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BBE/IEHMUE.
®A30BBIE ITEPEXO/IbI IEPBOI'O
U BTOPOI'O POJA

N3yuenune cucreMm, cOCTOALIMX W3 OONBIIOTO YMCIA B3au-
MOJICCTBYIOIINX YACTHII, SIBIAETCA OJHOW M3 BAaXXHEHIIUX IPO-
0J1eM COBPEMEHHOU (PU3UKH.

Haubonee naTepecHO TepMOIMHAMHYECKOE MMOBEICHUE Be-
IIECTB NMPU BO3HUKHOBEHHH OIPEIEICHHOIO THUIA YHOPSAOYECHUS
(Hampumep, BBICTpaWBaHWE MAarHUTHBIX MOMEHTOB). DTO YNOPsI0-
YeHHE MPOUCXOAUT IIPU HEKOTOPOH TemIepaType, IpUYeM Mepexo]
COBEpIIAeTCS B UPE3BBIYAMHO Y3KOM 00JaCTH TeMIepaTyp U HOCUT
Ha3BaHHUe (Pa30BOro nepexonaa (mepexoaa BeuiecTsa u3 oHoM (a3l
B JIPYTYIO).

®da30BbIe IEPEXO/IbI, CBA3AHHBIC C YIOPSAIOYEHUEM, ITPOUC-
XOJIAIT B Pa3IUYHbIX (PU3NYECKUX CHCTEMax: OMHApPHBIX CIUIaBax,
(deppOMarHuTHETUKaX W aHTU(PEppPOMArHeTHKax, B JUMIOIbHBIX
MOMEHTaX B CETHETOANEKTPUKAX, 3JEKTPOHAX B CBEPXIPOBOJIHU-
Kax, B IEJIMM B CBEPXTEKYyYEM COCTOSHUU U T.1.

OcoOblif MHTEpeC B MOBEIEHUU MaKPOCKOIMUYECKUX (Tep-
MOJUHAMMYECKUX) CUCTEM MPEICTABIAIOT UMEHHO TOYKH (a30BO-
ro nepexoja (Hampumep, 1o remmneparype 7), Tak Kak B HUX CBOW-
CTBa CHCTEMbl MEHSIOTCS cKaukoM. [lockonbky u3 TpeOoBaHUS
TEPMOJUHAMUYECKONH YCTOMYMBOCTH BO3HHMKAeT TpeOOBaHUE He-
IIPEPBIBHOCTU TEPMOJMHAMUYECKUX INOTEHLUAIOB (HAIPUMED, W3
TpeboBaHus nojoxurenbHocTu TemtoemMkoctu C (C= dE/dT) BbI-
TEKaeT HEMPEPBIBHOCTh dHEPruu £ U cBOOOIHOM dHEpruu F), TO B
TOouke (Pa3zoBOro mnepexoja U3MEHEHUE TEPMOJMHAMUYECKOTO IIO-
TEHIHaNa JJOJHKHO OBITh MaJo. JTO 3HAYUT, YTO BO3MOMKHO:

1) nu6o nosiBneHNEe OECKOHEYHO MAJIOr0 KOJIMYECTBa HOBOM
(a3bl ¢ KOHEYHBIM OTJIMYMEM €€ CBOMCTB OT CBOMCTB CTapOii;

2) nub0 BO3HMKHOBEHHE OJHOBPEMEHHO IO BCEMY 00BEMY
“OECKOHEYHO Majoro” W3MEHEHHS CBOMCTB, COOTBETCTBYIOIIETO
HOBOI1 dase.

[lepBsrii cayuait - paccmoenne Ha ¢asbl - 3TO (a30BbIi Te-
pexoa mepBoro poja (Tak Kak OH OOBIYHO COIPOBOXKIAETCS CKay-
KOM HEKOTOPBIX IMEPBbIX MMPOU3BOAHBIX OT COOTBETCTBYIOLIETO
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TEPMOJUHAMHUYECKOr0 MOTeHIMaia, HanpuMmep >HTponuu S). Ilo-
CKOJIbKY BO3HHKHOBEHHE HOBOW (pa3pl MPHUBOIUT K TMOSIBICHUIO
MOBEPXHOCTHOM 3HEPIUH, 3apOJbIIINA MajIoro o0beMa IHepreThuye-
CK{ HEBBITOJHBI, & JOCTATOYHO OOJIBIINE MOTYT BOSHUKHYTH TOJb-
Ko Omarojaps QuykryanusMm. [lostomy mpu ¢a3zoBeIX nepexonax
MIEPBOTO POJIa BO3MOXKHBI MEPEOXIIKICHUE U TIEPETPEB TIPU OTCYT-
CTBUM Takux 3apojplimied. Ilpumepamu Takoro Tuma mnepexonioB
ABIIIOTCS paccioeHrue Ha (as3pl (Map - >KUIKOCTh, KHIKOCTH -
TBEP/OE TeNO, Nap - TBEPJOE TEJ0), B YACTHOCTH, KUIIEHUE U IJIaB-
JICHHE, U CBEPXITPOBOISIIMM IePEX0] B MATHUTHOM II0JIE.

Bo BTOpOM Cityuyae nosiBiieHue HOBBIX CBOMCTB HE CBA3AHO C
IIOBEPXHOCTHOM JHEPIUEN M IIOTOMY HCKIIIOYAeT IEPErpeB WIIH
nepeoxiaxaeHue. Takue (a3oBble MEepexobl NPEACTaBISAIOT OCO-
ObIil MHTEpeC, OHU Ha3bIBAlOTCS ()a30BBIMHU MEpPEX0JaMu BTOPOTO
poza, MOCKOJIbKY B TOUKe (ha30BOTO Mepexoja HEKOTOpbIe BTOPHIE
MPOU3BOJHBIE TEPMOAMHAMHUYECKOIO MOTEHIMaNa OOBIYHO HUMEIOT
0COOEHHOCTH (Hampumep, TerioeMkocTh C,). ITockoabKy “‘ckauko-
o0pa3Hoe” M3MEHEHHE CBOMCTB MAaKpOCKONUYECKOro o0bema He-
BO3MOKHO, BOJM3M TOYKH MepexoAa IOJKHBI @uyKmyayuoHHo
BO3HUKATh BCe OOJIbIKE 00JaCTH HOBOU (pa3bl, YTOOBI cpa3y mocie
nepexoaa HOBOE COCTOSIHUE MOIJIO OXBAaTUTh BeCh 00BbEM. JTO 03-
HAYaeT, 4YTo MpH MNPUOIMKEHUH K TOYKE IEepexojia BTOPOro poja
CTpeMHUTCS K OECKOHEYHOCTH PpaauyC KOppersuuu (IIyKTyauui.
Takue (a3oBble nepexoabl 0OBIYHO COMPOBOXKAAIOTCS U3MEHEHUEM
CUMMETPUHN COCTOSIHMSL. IIprMepsl Takoro Tuma nepexonoB: CTPYyK-
TYypHbIE NEPECTPOMKH B KPUCTAJUIAX IPHU ONPEJEICHHON TemIepa-
Type; Tepexoapl TOPSAIOK - OECHOpsSAOK B CIUIaBax; IMEPEeXOIbl
(beppoMarHeTuk - napamMarHeTUK Win aHTU(eppOMarHeTHK - rnapa-
MarHeTUK B CIIMHOBBIX CHCTEMax W (peppOMarHUTHBIX METaJUIax U
CIUIaBaX; CErHETORJIEKTPUYECTBO, MOSIBICHUE CBEPXIPOBOIUMOCTH
U CBEPXTEKYYECTH, “‘CMEIIaHHOE BUXPEBOE COCTOSHHE B ‘“¥KECT-
KUX~ CBEpPXIPOBOJHUKAX BTOPOIO
poaa u T.1.

JUia kaxgoro (a3oBOro mnepexoja CyIIECTBYET MOHSATHE
napaMmeTpa IMopsijika, Yb€ HEHYJIEBOE CpeJHee 3HaueHUE B yIOps-
JIOYEHHOM (haze U HapylaeT cuMMeTpHio. Tak, y ¢peppoMarHeTika
napaMeTpoM MOpsIIKa SIBISETCS CPEeIHSsT HaMarHU4eHHOCTh. ['pa-
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HUYHYIO TEeMIIeparypy, IpH KOTO-
pOM CIIOHTAHHO HApYIIAETCS CUM-
METpUs W B KOTOPOH MapameTp
nopsiika oOpariaeTcss B HyJb, Ha-
3bIBAIOT KPUTHYECKON TemrmepaTy-
pout T,

(umm Temneparypoit Kropu @, kak
y (deppomarueTukos, puc.l). Paz-
auyre Tuna (pa3zoBbIX MEPEXO0/I0B
OTpakaeTcs Ha Xapakrepe oOpa-
HICHUS B HYJIb MapaMeTpa nopsiaKa
B Touke (pazoBoro nepexona. Ecnu
napameTp Mnopsika IiaBHO 0o0pa-
nraerca B Hyab npu 7=7, (HO c
OCCKOHEUYHOM MPOM3BOIHON HM3-3a
baykryamuit), To 3T0 - ¢$a3oBbII
nepexoa BTOporo pojaa (pwuc.2).
Ecnu ke 3aBUCMMOCTb TTapaMeTpa
nopsiika BOIM3H o01acTu (a3oBo-
ro mepexoja HEOJHO3HayHa, TO B
cucrteMe o0s3aTeNbHO HaOIOAa-
eTcsl pacciaoeHue Ha (asbl, U 3TO -
mepexoa ImepBoro poaa  (cm.
puc.2).

[TosiBeHne oOWIKMX 3aKO-
HOMEpPHOCTEH Yy JOCTaTOYHO pas-
HOPOJHBIX OOBEKTOB YKa3bIBacT
Ha OOIIHOCTh CTATUCTUYECKUX
CBOMCTB. DTO XOpOIIO WILTIOCTPHU-
pyercs ¢ TOYKH 3PEHUs TePMOIu-
HAMUKWA CPAaBHEHHWEM BHYTPEHHEH
DHEPIUU £ W SHTPOINH S.

H3BectHO, uTO S - CTENCHD
Oecnopsiika. YeM xaoTuyHee co-
CTOSIHUE CHCTEMBI, TeM OOJIbIIe S.
C npyroil CcTOpoHBI, 3Heprus FE
CTPEMHUTCSI K MHUHUMYMY IIpH

M
M, a)
A 0 T

A
0 6)
Tc: T

Puc.1. ®a3oBsiii mepexon ¢eppo-
MarHeTUK - TapaMarHeTuk (a) u
(ba3oBbIil TIEpexoa CBEPXIPOBO-
HUK - HOpMaJbHbIN MeTamn (6): M
- HAMarHM4eHHOCTh; @ - TeMIiepa-
typa Kropu-Belicca, A4 - cBepx-
MPOBOJAILIAN MapamMeTp MNOPSAKA;

T. - KpuTuyeckas TemIieparypa
CBEpPXIIPOBOJIHHKA
A

T

Puc.2. ®a3oBble nepexo/ib:

I - mepBoro poaa ¢ HEOIHO3HAY-
HOM 3aBHCHMOCTBIO Mapamerpa
nopsiaka A ot T;

IT - BTOpOrO poaa c 6eckoHEeUHOMH
npousBoaHoil dA/dT .




YIOPSIIOYMBAHUHA CUCTEMBI. Y CTOMYMBOCTh CUCTEMBI OIPEACIISAET-
csl MUHUMYyMOM cBOOoaHOM sHeprun F: F = E - TS. Ilpu BeIcOKUX
TeMrepaTypax OCHOBHOM wieH: -7.S < (), mo3ToMy Jjisi MUHUMYyMa
F neobOxomuma Oosbinast sHTponus S, T.e. 6ecniopsaok. Ho mpu 7T
— 0 cBoOogHas sHeprus [ crpemurcs K £ (M K MUHUMaJIbHOMY
3HAUYEHMIO), & SHTPONHUS S K HYJIIO, T.€. CUCTEMA YIIOPSIIOYMUBAETCS.
CrnenoBatenbHO, CyIIECTBYET TeMIepaTypa, IpH KOTOPOM 3TH JBa
dakTopa - SHEPTrUu yHOPSAOUYCHHS U Pa3yNOPsI0YCHUS - CPaBHU-
BalOTCA. JTO U €CTh TEMIIEpATypa Mepexoa.

B ocHoBe Teopun ¢azoBbIX NEPEXOIOB JIEKHUT UJES O TOJIe
YHOPSJOYEHUS, BO3HUKAIOIIEM 32 CYET B3aUMOJEHCTBHS YACTHILI.
Teopust HauboJee MpPOCcTa, €ClIK 3TO MOJIe MPEANOoJIaraeTcsi paBHbBIM
cpenHeMy noito. IMeHHO Takasi TeOpHs CPEAHETO MOJISl U3J1araeTcst
B HACTOSAIIEM TOCOOHH.




1. ®PA30BBII NEPEXO/]
OEPPOMAT'HETUK - TIAPAMAI'HETHUK
JJIA TIOKAJIM3OBAHHBIX MOMEHTOB.
HNPUBJIMKEHUE CPEJHEI'O ITIOJIA

1.1. O0mue MOHATHA 0 MATHUTHBIX
CBOMCTBAaX TBEPIAbIX TeJl

[IpyunHONM MarHUTHBIX CBOMCTB BEIIECTB SIBIIAETCA Mar-
HUTHBII MOMEHT £, OTHOCAILIUNCA OO K 3JEKTPOHY, JTHOO0 K Y31y
pEUIeTKH, T/ie JOKAIU30BaH 3JEKTPOH (B 3TOM Cllyyae TOBOPST O
JIOKQJIN30BAHHBIX MAarHUTHBIX MOMEHTaX), KOTOPBIM OOBIYHO BO3-
HUKAET MPU ABWKCHUU IO 3aMKHYTHIM TPACKTOPHUSM JJICKTPOHA e
(Hampumep, MpH ero JOKaJIW3alui Ha KaKou-1100 aTOMHOM opOu-
Talld) C YIJIOBOM CKOPOCThIO @ pamuycoM a. Torga ero Mo>XHO

OLIEHUTH u3 CIEAYIOLINUX COOOpakKeHMI:
p aJ a‘ew amea pae
~ ~ ~ ~ )
2¢c 2¢c 2c 2cm,

S - tomaas opOUTHI; J=ev - HaBeJIEHHBIN TOK; ¢ - CKOPOCTh CBETA;
a® ~ v - TMHEWHAas: CKOPOCTh; p=m,V - UMITyJIbC. [lanee, coriacHo
KBAHTOBO-MEXAHUYECKOMY NPUHLHUIY: pa~ h, OTKyJa HMEEM:

eh
U = [, =——, Tle ly- MarHeTpoH bopa.
2mc

bynem nonarats nanee, 4TO KaKAbI SJIEKTPOH B y3JI€ UMeE-

o eh
€T MarHUTHbIM MOMeHT i, =——. [lomecTum obOpa3zer BO BHell-
2mc
J 8
Hee MarHuTHoe mosie H . BBeneM HaMarHMYEHHOCTH CHCTEMBI:

1 I 1
M = Z M. . Ecim BHemrHee MarHutHoe none f{ - cmaboe, To

1

HABEJICHHBII MArHUTHBI MOMEHT OKa3bIBaC€TCS IMPOIOPIIUOHAIIb-
HeIM emy: M= Hy. KosddumueHT nponopuroHaIbHOCTH Y
HA3bIBAIOT MAarHUTHOW BOCHPUUMYHUBOCTBHIO CHCTEMBI. Iy mar-
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HUTHOMN MHAYKIMHA B (MCTUHHOTO BHYTPEHHETO MATHUTHOTO ITOJIs)
MOXHO HaIlnucCaThb:
B=H +4zM = I—?(l+47r;g)= ﬁy; =4y + 1.

JIECh 4/ - MATHUTHASA IPOHUIIAEMOCTh U , — £~ (MHOXUTEND 47
3nec a a OHHUIIAEMOC P p-1 0 enp 4
47

BBOJUTCS JIIs1 y100CTBA).

[IpunsTa cnenyromas kraccugukayus eeujecme no ux mae-
HUMHBIM C80UCMBAM:

1) mapamarHeTuku: 4 > 1 => MarHutHoe MoOJe BHYTPHU
yCHWIMBAETCS,

2) nuamarHetuku: i <1, y < 0 = ocnabneHue MarHut-

HOT'O TTOJIS;
3) deppomarHeTuku: B OTCYTCTBHM BHEUTHEI'O0 MArHUTHOTO
1

nonst B0, 1e.B#0nmpu H=0 u uy = oo,y = o ;
4) waeanbHBIN JHaMarHeTH3M: MOJIHAs SKpaHUPOBKA BHEIII-
HETO TIOJIS:

H¢0,B=O:>,u=0,;(=—%”.
TaK, HNACAIIBHBIM IUaMAarHCTUKOM ABJIAACTCA CBCPXIIPOBOJIHHUK,
5) memarautHble Bemectsa: 4 = 1, y = 0.

1.2. MarHuTHBIE CBOWCTBA CHCTEMBbI JIOKAJIbHBIX
MATCHUTHBIX MOMEHTOB 0€3 B3auMOJAeHCTBUSA

PaccmoTpuM KpucTaml BO BHEIIHEM MarHUTHOM IIOJIE C
y3JaMHi, UMEIOIIUMU MarHuTHble MOMEHTHL. IlycTe TemmepaTypa
T#), 1 MarHUTHbIE MOMEHTHI B3aMMOJICHCTBYIOT TOJBKO C BHEII-
HUM mojieM. IIpu BK/IIOYEHHOM BHELIHEM II0JIC SHEPIHs B3aHMO-

nevicrBus V' = —uH, u moyne ctpeMuTCs pa3BepHYTh MOMEHTHI B
CBOIO CTOPOHY (a Temmeparypa - Hao00poT, pa3ynopsaounThb). To-
rma: V = —Ztljl =—-u,HS,/S,rne S - cnun (1enslid win noiyue-
JIBINN).
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Uucno pa3InyHbIX 3HAYEHUN CYMMAapHOTO B3aUMOJICHCTBHS
V paBHO 2S7+1, ipu 3ToM 1ipu Sz=1/2 9yucio 3HaueHui (CTeneHei
cBO0OO/IBI) JTOKAIM30BAHHOTO MarHUTHOT'O MOMEHTa PaBHO 2 (BIOJb
u 1potuB 10Js1). COOTBETCTBEHHO SHEPrUsi B3aMMOJCWUCTBUS OT-
JIEIbHOTO0 MOMEHTA C BHEIIHUM IIOJIEM MMEET TOJIBKO JIBa 3Haue-
HUS:
E =-u,H (Boonbmons), u=-+u, R (1.1)
E, =+u,H (npotus mons), =—u, +.
Paccunraem cpenHee 3HaueHHE <,Zz> s aToro paccmot-

pI/IM HOJ'IHy}O CpGI[HIOIO HAMaroHnmdeHHOCTHh CUCTEMBI.
(W)= (u)= 3 (u)y=(u)N .

Opy 3TOM  yIJIOBblE CKOOKM OyayT oO3HayaTh KBAaHTOBO-
MEXaHH4eCKoe ycpeaHeHnue no ancamo6iro ['u66ca. Torma mo ompe-
TIEJICHUI0 UMEEeM

()= Spuexp[-H | kT] :Zn (nluexpl—H /kT]|n)

Spexpl=H /kT] > (n|exp[-H / kT]|n)

n

b

rae “Sp” o3HayaeT mimmyp (CyMMy IHaroHaJIbHBIX JIEMEHTOB); H -
raMuJIbTOHMAH CUCTEeMBbI; k - mocTosiHHas boibiiMana (ee B Aalib-
HEHIIeM [10JIaraéM paBHOM €IMHULE).

Y4uuThIBas, 9TO MBI IOHUMAEM TI0J] COCTOSIHUEM |17> TIpe.i-
CTaBJICHHE COOCTBEHHBIX (YHKIMH TaMHJIbTOHMAaHA (HAIpHUMeED,
COBOKYITHOCTh MTHOBEHHOTO PACIOJIOKEHUS MArHUTHBIX MOMEH-

. N
TOB Ha y3JaX, MpU 3TOM TakuX coctosHui Oyzer 2 (N - yucio
y3JI0B) - pa3MepHOCTh [ 'miabOepToBa MpPOCTpPAHCTBA), a TAKXKE MX
MIOJTHOTY ¥ OPTOHOPMHUPOBAHHOCTh, IMEEM

exp[—-H/ T]|n> =exp[—FE,/ T]|n>, <n|n>: 1;
Z <n|exp[—H/ T]|n> = Z exp[—-FE,/T],

n

11



rae E, - sHeprust cucteMsl B cOCTOsIHUU |[n> . Kpome Toro, yuuThbl-
Bas, YTO

<n‘,u exp[—H/ T]|n> = <n‘,u exp[—-E,/ T]|n> =u,expl-£E,/T],
MoJIy4aem
D> wu,exp[-E,/T]

_ 4 . 12
(u)= S expl-E,/T] (12

n

HopmupoBouHbIil 3HaMeHaTeNb 3/1€Ch - CTaTUCTUYeCKast cymma Q.

VYyuThiBasi, 4TO MarHUTHbIE MOMEHTBI HE B3aUMOJCHCTBY-
10T, MOXXHO HE3aBHCHUMO paccUMTaTh BeipaxeHue (1.2) mis kaxmo-
o MOMEHTA, UMESl BBUY TOJILKO ero JiBa coctosiHus (1.1):

</U>: lLloeXp[lLlOH/T]_ /uoexp[_;uoH/T] .
poexpluH /I T+ p,expl—u,H/T]
Hamomuum, 4uto 31mechk H - BHelIHee mMarHuTHoe moje. Otrcroma
HMEEM

<,u>:,uoth(u0H/T). (1.3)

[Ipoananusupyem mosiydeHHOE COOTHOLIeHue. Ecnu BHeu-
Hee M0JIe YCTPEMUTH K HYJIt0, TO noiay4daem u3 (1.3) cienyroiee

ZH N 2
H— 0,N(u)= ’UOTN - H, g:%>0. (1.4)

[Tpr 3TOM ecjM TOJIOKUTH BHEIIHEE IM0JIE TOYHO HYJII0, TO IMPH
mo00# Temmeparype

H =0, {uy=0, {M)=0. (1.5)

Takum o6pazom, u3 (1.4)-(1.5) 3akmrouaem, 4TO cUcTEMa JIOKAIIU-
30BaHHBIX HEB3aUMO/ICHCTBYIONINX MAarHUTHBIX MOMEHTOB IPOSIB-
JSIeT TUIIMYHBIC TapaMarHUTHBIE CBOMCTBA. bonee Toro, oHa HHUKO-
r7a He UCTbIThIBaeT da3oBoro nepexoja (puc.3) - Ajisg 3Toro Heoo-
XOJMMO B3auMoOJEHCTBHE. TemmepaTypHas 3aBUCHMOCTb BOCIIPH-
umunBocTy (~ 1/7) , TOKa3aHHas Ha pHC. 3, Ha3BIBACTCA 3aKOHOM
Kropwu.
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Puc.3. TemmneparypHasi 3aBUCH-
MOCTh BOCIPUMMYHUBOCTH } - 3a-
koH Kropu (~1/T) ansa HeB3aumo-
JENCTBYIOIINX MOMEHTOB

3agaumn

1.2.1. Haiitu BbIpakeHHE IJIs1 CTaTUCTHYECKOM CyMMbI ()
mojienu M3uAara 6e3 B3auMOAeCTBYS B MATHUTHOM TIOJIE.
Pemenue. ['aMuiLTOHMAH MOJEIIH:

ﬁ:—z,ul.H, M, =pm,S;, S;==x1. Tak xak MOMEHTBI He

B3aMMOJEHUCTBYIOT, TO :
N
0 =1 X exp(Bu,S,H) = [2¢h(Bu,H)]" .
i S;==%1
1.2.2. Haiitu snepruto E monenu M3unra 0e3 B3auMoaenct-
BHS IIpU Temrieparype 7.

Otser: E = —%ln Q=-Nu,Hth[pu H].

1.2.3. Haittu sutpornuto S(7) monenu N3unra 6e3 B3aumo-
JIEUCTBUSL.
Pemenne. BeposSTHOCTh #-TO COCTOSTHUSI CHCTEMBI C DHEP-

ruei E,: P, = exp(—pE,)/ Q . lloatomy
S=-> PInP, =-1/0) exp(-pE,)In[exp(-BE,)/ 0] =

=InQ + fE = N[In{2ch[ fu,H1} — fu,Hth[ fu,H]1]

1.2.4. Haiitu suTponuto S monenu M3unra 6e3 B3auMoeii-
CTBUSI B MUKPOKaHOHWYECKOM aHcaMmOJie IpH 3aJjaHHOM 3Hepruu E.
13



Pemenne. O6o3Haunmm W - CTaTHCTUYECKHM BEC, YHCIIO
croco00B, KOTOPHIMH MOKHO PEaIM30BaTh COCTOSIHUE C 3aJlaHHOU
sHeprueil. DHeprust £ 3a7aeTcs 4MCIOM CIUMHOB BBEpX Ny M MOJI-
HBIM umnciioM cnuHoB N. Torna:

W=Cy =NY[N,(N-N,D].
[Tomoxum Ny=xN, 0<x<I. Ucnonws3zys popmyny CrupiauHra s
N—oo (InN! = NInN - N), moiaydaeMm SHTPOIHIO:
S=—NxInx—-N(1-x)In(1-x).
YuutsiBast,uto sHeprus E=—p, H(N, —N_)=—Nu,H(2x - 1) ,umeem:
S=-N/2[(1-2)In(1-2)+(1+2)In(1+2)|+ NIn2, z=E/NupH.

1.2.5. YcraHOBUTH COOTBETCTBHE MEXIY SHTPOIHEH B Ka-
HOHUYECKOM U MUKPOKAHOHMYECKOM aHcamOlie B HEB3aUMOJICHUCT-
Byrouien moaenu M3unra.

YkazaHue: HUCIMONb30BaTh B BBIPAXKEHUU MJII SHTPOIUH,
MOJy4eHHOM B 3adade 1.2.4, sHepruro yisi KaHOHWYECKOTO aH-
camb6uis (3amaua 1.2.2).

1.2.6. HaiiTu cBOOOAHYIO SHEPIHIO0 HEB3aUMOIEHCTBYIOIICH
CHUCTEMBbI CITUHOB.

Otser: F = E—TS = TN In[2¢h[Bu,H]]=-TIn Q.

1.2.7. HaiiTu cpeaHee 4YUCIIO CIMHOB,ITOBEPHYTHIX BBEpX N (7).

N,(D=V/Q) NGy expfiHN.~N)}=

OTtBeT:

=Nl+expByH)

1.2.8. Ilonyunts TEMIOEMKOCTh CHUCTEMbI HEB3aUMOJECHCT-
BYIOIIUX M3WHTOBCKUX CNHUHOB. MccienoBarh B MpeleabHbIX CIIy-
yasx T—0 u T—»co. [loctpouts rpadux C(7).

OTBeT:

C(T)=dE/dT = -T &*F/T* = N(u,H/T)  ch > [u,H/T].

1.2.9. HaiiTu cpenHiOl0 HAaMarHWYE€HHOCTb CHCTEMBI IpU
TemMrieparype 7.
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Otser: M= 4, <(N, —N_)>= i, <(2N, = N) >= 4, Mh[ i, H].

1.2.10. Haiitu ynenpHyr0 MarHMTHYK BOCHPHMMYHMBOCTD
CUCTEMBI.

Omser: y =(1/ N)dM/dH |, o= 13 /T .

1.2.11. HaiiTu cBsi3b MeXAy HaMarHMYE€HHOCTbI, MAarHUT-

HOI BOCIIPUUMYHUBOCTBIO U CBOOOJHON sHeprueit moxaenu M3unra
0e3 B3auUMOJECTBHUS.

Otser: M=0mQ/ApH =—-F|H, y=-3F/cH" .

1.3. Cucrema JIOKaJIbHBIX MATHUTHBIX MOMEHTOB

CO B3aUMO/IeliCTBHEM.

dddexTnBHOE NOJIE Beiicca.

[IycTp MarHuTHbIE MOMEHTHI B3aUMOJEUCTBYIOT JIPYT C
JIPYTOM, IIPU 3TOM 3HEPrus B3aUMOJECHCTBUS

V=—Auu,. (1.6)

3neck A - Oe3pa3MepHbI MapaMeTp B3aUMOJEHCTBUS MEXIY MO-
meHTaMu. CyMMapHbBIi TaMUJIbTOHUAH UMEET BUJ

H=—1/2Y 2, o, —-HY p,. (1.7)
ij i

B sTom maparpade mMbl paccMaTpuBaeM BO3MOXKHYIO OPUCHTAIIHIO
MarHUTHBIX MOMEHTOB TOJIbKO 1O (+x) U npotuB (-x) nonsa. Co-
riacHo (1.6)-(1.7), MarHUTHBIE MOMEHTBI CTPEMSATCS YIOPSIAOUYUTh
npyr apyra. Torma Ha BBIJACICHHBIM MarHUTHBIM MOMEHT Oyjer
JIeCTBOBATh BHEIIHee mnosie H u mnosne B3aumojeictBus (1.6) ot
BCEX OCTAJIbHBIX MOMEHTOB

Hl.:Z/Il.j,uj+H. (1.8)
J

YcepennenHoe (KBaHTOBO-MEXaHWYECKH) CyMMapHOE mojie Oyjer

TOr1a paBHO
(Hy= A,(u,)+H (1.9)
J
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B cuiy TpaHCIALIMOHHOW WHBAPMAHTHOCTH (</4> HE 3aBUCUT OT j)
B CpPEIHEM HA BBIACICHHBIM CHWH JIEUCTBYET PpPE3YJbTUPYIOILICE
s dexTuBHOE TT0IE

Hy=<H>1 <u >N+H. (1.10)

3n1ecy 0003HaYeHO AN = Z A TaK YTO A UMEET CMBICT 0O€3-
j

ij 2
pa3MEPHOTO IMapaMeTpa B3aUMOJCUCTBUSA, MPUXOISIIErOCS HaA
OdUH MAarHUTHBIM MOMEHT. HpI/I6J'II/DKeHI/Ie MOJICKYJISIPHOTO ITOJIA
Beiicca coctoutr B NpCAIOJIOKCHUH, YTO HCTHUHHOC CYMMApPHOC
hoJie B i-M y3J¢€ coBIaaacT CoO CpCIAHUM I10JICM Heﬁ 1 HE 3aBUCHUT

OT OpPHMEHTalUU I-I0 CIUHA L. JIerko BUAETh, YTO 3TO NEWUCTBHU-
TEJIBHO MPUOJIMKEHUE, TaK KaK MPU HAIMIPABICHHOM BBEPX i-M CIIH-
HE BEPOSATHOCTD ISl cOce/ieil ObITh HapaBJICHHBIMU BBEpX O0JIbIIE
cpenHel, T.e. B npubmmkenun Beiicca mbl mpeneOperaeM (uyk-
TyalusiMU. DTO JIy4YIlle BCErO BBIINOJHSAETCS MpU OONbIIEM YHCIIE
onmxaiimux cocener Z. bomnee Toro, mpu Z — oo npubIMKEHHE
Beiicca naet mounwiii pe3ynprar.
Takum 00pa3oM, yUUTBIBasA, YTO KaXKIblii MOMEHT HaXOAMT-
ca B 3 dextuBHOM cpennem none Hyp(1.10), u3 (1.3) MoxHO 110-
JY4YUTh CAaMOCOTJIACOBAaHHOE YPaBHEHHE
() = oo Fol =2 NAT), (1.11)
T
VYpasnenue (1.11) - ypaBuenue Beiicca. PaccMoTpuM npenenbHbIi
ciydait H — 0. Ilpu gocratouno Oonplux Temmneparypax 1 u3
(1.11) momyuaem :

yo[H+<,u>N/1]
T

(i) =, (1.12)

Uy
— U

]j (1.13)
0

Na]

(n )= [T
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O603HaunM ,u()ZN?u = @ - temnieparypy Kropu-Belicca. 3akon Kro-
pu-Beiicca niud Mozenn ¢ B3aMMOJCUCTBHEM HMEET CIEIYFOLIUN
BU/I:
u o H

Wrak, npu Oonbwioit remneparype 7> @ u y > 0, T1.e.
peanuzyercs napamarauTHoe coctositnue. Kak Buano uz (1.14), B
Touke 7' = & MarHUTHBIA MOMEHT 4 U BOCIIPUMMYHUBOCTH ) Pacxo-
nsares (puc.4), n nanee (nmpu 7 < @) BO3MOXKEH epexoj B heppo-
MarHuTHoe cocrosiHue. lIpoananu3upyeM TOUYHOE YpaBHEHHUE
(1.11) mpu mone H=0. Beenem Ge3pazMepHbIii MATHUTHBIA MOMEHT

(1.14)

Ha y3ie R = <p>/uy .
X

Puc.4. 3axon Kropu - Beiicca
(~1/|T = 8]) nas mar-
HUTHOI BOCIIPUMMYHBOCTH B

paMKax B3aMMOJEHCTBYIOIIEH
Moxenu M3unra

S T

Jlerko Bugets, uto -1 < R < +1. PaccMOTpUM IONOKUTEIBHYIO
obsacth 3HaueHuit R. YpaBaenue (1.11) npuHumaet Bun :

R = th(RT—H) . (1.15)

Ecnmu o6o3naunute x = RO/ T, 0 xT /O = th x. Torma oueBuaHO,
yTo npu T > uMeeTcs eIUHCTBEHHOE pelieHue R=0 u HeT yno-
panouenus. B cnyuae T <@ ypaBHeHue Beiicca nMmeer HETpUBH-
anbHOE pelieHue R##(), onmuckiBaroiee (GpeppoMarHUTHOE COCTOSI-
HUE.

OO6mmit Buy 3aBucumoctr R(7) mokaszadn Ha pwuc.l,a.
Bo6mu3u obmactu a3zoBoro mepexoga HECIOXKHO IMOTYYUTH
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R = 3(@/T - 1), otkyaa u caeayer, yto npu 7 > R=0, a B ciy-
yae 7' <@ R0, T.e. pelieHne, NOAXOAAIIEE K TOUKE MEpexona ¢

6eckoneuyHoi npousBoaHou (dR/AT ~ 1//0/T —1). Kak nanbiie
OyJeT moka3aHO, TaKoe OECKOHEUHOE BO3pacTaHHWE CKOPOCTU Ha-
MarHU4eHHOCTH CBSI3aHO C PACXOJMMOCThIO (PIIyKTyaluii u Koppe-
JSIUMOHHBIX JUIMH MPU TPUOIMKEHUN K Touke (a30BOro mnepexojia
BTOPOTO poja.

B npyrom npeaensHom cinyuae 7— 0 mapamerp nopsiaka R
— 1 mo 3akony R =1 - 2exp(-2@ /T). 3amMeTuM, 94TO IKCITOHEHITH-
aJIbHO MaJjo€ OTKJIOHEHHE HAMarHM4eHHOCTH OT MOJIHOI'O HaChIIle-
HUS TPU HU3KUX TEeMIeparypax SBJISETCS CICICTBHEM TOTO, YTO
Ipy HU3KUX TEMIlepaTypax IOYTH BCE CHUHBI OPHUEHTHUPOBAHBI
BBEpX(IO MOJII0). DHEprusi, HeoOXxoauMas Ajisi MOBOPOTa OJHOTO
ClUHA, paBHA @ — (—@) =26, Tak KaK CO3J]aBacMO€ OCTaJIbHbIMU
criuHaMu moje paBHO @. IlpubnuxeHue MOJEKYISPHOTO MO
OPUBOAUT K TOYHOMY PE3yJbTaTy MpU HU3KHUX TEMIIepaTypax, Ko-
r/1a CnuHbI O00sbine He GuykTyupytoT. [Ipu 3TOM BeposSTHOCTH TIO-
BOpOTa BTOPOTO CIIMHA, JAIOIIETO BKJIAA B IOJIE, TPEHEOPEIKUMO
Maja, TaKk Kak OH YJep>KMBaeTCs, B CBOIO O4Yepe/lb, HA MECTE CBOU-
MU cocensiMu. TakuMm oOpazoM, IpH HU3KUX TeMIIepaTrypax Bo30y-
KJICHHBIE COCTOSIHMSI OTAEJIEHbl OT OCHOBHOI'O JHEPreTHYECKON
uiesnbo 2 6.

Onennm Macmrtab temneparypsl Kiopu-Beiicca. M3BecTHO
U3 DJKCHEpUMEHTa, 4YTO Oy =300-1000K (Tak, mns xenesa
@=1043K, nns aukens G=627K, nis ragonuaus @=293K). B cuc-
teme CI'C marnetpon bopa py ~ 107, Otcrona, nmomnarast 6e3pas-
MEPHYIO KOHCTAaHTy B3aUMOJEUCTBUS A MOPSIKA CIUHUIIBI, 4 YHC-

JIO aTOMOB N~ 1023, UMeeM Greop~0.1K. Takoe pasnuyne cBA3aHO C
TEM, YTO pealbHbI MacmTad B3aMMOICHCTBHS CYIICCTBEHHO
Oonbie (A ~ 104), TaK Kak B CIIUH-CIIMHOBOM YTIOPSIZIOYCHUH UTpa-
€T OCHOBHYIO POJIb crernudpuyeckoe oOMEHHOE B3aUMOJICHCTBUE,
KOTOPOE MBI pACCMOTPUM B CIIEyIOIIEM maparpade.
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1.4. Ilpupona oOMeHHOr0 B3auMoOAeiicTBUS.

Mopaenu U3unra u I'eiizendepra

B3aumopeiicTBue Mexay MarHUTHbIMEU MOMEHTaMU HOCHUT
YUCTO KBAaHTOBBI XapaKTep - 3TO TaK Ha3blBaeMOe€ OOMEHHOE
B3aMMOJICHCTBHE. MBI TTOKa)keM, YTO KOHCTaHTa OOMEHHOTO B3aH-

MOJCHCTBUSA NOCTUTAET A ~ 10" - 105, YTO COTJIACYETCsl C JKCIIe-
PUMEHTOM.

Jlnst ancamOnisi OJIMHAKOBBIX KBAHTOBBIX YACTHUIl JOJKEH
BBITIOJIHATHCS. MPUHIUIT TOXACCTBEHHOCTH - OHHM JOJKHBI OBITh
HEpa3IUYMMbl B CHJIy TNPHUHIIMIIA HEONPEACIICHHOCTU: p X ~ h.

Ecnu numeroTcst Bcero JiBe 4acTHUIIbl, TO COCTOSHUSI CUCTEMBI, IOy~
yaromuecs ApyT U3 Jpyra MpocTo MEepeCcTaHOBKOM 00eMX YacTHl,
JOJIKHBI OBITH (PU3UUECKU TTOTHOCTHIO SKBUBAJICHTHBI. JTO 3HAYHT,
YTO B pe3yJbTaTe TaKOW MEepecTaHOBKU BOJHOBAs (PYHKIUS CHCTE-
Mbl MOXET M3MEHHUTBHCS TOJIBKO Ha HECYIECTBEHHBIH (ha30BbIi
MHOUTENb: €CIHU | 9{1,2)|2 =| Y{Z,l)|2, o H1,2) = exp(ia)
¥(2,1), rie o - HEeKOTOpas BElIeCTBEHHas nMocTostHHas. [loBTopHas
NepecTaHOBKa ¢ HEOOXOIMMOCTBIO PUBOAUT K YCIOBHUIO exp(2ic)
=1, r.e. H1,2) = £ H2,1). [ToaToOMy ecTh BCEro ABe BO3MOXKHO-
CTH: BOJIHOBasl (GyHKUUsS J1MO0 CUMMETpUYHa (3TO ctaTucThka bo-
3€), IN00 aHTUCUMMETpPHUYHA (3TO cTaTucTuka depmu).

JlaHHBIH pe3ynbTaT CIpaBeAIUB U AJIs TPOU3BOIBHOTO YKC-
Ja 4acTuLl.

PaccmoTpuMm Teneps /1Be BbIIEICHHBIE YaCTUIbI, UMEIOIIUE
KBAaHTOBYIO CTATUCTUKY M B MIEPBOM MPUOIMKECHIUN HE B3aUMOJICH-
CTByIOIIME (KYJIOHOBCKOE W JIPYyTHM€ B3aUMOJCUCTBUS yUTEHBI He-
KUM cpeaHuM moisieM). [loyHyi0 BOJHOBYIO (YHKIMIO CHCTEMBI
MOKHO BBIpa3UTh uepe3 ofgHoyacTHuHble GyHKIuu (1) u ¥(2)
CJEeAYIOIIHNM 00pa3oM:

H1.2) = 1/V2 { W(l) H(2) + Pa(2) F(1) .
CooTBeTcTBEeHHO 0030HaM OTBeuaeT 3HaK “+”°, a pepmuoHam “-”,
peanu3yolme CUMMETPUYHYI0 U aHTHCUMMETPUYHYIO CUTYaIlUH.
BunHo, 4to eciau cocTtosiHue a paBHO b, TO JJiA 3HaKa “-” BOJHO-
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Bass QYHKIUS TOXKICCTBEHHO paBHA HYJIIO, YTO OTPaKaeT MPUHITUT
[Taynu B pepMHOHHON CTAaTHCTHKE, 3allpeIiaronuii 1ByM (pepMuo-
HaM HaXOIUTCS B OJHOM cocTossHuu. HaoGoport, mpu 3Hake “+7
J1s 0030HOB BEPOSITHOCTh HAXOXKJEHHUS B OJTHOM COCTOSHUW HaW-
OoJbIIas.

PaccmotpuM Teneps cucTeMy SJIEKTPOHOB, JIOKAJIM30BaH-
HBIX B MOJI€ KPUCTALIUYECKON PEIIETKU. YUTeM TaKXe CIHUHOBYIO
KOMIIOHCHTY BOJIHOBOW ()YHKIIMH, TaK 4YTO TIIOJIHAs BOJHOBAs
byHKIHSA (KOTOpas T0JDKHA OBITh aHTHCUMMETPUYHA) UMEET BUL:

D(r1,r2 01,02) = Hrpr2) (o, 02),
Hrpry) = VN2 () B2 £ Fulra) ).

[Ipyn 3TOM aHTMCUMMETPUYHOU CUTyauuu ‘-~ NOJIKHA COOTBETCT-
BOBaTh CUMMETPUYHAs CIIMHOBAs KOMIIOHEHTa (CyMMAapHBI CIUH
S=1):
2o1.02) = x(1/2,61) (172, 02),
Z(O'], (72) = }((-1/2, 01);((—1/2, 02),
y(on,00) =y (1/2,07) y (-1/2,00) + y (-1/2,07) y (1/2,07),

a CUMMETPUYHOUN cuTyaruu “+” NOJHKHAa COOTBETCTBOBATH AHTH-
CUMMETPUYHAs CIIMHOBAsI KOMITIOHEHTA (CyMMapHbIit criuH $=0):

}((O'], 02)2;5(1/2, (71)}((-1/2, 02)-}((—1/2, 01);((1/2, 62).

Takum 00pazoM, CHMMETPHS KOOPJAMHATHOW BOJIHOBOM (DYHKITUH
3aBUCHUT OT OPUEHTALIMU CIIUHOB:

(i) = VN2 {0 ) W) - Pura) )l (1.16)
PAU(rr2) = VN2 {8lr) Bra) + Walr2) B(rn), (1.17)
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VY4yrem Teneps B MEPBOM IMOPSIKE MO TEOPUH BO3MYILEHUH KyJO-

2
e

HOBCKOE B3amMoJieiicTBHe 31eKTpoHOB U = ———7- 1lompaBka k

r—r

2

OHCPIruu CUCTCMEI 3a CUCT B3aHMO/JICHCTBUS UMECT BUI;

2
E = jw(1,2) v *(1,2)d*rd’r,.  (1.18)

- -
r—r

[Moncrasnss B (1.18) BoHoBbIe pyHKIMHU (1.16)-(1.17), umeem
Err =Eg — Jp2, ErL=Ey + Jp2, (1.19)
rnae Ey- sHeprus, He 3aBUCSIIAs OT OPHEHTAI[MH CITUHOB YaCTHUIL:

1 2
E = [S5{vf ba0a +lya  wrf fand, (1.20)

2
h=n

a J; - OOMEHHBIN UHTErpal:
2
e * *

E= [ {v.00w,(mw (v, )}d rd’r,. (1.21)

n—rn

B cnyudae J;; >0 cnuHaM BBITOJHO BBICTPOUTCS MapaJlIeIbHO, €CIIN

Ji2 < 0, To anTHNapauieasHO. B mepBoM ciydae ymopsimodeHHe
MPUBOANT K (eppOMarHeTu3My, BO BTOPOM - K aHTHEppOMarHe-
THU3MY.

Ouennm Benmuuuny J;;. Kak BumHO, Macmrab J;, onpene-
. 2
JISIeTCS KYJIOHOBCKMM B3aUMOJICUCTBUEM, T.€. J~e /a~103B, T1e a

- MeaTtoMHoe pacctosiHue. Ene Ha mopsiaok BeuuuHy J;) MOXKET
YMEHBIIIUTh MHOXKHUTEb eXp(-2a/ag), TAE ap - OOPOBCKUI paamyc,
M3-32 TEPEKPBITUS HAKCHOHEHIUAIBHBIX ‘“XBOCTOB” BOJHOBBIX

. 4
bynkumit (cm. (1.21)). Takum obpazom, J;» ~ 13B~10 K, uto co-
. . 4
rJIaCyeTCsl ¢ OIICHKOM BeNMYMHBI B3aumoaeicTus (A ~ 107).
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Ternepb paccMOTPUM peaJibHbIE MOJICNIHA, OIHCHIBAIOIINE
CHUCTEMY CIIMHOB C OOMEHHBIM B3auMOJieicTBUEM. Tak, eclii B3au-
MOJICHCTBUE JIBYX BBIJCJICHHBIX CIUHOB corjiacHo (1.19) umeer
BU/I:

-
E§§ = E,-J,S8,8,, (1.22)
TO B pEAJIbHOM TBEPJOM TeJie C PElIeTKON CIIMHOB BBOJIUM TaK Ha-
3BIBaCMBbI raMUJIbTOHUAH | ei3enOepra:

H=-1/2% J,8,8, -1 5. (123

3)16013 Mbl Y4YJIH BSaHMOHCﬁCTBHG C BHCIIHUM IIOJIEM, a4 OTCUCT
9HCPIrun IIPOBOJUTCA OT TOU ee 4acTh, KOTOpas HC 3aBHUCUT OT
OpHUCHTAIMH CIIMHOB M HC BJIMACT HAa MAIrHUTHOC YIIOPAAOYCHHUC

cucremsl. Eciu Jj; >0, To ramunsronuan (1.23) onuceiBaer peppo-

MarHMTHy100 Mozenb I'eiisenbepra, ecau Jj; < 0, To antudeppomar-
HUTHYIO.

B Monemnu (1.23) opueHTanusi CIMHOB JIOMTYyCKAETCs JTI00O0M.
Ecmu e y4ecth TOT (akT, 4TO OOMEHHBIA MHTErpan J; MOXKET
OBITh pa3MyeH JUIs pa3Iu4HbIX KpUCTauIorpauyecKux Harpas-
JIEHUI B peajJbHOM AHM30TPOITHOM KPHUCTAILIE, T.€. BO3MOXKEH BH/I
raMHUJIbTOHUAHA:

- - -
H=-1/2) (J;S'S;+J)S)SY+J:S;SH-HY S,,
y !
rac Jx, Jy nu JZ Pa3JIN4HbI, TO CTCIICHU CBO60ﬂLI MAarouTHbBIX MOMCH-
TOB MOTYT ObITh OFPAHUYEHbl KOHKPETHBIM BUJOM ITHUX BEIMYMH.
Tak, BO3MOKHaA CUTyalus, KOrj1a MakCHUMaJIbHOE B3aWMOJICVICTBHE
peanu3yeTcs BIOJb HampaBlieHUs TpuiioxkeHHoro noss H. Torma
MOJIETTb YIPOIIAETCS, OTPAHUYMBACTCS YUCIIO CTETIEHEN CBOOOIBI 1
OCTaeTCs JIUIIb JIBA BOZMOXKHBIX COCTOSIHUS - TIO TIOJIFO U MPOTHUB (

Li=tl) - xak B 1.1.2 m 1.3, 1 MbI nostyyaeM Mozensb M3uHra:
F:_I/ZZ Vijlui/Jj_HZ M- (1.23)
ij i

31eck nepeobosnaueHo Ji; — Vij= V(riry), S;—> ;.
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OcHOBHOE cocTOsIHME MOojenu M3uHra coBnasaer ¢ OCHOB-
HBIM COCTOSTHUEM Mojienu I eiizeHOepra npu HyJICEBOW TeMIepary-
pe, Korja CIHHBI “3aMOPOKEHBI” M OPUEHTHUPOBAHBI JUOO MO TO-
JI10, TNOO MPOTUB, U

TP TLITT

TLTLLTTTLLTT
Bomu3u obnactu (a3oBoro mepexoja HanOoJiee aaeKBaTHO
OIKCaHue C MOMOIIBI0 Mojenu [ eiizendepra, pealbHO YUNUTHIBAIO-
Iei Bce CTeneHn CBOOOIbI CIUHOBOM cucTeMBbl. bosee Toro, u npu
HU3KHX TEeMIIepaTypax Takue BOOYKIEHHS, KaK CIIMHOBBIC BOJHBI,
HEBO3MOXKHO OINHUCaTh (Kak OyJeT Moka3aHO HUXke) 0e3 Monaenu
['eiizenOepra. OgHako moaens M3uHra Hanbosee npocTa, HarjsgHa

U JIOCTaTOYHO yA0OHa IMpPH U3JO0KEHUU OTAEIbHBIX MPOOJIEM Teo-
pUM MarHeTU3Ma.

3agaumn

1.4.1. Jlana TpexmepHas kinaccuueckas mojeib ['eitzendep-
ra 0e3 B3auMOJICHCTBUS:

N

H=-p,> S H, |S]|=5.

OnpenennTh CTaTUCTUIECKYIO cCyMMy Q.
Pemenne. Ctenenn cBOOOJBI CHUCTEMBI OIMpPENEISIOTCS yT-

JoM G; Mexay nojieM H 1 CIUHOM S;, IO3TOMY:
0= H Iin exp(Bu,SH cos ;) = [4”(Sh{ﬂﬂoHS}/ﬂy0HS)]N ‘

1.4.2. HailTu HaMarHMYEHHOCTh HEB3aUMOJACHCTBYIOLIEH
mozenu ['eitzenOepra, ucxoast U3 TEPMOJUHAMUYECKONU (POPMYIIbI

M=-0F / O H w cpaBHUTH ¢ pe3ysbTaToM, IOJy4aeMbIM U3 OIl-

penenenusi: M, =[N /4x]|dQu,S cos @exp( — fu LS?]_-I))
VA 0 0~
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OtBeT:

M=—5F/5H=—W%[mQ=NﬂoECBﬂoHS)a F, () =cth(x) - 1/x,

Fr(x) - dynkuus JlawxeBena. Bropoit pe3ynbraT u3 onpeseseHus
COBIIAJIA€T C 3TUM BBIPAKEHUEM.

1.4.3. UccnenoBarh NoBEIEHNE HAMAarHUYEHHOCTH B CllyYa-
ax T =0 un T—co.

Pemenue. @yukuus JlamxkeBeHna F(x) (CM. mpeablayIlyto
3a/lauy) UMEET aCUMITOTHI:

F (x)=1-1/x+2exp(—2x), x —>x;
F,(x)=x/3—x"/45+2x’ /945, x—0.

Orcrona maxomum: M=Nu,S, T=0; M= N,UZOSZH/ 3T, T—oo.
1.4.4. HaiiTu MarHUTHYO BOCIIPUHUMYHUBOCTH CUCTEMBI.
Otser. y =(I/N)dM/dH |, ,, = u;S* /3T .

1.4.5. Paccuurath Temoemkocth cuctembl C(7) knaccuue-
CKHUX ciHOB B Mojenu ['eiizenbepra 6e3 B3aumoeiicteus. Mccre-
JOBaTh npeaenbHbie ciaydan I — 0 u T— oo.

Ortser:

C=-TAF/oT* =T 3*(T1nQ)/oT’ =MFL'(,B;JOHS),

T2
F,'"(x)=dF, /dx,
C=1-4(Pu,HS)* exp(-2Bu,HS), T — 0,

C~(Bu,HS) /3, T— .

1.4.6. Haittu satponuto cuctemsl S(7)=-0F/JT. PaccmoT-
PETh MPECIIbHBIC CITyYaH.
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2. MOAEJIb U3UHTI' A

B sToit rmaBe Mbl paccMoTpuM Mojenb M3uHra B mpuoiu-
JKEHUU MOJIEKYJIIpHOTro moJjisi Belicca u MmoiaydyuM OCHOBHBIE pe-
3yJIbTAThl MO TEMJIOEMKOCTH M MAarHUTHOM BocnpuumM4uBocTH. Ha-
psALy ¢ 3THUM OyAyT U3y4eHBI TOUHOPEIIAEMbIC OJTHOMEPHAS U JBY-
MepHast mojienu M3uHra u uccienosana mpoodiema (pa3zoBoro mnepe-
X0/1a B HUX.

2.1. Moaeas U3unra. IlpudanskeHue cpeaHero moJjs

Paccmorpum monens M3unra (1.23):

H = _1/22 Vijluiluj_ HZ M-
i i
U UCTONIb3yeM mpubimkeHue cpeaHero moiss. [lokaxkem, kak B
JTAaHHOW MOJIEJIM MOXHO MOIy4nuTh ypaBHeHHE Belicca. Tak ke, kak
U B 1.1.3, yurem, 4yTO Ha BBIJICJICHHBIN MAarHUTHBIA MOMEHT OyJieT
JICUCTBOBATh BHEIIHEE Mojie / | Ioje B3aMMOJICUCTBUS OT BCEX
OCTaIbHBIX MOMEHTOB:

Hy =2 Vyp;+ H. 2.1)
J

[Tocne ycpeanenust cyMMapHoe 1oJie OyJIeT Torzia paBHO

(Hi)= 2 Viu,)+ H . 22)

B cuiy TpaHCIALMOHHOM WHBAPMAHTHOCTH (</4> HE 3aBUCUT OT j)
B CpPEIHEM HA BBIACICHHBIM CIUH JIEUCTBYET PE3YJbTHUPYIOIICE
s dexTUBHOE TTOJIE:

H

g =<H,>= RY V, +H. (2.3)
J

rae R =< ying 3aMeTuM, 4TO BEJIUYMHA

V)=V, =2 V(r-rlD
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ABJISIETCS] HYJIEBOU (Pypbe-KOMIIOHEHTOM B3aumoaeuncteus V(q):
Vi(g)= 2 V(r-rexplig(r,—r)}. (2.4)
j

Takum o0pa3om, UMeeM:
H, =(H,)=RV(0)+ H . (2.5)

B cnydae B3aumomeicTBus JMIb OMMKaAWIIUX coceaei
BBOJIAT oOo3Hauenue V(0) = ZJ, rne Z - uuciio Oamkalmmx coce-
neit; J - oOMeHHbIi uHTerpai. Mcnonb3ys npubImKeHne CpeIHEro
10JIs, 3aMEHUM HCTHHHOE nojie 3p¢dektuBHbIM (2.5). Tornma cpen-
HAW MarHUTHBIA MOMEHT

< > _ SpILll eXp[IB:ui < ]_Iz >] — exp[,B,ul. < ]_I/ >]_ exp[—ﬂ,u,. < [_Iz >] ,
" Spexplfu, <H;>]  explfu, < H, >]+exp[-fu, < H, >]
(f=1/T), oTKkyga HEMEIJICHHO TOJIy4daeM CaMOCOTJIaCOBAaHHOE
ypaBHeHue Beiicca:
R = th[B(H +V (0)R)]. (2.6)
Ecnu cpaBHUTE ero ¢ ypaBHeHueM (1.11), To jerko 3aMeTUTh, 4TO
poab Temneparypsl Kiopu @ wurpaer Benuuuna V(0). 1o ypaBHe-
HUE MBI yKe uccaenoBanu B 1.1.3. OtmeTum Toisibko, uto npu V(0)
> 0 u npu BV(0) >1 (T < O) ypaBHeHue (2.6) onuchIBa€T UMEHHO
(beppoMarHuTHOE COCTOsSIHKE, B cOOTBETCTBUUM C (1.19).

Eme pa3 uccienyem Bompoc, B KaKOM IpPeeIbHOM CIydyae
MOKHO CUMTATh MPUONMKEHHE MOJIEKYJsipHOro noiis Belicca Tou-
HbIM. OTBET OYEBH[EH: YMCIO YACTHI], BHOCSUIMX BKJIAJ B MOJE
H, = Z Vl.j JI JICUCTBYIOILIIEE HA OTHEIBHBIM CIIHMH, JOJKHO

J

ObITh Benuko. Torma HampaBieHHE paccMaTpUBAaEMOro CIMHA He
MOKET CHJIbHO BJIMSITH Ha HANpaBJi€HUE CIMHA, JAIOLIEro BKJIaJ B
MoJie, IEMCTBYIOIIECE HA MEPBBIM CIUH, TAK KaK 3TOT BTOPOM CIHUH
yaepKuUBaeTcsi Ha MecTe (Z-1) oCTalbHBIMU CIIMHAMHU, T Z - YHC-
JIO CIUHOB B cepe B3aMMOJEHCTBUS (B MPHUOIMKEHUM OJVKam-
IIMX COCENIeH CoBMajaroiee ¢ ux yuciaom). Takum oOpa3zom, mapa-
METp MaJIOCTU B MPUOIMKEHUU cpeHero noyst: 1/7Z << 1.
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3agaumn

2.1.1. Jlan ramunbroHuaH M3uHra C B3aUMOJCHCTBHEM B
CJIEAYIOLIEM BUJIE:

7 2

H=-1/2u3> J,8,8, —u,> S,H, S, ==1,

ij i
Jij >0. Heo6xomumMo 3amucarh €ro B NPHOIMKEHUH CPEIHETO MO-
751, mpeHeOperasi KBaJipaTUYHBIMKU (PIIYKTYyalMsIMU MarHUTHBIX MO-
2 . .

MeHTOB ([<§> - S]"—0 ). Brectn B3amMmojelicTBue OMMKaMIIIX
cocenen Z.

Pemenue. YuuteiBas pasiiokeHUe, coxpaHsroliee Tpedye-
MYIO TOUHOCTh CPEIHETO MO0JIsl, B BUJE:

S8, =<8, >85,+85, <S8, >-<8§, ><8§, >,
MOJIy4YaeM:
H=1/2u,NH,R—u,> S,(H+H,),

rne H, = yoz J,;R=Zu,JR- cpeanee IoJe; R=<S§;> - mapa-
J
METp NOpsAJKA, CPEAHUNA MArHUTHBIN MOMEHT.
2.1.2. PaccunTaTh CTaTUCTUYECKYIO0 CyMMYy (J B IpUOIMKE-
HUU CPEITHETO IOJIsI, UCXOAd U3 BHJA TAMWJIBTOHUAHA, IT0Jy4YEHHO-
ro B MPEAbIAYIIECH 3a1aye.
Ortser:

0= Hexp(_ﬁﬂoHoR/z) ZeXpLBﬂoSi(H+ H,)]=

;=1

= exp(~Nfu, H, R/ 2{2ch{fu, (H + H, )}]"
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2.2. CBobOoaHas dHeprusi GeppoMarHeTHKa
B Moaeau Usunra. Merox bparra-Buibsamca

st UCCIIEIOBAaHUS NEPEX0JI0B (beppomMarueTuk-
napaMarHeTuK B Mojenu M3uHra moje3Ho paccMoTpeTb cBOOOII-
HYI0 DHEPrUI0 CUCTEMbl U H3YUUTh CUTYALHIO C TOUYKU 3PEHUS
HHEPreTUYeCKON BBITOAHOCTH (ha30BbIX cocTostHMM. Ilo ompenerne-
HUIO cBOOOaHas sHeprus F = E - TS, rne E - BHYTPEHHSS SHEPrus
CHUCTEMBI; S - SHTpOMUs. DHEPrut0 £ MOXXHO BBIPA3UTh 4epe3 Tep-
MOJIMHAMUYECKOE CpeHee OT raMUJIbTOHHUAHA!

E=(H)=-1/ 22 V) - HZ (u,). @7

B mpubGnmkeHnun cpemHero moiis NMEepPeMEHHbIE f4 HE3aBHCHMBI,
HOOTOMY <4 4;>=<y4;><p;>. YUUTBIBas, 4TO < f; > =< p >=R,
MOJTy9aeM:

—_R°ON/2-RHN, (2.8)
rae yureHo, uto V (0)N = z V(r,), V(0) = @, a Takxke UCIONIb-

l.j

30BaHa TPAHCISIIMOHHAS WHBAPUAHTHOCTH. J[7IS1 BBIYMCIICHUS DH-
TPOIUU YUYTEM, YTO MapaMeTp MOpsAaKa R ABISETCS TEPMOJAUHAMU-
YECKOM BEJIMYMHOMN, MOITOMY SHTPOIUIO MOXKHO BBIYUCIUTH, MOJI-
CUMTBHIBAs YHUCJIO KOH(Urypauuid Tmpu 3aJaHHOM 3HAYEHUU

R=1/N 2 M, . OTO HECIOXKHO cleNaTh (YTO OBUIO MOKA3aHO
l

bparrom u Bunbsimcom), Tak Kak Bce Takue KOHPUTYpAIUA UMEIOT
B npubamxeHun Belicca ogHy u Ty e sHepruto. O4eBUAHO, 4TO R
= (NT - M)/N, tne N =NT + M, N7 - uncrno crmuos, Hanpas-
JICHHBIX 110 MOM0, NY - IIPOTHB 1O, DHTPOIHIO MOXKHO BbIpa-
3UTh Yepe3 Jorapudm craTucTuyeckoro seca: S = In W, npu stom
CTaTUCTUYECKHUU Bec W npu 3a1aHHOM R paBeH:
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N
NTINLY
Hcnone3ysa npu O60nbIMX 3HAYEHUSX N aCUMOTOTHYECKYIO (op-
myiy Ctupnunra: In N! = NIn N - N u yuuThiBas, 4To
Nt /N =1+R)/2, NN\/N=(-R)/2,
HAaXO0JIUM OKOHYATEJIbHO:

(2.9)

S =- N2 { (1+R) In[(1+R)2] +(1-R) In [(1-R)2]}. (2.10)

Kak u ciemoBano 0xuaath, Ipy MOTHOM yIOPSIOUYESHUH, KOTIa BCE
MarHUTHBIE MOMEHTHI HaIlpaBlieHbl N0 Todo (R=1), sHTpomus
S=0. HanpoTus, npu nojgHoMm pasynopspoueHuu (R=0) sHTponus
pacxogutcst (S =NIn2 — ).

CBobOomHast sHeprust ¢peppoMarHeTUKa 3amuCchIBaeTCsl B pe-
3yJAbTaTe CIAEAYIOUM 00pa3oM:

F/N=-R°@2-RH +
+ T72{(1+R) In[(1+R)/2] + (1-R) In[(1-R)/2]}. (2.11)

Hccnenyem mosrydeHHOE BBIpaKEHHE B IIpeJiesie MaJIoro BHEIIHETO
nosist H — 0.
B Touke paBHOBecusi CBOOOgHAs HEprusi AOKHA OBITH MHHU-
MaJjbHa, T.€. IOJDKHO BBIIOJIHATHCS ycnoBue OF / OR = 0:

I. (1+R
O F/6R=0=N{—(RO+ H) +—1n( ) . (2.12)
2 \1-R
OTKYyJla HeMEIJICHHO cliefyeT ypaBHeHue Beiicca (2.6) mis mapa-
MeTpa mopsaka R. Kpome Toro, mis aHaiau3a HaM TOHAIOOUTCS
BTOpAast MPOU3BOIHASL CBOOOTHON YHEPTHH:

lﬁzF/é’ R’ =-0+ d
N

1-R*’

(2.13)

Ipu T >@, R=0 u u3 (2.13) %ﬁzF/ﬂQZ =—0+T >0,

TaK 4TO CBOOOJHAS SHEPrusi MMEET BCETO OJIMH MUHUMYM (TIpH
R=0) (puc.5). B cnyuae 7' < @ BO3HHUKAET €lIC OJIUH IKCTPEMYM
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E (MuanMyM) mpu R = 0
(puc.5), mpu 3TOM 3HaUEHUE
napamerpa nopsaka R sB-
asieTcst HETPUBUATILHBIM
peleHneM ypaBHEHHUS

T< 0 Beiicca (2.6), (2.12). B6nu-
31 TOYkM mnepexoxa T
— @ BoCHOJIb3yeMCSl pas-

R~ JIOKEHHEM ypaBHEHUS

Puc5. CroG o Beticca (mpu R— 0):
uc.5. CpoOoanasa oHeprus ¢eppo- . 3 3
MarHeTuka B Mojenu IM3uHra kak R=OR/T - 1/3(0 */ 73 R,

(GyHKIMA mapamerpa nmopsaaka R OTKyJa R = 3(®/T-1), n
1
NﬁzF/ﬁRz =2(6-T)>0,

ofl

R=0

T.€. JCHCTBUTENHbHO CBOOOJHAs dHEprus uMmeeT MUHUMYyM. Kaxk
BUJIHO U3 pHUC.5, TOYKA 3TOI0 MUHMMYMa JIEKUT HUKE TOUKH IKC-
TpemyMa npu R=0, 4TO TOBOPUT O BHITOJAHOCTH (hePPOMArHUTHOTO
coctosiHusg R =0 npu 7<6.

Yb6enumMcs aHaTUTHYECKH, YTO (peppoMarHeTu3M BHITOJICH U
Ipy HU3KUX Temneparypax. B npenene 7 — 0 mapamerp nopsiaka
R = 1- 2exp(-26@ /T). IloacraBnsis 3To BeipakeHue B (2.13), momy-

qaem L0”2F/ﬁRz:T(—£+16><p[2<9/T])>0,
N T 4

T.C. MUHUMYM COXPaHSCTCS.

3aMeTHM, YTO YHCIIEHHO MOKHO II0Ka3aThb, YTO BO BCEM
nuamna3one 0 < 7 <@ BeirogHo R #0 .

Taxkum oOpa3om, Touka (Ga30BOro IMepexojia XapaKTepHu3y-
€TCs TIOSIBJICHUEM TJ100aIbHOTO MHUHHMYMa CBOOOJHOM 3HEPIHH C
HETPUBHAJILHBIM 3HAUCHUEM [apaMeTpa TOpsAIKa, CHMBOJIHU3HU-
pytoiero peppoMarHuTHOE yIopsiioueHue.

3agaum

2.2.1. Haiitu cBoOoaHyro sHepruto B Mojenu M3unra B
NpUOIMKEHUHA CPETHETro TOJS MCXOAS W3 TOJyYeHOTO B 3ajaue
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(2.1.2) BbIpaxkeHust 7151 cTaTUCTUUECKON cymmbl Q. Jloka3aTh, 4TO
IOJIy4YEHHBII pe3yJbTaT COBIAJAET C pe3yiabTaToM moaxona bpar-
ra-Bunbsimca (2.11).

Ortser:

F=-TnQ=NBu,H,R/2—TNn[2ch{fu,(H + H,)}].
Ecim yuects ypaBHenue Beticca (2.12), To nerko nokazaTh KBH-
BaJICHTHOCTh MOJYYE€HHOTr0 BhipakeHus u (2.11).

2.2.2. U3 ycioBus MHHMMyMa CBOOOJHOH »HEpruu
JF/cR=(), noy4eHHOHN B MpeabIayIel 3a1aue, MoJyYuTh ypaBHe-
Hue Beiicca Ha mapamerp nopsiaka R.

2.2.3. Haiitu Temneparypy Kropu-Beiicca @ u wuccneno-
BaTh MOBeJeHUE napamerpa nopsaaka R npu 7—0 u T—>6 B mone-
au V3uHra B npuOIMKEHUH CPEAHETO MOJISL.

Pemenue. Ucnonb3yem ypaBHeHue Belicca
R =th{ RO /T}. YuutsiBaem, 4To:

thy=x—x"/3+2x> /45, x—0, thx=1-2exp(—x), x —>o.
OTcroga HaXOIUM:

R=1-2exp(-20/T), T—0,

R*=3y—12y*/5, y=(0-T)/0<<1, T—>0, 0= ;7]
2.2.4. UccnenoBath MoBeaeHNUE CBOOOHOM 2HEprun F mpu
H=0, T30 n T—>6. Bocnonb30BaTbcs pe3yJbTaToM 3anauu 2.2.1 u
JI0Ka3aTh YCTOWYMBOCTH ()EPPOMArHUTHOTO COCTOSIHUS B 3TUX CIIY-
yasx. [lomyunTs pasnoxenue F 1o nmapaMmeTpy nopsaka B mpezesne
R—0.
Ortser:

FIN=-0/2+0 (exp{-20/T}), T—0,
FIN=-TIn2-0 R’y/2+6 R‘/12, y=(0-T)/0, T— 0.

Kpowme toro, F(R)—F(R=0)=—(3N60/4) [y* —y'/5]<0, T—6.
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2.3. Tem10eMKOCTb B NPUOJIHKEHUH CPeHEro MmoJist
B Moaeau U3unra

PaccMoTpuM BakHYIO SKCHEPUMEHTAIBHO H3MEPAEMYIO
($U3NUECKyI0 BEIUYNHY - TEIIOEMKOCTh C - KOJIMYECTBO SHEPTUH,
KOTOPYIO 3alacaeT CucTeMa IpH MOBBIIICHUH TeMiiepaTypsl Ha 1K
(HampuMep, 3a CYET IEePEOPUCHTAIMH CIIMHOB W BO30YXKICHUS
KoieOaTeNnbHBIX ~ cTeneHedl  cBoOoawl). Paccumtaem ee B
NpUOJIMKCHUN CPEITHEro 1o B Monenu M3unra. V3 BeIpaskeHUs
11 S)HEepruu (2.8) monydaem:

C=5E/5T=—N795R2/5T. (2.14)

OTCIOI[a, BOCITIOJIB30BABIINCh M3BCCTHBIMH IIPCACIbHBIMHU COOTHO-
ICHUAMUA IJI MTapaMETpa nmopaaka, MMECM:

EN, T— 0,

cC={ 2 (2.15)
46/T)y Nexp(-26/T), T— 0.

TakuMm 00pa3oM, IpU HU3KUX TeMIIepaTypax TEIIOEMKOCTh
HKCIIOHEHIIUAJILHO CTPEMUTCS K HYJIIO, TAK KaK B CUCTEME UMEETCs
KOHEYHast 1mienb (26) Mexay OCHOBHBIM M BO30Y>KIEHHBIMHU CO-
cTossHUsIMH. B Touke mepexona oHa KoHeuyHa (puc.6). YucneHHbIH
MHOKUTENb 3/2 HE CIly4aeH - OH CBSI3aH C YUCIIOM CTEIEeHeH CBO-
0oab1 B TpexmepHoil cutyanuu (~1/2 kT Ha xaxayrwo). (OTmeTnm,
YTO B MPUOJIMKEHUN CPEIHETO MOl MEPHOCTh MPOCTPAHCTBA BXO-
JUT B OTBET TOJIBKO Yepe3 UMCIIO OJMKAWIINX COCeNe Z, ¢ ATOH
TOYKM 3peHus ipu Z >>1 3amada Bcerjga Kak MUHUMYM TpeXmep-
Ha.) Cnegyer 3aMeTUTh, YTO HA IKCIIEPUMEHTE HAOJIFOJAeTCsI 0CO-
OEHHOCTh BOJIM3M TOUYKH mepexoza (puc.7), 4TO TOBOPUT O HENPH-
MEHUMOCTH MPUOIMKEHHS] CPEIHEro Mojs B 3ToM obnactu. Jlanee
B IJ1aB€ 3 Mbl IOKaXEM, KaK MOKHO OOBSICHUTH 3TOT 3KCIEPUMEH-
TaIbHBIN (PAKT, pacCIIMPUB BO3MOKHOCTH TIOJIX0/A C YIETOM (PIIyK-
TyaIluu.

32



32N

0 T
Puc.6. TemoeMkocTs B MoJie- Puc.7. DOxcnepumeHTanpHO Ha-
mu W3uHra B npuOIMKEHUH OmoaeMble OCOOCHHOCTH TETLIO-
CpEIHEro MoJs €MKOCTH BOJIM3M TOUKH (heppo-
MarHUTHOTO TIepexo/1a
(A - Touka)
3agaum

2.3.1. Bripazuth TemioemMkocTh Mmojnenu M3unra C depes
napameTp nopsiaka R, ncrons3zys C= - T AF/oT u CBOOOTHYIO
SHepruto u3 3amaud  2.2.1. PaccMoTperh mpeaenbHBIE ClIydau
T->0uT—- 0.

OtBer:

[4
2
C/N=3/2[1-8 (6-T)/56], T—6,

C/N=——0 R*/0 T,

C/N=46 /Ty exp (20/T), T—0.
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2.4. MarauTHasi BOCPUMMYHUBOCTH B NPUOJIHKEHU U
cpeaHero nmoJus B mogaean U3unra

[Tonyuum 3akon Kropu-Belicca niist BocnmpunM4nBOCTH TH-
na (1.14) ucxons u3 ypasHenus Beiicca (2.6). [1o onpenenenuto:

dM | 6F
N VAL S 2.16
dH 10 Nom 2.16)

IpU 3TOM ) - TIOJIHAsI TPOU3BOAHAS OT MAarHUTHOTO MOMEHTa (KO-
b PHUIMEHT TIpU TIEPBOM MOMPABKE PA3JIOKEHUS IO IOJII0), B TO
BpeMs KaK MarHUTHBIII MOMEHT - 3TO TePMOJAMHAMUYECKas MMPOU3-
BOJ[HAs T10 TMOJII0 OT cBoOOaHOM 3Heprun. B (2.16) yureHna takxke
pa3MEepHOCTh MAarHUTHOTO MOMEHTA (~ L) . Vicnionb3ys ypaBHEHUE
Beiicca:

R = th[Bu,(H + 6R)] (2.17)
u (2.16), npoauddepenuupyem (2.17) mo nomto (MOJHYIO HTPOU3-
BOJIHYI0), UMesl BBUAY 3aBUcUMOCTh R(H). Torma momy4ynm 3amk-
HYTOE€ YpaBHEHHE Ha J, OTKYJla OKOHYATEIbHO

2 2
l1- R
4 = Hal Z . (2.18)
T -60(1-R")
Paccmorpum mpenenbHble ciiydau. Beipaxkenue (2.18) ¢ yuerom
M3BECTHOTO PA3JI0KEHUs MapaMeTpa Mopsjika R NpUBOAUT K Clie-

nyroiiemy (yuuTbiBas Takxke, uto R=0 npu 7> 6):

4,u(2) 0 .
—C€X —2—, T_)O’
T pz( T)
y=1 —to T = 6-0: (2.19)
2(T - 6)
2
L, T —> 0 +0.
0-T

I'padux y (7) mokazan Ha puc.4. Kak BUIHO M3 pUCYHKA U
pasznoxenuit (2.19), BOm3u obiactu pa3zoBoro mepexoaa HaOIFO-

naetcst TunuyHbli 3akoH Kropu-Beiicca y~1/| T- @ |. O6paaem
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BHUMaHUE Ha pa3inuuue Kod(PQPUIMEHTOB MpHU MOJIXOJE CIeBa U
cripaBa K Touke mepexona (cm.(2.19)), cBs3aHHOE C pa3auyueM
($a30BBIX COCTOSIHUI - KOHJEHCHPOBAHHOTO W HEYITOPSIOYECHHOTO -
U HAJIMYUEM HEHYJIEBOTO MAarHUTHOrO MOMeEHTa mpu 1< @, Hapy-
HIAIOLIET0 CUMMETPUIO CUCTEMBI.

[Ipn HM3KHMX Temmeparypax Mbl Tak kK€, KaKk U B TeMmIlepa-
TYpHOH 3aBHCHMOCTH TETUIOEMKOCTH, HAOJII0aeM 3KCIOHCHIIN-
ATBHYIO 3aBUCUMOCTH BOCIIPUUMYHBOCTH, CBSI3aHHYIO C KOHEUHOM
IIEJIbIO B CIIEKTPE BO3OYKaeHu Mozenu M3unra.

3agaumn

2.4.1. Paccuntath MarHuTHYX BOCIIPUMMYHUBOCTB JJI MO-
nenu M3unra B npubavkeHuH cpenHero noss. Paccmorpers mpe-
nenbuble cnyyau 17— 0 u T— @A) , T— O-0.

2.4.2. BpIpa3uTh MarHUTHYK BOCIIPUHMYHBOCTH YeEpe3
CPEIHEKBAIPATUYHYIO (DIYKTyalMi0 MarHUTHOrO MOMEHTA.

Ortser:

=0/ N)dM/dH|, ,= B/ N[< M*> >—< M >*]=
=B/ N<[M-< M>T >.

2.4.3. Haiftu ¢uyKTyaluio MarHuiTHOrO MOMEHTa <M> B
npuOIMKeHUU cpeaHero nosst B moaenu Maunra npu H—0. OtBeT
BBIPA3UTh Uepe3 napameTp nopsaka R.

Ortser:

< M’>=[1/016°Q/3(BH)* =
= p* (0 F /3 [PH))’ - pO°F [O(BH)’ =
= pu,{u,R*+TAdR/dH} = u R* + Ty =
= uy[R*+T(-R){T-0 (1-R*)}"']

(cpaBHM C OTBETOM MpEABIAYIIEH 3a0auH).
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2.5. Onnomepuasi moaesb U3unra.
OtcyrerBue pa3oBoro nepexoaa

B Hu3KOpa3mMepHoil cuTyaluuu B NpUOIMKEHUN OJIMKaHIINX
cocezieit ynaercst mouno (0e3 MpUOIMKEHUS CPEHEro MOJis) pac-
CUNTATh CTATUCTHYECKUE CBOWMCTBA MoJienu M3uHra u uccienoBaTh
npobsemy ¢Ga3oBOro rmepexojia B HEu.

B »ToM maparpade mbl mokaxkem, 4TO B Clly4ae OJTHOMEp-
HOH CIIMHOBOM I1IEIIOYKM, ONMKMCHIBAEMOM TaMUJIbTOHHAHOM M3uHra
B NpUOIIKEeHUN OnMvmkaliux coceneid, He HaOmoaaercs $ha3oBoOro

nepexoza.
PaccmorpuM nenouky u3 N CIMHOB, 3aMKHYTYIO B KOJIBLIO:
N Rt N A O OO T
I 234 5o N

TaK 4TO fiy+] = fj, T.€. IEpUOANYECKHUE yciIoBUs. Ecnu yunTeIBaTh
B3aUMOJICHCTBUE TOJBKO OJIMKAWUIIUX cOcCefiel, TO TaMUJIbTOHUAH
CHCTEMBbI MOXKHO MPEICTABUTh OJJHOKPATHON CyMMOM:

ﬁ:_Z(VﬂiﬂHl‘i_H/ui), (2.20)

rae V - B3auMojAEMCTBHE MEXAY i-M W i+/-M cnuHamMu (B3auMO-
NEHUCTBUE MEXKAY CHUHAMH IMPEANoaracTcsi OAMHAKOBBIM M HE
3aBHCSIIMM OT HOMEpa y3Ja, T.C. MOJIHAsg TPAHCISIMOHHAS WHBa-
puaHTHOCTB). CliaraeMbIX B CyMMe POBHO .

JIro0yr0 MHTEpEeCyIOUlyl0 Hac TEePMOAMHAMHYECKYIO BEJIU-
YUHY MOXHO  BBIPA3UTh 4Y€pe3 CTATUCTUYECKYID CyMMY

O =>S5p exp[—ﬁ/ kT] wmu ee TepMOAWHAMHUYECKHE MPOM3-

BoAHble. Hanpumep, cpenHMii MarHUTHBIA MOMEHT MOYHO TIpE.-
CTaBUTh KaK MPOU3BOAHYIO JiorapupMa CTaTCyMMbl IO MAarHUTHO-
My MOJIO:

1 Spuexp[-pH]_ 1 2
N 0 BN cH

<pu >=

nQ. (2.21)
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TakuMm oOpa3oMm 3amaya CBOJUTCS K BBIYMCIICHUIO CTAaTUCTHYECKON
cymmol Q. IlpencraBum ee cieayromuMm o0pa3oM, UMes BBHUIY
MOJIHBIM TIepedOop BO3MOMXHBIX MTHOBEHHBIX peaju3alfil pacroio-
JKEHUH CIIMHOB B [ETIOYKE:

0 = Z Z ........... Zexp (BVupu, + pu/H +
M=%l p,==%1 My =%1 (222)

+BVu s+ Pu,HA+. BVuyu, + puyH).
[To Buny ramunbToHuana (2.20) sicHo, 4yTO ya00HO mepedupaTh
COCTOSIHUSI CUCTEMBbI HE MO OTIEIbHBIM y3JIaM, a 110 rnapam i u i+1.
Jis ynoGcTBa BBeZieM Matpuiy 2 x 2:

P(p;pty) = expl Bupt o + BHu |
NI TIOKOMIIOHEHTHO:
exp[fV + pH] exp[-pV — pH
PQu,p,,) =

]j . (2.23)
exp[-pV + BH] exp[pV - BH]

Martpuna (2.23) onuchIBaeT BCe BO3MOXKHBIE COCTOSIHUS TIaphl y3-
J0B j , j+1. YCIOBHO MOXKHO TakKe 3alUCaTh:

(N
P(ﬂ,-ﬂ,-ﬂ):[Ti iij’

r7ie SIBHO MOKa3aHbl PACIIOIOKEHHsI CIIMHOB B j-M U j+1-M cocTOs-
HUSIX.

Toraa cratucTuyeckas cymma OyJeT UMETh BUJI CYMMBbI OOJIBIIOTO
qrciia npousBeneHuil matpuil (2.23):

0=> > ... 3 P(p o )P(popty)eeee P(pypty) - (2.25)

my=El pp=%1 uy=%1

(2.24)

HpI/I 9TOM €CJIM YUCCTb, UYTO

ZP(,Ulluz)P(luzlu3):P2(,U1,U3), (2.26)

Ho
Y IPUMEHUTH 3TO CBOMCTBO KO BCeM MaTpuiiam B (2.25), To

Q:ZPN(/'llll'll)9 (2.27)
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T.€. CTATUCTUYECKAsi CyMMa paBHA CyMME JUAroHaJbHbIX 3JIEMEH-
TOB (1IMypy) N -ro npou3BeIeHUsI MaTpuil P.

To, 4TO Ha IJIaBHBIX JUATOHAISAX TIPU IEPEMHOKESHUHN MaT-
putt P cobuparocsi Bce BO3MOXKHBIE peaTi3aiiii pacioioKeHUMA
CIIMHOB, T.€. CTATUCTUYECKAsi CyMMa, BUJIHO yKE MIPU OJHOKPATHOM
yMHOxkeHuu. Tak, ecinu Bocnoib3oBaThes (2.24), umeem

Tl Tl

(u ujx(m u]:
LI N A A i R S
(TiTT+¢¢T¢ T¢¢T+¢¢¢¢]

BuaHo, 4TO Ha TJIaBHBIX JUArOHAJSAX y)Ke mepeOpaHbl BCe BO3-
MOXHBIE pealii3aluu ABYX y370B (eciu N=2, TO u3=p; u3-3a me-
PUOIMYECKUX TPAHUYHBIX YCIOBUH).

N3BecTHO, 4TO mITyp MaTpPHUIlbl HE MEHSETCS MPHU ee Mpeod-

pa30BaHUM K JPYTOMY MPEJICTABICHUIO B MpOCTpaHCcTBE 2 X 2. Ecnu
Martpuily P npeicTaBuTh B IMaroHaJIbHOM BUJIE, TO

O=> P (uu)=>), A%, (2.28)
Hy k=1

re Ak - COOCTBEHHBIC 3HAYCHUS MaTpuIlbl P. J[maronanusyem mar-

puity P. [l 3TOro pemmm cexyasipHOe YpaBHEHUE

BV + BH - BV - BH
© -4 -0 (2.29)
e AV +BH BV -BH _ 4 : :

OTcrona
Ay, = e’ chBH + \Je?” sh?BH + ¢ | (230)

3ametuM, 4To A; > A. [loaTomMy craTucTHUecKast CyMMa B Ipejesie
Oonpmx N BBIpaXKaeTcsl TOJBKO 4Yepe3 OJHO COOCTBEHHOE YHCIIO

ﬂ]i

0=2(14{2:/2,}" )= 2|y s Q= NIna,. 231)

N3 (2.31), ucnionw3ysi cootHoiieHue (2.21), MOXHO TOJIYYUTh BBI-
paXkeHue ISl cpeHell HAMarHnYeHHOCTH :
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shpH L (2.32)

\/shzﬂH +exp[-48V]

[Ipoananu3upyem MoJIydeHHOE mouHoe BhIpakeHue. B oT-
cyrctBun B3aumozeicteus (V=0) u3 (2.32) momydaeM OOBIUHOE
BBIPOKEHHE JIsI HAMAarHUYCHHOCTH CUCTEMBI HEB3aUMOJICHCTBYIO-
nmx cnuHoB (cM.(1.3)): <> = th SH. C apyroii cTopoHsbl, B mpe-
nene ciaadoro nonst H — 0 umeem:

sh pH ~ pH — 0, <p> =0.

HamarumnueHHOCTh HE UMEET OCOOEHHOCTEN HH IO B3aUMOJIEHCT-
BUIO, HU TI0 TIOJTFO, MCYE3aeT MPHU BBIKIIFOYSHUH TIOJISI, T.€. TIPOSIBIIS-
€T sIBHbIE TTapaMarHUTHbBIE CBOKCTBA. Da30BOro mepexoaa HeT.

Takum 00pa3om, B OJHOMEPHON IEMOYKE B MPUOIMKEHUU
OnmKkalmmx cocenel (IyKTyallud HACTOJIBKO CHJIBHBI, YTO Ipe-
MATCTBYIOT YCTAHOBJICHUIO CIIOHTAHHOW HAMarHMYE€HHOCTH, U ¢a-
30BBIH MEPEX0]] MapaMarHeTrK - (PeppoOMarHeTUK OTCYTCTBYET.

< u >=

3agaumn

2.5.1. Haiftu cBoGOaHYIO SHepruto ¢GeppoMarHuTHON Of-
HOMEpPHOU Monenu M3uHra ucxojst U3 BBIPAKEHUS ISl CTATUCTHU-
yeckoit cymmsl (2.31). Paccunrtats nipeaenbHbiit cinydait H —0.

OrtBerT:
F=-Thhi, =

= —TN In[exp(BV )chBH + Jexp(2 8V )sh’> BH + exp(-2 8V )] =

=—TN In[2ch V]

H—0

2.5.2. HaliTu CTaTUCTUYECKYI0 CYMMY U CBOOOHYIO SHEp-
TUI0 aHTU(QEPPOMArHUTHOW OTHOMEPHOM Moienu M3unra.

Pemenne. Cnenyer npocto 3aMeHUTh V Ha - V' B pelieHun
MpEAbIAYIIEH 3a1a4n.

2.5.3. Haiitu Tennoemkocts npu nojie H=0. PaccMoTpersb
ciyvait V>0 u V<0 (peppomarneTuk u aHTUu(HEppPOMarHeTHK).

OtBert: 00a cityyasi COBIAJIAIOT:
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C=N[V/T]'ch (B V}.
2.5.4. Onpenenuth sHepruto npu none H=0. PaccMoTpeTs
ciaydait V>0 wu V<0 .
Ortger: o0a cityvas coBnagaiot: E =—-NVthg V.

2.5.5. HaliTu MarHUTHYO BOCOPUUMYMUBOCTD V = F14pJ.
Ortser: ;(:[,ué/T] exp(28u / T).

2.5.6. 3anucaTh CTATUCTUYECKYIO CYMMY Ha Cliyyaid KOHEU-
HOIl nenouku N >>1. PaccuuraTh MonpaBKy K BOCIIPUUMYHUBOCTH
OJIHOMEPHOM LIEMOYKH 32 CYET KOHEYHOCTHU CUCTEMBI.

JABymMepHas moaenb M3unra; pemenne Onsarepa. B 1944
r. OH3arepom OBUIO MPEIOKEHO TOYHOE pelIeHHe 3a1a4u o (a3o-
BOM Iiepexojie B mojaenu M3uMHra Ha ABYMEPHOM KBAJIpaTHOM pe-
metke. OCHOBHOM BBIBOJ - CYIIECTBYET Iepexo]l B peppOMarHur-
HOE COCTOsIHME, puyeM OH3arepy yJanoch TOYHO pacCUUTaTh CTa-
TUCTUYECKYIO cyMMy. [[i1s1 moapoOHOTro O3HAKOMIIEHUSI C 3TUM HU3-
BECTHBIM pPE€3YJIbTaTOM MBI OTChLJIAE€M yuTaTenae Kk kauram [16,17].
Mpb1 KOCHEMCSI 371eCh KOHCIIEKTUBHO JIMIIb OCHOBHBIX 3TalloB pac-
yeTa 1 00cyuM noiay4yeHHble OH3arepoM moyHwvle pe3yJbTaThl.
PaccMoTpuM ByMEpHYIO KBaJpaTHYIO PEIIETKY C MEpPHO-
JUYECKUMH TPAHUYHBIMH YCIOBUAMH U N y3JIaMH, KaXJblil U3 KO-
TOpPBIX UMEET eIUHUYHbIN cnuH u=+1. Torna yao0HO BBECTH HY-
MEpALMIO Y3JI0B [0 UX KOOpJAUHATaM X = ka, y = la, T1ie a - nepuoj
pemetky; &,/ - nenvle unucna 1< k,/ < L, L”=N. B atom ciyyae ra-
MUJIbTOHHAH V3uHTa B NMPUOMMKCHUHM OJIMKAWIIAX cOocelci U B
OTCYTCTBUH BHEIIIHETO TMOJIS HA TAKOW PEeIIeTKe UMEET BU/I:

L L
H=-V Z (MM ¥ HaM i) . (2.33)

k,l=1
CraTuctuyeckas CyMMa TaKOM CHUCTEMBI:

L
Q= Z CXp ekzl:_l(:ukl/uklﬂ + g ) (s (2.34)

{n}
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rne @ = [V, a {n} o3Ha4aeT CYMMHPOBAHHE 110 BCEM BO3MOKHBIM
COCTOSIHUSIM CHUCTeMbl. Bocmonb3yemcst Tem (akToM, 4To ,u2k; =1.
Toraa HECI0KHO MOTYYUTh CISAYIOIIEe TOKISCTBO:

exp{ Ouypr} = ch® +pygpyersh@ = ch O (1+ gy th ©). (2.35)

Ucnone3ys (2.35), npencTaBUM CTaTUCTUYECKYIO CYMMY CJEIYIO-
M 00pazoM:

O=(1-x)"s, (2.36)

L
S = Z H(l + X g )+ Xty 0,), X =thE. (2.37)

{n} k,i=1
TakuM oOpa3om, UCKOMasi CTATHUCTUYECKAs CyMMa SIBJISIETCS CyM-
MO OOJIBIIOTrO YMCIIA IOJUHOMOB MO CTENEHSAM X U L. Ilockoiib-
Ky Kaxablid y3el (k,/) cBsSI3aH ¢ YETBIPbMS COCEISIMU, TO KAXKI0C Ly
MOKET BCTPETUTHCS B MOJMHOME B CTENEHSAX OT HYJIEBOM J10 YeT-
BepToi. [locne cymmupoBaHus Mo BceM y; =*1 dieHsl, coaepxa-
1€ HEYETHBIE CTENEHH Ll , OOpaTIAThCS B HYJb, TAK YTO HEHYJIE-
BOH BKJIaJ JaAyT TOJBKO WIEHBI, CoAepKalue Ly B ctenensax 0, 2 u
4. bonee TOro, MOCKOJBKY y0k1=y2k1 =y4k1=1, TO KaXIbI 4YJIeH
MOJIMHOMA, COZIepKAIlUi BCE IEPEMEHHBIE L B YETHBIX CTEITEHSX,
JacT BKJIAJ] B CYMMY, PONIOPLUOHATIBHBIN MOJTHOMY YUCITy KOH(HU-
rypauuii 2N.

[Tocne aToro OHzarep npeanoxui, NoKalyi, OJUH U3 Tep-
BbIX BAPUAHTOB JMAarpaMMHOM TEXHHUKH JJIs1 CyMMUpoBaHus (2.36)-
(2.37), koTOpas B HacTosillee BpeMs IIMPOKO MCIOJIb3YETCs B TEO-
pUM KOHJIEHCUPOBAHHOIO COCTOSIHUS. OH 3aMeTHJI, YTO KaXKIOMY
YIEHY TOJIMHOMA MO>KHO OJTHO3HAYHO I10CTa

BUTh B COOTBETCTBHE COBOKYIHOCTh JUHUH (rpaduKoB), coenu-
HAIOLIMX HEKOTOpPBIE Iapbl COCEIHUX Y3JI0B pELIETKU. Tak, HU30-
OpakeHHbIM Ha puc.8 rpadukaM COOTBETCTBYIOT WJIECHBI MOJMHO-
Ma:
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T T YT

kl k+11 kKl k+1 1
° | R ° Puc.8. JluarpaMMHast TEXHH-
. e !;('1 -1 R ka OH3arepa Ha TUIOCKOH
k+1 I-1 k-1 k+1 1-1| kBagpartHoii pemerke st
k-11-2 K I-2 mojenu M3uHra

=) o =) =3 =) o = o

">
1) X" g 14 ke 11 i+ 10-1,

(2.38)

2P 1 2 4 2 2 2

)x H kg1l Hok+11-1 B okl-1 Bokd-2 Bok-10-1 B k-11-2-

Kaxxnoi auHuM rpaduka cornocTaBisieTcss MHOXKHUTEND X, a KaXKI0-
My €€ KOHILY - MHOKUTENb L. Tak Kak OTIIMYHBIA OT HyJIsl BKJIaJ B
CTATHCTUYECKYI0 CYMMY JAlOT JIMIIb WICHB! IIOJUHOMA, COAEpIKa-

M€ YETHBIE CTETEHU L , TO B KAKIOM y3Jie rpaduka JTOJKHbI
OKaH4YMBaTbCA JIMOO NBE, MO0 YeThIpe CBs3u. JpyruMu cioBamu,
CYMMHPOBAHUE BEJETCS TOJIBKO MO 3aMKHYTBIM Ipadukam, npuyem
JIOITyCKAaeTCs CaMOIIEpECEUECHHUE.

OxoHuarenbHO, cymMmma () MOXKET OBITh NpPEACTABIEHA B
CJIEYIOIEM BHUJIE:

0=2"> x"g,. (2.39)
{r}
rJie g, - YUCIO 3aMKHYTHIX IPa(UKOB, COCTABICHHBIX M3 YETHOTO
4yucia r CBS3eil.

Hanee Onzarep pazpaboran cnocod nepedopa rpadpukoB U3
cyMMbI (2.39) ¢ IOMOIIBIO CHENHATBbHON UX KIACCH(PHUKAIMU 10
JUTMHE CBSI3€d 7 W WCIIONB30BaJ MOAXOA “‘OiyKparomieii” mar 3a
I1aroM IO pelIeTKe TOUYKH C BEPOATHOCTBIO IIepexo/ia, onpeense-
MOH CIIelMaJIbHOM Martpulen nepexona. M3-3a skoHoMuM Mecrta
MBI MIPUBEJIEM YK€ OKOHYATENbHBIN pe3yIbTaT, a Bce MOJpOOHOCTH
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pacuera u3noxkeHsl B KHUTE [16]. OKoHUaTENbHOE MmouHOe BbIpa-
’KEHHUE JJIs1 CTATUCTUYECKONW CyMMBI UMEET BUI:

0=2"(1-x")"

xH[(l—i—x ) —2x(1—x )(coszTﬂp+008222q } .(2.40)

pq=1
3agaumn

2.5.7. PaccuutaTh cBOOOJHYIO SHEPIUIO JIBYMEpPHON MOje-
mu Usunra F= - 1/ nQ.
Pemenue. Mcnonb3ys Beipakenue (2.40), Haxoaum:

F=-NTIn2+ NTIn(l-x%)-
2 27p 27zq}
——T 1+x%) —2x(1-x%)(cos +cos—=1) |.
Z [( ) = 2x(1 - x)(eos = )

HepeI/meM OT CYMMHpPOBAHUSA K UHTCTPUPOBAHMUIO B Mpeae-
ne L, N —o0:

F=-NT In2+NT In(1-x")—

f ” f ”‘ﬂ[(“xz)z ~2x(1-x") (cos, +cos @, ) do,deo,.

2 27y
2.5.8. UccnenoBaTh CBOOOHYIO PHEPTUIO BOJIU3U KpUTHYE-

CKOI TeMIiepaTyphl U pacCUYUTATh KPUTUYECKYIO TEMIIEPATypy.
Pemenune. ®yukuust F(7) umeer ocoOyr TOUYKY IPHU TOM
3HaueHuu x (x = th (V/T) ), npu KOTOpOM apryMmeHT Jjorapudpma
1OJ 3HAKOM HMHTErpaia MoXXeT oOpaTtuthes B HyJb. Kak dyHKIusS

@; U @ 3TOT apryMEHT MUHUMAJIEH NPU COS®;= =cosw; =1, B
2.2 2

3TOM citydae oH paBeH (1+x7)" - 4x(1-x"). OT0 BbIpaKeHHE UMEET

MUHHMYM, B KOTOpPOM OHO oOOpamiaercss B HyJdb MPH X = X,

=2 -1, IIpU 3TOM COOTBETCTBYIoIas temneparypa 1. (th V/T, =

Xc) ¥ ABISIETCS TOUKOW (pa3oBOro nepexoqa. MoxxHO mokas3aTh, YTO
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cBOOO/HAsE >HEprus NmoHwxkaercss npu 7<7T,, HeNpepblBHA MpHU
T=T,, a TEMIOEMKOCTh HCIIBITHIBACT JIOTAPHPMHUIECCKYIO OCOOCH-
HOCTb B TOYKE MEpexoja, T.e. 3TO - TUIWYHBIA TEPMOIUHAMHYE-
CKUH mepexoj BToporo poaa. Takum oOpa3om, B ABYMEpPHOM Moje-
mm  W3uHra HaOmonaercs (a3oBbI MEpexoa NapamMarHeTHK-
dbeppoMarHeTuk npy KOHEYHOU TeMIieparype.

2.5.9. CpaBHUTb KPUTHUYECKYIO TEMIEPATYPy, MOTYUCHHYIO
Omnzarepom, ¢ pe3yIbTaToM TEOPHUH CPEAHETO TOJSL.

Pemenne. Ucxonst u3 ypasHenust th)/T, .=~/2 -1, HaxoMM
T.=2Vv/ ln(l+\/§ ) =2J. Pe3ynbTaT TEOpUU CPEAHETO TOJIA:
T.=ZV=4V. Takum 00pa30oM, TOUHOE pEUICHHE MEHbIIE TPUOIH-
KEHHOTO ‘‘CPEIHETIONeBOro” MPUMEPHO Ha Benwmuuny ~1/Z. VHTe-
PECHO OTMETUTb, YTO C ITOW TOUKHU 3PEHUSI B OJJTHOMEPHOM Cllydae
pe3yJbTaT TEOPUU CPEIIHETO MO JAaeT TaKke ‘‘3aBbIIICHHBIN pe-
synbtatr’ (T.=2V) no cpaBaeHuto ¢ mounvim (1,.=0).

2.5.10. Ucnonb3ys BbIpaXeHHE JUIsl CBOOOJHON 3HEpruwu,
MoKa3aTh, YTO BOJM3U KPUTUYECKOW TEMIIepaTypbl 3aBUCUMOCTH
CBOOOJIHOM SHEPruM HENpPEpbIBHA, a TEIUIOEMKOCTb PacXOIUTCS
Jorapu(MHUUCCKH.

Pemenne. HeoOxomumo pazinoxuthes mo creneHsm 7-7, u
paccMaTpuBaTh TOJBKO MOCIEIHUN UHTErPajJbHbIA 4jieH B CBOOO-
HOW 3Hepruu, uMmeronuii ocooennoctu. Ilocne paznoxxeHus apry-
MEHTa Jiorapu@ma BOIU3M €ro MMHUMYyMa IO CTENEHsIM @), U T-

T, nmeem:
Qr @7 2 5 2
F~L L In[ 47 + B(o] + @) do,dw,, 1=T-T,
rae A,B - nmocrosHHble. PacuuThiBast 3TO BblpaxkeHue npu 1—0,

Haxomgum: F~—|T T, In|]T-T.|, C~In|T-T.|.
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3. DJYKTYAIUHU B PEPPOMATI'HETUKAX

Teopus cpeaHero mojisi HEaJeKBATHO OIMUCHIBAET 00JACTb
0 TeMIIepaType B HEMOCPEACTBEHHOU OJM30CTH TOUYKH (ha30BOTO
nepexo/ia u3-3a TOro, 4TO HE YYUTHIBAET (DIYKTyarwu, pe3Ko BO3-
pacTaroire UMEHHO B OKPECTHOCTH 3TOM TOYKHU MpHu (Ha30BOM Tie-
pexoze BToporo pona. B 3Toif rmaBe Mbl yuTem (QIayKTyauuu U mo-
KaKE€M, KaK 3TO INO3BOJSET Jy4ylle OMHUCaTh IKCIIEPUMEHTAJIbHBIE
JaHHbIE [0 TETUIOEMKOCTH U BOCIPUUMYKBOCTH B (heppOMarHeTu-
Kax.

3.1. bauKHUA ¥ JaJIbHUI OPSIOK.
DOyHKIUA KOPPeJIAIHU

BBenem noHsTHE NanbHEro U OJIMXKHErO MOpsAKa B CIIMHO-
BBIX MOJIETIAX.

TunuuHbld JaNbHUN MOPSAOK UMEET MECTO B ClIydae ymo-
pANOYEHHON (eppOMarHuTHON (asbl, Korpa <p;>#0, HE 3aBUCHT
OT HOMeEpa y3jla U He CMajaeT Jake Ha OOJBIIOM PACCTOSHUU OT
y3na j. JlanpHUM NOPSAAOK CHOHTAHHO MCYE3AET B TOUKE MEPEX0/Ia.

brnvxHMI MOpsIOK CBA3aH C JIOKAJIBHBIMU (IIYKTyalusiMU
CIIMHOB Ha OJM3KHUX paccTOsHMsIX. B Teopuun cpeaHero moss Takue
(iIyKTyaluu HE YYUTBIBAKOTCS, IOITOMY B MpuOIMxkeHuu Belicca ¢
VCYE3HOBEHHEM CIIOHTAHHOM HaMarHWYEHHOCTH HCYE3aeT U HHEp-
U B3aUMOJICUCTBUSA  CIUHOB, T.€. OJNWKHUM  TOPSIOK:
<;ui;uj>:<;ui><,uj>zoa ecu <p>=<p>=0.

OnHako eciau Takoe YHNOpSAJOYEHHE HMMEET MECTO, TO
<pip> #0, naxe ecau <p>=0, T.e. KOPPEIALUH BO3MOKHBI U 32
TOUKOU (pazoBoro mepexona. MccinegyeM BO3MOKHOCTb peaiu3a-
UK OJVDKHETO MOPSAIKa B CIIMHOBOW CHCTEME M OLIEHUM (YHKIIHIO
KOPPENALUM <L444>. PACCMOTPHM CUTYaIMIO BBIIIE TOUKH (Ha30BO-
ro nepexona I' > @. B aToM cityyae ClIOHTaHHAs HAMArHUYEHHOCTh
<u>=(. BplzenuM JBa CcOMHA M OLIEHUM CHayajla KOPPEJSLUIO
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<ujur> B TpeHeOpexkeHnd (IIYKTyalUsMH OCTAIBHBIX CIIMHOB.
ITycTh BHELIHEE TOJIE PAaBHO HYJI0. Toraa
<,u“u2 > _ Spu,p, exp(BV i, 1,) _
Spexp(BV,p u,)

14 — _ _
— (eﬁ 12 + eﬁVlz —e BVis —e BVis )/(2eﬂV|2 + 26 BVia ) — thﬂV]Q

Vurem, uro V', =V - B3auMOJEHCTBHE C OJMKANIIIMMH COCEISIMH,

a taxxe th[ V] (T > ©) >th [V/#)] . Kpome Toro,

V(0)= Z V, = Z V(Ir,—r;|)=VZ rtne Z - uucino Ganxaii-
J J

UX cocener, a Takke @=V(0)=VZ . Orcroga HECI0KHO OIEHUTH
MacmTad OMMKHUX Koppensuuil: <uyu,>~thl/Z~ 1/Z npu Z>>1.
3HaunuT, yeM OOJblIe YHCI0 ONMKAHIINX cocelel, Tem ciiadbee
KOPPEJSIHIH, TeM JIydile paboTaeT NpudInKeHHe CPEAHETO MO,
OTMeTuM, 4TO rpaHUYHOE 3HAUYCHUE Z., KOrja KOppessiuu
HAaYMHAIOT CYLIECTBEHHO pa3pyllaTh JAIbHUMN MOPSAI0K, 3aBUCUT OT
Moaenu. Kak Mbl BuAenW B MpEAbIAYLIEH I1aBe, B OJHOMEPHOMU
Mojenu M3uHra mpu Z=2 mepexoj OTCYTCTBYET, a B JBYMEPHOMU
pemeTke ¢ Z=4 QuyKkTyanuu yXe HE pa3pylalT JaTbHUN MOps-
nok. Takum 00pa3om, MOXKHO OIEHUTH, YTO JJIA Mojenu M3unra ¢
B3aUMOJICCTBHEM TOJBKO OJMMKANIIMX coceleld  KPUTHYECKOE

3HaueHHEe Z.~ 3.

3.2. DyHKIUA KOPPEJAUNH MATHUTHBIX MOMEHTOB
B moaeau U3unra

Omnpenenum 6ojiee TOYHO (PYHKIUIO MAPHOM KOppesuu
<ujlr>, KOTOpas, BOOOIIE TOBOps, HE oOpaiiaercs B HYJb MpH
MCUE3HOBEHHUH JAJBbHETO MOpsAaKa. MBI yKe OICHUIH €€ MOPII0K

BEJIMYUHBI <> ~ 1/Z. UTOOBI NOMYyYNTh KOJIWYECTBEHHBIN pe-
3yJbTaT, UCIOJB3YE€M Ty XK€ HJEI0 CaMOCOINIACOBAHHOIO IIOJIS.
Paccmorpum mozens M3unra npu 7> 6, T—>6. Ilycte umeercs
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BBIJICJICHHBIA MOMEHT co 3HaueHueM u;=+1. Torga GyHkIus kop-

peIIUNA €CTh MPOCTO CpeAHEe <[> B YAOBJICTBOPSIOIIEM 3TOMY
yCJIOBHIO aHcaMOJie:

< p,> Spu, exp(—fH ;)
po=1 Spexp(-pH,)
3nech Hepr - >()GEKTHBHBIM TaMUIbTOHHAH, COOTBETCTBYHOIIUM
ATOMY aHCamOJTIo.

[lonaras BHelIHeE IOJIE€ HYJEBBIM, YYTEM, UTO JIEWCTBYIO-
1Iee Ha CIIMH 2 BHYTPEHHEE I0JI€, CO3/1aBaeMO€e CIIMHOM 1, a Takxke
Y OCTAJIbHBIMH CIIMHAMM, PABHO

Hy,=V,+ > Vy,u,- (3.2)

j#1
CpenHee moJjie COOTBETCTBEHHO, UMEET BU/T

<H,>=Vy+ )V, <p,>=V, + DV, <pu,>. (33)

J#1 j#l
VYuureiBas ypaBaenue Beiicca (1.11), HemenneHHO moyyaem

< pu, >=thB< H, >= th,B{V21 + DV, <, >}. (3.4)

S H M, 2= (3.1

J#l

O0o03HaYNM (PYHKIUIO KOPPEISAUMA < 4 p ; >= g(7?1— R 7). lepe-
nuueM ypaBHeHue (3.4):

g(Ri—Ry)= thﬂ{V(R1 Ro)+ ZV(Rz— Ri)g(Ri— R, )} . (3.5

Jj#l
B npubmmkenun Beiicca ¢ynkius g(Ri— R;)= 0. Umem HeTpu-
BUAJIBHOE PEIICHUE U TIOJI0KIM
g(Ri—R))<<1, V(R2—R;) <<0O.

[TocnenHee HEPABEHCTBO CIPABEIIMBO B Mpeeiic OOJBIIOro Yuc-
na 6mkanmux cocenert 1/Z <<1 (O =ZV). Orcona:

47



g(Ri— 732)=,B{V(731— R2)+ > V(Ra- R))g(Ri- 7@)}. (3.6)

Jj#l

Ypasnenue (3.6) peiraem npeodbpazoBanreM Dypre:

g(R) = %Z g(q)exp(iq R)

g(q)= ¢(Ri- R;)exp(iq[Ri- R, ). 3.7)

i#]
V(g)=Y V(Ri- R;)exp(ig[Ri— R,]).
i#]
[IpounrerpupoBaB ypaBHeHue (3.6) ¢ MHOXKUTEJIEM

exp(-igR) mo KoopauHaTe, Moixy4yaeMm sl (Pypbe-KOMIOHEHTHI
KOPPESLMOHHON (QyHKIUU:

g(q)zﬂ{V(qu(— q)V(q)}- (3.8)
BBI/I,Z[y OILHOpOI[HOCTI/I nu I/IBOTpOHHOCTI/I HpOCTpaHCTBa
g(R)=g(R), V(R)=V(R),

- -
OoTKyJza cienyet, uto g(q)= g(—¢q)(3T0 HecloXKHO MOKa3aTh Mpsi-
Mo 13 (3.7)). OKOHYATENBHO MOJTyYaeM:

g(gy= L@ g (3.9)
1= 4V (q)
B nmmuanoBonHOBOM mnipenene gpynkuus V(g)= V(0) = ©. B
CBOIO OYepe/ib

- ﬂe
gq)=
1-68/T
Takum oOpa3om, BUTHO, YTO Pypbe-KOMIIOHEHTA PACXOIUTCS MPU
npubJIMKEeHUU K Touke (pazoBoro nepexona. Mccnenyem mpo-
CTPaHCTBEHHYIO 3aBUCHUMOCTh ()YHKIIUU KOPPEIISIIHH:

—o, T—86.

48



(R)_NZ pr(9) exp(iq R) . (3.10)
T 1= pr(g)
PaccMoTpuM NITMHHOBOJIHOBBIM mipeaen g —0 (T.e. uccie-
IyeM CUTyallui0 B Tpeene OOJbIINX KOPPEISIUOHHBIX JINH
R—cookono Touku (azoBoro nmepexoxaa). Torma  ¢dypbe-
KOMITOHCHTa B3aWMOJCUCTBHSI MPHOIMKEHHO MOXXET OBITh Tpel-
CTaBJICHA CIEAYIOMUM 00pa3oMm:

V(q), 0 = ZV(IFI)(I igr - (q2)>

(3.11)
=V (0)-aq’, @ =ZV(\rI)%-

[TapameTp @ 1O MOPAIKY BEIUYUHBI pABEH a~V(O)/rzxap~@/rzxap,
IIC I'xap - XapaKTCPHAs JIJIMHA, HA KOTOPOW JIEMCTBYET B3aUMOIEH-
CTBHE (MOXHO IOKa3aTh, yTo mnpexacrasieHue (3.11) mpuBoaut k
HKCIIOHEHIIMAILHOMY CIay
V(r) ~ (1/r)exp (- 7/r xap) - cM.3amady 3.2.1).

[Tonacrapmss (3.11) B (3.10), HaxoaUM MPOCTPAHCTBEHHYIO
3aBHCHUMOCTh KOppeJALUOHHON (yHKUMU B npenene a— 0 (uHTe-
rpan (3.10) 66peTc51 B cq)epnqecm/lx KOOpJMHATaX MO ¢, TaK 4YTO

_g (2)

g(r); exp[—r/d]

b

-
| I (3.12)

1 - BV (0) z\/T—Q’
pa a

r1ie d - XapakTepHasi KOppessiMoHHast JyinHa; Q, - 00beM 31eMeH-

TApPHOM STYCUKH.
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BuaHO, 94TO KOppesAIMOHHAs JUIMHA PACXOIUTCS UMEHHO B
1
Touke (ha3oBOro mepexojna Mo 3aKOHy d = ————. Takum
~T — 6

00pa3oM, MarHUTHBIE MOMEHTHI HAYMHAIOT BEICTPAMBATHCS B OJIOKU
¢ 6eckoHeyHO OonbIUMU pa3mepamu. [Toka He HacTynui ¢a3oBbIii
nepexoji, 3Tu OJIOKH (BO3HHUKAMOIIKME (PIYKTYallMOHHBIM 00pa3oM)
OpPUEHTHUPOBAHBI OECMIOPSAAOYHO, TAK YTO CPEAHUN MAarHUTHBIA MO-
MEHT </> TO-TIPEKHEMY paBeH HYI0. DTH (DIyKTyallHOHHBIE MTPO-
SIBIICHHSI JTaJbHETO TMOpsaKka Ha (hOHE ONKHETO 3aBEpIIAOTCS B
TOUYKE TEepexoja, Korjaa Bce OJOKH KOPPEIUpPOBAaHHO OPUEHTHUPY-
IOTCS 110 TIOJTIO.

3agaumn

3.2.1. Iloka3aTb, YTO JJIMHHOBOJHOBOE IPEJICTABICHUE

IR
B3anmozneiicteust  V(q), ., = V(0)— g’ OpUBOANT K SKCIIOHEHIH-

q—0
AJIbHOMY CIIay €ro B KOOpAMHATHOM IIPCACTABIICHUH.

OtBerT:
Vig)= &)2, a'=al/V(0)=
1+ o'

= Z %exp(i ; ;) = %exp(—r INah).

mra

3.2.2. Paccuutath KOOPAWHATHYIO 3aBHUCHUMOCTH (DYHKIIUU
Koppessiiun g(r), ucxons u3 BuAa (Pypbe-KOMIIOHEHTHI B3aMMO-
neiictus (3.11).

3.3. ®ayKTyauuu MArHUTHBIX MOMEHTOB
BO1M3H (pa30BOr0 nepexoaa

Onpeaenum KOMIOHEHTHI Pypbe MIOTHOCTH CIIMHOB:
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1 i
uq=ﬁ2ﬂ,~ exp(~ qR). (3.13)

B orcyrcTBHME BHEWIHEro Mojis NpU TEMIIEpaTypax BBIIIE
KPUTUYECKON <p4,>=0. IlpencrapisioT uHTEpEC, OAHAKO, (iIyK-
Tyalluu BEIMYHMHBI <[/,>, ONpEIENAEMbIC KaK CPEIHHH KBajapatr
MOyl Pypbe-KOMIOHEHTHI:

1 g -
<|;uq|2 >= FZ< pipt;>explig(R—R;)} =
. ! L (3.14)
= ﬁ[z< :uiz > +Z< Mty >explig(R,—R;)}].
i i#j

YuuteiBas, 4To B TIepBOM ciaraemom (3.14) ,ui2=1, a BTOpoOeE cla-
raemMoe - (hypbe-KOMIIOHEHTa KOPPEIIUUOHHON (PYHKIMH g(7), YM-
HO>KEHHas Ha N, uMeeM

<Jp, P >=1+g(q)= —. (3.15)
1-pV(q)
[Ipu T — @ daykryanun pacxonsarcs (Tak kak V(q)~V(0)=6), aro
U CIIOCOOCTBYET MOSIBJICHUIO OPUCHTHPOBAHHBIX JOMEHOB OOJIBIIIO-
ro pa3mepa BOJIM3U TOUKH IEPEexo/a.

IIpu T < @ B peppomarautHoit daze (R #(0) MOXKHO TaKKe
MOJIYYHUTh KOPPEISAIMH MATHUTHBIX MOMEHTOB

1- R
-V (q) (1- R°)

Qu,['>= (3.15a)

3.4. TenmoemkocTh B Moaeau U3unra
¢ yuyeToM (pryKTyauui

B 1m.2.3 rmaBsl 2 MBI yX€ paccMaTpuBaIIM TEIUIOEMKOCTb
CUCTeMBbl B TPHOIMKCHUH CPETHETO MOoJst. Pe3ymbrarhl BOMHM3M
TOYKH TIEpeX0/ia PE3KO OTIMYAIOTCS OT SKCIIEpUMEHTa (CM. pucC.6 1
7): pacxonumocTh (A-Touka), HaOmO1aeMasi B DKCIIEPUMEHTE, Pe3-
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KO KOHTPACTUPYET € pe3yJIbTaToM cpeaHero nods (2.15), cornacHo
KOTOPOMY TeTu10eMKOCTh C B TOYKE Mepexo/aa KOHeUHa (M paBHA B
monenu Wsunra 3/2kN). Yurem (aykTyanuu MarHUTHBIX MOMEH-
TOB, UTPAIOLINE CYIIECTBEHHYIO POJIb UMEHHO BOJHM3U TOUKH Tepe-
X0J1a, ¥ pacCYMTAEM MX BKJAJl B TEIJIOEMKOCTb cucTeMbl. 1o omnpe-
JIEJICHUIO TIPU HYJIEBOM BHEIIIHEM I10JIE

C=dE/dT, E=<H>=-1/2YV, < pu,>. (3.16)

i#j
YyurteiBas, 4To
V, =1/ N V(g)exp(ig[Ri~ R;]),
q
MOJTy4aeMm:

—_1/ 22 V(9)2(q) = —1/2y 1 40
q 1—ﬁV(q)
PaccuutpiBaeM yzenbHyI0 (Ha 1 CIIMH) TEIUIOEMKOCTH BOJIH-
3U (I)a3OBOFO Hepexoz[a, y‘-II/ITBIBaSI BKJIa/l TOJIBKO OJJIMHHOBOJHOBBIX

nonpasok (V(g) = V(0) - aqz):

(3.17)

2 Zﬁ
C:1/2N2Mz

¢ (1= pV(q))* (3.17a)
Q. (0) q’dq 1 ., T-0
Y920 A(ra ) e T N E——
2% dma) b (NN a

OKOHYATENBHO TEIIOEMKOCTh PAacXOIUTCsl BOIM3M obnactu (as3o-
BOTO TIepexo/ia 1o 3aKOHY:

1
c ~ , T> 0. (3.18)
~T - 6
DTO coriacyercs ¢ 9KCIIepUMEHTOM (CM. puc.7).
3ameTtuM, yto npu T < @ Takke MOXKHO MOKa3aTh, YTO TeM-

JIOCMKOCTBb PAaCXOOHTCH 11O 3aKOHY:
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c ~ . (3.19)
Vo - T
Takum o00pa3om, HaOIOIaeMyld Ha SKCHEpPUMEHTE A-
PacxoIMMOCTh OKOJIO TOUKH (Da3oBoro mepexoaa (CM. puc.7) MOX-
HO OOBSICHUTD BKJIQJOM (PIIYKTYyallii B TETUIOEMKOCTb.

3agaumn

3.4.1. PaccuuTath TertoeMkocTs Moaenu M3uHra ¢ yuerom
KOppEJsAlUM, YYUThIBas BbIpakeHue mis sHeprum (3.17) uepes

bayKTYyarmu.
OtBer:

22 (g Q70 -

q (l_ﬂV(q))z T—6 V104 o

3.5. MarauTHasi BOCIPpUMMYHMBOCTb B Moaean M3unra
¢ y4eToM (puIyKTyauuu

PaccuntaeM BOCIPHUMMYMBOCTH CHUCTEMBI C TOYKH 3pEHUS
¢biIyKTyaluii MarHUTHBIX MOMEHTOB TakK)Ke BOJIM3HM TOYKH IMEPEXO-
na npu T > @. CHavasna BbIBeieM IMOJIE3HYIO (DOpMYJTy, CBSA3BI-
BAIOIIYI0 BOCIIPUUMYHBOCTD CUCTEMBI C (PIIyKTyalUsIMU MarHuTHO-
IO MOMEHTA.

Craructuueckass cymMma B MPUCYTCTBUM BHELIHErO IMOJIA
paBHa:

O=Spexp{-fW - u,H)}. (3.20)

rae W - ocranmpHas 4acThb FaMWJIbTOHMAHA, CBSI3aHHAs C B3aMMO-
JICCTBUEM CIIMHOB.
JuddepeHuupys 3To BhIpaxeHHe 1Mo N0 H, mogydaeM:
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6 InQ/é BH = <) u,> = NR,
6°InQ/é (BH) = NJ& R/J BH = (3.21)
= <(Zlui)2>_<21ui>2'

B otcyrcTBun paneHero nopsaaka <gp;>=0, u u3 (3.21) Haxoaum
BOCIIPUMMYHBOCTH (B G€3pa3sMepHOM BUJIE - ¥ = y / ;):

;(zﬁR/a”H:%<(Z,ui)2>—<z,ul.>2:

S 5 lim .
=< ) >= < >/T.
N O m) 4o 0 |

Orcrona, yuutsiBas (3.15) , HaxoAUM, 4TO BOCIPUUMYHUBOCTH pac-
X0JIUTCs B TOuke (pazoBoro nepexoja no 3akony Kropu-Beiicca

1 1

YTT V) S T-0 (3.22)
PesynbTar (3.23) coBmamaeT ¢ pacuetamMu cpenHero mons (2.18)-
(2.19), yTO TOBOPUT O TOM, YTO NPUOIMKEHUE, UCIOIH30BAHHOE
HaMU JJIs1 BBIYMCICHUS (QIyKTyaluid, TECHO CBSA3aHO C IPUOIIIKE-
HUEM MOJICKYJISIPHOTO TOJIsl, KOTOPOE€ MBI KCIIOJIb30BAIN JIJISl BBI-
YHCJIEHUS HaMarHM4eHHOCTH. bojee Toro, ecim ydectb BbIpake-
Hue s Gaykryaruu (3.15a), cipaBenmuBoe npu T < @, TO MOXK-
HO TIOJIYYUTh BBIPAKEHUE JIJIST BOCIIPUUMYUBOCTH, TTOJTHOCTBIO COB-
Majarolee Co CPeIHETONEeBLIM pe3yabTaToM (2.18).

OtMeruMm, 4tO cooTHolieHue (3.22), cBs3bIBaroiiee BOC-
NPUUMYUBOCTh U KBAJpaT CPEJHErO0 MOMEHTa U CpeJHee OT KBal-
pata MOMEHTa, - 00llee, U OHO CIPABEIJIMBO BO BCEM JHAIa30HE
TeMIiepatyp (cM. Takxe 3agauy 2.4.2).

(3.22)

3.6. Hapymenue cumMmeTpuu npu (pa3oBom nepexojae
(deppoMarHeTuk-napamMarHeTuK

Kak ormeuanock Bo BBeneHHH, (ha30BbIe MIEPEXOBI XapaK-
TEPU3YIOTCSl HapylleHueM cuMmeTpuu. Mccnegyem ¢ 3Toil TOUKH
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3peHus (a30BbId Tepexoa peppoMarHeTHK-MapamMarHeTUK B MoOjie-
o Wzuara. [ mpocTOTHl BHEIIHEE IMOJI€ TMOJIO0XKUM PaBHBIM HY-
0. 3ameTuM, 4Tto ['aMuIbTOHHAH MOJIeTTH
H :—1/22 Vil u (3.24)
ij
WHBAPUAHTECH OTHOCUTEIIBHO MPe0oOpa3oBaHUs:

M= -l], 2 =2 ... MN— -UN .

OTO Tak HasblBaeMas ‘“‘3epkaybHas cuMMmerpud. [Ipuuem rammib-
TOHHWAH YJIOBJICTBOPSIET 3TON CUMMETPHUHU B JIFOOOM COCTOSIHUU: KaK
B YHOPSAJOYEHHOM, TaK U B paszynopsaouyeHHOM. OJHAKO caMOMy
COCTOSTHUIO CHCTEMBI HE 00s3aTeNbHO MPHUCYIA 3Ta TPYIIa CUM-
METPHUH, U OHA MOXKET HE COXPAHITHCS MO pa3HbIe CTOPOHBI (azo-
BOro nepexona. [lokaxem, 4To 1Mocsae TOUKU NEPEXOA, B YIIOPSI0-
4eHHOUW ¢eppoMarHuTHOM (daze 3Ta cuMMeTpusi Hapyiiaercs. B
ATOM 00iacTH crpaBemBO ypaBHeHue Beiicca: R = th RO /T. B
MIPUHIIMIIE, OHO UMEET pelieHue kak R>(0, tak u R<(, T.e. OHO UH-
BapUMAHTHO OTHOCHTEJIbHO MHBEPCHM TapameTpa nopsaka R— -R.
PaccMmoTpuM cpenHuii MOMEHT Ha y3JI€:

() Spu,exp(f/2XV, puu;)
/'li = Yy =
Spexp(B/2XV,u,u;)
ij
Spp,exp(f/2XV,pu.u;)
ij

ST Spexp(BI28V pu )
Hij=>—Hj Y

N3 (3.25) caenyer, uro <> =(. OgHAKO B yHopsioueHHOU (a3ze
<> #0, U eCTb BBIJICJICHHOE HaIpaBJICHUE, HapyIIalollee 3TO
npeoOpa3oBaHue. DTOT NApaJOKC CBS3aH C HapyLIEHUEM 3TOM
TPYIIbl CHMMETPHUH TIPH Mepexojie B (peppoOMarHuTHOE COCTOSIHUE,
MOATOMY ‘‘3€pKaJIbHAs” CUMMETPUSL L] -], MUo—>L..UN—> LN
OTCYTCTBYET, KOTJla CUCTEMA HAaXOJUTCS B KOHACHCUPOBaHHOU (a-
3€.
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4. CIIMHOBBIE BOJIHBI B PEPPOMATI'HETUKAX
B MOJIEJIU TEM3EHBEPT A

Mopnens U3unra ynoOHa [uist pacuera U MO3BOJISIET B Iep-
BOM INPUONMKEHUU ONHCAaTh KAK KOHIECHCUPOBAHHYIO (asy mnpu
HU3KHUX TeMIepaTypax, Tak U (UIyKTyallMOHHYIO 00JacTh BOJIH3U
oOmnactu (azoBoro nepexona. OQHAKO Majoe YUCIO CTENEHEH CBO-
0076l MAarHUTHOTO MOMEHTA Ha y3Jie HE TI03BOJISET aJeKBATHO OT-
pa3uTh BCE MHOr00Opas3ue CBOMCTB CHCTEMbl MAarHUTHBIX MOMEH-
TOB. [[ns1 peanbHBIX cucTeM HaumboJiee MPEANOUYTUTENIbHa MOJEIh
['eiizenOepra. ToibKO ¢ €€ MOMOILBIO YJAeTCsl ONMUcaTh crenudu-
YEeCKUE CIIMHOBBIE BO30YXKIeHUS B (eppo- U aHTU(EppOMarHeTu-
Kax - MarHoHbl. B 1aHHOM IJlaBe MBI paCCMOTPUM KBAaHTOBYIO MO-
nens ['eitzeHOepra U uccieayeM OCHOBHOE COCTOSIHME M BO30YXK-
JICHUS CHCTEMBI B ()epPOMArHUTHOM COCTOSTHUH.

4.1. KBanToBas mojaesb I'eiizen0epra

PaccmorpuMm ramusToHMaH I elizenOepra:
H=-1/2YJ,8.8,-08YS,. (@.1)

i#j i
3meck Jj; - OOMEHHBIN UHTErpai; S; - Oeparop CNMHa Ha /-M ys31e:
-
S, = {S X887 } JUJIsl KOMIIOHEHT CIIMHA BBIIOJHSOTCA OOBIY-
HbIe KOMMYTAI[HOHHBIE COOTHOIIICHUS:
X oY Yo X . Z.
S;Sp =887 =i 87
ZgoX XoZ _ . Y.
SESX —SXs7=i5,8); (4.2)
YoZ ZaoY _ . X
S,/ S, -8.8,/ =i6,S;".
KoMNoHEHThl cnuHAa MOXXHO BBIPA3UTh TaKXKE 4Yepe3 MaTpUILIbI
[Maynu (nns cnuna S=1/2):

v (O 1) v (O —ij , (1 Oj
o" = , o =| . , 07 = (4.3)
1 0 i 0 0 -
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Martpunst [laynn neicTBYHOT Ha JBYXKOMIIOHEHTHBIC BOJIHOBBIE
byHKIHN:

+ X, . ¥ - X .
BBoasT Takxke Matpullbl 0 = o0 +i0 M 0 = O - i0°, KOTOpbIE
12
MIepEBOPAYNBAIOT CIIMHBI B COCTOSTHUSIX

L -l Y (0 o

o +
AHaJIOTHYHBIC CBOMCTBA U y oniepaTopoB S u S
S =5+is", s =5-is" (4.5)

3agaumn

4.1.1. HUcxons u3 ompeaeicHuss MEXaHHYECKOro MOMEHTa

- - >
M=[r,p] 1 KOMMyTallUOHHBIX COOTHOLICHHUHN ISl OIeparopa
-

N
KOOPIMHATBI ¥ UMIyJIbca [p,x; |=—ihd ; , moKasath, ut0 M =hS,

N
rac S - orcparop CiirHa ¢ KOMMYTAallMOHHBIMU COOTHOIICHUAMUA

(4.2).

Beenenne k 3apauam 4.1.2-4.1.15. IIpexne, uem uccneno-
BaTh Jlajiee KBAaHTOBYIO MOJIENb, TIOJE3HO PACCMOTPETh KiacCh4e-
CKylo mojenb l'eitzenOepra c B3aumopeilicteueMm (4.1) B Bume

(BBE/IEM SIBHO Pa3MEPHOCTD L{)):

- - - - -

2
H=-uy /2> J,; 8,8, —pu,HY S, -
i#j i
Paccuntaem ee B mpuONMIKEHUU CpEIHEro Mojs ais ¢ep-

poMarHuTHOM cutyauuu (J>(0) U MOJYy4YUM TEPMOJAMHAMUYECKUE
BEJIMYMHBI: CTATUCTUYECKYI0 CYMMY, CBOOOJHYIO SHEpruio, mapa-
METp MOPsAKa, TEIJIOEeMKOCTh, HAMArHUYEHHOCTh, BOCIPUHUMYU-
BOCTb.
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4.1.2. TlonyunTh raMUILTOHHAH KJIACCHYECKOHN (eppomar-
HUTHON Mojenu ['eizeHOepra B mpHUOIMKEHUU CPETHETO TIOJIA,
npeHeOperas KBaIpaTUIHBIMU (PIIYKTyallUsIMA MAarHUTHBIX MOMEH-

2 o .
ToB ([<S> - S]"—0). BBectn B3aumopeiicTBre OMMKaMIINX coce-

Pemenue. YuurteiBasg coxpasstoniee TpeOyeMyr TOYHOCTh
CPEIHET0 NOJIs PA3JI0KEHUE B3aUMOICHCTBYIOLIETO YIEHA B BUC
S8, =<8, >S5, +85, <S8, >-<S§, ><§, >, nomyuaem:

N - - — 1 - - - -
H=-u,y, Si(H+H0)+5,u0HORSN, Hy=puyY, J, RS
i J

cpeaHee Tojde, B MOpHOMDKEHUH  OMKalImmmx — coceneu
N

N - -
H,=ZJu,S R, tne R=<S§,>/§ - napamerp nopsuaka. B nanb-
- -
HEWIIEM BBENEM (/S B ONpeleNeHne R Tak, 4To R=y, <S, > UMEET
CMBICIT CPEAHEr0 MarHUTHOTO MOMEHTA Ha y3Jie, U CpedHee MoJie
- -
Oyner umeTs Bua H, = ZJ R .

4.1.3. BpIlUUCAUTD CTAaTUCTHUYECKYIO CyMMY () B IpUOIIIKe-
HUU CPEIHEro MoJjs AJis KIacCUYecKoil (heppOMarHUTHON MOJAETU
['eitzenOepra.

Pemenne. CteneHn cBOOOJbI CHUCTEMBI OINpPENEISAIOTCS yT-

5
oM O; mexny nonem H+Hy (mone H , TakKe HAIPaBJIEHO II0 IO-

mo H ) ¥ CIUHOM S, IOATOMY:
0 =[] exp{-fRH,/2} [dQ, exp{fu,S(H +

+H,)cos8,} = exp{— SNRH ,/2}[4n(sh{fu,(H +
+H)SY/ Pu,(H + HO)S]N-

4.1.4. Paccuntath CBOOOJHYIO SHEPTUIO CUCTEMBI F.
Ortser:

F=-ThQ= %NHOR — NTIn[4z(sh{fu,(H +

+H,)S}/Bu,(H + H,)S)].
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4.1.5. Haiitu ypaBHEHHUE JIsl pPaBHOBECHOTO 3HAauCHHS R,
T.. YPaBHCHHE Ha IMapaMeTp TOpsIKa B MPUOIMKCHUH CPETHETO
noJist B Kjaccudeckoi mozenu ['eiizenbepra.

Ortser:

F|R=0= R=u,SF, (fu,S(H+H,)}, F,(x)=cth(x)~1/x,

Fi(x) - dynkuus JlanxeBena (cM. 3anauu 1.4.2-1.4.3).

4.1.6. Onpenenutb KPUTHUYECKYIO TEMIIEPATYPY NEPEXOA B
(dbeppoOMarHuTHOE COCTOSIHME MCXOAsl M3 CaMOCOIIaCOBAaHHOTO
ypaBHEHHMSI JUIsl MapaMeTpa MopsiiKa.

Pemenue. Ilonb3ysce acumnroramu ¢yHKuuu JlaHkeBeHa

(cM. 3aauy 1.4.3), npu R —0 umeem 0= ZJ(u,S)* /3.

4.1.7. Pa3noxuTh CBOOOAHYIO SHEPIHIO [0 MapaMmeTpy Io-
psaka BOJIM3M KPUTUYECKOW TeMIlepaTyphl U MOJYYHUTh €€ TEeMIIe-

paTypHy0 3aBUCUMOCTb ¢ TOUHOCTHIO 110 |(T — 6)/0]’ .

Pemienue. Mcnonp3dyeM creayromue MOJIE3HBIE pPa3iioxKe-
HUSL:

shx/x =1+x>/6+x*/120+ x° / 5020,
In(shx/x)=x*/6-x" /180 +x° / 2835.

Paznaraem nonydennyro B 3amaude 4.1.4 cBOOOJHYIO SHEPTHUIO TIO
napameTpy mnopsijika:

F/ N =-TIn(4r) —%ZJy(1+y)R2 +ﬁ22ﬂ(1+ 3y)R* +

| 0-T
+ ~Z*J’R°, y= << 1.
1056 0
Bapbupys F o R, HaxXo UM TemMIepaTypHyIo 3aBUCUMOCTD R:
560 4
R’ = 77 y(1- 7 v). I[loacraBnsis ee B CBOOOHYIO SHEPTHIO, OKOH-

HYaTCJIbHO HAXOAHUM:

2 3
F(R)/ N—F(R=0)/ N=—0 (ﬂ) +2 (ﬂ) .
4\ 0 84 \ 6
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4.1.8. MccnenoBath MOBEEHUE TEIIIOEMKOCTH ipu 1 — 6.
Otser: C/ N =—[T/N]8 F/6 T =5/2-20(0-T)/76.

4.1.9. Haiitu BeIpakeHue JJisi IPOJI0JILHON HaMarHM4eHHO-
CTH UCXO/JIs1 U3 CBOOOTHOM SHEPTUU.

Orser: M =-JF/cH =NR.

4.1.10. Bripa3uts OpOJOJIBHYI0 MarHUTHYK BOCIPUUMYH-
BOCTb jy uYepe3 Npou3BOAHYI0 OT ¢yHKuuu JlamxeBeHa
F,'(x)=dF, /dx.
. y=dR/dH|, = (,UOS)ZZFL'(IB,UOHOS) .

T —(14S) ZJF, (Bt H,S)

4.1.11. HaifTu MarHUTHYO BOCIIPUMMYUBOCTb Tipu 7> O.

OtBeT

2 Q2
S
OtBer: y(R=H,=0)= ,uo—.
I(T-06)
4.1.12. HaliTu npoAoJbHYI0 MarHUTHYI0 BOCHIPUMMYHUBOCTb

mpu T — O - 0.

Pemrenne. [lonw3ysack acumnroramu GyHknuu JlamkeBeHa
(cm.3amauy 1.4.3), momyuaem: y = (.S’ )/6(9 -T).

4.1.13. HaliTu npoAoJbHYI0 MarHUTHYO BOCHIPUHUMYHUBOCTb
npu T — 0.

Omser: y ~T/(ZJp;S?).

4.1.14. UccnenoBate noBeneHue napamerpa nopsaka R(7)

npu I'—->60-0u T — 0.
OtBeT:

~ 1,S(1-T/36), T—0;
|R*=50)/Z7[y—4y* | T+4y* /1 49],y =(0-T)/0, T—6-0.

4.1.15. BbIpa3uTh TENIOEMKOCTh KJIACCUYECKOM MOJIEIU
['eitzenOepra C yepe3 mapaMmeTp nopsiaka R, UCHONIb3Ys

C=-TO°F/oT . Paccmotpets npenensusie cnyyan 7—0 u T—>6.
Ortger:
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C/N :—%5132/0’7,

C/N

5/2[1-8(0-T)/70],T — 0,

C/N

1+6/3T, T —> 0.

AHa/Ju3 pe3ybTATOB PAacyeTOB B NPHUOJIMKEHUH Cpea-
Hero moJust moaenu I'eiizenbepra no 3agauam 4.1.2 - 4.1.15. Kak
MBI BUJUM, MPUOJIMKEHHE CPETHEr0 MOJIsi XOPOIIO OMUCKHIBAET (ha-
30BbIl mepexon U 3akoH Kropu-Belicca nnsi BOCIpUMMYHMBOCTH
(3amaun 4.1.11, 4.1.12). Ognako B oTiauuue OT monaenu M3uHra
BOCIIPUUMYHMBOCTh JIMHEMHO CHAJaeT MPU HU3KUX TeMIlepaTypax
(3amaua 4.1.13), 4TO CBSI3aHO C OTCYTCTBHEM IIEIU B CIEKTPE 3a
cueT OOJBIIOTO YUCHIa CTENeHeH CBOOObI Y KIACCUUECKOro CIIMHA
¥ BBIPOXKJICHUS TI0 YTUIy BpamleHusl ¢ BOKPYT ocH z). boiee Toro,
TEIUIOEMKOCTh HE CTPEMUThCS K HyJto npu 7—0 (3amava 4.1.15),
4TO SABJIAETCSA HapylleHueM TeopemMbl HepHcTa U cBA3aHO C ynomsi-
HYTBIM BBIPOXKJICHUEM OCHOBHOTO COCTOSIHUSA (HAallOMHUM, YTO
Teopema HepHcTa cripaBeqinBa 11 HEBBIPOKJIEHHOIO OCHOBHOI'O
coctosiHusi cucteMbl). C Apyrod CTOPOHBI, Jajiee MOKaXeM, YTO
IpU HU3KUX TEMIIepaTypax BCE CTENEHU CBOOOIBI y CIUHA “‘BBI-
Mep3ai0T”’, KpOMe JIBYX M3MHTOBCKHUX: IO MOJI0 U TPOTHUB, TaK YTO
xopowuM mnpubnamwxenuem ais ['eitzen6eprosckoro ¢eppomarse-
THUKAa SIBJIIETCS B ATOM cliydae mojenb M3unra. [loatomy npu 7—0
HENb3sl KJIACCUYECKUM TOJXOJI0OM aJeKBAaTHO OMHUCATh TMOBEIECHUE
CUCTEMbl ¥ HEOOXOAMMO KOPPEKTHO HCMOJIb30BaTh KBAHTOBOE
OIKCaHue, YeMy U OyAyT IMOCBSIIEHBI CIeAYoIne naparpadal.

4.2. OcHOBHOe cocTosiHUE (peppoMarHeTuka
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B Mojesu I'eiizendepra

PaccmotpuMm mognens ['eiizenOepra npu HyJaeBOM Temmepa-
type. Ilycte oOMenHbIld uHTerpan J > 0, T.e. uccuenyem ¢eppo-
MarHUTHYIO cUTyauuroo. [lonokum I yHnpoIEeHUs H3JI0KEHHS
BHEIIHEE 110JIe paBHBIM HyJt0. O003HauMM |S'>; BOJHOBYIO (DyHK-
IIUIO CIIMHA Ha y37e / ¢ mpoeknuei S° Ha ock z. Tenepb 3HaUEHUE
IpOoeKLMHU criuHa S’ Ha y3ie (B oriudne oT Mojenu M3uHra) Mmoxet
IIPUHUMATh LEJbIA psAJ 3Ha4YCHUM. B OCHOBHOM COCTOSIHUM BCE
CIHMHBI HAMpPaBJIEHBI B OJHY CTOPOHY (HAIpUMep, MO OCH Z) C MaK-
CUMaJIbHbIM 3HAaY€HHEM Npoekuuu. Toraa oneparop z-i MpeKuuu
crmna: S7|S>,=S|S >, coXpaHsfeT CIMH Ha y3Jle, M €ro cobCT-

BEHHOE YUCIO0 S= Siax, T.€. MOAYJIIO TTOJIHOTO CITUHA (OOBIYHO Spax

~2-3).
2 Y A D
2R Y A A D
2 R Y A A B

BBeneM COOTBETCTBYIONIYIO MOJHYIO BOJHOBYIO (PYHKIIHIO
OCHOBHOT'O COCTOSHUS:
0 >=|S >,[S >,...... 1S > | S>,. (46

OtMeTnM, 4YTO OnepaTrop z-i MPOEKIHUH CIIMHA KOMMYTHUPYET C ra-

z Zrr
munsTonuanom: S, — S H = 0, 1.e. monnas npoekuus Ha och z
COXpaHsETCs.
[MokaxeMm, 9T0 H |0 >= E,|0 >, rae Ey- sHeprus OCHOBHO-
IO COCTOSIHASA IaMHMJIBTOHHAHA C MOBEPHYTHIMH B CTOPOHY OCH Z
CIIMHAMU, U paccuutaeMm Ej. Vcnonw3ys onpenenenus (4.5), nepe-
NUILIEM TaMUWIBTOHUAH B CIEAYIOLIEM BUJIE:
— 1
_ ZoZ + o - - o+
H=-1/2) J S!S’ +5(Si S;+878SH)). 47
i#j
o + -
Paccuuraem mpexae Bcero aeiictBue omeparopoB S u S Ha |0>,
[TokaxkeMm, 4TO OHM yBEJINYMBAIOT (YMEHBILIAIOT) Z-IPOCKLUIO CIIU-

Ha Ha Yy3i1e Ha eauHuany. Jlnsg 3Toro, yduThIBas, 4TO
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S71S>,= 8|S >,, nomy4um s Kakoro-nmubo y3na (ero MHIEKC He
OyJZileM mucathb) Claeayroliee:

SZSTIS'> =[S"(S* +iST)+S* +iST]S'> =(S+1)ST|S'>, (4.8)
T.e. Z-TIPOCKILHUSI COCTOSIHUS S+|S > paBHa S’+1. Orcrona
S+|S’>=|S’+1>. AHaNOrMYHO MOXHO MoKazath S |§™>=|S"-1>.
Orcrona HEMEIJIEHHO CIEAYET, 4YTO COCTOSHHE S+|S >=0 npu
S'=85=Smax, TaK Kak OoOJIpIlle 3HAYeHWE CHHUHA OBITH HE MO-
xet.Torma mpu AeWCTBUM Ha BOTHOBYIO (pyHKIHMIO |0> raMuiIbTO-
HuaHa (4.7) BKJIaJl JacT TOJIBKO WICH C Z-TPOCKIIUECH:

H|0> :—lEZJMSﬂO>; Eoz—l§:sté (4.9)
297 297
Mp1 monmyunnu corinacHo (4.9) SHEprur0 OCHOBHOTO COCTOSIHUS,

MPEACTABIISIIONIEr0 cOO0M CUCTEMY COHAIpaBIEHHBIX (MO OCH Z)
CITMHOB.

4.3. Bo30yxaeHus B reii3eH0eproBcKkomM
(peppomarneruxke. MarHoHbl

PaccMoTpuM Tenepb Hu3IIME BO30YXKIECHHBbIE (HaJ OCHOB-
HBIM) cocTosinusi (eppomaraeruka. [lycte Temneparypa 770, u
T<<@. B 3TOM ciiyyae z-IpoeKLUsl CIIMHA Ha y3Jie yKe He 00s13a-
TETbHO PaBHA MAKCHMAJbHOMY 3HaueHuto S. Omepatopsl S° u S
Terepb MOryT “IiepeMellaTh’ CHOUHBbI (BepHEEe, YMEHbIIATh U yBe-
JUYUBATh HA €IUHMILY) C y3JIa Ha y3€Jl, HE BBIXOAS 3a MpeAeabHOoe
3HayeHue. Tak, ecnu Ha y3ne / Obuta mpoekuus S’, a Ha y3ne [’ -
npoekuus S, To

T T
S;S. TS, T8, )={Ts, -1 T8 +1
T T T T

Crmebl IepeMeraroTcs ¢ y3na /[’ Ha y3en [. Jnsg takoro “nBuke-
HUs (CIIMHOBOM BOJIHBI) MOXKHO BBECTH DJIEMEHTapHBIEC BO30YK/Ie-
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HUSL MarHUTHOTO MOMEHTa - MarHOHbl. DTH BO30YXKIEHUS MOKHO
CUMTaTh HEB3AUMOJCHCTBYIOIIMMHM MPH KX MaJOH IUIOTHOCTH
BOJIM3M HYJIEBOW TeMIepaTrypbl. YIOOHO HOBBIC KBa3HMYaCTHIIBI
(MarHoHBI) BBECTH KaK Pa3HUILy MEXKIY BO30OYKIECHHBIM U HEBO3-

6Y>KIEHHBIM COCTOSHHEM Y3I1a, T.e. UX ILIOTHOCTb 1;=S - S, 1pH
3ToM 1; << 1. Ha s13bIKe BO36Y>KIeHHil omepaTop S' Tereph YHHU-

TOXKaeT BO30YKACHUE HA y3ie, S - poxkaaer ero. COOTBETCTBEH-
HO, ¥ BOJHOBYIO (DYHKITUIO MOXHO OTCYUTBHIBATH OT OCHOBHOTO
COCTOSIHMSI, T.€. paccMaTpUBaTh TOJBKO YHCJIO BO3OYXKIEHUN Ha
y37ax:

\w >=|n> |n>,...... n >, n>,. (4.10)

BBeneM omepatopsl poOXKIAEHWS W YHUYTOXKEHHS Ha Yy3Jax:
a, = AS, ,a, = AS, , rne A - Hekasi HOpPMHUPOBOYHAS IOCTOSIHHAS,
TpeOyromias onpeaenenus. Kpome Toro, Hac uHTEpeCyeT AeicTBUE
3THUX OIIEPaTOPOB Ha y3edbHYI0 QyHKIMO: a, |n>=?,a, |n>="?
PaccMoTpuM koMMyTaTOp:
. V4
aa’ —aa” :%(SWS_ —S‘S+):%(SYSX —SXSY):ZALZ. (4.11)

U3 (4.11) cnenyert, uto eciam monoxuTh A=+/257 , To moay4aem
COOTHOIIICHUE KOMMYTAIH, COOTBETCTBYIOIIEE OIepaTropaM cCra-

ticTHKH bose: aa” —a’a=1, ecnu ydecTh TakxKe, 4TO MPOEKIIHSI
Ha OCbh Z - XOpolllee KBaHTOBOE YUCIIO, TO NP yCIOBHH #; << | OHa

paBHA MaKcHManbHOMY 3HadeHuIo S, T.e. § ~S. HememienHo cre-
IyeT TaKkKe IOJIE3HOE COOTHOIICHHE MEXIy OIepaTopoM Yucia

BO30YXACHUH #; U TPOEKIUEN CITMHA HA OCh Z:
V4
S;=S-a;a,=S—n,.
Takum 0Opa3om, Mbl BBEIH HOBbIE 003€BCKUE BO30YKIIEHHUS - Mar-
HOHBI:
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A\ S/ .
a, =——, a,a
s ! 4 1 ™1
A28 A28
Omnepatopsl (4.12) necTBYIOT Ha y3elbHBIC (PYHKIIUHA OOBIYHBIM
0o0pa3oM B COOTBETCTBUHU CO CTaTUCTUKON bo3e:

=n=5-5/. (4.12)

+_
a,—

a[_|n,>:\/;,|n,—l>, alm>={n+n+1> daaln>=nln> (4.13)

[TokaxkeM, 4TO B MpPEICTAaBICHUH MAarHOHOB IPH MEPEXOE U3 JIO-
KaJIbHBIX ONepaTopoB ‘S’ K omepaTopaM CIHHOBBIX BOJIH ‘a’ ra-
MUJIBTOHUAH AMArOHAIN3YETCS, T.C. MPEACTaBISETCS B BUIEC Ta-
MUJITOHHAHA HEB3aMMOJICUCTBYIOIIMX YacTHUIl. Takoe MpecTaB-
JieHue 00s13aTeIHLHO JOKHO OBITh, €CJIM MAarHOHBI - UCTUHHBIC KBa-
3MYACTHUIIBI HAJl OCHOBHBIM COCTOsiHMEM. [lojicTaBuM HOBBIE orepa-
TOpPBI B TaMUJIbTOHUAH (4.7):

7 1 + + + +

H = _EZJH‘{(S —a/a,)S—-a;a,)+S(a,a, +a, a,,)} . (4.14)
121

PackpbiBasi ckoOku B (4.14) 1 yuuThIBasi COOTHOILIEHUS] KOMMYTa-

MU ¥ MaJIOCTh 4YWCJa BO30YykKIeHu# (T.e. mpeHeOperass wieHaMu

a aa’a<<1), a raxxe 10, 4TO J=J(r—-r|)=J,,, nonyqdaem:
H=E, +SZJ,,,{al+a, —afa,,} : (4.15)

1=l
B (4.15) MBI BBIACTWIN SHEPTUIO OCHOBHOTO coctosinus (4.9). Jla-

Jee ucrob3yeM npeodpazoBanne Dypre onepaTopos:

1 Radine
a,= qu:aq exp(igR) ,

. 1 . Rding
a, :ﬁzq:aq exp(—igR) .

[ToncraBuB 3TH peodpazoBanus B (4.15), 1 yuuTsIBas, 4YTO
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> o o

Zexp(i[q —-q']Ri1)=Né,,
!
HAXOJIUM II0CJIe HEKOTOPBIX Mepe0003HaUYEeHHI:

H=E,+Y ho,ala,, ho,=Y SI(R|){-expiqR)} .(4.16)
q !

q979°

— T o
Takum obpasom, eciu n,=a , a, - ONEPaTOp YKCIa BO30OYKICHHI C
BOJIHOBBIM BEKTOPOM ¢, & i@, - CIIEKTP BO30YKICHHM, TO TaMHUIIb-

TOHHUAH SIBJIIETCSI CYMMOUW OCHOBHOT'O COCTOSIHUSI M TAaMUJIbTOHUAHA
raza HEB3aUMOJICHCTBYIOIINX OO30HHBIX BO30YXKIEHUW - MarHo-
HOB:

H=E,+) ho,n,
q
Takoe npezacraBiieHne y100HO AJIs1 BBIYUCICHUI.
3agaum

4.3.1. 3anucaTth ypaBHEHUS JIBH)KEHUS [JI1 CIIMHOBBIX OIIe-
paTopoB B mpejncraBiieHnn [ eiizeHOepra, B3aMMOICHCTBYIOIINX B
COOTBETCTBUU C raMUJILTOHHAHOM (4.1), B HYyJIEBOM BHEIIIHEM I10-
Je.

Pemienue. YpaBHeHUs IBUKEHUS:

as’y i —
L =L[H,8°), a=X.Y,Z.
dt h
Orcrona
dS,X

2
:%Z[JilSiZSIY _JilSiYSlZ]7

i#l

dt

OCTaJIbHBIE YPAaBHEHUS TOJTYUYAIOTCS [IUKINIECKON TIEPECTaHOBKOM.
4.3.2. 3anucaTh ypaBHEHHMs IBWIKEHUS B TNPUOIMKEHUN

CPEIHETO TOJIs, mojaras S“=S YHCJIOM, PaBHBIM MOJIYJIIO CIIMHA, a

OCTaJIbHBIC OTIEPATOPHI - MATBIMHU. YUECTh B3aMMOJICHCTBUE TOIHKO

¢ OMMKANIIMMU COCEISIMU.
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Pemenue. Pa3noxxuB nmpousBeaeHUs ONepaTopoB

SeSP a< S >8P +87 <S>, S} <S8/ >=5,

¥ nojarast <S>, <S' > MaJbIMu, MOTy4aeM:

ds; o ds; _ '”(Z)SJZ[SY s
! i 42

dt C o dt h <

ds; °SJ
D L

4.3.3. lcxons u3 moiy4yeHHbIX B 3aaade 4.3.2 ypaBHEHMi

JABHKCHUA HaWTHU CIICKTP MAarHoHOB.
Pemenue. HepeHI/IH_IeM CHa4dajla YpPaBHCHUS IOBUKCHUA,

BBeJIs onepatopsl S 1 S
S =8"+is"us =s"-is",
TOT/Ia YPABHEHHS HMCIOT BHUI:

CIIS;r _ lﬂéSJ Z[S+ —S+]
/ i 4>

dt h
i#l
ds;, iu’SJ L e
dll = ; Z[Sz =5, 1.

izl
Hcnons3ys pypre-mipeoOpazoBanHue, HIEM PEIICHUE B BUJIC
.2
—iuySJ
ILl 0 Sqi Aq ,

-
S, =8, exp(iq ri—iwt). Torna nmeem —ioS, =

rae 4, = Z {l —exp[iq(r,—r,)]} . OKOHYATENBHO CIIEKTP MArHo-

1
i#l

HOB fiw , = 1o SJA ;- 3@METHUM, 9TO Pe3yJsIbTaT COBMAACT CO CIICK-

TpoM (4.16), oMy4eHHBIM TMaroHaJIn3aluel raMuiIbTOHHAHA (C
. 2

TOYHOCTBIO JI0 HAIIUX NepeoO03HaYeHU Ly J—J).
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4.4. CpoiictBa MarHoHoB. CrniekTp B0O30Yy:K/IeHMI.
d¢pdexTHBHAA Macca

Paccunraem cHayana SHEPrul0 MarHoHoB /iw,. Paccmor-
pUM B3aMMOJECMCTBHE TOJILKO ONMKAMIIKUX COCEle U HCCIeayeM
NpOCTEHIINIA cydall TpexMepHON KyOudeckon pemieTku. B xkyOu-
YECKOM KpHUCTasuie ONMKaWIIUX cocelel Bcero mecth: J(fay) =
J(#a,) = J(#a,) = J, e a - nepuon peuerku. Torna uMeem:

ho, =2 SJRDI-explig RO} =

=28J{3 - cosq,a—cosq,a—cosq.aj.
PaccmoTpuM TMHHOBOJTHOBBIN Tipenen |gla<<l. B stom
ciydae 3aKoH jucnepenu (4.17) nmeer Bun hw,, = SJa’q®, cosma-

JAIOMKN 10 (OpMe C 3aKOHOM JIUCIIEPCUU ISl CBOOOHOM YacTH-
122
uel (¢, =h"q”/2m).

Takum oOGpa3oM, MOKHO TOBOPHUTH O Macce MarHoHa (Ko-
HEYHO, Kak 00 3pdekTrBHOM Macce m™):

2
ho, =hq* /2m’ = =209
m h
Ucxons u3 (4.18) ouenum macmrad 3ppeKTUBHON MacChl.
ITonaras S ~ 3, a~ 3.10° cM, J~ k@, @~ 300K, nonyyaem m*
2~ 5 m, - OKOJIO TISITH AJIEKTPOHHBIX MAacC, T.€. MAarHOHHI - JJOCTATOY-
HO TSDKCIIBIC JTOKAJIM30BaHHBIC KBA3UYACTHIIbI.
Tak KaKk MarHoHHI IOJUHUHSIOTCS CTAaTHCTHKE bo3e, To mx
(GyHKUUMSL pacHpeneseHus ecTb O00bIYHOE pacmpenerneHue bose-
OUHIITEHHA:

(4.18)

1
exp([ho, — 2]/ T) 1"

n(T)=<n,>=<a,a, >= (4.19)
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rlie 4 - XUMUYECKHi moTeHnuan. Tak Kak 4yucio 0030HOB HEPUK-

CHUPOBAHO, TO XUMUYECKUK MOTeHuuan u = ck/oh, =0. Takum 00-
pa3oM, OKOHYATEIbHO (DYHKIIHSI pactpe/IeICHHS] MarHOHOB

1
n (T)= .
exp(ho, /T) —1
B 3aKJII0O4YCHHUC OTMCTHUM, YTO MAarHOHBI MOXXHO Ha6HIOI[aTB
IIPH pacCessHUU HEWTPOHOB, TaK KaK HEWTPOHBI 00 Jal0T MarHUT-
HBIM MOMCHTOM. I/ICHOHB3yH 3aKOH COXpaHeHI/I}I BHGpFI/II/I n M-
nybca an/I OJJHOMarHOHHOM PacCEsIHUM HEMTPOHA

- -

p—p'= q, E,-FE,=hw,, tae E, u p - 9HEPrusi ¥ UMITYJIbC Ma-

(4.20)

JAar0icro HeI/ITPOHa, Ep’ u p’ - PpaCcCCAHHOI0, MOXHO pacCYUTATh
9HCPIrur0 U UMITYJIbC MarHoHa.

3agaumn

4.4.1. Haittu cnextp marHoHoB B I'LIK pemerke B npu6iu-
KEHUH ODKaWIINX coceen.
Ortser:

ho, = SI{12— 4cos 22 005 12 1 o5 928 s T s 22 s L1y

rae a - nepuox pemetku. Ilpu g—0 ho = JSa’q®, 1.e. pesynbrar

COBIIAJIA€T CO CIIy4YaeM MPOCTOM KyOMUYECKOH pelIeTKOM.

4.4.2. HallTu KpUTUYECKYIO TeMIepaTypy (peppoMarHeThka
U3 ycioBHs 003€-KOHACHCAlUY MarHOHOB U CPaBHUTh C KPUTHYE-
CKOM TeMIiepaTypoi B PUOJIMKEHUU CPEIHETO OIS,

Pemienue. Jyist uaeanbHOTO 6036-ra3a (cMm. riaBy 9) Temrie-

2
h 2/3

parypa konneHcauuu 1, =33 1—( ) . 17151 MarHoHOB
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S,=5-1/ NZ [exp(ho, / T)— 1]71. Touka mepexoma Oyaer co-
q

OTBCTCTBOBATH Hy.]ICBOfI IMPOCKIMHU CIIMHAa Ha OChb Z, OTCrOJia yCJIO-

Bue: S=1/N Z[exp(ha) ,/T)— 1]71, COBIIAJIAIOIIEE C YCIIOBHEM
q

HAa TeMmmeparypy 0o3e-KOHACHCAIIMM C TIepeoOO3HaYCHUEM
23_23 2
(N/V)Y""=8"a", a - nepuoj pemeTkd. Y4Tem, 4To B JJIMHHOBOJI-

2

h
HOBOM TIpenene ho, = JSa’q’ :F = JSa’. OxoHUYATENbHO
m

T.=6.62JS"? . Tlpu S ~1 pe3ynbTarT He CHUJIBHO OTJIMYACTCS OT
TIOTy4eHHOT0 B HPUOIIKEHUH cpenero nojs 6= ZJS* /3 (Z~10).
4.4.3. OueHutb 3pPEeKTUBHYIO MacCy MarHOHOB B KeJle3e,

® = 1043K, HamaranueHHOCTb HacklimeHus My=1752 I'c, peuierka
OlLIK, a=2.87 A. Haiiti oTHOIICHHE m */m.
Pemienue. YenpHbII MarHUTHBIM MOMEHT HACBHIINICHHUS B

3
xkenese My=nuyS. 3neck mnotHocth n=2/a” s OLK pemerkw.

Otcrona ,uoS=2.1-10'20 spr/I'c. J{ist cpaBHEHHUS
2

=JSa", tne -

,uB=9.3-10'21 apr/T'c, wyS/ug =2.2. anee: =
2m*

a'=a4j3/2 - paccrosiHue Mexay OmmkaimmmMu cocemsivu B OLIK

pemerke. YuuteBag @ = S°ZJ /3, Z =8 (quia OLIK), orciona Ha-
XOJTUM:
B 8h’

=91¢107r,
96

=

m*

otkyna m*m ~10.

4.4.4. HaiiTu MarHuTHbIi MOMEHT MoHa Ni B ¢eppomar-
HUTHOM coctossHuu. HamarnumdyeHHocTh HachwimieHus AMp=510I"c,
pemetka ['TIK, a=3.52A. Beipa3uth MarHuTHbIK MOMEHT B MarHe-

TpoHax bopa up.
OtBert: 1yS/up = 0.6.

70



4.4.5. TlonyuuTh SBHBIN BHUJ CIIEKTPa CIIUHOBBIX BOJIH IS
OLK pemetkn B nmpubamxeHun Onmxaimmx coceneit. [lokaszats,
YTO B JYIMHHOBOJIHOBOM TIpejielie CIEKTp BO3OYXIACHUN KBaJpaTH-
YEH 110 UMITYJIbCY.

4.5. TepmoauHaMuKa MarHOHOB

[Tokaxkem, Kak, BOCIOJIb30BABIIUCh BUIOM (DYHKIIMU pac-
npeneneHus MaroHoB ng(7) (4.20), onpenenurs BKIaa MarHOH-
HBIX BO30YKJIEHUU B CpEIHUIM MarHUTHbIA MOMEHT (7T) u Terio-
emkocTb C(7). PaccMoTpuM AJIMHHOBOJHOBBINA mpeaen gqa << 1,
Tak Kak ucxojs u3 Bujaa (4.20) UMEHHO B 3TOM cllydae BKJIaJ Mak-

cumanes. Mcronb3yem 3akoH aucniepcun ia), =Sltq’ .

Paccmorpum mMarHuTHbBIM MOMeHT. Eciim Temneparypa pas-
Ha HYJII0, BO30yxaeHuil Het, u <M> = SN. llpu yBenuyeHuu tem-
nepaTypbl HEOOXOIUMO YIECTh BO30Y KICHHS:
<M>=SN-> <aja,>. (4.21)
/

Paccuuraewm:

Z<a,+a,>:2<aq+aq >:Z n (T)=
! q q

_ Na’ J~ d’ ?]
(27)* Yexp(fo,)-1"
YuuTeiBasi, 4TO OCHOBHOM BKJaja B uHTerpaie (4.22) nabupaercs
IIpU MalbIX ¢, a Takxke 4To J ~ @, uMeeM
< M>=SN[1-(T/0)"n],
1 x’dx 36(5/2) (4.23)
= 2t Jj 2 - o~ L
V4 exp[x“]—-1 167
rae ¢(x) - meera-pynkmus Pumana (g(5/2)=1.341). 3mech yuTeHo,

(4.22)

Z-1
4To f SESRC S ['(2)s(2), I'(Z)- ramma-pyHKIMA
exp[x]—1
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(F(5/2)=3/4F(1/2)=3\/;/4). N3 (4.23) BugHO, YTO TeMIiepaTyp-

HBII CI1a]] MATHUTHOTO MOMEHTA (~ 77 ) CTETIEHHOM, B OTJIMYHE OT
HKCIMOHEHIHMAIBHOTO (~ exp(-2@ /T), cM. Ti1aBy 2), KOTOPBIA Mpe-
CKa3bIBaeT MPUOIKEHNE CPETHETO Mo B Mojienu M3unra.

CrenenHol 3akoH (4.23) - Tak Ha3bIBAEMbIN 3AKOH bno-
xa. Crnemgyer Takke OTMETHTh, YTO OMHMCaHWE BO30YKIEHHOTO CO-
CTOsIHUA (eppOMarHeTuka C IMOMOIIBI0O MarHOHOB CIIPABEIJIMBO
IIPU YCJIOBUHU MIX MAjoro 4ucja B cpeaHeM Ha y3ie (n;<<I), 9To ¢
yaeToM (4.22)-(4.23) npuBoauT K ycioButo 7<<@. Takum obOpa-
30M TOJIBKO B HU3KOTEMIIEPATYPHOM Ipeiesiec KOPPEKTHO BBEIICHUE
KBa3W4acTHUIl - MAaTHOHOB.

Uccnenyem mnoenenune Ttermnoemkoctd C(7). Tak kak
C=cE/ JT, paccMOTpUM TEMIIEPATyPHYIO 3aBUCUMOCTh YHEPTHU:

_Na3 J- a)qd3q _N T j x*dx B
Q2r) exp[fo,]-1 27°0"%a* Y exp[x*]-1 (4.24)
15T5/2
= N—32ﬂ3/2 o §(7/2)~T".

Otcrona C ~ T /2, T.€. BKJIaJl MArHOHOB IPUBOJUT K CTEIIEHHON

3aBHCHUMOCTH TEIUIOEMKOCTH OT TeMIeparypsl. Tak Kak 3Ta 3aBU-
CHUMOCTb PE3KO OTJIMYAETCS OT HKCHOHEHIMAIBHOrO Craja, Mmpen-
CKa3blBAEMOTO CpEJAHMM TIOJIEM TMpU MaJblX TeMIlepaTypax

C

Puc.9. Bknaag MmarnoHoB B Teri-

J0eMKoCTh: [ -pe3ynbTar cpen-

Hero nons (~ exp[-26 /T));

IT - noGaBka 3a cueT CIUHOBBIX
In_ BO30YKIIEHUI - MATHOHOB

//// (N T3/2 )

0 T
(cm.rnaBy 2), TO 3TOT BKJIaJl MOKHO
Ha0JII0/1aTh Ha dKcriepuMeHTe (puc.9).
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4.6. Ilnockuii peppoMarHeTuk.
AHunszorponHas mojaessb I'eiizendepra

B sTom maparpade Mbl 06cyaum ramuibTOHUAH | eii3eH-
Oepra ¢ aHHU30TPOIHBIM B3aWMOJCUCTBHEM, @ MMEHHO: CHJIbHOE
B3aMMO/JICHICTBUE CIIMHOB MEXy OO0 B IJIOCKOCTU Xy U ciaboe
1o ocH z. byzeM Takxe mosnarathk, 4TO BHEIIHEE MOJIE€ B3aUMOJEH-
CTBYET TOJIBKO C z-TIPOEKIUEH. DTO MHTEpecHasl CUTyalus, Koraa
Ui peanu3anuu (peppoMarHuTHOTO YHOPSAOYECHUS B IUIOCKOCTH
Xy HEOOXOJIMMO CHJILHOE CTAOMIIM3UPYIOIICE TOJIe TT0 OCH Z, TIPH-
BEJIET HAC K CAMOCOTJIACOBAHHOMY YPaBHEHHUIO Ha MapameTp IO-
psaKa, COBIAJAIONIEMY C AHAJIOTMYHBIM YpPaBHEHHEM B TEOpUU
bapauna, Kynepa u llpuddepa (BKIL) ansa cBepXmpoBOIHUKOB.
Kpome Toro, Mbl okaxem Tak Ha3blBAEMYIO CIIMHOBYIO aHAJIOTHIO
JUISL CBEPXIIPOBOJIHUKOB (CM. 33J1auM B KOHIIE raparpada), Kkoraa u3
ramwibToHMaHa BKII s cnapeHHBIX CBEPXHPOBOISAIIMX DJIEK-
TPOHOB MOJKHO, B CBOIO OUYE€pEb, MOJYYUTh Tei3eHOEPTOBCKYIO
AHU30TPOIHYIO MOJENb. DTH aHAJOTUM U3 JOCTATOYHO JAJCKUX
obnactedt (pU3MKM KOHIEHCHPOBAHHOTO COCTOSIHUS CBSI3aHBI €]IU-
HOM KOHIIETIIIHEN MPUOJIMKEHUSI CPETHETO OIS, B paMKaX KOTOPO-
ro pabotatot u Teopus BKIL, u Teopust peppomarneTusma.

PaccMoTpuM ramunbsToHMaH I'elizeHOepra, y4UTHIBAIOIIUN
B3aMMOJICHCTBUE MEXy CIIMHAMU B INIOCKOCTH X) M B3aUMOJAEHUCT-
BUE C BHEUTHUM TIOJIE 110 OCH Z:

- 1 - -
H = _ﬂoz o H _?ﬂéz Vi 05 050 (425)
k kk'
3nech

oy ={oci.0;.0},

cf,0,,0 7 -wvarpuns [laymu (4.3).
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Pa3zpexxem B3anmoJielicTBHE B IUIOCKOCTH B NMPUOIMKEHUHU
CPEIHETO NOJIA 1O MPaBUILY
0,0,.~R<0,>0,+0,<0,>—<0,><0,>. (4.26)

[Tocnenuuii uneH B (4.26) 0OBIYHO OIYCKAaKOT, TaK KaK 3TO ajjau-
TUBHAsi KOHCTAHTA, OJHAKO JUIsl COXPAaHEHHUS TOYHOCTU CPEIHEIO-
JIEBOT'O PA3NIO’KEHUS €ro MOJIE3HO OCTABUTb.

Jlerko oO1LI€HHUTH, YTO BhIpaxkeHue (4.26) crnpaBeqIMBO C
TOYHOCTBIO J0 KBaJPAaTHUYHBIX MONPABOK K OTKIOHEHHIO CIIMHA OT
CpEeIHEero:

{o,—<o,>{o,—<0o,><<]).

BBenem cpennee nosie B Buje

N -
1
Ay =D Uy <op>. (4.27)
kk'

Benmuuuna (4.27) npomopiiMoHanbHa CTEMEHU YIOPSAOYEHUS B
IJIOCKOCTH Xy M €€ YJI00HO OyJeT B3ATh B KadyeCTBE MapaMmeTpa
MopsiJiIKa B HaIIeM Mojaxoje. Toraa raMmwibToHuas (4.25) ¢ yuerom
(4.26)-(4.27) npencraBusieTcs CAEAYIOIIMM 00pa3oM:

Ir zZ %L i 1 o HL

H=-p,) {oiH + 0o Ay} +5y02 A, <oy >. (4.28)
k k

B nepBom onepatopHom uiene (4.28) moj 3HAKOM CyMMBbI Haxo-

ouTCsl MaTtpuua 2r2 B npoctpaHcTBe marpull [laynu. Yura ux om-

penenenue (4.3), 3anuilieM B IBHOM BUJIE

N H AT — QA

vy (4.29)
A+ IA -H
Bumgno, 4uto ecnm Obl B3amMopecTBHe Vo OTCYTCTBOBAjO, TO

Z
(4.29) 6b110 OBl OOBIYHBIM M3WHTOBCKUM WIEHOM O H, u ypaBHe-
Hue Belicca MoxxHO Obu1o OBbI 3amucarh cpa3dy. B obmem ciayuae
BbIpaxkeHUe (4.29) HeoOXOauMO OUaroHalIu30BaTh, T.€. PELINUTh

74



N N
cekyyspHoe ypaBHenue Buga A— A I = 0. HecnoxHo HaifTu co6-
CTBEHHBIE YHCIIa

Aia =2 H HAP AP = (A7) + (A7),

Otcroga (4.29) B nuaroHaJlbHOM BHUJIE€ TPEICTABIISIETCS CIETYIO-
1111208

Ao (10
A:(O _lek:afHk, H, = H>+A . (430

CoOTBETCTBEHHO, JUArOHAIM30BAHHbBIN raMuibToHUaH (4.28) ume-
€T BUJl 0OBIYHOTO raMuIbTOHHaHa M3uHra (mporeaypa quaroHainu-
3al[Md B T€OMETPUYECKOM CMBICIE 3KBUBAJICHTHA ‘‘OTKIOHEHUIO”
MIPOEKLNU Z TIOJ HEKOTOPBIM YIJIOM OTHOCUTEIBHO CTapOro IMOJIO-
KEHUS, TaK YTO TOJI HOBBIM YTJIOM B3aMMOJCHCTBHE C dPPEKTHB-

HBIM TT0JIEM Hj TMaroHajibHO)
- 1 - -
H:—,uOZO'fHk+5yOZ A, <ocp> (4.31)
k k

6e3 B3aMMOJEHCTBHS. YuTeM, 4To o°=+*1 , T.e. CyMMHPOBAHHE B
CTaTUCTUYECKON CyMMe C¢ raMmuibToHuaHom (4.31) Oyner umeTh
Buj exp(-V)+exp(+V) = 2ch(V), HecnoxkHo 3anucarh CTaTUCTUYC-
CKYIO CYMMY:

0= expi-Lu, XA, <ot ST 2¢h(BuH,)} . (432)
k k
CBoOoanas sHeprus F nonyvaetcs us (4.32):

1 - -
F=-TnQ= E,uoz A, <oy >=TY {2ch(Bu,H,)}. (4.33)
k k

L
Bappupysa F no npoekuuu <o > ¢ (UKCUPOBAHHBIM y3J0M /:

1
F/c<o > = 0 , mollydaeM CcamMOCOTJIaCOBAaHHOE HHTErpajbHOE
ypaBHEHUE:
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A= ﬂoz Vieth{B,+/ H + Azk}% (4.34)
I3 NH + AL

VYpasnenue (4.34) copnagaer no Buay ¢ ypasHenueMm BKIII (Bap-

muHa, Kymnepa u [llpuddepa) B Teopun cBepXnpoBOoIUMOCTH, TPHU-

YeM poJib BHEIIHEro moJis H TaMm urpaer 3Heprusi JIeKTpoHa, OT-

curta”Has oT ypoBHa Depmu. B 3amauax 4.6.3-4.6.5 nocine 3Toro

naparpada Mbl mokakem, kak u3 ramuwibroHnana BKII momyuuTs
CIIUHOBBIN ramMuiibTOHUAH (4.25).

Ecmm B3aumopenictBue Vi, =Vp=const 1 OrpaHUYEHO YHC-

JIOM OJIMDKaMIIUX cocenel Z, To A Tak)Ke He 3aBUCHUT OT MHAEKcA k,
u ypaBHeHue (4.34) ympoiaercs:

A
A= ZILlOVOth{ﬂIU(M[Hz + A2 }ﬁ . (435)
+

Bunno, uro npu HysneBoMm mojie ypaBHeHHE (4.35) ecTh 0OBIUHOE
. N . 2
ypaBHeHue Belicca ¢ kputuueckout temrieparypou 1.=uy ZV).

3agaumn

4.6.1. IlpoBapbupoBaB CBOOOJIHYIO DJHEPrUI0 IUIOCKOTO
dbeppomarnetrka (4.33) 10 BBIACICHHOMY IONEPEYHOMY CIUHY
<0',l >, TIOJIY4YUTh CaAaMOCOIJITACOBAHHOE ypaBHCHHE I MapaMeTpa
NopsZIKa.

4.6.2. Paccuntarh B NMpUOIMKEHUH ONMKAWIINX cocenein
[IPU KOHEYHOM T10JIe /1 ¥ HyJIEBOM TeMIleparype napaMmeTp MmopsiiKa
JUISL TUIOCKOTO (heppoMarHeTuka MCXOAs U3 CaMOCOTIaCOBAaHHOTO
ypaBHenust (4.35). IlodayuuTh KpUTHUECKOE IMOJIe, NIPU KOTOPOM
MCYE3aeT Xy yNOPsALOYCHHE.

Otser: A} =(uiZV,) —H?> = H,=uZV,.
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BBenenue k 3agayam 4.6.3 - 4.6.5 (cnuHOBasi aHAJIOTHS
AJIsl CBepXNpoBOoAHMKA). [losie3HO MoKa3aTh CBsA3b FaMUIBTOHHA-
Ha TEOPUHU CBEPXITPOBOJIUMOCTH B pamkax npuOmmkenus BKII n
CIIMHOBOTO TaMIWJIbTOHHUAHA (4.25).

Kaxk u3BecTHO, BO BTOPpUYHOM KBAaHTOBAaHWU TaMUJIbTOHHAH
BKIII nmeet Bun:

Ir _ + Iy o+ o+
H=) Saj,a,, = Vasad', a .a. ., (4.36)
ko kk'
+
TJI€ d k- ONEPATOP POXKICHUS IIIEKTPOHA C UMITYJIBCOM k ¥ CIIH-
nk’
HOM O, &, = — E, — oHeprust 3JeKTpOHa, OTCYUTHIBACMasi OT

2m
ypoBHsi @epmu. [lepriii uneH B (4.36) - KUHeTUUYECKAsT YHEPTUS
cBOOOIHOTO (hepMu-Ta3a, BTOPOIl - MPUTSTUBAIOIIEE B3aUMOJIEHCT-

BUe [-V,. ], npuBonsiiee Kk 0Opa3oBaHUIO KynepoBckux map. Tak,

+
OICPaTOPhI POKIACHUSA IIAPBI SJICKTPOHOB b k € IPOTHUBOIIOJIOKHBI-
MW UMITYJIbCaAMH U CIIMHAMHA

(kT,-kl) n yrmuaroxenus by mverot Bu:

bl =a,a’,; b.o=a,a,. (4.37)

Nmenno Bropoii uineH B ramuibTroHnane BKIII (4.36), onuckiBato-
WA TPUTSKECHUE Tap U MEPEMEIICHUE UX M3 COCTOSHUW C HM-
MyJIbCOM k' B COCTOSIHHSI C UMITYJILCOM k , IPUBOJMUT K KOH/ICHCA-
[IUY KYTIEPOBCKHX Iap ¥ CBEPXIPOBOAUMOCTH.

BriGepem mnsa kaxzoro umiyiabca k mapHbiii 6a3uc
0, 0>, | kT,-kl>, onmceiBarommii cocTosHMS ITEKTPOHOB B KyTie-
poBckoii ape. [lepBblii BEKTOP 03HAYAET OTCYTCTBHUE AJIEKTPOHOB B
ATHX COCTOSIHUSX, @ BO BTOPOM 0a3MCHOM BEKTOPE 3TH COCTOSHUS
3anoiHeHsl. JIerko BUAETh, UTO JIJIsl JAHHOTO TaMHJIbTOHHAHA 3TOT
0a3uc SBISETCS MOJHBIM, C €r0 MOMOUIbI0 Mbl MOXEM MepedpaTh
BCE COCTOSIHUSI CUCTEMBI.

3agaumn
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4.6.3. Pa3znoxuTh omepaTop YMClia YacTHI[ U OINEepaTopbl
POXIEHUS ¥ YHUUITOXKESHHS KyTIEPOBKUX Tap Mo 0a3znucy
100>, [kT,-k\> B mpocTpancTBe 212 17151 KOHKPETHOTO k.

Pemenue. PaccMoTpum, ueMy paBHBI MATPUYHBIE SJIEMEHTHI
MHTEPECYIONINX HAC OMepaTopoB B 3ToM Oaswuce. Taxk,

<00/a’ra,.|00>=0; <00 a’a|kT—kd>=0;
K0T KTk (4.38)
<kT-kllaa” |00>=1 <00a’a’, |kT—kl>=0.

Torma MOXHO omeparopam pPOXKICHUS M YHUYTOXEHHUS Mapbl U
orepaTopy 4YMciia 4acTHIl B 3TOM Oa3Hce CONOCTaBUTh MaTpPHIIbI

2r2:
. 0 0 00
”m:wam:() 1»’%:0 1)
. (00 0 1
b = , b = :
1 0 0 0
Omneparopsl (4.39) MOXHO BbIpa3uTh uepe3 maTpuiibl [laynu (4.3) :

A 1 0
I=n,—n, :(0 J =0,

(4.39)

(4.40)
b :%(ox _ic), b:%(o)‘ +ich).

4.6.4. Vcxons n3 (HepMHUOHHBIX COOTHOIICHHA KOMMYTa-
MW, TIOKa3aTh, YTO BBEJCHHBIC C TIOMOIIBIO MPeoOpa3OBaHUS
(4.40) crnuHOBBIE OMEPATOPHI TMOMUUHSIIOTCS KOMMYTAllMOHHBIM
COOTHOILIEHUSM 7151 MaTpuil [laynu.
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4.6.5. Ucxons u3 npeoOpa3zoBanus (PEpMHUOHHBIX OIEpaTO-
poB B criuHOBBIE (4.40), moka3aTh, uro rammibToHnad BKII mpe-
oOpa3yeTcsi B CIMHOBBIM, a ypaBHEHHUE [JIsl MapameTpa Mopsjaka
COBMAJAET C paHee MOTyuYeHHbIM (4.34).

Peuienue. IloncraBus (4.40) B ramunbToHMaH (4.36), moy-
qaem:

H=Y ¢ (1-00) Zka (clol +olol}.  (441)
k
Ecnm mepeo6o3naunTh B (4. 41)

Ll
H=%r, 2043V =V e, Ak_—ZV <ow >,

2
Hy Ho & (4.42)

H: =52 4411, Be = A,
0
TO, BO-TIIEPBBIX, C TOYHOCTBIO JI0 HECYILECTBEHHOW IOCTOSHHOM
MOJIy4aeM CIMHOBBIN raMuiIbTOHUAH (4.25) U ypaBHEHHE Ha Tapa-
MeTp nopsiaka Ag (4.34) U, BO-BTOPBIX, IJI MIEPEHOPMHUPOBAHHOTO

nmapamMeTpa Ax nMeeM cieayromee CaMoCOrilaCoOBaHHOC ypaBHC-
HHC!:

Zkath[ﬂ & AR ]——2
VE +Ak

VYpasuenue (4.43) sBasiercss ocHOBHbIM ypaBHeHHMeM BKII B Teo-
pUU CBEPXIPOBOJUMOCTH.

(4.43)

Takum o6paszom, B 3amayax 4.6.3 - 4.6.5 Mbl moKa3aau MoJi-
HYI0 AQHAJIOTHI0 MEXIY CIMHOBOM aHU30TPONHOW MOJEibio ['ei-
3enOepra (4.25) u moaensio BKII 115 cBepXmpoBOAHUKOB. 3amMe-
THM, YTO POJIb BHEIIHETO CTAOWIM3UPYIOIIETO MoJjs, Ha (oHe Ko-
TOPOTr0 PAa3bITPHIBACTCS CBEpXIpoBoAsiiee (M GeppoMarHUTHOE)

yHOpS0YEHHUE, B CBEPXIIPOBOIHUKE UTPAET SHEPIUs dJICKTPOHA &,
OTCUMTaHHas OT ypoBHs DepMmu.
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5. ®A30BBIN MTEPEXO/]
ITAPAMAT'HETUK-AHTU®EPPOMATI'HETHUK.
CIIMHOBBIE BOJIHbBI

B AHTU®EPPOMAT'HETUKAX

Ecaun oOmennsiii uaterpan J <0, To, Kak BUHO U3 TaMUJIb-
TOHHAHA

_ - -
H=-1/2) J,8,8,, (5.1)
i#j
CIIMHaM BBITOAHO BBICTPOUTLCH TakK, YTOOBI COCCIHHUC CIIMHBI ObLIH
HarpaBJICHbBI B IIPOTHUBOIIOJOXHBIC CTOPOHEI. Torma uMeeT MecTo
TaK Ha3bIBaeMoe aHTU(EPPOMATHUTHOE YIOPSIOUCHHE:

LTI T T T T

Bo3HukarT kak Obl ABE MOAPEIICTKH, B KaXKIAOW U3 KOTO-
PBIX CIIMHBI COHAIPABJIEHbI, & CAMU OHH OPUEHTHUPOBAHBI B MPOTH-
BOIIOJIO’KHBIE CTOPOHBI. B pesynbrare cpeaHuil CyMMapHBIM mar-
HUTHBIII MOMEHT PaBEH HYJIIO, OJJHAKO YIIOPSJAOYEHUE TEM HE Me-
HEe MMEET MECTO, U CYLIECTBYET TOYKa IEPEX0/]a, B KOTOPON aH-
TU(EPPOMArHUTHOE YMOPsI0UEHHE Hcye3aeT (ee 0ObIYHO Ha3bIBa-
10T Temrnepatypoid Heens 7Ty, a OCHOBHOe cOCTOsIHME aHTU(EppO-
MarHeTHKa - HEEJIEBCKMM COCTOsSIHMEM). B 3To# riaBe mMbl 00Cy-
IuM  (Ga30BbI Tepexoj] MapaMarHeTHK -aHTU(GEPPOMAarHeTuK u
UCCIIETlyeM CIIMHOBBIE BO30YXKIEHUS B aHTU(EPPOMArHuTHOM (a-
3€.

5.1. AaTudgeppomarnerusm B npudiam:xennu Beiicca
PaccmoTpuM juisi mpocTtoThl Mozenb M3uHra (XoTsi 3TOT

MOJX0JT MOXKHO HCHOJIb30BaTh M sl Mozenu ['eizenOepra, cM.
3a/lauu K 3ToMy maparpady). Pazneiaum MBICIEHHO cHCTEMY Ha JBE
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BJIOKCHHBIC IPYI' B Apyra MOAPCUHICTKH, HAIIPABJIICHHBLIC B IIPOTH-
BOIIOJIOKHBIC CTOPOHBI:

T \

(I N 0 \
I Nt A
B3aumoneiictBue mpeanosiaraéM TOJNBKO C OMMKANUIIIMMU COCEIs-
MU, TaK YTO MOAPEUICTKH B pe3yJbTaTe B3aUMOJCUCTBYIOT TOJIBKO
JIpyT ¢ APYroM (OTMETHM, YTO 3TO MTHOBEHHBIE COCTOSHUSI CHCTE-
MBI, TO3TOMY KOHKPETHBIE PACHOJIOKEHUSI CHUHOB (KOHKPETHbIE
y37bl, IPUHAJIEKAIINE JAHHOM MOAPEUIETKE) MOTYT MEHATHCS; HE
MEHSIETCS TOJNBKO TOT (paKkT, YTO OMIKAMIIUM COCEAOM Ka)I0To
CIIMHA B OJHOM MOJpEIIeTKE SBJISIETCS CIIUH U3 APYToi MOAperieT-
Torna cpenHuM mosieM IJisi CIIMHOB £/ SIBJISIETCS TIOJIE, CO3-
naHHoe cnuHam#u 4. (1 Haobopot). Mcmone3ys mnpubmmkeHue
Beiicca, ananornuno (1.10) BBeneM aBa 3ppextuBHbIX nost Hy u

H_:
H =J <y >Z+H,H =J <u,>Z+H. (5.2)

Ortcrona coriacHo ypaBHeHuto Beiicca (1.11) Haxomum, 4To CH-
TyalHsi OUCHIBAETCS CUCTEMOW YPaBHEHHU:

()= th{H+ < ;7{ > ZJ}, (u) = th{H+ < ;lf > ZJ}. 53)

[Tpu BHewmHeM nonie H=0 uccnenyem cucremy (5.3). YuuthiBas,
yto J <0 B aHTU(EeppOMarHeTUKe, HECTIOKHO YBHUJIETh, UTO CyIIle-

CTBYET pELICHUE <> = -<p> =<yp>, rae <> yJIOBJIETBOPSET
TaKOMY )K€ ypaBHEHHIO JIJIsl TapaMeTpa Mopsaka, Kak u B peppo-

MAarHeTHuKe:
<y>:th{<’u>Z|J|}. (5.4)

T

[Tpu sToM Temnepatypa Heens |J|Z coBmagaer mo Buay ¢ Temmnepa-
typoii Kropu-Beticca @. Takum oOpazoM, TeMiiepaTypHasi 3aBUCH-
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MOCTh CPETHUX MarHUTHBIX MOMEHTOB Ha IMOJPEIIeTKaX Takas ke,
Kak 1 B ciaydae (eppomarHernka. CyMMapHBIA MarHUTHBIA MO-
MEHT aHTH(eppOMarHeTHKa PaBeH HYIIO:
M=<u>+ <u>=0.
Hpyrast cutyanusi ¢ HaMarHMYEHHOCTbIO. Paccunrtaem ee
npu Oonbimmx Temneparypax. [Iycte 7 >6, H #(. Torna cucrema
(5.3) mpumer Bux

H+<u >7J H+<u, >72J
(u,)y=""% {u )= R
T T
Otcroa B ¢i1a0bIX HOJIAX:
y=dM/dH, , =< pu, >+<pu_>,
<y+>+<,u>:(<y+>+<y>)J—TZ+%, (5.5)
2 2
/’{: = .
THJ|Z T+6

N3 (5.5) BuaHO, 4TO B TOUKe (Pa30BOro mepexoja B OTIUYHE OT
dbeppoMarHeTuka pacxoJUMOCTH BOCHPUMMYMBOCTH HET (XOTs
€CTh M3JIOM MPOU3BOJHOM (CM. 3a1auu K maparpady), T.e. pa3zoBblil
nepexoJ]; TeM HE MEHee JIOJKEH YYBCTBOBATHCS IMPU HU3MEPEHUU
TEMIIEPATyPHON 3aBUCHMOCTH BOCIPHUMMYUBOCTH), YTO CBSI3aHO C
B3aMMHOW KOMIIEHCAIIMEN CIIMHOB B MOAPENIETKAX.

3aMeTUM, YTO B PEaJbHBIX BEIIECTBAX CIHHBI Ha TMOIpE-
HIeTKaX MOTYT OTJIMYaThCs (HampuMmep, B CIyyae pa3HbIX COPTOB
aTOMOB), TaK 4TO |<g4>| #|<u >| maxxe He B HyJeBoM mnose. Toraa
CYMMAapHbI CPETHUI CIIMH CUCTEMBI HE PaBEH HYJIIO. Takue Beme-
CTBa Ha3bIBAIOT ¢heppumaznemuxamu (HECKOJBKO 3a7a4 K 3TOMY
naparpady UM IOCBSIIICHBI).

B mopenu ['elizenOepra B3anmMHAs OpPHCHTAIUS CIIMHOB H
BHEIIHETO TOJs He 00s3aTenbHo coBmagaet. [losBiseTcs mousTue
OCH JIETKOTO0 HaMarHMYMBAaHMS - MPEUMYIIECTBEHHOTO KPHUCTAJLIO-
rpaduueckoro HampapJeHUs, 10 KOTOPOMY PaclojaraloTcst BEKTO-

- -

pa CHIOHTaHHOM HamaramyeHHoct R° = — R~ mpu HyleBoi
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Temreparype u B mpenesne ciaboro monst H— (. OHo B o0iiem
cllyyae HE COBIAJaeT ¢ HampasiieHHeM mois. Heckombko 3amau k
aTOMY mnaparpady MOCBSIICHBI TAKOH CUCTEME.

3agaumn

3agaum 5.1.1-5.1.9 - omucanue B paMKax HPUOIMOKCHUS
CpEIHETo MoJisT aHTHU(eppOMarHuTHOU Mojienu M3uHra.
5.1.1. PaccmoTpuM aHTH(EPPOMATHUTHBIA TraMUJIBTOHUAH
W3uHra ¢ B3aUMOJEUCTBUEM B CIEAYIOLIEM BUJIE:
I7a 2 .
H=1/2u3> J;88,—u,>, S;H, S =+1,J;>0.
if i
HeobxonuMo 3ammcats ero B MpHONMKEHUN CPEIHETO TOJIs, Tpe-
HeOperas KBaJApaTUYHBIMU (IYKTyallusiMA MarHUTHBIX MOMEHTOB
2 N . .
([<S>-S]” —0). BrecTu B3aumMoaeicTBUE OJIMDKAUIIINX COCENeH Z.
Pemenue. YuutsiBaem coxpanstoliee TpeOyeMyro TOYHOCTh
CPEIIHEero MoJisl Pa3iokKeHUE B3aUMOICHCTBYIOLIETO YEeHa B BUC
S8, =<8, >S5, +S5, <8, >-<§,><8,>.
Pa3OuBas Ha nBe moapemeTku [y u /., TojdydaeM C yuyeToMm OJiu-
JKalmux cocenei

_ 1 R .
H = Z {_Eﬂoz R7H0 _/uonr Sii(H _Ho ):|>

+
tne H; = ZJR* u,- cpennee mone; R”=<S;,> - napameTp Mopsika,
CpPEAHUN MAarHUTHBIM MOMEHT Ha MOJpEIIETKaX.

5.1.2. HaiiTi cBOOOAHYIO HEPTHIO B aHTU(EPPOMArHUTHOM
Mozenu M3uHra B mpuOIMKEHUU CPEIHEro MoJis, UCXOAs U3 pe-

3yJabTara NpeapIAylen 3a1a4un. Y YeCTh, 4TO Z:Z =NJ/2.
H -
OTtBeT:

F= %Z [—ﬂyoﬂgzﬁ /2= Tn[2ch{Bu,(H - H; )}]].
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5.1.3. W3 ycnoBus MHHUMyMa CBOOOJIHOW DHEPruu
+ . .
JF/J0R™ =0, noiay4yeHHOW B MpeablAylled 3ajade, MOJy4YUTh ypaB-

+
HEHMS Ha MapaMeTpbl opsiaka R .
OTtBeT:;

R" =—th[fu,(H, - H)], R =—th[fu,(H; — H)]

5.1.4. HailTu KpUTHYECKYIO TEeMIepaTypy MNpHU HYJIEBOM
noJe.

Pemenue.
iz

L puZ)

5.1.5. UccnenoBaTte moBeaeHHE R+(T) u R(T) npu T—-0 n
T—->06. H=0.

Pemenne. CymiecTBYIOT JBa pEIICHUS: R=R" u R=-R",
MpUYEeM MOJXKHO TOKa3aTh, YTO IEPBOE pelIeHHE HEyCTOWUHBO.
Bropoe pemenue R'=-R "= thRO/T - 06b14HOE ypaBHeHue Beiicca,
OHO TOJPOOHO C TPENETbHBIMU PA3JIOKEHUSIMH HUCCIEIOBAHO B
3amaue 2.2.3.

5.1.6. IlonyuuTth oOIIEEe BBIpAXKEHUE ST TEIUIOEMKOCTH
yepe3 mapamerp nopsaaka R. MccimenoBaTh IpelelibHBIE Ciydau
T—>0u T—>06.

Otger:

C= ”;NZHj O R"OT=, =

R =—pulZJR* = =0=>T, =0=u.ZJ.

2
N SR laT

Jns uccnenoBanus peaeabHbIX CIydaeB cM. 3agauy 2.3.1.
5.1.7. TlonyuuTs oOuiee BbIpaXXEHHUE JUIsi MATHUTHOW BOC-
NPUUMYUBOCTH.

(1-R)
T+(1-R*) 0

tatamu naparpada 2.4 no ¢peppoMarHuTHON MOJAENU €CThb Pa3Jiu-

2
Otser: y = U, (0 CpaBHEHHUIO C Pe3yJib-
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YhMe B 3HAKE B 3HAMEHATENE, TaK YTO } HE PACXOAMUTCS B TOUKE
Hepexoa - CM.CIEIyIOIIYIO 3a1auy).

5.1.8. Paccunrarh MarHuTHyx BOCIPUMMYHMBOCTH B IIpE-
nenbHbIX cnydasx 7T—0u T—->60+0, T>6O0-0.

du’ 0 .
—eX _2_’ T_)O,
T p( T)
Otser: , — ) Ho (g _ _O9-T + ., 9 0.
Z 20( y)’2 9 5 5
Ho
9+ T - 6+ 0.

5.1.9. Haiitu 3aBUCHMOCTH R+(H) u R (H) npu maneix H
(nepBble nmonpasku 1o H).
Oteer: R*(H)=+R(T)+[TH/ ul1x(T).

3amaun 5.1.10-5.1.22 - onmcaHue B paMKax NPUOJIMKEHUS
CpEIHETro 1oJisI aHTH(eppoOMarHuTHOM Mojieu [ elizenOepra.
5.1.10. TlomyuuTe raMWJIBTOHUAH aHTU(GEPPOMATHUTHOM
moaenu ['eitzenbepra
— > - - -
H=puy /2 J,; 88, —pu,HY. S,
i j ’
B TPUOMIKEHUU CPEAHETO TOJIsA, MpeHeOperas KBaJpaTUIHBIMU

GIyKTyanussMi MarHATHBIX MOMEHTOB ([<S> - S|"—0 ). Bectn
B3auMojieiicTBue Onmxanmux coceneit Z. KomuuecTBo y3/i0B B

noJipeneTkax z :Z =NJ/2.
i+ -
Pemienue. YuuteiBas pasioXeHHE B3aUMOACHCTBYIOLIETO
YJICHA B BUJE
S8, =<8, >85,+85, <S8, >-<8§, ><8§, >
C He0OXOJMMOM TOYHOCTbIO, [TOJTyYaeM:
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|

— - _>1 N—)i—>
ZZ{_/UOZS&(H_HO)_THOR

+

CpemHee IoJie B NPUONMMKCHWHM  OMMKAMIIMX — COCEJIeH;

N

R = u, <S, >-HapaMeTp MopsaKa.
5.1.11. Paccuutath CBOOOAHYIO SHEPTrUIO0 CUCTEMBI F B

MPOJ0JbHOM MarHUTHOM IIOJIE.
OTtBeT:

N 1
F="S{_HR"—
2 Z{ 2

—~T'In[47(sh{Bu,(H - H)S} /[ Buy(H — H)SD 3.

5.1.12. TlonyyuTh ypaBHEHUS JIJIs MTAPAMETPOB MOPSIAKA.
OtBeT:

R = uySF,[Bu,(H - H)l, R =pu,SF,[Bu,(H—-H{)l,
rae Fy - dynkuus JlamkeBena (cm. 3agauu 4.1.2-4.1.3).
5.1.13. PaccuuTaTh KpUTUYECKYIO TEMIIEPATYPY B HYJEBOM
noJe.
Ortser:

R =—R = u,SF,[Bu,SZIR'], = 6= ZJ(1;S) /3.
5.1.14. TlomyuyuTh oOIIee BBIpAXXEHHUE MJI1 TEIIOEMKOCTH
yepe3 mapameTp mnopsiaka R. MccinenoBath NpeAeibHbIE Cly4yau
T->0uT- 6.
Orser:

czgz‘ﬂg J R"/6 T:Hoz—%a R*/OT.

JUig uccienoBaHus IPENEIBHBIX CIIlyd4aeB CM. PEIICHHE 3aJadu
4.1.15.

5.1.15. TlonyuuTs BbIpak€HHE IJIsI TPOJOJIbHOW MAarHUTHOU
BOCIPUHMMYHUBOCTH. BrIpazute y yepe3 Npou3BOJHYIO OT (PYHKIUHU
Jlamxesena F,'(x)=dF, /dx.
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_ (/UOS)ZFL'(IB/JOHOS)

T+ (11,S) ZJF, (Bio H,S)
orBeToM 3amaun 4.1.10 mo deppomMarHUTHONW MOJENIH, TO JIETKO
BUJIETH, YTO €CTh pa3jMyuve B 3HAKE B 3HAMEHATEJIe, MPUBOJISIIEE K
OTCYTCTBHIO PACXOJUMOCTH } B TOYKE MEPEX0/ia - CM.CIEAY IOy IO
3a7a4y).

5.1.16. UccnenoBate y B mpenenbHbIX ciydasx [—0 u

T—->6H, T>6-0.

Ortger: (ecii CpaBHUTH C

OtBerT:
2s2
“O_T, T - 0;
s 960°
HoS 0 -T
=q—2—(1- , Y = , T —»> 6 - 0;
X 69( f)zy P
“oS
—3(0+T)’ T - 6 + 0.

5.1.17. HaiiTu 3aBUCHMOCTb R+(H) u R (H) npu manbix H ¢
TOYHOCTBIO /10 YIEHOB, IPONOPLIMOHANBHBIX /.

Otser: R*(H)=+R(T)+[TH/ g 1(T).

5.1.18. Haiitu cTaTUCTUYECKYIO0 CYMMY U CBOOOJIHYIO DHEP-
U0 aHTU(EeppOMarHUTHOW Mojaenu [ eii3eHOepra B MarHUTHOM

I0JIE NPOU3B80IbHO20 HATIPABIICHHUS. Z =Z =N/2.
-
Pewrenne. Ota 3amavda CylmeCTBEHHO OTJIIMYAETCS OT 3aa4u
+-
5.1.11, Tak kak none H u cpennue nons Hy yxe HE COHaIpaBiie-

- - -
Hel. Torna BBogum Bektopa H', = H— H Oi - HOBBIE ‘“‘cpeliHME’ MO-

N
NS, TIOBEPHYTHIE OTHOCHTENBHO WMCXOAHBIX monei H, . Torma
MO>KHO IIPOBOJIUTH CYMMHPOBAHHUE IO yIJIaM OTHOCHUTENIBHO 3THX
HOBBIX BEKTOPOB TaK e, Kak B 3amaude 4.1.3, 1 OTIeIbHO O MO~
pemerkaM. lcnonap3yeM raMuiabTOHHAH, MOJTYYEHHBIH B 3ajade
5.1.10:
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Q= H {H exp{fR* H/S/2} J.dQl. exp{ﬂ,uOSH'mcosHii}} =

L1

=11 {eXp (BR* H,/2}[4x(sh{Bu,H", S} /[pu,H',SD]"

Ortcrona nmoiy4yaeM CBOOOAHYIO SHEPIHIO:
F=-TInQ=

> o

= %Z{_%Ri Hoi_ Tln[477(5h{ﬂ:uoH'$ S}/[,B/UOH': S])]}

5.1.19. Haittu ypaBHEHHS 1JI1 PABHOBECHBIX HAMarHWYeCH-

+

e -
HOCTEM R = u, < S, >.

S x Hi-H O
Otser: R =-—u,S _:)—HFL[ﬂ,uOS|HJ—H|].
|Hy — H]

W3 Buja penieHus: MOSBISETCS MOHSATUE OCU JIETKOTO HaMarHW4u-
BaHUs - MPEUMYIIECTBEHHOTO KPUCTAIIOrparuecKoro Harmpasiie-
HUS, 110 KOTOPOMY PacloJiararoTcs BEKTOPbl CIIOHTAHHOW Hamar-

- -

HuueHHOCTH R ° = — R~ 1pu HyJeBO# TeMIepaType U B Ipeelie
cnaboro monss H—0. OHO B o0lIieM ciydae HE COBHAJAET C Ha-
TIPaBJICHUEM TIOJIA.

5.1.20. IToay4uTh TEH30p MarHUTHOW BOCIIPUMMYHUBOCTU B
aaTudeppoMarauTHON Mozenu [ elizeHOepra B MOJIe npOU3BOIbHO-
20 HaIpaBJICHUS.

Pemenne. OTBET MOXHO MONY4YUTh, OuepeHIupys 1o
MOJIF0 TIOJTyYEHHBIC B TIPEIBIAYyINCH 3a7ade YpaBHEHHUS HA Tapa-
METp MOPSIIKA:
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S+

M= é’F/ﬁH—z—{R LR}

1 d N _
Zaﬁ_zﬁ{R Ra}|H:0’
a,p=x,y,z,

X=x,Pi+yx, Pi,

w HH’? H*H"
B =g =

b

- - A

H.=-H;|,,, Pr=I-P,

(1,S)" F, ' (B H,S)

=1/27J, = ,
=V AT T (1,8)? ZJF, (Bu,H,S)

H,=HZ|, ,= ZJR.

OTtMeTuM, 4TO B CiIydyae OPHUEHTAIlMH OCH JIETKOr0 Hamar-
HUYUBAaHUS B IUIOCKOCTH Xy  (Hampumep, MO OCH X) TEH30p
y IuaroHaieH (cM. Hmxke cinydail 1). Oto ke HalnrogaeTcs, eciu
OCBh JIETKOI'0 HaMarHW4YMBaHUs HalpaBJieHa 1Mo ocu z (ciyyai 2):

(00 7z, 0 0
Dx=10 x 0, 2)y={0 4 0
0 0 x 0 0 %

3T0 N3BECTHOE CBOMCTBO TEH30pa B KPUCTAJLIE C KyOHMUECKOM
CUMMETpPUEN: TEH30P B IIABHBIX OCSAX JIOJDKEH OBITh AMaroHaseH.
3aMeTHuM, 4TO }, COBIAJACT C MOJy4YCHHON paHee MIPOJOIbHOM
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BOCIIPUMMYHUBOCTHIO (CM. 3aAauy 5.1.15) 1 3aBUCHUT OT Temnepary-
PBI, B TO BpeMs Kak KOMIIOHeHTa y, = 1/2ZJ TemmeparypHo He3a-

BUCHMA.
5.1.21. Onpenenute TEMOEPATypy, MPU KOTOPOl BCE KOM-
MOHEHTHI TEH30pa MAarHUTHON BOCIIPUUMYHMBOCTH (B TJIABHBIX OCSIX)

COBNANAIOT ( ¥ .5 = ¥ 0 4p)-
Otser: T=0=(u,S*ZN)/3, 7, =1/2Z] = y,.

N
5.1.22. Haiitu paBHOBECHOE 3HAUeHHE yriaa @gMexay R° u

- -

H npu HyneBoul Temmeparype, €ciid nose /H HampaBlIEHO Iep-
MNEHIUKYJSPHO OCH JIETKOTO HAMarHUYMBaHUS.

Pemenue. 3agauy MOXHO peliaTh ABYMs CIIOCOOaMHU.

1. HeoOGxoauMo MONOXKUTH TEMIEPATYPYy PaBHON HYIIO B
YpPaBHEHHUAX [UIsl NApaMEeTPOB MOPSJAKA, BBIBEJACHHBIX B 3ajaue
5.1.19, u Bocmoab30BaThCs acuMnToTamu GyHKIWU JlamkeBeHa
(cm. 3amauy 1.4.3). Torna noay4yum:

H

H,S27Z]
2. MOXHO UCXOANUTH U3 BBIPAKCHHUS JJISI SHEPTUH CUCTEMBI

npu 7=0, BOCIIOJIH30BaBIINCH BUIOM TaMUJIbTOHUAHA, TOTYyYEHHO-
ro B 3ajgaue 5.1.10 B mpuOIMmkeHnH CpeTHEro MO

sing =

E=<H>=Y —,uOZ<S,.+(H—HO+)>—%<HoR > | =

. 1
= HNSu,sin ¢ — EZJN,uf)S2 cos2¢.

JuddepeHnupys sHEPTrHio Mo Y1y, HAX0IUM €r0 PaBHOBECHOE
3HaYeHHEe, COBMAAIONIEE C MOJyYSHHBIM B ciiyyae 1.

3agaum 5.1.23-5.1.29, uccnenoBaHue B paMKax CpPEIHETO
noiist gpeppumacnumnuoii moaenu Msunra. [lpencraBuM raMusibTo-
HUaH Qeppumacnemuxa B CIEIyIOUIEM BUJIC:
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H ;—sz_z SS,~wu. D S, H-u Y S_H,
ij i+ i—

=xl,u, # u_.

i

5.1.23. 3anucaTh ramMmwibTOHHAaH (eppuUMarHeTukKa B IpH-

OJMKEHUH CPEIHETO TOJISL.
Ortger:

— 1 - ] . .
H=Z{—5ﬂ+2 R™H, —ﬂiZS,i(H—H0 )}, Hi =ZJR i, .

5.1.24. HaiiTu CTaTUCTUYECKYIO CYMMY M CBOOOJIHYIO DHEP-
rur0 eppuMarHeTuka B MPUOIMKEHUH CPEAHETO TOJISL.

OTtBeT:
o=1]

F= %Z [— p HYR* /2= Tn[2ch{Bu. (H - Hg)}]].

exp N HT R 143 {2en . (H - HDY |

5.1.25. Haiitu ypaBHeHUsl JJis1 paBHOBECHBIX 3HAUYCHUH Ia-
pameTpa nmopsaKa.
OtBer:
R =—th[fu,(H, - H)], R =-th[fu_(H; - H)].
5.1.26. OnpenenuTh KPUTHYECKYIO TeMmmeparypy deppu-
Mar"eTuka - remneparypy Heemst npu HyneBom mose.
Orser: 1T, =u u ZJ.
5.1.27. Haiitu o61iee BeIpa)kKeHHE AJIs1 TETIOEMKOCTH Yepe3
napaMmeTp MopsiaKa B HyJIEBOM BHEIIHEM IIOJIE.
OrtBer:
1 o R’ T
R=R" —R‘|H:0:th[7‘R].

C=—— ZJ ,
2,U7,U+ 2T

5.1.28. Haiitu o61iee BbhIpaX€HHUE J1JII MarHUTHOM BOCIIPHU-
UMYHBOCTU (heppUMarHeTHKa Yepes3 mapameTp mopsaKa.

|H:O =
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I-R*| (u,—p) | (u,+p)
4 |T-T.(A1-R*) T+T.(1-R*)|

5.1.29. UccnenoBaTh MoBeIeHHWE BOCTPUUMYUBOCTU (ep-

OtBeT: ¥ =

pUMarHeTvka BOJU3M KPUTHUYECKOW TemriepaTypsl npu 7>7, u
T=T.-0.

OtBer:
2 2
1T+ +p-)2u,p T, T>T-
2 TZ—T;Z 9 c?
ERREEAE) P, (49)-2(-T/T)P,, (2)} T—T -0
—_— )+ ——_\u4— . 9 - ¢ Y
87| (1-T/T,) """ 5 R

2 2
B, (M=p+pu-—nupu.

5.2. Bo30yxaenus B aHTH(QeppOMarHeTHKAX
B Mojeu I'eiisenodepra

PaccMoTpuM anTH(EppOMarHUTHBIN TraMuIbTOHUAH [ eii-
3eHOepra (J < ()) B HyJIeBOM BHEIITHEM I10JI€C:

— - -
H=-1/2 J,8,8,, J,<0. (5.6)
i# j

O4eBUAHO, UTO OCHOBHOE COCTOSTHUE 3TOI MOJENIN HE OTIMYAeTCs
OT PacCMOTPEHHOr0 B HPEIbIAYIIEM pa3jeie aHTU(PEeppOMarHuT-
HOTO (HEeeJeBCKOro) ymopsigoueHus. Bo30ykaeHHbIE COCTOSHUA,
aHAJIOTUYHO TIei3eH0eproBckoMy (eppoMarHeTHKy, MOYKHO OITU-
caThb BBEJCHHEM IOHSITHS CIUHOBBIX BOJIH - BO30YXIEHUU (Tak
HA3bIBAEMBIX “aHTH(PEPPOMATHUTHBIX MArHOHOB”).

Pacnumem raMuibTOHMAH TOKOMIIOHEHTHO:

H=-1/2> J S s +8/s! +8/s7y. (57

i# j
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Tax ke, Kak ¥ B IPEIbIAyIIeM maparpade, BBeIeM JIBE MOAPEIICT-
KM, JI1 KOTOPBIX MEepexo K BO30YKIECHUAM OyJIeT HECKOJIBKO pa3-
JINYEH:

N " \ won A\ + S/ non
al:_l- a = L =, al:ﬁ; a :ﬁ:— . (5.8)

V2s’ V28

Takum 00pa3om, eciau onepaTop @ YBEJIUYUBAET MPOCKIHUIO CIIMHA
Ha €MHUILY Ha MOJApENIeTKe “+”°, YyHH4YTOXKasi BO3OyKICHHE, TO OH
K€ yMEHBIIAeT ee Ha Mmojpemerke “-” (Ho, yMEHbIIas mo abco-
JIOTHOMY 3HAQYEHHIO, YBEIUYMBACT 1O BEJIWYHHE, CTPEMSCh
NIEPEBEPHYTh BBEPX):

T \
aTl=|T ald|=[{
) 0 VU

Beenem unaeke oj, paBHBIM +1, ecnm y3en / OTHOCHUTCS K MOpe-

merke “+7, u -1, ecnu noxpemerka “-”. Toraa u3 (5.8) noixyyaem
+ -

000011aro1Me COOTHOMICHUS (MCIIOJb3Ysl onpeeneHus S u S ):

S + S + +
Sl)(:\/;(a/"'a/ )i SIY:—Z\/;G,(a,—a, ), S/ =0,(S-a/a). (5.9)

[Toacrasnss (5.9) B ramwibTOHMAH (5.7) M yUUTBIBAsI MAJIOCTh BO3-
o + o+

Oyxnennii (mpeneOperas wieHaMu a aa a << 1 ), mocne anreo-

panyeckux NpeoOpa3oBaHUN M ydyeTa COOTHOLIEHUH KOMMYTalUuU

UMEEM:

— 1
H= —1/22], S’c,0,+S/ 22{2a[+a,0',a,. —E(a,a,. +a a, +2a;a,)+
12l 12l

0,0,
+ll

(a,a, +a,a, —2a;a,)}.

[lepBoe cnaraemoe mpu yclOBUH, 4TO 0;0;°= -1 (Tak KaK y3uel [ u [’
NPUHAJJIEKAT Pa3HbIM MOJAPEIIETKaM), paBHO YHEPrUi OCHOBHOI'O
COCTOSIHUS aHTHU(EpPOMATrHETHKA:
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E,=1/2)_J,S".
12l
OcraBmeecs ciaraeMoe (0003Ha4YMM ero OH ) CBSI3aHO ¢ BO30YXK-
neHusMu. Paccunraem ero, BBens (ypbe-mpeoOpa3oBaHHE Omepa-
TOPOB:

1 g . 1 . g
az=ﬁzq:aqexp(lqu), q =ﬁ;aqexp(—lqR;)~ (5.10)

[ToacTaBuB MX B TraMHJIBTOHUAH, MOCIE HEKOTOPBIX Mpeodpa3oBa-
HUI, UMEEM:

o H :1/22 {Aq(a;aq +afqa7q)+Bq(aqa7q +aq+afq };
q

- 1+ - -
4,=53 J(Rh){O'h —%cosq Rh}; (5.11)
h

B,=S8/2) J(Ri)(o,-1)cosqR,.
h

3neck J>0. U3 (5.11) BUgHO, 4TO €ciiu B3ATh TOJIBKO (eppomar-
HUTHYIO CUTYAallHIO, T.€. PELIETKU CHENaTh OJUHAKOBBIMH, TO JUIS

mo0oro ysna h napamerp oy = 1, u B, = (. B 3T0M city4ae ramuiib-
TOHMAH Cpa3y JWArOHAJIEH, M M3 BEIUYMHBI A, MBI HEMEIJIEHHO
MOJTy4aeM CIIEKTp MarHOHOB Juis GpeppomarHeTuka (cp. ¢ (4.15)). B
olmieM e ciiydae HeoOXOJUMO JUaroHajau30BaThb raMUJIbTOHUAH
(5.11), BBens kakue-nubOO KaHOHMYECKHE NpeoOpazoBaHus IS
OIEepPaTOPOB, HAIIPUMED:

a, =C,.chf0 +CIshf ;a; =C;ch0 +C_sho ;

q

a, =C_cho +C'shf ;a’ =C’chd +Cssho,.

(5.12)

Kanonnueckue npeodpazoBanus (5.12) HEe MEHSIOT CTATUCTHKHU.
Tak, MOXHO W3 COOTHOWIEHUS a,d,—da,d, =0 ., YOeIuThcs B

TOM, YTO HOBBIC OIICPATOPHI - TAKIKEC UMCIOT CTATUCTUKY bo3e:
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+ + _
c,C, -C,C =1
[ToacraBus (5.12) B ramunbsToHUaH (5.11), mociie 10BOJIBHO
TPOMO3JIKMX MPEe0Opa3oBaHUN HAXOJIUM:

+ 1 + 1+ 1
OH = Z{ha)qu C,+52,(C,C,+C, c_q)+5pq}; (5.13)
q

Tac

hw, = (ch’0, +sh’0 )4, +2Bché sho ;
Z,=(ch’0,+sh’0 )B, +2A4,ché shé ;
P =sh’0 A, + B,ch6 shé, .

PesynbTaT COCTOMT M3 TpEX CllaraéMbIX: NEpBOe (C @, ) - AMAro-

HaJIbHOE, U JaeT CHEKTP BO30YKAEHUi; BTopoe ( ¢ Z,) - Heauaro-
HaJIbHOE W JUISl IMAarOHaJU3alud NOJJIEKUT 3aHYJICHHIO, TPEThE (C

P,) - cBOOO/IHBIN HEONIEPATOPHBIA YIIEH, TAK Ha3bIBAEMbIE HYJIEBBIE
KoJIe0aHusl.
N3 (5.13) BuaHO, 4TO IJisi AMArOHAIM3AlMA HEOOXOIUMO

HOJIOXKUTH TapameTp Z,=0. M3 5T0ro ypaBHeHHs HaXOIMM, YTO Ha
napaMeTp ¢, HaknanbBarorca ycnosus: th2@,= -B,/4,. Beipasus

M3 3TOr0 YCIOBMsA Mapamerp ¢, IOdyYyaeM OKOHYATEIbHO H3
(5.13):

SH =) {JA; - Bl(C;C, + %)— Az—q} . (514

ITocnennee cnaraemoe B (5.14) - anauTHUBHAs KOHCTAaHTa, €€ MOX-
HO BHECTH B DJHEPrHUI0 OCHOBHOTO COCTOSHHUSA. OTMETHM, YTO

+
<C ,C;>=ny(T) - pynxuus pacupenencuus bose ¢ HyIeBbIM XUM-
NOTEHIIUAIOM (YHUCIIO BO3OYXKIEHUN HE COXpaHseTCs), Kak U Yy
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MarHoHoB B ¢eppoMarHeTuke. OKOHYATEIBHO HEPTUI0 aHTUdEp-
pOMarHeTHka nojydaeM u3z <H>=FE,)+<56H>:

1
E=E,+ Y {ho,(n, + )P
q

ho, ququ —qu.

(5.15)

3agaumn

5.2.1. Jlokazate, uTo omnepaTopsl C, BBEJCHHbIC KAaHOHHUYE-
CKHMH TIpeoOpa3oBaHusaMH (5.12), aBistoTcs 603e-omepaTopaMH.

5.2.2. Tlpeob6pazoBath ramunbToHHaH (5.11) yepe3 omepa-
Topbl C, T.e. MONY4YUTh BbIpaxeHus (5.13) mis raMuiIbTOHHUAHA
aHTU(deppoMarHeTvka B KAHOHUYECKOM BHJIE.

5.2.3. llony4uuTh ypaBHEHHUS IBUKECHUS IJIsl CHUHOBBIX OITE-
patopoB S B mipejacTaBineHun I eiizeHOepra, B3anMoIeHCTBYOIINX B
COOTBETCTBUU C TaMUJILTOHUAHOM (5.6), B HyJIEBOM BHEILIHEM I0JIE
U1 cirydast antudeppomaraeTrka. Mcrnonp3o0BaTh B3auMOICHCTBIE
TOJIBKO OJIMKAUIITUX COCeeH.

Pemenue. YpaBHEHUS IBUKECHUA:

a
s, =L[H,8°], a=X.,Y,Z.
dt h

BBoaum nBe moapemetku /4 u [, B3auMozeiicTBue Oy1eT TOJIbKO

Mexy HuMmu. Otcrona ais S+ u Sy :

sy i
=L, SES ) T, SEST,

1
i#l

OCTaJIbHBIE YPAaBHEHUS MOTYYAKOTCS [IUKINUYECKON MTEPECTAHOBKOM.
5.2.4. 3anucath ypaBHEHUS [ABW)XEHUS B MPUOIMKEHUU
CpEeIHEero mosis, rnojaras §“=S YUCJIOM, PABHBIM MOJYJIIO CIIMHA,
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OCTaJIbHBIE OIICPATOPHI - MAJBIMU. YUECTh B3aUMOICHCTBUE TOJIBKO
¢ OIVKAMIIIUMH COCEISIMU.
Pemenue. Pa3noxuB npousBeneHUs ONEPaTOpPOB:
SeSP < 87 >8P +87 <SP >
v monaras <S; >,<S' > MaJbIMM, a TaK)Ke YYUTHIBAs, YTO CPEI-

HUE TIPOCKIIMY CITUHOB HA OCh Z Ha y3JIaX MOAPEIICTOK HAIIPaBICHBI
B Pa3HbIC CTOPOHBI:

St~ 8/ >=8, S/ ~< S’ >=-8§,
IOJIy4aeM:
dsi _
dt
dS;t  1iS) < — oy —ay
—=="—) [FS,, FS:1,
dt h ,.Z[ i ¥

i#l

ds’. °SJ
U= BN S #51]

1
i#l

5.2.5. Ucxons u3 NOMy4YEHHBIX YPaBHEHUM JBUKCHUS HaM-
TH CHEKTp BO30YyXIEHUH - aHTU(EPPOMArHUTHBIX MAarHOHOB B
NpUOIMKEHUN B3aUMOICHCTBHSI TOJIBKO C OMMKANIIUMU COCEeIIMU.

Pemienue. Ilepenuinem ypaBHEHUs IBUXXEHUs, BBEIs OIle-
paTopsbl S'us:S =5+is"u S =5-is" , TOTJ1a YPaBHEHUS
JBUKEHUSI UMEIOT BU]T

ds;, ity SJ v asq dSL o _iulSJT e
=+ Z[Sli +Sz 1, =+ Z[Sl“_r +S5.:1-
dt h = dt h =

i#l i#l

Ucnone3ys ¢ypbe-ipeoOdpa3oBaHue, UILEM PEIICHUE B BU-
- >

ne: S, =S, exp(iqri= —iwt).Torna ypaBHeHHUs! OAMHAKOBBI

+
aa S 4 u S, unpuodpeTaroT BUL:
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2
. 7 S i
i@, = £ =T ) IS, + Sz expliqr=r)}].
;':tl
HNwmes B BUY HCHYJICBOC PCIICHUC JIJIA Sqi- , HAXOOUM CCKYJISIPHOC
YPaBHCHUC JJIA CIICKTpPa

2 2
—lu—okgz,]— —ﬂOS JB(Q) > 5 -
g : =0, B(q) =) expliq(r—1)]
%JB(q) ”;1 ZJ - w

Pemas nx, HaxoauM CTIEKTp BO30YKICHUI

(ho,) =[uSITZ* = B*(q)].
PesynbTar coBnagaetr co crektpom (5.15), mosydyeHHBIM KaHOHH-
YECKHM TIpeoOpa3oBaHMEM C IMOCICAYIOMICH AuaroHaan3amiuei ra-
MUJIBTOHHAHA (C TOYHOCTBIO JI0 Mepe0OO3HAUCHUI ,quJ—)J).

5.3. CBoiicTBa aHTH(PepPOMATHUTHBIX MATHOHOB.
Tepmoannammnka

Hccnenyem criekTp aHTU(GEPPOMArHUTHBIX MarHOHOB |
pacCMOTPHUM, KaKOW BKJIaJI BHOCAT ATH BO30YXKIICHUS B TEILJIOEM-
KOCTb aHTU(eppOMarHeTuka.

Ecan yuects B3aumonelictBue Z=6 Onuxalimmx cocepaeit

J(Zay) = J(#a,) = J(#a,) = J B TpEXMEPHOU KyOHUECKON PEIIETKE,
TO MOJTYYUM
A,=-25J, B,=-S(cosqya+cosqya+cosq,a), (5.16)

TaK 4YTo B npenene |gla<<l umeem

ho, = S\/Z2 — 7% <cosqa > =

g0 SZJga

V3

Takum 00pa3oMm, B aHTH(EPPOMATHETHUKE CIICKTP BO3OYXIACHUI
JIMHEEH IO UMITYJIbCY B OTJIMYHUE OT KBAJAPATUYHOIO CIIEKTpa Mar-
HOHOB B ciydyae (eppoMarHeTHka. Takol CIIEKTp aHaJOTHYEH Yac-
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TUIlaM 0e3 Macchl (HampuMmep, KBaHTaM KojieOaHuil pereTku (¢o-

HOHaM) B TBepAOM Teje, ¢poTtoHam). Mcxons U3 crekTpa, MOKHO

MOJIYYUTh BKJAJ aHTU()EPPOMATHUTHBIX MAarHOHOB B TEIUIOEM-

. Z.

KOCTh ¥ MarHUTHBI MOMEHT. Tak, monaras NG ~ 6, T.€. TEMIIC-
3

parype nepexoja, OIeHUM dHEPTHUIO

3 o d’ - T 3 T

E=2 [Tyt [ vde _\mT psas)
Qn)’ Jexplfw,]-1  2770° ¥ explx]-1 309

Otcrona temioeMkocts C ~ T3 , T.6. UMEETCSl CyIIECTBEHHOE OTJIU-

/2
que oT 3aKoHa ~ T , kak B ¢peppomarnetuke (cm.(4.24)). Oto paz-
JMYre MOXKHO HaOJI01aTh Ha SKCIIEPUMEHTE.
MarHuTHBIN MOMEHT (Ha OTJEIbHON MOJIPEIIETKE), KOTO-

PBIi BEIpaXkaeTcs yepe3 YMCII0 BO30YKACHUN <n>

(M= SN (1-<n;>) ), MoxHO Taxxe oueHuTh. Ucmonbsys (5.12),
HaxoJIUM
<n, >= l/NZ expli(g —gq")l1<a;a, >=

e (5.19)

A

=1/NDY s—(n, +1/2)—=1/2;.
q a)q
Otcrona, npu T®0 nosryyum
M ~SN(1-n,)~ (- fT*), f ~1,
TS/2

YTO TaKXe OTJIMYaeTcs OT ciaydas ¢eppomardeTuka (~7 ),
cM.(4.23)). OTMeTuM, YTO CTPOro NMpHU HYJIEBOH TeMIEpaType mar-
HUTHBIA MOMEHT Ha MOApEeuIeTKe He paBeH SN, T.e. HaOMroaeTcs

cnaboe OTKIOHEHHE Onaronapsi “HyJIeBbIM KoJieOaHUsM™ (4YJIEHBI,
HE 3aBHUCSIIME OT TeMiepaTypsl B ( 5.19)).

3agaumn
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5.3.1. TlomyuuTh SBHBIN BHUJ CIIEKTpa aHTH(EppOMarHuT-
HBIX CIIUHOBBIX BOJIH JUISI POCTON KyOudeckoi pemretku. [lepeiitn
K JUIMHHOBOJIHOBOMY IIPEJIEILY.

OTBerT:
(ho )’ =16u28J[sin> L9 4 gin2> 4r9 | gjp2> 4294,
‘ 2 2 2
x[cos? %+ cos’ %+ cos? 429,

ho, ~ 23u;5/q4

npu Z=6, ,L102J® J).

5.3.2. TlonyuyuThb SBHBIA BHJ CHEKTpa aHTU(PEPPOMArHuT-
HbIX cnuHOBBIX BOH it OLUK u I'LIK pemerok. [loka3zate, 4to B
JUIMHHOBOJIHOBOM TIpeZiefie CHEKTP BO30YXKIECHUU JIMHEEH MO HUM-
IIyJIBCY.

4—0 (uto coBmamaer ¢ (opmymnoit (5.17)

5.4. HeycToiiYyMBOCTh AHTH(PEPPOMATHUTHOIO

COCTOSIHMSI OTHOCHTEIbHO HYJIEBBIX KOJIeOAHM I

U CIIMHOBBIX BO30Y:K/1eHHUil

Paccuutaem cpenHee uymucio BO3OyXKIAEHUM Ha y3Je€:
<n;/>=<a; af>, OTBEYAIONICEC OTKIOHCHUIO IOJHOW  MPOCKLUH

CIIMHA Ha OCh Z OT MaKCUMaJIbHOTO 3HaueHUs (HacwiieHus). [emno
B TOM, YTO, KaK OKa)XEeTCs, ATa BEJIMYMHA MMEET OCOOSHHOCTH B
OJHOMEPHOM U JABYMEPHOM CiIydae, 3aBHCAIINE OT TeMIEepaTyphl.
Tak, Hamuuue HyJEBBIX KOJeOaHH MOXKET MPHUBECTH K pacmamy
aHTH(EePPOMATHUTHOTO COCTOSHUS.
Ilepexonss B (Qypbe-KOMIIOHEHTHI U IOJACTaBIIAA
npeoOpaszoBanus (5.12), umeem
<n, >= l/NZ expli(g —gq" )< aja, >=
a0 (5.20)

4
q(nq+l/2)—l/2}.

@

:l/NZq:{

+ +
TAKKC YTO CJICAYIOMIMC HCAWATI'OHAJIBHBIC CPCIAHUC MOJKHO II0JIO-

q
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KHUTh PABHBIMHU HYJIIO, €CJIH MOJIaraTh BO30YKICHHS HEB3aUMO/ICH-
CTBYIOIIMMH B IIpEJIeIie UX MAJIOH IUIOTHOCTH:
<C', C" >=<C, C/> =0.
[Tpoanamsupyem (5.20), BBLIOPOCHB HECYIIECTBEHHYIO KOH-
ctanty (mocneauuii uiex c “-1/2”). [lonoxum cuayana 7=0. Toraa
4uCII0 BO30yx)aeHui 71,=(0. OCTaroTCs TOJIBKO HyJIEBbIE KOJIEOaHNUs

A
<n, >=1/2NY ¢—""- (5.21)
q

@,

PaccmoTpuM ogHOMEpHYIO cutyanuio. Toraa HyaeBble KoneOaHus

dg
<n, >~ AI— —> 0 , T.€. PaCXOJIATCH.
q

Takum 06pazom, Ipu HyJIEBOH TeMIepaType B OJTHOMEPHOI
CUTyallud aHTU(EeppPOMarHUTHOE YHOPSAJOUYECHHUE HEYCTOWYUBO
(OTHOCHUTENBHO HYJEBBIX KojieOauwif). 3ameruMm, uto u3 (5.21)
CJIeIyeT, YTO JBYMEPHBIH U TpPEXMEPHbI aHTU(EeppOMarHETHUKU
pealin3yloTcs IpHU HyJle TemrepaTryp, T.e. HyjeBble (UIyKTyaluu
MOIABJISIIOTCA YIIOPSIIOYEHUEM B 3TOM CIIydae.

Ilycte G - pa3mepHocTh mpoctpaHcTBa. llomoxum 770,
ng# (0. Eciiv y4ecThb, YTO CYIUECTBEHHbIH BKJIal B CPEJHEEC YHUCIIO
BO30Y>KJI€HUI Ha y3Jie HaOMpaeTcs TOJIbKO Ha MAJIbIX UMITYJIbCAX ¢,
NnoJiydyuM (B 3TOM cllydae MOKHO MpeHeOpeub HyJEBbIMU KoJieOa-
HUSIMU):

da G =1;

>

(5.22)

2
q
G
<n,>~AIdzq~ jd—qzlnq—> o, G =2;
q q

qu~ const T, @G =

|
w

T.€. TOJIKO TPEXMEPHBIN aHTU(EPPOMArHeTUK yCTOWYMB OTHOCH-
TETHHO BO30YKICHUN MPU HEHYJIEBOK TEMIIEpaType, a B AByMEpUHU
¥ OJTHOMEPHH TPHU OTIMYUH TEMIEPaTyphl OT HyJIsl aHTH(Eeppomar-
HUTHOE COCTOSIHUE HEYCTONYMBO.
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6. IEJIOKAJIN30OBAHHBIE
MAT'HUTHBIE MOMEHTBI.

Jlo cux mop MBI MCCIIEIOBAJIU CUCTEMBI C JOKaJIN30BaHHBI-
MU Ha y37aX KPUCTAUIMYECKOM PELIETKM MArHUTHBIMH MOMEHTa-
Mmu. [loaToMy XOpOIIMM KBaHTOBBIM YHUCIIOM SIBISUIOCH 3HAUYEHUE
MarHMTHOI'O MOMEHTA (MJIM €r0 IMIPOEKIMH HA BBIJEICHHYIO OChb) HA
y3ne. B 1aHHOM Ii1aBe Mbl paCCMOTPUM MPOTUBOIIOJIIOKHYIO CUTYa-
110, KOTJa HOCUTENb MarHUTHOTO MOMEHTA - AJIEKTPOH - JIEJI0Ka-
JM30BaH B 00bEeMe KpHUCTaJIa, U XOPOIIMM KBAHTOBBIM YHCIOM
ABIJISIETCSL €T0 UMnyave. Takas cUTyaluus MOXKET BO3HHUKHYTh, Ha-
npumMep B (eppOMarHUTHBIX METaJJIaX U CIUIaBax.

6.1. Ilucnepcusi 3J1IeKTPOHA B KPpHUCTAJLIIEe
B MO/IeJIH CWJIbHOM CBSI3H.
JpdexTUBHAA Macca

DJIEKTPOH B TBEPJIOM TeJjl€ BeACT ce0sl Kak KBa3M4acTHUIIA: B
OTCYTCTBHH MPUMECEH OH HE PACCEUBACTCS, UMEET ONpPEIeIICHHBIN
KBa3MUMIYJIbC (HE SIBJISTFOIIUICS COOCTBEHHBIM YHCIIOM OIlepaTopa
UMITYJIbCa), 3aKOH AMCIEPCHH, OTJIMYHBIA OT 3aKOHA TUCIIEPCUU

cBOGOHO# wacThusl (&, # h’g® / 2m) U, COOTBETCTBEHHO, HE HMe-

€T OIpeIeTICHHOM KoOpAHATHI (“pazMaszan’ M0 KPUCTAILIY ).
PaccMoTpuM uzacanbHbI (B OTCYTCTBUU J1e(DEKTOB U TPH-
Mecel) KpUCTaILI B MPUOIMKCHUH CHILHOU CBsi3H. [lycTh cHavana
aTOMBI PEIIETKN HAXOATCS Ha OOJIBIIIOM PACCTOSIHUU APYT OT ApY-
ra. DJIEKTPOHBI TOJHOCTHIO JIOKATHN30BaHbI KAK/IBI HAa CBOEM Y3IIC.
3areM HauMHAaeM CONMMKATh y3Jbl, U Ha PACCTOSHUU TMOpsiaKa 00-
POBCKOTO pajuyca 3JCKTPOHbI HAYMHAIOT YyBCTBOBATh COCCIHHE
aTOMBI U ¢J1a00 TYHHEIUPYIOT OT OJHOro aroMma (i) K apyromy (j)
(0OBIMHO 5TO OmKAHIIMKA cOCEN) ¢ BEPOATHOCTBIO I(|r; - 1j|)= 1y,
OJIHAKO BOJIHOBash (DYHKIMsI TaKUX cIa00 JCTOKaIM30BaHHBIX Yac-
THUI] UIMEET BCE €IIIe XOPOIIO BHIPAKCHHBIH MAKCUMyM Ha KOOPJIHU-
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HaTax y3/oB. Torjga XOpouluM KBaHTOBBIM YKCIIOM B MPHUOJIMKE-
HUW CUJIBHOM CBSI3M 3JIEKTPOHA C Y3JIOM SIBJISIETCS HOMEp y3ia /.

Ecnit BBECTH y3elbHBIC OMEPaTOpbl POXKIACHHS @, W YHUUTOKCHHS

ajo AEKTpoHA (Ha y3iie / co cnuHOM O) ((pepMHUEBCKUE ONEPaTOPbI
a.a,.+a,.a,_=0, ), TO TAMAJIBTOHHAH CHCTEMBI Yepe3 HHUX

3aIMUIICTCA CICAYIOINUM O6p330M:
E:ZEcﬂa. +Zt.‘a.+a. 6.1
0"icYio ij "ic " jo ( . )
io j

[lepBbrit wien B (6.1) (moTeHUMATBHBIN) ONUCHIBAET ‘‘3aTPaBOY-
HY10” (HYJIEBYIO) SHEPTHUIO 3JIEKTPOHOB, JOKAIN30BAaHHBIX HA Y3J1aX
C y3€JIbHOW 3Hepruen &). BTopol ujneH raMuibTOHMAHA (KUHETHU-
YyecKasi SHEprus) ONMUCHIBAET MEPECKOKH Ha COCEIHUE Y3JIbl C aM-
IWIMTY 101 ¢;;. IlepeneM K (ypbe-npencTaBieHuro:

1 R + 1 + 0
a, :ﬁg% exp(ipR), a, _Tv;am@q)(—z PR). (6.2)

[ToacraBuB (6.2) B (6.1), mocie HEKOTOPHIX MepeoOO3HAYCHUN
MPEACTaBUM FaMWJIBTOHHAH B TUarOHAJIbHOM BUJIE:
— - - >
H=Y ¢,a,,a,; ¢,=¢c,+ > t(|Rilexp(—=ipRi). (6.3)
po R
HccnemyeM 3aKoH JUCIEPCHU DJIEKTPOHA &, € y4YETOM
B3aUMOJICHCTBUSL TOJIBKO OJMKAWUIIUX COCelel W OMpellesuM aM-
IUITUTYly TIEPEeCcKOKa uepes3 -f (3HAK MepPecKOKa BHIOMpaeM U3 ya00-
CTBa OTCYETa HU3a 30HBI MPOBOJUMOCTH OT LIEHTpa 30HbI bpuiutto-
9HA, CM. HHUXE) B TPEXMEPHOM KyOMYEeCKOM KpucTamie. Torma
UMEEM:

£,=&,— 2t(cosgya+cosqya+cosq,a). (6.4)

PaccmotpumM Teneps ist POCTOTHI OTHOMEPHBIH ClTydaii:
E,=¢&,— 2tcosqa . (6.4a)

q
DTOT 3aKOH JUCIIEPCUHU OMHUCHIBAET IMOJOCY SHEPTrUH, PaB-
Hy10 2Zt, (Z - uucio Ommkalmmx cocener, Z=2 sl OJTHOMEpHs)
(puc.10), Tak Ha3piBaeMylo 30HY npoBoguMocTHu. Kak BuauM, ee
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80_2t

P p(e)

Puc.10. lucniepcust anekTpoHa B KpucTamuie (a) u
30HHAas KapTHHA (0) B MPUOIMIKEHUH CUIIBHOM CBS-
34 (OJJTHOMEPHBIH ciaydaii)

HIMpUHA PONOPLHOHAIBHA BEPOATHOCTH MEPecKoKa. Bua mioTHo-
CTH COCTOSTHUH TOKa3aH TaK)Ke€ Ha 9TOM PHUCYHKE (UyTh HIKE MBI
ee paccumtaem). llpu yBenmudeHWHM KOHIICHTPAIIMU AIIEKTPOHOB
30Ha MOJKET TIOCTIEIOBATEIbHO 3aMOJHATECS B COOTBETCTBHU C
npunnunom [laynu. Ha puc.10,a uHTEpBan UMITy1bCOB OrpaHUYEH
obnacTeio -7/a < p < 7/a - Tak Ha3bIBAEMOM MEepBOM 30HON bpuii-
JIFOPHA, TaK KaK 3aKOH IUCIIEPCHH JIajiee IO UMITYJIbCY TIepUOANYEH
(oTMETHM, YTO B KpHUCTaJUIe MPU MEPUOJAUYECKUX TPAHUIHBIX YC-
JIOBHSIX UMITYJIbC JUCKPETEH, YHCIO HEIKBUBAJICHTHBIX 3HAUCHUH
umnyibsca paBHo N (p=(2w/aN)tn, tae n=-N/2.., ....N/2, N - uucno
y3JIOB), U C BBICOKHMM paszpemieHueM (mpu N>>]) OH 3amoJHIEeT
BCIO TIepBYI0 30HY bpumiuitosHa).

Ouenum > dexkTUBHYIO Maccy 3JieKTpoHa. B mpenene ma-
JIOTO UMITyJibca (BOJIM3M JHA 30HBI MTPOBOAMMOCTH) 3aKOH JUCTIEP-
CUM KBaJIPATUYECH: &, - &) = tazp , T0O3TOMY, UCXO/sI U3 OTpeerie-
h2
2ta*’

Husl 3QPexTuBHON Maccwl [/m*= i 8/@92 nonydaem m =
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DddekTrBHAA Macca, BOOOIIE TOBOPsI, HE paBHA Macce CBOOOIHOTO
anekTpoHa m,. Ecim t ~ 0.1 - 103B,
a~310" cMm, To nosydaem m* = 0.1-10 m,.

['pymnmoBasi  cKOpOCTb  DJIEKTpOHA  BBOJAMUTCS  Kak
v=27¢& /O p.Ouenku ee naot ~10"-10% em/e.

HanoMHuMm enie HECKOJIBKO HEOOXOAUMBIX HAM B JalbHEH-
LIEM OITPEIECIICHUN.

OyHKIUS pacupeneseHus o0 UMITyIbcaM 3JIEKTPOHOB (pac-
npenenenne Gepmu-/upaxa)

1
.
fpa(T)=<npo_>:<apaapa>: . (6.5)
exp[(gp - y)/T]+ 1
Uwucio 3JIeKTPOHOB B CUCTEME COXPAHSETCS, TOITOMY XMUMHUYECKUN
noteHman u Z). Ilpu HyneBoil Temmnepatype pacnpeneneHue (6.5)
- (hepMueBCKas CTyNeHbKa: f,o=1, & <u = Ejf f,6=0, &>FEy rne Ey
- rpann4Has >Heprusi ®epmu (coBmagaromas B 3TOM clydae ¢ Xu-
MHUYECKUM TIOTEHIIUATIOM £{) OTAEISAET 3aHAThIE COCTOSHUS OT MyC-
ThIX. Ee HeclI0XHO MONyYUTh U3 HOPMHUPOBOUYHOT'O COOTHOIIEHUS
n=N/V,N= Z f,o » TP HYJICBOM TemIeparype BOJM3M [HA
po

30HBI B TIPHOIMKeHNH 3(PPEKTUBHON MACCHI M CBS3aTh C TUIOTHO-
2

CTBIO OJICKTPOHOB n: E, = (37°n)*””?. OueHKH BETMYUHEI

2m*
sHeprur @epmu npusoaaT K Ey ~ 1-10 3B. Orcrona BUaHO, 4TO
npu  OOBIUHBIX  TemmepaTypax  BIUIOTb  JO0  KOMHAaTHOM
(7~300K~0.01 3B) s1ekTpoHHBII ra3 ¢ XOpoUIeil TOUHOCThIO BbI-
POXKIEH, U €ro pacrpeaencHue - (epMHUEBCKas CTYIEHbKA MpU
<< Efi
Joo=O(u-¢), tie O - Tera pyHkuus Xepucanna.

Hanmomuum enie oiHy BakHYIO (PU3HUYECKYIO BEIMYUHY -
IUIOTHOCTh 3JIEKTPOHHBIX COCTOSIHUW pO(E), OIpeAensieMylo IpHu
NEePexo/ie U3 CYMMHUPOBAHUS 110 UMITYJIbCAM K UHTEIPUPOBAHUIO 110
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DHEPIuu: Z Soo = Ip (e)de f(&). Ona mone3Ha, Korga To-
po

JIBIHTETPaIbHOE BBIPAXKEHUE 3aBUCUT TOJBKO OT 3HEpruu. Ee Mox-
HO OMNpPEAENIUTh TaK e, KaK YUCJIO AJIEKTPOHHBIX COCTOSIHUH, MpU-
XOJSIINXCS Ha UHTEpBaJ 3Hepruil ¢ - (s+de). HecnoxxHo mony4nts
CXO0 3 d
UCXOAs U Z =—
3
o (27)

CTOSIHUU (B €OMHUYHOM OOBEME) NIl CBOOOAHOTO 3JEKTPOHHOTO
ra3a (IpoCyMMHPOBaHHOM IO CIIMHAM):

m %3/2 /28
ple) =2 0(e-¢,)= ——5—.
po 4
OtMmeTuM CIIC ITOJIC3HOC COOTHOIICHHUE MCKAY INIOTHOCTBIO

COCTOSIHUM U sHepruer depmu (Takke JJ1s CBOOOTHOTO JICKTPOH-
HOTO rasa):

N
Iaﬂ P COOTHOHICHUC JIA IIJIOTHOCTU CO-

(6.6)

3n
2F .
Jlnst mpuOnuKeHusT CUJILHON CBSI3M W 3aKOHA JAUCIIEPCHUH

(643) B OJHOMCPHOM CJIy4dac IIOJIYYHUM TOYHOC BBIPAKCHUC IJIsA
IUIOTHOCTH COCTOSIHMI

p(e)=Y (z-¢2,)=

p (&)= (6.7)

N O(le, — €|<2t)
2rah \[41° — (&, - £)°

T.€. IUIOTHOCTh COCTOSIHUM HMMEET KOpPHEBbIE OCOOEHHOCTH (BaH
Xoda) y rpanun 30H (puc.10,0).

, (6.72)

3agaumn

6.1.1. Paccunrars sHepruro depmu st CBOOOIHOTO SJIEK-
TpOHHOTO ra3za npu 7=0, ¥ Moka3zaTh, YTO BBHIMIOJHSAETCS CIIEIYIO-
1Ie€ COOTHOLICHUE MEXIY IUIOTHOCTBIO COCTOSHUM W SHEPrueu
Depmu: p(&) =3n/2E, .
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6.1.2. [1oay4uTh MIOTHOCTH COCTOSIHUUN JJIsi MPUOIMKESHUS
CUJIBHOM CBSI3U B OJTHOMEPHOM U JIBYMEPHOM CIIy4ae, UCCIIe0BaTh
0COOEHHOCTH BaH-Xoda.

YkazaHue: B JIBYMEPHOW CHUTyallMM MPUBECTU pElIEHUE K
SJUTMIITUYECKOMY HMHTETpally U MoKa3aTh JorapupMHUUEcKyro pac-
XOJIUMOCTD MPU TOYHO MOJIOBUHHOM 3aMOJTHEHUHN 30HBI.

6.2. ITapamarnerusm Ilayiau

PaccMoTpuM ra3 cBOOOAHBIX 3JEKTPOHOB B cjlaboMm Mmar-
HUTHOM Tmonie. PaccuMtaeM BOCHPUUMYHMBOCTH CHUCTEMBI, YUUTHI-
Basi, YTO COOCTBEHHBI MAarHUTHBIH MOMEHT JJIEKTPOHA B3aMMO-

- -

NEUCTBYET ¢ TosieM (PHeprus B3aumojiencTBus V =— y H). Torna

CyMMapHasi 3HEprusi 3JeKTpoHa OyJeT 3aBHCEThb OT OpPUEHTALUU
ero CIIMHA OTHOCHUTEJIBHO BHEIIHETO oJIst H:

Ep=8, M H;, ¢&,=¢6,+puH,rne g - sHeprus B OTCYTCT-

BuM nojs. Ilo onpenenenuto cyMMapHbIii MArHUTHBIA MOMEHT CHUC-
TE€Mbl €CTh CyMMa MarHUTHBIX MOMEHTOB 3JIEKTPOHOB CO CIIMHOM
BBEPX MUHYC MarHATHBIM MOMEHT 3JIEKTPOHOB CO CIIMHOM BHM3!
M=(n, —n )u,;
(6.8)
n, =y f(e,—ou,H)=1/2[ ple)def (6o, H), o ==l
p

[ToncraBnsist B (6.8) dyHKIMIO pacmpeiesieHns U pasJiaras 1o cia-
OoMy IOJII0, UMEEeM:

M=ulH jdgp(g)(—a f/e). (6.9)

VYduThIBas, 4TO MPU HU3KUX TEMIepaTypax Mpou3BOIHAs OT (QYyHK-
[IH PaCTIpeNIeNICHNsI C XOPOIIeil TOYHOCTHIO €CTh JeNbTa-(yHKIUSI
¢ ocoOeHHOCThIO Tipu YHeprun Depmu

—0 fde=05(¢-E,),

HaXOIUM:
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M = usHp(E ,);
) ' (6.10)
X = Hop(E,).

Buano, 4TO npu HyJ€BOM 10JIe MATHUTHBIA MOMEHT HCYe-
3aeT. TakuMm 00pa3oM, AJICKTPOHHBINA Ta3 MPOSBISCT MapaMarHHT-
HbIe cBOMcTBa. KpoMe TOro, ero HaMarHM4eHHOCTh HE 3aBUCHUT OT
TEMIEPATypbl B OTJIMYME OT Clydas JIOKAJIM30BAHHBIX MOMEHTOB
(npu T<< Ej).

Ouennm BoctipuuMuuBoCTh [laynu. Mcxonst n3 BeIpakeHui
JUIsl TJIOTHOCTU cOCTOSAHUM (6.6)-(6.7), HaxoauMm Jisl yAENbHOU
BOCTIPUMMYHUBOCTHU (HA OJIMH DJIEKTPOH):

;(/n:,ué,o(Ef)/n:.%,ug/2Ef. (6.11)

Ecnu cpaBHuTh ee ¢ pesynbTaToM Teopuu Belicca s mokanuso-
BaHHBIX MOMeHTOB ( ¥ = u; / T), To Benuuuna (6.11) cymiecTsen-

HO MeHblIe (Tak Kak I << Ey). MTak, MOXHO 3aKJIIOYUTh, 4TO
JBIDKEHUE SJIEKTPOHOB (M MAarHUTHBIX MOMEHTOB) CYIIECTBEHHO
oca0sieT HaMarHM4eHHOCTh.

6.3. ®eppomarnerusm B mojaen CToHepa

PaccmotpuM ras aenokann3oBaHHBIX 3JEKTPOHOB C KyJIO-
HOBCKHMM B3auMoJielicTBUEM. Kak Mbl y>Ke BUAEIN HAa MOJAEIAX C
JIOKQJIN30BAHHBIMU CIIMHAMU, B3aUMOJCHCTBUE OOBIYHO MPHUBOJIUT
K MOSIBJICHUIO YMNOPSAOYEHHON (ha3bl U BO3MOXKHOCTH (ha30BOT0O
repexoaa Npu KOHEYHoU Ttemmneparype. Mccnenyem Ha 3ToT npen-
MET U JIeJIOKAJIN30BAHHYIO CUCTEMY.

KynoHoBckoe B3auMoOnencTBUE MEXAY DJIEKTPOHAMHU BBO-
UM BO BTOPMYHOM KBAaHTOBAHHMH YETHIPEX()HEPMUOHHBIM OIEpaTo-
POM, KOTOPBIH COOTBETCTBYET (heHHMAHOBCKOM AMarpaMme BTOPO-
ro nopsaka
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- - -

poc = = p+tgqo
plo'=> : = p'-qo'

py BUPTYaJbHOM OOMEHE (OTOHOM JBYX 3JeKTpOoHOB. COOTBET-
CTBYIOIIIEE B3aUMOJICHCTBHE NMEET BU:
+ +

V=112 Y V(g)Xa) ,ah.,,a,.a,, ), 612)

pp'qoc’
2,2 .
rae V(q) = 47e”/q” - MaTpU4HBII 3JEMEHT KYJOHOBCKOI'O B3aHMMO-
JEUCTBUS.
Pazo6bem (6.12) B npubamkeHUH CPeHETo IOl Ha JIBYX-
+ 4
(bepMHOHHBIE COMHOXXUTENH, YUUTBIBas, 4To0 <aa>=<a a >=0,

+
U <a pdp> = Opfp:

V=1/2 Y V(g)<a,  ,a,, ><dp,, 0,5 >-
pp'qoc’

+ + _
—<a, 0,5 ><a,. 4, >}= (6.13)

— 12X OV =V (=P80 ) oo f e

pp'oc’
Torga (6.13) MOXXHO TIPEACTaBUTH KaK B3aMMOJICWCTBUE C HEKUM
BHCIIHUM II0JIEM Vpa QJICKTPOHHOTO Ira3a:

- -
V=2Vl ros Vie =2 V(O =V(p=P16,,) po - (6.14)
po p'c’
(3nech MHOXUTENb 1/2 CKOMIEHCUPOBAJICS MPHU yUETEe JABAXKIBI IO
BHEIIHEW M I0 BHYTPEHHEW CymMMaM, T.€. Mbl Y4YJu CIEAYyIOLIEe
OpaBUJIO TPU PACHICTUICHUM CYMMBbI B MPUONMKEHUH CPEIHETO
NOJISI - Ny = <n;>nr+<ny>nj = 1 = 2<n;>ny.)
Takum obpazom, ucxoas u3 (6.14) Mbl umeeM Tenepb CBO-
OOTHBIN JIEKTPOHHBIHN Ta3 CO CIAEAYIONINM 3aKOHOM JIUCIICPCUU
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- -

o =6, t1/NY. (V(O)=V(p= P16 ) f s - (6.15)

o=

B (6.15) yurena HOpmupoBka Ha 1 31ekTpoH (MHOXUTEbL I/N).
[IpeneOpexxeM aaIUTUBHOW MOCTOSHHOHN (cimaraembiM ¢ V(0)), ee
MOXHO yOpaTh B OTCUET DHEPruu. YUTEM, UTO KYJOHOBKOE B3au-
MOJICMCTBHE CWJIBHO SKPAaHUPOBAHO, U MOATOMY TPU MaJIbIX UM-
MyJibcaX MOXHO MPeHeOpedbh 3aBUCUMOCThI0 MATPUYHOTO DJIEMEH-

Ta OT UMITYJIbCA!
- 4 e’ 4 1e*
V(g)) =——5 ~—5—=V =const,
q + ko ko

rae k- umnynsc obpesanus Tomaca-Depmu (k, = 4x ezp(Ef)).

Torz[a OKOHYATCJIbHO 3daKOH OUCIICPCUN
E,o=6,-VINY f . (6.16)
~

BBenem cpenH0t0 HAMArHUYEHHOCTh CUCTEMBI:

R:%{NT_NJ” Ny =2 fpor N=N;+N,. (6.17)
p

Tenepb 3aKOH TUCIIEPCHUU BBIPAKACTCS Yepe3 HAMarHMUYEHHOCTHh R
CIEeAYIOIIHUM 00pa3oM:
VR VR
Er=€,——=V/I2, ¢ ,=¢,+—-V/2. (6.18)
s P2 p P2
Yo6upas B OTCUET SHEPTrUH aJAUTUBHYIO KOHCTAHTY V/2, MOJACTaBUB
(6.18) B (6.17), HaxonuMm caMocoriacoBaHHOe ypaBHeHHe CToHepa
JUTSI HAMarHMYeHHOCTH 3JICKTPOHHOTO Tra3a ¢ KYJIOHOBCKUM B3aH-
MOJICUCTBUEM:

R :%Z{f(ﬂﬁpa—§’/‘j _f('g’g”’§’ﬂ)}’ (6.19)

P

f(Boe,x. 1) = {exp[Ble, +x - m]+1} ",
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Kpowme Toro, 115 noaHON 3aMKHYTOCTH ypaBHeHus (6.19) numeer

MCCTO JOIIOJHUTCIBbHOC YCIIOBHUEC - HOPMHUPOBKA HA YMUCJIO YaCTHUIT:

N=Y ! . (6.20)

7 exp[B(e, - w)]+1

N3 (6.19) MOXHO TOJNYYUTh CIydYald IMOJTHOW JIOKAIU3AIIUU DJICK-
TPOHOB (T.€. JOKAJM30BaHHbIE CHHMHBI - Mojenb M3uura). Ecmum
HOJI0XHUTh 3(PPEKTUBHYIO MacCy OONBINON U (&,-4)—>0 (J0Kanm3a-
1M 0KoJI0 ypoBHs Pepmu 1o sHepruu), 1o us (6.19)-(6.20) mpu &,
- 4 << Tnonygaem: R = th{fVR / 4}, T.e. oOObIYHOE ypaBHE-
Hue Beiicca mis mapameTpa nopsiaika B MmoAenu M3uHra B HyJ1€BOM
nosie. Takum oOpazom, yxe B 3ToMm mpezaene B moxaenun Ctonepa
CYILIECTBYET KpUTHUeckas temreparypa @ = V/4 u ga3oBslil niepe-
XO/JI B YIIOPSIIOYCHAYIO (peppoMarHuTHyIO dasy.

Hccnenyem B o0mmeM citydae yClIOBUs CYIIECTBOBaHUS (a-
30Boro nepexona. Paznoxum (6.19) B npeaene R — () BOIM3U uc-
KOMOM TO4ku (azoBoro mnepexona. llpu pasznoxxkeHuu 10 nepBoi
MPOM3BOTHON HEPMHUEBCKON (DYHKIIMU pacrpeeICHHs 10 YHEPTUU
uMeeM

14 of
__r p 6.21
1 N Z oe » ( )

p
YuuTeiBasi, 9TO MPH HU3KUX Temmeparypax —o f / oe=0 (e— ),
u3 (6.21) nonyyaem:

l=Vp(u). (6.22)
Beipaxkenue (6.22) MOXHO yTOYHUTh, M IPUBECTH K yclIoBUIO CTO-

HEpa ISl CYIIECTBOBAHUS MPU HEHYJIEBOW TEMIIEpaType CIIOHTaH-
HOU HAMarHu4eHHOoCTU R #0:

Vp(u)>1. (6.23)
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O6ocnHyem ero 6osnee koppekTHo. Paznoxum ypaBHeHue CToHepa
(6.19) mo BTOpO# (OHa COKpamiaercs) U TPEeThedl MPOU3BOIHBIX
GyHKIMY pacrpeeICHHs 110 SHEPTHH:

14 of V3R? o’ f
_ _2 _ Py — 2 A 6.24
! N > ( 58p) ( ) ( )

24 = e’
MOKHO TOKa3aTh HCXOAS U3 BUIA (YHKIUHU PACTIPEICICHUS, YTO B
HauboJIee CyeCTBeHHON 00JaCTH UHTErPUPOBAHHUS E~ U
3
p
DTO CTaHOBUTCS MOHATHO U3 BUJA TPEThel MPOU3BOAHOM
8 (1-2sh?[5 A
g {p _ L 2T
oe, 8T ch*[ & - H 1
2T

npu &~ p . OkoHYarenbHO ycnoBue bioxa - Cmonepa mis cyuie-
CTBOBaHUS TPU HEHYJIEBOM TeMIiepaType CIIOHTAHHOW HaMarHu-
YEHHOCTU UMEET BUJ:

0.

14 af
<0 — L
) I/IJ'II/I|N20”8

p p

Vv of
1 — _2 L >1. (625

N = ( oe , | (623)
N3 ycnoBusa (6.25) npu HU3KUX TemmepaTypax mnoiydaem (6.23),

OTKYyJia C Y4E€TOM OIpPECICHUS TUIOTHOCTH cOCTOsTHUM (6.6)-(6.7)
HAXOJMM YCJIOBHE Ha IapaMeTp B3aUMOICHCTBUS

V>, (6.26)

Takum oOpazom, deppomarHeTusM CTOHEpa BO3HHUKACT
TOJIBKO TIPU JOCTATOYHO OOJBIIOM MapaMeTpe KyJIOHOBCKOTO
B3auMOJIcicTBUS. [IprunHa TakOro OrpaHUYCHHSI CHU3Y B TOM, YTO
JUIS. TIOJlaBlieHUust (IyKTyamuii, CO3/1aBaeMBbIX JelOoKaIn3aluen

5JIEKTPOHOB ¢ KUHETUYECKOM dHEpruei macirada £y, HE0OX0IMMO
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TaKoTo e Macirabda (Mo KpaiiHeld Mepe) pacilelUIeHHEe YHEPTHH
P Pa3IMYHON OPHEHTAIMH CIIMHA 33 CYET KYJIOHOBCKOTO B3aW-
MOJACUCTBUS I PeasU3aIlii MPOTUBOACHCTBYIOMET0 (DIIyKTyaIr-
M (peppOMArHUTHOTO YTIOPSTOUCHHUS.

3agaumn

6.3.1. [lonyunThs mompasKy IO TEMIIEpAType K XUMHYECKO-
My MOTEHIUATY U npu HU3KHUX TeMIlepaTypax
(u=E; - z*T* / 12E ), BOCTIONIb30BABLINCH YPABHEHHEM HOPMH-

poBku (6.20).

Ykazanue : npu pacuere npeHedpeysb dKCIOHEHIIUATbHBIMU
nonpaBkamu ~ exp(-/T).

6.3.2. Haiitu kputnyeckyto Temieparypy B mojenu CtoHe-
pa (T, << Ej, yuuTbiBas TEMIIEPATypHYI) 3aBUCUMOCTb XHMIIO-
TEeHUHaNa 4 (CM. IPEABIAYIIYIO 3a7a4Yy ).

YkazaHue: paszIoKuTh MPaBy 4acTh ypaBHeHus CToHepa
npu R—>0.

Oteer: T, = E, 24/ x> (1-2E, [3V).

6.3.3. IloayunTh TOYHOE TPAHCLEHJIEHTHOE ypABHEHUE Ha
napameTp nopsaaka R B moaenu Cronepa npu 7' =0 u HaWTH ero,
nonaras R <<E;/V.

Ortger:

R=[E, 46 /V1[1-2E, 3V
npu ycnosuun R<<E;/V.
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7. KOHAEHCAIUA U OTBEPJIEBAHUE

HccnenoBanus moaenu M3uHra npeacraBieHHbBIE B IIPEbI-
IOYLIUX TJIaBax, MO3BOJIAIOT INIyOXKe Pa3BUTh TEOPHUIO Takux (aszo-
BBIX IIEPEXO0JI0B, KAK KOHJIEHCALUsI U OTBEpAECBaHUE (KpUCTAILIIN3a-
1[Us1), BBECTU B HUX MOHATHE (PIyKTyaluii, MOJYyYUTh OCHOBHBIE
ypaBHEHHs cocTOsiHUSI. B 3Toii rmaBe Mbl paccMoTpuM (ha3oBbIe
IIPEBpALLEHUs BEILIECTBA, NIPUBOIAIIME K MEPECTPOMKE IIPOCTPAH-
CTBEHHOI'O YIIOPSAAOYEHUS aTOMOB C M3MEHEHUEM TEMIIEpaTyphl.
J1o cux mop Mbl UCCIIEOBAJIM TEPMOJUHAMUYECKUe (ha30BbIe Iepe-
XOJIbl BTOPOro poja. 31eCh Mbl PACCMOTPUM HpHUMEPBI (a30BBIX
IIEPEXOJ0B IEPBOr0 POJA, MO3HAKOMUMCSA C THIMYHBIMU MOJEISA-
MH, ONHKCBHIBAKOIINMHU UX - ¢ MOJIeJIbl0 BaH-nep-Baanbsca u pemie-
TOYHOTO rasa.

7.1. ®a30Bblil Mepexo ras - KUAKoCcTb. Konaencanms.
Ypasuenue Ban-nep-Baasnnca

OcCHOBHOE OTIMYHE KUIKOU (pa3bl BEIIECTBA OT razoo0pas-
HOM - ee MPAaKTUYECKU HIeajbHasi HEC)KUMAEMOCTD, T.€. a3 3aIol-
HSET BECh NPEJOCTaBJICHHBIH eMy 00BbEeM, a JKUIKOCTh - TOJBKO
4acTh B COOTBETCTBHUHM C €€ MIIOTHOCTBIO. /{151 naeanbHOro rasza ero
CXKUMAEMOCTh IO/l BHEIIHUM JaBicHueM P u temmneparypou 7T
OIKCHIBAETCS U3BECTHBIM YPaBHEHUEM COCTOSIHHSL:

PV=RT,
R=Nk, k - nocrosiunas bonbimana. OTcroza naBneHue:
P=kTN/V=kTp.

[Ipu naBnenun P=( MIOTHOCTH P TaKKE€ paBHA HYJIO, U BCE MOJIE-
KyJbl Pa3JIeTaloTCsA, PABHOMEPHO 3amoiHss o0beMm. OgHako ISt
onucaHus (a3zoBoro mnepexoia M3 razo00pa3HOrO COCTOSHUS B
KOHJIEHCUPOBaHHYI0 (a3y (KUIKOCTh) HEOOXOJUMO y4YecTh B3au-
MOJIEICTBHE YaCTHUL, KOTOPOE MOXKET yAepkKaTb YacTHULBI JIPYr
OKOJIO JIpyra, MpPEeMsATCTBYS UX pa3jieTy Ha OOJbIlIoe PacCTOSHUE.
Torga B ypaBHEHUH COCTOSHHUS HEOOXOJUMO BBECTU IOHSATHE
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BHYTPEHHErO JaBJICHUS, CBSI3aHHOT'O C 3TUM B3aUMOJICHCTBHEM, U
Y4EeCTh CYIIECTBOBAaHME KOHEUHOIO 00beMa, MEHBbIIE KOTOPOIo
CHUCTEeMa HE MOXET 3aHUMATh.

7.1.1. Teopua Ban-oep-Baanvca

Beenem mapHoe Bzammoneicteue dactul V(|r;-rj|) B BUIe,
nmoka3zaHHoMm Ha puc. 11. Kak BUIHO U3 puCyHKa, HAa MaJbIX pac-
CTOSIHUSIX B3aMIMOJICHCTBHE OTTaJ-
V [fi _,7],] KHUBAloIIEe, NPENSATCTBYIOIIEE
B3aMMONPOHUKHYTh YaCTUIIAM APYT
B JIpyra, MOJEIUPYIOIIEe TBEP/bIe
miapbl, 3aHUMAIOIINE KOHEYHBIM
c o0beM (¢ paguycom C, cMm.puc.l11).
V Ponap TBepapiX IMIApOB COCTOHUT B
TOM, YTO OHH IPHUBOJAT K HACHI-
IICHHOW >KUJIKOCTH, 00bEM KOTOPOi
Puc.11. Taproe p3amvoneiicr- HE MOKET OBITb MEHBIIIE O0BeMa
BME YACTHIl IIPU ONUcaHuu Kon- IUIOTHOM YIIAKOBKH TBCPABIX SNCP.
neHcammu (Touka |r|=C coor- Ha OOJNBIINX PACCTOSHUAX HMEET
BCTCTBYCT AUAMCTPY 4YaCTULl B MECTO 06HaCTB HpI/ITﬂ)I(CHI/Iﬂ, 4qTo
MOJICITH TBEP/IBIX IIAPOB) HE JaeT pPa3OMTUCh YacTUIAM Ha
Oosbiioe paccrosiuve. I[IpuanHOM
KOHJICHCAIIMA KaK pa3 W SBISACTCS
Ta 4aCTh MOTEHIIMAJIa, KOTOPasi COOTBETCTBYET MPUTSKEHUIO.
Teopus koHaeHcaunu Ban-nep-Baanbca, KOTOpYO MbI pac-
CMOTpPHUM B 3TOM Maparpade, Urpaet Ty ke poJib B 00IIeil Teopuun
KOHJIEHCAIlMU, YTO U TeopHus MOJIeKyJsipHoro mnossi Belicca B 00-
uieit reopunun peppomMarHeTusma.
PaccmoTpuM cpenHee moaHOE B3aMMOJICUCTBUE N 4acTull B
KaHOHMYECKOM aHcamoJie:
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[Vexpl-pvidrdr,..dr,
- - - > (71)
[expl-pvidndr,..dr,

<V >=

Tac

1}

1 - -
V=5;V,.,, v, =V(r=r].
Tak kak Bce WIECHBl 3TOW CyMMbI MJIGHTUYHBI, YUUTHIBAs, YTO HX
yucyo paBHO N(N-1)/2, HECI0KHO OIYYUTh

_N(N-1) IV]Z exp[-B VHdndr,..dr,
Z

Z= [expl-p VHrdr,...dr,.

<V >

b

(7.2)

BBegem BeposiTHOCTH 0OHAPYKUTH YacTHI] | U 2 COOTBETCTBEHHO B
AJIIEeMEHTapHBIX 0O0BeMax dr; u dr»:

@ Iexp[—ﬂ Vdr,dr,...dr,

pn,n)= ~ : (7.3)

Bennuunna p(z) uMeeT nopsaaokK 1/ o4 , Tne (2 - oobem. M3-3a TpaHc-

> >

NAMMOHHON cummeTpun p'> (7,,7,) 3aBUCHT TOJBKO OT Pa3sHOCTHU
> o

¥,—r, . BBeiemM napHyro KOppessiiuOHHYI0 (YHKIIHIO

N

- > 1 -
p(z)(l”l,l”z):Eg(l”l—l’z). (7.4)
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Puc.12. ITapHast koppensimoHHas
(GyHKIMS B MOJIETTH B3aUMOJEHCT-
BYIOIIIUX TBEPBIX IIAPOB:

C - o0mwuii Bux; 6 - uacanbHble

q) 5) TBEpP/IbIC MIAPHI

C r
Benuuuna g 3aBHUCUT OT B3au-

MojelcTBusA. B uaeansHoM raze npu V' = (0 (kj1accuyeckue TBep-
nwie mmapel) g = [ mipu || > C,u g = 0 npu |r| < C. B obmem ciy-
yae BuJ g mokaszaH Ha puc.l12. [logcrasus (7.4) B (7.2), BeIpazum
B3aMMOJICHCTBHUE Yepe3 KOPPEISAIHOHHYI0 (YHKIHUIO:

N(N

<v>= YD ([ar an gn-rw(n-n)=

N L. (7.5)
—p—jdrg(r)V(r) .

2 , p=N/Q
%
)
JIis HEHTPAIbHBIX CHJII KOPPEIIATOP g 3aBHCHUT TOJBKO OT

monyst ;. g(r )= g(|r|). llpu r— co pynkumst g — 1 (cm. puc.12).

Kpome Toro, koppensitinoHHasi QyHKIMS B 0OIIEM CiIy4ae JTOJDKHA
3aBUCETh OT IUIOTHOCTH p. B Teopun Ban-nep-Baanbca sToit 3aBu-
CUMOCTBIO IpeHeOperaroT. Torga OKOHYATEIBHO 3alHCHIBAEM
B3aUMOJICHICTBHE:!
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<V>/N=—-ap=-alv, v=Q/N=1/p,
1 N (7.6)
a:—EIdrg(r)V(r)>O.

B (7.6) xoncTanTa a > () (uMmeroiasi pa3MepHOCTb SHEPTUHU, YMHO-
KEHHOW Ha 00BeM) B cuity Toro, uto g = O mipu |[#| < C u V(r) <
0, g~ I npu |[r| > C (1.e. pakTUYECKH MBI BEIOMpAEM MOYTH U7E-
AJIbHYI0 KOpPPEISILUOHHYI0 (yHKUHUIO (CM. puc.12,0) u cooTBeTCT-
BYIOLIUI MOTEHIHAT).

VYpaBHenue (7.6) - 3TO (paKTUYECKH TUIOTE3a O MOJIEKY-

JSIPHOM TI0JIE, IEUCTBYIOIIEM Ha YaCTHUILy B TOYKE 7 OT APYTHX dac-
- - >
TULl B TOYKax 7’ J.d r'o(r'"YV(r—r") . Ecnu monoxuTh IJIOT-

HOCTh O HE 3aBHCAIICH OT KOOPJAWHATHI, TO CPEIHUI IMOTCHIIMAI
OyzeT uMeTh BH/T

p[drv(r—ry~-2alv. 7.7)

Kak Buaum, “cpennenosnieBoe”BoipaykeHue (7.7) MOTHOCTHIO
UIEHTUYHO (C Y4YEeTOM MHOXHTENsA 2) COOTHOLIeHuto BaH-mep-
Baanbca (7.6). U3 ypaBHenus (7.6) BbITEKaeT CyIIECTBOBaHUE
“BHYTpPEHHEr0” NaBJIEHUS, KOTOPOE CTPEMUTCS CHKATh Ia3:

P, =0<V>/0Q=alv’. (7.8)
IlomHOE JaBJICHUC PaBHO CYMMC BHYTPCHHCTO M BHCIIIHCTO:
P+P =P+alv’. (7.9)

Cymmapaoe naBiienue (7.9) ypaBHOBEIIMBACTCS TEIJIOBBIM
naBiaeHueM k7T / v, KOTOpoe CTPEeMHTCS paclIupuTh ra3. B Teopun
Ban-nep-Baanbca B TEIIOBOM JaBJIEHUHW HEOOXOJIUMO YYECTh CY-
IICCTBOBAaHWEC MHHHMMAJIBHOTO OO0beMma ImapoB. Ecnm 0003HAYMTH
o0beM oxHoro mapa b, To 3¢HEeKTUBHBIA 00BEM, TPUXOIALIUNCS
Ha OJIMH II1ap:

Uy, =Q/N=v-0b. (7.10)

OxkonuatenbHo, yuutbiBasg (7.9) u (7.10), momydyaem ypaBHEHUE
Ban-nep-Baanbca
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p oy kT (7.11)

v v — b

VYpasuenue (7.11) onuckiBaeT (Ga3oBbIid Mepexos MEPBOTO
poaa “ra3 - KUAKOCTh M MUMEET “NeTNII0” Ha U30TEpMax IMpHU TEM-
nepatypax, MEHBIIUX KpUTHYE-
CKOH TemmepaTypbl KOHAECHCAlUU

T, (puc.13). PeanbHO metins HeycC-
TONYKMBA, ¥ B OOBEJCHHOMN ITyHK-
TAPHOW JWHUEH O0O0JacTH HMEeT
MECTO pAaBHOBECHUE KUIKOW U
razoo0pasHoii ¢a3 ¢ MOCTOSTHHBIM
JABJIICHUEM, T.€. peaU3yeTcs
OTMEUYEHHasT Ha puc.l3 nuHu"A

1

| P=const.

¥ v N3 ypaBuenus (7.11) mu
Puc.13. Mzorepmsl Ban-nep- puc.13 caegyert, 4To TO4YkKa mepe-
Baaneca. U - kpuTHYeCKHit xona 7. UMeeT MecTo, KOraa Ha
00BeM U30TEpMax TOYKa Teperuda coB-

nazaeT ¢ 3KCTPEMYMOM 3aBUCH-
mMoctu P(V), u 3Ta TpUKpUTHYECKas TOYKa, 32 KOTOPOU IpH 00JIb-
HIMX TEMIEpPaTypax OCTaeTcs TOJbKO ra3oo0pasHas (asa, onpene-
JSIETCS CIEAYIOIIUMH COOTHOIIEHUSIMHU

2

AP/v=0, 6°Pléov’=0. (7.12)

Ucnonwsys (7.11) u (7.12), noxyyum, 4To KpUTHYECKasi TeMIepa-

Typa ¥ COOTBETCTBYIOLIUN € MUHUMAJIbHBII €IUHUYHBIA 00bEM,
3aHUMaeMbIi )KUJKOM (a30l, paBHBIL:

r - 8. a

‘ 27 kb ‘

- 3h . (7.13)

3agaua
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7.1.1.1. Ucxona u3 ypaBHenus Ban-nep-Baanbca, paccuu-
TaTb KPUTUYECKYIO Temneparypy 1., KpUTHUECKHH oObeM U , , U
KPUTHYECKOE JaBlieHue P., ompenensionye TOuKy Ha (a3oBoil

auarpamme, 3a KOTOPOW MMEET MECTO TOJBKO ra3000pa3Hoe Co-
CTOSIHUE.

7.1.2. Mooenv pewremounozo 2a3za

[Tokaxkem kak, UCIOJIb3ys MOJieNb M31HTra, MOKHO ONKUCATH
KOHJICHCALUI0O M TOJYyYHUTh YPAaBHEHHE COCTOSHUS, aHATIOTMYHOE
ypaBHeHuto Ban nep Baanmbca (JIu, Sur, 1952r.). DTtoT moaxon
Ha3bIBAECTCSI MOJIEIIBIO PELIETOYHOIO ra3a.

Pa3zo0bem Bech 00beM Ha suelku (y3Jbl), 0Opasyroliue
MIPAaBWIbHYI0 KPUCTAJUIMYECKYI0 PEMIETKY, 3alOJHSIOIIYI0 BCE
rpocTpaHcTBO. [lycTh uncio sueex paBHO Ny. HacTuuel nepeaBu-
raroTcs MO 3TOMY MPOCTPAHCTBY, 3aHUMAsI U MOKUAAS Y3JIbl (SUei-
KH) B KaXIblii MOMEHT BpeMeHH. COmocTaBUM HAaNpaBiICHHOMY
BBEPX CIIMHY 3aHATBIA YaCTULEH y3€J, a HalpaBICHHOMY BHH3 -
IIyCTOM y3€J] U BBEIEM BEIIMUNHY &, PaBHYIO 1, €CiM y3en i 3aHAT,
Y PaBHYIO HYJIIO, €CIIA OH ITyCT:

1+, |+ g, =+
o = LM #

. 7.14
’ 2 0, u, =0. (7-19)

Torga ramuibToHMaH M3WHra CO CMHAMHU f4 MO TAaKOW PEIIETKE
MOYKHO BBIPa3UTh YEPE3 &;:

H==12YV,uu, -y p,H=-1/2Y 4V .6, +> V,(&,+¢&,)+
i j i

| (7.15)
+1/2) V, —HY (2£,-1).

120



[lepeobo3HaunM mapameTp B3aWMMOICHCTBHS M BBEAEM €r0 HYJIe-
BYI0 (ypbe-KOMITOHCHTY

V)=V, =V(g=0)=) V, exp(ir, @)y, u;=4V;. (7.16)
i i
Ucnionw3ys (7.16), uz (7.15) nonyyaem:
H=-1/2) u,e,e,—> 26 {H-V(0)}+C, C=—N,/(0)/2+N,H.
i i

3aMeTUM, YTO 3TO BBIPAXKEHHUE C TOYHOCTBHIO /10 HECYIIECTBEHHOMN
KOHCTaHTBI SIBJISIETCSI TaKKe€ OOBIYHBIM raMuibTOHMAaHOM W3uHra,
HO TOJBKO MO OOJIBIIOMY KaHOHUYECKOMY aHCamOJII0 (YUCIO He-

HYJIEBBIX “‘CIMHOB” & HE (PUKCHPOBAHO) C XMMHYECKUM MOTEH-
uuanom u=2{H-V(0)}:

H=-1/2Y usee,-uN, N=)Y ¢ .  (117)
7 :

Takum oOpa3oM, CTaTUCTHYECKAass CyMMa IS CHCTEMBI
CIIMHOB TIEPEXOJUT B OOJBIIYI0 CTATUCTUYCCKYIO CYMMY JUISI pe-
IMCTOYHOIO rasa. Tenepb MOJXHO ITPOAOJIZKUTE aHAJIOTHUIO JAJIBIIC U
IMMOJIYYUTh YPAaBHCHUC COCTOSHUSI. Hamaranuennocts R B Monenu
WN3uHra cBsi3aHa ¢ INIOTHOCTBIO pCmETOYHOIO ra3a po:

<N > 1 1 1 &, 1+ R
p N, N, 5 ' N, 5 {2 2} 2 ( )

Ms1 MmoxkeM Tenepb, ucnoiabdys s (7.15) npubmxenue Belicca,
3amucaTh CaMOCOITIACOBAHHOE YpaBHEHHME JJIsi HAMArHUYEHHOCTH
R =th[f(V(0)R + H )] v noNy4uTh U3 HErO ypaBHCHUE /IS
IJIOTHOCTU PELIETOYHOr0 rasa p B TEPMHUHAX MEPEHOPMHUPOBAHHO-
ro MOTEHIHANA ¢ U XUMUYECKOT0 MOTEeHIINANA L :

2p-1= th[?(pu(0)+ )], (7.19)
W
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_Bu= Bou(0)+ In- L. (7.20)
0

[Tomyunm nmaBiaeHWe P W ypaBHEHUE COCTOSHUS, YYUTBIBAas COOT-
HOIIICHUS
au ou acu 1 du cP
=N, = 7.21
2 Vo d\fN(@P)o” ( )T ( )T (7.21)

Ucnone3ys (7.21), momyyaeM OKOHYATEIHHO U3 (7.20) ypaBHEHHE

COCTOAHUA B MOJCIIN PCHICTOYHOTI'O I'a3a
2

P=- 'OTu(O) _ kT In(1 = p). (7.22)

VYpaBuenue (7.22) uMeeT KauyeCTBEHHO OJMHAKOBBIE H30-
TepMbl ¢ ypaBHeHueM Bau-gep-Baanbca (cm. puc.13). CpaBHum
ero ¢ ypaBHeHueM Ban-aep-Baanbca (7.11), nepenucas (7.11) B

CJIEAYIOLIEM BUJIE:
2

P= —%u(0)+ leL; a=u(0)/2,b=1. (7.23)
- p

3aMeTUM, YTO ACUMMTOTHI MOCJIEIHUX YJEHOB (TEIJIOBOE AaBiie-
Hue) B (7.22) u (7.23) npu p—0 (npenen uacaibHOIro raza) oJiuHa-
KOBBI U IIpH p—/ (Clly4ail 6€CKOHEUYHOT O AABJICHNUs) OJIU3KH.
OnpenenyM KpUTUYECKUE XaPAKTEPUCTUKHU PEIIETOYHOM MOJETH
(7.22). YuursiBasi, 4TO KpUTHYECKasi TOUKa U3 Mojenu M3uHra or-
penensiercs Kak R=(0, umeeM:

1+ R
p= +2 L R=0= p.=1/2= p=1/v= v, =2 (724)

(n3 ypaBHeHust Ban-nep-Baansca v, =3 (b=1) ). 3amerum, 4ro
3HaYEHUE U, =2 NI PEeUIeTOYHOUW MOJEIM MOXHO TaKXKe IIONy-

YUTh HEMIOCPEACTBEHHO U3 ycioBuid (7.12).

OO6cynum BaxkHbIN Bonpoc o poje (azoBoro nepexona. He-
CIIO’)KHO TIPOBEPUTH, YTO U3 PAaBEHCTBA XMMUYECKHX MOTEHINAJIOB
/[ ¥ JaBlieHW# P Haxomsmmxcs B paBHOBecwH (a3 (KHIKOCTH U
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mapa) cnenyet: p=-u(0)/2 = H=0.Takum 06pa3om, aHaIor
pemieTouHoro raza ((heppoMarHeTHK) HaXOAUTCS B HYJIEBOM BHEIII-

HeM none. g deppomaraeruka npu 7<7, HAMarHUYEHHOCTh Me-
HSIETCSl CKAYKOM OT +R 110 -R npu OECKOHEYHO MaJIOM HU3MEHEHUHU
nosist H ot +0 1o -0 . Takum o6pa3om, 3T0 (Ha3oBkIi epexo nep-
BOrO poja, MpU KOTOPOM TEPIUT pa3pbiB IepBas MPOU3BOAHAS
CBOOOHOM dHEpruu F.

3agaumn

7.1.2.1. Tloka3aTh coBnajeHue (Wiu OJM30CTh) ACHUMIITOT
ypaBHeHusI Ban-nep-Baanbca u ypaBHEHUS pEIIETOYHOIO raza B
npenenax mioTHOcTel p—(0) (uaeanbHbl 1a3) u p—/ (6eckoHeu-
Hoe aaBiieHue). [lonydnuTs KpUTUYECKYIO TEMIIEpaTypy M KpUTHUE-
CKO€ JIaBJIEHUE B MOJICJIHM PEIIETOYHOrO Trasa.

7.1.2.2. Jloka3zatb, 4YTO U3 paBEHCTBA XUMHUYECKUX IOTECH-
IIMAJIOB £/ U TaBJICHUI P HaXOAIIMXCS B paBHOBeCUU (a3 (KHUIKO-
CTH U Tapa) B PEUIETOYHONW MOJENH CIEIYET, YTO XUMMHUECKHUN T0-
terman 4 =—u(0)/2.

7.1.3. @aykmyayuu 6 mooenu peuiemounozo 2a3a

ITo ananorum ¢ mojmenwio M3uHra Hailigem (iaykTyanuud B
pemmeTouHoi monenu. Bocronszyemcs cooTHomenueM (3.15a) s
GbayKTyanuii MarHUTHBIX MOMEHTOB BOJIM3M TOYKHM (Pa30BOTO Iie-
pexona:

1-R’

1-pV(g)1-R*)
Ilepenuinem ero B TEpMUHAX PELIETOYHOM MOJENIH. YUUTHIBAS
cootHomienus (7.14), (7.16) u (7.18), nonydaem:

<Jp,|? >= (7.25)
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Al=p)
1— Adq)p(1- p)

Ponb TBepIBIX siAep OTpa)kaeTcsl Ha MOSBICHUUA B 3HAMEHa-
tene (7.26) muoxutens (1-p). Bugum, uto B *uakoi ¢dase, Kormua
P~1, 3TOT MHOXKUTEJb TOJABIISIET (IIYKTYyarlu, MPUBOJIS K YCTOM-
YUBOM KUJIKOCTH.

1
e, P >==<p, |’ >= (7.26)

7.2. llepexon *KUAKOCTH - TBEPAOE TEJIO.
Kpucranausanus

[Tepexon “XKUIKOCTH-TBEPAOE TEIO 3TO MEPEXO] U3 MOJ-
HOM CUMMETpPUU SKUIKOM (pa3pl B MEPUOJUYECKYI0 CHMMETPHIO
TBepaoro tena. Ilyctp 4YacTuibl B3aMMOJEWCTBYIOT C MapHBIM
B3auMOJEUCTBHEM V(|r;-7;|) B BuJE, NoKa3aHHOM Ha puc. 11. Ipen-
MOJIOKUM, YTO YHUCIO ONMMXKANUIINX COCEAeH BEIMKO, TaK YTO MOXK-
HO WCIOJI30BaTh MPHONIKEHHE CPEIHEr0o TOJs. XapaKTepHOH
YEepTOU, OTIIMYAIOUIEH TBEPAOE COCTOSIHUE OT JKHIAKOTO SIBIISCTCSA
HNEPUOANYHOCTb INIOTHOCTU p(¥). Torna noreHuuan, nelcTBYOMUI
Ha YacTUIly B TOYKE 7 OT MOJsl APYTHX YacTHll, Takxke OyIeT Ie-
PUOIHYECKON (PYHKITHCH:

V()= [dr ptrv(r—r). (7.27)

VYureMm, 4TO )11 MOJENM TBEpAbIX 1IapoB (cMm. puc.ll), 3amoxeH-
HOIl BO B3aumojieiicTBuM Vv(7), OHO MeHble Hys nipu r>C, tae C

- panuyc mapoB (cMm. naparpad 7.1.1), a B IpoTUBHOM cily4yae Kop-
pensiiuonHast pyHkus g paBHa HyJo (cM. puc.12). OTcroaa Torna
BMecCTO noTeHuana (7.27) nuumem:

V(r)= [dF o Yglr—rr—r) == [drF ' Wr—r),  (7.28)
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rne v(r) - MepeHOPMUPOBAHHOE C YYE€TOM 3HaKa MapHOE B3anMMO-

- -> >
nevicteue. B TBepaom tene p(r)= p(r+an), T.e. MIOTHOCTH Iie-

pUOIMYHA C TIEPUOJOM peleTKH a. Ee B 3TOM ciiydae MOXHO pa3-
JIO)KHTH B psast Dyphe MO BEKTOpaM 0OpaTHON PEIICTKH:

p(r+a)=>Y p,explig(r+a)l=) p,expligrl=p(r). (7.29)
q q
Otcrona u cienyer, uyto exp(iq a)=1= g = G - BekTOp 00paTHOU
peIIeTKH, U

p(r) =3 pg expliG r]. (7.30)

Jloka3aTenbCcTBO, YTO CaMOCOIIacoBaHHbIN noTeHuuan (7.28) nme-
eT Ty K€ MEPUOAMYHOCTh, YTO M O, CIEAYET W3 MPeoOpa3oBaHMS
dypee:

V(g)=pg(q)=0, q=G, (7.30a)

TaK KakK B 3TOM CJIyuae JIErKo 1nokasatb, uyto V(r)=V(r+a).

Jmg mpoCTOTBI pacCMOTPUM OJHOMEPHYHO cUTyanuto. To-
raa BeKTop obpatHou pemetku G={2x/2a)n=(m/a)n, tae uepes 2a
0003HauuM nepuoj peuetku. OTcroaa

p(x)=3 p,expli=x], (7.31)

o :I—Idx exp[—iﬁ—nx]p(x). (7.32)
2a a

®a30BbIi nepexoa OyAeT XapaKTepu30BaThCs CyIIECTBOBA-
HUEM HEHYJIEBBIX (Dypbe-KOMIIOHEHT INIOTHOCTH 0,20 nipu n#), TaKk
Kak ecau p,=0, n#0), TO OoCTaeTcs TOJBKO HYJEBas KOMIIOHEHTa
py=const, T.e. )kuakas ¢asa.

CamocoriiacoBaHHOE ypaBHEHHE JJI O(7) TOJyYUM U3 pac-
npeneneHust bonpiiMana yacTuil B mojie ¢ moTeHIHaIoM V(7):
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expl-fV ()] 733
[expl- (x)]dx

IJIc MHTETPUPOBAHKUE UJIET TI0 AJIeMeHTapHou suelike (-a,a). Ilepe-
nuieM noteHman Vix) (7.28):

V(x)=- jdx';(x - x")p(x") = —Z pn;(—n)exp[iZ nx]. (7.34)
- a

p(x) =

IIPA 3TOM HECJIIOXKHO II0Ka3aTh, 4TO U3 Vv(x)=v(—x) CIEAyeT
v(n) = v(—n). AHanornyHas 4€THOCTb UMEET MeCcTO U i p. To-
rjaa:

V(x)=-Y p,v,cos(*—nx),
" “ (7.35)
P, = J‘dxp(x)cos(znx).
a

[ToacraBus (7.33) B (7.35), umeeM it Gypbe-KOMIOHEHTHI:

dex cos(znx)exp {ﬂz pmacos(znx)}
p, =" " ? . (736)
Idxexp{ﬂz pmacos(znx)}
—a m a

[Tomaraem, 9TOo BONMHM3W TeMIepaTyphl Mepexojaa, Koraa KPUCTaILI
€lIe HE CTaJ PEryasipHOM PElIETKOM, OCHOBHOW BKJIAJl JAlOT KOM-

MOHEHTHI Py U p;. Hanuune nepexosia MOXKHO TECTUPOBATH IO OT-

JUYUIO OT HYJII KOMIIOHEHTHI pO;, KOTOpasi B 3TOM CJIy4dae yJOBJie-
TBOPSIET YPaBHEHUIO

]‘dx cos(lx)exp {2ﬂp1;cos(£x)}
s a a (7.37)

P = P’
Ia’x exp{28p,v, cos(lx)}
—a a
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(B (7.37) MBI OCTaBUJIM TOJBKO Oy U L7, IPU 3TOM UJIEH C Py COKpa-
TUIICS, @ KOOPPUIMEHT “2” B SKCIIOHEHTE - M3-3a TOJOKUTEITHHON
W OTPHUIATENILHOM YacTH CYMMBI IO m: p;+p.1=2p;). DTO ypaBHe-
HHE COBNAJACT C YypaBHeHMEM Belicca sl HAMarHM4eHHOCTH R B
MOJIEKYJISIPHOM TI07Ie viR (ecim R COIOCTAaBUTH C p;) B ABYMEp-
HOM Clly4yae B Ipefelie HENPEpbIBHOIO KJIACCHYECKOro CIUHA S.
JleificTBUTENBHO, €CIH Kiiaccudeckuil | el3eH0eproBCKuii TaMuiib-
TOHHAH UMEET BUJ

- - o

H=-1/2) v,8,8,;, (7.38)

i j

TO MOJIEKYJIIpHOE T10s1e Beiicca B TOUKe i paBHO
%
Z v, <S,;>,
J

a BHEpPrus B3auMOJAEHCTBUA CIMHA <S;> C 3TUM I10JIEM PaBHa!

Vz—Zvi]. <§,>8,=v,p|S[cosb,
j

rae @- yron Mexay S; U TMOJHOM HaMarHWYEeHHOCThIO. Torma

ypaBHenue Beiicca miis p;=|<S;>| coBnamaer c (7.37).
Paccunraem kputndeckyrwo temmneparypy. Eciau ycrpeMuTh

B (7.36) k HyJ1O P); , TO
P, =po, v, T.=vn. (7.39)

BoipaskeHue [1si KpUTHYECKOW TeMIlepaTyphl 3allMCaHO B TOM
CMBICIIE, YTO €€ MPUPABHUBAIOT K MAKCUMAaJbHOM IO BEIMYMHE
(bypbe-KOMITOHEHTE ( UCKJII0Yasl HyJIeBYI0) MOTEHIMAIA .

Takum oOpazom, ecinu Obl 00BEM CHCTEMBI HE YMEHBILAJICS
IIPU OTBEPICBAHUH, Mbl HMEJIA OBI JCJIO C OOBIYHBIM (ha30BBIM ITC-
PEX0/IOM BTOPOTO pojia. A Tak KaK KpUCTAIIM3aIUs 00s13aTeIbHO
COIPOBOXIAETCS YMEHBIICHHEM 00beMa, TO (ha30BbIN IMepexo
“YKUIKOCTh-KPUCTAILT - 3TO (Pa30BbIi IEPEXO nepsoco poa.
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3agaumn

7.2.1. Iloka3ath, 4TO €CIU MEPUOIUUECKYIO (C IEPHOJIOM a)
BEIIMYUHY P, PA3JIOKUTH B OTHOMEPHBIH psi Dypbe

p(x) = Z p, expli Z—nx] , TO oOpaTHOoe mpeoOpa3zoBaHUe

1 a
Oyner MMeThb BUA p = —— '[dx exp[—iﬂ—nx]p(x), U u3
a * a

yeTHOCTH p(x) = p(—x) caenyer p(n) = p(—n).

7.2.2. Tloka3zatb, 4TO camocoriacoBaHHoe ypaBHeHue (7.37)
Ha  Dypbe-KOMIIOHEHTY  p;  TPEACTAaBISACTCI B BHIE
yo :II(Zﬂplv_l)/IO(2ﬂp1v_l), rne lp n I; - ynkuum beccens
MHHUMOTO aprymeHTa. [lonb3ysick acumnroramu Iyp(x), I;(x) npu
x—0 U x—0co , MONYYUTh TEMIEPATYPHYIO 3aBUCUMOCTh L0; TpH
T—0 (~1-nexp(~v, / T)) u T>T,,

(o =NAT./T=1),T. =v)).

7.2.3. [okazarb u3 ypaBHenus (7.36) Ha Qypbe-
KOMIIOHEHTHI O, , YTO TOYKA Mepexoa yJOBIETBOPSIET COOTHOILIE-
HUIO O, = ﬁpn;n IpH JIFOOOM 7.

YkazaHue: BOCMOJb30BATHCSI COOTHOLIEHHEM (U JOKa3aTh
ero):

[?Zx COS WX COS WX =0, + O, _,,.
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8. ®A30OBBIE ITEPEXO/1bI
METAJLII - U30JATOP

PaccmoTpuM (ha3oBble mepexojibl, MPOUCXOAAIIUE B IEpe-
XOJHBIX METaJulax U CIUIaBaXx. JTU BEILECTBA HMCIBITHIBAIOT IEpe-
XOJl B JAMDJIEKTPUYECKOE COCTOSHUE MOJ JIEHCTBHEM DPA3IMYHBIX
MPUYMH: TPUMECEH, KYJOHOBCKOTO B3aMMOJCHCTBUA W T.A. MBI
uccienyeM nepexon Morra, nepexon Kennpima-Komaesa, moneins
AHpnepcona u mojenb Xab6apnaa. KitoueBbiM B MOHUMaHUU Tiepe-
X0/la U3 METaJUIMYECKOro MPOBOASAIIETO COCTOSHUSA B JUAJIEKTPH-
YECKOE COCTOSIHUE SABIISIETCS TO, YTO IEPEXO0J MPOUCXOIUT H3-3a
JIOKAJIU3alliH 2JIEKTPOHOB B PE3YJbTATE NEPECTPOMKH UX CIEKTPA B
CUJIy PA3JIMYHBIX IPUYUH.

8.1. [lepexox MotTa

VY psina nepexoJHbIX COeAMHEHUN HabomaeTcs Claeayro-
1iee: C yBEeJIMYEHUEM TeMIIepaTypbl MPOUCXOJIUT CKAYOK MPOBOJIU-
MOCTH, KOTOPBIA MOET AOCTUraTh MHOTUX IMOPSAKOB BEIUYHHBI.
Bo3MoxHOE 00BSICHEHHE COCTOUT B TOM, YTO C YBEIHMYCHHEM TEM-
neparypsl BEIMYMHA MOCTOSHHOM PEIIETKH MEPEXOAUT uepe3 Io-
pOroBo€ 3HA4YE€HUE, MPU KOTOPOM JIOKAIIM30BAHHBIE 3JIEKTPOHBI
CTAHOBSTCA JI€JIOKAJIM30BAHHBIMU. DTOT apryMEHT, BBIJBUHYTHIN
MoTTOM, MOXET OOBACHUTH PE3KOE YBEIMYEHHE MPOBOJIUMOCTH.
OuyeBUIHO, YTO C TMPUJIOKEHHEM JABJICHUS TaKKe€ MOKHO HM3Me-
HUTb MOCTOSIHHYIO PEILETKH, TaK YTO HaOJI01aeMOe pe3KOe YBEIU-
YEHHUE MPOBOJUMOCTH B ATHUX COCIMHEHUAX MPHU JTOCTHXKCHUHU He-
KOT0 KPUTHUYECKOTO 3HAYEHMS] BHEUIHErO JABJICHUS MOXKHO TaKKe
00BSCHUTh MEXaHU3MOM MoTTa.

PaccMoTpuM Ha mpocToil MOJEIM BO3MOXKHOCTH peau3a-
nuu nepexona MoTTa, HE HUHTEpECysiCb KOHKPETHBIM CIOCOOOM
M3MEHEHUS MTOCTOSIHHOM peneTKu (M, COOTBETCTBEHHO, MIOTHOCTHU
AJIEKTPOHHOIO rasa).
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[lycTh cHavasia BelIECTBO HAXOIUTCS B COCTOSIHUM W30JIs-
TOpa. BajneHTHBIN 3JIEKTPOH IBUKETCSI BOKPYT CBOETO MOHA, HAXO-

JIICh B €r0 KyJIOHOBCKOM I0JIE, C SHEPIUEH:
2 2

E=-% P (8.1)
r 2m

HecioxHO U3 COOTHOIIEHUS HEOMPEICICHHOCTH OLIEHUTh KOOPAU-
HAaTHYI0 3aBUCUMOCTh KHHETMYECKOrO WiI€Ha B DJHEPruu

pr~h = p~h/r,oTkyna

2 2
E=-2+ h -
r  2mr

MuHuManbHOE 3HAUCHUE OHCPIruv B paBHOBCCHU JACT YCJIIOBUC Ha

(8.2)

OOpOBCKHMIA paguyc OpOUTHI ap:
OE n’

- = O - = I”O = —
or me
B cBoro ouepenp 3HaUCHUE DHEPTUH B TOUYKE MUHAMYMa

2
e

E=-—<_<0. (8.4)

2a,

=a,. (8.3)

TakuM 00pa3oM, 3JEKTPOH HaXOJUTCS B CBI3AHHOM COCTOSIHUU, HE
IIPOBOJIUT TOK, U COCTOSIHUE - U30JIATOP.

Tenepp yuTem, 4TO B JJIEKTPOHHOM Ta3e KyJIOHOBCKOE
B3aMMOJECHCTBUE CHIBHO YKPAHUPOBAHO. DTO MOXKHO IOJYYUTh U3
CJICIYIOIIHUX COOOpaKCHUH.

PaccmoTpuM c1a0blil moTeHUMaN e@, NpUIOKEHHBIA K CHUC-
TeMe AIEKTPOHOB. PaccunTaem OTKIIMK HAa HErO 3JEKTPOHHOIO Ia-
3a. IlycTh DpUIIOKEHHBIM MOTEHIMAT HHIyLUUPYET IONPABKY K

IJIOTHOCTH JJIEKTPOHOB 0p = e p(Ey, tne p(Ey - MIOTHOCTh CO-
CTOsIHUM Ha ypoBHE Depmu. JIeHCTBUTENBHO:
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Sp = n(e@) - n(0) =

1 1
_ — ~ (8.5
2 {1 v expLA(e, —ep—m] 1+ explA(e, - m]} (5
b= X -ed D=3 (e E,) rcy, = edplE))
ko gk ko f
Paccmorpum ypaBuenue Ilyaccona
Vig=dre(p, +p), p,=05(r). (8.6)
[lepexons k pypre-KOMIOHEHTaAM
#(r)=[d'q¢" 0, (8.7)
HaxoauM u3 (8.5), (8.6)
4 e 5 1 (8.8)

= =
¢q q2+1/r; b 472'82,0(Ef)

3nech rp - 1e0aeBCKUN paguyc SKpPaHMPOBAHUS, XAPaKTEPU3YIO-
M IPOCTPAaHCTBEHHBIN MacIITad KyJIOHOBCKOTO B3aUMOECHCTBUS
B QJICKTPOHHOM raze. JleMCTBUTEIbHO, MOJYYMM KOOPAWHATHYIO
3aBUCUMOCTH TIOTEHIIMAJA

b (r)= 47 e [d’q eXp[””] X/ rp] (8.9)
g’ +r)’ r

JlebaeBckuil paauyc 3KpaHUPOBAHMS 3aBUCUT OT KOHUEHTpaLUUU

67 e’n 3
~n'", Tak 9Tto npu n=0 (pa3pexeH-

BJIEKTPOHOB 1. — =
Yy E,
HBIM ra3) 7p—»co W DKpaHMPOBKA Mcue3acT. BennuuHa rp B Me-

tanmnax ~10em (~ap). lloncraBum 3aBUCUMOCTD (8.9) B BhIpaxe-
HuUe 1t SHepruu (8.2)

Fe_ e’ exp[-r/r,] N h?

p s (8.10)

DKpaHUpOBaHHUE OCIA0JIIET IHEPTUIO CBSI3U, U MPHU OIpee-
JICHHOM 3HAQYE€HHH ¥p MOXKET HACTYNUThH AEJIOKAIU3AIUsS 3IEKTPO-
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Ha, 1 epexoa MoTTa B MeTaiminyeckoe cocrosinue. [lomyunm Tou-
Ky niepexona ucxonas u3 (8.10). YcinoBue Ha paBHoBecue (8.3) npu-

BOJIUT K

2
_age” r,—rp,

E=

(8.11)

2
2ry ry+rp

TJIe 79 ~ ap - PEUICHUE CICIYIONIEr0 ypaBHEeHUs (YpaBHCHUS paB-
HoBecus oE/Or = 0)

exp[-r, /1, ]= &0 (8.12)
7"0 7"0 + I"D

N3 (8.11) cnenyert, uto nipu rp < rgp ~ ap - SHEPTUs PaBHOBECHUS
OoJbllie HYJIS, T.€. HET CBA3aHHOTO COCTOSIHMS, U CHCTEMA JIeJIOKa-
JU3YeTCs, CTAHOBSICh METAJUIMYECKOW. ITO YCIIOBHUE C YYETOM OII-

PCACIICHUA ap IICPCIIUCBIBACTCA CICAYIOIINM 06pa30M:

n 1
1
Taxkum oOpa3zoM, NMpu BO3pACTaHUH TUIOTHOCTH JICKTPOHHO-
ro rasa (T.e. yBeIMYCHUU JABJICHUS U YMEHBIICHHUH MEKAaTOMHOTO
pacCTOsIHUA) 10 BEJIWYUHBI, KOT/Ia Ha KaXIbIH AJIEKTPOH MPHUXO-
nuTcs cepa ¢ paguycom mopsjika OOPOBCKOrO pajauyca, CUCTEMA
NEPEXOUT U3 JUAJIEKTPUUYECKOIO COCTOSHUS B METANIMYECKOE,
T.€. peanusyercs nepexon Motra.

n"a, >i(§) (8.13)

3agaumn

8.1.1. cxons u3 (ypbe-KOMIOHEHTHI OTeHIHMana ¢, (8.8)
B DJIGKTPOHHOM ra3e, pacCyuTaTb KOOPAMHATHYIO 3aBHCHUMOCTh
o).

8.1.2. MMHMMHU3HUpPOBATh 3HEPrUI0 JJIEKTPOHA C YYETOM
SKpaHUPOBKH B mosie noHa (8.10) u HaiiTh nebaeBcKuil paguyc rp,
IIPU KOTOPOM HCYE3aeT CBSI3AHHOE COCTOSIHME IpH nepexone Mot-
Ta.
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8.2. ®a30Bblil mepexox MOJYMETAJI - U30JIATOP
B Mmojaean Keaabima-KonaeBa. IKCHTOHBI

PaccmoTpuM MeTamn ¢ Manod KOHLEHTpPALMEW HOCUTEIIEH.
Ecnu BaneHTHast 30Ha Takoro BeIECTBA MEPEKpbIBAeTCs ¢ Oojee
BBICOKOU 30HOW MPOBOAUMOCTH (puc.14,a), To cuctema BeeT ceds
Kak MeTail. B Takoil cucreme BO3MOKHBI KaK 3JICKTPOHHAsA, TaK U
JTBIPOYHAS TPOBOJUMOCTh, M KPOME TOT'0, CBOOOJHBIE HOCHUTEIIH

G a) & 6)

p P

Puc.14. 3onHas kapTHHa noaymeTaia s nepexona me-
T - qudNeKTpuk B Moenu Kenapima - Konaesa:

a) - METAJUTMYECKOe COCTOSTHUE, 6) - TUIIIEKTPUIECKOE
COCTOSTHUE (TOSBIISIETCS KYJIOHOBCKAs IIENb B CIIEKTPE)

MOTYT KOHAEHCUPOBATHCS B 3JIEKTPOH-IBIPOYHBIE MAPhI - SKCHTO-
HBI, TPUBOAS K JIOKAJM3alUUd U K (a30BOMY NEPEXOIY B AMDIICK-
TPUYECKOE COCTOSHME, YTO OTpPa)XKaeTcsi Ha 30HHOM KapTHHE
(puc.14,0) - mosiBisieTcsl KyJIOHOBCKas WLIEJIb B CIEKTpe, pasfe-
JS0IAs 30Hbl. YBEIMYEHHE TeMIepaTypbl MOXKET pa3pbiBaTh K-
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CHUTOHHYIO CBSI3b, T.€. NEPEXO0] MOKET MPOHCXOIUTH IO TeMIepa-
Type.

PaccMoTpuM cHawana KadeCTBEHHO OJIEKTPOH-IBIPOYHYIO
napy B npuOimxeHn 3pGeKTUBHON Macchl BOTU3U THA 30HBI MTPO-
BOJIMMOCTH M BepXa BaJICHTHOM 30HbI C SHEPTUSMU

) _ 2 _
E, = p, /2me_Ef9 Eh—_pz/zmz_Ef» m, =—m,.
qu/ITLIBaﬂ B3aMMHOC Ky.HOHOBCKoe HpI/ITﬂ)KeHI/IC, 3allUIIcM CYM-

MapHYI0 SHEPIHI0 SKCUTOHA - 3JIEKTPOH-/IBIPOYHOM mapsl (3a BbIUE-

TOM oTcyera oT ypoBHs Pepmu 2Er), pasaenss UMILYJIbChl HA MM-
MyJIbC OTHOCUTEIBHOTO ABMKEHUS p U UMITYJIbC IBUKEHUS LIEHTPA
MHEPLHUU CUCTEMBI P:
2 2 2
E=E +E,=p /2me+p2/2mh -e /rz
= pz/Zm + P2/2M— ez/r,
memh

m=—<"" M=m +m,,
me+mh

(8.14)

- - - - - -

p=[m, p—m p,1/[m +m,] P=p+p,.
[IpeneOperas aBuxkeHueM MeHTpa uHepuuu (P=(), BUIAUM, 4YTO
CUCTEMa MOYKET UMETh CBSI3aHHOE COCTOsIHUE (CM., HallpUMep, aHa-
au3 (8.1)-(8.4)), Tak 4TO SHEPrusi OTIACIBHO AJIEKTPOHA U JBIPKH
Oobie, 4eM cyMMapHasi SHEPTUS Maphl.

Paccuutaem Ttenepr koppekTHO (B moaxone Kemmpia-
Konaesa) ¢a3oBblil epexo AUAIEKTPUK - METaJI, YUYUTHIBAs Cy-
LIECTBOBAHUE 3JIEKTPOH-/IBIPOYHBIX [TAP B CUCTEME.

PaccmoTrpuM raMunbTOHMAH MONMyMETAllIa, YYUTHIBAas TOJBKO Ba-
JICHTHYO 30HY M 30HY IIPOBOAMMOCTH BOJIN3H ypoBHs Depmu:

H= Z{a;apEl(p)+ b;prz(p)} + ZUpp'a;b;bp'apv . (8.1%)
p p.p'

+ .+
3nech onepatop a (b ) - onepatop poXKIECHUS SIEKTPOHA (IBIPKHU)
B 30HE MPOBOJUMOCTH (BaJeHTHOM 30HE), E;, E» - COOTBETCTBYIO-

134



e sHepruu. IlepBwiii wien B (8.15) - kuHeTHYecKass SHEpPrus
9 + + 7.+

3JIEKTPOHOB U JIBIPOK, BTOPOH - poxkieHue (onepatop (4, =a,b,)

¥ YHUYTOXKEHUE (oneparop i, =b a,) SKCUTOHOB 32 CYET KyJIO-

HOBCKOIO B3aUMOJENCTBUA (MpUTsOKEHUs) Uy, . [l mpocToTs
_ _ _ 2
nonokum m, =m,, E, =E, =& =p /2m— E . llepenumem ra-

MWJIbTOHUAH
H=Y ¢ {ata, +b:b }+> U, uu,. (8.16)
P p-p'
Bropoe cnaraemoe Z ,u; ZU oM, AMEET BUI B3aUMOJICVCTBUSA
P p'
CO CPpCOIHHM II0JICM:
A, => U, <b,a,>. (8.17)
=

OTCIOI[a, pas3pe3asn B3aHMOHeﬁCTBymmym qaCTb I'aMHWJIbTOHHAHA
10 Cp€aHeMy 10O

+ 7.+ + 7.+ + 7.+
apbpbp.ap, ~<apbp >bp.ap, +apbp <bp.ap, >,

HUMCCM

H=3 ¢, lapa, +bby+ 3 labjA, +ba X}, (8.18)
p p

Mopenb (8.18) MOKHO TMaroHalin30BaTh, €CJIUM BBECTH Ka-
HOHHYECKHE MTPeoOpa30BaHUSI ONIEPATOPOB

a,=u,q, +VP'B;’ bp :up'Bp _vpa;’ (8.19)

+ + + _
a,= upap +Vpﬁp’ bp B upﬁ; Vpap’
HpI/I 9TOM HOBBIC onepaTopLI TAaKXEC (bepMI/IOHBII

+ + _ 2 2_
a,a,+a,a, —§qq.,ecm/1 u, +v, =1.
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[ToacraBuB (8.19) B (8.18), monxyuyaem, UCHOJB3Ysl COOTHOLICHUS
KOMMY TaIlAH:

H= Z {a;ap + 'B;ﬂp} {[u; B V;]é:p B ZUPVPAP} +
? (8.20)
+Z {a,p, +,6’pap}{[uf, — v;]Ap +2u,v & 1.

3anynsast  kKodQPUIMEHT TPH  HEIWArOHAIBHOM  ClIaraéMoM
+ i+
(a p ,af), nonydaeM ypaBHEHUS VIS OTIPEICICHUS 1,V

[u; —vf, A, +2u,v,&, =0, u; + v; =1. (8.21)

Pemras (8.21), Haxoaum

v]i:%(l—gp), ufg:%(uf—’”), gp=1/§§+A2p. (8.22)

) P
INamunbronunan (8.20) mpeacTaBiseTcs MPU ATOM B JIMArOHAJILHOM
BHJIC

H=Y ¢ {a'a,+pBB,}. (8.23)

Taxum 00pa3oMm, BeIMIMHA &, UMEET CMBICII CHEKTPa BO30YKICHUM
HaJl MOBEPXHOCThIO PEpMH M TOBOPUT O NOSBIECHUM KOHEUYHOM
KyJOHOBCKOM mmienu (~2A) Ha ypoBHe PepMu MEKIy BaJICHTHOM
30HOM W 30HOU MPOBOIUMOCTH (puc.14,0).

BBenem pynkumu pacnpenenenus Bo30yKISHUN B 30HAX:

a _ + B _ +
n, =<a,a,> n,=<pp, > (8.24)

— a _ B _
lycte me=my ® n, =n, =n,, IPH 5TOM PACIPEICICHUE IIICK-

p’
TPOHOB:

2 2 2 2
f,=<a,a,>u <a,a,>+v,<B B >=un +v (1-n,).(825)
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B (8.25) yureHo, 4To BKJIaJl HEJMAarOHAJIbHBIX YJICHOB PABEH HYJIIO:
+ + _ _
<a,p,>=<p,a,>=0.
DyHKuMs pacupeneneHus 1, GepMUeBCKas ¢ HyJIEBbHIM XUMIIOTEH-

IIMAJIOM £/, TaK KaK YUCJIO KBa3UYACTHUIl HE COXPAHSETCS :
1
n, = . (8.26)
exple, /T]1+1

OnpenenuM ypaBHEHHE /I IMapaMeTpa mopsiika (U IIelid B CTeK-
tpe) A. Ansa sToro mojactaBum B ompeneneHue (8.17) cooTHore-
Hus (8.19), (8.22) u (8.24). Ilocne HEKOTOPBIX MpeoOpa3oBaHUM
uMeeM

A, = —Z U, u,v,(1-2n,)=
~

(8.27)

A
=->U |, £ (1-2n ).
; pp 2 }gi‘ n A2p' p
B (8.27) yureno, uto u3 (8.21)-(8.22) cnexyer
A

p
upr:— > -
2,¢&, + A

[Tycts B3aumopueiictBue Uy, MEHBILIE HYJIS B HEKOTOPOM

Jana3oHe lép-gp’KE (roe oCyLIECTBISIETCS NEKTPOH-IBIPOYHOE
nputsokenue). Ecian nonoxuts Uy, = - V' B Ananasone (—5, 5) u
paBHBIM HYJIO BHE 3TOTO JUara3oHa 1Mo SHEpruu, To u3 (8.27) mo-
Jdy4yaeM, yUYuThIBas, 4To A B 3TOM Ciy4ae He 3aBUCHUT OT p:

A=V ajd«fN(f)Ath[ Fra, 1 (g2

]
> 2T "2+ A

VYpasuenue (8.28) coBnagaet ¢ ypaBHenuem BKIII nnst cBepxmpo-

BOIHUKOB. 31eck N(&)=p(8)/2~,/S+E, ~ |E, =const- of-

HOCIIMHOBAS TJIOTHOCTh COCTOSIHU, BOJIM3M ypoBHA Depmu ciabo
3aBucsIIas ot s3Hepruu. OnpeaennuB KaKk KOHCTAHTY CBSI3U BEJIUYU-
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Hy A =N(0)/, OKOHUaTEIbHO MOJYy4YaeM HHTErpajbHOE ypaBHE-

HUe Ha A:

lzlaj‘dé‘th[ §7+ A7 ! . (8.29)
0 2T A/ é: 2 + A 2
[Mpoanamuzupyem (8.29). Ilpu HyneBol TemmepaType HHTErpai
OepeTcsi TOYHO, M MBI TIOJTydaeM MapaMmeTp HopsaKa

[0

A=—""_ 220 ~1/11, 2 1, T=0. 8.30
Sh(1/7) wexp[-1/1], 4 << 1, (8.30)

B mpenene A — 0 HaiigeM KpuTHYECKylO0 TeMmieparypy. B stom

ciryvae
/2T,

1= gjdng thx In x|05/2TC_ J‘ dx lnzx _
0 5 ch”x
20y
- ln{ zT w/2T,>>1° (831)
Yy = exp[C], C=0577 = 111[72'/4]_ _[dx lnzx .
s ch'x

N3 (8.31) cnemyeT COOTHOIIEHUE HA KPUTHYECKYIO TEMIIEPATyPy:
T, ~ 114w exp[-1/1]. (8.32)

OO01muii BUJ TemMnepaTypHOM 3aBUCUMOCTH A moka3aH Ha puc.l,6.
Takum 00pa3oMm, Mbl MOJYYUSIM KOHEUHYIO TEMIEpPATypy,
BBIIIIE KOTOPOM KYJOHOBCKAs IIEJb B CHEKTPE CXJIOMBIBACTCS, W
MPOUCXOAUT MEPEXO] U3 AUIIEKTPUUECKOTO B METAJUIMUYECKOE CO-
cTostHMEe. MacmTad KpUTHYECKOW TeMIlepaTypbl OIpeaesieTCs

4acTOTOW 0Ope3aHusl @ W KOHCTAHTOM CBSI3HM A, HO B JIFOOOM CIIy-
Yae OH CYIIECTBEHHO OOJbIIE YeM B CBEpXIpoBoaHUKax. Ecim

yactoTa oOpe3aHuss @ ~ 1 3B (mopsimok KyJIOHOBCKUX 3HEPIHuid),
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TO M3-32 MIEPEHOPMHUPOBKH 32 CUET KOHCTAHTHI CBA3U KPUTHYECKas
TEMIIepaTypa MOKET OBbITh MOPSIIKA HECKOJbKUX COTEH KEJbBHUH:

T.~100-500K .
3agaumn

8.2.1. TIpeob6pazoBaTh ramuibToHUAH Mojenu Kenapima-
Komaesa (8.16) B cnmMHOBBIN TaMUJIBTOHUAH B COOTBETCTBHH CO
CIIMHOBOM aHAJOTHEH JJIsI CBEPXIPOBOJAHUKOB (CM. TiaBy 4), 1o-
CTaBUB B COOTBETCTBHE OINEPATOPhI JIBIPOK U 3JIEKTPOHOB MATpU-
uam [laynm:

I-a,a,-bb =07,
+ + o+ 1 .
y7, =bpap=5(0' —ioc’),

{ =a,b, = l(O'X +io").
2
[TosryunTh B IpUOIMKEHUH CPEAHETO OISl ypaBHEHUE Ha rapa-
METp MOopsIIIKa.

8.2.2. Jloka3aTh, 4TO KBa3UYACTHIIbI ¢/}, BBOJUMBIC COOT-
HoureHueM (8.19), sBisroTcs pepMuoOHaAMU.

8.2.3. Mcxons u3 ypaBHeHUs 1J1s napaMerpa nopsijaka (8.29)
paccuntaTth A INpU HYJIEBOU TEMIEPATYPE U MEPBYIO IKCIIOHEHIU-
aJIbHYIO NTONPaBKy K Hemy ~exp(-A/T).

8.2.4. Paccuurarp mapamerp nopsinka A(7) BOAM3U KpUTH-
YEeCKOM TeMIleparypbl M IOKa3aTh PACXOJMMOCTb IMPOU3BOJAHOMN

dA/dT 7.
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8.3. Moaean Xao6apaa

st oObsicHeHus (ha30BBIX MEPEXOJ0B METAI-U30JIATOD B
MEePEeXOHBIX METaJlJIaX ¢ Y3KUMH 30HaMu Xab0apya B 1964r. npen-
JIOXKHII MOJIeJIb, KOTOpasi B peXXUME CHIIBHOW CBSI3M, YUUTHIBAS I1e-
PECKOKHU 3JIEKTPOHOB HA COCEAHHME aTOMBl M KYJOHOBCKOE OTTal-
KUBAaHHME Ha y3Jie, MO3BOJIMIIA OMUCATh MEePEX0 ] U3 MPOBOISILETO B
JTURJIEKTPUUYECKOE COCTOSIHME. DTa MOJeNlb (M €€ pacllupeHHbIe
aHAJIOTM) B HACTOsIILIEE BPEMsI CTaJla MOIYJIIPHOM B CBSI3U C UCCIIE-
JIOBAaHMEM BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOJHUKOB, TaK KakK B
HUX UMEIOT MECTO CHJIbHBIE KYJIOHOBCKHE KOPPEIISALIUH.

8.3.1. I'amunomonuan mooenu Xaooapoa.
OcHnognuie ceoiicmea

Jlnst BeIBOIa Mojienu Xab0ap UCXOaUI U3 CTaHIAPTHOTO
raMmIbTOHHaHa epMHU-Ta3a ¢ KyJJOHOBCKUM B3aUMOJICHCTBHEM:

H = Z gpa;,o,apa +
e (8.33)

+ +
+1/2 Z Vplpzpl‘pz'apl,Gapz,d'apz'ﬂ'apl'd‘
pipP2P1'Pr 00

Kynonosckoe B3aumoeiictBue B (8.33) BBINMKUCAHO B CYIIECTBEHHO
Oonee obmieM BUje, YeM, HaIpUMEp, Mbl paccCMaTpPUBAIN MPU UC-
cnenoBanuu mozaenu Ctonepa B riase 6 (cM. (6.12)). 3aech yuTeHo
U TIPSIMOE KYJIOHOBCKOE OTTalKuBaHue (Kak B Mmojenu CToHepa), U
0OMEHHBIE TIPOIECCHI; PACCMATPHUBAIOTCS CUCTEMBI C Y3KUMHU 30-
Hamu (~ 0.1-1 3B), T.e. JIIEKTPOHBI UMEIOT OOJBITYI0 3PHEKTHUB-
HYI0 MacCy M TOYTH JIOKaJIMW30BaHbI. [103TOMYy XOpommMm KBaHTO-
BBIM 4YMCJIOM SIBJSIETCA HOMEDP y3ia. [leperzaeM OT MMITyJIBCHOIO
NpEeJICTAaBICHUS K Y3€JIbHBIM OllepaTopam:

1 Radns
a,, =WZ% explipr}.
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- -
3nech nof “expi{i pr;}” - Mbl IOHUMaeM He 00s3aTeIbHO IIOCKHE
BOJIHBI, & BOJIHOBBIC (DYHKIIMK BaHHBE B KpHCTaILIe, COBIAIAIOMNINC
C y3elIbHBIMU (DYHKITUSIMH TOYHO Ha y3JI€ ¥ HMCIOIINEC aCHMTOTaMHU
IUIOCKKME BOJIHBI BAaIu OT aromMa. OHU OPTOHOPMHPOBAHBI U 00pa-
3YIOT TOJHYIO CHUCTEMY, KaK M IUIOCKHE BOJIHBI. TOrja KWHETHYe-
CKasl 9YacTh raMUJIbTOHUAHA UMECT BI/II['

H iin = Z t,j 0@ oo

i#j,0
1 Eadii - a/
t,j = FZ ¢, exp(zp[r,.— rj]) ~ exp(—|rl.— rj| aB)‘
po

AMIUIATYJ]a TIEPECKOKA OBICTPO 3aTyXaeT B Y3KO30HHOM BEIIECTBE
C CUJIbHO JIOKaJIM30BaHHBIMUA HOCUTESIMU, U OOBIYHO JIOCTATOYHO
y4ecTh B (8.34) mepecKOKHu TOJIHKO Ha OJMKaNIINE COCEIH.

[ToxcraBuB mMpeobpazoBaHue OMEPATOPOB K y3€IHHOMY BH-
Iy B TOTCHIMAIBHYIO YacTh T'aMIJIbTOHHWAHA, IMOJYyYHUM, YTO B
y3€JIbHOM HpeI[CTaBJIeHI/II/I OHA UMEET CJICTYIONINNA BHI:

Tr +
Hi = z ,dam, dealcyako_,

yk/ oo’

(8.34)

(8.35)

1 A T

Vijkl :F szlpzplpz exp[— l{p1r p2r+p2r, pintl

e’y
[Tonarasi, 4TO rIaBHBIA BKJAJ JA€T B3aMMOACHCTBUE HA OJHUX U
Tex xke ys3nax ¢ i=j=k=I (Vi =V;i;= V(|r|=0)=U), a na Gonbiuux
pPacCTOSIHUSAX J MHOTO MEHbIIIe, MOJIy4aeM OKOHYATEJIbHO TaMUJIb-
TOHWAH Xab0Oap/a
Z tya,a ., + ;—z Ua/ a,,a a, , . (836)
i% j,o io
3/1ech NEepBBIA YieH raMUIbTOHNAaHa (KUHETUYeCKash YHEPTUS) OITH-
ChIBACT NEPECKOKM Ha COCEIHHWE Y3JIbl C aMILIMTYI0M ;. Bropon
YJIEH OMKCHIBAET KYJIOHOBCKOE OTTAJIKUBAHUE HA y3JI€ C MTOTEHIINA-
oM U 1 yYUTBIBAET, 4YTO OJHOBPEMEHHO Ha y3J1€ MOTYT HaXOJIUTh-
Csl YaCTHULbI TOJIBKO C MPOTUBOMOJIOAKHBIM CIIMHOM. ["aMuiIbTOHNAH
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3aMuCchIBalOT B OoJiee yA00HON (opMe ¢ HCHONb30BAHUEM IPHU-
OnmKkeHus OKaimmx coceneit Z

(ty=-11ij=2)
H = -t Z a;,a,, +Z Un,n,, n, =a/.a,. (837
iz j,o i

Bo B3aumopeiictBytomeit yactu (8.37) kosaddunuent 1/2 ckom-
MICHCUPOBAJICSL 32 CYET CYMMHPOBAHMA MO CIUHAM. Takum oOpa-
30M, B MOJICJIM BCETO JIBa MapaMeTpa: MaTPUUYHBIA JIEMEHT Tepe-
CKOKa Ha COCETHHU y3€ll f U KyJJOHOBCKOE OTTAJKUBAHHE HA Y3JIe
U. boinee TOro, €civ OTCUNTHIBATh BCE SHEPTUU B €IUHUIAX f, TO
OCTaeTCsl EIMHCTBEHHBIN mapametp #/U.

3HaK nepeckoka (MHHYC) BeIOMpaeTcs u3 yao0cTBa OTCUeTa
MOJTYYAIOIIUXCSl 30H CUMMETPHUYHO OT LIEHTpa 30HBI bpuiutrosHa.
Taxast BOTbHOCTB B BRIOOpE 3HAKA CBS3aHA CO CIEIYIOIINM CBOMCT-
BOM ramMmibToHuaHa (8.37): 3aMeHa /—-f HEe MEHSIET CIEKTP MOJie-
an Xabbapaa, eciau MEepPecKOK MPOMCXOAMUT TOJIbKO MEXIy OJn-
KaUIUMU cocesiMu (CM. 3a71a4uu K naparpady).

MoOHO J0Ka3aTh TaKkKe, YTO TaMUIBTOHHAH KOMMYTHUPYET
C OIepaTopoOM MOJTHOTO YUCIa YacTUll N U MOJHOW MPOEKIUU CITU-
Ha Ha OCb Z - S%:

: + g 1 + + 1
N:Zaiaaia’ i ZEZ(%% _anan)zaz(”m —n),  (8.38)

T.€. 3aJ]a4y MOXHO peuiaTb IpH KOHKPETHOM 3alOJHEHUH U IMpPO-
eKLUUU CIUHA HE3aBUCHMO, TaK KaK OHU COXPAHSIIOTCS B MOJEIH
Xabbapna.

IIycte yncno y3noB paBHO N,. IIpu nosoBuHHOM 3amosnHe-

HUH, T.¢. Korga N=N,, 1 OOJIbIIIOM KYJIOHOBCKOM B3aHUMOJICHCTBUU
U/t>>1 Bce 31EeKTPOHBI MPAKTUYECKU “3arepThl” HA CBOMX y3Jax,
o0pa3ys aHTU(QeppPOMArHUTHOE YIOPSAIOUYEHHE:

SO A B L R S
B stom ciyuae ramuibroHnMaH XabOapia SKBUBAJICHTEH IeH3eH-
OeproBcKOMy aHTH(EPPOMATHUTHOMY T'aMHUJIBTOHHAHY (CM. COOT-
BETCTBYIOLIYIO 33a4y HHKE).
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3ameTuM, 4TO MOJeNb XaOOapaa CUMMETpUYHA OTHOCH-
TEIbHO NPEeoOpa30BaHUs INEKTPOH-JbIpPKa (a+®b, a®b+). IToaTO-
My, TIOJIB3YACh CBOMCTBOM (f®-f) W 3TUMHU mpeoOpa3oBaHUSIMHU,
MO>KHO T0Ka3aTh CJIEAYIOIINE CBOMCTBA IHEPTUN CUCTEMBI.

Ilycte M - yucno cnuHOB BBEpX; M’ - UACIIO CIMHOB BHM3,
M+M’=N. Torna UMEIOT MECTO CIEAYIOIIUE COOTHOIICHUS (BIEp-
Bble nonyyeHHsle JInbom u By B 1968 1. [19]):

EMM, U) = -(Ne-M-M)U + E(N;-M, N-M",U),
EMM’, U) = MU + E(M, N,-M’,-U), (8.39)
EMM’, U) = MU+ E(N,M, M’,-U).
[Tomyunm, Hanpumep, nepBoe u3 cootHoweHui (8.39). IlogcraBus
B (8.37) JIIPOYHbIC npeoOpa3oBaHUs a ®b, a®b", umeeM:

H=tY b'b, +ZUb+b b\b,, +

i#j,0

+Z U - Z Ubb,. Z Ub,\b,, .
y‘II/ITBIBaH, 4TO YHUCJIO ABIPOK CO CIIMHOM BBCPX

Y bib,=N,- M,

(8.40)

a YHUCJI10 I[LIpOK CO CIIMHOM BHH3
+ J—
Z biibii - Na -
i

noJjiyyaem nepBoe cootHouienue (8.39) (E=<H>).
3agaum

8.3.1.1. Jloka3zaTb orepaTopHbIE TOXKIECTBA:
exp{—ipa a,ta, explipa’ a,_}=a, exp(ip),
eXp{ ZWIU za}am' eXp {ZWIO' 10'} aia eXp(—lgD) .

Yxkazanue: npoanddepeHnnpoBaTh JIEBYIO YacTh TOXIECTB
10 TIEPEMEHHOMN .
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8.3.1.2. Iloka3aTp, 4YTO 3amMe€Ha f —» -/ HE MEHSET CIIEKTP
Mozenu Xab0apaa, eciu MEPecKOK MPOUCXOAMUT TOIBKO MEXIY
O KaNIIIMU COCENISIMU.

Pemenue. Pa3zoO6bem y3ibl Ha ABe noapeuietku 4 u b, Bio-
JKEHHBIE OJIHA B JIPYT'ylO, TaK 4YTO OJMKalIIMM coceqoM Yy3ia A
00s13aTeNbHO sABISETCS y3ea b u HaoOopoT. [ Bcex y3ioB 4 che-
JaeM yHUTapHOE MpeoOpa3oBaHue

. +4 A
U= exp{z;zZZaw a,,
o iy

KOTOPOE MEHSIET 3HaK OneparopoB A: a, — —a, ,a,. —> —a, . IT0

ic’"ioc
CJelyeT U3 ONepaTOPHOIO TOXK/IECTBA:
. + . + .
expi{—ipa, a, ta, expliga, a, }=a, exp(ip),
KOTOPOE HECJIOKHO JIOKa3aTh HEIOCPEACTBEHHBIM U] depeHITUPO-
BaHHMEM [0 MapameTpy ¢ (CM.Ipeasplaynlyo 3anavy). [Ipumenum

oneparop U k ramunsToHHany Xa66apma: U~ HU . Paccmorpum
NEPECKOKOBBIM wieH. Torjga 3amMeTuM, YTO BCErjJa MMEeM B HEM
xom6unamo a a” wm a . O4eBHIHO, YTO YHHUTApPHOE IIpe-
oOpa3oBaHHe, U3MEHSS 3HAK TOJBKO oneparopa A, U3MEHUT U BECh
3HaK mepea 4ieHoM. JIETKO MOHATH, YTO B KYJIOHOBCKOM HJICHE
YHCII0 U3MEHEHHH 3HaKOB BCernaa ‘-IGTHO

U—I +A4 A +A4 AU U—] +AUU q UU a UU—I AU_

+4 A +4 A
=a da a.
Takum 00pa3om, B3aUMOJECHCTBYIOUIMI YJI€H WHBAPUAHTEH OTHO-
CUTETIbHO TAKOTO YHUTAPHOTO MpeoOpa3oBaHusl. A Tak Kak

U HUU 'wU =U"EUU'wU = EU 'yU =
S U'HUY =EY, ¥=U"'yU,

TO CTIEKTp £ HE U3MEHWICS , HO TIPU 3TOM [/ W3MEHWICA Ha -f, YTO
1 TpeOOBaNIOCH A0KA3aTh.

8.3.1.3. Tloka3ath, uro ramuiabToHHMAH XabOapma (8.37)
KOMMYTHUPYET C OIEpPaTopoM IIOJIHOTO YHUCIIA YaCTHIl U TIOJTHON
MPOEKINH CITMHA Ha OCh Z.
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8.3.1.4. Ilycts N, - uncino y31oB; M - 4UCIO CIMHOB BBEPX;
M’ - yucno cnuHoB BHU3; N= M+M’ - uucno 31nekTpoHOB. Jloka-
3aTh CIEAYIONIME COOTHOLICHUS ISl SHEPTUH B MoJiesu Xabbapa:

E(MMM,U) = MU + E(M, No-M’,-U),
EMM U)=MU-+ E(NiM, M’,-U).

Yka3zaHue: meperTH K ABIPOYHOMY IPEIACTABICHUIO IS
AJIEKTPOHOB CO CIIMHOM BHHU3 B [IEPBOM CIIy4ae U CO CIIMHOM BBEPX
BO BTOPOM.

8.3.1.5. UeMy paBHa 3HEpPrusi OCHOBHOIO COCTOSIHHSI MOJIE-
an Xab0apna mpu MOJOBUHHOM 3anoyniHeHun N = N, U B npejene
U—>0?

8.3.1.6. Paccunrarhs 4MCiO0 BO3MOXHBIX Y3€JIbHBIX COCTOS-
HUl (pasmep TuiabOepToBa MPOCTpaHCTBA) B Mojaenun XaObapnaa
pH:

1)uucne y3noB N,=12, uncie 3JIeKTPOHOB CO CIIMHOM BBEPX
M=4, co ciuaoM BHU3 M =3,

2) N,=12, M=3, M’=3;

3) N,=8, M=4, M’=4;

4) N,=8, M=2, M’=3.

8.3.1.7. TlokazaTh PKBUBAJICHTHOCTh aHTHU(EPPOMATHUTHON
moxaemu ['eiizenbepra u monmenu XabbOapja BOIU3HM IMOJIOBHHHOTO
3anonHenus npu U/t>>1.

Pemenue. Paznenum ramunsToHnan Xab0ap/aa Ha HECKOIb-
KO ClIaraeMbIX:

H=T,+T,+T

mix

+V, (8.41)
rae
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V = z Una.n, , T,=—t Z (n,_,a,,a,,n, ,+k.c.),

i#j,0
T, =—t {(l_nifo')a;—aa ‘a(l_n‘—o)+k'c}a
’ ,-Z‘a ! ! (8.42)
Tmix =~ Z {(1 - nifo)a;—aajanjfo' +

i#j,0

+n,_qa,a;,(1-n, )+k.c}.

T; onKChIBaE€T KOPPEIMPOBAHHBIE MEPECKOKU C y3Jia Ha y3€l CO
CIIMHOM O, KOTJla y3JIbl 3aHATHI 3JIEKTPOHAMHU C MPOTUBOIIOIOXK-
HBIM CIIUHOM -0, WwieH 71}, Ha000pOT, OMUCHIBAET MEPECKOKHU C y3-
JlaM¥, HE3aNOJHEHHBIMU 3JIEKTPOHAMU C MPOTHUBOIOJIOKHBIM CITH-
HOM, a Ty - IIPOLICCCHI IIEPECKOKa, Korga 00 OJVH, JINOO Apy-
roif (HO He JBa OJTHOBPEMEHHO) y3Jia, YUYaCTBYIOIINX B TIEPECKOKE,
3aHSATHI AJIEKTPOHOM C MIPOTUBOIOI0KHBIM CITUHOM.
B npenene U/t >>1 camblil Manblif BKJIAJ JaeT WieH 1, , TaK Kak
ATOT MPOIECC CBA3aH C OOJBIION JTOOABKOW K SHEPTHH JJICKTPOHA
~U.

PaccmoTrpuM HekoTOpoe yHUTapHOE IpeoOpa3oBaHHME TIa-
MUJIbTOHHAHA, HE MEHSIOIIEE €r0 CIEeKTpPa:

H ;= exp(—iS)H exp(iS) .

[Tpenmonoxum, uro S Mano mo napamerpy #/U, u B IEpBOM TpHU-
OJIMKEHUH:
H, =(1-iS)H(1+iS)=H —i[S,H]. (8.43)

Onpenennm >¢GGEKTHBHBIA TaMUJIBTOHUAH W YHUTApPHOE
npeodpazoBanue. HieM S, yA0BIETBOPSIOIIEE COOTHOIICHUIO
iS,7,+T7, +V]=T,. . (8.44)
Orcrona
H,=T,+T,+V—iS,T,,] (8.45)
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UnenoM V' MOHO npeHeOpeub, Tak Kak npu Oonbimx U BeposT-
HOCTh HAXOKJICHUS HAa OJHOM y3Jie JIBYX JJIEKTpoHOB Maina. [lo

ATOM ke Mpu4rHe npeHedpexem u Ty Torma nmeem
H,, =T, -iS,7T,,] (8.46)
[Ipenmnonoxum, 4To |#> - COOCTBEHHBIE BOJIHOBbIE (PYHKIIUHU OTIE-

patopa T,; +Tj +V, a &, - cobcTBeHHble sHeprun. Torna u3 (8.44)
MOJTy4aeM:

i<nS(T,+T,+V)m>—-i<n|(T,+T, +V)S|m>=

=<n|T,, |m> =
8.47
= i<nSm>¢, —i<n|S\m>¢, =<nT, |m> = (847)
<n|T, |m>
= <n|S|m>='|+x|.
i(¢,~¢,)

[Tpocymmupyem nociieinee BeipakeHue B (8.47) U BOCTIONb3yeMCs
MOJIHOTOM COOCTBEHHBIX (DYHKIIHM, TOT/AA IS S MOTy4YUM

<n|T, |m>
Z|n><n|S|m><m|:Z|n>_|$"|<m|,
n,m n,m l(gm - gn)
<n|Tmix|m>
dn><n = S=)|n>—""<pm|
n n,m l(gm_gn)

BOau3u nojaoBUHHOIO 3anosiHeHus npu O0ospmioM U mroOble BO3-

(8.48)

Oy »KIEHUS CUCTEMBI HaJl OCHOBHBIM C TOUHOCTBIO 10 #/U Oy IyT &,-
&, = 1+ U. Orcrona
|
S = — don>< nll . Im>< m|> +
L (8.49)

—Z ln >< n|T> |m >< m].
-iU

mix
31ech ! mix 1 T mix - 4acTh omneparopa 1, , COOTBETCTBYIOIINE
YBEIUYEHUIO (YMEHBIIECHUIO) SHEPTHUH.

+

n<m
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Onpenenum NpaBWIIbHO 3HaKU B BeIpaxkeHuU (8.49). B BbI-
pakeHUuu TS Tix (8.42) TepBOE cjlaraeMoe
[~(1-n, ,)a;a,,,n; , ] nonmkaer suepruto Ha U (T.e. COB-
najaer C T mix)> TAK KaK 3JIEKTPOH YXOJAUT C JABAXK/bl 3aII0JTHEHHO-
ro ys3jma j Ha 1nycrod y3en i. Bropoe cnaraemoe
[n, ,a;,a,, (1= mn, )], #Hao00poT, NOBBIIIAET SHEPruIo Ha U

(T.e. coBmagaer ¢ ! mix). HECIOXKHO J0Ka3aTb, YTO IPMHUTOBO-
COTIPSDKEHHAS YacCTh 7T, COBIIAQJAET C MEPBOM C TOYHOCTHIO JIO 3a-

MCHBI TI <->T2 M JOMIOJIHACT A0 IIOJIHOIO CYMMMPOBAHUSI
(n<m + n>m = n,m) B (8.49). [losToMy B utore u3 (8.49) umeem,
HUCIOJb3Ys HOJ’IHOTy BOJIHOBBIX (DYHKITUIL:

S = (l-n, )-
,;;fn i se (L= 50) (8.50)
_(l_ni )Cl j— }

YuuteiBas (8.46), Hatinem kommytarop i[S, T,.x]. Ecnmu o6o3na-
YHUTh

A= —1t Z n,_,aa. . (1-mn, ),
i+ j,0
(8.51)
B = —¢ Z (1-n,_,)a,a n,,,
i# j,0
T0 coriacHo (8.42) u (8.50) HaxoauM:
QR:A+&S=l{A—BL
=——[4,B]= 8.52
1.7, 1=~ [4.B]- (852)

[ana ic JU nj 0) Z(l_ la)ald joltj- 0]

i#j,0 i#j,0
BBeznem Ternepp CIMHOBBIE ONEPATOPHI C IMOJTHOW MPOEKIUEN CIIMHA
1/2 cnenyroumm o6pa3om:
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S; - a;Taii’ S; = a:LaiT’ SiZ - E(niT _nii)’
(8.53)
St=8"+is', S =8"-is!.

Jlerko TpOBEpHUTH, YTO BBEACHHBIE TAaKUM OOpa3oM OIEpaTophbl
SBJISIFOTCS OOBIYHBIMH OIlepaTopaMu chuHa 1/2, TOAYUHSIOTCS
BCEM KOMMYTAIlMOHHBIM COOTHOIICHUSIM M BBIPAKAIOTCS dYepe3
matpulsl [aynu: SXZ 1/20X, S = 1/2JY , SZ = 1/202.

Hcnons3ys (8.53), mocine TpoMo3aKuX MpeoOpa3oBaHuil 13
(8.52) momyuaem:

2 - -
8.7, 1= 255§~ Lan). (8.54)
U< 4

OxonuarenbHo, yuuTbiBass (8.46), HaxomauMm >(PQEKTUBHBINA ra-
MWJIbTOHUAH
Heﬁ' = Z {(1 —n,, )a;—aa.id(l B nj*o)—l_ kC} +

i#j,0

8.55
P I | (8.53)
+—Z(Si S,——nn,).

U5 4

l'amunbronman (8.55) - npenenbHbINA CIydail raMUJIbTOHHA-
Ha XaO06apnaa npu 6osbmux U BOJIW3H MMOJOBUHHOTO 3aITOTHEHUS.
POBHO TmIpy MOJIOBUHHOM 3amlOJIHEHHWM, KOTJA HA KaXIbld Yy3ell
MPHUXOJIUTCSA OJHMH JJICKTPOH, MEPECKOKOBBIM YJICH 3aHYJIACTCS, U
mozenb (8.55) cranoButcs aHTU(hEpPpOMArHUTHON Mojenbio ['eid-
3eHOepra (¢ TOYHOCTHIO O HECYIIECTBEHHON MOCTOSIHHOM ):

H —2’22(575—1—) (8.56)
eff U i J 4 :

ij

¢ 3¢ dexTuBHBIM OOMEHHBIM HHTErpajioMm J = £/U. 3aMeTum, 4TO
BenuuuHa J ~ 0.1-0.5 »B (tak xak # ~ 1 3B, U ~ 3-10 3B), uro
BITOJTHE COTJIACYeTCsl C OICHKaMHW OOMEHHOTO HMHTerpajna. Takum
oOpa3zoM, aHTH(EpPOMArHUTHBI TaMUIbTOHHAH | eli3eHOepra sB-
JSIeTCsl PEJIENIbHBIM CilydaeM Mojenu Xa0bapaa npu 6onpmmx U
Y TIOJIOBUHHOM 3aI10JIHEHUH.
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8.3.1.8. IlokazaTp, 4TO BBEJICHHBIE COOTHOIICHUsAMH (8.53)
OTiepaTopPHI ABISIOTCA CIIMHOBBIMU omiepaTtopamu S=1/2.
8.3.1.9. Bripasuts kommytatop i[S,7,. ] (8.52) uepe3 cnu-

HOBBIC OIIEPATOPHI, T.€. TOJYUYUTh COOTHOIICHUE (8.54).

8.3.2. Ilepex00 memann - Ouznekmpux
6 moodenu Xaboapoa

PaccMoTpuM cHavana mnpenen CWIBHOIO KYJIOHOBCKOI'O
B3anmojenctBus U >>¢. [IycTp uMeeTcs: MOJIOBUHHOE 3aII0JIHEHUE
N=N,. B 3TOM cily4ae 3JIEKTPOHBI 3allepThl CUJIBHBIM KYJOHOM
KXl Ha cBoeM y3iie. Toraa B rammwibToHHane Xabo6apna (8.37)
MOKHO TNpeHeOpeUb MEePecCKOKOBBIM WICHOM. |'aMUIbTOHUAH aHa-
TOHAJIeH, U YHEPTUs paBHA

E =Y {E,(ny+n)+Ungny}y = NE,+N,(2E, +U), (8.57)

rae N; - 9ucio y3J0B ¢ OJJHUM JIEKTpoHOM; N - ¢ nByms. B (8.41)

MBI HESIBHO J100ABWJIM OTCYET dHEPruu oT Ej (YTO SKBHUBAJIIEHTHO
no0aBke K raMuJIbTOHUAHY (8.37) unena

+
Z EOaiO'aiO' )
io

Ey - sHeprus, HeoOxonumasi, 4TOOBI CBS3aTh JJICKTPOH B
u3zonaupoBaHHoM atome. U +Ej - sHeprus, Heobxoaumas 1Jisi pu-
COCJIMHCHHUSI BTOPOTO 3JICKTPOHA C MPOTHBOIIOJIOKHO HAIpPaBJICH-
HbIM CIIMHOM. 30HHAs KapTHHA TaKOHW CHUCTEMBI COCTOMT M3 JIBYX
30H ¢ sHepru Egu U +E). B 0CHOBHOM cOCTOSTHUM N UMEIOIINXCS
AJIEKTPOHOB 00J1aat0T YHEPTUEH E), U B KAKJIOM aTOME pa3Mellie-
HO TI0 0JIHOMY 371eKTpoHy (N;=N, N,=0). B a3TOM npeaenbHOM City-
yae UMEeT MECTO CTpOTras JIOKAIU3AIUs AJICKTPOHOB.

Ecnu mMbl HaumHaeM “BKJIIOYATh” MEPECKOK #, TO ATU JIOKa-
JU30BaHHBIC COCTOSIHUS HAYMHAIOT PACIICIUIATHCS B 30HBI IITUPH-
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HOM mopsiaka 2Zt, tae Z - 4ucio OMmKalmmx coceaei (3To Tak
Ha3bIBa€MbIC HIKHSA U BepXHsisa Xab0ap10BCKUE 30HBI, puc.15).

P(E)

Puc.15. Pacueruienue
30HBI 32 CUYET KYJIO-
HOBCKOI'O B3aUMOJCH-
CTBHUS B MOJeIH Xao-
Oapna:

/U >(10/Uh

E

IIoxa 30HBI HE CIMINCH, BEIIECTBO OCTACTCS

nudnieKTpukoM. [Ipu kputudeckoil BeIMYMHE pacuieruieHus: (Kpu-
TUYECKOM 3HaueHuu mnapamertpa /U ~ Z), onpenensieMoro mnocro-
SHHOM peleTku (4epe3 f) U KyJOHOBCKHM Y3€IbHBIM B3aUMOJIEH-
CTBUEM, ILIEIb HUCUE3aET. B TakoM ciydae MMEET MECTO Mepexo.l OT
JIOKaJIM30BaHHOI'O ONMCAHUA K 30HHOW MOJIENH, T.€. OT AUDJIEKTPH-
Ka K METajlly.

Nrak, B Mmogenmu XaObapma Bo3MOeH (ha3oBBIA TEPEeXo

METAJUT - JIUIJIEKTPUK B 3aBUCUMOCTH OT COOTHOIICHUS aMILTHTY IBI
NepecKoKa ¢ U KyJOHOBCKOIo oTTajnkuBanus U.
AMITTUTY1a TIEPECKOKA YyBCTBUTEIIbHA K IIOCTOSTHHON PEIIETKH d,
TaK Kak u3 cooTHouieHus (8.34) B mpuOamKeHun ONMKalIuX co-
cemeit: t =~ exp(—a/ay), MO3TOMY TEPEXOT MOKET MIPOHUCKO-
TUTh, HAIPUMEP, NP WU3MCHCHHH BHEIIHETO MPHJIOKCHHOTO J1aB-
JICHWS, WU U3-3a CTPYKTYPHOHM NEPECTPOMKHU C U3MEHEHHMEM IIO-
CTOSTHHOM PEIIETKH, WIIM U3-32 TEMIIEPATYPHOTO PACIIINPECHHSI.

Cnenyetr OTMETUTh, YTO B 0OHOMEPHOU CUTYaILMH TTOJTY4YE€HO
mounoe petmenne monaenu Xab6apma (JIub, By, 1964). OcHoBHOI
BBIBOJI - OTCYTCTBHE TEPEX0Jla METAJUI - JIUIJIEKTPUK TPH JII0OOM
napametpe U/t >0 (cM. HUXe).
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BBenenne k 3amauam 8.3.2.1-8.3.2.2. (orcyrcTBHE (ha3o-

BOI'0 Nepexoaa MeTa/ul - IMIJIEeKTPUK B OJHOMEPHOIl Mojean
Xa00apaa; Tounoe pemenue JIub6a u By). B 1968r. JIlubom u By
(Lieb, Wu) Ob110 IpOJIEMOHCTPUPOBAHO MOYHOE PEUICHHE OIHO-
MepHOUW Mojaenu XabOapaa. OHU HCCIIEOBAIM MOJEIbh METOJIOM
aH3aria bere, oCHOBBIBAsCh Ha paHee pelIeHHOW SIHrom mpobieme
OJTHOMEPHOM CHCTEeMbl MHOTHX YaCTHUI[ C JACbTaQyHKIIHMOHHBIM
OTTAJIKUBAaHUEM M Ha KBAaHTOBOM METOJIe OOpaTHOM 3amauu pac-
cessuusa (KMO3). beuio nokaszaHo, 4To OJJHOMEpHAsi CUCTEMa, OIHU-
chlBacMasi raMUJIbTOHMAaHOM Xab0apja, He MepPeXOAUT B METaIUIU-
YECKOe COCTOSIHME HM MpHU KaKoM 3HauyeHuu mapamertpa /U, T.e.
BCET/Ia SIBJISIETCA TUAIEKTPUKOM.

l'amunpTOHMAH OAHOMEpPHOW mepuoaudeckor XabbapaoB-
CKOM IEMOYKU C B3aMMOJEHCTBHEM TOJILKO C OJIIDKAWUIINMHU COCe-
JSIMA UMEET BUJ:

H=-tY (ala,,+ala_,)+> Un,n, .(858)

YuuteiBas cooTHoueHus (8.39), 10CTaTOYHO PaCCMOTPETh
MEHEE YeM HaIlOJIOBUHY 3allOJIHEHHYI0 30HY. MBI He Oyaem moj-
poOHO omuCKHIBaTH TpoMO3JIKHe BhrumciieHus Jluba u By, u uccie-
JyeM OKOHYATEJIbHBIN pe3ysbTar (JOCTaTOUYHO MOAPOOHO pelieHue
JIu6a u By uznoxeno B kuure [6]). OkonuatenbHbiii oTBET JInba u
By B uHTErpanibHOM BUJIC UMET BUJ:

8U
zp(p) fB o )U2+16(l—sinp)2
o
8U
4U
+| dA'o(A :
fg ol )U2+4(ﬂ—/1')2

(U=U/t). Bxopsiue B NojdyueHHbIe YpaBHEHUs BeJuyuHbl O U B
OTIPENIENAIOTCS HOPMUPOBKOM Ha YHCIIO COIMHOB BBEpX M U MOTHOE
YUCJIO 3JIEKTPOHOB /V:
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o
B
IBdﬂa(ﬂ): M/N,, j dpp(p)=NIN,. (8.60)
-0
B TAKOM KOHTHUHYAJBHOM MPCACTABIICHUN SHCPTUA OCHOBHOI'O CO-
CTOSIHUSI CUCTCMBI

0
E,=-2N, [dpp(p)cosp. (8.61)
-0
EctecTBeHHO, sHEprusi cucteMsl OyaeT 3aBuceTb oT M u N uepe3
napametp Q ¢ yuetom (8.60), Tak 4TO

Eg=Eo(M, M\U), M’ =N-M.

JIn6 u Martuc noka3ainu, 4TO OCHOBHOE COCTOSIHUE (epMu-

OHHOM CHUCTEMBI - CHHIJIETHOE. JTO O3HA4aeT, YyTO BCE YMCIIa

A 3aIOJIHSAIOT BECh MHTEPBaJ (- 00,1 00), T.. BCIOJY B MHTErpajiax

HAJI0 MOJIOKUTh B = oo, a ucxos u3 cootHoueHus (8.60) nis A u p

cienyer Takxke, uro 0 = z. Torma ypaBaeHus (8.59) MoxHO pe-
UTh MeTOI0M Dyphe U MOTYyUUTh

a(/l):ij-: cos(wd)J, (@)
7 % exp(oU/4)+exp(—oU/4)

b

: (8.62)
cos(wsin p)J (@) do

1+ exp(wU/2)

Jlnst cuHTIIETHOTO OCHOBHOTO coctosiaus (M=M’'=N,/2) sHepruto
MOHO paccuuTaTh u3 (8.61):

1 1
E,(=N ,—N ,U)=-4N
0(2 a 2 a ) af

11
= —+ —CO0S
pp) =+~ pf

Jy (@), (@)
o[l +exp(wU/2)]
B ¢opmynax (8.62)-(8.63) Jy u J; - pyukuuu beccens HyneBoro u
MIEPBOTO MOPSJIKA.

HCCHCHYCM TCTICPb C ITOMOIIBIO IMOJIYYCHHBIX MO4YHblX PC-
3YJbTATOB, ABJIACTCA JIXW OCHOBHOC COCTOSHHC MNPOBOAAIINM WA

do. (8.63)
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TURIIEKTpUIecKuM. JIJis 3TOro HeoOXOIWMO BBIYHMCIUTH CICIYIO-
e XuMuueckue noreHuans (M=N,/2):

u, = Ey(M+1, MU)~ E,(M, M,U),

p_ = E(M, M;U)~E,(M~1, M,U).
B omHOYACTHYHOM CIIEKTpE BEIWYWHA [i4+ - [ SIBIIACTCS IICIIBIO

MEXJIy BEpXHEH M HIDKHEW Xa00apAOBCKMMHM NOJ30HaMHU (CM.
puc.15). IlopToMy mnpu mOJOBUHHOM 3allOJHEHUU (3aloJHEeHa

(8.64)

HUXKHSIA TIOJI30HA), €CJIU L4+ > fL., TO COCTOSIHUE JAUDIIEKTPUUYECKOE,
B IPOTHBHOM Cilydyae - MeTtaumudeckoe. M3 pesynbratoB (8.62)-
(8.63) MOXKHO TMOTYYHUTH:

M :U—,Ui,
I J (@) _
uo-2=-4f, ol + exp(wU2)] % (8.65)

= —4> (-D)"[(Q+ %anz)”2 —~ %nU].
n=1

N3 (8.65) B mpeaenbHbIX CIydasX MOaydacM:

U—4—Eln2—>oo, U>>1;
v (8.66)

lLl+_ILl—: ® —
4 %Zexp{ 47[/U[2n+1]}_)+0, U 0.
T

- (2n+1)’

Takum obpazom, p4 > g, T.e. OAHOMEpHAst MOJeb Xal-
Oap/ia Bceraa HaXxoJIUTCA B COCTOSIHUM M30JSITOpa. ITO COCTOSTHUE,
KOrJla MMEIOTCA JIB€ TMOJ30HbI, paCUICIUICHHbIE KYJIOHOBCKUM
B3auMojielicTBueM U M ¢ 3aIll0JJHEHHOM HMKHEH MOJ30HOM, Ha3bI-
BAIOT “Xab06ap0o6cKuil OudIeKmpux”.

3agaumn

8.3.2.1. Pemuth uHTerpanbHble ypaBHenus Jluba u By me-
tonoM Dypbe I TUIOTHOCTEH pactipeaesienust o(p) u o(A) B oc-
HOBHOM COCTOSIHMM OJTHOMEPHOI Mojenu Xabbapya.
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8.3.2.2. IlonyyuTh aCHUMTOTHYECKHE COOTHOIICHUS JJIsi
Pa3HOCTU XMMHUYECKUX MOTEHLUHANOB 4+ - 4. B mpenene U—0 u
U—co nns ogHOMEpHOM Mozenu XabO0apaa HUCXOAsS U3 TOYHOTO
cooTHoIieHus (8.65).

YkazaHue: B OJHOM TPEICIBHOM Clly4ae OpaTh MHTETpallb-
HBIA BapuaHT (8.65), B ApyroM - Beipaxkenue (8.65) B BUJE CyMMBI.

8.4. ®a3oBblii mepexoa MeTaLI - U30JSITOP
JJIS1 HeYNOPSIA0YeHHOW CUCTEMBbI.
Mopneas Auaepcona. Jlokanusanust

Jlokann30BaTh HOCUTENIM MOKHO HE TOJIBKO IEPECTPOMKOUN
CHEKTpa 3a CYET KYJOHOBCKOTO B3aUMOJCWUCTBUS U H3MEHEHHS
MOCTOSIHHOM PELIeTKH, HO U C TOMOUIbIO BBeAeHHs mpumeceit. 1o-
Ka)Ke€M 3TO Ha MpuMepe Mozeln AHAepCoHa.

Hauynem oOcyxneHue ¢ MOHATHS OuHbl JOKATU3AYUU dIEK-
TPOHA B KPUCTAJLJIE NPU HATMYMH HEYHOPSAAOYEHHOTO MOTEHIIMAJIA
npuMmeceid. Ecim kpuctamun uaeaneH, To MPOBOAUMOCTD M MOJIBHIK-
HOCTh D3JIEKTpOHa OyayT OeCKOHEYHBIMHU, T.€. HOCHUTEIH MOTYT
mubyHANPOBATH TIO penieTke 0e3 paccesHus 10 OECKOHEYHOCTH.
Hapymenus uneanbHoON pemeTku (T.e. POHOHBI, TOUEUHBIE Ae(eK-
Thl U TIPUMECH) OTPAHUYUBAIOT CPEOHION OJIUHY C80OOOHO20 NPO-
Oe2a HIEKTPOHA, T.K. OH HAUMHAET OTPAXXaThCsl U PACCEUBATHCS OT
neeKToB peleTku U cOuBaTh (azy CBOEH BOJHOBON (DYHKLHH.
WHuave roBops, B pe3yibTare BO3MYILLIEHUs (pa30Basi KOr€pPEHTHOCTh
BOJTHOBOW (PYHKIIMHM OTPAaHUYCHA KOHEYHOU OJUHOU KO2ePEeHMHO-
cmu. Ilo Mepe Bo3pacTaHus CTENEHH pa3yNopsSIOYEHUsS ITMHA
cBOOOHOrO Mpodera u JAJMHa KOTePEHTHOCTH yMeHblnatoTcs. He-
CMOTpS Ha 3TO, COCTOSTHUE OCTAETCsl BCE €le HEJOKAIU30BAHHBIM.
Ho panpHedmmii pocT HEYNOpPSIOYEHHOCTH MOKET HPHUBECTH K
JIOKQJIN30BAHHBIM COCTOSIHUSIM, T.€. K COCTOSIHUSIM, OTPaHUYEHHBIM
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KOHEYHBIMU 00sacTsIMU. X IPOTSHKEHHOCTh MOKET OBITh OIMCaHa
KOJIMUECTBEHHO OMPEACICHHOMN OJIUHOU TIOKANUAYUU.

O6cynum 310 B pamMkax mozaenu AHmaepcoHa. OH paccMar-
pUBAJl TPEXMEPHYIO TOYEUYHYIO PEUIETKY, 3alOJIHEHHYIO y3JIaMHU C
sHepruen £, . [Ipy Hamunu nepeckoKoB ¢ aMIUIUTYAOU #,, W pa-
BEHCTBE Y3€JIbHbIX JHEpPruil BO3HUKAET JHEpPreThyeckas 30Ha C
HUPUHOU B ~ 2Zt, T1ie Z - 4nucno OMMKallluX cocefiel; ¢ - aMIlUIu-
TyJla IEPECKOKa Ha COCEIHMM y3en. Takyr Moneib MBI yXKe pac-
CMaTpUBAJIM B NPUOIIKEHUU CHUIBHOM CBSI3U (CM. BBIpaKEHHUE
(6.1)) ¢ paBHBIMH dSHeprusamMu Ha y3nax E,=Ep=const. Jlnsa pac-
CMOTPEHHS pa3ynopsaoueHus: AHJIEPCOH BBOJUT CTATUCTHUUECKHIA
paszbpoc sHepruii £, mo o01acTu ¢ mupuHOi W, KoTopast SBISIETCS
CTENEHBIO PA3yNOPSAOYEHHS] CUCTEMBI (IIPOMOPLUOHAIBHON KOH-
LHEHTpaluu npumeceit), T.e. E, pacrpeaeneHbl ciaydyailHbIM o0pa-
30M paBHOMEpHO 1o uHTepBany (-W/2,W/2). Torna raMuIbTOHUAH
AHJilepcoHa B y3€JIbHOM NPE/ICTaBIICHUH UMEET BU:

H:ZEna;an+Ztnma;am. (8.67)
n i%

3nech Ui MPOCTOTHl PACCMAaTPUBAIOTCS OECCIIMHOBBIE YACTHUIIbI, U
YUHUTBIBAETCS B3aUMOJICUCTBUE TOJBKO C OMMKAMIIMMU COCENsIMU
(tym = t). PaccMoTpuM BeposiTHOCTH P BO3BpAlICHUs 3JIEKTPOHA B
HEKOTOPBIA y3en i depe3 0eCKOHEYHOe BpeMs, €CIU CHavajla OH
HaXOJWICA Ha 3TOM y3iie. Eciu 351eKTpoH ObUT HCXOIHO JIOKAINU30-
BaH, TO ero AuQy3us 1Mo KPUCTAILTy OrpaHUMYeHa KOHEYHBIM 00b-
eMoM, B P = (). I[Ipu noiHON AeNnoKalIn3aluy 3JIEKTPOH HE BEPHET-
cs, 1 P= (. AHIEpCOH CMOT MOKa3aTh, 4YTO MapaMeTpPoM, BeJIMUNHA
KOTOPOTO OIpPEAeIsieT MEPEX0l MEXAY STUMHU JABYMsS allbTEPHATHU-
BaMHU, SIBJISIETCSI OTHOLIEHUE CTENEHU Pa3yIopsI0UeHUs K IIHPUHE
30oHbl: W/B (oueHku AHaepcoHa nawT, uro npu W/B>(W/B).,

(W/B).~5 cocTosiHME DJIEKTpPOHA B IIEHTPE 30HBI CTAHOBUTCS JIOKa-
JIM30BaHHBIM).
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KauecTBeHHO TONMyUYeHHBIN PE3yIbTAT MOXXHO OOBSICHUTH
cinenyromuM obOpazoM. M3BeCTHO, 4TO OTHEIbHBIN IehEeKT KpH-
CTAJUIMYCCKON PEIICTKH MPHUBOJMUT K OTHICIUICHHUIO (M JIOKaU3a-
IIUU) COCTOSIHMSI OT Kpasi 30HBI mpoBogumoctu. C pocToMm umcia

p(E) Puc. 16. IlnotHoCTH COCTOS-
HUH (CIUIOLIHBIE TUHUH) B
MOJIeTM AHIEPCOHA; MTyHK-
THPOM BHYTPH 30H OTpaHU-
yeHa 00J1acTh Je0KaIN30-
BaHHBIX cocTosiHUi; E,, E,. -
rpaHuIa MEXAY JTOKAIU30-
BaHHBIMU U JICTIOKAJIM30BaH-
E HBIMHU COCTOSHHSIMU

ne(eKTOB  4YMCIIO  JIOKAJIM30BaHHBIX

COCTOSIHMI BHE 30HBI OOBEIUHSAETCS B 30HY (MpUMECHas 30HA),
KOTOpasi MOXKET IMEPEKPHIBATHCA C 30HOW JETOKATH30BAaHHBIX CO-
CTOSIHUH (30HOH MPOBOJIMMOCTH). B ciiyuae aHIepCOHOBCKOTO pa-
3yNops0oueHus: HaOJIIOJAIOTCS AaHAJOTUYHbIC SIBICHUA, T.€. IMPHU
YBEJIMUYEHUHU CTENEHHU Pa3ylopsIOUEHUs] COCTOSTHUS Y KpaeB dHep-
TFeTUYECKON 30HBI MEPBBIMU CTAHOBATCS JIOKAJIM30BAaHHBIMU U OJI-
HOBPEMEHHO CIBUTAIOTCS B SHEPIreTUYecKyto 1menb (puc. 16). 3ona
NpUOOPETAET XBOCTHI C JIOKAJTU30BAHHBIMU COCTOSIHUSIMU Y BEpPX-
HEro M HIKHEro kpaeB. C poCcTOM HEyNOpsAIOYEHHOCTH T'PaHUIIbI

E. u E.> (TOYKHM pa3felieHus JIOKaJTU30BAaHHBIX W JICITOKATH30BaH-
HBIX COCTOSIHUI) MPUOIMKAIOTCS

JIpYT K IPYTy U BCTPEYAIOTCA B IIEHTPE 30HBI. B 3TOM cityuae 30HY
3aMOJHAIOT TOJIBKO JIOKAJIM30BaHHBIE COCTOSIHUS. DTO MPOUCXOUT
uMeHHo tipu W/B ~ (W/B)..

MOoXHO OIpeAenuTh YCIOBHE JIOKaIM3auu AHIEpCOHa
Takke U3 clieayromux cooOpaxeHuit. [lycte B Mogenu CUIbHOM
CBsI3U 30HA (¢ mupuHout B ~ 2Z¢, cm.puc.10) mouTu 3amnosiHeHa, T.e.
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‘ W Puc. 17. Ilepexon
MeETaJLI - U30JISTOP B
Mozenn AHIepCOHa:

©) a- W < Ej
AN A """ 2 t‘

z 6- W >E

JANEIVAN W 4

Ey ~ B. Torna ycnosue W >

B mepexomur B W > Ejz T.e. pu crenenu Oecrnopsaka OoJblie
sHeprun depMu HacTymaeT AeloKanu3alus. ITO MOXHO 00Bsic-
HHUTh TEM, YTO DJIEKTPOHBI MPOBOJMMOCTH, MMEIOIINE KUHETHYE-

CKYIO DHEPIHUIO ~ L HE YyBCTBYIOT OECIOpPANOK, NOKa BEITMYHHA
CIy4YallHOTO TNOTEHIMaJIa MEHbIIE UX KUHETUYECKOW IHEPruu, U
OHHU MOTYT CBOOOJHO JIBMraThCSl HaJ CIy4YalHbIMH MOTEHLIHUAJb-
HbIMH Oaprepamu (puc.17). Kak TOJpKO BeIMYMHA CTENEHU pasy-
nopsiioyeHus: W (MakcuMalibHas BEJIMYMHA CIIy4ailHOTO TOTEH-

uuana, puc. 17) nmocruraer Ef NOABIAETCS CHILHOE PAaCCESHUE
AJIEKTPOHA HA 3TOM NOTEHIMAJIE U KOHEUHAs JIJIMHA JIOKAIU3alUU.

Takum oOpa3om, mepexoa MeTaml - U30JSATOpP B HEyHops-
JIOYEHHOM BEILECTBE IO MOJENH AHJEPCOHA IPOUCXOAUT H3-3a
JIOKAJIU3alUM  AJIEKTPOHOB (AHOepCcOHOBCKOU JOKaIWu3allui) TpHU
BO3pACTaHUU Pa3yNopsIOYEHUsI CUCTEMBbI (KOHLIEHTPALIUKU MPUME-
ceil) 10 TexX mop, MoKa aMIUIMTYla pa3ynopsaodeHust W He cTaHo-

BUTCA Oonbine sueprun Oepmu: W > Ef.
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9. KOHAEHCAIMA U CBEPXTEKYUYECTD
B BO3E-T'A3E

Paccmotpum Teneps ¢azoBbie Iepexobl, TPOUCXOISIINE B
CUCTEMAaxX C HCXOJHO OO30HHBIMH CTENEHSIMHU CBOOOJbL. Jlo cux
MOp MBI UMEJH JIeJI0 ¢ 003e-CTaTUCTUKOM MPHU UCCIEAOBAHUM TEP-
MOJIMHAMUKH CIIMHOBBIX BO30YXKICHHI - MarHoHoB. Mccrienyem B
ATOM TJIaBe CTaTUCTUYECKHE CBOMCTBA UJCANIBHOTO U CJIad0 HeuJe-
anpHOrO 003€e-raza, 003e-KOHICHCAIIMIO MPU HU3KUX TEMIIEpaTy-
pax, kpurepuii cBepxTekydectu Jlangay. OTMeTHM, 4TO U3 peajb-
HBIX CHUCTEM C 003e-CTaTUCTHUKONW MOXKHO BBIJICTUTH (POHOHBI (KO-
nebaHusl KPUCTAINIMYECKON PEIIETKH) B TBEPJIOM TeJle, CBEPXTEKY-
yuii renuii, (OTOHBI, KYNEPOBCKHE Mapbl B CBEPXIIPOBOJHUKAX,
003e-KOHACHCAIIUI0 SKCUTOHHBIX BO30Y>KIECHUN B MOJYIPOBOHU-
Kax, CIIMHOBBIC BO30YK/ICHUS B MarHeTHKaX U T.II.

9.1. bo3e-koHAeHcALMS B U1€ATbLHOM rase -
(¢a3oBbIi Mepexoa BTOPOro poaa

Kak orMeuanocs npu BbIBOjIE OOMEHHOI'O B3aMMOJCHCTBUS
B II. 1, 11 aHCamOJIsl OJAMHAKOBBIX KBAHTOBBIX YAaCTHI JTOJKEH
BBITNIOJHATHCS. MPUHIUI TOXKIECTBEHHOCTH, T.€. COCTOSIHUSI CHCTE-
MBI, MTOJIy4arolyecs: Apyr U3 JIpyra IpoCTO MEPECTAHOBKOW KOOp-
JUHAT YaCTHUII, TOJDKHBI OBITh (PHU3UUYECKH MOIHOCTHIO SKBUBAJICHT-
HbI. DTO 3HAYUT, YTO B PE3YJIbTATE TAKOW MEPECTAHOBKH BOJIHOBAs
(GYHKIUS CUCTEMBI MOXKET M3MEHUTHCA TOJIbKO HA HECYIECTBEH-
Hbli  (a3oBblii  MHOXUTENb. [pyrumu  cioBamu,  eciu
H1.2))°=| P2, ), To ¥(1,2)=exp(ia) ¥2,1), rie « - Belect-
BeHHas noctosiHHas. [loBTopHas mepecraHoBka naet exp(lia)=1,
To ectb #(1,2)=%t¥(2,1). [losTOMy BOTHOBast GyHKIHS JTUOO CHM-
MeTpuyHa ( 3TO cTaTucTHKa bose), 1100 aHTHCMMMeTpUYHaA (3TO
cratuctuka ®@epmu). ITOT (PakT OTpakaeTcs Ha COOTHOIICHUSX
KOMMYTallUM TpPU OMNMCAHUM CHCTEMBI B TEPMHUHAX BTOPUYHO-
KBAaHTOBAaHHBIX OINEPaTOPOB, a TaKKe Ha BUAE (YHKLUUU pacrpene-
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nenusi. PaccMoTpuM rasz yacTuil ¢ CHMMETPUYHON BOJTHOBOM (hyHK-
MEel, OMUCBhIBAEMBIX BO BTOPHUYHOM KBAaHTOBAaHUHU ONEPATOpPaMH
POXKJICHUS a u YHUYTOKEHUSI @ Y TOJAUYMUHSIONIUXCS CIEAYIOIINM
KOMMYTaIlMOHHBIM cooTHoIeHusaM (boze):

+ + + o+ + o+ _
aa,—a.a, =0,., aa,—a.a =0, aa.—a.a, =0. 9.1)

Takum o6pazom, B oTiauune OT (EPMHUOHOB BOJIHOBAS
GYyHKIMS CHMMETPHUYHA T10 TIepeCTaHOBKAaM KOOPIWHAT (M UMITYJIb-
coB) yactuil. Ha BOIHOBYIO (YHKIIMIO B TPEACTABICHUH YHCENT
3aMOJIHEHUS My .... N>, TIE Nj; - YUCIIA 3aII0JIHEHUS! B COCTOSIHUN
C UMITYJIbCOM K;, OHH JIEHCTBYIOT COOTBETCTBEHHO

aln, x\/n>k|nk —1> aln >=n+ln+1> daln >=nln > (9.2)

UYucna 3amoiHEHHs KBAaHTOBBIX COCTOSIHMWA TNPH CHMMET-
PUYHBIX BOJHOBBIX (DYHKUHMSAX HUYEM HE OrpaHHuYEHBI (B OTIMYHE
ot npuHuuna I[laynu B pepMroHax) 1 MOI'yT UMETh IPOU3BOJIbHbIE
3HayeHusd. OyHkuio pacnpeaeneHus 0603e-4aCTHUI] HECIOXKHO IO-
JYy4YUTh, PACCMOTPEB TEPMOIAMHAMHYECKHA IMOTEHIIMAT CUCTEMBI
Q=-TInQ, rue cratucruyeckas cymma ( B OOJIBIIIOM KaHOHH-

YyeCKOM aHcaMOJie (C Y4CTOM XUMHUUYCCKOI'O IOTCHOUAIa U ) n 111
CUCTCMbI HeBBaHMOHeﬁCTBYIOHlHX qacTul UMECT BUI:

0= exp{uN / TY[Y exp{-E,y / T}1= D (exp[flu—e)D" , 9.3)

TaK Kak dHEPTUs Mj YaCTUIl B COCTOSHUM k paBHa &nyg. OTMETHM,
YTO MbI UHTEPECYEMCSI KOHKPETHBIM COCTOSTHUEM k U €To 3aroJiHe-
HUEM, TaK KaK B OTCYTCTBUM B3aMMOJICUCTBHS BCE COCTOSIHUS CTa-
TUCTUYECKH HE3aBHUCUMBI. 3aMETHM, 4YTO MbI moiyuuad B (9.3)
rE€OMETPHUECKYIO MPOTPECCUI0, U /ISl €€ CXOIMMOCTH HE00XO0nu-
Mo, 4To0bI exp[fB(u —¢&,)]<1. D10 ycnoBue AOIKHO BBINOIHATh-
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Cs JJIsl BCEX COCTOSIHUM &, B TOM 4Mcie U s &=0. OTcroga Xum-
NOTEHIMAN JODKeH ObITh oTpuiateneH: y <. Cymmupyem reo-
METPUUYECKYIO MPOTrPECCUI0 U HAXOAUM:
H—&,
Q, =TlIn(l- exp[T]) : 9.4)
Tenepp  MOXHO  HaWTH  CpPEIHME  4YHWCIA  3aNOJHEHHS
<n,>=-0Q,/du:

n(T)=<n, >=<a,a, >= . 9.5)

exp[gk;'u] _1

DHeprus ojHOM yacTHIbI &, = Ak’ /2m . TlomHoe uncio wactui N
B rase noiyuaem, cymmupys (9.5):

N = Z 1 Vm®'? ?d Ve .(9.6)

= £
_ 21+ 3 _
R Vazn® g exp[~— -1

Foexpl

VYpaBuenne HopMupoBku (9.6) ompenensieT HESIBHO XUMHUYECKUN
MOTCHITHAN £ KaK PYHKIINIO TemmepaTypsl T v miotHoctu n = N/V.
Oueprus 603e-raza

E:Zek

k expl

1 vm®? eve

_ [~ 223 _
ng'u]_l 27°h 0 eXp[gT'u]—l

Paccmorpum cnyuant Huskux temmeparyp. Ilpu Hu3kux
TEeMIepaTypax CBOMCTBa 0o03e-raza KapAWHAJIbHO OTIMYAIOTCA OT
CBOMCTB (pepMu-raza XoTst Obl MOTOMY, YTO OCHOBHOE COCTOSIHHE
CUCTEMBI UMeeT 3Hepruro £=(0 (T.e. Bce 4aCTULIbI CKOHJIEHCUPOBa-
HBI B cocTostHUE C &=(0). CormacHoO HOpPMHUPOBOYHOMY YPABHEHHIO
(9.6) npu MOHMKEHUU TEeMIepaTypbl XUMUYECKUN MOTEHIHUAN U
BO3pacTaeTr, Oyay4dl OTPUIATEIbHBIM, U JOCTUTAeT 3HaueHus =0
npu temmeparype 7y, yA0BIECTBOPSIONIEH COOTHOIICHUIO:

(mTO)3/2 OOdZ ’\/; _ (mTO)3/2
NCY =% : exp[z]-1 22771

N/V = c(3/2). (9.8)
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Z-1
34€ech yYTEHO, YTO fw:F(Z)g(Z), ¢(Z) - n3era-

exp[z]—-1
bynkuuss Pumana (g(3/2)=2.612), I'(Z) - ramma-QyHKIUSA
(I'(3/2)=12T°(1/2)= \/;/2 ). U3 (9.8) momydaem Temmepatypy (kKak
MBI YBUJIUM HITKE, TeMnepaTypy KOH/ICHCALIUH)
2

[g (3/ 2)]2/3
3ametuM, 4TO TIpH Oosiee HM3KUX TemmepaTtypax 1<T) ypaBHeHUE
HOPMUPOBKHU (9.6) He umeeT penieHU 4<(, XOTS 3TO JOHKHO
OBITh 1J1 003€-CTaTUCTUKH. DTO CBA3AHO C TE€M, YTO HEIb35 B 3TOM
clly4ae MepexoauTh (GopMaibHO OT CYMMHUPOBAHHS K UHTETPUPO-
BaHuio B (9.6). Heobxoaumo Gosee akKypaTHO yYMTHIBATh YJIEH C

(—)2/3 331h—( )7 (9.9)

&=0, Tak KaK OH YMHOKaeTcs Ha Ve u Bhimanaer u3 cymmel. Op-
HAKO MMEHHO OH Ba)KEH MPHU HU3KHUX TEMIIepaTypax, Tak KaKk UMEH-
HO B 3TO COCTOSIHME KOHJEHCHPYIOTCS BCe YacTUIbl. DopMaibHO
3 (9.6) MOXHO 3aMeTUTh, UTO MPU TEepexone K mpeaeny yu—> 0
ATOT YIEH PacXOAUTCs. YCTpeMsis 4 HE K HYJIO, & K HEKOTOPOMY
KOHEYHOMY MaJIOMY 3HAY€HUIO, MOYKHO €ro MPUBECTU K KOHEUHOMN
BenanurHe. OTHaKO MOKHO (pOpMalIbHO OOONTH 3TOT MOMEHT, pac-
CUMTAB CHayasla yuciio yactul npu &0 (npu 7<Tj ), Tak Kak 3Ta
BeNIM4YnHa, onpenaensemas (9.6) ¢ y=0, koHeuHa:

3/2
N, = V(771T2)3 dz Jz _ N{L}yz (9.10)
N2mth s expl[z]-1 T,

(3mecy MBI ucnonb3oBanu omnpeneneHue Ty (9.8)). OcranbHble
CKOHJICHCHPOBAHHBIE MPU £=() YaCTHIIBI ONPEACIAIOTCS U3 HOPMHU-
POBKH

N, =N,=N[1-(T/T,)"]. (9.11)

Takum obpazom, npu temneparype 7=7) HaUMHAETCS KOH-
neHcanys 003e-4acTHIl B HAWHHU3IIEE HYHEPreTHYECKOE COCTOSHUE
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&=0, 1 YUCII0 CKOHJIEHCUPOBAHHBIX YacTHLl Ny ONpeaensercs cTe-
MEHHOM 3aBUCUMOCTBIO (9.11).

OnpenenyM TEepMOJUHAMHUYECKHE BEIUYMHBI 003e-raza B
ycinoBusax Hanmuums konaeHcara (7<T)y). EcrecTBeHHO, OHM Ompe-
JIETIAIOTCSA TOJIbKO yacturiaMu ¢ &>( . Ilomaras Be3ne =0, Haxo-
nuM sHepruto E, termoemkocts C, 3HTpOnui0 S B CBOOOIHYIO
:—)Heprmo F:

m’? Je o 3W(mT)*T
= 5/2)=
\/_ﬂ'zh3 J exp e/T 42720 s )
= 0.770NT[T/T0]3/2 ,
C=0 E/dT =5E/2T ~ T°?, (9.12)

S = [[C/T1dT = SE/3T,

F=E—TS:—%E.

B Touke 7T=T) Bce Benuuunsl (9.12) HenpepsiBHbL. OAHAKO MPOU3-
BOJ[HASl TEIJIOEMKOCTH MCTIBITHIBAET B ATOM TOYKE KOHEYHBIA CKa-

YOK (CM. HIDKE 3a7avy), T.€. TEeIJIOEMKOCTh uMmeeT npu 1=T) wu3-
soM ¥ paBHa 1.92N. Takum oOpa3oM, siBlieHHE 003e-KOHJICHCAIINH -
TUNHYHBINA (a30BBIN TIEPEX0 BTOPOTo poja.

3agaumn

9.1.1. PaccuutaTh CKayOK MPOU3BOJIHOM TEIUIOEMKOCTHU
dC/dT B Touke T=T, nyst 603e-raza, 1.e. 3HaueHue dC/dT ipu T=T)
-0u T=Ty+ 0.

Ykazanue: npu 7=7y+0 cnenyer pas3nokuTh SHEPTUIO IIPU
Maibix 7-Tp, a TakKe HAWTH 3aBUCUMOCTH OT TEMIIEPATypPhbl XUMHU-
yeckoro noreHuuaina npu 1-7y <<Tj , monaras €ro MajibIM OTPH-

HATeIBHBIM YnCIoM - ~ (T-Ty)” <<T .
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9.2. Bo30yxaenusi B 1200 HenaeaabHOM 003e-ra3e

OO6cynuM cHavalla KaueCTBEHHO BO3MOXKHBIE BO30YKICHHUS
B 003e-raze B JJIMHHOBOJIHOBOM mipefiere p—(0. B kBaHTOBO# 603e-
CUCTEME JJICMCHTapHBIC BO30YXKICHHS JIOJDKHBI UMETh IIEJI0YHC-
JICHHBIA CIMH, TaK KaK MOMEHT HMITyJIbCa BCSKOW KBaHTOBO-
MEXaHHUYECKON CUCTEMBI MOXKET MEHATHCS TOJBKO Ha I1EJI0€ YUCIIO.
[ToaToMy B KBaHTOBOW 003€-)KHUAKOCTH AJIEMEHTAPHBIMU BO30YK-
JNEHUSIMU C MaJIbIMA UMITYJIbCAMU p SBISIOTCS OOBIYHBIC THAPOIN-
HAMUYECKHUE BOJHBI, T.€. POHOHBI (KBa3UYACTHIIHI C HYJIEBBIM CITH-
HOM). TakuMm 0Opa3oMm, 3aKOH JUCHEPCHUU BO30YKICHUU TOJKEH
OBITH JIMHCEH:

&=uUp, (9.13)

r7e pasMepHblid KOA((GUIIMEHT ¥ UMEET CMBICT CKOpPOCTH 3BYKA.
Yucno 3tux BO30YXKACHUN CTpEeMHUTCS K HyJo npu 7—0, u npu
HU3KHUX TeMIepaTypax, KOrjaa ux 4uciao Majlo, U OHU NMPAKTUYECKU
HE B3aMMOJCUCTBYIOT, UX MOXKHO CUHUTATh HUJealbHBIM 003e-ra3oM
C HYJIEBBIM XMMMOTEHIHANIOM 4=( (4uCi0 BO30YXIEHUIN HE (PUK-
CUPOBaHO), U QYHKIUS pacrpeaesneHust BO30yKIeHUI

1 9.14)

n(p)= :
exp[ 2]~ 1

T

MoxHo, 3Has pacnpezeneHue (9.14) m 3akoH qucnepcun
(9.13), paccuuTaTh TEPMOAMHAMUYECKHUE BEIUUMHBI )KUIKOCTH MPU

HU3KHAX TEMIIepaTypax, aHaJOrHYHO TOMY, KaK Mbl PacCUUTAIH
TEPMOJUHAMUKY H€abHOr0 003e-Tra3a:

| up 7’
E=V——|d’ = VT*,  (9.15
27) Ja'p explup/T1=1_ 30u° ©-15)

0
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Trac

C=cE/dl =4E|/T ~ T,
S = j[c/T] dT =4E/3T,

F:E—TS:—%E.

[Tpu yBenn4eHUH UMIYJIbCa 3aKOH JUCIIEPCHU OTIUYASTCS OT JIU-
HeitHoro (9.13), u manpHEWIHA X0/ 3aBUCUMOCTH OIpPEICIIIeTCS
B3aMMOJICHCTBHEM MEXIy YacTHIIaMU 003e-Ta3a.

[Tomyunm Goree KOPPEeKTHO 3aKOH BO30OYKICHMU Haj OcC-
HOBHBIM COCTOSIHEM B3aMMOJICUCTBYIOIIETo 0o3e-ra3a. Paccmort-
puM c1abo HenaeanbHbI 003€-Ta3 C OJJMHAKOBBIM B3aUMOCHCTBH-
em U MeXIy apaMy 4acTHIl, OTIMCHIBACMBII TaMIIbTOHUAHOM:

H = gpa;ap+% Za;a;}apzap] , (9.16)

p P1P2P3P4
Pt Pr=P3t Py

rae gp=p2/2m , a B3aumozencteue U CBA3aHO C aMIUIUTYJOM pac-
cesiHUsl a (MMEIoIel BEIMUYUHY MOPSAIKa MEKIACTUUHOIO PacCTOs-
HUS [a3 ~ V/N] ) Mexay IByMs OJMHAKOBBIMHM YacCTHI[AMHU COOT-
HOILICHUEM

U=4 ma/m. (9.16a)

boronto6oB (1947 r.) nokazai, 4To Jyisi OMMCAHUS OCHOBHO-
0 U HM3IIUX BO30YXIEHHBIX COCTOSHUN yAAaeTcsl JUaroHajIn30-
BaTh ramMmibTOHHAH (9.16) W MOTYYUTh DHEPTETUUECKUN CIIEKTP.
YrpoctuM B3aMMOJICHCTBYIONIYIO YacTh TaMWJIbTOHUAHA, YYUTHI-
Bas, YTO B OCHOBHOM COCTOSIHMM YaCTHIIbl HAXOAATCS B KOH/EHCA-
T€, MU BBHUAY CJIa0OCTH B3aUMOJCHCTBUS OCHOBHOE COCTOSIHUE
B3aMMOJICHCTBYIOIIEr0 raza OyJeT ciado OTIMYaThCsl OT OCHOBHO-
IO COCTOSIHMS MJI€aIbHOIO rasa, 03TOMY YHCJIO YacTHI] HaJl KOH-

JCHCAaTOM 6yz[eT MHOI'O MCHBIIIC YHCJIa KOHACHCATHBIX YaCTHI] NoZ
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N - Ny << Np.
Tak kak MaTpUyHBIC SJEMEHTHI 0O03E€BCKHUX OINEPATOPOB PaBHBI
NN ~ N, >>1 (cMm. (9.2)), T0 B (9.16) MOKHO OCTaBUTb TOJIBKO

B3aMMOJICHCTBHE KOHICHCATHBIX YaCTHIl MEXIy co00i U ¢ BO30Yy-
KICHUSAMH, TpeHeOperas B3aWMOJCHCTBHEM HAJIKOHJCHCATHBIX
YJaCTHI] MEXTY COOOI:

{ao g aya, +
(9.17)
+ _+ + _+
+Z (2a,aya,a, + 2a_pa0 a_,a,+a,a’ a,a,+a,a,a,a_,);.
p=0

B (9.17) yutensl mpouecchl poxkaeHus: (YHUUTOXKEHHUsI) Tapbl BO3-
Oy>XKIeHUi U3 KoH/eHcaTa (B KOHJICHCAT) - MOCIeIHIE J1Ba WwieHa (C
COXpaHEHHEM CYMMapHOro ummyJjsca p+(-p)=0), a Takxe OIHO-
YaCTUYHOE paccesiHue BO30YXKICHUIl HAa KOHJEHCATHOW YacTHIIC

(mepBbie J1Ba YjieHA).
+
Tak xak /N, >> 1, onepaTopsl a g U ay SIBIAIOTCA IPO-

CTBIMU 4YHUCJIAMH, PaBHbIMU /N, . OTcloa B3aMMOJEHCTBYOLIAs

qaCTb raMUJIbTOHHAaHA IICPCIIUCBIBACTCA B BUIC

U + + + o+
. :—V N; +NOZO(2apap +2a’,a ,+a,a’, +a,a )| (9.13)
p#
VYurem BbIpayke€HHUE Ul IOJHOIO YHUCia YaCTHUILL
1 + +
N:N0+EZ (a,a,+a’,a_,). (9.19)
p#0

Beipasum Bce uncna Ny uepe3 N B (9.18), orpannuuBasch wieHa-
MU, coJiepKaluMu He MeHee repBoii cteneHu N. C yuerom (9.19)
u (9.18) HOHHLIﬁ FaMI/IJIBTOHI/IaH (9 16) NIEPENUCHIBAETCS B BUJIE:

H=—— —Z (— —)(a ca,+a’a )+
2% (9.20)
UN .
+7(apa ,ta,a )]
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Juaronanuszyem ramuibToHuad (9.20). Jlnst 3Toro BBeneM JIMHEM-
HbIe MPeoOpa30BaHUs ONEPATOPOB:

1 1
a,=——=—=(a,+4,a",), a;=—=—=(a; +4,a_,). (921)
1- 4
P

HecnoxxHo y0emuThes, 4TO OnepaTopbl ¢ TaKKe YJIOBIETBOPSIOT
003€BCKIM COOTHOIIEHUSIM KOMMYTaIuu. [1ocTaBuB UX B raMuiib-
toHuaH (9.20) u 0603HauUB

S=UN/V, Sy=p"2m+S, A=I+A,", W,=I-4,, (9.22)
MOTy4YUM

H= SN/2+ZWL[SPA; +54,]+

p20 " p
1 1 + +
+§Z(;W[{SPAP +284, Y (apa, +al @ )]+ (9.23)
Dp# p
1 1 + +
+EZ(;W[{2SPAP +SA N ayat, +a,a )]
p#* P

3aHysss KO3QGUIUEHT NPU HEAUArOHAJILHOM 4JIEHE, HaXOJUM Ap:
1
25,4, +58,=0 = 4,=2(-5,+ S2-8%). (924

B (9.24) nepen kopHEM MOCTABJIECH 3HAK ““+” M3-3a MOJOKUTEIBHO-
CTH 3HEPIruu BO30Y>KJIEHUH OTHOCUTEIIbHO OCHOBHOT'O COCTOSIHHS
&=0. IloncraBus (9.24) B (9.23), Hax0AUM OKOHYATEJIHLHO:
TIr 1 1 2 2 + +
H:SN/2+§ZSAP +§Z S-S aba,+a’,a_,). (9.25)
p#0 p#0
Bunno, uro (9.25) cocTouT U3 HEKOTOPOM KOHCTaHThI E), UMEIO-
e CMBICI HEPIMH OCHOBHOI'O COCTOSIHMSI 003€-)KUIKOCTH, U

9HCPIrun BO36Y>K,ZIGHPII>1 CO CIICKTpOM E , TaK 9TO IOJIHASA SHECPTHUs
CHUCTCMBbI UMECT BU
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— 1
E=<H>=E, +52Ep <a,a,+a’a ,>=E + ZEpnp,

p=0 p#0

+ —
<a,o,>=n,

E,=SN/2+1 >4, (9.26)

p#0

2 2 2
[ R UN UN
£ -5 - |25 (9

3nmeck n, - GyHkuMs pacupeneneHus Bo3OyxaeHui (9.14), nmero-
mas Bua 0o3e-QyHKIMU ¢ HYJEBBIM XUMIIOTEHIMaaoM. B mpe-
JIENTBHBIX CITydasx CIIEKTP BO30YKIECHUN UMEET BHI:

g —Jup, u=JUN/mV, p—0; 9.27)

! p’/[2m, p—> .

[Tpr ManbIX UMITYJIbCAX MBI IIOJy4aeM, KaK M CJIEI0BAJIO 0KHMATh,
3BYKOBOM 3aKOH JMCIEPCHH CO CKOPOCTHIO 3BYyKa u. IIpu O0mbIImx
UMITYJIbCaX UMEEM CIIEKTP CBOOOJHOM YaCTHUIIbI, TAK KaK B3aHMMO-
JEHCTBHUE MEPECTaeT UrpaTh CyIIECTBEHHYIO POJIb.

W3 Buga cnektpa BO30YXKIEHUI BHIHO, YTO JIOKAJIBHBIX
MUHUMYMOB Ha HEM HET, TaK KaKk CMEHE JMHEHHON Ha KBaJpaTH4-
HYI0 3aBUCHUMOCTb COOTBETCTBYET TOJIBKO TOYKa Ieperuda
(puc.18,a). OgHako MBI paccMaTpHUBalIu cl1ab0 HeueanbHbIN ra3. B
peaJlbHOM e Cilydae MpPU BO3pacTaHUM B3aWMOJACHCTBHS BO3MO-
KEH JIOKaJIbHBI MUHUMYM (puc.18,0) (uTo HaOmM0AaeTCs y KHUIKO-

ro renust). Bomusu Toukn munumyma py ( ~ 1/a, a - mexxaTomHoe
paccTosiHue ), KOTOpask COOTBETCTBYET HOBBIM KBa3HMYaCTUYHBIM

B036y>KIIeHI/ISIM, MOXHO Pa3JIOKUTb peaHBHBIﬁ CIICKTp Ep B BUJC

2
=A+(p Do)

E, 2m*

, (9.28)
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~p P A

p p, P

Puc. 18. Cnextp Bo30yxaeHUN B3aUMOACHCTBYIOIIE-
ro Ooze-raza: a) - cmaboe B3aUMOJICHCTBHUE; 0) -
cuiibHOE B3aumopencTBue. LlTpuxoBas mpsimas mo-
Ka3bIBaeT, 4YTO TOYKa py (POTOHHBIE BO3OYKICHMUS)
coorBercTBYeT Kpurepuio Jlawmay de/dp=¢&/ p,

T.. CBEPXTEKY4YeCTh HMMEET MECTO, €CIU CKOPOCTh
JBUKEHHUS )KUTKOCTH Vv < A/py

rae A=E(pp), m* - apdextuBHas macca 3TUX BO30OYX ACHUN, HA3bI-
BAaEMBbIX POMOHAMU.

[Tonb3ysice 3akoHOM aucnepcuu (9.28), momyyuM BKJIAI B
TEPMOJUHAMHUYECKHE BEJIMYMHBI POTOHHBIX BO30YkaeHuil. Ilpu
HU3KMX TemIepaTypax, nojaras A>>T (peaJbHble OLIEHKU JUIS
xugkoro remust A=8.7K), MokeM cuHMTaTh, 4TO pacHpeluesieHue
POTOHOB - OomblMaHoBCKoe: 1, =exp(—E, / T). Orctona Haxo-

2
UM B 3TOM Ipenene (yUuThIBasi TaKxKe, 4To pg >>m™*T U Npu UH-

TErPUPOBAHUHM YAOOHO TEPEUTH K IEepEeMEHHOMN X=p-po, -
00<x<00):
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PE, exp[-E, | T]= N( T+A),

(2 )
3.4 A
C=0 E/dl = N, T Tz)
s = [l¢/r1dr = NP(E + ;), (9.29)

F=E-TS=-TN ,

P
_2m*T)"” pV
2 (272,)3/2 h3

exp[—A/T].

3nech

N, (2

- 4KXCJIO POTOHOB. BUIHO, YTO 3aBUCUMOCTB OT TEMIIEpATyphl TEp-

MOJIMHAMUYECKUX BEJIMYMH B OTJIIMYUE OT ClIy4as (POHOHHBIX BO3-
OyXaeHuii SKcTIoHeHITabHas: ~ exp(-A/T).

Wrak, HewpeanbHplii 003e-ra3 uMeeT JBa BHJa BO3OYXKe-

HUH - (OHOHBI M POTOHBI, OTBEYAIOIINX PAa3JIMYHBIM yYacTKaM I10

UMIYJIbCY ¢ OJHOM M TOH ke BeTBU BO30YykaeHuil. [Ipn HM3KHX

temriepatypax A >7 poToHHAas YacTh MEHbIIEC (HOHOHHOW W, Ha-

000pOT IpU BBICOKMX MPEBATUPYET HaJ (POHOHHOM, TaK YTO TEILIO-

pexp[-E,/T]

€MKOCTh HMEET CHauajia CTENEHHYI0 3aBUCUMOCTh (~T3 ), a 3aTeM
AKCIIOHCHIIHAJILHY IO (~ exp(-A/T) ).

Bepuemcst tenepp k ciabo HeuaeaqTbHOMY ra3y W 3aKOHY
nuctiepcun (9.26). OTBeTUM Ha BONPOC: BCE JIM YaCTUIIBI B 3TOM
Clly4yae UCHBITHIBAIOT 003€-KOHJIEHCAIMIO, KaK 3TO UMEET MECTO B
uneanbHoM raze? I[oacrasmss B (9.19) Beipaxenus (9.5) u (9.21),
UMeeM JIJIsl CPETHETO YKCIia YaCTHI]

n +A*(n +1
<N>=N;+) -~ ”(zp ).
= -4

(9.30)
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Ionaras 7=0, n,=0, u3 (9.30) Haxoaum ¢ yuerom (9.24):
S)3/2 jde(Z_ [Z2_1)
2 Nz +1

8 Na’
=N,/ N=1-— ,
Nz VvV
rae yureHo cooTHoueHue (9.16a) mexnay B3aumojercteuem U u
aMIUIUTY 10U paccesHus a. Utak, B HeneanbHOM 003e-rase Janeko

HE BCE YaCTHIIBI HAXOAATCS B KOHJICHCATE MPHU HYJIEBOH TeMIIepa-
Type.

%k
<N>EN:NO+(2m8
d (9.31)

3agaumn

9.2.1. Tlonyunth BKJIaJ (HPOHOHHBIX BO3OYXKICHUN B JHEP-
ruto E, sHTpOnunio S, CBOOOIHYI0 SHEPTHIO F, YUCIIO BO30YKICHUMA
Np.

9.2.2. PaccuuTaTh BKJaJ POTOHHBIX BO30YXKICHHUI B DHEP-
ruto E, sHTponuio S, CBOOOHYI0 SHEPruto F, uCnosb3ys 0ojbLMa-
HOBCKOE paclpe/ielieHue U 3aKOH Aucrnepcuu poToHoB. Ilomyuuts
YUCIIO POTOHOB N,,. YuecTh, uto T'<< A.

YkazaHue: ydecTb, YTO HMITYJIbC POTOHA YAOBIETBOPSET
YCJIOBHIO p02>>m*T, U TPU MHTETPUPOBAHUM YAOOHO MEPEUTH K
IIEPEMEHHON X = p-py, - 0 <x< 00,

9.2.3. Jlokazarb, 4TO ONEPATOPHI ¢, BBEJEHHBIE COOTHOIIIE-
Husmu (9.21), sBastorest 603e-onepaTopamu.

9.2.4. Haittu cpennee uncio yactul <N> npu 7=0 B cinabo
HeuJealbHOM 003€-Ta3e C 3aKOHOM JHCIEPCUH BO30YXKICHUN
(9.26), ucnonw3ys cootHouenue (9.19) nns uymcna yactui. Pac-
CUMTATh YHCIIO YACTHUI] B KOHJICHCATE.
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9.3. Kpurepuii cBepxrexkyuectu Jlanaay

[Ipu HU3KUX TeMIiepaTypax HanboIee HUHTEPECHBIM CBOMCT-
BOM 003€e-KUKOCTH SBJISETCS CBOMCTBO CBEPXTEKY4ECTH, T.€. CIO-
COOHOCTb MPOTEKAaTh MO0 KalIWIAPHBIM TpyOkam 0e3 TpeHHs
(JI.A.JIarnmay, 1941 r.). [lokaxkem, 94TO 3TO CBOWCTBO CIIEIyeT W3
PacCMOTPEHHOIO BBIIIE CIEKTpa BO30YXJIeHUH (M OKa3aHHOTO Ha
puc.18,0).

PaccmoTpuMm 603e-xkuakoctb npu 7=0, TEKylLlyr MO Karl-

—

MIWISIPY CO CKOPOCThIO U . B cHcTeMe, CBSI3aHHOM C KUIKOCTBIO,

5
OHA IOKOUTCs, a KalllIWIApP ABHXKETCS CO CKOpPOCThIO -U. Ecmm
MEXIY XUAKOCTBIO M CTEHKaMHU KaIllIWIsApa UMEETCS TPEHUe, 3TO
MOXET NPHUBECTH K YBICYCHHUIO JKUJIKOCTH CTEHKaMH KallWIApa.
OTO NPUBOJUT K MOSBICHUIO 3JIEMEHTAPHBIX BO3OYXACHUN U JTUC-
CHUIIALIMY SHEPIHUU.

ITycte nmeeTcst BO3OYKAEHUE C SHEPIHEH &, U UMITYJILCOM
p. BepHemcs B cucTeMy KOOpPAMHAT, CBSI3aHHYIO C KaIllUJISPOM.
Toraa sHeprust )KMJIKOCTH, CBA3aHHASI C 3TUM BO30YXKICHUEM, UMeE-
€T BUJ

MTU, (9.32)

rae M - macca XUAKOCTH. Takum o0pa3oM, TOsIBJICHUE BO30YXKIe-
2
v

e(p)+ po+

HHA MCHSCT IICPBOHAYAJIbHYIO OSOHCPIrUIO KUAKOCTHU , IPUYCM

- >
nobaBka £(p)+ p o . Jlug Toro, 4yToObl Takoe BO3OYKIECHHE MOsI-

BHJIOCH, HCO6XOI[I/IMO, YTOOBI OHCPIrusA 3a €ro CHCT CTajla MCHbIIC,
T.C.

e(p)+ puv <0, (9.33)
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DTa BeIMYMHA MMEET MHUHUMAJIbHOE 3HAUYCHHUE MpPU aHTUHApall-
JIEJTBLHBIX CKOPOCTH M uUMIyJibce. Takum oOpazoM, (9.33) moxHO
MepenucaTh B yCIOBHE

v > 2. (9.34)
p
Hakoner, s Toro 4To6s1 BOOOIIE MOTIIO POJIUTHCS BO30YKICHUE,
HE0OXO0UMO, YTOOBI:

v>(¢e/p) . . (9.35)

VYcnosue (9.35) Ha3bIBaeTCst kKpumepuem ceepxmexyyecmu Jlannay.
MuHuManbHOMY 3HAUEHUIO &P COOTBETCTBYET TOYKA KpPHU-
BOI1 &(p), B KOTOpOIA

de _ & (9.36)

dp p

T.€. TOUKa, TJe NpsiMasi, IPOBEJICHHAs U3 Hadajga KOOpJAWHAT, Kaca-
eTcsi KpuBo &p) (cm. puc. 18,0). IlpousBoanas de/dp ectb cko-
pOCTh 3JeMEeHTapHOro Bo30yxaeHus. [loatomy kputepuit Jlannay
(9.35) o3HauaeT, YTO CBEpXTEKyuee JBUKEHUE MOXKET HUMETh Me-
CTO, TOJIBKO €CJIH CKOPOCTh KMJIKOCTH MEHBIIIE CKOPOCTU DIIEMEH-
TapHOTO BO30YXJEHHUsI B TOYKax, yaoBieTBopstomux (9.36). Kak
BUIHO M3 puc.18,6, omacHas TOYKa JEKHUT MpaBee POTOHHOTO MHU-
HumyMa. HecnoxHo onieHuTh u3 crekrtpa (9.28), 4To CKOpPOCTh
CBEPXTEKYYEro JIBKEHUS JOJKHA OBITh

1 : . A
v < ﬁ(\/po F2MEA )| oy S o (9.37)

PaccmoTpuM  KadecTBEHHYIO KapTUHY JBIDKEHUsI 0Oo3e-
JKUJIKOCTH, KOrJa BbINOJHAeTCs Kpurepui Jlannay. [Ipu Hynesou
TeMIiepaTtype BO30YXIEHHUSI OTCYTCTBYIOT, M JBUXKEHUE CBEpXTE-
kyuee. Kak Tompko 7 #0, MOSBISAIOTCS BO30YXKICHUS, KOTOPHIE
CTAJIKABAIOTCA CO CTEHKAMHU KalIIWIsIpa, U YYaCTBYIOT B BSI3KOM
JIBUKECHUU )KUIKOCTHU C JUCCUTIALMEN SJHEPrUU. B TakoM IBUKEHUN
YYacCTBYET JMUIIb YaCTh MACChl )KUAKOCTHU. J[eJI0 B TOM, UTO JBHXKE-
HUE ra3a Bo30yXJIEeHUN OTHOCUTENBHO KUAKOCTH COMPOBOKIACTCS
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IEPEHOCOM MACCHI. TaK, IMyCTb U - OTHOCUTCJIIbHAA CKOPOCTH TaKO-
'O ABHKCHUA. Torna HUMITYJIBC T'a3a BO36Y>KI[CHI/II71 B CUHUIIC 00b-
cMa.

P= [pnis, pu)(z)\wo

Tak Kak UMIYJbC MPOMOPLUOHAIEH CKOPOCTH, TO MPOHUC-
XOJUT MEPEeHOC Macchl (OH M €CTh KOA(PHUIIMEHT MPONOPIIHMOHANTb-
HOCTH).

OcTaBmiasicst 9acTh MaccChl KUJIKOCTH OYJET MO MPEKHEMY
nBUTAThCA 0e3 auccunanuu. Takum oOpa3zoM, 003e-KHIKOCTh MPH
T#) npencrapiuser co0Oil cMech IBYX >KHAKOCTEH - “CBEpPXTEKy-
yel” U “HOpMajbHOW’, ABIKYIIUXCA 0€3 TPEHHS OTHOCHUTEIIHHO
npyr apyra. KoneuHo, Ha caMoM Jiejie IPOCTO €CTh JIBA JBUKEHUS
B €MHOM >KUIKOCTH, KaXJ0€ 00JIagaeT COOTBETCTBYIOIICH IJIOT-
HOCTBIO U 3¢ dekTuBHON Maccoir. U3 (9.38), Hampumep, MOXHO
NOJy4YUTh (POHOHHYIO U POTOHHYIO YaCTU HOPMAaJIbHOM IIOTHOCTH,
ecnm ydectb, yTo P=mvu = pVv, V=I1. llogcTtaBuB nuHEHHBII

3
u/3jp dq/&e(d (9.38)

3akoH aucnepcun (9.13) u 6o3e-pactipenenenue (9.14), a 3atem
criekTp potoHoB (9.28) u pacnpenenenue boibsimana B (9.38), mo-
JTy4uM
27°T* 2m*"* pg exp(—A/T)
pn = IOn =
if 45145 p 3(272_)3/2 Tl/2
OcraBmiasicsi 9acTh IJIOTHOCTH 05 COOTBETCTBYET CBEPXTEKydeMY
IBUKCeHHIO. MTak, B CBEpXTEKyUeil KMJIKOCTH UMEET MECTO JBYX-
YKUJIKOCTHOE JIBHOKCHHUE C TUIOTHOCTBIO
p=p, +p,. (9.40)

—

[lycTh CKOPOCTH CBEPXTEKYUEW KOMIIOHEHTHI U . CleayeT oTme-
TUTh BaXXHOE CBOMCTBO: €CIIM JKMJIKOCTh MOMEIIEHA BO Bpallaro-
IIUICS UJIUHIP, TO HOPMaJIbHAsI YacTh OyJeT yBJIe4YeHa CTEeHKaMHU
U CTaHET Bpamiathcs ¢ HUM. HanmpoTus, cBepxTekyuas 4acTb Oyer
MTOKOUTHCS, €€ HEeJb3sl MPUBECTU BO BPAILICHUE, TAK KaK JIBUKECHHE

(9.39)
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CBEpPXTEKy4eil KOMIIOHEHTHI BCErja MOTEHIUAIbHO. JTO CBOHCTBO
MO’KHO 3aIlicaTh MAaTEMAaTUYECKU:

N
rotvs =0.

B 3axmouenune maparpada cieayeT OTMETHTh TakkKe clie-
Ayrouiee.

JIByXKOMITOHEHTHAsl TUAPOAMHAMHKA O003€-KUAKOCTU BO
MHOTOM OTJMYaeTcs OT OObIYHOM TuiapoauHaMuku. Tak, B 0o3e-
AKUJKOCTA MOTYT IIPOUCXOUTH KOeOaHUs BYX Pa3INYHbIX TUIIOB
¢ pa3HbIMU ckopocTsiMu. KonebGaHusi mepBoro Tuma - OOBIYHBIN
3BYK, WJIM TEPBBIA 3BYK, CO CKOPOCTBIO u#. B 3TOM aBmkeHuun
CBEpXTEKy4asi M HOpPMaJlbHas KOMIIOHEHTBl HE pa3leisaioTcs U
JIBUKYTCS Kak enuHoe uenoe. Komebanus BTOporo Tuma - 3T0 Tak
Ha3bIBa€MbId BTOPOU 3BYK, PaCIpPOCTPAHSAECTCSA C JIPYyrol CKOpoO-

CTBIO 11, =4 p, TS’ / pp,C, rae S - sutponus, C - TEMI0EMKOCTh (IIpU

T>0 u,=ul \/3). B Takoii BoJiHE HOpMaJIbHAasE U CBEPXTEKydas

KOMIIOHEHTHI KOJIEOMIOTCS B MPOTHBO(A3e, TaK YTO MOTHBIN MTOTOK
KUIKOCTH PABEH HYJIIO:

3agaumn

9.3.1. Paccuntars HOpMaJIbHYIO COCTABIAIOIIYIO INIOTHOCTH
B CBEPXTEKYYEH KUIKOCTH 32 CUET (POHOHHBIX L,/ U POTOHHBIX Oy
BO30Y KICHUIA.

VYka3zaHue: UCIIOJIb30BaTh COOTHOIICHUE ISl UMITYJIbCa ra3a
B30y aeHuil P (9.38) u yuects, uto P=mv = pVv npu eguHu4-
HOM oObeme. PacueT poTOHHBIX BO30YK/IEHUH TIPOBOAMUTH B COOT-
BETCTBUHM C YKa3aHHUEM K 3ajaye 9.2.2.
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