIe MPEANOJIOXKEHH O XapaKTepe CHMMETPHH KpHCTaJJa.

1) Taxkoil sakoH JHCNEPCHH AN aHTH(EPPOMATHETHKOB BIEPBHE NOJyYeH
Xtonemenom (L. Hulthén, 1936). BriBOJ, HCNO/L3YIOWHMA MAaKPOCKONHYECKOE pAC-
CMOTpeHHe HaMarnudensocrefi noxpemertoxk, Aan M. H. Kaegrnosoin u B. M. Ly-
gepruxkosm (1958).
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IlycTe KpHCTa/a MMeeT OJZHOOCHYIO CHMMETPHIO, IPHYEM paBHOBecC-
Hoe Hanpasjende L coBmafaer ¢ OCBIO CHMMETpHH!).

Hs (74,8) BuIHO, yTO BEKTOp I B CNIHHOBOH BOJIHE MaJl 110 CpaB-
HEHHIO C |-—CONEepXKHT JMIUHIOK CTENeHb MAaJoro BOJHOBOTO BeK-
topa k. B TakoM ke cmuicie sddextuBHoe nose Hy > H;. Ilo 310k
TpUYHHE JOCTATOYHO YYecTb aHH30TPOMHIO, CBA3aHHYIO ¢ BeKTopoMm l.
Tpu cpenaHHBIX NpPEANONOKEHUSX NMJIOTHOCTb 3TOH 3Hepruu U, =
=K1%/2, npuuem K > 0.,Ee y4eT NIpUBOXHUT K NOSABJCHHIO NOTOJHH-
teJpHoro usneHa — K1 B adxpexktuBHoM nose H,, koTopoe Aas mJioc-
KOHl BOJIHBI CTQHOBHTCSI paBHBIM

H, =ik, bm—[a (n) k2 -+ K]1. (74,10)

Orciofa BHJHO, YTO C YYeTOM aHHU30TPONHH 3aKOH JHCNEPCHH CHH-
HOBBIX BOJH mnoJayyaercs us (74,9) sameno#l ak? ua ak?-- K. B pe-
aysapraTe npH k— 0 3HepTHA MarHOHOB GYJeT CTPEMHTCS He K HYJIO,
a K KOHeUHOH BeJHYHHE ?)

e(0)=hyV aK (74,11)

(Ch. Kittel, 1951). O6patuM BHHMaHHE Ha TO, UTO Ule]b B CHEKTpe
OKa3blBaeTCs MPOMOPIHOHAJBHON KOPHIO H3 KOHCTAHTEI aHH30TPONHH
(a e ee meppo#t crenenu, kak B (70,12)). Tlockoabky masocTb pe-
JNATHBUCTCKUX 3(PQEeKTOB BHIPaXKaeTcs OTHOCHTEJbHOH MaJoCThIO
KOHCTAaHThl aHW3OTPOMHWH, TO B aHTHGEpPOMAarHeTHKe 3TH 3(PbeKTH,
BOOOIIE TOBOPS, CyIiecTBeHHee, yeM B eppoMarseTHke.

Marnonsbelii BKJajJ BO BHYTPEHHIOI 3HEPrHI0 aHTH(eppoMmarte-
THKa BhiuHchgeTcs no dopmyme (71,3). B o6nactn Ttemmeparyp
e (0) LT KTy (T y—TeMnepaTypa HCUE3HOBEHHs aHTH(EppPoMarHe-
TH3Ma, ToukKa Heess1) MOXHO nosb3oBaThes cnektpoM (74,9). B ox-
HOOCHOM KpHCTaLie

O =2 [oy (B2 +kY) -+ ask3]H?, a;=oa,—b%a.
BrluHcaenne uHrerpasa (71,3) IPHBOJUT K CAEAYIOWEMY Pe3yabTaTy
JXJig MarHOHHOTO BKJaJAa B TCIIJIOCMKOCTL:

4n2T3
Coar =V 55 iy e

(74,12)

Tpu temnepatypax ®e T <<e(0) MarHoHHHIH BKJaj B TEPMOJH-
HaMHYeCKHe BeJHYHHH SKCIOHEHIHAJbHO MaJ.

1) K Takomy Tuny ortHocHTcsi anTHpeppomarnetnk FeCOj;, mmeromuii pomGo-
SIpRUECKYI0 pewmleTky (kpicrainueckofi Kaace Dgg) ¢ apyms Houamn Fe B sue-
MeHTapHOW siuelike. MarHyTHHE MOMEHTH 3THX HOHOB HAnpaBJ/IeHH B NPOTHBOIO-
JIOXHbIE CTOPOHH BJIOJIb OCH CHMMETPHH TPETBETO IOPSEKE.

2) Yacroty m(0)=s(0)/ﬁ HAa3HBAEIOT YACTOTOH GHMUpEppOMasHUMHO20 pPe30-
HaHca.



' TABA VI

3JEKTPOMATHUTHBIE ®JIYKTYALHUH

§ 75. I'puHoBcKast dyHKuust doToHA B cpene

TpucTynass K H3YYEHHIO CTAaTHCTHYECKHX CBOWCTB 3JeKTpoMar-
HHTHOTO 10Jif B MaTepHaJbHBIX cpelax, HallOMHHM IpeXJe BCero,
B ueM 3aKJIoYaeTcs CMBICJ YycpeJHeHHH, KOTODHIM MNoJBEpramTcH
5JeKTPOMATHUTHBIE BEJIHYHHBI B MaKPOCKOMHYECKOH 3JEKTPOMLK-
HaMHKe. .

Ecnu HCXOIMTB, AJS HArJSIHOCTH, H3 KJAacCHYeCKOH TOUKH 3pe-
HHSI, TO MOXHO Pas/jHuaTh ycpejHeHHEe MO (H3HYECKH GECKOHEUHO
MaJjioMy oGbeMy NpH 3aJlaHHOM DacllOJIOKEHHH BCeX YacCTHI[ B HeM
U 3aTeM ycpeXHEHHEe MNOJYUYEHHOH BEeJHYHHBI MO ABHKEHHIO YACTHIL.
B ypasuenns MakcBessia MaKPOCKOMHYECKOH 3JIeKTPOAMHAMHKH
BXOJAT MOJHOCTBIO ycpeAHEHHble BeJHUHHBL. IIpH paccMOTpeHHH ke
¢aykryauuft nonsd peub HAET O KoJEOaHHAX CO BpPeMEHEM BeJIHYHH,
yCPEeJHEHHbIX JHIb Mo (H3HYeCKH GECKOHEYHO MaJbiM 0GbeMaM.

C KBaHTOBOMEXAHHYECKOH TOUKH 3peHUA TOBOPHTHL 06 ycpejHe-
HMH 1o OObeMy MOXHO, pasyMeercsl, He Jasi caMoil (H3HUecKOi
BeJIUYHHBI, a JHIIb LIS ee omepaTopa; BTOPOH e miar 3aKJ/iovaercs
B ONpefie/IeHHH CPEJHEro 3HayeHHs 3TOro OnepaTropa ¢ MOMOILbIO
KBaHTOBOMEXaHUYECKHX BeposATHOCTEH. PUrypUpYIOUHE HHXKE B 3TOH
rJaBe ONepaTOphl NoJs GyAyT NOHUMATbCA KakK yCcpeJHEHHBIE TOJBKO
B IIEPBOM CMHICJIE.

CraTHCTHYeCKHE CBOMCTBa 3/IeKTPOMarHHUTHOTO H3JyYeHHS B Ma-
TepuaJbHON Cpelle ONHMCBHIBAIOTCA T'DHHOBCKOR (QyHKIMell QorToHa
B cpefge. [nsa ¢oOTOHOB pOJib P-ONMEpPATOPOB HrpaiOT ONEPaTophl
MOTEHI{MAJIOB 3JEeKTPpOMarHuTHoro noJas. PoToHHsple pyHKIHM [puna
ONpefesioTcsl uepe3 3TH ONepaTOPhHl TaKMM e 006pasoM, Kak OHH
onpefensioTcs JAf YacTHI 4Yepes P-Oneparophl.

ToTeHHanb MOJA cocTaBasoT 4-sekTop A% = (A4° A), rae A'=¢
CKaJAPHBIA, & A-—BEKTOPHBIN NOTeHUHabl. BHIGOp 3THX MOTeHlHa-
JIOB B KJACCHUECKOH 3JIeKTpPOAUHAMHKE HeOJHO3HAYeH: OHH JOmycC-
KaloT TaK Has3blBaeMOe KaJHGpOoBOUHOe Mpeobpas3oBaHHe, HHKAK He
oTpaxaiolleecss HM Ha KakuX HabmoJaeMblx BequyuHax (cM. IT§ 18).
CooTBETCTBEHHO B KBAHTOBO  3JIeKTPOJUHAMHUKe TaKasi e HEOJXHO-
3HAYHOCTHL HMMEET MeCTO B Bhifope OnepaTopoB MoJifg, a ¢ HHMH —
§ B ONpe/eJeHHM TPHHOBCKHX GYHKUHMH ¢dotona. Met Gyjaem mnoJb-
30BaThcsl KanuGPOBKOH, B KOTOPOH CKaJIApHBIH NOTEHIHAN paBeH
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HY 0!
A= =0, (75,1)

TaK YTO IOJie ONpefiesieTcsl OJHUM JHIUb BEKTOPHEIM NMOTEHLHAJOM.
Takaa kaanGposka OOLIYHO OKaspiBaeTcd yAOOHOH /s 3afauy,
B KOTOPHIX peyb HJET O B3AHMOJEHCTBHH 3JEKTPOMArHHTHOIO MOJS
C HepeJsATHBHCTCKHMH YaCTHIAMH,—KaK 3TO H HMeeT MeCcTO JJif
noJisi B OOBIYHBIX MaTepHaJbHBIX Cpejax.

B stofi kanu6posre dyuruus [puHa mpeacrasaser coboii Tpex-
MepHBIH TeH30p BTOPOrO paHra

Dy (Xg, X,) =—i<T4;(X,) A, (X,)> (75,2)

(i, k=x, y, 2—TpexMepHbIE BEKTOPHBIE HHIEKCH), TAe YTJOBble
CcKoO6KH o6osHaualoT (Kak u B (36,1)) ycpeiHenHne 1o pacnpejeJe-
Huo ['n66ca a5 CHCTEMBbI, COCTOsIIEH H3 cpelbl BMecTe C Haxojs-
LHMCS C Hell B paBHOBECHH H3J1y YeHHEM; IOCKOJ/IbKY (POTOHH ABJIAIOTCS
6030HaMH, TO NepecTaHOBKa omepaTopoB A, A, mpu HX XpoHoJoO-
TH3alli¥l He CONPOBOXKIAETCH H3MeHEHHeM 3HaKa IPOH3BeJeHHA.
HanoMHuM Takxe, yTo omepatopn A;—caMoconpsxkeHHble (UM
BbIpa)kaeTcsl HCTHHHAs HeHTpasbHOCTL (OTOHA); mo3TomMy B (75,2)
He jesaeTcsi pasnuuus mexay A; u Af1).

B KauecTBe NepBHYHOrO NOHATHs /IS NOCTPOEHHs BCEX BHJOB
($HOTOHHBIX TPHHOBCKHX GYHKLHA cJelyeT,. OAHAKO, NOJb30BaThCsA
He (75,2), a 3anasgniBamolued ¢yHKuHed ['pHHa, ompelesieHHOH co-
rnacHo

Ay(X) A (X)) — AL (X)) A,(X)>, 1>

ta,
0, t <t (75,3)

iDE (X1, X2)={

(sHak MHHYC MeXJy JBYMs UJ€HaMH B YIJIOBHIX CKOGKax OTBeyaeT
onpefesenuo (36,9) masa cratucTHKu Bo3se).

Jlnst 3aMKHYTOH cucTeMbl ¢yHKUHS I'pHHA 3aBHCHT OT MOMEHTOB
BpeMeuu t,, {, TOJLKO yepe3 HX pasHocTb t=1[,—t,. Hro xe Ka-
caeTcsl KOOpJAuHAT r,, r,, TO B o0LleM cJyyae HEOJHOPOAHOH cpejb!
OHHM BXOAAT B (PYHKIHIO He3aBHCHMO apyr oT apyra: Df (¢; r,, ry).
CooTBeTcTBEHHO (ypbe-pasiioeHH0 3Ta ¢GyHKLHA OyJeT nojsep-

1) B ofweM cayyae NpoH3BOJbHON KaJHOPOBKH NoTeHLHaJ0B GoTOHHAA QYHK-
uus ['puna siBnsercs 4-teHsopom Dy, (B KanuGposke e (75,1): Dog=0, Dy;=0).
Ofiue Ten3opHHEe M KaauGpomounble cBoctBa GoronHOH dyHkumu puxa B cra-
THCTHKE ~— TaKHe e, Kak M B KBAHTOBOH 3JeKTPOJHHAMHKE noas B Bakyyme. Or-
MeTHM, YTo onpegeienne (75,2) OTnHuaeTcs 3HAKOM OT npuHatoro B 1V. OHo
BEIGpaHO 37eCh €LHHOO6PA3HO C oNpege/eHHeM TPHHOBCKMX QyHKUHH Apyrux Go-
30HOB '(B ToM 4YHcJe (OHOHOB):
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raTbCs TOJIBKO II0 BPEME€HH; KOMIIOHEHTa 3TOro pa3JjioXKeHHsd
-

D% (@; 1y, 1)) = e®' DR (t; 1y, 1) di. (75,4)

0

PaccmaTpuBas BeJIMYMHE!, yCpefHeHHEIE MO (U3HYecKH OGecKo-
HEYHO MaJibiM OGbeMaM, MBI TeM CaMblM OrpaHHYHBaeM ce6s pac-
CMOTpEHHEeM JIHIIb AJMHHOBOJIHOBOH YacTH H3Jy4YeHHH, B KOTOPOi
BOJIHOBble BEKTOPHl JOTOHOB YAOBJIETBOPSIOT YCJOBHIO

ha <1 (75,5)

(a—MeXaToMHbIE paccTOAHHS B cpefe). B sroit o6jactu uwacror
rpHHOBCKast (QYHKIHA (OTOHA MOXKeT GbiTb BHIpAXKeHa yepes Apyrue
MaKpOCKOIIMYECKHE XapaKTEePHCTHKH CpeIbl—ee AHIJIEKTPHUYECKYIO
B MarHHTHYIO NPOHHLAEMOCTH & (w) H (o).

Jlast 3TOrO 3amMiueM OnepaToOp B3aHMOJEHCTBHUS 3JIeKTPOMArHHUT-
HOrO MO0JIS €O Cpefoi:

V=—a S‘ JA dox, ‘ (75,6)

e j—OmepaTop MJOTHOCTH 3JEKTPHYECKOTO TOKa, CO3/aBaEMOro
yacTHLaMH cpefblt). Ec/n e B cpefly BHECTH HEKOTOPBIH KJacCH-
yecKHH «CTOPOHHHH» TOK j(f, r), To ¢ HHUM OyfeT CBfi3aH OmepaTop
B3aHaOJeHCTBUS

Vz——%—Sj(t, r) Adsx. (75,7)

D10 BBHIpaXKCHME MO3BOJIZET YCTAHOBHTH CBA3b ¢ 0Ouwell Teopyed
OTKJIHKa MaKpPOCKOTIMYECKOH CHCTeMbl Ha BHELUHEE BO3AEHCTBHE.
HapnomuuMm, yto B 3T0H Teopuu (cM. V § 125) durypuposas
JQUCKPETHBIH pAld BeJHYHH X,(@=1,2,...), XapaKTepH3YIOWHX TIO-
BeJleHUEe CHCTeMbl NOJ JAeHCTBHEM OIpeje/IeHHbIX BHEIMHHX BO3feH-
CTBHH. ITH BO3JeHCTBHA OIHCHIBAIOTCS «BO3MYILAIOUIHMH CHJIAMH»
fo (f) TakHMH, 4TO ONeEpPaTOp SHEPTHH B3aHMOJEHCTBHA HMEET BHJ

V‘_"——Zfa;éa’

3

1) Cu. IV § 83 (B 1V TOK Of03Hauaercst KaKk ef, T. e. SAEMEHTAPHLA 3apax e
BEIHOCHJICA H3 onpefenedHs j). Onepatop (75,6) noipasyMeBaeT HCIOJL3OBaHHe
PeJSTHBHCTCKOIO BhIpaXKeHHsI IJIS ollepaTopa ToKa. B HepeJATHBHCTCKHX 3amayax
MOXHO npeHeGpeub B Y-omepatopax (H3 KOTOPHIX CTPOHTCA OUNEPATOP ToKa ﬁ ya-
CTAMH, CBSi3aHHBIMH C OTPHUATENBHBIMH YacTOTAMH, T. €. C aHTHYaCTHUAMH. DTo
03HayaeT, B HacCTHOCTH, NpeHefpexerhe paiHAHOHHLIMH NONPABKAMH, KOTOPEHIe
H3MeHsOT GoToHHYI0 QyHKUHMIO [ pHHa B BakyyMe 3a cueT BHPTY2AbHOTO POXKAEHHSA
5MeKTPOHHO-NIOSHTPOHHRIX nap. JTH NONPaBKH NpeHeGPeXHMO Majbl NPH JJAHHAX

BoaE A > h/mc—ycnoBre, SaBefoMO BHNOJHEHHOE B 061aCTH (75,5).
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rae x,—oneparops BequuuH x,. Cpeanue 3HaueHHs x,(f), ycra-
HABJIHBAIOLIKECH 0] JAEACTBHEM BO3MYILIEHHsI, SABJAIOTCA JHHEHHbI-
MH (yHKIIMOHANaMu CHJ [, (f). 15 Gypbe-KOMIOHEHT BCEX BEJIHYUH
3Ta CBfI3b 3alHChIBaeTCs B BHJE

;aﬂly = ; L7173 ((’)) fbm

(npeanonaraercs, 4TO B OTCYTCTBHe BO3MylleHHs X, =0). Kosbdu-
ILWEHTHI O,, B 3THX COOTHOLIEHHSIX HA3HIBAIOT 0606UeHHbIMU OChpU-
umuuocmamyu cucrempl. Ecaiu ofe BeNHYMHBL X, H X, BEAYT cebsa
OJMHAKOBO MO OTHOWIEHWIO K OOpalleHHI0O BpEeMeHH, a TeJo He Mae-
Humoaxkmueno (He o6JiafiaeT MarHUTHOH CTPYKTYpOH H HE HAaXOAUTCHA
B MarH{THOM IOJIE), TO BEeJHYHHBI &,, CHMMETPHYHEI IO CBOMM HH-
JIeKCaM.

3lech HaM TpHAETCH HMETb JeJI0 C BeJUYHHAMH f, H X,, HMe-
IOIIUMH paclpefesieHHbH xapakTep —QYHKUHAMYE KOOPAMHAT I TOYKH

tena. B Takom caywae BhipaxkeHue V HaJo mucaTb B BH[E
V=—30rt, 0k, ¢t 1) dex, (75,8)
a
a COOTHOIEHHE MEXIY Cpe/lHUMH 3HAUEHUAMH X, H CHJaMH f,—Kak

Fao (1) = 2 § tas (@5 7, 1) foo (1) . (75,9)

O606uieHHBIE BOCHPUHMYHBOCTH CTaHOBATCA Tenepb (QYHKUHSAMU
KOOpJAHHAT JBYX TOUeK B TeJe, a WX CHMMETPHS BhIpaxaeTcsi pa-
BEHCTBOM

Gy (05 T, T') =0, (0; T, T). (75,10)

Coranacto ¢opmyne Ky6o (cm. V (126,9)), BoCcnpHHMYHBOCTH
BLIPAXKAIOTCSl Uepe3 CpejHHe 3HAYeHHs KOMMYTATOPOB TelaeHGep-

TOBCKHX ONEPaTopoB X, (¢, T):
Qg (@; T, ') =

=% S et (X, (t, 1) %y (0, ') —x,(0, 1) X, (¢, T)> dE. (75,11)
0

Bynem paccmaTpuBaTh TeNeph B KayecTBE «CHJ» [, KOMIOHEHTHI
BexTopa Toka j. Torja us cpaBHenus (75,7) c (75,8) BuaHo, uTO
OTBEYAIOIIUMH HM BeJHYHHAMH X, OYJAyT KOMIOHEHTH BEKTOPHOIO
notennuana noas Ajc. CpaBHenue xe ¢opmyan (75,11) ¢ ompee-
aedueM (75,3—4) nokasmiBaer Tenepb, 4TO OGOOIIEHHEIE BOCIDPH-
HMUYHBOCTH Oy, (@; T, ') COBNAJAIOT ¢ KOMIIOHEHTaMH TEH30pa

—DR(w; T, r')/kce.
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B cuay (75,10) orcioga cpasy cJaepyer (il HEMarHUTOAKTHB-:
HBIX cpeA), 4To

DE (o; r, t')=Df (w; r', 1). (75,12)
Cooruowenus xe (75,9) npHHHMalOT BUA

Ao () =— 3 | DE (@3 1, 1) ro (1) 55", (75,13)

Cpennee 3HayeHue A ecThb He YTO HHOe, KaK BEKTOPHHH IO-
TeHIHAaA MaKpOCKONHYECKOro (MOJHOCTBIO YCPEAHEHHOTO—CM. Ha-
yaso naparpada) 3/eKTPOMATHUTHOTO MOJA B cpefle; HHUXKe 4YepTy
Had A (a TakXe H HaJ APYTHMH MaKPOCKONHMYECKHMH BEJHYMHAMH)
He OyaeM mucaTb. Y4TeM Telepb, YTO MaKpOCKOMNMYeCKoe IOJE,
co3flaBaeMoe KJaCCHYeCKHM TOKOM j§, YZAOBJETBOPSET YpaBHEHHIO
Makceeaaa

rot Hy =2 j,—2 Dy,

rae D —aJekTpuyeckas MHAYKLIHA; B OGLIEM cJydyae aHM30TPOMHOM

cpexst D, cBsisaHo ¢ HanpskeHHocThio Eq coorHomenusMu Dip=

= €, (0) Ero; €CJIH CPejla HEOAHOPOAHA, TO TEH30D AU3JIEKTPHUECKOH

IPOHMIIAEMOCTH SIBJSIeTCS TaKke M QyHKUHeH KOOpAHHAT: &4 (@,r).
B Bhi6paHHO# Hamu Ka/auGpoBKe noteHunualtos (75,1) nmeem

Bo=r10tAy, Eo=i="Aq, (75,14)

rie B —MarHuTHas WHAyKuMs, CBsI3aHHas C HanpsxeHHocTsio H
COOTHOIIEHHAMH By = W;,H ke ?). [ToaToMy Ansl noTeHIMAJa HMeEM

ypaBHeHHe ?)

- ©? 4n .
0t (Wi T0toa) — 55 810 | Aro = f10-

Tloactasue ctona Ay B Buie (75,13), Haigem, uto ¢yHkuus DJ
JIOJIXXHA YAOBJIETBOPSATH yPaBHEHHIO

w? ’ ’
[rot,-,,, (s T0t, ) — e,.,.]D;; (@; 1, ') = —4aFib,8 (r—1'). (75,15)
DTo ypaBHEHHe CYIIECTBEHHO YNPOIMAeTCs JJIs H30TPONHHIX

(B KamxAOM CBOeM 3jieMeHTe o6beMa) cpeli, KOTjJa TEH30Pbl €, H g
CBOAATCA K cKaJsipaM. MarHMTHas NIPOHHIaeMOCTb OGBIYHO OJIH3Ka

1) HanomHHM, 4TO B MaKpOCKOTHYECKOH 3/JeKTPOANHAMHKe CpefHee 3HaueHHe
MHKDOCKOTIHYECKOH 3/IeKTPHUeCKON HanpsKeHHOCTH NpPHHATO obo3HavaTh kak E,
a cpejiHee 3HaueHHe MarHWTHON HANpPsKEHHOCTH—Kak B W Ha3biBaThb MalHHTHOR
HHAYRUMeN, -

%) 31ech W HHKe IOJb3yeMcsl 0GO3HaueHHeM rot;; =e;p;3/0Xxg, TAe €;p;— €AH-
HHYHH{ aHTHCHMMETPHYHHH rcesfoTeH3op. Ilpu sToM (rot A);=rot; 4;.
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K |, u HHXe B 3TOoM naparpade Mbl 6yJeM CUHTaThb e¢ paBHOH 1.
[onoxus e;,=ed;, U py=0;, MOJYUHM ypaBHeHHE

62 2 ,
[a—xlrax—‘—'auA—au% & (o; l')] D} (w;r,r")=
= — 4akib;,8 (r—r'). (75,16)

Takum o6pasom, BhiuHC/JeHHe 3anasppiBaiomefl ¢yHkuuu I'puna
JJIST HEOJHOPOJHOH cpefbl CBOJAMTCA K peHIeHUI0 ONpeJeseHHOro
zuddepenuuansroro ypasHenus (M. E. Osarowunckuid, JI. I1. [Tu-
maesckuti, 1959). 1). ‘

Ha rpanunax Mexny pasiuuHbIMH CDeJlaMH KOMIIOHEHTHI TeH30pa
Df} NOMXKHB YIOBJIETBOPSTH ONpENENEHHbIM YCJAOBHAM. B ypaBHe-
wuu (75,16) BTopas nepemeHHas r’ M BTOPOH HHJEKC k He yuacT-
BYIOT B Au(xpepeHnHaNbHBIX HJH aJjre6paHyecKHX Onepanusix, npo-
H3BOJMMbBIX Haj TeH30poM Df, T. e. WrpaloT JulIb POJb MapaMer-
poB. TlosToMy rpaHuuYHBle YCJOBHSI HOJ/IKHBI CTABHThCH TOJBKO IO
KoopAuHaTaM r Aas ¢yHkuun DR (o;r, r'), paccmarpuBaemoifi Kak
BEKTOp MO HHJEKCY /. DTH YCJOBHS COOTBETCTBYIOT H3BECTHBHIM H3
MaKPOCKOMHYECKOH 3JIEKTPOAHHAMHKH TPeGOBaHHAM HeElPepLIBHOCTH
TaHreHuuanbHplx KomnoHeHT E u H?). Tlockonbky E = —A/c, 1O
poJib BekTopa E Hrpaer mpu 3ToM npousBoAHAA

— 12 DR (61, 1)

uau, B KoMnoHeHTax ®ypbe,
i< D (a;r, r'). , (75,17)

AnanoruunbiM 06pasoM, posb Bektopa H (coBmapaiomero npu p=1
¢ B) urpaer

rot;; Dy (0; 1, 1) (75,18)
Il IPOCTPaHCTBEHHO-OJHOPOAHOH  HEOTPAHMYEHHOH  Cpexbl

oyukuus DJ saBucHT TOSBKO OT pasHocTH r—rt'. [l KOMIIOHEHT
¢dbypbe-pasiioxeHus 1o 3rod pasHocTH AuddepeHunasbHOE ypaBHe-

1) OtmetuM, uyT0 GYHKUHS Dﬁe oxasbiBaeTcl (yHKkuHeH I'puHa ypasHenmit
MakcBesia B U3BECTHOM M3 MaTeMaTHYecKoil (PM3HKHM CMblc/ie — PellleHHe YpaBHe-
HHE NOJIl C TOYEYHHIM HCTOYHHKOM, YAOBJIETEOPSIOIEE YCJOBHIO 3amasjiuBaHHs
(onmepexaomas yHkIMA Df}a YIOBJ/IETBOPsNA 6B TAKOMY K€ YPABHEHHIO C £* BMec-
TO0 €). °

%) I'pamuynble ycJOBHA AJA HOPMaJbHEIX KOMIOHeHT B u D He pawot B jgan-
HOM cJy4Yae HHYEro HOBOTO B COOTBETCTBHH C TeM, YTO B IOJIE, MEHSIOLIEMcH CO
BpeMeHeM Kak e—!®!, ypapnenus div D=0, div B =0 aBasioTca ciefcipuem ypas-
senuii rot E=ioB/c, rot H=—iowD/c.
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Hue (75,16) cBoauTcsA K cHcTeMe aiare6paMyeckHX ypaBHeHHH
= k[k 8 2 —|—6,l—e(co)]D{§(co,k)=6,k. (75,19)

Pemenne 3TuX ypaBHeHHH:
; 2 2k ik
D (0, K) == [a,.k—ﬁﬁ]. (75,20)

wle (0)/c? 0% ()
Corusacto (36,21), dyskuus Ipuna Dy, ans om{opom{on cpenst
_ BhIpaxkaeTcs yepes3 sanasfsBapoinyio ¢yHruuio D dopmysnoit

Dy (o, k) =ReDj (0, k)—l—zcthﬁm Im DR (0, k). (75,21)

IMpu T — 0 sTa dopmyna paer
Dy (0, k) =ReDR (0, k) +isigno-ImDf (0, k). (75,22)

®yukuus D naetcs BoipameHueM (75,20); ecaud yuecth, UTO
Ree (0)—uerHas, a Ime (0)—HeueTHas QyHKUHS ©, TO MHl Hai-
neM, uto npu T =0

Dy (0, k)=DE (o], k). (75,23)

B nycrore ¢ (w)=1. Ho nockoabKy Bo BCAKOH MaTepHaJsibHOH
cpeze Ime (0) > 0 npu @ >0, To BaKyyMy OTBeuaeT npefe/bHLIA mepe-
xon & — 1+i0. Ilpu 3TOM mosyuaercsi BeIpaxkeHHe

T aah chik
( — 3
D (0, ) = g S — o)
COBNAjalollee ¢ H3BECTHHIM pe3yabTaToOM KBAHTOBOH 3JEKTPOIHHA-
MUKH (cM. IV § 77).

§ 76. daykryauun aAeKTPOMArHHTHOIC MOJS

Kak yxe Gpli0 yKasaHO B HawaJjJe mpejpliyliero mnaparpada,
NpPH paccMOTPeHHH (IYKTyalHH 3JeKTPOMarHUTHOrO IMOJs peyb
HIeT 0 KoJeGaHHAX CO BpeMeHeM BeJHUHH, YCPeAHEHHBIX TOJBKO
10 (usuueckH OeCKOHEYHO MaJsbiM 3J€eMeHTaM oGbeMa (HO He Mo
JBHKEHHIO YaCTHI[ B HeM). B Takom Xe cMBbIc/ie Hafo MOHHMATh H
KBaHTOBOMEXaHHYeCKHEe OIePaTOPhl ITHX BEJHUHH.

OcHoBHble GOPMYJBl TEOPHH 3JEKTPOMATHUTHHIX (JIYKTyanui
MOTYT ObITH HAalmHCaHbl HENOCPeJCTBEHHO HCXOAA H3 OBIHX GopMy.
GaykTyauuoHHO-AUccHNaonHoM Teopembl (V § 125). Hanomuum,
YTO IS AHCKPETHOro HaGopa QUIyKTYHDPYIOLIMX BEJHYHMH X, CIIEKT-
- paJbHOe pacnpejeneHue GAYKTyannid Beipaxaercs yepe3 o6oCuLieH-
Hble BOCIIPUUMUHBOCTHU Gl () opMyT0H

1 f
(xaxb)(l) = %’ (aba ab) cth 27“1) ’
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Te caMa BEeJNHYHHA (X,Xp)e NPEACTaBseT cOO0H KOMIIOHEHTY dypbe-
Pas/ioxeHUs MO BpeMeHH KOPPessLHOHHOH (QYHKUUH

Pas () = o (£) 35 (0) -+ %5 (0) %4 (1),

a x,(f)—reiiseHGeproeckue onepaTtopbl BeJUYUH X,. B cuayuyae
pacnpeJeaeHHLIX BEJHYHH X, (r) (PYHKLUHY KOODIUHAT TOUKH B TeJIE)
3Ta (opMysa 3anucLiBaeTcs B BUJE

()0 =T eth B2 [0z, (05 1y 1) —ay (03 14, 1)], (76,1)

rae uHAeKcH (1) wam (2) (O3HAYAOT, HYTO 3HAUEHHE BETHYHHEI Ge-
percst B TOYKe T, HJH T,.

B npeapipymem naparpa¢>e OLlJIO NOKa3aHOo, YTO €eCJH BEJHYH-
HaMH X, fABJSIOTCA KOMIOHEHTH BeKTOPHOro moTeHuuaska A (r)/c,
TO COOTBeTCTBymmHMH o6o6meHHmMH BOCIIPHHMYHBOCTAMH 6yayT
KOMIIOHEHTH TeH3opa — Df (w; r,, T 2)/ﬁc2 HoaTomy Cpa3y HaxopuM

(APAR)o= ——dhﬁ“{ §(0; 1y, 1) —[DR (@ 15 1) )%} (76,2)

CnekTpaJbHble GyHKIHY QAYKTyauHil HanpsiKeHHOCTEH 1OJs Ho-
ayyaoTcs u3 (76,2) npocteiM crnocobom. Ilyers @ff (¢, ry; £y, T,) —
KoppeasinHolHad ¢YyHKIUA GJayKTyalul BEKTOPHOTO IOTEHIHAafa;
BoipaxeHue (76,2) ecTb KOMIOHeHTa Qypbe-pas3noxeHus sToH (QyHK-
nud no t=1F—1{, Tlockonbky 3JeKTpUYecKas HanpsKEHHOCTh

E=—2

c

TO Takad Xe (QyHKUUs Ansa xoMmmoHeHT E
1 8 4 1 42

0=z 37,37, ¥tk = — 7 57 Pk,
HH, B $ypbe-KOMIOHEHTAX:
(EPEM)o =2 (APAP)o. (76,3)
AnajoruyHeiM o6pas3oM, yyuTEIBas cBsA3b B =rotA, noayyum
(BB{P)o = rot{Protih (APAR)a, (76,4)
(EPBR)o= —rot“,;, (APAR)e. ) (76,5)

Bripaxkast KoppeJsinuoBHEe (QYHKIHH 3/IEKTPOMACHHTHHIX GJIyKTya-
Uil yepes samasppiBatomyro GyHknmo I'puHa, dopMmyant (76,2—5)
CBOAAT 3ajady 06 HX BHIYMCJICHHH K PELICHHIO AuddepeHIHaTBHOTO
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ypaBHeHus (75,15) uamn (75,16) ¢ HapjexamuMH KpaeBbIMH YcJoO-
BHUSIMH Ha 3aJaHHBIX TPaHULAX TeJ?!).

Huxe mpl OyfeM curWTaTh, YTO Cpeja HeMaTrHHTOaKTHBHA. Torja
¢yukuus D oGnamaer cpoiictBom cummetpun (75,12) u BhIpae-
Hue (76,2) npuHUMaeT BHJ,

(AP AP)o=—cth B ImD & (@5 1y, 1), (76,6)

O6paTHM BHHMaHHe Ha TO, YTO BhipaxKeHue (76,6) BellecTBEHHO.
BMmecTe ¢ HuM BemectBeHHnl u (76,3—4), a (76,5)—mMHuMO. ITO
3HaYUT, 4TO QYHKUHH BPEMEHHON KOppe/silHH KOMIOHeHT E H KOM-
noHeHT B jApyr ¢ JOpyroM ueTHel mo BpeMeHu t=1I,—%¢, (KaK H
JIOJIKHO GBHITh I/ KOppeJsiiui MeXAy BeJHYHHAMH, KOoTopbie 06e
YeTHsl UMK 0Ge HeyeTHhl MO OTHOIUEHHI0 K OOpallleHHIO BpeMeHH).
DyHKIHA Ke BpeMeHHOH KoppeJsalHH KoMnoHeHT E ¢ KoMmmoHeH-
TaMd B HeueTHa mo BpeMeHH (KaK M JAOJIKHO ObiTb JJf JBYX Be-
JUYHH, U3 KOTOPBHIX OJHA YeTHa, 4 Apyras HeyeTHAa OTHOCHTEJBLHO
oGpautenuss BpeMenH). Orciofia ciegyer, yro 3HaveHuss E u B B
OJ{HAKOBBIH MOMEHT BpeMeHH He KOppeJHPOBaHBl APyl C JApYyroM
(HeweTHas yHKuusi ¢ oGpautaercssi B HyJab npu {=0). Bmecrte ¢
KOppesssLMOHHOH (yHKuHeH ofpallaloTcs B HyJb TaKXKe M CpefHue
3HaYeHHA OT JoGbIX GHIHHEAHEIX 1O (B3ATHIM B OJJMHAKOBBIA MOMEHT
Bpemens) E u B Boipaxkenuii, Hanpumep, or Bektopa IlofintuHra.
ITocsienHee 06CTOATENILCTBO, BIPOYEM, 3apaHee OYEBH/JHO: B TeJe,
HaxoJsuleMcsl B TelJIOBOM PaBHOBECHH H HHBAPHAHTHOM OTHOCHTEJb-
HO ofpalieHHs BpeMeHH, He MOXKeT ObiTh BHYTPEHHHX MaKpOCKONH-
YeCKHX IOTOKOB 3HEepTHUH.

§ 77. dnextpoMarnuTHeie QUIYKTyallkd B HEOrpaHWUEeHHON cpene

B oxanopojunoit HeorpaHuueHHOH cpeae ¢yHKUHH D;, (0; 1y, r‘«’“)
3aBHCAT TOJILKO OT DPa3HOCTH T==T,—T, NpUYeM YeTHb MO 3ITOH
nepeMeHHofi (ypaBHeHHe (75,15) coAepXHT TOJbKO BTOpHE IIpPO-
H3BOJAHBIE MO KOOpAHHATaM, H MOTOMy D;,(w; 1) H Dy (w;—T)
yIOBJIETBOPSAIOT OJHOMY H TOMY e ypaBHeHHIO). B3aB ¢ypbe-Kom-
NOHEeHTH 0O r oT 00enx CTOPOH paBeHcTBa (76,2), mosyunm

(AP AP )= cth B2 (DE (0, )—[DE (0, 0T} (T7.1)

Jna HeMarHWTOAKTHBHHIX cpef, ¢ ydyetoM (75,12), sta dopmysa 3a-
TIHCEIBaeTCA B BHJE

(A}l’A;f’)mk=——Cth€—(;-lm Df (o, k). (77,2)

1) Teopus 9JeKTPOMAarHHTHHIX (uyKTyauuii 6blia pasBuTa B ApYrod dopme
C. M. Poumosois (1953), a B opme, axBuBajentHOH (76,2—5),— M. JI. Jlesutioin
u C. M. Pumogsin (1967).
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B usorponHo#i HemarHuTHOH (u=1) cpexe ¢yukuus DR (w, k)
naetcst popmysoit (75,20). 3ajaya ke 00 onpefesleHMH MpocTpaH-
CTBEHHOU KOppessinuoHHOH GYHKUHH PiayKTyaluil CBOAHTCA K Bbi-
YHCJIEHUI0 HHTerpaJa

d3k ’
D} (@; 1) = | DR (0, K) e . (77,3)
HuterpupoBaHue OCYIIECTBJAAETCA (GOpMyJaaMu
'S- eikr d3k s
B2 (omp  dnr ?
; 77,4
- Rikglt d%k 92 e (77,4)
B 1x? 2r)P3 T Ox;0xp dmr

H3 KOTODPBLIX MNepBas MNMOJYYaeTCA NYyTeM B3ATHA KOMIIOHEHT CIJypbe
OT H3BECTHOI'O paBeHCTBA

(A—n2) £ — _4n§(r), (77,5)

a BTOpasl moJydaercs AuddepeHuHpoBaHHeM nepeoil. B pesynbrate
HalJem
02

DR(o;n)=—Hh|5 [ lk+m26m] Lexp (—7‘" V—_er) . (77,6)

rae r=|r,—r,|, a KopeHb }/—e A0JKeH GHITh B3AT C TAKHM 3HA-
KOM, 4TO6b! 6b110 Re YV —e> 0; s NYCTOTHl HAJO MOJIOXKUTh &=1,
V =e=—i (cM. HuXe).

Orciofa, cornacHo (76,6) u (76,3), cpasy HaXO,ZIPIM

(E‘(].)E'(ﬂ))(o
1 2 0? 1 e

(C. M. Peimos, 1953). CepHyB 3TO BhIpaXeHHe IO HHJAeKcaM i, R
(n BOCHmOJB30BABIINCL PopMyJa0H (77,5)), MOTyuuUM
- 2 e

(EVE®)=2h cth 22 1m {H;—“; exp (— 2 Zor) + 2a6 ] } (77,8)
AnanoruyHelM o6pa3oM, BhIUHCJeHHMe no dopmyae (76,4) nmpuBOAUT
K BbIpaXKeHHSM JIJiss KOppeJsAlNHOHHBIX (YHKUMH MarHMTHOTO IIOJA,
oTauyapIuxcia or (77,7--8) OTCyTCTBHEM MHOXKHUTeas1 /e nepen
KBaJpaTHOH CKOGKO#; NpH 3TOM usleH ¢ O-byHKuUell MOJ 3HaKOM Im
B (77,8) cTaHOBHUTCSl BelleCTBEHHBHIM M BhllajaeT M3 oTBeta. CBA3b
BeIpaxeHu#l (77,7—8) ¢ MHMMOH 4YacThbl0O €& SICHO NOJYEPKHBaeT
CBfA3b 5JIEKTPOMArHUTHbIX (JVKTyalMH C MOrJOlleHHEM B CcpeXe.
Ho ecau npoussectu nepexon kK mnpejgeay Ime—0 B dopmynax
(77,7—8), Mbl NOJyYUM KOHEYHbIE, OTJHYHBEIE OT HYJIS BHPaMeHHS.
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310 0o6CTOATENBCTBO CBA3aHO C MOPAAKOM Hepexoia K JAByM mpe-
JeJjaM —GeCKOHEYHEIM pa3MepaM cpeilbl B paBHOH Hymo Ime. [lo-
CKOJMbKY B GECKOHEWHON cpeJe YK€ CKOJb YTOAHO Majoe Ime
NPHBOJAHT B KOHIE KOHUOB K IOIVIOWEHHIO, TO NPH HCIOJb30BaH-
HOM HaMH NOpfJKe epexofa K npenenaM nonyqa}oumnca pesyJbTar
OTHOCHTCA K (PU3HYECKH NpO3payHOH cpefe, B KOTOPOiH, Kak H BO
BCAKOH peasbHOH cpejie, CKOJBbKO-HUOYIb OTJHYHOE OT HYJf [10-
rJoLIeHHe BCe Ke HMeeTCs.
[Tpouseesiem, Hampumep, yxkasaHHBEI nepexol B dopmyae (77,8).
Ilas aToro 3aMeyaeM, YTO MPH MaJOM TMOJOXHTeNbHOM Ime (npH

® > 0)
V —s~—zVRee(l +z2lgl:a)

(c yuetom TpeGoBanus Rel/—e > 0). [Tostomy B npenene Ime—» 0
HOAYYHM
-.(D ;1-/ ﬁﬁ)

9T * (77,9)

(EWE®), = — (H‘”H‘z’)m

onr
sin ~ cth

rje n—_-]/e—BeuJ,ECTBeHHm"i noKasaTesb NMpenoMiaeHHs. BBuay or-
cyTcTBHS usieHa ¢ O-pyHKIHell 2TO BeIpaX{eHHe OCTAeTCS KOHEYHBEIM
U IIPH COBIIaJaOIUX TOYKAX r, | P

2(0 fm

cth’e, (77,10)

(E%o =1 (H2)o= -

TlpenenbsEIll mepexof K cCJAyUaio Npo3payHoil cpefitl MOXHO OHIIO
Gbl POM3BECTH U Ha GoJiee paHHeH CTaJMH BLIYHCJACHHH—B TpH-
HOBCKO# (YHKIMH. Yursi, uTO 3HaK Ime(w) coBmajfaer co 3HaKoM
®, HaijeMm, yTo B 3ToM npefese ¢yHKuus (75,20) npuHuMaeT BUA

DR (0, k) = ““‘h. : [Sik__czkikk] (77,11)

®2n2/c®—k?+i0-sign o w2n?

(M. H. Psasanos, 1957) MHuMan vacTh 3TOR (PYHKIUH CBA3aHA TOJb-
KO C MPaBuWJOM 06X0Jla TOJIOCOB ® = Z-Cck/n; OTAENHB ee C IMOMO-
weio ¢popmyasr (8,11) u nmoacraBue B (77,2), momyunm

(E(I)E(Z)) K=
2 (gou2) fo (i) s (2 4a)enls. am

AprymenTnl 8-byHKHHE B 3TOM BBIpa)K€HHH HMEIOT NPOCTOH (H3H-
yeCKH#l CMBICA: OHH IOKAa3hBalOT, 4TO (PJAYKTyanHuH NOASA C 3ajaH-
HHIM 3HaueHHeM Kk pacnpocTpaHsAIOTCA B NPOCTPAHCTBE CO CKOPOCTHIO
¢/n, COBHAJAWOIEH CO CKOPOCTBIO PaclpoOCTPaHeHH: 3JeKTPOMATHUT-
HEIX BOJIH B JaHHOH cpele. Pypbe-ob6paleHueM Bupax)eHua (77,12)
MOXKHO, padyMeercs, CHOBa HOJYYHTb (77,7).
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Sueprus GIYKTYanHOHHOrO 3JMEKTPOMarHHTHOrO MOJA B NpO3pay-
HO# cpefle (¢ W = 1) B cnekTpaJbHOM HHTepBaJe do Aaercd (B eJMHH-
Ie o6beMa TMPOCTPaHCTBA) BHIPAXKEHHEM

1 d d
= (2@ 22 Lo 7

(eM. VIII § 61)1). TloacraBuB ciofa (77,10), mosmyuuM mocne npo-
croro npeobpasoBaHHsd

[ﬁ_ﬂq_ ho | ]‘DW 4(19) g, (77,13)

2 ehm/T —1 A do

TepBhifi wien B ckO6KaxX CBA3aH C HYJEBBIMH KOJICGaHHAMH MOJA.
Bropoi#i e ujeH JaeT SHEPTHI0 TEPMOJHHAMHYECKH PaBHOBECHOTO
3JIEKTPOMarHHTHOTO M3JyYeHHS B MPO3payHoOH cpeje, T. €. SHEPIHIO
4epHO20 UBAY4eHUs. DTy 4acTb (QOPMYJEI MOXHO OBIO bl MOJYYHTH
u Ge3 paccMoTpenusi (QIYKTyallu#i, MyTeM COOTBETCTBYIOIIETO 0606-
menua ¢opmyas IlgaHka A YEPHOTO MBJIYYeHHA B IYCTOTE.
CorsiacHo mocJejHeli, 3Heprusi UEPHOTO H3JyueHusl (B eJHHHIE
o6beMa) B HHTEpBaje BOJIMOBBIX BEKTOPOB d’k jaeTcst (opMyJIOH

fio 2d3k
/T | (2m)3

(MHOXHUTENb 2 YUYHTHIBAeT 1Ba HamnpaBJ/eHHA NOJSPH3AIHH). Coor-
BeTCTBEHHO JJIsi MOJyYeHHsl CleKTpaJbHOH NJOTHOCTH 3HEPTHH HAJO
saMeHHTb d3k ua 4mk?’dk W nojicraBHTb k=w/c. [na nepexoja xe
OT TYCTOTH K Mpo3pauHofi cpefie AOCTATOYHO MOJIOXKHTb R =n0/C,
T. €. Hamucarth

_ dk __ win? d(ne)
kde—kZE’a‘ 10}] =3 do d(D,

yto u jaer TpeGyeMbli pe3yJ/bTar.

3agauH

1. Hafith $uayKTyaluu 5JeKTPOMarHHTHOIO IOJIST BJAJH OT TeJa, MOTPYyXeH-
HOTO B TIPO3PAvHYI0 PAa3PEKEHHYIO cpelly, C KOTOPOH OHO HAXOAMTCS B TEINJOBOM
PABHOBECHH; JJIHHA BOJIHH M3JyYeHHs M DACCTORHHE OT Teja K TOuKe Ha6JoeH s
BeJHKH [0 CPaBHEHMIO ¢ paaMepamu TeJsa, Teso ofnafaeT aHH3OTPONHOM IJEKT-
PHUECKOH MOMAPH3YEMOCTEIO Qg (©).

PemeHnue, PaspexeHHylo MPO3payHylw cpely paccMaTpHBaeM KakK BakyyM.
Hckempie AYKTYalUHH onpenessioTcst MaJuM (Ha GOJIBIINX PACCTORHHAX) H3MEHe-
HHeM BaKyyMHOH OyHKimM I'pHHa, BHI3BAHHHIM NMpHCYTCTBHeM Tesa. [usi Bbymc-

1y TlosHasi 5HePTHst MOJYYaeTcst HHTETPHPOBAHHEM IO d® OT Q.10 005 MHOXH-
Tedu Xe 2 B KBagpaTHBIX cKoGKAaX CBR3aHHI C TeM, YTO IO MPHHATOMY HaMH Onpe-
ZeNeHHI0 CLIEKTPaibHbiX yHKIHH (JaykTyauull cpefHee 3Hauenne <x?> mosydaercs
HHTErpHpoBanHeM (x%)p 10 dw/2m oT — o X0 ® (CM. Vv (122,6)).
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JICHHH 9TOr0 H3MeHeHHs HCXOAUM H3 aHAJIOTHH, COIVIACHO KOTOpOH BaKyyMHYIO
¢dyHkuHO Dﬁ; (; r, ') (npu 3ajgaHHOM HHAeKce k) MOXHO (OPMaJsIbHO paccMart-
pUBaTb Kaxk B3JeKTpHYecKoe noJje E;(r, r’), co3faBaeMoe B TOYKe I HEKOTODBIM
HCTOYHHKOM, HAXOASLIHMCS B TOYKe r’. 3Ta aHAJOrHA OCHOBAHA Ha TOM, YTO NOJIe
E; (r, ') (k2K H eTo moteHuwan A;(r, r’)) yAOBJeTBOPSieT NPH I # I’ TaKOMy XKe
ypPaBHEHHIO, KaK H (yHKUHSA Dﬁ; (w; r, r')—ypaBHenne (75,16) ¢ e=1, Ilycrb
Teso HaxoAuTes B Touke r==0. ITose

R , . R, .
E;©, ')=Dip(w; 0, t')=Dp (w; 1)

(rze Dﬁ; (®; r)—rpuHOBcKas GyHKuMA B INycTOTe B OTCYTCTBHe TeJsa, AaBaeMast

BripaxeHHeM (77,6) ¢ e=1) gonﬂpﬂsyer TeJI0, CO3/iaBaf TeM caMbIM B Touke r=0

aunoJabHul MoMmenT d;=a ;D (w; 0, r’). [Tose xe, co3naBaeMoe, B CBOIO 09epelb,

3THM JHIOJBLHBIM MOMEHTOM B TOYKE I, H JaeT HCKOMOE H3MEHEeHHe 15')D§e (; 1, 1),

CorsiacHO H3BecTHOH H3 3jeKTpoAuHaMuku dopmyne (cm. I § 72), noxe, cosaa-

BaeMoe B TOUKe r HaxojfuwuMcs B Touke r=0 aunosbHbM MoMeHTOM d (3aBHcs-
KM OT BpeMeHH Kak e—!®f), ecTb

£ ~d‘ w3 81+ 02 elor/e

P=S e T g | T

NpHYeM paccTossHHE 7 JOJIXKHO 6BITe GOJIBIIHM TOJIBKO MO CpaBHEHHIO C pasMepoMm
T€Jia, HO HE C llJ'IHHOﬁ BOJIHLI; 3TO Bblpa)XK€HHe MOXKHO NpPEIACTaBHTb B BHAE

(1)2
he?

(HamoMHHM, 49TO GYHKUHSA Dﬁ (0; r) vetHa no mnepemenHo#i r). C HamHCaHHBIM
BhILLIE JAMMOJbHLIM MOMEHTOM HaXOXHM, CJIeJOBATEJNbHO,

Ei=—

Df (@; 1) 4

w2
Fer

Hckomble KoppessunoHHble dyHKHMH (JyKTyauHii faioTcst Tenepb oSuiHMH dopmy-
Jaamu (76,3—6) ¢ 6Dﬁ¢ BMecto Dj;. OKoHuaTeJbHO MoOJydYaeM

2w (1 1
8 (A;I)A;zz))w=ﬁ%{‘f+‘ﬁ/_r:__l} Im [DF (@ 1) aymDie (@3 )] (1)

6Dﬁz (0; r, I')y=— lel (0; 1) al,,,D,'f;k (0; ).

HanoMuuM, 4To TeJo Haxoautca B Touke r=0, a rj*H ry—JBe TOYKH BJaJu OT
Tesia, OTMETHM, YTO BKJaj BO (VIYKTyalHH BO3HHKaeT He TOJbLKO OT MHHMOH, HO
H OT BellleCTBEHHO! YacTH MOJIIPH3YEMOCTH; IOCJIENHHI MOMXKHO pacCMaTPHBAaThb KakK
pe3yvbTaT paccesiHHS Ha TeJle UePHOTO H3JYYEHH, 3aMOJIHMIONIEr0 MPO3PauHyIo
cpeny.

2. To xe ja4 Tesla ¢ MarHHTHOH MOJIPH3YEMOCTBIO Cjp (®) 1),

Pemenue. B aroM ciyuae paccmatpuBaeM rot ;;Dip (®; r, r’) KaK Mariur-
noe none H;(r, r'), cosgaBaeMoe B TOUKe I HCTOYHHKOM, HaXOAAILHMCS B TOYKe r’
(ypaBHEHHIO TOro e BMAA, 4TO H A/ QYHKUHH DR, YIOBJIETBOPAIET HE CaMo MoJie
H;, a ero notenuyan A;). 310 nose HaMarHHYHBAeT TeJsO, CO3JiaBas B TOUKe r =10
MarHHTHBIH MOMEHT

m;=—a roty,, D,’f,k (0; 0, ')

1) HasuuHe MarHHTHOH NOJADH3YEMOCTH He 06f3aTeJbHO 03HAYAET, UTO TEJO
COCTOHT M3 MarHHTHOTO MaTepuajsa, Tak, pedb MOXeT MATH O BHITECHEHHH MarHHT-
HOI'O MOJIAl H3 Tesla 3a cYeT CKHH-3GddeKTa,
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(nuddepenunpoBatne no r 3ameHeHo AubdepenuupoBaHHEM MO I C YYETOM TOroO,

yTo Dj3e 3aBHCHT TOJBKO OT pasHOCTH r—r’). FlckoMoe e u3MeHenne TPHHOBCKOM
OYHKUHH COBMAJaeT C BEKTOPHHIM MOTEHIHAJOM MAarHHTHOIO MOJA, CO3/1aBaeMoro
STHM MarHMTHBIM MOMEHTOM B TOYKE I:

Aiz rot it [—rl— mleimrlc]

(cm. IT § 72, zapaua 1). Takum oGpasom,
iwr/c

DR (@; 1, r)=— (rot,-, )ocl,,, rotmnDRe (@; 0, 1),

r

Hakonen, noacrasus ka u3 (77,6), HaxoQHM

ior/c eimr’/c

E @

8Df {w; T, r’)=ﬁ(rot,-l r

’

) Cym TOtme
(Mcnosib30BaHo, YTO Moty Vi=e€mknViVa==0).

3. Onpenenuth GAYKTyaluH 3JeKTPOMarHHTHOIO MOJA B YCJAOBHAX 3ajaud I,
cuHTasi, OJJHAKO, YTO TeMIepaTypa CpelAl MHOTO HHKE TeMmeparypsi TeJa.

Pemwenue. Bouyuciaenioe B 3afjaye 1 moJe ecTeCTBEHHO AEJHTCH, B COOT-
BETCTBHH ¢ HajlHuMeM ABYX uJeHOB B QurypHoii ckobke B (1), Ha nyJeBbie GJyK-
TyauuH H TemJoBoe YepHoe H3JjydeHHe. Ilocsennee, B CBOW OdYepeAb, COCTOMT H3
AByX 4acTell —TeNJIOBOIO M3JyYeHWs CaMOrO TeJa M 1O/, BOSHMKIIErO mpu pac-
CesIHHH YEPHOro H3jyyeHHs cpelAbl Ha Tene. EcJu TeMmepaTypa cpelhl HH3KA,
BTOpasi 4acTb oTcyTcTeyer. i pelleHHA 3afayd Mhl BHYHCIHM ee OTAeJbHO,
a sareM BoiuTeM H3 (1), TlosoxuM A (r)==A A8, rae A®)—paykryauuonHoe
noje B OTCYTCTBHe TeJa, a A% —roJje, paccesHuoe TesioM. Ha Gosbiunx paccros-
HHsX, roe A(S) MaJo, MOXHO npH BuyucaeHNH O (A;1Agg)e Tpenebpeub YJeHAMH,
KBaapaTHYHBIMHE 1o A®). [lns BKJafa OT paccesAHHst HMeeM MOITOMY

( ( 0) »¢ (! ( 0
3 (AnAm)o~ (AR AR)e+ (A§1)Ah§a))<q= (4R Ao+ (AR AR)e*.
Paccesinnoe noJie cHosa Aaerca ¢opmynoi u3 II § 72, HO Teneppb MOX AHUIOJILHAIM
MOMEHTOM HaJio MOHHMATh IPOCTO MOMEHT, HHAYIHPOBAHHLIA YEePHBLIM H3JydYeHHEM:
d; = ;AL (0). BBens onATe TPHHOBCKY!O (YHKUHMIO B BaKyyMe B OTCYTCTBHE
TeJla, HMeeM
0 R o
AP )=— 'ﬁc'.‘TDil (@ £1) ey (©) Am’ (0),

TaK 4TO

»?
fic?
Koppeasunonnyo dynkumio (AfiA)eo Gepem crosa ns (76,2). ITpu stom, mo-

CKOJIbKY HAac HHTEpecyeT TOJ/IbKO TEMJoBOe W3JydYeHHe, HaA0 ONYCTHTh B HTOH
¢opMyJie HyJieBbie KOJEGaHHs, T. €, 3aMeHHThb

ho 1 1 1
T~ h t37> =
el 1 ehe/T 1

(A:‘i)A;z()z))m=— D{}, (0; 1) 0y (A:l(')x) (0) A;ZO) (r’))")'

1
—cth
2

B peay/ibTaTe HAXOAHM AJSl BKJajJa PAcCESHHOrO YEPHOTO H3JyYeHHA B KOppend-

HHOHHYIO QYHKIHIO

2
0 (ApApg)o = Q 5 [DR (@; r1) aym Im DRe (w3 1)+

e
fe2 (ehm/r _
+ D" (@} r3) aim Im Dy (@, )] (3)
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OKoHYaTeJIbHO, 9T00bl HalTH QJYKTyallHOHHOe mOJie B XOJOKHOR cpeje, Hajlo
Brvectb (3) u3 (1). Ilocae npocThix npeobpasoBannit ¢ HCMONL30BaHHEM CHMMETPHH
TeH30poB Djg H o MOJyYUM

2
o (AilAka)w 20

= ﬁcz(eh"’/r-l)

(T —TemMnepaTypa TeJa). 3[ech BHNHCaH JHIUb TeMJOBOH UJIEH; UYJEH C HYJIEBRIMH
KosebanuaAMH B (1) ocTaeTcs Ge3 uameHenuil. O6paruM BHHMaHKE Ha TO, YTO BHIpa-
XKenue (4), onpejendioulee TelJOBOE H3JyYyeHue TeJa, 3aBHCHT TOJbKO OT MHMMOH
yacTH NoJApusyeMOCTH. ITOTOR 2HepruH, BHIMHCJEHHHA IO BHpaxeHHIO (4), yke
He paBeH HYJIO, a JaeT MHTEHCHBHOCTb TeIJIOBOTO H3JAYYECHHH HArPETOro TeJa
B OKPYIKalOIYI0 XOJOJHYIO Cpexy.

Dff (@; ro) [Imay, (@)] DRk (03 1) (4)

§ 78. ®PaykTyanHn TOKa B JMHEHHBIX HENsaXx

Eule oJHO MHTEpecHOe NMpuUMEHeHUe (IyKTyalHOHHO-IHCCHIIALH-
OHHOH TeopeMBbl MpEACTaBJIIET BOMpoC O (DIYKTyaUMAX TOKa B JIH-
HeHHBIX UEMNsX, BIepBble paccMoTpeHHull Hadxeucmom (H. Ny-
quist, 1928).

DJyKTyalHH TOKa NpPejCTaBJsOT cobofi cBoOojAHLIE (T. €. Mpo-
HCXOAsIliHe B OTCYTCTBHE NPHJOXKEHHOH H3BHE 3JIeKTPOABHKYIUIEH
CHJIBI) 9/MEKTpUYECKHe KoseGaHHs B NpoBOAHMKe. B JuHelHOH 3aM-
KHyTOH 1end HauGOJBIUHMH HHTepec NPEACTaBJAIOT, €CTECTBEHHO, Te
KoJieGaHUs, TPH KOTOPBIX BO3HHKAeT TeKYyIUH BJOJMb NPOBOJA
noJHbl# ToK J. Huxke Mbl mpeimosiaraeM BLINOJIHEHHBIM YCJAOBHE
KBa3HCTAlMOHAPHOCTH — Pa3Mephl HelH MaJibl 0 CPaBHEHHIO C AJIHHOH
BOJIHBI A ~ ¢/®. Torga moJHHH TOK J OJHHAKOB BO BCEX YYacTKax
Uend M sBafdeTcs QyHKIUMeH AHIIb OT BpEeMeHH.

BuiGepeM 3TOT TOK J B KayecTBe BeJHYHHH X (f), GQHUrypHpylomen
B ofuiell GopMynupoBKe QJIYKTYaUHOHHO-IHCCHNALHOHHON TEQPeMEl
B V § 124. 1A Toro 4roObl BHISCHHTb CMBICJ COOTBETCTBYIOLIEH
00001eHHOH BOCIPHHMYHBOCTH @, NIPEJNOJOXKHM, YTO B LENH JehcT-
BYET BHellHAs 3JIeKTPOABHKyas cHsia &. Toraa Auccunainus sHepruu
B uend Q=J&. CpaBHuB c Bupaxenuem Q= —xf, cayxamum
onpejeneHneM «cuabl» f (cMm. V (123,10)), Mel BHauM, 910 [f=—¢&
HIH A4 Qypbe-KOMINOHEHT &= iof,. C Apyrofi CTOPOHH, TOK H
3. 1. C. B JHHe#HO#! HenH cBA3aHbEI COQTHOIIEHUEM &u =Z (0) Jo, I'lle
Z (»)-—KOMILIEKCHOE CONpOTHBJIeHHe (uMneAaHc) nend. [lostomy
AMeeM

Jo=8&8u/= i(Dfm/Z

H, CPAaBHHUB C onpejiejieHHeM 0GoGLIEHHON BOCIPHHMYHBOCTH B COOT-
HOILUEHHH (X)o =& () f, HaxoguM a (®) = iw/Z (v). Ee MHHMasa YacThb:
i® ®
Ima:lmf——[—z—lz—R(w),
rie R=ReZ.
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CornacHo ¢nyKTyauHOHHO- AI/ICCHHauHOHHOﬂ TEopeMe,

x)mwﬁcth Imoc( o),

HaXOJAHM TeHepb JJs cneKTpaanoﬁ ¢byHKIHY OAYyKTyanu# ToKa

(J%)o = f“’) = R (o) cth ’3“’. (78,1)

STy ¢dopMyJy MOXKHO NpPeACTABUTL B JPYTOM BHie, ONHCHBAg QUIyK-
TyauHy TOKa KaK pesyJbTaT AeHCTBUA «CIyYalHOH» 3. . €. Eo =2ZJ 6.
Jdaa nee nmeeM

(&) =FoR (®) cth g—;’ (78,2)
B knaccuueckom cayuae (ho <T)
(%o =2TR (@). (78,3)

TloguepkHeM JIHIUHWE pas, yTo 3TH GOPMYJBI COBEDIIEHHO He
3aBHCSAT OT IPHUPOALI ABJEHUH, OTBETCTBEHHBLIX 33 AUCIEPCHIO COIPO-
THBJIEHUSA LENH.

§ 79. Temnepatypuasi gynkuus I'puna dotona B cpesne

Temneparypraa ¢yukuusa I'puxa ¢oToHa B cpefe CTPOHTCA IO
Many6apoBCKHM ONeparopam MOTEHUHAJOB 3JeKTPOMarHUTHOTO M0J1A
nojo6Ho ToMy, Kak BpemeHHas (yHkuuda ['puHa (75,2) cTpoutca u3
reiiseH6eproBCKUX onepaTopoB:

Dp=—<TAM (v, 1) A (3, 1,)>. (79,1)

31ech YYT€HO, YTO B CHJIY SPMHTOBOCTH ILIPEIHHTEPOBCKUX OIepa-
TOpPOB TMoJA MallyGapoBcKHe omepaTophl AM u AM (ompepeseHHbIE
corjacHo (37,1)) coBnagaioT APyr ¢ ApYroM. DT ONEpaATOPHl, OAHAKO
(B oTiMyHe oT refiseHOeproBCKHX), CaMH y3Ke He 3PMHTOBBI; BBUAY
BEIECTBEHHOCTH IlapaMeTpa T HMeeM
] + ~ -~ - - -
[A% (5, 0] =[P A (5) e=vi ] = ~Rih (r) exhih
HJIH
[AM(z, r)]* =AM (—n, 1).

Tlockonbky ¢yHKnHsa (79,1) 3aBHCHT TOJBKO OT pPasHOCTH
T=1,—7T, (cp. § 37), TO MOXKHO HamucaTb (IOJOXKHB, NanpHMep,
>0

@ik(T; Ty, r2)=—<AiM (v, rl) Aé“ (0’ 1'2)>,
@ik('—T; LPT) ra)_—_-—(A,{” (T: l',) AiM (Os l',_)).
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W3 cpaBHeHus 3THX JBYX BbIpaxKeHUH BHJHO, YTO
@t’k(_—T; ry, rz):@ki (T; Ty rl)' (79»2)

(DyUHKIJ.HH D;, MoxeT ObITb passoxeHa B psaf Pypbe mo mepe-
MEHHOH T:

‘@z'k (Tr rp r2)=T Zw @ik (gsv r1’ r2)e‘iCsT’ (7913)

S==—-®

npHYEM «JacTOThl» §; mpoberaior (BBUAY CTaTHCTHKH DBose, KOTopo#
nopuunsAwTcs GOTOHb) 3Hauenus AL, = 2nsT (cp. (37,8)). Jlas KoM-
MIOHEHT 3Toro pasjoxeHus us (79,2) cienyer aHaJOrMYHOE COOTHO-

ieHue
@ik (gs’ Iy, r2)=@k,-(—§s; Iy, rl)‘. (79’4)

CoraacHo ofuieMy cooTHoleHHIO (37,12), 3TH KOMIIOHEHTH CBf-
3aHBl C 3anasfpBarollell ¢pynkuuelt I'pHHA paBeHCTBOM

D Css 14 2)“‘D (iCs; Ty Ty)

an NOJIOKUTENBLHBIX (.. B § 75 6bl10 mokasaHo, 4TO (YHKIHH

DJ (w; r,, T,) MOXKHO B H3BECTHOM CMHIC/E paccMaTpPHBaTh Kak
0600lLIeHHbIE BOCIPUUMYHBOCTH, (HUIypUpyioUlde B OOlEH TeopHH
OTKJHKa MaKPOCKONMHYECKOH CHUCTEMbl Ha BHELIHEE BO3JCHCTBHE.
Orciona caefoBalo CBOACTBO CHMMETPHH 3THX (GYHKLHH, BeIpaxkae-
Moe (A HeMarHUTOAKTHUBHBIX CpPel) PaBEHCTBOM (75 12), a BBHAY
cBs3U Mexay GYHRuuAMH Df u 9, TakuM ke CBOACTBOM 06./1ajaioT
U IOCJ/elHHe:

@ik (gs; Iy, r2):@kl( s+ Tay 1) (79’5)

Hs storo paBeHCTBa, BMecTe ¢ paBeHcTBOM (79,4), caeayer Temepb,
uto GyHKuUHH D, (L, 1y, T,) YETHBI MO AHCKPETHOH MepemMeHHOH §g,
TaK YTO IPpU BceX (MOJIOXKUTEJbHBIX H OTpPHLATE/]bHBIX) €e 3Haye-

HUAX HUMEEM
k(gs; ry, 2)"D (llgl ). (79’6)

Hanee, dyuxkuus DJ(o; r,, ry), Kak u Bcskas 06oGlLIeHHas
BOCIIPUUMYHBOCTb, BEIleCTBEHHA Ha BepxHell MHHUMOH MNOJAyoCH ©
(M. V § 123); u3 (79,6) caenyer nostomy, uto GyHkuusa D, (L1, T,)
BellleCTBEHHAa MpH BceX 3HaweHusx [,. Hakonen, U3 3THX CBOHCTB
cJeLyeT, B CBOIO ouepelb, UTO U HCXOAHAS QYHKUHUA D, (T; 1y, I,)
BellleCTBEHHA M YeTHa 'O IEePEMEHHOH T:

@ik (T; Iy, rz)z@ik (_ LR T rz)' (79,7)

Cessb (79,6) mexZy TeMmepaTypHOH M 3amasjplBaioliedl ¢YyHK-
nuaMH ['puHa NMO3BOJISET cpa3y HamHucath AH(epeHUHANbHOE ypaB-
HeHHE, KOTOPOMY JOJIKHA Y JAOBJETBOPATHL PyHKUHA &D;; B HEOJHO-
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pojHo# cpeje; s 3TOTO JOCTATOYHO IPOU3BECTH 3aMeHY o — i [{|
B ypaBHeHHH (75,15) uau (75,16). Tak, AJas1 H30TPONMHOH HeMarHu-
TOAKTHBHOH cpejbl ¢ p=1 HaxoIuM ypaBHEHHe

9 : ,
[0+ E e GIL 1, 16, |Dis (0 7, 1) =
= — 4whd 0 (r—1').  (79,8)

J15 onHOPOXHON HeorpaHHUEHHOH Cpelbl (pyHKL[H’H Dy Cgs 1)
passaraerci B HHTerpat Pypre no pasHoctH r—r’. KOMINOHEHTh
3TOr0 Pa3jioKEHHS YIOBJETBOPSIOT CHCTeMe ajare0paHyecKux ypap-
HeHHH

1 2 .
=t [kikz_aizkz“’ait —E—:«a (15D ] Dy sy K) =0, (79,9)
U Jaiorcsl Gopmyson 1)
ank ch;k
D, (L, k)= — [ai ——i—] 79,10
¢ (G K) eannere T Beaie ( )

ITockoapKy o¢yukmus D;, (L, k) Beipaxkaercs (B AJHHHOBOJIHO-
Bo#l o6nactd ka<€ 1) uepe3 &(w), TO IuarpaMMmHas TeXHHKa AJS ee
BBIYHCJIEHHST CTAHOBHTCS TEM CaMbIM TEXHHKOH JJf BblYHCJ/EHHS
JIU3EKTPUYecKol npoHnnaeMocTH cpenbl. [IpH 3TOM moOCHAERHSIA
HMeeT TaKke M ONpeJeJeHHbI AMarpaMMHEIH CMBICJ, KOTOpHE Oyaer
ceflyac BBHIFCHEH.

BynemM u3o6paxaTb TouHYI0 D-QYyHKUHIO KUPHOH, a- QyHKIIHIO
£\ B BaKyyMe—TOHKOH NYHKTHDHON JMHHeHd 1O NnpaBHay )

————=-g, =g (79,11)

Bcst cOBOKYDHOCTE juarpaMm, uzobpakaioniux %-(yHKIHIO, MOXKET
GuiTb H300paxena psiioM (BIIOJHE aHaJOrHYHBIM psgy (14,3) aas
pyskaun G):

e e e O e OOt (79,12)

Tlle KpyXKOK H300paxkaer COBOKYMHOCTh AHarpaMMHLIX GJIOKOB, He
pacrnajamomyxcs Ha JBE€ YacTH, CBA3aHHbIE TOJNBKO ORHOH MyHKTHP-
Holl JimHuefi; 0003HAYMM 3Ty COBOKYIHOCTb NOCPEACTBOM — P ;,/401.

1) B peanbnbix npumeHennsx (cp. § 80) dynkuus @D;p Bcerna Gurypupyer
B [POH3BEIEHHH C 'g?; Ho3TOMY pacxognMocTh npH §; =0 aKkTHYeCKH ycTpaHAeTcs.

2) Mcnosib30BaHHe NYHKTHPA A4d 0003Hauenusl &)-QyHKUUH He MOKET BhI3BATh
3llech HeAOPa3yMEHHH, TaK KAaK B TOM M cJefyolleM maparpadax He 6yner ¢wury-
pupoBaTh B SBHOM BHJE 3HEPTHsi [aPHOTO B3aHMOACHCTBHA YacTHI CPefbl (/s
KOTOpOH paHee HCHOJb30BaJoCh 3T0 0003HAYEHHE).
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Oyuknuo P;, (aHAJIOTHUHYIO COGCTBEHHO-IHEPreTHYECKOR YacTH
TPHHOBCKOH GYHKLUHH YacCTHI) HAa3bIBAOT MOALPUSAYUOHHOIM One-
pamopom.

JuarpamMmuoe paBenctBo (79,12) 3KkBHBasNeHTHQ ypaBHEHHIO

e e (79,13)

(cp. nepexox or (14,3) K (14,4)). B anaautHyeckoMm BHIAE OHO AaeT
D=2+ oY T g, (79,14)
(Bce MHOXHTeJH—ObYHKLUUY ORUHAKOBBIX apryMeHTOB §,, k). ¥YMHo-

JKHB 3TO pPaBeHCTBO CNnpaBa Ha obpaTHHIl TeH3op &~! u cjeBa —
Ha Z)'~1 pepemuineM €ro B BHJE

Dt = DP1—P,,/4m. (79,15)

Hakonen, B3gB &' u3 JaeBofl cTOPOHB! ypaBHeHHs (79,9) u Takoe
XKe BhIpaxkeHHe C =1 pas @DP-, Haiijgem

Pop (G W)= [0 (12, —1]84 (79,16)

yeM 4 OnpeneJifieTcs AMarpaMMHbiH CMBICT GYHKIUK € (0)—1 B Auc-
KPeTHOM MHOXKECTBe TOYEK Ha BepXHeH MHHUMOH moJyocH . AHa-
JHTHYECKOe Npofo/iKeHne GyHKUMH € (i |{,|) Ha BCIO BePXHIOW MOJIY-
IJIOCKOCTh JOJIKHO, B NpHHIHUNE, NPOH3BOAHTBCH C YUYETOM TOTO,
YTO & (®) He NOMKHA UMeTh OCOGEHHOCTEH B 3TOH MOAYMJAOCKOCTH H
yto ¢(0) — 1 npu |o]— oo ?).

B HeoZHOpOAHOU Cpefe NOJAPH3ALUHOHHBIA ONepaTop SIBJSETCS
(xak 1 D) dyHKUHel KoopiuHAT ABYX TOoueK. [loBTOpHB Bech
BBIBOJL B KOODAMHATHOM NpEACTaBJEHHH, MOJyYHM BMecTo (79,14)
ypaBHeHUe

Dy (rg, Ty) = .
=D (r,, 1,)+ T S DR (ry, 1) Py (65, 1) D, 1y, 1,) d3x,dPx,

(apryMenTH {,; AJS KpaTKOCTH He BbimHchIBaeM). IlogelicTBoBaB Ha
9TO PaBEHCTBO CJeBa ONepaTopoM

02 2
anlAi + 'Cc% nt

0x1n 0%y

1) B aHuH30TPOMHOH Ccpefie Halo HHCATh
Pir Gsr W)= (L/he?) [ein (0 T ) — il

OrmeruM, "4T0 B TAKOM BHJE 3TO BHIpaKeHHe OCTAeTCH CNpaBeN/IHBLIM H HpH Ha-
AMYHH TPOCTPAHCTBENHOH LMCHEPCHH, KOTAA €;p 3aBHCHT He TOMBKO OT YacTOThl,
HO H OT BOJIHOBOIO BEKTOpa.
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u yutsi, uto D@ ynopaersopsier ypaBHeHuio (79,8) ¢ =1, nonyuum
S 5)[1 (r11 l") @lk (l", rz) d3x' = [8 (rl)— 1] ﬁ_zz @ik (!'1, rz)v

OTKY/2

Pip (G 1o ) =2 8,8 (=) e (IL], 1) —1]. (9,17)

CTpyKTypa KOHJCHCHPOBAHHOH Cpeibl, 8 C HEI0 M ee JH3JeK-
TpPHUECKHe CBOHCTBA OMpeJeNAnTCA CHIAMH, AeHCTBYIOIMHMH MEXAy
ee YaCTHUAMH HAa DAcCTOSHMAX MOPsifKa aTOMHEIX pasmepos a. Ha
3THX PaCCTOSIHUAX MOMKHO (TPH- HEPEJATHBUCTCKHX CKOPOCTSX Ha-
cTHL) npeHeOpeub 3amasjblBaHHEM B3aHMOJEHACTBHH, KOTOpOe CTa-
HOBHTCSl CYUIECTBEHHBIM JHIIb JIJ8 JJIMHHOBOJIHOBBIX (B CMbICJe
ka<£1) KOMIOHeHT moJA; APYTHMH CJIOBaMH, NPH BBHIYHCJICHHH
NOJIAPH3ALHONHOTO OTNepaTopa MOXKHO npeHeGpeub NIMHHOBOJIHOBOH
yacThi0 MOJS. B JHarpaMMax ke JJs caMOH TPHHOBCKOH ¢y HK-
uun 9D,;, AJIHHHOBOJHOBOE MoJe (UIYPHpYeT JHIUb 4epe3 TOHKHE
MyHKTHPBl B mpaBoil cTopoHe (79,12).

PaccMoTpeHHblt B 3ToM maparpade TPeXMepHBIH TeH30p Pin
SIBJSETCS, KOHEUHO, JHUIIb NPOCTPAHCTBEHHOH YacThi0 MOJAPHU3aA-
nHoHHOTro 4-TeHsopa P,y. IloguepkneM, BO H30exaHHE HeL0pasy-
MeHHil, UTO €ro BpeMeHHasi P,, M CMelIaHHbe P,; KOMIOHEHTDI
OTHIOAb He paBHH Hymo. BoJee TOro, Kak U B KBaHTOBOH 3JIEKTPO-
JHHAMHKE, 5TOT 4-TeH30p BOOOLIE He 3aBHCHT OT KaJHGPOBKH IOTEH-
[HaJ0B. B HepelsTHBHCTCKOH TeOPHH 3Ta KaJu6poBOUHas HHBa-
PHAHTHOCTb OYeBHJIHA yXe N3 YKa3aHHOH TOJbKO YTO BOSMOXKHOCTH
BBHIUMCJIEHHS MOJIAPH3ALHOHHOTO Ofeparopa ¢ yyeTOM OfHHX TOJBKO
Heaanas/AblBaloUIHX CHJ, He 3aBHCSILUX OT KaJHGPOBKH JITHHHOBOJ-
HOBOTO T0JIS ). -

1) Cm. IV § 100. ITorbsyemcs cryyaem HCUpaBHTb OWHOKY, AOTYLICHHYIO
B W3JIOMEHHHIX TaM paccyxjeHusx. 4-TeH3op, OCpaTHBIE TOYHOMY tdoTOHHOMY
nponaratopy GDuy (06osnauenus, kak B IV!), umeer Bux

—1 1 kuk 1 kp,kv
Div=2g5 (gm, —-pl) +550 8

H anaJoTMYHO JIJ8 npomaratopa cBoGOAHBIX (OTOHOB Duy (8 1V (100,18) G
Tponylies BTOPOH YJeH B STHX BHIp@KEHHsAX). DTH 4-TeH30PE 3aBHCAT OT KaJH-
6pOBKH M He SIBJSWTCA TNONEpeYHbIMH. BhiBoa O TIOTIEPEYHOCTH TOJSPH3AHOHHOTO
orneparopa H O ero KaJHGPOBOUHON HHBapMaHTHOCTH, OAHAKO, He MeHnsercs. Jlemao
B TOM, YTO NPOJOJLHAS 4acTh mporararopa cCBsidaHna Cc HE umeionell GH3HYIECKOTO
CMBICJA TIPOIOJBHOH YacTblo 4-TOTEHIHaJa H He ydacTBYCT BO B3aHMOJEHCTBHH.
TTostomy B3auMojeHiCTBHE He MeHsleT ee, TaK HTO g =D! B culy paBeHCTBa
@'&,:Dﬁt—-f]ﬁw/m (IV (100,14)) oTciona H CJefyeT NONepedHoCTb Puv H €To

HE3aBHCHMOCTb 0T GHM),
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KomnoHeHTol Py, 1 P,; MOKHO HAHTH M3 YCJIOBHA MONEpeuHo-
cTH 4-TeHsopa: Pu.k* =0, rae k%= (if,, k) —BoJHOBOH 4-BeKTOp:

Pon=—735 [ (15D 1],

i (79,18)
Poi="5 e (118, ) — 1]

§ 80. TeHsop HAmpsKEeHHH BaH-1eP-BAAJBCOBBIX CHI

XoTst CTpYKTypa KOHJIEHCHPOBAHHBIX Tesl B OCHOBHOM Ompeje-
nsercsi (Kak ObLJIO OTMEUEHO B KOHIE MNPEABIAYIIEro naparpada)
CHJIaMH, JEHCTBYIOUIMMH MEXJy €ro yacTHUaMHi Ha aTOMHEIX pac-
CTOSTHHUSX, HO ONpefie/IeHHbIH BKJ/aJ B TEPMOJHHAMHYECKHE BEJTHIHHEL
Tena (CKaeM, B €ro CBOGOJHYIO 3HEPTHIO) BHOCAT TaKke H TakK
Ha3biBaeMble 8aH-0ep-6AQAbCOBbL CUAbL— CHJBI, JEHCTBYIOIHE MEXIY
aTOMAMH Ha pPACCTOSHHAX, GOJbLWIHX MO CPABHEHHIO C ATOMHBIMU
pasmepamu a. Hanomuum, 4to JJ1st CBOGOHBIX aTOMOB 3HEPTUs 3TOrO
B3aHMOJEHCTBHs yOBBaeT ¢ paccrosHHeM, Kak r~° (cM. III § 89),
a mocJie TOro, Kak CTAHOBSITCS CYIIECTBEHHBIMH 3((EKThl 3amasbl-
paHusi,—Kak r~7 (cM. IV § 83). B konjencuposaHHOH cpeng, pa-
3yMeeTcsi, BaH-JeP-BaalbCOBbl CHJIbI HE CBOAATCS K B3aHMOJIEHCTBHIO
OTAEeNBbHBLIX Map aToOMOB. B TO e BpeMs TOT (aKT, 4TO HX pajHyC
NeHCTBHSl BEJHMK [0 CPABHEHHIO C MEXAaTOMHBIMH DAacCCTOSHHAMH,
HO3BOJISeT MOJOHTH K Bompocy 06 MX BJAMAHHH Ha TEPMOJHHAMH-
gecKHe CBOHCTBA TeJl C MAaKPOCKOMHYECKOH TOYUKH 3pEHHS.

B MaKpOCKONHYeCKO# TeOpHU BaH-Jep-BaaibCOBO B3aUMOJeACTBHE
B MaTepHaJbHOH cpejie paccMaTPHBAeTCs KaK OCYLIeCTBJAIOLIEeCH
yepes JMIHHHOBOJIHOBOE 3JeKTpoMarhutHoe mone (E. M. Jluguuy,
1954); HamOMHMM, 4TO 3TO TMOHATHE BKJIOYAET B cebs He TOJBLKO
TensoBble (QAYKTYauuu, HO M HyJeBele KoseGaHusi nouas. Baxwnoe
CBOMCTBO BKJafa 3TOr0 B3aHMOAEHCTBHA B CBOOOAHYIO 3IHEPTHIO
COCTOHT B €ro HeajJHTHBHOCTH: OH He NPOCTO INPOMNOPUHOHAJEH
06beMy Tes, a 3aBHCHT ellle H OT NapamerpoB, XapaKTepH3YIIHX
ux QOopMy U B3aHMHOe pacmoJjioxeHne. FIMeHHO 3Ta HeaJAuTHBHOCTD,
cBsi3aHHAdA C JaJbHOAEHCTBYIOIIUM XapaKTepOM BaH-/IeP-BaasbCOBBIX
CHJ, SIBJsSeTCS TE€M CBOHCTBOM, KOTOPOe BbleJseT WX BKJal B CBO-
6OHYIO SHEPTHIO OT ropasfo GoJbluei ee alAUTHBHOH yacTi. B Mak-
POCKOMMUECKOH KapTHHE MPOHCXOXKIEHHE 3TOrO CBOHCTBA CBA32HO
C TeM, UTO BCAKOE H3MeHeHHe 3JIeKTPHYECKHX CBOMCTB CPejipl B HEKO-
Topoii 06JACTH NMPHBOJMT B CHJY YpaBHeHHH MakcBeJia K H3Me-
HeHHIO (JIYKTyallMOHHOrO I0Js W BHe 3TOH o6/acTH. PaKTHYECKH,
KOHEYHO, 3QdeKThl HeaLNUTHBHOCTH OKA3bIBAIOTCS 3aMETHBIMH JIHIIb
IpH JOCTAaTOYHO MaJblX (XOTl M GOJIBLIMX IO CPAaBHEHHIO C aTOM-
HBIMH pasMepaMH) XapaKTepHHIX pasMepax: AJs TOHKHX IIJIEHOK,
JJA Tes, pasleneHHBIX Y3KOH IUeJbio, H T. II.
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[Ipu BLIuHCJICHHH BKJajla 3J1€KTPOMATrHUTHBIX GJyKTyaluuil B cBO-
GOJHYIO SHEPTHIO Kax/bifi pas CyUECTBEHHB NJIMHBL BOJH MOpSJKA
BeJIMYHHbl XapaKTEPHBIX Pa3MEPOB HEOLHOPOAHOCTH CPeAbI (TOMIHHA
MJICHKH, LUMDHHA weau u T. N.). VIMEHHO 3TO OGCTOATENLCTBO SIB-
JIIeTCSl B MAKPOCKOMUYECKOH TEOPHH NPHYMHOH CTENEHHOro 3aKoHa
yOLIBAHHSA BaH-[ep-BaasbCOBbIX CHJ; e€CJH Obl OBIIM CYLIECTBEHHE
GayKTyauuu ¢ HeKOTopofi (UKCHpOBAHHOH IJHMHOH BOJIHH A,, TO
3TO NpHBeJO Obl K SKCMNOHEHIIHAJbHOMY 3aKOHY YOBIBAHHS CHJ
C nokasareJseMm ~ r/A,. Jlasee, NMoCKO/BKY XapaKTepHLIE pas3Mephl,
a C HMMH M XapakTepHele AJHHB BOJH (JIyKTyaluid MHOro 6o.iblie
aTOMHBIX pasMepoB, Bce CBOHCTBA 3THX GJYKTyalHd U HX BKJaj
B CBOGOJHYIO SHEPTHIO NOJHOCTBHIO BbIPAXKAIOTCA Yepes KOMIJIEKCH Y0
JAM3JEKTPHUCCKYIO NPOHHIAeMOCTh Tedl.

Hama nens GyAer cocTosiTb B BBIYUCJEHHH MaKPOCKONHYECKHX
CHJI, NeHCTByIOLIHX B HEOAHOPOAHON cpele?!). B kayecTBe mpejsa-
PHTEJIbHOTO 3Tana BhIBOJAa HAUHEM ¢ ONpefeIeHUs U3MEHEHH cBOGO-
HOH 3HEPTHHM Cpelbl NpPU MaJOM H3MEHEHHH ee AM3JNeKTPUYecKoi
NPOHHLAEMOCTH (MarHHTHBIMH CBOHCTBaMH BellecTBa OyJeM NpeHe-
6peraTb, T. €. MarHuTHasl NpoHHLaeMocTb W =1). BylaeM cuuraTthb,
YTO H3MEeHEHHE & BLI3LIBACTCS U3MEeHEHHEM IaMHJbTOHHAHA CHCTEMEI

Ha HEKOTOpOe MaJoe 8H. Torna wu3MeHeHHe CBOGOLHON 3HEpPruu
6yner )
8F =<8H, (80,1)

rie ycpeJHeHHe IPOH3BOAMTCS (NPU 3aJlaHHLIX TeMmIeparype H
o6beMe cHcTeMBbl) MO pacnpefedieHdro 'n66ca ¢ HEBO3MYLIEHHLIM

raMusbToEHaHOM H. IlpencraBuM nocaefnuil B Buze ?)
HZHO "'Vnm VAJI:"‘SAjAdax; (80,2)

rjpe VlIJI OMHUCLIBAET B3aHMOJEHCTBME YacTHIl € AJHHHOBOJHOBEIM

3JIEKTPOMarHUTHBIM M0JIeM, a B f{;, BKJIOYEHbl BCE OCTAaJbHEE B3aH-
MOJEHCTBHS BMeCTE C YJIeHAMH, OTBEYalOLIMMH CBOOOAHBEIM YaCTHIAM
H ¢oroHaM (cTporo ropops, B uHrerpase B (80,2) pomkHO noxapa-
3yMeBaTbCsl O6pe3aHHe Ha HEKOTOPOM BOJIHOBOM BekTope k, << 1/a;
B OKOHYATeJBbHBIHl pe3yJabTaT, OAHAKO, mnapaMeTp oOpes3aHHs He
Bxoaut). Onepatop A —omnepaTop BEeKTOPHOIO MOTEHLHAJA [IJHHHO-
BOJIHOBOTO II0JIfl; CYLIECTBEHHO, YTO OTBETCTBEHHHIH 3a H3MeHEHHE

JH3eKTPUYECKOH NpPOHHIIaeMoCTH onepatop 6/ He coJepXKHT B cebe

A——HOCKOJIbe AU3JIEKTpHYecKasi MNpPOHHIIAEMOCTb ONpeneJsseTcs
JHIIb B3aUMOJEHCTBHEM YacCTHIL HA aTOMHBIX pacCTosAHHAX.

1) ManaraeMasi HHXKe Teopus nupuHagaexutr H. E, Jaasrowunckony u J1. 11, Ilu-
maesckony (1959).
2) B srom naparpage noaaraem h=1, ¢c=1.
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Tepeiinem Teneps B (80,1) k Many6apOBCKHM OnepaTopaM B MpeA-
CTaBJIEHHH, KOTOPOE MOXKHO Ha3BaTh «IJHHHOBOJIHOBBLIM NpelCTaB-
JEeHHEeM B3aUMOJIEHCTBHSI». 3aBHCHMOCTb OIEPaTopoB OT T B 3TOM
NpeJCTaBJeHHH ONpejesiercsi BCeMH YJeHaMH B TaMHJIbTOHHAHE,

3a MCKJioyeHHeM Juiub V,,. Tem xe cmoco6oM, Kak H NpPH BH-
Bozle (38,7), DOJYyYHM

1
<O

OF =

T
(T SAMGS,, =T, exp S S]’M&Mdsx dr, (80,3)
0

rae <...>, 0O3HayaeT ycpeiHeHue Mo pacnpenesenuo I'mb6ea ¢ ra-

MuJabToHHaHoM H,. CorJaacHo CMelcJly BHIODAHHOTO NpeACTaBJ/eHH,
Many6apoBcKHe onepaTophl OnpelesieHs Kak

AM(x, r)=exp (tH,) A (r) exp (— ) (80,4)

W aHaJoruyHO A OHM W 1asi P-omepaTopoB, M3 KOTOPHIX COCTaB-
asercs omeparop Toka yactur jM1). Tlockosbky H, He comepXur
B3aUMOJEHCTBHS JAJHHHOBOJHOBBIX (POTOHOB ¢ yeM OBl TO HH OBLIO,
1o AM coBnajaer ¢ omepatopoM (Many6apoBCKHM) CBOGOAHOTO ¢o-
TOHHOTO 10Jd; AJfA P-OnepaTopoB YacTHI[ 3TO, KOHCYHO, He TakK,
NOCKOJIbKY H, BKJIOUaeT B ceGsi B3aHMOJleHCTBHE MEXKIY YacTHILAMH.

Cuefys obIUM MpPUHLHMIAM NOCTPOGHHS IHArPAMMHON TeXHHKH,
pasJoXUM sSKcroHenty B (80,3) mo cremeHAM Vﬂnz). Tlpu stoM
B KaXKAOM UYJeHe pPasJioXKeHusl NPOH3BEJeHHe ONepaTopoB CBOGOA-
Horo moJsi AM oGLIYHEIM 06pasoM YcpelHseTcs B BHIE MONAapHBIX
CBepTOK corsiacHo Teopeme Buka. Hysepo# uJeH pas/OXKeHHd, He
cozepXKallui AM  naer OF,—usMeHeHHe CBOGOAHOH 3Heprum Ges
yyera JAJHHHOBOJHOBBIX (uykTyanu#t. Coefyiowuil, JMHEHHBIH MO
AM yjen ofpamaeTcsi B peayJbTare ycpeJHeHHs B HYJb. B KBaj-
paTHYHOM K€ IO MOJIO YJieHe CBepTKa JBYX ONepaTopoB CAMAM
naer 9P — rpuHOBCKYI0 (YHKIHIO CBOOOAHBIX (POTOHOB; 5TOT HJ/EH
MOXKHO H306pasuTh AHArpaMMOH

e (80,5)

o
7

(BB IeH YHCJEHHBIH MHOXHTeNb 1/2!, BOSHHKAOWHHA NpPH pasio-
sKEeHHH SKcroHeHTH). CBer/blii MyHKTHP o6o3HadaeT £-QyHKIHIO,

1) HMugekc 0, KOTOpHM cJefoBajo Oh CHAGAMTH JOMOJHHTEJBHO ONepaTOphl
B 5TOM IpEJCTABJIEHHH, ONyCKaeM BO H30eXXaHHe 3arpoOMOXKIeHHs OGo3HAueHHl.
2) JlocTaToOYHO NPOCJEAHTh 34 pPa3JOXEHHeM YHCJHTeJs B BHIPaMeHHH OF.

Kax o6b1uHo, poJib MHOXKHTEJIS <0>¢ B 3HaMeHaTeJie CBOJUTCA K YCTpaHEHHIO IH-
arpamM, pacnajamoimiixcs Ha LBe HJAH 6oJiee HeCBA3aHHHX ApYyr € Japyrom vacref,
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a 3aIUTPUXOBAHHBIH KPYMKOK— pesyJbTaT yCPEJIHEHHS BCEX OCTaJlb-
HBLIX MHOXKHTEJel. SIBHBI BHJA 3Toil HOCJeAHEH BEJHUYHHBI Mbl He
6yJeM BHINHCHBATh; BamHO JHIIb, YTO 3TO €CThb HE HTO MHOE, Kak
8P;,/4n, rae 8P ,,— u3MeHEHHE MOJISPH3ANHOHHOrO oepaTopa IpH
H3MEHEHHH TaMHJbTOHHAHA cHCTeMbl Ha OH.

B 5TOM JIETKO YGEIUThCS, PAcCMOTPEB TeM XKe CIocoGOM H3Me-
Henne D-pyHKUMH. B TOoM ke mpeACTaBJEHHH ONEPATOPOB 3STa
dbyHKIUA JaeTcd BhIpaKeHHEM

. ) AM AM 5
D (T1y T35 Ty r2)=”<&~> KT AM (14, 1) AL (5, 1) O Do,
0
rle Tenepb
‘ YT
o=T,exp S (— VM —8HM) dv
0 ~ -~
— BO «B3aNMOJENCTBHE» BKJIOYACTCS HE TOJIBKO V4, Ho H 8H. Hcko-
Moe usMeHeHue 0%, paercs JHHEHHHIM YJCHOM Pas3JIoKEHHS STOTO
BLIpaxkeHHsl N0 cTemeHsaMm SHM:
1 - ; 4 SR
8D, :<T¢“>—<TTS6H dr-AM (v, r) AP (v,, 1,) exp S;’”A’”d% dr>0.
0
(80,6)
[Ipn pas/oeHHH OCTaBIUeiics SKCIOHEHTH MO CTemeHaM Vi
HyJIeBOH usieH JO/XeH ObTb OTOpOLUEH: eMy OTBeUaeT HecBA3aHHad
auarpamMa (cBeptka <AMAM> oTgesisieTcst OT APYTHX MHOXNHTeJeH,
He COJlepKalluX NePeMeHHBIX ry, I,). UsieH nepBoro nopsifka coiep-
KHT HeueTHoe yHucJo A-omepaTopoB u oOpamiaeTcsi B HYJb NPH

ycpeanenuu. HakoHel, usieH BTOPOro nopsuxka Aaer B 8%,, Bopa-
JKeHHe, H300pakaiolieecs Auarpammoi

o=~ (80,7)

¢ TeM ke KpyxKoMm, yto H B (80,9) (MHOXKHTEeJb 1/2 B sToM cJay-
yae yCTpaHseTcs 3a CYeT [BYX CNOCOGOB CBEPTKH «BHYTPEHHHX»
A-oneparopoB, NPOHCXOASIIHX M3 ONepaTopoB V. C «BHemHAMES AM
u AM). C apyroii CTOpOHBI, NO ONPEJEJEHHIO MOJIIPU3AUHOHHOrO
onepaTopa, TPHHOBCKas (YHKIHA B PacCMaTpHBAaeMOM npubanxKe-
HHH H300pamaeTcs CyMMOH

] e Caats

T7e CBETJBIH KPYOK — [I0Ji5 PH3AI HOHHEIH omepatop &;,/4. Ba-
pHauus Ke 5TOH QYHKUWH JaeT, C/IELOBATENLHO, JHATPaMMy (80,7)
¢ 69;,/4n B KauecTe 3alITPHXOBAHHOTO KpYKKa.
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Bce nanpHefiye yJeHs pa3aoxerus B (80,3) npeacTaBsioT co6oit
TNONPAaBKU Pa3/MUYHBIX MOPSJKOB K TYHKTHPHOH JHHHH H K KPYXKY
na guarpamme (80,5). DTH MonpaBKH MpPeBPAILAIOT MYHKTHPHYIO JH-
HHIO B TOYHYIO (yHKUHIO D;,. JIJIHHHOBOJHOBBIE K€ IIONPABKH
K 89,4, Kak yXKe FOBOPHJIOCH, MaJbl, TaK uto nog 6%;, cpasy Mox-
HO NMOHUMAaTh BapualHio TOUHOTO MOJASPHU3AIKOHHOTO omeparopa.

B aHaJHTHYECKOM BHJIE€ 3TOT pe3y/bTaT 3alHCHIBaeTCs (Iocse Ie-
pexofia K hypbe-pas/oKeHHIO [0 MepeMeHHOH T) Kak*)

6F = 6Fo—% Z TS @ik (Cs; 1'1, 1'2) 711?{6?/:1' (Cs; 1'2, rl) daxldaxz' (8018)

S= -

Coraacuo (79,17), H3MeHeHHe MOJIAPH3ALHOHHOIO OflepaTopa Bbl-
paxaercsl (4/s H3OTPOMHOH Cpelbl) uepe3 H3MEHEHHe JH3JEKTDH-
yecKOH NMPOHHIAEMOCTH:

8P i (G5 T, 1) =500 (r1—r,) B2 (1]E, ], 1)

HaJqHuHe 37echb O-PYHKIHH YCTPaHsSeT OJAHO H3 HHTErPHPOBAHHH
B (80,8). YuuThIBast TaKxkKe YeTHOCTb PYHKUHU D, N0 {,, MepenulieM
(80,8) B BHIE

OF =0Fy——= 3, | 8 (s 1 D8 ([L,], Idox,  (80,9)
s=0

rjle CYMMHPOBaHUe TPOH3BOAUTCS TOJBKO M0 MOJIOKHTEIbHEIM 3Haye-
HHSIM §; IITPHX Yy 3HAKa CyMMBl O3HayaeT, YTO HYJEBOH wWIeH 1OJ-
skeH ObIThb B3fIT ¢ MHOXKHTeJeM 1/2 (TOT 4jleH HMeeT KOHEYHOe 3Ha-
yenyie: MHOXHTeb {2 YCTPaHsIeT pacxoauMmoctb B 9, npu [, =0).

Jlast 3amucH ganabHeHmnx ¢opmya 6yaeT yao6HO BBECTH NMOMHMO
byaxuun 9P, eme aBe Apyrde GyHKUMH:

@,’i (P r’)=-§§@ik (gs; r,r’),

H , ; , (80,10)
@ik (gs’ r, r )=r0tilr0tkm@1m (C;) r, r )1

[1OCTPOGHHHIe TI0 aHAJIOTHH C BHIpaxenuamu (76,3—4). Torna 6F sanu-
IIeTCSl OKOHYATE/bHO B BHJE

OF =6F, +— 3, [ @FC v, 0Ll Ndx.  (©80,11)

s=0

1) Mu He sjaeM ofilero mpapn/a ONpeJeNeHHs 3HaKa AMarpaMm THNa (80,5)
(nmarpamMMpl Ge3 cBOGOAHBIX KOHLOB). B nanHOM cnyuae ero Jierko yCTaHOBHTE,
3anucaB B ABHOM BuJe COOTBETCTBYIOMIWE usenbl pasziaoxenuil B (80,3) u (80,6).
JlocTaTouHO, BIPOYEM, 3aMETHTH, 4TO 3TOT uaeH B (80,3) CONEPXHT ONHY CBEPTKY
napu A-onepaTopos, a B (80,6) — iBe maphl; MOCKOJALKY CBEPTKA OLHOH Maphl JAaeT
—Dir, To auarpammel (80,5) u (80,7) MMEIOT NPOTHBOMOJIOXKHBIE 3HAKH, YTO H
NPHBOAMT K 3HaKy MuHyc B (80,8).
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HcnonbsyeM teneps dopmyay (80,11) ans onpefenenus cui, le-
CTBYIOLIMX B HEOAHOPOAHON cpesie. FIsoTponus cpels! yxke Oblaa npen-
noJOKeHa; OyJeM CuuTaTbh Telmepb ee TakXke W KUIKOH, Tak 4To
H3MeHEHHe COCTOSIHHSI B KaXlo# ee Touke (NMPH 3ajaHHOW TeMmIe-
paType) MOxeT OblTb CBsI3aHO JHMIUb C H3MEHEHHEM IJIOTHOCTH p.

[TpencraBum ce6e, uTo cpesia MOABEPrHYTa H30TEPMHYECKOH MasoH
JehbopMaiHy ¢ BEeKTOpoM cMellleHHs u (r). CoOOTBeTCTByiollee H3Me-
HeHHe ee CBOGOJHON 3HEpPrHH €CTh

6F = —§ fudsx, (80,12)

rae f—o6beMHasi IJOTHOCTb JeHCTBYIOUMX Ha cpely cui. C apy-
roil CTOpOHBI, 3TO XK€ H3MeHEHHe MOXKHO ONpeJeJUTb U3 (80.11),
BhIPA3HB Yepe3 TOT JKe BEKTOp cMelleHus Bapuauuu 8F, u Oe. Ilyctn
P,(p, T)— naBieHHde Ge3 yueTa BaH-[ep-BaasbCOBBIX MONPABOK IPH
3a/laHHBIX 3HAuUeHHAX p U T COOTBETCTBYIOWAS IJIOTHOCTb OGBEM-
HHX cHJ ecTb f,= —VP,, TaK 4TO

6F, = { uvPdex.

Janee, H3MeHeHHe NIJOTHOCTH CBA3aHO C BEKTOPOM CMEIICHUs ypaB-
HeHHeM HenpepsiBHocTH 8p = — div (pu). TlosToMy H3MeHeHUe AU3JIEK-
TPUUECKOA NPOHHIAEMOCTH

de de 4.
de 'y 8p = oy div (pu).
MoactaeuB 310 B (80,11), npousBefAs HHTerpHpOBaHUE MO HACTIM

mo BceMy OGbeMy Tesla M CPaBHUB 3aTeM MOJydYuBLIeeCd A 8F
Bupaxenue c¢ (80,12), HaitleM

T 9
f= —VPo— X, pgrad [@5 e T, r)—a%]. (80,13)
s=0

Sta dopMyla MO3BOJAET, B YaCTHOCTH, Cpasy OMNPENENHTDL TO-
npaBKy K XUMHYECKOMY MOTeHnuany Tena. Jlis sToro HamulueM yc-
7oBHe Mexanuueckoro pasHosecus: f=0. Ilpu aroM yuTem, YTO IpPH
[OCTOSIHHOH TeMIeparype

dPy(p, T)=L-dp, (o, T),

rae po(p, T)—HeBO3MYLIEHHBIH XUMHUeCKUil moTeHnHan Tena (m—
Macca yacTHUH). TOTAa MOJYYHM 3To yCJOBHe B Buie pvp =0, rfe

T o 9
p=ps (0 T+ 5% 2 Di(Cs 1 1) 55 - (80,14)
s=0



396 9/IEKTPOMATHHTHLIE ®AYKTYALUH fra. vii

C npyroii CTOPOHBI, YCJOBHEM MEXaHHYECKOTO DaBHOBECHSI BCSIKOTO
HEOJHODOAHOro TeJla fIBJAAETCS NOCTOSHCTBO BAOJB HETr0 XHMHYEC-
KOTo NOTeHLHaJa; fCHO MO3TOMy, uTo BHIpaxeHHe (80,14) u ompe-
JeJsieT 5TOT IOTEHIIHa/l.

HaunGosnee mosHOe onycaHHe JeHCTBYIOUIMX B Cpele CHJ OCyile-
CTBASAETCHA, KAK M3BECTHO, TaK HA3BIBAEMbIM TEH30POM HampsiKeHui
O;;, CBA3AHHBIM C KOMIIOHEHTaM# BekTopa I cOOTHOIIEHHAMH

do;
f,-:-(;;—:. (80,15)

s npeo6pasoBanus BeipaxeHus (80,13) K Takomy BHAY mepe-
IHUIIEM ero cHayanaa B dopme

= — Gt 2 (e ) =032 ) Dh, r)}——
_71% S(T) @u(r r)

(B LeJfiX XpaTKOCTH apryMeHTH {, B NPOMEXYTOUHBIX cpopMy.nax
He BolNHcHiBaeM). IlepBbie JBa usieHa yxKe HUMEIOT Tpe6Gyembiil BHJ.
Tperult e wnen NpejcTaBUM Kak

—_— ’{e(r) +8(r) }@u(r r'),

pasgenusB uddepeHIHPOBAHUA NO NEPBOMY H BTOPOMY apTyMeHTY
thyHKuNK 2D (r, r); OTOXKAECTBJEHHE I =r' [IPOHU3BEeM B KOHIE BHI-
yucaenusi. Boiunc/eHne NPOU3BOAHTCS NYTeM HCIOJb30BaHHS ypaB-
"weHu#t (cm. (79,8))

Ay Dy, )= — 488 (r—r"),
Ry Dy (r, ¥') = — 408,06 (r—r"),
rie
Riy =T () 81,4 rotyurot, = Ge (1) 8y, + 7o —8,A
B pesyabpTate NOJYYHM paBeHCTBO (IpH r=r’)

9
0x;

8-—@”—20 [eDE + DE]— - DY

H OKOHYATEeJIbHO CJe[ylollee BBRIpaxKeHUe AJad TEH30pa Hanpsm{eﬂuﬁ:
de zC , r
Ou= Patk Z{ lk[g(lc.sW )_p s ):l@ (Cs’r I‘)

+e (Lo ) DE Ci 1 1) — 30 DY (i r)+@{z<cs; r, 0}
(80,16)
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TlonyuenHble GopmyJsl ellle He HMEIOT, OJHAKO, NPAMOro (u3H-
yecKoro cMeicaa. Jeno B toM, uTo QYHKUUA D (r, r') CTpeMHTCA
npu r’ —r K 6ecKoHewHOCTH, Kak 1/|r—r’| (B YeM nerko y6enu-
ThCs ¢ MOMOLLbI0 ypaBHeHHs (79,8)). Dra pacxoJuMocTb BO3HHKaeT
OT BKJ1aJia 60JIbIINX BOJHOBBIX BEKTOPOB (B~ 1/|r—r’]|) u cBsi3ana
JIMIIb ¢ HellpUMeHHUMOCThbio ypaBHenus (79,8) npu k= a. Jto 3aTpya-
HeHHe MOXHO YCTPaHHTb, He BBOAA SIBHHIM 06pa3oM oOpe3aHHs Ha
G6onbmux k. Jlas 3TOro 3aMeTHM, YTO KOPOTKOBOJIHOBhIE QUyKTya-
MM He MMEIOT OTHOUIEHHS K HHTepecyoLlNM Hac shdeKTaM, CBA3aH-
HBIM C HeOJHOPOMHOCTHIO cpelpl. MX BKJan B TepMOAHHAMHYECKHE
BeJIHUHHB B KaXJOH [aHHOH TOYKe Tesa OAHHAKOB AJA OAHODOJ-
HOH cpejibl U JJIS1 CPefbl HEOZHOPOZHOH, HO C TeM Xe 3HayeHHeM & (r)
B AaHHOi Touke. [lis mpumaHus GopMysaM OXHO3HAYHOrO CMhica,
He 3aBHCSILIETO B NeHCTBHTENBHOCTH OT Xapakrepa ofpe3aHMsa, HALO
MO3TOMY TPOH3BeCTH B (OPMYyJax COOTBETCTBYIOUlHE BbLIYHTAHHSA.
HNmeHno nox rpuHoBcKoH dyHKuued £;, (L., r, r) Haao NOHHMATb
npezes pasHOCTH

Hm{ Dy (bss 1, 1) =Dy (L3 T, 1)}, (80,17)

rge 9,;,— rpuHoBCcKas GyHKIHsA BCIOMOTaTeabHOl OXHOPOJHOH Heo-
rpaHMyeHHON Cpejbl, AM3JEeKTPHYECKas MPOHHUIAeMOCTb KOTOPOH co-
BIAAAET C IPOHHIIAEMOCTBI0 HCTHHHOH Cpe/ibl B JaHHOH TOUKe r; 3TOT
npefes yxe He pacxomurcsi. Bo u3bekaHHMe H3JMIIHErO YCJIOXKHE-
HHA 3anucu GOpPMYJ OCTABMM HX B IpeXKHeM BuJe, NOApasyMenas
B HUX 10X 9D, yxke pasHoctb (80,17). Ilpu srom P, (p, T') ecTb nap-
JIeHHe B HeOTpaHUYeHHOH OXHOPOIHOH cpele NPH 3aJaHHHIX 3Haye-
HuAx p u 7.

Kak B ¢opmyay (80,16), rak u B ypasHeHue (79,8), onpefensio-
mee TPUHOBCKYIO ¢yHKIHIO %D,,, CBOHCTBA CpeABl BXOAAT TOJIBKO
uepes & (if) — AM3J1eKTPUYeCKylo NPOHHIaeMOCTh KaK (QYHKIHUI MHHU-
MoOH YacToTel. HanoMHuM B 3TOH CBfI3H, 4TO 3Ta ¢YHKIHUA CBs3aHa
NPOCTHIM COOTHOLIEHHEM C MHHMOH YacTbio JAH3JEKTPHYECKOH INIpo-
HHIIAeMOCTH TpPH BelleCTBEHHBIX YacTOTax:

2 Col

. ®1ime (o

e (i) =1 —}——H—S—Wé—)dw (80,18)
0

(cM. VIII, § 62). MoxHO cKa3aTb 03TOMY, YTO €JHHCTBEHHOH MaKpo-
CKOMHYECKOH XapaKTepUCTUKOH, onpejessouell BaH-Iep-BaaabCOBLI
CHJIEI B MaTepHaJbHOH cpefle, ABJAAETCA, B KOHEYHOM HTOre, MHHMas

q9acTh ee JAU3JeKTPHUeCKON NpPOHHIIAEMOCTH.

dopmyna (80,16) no BUAY B TOYHOCTH COOTBETCTBYET H3BECTHOMY
H3 MaKpPOCKONHIeCKOH 3/1eKTPOAUHAMHKH BHIpaXKeHHIO LJIst MaKCBeJl-
JIOBCKOTO TEH30pa HanpaXKeHHi#l B HNOCTOAHHOM 3/eKTPOMarHUTHOM
noJie, NpHYEM KBaipaTHYHEIe KoMGuHauwu komnoHeHT E m H 3same-
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HEHBLI COOTBETCTBYIOMNMH (yHKUMAMU — DE n— DI, Droht aHanoruu
He cJejpyeT, OJHAKO, NPUAABATb CJHMIIKOM IAy6OKOe 3HayeHnue: oHa
OTHIOAb He O03HayaeT CYIIeCTBOBAHMS JJA II€PEMEHHOrO0 3JEKTPO-
MarHHTHOTO TOJA KakK TaKoBOro ofliero BeIpaxeHHsA JJsA TeH30pa
HanpsiKeHH# B morJomamolnefi cpefle (coAepXKaiuero B KayecTBe
XapaKTepPUCTHKHU CpeJbl JIHIIb €€ JU3JIEKTPHUECKYI0 IPOHHLAeMOCTh).
B naHHOM Ciaydyae MBl HMeeM JieJlO He C IIPOM3BOJbHBEIM 3JIEKTpOMAr-
HHUTHBIM II0JIeM, 8 C TepMOJMHAMHYECKH PaBHOBECHBIM COGCTBEHHBLIM
({AYKTYalHOHHBIM TIOJEM B Cpefe.

§ 81. Mogexkyasipibie CMJIBI B3aMMOJEeHCTBHS
MeXAY TBepAbMH TeJjamu. OGwas dopmyna

[IpuMeHUM moJiyueHHbIe B NpelbayleM naparpadge obuue ¢op-
MYJbl K BLIUHCJIEHHIO CHJI, AeHCTBYIOIIMX MeXAY TBEDALIMH TeJaMH,
IIOBEDXHOCTH KOTOPBIX COJIMMKEHBl A0 OUeHb MaJblX DacCTOAHHMI,

VIOBJETBOPAIIHX JHIIb OLHOMY YCJOBHIO: OHH
1y7R2 JOJAKHE  GbiTh BeJHKH IO CPaBHEHHMIO C MEXKaToM-
' HBIMM DAaCCTOSIHMSAMH B TeJaX. MIMEHHO 3To ycJoBHe

0y-- ;™ T03BOJIieT NOJOMTH K BONIPOCY C MaKDPOCKOIHYECKOH

TOYKH 3peHHsi, B KOTODOH TeJla paccMaTPHMBAIOTCA KaK

CIJIOLIHLIE Cpeibl, a HX B3aNMOJEHCTBHE —KaK OCy-

Puc. 17. IIECTBJsIoLleeCH IOCPeACTBOM GIAYKTYALHOHHOT O 3JEKT-

poMarsutHoro noJs. IIpH 3ToM cyIecTBeHHB T€ QJIyK-
TyallMH, JJMHBl BOJIH KOTODHIX TOPSJKA BEJHYHHBI XapaKTepHHIX
pa3sMepoB 3ajauyd — IHPHHBI LIEJH MEXAY TeJaMu?).

Bynem o6o3HayaTb HMHAeKcaMH I ¥ 2 BeJHYHHBI, OTHOCSLIHECH
K JIBYM TBepAbIM Te/aM, a HHJEKCOM 3—BeJHYHHBI, OTHOCSILHECH
K NpPOCTPAaHCTBY liedH Mexnay HuMH (puc. 17). llean Gynem mpex-
noJiaraTh MJOCKONApaJJelbHOH; 0Ch X HANPABHM IEpIHeHIHKYJIAPHO
ee MJOCKOCTH (TaK YTO NMOBePXHOCTAMH Tea I n 2 OyAyT MJIOCKOCTH
x=0u x=I, rie |—mupuHa meJu). Cuna F, JefdicTByrollas Ha
eJHHHLY IJIOIAAHd IIOBEPXHOCTH, CKaxeM, Tesaa 2, BBIYHCJAETCH
KaK MOTOK HMIYJ/bCa, BTEKAIOUIET0 B TEJO Yepe3 3Ty IOBEPXHOCTb.
DTOT TMOTOK JAaeTcs KOMIIOHEHTOH O, 3JeKTPOMarHHTHOrO TeH30opa
HanpsKeHHH B NPOCTPAHCTBE LeJH, B3sToro nmpu x =I[. B myctore
¢=1 u Bopaxenue o,, u3 (80,16) csoaurcst K?)

F=o,.() =% SHADE € b D+DEC, L )—DECw L, D+
n=0

(MHIEKC CYMMHpOBaHHSI 0603HayaeM B 3ToM maparpade GYKBOH n).

1) Pesyavratsl §§ 81, 82 mpunannexar E. M. Juguuyy (1954).
2) B npoMeXYTOYHEIX BHIYHCJCHHAX IIOJaraeM h=1, c=1.
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B cHJYy OJHOPOAHOCTH 3aJa4yd B HaNpaBJEHUAX Y u oz q)yHK-
o Dy, (Cas r, r) 3aBHCAT TOJBKO OT pasHocTell y—y' u z—2’'
(aprymentsl y—y’ u z—2' B (80,1) e Boinucann); D, (L, q; X, x')—
¢ypbe-KOMIOHEHTH 10 3THM NepeMeHHBIM. Toraa

d2
DG 1, r)=S@,-k €. 95 %, %) (—25—2 (81,2)

Ins dyuruuit D, (C,, q; X, ¥') ypaBHenusa (79,8) npuHHMaIOT
BHJ (OCh y HampaBJsfeM BJOJIb BEKTOpa ()

( 2 d? , "ot
w— 2 )@” (%, x') = — 478 (x—x'),

(w2 ——qz——;;g) D, (x, x')+iq %c D,, %, x')=—4n8 (x —x"),
w@D,, (x, ") +iq (%@yy (x, x)=0
WD, (x, ') + iq% D, (%, x') =—4n8 (x—x'),
rae w=(el%+¢?)!/2, e=e(if,), a x’ urpaeT posb napameTpa (KoM-
NOHeHTH ke D, =9, =0, NOCKOJbKY ypaBHEHHA JJA HHX OKa-

3BIBAIOTCS OZHOPOAHBIMH). PelleHne 3TOH CHCTEMBI CBOAMTCH K pe-
[IEHUI0O BCETO JBYX YpaBHEHHH

(wﬁ—a‘%) D, (x, x') =— 4nd (x —x'), (81,3)
d? 4

(wﬁ—m) (% &) =— “c‘i § (x—x'), (81,4)
nocne yero D, u D, ONPEALITIOTCH KaK
Dy, ) =—L L, (x, 1),

ig d ’ ' 4in ’ (81’5)

Do (%, X )= — 5 = D (%, X')— 7 6 (x—X').

Ilpu >TOM Hajo YuecTb, '-ITO B CHJTY (79 5) D, (r, 1) =D, (t',r),

u nostoMy D, (q; X, X') = D, (—q; X, X).

Kpaesrie ycnoam{ COOTBETCTBYIOIINE HENPEPLIBHOCTH TaHTeH-
IHaJbHBIX KOMIOHEHT HAaMpsiAXEHHOCTH 3JeKTPHYECKOro M MarHur-
HOT'O moJeH, CBOAATCH K Tpe6OBaHHIO HEMPEPLIBHOCTH BEJHYHMH
DLy, DE, D}, DY, MM, YTO TO XKe, K HENPEPHLIBHOCTH BEJHYHH

Dy Dy, 101, DYy, 10t Dy

Hcnonb3yst nepsoe H3 paBeHcTB (81,5), moayumm, 4to Ha rpaHdne
pas,uena JOJDKHBI ObITh HereprBHbI

2 Yo @ Lo (81,6)

220 Pz Cyw Wi v
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TTocKoJbKY MBI HMEEeM B BHAY BHIUHCJHTb TEH30p HaNpsiKeHHH
JMIIb B 06J1aCTH LIEJH, TO MOXKHO cpa3y cyuTtath, u4to 0 < x' <[
B o6aactn 0 < x <! dyukuud D,, u 9D,, onpelesiorcs ypaBHe-
nuamu (81,3—4) ce=1, w=w, =(£?1+q’)1/2. B o6nactax I (x <0)
H 2(x > 1) OHH yIOBJETBOPSIOT TeM Xe YypaBHEHHSM 6e3 MpaBbIX
yacrefl (MOCKOJBKY 3/€Ch X =% X') COOTBETCTBEHHO C &1, W; H &,;, W,
B KauecTBe &,W.

Heo6xonumoe, corqacHo (80,17), BeIUMTAaHHE CBOJAUTCA K TOMY,
uTo M3 BceX GYHKUHH %, B 06JacTd LIEJH CJeAyeT BbIYECTb HX
3HAUEHHS TIPH &; =¢g,~=|. BcJeacTBHe 3TOro, B YaCTHOCTH, MOXKHO
cpasy OMyCTHTb BTODOil UJeH crpaBa Bo BTOPOM M3 paBeHcTs (81,5),
TaK YTo B 06JAacCTH LIEJH

a d g d
@xy=_;z__@yy' @xx';—'fl_@yx' (81,7)

2
wg dx w;y dx

Tlpexpe YeM MPHCTYNHTHb K PELICHHIO ypaBHEHHH, ClieaeM elle
onHo sameuanue. OGuiee pemenne ypasHenuil (81, 3—4) umeer Buj
f~(x—x')+[* (x+x'). Hcnoassysa ypasuenus (81, 3—4), (81,7) u
onpeaenenue GyHruni Df u D}, MOKHO NOKas3aThb, YTO YaCTH IpPH-
HOBCKHX QYHKIH, 3aBUCSAILHE OT CYMMBI ¥ +-x, HE BHOCSAT HHKAKOTO
BKJaja B Beipamxenue (81,1) Aaa cuibl. MH He ocTaHaBJHBaeMCs
3Jech Ha 3TOM, TaK KakK 3TOT pe3ysbTaT 3apaHee OYeBHJEH M3 (H-
3MYECKHUX COOGpaKeHHl: I0JOKHB X =X’ B PelleHu: suaa f+ (x-+x’),
Mbi Gbl TIOJYUYHJIM TOTOK HMMINYJbCa B HIEJNH, KOTOPHIH 3aBHCeJ Obl
OT KOOPJHHAThl — B IPOTHBOPEYHH C 3aKOHOM COXPaHEHUS UMITyJbCa.
B nagabHeiimeM Mbi GyieM MO3TOMY IPHBOAMTH B PE3yJbTaTe TOJIBKO
BHIPaXKeHHs JJIs YacTefl TPHHOBCKUX QyHKUMH Dj, HE 3aBHCAINX
or x1-x'.

Iepeitnem K HaxoxjeHmo ¢ynkiuu D,,. Ona yjpoBJeTBOpSET
ypaBHeHUsM:

(wi—%) D, (x,x')=0, x<0,

. n_q.
(wz——a—;> D, (x, x')=0; x>0, (81,8

d2 ’ ’
(wg,a_z> D, (x, x')=—4nb (x—x"), O0<x<LL
OT1croga HaxoauM
PD,,=Aen*, x<0, D, =Be ¥, x>,
D,,=C o +Cze—w3x_%’le-wa lx=x] 0<x<l.
3
B nocJesHeM BHIPaXKEHHH YUTeHO, UTO B CHJYy TPETbEro M3 ypae-

nennit (81,8) npousBogHas d9,,/dx UCHEITEIBaeT NPH X = X’ CKaYoK,
paBHpiii 4n. Onpepeaus A, B, Cy, C, (pyHruuu x’) U3 IpaHUYHBIX
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ycaopuii nenpepuBHoCTH D,, 1 dD,,/dx, nonyanm
_ 4in ’ 2n - s
@u—w——sAchws(x——x)—-—(Ee w;y |x xl’ 0<x<l'

rae
A=1—e2wsl (0, + W) (wy 4 ws)

(wy —ws) (W —ws)’

Briurst 3Hauenne Dy, npu w; =w,=w, (npu 3toM 1/A=0), umeeM
OKOHYATE/JBHO

@;z— ch w, (x—x').

Ananoruygo, pewas ypaBHeHHe Aaf D
TaHUsA)

yys TIOJYyUHM (nocsie BpIyH-

Dyy= Zi%h w, (x—x),

] pow,l (E1Ws - @y) (Bows+ W)
Ap=1l—e (B1w3—wy) (Ealwz—Wy)

H, HcnoJae3ysa (81,7),

Dy, =Dy, = _Z‘Zq shw, (x—x'),

nol

_ 4nq ’
D, =—— chw, (x—x').
XX giw;;A]_ 8( )

Boiyucaus  teneps QyHkuun DE u DY,  npeobpazoaB ux
3ateM corJacHo (81,2) u noacrasuB B (81,1), nonydum

Fl)=—g2z 3\

n=0

ws\A+A)qdq

o8

Haxoneu, nepefiid K HOBOH NepeMeHHOH HHTerpHpoBaRus p, CO-
raacHo q=4,)/ p*—1, H BO3BpaTHBIUHCh XK OOBIYHHIM €NMHHLAM,
Mbl TNIPHAEM K OKOHYATEJbHOMY BBIDaXKEHHIO [JA CHJBl F, AeHCT-
ByIOIIEe# Ha €AVHMUY IJIOWAAH KaXKJOro M3 ABYX TeJ, pasieJNEeHHBbIX
IeJIbI0 IIUpHHOH I:

®

P05 S ([ (o) 1]+

- (51 pe1) (s3 - pes) 2pt, 1 -1
+[(sr—psl)(sz—pez)e"p(Tl)—l] }dp, (81,9)

rae

31:V51“—1+P2, Sa=l g,—14p%, Cn=2nnT/k'
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&5, 2,—QYHKIHH MHMMOH 4acTOTHl © = i{,; HAIIOMHHM B 3TOH CBf3H,
yTo g (i) —INoJoXHTeNbHAsa BelllecTBeHHas BeJHYHHA, MOHOTOHHO
yOLIBaIOIAsA OT CBOEr'0 3JEKTPOCTATHUECKOro 3HayeHHs &, npH =0
10 1 npu = oo!). ITosoxkurenpHrle 3HaueHUsA F COOTBETCTBYIOT NPH-
TaXeHuio Ted. -[lofsHTerpajbHOe BHIpAXKEHHE B KaXKJAOM M3 YJIEHOB
cyMmbl B (81,9) mMOJIOXKHMTENIBHO H NPH KaXAbIX 33JaHHBIX p H {,
MOHOTOHHO YyGbiBaeT ¢ poctoM [2). Orcioga caenyet, uto F >0,
dF/dl <0, T.e. Tena (pasfeJeHMLIe NYCTOH LIEIbIO) NPHUTATUBAIOTCS
¢ cHJoH, MOHOTOHHO YOBIBAaOlIe#l ¢ yBeJIUUEHHEM pPAacCTOAHHS.
O6uias ¢popmyaa (81,9) ouens caoxkua. OHa, 0fHAKO, MOXKeT GHITh
CYILIECTBEHHO YNPOINEHA B CBA3H C TEM, YTO BJHAHHE TEMIEPaTyphl
Ha CHUAY B3aHMOJEHCTBHS OGLIYHO COBEPIIEHHO HeCYLeCTBEHHO 3).
Ileso B ToM, uto Gjarofapsi HaJHYUIO SKCIOHEHT B NMOJBIHTErpaJb-
HblX BoipaxeHHsiIX B (81,9) rnaBHylO POJb B cyMMe HTPAIOT JIHIIb
Te wJieHsl, MV KOTOPHIX £, ~ ¢/l uan n~ chjIT. B cayuae lT/cﬁ<l
CYIECTBEHHBIMH OYXyT, TakKHM o0pasoM, G0oJ/bluHe 3HAUeHHS 1 H
B (81,9) MOXKHO nepediTH OT CyMMHPOBaHHS K HHTErPHPOBAHHIO IO

dn=" dg/2nT. Tlpu sTOM TeMmmnepaTypa Hcue3aeT u3 GOPMyJIbl, H MHI
NPHXOAUM K cJ/elylouieMy pe3yJbrary:

P O=che [ { (B3 (-]

1 [(SI+P81) (s2 -1 pes) exp (ZPC l)—l]—l} dp dz. (81,10)

(s1—pe1) (sa— peg) ©

CorsiacHO cKaszaHHOMY, 3Ta ¢opMyJia NPUMEHHMa AJS PacCTOSHHH
l<cﬁ/T; yXKe TpH KOMHATHHIX TeMnepaTypax 3To JaeT pacCTOSHHS
npumepHo xo 10-*cx. Popmyna (81,10) monyckaer AajbHefilee
CYLIECTBEHHOE YNpOLIeHHe B JABYX Mpele/bHBIX CAydasax.

§ 82. MonexkyasipHpie CHJBI B3aHMOJEHCTBHS
Mekay TBepiabiMM Tejamu. IlpepenbHbie cayyau

OcraHOBHMCA CHaya/a Ha NpeJeJbHOM CJyuae «MaJbiX» Paccros-
HHH, NO0J KOTOPHIMH MOXPasyMeBalOTCH PACCTOSHHS, MaJble IO CPaB-
HeHHIO ¢ JJIHHAMH BOJIH A,, XapaKTePHBIMH AJISI CIEKTPOB MOTJolle-

1) @opmyaa (81,9) BeiBefeHa B mpenONOKeHHH H30TponuH oboux ted. ITostomy
ee TIPUMEHHMOCTb K KDPHCTaJl1aM CBs3aHa C BO3MOXKHOCTBIO NpeHeOpeKeHHS aHH30-
TpONHell WX AU3JIEKTPHUECKON TPOHHIAeMOCTH. XOTA 3TO B GOJILIUHHCTBE CJayuaeB
BIIOJIHe JONYCTHMO, CJefyeT HMeTh B BHAY, UTO aHH30TPONHUS TeJ NPHBOAHT, BooGuie
ropops, ewie M K crnenupuueckomy ShpeKTy — [0SBJEHHIO MOMEHTA CHJ, CTpeMs-
Ierocss HOBEPHYTh TeJa JpYT OTHOCHTEJBLHO APYTa.

2) B 5TOM JIeFKO yGeAHTbCS, 3aMeTHB, YTO AJS S=(£—l+p2)1/2 (roe p=1)
HMEIOT MEeCTO HepaBeHCTBa €p > s > p npu & > 1.

3) T'oBOpPS O BJAHRHHH TeMIepaTyphl, Mbl OTBJEKaeMcA OT TOro, KOTOPOe CBA3aHO
MpPOCTO ¢ 3aBHCHMOCTLIO OT TeMNlepaTyphl caMOR AH3JeKTpHUeCKOH TNpOHHIAeMOCTH.
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HHSl JaHHBIX TeJs. Temmeparypbl, O KOTOPHX MOXET HATH peyb AJis
KOHJCHCHPOBAHHEIX TeJ, BO BCAKOM CJydae MaJbl [0 CPaBHEHHIO
¢ MrpalomMMH 31eCh PoJb li®, (Hanpumep, B BHAUMOH YacTH
crekTpa), mostomy HepapeHncTBo TI/fic<€1 3aBenoMo BEIMOJHSETCH.
Bnarojaps HaJHYHIO 3KCIIOHEHIMAJIbHOTO MHOXKHTENS B 3Hame-
HATeNSIX MOJBIHTErPaJbHOTO BhIpaXKEHHS NPH HHTETPHPOBAHUH IO dp
cyllecTBeHHa o6saacTb, B KoTopo#l ptlic~ 1. Tlpu atom p>>1, u
NO3TOMY MpH ONpeJeeHHH TIJIABHOTO YJieHa B HHTerpaje MOXKHO
NOJIOXKHTbL §, & S, & p. B 3TOM NPHOJHKEHHH IePBOE CJaraemoe
B ¢urypHeix ckobkax B (81,10) o6patutcs B Hy/b. BTopoi xe wieH
nocJjie BBeJeHHs MEpEeMEHHOH WHTerpUpoBaHusA X =2p{l/c pacT

B Pl T (kD) T
F<l>———16nzza§§x2[—————@i_l)(ez_l)e—1] dedt  (82,1)

(HMKHHME Tpeles HHTETPUPOBAHUSA 1O dX 3aMeHeH B 3TOM XKe NPHOJIH-
JKeHHH HYyJeM)!).

CuJja B 3TOM cJjly4yae OKasblBaeTCs OGPAaTHO MPONOPLHOHAJbHOM
KyGy paccTOsiHMs, YTO, BIPOYEM, H CJIEJ0BAJIO OXKHJAThb B COOT-
BEeTCTBUH C OGBIYHBIM 3aKOHOM BaH-JEP-BadJIbCOBHX CHJ MEXZY
ABYMsi aToMaMH (CM. HHUXKe NpHMeyaHHe Ha ctp. 404). PyHKuUH
€ (i{)—1 MOHOTOHHO YOHIBAIOT C yBeJHYEHHEM {, CTPEMSICh K HYJIO.
[TostoMy 3mauenus {, HayuHasg € HeKoToporo { ~ {,, NEpecTaioT
BHOCHTb CYIIECTBEHHBbI BKJIaJ, B HHTErpaJ; YCJOBHE MaJIOCTH [
03HAYaeT, YTO JOJKHO ObiTh [<€c/C,-

IMokaxem, Kakum 06pa30M MOXKHO MepeHTH OT MaKpOCKONMHYECKOH
¢opmyasl (82,1) K B3aHMOAEHCTBHIO OTJAEJbHHX aTOMOB B MyCTOTE.
Juass storo mnpeanoJoxuM ¢opMaJibHpIM 06pasoM ofa Tesa JoCTa-
TOYHO paspexeHHbIMH. C MaKDOCKOMHYECKOH TOYKM 3PEHHA 3TO
3HAUMT, YTO WX JHU3JEKTDPUUECKHE NMPOHHUIAEMOCTH OJIHM3KH K €JH-
HULE, T. €. pasHocTH g;— | u e,—1 magsl. M3 (82,1) umeem Torja

1) Unrerpaan puaa
o
iS‘ x3dx
2 Ja¥—1
0

NpH H3MEHeHHH a OT % JO | MeHsieTcsi HedHaunTeabHO: OT 1 20 1,2, C npakTHUECKH
ZOCTaTOYHON TOUHOCTBIO MOXKHO MOSTOMY npeicTaButh dopmyay (82,1) B BuZe,

_He - Pl —1][e (D —1]
g o= @O0

0

Bequuuna @ HrpaeT poJb HEKOTOPOA XapaKTepHOR AJs CHEKTPOB MOIrJIOWEHHS
000HX TeJl 4acTOTHL.
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¢ JOJXKHOH TOYHOCTBIO

F = 642213 OSOsze—x(gl—l)(gz_l)dxdg:
=_3'§z—213_5[31 (o) —11[e, (63) —1]4d¢.
0

BuipasuB ¢ (i{) uepe3 Ime () Ha BelecTBeHHOH OCH @, COrJIACHO
(80,18), noayuum

)‘i 0 2 I I 2
F— o SSS 0,0, Im g4 (1) Im &, (©y) dCd(Dld(Dgz
0

(01 +22) (03 +?)
hoeel I
= 6P S — flllr g;ez “do, do, ' (82,2)

Dra cuna COOTBeTCTByeT B3aUMOJEHCTBHIO aTOMOB C 3Hepruei

l )Ime,
Ul =—g n4n1ngr" SS mely Selialgg 1 daog, (82,3)

O+

rle r—pacCcTofdHUe MexJAy aToMaMH; #,, H,— IJOTHOCTH YHCeJ
aToMoB B o0oux Tenax!). dra dopMysa coBmajaeT ¢ H3BECTHOH
KBaHTOBOMexaHHYecKoil popmyoi JlonfoHa, noayyvaromeiics ¢ I1oMo-
b0 OObLIYHOH TEOPHH BO3MYILIEHHH, NMPUMEHEHHOH K IHIIOJBHOMY
B3auMofleficTBHIO ABYX aTtoMoB (cM. III § 89, sapgaua). Ilpu cpaBue-
HHU cJ/eyeT yYyecTb, UTO MHUMas 4acTb € (®) CBA3aHa CO CIEKTpaJb-
HOH NJIOTHOCTBIO «CHJI OCUHJJATOPOB» [(®) COOTHOIIEHHEM

olme(0)=

(e, m—3apax U Macca 3JaektpoHa; cM. VIII § 62); cunsl ke ocuu-
JIITOPOB H3BECTHBIM 06Pa30oM BBIpAXKAIOTCs yepe3 KBaApaThl MATPHY-
HBIX 3J/IEMEHTOB JHIOJBbHOTO MOMeHTa aTtoMoB (cm. III (149,10)).

IlepefizeM X ofpaTHoMy cJyyaio «GOJbLIIHX» DACCTOAHUN: [>>A,.
Tlpu sToM, oiHaKo, 6yJeM CUHTATH, YTO PACCTOSHUSA BCE XKe He CTOJb
BEJIHKH, YTOObl HapYIUHUJOCh HEPaBEHCTBO lT/ﬁc<<

B (bOpMyJIe (81,10) cHOBa BBOAHUM HOBYIO NMepeMeHHYI0 HHTETPHU-
poBaHHA x =2pl{/c, HO B KauecTBe BTOPOH NepeMEHHOU OCTaBJisieM
teneps He {, a p. Torga e, u e, okaxkyTca QYHKIUAMU apryMeHTa

1) Ec.zm [IOTE€HIHa/bHAS SHEpPrUs B3aHMO}1€HCTBHﬂ atoMos 1 # 2 ectn U(r)=
=-—ar—%, To NoJHasA SHeprHA MAPHHX B3aUMOJEHCTBHIl BCEX aTOMOB B JBYX NOJY-
IPOCTPAHCTBAX,- PA3JIeJIEHHEX L1eJIbIO IUHPHHE [, paBHa U goy = — annyny/2/%. Cuna
Ke ectb F=dU yo,/dl = anniny/6I3, B 3TOM H 3aKJ/IOHAETCH COOTBETCTBHE MEXKAY
tdopmynamu (82,2) u (82,3).
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if=ixc/2pl. Ho 6aarojaps Ha/uyMioO e* B 3HAMEHATEJAX MOMBIHTE-
TPaJIbHOrO BBIPAXKEHMSI. B HHTErpaJje No dx WUrpaioT POJb 3HAUEHHS
X~ 1, a nockoabky pz==1, To aprymesr qbyHKuHu € NpH 60JIbIIKX [
6/H30K K HYJIO BO Beeit CYLIECTBEHHONH 06JaCTH NEepPEMEHHBIX.
B cOOTBETCTBHH C 5THM MOXHO 3aMeHHTb €,, &, NPOCTO MX 3Haye-
HUAMH npu =0, T. e. 3/1IeKTPOCTATHYECKHMH IHIJIEKTPHUYECKHMH
TIOCTOSTHHBIMH €, €,. 1aKUM 06pa3oM, OKOHYATeJbHO

CF 2 ([0tn Gatn) . ]-1
321’!‘.2[405‘5 P {[(Slo—P) (S20—p) e I +

T [(s1o+ﬂ510) (S20 - PE30) e —1 ] _1} dp dx,

($10—PE&10) (S20 — PE20)

S R (82,4)
S10=V €1o—1Fp?  Sp=Vg,p—1+p=.
3akoH yObLIBAHHA CHMJBEl C paccTOsiHHEM (KakK [~%) coOOTBeTCTBYeT

B NAHHOM cCJy4Yae 3aKOHY Y6bIBaHHH BaH-€P-BAaaJbCOBLIX CHJI MEXAY
AByMsa aTOMaMH C Y4YeTOM 3alas-

JLIBaHHA (CM. HHXKe). ,Z%”/
®opmyna (82,4) ceomuTcd K
OYeHb NPOCTOMY BBIPAXKEHHIO B CJIY- ;4 41

i

yae, Korja ofa TeJia— MeTaJJbl.
¥ mertaqnos OyHKIHUA € (i{)— 00 NpH

t —0; moaToMy s HHX HajJo CYu- 36 AN
TaTh €, = 00. [T0JIOXKUB ‘g,, = €,y = —— AM
= 00, IIOJIyIIl/IM o4 N A4
2% dp dx EZ_E a2
1bn214 ptler—1)" 240 A 4
(82,5)

0 02 0% 06 08 g,
(H. B. G. Casimir, 1948). Dra Puc. 18.
cHJsia BoOOLIE He 3aBHUCHT OT poja
MeTaJJIOB (CBOHCTBO, He HMeolllee MecTa Ha MaJlblX PacCTOAHHSAX,
Tle cHJa B3aHMOAEHCTBHS 3aBHCHT OT NOBeleHHs] QYHKUHH & (if)
IpH Bcex 3HaYeHUAX [, a He Tosapko npu {=0).

Ha puc. 18 mpeacrasien rpadux GyHKIUH @, (€,), ONpeeisio-
WHHA CHJIY NPUTAKEHHS MEXY ABYyMsI OLHHAKOBBIMH AH3JEKTPHKAMHU
(819 =65, =¢&,); dopMyaa (82,4) mpencraBiieHa B BHJIE

2 fi '——l
F= 21:;1_0 _lfc- (:ﬁ) ZCPM (&0)- (82,6)

Ha Tom xe pucynke jgan rpaduk QYHKIUH @, (€,), ONPEAEIAIOMIEH
CHJIy TPHTSAMKEHHS AN AUSJEKTPHKA H METaIa (8, =8, £y == 00)
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no dopmyae?) ;

n? hc 80—1

F =535 5.1 P (80)- (82,7)
Ipoussenem B (82,4) mepexof K B3aHMMOAEHCTBHIO OTAE/bHbLIX

aTOMOB NOJ0GHO TOMY, KakK 3TO OBbLJIO CfieslaHo BhILIE AJS GopMy Jibi

(82,1). Tlpu magelx e,—1 nmeeM

Sy—p = 8"2;1 , So—pg, = (g, —1) (—— p+2ip> ,
u uurerpan (82,4) npuHumMaeT BUA
F=—3§7§§m—(sm——l) (E0—1) Exae"‘ dxil———z—g;———;wdp,
OTKYAa b o ’ l
F =" o, (Eo—1) (Eeo—1). (82,8)
Srta cuJa COOTBETCTBYET B3aHMOAEHCTBHIO ABYX aTOMOB C 3HEpPruet
U(r) =—-§i—f—§-o&la2, (82,9)

TAe o, O,—CTaTHYeCKHe MOJSPH3YEeMOCTH aTOMOB (g,= 1--4mna).
dopmyna (82,9) coBmajaer ¢ pesyJbTaToM pacyeTta IO KBaHTO-
BOH 3JIEKTPOAMHAMHKE /IS INpPUTSAXKEHHA JBYX aTOMOB Ha JoCTa-
TOYHO GOJIBIUHX pPAaCCTOAHHSX, KOTJAa CTAHOBATCHA CYLIECTBEHHBIMH
shdexTrl 3anasipiBanus (cm. 1V § 85).

Hakonen, pacCMOTPHUM PacCTOSIHHA HAcTOJbKO GoJbline, 4YTO

HMeeT MeCTO HePaBeHCTBO lT/ﬁc> 1, o6paTtHoe Tomy, KoTOpOe TpeGo-
BaJOCh [AJ BO3MOMKHOCTH THpeHeGPe:KeHHA BJHSHHEM TEMIEPATYPHL.
B stom ciayyae u3 Bcex ujseHoB cymMel B (81,9) Hajo coxpaHuth
Jaumpb nepebii. OpHaKo cpasy noJoxuTh B HeM n=0 HeJb3s BBUAY
BO3HUKamome# NpH 3TOM HeompeleJEeHHOCTH (MHOXKHTEJb [ 06pa-
Iaerca B HYJb, HO HHTerpaJi 1o dp pacxoaurtcd). ITO 3aTpyLHEHHE
MOXKHO OGOHTH, BBelsi CHayasja BMECTO p HOBYKO NE€PEMEHHYIO HHTe-
rpupoBatus x=2pf,J/jc (B pe3ysbTaTe yero MHOXKHTEJNb L ucye-
saet). [Tosoxus 3artem {, =0, noayyum

_ T oo [CnthEntl) -1
F= 16;;1825"2 [(ﬁﬁ—_—lm:z—_—l)e —1] dx. (82,10)

TakuM 06pasom, Ha JOCTaTOYHO GOJBIUHX PaCCTOAHHSX YObBaHHE
CHJIB MPUTSKEHUS 3aMefJIsIeTCs ¥ CHOBA NMPOMCXOJHT 10 3aKOoHY [ 73,

1) TIpy gy~— 1 OYHKIHH Qu; M Qg CTPEMSATCS COOTBETCTBEHHO K 3HAYEHHAM
0,35 u 0,46, orBeyaiomuM nNpefejbHbiM 3aKoHaM (82,8) H (1) B 3ajaue K STOMYy
naparpady. Ilpn €;— ® o0e $HYHKIHH CTPEMATCA K 3Ha4YeHHIO 1, OTBeHaLleMy

dopmyae (82,5).
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HO ¢ KO3(xpHLHEHTOM, 3aBHCAIIHM OT TEMIEPATYPH (BCE CJeAYIOmne
uyneHsl cyMMH B (81,9) y6biBaloT ¢ ! 3KCIOHEHIHAJBHO). YCJOBHe

IT/hic>>1 ecTh Mo CymECTBY YCJIOBHE KJACCHYHOCTH (o <<T, rae
o~ l/c). Tlostomy ectecTBenHo, uto (82,10) He cogepxut f ).

3agaua

Haittn 3akoH B3auMOfieficTBHSI aTOMa C MeTaJIIHYeCKOH CTEHKOH Ha «6OJbIIHX»
PacCTOAHHAX.

Pemenue. BaauMomelicTBHe OTZeJbHOTO aTOMa C KOHJACHCHPOBAHHEIM TeJOM
MOXHO Ha#TH, paccMaTpuBasi JHIIb OJHO M3 Tes (IycTb 310 GyAeT Tesio 2) Kak
paspexeHHyi0 cpefly. CuHTast €g9— | MajibiM H IIOJIOXKUB ;9= 00, NOJYYHM H3 (82,4)

-2 -]
F_ﬁc (820— l) Be=% dx dp __3’1-«6 (820"_ l) (l)
32n24 2p* R2ns
0 1
Ecnu sueprus B3auMofiefictBusi atoMa co creHkofl ecTb U =— aL=* (L—paccros-
HHE aroMa OT CTeHKH), TO 3HepPTHS B3aUMOJeHCTBHS aTOMOB B NOJYNPOCTPAHCTBE,
OT/CJICHHOM OT CTEeHKH IWeJblo !, ecTb Uyop=— an/303, a cuna F =dU yo,/dl = an/l4.
ITo sToMy nosryueHHOMY 3HaueHHI0 F COOTBETCTBYeT IPHTAMKEHHE OTAeNbHOIO aTOMa
K CTeHKe C 3Heprueit

U (L) =— 3aghc/8nLt )
(H. B. G. Casimir, D. Polder, 1948).

Has B3auMolieACTBHS aToMa C JM3JEKTPHYECKOH CTEHKOH TeM Xe nyTeM
IOJIy4aeTCs PesyJibTar

3ﬁcoc2 g10—1

Ull)=——7 5201 T2x (€10)

¢ dynknuelt @,y;, npencrasieHHol rpaduveckn na puc. 18. Ilpn efy — 1 ona cTpe-
MHTCs1 K 8Hauyenuio 23/30=0,77, otBevaomemy dopmyne (82,8).

§ 83. AcuMnTOTHUYECKOE TIOBEJeHHE KOppeJsliHOHHOMH
(YHKUHH B XKHIKOCTH

JMHHHOBOJIHOBLIE 3JEKTPOMArHHTHbIE (AYKTYallHH MPHBORSAT
TaKXe K HEKOTODHIM cnelH(pHyeCKHM CBOHCTBAM KOPpPeJSAIHOHHOM
GOyHKUHH QJAYKTYalUH# IJOTHOCTH B OJHODOJHOH MXHJIKOCTH.

Hamomuum (cm. V § 116), uto KoppeasinnoHHas QyHKUHSA v (r)
onpeJieNifieTcsl Yepe3 CpefHee 3HaUYeHHe OT NPOU3BeJeHHA PAYKTya-
A [JOTHOCTH YHCJa YacTHI A B JBYX TOYKaX MpPOCTPAHCTBA
COrJacHo

b (r)dn(r,)>=nd(r)Fnv(r), r=r;—r,. (83,1)

KoppensiuHoHHass (QYHKUHA CBSi3aHa CO B3aUMOJACHCTBHEM MEXKAY

1) TMoayuennsie B §§ 81,82 dopmyssl MOryT 6biTh 0GOGILICHH TaKHM 00pasoM,
uTOGbl BKJIOYHTb B ce0f cJyyall 3aloJIHEHHOH :KHAKOCTBIO LIEJH MeXAY TBepIbMH
TeJaMu H CJyYyad TOHKOH HJKOH NJIEHKH Ha TBepJOH NoBepXHocTH; cM. M. E. [l3a-
aowmunckuld, E. M. Jupuwuy, J1. I1. Humaesccud, Y OH, 78, 381, 1961; Advan. in
Phy., 10, 165, 1961,
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yaCTHIIAMH, M €e acHMOTOTHUECKOe NoBelleHHe Ha GOJBIIMX pac-
CTOSIHHAX ONpejessieTcss XaJbHOoIeHcTBYOIWEH, BaH-Aep-BaabcoOBOM
yacTbio 3TOro B3aumogeictBus. I[lostomy v(r), Kak ¥ BaH-Zep-
BaaJIbCOBHL CHJBI, YOBIBACT C PaccTOSTHWEM M0 CTEeHHOMY 3aKOHY
(J. Enderby, T. Gaskell, N. H. March, 1965).

1o oTpaxkaeTcs, pasyMmeercs, H Ha CBoMcTBaxX Qypbe-KOMIIOHEHT
KoppessinHoHHOA GyHKUHH v (k) = v (k). Ecan Obi MeX1y yacTHLIaMH
XKHIKOCTH AeHCTBOBAJM TOJBKO CHJB C pajHycoM JeHCTBHA NO-
psilika aTOMHBIX pa3MepoB a, To GyHKuus v(r) ybpiBaja 6wl ¢ pac-
CTOSIHHEM II0 SKCIIOHEHIMaJbHOMY 3aKOHY C HOKasaTeseM ~ r/al).
B TtepMuHax ¢ypbe-KOMIOOHEHT 3TO 3HAYHT, YTO v (E) Oblia Obl
peryasipHoit GyHKIHeA OT ka, pasnoxumoil npH ka<<1 mo yeTHpIM
crenedsM ka. JlaabHoJeHCTBYOUIME K€ CHJLI NPHBOJAT K MOsIBJeE-
HHo B v (k) uneHa (0603HauuMM ero v, (k) cyulecTBeHHO MEHSIOULerocs
yx®e B ofaacth k-~ 1/h, (a He k~1/a), rie A,—XapakTepHble
IIMHBL BOJIH B CHEKTpe XHIAKOcTH (A,>>a). B obnactu ka<€l
napaMetp kA, MOXKeT OBTb KaK MaJbiM, TaK ¥ OOJbIUNAM; QYHKIHS
v, (k) B aTOH OOJAaCTH HMeeT CHHIYJADHLIH XapakTep.

Jsis BBIUUCAEHHS KODpeNALHOHHON (YHKIIMHM BOCHOJIb3yeMCs ee
CBA3LID €O BTOpPOH BapHALMOHHOH NPOU3BOJAHOH OT CBOOOJHOM
SHEPTHH TeJa MO ero MJaoTHocTH. [lo ompeflesieHmo, 3Ta NPOHU3BOL-
Has ecTb QYHKIUA @ (r), Purypupymwouias B BbhipaKeHHH

OF = % S @ ({rg—r, ) 6n(ry) On (r,) d’x, d*x, (83,2)

Isi W3MEHeHHst CBOGOXHOH 3HEpPruM, CBA3aHHOTO C (JIYKTyalHAMU
IJIOTHOCTH  (NIpM 3afaHHOH Temmepatype). ®Pypbe-KOMIOHEHTa
@ (k)= (k) stoif QyHKIUHM cBA3aHA C HCKoMOH ¢yHKuHHeH v (k)
COOTHOIUEHHEM

v (k) =1 (83,3)

n@ (k)

(cm. V (116,14)). Tloguepxnem, uyTto 3Ta (opMysa mpejnonaraer
KJaaccHuHocTh QAYKTyauui, Aas gero tpebyercs kw<T, rjpe o —
yacToTa Kosie6aHH#M C BOJHOBLIM BekTopoM k. Ilosaras o ~ ku (rze
U —CKOPOCTb 3BYKa B KHAKOCTH), NOJYYUM YyCJIOBHE

hiku LT, (83,4)

YTO COOTBETCTBYeT pacctosiHuam r > hu/T.
«Peryaspuasi» vacte QyHKHHHM ¢ (R), cBsisaHHAsg C KOPOTKO-
JIeHCTBYIOIUMH CHJIAMH, Pa3JjoxKHMa 1o cTeneHAM R; OrpaHHYHBAfACDh

1) Peub HEeT O XKUAKOCTH NpH TeMneparypax T ~— @ (rae 8 ~ hu/a— «neba-
eBCKasi TeMIepatypa» XKHAKOCTH) M BJAJH OT KPHTHYeCKOH TowkH. B6ausw Kpu-
" THYeCKOH TOUKHM KOPPEJIIHOHHBIA pagHyC HeOTpaHHYeHHO pacter (cM. V §§ 152,
153). On pacreT W TpPH HH3KUX TeMnepaTypax, okasmBafchk mpi T <€ O mnopaaka
Beamunnsl hu/T (cM. ke § 87).
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(npu ka << 1) nepBHIM 4YJEHOM pasyioxkeHUs M 06O3HAUMB €ro yepes b,
HULeM

@ (k)= b+, (k), (83,9)

rje ¢, (k)—uHTepecyomas Hac «CHHTYJspHAs» 4acTb GYHKUMH').
BBHY OTHOCHTEJIbHOH c/1a60CTH BaH-Jep-BaanbCOBBIX CU @, (R) Kb,
M TIo3ToMy pesyJbrat nojcranosku (83,5) B (83,3) MoxkHO mpej-
CTaBUTb B BHJE

v(B) = 2— 1 —=q, A). (83,6)

n

[TockosbKy cBsI3b v (K) ¢ @, (k) OKasbBaercsl JuHeHHOH, TO QyHK-
uus v (r) Ha OOJIBIUMX PACCTOSIHHUSAX €CTh MPOCTO

v(r)=———’;—2<p1 ). (83,7)

[TepBoMy e (He saBucsuieMmy ot k) uneHy B (83,6) oTBeuaer Xo-
opAMHaTHas GYHKUMs BHAa const-8(r), cBA3aHHasa ¢ 6nu3KojeHCT-
BYIOU{MMH CHJIAMH (LIPY TpeHeOpexeHHH HX DajuycoM AeiCTBUSA).

Ilas ompemeneHust @ (r) HcxomuM u3 (HOpMYJIH (80,11) maa
BapHauuHu cBoGojHOA sHepruu. Hamnucas B Heii

e (it,, 1) =2 bn (r), - (83,8)
MEl BHJUM, UTO Bpra)KeHHe
| T NV o deit)
4nhc2 Z Cs@ll (Cs’ r, l') 071

s=0

npeAcTaBJsieT co60f nepByld BAPHALKOHHYIO MPOM3BOIHYIO cBoboji-
HOM 9HepTMM To IsoTHocTd. s BToporo AupdepeHuupoBaHus
Hajo, B CBOI0 oOuepeib, NPOBAapbHPOBATH 3TO BHIpameHHE, T. €.
HalTH %)

®

T

14
daific? t=0

(0D, (L v 1 25 (83,9)

1) TTocTosiHHAS b Bpakaercs uepes TePMOJHHAMHUECKHE BEJIHUHHB! KHAKOCTH
1 /0P
corJacHo b=—{— (cm. V § 152).
n\on/r
2) BapbupyeTcs T0JbKO byHruus &Dy. Bapbuposante GyHKUHH & npuBeJIo Obl
k aneny Buga const.§({r) B @ (r), He HMeIOWEMy OTHOUIEHHA K JlaJpHOLeHCTBY10-
MM CHJIaM.
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Cama 9-bynkuusi ymopaerTBopsier ypasuenuwo (79,8):
02 S o '
[m_ﬁizA'l‘%? & (il 1) 6;‘1] Dy Css 1, 1) =
= —4ahid;,8 (r—r1'), (83,10)
a ero BapbHpOBaliMe JaeT ypaBHeHHe AJs BapHalun D-QYHKIUH:
o 5 ' '
[W_(SHA'I'% & (ig;) 5in 8D, (L1, 1) =
2
= — S 0e (i, N D G T, ). (8311)

Pemenue ypaBHenus (83,11) moxHo HamucaTb cpasy, 3aMeTHB, 4TO
B cuay (83,10) «ueBoaMyuieHHas» GyHKUUA D, sBAsSETCS TPHHOB-
cKOM (QYyHKuUHEH 3TOr0 ypaBHEHHS; MOITOMY

2
P S‘SS (i 1) Dy (5 15 1) Dy (L3 17, 1) B

(37€Ch HMCIOJBb30BAHO TaKkKe, 4To Dy (r, 1) =Dy (', 1)). Haxosnen,
noxcrasus cioga (83,8) u sarem Bce BMecTe B (83,9), monyyuM BTO-
pYyi0 BapHallMOHHYIO NPOHU3BOAHYIO

T Ve [ gy o
B0 = = 2 B [Tt D). (63,12

8Dy (Gyi 1.8) =

(r=|r,—r,|). dra ¢opmyna BMecTe ¢ (83,7) u naer uckomoe oG-
mee BbIpaXeHHe KQPPeJALHOHHOH (GYHKUMA v (r) OpH r>>ﬁu/T
(M. 1. Kemoxaudse, JI. I1. [Tumaesckuil, 1970).

[Ipennosoxennoe yxe paHee ycigsue (83,4) Ans BOJNHOBBIX
BEKTODOB SKBHBAJEHTHO YCJOBHIO r3>hu/T a4 paccrosinufi. Ecau
OJHOBPEMEHHO C 3THM YCJOBHeM OFpaHHUHTb 00JIaCTh 3HAYEHHH 7
TaKKe W CBEpXy:

fic/T > r>huT, (83,13)

To B CyMMe GyAyT CYIECTBEHHb GOJIbUINE 3HAUEHHS S, H CYMMHPO-
BaHHE TO MMCKPETHHM «yacToTam» {, =2nT's/h MOXKHO 3aMEHHTD
WHTerpupoBanueM no ds =hdg/2aT:

VO =z | [ SR e @) g G319

nb2hict 4n  on

®yuxknua 9D, noayuaercs us (77,6) sameHoft ® — if. ITpous-
BeAs auddepeHnMpoOBaHME W BO3BeJAs B KBajpar, MOJyYHM
2k _ 2 , 5,6 , 3
in=-"¢ w(l -I-'w—-l-;;z'-l-?v?-l-a?) '

_ (83,15)
w=r{V e(iQ)/c.
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TMoacranoska (83,15) B (83,14) NpHBOAHT K AOBOJBHO CJOXKHOMY
BLIpaXKeHHIO, KOTOpOe, OAHAKO, YIpomaeTcs B ABYX IpelesbHBIX
cayyasx.

B cayuae «Majibix» paccTosHHl (r<€A,, cp. § 81) B uHTerpane
cymecTBeHHa 06Jacth { ~ ¢/Ay; mpu 3ToM ri/c K1, TaK uto B (83,15)
MOXHO 3aMEHHTb SKCTHOHEHIHAaJbHBIH MHOXHUTENb eIHHHLEH, a B
cko6Kax COXPaHHTh JHIUb IocaeAHuil uieH. Toraa Hailzem

'V(f)='rA—G, A 3hT \S‘[ae(_l;)]z ag f<<7\«o. (83,16)

= 167962 on e (if) ’
0

dypbe-o6pa3 sToll QYHKIHH L)
v(R) =T Ak, kA 1. (83,17)

B o6paTHoM cayuae «GOJbIINX» PacCTOAHHH (r>>A,) B HHTEr-
pajie cymecTBeHHa o06JacTb -~ c/r &c/hy ~ @,. IlosTomy MoxkHO
3aMeHHTh € (i{) ee 3JeKTPOCTAaTHYECKHM 3HAYeHHEM &, H BbIHECTH
(0e,/On)* u3-nox sHaka uHTerpaza B (83,14). Ilocae sToro HHTErpH-
poBalHe TNPOH3BOAUTCH 3JEMEHTADHO (mpHyeM Bce uneHsl B (83,15)
NaloT BKJAaj OJYHAKOBOrO IOpsiAKa BeJH4YHHH). B pesysbrarte
HoJyyaeTcs

vo=5, B= 2o (Z), r>h. @319)

T gdnde g/%z on

dypbe-o6pa3 310H QYHKIUH
v (k) =— g5 Bkt Inkh,, kMo <1, (83,19)

§ 84. OnepaTopHoe BbipaxeHHe Aaf AM3ACKTPHUECKOH
NMPOHULAEMOCTH

B stom maparpade Mbl NOJYYHM Il0JIe3HOe NMPEACTaBJICHHE AU-
5JeKTpHYECKOH MPOHUIIAEMOCTH CPeAbl yepe3 KOMMyTaTop Orneparopa
MJIOTHOCTH 3apsifioB (Ph. Noziéres, D. Pines, 1958). Jra dopmyna
avajornyHa Qopmysae KyGo ¢ ydyeToMm crieuupHKH 3/1eKTPOMArHHT-
HOTO T0JIS. )

1) HenmocpeCTBEHHLIM HHTEIPHPOBaHKEM B cepHUeCKHX KOODAHHATAX B k-nipo-
CTPAHCTBE MOXHO NOJYYHTb

— lim Seikr-hkkv @k T(v+2)sin(mwv/2)

Iy =0 (2n)° onzvt?
Hyxuetfi gas npoBepru Gopmyast (83,17) nHTerpan ectb I;. Hurterpan xe,
HYXHBIH AJs T1poBepkH Gopmyan (83,19) BbUKCHAETCA Kak dl y/dv npu v=4,
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ByjeM paccMaTpHBaThb OJHOPOJHYIO cpefy, oGJajalomyio He
TOMBKO BPeMeHHOH, HO H MpPOCTPAHCTBEHHOH AMCTIEpCHEH JH3JEKT-
PHYECKOH NPOHHIAEMOCTH. JTO 3HAYUT, YTO HHAYKIHMA D¢, r)
3aBHCHT OT 3HayeHHH HanpsikeHHocTH E (£, r) He TOJBKO B IpEeiBl-
Aylye MOMEHTHl BpeMeHH, HO M B APYTMX TOYKaxX IPOCTPAHCTBA.
Takas 3aBHCHMOCTb MOMET GHITb IpejicTaBjeHa B oO0IEM BHIE KaK

[+ o)
D (t,)=E;(t, )+ § § Fro (5, ) Bt —7, r—r") &2 dr. (84,1)
0
JLJ151 MOHOXpOMaTHYecKoro noJs, B KoTopom E, D cv exp [i (kr —wf)],
3Ta CBfI3b CBOAMTCA K
D;=¢; (0, k) E,, (84,2)
rie
-]
e (@, K) =8 --§ ( Frulr, )@@ din du. (84,3)
0
Mul orpaHuuyuMMcsl CJyyaeM, Korja cpeia He TOJBKO OJHOPOAHA,
HO M H30TpONHa M He o6JajaeT ecTeCTBEHHOH ONTHYECKOH aKTHB-
HocThto. Torja JAu3JeKTpUYecKas NMPOHUUAEMOCTE OCTaeTCs TEH30-
pOM, HO COCTaBJIEHHBIM JIHLIb C IOMOLIBIO BEKTOpA k. O6uiuii Buf
TAKOr0 TeH30pa

i =2 (0, K) 22 e, (0, 10 (85— 5t ) - (84,4
CkansapHble QYHKIUH €, H €; HA3BIBAIOT COOTBETCTBEHHO npodoasholl
0 nonepeunoti npowuyaemocmamu. Ecau nose E moTenuuasbHo,

=-—V@, TO JAJs IJOCKOH BoJHH E mnapajjesbHO BOJHOBOMY
BekTopy (E=-—ikg) u toraa D=¢,E. Ecin xe moJe COJCHOH-
nanbHo (divE =ikE=0), 1o E nepneHIuKyJApHO BOJHOBOMY
BeKTopy, ¥ Toria D =¢g,E.

Hanomuum (cp. VIII § 83), 4To NpH TaKoM ONMHCAaHUM CBOMCTB
cpelsl yXKe He MMeeT CMbicJa pasfiesieHHe CPeJHero 3HaueHHs
MHKPOCKOTHYECKOH MJOTHOCTH TOKa PV (0—IJIOTHOCTb 3apsiioB)
Ha ABe yacTu: OP/0¢f um crotM, rae P-—s3iekTpudecKas moJaApH3a-
1Hs, a M— HaMarHHYeHHOCTb cpelpl. [ pyrUMH cJ0BaMH, ypaBHEHHUS
MakcBessia 3alHCLIBAlOTCH B BHIE

108
c ot

d

o

ot E =—

I

rotB=1—
c

Q|

13

Ges BBejenua (Hapsily ¢ MarHHUTHON MHAYKUHeHd B-—cpennum 3Ha-
yeHHEM MHKPOCKONHYECKON HANpsKEHHOCTM MarHHTHOTO TOJIs) ewie
n Bexktopa H. Bce usieHnl, BO3HHKAOmKE B pe3yJbTaTe YCPEAHEHHS
MHKPOCKONHYECKHX TOKOB, MNPENNO0JAraioTcs BKJIOYEHHbIMH B OTpe-

peaenne D =E--4nP, pv =aP/d¢.
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Boapmui uHTepec B NpHUMEHEHHSX MNPEACTaBJSeT IponoabHAS
NPOHHUILAEMOCTb, AJ51 KOTOPOH MBI H BEIBEJEM ONepaTopsoe BIpa-
xeHHe. OHO mMoJsyyaercss NYTeM pPacCMOTPEHHSA OTKJIMKA CHCTEMbI
Ha CTOpOHHee (T. e. CO3JjaHHOe CTOPOHHHUMH IO OTHOIIEHHIO K CHCTEMe
HCTOYHHKAMH) [OTEHUHAJJbHOE 3JEKTPHYECKOE MOJe ECT::—V(ch_

OnepaTop B3aHMOJEHCTBHST CHCTEMBI C 5THM MoJem 3anHchH-
BaeTcs Kak

V=06t 1) er (2, 1) dox, (84,5)

rae p(f, r)—onepaTop MJIOTHOCTH 3apsifa B cHUcTeMe. CONOCTABHB
5TO BHIpaxkeHue ¢ obuie#t GopMysoi (75,8) U paccmatpusas ., Kak
«ofo0lieHHy0 CHay» f, Cpa3y HaXOJHM, COIJIaCHO dopMy.Jam
(75,9—11), ans ¢dypbe-KOMHOOHEHT [O BPEMEHH OT CPeAHEH IJIOT-
HOCTH 3apsJ0B

o

Po (r)=—ff f (e"‘” P 1)p 0, ) —p (0, ') p (¢, 1)> oS (') dx’ dt.
0 o

Hepef/'l,lﬂ 34€Cb TakK¥ke H K (bypbe'KOMHOHeHTaM MO NpOCTPaHCTBY
H y4Tfd, 4YTO B CHJY OJHOPOAHOCTH CHCTEMBI CpeJHEe 3HayeHHe
KOMMYyTaTopa 3aBHCHT TOJIBKO OT PAa3HOCTH r—'r', IOJY4YHUM

- (c1)

Pwk'—_a(m; k) Pok » (8476)
rae

a (o, k)=—% ” L=k (5 (¢, 1) p (0, 0)—p (0, 0)p (£, 1)>doxdt.

’ (84,7)

Cpe].IHHH NJOTHOCTh 3apsiAOB CBsi3aHa C BCKTOPOM IIOJIsIpH3allHH

cpexsl cooTHomenneM p =—divP (cm. VIII § 6). s (ypbe-KoM-
NIOHEHT OTCIOfA CJeAYeT

-~ L .gp—1
Dok = — ikPokx = — i “L——KEqy.

C npyroi#i cTopoHel, Ag., =—4ap.,, Tl€ P, — NJIOTHOCTh 3apsAJ0B,
CO3JalolUX CTOPOHHEe ToJse; UHAYKuus xe D cesgszanma c¢ 3Tofi
MJIOTHOCTBIO ypaBHeHueM div D =4mp.,. M3 3TEX ABYyX ypaBHeHHH
HaxoauM .
4 iey
oD =20 =7z kEok.
Haxkonen, moactaBus 3TH BelpaKeHHs B (84,6), moayyum HCKO-
Moe BBIpaXK€HHE MPOJOJBbHOH NMPOHHIIAEMOCTH
| 4n '
1 +z (o, k). (84,8)

g k)
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Tox p (¢, r) B (84,7) cieayer mnoHHMaTh, CTPOro TroBops, omepa-
TOp IJIOTHOCTH 32pfJ0B BCEX YacTHIL B CHCTEMe—3JIEKTDOHOB H
agep. O6GBUHO, OHAKO, BO BCEM CYUIECTBEHHOM HHTEpBaJsie 3Haue-
HHH © M Kk BKJal B TMPOHHHAEMOCTb BHOCAT TIJiaBHBIM ofpasom
3/7EKTPOHbI; II03TOMY HOJ O MOXHO MOHHMATb e (n-—n), Tle 7—
onepaTop 3JEKTPOHHOI IIJIOTHOCTH, a n—ee CpelHee 3HaueHue.

@opmyay (84,7—8) MoxHo npeofpa3oBaTh ellle Jasibliie, BHPasHB
ee uyepe3 MaTPHUYHbIE 3JEMEHTH (ypbe-KOMIOHEHT onepatopa E)
Iuas 3Toro IpelBapHTe/bHO HepenHchiBaem (84,7) B BHIE

®©

a0, k) ==z (@ GuO) Pk O)—6-x OPx (>, (84,9)
0
(V—o6bem cucTeMbl). MartpuyHbie 3JEMEHTH Trei3eHGeproBcKoro
ornepaTopa Py (f) BRIPaXKalOTCA Uepe3 MaTPUYHBIE JEMEHTh! LIPEIHH-
repoOBCKOTO ollepaTopa CorJacHo

Ok (1)) mn = €77 (0k)

PackpbiB Npou3BeAeHHE ONEPaTOPOB MO NPABHJIY MaTPUYHOTO YMHO-
MeHHsl ¥ TPOH3BeAsl HHTerpuposanue corsacxo (31,21), mosayyum
OKOHUATE/bHO

1 . 4 s i 1
mw 0 ey PR \ ©—po 0 w+wno+i0} ’
n

(84.10)

rie HHIACKC 0 otHocuTCH K 3alaHHOMY COCTOAHHIO, AJisT KOTOPOTO
HUIETCA TIPOHULAEMOCTb.

§ 85. BoipoxaeHHas njasma

PaccMOTpHM MOJHOCTBIO HOHH30BAaHHYIO INJ1asMy, B KOTOpO#
HOHEI 00pa3yloT KJaccHyecKuil (60JbIMaHOBCKUH) ras, a 3JeKTPOH-
Hasl KOMIOHEHTa yKe BhIpOXKJeHa. Jl/is 3Toro Temnepatypa JOJIKHA
yIOBJIETBOPATE YCJOBUSAM

”’i<<T'€“‘e’

Fantiom, < T < hentto/m, (85,1)

(1,, p;— XHMHYECKHE HOTEHIHAJbl 3JEKTPOHOB ¥ HOHOB B MJasMe,
m,, Mm;—HX Macchl; n-—MJIOTHOCTb YHCJIa 9acTHL; [PH OLEHKax
He fesiaem passiuuus Mexny n, # n;). B To xe Bpemst Gynem cuu-
TaTh, 4TO NJasMa JHUIIb cJaabo HeujeanbHa. Ilsd 3ToTOo 3HEPTHHA
KYJIOHOBCKOrO  B3aHMOJEHCTBHSl JABYX 4YaCTHI Ha PacCTOsSHUH

T. €.
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l ~ n-YY3 ppyr oT apyra Jo/KHAa ObIThb MaJja IO CPaBHEHHIO C HX
cpenHell KuHeTHuecKoH sHeprueit e. [as HoHoB e~ T, a pas
3JIEKTPOHOB & ~ L, ~ n*/3fi*/m,. OTciofa TOJyYaIOTCA YCJIOBUS

m ek <€ ntis & Te (85,2)

B V § 80 Obo moka3aHo, 4TO B 3THX YCJOBHAX OCHOBHBIM
HCTOYHHKOM IIONPABOK B TEPMOJAHHAMHYECKHX BEJHMYHHAX IJ14a3Mbl
(o cpaBHEHHIO ¢ WX 3HAYEHHMAMH JJis HJeaJbHOTO rasa) sIBJseTCS
o6MeHHOe B3aUMOJEHCTBHE 3JIEKTPOHOB; 3HEPIusl 3TOTO B3aUMOJEH-
CTBHS (OTHECeHHas K eJuHuIe 00beMa IJIa3Mbl) OKa3blBaeTcs BeJIH-
yHHOH ~ e2n4/3, KoppensunoHHas e IoNpaBKa (ABJsOLAACS
OCHOBHOH B KJIaCCHYECKO# IJa3Me) B BHIPOXKJIEHHOH IJa3Me MaJa 110
CpaBHeHHIO ¢ OGMEHHOH B OTHOINEHHH M/2, rae 1 :meez/ﬁznl/*’ £1.
TeMm He MeHee ee BBIYHCJEHHE /5 BEIPOMKJEHHOH IIJa3Mbl NpeAcTaB-
JsieT MeTONHYeCKHH HHTepeC H JaeT MOYYHTEeJbHYIO HJJIOCTPALIHIO
IpUMEHEHHSsl JuarpaMMHOH TeXHHKH.

OnepaTtop KYJIOHOBCKOTO Bsaumoaeucrsuﬁ YaCcTHL, TJa3Mbl 3a-
TUHCEIBAETCS B BHIE

'

17=—- S Pen Wi et P Vo dx dw, (85,3)

rie MHACKCH a, b HYMEpYIOT pasJ/IH4HbIE COPTA YACTHIL— 3JEKTPOHLI
H pasHbie CcOpTa HOHOB; Z,e—3apfAj 4YacTHI (AJA 3JEKTPOHOB
z,=—1). BasaB v-omepatopel B Many0apOBCKOM MpeICTaBJ/EHHH,
MBI TE€M CaMbIM [OJYYUM H ONepaTop B3aHMOJEHCTBHA B 3TOM
npejcTaBjeHHd. JlnarpamMmuasi TeXHHKa s BbIYHCJICHHA CPEJHEro
(o pacnpegenennio I'mG6ca) sHaueHHA <V> crpomtcs 3ateM oGblu-
HEIM 00pasoM MyTeM Nepexoja K MpejCTaBJeHHUIO B3aHUMOJeHCTBHSA
JJs1 Many6apoBCKHX OINEpPaTOPOB; BO3HHKAIOWHHA B pesyJbrare psj
TEODHH BO3MYLIEHHH NpeicTaBJsieT coGoll pasjoxenue <> mo cre-
NeHsAM e2,

Bripaxenue (85,3) He COJepXKHT «CBOGOJHEIX» (MO KOTOPBIM HE
NPOH3BOJHJOCE Obi HHTEIDHPOBaHHE) MepeMEHHBIX. B auarpaMmHoi
TeXHHKe 3TO OOCTOSITEJLCTBO BHIpaxKaeTcAd TeM, 4TO UJEeHBl pAjla
TeopHH BO3MyLieHH# pas <V)> usobpaxkaiorcd jJdarpamMmami, He
HMEIOHUMH CBOOOAHLIX KOHIOB. IIyHKTHpDHEIM JIHHMAM 3THX JHar-
pamm (¢ 4-pMmyJbcaMi Q == (L, q)) yCJOBHMCSI COIOCTABJATL MHO-
KHTeJn )

__q)(q)=_4_“ (85,4)

1) Manee B 3TOM naparpade moJaraeM hi=1, c=1, a e 0Go3HayaeT 3/leMEH-
TapHui 3apaA (e > 0).



416 3/EKTPOMATHHTHHIE &JYKTYALHH [ra. viu

(He 3aBHcAmMe OT (), T.e. B3ATYyI0 C 06paTHHM 3HAKOM Qypbe-
KOMIIOHEHTY NOTeHIHaJa ¢ (r) noJs efHHHYHOro 3apsAaa. CnJouiHbM
JUHHAM JOJ/KEeH Tenepb TNPHIUCHBATLCA (HapsaAy ¢ 4-HMIyJbCOM
P = (g, p)) ewe H HHIACKC @, YKa3bBAaWOLUHH COPTa YACTHI, H KaxK-
oM TaKoOH JHMHHHM CONOCTABJSIETCS MHOXKHTENb — $3ug (P) —B3daTast
¢ oOpaTHHIM 3HAaKOM TpHHOBCKas ¢YHKIHA CBOOOJAHBIX YacTHI 4.
[lpy 3TOM CHJOMIHBIE JIMHUM JMarpaMMbl 00pasyiOT 3aMKHYTHIE
HmEeTIH, KaKias H3 KOTOPHIX COAEPXKHT «3BeHbf» C OJHHAKOBLIMH
uHgexcamMu a. Kano#l BepluWHe JHarpaMMbl—TOUKE ITepeceyeHHs
NYHKTHpPA CO CIIJIOMHBIMH JIMHHAMH COPTa d— COIOCTaBJseTCH J0-
HOJIHUTENBHO MHOMXHTe b Z,e. Kamnas ¢epMHOHHAsA MeT/s BHOCHT
JOMOJHUTENbHEE MHOXHTeNb (—1). ITocTpoeHHbIe 10 3TUM MpaBHJIaM
JHarpaMMbl AaiOT YJIEHBl PA3JIOXKEHHSA BEJIHYHHBL i

2 5 .

MHoxurenr V B 3HameHaTese—o0GbEM CHCTEMBI; 3TOT MHOMXKHTEND
BO3HHKAeT B pe3yJbTaTe TOrO, YTO HOJABIHTErpa/ibHOE BBIpaXKeHHe
B KaxJOM uJieHe psija 3aBHCHT TOJBKO OT PasHOCTeH KOOpIHHAT,
M IO3TOMY OJHO H3 HHTErpHpoBaHuil 1o dx naer mpocto obnem V.
3uak MuHyc B (85,5)-—pe3ynbTaT onpeJeNeHHs MNYHKTHPOB IO
npaBuay (85,4), T. e. co 3HakoM MHHYC nepel @ (q). Muoxureab
XKe 2-—pesysbTar neperoca MHoxurtenasa 1/2 B (85,3) B JeByio cTO-
pPOHY paBeHCTBA. :

B nepBoM NOpsjixe TEOPHH BO3MYLICHHHA HMEIOTCSI AHArpaMMbl

JIBYX BHJOB: )
v
4 i

3 el e (85,6)

CO BCeMHM BO3MOXKHHLIMM @ 4 b. JluarpaMmu Buza (85,6a) Bo3HHKaOT
OT CBEPTOK -ONepaTopoB, B3ATHX B OAUHAKOBLIX TOYKAX MPOCTpaH-
CTBa. DTH AHarpaMMul OTBEYalOT NP AMOMY KYJIOHOBY B3aHMOAEHCTBHIO
yacTHIl @ ¥ b, paBHOMEpPHO pacnpe/e/ieHHEX B IPOCTPAHCTBE: BKJIALK
THX JHarpaMM B3aHMHO cOKpamjatorcs (IpH CYMMHPOBAHHM MO BCEM
napam a, b) BBHAY 3JIEKTPHYECKOH HeHTPaAbHOCTH T1a3Mu. [ua-
rpamMMel ke Buja (85,66) BO3HHKAIOT OT €BEPTOK 3-ONMEPATOPOB
pasHHIX apryMeHTOB H OTBeYaloT 0OMEHHOMY B3aHMOJEHCTBHIO YaCTHIL
JaHHOro copra a. BriuucieHHe 310l JHarpaMMEl IPUBOJUT K pPe3yJb-
TaTaM, NOJYYeHHHIM yxe B V § 80.
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B CJACAVIOWEM IIOPAJKE BO3HUKAKOT JHMarpaMMmol CJASAYyOlUX

BHJOB.
a
&
 p a

&
G n KD
i - (aj (85,7)
é} 6 8) 2 g

) g)

Jluarpamumer (85,7a—06) npeicTaBasioT COG60H NMONPaBKH K AuarpamMme
(85,6a) ¥ mo TOH Ke NMpUYMHE B3aHMHO COKPAINAOTCA NPH CYMMH-
pOBaHMM MO BceM &, b, ¢. dmarpammpl (85,7B—T) NpeacTaBJsAIOT
co6oii MaJble IONPaBKH K 3HeprHd OOMEHHOro B3aHMOJEHCTBHS H
He TpeJCTaBJAIT 3[eCh HHTepeca.

HuarpaMma ke (85,71) OKasbiBaeTcs «aHOMAJbHO GOJBLION»
BBHJIY PacXONMMOCTH COOTBETCTBYIOLIETO WHTerpaja. 9ra pacxoju-
MOCTb BO3HHKaeT B pesyJ/bTaTeé TOrO, YTO HMIYJbCHl q OGOHX NMYHK-
THPOB B JHArpaMMé OJMHAKOBBl (KaK 3TO OYEBHIHBIM 0GpasoM
cJIeflyeT U3 COXpaHEHHs HMIyJbca B BepuiMHax). Tlosromy auarpamma

COJEpPKUT HHTErpaJ Sd3q/q4, pacxoAsmuiics NPy MaJblX  Kak 1/q.

B creayomu% npubauKeHnsX MOSBJAOTCS (HApsAy ¢ AHArpaM-
MaMH [ONPaBOYHLIX THIIOB) TaKXKe H HOBbBIC KOJILLEBLIE» NHATPAMMBL
¢ eme Gosee CHJBHOH pacxoiumocTbio. Tax, Zuarpamma TPETBEro
nopszaka

a
N
STE N
5 ¢
J) Y

¢ TpeMsd NYHKTHDHBIMH JMHUAMH C OJAWHAKOBLIMH HMIIYJbCaMH q

COIEpKHUT HHTErpaJ gq‘6d3q, pacxofsamuiics, kak g~& Boobue
KOJIbIIEBasl AuMarpaMMa n-ro nopsjka, o6pasoBaHHas n CIJIOUIHBIMH
NeT/siMU, COeNHHEHHBIMH 7 MYHKTHDPaMH, DACXOAHTCH, KaK g~ ‘%,

CymmHpoBaHHe O€CKOHEYHOH TOCJeJOBaTebHOCTH KOJIBLIEBBIX
JMarpaMM NPHBOAUT, KaK Mbl YBHIHM, K addeKTHBHOMY 0OpE3aHHIO
pacxozuMocTel Ha 3HaYeHHAX ¢ NOPAAKA MaJIOCTH e; MO3TOMY BCe
3TH JuarpaMMbBl COBMECTHO JMaiOT BKJaj B <V> mopsika MaJocTH
(e?)?/e*n~2=ed, [paduueckd 5TOT BKJaZ H300pPasHTCA  CYMMOH
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(mo copraM YacTHU) CKEJETHHIX AHarpaMm

O“

(85,8)

[S S|
-

ab

~Q

rae XKHUpHas MYHKTHPHAA JHHHA IOPEICTaBIAET cyMMy GeCKOHEYHOTO
MHOXKECTBA JIHHEHHBIX QUarpamm

@ b
e &9

C pa3JHYHBEIMH YHCJAaMH CIVIOUIHBIX NETEJb.

B To BpeMs Kak TOHKas NyHKTHpPHasg JUHHUA H3o0paxKaeT Io-
TeHIHaJ ¢ KYJOHOBOTO IOJS H30JMPOBAHHOTrO 3apsjaa, ToJcTas
NYHKTHPHasl JIHHHA NpPEACTaBJACT MOTEHLHAJ MO/, HCKaXKEHHOro
noJsipu3aliHell oKpyXawlleH nnaasMel; o0o3HayHM €ro Iocpex-
cteom @. Beck BKJan (85,8) u jgaer, cJjeloBaTeNbHO, HCKOMYIO
KOpPpeJIALHOHHYIO YaCTh CpeJHell S3Heprux B3aHMOJCHCTBHA B MJa3Me.

BBenem ofosHauenue — & (L,, q)/47 4159 CyMMBI IPOCTHIX CIJIONI-
HBIX [ETEJb BCEX POAOB 4acCTHIL H OyaeM o603HayaTh 3TY BEJHYHHY
rpaguyeckH CBETJIHIM KPYXKKOM:

a
L=y (>=0 - (85,10)
a a

OrMeTuM, YTO aprymet {, 3Tofl ¢yHKHUM npoberaeT «YeTHLIE» 3HA-
yeHusi {,=2sn7 He3aBUCHMO OT CTATHCTHKH, KOTOPOH MOAUHMHSIIOTCH
yacTHUBl . JedAcTBHTEJNbHO, B CHJAY 3aKOHAa COXPAaHEHHA 4acToT
B BeplIMHE 3TOT apryMeHT paBeH PAa3HOCTH YacTOT 0GEHX CIIJIOUIHBIX
JHHHH; 3Ta PAasHOCTb «Y€THa» KaK MNPH «YETHLIX», TaK H NPH «HE-
YEeTHBIX» YJCHAX Pa3HOCTH.

C o6osnauennem (85,10) cymma (85,8) n3obpasurca OAHOH CKe-
JIETHOH JAuarpamMmoii:

ALY =(q. (85,11)
v (o4

CaMa e XUpHAs NYHKTHPHas JUHHSA yIOBJETBOPSET JHATPANMHOMY
ypaBHEHHIO

e e ot e o e e (85,12)

(Bronme anasoruyHomy ypaBHenusM (14,4) m (79,13)). B ananu-
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THYECKOM BHUAE 3TO ypaBHCHHE TJACUT
[72)
— D (L, q)=—q>(q)——q>(q)#®(§s, q),

4
Do =5 g - (85,13)

Ha 3t ¢opMyJiel MoJIe3HO B3TJSHYTH ¢ HECKOJILKO HHOH TOYKH
3peHUsd, 4YTOOGBl YCTAHOBHTb CBA3b ¢ jAuarpammamu B § 79. Ieno
B TOM, YTO KYJIOHOBO B3aHMOJefCTBHe MeX]IYy 3apsJaMH MOXKHO
paccMaTpHBaTh Kak pesyJ/bTaT o0MeHa BHPTYaJbHBIMH (DOTOHAMH.
Ilpu atoM, ogHako, yaoOHee HCMOJb30BAaTh He KaaubpoBky (75,1),
a Tak HasblBaeMyio «KyJOHOBY» (cMm. IV § 77), B koTopo#i — D,
Kak pas paBHa (ypbe-KOMIOHEHTe KYJIOHOBOTO noreHluuaJa. IIpo-
CTpaHCTBeHHasl ke yacth D;, B 3ToH KaJHOPOBKE OMHCHIBAET 3amas-
JIBBAHHE W MarHUTHOe B3auMoJeficTBHE, H €0 B HePeJATHBHCTCKOH
nJasMe MOXKHO npeHeOpeyb. [ToITOMY MOMKHO CYHTaTh, YTO IYHK-
THPHBIM JIMHUSIM Ha guarpamme (85,11) cooTBeTcTByeT Maly6apos-
ckasi @D, a PyHKIHa P ecTb HE UTO HHOE, KAK KOMIOHEHTa P,
noJisipusanuonHoro oneparopa. Corjaacno (79,18) moxHo, caefoBa-
TeJIbHO, HanucaTh P (L, q)=—q*[e,(i|L,|, Q) —1] (nerko BUIeTD,
YTO NpPH HAJAYMH OPOCTPAHCTBEHHOH JAucnepcud B (79,18) BXO-
JIAT HMEHHO TIpOJoJbHAst TPOHHIaeMocTb §;). lloAcTaBass 3TO
Boipaxenue B (85,13), Haxoaum

OTKyJa

4in
@ (Zs, Q)=m, (85,14)

T. e., KaK H cJe10BaJjo, pypbhe-KOMIOHEHTyY NOTEHIIMAad eAUHHYHOTO
3apsiia B cpeje.

PackpriB, no OOWKM NpaBHjaM Many0apoBCKOH TEXHHKH, AHar-
pammy (85,11), HaxXoAUM

~ [7:34 s a3
Dorip=—"2 T (520 (@ O, @ s =

=__1/§7;25’q2[?2(§s, q) d3q (85,15)

2= (s Q] (2m)*°

Mbl yBHMIMM HHXKE, YTO OCHOBHYIO pOJb B CyMMe HrpaeT 4JeH
¢ s =0, IpHYeM COOTBETCTBYIOIMH HHTETPaJ onpelesiercs 06J1acThbio
MaJsix . [Tostomy 15t Beluncaenus (85,15) pakTHUecKH AOCTATOYHO
3HaTh npefesnbHoe 3HaueHwe P (0, q) mpu q—0. Iry BeJIHYHHY
JETKO ONpEJEJHTh M3 MPOCTHIX (GH3HYECKHX COOGpaKeHHH, jAaxe
He mpuberasi K NPSMOMY BLIYMCJEHHIO MO JMarpaMMam (85,10).
Ipu ¢, =0 dynkuus @ (0, q) npeacrapiasieT coGoi bypbe-o6pas
notennuata @(r) 3JeKTPOCTATHYECKOTO MO/ €IMHUYHOTO 3apsla
B nJasMe. HeBo3MyuieHHBIH TOTeHIHasa @ (r) yIOBJETBOpsET ypas-
Henmio IlyaccoHa ¢ O-pyHKmueii B mpasoit yacth: Ag=—4ad (r).
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VpapHeHue ke Aas noreduuasa @, HCKaXKeHHOTO roJisipusannest
maa3Mbl, Tnoayyaercsi 10GaBJeHHEM B NPaBO# CTOPOHE H3MEHEHHMS Sp
NJOTHOCTH 3apsifOB B IJasMe II0J BJIMSHHEM CaMOro MoJisi:

AD = — 4[5 (r) + 8p]. (85,16)

C apyro# cropoHel, nmpu ¢— 0 Mbl MMeeM JeJO C N0JeM, MELJIEHHO
MEHAOIUMCS BJAOJb o6beMa maasMbl. B Takom roJie CnpaBelHBO
TepMOJMHAMUYECKOE YCJOBHE paBHOBECHS

u, +-ez,®=const =p2, (85,17)

Tz 1, —XUMHUeCKuii MOTEHIHA/ YaCTHIl COPTa &, Wg’-—ero sHaye-
HHe B OTCYTCTBHE MoJis. M3 3TOro ycJoBHst HAXOAMM A5 H3MEHEHHS
IJIOTHOCTH YaCTHI 11,

Sp, = (ai) L Ot = — ez,

ong

W 3aTeM JAJ5 U3MEHEHHf MJOTHOCTH 3apAia:
on
b= 6 — e Q 2 (J) .
8p Eeza fg L(eza) e T,V(D
. a a

ToncTaBuB 370 Bhipamenue B (85,16), mosyyuM ypaBHEHHE

AD--%2D=—4n6 (r), (85,18)
rie BBeJeHO o0o3HAueHHE
on,
2 — 4ne2za:z§ (W)r . (85,19)

Uz (85,18) BuaHo, yTO 1/% ecTb neGaeBCKHH pajMyC 3KpaHHPOBa-
sua noas B maasme (cp. V § 78). Hakonen, B3siB ¢ypbe-KOMIIO-
HEHTy OT 00eHX CTOPOH YDaBHEHHS (85,18), nafinem, yto ’

4
(D(Q)=#;é,

¥ cpaBHeHHe 3TOro Bepaxenus c¢ (85,13) naer
P (0, q) IQ—’0=_K2‘ (85120)

IMpoussons Tenepb uHTerpupoBanue B (85,15) ¢ aruM 3Have-
HHEeM &, HAXOJHM
VTnt dng2dq  VT%®

<V>xop =3 @ap ) @ @+ %) =78z ° (85;21)

OTMeTuM NpeXje BCero, YTO HHTErpaj OKa3blBaeTCsl CXOAAMHMMCA
HA HMXKHEM Mpejese W OCHOBHYIO DOJb B HeM Hrpawt g ~ x. [las
HEBHIPOKICHHON HOHHON KOMIIOHEHTHI NJ1a3Mbl umeeM 0n,/0w; =n,/T,
a 175 3JEeKTPOHOB .0n,/0w, ~ f,/1,. JIeTKO BUIETb, YTO B CHJY
yeaosuit (85,2) x<{n'/*, a motomy u g<&n'/?, T.e. 1/q BeNHKO
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0 CPABHEHHIO C MEXYACTHYHBLIMH PACCTOSHHUAMHU. ITHy OTIpaBIb-
BaeTcsi WCIOJb30BaHHE yCJOBHA paBHOBecus (85,17). Hug onpasna-
HHA Ke TIpeHEOPEXEHHS BCEMH UJeHAMH CyMMBl B (85 15) kpome
ynena ¢ s=0 sameyaeM, uto, corsacHo (85,14), oaspusarnus
IJIa3Mbl TIPH OTJHMYHBIX OT HYJIS 4acTOTaX OMMCHIBACTCH u3jeKTpIi-
YecKol INpPOHHIAEMOCTBIO €, (®, q). COrsacHO H3BECTHOMY acHMIITO-
THYECKOMY BbIpaKeHHI0 NpPH OOJBIIHX . yactotax, g, ()~ | —
— 4 e?/m, 0%, a NOTOMY
. 4nn,e?
81("[@5[):1_}" £

mels -

(cm. VIII § 59). B cuay ycnopui (85,1—2) Bce OT/MYHBIE OT HYJIs
yactothl G, =2snT > (n,e%/m,)/*, 0 NOTOMY ]I HHX MOXKHO YiKe
cyutath €(i|E,[)=1, T.e. moJaspusaius NJIa3Mbl OTCYTCTByeT H &
Maumno.

dopmyaa (85,21) BoipaxkeHa uyepe3 TepMOJAHHAMHUYECKHE Mepe-
meunepie 7T, V, u,. [losToMy TepMOJHHAMMYECKHH MOTeHUMasn £2
M/Ja3Mbl MOMKeT OBITh HaHAeH TPSAMBIM HHTETPHPOBAHHEM paBeHCTBA

oQ 1 5
()21, =7 D 5,22

(cM. V (80,4)). B pesysbrate Haiiiem AJ KOPPeaANUOHHOH YacT £
caeyolee BolpakeHne (OOBIYHBIE €IMHHILE):

VT3 2 VavTe 5 [ Ong 3/2
=T 2V VTE [Zza (&), T] (85,23)
a

(A. A. Bedenos, 1959). Cornacno obmieft Teopeme 0 Majblx 106aB-
Kax, 3Ta Ke (OpMyJa, BLIpaKeHHas yepes APYTHE TEPMOAUHAMM-
yecKHe NMepeMeHHbIE, faeT MONpPaBKy K APYTHM TEePMOAMHAMHYECKHM
MIOTEHIHAaM.

Jlas HEBHIPOXKAEHHON MJa3Mbl Bce MPOM3BOAHBIE Of,/0W, = 1,/T,
u toraa (85,23) mepexoauT B QOpMY.Jy

= 372
Fkop=~3}/§¥3<2 zzna> (85,24)

a

Qo

AJs TIONpPaBKH K cBOGOAHOM 3Hepruu, coBmajaiouiyio ¢ V (78,12).

B ciyyae CHJBHOTO BHIPOXKAEHHs 3JeKTpOHOB B masme (7' <K u,)
TNPOU3BOAHAS 0N, /0w, ~ N./n, <&n,/T. B cymme 1o a B (85,23) MOXKHO
Torja BOOOlIe NpeHeGpeub 3JEKTPOHHBIM YJEHOM, M Mbl CHOBa O-
ayyaeM Qopmyay (85,24) ¢ To#t smmb pasHuLelf, YTO cymMMma B Hei
Gepercs JHIIb 0O COPTaM HOHOB B NJa3Me. TakuM o6pasoM, Hpu
CHJILHOM BHIPOXKJIEHHM SJEeKTPOHHEI BooOLe He BJAUAIOT Ha paauyc
3KPaHUPOBAHHA M Ha KOPPEeJAUNOHHYIO yacTh TEPMOAHHAMHYECKUX
BEJIHYUH TJIA3MHI.
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T'MAPOAUHAMHYECKHE ®JYKTYALHH

§ 86. Aunamuueckuil opmbpakTop KHAKOCTH

PaccMorpennast B V § 116 xoppesndauuosHas QyHKIUSA QaykTy-
anuil NJOTHOCTH SIBJISIETCHA YACTHBIM cayuaeM GoJsee obuiell GyHKIHH,
CBA3LIBAIOIIEH (PAYKTYyalMd MJOTHOCTH He TOJBKO B pas3JMYHLIX
TOYKaX TPOCTPAHCTBA, HO M B pAa3JHYHLIE MOMEHTH BpEMEHH.
B kJjaccuuecKo#d Teopuu 3Ta (PYHKIHA ONIpeJeJseTcsl KaK cpeaHee
3HayeHue

;"-0' (t7 ry, 1'2)—_‘—(6/‘1 (tiJ rl) on (t27 r2)>’ (86,1)

rae {=1{,—1t,; U3 onpejeseHHsl ¢ BLIHECEH MHOXKHTEJb n=~Ny—
CpelHsisl IJIOTHOCTb YHcJ/a yacTHL. [/ OAHOPOAHOH U H30TPOMHOH
cpelsl (JKUAKOCTH, ras) dyHkuus (86,1) 3aBUCHT OT r; H I, TOJBKO
yepes pacCTosiHue r=|r,—r,| Mexay AByms TOYKaMmH, 4TO ¥ OYyJeT
IpPEeAnoaraTbcsl HHUXKE.

B KBaHTOBOH TEOPHH aHaJoruuHasg (QyHKIHA OIpelensercs
€ NOMOINbI0O CHMMETDPH30BAaHHOTO NPOH3BEJCHHSA 3aBHCAIIUX OT Bpe-
MeHH (reifi3eH6eproBCKHX) ONEPATOPOB MJOTHOCTH Kak

ROt )=t (B (L, 1) 8 (15, 1) + 00 (15, 1) 814y, 11> (86,2)

COOTBETCTBHH ¢ OOmUM cnocobOM OIpelesIeHHsl COTJiacHO
V (118,4)). Hekoropble npedMylecTBa, OJHAKO, HMEET B JaHHOM
cayyae HeCHMMETPHUHOE OIpelelieHHe

no(t, r)=<On(ty, 1) 00 (L, 1>, (86,3)

I/ KOTOPOro cOXpaHuM oGosHayeHue o (¢, r)!). B nporusomnoox-

HocTh GYHKIMH G (¢, r) QyHKUMS o (f, r) He SBAAETCH YETHOH IO
nepeMeHHOoH f; O4eBHJAHO, HTO

o(t, r)=- [G(t ry+o(—t, )l (86,4)

1) MmenHo 5Ta QYHKLHSA SABJAETCS HelOCPECTBRHHO Ha6.110 1aeMoit EeJIHYHHOH,
fanpuMep, IpH HEYNPYroM PAcCEeHHH HEHATPOHOB B XKHIKOCTH— CM. 3d4a4y.
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®ypbe-o6pa3 GyHKUHM O (¢, r) MO BPeMEHH H KOOpAMHATAM
o0, k=o@ B={ § ew-meq ndtdx (86,5

HA3LIBAIOT Ouramukeckum Gopmpaxmopom cpeibl. BBHIY U30TPONHH
¢ysxuun o (£, r) OH 3aBHCHT TOJBKO OT a6CcoMOTHON BEJHUYHHBI

BOJIHOBOT'O BEKTODA. U3 (86,4) caenyer, uto (ypbe-00pa3 (yHKUHH
o(t, r)
G (o, by=[0 (0, B)+o(—0, k)] (86,6)

UpncTo mpocTpaHCTBEHHAs KOPpeasanusi GAyKTyauuHd NJOTHOCTH
KHIKocTH ompefensercss ¢yukuuedt (86,1) mpu t=0: o(r)=
—=o(t=0,r)=0(t=0, r). Dra QyHKuHA CBs3aHA C BBEICHHOMH
BV § 116 (u ucnoab3oBanHo# B § 83) dyHKuHEH v (r) cOriacHo
o (r)=w(r)--8(r); ux dyprse-o6pase: o (k) =v(k)--1. PyHKIHIO
o (k) uan v (k) Ha3bIBAIOT CrRamMu4ecKum Gopmparmopom HKUAKOCTH.
OyHKIUH 0 (0, k) ¥ 0 (k) cBA3AHBI APYr C JIPYroM HHTErpaJbHbIM
COOTHOILIEHHEM

cty={ oo, Hewrg] = {ow g  ©67)

- -

IIpenvurepoBCKUil (He 3aBUCALLME OT BPEMEHH) ONeparop MJOT-
HOCTH JaeTcs CyMMOH

n(r)=X8(r—r,), (86,8)

B3ATOH [0 BCEM YacTHIIAM CpeJbl; KOOPIHHATHl YACTHIL I, HIPAIOT
poab mapaMertpoB (cp. (24,4)). Ham nmoHanoGsATCsl HHXKe KOMIIOHEHTLI
(hypbe-pa3okKeHHs 3TOro olepaTopa MO KOOpJAuHaTaM

Ay = S n(r)e~ikrdsy = D e M, (86.,9)

ITepexon K 3aBHCSIEMY OT BpeMeHM (refisenGeproeckomy) omepa-
Topy MPOHCXOAUT Mo OOleMY MpAaBHIY

a(t, r)=exp (iHt/h)n (r) exp (— iHt/h), (86,10)

rne H-—raMMJIbTOHHAH CHCTEMBI. DTOT ONEPaTOP MOXKET OLITb Npex-

cTaBJeH BhipaxkeHusame (86,8—9) ¢ 3ameHOH B HHUX r, Ha r, () —
refdsenGeproBCcKye onepaTopbl KOOPAHHAT YaCTHIL.

CorslacHO OCHOBHBIM NPHHIIMIAM CTATHCTHKH, ycpeaHenue <...>»
MOXKHO [OHHMATH IO-PA3HOMY, B 3aBHCHMOCTH OT TOTO, Yepe3 Kakue
TepMOAMHAMHYECKHE NePeMeHHbIe JOJKEH OLITh BLIDAXKEH pe3yIbTar.
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Tak, ecad GyHKUUS G ONpejeseTcs MPH 3aJaHHbIX IOJHON SHEPTUH
U YHCJE YACTHIL CHCTEMBI, TO YyCpeJHeHHEe MPOI3BOAUTCA IO onpe-
JIeJIEHHOMY (m-My) CTallMOHApHOMY COCTOSIHMIO, T. €. B3ATHEM
COOTBETCTBYIOIIEr0 JHArOHAJbHOTO MATPHYHOrO 3JeMmeHTa. [l
OJIHOPOJHOM CHCTEMB! (KHAKOCTb) 3aBHCHMOCTb MAaTPHUHBIX 3JIEMEH-

TOB omepalopa 8n (¢, ) OT BpPEMEHHU H KOOpAHHAT AaeTcs hopMyIoH
<m|on (t, v)| 1> =<m|8n(0)| 1> exp [i (@mt—Kkm)] (86,11)

BHONHE aHa/loruyHoili (8,4) (B mHpaBOH YacTH CTOMT MaTPHUHBLH

3JIEMEHT LIPEJUHIEPOBCKOTO OIepaTopa Sn(r), B3ATOrO B TOUKE
r=0), C yueToM 3T0H (opMYJ/bl MIHIIEM

no (¢, r) =21] Km | 80 (typers) | 1> <1 |00 (1, 1) | mD> =
= 211 IKm |87 (0)] 1> |2 exp [i (0t —Kpn)]-

dypbe-o6pa3 3ToH QyHKIHUH
ne (0, k)= @n)r X [<m |81 (0) | >[2 8 (0 —0y,) 8 (k—Kk,,).  (86,12)
1

CyMMHpOBaHHE B 3THX QOPMY/IaX IPOU3BOAUTCA 1O BCEM COCTOS HUSM
CHCTeMBI ¢ 3afaHHbM (N ,) YHCJOM 4acTHI, ([IOCKOJIBKY oleparop
8n He MEHseT 5TOTO 4YMCJA).

Ecau e MBI XOTHM BhIpasutTh (opMdakTop uepes TeMNeparypy
H XVMHUECKHH NMOTEHIMAJ XHAKOCTH, TO Bolpamenue (86,12) nosxuo
eme GHITh yCPeAHEeHO No pacnpefesienHio [nGGea:

ne (o, k) =

= @y X exp (2=t ) 1 6m |87 (0) | 158 (0— ) B (k)
o (86,13)

(mpuueM BO Bcex uieHaX cymmbl N,=N,). BblnucaB Takyo xe

dopmyay anst 6 (—ow, —k)=0(—o, k), B3auMHO nepeobo3HAYUB

B HEHl HHJACKCH CYMMHpPOBaHus [ U m H 3aMEHHB B SKCIOHEHLH-
aJbHOM MHOXHTEJIE El=Em+ﬁmm=Em+ﬁm (nocaennee paseH-
CTBO—CJEACTBHE HaJMHYHA O-QYHKLHUH), MOJYUHM

o (—w, k)=0 (0, k)e-ho/T (86,14)
u 3arteM, corJaacto (86,6),

& (@, k)= (1+eHT)q (@, k). (86,15)

OrMeTtuM, uto u3 (86,13) (uau (86,12)) caeayer, 4to QyHKUHSA
o (@, k) >0 mpu Bcex 3HauCHHAX ee apryMeHToB. }3 COOTHOIICHHA
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xe (86,14) caepyer, uTo IpH HYJEBOH TeMmepaType
o(w,R)=0 mpu <0, T=0. (86,16)

B makpockonuyeckom mpenene (M, V — oo npu 3aaHHOM OTHO-
wenun N/V) «uacTokos» O-¢byHKRuuA B (86,13) pasmassiBaeTcs
B HenpepelBHYI (YHKUMIO, HO O-QyHKIHOHHEIE THKH B O (0, k)
OCTalOTCSl NPH 3HaUeHHAX o = o (k), OTBedawInux He3aTyXaroI[HM
3JIeMEHTApHEIM BO30YKIACHUAM (KaK 3TO CJeNYeT U3 pacCyXKIAeHHH,
10J00HBIX H3J0KeHHBIM B § 8). TakHe NUKH BO3HHUKAIOT, OXHAKO,
JIUIIb sl Bo3OyxAeHHH 6e3 M3MEHEHHS YHCJa YaCTHIL!).

[Tokaxem, KakuM o6pasoM GopMpaKTOp KHUAKOCTH MOKET OHITh
CBf3aH ¢ BeJHYHHAMH, cpnrypnpylomHMn B ofimel dopnyaHpoBKe
(pAyKTyaMOHHO- }H/ICCI/IHEILH/IOHHOH teopembl (D. Pines, Ph. Nozié-
res, 1958).

[TycTp Ha Kaxaylo 4YacTHLY JKHIKOCTH JIeHCTBYET HEKOTOpOE
BHellIHee [oJe, cOOOIIaoIiee YaCcTHIE TOTCHIHMAJIBHYI0 IHEPTUIO
U (t, r). Torna onepatop BO3MyLIEHHS, AEHCTBYIOIIUA Ha XKUAKOCTH
B LeJoM, Oyaer

viy=Saw nu, ndx. (86,17)

HOILBepI‘HyB BCE€ BXOJsdlLlHE ClOAa BEJAHYHHEI (pypbe-pasnomenmo o
BpeMeHl, MNpeACTaBHM OTKJ/JIUK CHCTEMbI (T. €. cCpepHee 3HAYCHHC
BLI3BBAHHOTO BO3MYILCHHEM H3MCHCHHA HJ'[OTHOCTI/I) BBIpaXKeHIIeM

BUJA
n(o, r)=—§ a(,|n—r)U (o, r,)d%,  (86,18)

rae ¢ynxuus o (w, r) UrpaeT poJb 00OOIIEHHON BOCIPHHMYHBOCTH.
®dyprpe-KOMMOHEHTa MO0 BPEMEHH OT KOPPEJSUHOHHOH (YHKIHH
o(f,r) ectb, B o6o3HaueHHsX GIYKTYalHOHHO-IHCCHITAHOHHOM
TEOpPEMBL: ~

no (o, r)=(8n(ry) 8n(r))e, r=r;—Tr,.

CorsacHo 3Toii Teopeme, 3Ta QyHKLHs BbIpaxKaercs yepea o6oGLieH-
HYI0 BOCIPUHMYHBOCTB opmy.I0H

ne (o, r)*ﬁcth Ima (o, ). (86,19)

Tako#i xe dopmysoli Bripaxaercsi ¢(ypbe€-KOMIOHEHTa MO KOOpJH-
HaTaM o (©, k) uepes «(w, k), mnocae wero, corjacHo (86,15),

1) Tax, B depMu-®KuAKOCTH O (@, k) nmeeT O-QYyHKIMOHHYIO OCOGEHHOCTb MpH
® == kU (Lo— CKOPOCTb HYJIEBOTO 3BYKad), HO HE HMEET TaKHX OCOGEHHOCTEH, OTBe-
yaouwuXx (epMUOHHOH BeTBH crekTpa—cM. § 91,
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HaxoJuM AJsi AuHaMuuyeckoro ¢opmdakropa

ok

no (o, k)=—1———_Tm/—TImoc((o, k). (86,20)

BamHOCTb 5THX $OpMyJl CBA3aHA NPEXKAE BCEro C TeM, UTO HMH
yCTaHABJAUBAETCS CBsI3b AHHAMHUecKOro Qopmdartopa ¢ QyHKuUHEH
C U3BeCTHLIMH OOIIUMH AHAJHTHYECKAMH CBOHCTBAMH (IO nepeMeH-
Holl o); mas QyHkuH o (w, k) 3TH cBoficTBa onmucaHel B V § 123.
OHd NO3BOJAIOT TakXKe MNPUMEHUTb K BHUYHC/CHHIO (opMpakTopa
oburyio dopayay (cp. (75,11)), cormacHo KoTOpoi

a(w, k)=

= [ e, ni© 0,0 n>dids.  (86,21)
0

BLipasdB omepaTopsl MJOTHOCTH udepe3 iP-omepatopsl (n=T+¥),
MOXKHO TIPIIBECTH 3TO BHIpaxKelnue K BHUAY IABYXYaCTUUYHOH PYHKUHH
I'puHa, AJas BBIYHCJEHHA KOTOPOH NPpAMEHHMAa JHarpamMmHas rex-
HHKa.

3agava

BoipasuTb uepe3 JguHamMuueckKHi (opmbaxkTop BepOATHOCT: HEYNPyTroro pac-
CesHHs MeJJEHHBIX HENTPOHOB B JKHAKOCTH, COCTOSMIEH M3 OJHHAKOBLIX ATOMOB
(G. Placzek, 1952).

Pemenne. CormacHo Merogy mceBjonorennuana (cM. 111 § 151), pacces-
HHE MeIJIEHHBIX HEHTPOHOB MOXKeT GHITh ONHCaHO KaK De3yJbTaT B3aHMOAEHCTBHS

C NOTEHUHAJBHOK 3Hepruei
2

U () :Q%ﬁ an (©) )

rie n(r)—oneparop maotHoctH (86,8); M —npuBeleHHas Macca aToMa H HeATpoHa;
a— IAHHA DAaccesHHss MeAJEHHOIO HefiTPOHa Ha OTACJLHOM aToMe (T. e. B3sTOE
¢ o6paTHBIM 3HAKOM IIPeie/bHOE 3HAUEHHE aMIIHTYJABl paccesiHus). BeposTHoCcTs

nepexolla H3 HEKOTOPOTO HAYaJbHOTO (f) COCTOSHHS CHCTEMEl JKHIKOCT - HEHTPOH
B KoHeuloe (f) cocTofiHHe B HEKOTOPOM HHTepBaje dvy €CTb

@ 2
I

(cv. I (40,5)); nis HeaHaroHasbHBIX MATPHUHHIX 3JeMeHTOB Uy B (1) Moxmo

;
nucaTe 6z BMecTo 7. BoJaHOBYIO (YHKUMIO HAyaJbHOTO COCTOSIHHS  HeHTpoHa
(C uMmyJbcoM P H 9HepTHell &) HOPMHDYeM Ha OAHY yacTHHy B ofweme V, a Boa-
HOBYI0 (YHKUMIO KOHEYHOTO COCTOSIHHA (MMOYJLC P’ K 3HEPTHA €') HOpMHDpYyeM
Ha O-¢yukuuio ot p/2n. Torpa dvf=d3p’/(2nﬁ)3, a MaTpHYHBIH 3JIeMEHT BO3MYy-
[IeHHs
anhita [ i (ki —f) 43
U/z(t)—mjénﬁ(t, rel ) dx,



§ 87] NPABIIA CYMM IJ15 ®OPMGAKTOPA 427

_— r
rue ﬁkv-P—P , ﬁmze—s’, a Onyg; (¢, r)—MaTPHUHBI! 5JEMEHT [0 OTHOLIEHHIO
K BOJJHOBBIM QYHKUHAM KHAKOCTH. [10ACTaDHB 5To BhipakeHHe B dw g, NPOCYMMH-
pyeM BEPOATHOCTbL NEPEXOJA IO BCEM BO3MOMHLIM KOHEUHBIM COCTOSHHAM KHIKO-
cru. Ilpn sTOM KBagpar Mojyasi HHTerpaja 3anHchiBaeM B BHie JBOHHOTO HHTEr-
pana (mo didt’ d®x d3x’) u sameuaem, uro

Z dny (¢, 1) dng; (2, r’)*:Z dnjp(t’, t') dny (t, 1) =
f fo .

=<i|8n (", ) on(t, t)|i>=no(t'—t, t"—r)

(upuueM O BeIpakeHO B QYHKUIHH OT MOJHOH SHEPTHH MKHIKOCTH B COCTOSIHHH i).
HnrerpupoBanue 1o d (¢’ —t)d? (x' —x) naer o (w, k), a elle 0AHO HHTETrpUpOBa-
e (ckamem, no df d®x) naet npocto o6neM V M NMOJHHI HHTepBaJ BpeMeHH I.
OnycTHB MHOXKHTEJb f, MOJYYHM B Pe3yJbTaTe BEPOSTHOCTL PACCEAHHS B €IHHHILY
BpeMEHH

— . @)

DTo BhIpaXkeHHE OCTAETCSs, KOHEUYHO, CHPaBEeJHBHIM H IOcJie yCPeAHEeHHS MO pacs
npeneaenuto I'n66ca, T. e. npu ¢opmpaxTope, BhHIpaXKEHHOM uepe3 TeMmepaTypy.
OTmeTuM, uro cBoiicTBo (opmbakTopa (86,16) B mpHMEHEHHH K paCCESHHIO
HEHTPOHOB BhIpamaeT coGofi TOT ¢akT, uTo Npu T =0 XHUAKOCTb MOXKET TOJBKO
npuobperaTh, Ho He OTAaBaTh 3HeprHio. CooTHowenne xe (86,14) Bhipaxaer co6oi
NPHHIUHN JeTajJbHOTO DPABHOBECHS, TaK KaK IpOLECCH paccesHHs C Mepelayel
SHepPTHH H uMmnyJbca (0, k) U (—®, — k) ABAAIOTCA B3aUMHO OGPATHBIMH.

§ 87. Hpasuaa cymm aas ¢opmbakrTopa

JuuaMuueckuii ¢GopMpakTop  YAOBJAETBOpPSIET OIpeJeJsieHHBIM
HHTErPaJbHLIM (IO 4acTOTaM ) COOTHOINEHHAM — NPABUAGM CYMM.
BEIBOA OJHOro H3 HHUX OCHOBaH Ha NPaBHJe KOMMYTalHM MEXKAY

onepaTopamu ny (f) u nk (f). KommyTaTop reiisenGeproBcKux omnepa-
TOpPOB, B3SITHIX B OJXMHAKOBEHII MOMEHT BPEMEHH, COBMajfaer ¢ KOM-

MYTaTOpOM LIPEJMHIePOBCKHX ONMEPaTopoB fx M nx. Omneparop ik
onpejeasiercs BplpaxenueM (86,9) u TpebyeMblii KOMMYTaTop AaeTcs
dopMy o

I ~p? ik

nxf — Nk ik =— — k*N, (87,1)

rge m—Macca 4YacTHLBl XUAKOCTH 1).
HcXonuM H3 BLIPaXKeHHS KOMIOHEHTH (Ypbe-pasJioKeHusi QPyHK-
UHu# o (¢, r) TOJbKO MO KOOPJAHHATAM

na (8, k) = e~k (1=t G871 (£, 1) 87 £y, 1) d° (13— %,)-

1) BbluHCJIEHHE STOTO KOMMYTaTOpa COBNajaeT ¢ BHIYHCJEHHeM, NPOH3BEACH-
ueM B 111 § 149 B cBsian ¢ BuBOZOM mHpaBuja cymm (149,5); BMECTO YHCJa SJIEKT-
poHoB Z Tenepb (HIYPHPYET MOJHOE YMCJO YacTHI, XKHEKOCTH N.
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=

HnMest B BHLY, YTO NOJBIETErpaJjibHOE BHIPAMEHHE 3aBHCHT TOJILKO
OT r;—T,, 3aMeHseM MHTerpUpOBaHHe 1O d®(x,—x,) HHTerpHpOBa-
HHeM 1o dd3x,d%x,/V; mpousBeAs ero mNoA 3HAKOM YCpelHEHHH,
1OV IHM

0 {1, k) = <7t (t;) S (1,)>. (87,2)

Bulyncaunm  3Hayenwe mpousBojHo#t 0o (f, k) df mpu ¢ =0.
[TockonbKy o (f, k) 3aBHCHT TOJBKO OT pasHOCTH f=1f;—I{,, TO
G B_L(d 2
At oty 0Oy
U mocJie IMOACTaHOBKHU cropa (87,2)

d ] R
W8 L (S (1) S7ios (£) — St (£) s (£)>.

Kaxnapifi #3 JABYX HYJEHOB 3TOr0 BEIPAMKEHHS 3aBHCHT TOJBKO OT
abcosmoTHOH BeaMuuHH BeKTopa K; Ha 5TOM OCHOBAHWM 3aMEHHM
BO B’I‘OpOM ygeHe k uHa —Kk. HO.HO}KHB 3areM f; =1, U yurd, YTO

A= nj, HaiileM, YTO pPa3HOCTb B YIJOBHIX CKOGKAX COBH4jaeT
¢ KommyTaropom (87,1). Takum oBpasom, HaxoguMm

90 (t, k) b,
5t f:O_ 2m *

C npyroit cropoHnl, NpeAcTaBHB o (¢, k) B BuIe Qyphe-uHTErpasa
IO yacroTaM, HMeeM

[«

2w 3‘ o5 (0, ) 5x|, L, =—1 § 00,52,

Ll *

CpaBuuB ofa BEIPaXKEHHA [POH3BOJHOM, IOJYYHM HCKOMOE COOT-
HOUEHHE .

{ 0o (o, k)i‘;-‘;’?=—ﬁk—2 (87,3)

2m

(G. Placzek, 1952). llonuepkHeM, UTO OHO CIIPABEAJIUBO TIPH JIOGHX A.
Jaa mnepexosa B 3TOM COOTHOMIEHHH K KJacCHYECKOMY IpEIeJny
(h —0) mago 3amucaTh MHTErpaj B €ro JeBoH CTOpPOHE B BHJIE

{olo @ B—o(—o, B4
Q

u, corJyacuo (86,14), moacTaBHUTE B HEro

0(0, R)—0(—ow, k)~ %f—‘)o (o, &).
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ITocse 3TOorO MHOXKHTENH ﬁ B 00eHXx CTOpOHAaX pAaBCHCTBA COKpa-
WaTCA H OCTaeTCd

P 2
S'co“"c(co, k)g%———T—i%.
0

[Mpumenum dopmyay (87,3) x Gose-muakoctu npu 7'=0 u pac-
cMOTpUM 00s1acTh MaJblXx 3Hawenuii k. Ilpu k— 0 ruaBnbifi BKJax
B uHTerpaa pAaet O-QYHKUMOHHMH muk B ¢dopmdakrtope o (o, k),
BosHuKaomui B (86,13) oT mepexonos ¢ poXKAEHHEM OJHOTO (oHoHa
(MOCKOJIbKY B OCHOBHOM COCTOSIHHM KHJIKOCTH (POHOHBL OTCYTCTBYIOT,
TO TepexonoB ¢ yHuutoxeHnueM donona npu 7=0 Her). ITOT YieH
uMeer sux Ad (0 —uk), Tie huk—>ueprus (oHoHA (& — CKOPOCTb
3ByKa). IlojcraBuB e €ro B KauecTBe o (o, k) B (87,3), HaiigeM
kosbouuuent A, 1 B pesyabTare

o(co,k)=%n@ (w—uk). (87,4)

u

HuyrerpupoBanue 3Toro BulpaxeHuss mo ¢opmyae (86,7) naer
cTaTHuecKuil gopmpakrTop

fik

2mu

o (k) = (87,5)

(R. P. Feynman, 1954)"). Ilockonbky sTa ¢opMyJsia OTHOCHTCH
K 06saCcTH MaJblX 3HaueHHi k, To ee pyphbe-obpalieHue faeT acumIi-
TOTUYECKOE BhIpakKeHHe KOppeasiMOHHOH QYHKUMK NPH GOJBIUKX r:

1

2n2murt

v(r)=— (87,6)

(n1 mpoBepku 3Toft GOpMyJBl CM. MHTErpaJ, NPUBEIEHHBIH B NPH-
meuanun Ha ctp. 411). Ilpu T =0 dopmyaa (87,6) cnpaeelnnsa
JIO CKOJb yroaHo Goabmux paccrogHuil. IIpH HM3KHX, HO KOHeY-
HBIX TeMIIEpaTypax oOHa BepHA BIJIOTH J0 PACCTOSHHH r~ﬁu/T,
Ha KOTODPBIX (PJIYKTyanuu mepecTaioT GhITh YHCTO KBAaHTOBLIMH. Ha
eme GOJbIINX pacCTOsIHUAX 3aKOH (87,6) cMeHsIeTca SKCIOHEHIHAMND.

1) dopmyna (87,5), samucannas B Bume O (k)=F2k2/2me (k) (e (k) —3meprHs
KB43HUACTHIE), CTPOrO. COpaBejHBa JiMWb OPH & — 0. [IpH yBesHyeHHH K BCe
GOJIBINYIO POJIb HrpaloT BKJaiul B G (k) OT IepexofioB C POXNEHHEM HECKOJBKHX
kBa3HyacTHU. EcsH Bce Xe npeneGpeds 5THM BKJAJAOM, MOXHO CYHTaTh, YTO 3Ta
dopMyna IaeT CBi3b MexAy (opM(axTOpoM H SHeprhell KBasHyacTHU B Gose-
*KHuAKOCTH. [IpH 3TOM MAaKCHMyMYy, KOTOPHIH G HMeeT IpH k~ l/a (a@—MexkaroM-
HHE PacCTOSIHHA B MKHAKOCTH), OTBEYaeT «POTOHHLI® MHHEMYM Ha KpHBOH e (k)
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HbIM yObiBaHHEM (ecJH OTBJeUbCs OT BKJaja BaH-Jep-BaasbCOBBIX
cun—cM. § 83)1).

Eme 0AHO MPAaBHJO CYMM MOXKHO MOJYYHTb H3 YCTAHOBJEHHOH
B § 86 cBasu QopMpaKTOpa C HEKOTOPOH OGOGLEHHOH BOCIPUHM-
YHBOCTBIO @ (®, B). Dta cBA3b naerca dopmy.oi (86,20), koropas
npu T==0 cojurcs (41a @ > 0) K

76 (0, k) =2k Ima (o, k). (87,7)
CorsacHo ¢opmyaam Kpamepca—Kponura (cM. V  (123,19)),

Rea (0, k) =P [ 2B dor.

TMonoxuB 34ech o =0 ¥ yuytsi, uto BesuuuHa a (0, k) BellecTBeHHA *),
HHILIEeM

oc(O,k)=—nQ—S Lima(o,n)%. (87,8)
0
B mpepene k— 0 HMeeT MeCTO COOTHOLIEHHE
0, k—0)=( 92 =‘<_0E> . 87,9
« 0, k ) ((M)T:o " oP /T =0 (87.9)

Ono chaefyer M3 TOrO, 4YTO B CTAaTHYECKOM MEAJIEHHO MEHSO-
memcsl B mpoCTpaHcTBe cJjgabom mnoje U HMeeT MeCTO ycJoBue
paBnoBecust w-+U =const, Tak uyTO BK/IOYEHHE BHEIIHETO IOJs
3KBHBAJEHTHO H3MEHEHMIO XHMMHYeCKoro morednuajsa Ha —U.
B npenese k— 0 umeeM mostomy u3 (86,18)

6E=—g—ﬁUz——Uj‘a(O, r;—r,)ds (x;—x,) =—Ua (0, k=0),

oTKyaa u cjaepyer (87,9). ,
CoGupast noaydennsle ¢opmyanl (87,7—9), nafizeM, TaKuM
o6pasoM, caefyiolliee NPaBHJIO cyMM AJs GopMpaKTopa MKUAKOCTH

) KoppensiuponHast pyuxuust (87,6) oTpuuateapta (4T0 COOTBETCTBYeT OTTal-
KMBaHHIO MEXIY YacTHIAMH) B IPOTHBONOJONKHOCTb KOPPEJIAUHOHHOH (YHKUHH
HieanpHOTO Gose-rasa, rie oOHa moJoxureabHa (cM. V § 117). B cBasy ¢ aTHM
HamomuuM (§ 25), uto B caaGo HemgeanpHOM Goge-rase SHEPTEeTHUYECKHH CIeKTp
umeer (POHOHHEH Buj Juils NPH k<& mu/h (npuieM ﬁ/mu> a). CooTBeTCTBYIOLIHE
paccTosHHA © ~ 1/k>>7‘v/mu, TaK 4TO NIPH NiepeXofi¢ K HiealbHOMYy rasy (u—-0)
obJaacTh mpuMeHHAMOCTH GopMyanl (87,6) oToaBHraercs Ha GeCKOHEUHOCTS.

?) Besmumna o (®=0, r) BeulecTBeHHa B CHJY OOMHX CBOHCTR 06o61eHHOH
BOCTI PHMMYHBOCTH. BeulecTBeHHOCTb (ypbe-KOMICHEHTH & (0= 0, k) caexyer orcioxa
BBHAY ueTHOCTH QyHKUMH O (®, T) IO T,
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npu 7 =0:

on

1 d
6 (0, k—0)2 =25 (87,10)

T

Oy g

(D. Pines, Ph. Noziéres, 1958).

3anaua

HaiiTH Koppe/slHOHHyl0 GYHKIHIO v (r) B 603e-XMHAKOCTH HA pPacCTOSHHSX
r = hu/T npu temneparypax T << Th.

Pemenue. Vckomas KoppessilHOHHas GyHKUMA onpefensercs dopmpak-
TOPOM TNpPH 3HAYEHHAX kB ~ 1/r < T/hu <€ 1ja, 1At KOTOPHIX SHEDIeTHYECKH CHEKTP
*KHaKocTH — pononubilt, Tlpu T # 0 B 0 (w, k) umeerca ujen ¢ O (w+ ku), orse-
yalomHy TODJOMERHIo (oHona, Hapsgy c 4jeHoM ¢ O (w—ku), oTBeuaomuM
ucnyckanuio Gonona, KoasdduuueHTs B 3THX 4JeHAX MOXKHO OTPEJEJHTL € NOMOLLbIO
(86,14) u (87,3):

a (o, k)=%i—f [1—e-hku/T) =18 (0—ku) +e-Fu/T 8 (@ L Ru)}, (1)

HuTerpupys 3T0 BBIDakKeHHe, HaXOJIUM

fik hku
0 (b) =g 57 @
H 3aTeM
3k o7 ke
— \ Jkr br __ v ter 1,2 Ry
v (r)== Se o (k) O = Stimar S etkr 2 cth oA dk.,

-

3aMplkas MYTb MHTETPHPOBAHHA MO dk GeCKOHEUHO YNAJICHHON NOJIYOKPYsKHOCTBIO
B BepXHell IIOJYMJIOCKOCTH KOMIJEKCHOTO £, CBOAHM HHTETPaJ] K CYMME BHIYETOB
B NOJI0caX (PacloJIOKEHHBIX Ha MHHMOI ocu). Ilpu 7 > hu/T raasmblil BKJag B
HHTErpa/l BO3HHKAET OT BhlueTa B Modioce mpu hku/2T = im:

onT?3 2aT .
V(’)Z—t—n-i:%;exp <__;i‘—z_¢—r)' 3)

[Tpu ycaoBuu aT/fiu<l XapakTepHOe pacCTOSHKE 3aryXaHus QyHRUuH v (r)
OKa3blBAeTCsI MHOTO GOJIBIUHM MeXKaTOMHBIX PAacCTOSiHHA, Ha KoTOphX yOGbBaloT
a(eKTEl, CBSI3aHHBIE C TPAMEIM B3aWMOJEHCTBHEM MEXKLY aToMamu. IIpH aTom B
GopMyTy (3) CYIIECTBEHHO BXOAMT M, TAK 4YTO OIHCHIBACMAS €K0 KODPEJIFIHS HMeeT
KBaHTOBLIH XxapakTep. OrTMeTuM, UTOo IPH BBIBOJE MLl NpeHe0perais BKJafoM BaH-
Jlep-BaaJbCoOBBIX CHJ. Kak caefyer u3 pesynabratoB § 83, 3TOT BKJaJ, HMeeT cTe-
IleHHOHl XapakTep M sBJsercs [IJIaBHBIM Ha JOCTAaTOUHO OGOJBIIHX PacCTOSHHSIX.
Paccrosinus, Ha KOTOPHX NPOHCXOAHUT mepexoX oT (3) x (83,16), saBucsT OT KOH-
KDETHOTO COOTHOINGHHs MeX1y KoaddulHenTamu, HO o6aacTb npuMenuMocTH Gop-
MyJbl (3) BCerjia HMeeTcs NMPH JOCTAaTOYHO, HU3KHX TeMIEpaTypax, MocKOJbKY Ha
rpanuie o6JacTH NPHMEHHMOCTH NpH 7 ~ fiu/T, coraacuo (3), v e~ T4, a-coraacuo
(83,16), v = TL,
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§ 88. I'uapoxnHamMuueckue (AyKTyauuu

B npeppaymux mnaparpadax Msl paccMaTtpuBaJH GuaykTyanuu
IJIOTHOCTH JKHIKOCTH NpPH NPOH3BOJBHLIX YaCTOTAX ® H BOJHOBBHIX
Bektopax k. Ilpu aroM, pasymeeTcs, KOHKPETHBIH BUJ KOppeJsilu-
OHHOH (YHKUUH He MOT GHITb HafifleH B oOIleM cayyae. ATO MOKHO,
OJlHAKO, CcJeJaTb B THAPOAHHAMHYECKOM IMpejiese, Koria MJHHA
BOJIHE (JYKTyallHif BeJHKa MO CPAaBHEHHIO ¢ XapakKTepHBIMH MH-
KPOCKOMHYECKUMH PasMepaMy (MeXXaTOMHEIMH PacCTOSHHAMH B Xul-
KOCTH, JJHHON cBoGojaHOro mpo6era B rase).

BhIylceHHe OJHOBPEMEHHBIX KOPDEJANHOHHLIX QyHKUHH (ayk-
Tyauu#l IJIOTHOCTH, TEMIEPATYpPhl, CKOPOCTH U T. II. B HEMOJBHIKHOH
KHIKOCTH He Tpefyer 0CO60r0 HCCJAEAOBAHHA: 3TH (QJIYKTyallHH
(B KJMacCHYECKOM, T. €. HEKBAHTOBOM IpejieJie) OMHCHIBAIOTCSA OOBIY-
HEIMH TepMOAHHAMHYECKHMH GOPMYJIaMH, CIPaBeAJHBLIMU s 000
cpenbl, HaxoAsIueficsi B Tel/oBoM paBHoBecHH. Koppessuuu mexny
ONHOBPEMEHHBIMH (JIYKTYaUHsIMH B DPa3JHYHBIX TOYKAx MNpPOCTpaH-
CTBa PAcNpPOCTPAHAIOTCA Ha JJHHBI MOPSAAKA BEJHYHHBI MeXarToM-
HBIX paccTosiHU#l (mpu 3ToM Mul npeHebperaeM cCJaGbIMH JaJbHO-
JefiCTBYIOUWMMH BaH-Jiep-BaajbcoBeIMH cujaamu). Ho 3Tt paccros-
HHS PacCMaTPHUBAIOTCH B TUAPOJHHAMHKE KaK OECKOHEYHO MaJble.
ITosToMy B rHAPOAMHAMHYECKOM IpejieJie OAHOBPeMEHHBIE (uyKTya-
IMH B pasjJuYHBIX TOUKax He KoppeaupoBaHul. PopmajsbHO 3TO
yTBepRKAECHUE CJEIYeT U3 aJJAHTHBHOCTH TePMOAHHAMHYE CKOH BeJsH-
YHHH —MUHHMAJAbHOH paGoThl Ry ;,, TpeOyeMOH AJA OCYILECTBJIEHHS
daykryauud. ITocKo/bKYy BepoATHOCTb (JYKTYyaUHH MPONOPLHO-
HaJbHa eXp(— Rpin/T), TO, NPEACTaBHB Ry, B BHJE CYMMbl UJEHOB,
OTHOCSII[UXCS K OTEJbHEIM (DH3HYecKH GeCKOHEYHO MaJibiM 00beMaM,
Mbl HafiJeM, 4TO BepOATHOCTH GMYKTyalu#l B 3THX oObeMax HE3aBH-
CHMBI Ipyr OT JApYyra.

HiMess B BHAy 3Ty He3aBHCHMOCTb, MOXHO Cpasy MepenucaTh
H3BecTHbIE GOPMY Il JJIs1 CPEAHHX KBaJpaToB QJyKTyauuid T€pMOIH-
HaMHYeCKHX BEJHYMH B 33JaHHOH Toyke mpocTpaHcTBa (cMm. V § 112)
B BuAe GopMyn AJs KoppeasuuHoHHeIX ¢ynkuuit. Tak, cornacHo

tdopmy e

S

T2
(BT)* = oV

s Gaykryauu#t TeMnepaTypsl B ofwveMe V'  (p —IJIOTHOCTS;
¢, —TEIJIOEMKOCTb, OTHECEHHAs K €JHHHIE MacChl Cpelibl) MHIIEM

CHauvaJa
-

¢OT (1) 8T (ry)> =

2
P%Va aab ’

rge QuaykTyauud OTHOCATCH K JBYM MaJjeiM ofbvemam V, u V.
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YcTpeMHuB 3aTeM BeJHUHHY 06bHEMOB K HYJMO, NMOJYYHM?)
2
BT (£4) 8T (1a)> = 5= 8 (ry—). (88,1)

AHaJOTHYHEIM 0GPA30M 3amHCHLIBAIOTCA (opMyJsl Aist GayKTyaunuH
JAPYrHX TEPMOJHHAMHUECKHX BEJHYHH:

<8p (1) 8p (r)> =0T (35 ) .8 (ry—r2), (88,2)
(P () 8P (1)> =0T (G0 ) 8 (re—r)) =pTwd (y—r),  (88.3)

<bs ({'1) 8s (r,)> =%’5 (r;—r,) (88,4)

(P —naBJeHHe; S-—3HTPONUS €IMHHIBL MacCH Cpelbl); TpH 3TOM
¢aykryanuu nap BeamdunH p, T H P, s He3aBUCHMEI. Boinuinem
TakKe GOpMyay Mg GayKTyamui MaKpOCKOIHYECKOH CKOPOCTH
KHIKOCTH V (PAaBHOH HY/IO B DABHOBECHH):

€80y (1) B0y (1) == 8.4 (g —13). (88.,5)

CrenndbuyHbM A5 THAPOAHHAMUKH ABJAETCSH BONMPOC O BPEMEH-
HEIX KOppeasauusx (IyKTyalluH, a Takme BONpPOC O GAYKTYyanuax
B [BHKYIEHCS KUAKOCTH. PelleHHe 3THX BONPOCOB TpebyeT yuera
JHCCHIATHBHBIX MPOLECCOB B MHUIKOCTH — BASKOCTH M TEIIONPOBOA-
HOCTH.

I[TocTpoenue OOMeH TEOPHH (JIYKTYaIHOHHBIX ABJEHUH B I'HAPO-
JHHAMHKE CBONHTCS K COCTABJIEHHIO «yPaBHEHHH NBHKEHH» JUIA
(QAYKTYUPYIOMHMX BEJHYHH. DTO MOXKET OLITb CEJNAHO NYTEM BBe-
JeHHs COOTBETCTBYIOUIMX JOTOJIHHTE/BHBIX YJIEHOB B I'HADOLHHAMH-
yeckue ypasmenus (JI. [J.JJanday, E. M. Jugpuiuy, 1957).

YpaBHeHHs MAPOAHHAMUKH, HAMICaHHbE B BHIC

% 1+ div (pv) =0, (88,6)
dv; do; 0P, doi 7
Pa—;-l-kaﬁ*—Wi Al (88,7)
9 1, [dv; , do .
oT (3§+vvs) =5 Olk (%;-1- a%‘) —divq (88,8)

1) Dra u caenyiomye (GopMyasl 1A OMIOBPEMCHHEIX Koppeasguuii B caydae
ra3soB CIpaBeJHBB AJsi dJaykTyauuit ¢ AMHHAMH BOJH, 6OJIbIINMH JHLIB TI0 CPaB-
HOHHIO C MEXMOJCKY/ISPHEIMA DAacCTOSHHAMH, HO He 0053aTeJIbHO 60JBIIHMH 11O

cpapuenuio ¢ Aaunoi mpoGera. [locsiefuee ycaosre Tpefyercs, OZHAKO, AJA Dpas-
HOBPEMEHHBIX KOPPEJANHOHHBIX (QYHKUHH B THIPOANHAMHUCCKOM TpHGIHKEHHUH

(HOCKOJIBKY MWKPOCKOMHUECKHH MeXaHH3M PaclpoCTpaHeHHs BO3MYILEHHHA B Trasax
onpefeseTcsl HMEHHO JJHHOH npoGera 4yacTHIL).
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Ges crenudHKANME BUJA TeH30pa HamnpsuKeHWHl Oy M BEKTOpa MO-
TOKa Tennaa ¢, BhPaxaiT cO00H IPOCTO COXpaHeHHE MAcChl, HM-
nysaeca u suepruu. Ilostomy B Tako#l ¢opme OHH CIPaBEAJHBEL A5
70GOr0 JBUMKEHHsI, B TOM yHcJe s (QJIYKTyallHOHHBIX H3MeHeHHH
COCTOS HUS XKUAKOCTH. IIpu atoM mnox p, P, v HaJo NOHHUMATb CyM-
My 3HaueHuHl BeJWUYMH Q,, P, Vo, ... B OCHOBHOM JBHKEHUH H
ux QAYKTyalHOHHHX KosieGanuit Op, OP, dv, ... (O TOCJIeHHM,
KOHEYHO, yDaBHEHHsI BCerja MOTYT OHITh JHHeapH30BaHE).
O6puHEIE BLIPAXKEHHsl s TEH30pa HanpsiKeHHH H IOTOKa Tel-
J1a CBSI3LIBAIOT UX COOTBETCTBEHHO ¢ TpajHeHTaMH CKOPOCTH H rpa-
AHeHTOM TemmepaTypsl. IIpu (ayKTyauusix B XHIKOCTH BO3HHKAIOT
TaKIKe MECTHHIE CIIOHTAHHBIE HAIpPsXKEeHHsl H IOTOKH TellJla, HE CBA-
3aHHBIE C YKA3aHHBIMH TpajieHTaMd; O00O03HAaUYHM HX IOCDPEACTBOM
S;z 1 g 1 GyJeM HaspiBaTh «CJIyYaHHBIMHY. Takum oGpasoM, IHIIEM

0= (aﬁ avk-—%—é,-k div v> 418, divv s,  (88,9)

oxp | 0x;
q=—uyT ¢ (88,10)
(M, {—x03QPHUIUEHTE BSIBKOCTH; % — Ko3(hQUIHEHT TeNJONPOBOJ-

HOCTH).

3ajaya 3aKJIOYaercsl Tenepb B yCTAHOBJEHHU CBOHCTB S;;, U g —
B omnpejesieHHH HX KOPPENALHOHHBIX ¢yHKIHA, Jas IpOCTOTHI IPO-
BeieM BCE pacCyXJeHHa JJsi eCTECTBEHHOro B THAPOJAMHAMUKE
cJayyasi HeKBAHTOBBIX (QMIYKTyalil; 570 3HAUHT, YTO YACTOTH (DIyK-
TYaIIIOHNBIX KoJeGaHuil NpeAnoaranrcs yI0BJIeTBOPAIOMUMH yCI0-
puio fo <€ T. [lpu aT0M KO3hOHUIHEHTE BASKOCTH H TENJONPOBO/-
pocTH GyeM cuuTaTh He JUCTEPIHPYIOUUMH, T. €. HE 3aBHCALUMHU
OT YacTOThl KoJeOaHuH.

B ofmeil Teopun Gaykryanuit (M3/0MEHHOH B V& 119—122)
paccMaTpuBaercsl NUCKPETHBI!l Psifl (QJAYKTYUPYIOUHX BEIHYHH Xy,
Xy, .+., MEXKIY TEM KaK 3JeCh Mbl HMEEM J€JO0 C HeNpephiBHAIM
psiioM (3naveHus O, P, ... B Kaxjo#l TOuKe JKHUJKOCTH). IDTO He-
CylleCTBEHHOe 3aTPyJHEHHE Mbl obofiieM, pasiequB o0beM TeJa
Ha MaJjble, HO KOHeynble ywacTku AV u paccMaTpuBasi HEKOTO-
pLe CPeJHWe 3HAYCHHS BEJNYHH B KaXKIOM W3 HHX; TEDPEXOL K
GeCKOHEUHO MaJbiM 3JeMEeHTaM NMpOou3BeleM B OKOHUATEJbHBIX (op-
MyJax.

Bynem paccMaTpHBaTh GOPMY Bl (88,9—10) B KayecTBe ypaBHEHUH

]

%o = — 2 VX + s (88,11)

obmel TeopHH KBA3HCTAIlHOHADHBIX dayrryanuit (em. V (122,20)),

IpHUeM B KayecTBe BEJHYHH X, BHIOEepeM 3HaYeHHsT KOMIIOHEHT TeH-
30pa Oj W BEKTOpa ( B KaxJOM H3 Y4acTKOB AV; Torga BeJAHYH-
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HAMH Y, SBJSIOTCS S;, U g:

.xa_’o';kv q;, (88,12)
Yo = Sipy 8-

CMBICST K€ TEPMOAHHAMHUECKH B3aMMHLIX BeJHUHH X, BBIACHAETCS
MyTeM NpPHBICYEHHUS (POPMYJbl A/ CKOPOCTH M3MEHEHHS MOJIHOH
SHTPONHH KUAKOCTH S. O6brunbiM myTem (cp. VI § 49) ¢ momounio
ypaBHenuil (88,8—10) naxoaum

: h [Ov; | O T
s=Jid (B -l 0

3aMeHHB 310T MHTerpas] cymmoil mo yyactkam AV u CpaBHHB ero
3aTeM C BBIpaXKEHHEM

S:_zkaxa’
HailjieM, 4TO
1 [(odv; , Juvg 1 0T
X, ——gr (5x_k+%) AV, a3 AV (88,14)

Tenepb Jerko HaHTH KO3D(HUUEHTH V,,, HEMOCPEACTBEHHO OMH-
pejesislole HCKOMble KOppeJslluy COTrJiacHo GopMynam

Yo (£1) Yy (£)> = (Vap + Voa) 6 (£, —1,) (88,15)

(em. V (122, 21a)).

I[Tpexpe Bcero 3ameuaeM, yro B Qopmysax (88,9—10) ner use-
HOB, KOTOpBIE CBsi3ajgH OBl O, C TPajUEHTOM TeMmIepaTyphl, a q —
C rpagMeHTaMy CKopocTefl. DTO 3HAUHMT, YTO COOTBETCTBYIOUIHE KO-
spuIHenTs V., =0 u B cuay (88,15) umeem

<Sip(ty, 11) g0 (L, 1)>=0, (88,16)

T. e. 3HaueHHs S;, U g BOOOLIE HE KOPPEJHPOBAHBI APYT C APYTOM.

Manee, xKo3bdHUIHEHTL, CBA3LIBAIOMME 3HAYEHHd ¢; CO 3HaUe-
uusamu (AV/T?)0T/0x;, paBHbl HyJIO, €CJH 3TH BEJHYMHBI B3AThl B
pasHbIX y4acTkax AV, u paBHBI Y, =xT28,/AV, eciu onu Gepyrcs
B ONHOM U ToM ke yuactke. C 3THMHM 3HAUEHHSMH Y, [0 (GOpMy-
ne (88,15) mosyunM mocae mepexopa K mpenenay AV —0:

<8i(ty 11) 8 (g, 1)> = 20T20,48 (r,—1,) 6 (£, —1,).  (88,17)

AHaJlorHuHbLIM 00pa3oM MoJaydaioTca ¢GopMyJbl 1Jisl Koppeasiu-
OHHBIX (YHKUHI CJIy4yaffHOrO TeH30pa HaNpsiKeHHH

<Sik (tl! rl) Stm (tz, 1'2)> =
2
= QT[TI (8::84m+ 0:011) + (;-—-—3) éikézm] 8(r,—r,)8(t,—t,). (88,18)
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dopmyast (88,16—18) pemaior, B TNpPHHIMNE, NOCTaBJCHHBIA
BONPOC O BHIYHUC/IEHHH THAPOAMHAMUYECKHX QIAYKTyauui B JIOGOM
KOHKpeTHOM cJayuae. XOX pelleHHs 3ajay NPH 3ToM TakoB. Pac-
cMaTpHBasl S;, U g KaK 3ajaHHple yHKUHM KOODAUHAT U BPEMEHH,
pemaeM $OpMasibHO JHHeapu3oBaHHbEE ypapHenus (88,6—8) orHo-
cuTenbHO BesnyuH 8p, v, ..., yudATHBag NPH 3TOM HEOGXOAUMbIE
THAPOJAHHAMUYECKHE TDaHHYHBIE ycJoBHA. B pesyabpTaTe noJyuuM
5TH BeJHYMHBL!, BHIPAaXEHHbIE B BHJe HEKOTOPBIX JUHEHHHIX QYHK-
I(HOHAJIOB OT S;;, 8. COOTBETCTBEHHO JoGas KBajpaTHuHas mo Op,
§v, ... BeqMYHHA BbIpaXkaeTcsi yepe3 KBaJApaTHUHbE (DyHKIIHOHAJBL
OT S;;, g, I0CJIE YETO HX CPeJlHEe 3HAYEHHE BEIYUCIACTCA C MOMOLIBIO
dopmya (88,16—18), u BCIOMOTaTeJbHBIE BeJHUMHEI S;, § BblNA-
JAlOT M3 OTBETa.

BoinuimeM ¢opmyJsl (88,16—18) Takike u B gypbe-KOMIOHEHTAX
IO HACTOTaM, MHPUYEM CJeJaeM 3TO cpa3y B BHIe, ofobLiaioeM
dopMyasl Ha cayyad KBaHTOBbIX ¢aykryauuil. CorsacHo obumiuM
npaBHJaM (AYKTyalHOHHO-AMCCHIALHOHHON TeopeMbl, Takoe 0606-
lIeHHe AOCTHraercs MyTeM BBEAEHUS JOMNOJHHTEJbLHOTO MHOMXKHTEJS
(hw/2T) cth (ho/2T) (oOpamanierocsi B eAUHALY B KJACCHYECKOM
cayyae, ﬁm{T). [Tpu HanuuHM AMCNEDPCHH BA3KOCTH H TEIJIONPO-
BOJHOCTH BEJHUYHHBI 1], §, % #BJAITCA KOMIJIEKCHBIMH GYHKUMAMH
YacTOTH; IIPH 3ToM B dopmyaax AJa QJAyKTyauui v, {, ¥ 3aMeHsd-
10TCSA BELIECTBEHHBIMH YacTAMH 3THX (QYHKuUMi:

(SL('}Z)g?))m = 0) h (88“1 19)
(gPg®)o=08,8 (r,—r1,) ioT cthﬁ -Re % (w), (88,20)

9 h(l)
(sWs2)o=hwd (r,—r,) cthoz X

X[ @uSan-t 81081—F 51im) Re M (0) 6,8, Re L (0) ] - (88,21)

§ 89. TuapoxuHamMuuecke GaykTyauuu
B HeorpaHuueHHOil cpeje

B stom maparpade Mpl pacCMOTPHM THAPOAHHAMHYECKHE IyK-
TyalMH B HeOrpaHWYEHHOH HENOJABMKHOH XKHJKOCTH. JTa 3ajaya
MOKeT GBITh, KOHEUHO, PEIleHa H3JM0XEHHHM B NPeABAYIIEM Tapa-
rpade MerozoM. MEI, ofHaKO, clesiaeM 3TO 3ech APYTHM CIIOCOGOM,
NPOUJUIIOCTPHPOBAB TeM CaMbIM aJIbTEPHATUBHLIE METOX pelleHHA
3aJlay 0 THAPOAMHAMHYECKHMX (IYKTyalHUsX.

AToT MeTOA HCMOJib3yeT OOLIYI0 TEODHI0 KBA3HCTALHOHAPHBIX
GaykTyauuii B ee Gosiee DPaHHel CTajHH, 10 BBEAEHHA CJyYalHBIX
cua. Hanomuum otHocsiiguecs ciofa obuue ¢opmyasl (cMm. V§ 122).
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Ilycte )
¥o=— 2 hary (89,1)

— MakpOCKOMHYeCKHEe «yPaBHEHHS ABUAKEHHA» A1 HaOopa BEJIHUMH
X, (f), ONHMCHIBAIIMX HePAaBHOBECHOE COCTOSIHHE CHCTEMEL (B paBHO-
BecHH Bce x,=0); 5TH ypaBHeHHA CIpaBelJiUBLI, €CJH BEJHYHHEL
X, BEJHKH 10 CPaBHEHHIO C HX CDeAHHMH (JIyKTyauusiMe (HO B TO
’Ke BpeMs HACTOJbKO MaJbl, 4TOObI Oblia JOMycTHMa JIHHeapH3allHs
ypaBHeHHH ABuXKeHud). TorJa MOXKHO yTBepXKAaTb, UYTO TaKHUM Ke
ypaBHEHUAM yJaoBJjeTBopsioT (npu f > 0) KoppeJaaluoHHBE (YHK-
UUH GJayRTyanui

% O =— Dl % (D2, (0, >0 (89,2)
b

Hauaabubim yCJ0oBHEM K 3THM YpaBHEHUAM CJAYXKaT paBeHCTBA
<X () X (O |e= 40 == <X %4 (89,3)

rae <x,x.>—oOJlHOBpeMeHHass KoppeJadlnHoHHasd (YHKUHA, TpPEANO-
JgaraeMast H3BecTHod. B o6gactb { < 0 KoppesasaluoHHEe (YHKUHH
NPOJOJIKATCA IO NPaBUIY

<Xg (8) %0 (09> = £ <xp (— 1) 2. (005 (89,4)

NpUYEM BEPXHHI 3HAK OTHOCHUTCA K CJyuaio, Korja o0e BeJHYMHEI
X, U X, YeTHBl (MJH 0o0e HEUETHL]) IO OTHOIIECHHIO K O0OpaIleHHIO
BpEMEHH, a HUXKHUH 3HAK—K CJy4alo, KOTAa OZHA HU3 BeJHYHH
yeTHa, a Apyras HeuerHa. Pemenue ypasHeHus (89,2) ¢ ycaobueM
(89,3) ocymecrtBiseTcss NMyTeM OXHOCTOPOHHEro npeoGpa3oBaHHsA
@dypbe: YMHOXKHB ypaBHEHHe Ha €'“/ M TIPOUHTEIPUPOBAB MO [ B
npenenax ot 0 10 co (npruyem HHTErpasj B JeBOH cTopone ypas-
HEHUs npeobpa3yeTcs MO YacTAM), MOJYYHM CHCTEMY YpaBHeHHH

—io (xaxc)g—) = ; }"ab (xbxc)g-) T <xXe> (89:5)

AJs BeAHYUH ((DYHKIUH 4acTOTH)
() = § €0t i, (1) x, (0)> dit. (89,6)
0 -
O6bugbie ke (ypbe-KOMIIOHEHTHl KOPPENSIMOHHOH (QYHKUIUH BEHI-
paxaiwTcsl yepes BeauuuHsl (89,6) cormacHo

Fatdo=§ € <x, (1) %, (0)> df =

-

= (X%) & £ [(KaX)S" I* = (X% + (022 (89,7)

I[le 3HaKH = OTBeyaloT 3HakaM B (89,4).
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[Tepexofs K mnNoCTaBJeHHOH 3ajaue O (QJyKTyauusXx B HENOA-
BUIKHOH KHAKOCTH, IPEXIE BCEro JHUHeapH3yeM TIHApOIMHaMHye-
ckue ypaBHenus (88,6—8) ¢ o/, u q u3 (88,9—10) (6e3s mocsegHux
yneHoB). [Tosoxus p=p,+408p, v=0v, ... H ortOpaceiBasi He.H-
HefiHble YJIeHBl, MOJIYYHM

afjp—}—p divv=0, (89,8)

ov ;
o2 — —yoP +nAv+(;+3) vdivy, (89,9)
"(fj 2 AST (89,10)

(mocne JuHeapusamuy HHAEKC 0 y NOCTOAHHBIX BEJHYHH O, ...
ot6paceiBaeM). B ypaBHeHusx (89,8—10) Oyaer ymoGHniM cpasy
pasjeNuTh CKOPOCTh HAa NOTEHIHAJbHYIO (<1POJOJIbHYIO») M BHXpe-
BYIO («momepeuHyto») yactd v u v%® CoraacHo ONpesiesIeHUI0

vV=v®fyvhH, (89,11)
divv® =0, rotv®=0.

B (89,8) ocraercsi TOJILKO HPOJOJbHAS CKOPOCTb:

%0 1 p div v =0, (89,12)

a (89,9), pacnagaetca Ha JBa ypaBHEHHUs

ovit
(\;t =%Av“’, (89,13)
p B =— V6P + (47 vdivve, (89,14)

YpaBHeHHe Ans [ONEPeYHOi CKOPOCTH HE3aBHCHMO OT OCTaJb-
HbIX ypaBHeHHH. COOTBETCTBEHHO 3TOMY, M I/l KOpPeJsLHOHHOH
byHRIHE ee QAYKTyalHA HMeeM OJHO YpPaBHEHHE

t(v“’ (¢, ) (0, 0)>—vA <P (¢, r) v (0, 0)>=0 (89,15)
(rae v=m/p—KHHeMaTHUeCKass BsA3KoCTb). IlofBepruyB ero ofHo-
CTOpPOHHEMY npeobGpa3oBanuio Pypbe, MONYUIHM
— io (v (r) o (0)§? —vA (vl (r) vf (0)§” = <v® (r) v (0)>

(rZe cmpaBa CTOHT OJHOBPeMEHHAs KOPpeJsUHOHHAas (QYHKIHA),
HJH, nepexois K Pypbe-KOMIOHEHTaM TO KOOpAHHATAM:

(v )

Byt
(U ‘U )k— vEE—im
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OnHoBpeMeHHast KOppeJsuHoHHast GyHKUHA (IyKTyauult CKOPOCTH
naetcsi dopmydoit (88,5); mepefins B HeH K (dypbe-KoMnoHeHTaM H
OT/eJHB IIONEPEYHYIO YACTh, HMEEM

T kik
(@PVD) =% (5t,k__?2£> ; (89,16)

[MoacraBuB 3To B Npeasaymylo GopMy.1y, OKOHYATENHHO TOJYYHM 1)

. 2

(08 ook = 2 Re (0f00f)G) =2 (8, —"5 ) s . (89,17)

Jlns ocTalpHBIX IepeMeHHBIX HMeeM CHCTEMY CBfI3aHHBIX JApyT
¢ npyroM ypasmenuil (89,10), (89,12), (89,14). Ira cucrema, oxHa-
KO, YNpOILaeTcst B Npele/bHBIX Cayyasx GoJbIIMX HJH MaJEIX yac-
ToT. J[eJ0 B TOM, UTO BO3MYIIEHHS IPOJOJbHON CKODOCTH M jaB-
JeHHsT PACIPOCTPAHSIOTCS B XKHIKOCTH CO CKOPOCTBIO 3ByKa u, a
BO3MYIIEHHS] SHTPOMNHHM — COTJIACHO YPABHEHHIO TEIJIONPOBOJHOCTH.
[MocJaenuuit MexanusM TpeGyeT BpeMeHH ~ 1/xk?® 174 pacnpocrpa-
HeHMS] BO3MYILIeHHMsI Ha paccTosiHHe ~1/R ()= %/pc,—TeMnepary-
PONPOBOAHOCTL cpelpl). Ilostomy AJs1 YacToT, YAOBJETBOPSIOMIHX
(Npu 3aJaHHOM 3HAYeHHH BOJHOBOTO BEKTOpa) YCJOBHIO

wkt L o ~ ki, (89,18)

MOKHO CYHTaTh, 4TO QUYKTYHPYIOT TOJbKO V¥ U P mpH MOCTOSH-
HoH surponuu. Hampotus, mpu

Wkt~ o <Lk (89,19)

npolcxonAT H3oGapHyecKne QAYKTyallH SHTPONHH ).

PaccMOTpUM CHauaJsia MepBYI0, BHICOKOYACTOTHYIO 00JacThb (89,18)
H OIpeJe/HM, HanpuMmep, QayKTyalHH JaBJeHHS.

VYpaBuenue (89,14), nepenucassoe JJs KOppeJssUHOHHBIX (YHK-
nuifl, uMeeT BUJ

2 v (8, 18P (0, 0)>=—grad <8P (£, 1)8P (0, 0)>+
+ (;+4§”) grad div<vd (¢, 1) 8P (0, 0)3,

a HayaJbHBIM YCJOBHEM K HeMy CJYXKHUT PaBeHCTBO HYJIO OXHO-
ppeMmentoil koppeasunu v u SP. IlpousBeiss 0fHOCTOPOHHEE Mpe-
o6pasoBanie @ypbe IO BpeMeHH H IIOJIHOE MPeoGpasoBaHHe TO

1y Jlerko BHAETb, YTO IyTeM HHTeTpHpOBaHMA Bhipaxenns (89,17) 1o do/27
MbHL BepHeMCH, KaK H CJE0BaJ0, K OJHOBPEMEHHOH KO P PeJISIUOHHOH GyHKUIHH,

2) ‘HepaBeHCcTBO Yk? <& ki BBHIMOJIHSIETCS B FUJAPOAHHAMUYECKOH o6JacTH Bceraa.
Tak, B rasax u~vrh Y~vgl, TAe vy— CpelHss TenJsoBast CKOPOCTb YaCTHL, & [—unx
nauHa 1poGera. IloaToMy HepaBeHCTBO Yk <€ 4 5KBHBaJICHTHO 0653aTeJNBLHOMY
yeqosnio &l <1,
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KoopiuHaTtaMm, MMOJYYHM OTCIOLa
— {op (VOOP)(H) = — ik (8P — (g 1 4-371) k(kv'28P)(). (89,20)

Hanee, B ypaBHenuu (89,12) nuiem
_ (% dp _ 1 oT
6p = (a—ﬁ)s 5P —‘-— (ES)P 0s= ZJ.EGP—_pz ((_3?;>s 6S,
a 05s/0f BelpakaeM ¢ momompbio ypasHeHua (89,10), HamucaHHOTO

B BH,ZLG
08s % /0T
= (35), 00P

(unenoM ¢ A8s B mpaBoit cTOpOHe NpeHeGperaem mo CpaBHEHHIO C
08s,0t B cuay ycaoBUSl yk2<€®). DTO NMPUBOAHT K YPaBHEHHIO

1 06P wup [9T\?2 . _
BT (ﬁ)s A8P +p divv=0.

CooTBeTCTBYIOMEee YPaBHEHMe /15 KOPPEJAUHOHHBIX GyHKIUE CHOBa
monyyaercd Orciofia 3ameHolf 6P u v COOTBETCTBEHHO Ha
8P (¢, 1)8P(0, 0)> u v (¢, r)6P (0, 0)>, a HavaabHBIM YycJI0-
BueM K HeMy cayxut (88,3). Focge ¢ypre-npeobpasoBanuit 210
ypaBHeHHe Jaer

1 2o /OT\2 .
[ o2 ()] Pt +ip (ev98P) =0T (89,21

W3 naByx ypaBueHuit (89,20—21) HaxomguM TmOCJE HEKOTOPBIX
npeoGpasoBanui

] k2T us(i4-2 k2
(OP*)ox =2 Re (GPZ)‘(,)]L() =2Re :) (pmzti_(;juzfi-@g;\’; " (89,22)

rie

k2 4n | wu?p? [OT\2

veg [0+ 55 (B )] (89,23)
— KoathdulHeHT TOTJIomenus: 3Byka B cpene (cM. VI§ 77), a yr—
ero 4YacTh, CBS3aHHAS C TENJIONPOBOAHOCTLIO. BoimuiieM OKOHYA-
TeJqbHBI OTBET AJs 06JacTH 4acTOT BO/AH3H 3HAYEHHH © = i ku,

rje ¢ayKTyalund oCoOEHHO BEJIUKH:

2 _ pTuly

OPok = Gz puprary (89,24)

Sra ¢opMyJa cnpaselauBa NpH |o Fhu|Luy').

1y Hanomunm (cM. VI § 77), uTO THApOARHAMHYECKIil ko3(hduiienT normao-
IMeHHsT 3ByKa BCelAAa MaJ B rasaX (HepaBeHCTBO ¢ <€k aBTOMATHHECKH CJHElyeT H3
yeaosus k<€ 1) ¥ Mal B MHAKOCTAX, B KOTOPHIX HeT CYLIECTBEHHOH AMCNIEPCHH
3BYKa.
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B wuuskouacroTHo#i obnaactn (89,19) mocraToOuHO PAcCMOTPETH,
KaK yxe OBLIO yKa3aHO, (JIYKTyauHH SHTPONHH, npeHebperas npu
3ToM (JIYKTyalnsMH JaBleHus. OTO SHAYUT, YTO B YPaBHEHHH
(89,10) MOKHO IOJIOXKHTD

6T ~ (55 ), bs = bs
1ds / p Cp
(TENIOEMKOCTD €, OTHOCHTCA K efuHune wmaccel). ITostomy naa
HCKOMOH KOppeJslMOHHOH GYHKIHM HMeeM ypDaBHEHHe TOrO e
THHa, uro u (89,15), a HagalbHOe yCJOBHE K HEMy JaeTCs BhIpa-
xeHueM (88,4). B pesyaprare Haijiem

2¢ yk?
(Ssz)mk == —pe m o (89,25)

3apaumn

1. Haiitn xoppensuuonuyo GyHnrmuo GaykTyauuit yhcna pacTBOpeHHHIX yacs
THI[ B claBoM pacTsope.

Pewenue, ITNOTHOCTE £ 4HC/A PACTBOPEHHEIX YaCTHL, YROBJETBOPAET ypaBe.
Henulo Audpysuu 3

n
'87=DAﬂ

(D-—xosbduument puHbdysuM). B caaGoM pacTBope ONHOBpEMeHHbIE SHaAYEHHS
OJAOTHOCTH B Pas3/HYHBIX TOYKAaX IPOCTPAHCTBA He KOPPENUPOBaHBl JIPYr ¢ ApPYroM
(M0J06HO OTCYTCTBHIO OJHOBPEMEHHOH KOPpeNfAllMH JJS [JOTHOCTH HJeaJbHOTO
rasa); No3TOMY OJHOBDEMEHHAsg KOppeAlHOHHas QyHKIHS

<6 (r3) 61 (r)> =nb (r1—r2).

AnanoruuHo dopmyne (89,25), HaxoRHEM
: 2nk2D
(an)mk =Cl)2—}"_—_kTD-‘

B sToM pemrenuE Mu npeneGperaeM Tepmoauddyanelt, BCIeACTBHe Wero (JyKs
TYalHH 1 MOTYT PAacCMaTPHBATBCS HE3aBHCHMO OT (JIyKTyalluil TeMnepaTyphl.

2. Halitu KoppensiuHoHHYI0 GYHKUHIO (aAyKTyauuid AaBijteHHA B KHAKOCTH,
o6aanatomeli 60ablIOR Aucmeprupyiomell BTopoH BAsKocThio § (@) (cBA3aHHOH
¢ MeAJIeHHOH peviarcauueHl HEKOTOPOTO NapameTpa).

Pewenne. Hamiume MefJIeHHBIX NpPOLECCOB peJIAKCAUHH NPHBOZHT K NO-
sIBJICHHIO BTODOH BA3KOCTH BHZAA

o 2 2
@) == ——— (U — U
L@ =gy We—ut),
rfie T—BpeMA peJaKcalMH; Uo— PaBHOBeCHast CKOPOCTb 3BYKa; Ue— CKOPOCTD
3ByKa |NpH IOCTOSTHHOM 3HAYeHHM peJaKCalUHOHHOTO IlapameTpa (em. VI § 78).
Ypasrerus (89,20—21), a ¢ mumu u (89,22) cnpaBefJuBbl TaKxe M IPH HaJH4HH

zucnepcud. ITosoxus {={ (®) 1 npeneGperas uneHaMu, IPOUCKOJAKME OT 1] H %,
[IOTy4HM [IOCJIE BHIYHCJICHHS

(6PY) . — 2Tvpud (1% — ub)
Yok "—(ug——- 0¥k + 0372 (42, —¥k)?
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§ 90. OneparopHbie BbIpaXKEHHS AJA KHHETHHYECKHX
Ko3thhHIHEHTOB

[ToayuenuoMm B § 88 dopmynam (88,20—21) MoxHO mpuaartsh
HOBBIH ACIeKT, NMPOYTA HX «ClpaBa HaJ/JeBO», T. €. paccMaTpuBas
HX Kak BbIpameHHS A1 KOo3(pHIUHEHTOB TEM/IONPOBOAHOCTH H BsI3-
kocTu. Ilpum sTOM KoppensimuoHHble GYHKIHH B JEeBBIX CTOPOHAX
pPaBEHCTBA MOMHO BBEIPA3UTb, COTJACHO HX OINpejeseHHI0, Yepes
ONEePATOPEl HEKOTOPHIX BeJMYHH, HMEIHMHUX MHKDPOCKONHYeCKHH
CMBICJ; B pe3yJbTaTe uepe3 5TH ONEPATOPHl OKasLIBAlOTCSl BLIpa-
JKEHHLIMH KHHeTHYecKHe Ko3(bHIHeHTh XKUAKOCTH.

[Ipexkze BCero HANIO y4eCTb, YTO OTCYTCTBHE KOPPEJALHH MeX-
Ay QAYKTyauusMH <«CAYYaUHBIX» TOTOKOB SHEPTHH H HMIYJbCa B
pPa3JHYHBEIX TOYWKax mpocrpanctBa (8-dyukuus §(r,—r,) B dopmy-
aax (88,20—21)) sABasieTcs CJAeACTBHEM THAPOAMHAMHYECKOIO MPH-
O/HXKeHHS; TOC/e]Hee CIPaBeJJIHBO JIHIIL IPH MajblX 3HAUEHHAX
.BOJTHOBOTO BeKTopa. UToOb BHIPasuTh 3TO YCJIOBHE B SBHOM BHIe,
sanuiieM GopMyJsl B KOMIOHeHTax (ypbe-pasJoxkeHHs MO IMPOCT-
DPaHCTBEHHBIM KOODIHHATAM (4TO CBOJAHTCS K 3aMeHe MHOXHTeJeH
8 (r,—r,) exununes) u nepeiiieM K npefeay k — 0. Taxk, popmyay
(88,20), cBepHYTyl0O 1O mape HHAEKCOB i, K,

7‘:@

(g0g®), =38 (r;—r,) hoT cthgr - Rex (o)

3alHueM B BHJE ;
1 ®
Re % (0.)) —% th llln (g )mk' (90,1)

Jlerko BHieTb, YTO MPH TAKOH 3aMHCH MOXKHO 3aMEHHTh B 3TOH
(opMysie «Cay4daHHbIf» IIOTOK TellJia g Ha IOJIHLIA IIOTOK 3HEPTHH,
KOTOpH o06o3HaunM uepe3 Q. llocrenHunit, KaK M3BECTHO H3 THA-
POAMHAMHKH, CKJaJbBAETCS M3 MOTOKA KOHBEKTHBHOTO mMepenoca
3Hepruy U INOTOKa Temaa (:

Q=<?23—|—w)pv—l—quwv-—va—l—g (90,2)

(w—rensaoBasi QyHKIUsA €IHHHIBI MacChl KHAKOCTH; B IOCJETHEM
BLIpAXKEHHH ONYIIeH Y/jeH c OoJiee BLICOKOI cTeneHbO QJIyKTya-
HoHHOH cKopoctH v). Ho npu manbix kK QuiyKTyanud peanbHBHIX
¢usnyeckux BesauuuH (v, T, p ¥ T. II.) COAepXKaT, [0 CpaBHEHHIO
¢ GIYKTYanusiMH CJAy4YalHBIX MOTOKOB, JIMIIHIOI CTeneHb K, U mo-
ToMy B npesene k—0 daykryanuu g cosBmagaioT ¢ QAYKTYamusi-
MH Q. DTO cpasy OUeBHAHO yiKe M3 TOrO, YTO B ypaBHEHHH JABH-
MeHHA rujgpojuHaMuueckux dviykryanud (88,6—8) motokn g H s
BXOJASAT TOJBKO IIOX 3HAaKOM MNPOCTPAHCTBEHHLIX IPOM3BOAHLIX, a
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yKasaHHbIe ¢usnyeckue BeTHUMHBI—TAKXKe H B BHJE NPOH3BOLHBIX
[0 BpeMEHH; Ioche Iepexofa K (ypbe-KOMIOHEHTAaM, CJenoBa-
TEeJbHO, BTOPLIE OKAasbBalOTCS MOPAAKA Kk/® IO OTHOUIEHHIO K
NEePBLIM.

B otauyue OT g, INOJHBIA MOTOK SHePrHH Q ecTb BeJIHUMHA,
HMerolas NpsAMOH MeXaHHYeCKHEl CMBIC/, M eif OTBeuaeT ompejeJeH-
HBLII KBaHTOBOMEXAaHHUECKHH omeparop Q(t r), BblpaxKaomuiics
yepe3 ONepaTopbl JAMHAMHYECKHX IIePEMEHHHIX YacCTHIl Cpejbl.
BcrnoMuuB onpejesieHHe KOPPesLHOHHON (GYHKIMH Yepes omeparo-
pbl (refi3eHGeproBCKHe) COOTBETCTBYIOIleH BeJMYMHBI, IIPHXOMHM,
TaKHM oépasoM, K ¢opmyie

fio

Rex (@)= P th z7 X

@

xlim § S etk ¢Q (¢, 1)@ (0, 0)+Q (0, 0)Q (4, r)>didex  (90,3)

k-0

(M. S. Green, 1954).

BoJsee nesecoobpasHoe npeactaB/ieHHe GYHKUHH X () NOJYyYHT-
csl, OHAKO, e€C/IH BOCIOJb30BaThCA (QOPMYyJof, BhIpaxKawleHh Kop-
PEJISIIHOHHYIO (YyHKIHIO YepPe3 KOMMYTAaTOp COOTBETCTBYIOLIMX OIe-
paTopoB.

Ecan x,(r), x,(r)—pBe GAYKTYHpYWOIIHE BeJHUHHB (paBHEIE
HyJI0O B pPaBHOBECHHM M Belyliue ce0si OJAMHAKOBEIM 006pasoM IpH
ofpalieHU¥ BpeMeHH), TO HX KOPpeJsLHOHHAsA (YHKLHA, COrJacHO
(76,1) u (75,11), MoxeT GLITh NpeACTaBJeHA B BHJE

fio

(xS xf ’)m—cth ReSef“’%{J?a #, ry), JE,, 0, rp)}>adt,

rie ckoOkM {.,.} osHayaior KommyTtaTop. [lepefina k ¢ypbe-pasio-
AKEHHIO 10 KOODAHHATAM T =Tr,—T,, NOJAYUHM ¢opmMyay

fﬁ- Re [ {etor-i (5, t, 1), %,(0, O)}>dtdex. (90,4)
) :

IMpuMeHuB 3Ty ¢Gopmyay K KoppeJsuudoHHOH OyHKUMHM (Q2)ex H
noacraBuB B (90,1), monyuum

Reu(w)_3mTllmReSSe'(°” k) {Q (¢, 1), Q(0, 0)}>didex.

CnpaBa H cjaeBa B 3Toi ¢dopmyJse moj 3Hakom Re crosAT ¢yHK-
IMH @, CTPEMSIIMECS K HYMIO IIPH & —-0o M He HMeloliye 0COCeH-
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HocTefi B BepXHeHl MOJYIJIOCKOCTH KOMIJIEKCHOH TNepeMeHHOH «.
Hs paBeHCTBA BEIIECTBEHHBIX yacrefl TakuX (QyHKUHH Ha BeljecT-
BEeHHOH OCH ® CJeAyeT TaKke H PABEHCTBO CaMHX (YHKUMH, H Mbl
TPUXOJAUM K OKOHUATeJbHOH ¢opMyse:

u(m)=_hmjj’euw W {Q (¢, 1), G0, 0)}>didix. (90,5)

30T 5o

YTo6H TOJYYHTh CTaTHUECKOE 3HaueHHe KO3(OHIMeHTa TemJonpo-
BOAHOCTH, Haj0 3aTeM nepefiTH u K npegeay o — 0.

AHanornyssiM 06pasoM MOXHO mpeoGpasoBath dopmyay (88,21)
H MOJYyYyuTb ONEPATOPHOE BhIPAMEHHE I KOIPPUUHEHTOB Bf3-
KOCTH.

EcaM BBeCTH TOJHHIH TNOTOK HMOYJbca 0, =— P§;,+ 0/, (04
u3 (88,9)), to B npexgese k-— 0 daykTyauuu BceX 4JEHOB, KpOME
S;, OOpaTATCs B HyJb, TaK YTO B 3TOM MpejieJie MOXKHO 3aMEHHTb
KOPPEJSAIHOHHYI0 QYHKLHIO (S;S;,)ok HA (0;40,,)ox. B pesy.nbrare
noayuum ¢GopMmyJay :

2
M (©) (6i16km + 6[m6kl'—'§ 6i/a51m) + 2 (0) 8;45;n =

=ilim§5‘ei 1=k ({6, (F, 1), 01 (0, O)>dtdox,  (90,6)
0

D g0

rie o;,(f, r)—onepaTop NMJOTHOCTH NOToKa HumnyJasca (H. Mori,
1958). CBepHYB 3TO pPaBEHCTBO NO NapaM HHAEKCOB i, k U I, m
uau i, [ u k, m, TIONyUUM OTJAEJbHbLIC BLIPAXKEHHA COOTBETCTBEHHO
a5 92 uam 10m + 3¢.

§ 91. Munamuueckudt opmbakrop Qepmu-xuaKOCTH -

K ¢epMu-XuaKOCTH HEeNPUMEHHMB popmy.anl (87,4—6) aas dopu-
daktopa npu T =0, NOCKOJLKY HX BBIBOI MNpPENNOJAraer CymlecT-
BoBaHME (IpH MaJbX ® H K) juiub QOHOHHOH BETBM CIEKTPa 3Je-
MEHTapHBIX BO30yxIeHHH. Henpumennma K ¢epMH-XKHIKOCTH TaKXKe
H pazeuras B §§ 88, 89 ruppoaMHamuyeckast TeOpHsA (QAYKTyauui:
oHa Tpe6yeT BbIMOJHeHHs YycJoBUs kl<<1 (I—paauHa cBOGOLHOrO
npo6Gera KBasHyacTHI), 3aBeJOMO Hapymamolnerocs B (GepMH-KHI-
KOCTH, MOCKOMBKY [ oo T~2 u crpemurca npu T — 0 K OecKonzu-
HocTH. ITosToMy aasi BeldHcJeHust dopMmdakTopa PepMH-KHUIKOCTH
Haj0 0o0paTHTBCH K KHHETHUECKOMY YPaBHEHHIO.

IMpu 3tom ynoGHO ucxozutb u3 dopmya (86,17—20), ycraunas-
JUBAOIIHUX CBsA3b dopmdarTopa ¢ 06COMEHHON BOCIPHHMYHBOCTBIO
N0 OTHOWIEHHIO K BO3ACHCTBHIO Ha XKIJKOCTh HEKOTOPOTO TMOJS
U (¢, r). B komnonentax @ypbe TakxKe H 10 KOOpJHHATaM omnpe-
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nenenue (86,18) samuchiBaeTca Kaxk
81 (@, k)= —a (0, k) Ugk. (91,1)

Mur orpanuumMcsa cayuaem T =0. Torzaa ;mHaMqucKHﬁ Hhopm-
thakTop BHIpaxkaerca uepes o (w, k). corsaacso

A

BoaMyienue xe NJOTHOCTH On (o, K) BBIUHCJAAETCS C MOMOILILIO
KUHETHUYECKOTO YpaBHEHHs, NpHUeM B HeM MOXHO (npu T —0)
npene6peyb HHTEIPAJOM CTOJKHOBEHHH. ODTH BHIYHCJEHHA OTJH-
4aloTCs OT NPOU3BEJCHHHX B § 4 AJs HYJEBOro 3ByKa JHWIb TeM,
YTO B 3HEPrHH KBa3HUacTHIB! A006aBafeTcd 4JjeH

U (t, r)=Ugxe* k=09,

91,2)

CooTBeTCTBEHHO B MPOM3BOAHOH OJe/dr (4,3) pobaBisercss uJeH
oU/dr=ikU, a B /eBOfl CTOPOHE KHHETHYECKOro ypapHenus (4,8)—
yJIeH

—ikU 2 "”0 — ikvUS (e —ez).

PeIlIEHPIe KHHETHUUYECKOTO ypaBHEHI’IH HILEM B BHIE
81 (p) = Ongk (p) & kr—on,
p (91,3)

8 8 Ruilial

flok (p) = — (ﬁfﬁp)zm*pFX(n), n=-.
Aro—dypbe-KOMIOHEHTa BO3MYILIEHHA HMIYJbCHOTO paclpesede-
HHA KBasuuacTHy. HckoMoe ke H3MeHEHHE IJIOTHOCTH MOJIHOTO
yhc/a KBa3HyacCTHI, (COBMAJAIINEH C MJOTHOCTbIO YHCJA HMCTHHHBIX
YACTHIL) JaeTcs HHTerpaJoM

- 2d3p
&1 (o, k S Onow () Gt = —3 S )52 . U

OnpenesneHue QyHKIHH x(n) B (91,3) orsuaercs OT OmpeReeHHS
v(n) B (4,9) HOPMHPOBKOH: OHa Bblépaﬁa 3flech Tak, yro ¢Qopmy-
aa (91,2) npunuMaer BHA

no(co,k=Ime(n)g—%, ©>0. ©1,4)
HOas caMoll xe QyHKIHH ¥ (1) HoJydyaeTcs ypaBHeHHe
(0 —vzkn) 2 (n) —vrkn S F® @) = —kn 2"{ ., (91,5)

orauvatomeeca or (4,11) cBoefl mpaBoli yacTbio.
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VYpapnenue (91,5) He cOmepXUT B SIBHOM BH/IE MHHMBIX BeJIH-
upH. [losiBJleHHe MHMMOH 4YacTH B €ro pelieHHH Y% (n) CBs3aHo Io-
5TOMy JHINb ¢ 00XOJaMH MOJIOCOB B BO3HHKAMIIHX B MNpolecce
pewenusi unterpatax. IlpaBuao atux 06XonoB ompenessercss Tpe-
6oBaHUEM, UYTOOBl HAJOXKEHHoe Ha cucreMy moje U ocve-io! gnua-
6aTuyecKH BKJIOYAJOCh, HAYHHAS OT f= —o00; 1J5 3TOFO HAJAO 3a-
MEHHTBL €ro 4acToTy o — - i0.

KOHKpeTHH BHA PeIIeHHsS 3aBHCHUT OT BHAA QYHKUMH B3aHMO-
Jetictpus kBasuyactull F (3%). TlpogeMoncTpupyeM xop peweénus u
ero cpofictBa Ha mpocrefilmem upuMepe GyHKUMM F =const=F,.

B aToMm cuayuae pemenue ypaBuerus (91,5) umeer BHA

vrkn
X(n):cvpkn—m—io ’ (91’6)
rge C—rmocrosaHHad. [locaennsas ompefedasercd obpaTHo# mojcra-
HOBKoIl Beipaxenus (91,6) B (91,5), namwmei

C(+1) =2§ﬁ”f, (91,7)

rae
] S kn’ __kn'vp do”
kn'vp—@—i0 4 °

HO}lbIHTEI‘paJIbHOG BBIpAXKEHNE 3aBUCUT TOJBKO OT yrJa MeXay n’
H k U TIOCJIE OUEBHAHOH MOACTAHOBKH HaXOAHM

xde s+1 [ ism/2, s<1,
2S x—s—i0 1‘_1 I"‘

, s>1,
rie s=o/kvp (MHHMas 4YacTb HHTerpaja OTAeNAeTCs MO TpaBH-

ay (8,11)).
Tloacrasus dyukuuwo ¥ (n) us (91,6—8) B (91,4), monyuum ju-

Hamuueckuilt dopmpakTop

(91,8)

-~ 2m*p 1 (s)
no (0, k) =" Im s (91,9)

<

(A. A. A6purocos, H. M. Xaramnukos, 1958). B cuny (91,8) ou
OTJUYeH OT Hyasl mpu.s <1, T. e. mpu BceX o < kUp.

Ecau F,> 0, To B (epMHU-XKHAKOCTH BO3MOXKHO paclpocTpaHe-
HHE HYJEeBOrO 3BYKa CO CKOPOCTBIO ,, OHpefeJsaeMOl YypaBHe-
uuem (4,15):

1-+F,(s,) =0, 8,=u,/vp

Tpu suavuenusx s BOGau3M s, Beipaxkenue (91,9) npunumaer BuA

1
const-Ims—_~S; ,
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IpHYEM, COrJaCHO CKa3aHHOMY BbllIe, §= ®/kUr HaJO MOHHMATH,
KaK s+1i0. Jro snauur, 4T0 B O (0, k) MOABJsETCA ewe H O-dyHK-
LHHOHHBIM YJeH BHAa const-0(s—s,), Hiau

o (w, k)=const:-k8 (0—ku,). (91.10)

ITOT yJieH NpeIcTaBisieT cobofi BKAaA B (opmbaKkTop, 06s3aHHbI
HyJ/ib-3ByKOBOH BeTBHM 3HEPTeTHYECKOTO CleKTpa (epMu-KHIKOCTH;
OH BIlOJiHe aHaJoruded ¢QononnoMmy BkJaaldy (87,4) B dopmdbakTop
603e-KHIKOCTH.

CymecTBoBaHHe TaKOrO YjeHa He CBSI3aHO, KOHEYHO, ¢ MpeJro-
JoxenneM F=const u aBjasercs oOWUM CBOHCTBOM (epMH-KHUIKO-
CTH, B KOTOpPOH BO3MOXHO paclpoOCTpaHEHHE HYJEBOr'O 3ByKad; OT
3aKOHa2 B3aUMOJEHCTBHA KBa3HYaCTHI, 3aBHCHT JIMIIb 3HayeHHe
nocrosinHoro Kosdpdunuenta B (91,10). Bes npaBoit yacTH ypaBHe-
gue (91,5) coBmajaer ¢ ypaBHeHHEM HYJEBOTO 3ByKa; MO3TOMY
pelieHHe HEOJHOPOAHOTO YPaBHEHHMA HMeeT MOJIOC IPH ®/R = u,.

U3 Buga ypaBHeHus (91,5) siCHO, YTO €rO pelleHHE 3aBHCHT OT
[apaMeTpoB ® W k JiMIIb B BHJEe OTHOWEHHA w/k. DyHKIHUeH aTOrO
OTHOIeHHs OyJeT, cJeJoBaTesNbHO, W AUHAMHYecKHH QopmbakTop.
Cratudeckuil ke gopmbpakrop

o (k)= S 5 (0, k)5

OyzeT, cJeloBaTeJbHO, UMETh BHJ
o (k) =const-k. 91,11)

310 3HAUHT, YTO OJHOBpPEMEHHAs IPOCTPAHCTBEHHAS KOpPeJsALHOH-
Has QyHKUIHA GayKryanud nioTHocTH npu 7 =0 B ¢epMH-KHIKO-
c¢TH (KakK U B 003e-XKUIKOCTH) cJeJyeT 3aKOHY v (r)ocor~4,
OTMeTHM, HAKOHEll, yTO AMHamuyecKuil GopMPaKTOp HAeabHOTO
(depMu-rasa MoxeT ObITh noJydyeH 3 (91,9) mepexogoMm k mpefeny

0—»0:

2
o(w, k)=&%, O0<ow<kur.
Ilpu sToM craTHyecKuit dpopmdakTOop
kvg .
_ do_ _phk
o (k) = 5 0(0, B g =1t

(B cornacHu c pesysbraTtoM 3ajaud 1 B V § 117).
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