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1 BBe.n;eHHe. 3a.z:,;aqH cTaTHCTHqecKoii q>H3HKH 

Ecmi: H3BeCTHhI ypaBHeHne cocTOHHHH P(T, V) H TerrnoeMKOCTh Cv(T, V) P(T, V) 

KaK qJJHKUHH TeMrrepaTyphI ll 06'beMa, TO mo6h!e TepMOLIHHaMHqecKHe CBOHCTBa 

ra3a MO)KHO rrony'IHTh H3 cooTHorneHHH dE = TdS- PdV. BenH'IHHhI )Ke P(T, V), 

Cv(T, V) nn6o 6epyTCH H3 OIIhITa, nn6o paCC'IHThIBaIOTCH MeT0.[laMH CTaTHCTH'Ie

CKOH qlll3HKH. Ilpn 3TOM B CTaTHCTH'IeCKOH qJH3HKe HBHO BB0,llHTCH B paCCM0TpeHHe 

M0neKynHpHM CTPYKTypa CHCTeMhI. OcHOBHhIM MeT0.[I0M CTaTHCTH'IeCKOH qJH3HKH 

HBnHeTCH annapaT MaTeMaTH'IeCKOH Te0pHH BepOHTHOCTeft ll Te qJH3H'IeCKHe rrpe.[1-

CTaBneHHH, K0T0phle C II0HHTHeM Bep0HTH0CTH CBH3aHi.J. J1:CX0.llH H3 0IIpe.[leneHHhIX 

rrpe.ucTaBneHHH 0 CTpOeHHH ll MexaHH3Me CHCTeMhI - raJa, KpHCTanna HITH H3nyqe

HHH CTaTHCTH'IeCKM qJH3HKa II03B0nHeT orrpe.[lenHTb 3Ha'IeHHH pa3nH'IHhIX qJH3H'Ie

CKHX Benn'IHH B C0CT0HHHH TepM0.llHHaMH'IeCK0ro paBH0BeCHH rrpu .uaHHhIX BHellIHHX 

ycn0BHHX - 3a.[laHHOH TeMrrepaType, 061>eMe ll T.,ll. Mb! Ha.ueeMCH, 'ITO 3T0 rroco6ue 

6y.ueT rrone3HhIM rrpH rny6oKOM H3J'IeHHH MeTO.[I0B ll rrpe.[IMeTa CTaTHCTH'IeCKOH qJH-

3HKH. 
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2 MMKpoKaHOHMqecKoe pacrrpe,n:eJieHMe. 3HTpo-

IIM.H M TeMrrepaTypa 

CHCTe;\!hl C 60JihIIIHM K0JIHqeCTB0M qaCTIIU (B 1 CM3 B03.Uyxa co.uep)KllTCJI 1019 MO

JieKyn) rrpIIHJITO OIIllCbIBaTb He60JihIIIHM qucJIOM MaKpOCKOIIIJqecKHX rrapaMeTpOB, 

TaKIIX KaK 3Hepnrn, 061,eM, TeMrrepaTypa. Ka)K.uoe MaKpOCKOIIIJqeCK0e COCTOJIHlle 

MO)KeT 6hITh peaJIII30BaHO MHO)KeCTBOM MIIKpOCOCTOJIHIIH (rroJIO)KeHIIH II CKOpOCTeft . 

MOJieKyn). CTaTIICTnqecKnH Bee (cTaTBec) MaKpOCOCTOJIHllJI r(E,x) eCTh qncno 

MIIKpOCOCTOJIHllH, OTBeqaJOIUIIX 3TOMy MaKpOCOCTOHIIlllO. 3.uecb 6yKBOH X Mhl o6o-

3Haqnnn ocTaJihHhle MaKporrapaMeTphl. 

IIocTyJiaT EoJihUMaHa: BCe MllKpOCOCTOJIHllJI .UJIJI 3aMKHYTOH CllCTeMbI C 3a.UaH

HOH 3Heprneft peaJill3YIOTCJI C O.UIIHaKOBOH BepoJITHOCThlO - JIBJIJieTCJI OCHOBHhIM rro

CTyJiaTOM CTaTMCTllqecKOH !pll3llKll. H.ueaJihHhIH ra3, COCTOJIIUllH ll3 N >> l qacTllU, 

B IIpOCTpaHCTBe llMIIYJihCOB pa3MepHOCTll 3N MO)KeT 6h!Th rrpe.UCTaBJieH TOqKaMn 
. 2 

Ha ccpepe, OTBeqaJOmeft rronHoft 3Heprnn E: E = I:f :f.:,, CTaTBec 3Toro cocTOJI-

HllJI nponopunoHaJieH ( E)3N / 2. IIocKOJihKY CTaTBec JIBJIJieTCJI 60JihIIIOH BennqnHoft, 

BBO.UJIT IlOHJITlle :mTponnn - HaTypaJibHOrO JiorapncpMa CTaTBeca: 

S = Inf. (1) 

8HTpOIIllJI - a.u.unTllBHaH BeJinqnHa. 8To 03HaqaeT' qTo ecmI CHCTeMa COCTOllT ll3 

.ZlBYX qacTeft (no.ucucTeM), TO 3HTpOilllJI ee paBHa cyMMe 3HTponuft IIO.!lCHCTeM. 8To 

BepHO, IIOCKOJihKY CTaTBec cm:TeMbl MYJihTIIIIJIHKaTnBeH: 

r(E1 + E2 = E, X1, x2) = f 1 (E1, X1)r 2(E2, X2); 

S(E1, E2) = S1(E1) + S2(E2)-

(2) 

8HTpOIIllJI rrepe.uaeTCJI OT O.UHOH qacTn CllCTeMhl .upyroft nocpe.UCTBOM Terrnoo6MeHa 

dE1 ~ oQ = -dE2. YcnoBue MaKcnMyMa 3HTP01!nu B cocTOJIHuu paBHOBecnJI .uaeT 

as = as1 + as2 = as1 - as2 = 0. 
aE1 aE1 aE1 aE1 aE2 

(3) 

4 

Orrpe.uenJIJI Tel\mepaTypy: 

,a= 2_ _ as 
T - aE' oQ = TdS, (4) 

Mhl Bll.!lllM, qTo B COCTOJIHllll paBHOBeCllJI TeMnepaTyphl IlO.!lCIICTeM 0.ZlIIHaKOBhI. l13 

ycJIOBHJI Hey6hIBaHHJI 3HTponnn 

as as 
dS = aE

1 
dE1 + aE

2 
dE2 = oQ(,81 - ,82) > 0 (5) 

Mhl Bll.!lIIM, qTo ecnu oQ = dE1 < 0, TO ,81 = "ft < ,82 = -,},; , TO ecTh Tenno 

nepe.uaeTCJI ll3 o6naCTII C 6onee BhICOKOH TeMnepaTypoft K o6JiaCTll C 6onee Hll3KOH 

TeMnepaTypoii. 

IlnJI n.ueaJihHOro ra3a (coBoKynHocTn HeB3anMo.ueftcTBYJ<?IUHX MOJieKyn) nMeeM 

r = AEaN/2 
' 

3N 
S= 2 InE+S0; 

1 
T 

3N 
2E· (6) 

IIocne.uHee paBeHCTBO, 3arrucaHHoe B cpopMe E = (3/2)NT, ecTh ra30BhIH 3aKOH. 

3.uech TeMrrepaTypa II3MepJieTCJI B 3HepreTnqecKnx e.uuHnuax. Y:To6hl rrepeftTH K 

TeMrrepaType, II3MepJieMOH B rpa.uycax t, TO eCTh 6e3pa3MepHOH BeJinqnHe ll 3H

Tporrun, uMeJOmeft pa3MepHOCTh 3Heprnu, HCIIOJih3YIOT IIOCTOJIHHYIO EoJibUMaHa: 

T = ksT, S = ksS, 
Il)K 13B 

ks= l, 38 · 10-
23 K = 11600 K (7) 

B cpopMynax .uanee BeJiuqnHy ks HHor.ua Mhl 6y.ueM o6o3HaqaTh k nu6o rronaraTh 

paBHOII e.uHHIIUe. 

3a.ua<1a 1 

B cocy.ue, rreperopo,KeHHOM rrorronaM, co.uep)KIITCJI N qacTnu, cocpe.uoToqeHHhIX 

B O.UHOH IIOJIOBHHe cocy.ua, B .upyroft IIOJIOBHHC - BaKyyM. HaiiTH ll3MeHeHue 3HTpO

IIllll, KOTopoe rrpOH30H.UeT rrpn CHJITllll rreperopO.UKII. 

PemeHHe. 

Ilpouecc Heo6paTHM, IIOCKOJihKY ra3 HeJib3JI co6paTb B O.UHY IIOJIOBllHY IIOCJie 

CHJITHJI rreperopO.UKlI. BHyTpeHHJIJI 3HeprHJI ra3a He MeHJieTCJI, IIOCKOJibKY ra3 He 
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COBeprnaeT pa60Thl. Heo6paTllMOCTb BO3HllKaeT 3a CtJeT yBeJilltJeHllH 3HTpOilllll. 

BepOHTHOCTb Toro, 'ITO MOJieKyrra HaxO.L(llTCH B O.L(HOll 113 tJacTeM ra3a eCTb 1/2. 

BepOHTHOCTb C06h!TllH, Kor.na BCe tiaCTl!Uhl HaxO,L(HTCH B 0,L(HOll 11 TOH :lKe IlOJIOBIIHe, 

eCTb w = 2-N_ 8HTp0Ill!H, COOTBeTCTBJIOW:aJI TaKOMY (HaqaJibHOMy) COCTOHHIIIO, 

eCTh S = ks In w = -ksN In 2. 8HTponIIH KOHetJHOro COCTOHHI!H eCTh HOJih: S = 
ks In 1 = 0. McKoMoe n3MeHeH11e 3HTpon1111 

b..S = Nksln2. (8) 

8TOT pe3JJibTaT MO:lKHO llCTOJIKOBaTb l!Hatie: IlO.L(CtJIITaeM pa6oTy, Heo6XO.L(l!MJIO 

.L(JIH Toro, tJT06bl co6paTb MOJieKJJihl B HatJaJibHhlll 06'beM: 

V/2 V/2 

J dv J dx - P-;; = -NksT -;; = NksTln2. (9) 
V V 

8Ta pa6oTa paBHa T b..S. 

3 JlByxypoBHeBruI CHCTeMa 

PaccMOTpllM CllCTeMy 113 N ~ 1 tiaCTllU, Ka)K.L(aJI 113 KOTOpbIX MO:lKeT HaxO,L(IITbC}I B 

.LIBYX 3HepreTlltJeCKllX COCTOHHIIHX - O.L(HO 113 HIIX n:MeeT HJJieByIO 3Heprl!IO, .npyroe 

- HeKOTOpy10 IIOJIO:lKIITeJibHJIO f. Ctil!TaeM 3a.L(aHH0ll IIOJIHJIO 3Heprn:IO E CIICTeMhl. 

l.facrro tiacTn:u, 3aHIIMa10w:11x BepxHIIft ::iHepreT11tiecK11ft ypoBeHh, 6y.neT M = E / E >> 
1. CTaTIICTl!tJeCKIIH Bee Cl!CTeMbl 11 ee 3HTpOIIIIH paBHhl 

CM N! 
r = N = M!(N - M)!' S = Inf. 

IloJib3JHCh cpopMyrroft: CTn:prrn:ttra 

N 
N! ~ ~(-)N, lnN! ~ NlnN, 

e 

.L(JIH TeMrrepaTyphl IIOJIJtJIIM Bhlpa:iKeHn:e 

1 ·as 1
1 

N - M 
T= 8E=; n~. 
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(10) 

(11) 

(12) 

Mcxo.nH 1!3 3T0ll cpopMJJihl MO:lKHO IlOJIJtJI!Tb .L(JIH OTHOllleHIIH 3aCeJieHHOCTeil: ypOBHH 

c HJJieBoft ::iHeprueil: N0 = N - M II BepxHero ypoBHH M cpopMyrry EorrhUMaHa 

M ' - -e-'i' No - . 

8Heprl!H 11 TenrroeMKOCTb B TepMllHax Tel\mepaTyphl l!MeIOT Bl!,L( 

NE . 
E= EM= 1 +ef' 

dE NE2 ef 
C = dT = T 2 (1 + ef) 2 • 

IIp11Be.L(eM ,L(JIH IlOJIHOThl pa3HOCTb 3aceJieHHOCTeft ypOBHeft 

E 
No -M = Nth-. 

T 

4 Pacrrpe.n;eJieH1u1 MaKcBeJIJia :u BoJihu;MaHa 

(13) 

(14) 

(15) 

BepO}ITHOCTb Toro, 'ITO MOJieKyrra B ra3e C TeMnepaTypoft T l!MeeT IlOJIHJIO 3Hepr1110 

E, orrpe.nerrHeTC}I pacrrpe.nerreH11eM EorrhuMaHa 

1 ' W= Ze-'i'. 

3.necb 3Hepr11}1 - CJMMa IIOTeHun:aJibHOH II KIIHeTn:tJeCKOM 3Hepr11ft: MOJieKJJibI. 

(16) 

Pacrrpe.nerrettn:e no KIIHeTn:tiecKoil: ::itteprn:n E = p 2/(2m) Ha3h!BaeTCH pacnpe.ne

JieH11eM MaKCBerrrra 

dW - l _L dVd
3 

- -e 2mT p 
z ~ (17) 

BeJil!tJUHa z HaJhIBaeTCH HOpMI!pJIOlllllM MHO:lKIITeJieM, OHa Bbl6I!paeTCH TaK, tJT06bI 

IIOJIHaJI BepO}ITHOCTb 6h!Jia paBHOH C.L(llHUUe: 

VJ _L 3 Z = _ e 2mTd p. 
h3 (18) 

IIorrh3JHCh 

/
+cod -ax• - t xe - -, 

a 
a> 0, (19) 

-co 

7 



rronyqnM 

Z = v(21r;T) 312 (20) 

B KaqecTBe rrpnMepa HaiineM Han6onee BepO5iTHYID CKOpOCTb MOJieKyJI BO3nyxa rrpn 

TeMrrepaType 17° C. 

IlnJr 3Toro Hano naiiT11 cKopocTh, OTBeqa10my10 MaKCIIMYMY pacrrpenenenuJr MaKc

Benna: 

- v2e-2kBT = 0 d [ =v

2 

] 

dv ' 

3Ta Benuquna cocTaBJIJreT 400 M/ c. 

2 gCM 2 _ 2knT = 1.6 - 10 ~-
vaep - m (21) 

Ilpyro:ii: rrpIIMep - IIccnenoBanIIe rrnoTHOCTII pacrrpeneneHIIJi MoneKyn BoJnyxa no 

paCCTOJiHIIIO OT IIOBepXHOCTII 3eMJIII. IlnJi rrpIIMepa paCCMOTplIM 6apoMeTpuqecKyIO 

cpopMyny. IIonnM 3HeprIIJi MOJieKyJihl COCTOIIT ll3 KIIHeTIItJeCKOH II IIOTeHUIIaJihHOH 
2 { = ¥,;, + mgH (g, H - ycKopeHIIe CIIJibl TJi)KeCTII II paCCTOJiHIIe no IlOBepXHOCTII 

3eMnII). IIonh3YJrCh pacnpeneneHIIeM BonhuMana, nonytJIIM 

dW(H) 

dH 

e-mgHknT _..!!.... 
oo ------ = noe Ho' 

f e-mgH knTdH 
0 

IlnJi 0° C BeJIIIqIIna H0 paBna 9 KM. 

Ho= knT 
mg 

5 K pHTepHM HeBblpO)K,n;eHHOCTH CHCTeMbl 

(22) 

CucTeMa na3bIBaeTCJi neBblpO)KnenHOM, ecnu tJUCJIO BO3MO)KHbIX COCTOJIHUM G MHOro 

6onhrne qucna qacTIIU: G >> N. Ecnu BhlrronnJreTCJi o6paTHoe HepaBeHCTBo, TO cu

cTcMa na3bIBaeTCJi BblpO)Knennoii. IlnJi uneaJibHOro ra3a qucno BO3MO)KHbIX COCTO

JiHUH norry<mM, pa3nemrn o6'heM cpa10Boro npocTpancTBa na o6'heM 3JieMeHTapHo:ii: 

wwiiKn D.JJxD.xD.pyb.yb.pzb.z = h3 , rne h = 6.58 • 10-16 3B · c - nOCTOJiHHM IInanKa: 

G = 41rV 
3

h
3 

(2mi:)3f2, (23) 

8 

rne m = AMp, i: = 3T /2 - Macca 11 3nepnrn MoneKynhl raJa, A, Mp, T - aTOMHhIII no

Mep BemecTBa raJa, Macca rrpoTona 11 Tel\mepaTypa ra3a. IInoTHOCTh pa3perneHnhlx 

COCTOJIHIIH UMeeT BIIn 

no= G - 4rr 1 V - 3 h3 (3mT)3f2_ (24) 

IlnJr BoJnyxa, noncTaBJIJIJi npIIBeneHHhle BenntJIIHhl, a TaK)Ke A = 29, T = 300 K = 

0, 03 3B, nonytJIIM no ~ 1027 CM-3. IIocKOJlbKY IlJIOTHOCTb MOJieKyJI BO3nyxa 1019 CM-3' 

MhI JaKJIIOtJaeM, qTo BOJnyx npu TeMnepaType T = 300 K eCTh HeBhlpo)K)leHHhIH 

ra3. IlnJi TOH )Ke TeMnepaTypbI nnJ1 IlJIOTHOCTII BO3MO)KHbIX COCTOJIHIIH 3JieKTpOH

HOro ra3a (Macca 3JieKTpona me = 0, 5 M3B) nonytJnM n0 ~ 102° CM-3, qTo na nBa 

nop5i,llKa MeHbIIIe IlJIOTHOCTU 3JieKTpOHHOrO ra3a B MeTanne n ~ 1022 CM-3. 3neK

TpOHHblH ra3 B MeTanne npu KOMHaTHOH TeMnepaType BhlpO)K,lleH. 

6 <l>yHKI.J;H.SI pacrrpe,n;eJieHH.SI HeBbipO)K,n;eHHoro ra3a. 

XHMH"tJeCKHM rroTeHu;HaJI 

PacnpenenenIIe qucna MOJieKyn no 3neprnJ1M 

3annrneM B Bnne 

2N -fdi: - e N(i:)dt = v7fi 

!!.N..IC! N 21rmT 312 2rr V ~ 
N(i:)=e T g(i:)di:, µNv=Tln[V(~) ]; g(i:)=h,3v8m3i:. 

(25) 

3necb BeJIIItJIIHa µND - XlIMIItJeCKIIll ITOTeHunan neBbipO)K,lleHHOrO aHCaM6JIJi. Hano

MHIIM, qTO ,llJIJ{ ClICTeM C nepeMeHHhlM qucJIOM qacTIIU TepMO,lllIHaMntJeCKOe ypaB

Henne nMeeT BII.ll 

dE = TdS - PdV + µdN. 
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7 KBaHTOBbie ra3hI. Pacrrpe,n;eJieHM.SI <I>epMH - .IlM

paKa M Bo3e - 3iiHIIITffiiHa 

Ilmr u.ueanhHOro raJa (Kor.ua MO)KHO rrpeHe6pe'lh rroTem:~naJihHOR ,rneprueil BJan-

11,10.ueilcTBIIH MoneKyn .upyr c .upyroM), ecnu He BhIIIOnHeHo ycnoane Vp3 /h3 ~ N, 

06ecrre'l1IBaIOIUee ManOCTh 'lHCna 'laCTHU ITO cpaBHeHHIO C 'lHCnOM BaKaHcm1, B3a

HMHOe BnHHHHe 'laCTHU, TeM He MeHee, HMeeTCH. OHO CBH3aHO C TO)K.!leCTBeHHOCThIO 

'laCTIIU. B 3TOM cny<rne Mhl HMeeM .ueno C BhlpO)K.ZleHHhlMH, unn KBaHTOBhIMH) ra-

3aMH. Ilna HHX BMeCTO pacrrpe.ueneHHH EonhUMaHa HMeIOT MeCTO .upyrne, KBaHTO

Bble pacrrpe.ueneHHH. Y cnoBne V P~ap/ h3 :S: N, rreperrucaHHoe B Bn.ue 

- h - (v)11a Axap - -- ~ a - - , 
Pxap N 

MO)KHO IIHTeprrpeTIIpOBaTh KaK TO, 'ITO pa3Mep BOnHOBhIX rraKeTOB MOneKyn rrpeBhl

rnaeT cpe.uHee pacCTOHHHe Me)K.uy HIIMII. 

PacCMOTpHM ra3 'laCTHU C rronyuenhIM CIIHHOM. Ilna HHX crrpaBe.unnB rrpHHUHII 

Ilaynn: B Ka)K.UOR a-qei!Ke cpa30BOro rrpOCTpaHCTBa He MO)KeT 6hITh 6onee O.UHOR 'la

CTHUhl C Ja.uaHHhIM HarrpaBneHHeM CIIHHa (pa3HhIX HarrpaBneHHR MO)KeT 6h!Th .UBa). 

Ilna Bh!Bo.ua pacrrpe.ueneHna u.ueanhHOro cpepM1I-ra3a ucrronhJyeM pacrrpe.ueneHne 

.una Tena C rrepeMeHHhIM 'lHCnOM 'laCTHU B TepMOCTaTe: 

1 !!.l!.=..fu 
WnE = -e r ' q 

Ilo,n TenoM 6y,neM IIOHHMaTh 0.ZlHY 3neMeHTapHy10 H'leiIKy, a rro.u TepMOCTaTOM - Bech 

OCTanhHOR cpepMn-ra3. CyMMa BepOHTHOCTeiI Toro, 'ITO B. H'leiIKe nu6o HeT 'laCTHU 

(n = 0; E = 0), nu6o IIMeeTca o,nHa 'laCTIIUa (n = 1, E = t), paBHa e.UIIHHUe: 

1 = 
l=-+~ q q , q=l+eY-. 

IIonh3YHCh 3TIIM pe3ynhTaTOM, rrony'IHM ,nna cpe.uHero 'lHCna 'laCTIIU 

= e T 

(N) = !Fv(t) = Wo -0+ W1 -1 = --= 
l+er 
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eT+l 

3To II eCTh pacrrpe.ueneH1Ie <l>epMII - Il1IpaKa. 

KonuqeCTBO 'laCTIIU C uenhIM 3Ha'leHIIeM CIIHHa B 3neMeHTapHOR H'leiIKe He orpa

HII'leHO (cTaTHCTHKa E03e - 3iIHIIITeiIHa). Ifa 3TOro ycnomrn HaXO.UHM HOpMnpyIO

IUIIR MHO)KHTenh q: 

1 
00 

_n(,-µ) 
1 = EWn = - E0 e r 

q 

1 
q= i=!l" 

1- e- T 

Cpe,nHee 'llICno 'laCTHU 

1 
(N) = !BE(t) = 0 · Wo + l · W1 + ... = c,-,., 

e T -1 

3To II ecTh pacrrpe,neneH1Ie EoJe - 3iIHrnTeiIHa. 

8 CTaTMCTM'C!eCKa.SI cyMMa 

CTaTHCTII'leCKM cyMMa orrpe.uenaeTCH cne,nyIOIUHM Bbipa)KeHIIeM: 

Z = Ee-* = Ee-f3Ek , 

'ITO orrpe.uenaeT BCe TepMO.UHHaMII'leCKIIe CBORCTBa Tena. Cpe,nHee 3Ha'leHne 3Hep

ruu Tena B TepMOCTaTe B TepMHHax CTaT. cyMMhl Bbipa)KaeTCH cne.uyIOIUIIM o6pa-

30M: 

_ _ 1 -fJEn _ 1 OZ 
{E) - EEnWn - ZEEne - -Z 0/3, 

IInH, Y'lHThIBM d/3 = -dT /T2, nony'IIIM 

Ilna 3HTporrlIH rrony'IIIM 

a 
(E) = T2-InZ. 

8T 

e-fff- (E) 
S = -(In w) = -Ewn In Wn = -Ewn In -y- = -T + In Z. 

OTCIO.Ua HaxO.ZlHM 

-TinZ = (E) -TS= F, 

r.ue F - cB060.ZlHM 3Hepr1Ia. 

11 



9 Ilapa,n;OKC r:0:ooca 

HaftneM CTaTIICTII'IeCKYIO cyMMY 0,!lHOaTOMHOro ra3a, COCTO.snuero II3 N TO)KJle

CTBeHHhIX 11aCTIIU, npeHe6pera.JI IIOTeHunaJ1hHOll 3Heprneft nx B3aIIMO,!lellCTBIUI. By

,!leM C'IIITaTh, 'ITO ra3 HeBhlpO:lK,!leH, T.e. 'll!CJ10 11aCTllU Marro no cpaBHeHlllO C 'IIICJ10M 

BaKaHcnft.IlpnHUIIII TO)KJleCTBeHHOCTII II03BOJ1lleT Bbipa3IITh CTaTCYMMY ra3a 11epe3 

cTaTCYMMY oTnerrhHOii 11acTIIUhl z = I:exp( - En/T) B BU.Ile 

ZN 

Z= N!" 

MHO:lKIITeJ1h N! BBeneH ,!lJ1ll Toro, 'IT06bI He rrepeC'llITbIBaTb COCTOllHIIll, B KOTOpbIX 

MOJ1eKyJ1hl IIMeIOT O,!lIIHaKOBYIO 3HeprnIO. CTaTCYMMa O,!lHOll MOJ1eKyJ1hl eCTh 

+oo 
V f L V f _Ei_ 21rmT I z= h3 e-2mTd3p= h3( e-2mrdpx)3=V(h2)32_ 

-00 

llrrll cBo6onHoft 3Heprnn rrorry11nM 

F = -Tin zN = -NT In e(21rmT)3/2 
N! ph3 

3necb e = 2. 71828 ... - OCHOBaHne HaTyparrhHOro rrorapncp11,m, p = N /V - rrrroTHOCTh 

'IIICJ1a 11aCTIIU, II Mhl BOCIIOJ1h30BaJ1IICh cpopMyrroft CTnprrnHra. OTCIO,!la HaxO,!llITCll 

ypaBHeHne COCTOllHllll 

P=-8F av =Tp. 

Ilapa,!lOKC fn66ca B03HIIKaeT, ecrrn He Y'IIITblBaTh MHO:lKIITeJ1h N! B CTaTCYMMe ra3a. 

8 3TOM crry11ae B apryMeHTe rrorapncpMa He 06pa3yeTCll IIJ10THOCTII 11aCTIIU p II CB0-

6onHall 3Heprllll He llBJ1lleTCll a,!l.!llITIIBHOll BeJ11I'IIIHOll: cyMMa CB060,!lHhlX 3Heprnft 

.!lJ1ll .!lBYX IIO,!lCIICTeM C O,!llIHaKOBOll IIJ10THOCThlO 11aCTIIU, HO C pa3HhlM IIX 'IIICJ10M 

N1 , N2, N1 + N2 = N He coBrranaeT co cBo6onHoft 3Heprneft Bceft cncTeMhl. Mo:arno 

c11nTaTh, 11To aMepnKaHcKnft cpn3nK 1I:iKo3aftll Ynrrrrapn fn66c y:iKe B 1902 rony, 

BBO,!lll MHO:lKIITeJ1b 1/ N! B Bblpa:lKeHne ,!lJ1ll CTaTCYMMhl, rrpe,!lBOCXIITIIJ1 OTKpbITIIe 

KBaHTOBOll MexaHIIKII. 
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10 IlapaMarHeTM3M Ilayn:0:. IlonyqeHMe cBepx-

HM3KMX TeMrrepaTyp 

AHCaM6J1h ll3 N 11aCTIIU co CIIIIHOM 1/2 II MarHIITHhlM MOMeHTOM µ rrpn TeMrrepaType 

T HaXO,!llITCll B MarHIITHOM rrorre Harrpll:lKeHHOCThlO fl. Ka)K)lall 11acTnua MO:lKeT 

HaXO.!llIThCll B .!lByx 3HepreTH11ecKnx cocTOllHllllX E = - µH, E = µH, OTBe11aIO

runx pa3HhlM opHeHTaUIIllM HarrpaBrremrn ee MarHIITHOro MOMeHTa no OTHOIIIeHIIIO 

K BHerrrHeMy IIOJ1IO. CTaTCYMMa 0,!lHOll 11aCTIIUhl Z1 = ef3µH + e-/3µH II BCeft ClICTeMbl 

z = zf' (3.!leCh 11aCTIIUhI pa3Hble II MHO:lKIITeJ1b 1/N! He B03HIIKaeT) II CB060,!lHa.JI 

3Hepnrn F= -NkBTln[2ch(~)] II03BOJ1lllOT Bhl'IIICJ11ITh MarHHTHhlll MOMeHT CII

CTeMbl 'laCTIIU: 

8F µH 
M = - 8H = NµthkBT. 

Ilpn MaJ1bIX Harrpll:lKeHHOCTllX MarHIITHOro IIOJ1ll rrorry11nM 

µ2N 
M= kBTH, 

'ITO OTBe11aeT IIOllBJ1eH1IIO MarHIITHOro IIOJ1ll, yCIIJ1IIBaIOruero BHeIIIHee rrorre - TaK Ha-

3hIBaeMhlll rrapaMarHeTII3M IlayrrII. lhMeHeHne Bem111IIHhl MarHIITHoro rrorrll, rrpII

rro:lKeHHoro K CIICTeMe CIIlIHOB, rrpll coxpaHeHllll HacerreHHOCTII ypOBHeft paBHOClIJ1hHO 

ll3MeHeHIIIO TeMrrepaTyphl ClICTeMbI, XOTll HlIKaKoro o6MeHa 3Heprneft Me:lK.!lY CIIll

HaMII He rrpOIICXO,!llIJ10: 

H1 
T1 

H2 
T2. 

Ocrra6rreHIIe IIOJ1ll, CKa:lKeM, B CTO pa3 Bhl3blBaeT yMeHbIIIeHJIC TCl\mepaTyphl TOMC 

B CTO pa3. 3To crroco6 rrorry11eHllll CBepXHll3KlIX TeMrrepaTyp: anna6aTII'ICCKOe Bhl

KJ1IO'leHIIe MarHIITHOro IIOJ1ll H B BeruecTBe, conep:lKaIUeM napal\tarHIITHYIO Ilj)Ill\lCC'h. 

3a,na'la 2 

B cocyne o6'beMOM V IIMeeTcll N 11acn1u. IlycTh n ecTh ,mcrro 'HlCTIIU n 'IaCTn 

cocyna o6'beMOM V. C11IITall, 'ITO B COCTOllHlIH TeITJ10Boro paBHOBCCllll DCIJ0llTH0CTh 

06Hapy:a,:eHllll orrpenerreHHOll MOJ1eKyJ1hl B V eCTh V /V' 

13 



1. HaiITn pacrrpe,neneHne BepmITHOCTeft f (n) co6bITn.s:, Kor.na n qacTnu rrorra

,naIOT B MaJlbIH 06'heM v; 

2. BhJqncmITh (n) n ((n - (n))2); 

3. rroKa3aTh, IIOJ1h3y.s:ch q>OpMynoft CTnpmrnra, qTo ecmI N >> n n n >> l, TO 

J(n) rrpn6nn:>KeHHO rayccoBo; 

4. rroKa3aTh,qTO B rrpe.nene v/V « l, N » l, N/V = const, f(n) rrpn6nn:>Ka

eTc.s: K pacrrpe,neneHnIO IlyaccoHa. 

Pewemrn. 

1. IlycTh p = v/V - BepO.S!:THOCTh HaHTII MOJleKyny B MaJlOM o6'beMe v; Bepo.s:T

HOCTh HaHTll ee B OCTaBineftc.s: qacTn V - v eCTb 1 - p. Tor.na BepO.S!:THOCTh HaHTll 

n qaCTllU B v 6y,neT 

J(n) = N! · pn · (1 - p)(N-n) /(n! · (N - n)!), Ef (n) = (1 - p + p)N = l. 

2. IIocTpOnM npon3BO,n.s:iuy10 q>yHKUHIO ,nn.s: pacrrpe.rieneHirn J(n): 

F(x) = Ef(n)xn = ((1 - p) + px)N. 

Cpe,nHne 3HaqeHII.SJ: JlI06bIX CTerreHeft n MoryT 6bITh BhlqncneHbI C IIOMOlllhIO rrpOII3-

BO.n.s:iueft q>yHKUIIll cne,nyIOlUIIM o6pa30M: 

dF(x) I k -d- = (n(n - 1) ... (n - k)} = p N(N - 1) ... (N - k}, 
X x=l 

(26) 

(n) = pN, (((n) - n)2) = Np(l - p). 

3. Ilonh3Y.SJ:Ch qiopMynoft CTnpnnHra N, n » l; N!,::: (21rN) 112 (N/e)N, rronyqnM 

,nn.s: norapnq>Ma q>yHKUIIII pacrrpe,neneHn.s:: 

lnf(n) = NlnN - nlnn - (N - n} ln(N - n) + nlnp + (N - n} ln(l - p) = ¢(n). 

lb ycnoBn.s: cTaunoHapHOCTII ¢(no)' = 0 Haxo,nnM n 0 = Np. Pa3nO:>KeHne q>yHKUIIII 

¢(n) B6J1II3II TOqKII 3KCTpeMyMa IIMeeT BII,n 

¢(n),::: -
2

1 
(: ) (n - no)2 + O((n - no)3). 

no -no 

14 

.Un.s: caMoft q>yHKunn pacrrpe,neneHirn nonyqnM pacrrpe,neneHne faycca c mrcrrepcneft 

~= 
J(n) = e-~(n-no)2, ~2 = Np(l - p). 

4 . .Un.s: MaJlbIX p llMeeM ,nn.s: rrpOII3BO,n.s:iueft q>yHKUUll 

F(x) = (1 - p(l - x))N = (1 - p(l - x)tlP = e-n(l-x) = e-n'Exm(n,>m 
m! 

B rrpaBoft qacTn MhI rronyqnnn rrpon3BO,n.s:iuy10 q>yHKUIIIO ,nn.s: pacrrpe.neneHn.s: Ilyac

coHa: 

11 

f (m) = e-n (n)m 
m!. 

11,n;eaJibHhiii q>epMH-ra3 

~ ~ 
<t>opMa KpIIBOH J(f.) = (N) = [e r +1J-1 3aBIICIIT OT TeMrrepaTyphl. Ecnn e r » l, 

TO rronyqaeM pacrrpe.neneHne EonhUMaHa 

(N) = e'T. 

.Un.s: cnyqa.s: T « µ rrpn MaJlbIX T q>yHKUII.SJ: (N(E)} IIMeeT Bn,n CTyrreHhKII. B rrpo

cTpaHCTBe IIMIIYJlhCOB OKa3bIBaIOTC.SJ: 3aIIOJ1HeHHbIMII Bee COCTO.SJ:HII.SJ: C IIMIIYJlhCaMII, 

He rrpeBbIIIIaIOlllIIMII no BennqnHe HeKOTOporo p < Po, Ha3bIBaeMoro IIMIIYJlhCOM 

<t>epMII. Ero BennqnHy MO:>KHO Bhipa3IITh qepe3 KOHUeHTpaun10 qacTnu: 

2V4 3 N = --1rp3 p = pl/3h(-)1/3 h3 3 o, o 81r . 

3.necb o,nnH II3 COMHO:>KIITeneft - 06'beM cqiepbI B IIMIIYJlhCHOM rrpOCTpaHCTBe, 2 OTBe

qaeT ,nByM opneHTaUII.SJ:M CIIHHa 3JleKTpOHa. Ilpn MaJlbIX TeMrrepaTypax CTyrreHhKa 

HeCKOJlhKO pa3MhIBaeTC.SJ:. IllnpnHa rrepexo,nHOH 06J1aCTII eCTh BennqnHa rrop.s:,nKa T. 
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12 Bh1q11:cneH11:e MHTerpana j(E) 

B ,naJibHefnne:-1 Ha:-1 HeO.UHOKpaTHO ITpII,neTCH BhlqIICJIHTh IIHTerpaJihl, co.nep:>IrnUIIIe 

ITpo1nBe.nem1e ITJiaBHO I13l\IeHHIOIUe11c11 <PYHKlllIII F ( c:) Ha <PYHKllIIIO 

1 
f(c:) = = 1 

e T + 
- JIIIIIIh crrerKa crJia:lKeHHYIO CTyITeHhKy: 

00 

I= J f(c:)F(c:)dc:. 
0 

PaccMoTpIIM y.no6HhIII cIToco6 ITpII6m1:lKeHHoro BhiqIIcrreHIIH TaKoro HHTerparra. 

OcHOBHOII BKJia.n .naeT IIHTerpIIpOBaHIIe C 3aMeHOII f (c:) Ha CTyITeHhKY 

µ 

llo6aBKa 

Io= J F(c:)dc:. 
0 

00 µ 

I - Io= J f(c:)F(c:)dc: - /(1- f(c:))F(c:)dc: 
µ 0 

(27) 

(28) 

(29) 

(30) 

co.nep:lKHT BKJia,nhl "xBOCTa pacITpe.nerreHIIH" II "ITepexo.nHoro yqacTKa", ITpw1eM o6a 

3TH pacITpe.nerreHHH cocpe.noToqeHhl B6JIII3ll C = µ. C.nerraeM 1aMCHhl ITCpCMCHHhIX, 

ITO,nqepKIIBaIOUillX ::no: C = µ + Tx B ITepBOM llHTerparre H C = /l - Tx BO IlTOpoM: 

00 !J, 
I_ Io= rf F(µ + Tx)dx -Tj F(µ -Tx)dx. 

ex+l ex+l 
(31) 

0 0 

TeITeph, HCITOJih3YH ycJIOBIIe µ << T, 3aMeHHM ITpe.nerr IIHTerpnponamrn BO BTOpOM 

llHTerparre Ha 00 (ITpll 3TOM Mhl ,UOITycKaeM ornn6Ky ITOpH,nKa exp(-µ/T), ITOCKOJihKY 

3KCITOHCHTa B 1HaMCHaTeJie o6ycrraBJIIIBaeT 6bICTpoe y6hlBaHHC ITO,UhlHTerpaJihHOII 

<PYHKllllll). IlonoMy MO:lKeM pa3JIO:lKHTh F ITO Tx: 

F(µ ± Tx) = F(µ) ± F' (µ)Tx, 
00 

2 , / xdx I - Io = 2T F (µ) --
1

. 
eX + 

0 

16 

(32) 

(33) 

" ¾ 
'Y) 

'-n 
~ 

llHTerparr paBeH 1r
2 /12, TaK qTo ITorryqaeM 

I= f(c:)F(c:)dc:= F(c:)dc:+-T2F'(µ)+-T 4F"' + ... , 100 1µ 7r2 77r4 

0 0 6 360 
µ « T. (34) 

13 TerrJIOeMKOCTb BblpO)K,ZJ;eHHOrO 3JieKTpOHHOro 

ra3a. Ilpo.HBJieHM.H ero B rrp11:po,n;e 

BhlpO:lK,UCHHhllI q>epMH-ra3 B ITpIIpo.ne ITpOHBJIHeTCH B 3JieKTpOHHOM ra3e B MeTarrrrax; 

B 3JieKTpOHHOII o6oJIOqKe MHOro3apH.UHhlX aTOMOB; 06ecITeqIIBaeT CTa6HJihHOCTh 6e

JlhIX KapJIHKOB: 3,necb 3JieKTpOHHhllI ra3 ITpeITHTCTBYCT rpaB!ITallIIOHHOMY KOJIJiaITcy 

3Be3,nhl; ITpncyTCTByeT B H,!lpax aTOMOB (cMeCh qiepMH-ra30B ITpOTOHOB II HCIITpO

HOB); BeUieCTBe HeIITpOHHhlX 3BC3.U; BhlpO)K)lCHHhllI qiepMII-ra3,ITO-Bll,UIIMOMY, lIMCJI 

MCCTO Ha paHHHX CTa,UIIHX o6pa30BaHIIH BceJieHHOII. 

HaHBHO MO:lKHO 6bIJIO 6hl 0:lKH,UaTh, qTO TeITJIOCMKOCTh 3JICKTpOHHOro ra3a ne

JIIIKa: 3N /2, KaK ll y ra3a MOJieKyJI. MO:lKHO 6bIJIO 6bI ,, o6'bHCHIITh" C ITOMOIUhIO 

3TOro ITpOBO,UllMOCTh MeTaJIJIOB. O.nHaKO OKa3hlBaeTCH, qTo TeITJIOeMKOCTh 3JieK

TpOHHOro ra3a Marra ITO cpanHeHHIO C TeITJIOeMKOCThIO KpIICTaJIJIIIqecKOII perneTKll 

II MO:lKeT Ha6rr10.naThCH TOJihKO ITPII Hll3KHX TeMITepaTypax. IlpnqnHa 3TOro HBJie

HHH - B BhlpO:lK,UCHHOCTH 3JieKTpOHHOro ra3a. lleIICTBIITeJihHO, ITpIIHHMaTh 3HeprIIIO 

CITOC06na TOJihKO HC3HaqIITeJihHaH qacTh 3JieKTpOHOB, 3Heprirn KOTOphIX cocpe.nOTO

qeHhl n ITepexo.nH011 o6rracTII f ~ µ, KOTopa11 HMeeT Marry10 nrnpIIHy .6.f ~ ksT, 

ksT << µ. Ilo,nTBep,nIIM 3TO KOHKpeTHhIM pacqeTOM. TeITJIOCMKOCTh oITpe.nerr11eTc11 

ITpOH3BO,UHOII 3Hepruu ITO TeMITepaType ITPH ITOCTOHHHOM 06'hCMC II qucrre qaCTllll 

Cv = (8E/&T)v,N• 8Hepru11 u qucrro qacTHll Bhlpa:lKaIOTCH qepe3 xnMnqecKuII 

ITOTeHnIIaJI: 

2V J E<lap 
E=hf eT+l' 

3 

N= 2VJ ~p 1· 
h3 er + (35) 

Bhlpa:lKaH ipa30BhlII o6'beM qepe3 3Hepru10 df = (V/h3)d3p = By'fdf u ITOJih3YHCh 

r ~------.... 
Cb ci.:.i ..... 'rr-ii ~~ .. :,r { 

, 'U!i:j,~dt ~;;,;_:z;;~.dl ! 
CwtSJfvJOTt.HM --~ ......... 



BblBe,IleHHblMH BbIIIIe cpopMyJial\m, IIOJiy-<IaeM 

E 
- 2B 5/2( . 5-1r2 T2) 
-5µ 1+8 µ2' N - 2B 3/2( 7r2 r2) --µ 1+--. 

3 8 µ2 
(36) 

lICKJIIOqaJI HJ 3THX ypaBHeHHll XHMnqeCKIIll noTeHIIIIaJI ( C IICnOJib3OBaHIIeM npoue

.IlYPbI IITepauIIii), ,IlJIH 3HeprIIII II TennoeMKOCTII nonyqIIM 

3 51r2r2 
E = -Nfo(l + -

12 2 ), 
5 fo 

Cv = 7r2 NT 
2 fo 

(37) 

3.IleCb fo = µ - 3HeprIIH 3JieKTpOHOB, OTBeqa10mai:r IIMnyJihCY <t>epMII. TennoeM

KOCTb Mana, nOCKOJibKY norJIOIUeHIIe Tenna II,IleT Ja cqeT 3JieKTpOHOB, HaXO.IlHIUllXCH 

B6JIII3II noBepXHOCTII <t>epMII. IIocKOJibKY TennoeMKOCTb KpIICTaJIJIIIqecKOll pellieTKII 

nponopuIIoHaJibHa Ky6y TeMnepaTyphl, TOJibKO npII HII3KIIX TeMnepaTypax Tenno

eMKOCTb 3JieKTpOHHOro raJa CyIUeCTBeHHa. 

14 ra3 q>OTOHOB 

IlpIIMepOM II,IleaJibHOro 6oJe-raJa HBJIHeTCH raJ q>OTOHOB. qIICJIO q>OTOHOB npII Te

nJIOBOM paBHOBeCIIII IIJJiyqeHIIH II raJa 3apH:lKeHHblX qaCTIIU IIJMeHHeTCH, nOCKOJibKY 

q>OTOHbl HenpepbIBHO IIJJiyqa10TCH II nornoma10TCH. lb paBeHCTBa cyMMbl XIIM. no

TeHUIIaJIOB q>OTOHHOro raJa II MaTepIIII,c O,IlHOll CTOpOHhl,II XIIMnOTeHUIIaJia MaTepIIII, 

C .IlPYrDll,Mbl JaKJI10qaeM, qTO XIIMnOTeHUIIaJI raJa q>OTOHOB eCTb HOJib: 

µ"l+µz=µz, µ"1=0. (38) 

.IlnH q>OTOHOB 3HeprIIH II IIMnyJibC CBH3aHbl C ero qacTOTOll CJie,IlylOIUIIM o6paJOM: 

f = liw, P = lik = 1iw 
C ' 

(39) 

r.Ile Ii= h/(21r), c - cKopoCTh cBeTa. ll1rn qIIcna cpoTOHOB, noJihJYHCh pacnpe,Ilene

HIIeM BoJe - 8iiHI1ITeiiHa, nonyqIIM 

dN = 2Vd
3
k_h_l_ = vw:dw . 

(21r)3 e-Jf - 1 1r2c3(e-Jf - 1) 
(40) 
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3.IleCb MHO:lKHTeJib 2 yqIIThIBaeT ,IlBa COCTOHHIIH noJIHpII3aum1 q>OTOHa. Pacnpe,IleJie

HIIe no 3Heprim IIJIII :iKe cneKTpaJibHOe pacnpe.IleJieHIIe IIMeeT BII.Il 

dE = Vliw
3
dw 

7r2-~( hw • 
c;- eT -1) 

{41) 

8To - pacnpe,IleJieHIIe IInaHKa. llnH qncna cpoTOHOB II 3Heprnn B Ja,IlaHHOM o6beMe 

npn ,IlaHHOii TeMnepaType nonyqIIM 

00 

N = V ( T )3 / x
2
dx ' 

1r2 lie eX -1 

00 

VT
4 J x 3

dx 
E = 7r2(fic)3 ex - 1 · (42) 

0 0 

3aMeHOll nepeMeHHOll e-x = t IIHTerpaJibI CBO,IlHTCH K IIJBeCTHblM nOJIIIJIOrap.IIcpMaM: 

00 1 

J (x
2

; x3 )dx _ j dt(ln2 (1/t); In3 (1/t)) __ . 1r4 

eX -1 - 1- t -- (2((3), 15), (43) 
0 0 

3,IleCb ((3) - ,Il3eTa-cpyHKUIIH PnMaHa 

1 . 
6 = I;f' k3 ~ 1.202. (44) 

llnH TennoeMKOCTII nonyqIIM 

41r
2
V T3. 

Cv = 15(nc)3 (45) 

ll1rn 3Heprmr, YHOCIIMOll q>OTOHaMII C e,IlIIHIIUbl noBepXHOCTII, IIMe10me:il: TeMnepa

TYPY T, nonyqnM 

l=c!~ 
4V' 

00 

U J Ii w3 1r2k4 

V = dw 7r2c3 e-1:r - 1 = T4(15fi3~)
o 

(46) 

8Ta BeJinqnHa ecTb npOII3Be,IleHne CKOpOCTII CBeTa Ha lIHTerpaJibHYIO nJIOTHOCTb 

3Heprnn. MHO:lKIITeJib 1/4 npOIICXO,IllIT OT ycpe,IlHeHIIH no pa3JIIIqHbIM HanpaBJie

HIIHM IIJJiyqeHIIH. B pe3yJihTaTe nonyqnM 

I= aT4, a= fi~::!2 = 5.67. 10-s M~;4. (47) 

8To - JaKoH CTecpaHa - BonbUMaHa, a - nocTOHHHM CTecpaHa - EoJibUMaHa. 
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TioJih3YliCb 3TllM 3aKOHOM, rrpoBeneM HeKOTOpbre oueHKll. CorrHe'IHall IIOCTOllH

Hall q = 0.136 n"' 2 eCTb KOJill'IeCTBO Terrrra, rrorryqaeMoro 3a 1 C B 1 CM
2 

IIOBepx-
CXCM 

HOCTH 3eMJIH (rrpenrrorraraeM, 'ITO rryq11 rranaIOT rreprreHnHKYJillpHO IIOBepXHOCTll). 

PaccToaH11e OT 3eMJill no CorrHua, panuyc CorrHua eCTh cooTBeTCTBeHHO REs = 
1, 5 • 1013 cM, Rs = 7 • 1010 cM. TiorrHoe Korru~recTBO Terrrra, 113rryqaeMoe CorrHueM 

3a 1 c, paBHO 41rqR~s = 4 . 1026 n)K. TipupaBHUBall 3TY BeJill'IllHY K 471" R1a-Tj = 

12 . 50 . 1020 . 5.67. 10-12Ti, IIOJIY'IllM nrra TeMrrepaTypbl Ha IIOBepxHOCTll CorrHua 

Ts = 6000 K. AHarrorll'IHO nrra cpenHeft TeMrrepaTypu Ha rroBepxHocTu 3eMJill 

TE= 3OOK. 

llrra Haxo:iKneHllll Han6orree BepoaTHoft nrr11HhI BOJIHhI u3rryqeH11a Hano HaftTn 

MaKCllMYM IIJIOTHOCTII 3Hepr1111: 

d x
3 I 

dx ex - 1 x=xo = 0, 
3 · (1 - e-xo) = Xo, Xo ~ 2, 82. (48) 

llrra nrrIIHhI BOJIHhl rrorry'IIIM 

21rlie 0, 51 CM 
Amax= 2, 82ksT ~ TK" (49) 

3TOll cpopMyrroft Bbipa:iKaeTCli 3aKOH CMemeHIIli BIIHa - rrpII IIOBbIIIIeHllll TeMrrepa

TYPbl MaKCllMYM II3Jiy'IeHllli cnB11raeTCli B CTOpOHY 60JibllIIIX qacTOT (yMCHbIIIemrn 

nrr11H BOJIH). 

llrra pemIKTOBoro HJJiy'IeHIIli (T = 3 K) rrorryqnM panIIonIIarraJOH .>. = 0.15 CM. 

llmr rroBepxHoeTII CorrHua .>. = 8 · 10-5 CM -yJihTpacp11orreTOBM qacTh crreKTpa. llrra 

II3JiyqeHIIli IIOBepXHOCTII 3eMJill ). = 1.6 . 10-3 CM - IIHcppaKpaCHM 'IaCTb crreKTpa. 

0TMeTHM TaK:lKe, 'ITO IIJIOTHOCTb 'IllCJia !pOTOHOB B !pOTOHHOM ra3e rrp11 TeMrre

paType T KOHequa: 

N = 2((3) ( T )3 = O, 244(kT )3. 
V 1r2 lie lie 

TaK, nrra IIJIOTHOCTll cpOTOHOB peJillKTOBOrO ll3JiyqeHIIli IIOJIY'IIIM 

N = 0.244(6,3 -1,4. 10-23. 3)3 = 4 8. 108M-3. 
V 3 . 10s . 10-34 , 
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(50) 

(51) 

llrr11Ha BOJIHhl, OTBe'IaIOmaa MaKCHMYMY crreKTparrhHoro pacrrpenerremrn perrIIKTO

Boro II3Jiy'IeHllll, HaxonIITCli ll3 ycJIOBIIli MaKCIIMyMa Bhlpa:iKeHllli A - 5 ( ehc/(AkT) - 1 )-1 

ll eoeTaBJiliCT 10-3 M. 

Tip1rneneM 6e3 BhIBona ypaBHeHlle COCTOliHIIli ra3a !pOTOHOB 

PV= ~E. 
"3 

• (52) 

15 TerrJIOeMKOCTh KpHCTaJIJIHqecKOH perneTKH 

ByneM, crrenyli lle6aIO, paccMaTp11BaTh nB11:iKe1rne aToMOB npyr OTHOCIITeJihHO npyra 

KaK Marrue KOJie6aHIIli. Crre_KTP 3TllX KOJie6aHIIll 6y,n;eM C'IllTaTb COBrranaIOIUHM co 

crreKTpOM Korre6aH11ft ynpyroro Terra w = uk, Jnecb u, k - cKopocTh 3ByKa 11 BOJIHO

Boft BeKTOp. 8n1 KOJie6amrn eCTb 3BYKOBhle BOJIHbI llJill !pOHOHhl. Hano pa3Jill'IaTb 

nBa TllIIa BOJIH - rrorrepe'IHbie (nBa TIIIIa) II rrponOJibHbie ( on11H TllII). 3Tll BOJIHhl 

pacrrpoCTpaHJIIOTCli C pa3HhlMll CKOpOCTliMll. lfacrro KOJie6aHIIll 

3 2 Wm 2 

/ 
df = /:E3 Vd k = f I:3 V41rw dw = f 3Vw dw = 3N 

1 (21r )3 1 (21r )3u/ 21r2u3 ' 
0 

rne U - cpe)lHllli CKOpOCTb 3BJKa B peIIIeTKe: 

3 1 2 
-=-+u3 ul uf 

(53) 

(54) 

B crryqae,Korna B y3rrax peUieTKll pacrroJIO:lKCHbI MHOrOaTOMHhle MOJieKyJihI C 'IllCJIOM 

aTOMOB 11, Hano B cpopMyrrax JaMeHllTh N ➔ 11N. llrra MaKCllMaJibHOft qacTOThl Wm 

II CBli3aHHOft c Heft TeMrrepaTypu lle6aa Tv = liwm rrorry'IIIM 

Tv = (61r2~)1131iu. (55) 

llrrli 3HeprIIII rrorry'IIIM 

Wm 

3V f 1 1 2 E = -2- !iw(- + -h-w -)w dw. 
21r u3 2 e-r -1 

(56) 

0 
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IIepBoe crrarael\me B KpyrrrbIX CK06Kax ½nw OTBe'IaeT TaK Ha3bIBaeMbIM KBaHTO

BbIM HyJieBbIM KOJie6aHJUIM. Ilocrre 3aMeHbI rrepeMeHHbIX Bbipa)KeHJrn ,um! :mepnm B 

Mo.uerrII Ile6rur rrpIIMeT BII.ll 

3 Tv 
E = 3N[8Tv +TD(y)], 

r.ue cpyHKUIIa Ile6rur orrpe,uerreHa crre,uyIOIUHM o6pa3oM: 

D(x) ~ 1, 

3 Ix z3dz 
D(x) = x3 ez - 1' 

0 

7r4 
x « 1, D(x) ~ 5x3' 

(57) 

(58) 

X » 1. (59) 

llTaK, 3HeprIIa II TerrrroeMKOCTb KpIICTaJIJIII'IeCKOH perneTKII rrpII MaJibIX TeMrrepa

Typax B Mo.uerrII Ile6rur 6y,uyT 

9 37r4 T 4 

E=-NTv+-N-
8 5 TJ' (60) 

l27r4 T3 

C = -
5
-N T 3 , T « Tv. 

D 

(61) 

Ilo3TOMy rrpII Man:bIX TeMrrepaTypax TenrroeMKOCTb TBep.uoro Terra onpe,uerraeTca 

3JieKTpOHHbIM ra30M. IlpII 60JibllIIIX TeMrrepaTypax IIMeeM 

E=3NT, C=3N, T»Tv. (62) 

IIocrre,uHee yTBep)K,ueHIIe C = 3N eCTb 3aKOH IlrorroHra II IlTII. Ilrra arrMa3a TeM

rrepaTypa Ile6rur o'IeHb BbICOKM - Tv = 1860 K, .urra CBIIHua HII3KM - Tv = 88 K. 

llTaK, TeopIIa Ile6rur, TpaKTYIOlUM TerrrroBoe .llBII)KeHIIe M0rreKyrr B y3rrax perneTKII 

KaK ra3 cpOHOHOB, OKa3aJiaCb y,ua'IHOH. 

16 KoH.n;eHcruuu1 Bo3e-3:iiHIIITeiiHa 

IlJIOTHOCTb 'IIICJia qacTlIU 603e-ra3a Bbipa)KaeTca cpopMyrro:ii 

00 

N _ (2mT)312 J Jxdx 
V - 47r2n3 ex-If, - 1 · 

(63) 
0 

22 

Eo3e-KoH,ueHcauIIa rrponcxo.uIIT rrpII HeKoTopo:ii TeMrrepaType T0 , rrpII KOTopo:ii XHMII

qecKII:ii IIOTeHullaJI 06pa1UaeTca B HYJib. 9:IICJIO qaCTlIU C IIOJIO)KlITeJibHOH 3HeprIIeft 

rrpH 3TOM 6y,ueT COCTaBJIHTb 

NI <>0 = N(f )312 , 

a 'IIICJIO qaCTlIU C HyrreBO:ii 3HeprIIe:ii 

Nl<=O = N(l - (f )3/2). 

(64) 

(65) 

KoHe'IHO, 3TO He KOH,lleHcauIIa qaCTIIU B 6yKBaJibHOM CMbICJie (KaK, CKa)KeM, KOH,lleH

cauIIa BO,llbI Ha OKOHHbIX CTeKrrax), a "KOH,lleHcauIIa" B IIMIIYJibCHOM rrpOCTpaHCTBe: 

qacTIIUbI OCTaHaBmIBaIOTCa. Ha:ii,ueM 3HeprIIIO, TeIIJIOeMKOCTb II rrpOII3BO.llHYIO Te

IIJI0eMKOCTII ,urra 3TOH CIICTeMbI: 

00 

J V(mT) 3
1

2T J z3dz T 3 2 E = EdN. = 112 2fi3 -- = 0.771NT(T, ) I , 
2 7r ez -, 1 o 

0 

C = ~ E 8Cv = 3 08 N ( T )3; 2 
v 2 T' 8T · To To · 

(66) 

(67) 

IlpOII3BO.UHM TerrrroeMKOCTII rrpII TeMrrepaType KOH,ueHcauIIII T = T0 IICIIbITbIBaeT 

CKa'IOK. 9:T06bI ero Ha:iiTII, rrpoaHaJIII3HpyeM IIOBe,lleHIIe 'IHCJia 'IaCTIIU B6JIH3ll TO'IKH 

KOH,lleHCaUIIll, TO eCTb rrpH MaJibIX 3Ha'IeHHax XHMIIOTeHu11an:a: 

00 

Vm
3 J 1 1 N = No(T) + r,:; 7r2n3 

[ = - -.._--]y'EdE. 
v2 e r - 1 er - 1 

(68) 
0 

OCHOBHOJI BKJia,ll rrpll MaJibIX µ rrpoHCXO,llllT OT o6rraCTll MaJibIX L Ilrra HHTerparra 

B rrpaBOH qaCTll II0JIY'IHM 

00 00 

J T T J dE li":-:T dcy'E[- - -] = -Tµ ..fi( I I)= -7rTy lµI. E-µ E EE+µ 
0 0 

(69) 

Ilrra xHMrroTeHuIIarra rrorry'IHM 

_ = 7r
2n6 

(No - N )2. 
µ 2m3 TV (70) 
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PaccMOTpllM Terrepb xapaKTep rrpn6mnKeHIUI :meprnu K ee 3Ha'!eHIIIO B TO'!Ke KOH

.ueHcauun: 

_ ./2m3V 100 

3 1 1 E - Eo - 2/j,6 lldE[ ,-mu - -.._--]. 
7r e-r- - 1 er - 1 

0 

llHTerparr B rrpaBOll '!aCTll MO)KeT 6hITb rrpeo6pa30BaH rrpn MaITblX - µ K BH.!lY 

(X) ' 

J E312er 
d\ .._ )

2 
[1- e-f]. 

er -1 
0 

llcrroITb3Jll Bbipa)KeHne .!lITll µ, a TaK)Ke 

(X) 

J x
0 dx 

I(a) = --
1 

= r(a + l)((a+ 1), 
eX -

0 

(71) 

(72) 

(73) 

3.UeCb r(n) II ((n) = ~i"' k~ - COOTBeTCTBeHHO raMMa-cpyHKUllll 8ii:rrepa H .!l3eTa

cpyHKUllll PnMaHa, TIOITJ'IIIM .!lITll 3Heprnn 

3 3 3 1r2li6 No - N 2 E- Eo = --f(-)((-)-No(--). 
2 2 2 2m3 VT 

(74) 

3aMe'!all, '!TO TipII T = T0 6y.ueT N = N0 , y6e)K.uaeMCll, '!TO BTOpM rrpon3BO.UHal! 

3Heprnn TIO Tel'vmepaType OTITH'!Ha OT Hym1 B TO'!Ke T = To, TO eCTb B 3T0ll TO'!Ke 

IIMeeT MeCTO CKa'IOK TipOH3BO.!lHOll: 

d2 
dT2 (E - Eo) = .6.Cv = -3.66 N T" 

(75) 

ll1MepeHne TerrrroeMKOCTH )Kl!JlKOro rerrnll B6ITH3II TO'IKII ero rrepexo.ua B cBepxTeKy

'!ee COCTOllHIIe o6Hapy)KHBaeT He'!TO IIOXO)Kee Ha orrncaHHOe 3.UeCb l!BITeHne CKa'!Ka 

TipOII3BO.!lHOll TeTirroeMKOCTII ( TaK Ha3bIBaeMall ITl!M6.ua-TO'!Ka). 

3a,uaqa 3 

ll.uearrhHhIH 601e-ra1 Haxo.unTCll B unrrHH.!lPC BbICOTOii: H n pa.unycoM R, Bpa

ma10meMCll C yrrrOBOll CKOf)OCTbIO w. Haii:TII TCIIITOCMKOCTb ra3a HH)Ke TO'IKll 6o3e

KOH.UeHcaunn II CKa'IOK TeTIITOeMKOCTll B ~TOH TO'IKe. 

Peweune 

8Heprnll MOITeKyrr ra1a HMeeT BH.!l 

24 

p2 1 
E = -+-mw2r 2 

2m 2 
(76) 

.Ilrrll 'IIICrra '!aCTHU C TIOITO)KHTeITbHOll 3Heprneii: dN, IIOITJ'll!M 

dN = rdr p2dp 81r2 H l 
< (2 ")3 = 7rn e kr - l 

(77) 

IIpoBO.!lll HHTerpnpoBaHne rro pa.unycy: 

</a J p2dprdr = ~dE J dr2✓2m(E - ar2) = ~~E3/2dE, a= mw2/2, (78) 
0 

.!lITll pa3HOCTII 'llICITa 'laCTHU C HeHyrreBbIM H HyrreBbIM XlIMH'!eCKIIM IIOTeHunarroM, 

IIOITb3JllCb crrpaBe.UITHBbIM rrpn MaITbIX 3Ha'!eHIIllX XHMTIOTeHunarra µ Tipeo6pa30Ba

HHeM 

1 1 µew 
=----,--=(' , e kr - l ew - 1 ekr - 1)2 

(79) 

TIOITJ'IIIM 

(X) 

N - N0 2m312 (kT)512 J x312ex --- = -----µ ----dx. 
H 3\!'21rn,3a (ex - 1)2 

(80) 
0 

BxO.!llllllHll B 3TO Bbipa)KeHne HHTerparr TIOCrre HHTerpnpoBaHIIll TIO 'laCTllM MO)KeT 

6hITb TipIIBe.ueH K CTaH.uapTHOMY HHTerparry I (a), orrpe.uerreHHOMY BbIIIIe. 

.Ilrrll 3Heprnn H TerrrroeMKOCTH rrpn TeMrrepaType HH)Ke TO'IKH KOH.UeHcaunn TIO

rry'IHM 

oo , </a 

Hm
3
1

2 J EdE J 2Hm
3
1
2 

5 
Eo = 21/27rn,3 e& -1 dzJE - az = 321/27rn,3(kT)7f2/(2); (81) 

0 0 

C (T T, ) = dE0 = 7 E0 

v < 0 dT 2T
0 

· 

CKa'IOK TeTirroeMKOCTH Tiponcxo.unT OT Harrn'!Hll B 3Heprnn E = E0 + E - E0 cna

raeMoro E - Eo: 

5No 
.6.Cv = - 2To ' 

5 /(5) 
E - E0 = --kT(N - No)· 

3 /(3) ' 

21/2 3/2H 3 
N = m (kT) 512 I(-). 

0 37r/j,3 2 
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(82) 



17 IlorryrrpoBOJJ;HHKH 

IIonyrrpOBO)lHIIK - KplICTaJIJI, B OCHOBHOM ::rnepreT1IqeCKOM COCTOllHIIII KOTOporo (rrplI 

T = 0) ::meKTpOHhl 3aIIOJIHlllOT Bee COCTOllHIIll HII)KHe.lI (BaJieHTHO.II) 30Hhl II OTCyT

CTBJIOT B BepxHe.lI 30He (30He rrpOBO)llIMOCTII), KOTOpM OT)leJieHa OT Hee 3arrpemeH

HO.II 30HO.II. 30Hhl J)l06HO xapaKTep1I30BaTb KBa31IIIMIIJJibCOM p. Kon1IqeCTBO COCTO

llHII.II Bbipa)KaeTCll qepe3 KBa31IIIMIIYJibC no <pOpMe TaK )Ke, KaK II )lJill CB060)lHhIX 

qacTIIU qepe3 IIMIIJJibChl: 

Vd3p 
df = 2 (27rJi)3' (83) 

r)le MHO)KIITeJib 2 OTBeqaeT )lBJM B03M0)KHhIM COCTOHHIIllM CIIIIHa 3JieKTpOHa. IIplI 

TeMrrepaType, OTJIIIqHO.II OT HYJill, 3JieKTp0Hhl rrepexO)lllT II3 BaJieHTHO.II 30Hhl, o6pa-

3Jll B He.II ")lhlpKII", B 30HY rrpOBO)llIMOCTII. Eecrrp1IMeCHhl.lI rronyrrpOBO)lHIIK Ha3hl

BaeTCll rronyrrpOBO)lHIIKOM C co6CTBeHHO.II rrpoBO)llIMOCTblO. Kp1ICTaJIJI C 60JibIIIO.II 

3arrpemeHHO.II 30HO.II o6Hapy)KJrnaeT rrpOBO)llIMOCTb IIPII HII3KO.II TeMrrepaType B TOM 

cnyqae, eCJIII OH CO)lep)KIIT rrp1IMeC1I. 8TII IIplIMeCII C03)laIOT HOBble ypOBHII BHYTPII 

3anpemeHHO.II 30Hhl. IIonynpOBO)lHIIKII )lOHOpHoro TIIIIa n IIMeIOT ypoBeHb, 6JIII3KO 

paCIIOJIO)KeHHhl.lI KO )lHY 30Hhl rrpOBO)lllMOCTH - Ha pacCTOllHHH Ev << b.. IIpoBO)lH

MOCTb o6ecrreqnBaeTCll 3a cqeT 3JieKTpOHOB, IlOCTaBJIHeMhIX ll3 )lOHOpHoro ypoBHH. 

B rronyrrpOBO)lHIIKax aKuerrTOpHoro THIIa ypoBeHb paCIIOJIO)KeH B6JIH3ll "IIOTOJIKa" 

BaJieHTHO.II 30Hhl Ha paCCTOllHllll EA << b. H rrpOBO)lllMOCTb o6ecrreqnBaeTCll 3a cqeT 

)lhlpOK B BaJieHTHO.II 30He. 

OTcqHThIBM 3Hepr1IIO OT "IIOTOJIKa" BaJieHTHO.II 30Hhl II o603HaqaJI IIIHpuHy 3a

rrpemeHHO.II 30Hhl b., )lJill 3HeprHII 3JieKTpOHOB COOTBeTCTBeHHO B 30He rrpOBO)llIMOCTll 

II B BaJieHTHO.II 30He nonyquM 

2 

l(p) = b. + .!!_. 
2m' 

p2 
l(p) = - 2mh. (84) 

3)leCb m, mh - 3<p<peKTIIBHhle MaCCbl 3JieKTpOHa ll )lhlpKII, rrpuqeM Mhl MO)KeM pac

CMaTpUBaTb IIX KaK CB060)lHhle qaCTIIUhl. 
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{ 
I 
l 
l 
j 
I 

! 
l 
l 

Cne)lyll Ky6o, paccMoTpIIM co6cTBeHHhlf1 rronyrrpoBO)lHIIK. IIpe)lnonarM, qTo 

IlJIOTHOCTb pacrrpe)leJieHllll 3JieKTpOHOB n H )lhlpOK p IIO)lqllHlleTCll CTaTIICTIIKe <PepMII 

- llupaKa, II rrpllHIIMM BO BHIIMaHIIe ycJIOBIIe 3JieKTpOHeftTpaJibHOCTII n = P, Haft

)leM XIIMIIqeCKII.II IIOTeHunan rronyrrpOBO)lHIIKa µ ( Ha3blBaeM.bIH ypoBHeM <PepMll). 

I,fa ycJIOBIIll, qTo CJMMa BepOHTHOCTe.lI IIOllBJieHIIll 3JieKTpOHa B 30He rrpOBO)lIIMOCTH 

ll )lhlpKII B BaJieHTHOH 30He eCTb e)llIHHUa, rronyqaeM 

1 = 1- 1 
e/3(,.-µ) + 1 ef3(,h-µ) + 1 

p2 
fe = b. + 2m' 

)lJlll qIICJia 3JieKTpOHOB II )lhlpOK rronyqaeM 

1 
e/3(-th+µ) + 1' 

p2 
lh = ---; 

2mh 

n = ~ f d3pe-f3(A-µ+t> = 2(27rmkT)3/2e-/3(A-µ). 
h3 h2 ' 

2 / d3 -fJ(µ+L) · 2(27rmhkT)3;2 -/3µ 
p = h3 pe 2mh = h2 e . 

I,fa ycJIOBIIll n = p HaxO)lllM 

1 3 m 
µ=2A+ 413 Irr ,:; ; 

= = 2(27r(mmh)
1
l
2
kT)3;2 -/3A/2 /3 = 2__ 

n P h2 e ' kT. 

(85) 

(86) 

(87) 

(88) 

(89) 

(90) 

3)leCh, IIOJib3JllCb TeM, qTo KOHUeHTpaUHII 3JieKTpOHOB ll )lhlpOK HeBeJIIIKH, a TaK:)Ke 

TeM, qTQ IIIIIPIIHa 3arrpeTHO.II 30Hhl Mana no cpaBHeHIIIO C TeMrrepaTypo.lI, Mhl rrepe

IIIJIII K pacrrpe)leJieHIIIO EoJibUMaHa. 3aMeTHM, qTo ypoBeHh <PepMII µ ~ b./2 )lJill 

rronyrrpOBO)lHUKa HaxO)lIITCll B6JIII3II cepe)lIIHhl 3arrpemeHHOH 30Hhl. 

IIonyqIIM oueHKY )lJlll IIJIOTHOCTll 3JieKTpOHOB II )lhlpOK co6CTBeHHOro rronyrrpo

BO)lHIIKa c 111IIpIIH0.1I 3arrpemeHH0.1I 30Hhl b. = 0. 7 3B rrpn TeMrrepaType T = 300 K 

II rronarM m = mh = me = 0.5 M3B: 

= = 2(6 3)3/2 (0, 5. 8, 6. 10-11 . 300) 3/2 -13 = 013 -3 
n p ' (6,3 · 1,97. 10-11)2 e 1 CM . 

(91) 

PaccMoTpuM eme O.UIIH rrpIIMep. llnx rronyrrpoBO)lHIIKa n-Tnrra, B KOTopoM rrpII

MeCHhIH ypoBeHh HaXO)lIITCll Ha paCCTOllHIIH Ev OT )lHa 30Hhl rrpOBO)llIMOCTII, rrpII 
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Te~mepaType T nonyqIITb COOTHOllleHue Me)KJly qIICJlOM :meKTpOHOB rrpono,nIIMOCTII 

n. q11CJ1OM ,nOHOpOB nv II qIICJlOM ,nOHOpHbIX ypOBHeiI Nv > nv. 11cKOMOe COOTHO

llleHIIe cne.nyeT II3 paBeHCTBa XIIMIIqecKIIX IIOTeHIJIIaJlOB 3JleKTpOHOB Ha .noHopHOM 

ypoBHe II 3JleKTPOHOB B 3OHe rrpOBO.nJIMOCTII. XIIMJiqeCKIIll IIOTeHuIIaJl ,nOHOpHblX 

3JleKTPOHOB MO:lKHO HaHTlI, BblqJICJllIB rrpOlI3BO,nHyIO CB06o,nHOH 3HeprIIII ,nOHOpHbIX 

3JleKTpOHOB no IIX qncny: 

fJF 
µ=-; F=U-TS=-nvEv-kTlnW, 

fJnv 

W-2no Nv! 
- nv!(Nv - nv)!' 

(92) 

r.ne w - CTaTBec COCTOJIHIIJI ,nOHOpCKlIX 3JleKTPOHOB. ITocne HeCJlO:lKHbIX npeo6pa3o

BaHJill nonyqJIM 

'!::!!___ = 2e,B(µ+Eo)_ 
Nv-nv 

Ilnll nJlOTHOCTII qJicna 3JleKTpOHOB B 3OHe npOBO,nIIMOCTll nonyqIIM: 

n = - d3pe.B(µ+2m> = N e.Bµ 2/ i:._ 
h3 C , 

Ne= 2(21r~kT)3;2_ 

11:CKJlIOqaJI ll3 3TIIX paBeHCTB XIIMnqecKIIll noTeHIJIIan, nonyqIIM 

n(Nv - nv) _ !N -.BEo 
-

2 
ce . 

nv 

(93) 

(94) 

(95) 

8TO COOTHOllleHJie MO:lKHO IIHTepnpeTnpoBaTb KaK 3aKOH ,neHCTBYIOlllllX Mace, eCJllI 

cqIITaTb paBHOBeCHOll peaKUlllO ,nJICCOUIIaUllll .noHopa C 3JleKTpOHOM Ha IIOH .noHopa 

JI 3JleKTpOH lI3 3OHbl npOBO,nlIMOCTII: 

DBD++e, 

[D+][e] = K(T). 
[DJ 

(96) 

3.necb BeJlJiqJIHbl B KBa,npaTHblX CK06Kax O3HaqaIOT KOHUeHTpaUIIII COOTBeTCTBYID

IIIIIX KOMnOHeHTOB. 
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18 HeH,n;eaJihHhie ra3hI 

YqeT B3aIIMO,neiICTBirn MOJleKyn ra3a, T.e. OTKJlOHeHJie ero OT n,neaJlbHOCTII, OillICbl

BaeTCJl C IIOMOIIIblO BIIpIIaJlbHOrO pa3JlO:lKeHJIJI. Ilnll ra3OBOro 3aKOHa IIMeeM 

NT N N 2 

P= V(l+B(T)V +c(T)V2 + ... ). (97) 

TaKIIM o6pa30M, BIIpIIaJlbHOe pa3JlO:lKeHIIe yqIIThrnaeT rronpaBKII, rrponopuIIoHanb

Hbie nJlOTHOCTII qacTIIII, KOTOpM npe.nnonaraeTCJI ManoiI. BbJqIICJllll',1 nepBblll BII

pIIaJlbHblll K03cpqm111IeHT B(T) ,nnJI cnyqaJI, Kor.na noTeHuIIan B3aIIMo,neiicTBIIJI MO

neKyn KOpOTKO,neHCTBYIOlllIIll. B3aIIMO,neiICTBIIe npIIBO.nIIT K TOMY, qTo IIHTerpan no 

KOOp,nIIHaTHOll qaCTII cpa3OBOrO 061,eMa 6y,neT HeTpIIBIIaJlbHbIM. CTaTCYMMa IIMeeT 

BII,n 

1 / u Z = Z;dVN dVidVi ... dVNe-r, (98) 

r.ne nepBblll COMHO:lKIITeJlb zid OTBeqaeT CTaTCYMMe II,neaJlbHOro ra3a. B paccMaTpll

BaeMOM HaMII cnyqae pa3pe:iKeHHoro ra3a MO:lKHO npeHe6peqb BKna.noM B rroTeHUII

anhHYIO 3HeprIIIO OT J1I06oro Bn.na B3aIIMO,neiICTBIIll MOJleKyn, KpOMe napuoro. Ilpn 

3TOM noTeHIIIIaJl IIMeeT BJI,n 

U(r1, f'2, ... ,ft.) = I:i<ju(Ti - fJ). (99) 

BTopoiI COMHO:lKIITeJlb MO:lKeT 6b1Tb npeo6pa30BaH K Bn,ny 

1 / -U/T _ N(N - 1) . 1 - VN (1 - e )dVi ... dVN - 1 - V B(T), (100) 

B(T) = ~ I dVi (1 - e-u(r1 -r2Jft). 

11HTerpan, BXO.nJIIIIIIH B onpe,nenirnIIe nepBOro BIIpnaJlbHOro K03!p!pIIUHeHTa B(T), 

no nopll,nKy nenuqIIHbl paneu o6'beMy MOJleKyJlbI v, y,noBJleTBOpllIOUieMy YCJlOBIIIO 

N v << V. 11:ccne.nyeM 3am1cJIMOCTb ero ot- TeMnepaTypbl. IlnJI 3TOH uenn pa306be1\I 

o6nacTb IIHTerpnpoBaHIIJI no panIIycy Ha ,nne o6nacTII. B nepBoiI r < r 0 BenII<rnHy 
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ro rro.u6epeM TaK, 'IT06hl IIOTeHUIIaJI 6bIJI .llOCTaTO'IHO. BeJIIIK, 'IT06hl MO:lKHO 6bIJIO 

rrpeHe6peqb BKJia,llOM 3KCIIOHeHThl B IIO,llhIHTerpaJibHOM Bbipa:iKemrn. Bo BTOpOM 

MO:lKHO y.uep:lKaTb TOJibKO rrepBhle ,llBa 'IJieHa B pa3JIO:lKemrn 3KCIIOHeHThl: 

00 

1 4 3 41r / ( ) 2 a B = 23n 0 + T u r r dr = b- y· (101) 
To 

Ilepexomr K CBo6o.uHoft 3Hepnrn F = -T In Z = F;d + N"(jT II Bhl'IHcmur c ee rroMo

lllhIO JlaBJieH11e, rronyqaeM 

p = _ 8F = NT( bN) _ N
2
a 

av v 1 + v v2 • 
(102) 

19 YpaBHeHue BaH-,n;ep-Baanhca 

Y'leT B3aHMO,lleftcTBmI MOJieKyJI .uaeT B03MO:lKHOCTb OIIHCaTb TaKoe J'IBJieHHe, KaK cpa-

30Bhlll rrepexo.u B raJe. <l>opMaJihHaJI 3aMeHa B BhlBe,lleHHOM ypaBHeHHH MHO:lKHTemr 

(1 + b[f) Ha (1-\7)' crrpaBe,llJIHBaJI rrpH MaJihlX IIJIOTHOCTHX qaCTHU N/V, rrpeBpa

maeT ero B ypaBHeH11e BaH-.uep-Baanbca: 

P= NT N2a N2a 
V-Nb - v2CP+ v2 )(V-Nb)=kT. (103) 

OKa3hlBaeTCH, 'ITO ypaBHeHHe BaH-.uep-BaaJibCa MO:lKHO pacrrpocTpaHHTb II Ha 60Jib

urne IIJIOTHOCTH, rrocKOJihKY OHO .uaeT pe3KHft pocT .uaBneHHH rrp11 V ➔ Nb, 'ITO 

MO:lKHO HHTeprrpeTIIpoBaTb KaK IIO.SIBJieHHe BemecTBa, He C:lKHMaeMoro 6onee 'leM .llO 

o6'heMa Nb. 113oTepMa BaH-.uep-Baanbca co.uep:iKHT yqacTOK, r.ue rrpOHJBO.llHaJI no 

o6'beMy OT .uaBneHHH rrp11 rrocTOHHHOft TeMrrepaType rrono:iK11TeJihHa: ( 8P / 8V)r > O. 

8TO JCJIOBHe He ocymecTBmieTCH B peaJibHOCTH. JI106rur !pJIJKTyau11.a rrpH 3TOM He 

3aTyxaeT II rrpHBO.llHT K paccnoeHHIO cpa3 - :lKH.llKOCTH II raJa. 8To rrpOHCXO,llHT 

rrpH yMeHbIIIeHHH o6'beMa ra3a rrpH HeKOTOpOM ero 3Ha'leHHH. YcJIOBHH paBHOBeCHH 

cocTOHT 113 paBeHCTBa .uaBJieH11ft II XHMH'lecK11x rroTeHUHaJIOB cpa3. Ha PV- .u11a

rpaMMe IIOJIJ'laeTCH yqacTOK H30TepMhl - npHMaJI p = const, rrpH rrepeMellleHHH 
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no KOTOpOMY MeHHIOTCH KOJIH'leCTBa qaCTHII B cpa3aX. PaBeHCTBO XHMH'leCKl!X no

TeHUHaJIOB rrpe,llCTaBJIHIOT rrpaBHJIOM MaKCBeJIJia: IIJIOllla.un Me:lK.llY. 3T0ll rrpHMOII II 

KpnBoft BaH-.uep-Baanhca cBepxy n cHnJy ee .llOJI:lKHhI 6hlTh paBHhl. 

OTKJIOHeHne OT u.ueaJihHOCTII ra3a MO:lKH0 ll3MepnTh B rrpouecce .Il:iKOJJIH - JleHua 

(rrpo.uaBJinBaHne ra3a 1rnn :lKH.llKOCTH qepe3 rropHCTJIO rreperopO.llKY), rrpn 3T0M co

xpaHHeTCH 3HTaJihrrn.a H = E + PV. B 3TOM rrpouecce M0:lKHO IIJMepnTh nJMeHemie 

T rrpn MaJihlX ll3MeHeHIIHX p npn IIOCTOHHHOll 3HTaJihIIUII: 

8T T 2 dV 
8P H = C dT(T)p. 

p 

(104) 

.Iln.a 11.ueanhHOro raJa 3Ta Benn'lnHa o6pamaeTc.a B HJJih, .un.a Hen.ueaJihHOro raJa 

nMeeM 

8T N d 
8PH = Gp (T dTB - B), 

8T <0. 
8P -

(105) 

(106) 

B Ka'leCTBe rrpnMepa paCCM0TpHM IIOTeHUHaJI B3aUMO,lleftcTBHH Me:lK.llY MOJieKy

JiaMH BH,lla 

a 
u(r) = -u0(-)6, r > a; u(r) = oo, r < a. 

r 

l{JIH BHpHaJihHOro K03!p!pIIUHeHTa II0JIJ'IHM 

00 00 

/ 

21ra
3 

21ra
3 

/ --"O_ B(T) = 21r (1 - e-u(r)fT)r2dr = -
3

- + -
3

- dx(l - e~). 

0 l 

B npe.unoJIO:lKeHHU uo/T << 1 HeCJI0:lKHOe HHTerpnpoBaHHe .uaeT 

B(T) = 21ra3 (1 - ~). 
3 kT 

(107) 

(108) 

(109) 

Ilp.aMOJinHeftHhlft yqacTOK nJOTepMhl BaH-.uep-BaaJibca OTBe'laeT MeTacTa6nJih

HOMY COCTOHHHIO CHCTeMbI :lKH,llKOCTb - nap. Y'laCTOK ee .llO Ha'laJia npHMOll p = 
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canst, OTBe'Ia!OI.llllll MaJihIM 3Ha'IeHIUIM o6'beMa, OIU!ChIBaeT COCT05IHIIe JKII,D;KOCTII; 

y-'IaCTOK, OTBe'!aJOI.llIIH 60JihllIIIM 3Ha'IeHII5IM o6'bel\m, pacrrOJIO:iKeHHhIH IIOCJie OKOH

'IaHII5I IIp5IMOJIIIHeii:Horo yqacTKa, OIIIIChIBaeT COCT05IHI!e rrapa. O.n;HO II3 ycJIOBIIH 

paBHOBeCIUI qia3 - paneHCTBO IIX XI!MII'IeCKIIX IIOTeHunaJIOB. IIpo.n;uqiqiepeHUIIPJeM 

paBeHCTBO l::!,.µ = 0 ITO TeMrrepaType: 

dl::!,.µ ol::!,.µ ol::!,.µdP dP 
dT = 8T + 8P dT = -l::!,.s + l::!,.v dT = O. (110) 

Terrrro, KOTOpoe ,D;OJI:iKHO IIO,D;BO,D;I!ThC5I rrpn rrepexo.n;e :iKil,D;KOCTh - nap ( CKphITM Te

IIJIOTa), Bhipa:iKaeTC5I qepe3 II3MeHeHIIe 3HTpOIIIIH S, rrpnxO,D;5II.lleHC5I Ha 0.D:HY qa

CTnuy: 

q = T(sv - s1), (111) 

r.ne Sv, S1 - 3HTpOIIHII, IIpI1XO.D:5II.llllec.si: Ha o.n;Hy MOJieKyrry rrapa H :iKH,D;KOCTII. TaKIIM 

o6pa3oM, Mhl BhIBerr11 ypaBHeH11e Krrarreii:poHa - Krray311yca 

dP 
dT 

l::!,.s 
l::!,.v 

q 

T(vv - v1)' 
(112) 

r.ne Vv, v, -o6'heMhI, rrp11xo.n.si:11111ec51 Ha O.D:HY MOJieKyrry rrapa II ,KI!,D;KOCTII. Kp11-

Ba.sI P(T) 3aKaH'!I!BaeTC5I B TO'!Ke, r.ne :iKil,D;KOCTh rrepeCTaeT OTJII!'IaTbC5I OT rrapa, 

Ha3h!BaeMoii: KpI!TI!'IeCKOH TO'IKOH. 

PacCMOTpIIM 3aBIICI!MOCTh TeMrrepaTyphI KI!IIeHI!5I ,Kil,D;KOCTII OT .n;aBJieHI!Jf rrapa. 

TaK KaK 06'beM ra30BOH qia3hl MHOro 60Jibllle 06'beMa ,Kil,D;KOH, TO 

dP q q qP 
dT = T(vv - v,) ~ Tvv = T 2 

(113) 

(Mhl BOCIIOJih30BaJIIICh ra30BhIM 3aKOHOM). Pellla5I 3TO .n11qiqiepeHu11aJihHOe ypaBHe

HIIe, rrorryqaeM 

T a 
-=-~-
To In Po 

(114) 

3Ta 3aBIICIIMOCTh IIO,D;TBep:iK,naeT Ha6rr10.naeMhIH Ha OIIhITC qiaKT, yrrOM.sIHJThIH Bhlllle. 
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KpuTn'IecKoii: TO'IKOii: ypaBHeHil.sI BaH-.n;ep-BaaJibCa Ha3hIBaJOTC5I TaK11e 3naqemrn 

o6'beMa, .n;aBrremrn II TeMrrepaTyphI, rrpll KOTOphIX rrepna.si: II BTOpa.si: rrpOI13BO,D;Hhie 

.n;aBJiemrn IIO o6'heMy 06pa111a10TCJf B HJJih: 

8P 
(av)r = o; 

azp 
(av2h = o. 

O6o3Ha'IM COOTBeTCTBJIOI.llI!C nemI'IIIHhI Pc, V,,, Tc: 

Pc= a 27b2 ' 11;, = 3Nb ' 
Ba 

kTc = 27b' 

rrepemuneM ypaBHemre B mr.ne ypaBHeHil.sI COOTBeTCTBeHHhIX COCT05IHIIH: 

P Y;,2 V I BT 
(-+3-)(- - -) = -. 

Pc V 2 Ve 3 3Tc 

20 <l>a30Bble nepeXO.l(bl 

(115) 

(116) 

(117) 

<l>a30Bhie rrepexo.n;hl rrepBoro po.na Bcer.n;a corrpoBo:iK.n;a10Tc5I BhI.n;erre1rneM 11rr11 rrorrro-

111eHneM Terrrra. PaBeHCTBO µ1 = µ2 II03BOJI5IeT Haii:TII 3aBIICIIMOCTh TeMrrepaTyphI 

OT .n;aBJieHil.sI. Korrn'!eCTBa MOJieKyJI B Ka:iK.n;oii: qia3e II o6'beMhI, rrpI!XO.D:5IllII!eC5I Ha 

O.D:HY MOJieKJJ:!Y, HaXO,D;lfTC5I Il3 ypaBHeHIIH 

N1 + N2 = N; N1v1·+ N2v2 = V (118) 

B Ka'!eCTBe rrpnMepa paCCMOTpIIM rrpouecc KI!IIeHI!Jf BO,D;hl - Tel\mepaTypa KIIIIeHII5I 

3aBIICIIT OT .n;aBJieHII5I: Il3BeCTHO, 'ITO B ropax (rrpn yMeHhllleHmI .n;aBJienn.si:) BO.n;a 

3aKIIrraeT rrp11 TeMrrepaType, MeHhllleii: cTa rpa.n;ycon. 

B KaqecTBe .n;Byxqia3HhIX rrepexo.n;oB yrroM5IHeM rrrraBrrem1e n ncrrapeHne TBep

.D:hIX Terr, a TaK:iKe o6paTHhle IIM rrpoueCChI. TeMrrepaTypa II .n;aBJICHIIe rrpll 3TOM 

OCTa!OTC5I HeI!3MeHHhIMII. l.J:To KacaeTC.sI Terrrra, TO OHO JII160 Bhl,D;eJI.si:eTC5I, m160 IIO

rrro111aeTC5I. Ilpn HaJII!'IIIII Tpex qia3 IIMeeT MeCTO TaK Ha3hIBaeMM TpOii:Ha5I TO'!Ka, 

orrpe.n;eJI5IeMM paneHCTBOM XIIMI!'!eCKIIX IIOTeHUI!aJioB: 

µ1 = µ2 = µ3, (119) 
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B Ka'JeCTBe cpa3 MoryT 6bITh, HarrpIIMep, TBepL(Oe Teno, .lKIIL(KOCTb IInII nap. 3TII L(Ba 

ypaBHemra: OIIpe.Llena:IOT L(aBneHIIe II TeMrrepaTypy TO'IKII. KonII'JeCTBa .lKe 'JaCTIIU 

B Ka.lKL(Oll qia3e orrpeL(ena:IOTCa ypaBHeHIIa:MII 

M+M+M=~ 

M~+M½+M~=~ 

M~+M~+M~=~ 

(120) 

r.L(e V;, f; - 061,eMbl II ,meprIIII BerueCTBa Ka.lK,L\Oll: II3 qJa3, rrpIIXOL(a:IUIIeca Ha OLIHY 

'JaCTIIUY- JifaMeHemie rronHoro 061,eMa II IIOnHOH 3HeprIIII IIPIIBOL(IIT K II3MeHeHIIIO 

'IIICna 'IaCTIIU B Ka.lKL(Oll II3 qJa3 . .Uo Tex rrop IIOKa CIICTeMa Tpex ypaBHeHIIH IIMeeT 

rronO.lKIITenhHOe perneHIIe ('Incno 'JaCTIIU He MO.lKeT 6b!Tb OTPIIUaTenbHbIM), TeMrre

paTypa II L(aBneHIIe OCTaIOTCa IIOCTOa:HHbIMII. TpoHHble TO'IKII CTa6IInhHbl OTHOCII

TenhHO II3MeHeHIIa OLIHOro II3 rrapaMeTpOB ( o6'beMa IInII 3HeprIIII), no 3TOH IIpII'IIIHe 

OHII IICIIOnh3YIOTCa B Ka'IeCTBe 3TanOHa TeMrrepaTypbI. 

<Pa30Bble rrepexOL(bl BTOporo po.Lia CBa:3aHhl C II3MeHeHIIeM BHyTpeHHeH CIIMMe

TpIIII BerueCTBa. K HIIM OTHOCa:Tca a:BneHIIa rroa:BneHIIa CIIOHTaHHOll naMarHII'JeH

HOCTII, rrepexo.L( MeTanna B CBepxrrpOBOL1aruee COCTOa:HIIe, nepexOL( JKII,L\KOro renIIa B 

CBepxTeKy'Jee COCTOa:HIIe, rrepexOL(bl Me.lKL(y KpIICTannII'IeCKIIMII MO,L\IIqJIIKaUIIa:MII II. 

MHOrIIe .LlpyrIIe a:BneHIIa. flpII qia30BOM rrepexo.L(e BToporo PO.Lia HeT CKpbITOH Te

rrnOTbl rrepexo.L(a mrn CKa'IK006pa3noro II3MeHeHIIa o6'heMa, no MoryT npeTeprreBaTh 

CKa'JK006pa3Hble II3MeHeHIIa TaKIIe xapaKTepIICTIIKII, KaK TennoeMKOCTh, C.lKIIMae

MOCTb. 

11ccne.L(yeM B Ka'IeCTBe rrpIIMepa JrnneHIIe CIIOHTaHHOH HaMarHII'IeHHOCTII. Pa

Hee, IICcneL(ya L(ByxypOBHeBble CIICTeMhl, Mb! pacCMOTpenII CIICTeMy II3 N CIIIIHOBbIX 

'JaCTIIU C MarHIITHbIM MOMeHTOM µ Ka.lKL(M, HaxOL(a:IUIIXCa BO BHernneM MarHIITHOM 

none Harrpa.lKeHHOCTbIO H. Ka.lKLIM II3 'IaCTIIU MO.lKeT 6hITb OpIIeHTIIPOBaHa no 

IInII rrpOTIIB HanpaBneHIIa BHeIIIHero rrona, npII 3TOM 3HeprIIa ee B3aIIMOL(eHCTBIIa 

C noneM 6yL(eT nonO.lKIITenbHa nII6o OTPIIUaTenbHa: ±µH. BbinO IIOKa3aHo, 'ITO B 
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CIICTeMe CIIIIHOBbIX 'JaCTIIU BO3HIIKaeT HaMarHII'JeHHOCTb (MarHlITHblll MOMeHT e.L(II

HIIUbl 06'beMa): 

N µH 
M = vµthr. (121) 

Beil:c rrpe.L1rrono.lKIIn, 'ITO B BeruecTBe BO3HHKaeT MoneKynapHoe none, rrporropuno

Hanhnoe HaMarHII'JeHHOCTlI, KOTOpoe cneL(yeT L(OfiaBIITb K BHernHeMy rronIO. B pe-

3ynbTaTe rrony'IaeTca .Lina HaMarHII'IeHHOCTH caMocornacoBaHHOe ypaBHeHIIe 

M = N µthµ(H + [3M) 
V T 

(122) 

flono.lKIIM B 3TOM ypaBHeHHII BHernnee none paBHhIM nyn10. flony'IIIM L(na naMar-

HII'IeHHOCTII 

M = N µth/3Mµ 
V T . 

(123) 

Y L(lIBUTenhHO, HO B lITOre MO.lKeT OKa3aTbC.II, 'ITO IIMeeTC.II OTnlI'IHOe OT Hyna perne

HIIe L(na naMarHII'IeHHOCTII. .Ueil:CTBIITenhHO, rreperrIICaB 3TO ypaBHeHIIe B BU.Lie 

T 
Tc y = thy, 

2N 
Tc= [3µ V' 

[3Mµ 
y = ----;y-, (124) 

BIILIIIM, 'ITO rrpn T > Tc IIMeeTC.II TOnhKO OL\HH KopeHh y .= 0, HO npn T < Tc 

rroa:ana:IOTCa erue L(Ba, KOTOpbie MO.lKHO (rronb3ya:Ch pa3nO.lKeHneM thy ~ y - y
3 
/3) 

rrpII6nII.lKeHHO nony'IIITh: 

Y1,2 = ±✓3(1- ~)-
(125) 

3TOT pe3ynbTaT MO.lKHO TpaKTOBaTh cneL(yIOIUlIM o6pa3OM. KpIITII'JeCKM TeMrre

paTypa Tc no hopa.LIKY BenII'IIIHhl eCTh µ 2 / a 3 ( a = (V / N) 1/
3 

- cpe.L1Hee paccTOa:Hne 

Me.lKL\y 'JaCTIIUaMn), TO eCTb cpaBHIIMa C 3Heprneft B3alIMOL(eHCTBUa COCe.IIHIIX Mar

HlITHbIX MOMeHTOB. EcTeCTBeHHO O.lKIIL(aTb BO3HIIKHOBeHIIa (pa3pyrneHna) yrropa.LIO

'IeHIIa rrpII TeMrrepaTypax, cpaBHIIMbIX C Tc-
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21 TeopnH JlaH,n;ay <pa30BhIX rrepexo,n;on BToporo 

po,n;a 

PaCCMOTpHM TepM0.LUIHaMnqeCKHH noTeHI~Ha.TI rn66ca <I> B npouecce, n.uyr.ueM npH 

n0CT0liHH0M .uaBJ"IeHHH. IloCKO.TihKY npn q>a30BOM nepexo.ue BT0poro po.ua nponcxo

.ZlHT H3MeHeHne CHMMeTp:irn: BeruecTBa, uenecoo6pa3HO BBeCTH napaMeTp T/ (napa

MeTp nopli.UKa), K0T0pbIH 6hI 0nHCbIBa.TI 0TK.TI0HeHHe OT CHMMeTpHH . .Ilnll npnMepa 

paCCM0TpHM KpHCTa.TI.TI, B K0T0p0M aT0MhI pacn0.TI0.lKeHbl B ueHTpax Ky6oB, o6pa3o

BaHHhIX .upyrHMH aT0MaMH. Ilpn yBennqeHHH TeMnepaTyphI Haq:irnaJI C HeK0T0poro 

ee 3HaqeHHli CTaH0BHTCli ,rnepreTnqecKH BhirO.UHhIM nono.lKeHHe, Kor.ua aT0M CMe

maeTCli H3 ueHTpa.TihH0ro n0.TI0.lKeHHli. IIapaMeTpOM nopli.UKa M0.lKH0 BhI6paTb Mepy 

3T0ro CMerueHHX . 

C.uenaeM npe.unono.lKeHne, qTo noTeHunan rn66ca .uonycKaeT cne.uyroruee pa3no

.lKenue: 

<I>(T, P, T/) = efio + 'f/2 A(T, P) + 'f/4B(T, P) + ... (126) 

Mb1 ncKmoqaeM crryqan, Kor.ua TaKoe pa3.TI0.lKeHHe HeB03M0.lKH0 (Hannqne oco6en

HOCTeH BII.Zla T/a, In 'f/). IIono.lKHM 

A(T, P) = a(T - Tc)- (127) 

Y C.TI0BHe 3KCTpeMyMa .uaeT 

2a(T - Tc)T/ + 4B'f/3 = 0, (128) 

0TKy.ua nonyqaeM Tpn K0pHli T/ = O; ,,.,2 = a(Tc - T)/(2B), npnqeM .UBa nocne.unnx 

K0pHli cymecTBYIOT .TIHIIIh npn T < Tc. 

B KaqeCTBe H.TI.TIIOCTpaunH paCCM0TpHM nepexo.u nopli.U0K - 6ecnopli.UOK B cnnaBe 

. UHHK - Me.Uh. Jh .uaHHhIX peHTreH0BCK0r0 ana.TIH3a H3BeCTH0, qTo B Cn.TiaBe npn 

BhIC0KHX TeMnepaTypax aT0MhI pacno.TI0.lKeHhI cnyqaHHO, Tor.ua KaK npH HH3KHX 
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HMeIOTCli .UBe no.upeIIIeTKH a, b . .Ilaa copTa aT0l\10B A, B (cqIITaeM,qTo nonnoe qncno 

aT0M0B Ka.lK.Zloro copTa 0.UIIHaKoao II paBno N/2) MoryT pacnonaraThCll B y3nax 

Ka.lK.UOH H3 no.upeIIIeT0K. O6o3Haql!M N;;(Nf) = N(l + x)/4 - qIIcno aT0M0B copTa 

A(B) a no.upeIIIeTKe a(b). Tor.ua qIIcno aT0M0B copTa A(B) a no.upeIIIeTKe b(a) 

6y.ueT N('(Nf) = N(l - x)/4. 3.uech x IIrpaeT ponh napaMeTpa nopH.UKa: npn 

x = ±l IIMeeM n.uea.TihH0e ynopll.ZlOqeHne,· npn x = 0 - no.TIHYIO Heynopll.Zl0qennocTh. 

22 Cno6o,n;HaH 3HeprnH KaK <pyHKUMH napaMeTpa 

rropH,n;Ka 

IlycTh z 03HaqaeT qncno. 6rrn.lKaHIIIIIX coce.n;eH aT0Ma. IlycTh 3neprllli B3anMo.ueH

CTBHll nap 6.TIII.lKaHIIIHX aT0M0B Tuna AA, AB, BB ecTh VAA, VAB, VBB· IIycTh .uanee 

N ;j,A - qncrro nap 6nn.lKaHIIIIIX coce.ueH T1ma AA, Haxo.uHIUIIXCli B pa3HhIX no.upe

IIICTKax: 

NAA = NBB = 2z NANA= zN(l - 2) ab ab Nab BX. (129) 

AHarroruqHo Haxo.uIIM 

NAB = zN (l )2 NAB = zN (l - )2 ab 8 +x , ba 8 X • 
(130) 

.Ilrrli 3neprnII norryqaeM Bhlpa.lKeHIIe 

AA AB BA BB zN V 2 
E = VAANab + VAB(Nab + Nab ) + VBBNab = Eo - - 4-x , (131) 

zN l 
Eo = 8 (vAA + VAB + VBB), v = 2(vAA + VBB) - VAB· 

3HTpomrn nponopuuona.TihHa norapnq>MY cTaTBeca: 

=kl [(N/2)! (N/2)!]=-Nk[l+x 1 l+x 1-x 1 1-x] . 
S n N:}!N!! N('!Nf! 2 n 2 + 2 n 2 

(132) 

Cao6o.uHall 3Heprnll F = E - TS nMeeT m1.ri 

F _ E zNv 2 NkT[l + x I 1 + x l - x I 1 - x] - o---x + --n--+--n--. 
4 2 2 2 2 

(133) 
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Pa3nO:lKeHii:e ee B OKpeCTHOCTII X = 0 IIMeeT BII,ll 

1 1 1 
F = E0 - NkTin2 + 2N(kT- 2zv)x2 + 

12
NkTx4 + ... (134) 

<l>a30Bhlli nepexo.u nMeeT MeCTO npn T < Tc = zv / (2k). B6nn3n TO'IKII qJa30Boro 

nepexo.ua 06parua10TCH B Hynh BTOpM II TpeThH npOII3BO,llHhle noTeHun:ana rn:66ca. 

Y'leT qinyKTyaun:ii npn: 3TOM CTaHOBHTCH He06XO,llllMhlM. 

23 <l>JiyKTYclUHH 

Ilpn: Hann:'IHH qinyKTyaun:ii TO'IHOCTh Il3Mepn:TenhHOro npn:6opa He MO:lKeT 6h!Th 

BhlIIIe HeKoTopoii Benn:'IHHhl, onpe.uenxeMoii TeMnepaTypoii .ua:iKe npn: n:.ueanhHOH 

ero KOHCTPYKUHH [6]. OTC'!eT B npn:6ope .uenaeTCH no cpe.uHeMy nono:lKeHHIO yKa-

3aTenx. YKa3aTenh :iKe npn: TennoBOM .UBH:lKeHnn: Kone6neTcx OKono 3TOro cpe.uHero 

nono:iKeHn:x. 3a Mepy HeTO'IHOCTn:, nponcxo.uxmeii II3-3a 3Toro, MO:lKHO B3HTh Benn:

'IHHY cpe.uHero OTKnOHeHHH yKa3aTenx OT nono:iKeHHH paBHOBeCHH. Ecnn: JI3Mepxe

MM BenJI'IJIHa MeHhIIIe TaKOli"OIIIJI6KJI, TO Il3MepeHJie CTaHOBJITCH HeB03MO:lKHhlM -

3TO npe.uen 'IYBCTBJITenhHOCTJI npJI60pa. 

IlycTh q - OTKnoHeHJie yKa3aTenx npn:6opa npn: JI3MepeimJI Manon Macchi m. lh 

paBeHCTBa ynpyrn:x cJin npn6opa JI cn:nhl TH:lKeCTH Haxo.uJIM mg = aq. Cpe.uHn:ii 

KBa.upaT OTKnOHeHHH MO:lKHO HaliTH, nonh3YHCh TeopeMOli O paBHOMepHOM pacnpe

.ueneHHJI 3HeprJIJI no cTeneHHM cBo6o.uhl: 

a 2 1 
q _ -kT, 2 - 2 (135) 

r.ue MhI npn:paBHxnn: MJIHJIManhHOii nopun:JI 3HeprJin: ynpyry10 3HeprJIIO .ueqiopMaun:JI 

yKaJaTenx. HaxO,llJIM MilHHManhHYIO Macey - npe.uen. 'IYBCTBHTenhHOCTJI: 

mmin = v'i?ra 
g 

(136) 

HanpJIMep, ecnJI ynpyrJiii nporJI6 OT Beca B 1 Kr paBeH 0,5 cM, a= 2 • 106 r/c2, TO 

MilHJIMMhHM Macca .unx KOMHaTHOli TeMnepaTyphl 6y.ueT paBHOli 3 MKr. 
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Ilnx cpe.uHero KBa.upaTa OTKnOHeHHH MaTeMaTn:'leCKOrO MMTHHKa (MaTepn:anh

HM TO'!Ka MaCChl m Ha HeBeCOMOli HHTH .unn:Hhl l B none TH:lKeCTII) aHanorH'IHO 

HaXO,llllM 

1 1 

2mgl¢>2 = iT. (137) 

Ilnx mgl = 107 3pr .unx KOMHaTHOii TeMnepaTyphl nony'ln:M J7Jl} ~ 10-10
. 3To 

)lOCTaTO'IHO Manhle BenH'IJIHhl. 

O.uHaKO OHII y:iKe n03BOnn:nn: 061,HCHJITh, HanpJIMep, 3aMe'leHHhie Ha OnhlTe K0-

ne6aHHH HyneBOli TO'IKJI ranhBaHOMeTpa. TaK, .unx cpe.uHero KBa.upaTH'IHOrO TOKa 

6hlna nony'leHa qiopMyna [6] 

,/[fi) = ✓1rkT/(RTo), (138) 

r.ue R, To - conpOTJIBneHJie JI nepn:o.u cBo6o.UHhlX KOne6aHn:ii ranhBaHoMeTpa. Ilnx 

R = 100 OM, To = 8 c 3Ta Benn:'ln:Ha cocTaBnxeT 4-10-12 A - nopx.uoK Ha6n10.uaeMoro 

3qiqieKTa. 

24 <I>nyKTya:u;HH TepMO,ZJ;MHaMHqecKHX BeJIMqlfH 

IlyCTh Teno HaxO,llJITCH B TepMOCTaTe B HepaBHOBeCHOM COCTOHHJIH Il npn:XO.llllT K 

paBHOBeCHOMY nyTeM 06MeHa TennOM C TepMOCTaTOM. Ecnn: 3TOT rrpouecc .llOCTa

TO'IHO Me.uneHHhlll, TO Teno MO:lKeT HMeTh onpe.ueneHHhle 3Ha'leHJIH TepMO,llJIHaMH

'!eCKHX BenH'IHH. BepOHTHOCTh cocTOHHJIH Tena W(E, V), npn KOTopoM 3Heprnx n 

o6beM 6y.uyT nMeTh 3Ha'!eHnH E, V, eCTb W ( E, V) ~ es+so. P acKna.uhlBM 3HTpo

nnIO TepMOCTaTa S0(Et -E, ½- V) = S0(E1, ½)- (E+P0V)/T0 , .unx BepoxTHOCTH 

nony'!aeM: 

S(ET) E-PoV 
W ~e ' - To n_prr>-T ,ro - ,-'O - • (139) 

Bhl.llenxx B TepMo.unHaMn'lecKn:x nepeMeHHhlX cpe.uHn:e Benn:'IIIHhl: E = (E) + b.E, 

V = (V) + b. V, S = (S) + b.S, ... , nony'!aeM .unx BepOHTHOCTII 

W (
b.P8V - b.T8S) ~ exp ___ 2_T ___ . (140) 
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IloKa3aTeJih 3KCIIOHeHTbI MG:lKHO rrepemrcaTb B pa3HOM BII.ne, IIOCKOJibKY He3aBIICII

MbIX rrepeMeHHbIX TOJibKO .nae. BbI6HpM B KaqeCTBe rrepeMeHHbIX D.T, Di. V, rrorry

qaeM 

W ~ exp(- Cv (D.T)2 + _!_(°P )r(D. V)2) 2r2 2r av · 

HopMIIpOBaHHOe Bbipa)KeHIIe .UJI5J. aep051.THOCTII l!MeeT Bll.ll 

d2W l x2 y2 

dxdy = 21rab exp(- 2a2 - 2b2 ), 

J
oo d2W 

(x2) = x2- = a2, 
dxdy 

(y2
) = b2

, (xy) = 0, a, b > 0. 

-00 

IlOJib3Y51.Cb 3Tl!Mll Bbipa)KeHII51.MH, rrorryqIIM 

((D.T)2) = ~: = !: , ((Di-V)2) = -T(:~)r, 

(D.TD.V) = 0, ((Di-S)2) = Gp, (Di-SD.P) = 0. 

(141) 

(142) 

(143) 

(144) 

C pOCTOM qucrra qaCTIIII OTHOCIITeJibHble cprryKTyarrIIII 061,eMa II TeMrrepaTypbI y6bI-

BaIOT: 

D.T Di-V l 

r~v~ ~1r (145) 

3Ta BeJIIIql!Ha, B qaCTHOCTII, orrpe.nerr5J.eT rrpe.nerr qyBCTBIITeJibHOCTII ra30BOrO Tep

MOMeTpa 

T 
8T= V8V, (146) 

.nn51. N = A = 6, 02 • 1023 rrorryqIIM 8T = l, 2 • 10-12 T - 3Ta rpaHnrra rrpaKTIIqecKII 

He.UOCTH,KIIMa. 

PaccMOTpIIM cprryKTyarrIIII B KpIITIIqecKo:ft ToqKe. Ha Kp1rno:ft BaH-.nep-Baarrbca 

B 3TOH TOqKc KaCaTCJibHa5J. rrapaJIJieJibHa OCH V: 

::1c = O. (147) 
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Tor.na ll3 3TOro COOTHOIIICHII5J. crre.nyeT, qTO 

av 
((Di-V)2) = -kT aP -+ oo, 

((Di-n)2) -+ oo, Di-82 -+ oo, 

((Di-T)2) -+ canst, D.P2 -+ canst. 

MbI Bll.UIIM, qTO cprryKTyarrmi B KPIITIIqeCKOH TOqKe OKa3bIBaIOTC5J. 60JibIIIl!Mll. 

25 <l>rryKTya:n;HH IIJIOTHOCTH "'CJHCJia -ci:aCTHI( 

(148) 

(149) 

(150) 

PaccMoTpIIM II.neanbHhIH ra3, JaHIIMaromu:ft o6'beM V 11 co.nep,KaIIIII:ft N qacTIIII

BhI.nenIIM BHYTPII Hero MaJihIH 06'beM v. Bep051.THOCTb Toro, qTo HCKOTOpa.ll qacTIIITa 

HaXO.UIITC5J. BHYTPII v, CCTb p = v/V. Cpe.nHee qIICJIO qaCTIIII a Bbl.UCJICHHOM o6'beMe 

CCTb (n) = Np. 3TH cpopMyJihI MO)KHO BbIBCCTII, BBO.ll5J. BCJillqIIHY 8k = l a crryqae, 

Kor.na MOJICKyna c HOMepoM k HaXO.Ul!TC5J. BHYTPII v, II 8k = 0 a rrpOTIIBHOM crryqae. 

Tor.na 

n = Ef Dk, (n) = Ef 8k, 

8k = l · p + 0 · (l - p) = p. 

(151) 

Cpe.nHee KBa.npaTHqHoe OTKJIOHCHIIe ((n - (n))2) = (n2
) - (n)2 

MO)KHO HaHTII TCM 

)KC crroco6oM: 

(n2
) = Ef ai + 2Ekfi8k8i =Np+ N(N - l)p

2
• (152) 

.Iln51. cpe.nHero KBa.npaTIIqHoro OTKJIOHCHII5J. rronyqIIM (n2)-(n)2 = (n). Ilpu 3TOM Mbl 

3aMCHIIJill 1 - p ~ l B c11ny rrpe.nrroJIO)KeHil5J. 0 MaJIOCTII OTHOIIICHII5J. p = V /V << l. 

IlrroTHOCTb, ycpe.nHCHHM no o6'beMy v, paBHa p = mn/v. Il03TOMY OTHOCIITCJib

HOe OTKJIOHeHIIC ql!CJia qaCTIIII paBHO OTHOCIITCJibHOMY OTKJIOHCHIIIO IIJIOTHOCTII OT 

cpe.nHe:ft IIJIOTHOCTII: 

n - (n) p- (p) 
(n)=(p)-
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Cpe,uHJIH KBanpaT 3Ton: BenwrnHhl paBeH 

((n-(n))2) = (p- (p))2 
(n)2 (p)2 

1 1 
(n) = N 1v' 

rne N1 - cpenHee <rncno qacTHU B enHHIIUe ofrheMa. 

26 P acce.HHHe cBeTa 

(154) 

BhlqJICnlIM lIHTeHCIIBHOCTh CBeTa, pacceJrnHoro ra3OM llnll )KlI,llKOCThIO, 3arronmr

IOI.Ueli HeK0Tophl11 061,eM. Bhl.llenuM Many10 o6nacTh c 061,eMOM V pa3MepoM, He 

rrpeBbllliaIOIUllM nnIIHhl BOnHhl rranaIOI.Uero CBeTa. B rrepeMeHHOM 3neKTpuqecKOM 

none CBeToBon: BOnHhl EB 3TOM o6'heMe BO3HIIKaeT nurronhHhln: MOMeHT J = VapE, 

rne a, p- COOTBeTCTBeHHO II
0

Omip113yeMOCTh II rrnOTHOCTh BerueCTBa. CornaCHO Knac

cuqecKOli 3neKTPO.llllHaMIIKe lIHTeHCIIBHOCTh pacceJrnHoro CBeTa 6yneT paBHOli 

l=2_(cF-2 2 4 
3c3 dt2d) = 3c3w (Vap)2. (155) 

Ecnu 6bl He 6blnO qinyKTyauun: rrnOTHOCTII, TO CBeT He pacce1rnancSI 6bl BOBCe. llen:

CTBIITenhHO, BCerna Han:neTCSI TaKM OKpeCTHOCTh naHHOro 06'beMqJIKa, KOTOPM 6y

neT racnTh ero lI3nyqeHue, "TO eCTh lI3nyqaTh B rrpOTIIBOqJa3e. TaKIIM o6pa30M," 

3qiqieKT cpe.uHen: IInOTHOCTII 6yneT HyneBbIM II BenuquHy p2 B rrpuBeneHHOli Bhlme 

qiopMyne He06XO,llllMO 3aMeHIITh Ha (op2) = ((p- (p))2). Ilonh3JS!Ch nanee 

p2a.2 = (n-1)2 
47r2 ' 

(op2) 

p2 
T/3 
v' f3 

- 1 av ---(-) V 8P T, (156) 

rne n, f3 - rroKaJaTenh rrpenoMneHuSI u C:lKIIMaeMOCTh, rreperrumeM Bhlpa:lKeHue nnSI 

lIHTeHCIIBHOCTll pacceSIHHOro CBeTa B BU.Ile 

I= hSV, 2w
4
(n - 1)

2 
kT/3, 

h = 31rc4 (157) 

rne S = 4~E2 
- rrnoTHOCTh rroToKa 3Hepruu. YMeHhllieHue ero Ja cqeT pacceSI

HIISI rrpu rrpOXO:lK,lleHIIII IIOTOKOM CBeTa cnoSI BerueCTBa TOnlUIIHOli dx OIIllCblBaeTCSI 
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nuqiqiepeHuuanhHhIM ypaBHeHIIeM dS = -hSdx. TaKnM o6pa3oM, BenuquHa h-1 

rrpe,ucTaBJISieT paCCTOS!Hlle, rrpn rrpOXO:lK,lleHIIII KOTOporo B ra30BOII cpe.ue (unn )KlI,ll

KOCTll) JIHTeHCllBHOCTh cBeTa yMeHhmaeTcSI B e pa3: S(x) = S(0)exp(-xh). llnSI 

BOJ.nyxa rrpll Ter.mepaType T:::::; 300 K Ben11q11Ha 1/h cocTaBnSieT HeCKOJihKO Kuno

MeTpOB. 

IloCKOJihKY qJJIJKTyaUllll IIJIOTHOCTII B pa3JillqHhIX o6'heMqUKax rrpOIICXO,llSIT He-

3aBllCIIMO,(p2(f'1)p2(fz)) = 0 u 3qiqieKT pacceSIHIISI Ha qinyKTyaunu rrporropuno-

HaJieH 061,eMy, TO CJMMapHhlli 3qiqJeKT crrpaBe,llJIIIB ,llJISI JII06bIX o6'heMOB. 

ToT qiaKT, qTO lIHTeHCIIBHOCTh rrporropUIIOHaJihHa qeTBepTOli CTerreHll qacTOThl 

CBeTa, C O,llHOli CTOpOHhl, 06'hSICHSieT rony6on: UBeT He6a ~ IIOCKOJihKY 3TO Hau6onee 

KOpOTKOBOJIHOBM qaCTh Bll.llllMOro crreKTpa. C npyron: - 3Ta :lKe 3aBllCl!MOCTh 06'hSIC

HSieT KpaCHhlli UBeT CoJIHUa Ha Jape, IIOCKOJihKY OH OTBeqaeT HaIIMeHbllieli qacTOTe 

BlI.llIIMoro crreKTpa u MeHee Bcero pacceuBaeTCSI B aTMocqiepe. 

27 BpoyHoBcKoe ,nBH:>KeHue. 

<I>opMyJia 3iiHIIITff0:Ha 

8Kcrrep1IMeHTaJihHO ycTaHOBJieHO, qTO BhIHJ:lK,llaeMOe BHellIHIIMII B03,lleHCTBIISIMH ,llBH

:lKeHHe o6'heKTa qepe3 cpe.uy corrpoBO:lK,llaeTCSI JaTyxaHueM u ypaBHeHIIe .llBII:lKeHirn 

lIMeeT Bll.ll 

mx + ',x = J(t), (158) 

rne 'Y - K03qiqiuuHeHT JaTyxaHuSI; J(t) - cuna, c KOTopon: oKpy:lKaIOI.UM cpena u npy

rue BHemHue qiaKTOphl nen:CTBJIOT Ha rrepeMerua10ruy10cSI Macey. llaH:lKeBeH rrpoBen 

ee 3JieMeHTapHhlli aHaJIH3, II03BOJillBllIIIli BCKpbITh rrpupony SIBJieHHSI. lloMHO:lKM 

rrocne,uHIOIO qiopMyny Ha x, lICIIOJih3JSI COOTHOllieHIIe 

.. a2(x2) - (x)2 
xx= 28t2 (159) 
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II lIHTerpHpyH no BpeMeHH, nepemuneM 3TO ypaBHeHHe B BH,lle 

x2 = 21; m(x)2dt + 21; xf(t)dt _ 2mxx It. 
'Y 'Y 'Y o 

(160) 

Y cpe.uHemre no aHcaM6mo ( 6onhIUOMY 'rncny CHcTeM), nH6o npO1I3BO.llH MHO:lKe-

CTBO 113MepeHIIll Ha.u 0.llHOll CIICTeMoft, COCTOIIT B HaKna,llhIBaHIIII ycnOBHII: 

m((x)2
) 

2 
kT 

2' (xi)= 0, (xx)= 0, 

r.ue nepBoe paBeHCTBO COOTBeTCTByeT TeopeMe paBHOpacnpe.ueneHIIH, a OCTanhHhle 

OTpa:lKaIOT cnyqaftHhlll xapaKTepBenliqlIH f II x. TaKIIM o6pa30M, Mbl nonyqaeM 

cooTHOllleHHe (GiIHlllTeftH): 

2 2kTt 
(x )=-=Dt. 

'Y 
(161) 

Ho6eneBCK1Ift naypeaT ITeppeH B 1926 ro.uy II3Mep1In (x2) .unH 6poyHOBCKoro .llBII:lKe

HIIH, IICXO.llH II3 3TOH q>OpMynbI Bhlq1Icn1In k II, TaKIIM o6pa30M, q1Icno ABora.upo. 

28 KoppeJI.HI(HOHHrui: q>yHKI(H.H cKopocTeii H cny

qaiiHhlX CHJI 

YpaBHem1e .llBII:lKeHIIH 6poyHOBCKOll qaCTIIIJhl MaCChl m IIMeeT BII.ll 

1 1 
Vi=--v+-fac, 

T m 
(162) 

r.ue T - xapaKTepHoe BpeMH TOpMo:lKeHIIH 6poyHoBCKOH qacTIIIJhl, lac - O.llHa II3 KOM

noHeHT (x, y, z) cnyqaftHoft clinhl, .ueftcTBy10meft Ha qacTIIIIY- CornacHo np1IHIJ1Iny 

paBHOpacnpe.ueneHIIH 3Hepr1III .llflH cpe.uHeKBa.upaTIIqHOII CKOpOCTII IIMeeM 

m (v2) = !kT 
2 2 . 

BBe,lleM KOppenHIJIIOHHYIO q>yHKIJHIO CKOpOCTeft 

</J(t1 - t2) = (v(t1)v(t2)), 
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(163) 

<fJ(0) = kT 
m· (164) 

l1po11e.uypa ycpe.uHeHIIH MO:lKeT TpaKTOBaTbCH KaK cpe.uHee apHq>MeTHqecKoe no BCeM 

qacTHIJaM npOH3Be,lleHHH CKOpOCTeft 0,llHOH II TOH ,Ke qacTHIJhI B pa3Hhie MOMeHTbI 

BpeMeHH. lh o6IUHX coo6pa:lKeHHH MO:lKHO yTBep:lK.llaTh, qTO 3Ta q>yHKIIHH .uomKHa 

6bITb qeTHOH </J(-t) = <fJ(t) H, KpOMe Toro, .llOfl:lKHa y6hIBaT~ npn 6onhllllIX 3Haqe

HIUIX apryMeHTa. l.J:T06hl HaIITH 3TY q>yHKIJHIO, ycpe,llHHM Bhlpa:lKeHIIe 

1 · 1 
v(t2)[v1(ti) + -v(t1) - '-fac(t1)] = 0. 

T m 

B pe3ynhTaTe nonyq11M 

d 1 1 
-d <fJ(t1 - t2) + -<fJ(t1 - t2) = -Uac(t1)v(t2)). 

t1 T m 
(165) 

llnH cnyqag t1 > t2 npaBM qacTb o6pamaeTCH B Hynh, nOCKOflbKY Ha Ben11q11Hy 

CKOpOCTII He MoryT nOBflllHTb Cllnhl, .ueftCTBYIOIUlle B nocne.uy10m11e MOMeHTbI. ITo

nyqeHHOe ypaBHeH11e nerKO pelllaeTCH. l1p11HIIMM BO BHHMaHlle qeTHOCTb q>yHKIJIIII 

11 ee 3HaqeH11e B HaqanbHhIH MOMeHT BpeMeH:ii, nonyqaeM 

</J(t) = kT e-~ 
m 

(166) 

11onb3YHCb 3TIIM pe3ynhTaTOM, Haft.ueM cpe,llHlllI KBa.upaT CMeIUeHHH qaCTIIIJhl (x2(t)): 

t 

x(t) = j v(t1)dt1, 
0 

t t 

(x2(t)) = f dt1 f </J(t1 - t2)dt2. 
0 0 

Bb1q11cneHHe .uaeT (rnaBHhIH BKna.u npo11cxo.uHT OT 06nacT11 lt1 - t2 1 :::::: 0) 

t 00 

(x2(t)) = f dt1 f <fJ(z)dz = t2:_r. 
0 -oo 

llnH KOppenHTOpa cnyqaftHhIX Clln ecTeCTBeHHO npe.unonO:lKHTh, qTo 

Uac(t1)fac(t2)) = B6(t1 - t2). 
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(167) 

(168) 

(169) 



Pernemie ypaBHemur ,llBmKemur ,llITJI KOMilOHeHThI CKOpOCTII IIMeeT BII,ll 

t 

' 1 / !l. v(t) = e-·qm er fac(t1)dt1 + vo]. (170) 
0 

HatJ:anhHOe 3HatJ:eHIIe CKOpOCTII MO:lKHO onyCTIITh ,llITJI paccMaTpIIaaeMoro ,llanee cny-

tJ:M t » T . .IlnJI BCJIIItJ:IIHhI m(v
2
(t)) = kT, IlOITh3YJICh BII,llOM KOppenJITOpa cnytJ:ail:-

HhIX CIIIT, npIIBe,lleHHhIM BhIIIIe, nonytJ:IIM 

t t 

_"ll_BJ I !.J..±!1. B kT = e r - dt1 dt2c5(t1 - t2)e r = -. 
m 2a (171) 

0 0 

TaKIIM o6pa3oM, nonytJ:IIM 

Uac(ti)fac(t2)) = 2akTc5(ti - t2). (172) 

B Ka•IeCTBe npIIMepa paCCMOTpIIM 3ITeKTpIItJ:ecKyIO uenh, COCTOJilllYIO II3 conpOTII

BITeHIIJI R II IIH.llYKTIIBHOCTII L. 3a CtJ:eT cnytJ:ail:Horo ,llBII:lKeHIIJI 3JieKTpOHOB, B3aII

MO,lleil:CTBYIOlllIIX C aTOMaMII B pe3IICTOpe, B uenII IlOJIBITJieTCJI cnytJ:allHM 8.IIC Eac• 

YpaaHeHIIe ,llITJI TOKa i .HMCeT BII.ll,IlO.ll06Hhlll ypaBHCH.HIO ,llITJI 6poyHOBCKOll tJ:aCT.HllhI 

L di+ Ri = Eac· (173) 
dt 

B IlOITHOll aHanorIIH co cnytJ:aeM 6poyHOBCKOll tJ:aCTIIllhI nonytJ:HM 

l!.i..=-!.zl L 
(i(ti)i(t2)) = LkTe- r , T = R; (174) 

(Eac(t1)Eac(t2)) = 2RkTc5(t1 - t2). 

TennOBhle IIIYMhI B uenJIX He06XO,llIIMO YtJ:HThIBaTh npII TOtJ:HhIX II3MepeHIIJIX. 

29 CrreKTpaJihHOe pa3JIO)KeHHe cprryKTyau;Hn 

Bo MHOr.HX np.HITO:lKeH.HJIX Ba:lKHYIO pOJih IIrpaeT cneKTpanhHhlil: aHaIT.H3 BIT.HJIH.HJI 

cpnyKTyau.Hil:. PacCMOTp.HM ,llBII:lKeHIIe rapMOH.HtJ:eCKOro OCll.HITJIJITOpa C tJ:aCTOTOil: w, 

Ha KOTOphlil: ,lleil:cTByeT cpnyKTYHPYIOlllM C.Hna J(t) = mx(t): 
d2 

dt2X +w2X = x(t). (175) 
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Henocpe,llCTBeHHOll npoaepKOll MO:lKHO y6e,ll.HThCJ'I a cnpaae,llmIBOCT.H paaeHCTBa 

t 

~(t) = :tx + iwX = iwt I eiwlix(t1)dt1. 
0 

.IlnJI 3Hepnm OCUIIITJIJ'ITOpa nonytJ:HM 

t t 

E(t) = ~l~(t}l2 = ~ / dt1 J dt2eiw(tz-tilx(t1)x(t2)-

o 0 

(176) 

(177) 

Cpe,llHJIJI nonytJ:eHHM 3Hepr.HJI Bhipa:iKaeTCJI tJ:epe3 cpyphC-KOMilOHeHTY KOppeni:run

OHHOll cpyHKlllilI ¢(t1 - t2) = (x(t1)x(t2)): 

00 

{E(t)) = ~t J dzcp(z)e-iwz_ (178) 

-oo 

30 Ilepe,na ToqHrui: cpyHKIJ;H.H. TeopeMa HanKBH-

CTa 

JIIIHCRHM CIICTeMa .HMeeT cpyHKll.HIO OTKIT.HKa (nepe,llaTOtJ:HYIO cpyHKll.HIO) A(w), TO 

ecTh npeo6pa3yeT C.HrHan Ha BXO.lle x(t) = exp(iwt) B cnrHan y(t) = A(w) exp(iwt). 

BhltJ:.HCITIIM cpyHKll.HIO OTKITIIKa ,llJIJI ClICTCMhI .H3 nocne,lloBaTeJihHO COe,llIIHeHHhIX eM

KOCT.H C II conpoTHBneHIIJI R. Bxo.llHhIM cHrHanoM JIB;rneTcJI npnno:iKeHHOe HanpJI

:iKeH.He V = V0 exp(iwt), a BhIXO.llHhIM - TOK, TeKymnil: no uen.H, I= I0 exp(iwt). 8TII 

BCJIIItJ:IIHhI CBJI3aHhI COOTHOIIIeH.HeM 

Io= A(w)Vo, 
1 

A(w) = Z(w)' 
1 

Z(w) = R + iwC' (179) 

r,lle Z(w) - .HMilC,llaHC. <l>yHKlllIJI peaKUHH, CBJI3hIBaIOlllM (aXO,llHOll) TOK C (BhI

XO,llHhIM) 3apJI,llOM CCTh 1/(iw), IlOCKOIThKY 3apJI,ll eCTh .HHTerpan OT TOKa. TaK.HM 

o6pa30M, nepe,llaTOtJ:HM cpyHKlllIJI, CBJI3hIBaIOlllM 3apJI,ll Ha BhIXO,lle C HanpJI:lKCHIICM 

Ha BXO,lle, IIMeeT BII.ll 

C 
A(w) = 1 + iRC 
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(180) 



CrreKTpaJihHaJI cpyHKUIUI cpnyKTYIIPYIOI.Uero 3apsi.ua G q ( w) CBSI3aHa c ( rrocTOSIHHOH) 

crreKTpanhHOI1: cpyHKUHeiI cpnyKTYIIPYIOI.Uero Harrpsi)KeHIISI Gv cooTHorneHIIeM Gq = 

IA(w)l2Gv. llmr cpe.nHero KBa.npaTa 3apSI.na rrony'!IIM 

oo oo C 

f 
Gvf dw . = ~-Gv. (q2) = Gq(w)dw = R2 w2 + (l/(RC)2 2 R 

0 0 

(181) 

IIonh3YSICh rrpIIHUIIII0M paBHopacnpe.ueneHIISI :meprIIII, nony'IIIM TaK)Ke (q2) /C = 

kT. CpaBHIIBM 3TII Bhipa)KeHIISI, rrony'IIIM (yTBep)K.UeHIIe TeopeMhI HaiIKBHCTa) 

2 
Gv = -RkT. 

7r 

II p1rne.ueM .UJISI II0JIH0Thl Bblpa)KeHIIe .llJISI K0ppeJISIUIIOHHOH cpyHKUIIII 3apSI,ll0B: 

ltl 
(q(O)q(t)) = 2CkTe- Re. 

(182) 

(183) 

HaCTOSIIIIee noco6ue 6bIJIO rro.uroT0BJieHH0 Ha 0CH0Be JieKUIIH, IIp0'IUTaHHhIX rne-

6oM KOTKlIHhIM B 1996 ro.uy B HoBOCII6npCKOM rocyHirnepCIITeTe, C IICII0Jih30BaHneM 

JIIITepaTyphI, yKa3aHHOH HII)Ke. 
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