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“B smoxax, B yMaX, B KOPILIOPax,
rme pa3yM, KaHOH, FabapuT —
ecTh 06JIaCTH, CKPBIBIIICH B KOTOPBIX,
pasHy3IaHHBII XaoC HaputT.”
Nrops I'y6epman

IIpenucnoBue

[lenbio nannoro KoHcnekTa jIeKIIUN MO0 CTATUCTUYECKON (PU3UKeE SBIIETCS U3JI0-
JKeHWe OCHOBHBIX WUIEH W MeTONOB TEOPUW PaBHOBECHBIX KJTACCHYECKNX W KBaHTOBBIX CTa-
TUCTHYeCKUX aHcambiell ['mb6ca m mpuMepoB X MpUMeHeHWs K KOHKPETHBIM (PU3MYECKUM
cucTeMaM TIpHW BBICOKMX M HUBKMX TeMmmepaTypax. Ilockombky B neficTByroremM yueGHOM
mTaHe (Qu3ndeckas KWHETWKa BBIAETeHa B CAMOCTOSTEIbHYIO MUCIUTLUINHY, 3aBepIIafolyio
KypC TeopeTuIecKon (PU3nKM, 371eCh OTCYTCTBYIOT CCBIIKN Ha KWHETHIECKUI TTOMXO.

[TacemoTpennr Tpu Baxuenmux ancam6is ['nbbca: MUKpOKaAHOHUYECKNH, KaHOHMYECK il
n 6ombInoit Kanonndeckuii. I[lkBuBajeHTHOCTH paBHOBECHBIX ancamMbOiell obcyKnaeTcs Kak
C TOUKW 3PEHUS CBI3U MKy SHTPONHMEN U BepOosSTHOCTBHIO M mpuniuna llepacra, Tak n B
paMKax TepMonmHamuueckoil Teopun Gaykryarnuii. IlogpobHo mpociexenbl mepexombl OT
KBAHTOBLIX CTATUCTUYECKUX ancaMbiIell K KiaccndeckoMy (GOIbIMaHOBCKOe TIPUOITKEHTE )
7 CBSI3aHHBIE C HUMW Pa3IW4ns B cocobax yueTa KBAaHTOBOMEXaHMIECKON TOXKIECCTBEHHOCTH
YaCTHIl B UAEATLHBIX KBA3WKIACCHIECKIX 1 KBAHTOBBIX 603e- 1 (GpepMI- crucTeMax (Hepems-
TUBUCTCKWH 603e-ra3, paBHOBECHOE M3NTydeHne, (POHOHBI B KPUCTAJIIe, 37IEKTPOHBI B MeTaJlje
W TIOJTYTIPOBOIHIKE ), a TakXkKe Ha MpUMepax mapa- 1 AnaMarHeTH3Ma dJIeKTPOHHOTO Tasa, 06-
MEHHOTO B3aMMONICHCTBIS JIOKAIN30BaHHBIX CIMHOB Teii3eHOepToBCKOTO (deppoMarHeTnKa n
3JIEKTPOHHOTO T'a3a ¢ KYJIOHOBCKMM B3anmMoieficTBIeM B MeTomax XapTpu, XapTpu — Poxa.

MoTuBamMu HalMcaHUsl TAaHHOTO TIOCOOMS TTOCITY KU, BO-TIEPBBIX, HHTeHCHpuKaius yues-
HOTO TIpollecca, HEOOXOMMMOCTH TOMYEPKHYTH WAeHOe eNWHCTBO Pa3IWYHBIX Ha TEPBBHIT
B3TJIAIT TIONIXONIOB W METONOB W TOSICHUTDH NeTalll MCIOIb3yEeMBIX TPUOIMKEHNN W BBITUCTIE-
HIH, a BO-BTOPHIX, CHUKEHNE OOIIEero YPOBHS TOATOTOBICHHOCTN HBIHEITHUX CTYNEHTOB, B
TOM dHCIIe, K CAMOCTOSTEeIbHON paboTe ¢ MuTepaTypoil.

HawHbITT TeKcT, XOTS W SBIISIeTCS BIIOJIHE 3aMKHYTHIM U3JI0KEHUEM OCHOB PaBHOBECHON
CTATUCTUIECKON (PU3NKM, He TTPeTEHNYeT Ha 3aMeHy co0Oil CTaHMapTHBIX YICOHWKOB, M MO-
KeT CIYXKUTH CKOpee CIIPaBOYHBIM Ty TEBOANTEIEM TI0 TTPpeIMeTy U COOTBETCTBYIOIIEN TTe-
paType, CIUCKI KOTOPOIl IIpUBENEHbI B KOHIIE KasKIol Jekiun’.

YacTb MaTepuasia BbIHECEHA B 337191, KOTOPBIE SBIISIOTCS HEOTHEMIIEMON 9acThIO Ky pCa.
Bamgaun Takxe cHabKEHBl TOMPOGHLIMU JIUTEPATYPHBIMI CCHIIIKAME U COCTABISIIOT OCHOBY
00sI3aTeTbHBIX 3a/JaHN W HK3aMEHAITMOHHBIX BOTTPOCOB.

Astopnr 6maronapusr U.A. Ilepesamosoit, B.II. JlomoBy, A.A. Cemeniok 3a TimaTenbHoe
BBITIOJTHEHNE PUCYHKOB.

C.11. Kopeubmur, C.. Cunerockuit

1‘HGKI_[I/II/I7 OoTMeueHHbIe 3Be3I0UKOi IpeqHa3Hadedbl Ipekae BCcero njid CTYIeHTOB-TeOpeTHUKOB



] —

HexkoTopbie oGo3HaueHUS:
¢, € - CKOPOCTE CBeTa 1 cpenisis (0bpaTHo KyOndecKas) CKOPOCTH 3BYKA;
N4 = 6,02 -10% (1/monb) - uncno ABorampo;
kp=k=1,38" 10_23H)K/K - moctostinas [lonbimana;

Tk
R =kpNs = 8,31441 5555 - rasoBas NOCTOSHHAS;
h = 2nh - mocrosannie Ilmamka;
le|h
Up = - marneton [lopa;

2me
2KupHble cuMBoOJBL: p.q, X, Kk, r,p.qg,r, X, n 7.1. — 3-x unn -2s -MepHbIe BEKTOPA;

(jt(Xo), o(t), H. T, 1 T.1. — 0TOBpaKeHus; OepaTopbl; yC/IOBHbLE, IPOMEKY TOUHbIE, PA3PLIB-
Hble QYHKIUU WIN OTlepallii;

<E>, I/ — cpennne mo aHcaM6IIIo, WM BPeMeHH, W Habojlee BeposTHOE 3HaueHus F;
Ds(F) — abcomornas nucnepcus £ (9.2) ;

o9( E') — otHocuTenpuas nucnepcus FE (9.4);

CumBonbl =, =, <=, <= — 03HAYAIOT: “CBOMUTCS K; IpeobpasyeTcs B; IPUHUMAET BUI .
CuMBOITBI —, — — O3HAYAIOT: “3aMeHsSeTCs Ha...; CTPEMUTCS K...” .

CuMBOITBL , —, ,— — O3HAYAIOT: “TPUBOMUT K...; MaeT...” .

CumBoa V — osHagaeT “mis Jdi00BIX...; IJIS BCEX...; OJIS KaxkKIoro... .

CumBornr J — o3magaeT “cyImecTByeT...; I8 HEKOTOPOTO...” .

CuMBOITBI —, ¢ — 03HAYAIOT “MPUHUMAETCS; TPUOINKEHHO MOTaraeTCsl UIH 3aMeHseTCs .

E,[[I/IHI/II.II:I n3MepeHns:

I - TpaMM;
K[ - KHJIOTPaMM;
M - MeTp;

CM - CAaHTUMET];

mm - MUJIIUMET];

CEeK - CeKYHIIa;

MWH - MUHYTa;

mm pT. CT - MUJJIUMETP PTYTHOTO CTOIOA;

aTM - arMocdhepa;

aeM - aToOMHas eqUHUIIa MacChl;

MOJTb - KOJIMYECTBO BelllecTBa B V4 €ro MoJIeKyiax;
o - IIbioTomn;

K - Kenbsuw;

Hx - Hxoyib;

Bt - BarT;

5B - saexTponsoabT; 1 5B = 1,6 - 1071 JIx = kg - 1,16 - 10* K;
M5B - merasiexTponsoabT = 10° 5B;

I's5B - rurasnexrponsoast = 107 5B.

Cokpailtienus:
[IMII - s;ekTpoMarHuTHOE TOJIE;
III" - sproouueckas runoTesa;

CIIT" - cooTnotenne weonpenenennocTeit |'efizenbepra.
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Jlekiina 1

MeTong ancamMmOJienl B cTaTUCTNUYECKON
MeXaHUKe

1 HQHI/I CTATUCTUYICCKOI'O OIIMCAaHUA B TCPMOOANHAMUNKE

Urax, moBemenme TepMOTTHAMITTIECKON CUCTEMBI TIPU TTPOM3BOTBHEIX TPOTIEC-
caxX yIpaBiIseTcs 3aKOHOM COXpaHeHWS >HepPTUN B BuUme [-To Havalra TepMo-
OUHAMUKH, IPU YCJIOBUM, YTO e€e BHYTPEHHAS HHePIUs ABIsdeTCA QYHKIUeI
TOJILKO €€ COCTOSHUS, HeM3MeHHOI I JI00BIX 3aMKHYTBIX IIPOIIECCOB W:

dU = 90Q) — 6A, T.e. j{dU:O, IpH: j{5Q:j§5A:Ww;éO.

Brrpaxkenue mis meMeHTApHON padOTH TePMOIMHAMUICCKON CUCTEMBI HA
BHEIITHIMI TeJIaMI B KBa3UCTATUUCCKIX — PABHOBECHBIX MTPOIIeCccaX MHTETPU-
pyeTcs ¢ TMOMOIIBIO M3BECTHBIX M3 MeXaHUKN BhIpaxkeHui: 0A = PdV —
TanYmdym, rme oboOrerHble cuabl P,Y,, m 00600IIeHABIe KOOPDIUHATEL V., U,

TOXKe y&Ke eCTh GPYHKINN (IapaMeTPhI) TOIbKO COCTOSHIS CICTEMEL.
OcHoBHOIT TepMonmHaAMUUecKIH 3akoH npuponkl — [I-e Pagano Tepmonn-
HaAMUKH — COCTOUT B TOM, UTO BEIpaKeHUe OJIS 3JIeMeHTapPHOI'O KOJIMIecTBa
MOOBEIeHHOTO K CHUCTeMe Tellsla MJIf KBa3UCTATUYeCKNX — OOpaTUMBIX IIPO-
IIeccoB B OO0 cucTeMe TaKiKe MHTerPUpyeTcs IMyTeM BBeOeHUS eIlle NBYX
GYHKIIIT (TapaMeTpPOB) COCTOSHIL: TeMIepaTypsl 1 i sHTpoudn S:

0Q =TdS, T.e.. dU=TdS — PdV, (1.1)

a IJg HepaBHOBeCHBIX mpomeccoB: 0() < T'dS. YrTobbl mNpomHTErpIpOBaTh
nuddepernuambioe ypaBaerne (1.1) maxe s 3aTaHHOTO KBAa3MCTATITe-
CKOTO TIpoIecca (-, +) = const, CBA3BIBAIOLIET0 TIO0bIe IBa HE3ABICUMBIX Ia-
pamerpa m3 ux monaoro Habopa {1.S, P, V. [Y,,yn|} — (-,-), Heobxommmo
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TovIHO 3HaTh B (1.1) X0Ts GBI mBa cTaraeMBIX U3 TpeX. Pampumep, TepMmte-
CKOe T /HUIn KaJopuaeckne YPaBHEHUS COCTOSHIS, COOTBETCTBEHHO, BUIA:

P=PT V), o/umm: U=U(T,V), wmm: S=S(T,V), mmm: (1.2)

dS e dS dS
=T |=— : — =dS(T,p) =dT | — dp | — 1.
CSD (aT)goj Ipu T S( 799) (aT)g0+ 99(899)7“7 ( 3)
To ecTh: 1'dS = (0Q)), = C,dT = Cu(T, p)dT, (1.4)

roe C, ABILeTCS TEITOeMKOCTBIO TaHHOTO Ipolecca ¢(-,-) = const.
MeTomsl cTaTHCTIYCCKOIT (GI3UKI IPU3BaHEl PelllaTh ABYCOIHYIO 3a0ady:
® BBEIUHCIIATH TePMOAMHAMUUECKNe YDaBHeHUs cocTosHms (1.2) mexoms m3
IpencTaBIeHI 0 MAKPOCKOIIYIecKOM YCTPOICTBE CHCTEMBL: I3 9ero OHa CO-
CTONT I KaK B3aIMOIOEIICTBYIOT MeKIy coboll ee MUKPOCOCTaBIIAIONIIe;
® IICCIIeIOBATh B3aIMOACICTBIE 3TUX MUKPOCOCTaBILIONINX, NCXONA I3 pe-
3y7BTATOB M3MEPEHISI MAKPOCKOIIIECKIX BeImanH, Bxomsamux B (1.2)(1.4).
Ppu 5ToM B 0CHOBe IpencTaBlIeHIIl CTaTHCTHIeCKON MeXaHIKIT JICZKITT

2  Homgarume cratucTniueckoro amcamoOsIs

Knaccmaeckas MexaHmdecKas cIcTeMa, TMeS B OTCYTCTBHUE MUCCUTIATHBHBIX 1 He-

CTAIMOHAPHBIX cUJl § CTeleHell cBOOOOBI 0OOOITeHHBIX KOOPDANMHAT 1 MMITYIbCOB,
t o f\s t12s — t

3amatonuX ee GasoByio TOIKY (q;, pi)im = {v:}52; = X' B 25 - MepHOM dazo-

BOM IIDOCTPaHCTBE, OIINCBIBa€TCA CICTeMOII 25 TaMIJILTOHOBBIX ypaBHeHI/IIK/)I7

¢ pynxrmmeit lavmwrona: H ({g;: 11 {pi}i;t) = H(X;t) = H(X) : (1.5)
| OH(X)
L Z Opi (V(X)-Vy) X' =
[ [ — [
el I I I =) —{ e )
b - dqi
bW peIleHus: (; = qf = (’jZ-(XO,t), pi = pf- = ﬁi(XO,t), X' = zj\t(Xo), (1.7)
3aBHCAT OT HAUAMBHBIX NaHHBIX: X = (q?, p?)le, npu t =ty — 0. (1.8)

WNcnonb3ys stu SBHBIC BHIPDAKEHUS (1.6) s 25 KOMIIOHEHT BeKTOPHOTO II07IA
ckopocTell Ga3oBON TOUKI V(X t), JeTKO HalT! ypaBHeHUe ['aMuIbToHA IIs
TI000M He3aBHICAIIICHI ABHO OT t MMTHAMUYECKON BeIMYNHBL b(X ) = b(X t):

. db(XY) 2, Ob(X') & (OH 9b  OH db
b = t = -
dt ; AT ; Op; 9¢;  Od; Op;

. (v(Xt) : Vth(Xt)) = {H(Xt),b(Xt)}, - ckobka Pyaccoma. (1.10)

(1.9)
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Kaszamocs 681, pemms a1y 3amaay Komm (1.6)-(1.8), MoxkHO momayanTs m3
(1.9), (1.10) ommcanme Bcex CBOMCTB MAKPOCKOIITIECKOTO 00BekTa. OmHAKO,
IBe IPUHIUIIAILHEE IPOOIEMBI BCTAIOT Ha TOM IIyTH, Hejas ero teciep-
CIeKTUBHBIM. U meso He B BBRITICINTEILHBIX TPYIHOCTAX, IOCKOIBKY COBPe-
merable PBM mo3BoagioT “meranabHo” IpOCIeOUTEh MOICKYAIPHYIO IITHAMIIKY
cucteM, coctogmux u3 100 u 6omee gactum. emo B ToM, UTO:

o Dmsmuecknii cMpIcs BenmunH Ha MVKpoypoBHe OTJIMYUEH OT UX CMBICTIA
Ha MAKpoyposHe. Pampmvep, MUkponmoTHOCTS BermecTBa B Touke T (15.20)
Kak quHaMmIeckas GyHKIm b( X, ) KOOpANHAT 0THZeIbHBIX TaCTIUIL CICTEMBI

N
IpeNCTaBALeTCS CUHTYIAPHON (QyHKIIIeN ﬁl({q}évzl; r) = '21 d3(g; — 1), T.e.
j:

CIJIBHO (QIYKTYIPYIOLIEH B IPOCTPAHCTBE BeJIMUMHON, TOTHa Kak Ha MAKDPO-
CKOIIITYEeCKOM yPOBHE 5TO TJIalKasd HelpPephIBHas GYHKINS, 3HAUCHNIS KOTO-
poit Ty (r) = T B PaBHOBECHBIX COCTOSHIAX 3AIAIOTCS JINIIH HeGOIBIIIM
TucaoM MAxpomnapamerpoB T = (T, P) = N/V, Ho Hukax He 6e3yMHBIM -
com MU xponapameTpos (¢), p?)3, samarormx mexonayio MUKpokoRGHUTYpa-
0. YToOBI ¢BA3aTh TU OBa MOHATHUA IVIOTHOCTIH, HEOOXOMIMO CHOPMYIII-
pPOBaTh 00IIlee TPABIIO COOTBETCTBIUS Tiy (I') < <<ﬁ1({q}évzl; r)>>, yCTaHO-
BIIB OMHO3HAYHYIO B3alMOCBA3b MAKPOCKOINYECKIX BEIMUNH I OTBEYAIOIINIX
M OUHAMITeCKUX GYHKOHI 0T MUKPOCKOIImTIecKnX mepeMerHEIX (q;, p;i)].
¢ [IpyToe mposBIeHIe 3TOT0 Pa3INdmsa COCTONT B TOM, 9TO 3amaHue MAKpDO-
CKOIITTeCKIX HadaapHBIX ycaoBuil (E, V) N) BoBce He ompeneniseT 0OqHO3HATHO
mUKpockonmaeckne MexaHETIecKne Hadambable yeaosns X° (1.8). C saman-
HBEIMI MAKDPOYCIOBIAMII COBMECTIMO Heo003pmMo 0osbImoe unciao MUKpo-
kordpurypanmit X'(a), a € A. Tax uTo Mexarmaeckoe MUKpoommcanme MA-
KPOCHICTEMBI I ¢e CBOHNCTB Ha OCHOBe ypaBHeHmi memxeHms (1.6)-(1.8) mms
OTHENbHBIX CTelleHeil CBOOOMBI COCTABIIAIONIIX STy CICTEMY YaCTHIL ABIIeTCSI
M30BITOYHO THGOPMATHBHEIM. Bee MexaHmIeckne HadaabHbIe MUKpoycaoBua
X%a), copmectmmere npn o € A ¢ maHHBIMI MAKPOCKOMITIeCKIMIT Y CIOBI-
avu (E,V, N), cienyer paccMaTpuBaTh Kak 6ojee I MeHee PAaBHOIPABHEIC.
Onma 13 BO3MOKHBIX CIOCOO0B PeaIm3allll TAKOTO PABHOIPABIIA COCTONT
B TOM, 9T0 BeeM MUKPOCOCTOSHIIAM, TOCTYIIHBIM PACCMATPIBACMOIl CIICTEMe
B HAYAJIBHBLII MOMEHT BpPeMeHI, IPHINCHIBACTCS OIpeldelleHHBIN Bec. Pa-
IpuMe]p, MOXKHO 3a0aTh OQMHAKOBBIIT HeHyIeBoil Bec BceM MUKpococTosHIAM
X'a), coBmectumbiv pu o € A ¢ marabME MAKpoycnosmayu (E,V, N), a
BCeM HeCOBMeCTUMBIM, pn « ¢ A, mpunumcaTs HyTeBoil Bec. Puxke sTo maer
MUKpokaHOHIYeCKOe pacIpede/eHIe Ojid M30INPOBAHHON CIICTeMBL.



2.1 Cratuctuieckuil ancaMO/Ib B (ha30BOM IIPOCTPAHCTBE

T.o., B To BpeMs KakK IIPU JeTaTIbHOM TUHAMUITECKOM omucaHuu MUAKpococTo-
dHIe CICTeMBl IpefcTaBiadeTcd ogHoI Toukorn X', mBmKyeiica ¢ da3oBoil
ckopocTeio V(X') (1.6) B 2s-MepHOM (ha30BOM TPOCTPAHCTBE, TIe S- TICII0
cTemeHell CBOOOMBI CHCTEMBI, B CTATUCTHYCCKOM IoaXome MAKPOCOCTOSHITIE
CHCTeMBI 3a[laeTCA COBOKYIHOCTHIO ToueK X'(a) B 5TOM MPOCTPAHCTBe, Tie
KazKmas W3 HOX XapaKTepU3yeTCs ONmpemeeHHBIM BecoM. Takyio COBOKYII-
HOCTH TOUEK C BECOM Ha3bIBAIOT CTATHCTHMUYECKIM aHcaMbGieM A S a.

T.e. crarmcrmyecknii aHcaM6/Ib, 5T0 MHOXKecTBo A kommit “a” paccua-
TPHBaEeMOI CHCTEMBbI, IPEACTABAAIONIIX BCe ee Pa3amIHbIe BO3MOXKHBIC M-
kpockommraeckne coctogana X '(a), & € A, B TAHHEII MOMEHT BpeMeHI t.

A BMecTO TOTO UTOOHI clteguTh 3a N TOUKAMU CUCTEMBI B Ga30BOM IIPO-
CTPAHCTBe OTHON dacTHIE! pasMeprocTn 2d = d, 4 d,, MBI, Bo-IIepBHIX, IIpen-
MO C/IeAUTH 3a OMHOU M300pakarolneil TOUKOU BCell CICTeMBI B ee Ga30BOM
npoctpancTBe { X} pasmeprnoctn 2s = N 2d. Omrako, oco3sHaB M36BITOU-
HOCTH MMOTOUCTHOTO ONUCAHUS, MBI, BO-BTOPBIX, OTPAHNUIINCH U yKa3a-
aueM obnactu O = Usea {X'(a)} dazoBoro mpocTpancTBa, TOe ¢ TOH UK
MHOH BEPOSTHOCTHIO MOKHO HATH Ty TOUKY B MoMeHT t. PTa obmacTs 1 3a-
maeTcs yiKe TOIbKO 3HAUCHIIME HeOOIBIITOTo UncIa MAKpomapaMeTpOB THIA
E. V. N u xoneunoii rouroctbio ux m3meperns AFE, AV, AN. B ntore mpuxo-
IUM K TTOHATHUIO aHCAaMOId KaK KOHTUHYAIbHOTO MHOKECTBa KOMUH CUCTEMBI,
pacupeneaeHHBIX T0 BceMy (Ha30BOMY TPOCTPAHCTBY € HEKOTOPOH IIJIOTHO-
creo op (X' t), m kK moraTHIO cMemaRHOro MUKpPOCOCTOSAHIIA 3TOTO aHCaM-
O/, 3aMaHHOTO BEPOITHOCTHIO dW\(X t)t): mpm maEHBEIX MAKpoOmapaMeTpax
0OHAPYKNTH CICTEMY B MOMEHT BPEMeHNI t B »leMeHTe oobema d2*X! ¢a-
30Boro mpocTparcTBa { X} BOmmsm uncroro mUkpococTogrud B Touke X'.
BeposTHOCTS ompemesseTcs >Toll (a30BoOll ITOTHOCTHIO BECOB aHCAMOIII KaK:

dW (X' t) = d*X'on(X"t),  on(X'it)=on ({gi}1: {pi}1:t) > 0. (1.11)

[ AW (X5t = [ d*X'op(X'5t) = [ d*X00p(X%0)=1.  (1.12)

{X} {X} {X}

PasnuaHBIM KOMUISIM CHCTEMBI, COCTABIISIIONIIM aHCAMO/Ib, OTBEYAIOT Pa3HbIC
HauaTbHble yernosus X°(a). BosBpaT K MOTHOCTBIO MeTePMUHIPOBAHHOMY
(A= 1) ancToMy Kiaaccmaeckomy MAKpococTosHmio X! o3HauaeT, 9T0 haszoBas
IJIOTHOCTH OT/IMYHA OT HYJIS TOJIBKO B 3TOH ToUKe $a3zoBOr0 IPOCTPAHCTBA:

0 (X'58) = 650(X" = X') = 65a(X] = X} (X — XJ), a+b=s, (1.13)

U 5TO YHUCTOE COCTOSHUE CUCTEMEI O3HaYaeT YHCTELIE COCTOSHUS JIIOOLIX ee IIOOCICTEM.



2.2 Teopema u ypaBHeHUe JIMyBIIIAI

I KIacCmIeckux CucTeM, TOMIMHSIOIIXCS TaMILTb TOROBOI nuHaMuKe (1.6),
mMeeT MeCTo TeopeMa JImyBUiIas o coXpaHeHIN BeIMINHEL “3aHIMACMOTO CII-
cTeMoit pazoBoro oobema’. PycTs B MoMeHT Bpemeru ¢ = () da3oBBe TOUKI ¢
koopamaaTamu X° = (¢¥,p?)5, i = 1+ 5, rhe s — umcso cTemeHedt cBOGOML, He-
HPepBIBHO 3alOMHAIT Beé GazoBoe MPOCTPAHCTBO ¢ WI0THOCTHIO o (X Y;0).
B cuny ypasrenmii ammabTona, ¢ n pb apastorcs GyEKIUIAME ¢ T HATATH-
HEIX JAHHBIX ¢, p!, HOATOMY 3MeHeHIe BO BPeMeHN Mephl HHTeTPIPOBAHMS,
B coorsercTsmm ¢ (1.6), (1.7), ompemensercs sxobmamom D! = det ||G|| mpe-
obpaszosarms G, (1.7) ot X* &5 X', T.e.. or x(j)- 5 o, mng j =1+ 2s:

25 d=Xt |0t ox! Ox! 8(xt o at )
d*X =T[dx;, D'= _ 9%k, 90 Oty 0N Ty
};Il Lj, d2s X0 ‘axg) €1 o axg)l axgzs a(x(l)7 o xgs) 5
(1.14)

TIe €, j,. oupemeneHo B (8.22). HuddepeHnnpys HesaBucsiee 0T BpeMeHI
ycroBue HopMupoBkn (1.12), mveem, aro Vi

d d d
0= — /dQSXODtgH(Xt;t) = /dQSXO lDt—gH(Xt;t) + o (X' t)—-D'|,

dt dt dt

{x} {x}
d d

OTKYIA: (%Dt = O) — (EQH(Xt;t) = O) , opm: D' #£0. (1.15)
T.e. UHBaAPUAHTHOCTH (HEM3MEHHOCTH) MeDBl HHTEIDUPOBAHUS OKA3bIBACTCSI
eCTeCTBeHHBIM 00pa30M SKBIBaIcHTHA HeCKITMACMOCTH “(dha30Boil KIIKOCTH :

d Oon (X';t) n 2 0on(X%1)

—on(X'it) = : 1.1
QH( ; ) at j;xj axé — 0 ( 6)

dt

Hoxkazkem, HampuMep, mepsoe m3 pasercTs (1.15). Pockonbky muddepermn-
posarue onpemenuTers (1.14) cBogmTCsS K CyMMe OmpemeInTernell ¢ IPOM3BOI-

HBIMII OT KazKJOTO CTOMOHA (UM CTPOKH), COOTBETCTBYIOINX AI(depeHIn-
t

POBAHUIO OTOCIIBHBIX l‘j, TO OJIA HpOI/ISBO,D:HOfI OT ero JIOI‘apI/I(l)Ma IMeeM:

d1ln D! 1 dD" (Y, ..., 29,) %’*‘: O(xf, ..., 2%, .. xh,) _

T DU dt O(al,...,xh,) =1 O(af, ..., )

25 O, ..., at, ..., at 25 Ot s (0g¢t  Opt
— ( : ! 35): —iEZ( q;-|- p;): (1.17)
j=1 a(xla"'axja"'ax%) j=1 axj = \9q;  Op;
s O*H 0*’H ) ¢t Opt
= — —> 0, I HeOpepuIBHBIX ——r, —, (1.18
5 (ot~ ot o oy 1Y
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~ B CIUIy TaMITBTOHOBBIX ypaBHeHuil (1.6) u Toro, UTo mpupalrieHne ¢yHKINT
FaMumpTOHA KOHCepBATHBHON crcTeMsl (1.5) sBseTcs MOMHBIM muphepeH-
[IATIOM, T.e. HUMeeTCsS PABeHCTBO BTODBIX CMEIIAHHBIX MTPOM3BOMHBIX (XOTS
BTOpOil muddepennnan d*H (X ) cymecTBoBaTh He 06g3aH):

H(X't)= HXY=HX") = H(X), 0HX)=dH(X). (1.19)

T.e. Teopema JImysumns (1.15) cupaBenmnBa IHIME OIS IPOMEKYTKOB Bpe-
MEHI ¢, B TedeHIe KOTOPBIX CICTEMY MOZKHO CUITaTh KOHCePBATUBHOII ILII
KBABIBAMKHYTOI, & 0TBEUAIOLIIE M TOTLA IPeodpasoBaHus G; — KaHOHIIC-
ckmvu. W3 (1.18) momywaem In D' = const, a, ¢ y4eToM HaTaTbHBIX TaHHBIX
D'y—y = 1, maiimem, uro D' = 1. BriTexatrmee orciona ypasrerue (1.16)
SKBHBAJICHTHO TOTIa YTBEPZAKICHMIO O COXPAHCHHIH INIOTHOCTH (Da30BBEIX TO-
YeK KaK HeM3MEHHOCTH CTaTHCTHYeCKoll GYHKINN pacHpeneleHNS Ha ¢aso-
BEIX TpaexTopuax X' (1.7), momyckaembrx ypasrermavm [amvmmbTora (1.6):

on(X%0) = o (X55t) = o (XT;7), O<t<T. (1.20)

Ecan xe, #ao60poT, HOIB3YsACh CHEpBa JIHAIIb COXPAHCHIEM (HEIPEPBIBHO-
CTBIO) TOTOKa (Ha30BOI IIOTHOCTH BEPOSTHOCTH KaK IIOTOKA “JKIIKOCTH
KON aHCaMbOIsS, PaccMOTPeTh HPOM3BOIBHBIN (PUKCUPOBAHHBLIN KOHEUHBII
oobeM O $a3o0BOro MPOCTPAHCTBA, OTPAHMUCHHBIN MOBEPXHOCTBIO X, TO
yOBLITb BEPOATHOCTH 33 CUCT BBITCKAHMUS 13 HETO HAPYKY 5Toro moToKa j (X, t)
dba30BOll “KUOKOCTU , ¢ YIeTOM 2$- MepHOI TeopeMsbl I'aycca, paBHa:

d

~ @ Xop(X;t) = § (A% - j(X, 1) =

Yo
Dou (Xt
—/d%xM = [d"X (Vx - j(X.1)). (1.21)
O ot O
YV O 570 mo3BOMIgET 3amucaTh yKe Mg T00bIX X ypaBHeHUE HETIPEePHIBHOCTH:
don (X, 1) : d(i0) o do

0= (W f(Xt = = 1.22
ot +( X ]( 7)) +ZZ:1 axl dta ( )

B QS—MepHOM IIpOCTpaHCTBE, T'Ie BTOPOE CJI&I‘&GMOGl €CTh OIUBCPICHIUI BCK-

TOpa INIOTHOCTH HOTOKa (ha30BOil KIOKOCTH, YbH KOMIIOHCHTHI M Ha IIPOI3-
BoTBHBIX TpaekTopuax X = X', ouesmmro, pasusr (X, t) — X! o (X', t).
P peobpasys sTy museprermmo nanee nias I amiisToHOBEIX TpaexTopmii (1.7)
BHOBB ToncTaHOBKol ypasHenuit (1.6) mpw oy (X';t) = o B ToxmecTso:

13apucumocts or t o6nactu O — O' B (1.21) npuBonuT cpasy ko BTopoMmy ypasHenuio (1.22)
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25 J(ito) 25 ( Ot do
J i ot t t
— = = — | = X") - Vye X't
& o~ %o e (VXD - Vi) en(X'.8),
mo (1.17), (1.18) mpuBommm (1.22) & momHOIT mpom3BomHOl o Bpemern (1.16),
cyTb HecxmMaeMmoctn (1.20), a B cumy (1.9), (1.10), x ypasaerumio JlmyBmmms:

8@H (X, t)
ot
yiKe g qoobprx X, T.K. cormacuo (1.6), (1.19), V(X)) 3aBucut sBHO TOTBKO
or X I cleBa ¢TONT YaCTHasd IPOM3BOMHAL IO {, YTO IPUBOAUT K OTINUNIO B
sHake OT ypaBHeHms ['ammmbrona (1.9). Ypasrernume (1.23) (mamo I'm66com)
OIIICHIBAET SBOIIOIMIO CTATHCTIICCKOTO aHCAMOIIS KIACCIIeCKIX CICTEM.

— — (V(X)- Vion(X:0) = — {H(X), 0n(X:0)},  (1.23)

3 HaBmoBecHas ¢azoBasg MIOTHOCTH

B craructmaeckoit ¢usnke, B oTIAUMUNE OT KOHETUKN, OTPAHNINTBAIOTCS Pac-
CMOTpeHIeM TOJTBKO PaBHOBeCHBIX aHcaMOieil. PockombKy, B paBHOBECHOM
COCTOSIHIU CHUCTeMa, IO OIpeNeeHNI0, 0CcTaeTCs CKOIb YTOIHO MOJITO, eMY
OTBETAIOT TOTBKO CTaIIIOHAPHEIC peleHms ypasHeHms Jmysumms (1.23):

8@H(X; t)
ot

— He 3aBUCIIINNI OT { WHTerpajl IBUKEHUS, T.e. 3aBUCIIINI, BOOOIIIe TOBOPSI

=0, {H,o}=0={HIn(o)}, 1. oy(X;t) = o(X), (1.24)

oT Bcex 2s—1 maTerpaos cucteMsr (1.6). OmHaKo B PABHOBECIH THCIO TAKIX
He3aBICIMBIX mepeMeHHBIX ¥ 0(X ) MOKHO CyIIIeCTBEHHO COKPATUTH!

II71st 5TOTO OTMETUM BaKHOE U UacTO HUCIOIB3yeMoe HIZKe CBOWCTBO “ca-
MOTIOmoOms” PaBHOBECHBIX cucTeM. Jlrobas MAKpomogcrucTeMa 1 paBHOBECHOIT
cucteMbl 1+2 Takxe HaXOOHTCS B PABHOBECHHI W TIOTOMY OKa3bIBACTCS IIO
CYTH CTATHCTUYCCKN HE3ABUCUMON OT OCTAIBHON YaCTHU 2 MOJIHON CUCTEMBI
142, MOCKOAbKY BHYTpeHHHIE >Hepriu noncucteM E| n Fy mponopinoHaIbHEL
nx obbeMaM, a PHePTHUS UX B3aIMOAeIICTBUI € TPOTOPIINOHATbBHA JTUIIH TI7T0-
AN PA3IeIAoniell X ITOBePXHOCTH I IpeHeGpeKmMo Mama’ mias MAKpo-
noacucteM, T.e. F = E; + Ey. PTo o3HavaeT paxTopm3amnmio BepoITHOCTH
COCTOSHUS CUCTEMBI B IIPOU3BEICHIE BEPOITHOCTEN He3aBUCHMBIX COCTOSHUT
MOMICICTEM, I IPUBOAUT, B CIIY PaKTOPU3AIINI 3IeMeHTa Pa3zoBoro oobeMa,
K daxTopm3anun ¢Ga3zoBoll MIOTHOCTH, T.6. K aIAUTHBHOCTH ee JorapudmMma:

Q(X) dQSX = dW\(X) — dWl(Xl)dWQ(XQ) = QI(XI) dX1Q2(X2) dXQ, (125)

2E1 2 ~UR? ¢ ~GR? 1o @ = ul, rie (- TonumHa NOBepXHOCTH pasfena, T.e.: £/Fy 3~ (/R.
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rme, T.K.: d*X =dX1dXs, T0: o(X)= 01(X1)02(X2), T.e. (1.26)
Inp = Ing; +1ngy, uro BMecTe ¢: F = E|+ Ey, P=P;+ Py, (1.27)
o T.I. mopcKasbBaeT, uTo: Ino(XN)=— —A— F — (k-P)— (h-L), (1.28)

— ecau cuanTaTh o(X ) o6braHOI (He 0600IeHHOI) dyHKIUCei. T.e. B paBHOBe-
cum, B CILy »Toro c¢BoiicTBa (1.26), ocTaeTcs ee 3aBICHMOCTS JIAIIL OT 7-MHU
II3BCCTHBIX B MEXAHIKE &M THBHAIX THTCTPAIOB IBIZKCHES ypaBHeHnit (1.6):
H(X)=E, P, uL. [Ing HcIOIBUAKHON CHCTEMBI MOKHO HCKIIOUNTH I3 Pac-
CMOTPEHNs HOIHBI UMIyIb¢ P 1 mommelil MoMmeHT nMmyabca L. Torma, B
OTCYTCTBIC UHBIX aIINTUBHBIX THTETPATIOB, pelneHne ypapaerns (1.24) ms
TI060T0 PABHOBECHOTO aHCAMOJIA €CTh GYHKINS TOJ5KO OT TaMIIbTOHIAHA:

o(X)= w(H(X)), t.e. mumsb ot sueprun cuctemsr H(X)=FE ! (1.29)

B mampHelmeM MBI KOHKPeTH3IPYeM YCIOBHA OIS CHCTEM, KOTOPBIM OTBe-
JafoT PA3IMIHbIC BBIpaKeHUs (a3oBoil maoTHOCTH Buna (1.28), (1.29).

3.1  OcCHOBHOI MOCTYJIAT CTATUCTHYCCKON hI3UKI

YcTaHOBIM e COOTBETCTBHE MEKIY ANHAMIIecKHMU GyHKImMnT b(X, 1) n
MAKpockonmaeckumu HabmogaeMeiMu B(r,t). Pa mWkpoypoBre mverorcs
BOOOIIle TOBOPS CHHTYISApHBIE nuHaMudeckue ¢yuimun b(X,r) Ha dazoBoM
mpoctparcTBe oT X = ({¢;}5,{p:}}) u r, Torma xax Ha MAKpOypOBHE BO3-
MOZKHBL JININE TJIafkne (GyHKINN KOOPOUHAT TOYKI I' I BpeMeHH ! — (Qu3m-
deckue mois B(r,t) B mpocTpaHCTBe-BpeMeHIH, U HEOOXOANMO OMpeNelnTh
oTobpaxkenne GyHKINI Ha (Ga3oBoM mpocTpaHcTBe {X } BO MHOKECTBO 5>TUX
PU3MIeCKNX IoIell Ha IPOCTPAaHCTBe-BPeMeHI, T.e. 3alaTh QYHKIIOHAI, CTa-
BAIINI B COOTBeTCTBUE Kaxkmoil ¢yHKiun b(X,r) mpu QUKCHPOBAHHBIX It
mexoropoe wmcino: b(X,r) — B(r,t) = <b(X',r)>. EcrecTBenno norpe-
60BaTh ITUHEMHOCTH TOT0 COOTBETCTBUS I HEM3MEHHOCTH MOCTOAHHEIX ('

Kb (XY + Chy(X)>> = <hi(X)> + C<hay(X)>>, <C>»=C. (1.30)

Torma, mo Teopeme Pucca-®Pperrte [42] Beskmit Takoil THHEHHBI HeTIPePHIBHBII
mo b dyHKIUmOHAT Ha Ga30BOM IIPOCTPAHCTBE MOKHO TPENCTABUTH B BUIEC
HHTerpajla MO0 HeKOTOPOW HOPMUPOBAHHOU IOTOKUTEIbHON Mepe dW\(X 1)
suna (1.11), (1.12), 3amaBaemoil HeKoTOpOIl [ha3oBoii] maoTHOCTHIO o( X, 1):

B(r,t) = <b(X'x)> = [ dW(X,t)b(X,r) = (1.31)
{X}



= [ d*X o(X,t)b(X,r) = [ d*X"o(X",0)b(X"x), rre: (1.32)
{x} {x}
X=X =2X(X)=G(X"). [dV(X.t)= [d*X o(X.t)=1.(133)
{x} {x}

Cormacuo (1.11), (1.12) dyuxumio o( X', ¢) MOXKHO MHTePIPETHPOBATH KaK
IIIOTHOCTD BepPOATHOCTI dW HANTII CHCTEMY B MOMEHT BPEMEHI ¢ B CMEIIAH-
oM MUKpococTosamn B6mm3n Toukm X' daszosoro mpocTpancTBa { X}, T.e.
Kak (pa30BYIO INIOTHOCTH HEKOTOPOTO CTATHCTHIeCKOro aHcamoms (1.23).

Popmynsr (1.31), (1.32), (1.33) BEIpaxaoT OCHOBHOH MOCTYJIAT CTa-
THCTHTIECKON MEXAHUKN: JeBas JacTh (opmymnsl (1.32) — B xapruue Jlmy-
s (1.23), a ee mpaBas gacTb — B KapTuae [avmiasrona (1.9). O6e xap-
THHEL CBS3AHBI MEKIY co60il 3aMeHOi mepeMeHHEIX (1.33), ¢ yIeToMm mHBapH-
arTHOCTH (1.15) OTHOCUTEIBHO HTUX KAHOHITICCKIX TPE0OPA30BAHIIIT JTOKAITb-
HOll Mepbl mHTerpuposanns d**X (1.14) u dasosoit mmorHocTH (1.20) (Teo-
pema JlmyBunmns), a Takzxe moTHOTO (aszoBoro mpoctpancTsa {X }. Tak wro:
MAKPOCOCTOSHIAE PABHOBECHOM CHCTEMBI MOJHOCTHIO OIMPeaesIaeTCs
sagaEmeM da3oBoil WioTHocTN ee MUKkpococToaumit’ o(X,t) B man-
HBIII MOMEHT BpeMeHH t, a Habiiomaemble MAKpoBeaunuuHbl B(r,t)
ecThb ¢asoBbie cpeguaune (1.32) 0T COOTBETCTBYIOMINX NTUHAMUIESCKUX
dyuknumit b(X,r). U xorsa B TakoM momxome HEeBO3MOXKHO HATh NeTaJIbHOE
IpencKa3aHne pe3yabTaToB KazKIoro OTIeILHOTO SKCIepUMeHTa, OTHAKO, Pe-
3yIbTAT, YCPEOHEeHHBIN 10 GOIBIIOMY YNCIY 3KCIePHMEHTOB, BBIITIOIHEH-
HEIX IIPI OAUHAKOBEIX MAKDOYCIIOBIAX, OKa3bIBaeTCA IpelcKa3aH BepHO.

3.2 ObocHOBaHIE OCHOBHOTO MOCTYJIATa: JProgUIHOCTD !
DepeMellnBaHme. DeodpaTIMOCTh! DeyCTONINBOCTb.

IMonbrITKM 060CcHOBaHNS 0CHOBHOTO HocTyIaTa (1.31)-(1.33), mcxoms u3 mpex-
nozkeHHOro JI. PombIMaHOM KIacCI9ecKoro ompeneIeHns MAKPOCKOIITIeCKOI
BeJIMINHEL, KaK CPEIHETo 0T Toll ke muHaMmTeckoin Gpyrkmmn b( X!, 1) mus pu-
HITHOTO JBIZKCHIS || < 00 M0 6eCKOHeTHOMY HHTEPBAy BPEMEHI T — 0O

B(r) = {(X"1) = Jim B7(r) = lim % IH(X'(X%).x). XX = Gu(X).
: (1.34)

(X°- maganbrbie nammbie (1.8) ¢ tp = () IPUBEIN K Tak HA3BIBACMON 3ProH-
JecKoH ruroTe3e, COTJIaCHO KOTOPOI, I 0001 TOmycTUMON PUKCIPOBAHHOI

3“pa3MasbIBaHIL” ee MAKPOCOCTOSHIS B MOMEHT BpeMeHN ¢ 1o MUKPOCOCTOSHISIM
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seprum E dasoas Touka X' sprommueckort cmeremer B (1.34) mpm ¢ — oo
3aMeTaeT (o6eraeT) MOYTH Bee TOUKU TONIPOCTpaHCTBA' 3aMaHHON SHeprum
H(X) = E, a Touree (KBa3smYProAIIecKas TUIOTe3a ), IPOXOIIT CKOIb YTOIHO
6mm3Ko K mro0oi m3 HuX. 3 Hee, B cBOIO ouepenb, ObITa BRIBEICHA DPrommde-
ckag TeopeMa Pupkroda u dpon Pelimana, KoTopasg IIacuT, UTO:

1) cpemmee mo Bpemernn b(X',r) (1.34) mMeeT omHO I TO XKe 3HAUCHNE TOTTH
BCIOAY B (ha30BOM IIPOCTPAHCTBE, T.€. ¢ TOUHOCTBIO 10 MHOKECTBA MePhI HyIb
0HO He 3aBHCHT OT tym X° = {xo ?5 |» T-6. I OT 25 — | UHTerpasIoB IBUKEHIS
cucteMsl (1.6) {xO}QS '3 E, ¢uxcnpyromux 1-mepryo kpmsyo X(X0) ee
[amuapToHOBOI TpaekTopmi (1.7) B 2s-MepHOM dazoBom mpocTparcTse { X };
2) oHO coBmamaeT co cpenHnM (1.32) mo paBHOBeCHOMY aEcaMb6:110° mouTn V ¢

B(r,t) = <b(X",r)>> ﬁ <b(X"r)>» = B(r) <= b(X',r) = B(r).(1.35)

[prommaeckas runoresa, nomumo (1.24), (1.29), npennonaraeT Takke METPUYECKYIO HEPA3-
JOKMUMOCTD NOCTYITHOTO crcTeMe (pazoBoro obbeMa Ha NBe 1 6ojlee MHBapUaHTHbBIE 00IacTH

HenyseBoit Mepbl. [ITo yiKe mpakTudecku He ocTaB/IseT MIAHCOB APYTUM, KpOMe YHEPT UM, He-
25—8,
Jj=1 "
obsg3aH IpuHIMaThb XOTiA OBl AdBa pPa3HBIX 3Ha4Y€HNUA B Pa3HbBbIX YacCcTAX C]QELSOBOFO O6T>€MEL, HO

3aBHCHMBIM HWHTEI'paJlaM OBUKEHNA {l’o uMelics TaKoll He3aBUCUMLIN nmHTerpali, oH

5TO 03HAYAJIO OBl Pa3I0KIMOCTD MOCJIEIHET0 Ha IBe NHBapuaHnTHLIe dacTh. OTcioma 1mo cyTn
wemocpencTenno [2] cnenyer yreepxaenue 1). s nokasarembcrBa 2) mocTaTouHO TOrIA
B34TH (hazoBoe cpefiHee oT cpemrero 1o BpeMenn B7(r) (1.34), Memss mopsaok S>TUX olepatnii,
¢ yaerom onpenenennit b( Xt r) u <b( X' r)> (1.31)-(1.33), (1.12) u Teopembr JInyBumis:

1 B(r) = /d25X0 X°,0)B7(x /dt/dQth X', 1) b(X! /dtB r.f) = B(r).
{X} 0 {x} Y
OnHaKo Mg CHCTEMBI CBA3aHHBIX THHEMHBIX OCIIU/IISTOPOB U NPYTUX (Pii-
3WTIEeCKNX CUCTEM APToamdecKas TUIOTe3a OKa3amach He BepHa. lorma Kak
nokazana TeopeMa 06 sprogmanocTn (Cunail, 1970) yxe o cuctem ¢ N > 2
JaCcTUIl, KOTJa HA O KAKNX CTATHCTUYECKUX CBOMCTBAX TOBOPUTH €Irle
He IPUXOANTCS: OHU HposABisAioTcs auums upu N > 1 (em. (3.34), (4.44)).
Tax aTo sprommieckas TUTMOTe3a caMa Mo cebe He ABIIeTCS HI HEOOXOMI-
MO, HII MOCTATOTHON M 00OCHOBAHUS CTATUCTUIECKNX CBOWCTB CHCTEMEI,
MTOCKOTTBKY OHA He MaeT OTBeTa Ha TJIaBHBIN BOMPOC: KaK I Ha KaKOW CTAINN
SBOTIONNN CHCTEMBI BO3HUKAIOT 3TU CBOWCTBA U CBA3aHHAs ¢ HOMHU MAKPO-
CKOTImYIecKass HeOOPATHMOCTE €€ PABHOBECHOTO MAKDPOCOCTOSHIS !

i1r.e. G4(X0) (1.33) ¥t oTobpaxkaer ce {X } nourn na Bee {X }, T.k. X{(X0) umeer mepy Hyib!
r.e. mpu o(X,t) — o(X) (1.29) o6a cnocoba ycpennenus (1.32) u (1.34) nunamuyecknx QyHk-
nuit noutn Belony skBuBatenTHH. Ho: <FE> # F € X° u3 HI', a X'(X°) me ecth kpuas Heano.
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I aBCOTIOTHO TOTHO 3aaHbIX HadaTbHEIX yeaosmit XY mpm t = t, ypas-
werns [avmnerona (1.6) omHO3HAUHO mMpenckaskiBaoT MUKpococTosEIe X .
OnHako Tpu 3adaHuN HAYAIBHBIX MUKPOYCIOBUI €O CKOIb YTOTHO MAJIOH,
HO KoHewHOI HeompenenerHocTbio AX" mvetorces mBe BosMoxHOCTH: 1) pac-
xoxmerne TpaexTopuit AX! ¢ TedeHmeM BpeMeHI t ocTaeTCd CTOIb Ke Ma-
TBIM; 2) PACXOKACHIE TPACKTOPHUI CO BPEMEHEM OKAa3BIBACTCS CKOTb YTOIHO
bompmM. B mocTemHeM cydae TOBOPAT O HEYCTOMUIMBOCTH MeXaHUTIECKOTO
MBUKEHNUS W O IepeMelInBaHOII B cUcTeMe. PpH 3KCIOHEHIINATHHOM pPac-
XOKIEHNN TPAaeKTOPUH WMeeT MecTO CTOXaCTHU3alldsd: CUCTeMa OBICTPO — 3a
BpeMd peTaKCaIlli Ty, “3abbBaeT” cBON HadadbHBEIC YCIOBIL X°, ITO 03Ha-
JaeT HeMPeNcKa3yeMOCTh ee TOBeNeHN Ha OCHOBe MUWHAMUIIECKON TeOpun 1
CIIThHOE MCKazKeHTe HadaaIbHON GOPMBI ee XOTh I PUKCIPOBAHHOTO (HDa30BOTO
obbeMa B a3oBoM TpocTpaHcTBe. TOYHOCTH XKe 3amaHUs ee MAKpomapa-
MeTpoB AFE, AV, AN npu sToM BoBce He 3aBuUCHT oT t. Torma enmHCTBEHHO
BO3MOZKHBIM OKAa3bIBAETCS CTATICTHIECKOe OMIICaHIIe JTUIITh Hanmboaee BeEPOoIT-
HOT'O TIOBeIeHNS CIICTeMBI, T.e. TOJBKO ee CpemqHNX XapakKTeprncTnk. VIMeHHO
ABTTEHNS HEYCTOMINBOCTU W TIePEMEITNBAHUI, a He SPTOAMTHOCTH caMa TI0
cebe, TeKAT B OCHOBE BOSHIKHOBEHIS CTATICTIICCKIX 3aKOHOMEPHOCTEH’ .,
Po B cammx ypaBHeHUIX MTUHAMIKHI He COMEPKUTCI HOKAKOTO MeXaHM3Ma
oTpy6IeHns HavaabHEIX MUAKpoycaosmit A X', mazxe ecoim 5To IUHAMIKa KBaH-
toBas! T.e. mo orTHomeHNO K ypaBHeHHIM (1.6) Takas mpouemypa orpyoie-
HITS OKA3BIBACTCSA HEKWUM JOIMOJTHITEIBHO TPUBHECCHHBIM “TIPUHITHIIOM .
HpaMaTms3M 3TOro Iara B KJIacCHIecKol MeXaHUKe BCKPBIBAeTCS BO3BPaT-
ol Teopemori Pyankape n Ilepmero, KoTopas meMOHCTPUPYET OTHOCUTEThb-
HBIII CMBICTT caMOTo IOHATHS MAKpockommiueckoinn Heobparumoctu. HMb6o ¢
TOUKN 3PeHNUS Make EIMHCTBEHHOTO, HO KUBYIIETo BeuHo P abmomaTens HiT-
KaKoll HeoOpATIMOCTH BOBCE He CYIIIECTBYET, TTOCKOIBKY, COTIACHO DTON Te-
opeMe, IS COBepIIaloIiell GUHUTHOe MBUKeHUe N- JaCTUIHON CUCTEMHI,
MpaKTHIecKn mobas daszosasd Touka X' (X) mo mereuennn nocTaTouHo 607Ih-
moro TpoMezyTKa BpeMert t = 7y (XY, €) Bo3BpataeTcs cKomb yTOmLHO 6:11m3-
KO K CBOEMY HCXOTHOMY 3HAUCHIIO: ‘XTN — XO‘ < e, mpmuen: 7y (X" €) —
oo, mpu € — 0. T.e. mBUKeHmWe Takol CUCTeMBI Ha CaMOM [ejle KBa3UIePIo-
OUYHO, UTO O3HAYAeT, ITO caMa MOAbIHTerpaTbHas GYHKIINS b (X HXO), r) B

(1.34) 3aBemomo yxe He mMeeT mpexena npu t — oo (xax (1.38)).
Tounas GopMyIUpPOBKa HTOIl TeOpeMbl TaKoBa: YHCAO (Pa30BLIX TOYEK H30IHPOBAHHOIL
CHCTEMDbI, B €QUHNUIY BPEMECHU 663B03BpaTHO HOKW/IaroHIuX 1Ipu CBOEM [IBUKECHUU @HI&'CHpO—

SMozxno mokazaTh [1], 4To HepeMemnBamme yiKe TpelnoaaraeT MeTPHIecKyIo HePasIoKIMOCThb.



BaHHbIl (azoBriii 06bem’ g = ¢(€) pajuyca €, B paBHOBECHH C Te€YeHHEM BPEMEHH GVIeT
MeHbIIIe JIFobOI CKOJIb HUOYAb 3aMETHOMH JIOJIH HOJHOTO 4HC/Ia €€ (Pa30BhIX TOUYEK.

Ilnst nokazaTenbcTBa paccMOTPUM (Pa30BbIil aHCaMOJIb, BCE TOUKH KOTOPOTO He BBIXOMAT
3a TIpefiesTbl TUTIepIoBepxHocTn nocTostuoi sweprun H(X) = F, oxBaThIBalolell KOHETHBIIT
dasobrit 06bem O(F). Boimemnm B 5ToM 06heMe HEKOTOPBITT Malblil 00beM ¢(€), orpannden-
HBIT QuKcHpoBanHOl TTOBePXHOCTHIO o(€). Ipocmenum 3a (hazoBBIME TOYKaMU, BTEKAIOIINMIT
u BeITekafommmu u3 g depes 0. Ckopocth V(X) (1.6) nepemertienus Gpa3oBoii Toukn 1o (pa-
30BOIl TPAEKTOPHUN 3aBUCHT SIBHO TOIHKO 0T (asoBbix koopmmuat X: |[V(X)| = |Vx H(X)|,
rounee: (V(X)); = n;(VxH(X))yyy, naa £(g) = j+n;s, n; = £1, (3.64), (3.65), u cormnacuo
(1.21), mpu 3(X) = V(X)o(X), ancno Touex [ (da(+)(X) : V(X)) o(X), Borrexaromx (+)
B eIMHUILY BpeMeHu 4depe3 (PUKCHPOBAHHYIO MOBEPXHOCTL 0, HEe 3aBUCHT TOT/Ia OT BPEMEHH.
[IycTsh 6e3Bo3BpaTHO BLITEKAIOININE U3 ¢ B €NUHUIY BpeMeHN TOYKH 3aHUMAIOT JIUIIL (Mo-
crosunbiit!) o6nem v. Torma, 6e3Bo3BpaTHO BBITEKIINN 3a BpeMs T UX 00BeM TU NOJKEH
MOCTEMEHHO 3aTOTHATH OCTAILHYIO 9acTh TOTHOTO (asoBoro obbema O(F) cucremsr. [lo mo
Teopeme JlmyBuits “pazoBas KuakocTh” HECKMMaeMa, MO3TOMY yiKe BLITEKIINA 13 ¢ 00HheM
He MOKET IMPEBLIaTh TOT 06heM, B KOTophIil o Brekaer: T7v < O(K) — g < O(E), T.e.
v < O(FE)/7. Tak xak nonmeiii 06beMm O(F) KoHedeH, To, IpH T — 00, HTO HEPABEHCTBO
Tpebyer, aTobel v — 0. st mponsBonbHO Masnoro g(€) 5To To, 9To 1 TpeboBaIOCh NOKA3aTh.

TakuMm o6pa3oM, IJd JIOGBIX M30JMPOBAHHBIX CHCTEM C KOHEU-
HOM sHeprumeilr F m KOHeUYHBIM 4YmcyioM uyacTuii N MAKpocKonmmue-
cKagd HeoGpaTHMMOCTh MOXET HMEThb MECTO JINIIb IJIA OrPAHIICHHBIX
HHTepBAJIOB BpeMeHn. ODHAKO CKOJIb Obl BeJIMKN OHN HU OBLLIH,
LI erfe 6GIBIINIX MPOMEXYTKOB BPEMEeHN MOJI2KHEI IPONCXOANTEL BO3-
BpaThI K NCXOMHOMY COCTOSHMIO U BoccTaHoBJIeHne MU Kpockonunue-
CKOl 06paTHMOCTH, KOTOPad 3AJI0XKEHA B MMEIIIEcd CUMMEeTPIH
ypaBHeHui#l auxkeHus (1.6) oTHOCUTEIHLHO OGpAIlleHNsE BpEMEHH: TI0-
crompry X! = Gy(X0) (1.7) Brewer X' = G_,(X'), ¢" = §(X', —t), u T.11.

Kazxyteecs mpoTtusopedne MexLy MYAKpPoCKonmmaeckoil 06paTHIMOCTBIO I
MAKPOCKOIIIeCcKoll HeobpaTIMOCTRIO CHIMAaeT A MOAPa3syMeBaeMbIM BCe-
rAa B CTaTHCTHYeCKON (Qu3nKe GpopMaIbHBIM IepeXomoM K TePMOAMHAMMU-
yeckomy mpeneny (Tpa. mpa.): N — oo, V = oo, m = N/V = const.
Ppu 5ToM cooTBeTcTByoImMil Kpasumepuon Ty (XU, €) skcrmomeHTIIATBHO CTpe-
MOTCA K 0€CKOHEeTHOCTH TaKzKe I ¢ POCTOM YICIa JaCTUI B CHCTeMe I IIPeBhI-
ImaeT T000e MBICIIMOe BpeMd HacTYIDIeHIS MAKDPOCKOIIYIeCKoll HeobpaTn-
MocTn (perakcanmm) 7o <K Ty (X0, €) — oo, mpn N — 00, BKTIOYad 1T BpeMs
xm3En Beemennoit: 7 < v (XY, €) = oo, mpu N — oo,

(12). [4] §54-9. [3] 560, [6] §53.4. [7]. [20]. [36]. ((32]. [38].

Bamaunm

7T.e. HukKormna 6ojee He BO3BpalllalOlINXCAd B Hero B nocjenylomne MOMeHThI BpeMeHn.



7.1. Ucxons u3 ypasaeruit (1.6) ¢ yIeToM OUCCHTATUBHBIX CIT .7:Z-d IIOKa3aTh,
dH(X"t)  0H(X"%t)
dt N ot

7.2. Hokazatp BTOpOoe m3 ypaBHeHmil (1.22) (HeIpPepBIBHOCTH), cunTas B
(1.21) O +— O, zaBmcsmmm ot ¢ ([4] §8).
7.3. Pposepurs Teopemy JIMyBHUIIIL oIS yIPYToro coymapeHns IBYX TacTHII,

qTo:

3 Flgn (32 542).
=1

OBIZKYIINIXCS IO OMHOI IIPAMOIL; IJId abCOTIOTHO HEYIPYTOTo yaapa ABYX IIIa-
poe ([4] §8). Pokasars, uro B (1.6): (V(X')- V) X' = V(X).

7.4. KaxoBo coCTOSHIIE TTONCHCTEM ¥ CHCTEMBL B IncToM cocTosHum (1.13)7
7.5. Hms mpomsBonbHOil pyHKnnn F(0) I TPOM3BOIBHON (Ga30BOl MIOTHOCTH
on(X.,t), ymoBmerBopsiomeit ypasaernnio Jluysmnas (1.23), mpm ycaoBumsx,

F(0) =0, H(X) = K({p}) +1I({g}) m H(X) = 400, mpm [z;| = oo ([4] §8),

IOKa3aTh, UTO: % / d»*X°F (QH(XO,L‘)) =0,
{X}
II CPABHUTD C: % / d»*X'F (QH(Xt,t)) =7, nnsg moboit F.
{X}
7.6. IlokasaTh HepaBeHCTBO I'mG6ca I GYHKINOHATIOB YV I )V OT BDYHKIII
o(X) u 9(X), yIOBICTBOPSIOIINX Y CIIOBIISIM:

[ X o(X)= [ d*"Xa(X), oX), 6(X)>0: Y>V,  (1.36)
{x} {x}
rme: ) = / d*X o(X)Ino(X), Y= /dQSX o(X) In o(X),
{x} {x}
BBoms pyHEImO ¢(X) > 0 Tak, aro o(X) = 9(X)g(X), u yunTeBast, 9TO
Vg >0 mueen: glng — g +1 :flnfdf >0 [2].

7.7. OmpenmenuTs SBHBII BUI I XapaKTepHBIE cBOMCTBA GyHKINN ap(H ):

Hy= | dgs(H-¢ irm Jim 22U 1.37
ap(H) = E/ (H—-¢), umafiTm: A = (1.37)

7.8. B wam oTnmume KBa3mAPTOAMTIECKON TUTIOTE3Hl 0T TeopeMbl Pyamkape-
Mepaemno?
7.9. Paiitu cpemnee (1.34) oT nuHaAMEITIECKON GYHKIIT

b(X'(X").r) = > An(r) sin” [w, (X", 1) ] (1.38)



Jlekiiua 2

MaTpuiia nJJoTHOCTI KBAaHTOBOIO
aHcaMOJIia

B nmpenvrmytiieit mekmnm OBIT BBeIeH aHCAMOTh KIACCITIeCKTX CICTEM, 3aTaBa-
eMBII cBoell GyHKITIET ha3oBoil maoTHOCTH 0 (X ;t) B $a30BOM IPOCTpaHCTBE
{X}. B xBaHTOBOIl MexaHUKe OTHeIbHOE dncToe MUKpOCOCTOSHIE CUCTEMBI
|pi) 3amaeTcs ee BOTHOBOI GYHKIIEN ¢; ({Xa évzl) = {xa}2 1 19s), yrosme-
TBopstorteit [N- gactuaHoMy ypaBHeHUIO [[Ipenumurepa. Omgrako gas N > 1
- JACTUYIHON CUCTeMBbI 3aada HaXOKIeHUS 3TOH BOTHOBON QYHKIINN UPe3BhI-
JafiHo cnoxHa. Posee Toro, mpm 3amaHHBIX MAKDPOCKOINIECKNX HAYATbLHBIX
yVCIIOBUAX BHOBB HallleTcs OTPOMHOe UUCIO0 TaKNX COBMECTUMBIX € 3TUMU
MAKPOYCIOBUSIMI BOTHOBBIX GyHKINH MUKpococTOSHUN, KazKmooOM 13 KOTO-
PBHIX OYOYT OTBeUaTh CBOU, OTIAMUAONINECS MPYT OT APyra KBaHTOBOMeXa-
HOJecKne cpemHane. B mTore, Kak 1 B KJIaCCHIeCKOM CIIyvae, OOHUX TOIBKO
YICTHIX KBAHTOBBIX MMKpococTosHmIT |p;) OKa3bIBaeTCS HETOCTATOTHO IS
ONIMCAHTS KBAHTOBON CTATUCTUIECKON cumcTeMbl. U mmsg Hee TakkKe HeoOXo-
IUMO BBOOUTH cMernaHHbIe MUAKpocoCcTOSHNS, The TToCIenoBaTeTFHOE OIIMCa-
mie [41] maeT

1 CT&THCTquCKHﬁ OIIEPATOP umm MaTpuna mioTHOCTH

Pycts BexTop |V) 3amaeT YMCTOE COCTOSHIIE wionupoannoil 3aMKHY TOII KBaH-
TOBOI CHCTEMBI, COCTOSINEN U3 HEKOTOPOH MOMCUCTEeMBI 1 T ee OKPYKeHMS, —
“Tepmoctara”’ 2. Pa3mokKuM 5TO COCTOSHIE II0 ITOJHBEIM HabopaM BEKTOPOB
COCTOSIHII TOICHCTEMEL |;) I BEKTOPOB COCTOSHII “TepmocTaTta’ |6):

v) :ZJ:|991'>|9J>CU7 > leideil = 1, ZJ:|9J><9J| = Iy, (0c]6s) = dry. (2.1)

C'ij - aMIUITITYOa BePOATHOCTI TOTO, UTO IMOACHCTEeMa 1 OKazKeTCs B COCTOS-
HIOU |p;), KOTOa ee OKpyzKeHme 2 mpebeiBaeT B coctosaun |0;); I, I, - emu-
HIIHBIC OIePaTOPEL B MOAIPOCTPAHCTBAX COCTOSHEIT 3TUX HomcmeTeM 1 m 2.

21
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Ecnu momenmerema 1 Mama, o CpaBHEHHIO ¢ TEPMOCTATOM 2, TO ero ml-
KpOoCOCTOSHIL ¢ SHepruaMu F: ﬁ2|€J> = E;|f;) mpakTuteckn He 3aBUCAT OT
SHEPIUI COCTOSHNN moncucTeMsl 1. OnHako pasmoxerme (2.1) mpenmomaraeT
BCe Ke BO3MOXKHBIM TOBOPUTH M O CHEKTPe COOCTBEHHBIX MUKpoCOCTOSHILI
caMoOll IMOOCHCTEeMBbI 1: }AI1|<,92> = &|pi), T.e. elle W O ee KBa3sM3AMKHY-
TOCTH, BIOJIHE OMPAaBIAHHOIN, JNINL €CJII OHA HAXOOUTCS B PABHOBECHH C
TePMOCTATOM 2, KOTOPBII TOr[a TakzKe CIab0 BINLeT Ha €€ COCTOSHIL, I IX
B3anMoneficTsueM ¢ = |H;y| < |H | < |Hy| BHOBB MOXKHO mpeHEeOpeds.

Ppu T > 0 u mrob60it KoHETHON MAKPOCKOMUIECKON TOTHOCTH M3MEPEHU S
AFE(F) 3maueHnit sHeprun tepMoctata F B mHTepBamte ¢ sHeprusmu E; €
(E,F 4+ AFE) B culy KBa3UHCIPEPBIBHOCTH €T0 CIEKTPa OKAKETCS OIPOMHOE
TICII0 €T0 BO3MOKHBIX MUKpPOCOCTOSHII |f), 0OTBETAIONINKX OTHAM I TeM ZKe
MAKpomapaMeTpaM PaBHOBECHOTO cocTosHmd 1 ¢ 2. Jlmmb camoe HmKHee,
OCHOBHOE KBaHTOBOEe MUKpoCOCTOSHIIE TepMOCTaTa, B KOTOPOe OH IepeimeT
npu 1 — 0, myMeeT u cTporo onpeneraeHAEYIO MAkposHeprmio Ey ¢ AE(Ey) = 0.

PaiimeMm Temeps 00BIYHOE KBAHTOBOMEXAHIIECKOE CPEIHEE II0 COCTOSHIIM
mosEol cucTeMer (2.1) oT omepaTopa b HEKOTODOl DIHAMITECKON B TITITHEL
B, oTBeUaoIero Uik MOACHCcTeMe 1 I DeCTBYIOMIEro, OUeBIIHO, TOIBKO B
OIIPOCTPAHCTBE e COCTOSHIL, ¢ MATPITHEIMI dTeMeHTaMIL (¢ |D]p;) = by:

B = (U[p|¥) = ZJ:ZZL:Cz*L<9L|<991|5|99i>|9J>CiJ — (2.2)
= Y3 CLCi (bl (0r]05) = 33 CF Cigbidry = 323 ClyCibii.
i1l 7 1L i1

Takmm 06pa3oM, IS BEITIICICHII YTOTO CPETHETo HaM He HyKHO B (2.2) 3HATH
oTHe/IbHBIE COCTOSTHUS |f7) “TepMocTaTa” 2, a HYKHBI INIIb OIPEICTICHHBIE
CYMMBI TIPOM3BEICHIIT aMIITTHTY I STUX COCTOSHIN I3 pasmokerHus (2.1):

on = C1;Ci =3 CiyCry = (pilolor), (2.3)
KOTOPBIC Iajiee MOZKHO — MaTJpI/ITIHLIMI/I 3IIeMeHTAaMI HeKOTOPOTO OIIe-
paTopa §, TakiKe OeICTBYIOIIETo yZ&Ke TOIbKO B IOMIPOCTPAHCTBE COCTOSHIIT
MOICUCTeMbI 1 (MHIEKCHL i,[), HO YUINTHIBAIOIIETO BIUIHIE €€ OKPYZKEHU —
“repmocTaTta’ 2, mocpencTBoM cymmuposasus 1o J B (2.3). Popmyma (2.2)
ILISL CPEHETO OT omepaTopa b mproGpeTaeT BIL MaTpHIHOro caexa Spi}:

(UIY) = 3 oubii = 3 (a8), = Spiab}. (2.4)

A ¢ ompemenenHBIM coracHO (2.3) omepaTopoM 9 3To cpemHee (2.4) MOKHO
IpencTaBUTh yKe KaK CTaTHCTHICCKoe CPemgHee TOIBKO A MONCHCTeME 1:



(W[B|T) = S (pilole) (wilbl i) = S (il @bl i) = Tri(8b) = <b>,  (2.5)

1l ?

rze, ¢ yIeToM HOMHOTEL (2.1) cocTosHMIl moncncTeMsl 1 15 OIepaTopoB, meil-
CTBYIOIIIX TOMBKO B € MONIPOCTpAaHCcTBe, ciMBoi 17 (9b) momuepkmBaeT
HE3aBICHMOCTD 3ToTo ciena (2.4) =(2.5) ot BbIOOpa IpenCTaBICHUS |p;) B
CyMMe OUArOHAJIBHBIX MaTPHYIHEIX 37IeMEHTOB OINePaTOPHOIO IIPOM3BEICHIT
ob. U3 ompemerernms (2.3) SBHO BIIHO, TTO

(0)i = 0ik = 04 = (@*T)ik, Te: 0 =0 =5, Te. (2.6)

0 — CAMOCOTIPSKCHHBIN (3PMITOB) OLEPATOD, & €T0 TUArOHATBHBIC MATPUTIHBIE
3JIeMeHTHI B JTIOOOM IpecTaBIIeHUN BeIlleCTBeHHBI I MOJI0KNATeIbHBL:

(pilolei) = 0 =3 |Cij|2 =w; >0, u, T.K. mpu b=1I, : (2.7)
J
(U|¥) =1, To: Tri(o) = Zi:wi =1, Te: <Ip>>=1, (2.8)

CaoiicTBa (2.7), (2.8) m03BOMIAIOT HHTEPIPETUPOBATH TNATOHATIBHEII 57ICMEHT
W; omepaTopa ¢ Kak BepOATHOCTH TOTO0, 9TO MOACHCTeMa 1 HaXOOUTCA B i- TOM
cocTossHUN ¢ BomHOBON dyrrumei ¢;({x}) = ({x}]|¢:) sToro mpomspoapHOrO
morHOrO0 Habopa (2.1) (s = Nd). Omepatop ¢ co cBoitctBamu (2.5)(2.8)
Ha3BEIBAIOT CTATHCTUYCCKUM ONePATOPOM WJIM MATpPHIEH IJIOTHOCT.

B cumy spMuToBOCTH omepaTopa ¢ ero coGCTBEeHHBIE BEKTODBL | Yj) TaKkKe

06Pa3yIOT HOTHBIN OPTOTOHATBLHEIN HaOOpP, BOOOIIIe TOBOPS HECIITHCTBEHHBII

ol X&) = wi|xk), Zk: eyl =1, (Gl = G (2.9)

TOT' Oa CTaTUCTIIIECKIIT OIIepaToOp ! €ro CTEIICHN MOZKHO IIpEaCTaBITh B BUIE!:
o= by weOxl, Zwe=1,  (2)" =2 [xx) (wi)" (el (2.10)
k k k

OmepaTtop ¢ (2.10) ommcreiBaeT cMerragHOe KBaHTOBoe MYIKpococTosHIIE TOM-
cucTeMbl 1, kKoTopoe, cormacHo (2.5), orBedaer dmcToMy MUKPOCOCTOSHIIO
|W) coBoKymHOI KBaHTOBOI cmcTeMbl 1 (D 2, B OTIMYMe OT KIACCITICCKOI, Tbe
TqucToe coctosHme (1.13) Beerma mompasyMeBaeT UHMCTHIC COCTOSHIS €€ MOJ-
cucteM. Jlummb mpn Beex wy~1 = 0, Kpome omHOTO Wi—; = 1, mopcucTema 1
OKaKeTCs Takke B drmeToM MMKpococTosHET |Y1), TPOEKTOPOM Ha KOTOpOE
SIBIILETCS TOTOA €€ MAaTPHIA IIOTHOCTH 0. = |\k){\x| mpm k = 1, 3amaBas
TOrHa YICTO AUHAMIYUECKOe, a He BEPOSTHOCTHOE OMICAHIE €€ SBOJIOINIL:

'B cmbicse npumepa (2.25) 1 KpaTHOCTH CHeKTpa, f|Xk> = L(y)|xk) emunuanoro oneparopa V |xy).
Cornacuo Teopeme Kuneiina—¢pon Heiimana [39]: Tr (oln ) = Y wi Ilnwy > > w; Inw; (cp. (1.36)).
k 7



)= s e =100 (=1 a=(2) =(a)", n>2. (211)
I cmonb3y g He3aBICHIMOCTS CJIefla olepaTopa OT BEIOOpa IpeIcTaBICHIL, CPaB-
HIIM BBIPAZKEHIIS [T CPENHET0 3HAUCHIS OIePATopa b B €ro coBGCTBEHHOM Ga-
smce |p;) ¢ ygeTom (2.7) I B mpencrapmennn BekTopos |yi) (2.9). Ppm bt =D,

bloi) = bilpi). re. 5=Z|<pi>bi<<pila w; = (pilolyi), (piler) = dir. (2.12)

maeer: Kb> = Tr(o ) ZWb—Zwk<Xk|b|Xk> Zka, (2.13)
e

rme: b0 = (\xlb|\i) = zmw <¢i|><k>zzbioi>, nasor, mpu (2.14)

(k) = |<Xk|991>|2 Zwk 0 , — “IBaKObl BEPOATHOCTHOE OIMCAHIE. (2.15)

B (2.13) <b> naercs I/IJII/I KaK CpemHee 0T COOCTBEHHBIX 3HadeHNN b; (2.12),
peaan3yeMbIX ¢ BePOATHOCTAMHI W;, WIN KaK CTATHCTHYECKOe CPEIHee OT
KBaHTOBOMeXaHTIecKIx cpexsmx b(*) (2.14) omepaTopa b mo arcam6mo (2.10)
YHCTBIX COCTOAHII 0.k = |\1){Xk| momcmcTeMsI 1, peanusyeMsIX B 9TOM aH-
caMOJIe ¢ BEPOITHOCTIMI Wy. JIUIIh B ¢IIydae CTATHCTIICCKN YICTOIO COCTO-
sang (2.11) ¢ wy = 1, wpey = 0, <b> cBommres x KBaHTOBOMEXaHIICCKOMY
CpemHeMY, 3aJaBaeMOMy yZKe UMCTO IUHAMITIeCKIIM KBAHTOBBIM OIIICAHIIEM:

1) =Y leid(eilx),  <b> = b0 = (alblxi) =Y biol”.  (2.16)

1 1
T.e. dncTOE cOCTOSHIIEe KBAHTOBOIL IIOACHCTEMBI OIIICBIBacTCA HEe BEKTOPOM,

a 0IepaTopOM-IPOEKTOPOM 0. (2.11) Ha 5T0 cocTosHme. BiamMomeiicTBue ¢
IPYTOI MOACICTEMOIT ( TEPMOCTATOM) “pa3MenInBacT’ T INCTHIC KBAHTOBBIC
MU xpococTosHI B ee cMmermarroe MUKpococTostame ¢ (2.10) arcaM61s Takmx
YICTBIX COCTOSHIN, KaK aHCaMO/Ig HaXOOAIMUXCA B HIX IOICHcTeM (cp. (5.15)).

2 Ypapaenue dhoH Helimana

B npencrasmermm Illpennarepa 3aBICIMOCTS BeKTOPa COCTOSHIL OT BPeMeHIT
t samaercsa ypasmenmeM Ipenmarepa ihdy| i (t)) = H|yi(t)), sxBuBamzenT-
HBIM BBIpaKeHUIO: |Yx(t)) = exp (—zﬁt/h) |x%(0)). Ucmomssys mpencrasie-
mie (2.10), HafimeM MaTPHULIY IWIOTHOCTH §(t) Kak QYHKINO ¢ B BILIE:

o(t) = Zk; Ik () wi{xe(t)| = exp (—zﬁt/h) 0(0) exp (zﬁt/h) : (2.17)

HudbdepeHnmpoBaHmeM 110 ¢ ¢ yIeTOM IePeCTaHOBOTHOCTH Izﬂ exp(iﬁt/h),
TOMYIM: do(t)/ot = _(iH/h) eip(—th/h)é(O)AeXp(th/h)i—

+exp(—iHt/7)o(0) exp(iHt /1) (iH /1) = —(i/B)[Ha(t) — o(t)H], (2.18)

— ypaBHeHUe doH P eliMaHa 3BOTONNN CTATHCTUIECKOTO OllepaTopa, Uil B
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TepMIIHAX €ro KOMMYyTaTopa ¢ raMmTbToRmanoM, Ho(t) — o(t)H = [H, 5(t)]:
do(t) i dOg(t) i

ot dt  h

T.c. aHATOTTYHO Pa3IUImio KIaccudecknx ypaBHeHmil [avmmsrona (1.9)

[H,Op(t)].  (2.19)

[H.5(t)], B ormmrume or:

Huysunms (1.23), ypaBueHus nuzkerus omepatopoB Oy (t) m301mpoBaHHOIM
KBAHTOBOI CICTEMEL B Tell3¢HOeProBcKoM mpencTasieHnn B (2.19) Takxke ot-
TITIai0TCA XapaKTePOM IIPOM3BOMHOI I OTHOCHTEILHEIM 3HAKOM CTOPOH.

3 OCHOBHOI MOCTYJIAT KBAHTOBOW CTaT(hU3UKH

Cremyst ¢por Peiivany [41] mamoxnm muaefigocts (1.30), (2.8) m Ha coot-
BeTCTBIE K. .. MeXKIy KBaHTOBEIMIH oleparopaMu b m HabmiomaeMbiMu B.
Brons B mpom3sBoisHOM opToHOpMIpOBaHHOM 6asmce (2.1), (2.12) momcmeTeMsbr

1 OmepaTOPHOZHAUHYIO MATPIHIY us omepatopos L1 =>11j; = |¢;){w;| ¢ pasmsns 1

eMMHCTBEHHBIM HeHYIEBBIM [, i-ThHIM MaTPUYHBIM 3JIeMeHTOM, I V b 3amncas B

Hem: b= I1bl| = Z%bliﬂli ¢ b = (@1|blp:), BBemem MaTpumy 0;(t) = <I;>>.
Z’

TOI‘I[&: MAKpOCOCTO}IHI/Ie IIOOCUCTEMBI B MOMEHT BpE€MeEHU t IIOITHOCTBHIO

OIIpeMeIseTCs 3aaHneM CTATICTHYIeCKOTO olepaTopa ¢(t) — MATPUIBL IIIOT-
HOCTH ee cMemaHHBIX MUKpococTogHmil, a HabmogaeMas B ects cpemHee
10 TaKHmM COCTOSHIAM OT OIepaTopa b 5Toll MIHAMITUCCKON BeImduHbl B,
3amaBaeMoe popMydoit (2.5), Tme, ¢ yaeToM moTHOTEL (2.1), mpm

= - - =
TTl(Q) = <<SP{H}>> =<L[>=1: B=<b>»= Z bli@il ETTl(bQ). (220)
S—_— .
1l
Knacenueckmit mpenen h — 0 ypasnenus ¢ou [leiimana (2.19) naer ypasuenne Jluysusis,
C YyUYETOM TMpaBmia COOTBETCTBHUSL: (@/h)[f-[\, o] = {H, o}, Mexmy KOMMYTaTOPOM 1 CKOGKOILL
[yaccona. Ilpu stom popmymnnr (2.20) ecTecTBEHHO TEPEXONAT B Kiraccmdyeckne (HOPMYIILI
st pasosoro cpenrero (1.32) u nopmupoBku dasopoit mnorTaocTn (1.33). Ommaxo BBemeH-
Has BBIIE MaTPHIla IJIOTHOCTH HE HMEET CBOUM KJIaCCHYECKUM MPEIesIoM HEIOCPEICTBEHHO
dasosyio mmnornoctsb o ({¢'}5; {p'}5:¢). Omum us mmHOrmX crnocoboB ee MOMYUYEHUS COCTOMT
B nepexofie K GpyHKIuu Burhepa, onpemensiomneil ¢cTaTHCTUYECKUI ONepaTop B CMeITaHHOM
({q}3], {p}3) mpencrasmenun ¢ moMomIbio yropsaodentoro no Beiimio omepaToproro mpeobpa-
3oBanns Pypbe KOOPAMHATHON MATPUILI INIOTHOCTH; (; CJI€Ba OT P;, IPU §; — iy Pi — Pi
14 s. s\ S|~ s\ __ s s

R ({e}idyh) = Qehle(®{y 1) = ka{x}ﬂ)(k(t»wk (e () {y 1),

(L5 (15 ) — " Sz 5y ,=i(=)/h

W({@5{pYist) = [ &= B ({g+ /23 1 {g — =/2}) e 7P,

o(X:t)=o({a}}: {p}it) = a3 W ({@}5: {p}5: ) o)) (2.21)




4 Hpumepsl MATPHUIB! MIOTHOCTH

Pacemorpuy, HampumMep, MATPUIY MIOTHOCTH OIS MOJSPU30BAHHOTO CBETA.
s myuka, pacIpocTPaHSIOIET0Cs BIOIb OCH Z, BBeIeM BEeKTODBI COCTOS-
HII: |¢)) ¢ HOISIpm3anmeil BIOIb ocn X 1 |¢9) — ¢ Hell Ke BIOTH OCH Y :

|w>=(é), wgz(?). (2.22)

Twoboe aucroe cocrosame |P) ecThb omHO3HATHAS THHCHHAS CYIICPIO3MIIIS
9THUX OPTOTOHATIBHBIX IPYT APYTY BEKTOPOB |p1) I |92), {pilej) = dij:

9=l + Gl = (] @l=Cicn. e

¢ ammmarynavm C = (1| ®), Cy = (9| ®), mpu (®|P) = |C1|> + |Cs)* = 1.
1. PafimeM MaTpIIHEIE 57IMEHTHI 0 B TAKOM TIHCTOM cOCTOSHUN g, = |P){(P|:
(0)i1 = {piloc|gr) = {p:i| @Y P|pi), T.e. mpm: C) = cosv, Cy =sind. T.x.:

C C,C* CC R
( 1)(0;,0;):( 1 12)=@c,79,

Oc = |(I)><(I)| Y CQCT CQCS

TO: CBETY, MOIPHU30BaHHOMY Bmoih ocu X, mpu v = 0 (C) = 1; Cy = 0),
OTBeUaeT MATPHUIA IJIOTHOCTIH:

. 1 0 .
o) = (0 0) = 0c0 = |p1){¥1],

COCTOSIHIIO TOISAPM3AIun BOonb ocu Y, mpu ¥ = 7/2 (C) = 0; Cy = 1):

R 00 "
2= (1 1) = tem= el

COCTOSHTIIO TOIApI3aIm Tof yraoM ¥ = 7/4 x ocm X (C1 = Cy = 1/V/2):

] 1/2 1/2
Ocr/4 = ( 1/2 1/2 ) = |(I)7r/4><q)7r/4|7
a TmosApmsammm mox yriaoM ¥ = 37/4 x ocn X (C) = —Cy = —1//2):

) 1/2 1/
Oc3n/4 = ( _1/2 1/2 ) = |(I)37T/4><(I)37r/4|
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2. Cormacuo (2.10), cMerraHHBIe COCTOSHIS MOXKHO IIPUTOTOBUTD, “CMeIIaB”
5T TUCTHIE COCTOSHUSI C COOTBETCTBYIOIIINMI BeCAMIT W}

0= Wy 0k, D Wp=1. (2.24)
k k

I71a my4xKa, SBALIOIIerocs cMechio cocTogrmit 0,50) m 0,50} , mmm nma cymecn
0,50¢,7/4 € 0,50¢ 374, TPUXOAUM K OTHOI U TOH Ke MaTpPUIe TIOTHOCTU O:

0 1/2

I 53T O0Ba CMeHIaHHBIX COCTOAdHIA OKa3bIBAIOTCA q)I/ISI/ITIeCKI/I Hepa3Im9IIMBI: @

. . . . . /2 0
0= 07 5@? + 07 5@2/ = 07 5@6,71'/4 + 07 5@6,371’/4 = ( / ) ) (225)

B (2.25) mpencTaBIseT eQUHYIO CMECh IHCTHIX COCTOSHII C OTHOCHTEIBHBIM
yrimoM mosspusammun 7/2 u Becamu wy; = wy = 0,5. T.e. B sTOM emmHOM
CMeITTaHHOM COCTOSHUN yTepsHa JacTh MHPOPMAIINT O cTtocbe TPUTOTOBIIEHN S
CHICTEeMBI, TI0 CDABHEHITIO ¢ TIOOBIM U3 e TICTHIX COCTOSHII (2.23).

JItobas »pMuTOBa 2 X 2 MaTpUIlA ¢ COUHIIHBIM CICTOM IPEICTABAMA KOM-
oumanuedt enurmaHOf 1 1 Tpex Marpun Paymm of = o = (07.23) [30]§50:

10 01 0 —i 1 0
1_(0J’m_(1”’@_(zo)’%_(oq)’@w

1 1 —1
ﬁ:1,Tm@pﬂx@=§u+4gaﬂz§(éi%2%_éfy(zx)

Ouesunno, Tr(¢) = 1. Torma oy mo6oit Takoil SpMITOBOI MATPUIEL BEKTOD

3-x BemrecTBeHHEIX mapaMeTpoB Ctoxca € — (£123) (BMecTO mMeBmnxes 8)
IOTHOCTBIO XapaKTepH3yeT COCTOSHIIE CO CMEIIAaHHOI IIOJIAPI3aIlell:

1 R R 1 )
s, &= ). asia=10- ).
B umctom coctosumn det(p) = 0, T.e. €2 = 1, a cTemeHb mOIAPU3AIINI

cMerTagHoTo cocTogans £2 < 1. IleficTBUTEIbHO, T.K. COOCTBEHHBLIC 3HATCHIIL
sT0it MaTpunsl 0: 0 < wi,wy < 1, Tr(o) = wy +wy =1, det(9) = wyws, T0:

€2 =1—4det(d) = (w1 + w9)? — dwywy = (wy — wy)* < 1.

(161 55, [7], (9 [39], [41])

Samaun
8.1. Ucmombsys (2.10), (2.11), mpu n > 2, mokasats, ato Tr (") < 1, rme
PABEHCTBO OTBEUYACT TOJIBKO UMCTOMY COCTOSHILIO.
8.2. Paittu obmmit Buz € u |Q2), Takux, uro mms maTpunsl (2.27) o|Q2) = 0.



Jlekiiuga 3

MukpokaHOHIYECKOe pacnpenejieHIe

PepeiimeM K m3y4YeHII0 KOHKPETHBIX PABHOBECHBIX CTATHCTHUCCKIX CHCTEM.
CooTBeTCcTBYIOIIIAA KIacCHUecKas CTATHCTHIecKas GYHKINS PacIpeneIeHmIs
o( X)) nomumaseTcs cranmoHapHOoMY ypasHeHmo Jlnysumma (1.24) m, cormacuo
(1.29), aBmsercs HekoTopon ¢yukuueit, o(X) = w(H(X)), Tompko oT Ta-
MIIIBTOHIAHA CICTeMBL. 10 Ke OTHOCHTCS I K ypaBHeHIIO ¢oH P eilvana mis
MaTPUIEL IZIOTHOCTH PABHOBECHOIO, CYTh CTAIIOHAPHOI0 MAKPOCOCTOSHIS:

00 — — —

a—fzo, Te. [H,0]=0+=[H.Ing, o=uw(H). (3.1)
Omrako 9T0 TOUTH HUKAK He 06IerdacT 3amady HaxoxmeHus o( X ) mam o B
KJIacce, BooOIlle TOBOPS, OOOOIeHHBIX (MYHKIINI, TaK KaK OCTaeTCs ITPOU3-
BOJI B BeIOOpe camoll pyHkmun w(E). Pa moMorms npmxonsaT »BpucTHIecKmIe
coobpazKeHns, aBHO copmynuposarabie P. Tomveron, Kak

1 Hpuanun paBHBEIX aIpHOPHBIX BEPOSTHOCTCH

PaccMoTpuM BHOBBH H307IHPOBAHHYIO KBAHTOBOMEXaHHUUCCKYIO CHCTEMY, 3a-
KTIOYeHHYIO B cocyn obbeMoM V. 3> Vien ~ 107%a®, ¢ umemom wacTnm
N > 1. B paBHoBecuu Takas cucTeMa MAKDPOCKOIUYECKH XapaKTepPU3yeTcs
MOCTOSHHOI »Hepruell F. PpakTudeckn ke 5To o3HAYaeT, UTO HEOIPeIeIeH-
HoCcTh AFE(FE) ee smeprun MAxpockonuiaeckn Herabmonaema: AE < E. Po
Yy CHCTEMBI ¢ OTPOMHBIM UHCIIOM CTeleHell ¢cBoOombl uncio MAKpococTosHIT
Ha eIUHUIHOM SHEPreTHYeCKOM MHTePBaje HACTOTIBKO BEIMKO, ITO CpemHee
paccTosame Mexkmy Humu 0(E,,) < AFE, a moToMy 5TOT MAKPOCKOIIIECKI
MaJIbIl mHTepBat sHepruu A FE elrle comepKUT OTPOMHOE MHOKECTBO Pa3/Ini-
HBIX COOCTBEHHBIX KBAHTOBBIX MUKPOCOCTOSHII CICTEMEL |m) €O CIEKTPOM
suepruit F,, B maTepBarte F < FE,, < E + AF u nomxaeiv Habopom {m}

KBaHTOBBIX YHCEJI, XapPaKTePU3YVIOIIMNIX KaXK aoe I3 3TUX MMKPOCOCTO)IHHfI.
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POCKOJIBKy HII OOHO N3 TaKWX OTHOEIBbHBIX HEBBIPOXKITEHHDBIX MMKPO—
COCTOSHII |m> MAKpOCKOHI/IquKI/I HIY€M H€ BBIIE€JICHO, V HaC He€T OCHOBa-
HIIT cuuTaTh, 49T0 BKJald 5THX COCTOSHIIII B aHCaMOJIb pa3/idm9eH. POBTOMy
BCceM HEeBBIPDO2KNEeHHBbIM KBaHTOBBIM MMKPOCOCTO}IHI/I}IM |m>, COBMECTHMbBIM
C DaHHBIMII B/LAKPO}/'CJIOBI/I}II\/II/I7 €CTeCTBEHHO IIPUIINCATh U3HaAYaJIbHO OOITHA-
KOBBI¢ COIIHIIYIHBIC BECa aE(Em), a4 3HAQYUT, I paBHBIC BEPOATHOCTHI, a BCEM
HeCoBMeCTHMBIM — HYJICBBIC BE€Ca I BEPOATHOCTH. Pto u ecTn IIPMHITNII Tomn-
ME€Ha PaBHBIX allIPpIOPHBIX BepO}ITHOCTefI ILJIsL MMKPOK&HOHI/ITIGCKOI‘O KBaHTO-

Boro ancambsa mpu 0(E,,) < AE(E) < E (Puc. 3.1) (cp. ¢ (1.37)):

1, E, € (E, E+AE)

0. B, ¢ (B E+Ap) |~ HEHAE= En)0(En — E).(32)

aE(Em) =

Torma pacmpenenennme BepOSTHOCTEN TOTO WIN WHOTO HEBBIPOXKJAEHHOIO
MUKPOCOCTOTHIS M30TUPOBAHHON CUCTEMBI KaK 3IeMEHTOB Wy, = Opyyn OUATO-
HaJTbHOI MaTpuiel mioTHOCcTH (2.10) Takoro MUKpokaHOHITECKOTO KBAHTO-
BOTO aHCAMOJII, XapaKTepu3yeMoTo sHepreTudeckoil mupuuoit AFE, ecTh:

aE(Em) 1 E+AFE

Q(E,AE) ~ Q(E,AE) E[ AE'§(En — E'). (3.3)

Wy, = wo(Ey) =

Pocrosaryio (£, AE) HaiineM U3 ycIoBus HOPMIPOBKM, TIe COTTTAcHO (3.2),
BBIPOK IeHHBIE 10 sHeprun B, cocroguud cuctemsr {|m); }_, BKIanbBaoT B
CYMMY CTOIIBKO a3, KaKoBa WX 0bIIas KPaTHOCTH BhIpoxkaeHns §(Ey,):

1= ;wm = ; Zi:le(Em) - %:g(Em)wQ(Em), OTKYya: (3.4)

B AE) =Y ap(En) = X 9(Bu) a6(Bw), mon g(E) =Y 1. (35)
m——— g, — i=1

Bennmumna () Ha3bIBaeTCS cTATHCTHICCKIM BECOM MAKDPOCOCTOSHUS CHCTEMBI
II paBHa IHCIY ee KBaHTOBBIX MUKpococTosHITT, cOOCTBEeHHBIC 3HAUCHIIA YHEP-
ruii koTopsix momagaioT B nHTepBan (E,E 4+ AFE). Pockonbky, mpu KBaH-
TOBaHHUU >Hepruu B smmke obwvemom V. = L3 E, o ¢, ¢, = 2mn/L, n
E,, = E,(V), To cTaTucTU9IecKmil Bec 3aBUCHT 0T MAKDPOCKOIITICCKNX ITa-
pamerpos: ) = Q(E,V,N;AFE). On aBiaseTcs 0CHOBHON XapaKTePUCTIKOIL,

OHpGI[GJI)IIOHIGfI TePMOOMHAMIIIECKIIE CBOIICTBA I/ISOJII/IpOBaHHOI;I CI/ICTeMbll.

'y naercs umenom Becex MUKpococTosnmit, TpeacTaBagIoONIX TaHHOe paBHOBecHOe MAKpPOCOCTO-
sume, a B cmy (3.5) mpn AFE = 0 MoXeT CBOONTHCSA K KPATHOCTH BBIpOKmeHus ¢(F,,) omrHoro
(rampmumep, ocHoBHOTO) MUKpococTosiHNSE ¢ manHOl SHeprueit F, = F| t.e. AE = AF(F).
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2 Brrumciennme TEPMOONHAMMNICCKNX BCIIMNYNH

OcTaBuB O/ TPOCTOTH JINIITH HEe3aBUCUMBIe TapaMeTphl F u V' paBHOBecHOTO
MAKDPOCOCTOSHUS W30INPOBAHHON CHCTEMBI CpaBHUM AuddepeHIinal SHTPO-
mnu dS B ypasaernn lI-ro Patana repmonunuavukn (1.1) mpu U — E:

1 P
dS(E,V) = T dE + T dV, ¢ momHBIM guddepeHIImamIoM: (3.6)
dlnQ(E, V) = (8;1’1EQ)V dE + (aér‘l/Q)E dV. Torpa momnaras: (3.7)
S=FkInQ u mopm: % = (g—g)v = (31{8129)‘/ mMes: (3.8)

P (8_5) _(8kan) _0(kInQ,V) 9(InQ, B) 1 (8_E) (3.9)
T B 8V E_ 8V E_ 8 (V, E) 8 (11’1 Q, V) B T 8V lnﬁj '
y3HaéM B (3.7) 3TO Ke OCHOBHOe ypaBHCHIE TepMOONHAMEKH (3.6) Kax

OF OF
(aklnﬁ)vdklnﬁ _ JE — (—

) AV — TdS = dE + PdV. (3.10)
NV ) ma=s

dopmymsr (3.8), (3.9) cBaseBator MUKpokaHOHITIECKIT aHCAMOIB € TEPMO-
OUTHAMUKON M30IUPOBAaHHON cucTeMbl. Poctosunas Pombnmana k = kg =
1,38 - 10721 /K obecmesmBaeT TepMOTHHAMITIECKYIO Pa3MepHOCTH SHTPO-
rmn [x /K. Ilns 6espasmepHoit BemmdImHbl SHTponnn Temueparypa 6 = kT

mveeT pasMepHoOcTh sHeprun. Popuyma Porbnvana (3.8) maer oxro m3 cTa-
THCTHYICCKUX OMNpeneseHIII SHTPOIIIT PABHOBECHOTO MAKPOCOCTOSHIA, Kak
JTOTapUPMITTIECKON MephI UMCIa MPeNCcTaBIIonmx ero MUKpococTosHMTIT:

S(E,V,N)=kInQ(E,V,N;AE), Q(FE,V,N;AE)=¢5EVNI/k (311)

Onnaxo dyekmus In () moka HmwueM He ompaBmaHa. Ke yMeCcTHOCTDH BBHISBIIS-
eTCs pacCMOTPeHNeM HepPaBHOBECHOH W30JIUPOBAHHOII CUCTEMBI, COCTaBJICH-
HON 13 OBYX ViK€ pPaBHOBECHBIX TonmcumcTeM 1 m 2. 9bs pellakcanusg K paB-
HOBECHIO COIIPOBOKIACTCS YBETUUICHIEM €€ SHTPOMNN KaK MePBI UHCIA BCeX
TOCTYIHBIX el MUKpococTogHIIT, a PAaBHOBECHOMY MAKPOCOCTOSHUIO OTBe-
TaeT HX MaKCHMYM, T.e. MaKCHMyM ee cTaTHcTuTIeckoro Beca: 0§ = 0. Po
CTIeKTPHL Fyyy 97, & E1 9 COCTOSHII paBHOBECHEIX MAKDOIOACHCTEM I BHE HX
00IIIero paBHOBECHUS OCTAIOTCS MTPAKTUIeCKN He3aBUCUMBI, a CTATUCTUIeCKNIT
BeC BCell HepaBHOBECHOU U30IUPOBAHHOI CHCTeMBI BCe ellle CBOOUTCSI K IIPO-
M3BENEHNIO CTATBECOB €€ PABHOBECHBIX MAKPOMOACUCTEM, I TO Ke mMeeT
MeCTO I7Is BeposTHocTell (3.3) mocTymabix mM MUKpococTosHIIL:

Q = 1 s, wro 10 (3.3) W o3HauaCT: U}Q(gmn) = le(Elm) wQQ(EQn), (3.12)
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Kak MX CTaTHCTHICCKYIo He3aBucumMocTh (1.26) m B TUX OTKIOHCHHBIX OT
paBHoBecra MUKPOCOCTOSHIAX Beell M30MmpoBaHHON crmcTeMbl’. Torma In ()
u saTponus (3.11) ecTh anauTHBHBIC QYHKINN OT YHEPTU KazkIOH M3 TOIC-

crem S"(Ey, Ey) # S(F). st MameIX OTKIOHCHHIT 0T paBHOBecus m3 (3.12):

InQ=InQ; +1n QQ, T.e.: Sne(El, EQ) = Sl(El) + SQ(EQ), (313)
n: 0<=60=00n0 =90 [Ql (El, ‘/1) Q, (EQ, ‘/2)] = 0, J1n (9192) ,
01ln €, 01In ),
roe (cp. (3.7)), mpui=1,2: 0ln®; (E;, Vi) = %EigEi + %Viévi'
Ppu &, = By + Eopy = E1+ Ey = F =const mw Vi + Vo, =V = const, B
CIJIY IPOM3BOILHOCTH Bapmamuit 0 K1 = —0Fy, 0V) = —6V5, oTo maer:
811’191 811’192) (811’191 811’192)
0€) = Q) — oF — 3% 0
! QK 0B, ok, )T T \Tav T e )0 T
1 _811’191_811’192_ 1 P1 _811’191_811’192_ P2 (314)
KTy — O0E, 0By, ~ KLy kT, 0oV  0Vs ~ kTy '
MerI y3HaéM B (3.14) ycmoBUS PaBHOBECHS OBYX TacTell OMHOPOIHON CICTEMBL:
T, =T, P =P, (3.15)

ecnm pasercTBa (3.8), (3.9) uMeoT MecTO OIS Kaxkmoll m3 momemeTeM 1 m 2.

3 KBasumknaccmaeckoe mpubImKeHIe

PuepreTuueckuti crieKTp MAKPOCHCTEMBI COTIACHO IYHKTY 1 SIBIIETCS KBa3MU-
HCIIPEPBIBHBIM, 1 eIrie 607birne KBaHTOBEIX MUkpococtosauit U(E, dE) moma-
maeT B ¢u3ndecKn 66CKOHETHO MAJTBIN mHTepBas ee suepruii £ > dE > AFE.
Beons sueprermueckyto mmoraocts D(E,V, N) cocTosHIIT KaK HX TICTIO0 Ha
eMUHITTHOM WHTePBaJIe YHEPTUN, HAOEM CTATUCTUUCCKUN BeC CUCTEMBI KaK
Tucao MUKpococTosgani, “pasmasanubix” B nHTepBane (E, E + AFE):

QO(E,V,N:dE)
dE ’

B xBasmkmaccuiaeckoM mpubamaxeHUn (3.37), (Iluc. 3.2) 3TOMY HHTepBaly OT-

D(E,V,N) =

Q(E,V,N;AE) = D(E,V,N)AE. (3.16)

BedgaeT TOHKHIT c1oll < AE Tommmumael B (a30BOM IPOCTPAHCTBE, TAe B CIILY
COOTHOIIeHNS HeonpemesneHHocTell [eitsenbepra: AgAp > h Kaxkmoe m3 pas-
HOZOCTYIHBIX TI0 (3.2) KBaHTOBBIX MUKpococTosHII |m); ¢ sHepruei F,, ~

3aHIMaeT ogHy sueiiky oobemom h® = (271)°. Torma momwoe wmcio d Beex
KBaHTOBBEIX MUKpococTogHmIT B MAKPOCKOIIYIEeCKI MaJIOM 3JIeMeHTe 00beMa

20(X) = wgq; Bce, B ToM 4dncie “OTKJOHeHHBIe oT paBHoBecus” MUkpococrosnus MUKpokaHo-
HIT9eCKOTo aHcaMOils, IMeIOT ONHHaKOBYIO BeposTHocTh (3.3) (eMm. (9.44) 3anm. 15.5., [8] §1.3).
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d>* X (3.17) xmaccuIeckoro Ga30BOrO MIPOCTPAHCTBA, I X YHEPTETHICCKYIO

mnotaocTh D(E,V, N) (3.16) nns saeprun E M0XKHO, ¢ TOTHOCTBIO 10 OIlepa-
U UHTeTPUPOBAHUSA = IO 3TOMY CJI0I0 B (3.39), (3.40), HAITU IO POPMYIaM:

s — d¥X _dr oT
2s — . . = = _ #_ — .
X =1L dgdpi, I0="7% = GedB e B = Q(E.dE). » ouere: (317)
dr’ OT(E O(E —
—#(M) = D(E,V.N), rae: F(E):¥: [ @, (3.18)
JE 9E ),y B e

eCTh HOJTHOE TICI0 KBAaHTOBBIX MU KpococTosHIil B o6seme O(E) (3.38) daszo-
BOTO IPOCTPAHCTBA, 3aHATOM KIIaCCHIeCKIM aHCaMOJIeM M30IMPOBAHHO CII-
CTeMBI U OrPAaHIYeHHOM TOBEePXHOCTBIO mocTosHHOi sueprun H(X) = E.
Omepanns THTETPUPOBAHUS [0 CI0I0 = B (a3zoBoM mpocTparcTBe (3.16) —
(3.18) maer cBsa3p muckpeTHON BeposTHOCTH MUKpococtosaus w,, (3.3) ¢

KBa3UKITacCIIeCcKon nuddepeHNnaTIbHON BePOITHOCTBIO cMelmarHoTo MUK pO-

coctosums (1.11) — Toro, UTo cECTeMa OKaXkeTCs B »lIeMeHTe obbeMa (aso-
BOro MpocTparcTBa BOmmsn Toukn X = {x;}3*, oTBeuwatoeil 3HATCHIIO SHeD-
run MIkpococtogans F,, ~ F Ha I'UIepIoBepXHOCTH ¢ HaHHOI SHeprueil
H(X) = E, saytpu cnos E € (E.F + AFE) wpm Q(E,AE) = D(E,V)AFE
wn Q(E,dE) = D(E,V)dE (Puc. 3.2); a Takxe ¢ nuddepeHInaIbHON Be-

posATHOCTBIO MAKpococTostHIS ¢ Heprueit E B maTepBate dE (Puc. 3.1):

AW(X,t) = dW(X) = Q(X)dQ];X = wo(H(X))dl < (3.19)
= wo(E)Q(E,dF) = dW(E) = W(E)dE = aF(E)%, (3.20)

roe o(X) = wo(H(X)) =wq(F) = [Q(E,AE)]_laF(E) = wq(F) (3.21)

- 6€3pa3M€pHa}I CTaTUCTH49eCKad (I)YHKHI/I}I Paciipene/JIeHIIA B KBa3HKJ/IaCCII4de-

CKOM TPHUOINAKEHNUN, DOCTOTHHAg 110 BceMmy cioo. Ppu AE — 0 Bce cocTos-
3

HIIA COCPeTOTOYEeHEI Ha, CaMOIl 3TOI THIIePIOBEPXHOCTH” ¢ TIICIOM I3MePeHIIT
25—1, Ha eQUHIIY MEHBIINM Pa3sMePHOCTH (Ha30BOro IpocTpaHcTBa. [id BeI-
TOTHEHNS yCI0Bus HopMEIpOBKH (1.12) Heobxommmo obpariernue o( X ) B 6ecko-
HCeTHOCTH Ha 9Toil rumeproBepxHocT: o( X ) = w(H(X)) = C§ (H(X) — E),
TT0, cormacao (3.3) xax (1.37) um (3.16), ¢ yaeTom (3.17) — (3.21), ompenemnseT
COOTBETCTBYIOIILYI0 KOHCTAHTY HopMupoBkn C' (cp. ¢ D(E, V) B (3.40)):

SUuTerpupoBatie Mo cI0I0 BEIPOKIaeTCs B MHTer pupoBanue no runeprnosepxuoctn H(X) = F.



1 :/CTFQ(X) E/dE w(E) % E/dEw(E)% :>C/dE5(E _E)D(E,V) = (3.22)

- /dW(E) <:>/dE w(E)/dAF §(B— H(X)), tme: 1 E/dEcS (E— H(X)),  (3.23)
B Bune: (' = D(_l, vy T.e: o(X) = D(El, v ) (H(X) — E) , THe TIIPH >TOM (3.24)
g(X)cﬁ#w(E)%dE = dW(E)=W(E)E, w W(E)=§(E - E) < “FA(EE), (3.25)
Torna ax (cp. (3.40)): 5—2 - % - 5—2 - /CTM(E ~H(X)) = D(E,V). (3.26)

T.e. (3.19)-(3.26) peanusyioT mepexom 0T paclpenesieHsl BEPOSTHOCTEN MO0 SHEPTUIM OT-
nenbubx MUKpococTosmmit o( X) = w(F) K pacmpenenenuio BeposTHOCTEN W(E) o >Hep-
U MAKPOCOCTOSHII, OYeBHIHOMY IJIsl H30JHPOBAHHON cucTeMbl B (3.25).

IMarponus (3.11) xak gorapmpMmieckas Mepa dHcIa JOCTYIHBIX CHCTEMe
MUKpococTOTHII MOKET ObITH BEIUICICHA TI0 JTFO00H 3 CICTYIONINX GOPMYI:

S(E)=FkInAT(E)=kInQ(E,AFE)=kln[D(E,V,N)AFE], mmm (3.27)
S(E)=kInI(E)=S(E,V,N)=kInT'(E,V,N), (a8 cubicie £~ E) (3.28)

OT(E,V.N) , Torma: (3.29)
OF V,N

1 (a];sg)) - (81nQé§,AE))V: (alngg,v))vz%

kT
Pasmmamsre BoIpakenus amas saTponnn (3.27) — (3.29), xak u mmas TeMmepa-

wm S(E,V.N)=klnD(E,V,N) = kln(

= . (3.30)
v

Typsl (3.30), MAKPOCKOIIIIECKH 5KBUBATCHTHBI IS PABHOBECHBIX CICTEM C
TOYHOCTBIO IO A AUTBHBIX MOIPABOK ~ In /N, T.e. OTHOCUTEIbHBIX MTOMIPABOK
~ N7'ln N, ncdesaommx B TepMOAMHAMMYecKOM Ipeneiie N — oo.
IIpumep 1. Pacemorpum cucremy m3 N cnmaoB 1/2, KaKmblil m3 KOTOPHIX
MOZKeT He3aBICUMO OT APYTUX HAXOMUTHCSI B MBYX COCTOSHUAX C OMpeeseH-
HOIT TIPOEKITNell Ha MPOM3BOIBLHO BEIOPAHHYIO OCh z, paBHOI s, = +1/2. Cre-
TOBaTeIbHO, KaKIOMY CIOOHY HOCTYIHO v = 2 cocTosHusA. PomaHoe umcio
mocTymaBIX cucteme MUAxpococrogrnit: Ty = (7)Y = 2V, Ee makcnvambras
sarporms (3.28): Sy =kInl'y = kN In2.

Paiimem Temeps craTmcrmieckii Bec )y ., paBHOBECHOTO MAKDOCOCTOAHIIA.
B oTcyTcBUIe BHEITHETo MO B COCTOSHEUN paBHOBecus moioBuaa N, = N/2
CIIMHOB MMeeT Mpoeknuio s, = +1/2, a nonosura N_ = N/2 cumHOB — TIpO-
exmmio s, = —1/2. Torma mepecTaHOBKW MO OTHENBHOCTH KaK TeX, TaK W
npyrux Ni! = (N/2)! yxe mapasmenpHBIX MeKITy co0OI CINHOB HE HAIOT
HOBBIX MU KpPOCOCTOSHIIT CICTEMBI W MOTKHBI OBITH MCKIIOUEHBI M3 MTOTHOTO



HuCJIa N' IIepeCcTaHOBOK BCeX CIIMHOB IIpH IIoACYEeTe CTaTHUCTHMYIECKOTO BeCa
1y ¢y KaK dICTa HeOPKBUBATCHTHEIX, He3aBICUMBIX MUKpokor®UTYpammii:

N1 N
NN T (RN

QN,eq = AFN,eq = (331)

1
torma mpubamxkennme: InN!ax NInN — N + 5 In(27N), maer:

Nan—lln (ﬂ)
2 2

(cp. ¢ (9.44)). To ecTs y N106OM CIIOKHOM CICTEMEL BCET A €CTh YHTPOIIS!

Syeg=kIn ATy, ~ k

— kNIn2 =Sy, (3.32)

Ecmum ke y Hee ecTh ellle U BHEPTHUA, TO MOKHO ONPEIETNTh I PABHOBECHYIO
temmepatypy (3.30). U xors 8 Tpa. mpa.: S~ N, E~ N, AE ~ N, HO
npu AE < F Bce coCTOSHUS PABHOBECHOI CUCTEMBI OKA3BIBAIOTCS COCPEIO-
TOUCHBL BOIM3H MOBEPXHOCTH HocTosHHON sHeprun H (X)) = E B TOHKOM cioe
¢aszoBoro mpocTpancTBa TomunHol X AE (m TeMm 6onee, mias AE — dE):
IIpumep 2. [HeficTBUTEIBHO, UNCTO YTUX COCTOSHUN CYTh 3aHUMACMBII CH-
cTeMoil $a3oBbIil 06BeM Takoro cmos (Pume. 3.2), mampumep, B cmydae mme-

ampHOTO Tasa (3.52) mpu Zp? < 2mFE. tme s = 3N, MoxHO OIS

1=1
3 1 FE dFE
FN(E) = ANEEN7 [OCKOJIBKY, N < F < f < 1, OLIEHUTH KaK: (3.33)

On(E,AE)= ATy (E)=Tx(E) - Ty(E — AE) =

() |1 (1 - &) G [1 ~ exp (ﬁln (1 _ ﬁm ~

FE 2 FE
[ 3N AFE
~Iy(E)|l—exp (_TF)] ~I'y(F)~ Ay (E), rome: (3.34)
n 1 A_'E)N AE (-3AE) 1 o
n o)X HO exp T & Ipn 0.

T.e. yxe B s = 3N > 1- MepHOM (ha30BOM HOAIPOCTPAHCTBE 00BEM IIapO-
BOI'0O ¢JI04, TI0 CYTH, COBIIAJAeT ¢ 00BEMOM €aMOIro IIapa U yiKe He 3aBHCHT
OT TOMNNHEL cy1osg! Ecmaum gacTuisl ToKIeCTBEeHHBI, TO, coryIacHo Ppumepy
1, Bce 00IaCTH TAKOT0 H305HEPLeTHIECKOr0 (ha30BOro MOAIPOCTPAHCTBA, OT-
JUYAIOIIIecs NI MePeCcTAHOBKON YaCTUIl, JOIKHEl YINTHBATHCI KakK OIHA
obmacTs, n koHcTaHTa Ay B (3.33), (3.52) okassBaercs eme B N! pa3 MeHbIIIe.
To ectb B N- gwactuaroM caydae mpn j =1+ N, s = Nd B (3.17) mveem:

1 d*X 1 & (dgdp;y 1 ¥ — ddqjddpj
N! b :ﬁizl{ 1 }:ﬁ};[ld%'a dy; = ——=—. (3.35)

ﬁN: X
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B mocmenoBaTeIbHO KIaCCHYECKOM ONICAHNN CTaTHCTIIeCKad QYHKILL Pac-
IpeneeHns M30INPOBAHHON cucTeMbl ¢ ¢yrkumeil [avmasrona H(X), mo
cyTn, coBmamact ¢ (3.24): oq(X) =9 (H(X) — E)/G(E) OnmHako BelTUIIHA
G(F) cBsi3aHa 3mech yi&Ke OB ¢ Mepoll X = ny|dX| BexTopHOro smemenTa
IJTOMIAME TUIePIOBePXHOCTH mocTosHHol sHeprun H (X ) = E, mapaiens-
HOTO BEKTOPY ee TPafdleHTa, BO0Ib KOTOPOro IJId BeKTopa npuparmeHns d.X

_ VxH(X) n (dX _ _
T 08 = e S w (XY H(X)) = dH(Y) = dF, (330

d%|dH(X) |[dX| dE
To: d¥*X = (dX-dX = | = :
( )‘H(X):E IVxH(X)| |VxH(X)]

1 OJId ITIOJIHOT'O (1)&30BOI‘O 06”_[361\/Ia7 OJOCTYITHOT'O KJIaCCHYIE€CKOMY aHCcaMOJIIO:

(3.37)

O(E)= [ d"X = [d*X0(E-H(X)), (. (326), (. 3.2)) (3.38)

H(X)<E X3
X _9O(E) X 45|
HaWIEeM: = = = —_— = G(E) (3.39)
dE OE H(Xff:E dE H(Xff:E [V H(X))

B sToM ciaydae yiKe HeIb3sf OMHO3HATHO ONPENEINTH SHTPOIMIO ¢ IOMOIILIO
dopmysl Buma (3.28): S = k1In O(FE), rak xak O(F) sBrusercs pa3MepHOi
BeIMUnHON. VIMeHHO HeBO3MOKHOCTEH BHIUICINTH SHTPONNNHYIO KOHCTAHTY
ABIIIACH NPUHINNNATIBHBIM HETOCTATKOM KIACCHIECKOTO CTATHCTIIECKOTO
onucanus 1, momumo N! B (3.35), cBa3ana ¢ mpobmemoit “obe3pasMepuBaHIs’
OIeHDb 60bIIoi pasMeprocTn h® masa Benmumawma B (3.18), (3.21):

oX) _ s _ O(E) _G(E) _ =
v = hea(X), T(E)= 57, D(E.V) = o - )[}dm(E— H(X)),
roe B coorBercTun ¢ (3.38), (3.39), (3.26): a% O(F — H(X))=0(F — H(X)). (3.40)

Nurerpan (3.40) — (3.39) m 3amaer mepexon = B (3.17), (3.18), “cobupas”
cMemmamabre MAKpococTogana mo caoro AE B ogHO MAKpOCOCTOSHIIe Ha, TH-
neprioBepxHOCTH ¢ sHeprueit F B (3.26)) B cabrerne (3.19) = (3.20) mpw E =~ E.

4 HaTponmsa m BepoITHOCTD

Hns mMUkpokanorndeckoro pacupenenerns (3.24), (3.25) cpensee 3HaTeHIE
sHeprun < E>> paBHO ee Hanbomlee BepOATHOMY 3HaUeHIIO F, 0TBeUaIOIIeMY
MarcmmyMmy ¢pyukmmn YW(E) (3.25). Ecam BHOBB pasMas’aTh 3Ty IeIbTa-
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GYHKIIO B y3KUH IPAMOYTOTRHUK (3.23) BBICOTOI W(E) ¢ MIUPUHOT “pas-

vaskn” AFE(F) < E., BEyTpm KoTopoil Bce s3Havenus E,, ~ E pasHOBepo-

STHEL, To, cormacHo (3.2), (3.3), m3 (3.16), (3.20), (3.21), (3.25) mveem [20]:

1 =[dW(B) = [dEW(E) = AE(E)W(E) = AT(E)uwo(E), rre: (3.41)
W(E) = wo(E)D(E,V), AT(E)=Q(E,V;AE)=AE(E)D(E,V) (3.42)

~ CTATHCTUICCKUI BeC TAKOTO PACIPENeIeHIs, a ero sHTponms (3.27) paBHA:

S(E) =kInAT(F) = —klnwg(F) = -k AE(E)YW(E) lnwg(E), (3.43)

I cpegHee paCcCTodHIe MEXKOY COCEIHNMU KBaHTOBBIMI YPOBHAMUI CUCTEMEI C

saeprueit E,, = E 3amaercs ero xoHcTanTol HopMupoBkn C' (3.24):

3(F) = if%) - - (E,lv, 1 =C = AE(E) o [— %E)] (3.44)

TouHOe cTaTHUcTHYEeCKOe olnpeneJieHne SHTPOINN JINIIb boree AKKY-

pPaTHO yINTHIBaeT BO3HUKAMOIWiT B (3.43) mpm “pacmibiBaHmm’ 3TOTO HpS-

MoyroisHEKA (3.3), (3.21), (3.20) BKJIax MAJIOBEPOSITHBLIX COCTOSHHUM — B

BIIle CPedHEro oT jorapudma BepOITHOCTU OTaeabHBIX MUKpococTosHNIL:

S(E

% =—<nw(E)>»==> w(E,) hw(E,)==>_g(E,) w(E,) nw(E,)
m B

— — [Q(E,dE) w(E)Inw(E) = — [ dEW(E) Inw(E), (3.45)

(4.19) —_—

[IpH YCIOBUAX, UTO: S(Em) = S(E) ~ S(E) < AE(E) LdE K E ~ E,

a BKJIaI B CyMMY BCeX BBIPOKIEHHEIX 10 sHeprun F,, = F mUKpococTosHmIit
{Im);}_,, cormacuo (3.4), (3.5), (3.16), 3amaercs ux o6l KPATHOCTHIO BbI-
poxnerus g(E,,) = Q(E,dE). Oupenencuue (3.45) Bospparmaercs x (3.43)
niist BeposTHOCTH (3.3), e wInw|,—¢ = 0, a Takke, IS TPEOCKA3aHHON B

(1.28), (1.29) mmmeitroit 3aBuCHIMOCTH ee Jorapudia oT >Heprun’ (cp. (4.32)):
Inw(E) = —\ — JE, ecmm, mo npexuemy: <E> = FE.  (3.46)

Pa s3bIKe CTATHCTHYECKOTO omepaTopa — MATPHIEL IIOTHOCTH (2.3), minm

dasoBoit mmoTHOCTH (3.19) ompenenernne sHTponnn (3.45) IpUHIMaeT BHI:

S o

o= —<ng> = -Tr(png) = ~<ng(X)> = - JdTo(X)Ino(X), (3.47)

nupn o(X)=p102: S= —k/gflgl gfggg(ln o1 +1n o) =51+ Sy, (3.48)

4Tak kak Torma: <In w(E)> = <-\ — E> = - — <E> = hw(<KE>) = Inw(F).
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BBILY YCJIOBIS HOPMUPOBKI (3.22) mpn AT = dT 1c/lf 9. T.e. sHTpOINS cTaTH-
CTUTCCKN He3aBICHMBIX mopcueTeM (1.26) amauTuBHA, ITO TO3BOIUT OIpe-
IennTh ee >TUM cpemHnM (3.47) o1 In g mo ¢ u B obiieM ciiydae ms Hepas-
HOBecHBIX cocTosHmIT [2], [36]. Ompenmenernus satponun (3.45), (3.47) 6ymyT
000CHOBaHBI HIZKE B (5.23) ¢ TIOMOITIBIO MeToma amcaMoOsell 1 mbbca.

Tak Kak BcsIkas cIcTeMa CTPEeMHITCS B CBoe Hamboslee BepoaTHoe MAKPO-

coCcTOgHIe ¢ Hambosee BepodTHoI »Heprueit £ — E, mpn w(E) < 1, To, B
cuty (3.27) V E, sToT MaxcmvyM Buma (3.25) y W(FE) = 5w (E)/AE(E)
¢ mepexonoM (3.45) — (3.43) o3HauaeT Bo3pacTaHme HePABHOBECHOIT YHTPO-
o (3.13) saMEHYTOH cmeTeMbl I Kak opmanbron ¢pyakmmn S(E) (3.27)

nomroil sHeprum E, B cmbrcne [6] §112 w (Puc. 9.1), w ee maxcumywm S(E) B

COCTOSIHISX TepMOOMHAMEITIeCKoro paBHoBecus B (3.30), T.e. BTOpoe Hagaso
TePMOOUHAMIKI [¢ TOYKH 3peHis TePMONNHAMIYecKoil Teopun Gaykryanuii B (9.23)].

5 HuTponng m madopmamnng

CraTtuctuieckne onpeneneHms >HETpornn (3.11), (3.45) mveror Takxke ray6o-
KT CMBICTT ¢ MHGOPMAIMOHHON TOYKHI 3peHus. PycTs pasmmuasie MHKpo-
COCTOSHIA CHCTEMBL 1, -+, i, -+ PEATH3YIOTCI BMeCTO (3.3) ¢ pasmmIHBIMIT
BEPOATHOCTAMII W1, - - -, W;, - - -. BBemeM HeompeneeHHOCTh MAKpococTosHMIT
KaK (QYHKIIIIO OT IX BEPOATHOCTEM w;, VIOBICTBOPAIONIYIO CIICAYIOIIIM Y10~
BILIM: 1) COCTOSIHITE, BePOSITHOCTH KOTOPOTO PAaBHA 1, IMeeT HyJIeBYIO Heompe-
meneHHocTh: o (w=1) =0, mw o(w;) > 0 mpu 0 < w; < 1; 2) maa wy > w;
mveeM o (wi) < o (w;); 3) HeompemeaeHHOCTh COCTOSHIES CHCTEMBI, COCTOS-
IIeil M3 OBYX He3aBICHMBIX MONCHICTEM, eCTh CYMMa HeOlpemdedeHHOCTEI Co-
CTOSHMIT »TuxX momcucTeM: o (wiw)) = o (wg) + o (w)). Prum ycaoBumam
1) — 3) ymoBmeTBOpPSIeT eNNHCTBEHHAS BEICCTBEHHAS QYHKIISL — JT0TapuM:
o; = o(w;) = —clnw;, ¢ m06bIM TnCTOM ¢ > (. WMes Heompemne e HHOCTD i-BIX
COCTOSHUI CICTEMBI 0;, 3aAa1M HEeOIPEeIeIeHHOCTE BCell CUCTEeMbI CPEIHIIM
OT 0; IO PacIpeme/IeHIIo BePOATHOCTel w; KaK HyHKIIOHAI:

Lo> =Y wio; =c({w;}) = —¢ > w;Inw;. (3.49)

Ppu ¢ = k sTa dopMyTa BHOBB coBIamacT ¢ omperneracHueM (3.45) sHTpommn
CHICTeMEL, B KOTOPOIl IOIYCTHMBI I HeDABHOBEPOITHEIE COCTOSHUL W; 7# W;.

B cnygae paBHBIX (ampuOpHBIX) BEPOSTHOCTEN BHOBL JIETKO YBUAETDL, YTO €CIIN

1
Wy =Wy = +++ = Wq = O’ T0: = —clnwg =clnQ), roe Q = Zl(i)v (3.50)

9TO MpH ¢ = k OIATH XKe COBMAflaeT ¢ YHTPONUeN n3oinpoBammoil cucreMur (3.8), (3.27).



POKa}Kel\/I7 IIOJIB3YACHh METOOOM HeOoIIpede/ICHHBIX MHOXKITeIeln HanaH}Ka,
9TO0 IMCEHHO 3TO PaBHOBEPOATHOC pPacIipedesIicHIIe TacT MaKCHIMYM (bYHKHI/II/I

HeoIpeneleHHOCTH CICTeMBL 0 ({w;}) = — Y w; Inw;, mpu ycmoBun Y- w; = 1:
0P ow; 0o
O({w;}) = i—1] 47, 2= = Y a1 —lnw =0
() a(zi:w )+O dw a%:@wl—i_@wl “ e
(3.51)

Otryma w; = exp(a — 1). Tak xkax 1 = S w; = S exp(a— 1) = Qexp(a — 1),
1 1

TO w; = wq = 1/€), — HE3aBUCUMO OT BeJTMYUHEL ¢, UTO U TPeHOBATIOCh.

[Bameuanme 1. Pomaras B (3.49) ¢ = 1/ 1n 2, momyanm BeIpazkeHne It MHGOP-
MAaIIOHHON SHTponnn B 6nrax: <Ko = — Y w; (lnw;/In2) = — ¥ w; log, w;.
PTo 3HaueHme >HTpONNN HaeT OLEHKY CHI/IS;' IJIA CPETHero Tmca BOIIPOCOB,
3alaBaeMbIX /IS IPeIBApPUTEIHLHOTO OMpeneIeHns pe3yIbTaTa UCIBITAHNIL B
CIIYYailHOM cXeMe ¢ KOHeTHBIM UICIOM i-BIX mexomos: 1 < i < Q, mpu yciao-
BIII, UYTO Ha BCe BTHU BOIPOCHI €CTh TOILKO ABA OTBeTa: “ma’ mam “HeT .
Yro ecTh TeopemMa O KOAMPOBAHMM JIA KaHajia 6e3 IIMyMa B TeOpUl
unadopMarmn. Ppu ¢ = 1 uHGOpManmOHHAsS SHTPOMNS W3MeDIeTC S B HaTax. |

6 MI[G&JII)HBII?I ra3 B MUKPOKaHOHNYIECCKOM aHcaMmoIe.

B Hp€H€6pe}K€HI/II/I CTOJIKHOBCHUAMHI 1 MEZKMOJICKYJIAPHBIM BSaHMOHefICTBHGM

pa3peKeHHBIN I yZKe 0TPeIaKCUPOBABIINI K PABHOBECUIO peaIbHBIHN T'a3 BBI-

DIAANT HOUTH Kak IOeaIbHBIHN ra3, Il KOTOPOTo, coriacHo (3.35), IMeeM”:

BN )2 . s dusd,
d:3’ SZSN? H(X):ZQPZa F(EavaN):ﬁ / H &y
i=1 =M H(X)SE =1
VY VN(QmE)%NA 5
7 NI / dpr...dpsy = N1 Bsy=AyE?", tme: (3.52)
opi<2mE
VImE, B,= [de,...dv, =B B(l ”H) ™ (5s3)
i = X; mi, n — T1...00, = D, - — | = —, )
g L P2 (n/2)!
S xi<l

n
n
— 06beM eIMHITIHOTO N-MePHOTO Imapa, n! ~ (—) , Inn! ~nlnn —n,
e

~ 1 N 1
Sunrerpan B (3.53): B, = [ da; [ day...dx, = Bu_y [ day(1 - x%)(”_l)/z, 23t
<

-1 n -1
Z 1’? l—x?
1=2



N SN 2e
) = O (V) () (B e
S(E,V,N) = kInT = A%Pn%+n4n§§)+m(gﬂgéfﬂ. (3.55)
%:%(as(g’g’]v)w —g e, E—3N%T_S%T—CVT (3.56)
g (g‘i )E’N: va S(T,V,N) = Nkln [ij/? (%ZTT)?)/QI, (3.57)
bR,
77: (QkaT)Wi as = %? Zav My (3.59)

([4] §10, [5] §61, [6] §86.7.8, [7]. [13]. [15]. [36])

Samaun
9.1. C yuerom (3.35), (3.38), (3.39), BEIpA3uTh mOTHOE THCIO COCTOSHUI N-
qacTun nneanbHoro rasa ['(E, V), N) (3.52) gepes wficia coCTOSHIIT KazK IO
w3 'HOX Y(gj,V); 1 To xe mad gy — 2(p;) +ulq;) = (P;,q;) < g (cp. (7.4)):

1 N | ¥ N
T(E,V,N) = 1 /dgj (e, V)0 (E -3 gl) , (3.60)
= =1
d dlg;d'p; _ dy(e, V)
DepVi=a- | s rt=—r ?%wf (3.61)
J e(p;,q;)<¢; J Psy2

N N (oo d
[11 =111/ deid (5= cprap) {2 6lej— ) = 70 (= ).
j=1 J=1 10 €j
ddqddp
D(e;, V /d'yj pj,q] /d'y] / ljzd S (3.62)

9.2. Pposeputs (3.45) mms (3.3), Bemens u3 (1.37), (3.5), (3.16), aro:

D(E,V)=Y0(E — E,) =3 g(En)0(E — Ey), (3.63)
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9.3. Po kaxoMy aHCAMOIIIO HOIZAKHO BEIIOJIHATHCA YCPEIHEHIE B 5PTOMMICCKOIT
Teopeme (1.35)7 Pposeputs ee mas MUKpPOKAHOHITECKOTO aHCAMOIIS, MCIIOTH-
3ys (3.17), (3.18), (3.39) u BeITekatoIee u3 (1.6) BRIpaKeHme OIS CKOPOCTH
nepemertieHns [(t) daszoBoit Toukn BIomb dazosoil TpaekTopun ([20] §11.2):

di(t) |4t _ N t Lot .8H(Xt) )

o = ‘X ‘ = |V(X')| = ‘VXtH(X) , TE.: @) = njaT(j), T.c.: (3.64)
L 41, j=1=s,

(V(X))j=nj(VxH(X)) ey, (0)=7+ns. =y _, f=st149s. (3.65)

9.4. PailTu cTaTHCTHYeCKIIl BeC HePABHOBECHOI MIEATLHOM CICTEMBI, COCTar
BIIHHOI I3 k-BIX mopcuceTeM ¢ Ny 3> 1 4acTHImaMm B KazK ok, HaXOmAIIIMIICS
B GG, > 1 pasIm4HBIX COCTOSHMAX ¢ OIM3KIMI IJIN ONITHAKOBBIMIT SHEPI ML
€k, €CIII: B OMHOM COCTOSHIIN MOXKeT HaXOMThCS TOIBKO OMHA (hePMI-IacTHIA;
qncio 603e-9acTHIL B OMHOM COCTOSHIN HITIeM He orpaHmdeHo. P aiiTu Hepas-
HOBeCHY0 SHTponmio Buna (8.74), Kak QyHKONIO UX “CPEIHUX THCETT 3aI0ll-
wHerus® (ng) = N;/Gj u paBHOBecHBIe pacupenererns (8.51), Bo3HIKaoIITme
I3 YCIOBHS €€ MaKCHMyMa IpH ycaoBusax (6.16) Ha HMOTHBIC 9HMCI0 TaCTHI I

sHeprumio cucteMel. Paiitn mpemen (ng) < 1 ([6] §40,55, [36] §5.3, 3.3).

Gk" QH:CGk—l — (Nk+Gk—1)'
NG = N T TG T (G — )N

Q=T[% 5= Gilr(L+n(m)) a1 +n(n) = (n) In(na)]. (367

n = —1, msa pepmu-vactui; n = +1, masg 6oze-gactun. “BmecTo” 1 = 0 umeem
N
G
N,
Gr—1
Nk
(Gr—1)!

Qb = ) = (3.66)

(ni) <€ 1, t.e. 6omprmanockuil mpemen: 1 < Ny K Gy, Q) =

O6paTHblil caydail Bosmoxen s 6ozonos: 1 K G K Ny, Q=



7  Hpumepsr n3 Teopun nHGOPMAIINN 1 KOOTUPOBAHIUS.

1. IlpumMep caydaiiHON CXeMBI ¢ KOHETHBIM TMCIOM TMCXOmoB [V:
PycTh 3aramano omHo umciao x m3 N = 16 = 2% mociemoBaTepHBIX Umcer
(mampumep 1 + 16). Slcro, uTo ampmopn, Bce OHI MOTIIN ObI GBITH 3araaHBI

¢ paBHOI BeposTHOCTBIO w; = 1/N. II7s Ipon3BOIbHBIX w; BBEIeM TDAHUITY
ny < N Tak, 9TOOBI:

ny N 1 N
Swi= >, wi=— =, upm: > w;=1. (3.68)
1=1 i=n1+1 2 1=1

Bonpoc: “x < ny 77 wuMmeeT TolbKo ABa oTBeTa “ma’ manm “Her . B 3a-
BICIMOCTI OT OTBeTa, IOACINM 1o ToMy ke mpuHIumy (3.68) comepzkarmmit
r THTepPBAI HOBOH T'DAHUIEN Ny, W CHOBa 3aalUM TOT JKe BOIPOC, U T.II.
CpenmHee UmMCIO TAKWX IMTAroB — BOIMPOCOB, 33aaBAEMBIX IS IPEIBAPUTE/TH-
HOI'O OIIpeeIeHNs MCX0Ma NCIBITAHNS T YKa3aHO KakK:

N
Lo> = — > w;logy w;.

=1
2. Ilpumep TeopeMBbl 0 KOMMPOBAHNM:
P punumrem xazxmoit m3 N 6yKB alndaBuTa CBOIO BEPOITHOCTH W; B COOTBET-
CTBUU € YacTOTON ee MOABIeHUs, HampuMmep, B “EBrennn Onerune”, u ymo-
PAIOYNM 3TH OYKBEI 0 yOBIBAaHIIO HX BePOATHOCTH, T.e. 1 < J — w; > wj.
Pasgennm Temepb 5To ymopsamodeHHOe MHOKECTBO OYKB Ha IBe TPYIIIHI CO-
rinacHo kpuTepuio (3.68). Ppunumenm xaxmoit u3 6yxs 1, ecnm @ < ny, win
0, ecmm ¢+ > nj. Kaxnoyio m3 TUX OBYX I'PYNON CHOBa pa3lellmM Ha NBe B
cOOTBeTCTBHN ¢ KpuTepueM (3.68) ¢ MOMOIIBIO HOBBIX TDAHMIL Ny, 5. CHOBa
npunuimeM “17 6ykBaMm B rpymmax ¢ i < ng, i < nj, mw npunuimem “0” B
TPYNOIax ¢ i > ng, i > nh, U T.0. B pe3yibrare Kamkmoll OYKBe COIOCTa-
BUTCS YHUKATBLHBIN KO B BUMIE MOCIenoBaTeIbHOCTH W3 N HYITel 1 eqmHMII.
OTbpackiBacHIe BcexX HYyJIeH TociIe KpaliHell MpaBoll eIUHUITHI He HApPYIINT
OMHO3HATHOCTT TOTO Koma. leopeMa 0 KOOUPOBAHUN YTBEPKIAET, ITO 3TO
ONTUMATLHBIN KO Mg KaHalla 0e3 IMyMa, B CMBIC/Ie MITHIMYMa CHMBOJIOB
IJIS €To Tepemadn, W HeBO3MOKHOCTH paciudpoBku. OmHAKO TOCTATOYHO
OIHOTO HeBepHOTo cmMBoma “0” mmam “1” (mryma), 9T06BI pacmndpoBKa Beell
IaJbHeNIIell TaKOU MMOCIeN0BaTeTbHOCTHI CTajla HeBO3MOKHOIL.
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Puc. 3.1. Anpuophbiit Bec ap( E') mVkpococTosHmit ¢ sHeprueir £ n oTBevatoLLas eMy naoTHOCTb

_ (F _
BepoaTHOCTU MAKpococTonHuA ¢ aHepruen F: W(E) = Z%((E)) — §(E — E) npu AE — 0.

Puc. 3.2. WHTerpupoBaHue no pasinuHbiM cnosM B ¢a3oBOM NPOCTPAHCTBE, rAe MOYTH BeChb
obbem 2s- meporo anenbcuta (3.52) cocpenoToueH B ero ckosib YroAHO TOHKON Kopke x A K.



Jlekiinsa 4

Kanounueckoe pacnpeneiieHue 1'nb66ca

1  Tenmnosoe paBHOBCCUC 1 MUKPOKAHOHUYICCKOC
pacCIllpede/ICHIE

B mpenmprmyimell seKnnm OpuOINKeHHO OIPUHIMAIOCh, 9TO BOII3H pPaBHOBE-
CHA SHepreTIIecKre CIIeK TPhI MAKPOIOICICTeM IIPaK THIeCKH YzKe He BINAOT
OPYT Ha OpyTa I CTaTHCTIIeCKHIT BeC MAKPOCICTeMBI CBOIUTCI K IIPOM3BeIe-
HITIO CTATHCTHYICCKIX BECOB €€ PABHOBECHBIX MAKPOIOICHCTeM, KaK VCIOBHIO
IX IOJIHOI CTaTHCTHIECKON He3aBICUMOCTIH. Y TOUHIM Telleph Hallle IIpeil-
CTaBIIeHIe O TeINIOBOM KOHTaKTe I TeIJI0BOM paBHoBecun [18].

IBe moacucTeMbl 1 1 2 HaXomATCA B paBHOBECHOM TEILTIOBOM KOHTAKTe,
eCIIN B3amMomeficTBIe MKy HIMT H;p,y, ynoBiaeTBopss yemoBusM (cp. (1.26)):

e=|Hm| < (|Hi|,|Hy|), H=H +Hy+ Hyy, Te. E=ZE+Ey (4.1)

upu E 5 = |Hi 9|, £ = |H|, mo3BoseT MM IPH 5TOM TOCTATOTHO OBICTPO 00-
MEHIBATHCSI MAJIBIMI HOPIUAMI SHEPTUN € (cm. (4.8)), CIOCOOHBIMU IO TePIKI-
BaTh MX B 9TOM COCTOSHUU TEIJI0BOr0 paBHoBecHs. Torma cTaTUCTUICCKUI
Bec Kak Tuceao MAKpococTosHII momHOM cucTeMbl B mHTepBaie (E, E+ AFE)
boee TOUHO, C YY€TOM BKJIALA MAaJIOBEPOSTHBLIX COCTOSHHE (cp. c
(3.43) = (3.45)) GymeT ompemensIThCS yKe HHTETPATIOM OT IIPON3BEICHIIS CTa-
THCTHIeCKUX BecoB moacmcres (3.12), yxe npu dE, dEy < AE:

Q(E,AE) = D(E,V)AE = [ [ Q(Ey,dEy) Qy(Ey, dE;) = (4.2)
= [ [dEdEDi(E;, Vi) Dy(Ey, Vi) =
E<E\+E;<E+AE
E+AE
= [ d€ [dE\D\(E\,Vi) Dy(€ — By, Vo), tme: € =E) + B,
E

Ppu AE — 0 MoxHO 0 TeopeMe o cpemHeM Bciony 3ameHUTb & — E. T.e.

B Dy(Ey, Vo) By =6 —E1— (E—E) (cV=Vi+VoumV =V, =), n
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Q(E,AE) = AE [ dE\D\(E), Vi) Dy(E — Ey, V3), otxyna: (4.3)

E
D(E.V) = /dElDl(EhVﬂ Dy(E — B, Vy), ecmm By >0, By >0, (4.4)
0

F—EY
wm: D(E,V) = / dEy Di(Ey, Vi) Do(E — Ey, Va),
£}

ecmn By > EY, By > EY, roe EY, EY, — ocmoBHEIe cocTogHNS momemeTen 1,2.

T.e. sHepreTHMUYECKas IJIOTHOCTH COCTOSHUMN COCTABHOM M30JIMPO-
BAHHOM CHCTEMBI €CTh CBEPTKA INIOTHOCTEM COCTOSHUM COCTABIIAIO-
IINX ee MOACUCTEM, HAXOAAIIMXCSA B TEMJIOBOM KoHTakTe (cp. (7.8)).

Ecian momras »Heprus Beell cucTeMbl dekUT B mHTepBaie (E, E+ AFE),
TO TPpU KaxKIoM ¢uKcmpoBaHHOM 3Hadenun By m By = E — E| momcucteMma
2 mMeeT sHepruio B mHTepBane (Ey, Fy + AFE). Torma coorBeTcTByOIIas
onpenenermsaM (3.3), (3.12) ycraoBras BeposTaOCTS [3], [19] 06HADYKUTH TOA-
cucteMmy 1 B MAKpococTosHIN ¢ sHepruell B uaTepBante (Ey, By + dE)) npu

VCIIOBHUM, YTO TIOACUCTEMa 2 NMeeT sHepruio B unTepsate (Fy, Fy+ AFE), paBHali

wo(E,AE
dWl(El) = lUQl(El) Ql(El,dEl) = wQZEE27AE2) Ql(El,dEl) = (45)
Qo (E — E1,AE) (B, dEy)  Dy(E — Ey, V)
= = D(E dE,. (4.
Q(E,AFE) D(E.V) (B V1) dEL. - (46)

Pockonpky, dyukmms Q) (E, dE) (3.34), (3.33) pe3ko Bo3pacTaeT ¢ pOCTOM
Ei, a ¢yukmus Qo EF — E|, AE) mpu 5ToM Takxe pe3ko yObIBaeT, UX IIPO-
m3BeneRne B BepoaTHOCTH (4.6) maeT ocTperii makcmmym mpum B} = Ej ¢
dW1(E1) ~ 1, oTBeqalommii cOCTOSHIIO TeIIIOBOTO paBHOBecHs B (3.12), Ko-
Topoe, cormacHo (3.13), mocTaBmseT MaKCHIMYyM SHTPONNN BCEHl CICTEMBI Kak

InQ = In[Q21Q]. Uccaenyem ero mompobHee, paccMOTpEB CIepBa

2  KBanToBble cucTeMEbl

Pycte MAKponomacucTema 1 oOMeHUBaeTCS SHEPTHEH ¢ TEPMOCTATOM KakK MA-
KPOMOACUCTEMON 2, ABIASICH JTUIIL MAIol TacThio €IUHON cOCTaBHON M307I1-
poBanrHOII MAKpocucTeMsbl 152 ¢ momHON sHeprueil F, KoTopas OMUChIBACTCS
yixke MUAkpokamormIecknm arcambreM. Tax aTo B momomuerue k (4.1) Gymem

nonmaraTh, U4To: Vi K Vo <V, B K Es < E.unul <K N =N, < Ns.

IT.e. no-mpexnemy wq(E, AE) = wqi (E1)wa(Fq, AF)



B npencrasrenn (4.1) momHoit sHeprum BCell CHCTEMBI B BHE CYMMBI TPEX CIaraeMBIX
B TpIA. NOPHO. MOXKHO BHOBb TpeHebGpedb BKIamoM [H;,; Tpu pasyMHBIX TPENNONOKEHUIX
0 TIOTeHIMale TTAPHOTO MeKMOIIEKYIIPHOTO B3anMoneiicTus ¢(r). Ero mpumepnas momennb
KakK (QYHKIIUS PACCTOSHUS T UMeeT BUJL:

0, r < 2rg,
p(r) = q —¢o, 2ro <r < Ry, (4.7)
0, r > Ro.

[TockonbKy B3amMONENCTBYIOT JINITH MOJEKYJIbI U3 TOHKOTO TMOTPAHUYHOTO CJIOSI TOJIINHBI
Ro mexny momcncremamu 1 m 2, ¢ obbemom Vi, ~ LRy, roe Ly, — numeiinble pa3Mepnl
nozcucTeM 1, 2, To, Kak u npu BeiBome (1.26), mis enumoil TOCTOSHHON TIOTHOCTH YHCIIa
— 2. 3 . .
gacTutl T nMeeM oteHku: |Hip| ~ Vipe, Fio ~ Vi ~ Li,. B rpn. mpa.: Ly — oo, m:

€ |Hint|  Ro | Hii 1<RO)3 ¢o Ro
= ~ — 0, a Tounee: ~ = —

— < 1. 4.8
Fio Fio Lig Fio 2 kT L ( )
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T.e. mas mAxpononcucrem £ = Fy + Fy, B coorBercrsun ¢ (1.28), (4.1).

Paitmem BepogaTHOCTB w1, OOHAPYKUTH IOACHCTEMY 1 B OTHe/JIBHOM 3a-
nmaHHOM KBaHTOBOM MUKpococtosamm |1,m), xorma momHas cmcreMa 1 () 2
npencTasiaeHa MUKpokamoHmdeckuM pacupemesneHneM. O TakoM COCTOSHII
IOACHCTEMEL 1 MOXKHO TOBOPHUTE, KaK O CTaIllOHAPHOM, JIAIIL B IIpeHeOpe-
JKeHnn BianMonmenicTsueM Hj,; mexny mmvu. T.K. cTaTBec TaKoro HeBEI-
poxgerHoro MAKpOCOCTOIHNA ¢ HAHHON sHeprumell momcucteMmbl Fy = FEy,,
paBeH egmHUIIE: ()| = 1, TO II4 YCIOBHOI BePOATHOCTH 00HAPYKUTH IIOI-
cucteMy 1 B aTom nuckperHOM MUKpococTosHNN, I3 paBeHCTB (4.5), (4.6) mpn
dWi(E}) = wim(Eim), ¢ yaetom (3.11), momydaeM BbIpajKeHIE B BIIC IO
COCTOSIHII TePMOCTATa B ITOTHOM UICIe COCTOSHUN Beel cucteMmer: (kg = 1)

(E ) . QQ(E - ElmaAE) . DQ(E — Elma‘/Q)
OS] = T0E.AE) | D(EV)
In [wlm(Elm)] = SQ(E — Elm) — S(E), E — Elm = EQ, (410)

Te B CHIy TIPUHINIA PABHEIX AllPUOPHBIX BeposTHocTel (3.2) Bce HemH-

(4.9)

TepPEeECHBIE HAaAM PaBHOBEDOATHBIC COCTOAHHA TepMocTraTa CYMMHUPYCIOTCI B

ero crarBec $do(Ey, AE). Pasmaras Sy = In{2y(FEs), orpaHmTIMCS HI3IIIMI

cTeneHIMn Bennanusl B, = F — Fy < E B okpectHoctu Fi,, =0, Ey = F:

0S8y (Bx)\ =" B2 (0%8y(Ey)\ "
OE, 9 O3

SQ(E — Elm) ~ SQ(E) — Elm
Va Va

(4.11)

*Hueprus pzanvoneiicTBus Mosiekysl B oobeMe Vipe: |Hiny| ~ %c,oox(tmcno MOJIEKYJT B HeEM) X
(MakCcHMabHOE UHCIO MOJIEKYI, OMHOBPEMEHHO HAXOMSIINXCS B 30He pajuyca NelficTBUs CHI TpH-
_ 1 —17 3 3 . =
TAKeHNA) = 500 - (WVine) - (Ro/(2r0)°), Torma xax: Ky~ Cyi T ~ kgaV oT.



BBOI[}I a6COJIIOTHy10 TEMIIEPATYPY U TCIIJIOEMKOCTBb TE€PpMOCTaTa PaBEHCTBAMI:
OSEN T 1y (PRENT g (0 1)
0By, ), = T "™\ 0E} ), -

- T¥ \0E/)y, 1§ Cyy T, E

u nperebperas B (4.11) mocmemumM craraemsbiM, cormacao (4.12) — (4.13),

, T.K.: CyoTy ~ By = F, (4.13)

BBUOYy CTOJIb OI‘pOMHOfI TEIIJIOEMKOCTH TepMoCTaTa, a 3aTeM, IIoJIaTrad:

O(E.AE) _ | Dy(E, V)
Q(E,AE) — " D(E.V)

u nomcTasias (4.11), (4.12), (4.14) B Bepaxkenne mis lnwy, (4.10), Hafimem

So(E) — S(E)=In = —InZy, (4.14)

yiKe ykaszaHHOe paHee B (1.28), (3.46) m3 coobpazkeHNIT alINTIBHOCTIH JI0Ta-
pudrma Ha30Boil INIOTHOCTH pacIpelelleHIe BeposTHOCTell, Ha3bIBaeMOe Ka-
HOHIIeCKIM pacipeneaeHneM I mboca mad 3aKpBITOI CICTeMBL B TePMOCTATe:

In wlm(Elm) = SQ(E — Elm) — S(E) — —InZy — ﬁElma (415)
1 1 E
m(Bim) = —— e PPm = — {—ﬂ}: (B 4.1
wl(l) ZN€ ZNQXP T, 0 (1)» ( 6)
Y wim(Eim) =1, e Zy(B, V1) = Ze_ﬁElm => e_ﬁElmg(Elm). (4.17)
m m Elm

B cymmax mo m (4.17) xaxmBIf SHEPTeTHICCKIil YPOBeHD ¢ sHeprueil Ejy,
BKIAIBIBacT, Kak I B (3.4), (3.45), cTompKko pa3, KakoBa ero KPATHOCTH BhI-
poxnerus ¢(E,,,), koTopas mo cBoeMy cMBICTY m3 (3.5) coBmamaeT co cTa-
THCTUIECKIM BECOM BCeX AuCKpeTHBIX MUAkpococTosauit {|m);}_, ¢ mamuoit
sHeprueit E),, Bo3Bpallas Hac, 0 CyTH, K BeposTHOCTH (4.5), KoTOpas ¢
IepexXomoM <> K HeIPepBEIHOMY cIekTpy Fi,, <= F| OpuHmMaeT BII:

wlm(Elm) e wl(El), g(Elm) e Ql(El, dEl) = Dl(El, %)dEl, (418)
(4.5) = wipm(E1p) g(Bim) <= wi(E)) Q (B, dE)) = Wi(E)) dE, = (4.19)

1 1
= — 6_6E191(E1, dEl) = —6_6E1 Dl(El, %)dEl = dWl(El), (420)
ZN ZN
roe: Y Wipn(Eim) = Y win(Eim) 9(Evn) <= /dWl(El) =1, m (4.21)
m Eim 0

Zy (Vi) = (417) <= [ e PP Dy(By, V)dE) = B[ e PP T (Ey)dEy, (4.22)
0 0

rze, cormacuo (3.18): Dy(E,V1)dE, =dl'(Ey), T4(0)=0.
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Benuunry Zy (3, V') HasBIBaIOT KAHOHITIECKON cTaTHCTIIeCKol cymmori. OHa
3aBICHT OT [J U BHEIIHIX IIapaMeTpoB, HampumMmep, obbeMma V', a mumexc N
O3HaYaeT, UTO paccMaTpUBaeMas MOACHCTeMa 1 oCcTaeTcs Mo-IPeKHEeMY 3a-
kpeiToii, T.e. N7 = N = const. Torma emnHCTBeHHOIl BeJIWYIHON, Xapak-
TepU3yIoIIell B3aIMOMECTBIE ¢ TePMOCTATOM, SBILETCS ero TeMIepaTypa
T, = T. CrarcymMma KaHOHHTeCKOro aHcaMmbmis Zy (0, V) sBasercs Baxk-
HellIrell BeJIITIHOI, KOTopasd IO3BOJILeT HANTH TePMOOUHAMUIYECKNEe IOTEH-
muasbl cucTeMbl (4.34), a cIemoBaTeIbHO, I €€ YPABHEHUS COCTOSHIS.
BeposaTHOCTD (4.16) €CTb 37IeMEHT W), AMATOHATBLHOI MaTPUIBL ILTOTHO-
ctm (2.10). B OpyTux mpencTaBIeHIX, Te TaMIIbToRIAH H He ImaroHaiew,
BMecTO (4.17), (4.22) O cTATHCTITECKOTO OIePaTopa I CTATCYMMBI IMECM:

| N ~
0= Z—exp(—ﬁH), roe Teneps Zy (B, V) =Tr (e_ﬁH) : (4.23)
N

Omnpenenenne mapamerpa 3 (4.12) opu mepexome ot (4.10) x (4.15), mo cyTm,
COBIaIacT ¢ BBIPAKEHMeM I oOpaTHON TemmepaTypsl (3.8). Paccmorpum
CHOBa M30JINPOBAHHYIO CUCTEMY, COCTABIeHHYIO M3 ABYX TomcucTeM 1 m 2,
HAXOIAIIIXCS B TEIVIOBOM paBHOBecun mpm TemmepaType 1/5. U3 (4.22) Ha-
XOOIM ee KaHOHMIecKYIO CTaTCyMMY Kak mpeobpas3oBanme Jlammaca cBepTKHI
mnotHOCTel (4.4) MUKPOKAaHOHITECKIX pacipeneleHIiT HoacucTeM, GakTopI-
3yIOITieecss B TPOUM3BeNeHIe COOTBETCTBYIONINX KAHOHMIECKIX CTATCYMM:

00 00 F
7\ (8) = /dEe—ﬁED(E,V) — /dEe—ﬁE/dElpl(El,m)DQ(E— By, V)
0 0 0

oo

= [ PBDY(EL V) AE, [ e PP Dy( By, Vo) dEy = Z34 (5) Z3,(5).  (4.24)
0 0

Tak aT0 B cocTogHII TEPMOOMHAMIYIECKOT'O PaBHOBECHUA CUCTEMbBI 1 ) 2:

Si=0=0, WmZy*(B)=InZy (8)+nZ3,(B). (4.25)
PepBoe paBeHcTBO momTBepzKOaeT, ITO HapaMeTp [ ecTh TeMIepaTypPHBIM
142

mapaMeTp, a BTopoe — uro InZy () ecTs ammumTuBHAS QYHKIHUS IS CO-
ctaBHOI cucTeMbl 1 & 2. Po m g cuctemsr 1 5 2 B TepMocTaTe 3, COTTACHO
(1.26), B paBHOBecum sHepreTmaeckne cueKTpel MUAnKpococtosanit Ey,, n Ey,
OTHETBHBIX MAKDPOIOICUCTEM, & CICTOBATE/TIBHO, I BEPOSITHOCTHI UX PeaIn3a-
[N MOKHO CINTATh, AaHATOTUTIHO (3.12), CTATHCTHIeCKN He3aBICIMBIMII:

W2 — o we — eXP(—ﬁgmn) _ eXP(—ﬁlEm) GXP(—52E2n)
e Z3(8) ZL00 Z,(Bs)

(4.26)

mn



Ppu &, = E1,, + E9, = 4+ y 5To maeT BEIpa:KeHUe I8 KOHCTAHTHI:

Z(01)Z%( )
Z152(3)

B CILTy IPOM3BOIBHOCTI &, Y, ITO BHOBB IPUBOOUT K paBeHcTBaM (4.25).

const =

=explz(f = 51) +y(B = P9)] — 1,

3 KBasukmaccmwaeckuin mpemen

Ilna mepexona K KBa3UKIIACCITIeCKOMY TPHOINKEHIIO HYKHO BHOBD 3aMeHNITE
CYMMY II0 COCTOSHIAM B (4.17) MHETErpaIoM Mo HeIPePHIBHOMY CIIEKTPY YHep-
ruit (4.22) m mamee mHTerpaoM 1o daszoBoMy obvemy (3.19)-(3.23). Ppm
5TOM [IJIS OOUHAKOBLIX YaCTHIL BHOBb IIPUXOINM K TOMY, 9TO KOH(MITYPAIINI
TOKICCTBEHHBIX, HO eIlle Pa3ImInIMBIX 9aCTHI, I0IyIeHHEe B pesyapTaTe V!
IepecTaHOBOK 3TUX YaCTUIl B KOOPIIHATHOM IPOCTPAHCTBE, IBJISIOTCA SKBI-
BaJICHTHBLIMII I JOJZKHEL CINTAThCA 3a OOHY. Torma, MOCKOJBKY A4 06011

¢yurmmr F(E), B coorBercTBun ¢ (3.4), (3.19), (3.35) u (4.17)—(4.22), a
Takxe ¢ (3.63), (3.22)(3.26), (3.45), mw upu on(X) = w(H (X)), mmeem:

S F(Ey) =Y F(En)g(En) <:>7O}"(E)D(E, V)dE = [ F(H(X))dT, (4.27)

m Em 0 (X}

roe, B cuiy (3.23), (3.40): D(E, V) = / JF5<E — H(X)), TO HU: (4.28)
{X}

_exp [~ BH(X)] 4 X

w(E)g(Ep) <= w(E)QE,dE)= ox(X)dl y = — ,(4.29)
7 N
gs.cl T —BE d*X

m: Zy <= 2§ = [ "PD(E,V)dE = [ exp[-3H(X)] Vi (430

0 (X}

roe s = Nd, a d — 9mcsmo mpocTpaHCTBEHHBIX CTeIeHell CBOOOMBI JaCTIITEL.
Crporo pesyabrarst (4.29), (4.30) momyTaoTes pa3moKeRneM KBAHTOBOI CTaT-
cymMmer (4.23) B mpenctasiaeHmsx tuma (2.21) mo cremernsm h mpu i — 0,
PoTHOCTS pacIpemerdeHns pa3INYHBIX 3HaYeHWT B 10000 JHHAMIIC-
cxoii BemunHEl b(X) B paBHOBeCHOM MAKDPOCOCTOSHNN, XapaKTepPU3yeMOM
10601t Ga3oBoil mIoTHOCTHIO oy (X ), maercs cpemanM (1.31)-(1.32) B Buze:

F(B)={6(B-b(X))) = [ 6(B=0b(X))ox(X)dlx. (4.31)
1)
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4 OHpe,HeHeHI/IQ TEPMOONHAMUNYICCKUX BCJINYNH

Craprys Temepb ¢ ompemereHns >HTponun (3.45), momcTaBUM B HEro jora-
PHGM BePOSTHOCTH KaHOHITIeCKOTo pacupenenerns ['m66ca (4.15):

S=—k> wplnw, =k> w,(bE,+InZy)=kB> w,E,+ kInZy.(4.32)

Po ocmoBHOMY TOCTYTATy BHY TPEHHSS SHEPTUS €CTh YCPeTHeHHAS TT0 aHCaAM-
om0 sHeprus MUAKpococTosHMIIT cuctemer, u (4.32) mepenumieTcs B BHAE:

1 S
SwpE, =<<E>=U, tme > w,=1, n — EIHZN =U — w (4.33)
B »Toit popmyrte Terko y3HATh BEIpazkeHIe s CBOOOIHOI SHePIUH, eCIIn
1 1 1
-7, = F=——InZy=—kT'lnZy=U—TS. (4.34)

ko KT g
T.e. cBobomuas »meprus F(T,V,N) BHomHE OompemeseTcs CTATHCTUTICCKON
cymmvoit Zy (T, V), orkyma yxe 6e3 Tpyma BEAUCIAIOTCS OCTATBHBIC TEPMO-
OUHAMIYIECKNe XapaKTepPUCTHKN cucTeMbl. Pafimem Bkmam muddepeHnaia
In Zy B momueiil muddepernman surponnn Buga (4.32) S = kpU + kln Zy:

dS =kd(pU) + kdIn Zy = Ukdp 4+ kBdU + kd1n Zy. (4.35)
Ppu N = const mms dyunmn Zy (3, V) He3saBUCHMBIX TepeMeHHBIX 3, V'
1 8ZN 1 8ZN ( _ dZN
dnZy = Vg4 -2 qv = 41 ﬁEm):_:
NN =g L v ni2e Zn
1 & OEn
=—> (—FEpn —0BE,)d — — —BE,)dV =
5 (=B exp(~FBn)dd + -3 (= S ) exp(—IE, )V
OF e~ PEm
=—<<E>df+ 7 <<— —>> dV =dInZy, rme w,, = : (4.36)
oV A

I PN KBaHTOBAaHWUN >HepPTUU B Aruke Bee B, « ¢2 ¢ ¢, = 27n/L 3aBucsar
TOMBKO OT ero obbema V = L3: B, = E,(V); a Tx. <KE> = U(S,V,N)
mpu dU = T'dS — PdV + pdN, To, xax u  (3.9), (3.10), u 30ecn’:

OE\ OE,, I<ES>\
(=57 =5 (-5 ™ Cor )y =7 690

I eCTh CpeqHAS 0000IIeHHAS CIIIa, TePMOIMHAMUIYIECKN CONPIKeHHAsI 00beMy,

T.€. ODaBJICHIIC KaK aﬂHa6aTHq€CI(HfI OTKJINK CIICTeMBI Ha I3MeHeHIe o0bheMa.

T.e. npoussonuas <F> = (4.33) npu w,, = const ects npousBonuas npu S = (4.32) = const.
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Torma — 0FE,,/0V sBageTcs “mapumanbHBIM ™ BEIANOM B IaBICHIE OTACITH-
Horo MUkpococtosaus |m) ¢ sHeprueit cuctemsl E,,. T.e. w3 (4.36), (4.37):

1 1 1 s dT
—dInZy = —-=UdfB 4+ PdV, nupn — = kT, ——kﬂ, = ——, (4.38
CA E FAR R

moncTaBmB 5T0 B (4.35), IpumeM K OCHOBHOMY YPAaBHEHNIO TEPMOTTHAMIKIL:

—dS =dU + PdV. C yuetom ﬁ = —Ti Ti +1= iT
kﬁ Y 9B or T oT oT

opmysr (4.32)(4.34) m (4.36)(4.38) HeIOCPEACTBEHHO BOCIPOM3BOMISIT BCE
COOTBETCTBYIOIINE TePMOANHAMIICCKTE OIpeneteHns mist Zy = Zy (5, V):

F— —kTInZz U— — — T | == | = 4.39
(4.34) AN (4.36) ( 3 )VN (4.34) (3T (T))v,zv7 (4.39)

dln Zy OF o (0°InZy
P = kT = — | — = k 4.4
(4.38) ( oV )T,N (3‘/)T,N7 Cv (4.39) ’ ( 0 )VN7 (40)

U—F 0 F_ (9F\ _ (0(kTlnZy)

1
BepostaocTts w, = w(E,) = Eexp (—=BE,) =exp (BF — fE,), (4.42)

HalTU paBHOBeCHYIO cucTeMy B MUKpococTosHINT ¢ TOTHON sHepruel F,, mpn

TemmepaType T’ cormacoBaHa ¢ HAlIEHHBIMI PaHee BEPOATHOCTSIMN Kak (3.3),
(3.46), Tak m ¢ (3.25), HOCKOTIBKY BEPOSTHOCTH OMPEIETICHHOTO SHATCHIIS YHED-
run MAKpococTosHns B (4.20) mMeeT mo-peKHEMY Pe3Knil MK TP Hamboree
BepOATHOM 3HAUCHIN SHeprun £, KoTopoe mo-Ipe:KHeMy IPaKTHIecKN COBIIA-
gaeT npu N >> 1 ¢ ee cpenanM 3HadeHneM F ~ <F>> = U. PanpmMep, 0i1g
nneanbHOTO raza (3.33) ¢ yaerom (3.25) — (4.19), (4.20) maxommm:

n(E)  + exp(=PE)

5 d —
= A ) kA — E) = 4.4

/3 EWy(E)dE 3
OTKYIa E:(§N—1)kT, <<E>>:f W (E) =

Wy (E) = w(E)

id = NET.  (4.44)
S Wy(E)dE — 2

Ppu sToMm miag ommpolr wactumel, N = 1 >TH 3Ha49eHNA pa3andaloTCS B TPH
paza! OmeHKa OTHOCHTEIBHON ITNPHUHLL KA OymeT IpoBeneHa Huzxe B (9.2).
Omna Taxxke CyIIecTBeHHO 3aBucHT oT N 1 mMeeT mopsmok [cp. (4.13)]:

<K (AE)2> k 1
N — ~ — L 1. 4.45
LE> Cy v N ( )
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([1] §§4.1-4.4, [4] §511 13, [5] 561, [6] §528.31,36, [7], [36])

Samaun
10.1. TemmoeMKoOCTh HEKOTOPOIT CICTEMBI COCTOSIIEI I3 OOIBIIOr0 YNCIa da-
crun uMmeeT Bun Cy = aT™. PafiTu u cpaBHITH 5HePTeTHUCCKYO IIOTHOCTD
COCTOSHUI U TOJHBIN TOCTYIHBIN TaKoll cucTeMe Ga3oBBII 00BeM, eCIl OHA:
a) ammabaTHIeCcKn N30IMPOBaHa; ) HAXOMUTCS B TepMocTaTe [24].
10.2. Ucxonst m3 (4.31), HAllTH ITOTHOCTH PACIPENETICHNS BEPOSTHOCTI Pa3-
mranEsx 3Havernit sgeprun f(F) = Wy (E) g m0ImpoBaHHOR CICTEMBL I
CHCTeMBI B TEPMOCTATE.
10.3. HuddepeRnupys cpemnee Mo KAaHOHIIECKOMY PaCIpPeneIeHnIo OT TI000il
nuHaMmIeckoll Bemmanasl b( X, a), tme X = {¢;, p; };_,- da3oBBIe KOODIMHATEL,
moKa3aTh nBe TeMMel ['m66ca [4] §13 (cpasrm ¢ (4.37), (5.31)): wTo mpm

TdS = d<E> + > <Ap>day, dF(T,a) =—=SdT — Y <A;>day, (4.46)
k k

on(X)=w(H(X,a)) =exp{f[F(T,a) — H(X,a)]}, tme: a = {a},(4.47)
KE>=<H(X,a)>», <b>=<b(X,a)>», F(T,a)=<E>-TS, (4.48)
I MeeM: (ajab?)T— (8§<abk>>)s(4%7) 8;<i>> — << ab(ai(]; a)>> = (4.50)
= (ewa - <om) (K- (FD)) e
(a<§;>>)a: %«(b(X, 1) - <b>) (H(X.0) - <B>)). (4.52)

T.x. <> = B(T,a). Pomyunts oTcoma ¢hopMymsl mias GIyKTyaunnil pas-
JIUTIHBIX TePMOTMHAMITIECKIX BeInanH Buaa (9.2).

10.4. Popmupys BeposTHOCTh MAKpococTosHus (4.43) Ha emuHmy, HalTH
dyuxmmo Wy (F) 1 KaHOHIIMeCKYIo CTATCYMMY IaeadbHoro rasa (e (3.59)):

Wy (E) = (4.53)

o~ E/(KT) p3N-1 1 ( vV )N

GTYVATENZ) 2T N\

Ppu N =1 uTI(3/2) = /7/2 cpasants ¢ fr(s) (6.30), (10.27).



Jlekiiusa 5

Boabimon kaHounuyeckum aHcamMOJIb

O600mIM cxXeMy, KoTopas MpUBela HAC K KAHOHIYECKOMY PacIpeeIcHIO
['u66ca, Ha coyuail momcucTeMbl 1, oOMeHHBatoIIeics ¢ “TepMocTaToM 2 He
TOJIBKO DHEPTUEN, HO I BEIIIeCTBOM, KOTIa U ee TNCI0 TacTuil Ny, — mepeMeH-
Has BelImunHA. KakoBa BepOSTHOCTH OOHAPYZKHUTH MOmCHCTeMY 1 B KBaHTO-
BoM coctosHnu |m, N) ¢ sHeprueit By, = E,,y u unciaom gactun N; = N7
OTBeT Ha >TOT BOIPOC MaeT

1 Hombimoe kanoHnIeckoe pacupenencaue | nboca

BHOBE CyMMEpYS II0 BCeM PaBHOBEPOSATHBIM B CIULY IPUHINIIA PABHBIX aIlpI-
OPHBIX BePOATHOCTeIl HeMHTEePeCHBIM HaM COCTOSHIIAM TepMOCTaTa 2 B ITH-
TepBanax sHepruu (E — E,,,y = Ey, Ey+AFE) n ancia gactur (Ng— N = Ny,
Ny + ANy) u craenys paccyxpernsM (4.5) — (4.10), BHOBB HailmeM ICKOMYIO
BePOATHOCTE OTHEIBHOr0 MVKPOCOCTOSHEIS IMONCHCTEMEI 1 KakK O 5THX
COCTOSHUI TepMOCTaTa 2 B IIOIHOM UHCJIe COCTOSHNIT Beell cmcTeMbl 1 ) 2,
olpenesITeMy0 CHOBa OTHOIIICHIEM UX CTATUCTHIecKuX BecoB: (kg = 1)

QQ (E — EmN,AE; N() — N,AN()) . esz(Ez;Nz)—S(E;No)

mN — = , 1
mN QO (E,AE; Ny, ANy) (5:1)
Inw,y =InQ(E — E,n; No— N) — InQ(E; Ny),

ll’lme:SQ(E—EmN;No—N)—S(E;No). (52)

Tak xax E,,v < E, N < Ny, to B pasnoxernnn Sy(FEsy, Ny) = InQs(Ey, No)
MOZKHO BHOBb OTDAHUYUTHCS C/TaraeMBIMI TTepBoil cTenenn mo K,y = EF — Ey
u N = Ny — N,, orbpaceBas BKIamgsl oTHOCHTeabHOTO mopsaka O(N/Ny):

9 ) Bo=E N ( 9 )NFNO

E—FE,n:No—N) = S5(E: Ny) = By | 222 oz
So(E = Euys No = N) = Sa(B: No) = By (57 o~

Va,No Va,Ls

(5.3)

52
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Pomaras Temeps S(E; Ny) — S2(E; Ny) = In(Q) u BBoms, Kak u mpexe

&

1 (aSQ)EFE | (5.4)

1L (98, aSQ)NFNO
~ kT~ \OE,

Va, Na=Ny Va, Bo=E

IICKOMO€ pacIipefericHIe BeposTHocTell, monctasmist (5.3), (5.4) B (5.1), 3a-
IIUIIeM O Wy << w(EmN), GmN <— g(EmN) OKOHYaTeJILHO B BUIE:

exp(—=FE,y +7N) o0
Wy N = , W N = Wi NgmyN = 1, 5.9
~ Q(ﬁava 7) Nzr:n Y NZ::OE%:N Am ( )

C OTIpemeIseMOll STUM YCIOBIEM HOPMUPOBKI OOJIBIION cTaTCyMMoOul ():

Q(3,V,y) = é};exp(—ﬁEmN +N) = Nfﬁo e ;exp(—ﬁEmw)- (5.6)

Benuumra Q(5, V; ) xax dyHKIUI mapaMeTpoBs [, V, 7 UTpaeT 3mech TaKyo
Ke BaXKHYI0 POTb, Kak crarcymma Zy (0, V) B KaHOHIIeCcKOoM aHCcaMOTe.
CooTBeTcTBYIOIIAs MaTPHUIA IJIOTHOCTH 0 TAKOTO aHCaMOIs B TIOOOM

HennaroHaIbHOM IpencTasiaeHnn ¢ [H, N| # 0 MoxeT OBITH 3alllicaHa B BILIE:

= OPEITAAN) e (g =1, Q=T {ospl =3B 495} 57

Torma Kak 3amuck E = F,,y yxe npemgnomarana, ato [H, N] = 0.

)

B xBazmkmaccmieckoM TpubIMKeHNN CHOBA TMeeM (Pa30ByIo MIIIOTHOCTH B ATe-
MeHTe [N- gacTUIHOTO da3zoBoro oobeMa ¢ s = Nd cTemeHSIMEI ¢BOOOMHI, TIe:

v  exp(=FH(X) +4)
N B e ==
(5.8)

— apamormuHas (4.29) craTucTudeckas QYHKIIS PACIPENETCHNS OIS 60Ib-

Wi N JmN = QN(X)C/ZFN, Uy =

IITOoT0 KaHOHMIMYCCKOT'O aHCal\/I6JI}I7 a OoJIbITas CTaTCyMMa TeIlepb IMeeT BUI:

00 o e | 2Nd
3 [oyWilty =1, @= X o [exp(=BH(Y) +1N) 7 (5.9

u B oboux craydasx (5.6), (5.9) mpencTaBuMa B BHIE CTEIEHHOTO PAIa:

QB.VC) = Ni’i:OCNZNw,VL (5.10)
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roe ( = exp~y - aKTUBHOCTH CHCTEMEI, a Zy — KaHOHHYIeCKad CTaTCyMMA.
3 (5.10) oueBUmHO, ITO GOTBIIYI0 CTATHCTHICCKYIO cyMMY (J(() MOXKHO
paccMaTpUBaTh KakK IIPON3BOMAIIYIO GYHKIIIO /IS KAaHOHIIeCKIX CTATCYMM
Zn(3,V), peryaspHyIO B KOMIUIEKCHON IZIOCKOCTH ( B OKPECTHOCTH TOTKI
( = 0, 9To, B CIIy HHTerPAIbHON GopMyIbl Ko aas Ipom3BOmHOIN, JaeT
BEIDAKCHIC KAHOHITIECKON CTATCYMMBI IyTeM obparmeHns psana (5.10):

1 (0"Q(¢
)= o 27le{

NI\ Ay ),

Zy(B.V (5.11)

CN—I—l

— B BHIe KOHTYPHOTO WHTeTpajia, TAe 3aMKHYTHII KOHTYp C BOKPYT TOUKH
¢ = 0 moKeH OTHENATH ee 0T BeexX 0cobBIX Touek (; # 0 dynxumm Q(().

CMBICT BBEIEHHBIX TaPAMETPOB [ U 7 BBITEKAaeT HETIOCPEICTBEHHO 13 Gop-
My (5.4). Ompenenerue § To X&e, ITO U B CIyTae KAHOHITIECKOTO aHCAMOIIS:
B =1/kT. Onupenernenue xe v yKa3blBaeT Ha CBSI3b 5TON BeIMUMHEL ¢ XIIMII-
TeCKIM MOTEHIINAIOM, TTOCKOIBKY 3TOT MapaMeTp XapaKTepu3yeT MHTEeHCUB-
HOCTBH 00MEHa JaCTHUIIAMU TMONCUCTEMEI 1 ¢ TepMOCTaTOM 2 KaK OTHOCUTETh-
HYIO CKOPOCTH M3MEHEHUS CTATUCTIIECKOTO Beca {1y ¢ m3MeHeHmeM No.

Paccyvorpum nBe momcucTeMbl 1 U 2, HAXOOAIINECS B TePMUIECKOM I XII-
MHYeCKOM PaBHOBECHI OPYT € OPYTOM U C OUeHb OOJIBIIUM TEPMOCTATOM -
pesepByapoM 3. B cuny cTaTHCTUYeCKON HE3aBUCUMOCTU PABHOBECHBIX TIOI-
cucteM 1,2,14 2, u 3 B paBHOBeCUN I TPAH3UTUBHOCTHU PaBHOBECHOTO COCTO-
SHUA, TPpeHeOperas >HePTUIMHI B3anMONCHCTBHUS BCeX momcucTeM 1, 2, 3 apyr
¢ npyrom, m3 (5.5), Haxommm, aTo, aHagormuHo (1.26), (3.12), (4.26), mpn

E =FEpmn, +Epy, =x+y, NTP=N=N+Ny=u+v: (512)

1
1—1—2 2 142
- wm1N1 wm2N27 WIN. W,,n = Ql—I—Q eXp(_ﬁgmN + ’VN) =

Ql exp(—=S1Em v, +71N1) =5 QQ exp(—SaEm,n, + 72 N2), T (5.13)

Q' (B1;71)Q* (P23 72) (8= )+y(i— _ _
const = ’ 2] et (BB Fy(B=Fo)Fun—)+e(r2=7) |
QU2(%:7) ’

B CILIY TIPOU3BOTBHOCTH T, Y, U, U, €CAN Y = vy = Yo U 3 = [§; = (9 B paBHOBe-

CUN, SIBIASICH WHTEHCUBHBIME TapaMeTpaMn, a In ()- agauTuBHON BeTNIIHOL:

Q=0 Q% te. Q™ =InQ'+ Q% (5.14)



2 Meton mamboiiee BEpOATHOTO PaCIpPCOCICHIS

Ponwmioe xanoEmIeckoe pacmpeneseHe, Kak T KaHOHTIECKOe, MOKHO TIOITY-
UUTh, ABHO HNCHOIb3YS MOHATHe aHcaMblId W mojaras, UYTO pPaBHOBECHOMY
COCTOSHIIO CUCTEeMBI OTBevUaeT He IPOCTO ee Hambolee BepOSTHAs dHEPTUS
(3.46), (4.44) B mamnroM aHcambme u B (3.24), (3.43), cormacuo koHIy 1. 3.4.,
HO W MAKCHUMYM YIC/Ia CITIOCOO0B pacIpeneIeHns TOTHOI sHeprun £ = const
u 1mosHoro gmcia dactum AN = const B 60abIIoM aHcaMbile Cpeql BCeX ero
v = const xommit »Toil cucTeMbl. T.e. HambosTee BepoATHOe pacipeneseHIIe
KaK MaKCHMYM YHCTa Pean3allil Takoll KoHuryparmn. REcom Bce xormmm
TOTO aHCAMOJIS Pa3dUTHI Ha IPYHIIIEI IO V,,y KOIWI B KaKIOW, TOe MHIEKCH
{mN} o3HauaT, YTO maHHAS KOMUS MPEICTaBIIeT HeBhIPOxKIeHHOe MUKpO-
coctostHme |m, N) cucteMsl ¢ sHeprueit B, y, TuciaoMm gacTui [V, I OTHO3HAT-
HBIM (IIOTHBIM) HaGOPOM €ro KBAHTOBBIX UICET M1, TO, BO-IIEPBBIX, TOTHOE
TUCIIO KON, TOTHAS YHePTU U MOTHOe TUCTI0 JacTUIl B aHcaMblle PaBHHI:

iZVmN:ﬂa iZVmNEmN:gy iO:ZVmNN:N (515)

N=0 m N=( m N=0 ™
Bo-BToprIx, obimee Umco TaKWX CTATUCTHIECKN PA3TMINMBIX KOHQUTYpa-

OUi 1 OygeT Kak pa3 paBHO UHCTY PAa3IHIHBIX CIIOCOO0B pa3OHeHINsS TIOJTHOTO
unena ¥ — 00 Kommil B aHcaMb6iIe Ha TPYIIH TI0 Vy,y KOIIIl B KazKIof', CyTh
CTATUCTUIECKOMY Becy Bcero aHCcaMOIsg KaK HHoeadbHOTO Tasza TaKUX KON,

PaCIpeleeHHBIX TI0 PA3HBIM TPYIIAM Vy, N PA3HBIX cocTosHUi |m, N) (3.31):

O ({vmy}) = =crl m = [Q{ra )] (5.16)

!

HN (VmN!)

m,

— ¢CTh TOor' Ia CpeI[HI/Iﬁ CTaTUCTIIIECKIIT BeC, HpHXOI[)IIHHfICﬁI Ha OOHY KOHI/IIOQ.

IIis 1n ©Q o npubmmEeHHOH GopMyae CTHPIMHTA IPH Vyy > 1 moxyam?

an({VmN})—an'—ZZlnymN NVll’l( ) ZZVlen( ) (5.17)

N=0m N=0 ™
(*)

'Koneunocts N n &€ B (5.15) osmauaer, uro cymmbl no N peasbHO NOIKHBI OOpBIBATHCA HA
CKOITb YTOMHO T HEBOOGPA3MMO GOMBIIOM, HO KOHEUHOM 3HAUEHNH N, T.€.0 VN X 0(N N).

’B cMbIce cpenmero reoMeTpmYecKoro, T.K. cormacho (3.12) craTmcTmueckne Becd He3aBHCH-
MBIX TIOICHCTEM NepeMHOKAITCH, KaK IS N301MPOBaHHON COBOKYNHON CHCTEMBbI, COCTaBICHHON N3
HEB3aNMOIEHCTBYIOUINX KONNil ancaM6isl, Kak HIealbHoro rasa >rux xomuit. B (5.17) e — 1 — v,

d
SHpu v > 1, 7.x.: Inv! = ZIHSNdeIHS—I/lnI/—I/_I/ln (V), TO: d—lnl/!%hll/.
s=1 0 € 14
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YUT06BI HallTH Hambollee BepOITHYIO KOH(PUIYPAIITI0 aHCAMOIIL, HYZKHO OTHIC-
KaTh MarcuMyM In Q({v,, v }) (5.17) mpu yemoBusx (ypasuermsx csasm) (5.15).
Pra 3amata Ha ycmoBHBI KeTpeMyM aHamormasa (3.49)-(3.51) m cBomuTces
K OTBICKAHIIO 0e3yCIIOBHOIO SKCTPEMyMa BCIOMOTaTeIbHON ¢yuxunn Jlarpanxa

U({vn }) = Oy }) +a [g S ﬁ] B

N=0 m
— [ io: ZVmNEmN—g] +7[§: ZVmNN—N]a
N=0 ™ N=om

rme «, 3, v — HeompemeJdeHHBIe MHOXKUTETIN JlarpaHikKa, KOTOPBIE MOTAKHBI
obeceTnTsh obpallieHne B HYTb KOYGOUINEHTOB MPHU OV, y KaKk IPH Bapu-
aliAX yzKe He3aBUCHUMBIX IIepeMeHHBIX:

U =600+ Y (a—=BE.N +9N)dvpn =0, (5.18)
N=0 m
SlnQ = i Zaan5VmN ~ — i S Invyy 0vpy. (5.19)

N=0 m 81/mN N=0 m

Poncrasus (5.19) B (5.18) u mpupaBHIB K HYTIO KO3)OUIIEHTEL TP IV,
0Ty M HAO0p Upyy = exp (o — BE,y + 7N) , 06eCIeTnBaONTmil MaKCIMYM
In€Q. Tak Kak, cODTACHO TIePBOMY PaBeHCTBY (5.15), 3ammcaHEHOMY Kak ycio-
B¢ HOPMEIPOBKH, BCPOATHOCTH HaliTH cucTeMy B MUkpococTosamm |m, N)
¢ N wactunmaMmu u sHeprueil B,y eCTh 0THOCHTEIbHOE YHCI0 HAXOMAIIIIXCI
B HeM ee KOIME BCero 3Toro (BO3MOXKHO, TajkKe HEPABHOBECHOTO) aHCAMOIIS:

o0 Um, Um 1
> > wpy =1, Wi N = ~N: ~N:;exp(oz—ﬁEmN—i—'yN),
N=0m v v 174

(5.20)
TO, HCKJIIOYad (v I I/ ¢ IIOMOIIBIO YCIOBIS HOPMIPOBKIL, IPUACM K 3HAKOMOIL
dopme (5.5), (5.6) paBHOBECHOTO GOIBIIONO KAHOHITICCKOTO PACIPENCTICHIIS:

Wy N = %exp (=BEmy +7N) =exp[f(J — Eny + uN)], (5.21)

I K OOIIINM BBIpaKeHUAM HJIS CPEeIHUX 110 aHCAMOITIO 3HAUeHNI SHePT U I I1-
Clla TaCcTHUI, KOHeYHBIM B TPA. MPH.: U — 00, U,y — o0, &— oo, N —oc:

E X N &
v N=Q m v N=0 m

C OYeBIOHOCTLBIO BBITECKAIOIIIIM TOT'Oa U3 IIOCJICOHNX ABYX PaBEHCTB (515)



3 HuTponna m Teopema Heprcra

Ompemenas >HTPOIIIIO CHCTEMBI JIOTapIGMOM CTATHCTHIECKOTO BECa BCETO
arcamOrs (5.15) kKax m3ommpoBaHHOTO 00BeKkTa, In{) (5.17), oTHECeHHBIM K
OTHOMY SK3eMILTAPY CHCTeMEL, T.e. In{) (5.16), BHOBB HalimeM I Hee BBIDa-
xenne (3.45), HO Kak mpHrogHOe y2Ke I B HepaBHOBecHOM ciaydae (5.20):

S  InQ

— = — an:—ZZVmN (VmN):—ZZmelnme (5.23)
k v () /7 N=0 m 174 N=0 m

PpuT — 0 Bce KON CICTEMBI IEPEXONAT B ee OCHOBHOE COCTOsHIIe ¢ m € 0 1
Vm>o.n = 0. Ecim oHO ¢ KpaTHOCTBIO g BEIDOKIEHHO TAKZKe II0 THCITY TaCTHIL
N, Egy = Ey(= 0), To TakoMy MAKDPOCOCTOSHIIO CHCTEMBI OTBEUACT YiKe
MUKpoxanormIecknit ancamoms (3.2) ¢ AE(Ey) = 0 n BceMl 0INHAKOBBIMII
Torma Becamu vgy = v mpu N < N, u oy = 0 upu N > N, oTkyzma npn

Y 1=gy: ﬁ:Z ZVON:ZQ(N—N)Zyoz(N+1)gol/0Egyo, (5.24)

mel N 0 mel N=0 mEO
wON—VO—N —Q(N N), th——kZ ZwONln——klng>O (5.25)
v g N=0 me0 g

ol <g=(N4+1)g < oo, HO %in%S =0 mma g = 1. T.e. suTponns cu-
CTEMEI B HeBEIPOKICHEOM OCHOBHOM COCTOSHIIT PABHA HYTTIO T TOTOKITeTHHA
IJ711 BBIPOZKICHHOTO OCHOBHOTO COCTOSHIA. B IociIemmeM ciIydae cHCTeMa ObI-
BaeT HEYCTOIMNBaA II0 OTHOIICHIIO K CHOHTAHHOMY HApYVIICHIIK CHMMeTDHI,
YTO COMPOBOEKTACTCA (Pa3oBBIM IepexomoM mpm 1 > 0 m pemyKumeil MHOITX
OIHOYACTUIHEBIX CTelleHell cBOOOMBI K KOJIeKTUBHEIM, BHOBb IIPUBOMAIICIT ee
npu T = (0 B HEBBIPOKIEHHOE OCHOBHOE COCTOSHIE ¢ HYJIeBOI sHTpommeit [56].

4  Bpruncienne TEPMOONHAMMNICCKNX BCIIMNYNH

Pokaxem, aro —(1/3) In ) mpencrasisgeT mpu v = S GOIBITON TepMOIIHA-
MIIecKHil moTeHnmal cucreMer J. Poncrasmv (5.21) B ompemenerme sHTPo-
mmu (5.23). C yaeTom ompemernernuit (5.22) ¢pemHNIX SHEPTUI U TIHICTA TaC T

S=—k > dYwpyInwyy = -k D> > wan(=FEun + YN —1In@Q) =

N=om N=o ™
1

= kB<KE> — kv N> + kInQ, T.e. mpu [ = T v =fp = k/}
1 _
_EIHQ:<<E>>_wS ﬁ<<N>>:U—TS—,uNEJ=—PV, (5.27)

(5.26)
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TZie TT0 OCHOBHOMY IIOCTYIATy CTaTHCTHIeckol ¢msukn (2.20), ecnu U — BHY-

TPeHHS SHePTus, T — CpelHee YUNCI0 MO, T — CpemHSIsI IMI0THOCTh YNCIa
JaCTHIl, TO, MayKe eCIN MOTHOoe Incio JacTul N cTporo GUKCIpOBaHO,

maeeM Kak U = FE = <E>, takmw Va=7TNy =N =<N>, (5.28)

u U — TS B (5.27) maer cBobomuyio sHepruio F (4.34), a Bce BBIpazxeHIme
(5.27) maeT W3BeCTHOE B TePMOAMHAMEKE IPEACTABICHIE HOIBITIOT0 TEPMOII-
HaMHTIecKoro moTeHnmana J. B To xe spems qudpdepenmuan d(—(1/5)In Q)
nns cratcymmst (@ = Q(3, V() Buna (5.6)=(5.10) meficTBUTETBHO SBICTCS
audGepeHIIaIoM 5TOr0 60IBIION0 TePMOANHAMIYECKOTO TOTeHIIAIa J, T0-
CKOTIBKY OJIf He3aBICUMBIX HepeMeHHBIX (, 3, V mMmeem mpn

) - %%— %d(ln@), Wy =CNeXp(_£EmN),
Jln@Q) Jln@Q) oln@Q = NN Zy
5c 1+ =55 g AV =

Nexp(—=BEny) (=BEmnx)( OBy
IR At Q Q (_ i

- ZZNmedC—C S Bvwadd + 555 (- O
N m N m

N m A%
d( OFE B
= <<N>>? — LE>dF + ﬁ<<— W>>dv =d(InQ), (cp. (4.36)), (5.30)

COTJIaCHO ompenmeneHnio cpenanx (5.22). U3 ON/OV = 0, amamorugro (4.37):

<<_ a_E>> — ioz Zw (_ aEﬂm]\f) [wmn= const] _ (8<<E>>)
ovi/ mi oV [«>>= const] oV S <>

N=0 ™

d(—%ln@

gro: d(InQ) =

(5.29)

ds +

15+ Y (VP )dv
N m

) medV —

=P (5.31)

BHOBb €CTh JaBlleHIe B cucTeMe 1, moncTasus (5.30), (5.27) B (5.29), mafimem:

InQ dln( dj S
d (_ _) = —N>—— 4+ B> — PdV + (—<<E>> + —+
g g g k3
~ 3 dIn¢ dp gl
+_<<N>>) L N PV 4+ S+ < N> dp,
ﬁ ﬁ ﬁ kﬁ? ﬁ?

a Tak xKak dIn( = dy = d(fp) = Bdp + pdf u dp = —kB2dT, nomyamu:

1
d (— S @) &N — PdV — SIT —s dJ(T. V). (5.32)



50
T.e. cmpasa B (5.32) mMeeM U3BeCTHOE M3 TEPMOIIMHAMIKI BBIPAKCHIE ITLS
nuddepeHnInAIa O0TBIIOTO TePMOOMHAMIYIECKOTO TOTEeHINAIIA, & IIOTOMY:

J(T,V,p) = =kTInQ(T,V,u) = =PV, ( =exp(y) = exp(Bu),  (5.33)

n 1
=7 auQ)T,v: v (), = (Ga), 7 7T 639
szaﬂwm:«@g%ﬁﬁ) :—G%%/;?v(%g. (5.36)
Vi e H
13 (5.30): <E> = — (agﬂﬂ(g)v’c: (%ﬂj)) v,c: V (T (g—i)c — P) . (5.37)

Taxmm 06pa3oM, I HaBlIeHne, I IIOTHOCTH 9NCIa SacTHIl, SHePIUIN I SHTPO-
I ABIIAIOTCA HHTCHCHBHBIMI (hyHKIIAMI TOTBKO TeMIepaTyphl 1 I XIMIIO-
TeHIUama 4. TepMIYecKoe ypaBHEHIE COCTOSHISA ITOIY9aeTCs NCKITIOYCHIeM
XuMIoTeHInama (¢ n3 ypasHeHmit (5.34) u (5.35), a kamopuaeckoe — HCKITIOTC-
HIIeM XuMmoTeHmama g u3 (5.35) u (5.36), mwmm u3 (5.35) u (5.37).

5 darpl B OONIBIIIOM aHCAMOJIC

Cano moHATIE OTHeIBHOI (a3bl IPEOIoIaraeT, IT0 3T (a3l MOKHO B Iep-
BOM IIPUOINZKCHIIN CINTATh CTATICTHIeCKI He3aBICIMBIMIT, 1 6OJIBIIAL CTaT-
CyMMa BCeil CICTeMBI maeTcs TpomsBeneHmeM (5.14) cTaTcyMM s KaKmoi
daser. Torma ycpenuenne cyyu (5.12) mo onpenenermsm (5.22), (5.23), (5.35)
(5.37) IpUBOOUT K TEPMOIMHAMUTICCKIM YCIOBISIM PABHOBECIIS DI

V=WV+Vy: U=U1+U;, N=<N>+<KN2>, S=5+45, (5.38)

OIIICHIBAIOIIIM PaBHOBeCHE OBYX (ha3 B OTHOKOMIOHCHTHOII CIICTeMe, a M3 Ca-
MOTO CIOCOba IX MOIYUeHIA ACHO, YTO aIIUTUBHOCTE STHX TePMOMIHAMIIIC-
CKIX IePEMEHHBIX €CTh MPIMOe CIeNCTBIE CTATHCTUYECKON He3aBICHMOCTI
(5.13), (5.14) momcmerem 1 u 2 B ompeneneHmsx cpenuux (5.22), (5.23), coot-
BEeTCTBYIOIINX B TOM WIICTIe I KazKION OTHEIBLHON dase.

Eciu neITaThes M3BIeUh BCIO TEPMOATHAMUKY CICTEMbI HEITOCPEICTBEHHO
w3 Bepakerns (5.6) = (5.10) mas Q2 To BosHmKaeT cloxHas TpobieMa
OIIpeneeHns COCTOSHIMN KaHOHIIIECKOrO aHCAMOIIsd, B KOTOPBIX IPH YCJI0-
suax (5.38) N wactun us N HaxomsaTes B dase 1, sarmmas obbem Vi, a Ny
JaCTHUI] HAaXOOATCA B dase 2, 3ammMasg oobeM Vo, OmHako Takas ee GOpMYIIH-
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POBKa KBa3HKJIaCCHICCKH IIPeNIolaraeT BO3MOKHOCTE “IOMETUTD’ JaCTUIEL
XO0T4 OBl M3 Pa3HEIX (a3, ITO BHOBb O3HadaeT (aKTOPU3alNIo, HO yZKe Ka-
HOHITIeCKOI CTaTCYMMBI ZlﬁJr 2 = ZlﬁlZ%2 KaK CJIeOCTBIE CTATUCTHYEeCKOI
HezaBucnMocTH a3 B KaHOHmIeckoM aHcambme (4.25), (4.26). Kax ke sTo
COTJIACOBAHO CO CTATHCTIICCKON He3aBICHMOCTBIO IOACHCTeM 1 I 2 B 6OIIb-
mom arcam6ie (5.13), (5.14)7 Tax xax, cormacuo (5.10),

Q'Q* = Zcf“ZNl ZC%ZN =Q'"= ZCNT“ a: 1= 0n vt
N=0

Ny=0
(o.¢]
To: Z3= Z Z 2N 2R, ON NN, = Z I 2y g = Z5 2%, (5.39)
Ny=0 N,=0 N1=0
rae COCTOSHITIO TePMONMHAMIYECKOTO paBHOBecHs oTBedaeT (| = (o = ( u
N = N, u, amanormuno 3apucumoctn or Fy B (4.4), (4.6), B mocmenmeit
cymMme 1o [N TakiKe 3aMEeTHO OTINYHO OT Hy/d eIUHCTBEHHOE CIaraeMoe C
PUKCHPOBAHHLIMI paBHOBeCHBIMN 3HateHIAMI N| = N1, Ny = Ny = N — N .
Ecmu xe paccMaTpuBaTh HomcHcTeMBl 1 1 2 KaK 3aBHCHMEIC, YUNTHIBASL
TOXKOECTBEHHOCTH TACTHIL I3 PA3HBIX (a3, TO P HOMBITKe BKIUCHIII 3 TOM
IHGOPMAIINN B IOIHYIO BOIHOBYIO (YHKIIIIO COCTOSHUSA BCEil CICTeMBI IPI-
meM K erre 6ojlee CJIOKHON KBAHTOBOIT 3amade MHOTHUX Tell u3 Jlexmun 16.
Samaun
11.1. Pomyunts KaHOHmIecKoe pacmpenernenne I'nb6ca (4.42) MeTomoMm Ham-
bomee BeposTHOTO pacupeneneHus [5], [43].
11.2. Hms moeamsHOTO Tasa (6.45) mposepuTs dopmytst (5.35)(5.37) B Buze:

<ps=—v (s(5) +r). (2552) (r(5F) -7). G

op oV o1/,
oU oP
: o = —_— — ?
B UeM HUX OTJIUYIHNE OT BBIPAKCHI: (8 )TN (T (3T>U P) .

11.3. Yro 3magnt B (5.24), (5.25) cymma o m € 0, I ITO paBHOBECHOE COCTO-
gHIe “pa3Ma3aHo’ II0 HAImOOJIBIIEMY BO3MOKHOMY THCIY KOINH aHcaMOmsa?
11.4. B 6oabmrom aHcaMbiie HalTH BePOITHOCTH OOHAPYKHUTH CICTEMY B CO-
CTOSHUU ¢ MaHHBIM wTmciaoM dacTun N. Pafitu, uTo mid nmealbHBIX CHCTEM
(B o6beme V cm. (4.53)) oHa cBomuTes K pacmpenernernio Pyaccora [24]:

. _%,_)6—«\»@ ¢V

Wy = 0 A e Tme: <<N>>|—>CZ1$A3(T). (5.41)



Jlekiiuga 6

bacnpenenenne boabiMmana mis
naeaJibHbIX CUCTEM

1 Teopema o paBHOpacmpenencHIN SYHEPTUHI TI0
CTEIeHIM CBOOOIBI

OnuH TOYHBIA Pe3yJIbTAT KBAa3UKIACCHICCKON CTATUCTUICCKON MEXaHUKI
clemyeT y&Ke W3 KJIacCHIecKoTo pacmpenernerns 1 mb6ca co cTaTICTUIeCKTM
o s.cl

MHTerpasIoM s s cremereil codomsr (4.30), ZV " +— Zy, npu Nh® — 1:

x(X) = -exp (-AH(X) = exp (SF = BH(X). G=7m (61)
Zy = /dQSX exp (_ﬁH (X)) I {{qk’}iv {pj}s} 1 =1+2s, (6'2)

d*»*X
d*X = dqy - --dgsdpy - -dps = dwy - - - drgy = e dr;, Vi (mer cymwsr). (6.3)

1
s moboit raagkoit gyukmmn F (X)) I Bo3pacTalolell o 6eCKOHETHOCTH TP

r; = oo, Vi =1+ 25, dyaknun ['aMuabpToHA:

H(X)=H (x1,...295) = H(q1,...¢s;P1,.-.ps) = +00, (6.4)
OH T'JIACUT, UTO: <<.7-"(X) ZZ>> = kT << a‘gif()» (6.5)

HeficTBUTETLHO, MHTETPAPYS JTEBYIO TaCTh TOTO PaABEHCTBA IO TIepeMeHHOM

Z; II0 9aCTAM, B CHIJIIY HICYE3HOBCHHIA BHCHMHTETI PAJIBHOTO TJI€eHa, IOy IIIM:

OH exp(—fH(X X aQN( )
2s = _
[ =X F(X) o 7 KT [ == F(X) =
25X ri=too .. 8}"(){) OF(X)
—kT/ i F(X)on(X) %:_004— kT/d Xon(X) o kT<< I >>,

TITO, [0 OLMPENENICHNIO, COBIATaeT ¢ Ipasoll dacTeio (6.5). Ppu F(X) = z,
MOJTyIaeM TeOPEeMY O “paBHOPACIIPENEICHNN SHEPTUN IO CTEIeHIM CBOOOMIH:

61



[d*x xng—ZQN(X) = <<xg—f>> = kT << gﬁ >> = IT 6, (6.6)

Ppu x; = ¢; 3T0 Teopema o cpenHeM BUpHase, a OJId T; = pj, ] = 1 — S, 3TO

TeopeMa 0 “CpemHell KMHeTIIeCKO SHeprun @ (HeT CyMMIPOBAHIS 10 i, j)

(oY o (a2 i< o 2 {20,

Ycnosus (6.4) 5Toit TeopeMbI BCeT ga BBIMOTHIIOTCS, ¢CIII KTHOTHTIeCKAs YHeP-
IUs CHCTEMBI €CTh BO3pacTalolIasd 10 0eCKOHeUHOCTH (HYHKINS IMITY/IHCOB I
CHICTeMa OTpaHImYeHa CTeHKaAMI AIINKA, 38 KOTOPBIME IMOTEHINATIbHAS SHEP-
rus 6ecKOHeUHa, I KOTOPHIE, CTaJIo ObITh, TaKkKe M.0. BKIIOUCHLI B | aMIIb-
tormar H(X). HpyrmM mpmvepoM sSBISCTCS BBITHCICHEE CpeqHero oT [a-
vunbrornmasa H(X) = K({p}) + II({¢}) xax cymMMBI OMHOPOTHBIX GYHKITIT
ctemeredt ( m r cooTeTcTBerHO, (,1r > 0, mw K({\p}) = NK({p}), mampmuep:

n

mwwi(iwﬁﬁ, mwni(imﬁﬂ,mnHMmew&

m Sk, sy < s. Torma mo Teopeme Piimepa 06 omHOPOTHBIX QYHKITIIX:

£ — en. Bl ey, 69

j=1

I, YCPEOHAS 9T, TI0 TeopeMe 0 paBHOpacupenereHnn (6.7) Haxommm:

K 8IC o o1l
j 1=1 ]

SK S
OTKYIA: <<E>> =<H> =<>+LI> = kT Tf + kT TH (6.11)

T.e. Xaxkmad omHOpPoNHad (GopMa KOOPIMHATHEI CTEIEeHN 7, MM IMILYIbCa
crenern ( (6.9), Bxonsaimas B yrknmio [aMmabToRal, maeT Bo BHYTPEHHIOD
saeprmio (6.11) Bkmam, pasHEI, cooTBeTcTBeHHO, KT /r 1w kT /(.

Hns uneamsroro rasa (3.52): sy = s =3N,sp =0, (=2, (a =1)mu
cpenusis »Heprust K E> = <> = 3NET /2 = CyT, B cormacuu ¢ (3.56).

"Hasnowxenne Buna (6.11) Ha BKJIaNbl Pa3sHbIX OMHOPONHBIX MYHKIUI MOKHO MPONOIKHTH, Ha-
npumep, npu I({q}) = 17" ({¢}) + 152 ({¢}), sm = s1 + s2, mueem <IL> = kT (s1/r + s2/n) .
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2 Crartncruueckas CYMMa HHG&HBHOﬁ CICTEMBI

Crarucrudueckoe OMICAHIE IIPOBOOUTCA OO0 KOHIIa MIOJISA IIIO€aJIbHBIX CHCTEM.

I'avuasTOHIAH HI[G&JIBHOfI CUCTEMBI HE€ COHOECPZKUT BSaHMOHeﬁCTBHﬂ MeEAKIY
COCTABIAIOIIIMI €€ YaCTAMUI, I €TI0 MOZKHO IIPe€OCTaBUTh B BIOC CYMMBI:

N
Hy =) hj;, oTmenbHBIX HE3aBHCHMBIX OFNHAKOBEIX claraeMeix hj, (6.12)
j=1

KaKIqoe 13 KOTOPBIX eCTh TaMUIbTOHNAH HEKOTOPOU j- Ol CTPYKTYPHOU enn-
HUTIBI CICTEMBI, OTBETAOIINI KOHETHOMY YNCITY CTeleHell ¢Bobomel. Taxoi
eMMHNTEN MOXKeT OBITH aTOM, MOJeKyTa WIN KBa3mJIacTula. Pa3zoBeM 3Ty
CTPYKTYPHYIO enuHuIy dacTuieil. OcHOBHOe CBOMCTBO MIOCATBLHON CUCTEMBI
~ QI INTHBHOCTD ¢e TaMIIbTOHNAaHA (6.12) — CBONUT W3yTIeHIE HBOTIOIIN Ta-
Kol N-9acTUIHON CUCTeMBI K M3YVIEHWIO OMHOTACTUIHON 3BOIOINM, ynpa—

- N.

B mpenebpexennn B3anMomeic TBIEM, TTepePACTPENeTIIONIITM YHePT IO Me-

BIISIEMOIT OTIOe/JIBHBIM OOJHOYACTUYHBIM I'aMIJIBTOHIIAHOM h = hl,

KOy PasHBIMI YACTIIIAMI, T.e. MeKIY Pa3INUYHBIMI CTEIeHIMI CBOOOMEI,
npeabHAsA CICTEMa, CTPOTO TOBOPA, HIKOTIA He CMOKET HOCTHYL PABHOBEC-
Horo cocTogHng. OmHAKO OTpeTaKCHpPOBABINaf K PABHOBECHIO PeasibHasd CI-
cTeMa IPI HeKOTOPBIX YCIOBUAX BRIDJIAOUT MOYTH KaK HOeadbHas, I MaJIbIM
BKJIAIIOM 5TOTO B3aIIMONENCTBIA B MOIHYIO SHEPTUIO CUCTEMEI B PABHOBECHOM
COCTOSHIN y7Ke MOXKHO TIpeHeOpeds (cM. mmeabHBIN ra3 B (3.52)(3.61)).
Pycrs kBaHTOBasg crucrema coctouT m3 N “HeB3alIMOMEHCTBYIOMINX —IICH-
TITYHBIX JacTHH. XoTd >Heprus Emm mUkpococtosams |[M]) Beer cucTeMer,

B cuy (6.12), BIOTHE OIpemenseTces SHePTISIMI OTICIBHEIX TaCTHI, 9TO YZKe
HE TaK [JIi COOTBETCTBYIOUINX KPATHOCTeN BBIDOKIEHUsS. POCKOIbKY ee
TICTOe COCTOSHIE He CBOAUTCA NUINb K THCTHIM COCTOSHUAM HTHUX YaCTHI,
HAXOIAIINXCS, BOOOIIe TOBOPS, B CMEIIIAHHBIX COCTOSHISIX (CM. TEKCT MOCIIe
(2.10)), To xBamTOBHIE UHCTa ce MUKpococTosanit [M] # {my...my}; T.c.:

N N
E[ﬁ] - E{mlm]mN} = Z Emy, HO: G(E[ﬁ]) # H {g(gm]’)}a (613)
Ie KBAHTOBBIE THCIIA 1M, XapaKTepU3yOT Pa3lIn<TIHbIe COCTOSHISL |m;) oT-
IeTIbHOR j-0ff JACTHIEL C SHEPTHEH &,y , @ COOTBETCTBYIONAA MM BhopMaTbHAS
mepesannch crarcyMMmer (4.17) u cam Habop [M] HYKIDAIOTCS B yTOTHCHNN:

ZNy = D exp (—ﬁE[m]) +* ZZ---%QXP - éamj : (6.14)

{m) e



,HGJIO B TOM, 9YTO B CHJIY TOXKICCTBCHHOCTH — MOCHTUYIHOCTU U BO3MOZKHOIT
Hepas3JInInIMOCTH YaCTHUII UX 3HePpreTUYeCKNe CIICKTPHL I KPaTHOCTHU TaKiZKe

naeHTHIHE vV j: |my) = k), &n;, = ¢ck. g9(em;) = g(cr), @ moTomy (6.15)
3aJaHHOE pacHpeneseHne YaCTHI 0 PA3HBIM (HeBBIPOXKIeHHBIM ) OMHOTACTIHY-

HBIM COCTOAHHAM |k‘> XapagKrTepu3yercd JIUIIb YHCAaMi 3allOJTHEHNA 1y 3THX

COCTOAHIIN KakK THCIaMI YaCTHI B KaXKIOM TakoM HEBBIDOKICHHOM OTHOYA-
CTHTHOM COCTOSHIII C £, T 3a(UKCIPOBAHHOE JINIIH MOTHBIM ImciaoM N 5Tux
TACTHIL I IX TOJTHOH 3Hepruell Ky B MUKpococTogann |[T]) Beeil crmeTeMbr:

N N
KakK: N = Z 1= an = /\/’[nk], E[m] = Z 5mj = an&?k =& [nk], (6.16)
j=1 k J=1 k

N!

I (14!)

IPeCTaBIAOIINMI Ha CaMOM TeJle OQHO I TO JKe KBaHToBoe MUKpococTosHIIe
[[n]) = |[m]) Beeit cmeTeMEr, KOTOpOE CTOMBKO K€ pa3 M BCTPEIACTCS B IPa-

OHO MOINyCKaeT peaTn3alllio C][?k] = pasamiaHeIMI criocobamir, (6.17)

Boit wacTm (6.14). PosTomy sreBas wacts (6.14) mefictBuTensrO pasHbIx MU-
KPOCTATHCTHICCKI DA3INIHMBIX KBaHTOBBIX MUKpococTrosrnii [[m]) = |[ng])

nmeaaTbHON [N- JaCTUIHON CICTEMEI, COOEPXKUT BO CTOJILKO XKe, C][?’“] pa3s
MeHbIIe?, wen Bes N- KpaTHasg cyMMa B HPAaBOM TacTH (6.14), aro maer
(cp. (8.37)-(8.39)):

N [T (ng!)
Zn=)_exp (—FE[ng]) ON Nl = 2_ D" ZJ:V exp —ﬁZ:l Em; kT (6.18)
m j= .

Nk my ma
[SaMe;anHe II. Cormacuo (3.31) m (5.15), (5.16), dopManbHO TAKOM Ke KOM-
obmuaaTopHON BeamanHon (6.17) — (5.16) ompememnsercs umeno Beex (MUxpo)
KoHGUrypanuilt — cratBec MAKpococTosHm (6.16) cucremsr (— arcam6sn),
KaK KPATHOCTB BBIPOXKIEHNS 5T0r0 ke ee (— ero) MUrpococrosams (6.16)
¢ momuoit sHeprueit E[ng] (— & (5.15)), pacupenenennoit Mexny N Toxme-
CTBEHHBIMI JaCTUIAMI (> 7 KONMAMI), IIPU 3aTaHHBIX 3aCCTICHHOCTSIX 1) —
TICTAX TACTHL (> Vy,y KONNI) Ha KaZKIOM HEBBIDOKICHHOM OTHOTACTIITHOM

(— omHOCHCTEMHOM) SHepPreTHIecKoM ypoBHe |k)(— |m, N)) ¢ e1.(— En,v).
T.e. monmoe gncno (6.17) pasmuunpix crocobop paccamuThb N pasmmduMbIx 4acTHI] IO pas-
HBIM k-TBIM COCTOSHESM TIO Ny YacTHI B KaKOM COBIIamaeT co crarTBecoM (5.16), kax ¢
YUCJIOM Pa3/IMYHBIX 1 Pa3JINYNMbBIX MMKPOCOCTOﬂHI/Iﬁ, IoCpeaCcTBOM KOTOPBIX pealiu3yeTcs

2Amanornyro ToMy, Kak, cpenn Bcex N! IpocTpaHCTBeHHBIX TepecTaHOBOK, IPOM3BeleHIe
[T (ng!) mepecTanoBok Mexmy coGOil TONBKO YaCTUIL, HAXOMSIINXCS Ha KasKIOM OTAEIBHOM OIHOM I
k

TOM ke k-OM HEeBBIPOXKIEHHOM OIHOUACTHUYHOM yPOBHE MPENCTaBiseT, Ha caMOM Jieje, ONUH U TOT
Ke CIocob pacipeelenns, YMeHbIIas BO CTOMBKO JKe Pa3 caMo IHCIO PasTmIHBIX crnocoboB (6.17).
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MAKpococTosHIIE ¢ TOMl Ke sHeprueit u ynciom gactutl (6.16)(— (5.15)), kak ¢ KpAaTHOCTBIO
BRIpOKIenus sToro MUkpococtosrams. Cormacho (4.22), B 9ToM ciydae Ha Hero (Ha Hee)
Hazio, Ha06opOT, YMHOKUThH, N IOTOMY ero n HeT B neBoil gactn (6.18)! T.e. numeeTcs mpum-
OUIInaJIbHasd pasHila MeXNY TO2K/AeCTBEHHOCThIO OT/I€/IBHBIX MHI&'quaCTHH7 Hepa3JInYnMbIX
B oObeMe MAKpOCI/ICTeMBI, 1 TOXKNECTBECHHOCTbHIO — BBIPDOKJIECHHOCTBIO OT/I€JIbHBIX KBAHTOBbBIX
mUxpococrosmuii [[] — [ny] Beeit aToit MAkpocucTemsr (cp. (8.21), (8.34), (8.54)).]

P pu mocTaToTHO HI3KOM IO THOCTH THCIA TaCTHUIL I JOCTATOTHO BEICOKOI
TeMIepaType CHCTEMBI MHOKECTBO TOCTYIIHBIX €€ TaCTHIAM OTHOTACTIIHBIX
cocrosunit {|m;)} = {|k)} Bo MHOTO pa3 mpeBocXOOUT GUKCHPOBAHHOE THCIIO
camnx gacturn N. Torma mpaxtmaeckn mias Beex ee MUKpococTosHIIT 3ace-
nerrocTn ng = 0,1, m MoxkHO canTaTs Bee ng! = 1. Pro mosBomser npuwHITH
3a Habop ee KBAHTOBEIX umcelI [M)] yaxe cam Habop {m;}i . B sroM BBICOKO-
TeMIePATYPHOM — 00IBIMAHOBCKOM TIPIOINKCHIT KAHOHITTICCKAs CTATCYMMa,
uneamsroii cucremsr (6.18), BRIDIAOUT y&Ke Kak Hepexon ot (4.30) & (4.53):

Zy =SS Sewn (-0 c ) = 4 T [Sesp(—0,)| » (619)

m1 mo _]:1 N' _] 1™y

re: [~ {m;}Y, Zy = —(Z))", tme: Z, = Zk:exp(—ﬂak), (6.20)

N1
IIOCKONIBKY Bce cyMMEL 1o m; B (6.19) ommuakoBsl n B cuy (6.15) mocre cym-
MIPOBAHNIA I ONMHAKOBEIX JaCTHUI yZKe He 3aBHCAT OT WHIekca j. Taxmm
06Pa30M, pasIoKIMOCTH TOTHOTO TaMUIBTOHMAHA Ha cyMMy (6.12) ommma-
KOBBIX OJHOYACTHYIHBIX TaMILIhTOHIAHOB IIPHBOIANT B OGOIBIMAHOBCKOM IIPH-
OIITZKCHIN K (paKTOPI3AIINI TTOTHON KaHOHNIeCKoi cTaTcyMMel (6.20) B mpo-
I3BCICHIIC OQMHAKOBBIX OMHOYACTHIHBIX cTAaTCYMM Z. Ppubmuxenue (6.19)
YTOTHSETCS CBOMicTBaMI ciMMeTpHn B.¢. B (8.53) — (8.56) m (10.23) — (10.26).

NHmekec 0OmHOYACTUIHBIX COCTOAHUIT {k} SBIsSeTCA ellle CIOKHBIM U CO-
CTaBJeH W3 KBAHTOBLIX Umcel {p}, 0TBETAIONINX TOCTYIATETBHBIM CTEIeHIM
CBOOOMBI NBUZKEHNS OTAEILHOI 9acTHIEI KaK IeJIOr0, T KBAaHTOBEIX IHCETT ee
BHyTpeHHIX cTeneneil csobomer {i}: {k} = {p} & {i}. Pora stu cremenn

CBOOOMBI HE3ABUCUMBI, T.e. HE B3aUMOACHCTBYIOT, COOTBETCTBYIOIIAS STOMY
AIIUTUBHOCTD yKe OMHOTACTIIHOTO TaMITh TOHTAHA Ej = K;+1I; npusonur
K JaJIbHEIell (aK TOPU3AMI OMHOTIAC TIIHOIN cTaTcyMMHl (6.20) B Bume mpo-
I3BeNeHNS TPAHCIAIMORHON CTATCYMMBI 1 I CTaTCyMMBI IS BHY TPCHHIIX
cTemmeHett ¢cBoGOmEL Zi": T.K. £ = ep + i, T0 Zy = 2V Z", mpmen:

1

(2" (e2y)

7 = Zp:exp(—ﬂsp), A d_exp(—fei), n Zy =
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I7Ig Ta3a 0eCCTPYKTYPHBIX TacTAM. UTOOB epelT! K KBa3UWKITaCCITIECKOMY
mpenerny (4.30), HeobXOIUMO PaccMOTPETh, IO CYTH, BCET A JOYCTIMOE

3  KBasukiaccuueckoe HpI/I6JII/I}K€HI/I€ JLJIST

IIOCTYIIATECJIIbHBIX cTelleHel CBO6OI[bI

B oTcyTcTBme BHEITHUX TOJIell OMHOUYACTUYIHAS HePETITUBUCTCKAS dHEPTUS
Ep = p?/2m, THe cobcTBeHHBIe 3HATCHIS KOMIOHEHT | = x,%, 2 = 1,2, 3 Bek-
Topa P UMIYIbCa TaCTHUIBI PN KBAHTOBAHWN B sAimnke V' = Ly Lo L3 onpemne-
TeHbI cooTHOeHUAMI: p;(v) = h(v;/L;), v; =0,£1,+2,..., h = 27h.

B2 (2 2 2
Torma: Z!" = Zp:exp(—ﬂ&tp) :>V;V exp [ ﬁ — (% + 222 + LQ)] . (6.22)

B MAKpOCKOHquCKOfI cucreMe 30eCh OJIdAd ITOOaBJIAIOIICTO YIICTIa ClIal'a€MBIX

v; > Av; = 1, a IpHu BBICOKIX TeMIepaTypaxX ITar KBAaHTOBAHUS IMIIYIbCa

Ap; = h/L; 6ymeT mpereGpexnMo Mal MO CPABHEHIIO ¢ XapaKTePHBIM M-

Iy/IbCOM TEILIOBOTO MBUKeHUs ppr= 1V 2nmkT = pr./7 B KauecTBe MacmTaba:
A h AT T\ Y2 h Ae

1> =P = A )z(—L) . AT)=—, T,=="L (6.23)
Pr LN2mmkT L T Pr kw

rne Acp = (Ap;)?/2m u Bmecto Py BBenensr mnaa A(T) 1 xapaxTepucTmIde-
CKasd TeMIepaTypa HOCTYTAaTe bHBIX cTemereit cobonst Ty, = h?/(2mmkL?).
Tx. Tp ~ 107K, yeosme T >> Ty B (6.23), Mo cyTH, Beera BEITIOTHACTCS.
Tax uTO 5HEpPreTHYeCKMil CIeKTD YaCTHIEl ABILeTCS KBA3IMHEIPEPBIBHBIM, a
ee TIOCTYIaTeIbHOE ABIZKCHIE MOKHO IOUYTH BCIOAY CINTATh KBa3UKIACCIIIe-
CKEIM 1, aHATOTIIHO (4.27), 3aMeHUTH CyMMI/IpOBaHI/Ie B (6 22) mHTerpupoBa-
HIIeM 110 OZHOYaCTHIHOMY (BazoBOMy IPOCTPaHCTBY: v; = Lip;/h, 1 = du;,

S 13 /dxdyd / “(p)

dp,dp,dp. .
b pypj Z(T, V) dfh3/d3pexp( kT).(6.24)

Pepexons B (6.24) K mHTerpHpOBaHNIO 0 YHEPrH, cormacHo (3.18), (4.27),
BBEIEM IIOJTHOE TICTI0 COCTOSHUI TacTHHEL ¢ IMIyabcaMu |p| = p < p(e):

’7(}7(5)) = '7(67‘/) = /d31’ / / d3 V 47Tp3 (6), Torja: (6.25)
Vi p<ple ) p<p

3dy; = Lidp;/h, T.K. TIOCKOBOIHOBOE COCTOSIHIE C HMIYJIBCOM P; 3aHUHMaeT Bech “06bem” L;.



6T

maeT obliiee BBIPaZKeHNe s SHEPTeTUUIeCKO IIOTHOCTI COCTOSHMI (KBa3M)
YaCTHOEL B IPOCTPAHCTBEHHO OTHOPONHON CHCTeMe B OTCYTCTBIE BHEITHIX
moneit. Ppu ¢ = ¢, = p?/2m, mveem: p(c) = v/2me, n mrotHOCTH (6.26) 1
OMHOIACTHIHAS TPAHCIAIMIOHHAs cTaTcyMMa (6.24) mpumanmarioT Bun (3.61):

2m\*/? A1 3
D(e.V) 52 Dapale, V) = 27V (ﬁ) VES AT, A= m (6.27)
T 2rmkT\>/? V
— tr __ —
Zu(T, V) zo/ng(s,V) exp (~32) 5= 2! _v( = ) = o (628)

rre, momcTasus (6.27) B (6.28) u mpomsBenst MHTETPIPOBAHIIE, ICIIOIB3YEM I3
(6.23) mmuay “renmnosoit” Bomws! ne Ppotins A(T) = h/pp = h/V2rmkT. 3a-
mmcaB (6.28) Kak ycaoBme HOPMUPOBKI MAKCBEIITIOBCKOTO PACIIPEIETICHIS TI0
SHEPTUI fT(g) IJTS. TZIOTHOCTHT BEPOSITHOCTU OOHAPYKUTH TACTUILY ¢ KITHETH-
TeCKOIl HHepruell BOIM3M & B mHTepBale de, ¢ TOMOIbio (6.26) MOKHO HAlTH
CPeoHIOI0 KIMHeTUYICCKYIO SHePIUIO (TakiKe U HepelsTHBUCTCKON (6.27)) TaCTHUIIHL:
~ exp(—pJe)

T 3
fr(e) = ——=—D(e,V), orkyma: <L = /&?fT(&?)d&? = — kT, (6.29)
2 0 D3y 2

~ —Pe 7 ) ? 3/2
roe fr(e) ﬁﬂ u B (6.24): Z{'= % (/dple_apl) _V (E) = V ) (6,3())

D3/2 \/E(ICT)?’/27 N h3 o AS(T)

4 Hacmpenmenenne Maxcpemna — Honmbnmana

Barmmcas ke MeIIKoM 60IbIMaHOBCKoe pubmmxkenne (6.19) kax ycmoBue HOp-
MEIPOBKH ¢ BbIpazkeHueM (6.20) mis Zy u cokparras Ha N, HaiimeM:

1 N
1= Y Il exp(=Bem,) = > Win s (6.31)
{my..my

s g=1 {my..my}
910 B “cocTosHEU’ |mj...my), Kak B gucToM MHEpococrosann |[m]) mme-

AJIBHOI CUCTEMBI ¢ SHepruell Ky (6.13), KaHOHIIECKOE PACIPEIeIeHIe Bepo-

stHOCTH ['M66Ca cBOmuTCs K mpomsBeneHmio Buna (4.26), KaXK B COMHOKI-
1

TEJIb KOTOPOTO €CTh ['ubbcoBckas ke BEPOATHOCTD U}mj HaXOXKOeHMA OTOC/Ib-

HOIl j-Off YACTHIBI B COCTOSHUN C SHepPrueil &,,: T.K. ZyN!= ZN | To:

exp (=SB, my)) _ X L exp(—fem,)
_ _ i) (6.32
ZNN' jl;[l wmj7 wmj Zl ( )

Pro m ecTh kmaccumaeckoe pacmpenenerne Pompavana (mwmm M-P) mms mume-

W{ml...mN} =

KPETHOTO CIeKTPa, oTpaxkarolee, coriaacto (1.26), cratmcTuieckyo He3aB-
CHMOCTB y2Ke OTHe/JIbHBIX YacTHII MIeaJIbHOI0 Ta3a, KaK Bee elle He3aBHCHIMBIX
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B 5ToM IpHOIIKeHNn “MAKpomoacucTeM . B oTcyTCTBUN BHEITHUX TOJIEl B
. 11

HEM MOZKHO IEPCHTI K KBa3UHEIPEPHIBHOMY PACIHPENCICHHIO Wy, = W (Em;)

10 ONHOTACTIIHOMY CIEKTDY &y, = &, +> p*/2m 5HepPrum mOCTyIATeIbHBIX
cTemeHeil ¢cBobonbl, T e, cormacuo (3.25), (4.29)

exp(—pe,) &t &p (271ka)3/2
2 Z :
7 e Lz V(T ) (639

CBOIITCS TOTIA K OMHOTACTIIHON TPAHCISIINORHOT cTaTcymMe (6.24), (6.30).

Wy, 9(Em,) = dwyyp(s)) =

Nurerpupys (6.33) Tompko M0 KOOpAMHATAM, TTOIYIMM BBIDAZKCHIE I Be-
POSATHOCTH TOTO, ITO JacTHIA MMeeT IMIIYIhC B Ky6uke d°p — (p;p + dp)
Kak pacmpenererne MakcBerma o KOMIOHEHTAM IMIYIbCa P = (Py, Py, D2 ):

2 kaT) e~ P /17
dw? = 4> = eXp( b/ =
wM(p) fT(P) P, fT(p) (QkaT)3/2 7T3/2P3T ’

v/ 2kT
1 _ 3 _° _ _P
dwy (v) = fr(v)d’v, fr(v) = TR Up = T ALV = (6.35)

Pepexons B (6.34) k chepmaeckmm kKoopamEaTaM p = pny, d°p = p*dp dQ(n,)
II HHTCTPUPYSI [0 YTIOBBIM IIePEMEHHBIM Ny, (¥, ) 37eMeHTa TeIeCHOTO yIia

mwn: (6.34)

dQY(n,) = sin¥dddy, momyunm pacmpenenenms Makcserma mo abcoTOTHOLM
BeJIINHe UMIyIbca p = |p| mpu pr = V2mkT = mur u ckopoctn v = |v]:

diwl, (p) = fr(p)d . 4 p2e Pl A v2ev /v

o) < frae) 0= i) =T 630

0T KOTOPHIX TIPH £, = mv?/2 Ierko BepHYTHCA K MaKCBEITIOBCKOMY DacIIpe-

IereHNIo o KuHeTnIeckoil sHeprun (6.30). Bxmotuenne BremHero momns u(r)

He HapyIaeT IOealbHoCTh rasa (6.12), n B (6.33) BMecTO £, HCOOXOANMO IO -
CTABUTH IOTHYIO PHEPIUIO ONHOM TacTUIBL B ATOM To7Ie &(P,T) = £, + u(r):
2 (u)

QP—m = &p > €(p,1‘), npm: 4 =/d3X e Pu(x) dhg)e—&p ?Asz)

Pacmpenenenns (6.34)(6.36) mo uMIynbcaM m CKOPOCTSAM OCTAIOTCS B CHIIC.

(6.37)

P ponaTerpuposas (6.33) mo mMIyIsCHOR TacTn $Ga3zoBoTo 06BeMa, MOy THM:

exp (—fu(r)) d’r / pf (p) =

[dwiyp ((p,1)) = dwhy(r) =

() /exp(—ﬁu(x)) X
e~ Pulr ) _n(r d’r w(x)
= &r = fp(r)d ](V)d%: = e 71" = [dixem™™) (6.38)

— coBCTBeHHO, pacIpenencHne PombyMaHa Iy IIIOTHOCTH BeposSTHOCTH f5(T)
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HalITH 9acTHUIy TAaKOTO PaBHOBECHOTO HACAIBLHOIO Ta3a B dIIeMEHTe 00BbeMa
dr BOKDYT TOUKIH T, TIe TTPUMEePOM BHeITHETro Mo u(X) MOTYT CIYAKUTD I
caMn cTeHKH obvema V: u(x) = 0, x € V; u(x) = 400, x ¢ V, (15.11)
(cpaBHE ¢ ycmoBueMm (6.4) Teopemsr o “paBHOpacumpenererun’ (6.5)).

5 yp&BHeHI/IH COCTOAHUA 6OHBHM&HOBCKOI‘O rasa

B xagecTBe IIpuMepa HafII[eM BKJIaO ITOCTYIIaTE€/IbHBIX cTelleHell CBO6OI[LI mae-

ampHOTO Tasa (6.21), (6.28) B ero cBobonuyw »Hepruo: F = —kT In Zy,
1 v oY eV [ 2mmkT\/? e
eV N 3 2mm
F =—NETIn (W) — CyTIn(kT) — NETE, tne: @ = A £ = §1n ( 2 ) , (6.39)

~ XUMITIecKasd MOCTOSHHAS Tasa, I MOIyYnM AaBIeHNe, XIMIOTeHINA, SH-
TPOIMIO, I TEIIOeMKOCTE 3Toro Tasza (cp. ¢ (3.55)-(3.58)): ép = ¢y + k,

OF NET _(OF\ .
oF 5 V (2mmkT\>/? Nu

S—— (a—T)V’N_Nk{§—|—1n [N( " ) ” =cp-—t= (o)
eV 3 3 oS 3

PTo He uTO MHOE, KaK, COOTBETCTBEHHO, TepMUTIecKoe — Kmameiipora — Men-
meneeBa, n xamopumieckoe — Caxypa — TeTpome, ypaBHEHHIS COCTOSHUS WIe-

ampHOTO raza. Torma (6.39) mpemcrasmser cootromenme F' = Nyu — PV,
N—— —

BayTpennrtoo saepruo U MOXKHO HaWTH Temepb ANO0 W3 ee OMpeneeHNs,
6o mexons w3 (6.29) u pasercrBa U = KE> = N>, mubo u3 ypasHe-
Hus U = F+TS, u, B COOTBeTCTBIN ¢ TEOPEMOM O PABHOPACHPEeICHUN
sHepruu (6.11), mpu ( =2, s = sy = 3N, sy = 0, BHOBb IOIyINTH:

81nZN)
B Iy

I/ITaK7 HafII[eHLI BCe€ YpaBHCHUA COCTOAHNIA, OIIMCBIBAIOIIINEC TEPMOOUMHAMUKY

F KT
=717 (i —) = 3N =CyT. (6.43)
Vv

UE<<E>>=—( 5

OOdHOATOMHOTI'O 60JIBHM&HOBCKOI‘O nOeaJIbHOTO I'a3a. Nx MoxkHO Takxe II0JIY -

TUTH, MCXOOS M3 BRIPAKCHMI 0715 6ombimoro moTernnaita (5.33) u m3 (5.35),
(5.37), xkaxk —J = PV =kT'InQ upu ( = ¢’ u (0([3/0)5 5 CaC'



tr\ IV
ATViQ) =% "2y = £ CRH —exp (). 20 = g (649
P 1nQ c " 2rmkT\*"? ¢ /0InQ <N>
o A = (T )*tV( ), o e
B InQ VA Zir 3
<<E>>:—( 95 ) C( aﬁ) Cﬁ 5 < <KN>ET. (6.46)

3meck IPOU3BOIHAS IO ﬁ mpu ( = const, cormacuo (5.33), (5.37), He coBnamaer
¢ mpomsBonHoit o [ mpm p = const! Ppu <KN> — N: (6.45) —(6.40).

([4] 517, [5] §36,37.40-43,63, [6] §540-46, [7], [36], [43])

Samaun
12.1. OmeHNTH TEIIOeMKOCTH cucTeM: 1) N yIbTpapeasTHBUCTCKIX TacTHII;
2) N HepeIATUBHCTCKIX TACTHUIL B HOJE TIKCCTH Y HOBEPXHOCTH 3eMIIIL.
12.2. Ina d- MepHBIX aHamzoroB pacupeneneHmit Maxcsenma (6.35), (6.29):
a) 3ammcaTh paclpemeseHne M0 KOMIIOHCHTAM CKOPOCTell I HAfTH CpeIqHIe
3HAUCHU <<v§>>, <<112>>, KLUv>>, Kp>, n Hanbollee BepOSTHLIe 3HAUeHHUS U,
P aBCOMIOTHBIX BEINTIMH CKOPOCTH I IMIyIbca, cp. (6.48)-(6.50);
0) 3aImcaTh pacupeneseHne o0 KTHeTIIeCKOl SHePIHH € = £,. P afitn manbo-
Jlee BEPOSTHOE £ I CpenHee K> 3HAUCHIS YHePI I, abComoTHY 0 Dy(c) 1 oT-
HOCUTEeIBHYTO 09 () muctepcnn (9.2), m cpaBENTH ux ¢ (4.44), (4.45). Pafirm,
aro mpu d=3: € = kT /2, <> = 3kT /2, Do(c) = 3(kT)?/2, a9(c) = 1/2/3;
B) HallTH cpegHee BpeMs, HeOOXOMMMOe IS HpoiieTa paccTosHms ( B mpe-
HeOPEeKeHIN CTOMKHOBEHIAMI TacTHIL MeKIY COOOM; MPHBECTH UNCICHHYIO
omerky mpm { ~ 107% M n71g Bosgyxa mpu H.y.: T~ 3 - 10%em™?;
T') OIpPENeInTh MOTHYIO II0THOCTE ToToKa JacTul Jy(INy ) m3 Mamoro oTsep-
CTHS ¥ B CTEHKE COCYIA ¢ Pa3speKeHHBIM IIeaTIbHBIM T'a30M IIPH TeMIepaType
T 1 mwIoTHOCTH T = const; HATH CPEOHIOI SHEPTUIO I CPENHIOK abCOII0T-
HYI0 CKOPOCTBH YaCTHUIl B 5TOM IIOTOKE; KaKOBO CpedHee BpeMs IpeObIBAHIS
JACTUIBL B COCYZE C YICTOM M3MEHCHNs IIOTHOCTH Tt = Ti(t) (11.53), [3] §L.7;
1) y6enuThCs, ITO BEIPAKEHNE OIS CPETHEI IINHBI CBOOOMHOTO mpobera:

LU> 1
(g = = : 6.47
d Loy V2 o047y ( )

HE 3aBUCUT OT PasMePHOCTHU ImpocTpaHcTBa d. 3mech Kus> — cpemHee abco-
JTIOTHOU BeJIWYUHBI OTHOCHTEIBHOH CKOPOCTH, 04 — CeUeHHe PacCesHUS.

12.3. s pacupenenerns Makcena mo kuHeTmaeckoil sueprui (6.29) HaiiTn
BEPOATHOCTH Wy (£¢) OOHAPYKUTH TaCTHIY € SHEPTHel 60TbIe (MeHBIIe) .



12.4. PafiTu, uto mas pacupeneiaenus Maksemnmna B d- MepHOM IpOCTpaHCTBE:

g (o) = P pede 2 (U)de_vz/v%d_v ()

- — v =d 4
or T(d/2) = = T(d/2) \vg y — Ao (v),  (6.48)
24T i CT((d+n)/2 d
d(d d 2
<=5 :5(5 + 1) (FT)?, <(Ae)> g = 5 (KT)", o3V (e) = S (650

12.5. Pompsyscy (11.54) cpaBHOTH pacipemereHne MO YHEPIUAM TaCTHI] B
MIOTOKe M3 OTBEPCTUSA B CTeHKe 3-X MePHOTO COCyHa ¢ MAaKCBeJIOBCKUM pac-

upenenereM (6.48) mo ux sHeprmsM B HeM. PafiTu ¢pemHion SHePIIo Tac T
B 5TOM IOTOKe T Pa3sMePHOCTD d, IS KOTOPOI IOIyYeHHOe pacIpede/leHIIe B
MOTOKe SBISIETCS TaK &Ke MakcBemmoBckuM (6.48). Pombsyscs (6.48), (6.49),
(11.74) pemuts Ty XKe 3amady IOy TI000M pasMepHOCTH cocyna d.

12.6. CopaBemunBo Jn BBIpazKeHHE CpegHeil OINHBI CBOOOMHOTO IIpobera
(6.47) mms memmeampHOTO Tasa (15.1), IS cedeHMS He 3aBUCSIIETO OT CKO-
poctu? Paiitu ero 06o0bImieHne Ojd ceUeHN 3aBUCAIIETO 0T CKOPOCTIL.



Jlekiima 7

bocrynarenbHble 1 BHYTPEHHNIE
cTeleHn CBOOOOHI

1 Cour. HrorHocTs cocTogunit MHUKPOKaHOHNYICCKOI'O
aHCcaMOJI JLJIST HHG&HBHOfI CICTEMBI.

YTOIYHIM BeTMINHY TTOTHOCTU COCTOSHUH TOCTYHATETbHBIX CTeleHel CBO-
GOMBI 71 TaCTHOBEL B HOTCHINATHHOM BHEITHEM Moie () IpH HAINTINE
Hee TaKOH BHYTPeHHeN XapaKTepPUCTUKN, KaK CIUH. B oTCyTCTBUN MarHUT-
HOT'O TIOJISl SHEPTUS YaCTUIBI He 3aBUCUT OT CIINHA, I €e COCTOSHUS ¢ HaHHOUI
Hepruell BEIPOXKIEHBI IO 3HAUCHUSIM IIPOEKIINN CIINHA ¢ KPATHOCTHIO BBIPO-
KIEHUs IS MACCUBHBIX dacTuil ¢ m # () paBHo#l g5 = 25 + 1, Tme s- memoe
IJTH TIOJTYIIE/Ioe CITTHOBOE KBAaHTOBOE Unciio. C yaeToM 3THUX BHYTPEHHUX CTe-
IIeHell CBOOOMBI IIOJITHOE UIICIO COCTOAHNII YacTHOBL ¢ SHepruel ¢, < &, T.e.

¢ mvmyascamu |p| = p < p(e) (6.25) n maorHOCTH cocTosHmi (6.26) Ve,
cooTBeTcTBeHHO!, T.e. dy = dvy(e,V), mMHIOT BU:
Pp gV 4m
3, _ gsV 3T 3
(e V Z /dv—o;sfd /h ) =p) =y pe), m (T
d (8 VY dgs ;5 [ g5V 5 dp(e)
D(e.V)=—r =0t / ' [d*p o (c = dmte) = . (12)

ITO JINIITb MHOKUTETICM (s oTamaaeTcs oT (6.25), (6.26). s cucTeMsl Bo
BHEIIHeM T1071e 4(T'), He CHUMAOIIEM CIIMHOBOTO BBIPOKICHIUS I MEHSIIOIIEMC S
DOCTATOYHO MEIJICHHO, 9TOOBI yCIIOBHSA KBa3WKIACCHICCKOTO IIPUO/INZKCHILS
|IVA(e,r)| < 1 BEIOMHATNCH I AT OMHOTACTUIHON sHeprun (6.37) mpu:

g, = e(p,r) =¢,+ulr), m: Ae,r)= ]ﬁ = o [gh_ — (7.3)

Y9 (p(e) —p) =0 (c — &), T.K. € =5, w p=p(c) — B3auMHO OGpaTHBIE QYHKIHH.
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Byecto (7.2) meeear: D (e, V) /d3 /d3p5 (¢ —e(p,r)) (2 (7.4)

e(Iplr)

4”95 /d3 [de,v%(e)) )5(€—u( J—c,) =

agp (7.5)

Vap

== D(“)(g,V), rme |p| =p(e,r), (7.6

Ipl
ep=c—u(r)) V‘fp

_47Tgs/d3 ( &?p)
3/2 2

(u) 27Tgs 2m 3 P
?/2 Dyp(e,V) = /d e — ., eCcIm: g, ?/2 o (7.7)

a v(p) = 0=(|p|,x)/0p = 8%/3}9 — cKopocTh TacTuisl (cp. (6.26)). Jlerko
BIIETD, ITO MHOKUTEIb ¢ B D(£, V) He MeHSeT ypaBHEHHN COCTOSHIS Ta3a

(6.40), (6.43), ckaspiBasicy mins Ha KoHCTaHTe ¢ (6.39) B (6.40) — (6.42).

PaﬁneM IOJIHBII CTATHCTHYIECKIII BeC MHKpOKaHOHI/IquKOI‘O pacipenesie-

HIA U IOJHYIO ITIOTHOCTH COCTOSHHIT MOeATbHOI CICTeMBI B TePMITHAX OTHO-
qacTmaHoi mnotHocTH (7.2), (3.62) = (7.4). B repMmommraMmtIeckoM paBHO-
BeCHIT TaKOI M30/IHPOBAHHOI CICTeMBI (PUKCIPOBaHa JINIIE [oIHad SHeprud E

BCEX ee OTHETbHBIX, CTATICTIIeCKN He3aBucnMbIx dactur. C yaerom (3.38),
(3.40), T.e. dO(E)/dE = §(F), oTBeT maeTcs TOTIA OICBIIHBIM 0000IIICHIIEM

(3.60) dopuya (7.1), (7.4) m dopmyner cepTrm? (4.4) VD(s):

N
00 0 E — ST o&s
I'(E,V,N) } R ( =1 1)
' S — de;D(e;,V J , oTkyma: (7.8
=1
7 —70dED(E V,N) e—ﬁE—@ Z —70ng(5 V)e e (7.9)
N_O [ [ - N! b 1_0 9 b °

aramormaHo (4.24) u B coorBercTBum ¢ (4.28) — (7.4), m (6.20), (6.26), (6.28).

2 Crenens monm3anuu raza. Popmyita Caxa

P pumep ncmonpzoBarms (7.9) maeT pacteT Umcia MOHOB CPEIN HeTPaThHBIX
aTOMOB Ta3a, MOHM30BAHHOTO TpH maHHON TeMmmepaType 1. PaccmarpuBas
IpoIlece OMHORIeKTPOHHOI NOHM3AINN KaK XUMIYeCKYIO PeakIlnio:

AT e — A" =0, (7.10)
obo3zraunM Kax Ny, Ny, N, cooTBeTCTBYIIINE UNCIa HENTPATBHBIX aTOMOB, 1O-
HOB U 3JIEKTPOHOB. Torna mmMeeM IBa OYCeBUIHBIX COOTHOIIICHITA:

E o0 0
2zanucannoit B Bunme: [dEy Di(Ey) Do(E — Fy) = [ dEy [ dEy Di(Fy) Da(Ey) §(E — By — E3).
0 0 0



Ty

N, =N.< N = Ny+ Ny = const, (7.11)
rme N — TOTHOE UMCIIO aTOMOB W MOHOB (WM aTOMOB €Ilfe HW a3y He MOHW30BAH-
HoTo Tasa). EIIe OMHO COOTHOIIEHIE CIEAYeT U3 YCAOBAS MIHIMYMa CBOOOIHOI

SHEPIruy npu XuMHIYeCKOM pPaBHOBECHUH, T.K. CTaTCyMMa TepMHIYECKH paBHO-
BECHOII cMecn nneaIbHBIX I'a30B — U3 aTOMOB, IIOHOB I 3JICKTPOHOB paBHa:

7' = 7.7, Zy, The oTmeldbHBEIE CTATCYMMBI I8 a=e,+,0, . (7.12)
(Z1a)™ (7)) (Z14)" (Z1)™
J,=-——+—, PaBHBL: Lo = —"-—, L, =—7"" Jy=-—-"—, (7.13
N, N, * N, LA (7.13)
2rmakT\ > V
: — a —20a/(KT) — _Ysa —20a/ (KT)
Opu: Zia = §saV ( 2 ) e ° =N e ° . (7.14)

Preprums “atoma’ £,, = p?/(2ma,) + €a, TOE 0, — DHEPTUS OCHOBHOIO CO-
CTOSHHA IIOKOAIIICrocsS aToMa, MOHa, 3IeKTPOHA. BeIpaikeHus Oid Zie, Zi4.
Z1y DAOTCA 3aMeHoil a — e, +,0. MHoxuTenn ¢,, MoKashbBAlOT UNCIIO BO3-
MOZKHBIX CIIHOBBIX COCTOSHHII, B GaCTHOCTH, IJIf 3JIeKTPOHA € (s = 2, a
g somopoma H ¢,y = 2, gy = 4. PosgsreHne mociemmero MHOKHITEIS B
(7.14), HeOBXOMMMO [T COTIACOBAHIS HATAT OTCICTA YHEPTHIL ¥ PA3IITIHOTO
BIOa “aToMoB’, BCTYIMAIOIINX B peakKnmio. 1orma MIHIMAIBHO HeOOXOMIMAasL
I/ MOHM3AIII SHepIusd — HOTeHIOHA] HOHH3aIlII — eCTh Pa3sHOCTh SHepPrHIl
OCHOBHEIX COCTOSHHIT IIOKOAIIINXCA MOHN30BAHHOTO I HeITPAIBHOTO aTOMOB:

T.e. nedexT Mace: Jg = Epe + E01 — E00 = meCQ + m+02 — m002 > 0, (7.15)

CBO6OI[Ha}I 9HEepPruda CMeCl paBHa CyMMe CBO6OI[HLIX BHepI‘I/Iﬁ KOMIIOHCHT.
F'' = _kTIn 2" = F.(N.) + Fy (Ny = N.) + Fy(Ng = N — N.). (7.16)
PpI/IHI/Il\/Iaﬂ7 9TO T'a3bl HaXOoO4ATCd B TepMoOCTaTe I IMEIOT SaHaHHLIfI o0beM

V', Bemmunnay N, 6ymeM cumTaTh BapbUPYEMBIM ITapaMeTPOM W TMOTpebyeM
BBITIOTHEHIS YCIOBUM SKCTPEMyMa I CMecH, moaras: (In Na!)INa = In N,,

OF!! OF. 0
o AN, = AN, = —dN,, ¢ =~ % (1T z,) =
oN, v P * " PN, = N, KT InZ)

0 AR
= —kTaW(Ne InZjie—InN!)= —kT(In Z1e —In N.) = —kT' In (]\; ) :
aFtOt — _ITIn (ZleZH— NO ): 0. T.e.: NeN—I— _ ZleZH—- Gs+Yse — g
ON, Ziy NeNg 7 Ny Ziwo T gs0 7

9TO I DaeT TpeThbe COOTHOIICHUE MOJIA OIIpeOcICHUIA 9UICe/I 9aCTUl Y KOMIIO-
HEHT CMeECII. BBOI[}I OTHOCHTEJIBHYIO CTEII€Hb HOHMU3aIUMl &, ITIOJYYIUM IIPpH

0 <N =aN<N, Ng=N-N,=N(1-a), Jy=kly, rx. my~my:
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N()N 1 —« ZloN 2 NA(‘?(T)
— 3aKOH MeHCTBYIOIINX Macc, oIpemesonmil, cornacao Caxa, TeMIepaTypy
normsarun 1. Paree B (6.23) T > T).. U 3mech Bech MEPBBI COMHOKUTEH

GT) § ANT  §  V (QWmekT)3/2_ 3 (2)3/2>>1
> T RN AT T w1 N R =T

(7.17)

(7.18)

IOTZKeH 6BITH OUeHb GOIBIINM, ITOGH Ta3 ObLI GombmMaroBeknM®: 1 >> T,
V> NAg(T), 1 elle OOJIbIIe YTOOBI BOOOIIEe MOXKHO OBITIO TOBOPUTH 00 MO-
mm3anun (§ ~ 1). Torma amamns saBucumoctn (7.17) ot T maet, 7TO, B COOT-
BETCTBUN CO CTATHCTIIECKIM CMBIC/IOM TIOHATIHS PABHOBECHOI TeMITepaTyPhl
T, moHM3aIMs TPOMCXOANT TIPU TeMTepaTypax, OTBeTAONINX CPETHIM KITHe-
THIeCKIM YHePrHIIM JacTHI, TOPa3I0 MEHBIIIIM, TeM MOTeHIIHAT HoHm3amm!
Heticrurensro, a = 1/2 mpu temmeparype T = Iy/InG(T). U, tak xax
InG(Ty) > 1, to Ty < Iy. Pon sHakom xe morapudma I OMEHKI ¢ XOPOIIelT
TOYHOCTBIO MOXKHO 3aMeHUTh 17 Ha [). HTepBa: Temmepatyp 6 1) mepexoma
OT MaJjIoll MOHM3AINN K TIOUTH TTOJTHON OTeHNBAaeTCS KaK MHTePBAl M3MeHeHT S
Ha enmHNy Beamauusl ¥y = InG(Ty) = Iy/T) n nns InG(T) ~ In G(1y) > 1,
T.e. y1 > 1, dy; = 1, oKa3eIBaeTCA OUeHDb V3KIIM:

6T T? I, I,
o1 T)=II—m=~1, Iir——~— <1~ I
iGN =ty S e < e <

[Iyne monmsanus obsizaHa coymapeHUsIM TOJBKO €O CTeHKaMi, TO B paBHoBecun mpu 1" = T7:

Ny 2\@@@/ L2y /InG(T)
o= =F = wy(e > ) /dale /dy =Yy <

T.e. npuunia cTonb Hu3Kol TeMuepaTypbl nonusanui B N(N —1)/2 cTOIKHOBEHUIX aTOMOB,

T.e. B CaMOM IIpoIlecce TepMaJlM3alliil — BbIpABHUBAHUS TeMIIEpATyphl 5TOTO Traza. Kaue-
CTBEHHO TaKOW YaCTUYHO MOHM3OBAHHBIN Ta3 aHAJOTWUYeH aHcaMOIio >(PpQPeKTUBHBIX NTBYXY-
POBHEBBLIX CHCTEM, B KOTOPHIX 3JIEKTPOH MOXKET HaXOAUTHCS MO0 B CBSI3aHHOM COCTOSHUMT
¢ sHeprueit €1, = 0 ¥ KPATHOCTBIO BLIPOKIEHUS (se = (1, JTUOO B CBOGOMHOM COCTOSHUM C
sHeprueii 2 = Jo 1 GONBINON OTHOCUTENHHON KPATHOCTHIO BRIPOKIEHUS gy /g1 ~ G(T) > 1.
C 7 7 7 = o~ Pie — ~67 }
TaTcyMMa KayKIOW TaKoOW CUCTEMBI / = ) g€ = ¢1 + gq€ IPUBOMUT K Xapak
:
TEPHOMY Y3KOMY TIMKY B 3aBUCHMOCTH €€ TEIOEMKOCTH OT TeMIepaTyphbl (TemIoeMKOCTh
[MorTku) ¢ makemmymom Cy,, =~ k(In G)? mpu kT, ~ Jo/In G < Ty, B obnacTu mupuHoit
8T =~ TJo/Cvm = To/k(InG)?* =T,,/InG <« T, tne T,,, = Ty mpu InG > 1 [5, 13, 24].

Jcp. ¢ yenosuem (10.29): T, = N237, = _2/3h2/(2ﬂ'kme) ~ 1K, npau N. < N ~ 10%.
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3 TemmoeMKoOCTEH rasa MHOTOATOMHBIX MOJICKYJI

Ecnm wacTtumaMm ra3a SBISIOTCS MHOTOATOMHBIE MOJIEKYITBI, TO HEOOXOMIIMO
y4ecTh BKJIaObl IX BHYTPEHHUX CTelleHell CBOOOMIBI, 00YCIIOBICHHBIX Bpallle-
HIEM MOJIEKYT B IPOCTPAHCTBe W KOTeOaHWSIMMI aTOMOB B MoJIeKyse. B mep-
BOM IPUONINZKeHUN BpalllaTelIbHbIe U KollebaTelIbHBIE CTeIeHN CBOOOIEI He3a-
BICHMBIL OT TOCTYTATeIbHBIX U IPYT OT OPYTA, OTKYIA &(i—iq,} = &j + €y,
rIe £; — BpalllaTeIbHBII, a &, — KOIeOATeNbHEIN CIeKTPEL MOJICKYJI COOTBET-
crBerHO. Torma BHyTpeHHss ogHOUTacTHIHAA cTaTcyMMa (6.21) daxTopmsy-
eTcd mafee B IpomsBedeHne: Zi" = Z1 7V, 0 BKIaIBl BpaIlleHNH 1 KosleGaHmi
B CBOOOOHYIO 3HePIrUI0, YSHTPONNIO, BEYTPEHHIO HEPTHUIO, TEILIIOEMKOCTh

W T.0. BHOBb amnnTuBHel: Fi'= —NkT(InZ]+1nZ}) = ](Vr)—i— F](Vv). (7.19)

T.K. COeKTpHI €5, €, B 3TOM NPUOIIAKEHNN 3aBUCAT TOIBKO OT BHYTPHIMOJIe-
KYJISPHBIX TapAaMeTPOB: TeH30pa MOMeHTa MHepInN | m XapakTepucTIIecKmx
JaCTOT Wy, TO JO0OABKI F](Vr)’(v) (T) B (7.19) x F(T,V,N) (6.39) ectp QOyHK-
NN TOJIBKO TeMIepaTyphl W He 3aBUCAT OT o0beMa, 3aHIMAaeMOTO Ta30M.
Postomy tepmmueckoe ypasrerme coctosans (6.40), P = nkT ocranmeTcs
IPEKHNM, a Kalopudeckoe ypaBrerme (6.43) M3MEHUTCS, U TEIIOEMKOCTH
naecaIbHOTO Ta3a okKaxKeTcs dyuimnuein 1. IlpmumHON MOABIIEHUS >TOH ce
HeTPUBUAIBHON TeMTIePATYPHON 3aBUCAMOCTH SBIIA€TCS JUCKPETHBIT Xapak-
Tep COOTBETCTBEHHO KBAHTOBAHHBLIX HHEPTETUIECKIX CITEKTPOB MOJIEKYITHI.
Ecmn temmeparypa TakoBa, uto kT < As; = ;11 — &;, TO TePEXOIBI
MOJIEKYTHI B BO3OYKIEeHHOE COCTOSHITE TPONCXONAT KPallHe PETKO M COOTBET-
CTBYIOITIIE CTeTleHN CBOOOMEI He MAaloT BKITala B CBOOOTHYIO SHEPTUIO 1 TETITO-
eMxocTh Cy, T.e. IBAfIOTCH “3aMopoxkeHHBIMEI . Ob6patHo, mpu kT > Asg;
coymapeHns MOTEKYT CO CTeHKaMU 1 IPYT € IPYTOM BBI3BIBAIOT MHTEHCUBHBIE
TePEeXONbI B BRICOKOBO3OYKIEHHBIE COCTOSHUS &; MAHHOTO TUIA, Yell CIeKTP
MOZKHO HA0OODOT CUNTATh TOTMa KBa3sWHENPEPBIBHBIM B CUIY OTHOCHTETh-
HOIl MaJIoCT! »HepreTmdeckoro “3azopa’ Ag;. Crano 6v1Th, Cy ¢ poctom T’
OymeT CTPEMUTHCS K TOCTOSHHOMY 3HAUeHWIO, COOTBETCTBYIOIIEMY ee KiTac-
CIeCKOMY TIPeNemTy, TToKa He MPOSBUTCS BKIIAl HOBBIX Pa3zMOPaKNBAIOIITIXCS
cremnenell cBobombl. Po Mepe yBeanmdeHUs TeMIepaTyphl Bee OOTBINIee TICTIO0
Pa3MOPOKEHHBIX CTeleHell cBoOOmbl OyIeT maBaTh 3aMeTHHIN BKIam B Cy .
Ananormano 77, (6.23), n mas KaXKJOTO TUIA ( BHY TPCHHEIT CTEIICHI CBO-
60mbI MOIEKYTTBI YIOOHO BBECTH CBOIO XapaKTepHCTHIECKYIo TeMIepaTypy,
OTpeenseMy0 HalMeHBIITIM IIIaroM KBaHTOBaHUs ee sHeprun 6, = Ac,/k.



TOI‘I[& CpaBHE€HIIE€ TeMIIepaTypPhbl CICTEMbBI T ¢ sTuM ITapaMeTpPOM IIO3BO-

JAUT CYOUTH O CTEIeHU “3aMOPOKEHHOCTU COOTBETCTBYIOIINX MEPEXOMOB:
T <K 0, — mepexonmbl 3aMOpOkKeHBI; T >> 6, — KBa3UKIACCHIECKNN PEKIM.

3.1 DBpamatenbHBle cTelleHN ¢BOOOIBI

Bxman BpamaTenbHBIX CTeIeHeN CBOGOMBI JBYXaTOMHON TeTeposmepHoil (3
Pa3HBIX ATOMOB) MOJIEKY/IBI C JKECTKOM CBSI3BIO MACTCS MOLENIBIO POTATOPA —
OMHOI TOUETHON TPUBemeHHON Macchl ™ Ha chepe pammyca R = |r| — 1y ¢
MoMerTOM mEeprmn I = m*R?. B ee YIII ¢ raMmIsTOHTAHOM H:

_mr e W
H|Ja]z>:T|Ja]z>:5j|]a]z>a L ="J, 8j=ﬁJ(J+1)» (7.20)

kBaHTOBOe umciio ) = 0,1,2,... oTBedaeT omepaTopy KBagpaTa YTIIOBOTO MO-
vierrTa: J 17,7.) = 7(j+1) |4, J.) . CocTosHEE ¢ OpEmeTeHHBIM j BRIPOKICHHO
II0 Zz-TIPOEKINH j. YTJI0BOTO MOMEHTa ¢ KPAaTHOCTBIO BEIDOKICHNL ¢; = 27+ 1.
Posromy craTcymmsr (4.17) mo coctosumsM [m) = |J, 7.) u (4.22) mo ypoBHIM
€j TAKOBHL:

Zi=3 3 exp(—fz) = 3 grexp (—Ae) =3 (2] +1) exp

O ., .
~ZiG+1).

T
(7.21)

roe 6, = h’ /(21k) — xapakTepumcTHdIeckas TeMIepaTypa BPAIIaTeIbHBIX CTe-

meHeil ¢cBoOOmbI. [l MOMEKYIBI M3 MBYX OMMHAKOBBIX aTOMOB DEIIeHUS I
BPAIIATEIBHEIN CIeKTp ypaBHeHIS (7.20) IMEOT HOMOTHUTEIBHOE IPABILIIO
oT6opa Mo weTHoCTH (—1)7, BABOe yMeHBIIAs HUHCIO claraeMbix B (7.21).]
BeranennMm Z] B OBYX OpenenbHBIX caydasx: ' < 6, m T > 0,. Ppn an3knx
TeMmepaTypax, I’ < 6., sKcImoHeHTa OBICTPO YOBIBaeT ¢ POCTOM j, I OCHOBHOI
BKIAI B cTarcymMmy (7.21) maioT mepsbie mBa ee waeHa [20]:

v=0,/T =0k0,>1, Z/~14+3c*, InZ|~3e %, (7.22)
CpeI[H}I}I 9HEPIrud BpalllaTe/IBHOTO OBUZKCHIIA MOJICKYJIBI OIIpenesIdeTCa KaK:
dln 77 dln Z7 s
>=—""""1=_)—"L ~6kbe7%, 7.23
<Le"> 35 o g (7.23)
I B 11epecueTe Ha OOHY MOJIEKYJIY BKJIald B TEIIJIOEMKOCTB HIMeeT BUI [5]
o> A

o (T) —ar = ka? o 12ka?e™, w ¢ (T) = 0, (7.24)

nomunHsACch 3akony Peprcera npu x = 6,./T = fkb, — 400 u TOpr = —2x0,.
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Ppu Beicokux TemmepaTtypax 1 >> 0,, T.e. x = kb, < 1, cyMMupoBaHme
B (7.21) BBIDOMHSETCS ¢ MOMOIIBIO ACHMITOTHTeCKO Gopmytsl Pitmepa [11]:

1

ZU= 3 J0) % [ 100G+ 5500 = 170+ o 0+ (125)
J= 0

KOTOpas MaeT XOpolllee NPUOINKeHIe I TOro psifa, ecin f(j) Mamo m3me-
HseTCs Ha omHoM mmare, j — j+ 1. Tk, (25 +1)dj =d(j(j + 1)), To:

FGYdj = (2 + 1) exp=ej(j + 1] di =~ —d (expl=ej(i + 1))

1 1 1 1 1 r 2l
Il 4 = — (2 — (=12 N — 14+ 4+ = 2
1 x+2 12( x)—i—720( x)—l—()(x) x[+3+15],(7 6)
S MR Pl (VS (7.27)
OTK a. n ~In— n — — | >~ In— — — .
s L= 3715 3790

TZie TIepBBIC caraeMble BCIOLY — KBasukmaccmiaecknil BKaan (7.41) kax maTe-
rpama mo dj B (7.25), a (7.27) maeT BKIAX BpaIllaTeIbHBIX CTEICHEN CBOGOMEI
BO BHYTPEHHIOI YHePTHIO OIHOI IBYXaTOMHOM MOmeKymsl mpu 1T > 6, [11]:

Jln Z7 Jln Z7 r  x?
"> = kT* L= —kf, L BT 1 -5 = 7.28
<> oT Dx [ 3 45] ’ (7.28)
u gt N momexyn npu @ = k6, /(kT) B npenene T — o0 mpUHIMAaeT BIL:
Tk: U =<E™> =Nk, 1o U '~ NKT — Nkb,/3, (7.29)

ITO OTANIACTCS KOHCTAHTON OT KJIACCHTIECKOTO CTATIHCTIICCKOTO OMICAHIS,
roe Uy = NET npu mrob6eix 1. s temmoemkoctn CF w3 (7.28), mpu T > 6,
HAXOMUM AHOMAIBHOE MOBCACHIE, O3HATAIOIIee HAIMYINme y Hee MAKCIMyMa
Heper BBIXOZOM Ha Kiaccmaecknil pexnu [11], [20]: » =6, /T = Bkb, — 0,

cr - our O*In 7y _ ka2821an 2

X
D= 35 5o = N [1 +£], (7.30)

KOTOPBIT IMeeT TY XKe “MBYXYPOBHEBYIO MIPUPOMY, OIMUCAHHYIO B pasmerie 2.

= Nkj3?

Ppemen T — oo maet kmaccmaecknii pesynbrat Cf, = Nk, cpasy creqyormmit
I3 TeopeMBl 0 paBHOpacupemerernn sHeprun (6.11). [IBa yrima, 3amarorimx
HampasieHme BekTopa R = Rn(V, ¢) momoxkerns IpUBeneHHOT MacChl 9TOM
“rapTenn”’ Ha chepe — 3TO ABe KBaApaTHIHBEIC KHHeTHYICCKHE CTEIeHH CBO-
6OmBI poTaTopa: (19)2, (¢)?, KOTOpBIe U MaloT B CPETHION HEPTHIO BEIAM,
pasusiit 2(kT/2) = kT. Torma B ofimeM ciydae, ¢ TpeMs yriaamn Piimepa,
XapaKTePI3yOIIIMI OPHeHTAIIIIO IIPON3BOILHOI MOICKY/IEL YKe KaK 005eM-
HOTO Bomuka [31], 6ymer cBa3am Bkman 3(k1/2).



3.2  KonebaHus MonexynI

Konebanms B MHOTOATOMHBIX MOJTEKYIaX B TapMOHTYIECKOM TPUOTMKEHNN
MOZKHO TIPEICTAaBUTD KaK cynepro3unuio f HopMaabHBIX Koaebanuit o = 1 + f
C XapaKTePUCTUICCKIMI JaCTOTAMI W,. ducao f KomedaTeIbHBIX CTemeHen
CBOOOMBI Y MOJICKY/IBI, COCTOAIIeH m3 { aToOMOB, PABHO MOTHOMY YHCIY UX
crenenell ¢cBobombl 3¢ 3a BBEIIETOM D56 MOCTymAaTeIbHBIX U BpalllaTeThHBIX
cTelleHell cBOOOIBI NBUKEHNIS MX KaK IIeJI0T0:

o 30 — 5, JuHelHas IMETTOYKA ATOMOB, KaK 2-X aTOMHas MOJCKYITa; - a1
{ 30 — 6, wHenuHelHas KOHQUTYPAIIUI aTOMOB, 2-X, 3-X MepHas. (7.31)
B mepBoM ciygae mompa3yMeBaeTCs, ITO BpaIllaTeIbHBIX CTeleHell cBOOOMIEI
TOJBKO MIBe: BpallleHe BOKPYT OCH, IIPOXOMIAIIell depe3 MeHTPHl aTOMOB, JaeT
npeHebpeKMMO MaJIbIl BKIAM, TaK KakK Macca aToMa COCpelnoTovueHa B ob1a-
ctm 1075 car, 9o B 10° pa3 MeHBIIe XapaKTePHBIX MOICKYIIPHBIX Pa3MepOB.
CobcTBeHHBIC 3HAUEHUS HHEPTUU TaPMOHUYIECKOTO OCHUIISITOpPA, IIPe-
CTaBIIAIONICTO BKJA OTHOII HOPMAJIBHOI MOOBI KOJeOAHUII ¢ 9acTOTOM W,
nafoTcst dopmymoi (8.66) 5 = (V + )hwa, rone v =0,1,2,..., m ero cTaTu-
cTUUIecKas CyMMa, ¢ XapaKTepUCTIIecKol TeMIepaTypoil a-MOObI KoTeO0aHT
kb, = hw,, paBHa:

zZy —Zexp( en) = Zexp

v=0

1 e Val? 1
— Bhw, = = .
Phe (V+ 2)] 1 —e % 2sh(y./2)

(7.32)

KonebarenpHas craTCcyMMa Bcell MOJICKYJIBL €CTh TOI' Ha UX IIPOU3BEIECHIIC!

e

II BKJIad B SHEPIHUIO BCEX K0JIe0aTeIbHBIX CTelleHen CBO6OI[LI B CYMME€ HacT:

= 21 2shfe) =y
<> 0 86 n( =1 2

rge OT OOHOI'O OCHUJIIIATOPa B CPE€OHIOIO SHEPTHUIO I B TCIIJIOEMKOCTD MMECM:

f
—=> >, (7.34)
a=1

0% hOZ hOZ .
and Moy B O<E>

(o =Yy), <> = (7.35)

2 2 2 e¥ —1’ oT
0?1n Z¢ y? ev y/2 ?
= ky? L—} =k = | . :
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3mech BBImENICH BKIIAL HYTIeBBIX Komebanuil iw, /2, m E(y) — dyukmms Pia-
mreitia ot y = fhw, = fkb, = 0,/T. Ppn auskux temnepatypax, T’ < 6,,
m3 (7.36) BHOBB HAXOIIM, ITO, B COIJIACHE ¢ 3aKoHOM Peprcta, mpu T — 0

Co ky?e W — 0. (7.37)

P pu BeICOKUX TemmepaTypax, pasmaras cth z mpu z = y/2 — 0, umeem:

1 =z y?
thz ~ —+ - > kT |14+ —=| — kT .
cthz = + 5 Lerz> [ + 12] o kT (y — 0), (7.38)
Co > k|1 y_2 k= L 7.39
Co k=g + 5 T-€. OTa TeIIOeMKOCTD (7.39)

(cp. (7.30)) cTpeMuTcs K €BOeMYy KIacCHIeCKOMY 3HadeHHIO k cHm3y. Po
TeopeMe 0 PaBHOPACIPENETIeHNIH, OTHON OCHUILTOPHON MOIe OTBeYAlOT IBa
KBaIpATHIHBIX CTATacMBIX B ['aMIIbTOHIAHE (Kak I IJISI POTATOPA):

2 2 2 2
i) = 4 R Sl =g (84 ) )
Pxcmepmuentatsro 654 = 1116 K, 672 = 6100K, T.e. 6&”) ~ 10°K, n npn
KOMHATHBEIX TeMIepaTypax KojlebaTeIbHbIe CTeleHN CBOOOIBI, IO CYTIL, 3aMO0-

poskerbl. 74 BpallaTeTbHBIX cTelleHeit cBobomsr 02 =2, 86K, 6112 =85, 4K,
T.e. #, < 100/, u Te XKe yclIoBHS OTBEUalOT yzKe X KIACCHYECKONl 00IIa-
CTU, TPUBOOS K TEINIOEMKOCTH Tasa MBYXaTOMHBIX Momekyn Cy = 5R/2,
¢y = 5k /2, HEOOBICHUMOIT B paMKaX KIACCHIECKON CTATUCTHUKN,

(15 546-50. [6] 854751, [13], 36]

Samaun
13.1. HUcxoms m3 omHOUacTHUHOrO pacmpemerteHns Makcsesaa mo sHeprum
(6.30), cTATHCTUTIECKOTO CMBICTIA TTOHSTHS PABHOBECHOI TeMIIEPATYPHI I CBA3M
MUKpompomeccoB MOHM3AII I TePMaII3Alnl 00bACHITh MAJIOCTh TeMIepa-
Typsl norm3annn 1) ~ Iy/InG(Iy) < Iy mo cpaBHEHNIO ¢ YHEPTHUENl MOHM3a-
mnu Jy = kly (7.15) B3amvubivm N (N — 1)/2 ¢TOITKHOBEHISIME aTOMOB.
13.2. ATOMBI rens amcopoupyOTCS MOBEPXHOCTHIO MeTailla. PailTu cpemn-

Hee UICII0 ATOMOB Tly7, alCOPONPOBAHHBIX eIUHUIEN IIIOMIAII TOBEPXHOCTI,
IpU paBHOBeCHOM HapieHun P m TemmepaType T, cumTas ABUKeHIe WX TI0
MOBEPXHOCTH 1 HAIl Heil cBOGOMHBIM, paboTy BBIXOLA M3 MeTaJlla PaBHOI A,
a monHoe Tnco dacThr ¢pukcmposanubiM ([25] N 8.8).

13.3. BeaeneTBue TepMO3TIEKTPOHHOM SMUICCUI IPOTUB PAGOTHI BEIXOIA HITCK-
TPOHA U3 MeTaJlla PaBHON A B mOJI0CTH MeTalna 06pa3oBalics PABHOBECHBII
37K TPOHHBI ra3 mpu Temueparype 1. Cuanras ero GOTBIIMAHOBCKIIM IIIe-
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AJILHBIM Ta30M, HAfTH €r0 INIOTHOCTD T, a) IPUHIMAs 3TeKTPOHHEI r'a3 B
TOIIe MeTalllla TAKIM K€ Ta30M ¢ APYTHM fi; 6) CIITas 9Iucio S7IeKTPOHOB
B TOJIOCTHU He (PUKCTPOBAHBIM T 3aJaBaeMBIM IUITH YCIOBIEM PaBHOBECIS.
BosmoxkHO U, 1 9TO 03HaYAeT PABEHCTBO 00OUX IOTYUCHHBIX BBIPAKCHUN !
13.4. PafiTn mepBBIfl TICH BPAIIATEIBHON CTATCYMME! (7.26) Kak KBa3UKIac-
CIIeCcKUH CTATHHTETPaI ABYXATOMHON MOEKYThI ¢ KHMHETUIECKON YHepPTIel

ppamterns (7.40): ¢ = I(0? + (sin®)%$?) /2, p, = 0" /3¢, ¢ =0, ¢ ([5], [0]):

27 T o0 o0
AR h_Q/dgo/dﬁ / dpy / dp, exp [—B" (po.pp) =T/0, =1/x. (7.41)
0 0 —00 —00

13.5. Paittu Cy u paBHOBeCHBIC OTHOIICHNS THCIIA MOTICKYT opTo- (S =1) 1
mapa- (S = 0) Bomopoma Hy ipu T < 6, uw T > 6, ([5]§47, [20]V§4, [24]145).
13.6. Pafitu cBoGomuyo Fy (T, () u sayTpernown Uy (T, () sHepruio, masie-
aue P(T,z < (), rennoemrocts Cy (T, () cTomba 0MHOATOMHOTO IIEATHHOTO
raza m3 [N aTOMOB MacCHI 1, BBICOTHI {, B IOJIe TKECTH g, IPI TeMIepaType
T. Paiitn nx npenenpuete cayaanm: mgl < kT mwmgl > kT ([24] N 41, 42)7?
13.7. Paittu cBobopryio sHepruo Fy (T, R), nasnerune P(T,r) opu r < R Bo
BpaIIAoOITeiicss cicTeMe, o BEYTperHon sHeprmo Uy (T, R) I TeIIoeMKoCTh
Cx(T, R) B cimcTeMe TOKOS, I7IA OTHOATOMHOTO IIeATbHOTO rasa m3 N aTOMOB
MaCCBI 112, PABHOMEPHO BPAIIAOIIErocs ¢ YIIIOBOI CKOPOCTHIO W B MEeHTPIQYTe
pammyca R, Beicotsr (, mpu Temmepatype T’ ([24] N 24, 25).

13.8. PaiiTu ypaBHeHIe COCTOSHIA Ta3a B COCYAE HON MAaCCHBHBIM ITOPIITHEM
B I0JIe TAXKECTI, HemellCTBYIOMeM Ha MoOJIeKy/Ibl Ta3a. C KaKuM TepMommHAa-
MIITeCKIM TOTCHINAIOM CBs3aHa cTaTcyMMa 3Toil cucteMsl ([24] N 53, [5])7
13.9. Paiitu nusnekTputieckyo TpoHInaeMocTs €(17) 60IbIMaHOBCKOTO Ta3a
MOTIAPHBIX MOJEKYTI ¢ COOCTBEHHBIM 3IeKTPUUYECKIM AUIOILHBEIM MOMEHTOM
d, TOMEIIIEHHOTO BO BHEIIIHEe OMHOPOMHOEe dIekTpuueckoe moie E. Wccmeno-
BaTh ciaydan craboro, dyE /KT < 1, u cuasroro, doE /KT > 1, smextpude-
CKOTO TOJIL. BBYICINTH TOMOTHUTEILHYIO TEIIOeMKOCTD, IPIOOPeTaeMyTo
STHM Fa30M B CIIa00M 3JIeKTPIIeCKOM moite. Kak m3MeHATCS 5TH pe3syIbTaThl
¢ yaeToM momspm3yemocTn MoaekyT raza: d = dg + oF ([24] N 49,50)7
13.10. Yrouruts Temmeparypy mommsanuu 1) & [y mna G(T) = GT* B
(7.18), mpu &y = InG(1ly) > 1, momaras: £ = InG(Ty) = I/T) = &(1 — 6),
orkyma: £ =& — Alné —— 6 = AInéy + An(1 = 9), § =7.

13.11.* O6ocuoBars rammabToHmaubl (7.20), (7.40), mexoms m3 ypaBHCHHS
M pemmarepa mias aByxaToMHEON Momtekysl ([46, 60]). Pafitn npubnuxkenHoe
3HaTeHIe MAKCIMyMa ee BpalllaTenbHo craTcymmer (7.21) ([11]).



Jlekiiuga 8

CraTncTnka KBAaHTOBBIX CHUCTEM

“B craTmcTHYecKoll TepMOTIHAMIKE HMeeTCA, B CYIIHOCTIL,
JIIIIB OOHA IMpobeMa: pacIpedeseHIe 3aTaHHor0 KOJIMIecTBa
sHeprun E mexny N ToXKmecTBeHHBIMI cHCTeMaMIL.

IIpeun IMIpenunrep [43]

20 10 “HeommrraxoBsle Beckl, HeOMMHAKOBAL Mepa, TO I IPYTOe —
Mep3ocTh mepern I'ocmomom.”
ITputun ComomoHa [41]

N3-3a OTCYTCTBUA TOYTHONI JIOKaJIN3yeMOCTH B KBaHTOBOI MeXaHITKe TO2K ]e-
CTBEHHOCTbh YaCTHUI MOXKeT IIPHUBOOUTL K HUX HEPa3IHIHNMOCTH. POBTOMy
60JIBIIM&HOBCKO€ HpI/I6JII/I}K€HI/I€ OKa3bIBaeTCd HEIIPUTOOHBIM IIPU HU3KMX TE€M-
IIepaTrypax I/I/I/IJII/I BBICOKUX IIJIOTHOCTAX COCTAB/IAIOINNX CUCTEMY YaCTHUIT, KO-
T'Ta CYIIECTBEHHYIO POJIb HAYNHAECT UT'PaTh UX KBAHTOBAA IIPUPOLOA. B 4act-
HOCTH, Ha/Il49le Yy HUX [eJI0T0 IJIN IIOJIYIIEJIOTO CIINHa CBA3aHO CO CBOIICTBaMII
CIMMeETpPHIT BOJTHOBOII q)}/'HKHI/II/I BCeIl CICTEeMBl OTHOCHTEIbHO nepecraHoBKI

TOXKICCTBECHHBIX YaCTHI[, IIPUBOOAIINMNI K YMEHBIICHUIO IIOJTHOIT'O YMCJ/Ia €€

nomyctuMelx coctosauii. (Teopema Paymn o ¢Bs3u cimaa €o ¢TATHCTHKON)

1 CuMMeTpun BOJHOBBLIX (yHKITAN

Ppocrmenum 5To Ha TpoOCcTOM mpuMepe IBYX YACTHI, MOTYIINX HAXOMUTHCS B
OBYX pas3ImTHBIX ogHOYacTHIHEIX cocTosEuAX: {|f)} = {|a),|F)} ¢ »mepru-
SIMU € § T BOTTHOBBIMI (Y HKITISAMIL, 3aBHCSIINIMI OT KOOPAIHAT TaCTHI X1, X3!

<Xj|f> = ¢f(Xj) = ¢f(]), npu: Ef = {éa,éﬁ}, u nanee: X; < ] (8.1)

Ppu ¢, # 3, {(a|3) = d,p BIg cOCTOSHUI cHCTEMBI pA3IHIAMBIX TACTHI C
IOIHOII 3Heprueil £ = ¢, + 3 BO3MOXKHBI JINIIb ABA BapHaHTa I JIUIIb IPH
060mX 3aHATHIX, [0 OMHOI YacTuIe B Kax oM, coctosausx f = {a, f}. T.x.
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E+# 2e,# 2e4, 1o @E{aﬁ}(lvz) = [nan ¢a(1)¢5(2)7 Hin ¢a(2)¢ﬁ(1)]7 (82)

nJin aBe JIFOOBIE IIX IMHEITHO He3aBICIIMBbIe KOM6I/IHaIII/II/I. Po JI CHCTEeMBI TO-

KIIeCTBeHHBIX, JIUITeHHLIX THINBUAYATRHOCTH, HePa3 M IIMBIX TaCTUI BO3-
MOZKHO TOJIBKO OJHO COCTOSHIE: ¢ TaKOM JINHENHON KOMONHAIIIEI COCTOSHN
(8 2) B KaTIGCTBe HOPMIIPOBAHHOI BOTHOBOII (PYHKITUAN, KoTopasd Indo cuMMe-
TpUIHA <,9 L, 00 aHTMCMMMeTquHa Y p IO IIepecTaHOBKe Sj J ATUX YaCTHUIL:

Fan(1.2) = 50002 £ 0a@Us(L] res T 2, (83

Ny [1,1]
rme obe »Tu “mBofikm’: 2 = 2! = 1'1' 02 , 7 OKa3BIBAIOTCS (8.4)

B TOYHOCTH HAICHHBIM paHee CTATHCTHIecKnM daxTopoM (6.17).

Pycts Temeps ¢ = ¢(X1,...,Xy) — BOTHOBas (GYHKIUA TPEXMEDHON CI-
creMbl N HeB3amMOICHCTBYOIINX OTNHAKOBEIX TaCTHI], TJie X; — IPOCTPaH-
CTBeHHBIC KOOPAMHATEL j-II 9aCTHIEL. B CIUTy TOXKIeCTBeHHOCTH YaCTHI[ Ta-
MuITbTOHTAE Hy moeamssoil cucremsr (6.12) u ero cmexTp E = B (6.13):

o~ N -~ —
HN = Z h(]), HNQDE(Xl, ..,XN) = E{m}gﬁE(Xl, ..,XN), IIpn (85)
j=1

h(§)ty,(4) = ep vy (5). tme (U7 (D)0, () = (Flf2) =077, (8.6)

1 yCJIOBUN UX ONHOYACTUYHOU IOJTHOTHI: Z ¢f (X)@b} (y) = 53 (X - y), (87)
=0

He MOTYT 3aBHCeTh 0T HyMepallll JacTHIl, T.e. OT TOr0, KaKyIo U3 HUX CUU-
TaTh 1-1, 2-t m T.m. PosTomy Hy momxKeH GbITh CIMMeTPUYEH 10 OTHOIIIeHIIO
K JTIOOBIM IlepecTaHOBKAM YacTHUI, T.e. KOMMYTHPOBATh CO BCeMH OIepaTo-
paMu mepecTaHOBOK S: [PAI NS g] = 0. B oTcyTcTBUE SBAEHUS CIOHTAHHOTO Ha-
PYIIeHNS cCHMMeTPHHI BCIKas CHIMMeTPHUs TaMIIbTOHIAHA CHUCTEMBI TOTKHA
BOCIIPOM3BOMUTHCS CHIMMETPIEIT €T0 COOCTBEHHBIX COCTOSHUM @ (X1, ..., Xy ).

106y mepecTaHOBKY S MOKHO OCYIIeCTBUTH KaK ITOCTIeIOBATEIBHOCTH
KOHETHOTO uncaa Pg MapHBIX TPaHCTIO3UITIT 7A}j = 7A}Z~, - IePeCTaHOBOK MeKIY

y e o _ ~(P (1
co0OM KOOPAMHAT TOIBKO ¢-Of U J-0l TaCTUIIBL: S = 7;(19 ). 7:5 ). P ockompxy

npu N > 2 He Bce N(N —1)/2 omepatopos T;; KoMMyTHpyioT

MeXKIy coboil,
(Toss T ;] # 0, mag HEX He cyImecTByeT oOIell HMOMHON cmcTeMbl 13 V! BBI-
DOKICHHBIX COGCTBEHHBIX BEKTOPOB TaMILThbToHmana Hy [33]. Ommaxo mpm
Tijo = Ap u3 7'299 = My = ¢ caemyeT, aTo A = £1, T.e. BceTrIa ecTh OIHA

3 ABYX, AaHATTOTHIHEIX (8.3), cOBCTBeHHBIX GYHKII, 00I0as A1 BCEX a

ijs

~ 1 3 1 3 ~ 1 3 1 3 1 2 3
Hpn: Tig NoA =00 A, mee: [Tlgm—frmfrlg}m A=ARG -6 ADZ£0.



SHAQUNT I 471 T00BIX St ecn Tt = <p+ TO BOTHOBaS (PYHKIUA IIOJTHOCTHIO

cmnveTpmaHa, m ST = ¢t ecnm ke TijpT = —¢~, To BoTHOBasS (GYHKIIS
MOTHOCTBIO AHTICIMMeTpIaHa, 1 S~ = (—1)P¢~. T.x. [Hy,S] = 0, stn
CBOIICTBa CIMMETPHI He MEHAIOTCA ¢ TedeHHeM BpeMeHH I Pg - mHTerpal
OBIZKCHNA. YKa3aHHBIE ABe BO3MOKHOCTHI IPUBONAT K OBYM THUIIAM CTaTH-
cTukn: cratncTuka Pose — PHHIITeIHA 0TBe9aeT COCTOSHIIAM C CIMMeTPIIY-
HBEIMIT BOJTHOBBIME (pYHKIIAMIE 07, a craructnka ®epvm — [upaka oTBedaeT
COCTOSHIAM € AHTHCHIMMETPIUHBIMI BOTHOBLIMUI (YHKIIIAMI . SaIldIieM
BOTHOBYIO GVHKINIO (8.3) B TaKOM OUCKPETHOM f; IPeICcTaBICHIIN:

Pram(1,2) = > 00y (f1s fo) Vg, (x1) 07, (%2), (8.8)
(=i fyelfi={as)
1
rae: E{O{ﬁ}(f17 f?) \/§ [5f1a5f26 :l: 5f2a5f16] 5 nm eCcThb Tornga CyMMa IIO (8.9)

e
sy

epecTaHOBKaM: (I)i{aﬁ}(flv fg) :% Z ‘ . ( 1)Ps(1:F1)/2 S 5f1f15f Ty (8.10)
{gfj} {nfk}

Bamernm, uto n B (8.8), n B (8.11) mepectanoBKy KoopmmHaT {x;}H' Bee-
A MOZKHO 3aMEHITH Tlepec TaHOBKON mHmeKcoB { f;}) cocrosamil j-X gacTnm,
Ttorga Kak B (8.10) cyMMa [0 mpecTaHOBKAM STHX MHIEKCOB COCTOSHII j-X
TaCTHI KBUBaIeHTHA CyMMe TI0 TlepecTaHoBKaM HHIekcoB | f, }2 = {a, 3} mo-
CTYIHBIX UM oTHOYACTHSHBIX cocTosuuit: {Sf;1? — {Sf,}3. Po Tax GriBaeT
He Bcerga. Ecam o6e 4acTUIBI HAXOOATCA B OTHOM I TOM K€ OTHOYACTIIHOM
COCTOSHIIL, HAIIPIMep, f, = « IpU HOTHOIl SHeprum cucTeMel B = 2z, To:

P hiaa) (152) = Ya(X1)a(X2) ={ }Zi }(I)E{aa}(f17f2) U (x1)Yp, (x2), (8.11)
Lielfi )i

roe (I)E{aa}(fh fg) = 5f1a5f2a = 51:17 51:27 CUMMeTpUIHa 0e3 mepecTaHOBOK. (8.12)

Torma HepeCTaHOBKa {Sf;}} unmexcos f; He mMAET HOBOTO COCTOSHIIA, a IIe-
pectamoska {Sf,}} n1g omHOTO MEIEKca f, = f, BoBce HeBO3MOXKHAa. T.e.
IHTepecylomee HaC TICI0 Pa3ITIHBIX, HeOKBIBAICHTHEIX, He3aBOCHMEIX IIe-
pecTanoBoK B ciaydae (8.10) paBHo 2, a B cmydae (8.12) pasro 1, a moToMy n
HIZKe BCerTa COBIamaeT NMEHHO ¢ UMCJIOM HE3KBUBAJICHTHBIX IepeCcTaHO-
BOK mHACKCOB {Sf;} — IuImB MeKITy pASHBIMM TPYNIAME TOCTYTHBIX MM
OMHOYIACTIIHBIX cOCTOSHIN ¢ mamekcamu { f, 1. T.e., ToTepaB BO3MOKHOCTE
PA3IMIaTh, HYMEPOBATH I YIOPATOUNBATH TaCTHIEL 0 UX KOOPIIMHATAM X,
MBI PeasIm3yeM OCTaBIIYIOCS BO3MOKHOCTE — Pa3IndaTh, HyMepOBaTh I YIIO-
PSAOMIBATD JUITH KBAHTOBEIC WICTA f I SHOPIWI £ MOCTYTIHBIX UM OJ[HOYA-
CTUYHBLIX COCTOSHILI ICIIONB3Y /1M 5TOro Hajiee
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2 Hpe,[[CTaBJIeHI/IG qucesl 3all0JIHCHUA

O6o61eHne KoHCTpYKINN (8.3) Ha caydail N HeB3amMOAEIC TBYOIINX TaCTHII,
aplt cocTosHus {|f;)} saEmMaroT, OueBUAHO OMHOBpeMeHHO He Gomtee s < N
HHANBHIYaTBHBIX onHodacTmIHbIX cocTogumit {|fi)}s, T.e. {f;1 € {f.},
VIOPAIOIeHHBIX, HAIIPMep, IO BospacTaHmio ux sHepruil &5 € (0, F) xax
( <k Te. f,<f,opn €7, < €%, COCTOUT B aHATOTUTHOM IEPexozie OT BOI-
HOBOI (Y HKIIII 99% {Tk}(xl’ ., Xy ) Buma (8.3) HEIPEPEIBHOTO KOOPAMHATHOTO
X j- IPENCTABICHUS K OUCKPeTHOMY f; = fj- IpeIcTaBIeHmo B Hasuce, mMo-
CTPOEHHOM I3 He3aBICHMBIX IIPOH3BEACHII OMHOYACTIIHBIX BOTHOBEIX (DYHK-
I TOOXOMAIIIEH MOTHON OPTOHOPMIPOBAHHOI CICTEMBI OTHOUACTHYHEBIX CO-

crosHmi V7 (x;) (8.6), (8.7) [37] (3 romexo mo { fi 1 € {fi}5):

@E{ﬁ}(xl, "’XN) = Z (I)E{ }({fj}iv) ¢f1(X1) e '¢fN(XN), T.e.: (8.13)
(el

E{f }({fj}l = /@b}l (x1) -+ U (%) 9%{7;@}(}(1 Xy )P dPxyy. (8.14)

Bnecs fj = (p;,0;)- (KBa3sm) AHCKpeTHBII NHIEKC KBAHTOBBIX HHCET [ BOTI-
HOBOH (YHKINIL ¢ f, (X;) OXHOTACTITMHOTO COCTOSHNA |f), 3aHATOTO j- Off Ta-
cTumeit pw f; = f,, T.e. OpU HATHINN d; 7, B @E{f }({fj}{v)— KaK BOJ-
HOBOIl (DYHKIIII BCeIl CHCTEMEI B 3TOM I[I/ICerTHOM fj- mpemcraBmeHnN, aK-
KyMyIIPYIOIIeil B cebe TaKImM o6pa3oM BCe YCTaHOBICHHEBIC BEBIIIE CBOICTBA
cuMMeTpnn mo mHgekcaMm fj. PyHKIIA @E{f }({flfj}{v) CIMMeTPIYIHA
o mepecTaHoBKe { f;, f;} M0G0l mApBl MHIEKCOB IS CHCTEMBI 0O30HOB, a
E{fk}([ Ji-fi-]¥) momEOCTBIO aETHCHMMeTPHYHA TIO TepecTaHoBKe [fi, fi]
Tr000II Maphl HHICKCOB I IOTOMY oOpalllaeTCa B Hy/Ib IIPU IX COBIIANCHII, B
COOTBETCTBHUN ¢ IPUHITAIIOM P ayIm o/ cimcTeMbl q)epMI/IOHOB: T, 0% = +0%.
Cormacuo (6.13), (6.14), m36bI1TOTHBIIT HAGOD {fj ' | KBAHTOBBIX UICET

fi(¢= m;) cocTosSHUIT OTHETBHBIX j-BIX YACTHUIl He 3agaeT dmcToe MUKpoco-
cTosHEe [M] Beefl cucremer. W3-3a m3BecTHol m3 (6.15) ommEaxoBOoCTH Ha-
6opos sHavennii kBanToBeix uncen {f;iH = {fi}5, T.e. {ep}) = {e7. 1, ¢
1 <k <s< N, gocTymHBIX Kaxknoil m3 N ToXKIeCTBeHHBIX YaCTHIL IIealhb-
Holl CcTeMEI, ee BoHoBas GYyHKINA f;- mpencTasmerns ®F (8.14) suma (8.9),
(8.10), (8.12) MozKeT 3aBUCETH Ha CAMOM JieJIe TOIBKO 0T, BOOOIIe TOBOPSI, 6ec-
KOHeTHOr0 Habopa KBaHTOBBIX TIICeT KaK THCeT 3amofqHeHns [m] = [nf|7
~ 3aceeHHOCTeH KazKOOTO I3 OTIeIbHBIX HeBEIPOKICHHBIX OTHOTACTHIHEIX
cocrosruil |f;) = |f) = |f) momBoi cucTemer (8.7) ¢ OMHOYACTHIHON SHeP-
rueil €, GUKCHPYeMBIX JNINb BEIIICONNCAHHBIMII CBOICTBAMI €€ CIMMETPIII
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u MU kpoycraosuamu (6.16) Ha momHOE Tnemo gacTun N 11, BO3MOXKHO, €Il Ha
moTHYIO 2Hepruio F sToro MUKpococToIHNS, 3a0aHHBEIMI TeTlephb B BUIE:

N = Z:ll = Z ny = an = [ ], (Cp. (8.19) HI/I)KG) (8.15)

N _
E=Em=) ¢ = kz_:lgﬁnﬁ :»§efnf = Elng], (= [ng) {F1)) - (8.16)

j=1

3necs wmena {ng ti_; > 1= [nf|j2, > 0 moKa3sBBAOT, CKOIKO Pa3 OTLelb-
HOe HeBEIDOXKIeHHoe ogHodacTHIHoe cocTogrme { fi}i_; = {f}72, BcTpeua-
ecsi B IAHHOM (PUECHPOBaHHOM Habope cocrosisamil { fj L PasTmIHEbX j- BIX
TACTHI], IPUTIeM BKIal HE3aHATBIX COCTOSHUIL ¢ ny = () B HOCTIHOX CYyM-
Max 1o MOJIHOMY Habopy { f} cocTosuuit (8.7) aBToOMATHIeCKN HCUE3A€T.
q)yHKHI/IOHaJI N[nf] 3aB€IOMO B3alIMHO HEOIHO3Ha4YCH. TOFI[& KaK B3alMHasl OOHO3HAYHOCTDH
dbynxmmonana E[n ], kKak cooTBeTCTBUS T060T0 F ¢ [ns] mpemmonaraeT ele B3anMHYIO Hppa-
OUOHAJIBHOCTH Pa3/IMYHbIX 3HaYeHn i €f 1 HaJum4dune Cpean HUX CKOJIb YyIOOHO MaJIbIX BEJIMYNH.

s GepMu - cTaTHCTHRN, B ¢ty TpuHIuna Paymm s = N: y arTHCHMMe-
Tpuaroit &7 B (8.8)(8.14) Bee {f; 1 = {1} momxmBI 6bITH pazTUIHEBIMIL.
Kakoe-mu6o cocTosHme f, BCTpedaeTcs B 3TOM Habope TONBKO ONWH pa3 |
ero sacenenHocTs ny = 1. T.e. png moboro f: ny = 0,1. Takme wacTnus
IIMEIOT HOJTYTIENIBIN CIINH HeIeTHO KPATHBI /1/2 I Ha3bIBAIOTCS (PePMITOHAMIL.

Hns 6oze - craructukn 1 < s < N, T.K. OI1 COMMETPUTIHON BOJHO-
Boit pymkumm P B (8.8)—(8.14) B mabope {f;} = {f.}; momer coma-
nath moboe umcno coctosumit {f;}Y +— fi, T.e. fp MOXKeT BCTpeTHTbCA
B 5ToM Habope ny = 1,2,..., N pa3, a V f 3aceneHHOCTD MOKeT OBITH JTiO-
boit: ny = 0,1,2,.... Taxme JacTUIBI UMeIOT IeTbIH COUH KPATHBHIN /i I
HA3BIBAIOTCS 0O30HAMII.

P emocpencrsennoe obobmenne (8.10), (8.12) mis BoTHOBOI GYHKIINN KIIC-
KpeTHoro mpencrasnerns (8.14), ¢ samanasivu N ng] = N u E[nf] = E, u ¢
geTHOCTBIO Pg mepectanosox Sf; mpu {f, 1 = {f,}3, mueer Bum:

N
o }(—1)PS(IZF1)/2 Sfj}_Tl{(sz,ﬁ}» Te: (8.17)

o ({FH) = JNL[J]{ >

SHH

N, N[n
E{f }s({fj}l ) T;;]]Ti{fkh[nf]’ gbu # 0 KommorenTw B Gasice (8.6) (8.18)

Tg{fkh[ ] = Tg{ﬁ}i[no, ni, "n71’ ..nfs, N ] = [:l:l] IJIS 3aJaHHbIX (8.19)

raGopos {f; 1V u {F,}, a 3 ecTh cyMMa uITh HESKBUBAJIEHTHBIX mepecTaoBok {9 f; HY
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cpen N COCTOSAHUMA pasanyHbIX j- bIX YacTUL], paclpeieiseMbIX 110 § PaJldHbLIM IPYIIIamM
Pa3HBIX OHOYACTHYHLIX cocTosHmil { [} ¢ [n7 17 snementamu (cocrosHusMu) B Kax oM.
Bamamnsrit Babop {f;}) cocTOTHMIT OTHETBHBIX j- BIX YACTHI] OMHO3HATHO
ompemnesnseT HaGOP MOMYCTUMBIX OMHOYACTHIHBIX coCToSHNI { f, }5 1 cumcTemy
X "Hcel sanonHenns [y |7. O6paTHo e, IpH 3anaHHOll cucTeme [ng |7, mox-
YUHEHHON Temeph Tombko yciaosmio (8.15), coorsercTsytommit Habop {f;H'
OIpeIeNIeH AL ¢ TOTHOCTRIO 0 W3BecTHOTO yikKe uncma (6.17) (¢ k — f}),
IMEIOIIEro 3IeCh, OMHAKO, COBEePIIeHHO MHOI cMbIcia! eficTBuTebHO:
PockombKy m3 Habopa Kak MHOZKeCTBa 31eMenToB { f; 11 cocrogmmit N or-
IeTBHBIX j- BIX TACTHIL N7, SIeMEHTOB (COCTOAHHI) PABHbL 71, N7 >TEeMeHTOB
(cocTosmmit) pasubl f; mwT.0. ¢ k = 1+ s, To m060€ pacnpenenerne >Tux N
coctogunit (3nementos) { f;}1 mo s rpymmam {f,}5 ¢ [n7 ] smevenTamm (co-
CTOAHUAMII) B KazK1Toll IPUBOUT K TOM XKe CUCTeMe THcell 3aonHeHns [ny |7
T.e. oTa cucrema [ny || onpenenser Habop cocTosHuil { f; N ¢ ToumoCTBIO MO
He3aBICIMBIX, HEKBHBAICHTHEIX IepecTaHOBOK N »meMeHTOB (cocTosHMIL!)
[0 § TPYIIIaM II3 [nﬁ]ﬁ COCTOSHIIT (3TIeMEHTOB) B KaXkKIOM, a TOTOMY UICIIO
BCeX BO3MOKHBEIX Ha6opos { f;}1', oTBevaronmx maHHOIl cHCTeMe 3aceTeHHO-
creif [ng Ji=1 = [ns]72y 1 pasHO [37] wmeay >TuX nepecTanoBoK, Kak 1 B (8.10),
(8.12) ompemensioreMy TakzKe I KOHCTaHTY HOpMupoBKH B (8.17), (8.18):

e
sy

Brwema e @rveny e
N! N1 .
s = o0 = C][\ffJ T.K. ¥ HE3AHATHIX COCTOTHUN O! = 17 (8_21)
_ 1 !

rme us momsoro uncia N! mepectanoBok N smaementos { f;H' Heobxommmo

s

NCKJIIOYNTBH BCeE H (nfk') IIepeCcTaHOBOK ONIMHAKOBBIX 3JIEMCHTOB BHYTPH Ka-
k=1

Kol w3 s Tpyni { f1. }1, a yueT He3aHATHIX COCTOSHII YiKe HIKAK He M3MeHIT

5ToT pesynbTaT. T.e. B Gasuce {f;}{ KBaHTOBEIX UmCeT COCTOAHUIT OTIETH-

HBIX JacTHUI Kaknoe MUkpococTosame Beeit cucremsr (8.15), (8.16), samamuoe

b HabopoM KBAHTOBBIX WHCel 3amoiHeHus [ny |7 = [nf]i°, oxaspiBaeTcsa
BBIDOZKICHO ¢ KPATHOCTBIO? BRIpokmeHus (8.21)=(6.17) kak cTaTmcTmde-
cxmM BecoM MAKpococTosas (8.15), (8.16). Poromy B (6.13), (6.14) oo 11 He

3aaeTcs oIHO3HATHO >THM HabopoM kBaHTOBEIX umcen {f; 1 («= {m;}").

2Cu. (3.31), (5.16) m 3amewanne 11 mocne (6.18).



T

s 3amanHOrO HAGOPA OMHOYACTUIHBIX COCTOSHUN U THCEIl UX 3AI0ITHe-
st { fi )] = [ng, ]} BomHOBAS dyHEKIHS ®F (8.18) mmeaTLHOM CHCTEMBT HeceT
HGOPMAIIIIO TOTBKO 0 e¢ CIMMETPII, a KoopauHaTHas GyHKIL ¢z (8.13),

(8.17) depmu-cucTemer B 0603HaTeHIIX (8.1) ecTh IPOCTO HOPMEPOBAHHBII
onpenenunTens (8.23), mas N = 2 pasusril (8.3) (co smaxom [—]):

Yoo Eqep (1)U (N) = (8.22)
{f]}NE{fk}N

il
%\H

Py (L

1 . .
= ﬁdet v, ()] = ﬁ{gmN {%}(—1)}) Sp s (1)t (IN), (8.23)

_ 51\7 ,Nng] of
tme: Clagl= N @ (U H) == 2 (i) = 2, (8:24)
a €f,...;y- CIUHIYHBIII IIOTHOCTHIO aHTHCHIMMEeTPIIHBIN TeH30p panra N (8.75),
(61...]\7 = 1 B ocHoBHOM cocTosHNIN (8.24)), n Sfj— TOT ZKe ollepaTop IepecTaHOBKI

cocrogamit { f;}iL| PasTIYHEIX j-BIX TACTII MeKIY PasHBIMII JOCTYIHBIMII
M ogHOTAcTIIHEBIMI cocTogriamu { f, 4 . Touaree (cp. (8.19)):

fo— N N

Yo ) = X (1) Sy, T1 {67, 7,} = det |5 7, (8.25)
{SHiH {”ﬁ} =1

= 671"'7N €Effys LOC 671.“7N = 1 mns YTIOpAI0UeHHOTO Habopa {71{}1]::1 (8.26)

1

{nf }: mperm||¢ﬁ(j)||, rne: mpn (8.27)
s=N, Clng]=Nl; s=N-1, C[ng]=N!/2; s=1, C[ny]=1. (8.28)

T.e. nasazamanaoro N n F xkax Habopa OIMHOYACTUYHBIX COCTOSHIN 1 9ICEST MX 3aIIOTHEH TS

s 6030HOB: @E{T }5(1, - ,N)
k11

{fihs = [n7,] cymma (8.13) Bcerma csenercs k cyMMe 1o nepecTaHoBkam Busia (8.23), (8.27).
C yaeTom opToropmuposarHocTH (8.6), BomHoBas dymkmms YE[n,] (8.18)
HOPMUPOBaHa yZKe B IPencTaBIeHIHN TIce T 3amoIHeHnsI MEoknTeneM /Cny].
Om obecmeTnBaeT COXpaHeHNe HOPMBI I CKaIAPHOIO IPOM3BEICHIS TP Ie-
pecTpoiike He3aBICHMBIX CYMMIPOBAHNI IO BCEM COCTOSHIISIM Da3TIIHBIX
qacTin B 6azmce {| f;) }iL| k cymme mo saBmemvem B ey (8.15) T.e. Oy pp]
3aCeeHHOCTAM {Nf } 72 PA3HBIX OMHOYACTHIHBIX COCTOSHIIH 1 |f)}7,.

Takme cyMMBI BO3HIKAIOT B o6mmx Pypoe - mpencrasiernsx tuma (8.13)
~ yZKe [IIS IPOM3BOIBHEIX V- TaCTHTIHBIX COCTOSHUI THUIa BOTHOBLIX IaKe-
TOB, He CBA3AHHBIX 6oree yemoBmeM (8.16), T.e. He MMEIOIUX ONPEIeTICH-
ot sueprun E = E[ns] u ctamo 6uITh onpenenenHoit cuctemsr { f; } = [n7 ]:

(p(Xl...XN) = Z q)(flf]\]) ¢f1(X1)"'¢fN(XN)- (829)
(N el el



POCKOJIBKy BKJIaO He3aHATBIX COCTOSHII C ng = 0 Bce PaBHO BCIOAY aBTO-

MaTH9ecKH Hcde3aeT, BBeIeHIle 3ace/leHHOCTell 11y II03BOJIgeT IPeACTaBITh I
5T Hanbosee oOIIMe KOHETHOKPATHBIE cyMMEL mo f; € { f}?ozo - IO BCeM,

IPOM3BOIBHBIM, OTPAHNTICHHBIM JIHIIb ycaoBueM (8.15) pasiamvHbIM Ha-
G6opam {f.}i w3 s < N pasamuHbIX 3aHATHIX OMHOYACTHUHBIX COCTOSHIIT
{fil e{fi}i € 1f 1720, ¢ mpomssompHoOILl Temeps smeprueit £ (8.16), B Bume
beckoHeTHOKPATHBIX cyMM (8.32) mo {ns} m3 ux mommoro mabopa (8.7) ¢
{f}?ozo . {fj}{v (u mpo s u {F,}5 Tenepn moxno 3ab6kTh). ToTma IS CKAIIPHOTO
IPOM3BENCHIS COCTOSHII (8.29), ¢ yuIeToM OTHOTACTUTHON OPTOTOHATHFHOCTI
(8.6) m HATIYIUS TONBKO 5fj,7k B mpencranirernsx (8.17) — (8.19) mveenm:

(991, (,92) — ((I)l, (I)Q) = Z (I)T(fl e fN) q)Q(fl e fN) = (830)
{f]}Ne{fk}le{f}o

- 2 ; o[ns] o
{FWVelryy \/C[Tf] \/7 7)0n Nng] =
= > 2 i Talnslon am, = 10'0[ { 3 }Tﬂnf]ﬁrﬂnf]&vw[nf] = (8.32)

(T1,Y5) 2L (8.31)

77,0:0 n1:0 nOOZO f:O anO
B ) ) ON N[ny] =
= Tilng] To[nglon v, <= D2 Yilnygl T?[nf]ﬁ > : ]17 (8-33)
{n7} () syt
N! [n]
re: : 1= Clny] = =Cy7", (8.34)
Uelnte Ang) Sy, p ] {Sf]}N ] l}l(nf-)

Pepsoe coorHomenne (8.34) mpencrasiseT mepecTPONKY HE3aBHCUMBIX CYM-
MIIPOBAHUM II0 COCTOSHUSM OTHEIBHBIX j-BIX TaCTHII {fj}NG{f}O B (8.30),
(8.31) B cyMMmpoBaHIE IO HE3ABICHMBIM IIEDECTAHOBKAM {Sfj}N COCTO-
HUI IpU GUKCHPOBAHHBIX 3aCCICHHOCTAX [nf] ¢ HOCTEOYIOMIM CyMMEIPOBa-
HIIEM 10 BCEM BO3MOZKHBIM DasHBIM crHcTeMaM dicer samonreHns {ng}t. Po-
ckonIpKy npomssemenme ¢yaxnmit Yi[ng]Yo[ns] (8.17) — (8.19), (8.25) mas
(QUKCHPOBAHHOIN CHCTEMBL 3aCeICHHOCTEN [ny] yiKe CHMMETPHTIHO 110 TIOOBIM
mepecTaHOBKaM®
(8.31) x (8.33). CyMMI/IpOBaHI/Ie l-mmx B (8.34) mo pasmmaaeiM MUKpOKoHpH-
rypammay {Sf;}Y, oTmmuaomImcs mepecTAHOBKAMI COCTOAHIE MOZKIY TX
pasmmarsivm rpymnamu { 1+ {f 1 maer B corBercTBEm ¢ (8.20), (8.21)

TY ZKe CaMYIO KOHCTaHTY HOPMUPOBKH KaK ITOJTHO€ 9ICJIO TaKUX He3aBHCHMbBIX

., OHO BBIHOCHUTCA M3 IIOoO HNX CYMMBI IIPH 3TOM Ilepexome OoT

He KBHBAJICHTHBIX TIePeCTAHOBOK IpuBoms B utore (8.33) k (8.32).

U3 (8.17)—(8.19) oueBnmHO, YTO OHO BOBCe He 3aBUCHT I OT CaMUX 3HaYeHNil moNHOl >Hprun F.
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3  Homnpiag CTaTCYMMa KBAHTOBOU CUCTEMBI

Kaxk cmen crarmermaeckoro omepaTopa (4.23), KaHOHITIeCKas CTaTCyMMa He
3aBICHT OT BBIOOpa mpemcTasieHns. Torma, B mpenctasmeHnn (8.29), ¢ yte-
ToM (8.6), (8.15)(8.19), crmemys (8.30)(8.34), MOKHO BHOBH BOCIIPOM3BECTI
(6.18) xax ee ompenenenme (6.14) nms Habopa KBAaHTOBBIX dmceln [M] = [ng]:

Zy =Tr {1} = > exp (= Em) () = 5 (e le) = (835)

- ¥ <¢(f1-.-f)|exp(526f])|¢( fo)) = (8.36)

{fr-Inyelrte

= 5 e (-0 e ) BT = 69 m ] 630
{Helns Clnyl

ON, Nn Germ
= > eXP( ﬁzé?fnf) C[n[ ]f] ‘[ ]1 = > 5N,N[nf]H€ Perny = (8.38)
{ns} Sy {ns} f

E{Z} exp (=BE[ns]) 1 0y Ny = Zn = (6.14)=(8.35) nas [m] = [ny], (8.39)
ny

roe (8.39) = (8.37) = coBmagmaer c¢ (6.18), T.x. cormacuo (8.17) — (8.19),
(8.25) oTnmumbie oT HyIs KBagpaThl KommoreHT Y*[n | Y[nf] = |T[ns]|* = 1.
Berancienne ciaena (8.35) mo Bcem suavenusMm E = E[ny] (8.16), 6maromaps
ANArOHAIBHOCTH TaMEIIbTOHIAHA, CBOTUTCA K CyMMupoBaHmio B (8.39) mo
BCeM MOIYCTHUMBIM I ycaoBueM (8.15) 3HAYEHIAM NCeN 3aloHEeHUs B
HaGopax {n s}, OMIHAKOBBIM 7L BCEX OMHOTACTUIHBIX cocTosHmiI | f). Cymma
(8.20) mo mepectanoskan {Sf; 1V cocTosmmit TIaCTI/III B (8.38) BHOBB maeT KOH-

ctarTy HopMuposku® (8.21), (8.34), C[n;] = CN , m3 (8.18), (8.33).

Tax kak momuoe uncio wactun N[ng] = N B mUkpococrosumsax (8.15)

ocTaeTcs GUKCHPOBAHHEIM, 3aceleHHOCTH {ns} B (8.39) He gBITIOTCA Hesa-
BHCHMBIMI THOCKCAMI CYMMUIPOBAaHIS, I TOYHAd KaHOHIYIEeCKas CTaTCyMMa

{Cponsch k xombnmaTopnoil 3amade (5.15)—(5.16) n 3ameuanuio Il 06 onpenenennn KpaTHOCTI
BeIpo:KAeHHs KBaHTOBOro MHUKpococrosnms (8.15), (8.16) xak crarmcTndeckoro Beca Tuia (3.31)
MAkpococrosuns (8.15), (8.16) — cyTb umcna (8.21) mpencrasisioniux ero MWkpococrosuuii B
mUkpokanonndeckom amcambie cucreM ¢ 3anamnoil (8.16)=(6.16) monnoit sueprueit u umcaom N
(8.15) onrrakoBbIX 4acTUL TpU GUKCHPOBAHHEIX 3aCEJICHHOCTSIX [N 7] NX PA3INYHBIX ONHOIACTHIHBIX
cocrostanit |f). Ecmm camn cocrosuus |f) nesbipoxknens: g(ey) =1, ep # 5, m V{ng} # {n}:
>op(ny —n')ep# 0, To m MUKpococTosHIA Beelt cucTembr ¢ sHeprueit Eim = E[ny] B (8.39)=(6.18)
6ynyT uesbipoxkmens:: G(E[ns]) — 1. Hepexon or nabopa uaucen {ny} B (8.38) x cocTosuusm f;
pa3anyHbIX dacTui B (8.37), a 3aTeM I KaK COCTOSHHUAM pasamyuMmbix dactun [M]—{f;} B (6.20)
BHOBb “okmuBisier” B (8.54) = (6.19) 5Ty cymmy mo mepectanoBkaM cocTosHmi (8.21), (8.34) [7]

(1.2) kak Ty xKe KpaTHOCTH Beipoxknenus: G(E[ny]) — Clns] = C[nf]
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(8.38), (8.39) mo »tum MUKpococTOSTHNAM He GaKTOPU3YeTCs, TTO NCKITIOTACT
BO3MOZKHOCTE €€ TOYHOTO BEIUHCICHI B 00IeM Bume. PTy TPyIHOCTH MOZKHO
JeTKO ODOUTH TepexXomoM K O0JIBIITOMY KaHOHIUeCKOMY aHCaMOJIIo.

Cormacuo (5.10), GOTBIIYIO CTATHCTHICCKYIO CYMMY TAKOM CHCTEMBL IIPII
¢ = exp(f1t) MOXKHO 3ammcaTh Kak:

oo

Q= Ni::OCNZN = >, Y. exp [—ﬁ Zf:(é‘f - M)nf] 5N,;nf- (8.40)

N=0{ns}
PockonbKy orpaHmueHne Ha 9HCI0 YaCTHI] Telepb CHATO, Kak > ny = N [ny]

B (8.40), 0HO MOXKET IPUHUMATH TIOOBIE 3HATCHIS, I CYMMUIPOBAHUS IT0 Pa3-
TUIHBIM N, B oTamane oT (8.39), BBIMOTHSIOTCS COBEPIICHHO HE3aBIICIIMO.
Toraa Bcs 6ombinas cTaTcyMMa IPUMeT BHUI MTPOU3BeIeHNS:

Q=3 exp [—ﬁ Zf:(é‘f - M)nf] = H{ >_exp[—p(er - M)nf]} = l;[@f» (8.41)

{ns} [ ng=0
Qf = Z::O exp [—0(efr — p)ng] = Z::O (eﬁﬂ)nf exp [—0Es(ny)], (8.42)

KazK Bl COMHOKUTeNb (); KOTOPOTO ecTh caM 1o cebe Goblias cTaTCyMMa
(5.6), oTHOCAITAsSCS® yiKe K OTHCIBHOMY HeBBIPOKICHHOMY OTHOTACTHTHOMY
COCTOSHUIO |f), 3acelTeHHOMY IePeMeHHBIM THICIOM N f TACTHIL ¢ SHEePTIIMI
€7, T.e. ¢ HOIHOH >Hepruell Ey(ns) = £/n; n UMEIOIIEMY Tellepb CMBICTT
OTHEeTbHOI TePMOAITHAMITIECKOI MOICICTEMBI, HAXOMAIITEHCS B TePMITIECKOM
T B XOMIIeCKOM DaBHOBECHUII C OCTAJIbHBIMI TacTUIIAMI CICTeMBl — B IPYTHX
OMHOYACTHYIHBIX COCTOSHIAX | f/> ¢ SHePTUAMI € p #* ;.

s ®epmu-cucremsl ny = 0, 1, m 607IbImas OTHOYPOBHEBas cTaTCyMMa (8.42)
0 5THM Nj TACTUIAM B OTHOTACTHTIHOM COCTOSHUN |f) ¢ »Hepruel & :

1

Qy = ZO exp [—f(ey — p)ng] =1 +exp[-F(ey — )] (8.43)
nf:
s Pose-cucremsr ny = 0,1,2,..., 1 HOTOMY OTHOYPOBHEBasi CTATCYyMMa:
>0 1
QF = 3 exp[—pB(e; — p)ngs] = : 8.44
IS G = mnsl =12 exp[—5(ey — p)] 844
Hnckpernsnt mapaMerp 1 = +1 mmga Posze- m § = —1 gng ®epMmu-cucTeMbl

HO3BOIISIET 3amncaTh Oombiane craTcyMMer (8.41) — (8.44) emmabiM 06pazoM:

QY =1n(1—yexp[- ey —p)]) . m @:»@77:1;1@“. (8.45)

PBumecTo oTnenbHoll 4acTHIIL 171 6OIBIMAHOBCKOl KaHoHIYecKoil cratcyMMbl (6.20).
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Cormacuo (5.33), mOCTeMHAS BEIUTNHA OMPENEISCT GOMBIION TePMOITHAMI-
JecKUl moTeHNNaa J n maBimeHme P B maoeaJ bHON KBAHTOBOH CICTeMe KaK:

—J(T,V,1) = PV = kTInQ, = kT Y 1n QY. (8.46)
f

4 Craructuka Hoze - Hiinmrenna n @epyn - Hupaka

dopmymsr (8.41), (8.42) merxo mpeBpaTHTH B 6OTIBIINE KAHOHITECKTE PACIIpe-
nenerns Buma (5.5). BepostaocTs MUKpococTosHUS [M] moeaabHON KBaH-
TOBOI MAKDOCHCTEMEL ¢ 3a[aHHBIM HabOPOM KBAHTOBBIX <IHCeT [M] = [ng]
daxTopusyeTcs B mpomssernerue (5.13) omHOYPOBHEBBIX BeposTHOCTelH :
1
1= % Wi, rres Wyl = g exp|=8(El] - Vo))
{ns}

= (8.47)

1
= 5P [—ﬁ e = M)nf] =[wn,. a1t Q=0Q,=TIQY, (848)
f f f
1
TO an::Ownf =1, rme w,, = Q—(fn)exp[—ﬁ(&tf — p)ny] (8.49)

eCTh BePOATHOCTH TOTO, ITO OTHENIbHOE HEBBIDOKIEHHOe COCTOsMHIe |f) ¢ on-
HOTACTHTIHON SHepTueil ¢; IpH paBHOBecHOH Temmepatype kT = 1/ sace-
TIEHO Ny TaCTHIAMIE, ¢ HoIHOI sHeprueil Ef(ny) = cpny. Torma cpemuss
3aCeTICHHOCTH 3TOTO cocTosHI 1o (5.35):

olnOW
Lnylef)>=<np> = 3 nyw,, = 81’17621’ : (8.50)
anO (ﬁu) 6

Poncrasmss B (8.50) Berpaxenus (8.43), (8.44) unm (8.45), maitmeMm pactmpe-
menerne Pepyu — Hupaka u pacupenenerne Po3ze — Pitnmreiina B Bume:

1 <nli (25> 1
Ln'b>= :{ bl = . (8.51
(R B v R B =S e (e F M
roe Torga w3 (8.45): In Qgp) = 1n<1 +7 <<n?>>)77 : (8.52)

To ecTh pa3nutume B KBAHTOBBIX CBOHCTBAX YaCTUIl, COCTABASIONINX 0o03e-
nin GepMu-cucTeMy, IPUBOOUT JINUIIL K aJOIUTHBHOI €QUHUILIE C PAa3HBIMU
3HAKaMU B 3HaMeHaTeIIX KBAHTOBBIX pacHpeneldeHUi: K +1 — OIS cucTeMBbl
dbepMUOHOB € TOJYIeIBIM CIUHOM; U K —1 — O7ag cucTeMbl OO30HOB ¢ Ile-
JBIM CITHOM. B ycrmoBmsax, Korma 3Toll e JUHUNEN MOXKHO TpeHeOpeTh: P!

“BmecTo omHouacTHUHEIX BeposTHOcTell (6.32) B GONBIMAHOBCKOM I1PHGIIIZKEHIII.
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exp(—fu) > 1 nng e; > 0, momydnM He3aBHCAIlee 0T KBAHTOBOM IPHPOIEL
JacTuI pacupenenerne MakcBenma — Ponsmvana, dpopmanasao — ¢ n = 0:

< (e)> —p <nilfn(e)> = exp[—plep — )] <1 (8.53)

13 (8.38) sBHO BuOHA IPUPOIA HEIOCIECAOBATEIBHOCTI YTOTO — HOTBIMA-
HOBCKOro mpubnmkenns. OHO IpenmongaraeT 3aMeHy 0TBedaloIero mepecTa-
HoBKe JacTur daktopa C[ns] — N! B 3mamenatemne (8.38) mpu coxpaneHmn

o n
OTBEUAIOIICTO ePeCTAHOBKe cocTogHMmI pakTopa Clnys| = C][Vf V5 wmemmrene
(8.38), rme Vf: ny € {ny + no} < N, yUNTBIBAIOIIYIO TOXKICCTBEHHOCTD
qacTHIl 6e3 yueTa IX CTaTHCTHKI, 9TO I IPUBOLHUT II0 (GopMyile MOIIHOMA

PrioTora’ X KanoHmIeckoil ctaTcymme (6.19), (6.20) (cp. ¢ (5.39)):
N
n 1 _
In = — N' {Z} o, oy exp (—ﬂzfjsfnf) C][Vf] =~ (Zf;e ﬁgf) = (8.54)
ng
Gk
{ng} 1 f ny {n;y 7
e_ﬁ‘ff”f, TOXKOEeCTBEHHBIC, Hepa3InduMBble (8.38);
rue: an (ﬁ, &?f) = e~ Perns (8.56)

> TOXKIECTBEHHBIE, DA3TITIMBIE (8.54).
g

T.e. umeanbHbIil KBaHTOBLIN ra3 N dacTui nmperctasien 6oabium ancamorem (5.15) w 3a-
mevanns II n3 omHOUACTUYHBIX f- COCTOSHUIL ¢ DHEPIUIMHE € KaK aHCaMOJIeM HaXONSIIIXCSE
B OTHUX COCTOSIHUSIX 7 f- GaCTUUIHBIX MOACHCTEM C MONHBIME dHeprusMu Ke(ny) = epny. lpu
5TOM BKJTajl OHYPOBHEBHIX KaHOHHIECKHIX CTaTcymMM Z, . (3,¢y) (8.56) B momHyto KaHoHMYe-
CKYIO CTATCYMMY Heambioro rasa Zy (8.38) = (8.55) oT ny HepasamyuMbpIX JacTHI C dHeP-
IIAMHI €; €CTh e Pesny = (e‘ﬁsf)”f, a BKJall OT Ny Pas3JIMYUMBIX YaCTHI[, KOTOPble MOXKHO
TPOHYMEPOBATH 1 MEPECTABIATD, eCTh €7/ [(n,!), roe sToT mossuBIIMiics 1 ;! B fo (B,ey)
6e3 HLIX KpaTHOCTEN Mo Gopmyste noannoMa [IboTona renepupyer amanoruunbiii N B )y
(8.55) = (8.54). Bxnansl mnesansTeIx cocTosHui ¢ ny = ( B I1060M ciIydae BCIONY HNCYe3aloT.
Pacmopenenernus ®-I1 (n = —1), P-P (= 1), M-P (, = 0) (8.51), (8.53) mo3Bo-
JIAIOT BBIYUMCJIATDH Ha6JIIOI[aeMBIe BeJIMYWHEBI IIJIOTHOCTII YMCJIa YaCTIII ﬁn n
BHy TpeHHeil sHeprun U, nmeanbHoll cucTeMsl Kak cpensue oT (8.15), (8.16):

Vi, = KIN> =) <nyler)>, Uy =<<E> =) cr<nylef)>.  (8.57)
! !

N!
"B 6unome npu f = 1,2 nmeem: Eo ZOC bunal 5 ity @11y = (a1 +az), C][Q“’nr‘)] =
n1 n2 1-N2.

Torna kak npu f = 0 -+ oo nosyuyaem: (Z ) ZCnf N, an H (ap)™, roe ay = e,
f {ns}



b TapMmormiecknii ocIIUIIATOP B TpeACTaBICHAN
JUCeN 3aIl0JIHeHT S

P ponntmiocTpupyeM IOHATHe TnceT 3al0THeHNS (3aceIeHHOCTell) Ha IpIMepe
3amaqnl 00 OTHOMEPHOM TapMOHIYECKOM OCHUIIIIATOpPE. IKKBAHTOBBIN IaMIIhb-
Torma® H; mms ocuummsTopa (7.40):
-9 2 2 1 2
— D mw® h® d mw®
A ;e 8.58
2m 2 2m dg? 2 0 (8:58)

BBeIcHIEM Ge3pasMepHOl kKoopanHaTs { = (mw)/ h)l/ 2 ¢ TPUBOOUT CTAINO-
HapHoe ypaBHeHme [lIpenuarepa x nuddepeHNTNATHEHOMY YPaBHEHTIO

. hw E
H\VU =V, — 7( de

KOTOpPO€ MOJKHO TOKIECCTBCHHO IIDEOCTaBIThL B BUIIE

7o) (o) + (s <)) v

+¢ ) _—7 (8.59)

- E\Ij, 1 BBOIsA JIECCTHUYHEBIC

OIIepaToOpPHL aa+ } \}_ ({ + dg) C YIeTOM IX KOMMYTaTOPOB
{a,aﬂzacﬁ—a a—[ g,gl gf f f 1, [a,a]z{aﬂaﬂz@, (8.60)

— 1
3ammcaTh ero Kak H W = hw (a a + 5) v = (hw ata+ 60) U =el, (8.61)

T.e. C FaMIUIBTOHHAHOM B HOPMAJIbHOII opMe depe3 MOHMZKAIOLINI @ I CO-
IPSKEeHHBI eMy moBbIIamnit a® omepatopsl mpu {ata) > 0 u >HEpruoO
OCHOBHOTO TOTZa COCTOSHIUSA €9 = Nw /2 (3aBHCHMOCTB OT MAcCCHL 1M MCUE3Ia).

YT06BI HaTH COOCTBEHHBIE BEKTODPHI I CIIEKTD 3HEPTUIL €,,, OIPEeIeTIIM
ocHOBHOe cocTosHIe (BakyyMm) |0), B coorBercTBHum ¢ (8.61), Kak cocTosHIe,
AHHUTILIIPYeMOe MOHIZKAIOIIIM OIepaTOpoM d, 9TO JaeT IpocToe mudde-

PEHIIIAIbHOe YPaBHEHNIE IS BOTHOBON GYHKIUN B - TPeACcTaBICHUN:

dé +£)\Ij0(§) 0, {€]0) =To(¢) = \{/2_4 exp ( 62).(8.62)

B cumy xomMyTamumoHHBIX cooTHOImeHNT (8.60) mI060i BeKTOP |n) cOCTOSHIS

a|0) =0, T.e. (

¢ COOCTBEHHBIM 3HATEHIEM €, TOIYIaeTCI Iy TeM IOCIeI0BATeILHOTO IPIMe-
HeHIS K BakyyMy (8.62) moBeimarorriero omepatopa “poxperns’ at:

|n> = Cn (a+)n |0>7



95
re ¢, 00eCHeTNBAIT eIUHIIHY HOPMEIPOBKY /06010 BekTopa |n). Iefi-
cTBUTeNbHO, m3 (8.60) sBcTBYyeT, uTo Mmpu n = 0,1,2,3, ...

@ (@) =3 (@) o] (@) = @) omyma

1=

Taxmm 06pazoM, meilcTBIe OImepaTopoB ™

Lo ab
WZﬁ(“ ) 0y =7
atln—1)=+/n|n) m an)=+vnln-1), a|0)=0, (8.64)
(T.K. (n —1laln) = ﬁ<n|n>) , oTkyma: ata|n)=n|n), (8.65)

TO €CTh 11 = a+a €CTh 3PMHTOB OII€paTOp C cOOCTBEHHBIMI S3HaYCHUAMIL, PaB-

I a omnnpenesraeTcsa YpaBHECHU M

|[n —1), To ecTh (8.63)

HEIMII 7, T.e. ABJILETCA OIePATOPOM HOMePa 7 COCTOAHMSA OCIIILIATOpa IT
ompemerseT Bce cOGCTBEHHBIE 3HATCHUS €, 3amaqdn (8.59), (8.61) xak

1 1
fiw (a+a + 5) |ny = €,n), rme €, =hw (n + 5) (8.66)
eCTh CHEeKTD SHepruil ocuminsaTopa, a n = 0,1,2,... — HHIZEKC COOTBETCTBY-

IOIIIETO YPOBHS SHEPTHN, I GBI NCIOIB30BaH paHee B (7.32).

P pemcraprenne 9nces 3aII0/THEHIA, IJIN IPeCcTaBIeHIIe BTOPITTHOTO KBaH-
TOBAHIISI, OCHOBAHO Ha CIIEIYIOIIell MHETepIpeTannn onepaTopos (8.64), (8.65).
Cocrostane |0f) ecTb BaKyyM f- TOTO OCHEIIILTOPA, HeHCTBHEM Ha KOTODHIM
OMEPATOPOM @} TOMYIaeTCsE 0OTHOIACTITHOE COCTOSHIE |17) ¢ OMHOTACTIIHOM
xe sHeprueti €5 = hwy. OmepaTop ay yHIITOXKAET 3TO COCTOAHIEE |17):

apl0p) =0, apl0r)=I15), aslly)=10s), (nglmp)=0pp0um. (8.67)
Cocrosane, 3amaBaeMoe BEKTOPOM |... 7Ny ... Ny ...), TOTOA €CTh COCTOSHIE C
ny=0,1,2,... qacTunamu c >Heprueit ¢; = hwy xazxaad, n; =0,1,2,... da-
CTHIAMI ¢ SHEpTHell £, = hiwy, Kazmgad o T.0., a OIePaTop Iy = afay TOrOa
eCThb OmepaTop IHCTa FACTHII B COCTOSHIT f: ip|...ny...) =ngl...np...),
T.e. ero 3acereHHOCTH. Taknm o6pasoM, ny dacTHmaM Ha f- TOM OTHOTACTHI-
HOM YPOBHE € COIOCTABILETCS 1 - THI YPOBEHb KBAHTOBOTO OCHUITIIIITOPA €
qacToTOl Wy. COOTBETCTBYIOIINE OMEPATOPBL (f M (f MONIMHIIOTCS TeIePh
KOMMY TAIlIOHHBIM COOTHOIIeHnsM Buma (8.60) mam obmmv Baxkyymom |0):



96
0) =TT105). apat] =6 lapap] =[af.at] =0 (8.68)
I THTePIPeTUPYIOTCA KaK 603e-0IepaToPhl COOTBETCTBEHHO POKICHIS I YHI-
ITOKEHNS OTHOM TACTHUIEL B COCTOSHNN ¢ KBAHTOBBIMI THCIaMu f, &5 = fiwy.
I71s crmcTeMBl GepMIIOHOB TaKzKe MOZKHO BBECTII OEPATOPEL POKICHIS bf
n yHIUTOXKeHHs by ¢ amamormuHoil (8.64), (8.67) mHTepmperanmeil m cBOI-
CTBaMII, 00YC/IOBICHHBIMII Telleph aHTHCHMMETPHIHOCTHIO BOTHOBOI (DVHK-
i (8.22), To ecTh mpuHIUIOM Paymn. YHOpATOTINM ee Ticiaa 3al0HCHIIS
{ns} =0+ 1 xax nj < ny (n; opentmecTByeT ny) upu k < f nms ¢ < ;.
Torma o6obrmerne (8.64) m (8.67) ¢ MCHOTB30BAHMEM BMECTO KOMMYTATOPA
(8.60) arTmroMMyTaTopa {a,b} = ab+ ba maet, aro: by |0f) =0,

{bf,b-fb}:(sff/, {bf,bf,}:{b},b}b}:o, re b2=(bF)?P=0, (8.69)

Yon

k
b}f|...nk...nf...>:\/l—nf(—l)’Kf |...nk...nf—|—1,...>, (870)
> Mk
bf|...nk...nf...>:w/nf(—l)’Kf |nknf—1,> (871)
I3 (8.70) BumHO, 9TO, B COOTBETCTBUN ¢ IPIHIUIOM P aymm, ecim cocTosHIme
3aHATO hepMmOHOM: Ny = 1, TO b}f |...17...) = 0. OmepaTopsl 4mcIa TaCTUI
B COCTOSHUU f Temephb €CTh ﬁ;fr) = a}faf nIIn ﬁgz_) = b}tbf, a OMHOYPOBHEBBIE

q)epMI/I— 1 003e- TaMILJIbTOHIIAHBI COOTBETCTBEHHO PAaBHBEI:

1 1
Fo_ B _ () _ NC
Hy =¢f (b}bf—§), Hf =¢y (a}faf—i—§), Hf" =c5 (1’1;7 —i—§) (8.72)

FaMurpToHmaH crcTeMbl N HeB3amMomeiicTBYOIINX JacTul (8.6) B mpencTa-
BJICHHON TIICeN 3alloTHeHms, cornacHo (8.16), ecTh Torma cyMMa TakmUX IH-
NUBUIYATBHBIX, OMHOYPOBHEBBIX, MOHOTACTOTHBIX TaMIIBTOHIAHOB (8.72) 3a
BO3MOXKHBIM BBITETOM CYMMBI Fjy 3HepTUH X OCHOBHBIX COCTOSHIUI:

. h
H-E=YH"-B'=Ycnl BV =3y ZL=2y"Y (873
7 7 72 72
([5] §34,35,63,64, [6] §540,53-55, [7], [33], [36], [43], [48], [49] )
Bamaunm

14.1. PoxasaTh, 9T0 omHa QUKCHpOBaHHAS KOMTIOHEHTA BOTHOBON (MYHKITIT
(8.13), (8.18) umeamproit cuctemsr N 6030m08 DL (f1... fn) = 1//Clns] (cm,
(8.9), (8.17), (8.27) [perm — mepmanent|, [14, 38, 35, 46, 48].)

14.2. Ucnonb3ys (8.63), HAllTH BOTHOBYIO (GYHKINIO 1 MIeanbHON CHCTeMBbl
N ToxnmecTBeHHBIX 0030HOB B TIPENCTABICHNN BTOPUIHOTO KBAHTOBAHUSI 1
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IpoBepuTH B HeM yemoue HopMuposkn (8.30), (8.33) ([14, 38, 35, 46, 48].)
14.3. PaiiTu sHTpoOnNio naeaabHbIX KBAHTOBLIX [a30B, KaK QYHKIIIIO CPETHIIX
Tucen 3amoraerns ([5] §34,35,63, [6] §40,55, [10], [24] N 130). UsmennTcs 1

ee BBIDAZKCHIE NI HepaBHOBeCHOTO ciydas (3.67) m s rasza M-P (8.53)7
S({nph) = ka: (L Q) n (L +n () — () In(nph] . (8.74)

14.4. Hoxa3aTb, UTO OJIf eQUHUYHOTLO MOJTHOCTHIO aHTUCHIMMETPUIHOTO TeH-
sopa N-ro pamra (8.25) €f,..py > €k dy, IMEIOT MECTO TOKIECTBA:

N N N N
Z- . Z €hy o kn€kiky = N!, Z . Z €k1kz~~kN€j1kz~~kN = (N — 1)!5k1j17

ki=1 ky=1 ko=1 kny=1
N N
DD €hihoksky Cngaksky = (N = 2)1 (0171 0ksjy — OkyjnOay) - (8.75)

ks=1 ky=1
14.5. C momompio (8.75) HaflTH BUI OUATOHAIBHBIX MATPUTIHBIX Y7ICMEHTOB

OIHO- I ABYXIACTHIHBIX OIePATOPOB 10 N- hepMIOHHBIM cOCTOSHILIM (8.22),
rie CyMMa IOeT JINIIb 110 3aHATBIM OTHOIACTUIHBIM cocTosHIIM ([33, 46]):

(15 | )| ) = £ (el = 5 s (ML), .76)
<¢EN éiéw(aab)‘%w 23 many [ VWA 7) = (A, W, A)] =

— % % [ A WAL A = O, M WAL AD] L roe: (8.77)
Alhlv [ 11 R(1) (1), (8.78)
AIWIC ) = [ @1 [ 205102 (2) W(1,2) v (1)2(2). (5.79)

14.6. HokasaTs, aTo (cp. (10.9), (10.10), (10.45), (12.43), (13.11), (13.46), (14.45),
(14.47), (14 89)) st TFOGOTO TEoTo j, J11060f21 rnankoil pyakunm D(e) o

/de YJ /dgj /dgj 1 7d€1’)/(€1) = Ygﬂ](&:) ;
0

—JT /dm (e)<ny(e)> = (—) /dEY,[yj](E)<<n77(€)>>, r e (8.80)

] E — & E— 70 J e
YW@=ﬂmme0;%— fap(e EZZ < g,
0
sB A
B d-mepun (12.36)—(12.44): ~(z, Vi) = Vdghdd pie) o P e (881)
d
=(p) = apf, A= 7 OTEyHa D(g) = Di(e) = Ae™!, PV %



Jlekiiuga 9

dnyKTyanuu TepMogMHAMNYeCKNX
BEJINYNH

NTax, Tpu pa3ImIHEIX CTATICTHYeCKIX aHcaMOIa: MUKpOKaHOHIYIeCKITiT, Ka-
HOHIYCCKII 1 GOJBIION KaHOHMYIEeCKIII, COOTBETCTBYIOT pa3HBIM (PIKCIPO-
BaHHBIM MAKDPOCKOIIYIeCKIM yCIOBIAM, 3aJaHHBIM Pa3/IMYHBIMEI HabopaMI
MAKpoIapaMeTpoB, OIPeHeIdolInX B PaBHOBECHH Pa3IMIHBIC TePMOIITHA-
vmaeckne noternuats: S(E,V,N), F(T,V,N), J(T,V, ;) cooTBeTcTBEeHHO.
P okazkeM Temeps, 9TO B HeICTBUTEILHOCTI MOKHO 3a0bITh 00 3THX OTPaHI-
YeHIAX, IOCKOIBKY Pe3yJIbTaThl PacieTa TePMOITHAMIYICCKIX BEIMIIH TP
ICIIONB30BAHIN KazKIOTO I3 TPeX MeTOHOB OKa3bIBAIOTCA Hepas3/IMImMo OIIms3-
KIIMIT, I BBEIONpaTh TOT I MHON aHCaMOIIb MOXKHO, PYKOBOICTBYACH TOIIBKO
YHOOCTBOM IpakTHIeCKHX BeramcaeHnil. T.e. mMeeT MecTO HOTHAS

1 HxBuBamenTHOCTBH PaBHOBCCHBIX aHcaMOJIen

P puunna »>KBUBaICHTHOCTH aHcaMOIell — B MajoCTH OTKIOHEHUH MAKpOBe-
JUYNH OT UX CPeOHNX 3HAYeHNI, T.e. B MaIOCTH QIYKTYallllll B PABHOBECHOM
cocrogann. Tax, ecan B MUKpokaHOHIMecKoM aHcaM67Ie sHeprus F = F cu-
cTeMbl GUKCUPOBaHa, TO B KAHOHMYECKOM aHCcaMOJIe OHa MOKeT OBITH JTI00OI,
XO0TsS MAKPOCKOMUIYECKHN CHCTeMa B PABHOBECUU XapaKTePU3YETCS CPETHUM
sHadeHmeM << E>> (4.33). Ommaxo miis DOCTATOTHO OOBIION CHCTEMBI Be-
POSTHOCTH HAITU B aHcaMOJIe ee KOIIHIO B COCTOSHUU C dHepPTUell BOAIM OT
<K E> 6ymer HmuToXKHO Masia. Takx 9To momaBigioiiee HOTBITIMTHCTBO ee KO-
1T B KAHOHITIECKOM (I 60IBIITOM KAHOHITIECKOM ) AHCAMOIIe TPYIIIIPYeTCS II0
SHEPIUU B OKPECTHOCTHU 3TOTO CPedHero 3HAYeHUS, COBIIAQIAIONIETr0 ¢ KOJOC-
CATIBHON TOYHOCTBIO ¢ HAmbOoIee BEePOATHBIM 3HaueHmeM <K E> = E (4.44).
To xe caMoe OTHOCHTCA I K CpeqHeMY unciy dacTui < N>> = N B paBHoBec-
HOW cucTeMe B OOJIBIMTOM KaHOHWIECKOM aHcaMmbie mpn ycmoBum, aTo N > 1.
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2 OayKTyallunm SHCPIUAN

HeficTBUTeIBHO, UCHONB3YS KaHOHIYeCKoe pacupemererne (4.42), ¢ yueTom
(4.40) mms sueprun U (B, V, N) (4.39) (rne: —kT?0/0T = 0/03) mmee:

olnZ
Zu(B.V)=E e, V(B V.N)=<E> =T, By= = (57 (01
m m V
Dyo(E) = <(AE)>> = <(E — <E>)>> = <E>> — (B> = (9.2)
1 (0*Zy 1 (0Zy\* _ 0*InZy O E> )
_ Z( o )V_ 7 (—aﬁ )V: S = —( 5 )V_kT Cy. (9.3)

dopmymst (9.2), (9.3) BEIpakaoT GIyKTKAIIIO SHEPITI KaK ee¢ abCOTIOTHYIO
nucaepcnio Dy(E) wepes mamepsemyto Beamanuy Temmoemkoctn Cy ~ kN,
Orrocurenbrad mucmepens npn < E>>> ~ CyT Torma pasHa:

oy(E) = g;(i) ~ Jcﬁv ~ \/% <1, (9.4)

T.e. nasg cucteM ¢ N > 1 oTHocuTenbHAS QIYKTYAIIIS Majla, MOCKOTBKY Kak

<E> ~ N, taxu Cy ~ N, a 09(F) ~ 1/VN — 0 mpu N — 00 (cp. (4.45)).
3 CDHYKTY&HI/H/I ITOJTHOT'O YUCJ/Ia YaCTUIL

MeTon Gombimoro KaroHITecKoro arcaMm6ms (5.5), (5.6) mpumeHAM Takxe K
cucTeMaM ¢ (UIKCIPOBAHHEIM UHCIOM TacTHIl N, KOTopoe HOKHO TOTIa CO-
BIamaTh ¢ KN>>. Paitmem praykryanumm N B 60IbII0M aHCAMOIe, HCIOIL3Y I
3aIaBaeMoe M BEIPazKeHIe IS BepPOATHOCTH HallTH B cucTeMe N 9acTHII:

00 00 7
Q=% Zyew(N). m 1= S a(N). (V)= Dep(N). (05
N=0 N=0
T.e. (cp. (5.33)-(5.35)), amamormaso (9.1), mpu v = fu, J = — PV maxommm:
> 1 /0Q Jln(Q
> NZ::O ( ):Q aW)TV ( dvy )T,V (9 6)

_ % (agz@)w __ (g—i)w —vV (Z—];)TE VAT, ). (97)

Oaykryammeint N 6ymem Takzike Ha3bIBAaTh OUCTEPCHIO — CPEMHEKBATIPATITHOE
oTKI0HeHIe N OT ero CpemHeTo 3HAUCHIS, TO ¢CTh, Kak 1 Bhime B (9.2)

Dy(N) = <(AN)ES = (N — KN35> = N2> — (N>)? = (9.8)
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1 (02 1 0Q\? 0% 1In 1 (071
4[5, - 5 (), 5 (), -
Q Y TV Q 87 TV 87 TV ﬁ aﬂ TV
8<<N>>) 1 (8<<N>>) (8%) 9

= _ =kITV|—) <=<(AN)*>, (9.9
( dy TV 5 dp TV op) ¢ ( ) (99

B cuny (9.7). Tpu unrencuBHBIX mapamerpa T, P,y SBISIOTCS 3aBICIMBIMIL,
cormacHo ypasHeHmo ['n66ca-Torema: p = p(7, P), mnu (5.34) P = P(T, u),
a, o ypasHeHIo coctosans B Bume (5.35), m = n(T, u) = n(T, P) cBs3ansl

MeKIy coOoll M TPU MHTEeHCUBHBIX BeIWINHE 1, P, 77, T0>TOMY:

on om 0P oP on on .
5. =\apa.) =5 ) \5p) =\5p) =74 1
(8M)T (8P 3M)T (aM)T(ap)T ”(ap)T n-nr, (9 0)
N 10V _1/om
TAR K, WP = s R = o (aP)T,N B (aP)T’ (9-11)

eCTh M30TEPMEITIeCKas CKIMaeMocTh. Tak aTo (cpasanm ¢ (9.36)):

I N FTK
(AN = kT ( <<0u>>) =WV K = («N») S 20 (90.12)
TV

Torma amamormasas (9.4) oTHocHTeTbHAS GIYKTYAIS TAKKe CTPEMITCS K

HyTIO B TPA. UpA., korma N, V — oo, u kT /V = P/N (upu PV = NkT):

_ |<@N2z>  [ITKy _ (o(T/V\TP 1
o3(N) = J(<N>>)2 =\ = (7813 )T’N 5 0 (013)

Mamocts 09(N) o3HaTaeT, ITO OMPEOETIAIOMNI GOMBIIYI0 CTATCYMMY DA

o]
Q) = X (MZy conmepxut (cp. (5.39)) MakcnmambHBI wien ¢ W(N) & 1
N=0
m3 (9.5), DAOIUil OCHOBHON BK/TA, CYIIECTBCHHO IPEBBIMIAIOIINI BKIaIBI
ocTambHBEIX [N, BBEIOEIAS B 3TOI CYMMe cJaraeMoe ¢ Hambosaee BepOSTHBIM

(0HO e cpemHee) 3HaUEHNEM THCIa TaCTHI B cucTeMe KN> = N > 1, nas
xoToporo F' = J+ Npu. YcnoBue 3Toro MakcuMyMa 3aaeT XUMIIOTEHIITAT i

Ow(N) d(e™NZy)\ B OnZy (aF)
aT — O7 |—)7 (a—N = O7 Iu = —kT 8]\7 8—]\7 T’V. (914)

Berameamy korTypHBIT mETerpat (5.11) mo ( = exp(fu), ompemesromnmit Ka-
HOHITICCKYIO CTATCYMMy Zy depe3 Gompimyto ctarcymmy Q(() = exp(—3.J),

TV,

MCTIOTB3Y S MeTOM TepeBala B KOMIIJIEKCHON TockocTn p mpm N > 1:

= gy = / e = o exp (=BT + Ny} 015
C
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CemyoBas ToUKa 3amaeTcsa obpallleHIeM B Hy b IePBOIl IIPOM3BOMLHON OT (GYHK-
mun B mokazaTene SkcmoHeHTH: O(J + Np)/op = 0, wmm N = —0.J/0pu.
CpaBHuB mociemree ¢ onpenesterneM <K N> = —0.J/0p, Bunum, 910 B 5TOM
npubamkernu N = <KN>>, a Zy «x exp(—(F), rme BaoBs F = J + Ny ects
CBOOOMHAS SHEPTUS CICTEMBL.

Gnyxryaunn N He Bcerma OBIBaloT MajbIMH. Tax, BOMM3U KPHTHYECKOIN
TOYKH (Ha30BOrO Mepexoma B KPUTUUECKYIO (a3y CKIMaeMOCTh ra3a Heorpa-
HITUEHHO BO3PACTAeT, CIeHOBATEIHHO, HEOTPAHIICHHO PACTYT U (GIIYKTY Al
TqrceTa JacTun u oobeMa (9.12), (9.36). Hpyroil KOHTpIpUMep TaioT

4 dnayxryanun pepMu- 1 603e- TRCeIl 3al0IHCHN

Cormacuo (8.49), BeposSTHOCTH TOTO, UTO Ha yPOBHE |f) ¢ OMHOTACTITHON
SHePTHel € f HAXOAUTCS 1y TaCTUI] ¢ MOTHOM SHeprueit Ef(ny) = cpny, paBHa:
1 1

Wy = (5 XD [=B(Efr(ng) — pny)] = Q; P [=B(ef —wngl. (9.16)

PTu BbIpakeHNs 03HAYAIOT, UTO N f TACTHI] B KAz IOM HEBBIPOKICHHOM OTHO-
TACTHIHOM COCTOSHUN |f) ¢ »Heprueil ¢ 06pasyloT KBa3sHHE3ABHCHIMYIO HIOT-
CHCTeMY, HaXONAIIYIOCS B TePMITIeCKOM I XIMITECKOM PABHOBECHIL € OCTAIIb-
HEIMII JaCTHUIAMI CHCTeMBI, KaK ¢ TepMOCTATOM, U IIOTOMY HOMYMHAIOTCS
GOIBIIIOMY KAHOHOHUTICCKOMY pacmpenerneHuio (5.5), (5.6). draykryanun 1m-
eIl 3aloTHeHns ny, Kak u cpentee (8.50), Moxmo, aramoruntao (9.8), (9.9),

BBIPA3UTh Uepe3 IMIPOM3BOMHEIE In Qgﬁ) o v = fp. Tax xaxk, cormacuo (8.50):

o QY

1
<<n?>> = Lnyler)> = (%)ﬁ = m, TO TIMEeM: (9.17)

(1) 72 2 s )2 0 In QS”U)
D" (ny) = <(An})*> = <(ng)"> — («nhb>) = 59 . (9.18)
g
> PP
T.C.: Dé")(nf) =7 _ <<n?>> (1 + 77<<n?>>)7 n==xl= , (9.19)
0y ®JI
) 1 Pe—y _
T e _° Nt s cratuctukn M-P n = 0.

Oy (ef=r — ) — (efr — )2
Torma oTHOCHTeTbHBIC QITYKTYAITMH 3aceTleHHOCTeH <n't>> ¢ ) = £1 paBHEI:

— \I 1 + n = @6(5f_ﬂn(T)) I—O) 6_6“”(T), (920)
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1 1

oL = —1 B+ =
w0}~ (ny) J<<nf>> A= s

n mX moBeneHme tpu crpemaerun I' — +0, § — +00, K OCHOBHBIM COCTOS-

+1, (9.21)

auaM f =0, ¢g = 0, v Gepyu- 1 603e- cucTeM OymeT B IPIHIIAIIE PA3HBIM.

B depmu-cuctene: 0 < <np>> <1, Dy (nyg) = <np> (1 — <<n}>>) <1/4.
Torma mns cocrosuuit ¢ 0 <ep < pp(0) GayKTyamun Boobie 0TCYyTCTBYIOT:
o¥(ng)—0, ms (9.17)-(9.21) <KLnp>|r—o— 1, 9T0 03HaUACT TOTHYIO meTep-
MIHIPOBAHHOCTb, Torma xax s & > iy (0) mMeen «ny>>— 0 m o (ny) — 0.
B 603e-cucteme: i (T) <0, T.k. <ni> >0, mupn T — 0 daykryamun
D;(nf) = <<n}f>> (1—|—<<n}f>>) MOTYT HeOI'paHNYEHHO Bo3pacTaTh, T.K. 3a-
CETIeHHOCTh OCHOBHOTO COCTOHHUA £9 = ( cTaHOBOTCI MAKDPOCKOIITYIECKOI:
Lni>~N, 1.e. Df(ng)~ (<<N>>)2 1 02 (ng) — 1, 9TO yKaseBaeT Ha Ha/II-
e GazoBoOro mepexoga — KOHIEHC Ao 0030HOB B OCHOBHOM cocTosHmI. Tak

kax mpu sToM e M) 5 1, 1o HeoGxOmMMO, TTOBEL yiKe: pi (T > T >0) =0.

b Tepmogmaammdeckas Teopusd QIYKTYaIllni

BepO}ITHOCTI/I OTHOEJIBbHBIX HEBBIPDOKIOCHHBIX DABHOBECHBIX KBAaHTOBBIX MI/IKpO—

COCTOSHIIL CUCTeMBI ¢ Heprueil E,,: w, = w(E,), (3.3), (4.42), (5.21) gaymo-

BuiHO Manbl. B BepostHOCTH AW (E) = W (E)dE paBHOBecHOr0 MAKpO-
cocrosang (3.20), (3.25), (4.19), (4.43) mpu E,, = E B uarepsaie (£, E+dE)
5T MAJTOCTH KOMICHCHPYIoTest TpoManabiM anciaoM A'(E) umn Q(E, dE) =
dE [AT(E)/AE(F)] taknx MAKPOCOCTOSHUA B MAKPOCKOIIITTCCKI MATOM

natepBate AE(E) (3.5), (3.42) nau dE (3.16)(3.18), mpeacTaBIAIOIINIX
570 MAKpococTostane. OTEIOHEHIe 5TOH BEPOSITHOCTH OT CBOETO MAKCIMAIh-

soro npu F = E paBHOBecHOro 3HadeHNI B HepaBHOBeCHOM MAKpoOcCOCTOS-
HUHU ¢ TOIf 7Ke nomwoit sHeprueit B( = Ey), mpm W(E) ~ W(E):
AT(E) e —_ AT(FE) AT™(E)
dE — dW(E E — —~dFE, (9.22
ag(E) ' o E) < wlB) Tp gy Arm) 4E 022
06y CTIOBTIeHO Pe3KIM W3MeHeHIeM ero cTaTIHcTiIeckoro peca’ (3.11)—(3.12),
(5.16) AI'™¢(E) = exp (5" /k) c »uTponueit S"° HepaBHOBCCHOTO COCTOSHILS:

AW (E) = w(E)

(3.27), (3.43)—(3.13), (5.23) nums Kax GopMaIbHOI HYHKIMET TOTHON YHEP-
run E B cvsicre [6] §112 mw (Puc. 9.1): S| = S(E) < S(E), rne E < E.
[Ma (Thrc. 9.1): S™|z = Sp¢ = Sn, £ = En, £ = En = En — ARy, S(E) = Snu(En).]
Ppu k=1, AS(E) = S(E) — S(E) < 0, orkaonerne (9.22) npumet Bu [8]:

1

XapaKTepu3yolero “crenedb pasmasanHocTn” (3.5) MAkpococTosiums mo MUKpococTOSTHISIM.
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dW (E) Weq(E)eAS(E)dE, KoTopEIil, Kak: dW(z) = A g, (9.23)

OymeT CIpaBeNJIUB I /4 000 TepMOINHAMITUECKON BeIMYMHBL I, Xapak-
Tepusylolell cimcTeMy B paBHoBecnmm. (OTBIIEKasch OT HEH3BECTHON HOPMII-
possn A = W(T), cormacso (3.28), (3.34), MOXKHO 3aMEHITH UHCIa COCTO-
aumii AT' B cmoax AE(E) n AE(E) ma nmx nonmsre uiicma I' (3.18), Tax
aro 25(F) = T7(E)/T'(E) okoHTaTeTbHO Bo3BpalllaeT HAc K “pPasMa3am-
HoMy” MU KpokamoHmIeckoMy amcam6m0 (3.3), (3.41) ¢ ero momTHBIM paBHO-
IpaBHeM PaBHOBECHBIX I “OTKIOHEHHBIX OT paBHoBecus MUKpococTOSHII
(3.12), (3.13) [8] m B cumy (9.4) BHOBb HEMOHCTPHIPYET €r0 YKBUBATICHTHOCTD
B PaBHOBeCHUN JOOOMY U3 PAaBHOBECHBIX aHcaMmbieil. Tak Kak B COCTOSHIIN
CTATHCTIYECKOTO paBHOBecHs mpu © = T miaeem W(T) = max{W(z)} m,
10 BTOPOMY HadaJIy TePMONMHAMUIKI, SHTPOIIIL TaKON 3aMKHYTON CHCTEMBI
MaKCIMaJIbHa, TO BOJII3M 5TOT0 MaKCUMyMa II0 IepeMeHHoil —oo < x < 00
COTJIACHO 3aKOHY BO3pacTaHUs >HTpoONNN nmpu ¥ = K> T.e. Lv — 1> = (:
o

S(x) = S(T) + AS = () — 5 (¢ —7)°, m T [dW (x) =1, tme (9.24)

0%

dW (z) = Aexp(AS)dx = Aexp {—§(x —7) }dx = W(z)dx, To: (9.25)

A= f W)~ W (7). D(r)=<(Ar)>> = <(z—7)5> :é (9.26)

eCTh Ta Jke IUCIEPCHUs paBHOBecHBIX pacupenenernuit (9.2), (9.8), xapakTe-

PHU3YIOIITIad paBHOBECHOE COCTOdHIIEC HE3aBIICIIMO OT cmocodba ee BLITII/ICJIGHI/I}IQ.

B cayuae ( mepeMeHHBIX g x; ¢+ Ax;, T.e. T; = 0 mpu ¢ = 1 + ( umeeMm:

—_

‘ ‘
S(x) =8 =3 X apgaay, W(x):AeAS:AeXP{—% Z@ikxixk}a (9.27)

(N}

1,k=1 1,k=1

bl

(QW)E/Q
A VJdet[a]’

L
roe CHMMETPHUYHYIO IIOJIOZKUTEIJIBHO OIIPEOc/ICHHYIO > AT KBAOIPATHUI-
1,k=

Y10 hopMy B (9.27) Beerma MoxHO mOBopoToM y; = (O); IPIBECTIL K IIAro-

PUSPN 1 1Y
a = 0Tao0, /dgy exp [— 5 > o?iiy?] H (9.28)
=1

HasmbHOMY BHIY (9.28), B KOTOPOM ee MeTePMIHAHT yiKe €CTh IPOM3BEICHIIC
ee COOCTBEHHBIX 3HAUCHUU (V; W He 3aBUCHAT OT 3TOI 3aMeHBI ITepeMeHHBIX,
T.%. det[O] = 1, a maTerpupopanme mo d'y < d‘x ocTaeTca pacmpocTpaHeHO

Ha BCe IIPOCTPAHCTBO (WMest B BUAY U OBICTPYIO CXOMUMOCTH TayCCOBBIX MHTETPAJIOB).

2Crporo 5To maer GIyKTyalmoOHHO-INCCHNATHBHAS TeopeMa (u3ndeckoil KnmeTnxn [1, 6]
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Temeps HeTPYOHO HANTH TPOM3BOIBHYIO CPEMHEKBAIPATIIHYIO KOPPeIs-
M0 TepeMeHHBIX 1; 2 3>, mojaarasd, ITo mo-pexkHeMy <Kv, > = 7; = (O:

W 1
LLitp> = /xlka(x) = —214—80% /dgx exp {—5 ;loznjx xj} —
O 1 OJlnA? 1 0 det[qd]
= A = =(a™), = i 2
Oagy A OJay  detl@] Jagy (™), = <ape>, (9:29)

(cp. (9.26)). 3mecs (&_1)ik - BIIeMeHTHI MaTPUITLI, OOPATHOM K (v, BRIPDAZKEH-
HbIe Yepe3 ee meTepMuHaHT det[d] I TpaHCIOHIPOBAHHYIO MaTPUILY alarebpa-
maecknx pononHeHnit 0 det[a]/Oag,. s moboit roagkoit yERINm ¢(x) mpn

Ap(z) = p(x) — p(0) = Z xlggj TOT[Ia MMeeM: (9.30)
Lilz=0
‘ 3¢ dp _ - (aey 99 Oy
<<(A99(5L‘)) <<Z]<;Z:1x xkax axk = 0>> B i,kzzzl (OZ )Zk ax axk = 0

C yaeToM CHMMETPHI «vj; = (v U B cuy (9.27) mnus Beamans Xj TepMoou-
HaMIUeCKI B3alMHBIX K ITePeMeHHBIM Tj B TOM CMBICTE, 9TO:
S ¢

J4
dS = — Z d:L‘k Xk, Te. Xp=—— — Z i, (931)
k=1 dxy, j=1

¢ ¢
HafimeM: <KXpoi> = ) g <Kujrs> = )y (07_1)ji =0, (9.32)

j=1 j=1

‘ ‘
LXiXp>» =) < Xi> = Y il = agy. (9.33)

J=1 J=1
Coracuo Pimmreiiay, B (9.23) BeposTrOcTs W o exp(ASy) 0TKI0OHeHIS
OT PaBHOBECUS 3aMKHYTOM, TEIJIOM30INPOBAHHON CIICTEeMBI OIIPeIeIIeTC s M3~
MeHeHIeM IpH QIyKTyamun ee TorHol >HTponnm: ASy = ASy+AS < 0, roe
craraemoe ASy 0TBeTaeT PABHOBECHOM TaCTHU CHCTEMBI KaK CPEIbI — TePMO-
craTa ¢ mapamerpamu 1y, Fy, Eg, Vo, a AS, E, V oTBedaoT mOTPYKEHHON B
5TY Cpemy paccCMaTpPUBAaeMONl MasIoH (GIyKTyUpYIOIIen MOACIcTeMe, OTIeTeH-
HOIl OT Hee TOHKUMIU MOMBUKHBIMI CTeHKaMH. V3MeHeHMe SHTPOIUN paB-
HOBECHOIT CPenbl OMpeNesseTcs KOIMTeCTBOM IePEeTaHHOTO IOICUCTEeMe Te-
mwia 0() = —0(Q)y upu paykryammax unx sHepruii AE = —AFE, u 06beMoB
AV = — AV, g noctosuubix Fy = Ey+ Fu Vip = Vo + V. U oag oByx
Pa3IMIHBIX TMyTell BUPTYATbHOTO Iepexoma M3 PaBHOBECHOro cocTosHus 1y,

Py momHOM cucTeMBl B HepaBHOoBecHoe cocTosHne “b” Ha (Pmc.9.1) nmeewm,
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dSt(En)
dEn

T.K. JoKamabHO: ASpH = —

1
0
0y AEy+ P AV, —AFE — PBAV

I y paBHOBECHOI cpembl: ASy = = = 7

Tq Tq Tq
— AR in AFE — T)A PyA
To: W x exp(ASy) = exp |— I; ] = exp |— 0 TS+ WAV :
0 0

roe AR, > 0 — MEHIMATbHAS TOTOKNTETbHAS PaboTa’, HeOOXOMMMas I
nonmydeHns obparuMbeiM myTeMm (Pmc.9.1) Tex xe m gaze He MaabIx HIyKTya-
it AE, AS, AV napamerpoB moncuctemser. Paznaras AE B pam mo BToOporo
MOPSIIKA TT0 MAJIBIM OTKJIOHEHUSM OT PABHOBECUS €€ He3aBHCHMBIX TepeMeH-
HBEIX AS, AV, HafimeMm:

AE(S,V):dE+%d2Esz+ld(dE): (mpm dS = AS u dV = AV)
0E 0E 0E 0E

=|==] A — ] A ASd + AV d
(as)v S+(av) b 2[ ° (as) Va5 ]:

= THAS — B AV + — [ASAT AV AP], rzme, B6II31 PaBHOBECHSE:

oF oF oF oF
(%)V—Tm (W)S—‘PO’ d(%) = AT d(av) = —Ah

I, BepHYB mocTosHHYIO Pombumana k, mpumem (mpu Ty — 77) x 6a30Boil
dhopMyIe OId BEIUHUCIeHNS PAYKTyaonll TepMOOMHAMIYIECKIX BeJIMYNH:

AR in ATAS — APAV
kT 2KT

C ManI/IIIefl YCTOfITII/IBOCTI/I B IIOKasaTee dKcIoHeHTH. OHa pa60TaeT IIpoCTO.

Wocexp(Alf ):exp —

. (9.34)

= exp |—

Pampumep, mas Berancierns GaykTyanmii TeMmepaTypsl I m oobema V
MOOCTABUM B Hee Pa3I0KeHNS OCTATIBHBIX BeJIMYNH 0 X TPUPAIIeHNIM:

0S 0S Cy oP
38 = 7), AT+ (g7 ), AV = 8T+ (57, A%
oP oP
AP = (8—T)V AT + (W) AV, u, no onpenenenmo, <KI™>=T1T.
P W (AT 4 (a—P) (AV)?] (9.35)
OJLY UM ¢ exp 2kT2 5T \ov ), : :

Cpasrerne ¢ (9.26), (9.29) ¢ yaerom (9.4), (9.13) HeMemIeHHO TaeT, ITO:

3I[OHOJ'[HI/ITGJ'H:HOFO BIPTYaJbHOT'O TeIlJION30JUPOBAHHOTO BHEIIHEI'O NCTOYHUKa pa6OTbI.
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2
L(AT)>> = Zi, L(AV)E> = —kT (8\/) =kTV Ky, (9.36)
14
AT >
KAVAT> =0, oy(T \/ ’/Cv ~ oy F \/—_ (9.37)
<(AV)2> WTAT ATV 1
= = — N)+— .
(V) = ¢ V2 % op ), =N o 939

~ IUIs upeasbHoro rasa ¢ ypasuenusmu cocrosuus: PV = NET, Cy ~ kN, S =Cp—Nu/T.
Amnamorwaro s Buraucienus GIyKTAIN SYHTPONUN S B mape ¢ PIyKTyarnnen qaBiIeHns
P moncrasum B (9.34) pasnoxenne mo HUM Bapualnil OCTATLHBIX BETIIIH:

or or T oV or oV
“—(%)P“*(a—za) aF= c—p“+(as) ol (a?)s—(%)P

oV oV oV )
AV = (%)PAS + (a—P)SAP, u, T.K. (a—P)S = —V[XS,

(AS)?  VKs :
2%kCp  2kT

Cpasnenme ¢ (9.26), (9.29) ¢ yuerom (9.4), (9.13) reneps maer, gTo:

nomyumv: W o exp [— AP)Q] .

P kT
<(AS)> =kCp, <(AP)*> =—kT (6 ) Ve <ASAP> =0, (9.39)

AS =
4
\/CP (9.40)
AP > kT dln P 1
\/ “\rv PAS J (alnv)s YN (9.41)

S n (E ll)

]
a

AR _. >0

min

EH:ET[_ARI])in J?:u E"
Puc. 9.1. Munumanshas pabota AR,,;, > 0 npu obpaTumom yxose B cocTosHue b, rae nonHas
3HTponusa ocTaeTca pasvoit S[° = St = Su(En — ARuyin), W GAYKTYauns nosHoi aHTponuu

SHlE, — Sn(En) = ASh < 0 nepes HeobpaTUMbIM BO3BPaTOM Ha Kpusylo pasHosecus St ().
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([3] §X.10, [4] §20-22, [5] §71-73, [6] §6.7.8,20,110-112, [7] §1.4, [8] §1.3, [56])
Samaun
15.1. O6BsicauTh pesynapTaTsl (9.37), mcnmonssys E(T) = CyT, N(V) =nV.
15.2. Poxasars, aTo (oTHOCHTEIbHBIE) QIyKTyannn mwioTHocTH 3 (9.13)
TtemmepaTypsl (9.37) cBsasamsr coorromernaMu ([24] N 153-162).

L@m> By KAT)E> | LA (Cp - Cv) (0.42)
[ VN X Cya3T? )’ '
1 (OV
ap = V (8—T)p ,  — KoapPumueHT 06beMHOTO PaCIITPEHNU.

15.3. Ucmomszyst (9.30), HaTH GIyKTYAINIO QIICKTPITICCKON TPOHMIIACMO-
cTH, Kak GyHKIIN TeMaepaTypel 1 n mnotHocTn Tk € = €(m, 1) ([57], §2.1).
15.4. PomxyanTs obobienme 6a308oil popmymer (9.34) mmsa dmykryamuit N, u:

— ATAS — APAV + ANA
W = Aexp oET i a8 (9.43)

15.5. Hmst 3amkayToll cuctemer N crnuuoB 1/2 m3 Ppmmepa 1, (3.31)-(3.32),

HaIlTH BePOATHOCTD OTACILHOI0 HeBEIPOK eHHOro MUAKpococToIHAS w,,. P ali-
TH CTATHCTUYeCKUil Bec )y (m) HepaBHOBECHOTO, B OTCYTCTBHE BHEITHETO
nomd, MAKpococTosHI ¢ N, cImHaMI BHOIh I N_ CIIMHAMI IPOTHUB OCH 2,
C TIOJIHBIM MarHOTHBIM MoMeHTOM M = mup. Poka3aTs 94TO BepogaTHOCTH
TaKOro HepaBHOBeCHOr0 MAKpococTosHIs (duykryaymun) upu m < N cTpe-
METCS K TayccoBy pacupeneneHmio (9.25) (cp. ¢ 3am. 20.5.) ([21] §6):

— Qn(m Ny NI 1 m2
Warlm) = F(N - (5) NN \2gn P (_ ﬁ) - 049
| = :ﬁ_N Wiy (m) = éo Wy (2N, — N) = (% + %) C(Am=2). (9.45)

15.6. Mcmompsys meTom mepeBasa IpH OOpaIleHHN CTaTHCTIYICCKOrO MHTe-
I'pajla, BELSCHITE, KaK IIOTHOCTH PABHOBECHOTO pacupenenenus YW (x) Tep-
MOIMHAMIYCCKOII BeJIMYIHEL & cOorfTacoBaHa IpH N — 0O ¢ FayCCOBBIM Pac-
mpenencHueM ee payrTyanuit W(x) B cmeicre (9.26) ([7] §1.4) (cp. (9.44)):
e e —1/2 —1/2
We(z) ~ W(E) = (2r<(e — 7)2>) " = (2r<(An)>>) 72
N

15.7. VMAKpOBeJIMqMHbI E = Z €j Kax CyMMBI MmUkpoBenmunn & j CO CpemHUMH OJIs
Jj=1

JHEL LG = LS = (e3)7, 1 L8> = B>, (9.46)

meen: KE> = N>, K(AE)2> = N&(As)2>, oy(E) =



Jlekiiua 10

N neasibHBIN KBAHTOBBII r'a3s

108
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1  Cpa3b maBicHUS ¢ BHYTPCHHEH SHEPruUel rasa
Cormacuo (8.57), (8.46) mns mmeaaTpHOrO KBAHTOBOTO Ta3a:

KN>=>"<nyler)>, KE>=) e <nyler)>, P,V=ETY In Qgﬁ). (10.1)
f f f

CyMMy 110 HeBBIPOZK IeHHBIM MUCKPETHBIM YPOBHAM f 37eCh MOKHO 3aMEHUTH
CYMMOI 0 PA3IIMIHEIM £; ¢ KDATHOCTBIO BEIPOKIEHIS (&), a B KBA3HKIAC-
CITIeCKOM IPHOTIIKEHNIN — THTerpatoM {7} Mo SHeprun £ = ¢ ¢ MWIOTHOCTHIO
TICTa COCTOSHUN Ha eIUHITHOM HHTepBaste sHeprui (7.4) npu {f} — {p,o}:

PxL 2y (e, V)= deD(e, V), (e, V)= [dED(E V), 2(0,V)=0, (10.2)
0

hd
o 2
Y=2 0l g [P == D V)= Ay (103)
7 £f 7} 3/2 D3/2
<<N>> & d€A3/2 6/
7 2y = [ deD(E V) Lny(e)> == . (10.4
Vo / ) <ny(e) Dy V/exp [B(e = )] —n (104)

& d€ A3/2 63/2
<E>=U,= / deD(e, V) e nyle)> = (10.5)
0

5 | exp Bz — ] =

Ananormano nas masmerns, 3 (10.1), (8.46) mas mnoTHOCTH cekTpa (10.3):

1 (o.¢]
PV = Eo/ng(g,V)an(")( /dgAg/Qg/ InQ"(e), rme  (10.6)

D3/2

-1 2m

3/2
Q' =@ = (1= wesp -5 — ) © Ay =g2nv (25) 107
Nurerpuposanue (10.6) mo gactam (10.2), (10.7) u cpaBrenne c (10.5) maer,

Oln QW () dln QW (¢)

T.K. ¢ yaeToM (9.17): B = - o = —f<ny(e)>, (10.8)
- de A3/2 £ 3/2
ato: P,V = [devy(e, V) ny(e)> = : 10.9
/ N ey e
2U, 2 o2
T.e.: PV=_ 3 U wim P, = S §<<u(T)>> (HpI/I e ~ Py 3 ) (10.10)

Cas3p Bunma (10.10) maBmeHNS ¢ IIOTHOCTHIO BEYTpeHHel sHeprun < u(1)>
IMeeT MeCTO I A7 APYTHX Pa3ImIHBIX MIeaTbHBIX KBAHTOBBIX ra3oB (11.26),
(13.54), a mmas rub6COBCKOTO Ta3a — I IPU HAIWINE B3anMomneiicTus (15.65).
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2 Hapamerpudeckas 3ammch ypaBHCHHISA COCTOSHIUS

BBoms GespasMepHBIe HepeMeHHYI0 & = J¢ u mapameTp 2 = e, mpencrasumM
ypasrerne P = P, (T,7,) npu A(T) = h/(2rmkT)"? B mapameTrpmeckom
BIIE KaK IZIOTHOCTH ﬁn(T 1) (10.4) u masrenune P (T, p) (10.9):

drx x'/? Js <KN>
(T = P —F.(10.11
Tl ) = \/_ /eXP )—nz  ANT) “Bsy2l7) G g )

n vV
gs / dx 232 B
AT ) 3\/_ exp(x) — nz A3(T)

Pasmenms (10.12) ma (10.11) maitmem I[pyrofl ero Buz u ¢ yaetom (10.15):

P, (T, p) = KT 2®s5/9(n2). (10.12)

PT. ) =T, M)kT{%} =m, kT{z%ln (- @5/2(772))}_ . (10.13)

C yuaerom 3HaueHmit pyakunu Pinepa I'(s) n pyuxmmn Puvana ((s), byHrmms
d,(y = nz) ompemenerna mst s >0 m —oo <y <1 mam s >1 umy <1 maTe-
TPATBHBIM TPENCTABIeHTEM U PIIOM [naommmvn Bee pasenctsa us (10.14)-(10.17)],
e oHa MOTOKUTeNbHA I MOHOTOHHO BozpacTaeT: ®g(y) = (1 —y)~ L,

1 7 deat! Y <y
D, (y) = =&, (—y) + () = 3 ———, (10.14

y) O, (y)>0, ®.(y)>0.(10.15)

s—1

) l;))5( x), TO: (10.16)

3y 0 0)= s, )=

Tk Vs>0: &(1) =((s), ¢,0)=1, =

1> ®,(~1) = (1 29)((s) > % — By(—1) = —((0), By(—oc) = 0. (10.17)
5) = 7}8—1@—%, T(s+1) = sT(s), T (;) _ g T(l)=1. (10.18)

3 5
(1) = o, g(§) ~ 2,61, ((2) =72/6~ 1,645, g(§) ~ 1,34, (10.19)
C(3) = 1,202, ((4)=n"/90~1,082, ((5)~1,037, ((occ)=1.
@S(y) ABISETCS AaHAINTUYIeCKON GYHKIINEN y, PEryISIPHON B IIJIOCKOCTI C pas-

pe3oMm mpu y > 1, BemtecTtBenHOn Tipum y < 1. PepecTamoBka mHTerpama m
CYMMEBI 3aKOHHA, €CJIN PII MO0 Y oI MHTerPaJIoM CXOOUTCS PaBHOMEPHO, T.e.

1
et —y

=Y (ye )Y, y=nz mpm 0< 2o =M <1 (10.20)
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unn pu < &, npu § = 1/kT, aTo mas nponsBomnbHBIX & > () o3Hauaer: p < 0,
T.e. 0 < 2z = e < 1. Cryuait ¢ = 0 moTpeGyeT OTIENTBHOTO N3y ICHN.

3 HompumamoBcKn# mpenenl ypaBHCHISA COCTOSHIUS
KBAHTOBOTO Ta3a

PompumvanoBcknit (kmaccmaeckuit) npegen P = kT nas ypasrerus (10.13)
pean3yeTcs, ecIn OTHOIIeHIe B CKOOKe {—} — 1. 13 (10.14), (10.16) merxo
BIIETh, 4TO 3T0 mMeeT MecTo mpnm 0 < z < 1, Korga MoXKHO IpeHeOpedb
BCEMTI TITeHaMT paAma, Kpome mepsoro: @ (0) = 1. Bemmumra z = e’ wama,
O9eBIIHO, TOIBKO B CIIy9asX, KOTma Ipomssenernne Ju < 0 m Beamko mo abco-
TIOTHOI BeImdanHe. X TakoMy YCIOBHUIO MBI yiKe IpIXOMIUIH. I7f oIy IeHns
pacmpenenerus M-P (8.53) u3 pacupenenernit IFIT u ®-I1 (8.51) meobxo-
IIMO T MOCTATOUHO, ITO6BI ¢~ 7# >> 1, T.e. ;1 — —00. SalmIIeM BX Teleph B
IpubIImKeHIN HenipepbiBHOTO ciekTpa (10.3) ¢ mpomssorsroit D(e, V'), BBoms
MOJTHOe CpeqHee TIciIo IacTHI B MHTepBase sHeprui (¢, ¢ +de) ¢ np = £1,0:

o~

dNn(&?,T) = <<n77(€)>> D(&?, V) de = fn(&?)d&?, € IJIOTHOCTBHIO (10.21)

- N, (2, T) D(e, V)
pacupenereHns: '7:77(8) = de - exp [ﬁ(&? — ,U)] -7

(cp. (11.55)). Torma B 6OMBIMAHOBCKOM TIpefese e~ 7# > 1 momydmmM, ecTe-

=VF)(e), (10.22)

cTBeHHO, pacupernencHne Makcpenma — Poasmvana Buna (6.29), (6.33), Taxxe
COOTBETCTBYIOIIICE 31eCh HhopMaTbHOMY mepexony B (8.53) x n = 0, Ho, B oT-
muane o7 (6.28), HOpMUPOBaHHOE YKe Ha IMOTHOE TIHCI0 TACTIHIL:

N % <<N77(T)>>7 ]?77:0(5) = fMB(g) = D(&?, V) exp [—ﬁ(g - :u)] ) (1023)
KNY(T)> = [ Fyle)de = [ e D, V)de = 7 Z(T V), (10.24)
0 B 0

N nV

(ep. (11.57), (11.58)) orkyma: fp =Inz =In (7) , u=kTIn ( 7 ) .(10.25)
1 1

Pasmenms (10.23) ma (10.24), momyanm BeposTHOCTHOE pacupenererne (6.29),
rre, B oramane oT (10.22), XUMIOTEHIIAT [i YiKe MOTHOCTBIO HCIe3aeT

fMB(g) deB(&?) ~ 6_66
= O: = = =
I 1) <<N0(T)>> e fT(&?) 7

Oma Dyje(e,V) Buma (10.3) B 0TCyTCTBIe BHENTHETO IIOJIA BHOBB IIPHIEM K

D(=, V). (10.26)

pacmpenenernio Makcsenma (6.27), (6.29) mo KMHeTHTIECKIM SHEPTIAM:

2 ~ 2/ cexpd—e/(kT 2 (0 3/2 e
a:gp?/z;)—m, frie) == ‘/g\/;é;;é/(? )}:ﬁ( EE) e~ (10.27)
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OmpemennM 3aBUCIMOCTD 2 = et = (m.T), o enmonarasg, aro B (10.14) nag
p 9 9 p 9

(10.11) <zl (KBELHTOBBIG CHCTEMBI HUZKE MOT'YT Pa3pbiBaTh 3TV CBs3b {7})

N — 7 = I gs = nz
V=0 (T, 1) = Mo(T, p) Ps0(nz) N (T) (1 + W) . (10.28)
Or6pacesas criepsa B (10.28) m caraemoe O(2%), momyamu (cp. (7.18)), aTo:
N gs % - n 2 Npj3/2
—=n=n(T.p) = ~6mT)=—N(T)=— . (10.29
vV n nO( ) M) A3 (T) — (n7 ) n ( ) ﬁ A3/2 ( )

Takum 06pazoM, ManIoCTh z 00YCIIOBIEHA TMEHHO MAIOCTHIO TapaMeTPa BbI-
poxmerns 0(7,T) < 1, o3HATAOMIEN MY IOTHOCTH TACTHI U/ TTH BHI-
COKYI0 TeMIepaTypy rasza. Pepsoe xe Beipaxenne (10.29) sBrusercs TOTHBEIM
n7Is GOMBIMAHOBCKOTO Taza B cormacuu ¢ (10.25) mpu Z; = Zi" = ¢,V/A3(T)
(cp. ¢ (6.40) u ¢ (6.44), (6.45)), OTKyHma:

p=kTlhz: = kTlndé(n,T)=kTIn

ﬁA3(T)] — —c0,  (10.30)
s 6—0

nis kotoporo Torma u B (10.11)-(10.13), (10.28) moxuo mpuuats n = 0.
Urak, B 6ompiManoBckoM mpubmmxkernn §(7, T) < 1, a caM XUMIIeCKHit
MO TEHIIA IPIHIMAaeT OOJIbINNe 0OTPUIIATEIbHBIC 3SHAUCHI: (| — — OO,
Pusiine nonpasku Ha KBAHTOBYIO CTATHCTHUKY K 0OIBIMAHOBCKOMY YPaB-
HCHITIO COCTOSHIS 3aaf0TCs JIMHCHBIMN 1T0 1)z WieHaMn, Ho He B (10.12), a
nmeHHo {!!} B (10.13), rme 3aTem 2 Gepercs B npubnuxennn (10.29), 1, <> m:

1452/25% 4+ o(2)
P(T = n kT n, kT
(T 1) o {1 +1z2/23/2 4 0(2) {:”}> "

,HJI}I nmiaeajJIbHBIX 6036—7 q)epMI/I— u MaKCBeJIJI—6OJIBHMaHOBCKOI‘O T'a30B HafII[eM:

_ _ no(my, T) PP
Pn(T,nn>{=”}>nnkT[1—25++0(5> Cp=EL0 =

T.e. sTa xBamTOBaAL I[O6aBKa K DaBJICHUWIO OKa3bIBacTCd ITOJIOZKUWTEJIbBHa IJIA

1— L o)

~ 5572 + 0 .(10.31)

MP (10.32)

GbepPMIIOHOB B COOTBETCTBUU € UX B3aHMHBIM OTTAJIKUBAHIEM II0 IPUHITHILY
P aynu n oTpunarenbHa OIg TATOTEONINX K CINIAHIIO 6030HOB. P puMeneHme
xe (10.12): Py(T, ) = mo(T, pp) kT ®59(nz) mpusemno GBI 3mech K IPOTHBOIO-
ToKHBIM — omrnbouneM BeiBonaMm! T.e. mpu n # 0: 7, <= 7 # Wy, {!!}.

Kimaccmueckomy npeneny h — 0 B cumy (10.29) orBewaer 6 = 0, u
autrbk dopMaabHo 1 = 0; B mocnenueM cinydae P = Py = Py = nkT. Kax
PSIL IO CTeIeHs M IIoTHOCTH, (10.32) aHATOTHIeH BUPUIATHHOMY Pa3/I0KeHITIO
IJIsL KJTaCCHIecKoro HemmeaabHoro Tasa (15.45), paccMoTpeHHOMY HITKe.
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PompaBkn Ha KBAHTOBYIO CTATUCTHIKY CTAHOBATCS CYIIECTBEHHBIMII C PO-
CTOM TapaMeTpa BEIDOKICHUS yxe mpu 0 > 1, (0 ~ 5). Ppm g, ~ 1 sToT
apaMeTp HMPENCTaBILeT, 0 CYTH, Noao KBaHToBoro oobema NA3(T) Beex
&KN> = N wgactun B nomHoM obbenme V raza: 0 = A3(T) /v, rme v = V/N.
Tak Kak cpemHee MeKYaCTHUHOE paccTogmme T ~ T/ 1o § ~ (A/F)? mo-
KasbIBaeT, KaK BelKa II0 CPABHEHHIO ¢ HIM KBAHTOBasf HEOIPEdeIeHHOCTh
A(T) xoopomHATEL TacTUIH ¢ >Hepruell mopsanka k7. KsaHTOBEIC 5ddeRTH
BEIPOKIEHIS Ta3a HEOOXOMNMO YUNTHIBATH, KOTOa BOIHOBHIC (DYHKIIIN tTa-
CTHUIL MOTYT HepeKpeBaThesd, T.e. T ~ A(T) m § ~ 1. Eciu xe oHO Bemmko,
7> AT), To: § ~ (A/T)® < 1, u cupaBemyIUBO GOTBIMAHOBCKOE TIPHUGIII-
KeHime., PesoMupys, MOXKHO CKa3aTh, 9TO OOIBIIMAHOBCKHII T'a3 — 3TO ras
TAKEIBIX YaCTUI[ ¢ HI3KOI IJIOTHOCTBIO I GOJBIINM CIIITHOM, HAPETHI 10
BEICOKIX TeMmepatyp. Pepexon (10.22) — (10.26) BckpBIBaeT ompemeIeHHbLI
“KBAHTOBBII CMBICI XIMIYECKOTO IIOTEHIINAIIA (i, C KOTOPBIM CBA3aHO TaKKe

4 Broipoxpenue 603e — ra3a MacCUBHBIX TaCTHI] I
KorncHCcanna Hoze — Hianmrenna opu 1" — 0

3yqeHne TepMOOUHAMIYECKIIX CBOICTB CIVIBHO BBIPOZKICHHOIO IICATIbHOIO
6o3e - Taza HaUHEM C yCa0BHA BeIpoxkaerns d(m,T) > 1, KoTopoe, COTIacHO
(10.29), moxHO mpencraBuTh, kak 1T’ < T(m). Yrouanm sty Tp(T), 3aduk-

CHPOBAB IIOTHOCTH T 1 moHmKas Temueparypy 1 B (10.11) (n = +1) xax

- i i n2 2 3\ (Tz(m) 3/2
dmT)=—A(T)=—|-—=]| = (—) =20 10.33
rme Gespasmepras z ®g/9(2) < Py/9(1) B cmmy (10.15), (10.16), cymecTyeT
KaK BellleCTBeHHas I OMHO3HAUHAs (PYHKINS TOIBKO mpu z < 1, mpuHUMas B
z=1mt.e. p=0. cBoe MakcuMaIbHOE BelriecTBeHHOe 3HaUeHMe (10.34) ((3/2)

(10.19). Ypasrerne xe (10.33) paspemmmvo Torma s npu T > Ti(n). Co-

kpaTus B HeM Ha T%/? mnn monoxus T = Ty upu 2 = 1, n71s PUKCHPOBAH-
HOTO 1oHOro dncaa dactug N = <N> (10.1) u 7 = N/V mafimem:

3 _ T T h? 3/2
Byu(1) = ¢ (5) = 3(m.To) = 0%(Ti) = (m) L (10.34)

h2

~ 2mm [gscg/mr/g g

T KTy = KTy () ( yWNSETE] ﬁ)m. (

10.35)
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B To ke Bpems m3 pacmpenenenns Poze — PiiamTeiina BumHo, ITO cpemHss
3aceIeHHOCTh OCHOBHOTO YPOBHSA TaCTHUIl NAeaTIbHOTO0 003e - Taza, c £ = ¢¢ = (:

1 1\
<ny(0)> = <> = (— - 1) = (10.36)

exp(—p0p) — 1 =z 1 -2’
npn z — 1 cTaHOBUTCS: <<n6“>> ~ KN> = N — 00 1 MAKDPOCKOIIIIECKN
Benuka. U obpatso (cM. Texer mocie (9.21)), Tak xax mpu sTom, m3 (10.36):

1 1 1
= —}TIn-=—kTn (1 + f) ~ kT ——— — —0,
z Lng > Lng >

TO, IpI <<n6“>> — N>, XuMHIUIecKnili TOTEHINAT CTAaHOBUTCI MAKpO-
CKOTIIYIECKN MAaJION BETMYINHON, MCUe3aloliell B TePMOITHAMIIECKOM TpemeIe
KN> = N — oo. T.e. 6ynyunm orpumatenbHbiM p < (0 B cmay ycaoBus
<Lng>> > 0, XuMIYecKnil HOTeHINAT CICTeMbI HOMKeH CTPeMATLC K HyJTo:
2—=1—-0, pu=kInz— —0nopuT - Tp+0,upu=0,mpul <T < T;.
YBeanunHme MIOTHOCTH N TPU PUKCUPOBAHHON TeMriepaType T’ BbIsIBIIsieT >TOT (pa3oBbIil
nepexor Kak Hammume KpuTndeckoit miornoetn w.(T)A*(T)/gs = §(m., T) = ((3/2) Taxoi,
uro smauenus i > (1) = g;((3/2)/A*(T) yxe mecomecTumel ¢ ypasrenumem (10.33).
OrparmaerrocTs onncarns ypasHeHmamn (10.4) = (10.11) = (10.33) o6s-
3aHa MCUE3HOBEHUIO TIpU ¢ — () KBa3HKIACCHICCKON IIOTHOCTH COCTOSHIIT
(10.3): Dyja(e, V) ~ e/? 5 0. Tak 9TO B KBa3UKIACCITECKOM IPUOIIKEHI
TS KBA3WHETIPEPBIBHOTO YHEPTeTHUECKOTO CIEKTPa BKJIIAM OCHOBHOIO OIHO-
vacTuuHoro cocrosuusg ¢ f = 0, ¢g = 0 oxazancs BLIOPOIIIEH U3 CYMM IIO
cuexTpy (10.1)— (10.3). Po m3 (9.19), (9.21), (10.36) BumnO, uTO DHIYKTYya-
I YUCIa YaCTHUIL B 9TOM OCHOBHOM cocTosuHun npu 1° — (0 HeorpaHUIeHHO
BO3PACTAIOT, TOCKOIBKY Korma mpu I — () Bcs cucTeMa CTPEMUTCS TepeiTh B
cBOe OCHOBHOe cocTosgHIIe ¢ moirHon F/ = (), cpemHs 3aceIeHHOCTh n}fzo (10.36)
ocHoBHOTO ypoBHA ¢ f = 0, ¢g = 0 mmeaspHOTO 0603€ - Taza HEOTPAHUTICHHO
BO3pacTaeT, T.K. YNCI0 O030HOB B OMHOM COCTOSHUN HUUEM He OTPAHUICHO.
T.e. mpu T < Tp BKIamI 5TOT0 OMHOTYACTUIHOTO YPOBHSI B TEPMOAMHAMUKY
Bcelt cucreMsbl (10.1) — (10.3) — (10.4) cTaHOBUTCS OLpemeIIIONIIM.
UcmpasrieHne ee OMMCAHUS COCTONT B TOM, ITOOBL, BepHYBIINCH 0T (10.4),
(10.28) x Tounoit cymme B (10.1), (10.3), gBHO ydUecTs B Hell 5TOT BEIaX
ocHOBHOIO ypoBHA ¢ f = 0, m cuntats, uro npu I' < Tp: n =0, 2 =1, a
ypasuerms (10.4) =(10.11) =(10.33), xax = (10.5), (10.9), (10.12), 3amator
BKJIANIBI TOJIBKO BO30YKICHHBIX cocTosHUil ¢ ¢ > (. Tax uTo mpu ¢ukcupo-
BaHHOM MOJIHOM 4qucie dactun <N> = N = nV cpemHee 4mcio TacTHIl
KN (T)>» tuma (10.21) — (10.24), 50 ¢ sHeprueti £ > 0 mpu T’ < T pasHo:
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7 D3pa(e, V)de _ Vgs®s5(1)
KNL(T)>>»=N—-<ni> = =
- 0 0/ efe — 1 A3(T)
Poncrasmas ciona Bepazxerns o A*(T) m @55(1) w3 (10.34)mommyamm cpexn-

=V7,(T). (10.37)

Hee Tmcao Bo3byxEmeHHBIX dacTuil <K Ns(T)> (10.37) u cpenHO©0O 3aceeH-
HOCTH 0cHOBHOTO cocTosHUs (10.36) mpu T < Ty xax paspuis casu {7}

KNS (T)> =7V (AA((TTB)))g =N (%)3/2 = gAg/Qg @) (KT)**, (10.38)

T 3/2
<nt> =N — <No(T)> =N |1 - (T—) ] LN (10.39)

BIenme IIepexona MAKpOCKOHquCKOfI JOJIN 9IICJIa HaCTHI 003e-Ta3a B OCHOB-

HOE COCTOSHIe Ha3BaHO KoHAecHcalumell Pose-PiiHimTeiiHa, a cOOTBETCTBYIO-
mas TemmepaTypa mepexoma I = T (10.35), paBHasS KOpHIO ypaBHEHI
z(m,Tg) = 1, u(n,Tp) = 0, mpu KOTOPOIl KOHICHCAT BO3HUKaeT/mCIe3aeT
kKak <N~ (T5)> = N, u ects Temueparypa 603e-kKormeHcannn. I10710KnB B
(10.10) — (10.13) z +— 1 momy<muM BeIpaxkeHIs ¢ KN > — <N (T)> (10.37),

(10.38) mms BHyTpeHHEI BHepI‘I/II/I n maBaeHus 6o3e-raza npu 1 < T'y:

<KN> kT{ izj 28 } =3 2U=pv = <N (T)> kT{ ggg; } (10.40)

00y CIIOBIeHHBIX TOJBKO TacTUIIAMI B COCTOSHUAX ¢ £ > (); mreaTbHBII 603e-

ras KOHICHCHPYeTCS JIHIIb B IMITY/IbCHOM HpOCTpaHCTBel Pomncrasus (10.38)
B (10.40), m T.x. F 20 ] = — PV paewer (4.41) = (5 36), TO aHATIOTUTHO
HACBIIICHHOMY Iapy I W3JIydeHHII0, HalleM, 9TO HaBJleHNe, a TaKke 00b-
eMHEIe IUIOTHOCTH BHYTPeHHeIl SHepIUN, SHTPOINN I TeIJIOeMKOCTH BEIPO-
KICeHHOTO 603e-Taza, kKak u ero N~ (1) = m.(T'), He 3aBUCAT OT €ro MOJIHOM
KOHIICHTPAINI T (0T ero 0o6beMa), HO TOTBKO OT ero TemmepaTypsl 1 [14]:
2U, o C(5)2) (TN 2rm\*?
3y ity ) =TT ((3/2) (T—B) = SC( )( h? ) (W), (10.41)
S, (8]3) . DP.(T) 85) . 3 15P (T)V
o) =2 == =
V or),r<ip2 T 0T )y T<1s 2 4 T

T.e., B oramume oT m3nydeHns u (GoHoHoB {7}, MOJHAS KOHIEHTDAIIS —

L Cy.=T ( - (10.42)

MIOTHOCTD ancia dactutt 7 = N/V 1 mys BEIpoKIeHHOTO 603e-Ta3a 0cTaeTcs
He3aBIICHMOII TePMONMHAMIIECKON TTepeMeHHo, a moBenerne npu 1 — 0:

1TaKy10 ccTeMy MOXKHO IpencTaBUTh, KaK CMeCh KOHOeHCaTa I HOPMaJIbLHOTO ra3a C & > 0.
Yucno HJacCTul B HOpMaJ’[bHOﬁ q)a3e He COXpaHndAeTCda: OHU MOT'YT YyXOOUTL B KOHIeHCaT, I'Ie nucyesaeT
X BKJald B OaBJ/IeHIe I BHYTPEHHIOIO 5HEPIrinio, I IIPpNXOOUTL U3 Hero. B Taxoii cucreme o= 0.
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U~ P, ~T2 S, ~Cpy~ KNS(T)> ~ T2 50 (10.43)
coriacoBaHo ¢ 3axkoHoM Peprcra. Torma xax {@5/2(2)/<I>3/2(z)} - 1, u upn
P
T > Tg(n), 2 < 1 cHOBa IPUXOONM K KTACCHTICCKIM BEIpakeHIsaM (6.45):

2mm\ 32

/
- ) (kT)>? = kT, <N<(T)>— N.

B6mmsn Toukn xormercammm opu T > T, » < 1 XUMIOTeHIIAI oIpeme-
ngeTcs pasEocThio ypasHenmil (10.34) m (10.33): ®5/5(1) — 2®3/5(2), paBHoit

-G -l

et —1 erPfr_1
KOoTOopas, OQHAKO, He Pa3daraeTcs II0 MeJIBIM CTedeHaM /i, I 2 — 1, T.K., co-

3
U=SNIT, P(T,p) = et (

—

riaacuo (10.15), (10.14), ee npomssonmas —®, /y(2) Be cymecTByeT mpn 2 = 1.
P ockombKy BOMI3M TOUKH Tepexona XUMIOTEHINAT |(| 09eHb Masl, OCHOBHOL
BKJIal B 3TOT I/IHTeI‘paJI nmeT u3 00JIaCTH MaJBIX X, TOe B 000IX C/IaraeMBIX
o maTerpator: %) —1 ~ ¢(z). OTkymampn p < 0 Tak Kak Bech MHTeTpas
0CTaeTCS CXOMATIIMCA, ToTaras ¥ = 3| u|t?, maeenr:

2

= 2/ /3| ul. L [1_(T_B)3/2]'

Qﬁlul/

L/2( x—i—ﬁ|u|) kT 4 T

Orciona ¢ ygerom (10.11), (10.12), (5.33)-(5.36) MoxHO HaliTH HOBemeHIe NPYTUX TEPMOMIN-
Hamudecknx Benmann. s TemmoemkocTn ¢ yaerom (6.42), (10.35) naiimem (cp. (10.42)):

(as) (as) (ON/OT),, , 5PV 9N? ( oy )
Cy=T+] =T|{+=] — 5ot - hdat
T )y x aT )., (ON/Ou)y , ON )y r

Dy 4T 4T
Ecau pu(T) = 0 (cMm. HIKe GOTOHEL, HOHOHEI), TO T'a3 BEIPOXKICH IIPI TIOGOIH
TeMIepaType, I popmaibHble T = 00, Kni>> = KN>> = N = oo TepaioT
cmerct. Omuako dopmymsr (10.38)(10.43) ¢ koreTHBIM NT§3/2: A B (10.38)
IafoT TePMOANHAMIKY IIeaTbHOTO Ta3a MarHOHOB co crekTpoM (10.3) B dep-

(10.44)

’ TNTB

poMarHeTHnke (IepeBOPOT CIMHA — BCETZA TeJioe Tmciio) I 3akoH Prmoxa [49]
mns mamaramaerroct: M (0) — M(T) = gup<< N (T)>> = gugAT??.
Koumercanns mmeaabHOro 603e-rasza IPOSBIALCTCI B CBEPXTEKYIeCTI K-
xoro remms He'. JInms BKIIOUeHIe IPUTAKCHI MY JACTHIIIAMI IIPIBO-
OUT K HaOII0DaeMOCTH 603e-KOHICHCAIINN B KOOPIMHATHOM IPOCTPAHCTBE.
([5] §34.35,37,38,63, [6] §40,53-56,62, [7], [10], [13], [24] N107, [33], [36], [49])
Samaun
16.1. Pomyunts (10.44) nna Cy. Paittu npu T = T £ 0 moBemeHme mpoms-
BOOHBIX CZKIMAEeMOCTI I TEeINIOEMKOCTI I XapakTep (ha30Boro mepexoma. Kax
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OH MEHSCTCS P BKIIOUCHNN BHEITHero mois Tszkeetn (7.7) ([6] §62, [13])7?

16.2. Ilns mmeambHOTO d- MEPHOTO KBAHTOBOTO T'a3a TACTHUIL C 3aKOHOM IIIC-
nepent &, = ap’ ¢ moctosuubivT a 1 { Haiitn Bun nasaenus P(T, i), sHTpo-
muu S(7T,V, i), rennoemkoctu Cy n ypaBHEHIIT aqnabaTsl, B TOM UHCTIE, KaK
¢yukuni Temmeparypsl T u mamoTHoCcTH uncaa dactun 7 = N/V, N = const.
16.3. Poxka3aTh, 9TO maBleHNe >TOTO Ta3a CBA3aHO C IJIOTHOCTBHIO HHEPTUN

kKak AP =U/V = <u(T)>», A =d/(. Y6enurscs, aro: U+ PV =TS+ uN,

gsvdcdpd_l(g) gsvdcd Ch— 27Td/2
hd u(e) (hiag*” T T(d)2)

16.4. Palitm xuMmdeckme MOTEHINATLI, YPDABHEHNS COCTOSHUS W TapaMeT]

D(gavd) = iA’4/\5/\_17 A/\:

(10.45)

BEIPOKICHIS HOCATbHBIX VIBTPAPeIATUBICTCKAX OTHOMEPHBIX KBAHTOBBIX
ra3oB GecCIMHOBBIX GO30HOB, W (EePMUOHOB €O cmumHOM 1/2, ¢ MIOTHOCTBIO
n(s),(r) = N(B),(r)/ L, mpu Temmepatype T'. CpaBHITH UX SHePIUN, TaBICHIL
Il SHTPONAN A7 XIMIoTeRNnata (i py p) = 0. ([61])

16.5. Paiitu 3apucumocts sHTponnn S u TemmoeMkocTn C'y IoeaJIbHOTO BHI-
POEKIEHHOTO 603e-Traza or 1 u V', cunTasd W3BeCTHBIM ero mapieHne P.

16.6. PoayunTs KBAaHTOBYIO HOIPABKY K YPABHEHUIO COCTOAHIS MIOEATBLHOIO
rasa B TepMHIHAX ogHOTacTHIHON cTarcymmer Z;(3) (6.20) ([4] N VI.10):

Z,(2
Pn:ka[ 2N212((g)

16.7. Pemmenne mapamokca ['u66ca (3am. 5.3.) Ha s3BIKe MaTPIILI ITIOTHOCTIH

] rie: Zl(ﬂ)zzf;exp(—ﬁ&tf). (10.46)

(2.9)(2.11) mms ommcaHUs CIMHOBBIX CTEICHEH CBOGOMBI TaCTHI MICATHHBIX
ra3oB Kak CPeTHero apugMeTHIecKOT0 MaTPHIl OTACILHLIX KOMIOHCHT, IIPI
onuaakoBbix P, V,T. Il 9ucTHIX COCTOSHUI OBYX KOMIOHEHT [1,), 1)) cKa-
TYeK SHTPOINI P UX CMEIINBAaHNE npuanMaeT Bun [39], [41]:

ASyy— =2kNTr (¢lnp) = —2kN Z Ao In Ay, rme (10.47)
Oq + 0 14 (v,
= [Ya)(Va], 0= #, m Ay = |<1§ |¢b>|, ecth, (10.48)

COOTBETCTBCHHO, MaTpHuOa IIJIOTHOCTHU CMECH U €€ coOCTBeHHEBIC 3HAYCHU.
Ppm (¢q|ty) = 0 maeent ASy = 2kN In2, mpu ([1s) = 1 maeem AS,, = 0.
16.8. Ilafitu cBa3b konctanTsl A 3akona [lnoxa ¢ mapamerpamu cnextpa MartsoHos [49].

16.9. Tounbie cssu {7} npuBonsT K pasuoll cynnbe nobaBok B TPA. HPM., uMes Bum [14]:

7 = Tio(T 1) s al2) + %(1 : S ng:” = (T 1) s (=) — %mu _2). (10.49)

16.10. Iokasatsb, gTo (10.42) ecTh ypasuenne Knameiipona-Knaysuyca dasoBoro mepexona

l-ro pona npu T. = 1 /7., HO ¢ Tg = 0 u g = 0 — mas xoumencara [14] T'n. 12 §3.



Jlekmmuga 11

baBHoOBecHOe n3jiyyenme

Baxuyio poab pn 3apoKIeHNN KBAHTOBON TEOPUN B HEMPAX TePMOTNTHAMIK
M CTATHCTUIECKON (PU3WKN chITpalia ¢GyHIaMeHTaIbHAI 3amada O TeII0BOM
paBHOBeCUN BelllecTBa W W3MydeHUs. VumeHHO ee perreHmeM sBUIach (pop-
MYVJTIa I CIIeK TPATBLHON MIIOTHOCTH SHEPTUN M3y IeHNS aOCOTIOTHO TePHOTO
tera (Pmank, 1900) Ha 0CHOBe IPEACTABICHUS O ANCKPETHOCTH SHEPIIH OC-
nuaasTopoB PMP u cyIecTBoBaHUT YHUBEPCATLHOTO KBaHTA OeHCTBUL N 1
IpencTaBIeHme 06 m3IyTeHnn Kak o ¢poronHoM rase (Piamreita, 1909). Jlu-
HCITHOCTH YPABHCHIIT SIeK TPONIHAMIKN (IIPUHIIAI CYTIEePIO3NIIN) 03HATACT
OTCYTCTBUE B3anMOIENCTBUS POTOHOB — OHU 0OPa3yIOT MeHCTBUTETHHO Me-
ATBLHBIN 003e-Ta3. Ero Tepmanmsanusa n moaaepKaHme B PABHOBECTT 00SI3aHEBI
JUTITH TIpoTeccaM MCIYCKaHNWS T TOTIIONIeHns OTOHOB cTeHKaMn obbeMa V.

1  Bomaosble n kBanTOBBIEe cBoncTBa HMH. ®oToHb

P 0cKoTBKY BEeKTODEI HAIPSZKECHHOCTH 3IeKTpudeckoro & (r,t) I MAarHITHOTO
7 (r,t) momell B TayCCcOBOI CCTeMe eIIHAT IMEIOT ONIHAKOBYIO Pa3MePHOCTS,
ypaBHeHUs cBobomroro PMP B Bakyywme 3ammceiBatoTcs B BuUe:

10H 10&
(VX&) =— e (VxH)= o (11.1)
(V-&)=0, (V-H)=0. (11.2)

Peps potop ot mepsoii maper ypasaeruit Makcsemna (11.1) ¢ ygeTom BTOpOIT
mapet (11.2) mpu (V x (V x E)) = V (V- E) — V2E = —V?E, npuxonum
K JIMHeIHBIM BOIHOBBIM ypaBHeHIAM ¢ omepaTopoM Hamambepa O Buma:
, 1 0?
Dg(r,t) = O, D'H(I‘,t) = O, DA(I‘,t) = O7 rie O = V — _Qﬁj (113)
c

IMEIOIIIM CBOUM YacTHEIM PellleHImeM B CHCTeMe IIOKOS COmepPKAIlero 3TO
nm3IydeHne oobeMa V' INIOCKY 0 MOHOXPOMATHICCKYI0 BOJIHY, PAaCIPOCTPAHI-

IOIMYIOCA CO CKOPOCTBIO CBE€TA € B HAlIpaBJIEHNN BO/JIHOBOT'O BEKTOPA k ¢ gac-
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torott wy, = c|k| = ck, ¢ pasmepHBIME aMTIUTymaMu >AeKTpudeckoll € u
MarHITHOI H HampsxerHocTell PMP, muHeilHO ¢BI3aHHBIMI ¢ €r0 BEKTOP-
noTeHmmaaoM A(r,t) ycroBmeM UX IPaANeHTHOI UHBAPUAHTHOCTH IPH €ro
KaInOPOBOTHBIX IIPEOOPA30BAHMAX ¢ TIALKON GyHKIMeN KoopaumaaT X (1) [30]

A(r,t)— A'(r,t) = A(r,t) + Vx(r), Ay(r.t) = Ag(r,t) =0,

Ako- = akg(t)ei(k'r), Cl,]m-(t) + wzakg(t) = O, Cl,]m-(t) = \e/k%e_iwkt, (114)
10A},

It = ik‘Akm Hjm = (V X A]m) = (k X A]m) , (115)
C

TIe @y, (t)- ee HopMupoBaHHAs Ha 00beM aMIIINTYOR, & €f,- CINHITHBI BeK-

Ska -

TOp TOJIIPU3ANNT BOTHEL, B ity (11.2) ompemensiomuil HaIpaBIeHIS KOTIe-
Oaunit BeKTopoB Ay, o, Hie KaK TMOMEPETHBIC K BOTHOBOMY BeKTOPY K:

(V- Ere) x (V-Ary) = i(k-Apy) = 0, (k- epo) =0 = (k-(k x e4)). (11.6)

T.e. mMeOTCA TOIBKO OBe He3aBICHMBIe (QU3MYeCKIe MOIAPI3alN ILIIOCKOT
BOIHEL 0 = 1,2 B IJIOCKOCTH, MePIeHANKY/IAPHON HAIIPABICHIIO €€ PacIIPo-
cTpaHeHIA. BolHa Ha3bIBaeTCS JIMHEITHO IOIAPI30BAHHOIL, €CIII HallpaBIICHIIe
KoJleGaHmII 0CTaeTCd IMOCTOSHHBIM. I aIpuMep, /4 BOJIHEL, PaCIpOCTPAHI-
IOIelicad B HaIpaBlIeHNN ocu Z, IOJIApI3anusa Booab oceit X m Y 3amaercs,
COOTBeTCTBEeHHO, BekTopamu e = (1,0,0)" u e = (0,1,0)7 (cp. ¢ (2.22),
(2.23)). Cynmepmosumus aejp; + bepy MUHEHHBIX MOISPU3ANMII ¢ KOMIITICKC-
HEIMI KodbdunumerTamu a, b, |a|?> + |[b|*> = 1 maeT mpaso-R mmum meso-L -
SIINITIYeCKYIO TOAAPI3allio. X PYyTroBoil MOIIpI3allll OTBeIal0T BeKTOPHL:

{ Okl } - x0T (11.7)
€L \/5
Oérriee pereHne BoTHOBOTO ypaBHeHIS (11.3) ecTh BelmecTBeHHas CymepIIo-
3UIMNS TIOCKUX MOHOXPOMATHYECKUX TOISPU30BAHHBIX 3IeKTPOMATrHUTHBIX
BOTH — BOTHOBOH makeT &(r,t) (u coorBercTBerHO, miis H(r,t)) Buma:
5(1’,75) => [fa(k)gka + (KC)] =iy k [fa(k)AkU - f;(k)Alt:a] ) (11'8)
ko ko
rme 0 = 1,2 unu 0 = R, L. IIns PMP B ammuke xoneunoro oowema k = k,,
IPUHUMAET TUCKPETHHIC 3HAUCHUS TP HATOKCHUN TePUOANICCKIX TPAHTI-
HBIX VCIOBUI: BIOTb Kaxkmoro pebpa smmka V' = LjLsL3 MOmTKHO VKITaIhI-
BaThCA L; = v;)\,, Tlemoe ancio v; OA0H BOIH Ay, ¢ = 1,2, 3. Torma BomHOBOM
BexTop Kk, I cooTBeTcTByMIOIMICE yCaoBIe HOPMUPOBKHI aMunnTyn Ay, (11.4)
B AIIUKE C YIETOM OPTOTOHATIBLHOCTU BEKTOPOB MOISPU3AINN TPUMYT BII:
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2m 2w
(kV)i - kz(’/) - 3\ = f’jia vV = (V1,V2,V3), (6};0 y e/m/) = o (11.9)
[exp itk —K) x| d*r = Voo =V, [(Aly- Ary) dr = 6,0100.(11.10)
V V

T.xk. L; MAKPOCKOIUIECKHN BEIUKM, TO MOMABISIOIIEe THCIO CIaTACMBIX B
cymmax Buza (11.8) mveer v; > dyv; = 1, B OTHOCHTETBHBIN IIAT UCKPETH3A-
muu dv; /v; 6ymet Man u ot BomHoBEIX amcen (11.9): k; > Ak, = 27/L; =
—00
0, m or cymmvmmpoBarus 1o k,, B (11.8) MOXKHO mepefiTu K MHTETPIPOBAHIIIO,
AHATOTTIHO TpaBmity (6.24) mis I[I/ICerTHLIX 3HATEeHNH I/IMHyJIBCa‘

YyY=Y % 13|—>Z/d31/_

o VilVals

(11.11)

TIe ¢ — TICI0 He3aBUCIMBIX Honﬂpmauﬂﬂ o=12,.. Ka}KI[OI/I BOTHEI. Tax
TTO UMCI0 PA3TITHLIX MOHOXPOMATHIecKIX BomH B Ky6mke d°k ¢ (k;k + dk)
I B mHTepBase abcomoTHEIX 3HadeHiT (k, k + dk) ecTh, COOTBETCTBEHHO:

1% _
g1* — gy = T Pk=Dk V)P, g=3 1=2, (1112)
=dy; (27T) o=1,2
AxV i
u D(k,V)dk = /dgﬁ/ 49 sind D(k, V)kdk = g (7; E dk.  (11.13)
Pepexonﬂ K III/IKJII/ITIGCKOI/I TI&CTOTG W = Ck‘ HaI/II[eM IIOJTHOE YMICJIO IIJIOC-

KOBOJTHOBBIX MOI B WHTepBaje IacToT (w,w + dw), T.e., THCIO PA3TUIHBIX
OCIUJLISTOPOB IO B TOM HHTepBalle YacTOT:

47V w? Vw?
(2m)3¢? or2e3

P porenypa xBarTOBaHIS cBoGomHOr0o PMP, Kak Beskoro BomHOBOTO (KoTeba-

D(k,V)dk = D(w,V)dw = 2

dw. (11.14)

TempHOT0) mpomecca (11.3), (11.4) ¢ gacTOTO Wy, CBOOUTCS K KBAHTOBAHIIO
CHCTeMBI TAPMOHIICCKIX OCOUIIIITOPoB (8.58), U Iy moTHbIX SHeprun E u
nMIryiabca P PMP y>Ke M3BeCTHHI BToquHo—KBaHTOBaHHLIe oTBeTH (8.73):

—l—’H ’H( t))
E=[dnE p— [l 11.1
f P [ ERHED Gy
F = anghwk, P—= anghk, (1116)
k,o k,o

ecrm mpu pexore ot (11.15) x (11.16) samernTs Tam u B (11.8) fo(k) — dg,,
|f-(K)|? = af dre = Nty > Niy, OTOPOCHB GECKOHETHYIO BAKYYMHYIO
sHepruio PMP, pasuyo, cormacuo (8.73), cymMMe SHepruil OCHOBHBIX COCTO-

STHIH 6¢CKOHETHOTO TMCTa OCOUIIIITOPoB momnst: Ey = Y- hiwg /2 — oo, T.c. ee

N
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I IPUHSB 3a Havdasgo oTcdera >Heprun F B (11.16). Opraro sta pacxogsiia-
gcg cymma s By 9yBcTBUTeTbHA K CMeHe TPAHWIHBIX YCTOBUN Ha CTeHKAX
oobema V', uTo mpuBomuT K HabmomaeMoMy 3hdexTy KazmMmpa ux mpuTs-
KeHIs, I TaKOH perenT 6opbOBI ¢ PACXOMUMOCTBIO TpebyeT yTourerus [13].
Cormacuo (8.68)(8.73), dopmymsr (11.16) mO3BOIIIOT TOBOPUTE O KBaH-
tax PMP unn dporonax (Pitrmreits, 1909) xax o wacTumax, SHepPTHus I M-
MYIbC KOTOPBIX OMPEIeISIOTCS COOTHOIeHuIMI &, = hwy, p = hk. Tak xax
wr = ck, To ¢BA3b 3HepTrun GOTOHA C €T0 UMIYIbCOM £, = CpP O3HaUTaeT, UTO
doToH — TacTuma ¢ HyIeBoil Maccoir mokos m = 0. Ymcao 3amorHeHns ny, Te-
meph HMeeT CMBICT 1icad GoToHoB B coctosann |k, o) ¢ sHeprmeii ¢ = hwy,
nmmynabcoM p = hk m ompemenenHoIl mpoekmmerl comHa, 3aIaHHOH MOJIIPH-
sarmeri 0. BommoBas ¢ymkmus dorona Ay, (11.4) — BexTop, m PMP, xax
BEKTOPHOE TIOJIe, HeceT MOMEHT, paBHBIH enumuume. (OmHAKO ero 6e3Macco-
BOCTB tIepe3 yeIoBHe ero momepednocTn (11.6) ocraBmseT TOTBKO ABe He3a-
BUCUMEIE CITITHOBBIE CTEMeHN cBOOOMLI 3 TpeX. M m oTBeTaoT nBa 3HAUEHNS
CIMPATBHOCTI — TPOEKIINN CIITHA Ha HaIpaBJIeHNe NMIYIbCa, COOTBETCTBY-
TOIIIIE IBYM HE3aBICIMBIM KPYTOBBIM ToIspm3anusM (11.7): mpoexmnu cumHa
Ha HaIIpaBJIeHNe MMITYIbca, PaBHON +1, COOTBETCTByeT MPABOKPYTOBAs II0-
TIPU3AINASL €f TIITOCKON MOHOXPOMAaTHWIECKON BOJHBI, a MPOEKINN, PaBHON
—1 — meBOKpyTOBas TMOAIPUBAIINS €} [, TIas Besen yieTaomemy goTtomy, T KPaT-
HOCTBH BBIPOKIICHNIS TI0 CONHY Oas doToHa ¢ = g = 2. Hnsg cBobomroro PMP
He CYIIIecTBYeT (POTOHA € PABHON HYIIO MPOEKINell CIMHa Ha HaIpaBieHIe
IMIyIbca. 1.K. COWH paBeH 1, TO GOTOH ABASeTCS 003e- TacTHUIEN.

2  Wpeanbabii Ta3 hotoHOB U hopMmyaa Hiamka

Tax, paBHOBeCHOe »IeKTPOMACHITHOE WM3JIydUeHIe MOZKHO pacCcMaTpHBaTh
KaK IOeaJIbHBIN ra3 (GOTOHOB, HAXOMAIINXCA B o0beMe V mpu TeMmepaType
T. OcobeHHOCTH YTOr0 ra3’a B TOM, 9YTO TEILIOBOe paBHOBECHE B HeM yCTaHa-
BINBACTCA He 3a CYeT BEIK/II0YACeMOr0 B PABHOBECHH B3aIMOMCICTBISL OPYT C
OpyroM B Taze N MacCHBHBIX 9aCTHII, & 3a C9eT HeIpeKpaIlalollerocd HCITYC-
KaHIA I HOIJIoIeHInA (OTOHOB cTeHKaMu oobema V. PosToMy momHoe wimerto
doToroB N, He ABIAACH QUKCHPOBAHHEIM B IIPUHIIAIIE, OIIPeIeILeTC I3 YCII0-
BIS paBHOBecHs Hjg mapamMeTpos 1, V, N MHUHEMYMOM CBOGOTHOI SHEPTIIL:
(OF/ON)py= p = 0. Po, T.X. >Ta npomssonHas ompenerseT XUMITCCKHt
moTeHmua1, To i = (), I paBHOBeCHBIN (GOTOHHEIN ras V1 BemeT cebd Kak

macenreHusit map: P(T,p) — P(T) (11.26) u n(T, p) — w(T) (11.27), n
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B 5TOM CMBICJIe BBIPOXKIEH P JTI000I TeMIEPATYPE, ecln yeIoBHO CONOCTABATD
norJoiene GOTOHOB CTEHKaMI MX yXOmy B 6o3e - Komaercar (cM., omuaxo, (11.34) u mmnxe).
T.c., B ornmame ot (10.37), Hu masmenme, Hr WToTHOCTS (11.68) He aBIAIOTCS
6o7Iee HE3aBUCIMBIMI NHTEHCHBHBIMI TePMOIMHAMITIECKIIME IePeMeHHBIMIL:
P = P(T) = P(n), a cpengee qmcio GoToHOB <KNpe> B cocTosuma |K, o)
naetcsa V1 dopmyoi pacupenenaerus Poze-PiiumTeiina ¢ p = 0:

LNl > = <ni(ee)> = [exp(Bere) — 1]_1 . Sk = hwy. (11.17)

KBasnrnaccuiueckoe qnciio GOTOHHBIX COCTOSHUN € SHEPTUAMI & = cp,

IS IX HEIPEPBIBHOTO 1pl V' — 00 cmeKTpa B mHTepBase (&, & + de), paBHO:
gV 3p 47V p? Ve?

D(e,V)de = == = dp = ——— de, 11.18

(V) (h)?,, :/4 a0 = T mn)E P T 2 (he)? (11.18)

aramormauo (6.24), (6.26). Pepexoms x wactoTram: ¢ = fiw, IOTyInM BhIpa-
JKEHIIe, COBIATAOIIee ¢ KIACCIIeCKIM BOTHOBEIM pe3yabTaroM (11.14):

Viw? h
W;; dw. Bcroomy mamee: (e = k‘B—wT' (11.19)

ECJII/I7 ICXoOsd M3 TeOpeMBI O paBHOPAaCIIPpEeOe/ICHII SHEPI' U I10 CTeIIeHAM CBO-

D(e,V)de = D(w,V)dw =

60IIbI, TPUIINCATh 3/1eCh KazK OO He3aBUCUMOU BOJTHOBOI OCIUIIATOPOI MoIe
Wy BKan kg1, To cyMMapHas SHeprus U3IyUeHNs B paMKaX TaKoro KIacCH-
TeCKOTO CTATUCTUIECKOTO OIMMCAHNTS OKa3bIBAETCS PACXOIAIIICIICS BeTHIITHOIL:

372 \ he

POBTOMy €CJII He COMHeBaThCSI B CaMOII BO3MOXKHOCTH COCTOSHIIS TEILJIOBOTO

? ; V 3
U= <E> = kT [d'D( V) = ks T (e, V) = kpT (i) 5 50.(11.20)
0

paBHOBeCUS IS W3TYIEHNUS U B MPUMEHUMOCTH K HEMY TOH TeOPeMBI, TO
IpU £ — OO HOTKHO BUIOM3MEHNTHCSI CaMO MOHATHIE €T0 CTelleHel CBOOOMHI.
Heticrurensro, u3 (11.17) ¢ yaerom (11.19) HaxonmuMm cpegHIire THCI0 TACTII
(10.21) u nx sHeprmmo B ra3e, IPHXOAALINCCT Ha CIIEKTPATBHEIT HHTepBa de:

1% g”
m2(he)? [exp(Be) — 1]
_ — V 63
AB(T) = edN:(T) = V(e T)de = S TG — 1

Paspmermms dE.(T) (11.22) va V u de, momyInM cmexkTpaibHYIO IIOTHOCTD

ANA(T) = <ny(e)>D(e,V)de =

de, (11.21)

de, (11.22)

SHePrui PABHOBECHOTO W3ITyUeHHs IIN 3HAMEHHUTHI PIankoBcKuil “3akoH
PACIpeeNeHI SHEPTUN B HopMaIbHOM crekTpe m3nyderns’ (Pmc. 11.3).
dE.(T) eD(e,V) 1 &

vae T =S T = G fep(a - 1
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3 YpaBHeHNI cOCTOIHNI (POTOHHOTO Tasa

3 (5.34), (5.37) nns g = 0 BHOBB KaK /IS CHCTEMBI ¢ HYICBBIM OTCHINATIOM

I'u6bca @ =0, Te. F=J+ uN = J=—PV, mueenm: (0P/0V), = 0 mpu

_ (OF oU dP(T) U

a MHTeTPUPOBAHIE TI0 £ 10 TacTaM BHOBB npuBonut (10.9) ¢ yaerom (11.18)-
(11.20), (11.22) x ypasrernwo coctosans tumta (10.10) nas doTorHOrO Ta3a:

VAP.(T) = <ny(e)> (e, V)de, ntx. (V)= @, To (11.25)
dPAT) 1 dE.T) 1_ U1
T T gu(g,T), u P(T)= 3V =3 {u(T)). (11.26)

Pemmenne ypasrennutt (11.24), (11.26): TOpP(T) = 4P(T'), MoxHO BocIpoms-
BEeCTH MHTETPIPOBAHIICM (11.21), (11.22), (11.25) ¢ yuaeTom (10.14)-(10.19):
2

s . - £ V(k‘BT)
nV=<N(T)> = [dN.(T)= > O/d TR I3, (11.27)
83 V(k‘BT)

(11.28)

U=<E(T)» = [dE.(T) nQ(hc /dgexp(ﬁé?)—l] w2(he)r

—— Z# — T(s)Dy(1) = r(s):j—s _ T(s)C(s), T (11.29)

I=T(3)C(3) =2I((3) = 2,40; L;=T(4)((4) =3!((4) = 71T—5 ~ 6,49, (11.30)
1, momcTasuB B (11.28), momyunTs 3akoH u koHCcTaHTY CTedana — Poxpmvana

27.4
kg

15(he)?
U U—-F oP 4
—F PV =— = —— = — —oT? 11.32
— PV 5 TOm S = T (8T)ﬂ 0:30 Vo (11.32)

— DHTpONNO GOTOHHOTO Ta3a, yAOBIeTBOpIoNIne 3akony Peprcra: S — 0.
’ T—0

IMaeprus, mpuxomsIIascsa B cpeqaeM Ha ogHy dactuny (cp. (10.40)), pasra:

U=0T"V, o= =7,56-10"Pspr- e - K™ arx: (11.31)

<SEA> Ly o Wy QD) S T (1133)

<N(T)> I ¢(3) 3 ¢(3)
: @ ~ anm 1—4 T.e —<<E(T)>>
rie: Bl 0,900 = 1. I L <3 3, T.e. <N T)> — kgT, (11.34)
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opu [, — ['(s) — ¢ orbpaceBarumem 1 B 3mamenarenax (11.27)-(11.29) - B
06TaCTH BBICOKIX TaCcTOT W HI3KIX TeMIepaTyp, Toe GpoToHHbI ra3 (11.33)
OKa3bIBACTCS OYEeHb HOXOKHM Ha KIIACCHUCCKIN MOeaJbHBII a3 ¢ HOIHBIM
ancmoMm <N (T)>> (11.27) wactum, ¢ srepruett ¢, = ¢|p|. Popmyma (11.34)
MOKa3bIBACT, UTO IIPH 3TOM B CpemgHeM Ha OOHY KOPIVCKYIAPHYI CTedeHb

CBOOOIBI 5TOTO Ta3a, B COLNIACHH C TEOPEMOI O paBHOPACIPEHeTeHIIH YHep-
run (6.7), (6.10), mpuxonurcs mouru kpl', Kak I Ha OTHY OCHIIILITOPHYIO
BoHOBy®0 Momy (11.4) PMP B (11.20). To ecTs mpm BBEICOKIX TacTOTax
HeCKOHEUHOe UICI0 BOIHOBBIX CTelleHeil CBOOOMBI INIABHO PEXyHUPYIOTCA K
roreurOMYy dncay 3<KN(T)> KopmycKyasapHBIX cTemeHeil cBobomsr (11.34).
Tax uTo coriacHo nBoiicTBeHHON nmpupome PMP, nmveioTcs nBa kKiaccumue-

CKHUX MIpepnesia 3akoHa Prmanka:
e Kiaccuueckuit KOpnycKyasspHbIA npenen ¢popmysst (11.23).

P = 1 5 15 () = [exp (9e) — 1] = exp (— ).

k‘BT
P ep (-0 e (=), (11.35)

roe u(e,T) = =
2

I3BeCTHRII Kak ¢dopMysTa Buaa. PTOT BBEICOKOYACTOTHEIL I B TO ZKe BPeMI

HI3KOTeMIIepaTyPHBII IpemelI, TeM He MeHee, Ipu i = () oTBedaeT 60JIbI-

MaHOBCKOMY IIPHO/IIZKCHHIO OIS 9acTHIL ¢ SHepruell ¢ = ¢p = liw I IIIOTHO-

cThio cocTosHuil (11.18) U yHOBIeTBOPUTEIBHO OMUCHIBAECT SKCIIEPUMEHTAIIb-

HEIEe TAHHBIE B 00/IaCTH MAJTBIX JIJIIH BOJTH A, T.€. BBICOKIX 9aCTOT w = 27c/ .

¢ Knaccuueckuit BosmHoBo# npenesn popmynst (11.23). Ppu

h 1
Be = %<< 1: exp(fe) — 1= pe, 6<<n+(6)>>:E:kBT, i
B
B D(e, V)  e*kgT  _ L w?
U(g,T) = Vﬁ = 7T2(hc)37 U((.U,T) = hU(g,T) = @kBT, (1136)

OH K¢ — IIMHHOBOTIHOBBIN (HI3KOTACTOTHEIN), OH K€ — BBICOKOTEMITEPATYD-
HBIN TIpemenT 3akoHa PaHka, m3BecTHHIN Kak dopmyna Pames-Ilxumaca. Po-
TMBITKA PACIPOCTPAHEHUS STON GOpMYIbl Ha 0071aCTh BBICOKUX YacTOT BO3-
BpalliaeT Hac K “yIbTpadmoaeToBoll KaTacTpode’ PacXommMOCTI WHTeTpaa
B (11.20). B cremyormett mexmnun aramor (12.6) »Toro mHTerpama Iy KOHEU-
HOIO 1ICIa CTeMeHel cBOOOMBI (OHOHHOTO TIOJIS OKAa3BIBACTC KOHEUeH 1 op-
Mymoft (12.10) KOppeKTHO BOCIPOM3BOMUT 3aKOH PABHOPACIPEIETICHIIS YHED-
run (6.10) B Bume (11.34) mms xpucTanma, HO IPU BEICOKUX TeMIepaTypax.
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4 Baxon Kupxroda

Bamauy HaXoXKIeHIS YHIBEPCATIBHON (QYHKIIIIT OTHOIICHIS M3/IyYaTeILHOM I
IOTJIOMIATEIBHON CII0COOHOCTeN Tema copMyIupoBal u permwt I'. Kupxrod
(1860). UsnywarenbHas cmocoGHOCTH Tema e(w) eCTh CIEKTPAIbHAs ILIOT-
HOCTH IOTOKa SHEPTHH, I3IyICHHOTO TEJIOM Hapy:Ky € eQUHIIIEI IIJIOIIA I
€ro MOBePXHOCTIH [0 BCeM HallpaBIeHHAM B WHTepBase (w,w + dw) 3a 1 cek.
PycTs Ha 3Ty Ke eQUHHIIY IOBepXHOCTH TeJIA 3a 1 CeK. IamaeT OTOBCIOLY
TOJTHBIN TIOTOK SHEPTHUN U3IYIeHUs ¢ MIOTHOCTRIO I, TacTh [¢ KoToporo mo-
riIomaeTcs, YacTh I/ oTpazkaeTcd, I 9acTh I IPOXOOUT CKBO3B TeIo:

If Ig I
[_ [_ —+ [_ =a+r+d= 1, (CTporo 5T0 BepHO [6] ToabKO mis /[ dw). 11 37)

rae a — Ko3pGUIueHT HOTIIOIeHN T, NN IOTJIoNIaTeIbHas CIIOCOOHOCTD Tella;
r — Ko3huIneHT oTpaxkenus; d — K03GPUIIIeHT IPO3PATHOCTI TeJa.

B cocTosHNT TemmoBoro paBHOBECHS € M3TYIEHIEM TeJI0 M3IydaeT CTOTBKO
Ke HEePTHU, CKONbKo mormomaeT: e(w) = [¢ = al,. Ecoma = 0, r = 0,
d = 1, To Tes0 HA3BIBAIOT abCOMIOTHO IPO3PATHBIM (B JAHHOM CICKTPATHHOM
maTepBare); ecan ¢ = 0, r = 1, d = 0 — aBCcOMOTHO 3¢PKATBHBIM; CCIIN ZKe

a=1,r=0,d=0, To Kupxrod HazBaa ero abcoIiOTHO TePHBIM.
[MaccmoTpum GecKOHEUHBIH MIOCKUI BOJIHOBOA W3 NBYX IiacTHH Ay m A,, ¢ 3epkaib-
HBEIMI BHYTPEHHUMU 1 TEILJION30UPOBAHHBIMYI BHEIIHIMU CTOPOHAMU, PACIOI0KEHHBIX I1a-
pajlIeNbHo ApyT OPYry Ha HeKoTopoM paccrosnuu. Ux dy = dy = 0, a usnyvarenbpHbe u
HorJjoare/lbHble CIOCOOHOCTU 0B603HAUNM COOTBETCTBEHHO €1, () U €9, dy. llpomecc ycra-
HOBJICHIS TEILIOBOIO PaBHOBECHS MJIACTUH 1 U3AyYeHHs B IOJOCTU MKy HUMU Ha KaK ol
eNUHUIE ILIOMANY UX HOBEPXHOCTU MOXKHO IIPEICTABUTEL ClelylomuM obpasoMm. U3 moToka
SHEPTUU €1, U3JIydeHHoro tesoM Aq, Teno Ay normoTut aze; m orpasut (1 — az)e;. Teno xe
Ay mormorut a1(1 — az)er, worpasut (1 —aq)(l — az)er; B cBoOIO 04epens, Teno Ay MOTTOTHT
az(1—ay)(1—az)er, aorpasut (1 —ay)(1—az)*er, u r.a. TlouTn To ke camoe MOKHO CKa3aTh
I O TOI YacTH MOTOKa SHEPTUU U3IyUeHUs €y, KoTopad uchyckaercs TenoM Ay, Iocae oTpa-
Kemns oT Ay x Ay BosBpataercs (1 —ay)eq, normomaetcst az(1 —ay)eg u T.m. CymMmmupyst 5Tu
IIBe reoMeTpHUIecKre IPOrPeccil, HailleM Bech NOTOK SHEPrHi U3/IyUYeHs, IOrJIoMaeMblil B
1 cex. mmacTuHoO# Ay M3 Mamalomero Ha Hee MOJHOTO TOToka smeprum [42 (mug [A1, 1 = 2):

I = ay I + (1 — ap)[2] = ay |1 Z ¢+ (1 —aexy ¢
_ k=0

B Cl2€1 + Clg(l — a1)€2

l—gq

o0

a
[w2 = Clg[ 2= = a9 [61 —|— 1 — Cll 62 Z 5 (1138)
rae sHaMenarernh mporpeccnu ¢ = (1 —ay)(l — ag) < 1, a [ — MOJHBINA TepeNs3ITy 9€HHBIT —
MEePEeOTPAKEHHBIN TOTOK YHEPTUN € eANHIILI TTOMa e ¢ -oif miaacTunbl. [lomerasmsst (11.38)
B YCIIOBHE TEMJIOBOTO paBHOBecHs Testa Ay ¢ msnydennem, eo = [22, Haiinem 3akon Kupxroda:
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€9 €1 (&
= 2o = C = T). T.e.:.. (11.39
1 — al)(l — a2)7 i w o ay w a eo(wv )7 T.e ( )

e+ (1 —ay)ey

62:a21_(

OTHollleHNEe N3JIydYaTeJIbHON CIIOCOGHOCTH TeJja K MOTrJIoIaTeIbHOI
B COCTOSHUH TEIJIOBOTO PAaBHOBECHUS C M3JIyUYeHUEM SBJISIeTCS He-
KOTOPO# yHUBEPCAIBbHON, He3aBUCALIleH oT Tena dyHKnmei ey(w,T)
TOJILKO OT w UM 1. Te. I, = ¢;/a; = eo mist MOOLIX TeJ B paBHOBECUU ¢ TeM ke [,.

Ppu a = 1 nmeem yHUBepcamdpHyIO GYyHKINO €o(w,T’) 3axona Kupxroda
(11.39) xak m3IyIaTEIBHYIO CIIOCOOHOCTD abCoMOTHO depHOro Teaa. OHa BhI-
pazkaeTcs depes CHeKTPaIbHYIO IIOTHOCTD M3IyUIeHns U(w, ) paBeHECTBOM,
AHAJIOTMIHBIM GOPMYTIe TS TTIOTHON IIITOTHOCTT MTOTOKA MaKCBEITTOBCKOTO Ta3a
Jx(Ny) = n<onf(vN)> 13 oTBepeTms ¥ B COCye ¢ 3aIaHHON MIOTHOCTHIO
7 amcma gactni raza:; Jy(Ny) = n<uo>/4, toe vy = veos?d (3am. 12.2.),
(Muc.11.1). JlecTBUTETHHO, 3aIMINEeM BBIpaKeHIe IS SHEPTUN, W3TYIeHHON
TePHBIM TE/IOM B CIEKTPAIbHOM THTepBaie dw 3a BpeMsa At ¢ MIOMIAIKT X B
HaIIpaBIIeHIN BeKTopa n(v, ), mox yraom ¥ ¥ HopMann Ny, K 9Tofl mioIa ke,
cos = (n - Ny), B smemerT TemecHoro yraa df) = dQ(n) = sin Vdidyp:

dq
dE"¢ = (w,T)dw AVy— = A" AtSdw = T, (n) cos VAQAtSdw, (11.40)
s
C

rae (Ihuc.11.1): Z,(n) =Z,(r =0,n) = Eﬁ(w,T) =170, —ects (11.41)
TydeBas MHTEHCUBHOCTD Ha Y M3IYyUeHNUS B eQUHUITY TeleCHOTO yIja B Ha-
MpaBIeHNN BeKTOPa 1N, B PABHOBECHN He 3aBUCAIIas OT N. B obireMm ciydae
Z,(r,n)- mydeBas MHTEHCHBHOCTH [58] mpurmentmero B Hee m3 ToUkn r' = ()
M3IyUICHNS B TOUYKE I' € Y Ha PeaIbHON MJIN BOOOpazKaeMOM M3y JaloIell mo-
BEPXHOCTN Y., B HAITpaBaeHnn BeKTopa N, a AVy = cAtY cos v — 06beM Kocoro
IIIHAPA, KOTOPBIT 3al0THMIOT 3a BpeMsa At m3mydeHasie B d{)(n) GoToHEL
M3nyaaTenbHyo cnoco6HOCTE — TA0THOCTE [,v(Ny) moToka sHeprum m3imyTe-
HIISI, OTHECEHHYIO K CIEeKTPAIbHOMY UHTepBady dw, MOTYUInNM, TPOTHTET PU-
posas (11.40) mo BceM BO3MOKHBIM HAIIPABICHIIM M3IYICHNIS 1 ¢ OMHON CTO-

POHBI TITOMIATKN T pasmeanB pesyabTaT Ha AtSdw: [u(w,T)dw = (e, T)de],

1 oar w2

Lx(Ng) = [dI = s [de [sin dv AV, Ti(w, T) = ey(w, T) = (11.42)
00
o /2 :

= /Iw(n)(n -Ny)dQ = T) / dgo/cosﬁsinﬁdﬁ = 7L = Zﬁ(w,T), (11.43)
00

T Kv> e, e u(w,T), JIu(Ny)— Lx(Ns), (cp. (11.64)).
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MHO&KecTBO UoealbHBIX cUCcTeM, Toe B pasHoBecun PV /U = A = Ge3pas-
MepHoit const (3am. 2.11., 16.3.) orHIODS He mycTo. B UX wmcie: npeampHbIR
ra3 TOUeTHBIX JacTUIl ¢ A = 2/3, usmydenne u ra3 GOHOHOB B KPUCTAJIE C
A= 1/3, 7 T.0., a Takixe TUTOTeTHYecKas “Temmas sweprus’ ¢ A = —1. IlaBnenme P
u sHeprusg U »>Tux cucTeM 00S3aHBI UL KHHETHICCKIM CTETICHIM CBOOOIBI
COCTABJIAIONINX X “HacTUI ¢ 3Heprueil € = €, B OTCYTCTBHIE UX CTOJIKHOBe-
HIIT 1T B3anMomeiicTBuil. Po ecan TepManmsanus (perakcarisi K pABHOBECTIO )
GbOTOHOB W3ITyUeHUS M GOHOHOB KPUCTAJIA TPOUCXONUT 3a CUeT UX MOTJI0-
IIICHUS U UCITYCKAHUSA CTeHKAMI 00beMa M KPUCTATINIECKON PEIIeTKOMl, TO
IJIS TOYEYHBIX JACTUIL WACATHHOTO Ta3a BO3MOKHBI TOTBKO VIIPYTUE CTOIK-
HOBEHIS CO CTEHKAMHI, I BOIIPOC O €T0 TePMAIM3AINN OCTACTCS OTKPBITHIM.

Pycte umeercs N Takux dacTtuil B odbeMe V' ¢ paBHOBECHOH IIJIOTHO-
ctoio . Eenn diwyp(e) = fr(e)de - nuddepernnaTbHas BepoaTHOCTD HANTH
y 1100011 JaCcTUIbI 3TOTO ra3a, B JI000I MOMEHT BpeMeHU ¢, KWHETHIECKYIO
SHEPTHIo B HHTepBase (¢, £ + de), n F(e)ds = nfr(e)ds — ecTs Torma cpen-
Hee TIICII0 TacTUI ¢ TaKoil »Heprueil B equHmie obbeMa, a AV F(e)de — ecTs
cpemuee UX InciIo B odbeme AV, To cpemHss SHePTUs OMHON TacTHUITHL &>,
ee CpemHss abCOTIOTHAS CKOPOCTh US> U CPemHSS SHEPIUsS B eIUHUIE 00b-
eMa — obveMHas TI0THOCTE SHeprun (u(7)) mpm Temmeparype T’ paBHBL:

Le> = 70d€ cfr(e), <uv>= 7d6U(5)fT(s), 7d5 fre)=1,  (11.44)
0 0 0

i N i U
<> = [deF(e)e=n= T, (u(l)) = [decF(e)=n<e> = . (11.45)
{7} V V
0 0
CornacHo rumoTes3e MOIEKYIIPHOTO Xaoca, BCICACTBIE OTHOPOTHOCTHI 1 M30-
TPOIHOCTH IPOCTPAHCTBA I BPEMEHH B PABHOBECUN, UNCIIO TACTUIL C YHEPT -
AMHI B TOM JKe¢ WHTepBajie de, BBIICTAIONINX U3 MAKDOCKOMUYIECKN MAaJIOTO
obrema AV B smemenT TemecHoro yriaa d€)(n) = sinddidy B Hampase-
HION eQUHIIHOTO BeKTopa (Y, ¢) = ejsinvcos ¢ + eysinvsinp + egcosv
(Pmc.11.2) 3a Bpems dt paBao dN(e,n) = AV F(e)dedQ(n)/4r. Ppudem B
PaBHOBECUN POBHO CTOJIBKO K€ UACTHI] 3a TO ZKe BpeMs BETAaeT B 3TOT Ke
MaJIBIl 00beM depe3 TOT Ke UM TAaKOoil JKe TeleCHBIN YTrod, KaK B TOM Ke,
TaK U B IPOTUBOMOIOKHOM —h = n(7 — ¥, ¢ + 7) wianm B TI060M IPYTOM Ha-
npaBierun. T.e. B cumy Magoctun AV BeTaiolme n BeIICTAOIINE U3 HETO B
OMHOM U TOM K€ HAIIPaBIICHUN B eIWHUILY BPEMEHU UJIN 3a MaJjIblil WHTePBa
BpeMeHI df TaCTUITHI OKA3BIBAIOTCS IO CYTU HEPAZTIMUUMBI MEZKIY COOOII.
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Ppu BcTpete co cTerkoit Ha miomanke d3 = NdY ¢ mopmaabio N, Kak Ha
ocHOBaHNN 006BeMa Kocoro munnaapa (Puc.11.1) AV v.dt dX cos V) B Hampa-
BICHHN BeKTOpa (v, ), rme cos ¥ = (N - n), Kakmas m3 TacTHI], MMEIOIIAs
B HeM abCOMIOTHYIO CKOPOCTD U U abCOMIOTHBIN UMIYILC P, B HaIIPaBIeHIN
BEKTOpa —N, IepemaeT dTON CTeHKe B HaIpaB/IeHNH BeKTopa HopMamnm —IN
IMITYIBC: OT 2p. C0S ¥ — P abCOMIOTHO YIPYTOM yaape B ¢IyUae NIeaTbHOTO
rasza TOTETHBIX TaCTUI MACCHl M, OO P. COS VU — IPU abCOTIOTHO HEYIPYTOM
yIoape 7 TOTJIOIIEHNN B Caydae (POTOHOB PABHOBECHOTO M3IYIEHUS ¢ abCo-
moTHO YepHBIM TeoM (Puc.11.1). OmHako B mocaenHeM cIydae paBHOBECHE
O3HaTaeT TakiKe M3IyUIeHNe CTeHKOHN ¢ IJIOMIAIKN d2 POBHO TOTO Ke UHCIa
TakKuX xKe POTOHOB B HAIIPaBJIEHUHI BEKTOpPA N 3a TOT K€ MHTEPBAJI BPEMeHM
dt, KaiKOBI U3 KOTOPHIX “mobaBiasgeT’ K IMepemate MMIIVIbca eIe p. cos 1,
BOCCTAHABIMBas Pe3yIbTaT abCOMIOTHO yIpyroi mepemaqan. T.e. mirs moObIX
nuddepeHINAIBHBIX TOTOKOB PABHOBECHOTO M3IyUeHNs (I He 00s3aTeTbHO
qepHOTeTbHOTO [7)!): dJ oy + dJ yexon = 0, U 3epkanbHO (YIPYTo) OTpazkKeH-
mble, nuddy3HO paccesHHBIe, TOT/IONICHHBIe I M3y IeHHbIe (DOTOHEI Iepepac-
IpPEIeISIOTCS MeKIY coOb0il “BHYTpH STOM 2-KII, OCTAB/ILL ee Hem3MeHHOI!

KoMmomeHTH Tepematn UMITY/Ibca TapajlleIbHble CTeHKe BO BCEX CIydasx
ABTOMATHIECKHN KOMITEHCUPYIOTCS TPOTUBOIOMTOKHBIMI BK/IAIaMI ¢ Halpa-
BIICHUIT ¢ TeM Xxe ¥, HO ¢ ¢ — ¢ + m, T.e. Ap(e,v)) = 2p. cos ¥, 5TO MOTHBI
IMITYIbC, TIePeNaHHBIl CTeHKe “B CpeIHeM OTHON TacTUIell” B PaBHOBECHI.
Benuara d¥ cos v Ha (Pmc.11.1) m B Bepamkennn nias AV ecTh B TOTHOCTH
IJTOIIANb OCHOBAHIS KoHyca TermecHoro yriaa d€)(n) Ha (Pmc.11.2), T.e. wa-
crunsl B (m3) AV mpuneraor (yraeraor) u3 (B) d{2(n). Torma momras mepe-
mava UMIIy7Ibca cTeHKe dp.(n) 3a BpeMs dt BceMmu dacTnmaMmu u3 oobema AV
u cooTBeTcTByIomume cuta dF;(n) nu masmenume dll.(n) pasasr: 0 < ¥ < 7/2,

dp.(n) = Ap(e,9)dR(e,n) = 2p.v.F(c)dz cos® 19%(n)d2dt, (11.46)
T
_ dp.(n) _dF.(n) 5 ,dQ(n)
dF.(n) = T dl.(n) = S 2p.vF (e)de cos™ ¥ . (11.47)
o /2
_ B _ 2p.uF(e)de ’ _ )

T.e.:. dP.(T) —2{ dll.(n) = - O/dgo 0/ dvsind cos® v,  (11.48)
1 17

wnn: dP.(T) = gpgvg}"(&?)d&?, P(T) = g/pgvg}"(&?)d&?. (11.49)
0

P omyaeHnbIe BRIPAKCHNS TOOATCS IS TI060T0 OTHOTACTITHOTO CIIEKTPA £(p)
I paBHOBeCHOTO pacupeneseHus F(c). Ins HepeITUBICTCKOTO MiealTh-
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HOTO Ta3a TOUETHBIX JACTUI] P, = MU, U p.v, = 2¢. [lag raza yabTpapemns-
THBUCTCKIX TacTUI I POTOHOB p.vU. = p.c = £. Torma cormacuo (11.45):

2 7 nm<<vr> 2 U 15 1 U
- = MMSUZ 22 Ty = = [eF(e)de= = —.
(st Temmoit sHeprun GOpMaITbHO UMEEM PV, — —3&, T.e. v, = de/dp, ¢, = Cp_3)_(11‘50)

Ecm d¥ ecTs mwiomans oTBepcTHA B CTeHKe cocyma ¢ HopMalbio N, To
nuddepeHInaIbHEIN 57eMeHT m0ToKa d.Jx(N) Tepe3 Hero TacTHIl B HAIIPABIIe-
HIT BekTopa n(Y, ¢) ecTh To ke umemo gacTun dR(£,n) B 06beMe TOTO XKe

kocoro mumnaEapa AV (Pmc.11.1). Amamormaso (11.46)-(11.49), mus maoTHO-
CTH TOTOKa YACTHUL djx(¢) B QYHKIINT IMIIb YHEPTHN £ HTO [ACT:

dJy(n) = dX(c,n) = AV]—"(g)dgdZ(n) = v.F(¢)de cos ﬁdi(n)dEdt, (11.51)
™ ™
T 7T/2
, dJx(n)  v.F(e)de * , vF(e)de
d = = d d¥sinv cos ) = —————. (11.52
NG J s y 0/ © 0/ sin ¥ cos I (11.52)

. 7o 17 U
T.e: <> = <nond(on)> = /d]N(g) = Z/Ug}"(g)ds = 4U , (11.53)
0

0
cormacHo ompenernernsM (11.44), ecTh HoTHAS IIOTHOCTH MTOTOKA TACTIUI, BBI-

HOCUMBIX Tepe3 3TO OTBepPCTHe B HampaBileHHN BekKTopa HopMamum N. Tax
ITO OfHA (GYHKIUS pacmpenercHns F () M03BOILET OMICATH BCIO KIHCTUKY
MIeaTbHON PAaBHOBECHOW CUCTEMEI, HE3ABUCUIMO OT ee TMPUPONEl. P IoTHOCTH
BEPOSTHOCTH PA3INYHBIX 3HAYEHNI £ B CaMOM BBIHOCIMOM ITIOTOKE paBHA:

— d]N(g) Ue —
dw;(e) = = d 11.54

,HJI}I NOeaJIbHOTO KBaAaHTOBOT'O T'a3a TTI000 CTAaTUCTHUKI 1 = :|:17 0 m3 orpe-

memenmit (6.26), (10.21) — (10.24), (10.45), (11.44), (11.45), (11.53) mpm

For=7e = 2 ) o> = 0. ZQ((;:))
D(e, V)

V[@B(E—u) — 77]’

Lny(e)>, T (11.55)

Fl(e) =

n z = e, Bmecro (11.45) maxommm, uro: (11.56)

00 4 oo 2
Ly, =n,(T, 2) = /fg(g)d&t = gsh—g/i((j)) np(e)>de, m:  (11.57)
0 0

O 4 O
L, =1 (T, 2) LUy = /Ugfg({f)d&f = gsh—g/p2(6)<<nn(6)>>d&; (11.58)
0 - 0
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o0

_ 8mm ede _
iy (T, 2) Lo, D:B/igs e 0/[66(6—ﬂ) s mo(T, z) Kv> Py(nz), (11.59)

roe ¢ yaetom (10.11) — (10.16), (10.28) u T.x. n = 0 oTBeTaeT CTATHCTIKE

Pompmvana, mMeeM 1t 2 — & = e’ = ze™"W ¢ paboToit Brixoma W, mpm:

I P
my(T,2) == (T, 2)apa(n2), 0y(T2) o= <0 {ﬂz))} (11.60)
3/2 3/2

(I)3/2(772
8ET\'? gs%
roe: Ku>, = vy(T), 2), <<U>>0?/2(%) : no(T,z)Em, (11.61)
. m 1 1
o iy L (T uy(T.8) 52 (T €osoBa(nd), (1162

ecTh KBaHTOBasg (opMmyita Pmuapncona mis <<jN>>77 = <<ﬁUN€(UN — U%)>>77

(cp. (11.53)), Tme m o cMBICTY: = w = — W, 2z —= & npu W =m (U%)Q /2.
s paBHOBECHOTO M3AYUeHNS GU3MIECKUI CMBICTT TMeeT JINITh TTIaHKOB-

cKasg QYHKINS CIeKTPATBHON IMIOTHOCTH PACHpPEIeIeHNs YSHePTUN £ = hw:

T _ 1 & w(w,T)

eFii(e) (?23) u(e,T) = 20} exp(F9) 1] = (11.63)
KoTopas u mpucyTcTByeT B (11.50). T.e. mmas Hero mmeeT CMBICT He TIIOT-
HOCTB TI0TOKA JacTUII, INCIT0 KOTOPBIX HUKAK He GUKCHpoBaHO {7}, a TOIBKO
IJIOTHOCTH MOTOKA »Heprum, ITo mpu v, — ¢ B (11.51)-(11.53) orBewaer
samere F () — e F(e) u mamee (11.63). Ta xe reomerpust dpopmyn Puaapa-
cora (11.52), (11.53), (11.62) nms Toka TepMO3ICKTPOHHON SMUICCII C YICeTOM
(11.45) maet BHOBB 3akoH Kupxroda (11.43) mms nupdepernnaapHON I TOT-

HOHI IINIOTHOCTEN IIOTOKa SHEePI'n! U3/IyYCeHHIA a0COJTIOTHO YEePHOT'O TeJla:

(e, T) = ﬂfTEg) = %5]—"(5) — gﬂ(g,T), 1 (11.64)
TJNT) = 0/€0(6,T)d6 = 0/6djN(s) = io/vge}"(&t)de — (11.65)
— 27@(5,T)d5 = §<<u(T)>> = JN(T). (11.66)

0
,HGJIO B TOM, 4YTO IIpeacTaB/iIeHIIe O OBUMKYIIEMCI CO CKOPOCTBIO CBE€Ta C (1)0—

TOHe, KaK O JIOKAJIM30BAaHHOU B IIPOCTPAHCTBE UacTHIle He IBIsdecs KOPPEeKT-
HBIM BBUAY NPUHIUONAIBHO II0J€BOI HPUPONBI M3IYUeHUA, KaK BTOPUTHO
KBAHTOBAHHOTO TOTsI. Ppm a3ToM GoToH, KaK KBAHT TOT0O 6€3MacCOBOTO OIS
C ompemeIeHHON »HepPruell ¢ = hw U ¢ onmpeneeHHBIM UMIyIbcoM p = Tk Ha
caMoM fente (TakzKe Kak I GOHOH) 3aHIMACT BECh IPENOCTABICHHBI YTOMY
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MOJTI0 M3AYUCHUS MAKPOCKONIIeCKU 00beM V' Kak MIOCKas BOTHA C TacTO-
Toll w = k¢, KOTOPYIO OH U MMeeT CBoeil BomHOBOI dyHKImed (11.4).

n,p)

Puc. 11.1. JlaBneHnune kak nepegauya umnynbca cTeHke. PnoTHocTb noToka uepes oTeepcTHe.

n(,¢)

Puc. 11.2. ['unoTesa monekynsapHoro xaoca.
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([5] §52, [6] §63, [7], [10], [12], [13], [36])

Samaun

17.1. Pomyunts mcxomuyo dopmymy (11.40) m3 (11.21)-(11.23), B pamxax
TUIOTEe3B MOTEKYIIpHOTo xaoca: AN, ay a0 = Ny (AV/V)(d2/4m) ([3] §1.6).
17.2. Pomyunts npencrasmenms (11.16) m3 (11.15), (11.4), (11.8) ([12]).

17.3. Pymet mu Teopema o paBHOpactpeneaernn sHeprun (6.10) B mpubimxe-
mnn Tuna Bura (11.35) nas doToHoB ¢ sHeprueit ¢, = c\/px + p2 + pZ, (T.e.
I, = I'(s)), Bepra 1 masg GoToHOB ¢ ¢, = ¢ (|p.| + |py| + |p:|) (cm. (6.8))7
17.4. Noka3zaTh HEM3MEHHOCTH /TyIeBOil MHTeHCHBHOCTH 13 opmymer (11.40),
IJI4 CBOOOTHOIO M3/IYUeHNs B HAIIPABICHIII N BIOIb YTOTO Ke HAIIPABICHIL:
Ir = I(I‘ =rn, Il) = COI’lSt, (Ir1d21d92 = ITQdEQdﬁl) ([3] §I7, [58] §72)

17.5. COJIHHG n3jiydaeT KaK PaBHOBECHO€ YepHO€ TeJI0 ¢ MHTEHCHUBHOCTBIO

(11.41) ¢ enuHIIEI TOBEPXHOCTH, HE3ABHUCSIIC OT HAIIPABICHIS M3/IY ICHIS V,
T.e. Z,(r,v) =7° mpu |[r| = a,. PaliTu 3aBmcuMocTh OT T' = 71 IWIOTHOCTH
sHeprun m3nydeHns u(r) = <u(7,)> u momHON paanaIbHON IIOTHOCTIH TI0-
toka J,(n) = [dwl,.(n), roe I, (n) - cuekTpanbHas II0THOCTH TOTOKA BUIA
(11.42), m ycTaHOBUTD CBA3b MEKIY HEMI IpH [r| > e, u |r| = a,. Cunras
3eMII0 YepHBIM TeJIOM, HaXOMAIIIMCS Ha ee OpOITe B TEIJIOBOM PaBHOBECIIT
¢ m3nyuenneM CoiHITA, Uell BUOAUMBIN ¢ Hee yrioBoil mumametp 273 ~ (.01,
HAATH CBsI3h TeMIepaTyp ux moBepxHocTeit ([25] N 7.17, [58] §7.2.).

17.6. PaiiTn mommHETeTBHEIN MEOKITETH: n°(w) [1 4+ dInn(w)/dInw], mpu-
06peTaeMBI CIIEKTPATBHOI IIIOTHOCTHIO YHeprun m3nydeHus (11.23) B cpeme
¢ mokaszaTereM mpernoMiterns n(w) ([24] N 149).

17.7. Paccegnue cBera B Bome BBI3BaAHO (QIYKTYaIUAMI ee ITOKa3aTells IIpe-
ToMITeHns n(w), T.e. OUATEKTPHICCKON mpoHumaemocTn €(w, T, 7), obs3an-
HBIMI (QIyKTyammsM TeMiepaTypsl n mioTHocTn (3am. 15.3.). Ucexoms m3
arasora ypasaennit Makcsemma (11.1), (11.2), mms MOHOXPOMATITIECKON BOTHEL
B cpeme, HAlTH aMIanTyay paccesans ([58] §2.4) u UHTeHCHBHOCTD paccesH-
HOTO CBeTa Ha PACCTOSHIIN I 0T paccenmBamorero oobema V' ([57] §2.1, [13]).
17.8. Paiitu reomerpmaeckyio ¢Bsa3b Beamans (11.40)-(11.41) ¢ maBmermem
(11.26) paBHOBeCHOTO W3TyUCHIHS Ha TePHYIO HIN 3¢PKATbHYIO cTeHKy ([7]T.1
§1.5), m ¢ BexkTOopoM YmoBa-Poiituara (11.15) ([58] §7.8).

17.9. MoxkHO 11 HallTH OTHOCHTEIHHYIO MUCIEPCHIO TIciIa GOTOHOB MCXOMS

m3 BeIpazkeHus Buma (c. (9.7), (9.9), [5] §§71,72,73):

2210 Q omo\? 1"
(7 )T’V /(% )] : (1167)

O'Q(N) =
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17.10. Pa#itu cpemame QAyKTyannnm >HePTUN U Uncaa GOTOHOB TePHOTEITh-
HOTO M3IyUeHNs B 3adaHHOM nmHTepBaie gacToT Aw ((9.19), [3] §X.9, [20]).
17.11. PoxasaTh, ITO cpemHee UICIO PEINKTOBEIX GoToHOB B 1cm® Bee-
JeHHON paBHO 398, ecmm TeMmepaTypa 3TOTO PAaBHOBECHOTO TePHOTETHHOTO
PEIMKTOBOTO M3IyIeHns paBHa 2,7 K u, cormacuo (11.27), (11.30):
T'(3)¢(3) (kgT)* _ 2,40 (kpT\?
n(T) = (;g( ) ((50)2 ~ ;12 ( 56 ) , tme, mpn T =1K :
kpT = kpllK =1,38-107%0x = 1,38 - 107 %5pr = 8,61 - 1075
1spr = 107 Ik = 624 - 10°5B, 15B =kp 1,16 - 10K,
15B=1,6-10""I:k, ampu h=c=1: 15B =5,068-10* e,
17.12. Paiitn d-mepHoe obobirerne dopmyn (11.18)-(11.35) mms m3mydenms
I CpaBHUTH BBITeKaorme m3 (11.35) 3akomsr cmerrerns Bura mo w u mo A.

17.13. O6pasoBanme aToMOB BoNOpona B panueil Bcemennoil compoBoXmaroch paBHOBECHBIM

11.68

11.70

(11.68)
B, (11.69)
(11.70)
(11.71)

m3nyuennem ¢ 1"~ 3000 K. Bo ckombko pas Owna pacmmupuiack, ecian Temnepn ero 1~ 3 K7
I I I I I I I I I
6 . 7

L :‘/’\’X
|
|

()]

T=1.5T 1

LAEEEEN
.
/ .
]
'
"

I

/ A=4h[KT /(he)]

.’
|
|
L " "" = X3e-x .
I' ":
rf; \
’ '
ll/" N \

N _

0 4 6 8 0 12 14
x = ho/(kT)

Puc. 11.3. 3akonbl Panes-Ixuuca (11.36) ~ x* n Buna (11.35) ~ z®¢™*, u sakon Pnanka ans
cnekTpanbHoi nnoTHocTu uznyuenusn (11.23), kak dyHkuuu nepementoin @ = hw/(kgT), npu

Pa3/IMuHbIX 3HaueHnax TemnepaTypbl 1.
B wrore, niaoTHOCTH UMcTa dacTu 7 s mosis usmydenns (11.27), (11.68) kax 6br “pac-

TBopmIachk” B (PYHKIINI .7:77T(5) (11.55)—(11.58) u B TOHSTUHN CPEMHUX UNCET 3AMOTHEHS.

[\

u(,TY/A = (T/T,)’ X' /(e"-1)
(U'S)

[
e
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17.14. Ponyunts pacupenenenne Gepmu-[upnka m3 npuainnna Paymm, ycemo-
BIIT MIKPOOOPATHMOCTH IIPOIECCa YIIPYTOro PaccesHns GepMIOHOB APYT Ha
OpyTe, OMHOPOOHOCTH I M30TPONHOCTH IMPOCTPAHCTBA I TUIOTE3bI MOJIEKY-
nsipHOTO Xaoca. O6CYANTH ero BepOSTHOCTHBIN CMBICI (B OTINTIE OT pac-
upenenernns P-P. [24] N 146).

17.15. Pafitu obobrmerne reoMerputiecknx KoddpunmerTos 1/3 m3 (11.48),
(11.49) m 1/4 m3 (11.52), (11.53) mms mpocTparcTBa d- m3Meperuii, Te:

A = sin® 2 y_ydilg_s ...sindyddydp,  [dQy = QWd/Q =Cy. (1L.72)
dP.(T) = 2pveF (e 72d19 CoS 19/ ¢ V=149, T.C.:
: Cq dv T

dP.(T) = QpEUE}"(&?)dg Ca- 72d19 cos? ¥sind 29 = ]%()dg’ (11.73)
. Ca_1 F/Q Cat

din(g) = v: (5)d5 /ah&l cos ¥ sin®™2 ) = v.F()de 5 gd (11.74)

'(d/2) ve (é)dg . .
. Tle. 11.58): = [d =
((d—l— 1)/2) 2v/7 e., cormacHo ( ) <> / NG
Cd+1 Car1 Cd+1
2y / Fle)de 7TCd<< Ve = I C (T, 2) K<v>y,  (11.75)

0
ey, Koy,

T.e. Kak 1 B (11.33): <w>, = v, (T, z2) = <m>,  my(T,2)’
n AN

(11.76)

1
torga xax: P(T) = /dPE /pEUE e)de = a<<np6U6>> (11.77)
T.e., B cormacun ¢ “pacTBopeHmeM’ IIIOTHOCTH T, CPeNHIIE KOPIIYCKYIISP-
Hble XapaKTePUCTHKN KBAHTOBLIX T'a30B OMPEdeSIAIOTCS OTHOIICHIEM CPel-
mux. Umerno »tm onpenenerns cpenunx (11.76), (12.39) u (11.57) — (11.62),
II COOTBETCTBYIOIIeE MM AHAJIOTMYHOE onpernerieHne st gasierns (10.13),

(12.38) mo3BOMAIOT IPABUIBHO ONPENEIATh KBAHTOBBIC MOMPABKI K MX KIIac-
cmaecknyM 3HaernsM (10.31), (10.32), (12.40).



Jlekiiua 12

TenioeMKoCTb KPpHUCTAJJIOB

Bakon Homorra - Pru (1819) mms Temmoemkoctn TBepmoro Ttema Cy = 3Nk
MOy I 00bSICHeHNE B paMKaX KIaCCHIeCKON CTAaTUCTIIeCKON QU3MKT MMeH-
HO KaK CJeICTBUE XOTh I OeHb OOIBIITIOTO, HO KOHETHOTOo Uncia 3/N cTemeHeln
cBOOOOBI Bcex /N aTOMOB TPOCTOTO KpHcTalida. Po Teopeme o paBHOpacIpe-
TmeTTeHNN KazKaas TaKas ero KojebaTelbHAas CTeleHb CBOOOMBI HaeT BO BHY-
TpernoBO SHepruio U Bkmax, pasueit k1, T.e. U = (3N — 6)kT ~ 3NKT.
Opnmaxo C{°" okasanock ~ 3R IUmIb B HOBOIBHO y3KOM HHTepBase KOMHAT-
HBIX TeMmepaTyp. B cooTBeTcTBuUm ¢ 3akoHOM PepHcTa Hambogee cumibHas
3aBucrnMocTh oT T' OblTa oOHApYXKeHa IIPH HU3KUX TeMTepaTypax. Fe xate-
cTBeHHOE 00BbscHeHTe 0b110 maHo A.Piamrreitrom (1907) myTem pacmpocTpa-
HeHUs nnedl PmaHKa Ha KodeOaHUS aTOMOB B KPHUCTAJIIMIECKON perreTKe I
SBHOTO TIPENTIONOKEHNS O KBAHTOBAHUN SHEPTUN TapPMOHIIECKOTO OCITHIIIS-
Topa. T'Bepmoe Teno paccMaTpUBAIIOCh M KaK COBOKYITHOCTE 3/N coOBepITeHHO
ONMMHAKOBBIX HECBI3AHHBIX TaPMOHUTIECKUX OCIMIIITOPOB € OMHON W TOW Ke
XapaKTepPUCTUIeCKON JacTOTON ws. KommdecTBemHoe cormmacue ¢ HabIOOA-
emoti mpr T — 0 TemmoemkocTsio Cy ~ T7 6BLTO HOCTUTHYTO B Momern P.
Hebas (1912). UsnoxenHble HUZKE pe3yabTaThl Teopuil Piirmreiina n Hebas
OCHOBAaHBI, B KOHETHOM cYUeTe, Ha KOHIeNTNN 603e-KBa3mIacTHUIl — GOHOHOB.

1  dDonOHBI

CTpyKTypHOI enumHUICH KPUCTAIIA IBISETCS IeMeHTapHas sUefiKa, TepIo-
ImvIecKoe TIOBTOPeHe KOTopolt Y > 1 pa3 BoCIpOm3BOANT BCIO KPUCTAITIIE-
ckyio perreTtky. OTcoma BUIHO, ITO OCHOBHOe GyHIAMEHTATIBLHOE CBOMCTBO
CIMMeTPUHN KPUCTaIIa CBA3aHO € omepallel I ¢ COOTBeTCTBYIOINM €Il ome-
paTopom Tpancaanun T, Ha BemuvIuny la, T.e. [- KPaTHYIO MIHIMAIbHBIM
BeKTOpaM PelIeTKH @1 2 3. [lelicTBIe ero Ha BOJIHOBYIO (DYHKIIIIO IIPOM3BO.Ib-
HOTO aTOMa, ¢ YUeTOoM HaJIoKeHHBIX Ha Hee NUKINdecknx no L; = N;a; rpa-
HIYHBIX YCIIOBUI, IEPEBOIUT ee B TY Ke BOTHOBYIO (DYHKIIIIO TOTO XKe aToMa,

135
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HpeHCTaBﬁMym B Buae TOHI 2Ke CYIIEPIIO3UIINN TeX ZKe IIJIOCKHX BOJIH a,j — a:
T ot (x) = exp(N(a-V))(x) = ¥(x + Na) = ¢ (x) :% flk)e'ex) (12.1)

I 0MHOMEPHOTO KPHCTAIa 3TO YCIOBIE HePHOIMTIHOCTI B dhopMe PopHa
— Kapwmana opumer Bum: exp(ikaN) = 1, wmm k, = 27v/(aN), e v =
0,+1,4+2,..,+N/2. T.e. nns memoukn mawmaoit L = aN w3 N aTomoB mme-
eTcs poBHO N He’KBHBAICHTHEIX 3HAUCHHIT BOJIHOBOIO UMCIa k Ha MHTepBae
(—m/a,m/a) B porn mepori 3061 Hpuamosaa ogroMmepHoro kKpuctanma. C
BeKTOpoM obpaTHoil pemeTkn b; = e;(a; X a;) /v = a;/d*, (b; - a;) = §;;
mpu |a;| = a 1 06BemonM smeMenTapHO Aueiik v = |(a3 - (a; X as))| = o’ B
IPOCTON KyOITecKoll peleTke STOH 30He 0OTBedaeT aHaaormuHsii (11.9) mpn
L; = a;N; BostnoBo# BekTOp ¢ kommorenTamu (k,); = 27v;/L;, B 6asuce

3 .
v; 1 1

e, = aibi: k,, =27 Z —bi, — —Ni < V; S —NZ’, npu: N1N2N3 =N (122)

i=1 Vi 2 2

— IIOJIHOM YIMCJI€ aTOMOB. PO, B OoT/I4YNme OT MU3J/IyUYeHId OH OoIIpedelIeH 30eCh

JINIITL ¢ TOYHOCTBIO JO IIPOM3BOJILHOI'O IIEJIOT'0 BEeKTOpa O6paTHOI71 PeIIeTKIL:

3
g =2ry_ mb;, (m;=0,%1,...) (Iuc. 12.3). Tax uro: k — k'=k+g, (12.3)
i=1
oTBedaeT IIpolleccy mepebpoca, rme p = hk,, He coxpaHIich KaK OOBITHBIN
IMIIYIbC, cOXpaHseTcs auirs mo Monyiaio hAk = hg, kax KBasumuMmIyIbc.
Cunrag KpucTaal GopMaTIbHO OTHON OOMBIION MHOTOATOMHON “MOIEKY-
Jo”, Iy KoeOaHUI peIreTKN B TapMOHITeCKOM TPUOIIIKEeHIN, aHATOTITTHO
(7.32)(7.39), ¢ f = 3N — 6 = 3N KomeGaTeIbHBIMI CTCICHIME CBOGOIBI

nmMeeM CIIEKTDP HOPpMaJIbHBIX KOJIeOaHUI (- TOTO oCIUJIJIIATOPa CHOBAa B BHUIE!:

" 2
Onnako, ¢ OmHOI CTOPOHBI, orpoMHoe umciao N ~ Y > 1 aToMoB u coOT-

1
6a:hwa(na—|——), rme: n, =0,1.2,..., a=1+f. (12.4)

BeTcTByMoIee emy uncno f = 3N mon HopManbHBIX Komebamrmit k, (12.2), a,
C IPYTOHW CTOPOHBI, HATIMYNE y KPUCTAITA OMPeneTeHHON CUMMeT PN TTPUBO-
OSIT K CYIIeCTBeHHBIM OTAnIusM. OHHI COCTOSIT B TOM, UTO TPH UUCIIC TUCCK
Y > 1 B xpuctanme B TpA. OpA. L; — 00 MOXKHO TIepeHTH OT CYMMBI TI0
a = (v,0) cv = (v1,v9,3) 1.e. Bommospm unciam K, (12.2) ¥ mHTerpupoBaHIo
d*k To KBasMHEIPEPLIBHOMY MHOKECTBY WX 3HAYCHII II COOTBETCTBYIOIICMY
HeIIPEePBIBHOMY DPaCIpeleleHIo 0 JacTOTaM W Pa3INTIHBIX OCHIIIIITODOB.
Pro BBOINT amazormuHyio m3mydeHmo (11.14) Mepy cmekTpa HOpMaTBHBIX

Te Vj: e®&a)N; — 1 Ty OImHOMepHOTO Koiblia 3 N aToMoB: €% = kopsm (1)1/N.



—137—

KolleGaHNll KPUCTalIa Kak IOTHOCTE D(w, V') amera HOpMaTbHEIX MOI Ha
CHOUHIIY TacTOTHL Wo = W B HHTepBate (w,w+dw) ¢: 17 = &v, k, = k() (w),

N; /2

i(..)zi(..)zi(..)iz [div(.)= (2‘;)3 > [k () =[dwD(w, V)(..).
a=1 ok oV N, /2 o

(12.5)

3mechb, B OTIOYNIE OT UM3IYUCHUSA, Y KPUCTALIAa, BO HEPBBIX, BO3HUKAIOT
pa3IndHble HelIpepbIBHBIE BeTBHI K01e0aTeIbHOIO CIeKTPa, T.€. Wy F Wiy €

k.| = k(o) (w). Ecmm amemo smeMeHTapHBIX SU€CK, COCTABIAIOMINX TAHHBI
obpasell, paBHO Y, a TICI0 aTOMOB B KazKIOH dIeMeHTapHON suelike paBHO (,

N =Y/, To monnoe uncmao BerBett 0 = 1+ 3(. U3 »Tux 3¢ BeTBell 3 m TOIBKO

Tpu, 0 = 1,2,3 — akycTudeckne BeTBHU, B IJTTHHOBOTHOBOM IIpemesie, IPI
k — 0, nMeIoT BUO Wi, & ¢k — 0. OHE 3a0al0T MOOBI TPeX aKyCTHIeCKNIX
(3BYKOBBIX) BOJH: OIHOI IPONOIBHON I IBYX IONEPETHBIX, PACIPOCTPAHSI-
IOIINXCS TaKkKe B CIUIONTHON TBEPHOM cpeme [mis xoropoit [45] B (12.2) a; — 0,
N; — oo npu Qukcuposannom Nya; = L;, a B (12.3) k' = k B cmbicie g — oo. B kunxoctu
U ra3e OCTaHeTCs JWIbL OfHa IPONoJIbHAas aKyCTHYeKas MOI[EL.] AKyCTI/ITIeCKI/Ie BeTBI
IPEOCTABIIIOT KOoTeOaHUS IeMeHTapHON SUelKHN KakK IeI0ro, oTBedas 3Y -
ctemeHaM ¢Bobonsl kpuctanta m3 3N. Ocranbabie ontuaeckne 3({—1) BeTBH
¢ wre > 0, V& mpencrasnsior octasmuecs 3Y (£ — 1) yMon kome6armil aTOMOB
OTHOCHTEIBHO IEHTPOB MacC BHYTPI SIIeMEHTAPHBIX sdeek (3am. 18.1).

Bo BTOpHBIX, HEIPEPHIBHOCTD BeTBEH W HAIWUNE Yy KakKOOW MX HUOX MaKCH-
MaJIbHOT'O BOJIHOBOTO BeKTOpa BUOA kjqp V3 /a o3HAUaeT HamWUMme y Ka-
ZKIOOI BeTBI I MaKCHMAJIbHOI JacTOTHL Wi, < Wi I wy = max wier Te.
CTIEKTP COOCTBEHHBIX KOIeOaHUI KPpUCTallla Wy, 00beIUHIeT B ceOe CBOIICTBA
CIICKTPOB M3TYTeHNS I MHOTOATOMHOI MOMeKy bl (em. Pme. 12.2).

Haree, Kak 1 B ciIydae M3IyUeHO, MOKHO BBECTH TOHSATIE KBaHTa HHEP-
Tun £, = hwp, = hwy(k). B mamHOM coydae 95TO KBAHTHI PACIPOCTPAHSIO-
IITXCS IO PeIllleTKe BOIH YIPYTUX aKyCTUIeCKIX NN ONTUIeCKNX KoIeOaHTil.
Takme KBaHTEI (KBa3UTIaCcTUIH) HA3BIBAOT hoHOHAMI. B cmexTpe (12.4), mpn
sameHe mHOekca o — (k, 0): 1, = hwi, — ecTh »Heprus omHOTO (GOHOHA B
cocrosau |k, o), a n, = ng, — €CTH INCI0 GOHOHOB B HTOM COCTOSHII.

XoTs HOHOHBI TOX0KN Ha KBaHTHI PMP, nmMmetoTcs m cyIiecTBeHHBIE OT-
auans. UMoyabe GpoHoHA He ompemesieH, Ho ¢ GOHOHOM HopMaJIbHOI Momsl K,
MOZKHO CBSI3aTh KBasunMmyasc ik, (12.2), KoTopsIil, 3a HCKITIOTCHIEM PETKIX
mporecco mepebpoca (12.3), coxparseTcs TPU 37TeKTPOH - (HOHOHHBIX, GOTOH
$OHOHHEIX I GOHOH-(DOHOHHBIX B3anMomelcTBIIX. [KoHeuHOoe unco 3( BeTBel
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CIICKTPa W, (k) 03HATAET, ITO AT KaKI0T0 (POHOHA BO3MOKHEL YK€ 3 COCTOS-
HUS TOTAPU3ANNN I CYIIIeCTBYeT MaKCIMaIbHAs IacTOTa Wy, BEITIIe KOTOPOI
dororo ®er m B (12.5) D(w,V) = 0 mpm w > wy. Ppuwaem amcmo HOp-
MaJTbHBIX MO TaPMOHUIECKON CUCTEMBI PAaBHO UNCITY ee CTeleHel CBOOOIMHI,
KOTOpO€ 30IeCh, B OTININN 0T [0/ m3ayderms (11.20), aBuseTcs KOHeTHBIM
7 PABHBIM TIOTHOMY THUCITY HE3aBUCUMBIX OCIUIIITOPOB OIS (POHOHOB:
Ni/2
3N =3Y(=f= Z 1= 213 = [ d*v —/de V) =5(wu, V), (12.6)
N2
Taxmm obpaszoM, BOZHUKAET BO3MOKHOCTD MCCIENOBATH BKJIA KOTeOAHUN B
TePMOAMHAMUKY KPHUCTATAa B TIEPBOM — TapMOHTTIECKOM TPUOIMKEHTNT M3Y-
Jas CBOWCTBA Ta3a HEeB3aNMOIEHNCTBYIONINX KBAa3MIACTUI — MIeaTbHOTO Ta3a
doroHOB. OTCYTCTBUE B3aMOIECTBIS GOHOHOB IPYT € IPYTOM 00y CIOBICHO
IIMEHHO TapMOHIIecKnM mpubamkerneM (12.31) s ToIHOrO moTeHImAIa
B3aMMOIENCTBISA COCETHNX aTOMOB KPUCTATTIIECKON PENTeTKN. XWMIIOTeH-
MrajJl TAKOTo Ta3a KaK W B cIydae PABHOBECHOTO M3IyUeHUS, eCTeCTBEHHO,
paBeH HYTIO: [y, = 0, Tak kKak QOHOHBI MOCTOSHHO IIOPOKIAIOTCI I IIOTJIO-
mraroTes pererkoii. Cpemaue dmicia GOHOHOB MOMBI €y = NWjy B COCTOSHUT
|k, o) matoTcs Torma cooTBeTCTBYIOMINM pacpenencHneM Pose — Pitamreitaa:

1
exp(feks) — 17 2sh (Bers/2)

~ KaHOHUIECKas CTaTCyMMa ¢uikcnpoBaHHOro (12.6) wmcema f ocnmaasTopos.
C yueToMm cTtaTcyMMbl Zi, (7.32) m cpenmeit sHeprum (7.35) oToeIBHOTO OC-

a Zlmz

n Zy = Hz,m (12.7)

Lni> =

I TOpa BHYTpeHH:I sHeprus (4.39) Takoro mmeaTpbHOTO Tasa:
al Z f 1
k,o
f hwiy hwiy [ hwpy Bhwiey
— — th 12.9
kZ,;LXP(ﬁhwka)—l—i_ 2] kZ 2 " ( 2 )(12:5 (129)
(.JM(V)
_ hw hw 0 F(T,V)
dwD(w, V)~ cth = : 12.10
= [ e e () = (g (7)), B0z
(.JM(V) o - hw
F(T,V)=—kgTIn Zy = kpT [ dwD(w,V)1n QSh( ) L () (12.11)
7\ 2k T

0
rme u B F(T,V) Takxke yaTeH KOHeUHBIT 3meCh BKIa YHEPTHUN HYIEBBIX KO-
TeGaHIil, KOTOPHI He BIIET Ha TEINIOEMKOCTH Tasa (GoHOHOB (x = [fhw):
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_{ou(r.vyy s (OPInZy\ Tw
Cy = (7% )V_ kg3 (7%2 )V_ kBO/de(w,V)E (kBT), (12.12)
rne: () = —x2dd—;1n(sh (2/2)) = —:1;2%(6901_ 5= (652_6?)2 _ Lhﬁjm (12.13)

— ¢yukuus Piamreitaa (7.36), upe noBemenue ¢ yuetoM (12.6) rapanTHpyer
peimostEeHne B (12.12) 3akoma Hmomomra - PTu, BocmpomsBoms TeM caMBIM
TeopeMy 0 PABHOPACTIPENETICHIN 10 CTeIeHIM ¢Bo6onbl nis sHeprum (12.10)
DU BBICOKUX TeMIepaTypaxX He3aBICHIMO OT ABHOTo Buma Gyakunm D(w,V):

Ex) —m1——4+—+..., S(x)moneXp(—MD. (12.14)

2 Monens HiHinrenua

Ppenmomoxum, 9T0 Bee KomebaTenbHbIe MOIBI KPUCTAIIA IMEIOT OOHY I TY
Ke XapaKTePUCTHUECKYIO YaCTOTY Ws, T.6. SHePrus (GOHOHOB He 3aBICHT OT
nMIyasca hk: ep, = hwge — hws = 5 = const. Torma pasencrsa (12.6),
(12.13) popmamprO 03HATAIOT, ITO B (12.12) (1 63 yIeTa aKyCTHTIECKIX MOT)

Ds(w,V) = 3Né(w—ws), B0 N=Y({—1) — N, T.e. (12.15

2 —
Cy = kpa’ (a;nTZN) = 3NkpE(x), rme: == hws _ 6—9 (12.
v

)
kT — T )

[N}

16

a 05 = hws /kp — xapakTepucTUdeckas “>HHIITeHOBCKas TeMmepaTypa’. B
cuny (12.14) mpu T > 65 mompaska & 3akony Homorra - PTu Takosa:

2

Cy ~ 3Nkp [1 — %] — 3Nkp, tme: * — 0, mpu T — oco. (12.17)

P pu Husknx Temmeparypax, 7' < 65, Bomonssercs 3akon Pepacra (7.37):
Cy ~3Nkga?e ™ — 0, rme: x — 400, mpu T — 0. (12.18)

PTu BEIpakKeHIS Tal0T JIUIIE KadeCTBeHHOE CoTTacme ¢ skcmepmverToM (Pc.
12.1), a samery N — N B (12.15) MoxHO ompaBnaTs Toabsko mpu (> 1. Pa
camoM mene u3 Bcex 3N = 3Y ( KomebaHUN IMEHHO OTOPOIIeHHBIE 3mech 3Y -1
cTeTleHel CBOOOMBI KPUCTAITA, 3aKTI0OUeHHBIEe B TPeX aKyCTHIeCKIX MOIax, I
OTIpeNeNIaioT TMOBeIeHNTe TeII0eMKOCTH TP HU3KUX TeMIlepaTypax.
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3 Momens [Hebag

T.e. momenb PitHINITelHA cIUITKOM Tpyba, T.K. Ha caMOM Oejie TPH aKyCTH-
TeCKIX BeTBU W, (k) ~ ¢,k, oTBedamomme TpeM BO3MOKHBIM HOISPI3AIIIIM,
BO30YKIAIOTCSA MPU CKOTh YTOOHO HU3KUX TeMmepaTypax. omycTuMm, ITo:

® ONITUUECKUe BeTBU, HA00OPOT, MW BOBCe OTCYTCTBYIOT mpu { = 1, umn we
BO3OYIKIAOTCA W3-3a HU3KON TeMmepaTypsl 1T’ < 10 I;

® /IS TPeX aKyCTUICCKUX BeTBeH CIIPaBemInBO IIMHHOBOTHOBOE ITPMOIMIKE-
HIIe ¢ JIIMHETHON 3aBICHMOCTBIO 0OIIell YacTOTHI OT BOTHOBBIX THCEN (BOI-
HOBBIX BCKTOPOB) V OIHOM TIPOMOIBHON M OBYX IOMEPEUHBIX IMOISPU3AIIIIL:
W = C[k‘(l), W = CJ_]C(J_), T.cC. |k(0)| = k‘(g) (w) = w/cg.

Ppm sameHe cyMMBI MO BOTHOBBIM TmcTaM (BekTopaM) K,y MHTerpmpoBa-
HIiTeM 10 mpaBmiry (12.5) mist amema pOHOHHEIX MOI ¢ TaCTOTAMII B MTHTEPBATIC
(w,w 4 dw) B Temecrom yrie {2 = 47 Bmecto (11.12)(11.14) mveenm:

d3k 47V Vw? ( 2 )
— dw,

d7(w, V) = Z :>v2/ = 3Zk k() =

e (27)3 5 272 cL
_ dv( ,V) 3Vw? 3 1 2
orkyma: Dp(w,V) = T yam mm 5= ; + E, (12.19)

¢ - cpemHAs 00paTHO-KyOmdecKkas CKOPOCTh 3BYKa. PTo oTamuaercs oT dop-

My (11.14) nms GOTOHOB JIHMINE 3aMEHOM ¢ — ¢ I OTHOIICHHIEM TIICTIa MOJIS-

pu3anuit GOHOHOB I GOTOHOB: §pn /gy = 3/2. U3 (12.6) MoxkHO HAlTH TOTmA

MaKCIMaTbHYIO TacTOTY Wy U GyEKmmo Dp(w, V) kax: J(wy, V) =

Vw3 — w? 1/3
M Dp(w,V) = 9N —, wM:E(67T n)/,

253" 3
2mec Wiy

=3N = /dw@D(w,V) =
0
(12.20)

n = N/V. Hns tennoemroctn m3 (12.12) maxomum, BBoms mpn wy = wy (V)
temmepatypy Hebas 0p(V) n dpymakmmio Hebas A(x) m nomaras ¢ = Shuw,

th QD w T t
kpbp =T = Bhwy = =L =1 (1221
gfp =hwy, = pfhwy T =T o I ( )
9Nk T\3 /T
b /dw (Bhiw) = INkg (e ) | et (12.22)
D

0
x 1
Cy = 3NkgA (%D) . A) = %/ﬂg(t)dt =3 [E(g)de. (12.23)
0 0

Ppu T — oo (z — 0) m3 (12.14), (12.23): A(0) = 1 = £(0), n mHeMemIeHHO

mpuxonnM cHoBa K 3akoHy Homoura-Prm: Cy &~ 3Nkp(l — o(1)), Tax xax:
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1 l‘2£2 l‘2
S/d&?[l—?]:l—%, r =0, T — oo,
Alr) =1 ;0 i (12.24)
2 T —x
EO/tg(t)dt:5?{1—0(6 ), © =00, T =0,
T1Ie: 7#5(:5) dt = — 7t4d( ! ) =41, =4T(4)((4) = irl (12.25)
a - e D) T T I
1274 Ty’ .
orkyma: Cy = - Nkpg (%) (1 —O(e )) , TO eCTh, (12.26)

mpu T — 0 (¥ — 00) BBIOY CXOOIMOCTH TOCTeTHee Bhpazkermne (12.24), mpn
mHTerpupoBatnn mo dacTsaM (12.25) ¢ yuerom (12.13), (11.29) maer 3axom
Te6as T (12.26), cormacyrommiics ¢ 3asucuMocTbio Cy o T mpn HU3KHX
Ttemmepatypax. DPopuyma Hebas (12.23) oxasbiBaeTcs TPaBIIIBHOM B IBYX
IpenenbHBIX Caydasx (12.24) m MoxeT paccMaTPUBATHCS KaK MHTEPIIOTIIIN-

OHHasI I7IS TPOM3BONBHEIX TeMiepatyp (cpasan &(x), A(z), Ha Pmc. 12.1).

1.0

0 0.2 0.4 0.6 0.8 1.0 1.2
T/0p , T/0

Puc. 12.1. TennoemkocTs [ebas A(6p/T) v TennoemkocTs PitnwTeina £(05/T).

Al | Mg | Cu | Zn | Ag Au

QD,[(
ms ¢ 399 | 385.6 | 344.4 | 328 | 226.4 | 1611
QD,[(
ms Cy | 304 | 404 | 3452 305 | 226.0 | 164.7

Temmepatypa [Hebas fp ompenensgeTcs He3aBUCUMO O U3MEPEHUIM KaK CKO-
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poctu 3ByKa ¢ B (12.20), Tax u Temmoemkoctn Cy (12.26). Tecras 61m30cTs
TUX MAHHBIX YKa3bIBaeT Ha CaMOCOTIAcOBAHHOCTEH Momernn [lebas.

B ornmuame oT m3nmydeHNs, B TepMUTIeCKoe YpaBHEHIE COCTOTHUS s (o-
HOHOB JIOIOTHITEIHHY O 3aBICIMOCTE 0T 00bema B F' (12.11) BHOCAT: »Heprus
HyTeBBIX KoebaHmit m3 (12.9) u 3aBucsimas oT Hero MaKCIMAaIbHAS TacTOTa

wp (V) (12.6), (12.20). Ogmmako Tpm HAIHTINN ¢IHHCTBEHHOTO Pa3MEPHOTO
mapaMeTpa wy 6e3pasMepHOCTh BemmanHbl wy D(w, V) = U(w/wy) oTaactn
daKToOpU3yeT 5TY 3aBICUMOCTD (3am. 18.3.) KakK I CBOOOMHOM SHEPIUI, TakK
I 171 DaBieHns, i B Momenn Hebas Bmecto (11.26) m3 (12.11), cremys (12.21),
(12.22) u yumrssas (12.10), (12.20), maxomnm?, npu x = 0p /T

() F(T,V) = ONksT (%)3 / 210

25k (g)] it = ONEsTR(2),  (12.27)

P=- (%)T: —9NkBR’(x)d€§7‘(/v) — (V) @ (12.28)
o] 1. U(T,V) = ONwy R (x), A(V) = — 10 d[‘ff‘ﬁv)] (ﬁ)%, (12.29)

— mapametp ['proraiizerna, kpbp(V) = hwy (V), n To xe mmst momenn (12.15).
[lepenocuMBbLT (OHOHOM CpPEeHWIT UMIY/ILC KaK NMepelaniblii aToOMaMli CTEHKe KPICTaslla 3a
Mepuos B rapMOHIYECKOM MpUOIMKeHnn pasen nymo: ((m;v;)) = 0 Kak cpenmee oT nepuomu-
geckolt Gpyuxuun no nepuony. Ipomssonnas A(V') (12.29) wacToTst o 06beMy 03HaYaET, 4TO
naBjeHre (GOHOHHOrO Ta3a MeIMKOM 00I3aH0 aHTrapMOHNIHOCTH KOJIeGa il aTOMOB KaK 3aBH-
CUMOCTH UX 9acTOThI 0T X ammuTyabr [13]. Tlta ke mamas Kybmdeckas aHTapMOHUYIHOCTh
MesxaToMuoro notentmana u(x) = yr?/2—nz® npu yepennennn ¢ e=**) [55] npuonuT K Te-
mIoBOMy pacimpenuio TBepabix Term: al'ap/3 = (@) = 3nkpT/v* w cBasu xkoopdunmenTa
06BeMHOTO pacmpenns ap ¢ napameTpoM | 'pionaiizena: Vap = A(V)Cy Kr (3an. 18.7.),
T.K. 5TO pacllupeHne U BbI3BAHO POCTOM masienus (ouono P, (12.28) ¢ Temnepatypoi.
Nrak, ycraosue fi,, = 0 He IPUBOAUT 30€Ch K YPABHEHMIO COCTOSHIS
(11.24) P = P(T) Bmecto (12.28). 3amermM, ITO, B OTININE OT PEATHHBIX
T'a30B U U3JIYyUYCHIA, 3aHIMAIOIINX BCeT'da BeCbh HpeI[OCTaBJIeHHHﬁ M oOBeM
I yOCpXKUBACMbIX B HEM JINIIb BHECITHIMII CIJIaMHI €TI0 CT€HOK, ZKIOKOCTH 1,
TCeM 60Hee7 TBEpObIC TeJla — KPUCTAJLJIBI — CaMII O DAHHYNBAIOT CBOII 00BeM 3a

cUeT OOHOJTHUTEIBHOIO NABICHNUS COOCTBEHHBIX CIJI IIOBEPXHOCTHOTO HATSIZKe-
HUsA. PoBepxHOCTHaAS dHEPTHA, OyAYyIN HEOTHEMIEMON JacThiOo BHYTPeHHEN 1

2T e (ms) F(T, V) = kBT/x %xp (3) In [2 sh (%)] = kpTR(2), u PV = AV)U(T, V).

X
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CBOOOTHON HHEPTUH KPUCTAJLIA, ABISETCS DOMOTHITETHLHBIM ICTOUHIKOM IX
3aBICIMOCTI OT Pa3MepoB (IIOBEPXHOCTH). XOTS 3Ta MOBEPXHOCTHAS HHEP-
THsS MHOTO MeHBIe VITeHHON BEINIe 00BeMHOI SHEPTUH, ee IPOM3BOIHBIMII,
T.e. IaBIeHHeM, I IPUPAIEHUAMI, T.e. 3JIeMeHTapPHON paboTol S>THUX CII
Ay, = —0o(x)dE, yxe Hemb3s IpeHeOPETh IPU OMMCAHNI MOBEPXHOCTHBIX
aBiieHn. Torma MOTHBIA TePMOTMHAMUITIECCKIN MOTEHINAT OIBYX(a3HOM CH-
cremer (5.38) pasen: J = —P Vi — PVo+ f{ 0(x)d¥, I U3 yCIoBUS €r0 MUHI-
MyMa mpn pukcupoBarHoM V) + Vo mmeen: Py, = Py — Py = o(dX/dVy). Ppu
duKCIpoBaHHEIX 00beMe V) 1 TeMmmepaType 1 MIHIMYM eTro IOBEPXHOCTHOM
qacTn Jy, = f{ o dY ompemenaseT PaBHOBECHYIO OT'PAHKY KPHCTa/IIa COTJIACHO
TeopeMme Byrbga: B paBHOBECHI B KPICTaJIe CYIIeCTBYeT TOYKA, PacCTOs-
HIs (; KOTOPOM 0T mIockocTell rpaHell ¥; ¢ ypaBHeHmIME (Ny,; - X) = (; n
MOBEPXHOCTHBIMI HATSKEHUSIMI 0; TAKOBHI, U4T0 0;/(; = const (Tluc. 12.4) [6].

T.e. GOHOHHBIN T'a3, ABALACH TA30M [HIIOTETHICCKIX TACTUI, OINCHIBALT
nuib TacTs Py, (12.28) monnoro masnenus P, = P,, + Py, co3gaBaeMyo Ko-
Te0aHISIME pealbHBIX aTOMOB KpHcTaslia. PosToMy HYIeBON XIMIIOTEHITIAT
3TOTO Ta3a [i,, = 0 He HMeeT HIKAKOTO OTHOMICHN HI K XUMIOTCHINAIY [l
aTOMOB B KpHUCTaJsljle, HII K er0 OOIBIIIOMY TePMOIMHAMEITICCKOMY IOTEHITIAITY
I TIOJTHOMY HaBiIeHNo P.. BHyTpu camoro kpuctanta (3am. 18.4.):

 (OF.,(T.V,N)
fler = ON

. JoT, V. pie) = For(T,V,N) = Ny = —P,, V.
V,T
(12.30)

Taxkoe IIpenCTaBJ/ICHIE O q)OHOHaX KaK 0 HEKOTOPBIX PaCIPOCTPAHIIOIINXCI
II0 peIIeTKe B036y}KI[€HI/I}IX — KBa3YaCTHUIMaX — ABIACTCAd YaCTHBIM CIIy4daeM
O6IlI€I‘O IIOHATHA, NT'PAIOIICTO BAZKHYIO DOJIb B KBaHTOBOII TEeOpU KOHIOEHCH-
POBaHHBIX CUCTE€M, YbIIM I[aJIBHefIIHHM O606ITI€HI/I€M ABJIACTCA

4 KOHHQHHI/IH KBa3nm4aCTHUI]

Beskoe ciabo B036Y)KI[6HH06 COCTOAHNIE MAKpOCKOHI/IquKOFO TE€JIa MOZKHO pacCMaTpuBaThb
KaK COBOKYIIHOCTBL OTHOEJBbHBIX 3JI€MEHTapPHBIX B036Y)KI[6HI/H71, KOTOpBIE BENYT C66}I, KaK He-
KOTOphbIC KBa3nm4daCTHUIbI, OBUXKYIIWNECS B 3aHUIMacMOM TeJIOM obneme. Iloxa mx 4gmcno me
BEJINKO, OHI HE BSELI/IMOIIGfICTBYIOT MEK Y coboll 1 UX COBOKYITHOCTBH MOXKHO pacCMaTpUuBaThb
KaK I/II[GELJIBHBIfI ras. IlomsaTue SJIEMEHTapHOTO B036Y)KI[6HI/I}I — KBa34aCTUIbI — BBOOUTCA KaK
croco6 onmcaHusa KOJIJIEK TUBHOIO AOBIKEHNA BSELI/IMOIIGfICTBYIOHH/IX ApyTr ¢ ApyTroM aTOMOB
Tella IIyTeM AUaroHa/JIn3alllill NX BSELI/IMOIIGfICTBI/I}I K HOpMAaJIbHBIM — HGBSELI/IMOIIGfICTBYIOHH/IM

MoflaM 7 HUKaK He acCOMUPYeTCHA ¢ OTACIbHBIM aTOMOM WIN MOJIEKYIION [60].
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C KomebaHUSIMI pemIeTKN CBA3aHO MHOKECTBO Pa3HOOOPA3HBIX SBJICHIHII,
TaKIX Kak HEYIPYToe PACCesHIe CBeTa Ha ONTHICCKIX (GoHOHAX (dddexT
Pamana), 3¢ heKTUBHOE IPUTAKEHIE TICKTPOHOB, 00YCI0BICHHOEC STEKTPOH -
(GOHOHHBIM B3anMomeficTBIeM (raMuabToHnaH Ppennxa) m IpmBogIIee B KO-
HETHOM cTeTe K cBepxmpoBomuMocTn. C mporeccaMu mepebpoca 1 mepematei
IMITYTbCa KPUCTAIIY KaK IeIOMY CBS3aHBI MEXaHN3M TeIJIOIPOBOTHOCTH I
Pe30HAHCHOE TOTJIOMeHNe 6e3 OTmaunm Y-KBaHTa SOPOM B KpHUCTaame B 3d-
dexte Meccbayspa, m MHOTOe mpyroe. PasHble BeTBU KoTeGaHWI peImeTKH
BIIISIIOT Ha Pa3IIMTHBIC IPOLECCH: ONTHIecKne (6OPHOBCKNE) BeTBU — HA IIO-
TJIOITIEHTe U MCIYCKaHme THGPAKPACHOTO M3y IeHNS I eT0 KOMOMHAIIMOHHOE
paccestHIe; MPOIOIbHBIE aKyCTUTIeCKIe BeTBI — Ha paccesHne HelTPOHOB.

Bot muims HekoTOpBIe IPUMePHI KBA3UTIACTUIL, CBA3AHHBIX TaK IJIH THATE
C PA3TUIHBIMI BeTBAMHI Kollebanuil pemreTku [60]:

HOJIAPUTOH — KBAHT CMECIH ONTUICCKIX (POHOHOB I (GOTOHOB (KBAHT IIOTIEPeT-
HOTO 3JIeKTPOMATrHITHOTO TIOJIS, BO30YKIaeMOT0 IIPU IOMEPeTHBIX JKe OIMTH-
TeCKIX KOTeOAHNAX MOHOB PEIIeTKII);

IUIA3MOH — KBAaHT IIPOMIOIBHON 3TeKTPOMArHUTHON BOJIHBI, BO3HUKAIOIIEN
IpU KYTIOHOBCKOM B3aIMOACIICTBIN 5ICKTPOHOB € MOHAMI PEIICTKH (B Me-
TalIax I TOTYTIPOBOTHIKAX );

MOJISIPOH — aBTOJIOKAIM30BAHHOE COCTOSHIIE STIeKTPOHA, OTBEUAIOIIee B3a-
IMOIEMCTBUIO 3IeKTPOHA € ONTHICCKIM (GOHOHOM, T.e. DSIeKTPOH, HBUAKY-
IIIICS. B KPHCTAIIIIE BMECTe ¢ JIOKATBHOM MOIPU3anueil (37eKTPOoH + 061aKo
BIPTYATBHBIX ONTHICCKIX (GOHOHOB);

MATrHOH — KBAaHT CIMHOBBEIX BOJTH, T.6. PaCIPOCTPAHSIONINXCS B KPHUCTAIIe
HAPYIICHNN YIOPSIOIeHHOCTH (IIePEeBOPOTA) CIIMHOB (cum. Tekcer nocie (10.44)).
([5] §53, [6] §64-71,154-156, [7], [10], [11], [12], [13], [36]. [60])

Samaun
18.1. ®ymxmnu ['amunbToHA omHOMepHON NMUHeNHON menodkn Popra - Kap-
MaHa ¢ OMHOM I OIBYMs aTOMaMHI B 37eMeHTapHoi saeiike mpu N1 =1 X Y m
Ny =2 XY coOTBeTCTBEHHO, B TaPMOHIIECKOM TPUOIMKEHIN TMEIOT BII:

Slei o 2 Yo (pie | P
Hy= 2. |5+ (8= & H, = 12.31
1 EZZl 2m+2(f£ §o-1)7| 2 EZZl 2m1+2m2 + ( )
Y
+%£Z: [(&g) - 55@)2 + (fél) - fl@l)Q + (fl@ — 5@_121)2] , IIMaroHaIN3ysiCh
=1
i 1 i : i N
BMecTo (11.4): fé )(t) = —Zqé)(t)elkga, mpn q]g)(t) = Aé)e Mkt, (12.32)

N %
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~- KOHCTAHTa YIIPYTON CBI3M COCETHUX aTOMOB; & él)— CcMeIlleHe OTHOCUTETBHO
TO/TOZKCHITS paBHOBeCHs (- To aToMa, uin (i)- To aToMa B (-oil saeiike. Koop-
ONHATEL §¢ yOOBIETBOPAIOT MUKINTICCKIM ycaoBuaM Popra-Kapmama: § =
£y N, MOIETUPYIONINM UICATBHYIO MePUOAUICCKYIO CTPYKTYPY; Pir = mifél).

1.6
(Dopt
12
S
3
=~ 08
3.
E (Dac
04
0
-1 -05 0 0.5 1

ka/n
Puc. 12.2. Bua akycTnueckoit wy.(k) n onTnueckoin w,,: (k) BeTBen npn my = 2my.
]?OK&E’:&TI)7 9TO 3aKOH OUCIIEPCHUM OJIA KoeOaHuin Oermo4dKu, T.€. 3aBUCH-
MOCTBH YaCTOTHI KOJIeOAHUN W OT BOJHOBOTO UNCTIA k, B II€PBOM CJIydac:

27 7)1/2 . ka
ac k‘ = —_— 1 — k‘ = 2 — —
Wae (k) \l - [1 — cos(ka)] (m sin

a BO BTOPOM CIIyvae:

1/2 1 Ty )
8 s H 22 a

ws(k) = (—) {1 + (—1 \Il — ——————sin (—)} , Tme: (12.34
m =3 (1)1 = i (5 (1234
s = 1,2, a mpuBemeHHAS Macca dIeMEHTAPHON SICHKE [t = mymy/(my + my),

12
:>(—) ka|, (12.33)

k=0 \m

I TOTOMY MHOKHITeNb Hepell KBampaTtoM curyca 4u?/(mymsy) < 1. T.e., mis
OIHOMEPHOII IEIIOYKN IBYXaTOMHBIX SUeeK IMMeeTCs IBe BeTBU KOoleOaHMIl:
1) akycTmdeckas BeTBb, s = 1, aHamormaras (12.33), rme w,.(0) = 0;

2) onTHYecKas BeTBb, § = 2, IS KOTOPOI woy (0) = 1/27v/ .

B mpemene my — my, ¢ yaerom 3aMeHB (a/2) — a, (12.34) mepexomut B
(12.33). T.x. 3aBECEMOCTB OT k BO BCEX CIIyUasX SBILCTCS IEPUOTTICCKOIT,
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ee MOXKHO OTPAaHIYNTH MepBoil 30H0i PpummosHa |k| < 7/a ([12], [44]).

18.2. B momenu Hebas (12.14), (12.23) u Pitamreiina (12.17) HafiTo KBaHTO-
BEIC TIONPABKI K 3aKoHy Hfomorra n Pru, n monpasky & 3axony Hebas (12.26).
Pouemy mpubamzenne Hebas (12.20) maeT mpaBUIBHBIL OTBET U IPU BHICO-
KIX TeMIlepaTypax, TIe OHO 3aBefoMO Hempuromuo (cm.(6.7))7

18.3. Csobonras suHeprus d-meproro kpuctanna B (12.30) comepxuT mobaBKy
K (12.11), ompemensmormtyio gopMmy kpucranma Fy = fa(x)dE mpu T' = 0.
Pafitn amanorm: mpencrasmenus (12.27) o F,,. = F,, + Fy, ypaBHeHus co-
crostaus I'ponaiisena (12.28) P, = P,, + Py u ero xoncraaTser (12.29), ecnn
CHeKTpambHasd MI0THOCTE D(w, V) = ND(w,?) u3 coobpazkeHmil pasMepHO-

CTH 3a[aeTCsS eIUHCTBEHHBIM pa3sMepHBIM mapaMeTpoM wyy (V'), aHamormaso
(12.20), (12.27); a Taxxke mpu ¢ = const (12.19); mpu ap = PPy Ky B 3am.
18.7; mpu L = Na B 3am. 18.9. (cp. Bam. 16.3.) ([11], [18] II N 22, [24]).

18.4. PomyunTs oTciona XuMIOTeHIIAT TBeproro Tema (12.30) B Bume:

for = =0 — kpTIn Gy + kT [ dwD(w,v)In (1 — e}, (12.35)
0

roe: (G4 - cTaTCyMMa BHYTPHUMOJIEKYJIAPHBIX CTeIeHell CBOOOMIHL,
.V s, v 0 s, 1 0

w=-t+rn. 7=% (55) =55 (o), =va
¢o— CKpBITas TeIJIoTa CyOInMaIni, U— yaOelIbHBIT 00beM, a Py— napireHne npn
abcomoTHOM HyTe. Kakoil BKIam sBiaseTcs 3mech ocaoBHBIM ([3] §1X.3.)7
18.5. Pafitu cpemHexBagpaTIIHOE CMEIIIEHIIe aTOMa Me0aeBCKOT0 KPICTALIa
I3 IIOJIOKEHIS PABHOBECHS, IIPEOIIoIaras CTATHCTHYeCKYI0 He3aBICHMOCTD
OTHENbHBIX BpeMeHHBIX Pypbe MapMOHHK CMEIIeHNs, T.e. CTaTHCTHICCKYIO
He3aBICIMOCTE OTIeIbHBIX HOPMAIBHBIX KomebaHnil. PaccMoTpers mpemens-
mele caydan T < 0p uw T >> 0p. ([5] §53, [24] N 147, [7]).
18.6. Cpasruts cpemane uicaa <N (T)> ¢doronoB n goronos (11.27), a
TakzKe UX OaBIeHNS I TeIIOEMKOCTH IIPI BBICOKUX I HI3KIX TeMIepaTypax.
18.7. Csssatp mapametp ['pooraitzera A(V) ¢ 06beMHBIM KO>)OIIIEHTOM
TemmoBoro pacmuperus ap: Vap = A(V)Cy Kp ([11], [24] N 134, [13], [55]).
18.8. C yuerom ® = F + PV, noxasats: Vap = Cp(dlnby (P)/dP)s ([56]).
18.9. Paifitu, uT0 CpemHsS TeImoBas Pa3mBHKKA COCETHIX aTOMOB (1) =
aTap/3 = 3nkpT /+? B mpocToil Kybmdeckoii pemerke L = aN ¢ moTeHIa-
aom u(x) = ya? /2 — nad = mw?(x)2? /2 opu |v| < a. Onernnts A(L?) ([13]).
18.10. KakoBa ¢opma “orpaskm Kpucrania’ ¢ MOCTOSHHBIM 0(X) = const?
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S

=i

4 a

<L

lj
Puc. 12.3. BekTopbl obpaTHoIl peLueTKy. Puc. 12.4. K Teopeme Bynbda.
18.11. C yuerom (10.45), (11.75) B 3azm. 16.2., 16.3. HallTH OINHY TEIIOBOI

BoHEI Ae-Ppotins Ayq)(T), m obobmierms (10.11)-(10.13), (11.58)—(11.61),
mpu obbeme emnumaHoro mapa By = Cy/d, £, = ap’, A = d/(, B Bune:

BaAja(T) _ ( a )A ! Aya)(T) = i(i)w T (5+1) 1/(0112 36)
rd T \kT)T(A+1) POYITRGT) T+ T
s % 7Td/2

(T, i) =7o(T, ) @r(nz), m(T.p) = Ad( )(T)’ By = m, (12.37)

) z
PUT. ) = Tl ) KT @ () = (T 1 { 210 (12.38)
<>, = my(T, 2) <<U>>77D2ﬁ0(T, 2) LU Pagio1/0(n2), (12.39)
A
Dy, z
roe Ku>,=0,(T,2) = <<U>>0{ SIRVAY )}, opu p.v. = (e, (12.40)
D ®x(n2)
_ F(A+1-1/0) _
1/¢_1-1/¢ 1/¢ 1-1/¢
Ug?jﬁa € , T KU ?jﬁ o) a (kT : (12.41)
Ppue, =cp, Te. { =1 nmeem Vd, n ==£1,0, aro <<U>>77 = U, = C = a.
s 4
Onmarxo n Ve, : Adg(T) = g p e P = /d e, rme (12.42)
dv(e,V; sCqpd=! D(e,V
pie vy = DDy gCap ( ) Fe) = 7(5’ Jo=rle=n) (12.43)

de hd w(e) %

m <L) = /d&:}"g:o(&t) =mny(7,z2) = 2= (12.44)
0



Jlekiiua 13

TenioeMKoCTb QJIEKTPOHHOI'O Ir'a3a

3aTpynHeHNS KTACCUTIeCKOl TeOPUN B OMMICAHUN TEINIOEMKOCTH TBEPIBIX Tel
He MCUePIBIBAINCH ee PeImeTOTHON JacThio. B KilaccudecKoll Teopum >Iek-
TPOHHOI IpoBopmMocTn MeTalnoB Ipyme — Jlopermna (1904) Bxmanm B Temmo-
eMKOCTH CBOOOMHBIX BaJIeHTHBIX 3JIeKTPOHOB TTPOBOMMMOCTH, COTJIACHO TeOo-
peme o pasropacupeneneanm: CL = (3/2) Nk, m momKeH GBITH COMOCTABIM
C PeImeTOTHON TeIT0eMKOCTBIO, a IS OMHOBAIEHTHBIX MeTalmoB ¢ N, = N
nx cymma Cy = 3Nk 4 C} momXKHA IPeBHITATh PEIIeTOUYHYIO TeINIOeMKOCTD
B 1,5 paza. OmHaKo sKcIepuMeHTATIBHO TAaKOH BKJIAN He OBIT 0OHAPYKEH
HI IpH KakKOX pa3syMHO MOCTIKIMBIX TeMmepaTypax. PTa “katactpoda’
C AITEKTPOHHON TeMTOEMKOCTBIO METAIOB ObITa yCTpaHeHa JINUIh ITpUMeHe-
HITeM KBaHTOBON cTaTmcTukn Pepuvu — Hupaka (Sommepdensm, 1928).

1 Hpubnmxenne ¢cBOOOMHBIX 3ICKTPOHOB

PepBoe HpI/I6JII/I}K€HI/I€ B TeopHul MeTaJIJIOB CBA3aHO C IIpeOdcTaBJ/ICHIEM O II0JI-
HOCTBIO OEJIOKAJIN30BAaHHBIX 3JICKTPOHAX, IIPUHAOICKAIIIIX KPUCTAJIIY B IIE-

oM. B sTom HpI/I6JII/I}K€HI/II/I MeTaJIJI CHUTaCTCA COCTOAIIINIM 13 MOHHBIX OCTO-
BOB, OKPYZKCHHBIX Ka)KI[LIfI 000JIOYKOII CIJIBHO CBSI3aHHBIX 9JIEKTPOHOB, II 113
OOIBIIIOTO TIICTIa IIpakKTHU4YeCKN’ CBO60,HHBIX SJIEKTPOHOB — 3JICKTPOHHOI'O I'a3a
B AIITIIKE. Xotrd HHOCJIEAHIIE B PCAJIBHBIX METAJIJIaX OTHIOOb HE ABJIAIOTCI pe-

aJIbHO CBOOOMHBIMU, B3aIIMOIEIICTBY 3a CUeT MaJbHOOeUCTBYIOIINX KYyJIOHOB-
CKOX CIJI I OPYT ¢ OPYTOM, I ¢ MOHHBIMHI OCTOBAMNI, IMeIOTCA CIedYIOIIne
(haKTOPHI, MO3BOJIIOIINE PACCMaTPUBATh B HUX 3TN BaJeHTHBIEe 371eKTPOHBI,
Kakx cobomgusre: 1) B mocrarouHo GombIIOM 06BeMe MeTalda 3apsmbl 1O-
HOB B CpeqHEeM KOMIIeHCUPYIOT 3apsabl 3JIeKTPOHOB, a IIOTeHINAI OTHeIBHOTO
3JIEKTPOHA 3KPAHUPYeTCs OPYTUMH 3JIeKTPOHAMU, UTO 3aMEeTHO YMeHBbIIaeT
061aCTh, B KOTOPOI IX B3alMOICHCTBIE HEOOXOMNMO YINTHBATE; 2) CHeKTp
3JIEKTPOHOB B IMePUOOUYIECKOM II0JIe MOHHONI peIleTKN IMeeT 30HHBIU Xapak-
Tep (Pmc. 13.1), roe BepxXHSAS U3 3all0THCHHBIX — BaJCHTHBIX — 30H 3aIlOll-

148
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HEHA JINITH TYaCTHYIHO, ABISICH B TO K€ BpeMs HUKHEH 30HOH IPOBOIIMOCTII.
Tax, m/Ig omHOBAJICHTHBIX MeTasI0B pu 1 — () UmcI0 BaJeHTHBIX 3IEKTPO-
HOB PAaBHO JIUIITH TOJIOBITHE UHCIa YPOBHEH TOI 30HBI, U MabHeMIas 30HHaS
CTPYKTYpa UX CHeKTpa B HEPUOTUICCKOM IOJIe PEIIeTKU OKa3bIBAeTCS He-
CYLIECTBCHHA; 3) SHEPIUS 3TEKTPOHA 3aBUCHT KBALPATHTIHO OT BOTHOBOTO
BexTopa: ¢ = ~k%, mo kpaitHeil Mepe, BOmm3m Kpaes sombl (13.52); 4) B
e IbHOM MePUOANIeCKOM MOTeHIINAe 37TeKTPoHbI P E ncneIThIBaloT compo-
TUBJICHUS TPU OBUKCHUN, PACCENBAICH TOTBKO Ha TPUMECIX I HEOTHOPOIHO-
CTAX PEIIeTKN; 5) B ITOTe BINSHIE YTOTO TIOTEHIIAIA CBOANTCS K M3MEHCHITIO
JINIITG MHEPTHBIX CBOMCTB 37IeKTpoHa m — m* (cm. 3am. 19.10.).

Taxoit “snexTpor” 1 OyHmeM CINTATh CBOOOMHON WacTuUIlell Tak ke ¢ KBa-
sumvmyaecor p = hk (12.2) m smeprumeit ¢ = p?/2m*, rme m* = h?/2y -
sbdeKkTuBHAI Macca 3IeKTPOHA; Y — MOCTOSHHAS, 3aBUCIIIAS OT €ro B3al-
MOIEHCTBUSA ¢ KPUCTATINICCKON permeTkKoll. XoTsa m* # m, HO oTandme ux
He Beauko. ms Li m*/m = 1,19, a mns Na m*/m =~ 1,0. Ppubnuxenne
CBOOOMHBIX HICKTPOHOB JaeT XOPOIIHe Pe3YIbTATHI IJIS IIIeI0THBIX MEeTAI/IOB
I HeIyioxue — s 61aropogHbrx. Ilajgee Bciomy BHOBb mosaraeM kg = k.

Pa ocroBe xommenmumu xBasmaactun JIJI. JTarmay (1956) moxaszam, aTo
SHEPreTUUECKUH CIIEKTP BO3OYAICHUN “3TeKTPOHHON KUITKOCTU OCHOBHOTO
COCTOSHUS BAJICHTHBIX 9JIeKTPOHOB B MeTAJIJIaX MOHO0EH CIEKTPY UIeaIbHOTO
(pepMu-Ta3a HeB3aAMMOMENCTBYIOIINX TACTHIl O CITHHOM 1/2: BOIM3M 0CHOB-
HOTO COCTOSHIUSA, T.e. — IIPU HOCTATOYHO HU3KUX TeMIepaTypaxX, Bo30yKIeH-
HBIC COCTOSHUS TaKOl KBAHTOBOH KUIKOCTH MOXKHO PAcCMaTPUBATH KaK CO-
BOKYIIHOCTH HEB3aNMOIecTBYOMNX dpepmu-kBasmaactui (Puc. 13.2).

2 Wpeanpabm dhepmu-Tas3 npu 1 = 0

PaccMOTpIM TepMOIIMHAMITICCKITE CBOICTBA IACAILHOIO pepMu-Ta3a, IMes B
BIIY a3 HEB3aIMOMENCTBYIOMNX (PepMI-KBa3IacTHIL — 37IeMeHTAPHBIX BO3-
Oy 2K ICHITIT 3K TPOHHOIT (hepMUI-KIIKOCTI B IPemesle CIIBHOTO BEIPOZK ICHI,
KoTza mist mapamMeTpa Beipoxaerns (10.29) B cumy (10.11), (10.15)-(10.17):

V3T
<

(1)3/2(—2)
opm p > O mgs, = 2 OJId KBAa3HU3JIEKTPOHOB. Py,I[eM KpaTKO HAa3bIBaThb 3TI
KBa3YaCTHUIIBI 3JICKTPOHAMI I ITICaTh 177 BMECTO m* TaM, I'T€ 3TO BO3MOZKHO.

— — 2
| < 3(mT) = AN T) =

g Dafe gy \2mmkT = 2=, (13.1)

Cormacuo (9.20), (9.21), B ocaoBHOM cocTosHun mpu 1’ = 40, (2 = +00),
5IIEKTPOHHL ¢ 25, = ¢ = 1, B cuily mpuHIuIa Paymnm, momapHo 3amoIHgoT
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BCe NOCTYIHLIE YPOBHU SHEPTUI: OT HHBIIETO £,, = ( [0 TPAHHUTIHOTO £p,
KOTODEIN Ha3biBaeTca ypoBHeM Pepymu. Emy oTBeuaer pammyc p = pp chepsl
B IIMILYIbCHOM IPOCTPAHCTBE: BCe MPOCTPAHCTBO € p < Pg, BHYTPH GepMu —
chephl 3aII0THEHO, & BHEIITHIIEC COCTOSHIS C p > pp cBobOmHEI — ecan &' (p) > 0.
Tax ato pacupenenenne Gepmn — [Inpaka mpnu T' = 0 mMeeT BUA cTyImeHIATON
dyuxnnn Xesucaiina 0 (pp —p) = §(cp—¢cp ), BOSHIKAIOMIEH KaK IPETET 5TOT0
pacmpenenerns upu I — +0, § =1/(kT) — +oc:

Kn—(gpe)> = {exp [B(epo — p1)] + 1}_1 . p=p(Tom), (e 13.2), (13.2)

L S < £ ﬁp—F, roe  (13.3)

<<n_(€pg)>> Tj—ﬂ) 6(5F - gpa) = { O7 Epo >cp F Ds;n 2m

xuMmaeckuit motennnan npu ' = 0 u orpenenseT ypoBeHb >Heprun Pepmm:

Ep = 80(]?}7) = MF(T =0, ﬁ) = Mo(ﬁ) = o > 0, (134)

B cooTBercTBm ¢ (9.20), (9.21). U3 (10.3), (10.4) mHafimem ¢ p B ra3e ¢ 3a0aH-

HBIM YIHCI0M I ITOTHOCTEIO 3mekTporoB N = Vi = Vi(T, M) Vn(() o)
Vi(T, u) = /déD(g,V) <n_(e)> £2 / deD(e,V)=v(er, V)= (13.5)
0

EF 2

= Vﬁ(o,uo) = N?/ZA:g/Q/ 1/2 de = §A3/2 5F/2 = §€FD3/2(8F,V), (136)
3N 2m\ 3/
otkyna Dsp(ep,V) = Agpp/cr = 5o, Agpp =4V ( 2 ) . (13.7)
2/3 2 2/3 2
3N he (3N 45 R 2 \2/3 _9/3
— S 3 = Bn?? = py. (13.8
ner (2A3/2) 2m (871) = g BT = o (138)

B ormmuame ot 603e-cucremsr (10.41), BHyTpenHsaa sHeprus Uy u maBieHme
Py Taxoro ab6comroTHO BEIpOXKACHHOrO (epmu-raza ¢ yaerom (10.5)-(10.10)
He paBHEI Hy/TIO (IIpm m — m*, mMeeM COOTBeTCTBeHHO B — B*, cp — ¢}):

U(T,V,N)=V{u(T)) = 7d€p(€, Vie<n_(e)> - 7d€D(s, Vie= (13.9)

3 3 3
= Uy(V.N) = - A3/2 7 = cNep=_Viep = VB0, (13.10)
D3/2

P(T, 1) —/dm V) <> = %Tdm(g,x/) — Py = (13.11)

2U0(V N) 2 4 A3/2 5/2 2 5
—Pm) = "R " “qe, = — - B3, 13.12
() D 3V 5T T sy e Ty (13.12)
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3 TepmommraMmiIeckue cBOUCTBA CHIBHO, HO HE
aOCOIIOTHO BBIPOXKIEHHOTO PepMU-Ta3a

Yemosue cmmbrOTO BEIpoxmerns 1 < § B (13.1) mpm T > 0 ¢ yuerom (13.8)
MOZKHO CHOBa 3allIcaTh KaK HepaBeHCTBO ¢ XapaKTepHOII TeMmepaTypoil T:

h2 (2)2/3 £ 1 (8_7T)2/3_ TF 4
9s

kT r

1< (5 =

_ 13.13
2mmkT 3 T (97)1/% ( )

2 2/3
T.e. T K Tp, toe: Tp = % = %Qh—m (8%) n/? = %ﬁ2/3, (13.14)
— TeMIIepaTypa BBIPOKICHUS GepMu-Ta3a, U HMeeT TaKyko JKe 3aBHCHMOCTD
OT MacChl U IJTIOTHOCTH, ITO U TeMmepaTypa 6o3e — kormercannu 1z (10.35).
TemmoBoe Bo36yknerne ipn 0 < T' <K Ty pa3sMopo3nT IUITH MATYIO YacTh
MOCTYHATEILHBIX CTeleHell cBOOOMBI TEKTPOHOB B Y3KOM cioe de ~ (kT vy
nosepxrocT Pepyu. Ppu sTom mexommas dpepmu-crynenska (13.3) “Hakmo-
HseTcs”, a MHpHHA 3Toit obractu “pasmbrtus’ V71 ects 20KT, ( = (2 + 3).
Ppunnun Paynanm onpemenseT YUMCIO BBIXOMAININX 3a mpenetbl chepbl Gepyn
37IEKTPOHOB THCIIOM 3aHNMACMBIX IPH »ToM mMu, cormacao (13.5) — (13.7),
cocrostanil (Pmc. 13.2) co cpemneit 3acemeHHOCTRIO Kn_(ep)> = 1/2:

3N 1 3 (T
AN(T) =D VY UET _ —— (kT —=-N-—. (13.15

Tax Kak KaXKOBIT W3 3TUX 3IeKTPOHOB MMeeT 3HEPTUIO, B CPETHeM TPEBBI-
MIAOIIYIO (hepMueBCKuil GoH Ha BeamdanHy nopsanka ~ ((/2)kT, To cooTBet-
CTByIOIIece TIpupaltenne BEyTperneil saeprun upu ' < Ty (Puc. 13.2):

( 3N [(kT\?
AU = U(T) = Uy ~ AN(T) S 3T = 2 2 (T) ,

2 D3y 2 €
mosToMy ¢ yiaeToM (13.14) TE€MI0EeMKOCTB 3IeKTPOHHOTO T'a3a paBHA
ou 3 2T > T
(1) AIET el T
ol )yy 2 2 Tp 2 Tp

B COT'JIaCHN C 3aKOHOM PepHCTa7 I MaJjIa B CpaBHCHHUN C IIpeOdCKa3aHIeM KiIac-

(13.16)

T.e. Coy T—)_)()O, (13.17)

ciraeckoit Teopui, mockosky 1/Tr < 1, T.K. T ~ 10*K mms 6ompmuacTBa
MeTasioB, oTKyna Cey [CE} ~ 1072, OTmemnTh 3Ty 7ACKTPOHHYIO TEIITIOeM-
KOCTb HAZ permeToanoil (12.26) MoxHO mmms npu Temmepatypax 1 < Ti:
Op | 0p

L~ (1+10)K. (13.18)

: Conv (1) < Cop (T, T~ —=
xorma: Cp, v (T) < Cep(T), rme | T
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3mech ncmonp3oBaHo TouHOe 3HavcHNe ( B TemmoemkocTn (13.17). Ono ompe-
memsieTCs IPHOIIKeHHBIM BEIMIICICHIeM Ipu S>> 1 naTerpama (13.50):

T de
= ]! = g(&?) , TIyTeM pa3CueHus ero 13.19
O T e 119
7 g(e)de g(e)de

Ha IOBa: IgT(M) =

+ ;

Lol =1t eplic -+

rre g(¢) - mobas rIamgkKas B OKPECTHOCTH € = i QYHKIS. B mepBoM maTe-
rpasie MOIOKNM € = i + . Bo Bropoil xe momcTaBuM ToxmecTBo (13.53):

1 ) ) 0
e+l - F o=+l ™ O/Q(E)dgzlg(u), (13.20)
_ N Tolp+a)yde oglp—y)dy
w ==y L= [oee+ [ Cmms = T+ T

Pockonbky [p >> 1 sKCHOHEHIUAIbHAS CXOOUMOCTD TO3BOJISIET B TPETheM
MHTerpaje TakxkKe 3aMeHUTh BepXHUI Hpenen [t Ha 400, a TOTHa U Y — X!

(b +2) —g(p— ) -8
d d O 1.
/9 6+/x expﬁle +O (1)
Pasmaras rJIaI[Kon q)yHKIII/IIO g(p + ) B Touke p B pan Teitmopa u momaras
B 12""! sarem S = t, momyunm ¢ ygetom (10.14), (10.16) (cp. ¢ (13.50)):

x, gt~ U(,u) .
() = ) +2 2 =y, (<1), e gD (n) = 192 (), (13.21)
”1 1 w2 7t
®u(-1) = 1- 2%_1) (n), (@)="0 (W= mes  (1322)
7T2 7T4
IN(p) = I) () + g(kT)Qg’(M) + ;ﬁ(kT)4g"'(u) + .., T (13.23)

T () + 0 (D)) (13.21)

Hns passoctn maTerpanos (13.19) ¢ T > 0 opu p = p(T\m) mw ¢ T = 0 upn
po = f1(0,7), mo 1-oit Teopeme o cpemHeM, ¢ yaeToM (13.4) mHaxommM:

IW)—ﬁwwzﬂ%)—ﬂww+%ﬂfﬂﬂm=
_/%g T (1) ~ W—mMW@+§%ﬂW@@

o d1n g(p)
dpu

() = [ d= () <n_ (6> ~ () +

T.e. IgT(M) — [S(Mo) ~ g(po) |1 — o +2 (k‘T) (13.25)

6
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PafII[eHHLIe BBEIPpazKE€HIIA ITO3BOJIAIOT HaNlTHI 3aBUCIMOCTEL OT TEeMIIEPaTyPhbI
TePMOOMHAMIYICCKIIX BEJIMYH 3/JICKTPDOHHOI'O ra3a B IIEPBOM IIOPAOKE II0 (k‘T)Q

Pawurem ¢ Borancmenns ero xuvmortenmuana (1, m). Pomaras g(e) = D(e) B
(13.24)(13.25), ¢ yaerom (13.4)-(13.6), mns 3amasHBIX Tmciaa gacTun N u
mrotHOCTH MMeeM Temepb N = Ih(p) = VR(T, ) = VR(0, o) = I3 (pg). U
nis moboit tnankoit D(e) # 0, m3 (13.25) mpu pip = pg(M), ¢ TOTHOCTHIO IO

O((X5)) = 0= 00— 1805 1= o= =iy LD, 13
T.e.o (T, M) = po [1 - %2 (]ny d(;?lnpfcg;))] , Tme Z—f = TEF (13.27)

Taxmy 06pa30M, MBI IOy 9IIN BEIpasKeHIe OIS XIMIOTeHIINAIA B BIAE Pas-
JTIOZKeHUS [0 YeTHBIM cTemeHaM Majsoro mapamerpa (T/Tr). Ppu D(e) =
A2, cormacmo (13.5) — (13.8), maxommm, uTo g = ey = kTy = BR?/?,

o) = e [1- 5 (£) vo((£))

Pomncrasmss (13.26) B (13.25), BHOBB s /10001 TITANKOM ¢(£) Temepsb MMeeM:

_3V

= . (13.2
5 1 (13.28)

e L e gunl]. s

Pomaras 3mecsd g(¢) = e D(¢) ¢ mpousBoasroii D(e) = D(e, V'), nmeem mpupa-

IIIeHme 3Heprum (139) I TeIlZTIOEMKOCTDB BBIPOZKIECHHOI'O 3JICKTPOHHOI'O I'a3a:

7T2 2

AU(T) = U(T) = Uy~ =(KT)*D(m),  Cur ~ %kl)(uo) KT, (13.30)

u st (13.5)-(13.10) HafimeM IIOTHOCTD SHEPTHUN U TEIIIOEMKOCTh B BIE:

U‘(/T) _ Uo+€U(T) — gmo [1+51i2 (TEF)QH) ((%)4)] , (13.31)

kT 2 T 3 N
Cvﬁ Nk— 7T—Nk‘T— mpu Dy jo(po) =

13.32
D3/2 2 ,uo 2 F 2 Iu ( )

B cormacuu ¢ 3azm. 19.9., B omenxe (13.17) 1o oTBewaer { = m/2/3 = 2, 565.

st LueJquHLIX MeTaJIJIOB [lp = E£p — TOpSOKa HECKOTBKUX DTeKTPOH-
BOMBT: X = 4,725B, e¥¢ = 3,125B u, coorercrBenno: T4 = 5,48 - 107K,
TN = 3,62 - 1O4K, rie, cormacto (11.70), 15B = kz1,16 - 10* K, mosTomy
maze ISl “KOMHATHBIX  TemmepaTyp mapameTp 1'/Tp Mam, m 51eK TpOHHBII
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ra3 JIBISeTCS BEIPOKIEHHBIM I TPAKTUIECKN He TaeT BKIalla B TEIITOEMKOCTD
5TuX MeTanoB. Pesynbrar (13.32) — 60m1pIIoi yemex KBAHTOBOM CTATHCTUKI,
00BICHUBIIIEN Ka3aBIINeCs 3aralOTHBIMI CBOICTBA MeTasmoB. MeTama aBms-
eTcs HambolIee pacCITPOCTPAHEHHBIM 00BeKTOM, KOTOPBITT B HOPMATBHBIX YCIIO-
BUAX 00HAPYKUBaeT MAKPOCKONUIECKIe KBAHTOBBIEC CBOICTBA.

IaBiieHue >7IeKTPOHHOTO Ta3a HaiimeM, moncTasisis B (10.10) Berpaxenme
niist BEyTperHeit seprun (13.31), aro, B cormacun ¢ (13.12), maet:

2U 2 52 (TN\?] 2 w2 (kT)?
(T,m) T 5n€F[+12(Tp)] SBm T , (13.33)
rie: gy =cp =B w P Py(m) ~ 2~ i) res e PO (13.34)

3

VlcTiomb3y s OIEHKY IIIOTHOCTI 9IICTA 3TeKTPOHOB B MeTasLTax 17 ~ 10%2em ™3,

HallleM, ITO COOTBeTCTBYIOIIee MaBJIeHIe 3/IeKTPOHHOIO Ta3a B HOPMaJIbHBIX
YCIIOBUAX 0UeHDb Beamnko: P ~ 10 atym. Belcokasd IpodHOCTH MeTalla B 3Ha-
TUTEIBHON CTelleHn 06s13aHa IMEHHO Mol ckmMaeMocTH (9.11) BeIpoxmeH-
HOTO 37eKTPOHHOTO T'a3a B OCHOBHOM COCTOSHIN (KaK (hepMU-KIIKOCTH):

1 (oV 1 /om dlnm 3
o __ L (_) _ 1 (_) _ ( ) ~ 2 107" aru L (13.35
MUT T \oP) )y m\aP)y \ 0P )y~ 5P ami . (13.35)
Ppu T < Ty, m3 ypasaeHus cocrosans (13.33) HalimeMm mis Hee, Tak Kak
OP 2 72 (kT)? 2 m (kT\?
9P\ 25 o T _ 2 e (_) 13.36
(5)y =527+ 1 s = 51 1+ 13 m) | 1550
1 (om 31 72 (kT\? Do)
Oy _ L (_) ~3 1T (_) K 13.37

ITO HYKHO CPaBHHTH ¢ o0ImMn BeIpakeruamn (13.46) — (13.49) V D(e).

4 HnexTpoHBI B UMCTOM MOJIYIPOBOIHUKE

B xpucTanne amcToro moaynpoBOOHTKA 30HHAS CTPYKTYPa dHEPTETUIECKOTO
CIIeKTPA 3JIeKTPOHOB B IIePUOINICCKOM IIeKTPOCTATIYECKOM II0/Ie MOHHOI pe-
e TKN UTpaeT y&Ke 0ollee CYIeCTBEHHYIO POIb. BepxHId BaleHTHaS ¢ -30HA
1 clIegyolas 3a Hell o -30Ha IPOBONUMOCTI pPa3lesIeHbl 3allPelIleHHOIl 30HOI
— 1mienbio mupuHbl A ~ 0.5 = 3 5B. Bricinue Ke 30HBI yKe He CYIIIeCTBEHHBI.
P pu mymeBoit TemMmepaType, B OTANYINE OT MeTAJIJIOB, BCE YPOBHI BaJeHTHON
¢ -30HBI 3aHATHI 3JIeKTPOHAMU, a BC€ YPOBHU « -30HBI ITPOBOAUMOCTHI CBO-
bomuEl, T.c. ypoBeHb Pepym g = p(7T = 0) AeKUT B 3aIpeIeHHON 30HE, I
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KPUCTAJIJI IMeeT HY/IeBYIO MPOBOAUMOCTD, T.K. MEePEHOC 3IeKTPOHAMIE OO~
HITETBHO YHEPTUN (IIPOBOMMMOCTII) B 9TOM CITydae HEBO3MOKEH (6e3 mpobos
3aIpeIeHnoi 30H51). C HOBBIMICHIEM TEMIEPATYPHL TaCTh 37IEKTPOHOB Iepe-
XOOUT B BeCbMa CBOOOZHYIO (v -30HY TPOBOIMMOCTI, & B BaJCHTHOI ¢ -30HE Ha
X MeCTe BO3BHHUKAIOT “HBIPKHU , IMEOIINe IIPOTUBOIOIOKHEIN 3apsd I, BO-
0b111e TOBOPSI, MHYTO >GPEeKTUBHYIO Maccy m; = my #* m, = m_ (Puc. 13.3).
Taxum o6paszoM, TOTYIPOBOTHUK TPUOOpETaeT KaK dIeKTPOHHYIO, TaK I IbI-
POTHYIO TIPOBOIUMOCTD, KOTOPBIE CKIAIBIBAIOTCSI B €70 COOCTBEHHYIO ITPOBO-
auMocTb. Pockonbky momHoe umcemo N 37IeKTPOHOB He MEHSETCS ¢ POCTOM
TtemuepaTypsl I, u N = N|,_,= N|T>0, To pu [ = (k‘T)_1 IIMeeM:

— _ T>0
0:;1(1)22 Z 56_ +Z B

€

= N‘ (13.38)
-l— 1
3mech gj(q)- KPATHOCTH BBIPOZKICHI (HJIOTHOCTI/I COCTOSHIIT) OTHOTACTHI-
HEIX SHEPLeTHYCCKUX YPOBHEH £i(q) B COOTBeTCTBYIOINX 30HaX. Cobmpas
BKJTIAIBI PA3HBIX 30H ¢ PA3HBIX CTOPOH paBeHCTBa (13.38), m3 (13.20) mmeen:

_ 9 _ gi gi _
N-= ;O; eflea Z -1 4+ 1 ; eBlu—ei) 41 N (13.39)

Pto ycmosue BJIeKTpOHeI}’ITpaJILHOCTH: IUCIT0 3TEKTPOHOB B 30HE TTPOBOIIIMO-
ctu N_ paBHO UNCITy BORHUKIIINX B BaJIEHTHON 30He THIPOK [V, KaK CIeICTBITE
COXpaHeHN TTOTHOTO 3apsaaa TMOTYIPOBOTHTKA PABHBIM HYITIO.

Pepexons 3mech K MHTETpUPOBAHTIO TT0 HEMPEPBLIBHOMY CIIEKTPY AITEKTPO-
HOB U NBIPOK, OYIeM OTCUNTHIBATH WX SHEPTUN OT THA 3aNPEITeHHON 30HHI.
Torma mmsg KBaXpaTWIHOTO 3aKOHA MUCIEPCUN 3aMeHss BBUAY OBICTPON CXO-
IUMOCTT WHTETPATIOB BepXHIE TTpefeIbl THTeT PUPOBAHTS 0€CKOHETHOCTHIO, B
6OIBPIMAHOBCKOM IPHUOIMAKCHIN IS ducer 3anoiaHeHns B (13.39) momym:

2
p
IIpn &TO[:A—I—&T_7 gl~:—g_|_7 gizm7 o = (¢, gi:g_i_7

N 2 3/2
gy = D3/2(8i, V)= 3/2\/&?1, A3/2 = g;27V ( ) , UTO

h2

7 2k Tme\ 2 [P h—2)
— —fe _ +
TE =TT e O/e T/Ex ds¢_2(7h2 ) o~ .(13.40)

Pro mpubmmxerne u B (13.39), m 3mech onpaBmaHO TOTBKO €CIIH

Kak s (—): A1 > 1. tak mw mus (4+): e > 1. (13.41)
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3 ycroBus snekTporeiiTpadsrocTn u (13.40) mpu m = /m_m, mMeeM To-
TTa 3aK0H MeMCTBYIOIINX MAcC, OTBETAIOIINI PABHOBECHIO TIPU TeMIIepaType
T, m XUMTIOTeHTINAT, OTCINTAHHLIN OT THA 3alPEIeHHON 30HBI, B BUIE

5 BT 3/2 _A/(2kT)
7(T) = 1y (T) = /i Ts :2( m}v; ) L —A/(2kT) ZQ%T, (13.42)
m_\%/2 A 3 m A A
— ) A =1, u(T) ==+ kT (—+)z_ — > 1, (134
(m+)€ D) =5 A R (TE )R o g > 1 (1343)

T.e. OO0 TeX IIOp, IIOKa BTOpOE€ cJlIaraeMoe 31eChb MaJId B CpaBHE€HIN C II€PBLIM.

Torma 06a ycmous (13.41) HEBBIPOKIEHHOCTH 060X (GEPMII-Ta30B IEKTPO-
HOB I IBIPOK COBIAIAIOT I IPHHNMAIOT BII HepaBercTBa e (1) > 1, Te.
(13.43), xoTopoe BemomHIeTCS BIIoTh M0 T < 10° K (Pmc. 13.3).

([5] §55-58, [6] §56-58,61, [7], [10], [34], [36], [52], [53], [54])

Samaun
19.1. PafiTm ckopocTh 3BYKa B BHIDOKIeHHOM depmu — raze mpm 1T = (.
19.2. PaiiTm xmMmoTeHIINaN, ypaBHeHNe annbaThl, M BEIBECTU BBIPAKEHUS
TI7TS TeTITTOEMKOCTH T TaBITeHNS MTBYMEPHOTO HEPETITUBUCTCKOTO dhepMU Ta3a,
KaK QYHKIIAN OT TeMIePaTypPhl I MIOTHOCTH.
19.3. Paittu Toumsmi 6ombimoil noTernuant, nasaeane P (7T, i), BEYTPEHHIOIO
sHepruio, surpornio S(7, i), MOTHEI 3apsa yIbTPAPEITUBICTCKOLO £, = €]
bepMUOH-aHTUQEPMIOHHOTO Ta3a, HaAXOMIIeTrocs B AITHAMITIECKOM PaBHOBe-
CUT ¢ YepPHOTETBHBIM M3TydeHmeM Ipu TeMmiepaType 1. PaccmoTpeTs mpe-
nenpuble cnygan 1 > pu, T < p. (Ucmomp30BaTh cucTeMy eQIHAI], B KOTOPOIT
h=c¢=kp=1.) YxazaHue: BEIPa3UTh f§’7)(y) —|—.7:§77)(—y) uepes fén)(:l:y) i

(

.7:0771) 53(0), yCTAHOBUB MHTETPUPOBAHNEM 10 TACTSIM, ITO:

dy A 1( ) A ( ) O/GXp(x—y)—i-n ( )
Bosmoxwo nu 3mech 7 = —1, u mouemy? PaiiTu mpaBuibHOE BEIpaKCHUE s

naBrerns 6030H0B m aHTHO030HOB. ([6] §105, [3] §VIL.9, [25] N 1.14, [59])?
KaxoBa cKOpoCTb 3ByKa U = 1/(0P/0p) ¢ B TakoM raze ([6] §105, [3] §VIL.9.)7
19.4. Pafitu ypaBHeHIe agmabaThl B TaKOM (eIMIl- rase, HalPeTOM OO Ta-
KOIl TeMIepaTyphl, UTO €ro maBieHne B 7/4 pasa BBIIe MaBIeHNS M3y TeHIIS:
P.- + P+ = (7/4)P,; MoXKeT 11 0HO OBITH MeHBbIIe STOM BeINTINHEL.

19.5. Pafitu pasnoxerne o crenersm m /T 60IbIIOro moTeHIINATA DETISTH-
BICTCKOTO 3/IeKTPOH-TIO3MTPOHHOTO (hePMII T'a3a, HaXOMAIIeroCd B PAaBHOBECHIT
¢ TePHOTEIBHBIM 3Ty IeHmeM mpu Temmepatype 1 ([59]).
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19.6. Paiitum Ty, TemmoeMKOCTb, MaBieHNe BBEIPOKIEHHOTO Tas3a yiIbTpape-
TATUBUCTCKIX HEIITPOHOB € 3aJaHHON IJIOTHOCTBIO T I PAHOBECHBIU PAINyC
HEeATPOHHON 3Be3ObI. [KaKOBO yCIOBIE BBHIPOKICHHOCTH TAKOTO rasa’l

19.7. PaliTu »7eKTpOHHO-IBIPOUHYIO BHY TPEHHIO YHEPTUIO T TEITTIOEMKOCTD
TICTOTO MOIYIPOBOLHUKA, CPDABHUB €€ € TEINIOEMKOCTHIO perreTkn ([5] §58).
19.8. 13 (13.5), (13.19), (13.24), (13.29) mma moboit D(c) m Dy(e) = At

opu A > 1, (unc ) = 1), Hafitu, gTo maBrerne P(T,7) (13.11) u cxuMaeMocTs:

N R d (dlny(m)y T _
[P(T,m) — Py(n)] V= — K(kT) 'y(uo)duo In ( T ), T < 1; (13.45)

F
(@ (ON * oD
VRtK) = (%) = L2(n) Eo/dé? Ln_(g)> %, = {HpI/I (13.46)
2
D(O) =0, <<n_(8)>> = f(&? — ), u eCTB} ~ D(M) + %(k‘T)QD”(M) ~
~ Do) + D' (o) (1t — o) + %(kT)QD”(MO) re (13.26) nacr: (13.47)
_are) _ o (OR(T 1) , 210D (j10)
ViatKl = v ( o )T D(11o) [ . (kT) a1

DA‘(/MO) = /\%, (Z—Z)T — /\% [1 —(A—1) (k—T) ] L wrae: (13.49)

D) _ D'(p) (D (Mo))2
dpg D(po)  \D(po)
19.9. Ilokas3aTh BBIpazKeHIe MHTerpasa IgT(u) (13.19) wepes Ig(u):

1) (p) :_ZN dC Ii((i;;f/g), roe: I)(p) = O/dsg(s), g = % (13.50)

Yro oHO maeT miIs TePMOOUHAMNIYIECKOIO MOTEeHIHAIa MOeaJbHOTO (hepMIu-
rasza? Cpasrus ero ¢ (14.89) u [5]559, 06BACHUTE IPUINHY UX Pa3IMIns.
19.10. PaiiTu cmexTp mepuonntieckoii ¢ mepuonoM a = d-+b memoukn u3 N > 1
HIOeHTUYHBIX IPIMOYTOIBHBIX MTOTEHINAILHBIX IM IIHPUHBL d, TIyouHsl U,
OTHeNeHHBIX OapbepaMIl IMIPUHEL b, €CIIT B OTHE/IBHO B3ATOM -0 AMe OBLIIO
OBI JIIIIL OMHO CBSA3aHHOE COCTOSHIE ¢ OTCUYNTAHHOI OT ee MHA SHeprueil ¢,
a aMIUIITYOBl (9HEPIUN) Imepexofa — MaTp. 57I-T MOTHOTO TaMITbTOHIAHA
Mexmy cocemmmymu avamt (| H|j £1) = w ([34] §8.7, [52], [53], [54]).

Pycts |j) - B.¢p. BaHBe CBSI3aHHOTO COCTOSHIS, JTOKATN30BAHHOTO B j- O

sme, opu (j|j') = d;5, 7 = 1 + N. Torma perernne YII H|U) = E|¥) ¢
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raMHUIBTOHNAHOM B 5ToM “j”- mpencraBmenum: H = ¢d;j + w(djj41 + dj5-1)
nMeeT BU IX CYTMepIo3NNun, nrnaroHaan3yorielt 3ty N X N MaTpniry:

N
) = Z:lyj|]>, orkyna: (¢ — E)y; + w(yj+1 +yj—1) = 0.
j:

Pto maer “HOByIO kKoOpIUHATHYIO B.d. B BHIE Y; = Ve, rme cormacuo
Teopeme Prmoxa, mpu r — aj: uk(r) = ux(r + a;) = Y, { = ika; u cexTp:

Ui(r) = &y (r) —s yi=Ye* i B(k)=c+2wcoska. (13.51)

T.e. N- KpaTHO BBIPOXKICHHBII YPOBEHb £ PACIIIPACTCI IO Pa3peIIeHHONT
sHepreTieckor 3086 £ — 2w < E(k) < &+ 2w, “sabutoit” N/2 ypoBHAME C
pasmmaHbIMI KBasunMmyascamu k = k, = 27v/(Na), —N/2 <v < N/2, T.c.
|k,a| < m, B 0be cToporsr mBmxKeHIs, ¢ “mMmyabcHEIME B.b.: (U, |V,) =0,/

1 X 2y N2 2y
U,)=—)> exp (z—]) 7 |y =Y exp (—z—]) v,).
) = 5 S e () 1) =Y % ew (=) 1w

B6mmsn xpaes 30HbI nveeM, npu +ka — 0, unn ke = (7 — ga), ga — +0:

™

E(k) = ¢4 2w — wa’k?, nwm: E (:I: (— — q)) r e — 2w+ waqt. (13.52)
a

Tax uTo mellcTBUTEIBHO, BOII3N KPAeB 30HBI CIIEKTD: £, R vq?, mpu v = wa?.

Ppub—0,U — oo, Ub= A > 0 momyunm d-rpebenky ([54]N:29,19-21):

- K292 N 5 72

H=_ @ _ A Ny Aoy

S+ Vi), Vi) 2; (v — ja), T

koTopas, mpm: V(z) = A > d(x —ja)=— 62urlge/a7
J=—00 a l=—

IPUBOOUT yiKe K OCCKOHeUHOU 30HHOU CTPYKTpPe CHeKTpa € PeHelIlNMI C
—_ $2.2 . — :
poctoM ¢, = h*¢”/(2m) sampemenHbIME 30HaMu: cos k,a = cos ga + —sin qa.

Eciu orcunThBaTh SHEPruio ¢ oT Kpad aMmbl, To upu d — 0, U — oo, mag
—Ud = —\ < 0, momyanM 6eckoHeTHYO Tpeberky m3 d-am ([54]):
—~ hQaQ N h?
H=—-—"4V(z), V(z)=-A> d6(x—ja), A=—)\,
" m

j=1

2m
O
koTopas, mpm: V(x) = —A > §(x — ja),
j=—oc
mMeeT TO-TIPeKHeMY ofHy 30HY Buma (13.51), mopoXIeHHYIO ¢IIMHCTBEHHBIM
CBS3QHHBIM COCTOSHIIEM OIHON OTHETBHOM J-SIMBL.
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N —— R KR XX XEXEXXXYXY
s oo XA

cond. zone «val. zone S ——
X oouo.:.:?;‘.0.0.0;0;0;0.0,%0.0,0‘0,0’ %

RIS

XXX XXX XKXXKXKXKY, |
OERLBRERLRBLRRERK |

—>
o<
=
)

Puc. 13.1. 30HHas CTpyKTypa CNeKTpa 3JeKTPOHOB B MeTasie

19.11. ¥Y6emuThcs uncaeHHO, 9TO O KpuBoil pacipenenerans Gepmm-upaxa

Ha (Pmc. 13.2), mpu ¢ — p = £0kKT, { = (2 + 3), rme, ¢ yaeTom (13.20), V:

(e "+ 1)t =1— (e 4+ 1) mmeen: (ef+1)71 = (0,119 < 0,047) ([55]). Tme
IMeeT MeCTO OUeBIIHOe TOXKIecTBOo V (:
1 1
= 1. 13.53
T+¢ T1x1/C (13.53)

19.12. Hng Toxka <>, = <0 und(vN — U%)>>77 OIYINTE HOPMYILl Pu-
wqapacora (11.59) — (11.62). O6cynuts nuTepuperanmo 7,(1, &) u v, (T,§).
Kax mpaBIIbHO OIpenelaTh KBaHTOBBIC IOMPAaBKN K KJIACCIIeCKOn Gopiyie’

b (n_(e)
cond. zone

kaT EkBT a
st €,=A+E_ o

A (T

1 m—
2 ! — l
— £i= —€+ O
' 1 I
0 : \ - | val. zone
W(T)er = o g ——
Puc. 13.2. Pacnpeaenenne ®epmu-Lupaka Puc. 13.3. 3oHHan cTpyKTypa cnekTpa afek-

npu 1" >0, (13.2), (13.3), £ = (2 + 3). TPOHOB B NMOJYNPOBOAHUKE.
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Ilemenune 19.3.
Pycth €T - 3apambl YacTuil I aHTHYIACTHIL 00eNX CTATUCTHK B PEaKINmd IX
(n) (n) (n)

agHUTIIAAINN ¢~ + et = N7, oTkyma mmeem p'’ + py’ = 0, rme pl’ = p.
~1
CunTaeM, 9TO XEMIOOTEHINATBE GEPMUOHOB I aHTUOO30HOB ,u(_), ugr '> 0

=1 1)

TOTTOKUTETBHBL, & XUMITOTEHIINATBI 6030HOB T aHTHGEPMUOHOB (b, fiy’ < 0
OTPUIATeIbHE; gzﬁ(qg) = ﬁug), T e ng(_n) = ¢ = pfpun= =1 nng PepMmu- n
Pose- razos, n o1 anTn6030H0B 6epyTCs TIaBHBIE 3HATEHNS MHTETPAJIOB.

Tx. D(,V)=AVE, A V)= %AV&@, mpun A = é]li;’ TO:
~Jy(T. V) = VIL(T.p) = V (P + PY) = %%(T, ) =
= (U 4 U = S av ey [F (6) + A (-0) =
- %Av(kT)4 l2f§")( )+ 67 (0)0? + qs] (13.54)
= 2av [ @y s sE o) + D] A0 =T
8 0
ST =V (GpIT) Q) =V (G ()
2
S)(T. ) = SRAVGTY 22 0) + 370007 > 0, A (0=
QuT.p) = (QF = Q) = AV [F(0) = A" (—0)] =
= AV(KT)? [4?{7”(0)@5 + gqs?’] = AV [4?{“(0)(1@)2 + g,ﬁ] . (13.55)

s (13.22), (13.44): F\U(0) = (1 =27 FUV(0),  FLI2V0) = ()¢,

. ot =1,

y) = v.p. =vp.— | ———=nln ne
’ J ety 4 iy €

d
uMeeM: J (y) — }"é")(—y) = nln‘ney‘ =Ny = @ [fl (y) + 71 (_y)] )

1 d
Fy) + F (=) = 277(0) 4 50 = 5 - [A ) - A ()]
n 1 d
F) = 7 (=) =470y + 30" = 5 (A ) + A ()]

n 1.0 3neck Qy(T,u=0)=0u Q_1(T,u) =0 mpnm |¢| = 7V/2, Torna xax
IT, (T, i) > 0, 5o mmpm |p| > 7v/2 (1 +/17/15 )1/2 mveem I (7T, ) < 0.



Jlekmmua 14

Marbmerunsm

1 Marumerusm — MaKPOCKOIINYECKOE€ KBAHTOBOC JIBJICHUC

PengatuBuctckuit xapaktep PMP 1 marsuTHOTO B3amMomelicTBUS ¢ HOM 3a-
PSKEHHBIX YaCTHIL TPeAToiaraeT ero rogedsocts [30] §16. B mepenstusuct-
CKOIl KBaHTOBOI MeXaHUKe OHO TaKkKe OIPeNeIeHO TOJIbKO KaK B3amMOIEli-
CTBUE TOYCYHOH TacTUHEI ¢ BHeITHOM moreM JA(r) B Touxe r [31] §111.

Po 3axomy Jlenmna, cyts npuamumy JIIIP, nBmkyimmecs Bo BHeIITHeM Mar-
ruTHOM ote H = (V X A) mo “mourn” 3aMKHYTBIM TPacKTOPIIM 3apSIKeH-
HBIC TaCTUIBI CO3MAI0T TPOTUBOIOIOKHEIN YTOMY TOJTI0 MATHUTHBIT MOMEHT.

OI[H&KO II0CJI€0OBATE/IBHOE KJ/JACCHYECKOE OIINCAHNEe TaKnNX CHUCTEM OBUZKY-
ITUXCA 3apAKeHHBIX YaCTHUI HOJHOCTHIO HCKJ/IKOYaeT ABJACHIE MarHeTu3Ma: I10

Teopeme Popa-am JIéser (P-B-JI), MAarHUTHBIT MOMEHT KITaCCHICCKON CI-
CTeMBI B COCTOSHHUI TEePMONUHAMITIECKOTO paBHOBecHsS paBeH HyT0! Pto
CIleIyeT U3 BBIUNCIEHNS KBa3HKIACCHIeCKOro craTuHTerpaia Zy[Al.

Pycrs H({r;,p;}) — dyukmus IamunsTona cuctemer N wacTui ¢ 3aps-

moMm e, 7 = 1+ N. PomecTnMm ee B cTammoHapHOe MarHUTHOE TOJe, 3a-
ImaHHOEe BeKTOPHBIM ToTeHInantoM A(r). Pro msmeHnT KaHoHUTIecKme mepe-
MeHHBIe cucTeMsr: (p;,r;) — (Pj,r;), toe P; = p; + (¢/c)A(r;) — HOBBIIT
KAaHOHIIeCKNIT 0000IIeHHBIN TMIYIIBC J-0I TacTHUIIBI, KAHOHITIEeCKN COIMPAKeH-
HBII Telleph ee KOOPAUHATE T°; B CMBICIe ypaBHeHNII (1.6) ¢ raMHIIbTOHIAHOM

H({r;,P;}) = H{r;, P; — (¢/c)A(r;)}). Cratumrerpan Zy[.A] pasen:

3N ATY _N Sp [ PP,
BN Zy[ Al =T14 [d*r; [Py exp (14.1)
=11y

—ﬁH({"“j»Pj - ZA(’W)})

T.x. mo 0606IIeHEBIM IMITYIbcaM P IpemerIbl THTI PUPOBAHNS 6€CKOHETHEL,
TO, CABUTAs STU HepeMeHHbIe, B (14.1) MOKHO HepeliTu K MHTEIPHPOBAHIIIO IO
IPEeKHIM KIHeTHTIeCKIM IMIyIbcaM p; = mv; = P; — (e/c)A(r;), mpuBens
maTerpan (14.1) k Takomy xe ero sumy mpu A = 0, Zy[A] == Zy[0]:

161
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N
EPy=dp;. WYN1Zy[0] = T1 4 [ & [ &p;jexp (=BH({r;.p;}).
vV

j=1
T.e. KBasUKIACCHTIeCKHI CTATHHTErPAT BoBce He 3aBucuT oT A(r), a cre-
noBatensHo n 0T H(r) — H, u cTamo 6BITH, MATHUTHBI MOMEHT €IUMHNIEL
o0beMa — HaMarHIIeHHOCTD CICTEeMBI OKa3hbIBAeTCS PaBeH HYIIIO:

M 1 (OFy KT (91n Zy[A] e
M Lo _ 1=Q . 14.2
M V V (a,H )T’V’N V a’H T’V’N KB.KJI ( )

Bnect Fyy = U* =TS — (M -H), .e. dFy=—SdT —PdV —(M -dH)+ pdN. (14.3)
q)I/ISI/I‘IeCKEL}I IpuYnHa 5TOTO0 COCTOUT B TOM, YTO INOCTOsAHHO€ JIOKAJIbHO OIOHOPOIHO€
MarHUTHOE NoJle He MeHseT HU KHHeTUYeCKON SHepruum (MOI[yJI}I CKOpOCTI/I) Op6I/ITELJIBHOFO
AOBUKEHNA 3apsKEHHBIX YacTHIl, HI OOHOPOOHOCTHU HUX IPOCTPaHCTBECHHOI'O pacCIpeac/icHId:

qepes3 KaxXKOYI0o TOUKY BCe TakKzxKe ITPOXOoNdT HX TPpaeKTOPHH (BKJHO‘IEL}I OoTpaxKeHHbIE OT I'pa-

HIT 00heMa CHCTEMbI) BCEBO3MOKHBIX Hampasiennii n ckopocteil (Ilme.11.2), w ux cpen-
HIT CyMMapHBIT TOK Bce Takke paBen Hysmio. IITn paccyxnenns He OTMEHUTH HU 3aMeHON
pacrpenenenus ['n66ca ITOOBIM HHBIM DaBHOBECHBIM DACTIPENENeHNeM, HIl YIeTOM (KYJIOHOB-
CKOT0) TIOTeHIMala MAPHOTO B3anMofeiicTBrs Mexmy sapsnamu U(r;;) — e*/|r;;|.
Habmronaempre mapa- m nmaMarHeTI3M IMeIOT YICTO KBAHTOBYIO TTPIPOILY
I 06s13aHBI IBYM HE3aBICIMBIM TIHCTO KBAaHTOBBIM (akTopaM (3am. 20.16.):
1) HaIH9IIO CO6CTBEHHOTO CIITHOBOIO MATHITHOIO MOMEHTA 3apAKCHHOM Ta-
CTUIIBI, KBAaHTOBAHHOE B3anlMOJIelicTBIe KOTOPOTO ¢ MAarHUTHBIM II0JIeM TTPH-
BOOUT K YMeHBIIIEHIIO YHEPTUN CUCTEMEI B TToJIe I TapaMarHUTHOMY 3pdeKTy;
2) AICKPeTHOCTH HePreTHIeCKOro CIIeKTPa B KBAHTOBOIT CTATCYMMe, 3aMe-
msfortiell ctaTmaTerpal (14.1), obs13arHoll GUHITHOMY XapaKTepy opOuTatb-
HOTO NMBUKEHNS 3apAKeHHON YAacTHUIBI B MAarHUTHOM ToJe U TPUBOMIIEN K
YBeIUUIeHNIO YHEPTUNU CIUCTEeMbBI B 3TOM II0JIe U TUaMarHUTHOMY 3PheKTy.

2 Marmerusm IJIEKTPOHHOI'O I'a3a

2.1 DapamarmeTusM Dayn

Knaccmaeckas teopus P. Jlamxesera (1905) mas mapaMarHITHBIX BEIIECTB
maeT MAarHITHYIO BOCTIPUIMYIABOCTD X7 = (8./\/1 / 8H)T B caydae cIabbIX Mar-

HOTHBIX Ol B BUOe M3BecTOro 3akoHa Kiopm (1895) yr = — > 0 u 6y-

T

meT Bocpomseenen muxe. (OMHAKO /IS PAla METAJIOB B IMTIPOKOM HHTEPBAJe
TeMIepaTyp ObLI0 OOHAPYIKEHO WHOE — HEe COTJIACYIOIIeecs ¢ HUM IOBEICHIIE
X7 = const > 0. O6bscHenme 5TOT0 bderTa man B. Paymm (1927) B mpen-
MOJIOKEHIN, ITO MAapaMarHeTN3M MeTAJIJI0B O0YCIOBICH HE MAarHUTHBIMI
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MOMEHTAMI fb,. ITOHOB PEIIETKI, & CBOMCTBAMI T'a3a TOUTH CBOOOMTHEIX DIIeK-
TPOHOB B MeTasse, Ibsi Macca B ~ 2000 pa3 MeHBIIe, deM Smep: fe > e
Paccmorpum cuctemy N wactui co ciimaoMm S = 1/2 B omHOPOMHOM Mar-
HUTHOM To/Te ‘H. OmHOUYaCTUIHBIN omepaTop 1'aMuIbTOHA UMeeT BU
-9
?Ilzp——(p,- ), Tme ,u,:is, as:h—a, T.e. (14.4)
2m mc 2
[ — oTIepaTop COOCTBEHHOTO MAaTHUTHOTO MOMEHTA, CBI3AHHBIN C OIIePATOPOM
cumHa §, 0 — MaTpuusl Paymm (2.26). Panpasmas ocs Z Boons H, momyTmm
SHEPreTIIeCKUi CIIeKTP ¢oGCTBeHHBIX 3HATCHII omepaTopa Hi B Buze: Ep
p’ le|h
— epo(H) = 5——oppH, o= =£1, pp = —— - marmeror Popa, (14.5)
2m 2mec
rme 0 = +1 oTBedaeT OpUMEHTAIINN MATHUTHOTO MOMEHTA {4 BIOTH HaIIpaBJe-
HUS MarHOTHOTO Tonsd H, 0 = —1 — opumeHTann TPOTUB WO, a BIANIHIEM
‘H Ha opbuTalIbHOE MBUKEHIE JacTHUIl IpeHeOperaeM. 1.e BHeITHee MarHUT-
HOe TI0JIe CHIIMaeT BBIPOZKIeHHe TI0 CIIHY COMOCTAaBIIS KakKIOMY 3HATEHTIO
o +

IMITYJIbCa P ABa SHEPIeTUYIECKIX YPOBHI &)y C TUCIAMII 3AII0/THEHIL np = np .

POCKOJIBKy CIINHBI MOT'YT II€PEBOPAYIUBATHCA I BO BHECIITHEM IIOJI€, TO YUUI-

CJIa 9aCTHUI CO CIINTHOM BOOJIb ITOJIA N+ 1 IIPOTUB IIOJIA N~ MOTYT MCHATBHCA, U
€CTEeCTBEHHO OIINCHIBATHL 3Ty CHUCTEMY OOJIBIIIIM KaHOHIMYIECKIIM pacipenesie-
(1/2)

HIIeM € 60JIBIINM TePMOANHAMIITCCKIM ToTeHnmamoM Jy, '~ (i) mpu cpemaem
qmcie BceX JacTHUIl, PABHOM UX GUKCHPOBAHHOMY TOTHOMY IUCTY [V:

074" ()

o =<NT>+ <N > =N. (14.6)

<KN> = —

v.r
T.K. cOuHEBI BSaHMOHefICTBYIOT C BHEIITHIIM IIOJIeM He3aBHCHMO OPYT OT OpyTa,
TO OOIBIIIas CTaTCyMMa KaXKOOoro OTHEJIbHOT'O OOHOYACTUYIHOI'O COCTOSHUA
|p7 O'>7 BEPOATHOCTD 3acCeJICHIIA €ro ng HaCTUoaMM’ 1 CpengHee 91C/I0 9aCTUIl B

sToM cocTosHIn mMetoT Bum (8.42), (8.49) u (8.50) cooTBeTCTBeHHO!:

0= 5 e[ epe = )] 1= Xy, ¢ fm =g (147)

n;:O n;:O
exp {—ﬁ (ep — 1%) ng} Jln Q](f)
wr, = , kni>=Y nwl, =—=———] , (148
p o L2 = 2 = ey ) M
rme, cormacho (14.5), mpn £, = p?/(2m) = p*/(2m) u o = £1 (14.9)
mreen: (7 = p 4+ opugH; To ecth T = p+ pupH — xax (14.10)

[

'Bepxuuit mpenen cymm mo ng

BCony olpegelsisieTcs TOJIBKO TUIIOM CTAaTUCTUKH.
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5(peKTUBHBIC XIMI9eCKIIe IIOTeHIIAILl CIIMHOBEIX IOICICTEeM YacTHII, OPIH-
CHTHUPOBAHHBIX, COOTBETCTBEHHO, BIONIb momst (+) um mpoTtus mois (—). Co-
OTBETCTBYIOIINE IIOJIHEIE OOIBIINEe CTATCYMMBI 3THX HOOCICTEM I 0OJIbIIas
CTATCYMMa BCell CICTEeMBI BHOBB HAlOTCS TOT A Ipom3BeqeHIIME Buaa (8.41):

“107= % e 0T G- | Qu= TLQ. (1411

T.e. Qu= > > exp {—62 [(ep = M)l + (g, — 1) n;]} (14.12)
1l {me} g
mn Qy = HjE Q) = exp{ I5; { (i 3] MA/'[n;’n;]}}, (14.13)
” {”p ny }
r'le B IPeICTABICHNIN TICell 3al0THeHN B KazKnoM MUAKPococTo HIN TOTHOI
cmerembr: [{T}) = [{n;,n;}) 3amaHBl cOOCTBeHHbIC 3HAUEHIA OMEPATOPOB

mosHof sHeprun H 1 momEoro wncta wactun A B Bume (8.16), (8.15):

H B4 nggn" =3 |(ep — upH)ni + (e, + ppH)n, |, (14.14)
P

1
NHan,n;]:];”ZE§(n;+n;), w Iy () = - 5nQu (1415)

KaK 0OJIBIION MOTeHINalI 1 cucTeMsl (14.13) 3mechk ecTh cyMMa IBYX Clla-
raeMBbIX, KazKJoe I3 KOTOPBIX OTHOCHTCSA K OIIpee/leHHON OpHeHTANN CIIHA
o = +1 u MoxeT 6BITH GopMaIbHO 3amucaHo, Kak Jy(u) mpu H = 0, HO C
HepeompeneieHHEIM 3¢ ek TuBHBIM XmMmoTeHmmamoM (14.10) (cp. ¢ (14.85)):

BP0 = Tul) =5 5 A7) = 5 [ty + )], (1410

re MHOKHITeTb 1/2 yanTeiBaeT, aTo B ompenmenernme Jy(u) BXoouT ¢GaxTop
gs = 25 4+ 1, mcuesaronnii co CHITHUEM CIITHOBOTO BBIPOKICHUS TMoeM H.
Poxaxem, 9T0 cpemHUIT MAarHUTHBI MOMEHT e€OWHUIILI oObeMa, T.e. Ha-

MarHIIeHHOCTE cucTeMbl M (14.2), MOXKHO TOCIIenoBaTeTbHO HANTH W3 OIpe-
memennit (14.3), (14.7) — (14.16), u Jy(p) = Fy — uN mo dopmymam:

dJ%(M) = —SdT — PdV — Ndu — VMdH, (T.e. du/dH = 0), (14.17)
M = % — _% (azfg{?—(lﬂ))TV: k‘g (alg}?%)ﬂv’.ﬂ IelicTBUTEJILHO: (14.18)

kT@an% 1 OlnQ ol 811’1@%‘”)
TR (aww) )ﬁv TR S (awm Ml
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{SZZ OB Zne EP“);:ZLZP:an i] (14.20)

o=4 P V@p nU_O o=4 n;:

— "Lf (<> —<n>) =K<Vt — <N ) = M (1421)

— U1 €CTb HaMAaT'HIYC€HHOCTD KaK CpedHAAd ITPOCKIUA MaT'HUITHOI'O MOMCEHTa €O~

HIIBI 00BbeMa Ha HallpaBJIeHIIe BHEITHETo IO/ B CICTeMe, COCTOAINei I3 OBYX
nopcucteM (14.6): ¢ K NT> wactunamu ¢ npoexmmeit cinaa +1/2 1 sdhdex-
TUBHBIM XUMIOTeHIHAIoM i = p+ pupH; m ¢ KN 7> gacTumaMn ¢ mpoek-
muell cnnHa —1/2 w 5hGeKTUBHBIM XUMIOTEeHINATIOM i~ = it — pugH.
Pasnaras 6ombmmne motermuaist Jy(put) B cymme (14.16) B mpubnmxerun

c1aboro mosus /JB?’[ < kT B Touke M B PAOBI TIO0 CTEIICHAM COOTBETCTBYIOIITIX
paSHOCTeﬁ /Li - 0 = :l:,UB;L[ I OIrpaHIYNBaACE IIE€PBBIMI HEIICYE3aIOIIIIMIT

B HelT I7IeHAMI BTOPOTO Topsaka mo momo H, (mpm du/dH = 0) mmeem:

Jo(p £ ppM) = Jo(u) £ ppH (&]giﬂ)) + %(MBH)Q (82;;(2M)) - (14.22)

Pomncrasus (14.22) B (14.16), mms marroro cumaa S = 1/2 maiimem V1':

Ly (02Jo(u))T | (14.23)

Ju(p) = Jo(k) + 5 ( o

Kax mpomssonsas mo H ot M (14.18) MarHUTHAS BOCHPHIMINBOCTE DaBHA!

8ﬂ 1 82J»H 1 9 82J0(,u)
ooy (oMY 1 _ =2 (0 14.24
XT(M) ( OH )T,ﬂ 1% ( OH?2 )T,V,/,L S?% 0 vV Hp ( aMQ T’Vv ( )

aTK — l (aJO(M)) =n(T,pn), To X(T/Q)—MQB (M) . (14.25)
o )y I )y

v
Beramcamy 0 /Oy, Bemommaas BeIpakeHms 1t cknMaemoctn (9.10), (13.35),
serrexasorne mw3 (71, u) =7n (T, P(T, ). Unmeem, coorBercrBerto V1

on _(On 9~ _ 1/2) 1 — _97-(€)mp —
(@) - (a—P) = Kp(T.7), ¢ UTm) = dn K (Tm). (14.26)
Torma mas BeipoxkmerHoOTO depymu Taza upu 1’ K Tp ¢ yaerom (13.37) u/mmn
(13.49) mpu ep = py = kT = BR?? (rme ep — &% = p npu B — B*),
HaxomuM (Ho pp Gepercs mo mpexaemy m3 (14.5)1):

2 —1/3

—_ 2 — *
(1), 3 27 1_”—(1) S 23t e P (1407
XT QMBF[ 12 \Tr T%OQMB} QMBB* < KB v . (14.27)
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T.e. CONHOBBII MAUHNTHBII MOMEHT YacTHIl BhEIpoxkmeHHOro mpu 1 & T
gepMI - Taza 3amaeT IapaMarHeTI3M X = (TI/Q) (T, m) ~ X(TI/Q)(O,W) > 0.
Ppusenmertbie paccyKoeHNIs IPAMO 0600IIAIOTCA I 06X CTATUCTHIK I
Ipom3BOIBHEIX 3HadeHm cimHa S (14.85). Jlerxo yGemurhest, aTo ecam OB
IJI 5TIeKTPOHOB MOZKHO OBIIIO PEAIN30BATh YCIOBIS IPIMEHIMOCTH O0TbIIMA-
HoBCKOTO mpubmumxenus 1 > Tr (8.53), (10.23), 1o, B coorBeTcTBHu ¢ (6.45),
(10.24), nma sToit BocmpumvanBocTn (14.25) momyamcs 0vr 3akoH Kopm:

elfn 0 eln
<n(e)> = =9 [T, p) = /ng (e V)e "= T Z0(5.V), (14.28)
on(T, p _ n(T, wapan TG
OTKyIa (%) T: pr(T, p) = %, T.e. Xrar, = k—;. (14.29)

2.2  namargetusm Jlapmay

Tax xax mBUKeHUe 3TeKTPOHOB B IJIOCKOCTHU, MEPIEHINKYIIPHON MarHUT-
HOMY TIOJIIO, CTAHOBUTCS (PUHUTHBIM, 3TO IIPUBOOUT K AUCKPETHOMY 3Hep-
TeTUIEeCKOMY CIEeKTPY Mg TOMepPeTHBIX cTeleHell cBobomkl. Taxas 3ameHa
craruaTerpaa (14.1) cTaTcyMMoll U ABISETCS TPUIMHON INaMATHITI3MA.

PycTs wactuma ¢ 3apgamoM e mBUKeTCS B TOCTOSHHOM OTHODOITHOM Mar-

HUTHOM IIOJI€, HAIIPpABJICHHOM IIO OCH Z. BGKTOPHLIfI HOTGHHI/IaJIQ MOZKHO BBI-

opats B Bume A = (0, Ay = Hx,0), npu stom H = (V x A) = Hey, u ey
— eIUHIYHEIN BeKTOP, HaIPaBIeHHBIN mo ocn 7. Tak Kak MarHITHOe IIOJIe
He MeHfeT KIHeTHIecKoil SHePTHI, T.e. abCOTITHON BelIMIIHEl CKOPOCTH, TO
¢yukmus Navunbrona w3 (14.1) mias omHOl YaCTUIEL TPUMET BIUI:

2
1
Hl:T Qm(P__A) _Qm

roe P; = mu; + (e/c)A; — obobiernbIe nMITyTbel (j = x,y,2). Tak xax

2
P+ (Py - ZHx) + P, (14.30)

H, me 3aBucut ot y m z, To Py =0, Py = 0. Ppuuem Py = py; = const,
Py = const, a Py = px. Poncrasus stu maTerpans: npuxkernus B (14.30)

2 2 2 20, 2
Kak Py = Eon, HaiimeMm: H)= b _ 1z + Px +mw (& = o) , (14.31)
c 2m  2m  2m 2
H P P
KJI. IIKIOTPOHHYIO YaCTOTY W = i , U X = Y [Pv < Ly. (14.32)
me eH mw

T.e. 0 < |[Py| = const = mwxry < mwlx, rme Ly — X- Boe pebpo smmka.

g xanu6poske (V - A) = 0. [lng oneparopa ke ckopocTu 6ymeM mMeTh: (v X v) = 2iugH/m.
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Beimensas w3 Hy (14.31) raMumbTOHIAH HOMEPETHBIX CTEIEHEH CBOGOMEI

H,,, momyunm yuKImo ['aMmibToRa omHOMEpHOTO ocImiasTopa (8.58):
2

9 9 9 9
Py pP.  px  mwi(x — xp) §
H="24+H H, = = + — (14.33
L 2m 1L, BAS A1l 2m  2m 2 ’ (m m ) ( ’ )

Knaccmaeckas TpaeKToOpIms JacTUIBL ¢ TaMuabToHmaHoM (14.31) ecTs BuH-

ToBas ITHHUS: pPaBHOMEDHOe NMBUKEHWEe BHOITh OCH / W BpalllaTelTbHOE — B
mnockocTn XY ¢ wactoroit w. Mmmynbe Py 3amaer paccrosume xy (14.32)
ocu BUHTOBOH JHHNN oT ¢TeHKN ZY (x = 0) smmxka o6bemom V = Ly Ly Ly.
KBanToBaHme momepewroro ramumabToHnaa Hi; (14.33) maer mumckpert-
HEBIT criekTp (8.66) “momepedHoil” SHEPIUH ¢ TOCTOSHHBIM MIAToM Ac, | :

Epl = (n + %) hw=2n+ V)upH, Acy =hw = % = 2upH, (14.34)
rze |e|h/(mc) = 2p1p — MATHETHBIIT MOMEHT OPOITAIBHOTO IBUZKCHIS 3apPIIa.
OmHOoTaCTHIHAS CTATCyMMa /IS HOMEPETHBIX CTEIeHI CBOGONBI B 6OThIMA-
HOBCKOM IPUOGIIIKCHAN TaKkKe MMOITH COBIALACT € OCIIIIATOPHOM (7.32):

" 1 GH(H) OH
=P w(n—i—§) 2 sh (ﬁhw/Q)i 2sh (BupHM)’
roe, cormacHo P-s-JI (14.2), mpu h— 0, SupH < 1 ee 3aBucumocTs oT H
MOTIKHA NCIe3aTh, ITO U HaeT IS KPATHOCTI BBIPOKACHIS IIOMEPETHBIX CTe-
nereit ceobomer: GH(H) = QH [13]. Torma mas HaMATHEICHHOCTH HA OIHY
JACTHUIY, T.€. €€ CPeIHEr0 MATHITHOTO MOMEHTAa, m3 (BMecTo) (14.2), mveem:

7 = Y Grexp = (14.35)
n=0

M M OFt dln Z{
—_— = = — | — = k‘T = — EOO , = ,
ol == () < ar TR L), = s

(14.36)

OTKyHa IS JUHaMATHITHON BOCIPUEMYIHBOCTHI ¢ yaeToM (7.38) Haxommm:

1 IHaM oM ! — _ 1 ﬁIUQB

Loo(y) = (Cthy - ;) o X = W‘”H:O = =L (0)nupf = — 3 kT
L (1437)
T.K. Loo(y) = %—i— O(y?). T.e. (14.37) IUIIB MHOKITeTIOM — - OTIIYACTCA

0T GOIBIMAHOBCKOI MapaMarHITHON BocmpmuMumBocTn (14.29). B cmabeix
TOJISIX 3TO OTAMYIe He 3aBUCUT OT CTeIeHN BRIPOKIeHNs Ppepmu-rasa. -HO:

CHeKTp MOTHOTO OMHOTIACTHIHOTO TaMuiabToHmaHa (14.33) Kax GyHKII

COXPAHSIONINXCS KBAHTOBBIX 1Tncen py u n (14.34) maercs dopmynon Jlanmay:
2

e =cnlpz) = 5—2 + ey, ToBpaTHO: pya(c) = £1/2m(c —c,1), (14.38)
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¢ yaeToM obonx HampasieHmil ocu Z. CnnmHoBoe paciemnieHme o = +1 (14.5)
KazKIIOTO YPOBHS C MaHHBIM Py Ha IBA 1 CBI3AHHLIN ¢ HUM BBITITe TapaMarHe-
tu3M Paynau smech He yunreiBaercd. IIms simnka MAKDPOCKOIMUECKIX pa3Me-
POB IBUKCHIE BIOMEH OCH 7 CUNTaeTCs KBasmkmaccmdaecknM, n 3 (14.38) ¢
yaeToM (14.31) m obirtero onpenererns (7.4) AIst IITOTHOCTH THCTA COCTOSHITH
Dy(e) ¢ sHeprUaMu B mHTepBase (£,& + ds) BEITEKaeT BBIPAKCHIIE:

Dyl(e) = gs/ dZ—f/d3X5 (e —e(P,x)), u1.K. /d]’i/dx (z)Z, To (14.39)

L

Z /dpz5 (e = enlpz)) /dPy—

Du(e) = % 0(c = =lpz)) =2

y,Py;2pz
2Vmw 3 Q/dpz(s(g_gu—g—é) , wto mpn py = \/2mé, h = 2rh,
dpy = \/5_7\7/1_d£ \/_/2 — L — &) = \/22_”1\/96(?7;1?@ maet:
Da(c) ZQWV(Q;Z)W?EWR(:; 9\(;—_721) A;/2 b VZ_: \(/66—_%1)7 (14.40)
rme v(e) = lhi %] Yo (;n_ — - d'%z( N |van(a)|' (14.41)

Ppemen H — 0, T.e. w — 0, ¢ yaeTom (14.34) BOCIPOU3BOANT, B COTTIACHN C
(10.3), (13.7), ee BUnL mmas cBOGOMHBIX 3IeKTPOHOB: hiw = As,| = de |,
)

0(c —en1) ¢ odey
W = m o0 0/ m \/g7 7‘[(6) w0 3/2(6) ( )

3 2m
A:— A3/2:47TV (ﬁ
Berameamy 607110 TOTEHIIAT IaeanbHoil Gepmu-cucTems (13.11) B moe
H nBaKIOEl MHTErpHUpyS o dacTsaM ¢ yaeToM (8.80), (10.6)-(10.9), (14.89):

)3/2. (14.43)

() = —kTInQy = — 70d€77.[(6)<<n_(6)>> = (14.44)
0

= — /dg g3 () % Ln_(e)>, rme yyl(e /d&t Dy(e'), m Tk (14.45)
0

0
Vie: <n_(e)> = O(pp—e), TO: — PR Ln_(e)> = d(e —p), (14.46)



—169—
)

I (p) = — /d&t%«{ ) = A3/2hw/d6 > (6 — ens )P0 (e — cpt) = (14.47)
v(p) 3/ 1 b
2 e S e e = —h' S (n + —) = Chw S f(0). (14.48)
3 n—=0 n=0 2 (=1/2

P pu cunbroM Beipoxaernn kT < p =~ ep B (13.24). Poromy cuntaem T' — 0
maTepecysich B (14.47) 3aBICHMOCTRIO MUIIb OT XEMIOTeHInATa (. s ca-
opIx moneit: 2upH K kT < p, ycnosue hw/p < 1 B (14.41) ocTasmser B
cymme (14.48) 6ompioe ancno craraemeix ¢ 0 < n < v(p), roe QyHKIES

f (n + %) = £(0) =0 (p = Fiwl) . mpm o(y) = 2A3/ y*,

[Ds/2] 3
MaJlo MeHSsIch Ha omHoM Imare { — ( + 1, mM03BOJIgeT HAWTH 5Ty CYMMY IIO
dopmyre Pittepa — Maxmopena (7.25), xoropyio, mpu (, = p/(hw) > 1, T.x.
f(6,) =f(l,) =0,y =p—hw!, pasnaras 8 { = 0 B pan dyraxnmo f((), ee
HepBoo6pa3Hon i HpOI/ISBOI[HyIO npencrasuM B sume’ ((, = v(p) +1/2):
1/2

(14.49)

1 /1 1 1
fhae— | f( —f(—)——f'(—)—l—...z

e 1/2 / / T3/\3) T2l 3

~ /f( U+ 5 f(0 /f( Day+ 0. (1450)
" " hw 24
Pomncrasmss (14.50) B (14 48) HafiZeM, ITo ¢ TpebyeMoil TOTHOCTHIO 10 H2
AT YR _ L (2 Q000

(dﬁ ‘m)- 9 (1) = hwg%f /70 My 57 () = F (1451)

Pepserit Bkman maTerpata B (14.51) He 3aBucuT oT ‘H U mpencTaBiseT 60Ib-
mrort moTeHua J{ (1) BHIPOKIEHHOTO HmeanbHoro dhepMu-raza mpu H = 0,
T = 0. B ero repmunax, ¢ yaerom (14.34), paserctso (14.51) mpmver Bum:

1 O2J0 (1 1 O2J0 (1
Tt T30 = 5P = ) = S, (142

s, 02JY OJ)
e V) s o0 = - S e gy = -SRI sy
0 r 2 [ 3 4 5/2
opu Jy(p) = —/'yo(y)dy D:/> —§A3/2/y Py = _BA:;/Q/J 2, (14.54)
0 o2 0
1 '3 1 1 d d
1/2) = £10), f(1/2) = £(0) + 5£1(0), / J(Odt= 51O+ 2 f'(0); o= —hwa

0
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nnag yrxnum (14.49) co cBoboxHOII mIOTHOCTBIO cocTosHMIT Dy jo(c) (14.43)
B (14.47). Cpasrus Jy(p) (14.52) ¢ (14.23) B onpenenennn (14.24) ¢ Tem xe
Jo(p), Haiimem y Bocupumvansoctn (14.25), (14.27) momomHITe TbHBIIT MHOK -

TeJIb KaK _6 = —. Txk. OJIA SJICKTPOHOB, ABHZKYIIHXCA BHYTPH MeTaJllla,

55
BIUSHIE IePUOOUIECKOTO ITOTeHIINAIa PEeIleTKN B IIePBOM IIPUOINKeHNN yI1-
THIBaeTCS 3aMeHOI UX MacChl Ha 3QPeKTUBHYIO, m — m*, up — Wy, TorIa,

KaK Macca B “TapaMarHITHoM MarHeToHe Popa He MeHseTcs, To:

naM 1 m 2 IIapamM ILL* Qﬁ * eh m
X7 =——(—) Xt ﬁ—%, MB=L=MB( )-(14-55)

3 \m* T=0 2t 2m*c m*
Huddepernunpys (14.54) B (14.52) xak (14.47), (14.45) mpu p = ep u (13.7), B7mecTo (14.27)
1 62Jy /,L2 D(@F) (/,L* )zﬁ 3N
o ouam B B
: = vion 3 v — XK.. D = )
HaiimeMm: Y (8 Q)TV 3 = 2er T.K 3/2(EF) -

P omHass BOCIPUIMYIIBOCTD 0CTACTCS TAPAMATHITHOMN, eCIl (IIPH €5 — £5):

nmapaM AnaM 1 m 2 nmapaM
XT=Xr = tXp = 1—§ el B DG > 0. (14.56)

Otromernne |7 /x7 7™ = (1/3)(m/m*)? > 1 numb A8 AMAMATHITHBIX

METAJI0B THUIA BICMYTa IJIN CYPbMBI ¢ MaJIBIMI 3()(OEKTUBHBIMI MaCCaMI
3mekTporoB m* < m/v/3. Pompsyace (14.45) = (14.89) MoXKHO yBIIETb, UTO
B c1abbix momax hw < k7', moxa mpuvernmo (14.50), opencrasmenme (14.52)
u ero crencTBus (14.55), (14.56) cupaBenInBEL IS TEPMOTTHAMUITICCKOTO TIO-
Termmana J3, (j1) He3aBECIMO OT CTEMeHN BEIPOKIEHHS >IeKTPOHHOTO Ta3a
[6], [36], m, B cormacuu ¢ JI.II. Jlagmay (1930), kBarTOBaHmE OPOGUTATLHOTO
OBIZKEHNS CBOOOOHBIX 3/I€KTPOHOB IMPUBONUT K ONaMATHITHOMY 3hHEKTY
ImaMarHITHON BocmpuuMInBocThio (14.37), (14.55), pasroit —1/3 ux cnmHo-
BOIl MapaMarHITHON BOCIPUUMYNBOCTH IPH 000 TeMmepaType 1.

2.3  DJIOTHOCTBH 4uncIa ypoBHell Jlanmay

[InorHocTE cocTosEmit Dy (£) cBsi3ana ¢ 9NCIOM COCTOSHUI ¢ MMITYIbCAMIT BOII3H 3a/1aH-
HOTO Py U ¢ KPaTHOCTBLIO BBIPOK/IEHUs cOCTOAHUI nonepeunoro npuxenus GH(H) B (14.35).

Ecnu xBampat nomepeunoro mmmysbea (14.33) B nux p? N (pk% +p¥)n = 2me L, TO B
amnke oovemoMm V = L,L,L., ¢ yieToM COIMHOBOH# KPaTHOCTU BBIPOKICHUS ¢s = 2, UHCIO
PA3INYHBIX TOTIEPEUHBIX KBAa3HIUCKPETHBIX COCTOSHUI CBOOOMHON YaCTUIBI MEXKIY NBYMS
COCEMTHUMU YPOBHIMI JlaHnay KBasHk/IacCHUecKH ONpenessieTcs TMAOMAalbio KOIblla > MeK Iy
KPyTaMi PalnycoB P,_11 < pL < Pni Ha IIOCKOCTHU (px, py ), IpU P2, = 2me, | :
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oL L 27rL L, L.L
G (H) = — /pJ_dpJ_ = g, h;"w (p;iL —pi_u) = (14.57)
Pn—1L
2emL,L 2nmL,. L L.L
= gs% (Fnt = 2n1s) = gy e = g, eH = OH = GH(H),  (14.58)
C

U NeNCTBUTEIbHO He 3aBucuT oT n. T.e. B Gopmyrax (14.35), (14.59) GL(H) (14.58) ects
onHa W Ta k€ KPaTHOCTH BBIPOKAEHHA COCTOSHHA C HaHHBIM T, PaBHas YUCIY CBODOHMHBIX
OHOYACTHYHBIX yPOBHEN KBasuHenpepbiBaoro npu H = 0 cnekTpa, coGpaBIInXCs B ONUH 1n-
wiit yposenb Jlannay npu H > 0 u GH(H) < N. Ona oTpaxaeT npousBos B BLIGOpe To TOUYKHI
Hepecedenis OCH BUHTOBON JIMHUM C IJIOCKOCTBIO X Y. Yncio cocTodHmMi ¢ MMITY/IhcaMu
BOmm3n |pz| = |pzn| (14.38) — mpu mamboM n ¢ y9eTOM BBIPOKIEHUS MO ABYM HAIPABIEHISIM
ocr Z W 9TOil KpaTHOCTHU BLIPOKIEHIS, PABHO:

~ L, 47Vm
D(pz)dlpz| = GH(H)2 2=dlpza| = —

Yanreas (14.38), (14.41), nas niaoTHOCTH YUCTa COCTOSHII BHOBL TpuxomnM K (14.40):

————hw2d|pz,| = D,(¢) de.

& & dipza ()| _ & Dopzn) NE i H)
Dule)=>_ Dule) =) Dulpza) = =) T =2 Z - (14.59)
n=0 n=0 d€ n=0 |UZn(€) h n=0 )|

Host cmnbabix momeit hw > kT, TemnoBoe “pasmvbiTue” ypoBHs PepMu cTaHOBUTCS MEHDIIIE
PaCCTOSHUS MEXKIY cocemuuMu yposusamu Jlammay u cymmuposanue B (14.48) mo dopmyse
(14.50) mexoppekTHo. Ee 3amena Toumoit popmymoit [lyaccomna mokassieT, 4T0 NNCKPETHDINT
XapakTep CIeKTpa opbuTaIbLHOTO ABUKEHUS MPOSBISIETCS B HAPYIIEHUH MOHOTOHHOCTH Ha-
MarHH9YeHHOCTH U XUMTIOTeHTIna a, Kak Gyuknnit H. T.K. B CHIIBHBIX TOIIX TOTLKO IBUKE-
HII€ 110 OCH 7 OCTAETCs CBA3aHO € 5PPEKTUBHON MacCOM 1mjj, TO B IPOCTEMIEM CTydae, CIuTas
ee mcYesalolne Majiol, mpeHebpexeM Bo3OYKIeHNEM KBa3WHENPEPLIBHLIX yPOBHEN MTPOMOITh-
HOTO NIBIIKEeHUs: py/ (Qmﬁ) — 00, OTBIIEKASACH MO-TIPEXKHEMY U OT CIUHOBOTO PACITETIEHNS.
pu H > N/Q, G (H) > N u Bce N 51eKTpoHOB oOkaxyTcs Ha HuxHeMm yposHe (14.34) ¢
n = 0, u sHeprus cucTeMbl ecTh Ipocto Fy = hwN/2 = ugH N, a nonnas HaMarHHYeHHOCTE
M = —0FEy/0H = —upN. C ymenbinenueMm mossi, B Kaxmoit Touxke H, = N/(n€), rme n-
esioe 9mceiio, HaunHaeT 3allOoMHAThLCS CIenyIonui n-biii ypoBensb Jlanmay. [lampumep, mpu:

N N
E <H< Q, nMeeM: ]\/v:]\/vo—|—]\/717 NOZQH, EyOZMBHNOZMBQHz,

By = 3upHN,, orkyna: Ey = FEyo+ Eyy = 3ug NH — 2upQH?, u (Iluc. 14.4):
M = —0Fy/0H = 4ugQH — 3upg N, wmensercs mexny: — ugN < M < ugN, (14.60)
n 1o ke 6ymeT mpun < N/(QH) < (n+1). Tak 9T0 B CHILHBIX TIOIAX YKe HENb3S Pa3neqnTh

opbuTanpible (mma) W cnmHOBBE (Mapa) MarHUTHBE >(PPEKTHI, MTPUBOASAIINE COBMECTHO K

octummasnmam (14.60) ne Xaasza—san Anbdena [5], [6], [7], [14], [36] (3am. 20.12-13.).
Takum ob6pasom, Kak u B ciydae 6o3-kornnercannu (10.1), (10.39), nmenno nuckpeTHOCTDH
OIIHOYACTIYHOTO DHEPIeTUYECKOro CIeKTpa OlpeneaseT Te WU WHbIE CYIIeCTBEHHO KBaHTO-

BBIE CBOCTBA TOW WJIM MHOW MIEAIBLHON CHCTEMBL.
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3  MarueTusM JI0KaJn30BaHHBIX CINHOB U CpegHee
“MoJIeKygpHoe  1oJie Beiicca

PaCCMOTpI/IM MAarHIOTHBIC cBoOIcTBa aHcaM0ag N JIOKa/JIM30BaAaHHBIX — HEIIO-

IBIZKHBIX CIITHOB, IOMEIICHHLIX B OLHOPOIHOE BHeIIHee MarHITHOe mose H:
6_660 eﬁagﬂB/H
e = —0gugH, —-S<o=5.<8, wer= 7 =y (14.61)
1 1

Mpu & = % — a:>i%, cr = FA =FupH, . —co =2A, (14.62)

OH SIBISeTCS aHCAaMOIeM MBYXYPOBHEBBIX cUCTeM. TakK KaK KaiKIBIH M3 3TUX
CTIIITHOB B3aMMOIENCTBYEeT ¢ BHEITHIM TIOJIEM BIOJTH OCHU Z HE3aBUCUMO OT APY-
TUX, TEPMOOMHAMIKA TaKON CICTEeMBI TP TeMmepaType 1’ ompenenaseTcs Ka-
HOHIIeCKol cTaTcyMmMmoil B (14.2) 6e3 memurers N! ssuny ee nesasucumoctu ot V

1 HEBO3MOXKHOCTH TIEPECTaHOBOK JIOKQJIM3OBAHHBIX CIITHOB!:

ZNTH) = (20", ZH(TH) =, "+ P2 =2eh(3A), (1463)
orkyma: F(T,H)=—kT'InZy = —NkT In(2ch(5A)), (14.64)
_ 1OF N[ &5 ea 12

T - —— =2n o7 - (14.
MITH) == 5oy v( Bz T ) T 2, 7er - (1465)

T.e.: M(T,H)=nupth(FA) =nug th( H) <:/ ngup<S.> (14.66)

kT

~ HaMarHIYeHHOCTH ennHNIE 06beMa. Ppu T — 0 (H — o0), th(SA) — 1,

OHa BBIXOOUT Ha HachomeHme: M —> My = nup <T/2 ngupS, a mpn

T — o (H — 0) maer 3axon Kopn (14.29) ¢ 6e3pa3sMepHON KOHCTAHTON A:
— 9 w72 — _ 9 —9
nupH AMGH _ (OM\  mpup AM,

KT scie mkl 0 M T\ oW ) KT soup mkT

BSaHMOHeﬁCTBHe CIIMHOBBIX MAaT'HUTHBIX MOMCHTOB MCKIY cODOI ABIISIETCS

M(T, H) = (14.67)

yzKe HeJINMHeNHBIM 3()¢GeKToM: KazXKOBIl CINH HaXOOUTCI, HAa caMOM Ierle, B
MUxpockonmgeckom mone H.rp = H + 0H, cozmaHHOM, B TOM UNCIIe, BCEMH

ocrampabMI crimEaMu. Cormacuo Beliccy, mMeromasca HaMaTHITIeHHOCTD IT
3afgaeT 3(pHeKTIBHO 3TO JOIOIHITEILHOE IIPOIOPIIOHAIBHOe el caMOll Mar-
HOTHOE moe: 0H = y M, tax ato M(T, H) = M(T, H + yM;) = M.

Pomnroe sddextuBrOe mMoTe H.pp CXOOHO ¢ MAKDOCKONIYECKOH MarHUTHOI

nanayknueir B = H + 47 M, HO oHO ABIZETCS CAMOCOTJIACOBAHHBIM B TOM
CMBICTIe, ITO caMa BeJININHAa HaMaTHITIeHHOCTH M, ompemennseTcs m3 ypas-
Herms (14.66) yx&e ¢ caMuM STHM cpeqHnM “MoleKyIapHbIM’ moreM Bericca
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H.s5 B aprymente y gyukmmn Jamxepera: 0 = L5(0) < Lg(y) < Lg(oo) =1,
KaK cTanmoHapHas Touka M = M, sToro orobpaxkernns suma (14.66):

—— L My (H +yM) B (LB

M(T, Heff) =MyLsg ( - T S::I/Q nup th (ﬁHeff) . (14.68)
B MoHerr  ModH — MyyM _ My M

y=PensSH= = SR T T T kT My~ 0. (14.69)

Ppu ‘H = 0 »T0 maeT TpaHCIleHIeHTHOe ypaBHEeHNe NI CIIOHTAHHOI HaMar-
HIrIeHHOCTH M = M, oTBewatoIeil peppoMarHuTHOMY cocTosHIO [5]§78:

M . Mo vﬂ ) T . y3 ‘
o Ls ( — T ) Y Ls(y) S::Jchy Ny =y, roe (14.70)
oM Y M VM M
= — O = — = S— up. (14.71
Y TMgy s=172 kT nk s=12 k W o 5:1/2”3 ( )

Ppu T < T = 0L5(0), xpome y = 0, BosHukHeT permerne ¢ yo #* 0 (Puc.
141). Arx. yo < 1lonaT ~ T, rous (14.70), (14.71) u Ls(—y) = —Ls(y):

%y = Ls(y) = L50)y = by’, yo(T) = iJ DST(O) ( _ T%) - %'
(14.72)

Hudpdepernupys ypasrenne (14.68) mo H u momaras H = 0 ¢ yazerom yo(T')
HalimeM ypaBHEHIE Ha BOCIPUIMYNBOCTD U ee ToBemeHue mjst TIo0bx 1

My OLy(y)
X1 = —7= Ls(y)(L+71r) . X1 = (14.73)
nkT —° y=yc (T) V(T = OLY)) ly=ye (1)
Ppu T > T mveem B (14.72) amms pemrerne ¢ yo(7) = 0, 1.e. (Puc. 14.2):
/ / SN H=0 . TC
Es(y)‘TZTC = L¢(0), uTO maeT 3aKoH: XT‘T>TC = T -1 (14.74)

— Kwopu-Beiicca (cp. (14.67)) ¢ Temueparypoit Kiopu T dazoBoro mepexoma
2-ro poma I3 apaMarHITHOTO cocTosHusg npu 1’ > T B heppoMarHITHOE IPK
T < T¢ roe BocupunyManBocTsh (14.73) TepmuT paspes 2-ro poma (14.74).

Berpazxenne (14.71) B Bunme kT¢ ~ k© = vH,, THTepIpeTHPYeTCI B TePMIU-

HaX SHEPIrul MarHHTHOIO JHITOJNB-OAHIIOJIBHOI'O BSaI/IMO,Hé‘fICTBI/I}I Hﬂﬂ Ha Xa-

PAaKTEPHBIX MEKATOMHBIX DaCCTOIHUAX a4 ~ ap, OIIpeneIdeMBbIX IIJIOTHOCTBIO

N 1 ch e/\ h? Ao e 1
n—=-—o~ —. mpu: =—=-\, Gp=—5=—, A= — & —,

VT a3 pi- fs 2me 2 B = ne? o he 137
9

Hiftz -
~ TS ~ —33 ~mctat ~ k1K,

a? a
B

KOoTOopoe nMeeT IIOPAOoK: Hﬂﬂ =
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1-y yd \

o 2*-[«‘301) L //: 16 “\‘
3—(T/T)y | o \
12
2(T) \
8 \
4 \\\
) S
Dy 01 02 03 04 s 06 07 (1} o9 1 1 0 1 2 1 4 16 1 8 2 ()
y=M0 /(M,T) () T/Te
Puc. 14.1. BosHukHoBeHue cnoHTaHHoW Ha-  Puc. 14.2. MarHuTHas BOCNPUUMUUBOCTL X7
marnuuentocTu npu 1' < Te, Ls(y) = thy. (14.74) Bbiwe TemnepaTypbl Kiopn T¢:.

EctecTBenno OXKNOaTh pa3spYIIEeHUd MalrHITHOI'O YIIODAODOYCHNA IIPU TeMIIe-

patrypax kT, cpaBHUMBIX ¢ SHepTuell ero B3anMogeHcTBII. PoCKOITbKY MBI

3HaKOMBI C MaTrHETHU3MOM IIPH KOMHATHBIX TeMIIepaTypaX, 3TO O3HaYaeT, 9TO

B peasbHOM MarHeTmke MUEKpockommdaeckoe v ~ 10% = 10%, Bmecto MAKpo-
CKOITIIIeCcKOro 3HadeHns ¥ = 47 ~ 10" mma B B o6eramoit cpege. CTamo GHITS,
MeXaHU3M MarHUTHOTO YIOPSOOUEHUS HOIKEH CYIIIECTBEHHO OTIUIATHCS OT
IIPOCTOTO TUIIOIb- TUIOIBLHOTO B3anMoneiicTsud H,,. B MargeTnke 60/1b110ro
00BbeMa MATHITHEI MOMEHT ero MAKpockommdecknx dacTeit M = MV mpo-
IIOPIIOHAICH IX 00beMy V ~ 13, I 5HeprId IX IUTIOTh-INIOTFHOTO B3AIMO-

. ——2
meitcrsus Hyryy = M?/r3 ~ M'V pacrer Takxe 6bicTpo. Torma sHepreTH-

TeCKH BEITOTHee, ITOOBI MarHeTHK pa30miIca Ha 60iee MeIkne MAKpoobaacTn
CO BCTPeYHBIMH JTOKaJIbHBIMI HallpaBIeHIAMH HaMarHIUYeHHOCTH TakK ITOOBI
cpenHuii MAKpPOCKOIIIeCKIIT MATHUTHBII MoMeHT Obin 661 & 0 [45]. Taxme
obmacTn Ha3eBalOT goMeHaMmm. Tommmua d momera V' = rld B Kycke MarHe-
Tuka r{r| 3amaeTcs MOHEIMYyMOM 6aTaHCca MOBEPXHOCTHOH 0OMEHHOI SHePTHUH
ero CTeHKHN Y = r{ ¢ II0OTHOCTBIO 0 Ha €OUHNIY €T0 HOIePeTHOTO CedeHNs
S = (d xax 0X/S = or/d; n TOR XKe ero o6BLEMHON SHEPTUN aHI30TPOINT

KV = fﬂﬁv Ha enmHOIY momann L stoil creakm: KV/Y = Kd. Torma
E(d) =or/d+ Kd, u £(d) =0 mnaer dy = \Jor/K [45]. Tx. dy =r /N, 1o
N =r/K/or, u gag ry = r = N?% /K. Doz N — 1 30ece r +— d; = o /K.

MexaHU3M ymopsmodeHNs BHYTPHU ITOMEHOB OBbIT HaiimeH I'efizeHOeprom B

MOIOe/INn O0OMEeHHOTI'0 B3ELI/IMO,HG‘I;ICTBI/I}I7 00s13aHHOTO Y49€TY BHOBb KBAHTOBOMEX A~
HIIeCcKOIl TOZKOECCTBEHHOCTH CBA3aHHBIX 3JIEKTPOHOB I 3JIECKTPOHOB IIPOBOIII-



Puc. 14.3. JlomeHHas cTpykTypa marHeTuka rir;, pasbusweroca Ha N nomenos V = r/d.
MocTH. Pocmemrme, Oyoyum “pasMa3s’aHbl IO BCeMy 00BbeMy KPICTajlia, BO
BTOPOM TOPSIKe KBAHTOBOMEXAHUTICCKON TEOPUHU BO3BMYIICHUI TPUBOMAT K
KOCBEHHOMY OOMEHY MEKIY 3JIeKTPOHAME MAaTHUTHBIX MOHOB, HAXOMATITIMIICS
B pa3IHUHBIX y37ax pernetkn f # q. PToTr obMmeHn ompemenseT 3HAUCHUS
obMmeHHBIX nHTerpatoB I(q — f) B cumrOBOM TaMunasToHmaHe [ efizenbepra:

N [N] [N] [N] [N]
Yy = —gus . (S(F)-H) = X Y. I(qg— £)(S(f)- S(q)). tae: Y 1=N
I I a#f I

(14.75)

— eCTh IOJIHOe THCIO0 CONHOB B goMeHe, a 1 € Zy < N — 1 — ecTs 1mceio
B3AIMOIEICTBYIOIIIX ¢ IPOM3BOIBHBIM crmHoM S (f) Gmmxaiimux cocemeit.
BBuny TpaHCIAINOHHON NHBAPIAHTHOCTH OOMEHHEBIE MHTEeT PAIbl CHMMeTPIU-
mel o y3mam: I(q — f) = I(f — q), a sHeprus B3amMomeiicTBHs JIO6OM
maps! conuEos pasEa Hiy = —21(1—2) (S(1) - 8(2)) (cp. [9], [18]). Tax xax
I(6) # 0 mpu 0 < |6] < |Z|, T.e. {q} € [Z]}, TO meficTByIOIIee Ha BHIIETICH-
ubiil cime S(f) addhexTUBHOe Mome OmpeeseTcs yCpemHeHIeM omepaTopa’:

[V]

. _ _ 1 2y
Ao=-S (m(f)-H,,), H,,=H+ S 1(6)S(f+9), (1476
f( (F)-Hly), Hiy o 2, [O)S(£ +8). (1476)

q
3aBHUCAIITETO OT OIIepaTOpPOB BCEX Zf coceqHUX C HUM CIIITHOB. B HpI/I6JII/I}K€—

HINI CpedHero IIOJIA IIPpEnIrojIaracTCda, 9TO0 OTHOCUTE/IbHOE BJ/INMAHIEC KaXKIOOI'O

4[N]- MHOKecTBO BEKTOPOB BCEX Y3/I0B IOMEHa; [Z] §- MHOKeCTBO y3110B GinKaiimux K f cocenei;

m(f) = gupS(f)- marunrublii MoMenT onuoro cuunna B y3ie f (cp. (14.66), (14.36)); ¢ = f + 6.
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OTIOEIBHOTO COCENa Ha BhITeNTeHHEIN comH S (f) HeBeamko, a TOTOMY 5T0 (-

(GeKTUBHOe cpemHee Mojle BOBCe He NOJZKHO 3aBICeTh OT y3ia pemeTkn f. Pro
mocturaeTcs sameHol B (14.76) omepaTtopa cimaa S(q) cpemamy crimroM S Ha
OIIH y3ell ¢ PelieTKN (B moMeHe), yKe He 3aBHCALIIM OT TOJOKeHUs YTOro
y37Ia I CBS3aHHBIM ¢ HaMarHIIeHHOCTHIO (14.65), (14.66) marHOTO moMeHA:

[V] [V] . -
M= m(f)y=Nm=gup> S(f)=gupNS = VM(T,H), to (14.77)
f f
1 [V] Ve S B M(T,H)
ecTh: S = ~ Zf: S(f) Nf%j eggzz_:sa Wor = <<S>>‘T’%c T (14.78)
m= Ly = oupS. o ZE M(TH), m=-v. (1479
LTI m:me(f):g,uB , T = (T, H), n= (14.79)

r'ie, COTIACHO OCHOBHOMY MOCTYIATY cTaTHCTIIecKol dmsmkn (1.31)-(1.35),
(2.20), cpemHU# COMH MO pelreTke B TpA. OpA. N — 0o COBHALAET CO
cTaTUCTUYecKNM cpegHEM (14.65), (14.78) mo aHcamM6iIi0 COMHOB IIpH
MAHHOW TeMmeparype 1, T.K. pellleTKa CIIIMHOB I €CTh X aHCAMOIIb.

B perynspHoM KpucTasie YiciIo B3anMOoAeiC TBYIOIIIX coceneil OMMHaKOBO
y BCeX CIIMHOB: Z¢ = Z. YcpeoHeHIe XKe o3HadaeT BOOOIIle TOBOPS 3aMeHY B
(14.76) S(q) =E(S = £kS> ¢ 1 < =¢(T) < 2. Torma ¢ yuerom (14.78)

3¢ eKTHBHOE ToNTe, KOHCTaHTa Y u TeMmepaTypa Kiopn (14.71) mpumyT BuI:

_ S>> 4] _
<<Hf{ff>> = Hepp =H + 5> S I(0) =H+yM(T,H), (14.80)
BHB  §+£0
35 35 2 kO
rme: Y = — >1, mpu [I° = I1(60)=—, m (14.81
1T gy s A ! i T ger ™ Y
2
_ YMy 87 §1° 7l Riaav
o= =5 =, > H= V(M- Heyp).  (14.82)

I7 ->dPeKTUBHBIN 0OOMEHHBIT MHTETPaI cO BceMH / OMMKANIIIME COCEI M.
Ppu T =0, ‘H = 0, ramunprornan [eiisenbepra (14.75), MoxeT mpuBo-
OUTh K Pa3sImIHBEIM THIAM MarHITHOTO YIOPSHOUeHUs ¢ sHeprueil Fy [36]:

e [Ipu I(q) > 0 B OCHOBHOM COCTOSHIN BCE CIIUHBI TTAPAIIENLHBI, T.€. HE3aBUCUMO OT y37a

f: S(f)y—»S= S, 4TO maeT geppoMarHITHOE YIOPIOUCHHE ¢ YHEPIHEI: (y = BgupSH)
[N] [Z];

Eoz—§2221(q—f):>—]\f5(5—|—1)[z:—N(l—l—l)@:—iNch, T.K. (1483)
f a%f 5/ Lo fe

San. 205.: Ls( )—(1+i) th( (1+i))—ith(i)—>3(1+l) (14.84)
an. 20.0.0 Ls(y) = 5g ) M \Y 25 25" \25) v=0 3 s)Y '

Hpu T > T uz Hiy numeenm & = 2, wo Kak BuanM, {<(0) = 1, u 5To maeT HeMPepBIBHOCTH B

T — To+0 (14.73) {x7|T/Tc — 1]} ' =~s © 2y, ecmn éc = 1 mpu T < Te (3am. 20.18).
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e Ppu I(q) < 0 B OCHOBHOM COCTOSIHUN COCETHIIE CIITHBI AHTHUIAPAILICIbHEL,

KaK y IBYX BCTABICHHBIX IPYT B OPyTra ¢GeppoMarHITHLIX IOIPEIIETOK ¢ IPO-

THUBOIOIOKHBIMII CIIITHAMI, — aHTHGepPOMarHITHOE VIOPAOOTIeHIe.

o [ls armsorponsoro kpuctaria B (14.75): 1(q)oy — (I(q))y, mnu 3aBucn-

MOCTH 3HaKa [(g) 0T g BO3MOXKHO (peppIMarHITHOE I BIIHTOBOE YIIOPSIIOTC-

HIIe, IPeICTaBIMBIe CYyMMOIl yzKe HeCKOIBKIIX (hePPOMArHITHEIX IIOAPEIIeTOK.

e MarauTtHas aHm30TpOnns GeHoMeHOTOrmIecKn oTBedaeT (I(0))ss # 0 [49].
(5] §51,59,78, [6] §52.59,60, [7], [9], [10], [15], [18], [36], [48], [49], [50])
Samaun

20.1. OmeHNTH TOK B MOJHIMI, €CIN TPYOUATHIT MEOHBII TPOMOOTBOM IIPIH

yIoape MOTHEAN IpeBpaInaeTcs B cromHoil crepxens (P.JI. Kammma).

20.2. O6o61as BerBox (14.4)-(14.25), HANTH 0715 Ta3a TACTII IPOM3BOILHOTO

cumaa S u cratuctuin ([6] §52,59), aTo mpu pu” = p+ goupH: (g =2),

IR - S(S+1)(25 +1 4
T () = 5511 S I, Y ot= ( é( ), W) = §5(5+1)X(Tl/2).(14.85)

oc=—S5 o=—5

20.3. PailTu BuI 0OHOYIEKTPOHHOI BOIHOBOI (YHKIIIN MaMIIbLTOHIAHOB
(14.30), (14.31) wepes coberBernyo GyuKImO P, () ramuasTornasa (14.33):
61'77yy/7'1 eipzz/h

\IJH,PY,pZ(x7y7Z) - \/E \/L_Z (I)n(x)

20.4. Pomp3ysce (14.45), (14.89) mafiTu cBs3p BocmpumMmanBocTeil (14.55),
0606mmB (14.52) B craberx momsx (14.50) mpu mro6ex T' ([6]559, [36]).
20.5. Pafttu ssubit Bun (14.84) ¢pyrkunn Ppunmosua Lg(y) B Teopun Beii-

(14.86)

cca (14.62)(14.74) mas mpom3BOIBHBIX CONHA S I THPOMATHITHOTO TICTIA g.
Kaxomy sHagenmoo S mpu i — 0 oTBedaeT Kiaccmueckas GyHKOUA Jlamzxke-
Bera (14.37)7 Paiitu Beipamenus nias v u kT = {c1°S(S + 1)/3 B Momenn
Detsenbepra, roe Ec = E(T) ([5] §51, [18] Il sam. 9, V mp. 1, [36]).

20.6. Beipasuts 6espasmepryio KoHCTAaHTY A (14.67) wepes dyuimmo Lg(y).
20.7. PailTu KaHOHHYECKYIO CTATCYMMY IpH TeMmepaType 1’ Hf MeIOYKIN
N crnmroB 1/2, ecm B3anMOmeCTBYIOT TOIBKO TOMAPHO COCEMHIE CIIMHBI C
sHepruell —.J g mapajlleIbHBIX I +.J IJIf aHTHIapaIeIbHBIX B OTCYTCBE
n Hasmann BHermHero mons H ([25] N 8.13, [7], [14], [18] V 3azm. 16).

20.8. Cucrema N cruuos 1/2 u3 Ppumepa 1 uw 3amaun 15.5. Bo BHeITHeM Mar-
HuTHOM morte H (14.62) mveer suepruto E(m) = —mpupH. Oupenenuts s
3aMEHYTOIT crcTeMbr: »ETponmio S(m), paBHOBeCHYIO TeMiepaTypy 1'(m) m
cBobomuyo sHepruo F(m) mpu m < N ([21] §6). Ucmomssys (14.65), (9.44),
OIIPeNeNNTh 411 KAHOHIIeCKOr0 AHCAaMOJIA: BEPOATHOCTD PA3JIITIHBIX COCTO-
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HIIIT OTZeNIBHOTO CImHA W3 + Wl = 1, BeposTHOCTS W, = w(E(m)) ormems-
HOTO PaBHOBeCHOT0 MIKpPOCOCTOSHIA ¢ TaHHON SHepPrueil CHCTeMBI, BepOIT-
HOCTH PABHOBECHBIX MAKPOCOCTOSHIIL ¢ Pa3IMIHBIMIE 3HATCHIAMI €€ SHePI I

WN(m), <Lm>>, L(Am)E>, 0y(m), Km*>>, n maiitn mpu m < N mHaunbomee
BeposTHoe 3HadeHme m ([8] §1.1, 3am. 5, [21] §11).  [Y@II, 129, BY, c.3, 1979]
20.9. Pafitu, aTo s obiero Buna cuexTpa B (14.5), 6,0 (H) = ¢, + A7(H):
VROUT. ) = <N = 3 <. M = = A m T ). (1487
P
oM 2 (O N(T, ) .
\ A° ) — AYH)RN(T 14.88
- (M) =5 | (o) (T =BT | (148

COOTBGTCTBGHHO7 cpeonee 9mcCJI0 9aCTUull ¢ MAaT'HITHBIM KBAHTOBBIM YIICJIOM O

3 (14.85) mwnu 0 = n’ w3 (14.91), HAMATHUICHHOCTH U BOCIPHUMIHBOCTH, a
TOUKa — MPOM3BOAHAL 10 oyt H. Pomyunts orcioma dpopmyny Ban ®daexa
nist caabBIX morteil B 6oIpmManoBekoM mpernere (14.28), (14.29).

20.10. Paittu cBs3u: Temmoemroct Cey (13.30) ¢ BocmprmvamBocTsio (14.56)
BEIPOZKIEHHOTO 37IeKTPOHHOIO Ta3a; TEIJI0eMKOCTell ¢ BOCIPIIMUYIBOCTEIO 13
(14.93): Cy — Cpy= \rH?/T, nng TaHKeBeHOBCKUX MapaMarHeTHKOB.
20.11. Nvoynase @epmu abcoTIOTHO BEIPOKICHHOTO d-MepHOTO depMu-rasa B
HOPMAJIBLHOI (hase paBeH pr. Pouemy B dpeppoMarauTHOI dhaze (aHATOTTTIHON
(14.83)) om pasen p = 21/dp,?

20.12. BeBecTn obobmerne coorrormenntt (13.50), (14.45) mexmy 60apmmMm
norernuataMu Jy (V, p, T) (14.44) mw Jy(V, 11, 0) (14.48) upeanproro depmu-
rasza BO BHEITHeM MarHUTHOM Tosie H, i o6bACHUTD UX oTandme oT [5]§59:

/dg Wﬂvgo) lim —
4ch? (B(e — p)/2)" 8= 4ch? (Bx/2)

22.13. Pycts Dy(e) ompemensercs gopmymoini Buma (14.40) = (14.59) mms

(Vo T = 5(x). (14.89)

TOTHOTO CHEKTPa 3IeKTPOHa B moie H, KOTophIi, ¢ yaeroMm (14.5), (14.34),
(14.38), m paBeHCTBA OPOUTAIBHOTO I CIITHOBOTO MATHETOHOB B CHIIBHOM TIOTIC
H, pasphIBAOIIEM CBA3b ¢ 3IIEKTPUUCCKIM IIOJIEM PEITeTKI, IMMeeT BILL:

2

£ =¢cno(pz) = QJZ* ;—Z—P(Qn—i—l—l—a)uBHz (14.90)
2192 + 2 ugH, toe, mpu o =+1: 0 =0,1,2,..., m"=mi, (14.91)

u coctosaue ¢ N’ = 0 eIUHCTBEHHO, a COCTOSHUA ¢ 1’ # () BHOBH IBYXKDPATHO
BEIDOZKICHBL. P 0IyInTh 0TCI0MA OCIIIIIIANNT HaMarHnIeHHoCcTH Bua (14.60)



—179—

Ipu pa3ImIHLIX Temmepatypax ([5], [6], [7], [14], [36], [45], [49], [51]).

20.14. Paiitu moternuan Jy (V. u,0) (14.45), (14.48) B cumpabIX momsix ([2]).
20.15. Ucnmonb3ys ycmoBus kBaHToBaHUs Popa-3oMMepdenbna oI monepet-
HOTO MBIZAKCHIS B TaMiibToRnaHe (14.30), moka3aTh, ITO IePHo OCIIIIIIAIIIT
A (1/H) cBsa3aH ¢ mmomagsio Y(&, py) SKCTPEMATbHBIX CeTeHN TOBEPXHOCTI
(PepMu o7 3TEKTPOHOB B MeTATIIe) € = const, ITOCKOCTHIO MePICHINKYTISP-
HOIl MarHUTHOMY T0Tt0 H., dopmymoit [5]§59, rme, mpm An = 1,

cX(e,py) ( 1 ) eh
20.16. Hms Touroro crexTpa (14.91) HaiTn B 60IpIMAHOBCKOM IIPIOIMKCHITT
eP1=2) < 1: TepMommEAMTTecKIiT ToTeRTmAT (8.46), (8.45), (14.44), xmMmo-
TeHIINAJI, I HAMATHIIeHHOCTh IIeaIbHOIO 316K TPOHHOTO ra3a. IKaKoBa aci-
nToTuKa GYHKINN JlaHXKeBeHa ¢ yUIeToM KaK AUa- Tak I Iapa-MarHITHOIO
spdexTos ([5] §59)7 Cpasuuts ¢ cymmoit (14.70) u3 (14.66) u (14.36) ms3
(14.37), mpu: Mo = ugn, y = BupH, Liy5(y) = thy, Lo(y) =cthy —1/y:
M(T, H) 1 2

1

Yro monyunTces nas Apyrux 3HadeHndl cnuaa ST YTo macT 3amMeHa KBaHTOBA-

HIIA IIPOCKIINI CINHA 0 Ha 0Ch Z HeIPePBIBHEIM pacIpeneIeHIeM ee 3SHaTe il
o/S w717 Lg(y) — 77 CpasrUTS ¢ Teopemoii P-s-J1.
20.17. U3 (14.92) maiitm pasHOCTH BocmpumManBocTedt, cp. (10.44), (14.88)):

) (oM oM ony  (Oy )2
Xr(p) — Xr(m) ( OH )T,ﬂ ( OH )T,ﬁ (8M)T’% (87’[ T ’ ( )

oM ( aﬁ) (aﬁ) ( o )
14.17): || == =—|= — 0, 14.94
( ) ( 8,u )T,”H a?’l T a,u TH 87—[ T,ﬁ# HAC TEHEDE ( )

pw=p(T,nH), re. n=n(T,p,H), M(T,H,pu) < M(T,H,n). (14.95)

T.x. oHA OTINYHA OT HYJ, TO B CHIBHBIX MOJAX moiaraioT yr = M /H [5].

AT T
W .

Puc. 14.4. PbdekT ae Xaaza-Ban-Anbdena (14.60).
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20.18. Ucxonms w3 (14.72), (14.73) HafiTH HOBemeHNE BOCIPUMMYINBOCTI IIPI
T < Te. Porasats, aro ¢ yuerom (14.74) ee Beraer B momoce T = T
paser 1/v mns T + 0, BHO 1/(27) mas T — 0, mas omHOTO W TOTO XKe 7
mvest ckatdek. Crenys (14.83), mokaszaTh BO3MOKHOCTH YCTPAHCHISI STOTO

ckauka B Momenu ['efizembepra, meHoil “pasmasku’ T ~ £ mpum 1 < £ < 2.
Ppu T > Ty comHbl MOryT eltle 60JIee N MeHee PaBHOBEPOATHO NMETh JIHO-
oyto mpoexktmoo oT (0 mo S BmoIk WO, T.e. B cpembeM |<S>| ~ S/2 unn
S(q) ~ 2«S>. Torma xak npu T' < T OHI yiKe BBICTPOCHBI TOUTH Hapal-
nenbHO, T.e. S(q) ~ <KS>. Moxno 1 mpocto onpenenuts 1 mpemenom
cBepxy mpu &s = 2, mwian cEm3y mpu . = 1, mn 1 < o = (1) ~ 1,5 < 2
TOTIKHa OIPEeIeIATHCS CaMoCcoTIacoBarHo BMecTe ¢ © m T w3 (14.82), (14.83)
¢ &o £y m Ban. 20.5.7 JTu6o e mueem [°(T)E(T) = kO/S* = const ?

20.19. B npu6bnuxenun IIpsrra-Buassamca [5, 8, 14, 18, 20] opuenTaru-
OHHAas SHEePIIUA 3adaeTcs YNCIoM Hap HapallleIbHbIX CIIITHOB BIOJIb I IPOTHB

moast Ny, T UUCITOM peaTm3yIoNuXcs ABYMS criocobaMm HMap aHTUTIapall-
JeTbHBIX cnmHOB N, _, B CyMMe DaBHBIX TTOTHOMY UNCTY B3aTMOMENCTBYIO-
X Hap OAMKalIInX cocelell B OTCYTCBUE Yy HUX OJUKHEr0O MOPIIKa Kak
He3aBUCHMOCTHI BePOSTHOCTEN OPUMEeHTAIN OTMeTbHBIX comHOB Wy = Ni /N:

NZ NZ
5 Eop = =I(Nyy + N__ — N+—):>_T[X27

_ NZ N, — N_ M
re mpu N_|_—|—N_=N: Nii%TWi, X = +N :M E%,
0 0

eCTh TmapaMeTp maabHero mopsanka upn Z < (N — 1), ZI — I*. Poxkasars,

Nyp+N__+ N, =

9TO B 3TOM IPUOIIZKCHINI BOCIIPON3BOMATCA BCE PE3YIbTATEl TEOPII MOJIe-
Ky/IAPHOTO 1oJIg Belicca M4 HaMarHI9eHHOCTH, BOCIPHIMYIBOCTH I TEILI0-
eMKOCTI IIPH (Pa30BLIX Iepexomax 2-To PoIa.

20.20. Mozxkno mu u3 (14.75) mafitu »Hepruio momeHa mpu H = 0 kax (4mcro
B3AIMOIEMCTBYIOIIX ap) X (cpemuee mims omaol mapet) = (NZ/2) <H 19>,
amamormaro (15.29). Yro 3mecs <..> =7. Yemy paBuo <H9> 7



Jlekiiuga 15

Kiaccuueckun HenmeaJibHBIN a3

B coydae BBICOKOI ILIOTHOCTH YacTHIl I OOCTATOYHO CIIBHOIO B3amMOIeii-
CTBHS MeKIy HIMI IpIOIIAKeHIE HIeaIbHOTO Ta3a OKa3bIBaeTCId HeTOCTaTOq-
HBIM. P eofXonmMocTh yueTa B3auMONENCTBIS MeKIY COCTABIIMIONIIMI (MO-
JIEKYITaMI) ABISeTCS MeHTPAIBHON TPOGIeMOIl CTATUCTHIeCKOl MeXaHukn. B
BIIY €e IPe3BLITailHON CTI0KHOCTH, 30eCh MOKHO TOBOPITH TOILKO O IPIOII-
JKeHHBIX MeTONaX PelleHnd TaKIX 3amad.

®Oynrrmua [NavmasToRa crcreMbl N 9acTHI B 00IIeM CIydae paclagaeTcs
NI Ha CYMMY KHHCTHYeCKON I MOTeHIIAIbHOI sHeprun (6.11), mpusons B
6OJIBIIMAHOBCKOM TIPUOINKEHIN K COOTBETCTBYIOLIEN (akTopu3anun (KBasm)
KJTaCcCHIeCKOTro CTaTHCTHaecKoro maTerpata (6.2), (4.30): X = {p,q}i,,

N 2
P
H(X) = K({p}iL) +M({g}l)) = ; S+ ({ghs) (15.1)
{ N 3 3 N N
2 =114 [ @; [ @pif exp|=K({pHL) = 9T ({g}L)] (15.2)
=1y
Z5 (0)= g5\ VEw Lo _ (2t
Iv=gan = A E =) T e A =y (159)
o 9V 2rmkT 3/2_ NG 3/9

~ COOTBETCTBEHHO IOIHBIN I TPAHCIANIOHHEIN OMHOYAC THIHEIL CTaTHCTIIe-
CKIIe MHTeTPAIIbl nheadbHol cucTeMbl w3 (6.20), m (6.28), (6.33), a =y,

mpn VVZy = IJ_V[ /d3qj exp (—ﬁH ({q}évzl)) : (EN = 1) (15.5)
=1\

eCThb Oe3pa3MepHBII KOHQUTYPAIlHOHHBIN NHTET DA, CONePAKAIINI BCIO THPOP-
MaIIIo 0 B3aNMOIEeNCTBUN B cIcTeMe. I\ BEIUMCTIEHTIO =y W CBOOUTCS, TaKIM
06Pa30M, OCHOBHAS 3a/iatda CTATHCTHICCKON MeXaHuKN (cp. 3am. 21.4.).

181



182
1 ['az Bam-mep-Baanbca: cuiabHOe B3anMOIOEHCTBIE

B caydgae cIIBHOTO B3amMOmEIICTBIA MOJEKY OTHOCHTEIbHOE BINAHIC Ha
OIHY I3 HEX TI000I IPYTO I3 0CTAIBHBIX MOICKYJI OyIeT CHOBa He3HAINTelIb-
HEIM. TO9HO Takafd JKe CHUTyaIlls PacCMOTPeHa B IpedbLIyINeil JeKIINI IS
CIIMH-CIIMHOBOTO B3anmMOmeIIcTBIA B Momenn I eiizenbepra. Tax xe, Kax Tam,
ee MOKHO IPUOINZKEHHO ONICATh, IIoIarad, 9TO Ha KaiKayio (-TyIo JacTIHILY
BMecTo 11 (qg, {q; }jN#) OeICTBYeT CO3MaHHOe BCEMU OCTAIbHBIME 3()(eKTIB-
HOoe “OmHOYACTUYIHOEe” CaMOCOTJIACOBAHHOe BHeIHee moje u(gy), B KOTOPOM
5Ta JaCTHUa B PABHOBECHH OBUZKETCA yiKe He3aBICHMO OT BCeX OCTaIbHBIX.
Ananormano (15.2), (15.3), sTo mosBomser mpn 11 ({q}évzl) > Zév:l u(q;) me-
MEIJICHHO (PaKTOPI30BaTh I KOHGHUTYPANoHHET nHTerpat (15.5) B mponsse-
IeHIe OMHOIACTIIHBIX GOTBIIMAHOBCKIX HHTerpasos (6.37) m3 (6.38), (15.25):

N (u)
VVEy o | [diqexp (- Bu(g)) diekes
V

E(Z{M)N’ ¢ Zi(V,T) = BT
(15.6)

B KadecTBe TOJTHOU OMHOUYACTUIHON CTATCYMMBI. [l KaiKmoil MOTEKYyThI B
oboweme V' cylllecTBYeT SBHO HEOOCTYHHBHIN el odbeM Vy = Nb, 3aHATHIH
octampabIMIE N — 1 &~ N wmomexymamm: u(qg) = 400, ¢ € Vy. B octas-
IIeMCs JOCTYIHBIM eif 06beMe g € (V — Nb) 570 sddeKTHBHOe oIe OIS IPo-
CTPAHCTBEHHO OTHOPOTHON TPAHCIANNOHHO CHMMETPUTIHON cucTeMbl (15.26)

anagormyao (15.22), (15.25), (16.19), Ho mpm b > 0, u MOKeT B TAKOM CIyTae
CBOONTHCA TOJILKO K IMOCTOAHHOMY IIOTCHIUATLY NPHTAKCHIL — IIPIMO-
YTOIBHOI TIOTEHIIMAIBHOI sive Buma (4.7), Bo Bcem o6eme V — Nb, mpomop-

IIIOHAIILHOMY TOCTOSHHON ke Torma mioTHoctn 1T = N/V umcema wactmm:
u(q) = —am = const [5] §77. T.e. Z¢ = (Z)), u s (15.6) (gs — 1):

1 alN (V — Nb) alN
Z\(V\T) = —— d*q exp ( ) =-————~exp ( ) ., (15.7)
A (T) V_/Nb VIT A(T) VIT
Jln (Zl)N B 0 aN
P = kT (T = VT |V - N0+ VkT] . e (15.8)
NET — aN? dln (2,)" aN?
p= _ _ SV ) e (1.,
V—Nb V27 U: ( aﬁ )V CV V7 (59)

YTO B TOYHOCTHU BOCIIPOM3BONHT 00a ypaBHEHISA COCTOSHIIA Ta3a BaH-mep-
Baampca. Berrexatorree u3 (15.6), (15.7) BeIpakeHmIe s KOHGUTYDAIIIOHHONT
(u)

CTATCYMMBL Z, ', COBUTAs HYTPEHHIOI HEPIUIO HOealbHOTo Trasa (6.43) Ha
pemmanEy —aN2/V, He maeT BKTada HI B SHTPOINIIO, HII B TEIFIOCMKOCTb.
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B ofmeM cirygae MOXKHO IMOOBITATHCA I3BIeYb 00a yPaBHEHNIS COCTOSHIS
I3 TeOpeM 0 paBHOpAcCIpemeTeHnn sHeprun u Bupumate (6.7), (6.10), (6.11)

b e U = <ES> = (H(X)) = ;NkT L < ({q))>, lm: (15.10)

N I N N
INAT = z(((q%)» f({qh) =T ({q}Y)+ S a(q), (15.11)
=1 q; =1

rre, cormacao (6.4)-(6.7), II B sTom Bupmaie (15.11) BxmowaeT Bce 3N cTe-
IeHell cBOOOMBI TakzKe I IJ1d CKaIK00Opa3HOTo B3amMOIEIICTBIL CO CTeHKaMI,
3aIIIPAONIEro MOJIEKYJIBl B o0beMe V. CoOTBETCTBYIOMINI €My OMHOYACTIY-
HEBII moTeHnnal u(q) BHemHero momsd u3 (6.38) BIOMHe aHATOITITCH PacCMo-
TPEHHOMY BBIIE MOTCHINATY u(q), HO paBeH HY/IIO BEyTpHu obbeMa V' u Gec-
KOHeYHOCTH BHE €ro, a IOTOMY He HaeT BKJalda BO BHYTPCHHIOK SHEPTHIO
(15.10), mo mpmcyTcTByeT B Bupmase (15.11) B Buae cuasr F; = p;, meficTBY-
IOIell Ha OTHEIBHYIO j-TYI0 MOJICKYJLY CO CTOPOHBI CTCHKII:

ol ({q}y) _ ol ({q}ily) du(q;)
dq; 0q; g,

Ecnu n - BHemmHAg HOPpMaJIb K IIOBEPXHOCTHU COCYyOa, TO B OTCYTCBUE BHEIITHET'O

—F;, F;j=- = -V, iu(q)). (15.12)

OIS (TSAKeCTH) BCIOAY ONIHAKOBOE, COTTIACHO 3aKoHY P ackams, maBmernme P
raza B HeM OIIpemesseTcs yCpeTHeHmeM CYMMBI BeeX cmiI —JF j, ¢ KOTOPBIMI
J- Thle MOJIEKYJIBI “HaBAT Ha MaJbId 37IeMeHT dX MOBEPXHOCTH CTeHKN Xy .

N
T.e mpn q<=q; €d¥ : j; <L<=F;> 4iedz - d(—F)‘qu2 = PndX.
N
Torma B Bupnaze (15.11): Y <K(q; - (=F;))> . ezj% (g-d(-F)) =
J=1 J Yy
=P ¢ (q-n)dS=P § (q-d=) =P [d’q (V,-q) =3PV, (15.13)
EV EV 4

o Teopeme [aycca. Pomcrasmas (15.12), (15.13) B (15.11), momyanm ypaBHe-
HIe COCTOAHIA B BIIEe TeOpeMbl BUpHaJsa IJI HOTeHIIAa B3anMOIeilc TBIL:

PV = NkT — %é << (qj o %Zfﬁl))», (15.14)

TOe DJaBJ/ICHIE OKa3bIBAaCTCAd PE3YyJ/JIbTaTOM YCpeOHEeHUA TOJIBKO BHpHada 0T I10-
TeHIOIaJIa BSaHMOHeﬁCTBHﬂ MOJIEKYJI TOJBKO CO CTE€HKAaMNI obbema V.
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2  Kunaccuueckun ras ¢ ITIapHBIM BB&I/IMOIIGI?ICTBI/IGM

B caydae mocTaTodHO pa3pe:KeHHOTO Taza, CINTad KpailHe MaaoBepOSTHBIM
COOBITIEM CTOIKHOBEHIE Cpa3y TPeX I 6osIee MOICKYJI, MOKHO OTPAHITINTHC
YIIPOIIIEHHOI MOZEIbIO MO TeHIINAIBHON SHePI U IIX B3alMOIeICTBIL KaK CyM-
MOII JINIIH HapPHBEIX MOTEeHnnaIoB ¢(g;, q;) = ¢(q;, qi)'

({g)) = ola.0) =% ¥ olg.q) =3 % 3 olgia). (15.15

i<j i=1 j=it1 215 421
YUT00B BELICINTH KOMOMHATOPHKY, HE 3aBHCAILYI0 OT (OPMEI IOTeHIHAIA
¢(qi,q;), mpemcTaBumM IpaBy® dacTb (15.15) ToKmECTBEHHO B BHIe WHTe-

rpaja ¢ CHHTY/IIPHON GYHKIIeN ITUHAMIYCCKIX IePEeMeHHBIX q;, (-
1 N N

Z > o(qi,q)) = 2/d37”1/d37"2¢ Ty, T1)M: ({Q}g 1,"‘1,’!‘2) (15.16)
1 J #i=1
N N

rme Torma 7y ({q}ilir,re) = X Y d3(g; — r1)d3(qi — 1) (15.17)
1=j #i=1

ompenernaeT Ny (1, ry) = Mg (19, 7) = KNy ({q}évzl; T, r2)>> (15.18)
~ CpeqHIO ABYXTOUCTHYIO (IBYXTIACTHIHYIO) IIIOTHOCTH. PaccMOTPIM cIep-
Ba 607Iee TPOCTYIO ONHOTACTIIHYIO (OTHOTOTICTHYIO ) INIOTHOCTH B 00IIIeM Ka-
HOHITTCCKOM aHcaMbite Kiaaccmaecknx cucteM (15.1)-(15.5) = (6.1)-(6.3). Po-
CKOTTBKY mMeeTcss N BO3MOKHOCTeH BEIOpATh TacTuiry 1- Boit m3 N, To VII({})

mpn ox(X) = exp{—3|K({p}) + ({g})| |/Z, [N on(X)=1:(15.19)

n({ghilr) = 253(%’ —r1). m(r)=<m({ghlirm)> = (15.20)

d25X
= [ X on(X) i ({q}liim) N/ = NPy(ry) = (15.21)
Q1:7°1
N o N
= & I =0 =q 15.22
s T [ m (a: mmﬁ)v eSS

daszoBas MIOTHOCTH KIACCHTIECKOTO aHCcaMOms oy (X ) maeT pacmpemereHmne Be-
POATHOCTH TI0 KOOPAMHATAM I IMITYITHCAM BCeX JacTHIl. Fe mHATerpmpoBaHme
0 BCceM KOOPAWHATAM I IMITyIbcaM BCeX TacTHIL, KpoMe - BOIl, ompemerseT
MIOTHOCTH MAaKCBEJIJIOBCKOTO PacIpeleleHNs BePOITHOCTH 0 MMITYIbCY 3TOI
gacTuiel B Kyomke d°py: (py, p;+dp,) (6.34). Torma uaTerpuposanme gy (X))
B (15.21) mo BceM mMIyIbcaM U KOOpDANHATAM BCEX TacTHUIL, KpoMe - BOI,
OIpemersaeT IIOTHOCTD BepoATHOCTH P (1) 06HApYKUTH oqHY n3 N TacTHIl
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B »IIeMeHTe 06beMa d°r) BOKPYT TOUKI T, CBOILAIIYIOCA B CIydae BHEITHETO
mons (15.6), ¥ omHOUacTHIHOMY pacupeneneHmo Poasmvana fp(r)) (6.38):

d*X V(g dwl, (p exp(—p?/2mkT
p(x)| L0 WPy COITRIZINT) _ (152

d3py plzpl___ d*p, (2rmkT)3/2
d*»*X

_ dwg(r)) _ m(ry)
B, . .= Pi(r1) — fp(ry), (15.24)

C.Il:"'l_ d®ry (15200 N (15:.21) (15.6)
RS _m(r) 5 o g e o Py
e.. dwgy(ry) = N d*ry = Pi(r)dry #6) Z{u) ——d’rq (?%)—V (15.25)

on (X)

Pocrenane conocrasmerns B (15.22), (15.25) o3HaTA0T, 9TO U I/ TPOCTPaH-
CTBEHHO OJHOPOIHOI CICTeMBI OQHOYAC THYHEIC ITIOTHOCTH I BePOATHOCTD II0-
cTosHHBE T (1T1) = T. [eficTBUTENbHO, TOTOA YHEPTHS B3AIMOICIICTBIIS 3a-
sucuT oT N (N — 1)/2 BeKTOPOB JNUIIb OTHOCUTEIBHBIX MOTOKEHIN MOIEKYIT
B CIUIy ee TPaHCIAINOHHON NHBAaPHAHTHOCTIH:

ri=q —q, i<(=2+N, O({q}, )iﬂ({m}m 2 %2) = ({ra}is),
(15.26)

M3 KOTOPBIX He3aBHcHMBI TOTbKO N — 1 BeKTOpOB, HampuMep, 7y . Pepexons
K 3TIHM He3aBUCUMBIM TIepeMeHHBIM, 71 KOHQUTYPAIIOHHOTO MHTeTpaIa =y
(15.5) B smameraTesme (15.22) momydImM Takoe Ke BBIDAKCHIC, KaK I I
KOH(MUTYPAIMOHHOTO MHTerpasta B guncanTene (15.22), Ho ymMHOKeHHOE Ha V!

VVEy =] { / dqu}exp (-on({aih)) =, vH { / d?’rjl}exp (=p11 ({ra}ils)) .

TaK KaK MOAWHTerpaitbHable GyHKnnn (15.26) B TmcanTeNe I B 3HAMEHATETIC He
3aBICAT 607Iee OT ¢, & 06IACTh HHTETPIPOBAHNS IT0 ITepeMeHHBIM 751 (15.26)
ocTaHeTcs TIpexHen niasa g = 0, a TakkKe B TpA. npa. V — oo.

Bospparmascs k¥ AByXToUeTHON mnoTHOCTH (15.18), mMeeM, aHATOTTTHO
N — 1 BO3MOXKHOCTH BHIOpPaTh JacTumy 2-oit m3 N — 1 ocTaBImmxcs:

d?s X q2=">
ﬁg (’l"l,’l"g):N(N — 1) mQN(X) = N(N — 1)7)2(7"1,’?2): (1527)
q1=71
N(N — 1) 3 q2="7>2 B
= VT]_ {/d q]} exp (=0T ({g}2y)) . (559 My(r21),  (15.28)

rre Po(ry,72) €CTh ITOTHOCTD BEPOSTHOCTH O6HAPYKUTH OfHY U3 [N TacTHI
B OKPECTHOCTH T, KOorfa odad W3 ocTadbHBIX N — 1 9acTHI HaXoOUTCA B
OKPECTHOCTH Ty — oTctoma MHOKUTeTh N (N — 1). Pocnentee conmocrasmenie
B (15.28) BHOBB OTBeTaeT MPOCTPAHCTBEHHO OMHOPOTHON cucTeMe (15.26).
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JIMHeHOCTE omepannun ycpeqHeHNs I SKBUBAICHTHOCTD Pa3INUHLIX IIap
TO3BOILIIOT 71 apHoro B3anMomneiicTsus (15.15), (15.16) B omHOpOIHOI C1I-
creme (15.26) ¢ ¢(ry,ry) = ¢(r12) ¢ yaerom (15.17), (15.18), (15.27),
(15.28) mpemcTaBUTH CPEOHIOK MOTEHIUAIBHYIO »Hepruio B (15.10) B Bmme
IPOM3BENCHIS (TmIerTo map) X (CpemHee AIIst OTHOM maphl) ¢ Ko — KL o(119)>>

< ({g)jm)> =, €T olana0> = %N(N ~1) <6(q1.q2)> = (15.29)

1
5‘//d37“1 V/d37“2 gb(rl,rg)ﬁg (’l"l,’rg) 5.96) 9 /d 7“12¢ 'r12)n2('r12) (1530)

(155.16) (

Te. U= ;NkT + 27TV/d7” rlo(r)ymy(r), mw m(r)) = 7= const, (15.31)
0

1
roe rio=m7Ty —7T9, Ti2=1T, 5

N N 1 )
Z Z N(N-1)=Cy% (15.32)
— eCTh, OUeBUIHO, TTOTHOE UMCII0 PATIIHBIX B3aMMOIENCTBYIOIINX Tap.
Bripaxenne nis supuaia B (15.14) yopormaercs aHaIoTIIHO, TeM Goree,
eCIN B3amMOIeCTBIEe 3aBUCUT TOIBKO OT OTHOCUTETHHOTO PACCTOSHIS 19 =
rip = |r| = |q1 — qof, Tax xax! ((q1- Vi) + (qa - Va))rie = ri9 & rd,r, To:

5~ (0 LB — (5 (@ 90+ 0 V) otaa) = 1539

dq; 15.15)

j=1 i<l
1
= §N(N - 1) <((q1- V1) +(gq2-V2)) d(q1,q2)> = (5.20 (15.34)
1 09(r12)\\ (15.30) 5
(?26) §N(N - 1) <<7“12 O >> =t /d rr ¢ (r)m(r), (15.35)
T.e. mpu 7T = const, r9 =7r: P=nkT — —/drr Y7a(r) (15.36)

— TeopeMa BUpHAJIa CTATUCTHYCCKON MexaHUKN. OHa BEITeKAaeT TaKkKe U3 IB-
HBIX DOpMYTT Mg cTaTcyMMbl Zy ~ VVEy u onpenerenns napmenms (4.40):

o (0IZy\ [N 1 (0EN(V)
(cp. (15.14))<:>.P_kT( G )T_kT[V+EN( TG )T],(15.37)

C ICHOIB30BAHNIEM MACIITabHOTO IPeoOdPa3oBaHUA q; — Aq; I71 KoHQUIypa-

IIOHHOM cTaTCyMMEL (15.5), ¢ 3aBHCSIIIM TOTBKO OT OTHOCHTEIBHOTO Pac-
cTosHES ToTeHImanoM (15.26) maproro B3anmomneiicTsus (15.15):

IHPI/Ii V1|(11 - (I2| =Virp= 7“12/7‘127 a Varyy = —7“12/7‘12; u (X : Vx) =rd, mpu r = |X|
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/\3]\7
= A3V —_ = d3 ex (— /\rl- )7 15.38
vAV) (15.26)(15.15) (A3V)Y iz 1 {/ qJ} p 5%@5( ¢) ( )
=) 1 = (N3
I OYEeBUIOHOTO TO2KIeCTBA. a aN‘/( ) —_ SV a Na(A V) /\_17 T.K.: (1539)
62 ¢(/\rzl)

Jln= _N /\3V N e i<d
&’ ad (Ar, 15.40
22 {/ qa} VNE, ( gjm( Tk)) — (15.40)

i -0 Z <<7”5kg25 (Tsk)>> = —CNﬁ <<7“12g25 (7“12)>>, LIS W(Tig), Kakx (15.41)
N————

=1 s<k
BeposTHOCTH, T.€. coBmamaeT ¢ (15.35), B cumy (15.14), (15.33), (15.37).
Hns gByxToueuanoit mmotHocTn (15.18), (15.28) B omHOpOmHOIT cucTeMe
(15.26) B mpubamxeHIN TapHOTO B3amMomecTBms (15.15) mmeen:

N(N-1) ¥ Q=72

T2 (712) R 7‘(/NEN )}33 {V/ d3qj} exp (—ﬂ%aﬁ(w)) e (15.42)
q2="7> N

—5ZE¢(W) = —W(Tm)—ﬁ%[dﬁd +¢(7“2£)]—ﬁ3<2£¢(7“w)- (15.43)

Tak kakx B oTCyTCTBHIe B3amMomeiicTsus =y = 1 1 My (r) = 1%, To, 0THPACH-
N

Bas B mokasatTerne (15.43) sxcmorenTsr (15.42) cymmy Y- [0(r1e) + ¢(r20)] xax
(=3

yaeT cOMLEKeHNA cpasy Tpex dacTun 1,2, ( mpm HH3KHX IZIOTHOCTAX, KOTIA
r1e, 790 > 19| = 119 = r, w npereGperas miaa N > 1 pasamamem MeKIy =y
B 3HaMeHaTelle I BOSHUKINUM B Pe3yIbTaTe Zy_g B UNCANTeNe (MIN MCXOMS
m3 (15.57)), mpusemenm (15.28) = (15.42) upm 7 = const k BULY:

N-2— —
NN - DV Ex-2 _po(r) _ 25N-2 —po(r) _y —2,-po(r)
VNEN EN

(15.44)

Takoe pazmoxenne Bupuaia (15.33) mo cTemeHs M 0THOTACTITHOIN IO THOCTT

ﬁg(’rm) iﬁg(?“) =

T B ypaBHCHIN cocTOsHNS (15.36) Ha3BIBAIOT BHPUATIBHBIM PA3IOKCHICM:

P =mnkT (1 +nB(T) + ﬁQC( )+ ) ., gell KosphUImeHT: (15.45)

27T
3 — —Bo(r
B(T) = ﬁ/drr O (r) e = — =0 [r Sd(1— ey, (15.46)
T.K. ¢(r) — 0, Toects: B(T) = 27T/ dr 1 (1 — €_ﬁ¢(r)) ; (15.47)
0

HA3BIBACTCS BTOPBIM I T.O. BEpHambHBIM KoddduumerTom. C II() (15.26) B
cuy (15.22), mmoTHOCTD T = const — XOPOIIMIT TapaMeTp Pa3IokKeHI,
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Beramcamy npubmamkerro B(T'), camTas, 970 Ha paccTosHIIX 1 < 27
BeJIIK MOTeHIaT oTTadknBaans i e *¢(") &2 0, a mpm r > 2r( mMeeTcs cIaboe

mpuTaxenme || < |¢o| K KT mw e 720 ~ 1 + |6| /KT, suma (4.7):

B(T) = 2= Z/ [1 — exp ( QZ(T))] e+ 27 [ [1 — exp ( q;(;))] r2dr,

27“0

27(2r) a
orkyma B(T) =~ By(T) = 0) / lo(r)|r?dr = b — —, (15.48)
ET
T.e. b — BKJIaI CUJI OTTAIKHBAHUS Ha MaIbIX paccTosHuax, —a/kT — Bkman
CUTI IPUTSAKCHIS Ha 60IbIINX paccTosHmIX. PomcranoBka B (15.45) maet:

P =~ 7kT (1 + nBy(T)) = nkT + bi*kT — am?,
TLTIIL: (P + aﬁQ) =nkT (1 +mb), rme, camras, aro: b <K 1,
mnst m= N/V BHOBb mosydaem: (P + aﬁQ) (1 —mb) =nkT, (15.49)

ypasHeHIe cocTosHI Bar-nep-Baansca (15.9) ¢ mapamerpamu a n b, onHako,
B ormane oT (15.9), BosHEKafoIiee Teleph B MPUOINKCHUIN Pa3peKCHHOIO
raza Kak OIHO 13 BO3MOMKHBIX TEPMOMUHAMUYECKUX YPaBHEHUH COCTOSHUS
rasa co ¢JaObIM TAPHBIM B3alMOIETCTBIEM MEKITY TacTHITAMII.
Temmeparypa Pofims Tj, ompenensercs yemoBuem B(T) = 0, arto ms
Bu(T) = 0 (15.48) maer: kT, = a/b. Peamproe nosemerue B(T) umeer
MaKCUMYM TP HeKOTopoil TeMmmepaType 1), > T, m MemeHHOe CTpeMIIeHIe
K HyTo npu I — oo, (Pme. 15.2). Ono BocmpomsBomuTesl OpyToil OByXIIa-
paMeTPUICCKON MOMEIbI0 MOTEHIINATIA MEeKMOICKYISIPHOTO B3aMOIECTBISL

Hernapma-Ilxonca ¢(r) “(6-12)” (Puc. 15.1), (3am. 21.2.):

- A Bew o) -] o (- Beo oo

1 BKJIad ~~ —T_6 €CTh MoOTEHIAJ CUJI MEKMOJIEKYJIAPHOI'O IIPUTAXKEHM A BELH—I[Gp—BELELJIBCEL.

OueBunuoe obodirerne (15.17)-(15.28) ecTh k- TacTUIHAS MIIOTHOCTS!

ﬁk(rl,...'rk):<<§: Sy ﬁ53(qjy—ry)>>, re.  (15.51)

1_j1 #jz 1 Fir=1v=1

d?sX qr="
ng (ri,...r X)) - = 15.52
e (risem) ,/d3 o) o (15.52)
N1 N =Tk
=— ]I Pq; Ppibon(X = 15.53
(N - k)' j=k+1 V/ ’ j= 1{/ j} N( ) qi1="71 ( )
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C_Ik—”'k

N1

O k)va_Nj 1 3/ @i (7T ({a)i)

Taxmm obpazom, cpemHee OT JIIO6OI/I OIMHAMUIYIeCKo (GYHKINN, 3aBUCIIIEIT OT

(15.54)

qi1=7r

KOHeTHOro 1mcaa k $hasoBbIX mepeMeHHBIX, HanmpuMep ¢; ¢ 1 < j < k, MoxKHO
OIIPeNeNnTh, HOIb3YICh NI KOHCYHBIM HAOOPOM k -9aCTHYHBIX (DYHKITIIL
pacmpenenerns (15.51)-(15.54). Omnmncanme Ha s3bIKe TACTHIHBIX (QYHKIITT
pacIpemesieHns SKBUBAICHTHO CTATUCTIIIECKOMY OMIMCAHIIO Ha S3bIKe (YyHK-
un Ga3oBoil IIIOTHOCTH pacupeneraeHIs oy (X ), Ho 06IamaeT ompeneIeHHbIM
IIPEMMYIIIECTBOM IS CICTEM CO B3alMOIEICTBIEM, [0 KpailHell Mepe, B ABYX
IpemeTbHBIX CIIyUadX: KOT[a B3aIMOMECTBIE MeKIY JaCTHIAME MaIl LI
KOT[Ia Majd IFIOTHOCTH, a B3alMONEICTBIE IPON3BOILHO, HO He IPUBOLUT K
00pa30BaHMIO CBA3AHHBIX COCTOAHMI. P OCKOIBKY B OTCYTCTBHIE B3amMOIEIi-
cTBUA Zy — 1, TO B 5TOM IpemesbHOM clIydae k — JacTHIHAS IIOTHOCTD
(15.54) B TPA. OPA. CBOOUTCS K IPOM3BEICHIIO OTHOTACTITHBIX:

ak N ) Tn 15.55
T (N = IVE (7 7~ ) = L) (15:55)

A Tak Kax n IIp1 HaJIT9NIU BSaHMOHeﬁCTBHﬂ B CIICTeMe OHO TeM He MeHee OBI-

ﬁk ('rl, Ce 'rk)

cTpo kKak (15.50) mamaeT ¢ pocTOM OTHOCHTEIBHOTO PACCTOSHI |1j¢| MEKITY
COCTABIISIOIIIMI €€ MOTICKYTIaMII, TO I 7T IPOM3BOIBHOTO aHcaM61sa B (15.51)
~ (15.54) mpum 3ameHe mpenensHOro mepexona [I — 0 mpemeapHBIM TepexomoM
|rie] = oo B coorrOomenun (15.55) 0HO OKa3BIBAETCS TaCTHBIM CIydaeM 00-
IIIeT0 IPHHIIIA IPOCTPAHCTBEHHOTO 0CIa0deHII KOPPEeIAIIT, TOT0KEHHOTO
P.P. Poromo6oBbiM B 0OCHOBY IOCTPOEHHS BCEil CTAaTHCTHYECKON (GI3NKI KakK
PaBHOBECHBIX, TaK I HEPABHOBECHHBIX cucTeM [38].

([1], [2], [5] §65.77, [6] §74-76, [7]. [18]. [20], [36])

Samaun
21.1. Pomyunts BhIpaxkenme (15.47) mis BToporo BHPHAIBHOTO KO-
¢HTa, pasiaras KOHQUTypammoHHEI maTerpat (15.5), (15.38) mo cremensam

yukmun Maitepa: fi(ri) = exp[—Fo(rie)] — 1 ([5]§65,[6],[12],[15]), B Bume:

exp [<BI1 ({q},)] = exp [—ﬁzas(m)] S04 — (1556

(15. 15) i<l i<l

N
= 1+> fi+D > fufey+..., rme: ] /d3qj =V (15.57)
i<t i<l k< i=3 |/
N(N -1

g/d:%ql /d3QQf12, (1558)

Qi/d3QEfi£ =1+
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3 3 3 2
/d q1 /d q2f12 (?26) V/d I’lgflg(’l"lg) =— 47V 0/7“ d?“f(?“), (1559)
2 o0 —
In=y = 27TN7 O/Terf(r), u: P=nkT + kT (Mng—‘]/v(‘/))T (15.60)

O6cynnTh KOMOMHATOPUKY BBICIINX I'PYIIOBHIX HHTEIPAIOB, CYIIEeCTBOBAHIIE
IX Impemesa OIpm V. — 00, I BhIPazKeHile depe3 HIX OOJIBIION CTaTCyMMHI.
21.2. Mogenupys “smuk’ u, manasl L, ¢ N wacTHmaMn OTHOMEPHOTO II.
rasa, Kak Ipemel, IpH N — OO BHEITHeTO momd u(q) = oz(2q/L)2n mpu
l¢| < L/2, maitTu, ncmomas3ys TeopeMbl 0 PaBHOPACIPEIeIeHIT SHePTUN U BII-
pHaje, CpeqHIo CIIY, eI TBYIOIILY IO Ha CTEHKY CO CTOPOHBI OIHOI IaC THIIE,
TePMOMUHAMIIECKN COMPSKeHHYI0 “00bemy” “L7: &f> = «—0u/0L>,
ero MOJIHYI0 BHYTPEHHIOI SHEPIUIO I JaBIIeHIe.

21.3. Hasg d- mepHOTO THOOCOBCKOTO rasza N UacTHIl B AIIIKe 00BEMOM Vy
¢ OMHOPOMHBIME (yHKIIAME cTermern ( xuretmaeckoit K({np}) = n'K({p})
u cremern n noternuanbroin II({nx} = n"II({x}) sHeprmit B3anmoneiicTBIA,
rme {p} = {py,---Pn}, {x} = {x1,... Xy}, HallTH OOIIUIT BUI CTATCYMMEL,
CBOOOMHON 1 BHYTPeHHEN >HEePrUN, HaBIeHIA, SHTPONNN U TeINIOeMKOCTI
Zn(T, V), Fy(T, V), Px(T, V), Un(T, V), Sy(T,V),Cy (T, V). PpoBeputs Te-
opemy Bupmana (15.14) m obiriee acHMOTOTHIECKOE TTOBEACHNE CTATICTIITC-
ckoi cyMMBI ipu N — 00, 00y CITOBIIEHHOE alINTUBHOCTHIO CBOOOTHON YHED-
rum: Zy(T,V) = [£(T,0)]", Fy(T,V) = NJ(T,v). 3gecs:

v v _ S _ N U S
U=y o, ES G =00 5= 5 =00, I U=, 4= 0=,
eCTh yIOelabHBIE 00beM, SHePrud, SHTPONH, I 00beMHBIC IUIOTHOCTH TICIIA

qacTui, sHeprun, saTponni ([24] N 26). Pacemorpers coyqait n = —/.
Macmrabroe mpeobpazopanne N- 9acTHYHON CTATCYMMBI TAKOTO Ta3a

Zn(T,V) = ! lj;v[l {/ ddxj/ddpj} exp {— Miph) + H({X})} , (15.61)

~ NIRNT KT

Buma: X — nx, Vi—= Ve, p— n"'p, T — n"T, naer (15.62)
dyEKImOHATEHOe ypaEerme: Zy (n"T, ntV) =yt Nz (T V), (15.63)
¢ pemermen: Zy (T, V) = [T/O]Y" VIV (explw(g)]) ., n mas

d d T

—+—|In{—= 15.64
~+ () + et asen

— ¢BOOOMHOIT sHeprun, rue O- HeKoTopas KOHCTaHTa Pa3sMepPHOCTH TeMIepa-
—n/d

F(T,V.N) = —kTn Zy(T, V) = —NkT{

TYPHI, a w(q)- HeKoTopas (GYHKINS MHBAPUAHTHOMN mepeMeHHoON ¢ = 1T
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Ppu n = —( mueem ¢ = TT, tme A = (/d, n ypaBEEHIS COCTOSHIA:
_ ]
— . — ) — 21 ¥ v !
HT,v) = —kTw(q), &(T,7) T (8T T)U — kTqw'(q),

) g - el P=- (gj) = SHT0 () =

3aMeTHuM, UTO HU yCI0BUSA omHOpomHOocTu »Hepruit K u II, Hu ompenmemenme

(T, ). (15.65)

HOHATIHS YIETBHOTO 00beMa U (B oTnmtme oT KoHIeHTpanuu 7;) PE mompa-
3yMeBalOT OOHOKOMIIOHEHTHOCTH CUCTEeMBI, T.e. YTOOBI Bce ee JaCcTHUIILI ObLIN
omHoTO copTta. OHHU MOTYT Pa3lIUYaThCS U MOCTOSHHO IIPEBPAIAThCI APYT
B IpyTa, JIUIIh OBl X TMOTHOe umciao N = 28) N, ocTaBanoch PUKCTPOBAHBIM,

BKIIIOUAs Takzke nmeadbHbI caydai I[I = 0 ¢ Tem ke A = (/d (cp. (13.54)).
21.4. ms mpomsBonbHOTO HoTerHTnata Jlerrapma-lxomnca (15.50) HafiTn pas-
0K CHIIEe BTOPOTO BUPHATBHOTO KodddurimenTa (15.47) B psm mo cTemeHsM VA

([2] §V.1), mpuBenst ero mpex e MHETETPIPOBAHIEM IO TACTIM K BIILY:
2w € 6

:?TOJ(A), A:ﬁ,

3 15 et
_ \1/4 = - -
J(A)=A F(4)—4O/dt

B(T) , (15.66)

exp (2V¢) — 1] (15.67)

$5/4

70

04— T 7777777 T— T I I

60 J e T \
I
0.2 ST

50

40

(nr} 3)'B(T)

30

(0.1e)'® (r)

20 -0.2

I(N)

-0.4

-10 -0.6
08 09 10 1.1 1.2 13 14 15 16 1.7 1.8 1.9 2.0 1 10

r/'c

102 103

kT/e=A"

Puc. 15.1. PoTeHunan ¢(r) Jlennapaa-Ixon-
ca “(6-12)" (15.50) (ans € = 10, npu o = 1).
WmeeT Hynb o(r) = 0 npu r = o u MUHK-
MyMm (o) = —e npn 1o = 250, rpe 216 ~
1.122. fAsnseTcs Hanbonee peaNuCTUUHON BeEp-
cuelt MogenbHOro noTeHumana Tuna (4.7).

Puc. 15.2. BTopoit BupnanbHblit koapdpuuneHT
B(T) (15.66) B eannuuax 2713 /3 ana noTeHun-
ana Jlennapaa - Jxonca (15.50) (Puc. 15.1),
n ero rpy6oe npubnuxenne B, (1) (15.48) c
Tol e TemnepaTypoit Poitns u makcumymom,
ANs MOZENbHOrO MoTeHunana Tuna (4.7).
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KBanTOBLIE cucTEeMBI C
B3anMoIelicTBueM "

1 Hpubmmxenne Xaptpu-Poka

B cnoxkuBIX cmcTeMax, cOCTOSIMX W3 OOJIBIMTOTO YMCIA CUIBHO B3aNMOIIEN-
CTBYIOIINX MeXKOY cOOOIl YacTHUI, TOYHOe peIleHIe, KaK IPaBUIO, HEBO3-
MOKHO. FKcam B3amMomelicTBIIe He SBIgeTCS cIabBIM, TO TEOPUS BO3MYIIIEHT
0 HeMY He TIpUMeHUMa. A TOCKOIBKY TOUHBIN MaMUIbTOHUAH He pacraia-
eTcs Ha CYMMY SHePTHUI He3aBUCUMBIX YaCTHII, €ro TOTHAS BOJTHOBAS PYHKIII
He pa3jlaraeTcs B CyMMY IIPOM3BeNeHNI OTHOYACTHIHBIX BOTHOBBIX QYHKIINIL.
B »Tux ycrmoBmsaxX MOXKHO TONBITATHCS OMMNCATHh PEATHHYIO CIUCTEMY B3anMO-
IeHCTBYIOIINX TacTUI, KaK COCTOSIIYIO I3 (BOOOIE TOBOPS, MHEIX) HE3aBII-
CUMBIX 5()GeKTUBHBIX (KBaj3l) TaCTHI], IBUTAIOIINXCSI B HCKOTOPOM, 3apaHee
HCI3BECTHOM, 5()GeKTIBHOM BHeIIHeM mone. PTo sddexTuBHOE (camMocoria-
COBAHHOC) IIOJIe BRIOMPACTCS TaK, ITOOBI HAILTYIIINM (CaMOCOTIaCOBAHHBIM )
00pa3oM allIPOKCUMUPOBATH COCTOSHUSA PeATbHOU CUCTeMBbI 99% N CYMMOII CO-
OTBeTCTBEHHO CIMMETPU30BAHHBIX ITPON3BeOeHIN OQHOYACTHIHBIX BOTHOBBIX
GVHKIINHT B 5ToM BHeEITHeM TIo7Te. T.e. BMeCTO CJ0XKHOTO TaMUJIbTOHWAHA,
HaIIpUMep, TapHOTO B3amMOMIencTBUS Bcex N YacTUI OPYT € OPYTOM pac-
CMATPUBACTCS “aITIPOKCUMUPYVIONIN TaMIIbTOHIAH HEKOTOPOH MAeaTbHON
cucTeMbl Tuma (8.5), kak cymma N OTUMHAKOBBHIX 3(GEKTHBHBIX yCPETHEHIT
ﬁa moTHOTO omepaTopa ['amMmabToHa MO cocTosHUSIM N — 1 TacTHUIIH.
Obparmiagch majiee K pacCMOTPEHHIO GePME — CUCTEM € TaMIIbTOHTAHOM:

. N 1 N N . p?
Hy=> h(a)+=> > W(a,b), h(a) = == + wy(xa), (16.1)
a=1 2 1= #4b=1 2m

BO BHCIIIHEM IOTEe Ug(X), IPEATNOTOKNIM, TTO, TI00 B3aNMONCHCTBIEC B CI-
cTeMe MambHOMEHCTBYIOMIee (KYIOHOBCKIE CICTEMBI STICKTPOHOB B MeTAIe,

192
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B TSIKETIBIX ATOMAX WM B IIa3Me), TH00 ITO UX IIOTHOCTH HOCTATOTHO BhI-
coxa (aToMHOe ampo, xumkmit *He). B oboumx ciaydasx KaKmas MaHHAs a-g
JaCTHUIA OTHOBPEMEHHO MOABEPraeTCa BO3MEMCTBUIO GOBIIOTO UICIa OPY-
IIX YACTIHI, IIOBeIeHIe KOTOPHIX, B CBOIO OYepPEdb, OMPENeIfeTCS B3aIMO-
HefilcTBIEM €O BCeMI OCTAIBHBIMI YacTHUIIAMI, BKIIOYad TaHHYI. B sTox
YCIIOBIAX OTHOCHTEIbHOE BIIIAHIE JTI000i OTIeIBHOM TaCTHIIBL Ha TaHHYIO a-
10 He BEIIIKO I AaHATIOTIYIHO TumoTese “cpemqsero momst” (14.80), (15.6) moxkHO
CUNTaTh, YTO KaiKmasd U3 HOX OBIKETCA B HEKOTOPOM CaMOCOTIACOBAHHOM
3¢ PeKTUBHOM BHEIITHEeM II0JIe U(Xa). Tax aT0 HOBBIT >PDEKTUBHBIN TaMIITh-
TOHIAH YZKe CBOLITCS K CyMMe OLHOTACTITHBIX [AMIIIbTOHIAHOB H,:

— — N - - ~
Hy— H= > H,, H,=h(a)+U(x,), rme mamee: x, <= a. (16.2)
a=1

BomroBasg (GYHKINA OCHOBHOTO COCTOSHUA N- 37IeKTPOHHOII CHCTEMEI IMeeT
Bun merepmmaanTa Crefitepa (8.22), mOCTPOEHHOTO M3 COOTBETCTBYIOIINX
OMHOBTICKTPOHHBIX PYHKINM 1) (X) = (X|A), 00pa3yooInx moIHYO0 OPTOHOD-
MIIPOBAHHYIO CICTEMY, ONIHAKOBYIO, OIeBIIHO, g Beex H, (cp. (8.6), (8.7)):

ﬁa¢A(Xa)=€A¢A(Xa), (Ualty) = s Z|¢A><¢A|=f1» (16.3)

ppn(l,...,N) = \/— Z Z €hykn U, (1) - n (N), (16.4)

ki=1 ky=1
Preprimn EY 0CHOBHOTO COCTOSHIIA OTBeTaeT CyMMIPOBAHIe TOTBKO IO 3a-
HATHIM N HIBIIAM cOCTOSHISIM A, k =1+ N, c ey > 0, ny = O(cp — £)):

N

E:é’[nA] Z&?/\n/\iza\k—EN, N[?@\]ZZ?@\#ZlZN. (16.5)
k=1 A =1

POCTpoeHI/Ie CaMOCOTIJIaCOBaHHOT'O II0JI4 XaprI/I—q)OKa HavdIHEeM C BBIYMCIICHIIA

CPEIHeTo 3HAUCHNS TOTHOTO TaMiIbToHIaHa (16.1) mo “Ipo6HBIM™ BOTHOBBIM
dyurmmsm (16.4) = (8.22), I/ICHOJIBSyﬂ peSyJIBTaTLI (8 75)-(8.79) mexnum 8:

<99§N‘ﬁN‘9QEN> — F[¢/\] Z Z Z Z €hy-knCr-dn (16'6)
k’11 k’Nljll Jn=1

'<¢/\k1(1)"'¢/\kN(N) %E( )+ 3 Z ZW(a b) vy, (1) "¢AjN(N)>=

a=1 1=a #£b=1
N - | N N . .
= S+ 5 5 [ WG = (A WAL (167
k=1 k=1r=1
N 1 e e
— ZAInMIhW +3 ;;nAny[<A,7|WIA,7> — (A YWy N, (16.8)

rre mox 2N- xpaTHBIMI cyMMaMu (16.6) mo KBAaHTOBBIM THCIAM Ap, I Aj,:
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§<Aka|ﬁ<a>|xka>:»N<Ak1|ﬁ|xk1>, SI=N, d(a) = A,

a=1 a=1

N N o o

Z Z </\/<7a7 /\k’b|W|/\k’a/b7 /\k’b/a> = N(N - 1)</\/<717 /\k’2|W|/\k’1/27 /\k’z/1>7
l=a b:

N N

(AP = [ @11 hA) e,(1). Y ¥ 1=N(N=1). (169

lza ;ﬁb:l

AAWICv) = [ @1 [ @2 03(1)02(2) W(L2) v (D0, (2).  (16.10)

“a”-ThIM depMUI-TacTUIaM

T.e. cormacuo (8.75), cymmer o N OZIHAKOBEIM
TPaHCHOPMIPOBAIINCH B CYMMBI [0 3aHATHIM M [N OTHOTACTITHBIM COCTOS-
HisM (8.76), (8.77), ompemennsseMbIM THCIAMI 3aIT0THCHIS 1) YTIX COCTOSHIMIIL.
BocmonbsyeMcs Temepsb BapHallOHHBIM IPUHIINIOM KBAHTOBON MeXaHIKII,
COTJIACHO KOTOPOMY TOUHOe pelteHne ypasHerus lllpenuarepa nas ocHOBHOIo
cocrogans EY: Hy|®Y) = EY|®Y), sxpuBamenTHO MIHMMIIammm byHKIT-
orama F[®)] = (B |Hy|®Y ). mpu emmrcrenmom yemosmm (B ]|0%) = 1.
Crienyroliiee cocrosgnme gaeT MUHUME3aLNS TOro ke (pyHKIuoHaga JF [(I)]l\,] Ha BEKTOpax CI)}V,
yIoBiIeTBopsiommx yxe neym yeaosuam: (O3 |O8) =1 u (O |®4) =0, u .1
Pa “npobuerx ¢pyukmusx” (16.4) mpubmmxenms Xaprpu-Poka 70T GyHKII-
OHATI 3aMeHseTCs TpubmmKeHHEIM GyHKIIoHaToM F,] (16.6)-(16.10). Tax
KaK pe3yIbTUPYIOIee caMOCOTIACOBAHHOE I0jIe, B KOHEUHOM CUeTe, MOKET
OBITH PA3HBIM IJIS PASHBIX COCTOAHIIL 1y, OHII He ABIIOTCA 00jIee aBTOMATI-
TeCKII OPTOTOHATBHBIMI, T HEOOXOMMMO MOTOTHITeTbHO HamoknTs N +C% =
N(N +1)/2 ycnosuit oproropMupoBarHocTn u3 (16.3), a BMecTo omHOTO He-
oIpereleHHOr0 MHOKNTeNd Jlarpanxka EY TouHON 3amadi, BBeCTH CTOIBKO
Ke He3aBICHIMBIX JIarPAHKeBBIX MTapaMeTPOB IPUOIMKEeHHON 3a a4, KakK HI1e-
MEHTOB COOTBETCTBYIOIIEH CHMMETPITHOI MaTPUIBL £y = Ey), 7 < Al

0 = 0{F[®Y] — E} (DY |DN)} 5{ ]—E:A nAn757A<¢A|¢7>} = 0. (16.11)
s HesaBucnyMoit ot ¢y Bapmanun (16.11) mo 0¢%, m3 (16.9), (16.10) mveenm:
Sz (|h|v) = 5M/d31 UL h(1) ¥, (1); am W(1,2) = W(2,1): (16.12)
s 1A WIC, ) = [d1503(1) Sy (1) (1) + Srgwc (1) (1), (16.13)
W, (1) :/d32¢7 W(1,2)¢,(2), o mon %:nﬁzﬁ;(l) maer : (16.14)

b)) + 3 {m [ (10A(1) = wn (1) (1) = myppz (1)} =0, (16.15)

cICcTeMy HeTMHEHHBIX MHTeT ponnddepeHTnaIbHLIX ypaBHeHnH XapTpu-dPoxka.
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Ecnu npene6pets 06MeHHBIM BKIAIOM BTOPOTO IIeHA Wyy(1) cyMMEL IO
v (16.15) mpm v # A m HEOPTOTOHATIBHOCTHIO (PYHKIWI ¢y, OCTABUB B Tpe-
TheM T7TeHe 3TOH CyMMBI I yCI0BIe TX HOPMIPOBEI: 1,E4y F £(1)0yA, TO
IPUOEM K OMHOTACTHIHOMY ypaBHeHIO XapTpn (16.3) ¢ OmHOTACTIIHEBIM XKe
raMuIbToHmaHoM (16.2), Ho ¢ 3aBmcarmM oT A 3GdHeKTIBHBIM 0 TCHINAIOM:
U(1) = Ux(1) =3 njw,, (1), T BKIam ¢ v = A Bee xe ncuesaert. (16.16)
TFEA
Permternne B 060X ciIydadx HIMETCS NTePAIIIMI: TONCTAHOBKA IIPEObLIYIIEI
nTepannn perteHni o7t ¢y B (16.14) m (16.16) ompemenseT “moTeHOUAIE,
¢ KOTOPBIMI PEIIA0TCS y&Ke ImHeiiHble ypasHeHus (16.15) umm (16.3), (16.2)
IS colenyromet mTepanni ¢y . MuoxuTenn Jlarpanxa €, oIpenesioTcs 3a-
TeM ee noncTaHoBKol B N (N + 1)/2 (mmm V) ycrnoBmil opTOHOMIPOBAHHOCT
m3 (16.3). Ppormecc mpomomxkaeTcs mo Tex mop, MoKa MTEPALNI i) He mepe-
CTaHyT 3aMeTHO MEHAThCS, UTO 3aBUCHT 0T TOUHOCTH “HYJIeBOil” HTepaIlNIL.
Pecvorpst Ha cmokHOCTS cucTeMsl (16.15), oHa momyckaeT BO3SMOKHOCTD
TovHOTO perteHns [33]. Pycrs BHemmree momte uy(X) cBonuTcs k cTeHkaM (6.38)
u(x) “smmka” obbeMoM V' Tme HAXOMATCS 3IEKTPOHBI, TOTOA B OTCYTCTBIE
BramvoneiicTsis mpx W(1,2) = 0 onHOTacTHIHAS BOTHOBAA (OYHKIIILA:

i(kx)
UA(X) = Yk (%) = %Xm ecTh mwinockas BomHa: |A) — |k, o), (16.17)

¢ mMmyTbcoM: P = hk, m smEeprmeit: &)y = ¢y, = h’k?/2m. (16.18)
B34B MX HemoCcpenCcTBEHHO B KadecTBe IPOOHOr0 Habopa OMHOYACTIIHBIX BOJI-
HOBBIX (yHKIHI 1) (X) (16.3), (16.4) mms mpocTpaHCTBEHHO OTHOPOIHON KBaH-
ToBOIT crcTeMsl (15.26) ¢ mapHBIM B3anMOmEiCTBIEM, T.K. A1 HAX:

W(l, 2) iW(Xl - Xg), f(q) =/d3X W(X) €_i(qx), TO UMeeM: w»y/\(]_) =

e—ipy) ciky) el(xk=p)

= Wprko(X) = (\:|\0) [y 7 W(x-y) Vo Org——f(k = p).

OTcroma, O MIOTHOCTH T W OTAENBHBIX cyMM B (16.15) ¢ gmeramm 3amon-
HEHISL 1) == Nkg, Ny == Npr, ¢ yIeToM (16.5), (16.17) Haxommm (cp. (15.22)):

Zy:n'yww(lﬁh(l) = k0 (X) % ;nm f(0) = vro(x) 7 f(0), (16.19)

@i(xak_P) 6i(px)
2w (L) (1) == 3 npr brr —— flk = p) X = =

p,T

- % ¥ nyef (k= p). mpn m= Y, [ |2 = X = (1620
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Pockompky cumcrema mpobuBIX ¢dyHKUHi (16.17) yike opToHOpMEpOBaHA, TO
B coorBeTcTBHN ¢ (16.11): NyEyr > é(A)&M, I TOOCTAaHOBKa BCETo >TOTO B
(16.15) maeT HOBBIE COOCTBEHHBIC 3HATCHNS OTHOTACTUTHON YHEPTUN AT Of-
HogacTHIHBIX cocTogumit (16.17) ¢ Tem xe comaoM n mymyascom (16.18):

3 'S 1

) = Cko = 2— —I-ﬁf(()) - = angf(k — p). (16.21)

m V %

P em3sMeHHOCTS BOTTHOBBIX GYHKIHH V' »(X) 1 Pypobe-06pas f(k—p) morernn-
asa MapHOTO B3aIMOMENCTBIS YKa3bBAOT Ha 1-il MOPAMOK COOTBETCTBYIOIIEI
TeOpUN BO3MYIIeHNT. Po miIs KOHeUHBIX CHCTeM COCTABIISIONINE IX B 5TOM
TpUGIIKCHIN He3aBICIMBIC KBA3MIACTUIBL CYyTh TOTHBIe pemreHns (16.17),
CYIIIECTBEHHO OTIMYAOIINECT OT “3aTPABOUHBIX YaCTHIL HOCATLHOTO (hePMI-
rasa (16.18) 3axoHOM muUCHEpCHI: £, — iy (16.21) U OTKIMKOM Ha BHEII-
Hee monte. Bxman mf(0) (16.19) oTBewaeT BUPTYaIbHOMY PACCESHUIO BIEDET
Ha “pasMa3zaHHOM TI0 BceMy o0beMy V' pacmpemeseHUN 3apsna Bcell cdepsl
®depMu Kak 1enmoro, 6e3 mepemaunm eMy mMOyIbca — “6e3 ormaunm . OmHAaKO,

ILJIsL HaHBHOHefICTBYIOIHGI‘O KYJIOHOBCKOT'O BSaHMOHefICTBH}I 3ap5m031:

. o2

W(1.2) = W(x; — x9) = (16.22)

[x1 — x|’
Takasg cucTeMa OyIeT YCTONIMBa TOJTBKO TPU BBENEHNN KOMIIEHCHPYIOIITETO
dboHa MOTOKNTETHHOTO 3apana. Kcam, He mHETepecysIch rbdeKTaMn KPUCTal-
TMIECKON PeIeTKN, CINTATh eT0 PABHOMEPHO KaK B TIJIa3Me pa3Ma3aHHBIM TI0
BceMy o0beMy V' ¢ TOll XKe, KaK OUEBUIHO TOTIA, MOCTOSHHON TMIOTHOCTHIO
T, TO paccesHne Ha HeM OacT B 9Hepruio (16.21) eie B TOTHOCTH TaKoOM XKe
BKJIAT ¢ TIPOTUBONOIOKHEIM 3HakoM: (—1)7f(0). B mrore B BRIpakeHnN mis
Hee 0CTaeTCsI, KpoMe IepBOro, UMb mocaeqanit BKIan (16.20), ommcbiBato-
I paccesHme 3TeKTpoHa m3BHe cepbl PepMum Ha oTHETBHOM 3TEKTPOHE
BHYTpHU cheprl PepMu ¢ mepemadeiis eMy umnyiabca = k — p B ToM XKe cmmm-
HOBOM COCTOSHUU Y, U 3aMEHOI UX MeCTaMl, T.e. OOMEHHBIN BKIam: p = hp,

Pk 1 hPk*  dme? n
oo _ = F(k — _ o7 16.23
= om Vzp:np fk—p)= 2m V Zp:|k—p|27 ( )
pPF 3 3
pr d’p K
T mpn n,, = 0(pr — p). /{F:%, n:>2/ T = 3752, (16.24)
1 oy p 0(k% — p?)
Haxommv: I, = — > — 20— = —
V5 k- pl? / (27) [p* + k* — 2(k - p)]

'B cuny CHD [N 723 npu |W| ~ 7l/3. T.e. yem KYJIOHOBCKHIT T'a3 MJIOTHee, TeM OH CBOOOIHEe.
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T o2dp | d 2 i
P c +p
=2 dpl :
" ) (2m)? /1 [p? + k2 — 2kpc] (27T 3k /p PR, OFae
h2k2 K K3 — b+ kp
e = —— — 4 HU, I, = 1 1 ) 16.25

Ptu BEIpazKeHUs IPUTOMHLI Kak Ipu k > kp, Tak u npu k < kp. g mobaBxm
K Uy (13.10), T.c. mostHON OO6MEHHOM (yuru 1/2) SHEPTUN BEIPOKICHHOTO KY-
JTOHOBCKOTO Ta3a IPU HATIIUI KOMHeHCprIomero dona m3 (16.25) HaxommM:

1 o a
Eoon = = ang( drel,) = — ZZ Tkollor s (16.26)
2 ko P |k - p|
Pk Pp (k% — k‘2)9( —p?)
_V4re? r il . 16.2
= Vo T -t 1620

Ppome, OOHAaKO, ITPOBECTU IIPAMOE€ BBIUYMC/ICHIIC 3TOI0O MHTEI PpaJla, IIoJIarad:

k:z—i—%, p:z—%, mpn Pk d®p = Pqd®z, kp = (3r0)Y3,  (16.28)

T, = — ‘(/;:;2/ d;’;l /d3Z€(/€% - (z + %)2) 6(/{% - (z - %)2). (16.29)

Nuterpan no d*z — F(q?) mpu GUKCEPOBAHHOM ( €CTh 00beM TlepecedeHns

IBYX IIapOB paguUyca Ky Pa3HeCEHHBIX HAa PACCTOAHUE ¢ MeXKIYy IeHTPaMI —
Kak 00beM IBYX C(hepUIecKnxX cerMeHTOB BEICOTH { Te ¢/2 = h < & < Kp:

Vdre? 5
Eoou = — (%) 4 Q/dh Q/dfw — &%) = ((Iuc.16.1), (Iluc.16.2))
Ve2 "‘fF 5 o2 ) 3 )

dopmyma (16.30) onpemenseT Takxke 0OMEHHYIO SHEPIIIIO BBIPOK ICHHOI H7ICK-
TPOHHOIT IJTa3MbI CTOIb HI3KOIl TeMIepaTypPhl, UTO ee 3JIeKTPOHHAS KOMIIO-
HCHTA YK€ MOTHOCTHIO BEIDOKICHA, & MOHHAS — eIrle HeT. 3aMmeHNB B (16.26),
(16.27) depMu-cTYHEeHBKN THCENT 3alOTHEHIS Ny, (16.24) pacmpeneneHusMm
depym Kn(e)> (13.2) mpu Temmepatype T ¢ yaeTom Teopemsr Paymm my-
Tem nuddepertmposarns (16.1) u Fygy (16.27) mo sapamy e? ([6] §80):

(gejz)TVﬂ << gf>> <<Z W>>, yoemmMcs, ato: — Egy = (16.31)

a<b
d’k / d3p <Lnfex)><n(cp)>
(2m)* / (27)? k — p|? -

= Vime? [ —Joon (T, V, 1t) = P V.
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T.e. nnga craboHenmgaIpHOH BEIPOKICHHON TTa3Mbl IMEHHO OOMEeHHAs »Hep-
TS JaeT OCHOBHON BKJIAM B TMOMMPABKN K HOTBITTOMY TOTEHIINATY I TePMOIITHA-
MUTIeCKIM BeINIMHAM UAeaTbHOTO depMu-Ta3a. Pampmmep, oTpuiiaTeTbHASL
BeIMIMHA OOMEHHON SHePTUN MelaeT BHITOMHON MapaIaeIbHyI0 OPTMeHTAIINIo
3eKTPOHHBIX CIOWHOB, UTO TPUBOMNUT K POCTY MapaMarHUTHON BOCTIPUIM-
TUBOCTH 3IEKTPOHHOTO Taza (14.24) m OTKpBIBaeT BO3MOKHOCTH IIEPEXOIa
B (peppovaranTHoe cocrogame (14.74) [49]: yr = Y% [1 + 2B/ (3Nep)] ™',
T.e. XT > X - BOCHPUEMYHIBOCTH HaeambHoro Taza (14.27), T.k. FEysy < 0.

2 Craructmdeckad Momenab ToMaca-Pepmn

Utax TparcasamorHas ciMMeTps (16.22) HakTaIbBaeT BeCcbMa KECTKIE
OTPAHNTICHIS Ha pelieHms ypaBaernit Xaprpu-Poxa (16.15). B Tamenrx xe
aToMaX I MOHAX, WIN OJIS BHECEHHOTO B HEHTPATIBHYIO IJIa3My IPOOHOTO 3a-
psia Haaudme BBIICTICHHOTO IIEHTPa, YCTPaHIsS TPAHCIAIIOHHY 0 THBAPpUAHT-
HOCTB, TI03BOJISIET PACIUTHIBATD JIUITh Ha CPEPUICCKYIO CUMMETPUIO 3aTadml.

Ecmu depMu-cucteMa cOCTOUT U3 TOCTATOYHO OOIIBIITOTO UNC/TIA TACTHUIL TO
MOTABIIAIONIAS UX TaCTh, HAIPUMED, B aTOMe, HAXOIUTCS B CBI3aHHBIX COCTO-
SHUAX C BBICOKIMI KBAHTOBBIMIU UNC/TAME, IMes OUeHb MaJIble ITJINHBI BOTH B
MacITabax M3MeHEeHHIS TOTEHINAIA, T.€. HOIZKHA XOPOIO OMIChIBATHCI KBa-
3UKTacCIaeckn. PosToMy MokKHO He yanThBaTh B (16.15) Brmanm obMeHHOTO
B3AIMOIEIICTBIS OTPAHIIHBIIINCEH ypaBHeHIeM XapTpu (16.2), (16.3) ¢ camo-
COTIacOBaHHBIM moTeHnmaaoM (16.16), rme BMeCTO MOCTOSHHBIX IZIOTHOCTI
7 (16.20) u moTernuama B (16.19), cormacuo (16.14), (16.22), Temeps mmeem
B HOX YOBIBAIOIINE C PACCTOSHUEM I = |X| BOTHOBBIE MYHKINN CBA3aHHBIX
COCTOSIHNII, “okuBisommne” 1 caM moTeHmat (16.16):

m(x) :%:n7|¢7(x)|2, U(x)= [d'yW(x,y)n(y)= e[ d3yM, (16.32)

Ux) = up(x) +U(x) = — 276 + e / d%%, (16.33)

oTkyma: VU(x) = 4me? <Z53(X) — ﬁ(X)), U(co) =0, (16.34)

PTo mo3BomseT mpumaTh nmmee caMOCOTIACOBAHHOTO TIOJTS U(X) 0co0yI0 popMy
MeToma Tomaca-Pepmu, ecim THTePECOBATHCS He MeTAIIMNI, HalpuMep 060-
JTOUeTHON CTPYKTYPHI, a MHIIb yCPpeTHeHHBIMI XapaKTepUCcTUKaMI, 3aBUC-
IIIIMI OT CPeIHel MII0OTHOCTI IeKTPOHOB T (X ), KOTOpas TOCTATOTHO BEIIKA
BCIOIY, KpoMe KpaifHell mepudeputieckoil 061acTi aToMa (MoHA).
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Ecan canrats noternnan (16.33) mmasHoil (n mamee, chepmaecKn cuMMe-
TpUIHON) QpyHKIHE I/ (1), TO KBA3HKIACCITICCKHIT XapaKTep IBUKCHIS HTICK-
TPOHOB O3HaYaeT, ITO 00BEM aTOMa MOXKHO Pa3duTh Ha MAKDPOCKOTUYIECKN
Majlble SIeNKN, BHYTPU KaKIOW M3 KOTOPBIX 3TeKTPOHBI MMEIOT CBOI KBa-
3IKIACCHICCKIIT (DIKCHPOBAHHBIN TOKATIBHBIN IMIYTIbC pp(r). AHamormaHo
SIMUKY ¢ TI0CKnM THOM (16.24), B ka0 U3 HUX, B COOTBETCTBUN C IIPITHIIN-
moMm Paymm, ycTamaBimBaeTcsS TOTIa cBoe JoKadbHOe pactupeneneHne Pepynm
(T = 0) ¢ moKaIBHOM IIOTHOCTHIO T(r), HO € COIHON M1 BCEX ATeeK IPAHNT-
HOW »Heprueldl PepMu €5, T.K. 3aBUCIMOCTD £ OT 7 IpUBena OB K epeTeKa-
HITIO “3JIeKTPOHHON KUAKOCTU B 0071aCTh € MOHIMYMa, ITO TPOTUBOPEUNT
CTAIIIOHAPHOCTU COCTOSHUS aTOMa B TAKOW “KaIleTbHOHW €ro MOIEITH:

2

ep = pgg) +U(r), (16.35)
pr(r) 43 3 3/2

o d’p _ pp(r) (2m) 3/2

Pomncrasmsist 510 B ypasaerne Pyaccorna (16.34) mpumeM K HeTIMHEITHOMY ypas-
HCHITIO CaMOCOTTIACOBAHIIS OIS HoTeHTnata (r) (rer npunruma cynepnosumun):

e2(2m)?/? 3/2
V2U(x) = 4me’ Z65(x) — 45—713)(@ — U(r)) " (16.37)

IembTa GYHKIIMO B IPaBoil 9acTH 3[6Ch MOKHO PeIyIIpOBATEh B IPDaHIIHOE
yenosue x(x(r))—1, mpu r — 0, nus 6e3pasMepHoil GyHKINUN \ (&), HomTaras:

2 2
pi(r) _ _ — Z_e - .
o = (EF Z/l(r)) =— x(x(r)), mms xoropoit, mpm r #0: (16.38)
1, B 9 _ Ze d*y B 4e? (om Ze2 \P*
— ;@ (rl/l(r)) = 4dre n(r) = il e B (16.39)
27/3 h? d2X 7 1/2 bX 3/2
mam, oag b = W, ap =51 5= (7) o (16.40)
12 3/2
u, mpu = r(x) = ;;53, IIMeeM: ;(x(?x) =2 \/éx), r=ux(r), (16.41)

— VHUBepcaibHOe ypaBHeHUe Tomaca-PepMu 1o He3pa3mMepHON TepeMeHHON
& C OUeBUOHBIMU TPAHUIHBIMA YCIOBUSAMI 1T TOTHBEIM PelIeHneM COT/TacOBaH-
HBIM JINITh ¢ aCAMITOTHYICCKIM YCIoBHeM TIpH @ — oo: (12)? = 144,
A 144
() — 1, x(r) — 0, xol2)=— = —. (16.42)

2—0 T—00 TS 3
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I1714 OO0 N TeILHBIX HOHOB Ipeoblamanne 3apiana aapa Z > N IoILKHO IpH-
BOOUTH K CZKaTHIO 3JIeKTPOHHOI 000I0UKH, I 31eKTPOHHAL INIOTHOCTE OyIeT
cIIafaeTh CTOMIb OBICTPO, UTO MOXKHO TOBOPUTH O I'DAHITHON IIOBEPXHOCTIT
r = rg 3a KoTopolt I(r > rg) = 0 < x(r > rg) T.e. U(r > rg) = 8517]\]) I BCe
N 37IeKTpOHOB HaXONATCA HOA Hell, a B CIUIY TeopeMEI laycca Imose 3a Hell
MOJTZKHO COBIANATE ¢ KyIOHOBCKHIM TIOJIeM TIOJTHOTO 3apsama moHa (Z — N)e?:

To o 7 dQX
— R g _ 27, 7 Z A _ —

N = /d x7(r) = 47T0/7” dr47rr 2= Z(royx X)‘r:ro + Zx(0),  (16.43)

oU(ry| _ Ze? (Z — N)e?
B cmry (16.39), & = — By r:m: T—Q(Tarx X) r:roi — T, (16.44)

] , Z — N
m060e 13 HTUX YCIOBUI HaeT: (Tarx — X)‘ =X (:L‘)‘ == — (16.45)
s mefirpamproTO atoma N = Z, m (16.34), (16.44) osmagatoT, 9T0 I caM
noternuar U(r > ry) = 0, u cormacao (16.36), 5%2) = 0. Pockompky 1m0

(2)

cMbicity sHeprun Pepmu £y < €5’ oTciona mMeeM £y < 0, 9TO ecTeCTBEHHO
IS BCEX CBSI3AHHBIX COCTOSHIIT |A) 57eKTPOHOB HeHTpAIbHOTO aToMa. 1.K.
X(xg) =0, To (16.45) m (16.41) Temeps 03HATAIOT ICIC3HOBECHIE BCEX €€ TPO-
I3BOOHBIX B TOYKE ¥ = X, YTO IJIf KOHCUHBIX &) HaeT JIUIIh TPUBHATIBHOE
pererne \(z) = 0. PerpuBnanpayfo 3meKTpOHHYIO ITOTHOCTH ¢ (), cma-
maforrieil mo 3axoHy (16.42) momydmM IUIM TPUHSB, ITO IS HEHTPATILHOTO
aToMa Ty = 0. B IMOOKHUTeIbHBIX MOHAX, HAIIPOTUB, IMeeM £) < 8517N) < 0,
II COOTBETCTBEHHO KOHETHBII PAIIYC pacIpemeIeHns ry u3 yemous (16.45).

Tax uTo pacmpeneneHus 3apamga BO BCeX TAKEIBIX HEMTPAIbHBIX aTOMAX
OTIPEIETIIOTCS PEIeHIIeM YHUBepcaabaoro ypasaerns (16.41), (16.42) u mo-
HOOHBI IPYT APYTY € 3aBUCAIINM 0T Z KosddummernToM mogobusd. Tax oobeM,
BHYTPH KOTOPOTO HAXOMUTCS GOMBIIIMHCTBO 7eKTPOHOB (HO He Bee!) omperme-
agerca w3 (16.40), (16.41), xax (3 ~ r*(x) mpm v ~ 1, wmm ( ~ agZ~'? n
cKIMaeTcs ¢ poctoM Z kak 1/Z. CooTBeTCTBEHHO s CpemHell CKOPOCTH V,
CPeNHUX KMHeTUIeCKON € N MOTeHINATBHOU E] YHePT Ul U MOTHON SHePTUN
noHmsarun atoMa Er ~ Z 7 (em. (7.153)) mo CPT" mveem omenkn s Z > 1:

P A VATCEEY AV s o2 1
v o~ T ; ac , Opm: « 2 N 13 ( )
2 7 o2 2z4/3
€k = % ~mca? 73 & |en| ~ ; ~ = mca?Z3, n  (16.47)
ap

(cp. omenxm x (16.22)): Ef ~ ZJy ~ Z |§K —|—?H| ~ / |§H| = mca? 7713, (16.48)
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Meton Tomaca-®epMu TPpUMEHAM TakiKe K CHCTeMe 3JIeKTPOHOB B 00OJThb-
oM obbeMe V' IPH HaIMUIU KOMIeHCHpYyIomero ¢poHa 1y = const. B paBHO-
BECHH Ta CICTeMa IPOCTPAHCTBEHHO OTHOPONHA U BHOBB, COTTacHO (16.36):

372 \ A 372\ B2

Brecem B Ha1as10 KOOpAOMHAT TOI KBa3NKJIACCIIECKOIT 9JI€KTpOHHOI71 IIJIa3MBI

() = 7y = —— (]’—F)S =L (@)3/2: At (m=m,). (1649)

BHEITHII TOYCYHEIN 3apial €. B 3aBHCHMOCTH OT 3HaKa, BOIM3M HETO BO3-
HIKHET 067IaK0 H30BITOTHOTO 3apaIa IPOTHBOIOI0KHOTO 3HAKA, CBA3AHHOIO C
yBeIImdeHIIeM IIN YMeHbIIeHIeM 31eKTPORHOII INTOTHOCTH. P oBoe, yiKe Heom-
HOPOIHOEe IPOCTPAHCTBEHHOE PACIIPeieIeHIe SIeKTPOHOB 1 (1) GymeT TakmM,
YTOOBI HOTEHINAI ¢ (1) Pe3yIbTUPYIOIIET0 SIeKTPIIECKOT0 OIS YI0BIeTBO-
psT ypaBHeHIAM camocoraacoBaHms (16.34), (16.36) ¢ U(r) = ep(r):

e(2m)’/? 3/2  3/2
O ) — o) - 7). (1650

VQQS(T) r:ﬂ>—47re {ﬁ_(r) — nﬂ = — 513

1
I, TIpI: ‘% <1, r£0: =9 (rgb(r)) ~ (*6(r), Toe: (16.51)
EF r
2¢% (2me 3/2 2e? w? e’
2 r D 2 — PF
TeERp ( hQ ) TeERp 7T 70 U%j “D 7Tno??%7 vr= m ( )

— eCTh 00OpaTHBIN mebaeBCKUI pagumyc SKpaHIPoBaHus (, mebaeBcKas IacToTa
MJIa3MeHHBIX KollebaHUl wp, n PepMuUeBcKas CKOPOCTh Up COOTBETCTBEHHO.
Pemmenne ypasrerns (16.51) ¢ rparmaabivn yeraousaym (16.38), (16.42):

1 . vp _ _ €0 —(r
ro(r) —3 ¢, TpH ¢ VBwn op, o(r) = PR (16.53)

OMMCHIBAET CTATIIECKOE SKPAHTPOBAHIIE BHETITHETO 3apsaa €) B 37TeKTPOHHOM
rase Ha PacCTOTHUN op. Pa 3To paccTogHIe cMEITaoTCa B CpeTHeM 3aPSIbI €
Cpemsl, ITOOEL BCSI CICTEMa B IeTIOM OCTalach B paBHoBecui. 13 (16.53) scHo,
ITO ¢p €CTh PACCTOTHIE, Ha KOTOPOEe PACTIPOCTPAHIETCS BOSMYIIIEHTE B DIIeK-
TPOHHOM Ta3ze 3a BpeMs TOpAIKa Mephoia IITa3MeHHBIX Koaebanuil 27 /wp.

P ocKoTIBKYy TIpH BBICOKIX TeMIepaTypax OTINdne IIOTHOCTH 7i(r) OT T
maeTcs pacupeneneHneM Pombivana, moropus Berancierns (16.50)-(16.53),
IpUIEeM K TAKOMY Ke pe3yabTary (16.53) ¢ 3aMeHol (hepMI-CKOpOCTH Ha CPef-
HeKBaJIDATHIHYIO: V% — K02 = 3kgT /m u (* — (& = 4nnge?/(kgT), T.x.
B (16.50), mMeeM Ipm 5TOM yCIOBHU, UTO:

1, La8(rot01) > —tne s (~20)) ] <

= O )| Rt = chor).
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([6] §80, [7], [31] §70, [33], [35])

Samaun
22.1. BemBectu npasuia cymm TPK oo “cmi octiuiniasTopos” F}f’y’z) B aTOMe
¢ Z »IeKTPOHAMI:
o 2m(Ep—E) |/ | & |\ © (a
P = <Z e Z> | j;Ff() =7, (16.54)

CIIpaBeIINBBIC IS JIFOOOI CHCTEMBI, TIe CIJIBL 3aBHCAT TOIBKO OT OTHOCIH-
TeNIbHBIX PACCTOSHUIT MeKIY 3apamaMil I He 3aBHCAT OT UX OTHOCHTEILHBIX
ckopocTeii. Kak m3MeHsaTca >Tn mpaBuita cyMM TPK ms smekTpoHOB B aTOMe
I HYKJIOHOB B smpe mpu yueTe npuanuna Paymm ([31], [33])7?

22.2. PaiiTu mpaBmio cyMM g GIYKTYalNn IDIOTHOCTH 3JIEKTPOHOB B aTOME,
eCIII MefcTBYTOIINe Ha HIX CIUIBL He 3aBHCAT 0T ckopoctedt ([31], [33]):

7. Ze?

=77, rme: Vy; = — X (16.55)
a=1 a

i i Uab(Xa — X3). (16.56)

22.3. Mexny Z mporornamu u N wmefitponamu B sape ¢ A = Z 4+ N myKI0-
HaMII, Ojaromaps OOMeHYy 3apsaKeHHBIM IIH- MEe30HOM, CYIIEeCTBYIOT, KPOME
OOBIYHBIX, eIlle IPOCTPAHCTBEHHO 00MEHHBIE CIJIBI, IePEBOMAIINe HeITPOH I/
B IPOTOH T I 00PATHO meMCTBHEM COOTBETCTBYIOIIEIO OOMEHIBAOIIIETO OIe-
paTopa P, Kak msmensrcs mpasuaa cymm TPK (16.54) mas HykTOHOB B
AIpe ¢ YIeTOM COOTBETCTBYIOIIEH M00aBKI K [ aMINIbTOHIAHY X B3aIMOIeli-
cTBms Buma (16.56) Hy, mpn Z — A=Z+ N, m
N Z N 1 A
AHopy = = > > U(ryz)Pur, - (x, — XF)Q, mecn R = 1 > xq,
v=1r=1 a=1
— OIepaTop pammyc-BeKTopa MeHTPa MacC, KOTOPHIN He MOXKeT BhI3bIBATH BHY-
TpeHHIe Bo30YKICHUS SApa, HAIPHMED, B ero cucTeMe mokos ([33]), Hafitn
ormepaTop >GpPEKTUBHOTNO AUIOILHOIO MOMEHTA AIPA.
22.4. Ucnonb3ys Momenb Tomaca-®PepMmn HaNTH 3HaUeHUEe / IIPU KOTOPOM B
aToMe HAUMHAIOT 3aI0IHATBHCS COCTOAHNS ¢ HAHHBIM 3HAUEHIEM OpPOMTAIb-
Horo MoMenTa [ ([31] §70, [35] §71).
22.5. Pomyuurs (16.36) mHemocpemcTBerHo m3 ompemernerns (16.32) u BKP
TpuGIIKeHNS 171 BOTHOBBIX (GYHKINI HefTpaasHOro aToMa ([31]).
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22.6. Paittu HOpMUpOBaHHYIO QVHKIIIIO PACTIpeneTeHns TacTAIl NIeaTbHOTO
BEIPOZKICHHOTO (pepMU-Ta3a M0 OTHOCHTETBHOMY IMIYILCY q = (P; — Pa)/2:

d’p1 ; d’py P — Py
wlg)= | (27)} / (23 Pt o2 O (q_ T)

q2 Sq q2 pPF
wq:24—(1———|——), dquw(q) = 1.
(@) P 2pr  2p% 0/ 9

22.7. Hns cucremsr gacturn ¢ [avmnsrormanom Hy (16.56) moxaszaTs, TTO

YyPaBHEHIE HEIPEPBIBHOCTI AJI OepaTopa IMIIOTHOCTH ToKa J(X) BEITeKaeT
3 ypaBHeHus ['eii3eHGepra ais omepaTopa ITOTHOCTH THCTA TacTur o(X):

o(x) = % Sy(x —x.). thi(x) = [o(x). Hy], p=—ihV.

L S (bl = )+ sk = X)) 0(%) + (V- I(x)) = 0.

J(x)
2m a=1

22.8. CunmTas ymeTbHBIH o6beM omHOTro 3mekTpoHa V/N = 4ma®/3, — ma-
POM pammyca a, HailTh, Kak GYHKIUN 6e3pa3MepHOro OTHOIIEHNS ps = a/ap,
XapaKTePUCTUKN BBIPOKIEHHOTO AMTeKTPOHHOTO Ta3a: HUMIYIbC pp U dHEp-
rmio epmu ey, cpenHoO0O KIHEeTHIeCKYO sHeprmio (13.10) Ha onuH 57IeKTpoH
£ = Uy/N, 1 oTHomeHne K Heil cpemHeil KyToHOBCKoil »Heprmm e?/a. Kax
MeHseTCsI 3TO OTHOIIeHWe, XapaKTepu3yiolllee OTHOCUTEIbHOE BIUAHUE KY-
JIOHOBCKOTO B3aWMOIEHCTBUS, ¢ POCTOM INIOTHOCTH Ta3a 1! PpuHaTh, 4TO:

ap =0,53 1(21, rme 11(21 = 1078 cm, oTKymA:

62 m€4
2-Ry=1I)=mc*a* = — = 7 =27.215B = 4,36 10~ spr. (16.57)
ap
pr 3,64 soN\—1 ph 3,62 e’ Ry
= = =1 — Ry, —= 16.58
Kkp h ps (A) 9 8F 2m pg y7 a ps ? ( )
3 2,21 2
==ter=""Ry. L 0, 90p, ~ (VN = (7)1, (16.59)

S
Kak m3MmeHsaTCs 5T oneHKN misg d-MepHOTO dhepMu-raza’

22.9. Ppusnekas (13.10), (16.30) x Bam. 20.10. u Bam. 22.8. Oy OUeHKN
IPOUTPHIIIA B CPpeOHell KTHeTHYECKON SHePIUl £ I BHIUTPHIINIA B OOMEHHOI
SHeprun Ha omHy dacTuny Fosy /N mis HopMambHON U heppoMarHnTHON has
BEIPOKICHHOTO (pepMI-Ta3a, HAITH B TePMHUHAX p; KPUTHICCKYIO ITIOTHOCTE
IJ7I4 eT0 Iepexofa B (epPOMarHITHOE COCTOSHIIE:

1

") = 2er) =77 5 (Booulpf") = Eooulpr)) =72
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XX

9

.

1
I Q/Z lq/2 I
——
q
Puc. 16.1. O6nacTb uHTerpupoBaHus B
(16.29).
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YTo mafoT 5TU OMEHKHU /IS BO3MOXKHOCTU GeppPOMArHITHON (has3bl IPH pas-
JANYHBIX pasMepHocTIX d7

2 _ 2 g2
= ri=Kkp—¢

dv =dé-xr?

Puc. 16.2.
(16.30).

O6nacTb MHTerpupoBaHus B
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