7 BHyTpeHHUe cTeneHu cBOO6OObI

7.1 CouH yacTHIbI

HeobxonmmMo coemaTh oqHO YTOUHEHNE, CBI3aHHOE C CYIIIECTBOBAHUEM Ta-
KOI XapaKTepPUCTUKN TacTUIHI, KaK ciuH. [[7oTHOCTH cocToSHIH mocTynaTe b
HBIX CTeleHell cBOOOMBI OBbITa HaMU 3alllmcaHa OIS 0eCCIMHOBLIX dacTum. [Ipm
OTCYTCTBUHU 3JIeKTPOMATrHITHOTO OIS YHEPTUA YaCTUIBl He 3aBUCUT OT CIUHA,
T.e. COCTOSHIE BBIPOKIEHO MO MPOEKIINN CIIMHA, IPpIYeM KPaTHOCTH BBIPOKIe-
Hus Oas gactui ¢ m # 0 ecTb gs = 25 + 1, Thme s — COUHOBOE KBAHTOBOE UHUCIIO,
IpUHIMAOIIee IeIble WK TOyIenable 3HaueHns. C ydIeToM 3TOr0 THUIA BHY-
TPeHHIX CTeleHell CBOGOMBI TICIIO COCTOAHNI TacTUILl ¢ IMIyIbcaMn p < p
eCTh

Prd’p A
=3/ 2y~ xhyi 30 )
T. €. OTJIMYaeTCad MHOXKUTEJIIEM (s, OT CIIY4ad, PaCCMOTPEHHOT'O B JICKIIUN 67 n
IJIOTHOCTL COCTOSHUI PaBHA:

gsV dp
LA
2rh)s g

Ecan cucrema momerrieHa Bo BHeIIHee mote u(7°), He CHIMAIOIIee CIIITHOBOTO
BEIDOKICHNUS, 1T 1(T) IOCTATOTHO ¢1abo 3aBUCHT OT r, Tak IT0 |VA| < 1 (3mech
—»

D(e) =

A= h/\/2m[e — u(7)]), To crpaBenIMBO KBa3HKIACCHYECKOe IPUGINKEHIE I
9s 3 13 S5 o

W/d rd’pd (¢ — £(7,p)) .

roe (7, ) = £, + u(F) — onHouacTuuHas GyHKnnL ['aMunbsToRA; NN

D(e) = 20 [ a2 ) s ) = 20 g, —2

D(e) =

(27Th Oe 27Th p=p(e.) ’
rie v = Je/0p — cxopocTs wacTumbl. g £, = p?/2m
27g5(2m) 3/2 3
D(e) = =Gy [ d*rife = ().

Herpynuo yBumers, ITO mosBICHIE MHOKUTEII ¢; B D(c) He craxeTcs
Ha YPaBHEHUIX COCTOSHUS Ta3a, HO M3MEHUT SHTPONUNHYIO KOHCTAHTY Sj.
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7.2 TemnepaTypHasd 3aBICHMOCTBL TEILNIOEMKOCTH ra3a MHOT'OATOM-
HBIX MOJIEKYJI (KaueCTBEHHBIH B3IJIALN)

PaccMmoTpnu Temeps cBoICTBa rasa, TacTATAMEI KOTOPOTO IBISIOTCSI MO-
JTeKyIbl, 1, CIIeNOBATeTbHO, HeOOXOOUMO ViecTh BKIIam, 00y CIOBIIeHHBIN Bpallle-
HIeM MOJIEKYIT B IPOCTPAHCTBE W KOJIeOAHUSIMIT aTOMOB B MOJeKyTe. B mepBom
OPUOITMKEHNN MOKHO CINTaTh, UTO KojlebaTeIbHble U BpalllaTeIbHEIE CTeleHN
CBOOOMBI SIBILSIFOTCS. HE3ABUCUMBIMIL € (i—jay) = €5 F Ey,s (¢, €y, — BpaIlIATeIHHBII
I K07e6aTeIbHEIN CIEKTPEL MOTIEKY/T COOTBEeTCTBEHHO). Torma MoKHO TpPOmOTI-
KUTH GaKTOPH3aIMIo cTaTCyMMbL: Zi" = Z7. 7V, ChenoBaTenbHO, BKIaIbl BPa-
IICHNI I K07e6aHul B CBOGOMHYIO SHEPTUIO (B SHTPONNIO, BHY TPEHHIOK YHED-
[0 U T.II.) aIIUTHBHEL

FtO = _NET (InZj +1n Z}) = F") + F (1)

CHexTpsl €, €, B 9TOM NPUOIMKEHNN 3aBHCAT TOIBKO OT MOJEKYILIp-
HBIX ITapaMeTPoB, TAKUX, Kak TEH30p MOMEHTa MHEPIINH, XapaKTePICTUTIeCKTe
TaCTOTH, T cileayeT oxmmaTh, ato F) mw FU) 5 (1) gengoTcs dbyEKImAMT
TONTBKO TeMIIEePaTYPHI I He 3aBUCIAT 0T obbeMa, 3aHmMaeMoro ra3oM. IlosTomy
TepMuTIecKkoe ypaBHeHHIe cocTosHUI P = nkl ocTtaeTcs 6e3 m3MeHeHUs, HO Te-
IITOEMKOCTH CTAHOBUTCS, BOOOITIE TOBOPS, 3aBUCAIICH OT TeMIePaTyPBI B CIIY
Toro, uro F") = FUN(T) u F") = FO(T). Ilpuannoit mosBIeHns TeMIepaTyp-
HOM 3aBICHMOCTH ABIAETCS MUCKPETHBIN XapaKTep YHEPTeTUTIeCKOTO CIeKTPa
MOJIEKYJTHL.

Ecnum Tremmeparypa Takosa, uto kT < Aeg; = £;—&;_1, TO IePEXOIbI MOJIe-
KY7IBI B BO30yKIeHHOE COCTOSHIE TPOMCXOMAT KpailHe PEIKO M COOTBETCTBYIO-
IIIITe CTeeHN CBOOOMBI He MAaloT BKJIala B CBOOOMHYIO SHEPTUIO I TEII0eMKOCTh
Cy. B sToM ciaydae TOBOPAT 0 ~3aMOpPOKEHHBIX cTeleHIX cBobombl. [lo mepe
YBeUTIeHIS TeMIIePaTyPBI Bce DOTBIIee TUCI0 CTeleHel CBOGOMBI ~ pasMOpaKi-
BaeTcs U maeT Bce bosee 3ameTHBIH BKaam B Cy. Ipu kT > Aeg; coymapennus
MOJIEKY/T CO CTeHKAMMU WX OPYT ¢ IPYTOM BBI3BIBAIOT WHTEHCHBHBIE TIEPEXOIEI B
BO30YKIEeHHOE COCTOSHIIE, a CIIEKTP BO30YKICHII MOKHO CINTATh KBa3HHEIIpe-
PBIBHBIM B CILTY MaJIOCTH 2HepreTudeckoro 3azopa’ , u Cy OymeT CTPpeMHUThCS K
HEKOTOPOMY TIOCTOSHHOMY 3HATCHIIO (KJIACCHTIECKOMY IPEIery ), eCII IPH TOM
He TMOABUTCS BKIAL IPYTUX, PA3MOPaKMBAIOIIIXCS, CTeIeHell CBOOOMEL.
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Y mobHO BBeCTH XapaKTepucTudeckyto ~Temmepatypy’ 6, = Asg,/k mns
KayKIOro THUIa (v BHYTPEHHUX CTelleHell cBOOOMBI; cpaBHeHme 1 ¢ »TuM mapa-
METPOM T TIO3BOIET CYOUTH O CTEIMeHH 3aMOPOKEHHOCTH COOTBETCTBYIOIIIX
mepexonoB: 1’ < 6, — mepexomsl 3aMOpokKeHBI; 1 > #, — KITacCHIecKmil PeKmM.

7.3 BpamiaTenbHble cTeneHN CBOO6OABLI

Bxnan BparmaTeTbHBIX cTemeHell CBOOOMBI PACCMOTPUM Ha IpUMepe TII0C-
KOTO JKeCTKOTO POTATOPa — MOIETN MBYXaTOMHON TeTepPOSIePHON MOEKYThI C
JKeCTKOU CBA3BIO.

Pemenne ypasaerus IllpenmaTepa

: 17 +1)
i) = .
1J: J:) 57 M)
TmaeT BPAIATeTbHBIN CTIEKTD MOJEKY/ThI:
w
roe [ — MOMeHT mHepiuu poraTopa; j = 0,1,2, ... — KBaHTOBOE TUCIIO, OTBETA-

olllee OIePaToOpy KBampaTa YLIoBoro MoMeHTa j2 @ j2 |7, 7.) = j(7 + 1) |4,7.) -
CocTosHITE ¢ OIIpeneTeHHbIM j ABILeTCA BEIPOKICHHBIM II0 2-IIPOEKIIII J, YIIIO-
BOTO MOMEHTa ¢ KPATHOCTBIO BBIpoKIeHHS ¢; = 2j + 1. IosTomy craTmerme-
CKag CyMMa 3aIllIIeTcs Kak

oo

Zi=Y Y exp(—fe) =3 (2)+1)exp

J=07j.=—j j=0

TRt

roe 0, = i [21k — xapakTepucTuIeckas TeMIepaTypa BpalllaTeIbHBIX CTeleHei
CBOOOMBI.

BeranennM Z{ B OBYX mpemenbHBIX caydasx: ' < 6, mw T > 0,. llpn
HIBKIX TeMmmepaTypax (I < 6,) oCHOBHOI BKTal B CTATCYMMY TAlOT IePBEHIC
IBa UIeHa, TaK KaK SKCIIOHEHTa B TOM CITydae MaJla:

V)
i ~1+3 —2-19.
1 + exp( T)
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CpeI[H}I}I 9HEPIrud BpalllaTe/IbHOTO ABUZKCHIA MOJIEKYJIBI €CThb

Jln Z7 0
27 771 o _9r
o = 6k0, exp( QT) ,

a BKJIal B TCIIJIOCMKOCTDB B II€epeCHueTe Ha OOHY MOJICKYJ/IY PaBCH:

- d{E) 0,\” 0,
i =L () o (55)

(" ~ kT

(Ilpu T — 0 é‘r/ — 0, T. e. BHIIOTHsICTCS 3aKoH HeprcTa.)
[Ipu BeIcOKUX TemmepaTypax (1> 6,) cymmupoBarue B (2) BBIIOTHIM C
HOMOILIBIO (hopMyIEl Ditnepa — Makmopena

/f Vi S F ) = S F O F oy f O o (3)

KOTOpas TaeT XOpoIllee IPUOIMAKEHIe I Psina, ecan f(j) Mato m3sMeHseTCs Ha
onmHOM Irare ) — 7 + 1 :

0
—9 i+ 1)| dj
TJ(J+ )] j +

=ty () ()= 1+1&+L(&)2
e\ T) T\ T)T\T) T e 3T T \T) |

Taxmm obpaszoM, BKIaI BpaIllaTeTbHBIX CTelleHell BO BHYTPEHHIOI YHEPTHUIO

raza NV OBYXAaTOMHBIX MOJICKYJI IIDHI BBICOKIX TeMIIepaTypaX PaBEH:

. 16, 1 (6. .., 16, 1 (6,\*
() = kT[1_§T_E(T)]’U_Nlel_ﬁ_E(T)]’ @)
n B mpemere ' — o0

U~ NET — %Nk&r.

Hocrostaras U] = —%Nk&r OTINYaeT 3TOT Pe3yiIbTaT OT pacdeTa B PaMKax
K/TACCHYIeCKOTO CTATHCTUYIECKOTO oicanus, B KotopoMm UPY = NET mpu mo6bix
T. Ons remnoemioctu CY, m3 (4) Haiimem

r 1 (6,\
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T. e. B Ipemesle 1 — 00 MOIydINM pe3ylabTaT Kilaccmieckoll Teopun Cf, = Nk.
DTOT pe3yabTaT MOXKHO Cpa3y MOIYINTEH Ha OCHOBE TEOPEMBI 0 paBHOpACIIPeIe-
JIeHNN SHePTHUN: [Be BpalllaTelbHEIE (KBaIPATUTIHBIC) CTEICHN CBOOOMBI HAIOT
BKJTAll B CPeIHION dHepruio, pasubiil 2k71/2 = kT.

7.4 Kosebanus MoJIeKyJ1

Konebanmsa B MHOTOATOMHBIX MOJIEKYTaX B TAPMOHITIECKOM TTPUOTIKEHIT
MOZKHO IIPeICTaBUTh KaK CYNePIO3UINI0 HOPMAIIBHBIX KOJIeOaHNUII ¢ XapaKTepu-
CTUICCKIMI TaCTOTAMI W,. UMCIT0 KoaebaTelIbHBIX cTeleHell ¢cBobombl d MoIe-
KYJIBI, COCTOSIIEN 3 { aTOMOB, PABHO TTOJTHOMY YHUCY cTemleHell cBobombl 3¢ 3a
BBIUETOM IOCTYIIATEeIbHBIX I BpAlllaTeIbHBIX CTeIlleHell CBOOOMIBL:

J— 30 — 6, mpousBoIbHAS KOHPUTYPAINS ATOMOB;
30 — 5, nuHelHAS IIETTOTKA ATOMOB.

Bo BTOpOoM cmyuae mompa3yMeBaeTcCs, UTO BpaIlaTeTIbHBIX CTelleHell CcBOOOMEBI
TONBKO IIBe: BpAaIlleHme BOKPYT OCH, TPOXONAIINeHN depes MeHTPHI aTOMOB, TaeT
mpeHeOpPeKMMO MaTbI BKIaI, TaK KaK Macca aToMa COCpPefoTodeHa B 00IacTh
~ 10713 car, aTo B ~ 10° pa3 MeHBIIe XapaKTePHEIX MOTCKYIIPHBIX Pa3MePOB.

CobcTBeHHBIC 3HAUCHNS YHEPT U TaPMOHITIECKOTO OCIIIIIIITOPA, TPEICTa-
BISIOIIETO BKJIA HOPMATBHOTO KOJIeOaHUS ¢ JaCTOTON W,, HAIOTCSI GOpMYION

[0

£y = (v + %) hwe, tme v = 0,1,2,... CraTucTudeckas cyMMa Mg TaKOTO OC-

OTUJIJIATOPA paBHA:
00
o __
Zy =3 exp(—fey),
v=0
a KOJIQ6&T€JIBH&51 CTaTCyMMa MOJIEKYJIBI €CTh
d

d oo
Zi=1127 =1 > exp

a:l 0[21 UZO

b 1

T(U+§)

rae 0, = hw,/k — xapakTepucTudeckas TeMoepaTypa IJIs -MOIBI KOJleOaHIil.
Hafimem Temepdb BKTam KolebaTeTbHBIX CTelleHEH B TeIIOeMKOCTh. Tak Kak

T exXp (—QQ/QT) _ 1
L1 —exp(=6,/T) ~ 2sh(6,/2T)
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TO

d d 0 6 d ko 0
v = Dy = —kT? Y 1 (Qh—i):: —“cth——.
= aZ::1 o) aZ::1 oT " \"aT aZ::1 2 T
CpenHoo0 HePruio OTHOTO OCIILIITOPA MOXKHO 3allcaTh I B IPYTOM BIIE:
1 ko
Yy = 1o, S
(<a) g exp (0,/T) — 1
) ' exp(0u/7)
N 6 exp (6, /T 6
omn () T (0 ;
T) [exp(6.)T) — 1] 2T (5)

roe £ (x) = 2% /sh’r — dysxnms DiHmTeiina.
[pu Hmskux Temmeparypax (17 < ,) m3 (5) Haxommm

~ eoz 2 eoz
Copk (T) exp (_T) — 0.

[Ipu BBICOKHX TeMIepaTypaX BOCIIOIb3yeMcsS pasiokeHmeM ctha ~ 1 / r+x / 3
ond x << 1:

<w~kT1+i(@f kT
“al) = 12 \T T—o00 '

Torma

2
~ 1 /4,
Combll— = (2) | —k,
12 \T T—o00
T. €. TCIIJIOEMKOCTDb CTPEMUTCA K CBOEMY KJIaCCHII€CKOMY 3HaY€HIIO k’, TaK KaK

OI[HOI71 OCHHJIJI)ITOPHOfI MOO€ OTBE€HaIOT IBa KBadPaTUIHBIX CJ/Ial'a€MBbIX

(p,q) = p*/2m + Kg*/2.

U3sepernsle Ha ombiTe 3Hatdenns 0, ~ 103 K. Hampmuep, 0S¢ = 1116 K,
0> = 6100K, T. e. KomeGaTeTbHEIC CTeIeHN IIPH KOMHATHBIX TeMIepaTy-
pax MPaKTUIeCKN 3aMOpokKeHbI. [[1g BpamaTenbHBIX Ke cTemered ¢, < 100/,
I OHU TPU HOPMATBHBIX YCIOBUIX ViKe HAXOMATCI B KITACCIECKON 00IacTh
(012 = 854K, 02 = 2,86K). Dto m obbacuseT 3aranky "5R/2" Temmoem-
kocTn C'y rasza MBYXAaTOMHBIX MOJEKYJ, KOTOPYIO He MOTJIN TOHATH B PaMKaxX
KITACCUIECKOTO CTATUCTUIECKOTO OMMCAHS.
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