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B.JI.Jiw6onnm: 

TEOPEMA Bl1Pl1AJIA 11 YCJIOBM.Sr PABHOBECl151 

CMCTE~bl 3AP51)KEHHhIX qACTM~ 

B MArHMTHOM ITOJIE 



1. Jlm1 CHCTeMbl N BJaHMO,ll,eHCTBYIOIUHX .D.pyr C .D.pyroM qaCTHU, ,ll,BH)KYJUHXC.H 

B orpa,rnqeHHoii o6nacTH npocTpaHcTBa, cnpaBe,ll,nHBa TaK HaJbrnaeMa.H «TeopeMa 

BHpHana» (CM., 11anpHMep, [1-4]), comaCHO KOTOpoii BbtnOnH.HeTC.H paBeHCTBO 

3,ll,eCb T= ½ L mi v: 
i 

N 
- I~ 
T=- £... 

2 . 
i= I 

r. F .. 
I I 

cyMMapHa.H KHHeTnqecKa.H :mepm.H CHCTeMbl, ri 

(1) 

dp. 
pa.D.ttyc-eeKTOp i-ii qacTHUbI, F. = -d 

1 
- cnna, .D.eiicrnyIOIUa.H Hai-IO qacTnuy; qep-

1 t 
Ta OJ11aqaeT ycpe,ll,HeHHe no BpeMeHH. Ilo,1J,qepKHeM, qTo nptt <pHHHTHOM ,ll,BH)KeHHH 

cpe,ll,11.H.H cyMMapHa.H CHna, ,ll,ettcTByIOIUa.H Ha CHCTeMy, ,ll,OmKua 6bITb paBHa nynIO 

(nocKonhKY I, Fi= :t I, mi v). PaeeHCTBO 

i i 

(2) 

o6ecneqneaeT HHBapttaHTHOCTb COOTHOllleHH.H (I) OTHOCHTenbHO BbI6opa Haqana 

KOOp,ll,HllaT. 

IlyCTb CHCTeMa N JapmKeHHbIX qaCTHU HaXO,ll,HTC.H BO BHellIHeM MarHHTHOM 

none. Ecntt nptt 3TOM ,ll,BH)KeHIIe OCTaeTC.H <pHHHTHblM H Ha CHCTeMy He ,ll,ettcTByIOT 

HHKaKtte .D.pyme BHellIHHe CHnbl, KpOMe CHn Jlopettua, B cpopMyne (1) cne,1J,yeT 

nonm1mTh 

e. 
Fi= - '\'; U(rl' r2 ... rN) + ; [vi H(r;)], (3) 

r,ll,e U(rl' r2··· rN) - noTeHUHanbHa.H 3Hepm.H BJaHMO,ll,eiicTBH.H qacTHU*, vi -

CKOpOCTb i-ii qacTHUbl, e. - ee Jap.H.ll., H(r.) - nanp.H)KeHHOCTb MarHHTHOro non.H 
I I 

B TQqKe HaXO)K,ll,eHH.H i-ii qacTHUbl. Ilo,ll,CTaBn.H.H (3) B (1), nonyqaeM 

*Mbl amlJIH3HpyeM o6muii CJl}"laH, Koma B3aHMO)teHCTBHe MeJK,lly 3llplllKeHHblMH 'll!CTHUl!MH He 

CBO/tHTCll TOJJLKO K KYJJOHOBCKOMY B3aHM-O)teHCTBHIO. 



N N 1 1 ei ___ _ 
T= 2 L ri Vi U(rl' r 2 ••• rN) - 2 L ~ (ri [vi H(r;)]) 

i = 1 

HJIH 
N N 

T = ½ L r?i U(rl' rz- .. rN)- L Mi H(ri), (5) 
i = 1 i = 1 

rAe 

I ei 
M. = -

2 
- [r.v.] -

I C I I 
(6) 

MarHHTHblH MOMeHT i-ii 'laCTHUbl, CB.H3aHHblH C ee op6HTaJibHbIM ABH)KeIIHeM. 

TaKHM o6pa30M, B BHpl:laJibHOM COOTHOIIIeHl:IH no.HRJl.lleTC.ll 'lneH, COOTBeTCTBYIO

IUHH B3aHMOAeiiCTBl:IIO BHellIHero MamHTHOro non.H C MarHHTHblMl:I MOMeHTaMH 

'laCTHU. 

PaCCMOTpl:IM Ba)KHbIH CnY'!aii, KOrAa noTeHUl:laJlbHM :rneprn.H CKnMbIBaeTC.ll H3 

napHblX noTeHUl:laJIOB cpirik), JaBHC.l!IUHX TOnbKO OT paCCTO.l!Hl:l.ll Me~y 'laCTH-

uaMH: 

U(rl' r2 ... r N) =½LL cpirik)' ri~ = I ri - rk I. (7) 
i '# k 

TorAa <popMyna (5) nepenttcbrnaeTC.H B BHAe (cp. c [4]) 

T = ¼ L L rik di. cpirik) - L Mi H(r;)-
i * k 1k i 

(8) 

B OAHOpOAHOM MarHHTHOM none HMeeM 

- 1"'"' d -T = 4 ,L.. ,L.. rik dr. cpirik) - MH, 
i'# k ik 

(9) 

me M - cpeAHHii MarHHTHbiii MOMeHT cttcTeMbI, CB.HJaHHbIH c op6ttTaJibHbIM ABH

)KeHHeM 'laCTHU. B 'laCTHOCTH, npH 'IHCTO KynoHOBCKOM B3aHMOAeHCTBUH Me~y 

I 
3ap.H)KeHHblMU '!aCTHUaMH, KOrAa cp'k - - , <popMyna (9) AaeT 

i rik 

T+MH=- U 
2' (IO) 

rAe U - cpeAH.ll.ll noTeHUl:laJibHM 3Heprn.H. IIonHM 3Heprn.H B3aUMOAeiiCTBH.ll B 

3TOM cnY'lae 

£ = T + U = - T - 2MH. 

2 

(11) 

J 

I 
I 
\ 

IIptt H = 0 H3 (10) H (11) cneAyIOT xopomo l:13BeCTHbie COOTHOllieHH.ll M.ll 

JaMKHYTOH CHCTeMbl 'laCTIIU, B3aHMOAeiicrnyIOIUHX no JaKOHY Kynmia: 

2T=- U, £=-T. 

JlerKO y6eAHTbC.ll B TOM, 'ITO BHpHaJibHOe COOTHOllieHHe (9) cnpaBeMHBO H M.ll 

HJOnHpOBaHHOH 3ap.H)KeHHOH 'laCTHUbl, ABH)KyJUeiic.H no OKp~HOCTl:I B nnOCKOCTH, 

nepneHAHKyn.HpHOH HanpaBneHHIO OAHOP.OAHOro MarHHTHOro non.H (B 3TOM cnY'lae 

cp = 0). ,UeiiCTBHTenbHO, H3 ypaBHeHH.ll ABH)KeHH.ll B MarHHTHOM none 

cneAyeT, 'ITO 

3AeCb 

dP mv2 e 
- = - - r = - [vH] 
dt r2 c 

mv2 e 
T = 2 = -

2
c ([vH] r) = - MH. 

e M=- [rv]-
2c 

(12) 

MarHHTHbIH MOMeHT, KOTOpbIH B cny'lae ABH)KeHH.ll 3ap.H)KeHIIOH 'laCTHUbl no 

OKPY)KHOCTH He JaBHCHT OT BpeMeHH l:I ecema HanpaBneH B CTOpoHy, nponrnono

nO)KHYIO HanpaeneHHIO MarHHTHOro non.H. 

2. TeopeMa BHpttana M.ll CHCTeMbl 3ap.H)KeHHblX 'laCTHU B MarHHTHOM none 

coxpaH.HeT CBOH CMblcn H B paMKax KBaHTOBO-MexaHH'leCKl:IX npeACTaBneHHH. IIpH 

3TOM (pHHHTHOMY ABl:l)KeHHIO COOTBeTCTBYJOT CTaUHOHapHbie COCTO.l!HH.ll B AHCKpeT

HOM cneKTpe 3Heprnii (HnH HeKorepeHTHM CMeCb TaKHX COCTO.l!HHii), a BMeCTO 

cpeAHHX no BpeMeHH paccMaTpHBaIOTC.ll KBaHTOBO-MexaHH'leCKHe cpeAHHe onepa

TOpOB (3,4]. TaKHM o6pa30M, B COOTBeTCTBHH C <popMynoii (5) Mb! MO)KeM 

HanttcaTb 

N N 
/I 1 /I 

(T)= 2 ( L r?i U(rl' r2 ... rN))- ( L Mi H(ri)). (13) 

i=l i=l 
I\ I\ 

rAe T - onepaTop KnHeTn'lecKoii 311eprm1, M. - onepaTop MarnnTHoro MOMeH-
1 

Ta i-ii 'laCTHUbl, U - noTeHUHaJI B3aUMOAeHCTBH.ll; 3HaK ( ... ) 3AeCb U B AaJibHeii

meM 03Ha'laeT KBaHTOBO-MexaHI!'leCKOe (11 CTaTIICTil'leCKOe M.ll MaKpO

CKOnH'leCKIIX Ten) ycpeAHeHHe. 

CornacHO (13) e OAHOPOAHOM MarHIITHOM none H B CnY'lae KynoHOBCKOro 

B3al!MOAeiicTBil.ll Me~y 'laCTIIUaMH (KOHKpeTHO pe'lb MO)KeT HATH 06 3neKTpOHax 

II .l!Apax B aTOMax H MoneKynax) BbmonH.HeTC.ll paBeHCTBO 

I\ I\ 

2(T)= ,_ (U)- 2(M) H; (14) 

3 



I\ I\ 

me (M) = L (Mi) - cpeJJ:HI1H Marn11THhIH MoMeHT c11cTeMbI (6eJ cn11HOBOH 

i 

qaCT11), (U) - cpeJJ:H.Slll noTeHU11aJlbHruI :mepnrn, BKJIJ0qa10mrui TaIOKe 06r.1eHHy10 

:rnepm10, o6ycnoBneHHYIO Cl1MMeTp11Jau11ett 11n11 aHTl1Cl1MMeTp11Jau11ett B0nHOBOH 

cpyttKUH11 T0)KJleCTBeHHblX qacT11u. 

KaK 113BeCTH0, onepaTop Kl1HeT11qecKOH :rnepm11 Cl1CTe~1bl JapH)KellllbIX 

qacn1u B MarHHTH0M none HMeeT B11.Il [5] 

/\2 
/\ v. 

T= L mi f' 
i 

r,!le 

v.=- P.-....!.A(r.) -" 1 (" e. ) 
I m. I C I 

I 

(15) 

I\ 

oneparnp CKopocTH i-ii qacT11UhI, P. = - ifiV., A(r.) - BeKTop-noTeHu11an, CBH-
1 I I 

JaHHblH C MarHl1THblM noneM C00TH0illeH11eM. 

rot A(r) = H(r). 

O6bJqHo Ha BeKT0p-noTeHU11aJI Ha~a,!lbJBaeTCH ·. KaJI116poBoqHoe ycn0B11e 

div A(r) = 0, np11 K0TOpoM onepaTOpbI P 11 A(r) K0MMYTaTHBHbI. Toma 

2 
" " ei " I ei 2 
T= T0 - "-A(r.)P.+-

2
1:-

2 
A (r.), 

.£...m.c I I I 
i ' i mic 

(16) 

r,!le /\2 2 
I\ P. 

2 
V. 

To=L-' =-h L-' · 2m. 2m. 
(17) 

l i I 

C yqeT0M (6) 11 (15) onepaTOp MarHl1TH0ro M0MeHTa i-H 'IaCTl1Ubl onl1CbIBaeTCH 

cpopMynoii . 2 

" 1 ei " I ei 
M.=-

2
-[r.P.]--

2
1:-

2 
[r.A(r.)]. (18) 

I m C I I I I 
· i i mic · 

B 0,!lH0p0,!lH0M MarHl1TH0M none BeKT0p-noTeHU11aJI MQ)KHQ Ja,!laTh B cpopMe [5] 

1 
A(r) = 2 [Hr]. (19) 

Tio,!lCTaBJIHH (19) B cpopMynhI (16) 11 (18), HaX0,!lHM 

2 
" I\ 1 e i " 1 ei 2 
T = To - 2 L m. c ([ri Pi] H) + 8 L --2 [Hr;] ' 

i , i mic 

4 

(20) 

l 

2 
" " I e; " I e; 
M = L M.=-

2
1:- [r. P.]- -

4 
1:-2 [r. [Hr.]]. 

JlerKO BH)leTh, qTQ 

I Ill C I I I I 
i i i i llli C 

I\ 

" cJT 
M = - cJH 

(21 )* 

(22) 

EcnH Tenepb n0)lCTaBHTb (20) H (21) B B11p11aribH0e coornowe1111e (14) ll)lll qac

T11U, BJaHMOJJ:eiicrny10m11x no JaKoHy Kyno11a, Mbl nonyqm1 

2 

(T )= - @ + _!_ ( L e; 2 [Hr/) . 
0 2 8 . Ill. C 

I I 

(23) 

H1nepeCHO, qTQ nm1ettllble no MarllllTII0MY nomo qnel!bl B cpopMyne (23) BJam1110 

CO K pama10TCH. 

3. BbtWe Mbl cq11Tan11, qTo qacntUbl BJallMOJJ:eiicrnyIOT Me)KJly co6oii, HO 11a 

Ka)KJlyIO 113 Hl1X He )leHCTBYIOT IIHKaKHe e11ew1111e CHnbl, Kp0Me CIIJlbl Jlope11ua, II, 

B qacTII0CTH, 0TCYTCTByeT BHeumee )laBne1111e. PaccMOTpHM Tenepb MaKpocKon11qe

CKYIO Cl1CTeMy, HaX0JJ:51ll.lYIOC51 no)l B1Iewm1M )laBJiemieM p '# 0. O6mrui BllpHaJibllruI 

cpopMyna ( 1) 0CTaeTC51 cnpaBe)lJll1BOii B 3TOM cnyqae, 110 B ee npaByIO qacTb cne).ly

eT .no6aBIITb «B11p11an CTell0K», orpa1111,111Ba10m11x 06beM MaKp0CK011HqecKoro Te

na. 

JlerKo noKaJaTh, qTo COOTBeTCTBYIOIUHH .nononmnenbllblii 'IJlell paBell ½ PV 

(CM., 11anp11Mep, [2-4 ]). EcnH B npaey10 qacTb cpopMynbt (I) BKJIIQqllTb «B11p11an 

CTeH0K», Mbl np11,neM K cne.ny10meMy ypae11e111110 C0CT051111l51 MaKpOCKOllll'leCKOii 

CHCTeMbl B 0)lH0p0JJ:H0M MarI!l1TII0M none: 

I " " PV = - [2(T)+ 2(M) H - (" r.V. U(r 1, r') ... rN) ). 3 .£...,, - (24) 

i 

*B Cil)"lae aTOMOB IIJIH MOJieKyJI )IBlllKeHHCM ll/lep 8811/IY IIX 6oJibWOii MaCCbl M0:4(110 11pc11c6pC'lb. 

Tor11a cornac110 (20) 11 (21) [5] 

fl 12 fl I 2 
T = - _!_ I, \72 

- _e_ LH + - ~ I, [Hr.]2. 
2m ; 1 2mc 8 me- ; 1 

I\ e "' l e2 ., 
M = - L-- - L (Hr~ - r.(Hr.)). 

2mc 4 mc2 ; ' ' ' 

me C)'MMllposa,!_rne npOBO)IIITCll no BCeM 3JICKTp0113M, (' II m - 3apll)l II Macca 3.~CKTpona COOTHCTCTHCll-

110, L = L r; P; - onepaTop nommro op611TaJibllOro MOMCIITU. BTopoii 'lJICII B Bhlp=cmm )~'Ill Mar-

HIITHOfO MOMe1na M CBll3aH C )IHaManleTH3MOM 3JICKTp0110B. 

5 



8 Cn)"lae KynoHOBCKOro B3aHMOAeiiCTBHll Me)l(AY 4aCTHUaMH, COCTaBnlllOW,llMH CHC

TeMy, ypaBHeHlle COCTOl!Hllll npHIIHMaeT BHA 

I\ I\ 

3PV = 2(T)+ (U)+ 2(M) H. (25) 

4. B pa6oTe [4] TeopeMa BllpHana Aflll KynOIIOBCKOro B3allMOAeHCTBllll npllMe

llllnacb K CHCTeMe 3neKTpOHOB npoBOAllMOCTH H HOHOB B MeTanne npH AOCTaTO4HO 

HH3KHX TeMnepaTypax H OTCYTCTBHH Manrnnwro nonll. CornaCHO [4] B paMKax 

ynpow,eHHOH MOAenH BblpO)l(Ae1rnoro 3neKTpo,rnoro ra3a, HaXOAllW,erocl! BIIYTPH 

3cpcpeKTHBHOH noTeHUHanbllOH HMbl, CO3AaBaeMOH HOHaMH, cpemrn» KHlleTH4eCKal! 

3Heprnll 3neKTpOHOB (T ), cpem1»H noTeHUllMbHal! 3Heprnll 3neKTpOHOB H HOHOB 
e 

(U) H XHMH4eCKHH noTellUHan 3neKTpO11OB µ no OTHOllleHHIO K BaKyyMy HMelOT 
e 

BHA: 

(T )= l nVz £(0)( !!:_ )2/3 
e 5 F , no 

(26) 

(U)= - §_ nVz £(0)( !!:_ )1/3 
5 F n , 

0 
(27) 

µ, = £~>[ [ :. r-¾ [ :. ri. (28) 

3;:leCb 
2 

£(0) = (31t2)2/3 .!!:_ ( 2/3 
F 2m noz) - (29) 

3Heprnll <PepMH npH paBHOBeCHOH KOIIUeHTpaUHH HOHOB no, COOTBeTCTBYIOW,eH 

uyneBOMY .n:asneHHIO, Z - 3apl!JJ: llOHa, m - Macca 3neKTpmia; n - KOHUeHTpaUHll 

HOIIOB B .n:ecpopMHpOBaHHOM MeTanne, V - o6'beM Tena. TT pH 3TOM .n:asneHHe 3neK

TpOHHOro ra3a onHCbIBaeTCH cpopMynoi-i 

[ 

2/3 l 
P = - ~ ((T )+ (U)) = ~ zn&(O) ( !!:_ ) - ( !!:_ )I /3 

e dV e 5 F n n 
0 0 

(30) 

H BbmomrneTCH BHpHMbHOe COOTIIOWe1rne [4] 

3P V= 2(T )+ (U). 
e e (31) 

Mb! 3.D:eCb npe11e6pernH BKJlaJ:{OM KHHeTH4eCKOH 3HeprnH HOHOB, noCKOnbKY 3Ta 

3Heprnll Mana no cpaBHeHHIO C 3Heprnei,i BblpO)l(AeHHblX 3neKTpOHOB. TTpH uyne

ROM .n:asne1mu 3neKTpommro ra3a, Kor.n:a n = n
0

, HMeeM 

6 

) 

'J 

(U) = - 2(T )= - §_ N &(O) 
e 5 e F' 

(32) 

(3.D:eCb Ne= nozV - nonuoe 4HCnO 3neKTpOHOB npoBOJJ:HMOCTH).* 

TTpH HMH4HH o.n:11opo.n:11oro MarHHTHOro non» B paMKax TOH )Ke MOJ:{entt CBH3b 

Me)l(Ay AaBneHlleM 3neKTpOHHOro ra3a, cpe.n:HeH KHHeTH4eCKOH 3Heprnei1 3neKTpo

HOB H cpe.n:uei-i noTeHUHanbHOH 3Heprnei,i 3neKTpOHOB H HOHOB .n:aeTCH cpopMynoi,i 

(25); npu uyneBOM .n:asneHHH 

(U) = - 2(T )- 2(M) H, 
e 

(33) 

r.n:e (M) - cpe.n:HHH MarHHTHblH MOMeHT 3neKTpOHOB npoBOAHMOCTH, CBH3aHHblH C 

KBaHTOBaHHeM HX JJ:BH)l(eHHH B MarHHTHOM none. 

KaK H3BeCTHO, cpeAHHH MarHHTHblH MOMeHT CHCTeMbl nptt q>HKCHpOBaHHblX 

AasneHHH u TeMnepaType Bb1pa)l(aeTCll Yepe3 TepMOJJ:HHaMtt4eCKHH nOTe11uuan [2]: 

. (~) (M) =- clH . 
W,P,T 

TTpH JJ:OCTaTO4HO HH3KHX TeMnepaTypax, Kor.n:a BbinOnHeHO ycnoBHe 

2 
kT « £ = (3n2)213 !!__ (nz)213 

F 2m 

(34) 

(35) 

H 11yneBOM paBHOBeCHOM .n:asneHHH p e TepMOJJ:HHaMtt4eCKHH noTeHuuan CHCTeMbl 

«3neKTpOHbl + HOHbl» cosna.n:aeT C nonHOH 3Heprueii:: 

<j> = £ = (T) + (U). 
e 

CpeJJ:HHH noTeHuttanbHal! 3HeprnH KynoHOBCKOfO B3aHMOJ:{eHCTBHH nponopuuo

HMbHa n I I 3 
H nptt q>HKCHpOBaHHOH KOIIUeHTpauuu HBHblM o6pa30M He 3aBHCHT OT 

MarHHTHOro non». TaKHM o6pa30M 

( 
cl(Te) ) 

(M) = - clH w,. n. 
(36) 

Y4HTbIBal!, 4TO cpeJJ:HHH KHHeTH4eCKal! 3HepmH 3aBHCHT TOJlbKO OT Mo.n:ynll 

MarHttTHOro nonll, HO He OT ero HanpaBJieHtt», cpopMyny (33) MO)l(HO nepenucaTb 

B BHJ:{e 

*JlaBJJeHHe 3JleKTpOHHOro ra:ia P,. Boo6me roBOpll, MOJKeT He COBmlJlaTb c BHeIUHHM )laBJJeHtteM P 

"· B '!aCTHOCTH, 6b1Th OTpm.taTe!lbHblM. ITptt 3TOM p = P, + plat' r11e plat - )laBJleHtte, o6ycnoBJJeHHoe 

BKJla)IOM CBllJaHHblX, '!aCTH'IHO KO.JJJ1eKTHBH3HpOBaHHblX 3JleKYpOHOB (KpHCTa.JJJlH'leCKOH perneTKH). ITptt 

ttyneBOM BHernHeM )laBJJeHHH P, = - plat. B pa6oTe [4] npe11nOJ1araJIOCb, '!TO B 3TOM cnyqae P, = 

=P =0. 
lat 
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J,fJIJ,{ 

(U) = - 2(Te) + 2H ( 0~ (Te)) , 
W, n 

e 

2 ( a ( (Te) ) ) . 
(U) = 2H oH H w,, n 

(37) 

(38) 

flpH OTJIJ,{qHOM OT ttym1 ,[laBJJeHHH :meKTpOHHOro ra3a BMeCTO (37) H (38) Mbl 

,[lOJDKHbl HanHCaTb 

(U) = 3PeV- 2(Te)+ 2H ( 
0~ (Te)) 

'N' n e 

( a ( (Te))) 
(U)= 3PeV + 2H

2 
c)H H 'N,, n. 

(39) 

(40) 

5. B CHnhHbIX MarnHTHbIX nom1x npH ycnoBHH kT << PH<< £ F, .me 

eh P = -2 - MarneTOH Eopa, T -TeMnepaTypa, cpe.QmH1 KHHeT11qecKM 3ueprm1 
me 

3neKTpottoB B MarttHTHOM none HMeeT CTPYKTYPY 

_l (llli) (Te(Ne, n))- 5 Ne£ F+ Ne PHJ £ F ' (41) 

r,[le N - nonttoe qncno 3neKTpOHOB, a cpyttKUHll f OnHCbIBaeTCll np116nmKeHHOH 
e 

cpopMynoii (CM., HanpHMep, [2,7]) 
00 . 

1 3 3/2 "' 1 ( rek re ) fly) = - y + - y £.J -- cos - - - . 
4 2re2 k5/2 y 4 

k=I 

(42) 

J-i.3 (36) H (42) cne.QyeT, qTQ MarHHTHbIH MOMeHT 3neKTpOHHOro ra3a 

(M) = - Ne PI [ f ( ~ ) + ~ f' ( ~ ) ] = 

[ 
·1 AH 15 ( AH r/2 00 

l . ( re£ F re ) =-N PI -~+- ~ I--cos -k-- + 
e 2 £ 4re2 £ k5/2 PH 4 

F F k= 1 

.1_ ( 1lli )I /2 
00 

1 . ( re£ F re ) l 
+ 2re £F k~I k3/2 sm PH k-4 ' (43) 

me I - e,QmmqHbIH BeKTOp B uanpaBJJeHHII MarHHTHOro nonll. ITepBblH qneH B 

cpopMyne (43) COOTBeTcrnyeT ,[lltaMameTH3MY Jlau.Qay, BTOpOH II TpeTIIH qneHbl -

8 

~ 

~ 

OCUHnnllUHllM HaMarHH'·le!IHOCTH ,[le raa3a - Ball Anbcpe11a*. TiocKOnbKY cpopMyna 

(43) npm,teHHMa TOnbKO np11 3lla4emrnx y = ¥- << I, ,[lOMHH11py10my10 ponb B 

F 

(43) HrpaeT TpeTIIH qne11, TaK qTo OCUIIJIJJIIPYIOl.UllH MarHIITllbli1 MOMellT 

- .1_ ( 1lli )I /2 oo _I . (· re£ F . ,?!. ) 
Mosc--I2re £F Ne.Pk;lk3/2sm PHk-4. (44) 

6. TeopeMa BHp11ana onpe.QeJilleT paB11OBec11y10 Ko11ue11Tpau1110 3neKTpo11OB 11 

HOIIOB B MeTanne. TiycTb 110 - paBIIOBeCllall Ko11ue11TpaU1tll np11 11yneBOM ,llaB-

neHHII II OTCYTCTBllll Manmnwro nonll**. Toma cnpaBeMIIBbl COOTIIOWemrn (32). 
B MarllHTIIOM none BO3IIHKaIOT HOBble ycnOBllll paBIIOBeCllll: llO,[l B03,[leiicTBlleM 

nonll MeTann ,llecpopM11pyeTCll II KOIIUe11Tpamm ::ineKTpOIIOB II 11O11OB 113MelllllOTCll. 

Tionh3YllCb TeopeMOH BHpmina, oue11HM H3MeHe1111e Ko11ue11Tpaum1 11O11OB B MeTan

ne (3cpcpeKT OCUHnnllTOpHOH MarHIITOCTpllKUllH [6]). Q60311aqm,1 qepe3 iio IIOBYIO 

KOIIUeHTpaUHIO HOHOB, OTBe'laIOl.UYIO paBIIOBecmo B MarHHTHOM none npll 11yneBOM 

,[laBneHHH. B COOTBeTCTBHH C cpopMynaMH (41 ), (42) KIU1eT11'1eCKall 311epntll 

3neKTpOHOB B MarHHTHOM none 6y.QeT HMeTb Bll,[l 

- _ l co> 11
0 1lli 11

0 
- 2/3 [ 2/3 l 

(T,(n0))- 5 NJ F [ "o ] + N, ~Hf £~' [ ;;, ] . (45) 

B TO )Ke BpeMll cornaCHO (27) cpemrnll llOTellUHaJJbllM 311epnrn 

(U)= - §_ N (O)[ iio lI/3 
5 e £F -"o . 

(46) 

TIOACTaBnllll (45) ll (46) B BHpllaJJbHOe COOTIIOWem1e (37), Mbl npllXO,[lllM K ypaB

HellHIO Mll 11
0

: 

*TTpH ll0CT3TO'IHO BhlCOKHX TeMnepaTypax, KOr)la kT >> ~H. 110 110-npeitmeMy kT << [ F' OCUIL1-

JlllUHH MarHHTHOro MOMeHTa 3KCIIOlleHUHaJJhllO MaJJhl. Tor)la 

I I , 
fly)=4Y• (M)=2N,,WH/£F, 

TTpH 3TOM )lHaMarHHTHal! BOCllpHHM'IHBOCTh B pac'leTe Ha e)lllllHUY 061.eMa 

I R2 
x=--1!_,rz 

2 £F . 

**3lleCh npellllOJJaraeTCll, 'ITO paBHO HYJIIO KaK e11ew11ee )laene1111e P, TaK 11 )lal\he1111c 3JICKTpon

HOfO raJa P,. 
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- 1/3 - 2/3 
_ §_ t:<O)[ 110 l = - §_ £(0)[ 110 l + 

5 F 11 5 F 11 
0 0 

~ r 110 r/3 , [ ~ r 110 

1
213 l + 2 (0) - f (0) - ' £ 110 £ 110 

F F 

(47) 

r.ue 

f'(y) = ~ f(y). 

8 paccMaTpttsaeMhlX ycnosm,x, Kor.ua y =PH/£~)<< 1, ornoCHTeJJhHOe HJMe-

11e1rne KOHUCHTpaUHH H0IIOB .ua)l(e B CHJlbHbIX MarHHTHhIX nom1x OlJCllb Mano: 

I ii0 - 110 I / 110 << 1. 

Oo3TOMY BO BTOpOM lJJICHe npaBOH lJaCTH cpopMyJJhl (47) MO)l(HO nOJJO)l(HTh 

iio "" no. 8 3TOM nptt6Jllf)l(CHHH HaXO.UHM 

An = iio -
11

0 = 5 [ ~ J f' [ ~ l 
no no t:~> £~) . 

(48) 

Cne.uosaTeJJbHO, OTII0CHTCJlbl!Oe H3MCHCIIHC 061>eMa MCTaJJJla B MarHHTIIOM none 

Cornac110 (42) 

AV=- 5 [~ ]
2f'[~ ]· V c(O) £(0) 

0 c, F F 

(49) 

, I 9 I /2 L I ( TCk TC ) f (y) = - + - y -- cos - - - + 
4 4 2 kS/2 y 4 

TC k = I 
00 

3 1"" 1 . (TCk TC) + 2TC 1/2 "-' 3 /2 sm - - 4 · 
Y k=lk y 

(50) 

OpH y << I MO)l(HO npe11e6pe'lh B cpopMyne (50) nepBbIM H BTOpblM lJJICHaMH no 

cpam,eHmo c TpeThHM. 8 pe3yJJhTaTe nonyqaeM 

00 [ c~) l AV - J1 ~ 3/2 _I_ . TCc-F ~ 
V - - 2TC [ (0) l L 3 /2 sm PH k - 4 . 

0 £F k=lk 

(51) 

C y'leTOM ( 44) cpopMyna (51) nplfllHMaeT BH.ll 

IO 

1 
I 

' 

··~ 

~ 
l 

AV --=-
Vo 

An 2 M H --~ osc 
n

0 
- 3K -V-

e O 

(52) 

r.ue 

K=~ cM 
e I5z~c,F - (53) 

K03q:Jq:JHUHCIIT 061>eMHOH ynpyrOCTH 3JICKTp0HH0r0 raJa B nOTCHUHaJJbHOll HMe, 

C03,llaBaeMOH HOHaMH, BbllJHCJICHHblll B pa6oTe [4]. 
PacCMOTpHM Tenepb cnyqaii: p -:/:. 0. O6o3HalJHM qepe3 n paBHOBeCHYJO KOH

e 

ueHTpaumo npH HeHyJJeBOM .uaBJieHHH p H 0TCYTCTBHH MarHHTH0ro noJJH, a qepe3 
e 

ii - paBHOBCCHYIO KOHUCHTpauHIO npH TOM )KC .uaBJieHHH tt H -:t- 0. C yqeTOM 

BHpHaJJbH0fO C00TH0llICHHH (31 ), cnpaBC.llJIHB0ro npH OTCYTCTBHH MarHHTHOro 

n0JJH, JaBHCHMOCTH noTeHUHaJJhHOll 3HepmH OT KOHUeHTpau1m ((U) - N n
113

) H e 

cpopMyJJhl (45) .llJIH KHIICTHlJCCKOll :meprnH 3JICKTpOH0B (c 3aMeHOll 

n
0 
➔ n, ii

0 
➔ ii) nonyqaeM Ha ocHOBe (39), (40) ypasHeHHe .llJIH ii: 

( 
_ §_ £ + 3Pe J ( Ji )1/3 = _ §_ £ ( E. )2/3 + 3!e + 
5Fnz n 5Fn nz 

2 f /3 [ 2/3 l + 2 <P~ ( ~ f' 1¥! ( ~) . (54) 

An n-n 
B nptt6JJH)l(CHHH - = -- << I Haxo.uHM 

n n 

""= - ;.v = s <~m' r[ ~] 
n V ( P J 

£ F £ F+ 10 n; 
(55) 

OpH P = 0 cpopMyJJa (55) nepeXO.UHT s (49). 
e 

Bblpll)KeHHe (55), KaK tt B cnyqae Hynesoro .uaBJieHHH, MO)l(HO npe.ucTaBHTb B 

BH.llC 

An =-AV =Izn (PH/ r(~ J 
n V 3 £FKe £F 

(56) 

HJIH M H AV 2 osc 

v=3 KV ' 
e 

(52a) 

r.ue 

Ke= 125 zn ( £ F+ I~ J. (57) 
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JlerKO y6e.nMTbCH B TOM, 'ITO BeJlll'IHHa K , onpe.neneHHM cornacHO (57), HMeeT 
e 

CMbICn K03<p<pllUMeHTa 061,eMHOH ynpyrocTH 3neKTpOHHO-HOHHOH flJiaJMbl B Me

Tanne npH .naBJJeHllll Pe, OTnH'IHOM OT HynH. Jl.ettCTBHTeJlbHO, llJ COOTHOllleI-lllH 

(30) ,ll.JlH .naBJJeHHH p cne.nyeT, 'ITO K03<p<pHUHeHT 061,eMHOH ynpyrocTH 
e 

dp 

[ 

2/3 1/3] o2n 8 n 2 4 
K = n _e = zn t:< > - (- ) - - (- ) = - zn£ + - P , e dn F 3 n 15 n 15 F 3 e 

0 0 

'ITO COBna.naeT c (57). 3aMeTHM, 'ITO c Y'leTOM TepMO,ll.HHaMH'leCKOro paBeHCTBa 

1 
dµ =- dP (58) 

e zn e 

peJynbTaT (57) MO)KHO TaK)Ke nonY'IHTb C nOMOIUbIO cpopMym1 

2 dµe 
K =zn -

e dn ' 

HCnOnbJYH Bbipa)KeHHe (28) ,l].JlH XllMH'leCKOro noTeHUMaJJa. 

(59) 

B npe.nenbHOM CJJY'!ae O'leHb BblCOKllX .naBneHHH, KOr,ll.a BenH'IMHa Pe COBna.na-

eT C .naBneHHeM BblpO)K,ll.eHHOro H,ll.eaJJbHOro cpepMH-raJa (Pe=¾ zn£ F), HMeeM 

2 
Ke= 3 zn£F, 

lln 
CJ3H)2 r( 1lli ) 

L1V £F (60) 
£2 

F 
n V 

Cne.nyeT ~0,ll.'IepKHYTh, 'ITO peJynhTaTbl (49), (51) H (56) HMeIOT MO,ll.eJibHbIH, oue

HO'IHblH xapaKTep. B .nettCTBHTenhHOCTH no,ll.CHCTeMa, COCTOHIUM TOnhKO HJ llOHOB 

H «CB060.D.Hb!X» sneKTpOHOB npOBO,!J.llMOCTH, He HBJJHeTCH CTporo JaMKHYTOH, H B 

CBHJH C 3THM Bhl'IHCneHMe JaBHCllMOCTH KOHUeHTpaUMll llOHOB OT MarnMTHOro 

nonH Ha OCHOBe BHpHaJJbHbIX cpopMyn (37)-(40), npHMeHeHHblX K TaKOH CllCTeMe 

6eJ Y'leTa CBHJaHHblX 3neKTpOHOB (KpHCTaJJnH'leCKOH pellleTKH), He HBJJHeTCH 

.nocTaTO'IHO TO'IHhIM. lh o6mttx coo6pa)KeHHH BnonHe o'!eBH.D.HO, 'ITO scpcpeKT 

MarHHTOCTpHKUHll ,ll.On)KeH 6h1Tb o6paTHO nponopUHOHaJJeH nonHOMY K03<p

<pHUMeHTy 061,eMHOH ynpyrocTM K, BKJlIO'laIOIUeMy noMHMO BKJla,ll.a sneKTpOHOB 

npoBO.D.MMOCTM K TaK)Ke BKJJM KpMcTanntt'leCKOH pellleTKH (K = K + K1 ). e e at 

TaKHM o6pa30M, B o6meM CnY'!ae 

rr:tm2 M H 
lln = l ~ znf'( llli ) = _ l osc (526) 
n 3 £FK £F 3 KV 

(CM. TaK)Ke [6]), T.e. B COOTHOllleHHHX (52) tt (56) cne.nyeT JaMeHHTb K Ha K. . e 

12 

7. CornacHO cpopMynaM (45), (46) H (48) npH uyneBOM .naBneHHH JaBHCHMOCTb 

cpe.nuett KHHeTH'leCKOH 3Hepnrn 3neKTp0110B H cpe.nHeH noTeHUHaJJbHOH 3Heprnn 

sneKTpOHOB H HOHOB OT HanpH)KeHHOCTH Manmn1oro nonH fl H OT KOHue11Tpamm 

HOIIOB 110 npH H = 0 onHCblBaeTCH Bbipa)KellHHMH: 

( - _ l (0) CPH)
2 

'[ Jlli l [ Jlli l T/Ne,110))- 5 NlF+2Ne £~).f £~) +NeJ3HJ £~), (61) 

(U(Ne' "o)) = - §_ N t;<O> _ 2N {PH)2 /'[ .llli l 5 e F e £ (0) (0) · 
F £F 

(62) 

OTCIO,ll.a C TO'IIIOCTbIO .no 'lneHOB nopH.D.Ka - • KOTOpbie Mbl J,ll.eCb onycn1m1, 
( 

""11 )2 
. 110 

nonHM 3HeprHll 3neKTp0110B H HOHOB B MarHHTHOM none np11 uyneBOH Tel\mepaTy

pe H HyneBOM BHellIHeM .naBneHHH paB11a: 

£(N,iio)=-lN£<O>+N AHlf[llli l e 5 e F e I-' (0) · 
£F 

(63) 

TaKHM o6paJOM, nonHM 3Hepnrn B MarHHTHOM none H OTnH'laeTCH OT nommii 

3Heprnn npn H = 0 .nononHHTenbHbIM 'lneHOM B Bbipa)KellHH (45) ,ll.JlH KH11en1'1ec

KOH 3HeprnH sneKTpOHOB, BJHTbIM npH n == no. 8 COOTBeTCTBHH C 3THM XIIMH'lec-

KHH noTeHUHaJJ 3neKTpOHHOro raJa no OTHOllleHHIO K BaKYYMY .naeTCH cpopMynoii 

(cp. C [4]) _ 

µe- N --5£F+J3Hf (0). (64) 
_£(Ne' 

11
0) _ l (0) [ Jlli l 

e £F 

BeJJH'IHHa w = - µ HMeeT CMbICn pa60Tbl BbIXO,ll.a sneKTpOHa HJ MeTanna. Mbl B11-

,ll.HM, 'ITO .nononHHTenbHM nonpaBKa, OllHCblBaIOIUM JaBHCHMOCTb pa60Tbl BbIXO,ll.a 

OT ManmTHOrO nonH, O'leHb Mana: 

L1W _ _1_ [ ~ ls/2 
00 

1 [ re£~> re l 
W - - 2t' £~) k~I kS/2 cos J3H k - 4 , (65) 

H, cne.noBaTenbHO, 

IL1wl -[ 1lli r12 £(0) w. 
F 

(66) 

no-BH,ll.HMOMY, TaKHe MaJJbie OCUHJJnHUHH pa6oTbl BbIXO,!J.a npaKTH'leCKll 11eBOJ

MO)KHO Ha6n10.naTb (CM. B CBHJH C 3THM [8]). J].aHHbiii peJynbTaT lie cornacyeTCH C 
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oueHKOH ILiwl /W-( ~ f 12
, conep)Kamettcll s Klmre [7] (n.2.4). Pacxo)l(Jle-

1me CBl!3aHO C TeM, 4TO B KHHre [7], TaK )Ke KaK H B opHr!Hla.JlbHOH pa6oTe [9], 
npH Bbl4HCne,mH XHMH4eCKOro noTeHUHa.Jla He Y4HTblBaJIOCb H3MeHeHHe pas11O

sec11oii KOHUeHTpaUHH ::ineKTpOIIOB H HOHOB npH BKnl04eHHH MarHHTHOro nonl!. 

Y4eT OCUHnnl!TOpHOH MarHHTOCTpHKUHH npHBOJlHT K B3aHMHOMY COKpameHHIO 

( 
~ )3/2 

4neHOB nopl!JlKa £ F £ F B Bblpa)KeHHllX Ml! nommii 3HeprnH H XHMH4eCKOro 

noTeHUHaJJa (cM. cpopMynhI (61)-(64))*. TaKall KOMneucauHll 6bma pauee OTMe-

4eua B pa6oTe [6]. 
TTpH p -t: 0 C y4eTOM (55) Kl111eTH4eCKal!, noTeHUHa.JlhHal! H non11all 311epnm 

e 

CHCTeMbl ::ineKTpOHOB H HOHOB B MeTaJJne, Bblpa)KelJllb!e 4epe3 KOHUeHTpau1110 n 

npH H = 0, npHHHMalOT BHJl 

(T/Ne' ii))= l N £ ( rw 2(PH)2 f' ( ~) 
5 e F+ Ne PHJ ~ ) + N £ £ e F 

F p 
£F+ IO_!.. 

zn 

6 p 
(U(N, ii))= - -

5 
N £F+ 3N _.E_ 

e e e nz 

2 

[filH p l 2(PH) f' £ F [ 1 - ~ e ' 

2 nz£ F Pe 
£ F+ IO nz 

£ = - l N £ + 3N p e + N PHJ ( ~ ) + 
5 e F enz e £ 

F 

P <PH)2 f'( ~) 
+SN_!.._ £ 

e nz F 

£ F( £ F+ IO Pe ) , 
nz 

(67) 

(68) 

( )

1/2 

*B CTaTl,e (9] 11=e yrsep)l(JlaeTCll, '!TO l&wl /W - 1¥; . no-BH/IHMOMY, 3TO peJyJILTaT BLI· 

'!HCJ1HTem,11oii OWH6KH HJIH onHCKH, TaK KaK 11enocpe/lCTBellllO HJ cj>opMyJI, npHBe/leHHLIX B pa6oTe [9], 
CJ1e11yeT nOKaJaTeJIL CTeneHH 3 /2. 

14 

TTpH 3TOM XHMH4eCKHH noTeHUlla.Jl no OTHOIUeHHIO K BaKyyMy OnllCbJBaeTCSI cpop

Mynoi,i 

£ P 3 4P (AH) µ = - + :_ = - - £ + _e + PHJ ~ . (69) 
e Ne zn 5 F nz £ F 

TaKHM o6pa30M, ll3MeHeHHe XllMH4eCKOro noTeHI._\HaJJa 

8µ = PHJ( 1¥; )- (70) 

Mbi BHJlllM, 4TO ll npH HettynesoM nasneHHll ::ineKTpOHHOro ra3a Bblpa)KeHHe Ml! 

XHMH4eCKoro noTeHUHaJJa He conep)KHT 4neHOB, nponopUHOHa.JlbHblX f'( ~), 
HMelOll]JlX senH4HHY nop»JlKa _£ F( 1¥; f 12

: OHH COKpaw:aJOTCSI C Y4eTOM OCQHn

nllTOpHOH MarHHTOCTpHKUHH. 

CnenyeT, omiaKo, non4epKHYTh, 4TO naHHhJH KOMneucauuoHHhJH ::icpcpeKT ttMe

eT MeCTO npn ycnoBHH, 4TO ynpyrne CBOHCTBa MeTaJJna onpenen»JOTCSI TOnbKO 

::ineKTpOHaMH npOBOJlHMOCTlf (CM. 06c~e1111e nocne cpopMynhI (58)). B o6w:eM 

cny4ae non11al! ::111eprnll ::ineKTpouuoro rma B_MarnnTHOM none nptt HH3KHX TeMne-

paTypax HMeeT CTpyKTypy [ ~ 2/3 l 
£ (Ne, ii)= E:J.Ne, ii)+ Ne PHJ £: ( #) ' 

N 
- e 

rne n = V - KOHQeHTpaUHll nouos npn BKnJ04eHHH Marmnuoro non». B cooT-

BeTCTBHH c 3THM s nptt6ntt)KeHHH I Lin I << n XHMH4ecKHH noTenuuan onuchrnaeT

Cll cpopMynoii 

-( ~' - - ( ~) .?. .allii '( ~) µe - aNe Jv - µe(O)(n) + PHJ £ F - 3 £ F f £ F , (71) 

me µ,coiCiil ~ [ :: : L (mec• ysreuo, srn £ F - N,
5 I')_ C y•<eTOM paseHcrna (59) 

HMeeM 
dµe(O) ) Ke Li 

µe(olii) -= dn Lin + µe(oln) = µe(oln + zn2 n. 

CnenosaTenbHO, 

oµe =PH!(~)+ K~ Lin_ l (PH)
2 r( ~). 

.£F zn 3 £F £F 
(72) 

Lin 
11cnonh3Yll paBeHCTBO (526) Ml! OTHOllleHHSI -, HaxOJlHM 

n 
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oµe = PH!( 1¥; J-¾ <P:;
2 r( 1¥; )( 1 _; J. (73) 

ECJIH BKJJMOM KpHCTaJinw1eCKOH perneTKH B K03cpqmu0eHT o6beMHOH ynpyrocTH 

MO:lKHO npeHe6pe'lb (K "" K), Mbl npHXO,!lHM K pe3ynhTaTy (70); npH 3TOM 
e 

oµe/ I µe I - ( 1¥; f 12
. B nponrnononO:lKHOM npe,nenbHOM cnyqae, Kor.na 

Ke<< K, 

oµe = - ~ (PH)2 r( Jlli) = ~ Mose H 
3 f,F [, 3 N F e 

(74) 

OueHKH, co,nep:lKa1UHeC51 B KHHre [7] H CTaTbe [9], cooTBeTCTBYIOT m.1eHHO 3TOH 

CHTyaUHH. 
8. Mbl BH,!lHM, 'ITO TeopeMa BHpHana no3BOn51eT npoaHaJIH3HpOBaTb ycnOBH51 

paBHOBeCH51 3neKTpOHHO-HOHHOH CHCTeMbl B MeTanne npH HaJIH'IHH MarHHTH_oro 

non51. EcTecTBeHHO O:lKH.naTh, 'ITO npH HyneBOH TeMnepaType H HyneBOM ,naBnemrn 

BHpHaJibHhie COOTHOllleHH51 .non:lKHbl Henocpe,nCTBeHHO cne,noBaTb H3 ycnOBH51 

MHHHMyMa nonHOH 3HeprnH, paccMaTpHBaeMOH KaK cpyHKUH51 KOHUeHTpaUHH n. B 

cnyqae OTCYTCTBH51 MarHHTHOro non51 3TO 6bmo noKaJaHO B pa6oTax [4,8]. TTycTh 

Teneph MarnHTHoe none H "# 0. TTpe,ncTaBHM KHHeTH'IecKy10 3Heprn10 3JleKTpoHoB 

B MarHHTHOM none B BH,ne 

(Te)= N pHg ( Jlli) e [, , 
F 

r.ne B COOTBeTCTBHH c (45) 

3 I et 
g(y) = - - + .f{y), p = - . 

5 y 2mc 
TTo,ncTaBn5151 (75) B BHpttanbHYIO cpopMyny (38), nonyqaeM 

r.ne 

(U) = 2 <P:;
2 

Neg' ( 1¥; ), 

g'(y) = dg(y) 
dy . 

(75) 

(76) 

C .npyroii CTOpOHbl, cpe,nH5151 noTeHUHaJibHa51 3Heprn51 CHCTeMhl 'IaCTHU, B3aHMO

.nettCTBYJ01UHX no JaKoHy KynoHa, JaBHCHT OT Konue1npauHH, KaK n113
• TTo3TOMY 

nonHM 3Hepm51 HMeeT CTpyKTYPY 

&=N pHg(Jlli)+CN n
1
1

3
. e [, e 

F 

(77) 
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2/3 
TTocKOJlbKY £ F- 1l , H3 ycnOBH51 MHIIHMyMa 

( 
i)f,(11, H, N)) = O 

dll H N 
' e 

(78) 

cne,nyeT, 'ITO npH paBHOBeCIIH BhmOJIIl51eTC51 paBeHCTBO 

- ~ N (PH)
2 

g' ( _llli) + J_ (U(N, 11))= 0, 
3 e 11£ £ 311 e 

F F 

(79) 

r.ne (U(N, 11))= CN 11 113. JlerKo BH,neTh, 'ITO cpopMynht (76) H (79) nomlOCThIO 
e e 

3KBHBaJieHTHbl. 
EcJIH ,naBJieHHe p e "# 0, TO COOTBeTCTBYI01Uee BHpHaJibHOe COOTHOlllem1e ( 40) 

cne,nyeT H3 ycJIOBH51 MHHHMyMa TepMO,!lHHaMH4eCKOro n0Tenu11ana 

1lli 
p 

I 3 e 
.+. = AHN g ( ) + CN 11 I + N - . 
't' I-' e [, F e e llZ 

(80) 

LlettcTBHTenhHO, paBeHCTBO 

(
~) -0 
dll 'N ' H, P,. , 

(81) 

.naeT 

(U(N n))= 2 <PH>2 
N , (AH) NP e' [, eg ~ + 3~ 

F £ F nz · 
(82) 

TaKOe )Ke COOTHOllleH11e nony4aeTC51, ecnH no.ncTaBIITb B cpopMyny (40), B KOTOpoii 

N 
e 

o6beM V = - , Bbtpa)Ke1rne (75). 
nz 

ARrnp Bhlpa)KaeT rny60Ky10 6naro,nap110CTh I M.H.TTo.nropeuKoMy l Ja mne

pec K pa6oTe II noneJHhte o6cy)K,!leHH51. 
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