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J{:c.J<.J{:cepoM. "Tpoe 8 AOOKe ... " 

TIPEIU1CJ1OBl1E 

B nocJienmrn ro.n.u B q)ll3HKe KOHneHCllpOB3HHOrO COCTOHIUIR noRBHJiaCb 

HOB8R o6JiaCTb, no.rryqllBlllaR H83BaHHe qlll3llKll l<B8!1TOB!lX KpllCTaJIJIOB. B mn

pOKOM CMHCJie CJIOBa KBaHTOBHe RpllCTa.JLJIU - 3TO TBepnue T8JI8,B KOTOpllX 
11yJieBue KOJie6aHHR no O,Il,HOtt H~ HeCKOJibKllM CTeneHRM CBo6o.n.u OTHOCHTCJib
HO BeJIHKll, qTO npHBOMT K cymecTBOBaHHIO HOBOro /no cpaBHeHHIO C npyrnMll 

TBepnUMn TeJiaMn/ BHna ,IJ,Bn~eHHH - KBaHToBoro TYHHeJibHoro rrepexona aTo
MOB B cocenHne Y3JIH pemeTKH. A ,Il,O3BOJieHHHe Bnnll nBn~eHllH - BBJKHettmrui: 
xapaKTepnCTHKa CllCTeMH! OHa TaR .,lite BaJKHa, RaK li CTPYRTypa. Ilo-
3TOMY HaJill'!HS HOBoro Bnna nBH~eHllR paBHO3HaqHo cymecTBOBaHHIO HOBOtt 
CllCTeMH. ~TO ~e KB.caeTCR KB8HTOBHX KpllCTaJJJIOB, TO TYHHe~Hoe nBn~eHne 
rrpnHeCJIO HM CJiaBy HOBoro COCTORHllH BemecTBa. Ilpll 3JOM Han6oJiee RpKO 
HOBue, KBaHTOBHe a~KTH rrpOHBll~Cb B ITOBeneHnn.ne{fleKTOB. llx TeopeTn
qeCKOMY ll 3l{CITepnMeHTMbHOMY llCCJienoB8Hll!O ITOCBJimeHa y~e o6mv.paaR ~Te
paTJpa, OXBaTuBaromaH KaK "nmnqHue" KB8HTOBHe KpllCTa~u reJillH, TaK ll 
T~eJiue MeT8MH C JierKHMll rrpnMeCRMll, ,IJ,HqqJy3ll!O MIOOHOB B MeT8JIJiax ll np. 

HacToJimaH KHnra oTpa~aeT conep~aHne 1<ypca JieKUnil, rrpoqnTaHHoro 
aBTOpOM B O6~ennneHHOM llHCTHTyTe HnepHHX llCCJie,IJ,OBaHntt, ll He CT8BllT 
ueJib!O naTb ncqeprrHBaromnil o63op no Teopnn neqeKTOB B KBaHTOB!lX KpllCT8JI
JI8X. B paMKax ee o6~eMa 3TO HeBO3MO~HO. ITO3TOMY rJiaBHOe BHllM8Hlle B Hett 
yneJieHO ~nanqecKOll KapTnHe TeX rrpnHUnnnaJibHO HOBHX nnett ll peayJibT8TOB, 
KOTOpHe xapaKTepnayroT STY HOBYIO o6JiaCTb t~3llKll KOHneHCllpOB8HHOro co
CTOHHllH. Ilpn 3TOM OCHOBHOe MeCTO 3aHnMaeT paccMOTpeHne KBaanqacTnq
HOro ITOBeneHHH ,IJ,elpeKTOB B KpllCTaMax reJinH. 

B KHnry BKJIIOqeaa Talle o6mM aeJinaeV.HaH TeopnH nnaaMnKH neqiopMn
pyeMoro TBepnoro TeJia rrpn HaJinqnn B HeM KBaanqacTnU c nponaBo~HllM 
aaKOHOM nncrrepcnn. OHa noJie3Ha ,IJ,JIR 6oJiee r.rry6oKoro rroanMaHnH n rroJiyqe
HllH HOBHX Toqaux peayJibT8TOB rrpn paccMOTpeHllll mnpoKoro Iq>yra RBJieHntt 
KaK B KBaHTOBHX KpHCTa.JLJiax, TaK 11 B TaKHX Tpa,IJ,HUllOHHHX TBepnux TeJiax, 
K8K MeT8MH ll nnaJieKTPllKll. 

HaKoHeu, Iq>BTKO paccMoTpeHo pacnpocTpaaeHne R,D;ett KBaanqacTnqHoro 
rronxona Ha CJIOlKHHe HeJinHeffHHe o6p830B8HllH COJillTOHHOro TllIT8 B KB83H
onHoMepHHX ll TpeXMepHHX CTpYKTypax. 

MHorne H3 YR83alillliX BOilpOCOB o6CYlKJ{aJIHCb aBTOpOM B pa3JIR'UlO8 BP8MR 
n no paaJinqaHM nononaM c A.~.AHnpeeBHM, M.M.KaraHOBhlM, A.8.MeffepoBn-
qeM, A.C,IllyMOBCKllM. C'!HT8KJ CBOHM IIpllHTHHM ,IJ,OJirOM BHp83llTb HM 

CBOIO r.rry6ozyro 6JiaronapHOCTb. 
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BBFJlEHHE 

"I'naaHoeoocmouHcmao Hawea KHuzu -
3mo He ee ;iumepamypHttu cmunD, u oaxe He 
U306unue cooepxa~UXCR 6 Heu pa3HOZO pooa 
none3Httx caeoenuu, a ee npaaouaocmr," 

.ax.R.1/xepo.M. "Tpoe a ;roo,ce •.. " 

OnHC3HHe JIOOOtt (pH3HqeCKO~ CHCTeMli CBR38HO C HCilOJib30B3HHeM onpe

.n:eJieHHliX coxpaHmllltRXCH /~H 33MKHYTOR CHCTeMH/ Be~qHH /HMnyJibC, 3Hep
rHR, MarHHTHliA MOMeHT, pa3~qHHe KB3HTOBHe qHcJia R T.,n:./, 3 OCHOBm.te 
qiH3aqecKHe ypaBHeHHR OnRCliB81lT, B KOHeqHOM HTOre, 3BOJIDUHD 3THX BeJIH
qaa B npoCTp8HCTBe H BpeMeHH no.n: BJIHHHHeM p83JIHqHwc: B03,IteACTBHtt*. 
OcttoBHlie lite 38K0Hli coxpaHeHHH, a CJie,n:oBaTenHO,H Bli6op 3THX Be~qHH, 
TeCHO CBR3aHli co CBOffCTBaMH CHMMeTpHH npocTpaHeTB8 H BpeMeHH. IlocJie,n:
Hee o6CTORTeJibeTBO HMeeT HCMJ)qHTeJibttOe 3RaqeHHe npH noeTpOeHRR TeO
pa·a TBep.n:oro TeJia, B KOTOpoM eBOttCTBa npocTpatteTBa 3a,It8DTCR CHMMeTpHett 

KpHCT8JIJIRqecKOA pemeTKH. 
Haa6oJiee BalltROe q,yH,n:aMeHT8JibHOe CBOACTBO pemeTKH - ee TpaHCmtUH

OHHM CRMMeTpM. Il03TOMY JID6ue HapymeHBR a,n:eaJibHOi nepHo,n:aqHOOTH OK8-
3HB8DT cymeCTB8HHOe BJIHRHHe Ha (pH3HqecKHe CBOAeTBa KpHeTaJIJia. OCHOB
Hlie npHqHHli, HapymaD!Ule Tp8HemtnHOHttyD HHB3PHaHTHOCTb peweTKH, 3TO, C 
O,ItHOA CTOpOHH,KOJie6aHHH Y3JIOB pemeTKH, a C ,n:pyroA - ,n:eq,eKTli, CBR38H
Hli8 C p88JIH11Hl:lMH npHMeCRMH, B8K8HCHRMH, ,n:RCJIOKBURHMR, ,n:eq,eKTBMH yna
KOBKH H T.,n:. K ,n:eq,eKTaM HHor,n:a OTHOCRT T8Kllte SJieKTPOHli H ,ItlipKH B_IlOJIY
npOBO.ItHHKBX, CBR33HHlie COCTORHHR 3JieKTPOHOB C ,n:eqiopMBUH8H pemeTKH 
/noJiirpOHH/ H ,n:p. BJIHRHHe .n:eq,eKTOB Ha ,n:RHaMHKY pemeTKH, 8 T8Kllt8 Ra 
cneKTp H KHHeTHKY 3JieMeHT8pHWC: B036YJUteHHA B KpHCTaJIJie H3y1!8DTCR 
.n:aBHO. B pesyJibTaTe CTaJIO RCHO, qTo CBOACTB8 peaJibHHX TBep.n:wc TeJI 
onpe,n:eJIRDTCR He TOJibKO CBOACTB8MH H,n:eaJibHOA nepHO,n:R118CKOA CTPYKTYPH, 
HO T8Kllte /H B He M8Hbme« CTeneHH/ "HapymeHRHMH" KpHeTaJIJm118CKOro no
PR.n:K8. IlpHMepoM TOMY RBJIHeTeR BeR COBpeMeHHM MRKpo3JieKTpOHHKa, KOTO
.pa,r,· no-cymecTBY, nocrpoeHa Ha HCilOJib30B8HHH p88H006pa3HHX CBOACTB 
.n:eq,eKTOB. Bamlo OTMeTHTb npH 3TOM, qTo eCJIH KOHUeHTpBUHH ,n:eq,eKTOB 
MMa, TO BHOCHMliA RMl! 6ecnopR,n:OK CJie,n:yeT paCCMaTpHB8Tb Ha qioHe H.IteaJIL.:: 

HOA KpHCT8JIJm118CKOA CTPYKTYPH- 3TO 06CTORT8JibCTBO cymecTB8HHO npH Bli-
6ope y,n:o6HHX napBMeTpOB ~ onacamtJI paccMaTpHBaeMHX RBJl8HHA. 

OCHOBHHM annapaTOM eoBpeMeHHO! TeOpHH TBep.n:oro TeJia /KSK H KOH
.n:eHCHp0B8HHOro COCTORHHR B006~e/ RBJIR8TCR KBaHTOBM M8XaHHK8 MHOrHX 
TeJI. OCHOBHHe DOHRTHR KBaHTOBOA M8X8HHKH - 3HepreTnqecKHA Cll8KTP H 

*STO CBRSaHO C TeM, qTo CaMO DOHRTHe ~H3H118CKM CHCT8M8 /qacTana, 
TeJio a T.,n:./ npao6peTaeT CMHCJI TOJibKo B Mepy BOSMO:EHOCTR ee Bli,IteJieHHa . . . 
T.e. npeHe6pellt8HHR ee B88RMO,n:eAeTBHeM c ,n:pyrHMH CHeTeMaMII. 
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KB8HT0B08 COCTORHHe - Jier~ B oeHOBY KBa3R118CTHqffOrO no,n:xo,n:a,mm:emero
eH O,ItHHM HS H8H60Jiee MO.ItOTBOpHHX M8TO,It0B B (pH3HKe KOH,IteHeapoBaHHliX 
cpe,n:·. BaxHeAmHM ero .ItOCTO_HHeTBOM HBJmeTeH TO, qTO OH ll03BOJIR8T C03,It8Tb 
qHs~qecKH ReHYD ll HarJIR.ItHYlD KapTHHY npH HHTepnpeTBUHH eJioltHeAmax RBJie
HHA. E.naro,n:apR eMY noBe,n:eHHe eHeTeM!l H3 60Jibmoro qneJia eHJil>HO BSaRMO
,n:eAeTBYDlllHX qacTHn /KaKHM H HBJIReTCR TBep.n:oe TeJio/ CTaJIO BOSMOltHHM 
onncuBaTb c noMombD ee KOJIJieKTHBHHX aJieMeHTap~wc: B036YJUteHHi, pac
cMaTpHBaeMwc: K8K ra3 CJI860 B38HMO,IteAcTBYDmHX Mellt,n:y co6oA KB83HqacTan. 
IlpH 3TOM, KaK npaBHJIO,.K8llt,n:OMY THIIY .ItBH~eHHH HJIJI BSaHMO,IteffcTBHR eooT

BeTCTBY8T CBOtt THn KBa3H11aCTHU. 
KBasnqacTHqHliff no.n:xo.n: He RBJIHeTcR "npRBHJieraeA" Teopu TBep,n:oro 

TeJia. Ero C ycnexoM MOXHO npHMeHRTb K JID6ott CHeTeMe, B KOTOpott "aJie
MettrapHHe HOCHT8JIH RBJieHHR" He eoBDa,Ita!DT co CTPYKTYPHHMH 8,n:HHHnaMH 
BemeeTBa. THnHqHHMH npHMepaMH B 3TOM OTHOmeHHH RBJIRDTCR TeOpHR CBepx
TeKyqeCTH JlaH,Itay: 1 , TeOpHH (fepMH-lltH)lKOeTH 2, TeopHR Hea,n:eaJibHOro 6ose
rasa EoroJID60B8 S, KB33HqaeTHqHaR MO,IteJib R,Itpa 4 H ,n:p. CaMoe H3RmHOe TBO
peHHe TeOpHH TBep.n:oro TeJia - 30HHM TeopHR - RBHJIOCb pesyJibT8TOM nocJie
,ItOBaTeJibHOro npHMeHeHHR KBas11qacTHqHOrO no,n:xo,n:a K 3JieKTpOHaM B peweTKe. 

IlpocJie,n:HM KpSTKO Ha 3TOM, eTaBmeM yxe KJiae~aqecKHM, npHMepe, Te 
npHHUHilHaJibHO.HOBHe MOMeHTH, KOTOplie BHeeeHH KBSHTOBHM paeCMOTpeHReM. 

IlepBoe HOBOe noHRTHe - 3TO KBaHTOBOe eoeTORHHe. 3JI8KTpOH ODHCH
BaeTeR He eBoeV KOOp,n:HHaToA H eKopoeTbD, a 6JIOXOBCKOA BOJIHOBOA qJJHK
uneA 

'\Ir - i'i<z ,r<z) = U;Ci)e . 

nJIR xapaKTepHCTHKH COCTOHHHR HCilOJib3YDTeH onpe,n:eJieHHHe KB8HTOBHe qne
Jia, cpe,im KOTOpliX BalltHoe SHaqeHHe RMeeT _KBaSHBOJIHOBOA B8KTOp i< 
/HJIH KBaSHHMnyJibc t,;: /. AH8JIOrHqHO TOMY, KaK coxpaHeHHe o6aqHoro 
HMilYJibCa CBRSaHO C O,ItHOpO.ItHOCTbD npOCTpaHCTBa, T.e. e 3KBHBaJieHTHOCTLD 
6ecKOHeqHo 6JIH3KHX roqeK, KB83HHMIIYJibC eCTb Ta B8JIHqHHa, KOTOpaR CBR
saHa e rpaHCJI.flilHOHHOA CHMMeTpHeff peweTKH, T.e. C 3KBHBM8HTHOCTbD 
TOqeK, OTeTORlllHX .n:pyr OT npyra HS nepHO.It pemerKH. CymecTBeHHO, qTo B 
pe3JJibT8Te nepHo,n:HqHoeTH peweTKH Bee ¢H3H11eeKH paSJIHqHHe 3HaqeHHR 
orpaHnqeHli B HeKOTOpott KOHeqHott o6JI8CTH, H83liB88MOA 30HOH EpWIJilll3Ha. 
IlocJie,n:HBm MOlKHO HarJIR,n:HO H306pasHTb KaK 3JI8M8HT3pttyD aqei!KY 6eeKOH811-
HOA nepno,n:nqecKoM peweTKH B K-npocTpaHeTBe. 

npyroe DOHRTHe IlpHHURDH8JlbHOtt BaJ!tHOeTH, BHeCeHROe KB8HTOBOA Me
X8HHKOtt, 3TO 3HepreTnqecKHM cneKTp. Ha CMeey npocToA KJiaceaqeeKoA 
KBa,n:paTzqtton 38BHCHMOCTH 3HeprHH OT HMnyJibea noRBHJI8Cb eJIOXHM qJJHKilHR 
3HeprHH OT KBa3HHMilYJibea H .n:pyrHX KB8HTOBHX qnceJI, Ha3B8HHM 33KOHOM 
JIHcnepcHH £ ( P). 3aKOH ,n:HcnepcHH OTpa11taeT CBOAeTBa CHMMeTpHH pemeTKH 
H B38HMOneMCTBHA B KpHCTaJIJie. KaK H Bee ,n:pyrHe (pH3H11eeKH8 BeJIHqHHH, 
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oH RBJIJJBTCJI nepRO.IUI'IBCKott 4)yHKUHett p . B ia.n.eam,Hott nepHO.IUI'IBCKott 
pemeTKe c (p) HrpaeT pom, qiyHKUHH Ta.MHJll,TOHa. Tait, cKopocu, KBasH-

'lacnm1,1 
..,. 'Jc 
'Z= :Jp 

ECT8CTB8HHO, IIpH CJIOltHOM saKOH8 ,IUlCIIepcID!. CKOpOCTb H KBaSHHMnym,c, 

BOo6me roBOPJl, H8KOJLIIHH8apHH, 
TaKHM o6pa80M, KBaHTOBoe paccMOTpeHHe npHBO,IUlT K 88.M8H8 saTpa

BO'IHWC 'laCTHU H nepHO.Il,H'l8CKOro IIOT8HUHaJia pemeTKH HOB!iMH o6~eKT8MH -
KBa8H'lacTm.t8MH co CJIOl!tH!iMH saKOHSMH ,IUlcnepCHH. OHO CTaBliT, O.Il,HaKO, 
H HOBl,18 npo6JI8MH, TaK KaK }J)I.Jl KB88H'l8CTm.t Heo6XO,IUlMO eme nocTpOHTb 
HOByx> MexaHHKY, HOBYJ) T80pHID pacceJIHRJl, CT8THCTHKY H T • .Il,. 0'18Hb CYJll8CT
B8HHO }1)1.Jl ,na.in,Heitmero T8Rllt8 TO, 'ITO B HOBOM OIIHC8HRH KPHCT~'l8CK8Jl 
pemeTKa CTaJia npHBM8rHpOB8HHOtt CHCT8MOtt OTC'leTa. Brumoe CJI8.Il,CTBH8 
8Toro - OTCYTCTBH8 raJIRJI88BCKHX npeo6pasoBaHHn }1)1.Jl xapaKT8pHCTHK 
KBasH'ISCTHUH. MH eme BepHeMcJI K aTOMY aonpocy B rJiaBe V • 

IlOCKOJll,K3' IIpR IIOCTp08HHH 80HHOff T80pHH p8'1b WJia O 38B8.Il,OMO KBaH
TOBWC o6~eKTax /aJieKTPOHax/, KBaHTOBOM8X8HR'l8CK08 paCCMOTP8HH8 H8 Bl,1-
31,iBaJIO COMH8HHJI KSK 8,IUlHCTBeHHO npaBHJibHOe. 0.D.HOBp8M8HHO C 8TRM, O.Il,Ha
KO, B3rJIJI.Il.H Ha pemeTey OCT8BaJIRCb llO'ITH KJJ:accia~ecKHMH, onpaB.Il,8HHeM 
'18MY CJIYDJI8 6om,maJI Macca HOHOB. B peaym,TaTe CJIOlltRJiaCb g}R8H'lecKaJl 
KapTHHa, B KOTOpott 8Jl8KTPOH 6~ IIOJIHOCTbID neJIOKaJIR80B8H H npHHa}J)l.eXaJI 
BCeM aTOMaM KPHCTaJIJia, a aToMH /aoHH/ C'IHTaJIRCL xopowo JioKaJIH30BaH
HliMH B ysJiax pemeTKR. HM paspemaJIRCb TOJll,KO He60JibWRe HYJI8B1,18 KOJie6a
HHJl BOKPyr RX paBHOB8CHWC IIOJIOXeHHff * • TaKRM o6pa30M, aTOMl,I MOXHO , 
6H:RO npoffYMepoBaTL, KBaHTOBOff TOl!,IJ;8CTB8HHOCTbID OHR He o6Jia.n.a.nia. 
ECT8CTB8HHO, Taitoe xe OmtCaHRe RCilOJll,;30BaJIOCb R }1)1.Jl TO'le'IHHX .Il,8qJeKTOB I 

/aaKaHcd, npRMecen R .n.p~/ • 
OCHOBHoe COCTOJIHR8 TaKoro KpRCTaAAa - 3TO R.Il,eaJibHaJI nepRO.Il,H'lec

KaJI CTpyKTypa, B KOTOpon Bee ysAH 38HJITl,I co6cTB8HHl,IMR aTOMaMR, a 'IRCJIO '
1 

8TOMOB B TO'IHOCTR paBHO 'IHCAY Y3JIOB, 'ITO B 3TOff KapTHHe /Ho He B KBaH-
• 'I 

TOBOft/ 03Ha'laeT· H OTCYTCTBHe 8TOMOB B M8JtY3eJibHHX npocTp8HCTBax. _Kalt- ' 
,nID\ y3eJI JIBJIReTCJI, npR 3TOM, .II.HOM IIOT8HUH8JIJ,HOtt JIMl,I, B KOTOpott KOJie6-
JieTCJl onpe.Il,eJieHHHff aTOM._KBaHTOBHft xapaKTep ero .Il,BRXeHRJl npoJIBJIJieTCJl 

*HMeHHO 3TRM B KJiaCCH'leCKOft TeOpHH OTAR'18eTCJl TBep.n.oe TeJIO OT 
llH.Il,KOCTH, rne 8TOMH MOryT npoXO.Il,HTb 6om,mRe paCCTOJIHHJI.Ha CaMOM xe .Il,8~ 
JI8 cymeCTB8HHH paSJm'IWt B xapaKTepHHX BR.II.ax .Il,BlllteHRJI - TBep.n.oTem,HO
MY BR.DY .D.BRXeHHH cooTBeTCTBYJlT KOJie6aHHJI yaJioB /coBna.n.alO!llHX c aToMaMH 
TOJibKO B KJiaccia'lecKOtt KapTHHe/. 

8 

TOJlbKO B H8J!H'IRH HyJieBHX KOJie6aHHff. CocenHHe Y3Jll,I peweTKR OT.Il,eJieHH 
HenpoHRuaeMHMH IIOTeHURaJibHHMH 6apb8p8MH, KO'l'Opue MOlKHO npeO.Il,OJI8Tb 
roJiiKo npa TIO aa c'leT. TenJioBott aHeprRH. Bepo.HTHOCTb cooTBeTCTBY
ID!llero Ha.n.6apbepHoro nepexo.n.a rv exp (-e/T) , r.n.e e0 - aHeprHJI 8KTR
B8IlHH, COOTB8TCTB8HHO '18CTOTa nepeCKOKOB 8TOMOB nponopunOH8JibH8 aron 
Bepo.HTHOCTR, 8 ocymecTBJieHH8 K8J[,110ro OT.Il,eJibHOro 8KT8 nepexo.n.a CBJl88HO 
C T8IIJIOBHMR qiJ!YKTY8IlH.HMR B CRCTeMe. 

.ll.JIJI 60JibWHHCTBa TB8p.Il,HX TeJI TaKOe OilHC8HHe BIIOJIHe onp8B.Il,8HO, no
CKOJibKY WHpRHa BOJIHOBHX CWHKUHn aTOMOB B peweTKe /HJIH, 'ITO npaKTR'leCKR 
TO xe, 8MIIJIHTY.D.8 HyJieBHX KOJie6aHHH/ MHoro M8HbWe M8l!UJ.Y8TOMHHX paccro
JlHRtt,R nepeKpHTH8M BOJIHOBWC qJYHKUHtt coce.Il,HHX aTOMOB MOltHO npeHe6pe'lb • 
.ll.JI.H oueHKH OTHOCHTem,Hon 8.MilJIHTY.D.H HyJieBHX KOJie6aHRft MOltHO RCIIOJ!b30-
B8Tb napaMeTp .n.e-Eypa 

.ti 
A=avme '· /Bl/, 

r.n.e rn. - Macca aToMa, a. - Mel!UJ.YaTOMHOe paccTORHHe, a €: - xapaKrep
Hrut aHeprHJI B3aRMO.Il,eilCTBHJI 8TOMOB • .ll.JIH 6om,mHHCTBa_KpHCTaAAOB A~10-2 

R BOJIHOBUe qJYHKUHH aTOMOB Ilp8KTH'l8CKR He nepeKPUB8IDTCJI. CymecTBYIDT, 
O.Il,HaKo, KPHCTaJIJil,I, }J)I.Jl KOTOpHX 3H8'18Hll8 /\ He MaJIO. TaK, H8npHMep. ¥JI 
TBep.Il,HX H30TOIIOB reARJI, r.n.e B38HMO.Il,8ffCTBHe Mel!UJ.Y aTOM8MH xopomo OIIH
CUBSeTCJl IIOTCHUHaJIOM EeHHap.n.a-.rr.xoHca 5,6 

Ucr> = 4-E{ (~f2
- 2 (~/} /B2/ 

C f = 10,22 K H <r = 2,87 t 3H8'18HHJI napaMeTpOB .n.e Eypa p8BHl,I 

I\ " = 0 3 8 I\ ~ = 0, 4-4- /B3/ 
HeT ' • He • 

TaKRe KPHCTaJIJili, B KOTOPHX 8.MIIJIHTY.D.H HYJieBHX KOJie6aHHI He MaJIH, 
R nepeKPHTRe BOJIHOBl,IX 4'YHKUHff coce.n.mu: aTOMOB 3BMeTHO OTJIH'IHO OT HYJUI, 
npHHJITO H831,1B8Tb KB8HTOBWH. B H8KOTOPHX KpliCT8JIJiax MoryT 61,1Tb B8JIRKR 
8MIIJIHTY.D.H TOJibKO HeKOTopwc KOJie6aHHft. HanpHMep, npnMeceff BO.D.o~ona B 
M8Tpauax THX8Jil:OC MeTaJIJIOB /u:apKOHHff. HR06nff. IlaAAa,IUlffH }JJ)./ • Taue 
Kp!l.CT8JJJW ,' JIBJ!JD)TO.ll RBaHTOB!iWl OTHOCHT8JibHO COOTB8TCTBYJ]l{l!IX' OT8II8H8R 
CB060.Il,U. 

HaKOHeu, eCTb caryamiu. B KOJOPWC .n.eqieKTH o6pasym BOKpyr ce6JI 
CJ!OllHH8 KOHqiaI'ypaIUm /KPSY.IUIOHH, COJIB.TOHli B KB~3HO.Il,HOM8pHl,IX CTPYltTY
pax/ 8 , 9 , 10, COCTaBJieHHue:.na 6om,moro 'IHCJia aTOMOB, HO 06Jia.llaDl!H8 Ma
JIOI aqxleKTHBHOff Maccol. SqxleKTHBHH~ nepRO,IUl'leCKHft IIOT8HUH8Jl.}J)I.Ji TaJCHX 
o6paaOB8HBff H8.Il,OCT8T011HO rAY60K,.'IT06H JIOK8JIH30B8Tb HX. B 8THX QAYlla
JlX BeJm'IHH8, COOTBeTCTBYJ)maJI nap8M8TPY .n.e Eypa, MOX8T 6HTb naxe MHOro 
60J!bme 8,IUlHHUH, R IIQAYRJiaccH'l80K08 p8CCMOTpeHH8 T8KHX neqieKTOB CTaHO
BHTCJl H8a,ll8KB8THl:M. 

9 
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Bo Bcex STRX CHTYanB.RX TeopHH ,neq>eKTOB ,noJIXHa CTpOHTJ:,CH C yqeTOM 
KBaHTOBWC S~KTOB. CJie,nyeT HMeTJ:, B BH,ny, qTo KBaHTOBHe S~KTH oKa-
3HB!lllTCH itJj'H,IlaMeHTMJ:,HO BruKHl:lMH. OHR npHBO~T K ITOHBJleHHll HOBOro 
THna .IIBBlteHHH - KBaHTOBoro TYHHeJIJ:,HOrO "npoTeKaHHH" aTOMOB. A ,nonycTH
Mlrll BM ,llBBlteHHH - nepBOCTeneHHM xapaKTepBCTHKa JIIX5ott CHCTeMH H3 
MHorruc qacTHU. OHa ,noJIJKHa BXO~TJ:, B TeopeTaqecKYD MO,nem. C TaKott Jte 
H~06XO~MOCTJ:,ll, KaK B CTPYKTypa. KaK yxe YK83HBMOCJ:, /CM. CHOCKY Ha 
CTp. 8/, TBep,noe TeJIO B l!tH,llKOCTb OTJUiqaDTCH He TOJIJ:,KO CTPYKTypott, HO 
B xapaKTepHHMH BB,ll8MH ,11.BHlteHHH. HaRHqBe llte HOBoro, TYHHeJlbHoro ,11.BHlte
HWl - rJiaBHM npn'!RHa,no KOTOpoil MOJKHO H83BaTb KBaHTOBH8 KpllCTaJIJIH HO
BHM COCTOHHll8M BemecTBa.OHO p8,IU1KMbHO M8HH8T TaKJK8 IlOB8,Il8lIB8 .ll8W8KTOB 
- OHll ,ll8JIOKMll3yJ)TCH ll npeBpantaIOTCH B HOBH8 SJ18M8HTapHH8 B036yJJOJ;8HllH, 
Ilo.nyqllBlllli8 H83BaHll8 .ll8W8KTOHOB.COrJiaCHO npwnumaM,KBaHTOBOli M8XaHHKH, 
COCTOHHll,8 ,Il9W8KTOHa xapaKTepnsyeTCH yxe H8 ero Il0Jl0llt8Hll8M B KpllCTaJIJI8, 
a KBaBllllMDYJlbCOM ll 3aKOHOM ,IlHCll8pCllll.TaKID4 o6pa30M .ll8W8KTOH ,1Umllt8TCH 
CKBO~J:, Iq>HCTaJIJI KaK CB060,D.Hllll qaCTHUa. BaJtHoe OTJmqBe 30HHoro /,11.eqieK- , 
TOHHOro/ ,IIBBJteHHH OT n_piaKOBoro nepeMe111eHHJ1 OpOHBJIHeTCH Trutlle B TOM, 
qTo COOTBeTCTBYDlll!lll eMy qacTOTa nepexo,11.oB nponopUROH8RbH8 H8 BepOHT
HOCTH, a 8MIIJUlTy,ne BepOHTHOCTH TyRHem.Horo nepexo,na*. 

IlepBaH,,q>eHOMeHOJIOrBqecKaH reopHH ,11.eq>eKTOB B KB8HTOBHX Iq)HCTM
Jiax 6SRa npeMOZeHa B 1969 r. A.~.AH,npeeBHM H H.M.]H41DHU8M 11• B HeA 
roqeqgge .ne(fleKTH paCCM8TpBBaDTCH KaK ,neJIOKBRH30B8HHHe B036yz.n.eHHH, 
npaRTH.'lleCKH CB06o,nHO ,nBBltYIIIH8CH CKB03J:, Iq>HCTaJIJI. B pesyJI:&TaTe ,nnq>
%'3HH .ne(fleKTOB IIpBo6peraeT xapaKTepHHe qepTH reqeHHH ".ne(fieRTOHHOA 
ZMKOCTH". ABTOPH npe,nIIOJIOn!JUI, qTo T8K8H lm,nKOCTJ:, MOJteT CYlll8CTBOB8Tb 
H npn HYJI8BOH T8MII8paTyp8.KBa3HqacTHUH,H3 KOTOpwc Olia COCTaBJieHa,no 
JiyqHJIB H83BSHHe HYJieBHX .ne(fleKTOHOB. KpBCTaJIJl C HYJieBHMH .neqieKTOH8MH 
He HMH8TCH HH lUl,nKOCTbll, HR TBep,nHM T8JIOM. B HeM qacJio YBJIOB OTJUl
qaeTCH OT qacJia STOMOB B KPHCTaJIJie. IlOSTOMY B03MOXHH .IU38 BM8 ,IIBHXe
HBH. IlepBHA HS HHX CBH38H C .IIBBlteHBeM YSJIOB pemeTKB H xapaxrepeH ,nJIH 

ynpyroro TBep,noro TeJia. BTopott THn .IU3B1teHBH CBH38H C nepeHOCOM M8CCH 
.ne(fleKTOHaMH npH HenO.ItBHltHHX ysJiax pemeTKH, B xapaKTepeH JJ,1Ul: m!,llKOCTB. 
ABTOpH HCCJl8,llOB8JIH TBKJte M8Iq)OCKOllH'lleCKH8 ypaBHeHHH ,llBUeHHH JJ,1Ul: 

KPHCTaJIJia c HYJieBHMB BaKaHcHOHBMR H noKa38JIH, 'IITO B TaxoA cHcTeMe 
B03MOllteH CBepxre~HA IlOTOK M8CCH. 

~ ' 
vTO MOZHO llOHHTJ:, H3 COOTHomeHHH Heonpe,neJieHHOCTeA Ll f:.. 1:' ~ 'Ii, 

eCJIH yqeCTJ:,, 'IITO LJ. E COBna,naeT C pac111enJieHHeM ypoBHett, 06yc.110BJ1eHHHM 
TYHHeJil>HoA npoHHuaeMocr1,D 6ap1,epa, pas.neJIJilllllero coce.nHHe ysJili, T.e. 
c BMIIJIRTy,noA BepoHTHOCTH nepexo,11.a A • Tor.na qacTora nepexo.noB 

-r:-1 ,,_, A /ti.. 
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MeH1,me ro,na cnycTH noHBHJiac1, pa6oTa raffepa H 3eAHa 12, noc:wmieH
HM cneKTpynpllM8COHOB llB03MOl!HOCTH era o6HapyxeHHSi MeT0,11.0M smepHoro 
MBrHHTHOro pe30H8HC8. 0,nHSKO B Hett He YKa3liBMCH H8,n8l!HHA cnoco6 BH
qacJieHHH napaMeTpOB, BBe,neHHWC Teopaelt. B TOM xe ro,ny 8BTOPOM 6HJia 
onyMHKOBaHa nepBaH MHKpOCKOnHqecKasI TeOpHH ,11eq>eRTOHoB 1~ CBJi3liB8DllaH 
HX xapaKTepHCTHKB C MaKpOCKonHqecKHMH xapaRTepHCTHKaMH Iq>HCTaJIJI8. 
B Hett noJiyqeH saKoH ,nHcnepcHH ,11e(fleKT0Ha, paccMoTpeHo ero pacceHHHe Ha 
q,0HOH8X H ,neq>eKTOHax, Hafl,neHa T8MllepaTypHM saBHCHMOCTb ero MHHH CB0-
60.nHoro npo6era IE, YKa38H8 npHHUHITHMJ:,HaH pOJIJ:, Y30CTB ,11e(fle!CTOHHOtt 30HH 
B npoueccax pacceHHHH, npe.ncxa3aHo cymecTBOBaHHe ruraHTCKHX ceqeHHff 
pacceHHHH H .IIBJieHHe q,0HOHHO~ JIOKaJIH3auHH. PacqeTH B8K8HCHOHHOA 30Hs14 

no STOA TeOpHH ll0Ka3MH, 'IITO ee mBpHHa B Iq>HCTMJiax reJIHH llOplI)J.KB 
HeCKOJIJ:,KRX rpa,nycoB. 

KBa3aqacTHqHoe IlOBe,neHHe npH~ecen B TBep,noM reJIHH Bll8pBHe 6HJIO 
06Hapy1teHO PHqap,ncoM, IloynoM H Yatt,nOMOM 15 no KOHUeHTpSUHOHHOA 38BHCH
MOCTH K034¢HUHeHT8 ,nHifxpy3HH. 0,nHaKo oueHeHHM HMH aMilJmTY.118 nepexo.na 
JVI.ll .ne(fieKTa 0KasBJiac1, Ha 2-3 nopsmKa MeH1,me no cpaBHeHHD c Toi xe Be
;n1qnHoi1 .n,m co6cTBeHHoro aToMa. 06MCH8Hl1Jl STol MSJIOCTH He 6HJIO. B TOM 
lte ro,ny JlaH,necMaH H BBHTep 16 npe,nJIOlCHJIH ,nJI.ll npHMeCOHHOft ,nn!fiw3HH ,npy
ryIO KOHUeHTp8UHOHHYll 38BHCHMOCTJ:,, HO pe3yJibT8T YJIYlllllHJICSi He3H8'11HTem.
HO. B 1973 r. B pa6oTax Ece~i,coHa, MHxeeBa, rpnrop1,eBa H .np. 17- 196SRa 
H3MepeHa He TOJIJ:,KO KOIIlleHTpanHOHHaH, HOH TeMnepaTYPHM38BBCHMOCTJ:, 
K03qxfiHUH8HTa .Il,Hffl3HH, npe.ncKa3aHH!lll B 11 •13, O,nHSKO oueHKa aMMHTY.D.H 
nepexona /o6MeHHOro HHTerpaJia/ OT SToro He ll3MeHHJiaCJ:,. 06'!.HCH8HHe B03-
HRKruaJt8MY napa,noxcy 6H~O Hai1)leHO aBTOpoM 20 - OHO CB.llSaHO c TeM, qTo , 
npn o6pa60TKe aKcnepHMeHTMbHIDC .naHHWC He 6wm npHHHTli BQ BHHMBHHe 
rHrBHTCKHe ceqeHHH ,11.eq:eKTOH-,neq>eKTOHHOro ~acceHHHH B .npyrxe oco6eH
HOCTH KB8HTOBOi1 ,nmf¢iy3HH, YK838IUIU9 B 13• 4, lJ.aJII,H8AmHe 8KCnepl!MeH
TaJibHHe HCCJ18.)l0B8HHH IlO~HOCTJ:,IO IlO.)lTBep.nH~H npaBHJIJ:,HOCTJ:, reopHH. TaKHM 
o6pa30M cymecTBOBaHHe ne(fleKTOHOB CTaJIO HenpeJIOJ!HHM iliaKTOM, 

EcTeCTBeHHO, KB83H'llaCTllqHoe noBe)leHHe .ne(fleKTOHOB npOHBJIH8TCSi He 
TO~J:,KO B .IU1ifqly3m!. O.nHaKO .)lJlJI CTaHOM8HllH 'Been TeOpBH .ne(fleKTOHOB 
KB8HTOB8H ~ffl3HH CHrpMa pem8IOIUY!l POJIJ:,. Ha Helt He TOJIJ:,RO 6HJIH npo
BepeHH OCHOBHHe npHHUHilH KB83B'll8CTH'IIHOro OilHCaHHH;OHa 003BOJIHJI8 TaK
lte oueHHTJ:, SHepreTHqecKHe xapaKTepHCTBKH .ne(fleKTOHOB. Ha Cp813H8!UIH Te
OpHH c aKcnepHMeHTOM BnepBse 6sJia no~eHa mHpHHa npHMecoHHOA soHs 2~ 
0Ha .nei!CTBHTe~J:,HO OKaaaJiaCJ:, qpe3BsqaltHO Y3KOI - L'1~1o-4 K /Ha 4-5 no-

* cneKTp, pacceHHHe H .llJIHHa cBo6o,nHoro npo6era cocTaBHJIH co.nepxa
m1e .nnn~OMHOtl pa6oTH aBTopa /MI'Y, 1968/ ,PesyJlbTSTli T8MII8p8TypHOit aaimcia
MOCTH MliHH CB060,ru10ro npo6era ~OKJI8,lUlBaJlliC1, aBTOPOM Taltllt8 HS B-ropoit 

ii BCOCOJ03HOll KOHqJ8p8HUllll no Teopnu TBOp,noro T8JIS /MocKBa' I969/. 
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PH.nKOB MeH:i;me mHpHHbl BaKB.HCHOHHOfi 30HH/, EoJiliID!UI paa!llilla B mHpHHax 
30Hbl npHMeCOHOB H BSKaHCHOHOB 06yCJIOBJiliBaeT, KaK Mbl YBH.I(HM .IlaJilime, 

CYllleCTBeHHOe pasJIHqae B ITOBe;iteHHH 3THX KB83HqacTHU, 
Y30CT:& npHMeCOHHOli 30Hbl BaJtHa He TOJI:&KO Ra.K npHtrHHa CyllleCTBOBa

HR/i rHraHTCKHX cetremra paccemmH. Kai noKaaaJI AH.npeeB- 21 •22 , TOT qJSKT, 
'ITO OHS HBJIHeTCH HSHMeH:&IDHM aHepreTHtre"cKHM napaMeTpOM, HMeeT .nJIH .I(liip

g,yaHH npHHUHilHaJI:&HOe 3HatreHHe, npyrHe 3~KTbl, CBH38HHHe C Y30CTlill 
neq,eKTOHHOtt 30Hbl, 61:lJIH npe.IJ;CK838Hbl B 23• 4 ; cpe.I(H HHX - B03MOlKHOCT:& 
o6pa30B8HHH CBOeo6pa3HblX KBaanqacTHU, COCTaBJieHHbIX H3 CBR38HHHX MeJK,Izy 
co6o! ne\IieKTOHOB, IlpH 3TOM oco6blit HHTepec npencTaBMDT :itBYMepHHe H 
O;ItHOMepHHe KBaanqacT.HUH, ;ItBHlteHHe KOTOpHX B TpeXMepHOM KpHCTaJIJie 

orpaHHtreHO B ITJIOCKOCTH HJIH Ha npHMott. 
CoBepmeHHO HHatre npoHBJIHDT ce6H mHpOK030HHHe BSKB.HCHOHH, Mx BJIH

RH:ll.e Ha CTEYKTYPY KpncTaJIJIHqecKo~ pemeTKH paccMaTpHBaJioc:& B pa6oTax 
aBTQpa10 , 2 , rne npencKa3aHH ;itBa HOBHX 3qJqleKT8 - B8K8HCHOHHOe oqnllleHHe 
KpHCTaJIJia OT npHMecett H BaKaHCHOHHOe o6p830B8HHe aaponbIIDeH HOBOli 
l}l83bl. AH.npeeBbIM 26 6b1Jla paccMOTpeHa CTPYKTypa BaKaHCHli B TBep;itOM 3He H 
npe;itCKB.38Ha B03MOlKHOCTb CYllleCTBOBaHHR BaKB.HCHOHHOro q,eppoMarHeTHKB. 
/cM. TaKJKe Z7;. PacceRHHe BaKB.HCHOHOB Ha 4lJIYKTYanHRX cnnHa H Ha npH

MeCRX B MO.IJ;eJIH Xa66apna HCCJie;itOBaHO ilHpa;itamBWIB 2~ lillHeTHKa B8K8HCH
OHOB B MO;iteJIH_pemeTOqHoro raaa paccMaTpHBaJiaCb Bap.naHRHOM 2~ BKJia;ity 

xe neq,eKTOHOB B, TenJioeMKOCTb H:ffyrHe TepMO.I(HHaMHqecKHe xapaKTepHCTH
KH TeJia IlOCB.flllleHH pa60TJil 10 • 30- 2_ 

IlpencKaaaHHOe B pa6oTe AH;ItpeeBa .I! JIHcpnHUa 11 HBJieHHe cBepxTeey
qecTa .KBSHTOBoro iHCTaJIJia BlilSBaJIO llOTOK TeopeTHqecKHX H 3KCnepHMeH
TaJibHHX pa6oT 38-3 • Cpe.I(H Hll.X OTMeTjfM pa60TY JlRy 35 0 B03MOlltHOCTH 
llORBJI6HHR CBepxTeeyqero IlOTOKa 8HTPOllHH, 

IlpH yBeJIHqeHHH KOimeHTpanHR neq,eKTOHOB B38HMO;iteficTBHe M6J!UIY 

f!1IMR YCHJIHBaeTcR,H OHH JIOK8JIR3YDTCH. KHHeTHKa neq,eKTOHOB B YCJIOBHRX 
CaMOJIOKaJIH3anHH pa3BHBaJI8Cb B pa6oTax KaraHa C COTp. 37~38• 

npyrHM.TRllOM ;iteq,eKTOHOB, CBR38HHHX C .Il6JIOR8.JIH3anHef CJIOlltHHX 
MHoroqacTHqHHX o6paaoBaHHli COJIHTOHHOro BR;ita, RBJ!RDTCR HeJIHHefiHHe ne
q,eKTOHH / COJIHTOHHJile BOJIHbl/. OHR 61i1JIH BBe.IJ;eHH aBTOpOM B •14 cHaqaJia ,nJIH 
OllHCSHHR Kpay.I(HOHOB B KpHCTaJIJiax. BllOCJI8.IlCTBmI OKa38JIOCli, qTo 8HaJIO
rHqH1,1e aif$lKTbl .IlOJ!XHlil HM6Tb MeCTO Tane B KBaSHO;ItHOMepHHX CTpyKrypax 
THna noJIHaneTHJieHa g' lO, B KOTOPHX CTpYKTYPHble .neq,eKTbl np.l!BO.ll)lT K He
UHeffHblM o6paSOB8HHRM COJIHTOHHoro Tana. KBasHqacTHqHoe OllHCaHHe TaKHX 
o6~8KTOB ITOSBOJIHeT HCllOJIJ,SOBaTli npH HX pacCMOTp8Hl!H xopomo paSBHTble 
MeTO;Itlil KBaHTOBOtt MeXaHHKR, C HX llOMO!lll>D, HaripHMep, paccMOTpeHO "qepeH
ROBCKOe" llSJJY'ieHBe <pOHOHOB Kpay.I(HOHHO! BOJIHOtt B , 
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K HeJIHHei4HblM neq,eKTOH8M OTROCJiTCR TaKllt8 COJIHTOHHHe o6paso-
BaHHR rIOJiflPOHHOro THITa, npe.IJ;CT8BJIHDl!He CBR38HHble COCTORHHR neq,eKTOHa 
C g'oHOHBMH 39 -41, 

BaJKHOCTb HeJIHHetiHblX 3qJqeKTOB IIOCTaBiw:a sa.naqy O ITOCTpoeHHH no

cJie;itoBaTeJiliHOtt HeJIHHefiHOfi Teopnn .nnHBMHlill KpHCTaJIJia npn HaJIH'IHH KBa
snqacTHqHl,IX Bos6yl!Ul;eHHtt C npoHSBOJibHbIM saKOHOM nncnepCHH, TaKM TeOpHR 

.IlOJilltHa·conep7~Tb cav.ocorJiacoBaHHYJO CHCT8MY, COCTOHlllYll HS ypaBH8HHff 
H8JIRH8liHOH TeOpHH ynpyrOCTH, KHH8THqecKoro ypaBH8HHR ll,JlR KBasaqacTnq
noro rasa, H /B cJiyqae sapIDKeHHbIX KBasnqacTHU/ ypaBHeHntt MaKcBeJIJia. 

Han6oJiee CYlll8CTB8HHblfi Bonpoc npn 3TOM - onncaHHe .I(HHBMHKH KBasa
qaCTHII B HOCTaIIHOHapHO neqopMHpyeMO.lt KpHCTaJIJIHqecKott pemeTKe. Ero pe
menne CBR38HO, B OCHOBHOM, C .IlBYMR Tpyii;HOCTRMH, l1epBBR Blil3BaHa TeM, 
qTO KB83HHMilYJibC H saKOH .I(HCITepcHH KSK nepHO)];HqecKM gJyHKIIHH_OT KBa-. 
snaMnyJI:i;ca xopomo onpeneJieHH TOJibKO B aneaJI1,Ho nepnoii;aqecKott pemeTK~ 
RBJ!Rlllll8RCH npHBHJiernpoBaHHOli CHCTeMott OTcqeTa. raJIHJieeBCKHX npeo6pa-
30B8HHfi )l;JlH KB83HqacTHqHHX xapaKTepHCTHK HeT, H RX HyltHO qeM-TO sa
M8HHTb, BTopaR Tpyii;HOCTli CBR38Ha C T8M, qTO rpaHHU~ 30HH EpHJIJID3H8 

MeHRDTCR BO BpeMeHH H 38BHCRT He TOJibKO OT necpopManHH B .Il8HHblli MOM8HT 
BpeMeHH, HOH OT CKOpOCTH pemeTKH. 3TH TPY.IlHOCTH'XOpomo H3B8CTHH B 
a~eKTpOHHOtt TeOpHH M8TaJIJioB42 •43, HO Bee ITOITHTKH HX npeo,noJieHHR He 
BHXO.I(HJIH sa paMKH JIHHettHHX TeOpHtt. IlpH JIHHeapHsannH Ee B BblpaJteHHJiX 
)l;JlH ~HSHqeCKHX BeJIHqJiH /sHeprHR n T.n./ Bcerna ITOHBJIHDTCR Henepno.I(H
~ecKHe qJieHH, H8COBMeCTHMlie C nepHo,IJ;HqHOCTlill glyHKIIHH pacnpeneJieHHR, 
qTo M8WaJIO cosnaHHD HenpOTHBOpeqHBOtt CaMOCOrJiaCOBSHHOtt TeopRR Hae no-
3BOJI.RJIO Y'illTbIBaTb 3aBHCHMOCTb rp~ SOHbl Ep.wumaaa OT cxopOCTK,Bllep

BHe llOJIHM HeJIHHeiHrui TeopHR .I(HHaMHKH necpopMHpyeMoro TBepnoro T8Jia 
C KB83HtraCTHqHblMH B036y~eHHRMH C npOHSBOJibHblM 38KOHOM .I(HCITepcnn 6wra 
llOCTpoeHa B pa6oTax 44• 45• OHa HSJiaraeTCR B r~aBe v. 

- I 

Ha 8TOM R saKoHqy BBe,neHHe B npe.IJ;MeT Hero HCTOpHID. IlOJib3YRCb 
npaBaMH JI8KilHOHHOro llt8Hpa, R Bb16paJI )l;JlH H3JIOE8HHR TOJibKO T8 BonpocH, 
KOTOpble, Ha Mott BSrJIR.IJ;, npe,ncTSBJIRDT HSH60JiliWHtt HHTepec C g)RSHqecKott 
.HJIH M8TO)l;H~ecKo! '1'0"1IW speHHR. YqRTHB8R BeqHoe npOTHBOpeqne Mel!t,ey 

CTporocTbID n RCHOC1bD, R pemHJI PYKOBO,D;CTBOB8TliCH npe~e Bcero coo6pa
lK8HHRMH )l;OCTOBepHOCTH H y6e)];HT8JiliHOCTH. IlpH 3TOM CllHCOK JIRTepaTYplil 
COSH8T8JlbHO C0Kp8lll8H no .Toro MHHHMYM8, KOTOpbIH HMeeT npm,ioe OTHOID8HHe 
K ITOHHMaHHID U3JiaraeMHXH)l;ett .H pesyJiliT8TOB, a TaKJKe He npeHe6peraeT 
npHopnTeToM HX aBTopoB. 
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"JI:ropdx, I'appuc u MoHMOPaHcu - omHvdD 
He no3mu~ecKuu udeaA, HO cy~ecmaa U3 nAomu 
u Kpoau; a oco6eHHocmu JI:ropdx, Komopuu 
aecum oKoao 170 ¢yHmoa". 

JI;r.K.JI;repoM. "Tpoe a aodKe •.. " 

rJiaBa I. :3HEPI'ErWIECIDM CIIEKTP .ll~EKTOHOB B KBAHTOBHX KPl1CTAILlIAX 

§ 1. l;:1ne8.Jil,HHe.KBaHTOBHe .KpHCT8JIJIH. TBep.nw\ reJid 

KaK yse OTMeqaJIOCL BO BBe,neHHH, OCHOBHOI xapaKT8pHCTHKOI KBaHTO
BOro KPHCTaJIJia J!B.1Ll!eTC.fi HaJIHtme 60JILmHX HYJieBYX KOJie6aw aTOMOB. IlpH 
3TOM KBaHTOBOCTL npO.fiBJI.fieTC.fi no T8M CTeneH.fiM CB060nH, no KOTOpHM Be~ 
JIHK napaMeTp .ne Bypa /B.1/. TaKHM o6pa30M, B KJiacc KBaHTOBYX KpHCTaJI
JIOB BXO,Il,.fiT TaDe T.Rl'.eJIHe MeTaJIJIH /naJIJia.nd, HJI06Jrl\ H ,np./, B KOTOpHX 

XBaKTOBYM JD31Ill8TC.li llOB8A8llH8 Jierux npoeoel BOAOPO,Ita 7 ,46 ,47 TB8p.u;Iil 
BOAOPOA C llpliDol8CJDm aToMapxoro BOAOpO,Ita 48 •49 ,weTaJJJD[q8Cal BOAOpoA50 

JI ,lij). 
HOTOpHqecKH, O.Jn{aKo, (pHSHKa KBaHTOBYX KpHCT8JIJIOB HaH6oJiee TeCHO 

CBii3aHaC.TBep.nYM reJIHeM. TBep,IUiR rem JIBJI.fieTC.fiHaJl60Jiee nOJIHO HSY
qeaHlilM KBaHTOBliM KPHCTaJIJIOM. BY60p reJIH.fi B KaqecTBe 6asoBol CHCT8MH. 
;nJISl npoBepKB OOHOBHHX H,ll;el H pe3ynTaTOB TeOpHH o6ycJIOBJI8H Ta:KXe p.fi
ioM Jq>yrBX 06QTO.fiTeJILCTB, KpHCT8JlJIY reJIH.fi OTJ1Hq8.J)TQ.fi HOKJill'll!TeJILHOI 
'<UICTOTOI - enaHcTBeHHa.fi npHMeci B HHX - H30TOnHqeoKBJI, npHqeM xopomo 
ltOHTpOJDipyeMEIJl B oqeHL mHpOKHX npe,neJiax. 06a H30TOna reJilLCI .fiBJIJ'il)TC.fi 
npe,ncTaBHTeJIJ!Mll ,nByX ltBaHTOBYX cTaTHCTHK - 6038BCKOI.H ~pMHeBCKOft, 
a KaJKAYl H3 HHX KPHCTaJIJIR3yeTC.fi B Tpex MO,nH~Ka!U!.fiX. TaKHM o6pa3oM, 
TBep,IUiR reJDlft - &To mecTL KBaHToBYX KPHCTaJIJIOB, cocTaBJieHHYX 
H3 aTOMOB Boero 'JI$1X H30TOllOB • 

KaK yxe OTMeqaJIOCL BO BBe.neHHH, nOJIHoe onacaHHe Mo,neJILHOI CHCT8MH 
BltJIDllaeT B ce6s HS TOJILKO OllHCaHHe CTPyKTYJlY H COCTaBJIJDlltHX ee qacTim, 
HOH 3anaHHe OCHOBHYX BH,D;OB ,nBD8HH.fi B Heft, HJUl, qTo TO se, 3JieMeH
TapHYe B036~eHH.fi KaK 3JI8M8HT8pHYe HOCHTeJIB 3THX ,nBHJlteHd. B 3TOM 
CMYCJie KPHCTaJIJIH 4He c He60JI1,mHM KoJIHqecTBOM HSOTOllHqecKHX npHMeceft 
H BaKaHCd CJcyZaT pe,nKHM npHMepoM peaJil,HO cy111ecTBYD11el MO,neJILHOI 
cHcTeMY, B KOTOpol sJieMeHTapfWMl! Bos6~eHrurMH .fi.BJI.fiJJTC.fi TOJILKO 40HOHY 
H ,ne~KTOHY /BaKaHCHOHY H.npHMecoHY/. IlpH 9TOM HH8Ka.fi TeMnepaTYJ)a 
MaBJieHH.fi no cpaBHeHHD C TeMnepaTYpOI .lle6as. llpHBOAHT x·npoCTOMY JlHHeft
HOMY saROHY nacnepcHH ;nJISl 40HOHOB BO Been 06JiaCTH CYJlleCTBoBaHH.fi TBep
.nott qiasy. 

~aSoBYe naarpaMMY HSOTOilOB reJill!Ji llOKaSaHY cxeMaTHqecltlt Ha pHc.I. 
H~Hc.2. Ha pHC,3 IlOKa8aHO CMe111eHJie rpauim (pB.3 B saBHCHMOCTH OT KOH

~SHTpaIJ;HH npm1ecHYX aTOMOB 3He B TBep,noM pacTBope 3He-4He. 
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Puc. I. Pnc. 2. 

L5H--t--l---+ll-l 

2: LOI I I I J JI I 
6 

0:351 I F I ,r1~ ,1 I ~ 50 1 I I V I 
a: 

LO I u_ul-...,,t :t=.! I I 

30 i:..-:?!!'r/ f"-·1-·1 

0,5 1,0 1,5 2,0 1,0 1,L 1,8 2,2 T,K 
T,K 

. CL 5 
Pac. 3. ~a80DH8 ,IUiarpaMr,ru / 5l/ TB8p,IUIX paCTBOpOB 3He - 4He B 06.nacTll 
nepeXOAa ow- - ruy IIpll p113JllI'IlUIX KOH1{8HTPaitWIX X aT,OMOB 3Ha: a) l -
- 0,75Jo, 2 - 2,17%, 3 - 6,3%; 6) x = 7,78%; o - O,IUia TB8PMJI qia3a, 
I - CM8C:E, 0~ 11 ruy clias, 

Tao;nma 1. XapaKTepm,e 3Hatiemm TeMnepaTypu .lle6M 0 , .ne6aeBCK011 
CKOpOCTil 3BJK8 S , JJ,aBJieHim 38TBepn,eB8HH.fi P, p8CCTO.fiHH.fi MElJR,JJ,y 6JIHJKB.ff
lllilMU COC8,URMH a ll cpe.unee paCCTORl!ne Mellt.JJ,y 8TOM8Mli . ii . 

Vm [cM3] 0 [K] s [M/cJ P[aTMJ a: [iJ a. [i] 

3tte - OUK 24 19 240 29 3,73 3,42 4He - rny 21 26 320 25 4,13 3,27 
OUK 21 36 390 3,57 3,27 
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3aaqeHM HeKOTOplil xapaitTepHllX napaMeTPQB qHCTWC lq)HCTaJIJIOB re
JIHR nauu B Ta6.n.I •. nonoJIHHTeJIJ,HHe cBe.n;em,:g o re.mH aero TBep~ pac

TBopax MOJIHO HaitTH B 5t-55 • 
liHTepeCHO OTM6THTh, qTo KpHCTaJIJili reAHR ue no.n;qaffllllTCR "KJiaCCH

qecKOMY" npaBMY EopHa, corA8CHO,KOTOp0MY ueo6xo.mmllt,! YCAOBHeM ycToll
qzBOCTH lq)HCT8JLl!HqecKOtt pemeTKH ~eTCR Be~eCTB6HHOCTh qx)HOHHHX qac
TOT. Iloc~enHee 8KBHB8JI6HTHO Tpe60B81U!Jl, qTo6u onaoqacTHqHHe noTeHUH
Wlli STOMOB HMeJIH MHHHMYMH B ySA8X pemeTKH. 0.IJ;HaKo, K8K IlOK83MH BeTTe 
H HH~6yp 5 , ecJIH acnoAosoBaTo noTeHUHM ~euuapna-;lbtouca /B.2/, KOTo
plift oqeno xopomo oOHcHBaeT B3aHMo.n;elcTBHe MeJ!UlY aTOMSMll reJIHR B raso
o6pasnoM H llH,IlKOM COCTORHHH, TO !pOHOHHHe qacTOTli lt]IR o60HX HSOTOllOB 
K8K

0

B reKCal'OHaJll,HOR IlJlOTHOyna.KOBaHHOtt/rny/, T~. H B rpaH8I1;8HTprq>OB8H
Hoit Iq6F18C1tO! /~/ qiase .ItOJllltHH 6HTl> MHiOOOOI BO BCait SOH8 EpmaHa. 
OHH CTSHOBRTCR Be~ecTB6HHHMH, TOJil,KO ecJIH YM6°HhWHTh o6'beM peam,ao cy
~eCTBYJ)IIU!X KPHCTaJIJIOB B H6CKOJil,KO pas. TaKHM o6pasoM, TBepnwt reJIBll 
c~eCTBY8T B KJI8CCHqecKH sanpe~eHHOf ~8CTH. MHll.MOCTh qacTOT OSHa
qaeT, qTo O,IJ;HoqacrHqHaR noTeHIJ;H8.1Il,HaR .flM8 aTOM8 HM66T B pemeroqHOM 

ys~e He MHHHMYM, a AOKEUil>Hlift M8KCHMYM. 
C .npyron CTOpOHll,8KCll8pIDl8HT YK83liB88T aa·H8JIB'U'I8 xopomero ~OHOHH~~ 

ro cneKTpa,eCJnt Cy.nHTl> no T8IlJl08MKOCTH,CKOpocT~ SByxa,uo.nyJIJn.f ynpyrocT 
H T8Mnepatype.ne6aR.3TO osaaqaeT,qTo nepBli8 KB8HTOBli8 ypOBHR A8lltaT .n;o
cTaroqao BliCOKO H8n nenTp8.1Il,HID,! MaKCHMYMOM, H HX suaqeHHR MOJ[HO annpo
KCHMHpOB8TD, 38M8Hrul'. HCTHHHYD RMf aqqeKTHBHID,! rapMoHHqecKHM IlOT6HUH8-. 
AOM. IlpH 8TOM lq)HBHSHa a{WieKTHBHOro noTeHIJ;HMa ~eTCR IlJlaBHOI \PYHK
nmel TeMnepaTYpli H .n;aMeHHR. TaKol no.n.xon, llOJIY'IHBwffft HasBanze MeTona 
CaMOcor~aCOBSHHHX qx)HOHOB, ll03BOM6T RCllOJII,30B8Tb rapMoimqeclcy1) T80-
pl!.I) TBep.n;oro T6A8 H BB8CTH llOHRTHe O qioHoaax. BHn H8CTORll!ell llOT6HUH
MbHOI .flMli, O,IJ;HaKo, MHR6T Ha qx)pMY BOJUIOBOI \PYHKilHH 8TOMa, 3H8qHT6Jil,
HO ymHpRR ee H yBeJIHqHBaR, T8KHM o6paSOM, BepORTHOCTb TYHH6Jil,Hl:lX ne- •· 
Jl6XO.IlOB, 

nM aTOMOB 3iie, 06A8n8~ CllHHOM 1/2 H OTHOCHT6JII,HO 60Jil,IDHM 
MSI'HHTHliM MOM6HTOM, 06M8H STOMOB M6CT8MH 8KBHB8JI6HT6H CllHHOBOMY 06-
Meay /noTeHUHM BSaHMO.n;ettcTB'l!ll npaKTHqecKH He 38BHCliT OT cmma/, H 
ll0.n,1I6UT 8KCnepHM6HT8Jil,HOMY H86JIIO.n;e1U!Jl /Hanp. M8TO,Il;OM .HMP 55 /. OH . 
IlPHBO.n;HT T8D8 K IlOHHX6HHJl BHeprHH o"cHOBHoro COCTORHHR 'KPHCTaJIJia56-6 ¼ 

06M8HHHM 84$!KTaM B KBaHTOBHX lq)HCTaJIJiax 6es .n;eqieKTOB llOCBR11!6HO 
6onmoe KOAaqecTBO pa6oT /cM.56-62 H UHTHpOBSHHYJO T8M AHTepaTypy/. 
06~ee B 60Jil,WHHCTBe 8THX pa60T - HCilOJI1,30B8!me BapHaIU!OHHOil -npone.n;y
Pli, OCHOBaHHOI Ha CA6.IJ;y!O!ll8H (llasuqecxott MO,IJ;eJIR. Bee 8TOMll reJIHJl Haxo
.Il;RTC~B ~BOHX YSAax H OIIHCllB8JlTCR O,IJ;HoqacrHqH!:lW!, BOAHOBHMH \PYHKUH.flMH 
<Po-z.- R;,I) , r.n;e ~. - KOOp.n;HH8T8 8TOMa. a R. - "BeKTOpmill HOMep" 
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ys~a. Tor.n;a no~HM ~~HKilHR KpHCTMA8 paBH8 

1V cit ___ iN) = n cp o ;zi -rt,> n f ( i. - i > 111 
~ L j<k J I< I 

r.ne .f ( ~ - Z:J OITHC!rnaeT KOppeARUHJO Ha 6JIH3KHX paCCTORHHIDC. O.n;aoqacTHq
Hli6 gJyHKilHH H npo6H!rn KOppeJIRUHOHHlle gJyHKUliH BUOHpamcsr, K8K npaBHAO, 

D BH)l8 
d.,r2 

(
DC_ 13/4 . -~ { · r·(O" n (o-)6]} cjJ(r)=1r; e ; f-Cr)~ exp -K r) - r .. /2/ 

Onpe)leJieHHJO llO,.!lJlelKaT napaMeTpU o/- • /.( ' V ' J/4 • 
C HX IlOMOmbJO o6M€HHIDi HHTerpM onpe,n;eJIH€TCR K8K p83HOCTh M6lKJJ.Y. 

aaeprlrnMH CHMMeTpnqnoid H aHTHCHMMeTpnquon KOM6HH8JJ.HH BO~HOBblX glyHKilHil 
aTOMOl/, uaxo.n;RWHXCH B cocenamc ya.nax pemeTKH. 

XOTH H8 3TOM nyTH OblJIH ,IJ;OCTHrHYTbl onpe.n;eAeHHble ycnexH, no.n;o6Hllil 
pacqeT OOMeHHOro HHTerpaJia MOl!:eT HM6Tb TOJII,KO oueaoqalift xapaKTep. Bee 
8BTOPU OTMeqaJOT CYl!l6CTB6HHYJO PQ~D Bli60pa BH,Il;8 KOppe~~HOHHOil gJyHKUHH. 
Ou OK838~Cfi oco6eHHO B8JlHh!M ,IJ;AH M6TO,IJ;a M8CTep1wrlo pa3~0llt8HHR Hoca
HOBa. Tpe60Ba1me 6!lCTpoil CXO,IJ;HMOCTH ,IJ;AH KOTOporo CHJil,HO OI'p8HH"IHB86T 
Maco B03MOlKHUX npoouux glyHKilHil, OTHOCHTeJII,HO HekoppeKTHOCTH HCllOAb-
30B8HHR rayccOBUX BO~HOBl:lX glyHKilHil /2/, COOTB8TCTBYIO!llHX rapMOHHqecKoff 
OJI,HoqacTJlq11on llOT6HUH8Jil,HOil RMe, Mil yllte roBOpH~H. TeM He M8Hee, CAe
.n;yeT OTM6THTh, qTo YK838HHlift no.n.xo.n; .n;aBM npaBH~oH!itt nopR,n;OK BeJIHqRHli 
OCM8HHOro :l!HTerpMa I33 H uqecTBeHHO 06'bRCHSIJI ero CHAbffYBl 38BRCHMOCTh 

• OT 06'beMa, HaOAJO,IJ;aBmyJOCR Ha :rncnepHM6HTe. 

d 8n i 3 /dtn V:: 20. /3/ 

§ 2, liedieKTli B KJI8CCHqecKRX H KBSHTOBl:lX KpllCT~8X 

neqiopMarm10, cos.n;aBaeMYJO To-qeqHHM ne<IieKTOM B KpHCT~e,Mouo rpy6o 
pas.n;eAHTh Ha .IJ;Be qacTH - g.n;po H M8.n,1I6HHO cna.na!O!llee Ha 60JII,WIDC paccTO
.llliHllX llOJie .n;eqJOpMSUHH. IlocAe,IJ;Hee H63HS:qHT8AhHO M6Hll6T nepHo.n;nqHOCTI:, 
pemeTKH H o6ycJIOBJIHB8eT, B OCHOBHOM, ynpyroe B38HMO)l,effcTBHe M8zm" 
.11,6<lieKT8MH 63,64 • 

B.naronapg CHJil,HOff S8BHCV.MOCTH M8J!UlYaTOMHUX CM OT paccTOBHHR, 
smpo neqiopManHH orpaaaqeao B npe.n;e~ax nepBllX xoop.n;HHaIU!OHHllX cgiep. 
KaK IlOK8SM H.M.JIRgmHn 65" /CM. Taue 66 /, 8TO 06CTOHTeJIJ,CTBO .n;aeT Bos:... 
MOXHOCTh npoBeCTH TeopeTnqecm WIMBS pemeToqffliX KOJie6am, He npH-
6eraJI K TeopHH BOS~em. B nelCTBHTeAbHOCTH M8TO)l, JlHgllll!lla ~erxo 
o6o6maeTCR Ha JlOBOJI!,HO mHpoKHI ~ace SOHHliX KBaSH"l8CTHU , ..• Ilpa 8TOM 

O&uat~t>uHwil imcraryT I 
tl.Il'!SJ!IMX m:c.,~nonausO 

6t1&lf~l0TEHA -- ... ---~-
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JlJIR KJiaCcHqecKoro KpHCTaJL1Ia C AOK8JIH30BaHHHMI! .neq:eKTaMH OCHOBHO~ l!HTe

pec npe.ncTaMRDT TpH npo6neMH: 
- MIUIHl!e .neqieKTOB Ha 30HHHe qacTOTH I! COOTB8TCTBp)IIU'le HM co6-

CTB8HHH8 B8KTOpH, 
- Hccne.noBaHae AOKBJil,HHX COCTOSIHd, OTUl8IlHBlllHXCR OT 30HHoro cneK

Tpa, 
1
- H3M8H8HH8 TepMO.!UiHaMl!qecKHX H Kl!H8THqecKHX xapaKTepHC.THK Tena, 

Bl,13BaHHOe HaAH1JH8M .neq:eKTOB. 
TaKHM o6pasoM, OCHOBHaR ponn .neqieKTOB B KJiaCCHqecKHX KpHCT8JIJiax 

CBO.!UiTCR K H3M8H8HHD cneKTp8 cymecTByI)IIU!X aneMeHTapHl,IX B036YJU(8Hlm. B 
CJIY'{ae MMOA KOHUeHTpailHH .neq:eKTOB TaKyx> sanaqy MOlltHO pelllHTn B TepMH
Hax TeopzH pacceaHRR. 

B KBaHTOBl:lX KpHCTaJL1Iax .neqieKTOHH npe.ncTaBJIJDlT HOBYD B8TBn aneMeH
TapHliX Bos6yx,neuzl H BaJltHelmHMH 3ana11aMH RMRDTCR Haxox.neHHe 8Hepre
THqecKoro cneKTpa /3aKOHa .!UiCilepcu/, CTaTHCTRl<H R KHH8TH118CKRX xa
paKTepHCTRK 3THX BOS6yx,neHal. 

OCHOBHHe ,IJ.8ql8KTH B KBaHTOBWC KpHCTSJUiax renR- 3.TO BaKaHCHH H 
HSOTOIIHqeoKBe npBMeCH. B MaccnqecKHX KpRCT8JI.11ax HSOTOIIHqeOKM np:aMecn 
OTnaqaeTcR, MK npaBMO, TOAbKO'Maccol H He MeHReT KOHCTaHT CBR3H C 
coCe,JUIBMlll.8TOMaMB. B KB8HTOBWC ltpHCT8JIJl8X eCTI> e111e O,ItHO OTA1!1Jll.8 Jl130-
TOnaqeCKOI npHMeca OT co6cTBeHHoro 8TOM8 - y Hee .npyrM aMDAHTY.D.8 
uyAeBliX KOne6am, 1JTO C He06XO,ltJJMOCTbD npHBOnHT K H3MeHeHHD Jl1 ynpy
rHX IlOCTOJIHHHX BOKpyr ,11.eq:eKTa. 

§ 3. IlpHMeCOHHml. cneKTp. TeopHR BosmeHHI 

IlO-BHnHMOMY,HaH6onee npOCTOI cnoco6 IlOKa38Tb B03MOZHOCTb CY'Ule
CTBOB8HHR ,IJ.8ql8KTOHOB KaK HOBOI B8TBH aneMeHT8pHlilX B036yx.JteHd, CBR3ElH
HOI C 06MeHHYM B3aID40,!J.elcTBR8M aTOMOB,MOZHO npo,11.eMOHCTpHpoBaTo, RCX0,11,11 
HS Mo.nen Xa66ap,11.a 12 c raMHJil,TOHl!aHOM 

1-1= ;€0 e;1 +~, 1:./R.R')B;BR, + u~ B/~ B;BR. 111 
r.ne c; , BR - onepaTop1,1 pol!ltBHRR H YHHTiTOllteHHR aTOMOB :e ysne R B 
O,ItHoqacTHqHOM COCTORHHH \fR 'E. - SHeprM AOKaJIJISOBaHHOro B ysne 
8TOM8!. t't- -_MaTpR11Hml aneMeHT nepexo.na /o6MeHHml HHTerpaJr/aTOM8 4He HS 
ysna R.' B R , a U - aHeprHR OTTMKHBaHHR 8TOMOB, H8XO.JJ.fllllllXCR B 
O,ItHOM Y3Ae, . 

t'r (R,R.')==-Sdx ~"cx)T~,<x), ·v=S5 d.xdx'/~cx/ v(x-x')/Cfk,Cx)l
2 

121 

t- onepaTop KHH8TH'l8CKOI aueprHR, v(x,-xJ) - IlOT8HUHM B3aHMO,nelCTBHR 
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HanH11He npRMeCH 3He \POPM8Jll,HO MOlltHO p8CCM8TPHBaTo KaK ,!J.pyroe 
COCTORHH8 11acTHIUl B ysne. IlyCTn t~(R,R~ - COOTBeTCTByDIU'll M8TPH11Hml 
aneMeHT nepeXO,IJ.8. TOitHee, ·B8nl!1JHH8 t 3 COOTB8TCTBY8T 06MeHHOMY RHTe
rpa.JIY B B006pallt88MOM R.n88Jll,HOM KpHCTanAe, B KOTOpOM Bee C06CTB8HHHe 
aTOMH 38M8H8HH npHM8CHHMH aTOMaMH, 6.83 KaKHX-AH60 H3M8Hem napaMeT
poB. pemeTKH, Ilocne aToro sanaita, c TOitHOCTnf .no 0603uaiteH1.l,coBnanaeT 
C 38,IJ.8itel 3KCHTOH8 ~eHK8M /cM.,HBiij)HMep, 6 /. ·06MeHHml r8MJ!Jil,TOHH8H 
nonyqaeTCR BO BTOpOM nopR.D.Ke no T80PHH B03MY'Ul0Hd H HMeeT BHn: 

Hex= t 1/I+?i BR: ~.3+t't~: ~-,J[-t3c;5 t + f4B/'+ BR'f]. /3/ 

06MeHY npaMecHoro H 0060TB8HH0ro aTOMa COOTBeTCTByeT qneu 

H
3

4- =.:>-t
31
.(R,R')a;aR, + =,_c., 

r.ne BBe,IJ.eHH onepaTOPH p0llt,It8HHR H YHHTiTO~eHHR .JJ;eqieKTOB 

a: = eR: 8R3 aR = BR: 8R,., 
a 06MeHHml HHTerpM 12 

t = t3i4 
3't- u 

/4/ 

/5/ 

/6/ 

0THOCHT8AnHO npRM8HHMOCTH 3TOI TeOpHH lVIR peaADHHX pac11eTOB .ne
g)eKTOHHoro cneKTpa MOlltHO BN,IJ.BHHYTn PR.D. B03pllleHHI. TaK, B TeopHH BBO
.IUITCR .JJ;Be qJeHOMeHoJioraqecKHe BeAR1JHHN / t~ •VI ,ROTO.PH8 BUl>SJl mAlllO- . 

AHTn B paamax T80pHH H ltOTO,Pli8 H8 Il0Wl8ZaT H83aBIIOIDIOMY 8lt0ll8.PBll~T&ll,

HOMY onpeneneHHD / t 3 - o6MeH aToMoB 3He B pemeTxe 4He/. TeopBR He 
yqHTHBaeT CT8pHqecKoe B38HMO.JJ;effcTBHe aTOMOB, oco6eHHO cy111ecTBeHHoe 
MR IlAOTHoynaKOBaHHl,IX pemeTOK. TeopHR uenpHM8HHM8 .ItJIJi BaKaHCJt!, T8K 
K8K BenzqHHa l3 B T8KOM CJIY'{ae TepReT CMHCJI. HeT BO3MOllHOCTJt CBR38To 
napaMeTpN TeopHH C M8Kp0CKOilHqecKHMH xapaKT8pHCTHK8MR Tena. He yqTeHa 
POJil, ,IJ.8\P()p,!ailHH BOKpyr ,IJ.8ql6KT8, HaKOHeu, H0Y.D.OMeTBOpBTeJloHO HCllOJn,-
30B8HHe 0,IJ.HOqacTRqHwc BOAHOBNX 1JYHRUHI, O 110M yze mna petio B § 1. 

§ 4, BaK8HCROHH!n\ Cil0I<T,I1 

B 3TOM naparpaqie MH npelV!OlltHM .npyrott cnoco6 B1,11JBCJI8HIIR ,IJ.8g)eKTOH
Horo cneKTpa ~es ucnonnsoBaHHR TeopHH.B03MYUl8HH!13• )tpyroe npeoy
~ecTBo HOBOro M8TO,IJ.8 38KJill'l:88TCH B TOM, 1JTO B H8M O6M8HHHI HHTerpan 
paccMaTpHB8eTCR K8K MaTpHqHHff aneMeHT nepexona M8llt,IJ.y BOJIHOBLIIO 1JYHx
UHRMH Boero KpHCTanna, COOTB0TCTBYJJIIIHMH pa3Hl,IM IlOAOZelil!JDI .neqiexTa, a 
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He MeJt,ey 0,IUIO'laCTH'IH!lMl! qJYHKWUIMH .neit,eKTa. 3TO ll03BO~HeT B!lpa3HTb 38-
KOH ,IJ,B.CnepcW! B8K8.HCHOH8 qepe3 M8ltpOCKOim'leCKHe xapaKT8pHCTHKH,cpe,nH 
683 BB8,ll,8HHH llO,llI'OHO'IHWC ll8p8MeTpoB. MOXHO CK8.38Tb; 'ITO H3JiaraeMID\ 
no.nxon OTJIH'l88TCH OT MeTo,noB, HCllOJib30B8HHWC B T80pHH KB8HTOBWC KPHC
TMJ!OB 56-60, a OT Teopiaa rallepa-3elaa 1~ aHMOrH'IHO TOMY, K8.K TeOpH:11 

. TBepnoro T8JI8 lle6aH OTJm:'188TCH OT TeOpHH SlamTelHa. 
PaccMOTpHM pemeTKY H3 onaaaKOBWC QTOMOB C O,IUIHM T0'18'1HliM ,ne(p!K

TOM' llOJIOll8HH8 KOToporo 6y,neM OnHCliB8Tb panayc-BeKTOpoM ,i. • IlOCKOJib
KY CKOpOCTb .neit,eKTOHa·MHOro M8Hbme CKOp0CTH 3BYK8. B KPHCT~e, ra3 
H}'JieBwc 4)0HOHOB ycneBaeT no,ncTprutBaTbCH Kero nueHHJJ H, cJI~,noBa
TBJibHO, B Te CHTYamtH, Kor.na neit,8KT HWCO,Il,B.TCH B~3H o.naoro H3 ysJIOB 
pemeTKH, raMHJlbTOHH8H CHCT8Mll MOXHO Samt08Tb B BH,ll,8 13 : 

H ,{ ,:;;:- ,{ ",,-1..,0-a-' - (, er O a--,)( u' u' -)I /1/ 
,[ = 2 fmRuR+Ui , ui =2,fr.'r'R.R'('l\UR-Ui'll; UR.'-UR,('l);, 

a-er' 

r.ne mR - Macca BTOM_a B ysJie R. , u; - KOMllOH8HT8 panayc-BeKTOpa · 
aTOMa, U~ - KOOpnHHBTH ero p8BHOB8CHOrO llOJIOJt8HHH B ,ll84)0pMHp0B8HHOI 
pemeTKB, CJ"'= x,1,2 ' a <P - "caMOCOrJiaCOB8HHM" M8Tpaua ynpyrax 
K08~8HTOB. MaTpHizy ¢ MOJEHO sanHC8Tb K8K CYMMY M8TpHIUl H,D,eaJil,HOro 
KPHCTaJIJia l. :e MaTpHU!i BosMYJI!eHHH /\ : · 

·m<rrr' o-cr' . o-<r' 
'-f"RR'(Z)= L,R-R' + /\R-R'(if). /2/ 

Hs TpaHCJfflIUtOHHOI CHMM8TpHH H,D,88Jil,HOI peweTKH CJie,nyeT, 'ITO [_, 38BHCIIIT 
OT f<. H R' TOJibKO ilepe3 RX p83HOCTb, a /I - TOJibKO qepe3 p8CCTOSIHH8 
,llO ,iteql8KT8 

o-'rr' _.. /\ o-- a-' 
j\RR'('l) = R-'l,R'-'i. 

. MaTJ)lma ¢ 06JIMBeT BaJtHl:lM CBOICTBOM 66 : 

~ ,+,a-er• 'Ji" '+'RR' =O. 

/3/ 

/4/ 

Eon lle 9JI8M8HTBpHBH H'IBIKB. KPHCT8JIJIH'l8CKOI -pemeTKH co,nepxHT 60JILW8 
O,IUloro BTOMa, TO BTO ycJIOBHe SamtCl:lBBeTCH B BH,D,e 

~ ctr·s o-'.s' /4a/ 
Rs RR' , 

r,lle s - HOMep BTOMa B H'lelKe. a R - HOMep H'l81KH. O'leBH,llHO, 8TO 
yCJlone Bl:lllOJIH.HeTcH ,D,JIJI Kmt.nol HS M8TPHU L :e A B oT,neJII,HOCTH. EcJIH 
B peme'l'ite BSmo.iie!cTBYJlT TOJibKO 6.nH.Ealmae.coce,IJ,B., TO ycJIOBHe /4/ 
nosBOJUie'l' B!lpaSHTI> BJieMeHTl:l M8TPHUl:l BOSMYJI!eHHH A qepes aJieMeHTl:l MaT
PllllH Jil,ll88Jl5HOrO KPHCTBJIJI8.. TaK,' B CJIY'lae npOCTOI KY6H'leCKOI pemeTKH 

20 

!\ -==-l=-6ms 2 /\""=/\...-=ms 2 =-A"'"~ 
- 00 0 ) 0 0 00 d J 

r,ne HH,U8KC a npo6eraeT ITO 6JU1JKattWHM COC8,URM, S - CKOpOCTb SByKa. 
,IlJUI ynpoll!8HHH 38IlliCH BBe,neM o603Hatrnmrn 

xi=- x; = ~ u; P., = 1./ml< u; 
frS:(z)lcrcr' = Wl-R1/2. cp_t:rcr(Z)fflR~-
\'. ')RR' /H.' • 

B ~THX 0603H8'1eHHRX raMHJlbTOHliBH /1/ HM8eT Dli.n 

/5/ 

/6/ 

l-li={(P,P)+U-£, U2 =½(x-xczJ,Q:CzJ(x-xcn», /7/ 

r.n.e ( C,{, I 8) - CKaJIBpHOe npOH3Be,nemie BeKTOpOB a Ii 8 • 
Tor.n.a BO~HOBYJJ qJYHKURJJ OCHOBHoro COCTOHHHH KpHCTa.JIJIB C ~OKaJIH30-

BaHHIIM .ne(feKTOM MOJKHO SanHCBTb B BH,ll,8 

f._/_.J. ~ )1/'f 
"I Ir i..= w0 { 1 ( o ~ 2 _ o i\} 'B/ '±'-=- (X)= --.,,- exp -;,-1c x-x 1 6.)0 ('l)(X-X); 1 /' 

'Z . (rrt,)"ll'/'f ,c.n 

r,ne IV - 'lliCJIO aTOMOB, 3HeprHH JKe aToro cocToHHHH paBHa 

£
0 

= 1 h Sp W0 (~). 
/9/ 

'"' "2 
MaTpliU8 (,.). CCTb KBa,npaTHlil KOpeHL HS M8TpHUli CJO , Heo,nH03H8'1HOCTb 
B H3BJI8'18HHH KBa,npaTHOro KOpHH HS MaTpHUH ycTpaHR8TCH Tpe6oBaaaeM 
no~ClmT8JibHOn onpe.ne~eHHOCTH KBa,npaTH'IHOtt qiopM!i 

(x, Wo('Z) X) > 0. 

BBH.llY TOl!Jl;8CTB8HHOCTH yaJIOB peweTKH aHeprHH KPHCT8JL118 He saBH
CliT OT KOopnaHaT neit,eKTa. CJie,noBaTeJibHO, npaBHJibH8JI BO~HOBBH qJYHKllHH 
B HYJI6BOM npn6JIHJK8HHH ,ll,OJJXHa HM8Tb BH,ll cynepno3HUHH 

1 ,;;:-- i.il'i,,,r 41 ex) = ,r.: L e ri (X'). 
K rN ,t 

/10/ 

PaccMoTpHM Tenepb ypaBHeHHe DlpenaHrepa 

i n2 J'\J! + (E-U)'tf=O. /11/ 

Bxo.lUlllld CJJ,na. llOTeHilHBJI u SIBJIJieTCH CJ[OXHOI 4JYHKIUI81 KOOpnaHaT 
Bcex BTOMOB, yqHTl:lBaDllel B03MOZHOCTb nepexo.na neit,eKTa BS O,IUIOro ysJIB 
B .npyrol. B TOI o6~aCTH KOH<p!I'YpaIU!OHHOro np0CTP8HCTBa, KOTOPM co
OTB8TCTBYeT "xopomel" ,10Jt&D8~ lle!leKTB B Y3Jie 'l , llOTeHIU!aJl U 
COBITMaeT C U;i • B 8TOI 06.Jlacn ~H lp"l oYlll8CTB8HHO OTJIH'IHS OT 
HY~H, a Bee "J!i, /ri'#= 'i I HC'48S811lle M8Jil:l. IloaTOMY B &TOI 06.nacTJI 
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KOH¢HrypaIUiOHHOro npocTp8.HCTBa 

_i_ j/}; 111,. + ( E - U) 1lf"_ = 0. 
2 'Z O 'Z 

/12/ 

Bs6op Hamel Mone.nz npenno.naraeT, qTo noTeHUHM V coBnanaeT c 
H8KOTOpott H3 iflYHKilHa ui B JII06ott TOqKe KOH¢1ill'YPB.UHOHHOro npocTpaHCTBa. 
Il03TOMY C Tott Xe TOqHOCTbD, C KOTOpoa CllpaBe~BO /12/, B yprumemm 
llipenzHrepa /11/ MOXHO 3aM8HHTb<JI" Ha 41K. Iloc.ne 3Toro YMHOxaeM /11/ 
c.neBa Ha Vi , a /12/ - Ha 4:1K , B~HTaeM onHo paBeHCTBO H3 npyroro 
H HHTerpzpyeM no o6~eMY, B KOTopoM onpene.neHa \Vf. Ilpeo6paayR no~

·qeHHoe BHpaxeHHe no TeopeMe raycca, no.ny-qaeM 

(EK-E0 )S1Ki 4JKdx = }1/s(~ Jx, 411< -4JK :Xi 1Jf.z)d'x1 /13/ 

. s 
rne d•x= of.x., ... d.x,,_,d.xi+i--·dx , a S - noBepXHOCTb, orpB.HR'lH-

BalllllM 06.nacTb H3M8H8HHR KOopnzHaT neqieKTa. HMea B ~ T0,1!TO B1tJla,It B 
llOTOK nanT npeHMY1118CTB8HHO 6Jll!.llt8ffmHe K neqieKTY aTOMH, HaxOnRM 

1 ~ A •l<-s 
E =E +-2 L. "'e 

I< 0 'zi O 1 As-= t/-S('lt. : ~ .,.-1f...,: w';{)d.'S'x /14/, 
'Z oX'if ·,+o 'Z+o oX:;- • 

Snee:& i npo6eraeT SHa1teID1R, COO'l'B8TCTByoJU!e ~lltBffmHM YSJiaM, a Xi;

l(OOp.in,HaTa pea.,n,Ho nepeMe111aD11erocR 8TOMa, CM3HB8DllM 'l C -! -t- 'i3 
/B c.ny-qae B8K8.HCHH STO KOOpnHHaTa aTOMa, nepexo,nmllero Ha ee M8CTO/. 

~PMYJia/14/, B llpl4HllHil8, pemaeT 3~a-qy O H8XOJ!Jl.8HJ4H 3aKOHa 
nzcnepcu. nJUi l<pHCTaJIJIOB c Ky6H't8CKOI HJll!. rexcaroHa.n:&HOI llJIOTHO yna
l(()B8HHOfl pemeTKOI HHTerpM B npaBol qacTH OT b He 38Bl!.CHT. TaKHM o6-
p830M138KOH nzcnepCHH neqieKTOHa HM88T CJ18l1YJlllll!I BHn B paaJll!.qHHX RpHC
TMJIH'l8CKHX MOnHl1iHKaUHRX TBepnoro reimR: 

MS{ llK : 

MS{OD;lt: 

MS{ rD;K: 

,JtlIH rny: 

c(K)= £ -E = A (~/(a. +ur.:,K,a + C-<P.:.l<i!a) . 
K. O 1l. I 

E(-) 4-A Kxa Kyct K~a. 
K = ~TCO)~CO!,-r, 

c(K) = 2A(CO) Kxa. ~ KyQ + cir., K,ca CO!> K~a + 
2 2 2 2 

+ Co:!, Kya, ~ K~a.) 
2 2 , 

E, O<T= A{7- cc-s Ka, ·00:5 ,uta W5 'i<a3 -

/15/ 

/16/ 

/17/ 

~~ . 2 ... 2 2 +, 
--( .. _ ,..,- --¼ /19/ + c:Q.,!:.£. 1 + Bco:s Ka.,~ "'aa ~ ,,_a5)'2}. 
2 2. 2 2 , 

- -- 1 _V3 ··.) rne ct.,=(1,0,0), a23=(- 2 ,+ 2 , o , 
I '· 

- ,re-c = (0, o, VT ) . 
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B llOCJ18.llH8M c~ae HM8DTCR nBe ne¢eKTOHHHe 30HH, RaK Ill noJIXHo 6H'1':& B 
pemeTKaX, sJieMeHT8pHM pem~TKa. KOTopmc conepx»T nB8 8TOMa. 3TH SOHU 
't8CTlll'lHO nepeRpUBailTCR. lllHpHHa HHSHel 30HU, KOTOPYD MU YCJIOBHO H83Ba
Jll!. aicycTzqecKott, paBHa ?A, a BepxHel,! /onTzqecxoft/ - 5 A. }lHo onTH
qecKo~ 30HH paon0JlOZ8KO Bhl!lle nHa 8JCYCTHqecKott 30HH Ha BeJIH'lHHY SA. 
IIJHplllHa cneKTpa, T8KRM o6pasoM, paBHa SA. l!JIR llp0CTHX ll8 H :RY611l'l8CKHX 
pemeToK mzp»Ha aoHu Li. = 2 A , rne 2 - 1tRCJ10 6JIBEB.IDJHX cocenen. 

IlpH MMHX 3H8'l8HHRX BOJIHOBOro B8KTOpa / Ka. << 1 / 38KOH nzc
nepcHH KBanpaTnqeH BO BC8X 30Hax. Sqq,eKTHBHM Macca KB83HqacTIDU,I B 
npOOTHX Ill KY6HqecKHX pemeTKax 

* t;2. 
m = Aa.2 1 /20/ 

a B rny~pemeTKe 
m*- f;2 

2Aa.2. 
/21/ 

TaKRM o6pa30M, BHllHO, 'lTO OCHOBHHe xapaKTeplllCTHKH A8¢8KTOHOB 
npOCTHM o6pasoM BHP8%8DTOR 1tepe3 aMilJmTYM BBpORTHOCTH nepBXOAS A., 
Il03TOMY ee BH'lHCJI8HH8 H3 MHKPOCKOllH~eCKOtt T80PHH npencTElBJUieT oco61d 
HHTepec. liHTerpM /14/ c BOJlHOBHMH ipyHKUHRMH /8/ MOKHO BSHT:& TO'lH013 

llplll llp0H3BOJlbHllX neiflopMB.UHJIX BORpyr neqieKTa. MH He 6yneM BUlll/lCHB8'1'b 
3~ec:r, STO pemeHl/l8 BBHny ero rpOM03nKoCTH, OTCWIM 'lHTaTeJ!JI K opzra
H8Jll,HOtt pa6oTe 1~ BMecTO STOro llpHBeneM ynpo~8HHOe BspileHHe, KOTopoe 
no~aeTcR, eCJIH npeHe6pe1t:& neiflopt1B.UHett: 

A (-ms 2
)

112 
{. ms 2

} = :s-
1 

0 ---;g- exp --S-
0 0 , /22/ 

rne· 

( 3"2)'/3( 1 
"SO = 3 2 Vz - \12' + 1 ) I 

a -s, - qzcJJOBOtt napaMeTp llOPRnK8 enzHmu,i. TaKHM oelpasoM, HSM Y.ltaJIOCII 
BupasHTL BMilJll!.TY.Icr BepoRTHOCTH nepexona A /TYHJf8JII,HYJl qacTOTY/ 1tepes 
M8RpOCKOUHqecKHe X8p8KT8pHOTHKH Rpl!CT8JIJI8 - T8Mll8p8TYPY leelM 0, 
CKOpOCTI, SBYKa s a 'IHCJIO 6JIBWIIIHX cocenel z!. Onaaito, BBnny CMJ,HO
ro_aHI'apMoHH3Ma KOJie6aHHfl, .K8K.T8MnepaTypa ne6as:, '1'8K H CKOpocn, SBY
Ka ClllJll,HO 38BHCRT OT TeMnepaTypu Ill naBJieHHR. Bu6pB.Hm H8Mll cnoco6 
OllHC8Hl!.R KBSHTOBOro l<pHCTBJlJla ll03BOJIReT ytl8C'l'I, 38BHCHMOCTI> OT naBJie
HM /MOJIRpHoro 06'1>8Ma/ qepea llOCTOJntffYI) rpDHalSeHa 

Torna 2 V f-,r 
ms = ol 
0 

! = - d &. 0,/d/Jnv. 

ol.= m 1<.8 0., 
1i2(61r.2A1t.f13 ' 
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r.ite Ks - IlOCTOaHHaJl EoJil>UMaHa, NA - 'UICJIO ABora,npo, a 00 - IlOCTOHH
H8.II, KOTOpaR onpe.iteJIReTC.II SKcnepaMeHTaJii>HO /H, B006D1e roBOp.lI, ~eTC.II 
ipyHI<UHeft TeMnepaTYJ)H/. · OKoH'laTeJibHO TYHHElJII,HYll tracTOTY A MOJEHO aa-

m1.caT1> B BH.Ite 

A 
ol - :!:_ (n 1 

) 
= -s -" e vP. - 112 + 1 

. 'I yA, . I 
/23/ 

r.ite 

P1 = ¾ t- i ; P. = J - -¾ I (X.,, = 0" ~ . /24/ 

3HatreHHR BXO.JtRlllHX B /23/ napaMeTpOB .JtJIR rny 
4

He HOUK 3tte .itaHH 
B TaelJI. 2, a saBHCHMOCTl, mHpHHl,I 30Hl,I OT MOJI.fIPHOro oel~eMa noKa3aHa Ha 
p.ac. 4. K cosa.JieHHll, 3KcnepHMeHTaJil>Hli8 .Jt8HHHe, IlOJIYlleHHHe pa3HHMH 
aBTOpaMH /cM. HanpHMep 31 , 68/, ,ltOBQJll,HO npoTHBOpe'll!.Bl,I H He Il03BOJIJlllT 
npoBeCTH .iteTaJiliHOe cpaBHeHHe C TeopeTHtrecKHMH pactreTBMH. 

Ta6JIHila 2. 3HatreHHH napaMeTpOB, BXO.Jt.lilllHX B /23/, corJI8CHO 69,70 

KpHCTaJIJI eo f cl. Po p,, -so ol.1 

rny 4He 
. 4 

2,6 516 1,93 3,57 3,'2 6 
6,73. 10 1,53.10 

OUR 3tte 
4 2,41 240 1,74 3,3 . 2,5? 5 

4,19. 10 6,5. 10 

HHTepec npe.itc-raBJIReT Tane "nocTOJIHHM rp11HlillaeHa" 

fA = df3nA/d&n V ~ 2.:,..4, 

::.:: 
<t 

10 

5 

z 

'5 

o.___....__.__....____,'--~-~___._-----.... 
22 · 23 21. V(CH3! 18 19 20 21 

Olia 3HatrHT8Jll>HO M0Hl>W0 8H8JIOI'HtrHOll 
BeJIH'lmHl,I .JtJIR oelueHHoro HHTerpaJia 
aTOMOB B 'UICTOM 3Ire /1.3/. 
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PHO, 4, IIIHpHH8 B8K8HCHOHHO:A 
30HH B 38BHCHMOCTH OT MOJIJip
HOrO oel~eMa corJIBCHO /23/. 
1 - OUK 3tte , 2 - OUK 4He , 
3 - rny 3tte, 4 -rny 4He npR 
"'5

1 
= 1 j 5 - OUK 3tte npH "$1 = 1/2. 

nB PB3YADmame BMY cmaHoeumcR RCHO~ 
· ~mo :r:eHy cAeoyem ucKamD Hee ~UCAe ezo 

3HaKOMu:"; 

,Jbc.K.,JbcepoM. nn=mu JbcoHa HHzep~UADoa 
u eeo :r:eHu AHHu" 

rJiaBa II. CTATHCTHKA ~EIITOHOB 

PaccMOTP8Hllle TepMO,IJ;HHaMHtreCKHX H KHH8THq8CKHX xapattTepHCTHK 
,neipeKTOHHOro rasa B03MOllHO TOJII,KO nocJie BHHCH8HHH KOJIJieKTRBHHX 
CBOftCTB neipeKTOHOB. Ilpe1t.ne Boero OTM8THM,trTO·CTaTHCTBK8. ,neipeKTOHOB 
He ,IJ;0.7lltH8 COBila.ttBTI, 06.II38T8Jll>HO co CT8THCT:mtoil: Eo"ae-91HIDTeffHa HJnt 

~epMll-,I{Hp8K8, KBR 8TO HMeeT M8CTO .ltJ1R Oellf'IHHX '18CTHU, ,I{eipeKTOHH no
.lIBJI.IIDTC.II He B BaeyyMe, H noBe.iteHHe BOJIHOBOtt g,yHKitHH npH nepeCTaHOBKe 
,1teipeKTOHOB 38BHCHT He TOJII,KO OT xapaRTepHCTHR .ite!p!KTHOro 8TOM8 /Ha
npHMep, OT ero cmrna/' H.O Tane H OT aTOMOB MaTpHUH, IlO,lt'll!.H.IID!tHXC.II 
CBoett CT8THCTHK8 · H oelpasyp!U!X nepHO,IJ;H'l8CKYJ) pemeTicy. HmtrBe pemeT
KH /a He HenpepHBHOft cpe,1t1,1/ CY!lleCTB8HHO. KaK 6y,1t8T IlOKB.3aHO, .lt8!p!KTH 
paaHoro pemeTO'IHOro THna /aTOMl,I SaM80leHRH HJIH BHe,npeHHJ'I/ npeBp81111iDTC.II 
B KB83Htr8CTHUH, nontrHHRDI11HeC.1I pasJll!qH!,IM CTaTHCTH~. IT08TOMY nepexo.it 
npHM8CHoro aTOMa BHe,npeHH.II B yseJI MO~eT, B npHHUHne, 6HTl, saTpy.JtHeH 
He06XO,ltHMOCTl,ll "nepexo,na B ,1tpyr111 CT8THCTHKY" H npeo.noJieHHH 8Hepre
TB.trecKoro 6ap1,epa nopsnRa aHepl'l!.H ~epMH EF • 

XapaKTepHOI oco6eHHOCTl,ll ,neipeKTOHOB B KBaHTOBLIX KpHCT8JL1Iax JIBJIJI

eTCH M3JIM mHpHHa 8HepreTH'l8CROff SOH!i A /cM. §§ 4,.15 /. ,I{JIH BaKB.H.:. 
CHOHOB OHa COCTaBJIReT HeCKOJil>KO rpa,nycoB, a .JtJIR npmiecoHOB 3tte B 4He 
A ~ 10-4 K/B c~ae BO.JtOPO.ltHLIX npHMeceff B MeTaJIJISX oua MOSeT 6HTl, 
SHatraTeJII,HO mHpe / Il08TOMY TeMnepaTYJ)a BHp0llt.n8HHH .Jt8ip!KTOHHOro rasa 
To OtrBHl, MaJia: 

T.. ~ Ll X2/3 
o • I 

r.ite X - 6eapa8MepHM ROHU8HTP8UH8 .Jt8®KTOB, TaKHM oelpaaoM, B . .JtOBOJil,
HO urapoKOM TeMnepaTypHOM HHTepB8Jle MOlltHO Ctr.HTaTl>, trTO .lt8ip!RTOHH no.it
tr.HHRDTCH CT8THCTHK8 EOJil>UM8Ha, IlpH nOHHJteHHH TeMnepaTypH, oF.aKo, 
CT8THCTHK8 ,ltElipeRTOHOB, 111, B '18CTHOCTH, HYJI8BliX B8KaHCHOHOB i MOJleT 

CTaTl> CYJll8CTB8HHOI H IIpHBeCTH R BnoJIHe onpe,neJieHHHM 8tpp:!RTaM B Ten
JIOeMKOCTH, TeilJIOilpoBO.JtHOCT.H H_;iuulib..vs~H 30,7! B08MOllHO Tam noHBJieHHe 
CB8pXT8KYtJ.HX llOTOKOB B KpHCTSJIJie-11,33,34, 

C .npyroft CTOpoHH,MaJiaJl UIHPJIIH8 80Hl,I npHBO,IJ;HT K aHOMBJII,HO 60Jil>mHM 
Ce'leHHRM pacceHHJ11.1I 13 , 20 ,72 l'I K ~OR8JIR38UIII.H ,1teit,eKTOHOB npH .JtOBOJil,HO 
H:HBKHX KOHUeHTpBUHRX. Il08TOMY TOJIJ,KO nplll O'ICHl> H.HSKHX KOHU8HTPauHJDC 
MOlUIO paccMaTpHB8TI, ,ne!p!RTOHl,I lUUt KBSS.H'l8CTH'IM ras, 0,ItHaKO ,B8CMOTPH 
Ha nomme1me Tel\lllepaTYJ)H mq>Q.'IJteBM c YMBHl>WeimeM Ro~BHTPmnm,oT
HocHTeJII,BM POJll> CTaT.HC'llml! llp.H 8TOM BOSpacraeT. B 8TOM ~8I'lt0 y6e-
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nHTbC.li H3 CJie,nylOillero paCCMOTpeHHJI 73 • B3BRMoneficTBHe ToqeqHW( neqieKTOB 
B KpHCT8JL/18X o6paTHO nponopI.tHOH8JlbHO TpeTJ,efi CTeneHH paCCTOJIHHJI. Ta
KHM o6p830M, 8HeprHR B38HMonencTBHJI ~eqieKTOB nponopI.tHOH8JibH8 HX KOH
ueHTp8UliH X 

V. £=-"-='lox, 
l"l 

XapaKTepHHe Ee aHeprHR, CB.li38HH!le co CT8TRCTHKon /TeMnepaTypa BllPOE
neHHJI, 3HeprH.li ¢epMR li T.n./, 38BHCJIT OT KOHUeHTp8UHli CJia6ee: 

To ~A.x2/3, 

CJienoBaTeRDHO, npa nocTaToqHo M8JIWC KOHUeHTP8UliRX 

To ~ A x'/.1 >> 1 
E V. 

§ 5. KoMeKTHBH!le CBOttCTB8 Ae<peKTOHOB B TpexMepHOM KpliCTBJtlie 

PaccMOTpHM ynpo~eHttyD Mone~I, KPHCT8JL/18, B KOTOpoM B38RMonettCTBHe 
Mexny 8TOM8MH He 38BHCHT OT RX CT8THCTHIW. 3TO 03HaqaeT, qTO 8TOMH 
M8TpHUH OTnqaDTCH OT neqieKTOB TORDKO CDHHOM. Terna qx>pM8RDHO MOEHO 
cqHT8Tb, qTQ B K8lt,llOM yaJie pemeTKR pacDOJIO!teHa qacTHUa, KOTOpaR MO
lt8T H8XOnRTl>C.li B nByx COCTOHHWDC, ltO'l'OIJH8 6yneM OTJIRqaTI> liHnBKCOM s • 
COCTO.RHHe C s = 0 COOTB8TCTByeT 6o3eBCKOtt, a C s = -1 - qlElpMH8BCKOtt 
qacTHUe. B 6038BCKOM RPHCT8JlRe COC'l'OJIHHe CS=! MOJIHO p8CCM8TpH-
B8TI, K8K B036~eHHOe, a C S = 0 - K8K OCHOBHOe, B TO BpeMJI K8K 
lt7IJI qiepMHeBCKoro KPHCTaMa 6yneT Hao6opoT. B JID60M RPHCT8RRe B8K8H
CHRM npHDHCHB8eM CilHH, paBHlitt HY~D. 

IloCKORI>KY qaMO qacTRil B KallOlOM COCTO.liHHH paBHO JIH60 HYJIJO, JIH6o 
enamme, TO co6cTBeHHue aHaqeHHJI onepaTopa qacRa qacTHU Nn.s = o, ! , 
8 T8K K8K B KallOlOM ya~e Bcerna eCTJ, OnHa qacTHUa /HJIH B8K8HCHH, KOTO
PS.li ql()pM~HO paccM8TpHB8eTCH K8K qacTHUa/, TO 

'N =1.. L n.s 
$ 

/1/ 

Bee yaJia pemeTKH 6yneM cqaTaTl> npOHYMepo:aaHHHMH. Cnoco6 HYMepau:11»· 
npH BTOM npOH3BMeH, HO IlOCTO.liHBH. BBOn.li B paCCMOTpeHHe onepaTOPH 
pol!,lleHH.li a.::;,S H YHHqTo!teHRH an.-. qacTHU B Y3Jie n.. B COCTOJIHHH S , 

DHW8M 

... + a 
N = an.s n.s. 11.S /2/ 

BoJIHOBYD (!JYHKUHD B npencTaBJieHHH qaceJI 38DMHeHHH o603HaqHM qepea 

/ ... N,w .. >. 
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+ 
OnepaTOpll a H a. MOJ!HO IlOCTpOHTI, B nBa STana. CHaqaJia BBeneM 

onepaTOPll g+ H 8 • 06JIM8D111He CBOttCTBBMH 

-gn: ~s = k~s 
Bn~/-·-~s···> = (i-Nns)/ ... N,,s+t ... ) /3/ 

6'n5 l.. · ~s · · .) = Nns / .. · N,,,s-1.. · > · 
0Tcnna CJie,nyDT HX KOMMJT8UHOHHl:l8 COOTHOWeHHH 

gns 6':.,. - g,:<r ~s = ;rmn, ~a-(i-2~ 5 ), 

B,..a- 8ns - 8,,s 8,..~ = 8:rr i~ -~: t:. = 0 , 
/4/ 

COBilM810lllHe C nepeCT8HOBQqH!lMH COOTHOWeHHRMH ]J,}IH onepaTopoB Ilayn. 
OHH yqHT!lB8DT TOT ql8KT, qTo B onHOM ya~e He M0lt8T 6!lTJ, 60JII>me OnHOft 
qacTHUH, OnH8KO He yqHTHBru')T npaBHRDHO CHMM8TPHD BOJIHOBHX 4'YHKUHI. 
TaK, l1JI.li qacTan, H8XOIV!llUDCCJI B p83HHX Y3Jiax, COOTHOW8HIUi /4/ COBna
nanT C T8MH lt7IH 6oaeBCKHX onepaTopoB, B TO BpeM.R K8K T8M MOryT Haxo
nRTbCJl qlElpMH-qacTHUH. qT06H npaBHJII>HO yqeCTI, CT8THCTHKY 8TOMOB /HO 
He H B036~eHHI!/, COBepmHM npeo6pa30B8HHe, 8HaJIOr:11qaoe HCilORb30B8H
HOMY EoroJIOOOBHM 3, aanacaBaJI onepaTopa a,+ a a.. B, IiHne 

i"skn ~ 1 -irrsL ~ 1 
a+ = e <n 8+- a = e f<n. 8. /5/ 

as ns , ns n.s 

QqeBHnHo 
. ' 

a.~s ans = ~: 8n.s =iVns 

C IlOMO!IIJ,D /4/ H8XOnffM KOMMYTaI.tHOHHHe COOTHomeHBJI lt7I.li onepaTopoB 
a+ H a, 14,73: 

+ ,. I:"' <::"' i,rscr + 
[amrran.s]_ = (f-2~s) 0 ,.,,_ri 0s,,..-(1.-e )(t:-~•ut)an.sa,,.,_.,.. 

• -irr<r 
[am<r ansl; = ( e + t) an.sam.,.. ,n #n. 

/6/ 
a 115 an.a- = a~5 a;_cr = 0. 

Torna onepaTop fSMH~I,TOHa B npenCT8BJI8HHH BTOpBqHoro KB8HTOB8Hl!JI 
C yqeTOM TOJll,KO napHHx B38IDIO~e!cT11d SamtCHB88'l'CH B BB,lt8 

H=LA a+-a+ama /7/ 
m*n. mn . nrr ms er n.s., 

rne Amn - M8TpaqH!ll SJieMeHT onepaTopa napaoro_B38l!MonelcTBBH. 
HcHo, qTo aa-aa xa0Taqec1toro pacnpe~e~eHlUI np1U1ecel onepaTopH + . 

a B a He nontmHJIDTCJI onpeneJieHHoft CT8THCTHKe. Ha HBX, OnHBI<O, 
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MOXHO COCTaBHTb HOBHe orrepaTopH: 

oln (s,a-) = a~rr ans , ol~ (5,cr)= a/;5 a,,_a-= ex"- <cr,s),. /8/ 

RMeDll!Re CMHC~ orrepaTopoB pox,neHHR H YJ{HqToxeHHR B086YJKJJ;eHHR B ysen
HOM npe~CT8B~eHRR. HH.IleKc s B /8/ OTHOCHTCR K ~Bos6yJK,IJ;eHHOMY", a 
er - K OCHOBHOMY COCTORHHK>. JierKO rrpoBepHTb, qro ex:; (s,cr) oln,(s,cr')= -¼s· 

HecMOTpR Ha C~OXHID! BHn COOTHomeHHff /6/, KOMMYT8llHOHHHe COOTHOmeHHR 
,IVIR oneparopoB Bos6yJK,IJ;eHHtt /8/ rrpHHHM8JOT 8H8KOMID! BHn B pR,lle BaJltHliX 
KOHKpeTH!DC: c~yqaeB. TaK, Y'IBTHB8R, qro 

ol,,_(s,cr) ol; (s,o-) = ~o

H HOpMHpOBQqHoe yc~OBHe /1/, no~aeM 
+ + ·.. '. 

oln,Cs,cr) ol,,_(s,o-) + ol,,_(S,OJoln(~,a:-) =c 1.. /9/ 

.Il.JIR npoHSBO~bHllX xe m , n , er , s rrpRMott noncqeT c IlOMOlllblO /6/ naeT 

[ 
+ ] c· irr(S-0-). ) + · 

Olm(s,o-) ocn. (S,cr) _ = e + 1 o<.n (s,cr) olm(s,o-). /10/ 
+ . 

.Il.JIR orrpene~eHHOCTH p8CCMOTPHM KpHCT~ 60;:ieBCKOro Ttma / 4He/ C . 
IlpRMeCRMR SaMemeHHR qiepMReBCKoro THil8 ;3tte/. B 3TOM c~yqae orre~aTOpli 

+ + + 
d,n = anf ano H oln = anoanf ynoMeTBOpm:>T TQqHUM qiepMHeBCKHM 

rrepecTaHOBOqHUM COOTHOWeHHRM 

olm al~ + Ol: olm = S,,.n , 
a raMH~TOHHaH /?/ RMeeT BHn 

ol <::f. =ol+«+-=0 n n n. rt ,. 

H == 2. Amn oc; CX.n. 
m,;,n 

/11/ 

TaK K8K MaTpm~a Amn 88BHCHT TO~bKO OT p88HOCTH KOOpnHHaT ys~OB, TO 
raMH~bTOHHaH /11/ rrpHBOnHTCR K nHarOHMbHOMY B~ c IlOMOmbD rrpeo6pa-
80B8HHR ~be 

ol+ _ 1 ~ - .. ii 
m - --Lex'.+- m V,ivi< ice , 

oc - 1 ~ ii<R 
n. - ViV V ol" e "-, /12/ 

rJte orrepaTOPH BOS6yJK,IJ;eHHff ol:. R olK - ip8,IM118BOKOrO Tlma. 
B c.nyqae ICpHCT~a RS qiepMHeBcltllX aTOMOB C BaKSHCHHMH HJm rrpa

M8C.RMH 6oseBcKOro Tana onepaTop ot.+=a+,a HMeeT CMHC~ onepaTopa n, . n, no 

yHJlqTOzeHKJ1-BOS6yx,neHIUI. C~enoBaTe.O,HO, H B STOM c~ae neqieKTOHH 
IIJWIMCSI qlepMJl-qacTHUBMB. 
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EcJm neqieKTH H 8TOMli ICpHCT~a rron~HRDTCR onaoil H TOft xe cTa
THCTHK8 /a T8KJte B c~ae B8K8HCHtt B 4He/,, TO 5-0-=2 a COOTHOme-
HHR /9/ n /10( naDT , 

+ "' <:::-- -'\ + 
cxm o<'..n, - ol~ cl,m = ( 1- 2 N11 ) OMn , ~ = oln. d-n, /13/ 

3To xopomo HSBeCTHHe rrepecTaHOBOqHHe COOTHOW8HHR ,IVlR orrepaTOpOB 
Ilay~H, neonaoKpaTHO o6cy:amaBmHXCR B TeOpHH MarHeTHSM8. Mu paCCMOTPHM 
HX 6o~ee rronpo6ao B c~enYJJ[lleM naparpaq:ie. B ay~eBoM npH6JIHXeHHR no . 
KOHUeHTpamrn KBasHqacT~ HX MOXHO Sa\.leHHTb 6oseBCKHMJJ. 

Peay~Taru rrpoBenennoro paccMoTpeHHH rrpHBe~eHu B ra6~. 3, rne 
11 H E 08H8'18DT COOTBeTCTBeHHO (f.epMH- H 6ose-THil B036y:ameHml. 

Ta6JIHUa 3. CTaTHCTHK8 neqieKTOHOB B 88BHCHMOCTH OT CT8THCTHKH 
BTOMOB KpHCTaMa H CT8THCTHKH H THil8 ~e!peKTOB 

,UeqieKT B giepMH-ICpHCTaJIJie B 6ose-KpHCTaJIJie 

1. BaKaHCHR ~ E 
2. ATOM SaMemeHHR 

6oseBCKoro THna ~ E 
qiepMH8BCKOro THna E qi 

3. IlpRMeCOHH BHenpeHHR coxpaHRDT CT8THCTHKY rrpRMeCHHX aTOMOB 

AHMOrHqHHM o6pasoM MOXHO paccMOTpeTb H CTaTHCTHKY ~eqieKTOHOB 
B C~OXHHX pemeTKaX, a TaIOte CTaTHCTHKY B8K8HCHOHOB ·a aeynop.R;D;oqeHHOM 
ICpHCTaJIJie HS qlepYH- H 6ose-qacTRtl. IlpR 9TOM, B OTJm'me OT H8CTORIIUIX 
qacTHU, ~eqieKTOHHHe BOS6yir,neHHH He Bcerna 6ynyT OilHCHBaTbCR 6oseBCKOft 
H~H qiepMReBcKOft CT8THCTHKOft ~axe npR~XeHHO. 

§ 6. KHHeM8THqecxoe B88J!MO,A8ffCTBHe 

HeCMOTPR H8 TO, qro npH M8JIHX KOHUeHTpBURRX B036yx,neHHI CTaTHC
THKa nayJll!OHOB oqeffb ~81(8 K CT8THCTHK8 Eose-3ffHWTe:lma, OTJIHtU!e Mez
'JI.Y nBYMR CT8THCTHKaMH npenoTaBJIJieT llpHRU)JJmMhHmi mn'8,P80 ,H MOlEH dHTI> 
cymecTBeHHHM ~ HeKOTOPHX CHTY8lld, CBSi88HHllX, HanpHMep, C npo6JieMol 
6ose-a!mnTelHoBCKOI Koaneacauu H c BOSMOXHOCTbE noHBJieHHSI CB8pxTeKY
qHX neqieRTOHHllX llOTOKOB. Bonpoc CBOnRTCR K BOSMOXHOCTH aaxox,neHHR 
M81CpOOKOnatrecxoro traMa negieKTOHOB B onaoM KBaHTOBOM COCTO.RBHJ!, npH
qeM 8TO He o6~HSaTeJll,HO COCTORHH8 o Hy~eBHM KBa3IDUIII!~COM 29. 
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KOMMYT8UHOHH.lle COOTHorueHHR B K-npocTpaHCTBe MOllHO HanTH H3 
/5.12/ H /5.13/: 

[ ex. cl +J = a - ±.. k 111 
K p - Kp IV P-K, 

r.ne 

" IV - ~ 
P-K - L 

n 

ol +- ()(. e i (P-k)R 
rt ,i. n 

KOMMYTHPYR e~e pas, no.nyqaeM 

k = L ot; oln, 
Q • 

n /2/ 

[ +] ] - 2- o(, [ ol'j ol,,_ olp - - - N . 'f+k-p J [ ol; [ ell< ol: l ]_ = f olP+-'1-k • /3/ 

BH.D.HO, qTo BeKTOp COCTORHHR B npaBon qacTH onpe.ne~ReTCR 38KOHOM 
coxpaHeHHR KB83HRMny~&ca. IlapacT8THCTHK8 C T8KRMH KOMMYT8UHOHHl,IMH 
COOTHomeHHRMH paCCM8TpHBa~ac& B 74 , r.ne UOK838HO, qTo B 0.D.HOM KBaH
TOBOM COCTORHHH MoryT HaJCO,IlHT&CR He 6o~ee N KB83HqacTim. COCTORHHe 
C /'l,K KB83HqacTHU8MH B COCTORHHH C 38,Il8HHl,IM K HMeeT BH,Il 

(, +-)Yl" / nl<) = cn._\_oll< /0), /4/ 
r.ne 

C 2 - Nn(!V-n)! C -
YI, - N I I N+1 - 0. 

~HKURR pacnpe.ne~eHHR H.IleM&Horo rasa c tmc~aMH sano~HeHHR He 
6o~me N COBTI8,Il89T C !WHKIU!eff nJEeHTH~e 

n: = ( exp E.,_-,u -i)- 1
- (N+-t)(exp (EK-,.u)(N+f) - 1)-t · /5/ 

T T · · 

0.IlH8KO npH nK >> t .neqeKTOH.ll He~3R paccMaTpHB8TI, KaK. H9B3aHMO,Ileff
CTBYJ)IIU'Ie KB83HqacTHil!,I, B qeM ~erKO y6e.D,RT&CR H3 C~8.IlYDIIlero pacCMOTpe
Hl!R. neffcTBHe onepaTopa ol; HS COCTORHHe I n.K> .naeT 

ol;/n,,_>=V(n"-+t)(i.-n1,./N) /n"-+1.) 

H, c~e.noBaTe~Ho, 

( n"' / [ ex,,_ ol;]_/n,,_) = t - 2-n,,_/N'. 

Tor.na H3 /1/ H /2/ no~aeM 

" ! ... " n,,_ = 2 #( f- [olK ex.I< l) = ~, /6/ 

" T.e. n,,_ He 38BHCHT OT K • 
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Hs /6/ c~e.nyeT, qTo raMM&TOHHaH H,Ile~Horo .neqeKTOHHoro rasa 
.noueH 6HJI 6.ll HMeT&BH.Il 

. ~ .. i"'" Hid = L- _E,,_ n,,_ = 1VtA1,; , f = A/ L- eK 
K ,r• K , 

a :rneprHR CHCT9M.ll B COCTORHHH /rtK) -

<nKIHi.,;l/n.,c.) =-!Vlnl< .. 
0,nHaKO raMH~TOHHaH .neipeKTOHHOro·rasa HMeeT BH.Il 

"' + 2<::::' .. "' + H =7 El<. ol"- oll< = N ~ El(~ + 7 ( oll< (X,K -1.)cl<. 
H, c~e.no:eaTe~&H~, 3HE~JfHR B, COCTORHHH C /'I, IC. KB83HqacTHnBMH MOJEeT 
6.llTI, 38UHC8Ha B BH,Ile -4 . 

nK--f. -
<n1<./H/n.j(> = nE1<. + --:;;v- (E-EK). 

BTopoft ~eH B npaBon CTOpOHe yqHTHB88T KHHeMaTHqecKoe B38HMO,D;eftcTBHe. 
TaKHM o6pasoM, ,neqeKTOHHHff ras "HaH6o~ee aneaJieH" B6naH E,, = E 
/T.e. npHMepHo B cepe,IlHHe soHH/. · 

· IlocKo~ey qJ!c~o ~eipeKTOHOB Bcer.na MHoro MeH&me qac~a ys~oB pe
meTKR, Bee .neqeKTOH.ll MOryT KOH.Il9HCHpOB8T&CR B O,IlHOM COCTORHHH C sa
.Il8HHl,IM K • TaKHM o6pasoM CT8THCTHK8 He npeIIJiTCTBY8T noRBJieHHD CBepx
TeKyqHX CBOICTB .neqeKTOHHOro.rasa. 

§ 7. OlUIOMepHHft cmaft. 

Hmm Cl,ITYSUHR B03HHK89T B 0.IlHOMepHOff perueTKe .- KaK UOK838H~ B '1S,,: 
ecJIH ~ O,IlHOMepHoro rasa rrayJIHOHOBorpaHHqJ!TI,CJJ TO~KO BSSHMO,Ile!;_. 
CTBHeM Mex,ny 6.1mllaft111HMH co~e,D;RMH, TO rBMHJThTOHH8H ·TSKOft CHCTeMH 
MOllHO npe,D;CT8BHTI, BBB.Ile raMHnTOHH8H8 H.ne~Horo 4JepMH-rasa; ,Ile!-· 
CTBHTeniHo, raMHJI&ToHH·aH · B a TOM c~-qae HMeeT BH.Il 

I} = A '{- ( gn+- gn +I +- Bn:i 6n). 
EcJIH BBeCTH HOB!ie onepaTOp.ll qepMBeBcKoro THUS . 

F 
iTT> M 

n=e f<n eg 
n 

F
+ -i.TTL ;\I. 

n. = e !<rr, e (J +-
' ' 11. I 

TO 

'. g+ 8 = F+- F 
n. n+1 n n+t, 

H, CAenoBaTe~HO, 
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H = A f ( F/ ~H + ~:f ~). 
IlepeXO,IUl K onepaTOpBM poll!,ll;eID!R R YHRqTOXBHRR neqieKTOHOB 

F;, =_LL F i1<n, 

Viv n n.e 
F+= ...LI_ F+ -i-rn 

K i.w·rz-n,e 
I 

no.nyqaeM rBMRJn,TOHR8H MB8JibHOro qiepMH-rasa 

H= L c(k)F°.,+F 
K ~ "- I 

rne t(k)=2ACO!,k - saKOH' MCnepcRR ne(leKTOHa B O,Jl;HOMBpHOtt pemeTKe. 

OTMBTRM eme pas, qTo 3TOT pesyAbTaT cymecTBBHHO CBR38H C npennoAoze
HRBM O B38HMO,nettcTBRR TOAbKO MBJK,D,y 6ARllt8funRMR cocenmm, qero He npen
no~oraJIOCb B TpeXMepHOM c.nyqae. 

"B mo.M-mo ece oe.no - CKa3a.n ee.nuKua 
UHKBU3umop. - e Hawe.M pe.Mec.ne HeoocmamoqHo 
·Haamu ooKa3ame.nbcmea, Haoo e~e 3Hamb, qmo 
3mu ooKa3ame.nbcmea ooKa3tteavm." 

Jlyu ApaeoH, 11lloxap" 

§ 8. Ten~oeMKOCTb ,n;e(feKTOHHol'o rasa 

HSMBHBHRe aHepreTRqecKoro cneKTpa AJXIOtt CHCTBMH HBR36elltHO npRBO
MT K HSMBHBID!D ee TBpMOMHaMHqecKRX xapaKTepRCTHK R, B qacTHOCTR, 
ee TBMOBMKOCTH. C npyrott CTOpOHH,. 6oAPmaR TOqHQCTb, c KOTOpott MOXHO 
HSMBPRTb TBMOBMKOCTb, ll03BOARBT OO.nytl8Tb OOAB3HYD RHqJOpM~RD·o xa
paKTepRCTHKaX cneKTpa. B 3TOM naparpage MH P,aCCMOTPHM KPaTKO BARRHRe 
napaMeTpOB ,ne(leKTOHHOro C~8KTpa Ha Ten~oeMKOCTb KBBHTOBHX KpRCT8JIAOB 
reJll!R R OCT8HOBHMCR 6oAee no,npo6HO aa.TaK H83HB88Mon BHCOKOTeMnepa-
TYPHOft aHOMSARH TeMoeMKOCTR ouK 3He 69, · 

IlOCKOAbKY TeMnepaTyp~ BHP0ll!,ll;8HRR ne(leKTOHHoro rasa M8JI8, CTa
THCTRKY ,ne(leKTOHOB MOlltHO CqRT8Tb 60APUM8HOBCKOft, R ,D;AH H8XOll!,ll;8HRR 
T8M08MKOCTH MOllHO RCXO,Jl;RTb is KJiaccaqecKoro CT8THCTHqecKoro RHTerpaJia 

z - yn f f s -c(KJ J n. 
- -;;f l(2rr)3 e r d31< 

I 

/1/ 

r,ne V == /Va. 3" - 06'I>eM KPHCTSAAa, n - 'IHCAO ne(leKTOHOB, 3aKOH ,Jl;RC-
nepc:im sanR111eM B BR.D;e 

EC'i<)= c.+olc.;(iZ), /2/ 
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r.ne c,.J(i<) - 6espasMepaM IWHKUHR KBa3RBOAHoBoro BBKTopa, a t;, - aaep
rHR o6pasoBaHRR AOKSAR30B8HHOro ie(leKT8. BeARqaaa ol HM~8T nopR.IioK 
TYHH8Jll>Hott t1acTOTH A • Ta~ o~pasoM 

z = L e r zn r.ne z = - · e '7' d 31< 
n _.§..n I 5 -!=..w(itJ · 

n.1 • o (2n)3 . 

Tor,na CBo6onHM aaepraR aa mettKY KpHCTBAAa paBaa 

F = x E + xT8n :5.. - xT!Jn Z o e ~, 

a XHMRqecKRtt noTeHUR8JI 

I-'- == EC + T 8n X - T 8n z •. 

/3/ 

/4/ 

/5/ 

PaccMOTpHM cHa'laJia.c.nyqatt, KOr,na qRCAO neqieKTOHOB coxpaHR8TCR. 
TaKM CRTyarmR HM88T M8CTO ,D;AH npaMecett. B STOM CAYqae T8M08MKOCTb 

C = X ol 
2 

z. _ z. + 'T' z • . . 2. { I/ (- ')2. '] 
T z. z. ol z. I 

/6/ 

rne mTpRXoM o6osaaqeaa npoasBo,naaR no aprYMBHTY r::t.;r. 
BBJll!'IHHY :z. 'MO.llHO HaJ!TH B aH~TaqecKOM BH.ne TOAbKO ,D;AR npOCTOtt 

KY6R'l8CKOtt pemeTKR, Tor,na 

G.J('i<) = CC5k." + ur..1<y-,. ~ "ii! /7/ 
a Z

0 
BuprumeTcR t1epes MOM(pHUHpOBaHHYD (WHKUHD EecceJIR J0 (t) 

2 == 1"5(.A) 
0 o T · 

TaKHM o6paaoM, .D;AR npocTott KY6Rt1ecxott pemeTKH. 

C = ~ X .A.2. { 1. + I.2 - 2 I, } 
2 T 2 Io · I; . 

EcAH T. <<T<< A • TO C z .L A
2 

2 y2 X , a npa T)>A 

/8/ 

/9/ 

3' C-::::.-;zx. 

TeWioeMKocT~ /9/ cpaBHHBaeTCR c ,ne6aeBcKOI npa TeMnepaTYPe 
f/5 

T G 
5 A

2
0) · 115 I I t :::::: 8-~ X 10 

7T . • 

B c.nyqae npHMecel Koa¢qlmaeHT npa x115 nopJ!;ltKS 10-1, _a T1~10-2K. 
K COXM8Hllll, RM8HHO B STOA o6AacTJI T8MilBP8TYP npORCXO,D;RT lllasoBoe pac~ 
cJI08Hl18 TBep.noro pacTaopa 1Ie - 4He. 'ITO c:anao aaTpy.D;HReT aa6.Jm,rr.eHHe 
npHMecOHHOI T8IIJI08MKOCTH, 
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PacCMOTPHM Terrepb BaKaHCHOHHYJ) TeIIJIOeMKOCTI,. IlOCKOJII,Ky t{HCJ!O 
BaKaHCHOHOB He coxpaHJieTCJI, a onpe,neMeTCJI H3 yCJIOBl!R TepMO,llHH8MH
~eCKOro p8BHOBeCHJI, TO/,',= 0, a T8IIJIOeMKOCTI, ,naeTCJI BHpa!teHHeM 30 

E. 

C =' E.2 e-r z { f - 2 ~ 'Zo' + ol2. z."} /11/ 
T 2 0 E0 2'. E} z. . 

nJIJI IlpOCTOtt ey6HtteCKOtt pemeTKH, C ITOMOlllI>D /8/ IlO~aeM 

2 - E. { A I A2 2 12 J 
C= E,, e T J3 f-6--'(i+I_)_l.+3-+ 6.A_ -' 

T2. 0 c. 2.c. I~ E;2 E/ I;. . 

IlpH ~ < T<< A aTo BHp~eHHe rrepeXO.llHT B 

=_(2n-A{2f~)2 -'f'/'T' 
C. . T J ,-2,rA e ' 

/12/ 

/13/ 

r.ne 
HOM 

Cf= E. - 3 A - 3HeprHJI ,nHa BaKaHCHOHHOtt 30HH. B .npyrOM rrpe,neJII,-

c~ae /A<< T<T"- I 

o0E•~2 -E./T C =o- e 
00 T' , 8= 1+(; t)~ /14/ 

EcJIH rrpeHe6peqI, mHpHHOtt B8KaHCHOHHOtt 30HH, TO /14/ rrepeXO,llHT B H3-

BeCTHYD qJOpMy~ lliOTKH ,nM Terr;roeMKOCTH ,nByxypoBHeBott CHCTeMu: 

= ('t'_)2 e-'f/r 
(s T/ . /15/ 

~OpMyJia lliOTKH HCITOJII,30BaJiaCI, rpeftyoMOM 69 ,nM o6~JICHeHHJI."BH

COKOTeMnepaTypHoa" 8HOM8RHH TeIIJI08MKOCTH B OUK 3tte. 3Ta aHOMaRHJI co
CTOHT B HeB03MOl!HOCTH o6~JICHHTI, 3KCnepHMeHTaJII,HHe .IJ;8HHHe TOJII,KO Ha 

OCHOBe qJOHOHHOtt /.ne6aeBCKOtt/ H CIIHHOBOtt T8WI08MKOCTH. HeCMOTpa Ha 
KatteCTBeHHOe OITHCaHH8 3KCnepHMeHTaJII,HOtt KpHBOtt, 38KOH /15/ He B co
CTOJIHHH 06~JICHHTI, 8HOM8RHD KOJIHqecTBeHHO, 'ITO ITO CYllleCTBY yKa3HB8eT 
H8 KoHettHOCTI, mHpHHH 30HH. rattep 31 rrpe.D;ROllHR rrorrpaBey K /15/ B BH.IJ;e 
MHODT8JIJI 

A 

F;; (T) = (J. e- T) ~ /16/ 

0,nH8KO, cor;racHO 69 , TaKott MHODT8JII, TOJ!I,KO yxy,nmaeT corJI8CHe C 3KCne
pHMeHTOM. IlpoHCXOJl{.A8HHe nonpaBKH rattepa JierKO YBH,IJ;eTI,, ecJIH 3aITHC8TI, 
.TeITJIOeMKOCTI, /1c/ B,BH.IJ;e 

C = C F(r') 
s ' 

/17/, 
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C 
if 

10-). 

10-4 

.4 ,5 .6 T (K) 

PRC. 5. BaKaHCHOHHaJI TeIIJioeMKOCTI, MR OUK 3tte C v .... = 24,454 CM3 

1 - no qiopMyJie lliOTKH /15/ c 'f = 5 ,99 K • 2 - no qJOJUYJI8 /20/ c f; = 6 ,65 K 
H .A =6,42K. B 3TOM M8CWTa6e KpHBaR 2 HeOTJIHttHMa OT .3KCrrepHMeHTMI,HOff. 

10-5 

~ 

~ 
o"' 

I 

~ 

O.'t os 0,6 TlKJ 

PRC. 6. OTKJIOHeHne 3KCITepHM8HTaJII,HO H3MepeHHol TenJioeMKOCTH OT 

38KOH8 IUOTKH /15/ C '(' = 5,99 K' CBJI3aHHOe C KOHettHOCTI,D mHpHHH 30HH. 
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I 

I 

r.ne 
A 

F(r) = (;/~e-;;:Y{ 1- 6 t (Ji-2:)f +;, t: (1+2 }.f)} /18/ 

Ilpe:ar,n;e qeM nottTH ,n;aJibme, aa.MeTHM, qTo npn TeMnepaTypax aKcnepn

MeHTa KPHCTMJI H8XO.IJ;HTCR B napaMarHHTHOM COCTORHHl'I l'I, c;re,n;oBaTeJibHO, 

He 06Jia,n;aeT Tp8HCJiffill'IOHHOll l'IHB8pH8HTHOCTb!O. Il03TOMY KB831'1HMnyJibC He 
.IIBJIH8TCR xopomRM KB8HTOBHM qncJioM,H H8CTORll!8ll B8K8HCl'IOHHOtt 30HH HeT. 
BaKaHCHOHHW cneKTp COCTOHT 1'13 nJIOTHO pacnoJIOEeHHHX JIO~HHX ypoBHefi. 
nJIR T8IlJIOeMKOCTH BBEHO JIHllib pacnpe,neJieHHe 3THX ypoBHell, 8 He HX xapaK

. Tep - 'aoHHW MH JIOKanbHHtt. C ,npyrott CTOpOHH, Ka.K 6HJIO noKa38HO, 

Aa,n;peeBHM 2~ ·BoKpyr B8K8HCHH B reJil'J.l'I BCer.na coa,naeTCR He6MbmaR 06JIBCTb 
C ~ppoMarHHTHHM ynopR,noqeHHeM CilHHOB • .UaJKe B TOM Myqae, ecJil'J. OHa 
OXBBTHBaeT TOJibKO nepBHe KOOp.n;RHBUl'IOHHHe c~pH, OHa CYJll8CTBeHHHM o6pa-
30M BJIHReT Ha CHCTeMaTHKY ypOBHell B cneKTpe. Il03TOMY MO_lltHO CtfHT8Tb, 
tfTO pacnpe,neJieHne ypOBHefi B 30H8 coxpaHReTCR T8KRM, K8KHM OHO 6uno 6u 
B Tp8HCJiffiIHOHHO-HHB8pH8HTHOll peweTKe. npyrHMH CJIOBaMH, HapymeHne TpaH
~HOHHOll HHBapnaHTHOCTH BJIHReT Ha B03MOJKHOCTb BBe.neHHR xopomero KB8-
3HRMnyJibca, HO He BJIHReT Ha CHCTeMaTHKY ypOBHefi, KOTOpaR, KaK l'I 38KOH 
.nncnepcnn, onpe,n;eJIReTcR cnMMeTpnett aJieMeHTapHofi HtfettKH • 

,· Sanli!lleM 38KOH ,n;ncnepcmt B8K8HCl'IOH8 B OUK pemeTKe B BH,ne 

EC'i)== E. + cl CQ.)_;eoc,Jcm~ /19/ 

Tor.na lO 
t;, Jr/2 

E
2 

- - 2 5 2{ Li I . 2 IJ.
2 

2 T ,1 I · } C = ~ er - I (f--_f_wsx) + - unx- - ....!. crox dx ; 20; 
01'K T2 7T O E. I 2 E 2 E 2 I I 

. 0 0 0 0 0 

r.ne IK = I"' (}=:x.) , a J3 = 1J. /4T • CpaBHeane c peayJibTBTaMH pa6o
Ts69 IlOK83HB8eT, tfTO (J(}pMYJia /20/ onncuBaeT BHCOKOTeMnepaTypeyJO 8HO

NMHD B OUK 3ire C BHCOKOfi TOtfHOCTbD. Ha cpaBHeHHR Teopnn C 3KCnepRMeH
TOM, B tf8CTHOCTl'I, MOlltHO noJiyqHTb £0 H mnpney 30HH .1. nJIR MOJLFipHOrO 
061,eMa' ~n= 24,45 CM3 3TO ,I(aeT E. = 6,65 K n .1 = 6,42 K. 

Ha pnc.5 Il0Ka38H8 B8Ka.HCHOHH8R Ten;ronpoBonHOCTb, p8CtfHT8HHM 
no gJOpMJJie /20/ H no qiopMyJie lliOTKH /15/, a Ha pnc.6 - HX p83HOCTb, 
0 'KOTOpOfi ecTb 3KCnepHMeHT8nbHH8 .IJ;8HHHe B 69 • 
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"Ecmb aoceMb zpaHeu Heu3aecmHocmu u 
CfflOJlblCO :re zpaHeu Y 3a6Jty:roeHUJI ". 

Hwaap KpuwHa. "CaHKXbJI Kapu,ca" 

r;raBa III. IDlHEI'MKA .UE~El\TOHOB 

Han6oJiee RPKO KB83HtfaCTlltfHOe noBe.IJ;eHne ,neqieKTOHOB npORMReTCR B 

HX KHHeTnKe. Ilpn .nocTaToqHO ljH3KHX !eMnepaTYpax 8KTl'IB8.UHOHHHtt MeX8HH3M 
,n;nq¢y31'1H CT8HOBHTCR Mettee 3~KTHBHHM no cpaBHeHHIO C TYHHenbHHM, tfTO 
npHBO,ll;RT K HOBOMY RBJieHl'IIO, no;rytfllBWeMy H83BaHne KB8HTOBOtt .n;Rffi3HH. 
HBJiemrn KBBHTOBOll .IJ;Hffi3llll OKa38JIOCb He TOJibKO KJIIO'IOM K IlOHHM8HHJO no
Be,neHHR BO)],Opo.na B MeTaJIJiax 7, CilllHOBOfi .n;Rqxpy3llll 11 • lS-20 , 22 , ?2 • 76.,..79 , 

ll 8HOM8JIHfi CilllH-pemeTO'!HOtt peJiaKcaunn B reJil'J.H, HO TBltlKe paccJioeHHR 

TBep)],HX paCTBOpOB 3He - 4He, nponcxowi:mero 38 .IJ;OCTYilHHe 3KcnepnMeHTY 
BpeMeHa. C 3THM RBJieHHeM CBR38H8 H npo6JieMa C8MOJIOKaJIH38UHH H (J(>HOH
HOll ,n;eJIOKMl'l38UHH neqieKTOB 37 , 80 • 

§ 9. McTopnqecKHtt o6aop 

Korna IlORBHJIHCb nepBHe TeopeTHtfecruie pa60TH 11• 13' npe,n;CKa3HBal0-
111He OCHOBHHe oco6eHHOCTH KB8HTOBOll )],ll~qJy3HH, 3KcnepnMeHTMbHHX .IJ;8HHHX 
0 neqieKTOHHOll ,ll;llffl3Hl'I He 6HJIO, a HeKOTOpHe pe3yJibT8TH no ,ll;Hffl31'1H 
ne~KTOB18 •82 rOBOpllJIH B noJib3Y KJI8CCHtfeCKOro 8KTHB8UHOHHOro MeX8HH3-
Ma. He 6HJIO RCHOCTH OTHOCHT8nbHO COOTHOllleHnR' 11 KB8HTOBOCTH 11 l'I 11 KJI8CCHtf
HOCTH" B paccMaTpHBaeMHX RBJI8HHRX, tfTO 38TpynH.fIJIO naJKe ·npaBHJibffYIO no
CT8HOBKY 38,n;8tfH. ITOK838T8nbH8 B 3TOM OTHOWeHHH pa6oTa ~Jil'J.HHa H CTOYH
X3Ma46 0 ,ll;Hffi3HH JierKHX npRMecett BHe,n;peHHH. PacCM8TPHBM BJIHRHHe .ne
g)OpMBUHH peweTKH BOKPyr .neqieKTa H pOJib qJOHOHOB, 8BTOpH npaKTnqecKH 
npeae6perJIH KorepeHTHOll KB8HTOBOll ,n;Hffi31'1efi. 3TO 6HJIO CJie,n;cTBHeM He
npaBHJibHOll KOHUeIIUHl'I O TOM, tfTO HeKOrepeHTHOMY /c Ytf8CTHeM (J(>HOHOB/ 
rrepexony COOTB8TCTBY8T RK06H M8KPOCKOnHtfeCKH 6onmoe tfRCJIO KBHMOB, 
a KOrepeHTHOMY - Beere O.n;RH.B pesyJlbT8T8 OHM nOJIYtfHJIH a6COJIIOTHO He
npaB,n;ono,n;o6HyIO oueHey )],JI.FI TeMrrepaTypHofi o6JI8CTH, B KOTOpofi MOlltHO Ha-
6JI10naTJ::, TYHHeneyJO ,ll;llffi3HIO, CBO.I(RleyDCR K HepaBeHCTBY T ~ 10-17 K. 

ITpennoJIOEeHHe,o ,n;eJIOK8Jil'J.38UHH 'Ae~KTOB 03H8tfSeT, tfTO npn nocTa
TOtfHO MaJiott KOHUeHTPBUHH H OtfeHb HH3KHX TeMrrep8TJP8X /cM. §14/ cnpa
B8.l(JIHBa raaOKHHeTn~ecKM MO,n;eJib, B KOTOpofi K03q:qJHUHeHT .n;Rffi3HH o6paT
HO nponopunoHaJieH KOHUeHTpaunn: 

D~A~ N 
o t;:z.u-x 

B pa6oTax Ee 13 , 14 6un nOJIYtf8H .38KOH H3MeHeHHH K03q:qJHUH8HT8 .n;Rffi3HH 
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c TeMnepaTypol;t: 

Dr~ as{~J(-;-)
9

, 
frzs 

0P = 2a > /2/ 

o6JiaCTb npHMeHHMOCTH KOToporo noa~e 6WJa pacmHpena 81 .no TeMnepaTYl), 
6JIH3KHX K .ne6aeBcKon * , Kor.na ~Ha cBo6o.nHoro npo6era KBa3RtJacTHI~ll 
CTaHOBRTCR nop1I,llKa, HJIH .n~e MeHbme ITOCTOHHHOtt pemeTKH. 

MOJKHO 61lJIO o;m.naTb, 'ITO T8KOe 6!lCTpoe B03p8CT8HHe .nHffl3RH C 
ITOHH~enneM TeMnepaTypll 6y.neT JierKo 06HapyxeHo 3KcnepHMeHT8JibHO. O.nna
KO KaK 3KCnepRMeHTll no ,naqxpy8HH B8K8HCH/;t B 3He 82, T8K H no .nHffl3HH 
npnMecel;t 18 C KOHITeHTpaunen X ~ 2 % YK831lB~ Ha KJI8CCHtJeCKOe 3KCno
HeHITH8JibHOe y6HB8HHe .nHq¢y3HH BnJIOTb .no TeMnepaTJpll paccJIOeHHR. 

BnepB!le KBa3HtJaCTHtJHOe noBe.neHHe npHMecen 6!lJIO 06HapyzeHO 3KCne
PHM9HT8JibHO B 19?2 r. PHtJap.ncoM, IToynoM H Yall.noMOM 15 /cM. T8Kl!Ce 83 / 
no KOHileHTpauROHHO/;t 38BHCHMOCTH /1/ B o6JiaCTH HH3KOTeMnepaTypnoro 
nJiaTO, Kor.na npeo6Jia.naeT .neqieKTOH-.ne~eKTOHHOe pacceRHHe. O.nHaKO MR 
TYHHeJibHott qacTOTll A /o6oaHatJeHHO/;t TaM JH- I OHH nonytJHJIH otJeHb Ma
nyJJ B9JIHtJHHY 

-3 -7 
'] ...., 10 J ~ 10 I< 
. 3't 33 /3/ 

/J33 -_o6MeHH!ltt HHTerpM B tJHCTOM 8He/, HHTepnpeT8UHR KOTopott Bll8H
BaJia onpe,neJieHH!le Tpy.nHOCTH, T8K KBK <fg3HtJ9CKRX rrpH'IHH .nJIR TaKO/;t Ma
JIOCTH H9T. 

JiaanecM8HOM H BHHTepoM 16, a n03lle H XyaaroM H .np. 84, 6WJa Bll
.nBHHyTa Mo.neJib /KOTOPYJJ OHH CtJHTaJIH 8J!bTepH8THBHott/, npHBO.llRlllM K 
.npyro~ 38BHCHMOCTH K03ifxl.HUH9HTa .nHqxpy3HH OT KOHU9HTP8UHH! 

2 ,2 

D ~ 'Ja , J=_;z__, /4/ n. x"/3 K 

r.ne ;;' - 06MeHHHn HHTerpaJI B tJHCTOM Be111ecTBe, a I<. - qieHOMeHOJIOrH
qecKHll napaMeTp, onHCllB8D!IIH/;t OTTMKHB8HH9 8TOMOB B o.nHOM yaJie. B K8-
tJ9CTBe npHMeHHMOCTH 3aKOH8 /4/ 8BTOpli 16 YK88~ X) 10-6, OCT8B.IIIDI 

. raaOKHH9THtJ9CKO/;t TeOpHH 3KCil9pHMeHT8JibHO ae.nocTynHY.J.) o6JI8CTb X < 10-6. 
TOtJHOCTb 3KcnepHMeHT8, o.nHaKo, OK838JI8Cb He,nOCT8TOtJHO/;t·MR Toro: tJT061l 
OTJil'ltJHTb KOHU9HTP8UHOHH!le 38BHCHMOCTH /1/ H /4/ •· ecJIH H9H3BeCTH8 TYH
H9JibHM tJ8CTOTa. Heo6xo.nHMJll .nonOJIHHT9JibffYll HHqJOpM8llHJJ MOrJia .naTb 
TOJibKO TeMnepaTJp~aR 38BHCHMOCTb /2/. 

*3TOT pe3yJibT8T RMeeT npHHITHnHaJibHOe 3HatJ9HRe, YK831lBBH Ha KBa-
8HtJaCTHtJHOe noBe,neHHe .neif;eKTOB B YCJIOBHmc .nHHB.MHtJecKoro C60R ypoBHett. 
)lJIR TBep.noro reJIHR, o.nnaKO, OH HOCHT qJOpMaJibHHtt xapaKTep, T8K KaK 
KpHCTBJIJI reimR ITJiaBHTCR rrpH T9MilepaTJp8X 3H8tJHTeJibHO HHXe .ne6aeBCK02. 
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BrrepBHe B03p8CT8HHe K03q¢HUHeHTa .nH~W3HH C noHHX9HH9M TeMnepa
TYPll 6WJO o6napy~eHO B 19?3 r. rparopbeBHM, EceJibCOHOM, MHxeeBHM H 
lllyJibM8HOM 1? / CM. TaKl!Ce 18;. 06pa60TK8 3KCnepHMeHT8JibHHX .naHHllX no 
T90pHH l1 ,naJia MR TYHHeJibHO/;t tJ8CTOTll 3H8tJeHH9, corJiacy10-

, meecR no nopMKY c /3/. 
ITpaBHJibHOe 3HatJeHHe TYHHeJibHOtt tJ8CTOTll BnepBlle 61lJIO oonyqeHO 

BBTOpOM 20 rrocJie o6pa60TKH .naHHllX 3THX xe 3KcnepHMeHTOB no TeopHH 13• 14• 
TyHHeJibHM tJ8CTOTa OK838JI8Cb Ha ,nB8 nop1I,llK8 60Jibme, tJ9M /3/, a mHpHH8 
30HH LI rv 10-4 K • O.nHoBpeMeHHO 6HJIH onpe,neJieH!l H xapaKTepH!le 3H8tJ9HHR 

,nnR cetJeHH/;t .ne~KTOH-.neqieKTOHHOro pacceRHHR, KOTOplle, B corJI8Cm! C 
npe,nCK888HHRMH TeopHH13, OK888JIHCb 8HOM8JibHO 60JibillHMH. nllJIH YKa88Hll 
T8Kl!Ce TeMrrepaTypnue H KOHileHTp8UHOHHlle 06JI8CTH npHM9HHMOCTH 38KOHOB 

/1/ H /2/ H Te npH'IHHll, no KOTOpllM TeMnepaTypHM_88BHCHMOCTb /2/ He 
6WJa o6napy~ena paabwe. )laJ!baelmHe aKcnepHMeHTH??-?9,85,86 no.nTBep

,nHJIH npaBHJibHOCTb T90pHH H .n~ B08MOlKHOCTb YTOtJHHTb oapaMeTpll .neqieK
TOHHQ/;t 80HH H .neqieKTOH-.neqieKTOHHOro paccemtHR •. qTO xe KaCaeTCR 88KOHa 

/4/, TO, KaK 6!lJIO nOKa38HO AH.npeeBllM 22, _OH .nellCTBHTeJibHO MOE9T HM9Tb 

MeCTO, HOB .npyrol;t KOHU9HTp8UHOHHOtt o6JI8CTH, H RBJIR9TCR CJie,nCTBH8M 
B8aHMo,nettcTBHR .neqieKTOHOB. 

)laJibHenmee yBeJIHqeHHe KOHUeHTPauHH .neqieKTOB OpHBO.nHT K paapyme
HHJJ KorepeHTHOro COCTORHHR,H .neqieKTli JIOKaJIH3YJJTCR. Hx KHHeTHK8 B 3TOA 
06JI8CTH paCCMOTpeHa rro.npo6HO B pa6oTax Karaaa C COTp.38,3?,80. 

§ 10. JleJIOK8JIH38UHR Jl9qJeKT8 

PaaHoo6paaaue ~H3HtJecKHe npatJHHH MoryT Bll3BBTb o6paaoBaHae JIO
KaJIHaoBaHHoro TOtJetJHOro .neqieKTB B KPHCTaJIJie. Ilo3TOMY opouecc .neJIOK8-
JIH88UHH .neqieKTa Hero rrpeBpa111eHHR B .neqieKTOH npe.ncTaBJIReT onpe~e~ea
Hlltt HH'l'epec. 

PaCCMOTpHM BpeMeHHOe ypaBH9HH9 llipe.naarepa 

i Pi d'IJf = fro/. 11/ 
E}-1;. 

Ha.',1 ffYXHO pemeHHe '\J!'l (x,f) , KOTopoe npH f=O COBOa,naeT C @'HKill!eA, 
ODHCHBB!Ollleff COCTOHHHe KpHCTBJIJIB C AOK8JIH30B8HHllM ~eqieKTOM: 

'l.f_ (X, 0) = 1J!. (X). 
'Z. 'Z 

/2/ 

KaK 6WJO DOK83aHO B § 4 , B K8tJ9CTBe co6cTB8HHllX @'HKIU!tt raMHJibTOHH8Ha 
MOXHO B3RTb .neqieKTOHHHe @'HKUHH /4.10/. CT8UHOH8pHHe ze pemeHlffl ypaB
HeHHH /1/ HM8JJT BH,n 
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lf}I< ( X, t) = LJ11< ( X) e-:i E(1<): /3/ 

Torna, cor~aCHO O61JlliM IlpHHIU!'.Il8M KBaHTOBoi MexaHHKH, HCKOMYJO 
qJyHKUHlD ~ ()( t) MOJKHO rrpe,D;CT8BHTI, B BH,n:e cyrrepilO3IDUrn ipyHKUHft /3/: 

~ ) . . 

'lf'... (x, t) =SG (X, x;i) ~ (x)dx 'Z 'Z , 

rne qiyHKUHH rpnHa 

G "'" II I I II - i. E<1<)t 
(x,x;f)= LT (x) T (x)e ii • 

I< I( " 

nJIJI IlpOCTOTH paCCMOTpliM rrpOCTYlD KY6HqeCKYID peweTKY C 38KOHOM 
nncrrepcHH /4.15/._Torna 

"" iy(fx+fy+-~) · 
G (x,x;i)=t e Jf. (wot) :i,(GJ,i)JJ'j!(c.;o t) ~ (X) ~-f (x) /4/ 

H, c~enoBaTe~I>HO 

· 11 r ~ i :f (f .. + .Py+-fi ) . 
't'r[, (x,t)=.(.. e JoCwot)Jf (uJ,,-1:)]o(CJ.t)'lJ!. il(X) 

S' ,,. . y ·~ 'l+5 

rne 'Jf' (X). - CWHKUHH Eecce~H, c.;)c =A/ti. 
BepoHTHOCTI, HaxOJK,n:eHHH ne(J:eRT8 B 'i -oft fiqenRe naeTCH KBa.npaTOM 

MOnyJIJI RO8!ppHUHeHTa rrepen 11-'iCX) : 

EcTecTBeHHO, 

W(z+r, -t:) = ';{,:cc,J.i) 7~ccJ.-t)'J~cG.)o-t). 

L w er+ r. -1: > = 1. : 5' . . . 

nnifxJ:epeHUHpyH W IlO BpeMeHH H HCilO~SYH TOJK,n:eCTBO 

2 o(,'J,,_(;:) - 'J - j ~ -£ ol.'ln. 
olz - n-1 n+-1 ~ ol n , 

IlOJIY'l88M ypaBHeHHe HerrpepHBHOCTH nM npouecca ne~OR8JIH38UHH B Bane 

W + ~VIN'== 0 , ~ = (,Jo a, f /9 
JlJilll 

'W' + cJim-_(wv,,) = OJ 

rne W=W/V- 06'f>eMHruI MOTHOCTI> KBa3H'l8CT~. 
CpenHaft KBanpaT paccTOHHHR, npoXOnaMOro ne(J:eRTOHOM sa BpeMH i, 

patleH 

(f2) =; f2. W(f,i) = v-2t2. 
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,1'3 Aa 
'IT= VT ti · /5/ 

c~enoBaTe~I,HO, qJpOHT BO~HH ne~O~SBUHH nBHJKBTCH C IlOCTOHHHOft CKO
pOCTl>ll /5/. C Toft lite CKOpOCTI>ID rrpOHCXO,n:HT H YMen:r,weHne BepOHTHOCTH . 
HaxoxmeHHH ne(J:eKTa B cBoeM ys~e B HatJMe rrpouecca ne~oRaJIH3auHH: 

1¥'ictl = 111~/ o-v-2 t
2> 

TaKHM o6p83OM, xapaKTepHoe BpeMH ne~O~38UHH 1:. ~ -Ji/A • nJIJI BaKBH
CHH 8TO BpeMR 7:0V ~ 10-110.' a nM IlpHMBCH '1:'f ~ 10-? _ 10-6 c. 

nJIJI RorepeHTHOro IlOBeneHHR KBasnqacTHUH Heo6xonnMo, 'lTO6H BCe 
BpeMeHa cBo6onHoro rrpo6era 6HJIH 6O~:r,me BpeMeHH ne~o~saunn. B raso
KHHeTnqecKoM IlpH6JIHllteHHH BpeMH rrpo6era 7f OTHOCHTB~HO ne(J:eKTOH-ne
q:eRTOHHliX CTO~KHOBeH~ paBHO 

7:= 1. -=.--C _1_ 
XO-V' 0 Xa'

1 

rne CJ - ceqeHHe pacceHHHH /B enHHHUax a 2 
/. Torna yc~OBHe RorepeHT

HOCTH npHHHMBeT BHn 

xo-<1 /6/ 

aTO yc~OBRe B nM:r,HeftmeM 6y.11.eT HrpaT:r, cymecTBeHHYJO p~. IlOCKO~KY. 
KBR 6y,n:eT IlOKa3aHO, ce'leHHH a' 8HOM~HO BeJIHKH, 

§ 11. PacceHHHe fWHOHOB Ha ,ne!I!lRTOHax 

IlpR Hy~eBott TeMrrepaTYJle ne(J:eRTOH ,n:BREeTCR CKBO3I, KPHCTBJIJI 6es 
.IUICCHilBURH. BBany MMOCTH ero CROpOCTR no cpaBHeHHll co CROpOCTLll SBY
KB, cymecTBYJOmd B KPHCT8JIJ18 "ras" HY~eBHX \P()HOHOB ycrreBaeT no.11.crpa
HBaTI>CH R HeMY, H ne(J:eRTOH ,n:BHEBTCH BMeCTe C anna6aTH'leCKH IlO.11.CTpO
eHHHM qx>HOHHHM oMaKoM, ROTOpwt MHReT, B OCHOBHOM, Ha ero Macey. 

IlpH IlOBHWeHHH TeMnepaTYJlH Ha'lJ4H8eTCH paccemme TeMOBHX \P()HOHOB 
Ha ne(J:eKTOHe. TaR KBR Macca neq:eKTOH8 BBJIHKB, a BpeMH ero llHSHH MHoro 
6onLme BpeMeHH pe~aRCBUliU! \P()HOHHOro rasa, TO pacceHHHe Ilp0HCXO.11.14T, KBR 
Ha CHnOBOM ueHTpe. IloaTOMY oe'leHJ!e paccemm.H \P()HOHOB Ha neq:eRTOHe 
MOSHO 38MeHHTI, oeqeHJ!eM pacceJDUIH Ha Heno,n:BHZHOM ne(J:eKTe. Kalt 6HJIO 

IlOI<B.38HO l1.M.JIHipl!HUeM 65, TSKYll sanaqy MOSHO pemHTL 8H8Jll!TJll'leOKH, 6~a
ronapH ~O~HOMY xapaKTepy MaTpHIUl BOSMYllleHM /4.3/. B TB.KOM CJIY'lae 
BOnHOBSR qJyHKUHR pacceHHHoro \POHOHa naeTCH BapaxeHHeM 

ii a-_ i"ilR 
,vcr V 1 "'"5 ~--- Cf...(Je) e 13 ~ (R) = - - L K,lf .. OtJe 

j1<. (21rf' m i C,J,2 -fa ... (.ie) + i O , 
/1/ 

r.ne 
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I : i I 

: .. 1 

Ji ""'""" ,r, - -i.ie R,J\cr; az Oz J, __ =L q (Je) e 7:' . 
.1<.Je R,R2 ~ R1 R2 P.. 2 ,J 

a; 0-2, 

er ~ (12 a;a- er_· ikR 
7:R · + L 7: · J3 = q_ (i',)e 

J R, R2 R;,_J R.2. R I.J /2/ 

fi
o,_cr V L 1 ~ c-U,;e ~ a; - -i:iR,Arr;rr, i-.ieRi_ rr-= -. - ----- L (Je)e 11 e G <£) 
R2R (2rr)3 . tl1 .,,«,; (ie)-c,/1·-,o R CT. 1., R,R,2_ f._ , 

" (., , - If 

V - o6MM :JJ!eMeHTapHOt\ R<JeltKH, fa.(£) - 30KOH ,n1mnepc1rn i -it BeTBII 

KOJie6aHJ!J, iffie) - BeKTOpU llOJutpll3a!lllR. BH.nHO, 'ITO ifonon c '18CTOTOl:\ 

w npR pacce.murn nopoJ1C.naeT ifoHOHll acex BeTBelt, ,nJIJt KOTOpllx _,.u.: (ii)= ed. 
O,nnaKO' IlOCKOJ!bKY TBepnun reJIRlt cymecTByeT TOJlbKO rrpR TOMilepaTypax 

MHoro u1Ute ,ne6aeac1col:\, RHTepec. npe,ncTaBJIJieT TOJibKO pacceJI1me .UJIRHHO-:

BOJIHOBHX aeyCTRtfeCID!X ifoHOIIOB. EcJIR ll.J!RH8 BOJ!HU MHoro 60J!bllie pa3Mepa 

HeO,nHopo,nHOCTR, To, a m!JIY YCJIOBR.ll /4.4/, BeJIR'IRHU )3'(;'(;,' M8JIU, a llX 

CJMM8 paBHa HYJIIO • 

~ a"io-
L ./UR R =0. 
R2 2 

P.. era-' 
~RR!<< 1_ , 

CJie,nonaTeJlbHO,.B /2/ MO~Ho npeHe6pe'lb cy'MP,lolt. B pe3JJlbTaTe 

J;, ~ o: _ -iilff,j\°' a;, ii<~ a: _ .1 __ = L q, 'CJCJ e e o_ 2 (K. J 
• KJe R.,R2 ,:, . fl.,R2 '.; I 

a-; a2 
a qJJHKUIIR pacceRHHOro 1oHOHa 

/3/ 

/4/ 

L S 
13 L _ /\°'°' - o;iR <r'-_ Go,_o--o;...\[__1._ aJe . KR iiRe 

xjk (R)-_ i- ½ 1,, ms2 (2rr)3 K·2.-Je2_ iO ' R,R2 2 , 
icr,O:, • • R,R2 

r.ne YtJTeHO' 'ITO ,nJIJI ,IJ;JIRHHUX BOJIH ,U,: (Je) = s,.2 Je 
2 

R BBell,eHO o6oaHatJeHRe 

k,; = W /S.; / 5 i - CKOpOCTb 3By:Ka i -It B8TBR/. JI.JI.fl llOJIJ'18HRR aMilJ!RTY

ll.ll pacceJIHRR uy,ma acRMnTorirna aTo~ qiymmnn Ha 6oJlbmRx paccTO.f!mrnx, 

nponopUROH8JlbHM R·f: 

0- L L - /\a; <'.i - iK.R. -V a; rr er; 1. - -, e • -, K,R X. (R)=- a a a_ - 2 1< R, RR K.,R2 _, K.=-
Jk 4-rr. -,J f& tl ms- RR , 2. R. R. . ~ o:cr: t. 1 2 

, I 2. 

CetJeHne paccerumJI q;onoua j -tt aeTBH KJie6rurntt c noJIJipH38I.Uiett er , B 

peayJibT8Te. KOTOporo IlOJIYtJaeTCJI ql()HOH i. -n B8TBH C llOJ!Jipl13anRen O""' , 

,naeTCR BUp8.11teHHCM 13 : 

d crcr' G '; )2 ft 2{""'""" a: er.~ - !\°' ~ _}2 n' a;-; i"i<· = 2 "-er:) L er ·i. 2 
L "i<R, RR K:R2 dJL. 151 

' 4-rrms, O,a;i ~ 'J R.,R2. • 2 
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r.ne clSZ:=- 2rrs-im,o(.olc£ , ol- - yroJI M8'JIWY HanpaBJieHRRMH HaJIBTaillllero 

R pacceRHHOrO <pOHOHOB. Ycpe,nHJIR /5/ no BeTB.flM R noJl.llpH38UR_.FIM na.naD!!HX 

qx>HOHOB H CJMMRPYR no B8TB.IIM H IlOJl.llpR38UH.f!M pacceJIHHUX qx>HOHOB, no

JIY'l88M 0611lYD cpopMJJIY ,nJIR cetJeHH.ll pacce.mm.11 <pOHOHOB Ha J!ORaJ!LHOM ,neq,eK

T8 JII06on CHMMBTPHH 

·v2. o/,a:_ = - 1< 4 L--, dSl 
l<K, (2TT)2 nn I 

/6/ 

r.ne 

"" 1 ~ { ~ .... -R /\ Oj <'2 - R~ } 2 .- it __ , i<' /?I Lnn'= --2.-,,L L n ! RR n' 2 , n=,z ,n.=,z 
12m s RR , 2 • 

O"j °-2 I 2 

TaKRM o6pa30M, B npOCTllX pemeTKSX·C8'18HHe pacceRHH.ll ,a;;K.~ K*. 

B CJ!OllHllX pemeTKaX _BM8CTO /4/ RM88M MaTpmzy 

;;it ~ sa- -iieR,f\so-s'o-' i.'i<R2 s'rr'- / 
A __ =L 1- (ie)e /\R e 0, (K), /8 

K Je R, Ra. ,, · , R2 IJ 
SS'0-0""' 1 

sJieMeHTH KOTopolt, aoo6Dte roaopJI, He actJeaaDT rrp:11 1<-0 • EcJIJI, OllH&Ko, 

XOT.ll 6u O,nHH R3 RH,UeKCOB i HJllll j OTHOCRTCSl K aeycTH"l8CKO! B8TBH, TO 
~0 . 
;too= 0 • !3TO CJie.nyeT cpaay H3 /4.4a/, ecJIH YtJeCTb, "!'.TO ,nJIR: 8KJCTH-

qecKRX BeTBeff BeKTOpll llOJIJipH38UHH He 3_8BHC.IIT OT HOMepa 8TOM8 B .fl'lle!

K8 s , TaKRM o6pa3oM, B aToM CJIJ'{ae ceqeHHe pacceRHHK onpe,neJ!.lleTc.11 

q;op,,yJI8MH /6/ H /7/, r.ne CJie,nyeT c,neJI8Tb 38MeHy 

/\ CTj ~ = L 11 s °' s 'Oi 
R.,R2 SS' R, R2 • 

TaKHM o6pa3oM, .llJIJ'I aeycTH"!'.ecm qx>HOHOB cHoBa CT"~/1:*, a .llJIJ'I 
OilTH'l8CKHX O'= wns--l . • 

HcnOJlb3Y.ll COOTHOW8HBR /4.5/, JierKO Bl,IJ)83HTL 8Jl8M8HTll MSTPHUH 

B03MY11!8HHR qepe3 M81CpOCKOilH'l8CIGle xapaKTepHCTHKH cpe,llll. JI.JUI B8KaHCU 

B ey6ailecKOM KPHCTaJIJie HMeeM, c J'l8TOM /4.5/ 13 : 
"'"" t'- --,)2. L..,iji, =,n n , 

a qx>pr,tyJia /6/ nepexo.nHT B 

ol a2. " )*(- ... ,)2d n' G":.-, = /-;;-2 iJ< a n n ...>c.. • 
/( I<. \'<-1T) ' 

/9/ 

EcJIH ,neiJieKTOM .RBJIJl8TC.ll 8TOM 38M811l8HH.ll, 3TY B8Jm11HHY &yal{O yMHODTL 

811!8 Ha "HHT8HCRBHOCTI>" B03MYDt8HM ifo, EcJIH OCHOBH08 OTJIH'lllle ,1{8qleKTa 

CB.ll38HO C ero Maccoa, TO 
87 o;, =-(.1.m/m)- B ,nelcTBHTeJll,HOCTJ! /cM. § 2/ 

,neq,eKTH B KB8HTOBllX 1CpHCT8JIJiaJC Bcer,na M8H.llllT B CHJIOBHe llOCTO.llHHHeBB, 

BKJIB,n KOTOpWC B HHTOHC:l'IBHOCTL ~ = ( Aoo/L00t 
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§ 12. TeMrrepazypHa.ff 38BRCRMOCTI, K03cf$IUReHT8 .ll;RppY3RR 

llJLll Bli'lll.CReHH.ff K03qxpHIU!eHT8 ,llHqqlY3llR BOC!IORD3yeMCR ceqeHHeM 
pacce.ffHR.ff, !IOJIY'l81llll:lM B IIP8.IUmYDl8M naparpaqie. TIOCKORI,KY B paccMaTpR
B88MOM npH6muteHRH .neqieKTOH B3anMO.nettcTByeT TORI,KO C ql()HOHBMR, TO 
ll.HTerpM CTMKHOB8HRil nerKo onpe.nenRTI,, H K03qxpHUH8HT ,llHqqJY3RR MOXHO 
HBMTH C !IOMOmI,D yp8BH8Hll..ff Eont,UM8H8. 0M8KO crrena~HqecKHe oco6eHHOCTR 
noBe,neHH.ff .neqieKTOH8 B qx)HOHHOM .ra38 ,nBK>T B03MOltHOCTI, pemRTI, 3a,na~,He 
npa6eraR K KHH8TRqecKOMY ypaBH8HHD, a cnenyH M8TOnJ, RCilORI,30B8HHOMY 
B pa6oTax 13•72• 

TIOCKORI,KY CKOPOCTI, qx)HO!la M8Jl8 no cpaBH8HHD co CKOpOCT!,D 3BYKB 
B Kpll.CTaJIJie, OCHOBHYD pony, arp8DT nBYJCqx>HOHHHe nponeccH. Ilpn 3TOM 
38KOHH coxpaHeHHR SHeprHn ll. KB83ll.HMITyRDC8 ll.M8DT Bn.n: 

£(p) + 1i s 1< = E(p') + 1is1<' 

p +i! = p'+ K'+2TT8. 

/1/ 

/2/ 

3.necy, k - BonHOBoil BeKTop qx>HOHOB, E(p) - 3aKoH ,nHcrrepcan .neqieKTOHa, 
C - BeKTOp o6paTHOii pemeTKR; ~cnoRDaoBaHae naHeilHoro aaKOHa ,nRcrrepcaa. 

nJLll qx)HOHOB orrpaB,naHO HR3KHMR T6MII8p8Typ8Mli no cpaBHeHRD C TSM!IepaTy
pon lle6BR. IlOCKORDKY glOHOHHHil raa MOltHO cqRT8TI, paBHOBSCHHM, TO cpe.n
Hee 3HaqeHR8 KB83R1™ITyRI,C8 (pOHOIIa 1i k ~ T/s • MMOCTI, qx>IJOHHOro 1™
nyRDca noaBonReT :acRJIIO'?RTt, nponeccH nepe6poca. B npnHUnne, TeMnepaTypa 
MOE8T OHTI, KBK 6ont,me, T8K H MSIJI,We mapRHH .neqieKTOHHOil 30HH. B 060:ax 
CJIY'IBRX, OMBKO, OTHOCRT8RI,HH8 H3M8H8HH.ff saepr.im H KB83!1RMITyRDC~ .ne
q16KTOH8 IlPH CTMKHOB8lJRll. MaRH. 0603H8'll!M 

0 = tis /3/ 
P 2a • 

Tor.na, ecJm Ll < T «-0p , To ns /1/ n /2/ cnenyeT 

E(p')-E(p) _ fi.s(1<.-1<'J _ ti.ir(i<-i<') ~ 2Tu ~ :I_ «.1. 
A - A - Ll S ti 0p ' 

IP-P;I - /k-k'/ ~ 2. T' (VI_ « 1. ; 
-P- - p ~ tisp pa.0p 

if= 9c c)p 

/4/ 

/5/ 

EcJm xe T ( Ll < 0p , TO 38KOH ,nHcnepcnn MOllUtO cqaT8TI, KBanpaTnq
HLIM, ll. HCilORD30B8TI, npn6JmxeHHe aqxiieKTRBHOA M8CCH 

... -Ji. 2.p2. 
. E(p )=---

2 m.* 
B BTOM CJIY'l88'HSM8H8lll18 BOJIHOBoro B8KTopa qx>HOH8 no B8JmqHl{8 paBHO 

·1 l<,r-,__. l(Z(~ --)· 
Jee K-1<.=-,.,(n-n.)- - J.-rtn.' /6/ 

~ ~ 1 
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m"s 2 0p 
r.ne Po= T = A_ a, ' a n= i< 

K 
n vi'= 'i<• 

I<, - HanpaMeHH.ff ll8Jl8T810-

mero R pacce.ffHHOro glOHOHOB. llnR nepe.naHHoro Ilpll. CTORKHOBeHRH BORHOBOro 
B8KTOp8 ll.M88M 

q = 1<.(n - n') + Jen'. /?/ 
TaKRM o6pa30M, OTHOCll.T8RbHHe ll.3M8H8Hll..ff SHeprRH ll. BORHOBOro BeKTopa 
.neqieKTOH8 M8JIH H B STOM cnyqae: 

ti E k VAT q, k --~--~---<<1 - ~-<<{ 
ECp) P 0p · ' P P 

~TO ~acaeTCR BOJIHOBOro B8KTOpa <pc>HOHa, TO npn Kal[,Il;OM CTORKHOBe
llll.ll. OH M81l.ff8T Cll.RDHO CBOe HanpaMellll.e, OCTaBaJICI, npaKTHqecKR IlOCTO.ffH
Hl:lM no BeJmqnHe. TaKRM o6paaoM, Cll.TYSUH.ff H8IIOMHH88T .nBD8HH8 Tsr&enott 
qacTRUH Brase nerKRx. 

Hait,neM CHaq8Jla K03qxpll.Illl.8HT ,nll.qqJj'3Rll. .neqieKTOHa B ll.MITynbCHOM rrpo
CTPBHCTBe. OqeBHMO, ll.3M8H8Hll.8 KBanpaTa ll.M!Iynt,Ca B 8,nll.Hll.UY BpeMeHH 
.naeTC.ff ll.HTerpMOM 

( q2
) = :3s (' dt dO";_K, n(K)('i<-f•)2 /8/ 

(2rr)"5a5 J ' 
r,ne Yl.(K)={ exp t::.K - 1. r 1 

- qJyHKUH.ff pacnpe,neneHll..ff glOHOHOB, a ceqeHH8 

cl,,°"'"' Ollll.CHB88TC.ff g10PMYROI /10,9/, YMHOE8HHOR Ha SaBKCJmzy]) OT Tll.IIa 
.neqieKT8 ll.HTeHCll.BHOCTI, cr'o • Ilpll. HB3KHX TeMrrepaTypax / r << 0p I ll.H-
TerpM /8/ B!ipa:at88TC.ff qepea "5'-qJyHKUll.D P~aaa: 

<q,2>= cx.(Jo;(-T)g, d..= TTS"S(9):::; 127. /9/ 
a Bp 240 '5(8) ' 

Onpe.neJIRM BpeMR cB060,11,Horo npo6era KBK BpeMR, sa KoTopoe nepe
.naaHu~ KBanpaT KB83limMITyRDCa CT8HOBBTC.ff nopH,nKB KBa,npaTa aaqa.,n,Horo 
KB83llll.MnyRDca qaCTHIU,I: 

- g 
7: = -z:. _1_ E(p) f &p) ,z;- = 1i/A /10/ 

0 
o(.~ 0p lri' ' 0 

/qepTa HB,I{ 6yKBoA OSHa~aeT YCP8M8HB8 no T8M!IepaType/. Tor.na ,nJIHH8 
CBo6oltH_oro npo6era B!ipax88TCJI Kalt nyTL, npott,neamn\ sa BpeMR -c; 

e = '/2. !!:... c(p/12 (-' 0p) g /11/ 
ol o; 0p VA TJ, 

B K034$!,nll.8HT ,nHiWifSH.1! 
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' ' 
I : 

.I 

! 

D = ~ (E (p)'2(- ep v1 
T 3o(.D; 0p/ T/. 

/12/ 

Ha.,rnqRe ,neBRT01 CTeneHR TeMnepaTypH ,RMeeT HarRJmHHii ~3RqecKRtt 
CMHCR - TpR CTerreHR CBR3aHH C qRCROM ql()HOHOB, qeTupe - C ceqeHReM 
pacceRHRR, R ,nBe - C "HeaqxpeKTRBHOCTbB>" CTORKHOB8HRii /npR pacceRHRR 
"RerKoil" qacTRUH Ha TIDKeRott/. 

• CymecTBeHHO, qTo B /10/ - /12/ B KaqecTBe TeMnepaTypHoro rra~a
MeTpa BXO,nRT He TeMnepaTypa nedaR /KaK npe,nnMaraJIOCb B11 ,18 ,2 ,5l 
R ,np./, a 0P:::::, 0/8 . TaKRM o6pa30M, pe3yRbT8TH ynoMReyThlX pa60T. OT
RRqaJOTCR OT HaruRX 60RblllRM MHOJKHTeReM /'V 108 R, eCT8CTBeHHO, He MOrRR 
bnRCHBaTb 3KCnepHMeHTaRbHH8 pe3YRbT8TH ,nallte npR6Jm~eHHO, 

Boo6me' roBOPR, cpe,nHee 3HaqeHRe £(p) 3aBRCRT KaK OT paccMaTpR
BaeMO~ TeMnepaTypHott 06R8CTR, TaK ROT CTaTRCTRKR KBa3RqacTRU, Il03TOMY 

B CJIY'iB.9 W0PMR0BCKOll CTBTliCTHKli 

D ~~x"13(-~)2f0p\9, /13/ 
F o;; 0p ~-T) 

a B 6o3eBCKOM CRyqae 

D ~ o.s ( 0p) 
B a;; T . 

TeMnep8TYPB BHp03,11.eHRR ,neipeKTOHHOro ra38 To, O,nHaKo,qpe3B~attHO MaJia: 

T;, ~ A X 2/3_ /14/ 

Il03TOMY npaKrnqecKH BO Bcett 3KcnepRMeHTaJlbHO .ltOCTynHott o6R8CTH ,TeM
rrepaTyp To << T, EcJm npR 3TOM T < Ll , TO npnMeHHM8 ,CT8TRCTRK8 
EORDUM8Ha, R e,(p) = l T • B 3TOM CJIY'Iae BpeMR CBo6o,nHoro npo6era R 
K03qxlMUReHT ,nllffl3RR pamw 

?;' ~ 118 '&o ( .9p_'i8 
6 ' o;; \-T / D

6
~ o,59 a.s (0p)

7 

Oo \T . /15/ 

H3 nocRe,nHero Bl:lpall8HRR R COOTHOIIleHHR 3~HIDTettHa MOllHO llOJIY'IRTb no,n
BlilltHOCTb 8 ,neipeKToHa B qJOHOHHOM rase : 

B= 1)5 = 1 18 a2 (BP)B 
T ' na;; T · 

/16/ 

EcTeCTBeHHO, 3TO lite 3H8'1eHHe llO.ltBHl!UIOCTR MOlltHO noJIY'{RTb T8Klle 
R3 rrpRMoro no,ncqeTa CHRH, HCllHTHB8eMOtt ,nBRl!Cj'lllettcR B ra3e KB83RqacTR
uett. nettCTBHTeRLHO, B CHCTeMe, B KOTOpott ,neipeKTOH noKOHTCR, qJyHKUliR 
pacnpe,neReHHR ql()HOHOB HMeeT BR,11 n { K) = Yl (E ·- ti'i< iJ) , a CHRJ, nettCTBY
DieyB> Ha Hero, MOlltHO 38nRC8Tb KaK R3MeHeHRe KB83RRMnyRbca 38 e,nnHHuy 
BpeMeHR: 
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F = 3 sii3 \ d;k d(Y-_ n(k) k (n-ri,') = g-i;;;_ 
(2rr) j l<K' 

B nepBoM npR6RR~eHRH no MaRoMY napaMeTpy v-/s BHqRcReHHaR T8KRM_o6p8-

30M no,nBRl!UIOCTb COBna,naeT c qiopMYROtt /16/. 
EcJm T>Ll , 30!18 3anoRHeHa p8BHOM8pHO, H E(p)= I::. , B :,lTOii, 

HaH60Ree RHTepeCHOH C 3KcnepRM8HTaJibH00 TOqKR 3peHRR,o6RBCTR, 

7: ==- ~ _Q_ (-0p \ 9 
oLO"'o 0p T J I 

D = ~ (-~)
2
f 6p1

9 

T 3cx.a;; 0p \T/ , 
/17/ 

H3 rrpnBeneHHoro BHBO,Jta cRe,nyeT, qTO nOJIY'IeHHHe qJOPMYRH cnpaBe,n

RRBli npR t » a , T. e. ecJm MRHa cBo6o,nnoro rrpo6era 6oRome nocToRH

HOrl pemeTKH. oTO ycROBRe npHBO.ltliT K HepaBeHCTBY T < TK ' r,ne 

T =·0 ~ ~ /18/ ~ )

1/9 

K p oLa;; 0p , 

IlpR TeMnepaTypax T) TK ,nJIBHB CB060,nHoro npodera CTaHOBHTCR MeHbllie, 
M8llt8TOMHhlX paCCTORHR~, a BpeMR npo6era?;: MeHbme BpeMeHR ,neROKBRH38-
llRR. B pesyRbTBTe ,neq,eKTOH HaqRH8eT npoBO,nRTb 60RbmyD qacTb BpeMeHR 
D rrpe,neRBX R'leilKR, R RRJDb R3pe,nKa COBepmaeT OT,neRbHHe nepeXO,nH /TyH
HeRbHHe HRH 8KTHB8llROHHHe/ B coce,nHRe Y3RU, IlpH T = TK K03qxpRUHeHT 

,nRqifly3HR 

D~ a2Ll 
T /19/ 

Ero noBe,neHRe npR 6oRee BHCOKRX TeMnepaTypax Tpe6yeT cneURBRbHoro pac
CMOTpeHHR. 

§ 13. PacceRHHe .ll8@KTOHOB Ha ,ge<fx:iKTOHax 

P8CC8RHRe ,neipeKTOHOB Ha ,neipeKTOH8X 06Ra,naeT PMOM CBOeo6pa3HI,IX 
oco6eHHocTett, cBR3aHHHX c wRpRHoft ,nelfleKTOHHOi! 30HH 13,14 , 20,72 ,22,28. 
CRe,nyeT pa3Rnq8Tb nBa npenenbHWC CJIY'{M - ysKaR npRMeCOHHM 30Ha, WH
p,rna KOTopott "'10-4 K, MHOro MeHbWe X8paKTepHott aHeprHH B38HMO,nettCTBRSI 
Me3,11.y ,nelfleKTaMR V0 10-2 K, R mRpoKaR BaKaHCHOHHaR 30H8 .1v£10 K • Pac
ceRHHe B 3TRX ,nByx CJIY'IaIDC npORCXO,nHT p83HHqHo. 

BB.lUll:lM CRe,ncTBReM Y30CTR npHMeCOHHOit 30HH RBJIJleTCSI TO, 'ITO pac
CeRHHe npoRCXOMT He Ha n,npe ,neipeKT8, 8 Ha OKPYJKaB>llleM ero none ,neqiop
MfillHH. IT03TOMY MeTO,nH, OCHOB8HHHe Ha ROKaJlbHOCTR B03MYU1eHRR /cM. § 11/. 
OK83HBaDTCR HenpRro,nHHMR. C ,npyrott CTOpOHH,noBe,neHHe noJIJl neqiopM8llHH 
Ha 60RbWHX paccTOSIHHRX o,nRH8KOBO MR mRpOKRX MaCCOB TBep,nHX TeR, 'ITO 
nosBOJIJleT RCCRenoB8Tb pacceRHHe B o6meM CRJqae. 
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'I, I 

I, 

TaK, B KpliCTMJiaX ToqeqHHe ,neipeKTH B3aRMO,nencTBJ'IOT no 3aKOHY 

<fez)== v.: rcnJt~f /1/ 

r.ne r(ii) - qlyHRUH.fl HanpaBJieHR.fl /nopMKa e,nRHHUH/, HCqe3a10111M npH 
ycpe,nHeHHH no yrJiaM. B npocTp8HCTBeHHO-H30TpOnHOtt lite cpe.ne 

<f<r) = V. f ~) ~ /2/ 

PaCCMOTpliM CHaqaJia 06111He CBOilCTBa pacce.flHH.fl ,neipeKTOHOB B noJie 

<p(r) = v,; (~)~ /3/ 

B c.nyqae npRMecett 3He B 4tte BeJm.qHHa V0~10-2 K. OHa Ha ,nBa no
pMKa 6oJu,me mHpHHH npHMeCOHHOil 30HH H H8 ,nBa nopMKa Mem,me WlipRHH 
BaKaHCliOHHOtt 30HH. 

MSJIM WRPRHa npRMeeOHHOil 30HH npHBO,nliT K eBoeo6pa3HOMY 3axBaTy 
KBasHqacTHU He TOJil,KO B MHHRMJ'Max ynpyroro IlOJI.fl, HOR B MeeTax e 60Jib
WHMH rpa,nHeHTaMH. IlpR 3TOM 3axBaT B03MOllteH K8K B noJie npHT.flllteHR.fl, T8K 
H B noJie OTTSJIKHBaHH.fl. OH npoRCXO,nHT B TeX enyqa.flX, KOr,na WHPHHa 30H!,i 
OKa3HBaeTC.fl MeHbme H3MeHeHH.fl'IlOTeHilHaJia <f>(z) Ha ,nJm.He IlOCTO.flHHO! pe
meTKH, T.e. ecJIH /VV,/a )Ll • Ilo.n;eTBBHM 010,na 'P H3 /3/ H B!,ipa3HM 

epe,naee paceTO.flHHe MelK,Ily qacTHUaMR qepes HX KOHUeHTpauHIO X ::::0 (a/R)~ 
B peayJibT8Te OKa3HBaeTC.fl, qTo npH • KOHU8HTPauH.flX X) ><c , r.ne 

3 

X = (_A_) n+1 /4/ 
C. nv,; . 1 

Bee ,netpeKTH JIOKaJll!.30B8HH 11• JI.JI.fl li30TOIIHqeeKRX npRMeeett reJIH.fl Ilpli 
n. = 3 no.nyqaeM, qTo 

Xe"'=" 1~2%. /5/ 

EJiaro,nap.fl MaJIOI mRpHHe anepreTHqeeKOI 30HH BO&.yr ,neipeKTa eos
JJ;8JOTe.fl 60Jil,WHe o6JI8CTR' He,nOCTYITHHe ,I(JI.f[ KB83HqacTHU 1 • ?~ Hx .nHHeiHIDI 
pasMep MOXHO oueHHTb H3 eoOTHOWeHH.fl 

· (v,, )l/n 
Cp(R.)=11 , Ro= 0-rA0

/. /6/ 

TaKHM o6pasoM, .I(JI.f[ ceqeHH.fl paece.flHH.fl B noJie /3/ RMeeM 

CT = rra2c://n /?/ 
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3Tli ouenKH MOJKHO y.nyqmRTb, eeJili yqecTb, qTO B peaJibHHX yCJIOBR.flX 
aKenepRMeHTa TeMnepaTYpa T » L). R. CJie,noBaTeJiblIO. npHMeHliMO YCJIOBlie 
KB83RKJI8CCRqecKoro npR6JIHllteHRJ'I 

n-.2 A ~ _Q_ 
(Ka.) )> Vo ~ ~ ¼ /8/ 

B aTOM e.nyqae ceqenRe 
2 . 2 

O"' ~ 2rro!(A~a.) n-'1" ~ rra.2(-'1;) n-1. /9/ 

npmmMaeT /npH n = 3 / aHOM8JIJ,HO 6onmHe sHaqenR.fl er ~ 102 a.
2

• 

Ilpn n = 3 q:opMyJia /9/ ,naeT <J" ~ 11- 1 
• TaKarr xe nponopUHOHSJib

HOCTb cJie,llyeT H3 TeOpliR ~aa,neeMana89 H .HMailillTH90 ,JJ,JI.f[ CRJibHO B38RMO
,neitcTBYPJIIIRX KB83HqacTHU. 3TIDI COBll8,1l8IDJ8U UOlKHO o6MCHHTb 
OTCyTeTBHe R3MeHeHli.fl saBRCHMOeTR KoaqipRUR8HT8 ,nRifq,y3Hli OT MO,!Uij)HOro 
06MM8 e yMeHbID8HH8M KOHU8HTpau;rn ,neipeKTOB, o6napyllteHHOe B 79 /cM. § 14/. 

YeJIOBlilO /8/ MOllUIO y,noBJieTBOPHTb R npR B!,iilOJIH8HliR HepaBeHeTBa 
2. 

A (Al¼) 11- 2 «T~L),,. 

B 3TOM cnyqae 
½ . 

Ka~ ('T' I A), 11 ceqeHHe pac_eerotR.fl 
1. 

CJ~ rro!(~)tH 
pacTeT e noHHlK8HHeM TeMnepaTyp!,i .no suaqeHR.fl 

.2/r,.-.2 
er ~ rra2

(\/,, /A) . 
mc:x.x 

/9a/ 

/96/ 

06paTHHil npe,neJIJ,H!lil enyqatt, eooTB8TCTBYIOIIIRil pacce.flHHIO Me,nJieHHOI 
qacTliUH Ha 61,1cTpoy6HB8JOI11eM noJie / n. = 6 I, MollteT HMeTo MeeTo npH pae
ee.flHRH BaKaHCROHa npR T (< 1l • B 3TOM cnyqae ceqemrn He saBHCHT OT 
eKOpOCTH, a CJie,noBaTeJibHO, HOT TeMnepaTypH: 

CJ z 3,6!i 1Ta
2 VV.:/.2A. 

~PMYJI8 /10/ xopomo "CWHBBeTC.fl" e /96/ npn n. = 6. 
Ee.Ill!. BaKaHeHOH paccenBaeTe.fl Ha B8KaHCHOHe, TO 

H o-'~50a2
• 

/10/ 

"' 
2 V

0
~ ms , A~l K, 

Ilpli paceemmR ,netpeKTOHOB B03MOl!HH TaKllte cnyqan, Kor,n;a .ll >> ¼ 
/HanpHMep, npa pacce.flHHH BaKaHCROH8 Ha H30TOilRqeeKoll npru.iecn/. B 9TOM 
enyqae cnpaBe,JJ,JIHBO 6opHOBCKOe npn6~REenne, H 38,Ilaqa MOXeT 6HTb ~emeHa 
.no KOHUa e yqeTOM TOqHott yr~OBOI saBHeHMOCTR B3a.mo,nelcTBR.fl 14 • 2• 
lJ:JI.fl npoe·THX ey6RqecKHX KpReTMJIOB r(fi) HMeeT BR,n 
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I 

I 

I 

.\_I J 

I Ii 

r(n)= ~ n!-;, /11/ 

r,ne n. - KOMITOHeHTH e,nHHHqHoro BeKTopa HanpaBJieHRJI B peweTKe. CorJiaCHO 
o6meil TeopHH, aMilJIHTy,na pacceJIHHH 

Vo s i 7;; J 
FCn)=a2;A rcri)e dz, 

r,ne f = K'-K - nepe,naHHHtt npH CTOJIKHOBeHHH BOJIHOBott BeKTOp. 0Ka3H
BaeTcH, qTo aMTIRHTY.na pacceJIHHJI HMeeT TBKYID ~e yrJIOBYID 38BHCRMOCTb, 
qTo H ITOT8HUHM pacceJIHHJI, a nHiMlepeHUHaRbHOe ceqeHHe paBHO 

of.rr = 
2

: 7 a
2 (v,;/Af n2n> d SL. /12/ 

IlpH 3TOM CJienyeT HM8Tb B BHny, qTQ HCilOJib30B8HHHtt IlOT6HUliaJI B38RMO
nettcTBHJI HMeeT M8CTO TORbKO Ha 60JibWIDC paCCTOJIHHSDC OT ,negieKTa. Pacce
JIHHe lite Ha Jt.npe ,negieKTa Tpe6yeT oT,neRDHoro paccMoTpeHHJI. 

PaCCMOTPHM KpaTKO pORb CT8THCTHKH. EcJIR ,negieKTOHH no,nqnHHIDTCJI 
CTaTHCTHKe ~epMH-nHpaKa, TO KB83HHMnyRbCH CTaJIKRB810lllHXCJI KB83HqaCTJllll 
,noJilltHH OCT8B8TbCJI B6JIH3H KB83HHMnyRDca ~epMH KBR ,no, TaK ll ITOCJie 
CTOJIKHOB8HHJI. IlOCKOJibKY ceqeHHe pacceJIHRH nponop~OHaJibHO qHCRY KOHeq
HWC COCTOIDU!ft' OHO nporropUHOHaJibHO TeMn'epaTYPe : 

<Y' = cr'T/E,=, /13/ 

r,ne EF - aHeprHH <re?,lH. BeJIHq1rna o-' B c~ae ey6HqecKoro 3aKoHa B38-
HMo,neffcTBHJI B KB83HMaccHqecKOM npH6JIHllteHHH HMeeT BH,n71 ,91 

a- '= 2rr 2 v.; a, /14/ 
nv;: 

r,ne 'lTF - CKOpOCTb ~epMH. TaKRM o6pa30M 1 ceqeH11e pacceJIHHJI 38BHCHT He 
TOJibKO OT OTHomeHHJI ¼/A ,HO H OT KOHUeHTpauHH: 

<r_~ T Vo 
A2

X 
T < Ax.213 /15/ 

YCJIOBHecnpaBe,nRHBOCTH /14/ H /15/ CJienyeT H3 /8/, B KOTOpOM CJienyeT 
yqeCTb, qTo I<,:: a~ X 113 , H HMeeT Bll,n 

X > (Alv,;/ /16/ 

HaKOHeU, OTMeTHM, qTo xapaKTepHoe OTHOWeHHe Yo/A CHJibHO 38BllCHT OT 
,naBJieHHJI, 6HCTpO B03p8CTM C YMem,meHHeM MORHpHOro o6~eMa. 
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~ 14. HH3KoTeMnepaTypHrur Mffl3HH 

C ITOHHllteH~eM TeMnepaTypH ROaqxiM~eHT nHqqJy3HH, o6yCJIOBJieHHHff 
B38llMO.neAcTBHeM C ipoHOHaMH, B03pacTaeT, 'ITO CM38HO C YMeHbmeHHeM 
'IHCJI8 ipc)HOHOB H agxlleKTHBHOro ceqeHHJI pacceJIHRJI. EcTeCTB6HHHM orpB.HH
'J8HH8M aToro pocTa HBRHIDTCJI ,npyrne M8X8HH3MH pacceHHHJI ~egieKTOHOB, 
cpenH KOTOpHX oco6Htt HHTepec npe,ncT~BJIJieT ,negieKTOH-.negieKTOHHOe pac
ceHHHe, KOTOpoe H JIBJIH8TCJI onpe,neMmtHM npH ,noCT8TO'IHO Hl13KllX TeMITe
paTypax /cooTBeTCTBYJJ!llH8 YCJIOBHJI CM. B § 15 /. 

EcJIR KomteHTP8llllH ,negieKTOB X ,nocTaTO'JHO M8.1Ia, TO MH B~HCJie
HHH K03ippl.UHeHT8 nHqqJy3HH MOlltHO HCITO~b30B8Tb ra30BOe npH6JIHllteHRe. 
ECJIH qepea O' o603H8'JHTb cetJeHHe pacceJIHHJI ,negieKTOHa Ha ,negJeKTOHe 
/B enHHJllllax a,2 I, TO ,nRHHa cBo6o,nHoro npo6era 

t = ----.!!:. 
Vzxcr . 

/1/ 

Cpe,nHHII CKOpOCTb 38BHCHT, Boo6me roBOpJI, OT TeMnepaTYPH. EcJIH T>>~, 
'ITO pea,m3yeTCH B 3KcnepHMeHT8X no nHqqJy3HH npHMecen B reJlJIIH, TO 

(:
i!}V.2. A v~s- -2 0p. 

Tor,na K03ippHUH8HT nHqqJy3HH 

D = Vz A a.
2 

= _1_ a. s ~ , 
0 3 fz X<T 61/2 XO- 6p 

r,ne S - CKOpOCTl> 3ByRa. 

/2/ 

~JI Toro, 'JT06H ,negJeKTOHH 6wm xopomHMH KB83H'l8CTJllll8MB, HX 
MHHa CB06o,nHoro npo6era ,noJIJtHa 6~Tl, 6oRDme ITOCTOHHHOI pemeTKH, 'ITO 
BHITOJIHHeTCH npH KOHUeHTP8UHHX 

X < x. = a--~ /3/ 
3TO Hep_aBeHCTBO COBna,naeT c ycJIOBH6M KorepeHTHOCTH /10.6/. 

KaK 6HRo noRaaaHo B rrpe.nl:lllYDleM naparpagie, cetJeHM pacceHH11H 
Y3K030HHHX ,neqieKTOHOB 6oRDmae. Ilo3TOMY YCJIOBHe /3/ JD3JIH8TCH 6Mee 
CJI86HM, 'IBM Tpe6oBaHHe npHMeHHMOCTH raaosoro npH6JIUeHU x- 11

, .»R.~Vcr. 
TaKHM o6paaoM, rasoimHeTH'lecKrur ipopMYJia /2/ cnpaBe.ItJIBBa .Jt,1Ul ROHUeH
Tpanan 

-3/2 f 
X < a' < (J" - = XO /4/ 

KoHUeHTP8llHH x. OK83HBaeTCH TaKllte He MeHame KPHTB'J8CKOI KOHUeHTpamm 
Xe /13.4/. IIoaTOMY npouecc JIOKaJIH38UHH MOXHO paccMaTpl'lBaTl> :e TepMB

Hax KB83RqacTJllll. HcnORD3YH pesyRDT3TH npe,ny,nymero naparpa~. MO.KHO 
Bll,neJIHTJ, CJienyJOIIUle ROHUeHTp~OHHHe 06JiaCTH B 38BHCHMOCTH OT CTeneH:H 
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I • r! 

\. 

MaJioro napa.MeTpa 5 = Ll/¼ 

I. X < S3/n-1f 10-3 - ra30B08 npH6~H~8Hll8 

II. 
3/, 3/nH -2 5 n- t < X ( ( 5/n) ~ 10 - 06~aCT:b B3aHMo,nettCTBYJOlllllX 

KBa3HtJaCTHU 

3/nH 
III. (s/n) ( X - o6~aCT:b ~OK8JIH30B8HHllX ,neqieKTOHOB 

/tJHC~eHHlle 3H8tJ8H.liSI BlltJllC~8Hl:l ;u.lISI Yl- = 3 /. 
nJIHHa cBo6o,nHoro npo6era BO BTopott o6~acTn orpaHntJeHa paccea

HHeM Ha rpaimuax .ne~eKTOHHOH 30Hl:l /pHc.?/. OHa onpe,ne~SI8TCR yc~OBH-

8M f /V'f'/ = .1 , 3anpema~lllllM HapacT8HHJO 9HeprHR KB83HtJaCTHUl:l Ha 

;u.lIHHe cBo6o.nuoro npo6era 60~1,rne, tJeM rnHpnHa euegreTntJecKott 30Hll. Ilo
BTOMY K09¢xl,RUll8HT ,nllffl3Hll B 9TOH 06~8CTHlG, 22 , 4 

,12. 

D ~ --"-+-' /5/ 
v;, xT · 

CymecTB8HHO, 'ITO cetJeHHSI 08.M~ 3aBHCRT. OT lliHpHHl:l 30Hll .6.. 3TO 
CK831:lB88TCSI He .TO~bKO Ha .nonyCTli!Mlil 3H8'18HWDC KOHU8HTPfilU!.H.3HaHH8 
qJyHKURH D (.1) ,naeT B03MOlKHOCT!, onpe,neJIHTb 38BHCllMOCTb D OT MOMp
Horo o6~eMa. TaK K8K B pa3~HtJHllX KOHU8HTp8UHOHHllX o6~aCTSIX 38BHCH
MOCT:b D ( Ll) pasHaa ' TO, npoc~emrnaa ee IlpH HSMeHeHHH KOHUeHTpauRH' 
MOllHO 06HapyxHT:b CM8HY MeXaHHSMa ~acceSIHHSI. · . 

IlpHBe,neM rrpHMep. B pa6oTe? 6~0 rrpoBe,neHo HCC~e,noBaHHe cetJeHHSI 
pacceSIHHR er KaK ~YHKllHH oT MOMpHoro o6~eMa Vm. Orrpe.ne~eHHJO no;u.ne
XaJia CTeneH:b E B Bllp8llteHHH 

a- ~ { l/;; (Vm )/.ll (V.,,,) t /6/ 

P83Jil!.tJHHe TeOpHH rrpe;u.nara~H ;u.lISI £ CAe,ny!OllUle 3H8'18HHSI: 

0 - CaKKO H Yatt,noM92 

1/2 - ·XyaHr H ,n~. 84 ' 
2/3 - AH,npeeB 2 /HeB3aHMO,nettcTBYJ:llllHe n~HM8COHH/ 
1 - JlaH,lleCMaH89 ' HM8lliHT8 90 • AH,npeeB 2 /B38HMO,llellcTBYJ{)llllle 

IlpHM8COHH/, IlymKapOB /13.9/ 

3KcrrepHMeHT IlO,llTBep,IUUI 3HatJeHRe e = 1 ~ OtJ8Hb IIIRpOKOtt KOH
ueHTPBUHOHHOA o6~8CTH 10-4 t, X. ~ 5 • 10-8 ' OXB8THB810111ett K8K o6~8CT:b 
II, T8K Jr! I. TaKHM o6pa30M, C IlOHHlleHReM KOHUeHTpfilU!.R He 6ll~O 06Hapy
ll8HO H3MeHeHHe B 38BRCHMOCTH 0- (A ) , npe,llCK831:lBaeMoe B 22 • 84 ,.92. 
3To·ylt8.31:lBaeT Ha cnpaBe;u.lIHBOCT!, B 9TOH o6~8CTH ~pMY~l:l /13.9/. C ee 
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Pnc •• ? • l1sra6 .ne{lleKTOHHOtt 30Hl:l 
B IlO~e ,ne~pMBUHH. n~HHa CB06o,n
HOrO rrpo6era t onpe,neM8TCSI 
"pacceaHHeM ua rpaunuax .ne{lleKTOH
uon soHH". 

IlOMOmJ,JO no~aeM, 'ITO K09qxpHUHeHT ,!O!ffl3RR B o6~aCTH HeB38HMO,nettCTBY
JOllUlX npHMeCOHOB HMeeT BH,ll 

2 .1.2. 
D~.£:__· 

t¼x 
/?/ 

TaKRM o6pasoM, OTJIHtJRe K08qxpHUHeHTa ,!0!~8HR B o6~8CTH I oT·oc~acTH 
II COCTOHT TOALKO B HX KOHU8HTp8UROHHOtt 38BRCRMOCTR. 

. B cymecTB8HHO KB!iHTOBOA o6~8CTH 71 /T < To/, ,!0!~8M 38BRCHT OT 
CT8THCTHKH ,ne{lleKTOHOB. B c~ae {llepMH-CT8THCTHKH KOSipflmuleHT ltH!ppY3Hl 
B rasoBOM rrpH6~UeHHH . 

1) =-i ~'¼ F ;., I 
r.ne 'ZT,: =- ( '3 TT 2 f 3 '~/ X 1/3 , /8/ 

a Ml!Ha cBo6o,nHoro npo6era 

e =~ 
F V2 0- X 7C/><P. 

'IlOOKOJILKY B KKH8THtJ8CKBX JU!JI8HHRX DpHHHMIU>T Jt{8CTH8 TOJI:bltO ,ne{lleKTOHH. 
Y IlOB8pXHOCTR ~JNH, TO 

T 
. x1c1>c1> = x eF , 

a cneHHe paccemuut .nae Tea. 4ioPMY.ll8Mll /13.13/ - /13.15/. lloSTOMY MHHB 
·oB060ltHOrO Ilpo6era eF B K09~8Hf ,llB44lYSBH np:eo6p8T8DT. ,nonOJIHBTSJIJ.t
.HHI 60Jr1,11Iol MHODTeJIL (BF /r) 2 • 01t0HtJaTeJILHo, 

]) = .i a.~(EF)2 ' 
F 3. X<To rr • i /9/ 

l,c,' •153 
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YqHTHBM /13.141, qx,pMyJiy /9/ MOlltHO nepenHeaTb TaKJKe B BH,ne 

2 2 A* D =5rrE:_ __ x 
F 8 n, \,:;T2 

OuenHM eme ~oaqxlmuHeHT .1Uf®zy'3HH B 6oaeBCKOM e.nytiae. Tor]la 
"lletteTBYJOlllM" KOHUeHTpauH.Fl ]leiplKTOHOB aaanenT TOJibKO OT TeMneparypH: 

X ,:;:. .i.(Tl/2 
6 Al · 

I!03TOMY llJIHHa eBOOOllHOrO npooera 

t"" ~LA ~ J/2 
'f2. r:r '\'T' l . 

Cpe]lH.Fl.Fl lite eKopoeTb KB83nqaeTHUH 

v~ 1,1-5 ~VAT. 

EcJIH lite llJIHH8 npooera OKaJlteTe.Fl OOJlbWe 

D~ ~a.VAT. 

paaMepa oopaana L , TO 

CJie,eyeT, KOHe"IHO, HMeTb B BHJlY, "ITO eeJIH ooae-annwTennoBeKM KOHlleH
eauH.Fl B03Moxna, TO ]lallte ne6oJ!bmoa rpa.lUfeHT XHMnqeeKoro noTenunaJia 
npnBe]leT K eBepxTeKY"leMy IlOTOKY, KOTOpHff MOllteT.OK83aTbe.Fl OCHOBHHM. 

IlO-BHllHMOMY, .1Ufffl3H.Fl B eymeeTBeHHO KB8HTOBOR OOJiaeTH B reJIHH 
HeHa0Jlllll8eMa H3-38 pe3KOro YMeHbWeHH.Fl KOHUeHTpaunn BaKanenoHOB /sa 
HeKJilO"leHHeM, MOllteT OHTb, HyJieBmc BaKaHeHOHOB/ e nonuenneM TeMnepa
TYPH,ll na-sa qiasoBoro paceJioeHH.Fl B e.nytiae npnMeeonoB. nJI.Fl ee na6JID
lleHH.Fl eJieJlYeT HeK8Tb llpyrne eneTeMH. 

§15. CpaBHeHHe e aKenepnMeHTOM, OnpeneJieHne mnpnHH npnMeeonnon 30HH 
H3 naHHHX IlO ,JUlgxfly3HH 

06o6mnM no.nytieHHHe peayJibT8TH H epaBHHM RX e HMelCIIIHMHe.Fl aKene
pHMeHTaJibHHMH ll8HHHMH no llHffl3Jl!H npHMeeen 3He B TBepllOM 4He. 

OcnoBHHe npoueeeH, onpelleJimimne .1Ufffl3HD B reJIHH, aTo paeeemtne 
Ha ]leipJKTOH8X,llpllBO,IVIlll88 K He 3aBlleSllll8MY OT TeMnepaTypH K03q$1Unenry 
.!Uiffl3RR /14.2/, n paeeemtne na it>ononax, o6yeJioBJIHBaDmee TeMneparyp
HYD 38BHeRMOeTb llJllffl3RH /12.12/ - /12.17/. B HHTepeeynmeM nae e.nytiae 
T»/1, . 

J)T = ~ (_fJ. )2f 0p)9 
3'ol~t0p t-T/. 
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/1/ 

rrocKOJ!bKY paeee.FIHHe Ha if()HOHax R ]leipJKTOH8X nponeXOJUiT nesaBneHMO, TO 
IlOJIHH:1 xoaiW;;iuneHT JUiffl3HR MOXHO IlOJIY'IHTb 20• eKJI8llHB8.Fl /1/ n /12.17 / 
no "npaBHJIY MaTTHe_eena" 

, -! 12-1 3 0p { ,r=; e /r)<J} n- = D., + -r = ~- 2 v r x a- + olo; CJ.p ,-:-
0 

. · /2/ 
as .1 P • 

IlepeXOll e TeMnepaTypHoro peJJtRMa /1/ Ha nJiaTO /12.17/ npOHCXO.!UiT npn 
TeMnepaType 

T* = T e-v9 
k ,r • /3/ 

Tamm oopa30M, npe]leTaBJI.Flnmnn HHTepee TeMneparypHHff HHTepBaJI MOlltHO 
paa]leJIHTb Ha llBe qaeTH. 06JiaeTb ..1 < T < T* COOTBeTCTl)yeT npHMeeon
npHMeeoHHOMY paece.FIHHD, a B OOJiaeTH T* < T <. TK npeo6JI8llaeT pacee.Fl
HHe Ha gl()HOHax. IlpH. T > TK /12.18/,/eCJIH KpHeTaJIJI Bee e111e ne. Ma
BHTe.Fl/ naeTynaeT KJiaeCH"leeKa.Fl 8KTHB8UHOHH8.Fl llllffl3H.Fl. XOll :K03!pJlllll!
eHT8 .!Uiffl3HH IlOK838H exeMaTH"leeKH Ha pne.8 •. C YM6HbWeHHeM TeMnepary~ 
PH llHffl3H.Fl enaqaJia aKeTIOH8HUHaJibHO y6HBaeT llO TeMnepaTypH TK, TIOTOM 
OHCTPO BospaeraeT /~T-9/, a npa T < T* nepeXOllHT Ha Maro, 3aBHC.Fl
mee OT KOHU8HTP8UHH /To"IHee, OT npoaaBe]leHH.Fl )( 0- /. Ee.Im xcr--1. , TO, 
eorJiaCHO /3/, T* - TK , H B03pacTaHHe .!Uiffl3HH C TIOHHllteHHeM TeMnepa
TYPH He HaOJinjaeTe.Fl. OllHOBpeMeHHO C 3THM napywaDTe.Fl YCJIOBH.Fl, npn KOTO
pHX BUBe]leHa il>oPMYJia /14.2/. 

Ha aKenepHM8HTOB, He eB.Fl38HHHX e JlllqqJJ3H8H npnMeeeff, MO:&HO 
onpelleJIHTb eJie]lYl)IIIRe H3 BXOll.FllllHX B /2/ BeJIHqnH /npHBO.IU™ snaqeHH.Fl 
llJI.Fl rny 4He e MOJI.FlpHllM oo~eMOM V = 21 eM3/: 

0 = 26 K, Bp = 10/3 K, a ~ 3,2? t S = 320 M/C. /4/ 

BeJIH"IHHa a;; e yqeToM TOJibKO OTJIH"IH.Fl MaeeH Haorona20 paBHa E~"'P-;,_ f 
Y"leT poJIH H3M8H8HH.Fl KOHeT8HT eB.Fl3H BOKpyr ]leipJKTa 88 61:Ul 6H CB.Fl38H e 
MO]leJibHWH cooopaxenn.FlMH H npnBeJI 6H K nonpaBKaM, H8CY!lleCTB8HHllM no 
epaBH8HHD e 3KenepHM8HTaJibHOff TO"IHOeTbD. 

Ilo]leTaBJI.Fl.Fl /4/ B /2/, no.nytiaeM aaBHeRMOeTo K03'1$!nn8HTa llllgqly3HH 
OT WHPHH!l 30Hll /1 ll ee'!eHll.Fl paeeemtH.Fl npn 38ll8HHHX TeMnepaType H KOH
U8HTP8UHH 

D-1 =S.6 to-* xcr o,1 Tg 
' .' 6 + ,.1.2 • /5/ 

XapaKTepni.e lite TeMnep~TYPH T* H TK /12.18/ p8BHH 

T = 4 211119 T* = T 1e¥') ~ 'T (xo-) 119 
K ' ' K' ~ K • /6/ 
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BTopoi1 lIJ!eH B /5/, COOTBeTCTBYJOlllHH 38KOHY /1/, Il03BOJU!eT onpe
neJIHTb mHpHHY 30HH Ll TOJibKO no TeMnepaTypHoa 38BHCHMOCTH, nocJie qero 
ceqHze pacce.lIHHH MOlltHO onpe.rt9Jlll.Tb na nepBoro cJiaraeMoro. 

rne 

3anHmeM /2/ B Bnne 

B=Dax 

D-t = B-'x + G- 1T 9 
I 

G = 2 4-as L1 2 6l = 4 8 a.
2 

Ll
2

0p
8 

' p • 1i. 

/7/ 

/8/ 

KoaifqlnuzeHTbl B n G HMHIOTCH <pyHKUHHMH MOJIJipHOro 06'beMa V m. Ylx 
aaa-qemur npnBeneHH B raMHUe 4. 

Ta6JIHUa 4 • 3aBHCHMOCTb B,G n er OT MO~Horo o6'beMa V m 

14 KOHUeHTpaunH X 

x% V CM8 
m B.1011cM2/c G. 10-8cM2c-1!["9 <r HCTO'lH.HK 

0,05 20,23 2,8 4,8 173 79 
" 20,42 2,2 7,? 162 " 
n- 20,62 1,1 4,5 104 fl 

" 20,84 0,625 10 71 fl 

" 20,98 0,364 10 48 " 
0,01 20,95 2,32 93 
0,01 21 10 79· 
0,02 21 10 79 
0,0242 20,95 2,35 93 
0,0499 20,95 1,9 93 
o.o5 21 24 77 
0,006 20,95 1. 24 76 
0,12 21 24 77 
0,25 21 0,81 18 

0,01 20,70 1,1 93 
0,242 20,70 1,2 93 
0,0499 20,70 0,9 93 

IlOCKOJIJ,ey aaBHCHMOCTb BeJIH'qHHbl 0p OT v.,, HBBeCTHa /oaa xapaK
Tepm1yeTCH IIOCTO.IIHHOft rpDHaft38H8 cf' ,JJ.JIH TeMnepaTypbl ,Ue68H/, TO /8/ 
naer BOBMOllHOCTb OIlp8,It8Jll!Tl,, "nOCTOHHHYD rpnaai!seHa" J'A n.1U! mHp.HHbl 
30Hbl: 

56 

J,:1 = d 8n1J/df!n V,., = 4-j -j + f ic IG = d/Jn.G/d&iVy,,.19/ 

noncraMHH sHa'leane70 t = 2,6 14 onpeneJIHH us naHHblX TaMHUbl 4 
fc ""' 21 , nMeeM 

ttl.~21. /10/ 

3TO saaqeHne 6JIHBKO K IlOCTOHHHOtt rp10aattseHa ,JJ.JIH 06M8HHoro HHTerpBJia 
B 3He / f? = 18/, O,ItHBKO TO'IHOCTb 8KCil8pHMeHT8 HenocTaTO'lHa nJU! TO
ro, qT06bl HS 8Toro <P8KT8 MOlmO 6blJIO cneJiaTb onpeneJieHHbl8 38MJOqe
HHH. 

06paTHMCH Tenepb K 40PMYJI8 /14.7/ H 38IlHm8M nocTOHHffYIO rp10Hatt
aeaa ,JJ.JIH Koaq$:tUueaTa nzqxflysnu B BHne 

r= d8n.1J/d8n~ = 2ft1 -fv. + f ~ 4-2.-J--v; · /11/ 

3KcnepHM8HTBJibHbl8 3H8'18HHH ,JJ.JIH 8TOI B8JIH'IHHbl CHJibHO OTJIH'laIOTCH naite 
B ny6JIHKBUHHX O,ItHoi H TOI lite rpynnu18•79 •93• B·pa6oTe 18 IlOJIY118HO 
3H8'18HH8 

8 B 79 

r = 47 :!: 11, 

r = 57 :!: 12. 

/12/ 

/13/ 

HcxonH HB cpaBH8HHH /11/H /12/,MOlEHO 38Kn!l'IHTb, 'ITO B3aHMOnelcTBHe 
M8JKJzy npHM8CHMH /xapaKT8pH3Y8M08 Vo/ OTHOCHTeJII,HO CJia6o 88BHCHT OT 
o6'I>eMa: fv. ~ 5 • TaKYIO aaBHCHMOCTb MOlltHO IIOJIY'IHTb, ecJIH npenno
JIOJmTb, 'lTO Vo~ ~a3 , rne Ri, - H30T8pMH'l8CKHl! MO'IJYJI.b ynpyrOCTH94• 
CpaBH8HH8 lite /11/ C /13/ npHBO,nHT K O'l8Hb CHJII,HOi! 38BHCHMOCTH J'v; <:::: 16. 

BepHeMCH K naaHHM • Ta6.1.tl4Ini 4 H yKallteM IIOPMOK B!,l'qHCJJ8HHH C rue 
IlOMOnu,IO xapaKT8pHCTHK .rte(JieKTOHOB. OueHKH npoBeneM nJU! Ym= 21 CM3• 
CpaBHHBasJ Ta6JmqH1,1e saa-qeaHH G c 40PMYJIOI /8/,onpe.rteJUleM mHPHHY 
30Hbl L1 • IloncTaMHH Haa.rteHHOe 3H8'l8HH8 B 40PMYJJy nJU! B . /nepBoe CJia
raeMoe B /5//, IlOJJy'l88M C8'18HH8 pacceHHHH <:r. 3H8HH8 O' Il03BOJU18T 
IIO 40PMYJI8 /13.9/ onpe,IteJIRTb Y0 • JJ:JIRHY npo6era e HBXO,nHM HS /14.1/ 
14 IlpOB8pH8M YCJIOBH8 KOrepeHTHOCTH e » 1 • OnpeneJIHeM T8MII8paryp1,1 
TK 14 'f1E, CBH38HHb18 YCJIOBH8M /6/, ·u CpammBa8M HX 8H8'18HHH C 8KCnepn
M8HT8Jll>HOi1 38BHCHMOCTbD D ('T) • B peayJIJ,TaTe IlOJJy'188M: 

Ll,,,,10-4 K, a-~l00a-2 , V0 ~10-2 K, TK=l,2K, 'F= 0,7(104x/~/14/ 

tJTO KaC8CTCH KOHU8HTpBUHOHHblX 06JI8CT8i! /§14/ • TO raSOBOyY ·npa-
6JIHX8HHD COOTB8TCTBYJOT KOHU8HTP81Ulll 

X < 0--.1/.2 ~ 10-?i 
1 

/15/ 

i 
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x=x 
I 
I 

X=~-1--
- I 

I -,, 
I .,,'-' x=x3_._ ___ 1 

-- I 
I I 
I I 
I I 

r· Tk 

7,5 

7,0 

6,5 

6,0 
I , 

m 

-0,1 0 0,1 
lg (T,KI 

T 

Pnc. 9. 3aml:CllldOCTb Dr OT 
T8MilepaTYPH no ,naHHl:lM 

76 , 
IlpJlMa.Sl JillHIDl COOTB8TCTBY8T 
SaKOHY ~.D;.4 = 'la T + 6, G f3 • 

Pl-IC. 8. CxeMaTl-l'IeCKOe l-13O6paJKe
Hl-le. TeMrrepaTypHofi 3aBHCl-lMOCTl-l 
Kos<IxiimrneHTa JJ:l-lffl3Hll. 
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D,olkeK 

10·7 

11JB 

10·9 

,o·- X 

Pnc. IO. KoHI.{eHTp~omtasi: srum
Cl!MOCTI. KO~8HT8 '.n;.tffi3llH 
3tte B. TBep.n;OM 4tte /V,,, = 20 , 95 CM3 / 
B o6J.tacTn HR3KOT8Mil8paTYJ>HOro 
nJiaTO corJiaCHO pesyJibT8Tw.l 76 • 

o,c..i/c 

~ ,o·7L .;
1 

.i-.~, 
~D I J 

Cl O 68 

. 
' • • • L . " ••• 

ft I 

0 

f ol 
5 

• 
• • s 

II ii II II I 
1,0 1;; 2p 2,5 

r·', K"' 

Pnc. II. TeMnepaTYl?Ha.11 aB.BRc.ID4ocTi. xoaw
~~eHTa ,u;mppysHH "He B TB8p,ll;OM 4He npll 

pa~ KO~8HTp~ IIO ~ 76 • 
I - X - 6.IO , 2 - x - 5.IO , 3 - x = 
= I,2.I0-3 

npll V,.. = 20,95 CM3; 4 - X = 
= 2,5.10-:~ 5 -.x = 7,5.ro-3 ,

3
s - x = 

= 2,I7.IO npn v~ = 20,70 CM. 

3-118 . Vm • 20,98c.,3 

··t.'r~;~ 
,a8r , 2062 -

1 u • • 

i' ·. 

a)r ~,421 

Pnc. 12. TeMilepaTypHM SamICm.lOCTI, 
KO~8HTa ,Il;ttfflSKl!I npn IIOC'lOJDI..;. 

HO! KOHI.{8HT~ X = 5.Io-4 R pas
JmllBllX.MClJISil)lmlC o6"DaMaX no~
BW 79 

J~ .-, , I • lo lo I • I ,7:.l 
o.s o,8 1.0 1,2 . 1/· . 1,& ,,a 2,0 · 2,2 

T"1 1K"11 · 
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a o6JiaCTb B38llMO.neiCTBYDIIUU rrpnMeCOHOB orpaHnqeHa HepaBeHCTB8Mll 

10-S < X < 10-2. /16/ 

CpaBHeHne reopernqec1mx ~e3yJil,T8TOB C pe3yJibT8T8Mll Be.nyfllMX 
3KCilepnMeHT8JibHIDC rpyrrrr76 ' 77 ' 7 Il0Ka38HO H8 pnc. 9 - 12 . Pnc. 9 CJIYllrnT 
3KcrrepnMeHT8JibHliM rro,nTBeplK,lieHneM ,neBHTOfi cTerreHn TeMrreparyp~ B 38KOH8 
/1/, H8 p.ac. 10 rroKa3aHa KoHUeHTP8UllOHHM 3aBllCllMOCTb K03tl$1UneHTa 
,nllgxpJ3llll B o6JiaCTll Hll3KOT8MITepaTypHoro ITJI8TO. TeMrrepaTypHM 3aBllCll
MOCTb KOaq$IuneHTa ,nnqipy3llll /2/ npn pa3JillqHHX KOHUeHTpaunHX ll MOJIRp

HllX 06'b8MWC IlOK83aH8 Ha p.ac. 11, 12 • 
TaKllM o6pa30M; MO~HO CKa38Tb, qTO TeopnH13,2o,72 , 10 OilllCHB8eT 

He TOJibKO KaqecTBeHHO, HO ll KOJlllqecTBeHHO KllHeTnqeCKne CBOllCTBa .ne~ 
qJeKTOHOB B KBaHTOB'HX KpllCTaJIJiax reJillH, Hoaoe HBJieHHe - KB8HTOBOll .nmP-
4JY3llH - rrpe,nCKa38HHOe B 8 •13 , H8lllJIO IlOJIHOe 3KCrrepnMeHT8JibH08 no.n

TBep~.neHne. 
HaKOHeU OTMeTllM, BO ll36e~Hne He,nop83JM8Hllfi, qro HHTepITOJiffi.\HOH

HaH qiopMJJia, aHa.,1ornqHaH /2/, llCITOJib30B8JI8Cb TaKJKe B pa6orax18 , 19 H 

rrpnae,neHa B xruire 52:· 

D-1. = Ji_ {x + £(-T_\ 9} 
Aa2 A 0/ . 

/17/ 

y 3TOH qiopMYJIH ,nBa cymecTBeHHIDC OTJIHqnH ITO cp8BH8HllD C /2/. Bo 

rrepBHX, BMeCTO 0p B /17/ BXOl\HT TeMnepaTJpa lle6aH 0 =80p 
B pe3yJibTaTe KOaifqlnUHSHT npn T9 OTJlllqaeTCH Ha 6 nopH,nKOB. BTopoe. 
cymeCTBSHHOe OTJmqne COCTOHT B OTCYTCTBllll ceqeHHH pacceHHllH er 'pOJib 
KOToporo y~e HeO,nHOKpaTHO o6cylK,liaJiaCb HaMll. TaKaH ~e orundKa B KOaip¢n
UHeHTe HH3_KOTeMrrepaTypHofi .nngxpy3llll co,neplltllTCH B pa6orax 15•83 n ,np. 
IloaTOMY B 3THX padoTax oueHKa illHpHHH npHMeCOHHOll 30HH OKa38JI8Cb 38-
HH~eHHOll Ha 2 - 3 nopH,nK8, 
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"Hu~ezo e amou :ruaHu He 6ueaem 
e mo~Hocmu maKwt, KaKwt ~" ce6e ezo 
npeacmaBJIR- n. 

Jlyu Apa20H. "Tpoe" 

r;raaa IV. CTPYRTYPA KBAHTOBOro KPHCT.A.lIJIA C ll~EKTAMH 

B 3T0ll rJiaBe MH pacCMOTpHM BJIHHHl!e ,neqieKTOHOB Ha CTPYRTYPY 
KB8HTOBOro KpHCTaJIJia, o6yCJIOBJieHHOe KOHeqHofl llrapHHOff ,neqJeRTOHHOtt 30HH, 
Ey,ryT paccMOTp8HH HeKOTOpHe BOilpOCH, OTHOC.RIIIHeCJJ R OCHOBHOMY COCTOJJ
HHX> CHCTeMH, a TaKllte aip¢eRTH npH T-/, 0 , He .HMellllU1e M8CCHtl8CKRX 8H8-
JIOrOB, Cpe.na HHX - cocTORHHe c H5JieBHMH ,neqieKTOHaMH 11, BaKaHCHOHHoe 
oqmiteHHe KJ)HCTaJIJia OT IlpHMecett 2 H BaKB.HCHOHHoe o6pa3oBaHHe 38p0ll.Hlll8ll 
HOBO! (!)83H 2~ 

§ 16. OCHOBHOe COCTOJJHHe 

ll8JIOK8JIH38UHJJ ,neqJeRT8 IlpHBOl\HT R JM0HbW0HHXl 3H0prHH KpHCTaJIJI8 
C JIOR8JIH30B8HHHM ,neqieRTOM Eo Ha BBJIHqHHY, paBHJD IlOJIYWHpHHe 30HH A/2. 

ECJIH co> LJ./2.. , TO _TepMOl\.0.HaMHtleCRH paBHOB0CHOe 'iHCJIO ,neqieRTOHOB 

~ exp(-V'/T), r,ne 'f' = E0 -11/2. - 3HeprHJJ .nH8 ,neqJeRTOHHOff 30HH, 

TaKHM o6pa3oM, npH T = 0 paaHoBecilM nJIOTHOCTb ,neqieRTOHOB paBHa HYJIB>, 
IlpH yBeJIHtl0HHH BepOHTHOCTH -ryHH0Jil,HOro nepexo,na mapaHa SOHH ymHpJJeTCJJ, 
H, B IlpHHUHile, B8JIHtlHH8 Ip MOgeT CT8Tb OTpHUaTeJibHoff. STO 03HaqaeT, 
tlTO ,noJIDa npOH30ttTH nepecTpottKa OCHOBHOro COCTOHHHJJ KpHCTaJIJia 11 • . 
HoBoe COCTOJJHHe 6y,neT co,nep.aTL paBHOB8CHHe /HYJI0BHe/ ,neqieRTOHH. EcJllf 
,neifl0RT8MH JJBJIJJl)TCJJ BaKaHCHH, TO B COCTORHRH C HYJI0BHMH BaKaHCHOH8MH 
'iHCJIO 8TOMOB 6y,neT M0Hbme tlHCJia YSJIOB pemeTRH. TaKHM o6paSOM, IlOHBJJe
HHe BaKaHCHOHa B H,n08JILHOM KpHCTaJIJie IlOHUS.eT ero SHeprHX>, ECT8CTBeH
HO, SHeprHJJ 6y,neT YM0HLmaTLCJJ C poCTOM qacJia BaRaHCHOHOB .no TeX nop, 
noxa He CTaHeT cymecTB0HHHM BSaHMo.neAcTBHe MeJ!.nY HHMH. EcJm BHl111'.P:BIII 
B aHepraa 'P MM, TO STO. npo.0.30!,neT npH Mwiott KOHUeHTPSUHH BaKaHcHci
HOB, ROTOpyX> M0gff0 onpe,neJIHTL HS COOTHOW0HHJJ 

N _ If 
V --uo I 

(p < 0, /1/ 

r,ne N - 'l:HCJIO ,neqieRTOHOB, V - 06'beM, a uo - xapaRTepHM aaeprHJJ 
B3aHMo,nettpTBHJJ BaKaHCHOHOB. Ec;m RB83HtlaCTHUH no,nqHHJJX)TCJJ CTaTHCTHRe 
Eose-SflH1DTettHa, OHH 6y,ryT ROH,IJ;eHCHpOB8T~CJJ Ha .nHe SOHH, H COOTHOmeHHe 
/1/ JJBJIJJ8TCJJ TO'l:HHM, B tl8M MOXHO y6e,nHTbCJJ,MHHHMH3Hpya SHeprHD paspa-
xeHHoro 6ose-rasa 
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1',' ,, 
! : 

I ,, 
·'l\ 

. 1 #2 
E = N \0 + z v Va v,, = 5 u(i) c1.1 z. /2/ 

BTopoe CJiaraeMoe onHCHBaeT napHoe B3aHMO,nettcTBHe KBaanqacTHU,· H BeJIH
q1rny Uo MOlKHO 'aanHC3Tb qepe3 rue aiW)eKTHBHYD Macey m ... H aM~TYAY 
pacceHHHR a

0
: U0 = 4-rr ti 2 a 0 /m• • BeJIHq;1Hy lite 'P B6JIH3H qiaaoBoro 

nepexo.na B HOBoe OCHOBHOe COCTOHHHe, npoHCXO.nmQero IlpH,o6~eMe yo• 
MOlltHO pa3JIOllTb no CTeneHRM yo - Y: 

'f = ;t ¼-V. · /3/ 
Va 

Ilo.ncTaBJIRR /1/ H /3/ B /2/, no~qaeM ')2 ( )2 __ V _r = -V A m• V-Vo 
E - 2 U

0 
81ra 0 1i2 V

0 
' 

OTey.na BH.D;HO, qTo npOHCXO.D;HT ql8.30Blitt nepexo.n BToporo po.na. MOJKHO no
K838Tb, qTo npH JII06ott KOHeqHott TeMITepaType 3TOT nepexo.n CT3HOBH,TCR 

nepexo,noM nepBoro po.na 11• 
B c~ae, Kor.na ,neqleKTOHH no,nqHHRDTCR CT8THCTHKe ~epMH, npH . 

J }1.f.t T=O sano~eHH TOJibKO COCTORHHR C /< < k 0 , r,ne k0 =z2m"A.(V-V.)/V,, . 
Tor.na BMM B aHeprHD paBeH 

~ ½ 
E = }!_ \ ifrrk2J.k {-'f+ _K J = -V (2m") (_;i V-Vo)S/,2 /4/ 

(2,r)3 ~ 2m" 15rr2 V., , 

H B TOqKe y = yo npOHCXO.D;HT ql8.30Blitt nepexo.n ·2 i . po.na 9~ ' 

PaccMOTpHM Tenepb OCHOBHOe COCTORHHe KB8HTOBOro KpHCT~a. co
CTaBJieHHOro H3 aTOMOB .D;BYX COpTOB / A H B/ C KOHileHTPBUH.flMH XA H Xa • 

0603HaqHM qepe3 'l;'A • 1:8 • -z;AB BpeMeHa o6MeHa aTOMOB AA, BB H AB,. a 
qepe3 '1:'vA H '1:'va - xapaKTepHHe BpeMeHa o6MeHa 3TOMOB C BaKaHcHett. 
Boo6me roBopR, 3TH .BPeMeHa 38BHCRT .OT 0Kpyiit8HWI aTOMOB, HO MR npo
CTOTH MH npeHe6pellteM 3TOtt 38BHCJJIMOCTbD H npe.nnoJIOlltHM T8Kllte, qTo 

'l;'A = 'l;'B = 'l;'AB '=' 7: , '1:VA =-?;'VB=- '7:V • 

3THM BpeMeHBM COOTBeTCTBYDT 3HeprRH c = ti/7; H Ev= ti/i:v. EcJIH HeT 
B8K8HClitt, TO HHTepec npe.ncTaBJIRDT ,nBa npe.neJibHHX c~aR B 38BHCPIMOCTH 
OT COOTHOmemm Mel!UIY S H :rneprHett ynop.lJ,D;oqeHHR pemeTKH W • 

EcJIH c << w' , TO npH nonxonJimeM CTeXHOMeTpHqecKOM COOTHOmeHHH 
I xA ~ x 8 / KpHCT~ 6y.neT xopomo ynopsmoqeH. EcJIH lle. xA « x 8 , 
B03MOlltHO B03HHKHOBeHHe CBepxpemeTKH H3 8TOMOB A B MaTpHUe H3 aTOMOB 
B • IlpH 3TOM 3HeprHR ynopsmoqeHHR CBepxpemeTKH W'<< W •. CBepxpemeTKa 
YCTOffqHBa, ecAH £ <'.< W'. B c~ae f, >>W' B03HHKaeT aeynopsmoqeHHaR 
CTPYKTypa sa cqeT KB8HTOBoro TYHH8JIHpOB8HHR 8TOMOB A H B • 

IloBe,neHHe B8K8HCHH B TaKoa CTpyKType 33BHCHT OT mHpHHH ee 30HH. 
EcRH Ev>W, OHa npeBpamaeTCR B xopomHA B8K8HCHOH C 6oJibmott nRHHOtt 
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npo6era H MaJIHM 38TJX8HH8M, o6ycJIOBJieHHHM "HepOBHOCT.flMH 11 noTeHUHaJia. 
EcRH lite BaKaHCHR nORBJIReTCR B YCTOtt'iHBOtt CBepxpemeTKe f; < W<Ev , 

TO 6Jiaro.napR ett STOMH·A coBepmanT KoJie6aHHR c 6oJibmott no cpaBHeHHD c 

nocTORHHOff pemeTKH aMnRHTY.nott. B T8KOM KpHCTaJIJie 3TO C8MaR MRrKBR 
BeTBb KOJie6aHHtt. BaKBHCHOH .D;BHlKeTCR, B OCHOBHOM, no Y3JI8M THITa B> H 
yqeT 8TOMOB A MOlltHO npoBeCTH B TepMHHax Teopmt pacce.FIHHR. 

EcJIH Ev<W H OTHOmeHHe KOHileHTpauHtt 6JIH3KO K CTeXHOMeTp:eqecKOMY, 
BaKaHCHOHHlitt cneKTp HM88T CTOJibKO B8TBeil, CKOJibKO 8TOMOB co.neplltHTCR 
B aJieMeHTapHOtt J'I'iettKe. IlyCTb ynop.lJ,D;oqeHHOe COCTORHHe HM8eT CTPYKTYPY, 
ITOKa3aHHYIO Ha pnc. 13. Tor.nay B8K8HCHOHOB 6y,nyT ,nBe BeTBH /A-B8K8H-

A B A B A B A .PHC. 13. KpHCTaJIJI C A-B8KaHCHOHOM 

B A B A B A B (o - 0603H8'i8lill8 BaKaHCHH/.Ilo,PH,IJ;oK 8TO-

A B A 0 A B A 
MOB He HapymaeTCR, ecRH B8K8HCH.Fl .D;BH-

llteTc.Fl no .nnaroHaJI.RM. nB:ellteHHe no BepTH-

B A B A B A B KaJIJJM H ropH30HTaJI.flM OCTaBJIReT "cJie,n". 

CHOHH H B-BaKaHCHOHH/, pacnpOCTpaH.FlDIIU!eCR TOJibKo· no Y3JiaM A WIH B • 

EcJIH lite Ev ) \..v , TO Melltizy' B8K8HCHOH8MH ITORBJIJJeTCR B3aHMo,nettCTBHe, 
KOTopoe CBR3aHO C IlORBJieHHeM HOBHX B036yllt,neHHtt. TaK, nepexo.n 8TOMaB 
B B8K8HTHIIB yaeJI 03HaqaeT YHH'iTOlKeHHe o.nttoro A-B8K8HCHOH8 H no.FlBJieHHe 
He TOJibKO B-BaKaHCHOH8, HOH B-npHM8COH8, pacnpocTpaHJJDmerocR no 
A-.nnaroHaJI.RM. naJibHettwHtt nepexo.n B-BaKaHCHOHa Ha cJie.nyDllYD A-.nHaroaam. 
CBR3aHO C YHHqTQllt8HHeM B-BaKaHCHOH8 H .. C pollt,neHHeM A-BaKaHCHOHS H 
A-npHMeCOHa H T.,n. IlpH 3TOM BaKaHCHOH OCTaBJIReT 38 co6ott "cJien;" H3 
HenpaBHJibHO pacnOJIOJKeHHHX 8TOMOB. "TpaeKTOpHR" CJie,na pa3MUBaeTC.ll .nBH
llteHHeM IlpHMeCOHOB no ,nHarOH8JI.flM, o.nHaKO "naMRTb" 0 ero ARHHe /T.e. 0 

qHcJie nepecTaBJieHHHX aTOMOB/ OCTaeTCR, TaK K8K B .naHHOft MO~eRH ,nBHllte
HHe, HanpHMep, aTOMOB B no Y3JI8M A,He CBR3aHO C R3M8H8mt8M aHeprHH. 
IloaTOMy y,naJieHHe npHM8COHa OT po~HBWero ero B8KaHCHOHa He MeHReT aHep

rHD, IlOKa He npOH30tt,neT HOBOe npHMeCOH-BaKaHCHOHHOe CTOJIKHOBeHHe. 
IlOCKOJII,Ity nOJIYlllHp.BHa IlplD48COHHOit 30Kli oelwmo .Mem,me 

aHeprHH JIOK8JIH30BaHHOrO ,neqleKTa, po:ar,neHHe HOBl:lX npHMeCOHOB HeBurO.nHo. 
Ha K8llt.nHtt HOBlitt npHMeCOH B8K8HCHOH TpaTHT aHeprHD nop.lJ,D;Ka aHeprHH 
YITOp.lJ,D;oqeHHR. CJie,noBaTeJibHO, Kor.na qHCJIO .neq:,eKTOHO~ CTaHeT nop.lJ,D;Ka 

N = Ll/W , BaKaHCHOH 6y.neT aaxBa'ieH B · coa.nattiiott HM ze RMe pasMepa 

R ~(..11w)'/3 • 

TaKa.Fl oueHKa, o,nHaKo, cnpaBenRHBa .naJieKo He Bcer,na. EeJio B TOM, 
'ITO cos,naHHe BOKpyr BaKaHCHH pemeTKH H3 O,nHH8KOBHX 8TOMOB MOJteT.npH
BeCTH K pe3KoMy ymHpeHHD BaKaHCHOHHott soHH aa cqeT Clom,mett BepoRTHOCTH 
TYHHeJibHoro nepexo~a B 6JIHlltattmHtt yaeJI no cpaBHeHHD c nepexo,noM no .nH
aroHaJIH. EcJIH ymHpeHHe 30Hll o6o3HaqH'l'b qepe3 0 = /J.2 - /11 • TO SHeprH.FJ 

63 



CHCTeMH 6y,neT 

E = rr2A + .!:!:. rr R3W - .!.. S' 
R2. 3 .2. , /5/ 

r,ne nepBl:ll! qJieH OnHCHBaeT KHHeTHqecKYD 3HeprHD B8K8HCHOH8 B 06JI8CTH 

p8,I1,Ryca R. • P83Mep o6JI8.CTH JIOK8JIH38UHH MOlKHO onpe,ne~Tb H3 YCJIOBHSI 

MHHHMYM8 SHeprHH /5/. 8To ,naeT 

R- -- ' -( rrA )'15 
2W 

N= Lf-rr(-1TA )3/s 
3 2.W . 

/6/ 

HMHqHe MlllHHMYM8 aHeprHH /1/ 03HaqaeT. ,rro B TaKOH Mo,ne.,m KB8.HTO

BH8 3~8KTH npBBO,nSIT K • ~8KTRBHQMY npRT.ffllt8WW M8J!QlY BaKaHC.HOHBMli ll 

np.HM8COH811R. 

§ 17. BHT8CHeHH8 IlpHMeceit B8K8HCHOHBMH 

ECJIH M8TpHUa KIJHCTMJI8 COCTOHT H3 O,nHH8KOBl:lX 8TOMOB, TO MeJK,ny 

B8K8HCHOHBMH H npHMecoHBM.H npH Tl O no~eTcSI aif$!KTHBHoe OTTMKH

BaHHe 2~ OHO CBSI38HO C Il0Hll8HH8M 3HeprHH KIJHCT~a npH ,neJIOK8JIH38UHlll 

B8K8HCHH. ll~ npeBpameHHSI B8K8HCHR B KB83HqacTHUY, O,nH8KO, Tpe6yeTCSI 

xopomaSI riepHO,nHqHOCTb pemeTKH. Il03TOMY B8K8HCHOH "ycTprutBaeT" T8KYD 

nep1110JiHqHOCTb, BHT8CHSISI npHMecH. Hait,neM qHCJIO YSJIOB, "oqzmeHHUX" OT 

npMMecel o.nHHM B8KaHCHOHOM. 

IIocKOJlbKY.mHpHH8 B8K8HCHOHHOI 30Hli MHOro 6om;me mapHHH npaMe

COHHOtt 30HH, TO B,P8MJl, sa KOT_O,P08 :saxaHCHOH 'no,ncTp8HB88TCSI K KOH-. 

gurypaua111 npHMeceft. MHoro MeHame BpeMeHJll H3MeHeHHSI 3TOft KOHipHrypauHH. 

8aepr:am BaKSHCHOHa, saxBaqeHHOro B o6nacTH "p8,I1,Ryca" R , MOEHO one

HHTb HS COOTHOmeHlllSI Heonpe,neJieHHOCTlll: 

.11· rr2.A 
E=E--+--, 

o 2 Ra 
/1/ 

r.ne Co - 3HeprHSI JlOK8JIH38UlllH B8K8HCHH. Tor,na CBo6o,nHaSI 3HeprHSI 

. .ll a A rs 4- R3 F =c --+-TT -+ -Tr 
Go 2 R2 3 1 /2/ 

r.ne S - aarponHSI npHMecoHHoro raaa Ha o,nay Jlq8itKY. Ee~ KOHUeHTpauHJt 

npHMeoel ,nooTaroqao MBJia. TO ~ $ MOEHO lllCil0~30B8Tb BHpalleHHe 

S=-x&i.25.... . e 
PasMep oqzmeHHOI o6JI8CTH IlOJIY'{aeTCSI H3 YMOBlllSI MHHJ4MYM8 CB06o,n-

HOI 8Hepru /2/.·TaKlllM o6pa30M H8XO,nHM 

R.'=f.TTA)'ls, F.,. =E-A+ f0rr(-1TA)315
y

2
15s!l./5 "/3/ 

- \2TS' mv>t a 2 . 3 2 . 
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3H8'18Hi18 F ,run noJilKHO OUTI, M8Hbllle Eo , OTey,na Haxon11M orpaHHtJeHHe no 

TeMnepaType 

G3 'h(, 2 )3/2 TS < ~) · - /4/ 
20ff TTA . 

C npyroih CTOpOHU I YCJIOBlleM np11MeHl1MOCTll /2/ RBJIReTCR R >> Ct • qTO 

np11Bon11T K ttepaBeHcTBY TS < I A • 8To ycJioB11e Bcer.na Bun·oJIHReTCR, 

eCJill BUIIOJ!H8HO Tpedonairne T< Ll • 11CIIOJII,30B811HOe 11p11 H81111C8HJ1H /1/. 
EcJI11 BocrroJib30B8TbcR cooTHOlllettlleM L!."' 2 A , TO oda uepanenCTBa npaK

Tll'!8CKl1 COBna,naIOT, T8K KaK /4/ IlpllHHM88T BH.ll 
- S/2 

TS< (_g_) EA ,_ 10,r 2 · 

ECJIH B CllCTeMe He O,llH8 B8K8HCl1R 11 tJHCJIO np11Mecen 38,ll8HO, TO HX 

KOHU8HTpaL111R B H80tJl11U8HHOn 06JI8CTH J)UBH8 

X'= X /5/ 
1 - x" v~ 

r.ue Xv - KOHU8HTp8U11R BUK8HCl1il, a \_{ = t,r R 3 

MmmMBJII,H8R pa6oTa, He06XO,llllM8JJ ,UJIR IlOBUll18Hl1JJ KOHII8HTpauirn 

paCTBOpa OT X .no x' nyTeM y11,aJieHHJJ /V(f- ~)=Xv~ tJ8CTllU "pacTBO-
x 

pllT8JlJJ
1
~ H8XO,UHTCJJ 113 06m11x npHHU11IlOB CT8Tl1CTHtJeCKOf.i g,113HKH _96• TepMO

]J:llH3MlltJ8CKHll Il0T8HUH8JI no BllTecHeHHJJ np11Mecen 

¢i = N;<-c + Nx T 8n : + NxY1
. /6/ 

TepM011,11H3Ml1tJ8CKHil IlOT8HHll8JI pacTBOpa C KOHI~el!Tpaimeil npHMecen X' , 

pacnpe,neJieHHUX !IO N- x" ¼ ysJiaM,IlOJiyqaeTCH 38M8HO!l B /6/ 
N ~ 1Vx/ x' H x-. x '; K HBMY HYJKHO ,noOaB11r1, TepMo.n:11HaM11tJecKHa noTeH

n11aJI "q11cToro pacTBOpHTeJIJJ" ( 1 - ~) N ,Mc • OKOH'!aTeJibHO, ,nJIH TepMO

lLHHaM11tJecKoro IIOT8HUll8Jl8 ITOCJie BllT8CH8IIHH IIOJiyqaeM 

¢
2 

= N_µ 0 + NxT8n ;' + Nx o/ 

11, CJie11,0B8T8JlbHO, Ml'IHHM8JII,H8R pa6oTa 

I} X' 
,1 ¢ = Nx T wz x 

113Me11e1me JKe :rnTpOIIl1ll paBHO 

/7/ 

LlS = Nx8n E /8/ 
X 

HaJI111me /1/ Xv B8K8HCl10HOB MeHJJeT 3HeprllKl !Cpl1CTaJIJia 118 B8Jlllq1my 

Nx (- ...E...A + -,,-
2 

A) /9/ 
v 2 ·R:,_ · 
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TaKHM o6pa30M, CB060.ll.H8.fl 3Hepnrn: Ha yseJI pemeTM p8BH8 

F = Uo-,: A) Xv+- TT
2 

:2. Xv - xT en ( 1- Xv i rrR
3
). /10/ 

Hs YCJIOBRH MRHRMYM8 CB060,IU10tt aHepraa /10/ IlOJIY'l8eM p83Mep o6JI8CTR, 

O'IHmeHHOtt OnHRM B8K8HCROHOM: 

1T A l/5 R. . - (__) 
m•n - ~2Tx' · 

/11/ 

EcJIR IlOJIHOe 'lliCJIO O'IHmeHHIDC Y3JIOB MHOro MeHLW8 'll!CJI8 Y3JIOB B pemeTKe, 

T.e. x.., v,; << 1 , TO F = xv f , r.ne cBo6o,naaH :mepraH Ha o,nay Ba

RB.HCHIO ,naeTCH BHJ)81lteHHeM 

i! A rr2. f = E - - +- - A + Tx V: o 2 R2. o, • 
a ee MHHHMaJILH08 3HaqeHH8 paBHO 

L . = _ A_ 10rr(1TA)31S(Tx)2./5 
J mcm 6

0 2. -+- 3 2 · 

/12/ 

/13/ 

B CJIY'l'.ae npaMecett 3ne c KOHUeHTPBUMel x ~ 10-4 B TBep,noM 4He 
/r.ne A~ 1 K/ npH TeMnepaType T,.. 0,4 K, 06.nacu, 0'llil!l8HHM O,IOiOK 
B8K8HCHett,oXB8THB88T OKOJIO 103 y3JIOB. 

TaKRM o6p830M, BH,ItHO, qro H8JIR'IIH8 B8K8HCHOHOB CTRMYJIHpyeT cp830-

Boe paCCJI08HH8 TB8P.ll.HX pacTBOpOB 3ne - 4He. 
C ,npyrott CTOPOHH, ~8JIR'IH8 npHMecel BJIRH8T Ha paBHOBecayD KOH

neHTpailHIO B8K8HCHOHOB. Oaa OOHCHB88TCH BHp8llt8HR8M 

Ll 31, 
-F/r { €0-2 fOTT (-1TA) 5 .!l./5} x = e = exp - -- - - -- x 

V 'T' "3 2.T . 
/14/ 

06paTHM BHliM8HHe, '!:TO BTopott qJieH B 3KCOOH8HT8 

BHT8CH8HHIDC npRMecett: 

nponopUHOHaJieH 'IHCJIY 

( 

"!/5 
10,r 1rA) 2.15 = Ji_, r 

3 2.T X 2 voX. /15/ 

§18. BaKaHCHOHHHe sapo,numa HOBOtt dla3H 

9TOT aqxleKT CBH38H C pasaol mHpHHOI B8K8HCHOHHOtt 30HH B ,nByx 
!fasax o,IU1oro a Toro xe BemecTBa /Hanp. B rny a onK itasax reJIRH/. KaK 
OHJIO OOK838HO B §4 ,.mapaHa B8K8HCHOHHOI 30HH 8KCOOHeHURaJILHO 3aBHCHT 
OT quCJia 6JIRJP:Blmax coce,nett, a,cJie,noBaTeJILHO, ,noJIJP:Ha pe3KO B03pacTH 
npH nepexo,ne rny - OUK. IlpH 8TOI\I MOUT OK838TLCH, '!:TO ,,IUIO 30HH B OUK -
pemeTK8 pacnoJIOX8HO HHXe,qeM B rny-4Ja3e, H838BHCHMO OT Toro,B KOTOpol 
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H3 cpa3 aHeprliH o6p830B8HHH B8K8HCHH 60JILme /pac. I4/. Il03TOMY MOX8T 
OK838TLCH BHrO,ItHHM o6p830B8HHe HOBOtt cp83H BOKpyr B8K8HCHR. ECJIH HOB8.fl 
ifla38 HMeeT "paimyc" R ·, TO asMeHeHae cBo6o,naott aHepr:irn paBHO 

!iF= .6E + .!!...
2 A +T.11s 4- rrR 3 

o R2 . 3 , /1/ 

r.ne Ll C:o - CMemeHHe .UH8 B8K8HCliOHHO~ 30HH, ~ Ll S - p83HOCTL 3HTpOm!I 
.IJ.BYX qla3. MHHliMH3HpyH F H Y'{HTHB8H, qro T.d S BCTL TeMOT8 nepexo.ua 

CJ , noJIYqaeM pa3Mep oeliracra 

R. =(~A)'ls 
1 . 

/2/ 

TenJIOTY nepexo.ua MOJKHO onpe,neJIHTL C IlOMOmLIO ypaBHeHHH .KJiay3ayca-.KJia
rrettpoHa no 3KCnepnMeHT8JILHHM .ll.8HHHM. Oaa OK83HB8eTCH ~10-2 K. CJie,no

BBTeJILHO, 38p0,Itl:l.lll HOBOtt cp83H co.neplltRT ~ 102 8TOMOB. 0TM8THM, '!:TO Ba
KBHCROHH C T8KOil _CTpyKTypott liMBIOT .npyryIO IlO,ItBHlKHOCTL, 38BHCJJl!lYIO T8Kllte 
OT KHHeTHM cpa3oBoro nepexo,na. 

,,~~'· 

Pnc.14. CocTOHHRe C JIOK8JIH30B8HHOff BaltaHCR8li HMeeT M8HLWYIO 
3HeprHIO B rrepBott cpase, B TO BpeMH K8K COCTOHHHe C .ll.8JIOK8JIH30.B8HHOtt 
B8K8HCHett aaepreTnqecKH CloJiee BHrO,IUIO BO BTopott cpase. LIE. - IlOHHll:eHHe 
3HeprHH 38 C'l8T pa3HHUH B mnpaHe BaltaHCROHHWC 30H. 

67 



nMezaHUKa - 3ffl0 paa OAR 
.Mam~amu~ecKuz HayKn. 

JleoHapoo oa BuH~u 

rJiaBa v • .IUIBAMHKA .U~PMfillYEl,mro KPHCTAJL/IA C KBA3WIACTWIH!lMH 
BOSEY!OlElHffiMH 

3Ta rJI8.B8 llOCBRllleHa BJIHmmD KB83HqacTim Ha nHH8MHKY neipopMHPY
eMoro TBepnoro TeJia. MH 6yneM npoBO.ll.RTb paccMoTpeHHe B o6meM BHne .nJIJI 

np0H3BOJibHIDC KBaSHqacTHU, He orpaHHqHBaRCb ne~KTOH8MH B KB8HTOBJ,IX 
KJ)JICT8.ll1l8X. IIO8TOyY JilSJiarae.11BJI T8OplIJi npm,emn,a H K TaKIDI Tpa
~HUHOHHblM o6~eKTBM,KaK 3JieKTpOHbl B MeT8JIJI8X H llOJIYllPOBOJUIHKax. OCHOB
HM xap8KTepHCTHK0. KBasHqacTJmbl npH 3TOM - ee saKOH nl!Cllepcmi. OH 
Bl,[l{HCJIHTbCR He 6yneT, a 6yneT IIP8.IUI~8TbWl sanaHHblM. OCHOBHble Ee 
sanaqn TeopHH - nocTpOeHHe MeX8HHKH KB83HqacTim C npoH3BOJibHblM 3aKO
HOM nHCnepCHH B npennoJio~eHHH O KB83HKJI8CCHqHOCTH HX nBH~eHHR, BblBOn 
KHHeTnqecKoro ypaBHeHHR nJIH qlyHKUHH pacnpeneJieHHR KB83HqacTim H Bb!Bon 
nHHB.MHqecKoro yp8BHeHHR TeOpHH ynpyrOCTH npH HSJIHqHH_ KB83HqacTim. 
KoHeqHSR uem, npH 3TOM - cosnaHHe C8MOCOrJI8COB8HHOll TeOpHH H8 OCHO-. 
Be nOJIHOll HeJIHHellHOff CHCTeMbl ll3 CBR38HHJ,IX Me~ co6ott ypaBHeHHff Teo
PHH ynpyrocTH, ypaBHeHH~ EOJibUM8H8 H ypaBHeHHtt MaKCBeJIJia. 

§ 19. HeJIHHeffH8R TeopHR ynpyrocTH 

IlocTpOeHHe TeOpHH nHHaMHKH TBepnoro TeJia BKJIJOtl8eT KaK COCT8BHYJ) 
qacTb 4!0PMYJIHPOBKY HeJIHHeffHOff TeopHH ynpyrOCTll uneam,Horo KPHCT8JIJI8. 
3TO yno6HO cneJI8Tb, BBOnH JIOK0.Jll,ffYD CHCTeMY OTcqeTa c 6a3HCHblMH BeK
TOpaMR a.ot / o(. = 1, 2, 3/, COBll8n810lllHM.H C 3JieMeHT8pHb!MH TpaHCJIRUHHMH 
KPHCTaJIJia. IlpH T8KOM onHC8HHH K0.JK,I(bll! yseJI pemeTKH onpeneJIHeTCR TpeMR 
~CJIBMH No(.. paBHblMH qHCJI8M "maroB" no pemeTKe C HaqaJia KOop.mrnaT 
no naHHOro ysJia. Torna BeKTOp ol"i , CBR3b!BaXll!lHff B naHHblff MOMeHT Bpe
MeHH nBa ysJia pemeTKH, H8X01Vlll(RXCR Ha paccTORHHH;60JibWOM no cpaBHeHHD 
C MelKaTOMHHM, HO MaJiblM no cpaBHeHHD C xapaKTepHHMH p83Mep8Mll neipopMa
U.HH, MOJKHO sanncan B nune 

di= a d!V°' ct. • 

YpaBHeHHe, O!IllCHBaDmee H3MeHeHHe 683llCHHX BeKTOpOB BO BpeMeHH, 
noJIYqHTb H3 qncTO reoMeTpnqecKHX coo6pW!teHHll. OHO HMeeT BH~ 

Lio(, + ( ft V) Clo(. - (ao(_ v) ft = 0, 
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/1/ 

MOl!tHO 

/2/ 

I 
j 

I 
I 

l 
I 

I 
: 

rne U(Z,t) - BSKTOp ~e1-0pM8Ullll. Ilpll 3TOM 8BTOM8THqecKH BHTIOJIHRSTCR 
11eo6xonHM08 ll nocTaToqHo~ ycJIOBlle coxpaHeHHR BSKTOpHblX JIHHHtt BeKTOpa 

a = c,£. 

[ cio(_ +(ft v) aoL - c ct v) tr J x aoL-= o 

/cYMMllpOB8HllR no ol HST, 3H8K X 03HaqaeT BSKTOpHoe npOH3Benem,e/, 
CJJenoBaTeJibHO. ypaBH8Hlle /2/ OTIHCbl_BaeT ~eipopM8UllH. KOTOpHe He npllBO
nRT K pa3pHB8M llJill nepeceqeHHRM KpllCT8JIJJOrpa¢HqecKHX JlllHlltt C OnHH8-
KOBb!Mll c,(... TaKllM o6pa30M, eCJIH B pemeTKe HST AllCJIOK811Htt, TO q;yHKUllll 
N~(if,i) onHo3HaqHH, a BMecTe c ypaBHeHneM /2/ noJJHOCTbD onucuBaDT 

pacTIOJI0*8Hll8 Y3JIOB pemeTKH. 0TM8TllM, qTO HaJJllqne ~e¢eKTOHOB He M8HR8T 
cnoco6a OTillC8HllR, T8K K8K Y3JJH peweTKH OCT8DTCR xopomo onpe~eJieHHb!MH. 

BBeneM B p8CCMOTp8HH8 T810Ke BSKTOpbl o6p8THO?. pemeTKll Ct°'; 0HH 
ynoBJJeTBOPRDT COOTHOWSHHRM 

a,o<.cJ../3 =t.,B a~a = ~-
' c,1./( ti<. 

/3/ 

Torna H3 /1/ H /3/ CJienyeT. qTo aol dz= d!Vot.., OTkyna TIOJIYqaeM 

/4/ aoL = v;V<>':
YMHOlll'.aR /2/ Ha Q.c,£. H HCTIOJib3YR /3/ H /4/, 
ypaBHSHHe 11,JIR BeKTOpOB o6p8THOll pemeTKH 

TIOJIY'!88M 3BOJIDUHOHHOe 

aol + v(a<>'-l£) = 0 I /5/ 
a T3Kllte BHpa~eHHe MR CKOpOCTH neipopMauHH qepea IlpOH3BOJUIHe OT Nol 

ft= -a JVol 
o(_ • /6/ 

,llJIR llaJJbHettmero yno6HO BB€CTH MeTpHqecKHtl TeH30p f}o/..,8 = Zia£.~ 
H 06p8TH~ eMy T8H30p Cj.ot...,8 = a,.c,1.0..,8. Torna 06'beM SJI8M8HT8pHoll ~e!KH 

paBeH V"f , rne <J = d.i,;t !fc1-fi , B STRX 0603H8'I8H.WIX IlJIOTHOCTb li,I.1;8aJU,HO
ro KpHCT8JIJia 38TIHCblB8eTCR B BHne fo = M /Jlfj- • rne M - CJMM8pHM 
Macca 8TOMOB B ~ettKe. YpaBHeHHe Henpepb!BHOCTH Tenepb MOlltHO llO~HT~ 
nurfipepeHUHPYR £ no BpeMeHH C yqeTOM TOJK,I(8CTB8 

a 

d fl = - r;J- r;JoLfi dg.""fl /7/ 

H YP8BH8HHH /2/-/5/. TaKHM o6p830M no~aeM' 

'r. + of.wJ~ = o~ .· /Bl 
0 - • 

rne TIOTOK M8CCH /HMnyJibC 8nHHliUH 06MMa/ j = £ U. 
- 0 MR H8XOlltlt8HHR nOTOK8 3HeprHH Q H T8H30p8 TIOTOK8 HMTIYJibCa niK 

IlOCTynaeM CTaHnapTHb!M o6pa30M, Tpe6yR, qTo6H H3 38KOH8 coxpaHeHHR 
M8CCH /8/ H 38KOH8 coxpaHSHHR HMIIyJibca 
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::Jj,, dnzK - o - +-- -
;Ji: dX,c 

./9/ 

C yt!9TOM S8KOH8 BospacTaHJtl..H SHTpomm 

c1 ~'··-(S... cf) R ,:> + OWlT U· + - = -T T 
/10/ 

/r11,e R - lJ.l'ICCl'!narl'!BHa.H <IJYHKUl'l.H, a f no.nJielltl'lT onpe.neJieHl'!JO/, cJienoBaJI 
saKoH coxpaHeHl'!.H sHeprl'll'l 

E+olwQ=O. /11/ 

SHeprH.H E B Jia6oparopHon C:HCTeMe OTC'l:eTa /JI-CHCTeMe/ paBH8 
cyr,iMe KHH9Tl'!ll:9CKOfi H BHyTpeHHen /Eo/ SHeprl'IH. IlocJie)UI.H.ff COBnanaer C 
saeprHen B conyTCTBYIOlllefi CHCTeMe /C-CHCTeMe/, ll,BHJKymencR BM9CTe C pe
merKott,H .ffBJI.ff9TC.H <IJYHKUl'lefi M6Tpl'lll:9CKOro TeHsopa I'! SHTpOnlil'l. CJienoBa

TeJIJ,HO, 

E . . 4 g c ·2 r0 , •oG.ft 
= 2 a-{ foU ) + tJ - 2~.fl'J 

(_ 'J Eo \ /12/ 
' a:fi= -L\ d 9-o1-.1,) s. 

IlpOl'ISBOll,HHe no BpeMeHl'l B /12/ MOlltHO BHp83HTJ, ll:epes npocrpaHCTB9HHHe 
npOl'ISBO)UIHe C noMOUU,JO /8/ l'l /10/. ITocJiell,Hl'ln l{Jl6H npeo6pasyeM, l'ICnOJIJ,

sy.ff /5/: 

- j_ (J a"'-fl = (J afi(v da: + ac,(. dllK) 
2 oLfi a o<ft ' K cJXK t<. axi · 

/13/ 

C .npyron CTOpOHH, 

V £ = - 0- aflv a"'- +- TvS. /14/ 
K O . ci..fl K K 

C llOMOmJ,JO /13/ H /14/ BHpa~eHHe /12/ npHHHM86T BHll, 

E =Ti(S+dw-(Sft)'-dw(Eft)+(cr,_R+Fa )a~al ~u .. , /15/ 
o ') o °'.r i:fot-JJ ' K e,XK 

r.ne F =- Eo -Ts· - CB060ll,H8.fI SHeprH.ff e.nHHl'IUH 06'LeMa, coBna.naHXItaR C 
TOll:HOCTt,ll .no sHaKa c naBJieHHeM / P = - F I. OKOH'l:aTeJit,HO, saKoH co
xpaHeHl'IR saeprl'll'l 38llHCHB89TC.fI B BH,ne: 

£ + ~ { f fo u
2
u,,. + ti. ( n.K. - fJt, UK+ f=o '8;,,:) + ii( }= 

= R + cf VT { n _ · , F ~ "' J1 } :Ju, 
T' + '" Pou, UK.+ o,,,. + 0-:...fl a, aK d X . 

• K 

/16/ 

OTcJO.na Oll,H03H8ll:HO CJI9ll,Y6T BHtt TeHsopa nOTOKa l'IMnyJit,Ca 

n,K= (~ft+F;1-o<.ft)0-1a! + f.,l(UK + 7T;,K /17/ 
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l'l noToKa SHeprl'll'l 

1f =½s:u2 tt + a"'(a.att)a,:_p + TSrt + f, /18/ 

a Ta~e Bl'lll, lJ,l'ICCl'lnaTl'IBHOfi <IJYHKUl'IH 

f) - VT dU, 
r-..=-1 T -7TiKdXK • 

Ms CHMM9Tpl'lll:HOCTl'l n, ,<. CJienyeT Cl'IMMeTpHll:HOCTJ, 1Ti t< • CJI9ll,OB8T6JIJ,HO, 

R. 38Bl'ICl'IT TOJU,KO OT Cl'IMMeTpHl{HOtt ll:8CTl'l T6H30pa CKOpOCTen 11,eqiopM8Ul'IH 

u . = .1_ (du, + d Uk) J 

<,/(. 2 dXK dX· ,, 
KOTOpufi, O)UI8KO,He npe.nnoJiaraeTC.ff MaJIHM. 

C ytl9TOM npl'IHUl'lll8 0Hcarepa ~ llOJIOllT9JIJ,HOCTH ll,HCCHnaTHBHOtt 
(WHKUl'll'l HMeeM 

R = Je. :JT ;}T + n u.. u 
• ,,. Jx, dXi<, likfm <,I(. em., 

rne Jf i. K H tz_ i, "-em - noJIOUTeJILHO onpe.neJieHHHe. M8TPHUH, 
K03q:qJIU.l;H9HTOB TeIIJionpOBO,!IHOCTH H BR3KOCTH • 

/19/ 

HM9Dlll}19 CMHCJI 

Ilepexo.n K onHCaHHJO C noMOUU,D T9H30pa neqiopM8Ul'IH OCYllleCTBJIReTcR 
rryTeM pasJio~eHHR no cTeneHRM MaJIHX neqiopMaud. ,llJIR SToro cJiell,YeT no-
J!OllTL 

"' N"' N = - woL., 
0 /20/ 

r,ne ~"'= Zi:' "ii , a; - BeKTOPH o6paTHott pemeTKH ae.neqiopMHpoBaa-
aoro KPHCTaJIJia. Torna B9KTOpOM CMemeHH.ff o6Hqaon TeOpHH ynpyrOCTH 
.flBJIR:9TC.H BeJil'll{HHa 

- o(, 
'W = aooL W- • /21/ 

,1,o< -.UaqxIJepe!ll-ll'IPYR IV no KOOP.llHH8TaM H BpeMeHH, H8XO.IlHM JIHHeftHHe IJO 1/1.T 

0TKJIOH9HH.ff Bcex B9JIHl{HH OT HX 3HaqeHHn B He,neqiopMHPOBBHHOM KJ)HCTaJIJie: 

~~~ ~- oL ~ ..:. oa =-oao(. = - a 0 "- vz.v;., u = w, 

~ C::-ol.Jl "'fi oa =-o.a =2.W:- a.a 
do1,ft d' L/(. o, OK I 

/22/ 

rne w.K - T8H30p ll,9qJOpM8Ul'IH. IlpH STOM BBe.neHHufi H8MH T9H30p c,;,_ft 
/12/ CB.li38H C TeH30pOM H8Ilp.fllteHd ~ K COOTHomeHHeM 

er. = CJ a°'. a,_fi - Pii 
L/( oLJl 0L 0/C l,/(' 

/23/ 

rne P - naBJieHHe. 
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§20. YpaBHeHHSI MeXaHHKH. 3HeprHSI H diyHKUHSI raMHJibTOHa KBaanqacTHUH 

KaK yxe OTMeqaJIOCb BO BBeneHRH, OCHOBHM TPYnHOCTb npR C03JJ;8HHH 
Teop:an neipopMRpyeMHX TeJI npa Ha,mqza KBaanqacTm.t cBnaaHa c orrncaHHeM 
nRHaMHKRKB83HqacTm.t. neJIO B TOM, qTo KB83HRMnyJibC H 38KO!t nncnepCRH 
Boa6yxneHHSI xopomo onpeneJieHH TOJibKO B nneaJibHO nepnonnqecKott pemeT
Ke, HMelOll!e:li "OTBTYC" npHBHJiernpoBaHHOtt CHCTeMH OToqeTa, n B o6meM CJIY
qae HeT npeo6paaoBaHntt /aHaJiornqffllX npeo6paaoBaHH.RM raJIHJien/ nJIH ne
pexona B Jia6opaTOPHYD CHCTeMY, B KOTOpott ipopMJJmPYJOTCSI OCHOBHHe ypaB-

. HeHHSI H 38KOHH coxpaHeHHSI H B KOTOpott npoBOJJ;SITCSI HSMepeHRJI. 
CyuiecTBeHHO, onHaKo, qTo Bnn saKoHa nncnepcnn ycTaHaBJIRBaeTcn 

npaKTHqeclGI Ha paCCTOHHH.RX nopnnKa HeCKOJll,KRX nOCTOSIHHHX pemeTKH, B 
TO BpeMSI KaK xapaKTepHH8 p83M8pH neqiopMailHH H H3MeHeHHtt BHemHRX noJiett, 
KaK npaBHJIO, MHoro 6oJibme HX. B T8KRX 0Jzy'i8.RX OK83HBaeTCSI B03MOJKHHM 
BBSCTH JIOKaJibHlitt saKoH nncnepcHR £ (°it, ri) , a KBasnRMnyJibc onpeneJIH
eTcn JIOKaJibH!iP,! nepnonoM pemeTKR B "ToqKe" ti: • B C-cncTeMe aaKoH nnc
nepcna E(K,i) HrpaeT pOJib qJyHKUHH rBMHJibTOHa. COOTBeTCTBeHHO ypaB
H8HHSI nBHX8HHSI HMemT BHl]; 

➔, aE .:. ;;)E I I 'Z=- k=-- 1 
qi( Ji[, 

I ti.•~ KoopnnHaTa B C-cncTeMe/. 
Hae HHTepecymT, onHaKO, ypaBHSHHSI nBHXeHHSI B 1-CHCTeMe: 

• ~ c)H 
'l=~ 'dp 

fr=-'JH 
'Jr£ ' 

/2/ 

:s KOTopol HeasBecTHa KBK qiyHKUHSI raMlUII,TOHa H (p, ri,-/;) , TaK n eMab 
BeJIJt'IUIHH p O KB88HJtMnyJibeOM K , IIpH 8TOM eJie}JyeT HM8Tb B BHJJY, qTo 
,WHI<IllUI fSMl'lJll,TOHa, Boo6111e roBopn, HeonH03HaqHa, H CMHeJI BeJIJtqHHH 
~ 60JlI,IIIOff eTeneHH SaBHeBT OT ee BH6opa. 0TM8THM TaKJte, qTo BBHJJY H8-
pTamtOHapHOOTJ!I negopuamt:lt npeo6pasoBaHBe nepeMeHHHX oonepmiT BpeMn, 
~. 0.1enoBaTeJII,HO, f../ Yll8 He OOBnanaeT O SHeprneA. II08TOMY J-/ He noDHa 

'.1i1'f'w II8pBonneoKOI (f,yHI<IUJel KB83HIIIIYJII,Oa. BHeprHSI ll8, Tait x~ KaK H 
nyno /IIOTOK Macey/ B Bee OOTBJil,HH8 (pilSBqeeRHe BeJIB'IUIHH, noJmHa 6STI, 

epl10,ltH80KOI B JIJX5ol CBOT8M8 KOOp,lUIWlT. 06paTBM BHHMaHHe eiqe Ha O.l(HO 
6eTOJITEIJII,CTBO. BeJIJlUHa " B ypaBHeHH.RX /1/ m!JUI8TOSI KaHOHBqeoKH co-

1JWIKHOI :;HeupepWBHOI KOopnnHaTe ,[1 li1 B-8TOM eMHOJie .ItY6JIHpyeT llllfiYJibC, 
QO'l'.OJ!llld Ke ltBB!HBMfiYJll,O noneH 6HTI, OOIIpJmeHHHM HeKol .lUIOKp8THOI 

OJ).lUlHaTe /Tllll8 /Vr:LJ, yrulTHBaalfft. ~0Kp8THOOTI, pemeTI<B. 
. Upeue ~ell uepelTll K HBXOQ8Hlll) 4JYBI<IU!H faMJJJll,TOHa H 9H8pl'Hli1 ~· B 

~BOTeMe,- SSM8TBM OJle.llYl)lllee. B pa3BllBaeMOI T80pBli1 npennOJiaraeTOSI 
e_.enoon li18118HeHIIJI Be.1umm a.c. a v /o6osHaqeJme fl !E ft BBeneiio 

··~-· Jlo6CUa/_ B _ IlpOOTpaHOTB8 B_ BO _BpeMeHB, li1_ np~HSBOnR_!~~ p8~JIOKBHH8 

' I 

• 

0 l 12 r ··•~' I 

i'l' .1-,1 
11, 

~r 
f1'? 
'11 

(J· r-
r 
fi :, 

fi:, .I: 
I 
I!/.' 

iii: 
,:, 

Jr 
:/ 
i1' ·1' 
1\ 
j;: 

/i ,, 
!J, 

.,i' 
.I 

r 
';-;i 

•!i ,, 
( 

I, 
:~ 

i: 
f 
r 

.J 

u: 

no llX npOll3BO.IJ:HNM. Ilpn 3TOM B Bupa*eHnSIX Jl)ISI /~ ll ~ .IJ:OCT8TOqHo ynep
JKaTb Jlllllib qJieHH HyJieBoro nopnnKa. B 3TOM npn6Jin~eHnn BeJinqnHH H ll S 
COBnanaIDT C RX 3HaqeHll.RMll B pemeTKe C npOll3BOJibHHMll, HO nocTORHHHMH 
3HaqeHll.llMH ·V' 'n ao<-, T.e. B OlJ;HOpOJJ;HO ,neqiopMHpOB8HHOM H paBHOMepHO 

JJ;BllJKYl!leMCJI RpHCTaJIJie /cnTyaunn 8HaJiornqHa nepeXOJJY B MOMeHTHO-HHep
llll8JibHYID CllCTeMY B rnnponnHaMHKe ll Teopnn OTHOCllTeJibHOCTll/. 

IlycTb cHaqaJia V= O. BoJIHOBaR,qiyHKUnR KBaaaqacTHUH, npnHai,;Jie
~811lett onpe.neJieHHott sHepreTaqecKon soHe n coBepmaIDmeil KBaaaKJiaccnqee
Koe lJ;Bll*BHne, paccMaTpnBaeMM KaK qiyHKUllSI .ltllCKpeTHUX KoopnnHaT ;11oe. 
llMeeT Bll.IJ: . ~ 

'l4" ( IV~ t) ~ e f So ( N~ t )
1 /3/ 

rne S0 - KJiaccnqeeKoe .nettcTBne. B nepnonnqecKoa HenonBnJKHott.pemeTKe, 
o KOTopott ceilqac n.neT peq~, qJyHKUnn raMHJibToHa coBna,naeT c aHeprnen 
c ( kc( , fl-"" fi) , SIBJimometten qiyHKUHett HHBapnaHTHoro KB83HRMny JibCa K.._ 
C nepno.noM 2rrtz H 3aBHCJllllett OT HHBapnaHTHHX xapaKTepneTHK 3JieMeH
T8pHott R'IBHKR, onpeneJISIBMHX BeJinqnHBMll 'J-':'-fi. IlpOll3BOJJ;HHe nettcTBHSI, 
npn aToM, no onpeneJieHnn,.namT 

(dS.,) =-c(k· ·aol.fi) (Jso)· =·I< .. · /4/ 
1J t IV"'- "'- , <I ' \) N"' t « . ., 

Ilpn 'IT~ 0 nettcTBlle S MOJKHO HaflTH C noMombID ll3BeCTHOro 38KOHa npe
o6paaoBaHHSI O.IJ:HoqacTnqHHX BOJIHOBNX qiyHKUHtt gg npn npeo6pasoBaHHSIX 
faJIHJieSI. T8KHM o6pa30M, 

S=S0 +mv-z-1mu 2 t, /5/ 
r.ne m. - Macca qacTHUH, 

HoByD K8HOHHqeeKym nepeMSHHym p, conpIDKeHHym KOopnnHaTe iz~ 
HaJCO,ltllM nyTeM nn~~peHilnpoBaHHSI .netteTBHSI /5/: 

P = h;) ~ l = I< c(__ V AloL + m tJ ::: a"'- kol. + rm iJ-, /6/ 
,cl'Z 4 

oTeyna 

l<d- = ao(. ( p - m if). 
/7/ 

AHaJiornqHHM o6paaoM HaJCOnHM qiyHK!lHD raMWlI,TOHa 

/-l(p/Z,-l:)=-~l)i=-k«-!Vo1.+·E+ J m v- 2= c+pv-f mu~ /8/ 

rne £ = E (aoL ( p -m V-), !!"'fl) - nepnonHtieeKM qiyHK!lHSI p e nepHO.Jt8MH 
2 rrt, a:"· ' onpeneMeMHMH JIOKaJibHHMH 3HaqeHHSIMH BeKTOpOB o6paTHOff 

pemeTKH, ·m.1e1mo· YK838HH8JI nepuonnqHOCTb .lt88T OCHOBaHHe H83B8Tb BSJIH
qJIHY p KB83llllMITYJibeOM B ]-OHeTeMe, 
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/ 
I 

3HeprHH KB83HqacTHIUi onpe,ne.ruteTCR 4lOPMYAOn npeo6pa30B8HHH 

TMWISH 
'I"',( 2·-c=:zmv- +P;,V-+-c, ~c Po= m ;;p /9/ 

r.ne ff - cpe,nHee sHaqeHHe HMny.m,ca KBaszqacTHUH B czcTeMe c 'IJ" = o. 
0 . 

OHO paBHO npOH3Be,neHHD M8CC1,1 qacTH!Ui H8 ee CKOpOCTb. CpaBHHBM /8/ H 
/9/, no.nyt{aeM CBJrab Me:amy aneprzett H qJyHmmett TaMHJll,TOHa B JI-CHCTeMe: 

H(P,i,-t) = 'c(p,rl,t) +(p-m;})v- m?l' 2
, 1101 

IlOJIY'{SHHOMY C noMombD ,neiCTBHR s npeo6pa30BaHHD COOTBSTCTByeT 

IlpOH3B0~8SI qlyHKilHR 45 

¢= (p-mv-)'1:1
-1- (p- lrnv)vt. /11/ 

IlpHBO.D:~M K "ra~eeBCKHM" npeo6pa30BaHH.l!M 

'i=z'+ut -; = p-m'ii-, /12/ 

/-I= E(ji-mv, 9-r,1.JJ) + p v- y mu2... /13/ 

n~ cpaBHeHHR yKaiteM, qTo B pa6oTax 43- 44 61,1na Hcno.m,soBaHa 
,npyrM npOH3BO~M qlyHKilHR 

f = ( z'+ uei;-t:J) r5, /14/ 
npHBO~M K ,npyrHM COOTHOmeHH.RM: 

-;: =-;; + Ji, ca P) , l Cit, i; t) = Hep, <i, 1:)- tlp, 1151 

r,ne LL('[~ t) - BSKTOp ,neqiopM8IUU1. ~HKilHR T8MHJll,TOH8 /15/ OK83M8Cb 
H8COBM8CTHMOA C KHHeTaqecKHM ypaBHeHHeM Eo.m,IlMaHa, a T8Klle He onHCl,I
BMa. a!lqieKT CTJJapTa-ToJIMeHa B M8T8JIJI8X, qTO IlpHBSAO K He06XO,nHMOCTH 
HCKYCCTB8HHO BB8CTH nonpaBKH Ha H8HH8pIU!am.HOCTb C-CHCTeMH, HarrHB, 
TSKHM o6p830M, npeo6pa30B8HHe T8JIHJieR .1lJIJl cpe,naeft aHeprHH /CM. 
4lOPMY~H /2.3/ H c~e,nyDJtHe 38 HHMH/. 

E~ AHHeapH30B8Tb /8/ C IlOMOlll!,D /19.22/, TO qlyHKilHH T8MHJll,TOH8 

H - c ... ( '} - r:>s ) dU.K ...:. - JE0 ) 
,,u11 - o (p) + A,1<(p) +- P, JA< J><;, + U ( p- map , /16/ 

r.ne t;, (p) H _;l.. (p) ecTb cooTBeTcTBeHHo SHaqeHHR (fl,yHKilHH E(l't p, ar1-.ft) 
· <K ~ if 

H. ee npoH3BO.IUUDC no U..:11: npH llii,:== 0 • ~PMYAa /16/ 6~a no.nyt{eHa 
BnepBHe Jiaa,nay /CM. CHOCKY B 43 / H HCllO~L30BM8Cb KoHTOpOBHqeM 4a. 43 • 
OTMeTHM, O,nH8KO, qTO coBna,neHHe /16/ c qlOpMY~8MH B YK838HHWC pa6oTax 
HMeeT M8CTO TOJILKO no qiopMe ; TpaHCqiopM8IU!OHHHe lle 38KOH!,! .1lJIJl KB83H
HMnyAbCa p83AHqH!,l. 

74 

§ 21. K1rnetwrecKoe ypaBHeHHe 

KHneTHqecKoe ypaBH8HHe llJIH (pyHKilHH pacnpe,neneHHH KB83JtqacTHU 

f(p,i,t) B JI-CHCTeMe MOlKH0,3anHC8Tb ~ BH,ne 

J:f_ ;}f JH_ 9f@_f=)-ff 
Jt d'l dp dp l~-t ., /1/ 

r.ne j - onepaTop CTOAKHOBeHHn, a qlyHKilHSI TaMWibTOHa ,naeTCR BHpal!CeHH
eM /20.8/. TaKHM 06pasoM,KHH8THqecKoe ypaBH8HHe nOAHOCTbD onpe,neneH~ 
SCAR H3B8CTeH 38KOH ,nHcnepcHH KB83JtqacTHUH B C-CHCTeMe. Heo6XO,nHMO 
eme IlOK838Tb, qTQ OHO COBM8CTHMO C YCAOBHeM nepHo,nzqHOCTH (pyHKilHH 
pacnpe.neAeHHH B p- npocTpaHCTBe: 

f(p + 2rrtiao1-, .rz, -I.)= f (p, 'i, t ). /2/ 
TaKaH He06XO,nHMOCTb B03Hl!Ka9T IlOTOMY, ~TO ypaBHSHHe /1/ co,nep.lKHT He

nepno,nHqecKHe qnen1,1 ( 
9 !. ;) f!. ) , CBRarunwe c Henepno,nHqHoCTblO caMott 
f)p dZ . 

qlyHKilHH TaMHJll,TOHa /20.8/. B TOM, qTo Henepno,imqecKM (pyHKilHSI TaMHJll,
TOHa COBMeCTHMa c YCAOBHeM nepno,nHqHOCTH /2/ H c YCAOBH.eM HHB8pH8HT
HOCTH KHHeTnqecKoro ypaBH8HHH /1/, MOlii.1:10 y6e,nHTbCH Ilp.RMOft no.ncTaHOB
KOH /20.8/ B /1/. Ilpn 3TOM Bee .nonOJIHHT8Jll,HO B03HHKalOlllHe qieHH YHH~TO
llalOT ,npyr .npyra B CRJIY 3BOJiilllllOHHOrO YPaBHeHM /19.5/, H qJyHKilHH 

f(p+2trha~z,i) Y.D:OBAeTBOpHeT TOMY lite YP8BH8HHIO, ~TOH f(P,Z,t). 

IlOKallteM, qTo HenepHO,nHqecKHe qneHU B /1/ MOlKHO nOAHOCTblO HCKAD
qzTb H3 paccMOTpeHnsr. ,llnsr 3TOH ueAH B :icaqecTBe aprYMSHTa f ·BM8CTO p 
BBe,neM KOMnOH8HTl,I HHBapnaHTHoro· KB83HHMIIYAbCa /<.ol..., npe,nCTSBJIJ!illlHe 
np08KilHH KB83HHMnyAbca KB c~CHCT8Me Ha BeKTopu pemeTKH ao(. 

I<."'= ;tao(. = a.a(. ( p-mu). /3/ 
B 3THX nepeMeHHUX qlyHKUHSI TaMHJll,TOHa HMeeT BH,n 

H = C(K.o(.,9ol.ft) + K.ot..ac,(,[; + f rnu2 
/4/ 

nM nepexo,na K HOBUM nepeMeHHUM B /1/ nOA83HI,[ COOTHOm8lmJI, CJr8.eyJ11tH9 
.il3 !POPMYJI § I9: 

kct.. = ao(. { K_, V(a.Jl tt) - m it], /5/ 

'JJ. a Jf JH - ~H - :;}£ - ( ... _<>£) 
op = o{.;) Ko( , 'JP = ao1...,1 ic:o<. = a°'- Jic:oL + a"" l'- a J /6/ 
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(;Jf'\ = (af, + 1±_ {k. aflrJo.. - ma vu } ,-az JP 'J-zlK... ;; I<"' fl K olK o<.K K , 

/7/ 

(:Jf) ('Jf) 'Jf { - ·-fl~· - .:....} -- = -.- + -- Kft ac,1..V(a. u..) - m ao1..u.. 
atp ;Jt/(.c/.. cJl<c,1.. I 

/8/ 

( ~H'\=faH, +JH{1<afi11a -mavu} 
c}-£~ \-.);;)Ket.. di<"'- :ft K ol..K olK K • 

/9/ 

C l!X IlOMOll.lb!O rurneTlF!eCKOe ypaBHeHJ-Ie /1/ npRHRM8eT Bl1,J:( 

Df - dE ('Jf). - df { Dil 'de - .:. -} ·" - +a--::; - a - m- +(VE)-m-[aa'ldu]-F =-If /10/ 
D t oL'J1<"'- oz "-oL "":J k.,_ Dt: Ket.. JK.,s /' 1 

r,ne 12__ = _f + (tlV) 11 ,nml_lfepeHURpOB8HMe BCeX BeJll1'!MH no KOOp,nMH8-
JH:: ut 1 

T8M R BpeMeHR npo11CXO,J:(RT npM IlOCTORHH!:lX Kol., 

~ReH VYl Dil yt,RTHBaeT HenHepnRa~HOCTb ~OKaRbHOH C-CMCT8Mll, 
J)t; 

B OTRR'!Re OT RRHeHH!lX TeopRH' B KOTOpux ero npuxo~TCJi BBO,J:(l1Tb nc
xycCTBOHH0, 3,J:(eCb OH nORYtJaeTCR ecTeCTBeHHHM o6pa30M, 8TOT '!ReH OTBeT
CTBeH 38 RHepnROHHHe RBReHRR Tnna 3ipfleKTa CTIOapTa~To.m~eHa B MeT~ax. 

Bn,n:Ho, 'ITO nHepnROHHaR CM.Ra nponopIWOHMbHa "rOROI!" Macce tJaCTRnH. 
KliHeTRtJecKoe-ypaBHeHne B gopMe /10/ He co,neplltllT Henepno,nntJecKHx 

'!JIOHOB. OopaTHM BlU!MaHll8 Ha TO' 'ITO .l:I3 mma 4lYHKnllll raMMl,TOHa /20. 8/ 
M8,Dy8T, 'ITO CROpOCTl, cH{/a p TaFJKO y.I{OM8TBOpSI8T YCROBWO Il8pll0.!{11'llIOCTll, 

TaKHM o6pasoM, B /10/ ,nonycTnMH n BHemHRe cnRH F , 3aBRcffil!Re OT cKo-· 
pOCTll R ee npOR3BO,J:(HllX, T8ROBa,Hanp11Mep, CIIRa Jiopeima 

- - :Jc [ - · -F=-e£-.!!....- a B]- _g_[TZB] 
C d I<.,,_ ol C ) 

/11/ 

r.ne E RB - HanpIDKeHHOCTR sReRTPRtJecKoro II MarHMTHoro noRett. Ilo.n
cTaBMR /11/ B /10/ ll RCnORb3YR /19.3/, n~aeM RllHeTntJeCKOe ypaBHe-

Hile ,J:(RR 38pIDKOHH!:lX '!8CTnn C 38pSI,nOM - e : 

DD: +a.olvf:c -:r {ac:1-n+aoleE 1+-% de [ct)ifiJB'} = If;, /12/ 
"/(o<. q/(o(_ ~ d kj?, 

r.ne ..... , - 1Jit . -e £ = e E + rvi - + ...!!__ [a B] D-t C 

B ..... , 8- me ..:. e t ...:. e A-) = - ~wtu := - c"W (mu - c /I3/ 
IA - BORTOpH!:lH noTeHUR8R/, 
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B ,n~HeilmeM 1HaM llOH~OOllTCR RHTerpRpOBaTb nROTHOCTb pa3RR'IHHX 

BeRH'IHH /sHeprIIH, IIMnynbca, M8CCH II ,np./ no 30He Epil~DeHa,/a TaKlKe 
·.nmWiepeHUHpOBaTb R npeo6pa30B!:lBaTh T_aKHe RHTerpanu no tJaCT~. 0,n:H8KO 
rpaHHU!l 30HH Epu~sHa npH H8CT8nROHapH!:lX negopManRRX 3aBHCRT OT KOOp
nRHaT II BpeMeHH /a B o6meM CRyt,ae ll OT CKOpOCTR/, qTO npnBO,n:RT K He
KOMMyTaTHBHOCTR oneparrnn RHTerpI1pOB8HHR no d 3p R ,nnipflepeHURpOBaHRR 
no ri. II t. KoMMyTaTOpl:l Bl:lpaJKaDTCR HOKOTOpllMR RHTerpaRaMR OT qJyHKURll 
pacnpa,n0JiaID1.H no rpaHnue 30HH EpnRRI03Ha. B CRY'IaSIX, Kor.na TeMnepaTypa 
He Mana no cpaBHeHllD C mHpRHOH 3HepreTRqecKO~ 30HH RBa3H'!aCTRU!:l ~ 
/a 3TO H8R6onee tJaCTO BCTpetJaDll.l8RCR CRTY8nHR MR ,negleKTOHHOro raaa/, 

TaR lK8 KaK H npII CR~HOM OTMOHeHHR OT paBHOBeCRH, qJyHKUllR pacnpe,nene
HRR f OTRH'!Ha OT HYRR Ha rpaHnne 30HH,n yKasaHH8R HeKOMMyTaTRBHOCTh 

cymeCTBeHHa • .AHanorll'IHM CRTY8nRR B03HRR88T H B MeTaMax C OTKPHTHMR 
II.RR .J:(!lpO'IHHMll noBepxHOCTRMll ~epMH. 3Ta Tpy,nHOCTb xopomo 38MeTHa B nn
He~HHX TeOpllRX, B KOTOpHX npR pasnollteHnR no M8RHM ,negopMannRM no.lIBJIII

eTCSI K8Jeyll.laRCR HenepHO,J:(H'!HOCTh B B!lpaJKOHRRX ,nM qJR3R'!eCRHX BeRH'IRH 
/Hanp.,BTopoe CRaraeMoe B /20.16/, noRBIIBmeecSI OT pij3ROlKOHRR 3Hepr:0n/. 

Bee 3Tl'I Tpy,nHOCTll MOlKHO R36elKaTb, eCRR BMeCTO f(l<.,,_,'l, t) 
BBeCTR B paccMOTpOHHO nepeHOpMnpo~aHHYIO qJyHKURD 

<p = f (l<ol., ri, t )/Vf'. /14/ 

KliHOTR'!eCKOe ypaBHOHRe MR qJyHKURR <p llMOeT BR,J:( 

tf+oluzr{(ft+ct;!)lf}-;ko(.{'faol(VE+mif)-
dE r·- - 1 . ...... - } 1 -- 1151 - m'{J - o. a. rzot i1 - a, FID = f JK.JJ ol ll .,,. r . 

EcRu F - cMa Jlopeima, TO B /15/ Heo6xo,n:RMO no.ncTaBHTh 

...... - E ...... _ e dE [- - ]- e ..::. [- - ] I I -aot.F = e ao<.. + c c>t<_,e a..o<..afi B +cu B acl . 16. 

B 3THX nepeMeHH!:lX .nngxjlepeanRpOBaHHe no 7, R t npOBO,!Ul:TCR npn 
nocTORHH!:lX ~<>( R, CR8,J:(OB8Te~HO, KOMMYTHpyeT C HHTerpRpOB8Hll8M no kol.... 

Pesy~TaT npHBO.J:(llTCSI R o6utrHHM nepeMeHHHM / K HRH p I 38MeHoil 

a~ ___ ~ _ 2-. 11?/ 
o1.J1<.c1. cJ'i< dp 

ITpR 3TOM HHTerpM!:l no 30He EpllJIJill3H8 CBJI38Hl:l COOTHOmeHRJIMH: 

S d,3p -- 1 sol..31<,x. . -< f ... ) == --'--f(P, 'l, i) .. - = ,r.:: --
3

f(1<.,_,'Z, i)= 
(2rrt,)3 r~ (2rrn.) 

/18/ 
= s ds:~ <f(K.t_,z,-t). .. = « Y., ••• » ~rr0 . , 
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':I 

i ,, 

I 

a HHTerpanu no KoopiurnaTaM npe6pasy10rc,r cJie,nylO!lU™ o6pasoM: 

5 ti5z... == s d 3 ;V °' ~ ... /19/ 

Jfs npoBe.neHHoro aHaJJH3a CJie,nyer, qro npaBHJibHHe pesyJibTaTH MOJK
HO no~aTb ·H np!!MO 1'13 ypaBH8HHR: /1/, eCJil'J qiopMaJibHO cqHT8Tb Bee no
TOKH ¢Hsnqecimx BeJIHql'JH qepe3 noBepXHOCTb 30Hli EpHJIJII03Ha paBH!lMH HYJIIO, 
H8CMOTPR: Ha KaJKYll!YIOCR Henepl'IO.IJ:HqHOCTb IlOJUlHTerpaJibHOro Bup~eHnR:. 

JlJI.fI rrpOB8.IJ:8HH.fI KOHKpeTHllX BWll'ICJI8Hl'ltt l1ClIOJU,30BaIDI8 KHHeTHqecKoro 

ypaBH8Hl'l.fI /15/ H qiopMJJI /17/ -/19/ o6Jia,naeT PMOM npeHMJll!8CTB, Ilpone
MOHCTpl'lpyeM HX Ha rrpHMepe BHqncJieHH.fI H3M8H8HH.fI IIJIOTHOCTH :rnepnrn KBa

snqacTHU BO Bp8M8HH: 

; t- < E f > = << E If>> + «. E y, », 
rne 

£=(_;Jc)-= ..i./1. (iolfl=-A a.":-ay.Ju~_ft(vE.) 
\dtK.,_ 2 ot.JU! oL.Jl • l(JxK ""'-, 

) 2 JE - A 
oi.fl = J9°'JI - .flo<.. ' 

JfMeeM 

2-< cf>= <<c If>> - dJ;ir {. ft <<Er>>+ a"'-<< c: :E If>>}+ dt vk~ · 

+ ZioL~ r ;:.._ Ip)) - m ii a°'« ;;o( ~>>- ;:; { muKaoli 1-'f' E[;}>+ 

+ a~a!<( Aolft'f')} -:: (£if> - dw{ t < E f > +- <c}J 'f' > + 

+ (F :; f >- m ii<;: f >- ii: {muK(f ;; >+ a.~a:o,ol._ftf >. 

/20/ 

/21/ 

JlJI.H cpaBHeHHR: .UOCTaroqHo sarrncaTb TOJibKO i B rrepeMeHHHX p , z, t , 
HCIIOJib3Y8MllX B /1/. Tor.ua BMeCTO /20/ HMeeM 

(
de_) =-A a''.'.'a.8 Ju.- -mfr a.: - ft(VE)p + 
cJ t /"p ol.fi • I< 9 Xi,;_ Z> P · /22/ 

( 
cJE . de . de ) ~U.: + P: --mu.- -mu.~ -- . 

• JpK t 'Jp/( I(. P;. dXK 

KpoMe rpOM03l!;KOCTU Bl:lp8.lK8HU.fI, B /22/ IlO.fIBJIRJOTCR H Herrepno,nnqecKl'Je 

qJI8Hl:l, npHCYTCTBHe KOTOpHX cos.naeT .UO!lOJIHHT8JibHHe TpynHOCTl'I. 
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§ 22. 3aKOHl:l coxpaHeHH.fI H ypaBH8HHR: ,p;HH8MHKH 

B STOM rraparpaq,e H3 3aKOHOB coxpaHeHH,r H KRH8THqecKoro ypaBH8HHR: 
6y,nyT no;ryqeHH ypaBHeHHR: l!;HHaMHKH TBep.noro TeJia IlpH HaJJHqHH KBa3Hqac
Tl'IU. JlJI.fI orrpe.neJieHHOCTl'I 6yneM roBOpl'ITb o .ne!peKTOHax 45• 

YpaBH8HHe HenpepHBHOCTH .II.JI,! KBasnqacTHU CJie,nyeT H3 /21.15/: 

mn + dw-J = o 
0 ' /1/ 

r.ne n = ( -f) = << lf'» - IIJIOTHOCTb qHcJia KB83HqacrHU, a IlOTOK HX MBCCH 
/IIJIOTHOCTb HMilyJibca/ paBHa 

5=mnft+J--:-, 
0 0 

-+ dE 
J.·=m<-f> 

0 Jp . /2/ 

IlOTOK MaCCH, BKJIIOqalOIIIHtt H Macey 8TOMOB pemeTKH, 80Tb cyw.ia 

5 = i +-l = r ft+£, /3/ 
r;n:e p = f 0 + mn. - IlOJIHa.H ~OTHOCTJ, KpHCTaJIJia C .IJ:8(peKTOH8MH. B CHJzy 
/19.8/ H /1/ BeJIHqHHH f' H;] CBR38HH ypaBHeHHeM HenpepHBHOCTH 

f + dw J = o. 
IlOJIHiil\ lite HMnyJibc CHCT8MH 5' 

/4/ -BKJIJ)tl'a e T H HMny Jib C n OJI.fl ff : 

°5'=J+j= ftl+j + mcl«;; ~». 
ol.. 

/4a/ 

llJI,r IIO.lly'leHHR: 38MKHYTOtt CHCT8MH l!;HHaMHqecKHx YP8BH8HHft He06Xo
,nHMO orrpeneJIHTJ, e111e TeHaop llOTOKa HMnyJIDca n,K H IIOTOK aaeprHH Q . 
J1x MOJ!tHO IlOJiytlHTJ, C ITOMOIIILD CT8H,napTHOI npoue,nypH, HCilOJ!J,30B8HHOI B 

§19. 38KOHl,I coxpaHeHHR HMnyn1,ca H 3HeprHH CAe,nyeT 38.Ill!C8TL, IIpH 3TOM, 
.II.JI.fl Been CHCTeMH, BK.IIl)q8.fI llOJIII: 

'i; + ~ n,K = 01 /5/ 

ti + c1.w- "1i = o /6/ 
IlOJIH8.fI SHeprH.H B R-cHCTeMe paBHa CYMMe 

E = 1 P. u2 + £0 (~oLfi) + « t 'f» + w; /7/ 
r.11e t - a11eprHR KBa3HqacTmtH /20.9/, W - a11eprrur noJI.H, a a11epr1m 

pemeTKH E0 JiB.IIR:eTc.H IWHI<IUJett TOJIJ,Ko oT MerpHqecKoro Te11sopa. llpoH3-
B0.11H8.fI no BpeMeHH OT 3HeprHH /7/ PaBHa 

E = p tt ti+--} fu.
2 

+ cr;_JJ af a: Ji: r ttvE,, + f-t «-=r,:,» + mitaot.«'f ;;)> + 

+ mfti:{«'f Jc>>+ mftaot.«'f :i » +mft~«'f' :£ >>+-W /Bl 
vlt.ol.. vKo<. uk,,,__ / 
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r.ne HCnOJib3OBaHbl iix)pMYJibl /19.13-14/ npH S = o. C ,npyrotl CTOpOHbl,/ 
npOH3BO,nHaJI OT noTOKa Maccbl /3/ no BpeMeHH ,naeT 

0 = - ";j' + oft + oft + m 'ft << ~ E <p>) + m a ~ 'd E Y, >) + 
J J_ .,_ a~ o<- di<.,_ 

+ me£ « 'JE tp>) + 'if /9/ 
i,(_ 'Ji<.,_ (1 • 

YMHOlltaR /9/ Ha - ft H ,no6aBJiruI pe3yJibTaT K npaBOli CTopoHe /8/ IlOJIY-
. ' 
-qaeM 

E. ➔ ;:;, u.2 cl. p ~u. - 'JE 
= ll v - .f 2 + O:.,e a. a,:. ax: -m 71 a.,;. «'PatZ;_»-

- ftvE,, + W- tJ.1 +lt «E'f>>. 
/10/ 

IlocJie,nHml: 'IJ!eH 6HJI nOJIY'leH HaMH B § 21 H ,naeTCR l!X)PMYJIOli /21.21/. 
Bb1p8.l!8R npOH3BO,nHble no BpeMeHH °5' H f' 'lepe3 npOH3BO.nHHe no KOop,n1rna
TaM no qJOPMYJiaM /4/ H /5/, nocJie COOTBeTCTBYIOlllIDC npeo6pa3oBaHHll ITOJIY-
-qaeM OKOH'laTeJibHO 

E + vl<{-½rilul< + u.,(ni1<-fuJ'-1<.+ES." +<Ef>~,)

_1.mu2<'JE f)+ (Ede f> }= 
2 ap/<. ap,,_ 1111 
[)ti.•[n . . . « ft .:l ol ft ES'. =c>x; i.1<-.fu.,ul<+o;_fiaia1<. -< o1.,sf>0-iaK.+ 0 i1<-

. · · · } " ..... :Jc · ..:. ..:. ,, -U,j0 ,,_-U1<Jol +(tlf>+<F 0Pf)+W-Ufj. 

ECJIR I ecTb orrepaTop ynpyrHx CTOJIKHOBeHHtt KBa3HtJ:acT1m MeJK.DY 
co6ol HJIH c ,npyrHMH ,neq:eKTaMH, TO < E ff>= 0 • IlpH HaJlll'l1ill CTOJIKRO-
B8W RC ~OHOHBMJd 3HeprHR ,neq:eKTOHOB He coxpaHReTCR, H HeO6XO,nHMO 
BKJIJ)'IHTb B paCCMOTpeHRe H qlOHOHbl. Bee IlOJIY'leHHHe ypaBH8HRR, BKJI!)'laJI 
IUIHeTH~ecKOe ypaBHeHRe /21.1/, 4)8.KTH'leCKR rrpHMeHHMH K JID6blM KBa3H'laC-

' , 

THilaM, H, B -qacTHOCTH, K qlOHOHaM, llJIR y-qeTa qx)HOHOB .nocTaTO'IHO B qiop-
MYJI!i, co,nepxaJll]lle HHTerp0JIH OT IPYHRUHH pacrrpe,neJieHHR, rro.ncTaBHTb CYMMY 
COOTBeTCTBYJ)IIIRX HHTerpaJIOB OT ,neq:eKTOHHOI H qx)HOHHOI q,yHRUHR pacrrpe.ne~ 
JieHB.H /c y-qeTOM, KOHe'IHO, HYJieBott Maccbl ql()HOHOB/. IlpH 3TOM BMeCTO 
'IJI8Ha c orrepaTopOM CTOJIKHOBeHRtt B /11/ ITORBHTCR CYMMa 

(£If>+ <EPhiPhfPh> =0 /12/ 

B Cl!JIY coxpaHeHB.R CJMMapHOtt aHeprHH KBa3H'laCTHil rrpH CTOJIKHOB8HHRX. 
. BR,YJ; 'IJI8HOB B /11/, OimCHBalOlllIDC H3MeHeHRe 3HeprHH IlOM H BJIHRHHe 
~aemHRX OHJI, 3aBHCHT OT KOHKPeTHOro THrra B3aHMO,neilCTBHR. 3TH 'IJI8Hbl 
~Y1JYT HCITOJil>SOBaHbl B CJie,nym~eM naparpaq:e npH IlOCTpoeHHR TeOpHH M8TaJI-

·~oB, a IlOKa HX paccM8TPHBaTb He 6y,neM. 
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HeH3B8CTHHe IlOTOKH 3HeprHH H HMnyJibca onpe,neJIRDTCR O,nHO3H8'1HO 
H3 cpaBH8HHff /11/ c /6/: · . 

Q = tr(-} ru.2 
+ <Ef> + ii X) + a.o1.(zfilfJJ( <;i.."'-fi f >-cr;.fi) + 

f dl" ( . 1 · 2) /13/ +< up c- 2 mu > 

n,K=-(o;;,.Jl -f-Sft._.,s-<ij,f>)a~af+ puJil<+ u,;jOK+- uKjoi. /14/ 

YpaBtteirne Teopnn ynpyrocTH /5/ Tor,na npHHHMaeT Bn,n 

_L < f u. ) = _ J fh _ cJ J~,- : 
a~ • a~ Jt /15/ 

OHO COAOPJKllT ,nonoJIHHTe~bHyn CHJIY B Bane IlPOH3BO,nHofi OT KBa3HtJ:aCTHtJ:
HOro TOK8 OTHOCHTeJibHO pemeTKH /B C-cHcTeMe/. 

TaKHM o6p830M, IlOJIH8R CHCTeMa ,nHHaMHKH KpHCT8JI~a C He3apJDKeHHH
MH KB83HtJ:aCTHUaMH COCTOHT H3 KHH8TH'ICCKOro ypaBHCHHH /21.1/ HJIH 
/21.15/, ,nHHaMHtJ:ecKoro ypaBH8HHH TeopHH ynpyrOCTH /15/ c IlOTOKOM HM
nyJ!bca /14/ H ypaBHCHHR HenpepblBHOCTH B ql()PMC /1/ HJIH /4/. 

§ 23. YpaBH81!HR .nirnaMHKH M8TaJIJIOB 

EcJrn KB83HtJ:8CTHUbl 38pJDK8HH /,nJIH orrpe,neJieHHOCTH 6y,neM roBOpHTb 
06 3JI8KTpottax/, TO Il0JIY'l8HHYD B §22 CHCT8MY ,nHHaMHtJ:eCKHX ypaBHeHai 
Heo6xo,IUlMo AOilOJIHliTD ypaBHeHrull.m MrucCB8JL/Ia 

t E._ -t dB 
rw = - - - ' /1/ c dt; 

tB-- 4rr - ~ !JiE 
'Z-0 = -;· + - -; /2/ 

C C cJ-t 

k-(iE)= 4rr(i-en), 

dim-B=O 
' 

r.ne B - Mfil'HHTHoe no~e / µ = 1/, 1 = e ~ Po / M 
3apn.na, 2 e - 3apn,n HOHa, a Il~OTHOCTb TOKa 

/ = (7-en) tl +J;, 
- de e ·-.,. le = - e < d pf> = - m Jo 
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/3/ 

/4/ 

- lIJIOTHOCTb·HOHHoro 

/5/ 

/6/ 



Ha /2/ 11 /3/ cJie,nyeT ypaBHeH11e HenpepHBHOCTl1 )lJIII aapH,lla 

i- en + dw-l = o. /7/ 
B MeTBJIJI8X ffYl!tHO yq11THB8Tb ycJIOBl1e KB83HHettTpanHOCTl1 

1,=en HJ!H °Z; =(;f), /8/ 

EcJI11 Y1Iecn, '!TO M = p
0 
(ff. , TO a To ycJioB.ae MOlKHO aan11caTb B 6oJiee 

yno6Hoii if)opMe 

-3r Z=<<f>> = 2(2,r-/i) Jf(kot.,./,t)d\,,_. /9/ 

KaK BH)lHO H3 /5/ 11 /7/, YCJIOBl1e /9/ 3KBl1BaJieHTHO paBeHCTBaM 

dw J = dwJ: = dw-J: = o. /10/ 
EcJIR paCCM8TpHB8Tb 3JieKTpOHH B MeTBJIJiax, TO TOKOM CMemeHl1.fI B 

ypaBHeHl1RX MaKCBeJIJia CJienyeT npeHe6peqblOO KaK CJl8~CTBR8M H8paB8HCTBa 

~ << a-' Ii ( 1 I w - xapaKTepHM qacToTa noJiett/,, Bcerna B1,1noJIHJmmerocR 
BBR,ny 60JibWOro 3HaqeHH.fI npOBO)lHMOCTH {j. YqeT TOKOM CMemeHH.fI (51,1)! 61,1 
npeB1:1II1eHHeM TOqHOCTH. Torna IlJIOTHOCTb :rnepr1111 aJieKTpOMBrHHTHOro IlOJI.fI 

paBHa W= B2/8rr , a ee npo11aBO)lHM no BpeMeHH· 

W=-olws-TE de ~ 
/11/ 

rne S=~ [EB] 
4rr 

- BeKTOp IloffHTHHra. 

HHTerpa.n B /22.111, CO)lepllt~ Cl1JIY ~opeHUa /21.11/ nepelli:ICHDa8M ' . B BH)le 

- dE --:- - ft .......... 
(F ;;pf)= JeE + 7[Bje]_ 

IlocJie)lHHn '!JieH npeo6paayeM c noMOmhD /2/: 

u [- - 7 · ;Ju.-,,- 8'UJt8 =-V.l<(U.t.l<)+t;. -• I 
..,.rr ' ' •>< Jx,,_ 

rne 

(/( = irr { Bi 81< - j: B2~1< J 
MaRCB8JtJIOBCmrlt TeH30p MBrHHTHoro IlOJIII. 

CJie)loBaTeJibH~ IlOJIHl,ltt BKJ!Bn B /22.11/ OT SJieKTpOMBrHHTHoro 
MO!tHO 38IlHC8Tb B B.Hne 

/12/ 

/13/ 

/14/ 

IlOJI.fI 

. -- de ( ci • · t 9u-w + < F ap>f> =- ~ µI<.+ u,; i,,.J + '" ax:· /15/ 

BKJian OT qJieHa t1 ~ B /22.11/ onymeH KaK CJie)lCTBHe npeHe6pellteHl1.fI 

TOKOM CM81118Hrui. 
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rrocJie 3TOrO IlOJIHHe IlOTOKH 3HeprHll ll HMilYJibCa B MeT8JIJ!e CT8HOBRT
C.fI_ paBHl,IMll COOTBeTCTBeHHO: 

Q • == Q • + S. + t • v llu = t, OL , ,...._ ,..., /16/ 

= E,, u" + <E :i >- f u2J" + (niK.+ ti,J + S., 
n °t I, ). )°'ft c· .. ) 

ii:.= niK - il<=-\~.,s-< ot.,af>+Eo f!-oe..t a,aK. - ; \ U;,Jot<+Ul<.Joi i1?/ 
+ fU.;UK - "¢;,I< ) 

r)le (t ll n,;: )l8DTC.fI BHpallteHltfIMR /22.13/ 11 /22.14/. 

TaKHM o6pa30M, ypaBH8Hll.fI )lHHBMHKH MeTaJIJIOB COCTO.fIT ll3 ypaBHeHHi! 
MaKcBeMa, ypamiellll.fI KB8311HettTpaJibHOCTH /9/, KllH8TllqecKoro ypaBH8HR.fI 
/21. 12/ ll ypanue11nii T80pllll ynpyrOCTll 

~ (fll-) = - dn-K - !!!. JJ~,- /18/ 
3t • JxK e Jt. . 

§ 24. ilJIOTHOCTb TOK8 B .necpopMHpyeMOM M8T8Me 

ITpHMeHHM peaynTaT1,1 npe~~ero naparpa~a )lJIII BHqHcJieHR.fI MOT-
11ocTn TOKB B MeTaJIJie, IlO)lBeprffYTOM npOll3BOJihHOii HeCT8UHOH8pHOli ,neqiop
MBUllll. B CJIY1Iae ncqeamome MaJiott ,IJ)IHHli t cBo6onHoro npo6era sJieKTpo
HOB pemeHH8M KllH8THqecKoro ypaBHeHR.fI .fIBJIIIeTC.fI JIOKallHO p8BHOBeCH8.fI 

IJJYHKUll.fI 1, = £ ( C -,,«('l, !:'i) , rne )'- ('i, t) - XllMHqecKHtt IlOT8HUllaJI, 

t - cpepMll8BCK8.fI qJyHKUll.fI pacrrpe)l8Jl8Hll.fI. }lJI.fI lipOCTOT!l 6y)leM .P8CCM8T
Pl1B8Tb M8T8JIJI rrpn T = o. 3aBHCllMOCTb )A, OT KOOp~llH8T H BpeMeHH onpe..: 
~eJIIIeTC.fI YCJIOBl18M KB83HHeHTpMbHOCTll /23.6/. B CllJIY CHMMeTpRH OTHOCR
Te~bHO 113MeHeHH.fI 3H8K8 BpeMeHH, 38KOH )lHcnepCHH .fIBJIII8TC.fI qeTHOtt qJyHK

unen K~aannMnyJibca. IIosToMy B HYJieBoM rrpn6JillllteHHH / f = -J;, I MOTHOCTb 
· TOKa /23.6/ odpamaeTC.fI B HYll, a TeHaop IlOTOKa HMilYJibCa /23.17/ npH

HHMaeT BH~ 

n • .,_ °= - tiK - ( a;,_/3 - ( ~/3 £> + ·s, ffd.) a; a:- f ui UK . /1/ 

'llT061,1 HaiiTH (.A...,_fif >, B!lqncJIRM npOl13BO,IUiyD no ~fi QT MOTHOCTR 
3~8KTpOHHOtt 3HeprHH, COOTBeTCTBYD~ett JIOKBJibHO paBHOBeCHOtt (!JYHKURR 

HMeeM 

dl'ee 
cJJrfi 

te = <E fo) = i-½«Ef >>. /2/ 

l l(qd'J-t +a'~{i.{) f~+~E;}fo d(E-;,<i)~J /3/ 
ee d Jff'ft o 2. o<..fl o// ';} c dJoi.fi 4' • 
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B CRJIY 3 -o6pa3Horo xapaKTepa npoR3BO,D;HO:lil 'Jf. /at H ycJIOBJ,U! KBa3H

He:lilTp8JioHOCTR /23.9/ nocJie,D;HH:lil qJieH B qinrypHO:lil CK06Ke o6p8lllaeTCJI B 

HYJio. McnoJio3Y.II TaKJKe /19.?/, no~aeM 

<;i _L > - - 't a + cr-' d..fl To - ef <fot.fi o<.fi 
er' = _ ::; tee 

oLft - 2 J:t"fi /4/ 

BH.nao, t{TO t{JleH <~.ftf.> B /1/ o6ycJIOBJlliBaeT npOCTO nepeHOpMli

pOBKY aHeprRR £
0
-+ £

0 
+ 'cee , H ypaBHeHR.11 /23.18/ nepexo,n.11T, KaK H 

,nOJilKHO 61lT0, B o6~Hlle ypaBHeHHR HeJIHHeil:Ho:lil TeOpliR ynpyrOCTH. 

nJI.11 Bll'iliCJieHH.11 TOKa He06XO,nHMO nepeffTll K CJie,nyJOmeMY no e-l npR-

6JillllteHllJO a Y'ieCTD OTltlIOHeHae !WHKUHH pacnpe,neJieHH.11 OT ee JlOKaJioHO

paBHOB8CHOro BR,na f,, , HepaBHOB8CHYJO ,no6aBKY ~ f y,no6HO H8i1:TH li3 Kll

HeTH'i8CKOro ypaBH€HHJI /21.12/. Tio,ncTaBJIAA B Hero f = f. + ?J f n y,nep

lltllBSJI of Jiillllo B HHTerpaJie CTOJIKHOBeHH:lil H B 'iJieHe c no~eM B' , no;ry

'i88M 

-a dfo (e E'+ v,,u) = j S"f + dtJf ~c ~ B'[a a ] 
o(.. J k.o(_ • d ko1. d I<.,& C oL I fl I 

/5/ 

e E '= e E + g_ [it BJ -1- m D ft 
C Dt J 

a'= IJ- ~c7-ot fl . 

B JieBoll t{aCTH ::lToro ypaBH€HllJI onymeHll t{Jl€Hll, qeTHlle OTHOCllTeJibl!O 

HHBepcHa I< o1. - - J<"'- • 8TH t{Jl€Hll 61lJIH 61l cymecTB8HHll npn Bbl'iHCJieHllll 

aJieKTpOHHO:lil BJl3KOCTa. B Bllpa!teHne xe .D.JIJI TOKa oHn Bltlla,na He ,naJOT. 

Y'Il!TllBaR 'l'O, 'ITO 

as-1- d£ [a a 1=1._ {Sf dE ra a 1} a l<o1,. c1 ".s o(. fl a k."'" d k.J3 ~ 1 
'fl , 

nepenHCllBaeM /5/ B Ba.ne 

i"sl{ i SJ ~;fi a~[B'a_,g]- a."'"(eE'+ ~)fo} = fs1, 
OTey,na Bn,nHO, 'ITO IlJIOTHOCTD TORS, paBHM - e(tif ~~> , MOllteT 61lTD 

sanncana B Ba,ne a P 

J~ ~ o--(B- :;c wtft){f + ; Ui BJ -I-; ~ + J'.!!.. Dii J /6/ 
e D-t ' 

r.ne O"'(B) - TeHsop npoBo,nHMOCTH Heno,nBaJKHoro o.nHopo,nHo ,neqiopMnpoBaH

Horo ~eTaJJJia. BeJIH'iHHa 

E +; [it BJ 
npe,ncTaBJUJeT npOCTO 3Jl8KTPHqecKoe IlOJie B ,D;BHlltYIIISil:CJI cacTeMe KOOp,nHH8T. 

ApryMeHT xe T8H30pa npOBO,nllMOCTH MOlKHO sanacaTo B Bn,ne 

-+, C f ( -!. e __,. B =--w mu- -A) e C , 

r.ne A - BeKTopm noTeHIUiaJI, e mtl - :HMny.m,c aJieKTpoHa, ,nBlilltYllleroc.11 
• 
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BM8CT8 c perueTKO:lil. !lJIOTHOCTo TOKa, KaK H ,UOJJJKHO 6HTD B HS:lilTpaJioHO:lil 

CliCTCMC, raJinJieeBCKll HHBapHaHTHa. 

§ 25. "3aKOH coxpa1rnHRJ1 11 KB83HllMilYJJoca 

BllDO,n ypaBH€HH.fI ,nBHlltCHHJI ,D;JJJI nJJOTl!OCTH Iilla3RHMnyJJbCa npe,ncTaB

JIJl8T oco6!1:lil Hl!Tepec B CBR3H C 60JJoWO:lil pOJJhJO, KOTOPYJO 3T8 BSJIH'IHH8 

nrpaeT npn paccMOTpeHHR JJJ06oro KBasnqacTH'iHoro rasa. 3,neco Mil noJJY'iliM 

"saKoH coxpaaemrn KnasnnMnyJJoca" nenocpe,ncTBeuao ns KnHeTnqecKoro 

ypaBH€l!H.fI 6e3 ItaKHX-JJH60 npR6JJHllt€HH:lil, nJl.fI-3TO:lil USJJH YMHOlltllM yp8BH€HHe 

/21.15/ na I< J' 11 npom1TerpHpyeM no sone EpnJJJnoaHa: 

;;; //K. 1.•_t..:. - ·dE } at '' J- 'f >> + OUN u << ".t 'f » + ac,1. « 'f' ;;; Ko<. K.r >> -i-

+ at «r(!f1~ + m«<fi>~~f _ ~ F«lf'JJ-
"'-

/1/ 

-ma. a «\o rJE J(dUI< - cu,)= (<k ]y,~, 
-_,,K It dKJ!, dX;,. dXK J' r~ 

rne Mil paCKIJllJIH CMSWBHHOe npOH3Be,neHHe no qiopMyJJe 

[ - - 1 -t--:. GJu du -) at a.fi 'UJ u = afil<aJe -" _ --• _ 
cJx, Jxl< 

IlJJOTHOCT:& KBB3HHMnyJJoca k B C-cHcTeMe no onpe,neJJeHHJO paBHa 

/2/ 

K = (i<f>= ar«K.t<f'>>. /3/ 
YMHOlltaJI · /1/ Ha a.~ · H CYMMHPYR no ~ , no~aeM 

1( +<<K.,;ff)a{ ;~; +dW{it<KJ)+(K,;;f>}+ 

+ m(t) ]){Z + m «If dE. » a. (_du, - dUK)-
J)i dl<o1- "'K,oxl< Jx, /4/ 

-F<f>+«'f{(V.£) +i< dE ~ao(.}J = (ki!f). 
/., /., Kc(. dl<ol. dX, 

Ilpu BllBone /4/ HcnoJJJ,soBaHH TOl!.neCTBa, cJie,nymme Rs /19.2/-/19.5/: 

<<'-Pde K ~ 2i va( = ~'f' 9i I< ),' a v. ar = a1<" J'll 0(. " okr,1.. tr o1.. /., 
/5/ 

=-(<'P cJE K ~ a_J-va = -(<K dE <p) :Jao1. a1<.o(. t ol. a~ ax, 
/ KaK Besne, rpeqecKRe HH,n8ltCH OTHOCRTCR K. HHB8pH8HTHOMY KB83HRMIIYJJJ,CY 
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i 

K.,__, a naTHHCirne - K KOMITOHeHT8M KB83RHMnyJII,ca B neKapTOBOrr CHCTeMe: 

Ke= a"; ko(, /. IloMenHHB 'IJieHH B neBott CTOpoHe /4/ npencTaM.moT npo
H3BOnHYJO OT 3HeprHH IlpH IIOCTORHHOM KB83HHMnyJII,Ce K 

(Ve)-. = ( V. £) + d E (.9koc \ == (V. E) + it d E {)~ 
• K t, K,;1.. Jkc1- dX;, }; I, k.._ di<.,_ dX;, 

/6/ 

IT.noTHOCTL JKe KB83HHMnyJII,C8 B n-cHcTeMe paBHa 

P=<pf>= i<+mit<f>. /7/ 
OKoaqaTeJII,HO, ypaBHeane nepeHOCa KB83RHMnyJII,C8 IlpHHHM8eT BHn

45 

. a JH " P,; + ax,,_ ( P;, ,!) Pl( f ) + ( f ( ~ E - F. ) ) = ( P,, If> /8/ 

MH, BHp8MR HHTerpanH qepe3 COOTBBTCTBYJOIIIRB BenHqHHH B C-CHCTeMe, 

P.+v[L.,,+K.u +u.;· +m(f>u.u..K]-<(E+U)V.f)=<P)J-> /9/ 
l, I< t ,._ ,_ K • OK ,_ 1, ~ 

rne noTeHUnan BHemHruc cnn VU = -F , a Teaaop 

l. =(1<. Jt f> + ((E+V)f>izK 
.. K .. ;)kK 

/10/ 

MOJl[l{O H83B8TL TeH30pOM ITOTOKa KB83HHMnyJII,C8 B C-CHCTeMe. 
Ec~R oTIUIOHeHHH oT paBaoBecna HeBenHKH, TO Li,,_ MOEHO Bupa3nTL 

C IlOMOmLD T8pMO,IU!H8MHqecKRX tpyHKUH~ ra3a 4~ Ecn ~ onpeneneHHOCTH 
paccMaTpHB8TL KBa3nqaCTHUH, rronqRH.HJO!llR8CH CT8THCTHK8 Eo3e-3ttHWTettaa, 
TO tpyHKUHR pacnpeneneHHR HMeeT BHn 

f = (exp E-~ V-µ -1. J.t /11/ 

Torna 

<k-~ f) = T( tn (1.+f)) S. = -12 S:-
' d Kl< .. K •K. 

/12/ 

C npyrott CTOpOHH, noncTaB~ /11/ B BllpaEeHHe MR nnoTHOCTH 

3HTpOIIHH 003e-ra3a 

S= <-s> , -;S= (1.+f)8n.(1.+f)-f8nf , /13/ 

nonyqaeM TS= T(8rz(t+f)) + ((E-_µ.-KV)f) =-Sl.-,,.<-az- KV +<Ef> 

n, cnenoBaTeJII,ao, 

Li K = (T'S'+ ,,-u n + KV) si·K . /14/ 
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AHMOrHqHO MOJKHO npeoc5pa30B8TL qneH < E V f > • M3 /13/ nonyqaeM 

v~ = E-µ - "i:v vf 
T ' 

/15/ 

· OTKYna 

(E.Vf) = TVS +,,.-u.Vn. + ~ Vl<1<. /16/ 

OKoHqaTenLHO, ypaBH8HHe nBnJKeHHH ~ nnOTHOCTH KB83HHMilYJil,C8· 
IlpHHHM88T BHn 

~ +Sv;;,+n.V.JA- +7<~v=-VK(~uK+u..:j.,K) /17/ 

nnn 

P. + v . .J2 = - vK ( P. ul< + ·u.. J. ) 
(, t, L '- Ok. , 

CnenoBaTenLHO, B 3TOM cnyqae TeH30p IlOTOKa KB83HHMnynLca BHpoxnaeTCH 
B CKMRpayD tpyHKUHD, COBnanalOfllYD C TepMOnHHaMHqecKHM IlOTeHUHMOM 

ennanuH oc5MMa SL (T,p, ii) . --+ 

Ecnn pemeTKa IIOKOHTCR, To B n:irnenaoM no V rrpnelnnJKemrn 

P. = . \I, = ( ,:J 2_n_ ) -~ = f ;;2<E f >) /18/ 
~ 11e e ' f ;,e i9V.: ,WK T,,,-</ f ,e \-d f¾ 'JP;._ S,n. 

B 3TOM cnyqae ypaBHBHHe /17/, BMBCTe c ypaBHeHHeM HenpepHBHOCTH/21.1/ 
H 38KOHOM coxpaHeHHR 3Heprnn oc5pa3yDT 38M.KHYTYD CHCTeMy ypaBHeHH!. ()Ha 
Cly,IteT HCilOJU,SOBa.Ha B § 28 MR pacCMOTPBHHR pacnpocTpaHeHH.11 BTOporo 
3BYKa, 

YqHTHBM /18/, 38KOH coxpaaeHHH KB83HHMITYJII,C8 MO~HO 38IlHC8TL 
c noMollll,D TOJII,KO npon3Bonawc OT noTeHI.\Hana SL : 

cJ2_Q • c)J2 
--V =-

c>V.: ~vi< I< ;Jxi /19/ 

CkopocTL V cBR3aHa npocTHM oelpasoM c noToKOM KB83HqacTHU 

· V < Jc ;Jfo V J-=-m p--)=mn. 
o~ I< K JP.c de t,. 

/20/ 

IloncTa~ /20/ B /22.15/, MH BHnHM, ~TO B CT8UHOH8pHO ~eif)opMHpOBaH
Ho~· pemeTKe KBasnqacTnqHHtt raa nonyqaeT ycKopeHHe 

v.. 1 dL;,K 
·=-- 12V ,_ m n Jxl( ' 

rne 

L.,K = (~.,B+ Eof!o1-fl--: < A.olfif>) a~a{. /22/ 
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§ 26. Pacnpe1t8JI8HH8 lt8qJeKTOHOB BO Bp8llj8Klll\8MC.li 4He 

B KaqecTBe npHM8H8HHR H8JIHHettaott TeOpHH paccMOTpRM pacnpe,neJie-. 
HH8 ,ne~KTOHOB B KBaHTOBOM KPHCTaJIJie, Bp8lll8Dll8MC.li C fiOCTO.IIHHOtt CKO
pOCTbD W. ZMe.li BBH.JlY B03MOlKH08 npHM8H8HH8 Teopl:ll:l K TBepnoMy 4He, 
6yneM cqnTaTb, ~TO TBep,nOTeJU,HwlUHJIRMP BpamaeTC.li B cBepxTe~en 
unKOCTl:l C RcqesaD~e MaJIOtt fiJIOTHOCTbD HOpMaJibHOll KOMfiOH8HTH. Torna 

KOHU8HTPaill:l.li BaKB.HCHtt Ha noBepXHOCTR onpe,neJIR8TC.li l:l3 YCJIOBl:l.li TepMO~ 
nRHaMHqecKoro paBHOBeCHR }A- (R)= 0 /rne ),<- - XHMHqecKHtt noTem.maJI 

BaKaHCROHHOro rasa, a R - PanHYC UHJIHMPa/. TaK K8K BpameHHe C no
CTORHHOtt CKOpOCTbD paBHOBeCHO, TO qiyHK!lRD pacnpe,neJieHH.li MO~HO HCK8Tb 

B BHne 

f = £(£Cit, '1)-_/,l(i)). /1/ 

Tor,na RS KHHeTH~ecKoro ypaBH8HH.1t /21.10/ no;ryqaeM 

..:.. f ;J:f- f .::.- ... ) -=-- - JE ...... - - } 
u.v ==-,h"' lmua"'-+(uV u+a°'V;U-2mdKJ,w[a°'a.,e] =O . /2/ 

IlepBHtt qJieH B /2/ paBeH HYJID K8K CK8JI.ltpH08 npOl:l3BeneHHe opTorOHaJibHHX 
BeKTOpOB, a nocJie,I(Hl:lH ncqesaeT B CHJIY•paBeHCT~a 

'Jf .?.§.. [a a.]= df [~ 8£]=0 
Ok.o<. dk.fi o<. 'ft oE dK ,n: . 

Ilo,ncTaBJism ti = [ i.3 'i] B /2/, no;ryqaeM 'i7 ,,« = -m [ w [ w fl] 
H, CJI8,I(OB8T8JibHO, 

JU= ; w2(r2- R.2). 

/3/ 

/4/ 

nJIR H8XOJK,IJ;8HH.li gJy'HK!lHH pacnpe,neJI8HHR He06XOll,HMO 3H8Tb 3HeprHD 
,ne(feKTOHa K8K gJyHKUHD ,neqiopMauHl:l, YpaBH8HH.li TeOpl:ll:l ynpyroCTl:l nJIR pac
CMaTpHBaeMoro c;ryqaR HM8DT BR.I( 

8 ~L- +F.=O, /5/ 
ox/( ~/( ' 

r,ne F =-rs [ w[ W Z J] - IJ;8HTpo6e:&HM CHJia, f - fiJIOTHOCTb, a 2-i,,:;. :_ 

M8TpHD;a ynpyrRX K03qxpHIJ;R8HTOB /25.22/. TIOCKOJibKY ynpyrne ,neqiopMaill:ll:l 
Bcer,na MaJIH, B KaqecTBe ~./( MO:EHO BSRTb T8H30p aanp~Hd. EcJIR nJI.1t 
npopTOTH paccMaTpHB8Tb cpe.ny K8K H30TpollffYD, TO 

G ( rr '°" ) = __ u. +--U 0;,1< L./(. f+a- t.,/(. ,f-2cr ee , /6/ 

r.ne o- H G - KOsifxpHu11eHT IIyaccoaa H MO.JlYJib Klara. 
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r,ne 

06mee pemeHHe /5/ B ll;HJIHH,npnqecKHX KOOp,nHHaTaX HMeeT BH,n 

u. =-d.yw 2 r 3 + ccw,,f r r - . I 

oL= 
24-/<. (1:-o-) 

k= 
1 + CJ G 

3 (1-2a-) 

/7/ 

/8/ 

. / K - K03qxpllUH8HT BC8CTOpOHHero CJKaTH.lt/. ECJIH ll;HJll!H,IUll:l'I8CKaH IlOBepx
HOCTb CB06o,nHa, TO, orrpe,neJIJIR c,on,yf H3 rpaawrnoro YCJIOBHR L = O 

. rr , IlOJIY'l86M 

u,.= cx.pc,Y2 r{(3-2a-)R 2-r2}. /9/ 
HeeyJieBHe ~e KOMlIOH6HTH TeHsopa ,neqiopM8UHH paBHU 

u,.,.= 01.fw
2
{3(R

2-r 2)-20-R
2
}-, u'fy., = ~r, /10/ 

a JIOK8JibHOe ll3M8H8Hll8 o6~eMa 

dw [[ = 2 f ex. w
2 

{ ( 3 - 2 o-) R 2 
- 2 r 2 } • /11/ 

]OKaJibHlitt 38KOH nucnepCHH ,ne~KTOHa B l:l30Tp0lIHOll. cpe,ne MO~HO 38Ill:lC8Tb 
B Bnne 

E ( 1<, u .,J = ( iz k + A. C 1<)) o&1,, iJ. + E
0 

C 1<), /12/ 

r,ne 1 .OilllCHBaeT H3M8H8HHe o6~eMa Kpl:lCTaJIJia, BH3BaHHOe BBe,neaneM .ne
(peRTa~ a ,'.l c 1<) - HsMeHeHHe B 30HHOM crreKTpe. JlJIR BaKaHcHoHa MO~o 

C'IHT8Tb iz~a3
• BBl:l.JlY MaJIO~ WHpHHH BaKaHCHOHHOll 30HH 06HqHo p8aJil:l-

3YDTCH HepaBeHCTBa 

T,:?. < iK. /13/ 
B TaKHx CHTY8UHRX MOMHO l:lCilOJib30B8Tb CT8THCTHky EOJibIJ;MaHa, l:l nJIR 
pacnpeneJieHHH BaKaacnoHoB no;ryqaeM 

n (r) = n (R) exp{- ~r) w 2
} , /14/ 

rne 

R.) { rz. f' ( 1.+cr)(f-2cr) 2R.2} n.c ~ exp - ------ w 
12 (1-cr) T 

KOHU8HfpauHR B8K8HCl:ltt Ha rpa~HI.18 C ~.I(KOCTbD, 

Je (r) = ( '2.f ~ ,... m•)(R2- r2) 
· 6(1-o-) 2 I 

/15/ 

a m 0 = .:. m - Macca aToMa reJIHR. 
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ECRH cif(r)>O , TO KOHU8HTP8UHH KBa3nqacTRU I!ORJKHa B03pacTaTb 
c npH6RHJKeHHeM K rpaHHUe. B CJIYqae BaKaHCHOHOB, no-BHI!RMOMY, Bcer.n;a 
Je(r)<0

1 
H OHR C06HpaDTCH KOCH UHRHH.n;pa. 0TM8THM, qTO pacnpeneReHHe 

/14/-/15/ 3aBHCHT TOnKo OT MOJlYRH ITyaccoHa, a OT MO,nyRH BcecTOpOHHero 
CJKaTHH /HRH MO,nyRH DHra/ He 3aBHCHT. 

§ 'Z7. l-lHTerpaR CTORKHOB8HRff. nnqxfly3HR JJ;8qJeKTOHOB BO BpalljaDllj8MCR 
KBaHTOBOM KpncTaMe 

KaK 61:lJIO noKa3aHO B § 15 , B 06RaC1'll T* ( T < TK · OCHOBHYD pORb 
nrpaeT B3aHM01!eilCTBHe neqieKTOHOB C ip)HOHaMH. CymeCTBeHHli npn 3TOM 
I!BYXqJOHOHHlie rrpoueccH pacceRHHR. ITOKa3aHo Ta~e. qTo npH Ka~OM aKTe 

pacceRHRR OTHOCHT6RbHli6 H3MeHeHHR KBa3HRMTIYRbCa R 3HeprHll neqJeKTOHa 
MMli /§12/. TaKRM o6pa3oM, 1!BlllK6Hll6 ne(lieKTOHa B ip)HOHHOM ra3e Hano
MHH86T I!BHJKeHne T~eRoA qacTHUli B ra3e RerKRx. 3THM o6cTORT6RbCTBOM 
MOJKHO BOCITORb30BaTbCR npn B!NHCR6HHH HHTerpMa CTORKHOBeHntt. CRe,nyRlOl 

. ~ 

3arrnmeM ero B Bane 

If =S{w-(p+f,cf)f(t,p+i)-w(p,i)f(i,p)} d. 0cL /1/ 

rne W(p,q,) - BepOHTHOCTb pacceRHHR, npn KOTOpOM rrpOHCXOI!HT H3MeHeHne 
KBa3HHMnyRbC8 neqJeKTOHa p- p-cj . ITOCKORbKY pacceRHHe nponcxonu 
rroqTH ynpyro, rro.n;HHTerpaRbl!Oe BlipaJKemrn B /1/ MOJKHO pa3ROllTb no Ma
ROMY OTHomeHnn q,/p • 3To naeT 

~ ;) { :>f } 
ff= ;;pi Aif + Jp/<. Bil<. , /2/ 

r.n;e 

A S - - d3 d8iK 
i: Cf.,W(p,Cf,) r+ dXI< ' BiK. = i ~ Cf,i t w-(,5, f J d

1
f !3/ 

IlOCKORbKY llHTerpM CTORKHOBeHHH 38HYRReTCR paBHOB6CHOH qJyl!KUHeil pac
. rrpe.n;eReHRR J;, , TO 

;:J 
A.:£=- Jp/(. (B;K.:fo). 

BBO;nR OTMOHeHne ¢yHKUllH pacrrpe.n;eReHHR OT paBHOBeCHOil, cornacHO 

f = £ ( 1. + 1,) 
a r /4/ 

/r.n;e .X MOJKeT 6HTb n He M8ROH ;no6aBKoil/, HMeeM 

i1=-'L( 8'"'j ;}%,) 
cJP;, T O df'.: . /5/ 
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TaKRM o6pa30M, MN IlORyqMH HHTerpM CTORKHOB6HRff B BH.n;e, THITllq
HOM .n;RH ypaBHeHHH ~OKKepa-IlnaHKa. Koaqq,nuneHT .n;RIJXPY3HH B HMITYRbCHOM 
npo'cTpaHCTBe 8 L/(. l!RR KY6nqecKHX KpHCT~OB .n;naroHaneH n BuqHCReH 
-HaMH B § 12. Cne.noBaTeRbHO, 

r.ne 

I,.. Bo ;} ( ~X,) 
f =r Jp -1;,dp, 

8 = olo;;s(-T)'3 
0 3 fl 

Q, Op • 

/6/ 

/7/ 
EcRH oTMOHeHne pacrrpe.n;eReHHR OT paBHOBecaoro Mano, TO /5/ nepexo.nnT B 

~ ,i - R,_g !JE dz B - B 
J - T J1<o(. 'JK_;i , «.fi - ii::- a°'' a.Ilk.. /8/ 

PaccMOTpHM .ne(lieKTOHMml µoTOK 

-;o- 'Jc - 8X JI j = m < ;;,t f > = - m ~ (f;, !JK ) · 9 
, "'-

QqeBR1lHO, 1lRR era BliqllcReHH.ff 1lOCTaTOqHa TORbKO HeqeT~M /OTHOCHTeRDHO 
HHBepcnH I<.,,_"'- -1<.<>l I qacTb X • Oaa orrpe.neRHeTcH ypaBHeHHeM 

Di_ Jc a. (VAL +(E-~Jv0) = Jc ::):t (.iB +mwtft[a.a.j\/101 
D t. dl<o<. o1. r- a K."'- d /<.fl T "'-.,8 ~-_;,s!I, 

r.ne MR HHTerpana CTORKHOBeHHM HCilMb30B8HO. BHpaJKeHne /8/. :T8KHM o6pa-
30M, K K03ifxl)HUll8HTy .n;RlJqJy3HH B HMITYRDCHOM rrpocTpaHcTBe Bo<.fi .no6aBRH

eTC.ff: qnea m T[ii."'- afi] wt ft • Ilpn BpameHHH C ITOCTOFIHHOtl CKOpOCTbio · C0 
'Wi U. = 2w . 0603HaqnM 

T 2 _, B T [- -m . Dot..fi = "'-fi + 2m w ao<.a.,sJ, /11/ 

orrpe.n;eRHM 9:t/JK H3 /10/ n Il01!CT8BHM B /5/ C yqeTOM p8B6HCTB8 
. ol. . . . 

n vn = r v,µ.. 
B pe3yRbT8Te 

ll)IF{ IlROTHOCTll TOKa IlOJIYqaeM cne.nynmee Blipaxea.11e: 

J: ~ Dc<.fi ay., V.: n. /12/ 
EcRn rrepet!Tn K .neKapTOBUM Koop.n;naaTaM, TO KOMllOHeHTH TeH30pa 1lRIP.PY3llH 
MOJKHO 38ITHC8Tb B Bnne: 

9 
l)x.~ ==- D = .i. 0. Je t 

YY 2. p 2 t 16 ,2 
Je +- w 
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Jf! - oL a;; "Ii 
) -~ -I::= T 

0p /13/ 



D = -:D - - .!.... B. GJ-t. D - Bp f~ 
xy YX - 2 P <>e2.t'6+w2 ' 2,2 - 2.Jt · 

Ta.KRM o6pa30M, MH BH,nRM, qTO C IlOMOl!ll,ID BpaweHHR MOlltHO H3MeHHTb 
TeMnepaTypHYJO 3aBHCHMOCTb K03q$!IrneHT8 ,nntMiya1m 'Ha 16 CTeneHeR ! IlpH 

GJ=O n~r-1 ,BTOBpeMRK8KilPH_W>>Jet 8 HMeeM D~T 9. 
EcTeCTBeHHO, ,n;HtMiy3HR no OCH BpaweHHR He MeHReTCR. 

§ 28. PacnpocTpaHeHHe BTOporo 3BYK8 

PacnpocTpaHeHHe BToporo 3BYK8 B TBep,nmc: Tenax paccMaTpHBanocb 
Heo.n;HOKJ)aTHO B nTepaType. IlpH 3TOM no,naBJiffiOmee 6onbWHHCTBO pa60T OT
HOCHTCH K (p()HOHHOMY BTOPOMY 3BY~- C~an KB83HqacTHIJ; C npOH3BOnbHHM 
aaKOHOM ,nncnepcuu paccMoTpeH B 1 2 , r.ne npe,nnonaranocb, qTo paBHOBec
HHtt XHMHqecimtt noTeHI.{Han ra3a paaea HYnID. 3,necb MH npoBe,neM :0.ccne.no~ 
BaHHe B o6meM BH.n;e, BHe 38BRCHMOCTH OT Toro,coxpaHReTCR nH q:0.cno KBa-
3HqacTru:i; npH°CTOnKHOBeHHRX, H~ HeT. IlpH 3TOM Haw MeTO,ll;

0

RMeeT TO npe
HMYllleCTBO, qTo Il03BOMeT BHp83HTb Bee peay~T8TH Henocpe,ncTBeHHO·qepe3 
TepMo,nnHaMl'lqecKHe·if,yaKIJ;HH ra3a. 

EEIS,ItRCCHIIaTRBHBJl CHCTeMa rH,npo,nRHaMHqec:KRX ypaBHeHHtt nonyqeaa 
H8Ml'l B § 25. Oaa RMeeT Bl'l,ll; 

aa...f2. v: = g.52.. 
dllfdV-,,_ " dX;, 

n.+dw(n.v-)=0, 

E'+olw-Q=O , 

n.= <f > 
E=(E(°K)f>. 

/1/ 

/2/ 

/3/ 

IlOTOK saeprHH Q no~eH B /22.13/. Ero MOlltHO BHp83HTb qepe3 TennOBYJ) 
if,yHKIUID VV : 

Q = <£ ;~f >= w'il. /4/ 

Teaaop :lite Stpp:!KTHBHOff MOTHOCTH f't'e /25.18/ 38IlHC!lB8eTCR C IlOMOl!ll>D 
paBHOBeCHOff if,yHKI.tHH f;, : 

_ d 2J2 _ Bf-0 • 1. . 
fte c1~d?le (li:•Kt ,)£ )- 7' (K.,Kef;,(fo+.t)). /5/ 

B o6meM c.nyqae f~·e aenponoplU!oH~Ha qHcny KBaaHqacTH!l n • Ilponop
IU!OH~HOCTI> HMeeT MeCTO T.OnI>KO B c.nyqae KBanpaTHqaoro 38KOHa nucnep
CHll E(~)=m;~Kil<e • Tor.na f'u=nm,:e • 
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EcnH, RaK 3TO o6uqHo 6uBaeT npH HH3KHX TeMrrepaTypax, 38KOH ,ll;HC
nepcm1 cTeneHHOR / E(J<) =°S,,{ I<,;{; d= 1.,2. /, TO atlq)eKTHBHM nnOTHOCTb 

£;-d 
.f ~ T'er, /6/ 

3'/d t! 
B TO BpeMR K8K n ~ 'I' • B cnyqae TepM08KTHBHpoB8HH!iX /HeHyneBmc:/ 
B8K8HCHOHOB C 38KOHOM .nncnepCHH £ = s. + c ( k), , 38BHCHMOCTb RaK n, , 
T8K H f;e , 3KCnoHeHU1'18nbH8. J1x OTHoruemrn, 0,ll;H8KO, OCT8eTCR CTeneHHOR 
if,yHKUHen TeMnepaTypu 

2.-d 
f.:e /n. ~ T 7 /7/ 

JllrneapH30BaHHaR cHcTeMa ypaBHemill /1/- /3/ B nepeMeHHHX T , f'-, K 
HMeeT BH,n 

r,ne 

f,;e ife -+ S~ T + n~p ·= o, 

olT +.J,fa + ndwiJ=O, 

J,T + c1-,fa + S ol.w- iJ =0, 

ol= (_fhi_~ =(_fJs) , .fi=(Jn) , =(_;JS) 
'\Dr)_µ t-a_µ 7' d/"- 7' t \dT ~. 

/8/ 

/9/ 

/10/ 

/11/ 

KoM6HHHPYR /9/ H /10/ H Y~THB8R, qTo TentoeMKOCTb e,n;HHHU!i o6~eMa 

o{,2 

CV = T (j - 7)' /12/ 

MO~eM· 38MeHHTb /10/ ypaBHeHHeM 

CV T + TS ( i - ; ; ) d.w- if = 0 . /13/ 

nanbHettwee paCCMOTpeHHe 38BHCHT OT TOro/coxpaHReTCR nH q:0.cno 
· KB83HqacTru:i; npH CTOnKHOBeHHRX, HnH HeT. Ecnu ~cno qacTru:i; He coxpa

HReTCR, TO ypaBHeHHe Henpep!iBHOCTH ,ll;nR qHcna qacTru:i; /9/ cne,nyeT onyc
THTb, a B /8/ H /10/ nonOJ!Ul!TJ, ,JU=O • T8KHM o6p830M Il0~8eM CHCTeMY 
H3 ~BYX ypaBHeHHtt 

f.e v; + S v.: T = o , 

c_:t + rs div u = o , 

/14/ 

/15/ 

COBna,nanmyn t'PManbHO C ypaBHeHHRMl'l ,ll;nR (p()HOHHOro BTOporo 3ByKa B .nH-
3JieKTpHKaX10 • 113 /14/ H /15/ cne,nyeT aaKoH nucnepcm1 BToporo 3BYKa 

GJR.(j) = TS
2 

f_.-l Cf.· </ 
Cv .e " t. /16/ 
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ECRH 'JRCRO KBa3H'JaCTRU coxpaHRSTCR, TO pemeHHe IlORHOl! CRCTSMH 
ypaBHSHHfi /8/, /9/, /13/ npHBOnRT K 3aKOHY ,nHcnepcRH 

2 - TS 2
{( ol n)2. Cv n 2

} -1 
C.V ( '/) = C v 1 - J3 S + J3 T s2 ~e Cf., </,e . /17/ 

3TO B!lpaJ!tSHRe BHI'RMHT npome B nepeMSHHblX T , n : 
' . . 

e,,/- ... --{ T ( rJs)2 
_ ( 8µ )' } -f 

(</) - Cv c1V:, T Jv;, r fie_Cf., </e /18/ 

rne 1 = S/n n 'IT,,= n.,- 1 - aaTponHR n O61,eM Ha o.nHY KBa3ntJacTnuy. 
HaKOHeu, npe.u;noRaraR ypaBHSHRe COCTORHHR H3BeCTHblM H HCilORb3YR COOT-

HOmeHHR MaKCBeMa 

(as) =(clP) , (dP,)==u:(dP'\ ~v:.[f.'JP) + I__ (-;:;p)P.} 
Ju;, r \__ar/~ tJv;, r O 'Jv;,)'T' 0 \ov;, ~ cv ;}T V. , 

rne c'l.f = elf/ n - TeTIROeMKOCTb H8 onHY KBa3HtJaCTHUY, nozy-gaeM 

2 (~ P) - 1 

(,J cfJ=n;nJ~nf.e<i,</e. /19/ 

oTOT pe3y~T8T MOJKHO 6blRO nozytJRTb_IlpRMO H3 CHCTeMH /2/, /3/, /8/, 
3amtC8HHOtt B nepeMeHHblX /'Z.. , :S , tr • IlpH 3TOM, O.u;H8KO, He cpa3y BHJJ;eH 

nepexo.u; K qx,HOHHOMY ra3y. 
KaK BHnHo H3 /19/, CKOP(?CTb BTOporo 3ByKa COBnanaeT no tflopMe co 

CKOpOCTbD 3BYK8 B o6bl'JHOM ra3e TORbKO B czy-gae KB8.u;p8TH'JHOro 3aKOH8 

.u;irnnepcRH KB83HlJ8CTRUbl, Rorna P,t = n s;e, 
Ey.ny-qn TOtJHblMH 11,J!R 6ose-ra3a, nozytJeHHble pe3y~T8Tbl cnpaBe.11,JlHBbl 

H B npeneRbHOM CRy-gae 6ORbUMaHOBCKOfi CT8THCTHRH. Tor.u;a ypaBHeHHe_ co
CTORHHR HMeeT BH!( p = n T , a IlpOH3BOJJ;HM 

('JP) -= Cp T. 
\: c1 n ~ Cv 

2 ~w 
CRe.u;oBaTe~HO, C c::: Tn/f , wm, C y-tI8TOM /7/, C~ T . 

§ 29. JlHHeapH3OB8HHOe RHHeTH'JSCKOe yp8BH8HRe 

JlRR pemeHRR MHor11x 38!(8'J JJ;OCT8TO'JHO 3HalUIJI Rl1HeapR3OB8HHOro RH
HeTRtJeCKOro ypaBHeHHfl, B KOTOpOM .u;eqioµiiauHH H CKOpOCTH pemeTKH, a TBK
xe OTRJIOHelll!R OT p8BHOBecHoro pacnpeneReHHfl M8Jlbl. C .u;pyroil CTOpOHbl, . . 

npe.ncTBBRfleT HHTepec cpaBHeHHe RHHeapH3OB8HHOro ypaBHeHHR, nozytJeHHoro 
H3 TO'JHOtt Teopml C pe3yRLT8T8MH JillHel!Hott TeopHH, nozytteHHID,IR MeHee 
CTporHM o6p83OM. 

94 

JlRfl RRHeapR38URR yno6HO HCilORb3OB8Tb RHHeTntJeCROe ypaBHeHHe B 
qopMe /21.10/. -3aTIHmeM 4JYHRUHD pacnpe.u;eReHRfl B Bn.ne 

· 0f., J = fo -t- 8£ z J 

r.u;e :f;, ( c;:4) - paBHOBeCHM 4JYHRUHfl pacnpe.u;eReHHR. Yp8BH8HH8 11,Jlfl 

qJyHRUHR X,, 8CRH neqiopMBURR H CROpOCTH He C'J~T8Tb MaRblMH, HMeeT 
Bnn: 

1J (I), c-- "" ,) Jc - { ,,., DU Di: ,1.,-t-Oc+-O_,«-(c.,-,p.,)0;- dl<o<.aol- v')--l+(c-,,«)'v.11.,-mD-t:+ 

-r + e E + [UiBJ}+ ;~a~vX :_ff~ {a~vt +ct~r-ao1-F + 
/1/ 

. + a«ef + t f~ itJB - m ;~ut.~_]'Wtit + t !~ [~a,s]B}= ix, 
rne Mb! 11,Jlfl HBrRMHOCTH OTneRHRH HeaReKTpOMBrHRTHble CHRbl F OT CHRbl 

JI ope au a, t E H S' _µ.. - no68BKH K paBHOBeCHblM 3H8tJeHHilM co ( kol) H ,,.U.u , 
a 0= 'DT/T'. 

ECRH M8Rb!MR B8RH'JHH8MR flBJIJlllTCR Ta!Olte H CKOpOCTH H ROMilOHeHTbl 
T8H3Opa .u;etflopMBUHR, TO,COrRBCHO /20.16/, 

~ ...:. :) E ( 1 - ;) E ) Jul< oc=-mu,..,_+ /li1<(p)+pi~ -;i---
ap Pl< oX., 

H JIRHeapH30B8HHOe ypaBH8HHe RM88T BHJJ; 

~;{, - ". . c::- c:-- • 
Jt + v- v % - I 'X =: -OE + Ofa + (E.-µ,) 0 + 

/2/ 

/3/ 

rne if?= of;,/Jp. 
+ ir{v,,« +(~-_p.,!v0+mft-F + eE + f [ft BJ}~ 

Ilo cpaBHeHHIO C RRHeapH30B8HHblMR ypaBH8HHflMR, HCilO~3OB8HHblMR 
B 

42
•
4

-~ ypaBHeHHe /3/ co.nepJKHT JJ;OilMHHT8RbHO JIRIUI, IlpOH3BOJJ;Hble OT 
. TeMnepaTypu. CR8!(0B8T8RDHO, HeCMOTpfl Ha HeKOTopyD HC~CCTB8HHOCTb R 

H8IlOCRe.noBaTeRbHOCTb IlpH HX BHBone, IlORYtJeHHble B 42 ,4 pe3yRbT8Tbl 
COBil8ll8IOT C HBWHMH B RHH8i!HOM IlpH6JIRJl:8HHH. 
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"Tom, Kmo poem RMY opyeoMy, 
ca.M e 11ee nonaoaem". 

llpum,;a. 

rJiaBa VI. lIE/ll1HmlliIB llE~EKTOHH. ll~EKTOH-PElliETOl{HOE B3Af1MOllEltCTBME 

B 3TOff rJiaBe paCCMOTpllM B3anMonettcTBne ne¢€KTOHOB C HyJieB!lMH 
q)OHOHaMH. HMnqne ne¢€KT8 MeHReT KaK KnHeTnqeCKJIO 3HeprHIO /ns-3a npy
roil M8CCH ne¢€KTa/, T8K H M8Tpney ynpyrnx Koall$funeHTOB, qTo npnBonnT 
K neqiopMaD;HH KpllCTa~a. B KBSHTOBOM onncruinn neJIOK~3OB8HHoro neiteK
Ta CM8lJl8HHJi' y3JIOB M8HJDOT MaTP~ 8Jl8M8HT TYHH8Jll,HOro rrepexona. 
8TO O3HaqaeT, TITO MeHRe.TCR BepORTHOCTHOe pacnpeneJieHHe ne¢€KTOH8 no 
ysJiaM pemeTKH, BH3HB8IOlJlee co cBoett cTopoHH "nepepacnpe,neJieHne" neqiop
Mannn. TaKHM O6pa3OM ~O3HHKaeT HeJinHettHoe B3anMonettcTBHe /Tnna caMo
Bo3nettcTBnR/, KOTOpoe MOllteT npnBeCTH K CBR38HHOMY COCTORHHIO ne4)eKTOHa 
C CO3)];8HHOtt HM xe neqiopMan;nett 39 , 40• C MaTeMaTnqecKOH TOtJKH 3peHHR 
HeJIHHeHHHtt ne¢€KTOH B onHoMepHOM CJIJtJae - 8TO COJIHTOH noJIRpOHHOro TH
na, nBnlltyI!lHttCR no pemeTKe C noCTORHHOtt CKOpOCTblO H 6e3 ll3MeHeHHH qiop
Mli conpoBolK,ltaIOlllett ero neqiopMannn. 

§ 30. Mo.n;eJ!b 

raMHJibTOHllaH neqiopMnpyeMoro KpHCTaJIJia C neJIOKaJIH3OB8HHliM neiteK-
TOM MO.lltHO 38IlHC8Tb B Bnne 

/.I ~ m (i-ol)2( a+a ) .., """ Lcrcr' er rr' 
=L 2 ~R 1+,;« R R + ,;L R-R' 5. .f.,, + 

Ro<. ,c,RR' R "-
. o-rr' /1/ 

+ff /\R. 8: BR - 1 ~I AR-R' 8: BR', 
rne S: -KOMilOHeHT8 BeKTOpa CMel!leID!R 8TOMa, pacnoJiollteHHOro B ysJie f, 
fa= (M-m)/m , M H m - M8CCH npllMecn H co6cTBeHHOrO aToMa, 

/1R =~/\RR' (5R-5R,) /2/ 
- pa3HOCTo Mellr,Izy aHeprHRMR B38HMO,nettcTBRH ne¢eKTa R co6CTBeHHoro 8TOMa 
C OCTSJ!bHHMR 8TOMaMR pemeTKH /4.a/. BTOpaJI CYMM8 OllHCHBaeT noTettnHSJ!b
HYIO aHeprnD nneSJ!bHoro KpRCTaJIJia B rapMOHHtJeCKOM npn6JIHJteHRH ; B; H BR 
onepaTopu polK,lteHRH n YHRtJToxeHM ,11;e¢exTa B y3Jie R I § 5/. . 

PemeH:ae ypaBHeHHR lllpennarepa 

i1i ;;1J! = H 1J! 
;:Jt 
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/3/ 

6yneM HCKaTb B Bnne p83JIO~8HHR 

'lJf=-~aw'lf'_ 
R R R 

/4/ 

rne ~ = BR+to> - BOJIHOBaR qJyHKUHR CHCT8MN C JIOKaJIH3OBaHH!lM ne¢eKTOM, 
10? - BOJIHOB8R <IJYHKUHR nneaJibHoro KpHCTaJIJI~. EcTeCTBeHHO, KO3¢'JHrrneH~ 

TH aR no~u ynoBJieTBOpRTb YCJIOBHIO HOpMHpOBKH 

L. /aR j"
2 

= 1. . /5/ 
R. 

BeJIHtJHHU 1\,1 H A R-R' 38BHCHT OT CMemeHnff 8TOMOB SR • B JIHHett
HOM no CMemeHHRM rrpH6JIH~eHHH 

I\ = A+ 2 I\ o1. 5 o1. 

R fol f R+f 
J /\R,R+f I /6/ ol. ol. - --_ o<- ... 

/If' =-11_.P - c9s~ s.z=rR .. ~ 

AR-R'=A;_R,+~ A:-R'cst-st\ 
o<. 

o1. dAR-R' I /7/ ol. A ---
=- - 0£, °'- OL AR-R' RLR 2 SR SR =3R, . 

llJIR npocTOTH 6yneM yqHTHB8Tb TOJibKO nepexonu ne¢eKTa B 6JIHlK8.ihDHe 
Y3JIH pemeTrui. Torna raMHJibTOHHaH CHCT8MH rrpHHHMaeT BHn 

rne 

H =HD+ Ht.+ Hin.i I 

HD=½ /1 ~ t ~ A; s: BR+'S' 

H _ m L c ·ol 2 1 L L"'-fi ol. fl 
L - 2 Ra Ii) +2 RR' R-W SR Sw, 

o<-fi 

/8/ 

1-/ - m,«"('ot)2 +- 1 :[_ Ao< o<. B"B. 1, A"'-( o<. o< )B+B 
int-TRL SR BR BR+ TR /lp fR,.o R R+ 'FL.,, " SR -s,e+$ R R+-'ii 

c< fol J . R.o<.o ., 

a 8 rrpo6eraeT TO~bKO no 6JIHJKatt:wnM cocenRM.O6paTHM BHHMaH.110 Ha Heo6HtJ
mru Bli'A · I-I mt , conepJKamntt tJJieH c KHHeTnqecKo,1 sae:vrnett. 

IloncTaBJIRR pasJio~eHne /4/ B ypaBHeHne llipennHrepa /3/ c raMHJibTO
HHaHoM /8/, IlOJIYqaeM CJieny!OOl,YIO CHCTeMy ypaBiieHHfi MR aMnJIHTYn aR 

. 1i :JaR ( T . U · 1 'I\ 0(.. o<. ) 
l !Jt = Eo+ o+ .+2L J>SR+f' aR.-

' pot. 

,, 'Ao 1 '\: Ao<( "'- "'-- 2 L s-<aR+o-aR.)- 2 L s- SR - sR+.5 )aR+S _o ao< ., 

/9/ 

r,11,e £0 = f ( 1'1- .2 A
O

) , z - tJHcJio 6JIHJKafuunx cocene.A, 

T. l'YI '( 'oc)2 o=-2LsR, 
Rot ' 

u =J_L Lolfi c<. j3 
O 2. P-R' R-R' SR SR' 

"'-Jl 
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n~R naJ!l,HeMrnero B8JKHO, qTO CKOpOCTb neitieKTOH8 MHoro MeH1rne CKO
pOCTlll 3ByKa B KplllCTM~e, Ill, c~enoBaTe~MIO, 8TOMH perneTKH ycrreBa!OT rron
CTp811lB8T1C.fI K ero UBJ/lllteHlll!O. 3TO 03HaqaeT, 'ITO 3HaqeHlllR rrepeMel!HllX s:t' 
Ill t;- MOJltHO orrpene~IIITb 1113 ycnOBlll.fI MJ/IHIIIMJM8 tpyHKUIIIOHM8 

I-I= (1f'/H 11¥) = E
0 

+ T;, + l.f,, -1- i m?L I 2 a; aR-f A2(aR+z;-a,Ja;+ 
R R Ra' /lO/ 

t "'°' 11 ol OI. )f , ' Aol ( * " ) + 2 L p S: ... aR. a,R. - -2 L s aR a.R+-o + aR. aR+S 
R_pot. R+o Ro~ , 

nrpaIOmero pO~b 1YHKUllllll I'aMIIIJ!l,TOHa ITO OTHOIJieHlll!O K KOOPUlllH8TaM s: Ill 

IIIMITJJ!l,C8M p':_ = m(1+_µ/aR.t 2) t: . .ll~R aToro Illlllll0M ypaBHeHlllR raMIIIJ!l,TOHa 
Ill, lllCKJIIOqa.fI rrepeMeHH!le Pi: , rro~aeM CIIICT0MY ypaBHeH111it UM CMemeHllli: 

m ft [(1+µ/aR12Jt:f= 
/11/ 

,;;;;-- L"'-fi .fl 1 , A"'- !J. 1 'Act. f * " ) 
=-L R-R' SR' + 2 L 11p /o..R+-pl + 2L o ~aRaR+li +a12.aR+"i> . 

R'fi P i 
TaKHM o6paaoM, Heo6XOUIIIMO pemaTh COBMeCTHO ypaBHeHlll.fI /9/ Ill /11/. 

IlOCKOJ!l,Ky B UMbHeKllleM HBC 6ynyT IIIHTepecoBaTb TO~bKO ne(llOpM81\llllll, xa
paKTepHHff p83Mep KOTOpllX MHOro 60~1rne IlOCTO.RHHOff pemeTKlll, TO yno6HO 
rrepeffTlll K KOHTIIIHYMbHOMY rrpene~ Ill paccMaTplllB8Tb aMMIIITYUH O..,i Ill 

CMeUleHIIIR. 5 K8K tpyHKUIIIIII HerrpepHBHO.A rrepeMeHHO.A 7 Ill BpeMeHIII. Torna 
ypaBH0Hlll.fI /9/ 111 /11/ IlplllHIIIM8!0T Bllln: 

ift ;: = (cJ T,; + ~ +'~',t f 2)a+f~A::~ + 2J401.+/\~);[ a, /12/ 

m 2.. [(1 +?la/2)f"-J =L. c J2 sF + (A"'+/\ot.) J Ja/2 
Bt. .JJr'ii "'fi,r'i> Bx,r Jx...B 8 xc<- ' 

/13/ 

rne 

T;, = '; S t.2d3z , U,, = ~ L ~ cct.fit~ u<t.fi uts- d37,, ' 
ot.fifb . 

a ual.fi - KOMilOHeHT.ll TeH3opa ne(llOpM81\llllll. 

IlOJ'IHTenoHO rrpoc~e.IU!Tb 3TOT BHBOU B TepMlllH8X TeOpllllll yrrpyrocTIII 
n~R onHoMepttoro c~asr. Torna MOTHOCTb atteprllllll 

"ID ms·2 ms2u2 µms•2.,12 'l /11?. 1A/c)al2 en.= - +- +- a +/I.LA. Cl +- -2 2.. 2 2 ax , /14/ 

a T0H30p Harrp.RJKeHH~ 

;) 'if .2 
a-'= -::;-- = ms2 u. + A. /a/ 

C7 u . /15/ 
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YnpyraR cn~a paBHa 

Jo- a 2 2 / / - :;: -(ms u +- :l/a/ ) 16 ax dX ' 
a Il~OTHOCTb lllMilJJ11,C8 p = m (j_ + ;U. /a/ 2

) t . Ilplllp8BHlllBM p = dO-/o X, 

rro~aeM ypaBHeHlll.fI UBlllXeHlll.fI B BHUe 

m ft [(1+~/a/ 2 -g]= Jx (~s 2u+A/a12
). /17/ 

'BHp8lKeHlll.fI /15/ Ill /17/ H8XOU.fITCH B no~HOM cor~8Cllllll C pe3y~bT8T8Mlll 
o6me.A He~nHenHon Teopnn./22.14/ n /22.15/. 0TCJTCTBHe Ilp011l3BOUHOM 
OT TOM ITO BpeMeHH B /17/ CBR38HO C a,IU1a6aT11l'IHOCTb!O UBHXeHHH. 

Ec~lll neilleKTOH UBlllXeTC.fI C IlOCTO.RHHOn CKOPOCTb!O 1f, TO 5 H /a/ 2 

.fIM.fI!OTC.fI qJJHKUH.fIMH TOJ!l,KO OT aprJMeHTa x-v-t • B aTOM C~J'I88 

u =---------
ms2 ( i-_fi2

)( i +-sla/2) 

A. Ja1'2 s = .,u..fJ· ) .fi= 'lf /18/ 
i-fi.2. s 

Ilplll 'Ir= 0 HailneHHOe 8HatJeHHe U COOTBeTCTByeT OTCYTCTBH!O Hanp.RllteHHil 
/cp, /15//. · 

BupruKeHHe /18/ conep.lKHT BaJ!tHyID lllH(llOPMfilllllID. 0HO,ITOKa8HBaeT, 'ITO 
ne(llOpM81\H.fI pemeTKH nporropIWOHaJibHa BepO.RTHOCTHOMJ pacrrpeneJieHHID ne\f)eK
TOH8 no pemeTKe. 3TOT peay~oTaT ae sr~eTcR npo.RBJieHHeM Mone.m.H!lx 
aifxfieKTOB Ill~ OUHOMepHOCTIII CHCTeMH. OH c~enyeT Ilp.RMO H3 Bl,lp8llt8Hlll.R 
/22.14/, KOTOpoe B ~HeffHOM npn6JIID!eHHH no TeH30py ne!loJ)MfillHH 
MOJKHO 88IllllCaTb B BHUe 

a-.' = ku 25'. +2,11 (u - .!_u S: ) + l'<<f > S. /19/ 
1,1< et '-K '/-o lK 3 le .i,: 1, K ✓ 

r,ne ,,.U.0 H k - MOUJ~ CUBHra H BC0CTOpOHHero ClKaTlll.fI HU08JihHO.lt cpenH. 
YcJIOBHe er//<.= o naeT Torna 

. 11.' I 12 ui.1<=0, ,4.1<. ; uee= T a. , 

2 r.ne Y'ITeHo, 'ITO tpyHKUH.R pacnpene~eHrut <f? ~ /a/. 
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§31. OllHOMepHlltt cnyqaff. ConHTOHHHe pemeHHR 

IlepeJmeM K 6onee ,neTMbHOMY HSyt{eHHIO OilHCSHHOtt MO,UeJll! B O,UHOMep
HOM CJIY'Iae. OTMeTRM, tfTO o,nHoMepHoe .UBmKeHHe MOllteT B03HHKaTb KaK sa 
CtfeT CHnbHOtt B.HH30TpOilHH, TaK H sa CtfeT cne~tf8CKIDC oco6eHHOCTett 
nBHllteHHR KOMnneKCOB H3 CM3aHHblX ,neq:,eKTOB21 • • EcTb H aKcnepRMeH
TMbHHe yKa38HH.fi na O,UHOMepeyIO nHqxlly3HIO aTOMOB 3He B TBep,nolll BO,UOpo
.ne105 ,COB8.J?lllllllllYi).fi,, llO-Bli.lU™OMY,B.UOnb nHCnOK011Hff. MH He 6y,neM CB.fi-
3HB8Tb Hame paCCMOTpeHHe C KOHKpeTHOtt qJH3Htf8CKOtt CHCTeMott, a paCCMOT
pHM 06111He CBOttCTBa O,UHOMepHoro, .UBHllteHH.fi B OilHCSHHOtt MO,Ue~H, npe,ncTaB
JIJllll{He TSKllte onpe,neneHHHtt MeTO,UHtfecKHtt HHTepec. OCHOBHOe BHHMSHHe 
npH 8TOM 6~eT y,nenRTbC.fi COJll!TOHHHM o6pa30BSHHSIM, 

B O,UHOMepHOM cnytrae ypaBHeHHe /80.12/ nepexo,nHT B ypaBHeHHe 

iii ;: = (E0 + 7; + U., -t-)L; t 2 +A;;) a - i A ~
2

: 2 ,, /1/ 

r.ne 
T = m5i:-2dx 

0 ,2 ::, J 
I/ = m s2 ('(ds)2 1 

o 2 J Jx ~x. /2/ 

Ilo,ncTaBJUIB /30.18/ B /1/, no~aeM c~elJYIO~ee 
ypaBHeHHe Wlll aMILIIHTY.UH a(x, t) : 

HHTerpo-,nHqqiepettnHMbHOe 

. * 8a _ ( 1 A a2
a ln at - E0 +T;,+U,,)a - 2 f)x-2. -

~2 /a/2a :;..:l,2 /a/ 4 a 

mst1.-_,82) 1.-<;Ja/2 2ms2{1.-J3') 1- 'S /a/ 2 ~ 
s= ,,.ufi2. 

f-_ft2 . 

/3/ 

EcJm qepes ;f; 0603HSqffTL pasMep ,neq>opM011HH, TO H8 yc~OBH.fi HOp

MHpOBKH c~enyeT, tfTO 

fa/ 12 ~ ~-t. /4/ 

TaK KaK 8TOT pasMep Bem1K no cpaBH8HHIO C IlOCTO.fiHHOtt pemeTKH, TO B /3/ 
MOlltHO npoBeCTH pa3~0llt8HH8 no MMOMY napaMeTpy £-ij'~ 0T6pacHB8.fi trneHH 
nop,mKa Je-L H BHllle, no~aeM HeJmHettHoe ypaBHeHHe llipe,nHHrepa 

:)a A.2 
2 1 8 2

a · 
i:li. "t = (E.+ 7;; + U,,)a - 2 ta/ a - 2 A ~ 2 /5/ 

c, ms (l-_fl 2 ) ox · 

B 8TOM npHMHllt8HHH U.(x,i) ,naeTC.fi BupallteHHeM /cp. /30.18// 

ucx,t) = - ;:t / acx,-1::)/~ /6/ 
m s2(1-.,82) ' 

r.ne K08~HeHT npH ra/ 2 paBeH nonHOMY H3MeHeHHIO nmJHH uenotrKH, TaK 

lUIX aMIWlTy,Ita 0- BOJ;l4H.POBaHa Ha 8,J:tlllmizy" • 
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PemeHHe ypaBHeHHR/5/, HOpMHpOBaHHoe Ha e,nHHHQy H HCtreaa~ee Ha 
6eCKOHetfHOCTH, HMeeT BH.U 

1 
ei(1<.x-wt-cp) 

a(x,t)=,r;:,;-, , /?/ 
v:2.:t:. cJ,, x-><.-v-t 

;;e . 
r.ne K = h v-/A = mkv- coBnanaeT c BonHoBHM BeKTopoM cBo6o.nHoro ,neq:,eK
ToHa, X0 - KOOpnHH8T8 ,neq:,eKTOHa, a <p - IlOCTO.fiHHM, 38BHC~8.fi OT 

Hatra~bHOff ¢a.SH. 8HeprH.fi He~HHettHoro .neq:,eKTOHa 

fi n21T2 2 A 1~Sfi2 
lW = Eo + 2 A - 3 (2£.of (1-j32)3 ) /8/ 

a paaMep ,neq>opM011HH paBeH · 2 £. , r.ne 

~=/:Co (1.-j32) , ~o = m;:Ll /9/ 

I LI = 2 A - mHpHHa ,JJ;eq:,eKTOHHOtt 30HH/. KHHeTHtrecKaJI H noTettnHMbHM 
3HeprHH paBHH COOTBeTCTBeHHO 

1/4 = _l!.____;_ 
6 ~2(1,-jl2) J T,, = ;i/ u. ·/10/ 

811eprmo conHTOHa MOlltHO npe,ncTaBHTb K8K CYMMY :meprHH IlOKO.fi t 
H KHH8THtf8CKOft 3HeprHH 'Jl

0 
: 

L', 

~ = E0 - 3 (2Je,,)2 
x ,;, tt 2 v-2 + _4_ fl

2 (2+ofi
2
-fl'') 

0 2A · 12:t:,,2 (1.-}l.2)3 
/11/ 

C~e.noBaTenoHO, np11 MMHX CKOpOCT.fiX /npH KOTOpHX TO~bKO H npHMeHH
MO anHa6aTHtrecKoe npa6nnxeHae/ aHeprnR connTOHa pacno~araeTC.fi HHllte 
3HeprHH CB060,UHoro .neq:,eKTOHa. IlpH 38,n8HHOtt mHpnHe .ne~eKTOHHOtt 30HH 
CBR38HHOe COCTORHHe TeM BHrO,nHee, tfeM MeHome MllHa ,neg>opMHpOBB.HHOtt 
o6~aCTH, T.e. treM CH~LHee .neq:,eKTO~-qJOHOHHM CM3b. 8qqieKTHBH8.fi Macca 
CO~HTOHHoro B036yllt,neHR.fi paBHa 

M* = m.* +_A_. . /12/ 
?is 2 Je.2 · · 

B paccMaTpHBaeMOM npH6Jll!XeHliH 6onomnx Jt: oHa npaKTHtf8CKH He M8H.fieTC.fi. 
C yBeAntreHHeM pasMepa ,neq>opMHPOB8HHO« o6naCTH COJll!TOHHoe pemeHRe /?/ 
IlA8BHO nepeXOnHT B ILIIOCKYJl BOnHy, OilHCHBSJl!llYJ) CB06o.nHutt ,JJ;eq:,eKTOH. 

0TM8THM, tfTO CB06o,nHHtt ,neq:,eKTOH He MOllteT npOXOnHTL ~epes o6naCTH, 
r.ne IlOTeHQHaJI MeH.fieTC.fi 6onome,treM Ha WRPHHH 80HH. HennHeffHlltt lite .JJ;€q:,8K
TOH MOllteT ,UBHraTbCR BMeCTe C C08,UB.HHOtt HM noTeHQH8.Jil,HOff HMO«, ll3M8He
Fil1e KOTopoff Ha nmJHe IlOCTO.fiHHOft pemeTKH MOXeT 6HTb MHOrO 60Jll>llle mapn
HU 30HH / I\'>) Ll I, He MeHRR -c~ecTBeHHO cB010 a@ieKTHBHYJO Macey. 

IOI 
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EcJIR A<O , qTo COOTB8TCTByeT O'rpRUaTeJThHOfi 8q¢eKTRBHOfi Macce 
CBo6o,nHoro ,neqieKTOHa, no.rryt1eHHOe Bl:lllle pemeHRe HeCT86RJThHO. D 8TOM 
c.rryt1ae cy~ecTBYKJT CTa6RJThHHe pemeHRH B KOpOTKOBOnHOBOtt qacTR cneK-rpa, 
KOTOpM Tor.na COOTBeTCTByeT HH3K0~8lK8.lllRM COCTOHHRHM 39 , 4~ OTO nerKO 
BR,neTb, eCJrn BM8CTO /30.4/, pemeHRe ypaBH8HHH illpe,nHHrepa HCKaTb B 
BR,ne 

"'" LTTYL -t-
'\Jf = L e an. Bn Jo> 

n, . . I 13/ 

§ 32. rf30TOilHqecKHtt 31fxpeKT. BucmHe CTeneHH HeJIRHel-tHOCTH 

no CHX nop MH orpam1qaBa~RCb B /31. 3/ TOnbKO q~eHaMH pa3~0llt8HHH 
.no TpeToett CTeneHH no o6paTHOfi ~He conHTOHa. OTO 6H~O c,ne~aHo BBHnJ 
npOCTOTH H HarnHnHOCTH HCTO~KOBaHHH OCHOBHHX oco6eHHOCTett B CO~HTOH
HOM OilHC8HHH ,neqieKTOHa. B 3TOM npH6~HllteHHH, o,nHaKO, He yqRTHBaeTCH 
R30TOnHqecKHtt 3q¢eKT /ypaBHeHHe /31.5/ He co,nepmi:T Macey ,neqieKTa/. 
nM yqeTa Maccu npHMecH ueo6xonHMo paa~ollti'!Tb nocne,nuae .nBa ~eHa B 
/31.3/ C ToquoCTbD .no ::e-S/2.. Tor,na no.rryt1aeTCH_ypaBHeHHe 

· Ja 1 a2a ;i, 2 
12 tn.- = (£ +7; + I.la )a - -2 A- - ----'---/a.I a+ 

cJt O /J x2. m s 2 (1-fi 2) 
::l..2fi2 a 'la. /1/ 

+f'- 2msa ('1.-.f,a)2 / / . 

Co~HTOHHHe peweHHH /1/ HattneHH B 40,l06 H HB~HDTCH qacTHHMH C.rrytlaHMH 
pemeHHfi, paccMOTpeHHHX B 107 • OHR aaBHCHT OT 3H8Ka ,µ,. 

Ee.JIB µ) 0 , qTO COOTB6TCTByeT Tmte~OMY ,neqieKTY, HOPMHpOB8HHOe 
COJIRTOHHOe pemeHHe ypaBH8HHH /1/ MOl!tHO aanacaTb B BH,ne 

112 i(Kx-wl:-'P) 
a(x i:)= (-_j_ tAt) e ' /2/ 

, l, '2 7 (1.+sediz.cR(2 x-~--v"))f/2? 

r.ne I<,:: 1;,v/A - BO~HOBOtt BeKTOp CB06o,nHoro ,neqieKTOHa, 

L u, 2 '2 u, ms.a Ll 
= ot'.o ( 1.-J?, )iii, '2 , a...= ~, 

2 2 1. 
rz = 3 --S ~:f.-=-0--:(-:-t _--:fi;,2 ) 

"5 = .,«_,R,2 
-1-.ft!J.' 

t,2 2 2)U. Ll 
1iuJ = co+ 2A 'IT + (1.+j!, 0 - (2l) 2 ' 
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/3/ 

/4/ 

/5/ 

U = _E,_ 1. (1~ ( i:A.iz · ) 
0 (2JL.)2 Y/,2(-1-.J,2)"5 I i- y) - 3tP/'l, . /6/ 

ITocKO~bKy B paccMaTpHB86MOM npH6~Rllt8HHH 6o~bWHX ;I: BenHqHH8 
-1/2 

"l ~ ~ llcer,na M8~a. BupaiiteHHH ~H aHeprHtt {J., R 1i,C,,) MOl!tHO 3BilH-
C8Tb B Bane 

u., ~ ,1 
6 J£,,2 (1-j?,2):3 (1+2,z

2
)' /7/ 

n uJ :::::: c + Ji:....v 2 -, .1 {i-5 P.
2 -4 ~ f + J3'l3 } /8/ 

o 2A 121£/(1.-.J,!J.)3 r ~o l.-.J,2. • 

~OPMY~H /7/ H /8/_0T~Rq8JOTCH OT /81.8/ H /31.10/ ManHMH ,no6aBKaMH, 
nponopUROHaJThHHMH s . 

Ec~R .,.« < 0 , qTO COOTBeTCTByeT nerKOMY ,neqieKTY, 
HRH /1/ eCTb 

peweHHe ypaBHe-

. f/.2 i, (KX-GJi:-,P) 

a(x t) = (..!.... tit) e ' 
, ~L '2 7 {1+ ser;,z cli(2 x-~--v-~)}1/,a 

/9/ 

r.ne 

L = {£ (1~.J?,2) n r1,,., fJ 'l 2 = 2/µ!ft2 ..i. 
0 .,_ v-·1 " '5 (1-_,e.2)2. Je • /10/ 

~2 · . · 2/. } n v 2 Ll . -t+JJ2 t'gf 1.+fi12 2 · 1iw=E+- +---{11-(-1--)+4--f32 /11/ 0 2A (2£,,(t-,ft.2),z)2 1:J,2 2 1.-.fl 2 
· , 

U == t. · {11 ( 1.- ±u_) + 3+,,2,z] , T., = y,2V. . 
0 't-~}(t-f/'22 2 ' ? 

/12/ 

OTMeTHM' 'lTO ~neH ~ a. 5 
B ypaBHeHHH /1/' TaK se Ka.K H Bee 11JI8Hl,I 

6o~ee"BHCOKoro nopMKa MMOCTH, IlOJraJIJlDl!HeCR npH pa8JIOX8HHl!I no ~-V2 

K08qxpHUeHTOB B ypaB_HeHHH /31.3/, co,nepxaT nononHHTe.111,m,dl MaJil,lit MHOllH
TeJib ,,U.j3/J£. , H RMH MOXHO npeHe6pe%. Ilpa MaJIIDC ,z , qTo COOTBeT
CTByeT MMHM cKopocTHM HJIR MaJiliM H3MeHeHHHM Macca, pemeHHR /2/ H /9/ 
uenpepHBHO nepeXO,nHT B /81.7/. 

B TpexMepHOM CJirae Toquoro pemeHHH aa,naqa B SHaJIHTHqecKOM Bane 
HeT.KaK IlOKa3aHO B 4 , BapHauHOHHM npoue.nypa c ripo6Hoff cqiepaqecKI'! 
CHMMeTpHqecKolt qiyHKUHeft MJ! ,ne4x:JpMauHR He ,naeT CBJI3wtHoro COCTOHHHH 
.neqie KTOHa. 
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11 - Bu ~am,cma¢? I 
- C mex nop. KaK A POOUACR, 

HUKOMII He yoanocb npuoyMamb OAR 
.MeHR All'4Weeo UMeHu". 

B.llleKcnup 

rJiaBa VII. KBAHTOBAfl TEOPIDI KPAY.IUIOHOB 

KaK npaBHJIO, TOtJBtJHHn ,neqx,KT rrp1rno,nnT K oO'heMHO!t ,ll;0-l)O~l KPHC
TaJIJia, c,nBHra.fi cymecTBBHHO TOJILKO aTOMll rrepBHX KOopnmrnu1rn11m,1x cqep. 
CymecTBYIDT, o,n.HaKO, CJIY'l8H, Korna BHe;npeHHHH M6lf.Y36JII,Hll,. UTOM /Toro 
JKe copTa, tJTO H OCHOBHHB 8TOMH pemeTKR/ 06pa3yeT KOHtHrypaunro coBep
meHHO ;npyroro BH,ll.8, H83HBaeMyro Kpay,n.HOHOM /p110.I5/. l{pay,nnoH - 3TO 
H36HTOtJHHtt aTOM, BH3HB810lllHtt neq,opMBUHID TOJJbKO B,ll.OJ!b onnon KpHCT8JIJIO
rpa~tJecKOtt JIHHHH. TaKott 8TOM H8XO,ll.UTCli B 6oJiee HJIH Mettee IIJJOTHOYIIa
KOBaHHOM psmy, B KOTOpOM ,naJKe ,naJieKO OTCTOHIUHe OT nero aTOMH' CMemem, 
co CBOHX paBHOBBCHHX noJioJKeHntt.Kpay,nnoHHa.FI KOHqifil'ypa!OlH MOJK0T nepeMe
lll8TbC& TOJll,KO B,IJ;OJII, 8TOro pE,ll;a.IlpR 8TOM ,ll.DH.1K0HH8 Kpay,nnoHa COBepmaeTCJl 
38 CtJ8T H860JII,IIWX CM01l!8HHH 8TOMOB R H0 CBH38HO C peaJibHLIM nepexo.noM 

H36liTOtJHOro 8T0Ma B M0CTO HOBoro U0HTpa KOH~pa101n.KaK npallll.i'lo,Kpay
,ll;1IOH llOSiBJIJ10TC& B CJIOJKHIDC pemeTKax B,IJ;OJII, HanpaBJI8HWI C MllllllMaJlbHliM no
pHO,ll;OM llOBTOp&eMOCTH.OHR o6Jla,ll;810T 60JI1,illOll IlO,ll;BlilitHOCTbID n nrpaKJT CYJIIOCT
B0HHYJ) pOJII, B JIBJI0RIDIX nepeHoca li,B tJaCTHOCTH,D ,ri,JnUIHOilp060lKHOH mpa

!WH neqieKTOB npn HR3KHX TBMIIepaTypax108 ,109 . 
SqxfieKTHBHHtt noTeHUnaJI:E,HHil 6ap1,ep, pa3neJJ®mHl1 coce,n11ne paBHOBec

HHe IIOJ!OlKBllll.fi KI)8Y,ll.HOH8, MHOro MBHI,We SHeprirn aKTl!BaJ.l,,m oCh,1,;noro 
1 

,ne- \ 
qx:!KTa 8 , 110• IlOSTOMY K Kpay,nnoHaM HenpnMeHUMH MeTo,nu, HCilOJJI,30I38HHHe 

;D.J!Jl ,neqx,KTOB B reJinu, H, B tJ8CTHOCTH, npn6JIHlKeHlrn CRJ!l>HOV. CB.fI3:H. 
113 CK838HHoro .fICHO, tJTO Kpay,nnOH JlBJIJlBTCJl YHR1'.8JII,HUM rrpnMepoM 

O,ll.HOMepHoro o6pa30B8Hli.fi B TpeXMepHOM Iq)HCT8JJJie, OMa,IUIJ!Jlll™, TCM ca
MHM, PMOM npenMyiuecTB no OTHomeHRID K KB83ROlU!OMBpH1™ MO;D.eJiRM, COCTaB
JIBHHHM us cJia6o BSanMo,nettcTByromnx uerrotJeK. 

§ 33. KpayµoHHM Kompnrypaµ1rn 

)lJul: OllHC8llllH Iq)8Y,ll.liOHOB B Iq)RCTaJIJie OyneM HCllOJib30B8Tb MO,neJib, 
8HaJIOrHtJHYID MO,ll.eJIH ~peHKeJIH-KOHTOpoBott111• EyneM npenrroJiaraTb, qTQ 

8TOMH KI)8Y,ll.liOH8 B38HMO,ll.elcTBYIDT ynpyrll!MH CHJiaMH R H8XO;n.FITCR B nepRo- · 
.IU'ltJBCKOM noJie w (5) • C03,ll.8HHOM OCTaJII,HOH tJ8CTI,B) KPHCT8JIJI8. TI pH STOM, 
ecJIH Iq)RCT8JIJI neq,opMnpoBaH, TO BJinmrn:e ;neq,opMaunn·MolKHO ytJeCTI, K8K 
H3MeHelllle aMIIJIHTY~H H nepHona 9Toro IlOJIH. 

JiarpaHDaH p8CCM8TpHB86MO!¼. CHCTBMli rrpn OTCYTCTBHH ,ne4'opM8.UHll 
MOJKHO 38IIHC8Tb B BHne 
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L = ~Li:- L l1 (s - s )2 
+ W(sn/\ ) ol = m.c~ 

- n n ~- n+-1 ,., ') 
/1/ 

r;ne Sn - CMemeHne Yl -oro 8TOM8 Kpay,nnoHHQi,\ llBilOtJKH OT era IIOJIOlKBHH.fI 
paBHOBBCH.fI B nneaJibHOM KPHCTaJIJie, C - CKOpOCTh 3BYK8 ,B uerrotJKe, a 

DOCTORHHM pemeTKH a.= 1 • COOTBBTCTBBHHO ypaBHeHHR ,ll.BIDKeHH.fI• B KOH
THHyaJibHOM rrpe,neJie HMBIDT Bnn: 

d 2s _ c2 ;)
2s __ .i_ c>w 

dt/2- Jn2 - rn Js 
d5 / C rp8HH'1HHMH YCJIOBH.flMH ► (- oo) = 1 ► (oo) =- O - · = 0 . ::, .' ::, ' an !oo 

Tipe;nrro~OJKHM, tJTO O,ll.H0'18CTHtJHlitt IlOTeHURaJI HMeeT BH,ll. 

/2/ 

w cs ) = f- A c 1 - CQ., 2" s) . /3/ 
IloncTSBJIRH /3/ B /2/, IIOJIYtJ8BM.XOpomo H3BBCTH08 ypaBHBHHe "CHHYC

fop,noH", nMelO!llee COJIHTOHHHB pemeHHJI npoU3BOJibHOro nop.a,nKa. l1HTepecy10-. 
mee HBC O,ll.HOCOJIHTOHHOe pemeHne HMeeT ~OPMY KHHKa 

5 (X) = ; an,cf!l e 
x.-x-v-i 

ae, 
J 

/4/ 

rne Xo - UBHTP Iq)ay,nnoHa, orrpeneJieHHHi,\ KaK HOMep aroMa, CMemeHHoro 
Ha IIOJIOBHHY ITOCTORHHOM pemeTKH, a xapaKTepH8.fI ,ll.)lliHa o6pa30B8HHH 

(p ,vol· · 
d-- = TT 2A (i-J,2) , .,fl= v/c . 

,U:JIR IIPHM6HHMOCTH KOHTHHY8JibHoro npH6JIUlKBHR.fI neo6xo,n.HMO, tJT06H OHa 6HJI8 
MHoro 60JJI>me IIOCTORHHQi,\ pemeTKH, OTeyna CJie,nyeT HepaBeHCTBO cx.>>A 

B 8TOM rrpli6JIHJKeHHH SHeprHH KPBY,ll.liOHHOM KOH~nryparwH paB~a 

E = _!&_ U = 2.mc2 /5/ 
Vt-j',2 , o rr2/£ . 

Ec~H CKOpOCTb HBBBJIHK8 / 'IT<< C /, TO COJIHTOH MO.lltHO paccMaTpliB8Tb K8K 
'18CTHuy C SqxpElKTHBHOtt Maccon 

2m 
fa= rr2/£ << m /6/ 

T8KHM o6pa30M, KP8Y,ll.liOHHM 9qxp8KTHBHM Macca YMeHI>maeTCH C yBBJIHqeHHBM 
ee pa3Mepa. ~eM 60JII>me tJ8CTHU CO,ll.8plKHT Kpay,ll.liOHHOB o6pa30BaHHe, TBM 
OHO "Jierti:e". 

. B KOHTHHYaJibHOM npH6JIHJKellllH aHeprHH Kpay,nnoHa /5/ BlipOJK.nBHa no 
KOOp,IU'1H8TB XO. MOJKHO Owro 6u oim.u;aTb, tJTO 9TO Blipox.neHHe 6yneT CH.fiTO 
C J'16TOM ,ll.HCKpBTHOCTR pemeTKH. IlOCMOTpHM

1
T8K JIH 8TO,. 
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§34. POJib nncKpeTHOCTH•peweTKH. Ilpo6JieMa Ill!HHHHr§ 

EcJJH /£ » t , 1_pymcrurn: /4/ rrpaBHJJbHO omamrnaeT pacrroJioJKeHne aTo
MOB. IT03TOMY 3HeprnID Kpay11,nOHHOrO o6paaoBaHHR C yqeTOM .ll,HCKpeTHOCTH 
uerro'IKH MOJKHO BHqncJJHTb c xopowetl TOqHOCTbID, IlOll,CTaBJJJUI /4/ B cyw,iy 

E= 2 ·E , rne n n 

m · 2 mc
2

{ 2 } En= 2 sn + T (sn+; s"n) + W<.sn) . 

McrroJib3YR CTaH11,apTH:yID MSTOJJ.HKY, nnweM 

/1/ 

= ~ 00 

E = S olK L ;;(n-1<) Ek = SEK d K + S El<. ur., 2rrk dk. +- • • . /2/ 
-oo n ·oo -00 • , 

IlepBb1tl nHTerpaJJ 11,aeT anaqenne aHepr1rn /5/ B KOHTnnyaJibHOM rrpn6JinJKennn, 
a KaJKUHtl CJie11,yromntt, KaK MOJKHO Il0Ka38Tb, co11,epJKHT 11,0ilOJIHHTeJibHHtt MaJIHM 
MHO:!HTeJib .JV<P (-rr2£ ) • ITm.lTOMY 11,0CT8TO'IHO yqecTb TO.JlbKO rrepByID rap

MOHHKY, KOTOpaR npn 'tr= 0 11,aeT 9 

E'=f l/4w'>2rrx, 
I/ = c, 2 -TT2 w 

1 a me e o<- /3/ 

1IncJieHHHe aHaqemrn: K03(V.f'HUl!eHTa f , Hati,rr.emme paaJJHqHHMll npn6JinJKeH
HHMn MeT011,8Mll, JieJKaT B npe11,eJiax OT 4,5 11,0 6,5. Mu He CT8.H8M YTO'IHJlTb 
anecb ero anaqeHne, TaK KaK OHO necymecTBeHHO ,n.irR 11,arrbHeMwero. OTMe
TnM TOJibKO, qTo npn BuqncJieHnn BKJ1a11.a OT ynpyrotl aneprnn HylKHO coxpa
HHTb ee pa3HOCTHYID lfOPMY /7/. EcJIH pa3HOCTb CMemeHl!tl 38MeHHTb npOll3-
B011,HOtl, TO 3T8 rrpon3D011,H8R no.'!lKH8 6UTb B3HTa B TO'!Ke rl + 1/2, n 1rn
TerpaJI OT nee paBeH 

I= s ~c
2(:d ;-' ~2rrn Jn = - ~c.

25~d !·'2 

e<r:,2rrn Jn = - 'W(scxDC-0)2rrx ,ix, 
a JX=n~! \d lx=n j 

.1. 

T8K qTO B 3TOM npn6JIHllteHnn E' = 0 /a OTHIDll,b He 2 I ' K8K YTBepJK.UaeT
CR B 112,113 ll 11,p,/. 

TaKHM o6p830M OK83HB8eTCH, qTo Kpay.ll,HOH MOlltHO paccMaTpllB8Tb 
K8K JiereyID qacTnuy B noJie 3KCilOHeHIU!8JlbHO M8JIOtl rJJY61!HH, IloKaJKeM, qTo 
TaKoe no;re He MOJKeT y11,eplltaTb ero B6JJnan onpe,neJJeHHoro ya;ra peweTKH, 
n, CJiell,OB8TeJJbHO, 3a11,aqa O IlHHHHHre Kpay.II.HOHa RBJIHeTCR He KJJaccnqecKOtl, 
a KB8HTOBon8 , B KaqecTBe KpHTepnR KB8HTOBOCTll BBell,eM napaMeTp b , 
aHaJiornqHHtl napaMeTpy 11,e Eypa /Bl/: 

() = 2 ~!;, 2 1 / 4 / 
TT :,« a 

npe11,cTaBJimllllHtl OTHoweHne rJJY6HHH aipfeKTHBHoro rroTeHUHaJia 1/1 K aHeprHH 
nepBoro KB8HTOBoro ypOBH.Ft /KBaHTOBOMY CJIY'I8ll COOTBeTCTByeT ~ < i /. 
IlyCTb :J:,c - KpllTl!qecKaR 11,JillH8 Kpay.Dl'IOH8 , npn KOTOpon c) = 1. B CHJJY 
/9/ n /10/ oHa orrpe11,eJIReTCfl na cooTHomeHHR 
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rr
2
/£c (mca)2 (mc 2

)
2 

TT
2 

/j;c e .= J' ~ ~ 61> 1 
/5/ 

r)l.e 6D - 11,e6aeBcKaR TeMrrepaTypa uerroqKH. B1111,Ho, qTo ~c < 1 , T8K "ITO 
rrpaKTnqecKH BO Bcex pa3YMHhlX cnTyamurx ii<.< 1. , H KBaHTOBoMexaHHqecKoe 
orrncaHHe o6R3aTeJibHO. IlnHHnHra Ha peweTKe HeT, a Kpay.nnoH rrpeBpamaeT

cR B KB83ll"18CTRllY - Kpay.n.noHH:yID BOJIHY B 

§ 35. Kpayp;noH KaK KB83ll"laCTllU8. KpaYJUl.OHH8R BOJIII:~ 

OTCYTCTBR~ rrnH,HHlll'8 03H8ttaeT, 'ITO Kpay.n.noH 11,eJIOKaJI113yeTCR R 
rrpeBpamaeTCR B KB83nqacTRIJY HOBOro TRila - COJIRTOHH:yID BOJIHY, .cocTORHRe 
KOTopon CJie,nyeT 0Ill!CHB8Tb He ee KOOp11,RH8TOtl·n CKOpOCTbD, a BOJIHOBHM. 
BeKTOpOM, 38KOHOM 11,HcnepCRR R BOJIHOBOtt qJyHKURen 6JIOXOBCKOrO Tarra 

1 ikx 
~ (X) ::: ,r.-; e Uk (X). 

rN · 

/1/ 

1IT06Y H8tlTR .38KOH 11,HcrrepCHR Kpay11,ROHHOtt BOJIHH, .neo6X011,RMO OTHC
K8Tb co6CTBeHffii!e 3HaqeHRR ypaBHeHRR llipe;IUJHrepa · 

I 

. d
2 "f + 2µ (r; - .!... U, co:, 2rrx) "If = 0 E~ = e(1<) - U.. , · 121 

dx2 ,,. 1i 2. "- .2. • . ,,_ , ~ 
COOTBeTCTBYDJtH8 pemeHRRM B BH,Jte 6JIOXOBCKRX BOJIH. CneKTP ypaBHeHRR /2/ 
11,0BOJibHO CJIOllteH, HO 11,JIR RHTepecyDllero H8C CJIY"IM S° << !' 38Bl!CRMOCTb 
3HeprHH OT KB83HRMnyJibC8 MOl1tHO nalTR R3 ypaBHeHnR B 

. 2C:-2 
ar., k = ClJ5 (rrae) + rr o sun CrrJe) 

4(h>t11) ,r;e 

03 /3/ rrpH Je « f IlOJIY"l8eM 38KOH 11,RcnepcHn 

Je/2.= 2µ £ 
. ,r2f,2· 

/3/ 

£(K)= l.f,,+ t v,a+ j;2k:, /4/ 
2,P-

rn;e aipfeKTRBHM Macca KB83H'l8CTRIUi ;,<-*= /" ({- f$2
). 

BoJIHOBM qJyHKilHR rrpH k = 0 nporrOJ)IlHOHaJibHa (WHKUHR MaToe, He RMellllleD 
Y3JIOB 

~(x)= ~ ce(x,?>). 

IlpR 3' « ,t ona MeHReTCR Mell,JieHHO, R rrpn s-= 0, ce (X) = 1. TaKHM o6pa-
30M, HH3KOJieJml!lRe Kp8Yll.ROHHHe B036ys,neHHR MOlltHO OIIRCHB8To IIJ!OCKRMR 
BOJIHaMR, 
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§ 36. BsaHMo,nettcTBHe C [OHOH8MH 

PacnpocTpaHeHHe ynpyrott BOJIH!l D KpHCTaJIJie uenReT KBK rJiy611uy, 
T8K li nepHO]l Sit:qleKTHBHOrO noTeHU,HaJia /33.3/: 

W(~n,Ll) = -}A(J) {1- UJ!,(2TT .f,,-u,,)} 
i t-Lln I 

/1/ 

r.ne u,, - OTKJIOHeHHe Y3JIOB M8TpH11,U OT HX paBHOBecnux HOJIOJIWHHtl 

/pnc. 156/, ,1 - T8H30p .ne(l)OpMBUHH C rJiaBHhlMll 3118'l81UIRMH .1,, ,L1r, 11}. 

a I 

- s,; b 

-

' 
Pnc. 15. PacnOJIOJKeHHe aTOMOB Rpay,naona a/ B He,neqopMHpOB8HHOM 

KpHCTaJIJie, 6/ npH H8JIHtfHH JlJIHIIHOBOJIHOBO}l ]l8(l)OpMau,rn. 

B HaH60Jiee HHTepeCHOM CJIJ'l{ae, I<Or]la JlJIJrna BOJIHU .ne,popMaumi 
MHOro 60JII,We ,ll,JU!Hb! KpayfUOHa !f:. , CT8TH'l6CKaH 1,pay.nuommR KOmfnrypa11,1;R 
OilHCUBaeTC.fI B!ip8JKeHH6M. 

5 (n, x) = ; ( i+-11x) OR.ciJ exp ~ 11 
J 

r.ne 
f£. = (1. + A,;Ll,:) ~

0 
;i'==~vol. 

0 
TT 2A 

a 8MilJIHTy,na O]lHOtfaCTll'lHOro IlOT8illlll8Jia 

A(Ll) =A{f-2(:l,-1)-2.:l.2(Ll2+il3)}. 

ne(l)OpM811.li.fI CJlBHraeT li ]lHO Kpay]lHOHIIOtt 30Hll 

U0 (4) == U0 + E. LL , £
1 
= ~ (1.-::l,), E

2
= Ez = ;:i..,.:, lf,,. 

• i " 1,- ""1 

TaKHM o6pa30M, Kpay,nHOHH8.fI BOJIHa OilHCUBaeTC.fI JIOKaJII,HUM 
CHll 

t2k2 c(k,.<1) = U0 + E.,1. + --
' ~ 2,,µ,* 
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/2/ 

/3/ 

/4/ 

/5/ 

38KOHOM ,ll,UCIIep-

/6/ 

nJI.fI Toro,· 'lT06H Kp8YJlHOH 6HJI YCTOll'lllBUM o6p830B8HH8M, H806XOJlH

MO, t{T06!l ero CKOpOCTI, 'If 6Wia MeH1,me BeJIH'lHHH C , H83B8.HHOll H8MR 
ycJIOBHO "CKOpOCTI,10 3BYKa B Kp8YJlHOHHOff UBilOtfKe". B CJIOJKHWC peweTKaX 
B8JilltJHH8 C MOJKeT CHJII,HO OTJIHtrnTI,0.fI OT CKOpOCTH 3BYKa B KpHCT8JIJ!e S , 

KOTOp8.fI 38BHCHT OT Bcex ynpyrHX IlOCTORHHHX /He TOJ!l,KO OT ol- /, ll CB.fI
saHa co CMemeHHBM Rtf8ilKll K8K ueJioe, 8 He TOJII,KO C Maccott rn. • Han60JII,
WHil llHTepec npe.ncTaBJIReT CJIYtfBtt S <<c • IlpH 3TOM, ecJIH 'IT« S « C 1 

Kpay,nHOH "nyJII,CHpyeT" C (l)OHOHHOtt tf8CTOT0li, ,Me,nJieHHO nepe,nBHra.fICI, no 

KpHCT8JIJIY. 
ECJIH lite S « '1T « C , B03MOJKHO "qepeHKOBCKOe" H3JIY'l8HHe cpoHOHOB 8• 

Bll6p~HH!lll HaMH cnoco6 onHcaHn.fI' Il03BOJI.fI8T IlOJIY'lHTI, BepORTHOCTH H3JIY'I8-
HHR H norJiomeHH.fI (llOHOHOB MeTO]lOM ;IJ,e(l)OpM811,HOHHOro Il0T8HUH8JI8. He OCT8-
H8BJIHBa.fICI, H8 rpOM03,IUt:llX Bb!KJI8,IUtax,rrpHBe;IJ,eM OKOH'l8TeJII,Hb!e pesyJII,T8Tll. 

ECJIH BOJIHa pacnpocTpaH.fI8TC~ B;IJ,OJII, Kpay;IJ,HOHa, TO BepO.fITHOCTI, W 

H3JiytteHH.fI (l)OHOHa paBHa 

\,v = I . _x I exp _1x _ t) , E2 (q,)2 1isa -i 

2tiMs 2 N 2-P 1.: T 
p = ,us 

"Ii 

IlocKOJII,KY B 3TOM CJIYtf88 H3JIY'l8!0TC.fI H norJIOU18!0T~.fI (l)OHOHU C BOJIHOBUMH 

BeKTOpaMH Cfx ~ k , TO 

'FIS'?x~ f,sk ~ (µs
2)1/2 

T'· T T , 

TaKHM o6pasoM, np:11 T»,µ.s 2 

\N'"" E{ ~_I__ 
8 M s2 ;V µs µs 2 

ECJIH lite B KpHCT8JIJI8 B036ylltn6Hll KO~e6aHHR co BCBMH B03MOlKHllMH HanpaB

JieHH.fIMll q , TO q,~T/ns , B TO BpeMR KaK Cfx~ k~ V2,µr/ti. 
CJie,ll.OBaTeJII,HO, 

l/2 

Cfx tµs2j ~ ..£ << 1, --~ V . 9, T 

'lTO YK83!.iB8eT na THilH'IHllfi -qepeHKOBCKmi KOHYC B yrJIOBOM pacnpe,neJieHHH 

H3Jiy'leHH.fI, 
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"Bee .Hit 3Hae.H, KaKU.H OoJZxen 61tm1:> 
nyouHe. Mtt He npemenoye.H Ha mo, ~mo61t 
Y.Hemr, ezo zomoeumr,. 3mo He Hawe oeJ10. 
Hawe OeJ10 - ,cpumu,coecimr, noec:ipa".·· 

Jlx.H.J]xepo.H. "O mo.H, ~mo He Haoo 
CJ1ywam1:>CR ~yxux coeemoe" 

fJiaBa VIII. COJil1TOHHfJE BOJIHU B ITAfIBPJICOBCKHX CHCTH11AX 

B :=JTo!1 rJiaBe pacCMOTr,eHO B.mrnmie ItB8HTOB!lX aqxlieKTOB 1!8 CTPYK

Typm1e ne1f,eKTH nma Kl'If!l{OB B KBU3l'IOnHoMepm.rx CllCTCM8X, B KOTOpux 

3JleKTpOH-WCHOHl!Oe B38llMO,ne!iCTBl'!e npnBO,lll1T K CTPYKTypHOMY nepexony 

nattepJICOBCKOJ;;o TUII8. 3ra npo6JieMa oco6em1O 8KTYMb!!8 B IIOCJie,llHl!e roA}l 

B CB.fI31! c OTK.PliTilOM opramlt£8CKnX ITOJll'IM8pOB C 6OJibWOtt npoBO,lll'IMOCTbIO. 

ECTb OCHOB8Hl!H npe,nnoJiaraTb' 'ITO HX npoBO,llHMOCTI, o6yCJIOBJI8Ha HOCl'ITe

Jl.fIMli TOKa HOBoro Tli!I8 - 38p.fIJK8HHElMH COJ!l!TOHaMII, BO MHOr11x OTHOW8HllflX 

8HaJIOrll•HIElMl'I KpaynnonaM. TllITlit{HEitt npllMep T8KOro Tl!IT8 - ITOJil1fill8THJ!8H. 

Ero CTpyKTypa noKa3ana ua puc. 16. · Ueno•rna yrJiepommx aTOMOB CB.fI3aHa 

t£epenymmMuc.fI o,nmmpllb!Ml'I / rr -aJieKTPOHHElMH/ 11 ,nBoitHElMH /er+ TT I CB.fI3.fl

Ml1. ,UBO~H8H CB.fI3b KOpoqe ommapuoit, ITO:3TOMY nepuo,n peweTKH BKJIIO•IaeT 

,nsa 8TOM8. ECJil1 B H8ItoropoM M8CTe ITOCJie,llOBaTeJI.bHOCTb cs,rnei1 uapyme11a, 

TO nepexon; ll3 O,D;HO!! KOH!f'Hryparwn K ,npyrott "p83M83!IB8eTC.fl" Ha HeCKOJII,KO 

ITOCTORHHllX pemeTKli, oCipa3y.fI ITpOTJIJKeHHll!1 n;eifieKT C qopMO!1 IDUIKa. B C8MOM 

rpy6or.i np116J1l1JKem111 MOJKHO C4l1r8T.I,, 'ITO B 38Bl'ICHMOCTl1 OT IlOJIOJKCHli.fI 

TT -CBH3l1, ,D;Jlfl KaJKnoro 8TOM8 l!MeIOTCfl .r(Ba p8B!IOBec1mx IlOJIOJl<eHli.fl C o,nmra

KOBO!1 aneprHetl. T8Kl1M o6pa3OM, KalKD;l:llt 8TOM Haxo.n11TCfl B ,D;BYJC'bRMHOM no

TeHI.ll18JlC W' (LL) ' CX8M8Tll'l8CKH ll3O6paJKeHHOM H8 pile. 17. 3a,na•rn COCTOIIT 

B H~XO:'!U(el!lm IJOT8H1Ul8Jl3 \N'(u) ll B B!lt£11CJieHml ,lll1H8Ml1'1eCKHX xapaKTepnc

TliK COJ!l!TOH8. 

fll • fi\. HI, . <i-<;) .->o. 

J-'-.....jf-, ,~vc·,r 
I ,,_t-20--;--H 
fl$ 7 

/c~/c"(I/ c,__...,------c, w 
HO 

PHC. 16. Tf:8HC-ITOJ!l-l8ll8Tl1Jlel! 

IlO ,ll8HllllM 
15 • naoi!HM CBH3I, 

Kopoqe Ha 0,085 A. B 38Bl'ICll

MOCTll OT IIOJIOJKeHHH TIOUBll~Hott 

TT -CB.fI3H~ 3TOM C 118XOUlHCH B 

JieBOM 11Jlll npaBOM Ml!HilMyMe 

,n;Bonno!1 .f!M!l. 

§37. Bll'lllC~eHRe COJIRTOIIH!lX xapaKT8pRCTl1K c ITOMOWbID Tom,Ko OAHO'IBCTR'l~ 

HOr_O IIOTeHUl'I8JI8 

w(u) 

- u. u. u 

MMeH B Bliny npHMeH8HR8 T80pHR 

He TO~.I,KO. K IlO~RaueTHJieny, paccMOT

pRM H8KOT0plle o6wne CBOi1CTB8 CRCTeM 

C .nBYJ('bRMHllM llOT8HD;l!aJIOMVV(U,) 

/pHC.17/, y,noBJieTBOpfllOOlHM YCJIOBH.fIM 

\.v(:t U.
0

) = vv'(:tu.o)=O, /1/ 

W(u+a) = W(u), /2/ 
PRc.17. ,llByx'b.HMHlm noTeHIJ;l!a.JI. l1 IIOKallteM, 'ITO ,llHH8MR'18CKH8 xapaK-

TepRCTRKn MOlKHO BEl'IRCJIHTb 6e3 s~alU!H COJmTOHHOrO peweHRH. 

PacCMOTPRM CHCTSMY, OIDlC!lBBSMYJ) ~arpaHl!UlaHOM 

L= ';Lu.!-2.[~ (ull+f-u,,f+W(urt>J, ol=ms
2

. /3/ 
~ .. ~ . 

lls Hero c~e,nyroT ypaBH8HRH ,D;Blllt8HM 

•• :J. cJ 2 un. of,w 
mu -ms -- ==- --

n. B n,2. dlLtt ~ 
/4/· 

Hae 6y,nyT HHTepeCOB8T~ pemeHRH B BB,11,8 BO~H, pacnpoCTJ)8Hm'.lllUIXCH C·IIO

CTORHHO!l: CKOpOCTb_!O V' 

Un.= U.(;;) , 'ii!= (n.-v-t)/f. /5/ 

ITo,ncTaBJIHfl /5/ B /4/, HM88M 

ms2(f-.ft.2) d/-u = ~w , .f, = 'I.T/5. /6/ e ol.z2 o,..U. 

YMHO~M ypaBH8HR8 /6/ 1!8 olu/d2 l1 RHTerpnpy.fI C Y'{STOM /1/, no.nyqaeM 

· ms2 (~u)
2
=- L W • /7/ 

2 \d2 f-fi 2 

ITocKOJ!l,KY ~eBM cTopoHa /7 / n 4JYHKIUIH W(u) noJIOJK11T8JlbH!l, TO cKopoCTb 

V" He MO~eT npeB!lWBT.b CKOpOCTb 3BYKa S • C .npyrott CTOpOHli., yp8BH8HH8 

/7 I ,noJ!.lltHo y,noBJieTBOP.fITbCH ,llJlfl JII06WC v-< s , oTey.na cJie,nyeT, 'ITO 

e = c: Vi-}2 - 1s1 
Y'lRT!lBM /7 /, ynpyryx> 3HeprR!O fee MOlKHO 38IlRC8Tb B BR,ll8 

ms25
00

(;du.} 2 
J m s2 5· du J 1 U. £ =- - {;tn =- -. -{;t~=-- · /9/ 

ee 2. -oo dn 2. e olr . 2. Vt-.fl.2. } 

lll 



r.ne 
llo 

U,, = V2ms 2 ' J VW(u.) du. 
-u. 

AHaJiorH'IHO, ,nJI.fI rurneTll'leCKOJ!: aHeprm-1 110.iIY'ISeM 

T = ;: 5 u2 dn = .J,2 E,.e . 

a ,nJI.fI aHeprllll B o,nHO'laCTH'IHOM IlOTeHUllaJie 

Ew.,. s W(u<n)) dn = ts Wcu) j~ du = j Lt; V 1-;2 
• 

OKOH'laTeJII,HO, IIOJIHM ::mepr1ur ll ag$JKTllBHaH Ma'cca paBHbl 

E=~ 
Vl-.J,2 

m*= V.,/s2 

/10/ 

/11/ 

/12/ 

/13/ 

TaKRM o6pa30M, aHeprmo COJIHTOHa ll CJieeyIOieylO ll3 nee aqq.itlKTllBHYIO 
Macey MO.lKHO IIOJIY'lliTb, He pewa.fI HeJillHeV.ub!e ypaBHe!lll.fI /4/, a llCIIOJII,3Y.fI 
TOJII,KO Bll,n o,nHO'l8CTH'IHOro IIOTeHUllaJia.06paTl:IM BHllM8Hli8 TaKllte Ha TO,'ITO 

BKJia,nbl B 3!NJElKTllBHYIO Macey OT Bb!paJKeHHH /11/ ll /12/ O,IU1HaKOBH 110 
BeJ!ll'lllHe ll OTJIH'laIOTC.fI TOJII,KO 3HaK8Mll; IloaTOMY aq¢eKTllBHYIO Macey MOJKHO 
orrpe,neJIHTI, ll3 JII06oro ll3 HllX, HO He ll3 RX CYMMH. 

r.ne 

B Ka'leCTBe npnMepa paccMOTpliM IIOTeHUllaJI." ip 411 : 

1 
2 {(-u )2 

} 
2 

Wcu) = 7i"J'u.. u. -1 . 

Ilo.ncTaBJIRR /14/ B /10/, Haxo.nllM 

U _ 4ms2. 2 
0 - 3 f

0 
Uo 

e =(2.ms2'\½ 
0 ,- J- :; . 

.,,. 4 m 2. m= 3 7.u., 

COJIHTOHHOe peweHlle B 3TOV. MO~eJIH ll3BeCTHO: 

U= u
0 

M(x-ir-t) e. e = t,, V 1-fl2 

ll, ecTeCTBeHHO, rrpnBO,nHT K TeM JKe pe3yJ!bTaT8M. 

/14/ 

/15/ 

/16/ 

/17/ 

Pa3YMeeTC.fI, T8KI-IM JKe o6pa30M MO.lKHO paccMOTpeTI, Kpay,nROHHIDi CJIY
qaff / § 33/, IIOCKOJ!bKY IIOTeHUnaJI /33.3/ y,nOBJieTBOp.FieT YCJIOBRRM /1/ R 
/2/ Ilpll U-0 =1. 

CpaBHHBa.FI C pe3yJ!bT8TaMH, IIOJIY'l8HHUMH ,nJI.fI Kpay,nROHOB B § 33, 

BR.nHM, 'ITO aHeprH.FI u. ll ag$JKTHBHM Macca m." /13/ co.nepJK.aT .nonOJIHll
TeJII,HHff MaJI!rl!: MHOlKl!.TeJib u: . TaKoff JKe rrapaMeTp IIO.fIBJI.fieTC.fI li B MO,neJ!ll 

ll2 

...... 

l!ly-llipnq¢epa-Xl1repa /llllIIX/ ll6• E.n:aro,nap.FI eMY aq$JKTHBHM Macca COJ!llTOH8 

B-IIOJIRaueTRJieHe OKa.3b!BaeTC.fI paBHOff Boero JIRWI, HeCKOJII,KllM aJieKTpOHHblM 
MaccaM, HeCMOTp.FI Ha To; 'ITO C8M COJIRTOH COCTOHT li3 MHOrnx CH rpynrr. 

CJieeyeT crreURaJII,HO rro,n'lepKHYTb, 'ITO B paccMaTpRBaeMHX MO,neJI.fIX 
u. ll r 1 He ,noJilKHH 6HTI, CJIHWKOM MaJibl. TO'IHee, BeJIR'IHHa u. ;noJ!lRHa 6HTI, 
60JII,We 8MIIJ!llTY:Uli HyJieBblX KOJie6aHHil B KalR;n:Oil R3 SIM O;nHO'laCTll'IHOrO rro
T.eHUHaJia. K COJKaJieHH!O, KaK 6y;neT ITOKa3aHO B CJie;nyIOmeM naparpaq:e, RMeH

HO 3TO YCJIOBHe HapywaeTC.fI B MO;neJIH llllllX. 

§ 38. Mop:eJib lliy-llipmlx!epa-XHrepa 

B OCHOBe MO;neJill llllilX JieJKHT raMllJ!bTOHRaH 

P,,_ ms2 2 · +· + l 
2. 

H = ~ 2m + 2 (In+-·;Ir1)}-[ fn+•,/anHa'arto- + ano-anrnr), /1/ 

r;ne Y!.. HYM8PY8T y8Jlli pemeTKH, c:r YKa3blBaeT HarrpaBJieHRe CilllHa, 

a;o- ll an.,.. - orrepaTopbl pO:Hm8Hll.fI ll YHH'ITOJK8Hll.fI '3JI8KTpOHOB, -t,,, l'J. -

MaTpll'lHIDi aJieMeHT nepexona aJieKTPOHa B rrpn6JIRJK~Hllll CllJII,HOV. CB.fI3H, 

Pn ll In - RMIIYJ!bC R cMemeHHe aTOMa B yaJie n • 
TaK JKe, KaK l'l B §§ 30,31, pa3JIOJKHM BeJ!ll'll-lHY t,,,Yl no MaJiblM CMemeHH.fIM 

tn+1,Yl = T,o-/- 't1 (5n+1-sn\ /2/ . 

nocJie 'lero raMHJ!bTOHll8H B38llMOneilcTBll.fI rrpl-lHl-!MaeT BH;n 

1-Ji,nt = - t1?;:, (srt+1- sn)( a:+1,<T an.a-+ a..;cr a,w,o-_). /3/ 

laJII,We MOlKHO 1-1:UTll .nBYM.fI IT,VT.f!Mll. EcJill npe;nnoJIOJKllTb, ~TO aJieKTpOH

q:,oHOHHOe B3allMO~ettcTBHe He MeH.fieT CTPYKTYPY, TO MO~HO npRMeHHTI, MeTo.n, 
liCilOJII,30BaHHbln B fJiaBe VI, ll IIOJIY'lllTb IIOJI.FipOHHOe pemeHHe TllIIa /31.7/. 
B MO,neJIH lite llllilX npe;nrroJiaraeTC.fI, 'ITO aJieKTpOH-q:,oHOHHOe B3allMO;nettcTBRe 
MeHHeT KJl8CCH'leCKOe OCHOBH06 COCTO.fIHlle ll npHBO,nHT K .Il,llMepH38UllR peweT
Kll. HoBoe COCTO.FIHRe MO.lKHO IIOJIY'lllTI,,il,opMMI,HO,BBO;nH B /1/ ll /3/ CMemeHR.fI 

sit =(-1/"u. /4/ 
B pesyJ!bTaTe, raMRJII,TOHR8H B38llMO,nettcTBll.fI ynpomaeTC.FI: 

f/,nt = -2-t., Uf; 01)""( a:+ 1,s an.s + a.;s o.n,.,,s). /5/ 

Y;nBanBaHRe nepRo;na pemeTKH npliBO,nl'lT, ecTeCTBeHHO, K ,nByKpaTHOMY 
YMeHI,WeHRD 30Hbl EpHJIJl!03H8 ll K no.fIBJ!eHRD ;nByx_aHepreTR'l6CKllX 30H - Ba

JI8HTHOH 80Hll E; R 80Hll rrpoBO,nHMOCTll E,_c , r.ne 

EKC =- E: = 2-1::., W'.5/<a. = £(1<.). /6/ 

ll3 



BBOllR 06WJHllM o6pa30M orrepaTopl:l pollU(eHHR H YHH't{TOXeHHR 3Jl8KTpOHa B 

BaJieHTHOlt 30He a~: , a:;s H B 30He rrpOBOllHMOCTH a~-;, a~_,. , ITOJIY't{a
eM raMHJibTOHHaH CHCTeM!:l B BH,ne 

H=L{E<K)(ac+ac -au-+o.." )+ 
l<S l<S l<S ,c.S ,cs 

+ 4-t usi-nka.(ac-,.av +a,'lf+-ac)} +-2/41ms2u 2 
f KS l<S ,cs KS / 

/?/ 

KOTopoe rroc;re .nnaroua;rnaauirn c rr0Mom:c10 rrpeo6paaoBaH11l1 Eoro;r!06oBa ,naeT 

H = L. E" (n;s - n:s) 
l<S 

+ 2Nms 2u 2 , 
/8/ 

.2. 2)1/2 EK = ( Uk) + ,11( ' Ii = 4 t1 u sin Ka. 

" 
OCHOBHOe COCTORHHe ueITO't{Klf C OllHHM TT -3JieKTpOHOM Ha yaeJI ITOJIY't{aeTCR 

H3 /8/ rrp11 YCJIOBl111 n:s = f , n:~ = 0 , 3aMeHRR CJMMY 11HTerpnpo-
BaHHeM ITO 30He EpHJIJII03Ha, ITOJIY't{aeM 3HeprHIO Ha Oll.HY qacTnuy: 

E
0 

=-E,, + vv'(u), /9/ 
r.ne 

W(u)= Wz/{(!!-_/[trz(u)2-1]+1] 
Tr U 0 U 0 1 

/10/ 

1 

E = W' (1 + Z. 2
) Z = _g_ e -25.. 

o .,,. 0 , o e u = toz 
o • t._l o1 

/11/ 

w = 4to - m11p11ua 3JI8KTpOHHOlt 30Hl:l, a ITOCTORHHM 3JI6KTpOH-qx)IIOHHOro 
B3aUM01l.el1cTBHR /cp. /31. 9// paBHa 

~= 2~ /1V 
rrtcm S 2 . 

3Ha't{eHHR BXOll.RlllHX B /1/-/12/ rrapaMeTDOB 116 T8KOBH: to= 2,5 aB, 
2. :1· ~ K = m..s = 21 aB, t, = 4,1 aB A U.0 = 0,04 A, .:l = 0,20. 

TaKHM o6pa30M, 01J.HO'l8CTl1't{Hl:lil ITOTeHUH8JI COCTOHT H3 UBYX fill, paa
.neJieHH!:lX 6ap:cepoM A , KOTOpl:l!l y,no6Ho 38ITHC8Tb B BH,ne 

A=;t mw;u; 
-2--/ /13/ 

r.ne w. = 2 Vk/m - rpaHH'!HaR qacToTa aKycT11qecKoro crreKTpa B "MeTaJI-
JIRtJecKoM" COCTORHIIH. TaKHM o6'pa30M. Kal!U(yll H3 JIOKaJI:CH!:lX RM / pac. 17 / 
MO!tHO anrrpOKC>'IMHpoBaT:c rapMOHl1't{eCKl1M ITOTeHUHaJIOM C nepeHOPMHpOBaHHOtt 
B ;t_ paa Kp11Bl13Hott. TI03TOMy nepBHt! KB8HTOBfltt ypoBeH:c B TaKOlt RMe eCTb 

.1...1iw= fiV,~K/m • CpaBHHBM c Bl:lCOTolt noTeHUnaJlbHoro ropela A, HMeeM 2 . 

2A = u2 if;[ m.s << 1 . ; 14; 
tiw O ti 
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3TO 03Haqae·T, '{TO KOOp,UHHaT!:l 8TOMOB RBJIRIOTCR ITJIOXHMH xapaKTepnc
T~KaMH COCTORHHR, H OITHC8HHe ,IJ;11MepH3auHH C ITOMOfilblO HCITOJI:C30BaHHOtt MO
,neJIB He,nocTaTO't{HO KOppeKTHO~ Ilo-mnt,l:lMOMJ, MO,U6Jlb IIlIIIX MOJKHO HCITOJ!b30-
B8Tb C Cl6JiblllHM ycrreXOM B KBa3HO.UHOMepH!:lX CTPYKTypax H3 6oJiee TRX6JI!:lX 

aTOMOB. 

§ 39. Eme pa3 0 ITl1HHHHre KHHKOB Ha pemeTKe 

IlOJIY'leHH!:le B § 37 qiopMyJI!:l, Bllp8!talO!IIHe .UHH8MH't{eCKHe xapaKTepHCTHKII 
COJIHTOHOB C ITOMOillblO O,UHO't{aCTH't{HOro ITOTSHUHaJia,CII,PaB8,ll;lmB!:l TO.lll,RO B ROH
THHYaJibHOM npHOJIHZeHHH. nJIR TOro, 't{T06!:l J't{SCTb pOJib ,IJ;l1CKp8THOCTH pe
meTKH, He06XOllHMO 3HaTb COOTBSTCTBYIOOlee pemeHHe HeJIHHettHoro ypaBHSHHR 
H ITO,UCTaBHTb ero B /34.1/ 11 /34.~/. IlpH 3TOM peayJibT8T 6y,ueT TeM TO't{
Hee 1 't{8M 60Jibllle pa3Mep COJil1TOH8 e , nJIR MO,UeJIB cp'f. HHT8rp8Jll:l /34, 2/ 
MOJ!tHO B3RTb TO't{HO 9• B pe3yJibT8Te OKa3HBaeTCR, '{TO COJIHTOH H8XO,IJ;l1TCR 

B 3qqJSKTl1BHOM ITOT8HUH8Jie, 06Jia.uaJJ111eM nepHO,UOM pemeTKR: 
1 2 2 2 -rr2l',, 

Ucx-) = 2 11i_ ~2rrx , l{ = 8,r2
(; -1)m.s2 fo U 0 e . /1/ 

.AMITJIHTy,ua 3TOro noTeHUHSJia Bl:NHCJIRJI8Cb B p83JIH't{Hl:lX pa6oTax 113,117 H 
paccMaTpHB8Jl8CL KaK KpHTH'IeCKaR 3HeprHR OTpHBa COJIHTOHa. B KJiaccnqec
KOtt TeOpHH OHa CBR38H8 C noporoM npOBO,IJ;>'IMOCTH, T8K K8K HOCHTSJIRMH TOK8 

B noJIHaue;HJieHe JIBJIJilOTCR 38pSDlt8HHHe KHHKH. Ma cpaBHeHHR noporoBOff 
3Hepr1111 Vi C 3Heprnett B38HMO,UettcTBHR COJIHTOHOB B 113 Bl:AHCJIRJI8Cb Kpl1-
TH't{8CK8R KOHUeHTPBUHR;npn KOTOpoft H8't{HeTCR 6ecnoporOB8R npoBO,IJ;11MOCTb, 
B 116 3T8 3HeprHR H83B8H8 3Hepruett .ITHHHHHra H oueHeHa Ha 20-40 K. 
B ,ueilCTBHTSJibHOCTH JierKo BH,UeTb, '{TO TaR llt8 ,KaI< H B CJIY'l8e Kp8Ylll10H8, 
IlHHHHHr COJIHTOHOB B ITOJIHaueTHJieHe H8 pemeTKe H8B03MOllteH ,U8Jlte npn T = o. 
nJIR llOJmtm8TRJI8Ha BBe,UeHH!:lft HBMH napaMeTp KB8HTOBOCTl1 /34.4/ MSHLllle 

e'AHHHU!:l npn YCJIOBHH . ~ 

rr 2 t e"
2

f) 8rr2
( ;

2
-t) e;;t·/(':.) e,2 

/2/ 

'ITO BHITOJIHSHO ,U8Jlt8 npH e = 1 , 
TaKHM o6paaoM,cOJIHTOHH B ITOJIH8U8THJieHe ,ueJIOK8JIH3YJOTCR 11 npeBpa

maDTCR B KB8311't{8CTHUH - COJIHTOHHHe BOJIHH. IlOII,P8BKa K aqqJSKTHBHOft Macce 
COJIHTOHa MaJia / ~ 3'2 

/, IloaTOMY YTO't{HeH11e napaMeTpOB 3qqJSKTl1BHoro pe- . 
meTO't{Horo. noTeHU11aJia /1/ HSHJltHO, EoJiee Toro, ero BO MHornx aa,uaqax 
BOBce He·CJie,uyeT npHH>'!MaTb BO BHHMaHHe. 
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3.AKJOOllEHHE 

"Ha penemul,juu Bouma, c.11ywaR caov 
onepy, c,;a3Q.1Z, 11u ,c 1Co1<1y ne 06pa111aRct1: 

- M1te ,ca:remcR, a 3moa onepe ecmr, 
1<1ecma, ,comopue 1<e 3ac.11yruaavm caucma ". 

B.11ac /lopoweau". "Teampa.11t1nue 3a/<lem,cu 11 

3aKaHtJHB8.II KHHrY, Si XOTM Ch.I eme pas rro,nqepKiiyTb t!CKJIJO'!ll-
TeJII,HYJO l!W3Hecrroco6HOCTh M8TO,ll,a KB83HtJ8CTUU. Ey.ny1rn cos.naHHb!M, 6oJJee 
OOJJYBeKa H838,I(, OH OCTaeTCR aKTYa.JihHb!M H no ceronHfllllHHfi neHh H npo
,ll,OJilltaeT COBepmeHCTBOBBThCR H pacrnHpRTh CBOJO cipepy BJIBRHHR Ha Bee 
HOB!le H HOB!le 06'heKTll. Cpenn HHX BBJKHOe MeCTO saHHMaJOT pa3JJH'!IU.S 
11 T.fllKeJII:le" neqieKT!l - B8Ral!CHH, IlpliMeCH, Kpay,IUIOll!l, KHIIKH Ii np., KOTO
p11e H COCT8Bl1Jlll. OCHOBY H8CTO.ffillill{ JJeKUHiL HOB!lM MOMBHTOM RBJI.fleTCR 
T8IO!te RB83HtJ8CTHtJHaR ,ll,HHBMHKa B neqiopMHpyeM!lX TBep,nux TeJJax. K COJKa
JJeHHJO, orpaHHtJeHH!ltt o6~eM KHHrH He Il03BOJJReT pacCMOTpeTI, eme P.fI.D. 
npo6JJeM, rrpe,ncTaBJJRIClllHX onpe,neJJeHH!ltt HHTepec c TeopeTHtJBCKOfi HJJH 
3KCIIepHMeHT8JI!,HOtt TOtIKll 3peHHR. Cpe,ll,H HHX - TeIIJJonpoBO,ll,HOCTh H CBepx
TeKYtJeCTh KBBHTOB!lX KpHCTaJJJJOB C necpeKT8Mli, KBBHTOBM nmf¢y311R B YCJJO
BHRX CHJII,HOtt JIOK8JJH38UHH neqieKTOHOB, a T8Kllte 06HapyJKeHHa.H nenaBHO 
KB83HO,ll,HOMepHM ,ll,Hgxpy31UI npHMecett. fl ne o6cylK,ll,aJJ TBKlKe npHMeHBHHe 
MeTona KB83HtJ8CTHU K J1erro1M npHMeCRM BO,ll,Opona B MeTaJJJJax, KB8HTOBYJO 
,ll,Hifqiy3HJO MJOOHOB H np. Bee 3TO tJHTaTeJJI, MOJKeT nattTH B Jlll.TepaType. KaJK-' 
,ll,M H3 YKa88HH!lX npo6JJeM o6JJa,naeT CBoett cneuH!pliKOtt, H3JIOJK€HHe KOTOpott 
38HRJJO 6!1 H80IIpaB,Italil10 MHOI'O ?.48CT8 H YCHJJHtt H He COOTBeTCTBOBBJIO 611 ' 
CTH.IIIO' H ueJIRM Jl8KUHtt. EOJJhfilHHCTBO H3 3THX npo6JJeM,TaK JKe,KaKH Te, 
KOTOpHe paccMOTpeHH B KHHre,Bce eme ,ll,BJieKH OT ITOJll!Oro 3aBeprneHHR H 
npenocT8BJI.HDT dOJll,moe llOJJ8 ,ll,8RT8JU,HOCTH. fl 6HJI 6H OtJ8Hh pan, 8CJm 6H 

HSOTOsmt8JI KHHI'S NOI'JJ8 IIpRBJI8% K Hmr BHRM8HR8 tJHTaTeJJett. 

.. 
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Tpe6oBaHWI., npe,n~RMaeMHe R cep.im 6poll11Dp 
"Jieianm ,nJlil MOJIO,IU:DC Y'l8HUX Ollilli" 

CepWI 6pOllllll> n Jle~ll ,nJlil MOJIO,IUlX y,3:8HUX OHmr' HS,D;aeTca C UeJl:&ll 
llOB.lilll8HHH HaY'!HO-npoqieccllOHWll,IIOro Kpyrosopa R ypomm MOJIO,ll;WC yqeHWC 
R Cll8IU{aJIHCTOB Oilffii B aitTYaJI:&HHX o6JiaCTJIX HCCJie,nomuntll:, B8,D;ylllHXCJI no 
TeMaTHK8 lftlCTllTyTa. limyCKH ,Il;OJDKHli np8,Il;CTaBJIJIT:& co6oa BaKOH'lemw:e 
IOIKJili Jieruotii, npO'IHT8HW,IO B 0llill1 R OpR8HTRpOBamme np8E,It8 BCero Ha 
MOJIO.Inil COTpy,D;HHKOB lftlCTllTyTa. 

Jle~H ,nOJDJaw HM8Tl> xapaKTep y,3:e6Horo noco6WI, npe,D;HaSHa'lemtoro 
,wra nepBoro oaHaKOMJieIIHH c pacCMaTpHBaeMott npoc5JieMott, a Ta!Ole co,nep

JJtaTl> o6aop ea conpa~eHHoro cocTo.RHWl. OHR ,n()JIJIUIH 61:lTl> cHa6xeHU no.n
po6Hl:1M orJiaBJI8HHOM li OCHOBHOii JIHTepaTYPOH. EOJil,!JJli8 naparpru_pu peKOM8H
.nyeTCJI pas6HBaTI> Ha rio;maparparpu c BWiecemwMn B orJUlBJieime no,naaro
JIOBKaM.H. 

~ t,' 

Beel> T8KCT, BKJIIO'IM OT,I1;8JII,Hll8 rJiaBll R naparpaqiu I CJI8,lly8T nel!a- ·,, 

TaTI>; aanOJIWIS! KruK.IJYIO CTParnuJY U8JIRKOM. I 
Pyi<OnRCI, ,no.mma 6HTI, HaII8'laTaHa Ha cneURaJil,HUX 6JJ:amta:x, npe,D;Haa-

Haqemmx MJ1 IlpaMOro penpO)IYIOipOBaHHH, ROTOplle MOlEHO IIOJiy'IRT:& B H3-
,naT8JI:&CROM OT,Il;8JI8. Bee qlOPJY.IIH H cxeMU ,Il;OJDIIHU 6UT:& BllRCaH!l 'JCKypaTHO 
ll JICHO Tyllll,ll WIH qepHWiaMH '18.PHOI'O IU38Ta. PaSMeTKa qiopJyJI He npoRa
BO,Il;HTCJI, llX HyMepa!U{JI ,D;OJIXHa HaxO,Il;HTl>CJI B ROHil0 CTpoKR CnpaBa B 
KpyrJIHX CR06Kax. TeICCT JieKIOtll II8'laTaeTCJI Ha Mainmnte C qepnott (mi ce
poa) JI0HTOtt qepes I,5 IDIT8pBaJia. 06~0M JIOICIUtlt HO ,Il;OJDl0H np8B.lilllaT:& 
100 CTpaH~ MaIIIHHOIIllCHOro TOKCTa. 

Pyl<OIIRCl, IIp0.D.CTaBJIJI8TCJI B Pe.D.aKUROHllllli COBOT CepHli 6polll!Op "Jl!3K
~ ,I:1JIJ1 MOJIO.IUIX y,3:0HliX 0illil1" CoBOTOM MOJIOJUIX Y'IOHliX R CIIOURaJillCTOB 
OIDlli a COB8Ta.Mll MOJIO.IUIX yqeHUX a CIIOUllaJIHCTOB Jia6opaTopml HHCTllTyTa. 
Pe.naI?mOHHUH COB8T npmnn.iaeT OKOH'IaT8JII,H08 peme1me O U8JI~Coo6paaHO
CTli 80 ny6Jn1Ka.UllR. 

PO.naKUllOHlUill COB8T 
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