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BBE,ItEHHE 

"PaccKaa~uK 6epem Ha ce6R CMenocmD 
ymeepzoamD, ~mo KHuza cuR omnu~aemcR om 
6onDweu ~acmu coepeMeHHax npouaeeoeHuu 
maKOZO pooa. xomD MHOZUe U3 HUX 6anu 
npuHRma ny6nuKou 6naeocKnaHHO". 

/JaHU3nD /Jerlo "POKCaHa" 

B nocneAHee BpeMJt 11ccn~oBaH1flD ta30B!iX nepeXOAOB II CBSl3aHHblX C 

HllMH KPHTH'leCKHX SIBneHU8 YAenHeTCSI O'leH& OOJI&ll!Oe BHHMa1111e. BH3BaHO 3TO, 

npeiio:1e scero, CJle,nyIOIIIHMH OOCTOSITen&CTBaMH. 

Bo-nepBHX, pa3nH'IHHe ta30BHe nepeXOAH OOCTOSIHHO HCOOJI&3YJOTCSI B 

cospeMeHH08 TeXHHKe II TeXHOJIOrHH. qTOOH He OHT& I'OJIOCJIOBHHMH, np11BeAeM 

HeCKOn&KO np11Mepos. 

H3BeCTHO, 'ITO np11 OCBE!l!leHHH nonynpOBOAHHKOB B HHX MOEeT B03HHK-

HYT& !3AC • no BenH'll!He toT03AC nponopu11011an&11a 1I1Hp1111e 3anpe111e11-

1108 3011H H OOH'IHO He npeB1,1111aeT HeCKOJI&KHX BOJI&T. 0AHaKo cpaBHHTen&HO 

HeAaBHO ObUIO o011apyEe110/1 , 21 , 'ITO B nonynpoBOAHH~ax, HBnHIOIIIIIXCSI OAHO

BpeMeHHO cer11eTosneKTPHKaMH, np11 nepexoAe 113 napasneKTPH'lecKo8 B cer-

11eTosneKTp11qecKyio ta3y MOEeT B03HHKHYT& fOT03AC, AOCTHr~an BenH-

'IHHH nopHAKa 105 B /a110Man&Hli8 fOTOBOJI&TaH'leCKH8 stteKT/. 9TO S1Bne1111e 

11cnon&3yeTcn B aacT011111ee speMH nnn 3anHCH ronorpaMM /J/. 

B 1949 r. MOTT / 4/ TeopeTH'leCKH noKa3an B03MOEHOCT& npeBpB.llleHHSI 

HeKOTOPHX npOBOAHIIKOB B H30nSITOPH np11 OOHHEeHHH TeMnepaTypH. Ilp11Mep110 

AeCSIT& neT cnyCTSI TaK08 nepexoA ObUI oOHapyEeH B OKHCH BaHaAHSI II PHAe 

APYrHX coeAUHeHH8. Ceaqac 11a 11enon&30BaHHH 3TOro SIBneHHH OCHOBaH np1111-

u11n Ae8CTBHH HHAHKaTOPHHX nnaT II pa3nH'IHHX YCTP08CTB aBTOMaTH'lecKoro 

KOHTponn TeMnepaTypu / 5/. 

YKaEeM TaKEe Ilpl!Mepu, OTHOCHllll!eCSI K TeXHonor1111. Xop01110 113BeCTHO; 

KaKoe 3Ha'leHUe nnn COBpeMeHH08 sneKTPOHllKH HME!IOT KpHCTannli II C KaKHMH 

TPYAHOCTSIMH CBSl3aHo HX supa11111saHHe. OOH'!HO 3TOT npouecc HAeT AOCTa

TO'IHO Me,It1leHHO. 0Ka3anoc&, OAHaKo, 'ITO oOny'leHUe fOTOHaMH MOEeT 3aMeT

HO YBenH'IHT& CKOpOCT& pOCTa PHAa KpHCTannOB 161. na•e 00H'IHH8 neA oOpa-

3yeTCSI ropa3AO OHCTPee, ecnH Ha Hero B03Ae8CTBOBaT& yn&Tpat110JieTOBHM 

u 3nyqeHHeM / 7/_ Eonee Toro, B03Ae8CTBHe toTOHOB MOEeT np11BeCTH K 113Me

HeHHSIM B IlnOTHOCTH II op11eHTaQHH nOJiynpoBOAHllKOBHX KpHCTannOB, 'ITO TaK

Ee IIC00n&3yeTCSI np11 113rOTOBneHHR MaTep11anoB MH sneKTPOHHKH. 

Ec.ri11 pacnnasne1111yio cTan& oqe11& O!iCTPO oxnaAHT&, 11anp11Mep, BHnH

san lKHAKHR MeTann 11a spa111~acn MeAHH8 OapaOa11, 11enpepus110 oxn~ae-
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Mbltt AO asOTlll,IX TeMIIepaTyp, TO o6pasyeTCH a.MOP~Hoe COCTOHHHe - CTaJib 

6e3 KPHCTaJIJIHqecKott CTPYKTYPH, T.e. MeTaJlJIHqecKOe CTeKJIO. 9TO npOHC

XOAHT noTOMY, qTo npH CTOnb 6blCTpOM oxn~eHHH lKHAKOtt CTaJIH MoneKYnH 

npOCTO He ycneBaJOT o6pa30BaTb ynopHAoqeHHYJO B npOCTPaHCTBe CTPYKTypy. 

BewecTBO OCTaeTCH B_ MeTacTa6HnbHOM ~a30BOM COCTOHHHH, HMeIOWeM XOTH H 

6onawoe, HO Bee xe KOHeqHoe BpeMH lKH3HH /OT HeCKOnbKHX neT AO HeCKOnb

KHX AeCHTKOB neT/. B KOHUe KOHUOB TaKoe MeTannaqecKoe CTeKno ~pHCTaJI

nasyeTCH. Ho OHO HaCTOnbKO OTJIHqaeTCH OT o6~Hott CTaJIH - o6naAaeT 

nnacTHqHOCTbW H 3Ha'fflTenbHO Oonamett sneKTponpOBOAHOCTbW - qTo ero OKa

simaeTCH BHrOAHHM acnonb30BaTb B TeXHHKe, B qacTHOCTH, MH nparOTOBne

HHH o6MOTOK TpaHc~opMaTopoB. 

,npyroe o6CTOHTenbCTBO CBH3aHo B TeM, qTO Ca.MO noHHTHe ~asoBoro 

nepeXOAa, TPaAHUHOHHO OTHOCHBWeecH K ~H3HKe KOHAeHCHPOBaHHoro COCTOH

HHH, B nocneAHHe ro,IIH IlPOHHKnO H yKopeHHnOCb B CaMblX pasnHqlll:,IX 06-

naCTHX ~H3HKH, XHMHH, A-e 6HOnOrHH. TaK, B HAePHOtt ~H3HKe npHHHTO 

roBOPHTb O ~a30BOM nepexoAe B CBH3H C. aHOMaJlbHHM noBeAeHHeM MOMeHTa 

HHepUHH THXenHX HAeP B o6nacTH 6onDWHX 3HaqeHHtt yrnoBOtt qacTOTH /back 

banding/_ /B, 9 /_ B KBaHTOBOtt XPOMOAHHaMHKe AeKOH~attHMeHT HHTepnpeTH

PYJOT KaK ~a30BHtt nepeXOA H3 iiAPOHHOro COCTOHHHH B COCTOHHHe KBapK

-rnroOHHOtt nnasMbl /lO/. B KBaHTOBott paAffO~HSHKe reaepauaro nasepHoro 

asnyqeHHH OnHCblBaJOT KaK ~a30BH8 nepeXOA, CBH3aa111,1tt C AOC=eaaeM no-. 

pora HaKaqKa aKTHBHOtt cpe.tlPI /ll/. XaMHqecKan.peaKUHH BenoycoBa-~a6o

THHCKoro, nepHOAffqHOCTb B H3MeHeHHH nonynguHH pucett B necax KaaaAH1121 , 

o6pasoBaHHe TP.onHqeCKHX yparaHOB H MHOrHe APYrHe l1BneHH.R CBH3aHH c 

~a30BHMH nepeXOAaMHo IlpH 3TOM oco6eHHO B-HO TO, qTo ~a30Bble nepexo

AH H KpHTHqecKHe HBneHHH, npOHCXOAHWHe B pa3HHX no ~H3HqecKott npapo

Ae CHCTeMaX, o6naAaJOT 06Wl{MH qepTaMH H MOryT 6b1Tb OnHca111,1 B paMKax 

eAHHOro noAXOAa. 9TO o6CTOHTenbCTBO nosBon.ReT paccMaTPHBaTb TeOpHro 

~a30BHX nepeXOAOB H KPHTHqeCKHX HBneHHtt KaK caMOCTOHTenbHYJO aayqHYJO 

AffCUHil.llHHY • 

Bee 3TO IlPHBOAHT K aenpepimao B03pacTallllleMY noTOKY ny6nHKauHtt B 

nepHOAHqecKHX H3JtaHHHX. TeMe ~asoBHX nepexoAOB TIOCB.RWaJOTC.R KOH~epeH

UHH, CHMII03HYMbl, CeMHHapbl, ny6nHKYJOTCH MHOro'fflcn8Hlll:,le MOHOrpa~HH /CM., 

HanpHMep, /13-18//. 

B HO.R6pe 1982 r. aBTOPbl HaCTO.Rwero Kypca npoqna qeTHpe neKUHH DOA 

o6Wl{M Ha3BaHHeM "CnOHTaa111,1e aapyweHH.R CHMMeTpHH H KPHTHqeCKHe .RBneHHH" 

B pa.MKax XY M~aapOJtHOtt WKonH no ~HSHKe BblCOKHX 3HeprHtt 1191_ ~enb 

3THX nel(UHtt COCTO.Rna B TOM, qT06bl nosHaKOMHTb CTISUHaJIHCTOB B o6nacTH 

~H3HKH sneMeHTap111,1x qacTHu H KBaHTOBOtt TeopHH non.RC OCHOBHHMH nono

zeHH.RMH H MeTOJtaMH T80PHH ~asOBHX nepeXOJtOB H KPHTHqecKHX HBneHHtt. no 

o6beMY H xapaKTepy asnozeHHH 3TH neKUHH /l9 / npeAcTaBn.RWT co6ott KpaT-

4 

Koe BBeAel!He B npeJ:tMeT. re.it CDYCTH, oceHbro-1983 r., aBTOPH nonY'lJ{nH 

B03MOEHOCTb npoqeCTb B 06beAHHeHHOM HHCTHTYT8 fiAepHNX HCcneAOBaHHtt 

6onee np®=TenaHNtt xypc nemtHtt , asnoEeHHro KOTOporo H nocBH-

weao HacTomitee HS.ztaHHe. 

llpH qTeHHH neiatHtt 11 UOJtr0TOBKe HX K ny6JIHKauHH M>I CTPeMHJIHCb npn 

ycnoBHH MaKCHMaJibHOtt npocTOTbl H Harn.RAHOC'l:H BsnoEeHHH -noAqepKHYTD o6w

HOCTb npo6neMN ~a30BHX nepeXO.t!OB, YHHBepcanbHOCTb TIPHMeHHeMHX B Hett 

MeTOAOB H MO.ztenett. 9TO c Hem16eEHOCTbro np11Beno K TOMY, qTo ueHTPaJib

Hoe MeCTO B "Kypce aaHHMalOT BOnpOCN O BHPOEAeHHH BaKYYMa B MaKPOCKO

nHqecKHX CHCTeMaX H ~YHAa.MeHTaJibHa.R KOHUeTIUHH KBa3Hcpe.ztHHX H.H.Boro

nro6oBa 1
20

, 211, HrpaY.JDtaH oco6yio ponb B TeOpHH ~a30BblX nepeXOAOB H 

KPHTHqeCKHX .RBneHHtt. nocneAOBaTenbHO npocneEeHHa.R B3aHMOCBH3b ~aso

BOro nepexo.zta H cnoHTaHHOro uapyweHHH ,CHMMeTPHH B CHCTeMe nosBonHeT 

C eAHHOtt TOqKH speHHH OTIHCNBaTb ~aSOBHe nepexo,IIH KaK nepBoro, TaK H 

ETOporo po.zta, a TaKEe TIOCTPOHTb MHKPOCKOnHqecKy!O TeopHro reTepo~a3111,1x 

COCTOlrHHtt. 

MN npH3HaTenblll,I aKaAeMHKY H.H.Boronro6oBy sa BHHMaHHe K Hamett 

pa6oTe H nOCTOHHHYW noJtAepxKy. PHA BonpocoB, saTpOHYTHX B uacTOHWeM 

Kypce, B pa3HOe BpeMH 06CYEAaJICH c A.M.BanAHHHM, H.H.BOI'OJlID60BHM /Mn./, 
n.H.Boronro60BHM, A.B.E~peMOBHM, B.K.JlyKbHHOBHM, H.H.t1HxattnoBHM, 

C.B.neneTMHHCKHM, M.PaaeTTH, B.H.Ca.itOBHHKOBHM, P.CTHHqKOM60M, ~.Tep 

xaapoM, c.~payen.ztop~oM, H.A.qepHHKOEblM, ~.B.lllHpKOBb1M, H.P.~XHOBCKHM, 

KOTOPHM M>I, TIQnb3YHCb cnyqaeM, BHP-aeM rny6oxyio 6naroAapHOCTb. MN 

TaKxe 6naroAapHbl BCeM cnywaTenHM HawHX neKUHtt sa BOnpoCN H AHCKyCCHH~ 

cnoco6cTBoBaEWHe yny=eHHro HsnoxeHHH. 

• 
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· "Omtm ecmt> xpono.11oeu~ec'!fU nepaoe a oe.ne ananuJ1" 

A.H.I'epl{en."lluct>.Ma 06 uay~enuu npupoott" 

JleJmHJI 1. 3KCITEPHMEHTAJJbHE.1E.XAPAKTEPHCTHKH 

Bblnle M,J roBOpHnH O ~a90BOM nepexo~e KaK 06 HHTYHTHBHOM nOHJITHH. 

Tenep& nocTapaeMCJI nepe8'l'H K 6onee KOHKPeTHblM ~PMYnHPOBKaM. 

~a90BOe COCTOJIHHe /HnH npocTO ~asa/ - COCTOJIHHe MaKpOCKOnHqec

K08 CHCTeMl,I~ KaqecTBeHHO OTnHqaJa!!eecJI no CBOHM xapaKTepHCTHKaM OT 

.IlPYrHX COCTOJIHH8 T08 •e CHCTeM,J. 

~a90Bli8 nepexon - KaqeCTBeHHOe H9MeHeHHe COCTOJIHHJI CHCTeMbl npH 

.HenpepliBHOM, 6eCKOHeqHo ManOM H9MeHeHHH BHeIJJHHX napaMeTPOB. C yqeTOM 

npe.ni:mY111ero onpeneneHHn MOEHO cKasaT&, qTo 9TO nepexon Hs,onHoro ~a

soBoro COCTOJIHHJI CHCTeM,J B ,Qpyroe • 

KpHTHqecKHe JIBneHHH 

~asoBoro nepexona. 

9TO oco6eHHOCTH noBeneHHH CHCTeMl,I B6nH9H 

B CBH9H C 9THMH onpeneneHHHMH ecTeCTBeHHO B09HHKaeT Bonpoc: 

KaKoe H9MeHeHHe COCTOHHHH CHCTeM,J MOEHO CqffTaTh "KaqeCTBeHHliM" H Ka

KHe napaMeTpli BHeIJlHHMH? 'IT06li OTDeTHTh Ha 9TOT BOnpoc_, paCCMOTPHM 

HeKOTOPlie 9KcnepHMeHTan&Hlie naHHlie. 

MarHHTHoe ynopnnoqeHHe. 3To HBneHHe Ha6n~naeTcH y =c™x nepe

xon=x 9neMeHTOB /3-d H 4- ( -9neMeH™ Ta6nHin,i MeHneneeBa/, cnnaBoB, 

HHTepMeTannHqeCKHX COenHHeHH8 H CHnhHO pas6aBneHHliX paCTBOpOB aTOMOB 

Ha OCHOBe 9THX 9neMeHTOB. Cpenli C MarHHTHliM ynopnnoqeHHeM nenHTCH Ha 

TPH rpynnli. . 

~eppoMarHeTHKH - BellteCTBa c napannen&HblM ynopnn9qeHHeM MarHHT

HliX MoMeHTOB B KpHCTannHqecKo8 peweTKe /pHc. 1/. 

AHTH~eppoMarHeTHKH - Be11tecTsa c aHTHnapannen&HliM ynopnnoqeaHeM 

MarHHTHliX MOMeHTOB /pHc. 2/. TaK~ CHCTeMY MOMHO pacCMaTPHBaT& KaK 

COBOKynHOCTh nBYX aHTHnapannen&HliX ~eppoMarHHTHliX nero>eweToK, BCTaB

neHHliX npyr B ro>yra •I 
~eppHMarHeTHKH npencTaBn~T co6o8 Ha6op H9 nBYX HnH HeCK0nhKHX 

He9KBHBaneHTHliX MarHHToynopnnoqeHHliX noro>eweToK, pacnonoEeHHliX aaTH

napannen&Ho HnH non yrnoM ro>Yr K npyry /pHc. 3/. 
BsneHHe.cnoHTaHHoro MarHHTHoro ynopnnoqeaHn aaomonaeTcH nmm. npH 

TeMnepaTypax HHMe HeKOTOpo8, onpeneneHH08 AJIH Kagnoro BellteCTBa-TO'lKH 

Jo J Bblllle 7; HMeeT MeCTO MarHHTHlin 6ecnopnnoK, HnH napaMarHHTHOe 

•I Cpenff sneMeHTOB, nOMHMO nepexonHliX, K aHTHteppoMarHeTHKaM OTHO
CHTCH TBep~ KHcnopon H xpoM. 

6 

PHC. 1. ~eppoMarHHTHOe ynopnnoqeHHe B rpaHer.teHTPHPOBaHH.08 
pe111eTKe Ni. 

0 

PHc. 2. AHTH~eppoMarHHTHoe ynopnnoqeHHe B Ky6HtleCKo8 
PeIJJeTKe MnO. 

6 T 6 T 6 ' 6 r 
Puc. 3. ~eppHMarHHTHoe ynopnnoqeHHe B nHHe8ao8 nenotiKe 

HOHOB. 
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Puc. 4. CnOHTaHHalI HaMarHHqeHHOCTb (a) H TennoeMKOCTb (6) 
HHKenH c To=631KJ Ma - HaMarHHqeHHOCTb npH T=O K. 
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PHc. s. YrnoBaJI saBHCHMOCTb HHT8HCHBHOCTH nOTOKa HeATPOHOB 
(a) H TeMIIepaTypHaJI saBHCHMOCTb nHKOB (6) ,lpl/I 

aHTH~eppoMarHeTHKa MnV203 c To-56 K. 
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cocTOJIHHe. TaKHM o6pasoM, B Toqxe T0 HMeeT MeCTO xaqecTB8HHOe H3-

MeHeHHe COCTOJIHHJI TaKHX CHCTeM - nepeXOA H3 napaMarHHTHOro COCTOJIHHJI 

B MarHHTOYnOPlIAOqeHHOe. KaKHMH ~e napaMeTPaMH MO~HO xapaKT8PH30BaTb 

3TOT ¢a30BNA nepeXOA? 

B cnyqae ¢eppoMarHeTHKa HMeeT MeCTO cneIU{¢HqecKaH 3aBHCHMOCTb 
➔ 

cnoHTaHHOA HaMarHHqeHHOCTH M /T.e. HaMarHHqeHHOCTH .B HynesoM BHew-

HeM none/ OT TeMnepaTypN /pHC. 4a/. BenHqHHa N onpeAenJieTCJI KaK. 

cpeAHHA MarHHT=A MOMeHT B peweTKe 
N 

➔ -l >. · ➔ 
M = N L.:.. mi , /1.1/ 

;fz:/. 
rAe mf - CpeAHHA MarHHT=A MOM8HT f -ro HOHa H /'I - qHcnO ➔Mar-
HHT-X HOHOB B peweTKe. KaK H8TPYAHO BHA8Tb, Bbll:lle 7;, BenHqHHa lf•O 1 

TorAa xax HH~e To IHI > 0. TaKHM o6pasoM, HenpepNBHO MeHJI!ObUIMCJI BHew-

HHM napaMeTpOM AnJI sToro nepexoAa JIBnJieTCJI TeMnepaTypa, a oco6eH

HOCTb B noB8A8HHH cnOHTaHHOA HaMarHHqeHHOCTH /HsnoM B Toqxe 7a / nos

BOnJieT onpeAeJIHTb TeMnepaTypy ¢asoBoro nepexoAa. ,lvrJI ¢eppoMarHeTHKOB 

ee o6NqHo Ha3NBaIDT Toqxoa KIDpH. 

IlpH TeMnepaType T= To HMeIDT MeCTO oco6eHHOCTH H APYrHX xa-

paKTepHCTHK ¢eppoMarHeTHKa, HanpHMep, 'cxaqoK /HnH paCXOAHMOCTb/ Ten

noeMKOCTH /pHC. 46/. 

TaKHM o6pa30M, 0 ¢a30BOM nepeXOAe H Toqxe, B KOTOPOM OH npoHc

XOAHT, MO~HO CYAHTb no IlOBeAeHHID TepMOAHHaMHqecKHX BenHqHH, B AaH

HOM cnyqae - CilOHTaHHOfi HaMarHHqeHHOCTH H TennoeMKOCTH. 

B aHTH¢eppoMarHeTHKe CilOHTaHHaJI HaMarHHqeHHOCTb K~oa H3 IlOA

pemeTOK HMeeT BHA, cornacy!WIHfiCJI c pHC. 4a. 0AHaKO B CHny aHTHnapan

neJibHOCTH IlOAPeweTOK CilOHTaHHaJI HaMarHHqeHHOCTb Beere o6pasua HMeeT 

Hynesoe 3HaqeHHe An/I Bcex TeMnepaTyp. IlpaKTHqecKH YA06~ MeTO'AOM Toq

HOro onpeAeneHHJI To All/I aHTH¢eppoMarHeTHKOB /ToqxH KIDpH/ cn~T 

pacceJIHHe MeAneHHNX HefiTpOHOB. Tax KaK HefiTpOHli He HMeIDT sneKTpHqec

KOro sapJIAa, HO o6naAaIDT MarHHT~ MOMeHTOM, HX pacceJIHHe B aHTH

¢eppoMarHeTHKe 6yAeT o6ycnoBneHO B3aHMOAefiCTBHeM c MarHHTHliMH HOHa

MH, T.e. AOn~HO CY111eCTBeHHO saBHCeTb OT MarHHTHOro COCTOlIHHlI. neacT

BHTenbHO, OKa3NBaeTCJI, qTo HHTeHCHBHOCTb IlHKOB pacceJIHHJI B pa3HliX 

HanpasneHHJIX /pHC. Sa/ HMeeT xapaKTepffYID 3aBHCHMOCTb OT TeMIIepaTypN 

/pHc. 56/, T.e. OT COCTOJIHHJI CHCTeMN. TaKHM o6pasoM, H 3AeCb, KaK H 

B cnyqae ¢eppoMarHeTHKOB, BH8WHHM napaMeTPOM, 6eCKOHeqHo Mance H3Me

HeHHe KOToporo npHBOAHT K ¢a30BOMY nepeXO'AY, lIBnlI8TCJI TeMIIepaTypa. 

B cnyqae ¢eppHMarHeTHKOB B CHny He3KBHBaneHTHOCTH HnH HeKOnnH

HeapHOCTH IlOApeweTOK CilOHTaHHaJI HaMarHHqeHHOCTb KaK ¢YHKUHJI TeMne

paTypN CHOBa JIBnJieTClI YA06HOfi xapaKTepHCTHKOA ¢a30Boro nepeXOAa 

/pHc. 6/. 
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PHC. 6. THim noBeAeHHff cnOHTaHH08 HaMarHHqeHHOCTH, 
xapaKTep11t,1e wrn teppHMarHeTHKoB. 

PHc. 7. 

R 
Ro 

20 ~ 
I 
I 
I 

To T 

TeMnepaTypHaff 3aBHCHMOCTh conpOTHBneHHff 
3Aech: R0 - conp96HsneHHe npH T=273 K; 
To=l,2 K; R/Ro 10 npH T < To. 

10 

Al. 

HecKonhKO cnOB O npHpOAe MarHHTHOro ynOPffAOqeHHff. B teppoMarHe

THKax B03HHKHOBeHHe ynOPffAOqeHHoro COCTOffHHff CBff3aHO C 3neKTPOCTaTH

qecKHM ooMeHl!t,IM B3aHMOAe8CTBHeM sneKTPOHOB, pacnonomeHl!t,IX B COCeAHHX 

aToMaX 122 , 231_ 9Heprnff TaKoro B3aHMOAe8CTBHff Ha Ka~ylO napy COCeA

HHX MarHHTHblX HOHOB eCTh BenHqffHa nOPffAKa 10-13 
spr, qTo COOTBeTCT

syeT 3HaqeHHIO TeMnepaTypli nepeXOAa fiOPffAKa 10 3 K. 9HeprHff npffMOro 

MarHHTHoro B_3aHMoAe8CTBHff 3Ha=TenhHO MeHhwe / 10- 16 ~pr/ H MomeT 

ooecne=Th MarHHTHOe ynopRAoqeHHe nHWh npH r~ 1 K. TaKott' MeXaHH3M 

HMeeT MecTo B~yCl~b~D.B nenoM PRAe HeMeTannHqecKHX teppoMarHeTHKOB 

ynopffAoqeHHe CBff3aHo C KOCBeHl!t,IM OoMeHOM, npH KOTOPOM D3aHMOAe8cT

BHe Me~Y sneKTpoHaMH MarHHTl!t,IX HOHOB ycTaHaBnHBaeTCff He npff~ o0-

pa30M, a qepe3 noCPeACTBO sneKTPOHOB npoM-YTOq11t,1x MarHHTHO-He8Tpanh

HblX HOHOB. HanpHMep, B teppoMarHHTHOM AHSneKTPHKe Eu O ponh areH

Ta-nepeHoc=Ka KOCBeHHOro B3aHMOAe8CTBHff Mel!{,tly MarHHTH- HOHaMH 

HrpaJOT HeMarHHTHlie HOl!t,I at- . 
B aHTHteppo- H ~eppHMarHeTHKax 3a MarHHTHOe ynopffAOqeHHe OT

BeTCTBeHHbl Te me MexaHH3~, qTo H B ~eppoMarHeTHKax. 

HeoOXOAHMO OTMeTHTh, qTo AaneKO He BcerAa HHme 7,; npoHCXOAHT 

nonHoe MarHHTHoe ynopRAoqeHHe, T.e. Bech oO'beM 06p_a3na cpa3y nepexo

AH~ B MarHHTOYDOPffAOqeHHOe COCTOffHHe. KaK noKa3~BaeT raMMa-pe3o

HaHCHaff cneKTpocKomrn, B MarHeTHKax Q, Tl,-;r ~, t'o ]{.Jr G~ 124 ' 25 / HHme 

To HMeeTCff MaKpOCKOfiHqecKaff Aonff aTOMOB a, , HaXOAffllllfXCff B napaM~r

HHTHOM COCTOffHHH. IlpH 3TOM pa311t,1e ~a3li He noKanH30BaHlil HX B3aHMHOe 

pacnonomeHHe B npocTpaHCTBe HenpepliBHO MeHffeTCff BO BpeMeHH. IlPH pac

CMOTpeHHH paBHOBeCH08 KapTHl!t,I HMeeT MeCTo.ycpeAHeHHe no BpeMeHH. 

Il03TOMy·paBHOBeCHOe COCTOffHHe TaKoro teppoMarHeTHKa npeACTaBnffeT co

oon CMeCh ABYX ~a3 - ~eppoMarHHTH08 H napaMarHHTH08. 

CMeCh ~a3o=x COCTOffHH8 OAH08 H T08 me CHCTef&I npHHffTO Ha3liBaTh 

reTep~a3llt,IM COCTOffHHeM. 

CBepxnpOBOAffMOCTh. IlpH·noHHmeHHH TeMnepaTyp& PffA npoBOAHHKOB 

npaKTHqecKH nonHOCThlO TepffeT conpOTHBneHHe /pHc. 7/. 9TO ffBneHHe 

ooycnoBneHo B3aHMoAe8cTBHeM 3neKTpoHoB npoBOAHMOCTH c KoneoaHHRMH 

HOHOB, oOpa3YIOlllHX OCTOB peweTKH. IlpH onpeAeneHHblX ycnOBHffX TaKoe 

B3aHMOAe8CTBHe fiPHBOAHT K IlOffBneHHIO nap sneKTPOHOB c npoTHBOno-

nomHo HanpasneH11t,1MH HMnynhcaMH H cnHHaMH l 26 • 271. 9TH napli oopa3YIOT 

CBepxTeKyqffa Oo3e-KOHAeHCaT. 

TeMnepaTypHoe nOBeAeHHe conpOTHBneHHff /pHc. 7/, KaK HeTPYAHO 

BHAeTh, HHqeM He HanoMHHaeT TeMnepaTypHoro noBeAeHHff pa3nffq11t,1x xa

paKTepHCTHK MarHHTl!t,IX CHCTeM. 0AHaKO YAaeTCff Ha8TH TaKHe napaMeT

P& CBepxnpOBOAHlllHX CHCTeM, KOTOp&e YAHBHTenhHO xopowo oornaCYIOTCff 

c KPHB&MH· Ha PHC. 4. Ilpe~e Bcero 3TO TennoeMKOCTh, TaKme oOnaAaJOlllaff 

ocoOeHHQCThlO B ToqKe nepexoAa /pHc. Sa/. 
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PHc. 9. TOHKOe pacnpe;i:ieneHHe aneKTp0HH08 nnOTHOCTH B 
v

3
Si npH T=13,5 K (a} H npH T=300 K (0). 
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AHanOrHqHO cnOHTaHH08 HaMarHHqeHHOCTH Be;r:ieT ceoH,;l:lnH CBepxnpoBO;r:\~ 

HHKa, BenHqHHa 3HepreTHqecKo8 llleJIH ~ - MHHHMailbHaH 3HePrHH, HeOOXO;r:\HMaH 

;[lnH C09;[\aHHH Ha;[IKOH;r:ieHCaTHOrO B095yll(;[leHHH B aneKTPOHH08 no;r:iCHCTeMe 

/pHC. 86/. 

TaKHM o6pa90M, H B 3TO~ cnyqae BHeIJIHHM napaMeTPOM, xapaKTepH9yro-

l!lHM nepexo;r:i,· HBnHeTCH TeMIIepaTypa. 

o TOM, HaCKOnbKO "KaqecTBeHHO" MeHHeTCH COCTOHHHe CBepxnpOBO;[IHH

Ka npH nepexo;r:ie qepe9 To , oco6eHHO HarnH;r:iHo no9BOnHroT cy;r:iHTb 3Kcne

pHMeHTlil no H9yqeHHW TOHKOro pacnpe;i:ieneHHH aneKTPOHH08 IlnOTHOCTH MeTo

;[laMH peHTreHOBCK08 cneKTPOCKOnHH 125
/ 

Pe9ynbTaTlil 3THX 3KCnepHMeHTOB ;[lnH ~ Si npHBe;[leln,l Ha PHC. 9. 

Cnyqa8 /a/ COOTBeTCTByeT TeMIIepaType 13,5 K < 'fo = 16,85 K, T.e. CBepx

npoBO;[IHl!le8 ~a9e, a cnyqa8 /6/ - T = 300 K, T.e. noqTH KOMHaTH08 TeMIIe

paType. JlHHHH COOTBeTCTBYWT H903HepreTHqecKHM COCTOHHHHM aneKTPOHOB. 

BH;r:\HO, qTO nnOTHOCTb pacnpe;i:ieneHHH CQCTOHHH8 H xapaKTep CBH9H Me)K;[ly 

HOHaMH CHnbHO MeHHeTCH IlPH nepexo;i:ie OT O;r:\H08 ~a9H K ;i:ipyroa. 

BMecTe c TeM oKa9HBaeTCH, •qTo B HHTepBane 7,; < T< 'T= 21 K B pac

npe;i:ieneHHH aneKTPOHH08 nnOTHOCTH HMeWTCH aneMeHTH, npHCYII!He CBepxnpOBO

;[IHl!le8 ~a9e. TaKHM o6pa90M, BbllI!e TOqKH nepexo;r:ia B HOpManbHOM npOBO;r:iHH

Ke ylKe npHCYTCTBYIOT 9apo;r:\bllIIH CBepxnpOBO;[IHl!lero COCTOHHHH; HHaqe roBOpH, 

9;1:leCb Ha5nro;i:iaeTCH reTepo~a9HaH CMeCb HOpManbHOro H CBepxnpOBO;r:\Hl!lero 

COCTOHHH8. 

HHlKe To B CBepxnpOBO;r:\HHKe TaKlKe Bcer;r:ia npHCYTCTByeT MaKpOCKOnH

qecKaH ;i:ionH HOpManb!n,JX /HecnapeH!n,JX/ aneKTPOHOB 129 1_ Hx npHCYTCTBHe 

HHKaK He CKa9HBaeTCH Ha aneKTponpoBO;r:\HOCTH, O;r:\HaKO MOlKeT OHTb 06HapYlKe

HO no ;i:ipyrHM xapaKTepHCTHKaM, HanpHMep, no noBe;r:ieHHW TennonpOBO;r:\HOCTH. 

HTaK, ~a90B~8 nepexo;i:i B CBepxnpOBO;r:\HHKaX CBH9aH C H9MeHeHHeM BHeIJI

Hero napaMeTpa - TeMnepaTyp~, npHqeM TeMnepaTypHoe noBe;r:ieHHe llleJIH H 

TennoeMKOCTH HMeeT 9aMeTHOe CXO;r:\CTBO C TeMIIepaTypln,lM noBe;i:ieHHeM cnoH

TaHH08 HaMarHHqeHHOCTH H TennoeMKOCTH ~eppoMarHeTHKOB. 

CerHeToaneKTpHqeCTBO. 3To CB08CTBO npHCYIJle Knaccy Bel!leCTB -

KPHCTannHqecKHX ;r:\H3neKTPHKOB, B KOTOPliX npH nOHHlKeHHH TeMnepaTYPli B09-

HHKaeT cnOHTaHHaH nonHPH9aUHH. 3TO HBneHHe CBH9aHO C He6onblIIIIMH CMe-

l!leHHHMH HOHOB no OTHOllleHHW K HX nonolKeHHW B B~COKOTeMnepaTypHOM napa

aneKTpHqeCKOM COCTOHHHH /pHc. 10/, HnH c ynopH;r:ioqeHHeM opHeHTaUHH aneKT-

pHqecKHX ;r:iHnonea, CYIJleCTBYJOllUIX B TaKHX KPHCTannax,KaK 

oOoHX ~a90BliX COCTOHHHHX / 3o, 311 
~~ B 

3neKTPHqecKHe CB08CTBa cerHeToaneKTPHKOB oqeHb noxollCH Ha MarHHT

llble CB08CTBa ~eppoMarHeTHKOB. ~OCTaTOqHQ cpaBHHTb cnOHTaHHYW nonHPH-

9auHro TPHrnHUHHCynb~aTa (N~CH~COOll).J •/(,SO,. /pHc. 11a/ c HaMarHH

qeHHOCTbro Ni /pHC. 4a/, qTOOH yOe;[\HTbCH B 9TOM. 
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PHc. 11. CnOHTaHHaH nOnflPH3c!UHH TPHrnHUHHCynhcj,aTa (a) 
H THTaHaTa 6apHH BaT103 (6). 
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T 

)lnH 8a T; l?, " pn,qa ,qpyrnx cerHeTosneKTPHKOB COOHTaHHaH nonHpH-

3auHH B TOqKe nepexo,qa MeHHeTCH He HenpepHBHO, a CKaqKaMH /pnc. 116/. 

KpoMe Toro, 3,!leCh HMeeT MeCTO TeMnepaTyp~ rHCTepe3HC: npn noHH~eHHH 

TeMnepaTypli nepexo,q B cerHeT03neKTpHqecKoe COCTOHHHe npOHCXO,llHT npn 

7"o: 406 K, TOr,!la KaK npH ,!lOCTaToqHo 6HCTpOM nos~eHHH TeMnepaTYPH 3TO 

cocTOHHHe MO~eT coxpaHHThCH s cncTeMe BnnoTh ,qo T = 416 K. CocTOHHHe 

cerHeT03neKTPHqecKoro ynopn,qoqeHHR B HHTepBane 406 K < T < 416 K HBnH

eTCH MeTacTa6HnhHHM, T.e. HMeeT KOHeqHoe BpeMH ~H3HH x/. AHanornqHoe 

cKaqKoo6pa3HOe noBe,!leHHe cnoHTaHH08 HaMarHHqeHHOCTH H TeMnepaTypHH8 

rncTepe3HC Ha6nID,!laIDTCH Hy HeKOTOPHX cl>eppoMarHeTHKOB. 

B cerHeT03neKTPHKax TaK~e Ha6nID,!la!OTCH reTepocj,a3HHe COCTOHHHH -

MaKpOCKOnHqeCKHe cl>nyKTYHPY~He 3aPO,!lb1lllH napasneKTPHqecK08 cj,a3H HH~e 
7; /32/ 

H 3,qech BHeIIIHHM napaMeTpOM, CBH3aHHHM C nepexo,!lOM, HBnHeTCH 

TeMnepaTypa. 

Ilepexo,q MeTann-,qnsneKTPHK. Bbrule BO BBe,!leHHH M,J y~e rOBOPHnH 0 

MeTannax, KOTOpHe npH noHH~eHHH TeMnepaTypli npeBpatnaIDTCH B H30nHTOpH, 

a He B CBepxnpoBO,!lHHKH. 9TO HBneHHe nnnIDcTpHpyeTCH KPHB08 3aBHCHMOCTH 

npoBO,llHMOCTH OT TeMnepaTyPH /pnc. 12/, CHnhHO HanoMHHaJ0111e8 KPHBYID Ha 

PHC: 7. B TOqKe nepexo,qa sneKTponpOBO,!lHOCTh coe,llHHeHHH ¼ 0.3 na,qaeT 

Ha qeTHPe nopn,qKa 151. 
,[Inn o6bHCHeHHH 3Toro nepexo,qa no TeMnepaType npeAJio~eHH pa3HHe 

MexaHH3M,I. 0.!lHH H3 HHX OCHOBHBaeTCH Ha yqeTe B3aHMO,!le8CTBHH sneKTPO

HOB, HaXO,!lHIIIHXCH B pa3HHX 30Hax, npn nocpe,qCTBe 06MeHa ~HOHaMH, T.e. 

qepe3 pemeTKY /Mo,qenn ~anHKOBa-KnM5ana / 33/ H MaTTnca-naHrepa 13411. 
,npyroa yqHTHBaeT B03MO~HOCTh noKanH3aUHH sneKTpOHOB npOBO,llHMOCTH B 

y3nax peIIJeTKH npH HanHqffH KynOHOBcKoro OTTanKHBaHHH .!lBYX sneKTPOHOB 

Ha O.!lHOM y3ne /MO.!lenH AH,qepcoHa-Xa66ap,qa 13513611. 

Ilepexa,!lli B H,!lepHHX CHCTeMax. Ha pHC. 13 H306p~eHa KPHBaH, oqeHb 

noxo~aH Ha PHC. 12, 7, HO COOTBeTCTBYeT OHa 3aBHCHMOCTH yrnoBoro Mo-
tS",l . 

MeHTa H,!lpa Dy OT qacTOTH Bpabl.eHHH. CKaqoK yrnosoro MOMeHTa npH 

iQ, ".!20 = 0,28 MsB HHTepnpeTnpyeTCH KaK cj,a30BH8 nepexo,q / 37/. no-Bn-. ,~ 
.!lHMOMy, 3TO npe,qnono~eHHe cnpaBeAJIHBO, TaK KaK cocToHHHH n,qpa Dy 
Blirue H HH~e ToqKH 4bo ,qe8CTBHTenbHO pa3nnqaIDTCH KaqeCTBeHHO. IlpH 

!), ( .Q,o H,!lpO J.!.~Dy HBnHeTCH ccj,epnqeCKHM, a npH SJ. >ri,o B03HHKaeT 

,!lecj,OpM;mHH H H,!lpO CTaHOBHTCH snnnnTnqecKHM. Ilo,qqepKHeM, qTo B 3TOM 

npuMepe BHeIIJHHM napaMeTpoM, C H3MeHeHHeM KOTOporo CBH3aH cj,a30BH8 ne

pexo,q, nBnneTan y~e He TeMnepaTypa, a Benn=Ha qacToTH BPa!lleHHH n,qpa,O, 

x/ 
HH~e 6y,qeT ,qaHo 6onee CTporoe onpe,qeneHHe MeTacTa6HnbHoro cocTOHHHH. 
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PHC. 12. TeMnepaTYpHaH 3aBHCHMOCTb 3neKTponpoBOAHOCTH 
coe~HHeHHH V203. 
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Pnc. 13. 3aBHCHMOCTb yrnoBoro MOMeHTa H®a Dy 

qacTO'l'bl Bp~eHHH. 
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OT 

Q6bHCHeHHe 3Toro HBneHHH CBH3aHO C paCCMOTpeHHeM MeXaHH3Ma cna-
/38/ 

pHBaHHH HyKnOHOB B ~pe, BnepBNe np~oJKeHHoro H.H.Boronro60B~ 

/cM. TaKJKe l 391;. HHJKe D,o cnapHBaHHe HYKnOHOB HMeeT MeCTO; H'APO 

npe~cTaBnHeT co6o8 603e-KOHAeHcaTHyro CHCTeMY, qTo H 06bHCHHeT npaK

THqecKH HyneBoe 3HaqeHHe yrnoBoro MOMeHTa. Bhm!e .0.0 Bp11lJ1eHHe pa3py-
/37/ waeT cnapnBaHHe, qTQ H npHBOAHT K HeHyneBOMY yrJIOBOMY MOMeHTY • 

IlPH $a30BNX nepexoAax B H'APaX MOJKeT TaKJKe HaonroAaTbCH H HBneHHe 

rncTepe3HCa, HailOMHHaIOIJlee IlOBe'AeHHe HeKOTOPNX cerHeT03JieKTPHKOB H 

$eppoMarHeTHKOB. Ha PHC. 14 HS06pal!CeHa COOTBeTCTB~M CHTYaltHH 'Anfl 

H'APa 16fEr , MOMeHT HHePUHH KOToporo MeHHeTCH cKaqKoM npn 3HaqeHHH 
· /40/ 

yrJIOB08 qac;o™ (.Jo ~ 0, 29 M3B • OAHaKO HMeeT MeCTO B03MOJKHOCTb 

"nepeoxnaJK'AeHHH" H "neperpeBa", T.e. AOCTHJKeHHH OonbWHX 3HaqeHH8 MOMeH-

Ta HHePUHH npn r..J < W0 H MaJ!liX npH W > Wo 

no-BHAHMOMY, B fl'APaX TaKJKe MoryT HaonroAaTbCH reTepo$a3Hlie COCTOH

HHH. TaK, He05XOAHMOCTb OObHCHeHHH npOMeJKYTO~HliX 3HaqeHH8 yrnoBoro 

MoMeHTa THJKenlix ~ep noTpe5oBana BBeAeHHH ~eHOMeHonornqeaKo8 MO~enn, 

OnHCliBaKl!\e8 paBHOBeCHyro CMeCb cnapeHHliX u HecnapeHHliX HYKnOHOB 1411. 
3aMeqaTenbffliM IlPHMePOM reTepo$a3HOro COCTOHHHH B fl'APe MOJKeT cny

JKHTb HaJIHqHe MYnbTHKBapKOB08 npHMeCH, 06HapYJKeHHOe B PHAe HeAaBHHX 

3KCnepHMeHTOB 142- 44I, HHHUHHPOBaHHliX HCCJleAOBaHHeM KYMYnHTHBHoro 3$

$eKTa, IlPe'ACKa3aHHoro B paOoTax A.M.BaJIAHHa 145 • 461 • 0Ka3NBaeTCH, qTQ 

B H'APaX IlOMHMO HYKnOHOB - MeI!IKOB C TpeMH BaneHTHblMH KBapKaMH - MOryT 

CYllteCTBOBaTb 5onee MaCCHBHlie KOMIIaKTHlie ODbeK'l'bl - MeI!IKH, COAepJKall!He 

wecTb, AeBHTb, ABeHaAUaTb HT.A. BaJieHTHliX KBaPKOB. MeI!IKH C pa3~ 

qffCJIQM BaJieHTHliX KBaPKOB MOJKHO pacCMaTPHBaTb KaK pa3Hlie $a30BNe co

CTOHHHH KBapK-rJIIDOHH08 MaTepHH x/; npH 3TOM napaMeTpOM, H3MeHeHHe Ko

Toporo Bli3NBaeT $a3QBN8 nepexoA, HBnHeTCH nnoTHOCTb KBapKOB 1471_ 

Ila3epHOe H3nyqeHHe. Bee pacCMOTpeHHlie BNWe npHMepli OTHOCHnHCb K 

TaK Ha3NBaeM>IM paBHOBec~ $a30B~ nepeXOAaM, npH KOTQp!,IX COCTOHHHH 

CHCTeMN BNWe H HHJKe TOqKH nepeXoAa HBJIHIDTCH paBHOBeCHliMH H YCTo8qHBblMH. 

CYllteCTBYIDT, OAHaKo, H AHHaMHqecKne $a30BHe nepexo.Ill,I, npH KOTOPHX Ka

qeCTBeHHOe H3MeHeHHe COCTOHHHH CHCTe- CBH3aHO C aenpepHB~ H3MeHe

HHeM BHeI!IHero napaMeTpa - BpeMeHH. IlpH 3TOM, ecTeCTBeHHO, 06 YCT08qff

BOCTH paBHOBeCHliX COCTOHHH8 AO H nocne nepeXOAa roBOPHTb He IlPHXOAHTCH. 

HarnHAHHM npHMepoM TaKo8 CHTYaitHH MOJKeT CJIYJKHTb na3epuaH CHCTeMa. 

KaK H3BeCTHO, npouecc HCilYCKaHHH $OTOHa CBH3aH co cnonTaH~ ne

peXOAOM aToMa H3 B03DYJKAeHHOro COCTOHHHH B COCTOHHHe C 'MeHbOOe8 3Hep

rHe8. TaKoe B036YJKAeHHe aTOMOB MOlKeT 6HTb peaJIH30BaHO 3a cqeT pacnpocT

PaHeHHH B aKTHBH08 CPe'Ae CBeTOB08 BOJIHli c qacTOT08 W , COOTBeTCTByro

x/ 
C 3T08 TQqKH 3peHHH COCTOHHHe AeKOH$a8HMeHTa MOJKHO pacCMaTPHBaTb 

KaK MeI!IOK C OecKOHeq~ qffCJIQM KBapKOB. 

17 lt&U!liHtlIHh.iil EHC'ffl't'9l I 
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nopor reaep<>UHH 

MOmHOCTb HaKaqKH 

PHC. 15. 3aBHCHMOCTb BblXOAHOA MOmHOCTH H3nyqeHHH na3epa 
OT MOmHOCTH HaKaqKH • 

18 

meA pa3HOCTH KaKHX-nH6O ABYX 3HepreTHqecKHX YPOBHeA aTOMa. IlpH TaKOM 

cnoco6e HaKaqKH K npoueccaM cnOHTaHHOI"O HCnycKaHHH no6aBJIHWTCH H pa

nHauHOHHble npouec=, qTo npHBOAHT K YBenHqeHHW BblXOAHOA MomHOCTH H3-

nyqeHHH no Mepe pocTa MOmHOCTH RaKaqKH /pHC. 15/. OnHaKO B ycnOBHHX 

TepMOAHHaMHqeCKOI"O paBHOBeCHH HaceneHHOCTb HH~Hero YPOBH~ aTOMOB aKTHB

HOA cpe,nbl Bcerna 6yneT 6onhme, qeM BepxHero. YBenHqeHHe MomHocTH Ha-

.KaqKH =e nopora reHepauHH npHBOAHT K CO3AaHHW HHBepCHOA 3aceneHHOC

TH - KOI"epeHTHOI"O COCTOHHHH aTOMHOA CHCTellti, xapaKTepH3YeMOI"O HanH

qtteM nttHaMHqeCKOI"O nanbHero nopJIAKa 1121 . B 3TOM COCTOHHHH npeo6nana

roT BblHYJK.IleHHble nepeXO.Ilbl H3 BO36yJK,IleHHOI"O COCTOHHHH Ha HH~HHA YPOBeHb, 

qTO npHBOAHT K YCHneHHro CBeTOBOA BOnHbl HaKaqKH H pe3KOMY BO3paCTaHH~ 

B~OAHOA MOmHOCTH H3nyqeHHH /pHC. 15/. 

HTaK, npH nocTH~eHHH noporoBoro 3HaqeHHH MOmHOCTH HaKaqKH COCTOH

HHe CHCTellti aKTHBHaH cpena /aTO'WH/ + none H3nyqeHHH /¢<,TOHH/ KaqecT

BeHHO MeHHeTcH: B aKTHBHOA cpene, COCTOHBmea H3 nepBoaaqanbHO HeCKOp

penHpOBaHHblX H3JlyqaTeneA, BO3HHKaeT nanbHHA nopHAOK/•6ecKOHeqHI,18" pa

AHYC KOppenHUHH/, a H3JlyqeHHe CTaHOBHTCR KOrepeHTHblM H OCTPO aanpaB

neHHI,IM. BMeCTe C TeM npouecc 3TOT pa3BHBaeTCH,BO BpeMe!IH. MaKCHMYM 

HHTeHCHBHOCTH H3JlyqeHHH, COOTBeTCTBYIOIIllf8 KOrepeHTHOMy COCTOHHHW CHC

TeMbl H3JlyqaTeneA, AOCTHI"aeTCH He cpa3y nocne CO3AaHHH HHBepCHOA 3ace-
.. /48/ 

neHHOCTH, a nHllib cnyCTH HeKOTOpoe BpeMH tm Jrmc-. 16/ • IlpH t»tm 
B CHCTeMe npOHCXOAHT O6blqHoe cnOHTaHHOe HcnycKa.HHe. 

llHHaMHqecKHe 1a3OBble nepeXO,nbl O6pa3yroT BeCbMa lliHPOKHA Knacc ¢H-

3HqecKHX HBJleHHA /cM., HanpHMep, 1121;.· MeTO.Ilbl HX onHcaHHH cymeCTBeHHO 

OTJIHqaroTCH OT TeopHH paBHOB'eCHblX ¢a3OBblX nepexonoB.• B nanbHeAllieM B 

HaCTOJimeM Kypce W 6yneM I"OBOPHTb TOJlbKO O paBHOBeCHblX nepexonax. 

IlonaeneM Tenepb HeKOTOpble HTOI'H. PacCMOTPeHHble npHMepbl, neACT

BHTeJlbHO, HJinWCTPHPYWT KaqecTBeHHblA xapaKTep H3MeHeHHH COCTOHHHH CHC

TeM IlPH ~a3oa1,1x nepexonax. nocnenaHe CBR3aHbl c Henpep1,1BHblM, 6ecKoaeqao 

MaJiblM H3MeHeHHeM TeMnepaTypbl HnH .tlPYI'HX TepMOAHHaMHqec-KHX napaMeTpOB. 

IlPH 3TOM KaqecTBeHHO MeHHIOOUfeCR BenffqffHI,I, xapaKTepH3YKIJIHe ¢a3OBblA ne

pexon, TaK~e HBJlHWTCH TepMOnttHaMHqecKHMH napaMeTPaMH - TennoeMKOCTb, 

HaMaI"HHqeHHOCTb H T.n. KaK H3BeCTHO H3 Kypca TepMOAHHaMHKH /cM., aa

IlPHMep, 14911, TaKHe BenHqHHbl CBH3aHbl Mel!CllY co6oA c noMomoro TepMOAH

HaMHqeCKHX TTOTeHUHaJIOB H ypaBHeHHA COCTOHHHJt. B cnyqae ~eppOMarHeTHKa, 

HanpHMep, CBO6onHaH 3HepI'HR I'H66ca HBnHeTCH ¢YHKUHeA TeMnepaTypN T 
H BHemaero nonH 8: G '"G (T, 8) . IlepBaR npOH3BOAHaH ¢YHKUHH G{·) no 

nonro onpenenHeT aaMarH0qeaaocTb 

'JG 
ilrr,e.J ,- n 
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Tor.i:ta cnOHTaHHaH HaMarHHqeHHOCTb eCTb 

. 'Jr;. 
iltr;o}::-(roeJg.o 

BTOpaH npOH3BO.[tHaH no nonro OilPeAeJIHeT MarHHTHYJO BOCnpHHMqffBOCTb 

'It 
~ (T,B) = -?~ 'J~ (ot,p•X,Y,2). 

IlpOH3BO.i:tHHe no TeMnepaType .i:taIDT, COOTBeTCTBeHHO, 3HTPOnHro 

H Ter".noeMKOCTb 

w;. 
S(T, B):: - 'iJT 

?'G
ca;a)=- T '4T 2 

/1.3/ 

/1.4/ 

/1.5/ 

/1.6/ 

AHanornqHo B cnyqae cerHeTosneKTPHKa BH€111HHMH napaMeTpaMH MOryT. 
.. :t 

15blTb BblOpaHH TeMnepaTypa T H sneKTPHqecKoe none <f : (;. = G.(T,,) , 
OTKyna AnH nOJIHPH3ill\HH HMeeM .. ..., 

PfT,~,1"' -
?G
il /1.7/ 

COOTBeTCTBYKIIUIM,00pa3oM MoryT 6blTb onpe.i:teneHH H APYI"He napaMeTPbl. , 

PacCMOTPeHHUe Bbllile 3Kcnepm~eHTaJibHHe CHTYaUHH noKa3blBaIDT, qTo C 

~a30BblMH nepeXO.[taMH CBH3aHbl oco6eHHOCTH B noBeAeHHH npOH3BOAIIHX'OT 

TePMOAffHaMHqeCKHX noTeHUHaJIOB, npY.qeM 3TH oco6eHHOCTH HOCHT Ol51JUf8 xa

paKTeP, H, no-BHAHMOMY, KaqecTBeHHO OHH He C1IHWKOM CHJlbHO CBH3aHI,l c xa

pa~TepoM npoueccoB H B3aHMo.i:te8cTBH8 Ha MHKpocKonHqecKoM ypoBHe-, IlPHBO- ,I 

nHIJUfX K ~a30BblM nepexonaM. HHaqe roBopH, HH~OPMill\HH O B03MO~HOCTH ~a-

30BOro nepexona oKa3blBaeTCH 3aJIQ~eHH08 r.i:te-TO B CTPYKType H 061JUfX 

CB08CTBaX TePMO.[tHHaMHqecKHX noTeHUHaJIOB. K HX H3yqeHHro M,J Tenepb H 

nepe8.i:teM. 
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"Hee coe0Kyn11ocmu UU/U eou11cmea, 
,;o 60,11ee - e eou11006paauu paaoe,11e11uR". 

K.flpymKoe. "Co"u11e11uR". 

neKUHH 2. TEPMO~HHAMHqECKHE BEnffqffffi,I 

TepMOAHHaMHKa npeACTaBJIReT co6oa ~eHOMeHonornqeCKYJO TeOpHro, 06b

eKTOM H3yqeHHH KOTopoa HBJIHIDTCH TenJIOBble CB08CTBa MaKpOCKOnHqecKHX 

CHCTeM. AnnapaT TepMOAHHaMHKH, OCHOBblBaIDlJIH8CH Ha qen,ipex H3BeCTHblX 

nocTynaTax 
1491

, n03BOJIHeT YCTaHOBHTb CBH3H M~Y Pa3JIHqHblMH TepMo

,J:tHHaMHqecKHMH BeJIH'IHHaMH. Ilpo~e Bcero TaKHe CBH3H MO~HO Ha8TH C no

MO~bro MeTO.[ta noTeHUHaJIOB, BBeAeHHoro B TepMOAffHaMHKy I'H66CO¥- Y.i:to6cT

B0 saKnroqaeTCH B TOM, qTo AH~~epeHUHa.Jlbl OT TepMOAHHaMHqecKHX noTeH

UHanOB HBJIHIDTCH nOJIHl,JMH. TaK, H3 nepsoro Haqana TepMOAHHaMHKH 

dE = JQ - clw, 

r,ne f - CPeAHHH 3Heprnn CHCTeMbl, Q - KonHqecTBO Tenna, nepenaHHOe 

CHCTeMe, W- pa6oTa, ·cosepweHHaH CHCTeM08, a dQ H Jw - ~OPMbl, He 

HBJlHWIJUfeCH nOJIHb!MH .[tH~~epeuuHaJiaMH. Y'IHTblBaH BTOpoe aaqano TepMOAH
HaMHKH 

JQ .. eds, 

r.i:te 8 - TeMnepaTypa ,r./ H s - 3HTPOnHH, a TaK~e Bblpcll!CeHHe AnH 3JieMeH
TapHoa pa6oTbl · 

ciw=fX
1 

rl:k:,._, 

qepes o6o6~eHHble CHnbl X, H KoopnuHa-i-ci x, ,nonyqaeM OTCro.i:ta onpeAe

JieHHe TePMO.i:tHHaMHqecKoro noTeuuuana BHYTPeHHeil sHeprnu B AH~epeuuuanb
Hoa ~opMe: 

dE = G>ds -Z..X1. d~ 12.11 
I, 

06o6~eHHI,lMff KOOP.i:tHHaTaMH,B cnyqae, HanpHMep, ra30B08 CHCTeM,J, MOryT 

cny~Tb 061,eM • V H 'IHCJIO qacTHU N . Torna CHJiaMH 6YAYT .i:taBJieHue 

J:, H XHMHqecKHil ITOTeHUHaJI --"" 

d£ "'eds --J,dV+_,;11dN. /2.2/ 

"-I I 
3.i:tecb H .i:tanee M,J OY.i:teM HcnonbsoBaTb TeMnepaTypy 6),. ,r

8 
T c pasMep

HocTbro 3HePrnH / A-
4 

= 1, 38-10-16 spr/rpa.i:t/. 
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B cnyv:ae MarHHTH08 CHcTeMbl X = it HZ• /1 /13/ , 
➔ ➔ .I 

dE= ®dS + BdH +_,1,1arl +•·· 
/2.3/ 

.. ,. ➔ 

B cnyv:ae 9neKTPHV:eCK08 CHCT~ X .. IJ H ~ • P H T .,1:1. 

,llpyme noTeHUHami MOryT 6liTb nonyv:eHbl H3 /2.1/ c noMOIIU>IO npeo6-

pa3oBaHH8 nelltaH,[lpa. B Ka'\l:eCTBe npHMepa npHBe,[leM TPH BaJltHe8wHX noTeH

UHana, B3RB 3.a OCHOBY- BixpaxceHHe /2. 3/: 9HTanbnHR 

,:p = E-it! d1' = eds-ilda+_,1,1a'N+ ... 
, .• I 

/2.4/ 

cB060,1:1naR 9ueprHR renbMronbua 

➔ ➔ I 
F= E- ~S , dF = - Sd& ,. B dH + ./'aAI,. · · · , 

/2.5/ 

noTeHUHan rM66ca /cB060,1:1naR 99epmR rM66ca/ 

C = F-MG, dr;. = -Sd® -ilds"" +.,;rdN+• .. /2.6/ 

Hcnonb3YR CB08CTBa non~ ,[IH~~epeHUHanOB, OTCID,[la MOlltHO nonyv:HTb 

COOTHObleHHR MaKCBenna 1491: . 

{J}s ={:t~ o . ?ii ( 'o: J = - ( as Js ' /2.7/ 

( ?S1 f?H) ( 'i)Sl ('JB) 
~I 

9 
= l ?el; ' ?R ~ = - to9 'ii 

IlOMHMO v:eTixpex yKa3aHHblX B~e noTeHIU!anOB, BaJKHYIO ponb HrpaeT 

TaKllte TaK Ha3liBaellti8 6on&mo8 noTeHUHan 

SJ, = F-:l'N, dJ), --sde + .idil-N'V'+ ... /2.8/ 

Pa3yMeeTCR, npHBe,tleHHNMH nRTblO noTeHUHanaMH nonHli8 cnHCOK HX ,1:1a

neKO He Hcv:epnNBaeTcn; ,1:1nR HawHX uenea, o,1:1uaKo, yKa3aHHb1X noTeHUHanoB 

BnonHe ,[IOCTaTO'\l:HO x/ 
B CTaTHCTH'\l:eCK08 MeXaHHKe OTnpaBHliM nyHKTOM HBnHIOTCR raMHnbTOHHa

Hb1, OnH~BalOllllle B3aHMO,[le8CTBHR v:acTHU, COCTaBnRIOlllHX MaKpOCKOOH'\l:eCKHe 

CHCTellti, 9' npocTpaHCTBa COCTORHH8, 'ua KOTOPliX 9TH raMHnb.TOHHaHN onpe

,1:1eneHN. raMHnbTOHHaHN, paccMaTPHBaeMble B CBR3H C 3a,1:1av:e8 0 ~a30BOM 

nepexo,1:1e, scer,1:1a RBnRIOTCH Mo.t1en&HNMH. Huav:e rosopR, npH HX nocTpoeHHH 

He npHHHMaJOT BO BHHMaHHe see 6e3 HCKn10v:eHHR CB08CTBa KaKo8-nH60 KOHK~ 

peTH08 CHCTeMbl - 9TO npHBeno 6li K HeBePORTHOMY ycnOlltHeHHIO He TOnbKO 

peweHHH, HOH nocTaHOBKH 3a,1:1av:H. 06li'\l:HO orpaHH'\l:HBalOTCR yv:eTOM nHWb 

x/ no~pOOHaJI Ta6nHua TepMO,IIHHaMHV:eCKHX noTeHUHanOB ,1:1aua B KHHre 

Ky6o /49/. 
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TeX cso8CTB, KOTOpNe npe,[ICTaBnRIOTCR HaH6onee BaJitlllxM!I c TO'\l:KH 3peHHR 

nsYV:aeMOro RBneHHR. TaKoe ynpo~eHHe npHHRTO Ha3NBaTb MO,[lenb- no,1:1xo

,1toM. 

Mo,t1enbHble raMHnbTOHHaHbl MOlltHO pa3,[lenHTb Ha TPH Knacca. K nepBOMY 

OTHOCRTCR Te, KOTOpNe MOlKHO CKOHCTPYHPOBaTb H3 orpaHH'\l:eHllblX onepaTopoB. 

B KaV:eCTBe npHMepa YKclJ!CeM MO,[lenb H3HHra - npocTe8!lly!O MO,[lenb, OOH~BaJO

~ylO ~a30BN8 nepexo,1:1 THna nopR,[IOK-6ecnopR,[loK. 06N'\l:HO OHa ~OPMYnHpyeTCR 
~ /50,51/ , 

cne.tlYIOlllllM ovpa3oM • ti 
nycTb HMeeTCR peweTKa 7l pa3MepuoCTH d Id =1, 2, 3/. IlycT& 

o!S'beKT, CBR3aHHb18 C Y3nOM /€ zd /HanpHMep, aTOM/, MOlKeT HaXo

,llHTbCR B O,[IHOM 1{3 ,[IBYX COCTORHH8., .ltnR npocTOTN 6y,1:1eM 3a,[laBaTb 9TH co-

CTORHHR nepeMeHH08 cs., ,nPHHHM~ea TOnbKO ,[IBa 3Ha'\l:eHHR: +1 

EcnH ,1:1sa COCe,[IHHX 06'beKTa HaXO,[IRTCR B 0,[IHHaKOBNX COCTORHHHX, 

a ecnH B pa3nH'\l:HNX, TO G,1G,11 =-1. IlYCTb ,1:1anee '\l:Hcno 06'beKTOB 

H -1. 

T0~~1=+1, 
N B pe-

meTKe ~HKCHPOBaHO H B3aHMO,[le8CTBy-IDT Mel!C,[ly co6o8 nHWb Te 06'beKTN, KOTO

pNe HBnRIOTCH 6nHJKa8lllHMH coce,[IHMH, npHV:eM 9Hepran HX B3aHMO,[le8CTBHH eCTb 

(- :TGJ G1 ,) , r,1:1e J::, CDnst >0. Tor,1:1a raMHn&TOHHaH TaKo8 CHCTe-

Mbl HMeeT BH,[I 

HN .. -z.. J~~· - BL 6.f , 
<fl'> 3 

/2.9/ 

B KOTOPOM <IJ I> 03Hav:aeT 6nHJKa8lllHx coce,1:1ea. 

3,1tec& 8 - BHewHee none, ,1:106asnenHoe H3 coo6paJKeHH8 o6~HOCTH. HcHo, 

'ITO nepeMeHHYIO G_, B /2.9/ ,[IOOYCTHMO pacCMaTpHBaTb KaK onepaTop 

G = 0•0•···*0®6 2® 08···•0 ".I 
B npocTPaHCTBe 

N 

3/_ = fl fl{ I. = ({ 1)N 
N ;/•J , 

(fti>7 Jr(, = 2, N • /2.10/ 

~,Ile -0 - e,J:IHHHV:HNR onepaTop H G l _ cooTBeTCTBYIOUlan MaTpffUa naynu B 

f - M no,1:1npocTpaHCTBe-coMHOlKHTene H3 /2.10/. 

HecMo;pH Ha CBOIO np9cTOTY /a MOlKeT 6liTb,6naro,1:1apn ea/ MO,[lenb H3HH

ra ImlPoKo OPHMeHHeTCH ,tlnH OnHCaHHH caMblx pa3nHV:Hb1X HBneHH8. Il09TOMY Ha 

ee 0PHnollteHHRX Mb1 OCTaHOBHMCH 00,[lp06Hee. 

Mo.t1enb H3HHra HBnHeTCH npocTe8we8 MO,[lenblO ~eppoMarHeTHKa. B 9TOM 

C7IY'{ae nepeMeHHaH 6'.f COOTBeTCTBYeT CnHHY ./-ro HOHa, a 06MeHHOe 

B
3

aHMO,t1e8drBHe J HMeeT, KaK YJ!(e roBOpHnoc&, 9neKTPOCTaTHv:ecKyro 
npHpo,1:1y x/. 

xr:_---------
cna llo,t1po6Hb18 BliB0,[1 MO,[lenbHOro raMHnbTOHHaHa ~eppoMarHeTHKa B KBa3H

HOBOM OPe,J:ICTaBneHHH 6y,1:1eT ,[laH B cne,1:1yro~e8 neKUHH. 
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CqHTaH, qTO CBH3aH!Ule COCTOHHHH MOJleKyn nHK COOTBeTCTBYIOT COCTOH

HHHM co cnHHaMH, HanpaBneHHblMll "BBepx" /HMe!W\HMH 3HaqeHRH +1/, a He

CBH3aHHble - co cnHHOM "BHH3" /-1/, c noMOIIll>IO MonenH H3HHra c d =1 MOllt

HO onHcaTl> TaK Ha3blBaeMOe "nnaBneHHe"nHK 
1521 • AHallOrHq!Ule npencTaBne

HHH Hcnon1>3YIOTCH B TeopHH nepexona cnHpan1>-Kny60K B nonHnenrnnax /
53

/_ 

B KBaHTOBO8 TeOpHH nOJlH Ha pemeTKe B CBH3H C npo6neM08 KOH~afiH

MeHTa paCCMaTPHBaeTCH d -MepHaH pemeTKa B npocTPaHCTBe-BpeMeHH.' KaJK

noMy y3ny conocTaBnHeTCH "cnHHOBaH" nepeMeHHaH 

G '= /2.11/ /COS~) 
lsln~ . 

CyMMlfpOBaHHe npoBO,wfTCH no 3aMKHYThlM TIYTHM BAOJll> CTOPOH KBaJlPaTa, 06b

enHHlllOIXlero 6nulltattumx cocenea. TaKo8 KBaJlPaT, Ha3b1Baewa nnaKeToM, H306~ 

pallteH Ha pHc. 17. npennonaraeTCH, qTO nettCTBHe HMeeT H3HHrOBCKYIO ~op

My /2.9/ c B~o, qTo oTBeqaeT a6eneBo8 KanH6poBoqH08 TeopHH nonH Ha 

peweTKe / 54 , 55 /_ 

'J 

Monenl> H3HHra npHMeHHeTCH TaKme B TeOpHHX 6HHaPHblX cnnaBOB, an-

cop6UHH Ha TIOBePXHOCTH, lltHAKOCTH H nruxe B TeopHH KOAHPOBaHHH 
1561

• 
Ko BTOp0MY Knaccy OTHOCHTCH raMHnl>TOHHallbl, nocTpOeHHble H3 Heor

paHHqeHHllX onepaTOPOB. IlpOcTe81m!M nPHMepOM MOllteT cnyll(HTl> raMHnl>TOHHaH 

U,J:1ean1>Horo 6O3e-ra3a 

p2 ) ,.,. 
H ;z L ( - -_,,u OD l,p ) 

4 
2m I 

/2.12/ 

#-rne bp ( bp) - onepaTop poMeHHH /yHHqTomeHHH/ 6o3oHa c HMitYn1>coM 

fl 
I 

OnpeneneHHhlM Ha BCIO'AY MOTHOM nHHe8HOM MHOroo6pa3HH rs B np09T-

paHCTBe ~oKa :JI{") -7~ 31'")=L $ :11. s 
N•l N 

3nec1> npocTpaHCTBO ;H,/ o6pa3oBaHO ~YHKUHHMH 157
/ 

1>s =~L 
fl; J""".J f,,) Iii! {Pl 

rne cyMMHPOBaHHe BeJ.eTCH no BCeM nepecTaHoBKaM 

~(~, ... , f.,) 
N HHneKcOB ~ , ••. , fN 

I 
I 
I 
1 

H 

¢. =~8<1'. 8·'•e~ '"~,,~'(IR'). l 
TpeTH8 Knacc o6pa3yIOT raMHn1>To1ntallbl, nocTpOeHHble cpa3y H3 orpaHH

qeHHblX H HeorpaHHqeHHblX or.epaTopoB. B KaqeCTBe npHMepa pacCMoTpHM CHO- l 
Ba MOAMl> H3HHra /2.9/, HO 6yneM cqHTaTl>, qTO aTOMbl He 3aKpenne!Ul B', f 

(~,•••1fN) >1 :fa ~ ' 

y3nax pemeTKH, a coBepwazoT He6on1>lllHe TennoBble KoneoaHHH uKOJIO paBHO--- --- ----- ------ i 
24 

•~---------------------

I 

t 
PHc. 16. BPeMeHHaJI: 3aBHCBMOCTl> KHTeHCKBHOCTK nasepaoro 

HSnyq(!HHR. 

,_..,{f•~•t) 
f•T +•~•'t ... . 

,.,11><>j f ,,c1•~J 
•--➔• f f+,} 

f,<O 

PHc. 17. 9neMeHTapaaa: a:qeRKa peweTKH, O6pa3o»aaaaa: c~BH
ra,.m aa BeKTopa )I H T ( I '11 I = I ?; I ) . 

PHc. 18. Tennoa1,1e Konecaima: aTOMOB B pE!llleTxe. 
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a.,..,,c, 
t:~~::• 

BeCHNX nonoJKeHHtt /pHc. 18/. B 3TOM cny'lae :T YJKe He .1rnn1IeTc1I 

TaHT08, a 3aBHCHT 0.T paCCTOIIHHII MeJK.tlY coce,ItHHMH 'laCTHttaMH: 

KOHC-

-IlyCTb 7y - CMerqeHHe aTOMa H3 

J"=.T{~-'§,). 

/ -re ysna. Tor.Ila 1 .. ;.,"iii -, r.Ite f -

pa,Illlyc-BeKTOP ysna. 06osHa'IHM '1epe3 

;,, == ~ -i?, 
OTHOCHTMbHHe CMe~eHHII COCe,IIHHX 

HHM CMeI!leHHIIM. lf.'1,!eeM 1221 
aTOMOB H pa3nOlKHM J"(•) 

"" i -
J"tr?,J= Jrl-i'r+ L n.' ftt.t.l' ~,J11 

:rr1.1'). 
ll"J -C'!HTalI cMe~eHHII MruruMH, OCTaBHM nHWb nHHe8HH8 no u,,, 

,IteM K npe,Itc~aBneHHID BTOPH'IHOro KBaHTOBaHHII: 

.. . ,,, .,. -iltf ~ 
..... .. .. 

~ =? <11"1,.N (I,, e + /,I. e je,_ 
... 

no OTHOCHTMb-

/2.13/ 

'lneH H nepett-

/2.14/ 

- e,IIH HH'IHH8 3,Itecb 11 - Macca Kone6n10111eroc1I aToMa, CtJA: - 'laCTOTa, e, 
BeKTOp non!IpH3attHH, Ir.°'~ - BOnHOB08 BeKTOp. Tor,Ita C. Y'l8TOM BHPaJKeHH8 

/2.13/, /2.14/ H3 /2.9/ nony'laeM ,ItnlI 3HeprHH.CnHH-~OHOHHOro B3aHMO,Ite8-

CTBHII 

r,Ite 

,/s-pl,) • .i.. L. L. G;'§,• 8, (l,1'}(4.,"., ",} 
WV <FP>-' 

/2.15/ 

- ' L. B, (r,,1') = y2M c.J" 'I 
~ J J(i) ( e l11~ ·e ;.if) e i°Jrl-t,J 

H :T(-¥) - ~ypbe-00pa3 ~YHKltHH :T{f, 1') . Tenepb nonHHtt raMHnbTOHHaH 

~eppoMarHeTHKa c Y'ICTOM TennoBHX Kone6aHH8 aTOMOB MOJKeT 6HTb npe,ItCTaB

neH B BH,Ite 

~ (S-f'} (fl,) 
H=HN.,.H ,H , 

r,Ite ~ - raMHnbTOHHaH /2.9/ c 3aMeHo8 J ➔ .T(f,f') 
raMHnbTOHHaH CB060,IIHHX ~OHOHOB 

(,Oh)_ y- .,. /, .,. I. 
H -£_ 11 c.J1, l ~ 

I. 
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H 

/2.16/ · 

H f,oh) _ 

raMHnbTOHHaH /2.16/ onpe,IteneH, O'leBH,IIHO, Ha IlPOCTpaHCTBe 

~ ar = ~ ®✓ s. • 
B cTaTHCTH'leCKott MexaHHKe CB060,I1Ha1I SHeprH.R N-'laCTH'IHOtt CHCTeMH 

c raMHnbTOHHaHOM HN(f), 3aBHC~M OT BHewHero napaMeTpa t ~ onpe-
. .ItenlieTCII COOTHOWeHHeM 

1:t (lJJJ)=~ee,s,o e -~(fJ/e 
/2.17/ 

COOTB8TCTBYIOIIIHM KaHOHH'l8CKOMy aHCaMOnro rH66ca. Cne,ItyeT ocooo.no,It'lepK

HyTb, 'ITC IlOTeHttHan, onpe,Iten.ReMbUt COOTHOWeHHeM /2.17/, MolKeT.6HTb KaK 

CB060,IIH08 3HePrHett, TaK H nOT8HUHMOM rH66ca B 3aBHCHMOCTH OT Toro, 'ITC 

IIBnlieTCII BHewHHM napaMeTpOM J HanpHMep, B cnyqae MO,ItenH 113HHra 

/2.9/ / = 8, H ~o npHHIITOMY HaMH onpe,ItenettHro /2.6/ coOTHOWeHHe /2.17/ 
3a,ItaeT HM8HHO Il0T8HttHan rHOOca. 

OnepaTOpHa!I 3KCnOHeHTa B /2.17/ onpe,Iten.ReTCII KaK 

-HN(f)/0 - ~ f-14(/)]n 
e :L_ n / 

h=O S. 11• : 

H Sp ... 
6epeTCII no. COOTBeTCTBYIClJleMy npocTpaHCTBy C0CTOIIHH8. 

B cnyqae CHCTeMbl C nepeMeHHblM 'IHCnoM 'laCTHtt HMeeM 
,4· 

.. D.(0.t) =-ee,~ e 
~{f)f;,,UII 

s 
/2.18/ 

r,Ite N - onepaTop 'IHcna 'laCTHtt. CooTHOWeHHe /2.18/ COOTBeTCTByeT OOnb
WOMy KaHOHH'leCKOMy aHCaM6nro rH06ca x/. 

CTporo roBop.R, COOTHOWeHHe /2.17/ 3a,ItaeT nocne,ItOBaTenbHOCTb ~YHK

t:;(9,J) , KOTOPYJO MN Oy,IteM onpe,Iten.RTb Ha MHQ~eCTBe 
i.lHH 

.D(0,f) = [0,9,,J~[-);,f,,] (6>,,<ao, f,,<0o}., 

IIHaqe ro~OPII, Mb1 He Oy,IteM paccMaTPHBaTb 6eCKOH8'111ble TeMnepaTypH H 

6eCKOHeqllhle 3Ha'leHHII B,H8WHHX napaMeTPoB /nonea/. 

B CTaTHCTH'leCKo8 MeXaHHKe HHTepecYJOTCII IlOBe,IteHHeM He CaMHX no

TettuuanoB THna /2.17/, a HX Y.ItenbHHMH BMH'lHHaMH B TaK Ha3HBaeMOM Tep
MO,IIHHaMH'leCKOM npe,Itene 

-;;:rn n ) -
03TOMy H ~~r- Ha3HBaIDT 60nbWHM IlOTeHttHanoM. 

·- -" F=t..'mNF 
N-+ oo N /2.19/ 
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HMeaao uenaqffffbl TH!la /2.19/ onpe,ttenlDOT TePMOJ:U{aaMHqecKoe 11OB~eaae 

cacTeMbl. O61,1qao nepexo.i:t K npe,tteny N➔ oo paccMaTPHBaJOT llPH ycnoBHH 

N➔ oo, ~ ➔ o0 , ~IN ,.lf,. co,ut 

/np~en B CMblcne EoroJil'J60Ba/ HnH npH ycnOBHH 

N➔ oo, ~ ➔-., V,..I N -. <UJst 

/npe.i:ten B CMblcne Baa Xoua/. 3.i:tecb 1" - o6'beM It/ -qacTaqaoA: CHCTeMbl. 

ECTeCTBeaao, BO3aHKaeT uonpoc: KaKHM ycnoBHSIM J:tOJill(abl YJ:tOBneTBO

PSITh raMHnbTOaaaHbl, qTo6bl np~en /2.19/ c~eCTBOBan? Bnepu1,1e uccne.i:to

uaaae 9TOA: npo6neMbl 6blnO np~npHaSITO B 1949 r. H.B.EoroJ11060BhlM H 

B.H.XaueTOM / 5S/ H ae3aBHC
0

HMO Baa XOBOM / 59/. ;[lanbueA:mee pa3BHTHe HJ:tel!: 

H pe3yn&TaTOB 9THX pa6oT /CM., HanpHMep, 160- 631; npaueno K CO3.i:taHHI0 

CaMOCTOSITenhHOro aanpauneaHSI coupeMeHHOA: MaTeMaTffqecKOA: cf>H3HKH. Oco-

6asr pon& TePMOJ:tHHaMlfqecKoro npe.i:ten&aoro nepexo.i:ta ~ cTaTHCTaqecKoA: Teo

PHH ~a3OBblX nepeXOJ:tOB CTana llOHSITHOA: nocne pa6OT Hara H Jhr 1641 H B 

oco6eHHOCTH nocne pa6oT H.B.EororuoOoua no Ksa3acpe,ttHHM 12O • 21I. 3Ta 

ponh 3aKnroqaeTCH B cne.i:tYiooteM. KaK Mb1 BHJ:tenH Bbl!Ile B neKUHH 1, cf)a3OBble 

nepeXOJ:tbl CBSI3a111,1 C ocoOeHHOCTHMH llOBe,tteHHSI llP0H3BOJ:tHblX TepMOJ:tHHaMH

qecKHX llOTeHUHanOB. Haaqe rouopsr, TepMOllOTeHUHanbl He O6na.i:taJOT CBOA:CT

BOM B~eCTBeHaoA: aaanaTHqaocm. 0.i:tHaKo, KaK 6blnO llOKa3aHo flHroM. H nH/.641 

Ha llPHMepe MO.i:tenH 

ra /2.9/, npH KOHeqaoM 

peIIIeToqaoro ra3a H CBSI3aHHOA: C HHM MO.i:tenH H3HH

N cf>YHKUHSI /2.17/ HnH ,/2.18/ HBnSieTCSI B~eCT-

BeHHO aaanHmqeCKOA: H TepsreT 9TO CBOA:CTBO nHWb llPH N ➔ CIO • Eonee llOJ:t

poOao 9TO BaEHOe O6CTOSITenhCTBO ~ ero npHqffffbl 6YJ:tYT 06CYEJ:taTbCSI HH~e 

u neKUHH 4. 

K COEaneaaro, B HaCTOSI~ee BpeMSI O~He .i:tnSI scex CHCTeM ycnoBHSI cy

~eCTBOBaaHSI np~ena THita /2.19/ HeH3BeCTHbl. ~OCTaToqffble ycnoBHSI, KO

TOPblMH O61,lqHO non&3yWTCSI, CHnhHO 3aBHCSIT OT cneuHcf>HKH H3yqaeMoA: CHC

TeMil. PaCCMOTpeHHe scex HMeIWtHXCSI 3.i:teCh BO3MOEHOCTeA: .i:taneKO BblXOJ:tHT 

3a PaMKH HaCTO~ero Kypca. llO9TOMY 3.i:tecb Mbl orpaaaqHMCSI TeM, qTo yKa

EeM TOnbKO o6~ee J:tOCTaToqaoe ycnOBHe c~eCTBOBaHHSI TePMOllp~ena /2.19/. 

.i:tnSI CHCTeM,· OTHOCSI~XCSI K nepBOMY H3 yKa3aaHblX Bbl!Ile KnaccoB 1601 

HMeHao .i:tnH CHCTeM aa pe111eTKe. 

llyCTb U(lc)(f,,, .. ,, ") - l-qacmqffbll!: ItOTeHUHan B3aHMO.i:teA:CTBHSI 

/B cnyqae MOJ:tenH H3HHra /2.9/ u12r~~) .. J~ 61a I, llPHHa.i:tneEa~A: 

anre6pe noKanbHblX Ha6JIIO.i:taeMblX, COOTBeTCTBY!ooiHX COBOKYllHOCTH y3nos 

(~, ···~ '4 ), npe.i:tcTaBHMOA: orpaaaqeaHblMH onepaTopaMH. Tor.i:ta .i:to-

CTaToqahJM ycnOBHeM c~eCTBOBaHHSI TepMOitp~ena /2.19/ B CMblCne BaH Xona 

SIBnSieTCSI COBOKYllHOCTh Tpe6osaHHA:: 
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fl,) 
1/ U {·) - 9PMHTOB onepaTOp, 

(I,) - {.U. 
2/ u r ~ ., f, ... ,, 1 ., , ) = LI u . r~, ... , ~ ) - OJ:tHOpo,qaocTb OTHOCH-

TenhHO TpaacnsruaA:, r,qe \c - HeKOTOpasr cf>YHKJ:tHSI OT f • 

31 II u1"r.;11 < oo • 

KaK HeTPYJ:tHO BHJ:teT&, MO,qen& H3HHra /2.9/ YJ:IOBneTBOPHeT 9THM yc
nOBHHM H ll09TOMy AAS! Hee c~eCTBYeT TepMonpe,qe.n /2.19/. 

ITepeA:,qeM Tenepb K paccMOTPeHHro HeKOTOpl,IX o6~x CBOA:CTB nocne,qo

BaTenbHOCTH cf>YHKUHA:, onp~ensreMl,lx COOTHOIIleHH_eM /2 .17 /. IlYCTb raMHnh

TOHHaH HN OTHOCHTCSI K nepsoMy H3 pacCMOTPeHHl,IX Bbl!Ile Knaccou H 
HMeeT BHJ:t 

HN = T 
N 

M - L u r1z., ... ,f.iJ, 
(~, .. ..,f.). /2.20/ 

r,qe ~ 
U/lcJ(·) - nHHeA:HblA: no "o.i:tHoqacTHqHhlM" onepaTopaM 9PMHTOB onepaTop H 

k-qacmqaua llOTeHuaan B3aHMo,qeA:cTsasr, y,qosnexuopsrro~a 

llPHBe.i:teHHl,IM Bbl!Ile YCnOBHHM. B cnyqae Mo,qena H3HHra /2.9/, HaltpHMep, 

t =-1:.BG'J'. B cany orpaaaqeHHOCTH onepaTopou, 06pa3yiaxtHx raMHnbTO

HHaH 'l2.20/, COOTBeTCTByro~ee OJ:tHoqacmqHoe llPOCTPaHCTBO COCTOSIHHA: ~ 
J:10.ID!cHO HMeTb KOHeqHyro Pa3Mep-HOCTb 

r/,"n, <if = m <oo . 
/2.21/ 

IlOTpe6yeM Tax~e, qT061,1 HMena Mecxo TepMOJ:tHHaMHqecKasr aJ:IJ:tHTHBHOCTb 

paccMaTpauaeMoA: CHCTeMbl, T.e. qxo61,1 N-qacTaqaasr BHYTpeHHSISI 9Heprnsr, 
onpe,qensreMasr s CTaTHCTHqecxoa MexaaaKe KaK 

E,., =(HN> <···>:: 
s -H. , ~--· e ·,uty 

Sp e -H11 /fJ /2.22/ 

61,1na nponopuaoHanbaa N 
~SI 3TOro J:IOCTaTQqHo, qTO61,1 

:lh = ccn.rt: bW //~JI ~ h#. 
/2.23/ 

B CHny YCnOBHA: /2.21/, /2_.23/ nocne,qoBaTen&aocTb cf>YHKUHA: if,12.111 
PaBHOMepHo orpaHaqeHa Ha .:n . ~eA:cTBHTeJI&Ho, TaK KaK e",P/-~/tiJ} -
nono~Ten&HblA: orpaHaqeHHblA: onepaTop, TO s ca.ryy TeopeMl,J IIeppoHa 1651 
cpe,qa ero C06CTBeHHb1X 3HaqeHHA: Bcer,qa c~eCTBYroT HaHOonblI!ee H HaHMeHb

lilee x/. B cany /2.23/ Haaoon&mee He npesocxo,qax eJtp(hN/9) 
, a 

x/ TeopeMa. ITeppoHa cnpaseJ:tJiaBa H .i:tnsr HeorpaHaqeHHblx oneparopoB 
166

/ 
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HaHMeHJ,ll:lee He MeH&me exp{-JiN/8} , TaK KaK onepanHl1 ~ D /2.17/ 

onpeJieneHa Ha npocTpaHcTBe 

JI. ... n e JI.., 
'N J 

· J• "II N a,m ·t:TIN am ,. 

To »eJIH'llfna Sp exp {- /.IN 16'] npeJicTaBJUleT co!Soa cyMMY H3 m IV-

nonOllHTeJll>llblX ,,meHOB. IlO3TOMY 

N -/,ll/9 -HN/9 11 l,N/(J 
m e ~ Sp e $ m e 

OTCK>Jla Ii£/, h ,. 6J!n.m ~ h ,.·6).thm 

TaK KaK npaBall 'laCTb nony'leHHO8 oneHKH He 3aBHCHT OT N, TO nocne-' 

~oBaTenb~OCTb cj)yHKnH8 {t-J paBHOMepHO orpaHH'leHa Ha :/) • 

IlPHBe,IteM Tenepb HeKOTOpble onpe~eneHHH. 

HeoTpHUaTenbHall cj)yHKUHll 'I(~) Ha3NBaeTCll norapncf>MH'leCJCH BHnyKnoa 

Ha [<i,h] , 'ecnn 

\ft.,, t2 E[Q,I,] rp{ t.,; t,) ~ v',rv ,P{t~) 

~YHKUHJI r/l(t) ffil3HnaeTcl'C sorHyTo8 Ha [a, b] ,ecnn 

Vt t E[Q bl ,,.( t, * t,;·.,,. 
'I.I 'Z I I" ,- 'P 

/CM. pnc. 19/ K/. 

fl(t,) ,,. r/l(t,J 
2, 

f"},.24/ 

/2.25/ 

EcnH f){t) ,:_ ,norapmj)MH'leCKH BHnYKnaJI cf>YHKUHH Ha [a, 6 J. , TO nHISO 

\ftE[a,l,J WO= o , nuiso Vte[a,1,J .1"1(~) = !n 'l(t]: V,(-t) - BblITYK

nan cj)yHKUHll. 

YcTaHOBHM BOrHyTOCTb' cf>YHKUHH / 2 .17 / no F) Ha [ 0~ $0 ] • IlYCTb 

~>,,~e-fo,e. J. PaccMOTPHM npOH3Be,IteHHe 

P 
=[ r . -HN/6, 7 ~/(~ ,~) [ -HN/817 ~/(~ t>€J,) 
- Jf'e J • ~ e · J • 

TaK KaK 

e, 
®, *8z 

H Sp••• eCTb CyMMaH3 

,.~:::J 
61,,. Sz 

N m,. nonOlKHTenbllblX 'lneHOB, MOZHO socnonb3O-

BaT&Cll Hep~BeHCTBOM ren&~epa JlJ_lll CYMM 

K/ IlJ;JH H3MeHeHHH HanpaBneHHll 3HaKa HepaseHCTBa B /2.24/ Mbl nonY'lHM 
onpeJieneHHe norapHcf>MHqecKolt BorHyTOcTH, a B /2.25/ - »HnyKnocTH. 
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ljl(t) 

~ 

PHc. 19. IlpnMep BOrHyioa cf>YHKUHH 'f/(t). 

- l 

·2 

-J 

-+ 

-s 

Gh 

1 l ~ -4 ~ 6 f I 9 lO Q/J 

Puc. 20. TeMnepaTypHaH 3aBHCHMOCTb CBOISO~H08 3HeprHH B 
O~HOMepHO8 Mo~enH H3HHra npH cf>HKCHPOBaHHOM none • 

. { 

-z 

- J 

- If 

Gf.r 

l ,1 l 

' ®•.SO.J 

.. C ' 'I I 9 £0 

8/J 

PHc. 21. IlpHMep BOrHyTOCTH CBOISO~HO8 3HeprHH no BHell:IHeMy 
napaMeTpy, nHHeltHO BXO,!VlllleMy B raMHn&TOHHaH: 
cf>YHKUHH (2.26) npn cf>HKCHPOBaHH08 TeMnepaType. 
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If ",fl,· ts If«, Jc/¼· If.A· r;''~ (1r,po, t + f .. J) . 

Torna 
P ~ Sp e _2,JIN/(0, + 0.) 

nponorapH~MllPYeM 3TO HepaBeHCTBO H yMHOlKHM ooe ero qaCTH Ha 

nonyqaeM 

f ( 0,. +0,) 1 - ( l ' -
N -.z- ~ :f' { €),/ -,. i ~ (02) 

-@~ - @£ 
-;;,r 

TaKHM oopa3OM, ~yHKUHH /2.17/ npH ycnoBHH /2.21/ nefiCTBHTenbHO BOr

HYTa no TeMilepaType. B KaqecTBe unmocTpau,HH 3TOrO ?BOfiCTBa npHBe.tleM 

Ha pHC. 20 TeMnepaTYPHOe noBe.neHHe CBOOOAHOfi 3HeprHH B M~enH H3HHra 

npH ~HKCHpoBaHHOM B H d_ -1: 

- ) o f .7/S B ~ -2:T/~ j G(0,8=-&c.ne clz 0 +(e -sh 2 :+e . 12.26/ 

IloKa~eM Tenepb TaK~e BOrHYTOCTb TepMonoTeHUHana /2.17/ no BHeIJI-

HeMY nap=eTPY f , BXOAlillleMY B rawmbTOHHaH HN ( J) . nHHefiHO: 

HN {j) =II/)+ f H/J (11,/iJJ,.=1-1/'J, t e[a,bJ . 

PaccMOTPHM CT<iTHCTHqeCKYJ(l cyMMY 

nycTh 

QN(t) = Sp e -HN{fJ/<9 

B cuny HepaBeHCTBa roMeHa-ToMnCOHa 1
67

•
68

/ 
f.1., f i E [ a, I, J " 

A+B 
Sp e ~ Sp ( e A_ e 8 ) . 

IlO3TOMY 

t + t / { fl) ~ f2} . { ufl) J; {l} 
QN ( T} t. Sp exp - 11,, 

2
~1, HN 'j • eXf, - 'W ; 6i 11

N. "jj a 21 . /2.27/ 

nepefineM K MaTpHqHOMY npencTaBneHH!O, B KOTOpOM onepaTOP '¼(ft) nua

roHaneH H ooo3Ha.;!HM qepe3 Ei ('1) ero coocTBeHllble 3HaqeHHH. ( c'"'lr.,m,. 
. IlyCTh E,· ( f,.) - AHaroHanbllble 3neMeHtN onepaTopa JIN (Jz) 

B 3TOM npe,ncTaBneHHH- npaBYIO qaCTb /2.27/ Tenepb MO~HO nepenHcaTb B 

BMe 

21 •{- f e -EJt,J,1,9. e-l.<t,Jli9 J 
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BHOBb Hcnonb3Yll HepaBeHCTBO renhnepa C J : 'J ::: .2, , HaXOAHM 

-¥.z l< tt.i !I.~[Le-E,(J,Jl0j ·[£.e-, i,J/91 =·IQ (1::Jo, (f) 
l ,· V< N 1J N 2 

3necb yqTeHa HHBapHaHTHOCTb BeJIHqHHli s,, ... OTHOCHTenbHO npe,ncTaBne

HHH. OobenHHHH Tenepb nonyqeHHOe HepaBeHCTBO c /2.27/, nonyqaeM no
rapH~MHqecKYJ() BWIYKnOCTb.~YHKUHH ~(J)aa[a,b] /cp. /2.24//. TaK 

xaK no onpeneneHHI0 QN (j) He paBHa TOJQeCTBeHHO HYJDO Ha [a, 6 J , TO 

c:,,inecTByeT BOrHyTaH $YHKUHH - _, 
~ (?) = -GJN /h QN(j) 

/CM. pHC. 21/. 

TaKHM o5pa3OM,nocne,qoBaTenbHOCTb ~YHKUHfi ~ (-) /2.17/ paBHO

MepHO orpaHHqeHa Ha Jj, npuqeM CaMH ~YHKUHH BOrHYTbl no K~oa H3 

nepeMeHHbJX. BorHyn.e H orpaHHqeHHble ~YHKUHH oonanaioT PHAOM BruKllblX 

CBOfiCTB 1691 , Ha paCCMOTpeHHH KOTOPblX Mli Tenepb OCTaHOBHMCH. 

TaKue ~YHKUHH Henpepb!Bllbl Ha D I no K~oa H3 nepeMeHHhlX/. 

TaK KaK CBOfiCTBO HenpepblBHOCTH_coxpaHHeTCH npH nepexone K npe,neny 

nocne,noBaTenbHOCTH, TO CBO5OAHaH 3HeprHR: /2.19/ R:BnHeTCH Henpep!iBHOfi 

~YHKUHefi no Ka:,Qofi H3 nepeMeHllblX Ha b , B TOM qucne H B.TOqKe ~a-

3OBOro nepexona. 9TO oqeHb BruKHOe CBOfiCTBO, HCnOnbsyeMoe, KaK MbT YBH

AHM B nanhHe8meM, HanpHMep, AnH onpeneneHHH ToqKH ~a3oBoro nepexona 

nepBoro pona. 

B CHnY paBHOMePHOll orpaHH"leHHOCTH H HenpePbJBHOCTH ~YHKUHH ;,; (·) 

Henpepb!BHO ,qH~~epeHUHPYeMa noqTH BCIOAY no KaJQOll H3 nepeMeHHblX. Ee 

npoH3BOAHaH HBnHeTCH HeBO3pacTaJO!'lea ~YHKUHell /CM. PHC. 22/. 9TO ~e 

OTHOCHTCH H K npe,nenhHoll $YHKUHH F(·) • 
-11 

EcnH CYl!leCTByeT BTOpaH npOH3BOAHaH ~ (·) no Ka~oa H3 nepeMeH-
-, 0 HliX, TO FN (·) ~ . B cuny onpeneneHHll /1. 4/ H /1.6/ OTCIOAa cne-

nyeT HeOTPHUaTenhHOCTb BOCnpHH~HBOCTH H TennoeMKOCTH pacCMaTpHBaeMoll 

CHCTeMbl. B TepMOAHHaMHKe C HeOTPHUaTenbHOCTbID TennoeMKOCTH CBH3b!BaIOT 

YCnoBHe YCTOllqHBOCTH CHCTeMbl no OTHOWeHHID K TennOBblM BO3AellCTBHHM149~. 

B CHny CKa3aHHoro AOCTaToqllblM ycnoBHeM TaKoll ycTofiqHBOCTH HBnHeTCH 

BOrHYTOCTb CBO5OAHOfi 3HeprHH no TeMnepaType, cnenyio~aH Henocpe,nCTBeHHO 

H3 onpeneneHHH /2.17/ H CBollCTB MOAenbHoro raMHnbTOHHaHa /2.21/, 
/2.23/. 

BepHeMCH K Bonpocy O ~a3OBOM nepexone. Mb! YlJ(e roBOpHnH O CBH3H 

3Toro nBneHHH co CBO8cTBaMH AH~epeHUHPOBaHHH ~YHKUHH F(·) YKll'-leM 

Tenepb npHHHTYIO KnacCH~HKaumo ~a3OBb!X nepexo~oB. Mb! YCTaHOBHnH, qTo 

~YHKU~11 F{·) nu~~epeHuHpyeMa noqTH Bc10,tty. EcnH ~asolll,18 nepexon HMeeT 

MecTo npH.3HaqeHHH TepMO,IIHHaMHqecKHX napaMeTPOB ·Ha .D H $YHKUHH Ff-) 
AH~epeffUHpyeMa Ha IJ , TO rOBOpllT, qTo HMeeT MeCTO nepexo.it Henpeplll!-
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Horo THna.·- B npOTHBHOM cnyti:ae HMeeT MecTo nepexo.i:t nepBoro po,Ita. TaKaR 

KJiaccmjmKaUHR 6blJla npe,ttnoJKeHa <%>H1I1epoM / 7o/. B 6onee CTapoll: Knaccmj)aKa- .. 

UHH 3peHcj)ecTa /e1~., HanpHMep, 
14911 paccMaTPHBaJOTCR nHIIlh nepexo,Ilbl nep

Boro H BToporo po.i:ta. rrocne.i:tHHll: onpe.i:tenHeTcR KaK nepexo.i:t, npa KOTOpoM 

c!>YHKUHH F ( •) ;!IBaJK,Ilbl ,ItHcj)cj)epeHUHpyeMa Ha .D H BTOpaH npoas:iio.i:tHaR F 11 

HMeeT paspb!B. KaK HeTPY.IlHO BH,IleTh, STO - qacT!lbl8 cnyti:all: nepexo.i:ta He

npe~BHOro Tana. Toti:KY cj)asoBoro nepexo.i:ta HenpephlBHoro THna npHHRTO• Ha-

3hlBaTh KPHTH'l:eCKO8 T0'1:K08.~/ 

no CHX nop B CBlI3H C cj)a3OB~ nepexo,ItOM Mb! BCer.i:ta rOBOpHnH O HeKO

TOpO8 TO'l:Ke nepexo.i:ta. CTporo roBOPR, COBCeM HeO6R3aTenhHO, 'l:T06bl nepe

XO,Il peanH3OBhlBanCR HMeHHO B TO'l:Ke. nell:CTBHTenhHO, nyCTh CHCTeMa C ra

MHnhTOHHaHOM HN (t} Y.IlOBneTBOplieT ycnOBHlIM 1/ H 3/ H /2. 21/, /2. 23/. 

Tor.i:ta 

V0,t€I> ({0,J) ➔ i(@,j), /2.28/ 
-, -, _, -, 

H noti:TH BCIO.IlY CYl!leCTBy!OT npoH3BO,IlHHe ~81 ~t ,. F® , ~ • 3aMeTHM, 

'!:TO H3 IlOTO'l:eti:HO8 CXO,IlHMOCTH /2.28/ cne,ItyeT paBHOMepHalI CXO,IlHMOCTh 

Ha D. nell:cTBHTenaHo, B
0

cany /2.21/, /2.23/ c!>YHKUHH F"'-(·) Y.IlOBneT-
/71/ -

BOPlIIOT TeOpeMe BaHaxa- lIITe8Hray3a . H nocne,ItOBaTenhHOCTh ~ (·) paB-

HOMepHO paBHOCTeneHHO HenpephlBHa Ha :Z, • ITO3TOMY B CHny Teop= I. 27 

pa6OTbl 1121 H3 CXO,IIHMOCTH /2.28/ cne,ItyeT paBHOMepHaR CXO,IlHMOCTh 

!;, (e,f)-:: i=re,n. /2.29/ 

EcnH c!>YHKUHlI Ff·) BCIO.IlY Ha l> npaBHnhHO OilHCb!BaeT TepMO,IlHHa-

MHti:eCKOe COCTOlIHHe CHCT=, TO, no-BH,IIHMOMY, ,IlOnlKHO BblnonHRThClI npe

.i:tenhHOe COOTHQllleHHe 

V>.eb 
_, _, 

~ll ➔~ ~ =0,J /2.30/ 

B 3TO8 CBR3H yKalKeM cne.i:tYJO~YJO TeopeMY l 731_ 

TeopeMa 1. .rtnR nJOOoro s > 0 MOlKHO yKa3 a Th MHOlKeCTBO <!Js C [ a I b J 
l[a,l,J:r[O,@.JanH [-to, t.] I, Mepa ne6era KOTOporo ,/-'(<!Jt}$8 I Ta

Koe;'l:TO Ha MH.OJKeC,TBe [a,l,]\ {!}f CYl!leCTByJOT npoH3BO.i:tHHe ~',. , F: _, -, 
npHti:eM ~l :: F 1 . 

noKasaTenacTBo. rrycTh R"'c[a,6), Rc[o,6] - cooTBeTcTBYJO~e 

He 6onee ti:eM cti:eTHble MHOJKeCTBa He,ItHcj)cj)epeHUHpyeMOCTH cj)yHKUH8 ;;, ('A) H 

F(>.) Ha [a, 6]. B cany /2. 29/ H Teop= rpacj)cj)HTca ·/7 4/ 

'v>.E:.[o,6J, {RU(u RN)) 
N 

_, -, 
~" .. F'A 

~7 ITOHlITHe KPHTH'l:eCK08 TO'l:KH BnepBhle 6blJIO BBe,IteHO B 1860 r. n.H.MeH
.i:teneeB~. 
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TaKHM 06pa30M, BhlnonHeHbl ycnoBHH TeopeMbl n.<I>.EropoBa /CM. 16911, B 
cany KOTopoll: 

_, -, 
VJ>o leJsc[o,6]:_,µ(f!J!)~S</'(lQ,1,J) -:t> {.\:: 1 ; 

TeopeMa .i:toKa3aHa. 

3Ta TeOPeMa yKa3b!BaeT Ha B03MOlKHOCT!, Toro, '!:TO KaKHe-To HaPY!Ile

HHH_ CBOll:CTBa ,IlHcj)cj)epeHuapoBaHHlI c!>YHKUHH ~ (·) MoryT IlPOHCXO,IlHTh He 

06R3aTenhHO B TO'l:Ke, HOH Ha MHOlKeCTBe HeHyneBo8 Mepbl. B pfl.[le He.i:taB

HHX SKcnepHMeHTOB 6blnH Hall:,IleHbl TaKae CHCTeMbl, y KOTOPhlX cj)asoBblll: nepe

X;,Il npOHCXO,IlHT 3aBe,ItOMO He B TO'l:Ke 175• 761 • Ha PHC. 23 H3O6paJKeHa Bocn-

pHHM'l:HBOCTh ~ 2 Ga 11 8 40 , pacxo.i:t~aRcR Ha HHTepBane 55 Ki r~ 120 :K 
/CM. /75-77//. 

IlYCTh c!>asoBblll: nepexo.i:t peanasyeTCH B TOti:Ke 

rpaHHti:Holl: Ha [o,6]. IlYCTh .i:tanee 
H STa TO'l:Ka lIBnReTcR 

Tor.i:ta 

V>. e (01 b) -, 
~.\ 

➔ t=' ). 

&r, 
'A .. a~o 

-, -, ( e,., ~.\ (.\J) = FR (a) 
N .. ot> 

&-,,, 
ll ➔ .&-o 

{e,,,,, 
N .. oo 

_., -{ a 

~.\ {")) :: ~ (6), 

/2.31/ 

r.i:te {' {Q) I 

1.um F(>,,) B 

if 'r1, > 
- COOTBeTCTBeHHO npaBaR H neBaR npOH3BO,IlH~e c!>YHK

TOti:Ke Q a 6 ,[lell:cTBHTenhHO, B CHny MOHOTOHHOCTH a He--, -, -, 
npepb!BHOCTH c!>YHKUH8 ~ Ha (f1,6) l) CYl!leCTBYJOT sup.,:_; = Fa (a) H -, -, 
Int~ = ~ (6), H COOTHOllleHHlI /2.31/ Bb!IlOnHRIOTClI. 3aMeTHM, '!:TO nopH-; 

.IlOK npe,ItenoB B /2.31/ Henh3R H3MeHRTh. 

Bb11Ue Mb! rOBOpHnH O TOM, '!:TO. O,IlHH TepMono_TeHUHan MOlKeT Ob!Th nony
'l:eH H3 .IlPYroro 3aMeHo8 nepeMeHHblX. 

Tor.i:ta TepMonoTeHuHanhl, onpe.i:tenReMble 
CTaTHCTH'l:eCKHM IlYTeM, .IlOnlKHH Ob!Th 

nepexo.i:ta npH N ➔ oo. HMeHHO H3 

HanpHMep, CXO.IlHMOCTh ~ ➔ £ H 

3affbl 00bl'l:lll,IM _TepMO,IlHHaMHti:eCKHM 

Bonpoc IlO,IlpOOHee. HMeeT MeCTO 

SKBHBaneHTHhl B CMhlcne npe.i:tenhHoro 

CXO.IlHMOCTH ~ ➔ F · .i:tOnlKHa cne.i:toBaTa, 

Hao6opoT, IlPHti:eM F H i' 3.i:tec1, CBR

cooTHOWeHHeM /2.5/. PacCMOTPHM 3TOT 

cne.i:tYIOlllaR TeopeMa 1781 

TeopeMa 2. HMeeT MeCTO COOTHOWeHHe 3KBHBaneHTHOCTH 

'v'~J€E =l:)'(!)1 F -.F#i. .... f' 
N N • 

noKa3aTenhCTBo. IToKaJKeM CHati:ana, ti:To 
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{ ➔ f:+~ ➔ i J ~ = N-~/:N • > 

/2.32/ 

/311,ech EN onpe11,eru1eTc11 cooTHOWeHHeM /2. 22//. Bocnonh3yeMCII cooTHO

weHHeM /2.5/, KOTopoe MolKeT 6liTh nepermcaHO B 11.H~~epeHUHanhHOlt ~opMe 

- - ?~ 
EN :: ~ - B 'o8 

/coOTHOWeHHe rH66ca-renhMI'Qnh~a/. B CHny TeOpeMli 1 

V@,ft: $ 
- - -, -, 
~ ➔ F ~ is =tFe • 

OTKY'fJ.a H cne11,yeT /2. 32/ • 
IlOKaJKeM Teneph, qTQ 

ve,tcn f.-l ~ f ~f 
N IV ' 

OrpaHH'ffiMCII 11,J1H npOCTOTbl pacCMOTpeHHeM nHWh 3aBHCHMOCTH OT (i} • IlyCTh 

tE [ 0 
1 

J J, H onpe11,eJIHM 

~ (t} = ~ (0/t) 

COOTHOweHHe /2. 22/ c 3aMeH08 11.'N ➔ #. . ·t . Onpe11,enHM ~YHKUHIO 'N . 
t 

fj,N(t) = JI~ ('i:)-E(,)jd, I 

0 
r11,e E(t) = fim ~ (t) • . KaK HeTPY'fJ.HO BH.[leTh 1 

N➔ OO 

/jtvft) = t, {SU) - f (S,t). 

rro TeopeMe narpaH- o KOHeqH!,IX npHpait1eHHHX 

(;d/Jj - -
.lfo!(o,.1): /JN(J}-IJN(o) = ~ =E~(t,) -E(t,). 

· P4 
/2.33/ 

rro, onpe11.eneHH10 /JN (o)=O H /JN(I) = ~ (9)-F (8) . rro ycnoBmo TeopeMli 

~(e) ➔E(@) . Ha [o,s.J\(!}8 .· fipOH3Be11,eM peHOpMHPOBKY TeMITepaTyplil 

6) ➔ § a @/I:_, t E' (o, .I 1 . lICHO, qTO B CH'1Y npoH3Bona Blifiopa 6' • 
era BCer.i:ta MOlKHO nO.[l06paTh TaK, qTQ $ He H3MeHHTCH. Teneph 

'r!U(qL] E,, -.f,,. 4<t) ➔ ft~), 

H B CHIIY /2,33/ 

l~ ➔E ~ i! ➔ F 
- N • 

AHanornqJlhlM o6pa30M MOlKHO paccMOTPeTh 3aBHCHMOCTh OT / • COOTHOWeHHll 

3KBHBaneHTHOCTH W1H 11.PYrHX noTeHUHaJIOB MOryT 6liTh nonyqellbl OTCIO.[la C 

noMO~hlO npeoopa30BaHHlt neJKaff11.Pa. 
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et'J 

PHC. 22. 9HTpOITHH 
H3HHra. 

S =- (iJG /IJB)a B 011.HOMepHolt MO.[lenH 

$ 

5'5'i( 120k T 

PHc. -23. BocnpHHMqffBOCTh KaK iYH~HH TeMnepaTYPf,t 11.nH 
cnyqaltao aHH30TPonaoro MarHeTHKa Gd

72
ca

18
B

10
• 

+. i-

CDLDLDLDQ':\ t t 
Q7~~Q:7~-1- -i-

_t _ 
t 

[T\ CD~ _1_ -L -..L _,_ 
\]7Q7Q.7 t t r t 

_ ,_ 
t 

PHc. 24. B03MOlKHOe pacnonoJKeHHe CTpenox B KBa.[lpaTHOlt peweTKe, 
Kpym<aMH 0603HaqeH!,I KOM6HHaIU!H, yqHTblBae?otie B MO'fJ.enH 
BaKcTepa. KpecTHKaMH noMeqeHbl KOM6HH~H, Bli6paeli
Bae?otie ITPH nepexo11.e K weCTHBeplllltHHOlt MO.[lenH JlHOa. 
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"T= 6ttnu Po6uH I'ycb, nmu~a ,[{ooo, 
nony2au~uK Jlopu. OpneH0K 30 U. BCRKUe 
opy2ue youaumenbHUe cy~ecmaa". 

Jlb10uc Kapponn. "Anuca e ·cmpaHe ~yoec". 

IleKY.Hll )_. MO,!lEJlbHblE rAMHJ!bTOHHAHbl: 

B npeAhl,l:IYllle8 neKUHH roBOPHnOCb o MO,llenhl!b!X raMHnhTOHHaHaX H- HX 

KnaccH~HKciUHH, H 6WlH npHBe,lleHH TPH npHMepa. 3,lleCh Mix npO,llOJDKUM pac

CMOTpeHHe MO,llenh= raMHnhTOHHaHOB nnll pas=q= ~H3HqecKHX CHTyanHn. 

Monenh renseH6epra. BepHeMCll K 

B nepB08 neKLtHH 6~0 cKa3aHO, qTO B 

HOC MexaHH3MOM sneKTpOCTaTHqecKoro 

npo6neMe MarHHTHoro ynopll.llOqeHHll. 

pll,lle MarHeTHKOB STO llBneHHe CBll3a

o6MeHHOrO B3aHMO,lle8CTBHll sneKTPO-

HOB, pacnono~eHHHX B coce,llHHX aTOMaX. IlpOCTe8wen 

Mix llBnlleTCll nonllpHall MO,llenh MeTanna, onHCHBaIO!ll.all 

MO,lle8CTBYICIIIHX sneKTPOHOB, HaXOnllllUfXCll B none 

TaK08 ~cTeMlx HMeeT BH.ll /
79

/ 

H = r + U + H. 
N U1t 

3,lleCh T KHHeTHqecKall sHeprnll sneKTpOHOB 

T=L J di' f(i!J{- ;!'-/J/t(?) 
G 

N 

MO,llenhro TaK08 CHCTe

CHCTeMY H3 N B3aH

HOHOB. raMHnhTOHHaH 

/3.1/ 

rne Ip - ~epMHeBCKall noneBall nepeMeHHall, G. - CITHHOBli8 HH,lleKC H ,I'"'. 
- XHMHqecKH8 noTeHUHan. OnepaTOP U COOTBeTCTBYeT noTeauHanhH08 SHep-

rHH sneKTPOHOB B none HOHOB 

U = L. fdr' t//(r; VI~ 1/dr'J 
G 6 6 ' 

H ~nt - sHeprHll sneKTPOCTaTHqecKoro B3aHMoneltCTBHll 
sneKTPOHOB 

ijlnt = 1 L 1di'' '"'· P ,1/rr")t(r"'J <Prr'.i''J ,;,.,(t'J'/1. cr'J 
G:G' J I J' G 6' 6 6 .1 

I I 
,.,., .... ,, e· 
Tl r,r ✓ : , ... ... ,1 1 r - r 

B paccMaTPHBaeMOn CHCTeMe HOHbl o6pasymT peweTKY 'IL" pasMepHOCTH ,J I 

fE z". 06osHaqffM KOOPnHHaTli ysnoB KOTOpO!t 6Y.lleM o6osHaqaTh qepes 

CHMBOnOM \ 

~ rr---lJ = 11 >,, 
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~yHKLtHH BaHHbe /BO/ - nonl!bl8 OpTOH0pMHPOBaHl!bl8 tta6op ~YHKUHfi sneKT!)O

HOB nnll n-n 30l!bl, CBll3aHl!bl8 C ysnaMH peweTKH x/. IlepeQneM K npe,ll

cTaBneHHro BaHHhe nnll ~epMHeBCKHX noneBHX nepeMeHHblX 

~ (~} "L OnG (fj VJ, {?-lJ • 
l,n 

Teneph raMHnhTOHHaH /3.1/ ITPHHHMaeT BH,ll 

H. = f L L. Lr1-1'JQG.,.r1)a6~rr;i,rt'JQGr1 .. J .., 
N GG' £1' /3.2/ 

I I 

# 1 L Z. J(,1-1 .. 'Ja/rt;a:,rl')~,ffJ0
6
r1'/ 

6;6' ,,,, 
(h;') 

3,lleCb BBe,lleHbl 0003HaqeHHll 

L.(l-l'') = (f,l 1/'Prr:r ... 1)/f:1 >, 

:rri"-t) = <f,f '/'Prr:r--'J/ f,1 1> , 

.., y- .,.. 
-,,,U·L 06 {f/Ot;(fJ. 

G1F 

rne /f,f'>;. IF>IF'> - CKanllpHoe ITPOH3Be.neHHe c?>YHKLtH8 BaHHhe, H pac... 
CMO~peHHe orpaHHqeHO TOnhKO O,llHOlt 30H08. qepes _,µ o603HaqeH nepeHop-

MHPOBaHHbl8 XHMHqecKH8 noTeHLtHan 

"' / ".,)'- Q(o) , 
,:l 1 

qrl-l'J = < 1/- 2,: # urrJ/f'> 
MaTpHqHue :meMeHTH L (·) H J(,) xapaKTepasymT pasm,1e MexaHH3Mlx esaH

MonencTBHR 3neKTPOHOB, noKanH30BaHHblX B COCe,llHHX y3nax f H f I pe

WeTKH. IlapaMeTp l~) OITHCHBaeT sneKTPOCTaTHqecKoe OTTanKHBaHHe 3neKT

POHOB /npRll!Oe B3aHMO,lle8cTBHe/, a napaMeTp ,T(·) - npHTR*eHHe, B03HHKaro

~ee Bcne,llCTBHe nepeKPHTHR BOnHOB~X ~YHKUH8 coce,llHHX 3neKTPOHOB /o6MeH

Hoe B3aHMonencTBHe/. :SenHqHHa .T{·) nponopLtffoHanhHa nn01I1a.llH ·nepeKpHTHR. 

ITapaMeTp .]'(·) o6uqao Ha3~BaroT HHTerpanoM o6MeHa HnH HHTerpanoM nepe

KP!,ITHR. 

HeTPY.llHO y6e,llHThCR B TOM, qTo HeKOTOp~e KOM6HHciUHH onepaTOPOB 

BaHHbe, Y.llOBneTBOPRIOIIIHX ~epMHeBCKHM nepecTaHoeoqHHM COOTHOWeHHRM, Be

AYT ce6R KaK onepaTOP~ CITHHa 1/2. HanpHMep, 

l( 

o,.,.r11a,rr) -11.2 =-a/rrio, rlJ + 112. = s; 

a,"'ri'Ja,rlJ = tot .,., s/ [ JC,.·'" .,_, 0( s,,~.]=, s, off' I SI =;r Gf 

~YHKLtHH BaHHbe nonyqaroTCR nyTeM YHHTapaoro npeo6pasoBaHHH 
H3 ~YHKLtH8 Bnoxa. 
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Tenepb B /3.2/ MO~HO nepe8TH K KBa3HCIIHHOBOMY npe,qcTaBneHHro. Pa3yMe

eTCH, raMHnbTOHHaH /3.2/ HeBO3MO~HO nonHOCTbW BHpa3HTb qepe3 KBa3HCnH~ 

HOBHe nepeMeHHHe; no3TOMY npHXO,[!HTCH COBepwaTb pH,[! ynpo~eHH8, CBH3aH

HWC c Hcnonb3OBaHHeM cneUHanbHOro Manero napaMeTpa 
119

•
22

1 •. B pe3YnbTa

Te nonyqaeTCH IlPH6JlH~eHHH8 N -qacTHqffH8 raMHnbTOHHaH BH,lla 

(
I . > ,1 ... ➔ 

H = N Ill -il} U - L J[f,f/ ~ S1', . /3. 3/ 
'N r If' T r 

J 

na3HBae~ O6HqHQ raMHnbTOHHaHOM rett3eH6epra. 3,[leCb {J - e,[!HHHqHH8 

onepaTOP H 

ll=Z..[L(.JJ-fJ(JJ] 
J 

/3.4/ 

CJle,[lyeT no,[lqepKHYTb, qTQ raMHnbTOHHaH /3. 3/ He onHaiaaeT B3aHMO

,[le8CTBHe Me~y cnHHaMH 3neKTPOHOB, OTHOC~XCH K pa3HHM y3naM peweTKH,

a HBnHeTCH KBa3HCI!HHOBHM npe,[!CTaBneHHeM onepaTopa aneKTpOCTaTHqecKoro 

B3aHMO]1,e8CTBHfl, CBH3aHHOro c nepeKpHTHeM op5HTanen. llepBH8 qnen B /3.3/, 

yqHTHB~8 3neKTPOCTaTHqeCKOe OTTanKH~aHHe l··t•J ·; o5~HO onycKaroT, ne

peHOPMHPYH 3HeprHro OCHOBHoro COCTOHHHH1
221. Kax MH YBHAl{M B ,[!MbHettweM, 

yqeT OTTanKHBaHHH L (·) , KOHKYPHPyrolllero c npHTH~eHHeM J{·) , MO~eT HrpaTb 

BaJKHYW ponb npH o5'bf!CHeHHH pH,[!a cf)H3HqecKHX 3.cf>cf>eKTOB. 

Bo3,[le8CTBHe BHewHero MarHHTHOro nonH Ha CHCTeMY yqHTHBaIDT 06-HO, 

,[lononHHH raMHnbTOHHaH /3.3/ qneHOM 

r- ...... 
II. =-L 8S'f 

'N6 f 
/3.5/ 

AHH3OTPOnHro MarHHTHWC CBO8CTB B KPHCTa11Jle OIIHCHBaroT pa3HO8 BenHqffH08 HH-

Terpana o5Mel!a B npocTpaHCT:Qe cnHIIOBHX nepeMeHHWC 

H = N(j II ~) 0 -l L J"'r!,f'JS/s,~ +!-!Ne, oe .. .r,y,e. 
IV cc ti' 

/3.6/ 

~aK He'rl)y,[!HO BH,[leTb, H3 onpe,qeneHH8 /1.2/ H /2.17/, y,llenbHaH HaMarHH

qeHHOCTb B MQ,[lenH rett3eH5epra onpe,qenHeTCH BeKTOPOM 

ii(@,~)=< /;f ~ >. /3. 7/ 

B 3aBHCHMOCTH OT napaMeTpOB raMHnbTOHHaHa /3.6/ BeKTOP ii 
pa3HYI0 pa3MepHOCTb. B.npe11,enbHO aHH3OTpOnHOM cnyqae, KOr,[la 

MO~eT HMeTb 

:,-'If{-)= J" f,J:r 0, 

' . <'I J 'f•} ;IO t lJ:r{O,O;e/ , raMHnbTOHHaH /3.6/ OnHCHBaeT MO,llenb H3Hllra 

/ 2. 9 /. ECJIH B 3TOM cnyqae none 8-.,, { 13 1 0 1 0 J , TO raMHnbTOHHaH / 3. 3/ 

onHcHBaeT TaK Ha3HBaeMYW Mo,llenb H3HHra B nonepeqHoM none. B cnyqae, 

KOr11,aJ'k/,J,;o ,J°t·}flO,J't:J=O, rosopHT O MO,[lenH llJIOCKOro poTaTopa HnH 

XY-MO,[lenH. 
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llOMHMO pa3MepHOCTH BeKTopa HaMarHHqeHHOCTH /3.7/ B raMHnbTOHHaHe 

/3. 6/ MO~HO BapbHpe,aTb pa3MePHOCTb peweTKH 7Ld . COOTBeTCTBHe ME!,"l{,ZIY 

pa3JlHqffHMH qacTHHMH <i)opMaMH raMHJlbTOHHana /3. 3/ H coe,[!HHeHHHMH c Mar

HHTHHM ynopH,[!oqenHeM no,[lpo6no paccMo-rpeHo B o63ope 1 811. 

06o6~enHe raMHnbTOHHaHa /3.6/, yqnTHBa~ee KBcl,!lflaTHqHoe no nonro 

B3aHMO,[le8CTBHe 

~ (. ,.. ... )2' 
HN = ~ - r f B s1 , 

HCnOnb3YeTCfl B CBH3H C npo5neMO8 HeHynesoro yrna Ka5H55o B TeOpHH cna-

5HX B3aHMO,[le8cTBH8 1 82/ 

H3OTPOHHaH MO,[lenb rett3eH6epra c raMHnbTOHHaHOM /3.3/ oona,[laeT HH

aapHaHTHOCTbW OTHOCHTenbHO rpynnH SU(2) H rpynnH TPaHCJlHUlf8 Ha peweT

Ke 7Lo'. C BBe,[leHHeM aHH30TpOIIHH. CHMMeTpHH noHH~aeTCH. 'raK, raMHnbTOHHaH 

H3HHra /2.9/ B ayneBOM BHewHeM none HHBapHaHTeH y~e TOnbKO OTHOCHTenbHO 

rpynill,l TpaHCJlHUH8 H rpynm,i HHBepCH8 i!,_ , COCTOsruten Beere H3 .,[!BYX '3Jie

MeHTOB: e,[!HHH'lHOro npeo6pa3OBal!HH H HHBepCHH G ._. - G • CHMMeTpHH TaK~e 

noHHl!CaeTCH npH BKnroqeHHH BHewHero nonH B . 
raMHnbTOHHaH /3.6/ Y,llOBneTBOpHeT, oqeBH,llHO, YCJIOBHHM, ccf)opMYJlHPO

BaHllblM B npe,qbUI~e8 rnaBe, H nO3TOMY MH Hero c~eCTBYeT TepMonpe,[!en 

/2.19/. 

KaK 5y,[leT noKa3aHO HH~e, K raMHnbTOHHaHY THna /3.6/ npHBO,llHT MO-. 

,[leJIH pa3HHX <i)HSHqecKHX HBneHH8. 

MO,llenb BaKCTepa. 3Ta MO,llenh npe]1,CTaBnHeT 6OnbWO8 HHTepec, TaK KaK 

MH Hee Y,llanOCh nony'lHTb TQqHoe npH N ➔- peweHHe, Hcnonb3yeMoe KaK B 

CTaTHCTHqecKO8 MeXaHHKe, TaK H B KBaHTOBO8 TeOpHH noJIH. ~OPMYnHPOBKa 

MO,[leJlH CBH3aHa C paCCMOTpeHHeM nnocKO8 KBa,l!PaTHd8 peweTKH, B K~8 

y3en KOTOpott noMewena CilHHOBaH nepeMeHHaH, npHHHMal(l!taH 3HaqeHHH +1 HnH 

-1, KaK B MO,[lenH H3HHra. PacCMOTPHM HeKOTOpbdt y3en H qeTHPe ero 5nHl!Ca8-

~x coce,[la. COBOKYilHOCTb 6JlHl!Ca8wHx COCe,[le8 y3na B peweTKe O6HqHQ Ha3H

BaJOT KOOp,[!HHaUHOHHO8 Ccf)epoa. By,lleM COe,[!HHHTb ueHTPaJibHH8 y3en KOOp,[!HHa

UHOHHO8 ccf)epH co CBOHMH coce,[!HMH CTPeJIKaMH, npHqeM CTpenKy 5y,lleM Han

paBJIHTb OT ueHTpaJihHOro y3na, ecJlH 3HaqeHHe CllHHa.B COCe,l!HeM y3ne eCTb 

+1, HK ueHTpanbHOMY y3ny, ecnH -1 /pHc. 24/~ Beere B KBa,[!paTHO8 peweT

Ke BO3MO~HO 16 pa3JlHqHHX KOM6HHauH8. ECJIH OcTaBHTb H3 HHX JlHWb Te 8, 

KOTOPHe OTMe'leHH KPYJ!CKaMH, TO nonyqnTCH TaK Ha3HBaeMaH BOChMHBePWHHHaH 

Mo.[lenb BaKcxepa 183 ' 841. EcnH O6O3gaqHTb qepe3 W(G, 
1 
~ 1 cs1 , Ge ) 

6om,~aHOBCKH8 Bee COOTBeTCTBYl(l!tero COCTOHHHH /B MO,[lenH BaKCTepa TaKHX 

COCTOHHH8 8/, TO CTaTHCTHqecKaH CYMMa 6y,[leT onpe,qeJIHTbCH COOTHOWeHHeM 

Q = L. fi W{G;1 G.JJGA,Ge) • 
s a;,1,,eJ 
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r,ne 11POH3Be,neHHe !SepeTCH no BCeM BOChMH COCTOHHHHM. 0Ka3bJBaeTCH ,. '!TO 

npo!SneMa BN'lHcneHHH CTaTHCTH'leCKOR CYMMN /3.8/ B TepMOnpe,nene 9KBHBa-
. ~ ' 

neHTHa s~aqe o HaxoJK,neHHH CTaTHCTHttecKoR CYMMJ .nnn aHHsoTponHoro ra-

MHnhTOHHaHa reaseH!Sepra H~ o,nHoMepHoR perueTKe 7l' 
N 

. " = f L{f'G; 6!,: 
.l•l 

)' >' )' J~ I ii j 
+ J ~ 6,r,.t + G.f G;,.t 

/TaK Ha3NBaeMaH XYZ -Mo,nenh/ /85/ 

TottHoe peweHHe MO,nenH BaKcTepa MOlKeT !SNTh nonyqeHo pas= cnoco..: 

6aMH. 0co5oe sHatteHHe HMeeT perynnpHaH npoue.nypa, pasBH'lM n.,n.c?>aMeem,JM 

H APYrHMH186 • 871 Ha OCHOBe.KBaHTOBOro MeTo,na o5paTH08 sa,na'lH TeOpHH . 

pacce1tHHH. 

Mo.nenh cerHeToaneKTPHKa KX>P-THna. B nepBoR neKUHH Mb1 roBopHnH 

0 .UBYX MexaHH3MaX; BN3NBaJOOIHX cerHeToaneKTPH'leCKOe ynopn,notteHHe B KPHC-, 

Tannax. 3,necb Mb1 nOAP06HO OCTaHOBHMCH Ha BTOPOM, CBH3aHHOM c ,ynOpfiAO'le~ · 

HHeM HOHOB. K TaKHM cerHeT09neKTPHKaM OTHOCHTCH.AHrHAPO~oc~aT KanHH 

kJ'2 PO+ , ,naBWH8 HasBaHHe BCeMy -1maccy, H pn.n APYI'HX KPHCTannoB c 

Bo.nopo.ttHblMH cBH3HMH: Rb H2 PD+ ~ RI, 112 /Is 04 , Cs 1-12 II s O Jt H AP. 

KaK noKa3NBaeT He8TpOHHaH cneKTpOCKOnHH, Bblllle TO'lKH nepexo.na npoTOHN 

B BO.ttOPO.ttHNX CB.fl311X pacnpe,neneHN CHMMeTPH'lHO, TOr,na KaK HHlKe TO'lKH nepe

xo.na 9TO pacnpe,neneHHe·aCHMMeTPH'fll~ OTHOCHTenbHO coce,nHHX HOHOB 1881 . 
3TO BN3BaHo TeM, '!TO Bo,nopo,nHaH CBH3h npe.ncTaBn.fleT co6o8 noTeHUHan c 

.ttBYMlt MHHHMyMaMH /pHc. 25/. B npocTeRf!IeM cnyttae .f!Mbl C'lHTaJOT CHMM.eTPH'l-

Ul~) HblMH. KBa3HCrnlHOBN8 onepaTOP se BBO,nllT 

PHC. 25. Bo,nopo,nHaH 
CBH3h B KDP. 

.nnn onHcaHH.fl npoToHa B·"npaBoM" HnH "ne

BOM" nono)l{eHHH 

Sa!R>=JJR>, s•JL>=-}IL> 

rar.mnhTOHHaH /-ro npoTOHa B 1tMe 

Az d 2 
II. =- - - + U(vJ F ~m dyZ ., 

B MaTPH'lHOM npe,nCTaBneHHH HMeeT BH.tt 

(
;R/~1/R> 

<L IH1/R ~ 

r.ne J2, = £4 - E, , 

<Rll-l1lL > ) 
(LIHilL> =Ea O +SlS/ 

E11 , Es - COOTBeTCTBeHHO, aHTHOHMMeTpH'lHOe H 

CHMMeTpH'lHOe COCTO.f!HH.fl npOTOHa B ltMe H 

42 

~::: 
£4 + Es 

.2, 

'Aanee npe,nnonaraeTcH, '!TO B peweTKe co.nep)l{HTC.fl N TaKHX npoToHoB, npa-

qeM HMeeT MeCTO B3aHMO,ne8CTBHe: 1/ .ttHnonea, B03HHKa~HX sa C'leT HaXOlK

,neHH.fl npOTOHOB B O.UH08 H3 HM /TaKoe B3aHMO,ne8CTBHe HMeeT onepaTOPHYJO 

cTPYKTYPY THna S/' s1: , {f #f') Ii 2/ .neRCTBHe nonepe•rnoro non.fl o.nHoro 

npoToHa Ha nonepettHoe none APYroro s1~s,~. noaToMy raMHnhTOHHaH cer

aeToaneKTPHKa KI>P-THna HMeeT BH.tt . 

H = 
N NEo tJ-L D,S/ - 1 £. { J}1,1'Js/ s/ 

I /,I"' 

+J::c{/_f'Js~s~J -GL sil 
., 'I I' f' "I, 

+ 
/3.9/ 

r.ne G - BHewHee aneKTpHttec~oe none. B CHny ManoCTH napaMeTpa BsaH

Mo,neRcTBH.fl :T ::C (·) COOTBeTCTBYIOlIIHR ttneH O!SN'lHO on"ycKaJOT 1301 . 

KaK HeTPY.ttHO BH.tteTh, raMHnhTOHHaH /3.9/ HBn.fleTC.fl ttacTHNM cnyqaeM 

raMHnhTOHHaHa reaseH5epra /3.6/. 

non1tpH3aUH.fl, onpe,nen11eMa11 COOTHOWeHHeM /1.7/, O'leBH.ttHO, eCTh 

P(@,$) = ( # L S.1' > 
f , 

'lTO H.tteHTH'lHO BNpaJKeHHID /3.7/. TaKoe cornacHe B rar.mnhTOHHaHax ~eppo

MarHeTHKa H cerHeToaneKTpHKa H B onpe,neneHHH nepBNX npOH3BO.ttHNX OT co

OTBeTCTBYJOlIIHX CB060.ttHNX 9Heprntt He cnyqa8HOJ OHO BNpa~aeT CXO.UCTBO no

Be.tteHHfl, npof!BnlteMOe 9KcnepHMeHTanhHO /CM. PHC. 4·, 11/. 

Mo.nenh .llHKKe. 3TO npoCTe8wa11 CTaTHCTH'lecKalt Mo,nenh, OITHCNBaID111a11 

KOrepeHTHOe MOHOXpoMaTH'leCKOe /nasepHoe/ aneKTPOMarHHTHOe H3nyqeHHe. 

PaccMOTPHM Hepenf!THBHCTCKHR aneKTPOH B none HsnyqeHHII, xapaKTepH:iye
➔ 

MOM BeKTOPHNM noTeHUHanoM II 

r.ne 

JJ J ( ➔ e ➔ l n, :: 2;;; le - c II) + 

t "+ B' IF , 
➔ a 2 

Ir - HMnyni,c aneKTpoHa. TaK KaK BenH'lHHa e1/.).mt: · Mana, TO B 
.. 2 t . 2 . 

nepBOM nop1t,nKe TeOpHH B03Myl!leHH8 ttneHOM II . e 1/2mc MOlKHO npeHe5-
peqb /89/ ' 

IlYCTh aneKTpOH OTHOCHTC.fl K aTOMy aKTHBHOR cpe,nN H nycTh 

OITTH'leCKOe none H3ny'leHHfl nO'lTH MOHOXPOMaTH'lHO, aero ttaCTOTa COBna

.naeT c o,nHoa H3 qacTOT aToMHNX nepexo,noB /HanpHMep, (u
0 

, PHc.26/. 

B 9TOM cnyqae BnH.flHHeM OCTanhHNX YPOBHe8 aToMa MOlKHO npeae6pe'lh. Ta

KHM 06pa30M, ,nn.fl KaJK,noro aTOMa OCTaeTC.fl nHWh .ttBYMepHoe rHnh5epTOBO /89/ 

ITPOCTpaHCTBO ~YHKUHR COCTOIIHH8 !+> H I-> /.ttBYXYPOBHeBNR aToM /.· 

B 9TOM 15a3HCe, COOTBeTCTBYJ(llleM AHnOnbHOMy npe,n=aBneHHID /CM., 
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uanpHMeP, / 901;, aToMnan qacTh nonnoro 

raMHnhToHHana 

H~ Hi + Ha 

E, 1~~, HMeeT Ma TPHqHHe sneMeHTH (:! I HQ/ :t) = f :t , , 

<!./HQ I:; > = 0 . ITOSTOMY ~ /IQ MO-. 

meT 6HTh HCnMh30BaHO KBa3HCnHHOBOe npeA· 

cTaanenHe 
E. I! 

PHC. 26. rrepeXOA x ABYM 
pa6oqHM ypOBHHM. 

Hof 
E+ •E-o • J. G<,J 6'1 = ~ ~ 0 

rAe / - HHAeKc Aannoro aTOMa B CHCTeMe. ~anee, sneKTpOMarHHTHOe none 

KBaHTYeTCH B KY6e, 06beM KQToporo V>> \{ - o6beMa aKTHBH08 cpe;t\H: 

rAe 

H 

➔ r ( UiliC).(t.i ➔ ... 
# = T . w, V {; (r'} by + 1i ~ (P} j. 

t/ I 69 
f ~r;;t;f -

- onepaTOPH po,KAeHHH, yHHqTomeHHH $OTOHa c qaCTOT08 "', 

nonnan cHcTeMa $YHKnH8 B o6beMe V 

... 1A. • !t .. 

~(ri=v-7'e e t9r 

' 
f dr"'' { rr'J f, fi'J = Sn, , r"€ v . 

.. ➔ 

3AeCh e9 • eAHHHqHH8 BeKTOP rionHPH3anHH MO;t\H 1. B 9TOM npeA-

CTaBneHHH 

J 
C:lt- 8l +. 

dr.. 4;; ➔ f ~<,)f /,f 61 . 

o6pasoM MaTpHqHHe sneMeHTH onepaTopa 

sneMenTaMH onepaTopa AHnonhHoro_sneKT· 
nanee, CBR3HBaff H3BeCTHblM ,.. 

HMnYnhca < + I le / - > c Ma TPHql!l,IMH 

pHqecxoro MOMeHTa nepexoAa 

; : t✓, ✓-•:; = (dr -1c''4)Gt + (dr -ir/.,JG- 5:t::(6 11
:tiG':}/2 

I . 

.. .. 
H OCTaBnffff B /c /I B3aHMOAe8CTBHe TOnhKO C pe3oHaHCH08 MOA08 <.Jo = . 
:Wfo, Anff snepI'HH B3aHMOA08CTBHff nonn c ABYXYPOBHeBblM aTOMOM HeTPYAHO 

nonyqHTh 

. ~ /. ,.,. + ) 
Hin, = ,/,v l G -00 + G '/,0 • 

3AeCh ucnonh30Bano npu6numenKe BpillJlaio~e8cH BonHH/B
9
/, T.e. ocTaBneHN 

nulllh qnenu, OTBeqaJODtHe nepexoAaM E_ "'E _ c ucnycKaHHeM toTona H E_ .,. E# 
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C norno~eHHeM $OTOHa. ITapaMeTp ?. HMeeT BHA 

A"' /2.k"h4J0,P 
1 

,Pi: N/V, 

TorAa nonHb18 raMHnhTOHHaH CHCTeMH H3 N ABYXYPOBHeBHX aTOMOB, B3aH

MOAe8CTBYIO~HX c noneM sneKTpc»~arnHTHoro H3nyqeHHn, MomeT 6HTh sanucau 

B BHAe /raMHnhTOHHaH ~KKe 1911, 

f. 

11. =L tw0 iy 6, 
'N 9 I 

N 

t N E~-1£..u +L {,l,-~41o6t l +.; (Gi/,of + G/60)/. 
/=I 

/3.10/ 

TaKo8 raMHnhTOHHaH onHCblBaeT paBHOBeCHH8 $a30BH8 nepeXOA B COCTO

HHHe, xapaKTePH3yeMoe ynopffAoqeaHeM AHnone8-H HHOrAa Ha3UBaeMoe "cBepx

H3nyqaTenhHHM" 1921 , a TaKme nponecc cnOHTaHHOro, KOrepeHTHOro MOHO

xpoMaTHqecxoro HsnyqeHHH / 93/ /cM.' Taxme 19411. 
Kai( HeTPYAHO BHAeTh, raMimhTOHHaH /3,10/ OTHOCHTCII K TpeTheMy H3 

paCCMOTPeHHHX B neKnHH 2 KnaccoB. 

CosepwHM xauouuqecKoe npeoopasoBaaue Boronro6oBa, CABHraio~ee 60-

soanue nepeMeHHHe x/ 

t- ... .,. t A -.IA r + 
/,o -. 6. =60 + ,.- (N) L 61 n44 I 

/3.11/ 

Teneph raMHnhTOHHaH /3.10/ npHHHMaeT BHA 

~ = ,¾ + 116 , /3.12/ 

rAe 

H, = L G<,JoJ/ ", f lt.4 ll- l 
o ,,, I I , 0 o, 

E.. ,.E.' ' ) '+ I! "i _, r- .,. . 
II.,,. = N ._:t___:; U -,. L'- $n4J0 ~ - +,., N ~ GI 6.f;-

"' ,t I ,, 'VO I, -I" 

.IlaJJee, M:>mao noxasaTh/92/, qTo npu N ➔ oo B npeo6pasoaaHHH /3.11/ 

nocJJeAHH8 qnea MO>KeT 6!iTh 3aMeaea t! -qHcnoM /onepaTopoM, xpaTHHM 

VI xx/. 3To nosB~nHeT pacnenHTh npocTpancTBa cocTOHHHa, COOTBeTcT

B~e 6030HH08 H KBa3HCnHHOB08 noACHCTeMaM, H TepMQAHHaMHqecKHe CB08CT-

Ba l(~oro H3 raMHnhTOHHaHOB Iii, H HG Momao paCCMaTPHBaTh no OTAenh
HOCTH. 

'<7r---------
3To npeo5pasoBauue BnepBue ouno npeAnomeno B cBH3H c Teopue8 CBepx
TeKyqecTH /95/. 

ltl(/ 
3To 06CTOHTenhCTBO CBH3aHo C HBneaueM 6030HH08 KOHAeHcanHH /cM. 
rJJaBy 6/. 
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ncuo, qTo rru.mnbTonuau Hs B /3.12/ npencTaBJU1eT coooa qacTHli8 

cnyqa8 raMHJtbTOHHana reaseuOepra /3.6/ H O6na.t1aeT uusapuanTHOCTbID oT

uocuTenbuo rpymni l/(1). 

Monenb ~penuxa. ConpoTHBneHHe npOBOAHHKOB CBH3aHO C B3aHMOAe8~T

BHeM 3neKTPOHOB C KOneOauHHMH HOHOB B pemeTKe. TaKOMy B3~HMOne8CTBHID 

cooTBeTcTByeT nuarpaMMa, uso6paJKeuuaH ua puc. 27. OObl'lHO npeHeOperaroT 

'{-? '' 

~ 

nonHpH3alU{e8 3neKTPOHHOrO OCTOBa, cnnH

-opOHTanbllliM B3aHMO,lle8CTBHeM H PHAOM 

APYrHX B3aHMOAe8CTBH8, no TeM HnH HHblM. 

npuqHHaM He BHOCJII:qHX saMeTHOro BKna,t!a 

B HBneHne csepxnpoBOAHMOCTH 1271 

Puc. 27. 3neKTPOH-$OHOHHOe 
B3aHMQAe8=BHe. 

non-a raMHnbTOHHaH paccMaTpHsaeMO8 CHCTeMcl MOlKHO npencTaBHTb 

B BHJle 

H= H + 11. + H. . /3.13/' e , e-, , 
rne He - 3HepruH 3neKTpoHoB, H, - 3Heprun uoHOB H He-i - ux · 

B3aHMO,lle8CTBHe. B lie oOblqHo BKnroqaroT KHHeTHqeCKXJ0 3Hepruro 3neKTpO

HOB u HX KynoHOBCKoe OTTanKHBaHHe /
26

•
27/t · 

2 2 · 

H =L !t + .!.L. _e_ 
e t 2/n .t ftm Ir; -,;,,/ -

rne ij - KOOPJlHHaTa /-ro CBO6O,llHOrO 3neKTpOHa H 'e- ero 11Mnynbc. 

l P.' ' .. -I/. = .::t + ~ L ¢>(R,. R,,) 
' I ~H r. I' ' 

rne 
r/J(·) - IIOH-HOHHOe B3all-~- 1{OOP.llHHaTa, ~ - IIMilY:bC f-ro HOHa H 

MoneACTBHe • .ItnH npocTOTbl see l!Ollli OyneM cqHTaTb O.llHHaKOBblMH. HaKOHeu, 

He-,· =L ur~,i,J. 
- "'' . t,r llycTb RI · - paBHOBecHOe nonolKeH11e 

- -f#f) -
f-ro uoua u ~ =R1 + t11 .. 

CME?llleuue 111 6yneM c=TaTb MaJlb!M. Torna 

l. I ~ ... re,> - { .. - J J lie.,= V,r;,~ ')-~ flU(1t,ll1)Ji.-1.<r,>, 
f,I .,- 'I 

H nocne nepexQAa K npencTaBneHHID BTOPHqHoro KBaHTOBaHHH ,llnH 3neKTpo

HOB u $OHOHOB /cp./2.14//· nonyqaeM ,llnff BTOporo qneHa 

He-,1, = :- f / Jy 61 f a,~, a4 + ,.c j . 
/3.14/, 
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.. 
3necb 'J -BOnHOBOll BeKTOP $OHOHOB u 

:r9 = f/ ~ J ~:(r) U ~{r)dr, 

rne 11 - ¢YHKIU{H Bnoxa 6e3 3KCnOHeHuuanbHOro MHOlKHTenH /BO~ H HHTerpan 

6epeTCH B npenenax onHo8 3neMeHrapHo8 nqe8K11. Pa3naran ¢(.) no U no 

BTOporo nopH,llKa, onepaTop H, 'MOlKHO npencTa'.BIITb B BIi.ile 

II,· = f t ;.;, "i ", = fl,,,1, 
/raMHnbTOHHaH CBO6O,llHblX ¢OHOHOB/. llpeHe6peraH KynoHOBCKHM OTTanK11Ba-

HHeM, HaXO,lll!M 

"" 
1 =Z c:l ~'"~ 

' 
,i 

't :i' 2m -:/' .,. 
"" u 

rne U - cpenHee none HoHoB, Haxonmmtxcn B nonolKeHHH paBHOBeCHH.' ra-

M11nbTOH11au 

·-· 
H = fie + fl,,,1i + lie- l'I. /3.15/ 

onHCb!BaeT Monenb ~penHxa 1961 . 3Ta Monenb mupoKo ucnonb3yeTCH B Teo

PHH MeTannoB, TeOPHH nonnpoua H, B qacTHOCTH, nO3BOnHeT O6bHCHIITb H3O-
/26 27i TOnnqecKH8 3¢¢eKT B CBepxnpoBO,llHHKaX ' • raMHnbTOHHaH /3.15/ TaK-

lKe OTHOCHTCH K TpeTbeMy Knaccy no Knacc11$HKauu11 113 neKUIIH 2. 

I,la OCHOBe /3.15/ MOlKeT 6b!Tb nonyqeu Monenbffbl8 raMl!nbTOHHaH Teo

PHIi CBepXIIJ)OBO,llHMOCTH. 

,Monenb BKlll-Boronro6oBa. BblIIle B neKUIIH 1 rOBop11nocb O TOM, qTo HB

neu11e CBepxnpOBOAHMOCTH CBH3aHO C BO3HIIKHOBeHHeM nap 3neKTPOHOB, O6-

ycnoBneHHblM 3neKTPOH-$OHOHHblM B3aHMOAellcTBHeM. Tenepb Mb! IIMeeM 3neKT

pou-¢0HOHHbll! raMHnbTOHl!aH /3.15/ H MOlKeM nOITb!TaTbCH.nonyqHTb OTcrona 

TaKoe cnap11BaHHe. 3aMeTHM, qTo no onepaTopuon CTPYKType /3.15/ uano

MIIHaeT /3.10/. ITO3TOMY MOlKHo cnenaTb KauouuqecKoe npeo6pa3oBauue T11na 
/3.11/ 

t -f .,. 4 ➔ 61 = /,'I + -iv 
t41 rv ti a/~· 

I 

Ecn11 yqHTb!BaTb He 6onee qeM cqeruoe q11cno ¢OHOHHblX Mon, MOlKHO noKa3aTb, 

'lTo npH V ➔ - nocnenu118 ·qneu 3AeCb TaKlKe cTaHoB11TcH (! -q11cnoM / 97 I. 
OcTaBnHH TOnbKO B3aHMO,!1el!CTBHe AnH 3neKTpOHOB C npoTHBOnonOlKHO uanpaB

neuHblM11 nMnynbcaMH u cnunaMH, nonyqaeM no auanoru11 c 
3~¢eKTHBHbll! raMHnbTOHllaH 3neKTPOHHO8 noncHCTeMcJ 

l{t; 

> J:l ) f J > ' f I 
1-1. = L- ( "Fm ~ 'i C':{ - v-L. Ja,1.Ja,.1~u q,~ a,,r 

.. I. J,i.' ,. 
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OnepaTOP /3.16/ HaSHBaeTCH raMHnbTOHHaHOM Bimr'
1

-Boromo6oBa. no.1:1po6-

-a BHBO,Q /3.16/ HS raMHnbTOHHaHa ~penaxa /3.15/ ,AaH B pa6oTax H.H.Bo

/26 98/ romo6oBa /cM. ' /. .II,J:u)o BSaHMO,Qe8CTBHH :r(-) o6H'!HO He BH'!HCnHeTCH 

H3 nepBHX npHl!WlfiOB, a 

j(lc,1/) 

BH6HpaeTCH B BH,Qe ,. 
r

.J'= ~nd 1 /rm/'/~ i!.1 
: J:l o ., l"iM -.,P/> -,.n, 

/BsaHMO,Qe8cTBHe Bap):O!Ha/ nH60 npe,rtcTaBnHeTCH KaK 

j(J. I:') ,. L ).IC (J:) ":(I.)> 
1 "' 

r.Qe <l>YHKnHH >-C·J y,QOBneTBOPHIOT HeKOTOPblM ,1:1ononHHTeJibHblM ycnOBHHM 

/CM,/99,100//. 

Cne'AYH pa6oTe /lOl/, pacCMOTPHM onepaTOP ~6 = a,: 01,s • .IICHO, '!TO 

[(n" -n1'), H,, J = o. 
IlyCTb BonHoBaH c!>YHKnHH ,j, COOTBeTCTByeT HaHMeHbWeMY co6cTBeHHOMY 3Ha

'!eHHIO raMHnbTOHHaHa H~. O'leBH.QHO, '!TO 

vi · (f1.i:, -i,)r/t .. 0 
/3.17/ 

/,rtoKa3aTem,cTB0 CM. 110111. ;n,IH Knacca <l>YHKUH8 r,, , Y.QOBneTBOpH~X 

ycnOBHIO /3.17/, raMHnbTOHHaH /3.16/ MOl!CeT 6HTb BHPal!CeH qepes aMnnHTY-

~ Ilay11H 

G
- .,. .,. ="' a , D '- =~, q,, , "'k = -lt;J. QH , s, = - r°';a,, +q,; q_u1-

3,rteCb onepaTOPH 6-, G,. OnHCHBaIOT, COOTBeTCTBeHHO, po)K'AeHHe H yHH'l

TOl!CeHHe napHblX COCTOHHH8 H3 sneKTPOHOB c npoTHBOnonOlKHO HanpaBneHHHMH 

HMDYnbCaMI! H CnHHaMH. B TaKOM KBa3HCilHHOBOM npe,rtcTaBneHHH, BnepBHe BBe

,QeHHOM B TeOpHIO CBepxnpoBO):OIMOCTH B pa60Te 
11021, raMHnbTOHHaH /3.16/ 

MMeeT BH'A 

I S- J.' J 
H,, .= :£ L- {2m -;l'}(D-Gt) - v L. J(J.,J/JG/Gi~ /3.18/ 

' . ~~ 
T.e. HBnHeTCH qacTHOB ~pM08 /3.6/. KaK H onepaTOP H6 B /3.12/, ra-

MHnbTOHHaH /3.18/ HHBapHaHTeH OTHOCHTeJibH<;J J"PYnnH U(J.).. 
B nepB08 neKnHH yxasHBanOCb CXO.Z.CTBO B TeMIIepaTypHOM noBe,QeHHH 

cnOHTaHH08 HaMarHH'leHHOCTH c!>eppoMarHeTHKa /pHC. 4a/' H.illeJIH B CBepx

.npOBO,nHHKe /pHC. 86/. IlepBaH H3 3THX .QBYX BeJIH'lHH CBH3aHa, KaK MN 

x7 Bap~Ha, Kynepa, lilpH<!>c!>epa. 

Tenepb SHaeM, co cpe.QHHM cnnHoM /3.7/. BenH'!HHa 1I1enH onpe,rtenHeTCH 
KaK /26,27/ 

t1,reJ =Z. J(i,Jc'J/<a,~a_,: >I, 
.. J.' 

T.e. B KBasHcnHHOBOM npe,rtcTaaneHHH A oKa3HBaeTcH nponopnHoHanbHO 

cpe.QHeMY 3Ha'!e!JHIO KBa3HCilHH0~08 rrepeMeHH08 /(Gt>/. TaKHM o6pasoM, yKa

saHHOe CXO,QCTBO He HBnHeTCH oiy'!a8H1,1M. · 

Mo,1:1enH H,Qpa. B TeopHH H,Qpa O'leHb lllHpOKO HCnonb3YIOTCH aHanorHH C 

Teopuea CB'epxnpoBO,QHMOCTH. IlPHMblM yxasaHHeM Ha HCDonb30BaHHe TaKHX 

auanonfl:! JIBnHeTCH, npe)!(.Qe Beere, TO 06CTOHTenbCTBO, 'ITO BPat11aTe,U,Hble 

MOMeHTN HHepnHH peanbHNX THl!CenNX H,Qep 3Ha'!HTenbHO MeHbWe TeX 3Ha'leHH8, 

KOTOpHe OHH HMenH 6N, ecnu 6N BPalllanHCb KaK TBep,QHe Tena. TaKo8 c!>eHo

MeH nerKO 06bHCHHTb, ecnH npe,1:1nonOlKHTb, 'ITO npOTOHN H He8TPOHH /c!>ePMH

eBCKHe '!aCTHnH/, cnaPHBaHCb HanO.Q06He 3neKTPOH0B B CBepxnpoBO,QHHKe, 

o6pasyroT cBepxTeKy'lH8 6ose-KOH.rtencaT /cM. no,1:1po6Hee neKnHro 5/. Bnep

BNe TaKoro po,1:1a IlO,QXO,Q B TeOPHH H,QepH08 MaTepHH 6b!Jl npe,1:1nolKeH H.ll.Bo

ronro6oBHM 11031• ~anbHe8wee pa3BHTHe 3TOro DO,QXO.Qa, CBH3aHHOe C HC

nonbSOBaHHeM MO,QenbHNX raMHITbTOHHaHOB THna /3.16/, /3.18/ H HX 06061I1e

HH8, D03BOnHno nonyqHTb PH.rt Bal!CHblX pesynbTaTOB B TeopHH H,Qpa /cM., ua

npHMep, 110411, B qaCTHOCTH, H3Y'lHTb POTanHOHHble H BH6panHOHHlie co

CTOHHHH H.Qep.· 

IlpHBe.QeM 3,QeCb c!>OPMYnHPOBKY O,QH08 HS npoCTeBwHx MO.Qenea B TeopHH 

H.Qpa 11051• IlYCTb CHCTeMa COCTOHT H3 /1/ c!>ePMHOHOB /HYKnOHOB/, pacnpe

.z.eneHHHX no .QBYM YPOBHHM C pa3HOCTblO 3Heprna £ H /1/ -KpaTHHM BHPOlK

,QeHHeM. TaKHe YPOBHH MOlKHO paccMaTPHBaTb KaK ,QBe o6ono'!KH c 0,QHHaKo

BNMH 3Ha'leHHHMH KBaHTOBoro '!Hcna yrnoBoro MOMeHTa. KaK H B MO,Z.e11H ~HK

Ke, BePXHeMY H HHlKHeMY YPOBHHM npHnHWeM COCTOHHHH ,~ > H /-) • HH,z.eK

COM I 6y,z.eM o6osHa'laTb OT.QenbHOe BblPOlfC'AeHHoe cocTOHHHe. O'leBH.QHo, 

KaJK.i:tOMY / cooTBeTcTBYeT napa cocTOHHHB / :t >j: . 06N'!HO c'lHTaIOT, 'ITO 

KBaHTOBOe '!Hcno f xapaKTepnsyeT il -KoMnoHeHTY yrnoBoro MOMeHTa cnc

TeMN /l05/_ Ilpe,rtnonol!CHM, 'ITO .QBYX'laCTH'lHOe B3aHMO,Z.e8CTBHe He H3MeHHeT 

f. raMHnbTOHHaH TaKo8 CHCTeMH MOl!CeT 6WTb npe.QcTaBneH B BH.Z.e 

fl= l. cL S<J,c; °fs 
~ {S 

' 

J } .,. .,. Q 

"' ~ IL 'ys /f!r ~~s 'l-s 
/,t,S 

3.11ecb S ,. :t J , KOHCTaHTH CBH3H .] H J 

,, ,. 
.,. J Jl.. tt.s~!s ~J~-:rj3_101 

.ll'r 

xapaKTePH3YIOT B3aHMO,Qe8cT-

mrn , cooTBeTcTBy10JllHe rrepexo.z.y napN c o,z.Horo ypoBHH Ha }:U)yroa H nepexo,rty 

0,Z.H08 '!aCTHnH BBepx npH O,Z.HOBpeMeHHOM nepeXO,Qe ,Qpyro8 BHH3 1 Q#-, Q -

c!>epMHeBCKHe onepaTOPH. nocne,z.HH8 '!neH B /3.18/ HMeeT TY l!Ce CTPYKTYPY, 

'lTo H B3aHMO.Z.e8CTBHe B MO,Qenu CBepxnpoBO.QHHKa /'3'.16/. 3,z.~·Cb ·TaKl!Ce MOlK

HO nepe~TH K KBa3HCnHHOBOMY npe.rtcTaBneHHIO. HMeeM 

Q I U 
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J :II' . . . fl' . T . . 

> 
Monem.Hbl8 raMlinbTOHHaH THna /3.18/ HnH /3.19/ HasNBaIDT HHorna MOnem.ro 

JIHnKHHa. 
BpallleHHe Rnep yqHTJ,IBaIDT o6bNHO nyTeM no6aBneHHff K raMHnbTOHHaHY 

cnapHBaHHR iaK HasNBaeMoro Kp3HKHHr-tmeHa 

I-I - -wJ. 
cranking - Jr ' 

rne W - qacToTa Bpa!JleHW! H .7; - onepaTop yrnoBoro MOMeHTa 

~ = l J"f ( o,:, °'·' ., 0;_1 a,#,) . 
I 

TaKo8 ,ineH nono6eH BHeMHeMY nonro B Monemt reaseH6epra. 

HTaK, B HaCTOff~e8 neKUHH Mli pacCMoTpenH pRn npHMePOB MonenbHblX 

sa.na'l, HsyqaeMblX B CBR3H C paSHliMH $H3H'leCKHMH RBneHHRMH •. MHOrHe HS 

HHX o6na,naroT cxonH08 MaTeMaTH'leCK08 CTpYKTYP08, B qacTHOCTH, nonyc

KaroT KBa3HCnHHOBOe npencTaBneHHe. 3TO o6CTORTenbCTB0 o6ycnoBneHO T08· 

o~~HOCTbID, KOTOP08 o6na.naroT $aSOBNe nepexoni,t. 
PasyMeeTcR, npHBeneHHliMH npHMepaMR nepeqeHb Monenea, npHMeHReMliX 

B CBRSH C HCCnenoBaHHeM $aSOBNX nepexonoB, naneKO He HC'lepnliBaeTCR. 

Bonee nomio6Hli8 o6sop naH B /l9/_ HH~e ~ BBeneM B paccMOTpeHHe ~e 

HecKonbKO Monenea. Boo6~e ~e paccMoTpeHHe pasnH'lliliX
0

MonenbHNX raMHnb
H HX CB08CTB - TeMa, sacnylKHBalOOlaR TOHHaHOB cTaTHCTH'leCK08°MexaHHKH 

caMOcTORTenhHOro·paccMoTPeHHR. 

neKyHR 4. BhlPOJll,nEHHE H KBA3HCPE~HHE 

;nllff Toro 'lT06N paso6paTbCff, B KaKHX 

HX B03MO~Hbl $asOBNe nepeXO,JlN, He06XOnHM0 

"Omttl/JU eceMY 11ai,a.110, 
u mtt M1to2oe notiMeUJ1>." 

. K.llpym1<oe. ''Coi,u11e·11u.R". 

·"' CHCTeMaX H npH KaKHX. ycnoBH

npeJK.ne Beere HccnenoBaTb cBoa

llpH 3TO_M ueHTpanbl!blMH noHR-.~TBa CHMMeTPHH MOnenbliliX raManbTOHHaHOB. 
THRMH nnR TeOPHH $a30BNX nepexonoB RBnffIDTCff cnen~e: MaKpOCKOnH'lec-

50 

Koe B~:stneHHe, cnOHTaHHOe HapyroeHHe CHMMeTPHH, TePMOnHHaMH'leCKaR 

BblI'OnHOCTb H KBasHcpenHHe. 

llPHBeneM CHa'lana HeKOTOPNe HHTYHTHBllble npHMepN, npoRCHRIOIIIHe cyTb 

yKaSaHHblX llOHffTH8. non BNPOlll".J:teHHeM llOHHMaeTCff CH
0

TYauHR, npH KOTOP08 

nonYCTHM BliOOp H3 HeCKOnbKHX 3KBHBaJieHTHliX B03MO~HOCTe8. nono68lie CH

TYauHH qaCTO BCTPe'laroTCff B lltli3HH, Karna IlPHXOnHTCff peroaTh; 6NT_b HnH He 

6liTb, Kyna no8TH Y'lHTbCR, ~eHHTbCR HnH He ~eHHTbCff. EcnH Kallf.J:tOe H3 

B03MO~Hb1X peroeHH8 npencTaBnReTCff O,ltlfHaKOBNM, TO 3TO H COOTBeTCTByeT 

HanH'lHID CHMMeTpHH. A Karna 'lenoBeK, nonaraRcb Ha Bonro cnyqaR, )Kpe6HR 

HnH HaCTPOeHHR, Bli6HpaeT onHY H3 B03MO~HOCTe8, 3TO COOTBeTCTBYeT cnoH

TaHHOMY HapymeHHro CHMMeTpHH •. ,KnaCCll'lE!CK08 HnnIDcTPauHett noHRTH8 BliPO~

neHHH H cnoHTaHHOro HapyroeHHff_ CHMMeTPHH cnyimT nocTORHHO BCTpe'la10111H8-

Cff B pyCCKHX HaponHblx CKa3Kax snHson, H306pruKeHHbl8 Ha PHC. 28. repo8 

oKa3NBaeTcR y pasBHnKH nopor H 'lHTaeT Ha KaMHe: "HaneBO noanerob -

CMepTb Ha8nerob, HanpaBO noanewb - COBCe~ nponanerob". EcTeCTBeHHO, B 

TaK08 BNPOlll".J:teHH08 CHTYauHH TPYnHo PeIIIHTb Kyna no8TH, KYna nonaTbCR. 

H Karna repo8 npOH3BQnbHNM o6pa30M __ llpHHHMaeT· pE!llleHHe, BN6HpaR TOT HnH 

HH08 nYTb, KaK pas H npoHcxonHT cnOHTaHHOe HapyroeHHe CHMMeTPHH. Bos

HHKaeT Bonpoc, a no'leMY 6N reporo He noMaTb ronOBY Han BN6opoM, a npoc

TO BepHyTbCH noM08? Ho B CKasKe noRCHReTCff, 'lTO ~H3Hb era cnolKHnacb 

TaK, 'lTO Hasa.n llYTH
0 

eMY y~e _HeT - lKH3HeHHble 06CTORTenbCTBa 'TaKOBN, 'lTO 

eMY BNronHee Ha 'lTO-TO PeroHTbCR, 'leM HH'lero He nenaTb. TaK Mal npHronH 

HK nOHRTHID BNronHOCTH~ 

nepe8neM Tenep:& K 6onee cTporoMY o6cy~eHHro sTHx noHRTH8. 06pa

THMCR K KBaHTOB08 Moneni·HsHHra C raMHnbTOHHaHOM 

HI( 

N 

=-L. J: .. y 
'.I 

S-~s.• 
' J .. /4.1/ 

B KOTOPOM ,·, ./ HyMepyroT ysnN peroeTKH, non Hoe 'lHCno KOTOPNX . paBHO 

/1/, s!- ~ -KQMnOHeHTa onepaTopa CllHHa, 06MeHHN8 HHTerpan COOTBeTCT-
( . 

ByeT $eppoMarimTH08 CHCTeMe: 

1· = J,. ~ 0 
✓' 

J... -=O (C. • 

EC1IH B /4._1/ HMeTb B BHnY cnHH 1/2 H npOBOnHTb CYMMHPOBaHHe nHl:llb no 

611H•a8roHM cocennM, TO t-H B03Bpa~aeMCR K raMHnbTOHHaHy /2.9/ B HyneBOM 

Bl!etul!eM none. ITOCKOJibKY HclM ce8qac l!eBruKHO, no KaKHM COCe,IUl:M npoBO,ltHT

CR CYMMHpoBaHHe, oyneM pa60TaTb c raMHnbTOHHaHOM 

~ :-
l'I 

t [_ 
fj 

e- ii J.. G. 6,-
:; ' ., , 

/4.2/ 
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!' 

PHc. 28. IlpHMep CHTYc!UHH, ~eMOHCTpHpyiollle8 BblPOxt.neHHe H 
CllOHTaHHOe HapyweHHe CHMMeTPHH. 
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r~e 

111,1 

Gi! - MaTpH~ nayJIH. QqeBH~Ho, IIN HHBapHaHTeH OTHOCHTenbHO rpyn

z. ,r;;.' ➔ 6.' , G.·' ➔ -G! }. 
' I',. ' ( t 
BB~eM o503HaqeHHH W1H CnHHOB~X ~YHKUH8, onH=a!OlllHX COCTOHHHH co 

cnHHOM BBepx B ( - M Y3ne, 

( ') t ~ .. : 
,., 0 . . 

. C ' 
> 

a TaK~e co CllHHOM BHH3, 

,. 
.,- = (~), 

( 

= I 
· trl 

9TH ~YH~HH o5pa3YIOT 5a3HC B llpOCTPaHCTBe It. •• nonH- llPOCTPaHCTBOM 
C 

C0CTOHHH8 MH raMHnbTOHHaHa /4.2/ HBnHeTCH /2.10/ 

N .C N 
31 = ® C. s(l/) 

N c"■I' . 
/4.3/ 

B qaCTHOCTH, _B03MO~~ COCTOHHHH co CllHHaMH, opHeHTHPOBaHH- BBepx, 

H IV 
(p· ~ 3 'P. 
{- l"-1· ,.,. =1// ... J, 

I .C .9 N 

/4.4/ 

OPHeHTHPOBaHl!blMH BHH3,. 

N 
(pH:@ (I. 
- l•l ,_ 

L ·,2 .t 

= l l 1 
N 

l /4.5/ 

H C pa3opHeHTHPOBaH~ CllHHaMH 

N I 1 1 II 
,,, = I ···1 0 1 .3 

/4.6/ 

Ilocn~oBaTenbHOe pacnono~eHHe CllHHOB B 3THX 0503HaqeHHHX COOTBeTCTBYeT 

ffeKOTOpoa HYMePc!UHH Y3nOB llpOH3B0nbH08 peweTKH, HO OTHIO~b He HMeeTB BH

,lty 05H3aTenbHO nHaeaayro uenoqKy. ~YffKUHH /4.4/-/4.6/ HBnHJOTCH C05CTBeH

~MH MH onepaTopa 

",:1 i! _ _l 
G = -4--G, -NS 

N , .. 1 

IV 

L s.i! 
,-,,, ' /4.7/ 

HM~ero CMicn onepaTOpa npHB~eHHOro CnHHa. HCHO, qTo co5CTBeHHNMH 

saaqeKHHM!! onepaTopa /4.7/ MH ~YHKUH8 /4.4/, /4.5/ K /4.6/ 5Y~YTt ~o

OTBeTCTBeHHo,+1, -1 HO: 
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",,:,:;:,·_ 

(rpN "'PN) =f 
~ .. G " 

( N " N 1/J_ , G V,_) ,. -J., 

( 
,., " Ii 

f 
O 

., G t/10 ) = 0. 

H3 Bcex 4>YHKUH8 npocTpaHCTBa fllN oco6yIO pOJIL arparoT Te, KOTOpble orm

CblBaJOT BaKYYMHOe COCTOffHHe, Ha3blBaeMoe TaKlKe OCHOBHblM COCTOffHHeM, HJIH 

npOCTO BaKyyMOM. 

no onpeneneHHIO BaKyyM - 3TO BOJIHOBaJI 4>YHKUHff, y~OBJieTBOp~aff 

cnenYJIIIUIM ~BYM yCJIOBHffM: 

1/ C noMO~LIO 3JieMeHTapllblX B036~eHH8 H3 Hee MOlKHO noCTPOHTL non-

Hoe npocTPaHCTBO COCTOffHH8; 

2/ 3HePI"Hff 3JieMeHTapHblX B036~eHH8 HeOTpmtaTeJILHa. 

9JieMeHTaPHblM BO36yJK.[!eHHeM COCTOffHHff tJ,N B cnY'{ae MO~eJIH HaHHra 

ffBJiffeTCff o~~H cnHH,. nepeBepHyTbl8 OTHOCHTeJibHO ~N. nepeBOpOT crraHa 

Ha3b1BalOT TaKlKe CIIHH-,f>JIHnnoM, noaTOMY TaKoe aneMeHTapHOe B036Y~eHHe 

MOlKHO HMeHOBaTL ,f>JIHnnoHOM. 

~JIHnnOHHOe BO36YJK,[leHHe H~~ COCTOffHHeM 
N 

~+ , COOTBeTCTByJO~ee ne-

peBepTblBaHHIO t. - ro cnHHa, onacblBaeTCff 4>YHKUHe8 

,J,NW=/ t ,J t + . . . I . . . -
' i-l i+l IV 

/4.8/ 

nepeBePTblBaHHe ~BYX cnHHOB npHBO~T K ~BYX~JIHnnoHHOMY B036Yll(.tleHHIO C 

4>YHKU.He8 "'.,.N(~jt TaKHM o6pa3OM MOlKHO nocTPOHTL MHOro4>JIHnnoHHble co

CTOHHH.R "':' ( i.1.,···, in) c mo6blM ,,, N .. QqeBH~HO, 'ITO eCJIH B COCTOffHHH Ip: nepeBepHyTb BCe CnH!lbl, TO nOJIY'IHM /4.5/, 

~
11

(12 ... N) = 1/J~ 

a ecJIH nepeBepHYTL TOJILKO Bee 'l'.eT!lble CnH!lbl, TO npH~eM K 4>YHKUHH /4.6/, 

N 
16+ (246 ... ) = "': 

AHaJIOI"H'IHO CTPOffTCff ,f>JIHnnOHHble COCT9ffHHff H~ 

,f>JIHnnOHHOe: 

l 2 
</J..N(i) = I I 

i-, t ,,., 
I , 1 

N 

I 

N !(,_ , uanpnMeP, o~Ho-

/4.9/ 

N/' • ) 
TO'IHO TaK Ee MOlKHO onpe~eJIHTL n -4>JIHnnOHHble COCTOffHHff ~ C l4 • •• tn • 
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IlOHffTHO, 'ITO N -,f>JIHililOHHOe BO36~eHHe npeBpaJllaeT /4.5/ B /4.4/: 

r;_N (J 2 ... N) = 'P:. 
nepe6paCblBaHHe CHH3Y BBepx BCex He'leTHblX cnHHOB B 

pa3ynOpff~O'l'.eHHOMY COCTOffHHro, 

N ) N 1/J_ (1.3$" ... ='Po 

II 
Ip_ npHBO~HT K · 

HH'ITO He MelllaeT 3~aTL ,f>JIHnnoHHble BO36yJK.[{eHHff H ~Jiff '{lo/'{· TaK, O~Ho

,f>JIHnnoHHOe COCTOffHHe, ·nocTpOeHHoe H3 /4.6/, HMeeT BHn 

NI J 111 J ~(i)::: 
2 

N /4.10/ 0
, ;., ···1 , 1 ···1 I· 

nepeBOPOT He'l'.eTHblX CilHHOB B /4.6/ ~aeT 

N . N 
~o ( 1 .3 5" ... ) = (p - , 

a nepe6poc Bcex 'l'.eTHblX cnHHOB 

N ( I{ '/1 0 246 ... ) = </J . + 

TaKHM o6pa3OM, Bce·,f>yHKUHH np_ocTpaHCTBa /4.3/ nepexO~ffT O~Ha.B 

~pyryro 'lepe3 nocnenoBaTeJibHOCTL 4>JIHililOHHblX COCTOffHH8. O6paTHM BHHMaHHe, 

'ITO 4>JIHilnOHHble BO36yllf,[leHHff Han ynopffnO'leHHblM.COCTOffHHeM "'+N HJIH "'~ 

COOTBeTCTBYIOT BO3HHKHOBeHHIO pa3ynopff~O'l'.eHHblX KJiacTepoB H KJiaCTepoB ne

peBePHYTblX CilHHOB, a ,f>JIHnnoHHble B036Yl!UleHHff B cnyqae Heynopff~O'leHHOro 

COCTOffHHff ~: 3KBHBaJieHTHbl IlOffBJieHHIO YilOPff~O'l'.eHHblX KnacTepoB. 

OTMeTHM, 'ITO aneMeHTapHble BO36YJK.[{CHHff B MHoroqacTH'IHO8 CHCTeMe 

'l'.aCTO Ha3b1BaJOT KOJIJieKTHBHblMH BO36yll{,[leHHffMH. 

Bbl!lle Mbl BblffCHHJIH, 'ITO"B3ffB 3a OCHOBY Jll06YIO H3 4>YHKUH8 npOCTpaHCT

Ba /4.3/, c nOMO~LIO 4>JIHnnoHHblX BO36yll{,[leHH8 MOlKHO ITOCTpOHTL Bce.OCTaJIL

Hble COCTOffHHff naHHoro npocTpaHCTBa. qTO6bl Pe!IIHTb, KaKa.R ll(e H3 4>YHKUH8 

npeTeH~eT·Ha pon& BaKyyMa, Hano oripenenHTL aHeprHJO 4>JIHnnoHHoro B03-

6Y~eHHff. Boo6~e rOBOPff, 3HeprHH KOJIJieKTHBHblX B036_YJ!(.AeHH8 :onpeneJifflOT

CR KaK.ITOJIIOCa ~BYX'l'.aCTH'l'.HblX 4>YHKUH8 rpHHa HJIH COOTBeTCTBYJO~X Koppe

JlRUHOHHblX 4>Y~KUH8 
1106 • 1071 • OnpeneJIReMble TaKHM O6pa3OM 3HeprHH 3aBH

CRT OT TeMITepaTypbl H npyrnx TepMonHHaMH'l'.eCKHX napaMeTPOB. Snec1, ~Jiff 

4>JIHITITOIIHOro BO36YJK.[{el!Hff TOJlbKO npH HY-npocToTbl Mb! onpe~eJIHM aHepraro 

JJeB68 TeMnepaType·. 

0603Ha'l'.HM qepe3 / 0) TY BOJIHOBYJO 4>YHKUHIO, KOTOpaff npeTeHnYeT Ha 
~N· N ¥ · 

Po111, BaKyYMai BTO MolKeT 6b1Th r+ , · St-_ , !l-
0 

HJIH mo6aff npyraff 
83 

npocTpaHCTBa. B!N. O~HO,f>JIHnnoHHOMy BO36yQellHIO 11an COCTOffHHeM Y.~=~ 
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llOCTaBHM B CO~TBeTCTBHe <l>YHKUHIO / L >. , eCJIH <!>nHllllOH nOKaJIHSOBaH B 

i - M ysne pemeTKH. MHoro<!>JIHllllOHHOe BOSCIYlK,[teHHe 6y,1:teM OllHCbtBaT:b co

CTOllHHeM /ii··· in>· Tor.rta aHeprn10 O.rtHoro <1>nnm~o11a MOlKHO onpe.rtenHTl> KaK 

paSHOCT:b 3Heprna 

c(i.J = t::i/H/ i > -<o I H /o '> 
B0061!le, 3HePrHIO fl. -<!>nHllllOHHOrO BOS6YlK,[teHHJI 3a,J:ta,[t!IM pasHOCT:blO 

COOTBeTCTBY1001ero BOS6Yl!UteHH0r0 H OCHOBHOrO COCTOJIHH8: 

E(i_,, ... in) =<iJ ... i.n/H/il ... in'> -(o/Hlo>. 

/4.11/ 

sHeprna 

/4.12/ 

Ha6op BenH~'HH /4.12/ - He qTQ HHOe, KaK KonneKTHBHb18 cneKTP CHCTeMbl. 

00,[tCTaBnJIJI B /4.11/, /4.12/ KOHKpeTHble <l>YHKUHH, raMHnl>TOHHaH /4.2/ 

y.rto6HO npe,[tCTaBHT:b B BH,[te cyMMbl O.rtHOYSenl>llblX raMHn~TOHHaHOB: 

~ =L. Hi 
i. 

N 

H, =-G.z{J.£_ J., •. G,1
) 

' ' -r ... . ~ J •. 
✓ .. , 

I( N 
Bb16HpaJI B Ka-<reCTBe /0) cJ>yHKUHIO ¢,+ , a TaKlKe f/1_, , ,[tJlJI 9HeprHH 

<1>nnnn0Ha nonyqaeM 
H 

E (iJ : J'=i (i) 
+ - (J=i? :J;,.). 

!j v 
/4.13/ 

B cHny npe.rtnonaraeMoa TpalicnJIUHOHH08 HHBapnaHTHOCTH peweTKH npn N»l 
<l>nHllllOHHaJI 3HeprnJI He saBHCHT OT ysna noKaJIHSaUHH <1>nnnn0Ha. no T08 JKe 

npnqHHe .rtBYX<l>nHnnoHHaJI 3HeprHJI E { ij) ,[tQnlKHa S aBHCeT:b nHllll> OT pas HOC

TH i-j. QqeH:b BalKHO, qTO'<l>nnnnoH, BOS6YlK,[taeM,I8 Ha.rt ynopJI,[tQqeHllblM co

CTOJIHHeM, 6y,[t:t, TO "': HnH ,:: .. , • ·, 06na,1:taeT nonOlKHTenl>Ho8 3Hepruea. 

EcnH ll[e B KaqeCTBe Jo> Bbl6paTb HeynopJI,[tOqeHHOe COCTOJIHHe 'Po"' , TO 

sHeprHJI <1>nnnn0Ha:, POl!UtalOl!lerocJI us 'Pol( , 6y.rteT HenonolKHTenl>H08: ~ liJ-'O. 
9TO npoJIBnJieTCJI TaKlKe H B TOM, qTO 3HeprHJI CHCTeMbl B ynopJI,[tOqeHHOM 

COCTOJIHHH, paBHaJI 

( 
N . II) N { N NJ t ) H 1P., = - 7i" J = fJ.. , H 1/1_ , 

HHlKe, qeM B HeynopJI,[toqeHHOM, r.rte OHa paBHa 

ftp_" l{(/,N) ::r 0 
o, 0 N 

TaK KaK 3HeprHJI sneMeHTapHb!X BOS6YlK,[teHH8 ,[tJlJI I/lo HenonOlKHTenl>-
N . 

Ha, TO COCTOJIHHe ~ He MOll[eT cnyll(HT:b BaKyyMOM ,[tJlJI MO,[tenH H3HHra npH 

HyneB08 TeMnepaType. Onpe,1:teneHHIO BaKyyMa Y.rtOBneTBOplIIOT .rtBe <l>YHKUHH: Ip: H "'~. IlpuqeM no BCeM CBOHM CB08CTBaM OHH nonHOCT:blO 3KBHBa

neHTHbl. TaKaJI CHTyaUHJI, KOr.rta y CHCTeMbl HMeeTCJI HeCKon~KO 9KBHBaneHT-
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Hb!X BaKYYMOB, KaK pas H Hasb!BaeTCJI BblpOlK,[teHHeM. Ilocne,1:tHee HMeHyeTCJI 

MHKPOCKOnHqecKHM,nocKOnl>KY peq:t, H,[teT O KOHeqHo8 ~HCTeMe. 

Tenep:t, paC!IIHpHM onpe,1:teneHHe BaKyYMa, .rtaHHOe Bblllle. EcnH HeKOTO

palI <l>YHKUHJI no-npelKHeMY Y.rtOBneTBOpJieT C<l>OPMYnHPOBaHHblM paHee ycnoBH

JIM i/ H 2/, TO 6y,lleM HaSb!BaT:b ee HCTHHHblM 0 BaKY,YMOM. EcnH lKe OHa Y.JlOB

neTBOpJieT nHll!l> ycnOBHIO 1/, HO He 06JISaTenl>HO 2/, CTaHeM HaSb!BaT:b ee 

nceB.rtOBaKYYMOM, a ecnH 1/ BblllOnHJieTCJI, "HO 2/ HeT - nOlKHblM BaKYYMOM. 

IlpH 9TOM, KaK H paH:t,~e, Mb! HMeeM B BH.rtY HOpMHpOBaHHble BOnHOBble <l>YHK

UHH. B MO,[tenH HSHHra C KOHeqHbJM qucnoM ysnOB n106aJI <l>YHKUHJI HS npocT

paHCTBa /4.3/ MOlKeT cnyll[HT:b nceB.rtOBaKyYMOM. B saBHCHMOCTH OT SHaKa 

:rneprnH sneMeHTapHblX BOS6YlK,[teHH8 nOl!CHble BaKyyMbl .rtenJITCJI Ha ,[!Ba Knac

ca. EcnH Bee BOS6YlK,[teHHJI, POlK,[talOl!IHeCJI HS nceB,[tOBaKyyMa, HMelOT He

nonOlKHTen:bHYlO 9Heprn10, TO TaK08 nceB,[tOBaKyyM HaSOBeM HeyCT08qHBb!M, 

HnH na6Hnl>Hb!M BaKyYMOM. A ecnH qacT:t, Bos6YJK,J:teHH8 HMeei HenonolKHTen1,

Hyro, TOr.rta KaK ,1:tpyraJI qacT:b nonolKHTenl>HYIO 3Heprnro, TO .rtaHHbl8 nceB.rto

BaKYYM Ha3b!BaeTCJI MeTaCTa6Hnl>Hb!M BaKYYMOM. CornacHo 3T08 KnacCH<!>HKa

UHH npH Hyneaoa TeMnepaType COCTOJIHHJI "'-+ II H rp~ - HCTHHHble BaKYYMbJ, 

a 'PON - na6Hnl>Hbl8 BaKyyM. IlPHMepoM MeTacTa6Hnl>HOro BaKyYMa MOlKeT 

cnYlKHTl> COCTOJIHHe 

1/J.N = 11 ... 1
1

1, 1, ~o 1 2 Ni. I 
I( J 

/.4.14/ 

o6pasoBaHHoe HS Jl1t ysnoB c ynopJI.rtoqeHHblMH cnHHaMH H ~ :: N- N4 
ysnoa c pasynopJI,[toqeHHb!MH CllHHaMH. QqeBH,[tHO, qTQ COCTOJIHHe /4.14/ He 

JIBnJieTCJI TpaHCnJIUHOHHO:~HBapHaHTHb!M, ll03T0My 3HeprnJI <l>nnnnoHa saBn

CHT OT MeCTa ero noKanHSaUHH. ~nHllllOH, BOSHHKal01!1H8 B ynopJI,1:toqeHH08 

o6nacrn, HMeeT nonolKHTen:t,Hyro 9Hep:rnro 

Ni 
t: <i> = r J.. ~o 
+o f- ''. 

r,~"°<NtJ, 
J-i. v 

B TO BpeMJI KaK <1>nnnnOH B HeynopJI,[toqeHH08 o6nacTH - HenonOlKHTenl>HYIO 

sHeprnro 

e,.o (i) S 0 (~$i~N) . 

.IlnJI 9HeprnH.MeTaCTa6Hnl>HOro COCTOJIHHJI /4.14/ cnpaBe,[tJIHBO HepaBeHCTBO 

f J~ (~=) Hf/!+: )~o. 
llOKaSb!BalOl!lee, qTo 9Ta 3Heprn.ir nelKHT MelK,[tY 3HeprnJIMH 3KCTpeMaJil>HblX· 

COCTOJIHH8 'P:!N H 'Po" , o6ecnequBalOl!IHX MHHHMan:bHYIO H MaKCHMaJil>HYIO 
9 Hepruu COOTBeTCTBeHHO. KoHeqHo, roBOPJI 06 3KCTpeManl>HOM COCTOJIHHH 

npH OTnHqHo8 OT HYnJI TeMnepaType, Ha,[tO 6blnO 6bl llO,llpasyMeBaT:b 3KCTpe-
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~;;:·~:./:',~ :: 

ManbHOCTb BHYTPeHHe8 3Hepl'HH /2.22/, nH60 3KCTPeManbHOCTb JII000ro HHOro 

TePMO,i:nlHaMH'leCKoro noTeHIU1ana. 0.11HaKo, KaK BH.IIHO H3 neKUHH 2, .J:lnH Bbl

'lHCneHHH TepMO,i:nlHaMH'leCKOro noTeHUHana npHXO.lnlTCH OpaTb nmyp no npOH3-

BOnbHOMY 6a3HCy HeKOToporo npOCTPaHCTBa. CHcTeMa H3 _KOHe'lHOro 'lHCna 

'laCTHU N HMeeT e,i:n1HCTBeHHbl8 YHHTapHo HenpHBO,i:n1Mbl8 6a3HC, TO eCTb 

TaKott 6a3HC, KOTOpbltt He npHBO,i:nlTCH K .llPYrOMy c noMO~bID YHHTapHoro npe

o6pa30BaHHH. Cne.110BaTenbHO, .11aHHaH CHCTeMa HMeeT e,i:nlHCTBeHHYID CB060.11-

HYID aHeprnm /e.lnlHCTBeHHbltt noTeauHan rH06ca ••• /, Kor.11a N <co , T > 0 . 
3Ha'lHT, roBopHTb 06 3KTpeManbHblX COCTOHHHHX .llnH CHCTeMhl H3 KOHe'lHOro 

'!Hcna qacTHU npH HeHyneBott TeMnepaType HeT cMblcna. KpoMe Toro, B KOHe'l

Hott CHCTeMe He CYJ!teCTByeT H ¢,a30Bb!X nepexo.110B. nettCTBHTenbHO, B npOCT

paHCTBe /4_. 3/ KaJK.llOMY COCTOHHHID c HeKOTOP08 3Heprne8 H C06CTBeHHblM 3Ha

'leHHeM onepaTOpa /4.7/ conocTaBnHeTCH .llPYroe COCTOHHHe c TOR~~ aHep

rnett H npoTHBOnono~HhlM no 3HaKy coOcTBeHHblM 'lHcnoM onepaTopa G · 
II03TOMY 

.. 
<G). = 0 (V® ~ 0 , N < 0o). /4.15/. 

To eCTb cpe.11HH8 cnHH CHCTeMbl, HrpaID!llH8 ponb napaMeTpa IlOPH.llKa, Bcer.11a 

paBeH Hynm. CHCTeMa Bcer.11a CHMMeTpH'lHa OTHOCHTenbHO rpynllbl i!
2 

• 

B cny'lae ~e OeCKOHe'lH08 CHCTeMbl CHTYaUHH He CTOnb TPHBHanbHa. 

YCTPeMIIHH 'lH~O Y3n0B K OeCKQHe'lHOCTH, 6Y.lleM 0603Ha'laTb npe.11enbl COOT

BeTCTBYIOl!IHX ¢>YHKUH8 6e3 HH.lleKca N: 

Ip (l, ... l~) = f,n, r/J/ (i, ... in) ., /4.16/ 
~ ~~ . 

aHanorn'lHO 0603Ha'lHM H npe.J:lenbl COCTOHHH8 ,,_ ( ,~ ••• in) , ~ (l~ . .. in) 
H TaK .11anee. B npe.11enax THna /4.16/ npe.11enbHOe cocTOHHHe co.11ep~T CKOnb 

yrO.llHO 60nbWOe, HO KOHe'lHOe 'lHCnO ¢,nHnnOHOB ( n < 00 } • Ho TaKHX COCTOH

HH8 CYJ!teCTByeT OeCKOHe'lHOe MHO~eCTBO. ~YrHMH cnoBaMH, npe.11en n➔ 00 

HMeeT CMb!Cn TOnbKO nocne TepMO.llHHaMH'leCKOro npe.11ena N ➔ 00 • TaKHM oo

pa30M, OTnpaBnHHCb OT nmOott H3 ¢,yHKUH8 

~ = l-m ¢/ 
- N➔ "" -

~ = e;,,,, 
N➔ .., 

,;," 
0 I 

C noMO~bID ¢,nannOHHblX B030YJ!UleHH8 CTPOHTCH TPH pa3nH'lHblX 

{ f/1,. ( i, . . . in ) } , ( Ip_ ( t~ . . . in ) J H / 'Po U, . . . l~ ) J 
HaTHrHBaIDTCH cenapa6en&Hble rnn&OepTOBbl npocTpaHCTBa ol1+ 

/4.17/ 

C'leTHblX Oa3HCa 

, Ha KOTOpble 

, cw.. H .;r,:,-
COOTBeTCTBeHHO. Ho 3TO ~e He Bee. nnH ~YHKUH8 THna /4.14/ npe.11en&Hbl8 

nepexo.11 N ➔ 00 MO~HO onpe.11enHTb TaK, 'lT06N 0.llHOBpeMeHHO ~ -, 00 • H:i 

nony'leHHOro TaK COCTOHHHH 
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~o 
1/J N 

~ ➔ co +o 
= &.·m 

Nz ➔ oo 
:ia.11aBM ¢,nHnnOHHble B036Y)K.Il_eHHH, 

{N,i +Hz =N), /4.18/ 

MO~HO nocTpOHTb C'leTHblfi 6a:iHC 

f 'P+o ( '1. ··· ln) J H HaTHHYTb Ha Hero cenapa6enbHOe npOCTpaHCTBO 

;fl... • BapbHPYH pacnono~eHHe ynopH.J:lO'leHH08 H pa:iynopH.J:lO'leHH08 o6nac-+o . 
Tett Ha peweTKe H MeHHH :lHa'leHHH N.t H Ill.? npH ycnoBHH ~ "'Hz= N , 
MO~Ho nony'lHTb /npH N➔ 00 I C'leTHoe MHo~ecTBo npocTpaHCTB THna ~o , 

KOTOpoe 060:JHa'lHM 'lepe3 / :Jl.,.o}. TaKHM _~e o6pa:ioM, Ha'lHHaH c ¢>YHKUHH 

N ' 2 ~ 1 I 
~ 0 = I I ... I I I 

npHXO.llHM K COCTOHHHID . 
lr. 

1 
N 

~o = fim 
~ ➔ ..... 

ll'z ➔ co 

Y,,N 
-o (~ +!¼ =N) , 

" 
/4.19/ 

/4.20/ 

a 3aTeM K C'leTHOMy MHO~eCTBY npocTpaHCTB f:/l-o}. llaKOHeu, tta'lHHaH 
C ¢>YHKUHH 

(p N 
+- = I l 

~ z 
I 
~ I I 

N 

I /4.21/ 

nony'lHM C'leTHOe MHO~eCTBO npocTpaHCTB 

Horo COCTOHHHH HrpamT _¢,YHKUHH BH.J:la 
I di+-/ , B KOTOPNX ponb OCHOB-

~- =t,·m 
~ ➔ 00 

Nz ➔ oo 

'f/N 
+- (~ ",½ .. N) /4.22/ 

ffTaK, B TepMO.llHHaMH'leCKOM npe.11ene BMeCTO 0.J:lHOro npOCTpaHCTBa arN 
Mb! HMeeM TPH npocTpaHCTBa :14, :1/_ H Wo C TPaHcnHUHOHHO•HHBa

PHaHTHb!MH nceB.llOBaKYYMaMH /4.17/ H C'leTHOe MHO~eCTBO, COCTOH~ee H3 

npocTpaHCTB / :H.,. 0 } , / (H_o J H / Ill+ - } C TpaHcnHUHOHHO•HeHHBa-
PHaHTHblMH nceB.llOBaKYYMaMH /4.18/, /4.20/ H /4.22/ COOTBeTCTBeHHO. 

3To CBH.lleTenbCTByeT O TOM, 'ITO He CYJ!teCTBYeT npe.11ena .llnH ft/N npH 

N ➔ ~. IIO.ll'lePKHeM, 'ITO nm61,1e .llBa H3 npOCTpaHCTB f/1_, , "oo/.. , do 
HJJH H3 TpaHcnHUHOHHO-HeHHBapHaHTHoro MHO~eCTBa COCTOHHH8 

72 = !~of 0/Jl+_J sf,7/_o I /4.23/ 

0
PToroHanbHbl .llPYr .llPYry, a cne.110BaTenbHO, COOTBeTCTBym~e HM nceB.110-

BaKyyM!,! YHHTapHO HeaKBHBaneHTHbl MeJK.lly C0608. 
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Pa3 Mb! HMeeM MHOEeCTBO pa3JIHqHbJX npOCTPaHCTB, TO MOEHO ne~HHHpo

BaTh H COOTBeTCTByJQ]lee MHOEeCTBO cp~HHX SHaqeHHfi WIH KaJl(J:toro H3 onepa

TOPOB. HanpHMep, ,WIH IlPHB~eHHOfi SHeprHH nOJiyqaeM cqeTHblfi Ha6op 

E < 'Jl J • tim 
N-oo 

l < H">~ N 
/4.24/ 

B 3aBHCHMOCTH OT TOro, no KaKOMy H3 npOCTPaHCTB 6epeTCH wnyp npH Bli-

qucneHHH cp~Hero. 

PaCCMOTPHM CBOfiCTBa CHMMeTpHH K~oro H3 npOCTPaHCTB. Y COCTOHHHH · 

'I'.. HapymeHa CHMMeTPHH Z2 , HO coxpaHeHa CHMMeTPHH OTHOCHTenhHO rpyn

~ TPaHCnHI~Hn no peweTKe. Bee ~JIHnnoHHlie B036YMeHHH Han Ip,,_ 3ana10T 

~YHK~HH, IlPHHa,WieEaII!He onHoMy H TOMy Ee npocTPaHCTBY ';/(+ • Mhl nona

raeM, qTo BCHKaH TepMO~HaMHqecKaH ~a3a o6nanaeT onpeneneHHblM cBoficT

BOM CHMMeTpHH, OTnHqaK!l\HM ee OT ~yrnx ~a3. IlpocTpaHCTBO ~+ OnH~

BaeT ynopHnoqeHHYIO ~a3y co cp~HHM CilHHOM /HnH HaMarHHqeHHOCThIO/, iia

npaBneHHblM BBepx. To eCTh xapaKTePHCTHKOfi ynopHnoqeHHOCTH cnY)!CHT Ha

MarHHqeHHOCTh, nponop~HOHanhHaH cpenHeMY OT onepaTopa /4.7/, B "KOTO-

poM Hano nonoEHTh N - oo B OCHOBHOM COCTOHHHH CP~HHn CilHH MaKCHManeH 

( "',,. 
... 
(5 '-I'+)= f . 

IlpH BKn10qeHHH TeMnepaTYPli B03HHKaIOT ~JIHnnoHHble B036~eHHH, noHHXaIO

llU{e BeJIH~HY HaMarHHqeHHOCTH. Ho, KaK 6blJIO OTMeqeHo, STH B036~eHHH 

COOTBeTCTBYIOT COCTOHHHHM onHoro H Toro Ee npOCTpaHCTBa7e+,con6cTaBnHe~ 

• MOro ynop~oqeHH08 ~a3e; napaMeTp nopnnKa, xapaKTepHSYIOllUf8 ~a3y, onpe

nenHeTCH KaK cpenHee 

" < (5 >~. 'F O. /4.25/ 

Bo36y~eHHH, KOTOPlie OilHCliBalOTCH ~YH~HHMH onHoro npocTpaHCTBa c 

3anaHHon CHMMeTpuen, conocTaBnHeMon onpeneneHHOfi ~a3e, Ha3HBalOTCH ro

Mo~a3Hb!MH ~nyKTyauuHMH. 

B COCTOHHHH "'- TaKEe HHBepcHOHHaH CHMMeTpHH HapymeHa, a TPaHC~ 

nHUHOHHaH coxpaHeHa. Cp~HHfi cnHH, cnYEaII!Hfi napaMeTpOM nopHnKa, npH 

HyneBon TeMnepaType paBeH 

" <4'_, o<,1_) =-I. 
. 0 

IlpOCTPaHCTBO '1f OilHCliBaeT ~a3y C HaMarHHqeHHOCThlO BHH3. 

nceBnoBaKy~ 11-'o o6nanaeT KaK HHBeparOHH08, TaK H TPaHcn~HOH

HOfi CHM!vleTPHen. BcnencTBHe HHBepCHOHHOfi CHMMeTPHH 

J\ 

('l'o , 5 o/o)=O 

H Oonee Toro, napaMeTP nopnnxa Bcerna paBeH Hynro: 1, 
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.,. 
< e; >w • o. , /4.26/ 

9TO xapaKTepH3yeT pa3ynopnnoqeHHYIO /napaMarHHTHYIO/ ~a3y. 

3aMeTHM, qTo ~nHnnOHHlie B036YlKJ:teHHH Han Ip t HJIH "'- npHBOnffT K 

qacTHqHoMy pa3ynopHnoqeHH10 cnuHoB. Hao6opoT, B cnyqae 4)
0 

~nunnOHHlie 

B036Yl!O];eHHH npHBOMT K qacTHqHoMy ynopnnoqeHHIO. OnHaKO HH B KOeM cny

qae Henh3H cKa3aTh /qTo,K coEaneHH10 1 qacTO nenaeTcH/, qTo o6nacTH sne

MeHTapfflix B036y~eHH8 COOTBeTCTBYIOT 3aPO,l:lbllllaM ~yron ~a3li. KaK Mb! YEe 

BliHCHHnH, Bee ~JIHnnOHHlie ~YH~HH IlPHHa,WieEaT onHOMY npocTpaHCTBY co

CTOHHH8 H IlOTOMy MoryT OilHCliBaTh nHIIlh onHY ~HHCTBeHHYIO ~a3y c onpe

neneHH08 CHMMeTPHen. KpoMe Toro, no6aBHM, qTQ pa3Mepli ~JIHnnOHHblX 06-

nacTen MHKPOCKOnHqffli, TO eCTh HX BeJIH~Ha B TepMO~HaMHqecKOM np~ene 

ucqe3 aIOD:1e Mana no cpaBHeHH10 c pa3MepoM CHCTeMbl / n / N - 0 /, Terna 

KaK no onpeneneHHIO ~asa Bcerna MaKpocKonuqHa, TO eCTh BenHqHHa 3aHH

MaeMo8 e10 oOnacTH cpaBHHMa no pa3Mepy co Been CHCTeMon: N,/N- canst . 
IlPOCTpaHCTBa° COCT0HHH8 ~+ , W_ H 7(0 OilH~BalOT qffCTlie ~a3li. 

CMewaHHlie ~a30Blie COCTOHHHH /reTepo~a38lie COCTOHHHH/ 3anaIOTCH 

nCeBnOBaKyYMaMH 1/1_ (J , o/._ O , /,/ 1 a 3Ha-T, H IlOCTPOeHHliMU H3 noc-
♦ - T+- . 

n~HHX IlPOCTPaHCTBaMH r,ll+D , ~o . , 7l._ . Bee B03MOElll,le reTep~a3111,1e 

CMeCH onp~enHIOTCH cqeTlll,IM MHOEeCTBOM /4.23/. 

.ttononHHTen.hHble CBeneHHH O CBOfiCTBaX nceBnoBaKYYMOB MOEHO H3Bneqh, 

aHantt3HPYH SHeprHIO ~nHnnOHHliX B036Yl!O];eHHn. IIpH HYneB08 TeMnepaType 

3Ta SHeprn~ onp~enHeTCH ~OpMynon_/4.11/. ,tte8CTBYH TaK Ee KaK H paHee, 

y6e~aeMCH, qTo SHeprHH ~JIHnnoHa B npOCTPaHCTBax ~. H ':lfZ'_ nOJio

lKHTenhHa, B npOCTPaHCTBe ':1(0 HenonolKHTenhHa, a B KaJ!C,l:lOM npOCTPaHCT

Be HS MHOEeCTBa /4. 23/ SHaKonepeueHHa. CnenoBaTenhHO, ¥,,. H ¥._ - HCTHH

Hble BaKyyMbl, II{, - na6unhfflin BaKyyM, a BaKYYMbl THna 'P+o , lf1_
4 

H "1+
- MeTaCTa6Hnhffli. 3HeprnH ~nunnOHHliX B036Yl!O];eHHn Han BaKYYMaMH "'· H ftl_ 
onHHaKOBli. CoBnanaIOT H 3Heprnu OCHOBHliX COCTOHHHfi, H B006~e .cp~HHe 

3HeprHH WIH • npOCTPaHCTB 7l+ H 7{_ 

E <'R+ > = i<~->. 
MoEeT noKa3aThCH HenOHHTlll,IM, noqeMy SHeprnH ~nunnoHa, B036~aeMoro H3 

4-'+-' 6HBaeT OTPH~aTenhH08 • .ltnH Toro, qTo6u nOHHTh 3TO, nocTaToqHo 

B3rnHHYTh Ha PHC. 29, H306PaEaIOllUf8 nnoCKYIO KBanpaTHYIO peooeTKY, ~ KO

Topon CnHHli, HanpaBneHHlie BBepx, noKa3aHH nnrocaMH, a HanpaBneH111,1e 

BHH3, MHHYCaMH. QqeBHnHo, qTo nepeBOPOT CilHHa S ysne, 06BeneHHO~ 

KPYJKKOM, OTBeqaeT OTPH~aTenhH08 ~JIHnnOHHOfi SHeprnH. 

.ltnH BHyTpeHHHX sHeprnn, onp~enHeMblx KaK cpenHHe /4.24/ no pas

lih!M npocTpaHCTBaM, cnpaBenJIHBli HepaBeHCTBa 
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+ + + + + 

+ + + + + 

+ + 0.+ + 

PHC. 29. MeTacTa6HnhHb18 BaKYYM 'Pr- wi.11 nnocKoB pemeTKH. 

~{C) 
C 

C 

Puc. 30. I'pa¢HqecKoe peweHHe ypaBHeHH.11 (5.14). 
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i r ~t. J < E r1zJ < E f "Ito J, /4.27/ 

B KoTophlx E {1z) .. npHBe,iteHHa~ SH.epru.11 n100oro us npocTpaHcTB MHOJKeCTBa 

n • IlpH HyneBOB TeMnepaType ~O~TO.IIHH.11 ,'IJ+ , 'II_ H f/J, SKCTpeMaru,HhJ. 

QqeBHnHo, qTo nocne~ee HS HHX MaKCHManhHO, a nepBhle nBa MHHHManhHhl. 

IlpHqeM. cpe,llHHe SHeprHH ~11 COCT~~HHB 'II+ If "'- OJ:urnaKOBhl. 9T~. H _Ha Shi.:.. 

BaeTC.11 MaKpOCKonuqecKHM BhJPOlf(,l:teHHeM. MaKpOcKonuqHOCTh COCTOHT B TOM, 

qTO CHCTeMa OecKOHeqHa H qTo ¢nunnOHHhle BOS5yiKJ:teHH.JI H~ BaKyyMaMH ~. 

u Ip_ 06pasy10T ;Ba pasnuqHhlx, op~oroHanhHhlX ~yr ;iu>yry npo~TpaHCTBa 

"ll+ H '1(_ . • HanoMHHM, qTo B OTnuque OT MaKpOCKOnuqecKOro BhlPOllf,!te-

HH.11 npu MHKPOCKOnHqecKOM BhJPOJJO:teHHH ¢YHKIUfH '11.N H ¥.." npHH~el!CanH 

o.z:tHOMy- H TOMy JKe npOCTPaHCTBY '1l,, . 
BOSHHKaeT BOnpoc - ecnu __ HMeeTC.11 orpoMHOe MHOJKeCTBO paSl!l,IX npocT

paHCTB, COOTBeTCTBYJ()IJIH,X pasnuqHhJM qffCThJM HnH CMewaHHhlM iasoBhlM COCT0.11-

HH.IIM, TO B KaKoM lKe HS HHX 5yneT HaXOnHThC.11 peanhHa.11 ¢HsHqec~ai CHC

TeMa? OTBeTHTh Ha STOT sonpoc noMoraeT ycnosue ycT0Bq1rBOCTH TepMonH-
. . /49/ 

HaMHqecKOB CHCTeMhl, Bh1TeKaJOD1ee HS BTOporo saKOHa TepMonHHaMHKH : 

paBHosecHa.11 CHCTeMa YCToBqHBa, ecnH ee TepMonHHaMHqeCKHe noTeH

~Hanhl SKCTP~ManhHhl, ~pHqeM, SHTPOnH.11 MaKC~ManhHa, CBOOOnHa.11 SHeprH.11 

H noTeH!Uian I'HOOca MHHHManhl!l,I H T.n. 

IlpH HYnesoa TeMnepaType cso6onHa.11 sHeprH.11 HnH noTeH.!Uian rH60ca 

cosn~aIOT co cpenHeB SHeprneB, BhJPal!CeHHOB B COOTBeTCTBY!OIIUIX nepeMeH

HhlX /CM. neK~HlO 2/. CnenosaTenhHO, ~HSHqecKa.11 CHCTeMa, onHChlBaeMa.11 

MO,llenhlO HSHHra /4.2/, npH T=O nonJKHa_ HaxonHThC.11 s onHOM HS nsyx 

COCTO.JIHHB - nHOO "'· , nuOo "'- • Ho B KaKOM HMeHHO? Benh ooa 3TH co

CTO.IIHH.11 TepMonHHaMHqeCKH SKBHBaneHTl!l,I. KaK BHnHM, ¢HsHqecKa.JI CHCTeMa 
. . ' . . 

HaxonHTC.11 B TOR lKe CHTY~HH, qTo H cKasoql!l,18 repoa Ha PHC. 28. qTQ lKe 

noMoraeT CHCTeMe Bh18TH HS nonoOHOrO saTPYnHHTenhHOrO nonol!CeHH.11? Cyt1te

CTBYIOT nBe npJ{qHHhJ, BHelllH.1111 H BHYTPeHHR.11, Sa,llaIO!llHe Bh100p :roro HnH 

HHoro BaKYYMa. BHelllH.1111 npHquHa - STO HanHque Manh!X BHelllHHX BOSMyllleHHB, 

CHHMa!OIIU{X MaKpOCKOnHqecKoe BhJPOllf,!teHHe. HanpHMep, eCJtH HMeeTC.11 CKOnh 

yronHo _ cna6oe BHewHee Mar.HHTHOe none 8 , HanpasneHHOe no ocH Z , To 

raMHnhTOHHaH MonenH HsHHra npHHHMaeT sun, aHanoruql!l,18 /2.9/. Torna 

SHeprHH COCTO.JIHHB "'· H ,,,_ }'7.(e HeonHHaKOBhl: 

( "'·' HI( 'I'+) < (If_' HN i;_) '. 

TaK qTo CHCTeMa BhlOHpaeT saKYYM 'fl+. 
Ho ,llaie ecnH He npHHHMaTh BO BHHMaHHe BHelllHHX BOSMyllleHHB, CHCTe

Ma Bee paBHO cyMeeT C,llenaTh sl\lOop scnencTBHe BHYTPeHHHX npHqffH. qTOOhl 

noHRTh, KaK 3TO npoHCXOnHT, BCnOMHHM, qTo COCTO.IIHHe paBHOBeCH.11 11sn.11-

eTc.11 MaTeMaTHqecKoR H.ZteanHSal'.UfeB, CB.JISaHHOB C ycpe,llHeHHeM no OeCKOHeq-
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1·,· 

HOMY BpeMeHIIOMY HHTepBany 1531_ CHCTeMa, na6moAaeMaR B TeqenHe KOHeq

Horo BpeMeHH, CTporo rOBOPH, HepaBHOBeCHa. B aea $nyKTY11UHOHHblM o6pa-

30M B03HHKaJOT pa3nHqH1,1e qnc™e H reTepo$a3Hl,le COCTOHHHR. BonbWYJO qacTb 

BpeMeHH CHCTeMa 6YAeT npOBOAHTb B TOM H3 COCTOHHHR 'ii+ HnH ly_ , KO

TOpoe B03HHKHeT nepBblM. To eCTb C paBHOBeCHOR TQqKH 3peHHH OHa caMO-

npOH3BOnbHO 

CHMMeTPHeR. 

. , ,i{;:,1"1 

nepeRAeT B CAHO H3 COCTOHHHR C HapyweHHOR HHBepCHOHHOR 

IlepexOA CHCTeMbl C raMHnbTOHHaHOM, HHBapHaHTHblM OTHOCHTenbHO He-. 

KOTOpoa rpynm,i CHMMeTpHH, B COCTOHHHe, HeHHBapHaHTHOe no OTHOWeHHID K 

TOR ~e rpynne, Ha3b1BaeTCH cnOHTaHHblM aapyweHHeM CHMMeTPHH. 

CTano 6b1Tb, npH T = 0 OCHOBHOe COCTORHHe 'Anff MOAenH H3HHra / 4. 2/ 

AOn~HO 6~b Z z , -HeHHBapHaHTHO. IlyC:Tb Bb16;aH BaKyyM 'I.,. • IlpH nOBblWe~· 

HHH TeMnepaTypbl MO~eT OKa3aTbCH, qTo BnnoTb AO HeKOTOpoa TeMnepaTypbl 

7;, CHCTeMe BblrOAHO HMeTb HapyweHHYJO HHBepcHOHHYJO CHMMeTPHID, TO eCTb 

npHBeAeHHhlfi noTeHuHan rH66ca G ( 'Jl+J , Bbl=cmieMblR B npocTpancTBe ~ 
MeHbwe, qeM G ( 'Jl0 ) , BblqncnHeMblR B ':1e0 • IlpH T > To cooTHoweHHe 

Me~y i; ( 'J{ +) H 6 ( 1( 0 ) MO~eT H3MeHHTbCR, TaK qTo 6 ('ll+) ? i; ( :ll.) 
3naqHT, CHCTeMe 6YAeT BblrQ'AHO nepeRTH B Z2 -cHMMeTpHqnoe' cocTOHHHe. 

IlOCKOnbKY, KaK o6c~anocb B neK~H 2, TepMO'AffHaMHqecKHe noTeHuHam.i 

HenpepblBHbl, B TQqKe nepeXOAa OHH AOn~Hl,I COBn~aTb: 

a r 'll.,.) = G < 'Jl. J (T=To). /4.28/ 

Ho Kall(,Ilbla THn CHMMeTpHH conocTaBnHeTCH onpeAeneHHOR TepMOAHHaMHqec

K08 $a3e. nosTo~ Mb1 npHXOAHM K BblBOAY, qTo npH T-< T0 CHCTeMa na

XOAHTCR B ynopHAoqennoa $a3e c napaMeTpOM nopff'AKa /4.25/, a npH T>T• 
B HeynopHAoqeHHOR c napaMeTpOM nopRAKa /4.26/. B TQqKe To npoHCXO

AHT $a30Bb18 nepeXOA. 

CnoHTaHHOe HapyweHHe CHMMeTpHH B MaKpOCKOnHqecKoR CHCTeMe - 3TO 

TO ~e caMoe, qTo H $a3oBhlfi nepexoA. 

Heo6XOAHMb1M H AOCTaToqHblM ycnoBHeM $a30Boro nepeXOAa HBnHeTCR: 

BO-nepBblX, HanH=e MaKpOCKOnHqecKoro Bblpo~eHHR, BO-BTOPblX, BblroA

HOCTb cnOHTaHHOro HapyweHHR CHMMeTpHH npH OAHHX 3HaqeHHRX TepMOAHHa

MHqecKHX nepeMeHHblX H HeBblrOAHOCTb TaKoro napyweHHH npH APYrHX. 

IlPOUeAYPa Bb16opa npaBHnbHOro npOCTpaHCTBa COCTORHHR npH BblqHcne

HHH cpeAHHX OT onepaTOPOB aa3b1BaeTCH KBa3HYcpeAHeHHeM, a COOTBeTCT

BYJOl]1He CPeAHHe - KBa3Hcpe.i:iHHMH 1201. no~epKHeM, ~TO HAeR o HeOAH0-

3Haq110CTH Bb16opa npocTpaHCTBa COCTORHHR MaKpOCKOnHqecKoa CHCTeMbl, 

YCTaHaBnHBaJO~aR TipHHUHnHanbHYJO B3aHMOCBR3b nOHHTHR"$a30Bhlfi nepeXOA" 

H"cnOHTaHHOe HapyweHHe CHMMeTpHH"H AaJO~aR KOHCTPYKTHBHl,18 TIOAXOA K 

onpeAeneHHID $a30Bb!X COCTOHHHR,BnepBble 6blJia BblCKa3aHa B 1960 r. aKa-
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AeMHKOM H.H.Boromo60BblM 
1201 

H HOCHT Ha3BaHHe KOHUenilHH KBa3HCpeAHHX, 

0 TOM, KaK TeXHHqeCKH oc~eCTBnHTb KBa3Hycpe~HeHHe,noRAeT peqb B 
cneAY!Clllea neKUHH. 

" •.•• To.t1t>1'0 npeaaaJ1mzte MHeHUR aacmaa.11J110m Hae 
c~umamr, JIOXHIVI mo. ~mo HOBO c.11yxy UJIU apeµuro He
npuatt~Ho, u.11u 1'axemcJ1 npeeztwa101J/UM Hawe noHUMaHue; 
ec.11u xe nocMompemr, noe11w-rame.t1t>Hee, mo o6Hapyxuwr,, 
~mo amo ece He mo.t1t>1'0 o.11J1 coo6paxeHUJI o~eeuo110. 
110 u o.t1J1 ucno.1111eHUJ1 .11ee1'0". 

Any.11ea. "MemaMop¢oau". 

neK~R 5. METO,Il!,I KBA3HYCPE.I1HEHIDI 

B oc110Bononar~x pa6oTax H.H.Boromo6oBa120 , 21/. 6blJI npe'AnOEeH 

npOCT08 H HarnHAHb18 MeTOA CHHTHH BblpOl!t,lteHHR B MaKPOCKOnHqecKHx CHCTeMax, 

KOTOPhlfi 6YAeT 3AeCb TipOHnnIOCTPHPOBaH Ha npHMepe MOAenH re83eH6epra /CM, 
/3.3// 

H= - Z:.. :JU,J'J S1! ~. 
II' T .r /5.1/ 

KaK YKa3blBMOCb B neKUHH 3, 3TOT raMHnbTOHHau o6n~aeT HHBapHaHTHOCTbID 

OTHOCHTenbHO rpynnbl SU (2) . B cHny TaKol!: CHMMeTpHH YAenbHaR HaMarHH-
qeHHOCTb 

- f -mN = N ·L < s, > , /5.•2/ 
I . 

onpeAenHeMaR 06bNHblM oOpa3oM /cM. /1.3/, /3.7//, TOJIUleCTBeHHO paBHa Hymo 

MR Bcex TeMnepaTyp 0 . ~el!:CTBHTenbHO 121{ paccMOTpHM onepaTop CYMMap
Horo CnHua S • Z ; 

I . ffOl!leHHHM 
, YAOBneTBOpR~l!: UHKnHqecKHM nepecTanoBoqHblM COOT-

[S", SI] .. i Sz. 

Hcnonb3YR /5.3/, HeTPYAHO noKa3aTb, qTo 

[ S"', HJ= 0 (cl•X,f,Z) 

B COOTBeTCTBHH c./5.3/ H /5.4/ HMeeM 

i Sp (sze-HJe) = Sp [<sK sY- s~ sKJe~H/sJ. 

= Sp (s"s¥ e-Hts_ s1e-H1s sK>. 
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/5.3/ 

/5.4/ 



0Tet0na, Y'IBTblBaR nepecTaHOBOqHOCTb onepaTOPOB non 3HaKOM ~nypa, nony

qaeM 

Sp (Sz e·H/s)= o. 

AHanOrHqHo MR npyrnx KOMnoHeHT s"' . IlOSTOMY npH BCex N " 8. 

;;;N = ¾ < S> =~Sp (se-H/8)/Sp e-H/9 = D. /5.5/ 

3TO TOJK,J:teCTBO coxpaHReT cnpaBeMHBOCTb H npH N-oo 
TpHBHanbHOCTb napaMeTpa nopRnKa anecb RBnReTCR cnenCTBHeM TeX lKe 

npHqHH, qTo H B MOAenH H3HHra, nonpo6HO pacCMOTpeHH08 B npe,IlblnYllle8 nel(

UHH. CpenHHll cnHH KOHeqH08 CHCTeMbl paBeH Hymo_Ha-aa CHMMeTpHH raMHnb

TOHHaHa /5.1/. CHMMeTpHR coxpaHReTCR H B TepMOAHHaMHqecKOM npenene, Kor

na B03HHKaeT MaKpOCKOnHqecKoe BNpOJK,J:teHHe. OnHaKo B cnyq_ae MOnenH rea-

3eH'5epra CHTyaUHR CYllleCTBeHHO 6oraqe. B CHny s U( 2) -HHBapHaHTHOCTH HMe-' 

eTCR YlKe He nBa SKBHBaneHTHNX BaKyYMa, CBR3aHHNX C Hanpa_BneHHRMH "BBepx" 

·" _"BHH3" /c~. neKUHIO 4/, a KOHTHHYYM TaKHX BaKyyMoB, KaJ!Ulbl:ll: H3 KOTOPNX, 

xapaKTE!pH3yeTCR enHHHqHNM Bet<TOpOM e , 3analOI!lHM HeKOTOpOe HanpaBneHHe 
/109/ - · B npocTpaHcTBe .• BeKTOp e , onpenenReMNR ABYMK c~epHqecKHMH yrna-

MH, ~HKCHpyeT HanpaBneHHe HaMarHHqeHHOCTH B CHCTeMe. TaK KaK c~epHqec

KHe yrnN MeHRIOTCR HenpepNBHO, TOH OORBnReTCR HenpepNBHOe BNPOJK,J:teHHe C 

KOHTHHyanbHNM MHOlKeCTBOM BaKyyMOB 'f'e . H~ KalK,J:lblM 1!3 BaKyyMOB 'fie MOlKHO 

nocTpOHTb npocTpaHCTBa COCTORHH8 'Jee ,_aHanorHqHNe OpOCTpaHCTBaM ~~ B 

MOnenH H3HHra. IlpaBna, B OTnHqHe OT nocnenHe8 sneMeHTapHNe B036YlKneHHR 

B 'K,i YlKe He RBnRIOTCR·~nHnnonaMH._ ITonpo6Hee o'5 sneMeHTaPHNX B036yll(Ae~ 

HHRX B CHCTeMaX c HenpepNBH08 CHMMeTpHe8 OyneT paccKasaHO B neKUHRX 6 

H 7. KaK H B cnyqae MO):lenH li3HHra, MR MOAenH reaseH6epra MOl!{HO TaKlKe 

noCTPOHTb npoCTpaHCTBO 'Jlo C pasynopRnoqeHHNMH HanpaBneHHRMH H npocT-' 

paHCTBa C TpaHCnRUHOHHO-HeHHB~pHaHTHb!MH nceBAOBaKyyMaMH ..t{eO, aHano

rnqHNe ~t O H3 .neKUHH 4. KpoMe Toro, s u ( 2) -,CHMMeTpHR raMHnbTOHHaHa 

/5.1/ no3BOnReT nqCTPOHTb H TaKHe TpaHCnRUHOHHO-HeHHBapHaHTHNe npoCT-

paHCTBa COCTORHH8, KOTOpNe He 

npoCTPaHCTBa THna -Jr., ,. e-"• "'... ,, . 
MeHRIOOU{MH CBOe HanpaBneHHe Ha 

TeMbl. HnH npoCTpaHCTBa THna 

MOlKHNM CM~aHHNM COCTORHHRM. 

MHOlKeCTBY 

HMe10T aHanorna B MonenH HsHHra. HanpHMep, 

< n ~ I) , nopolKneHHNe nceBnoBaKYYMaMH, 

pasnHqHNx MaKpOCKOnHqecKHX yqacTKax CHC-

'Jt1. ,:- . O e.- , COOTBeTCTBYIOl!IHe BCeBos-
, .t::z ··· •·· n 

EcnH BBeCTH nepeMeHHYIO 'I' , npHHaMelKa!IlYIO 

{ 'I' J • { lf1 lfz . . . 'Pn I '! ~ I ; 'Pj = 0 • e, J 
TO pasnHqHNe nonycTHMble npocTpaHCTBa COCTORHH8 MOlKHO 0'503HaqHTb qepe3 

lrll · /108/ =~· 06~ee npocTpaHCTBO COCTORHH8 CTPOHTCR·KaK npRM08 HHTerpan 
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• ~ - J ~,, rilf • /5.6/ 

B KOTOPOM no onpeneneHHIO 

}ct'fa f Jti'l',ti'Pz·••tilfn, 
n=t f tt"i !I:{+ ft:11i. 

BepHeMCR Tenepb K npo'5neMe BI,JqHCfl~HHR cpenHe8 HaMarHHqeHHOCTH 

/5. 2/ TIPH N- - . B TepMOnHHaMHqecKoM npenene cpenHee < S > HMeeT 

cMNcn cpenHero no nonHOMY npocTpaHcTBY /5.6/, TOqHee roBopR, 

lim 
11--

- t f - -mN.. im <NS> a < 4 >w 
H--

BlipalKeHHe <B>-;e onpenenReTCR 061,JqHNM oOpasoM c nOMO~bro =ypoB B 
npocTpaHCTBe ':ft 

< 5>7l= Sp (se-H/e)IS e-H/S 
'H. 'Pa: . . 

EcnH saMeTHTb, qTo 

"HanpaBneHHRM", 
Sp;t. coneplKHT HHTerpHPOBaHHe no BceB03MOlKHb!M 

Sp-;e ( I e ·Hie)= J Sp., ( I e-H/s)d'f, 

rne SA - aTo ~nyp B npocTPaHcTBe 'lllf, Torna cTaHOBHTCR noHRTHNM, ., 
noqeMY 

< r >'I( .._ o. 
BsaHMOCBR3b < 1 >;e H cpenHero < i>cp , BNqHcnReMoro no ~OPMYne 

< °F .>. "' S ( B e ·H/S >Vsn e -H/B 
If P., 'If- I 

naeTCR COOTH=eHHeM 

B KOTOpOM 

< i>:,e = J < !>y, tip (If), 

dJI (<f )= 
s~ e •H/0 ,, 
1 -H/S 

Sp.,e r:/Cf 
d'I'. 

/5.7/ 

PaBeHCTBO, HneHTHqHoe /5.7/, BNnonHReTCR H MR CPE!nHHX OT npOH3-
BOnbHoro onepaTopa (!} 

< 0 >-;e • f < (!) >,,, rip (If) • 
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''l'I 

0TCIO,[la O'!eBH,[IHO, 'ITO ecJIH t!J 
BOpJI, 

- He cnHHOBblfi onepaTOP, TO,B006~e ro-

<O>;r =I- <r::J>'f , 

,[lruKe ecJIH npH 3TOM < ;f >~ == < 7'>., = 0 . YKa3aHHOe 06CTOJITeJlbCTBO Gel

no HCcne,[IOBaHo B. pa6oTax 1109 , 1101. ~H3H'!eCKH OHO cTaHOBHTCJI noHJITHclM, 

ecnn B".nOMHHTb, 'ITO <!>!'{KCHPOBaHHe 'f 03H.a'!aeT Bbl6op KOHKpeTHOfi TepMO

,[IHHaMH'IeCKOfi <j>a3c1, napaMeTpOM nopJI.[IKa KOTOpon cnylKl!T < s>., , TOr,[la KaK 

< i>. HHKaKofi <!)a3e He COOTBeTCTByeT H napaMeTpOM "nopJI,[IKa He -jJBnJieTCJI. 
~ ' ' . 
~nJI Toro '!T06cl Bc16paTb ynopJI,[IO'!eHHYIO <!>a3Y,,[IOCTaTO'!HO BBeCTH Bra-

Ml!JlbTOHHaH /5.1/ BHeIIrnee none' if. 

H8 = - 2 'j U,i'J 5r ~- - 8 i. 51 /5.8/ 
11· J 

TaKoe BKn!O'!eHHe BHeIIIHero nonJI nOHH~aeT rpynny CHMMeTpHH raMHnbTOHHaHa 

,[10 UU) H 3a,[laeT HanpaBneHHe BaKyyMa e I Kon.mrneapHoe 8 . Tenepb 

cpe,QHee MJI BCJIKOrO onepaTOpa (} Ha.tic Bcl'!HcnJITb no npOCTPaHCTBf 7-(e 1 

r.r1e "e·r, 8 . 0603Haq}jM 3TO cpe,[IHee qepe3 <O~IIB. n,rn HaXOJK,,[leHHJI cpe.ri

Hero <Cit, Bcl'!HcnJieMoro no npocTPaHCTBY ,ti , B cny'!ae cncTeMcl c· l'aMHnb-:

TOHHaHoM /5.1/ Ha,[10 B BE,ipIDKeHHH <(?} >.: "' oc~eCTBHTb nepexo.ri K TePMO.IlH-. , • euo 
HaMH'!eCKOMY npe_.rieny, a noTOM BclKJIW'!HTb BHeIIJHee none: 

li.m tim 
a-o H-

<0~
8
- -;,r=lim <0>9 = -<Vr, 
1/o N-- . 

/5.9/ 

sTo H ecTb npocTefilIIHn cnoco6 onpe.QeneHHJI KBa3HcPe.QHero ~ 0 r , npe.QnOJKeH

Hclfi Boron1060BblM 120 , 211. HCHO, 'ITO nopJI,[IOK npe,[leJibHclX ~epexo,[IOB B /5.9/ 
MeHJITb HeJlb3JI. 

3aMeTHM, 'ITO raMHnbTOHHaH /5.8/ onHCclBaeT TaK Ha3NBaeMoe nHHefiHOe 

B3aHMO,[lefiCTBHe BHeIIJHero n6nn co CnHHOM. IlpH 3TOM HanpaBneHHe BaKYYMa 

COBna,QaeT c HanpaBneHHeM a , TO eCTb H cpe,[IHHfi CnHH Ta_KJKe HanpaBneH 

no B . EcJIH lKe .r1ononHHTb raMHnbTOHHaH /5. 8/ ~e H KBa.ripaTH'!HblM • B3aHMo-_· 

.r1efiCTBHel'~, sanncaB 

- - 2 HBD = Ha - 1) ( ~ B s,) 
I . 

TO HanpaBne_!?le cpe.riHero CIIHHa He 6y.QeT coBna.QaTb c B , a 6y,[leT oTJIH

'!aTbCJI OT 8 Ha yron, onpe,[leJIJieMclfi H3 ycnoBHJI MHHHManbHOCTH CB060.ti

H08 3HePrHH. 3TOT npnMep Hcnonb3YeTCJI B TeopHH cna6c1x B3aHMO,[lefiCTBHfi 

.IlnJI o6bJICHeHHJI HeHyneBoro 3Ha'!eHHH yrna Ka6H66o 1821. 
Ha nepBclfi BsrnJI.Q HMeeTcJI napa.QoKc. Koauenunn KBa3Hcpe,[IHHX 6c1na·, 

C<!>OPMYnHPOBaHa H.H.Boron1060Bcl B 1960 r. 1201 , a MO,[leJlb refi3eH6epra - B 

1928 r., H TPH.IlUaTb neT ee HCcne,[IOBaJIH, B TOM '!Hcne Bcl'!HCnJinH cnOHTaHHylO 

HaMarHH'!eHHOCTb H, KaK HH CTpaHHO, nony'!anH IlPH HHSKHX TeMnepaTypax He-
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HyneBOfi pe3ynbTaT. CBJisaHo 3TO c HcnonbSOBaHHeM -llpH6nHJKeHHclX MeTO,[IOB, 

B caMOfi CTPYKType KOTOpclX 3anOllCeHo HapyWeHHe CBOfiCTB CHMMeTPHH HCX0,[1-

HOfi M0,[leJibH08 3a,[la'!H, T.e. CHJITHe MaKPOCKOnH'!eCKoro BE,ipOlK,lleHHn. IlOJIC

HHM 3TO Ha IlPHMepe IIIRPOKO H3BeCTHoro MeTO,[la cpe,[IHero nonJI, npHMeHeHHe 

KOTOporo Mel npo.QeMOHCTPHPYeM 3.tiecb .IlnJI Mo.QenH cerHeTosneKTPHKa KDP -
THna. B 3TOM cnyqae YKaSaHHc18 MeTO,[I .riaeT O'!eHb xopowee KDnH'!eCTBeHHOe 

cornacne c 3KcnepuMeHTanbHclMH pe3ynbTaTaMH / 3o/. raMHnbTOHHaH HMeeT 
BH.Il /CM. /3.9// 

,... ~ s)( , " , z z 
HN = - ~,L. 1 - 2- L Jr11, s'J s.,, /5.101 

I J,J' • ., . 

3TOT raMHnbTOHHaH o6na.QaeT TeMH lKe CBOfiCTBaMH CHMMeTPHH, 'ITO H MO,[leJib 

HSHHra. CoBePlllHM npH6nHJKeHHOe npeo6pa30BaHHe 

z % % z z 
S1 SJ', ~ C(S1 + 51 ·)-C, 

r.r1e C -BapHa,[IHOHHclfi napaMeTp, H no.t1cTaBHM pe3ynbTaT B /5.10/: 

rapp} " , z 
I 

z 
HN =-12 ~ SI - ~ J(J,J )5.,·C+2-JIJC 

I II' J" 

J• NJ.. l. J(J,3') 
!I' 

/5.11/ 

ITapaMeTp 
onpe,[lenHM B COOTBeTCTBHH C BapHa,[IHOHllbJM IlPHHUHnOM Soro

n1060Ba H3 ycnOBHJI MHHHManbHOCTH annpoKCHMHpy~en CB060,[IH08 3HeprHH 

C 

F ,app> 8 e -Htappl),8 
N = - N n Spe N 

OTKY.tia 

C= < s/ > app /5.12/ 

3.Qecb <···>opp o6o3Ha'!aeT cpe~aee no annpoKCHMHPYIO~eMY raMHnbTOHHaHy 

/5.11/, JIHHefiHOMY no onepaTopaM CnHHa. 3TOT raMHnbTOHHaH nerKo MOlll:HO 

,[IHaroaann30BaT!, H nony'!HTb RBHE,lfi BH,[I ypaBHeHHJI /5.12/: 

C= IC 
2Jn_z.:,zcz' th ~nz+ J'ci' 

28 /5.13/ 

~aHHOe ypaBHeHae Bcer.r1a HMeeT KopeHb c.-D 7 COOTBeTCTBYIOOtHfi HYneBOMy 

Cpe,[IHeMY CIIHHY, T.e. napaMarHHTHon ~ase. Ha8,[leM APYrHe PeIIleHHJI. IlPH c- 0 /5.13/ nepeXO.IlHT B 

2 ✓.fl+ ;-zcz• = J th '/!1.'+JZcz 
28 /5.14/ 

9To ypaBHeHHe npo~e Beere PelllHTb rpa~H'!eCKH /CM. PHC. 30/. IlpH ycnOBHH 

Z J1. > f peiueHHe C,, = 0 JIBJIReTcJI e,[IHHCTBeHH!,JM. IlpH 2!2. < :T H 

8<8caSl./(2Hrth2!2./j) HMelOT MeCTO ,[IBa Heaynem,ix petaeHHJI, KOTOPfie Mel 
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PHc. 31. CBo6onHaa sHeprna .nna TPeX B03MOmHbli napaMeTpoa 
nopanKa. 

\" 

'PHC. 32. fiHOHHaa KOHAeHCaI.lHR B R,llpe. 
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I 

o603Ha"lHM "lepe3 C + H C. • OHH coOTBeTCTBYJOT npoue.zzype B3RTHR onepa

UHH s p. no npOCTPaHCTBaM ?e. + H ~..: / CM. npeJ:lbl,I!Yl!IYJO . neKUHIO/. PellleHHR 

c~ • C_ OTnH"laJOTCH TOnbKO, 3HaKOM, onHCblBaJOT ynOPRAOqeHHYID /~eppo3neKT

pH"leCKYIO/ ~a3y C OAHHaKOBOA CB060AHOA 3HeprHeA,H Mb1 MOmeM B~6paTb nro6oe 

H3 HHX. CpaBHHM Tenepb CB060AHble 3HeprnH ,nJJR pa3nH"lHblX pellleHHA. HMeeM 

/cM. pHC. 31/ 

f.<app} rrapp) - { een ch(fii!+jzc:1zs) -:JC!/2 >O, B<Bc 
• ch(D./Z B) -

0 - t -

0 , B~Bc. 

TaKHM o6pa30M, HHme Be COCTORHHe, 

HHID, OKa3b1BaeTCR 60Jiee BblrOAHblM~ B 

COOTBeTCTByio~ee HeTPHBHanbHOMY pewe

TO"lKe 0, npoHCXOnHT c?>a30B~ nepe

XOA H3 napasneKTPH"leCKOA B c?>epposneKTPH"leCKYJO $a3y. 

KaK HeTPYAHO BHAeTbi npouenypa KBa3HYCpenHeHHR 6blna OCYl!leCTBneHa 

npH 3aMeHe HCXOAHOrO raMHnbTOHHaHa /5.10/ annpoKCHMHPY~M /5.11/, yme 

HeHHBapHaHTH~ OTHOCHienbHO ·rpyn~•. Z z , H =6ope onuoro H3 HeTPHBHanb

HblX pellleHHA ypaBHeHHR caMocornacoBaHHR /5.13/. ,~bl He roBOpHnH 3AeCb o 

npenenbHOM nepexone N-- , T. K. cB06onHaa 3Heprua. F, <~PP) pKa3blaaeTca 

aoo6~e He 3aBHC~eA OT . N>">l. 

EcnH cpaBHHTb c paccMOTpeHHblM BblWe cny"laeM Monena,reA3eH6~pra, TO 

· MomHo cKa3aTb," '<To ponb nona, ·oT6Hp~ero .enHHCTBeHHOe Hanp_aaneHHe Ba

KyyMa, ·HrpaeT."3Aecb cpenHee caMocornacoBaHHoe none, oppenenaeMoe napa:

MeTpOM C 
B. PRAe cnyqaeB MeTOA cpe,nHero.nona, . OCHOBaHHblA Ha npeo6pa3o-

BaHHH raMHnbTOHHaHa yKa3aHHoro BblWe THna, no3BonaeT nony"lHTb He npH6nH

meHHOe, a TO"lHoe peweHHe. PaccMOTpeHHIO 3TOro Bonpoca ~blno nopBa~eHo 

6onbwoe "lHCno pa6oT, cpe,nH KOTOPblX aamHOe MeCTO 3aHHMaJOT HccnenoBaHHR 
, /6"1 99 100/ · : 

H.H;BorOJil060Ba /Mn./ /CM., HanpHMep, ' ' , /. Pa3BHThlA HM MeTOA 

annpOKCHMHPYIOIIIHX raMHn_bTOHHaHoB n03BOJim;_T, B "laCTHOCTH, YCTaHOBHTb AO

CTaTO"lHO o6~e ycnoBHR Ha. anpo B3aHMone!l:cTBHR j (I, I') , npH KOTOPblX 

HMeeT MeCTO coananeHHe TepMOnHHaMH"leCKHX BenH"lHH MOAE!JlbHOA H annpoKcH

MHPYIOIIleA CHCTeM /npH N-- /. TaK, •.B CJly"lae cnHHOBblx: CHCTeM_ THna MonenH 

rea3eu6epra TaKHM AOCTaTO"lH~ ycnoBH~M RBJlReTCR /lll/ 

lim t I / J(J.f') - JIN/= .0 ,·. 
N•- I.I' . 

J= const. 

AHanOrH"lHblM o6pa30M npoueAypa· KBa3Hycpe,tiHeHHR COAePmHTCR H B npH-

6nH~eHHblX MeTOAax., TaK,HanpHMep, o6pb1B ueno"lKH ypaBHeHHA AnR KOppena

UHOHHblX cpe,nHHX HnH $yHKUHA rpHHa TaK~e MO~eT npHBOnHTb K HapyWeHHIO 

nonHoA CHMMeTPHH raMHnbTOHHaHa. 

BepHeMCR K MeTOAY KBa3HYCPe.IlHeHH~ /5.9/. B o6~eM c.ny:qae OH MOmeT 

6b1Tb C$OPMYnHPOBaH cneAYJ(IIIHM _ 06pa30M·; ·nycTb N-"laCTH"lHblA :raMHnbTOHHaH 

HN onHCblBaeT HeKOTOPYIO $H3~"leCKYJO CHCTeMY H o6nanaeT CHMMeTpHeA OT-
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HOCHTenbHO rpynlll,I 6 • IlYCTb COCTOHHHe CHCTe?ti HH~e TOqKH·~a3oBoro ne~· 

pexo,1:1a xapaKTepHayeTcH rpynnott G, c G . .n,m Toro qTO!Sbl onpe,1:1enHTh 

KBa3HCpe,1:1Hee, HapyuJHM·CHMMeTpHm HCXO,[IHOro raMHnhTOHHaHa, BKJDOqHB B He

ro HH~HHHTe3HManbHbllt HCTOqHHK: 

H - H (-.') = HN ♦ vr' N N 

r,1:1e ,.r -onepaTop, IlOHH-IClllHlt CHMMeTPHID ,[10 G, H ~ 
nb!lt napaMeTp. Tenepb KBa3HCPe.i:tHee ecTb 

- CSecKoHeqao Ma-

.J {!) '-- de:F t · £. , r = tm tm 
-1-0 N-0 

r.i:te f.:1 - npOH3BOnhHbllt onepaTop. 

/5.15/ 

KOHKpeTHbllt CKicn raMHnhTOHHaHa r 3aBHCHT ·oT paccMaTPHBaeMOlt aa

.i:ta=. TaK, B cnyqae CHCTeMb! C CSHHapm>1M B3aHMO.i:teltCTBHeM, H3yqaeMolt B 

TeOpHH lCpHCTannHqecKoro COCTOHHHR, ,[IOCSaBneHHe r COOTBeTCTBYeT BBe,1:1e

HHID CSecKoHeqao Manoro nepHO,[IHqecKoro nonn, ~HKCHPYI<lllero nono~eHHe KpHc

Tanna B TIPOCTPaHCTBe 
1211. B cnyqae KOH,[leHC~HH CSoae-raaa /CM. no,1:1poCS

Hee neK~Hm f,/ I'aMHRbTOHHaH r <:O,QepJKHT HCTOqHHKH
1 

~HKCHpYIOOIHe KanHCS-, 
POBKy CSoae-aMnnHTY.i:t 1211. 

3aMeTHM, qTO B Onpe,QeneHHH /5.15/ HMeeTCII H3BeCTHbllt npOH3Bon B 

Bb!CSope ocsnacTH onpe,1:1eneHHH napaMeTPoB y H' cnococsa ux CTPeMneHHH K 

Hynm. 0.i:tHaKo, KaK CSb!no noKasaao H.H.BoronmCSoBblM /Mn./ 1112 , 1131, B PH-

.i:te cnyqae npoH3BOn B Bb!CSope v 
MO~eT npHBeCTH K OTCYTCTBHID npe,1:1ena 

B /5.15/. PaCCMOTPHM B KaqecTBe npHMepa MO,[lenb BoronmCSoBa-BKIIJ B TeOpHH 

CBepxnpoBO,[IHMOCTH /CM. /3.16//; 

H., = l.. €" a; a1r - L J(K,x)a; a_~ a."'alC' • .T(K,K'J,.). (KJJ."r"·,15 •161 ,. K KK' ,(, 

HHBapHaHTHYJ() OTHOCHTenbHO rpynllbJ U(I). TaKYJ() CHMMe~pHm MO~HO Hapy

lilHTb, .i:tononHHB /5.16/ HH~HHHTe3HManbHblM HCTOqHHKoM: 

-HN- HN (v}-HN-{ {n,*<K)a."a"•v*.:t(x)a;a_~}. /5.111 

ii/ . ) 
IlYCTb V .. 1-1 I e . raMHnhTOHHaH I-IN ('JI) npHBO,[IHTCH K BH,Qy HN ( "'' 
npeoCSpaaoBaHHeM KanHCSpoBKH 

aK - a" e '"h. + • a1r - a; e·t'l/2. 

BY.i:teM onpe,1:1en11Tb B COOTBeTCTBHH c /5.15/ KBa3HCPe.i:tHee MR onepaTopa 

(). a"• a+ . HMeeM 
-K 

-i,, ~-< a; a"> .. e <a• a• > - - <a" a•'" 
•IC HN('I) IC •IC J(N(/'JII) - /)1/ K -K~HN(l'JI/) • 
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113-aa HanffqHH MHOJKHTenH ,J*/1-;11 npe,1:1ena npH ,J- O 3,[leCh, BOOCS~e r0Bop11, 

ae c~ecTByeT. 

IlpHBe.i:teHHbllt npHMep noKa3b!BaeT, qTo onpe,1:1eneHHe KBaa~cpe,1:1Hero 

/S.15/ ,[IOJUCHO CSb!Tb ,[IOTIOnHeHO HeKOTOPblMH BCTIOMoraTenh!JblMH YC1IOBHIIMH, 

HaKna,[lb!BaeMblMH Ha napaMeTp y ' H oCSecne=Bal<lllHMW c~eCTBOBaHHe npe.i:te-
/99 / . 

na npH -.J-o /CM., HanpH.Mep, /. 

Mo~HO, 0,[IHaKo, onpe.nenHTb KBa3HCpe,[IHHe,He 

HCTOqffHKOB 
1113• 1141 • PaCCMOTPHM KBa3HCTIHHOBYJ() 

Boronm6oBa-BKIII /CM. /3.18// 

npH6era11 K B~e.i:teHHm 

~OPMYRHPOBKY MO.i:tenH 

H = f[cK (U- 6: )-'f., ]"(lr,K
1)<SK- 6;, 

k . K,,r 
/5.18/ 

' ' 

raMHnhTOHHaH /5.18/ U(f).-HHBapHaHTeH, TI03TOMY 3,[leCh, KaK H B HO,[lenH 

rettaeH6epra, HMeeTCH KOHTHHYYM BaKY}'?~OB, xapaKTePH3YeMb!X nonHp!Il>IM yr

noM lf f: [ 0. 211] B KBa3H cnH HOBOlt nnoCKOCTH XY. To' eCTb 3,[leCb TaK~e HMe

eT MeCTO HenpepblBHOe BblPO~eHHe BaKYyMa, 3neMeHTapHble B036~e~HH! 

OTIHCb!BaeMxe onepaTOPOM pO)!(,[teHHH o; H YffffqTO~eHHH u; , HHOr~a aa-

3b!BaIDT 6oronOHaMH 11151 
,2 -

IlycTb lf1 - BeKTOP H3 npocTpaacTBa C H O,p - e,QHHHqHbJlt BeK-

TOP "I'l)eXMepHOro TIPOCTPaHCTBa KBa3HCTIHHOB1 npoe~Hll KOToporo Ha nnoc

KOCTb XY HMeeT HanpaBneHHe lJ' • EcnH lf',,K - 0,[lffOqacTHqHbJlt BaKYYM B 

HanpaBneHHH "' , TO 

(ax. i., ) 'I'.,/(= 'I'.,~ 

3TO ypaBHeHHe onpe,JlenHeT 111.,K C TOqffOCTbID ,[10 Qa30Boro MHOl!GITenH eil ~ 
N -qacTHqabJlt BaKYYM ecTb 

'f y, .. '} 0 'f'y,x lf'., E 1f .. 'J® Cz .. (C.z)H. 

.Ivrn CKanHpHoro TIPOH3Be,QeHHH B 'rJl HMeeM /116/ 

{If.,., 'l'.,·J=ne't"',~ t•<'ff.,ff,,., =ei~tKrcas 'f-lf'JH 
X - 2 2 

IlpH N-- BaKyy?ti C pa3Hb!MH If, tp' OpToroHanbHbl H, CRe,IlOBaTenbHO, 

YHHTapao He3KBHBaneHTHbl. HHaqe roBOPH, Ha DPOCTPaHCTBax r~~J I nony

qaeMblx H3 BaKYYMOB{ ~.,.Jc noMo~m 3ReMeHTapHblX B03CSy~eHH8,peanH3YIOTCH 

He3KBHBaneHTHble TIPe.i:tCTaBneHHH KaHOffHqeCKHX nepecTaHOBOqHbJX COOTHOmeHHlt 

anre6pbl noKanbHblX HaCSnm.i:taeMblx /ll7 , 57/_ noaTOMY KBa3Hcpe.nHHe MOEHO 

nonyqHTh, 6eCKOffeqHo cnaoo HapymaH nepecTaHOBOqffble COOTHOIIleHHH.i:tnH 

onepaTOPOB G"k ·1113•114I. B paccMaTP~BaeMOM cnyqae MO,[lenH /5.18/ JlO

CTaToqao BBeCTH HOBble onepaTOpHble KOHCTPYKUHH 
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J P1r = v: t5; -v,/o; 1,1.,'· + vK ?J-1r < 261r- (5,:- o Jl 

l /3.,. .. vzo--11.z l/..,.G" .,.11.?J L+rzer o.,._-Q) 

/5.19/ 

Ir Jr/( IC "A/C /,:I( 

3necb 11,c,VK - BeI,leCTBeHl!bie ,mcna, CBH9aHHble COOTHO!JleHHeM 

71.z .,. tlz "I 
/( K I 

H l - onepaTop sHna 

I.. = L L tJ- < 1. i 6- :;' 
NK NK"I/ 

CpenHee <···>., BbNHCnHeTCJt no npOCTPaHCTBY C C!>HKCHpoBaHHb!M ,, , T.e. 

c HapymeHHon U(f}-cHMMeTpHen. B TepMonHHaMHti:ecKoM npenene onepaTOP L 

CTPeMHTCJt K enHHH'l:HOMY,H /5.19/ nepexonHT 

o6pasosaHHe Boronwoosa 1981. 3aMeTHM, ti:To 

B OOH'l:HOe KaHOHH'l:eCKOe npe-

6: = 20; (j;-1, 
(-;-

H -06pc1111an npeo6pasosaHHn /5 .19 /, MOlKHO BbNHCnHTb cpenHee < <5 Sa TepMo-' 

nHHaMHti:ecKOM npenene. nocne pnna nnHHHb!X, Ho HecnolKH~ npeoopasosaHHn 

nonyti:aeM 

lim <<5/>= zE" th 
ie! + Izcz' , 

N-- ~CK+ 1zcz 8 

rne c. , i < re <>; >., , H J(K,K'J.= -t- • qTOOH onpenenHTb 

npaBHnbH~ oopasoM napaMeTp C, saMeTHM, 'l:TO npH OoH'l:HOM ycpenHeHHH 

<0; >- Sp fo; e-H,,/BJ/Spe-H/i/8=0 

B cHny npaBHn OT6opa, B~TeKaJOllUIX HS Toro, 'l:TO HN HHBapHaHTeH OT

HOCHTenbHO rpyn~ u (I} I a cpenHee <<Si > - HeHHBapHaHTHO. OnHaKO yc

PenHHeMyID BenH'l:HHY nerKo cnenaTb rpanHeHTHO-HHBapHaHTHon, nononHHB ee 
. ', /114/ 

C!>aKTOPOM L + • Tenepb KBasHcpenHee {6;} MOlKHO onpenenHTb KaK 

<6- \.. ae:1 t· 5- l+ 
K r - . ,m < ,,, > /5.20/ 

N•-

~cneHHJt B npason ti:acTH /5.20/ npoHssonnTcn no TOMY lKe peuenTY -

c HCnonbSOBaHHeM npeo6pasoBaHHn, o6paTH~ K /5.19/. 
CMHcn onpeneneHHH KBaSHcpenHHX /5.20/ csonHTCJt K TOMY, 'l:TO ci,aKTOP 

L C!>HKCHpyeT onpeneneHHbln saKyYM, sanasan npencTasneHHe KaHoHHti:eCKHX 
' ' 

nepecTaHOBO'l:HHX COOTHO!JleHHn nnn onepaTOPOB naynH /5.19/ Ha npocTpatt,C:_T-

Be -:ltv. IlpHMeHJtJt 3TOT cnoco6, MOlKHO BH'l:HcnHTb KBa3HCpenHHe H nnn Go

nee cnolK= MHorospeMeHHHX onepaTOpHHX KOHCTpyKuHn11141 
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B 3aKmoti:eHHe e~e pa3 OTMeTHM rny6oKy~ B3aHMOCBH3b Mell<nY 

nOHHTHHMH KBa3HycpenHeHHH, TepMonHHaMHti:ecKoro npenenbHoro nepexona 

H anreopaH'l:ecKon CTPYKTypon MOnenb= CHCTeM. B C~HOCTH, KBa3Hycpen

HeHHe eCTb BH60p onHoro H3 B03MOlKHHX BaKYYMOB /ncesnoBaKyYMOB/, TaKo

ro, 'l:TO onpenenneMoe ycpenHeHHeM no 3TOMY, BaKyyMy /npocTpaHCTBy COCTO

JtHHn/ paBHOBeCHOe TePMOnHHaMHti:eCKOe COCTOHHHe CHCTeMH HMeeT MHHHManb

Hbln TepMonHHaMHti:eCKHn noTeHUHan. nosTOMY npouenypy KBa3HYCpenHeHHJt MOlK

HO npOBOnHTb npJtMO B onpeneneHHH cpenHero, BHnonHHH onepauHW B3JtTHH 

Sp no COOTBeTCTB~eMY npOCTpaHCTBY COCTOHHHn. MOlKHO cKa3aTb, 'l:TO 

csoncTBO TepMonHHaMHti:ecKon suronHoCTH BHoHpaeT HYJ'CHHn saKyyM H npen

cTasneHHe anre6pu onepaTopos, H3 KOTOPHX nocTpoeH MonenbHHn raMHnb

TOHHaH. 

"A 1<ym1>-1<ymi, my.Ma11110 UJIU nocJ?e ooxo.R 
nOZJl.ROUWt> caepxy, C 6NCOmN nepeyJ?KQ -
xymr, 6epem caexezo 1<eJ10BeKa: o6J?aKo ceJ?o!" 

B. I'UJ?.Rp06CKUU, "MOCK6Q U MOCK6Ul<U 11
, 

neKUHH _6. .ll:BnEHHE KOH,IlEHCA!lHH 

Oti:eHb pacnpocTpaHeHHb!M npHMepoM ci,a3osorq nepexona nsnneTCH nepe

xon THna KoHneHcaUHH. B naHHpn neKUHH MH npoHnmocTpHpyeM 3To nsneHHe 

C noMO~bW HeCKonbKHX npoCTHX Monenen. 

Hati:HeM C paccMOTPeHHH Be~~CTBeHHOro penHTHBHCTCKOro CKannpHOro 

nonn If= c.p ( i. t ) I KOTOPOMY conOCTaBnHeTCH raMHnbTOHHaH 

H=jH(lf}di /6.1/ 

HnH narpaHJtcHaH 

l=fL<'l'Jdi. /6.2/ 

IlnOTHOCTH raMHnbTOHHaHa H narpaHlKHaHa CBH3aHH COOTHO!JleHHeM 

. iJ 
H ('I')= ( <f Dip - f) l (Cf) 

. a,,) 
('I'= at · 

Hcnonb3yJt CHCTeMY eJllfHHU, B KOTOpon CKOPOCTb CBeTa pasHa enHHmte, a 

TaKl!le Ii E / . , samnneM nnOTHOCTb raMHnbTOHHaHa B BHne 

Hflf)= ip 2 +(V'f)2 +m 2 'fz+ U(lf). /6.3/ 

rne /TT - Macca 11acTHUH, U{<f) - noTeHUHanbHOe none. IlpH 3TOM nnoT-
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HOCTb narpallJKHaHa 

L (If}= ti 2
- (V'f) 2 -·m2 'f 2

- U('f). 

BBO,WI o6olS~eHHh18 ~MrIYnbC 

p(lf)= ft = 
H OISo6~eHHYm CHny 

F ('f J = :~ 

OH 
tfi/ 

rfH 
o'I' 

MO*HO 3anHCaTb ypaBH8HHe narpa-a B 4>opMe ypaBHeHHH HbmTOHa 

p ('f) = Ff'f}. 

PacKpNsan /6.5/, nonyqaeM 

(o .. mz)lf=- dUf'PJ 
d'f_ 

( □ = iJ~; -V z) . 

/6.4/ 

/6.5/ 

/6.6/ 

IlonHoe npOCTpaHCTBO COCTOHHHR pacCMaTPHBaeMOR CHCTeMbl 01Spa3yeTCH sce

MH ,:tonyCTH- pemeHHHMH ypaBHeHHH /6. 6/ •· 
KOHKpeTH3HPY8M B~ nnOTHOCTH noTeflIUIMbHOR 3HepI'HH: 

U('fJ= U'f 2
+ ½ tt"' (U = const); /6.7/ 

3,l:t8Cb U HMeeT CMblcn BHewHero o,:tHOPO.i:tHo·ro nonn, a J 0603HaqaeT 

KOHCTaHTY B3aHMO,:te8CTBHH. ,lvIH onpe,:teneHHOCTH nono*HM, qTo B3aHMo,:te8CT

BHe s /6.7/ OTTaJIKHBa'fenbHOe: ~ >0. IlO,:tCTaBnHH /6.7/ s /6.3/, HMeE!M 

raMHJibTOHHaH 

H ('f) = Y, 2 + ( V'I' )1 
+ me~:/ «f

1 + j 'I'" , 

B KOTOPOM 

meH = Jm2 -tU' 

YpaBHeHHe ,l:tBH*eHHH /6.6/ npHHHMaeT BHJ:t 

( o • me~, } If + ~ 'f 3 = 0. 

/6.8/ 

/6.9/ 

Onpe,:tenHM cpe,:tHee OT ,l:tHHaMHqecK08 nepeMeHH08 (!} ('f) KaK HOpMHpQBaH

H~ 4>YH~HOHMblru8 HHTerpan no pemeHHHM ypasHeHHH /6.9/: 

<Of'fJ)sfeJ<ipJd{lf}. /6.10/ 

Bb!pa*eHHH /6.8/ H /6.9/ CBH,:teTenbCTBymT, qTo B CHCTeMe HMeeTCH HHBep

CHOHHaH CHMMeTpHH, TaK qTo BCHKOMY ~- COOTB8TCTByeT _,,. Il03TOMY oqe

BH,1:tHO, qTO 

<'f>s 0, /6 .• _1~/ ' 
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aHanoraqHQ TOMY,KaK 3TO HMeno M8CTO .i:tnH cpe~Hero CilHHa B neKUHHX 4 

H 5. 
IlpH HanHqHH CHMMeTPHH s CHCTeMe MO*eT B03HHKHYTb H MaKpocKonHqec

Koe Bb!pO~eHHe. IlposepHM, IlPH KaKHX ycnOBHHX OHO IlOHBnH8TCH .i:tnH MO~enH 

CKanHPHOro nonn. ,lvIH 3TOro np~e BCero o~eM peweHHH ypaBH8HHH /6.9/, 
COOTB8TCTBYIOIIlHe BaKyyMaM. OrpaHHqHMCH pacCMOTpeHHeM 0,1:tHOPOJ:tHOro CTaUHO

HapHoro BaKyyMHoro COCTOHHHH, ,l:tnH KOTOporo 

a lfvac = 0. 
Tor.i:ta, scne.i:tcTBHe /6.9/, HMeeM 

• 1' 

. ( me!, + ft lf;ac ) lfvac = O • 

H3 ypaBH8HHH /6.13/ HCHO, qTo HMeIOTCH TPH nceB~OBaKyYMa: 

1ft. = :! me11/Ff ~o =O. 
IlpHqeM nepBble ,:tBa HMeIOT CMNCn ~onbKO Kor.i:ta 

m 2 < 0 
UF ( U <- m 2 ) 

/6.12/ 

/6.13/ 

/6.14/ 

/6.15/ 

ECnH 3a6b!Tb, qTo me,, - 3TO IlPOCTO OIS03HaqeHHe, a CqffTaTb, qTo raMHnb

TOHHaH /6.8/ OOHCb!BaeT qacTHUN c Macco8 me,, , TO npH YCJIOBHH /6.15/· 
3Ta Macca CTaHOBHTCH MHHM08. TaKHe Bbll'&IIJllieHHNe qaCTHUN Ha3b!BamTCH Ta

XHOHaMH, noTOMY qTo HX CKOpOCTb npeEbllllaeT CKOPOCTb CBeTa. 0,:tHaKo He

paBeHCTBO /6.15/ MO~eT BblnonHHTbCH H .i:tnn peanbHNX qacTHU-C nono-Tenb

H08 Macco8, Kor,:ta 3TH qacTHUN HaX0,1:tHTCH B ,l:tOCTaTOqHo rnylSOK08 noTeH

UHMbH08 HMe LJ .rtnn npHBe,:teHHNX 3Hepra8, COOTBeTCTB~X nceB~OBa

KYYMaM /6.14/, nonyqaeM 

H ('l't) = - m:FIJ 2). , H(O)={). 

TaKHM o6pa30M, npH BblnOnHeHHH ycnoBHH /6.15/ B CHCTeMe HMeeTCH BbJPO*-

~8HHe, Kor,:ta c~eCTBymT ~Ba COCTOHHHH 'ft 

IlocKonbKY npH .) >O 3Hepran H{'lt)< H(O}, 

C 0,1:tHHaKOBOR 3Heprae8 H('lt)· 

TO 'ft - HCTHHHble BaKyyMb!. 

· .Ivin Toro qT06bl YTOqHHTb nPHPOJ:tY nceB~oBaKyyMa ~ = O , Ha,:tO Hccne,:tOBaTb' 

aneMeHTapHble soalS~eHHn. 

Ilpose,:teM npeolSpa3oBaHHe 

lf = 'f vac + d 'f c < or> =o >, /6.16/ 

B~ennl<I!lee Ha.i:t BaKYYMOM noneBble 4>YHKUHH aneMeHTapHNx ·so31S~eHH8 D'/' . 
TaK KaK peqb H,:teT O B031S~eHHHX B MO,:tenH CKannpHoro nonn, ISy,:teM Ha3bl

BaTb CKannpaHaMH KBa3HqacTH~bl, conoCTaBmieMNe nonesa8 nepeMeHH08 tf 'f . 
JI1rneapH30EJaHHOe OTHOCHTenbHO O 'f ypaBH8HHe /6. 9/ npHBO,l:tHT K ypaBHeHHm 
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( □ +m2 +3}.'f.z )O'f=O, 
eFI rtrt: 

/6.17/ 

OIIHCblBaJ<llleMY HHSKOnelK~yro BeTBL CKaJUIP!lblX BOS6~eHH8 
.•. 

rf if .. II, cos (iti - wK t)t-- /12 sin {Ki- W,c t) 

co cneKTPOM c,]K , HMelOfllHM HecKonLKO' paSnH'lllbltt BH.n B saBHCHMOCTH OT 

lf,,ar: : 

wz 
IC : 

{

- 2 mz +J<z en 

mZ +Kl 
ell r 

9'~oc .. 'l't_ 
/6.18/ 

'I'. = 0 • 
YOC 

06a THna cneKTPOB COBna.naroT npH m,~#•O· B oo~eM lKe CJtY'lae TonLKO O,IUIH 

HS cneKTpOB /6.18/ nencTBHTeneH MH nroob!X BOnHOBblX BeKTOPOB K IlPH 

ml <O c~eCTByroT ,[IBa SKBHBaneHTHNX HCTHHHNX BaKyYMa 'ft , a t = 0 m . . 
npencTaBnHeT cooon MeTacTa6HnL!lbl8 BaKYYM, B cornacHH c KnaccH~HKartHen, 

np1rneneHH08 B neKUHH 4. Korna mfn > o , nencTBHTeneH cneKTP BosoylK,Ue

HHn Ha,n nceB,ItOBaKYYMOM 'I,= O • KaK BH,IIHO HS /6 .14/, Be~eCTBeHHNX ~ 

npH STOM HeT, eCnH noMHHTL, 'lTO no noroBopeHHOCTH A > O· • 3 Ha'lHT, npH 

m:H > 0 H 'A > 0 c~eCTByeT e,IUIHCTBeH!lbl8 HCTHH!lbl8 BaKyyM Y'o:: O 
3aMeTHM, 'lTO · ecnH pacCMaTpHBaeTCH CJtyqan npHTHlKeHHH, Korna .ii < 0 , 

TO ' npH m:11 < 0 HCTHH!lblX O,IIHOpO,[tllblX BaKYYMOB ·He c~eCTByeT B006~e, 

'fo: 0 fIBnHeTCH MeTacTa6HnLHNM BaKyYMOM; a npH m:u > 0 BaKyyM tf! 
MeTaCTa6HneH, Torna KaK lfo = 0 - HCTHHHN8 BaKyyM. 

TaKHM oOpa:ioM, npH A > 0 Bbll)OlK,UeHHe BOSHHKaeT ·nHWL IlPH Bb1IlOnHe

HHH ycnOBHH /6.15/. ~onycTHM, STO ycnOBHe BblilOnHeHo. KaK MOlKHO CHHTL 

TaKoe Bbll)OlK,UeHHe? .nnn STOro Ha® HS nonHoro npocTpaHCTBa BOSMOlKHNX pe

llleHH8 ypaBHeHHH /6. 9 / Bbl,IlenHTL nonnPOCTpaHCTBa '/t + H '/t _ , rne BaKyYMa-

MH CJtyll(aT ·If+ H <I':.. COOTBeTCTBeHHO. 3aTeM Hano onpenenHTL cpe,[IHHe 

THna· /6.10/ KaK ~HKUHOHanLllble HHTerpam,i no 0,[IHOMY HS Bbl6paHHblX non

npocTPaHCTB. nono6Hoe KBaSHYCpenHeHHe MOlKHO TeXHH'leCKH oc~eCTBHTL, 

BOCnonLSOBaBWHCL KaKHM-nH60 HS npHeMOB, HsnolKeHHNX B neKUHH s. MOlKHO 

TaKlKe HcnonLSOBaTL H cnenytOOtHn cnoco6 KBaSHycpenHeHHH: npoBeCTH C,IIBHr 

nonn OT ~HKCHPOBaHHOro BaKyyMa 

If -- 'f-,. ♦ 'I' I - , 
/6.19/ 

HanOlKHB nononHHTenLHOe YCJtOBHe 

< If'>= a /6.20/ 

K~Topoe.H Cyll(aeT npocTpaHCTBO COCTOHHHB.no 'l(.,. HnH -;,_ , BcnencTBHe 

Toro, 'lTO IlPH cnpaB~BOCTH /6.19/ H /6.20/ B OTnH'lHe OT /6.11/ HMeeM 
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<'I'>= 'ft: t:-0 , TO eCTL HHBepCHOHHaH CHMMeTPHH HapyruaeTCH. 

EcnH IlPHHHTL BHewHee none u sa TepMO,[IHHaMH'leCKYID nepeMeHHYID H 

Bbl6paTL < 'f> B Ka'leCTBe napaMeTPa nopnnKa, TO BapLHPYH BenH'lHHY U , 

nonyt1aeM 

< 'f > = 
[: J- (n,Z-,. U)/;." U::: -mz 

U ➔ -mZ 

/6.21/ 

OTCID,[la .BH,[IHO, 'lTO B TO'lKe Uc =-m 1 npOHCXO,[IHT ~aSOBbl8 nepexon. TaKon 

nepexon HaSblBaeTcn KOH,IteHcauHen cKannpHoro nonn. IloBeneHHe napaMeTPa 

nopnnKa <'I'> KaK ~YHKUHH OT U nonHOCTLID SKBHBaneHTHO noBe,IteHHID cpen

Hero CIIHHa KaK ~YHKLIHH. TeMnepaTypbl, .'lTO HSOopalKeHo Ha PHC. 30. 06pa~e

HHe napaMeTpa nopnnKa B KPHTH'lecKon TO'lKe Uc B HOnL OSHaqaeT ~asoBbl8 

nepexon BTOporo pona. MOlKHO onpenenHTL BOCnpHHM'lHBOCTL 

f; I !:•> I = { :-4llm'•U>T°' 
U <-mZ 

U ➔ -m 2 

pacxon~YIDCH B TO'lKe nepexona CJteBa, aHanorH'lHO BOCnpHHM'lHBOCTH Mar

HHTHblX CHCTeM. 

B TOM cnyqae, Korna BHelllHee none U He nocTOHHHO B npocTpaHCTBe, 

BaKYYMHOe co=onHHe TaKlKe He Oy,IteT 0,[IHOpO,IIHblM. HanpHMep, ecnH U HMe

eT BH,II c~epH'leCK08 noTeHUHanLHon RM,!, KaK Ha pHC. 32, TO 

fvac~{~ COS Ko ~ 'l < R 

'l > R 

HMeHHO TaKaH CHTYartHH HMeeT MeCTO npH npennonaraeM08 KOH,IteHCctUHH ff -
MeSOHOB B nnpax HnH He8TPOHllblX SBesnax 11181. PonL HeO,ItHOPO.IIHOro BHelll

Hero nonn MR nHOHOB HrpaeT HYKnOHHaH cpena. IlPH HanH'lHH nepHO,IIH'leCK08 

CTPYKTYPbl nHOHHOro nonn B nnpe BOSHHKaeT nHOHHbl8 KpHCTann, 'lTO ,[IOnlKHO 

6blTL SaMeTHO B SKcnepHMeHTax no pacceHHHro, HanpHMep, sneKTPOHOB Hann

pax. B HaCTOH~ee BpeMH HH 0,IIHH SKCnepHMeHT He noKasan HanH'lHH nHOHHoro 

KOH,[leHcaTa B peanLHblX nnpax /ll9/_ ·HeKOTOpble C'lHTaIDT, 'lTO XOTH nHOH

llbltt KOH,[leHcaT B H,ItPax H OTCYTCTByeT, HO MoryT Ha6n10,1taTLCH npe,[IKOH,[leH

caTHble HBneHHH 11201, OOYCJlOBneHHble 6JllfSOCTLID nnepHOro B~eCTBa K TO'l

Ke ~asoBoro nepexona. Ha nHOHHYID KOH,[leHcauHro noxolKa TaKlKe KOH,[leHCaUHH 

rnrooHOB B KBapKOB08 nnasMe /l~l/ 
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0 ~ 

PHC. 33. IlOKMbHOe HapymeHHe CHMMeTpHH. 

. '): 
<:~> 

X 

PHC. 34. IlOKanbHOe BOCCTaHOBneHHe CHMMeTPHH. 
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BbIIIle Mb! HeCKOnbKO pas o5pantMH BHHMaHHe Ha TO,qTo MOAenb CKMHPHO

ro nonH HMeeT MHOro o5~ero C MOAenbro H3HHra: CY!IleCTBOBaHHe HHBepCHOHH08 

cHMMeTPHH, B03MO~HOCTb ~yKpaTHOro Bl,lp~eHHH, ~eneBo8 xapaKTep cneKT

pa sneMeHTapllblX B035y~eHH8. H3 nepeqHcneHHblX CB08CTB onp~enHID~M HB

.JIHeTCH HMHqffe AHCKpeTH08 rpynm,i CHMMeTpHH y HCXOAHblX raMHnbTOHHaHOB 

/narpaH~aHoB/. 

PacCMOTPHM Tenepb KOHAeHca.qHro B CHCTeMe C HenpepHBH08 rpynnoa 

CHMMeTPHH Ha npHMepe penHTHBHCTCKOro KOMnneKCHoro nonH C nnOTHOCTbID 

raMHnbTOHHaHa 

.. H ( If J = I If I 2 
+ 1 V If /

2 
- a I If 12 

+ ~ I If 1' , /6.22/ 

rAe OnHTb HMeIDTCH B BHAY qaCTHUH C Maccoam, OTTMKHBaTenbllblM B3aH-

u:>Ae8CTBHeM i' , ll npHCYTCTBHH BHewHero OAHOPOAHOro nonH U , TaK 

qTO 

oC s - ( mz + U ) , }. > 0 • 

IlnOTHOCTH raMHnbTOHHaHa H narpa=aHa CBH3alll,l M~Y co5oa: 

• a .,. a 
H ( <f) = ( tf a c; + 'I' iJ ip• - f ) L ( If J • 

YpaBHeHHe ABHJKeHHH HMeeT BHA 

( o - ~ +}. 1 If ,z) 'I' = a. /6.23/ 

IlpOCTpaHCTBO COCTOHHH8 CHCTeMbl CTPOHTCH H3 Bcex pemeHH8 ypaBHeHHH 

/6.23/. 

B CHCTeMe HMeeTCH rpa~eHTHaJI CHMMeTPHH, TaK KaK raMHnbTOHHaH 

/6.22/ HHBapHaHTeH OTHOCHTenbHO npeo6pasoBaHH8 

'f - tpe'' (0:!:0:!:21i). /6.24/ 

QqeBHAHO, qTo onp~enHH cp~HHe TaK ~e KaK H B /6.10/H npOBOAH HHTer

PHPOBaHHe no nonHoMy npocTpaHcTBY cocTOHHHB I If} , 5yAeM HMeTb-''f>~O. 

Ha8AeM OAHOPOAHHe CTa.tiHOHapUHe BaKyyMbl, YAOBneTBOpHro~e ypaBHeHHID 

/6 .12/. TorAa /6.23/ AaeT KOHTHHYMbHOe MHO~eCTBO BaKYYMHHX pewelnUl 

("ci' ii 
'f5=~Te 'f. =O. 

0 

IlnOTHOCTH 9Heprna ,WIH COOTBeTCTB~X COCTOHHH8 HMeIDT BHA 

. dz 
H('f0 )=- Z.l , H(O)=D. 

/6.25/ 

/6.26/ 

0TCIDAa H H3 /6.25/ HCHO, qTo npH o( >O 

po~eHHe. BH5op OAHOro 113 BaKyyM:>B tf 1 
4)a3H O:: -r VQC • 

nOHBnHeTCH KOHTHHYMbHOe --

9KBHBMeHTeH 4>HKCHPOBalllfro 
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;;:;/·· 

HccnenyeM sneMeHTapttue sosoy~eHHH s Monenu _KoMnneKcHoro nona 
/6.22/. TaK KaK onHO KOMnneKCHOe none aHanorHqHQ COBOKYnHOCTH nsyx 

s~ecTseH~ nonen, ynooHO ssecTH npencTaeneHHe 

If= Jeif' /6.27/ 

B KOTOPOM I H f 
/6.22/ nepexonHT a 

- nenCTBHTenb=e ~YHKUHH. Torna raMHnhTOHHaH 

H N)= (f )z+ (VIJz-1 1[<fJ2-<vtJ2]-olf 1
+ ~ ! 4 • 

A ypaBHeHHe /6.23/ pasoueaeTCH Ha nea: 

[ D t- (!lf )z - ( t )z - ex'] ! + }. f:, = D i 
0 t=O f 

/6.28/ 

,II.Ila ei,meneHHH HH3Kone*anien seTBH sneMeHTap=x eos6YJK,J:1eHHn npoaeneM 

HesaeHCHMYIO _eapuaumo nonen f H f 

f = fvac + 0 f t"'fva~+ar 
nHHeapH3YH ypaBHeHHH /6.28/, OTKYna 

(D-o<+3;\f
2 )O!=O vac } □ d't = o 

Tiepeoe us ypaeHeHHn /6.29/ naeT meneeon cneKTp 

z w = K ! lo<+ xz 

-oC+KZ 

fvac = ~ o(/). 

' f vac =- D 

/6.29/ 

/6.30/ 

KOTOpun coananaeT co CKanapott=M cneKTPOM /6.18/, ecnH BCilOMHHTh, qTO 

oC=- m:,, .·A BTOpoe H3 ypaatteHHn /6.29/ npHBOnHT K 6eCU1eneBOMY cneKT~ 

PY 

EK= K • /6.31/ 

Ha3UBaeMOMY HHOrna ronncTOYHOBCKHM cneKTpOM. KBasuqacTH~, conocTae

nae~e B036y~eHHHM co cneKTPOM /6.31/, Ha3UBalOTCH qacTO ronnCTOYHOB

CKHMH 0030HaMH. TaK KaK B penHTHBHCTCKOn TeopHH HanuqHe menu B cneKTpe 

B036y~eHHn 03HaqaeT cymecTBOBaHHe Mac= Y qacTHU, TO, KaK BHnHo 

H3 /6.31/, ronncTOYHOBCKHe ooso= - oe3Maccoeue qacTHuu. 

TaKHM oopa3oM, a oTnuque OT cnyqaa aemecTBeHttoro cKanHpttoro no

na, a MOnenu KoMnneKcHoro nona noaenaeTca nononHHTMhHaH eeTBh sne

MeHTap=x eo36y~eHun c 6ecmeneeuM cneKTpOM /6.31/. HanHqHe_ Oecmene

eoro cneKTpa KonneKTHe=x eo36y*neHHn xapaKTepHo .wm cucTeM c Henpe-:,

pueHon rpynnon cHMMeTPHH. 
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KaK H pattee, MO*HO paccMOTpeTh ~asos~ nepexon no BHewHeMy no

mo U , HnH no ex . TIPH oe < 0 cymeCTBYeT enHHCTBeHH~ HCTHH-n 

eaKYYM 'Pa= a. IlPH o( > 0 euroneH OnHH H3 3KBHBaneHT=x HCTHH=x ea

KYYMOB 'Pa l CKanap~ cneKTP B036YJK,J:leHHn Han COCTOHHHeM ,,._ 0 OTpH

uaTeneH nna K < ,{;; H nonO*HTMeH nna K .>, ,[;;- l ronncTOYHOBCKHn cneKTP 

scerna nono*HTenett. CnenoeaTenhHO, B cnyqae oC >O cocTOHHHe 1/
11

,. 0 

HBnHeTCH MeTacTaoHnh=M BaKyyMOM. B KaqecTBe napaMeTpa nopanKa pa3yM

HO CHOBa B3HTh <If>. TaK KaK none If ' conep*UT nee KOMnoHeHTU, nOHHT

HO, qTQ CHCTeMa c raMHnhTOHHaHOM /6.22/ non*Ha OUTh aHanorHqHa cnH

HOBOn CHCTeMe C BeKTOPaMH CnHHOB, ne*amHMH B HeKOTOpon nnocKOCTH, 

TO ec,Th MonenH nnoc'Koro poTaTopa 11221. 

IlPH ~HKCHpoBaHHOM BHe!l!HeM none, Korna o(. =canst> O , MO*HO 

HaonronaTh ~asoaun nepexon, MeHHH TeMilepaTypy. B nocnenttee BPeMH HH

TeHcHBHO HCcnenYIOTCH penHTHBHCTCKHe Monenu TeOpHH nona npH KOHeqHon 

TeMnepaType 11231 ~ C ~H3HqecKon TOqKH speHHH TaKHe Monenu onHCUBalOT 

CHTyauuro, B03HHKaJOIJIYIO nocne BonhMOro B3PUBa, Karna BceneHHaH cqHTa-

eTca ropaqen, HnH COOTBeTCTBYIOT OTnenhHUM 06beKTaM BO BceneH-

Hon, rne BcnencTBHe 6onbmon IlnOTHOCTH H naeneHHH TeMnepaTypa OTnHq

Ha OT HYnH 1124- 1251 • KoHeqHQCTh TeMnepaTypu HeooXOnHMO yqHTUBaTb, 

HanpHMeP, IlPH u3yqeHHH HaqanhHOn CTanHH 3B0nIOUHH HenTpOH=x 3Besn 

HnH npu onHcaHHH ~anep6ona, B03HHKaromero B npouecce cTonKHOBeHHH 

TH*enux HOHOB 1126- 1281• YqeT TeMnepaTyp=x ~nyKTyauun a penHTHBHCT

CKHX Monenax C KOttneHcauuen MO*eT npHBeCTH K ~OMY, qTo xapaKTep ~a-

30BOro nepexona H3MeHHTCH co BToporo pona Ha nepe~ 1129 ""131/ 

Ecnu paccMaTpHBaTb sapa*eH=e qacTH~ H BBeCTH B raMHnhTOHHaH 

/6.22/ sneKTPOMarHHTHOe none, TO MO*HO y6enHThCH, qTQ KoHneHcauHH 

KOMnneKcHoro nona sususaeT noaeneHHE! ceepxnp.oBonHMOCTH 1132- 133/, 

CBH3aHHon c B03HHKHOBeHHeM B CHCTeMe caoncTBa ceepxnuaMarHeTH3Ma11341 • 

B 3Ton neKUHH ~ npoHnnlOCTPHpOBanH HBneHHe KOHneHCauHH Ha npu

Mepe cxanapHoro H KOMnneKCHoro xnaccuqecxoro nona. AHanoruqHUM o6pa-

30M npoucxonuT xouneHcauua H B cnyqae KBaHToeoro uneanhHoro H cna6o

HeHneanbHoro 6ose-ra3a 11351. TIPH 3TOM ia3oBoM nepexone noasnaeTCH 

OTnHqHoe OT Hyna cpenHee < <t' > OT nonesoro onepaTopa cy , qTo conpo- _ 

BO~aeTCH, KaK H paHee, cnOHTaH=M HapymeHHeM rpanueHTHOn CHMMeTPHH. 

IlpH HapymeHHOn rpanHeHTHon CHMMeTpHH onHoqaCTHqHaH iYHKUHH I'pHHa 

G(K W) nponopuuoHanbHa (W 2
- E,r1 r' , rne E,r ~ X , 'n03TOMY / , _ /135 · 

G ( K,0 )~ f/KZ • ,ItaHuun pesynhTaT nepenaeT CK,icn TeopeMU Boromo6oea 

06 ocooeHHOCTHX ~YHKUH8 rpHHa 

Hon CHMMeTpHen. 

nna CHCTeM C HapymeHHon rpanueHT-

TipennonaraeTca, qTo B peanh=x oose-JKHnKocTax Ta=e MO*eT npouc-

XOnHTh 6ose-3nHMTenHOBCKaH KoHneHcauHH qacTHU B COCTOHHHe C HYneBUM 

HMnYnhCOM. B cnyqae KBaHTOBon =nKOCTH 4He TQqKa KOHneHCauHH qacTO 
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OTOl!UleCTBnHeTCH C TOqKo8 CBepxTeKyqero nepeXOAa, XOTH B3aHMOCBH3b 

KOH,neHCaTH08 H CBepxTeKyqefi ~paKUHfi AO CHX nop He HCHa /cM. 06Cyl!Ule

HHe 113611. IloBeAeHHe TepMOAHHaMHqecKHX xapaKTePHCTHK CBepxTeKyqero 

renHH, H3MepeHHolX B6nH3H TeMIIepaTypbl nepeXOAa 1 137 • 1621, HanOMHHaeT 

COOTBeTCTBYl!lllHe BenH=Hol, B-HCnHeMHe TeopeTHqeCKH, MH CHCTeMbl B03-

ne TeMnepaTypbl KOHAeHcauaa, OAHaKO HH3KOTeMnepaTypllole CB08CTBa yKa-

3aHHblX ABYX CHCTeM npH~HnHanbHO pa3nHqHc1. Bonee Toro, cHnbHOe MeJK

qacTHqHoe B3aHMOAe8CTBHe He TOnbKO IlOAaBnHeT 06c1qHyio 603e-KOHAeHCaT

HYID ~paK~ID, HO MOJKeT npHBeCTH Kee nonHOMY acqe3HOBeHHID H nOHBne

HHID KOH,neHcaTa C KOHeqlll,IM MOAyneM HMnYnbCa Ko , KOrAa OAHoqacTaq-
/138-140/ Hol8 cneKTp W (Ko) KacaeTCH HYnH • B CHCTeMe c nOA06HblM 

KOHAeHCaTOH He npOHCXOAHT HapyweHHH rpaAHeHTH08 CHMMeTPHH, HO HMeeT

CH AanbHH8, XOTH H He 6eCKOHeqHO AanbHH8, IlOPHAOK, aHanornqllol8 TOMY, 

KaK 3TO HMeeT MeCTO MH ABYMepHblX CBepxnpoBOAHll:IHX CHCTeM 6e3 603e

KOHAeHCaTa 11411• HMeHHO noHBneHHe BHAeneHHOro COCTOHHHH c OTnHqHblM 

OT HYnH Ko , B03MOJKHO, H npHBOAHT K B03HHKHOBeHHID CBepxTeKyqeCTH/l42/. 

B ~epMH-CHCTeMax TaKJKe MQJKeT OCYD!eCTBHTbCH KOHAeHC~HH, TOnbKO 

He OAHHOqHblx qacTHU, a HX rpynn, KaK,HanpHMep, B CBepxnpOBOAHHKe, rAe 

KYnepOBCKOe cnapaBaHHe sneKTpOHOB npHBOAHT K HapynieHHID rpaAHeHTH08 
. ' + + 

CHMMeTPHH H nOHBneHHID HeHyneBblX ABYXOnepaTop111,1x cpeAHHX THna < 'fl 'f >, 

H < 111 'fl>. B ~epMH-JKHAKOCTH 5He cnapHBaHHe qacTHU Bb13blBaeT B03HHKHO

BeHHe CBepxTeKyqecTH 11431. IlpH onHCaHHH KBapK-rnIDOHH08 MaTepHH B 

KBaHTOB08 xpoMOAHHaMHKe o6pasoBaHHe Me30HOB H 6aPHOHOB TOJKe MOJK~O HH

TepnpeTHPOBaTb C TOqKH 3peHHH KOHAeHC~HH. B cnyqae Me30HOB AQnlKHO 

6b1Tb OTnHqHo _oT HYnH cpeAHee < 11, iii,> , B KOTOPOM 'ft - . noneB08 onepa

TOP KBapKa, .,,, - aHTHKBapKa, a B cnyqae 6apHOHOB AOnJKHO 6b1Tb OT

nHqHl,JM OT HynH TpexonepaTOPHOe cpeAHee<o/t't',-ti,.>-Ha H3b1Ke KBaHTOB08 

MexaHHKH nOHBneHHe IlOA06HblX KnaCTepoB o6bHCHHeTCH HanaqHeM MHoroqac

TffqHblx CBH3aHHblX COCTOHHH8 11441. A Ha H3b1Ke CTaTHCTHqecK08 MexaHHKH 

MOJKHO CKa3aTb, qTo aAPOHHOe COCTOHHHe BellleCTBa oKa3blBaeTCH 6onee Bbl

rQAHblM no ~paBHeH~ID C KBapK-rnIDOHH08 nna3M08, no3TOMY H npoHCXOAHT 

~pOHH3~HH MaTepHH B pe3ynbTaTe 'KOHAeHCaUHH KBaPKOB B KBapK;_rnroou-· 
/145 146/ · . 

Hele Me!IIKH ' • B CBOID oqepeAb, TpeXKBapKOBble 6apHOHHble MeuJKH 

MOryT CnHBaTbCH B MeCTHKBapKOBble H o6pa30BblBaTb CMelilaHHOe COCTOHHHe 

H3 MeMKOB 060HX THilOB. CYD!eCTBOBaHHe TaKHX reTepo~a3HblX COCTOHHHfi 
. /147-148/ 

nOATBeplfUlaeTCH B 3KCnepHMeHTax no KYMYnHTHBHOMY 3~eKzy BanAHHa 

rAe H3yqanHCb peaKUHH B3aHMOAe8CTBHH npOTOHOB H Ae8TPO

HOB c HAPaMH, npH ynpyroM pacceHHHH sneKTPOHOB Ha Ae8TpOHaX 11491, 
a TaKJKe B APYrHX 3KCnepHMeHTax, rAe ,IlPHXOAffTCH npH6eraTb K IlPeACTaB

neHHID o MHOrQKBapKOBblX CHCTeMax 1 150- 1521 
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B OTnHqae OT 603e-KQHAeHC~HH, pacCMOTpeHH08 BHMe, H3BeCTeH H APY

ro8 THn KOH.neHC~HH - npeBpanteHHe ra3a B lKHAKOCTb, TO eCTb ~a30Bbl8 ne

peXOA nepBoro POAa co CKaqK006pa3HblM H3MeHeHHeM IlnOTHOCTH, KOTOPaH H 

cnyJKHT napaMeTpOM nOPHAKa. TaKo8 nepeXOA HMeeT MeCTO KaK B HepenHTH

BHCTCKHx11071; TaK H B penHTHBHCTCKHX 1 153 , 154/MOAenHx. B He8TPOH

-npOTOHHOfi MaTepHH _OH IlPOHCXOAHT 1155- 1581 npH 7c ~ 20 MsB. IlOA06Hble 

ycnOBHH peanH3YIDTCH B 3KCnepHMeHTax no CTQnKHOBeHHID BblCOK03HepreTHqec

KHX nyqKoB THlKenblX HOHOB / 159 , 1601. 

no CHX nop npH HCcneAOBaHHH BaKYYMHblX COCTOHHH8, HanpHMep, MH 

CHCTeM c raMHnbTOHHaHaMH /6.8/ H /6.i2/,Mbl HMenH B BRAY OAHOPOAHble Ba

KYYM,J, OilpeAenHeM,Je KaK He 3aBHCHll:IHe OT npOCTPaHCTBeHHblX KOOPAHHaT _COOT

BeTCTBYl!lllHe PeuJeHHH ypaBHeHH8 /6.9/ H /6.23/. 0AHaKo, nOHHTHO, qTo MO

ryT CYD!eCTBOBaTb H HeOAHOPOAHble BaKyyMlil, B TOM qacne H TaKHe, KOTOpble 

B 0AH08 qacTH IlPOCTPaHCTBa HMeIDT CHMMeTPHID QAH08 ¢a3c1, a B APYr08 qac

TH - CHMMeTPHID KOHKYPHPYl!llle8 ~a3bl. IlOA06HaH CHTY~HH ycnoBHO npeACTaB

neHa Ha PHC. 33 H pHC. 34. Ha nepBOM H3 HHX H306paxceH npHMep noKanbHOro 

HapynieHHH,a Ha BTOpOM - JlQKanbiloro BOCCTaHOBneHHH CHMMeTpHH.06naCTb no

KanbHOro H3MeHeHHH CHMMeTPHH COOTBeTCTBYeT 3aPOAHMY KOHKYPHPYJO~ea ~a3bl. 

QqeBHAHO, =o TaKHe HeOAHOP~Hble BaKyyM,J OilHCblBaIDT reTepo~a3Hble COCTO

HHHH. Ilo MaTeMaTH'leCK08 CTpyKType 3TH BaKyyM,J - He qTo HHOe, KaK conu

TOHOnOA06Hble PelileHHH COOTBeTCTBYl!lllHX HenHHe8HblX ypaBHeHH8, a 3apo,ItblllJH 

0AH08 ~a31,1 B APYr08 - 3TO COnHTOHbl. 

B KaqeCTBe HnnIDCTP~HH paccMOTPHM 06pa3011aHHe BHxpeBofi HHTH B MO

AenH KOMnneKCHoro norin. AHanornqHan CHTY~HH B03HHKaeT H npH OilHCaHHH 

BHxpeBblX HHTe8 B CBepxTeKyqe8 603e-JKHAKOCTH 1451• Il03TOMY BenHqaHy 

~ = Vf = canst /6,32/ 

6YAeM Ha3blBaTb CKOpOCTbID CBepxTeKyqero ABHJKeHHH. H3 ypaBHeHH8 /6.28/, 

orpaHHqHJlaHCb CT~HoHapHblM peuJeHHeM H yqaTblBaH /6.3~/, HMeeM 

(-VZ+7JZ-o<}J+ }.f3=0 • 
/6.33/ 

I 

'IHcneHHOe peuJeHHe ypaBHeHHH /6.33/ B UHnHHAI)H'leCKHX KOOPAHHaTax ,1:1aeT 

~YHKUHID, H306paxceHHYJO Ha PHC. 35, rAe 

Po 

.Po = d- 19-i :i' , 'Z = • 
( 

Ja -i,,i , 

HMeeT CMblcn nnOTHOCTH csepXTeKy'le8 ~paKUHH, 1. - PaAHYC HHTH. 

~CHO, qTo BHxpeBaH HHTb npe,1:1cTaBnHeT co6o8 3apoAl,IM HOpManbH08 JKH,l:IKOCTH 

B CBepxTeKy'le8. IlpH IlOBblMeHHH CKOpOCTH ,l:IBHlKeHHH t1' ,1:10 KPHTH'leCK08 

t1e - {;i"_ CBepxTeKyqeCTb pa3pywaeTCH, TaK KaK TOrAa .P,, - 0 , 'lo - - , 
H BCH CHCTeMa CTaHOBHTCH HOpManbH08. -
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flo BOAHGM 6Ayxda~ U npR~yCb B Aecy, 
Mepe~ycb Ha ~ucmoa aMaAu, 
Pa3AYKY, HaaepHO, HenAOXO CHecy, 
Ho acmpe~y c mo6o~ - eoea Au. 

A.AxMamoaa. "BMecmo nocan~eHun". 

neK~HH_7. I'OMOrEHHb!E ~JIYKTYAUHH 

KaK Mb! yme rOBOPH1lll B neKUHH 4, sneMeHTapmie B036y)l(JleHHH Hcl.n Ba

KYYMHblM COCTOHHHeM COOTBeTCTBYIDT roMoreHHb!M, HnH roMo$a3HblM,~nyKTya

UHHM. Ce8qac Mb! OCTaHOBHMCH HeCKOnbKO no.z:tp06Hee Ha cnoco6ax onucaHHH 

TaKHX $nYKTYauu8. 

B03bMeM .IVIH uaqana Mo.nenb H3HHra C nPoH3BOnbHb!M cnHHOM: 

z z z 
H=-z..'1 .. 5-Sj-hLS. /7.1/ 
. . ij ltJ l t1 i L 

HCTHHHb!M BaKyy_MOM 3.[leCb ,HBnHeTCH If',.. /CM. neKUHID 4/. 3neMeHTapHblMH 

B036YJ!(,[leH!fHMH cm,m.aT $nunnom,1. OnepaTOpbl pol!C.[leHHH s.,- H YHHqTOl!Ce~HH 
+ • ' 

S1 $nunnoua B Y3ne J - 3TO necTHHqHble onepaTOPbl 

C nOMOl!lbID s; 

.nByx$nunnounoe 

., + ;t . 1 
Si= 51 .t l S1 

CTPOHTCH 0.[lH~nunnOHHOe 

ll/il_ _ ., 
T+ - Si 'fl+ , ' 

it+ r i/J = si- 'I'+ rj, = si- s; If'+ 

H npoque MHOro$nHnnOHHble COCTOHHHH. 

YqHTblBaH KOMMYTaUHOHHble COOTHOWeHHH 

(i>l-j), 

f s.•, s: J = 2 a.. s~ z + s + 
[Si , S/] = !ui! si-

t J t/ L 

%Z "!_+ :!:Z~ Z:!: 
[ ~- Si , S1 ] - - ( tfi, S, Si + oil Si Si ) 

+ [ s.- I H] = ± 
t ,, 

H paBeHCTBa 

:z + 
( 2 f 'Jij s1 + h ) S/ 
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/7.2/ 

/7.3/ 

H'I'+ = Eo 9'+ • 
:z 

Si If+ = s 4'+ I /7.4/ 

B KOTOJ;)HX Eo - 3HeprnH OCHOBHOro co=OHHHH, $ - BenHquua CnHHa, 

£
0 

=- N (15 2
+ hS) 

( 

<1="ii~ 1;_;·>. 
L/ 

/7.5/ 

HeTPYllHO y6e.[lHTbCH, qTO $11HnnOHHble $YHKUHH Tuna /7.2/, /7.3/ H T • .[l. -

co6cTBeHHble .nnH onepaTopa /7.1/. B caMOM .nene, 

H 'f+ fi J = ( £
0 

+ E,. ) 'f + ( i) , 

r.ne E + - sneprnH $nunnoua, 

E+ = 2]5 + h /7.6/ 

Toquo TaK l!Ce MOl!CHO Ha8TH 

H 'I'+ (ij)= [£0 + E+ (ij)] 'I'+ (ij) , 

r.ne 3HeprHH llBYX$mmnOHHOro B036yl!C.[leHHH, COOTBeTCTBy~ero nepeBopOTY 

CnHHOB B y3nax L H j , paBHa 

c+ (ii)=ZE+-2lii• 

~e8CTBYH onepaTOPOM raMHnbTOHa /7.1/ ua TPeX$nHnTIOHHYID $yHK~H~ 

If'+ (ijK)= s,- Sis; 'f',.. ( i +j:;.x) ,. 

uaxo.nHM 

H'f'+ {i/1<) = [ED+ C+ (ijK)] 'f'+ <ii K) 

npuqeM Tpex$nunnounoe B036Yl!C.[leHHe HMeeT sueprn_io 

t .. (ijx)=3E.-2(-:t...+-:s.. +-:s.) 'iJ due ~/K • 

H3 BblpameHH8 /7.6/-/7.8/ BblTeKaeT 0611U18 BH.[l $nHnnoHHOro cneKTpa 

n 
e .. (i, ... in)= nc.-[ 1, i · 

l,m=t t m 

/7.7/ 

/7.8/ 

/7.9/ 

BTopoe cnaraeMoe B npaBo8 qacTH /7.9/ OTBeqaeT B3aHMo.ne8cTBHID $nunno

HOB. 

no.nqepKHeM, qTo $nunnoHHble B036Yl!C.[leHHH npHcyTCTBYIDT H B npH6nH

l!CeHHH cpe.nuero nonH, Kor.na B onepaTOP~ /7.1/ .nenaeTCH 3ID~eua 

z % z z % :z £ ·,, z 
S. S

1
. -S. < S. >•<S. >s. - < S. ><S1->, 

' l I '' '' 

'ITO .naeT 
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H = 'i,_(21So+lt)S~+N1oz$z, 11.101 
HF i , l 

rAe cp~HHB rIPHBeAeHHbl8 CITHH 
:z 

r; = < Sc >/S 11.111 

IlpH AeBcTBHH raMHnhTOHHaHa /7.10/ Ha OCHOBHOe COCTOHHHe HMeeM 

HHF l/1+ = £:F l/1.,. • 
9HeprHH OCHOBHoro COCTOHHHH 

£/' =- N {1S6(2-S6)+h] 

PaBeHCTBO 

H,.,, I.JI+ (i) = ( ColfF+ EtF) </'.,. (i) 

onpeAenneT 9Heprnm OAHotnHITITOHHOro B096ylK,ll;eHHH 

c."'' = 27s0.,. h /7.12/ 

OTnHqHe /7.12/ OT /7.6/ COCTOHT B TOM, qTO B rrpH6nHxeHHH cpeAHero 

nonH tnHITITOHHHB cneKTp 9aBHCHT OT TeMnepaTypli qepe9 cp~IIHB CITHH 

/7.11/. ~eBcTBHe raMHnhTOHHaHa /7.10/ Ha MHOro~HITnOHHytO tYHICUHID, 

TO eCTh 

I.JJ • • ) [£. lfF HF • · ). ] t,I . • ) H,,,,T_,.(l, ... ln = tJ +f..,.fl, ... Ln T+(l,.,.Ln, 

9~aeT o6~ee BblpaJKeHHe MH tnHITITOHHOro cneKTPa 

cl'IF. . lfF 
c+ (L 1 .•. ·Ln) =nE.,. • /7.13/ 

KaK BHAHO H9 /7.13/, B,npH6nH~eHHH cpeAHero nonH ~nHITITOHli He B9aHMO

Ae8cTBytOT MelK,ll;Y co6oa. • 

IlpH HccneAOBaHHH CITHHOBliX CHCTeM oqeHh qacTO HCITOnh9yt0T rrpeA-

cTaBneHHe onepaTOPOB, 9aBHC~X He OT BeKTOPOB 1, IlpHM08 peooeTKH, 

a OT BeKTOpOB 9 o6paTH08 pemeTKH. nepeXOA K TaKOMY npeACTaBneHHID 

ocy~eCTBnHeTCH c IlOMO~hID ~yphe-npeo6pa90BaHH8, HanpHMep, AnH onepaTopa 

CITHHa: 

°' ' sd. c· J Si = ,i ~ (lj,)exp LIJ'Zi (cl .. x,y, :z,tJ, 

' Sot<'!,)= z.S'!'exp(-iff'Zi). 
J ' aHanornqHble npeo6pa9oBaHHH K 06MeHHOMY1 HHTerpany IlpHMel!HH 

/7.14/ 

7:. =Nf 2 'J'(J)exp<i9-zi1.) L/ 'f 
( 'Z ij I! ,,. - 'li ) , 

1 . 1 (j)= -N i 1, .. exp (-t 'I z,,·), 
lJ l/ 
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., 

a TalOKe npHBJieKaH ycnoBHH OPTOHOpMHpoBaHHOCTH 

; l. exp (ilf 'li = 010 , 
J f . ) s N f exp (L'l,'t.i/ ::uij , 

raMHnhTOHHaH /7.1/ MOXHO 9anHCaTh B'~OpMe 

H =-1 E ]<ff) Sz(9) S1.(·'J, )- h Sz(oJ. 
i 

/7.15/ 

.n,rn CITHHOBhlX onepaTOPOB /7 .14/ HMeIDT MeCTO KOMMYTrutHOHHHe COOTHOlrleHHH 

[ S+(p}, s·u,J] = 2 Sz(p+lf) , 

cs1.cpJ, stc9,Jl = z st (P•'f>. 

% % :t {:t % % + J [S (p)S (t;J, s (K)] = :t s- (p+J<)S (9)+S (p;s-r9+K) 

YqffTHBaH CB08CTBa o6MeHHoro HHTerpana 

1ii .. 0, 1ij = l;i 
1<-9) = 1 (IJ,). 

HaXOAHM Taxxe KOMMYTaTop 

]='J(O), 

L l (f) = 0. 
1 

[Stf'I,), HJ=± ;z fJ(PJS\p+tJ,)S1.(-p):t.hStf9J. 

Bee 9TH KOMMYTaTOPli npHroAHTCH HaJ\1 ceaqac MH OTBeTa Ha TaKoB BOilpOC: 

Henh9H nH C IlOM:>~hID S
0

(9'} IlOCTPOHTh B096ylK,ll;eHlll:,Je COCTOHHHH HaA\3aKYYMOM 

If'+ , H 6YAYT nH nocTpOeHHHe ~YHKUHH C06CTBeHHHMH ,ItJIJi onepaTopa 

/7.15/? 

OnpeAenttM CHCTeMY tYHKUH8 

'l'<i)= s-('J,)111+ = J; 'l'+<j)exp(-i'J,'Zj), 

' 
Lt'<p,q,) = s·(p} o/(lf) =- i 'fl+< ij Jexp (-ip1.;.-i'f z1. >, ... 

tJ 

II 

IJ1(9, ... inJ= .L. 4',. (j, ... jn)exp(·i 2, 9-,,, 'lim ), 
J, ... /n ms 
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COOTBeTCTBYIWUIX B036~eHHHM B npocTpaHCTBe BeKTOpOB o6paTH08 peweTKM. 

IlOCMOTPHM, KaK Ha 3TH ~YHKUHH Ae8CTBYJOT onepaTopH /7.14/. ,ltnH 'I, -KOM

noHeHTl,I cnHHa HMeeM 

S\'J,) 4'+ = NS 010 If+ 

S z ( p J <,J Ur) = NS Op o 'f (If) - lf1 ( p + If ) , 

S%(K) 'f (p,tJ)= NS OKO lf(p,tj,)· [4'(p,K+IJ,) + 41(J<+P,lf ~-

\tc 

A .IUIH onepaTopa raMHnLToHa Haxo~M 

H'l'(tJ,)= (£0 .,.c.)lf<'J,), 

Htr(p,ff)=(E0 .,.2E.,.)"1Cp,ff)-;z f 1C1<)4'(p+K, ~-x)! /7.17/ 

OTKYAa BHAHO, 'ITO ~YHKUHH /7.16/, B0061!1e rOBOPH, He HBnHIDTCH C06CTBeH

HblMlf ,IUIH raMHnLTOHHaHa /7 .15/, sa HCK='leHHeM (,1 + H ti (if) • BcnoMHHM, 

'ITO BCe ~YHKUHH If' .. (tf ,.. L n ) , OnpeAeneHHble Ha npHM08 peweTKe, C06CTBeH

Hble ,IUIH raMHnLTOHHaHa /7.1/. Hs BCex ~YHKUH8 /7.16/, CTporo roBOPH, 

B036y~eHHe OnHCNBaeT nHWL 'i(lf). KBa3H'laCTHUY, COOTBeTCTBYlaIIYJO B03-

6y~eH~ B npOCTpaHCTBe BeKTOPOB o6paTH08 peweTKH, Ha3liB= MarHOHOM. 

To eCTL MarHOH AYaneH K ~HnnoHy. nepBOe H3 BblpIDKeHH8 /7.17/ noKasH

BaeT, 'ITO 3HeprnH MarHOHa B MOAeJIH H3HHra f.+ =Const. A BTOpoe H3 /7 .17/ 
nOATBeP~AaeT, 'ITO MHoroMarHOHHlie B036y~eHHH, B OTnH'IHe OT MHOrO~nHn

nOHHblX, ,IUIH MOAenH H3HHra on~eAeneffli nnoxo. TeM He MeHee MOXHO ycnoB

HO Ae~HHHPOBaTL cneKTp MHOrOMarHOHHblX B036~eHH8, npH6erHYB K npoue

AYPe, KOTOpyro M1,1 nORCHllM Ha npHMepe BTOporo H3 ypaBHeHH8 /7.17/, ,IUIH 

qero nepenaweM ero B BHAe 

H 'l'(p,9) = Ea 'fl (P,'J,) f' l. E (K}'f' (p•K, If +K), 
IC 

3AeCL cneKTp 6HMarHoHa 

f. UfJ= t i E,. (ij > exp·C-i 1 i,j) 
LJ 

npeACTaBnHeT co6o8 ~ypLe-o6pas OT 3HeprnH 6H~HnnoHa 

E.+ (ij)= if}: E('f)exp li'J,'tij) 
'f 

3aAaBaeMo8 paBeHCTBOM /7.3/. CneAOBaTenLHO, 

E ('f) = 2 E..,.No'ro - 21<9> · 
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/7.18/ 

/7.19/ 

nocMOTPHM, KaKOBa ,IUIHHHOBOnHOBaR acHMIITOTHKa 6HMarHOHHOro cneKTpa 

/7 .19/. ,ItnH SToro pasnOXHM 1 f'J,) B PHA: 

1''1'~1u-fazf) (t;-o), 

rAe BBeAeHa cpeAHeKBaAPaTHqHan ,IUIHHa B3aHMOAe8CTBHH 

a2 .e !. r 1ii -i~. cos2 ti. 
N ij 1 l/ lJ 

(cos 2
~- = ~ ) 

J /afl'Z··t · T tJ . 

IloA=aBnHH'STO pasnoxeHHe B /7.19/, BHAHM, qTo B ,IUIHHHOBOnHOBOM npeAe

ne 6HMarHOHHli8 cneKTP KBaAPaTH'leH no , 

6(1f} ~ Ea + 7az'fz r9-+o), /7.20/ 

H HMeeT 111enL 

€0 = - 21, 
AHanOrH'IHO MO~HO onpeAeJIHTL H MHOroMarHOHHH8 cneKTP B MOAenH H3HHra. 

IlpH HYneB08 TeMnepaType CTaTHCTH'leCKHe CPeAHHe COBnaAaDT co cpeA~ 

HHMH no BaKYYMY· IlOBl>lllleHHe TeMII~paTypli OT HynH npHBOAHT K Heo6XOAHMOCTH 

yqe-ra KonneKTHBHliX B036Y~eHH8, TO eCTL roMo~a3HliX ~nyKTyauaa. Hx ponL 

CTaHOBHTCH oco6eHHO BIDKH08, KO~Aa TeMnepazypa npH6nH~aeTCH.K KpHTHqec

K08. HMeHHO BcneACTBHe qpe3Bli'la8HO CHnLHOro BnHHHHH B036y~eH~8 cpeA

HHfi cnHH /7.11/ paBeH HY= B KPHTHqecK08 TO'IKe, a HeKOTOplie Tep~OAHHa

MH'leCKHe xapaKTepHCTHKH B He8 HMeIDT oco6eHHOCTH. CBH3L Me~y ponLro 

roMo~a3HliX ~YKTYauH8 B CHCTeMe H TepMOAHHaMHqe~KHMH BenHqHHaMH xopo

WO npbcneXHBaeTCH no noBeAeHHID KOppenHUHOHHblX ~YHKUH8. npoHnnrocTpHpyeM 

3Ty CBH3L Ha npHMepe MOAenH H3HHra c raMHnLTOHHaHOM /7.1/. 
BcnOMHHaR onpeAeneHHH neKUHH 2, 3aAaAHM'HaMarHH'leHHOCTL 

1n 1 % = - ~ < s. > = (5 s 
N i ' 

H BOCnpHHM'IHBOCTL 

am t = iih 
- f 
- BN ~ Kij 

nocneAHHH Bblpa~aeTCH qepes. KOppenHUHOHHYJO ~YHKUHID 

% z 'Z % 

K;i = < Si Si >-<Si><_ Si > 
OnpeAenHH ~ypLe-npeo6pasoBaHHe 

K-· = ,, ~ L K(1Jexp fitJ,>Zij} ~ 
'f ' . . 
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/7.22/ 



K (ff)= k ~ KiJ. exp (-i c; -z,j), 
. LJ . 

BOCnPHHM'rnBOCTh /7.21/ npeJtCTaBJIReM B BHJte npe,Jtena 

OT $YHKUHH OTKnHKa 

r = eim f <CJ) 
l 1-0 

[ <i > = t K ( 9) · 

/7.23/ 

/7.24/ 

TaKHM o6pasoM, aocnpHHM'lliBOCTh npaMO caasaHa c MHHHOBOnHOBl,IM npe.1tenoM 

¢ypbe-06pa3a OT KOPPenRUHOHH08 ¢YHKUHH /7.22/. 
B npH6nHJKeHHH cpe.1tHero nomi, a1,1qHcnaa cpeJtHHe no raMHnhTOHHaHy 

/7.10/, HMeeM 

qTo .1taeT 

KHF = ,J .. Ko 
ij lJ 

MF 
K <i)= KD 

Z 2 Z 2 
Ko =<(Si) >nF- < Si >l'IF /7.25/ 

[MF('J,) = ;o 
Bonee Toq=e B~~eHHH ~H Koppem!UHOH=x ¢YHKUH8 MO~HO Ha8TH, 

onepHPYH C ypaBHeHHRMH, onpe,JtenHe~MH C noMO~hID TeOPHH B03Myl!1eHH8. Ilo-
lr • 

KaJ!CeM, KaK nonyqaroTcH 9TH ypaaHeHHH. Ilpe~e acero saMeTHM, qTo ecnH 

B raMHnhTOHHaHe /7;1/ c,JtenaTb 3aMeHy 

'Z 
h '£. S. 2 h. $. 

z 

i I 

TO 

i l l 

qepe3 CTaTCYMMy z: Sp e-/JH 

< s ~ > = a iJtn z 
, ah. 

I 

H KoppennuHOHHaR ¢YHKUHH /7.22/ 

z iJ2tn z 
Kij = e ilh-Bh-

' 'J 

B~a~aroTCH H cpeJtHH8 cnHH 

BBe,JteM He 3aBHCfl11Ui8 OT MarHHTHoro nonH BeplilHHH!,18 onepaTop 

I f=-(H-H) 0 0 I 
_g_[_ = 0 . 
iJhi 

/7.26/ 

/7.27/ 

/7.28/ 

B KOTOPOM Ho -· :npoH3BOnh=8 raMHnhTOHHaH HyneBoro npH6nH~eHHH. ;nnH 

raMHnhTOHHaHa H ITPH 9TOM HMeeM 

H = H0 - er, 

A 3aTeM pasnaraeM en Z 

.iH 
oh-

' 

z 
= - Si 

no CTefieHHM r 1 
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nonyqaJI 

Z oo ( n•f ( t)"' I 
ln(-)= LIL - ,:· < rn>o 

Zo_ n•t n. m~o Z
0 

r.1te 

Ho 

-pH Z,. = Sp e O 
, a < >,. osHaqaeT ycpe.1tHeHHe no raMHnhTOHHaHy 

Hcnonb3YH /7.26/ H /7.27/, Hax~M cpe,JtHH8 CfiHH 

. % % <S. >=<S. >,. + 
l l 

- I n•f r-nm I 
+ r nt L Z"'m. [<s: r'>0 -fm+O< s/ >. < rn >0 J 

fl8f '11•0 0 
/7.29/ 

H KOPPeru!UHOHHYID ~YHKUHID 

K. :::XO+~ .L I!;=' (-J}"'m! {< s.z s.z rn ..... 
•• • • £- I L_ ,.,,,, C / ""° t/ tJ • fl:/ fJ • '?'•0 l,,p . 

-(m+fJ[< st sj>,,<rn>..•<st >..< s/ rn>,,•<S/ r">,. < s/ >.)~ 

+ (m+f)(m+2) < s/>. <s/>. <rn>.} 
MoJK!Jo OblJio 01,1 TaKJKe pasnaraTh He ln Z , a Z , Tor.1ta 

r - f n z .. z. < e >. = z. L fll < r >o 
n=:o · 

IlPH 9TOM BMeCTO /7.29/ H /7.30/ Oy,JteM HMeT,.fi 

% 
,< Si > =-

<s:-er>. 
<er>, 

k .. =,, z z r 
<S; Sje >0 

<er>. 

z r z r. <s, e >o <Sie >. 
<er>! 

KpoMe Toro, 3aMeqan, qTo 

aH 
a 'lii 

z z 
= - Si Si ·' 

KOppennuHOHHyro ~YHKUHm MOXHO npe,JtcTaBHTh B BHJte 

K .. ~ e tltn Z _ ( B o ln Z) z• 
-'' a7.. oh-. .. 

l/ l 

a nOTOM onHT~ lIPHMeHHTh pasnoxeHHH B PH.Jtbl. 
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/7.30/ 



EcJIH B pasno~eHHH THna /7.30/ B Kaqe=Be HyneBoro B3ffTh npH6nH~e

HHe cpe.rtHero nonff H o=aBHTb TOnhKO cnaraeMcie, COOTBeTCTBYJO!IIHe necT

HHqHl,IM AHarpaMMaM, H3O6pa~eHHblM Ha pHC. 36, TO nonyqaJOIIU!fiCff p~ YAaeT

Cff cBepHYTh H npHfiTH K ypaBHeHHW OpHWTefiHa-UePHHKe 
11631 

K · Kif"" ._ HF In· K .. = .. -f-2LK.I -0- J'J .. 
1/ 'I H' I 

/7.31/ 

no CTpyKType ypaBHeHHe /7. 31/ aHanorHqHo YP,aBHeHHW BeTe-ConnHTepa, H3y

qaeMOMy B TeopHH nonff H TeOPHH ff~a. nepexOAff K ¢yphe-f1BeACTa~neHHID, 

HaXOAHM ¢YHKUHID OTKnHKa 

t r9J = 0- 2K,J(9) 
Ko /7.32/ 

OTBeqawmyro npH6nH~eHHID OpHWTefiHa-UepHHKe. ,l:l.nHHHOBOnHOBaff aCHMnTOTHKa 

¢YHKqHH /7.32/, 

f (1) ~ 
az 

ri f+ rz 0) , 

HMeeT ¢OPMY 3KpaHHPOBaHHoro KYnOHOBCKOro B3aHMO~efiCTBHff, rAe 

I az = 7oz ' rz = a2k 0 J 
B-2K.'J 

/7.33/ 

BBeAeHHair. B /7. 33/ BenHqHHa f Ha3BBaeTcff'KoppenffUHOHHOfi AnHHOfi, 

TaK KaK OHa noKa3BBaeT, Ha KaKoM paccTOffHHH CKOppenHpoBaHB KOnneKTHB

HBe BO36YJK,tteHHff. TeMnepaTypa, npH 'KOTOpon -KOppenffUHOHHaff AnHHa pacxo

AHTCff, COOTBeTCTByeT KPHTHqecKofi: 

f-oo ( 0 - Be ·= 2 J k. ) . 

ITpH 3TOM H BocnpHHM~BOCTh /7.23/ TaK~e pacxonHTCff. EcnH ~e TeMnepa-

Typa He paBHa KpHTHqecKo8, TO BocnpHH=eocTh nnff MonenH·HsHHra, KaK 

cne.nyeT H3 CBOfiCTB CBO6OAHO8 3HeprHH, OnHCaHHl,IX B neKUHH 2, Bcerna 

KOHeqHa H nono~HTenhHa. 3aMeTHM1 qTo,eoo6me·roeopff, eocnpHH~HBOCTh 
' . /16~/ 

Anff APYrHX Monenen MO~eT 6BTh H OTPHUaTenhHOfi 

Teneph nepefiAeM K·paccMOTpeHHW roMO~asHBX ¢nYKTYaUHfi B CHcTeMe 

C HapyWeHHOfi HeripepBBHOfi rpynnon CHMMeTpHH. B OCTaBwefiCff qacTH naHHOA 

neKUHH 6YAeM HccneAOBaTh Monenh renseH6epra c raMHnhTOHHaHoM 

H N = - ~ 1 .. s. sJ. -h r ~ 
IJ L~ , L I 

/7.34/ 

,llonycTHM, OCHOBHblM COCTOffHHeM snech, KaK H Anff MOAenH H3HHra, cn~HT 

BaKyyM ft!,. , Anff qero u~np~B11~1 ·; no ocli_ z . HanoMHHM, qTo npH 

h= O ecneACTBHe SU (3) .::cHMMeTPHH raMHnhTOHHaHa 't7.34/ CHCTeMa 

KOHTHHYanhHO BBPOJK,tteHa, KaK 6HnO no~O6HO paso6paHO B neKUHH 5, a B~-

\•94 

f 

./j. 

ro r 

PHC, 35. BHxpeBaff HHTh. 

c::::::l ::. -- + j + ~•-·· 
i. J i J J f' j 

PHC. 36. KoppenffUHOHHaR ¢YHKUHff B npH6JIH~eHHH 
OplllllTefiHa-UepHHKe. 

Q -• • 

• 
na. 

• 

• 

• • • • 
l 

• • 

f' . a· 

PHC, 37. YKpynHeHHe peweTKH npH AeUHMauHOHHOfi npouewpe 
AnR n =2, 
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6op OAHOro H3 HCTHHHNX BaKyyMOB 03HaqaeT cnOHTaHHOe HapyweHHe CHMMeT-

PHH. B cnyqae OTnHqHoro OT HYnH BHenrnero non.fl h II z 
HCTHHHN8: BaKYYM - 3TO- HMeHHO 'fl+ • 

eAHHCTBeH~ 

3HeprHH OCHOBHOI'O COCTOHHHH, 3~aBaeMaH paBeHCTBOM 

HN 9'1- = £0 IJ't- 1 

COBnaAaeT c B~aJKeHHeM /7.5/ All.fl MOAenH H3HHI'a. B OTnHqHe OT noCJieA

He8 ~nHnnoH=e tYHKUHH THna /7.2/ H /7.3/ y~e He HBnHIDTCH C06CTBeH=

MH 'An.fl. I'aMHnbTOHHaHa I'e8:3eHl5epra /7. 34/. B 3TOM HeCJIO~HO y6e'AttTbCH, 

BOCnOnb30BaBlIIHCb KOMMYTaTOPOM 

[ HN, s.- 1 = 2 ~ ~.J.{s:s.z- s,.-s~J+ h s~ 
. l j It ' I ' l 

H nonyqaH 

I'Ae l-t 
tYHl<llHH 

H "'1, (i) = ( £0 1-£1-) lp+ (i)-2Sf fij4J+ (j), 

- tnHnnOHHaH 3HeprHH /7.6/. OAHaKO H3 /7.35/ 
Y(t} , HBnH~aHcH typ&e-o6pa3oM oT 

lfl.,. <j J: i f 'f (ff) exp (i 1 z;) , 

/7.35/ 

=~YeT, qTo 

np~cTaBnHeT co6oa C06CTBeHHYin tYHKUHID o:1epaTopa /7. 34/, KOTOpN8: MOJK

HO 3anHCaTb B topMe 

HN 
.neaCTBHTenbHO, 

=-i z.,'f(~)S(i)S(tJ,)-hS{O) 
i 

HN 4'(tj,)= [ED +W((J,J}ttl(f) 

3HePI'HH MaI'HOHa 

w <1 > = 2 S [ 'J - 7 r9)] + h, 

/7.36/ 

/7.37/ 

/7.38/ 

.nn.fI o6pa30BaHHH MHOI'OMaI'HOHH08: tYHKUHH H~O noAe8:cTBOBaTb H~Hoe qHCJIO 

pa3 OnepaTOpOM po~eHHH MaI'HOHa s-(~) Ha 4' + 1 KaK 3TO AenaeTCH B 

/7.16/. Ho ABYXMaI'HOH=e H npoqHe MHOI'OMaI'HOH-e ~yHKUHK - He C06CT

BeH=e All.fl raMKnbTOHHaHa I'et!3eH6epra, TaK ~e KaK 3TO l5~o H All.fl MOAe~ 

nK H3HHI'a. IT03TOMY MaI'HO- MOI'YT npeACTaBnHTb xopowo onpeAeneH=e 

KBa3HqacTH~ TOnbKO TOrAa, KOI'Aa HX qHcno Mano, TO eCTb IlPH HH3KHX 

TeMnepaTypax. IlOAefiCTBOBaB KOMMYTaTopoM MaI'HOH~ onepaTOPOB po~eHHH 

H YHHqTo~eHH.fI Ha BaKYYMHOe COCTOHHHe, nonyqHM 

[ s 1-(p >, S-(lf)] 4't = 2 NS OP+'/,,O 4'.,. 
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OTKYAa CJieAYeT, qTo MaI'HO- - 3TO noqTH 6030-. roMorea=e ~KTYauKK, 

COOTBeTCTBYJOOIKe MaI'HOH~ B036~eHHHM, 06Nqao Ha3NBaIOT CilHHO~ BOn

HaMK, TaK KaK B KnacCKqecKoa HHTepnpeTaUHH 3TH B036~eHKH 3KBHBaneHT

npeuecCHH cnHHOB, 

B AJ'IHHHOBOnHOBOM npH6nK~eHHH cneKTP CilHHO-X Bona /7.38/ npHHHMaeT 

BHA 

W(ff) ~ s1az9-z+h ri-oJ. /7.39/ 

Ha H3NKe TeDPHH non.fl aanH=e ~enH B cneKTpe 03aaqaeT aantt=e Maceli y 

COOTBeTCTB~ea qacTH~. 3aa=T, B npHcyTCTBHH BHewaero MaI'HHTHOI'O non.fl 

MaI'HOH HMeeT Macey h . A KOrAa BHewaero non.fl aeT, TOrAa Maraca - 6e3-

Macco=a noqTH l503oa. HanoMHKM, qTo noAo6=e 6e3Macco=e qacTH~, B03-

HHKaio~e B CHCTeMe C aenpepNB-M BlipO~AeHHeM, KOI'Aa CKMMeTPHH aapywa

eTCH 3a cqeT =6opa o~aoro H3 BaKYYMOB, qacTO aa3liBaroTCH ro~CTOYHOBCKH

MK 6030HaMH. 

IlpH nOBlirueHHH TeMnepaTypN ponb MHOroMaraoa=x B03l5~eHK8: yBenH

qHBaeTCH, H KapTHHa cnHHOBliX BonH CTaHOBHTCH nnoxo onpeAeneaaoa. TeM 

He MeHee c~ecT~yeT TaK aa3NBaeMOe npH6nHEeHHe cnyqaa=x ta3
122I, cox

paa~ee MaI'HOHHYIO KAeDnOI'HID H A~ee pa3yMHOe onHCaHHe CilHHOBblX CKC

TeM npH KOHeq=x TeMnepaTypax BnnOTb AO KPKTHqeCK08: TQqKH. ITepeXOA OT 

cnHHOBliX 'BOnH K TeMnepaTYPHblM MaI'HOHaM npH6nH~eHHH cnyqa8:HliX ta3 COOT

BeTCTBYeT 3aMeHe onepaTOPOB s•(~) H s+(f) Ha KBa3Hl503eBCKHe one

paTOPN 

e.t - .rs ,. . • ,~ . 
Ua_ = s r9) y~ I Oa =S <9> v-z- ' /7.40/ 

r . , r < s. > 
qTo, rpy6o I'OBOpH, 3KBHBaneHTHO 3aMeHe s.'l Ha <.S~". IlpH HYneB08: TeM-• l ~ . 

nepaType onepaTOPli /7.40/ nepeXOA.f!T B onepaTOPN cnKHOBNX Bona: 

&i = s·ci>, &1 = s+rffJ (<St>=S, 0=0). 

BMeCTO cneKTPa /7.38/ HMeeM cneKTP 

w1 = 2 < s/ > [ 1- l < i J 1 + h /7.41/ 

3aBHCll'.IqK8: 0'1'. TeMnepaTypbl qepe3 .. s.z>. COOTBeTCTBeHHO, B cnyqae .wnni=x 
l . 

BonH 

Wq, ~<st> 1az~z+h ('J -o). 
I 

B npH6nH~eHHH cnyqa8:HliX ta3 'An.fl cpeAHero cnHaa npH S = 2 
ypaBHeHHe 

B KOTOPOM 

<S.-z> 
I 

f 
2 

2 · z 
N f n1 < S; > 
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/7.42/ 

nOJIY'IlieM 

/7.43/ 



(· 

n, = <Sis;>= [ exp (w'J / 0) -1 T~ /7.44/ 

OOpaTHM BHHMaHHe. Ha TO, 'ITO npH no.i:pc:o,qe K KPHTH11ecK08 TO'IKe B " 0,: , . 

h:O , xapaKTepHCTH'lecKaH 11acT0Ta /7.41/ CTpeMHTCH K nymo: 

w -o ,. c < s/ > - o , ;, = o; . /7.45/ 

TaKOe noBe,qeHHe cneKTpa H3BeCTHO B nHTepaType KaK CM!Ir'leHHe Mo.zn,I H 

'laCTO BCTpe11aeTCH B0nH3H KPHTH'leCK08 TO'IKH. 

MbI pacCMOTPenH B 3T08 ne~HH ~OCTe8Imie MeTO.Itcl onHcaHHH KonneKTHB~ 

llblX B036y~eHH8 Ha IlpHMepe MarHeTHKOB M3HHra H re83eH6epra. Ho, ecTeCT~ 

BeHHO, ananorn11Hble paccy~eHHH coxpaHHIDT CHny H ,IlnH cerHeTosneKTPHKOB/3o~31 

cerHeTOMarHeTHKOB 11651 ,. ,qHSneKTPH'leCKHX CTeKon 1166 • 1671 H 

,qpyrnx KBa3HCnHHOBHX CHCTeM 1191 

neK~HH_8. METO~ TPAHC~EP-MATPHUb! 

3oecb mu ooAxeH cAeooeamb ynopRoo
~effHUM nymeM, Komopua mpe6yem npeo
AOXeHua, om 00Ho20 ompueKa K opy20My 
e Kaxooa ~acmu, u maKUM o6pa3oM 
me6a xopowo nofiMym u He 6yoym me~ 
pRmbCR 6 002a0Kax. 

JleoHapoo JJa BuH~U. "J<ooeKc". 

B OT,IlenbHHX cny'laHX BKna,q BCeX COCTOHHHfi ~nHnnOHHOro THna y,qaeTCH 

Y'leCTb TO'IHO. 9TO OTHOCHTCH K CHCTeMaM c ,qanbHO,qefiCTBHeM 199 • 1111 H °K 

HeKOTO~ Mo,qenHM C KOpOTKo,qefiCTBHeM. ~nH nocne,qHHX oKa3HBaeTCH ,IlOBOnb

HO 3~~eKTHBH- MeTO,Il TpaHc~ep-MaTpHUH,-HnH MaTpH~ nepeHoca. 

MH npoHnnroCTPHPYeM ce811ac 3TOT MeTO,q Ha npHMepe MO,qenH M3HHra co 

B3aHMO,qefiCTBHeM Me~y 6nH~afiun!MH COCe.ltlJMH. ITpH 3TOM B raMHnbTOHHaHe 

{ :z :z " :z H = - - L 'J. o. 6. - B L 6. 
2 <ij> o I J i: f L 

/8.1/ 

CYMMa no <ij > 03Ha11aeT CYMMHPOBaHHe TOnbKO no 6nH~afilIIHM COCe.ltllM 6e3 

nOBTOpeHHfi. BBe,qH HaOop BenH'IHH 

f 6d = { 61 • 61 , ... on } (6. =!I)' 
L 

C06CTBeHHble 3Ha'leHHH raMHnbTOHHaHa /8.1/ MO~HO sanHcaTb B <!)opMe 

E ( { 6d)"' - _z l 6i 6. - Br_ 6i 18- 21 
2 <ij> J i=f 
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CTaTHCTH11ecKrui cyMMa, npe,qcTaBnHIO!Jtrui cooon·cne,q oT exp{-H/8) no npocT

paHCTBY CilHHOBHX ~YHKUH8, npeo6pasyeTCH B KnaCCH'leCKYID cyMMy 

Z = Ti exp (-H/8)= L exp[E({°i})Je]. 
f~J 

/8.3/ 

PaCCMOTPHM o,qHOMePHYID H3HHrOBCKy» ueno'IKY C nepHO,qH'leCKHM rpaHH'I-

~ ycnoBHeM 

ON+t = 5 1 
/8.4/ 

TaK KaK B KOHe'IHOM C'leTe nae HHTepecyroT 3Ha'leHHH Ha5monaeMbJX BenH'IHH B 

TepMO,qHHaMH'leCKOM npenene, To· KOHKpeTHblfi BH,q rpaHH'lllblX ycnOBH8 He npHH

uHnHaneH, H pa3YMHO BH6paTb TaKHe ycnOBHH, KOTOpHe o6ner'laroT peweHHe 

3a,qa11H. 

9HeprnH napH CilHHOB 

E. . = _ l [ 1- o- <5_ 'J . .,. B (a;, +6;J] 
l/ 2. /11 l,. # 

(j-itf), /8.5/ 

npocYMMHPOBaHHaH no BceM coce,qHHM ysnaM, naeT nonHYID sHeprnro /8.2/, 
N 

E ( f od )-= ~- E;1· ,,,. _r, £,;.., /8.6/ 

. ~'{~ l=I 
TpaHc~ep-MaTPHLta, COOTBeTCTBy~aH ysnaM i H / , onpenenneTCH 

KaK 6onbUMaHOBCKaH 3KCnOHeHTa ,. 
t;i = exp (- Eij JeJ .. 

BBO,qH 0603Ha'CeHHH 6espa3MepHblX KOHCTaHTH CBH3H 3 
0

_ 1o t B 
d = 28 ' D = 8 ' 

MaTpHUY /8.7/ Hecno~HO BHnHCaTb HBHO, 

,. 
t .. = ,, ( 

el'" 
e·I 

,. 

-, ;,.,,) .... 

= t' 

/8.7/ 

H BHewHero nonn 8 

/8.8/ 

/8.9/ 

OTKy,qa BH,qHO, 'ITO tij He 3aBHCHT OT HOMepOB cocenHHx ysnoB. ~H CTaT-

CyMM,I /8;3/ HMeeM "' .. ,.,, 
Z .. Sp n t.. = Sp t 

• ll+f 
l•f 

/8.10/ 

lllnyp MaTPIIL\H He saBHCHT OT ee npe,qcTaBneHHH, a ,qnH pacqeTa xenaTenbHO 

nony'IHTb ,qHaronanbHOe npe,qcTaaneHHe t . PewHM sana11y Ha coOcTBeHllble 

3Ha'leHHH H co5cTBeHllble ~YHKUHH TpaHc~ep-MaTpHUH: 

ti/'= Alf lf = ( ~) 
z 

/8.11/ 

noncTaBnHH crona /8.9/, naxo,qHM 

J t =- e1 (ch S t .J_s_h_t8,-+-e--4-'I') . 
/8,12/ 
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YqHTNBM HOPMHPOBKY COOCTBeHHNX ~YHKUH8 

r.p_Z 1- If. z = I , :z 

C TOqHOCTbID AO ~a30BOro MHO~HTelIH, KaK H3BeCTHO,HeCYII!eCTBeHHOro, no
ny_qaeM 

'f ,1 = 

tf,.Z = 

I 
f+ ezl(), _ ef+l)z 

ezl (}, - e''') z 

I+ ezl(;. -e'''>z 

/8.13/ 

·H3 /8.10/ oqeBHAHO, qTo ;.Ji HrpaeT pOJib HeHOpMHpoBaHHoro CTaTHC

THqecKoro onepaTopa, COOCTBeHHNe ~YHKUHH KOTOporo ·OITHCNBaIDT ~H3HqecKHe 

COCTOHHHH CHCTeMbl. Il03TOMy HHTepecao npoaHanH3HpoBaTb BNpa~eHHH /8.12/ 
_H /8.13/ B pa3JIHqHNx npeAeJibHNX CHTY~HHX. 

.IlonycTHM, npH cnaooM saewHeM none 8 -- O acHMnTOTHKa /8 .12/ 
HMeeT BHA 

.At ~ tel t e-1,(11- fJ (6-o).· 
ACHMITTOTHqeCKHe BNpaJKeHHH KOMnOHeHT /8.13/ COOCTBeHH08 ~yHKUHH 
IDTCH paBeHCTBaMH 

z I ( + .1. · zl) <t.~ 12 f- 2 e ,· 

fz z± ~ ( f:;: -fezl) ( IJ -o). 
,_ 

B npeAene ayneaoro MarHHTHoro nonn 

A+-:::: 2ch8, ,;\_ ~ 21!,t, (B-o). 

IlpH 3TOM CTPYKTypa COt5CTBeHHNX ~YHKUH8 

,, 
Aa-

ir+ ::: k u), lf_ ~ k <-~) (6-o) /8.14/ 

CBHAeTeJibCTBYeT O TOM, qTQ HaMarHHqeHHOCTH B CHCTeMe ONTb He AOJI~HO, 

B qeM qyTb IT03AHee Mb1 H y6eAHMCH. BcnoMHHM, qTO BHA /8.14/ HMeIDT COOCT

BeHHNe ~YHKUHH MaTPHUN IlaynH 5 ~ • !CaK .nerKo npoaepHTb, BNITOJIHHIDTCH 

OONqHNe YCJIOBHH OPTOHOPMHPOBaHHOCTH 

+ + 
'f. 'f + ~ I = 'f_ 'f _ 

+ + 

"· 'f_ = 0 = 'I'_ 'I'.,. 
A,· aanpHMep, ITpH CHJibHOM BHewHeM none B-- co6cTBeHH1,Ie ~YHKUHH 

Tpaac~ep-MaTPHUN 

'f 1- -::: u J , 'f'_ -:: ( r J ( S- -J /8.15/ 
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COBITaAaIDT C COt5CTBeHHNMH ~YHKUHHMH MaTPHUN nayJIH 'O"z , qTo, ITO-BH,ItHMO

MY, OTaeqaeT IlOJIHOCTbID YITOPHAOqeHHOMY CITHHOBOMy COCTOHHHID CHCTeMN. coo

=aeHHNe 3HaqeHHH t IlpH 3TOM paBHN 

1,8 
-1. z e ;\_ O! o ( G - oo J. 

ECJIH TeMnepaTypa CTPeMHTCH K Hyru(l ( 8 - 0) , TO 3TO 3KBHBaJieHTH0 

, .... 00,, Il03T0My 

, /+8 
;'I-,. ':::!e ,:\_ -::: el• I (J --) ' 

H COCTOHHHe CHCTeMN BHOBb YITOPHAoqeao: 

<f + -::: ( ~ ) • <f': ~ ( f) (9-~).· /8.16/ 

HaKOHeu, KOrAa 8 - a=> , a 3HaqaT, ,-0 1 8 - 0 , TOrAa 

A+ !::: 2ch f, , A_ -::: O (j-0}; 

~H3HqecKoe COCTOHHHe CHCTeMN B BNCOKOTeMnepaTypHOM npe_ttene, ecTeCTBeH

HO, OYAeT HeynopHAoqeaHNM: 

If'.,.~ ./2(: J. ,.,_ ~ k u J_ <9-0, !,-o). /8.17/ 

BepHeMCH K CTaTHCTHqecKo8 cyMMe /8.10/. Bcne.ttCTBHe /8.11/ H /8.12/ 

OHa paBHa 

Z=A"' + 1
" f- _/\_ (A+>;\~). /8.18/ 

Il03TOMY ITpHBe_tteHHaH CBOt5QAHaH 3HeprHH 

- e F=- 7rln z~-etn)..,. (N--). /8.19/ 

YAOOHO onpeAeJIHTb 6e3pasMepayro BelIHqffHY 

Ha3NBaeMyID 

1=-lim F/e=lim 1-tnZ, 
N-- N-- N 

HHOrAa ~YHKUHe8 Mac_Cbe I 49 I. CornaCHO 

J = 9 + en (ch!J + ~!l1z8 + e·"i). · 

/8.20/ 

/8.12/ H /8.19/ HMeeM 

/8.21/ 

C IlOMO~bID CBOOOAH08 3HeprnH /8.19/ HJIH tYHKUHH Maccbe /8.21/ MO~HO BN

qffCJIHTb mooNe TepMO,ItHHaMHqecKHe xapaKTepHCTHKH. HanpHMeP, cpeAHHH aa

MarHHqeHHOCTb Ha -0,ItHH ysen 

aft oJ Ill=--= -a B 85 
/8.22/ 

YAeJibHaH 3HTPOITHH 

a-s::.- a: =!~(9 a~ •Bfr)1 /8.23/ 
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Y'AenbHaa BHYTPeHHffff 3Heprna 

- - a 11. a 
E = F + B s = - 0 (fa 9 + 0 a !J )f. 

TennoeMKOCTb 

/8.24; 

CV jjf ( iJ fl d)Z =--=O-+o-f ae ilrJ9 ot, . . /8.25/ 

BocnpHHM'IHBOCTb 

um { B2J t:, aB = e o 62 /8.26/ 

IlpH HanH'lHH BffeIIIHero nona B"' 0 Bblpal!CeHHJI 'An.II YKa3aHHblX TepMO~HaMH-

'leCKHX xapaKTePHCTHK, KpOMe HaMarHH'leHHOCTH 

~6 
{s!l 6 •e·"1 

m: 
/8.27/ 

/8.22/ 

HMeroT 'AOBOnbHO rpoM03'AKH8 JIBHb18 BH'A, nO3TOMY BblnHCblBaTb HX He CTaaeM. 
H3 /8.27/ BblTeKaeT, 'lTO 

{
o . 

m-- i f, - 0 
8 -°"" 
9 -- /8.281 

To eCTb npa HyneBOM BHewaeM none CHCTeMa HaXO'AHTCJI B HeynOPJIAO'leHHOM 

COCTOffHHH, a npa 6ecKOHe'lHO~ MarHHTHru~ none HnH HYneBo8 TeMnepaType 

OHa aaMarHH'leaa AO aacblllteHHJI - 3TO cornacyeTca C $OPM08 CO6CTBeHHblX 

$YHKUH8 Tpaac$ep-MaTpHUl,I /8.14/-/8.17/ npa COOTBe:CTByro!J:IHx ycnOBHJIX. 

HaMaraa'leaaocTb /8.27/ cnyJKHT napaMeTPOM nop~Ka. Ee noBeAeaae 

/8.28/ noKa3c1saeT, '!To npa OTnH'lHOM OT ayna BaewaeM none ~a3OBoro ne

pexo'Aa B cacTeMe HeT. Ecna J1Ce saewaee none 8 BKnro'laeTca KaK HH$HHH

Te3HManbffbl8 HCTO'lHHK Mff KBa3aycpeAHeHaa, TO npa HYneBO8 TeMITepaType 

nPOHCXOAHT cKa'lK006pa3Hc18 $a30Bb18 nepexo'A. TaKHM O6pa3oM, TO'lKa ~a3o~ 
BOro nepexo'Aa 3aAaeTca paBeHCTBaMH 

Be= 0, 8=0 /8.29/ 

B cnyqae ayneBoro BHewae_ro nona TepMo~aaMH'lecKae xapaKTepHCTHKH 
CYl!leCTBeHHO ynpOIIlaroTca: 

f=tn (2chj), 

E = 01 t111 

t = ezi le . 

Ilpa HH3KHX TeMnepaTypax 3TO AaeT 

S = tn (2chj)-J thJ 

Cv = fJ /Cl1f f, 

fB=o). 
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!- '::: i I 
s z 2J e-21 , 

- I -z, 
£e!t <1 -e '), Cv '::! 4iz e-21. 

fz (2j/J")ezl ( # - - ). 
KaK BH'AHO, B TO'lKe $a3osoro nepeXO'Aa ec•O BocnpaHM'lHBOCTb pacXOAHTCJI. 

Tenepb nOKal!CeM, KaK npa nOMODnf TPaHc$ep-MaTPHUbl MOJ!CHO aattTH KOppe

MUHOHHYro $YHKUHro 

K . . == <oi 6j > - <<5i > < 6i > . 
lJ . " 

/8.30/ 

}in.II 3TOr0 3aMeTHM, '!TO 

<6 6 >=j_S [('O)tn (' o)tN•nJ , t•n z 'P o-t a-t 

OTKY'Aa 

<tS, cs,.n),. = A: Ji~-n t A!•n A: ,.., ( ~ )n 
}i: + A~ - i\. 

/8.31/ 

OrpaHH'lHBaJicb 'Ana npocToTbl cnyqaeM HyneBoro Baewaero non.II, Korna 

<6i). • m ao (8=0), 

H3 /8.30/ H /8.31/ nony'laeM· 

K .. = (tho)li-JI 
lJ d 

BBO'Aff paCCTOJIHHe MeJIUIY y3naMH L H i 
/8.32/ 

-i .. •a/i-;·1 
, ,, 

r'Ae .a - 111ar neno'lKH, npeo6pa3yeM /8.32/ K BH'AY 

Kij = exp (- 'tij If) , /8.33/. 

B KOTOpOM 

1 .. a/tn (cthj) /8.34/ 

pa3Mep o6nacTH, r'Ae ~e=

KoppenJIUHOHHaJI $YHKUHJI 

- 3TO KoppenJIUHOHHaa MHHa~ xapaKTepH3YJOll!aff 

BeHHbl MeJCY3'eni.Hble KoppenJIUHH_. B o6~eM cnyqae 

Mff 'ABYX Y'AMeHHblX npyr OT 'APYra y3noB HMeeT aCHMilTOTHKY 

K ~ exp(-1;;/I] 
ij 'l d-2+ ~ ( 'ti/ - 00) J 

npH'leM no onpe'AeneHH~ J 
pa3MepHOCTb peII!eTKH, a 2 

Ha3blBaeTCJI KOppenJIUHOHHO8 'AnHHOtt, d - 9TO 

- xapaKTepHbltt Hff'AeKc. ~aK BHJUIM, 'Anff onao-

103 



MepHo8 (d = f) uenO'lKH li3HHra ~,, ( • B TO'lKe nepexo;i:ia KOJIJieKTHBHble 

B036Y)IUleHHH pesKo YCHJIHBaJOTCH, 'lTO npoHBJIHeTCH B pacxo;i:tHMOCTH KOppe
JIHUHOHHO8 .QJIHHbl 

f !!: ff eZJ (j>> f), 

CTpeMHJlie8CH K 15eCKOHe'lHOCTH npH 0- 0c "'0 no TOMy lKe 3aKOHy, 'lTO H 
BOCnpHHM'lHBOCTb. 

MeTO;i:t TPaHc~ep-MaTp~ npHMeHHM H MH .QBYMePHO8 MO;i:tenH li3HHra c 

15JIH3KO;i:te8cTBHeM. IlOKaJKeM, KaK npOH3BO,llHTCH MaTPH~HaH ~PMyJIHPOBKa MO

.QenH c raMHJibTOHHaHOM /8.1/ Ha npHMepe KBa,QpaTHmt pemeTKH H3 N Y3JIOB. 

PacnOJIOJKHM paneTKY TaK, 'lTO6bl y Hee 6blJio n = VN CTPOK K n,,,,[jj cTono-

uoB. Tenepb Kill!Q:lbl8 yse.n i xapaKTepH3YeTCH · HOMepaMH CTPOKH· ot H CTOJI6-

ua p , B KOTOPblX OH HaXO,llHTCH. IlepeMeHHble 6, = t f JIPH 3TOM 3aMeHJDOTCH 
Ha 

6"'/3 = t 1 (o<,fJ = 1,2, ... n). 
/8.35/ 

BBe.QeM O6O3Ha'leHHe 

Jot : f 6"" 1 , ~ 2 , ••. 6o1n} ( n= fiiJ /8.36/ 

• .QJIH Ha6opa nepeMeHHb!X /8.35/, npHHaJVIeJKal!IHX O,QHO8 H TO8 lKe CTpoKe. 

CBepHeM pemeTKY B UHJIHH,Qp, Hanaran YCJIOBHe nepHO.QH'lHOCTH 

sn ... , = jt /8.37/ 

3HeprnH cnHHOB Ha O,QHO8 CTpoKe HMeeT BH;i:t 

1. n n 
£ ( S.c) = - -2" 2 6oCA ~A,-/ - B L 6"'/J , 

/J•I r r {3•/ 
H. 3Heprnn B3aHMo;i:te8CTBHH 'ABYX CTPOK 

£ ( .s"'. s.,c-) = -t f=, 6"'P o"':S (ol'=o(~ I). 

IlOJIHaH 3HepmH pemeTKH, HBJIHIOIJlaHCH CO6CTBeHHb!M 3Ha'leHHeM raMHJibTOHHaHa 
/8.1/, paBHa 

£({ 5"'1)=£ [E (S.t, ~"'.,,,)+ EC$"')] 
«•f /8.38/· 

npH'leM 

f S.d s: { S1 • S2 , ... Sn } ( N:: iJZ) 

.Onpe.QenHM 2
11

-MePHYJO KBa.QpaTHYJO MaTPHUY 

t_.°', • [ t ( ~-' ' S.c,)] s { ' /8.39/ 

COCTOHJltYJO K3 3JieMeHTOB 
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t (:f.c, Sot,)=exp{- ~ [~C.5.c,S.c,)+ErS"'>]]. /8.40/ 

3TO H eCTb TpaHc~ep-MaTPKUa MR .Q~YMepHoro CJIY'laH. B CHJIY O,QHHaKOBOCTH 

HHTeHCHBHOCTH B3aHMO;i:te8CTBHH /o Mel!C'AY mo6b1MH .QBYMH 6JIHJKa8WHMH coce

,QRMH MaTpKUa /8.39/ He saBHCHT OT HOMepoB coce;i:tl!HX CTPOK. 

CTaTHCTH'leCKyro CYMMy /8.3/ Tenepb MOlKHO nepenHCaTb TaK~ 

n "n " " 
Z:. L n t (S.,, 5.,(H )· Sp n tel.Hf= Sp t n. /8.41/ 

{~}~( "'~ 
AJIH Toro 'lTO6bl npHBeCTH TPaHC~ep-MaTpHUY K .QHaroHMbHOMy BH;i:tY, Ha,QO 

Ha8TH ee co6cTB eHHble s Ha'leHHH A IC H coticTBeHHble ~YHKUHH 

lf,c = [ <fKK" 1 ( K
1= f, 2,3, ... 2n), 

sa.QaBaeMble ypaBHeHHeM 

" t 'f1C = Ax 'PK (K .. f,2,3, ... 2"). 

Tor;i:ia CTaTCYMMcl /8,41/ CTaHOBHTCH 
zn 

Z=Ltin 
K•f IC 

paBHa 

/8.42/ 

no onpe.QeneHHro 

na ;[IOJllKHbl 6b1Tb 

TPaHc~ep-MaTpHzu;i /8.39/, /8.40/ BCe ee CO6CTBeHHble 'lHC

nOJIOlKHTe.JlbHbl. 015O3Ha'lHM HaH60JlbOOee H3 HHX 'lepes 

A a = max ( ~" J m X IC 
(;.K ~O). 

O'leBH;i:tHO, 'lTO ;[IJIH CTaTCYMMbl /8.42/ BepHbl HepaBeHCTBa 

~n ~ z ~ zn i\n 
maK max 

OTKY;i:ta 

1 tn).max 6jjtnz~J; (tn)imax+tn2 ). 

BCJie,QCTBHe CBO8CTBa ~THBHOCTH /cM. JieKUHID 2/ Ha;i:tO nOJiaraTb, 'lTO 

A max ,.,en, nosToMy 

lim j tn Amax > 0. n--TaKHM ol5pa3OM, MH Y;i:te.JibHO8 CBO6O;i:tHO8 9HepmH 6y;i:teM HMeTb 

- 8 f F=- nz ln Z::::: ,;fnAmax (n- 00
). 

/8.43/ 

3Ha'lHT, npo6JieMa CBO,llHTCH K OTblCKallHro MaKCHMaJibHOro Co6CTBeHHOro 

3HaYeHHH TPaHc~ep-MaTPHUH, -3TO 3Ha'leHKe OTBe'laeT TOMy no;i:inpOCTpaHCTBY 

nonHoro npOCTpaHCTBa CnHHOBblX KOH~HrypauH8 /CM. neKUHIO 4/, KOTopoe 

105 



'i ,,, 

,,:1 
:1! 

MHHHMH3HpyeT CBo60nHYJO 3Heprnro; TO eCTb MaKCHMaJibHoe C05CTBeHHOe 3Ha

qeHHe TPaHC$ep-MaTPHllN COOTBeTCTBYeT HCTHHHOMY BaKYYMY- OcTano!lbJe C05-

CTBeHH!,le,3HaqeHHR COOTBeTCTBYIOT MeTaCTa6HnbHHM HJm na6Hnh!lbJM BaKYYMaM. 

ToqHee roBopR, Hs-sa Z 2 , -cHMMeTPHH raMHnhTOHHaHa /8 .1/ HMeeTCR nBa , 

HCTHHHblx BaKYYMa If'+ H <,I_ _, KOTOpSM OTBeqaeT onHo H TO l!Ce An,a,c ,a 

B~Ollf.AeHHe, KaK 05liqHo, CHHMaeTCR c nOMOl!lbID KBasHycpenHeHHR /neKUHH 
4 H 5/. 

Hcnono30BaHHe MeTona TPaHC$ep-MaTPHI!,bl MR nByMepHon MOnen~ H3HH

ra c BsaHMonencTBHeM 6nHl!Can111Hx coc~en no.l!Po6Ho Hsnol!CeHo B KHHre XYaH

ra /
5
0/ ~ cnyqaR HYneBoro BHewHero nonn. PeweHHe MR MonenH H3HHra 

c noneM no cHx nap He HanneHo - HMeeTcR B BHny TOqHoe peweHHe. 

3aMeTHM, qTO MR $OpMynHpOBKH MeTona TpaHC$ep-MaTl)HUli nocTCTTQqHo, 

CBepHYTb peweTKY B UHnHHJ:IP, npHMeHRR rpaHHqHoe ycnoBHe /8.37/. Ho 06liq

HO, B uenRX Yn06CTBa Bli~cneHH8,nonyqeHHb!Il UHnHff'Ap CBOpa~BaIDT B Top, 

nPH6eraR K YCnOBHID nepHQ'AHqHOCTH Bnono KaJKnon H3 CTPOK 

5 - (5_ c1.n~, - o<f (ol= f,2,3, ... 2n)'_ 

B npHHUHne MeTon TpaHc$ep-MaTPHUli MOl!CeT 6liTb $OpManbHO nepeHeceH 

H Ha TpexMePHYIO Monenb H3HHra. OnHaKo HaXOJlf'AeHHe C05CTBeHHliX 3Haqe

Hun TPaHc$ep-MaTPHUli BCTpeqaeT HenpeononHMlie noxa cnol!CHocTH n<Uce B 
OTCYTCTBHe BHewHero MarHHTHoro nonR. 

neKUHJI 9. PEHOPMl'PYnnoaoa no.nxo~ 

Heo6xoauMo 6ttAo AeKapcmeo 

6ttcmpoe U CUAbltO Oeucmey~~ee. 

Han0Aeo11. "Jf36pa1111ue npouaeeae11u11.". 

B TOM CJlyqae, Karna Hae HHTepecyeT noBeneHHe CHCTeMli TDnbKO B5nH-

3H KPHTHqecxon ToqKH, MOl!CHO HcnonosoBaTo nonxon, onupaioauincR Ha nOHR

THe PeHOPManHsauHOHH08 rpynl'll,J. 3aMeTHM cpasy l!Ce, qTo CYD!eCTBYIOT nBa 

HeCKDnbKO OTnHqaIDIIIHXCR .i:ipyr OT .i:ipyra PeHOpMrpynnoB~X MeTona. 0,lUIH H3 

HHX 6lin pa3BHT B CBR3H c npo5neMaMH KBaHTOB08 TeOpHH nonR B pa5oTax 

renn-MaHHa, nay, Boronro5oBa H l!IKpxoBa 11681• A .npyron, CBRsaHUlin c 

HMeHaMH ~HWepa, BannoMa,, KanaHoBa H BHnhcOHa 116 • 171 , npHMeHReTcR B 

CTaTHCTHqecxon MexaHHxe. qT05li pasnuqaTo nBa YKasaHHWt BHna peHopM

rpynn, nepByro H3 HHX Ha3liBaIDT MR KPaTKOCTH noneBon,peHopMrpynnon, HnH 

PeHopMrpynnon Boromo5oBa-lIIHpKoBa, a BTopyro - CTaTHCTHqecKon peHOpM
rpynnon, HnH peHopMrpynnon Ka,uaHoBa-BHnocoHa. 
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ormweM CYTb CTaTHCTHqecxon peHopMrpynnli. ~OnYCTHM, CHCTeMa C ra

M»nhTOHHaHoM H xapaKTepH3yeTCR Ha6opoM HeKOTOpliX nepeMeHHliX 

<J = 61 • 52 , . . . 6n 

onpeneJmM 6espasMep!lbJn raMHnhTOHHaH 

H {6f a H/0. 

Terna CTaTHCTHqecKaR CYMMa npencTaBHMa B $0pMe 

Z = L exp (-H{crJ). 
(j 

Paso6beM Ha6op /9.1/ Ha nBa nonHa6opa: 

6 = { 51 , .1; j 
EcTeCTBeHHO, qTo npH 3TOM 

Z= Z: L exp(-H{50 s;}) 
51 -s; 

BBeneM HOBliB raMHnhTOHHaH H
1 
f J,} c .noMOll!hio COOTHOWeHHR 

exp (-H1{S1})= f. exp(-H{!1, s;}), 
1 

BcnencTBHe qero cTaTcyMMa /9.5/ paBHa 

Z = L exp ( - H, P,} ) . 
!, 

Tenepo Ha6op ! 
1 

paso6beM Ha nBa nonHa5opa: 

!f = f 12. • 5z' J 
3a.i:tanHM HOBliB 3$¢eKTHB!lbl8 raMHnbTOHHaH Hz lJz} paBeHCTBOM 

exp(-H2 {.1'2 })= 2 exp(-H1 {52 ,!;}).. 
!.' z 

B pesynbTaTe MR /9.7/ HMeeM 

Z = L exp (-H1 {!zJ). __ 
!, 

/9.1/ 

/9.2/ 

/9.3/ 

/9.4/ 

/9.5/ 

/9.6/ 

/9.7/ 

Ilpononl!CaJI nanee npouenypy nocnenoBaTeJibHoro pa35HeHHR nepeMeHHliX Ha 

nonHa5opli H cyMMHpoBaHHR no onHoMY H3 nonHa6opoB, Han - M ware nony

qffM 

Z = 2. exp (- Hn l .fn} ) , 
!n 

rne 3~¢eKTHBllbl8 raMHnbTOHHaH 

Hn Pn J =-tn ~ exp (-Hn-t {.fn, !~ J). 

CooTHOWeHHR THna /9.6/ H /9.9/ Ha3liBaIDTCJI peKyppeHTH!,IMH. 
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,, 
I ;,j, 

''I 

MOllCHO onpeJ:lemtTb onepaTop R [ ;f,; l , .nettcTBYIOIIIHlt Ha cl>YHKUHH IIITpH
xoBaHHl,IX nepeMeHlll,IX 

no 3aKoHy 

Cf' = Y' p,;, , . . . ;f,; . . .. J 

R [ i;,,]'f a - fn L e_.,. 
-s;,, /9.10/ 

OnepaTop J:IBOltHoro npeo6pa3oBaHHH 

BOM 
R c1;,, .. !~ J onpe.[leJIHeTCH paBeHCT-

, I • -'I' 
Rum .. Jn 1 'f' = -en l:. E e . 

1:,, ,:, /9.11/ 

A TOl!CJ:leCTBeHHoe npeo6pa30BaHae 3a.[laeTcH Blllpal!CeHHeM 

R[Olsl. /9.12/ 

CornacHo onpe.r1eneHHHM /9.10/ H /9.11/ BI,JnonHmoTcH cne.znnollUle 
CBOltCTBa: 

R Ci,;,+!:]= R u;,,JR CJ~ l = R [!~JR [;f~ J • 
. /9.13/ 

Cne.r10BaTenbHO, MHOl!CeCTBO onepaTOPOB R [!~] COCTaBnHeT KOMMyTaTHBHYID 

nonyrpynny, HMeHHO nonyrpynny, a He rpynny, nocKonbKy o6paTHoe npeo6-

pa3o~aHae He onpe.r1eneHo. YKa3aHH1,1e onepaTopH fiO3B0nHIDT nepenacaTb pe~. 

KyppeHTHl,le COOTHOWeHHH THna /9.6/ B BH.[le 

H, f :1, J = Ru; 1 H l O I , 

Hz PzJ=RB;JH,{!,} = R[5~] RlJ;JH {6J 

H TaK .r1anee, a o6wee COOTHOWeHae /9.9/ nepenHCliBaeTCH 
B cl>opMe 

Hn P'n }=RU;JRC:1~., J... RU,'J H {oJ. 
/9.14/ 

3c!>c!>eKTHBHHe raMHnbTOHHaHH /9.14/ Ha3HBaIDTCH peHOPMHP0BaHHHMH raMHnb

TOHHaHaMH, a nonyrpynna a6eneBHX npeo6pa3oBaHHlt R [ :! ; ] - sTo H ecTb 

To, 'lTO Ha3HBaIDT CTaTHCTH'leCKOlt peHOPManH3~HOHHOlt rpynnoa.' 

IlOCMOTPHM, BO 'lTO npeo6pa3yeTCH peKyppeHTHOe COOTHOWeHHe /~.14/, 
TO eCTb 

Hn { :!11J = R [.f~J Hn-1 f :fn-f J /9.15/ 
r.r1e 

n~t, H0 [ :f0 J = Hf 6J , 
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npH CTpeM1IeHHH HOMepa n K 6eCKOHe'lHOCTH. Il;;>e.[IIlOnOllCHM, 'lTO cywecT

ByIDT npe.r1enH 

H= tim Hn f 511 f n-oo • R=tim Rf ;1;1. n--
Tor.r1a npa n - - /9.15/ nepeXOAHT B 

H= Rfi ~ /9.16/ 

OTCIDAa c Y'leTOM /9.12/ cne,riyeT 

R= ,~R[OJ /9.17/ 

B CBOID oqepe.[lb,STO O3Ha'laeT, 'lTO 

s -a 11 - (n---). /9.18/ 

TepMOAffHaMH'leCKHe CBOltCTBa CHCTeMbl MOllCHO xapaKTepH3OBaTb BBe.[leH

HOlt B JleKUHH 8 cl>YH~Helt MacaI,e 

H3 /9.3/ H /9.10/ BH.[IHO, 'lTO 

! ~ .Len Z 
N 

(N--oo). 

I=; tn f exp(-H(o})~--/i-Rfo]H{GJ. 

BcneACTBHe /9.7/ 

I=- i R l!d H, U11 
HaKOHeu, cornacHo /9.8/ 

f = - j_ R [ :!n 1 H n f '1n J 
N 

B 'laCTHOCTH, fiPH fl - oo BMeCTO /9.20/ HMeeM 

f ~ !=--H 
N 

/9.19/ 

/9.20/ 

TaKHM o6pa3OM, ecna .[lnH KaKolt-TO KOHK~eTHOlt CHCTeMbl Mb! CYMeJIH 6H 6ec-

KOHe'lHOe 'lHCno pa3 nepeHOPMHPOBaTb raMHnbTOHHaH, STO 6HJIO.6H paBHO3Ha'l

HO TO'lHOMY BH'lHCJleHHID TepMOAHHaMH'leCKoro noTeHUH_ana. Ho, ecTeCTBeHHO, 

TaKym npoue.r1ypy y.r1aeTCH OCYWeCTBHTb nHWb .[lnH O'leHb He6onbWOro 'lHcna 

CHCTeM, HanpHMep, .[lnH O.[IHOMePHOlt MOJ:leJIH H3HHra, .[lnH KOTOpoa 'lYTb HHl!Ce 

?.ti STO H C.[leJiaeM. ]:tnH 6onblllHHCTBa l!Ce CHCTeM ?.ti B COCTOHHHH BHnonHHTb 

TanbKO HeCKOnbKO waroB npH peHOPMHPOBKe raMHnbTOHHaHa, Ha.[leHCb, ~= 
SToro .[IOCTaTO'lHO .[lnH nonyqeHHH pa3yMHOro npH6nHl!CeHHH: 

! c:: f n = - .!... Hn· f O } 
N 

(n>I). /9.21/ 

MH OnHCanH celt'lac O6IIIYID CTPYKTYPY CTaTHCTH'leCKoro •peHOpMrpynno~ 

Boro no.r1xo.r1a. B npHJIOl!CeHHHX Hcnonb3YfilT ero qacTHHlt BapaaHT, K KOTo

POMY Mb! H nepelt.[leM. 
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I 

.~?-=~ 

~onyCTHM, rar.runoTOHHaH CHCTeMl,J COAePJKHT HeKHfi Haoop napaMeTpoa 

G , KOTOpNe MOJKHO ycnoBHo Ha3BaT& KOHCTaHTaMH CBfl3H: 

H {er J = H [o; 6 J , 
Ilpe~onOJKHM, qTO npH IlPOBeAeHHH PeHOPMMH3clnHOHHNx npeo5pa3oBaHH8 no 

yKa3aHHoa paHee cxeMe BNnonHRIOTCfl cne~e ycnoBHR. 

1/ B pe3Yn&TaTe KiilKJ'loro wara nepeHopMHpOBKH ¢OPMa raMHnbTOHHaHa 
He MeHfleTcf!, HO nepeHOPMlfPYIOTCfl KOHCTaHm CBfl3H: 

Hn {!nJ =Hn [Sn; Gj 

H n { Jn ; 6 J = H { Jn ; 6n J , 
Gn=Gn(G) (jo = 6 /9.22/ 

TaK qTo peKYPPeHTHOe COOTHOWeHHe /9.15/ IlPHHHMae'l' BHA 

/9.23/ Hf!n; fin J = Rl!; 1 H fJn-,; 6n-, J · 
2/ PeKyppeHTHNe COOTH0meHHfl Anfl raMHnbTOHHaHa 3KBHBaneHTHN CY!IleCT

BOBaHHIO PeKyppeHTHNX COOTHOWeHH8 J1.T1R KOHCTaHT CBfl3H: 

n 
Gn (G J = Rn 611., (6) = _n R; 6. 

/9.24/ l=f 
3/ Cpe.lll! MHOJKeCTBa napaMeTpOB G HMelOTCfl TaKHe, KOTOPNe npH KO

HeqHOM n >> I YAOBneTBopmoT YPaBHeHHIO 

611 (6*) = {;* . /9.25/ 

PeweHHfl 3Toro ypaaHeHHfl Ha3NBalOTCf! HenOABHJKHhlMH,· HJIR ¢HKCHpoBaHHNMH, 

ToqKaMH. HenoABHJKHaf! TOqKa G,. MOJKeT 5NTb TPHBHaJI&Hoa, ecn0 OH a .cooT

BeTcTBYeT 5eCKOHeqHo8 TeMnepaType,H HeTpHBHanoH08, KOrAa OHa OTBeqaeT 

KPHTHqecKo8 TOqKe CHCTeM,J, rAe npoHCXOAHT ¢a30BN8 nepexoA. HeTPHBHanb

Haf! HenoABHJKHaf! TOqKa G,. HAeHTH¢HllHPYeTCfl c KPHTHqecKo8 TQqKo8 CHC

Te- Ha OCHOBaHHH npeAnonoJKeHHfl O npeBanHpYJOwea PDnH KpynHoMaCWTaoHNx 

¢nyKTYauH8 B5nH3H nocneAHe8. ilOAp05HNe ¢H3HqeCKHe n~cTaBneHHfl no 

3TOMY nOBOAY DNJIH HeOAHOKPaTHO HanoJKeHN B paanHqHl,!X paooTax 114- 191_ 
3Aec& JKe m cocpeAOTQqHM Hawe BHHMaHHe Ha MaTeMaTHqeCKHX acneKTax Me-. 
TOAa peHOPMrpynON. 

BapbHPYfl KOHCTaHTN CBfl3H 

OG= G-G* 

H nHHeapH3Yfl PeKYPPeHTHNe COOTHOWeHHfl /9.24/ 
/9.~6/ 

Bn (6) = Gn (6*)+ i}:~(:*} O{l 
/9.27/ 

MOJKHo nonyqHTb nPHonHJKeHHOe BNJ>aJKeHHe MR TepMOAffHaMHqecKoro noTeHl.lHa

na /9.21/, KOTOPW! BD.IIR3H KPHTHqeCK08 TQqKH HMeeT BHA 
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In :,: In (G*)• tfJ',, 

l o!n =- N 
tf H (O~lin(lr*Jl 

iGn(t;*) 

(6-G"J. 

t1 Gn ([;*J tf6·. 
a G* 

/9-.28/ 

.IlH¢¢epeHIUIPY.ll /9.28/, MOJKHO onpeAeJJHTb KpHTJlqecKoe noBenellJfe TepMO.ztn-

Ha)llfqecKHX BeJ?HqHH. 

DpH- npHoJDIJKeHHH TeMltepaTypN 8 K KpHTH'lecKo8 TO'lKe Be 
BBeCTH OTHOCHTenbHOe TeMltepaTypHoe OTlUIOHeHHe 

't = ( 8 - Be ) / Be 

YAOtiHO 

/9.29/ 

TepMO,!tHHaMf!qecKHe ¢YHKl.lHH B0nH3H 0c IJPHHflTO xapaKTepH30BaTb KpHTH

qecKHMH HUAeKcaMH/t3 •-1691, onpenemi:eMblMH KaK cTenemlble noKaaaTemt B 

C1teJU'IOOIHX llbJPaJKeHH.flX nmi: TennoeMKOC'nl : 

C
8 
~ .-.[<- r )-"' 

-r •o( 

HaMarHH'leHHOC-TH: 

m~ f c-rJl1' 
't fJ 

BOCnpHHM'lHBOC'nl: 

{ 
(- rrt' 

t~ 7: - t -

t B< Be 

8 > Be 

8<Sc 

9 >Be 

8< 9c. 

a > El: 
CBfl3H MaruHTHoro nOJJfl C HaMarHH'leHHOCTblO; 

B~ mi 0 = Sc.· 

Koppenfll.lHOHH08 WJHHN: 

--1' 
t-....,f(-T) 
s "l - 'I 

H llll.fl KoppenRl.lHOHH08 ¢YHl<llHH: 

9.:ec 

8 > Ge 

K 
-(d-2+~) 

·, ,u 'l·· 
' 'I 

rAe d - paaMepnocTb _npoCTpaHCTBa. 

a = Be 

/9.30/ 

/9.311 

/9.32/ 

/9.33/ 

/9.34/ 

/9.35/ 

H3 acHMnTOTHK /9.30/-/9.35/ O'leBHAHO, qTO H3MeHeHHe MaCll!TaOa ap

ryMeHTa BeAeT K COOTBeTCTBYJO!l!eMY H3MeueHH~ Macun-aoa ¢yHJ<llH8, HanJ)HMep, 

3aMeHf!H T ua j. T , ·.wrn TennoeMKOCTH nonyqHM 
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CB --c { A-cl' 
B }. •.t 

9<0c 

0 > Be 
(T-i\T) 

AHanOrHqHo H MH ~YrHx TePMOJ:tHHaMHqeCKHX BenHqHH, HBnHIO!IIHXCH B KpH
THqecKoa o6nacTH 0,I1HOpO,qm,JMH ¢YHKUHHMH 

O,q~opo,qHOCTb HOCHT Ha3BaHHe CKeMHHra. 

qTO Bbmonm110TCH cne~IO!IIHe CKe8JIHHr0Bble 

CX = c( '• /3 : _f3 I I J':, J' •, 

CBOHX apryMeHTOB. YKa3aHHaR 

KpoMe Toro, 06blqHo cqHTalOT; 
~ 

COOTHOWeHHH: 

v = ,;' 
/9.36/ 

a TaKJ1Ce 

o{ ♦ 213 + i = 2 

i = /3 ro -, > , 

c1..+p'rtf+tJ=2, 

'/= (2-j)v,, cl+ vd_= 2. /9.37/ 

B 3THX IUl:TH COOTHoweHHHX qen,ipe He3aBHCHM,Jx. Cne,qoBaTenbHO, H3 WeCTH 

l<PHTHqecKHX HH,qeKcoB .cl fJ " b y I, TOnbKO ,QB~ Hesa~HCHMb!. -~cTanbm,Je -, I 6 J J If 
MoryT 6b1Tb Bblpal!Cem,J qepe3 HHX. 

KpHTHqeCKH8 HH,QeKc, OTHOCf!DIH8CH 

B~HqHHej(G), MOl!CeT 6b1Tb 

30BaHHS 3T08 BenHqffffbl npH 

K HeKOTOpoa TePMOJ:tHHaMHqecKoa 

TaKJ1Ce Ha8,qeH, ecnH HseecTeH saKoH npeo6pa

peHopMrpynnoBoa npoue,qype. HanpHMep, ecnH 

TO 

~ '°"- [ dGn{G*)r'f 
f(li) aG* (6-6*). 

If= fn V(G") 
3n(6") / fn 

il6nf6*) 
a G* /9.38/ 

Opa H3yqeHHH KPHTHqeCKHX HBneHH8 qacTo 
anennHPYIOT K rHnOTese YHH

qHcneHHble 3HaqeHHff KPHTHqE!CKHX HH,I1eK-
eepcanbHOCTH; cornacHo KOTopoa 
COB He 

3aBHCRT OT KOHKpeTHblX CB08CTB CHCTeM, OPHHaMel!Ca!IUIX K 0,QHOMy 

Knaccy YHHBepcanbHOCTH. HHor,qa TaKoe IlPH6nHJICeHHOe COBila,I1eHHe COOTBeTCT

BYIOIX!HX KPHTHqeCKHX HH,I1eKCOB ,I1nff paSH!iX .Be!lleCTB ,Qe8CTBHTenbHO HMeeT 

MeCTO. 0,QHaKo BO MHOrnx cnyqa11x Be~eCTBa, OOHC!iBaeM,Je Mo,qen11MH 0,QHoro 

H Toro J!Ce Knacca YHHBepcanbHOCTH, ,I1eMOHCTPHPYIOT Ha OO!iTe ,I10BOnbHO pa3-

nHqHoe KPHTHqecKoe OOB~,QeHHe 
11101. CYI!leCTBYIOT H TOqHO pewaeM!ie MO,QenH, 

B KOTOPblX KPHTHqeCKHe HH,QeKCbl HenpePblBHO MeHfflOTCff B ,I10CTaToqao WHPOKOM 

. /171/ HHTepBane 3HaqeHH8 B 3aBHCHMOCTH OT BH,Qa Mel!CY3enbHOro B3aHMO,I1e8CTBHR • 

0TMeTHM e!lle 0J:1HY Cepbe3HYIO npo6neMy, .. CBff3aHHYIQ c npeo6pasoeaHHffMH 

peHOpMrpynn1,1 - 3TO TO, qTo HeT HHKaKoa rapaHTHH OTHOCHTenbHO CYI!leCT

BOBaHHff ~HKCHPOBaHHblX ToqeK. OpOCTOe IlPH6nHJICeHHe K npeo6pasoBaHHIO MO-

112' 

;1 

Ii 

ii 
!: 
V 

:1 

Jl(eT OWH6QqHO ,qaBaTb ¢HKCHPOBaHHyIO TOqKy, Korna ee HeT B TOqHoM npeo6-

pa3oBaHHH 11721• 

B oTnHqHe OT cTaTHCTHqecKoa peHOPMI'PYililbl noneBan peHopMrpynna 

o6HqHQ ¢OPMYJIHPYeTCH c noMoau,IO ,JJ,H,:,¢epeauHanbm,JX ypaBHeHH8. ;npyrHM Bal!C

}lblM oTnHqHeM cnyl!CHT TO, qTo oHa RBJIReTCR nonH08 rpynnoa, a He nony

rpynnoa,KaK cTaTHCTHqeCKaa peHopMrpynna. ~H¢¢epeauHanam,Je HJIH ¢yHK

UHOHanbHble rpyrmoBble ypaBHeHHH MOJICHO C¢0PMYnHpOBaTb,HCXO,I1H,HanpHMep, fl3 

ypaBHeHH8 ,I1BHJICeHHR MR ¢YHKUH8 rpaHa unH·KoppenHUHOHHblX ¢YHKUH8.0,qHaKO, 

ecnH B,QYMaTbCR, TO MOJICHO 3aMeTHTb, qTo ~YHICUHOHam.HaH HTepauHR mo6oro 

HenHHe8Horo ypaeHeHHR ,qaeT nocne,qoBaTenbHOCTb cooTHO!JleHHa, aHanoruqm,Jx 

peKyppeHTHblM. A MHOJICeCTBO peKyppeHTHlc,JX npeo6pas6eaHH8 oqeHb qaCTO OKa-

3!iBaeTCR 3KBHBaneHTHblM peHopMrpynne. OpH HTepauHH ypaBHeHH8 ,I1BHJ1Ce-

HHff Heno,QBHJICHYIO TOqKy, 06na,qa10~10 CB08CTBOM yCT08qHBOCTH, HaablBaJOT 

aTTpaKTOPOM 11731 

Ceaqac M,t cxeMaTHqeCKH OOHCHHM, KaK Ha OCHOBaHHH peKyppeHTHblX 

COOTHOWeHH8 ,I1nff KOHCTawr CBHSH MOJICHO nonyqHTb J:tH4>¢epeHUHanbHoe ypaB

HeHHe noneB08 peaopMrpynilbl. Ope,qnonOlKHM, qTo cnpaBe,I1JIHB!i peKyppeHTHble 

COOTHOWeHHR THna /9.24/. OT J:tl{CKPeTHDrO HH,I1eKca 0,1,2; •• nepeR,iteM 

K HenpepblBH08 nepeMeHH08 JC ( n} , TaKoa, qTo 

X(O),.f, X (oo)=X<oo 

no,qcTaen11n ~YHKUHIO n(X) , o6paTHYIO K :X (n} B Gn (6) , 6y,qeM HMen, 

6 (:X:., G) = 6ntxJ (G) 
TaK KaK, cornac.Ho /9. 22/, G

0 
(r;) = G , TO 

G(IG)=G-. . 

/9.39/ 

OyCTb ¢yHKUHR JC(n) TaKaH, qTO peKyppeHTHOe COOTHO!JleHHe /9.24/ y,qaeT

CR sanHcaTb B ~opMe ¢YHKUHOHanbHOrO ypaBHeHHff 

G (>.:x:,6) =G(:x:;ifcA;u)). /9.40/ 

YpaBHeHHe /9.40/ HMeeT MeCTO B KBaHTOB08 TeOpHH nonn ,wm HHBapHaHTHblX_ 

sapa,qoB; OHO TaK~e cnpaee,wraBo ,qng 111Hp0Koro Knacca ~ymx ¢H3HqecKHx 

CHCTeM, o6n~Aa!OOUIX CB08CTBOM ~YHKUHOHanbH08 aBTOMO,Qenb,IOCTH 11741_ 
EcnH ypaBHeBHe /9.40/ HeBepHO B CTPOrOM CM!icne, TO Hecno~BO 3aMeTHTb, 

qTo OHO BCer,qa cnpaBeJ1,11HBO KaK aCHMfiTOTHqecKoe paBeHCTBO npa ~-1 H 

BCex .x 11nH npa ~ - 1 H ecex i . 
~4>¢epeHUHPYR /9. 40/ no % H nepexoJ:1H K npe,qenaM X - f , A -,:,e , 

nonyqaeM 

r,qe 

iJ G(:r, G) 
iJ ln X 

=/J (if(:,c,GJ), /9.41/ 
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j\ 
,, 

[ o§.rx.G> J 
ox x=t 

/HG): /9.42/ 

npencTaBJUieT coooa ¢YH~mo renn-MaHHa-noy 11681 YpaBHeHHe /9.41/ H 

JIBJ!lleTCJI HCKOMclM nH¢¢epeHuilan&HblM ypaBHeHHeM noneB08 peHopMrpynllbl. 

Ero HHTerpHpoBaHHe naeT 

6 

J 
G 

..!!.L = ln x 
/Hj) 

/9.43/ 

HenonBHlKHble TO'l:KH onpenenJIIOTCJI, aHanorH'l:HO /9 •. 25/, paBeHCTBOM 

G (:x:, G*) = G*, /9.44/ 

OTKyna, B COOTBeTCTBHH c /9.42/, CJie~eT, 'l:TO ¢YHKUHJI renn-MaHHa-noy 

B HenonBHlKH08 TO'l:Ke o6pcllllaeTCJI B HOJih: 

f3(6*)=0. /9.45/ 

IlpH HenocpencTBeHHo8 peaJIH3auHH peHopMrpynnoBoro nowcona MOlKHO 

pa6oTaTh KaK B HMnyJibCHOM, TaK H B llP/IMOM KOOp~HaTHOM npocTPaHCTBe •.. 

B llOCJI~HeM CJiy'l:ae MeTon BblrJIHnHT 6onee npo3pa'l:Hb1M 11751 • Il03TOMY HHlKe 

M>I npOHJIJIIOCTpHpyeM ero Ha npHMepe peweTO'l:H08 CHCTeM>I B peaJihHOM npocT

paHCTBe. 

IlYCTh HMeeTCJI peweTKa H3 I{ Y3JIOB .C paccTOHHHeM "a" Me~y 6JIH-. . 

JKafiwHMII y3naMH. non o, / i = 1, 2, •• ·• N I B ¢opt.'1yne /9. 1/ 6yneM HMeT& B 

BHnY HeKOTOPYIO nepeMeHHYIO, CBH3aHHYIO Ci - M Y3JIOM. nocTeneHHOe OTCyM

MffPOBaHHe qacTH nepeMeHHblX llPH Bbl'l:HCJieHHH CTaTCYMMbl, KaK 3TO onHcaHo B 

Ha'l:ane naHH08 ne~HH, o3Ha'l:aeT, 'l:TO Mel nocnenoBaTeJihHO nepexo~M OT 

peweTKH c paCCTOJIHlleM Me~y 6JIHlKafiwllMH coCenJJMH, paBHblM "a", K YKPYllHeH

H08 peweTKe c MeJKy3en&HblM pa-ccTOJIHHeM "n a". nono6Hbl8 nepexon Ha ¢if'311-

'l:ecKoM JKaproHe Ha3b1BaeTca neUHMauHOHH08 npouenypoa. ITpoHcxOJKneH11e cnoBa 

neu11MaullJ1 CBH3aHO C HaKa3aH11eM JierH_OHOB B .nt,eBHeM P,~Me, npoHBHBWHX TPY

COCTh B 6010. Torna non ncUHMauHe8 llOHIIMaJIOCh YMePl!lBJieHHe Ka~oro neca

TOro nerHoHepa. 9 HaweM cnyqae neUHMauHa - 3TO OTCYMMHPOBaHHe 'l:aCTH 

nepeMeHHblX. CBa3aHHOe C 3THM YKPYITHeHHe peweTKH H3o6paJKeHo Ha p11c. 37. 

CJienyeT TaKlKe BCITOMHHTh, 'l:TO neu11MauHOHHaJ1 npouenypa nJUI peweTO'l:HblX 

CHCTeM HMena CBOe8 npenwecTBeHHlluen npaKTH'l:eCKH 11neHTll'l:HYIO ea HTepauHoH

HYIO TpaHc¢opMauH10 neKOPHPOBaHHblX peweTOK 11761 • 
PaCCMOTPIIM CHOBa Hawy JII0611Ml'IO Monen& H3HHra C ral!HJlhTOHHaHoM 

N I z z H = - u - - I 'l; es. 6. , 
2 2 <ij> 0 

' J 
/9.46/ 

114 

B KOT0Pb18 
Mil BKJIIO'l:HJIH 06blKHOBeHHO Bbl6paCb1BaeMOe noCTOHHHOe cnaraeMoe 

f U , 'l:T06U noCMOTPeTh, KaK 
OHO npeo6pa3yeTcJ1 B pe3YJI&TaTe neacT-

BHJI peHopMrpynnoBblX onepauHn. BB~eM 

u 
w a Z/3 ' 

'lo 9e ZB 

6e3pa3MepHble BeJIH'l:IIHbl 

/9.47/ 

B CJIY'l:ae onHoMepH08 uenO'l:KH co6CTBeHHble 3Ha'l:eHHH raMHJihTOHHaHa /9.46/ 

HMelOT BHn 
N 

£ = .L Eu+, 1 

rne HanoJKeHbl 

L= f 
nepHO~'l:eCKHe rpaHH'l:Hble ycnOBHJI /cM. ne~HIO 8/, npH'l:eM 

£ ii = 8 Cw - J 5 , 6i ) (6l = t: I) . 

CTaTHCTH'l:eCKall cyMMa np~cTaBKMa B ¢opMe 

B KOTOpoa 

Z = ~ exp (-H fo}) 
6 

(o= {od), 

N N 

HfG}= L (w-od,6;.,>= r H,, 
j:( d i=f LL+( 

CJI~Yll /9. 4 /, pa306&eM Ha6op nepeMeHHblX G , 
TaK 'l:TO jf conepl!CHT BCe He'l:eTHble, a 11. 

Ha nBa no,11Ha6opa J, 
BCe qeTHble CllHHbl: 

!, =- { 62 i ! , \ 1; = {6zd ( i = '· 2, . . . N / 2) • 

I 
OnpenenHM H 

13 
c n0Mo111&10 cooTHOWeHHH 

exp(-H;
3

)= L exp(-H12 -Hz3) 
rs, 

HcnoJih3YH paBeHCTBO 
-w . 

exp (-Hi/)= e Ch/ (f+6,5i fhj), 

Haxo~M H;
3 

= Wz - !z <JJ rs, 5
3 

/9.48/ 

/9.49/ 

H j: , 

r.11e peHOPMffPOBaHHble KOHCTaHTbl c.,Jz II fz •.onpe,11enJ110TCJI B pe3YJI&TaTe 

CYMMHPOBaHHJI f exp (-H,
2
-H23 )• 2(e-wchgt (f+<5,<S3 thj) 

z 
H npe,IICTaBJieHHJI 

•Wz [ 1 exp(-H;3)=e Chjz(!) ,.,.6,63th9z(J) I 

'l:TO ,11aeT 
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,, 
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GcJ2 "' 2c.v- ln2-2tn cl,! 1-ln Chjz (p) 

fz fj) = a1c th (th'j}. /9.50/ 

B xaqecTse peHopMHpoBaHHoro rru.ian&TOHHaHa, sa.xiasaeMoro toPMynoa /9.6/ 
H OTBeqaJOl!leronenoqxe c YABoeHHb!M nepHOAoM, nonyqaeM 

H, {!,l = H,~ .,.'¼~.,. H1~ .,.H;9 + · · · 
NIZ 

= ~ f wz -9z<JJ 6zi-1 5zi ♦ tl. 

HI • .,. l(f 

/9.51/ ,=t . 
ITpeoCSpasoBaHHe raMHn&TOHHaHa IIPH YKPYJJHemm Peill8TICU HaSblBIUOT npeoCSpa

SOBaHHeM K~aHosa. PeXYPP8HTHl,le COOTHOl!IeHHR /9.50/ nepemrCfilBalOTCR SHa-
WTen&ao °"o~e, ec.mr Hcnon&sosaT& oCSos9aqeHHx 

v .. e·"' ch9, t: th/ , /9.52/ 
a Taxlke 

·Cl.In . 
Un(U)s e ch9nf/J, tn(t)e thjn<p). 

TOrAa /9.50/ 3XBHBan8HTHO 
/9.53/ 

. Uz (VJ• 2u1
, t, (t) = t'. 

ITp~O/Il!:ax cnw:1osaT& cxeMe /9.6/-/9.8/, nepea:AeM x PElllleTxe c paccToR

HHeM Mex,tty CSJIKlKaltnnt:MH COC~MH, PaBRblM 4a. TorAa P8HOpMKposxa raMHJI&
TOHHaHa /9.51/ AaeT 

Hz fiz J "' H,; .,. H:S + • • • 

rAe H.~ HMeJOT TY lKe CTPYXTypy, qTo H JI,. . H H ~. , Ho c nepeHOPMH-,, I 'I . 
posaHl!blMH xoHcTaHTaMH "'v H fv ff), YAOB{IeTBOPRICIIUIMH pexyppeHTHblM COOT-
HCXIl8HHRM 

Z · J V llv ( U) • 2 Vz ( V ) = 2 1J , 

l V tv (t)"' t,_(t) = t . 

EDle pas YABaJfllaJI' nepHoA,.: Tax qTO MeJkYSeJl!,HOe PaCCTOHHHe CTaHOBHTCR 

pas1WM Sa, nonyqaeM TP~ nepeHopMHposaHHbl8 raMHn&ToHHaH 

HJ {IJ} = H~ + 

XOHCTaHTbl XOTOporo CBRSam,r pexyppeHTmiMH COOTHOIU8HHJIMI{ 

l/8 ( V) = 2 
7 u 8 , t, (t) = t'. 

ITpeJ?eCTb 0AHOM8);1H08 nenoqxK ll.SHHra COCTOHT B TOM, qTo OHa noSBO.lllJ.eT 

Bblll8CTH. pexyppeHTm.Ie COOTHO!IleHHH ,ItllH XOHCTaHT raMHn&TOHHaHa B cnyqae 
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nPOHSBon&Horo n - ro wara nepeHOPMHPOBoqHoR npoue,IWPN: 

U (U} = zn•'u" t (t) = t:n n , n , 

HnH, qTo Jl'A8HTHqHo, 

wn = nw-(n-t > en2-ntn chf + ln chpn <j), 

in <J} = a-ic ih (thnf.). 

CTaTHCTHqeCXaR cyMMa /9 • 8/ COA8PlltHT 2 ( N /z n) cnaraeMJX, 

peHOpMHpoBaHHbl8 raMHn&TOHHaH /9.9/ npeACTaBHM PRAOM 

H { S }- rn) + tnl · + 
n n - H, 2,,.,, H2n.,1 2 n .. ,+ I · · · 

HS N /2" qneHoB, HMeiom.HX BH.tl 

tn} (j (j H. . ... Wzn - !zn (J) i i ,, . 

/9.54/ 

/9.55/ 

a n pas 

/9.56/ 

/9.57/ 

O6p,isax nepeHoPMHPOBoqHyJO npoue.t1YPY Han - M ware, nOJiyqaeM B cooTBeT

CTBHH c /9.21/ npH6nH~eHHOe :BblPalkeHHe ,ll.lllJ tYHKUHH Macc&e: 

!, =· CJ) /zn n . zn ( 2n ~JI) . /9.58/ 

MaXCHMan&HO BOSMOlkHbtll: war nepeHOpMHpOBXH n Taxos, qTo 2n=N 

YqHTblBaH, qTO N >> f , HMeeM 
{ 

Jet - c.v + tn (2chp )- N tn ChjN (p ). /9.59/ 

PexyppeHTHOe COOTHOllleHHe ,J:V1lI i11 <j) · IlPH N- -
THXH 

, scne,llCTBHe acHMIITO-

0 ,9~-
thN<p}~ L-zNe•Zj ,9-co ~ \,' ' 

H TOJK,ll8CTBa 

a-icih 9 e i tn !.!i 
2 f-j 

npHHHMaeT c!>OPMY 

jN(j)~ {; 
, ! < 00 ,--

A Tax xax npH STOM 

{
o I 

.i en ch 911 (9J ~ i 
N N 
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/9.60/ 



'. 
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1 

1·1 

; 1· 

TO M,Z yOelll'.,tl~eMcn, qTo /9.59/ rtpH moowc KOHeqHwc / c ToqHOCTbro Ao 

nocTORHHoro cnaraeMoro W cosnaAaeT c ~YH~Hett Maccbe, nonyqeHHott B 

neKIUfH 8 c noMO~bro MeTOAa TPaHc~eP-MaTPHUbl. 

0TbUlleM Tenepb HenoABH~HHe TOqKH npeo6pa30BaHH8 /9.54/, /9.55/. 
9TH TOqKH, B COOTBeTCTBHH c /9.25/, onpeAenRmTCR ypasHeHHRMH 

t n ( t '') = t ~ Un ( U *) = U It , 
/9.61/ 

lUIH 

in <p*) = j*, wn (w*, j~) = Cu*. /9.62/ 

IlOACTaBnRR B /9.61/ RB!lbl8 BHA /9.54/, HMeeM 

f*= (t*)n u*=2""'(11*)n 

OTKYAa 

t*= o; I, U*=o. 

CneAoBaTenbHO, HenoABH~Hb!MH TOqKaMH MR npeoOpa3oBaHH8 /9.55/ =~aT 

o*,.o·oo 

/9.63/ 

If I I w"'=- /9.64/ 

PeweHHe f*•O OTHOCHTCR K TPHBHanbH08 Bb!COKOTeMnepaTypHo8 ~HKCHPOBaH

H08 TOqKe. IlpHHHMan BO BHHMaHHe 0603HaqeHHe /9.47/, BH,IViM, qTo eAHHCT

BeHHaR TeMnepazypHaR HenOABH~HaR TOqKa, YAOBneTBOPRlallaR /9.64/, COBna

AaeT C KPHTHqecKo8 ToqKoR 0AHOMepHo8 MOAenH H3HHra: 

e* = Be = 0. /9.65/ 

OcTaHoBHMCR Ha npeoopa3oBaHHH KoppenRIUIOHH08 AnHHH np'H YBenHqeHHH 
M-Y3enbHOro paccTORHHR B fl pa3: 

fn<tJ=trt)/n 
KpoMe Toro,nono~HM, qTO B0nH3H HeTPHBHanbH08 HenOABH~H08 TOqKH 

CrtpaBe'AnHBO CKe8nHHrosoe COOTHOWeHHe 

TorAa 

r <t) ~ <an-~ (t-t*=f) 

fn(t} 

JctJ = [ tltn(t*)J-Y (t-t*). 
tlt* 

A TaK KaK, cornacHo /9.54/, 
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/9.66/ 

/9.67/ 

*) * n•I tlfn(t = n (t ) = n 
tlt* rt·= n , 

TO KpHTHqecKH8 HHAeKC KOppen,mHOHH08 ,nTIHHH, BNqHcnffeM,Z8 aHanornqHo 

/9.38/, paseH 

Y = ln n / tn n = I . /9.68/ 

HenOABH~HaH TOqKa t "= I OTBeqaeT e• = 0 I nooTOMY 

-"f f * . - -ZJ u = -t = fhj - I~ e 

0TKYAa cneAyeT, qTO rtpH 0-o KOppen.llUHOHHaR ,nnHHa 9KCnOHeHUHanbHO 

pacxO,!ViTCR, 

f ~ e 2
I r1-oo), 

qTo cornacyeTCR c pe3ynbTaTOM ne~HH 8. Ha OCHOBaHHH peKyppeHTHoro 

COOTHOllleHHR /9.66/ MO~HO O~o 6N HanucaTb 11111 H ,!Vi~~epeHUHanbHOe 

ypaBHeHHe THna /9.41/. 

Pa306paHHH8 rtpH~ep OAHOMepH08 MOAenH H3HHra C 6nu~a8WHMH COCeAH

MH n03BOnReT nOCTPOHTb rpynny peHOPMHPOBOqllblx npeo6pa30BaHH8, coxpaHR

~~ ~OPMY raMHnbTOHHaHa. 0AHaKO nOA06HaR CHTYaitHR RBnHeTCff, npHRTHblM 

HCKmoqeHHeM. 06~HO ~e npeo6pa30BaHHe KaAaHOBa nopTHT CTPYKTYPY ra

MHnbTOHHaHa. B KaqecTBe npHMepa paCCMOTPHM TPaHc~opMauuro ABYMepH08 

peweTKH, H306p~eHHyro Ha PHC. 38. OTCYMMffPOBaB no 6nH~a8WHM coceAHM, 

noKa3aHHblM KP~KaMH, rtpHAeM K.peHOPMHPOBaHHOMY raMHnbTOHHaHy 

~ f :f,}= f Wz-/2 i 6,51-1; "i;. 6t'}•-J;' L °i~ 6K6t, 
<i/> .<<&/>) [ijKf} 

B KOTOPOM 

( 
w2 = 2c,J- fn2- 8 (lnch4p+ .t,fnch2J), 

I ?z "' 4 tncl, 4j, 

I ( II I 
/ 2 = 2 iz , iz = 8 (tn ch41- ldn ch 2j) 

CyMMa C HHAeKCOM.<<i/:» 03HaqaeT CYMMffpOBaHHe no COCeARM, cne.IIYJa!IHM 3a 

6nH~a8WHMH, a cyMMa C [ ij JC f] - CYMMHPOBaHHe no TaK Ha3NBaeM!,JM nnaKe

TaM, _ T.e. no y3naM, o6pa3YJ(XIIHM KBaAPaT, He COAep~a~n APYrHX Y3nOB 

BHYTPH ceOR. KaK BH,!ViM, B raMHnbTOHHaHe noRBHnHCb HOBNe cnaraeM,Ze C 

HOBblMH KOHCTaHTaMH CBR3H. IloCKOnbKY B noAaBnHICl!leM OonbWHHCTBe npaKTH

qecKH HHTepeCllblX cnyqaeB HeT B03MO~HOCTH nOCTpOHTb TOqHNe peKyppeHTHNe 

COOTHOWeHHR, coxpaHR~e ~OPMY raMHnbTOHHaHa, rtpHXOAHTCff npH6eraTb KO 

BCeB03MO~llblM npHOnH~eHHRM 114- 17 , 172• 1781, o6c~aTb KOTOPNe y Hae 
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/·r 
;) 

I I 

3AeCb HeT B03MOEHOCTH, noqeMY Mb! H orpaHHqHBaeMCH UHTHPOBaHHeM HeCKOnh

KHX 0630PHUX pa6oT, rAe MOEHO Ha8TH nOAP06Hlie CClinKH. 

Il~KUHH 10. ~JlYKTYAI.UIB H HEYCTOfi'IlfBOCTb 

Mup cmaA maKw,r Heycmou~ueuM, 
~mo ·A106aJ1 ft1eAo~i, w-reem menepi,· 
ozpoMHeuwee 3Ha~eHue. 

'l.ll.CHoy, "HacmaeHuKu". 

C MaKpOCKOnHqeCK08 TOqKH 3PeHHH $a30Bu8 nepexoA npoHCXOAHT B CHC

TeMe TOrAa, KOrAa 3TO en TePMOAHHaMHqecKH BlirOAHO. KaK08 Ee MHKpOcKo

nHqecKH8 MeXaHH3M npoBQUHpyeT CHCTeMY H3MeHHTb CBOe $a30BOe COCTOHHHe? 

9THM MeXaHH3MOM HBnHeTCH B03HHKHOBeHHe KaKo8-nH6o HeycTo8qHB0CTH, CBH-

3aHH08 C YCHnettHeM $nyKTY~UH8. HHEe Mb! npHBeAeM KOHKPeTHlie npHMepu Ta
K08 HeycTo8qHBOCTH. 

IlOCMOTPHM, KaK CHnhHlie roMo$a3Hlie $nYKTYauHH MoryT pa3PYII!HTh yno

PHAoqeHHOe COCTOHHHe. B03bMeM H30TpOnHyJO MOAenb ren3eH6epra /cM. neK

UHID 3/ B HyneBOM BHe~HeM none co cnHHOM S =1/2. Pa.ztHyc B3aHMOAe8CTBHll 

CqffTaeM KOHeqHUM. B npH6nHEeHHH cnyqa8HUX $a3 /cM. neKUHID 7/ CPeAHH8 
cnHH onpeAenlleTCH ypaBHeHHeM 

S :z I :z 2 
< ,. > = 2 - < s, > "ii L n'I 

9, 
B KOTOPOM $YHKUHH pacnpeAeneHHll MarHOHOB 

<s; s;> t: 1s -, 
fia = . z = ( e , - f) 

r 2<s,> 
supaEaeTCH qepe3 MarHOHHu8 cneKTP C'} • IlOHHTHO, 

f v = - .E no_ 
m N 'J T 

/10.1/ 

qTo BenH=tta 

/10.2/ 

HMeeT CMblcn·KoHUeHTpauHH MarttOHOB, TO eCTb qHcna MarHOHOB Ha OAHH y3en. 
nepenHcaB /10.1/ B $opMe 

z _, 
2 < S . .> = (I+ 2>-'m) l /10.3/ 

BHAHM, qTo HaMarttHqeHHOCTb Ha=xteHHH ~OCTHraeTCll TOnhKO npH HyneBo8 

TeMitepaType, KOrAa qHcno MarHOHOB paBHO Hynro: 
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< s:> = i , -Im= 0 ( 0 = 0). 

qTo Ee npQHCXOAHT npH KOHeqHo8 TeMIIepaType? nepe8AeM 

KOMY npeAenY B d -MepHOM npoCTPaHCTBe. TOrAa 

L L n'I 
N '/. 

zd·f,.. -
ll 1 di . 

(Z;;J".P o n'f If . d If 

K TepMOAffHaMHqec-

/10.4/ 

3AeCb P 5 N/V - cpeAHllll nnoTHOCTb CHCTeMil. B OTcyTCTBHe MarHHTHOro 

nonH MarHOHHW\ cneKTP CSe~eneBo8, 

E.'J- - o UJ, - o J , 
nosTOMY H3 /10.2/ H /10.4/ cneAyeT, qTo ,JlJU1 nrocsoro t,,>o 

zd·f'ii8 

Ym ~ (Z1ll.P 

,. 
J 
D 

ti-I .. 
_l_ tllf c, 

;ItnHHHOBOnHOBaH aCHMIITOTHKa MarHOHHoro 

2: 1 z z £,- !::! < s, > a t} 

cneKTpa HMeeT BRA 

(f ➔ O) • 

OTKYAa 
d·f ,, · 

2 aB '• Ym 9 :-----::r--=:-=...- J 0 d-3 . 
(Z.l.Pla'<S:> r d') · 

II 

Bepll B /10.5/ HHTerpan ,. 1- ' d-3 tt-z f9 dlf= L 
0 d-Z 

ti~ 2 

d>2 

/10.5/ 

y6ellUlaeMCH, qTo nnoTHOCTb MarHOHOB cTaHOBHTCll 6eCKOHeqHo8 B cne,ItylOUIHX 

cnyqaHx: 

Ym = 00 l
e~ o , 
8 = Be 

d~2 

d > 2 
/10.6/ 

A H3 /10.3/ oqeBHAHO, qTo npH 6ecKoneqHo8 KOHUeHTpauHH MarHOHOB ynopH

AoqeHHOe COCTOHHHe HeB03MO~HO: 

< S~> = 0 
l 

( Ym = .... ). 
TaKHM o6pa3oM, B CHCTeMaX C HH3K08. ·pa3MepHOCTbID d ~ 2 MarROHHue $nyK

TyauHH pasp~aroT AanbHH8 n0pllAOK npu BCeX KOHeqm,;ix TeMnepaTYpax, a B '· 

121 ri 



CHCTeMax C pasMepHOCTblO ci ~.5 YIIQpH,!tO'{eHHoe COCTOHHHe CY!IleCTBYeT .I:10 

KPHTH'lecKon TeMIIepaTypbl Be , r.i:te OHO paspywaeTCH B pesynbTaTe 6ecKo

He'IHoro yBenH'leHHH IInOTHOCTH MarHOHOB. PasMepHOCTb IlpOCTPaHCTBa, HHJKe 

KOTopon yIIOpH,!tO'leHHOe COCTOHHHe He MO~eT CY!IleCTBOBaTb IlPH KOHe'IHOtt 

TeMIIepaType, Ha3blBaeTcH HH~Hen KPHTH'lecKon pasMepHOCTblO dl . B cnyqae 

H3OTPOIIHon MO.i:tenH renseH6epra dt = 3 . 

B Ka'lecTBe ,!tpyroro IIPHMepa, pacCMOTPHM H.rieanbHbltt 6ose-ras H3 qac

THU. co CIIHHOM S /cM. neK~IO 2/. ~anbHHtt IIOPH.I:IOK B TaKon CHCTeMe CBH

saH C HanH'IHeM 6ose-KOH,!teHcaTa, COCTOH~ero H3 'laCTHU. C HYneBon 3Hep

rnen. IlnOTHOCTb KOH,!teHcaTa 

.f'o = .P ;__ .Pn • /10.7/ 

r.i:te Pn - rrnOTHOCTb HOpManbHon $paKU.HH, 

.Pn = 

, d•I 
2 'ii (2S+I) 

(2n)d 

00 

f nK 
0-

d·t 
I( ti!< , /10.8/ 

KOHCTaHTa ITnaHKa '/; = { I 

nl( = (ew/(/9 -trt /CZ - • 
WK= 2/11 J' 

CpaBHHBaH /10. 7/ c /10.1/, saMeqaeM, 'ITO .Pn COOTBeTCTBYeT IInOTHOCTH 

Ha,!tKOH,!teHCaTHblX $nyKTYau.Hn, HrpaH ponb,aHanorn'IHYIO IInOTHOCTH MarHOHHblX 

$nyKTyau.Htt /10.2/. ~H Toro 'ITO6bl pacrrpe.i:teneHHe 'laCTHU. ITO HMIIynbcaM 

nlr 6blno HeOTPHU.aTenbHO, HeOl5XO,!tHMO, 'ITOl5bl. "'K ~ 0 , 3Ha'IHT, fl ~ 0 

ITnOTHOCTb /10.8/ HBnHeTcH Heyl5b1BcUOlllen $yHKU.He8 XHM!!'le~Koro IlOTeHUHana, 

TaK KaK 

8.P,. = 
iJp 

zd·l,i(2$+f) 

(2Ji)d 9 J.., z w,,/9 d-1 
nK e 1< dx ~o 

I> 

Cne.i:tOBaTenbHO, MaKCHManbHOe snaqeHHe Pn ,!tOCTHraeTCH npH JI= O , 

ITO3TOMy 

Suppn = 
JI 

d•t oo 
2 a (2Stf) J 

(27i)d 
0 

xr:t·t dx 

exp(K2/2mEJ)-I 

ZJd/-2(ZS•f}(mel
12 

r( .!!...) "'(!!..) 
n ~ · t. - d-1 · Z ~ 2 ./"n 'f It · 

/10 .9 I 

r.i:te r (·) - raMMa-$YHKIUfH, a } ( ·) - ,!t3eTa-<f)yHKUHH PH Ma Ha. li3 /10. 9 / 

HCHO, 'ITO IInOTHOCTb HMKOH.i:teHCaTHblX BO315y~eHH8 _YCib!BaeT IIPH YMem,we

RHH TeMitepaTyp1,1, 

• 
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.Pn-o. (e-o). 

TO'IKa 6ose-KOH,!teHCau.HH orrpe.i:tenHeTCH paBeHCTBaM!I 

KOTOpble ,!taIOT 

e, 

JJ=.Pn ' 0=E1c, p=O, 

'iii 
=zm 

. 4.P 2/d 

[ 'il(2S+f)r(d/2)'f(d/Z)] • 

~3eTa-$yHKU.HH o6na.i:taeT CBO8CTBOM 

'f(d/2) = o0 (d~2) , 

/10.10/ 

/10.11/ 

H3 KOToporo cne,!tyeT, 'ITO 6ose-KOH,!teHcau.HH B CHCTeMe pasMepHOCTH MeHb~e 

Tpex HeBO3MO~Ha HH IlPH KaKott KOHe'IHO8 TeMIIepaType: 

Be = 0 
0, > 0 

( d ~ 2) 

( d > 2) 

IToHHTHO, qTo HH~HHH KPHTH'lecKaH pasMepHOCTh .i:tnH 15ose-rasa de= 3. liTaK, 

,!tnH .d ~ 2 IlOHBneHHe 6ose-KOH.i:teHCaTa, a cne.i:toBaTenbHO, H HapyweHHe rpa

,!tHeHTHOtt CHMMeTPHH 1211 , HeBO3MO~HO HH IIPH KaKott TeMIIepaType 8 > 0 • 
AHanorH'IHblM ol5pa3OM Y.i:taeTCH rroKasaTb, 'ITO He CY!IleCTBYeT O.I:IHOMep

HblX H ,!tByMepHblX KpHcTannoB c 6eCKOHe'IHO .i:taIIbHHM nopH,!tKOM /lOO/_ To eCTb 

,!tnH CHCTeMbl qacTHU. C KOHe'IHblM pMHYCOM B3aHMO,!te8cTBHH HH~Hen KPHTH'lec

KO8 pasMepHOCTblO OTHOCHTenbHO rrepexo.i:ta B KPHCTannH'leCKOe COCTOHHHe cny

llq!T d
1 

= 3 . ITo.i:tO6Hble pacc~eHHH cnpaBe,!tIIHBbl H .i:tnH cBepxTeKY'IHX cHc-
/100/ · ,· 

TeM , ,!tnH KOTOpblX TaK~e fit ,. 3 • 
PaccMOTpeHHbltt THII HeYCTO8'1HBOCTH, CBH3aHHbl8 C'TeM, 'ITO pa3MePHOCTb 

CHCTeMbl He,!tOCTaTO'IHa ,!tnH cTal5HIIH3au.HH $IIYKTYau.Htt, ecTeCTBeHHO HasBaTb 

pasMepHon HeYCTOtt'IHBOCTblO. Mo~HO nH Bce-TaKH cTal5HnH3HPOBaTb TaKHe.cHc

TeMbl TaK,'ITOCibl B HHX cy~eCTBOBan .i:tanbHH8 rropH,!tOK IlpH OTIIH'IH08 OT HyJUI 

TeMIIepaType. Pasl5epeM HMe101IU1eCH ,!tnH 3Toro B03MO~HOCTH. 

1/ C $opManbHOII: TO'IKH 3peHHH, C'IHTaH pasMepHOCTb d Herrpep1,1BH08, 

.i:tOCTaTO'IHO yBeIIH'IHTb pasMepHOCTb cHcTeMbl mi BenH'IHHY t •dr - d - I, 
H Tor.i:ta pasMepHaH HeYCTOll:'IHBOCTb IIPH 

(c >O) 

6y.i:teT ycTpaHeHa. Ho, KoHe'IHO, 3TO ,!tOBOIIbHO HCKYCCTBeHHbltt IlPHeM, XOTH 

c MaTeMaTH'leCKOtt TO'IKH speHHH OH 3KBHBaIIeHTeH HeKOTOPblM .i:tPYrHM, 15onee 

$H3H'IHhlM, KOTOpble 15Y.I:IYT ol5cy~eHbl HH~e. 

2/ CHCTeMa, COCTOH!llaH H3 O,!tHOMepHblX HIIH .I:IBYMepHblX IIO,!tCHCTeM, 15y-

d • dt - I+ c 

,!teT cTal5HnH3HPOBaHa, ecnH Mell(J:W ee IIO,!tCHCTeMaM!I CY!IleCTBYeT XOTH 151,1 cna-
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• 0 • • • 

PHc. 38 • .neuHMc!UHOHHIDI npou~ypa .I!Jlll .IlBYMepHott 
peIIJeTKH. 

J 
I 

1gJ 
I 

J 

I 
I 
I . , 

PHc. 39. KBa3HO,UHOMepHalt CHCTeMa cnHHOBliX uenoqex. 

x1Z7 
I I : I l I 
I I I I I · I 
I II_J I I I I I 

VZtx 
J 

PHc. 40. KBa3_H.UBYMepHaH CHCTeMa IlJIOCKOCTett. 
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6aH CBH3b. Ilpe,UCTaBHM ceoe ,IVIH npHMepa COBOKynHOCTb CnHHOBliX uenoqeK 

/o.UHOMepHblX CHCTeM rett3eH6epra/, BHYTPH KaJK,ttOtt H3"KOTOPliX MeJK,Jzy 6JIHJKatt-

lllHMH coce,UHMH HMeeTCH CHnbHaH CBH3b '! 
pa3JrnqHHX uenoqex cnaooe B3aHMo.uettcTBHe 

o = rf l 17 -'< 1 · 

, a M~Y coce,UHHMH y3naMH 

½ 
/10.12/ 

TaKalt KBa3HO,UHOMepHaH CHCTeMa H3~5paJKeHa Ha PHC. 39. HecnOlKHO npe,UCTa

BHTb ceoe H KBa3H.UBYMepHyro CHCTeMy, COCTOltleyID H3 nnoCKOCTett C CHnbHliM 

B3aHMO,lle8CTBHeM Me~y y3naMH O,UHOtt H Tott lKe IIJIOCKOCTH H cnaoott CBlt3bID 

Me~y Y3naMH coce,UHHX nnoCKOCTett, KaK 3TO noKa3aHO Ha PHC. 40, r.ue 

onHTb CHnbHaH CBH:;lb 1 H30op-eHa CIIJIOWHOtt, a cnaoaH 5; - nyHKTHp

HOtt nHHHett. HMeeTClt .UOBOnbHO MHOro npHMepoB KBa3HO,UHOMepHliX H KBa3H

,UByMepffliX CHCTeM. Tax, K noc~e,UHHM OTHOCHTCH ,UHXanKoreHH,Uli nepexo.uwx 

MeTannoB H cnoHcTHtt aHTHcl>eppoMarHeTHK Rbz Mn Ft, • 
OueHHM KPHTHqecxyro TeMnepaTypy .IVIH cnyqan cna6ocBH3aHH~x cnoeB 

re83eH5eproBCKoro 4>eppoMarHeTHKa KaK Toqxy, B KOTOpoa nnOTHOCTb Mar

HOHOB Ym CTPeMHTClI K oeCKOHeqHOCTH, TaK qTo npOH3Be,UeHHe Ym 6 I 

r.ue 

6=; f<s>I ,. 
I N s = - L S. 

N i=t i 
OCTaeTClt KOHeqffliM. OrpaHHqeHHOCTb Ym 5 BliTeKaeT H3 /10.1/, OTKy,Ua 

Ym 6 = Is -1< s~ I< s 
no.ucTaBnltlt B /10.4/ ,IVIHHHOBOnHOBlitt MarHOHHlitt cneKTP 

E9- ~ 7a2
6 (q,; +9; +9: tf) ri-o>, 

B KOTOPOM O' 3a,UaeTClt paBeHCTBOM /10.12/, H~XO,UHM 

ec ~ l / (- fn o) ca<< n. /10.13/ 

QqeBH,UHO, npH o-o B03Bpa11taeMCH K qHCTO .IlBYMepHott CHTYclUHH, Kor.ua 

Be- a. 
3/ ct>a30Blitt nepexo.u B ynoplt,UQqeHHOe COCTOHi:iHe npH 0c > 0 B03MOJKeH 

H B ,UByMepHott CHCTeMe, eCJIH OHa aHH30TPOnHa. BcnOMHHM, Be~b TaKott ne

pexo.u HMeeTClt B .UBYMepHott MO,UenH H3HHra, HBnHIOIIle8Clt aHH30TpOnHliM npe

.uenoM MO.UeJrn·rett3eH5epra. raMHnbTOHHaH aHH30TponHott MO.UeJrn rett3eH5epra 

MOlKHO npe,UCTaBHTb 11191 B 4>opMe 

"r:t-[ -- z:i: H = - ij dij (f-ot.) Si Sj + o<. Si Si] /10.14/ 
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r.z:ie cl HMeeT CM,ICJI KOHCTaHTbl aHH30TPOnHH. B H30TponHOM CJiy,rae oC = 0 

H M>l fiPHXO,l:IHM K H30TponHo8 MO,l:IEµ!H re83eH6epra. AB npe.z:ienhHO aHH30T

ponHo8 CHTYartHH ol • f , H MbJ HMeeM Mo.z:ienh H3HHra. MeHaa « OT O .z:io 

1 MO~HO H3yqaTh Kpoccoaep Me~ ynOMIIHY'l'blMH MO,l:lenaMH. CneKTP CnHHOBliX 

BonH ,l:lnlI MO.rienH /10.14/ HMeeT BH,l:l 

t1 "7- (I-«) J(lj,),. Js J(o). 

OueHHBaa cHoBa KPHTHqecKyro ToqKy KaK TeMnepaTypy, npH KOTopon Ym6S-S, 
nonyqaeM B CJiyqae cna6on aHH30TponHH .z:ina d = 2 

ec~'l/(·tncl.) (cl.<</), /10.15/ 

EcTeCTBeHHO, npH ct.-o KPHTHqecKaa TeMnepaTypa CTpeMHTCII K Hynro. 

3aMeTHM, qTo B aHH30TPOnllb1x MarHeTHKax ~a30Bli8 nepexo.z:i B03MO~eH 

H npH Hano~eHHH BHewHero MarHHTHoro nona /l 80/~ 

4/ ~anhHH8 nop1I,l:IOK H B 0,l:lHOMepHon, H B ,l:lByMepH08 CHCTeMe CTaHo

BHTCII OCY!IleCTBHMliM npH HeHyneBon TeMnepaType, ecnH noTeHUHan B3aHMO

.rie8CTBHII co.z:iep~HT Hapa.z:iy c KOP0TKO.t1e8CTBYIOU!HM en:ie H .t1anhHO,l:le8CTB~ee 
cnaraeMoe: 

J l 
~j = ~j + 1-i, /10.16/ 

K~oe H3 3THX cnaraeMblx oona.z:iaeT no onpe.z:ieneHHID nH6o KOHeqwM, na6o 

OeCKOHeqllblM Pa.z:iHYCOM .rie8CTBHII. IlYCTh, HanpaMep, 1,~ onHCliBaeT B3aH

MO,l:le8cTBHe nHWh Z 0nH~a8wHx coce.z:ien c HHTeHCHBHOCThID 

1-' - Ji dtj z , 
I J ~--L 1-

IJ = N <ij> i/ /10.17/ 

~II .t1anhHO.t1e8CTBY101Jtero cnaraeMoro, KaK H3BeCTHO 1991 , B TepMO,l:IHHaMH-

qecKoM npe.z:iene cnpaBe.tlnHBa no.z:icTaHOBKa 

t-.k 
'I N 

I t ]it .a N- L. ':I-_ • 
iJ dt1 

B 3aBHCHMOCTH OT Toro, qTo M,J HMeeM B BH.ZU,,H30TponHy~ 

/10.18/ 

Mo.rienh renaeH-
Oepra HnH MO,l:lenh H3HHra, 
- - z z 
Si Si , JIH6o S, Si 

B raMHnhTOHHaHe no.z:i 3HaKOM CYMMli CTOHT nHOo 

OObe,l:IHHHM 3TH .tlBe CHTya~H C nOMOWhID 0003Ha-
qeHHII 

si i = l §i ~- , si,. s/ J 

BBe,l:leM KOHCTaHTy .t1anhHO.t1e8CTBH1I 
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1' s :t · ( 1 = i ff Iii = 1s + le > · /10.19/ 

Tor.z:ia raMHnhTOHHaH. 

H=--J(L 
<iJ>-

FA ]. ) Z Si,· + ~ N S;j . ,, /10.20/ 

COOTBeTCTByeT npH ~ = 0 6nH3KO,l:le8CTB~e8, a npH ,l = I .t1anhHO.t1e8CT-

B~en MO,l:lenH. nocne.z:iHIIII aCHMnTOTHqecKH TQqHo, npH N--, onHCliBaeTCII 

npHOnH~eHHeM cpe.z:iHero nonJI, B KOTOpOM ~a30BH8 nepexo.z:i npH 0c > 0 C;Y

wecTBYeT n= nroeon paaMepHOCTH d . 3THMH 06CTOJITenhCTBaMH H oOecne

qffBaeTCJI cTa6HnH3a!tHJI ynopJI.z:ioqeHHon ~aali cHcTeM c HH3Ko8 ( d < de) 
pa3MepHOCThID npH BBe,l:leHHH .t1anhHO,l:le8CTByrowero cnaraeMoro. 

ITo.z:iqepKHeM, qTo B nepeqHcneHwx Blime CJIY'!aJIX ycTpaHeHHe paaMep-

H08 HeYCTQ8qffBQCTH 3a cqeT BBe,l:leHHJI KOHCTaHTbl CJiaOon CBJl3H 0, HnH 

KOHCTaHTbl aHH30TponHH oC 1 HnH KOHCTaHTbl nanhHO,l:le8cTBHJI i MaTe-

MaTHqecKH 3KBHBaneHTHO 3~eKTHBHOMy yBenHqeHHID paaMepHOCTH npOCTPaHCT

Ba, TO, ecTh BBe.rieHHID KOHCTaHTbl E 
. 5/ YnopJl,l:loqeHHOe COCTOJIHHe B 0.tlHOMepH08 HnH ,l:lByMepH08 CHCTeMe MO

~eT cymeCTBOBaTh, eCJIH 3Ta ,CHCTeMa KOHeqHa. OueHKH noKa3liaaIDT /lOO/, 

qTo, HanpHMep, B 0,l:lHOMepH08 uenoqKe cnHHOB, rne, KaK M>l BliJICHHnH, Oec

KOHeqHQ .rianhHH8 nop1I,l:IOK OTcyTCTByeT, HMeeTCJI nopJI,l:lOK ,l:lnll KOHeqHoro 

==a yanoB N ~ 10 4 • no.z:io6Hoe ynopa.z:ioqeHHe B .z:iayMepHon MO.tlenH renaeH-

6epra' Bo3MO~Ho /lOO/ ,l:lnll N~1080 .~ByMepHli8 KpHCTann MO~eT COCTOJITh/181/ 

H3 N ~ 10 42 qaCTHUo H3BeCTHO, qTo cymeCTBYIDT CBepxTeKyqae nneH-

KH, a TaK~e ,l:lByMepHb1e H O,l:lHOMepllble CBepxnpOBO,l:lHHKH 1141 , 1021 KOHeqwx 

paaMepoB. PaanHqwe orpaHHqeHHble CHCTeM,J HH3K08 paaMepHOCTH .rieTanhHO 

HccnenoaanHCh c nOMOWhID MaWHHHliX 3KCnepHMeHTOB 1181• 1831, 'B KOTOPliX 

Oline Ha,Q-HO ycTaHOBneHO HanHqae ~a30BliX nepeXO,l:lOB /HeCKOnhKO paaMbl

TblX/ M~Y ynopJI.z:ioqeHH08 H paaynopJI,l:lQqeHH08 ~aaaMH. YpaBHeHHJI COCTOJI

HHJI .tlBYMepHb1X CHCTeM, HanneHHble Ha OCHOBe MeTo.ria MOneKynJipH08 ,l:IHHaMH

KH H MeTO,l:la MOHTe-Kapno 1181• 183{ aHanoraqw COOTBeTCTBYIDWffM 3MnHPH

qecKHM ypaBHeHHIIM ,l:lnll T~eXMepllblX Ben:teCTB 1184 • 185/. 

00-Ho, roBOPJI o ~a30BOM nepexone, HMeIDT B BH.tlY noJIBneHHe HnH 

HcqeaHoBeHHe OecKoHeqHo nanhHero nopanKa, CBJI3aHHoro c rno6anhH08 cmi

MeTpHen. OnHaKo cymecTBYIDT ~aaoalie nepexo,l:lli, He conpono~amtHeCJI cnoH

TaHHblM HapyweHHeM rnoOanhH08 CHMMeTpHH. IlpH 3TOM nOHJITHe ~aaoBoro nepe

xo.z:ia He TepaeT cBoero CMblcna,nocKonhKY HMeeTCJI KaqecTBeHHOe HaMeHeHHe 

CB08CTB cHcTeM>I B TOqKe nepexo.z:ia. HanpHMep, KoppenJITOP C{'ZJ .. <S<iJSroJ > 
/B Heynopll,l:lQqeHHOM COCTOJIHHH/Ha 60nhWHX paccTOJIHHJIX Be,l:leT ce6JI no 

aaKOHY 
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C (Z) ~ exp (- Z/g) ( 't -- ) 

ecJlH B CHCTeMe noHBnHeTCH 6eCKOHeqHo nanbHH8 nopnnoK, TO 

C ( z J ~ canst > o 

HO B03MOmHa CHTYauHH, Korna 

- (d-2+1) 
C(z)~'l 

('t -->~ 

('Z-oo) • 

/10.21/ 

/10.22/ 

/10.23/ 

B nocnenHeM cnyqae 6ecKOHeqHo nanbHH8 nopnnoK OTCYTCTBYeT, HO oqeBHA

HO, qTO HMeeTCH KaqeCTBeHHOe pa3JlH'IHe M~Y 9KCnOHeHuHanbHblM 3aKOHOM 

3aTyXaHHH KOppennTopa /10.21/ H CTeneHHb!M /10.23/. CTeneHHOe Y6NBaHHe 

KOppenHTopa COOTBeTCTBYeT TaK Ha3NBaeMOMY KBa3HAanbHeMy nopHAKY 11861. 

nono6Hoe HBneHHe HMeeT MeCTO AJIH HeKOTOpNX nnyMCPHb!X Monene8: XY-Monenb, 

renHeBNe nneHKH, lltHAKHe KPHCTannN, TBepnoTenbHble MOHOCilOH 1 186 • 187/ 

~a30BN8 nepexon, CBH3aHHN8 c H3MeHeHHeM 3aKOHa /10.23/ Ha /10.21/, OT

seqaeT noHBneHHID H naBHH006pa3HOMY pa3MHomeHHID nHHe8HNX H BHXpeBNX ne

teKTOB THna AffCilOKauH8 H AHCKilHHauH8 B KpHCTanJlHqecKo8 peweTKe, HJlH 

BHXpeBNX HHTe8 B CBepxTeKY'IHX mHnKOCTHX H CBepxnpOBOAHHKax 1 186 • 1881. 

~a30BNe nepeXOAN 6e3 HapyrueHHH rno6anbH08 CHMMeTpHH H3BeCTHbl H B MO

nennx KBaHTOB08 TeopHH nonn Ha peweTKe 1189 • 1901 • HanpHMep, B a6ene-

so8 KaJlH6posoqHo8 TeopHH Ha peweTKe c BKnmqeHHeM XHrrconcKHX nonea 
B03MomeH ta30BN8 nepexon nepsoro pona 11911 , conposomnal0t!Uf8CH cKaqKoM .. 
cpenHero < 'f 1./ .> , B KOTOPOM If - XHrrcoBcKoe none, 'J'Orna KaK<'f>sO. 

JluHe8HNe H BHxpeBNe neteKTN B ABYMepHNX H TpeXMepHb!X CTPYKTypax, 

a TaKme 3KBHBaneHTHble BHxpHM ueHTPN npOCKMb3NBaHHH ta3N B CBepxnpo

BOAHll!HX KaHanax 11921 npencTaBnHIDT co6o8 3aponi,JUJH pa3ynopnnoqeHH08 

ta3N B ynopnnoqeHH08. 06~Hble TOqeqHbJe neteKTN, spone MeEy3enbHblX aTo

MOB HnH BaKaHCH8 1193• 1941 , B3HTNe no oTnenbHOC_TH, KOHeqHo TaKHMH 3a

poni,ruiaMH He HBnHIDTCH; onHaKo ecnH OHH CKannHBaIDTOH B 6onbWOM KOnHqe

CTBe B HeKOTOpo8 KOMnaKTH08 MaKpOCKOilHqecK08 o6naCTH, TO nono6HaH 06-

naCTb pa3ynopnnoqeffHH Tome COOTBCTCTByeT sapOnNWY HeynopffAOqeffH08 

ta3N, 

KpoMe H3MeHeHHH THna nanbHero nopnAKa tasoBNn nepexon MomeT OT

seqaTb TaKEe HSMeHeHKJO xapaKTepa 6nHEHero nopnAKa, onHCNBaeMoro nose

n~HHeM xoppennTopa <Sri'> S(oJ> WIH <p•ri1p.(0J> , rnepriJ•'ftiJ'f'Ci), 
Ha 6nH3KHX paCCTOHHIUIX, BKnmqcllClllHX 6nH~a8wHx cocenea H HeCKOnbKO cne~ 

AYIWUIX sa HHMH KOOPAHHauHOHHblX ctep. HanpHMep, npH nepexone KpHCTann

-lltHAKOCTb 6nHEHH8 nopH~OK npaKTHqecKH He MeHHeTCH 1195 •1961 , Torna 

KaK IlPH nepexone lltHAKOCTb-ra3 OH MeHHeTCH CYIIteCTBCHHO. H B EHAKOCTH, 
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H Brase nanbHH8 nopnnoK OTCYTCTByeT. Ho B EHAKOCTH HMeeTCH 6JlHEHH8 

nopHAOK, npOHBnHIDDUi8CH B ocuHnnHUHH KOppennTopa < J(f) f(O) /' na pac-
11961. B cnyqae ra3a nono6Hble oc-

CTOHHHHX OOpffAKa HeCKOilbKHX aTOMHb!X 
uHnnHUHH npaKTHqecKH nponanamT - no3TOMY rOBOPHT, qTO 6nHmHero nopnn-

Ka Brase HeT. 
IlPH BCHKOM tasoBOM nepexone HaPHAY C ycHneHHeM roMoreHHb!X tnyK-

TYauH8 B03pacTaeT H cTaHOBHTCH onpenenlll0llte8 ponb reTep~a3HblX tnyK

TYauH8, B03HHKHOBeHHe H pa3BHTHe reTepotasm.1x 3apoANWe8 onHCNBaeTCH 

KHHeTHqeCKHMH ypaBHeHHHMH. nepexon H3 MeTaCTa6HnbHOro COCTOHHHH B yc

T08'1HBOe npOHCXOAHT B pesynbTaTe HHTeHCHBHOro o6pasosaHHH 3aponNWe8 

KOHKypHpym~e8 ta3N 11911. 9TOT npouecc Ha3NBaeTCH MeTacTa6HnbH08 HYK-. ' 
neauHe8. HanoMHHM, qTO B MeTaCTa6HnbHOM COCTOHHHH CHCTeMa"ocTaeTCH 

ycT08'1HB08 - ee TennoeMKOCTb Cv H o6paTHaH cEHMaeMOCTb B9 nono=-

TenbHN: 

· dE) 
Cv=Cae v 

dP) B =-v(-av e . s 

( 
iJzF 

e asz )v ~ a 
/10.24/ 

- V ( U
1
F ) )p. a I - a v2 0 

a nepexon o6ycnoBneH TepMOAHHaMHqeCK08 BNrOAHOCTbID CTa6HnbHOrO COCTOH

HHH, rpaHHUa ycTo8qHBOCTH, COOTBeTCTBY~aH paBeHCTBY Bs =0 I Ha3NBa

eTCH cnHHOAMbID. Ilpouecc nepexona B~eCTBa"OT CilHHOAMH K CTa6HnbHOMY 

COCTOHHHID HaSNBaIDT CilHHOAMbHblM pacnanoM 
11981 • 'Pe3K08 KaqecTBeHH08 . /199/. 

pasHHUN MemnY MeTacTa6HnbH08 HyKneauHe8 H cnHHOAMbHb1M pacnanoM HP.T 

H TO, H npyroe - 9TO nepaBHOBeCHbl8 Heo6paTHMN8 npouecc nepexo-

na OT onHoro COCTOHHHH K npyrOMY, ECJlH TaK08 nepexon ocYIIteCTBnHeTCH 

nocTaToqHO MeAJieHHO, TO ecTb COOTBeTCTBy~ee eMY speMH penaKoauHH Tr 
ropasno 6onbwe BpeMeHH ycTaHoBneHHH noKMbHOrO paBHOBeCHH Tt, TO MOE

HO Hcnonb3QBaTb npH6nHEeHHe noKMbHOrO paBHOBeCHH 
12001

• BpeMH Tt 
AJIH KOHneHCHPOBaHHb!X cpen MOEHO oueHHTb HeCKOilbKHMH cnoco6aMH. HanpH-

Mep, rt ~ a Iv~ . I rne a - cpennee MeEaTOMHOe paCCTOHHHe, V:5 -

cKopoCTb 3BYKa; WIH 1:t ~ I; J 01> , rne 81J - ne6ae'ecKaH sneprnH; 

HJlH re ~ 210. I rne 2 - AHHaMHqecKaH BH3KOCTb, G, - MOnynb 

cnsHra; nnn ·sneKTPOHOB B MeTanne . rt ~ ').jtJF , rne ii - AmfHa cso-

6onHoro npo6era, 1JF - CKOPOCTb <i>epMH; n= cnHHOB08 CHCTeMH 1i""li/8c, 
rne Be = Ks Tc , Tc - TeMnepaTYPa KmpH. Bee 9TH oueHKH. AJIH 6onb-

WHHCTBa B~ecTB namT BenH'IHm.l, nemaJ!IHe B HHTepsane 

-rt ~ 10- 1
~ ,o·'3c. /10.25/ 
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CYl!leCTBYeT orpOMHOe KQJmqecTBO MeTacTa6HnhHblX COCTOJIHHR c BpeMeHeM 

llCHSHH,ropaSAO OonhWHM, qeM /10.25/. TaK, AJIH nepeoxnaJK,tteHHOR BO,Ilbl 

Ti~ 10 - 100 c 11971 . Mo~eT OKasaThCJI, qTo MeTacTafiHnhHaJI CB060A-
. /199/ 

HaJI SHeprHH B noKanhHO-paBHOBeCHOM npH6nH~eHHH - KOMnneKcHaJI ~YHKIUIJI . 

TorAa MHHMM qacTh OT F onpeAenneT npeMH l!CHSHH MeTacTa6Hnh

Horo COCTOJIHHJI 

r1 ~ 11 / jm F. 

KpoMe paccMOTpeHHOR lll,l!IJe He06paTHM08 HyKnealU{H MO~eT CYJ!leCTBOBaTh 

H o6paTHMaJI HYKneauHH OCUHnnHTOPHOro THna, uanoMHHalO~aJI peaKUHID Beno
ycona-~a6oTHHCKOro 12011, KOrAa ~nYKTYauHOHHblM o6pasoM BOSHHKaroT sa

PO,IlbllrJH KOHKYPHPYKllleR ~asli, l!CHBYT, pasMH~alOTCJI, a nocne KOHequoro Bpe

MeHH B-palOT, TaK qTQ Be~eCTBO He nepexo~T B HOBoe, HO BOSBp~aeTCJI 

B npe~Hee COCTOJIHHe; IlOTOM npouecc IlOBTOpHeTCJI. YcpeAHJIJI no BpeMeHH 

xapaKTepHCTHKH TaKHX CHCTeM, nocn~HHe MO~HO np~CTaBHTh KaK CMeCH 

pasu~ ~as, TO eCTh KaK reTepo~asHble CHCTeMbl. 

EcnH qHcTaH CHCTeMa oKaSliBaeTcH MeTacTa6HnhH08, TO uaqano ee ne

pexoAa B CMewaHHOe COCTOJIHHe AO~HO, oqeBHAHO, HHHUHHPOBaThCJI uarm-

.qHeM HeYCT08qffBOCTH OTHOCHTenhHO o6pasoBaHHJI sapOAbJWeR HHOR ~asli. KaK 

~e MaTeMaTHqecKH c~opMynHpOBaTh ycnoBHe STOR HeYCTORqHBOCTH? Mo~HO 

IlOCTYilHTh cneAy~M o6pasoM: HaRTH ycnOB~e YCT08qffBQCTK reTepo~asuoa 

CHCTe?ti - TOrAa HaRAeHHOe ycnOBHe H 6YAeT ycnoBHeM HeYCTORqHBOCTH 

qffCToro COCTOJIHHJI. 

IlpE!11(Ae Beere IlOAqepKHeM, qTO OnHCaHHe reTepo~asuoa CHCTef.ti IlPHH

UHilHanhHO OTnHqaeTCJI OT OilHCaHHJI COCYJ!leCTBYKIJIHX qHCTblX ~as. ·noaCHHM 

STO, paccMaTPHBaH IlOTeHUHan I'H66ca 

G,. G(B,p, N)=NJJ, 

B KOTOPOM p -AaBneHHe, a XHMHqecKH!l IlOTeHUHan 

jl=p (9,p) = ( iJG) oN e,p 
KorAa COCYJ!leCTByroT ABe qffCTble ~aSli c noTeHuHanaMH rH66ca 

G'=-6' (e, P, N) = Np'f0,p), 

G"= G. (B, p, N) • Np"(G,p) I 

TO ycnOBHe cocy~eCTBOBaHHJI / 49 / HMeeT BHA 

G'(0,p,N)= G"(0,p,N), 
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qTo SKBHBaneHTHO 
J1. ( 8, p } = p" ( 8, p). 

Hs nocn~Hero paneHCTBa cneAYeT, qTo COCYJ!leCTBOBaHHe qHcTblX ~as AOnyc

THMO TOnhKO BAOnh nHHHH 

0-1 = 0,t (p) , 
onpeAenHlll!leR TeMilepaTYPY nepexoAa HS OAHOrO qHCTOro COCTOJIHHH B APYrOe. 

HHb!MH cnoBaMH, qffCTble ~asli MOryT COCYJ!leCTBOBaTh He Ha BCeM MHOEeCTBe 

TepMOAHHaMHqecKHX napaMeTpOB /B AaHHOM npHMepe {8,p, N Jt , HO mlllll> Ha 

ero IlO,ltMHO~eCTBe /SAeCh fpj I, SaAaBaeMOM ycnoBHJIMH paBHOBeCHJI. 9TO 

YTBep~eHHe nepeAaeT CMlicn npaBHna ~as rH66ca/
49

1. 

CMewaHHOe Ee COCTOJIHHe MOEeT CYJ!leCTBOBaTh Ha BCeM MHOEeCTBe napa-. 

MeTpoB. IloTeHUHaJI rH66ca reTepo~asHoR cMeCH onpeAenneTcH/
49

/ CYMMOR 

tf • G1 (8 1 P, N1) + 62 (S,p, II,) , ;10.26/ 

B KOTOPOR. 111 H "z -qHcna qacTHU nepnoa H_ BTOPOR ~asli;· 

G
6 

(9,p, N6 )= N1 )11 {I• l,2 ), /10.27/ 

µ, - XHMHqecKHR noTeHIUlclJl ~ - a ~asli, 

/11 = 
d6 

( iJN
1 

)8,p /10.28/ 

KOHUeHTPa!UIJI qacTHU K~OP. HS ~as 

N1 ) W1 = 11 ( N= II,+ N2 , /10.29/ 

oqeBHAHO,o6naAaeT sepOJITHOCTHb!MH CBORCTBaMH 

0 ~ w1 6 I, . W, + Wz • I , 110. 30/ 

IlOSTOMy /10.29/ MOEHO HassaTh ~asosoa sepoJ1THOCThID/l0
9
,llO/. 

YcnosHe paBHOBeCHJI reTepo~aSHOR CHCTef.ti npH ~HKCHPOBaHIIHX TeMnepa

Type H AaBneHHH 

S 6"' O ( 8= canst, p • canst) /10.31/ 

AaeT 

(_ iJG \ aN,•( a6 )· 0N2 = o~ 
iJ 111 le,p o N2 8,p 

/10.32i 

OTCIDAa, ~TblBaJI /10.28/, HMeeM 

JI, ,J II, + Jlz 6 N2 = 0 • /10.33/ 

nonaran, qTo nonHoe qffcno qacTHU a cacTeMe coxpaHneTCJI, cneAoBaTen&Ho, 

o N, =-dNi ( N =canst), /10.34/ 

yO~aeMCJI, qTO XffMHqeCKHe IlOTeHUHaJlLl p, H µ, AOJilll:IIH COBilaAaTh. ;ltnJI 

pasBePHYTOR sanHCH HX paBeHCTBa YA06HO BBeCTH 060SHaqemte 
I 
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We W1 W2 = 1-W , 
/10.35/ 

Tor,qa 

Jls=J.11 (B,p,w). 
/10.36/ 

llpHpaBHHBaH XHMH'leCKHe IlOTeHUHaJIH cornaCHO /10.33/ H /10.34/, Mel TeM 
Cat-tiM IlOJiy'!aeM ypaBHeHHe 

)11 (e,p, w)=Jlz (B,p, w), 
/10.37/ 

peooeHHe KOTOporo sa,qaeT ~asoByJO BepOHTHOCTb 

W=W(8,p). /10.38/ 

IIO,I{'!epKHeM, 'ITO PaBeHCTBO /10.37/, B006~e roBop11, HMeeT CMbICJI npn Bcex 

0 H p . KoHetIHO, MOJKeT CJIY'IHTbCH TaK, 'ITO ypaBHeHHe /10. 37 / He HMeeT 

peweHH8 /10.38/, COBMeCTHNX CO CB08CTBaMH BepOHTHOCTH /10.30/. IIOCJie,q

Hee 03Hatiano 6N, 'ITO reTepo~a3HOe COCTOHHHe B CHCTeMe HeB03MOJKHO, H 

OHa 0611saHa HaXO.IlHTbCH B O.IlHOM Hs 'IHCTNX cocT6HHH8, B TOM, KOTOpoe Tep
MO.IlHHaMHtieCKH BNrO,I{Hee. 

TaKHM 06pasoM, YCJIOBHe 3KCTpeMaJibHOCTH /10.31/ .IlJIH IlOTeHUHana 
rH66ca reTepo~asHo8 CHCTeMbl 

ff • 6 ( 0, p, N, w) 
/10.39/ 

IlPHBO,l:lHT K ypaBHeHHro /10.37/. nerKo saMeTHTb, 'ITO H3 paBeHCTB /10.32/, 
/10.34/ BNTeKaeT ypaBHeHHe 

( a'iJ) - o 
iJW 0,p,N - ' /10.40/ 

9KBHBaJieHTHOe /10.37/. YCT08'!HB0CTb CHCTeMbI onpe,qenHeTCH MHHHMaJibHOCTblO 

noTeHi.nana rn66ca, TO eCTb IlOJIOJKHTeJibHOCTblO BTOpoa Bapnaunn 

J2
'iJ?o ( a, p, N,, canst). /10.41/ 

0TCJO,I{a cpasy JKe HaXO,I{HM YCJIOBHe reTepo~a3H08 YCT08'!HBOCTH 

z~ 
( as) ~o. 

iJW 2 8,p,N /10.42/ 

0,1:lHOBPeMeHHO /10.42/ eCTb YCJIOBHe HYKJieauHOHH08 HeycT08'!HBOCTH 'IHCT08-

~a3N. PaBeHCTBO B /10.42/ onpe,qen11eT TO'IKY ·HyKneauHH, r,qe 'IHCTaH ~asa 
nepeXO,I{HT B CMeJUaHHyro. 

ECJIH IlPOBapbHPOBaTb IlOTeHUHan /10.39/ no TeMnepaType H ,qaBJieHnro, 

TO IlOJIY'!HM YCJIOBHH TepMH'!eCK08 H MeXaHH'!eCK08 YCT08'!HBOCTH, TOJIC.IleCT
BeHHNe /10.24/. 

0CTaHOBHMCH ~e Ha 0,1:lHOM THne HeYCT08'!HBOCTH - peareHH08 HeyCT08-

'IHBOCTK, Kor,qa CHCTeMa CTaHOBHTCH Jia6HJibH08 OTHOCHTeJibHO pasBHTHH XH

MH'leCKHX pea!CllHtt, HJIH B3aHMOnpenp~eHH8 tiaCTHU. llo CYTH ,qena,9TOT BH.ri 

na6HJI1'HOCTK HBJIHeTCH
0 

paSHOBH,l:lHOCTblO reTepo~a3H08 Hey'CT08'!HBOCTH:. 
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PaccMOTpHM .IlJIH npHMepa peaKUHJO CJIHHIIHH TpeXKBapKOBNX Me!IIKOB B 

D!eCTHKBapKOBNtt 

39 + 31J, - 6r; • 
TpeXKBapKOBNtt MeDIOK, KOTOpNtt MOJKeT 6NTb JIH60 JKeCTKHM, JIH6o ~e~opMHPye~ 

MN1.l
202

/, KaK H3BeCTHO, CJIYJKHT J.to~em,10 6apHoHa. llleCTHKBaPKOBNtt MEIJ10K 

Mil KpaTKOCTH 6y~eM HHOr~a Ha3HBaT!> CHKCTOHOM. HMeeTCH 6on1>D10e 'IHCJIO 

9KCnepHMeHTaJI!>HNX ~aHHHX, CB~eTeJI!>CTBytllltHX O TOM, 'ITO B aTOMIIHX H~

pax MOrYT c~eCTBOBaT:i. no~06HNe MHOrOKBapKOBNe CHCTeM.11149- 1521. B 

KBaHTOBOD XPOMO.IlHHaMHXe MaTePHH npe,qcTaBJIHeTCH B BH~e KBapK-rJIJOOHH08 

nnasM>112o31_ 06pasonaHHe CBH3aHHNX COCTOHHHtt, BPO~e ~OHOB H CHKCTO

HOB, MOJKHO HHTepnpeTHPOBaT!> KaK xo~eHCauHJO KBapKOB, aaanOrH'!HO 803-

HHKHOBeHHIO xanen:i, JKH~KOCTH H3 rasa. Il03TOMY a~OHHlale H CHKCTOHHNe 

COCTOHHHH MOJKHO npe,qcTaBHT!> KaK pasHNe ~a3N KBapKOBOtt MaTepHH. 

0603Ha'DiM 'IHCJIO TPeXKBapKOBNX H D18CTHKBapKOBNX MeDIKOB qepes N,,_ 
H N6,_ coOTBeTCTBeHHO. nonaoe '!HCJIO KBapxos, 06pasyJ011111x Me!IIKH, paBHO 

N = 5N31 + 6N6,_ 

Onpe~eJIHM BepOHTHOCT!> 6apHOHH08 ~aSN 

w = 5N3'J /N • 

/10.43/ 

/10.44/ 

IloTe~Han rH66ca reTepo~a9Ho8 6apH:OH-CHKCTOHH08 CMeCH sanHCNBa8TCH 

TaK ze, KaK H B paneHCTBaX /10.26/, /10.27/: 

fl= )1_3~ N3'J .,. P6,- Ns, , 
r~e P3,- H JJ6,. - XHMH'leCKHe noTe~HaJIN 6apHOHOB H CHKCTOHOB. YCJIOBHe 

paBHOB8CHH /10.31/ ~aeT /10.33/, Ky~a H~O no~cTaBHTa BNT8KaJllllee H3 

/10.43/ COOTHCIIleHHe 

. O N3'J + 2 a 1161 = O ( N • consf) . 
B pesyn:i.TaTe nonyqaeM ypaBHeHHe 

2)13'} (8,p,w)=Jls, (8,p, w), /10.45/ 

H9 KOTOporo MOJKHO HattTH B8POHTHOCT!> 6apHOHH08 ~a9N K~K ~YHKil.HIO TeM

nepaTYPN H ~aBJieHHx. YCJIOBHe YCT08'!HBOCTH TaKott pearHPyiooiea CMeCH COB

n~aeT c /10.42/. 

AHaJIH3HPYH B 9T08 Jl8Kll.HH pasJIH'!HHe THnN HeYCT08'!HBOCTe8, Mi_ or

paHH'!HJIHC!> ~OCTaTO'IHO npocTNMH: npHMepaMH. CHTYauHH CTaHOBHTCH CY!lteCT

BeHHO 6oraqe, eCJIH pac~TPHBaT:i. CHCTeMbl, COCTOHll!He H3 HeCKOJI!>KHX no~

CHCTeM C CHJI!>HOtt B9aHMH08 CBH9!>JO. B9aHMO~ettcTBHe no~CHCTeM, .KaK npa

BHJIO, yCHJIHBaeT POJI!> ~JIYKTYai.Htt K IlPHBO,l:lHT K ~aSOBOMy nepexo~y nepno

ro po~a. HMeHHO TaK o6CTOHT ~eno, HanPHMep, n .IlHilOJI!>-~OHOHHNX cerHeTO-
. no-i; 12os/. 

9JieKTPH'leCKHX CHC_TeMax , .nonynpoBO~HHKaK c nepeMeHH08 aaneHTHOCTl,ID , 

CJIOHCTNX H naRepJICOBCKHX KBa3HO~HoMepHNX MeTaJIJiax C BOJIHaMH sap~OBOD 

MOTHOCTH12061 ,_B H~epHOM Bell!eCTBe c RHOHIU,IM noneM1129-r131 , 201- 2101. 
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3AK.Jll'J'lEHHE 

"Ha•rnu c Ha<,a;za, - aaxHo omaemu.fl Hop_o.flt>, -
U npo8o.flxau, noKa He 8ou8ewr, 80 KOH~a. 
HaK ·aoua.ewr, - KOH-..au!", 

Jl1>10uc H:1ppo.fl.fl. "A.fluca B cmpaHe 1'y8ec". 

. ABTOiti HaCTOHIIIHX neKnH8 cTaBHJIH rnaBH08 uenbro H3nOl!CeHHe npH~H

nHanbffbl~ QCHOB TeOpHH ta30BNX nepeXOAOB H KPHTHqeCKHX HBneHH8. Il03TOMY 

uem.ia PHA HHTepecffblX Pe3ynbTaToB H MeTOAOB OCTancn 3a np~enaMH,Hac~ 

TOHl!lero pacCMOTPeHHH. To l!Ce OTHOCHT,CH. H K MOAenb!lh!M 3~a_qaM TeOpHH. 

ta30BNX nepexOAOB, 063op KOTOitiX Mor 6~ COCTaBHTb 05WHPHY!O MOHOrpa~H!O. 

HaM el!le pa3 xoqeTCH nOAqepKHYTb'051!lHOCTb npo6neMli ta30BNX nepe
XOAOB H YHHBepcanbHOCTh fiOAXOAa, OCHOBaHHoro Ha pacCMoTpeHHH cnoaTaa

HliX aapymeHHa CHMMeTpHH B paMKax KOHUefiUHH KBa3HCpeAHHX H.H.Boronro5osa. 

Macrae BOnpo=, 3aTPOffYTlie B neKUHHX,_. HY~aIDTCH B AanbHellme8 

AeTanhH08 pa3pa60TKe. Ilp~e Beere, 3TO OTHOCHTCH K npo5neMe nepeXOAa 

OT AHHaMHiecxoro K pasaosecaouy onHcaHH10 /ycpeAHeHHe no 'speMeHH' ,aa5nro

AeHHH 3a CHCTeM08, rHnOTe3a O nepeMelIIHBaHHH H PHA APYrHX Bonpocos/. 

IlpeAnol!CeHHNfi sl
109

&oAXOA K MHKpOCKOnHqecKOMY onHCaHH!O reTepo~a3HliX 

COCTOHHH8 n03BOnHeT He TOnbKO 06bHCHHTb u~ PHA 3KcnepHMeHTanbffblX 

pe3YnhTaTOB, nnoxo BnHCHBa!WIHXCH B CTaHAaPTHHe TeOpHH nepeXOAOB Mel!CAY 

qacTliMH ta3aMH, HOH npeACKa3aTb HOBble oco6eHHOCTH B noBeAeHHH CHC

TeM, B qaCTHOCTH, HBneHHe HyKneauHH. CHCTeMaTHqecKoe H3yqeHHe TepMO

AHHaMHKH reTep~a3HHX COCTOHHH8 B pa3nHqffHX tH3H~eCKHX CHCTeMax AOnl!C
HO CTaTb 0AH08 H3 nepsooqepeAffHX 3~aq 3KCnepRMeHTa. 
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The main ideas and methods of the theory of phase transi
tions.are presented in these Lectures, A common character of 
phase-transition problems in different fields of physics as 
well as the universality of·methods and models used are empha
sized. A central place is occupied by the questions of vacuum 
degeneration in macroscopic systems and by the Bosolubov 
concept of quasiaverages having a fundamental value in the 
theory of phase transitions. A consistently_analysed intercon-. 
nection between a phase transition and spontaneous symmetry 
breaking lets to treat from a unique point of view phase tran
sitions of first as well as of second order. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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