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OT PEJAKTOPOB INEPEBOJA

[Ipepnaraeman BHEMaHRIO YHTaTeJed KHura P. Yakra oTiuyaercs Or Tpaju-
LIIHOHHBIX MOHOrpaui NO MArHeTH3aMy C€AMHBIM NOAXOLOM, OCHOBAHHBIM HA PAacCMO-
TPeHHH OOGOOCINEHHON MATHHTHOM BOCIDMEMUKBOCTH, 33aBHCAINEH OT YaCTOTH NOJH
¥ OT BOJIHOBOTO BE€KTOPa. ABTOPY YZalOCh B KHHIe CPaBHHTEJBLHO MaJoro obnema
OCBETHTb OOJBLIKHCTBO OCHOBHLIX NpPOGJIeM, CBA32HHHIX KaK C NaPaMarHeTH3IMOM H
AMAMATHETH3IMOM, TaK W C MArHHTHO-YNOPAJOYEHHBIM COCTOSIHHWEM Belecrsa. JHauH-
TeJbHAas YacTbh DE3YJhTATOB, NPHBEJEHHLIX B KHUIE, BLIBEJEHA aBTOPOM Ha OCHOBE
oOKX NPUHLHNOB C MHHKMaJbHBIM HCNOJb30BAHHEM KOHKDETHHX MOJENeH CTpoe-
H¥st BeulecTsa, BmecTe € Tem XQUETCS OTMETHTD, YTO TEOPETHUECKHE pACYeTH KJIJIOCTPH-
PYIOTCS. B&CbMa YAAYHO TNOJOODAHHHIM SKCNEPHMEHTANbHAM MATEPHAJOM.

ECTECTBEHHO, WTO H3J0XKEHKE TaKoro OOJbIIOTO MATePHAJa B BeChMA CXKATOM
BUE CIEJaJ0 KHHIY JOBOJBHO TPYIHOH B YTEHHWH; €€ HepOXOLHMO IIO3TOMY YHTATh
NOCJENOBATEIbLHO OT HauyaJa W Jo KoHua. M B sToM cayyae dYuTaTeb NOJAYYHT
GoJsipII0e YAOBOJBCTBHE M YAOBJETBOPEHHE.

B npexanaraemMoe BTOpoe H3JaHHE ABTOp BHEC MHOro HameHennH. OHH, He
3aTparuBas OOLIETO CTHJAH KHHUTH, CAeJaHH Jub0 jnsi OoJbllel SICHOCTH H3JIOXEHHS,
JIH00 OCBEmaIoT pe3yJibTaThl, KOTOPbE NOJYUeHH B NOCAEJHee BpeMsl HJIH NpHOOpenH
ocofoe 3HaueHHE B CBHA3M C HOBHIMH HcclenoBaHHamu. (JlellyeT IOIYEPKHYTb, YTO
aBTOP JOGABHJ O4YE€Hh MHOTO SKCIEPHUMEHTAJbHBIX HJJIOCTDAIHH.

OrmeTum Ao6aBjaesHe pa3szena, nocBsineHsoro npuruuny Oxcarepa, pasjena
o0 g-paxrTope BO3OYXKJIEHHH B nOJYNPOBOJAHKKAX, OOGCYXIEHHE BaXHOrOo BONpoca
0 ¢eppoMarHeTu3Me JBYMEPHBIX CHUCTEM B CBA3H C NOHATHEM TONOJOIHYECKOro Jajb~
Hero Nopsiaka, GoJee MOApoOHOE H3JOXKEHHe BONpoca O napamarHoHax B MeTalJjax.
Jlo6aBjier Takxe pa3jesl O KBAHTOBAHHOH XONJIOBCKOH NPOBOAMMOCTH B JBYMEDHBIX
cucremMax. Ha 3TomM BOnpoce MBI OCTEZHOBHMCH HECKOJIBKO TNOApPoOHee,

B kuure oTrMeyexo, YTO B 32BHCHMOCTH XOJJIOBCKOH IIPOBOAUMOCTH OT MarHHT-
HOTO NOJA HaGJIIONAIOTCH «IVIATO®, C OYE€Hb BBLICOKOH TOYHOCTBIO COOTBETCTBYIONLHE
3HAUCHHAM Oxyx = —ne’/h ¢ neasiMu n. JladbHefdllHe UCCJAENOBAHHS NOKA3AIH,
OAHaKO, YTO ILIATO CYMECTBYET H TNPH APOOHHX DANKOHAJLHBIX N C HEYeTHLIMH
3HAMCHATENSAMH. 3TO, MNO-BHAUMOMY, CBHIACTEJbLCTBYET O MPHHIHIIHAJILHO BAXKHOM
H HeOOLIYHOM CBOHCTBE JBYMEPHHIX 3aPSKEHHBIX CHCTEM B KBAHTYIOIEM MATHUTHOM
1noJle — CYIECTBOBAHMK 3JIEMEBTAPHLIX BO3OYMJAEHHH C 32apfLOM, PABHBIM JpOOHOM
YacTH 3apsAd JJEKTPOEA, KOTOPHE NOAYHHSAIOTCH (B ONMpEAeJeHHOM CMLIC/E CJI0Ba)
CTATHCTHKE, OTJHYHOH OT CTATHCTHKH Do3e ujau Pepmu. O6CyXIeHHe ITHX AANEKO
eﬁxe 3H]e BLIFCHEHHHX BOMPOCOB YHTATEAb MOXKET HAHTH B OPHIHHAJBHLIX CTAThAX

A. C. Boposuk-Pomaros
JI. IT. [Tumaesckutil
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Cape, Buxmopuu u Jxonamany

NPEAUCIOBHE KO BTOPOMY H3AAHUIO

fiBseHue MarHeTHaMa HM3BECTHO C JDEBHHUX BPEMEH, OINHAKO J0 CHX MOp B 3TOH
06NacTH QH3HKK BeLYTCH NEePCINEKTHBHLIE M HHTEHCHBHHE HCCHAeJ0BAaHuA. [IpHumHa
COCTOMT B TOM, YTO NPH UCCAEKOBAHWM MATHUTHBLIX SBJEHHH [PUMEHAETCH CJAOXKHAaA
COBOKYNHOCTb KBAHTOBOH MeXaHHKHM, CTATHCTHUECKOR (UIUKH H SJEKTPOMATHHTHOM
Teopuu. [1o0 mMepe CO3AAHUA HOBHIX MATHUTHHIX MaTEPUaNOB HIH OCYLIeCTBJIEHHN
HOBLIX 9KCNEPHMEHTAJLHBIX YCJAOBHH yIayOIsaeTcd H Hallle NOHHMaHHe CaMBIX OCHOB
3THX pasjeoB TeopeTHyeckor Puiuku. Tak, oTKpuITHE 3dpdexra Konno, Kak u obHa-
PyxeHue CBEPXNPOBOJMMOCTH, CTHMYJHDOBAJNO Pa3BUTHE KBAHTOBOH TEOPHHM MHOTHX
Tel, HCCJEJOBAHHE B3AUMOAEHCTBHA B CHUHOBBIX CTEK/JaX NPHBEIO K JAajdbHeHIEeMy
NpOrpeccy B CTATHCTHYECKOH PuaMke, a U3yueHHe POTOSIMHCCHY C YIVIOBEIM H NOAAPHU-
38IHOHHBIM Da3pelIeHueM NO3BOJUNO BHIHBHTh HEJOCTYINHbIE paHee [ET4aH 3JeKTPOH-
HOI'O CTPOEHHH MEPeXONHBIX MEeTaJJOoB.

fl He cTaBuJa nepej co6oil HeJH OTPA3WTh B KHHTe BCe HOBLIE Pe3yJbTaThl, MO-
JIy4deHHbe 33 JECHTb JeT, NPOUENIIAX CO BPEMEHH NepBoro H3jaHus KHHUrH. Mos
3ajlaya OCTaBaNaCh TaKOU Xe KiaK M B NPeIbAYWEM H3JAHHHM KHHIH: HCNOJAL3YS
TEOPHIO JHHEHHOIO OTKJHWKA, YCTAHOBHTb OCHOBHBIE KOHLENUHH, NO3BOJAOUHE IO-
HATb pasnuyHble MATHUTHBIE SBJAeHHA. B pamxax Taxkoro noaxona moryT ObITh
OOBLACHEHB! H MHOTMe JOCTHXEHHSA IOCJEeIHUX JIeT.

I xoren Ol nobnarogaputh npod. Ilerepa Pyapge u a-pa I'eapmyra JloTua,
NOAAEPKABUIMX HIEI0 H3AAHMA 3TOH KHHrH. 3HaudTeIbHAas YacTh PabGOTHl HaJ KHH-
roit 6ul1a npojesNaHa B TeYeHHe MIECTH MeCHUeB, KOTODLle f OJAarofaps CcyOLcuAuu
¢oHna Anekcanapa o ['ymOosbita nposen B IlItyrrapre, B HHCTHTYTEe uM. Makca
[Inanka. DBodpllyio NOAB3Y MHE IIPRHECAR MHEOTOYHCJAEHHhIE XUCKYCCHH C COTPYA-
HHKamHy othena npodp. dyaspae, B ocobeHHOCTH ¢ A-poM A. M. Oxe. §I 6aarojapen
TAKXEe JPYTHM CBOMM KOJJeraM: AokTopy Paabdy: MyyHy, Jo6e3HO NMPOYUTABLIEMY
IJ1aBy O PaccessHHH HEHATPOHOB K CAEJaBIueMy;: PSR INOJE3HbIX 3aMeyaHui, npodec-
copy Konuepy XeppHHry, BHeciieMy $iCHOCTh B HEKOTOpbIe aCMeKThl BHBOAA COOT-
HoweHus Oxcarepa B ra. |, m Onuidaber Ilnoymen, axkypaTHO nepeneyaTaBLuen
MacCcy HOBOro  Marepdaaa. Hakonen, £ xo4yy noGnarofapiark mnpogeccopa
T. Jkebenna 3a NMOCTOAHHEIR MHTEpeC H NOAJLEPIKKY.

P. Yaim
[lano-AnpTO, AekaGpt 1982 r.



nasa 1

MATHHUTHASA BOCINPHUHMHYUBOCTD

Bcsakyw cucTEMY MOXHO XapaKTePH30BaTh €€ OTKJIMKOM Ha BHelll-
Hee Bo3jaeicreue. Hanpumep, npecnoByThili «UepHBLIA SAUIUK» B 3JeK-
TPOHHKE XapaKTepu3yeTCsl HanpsiKeHHeM Ha BbIXOjJEe, KOrjAa Ha ero
BXOje 3aZlaH ToK. Benuuuua, uaspiBaemas nepedamoyHolm umne-
O0aHcom, COACPKHUT BCIO HH(POPMALHIO, HEOOXOAUMYIO AJIS1 IOHHMAHUSA
paboThl YepHOro sAu¥Ka. ECIH B3BeCTHO, YTO MMEHHO 3aKJIOYEHO
B UEDHOM sllHKe {HanpuMep, €CJH Mbl 3HAEM ACTAJNbHYIO CXEMY BKJIO-
YeHUs CONPOTUBJEHUH, AHOAOB U T. A.), TO MOXKHO TEOPETHYECKH yCTa-
HOBUTb, KaKHWM OYJET IepelaTOUHbIH UMIIEAAHC.

ToyHO Tak ke ecJIM paccMaTpuBaTb KPHUCTAMJ KAK CHCTEMY 3aps-
JOB H TOKOB, TO €ro MOXHO XapaKTePH30BaTb UHKyueld OMKAUKA.
Hac 3necsy Gyner uHTEpecoBaTb B OCHOBHOM OTKJHK TAKOH CHCTEMEHI
Ha MarHuTHoe noJjie. B 3TOM Ciyyae «BbIXOJAOM» CJIYXKHT HAMATrHHYEH -
HOCTb, @ QYHKUHEH OTKNUKA — MAZHUMHAN ocnpuumiugocms. TOUHO
BLIYHCJIHTD MAarHUTHYIO BOCIPHHMYMBOCTbL (DAKTHUECKH HEBO3MONKHO,
NIOCKOMBKY CHCTeMa cojepkuT npumepHo 10* wyactun. ITosromy
OOBIYHO HCXOAAT U3 dHaNM3a H3MEPEHH A MArHUTHOH BOCIIPHUMUUBOCTH,
1O NOBEJEHHI0 KOTOPOH YCTaHABJIMBAIOT BAaXKHEHUIHUE I1POUECcChl, Npo-
TEKaloulHe B CHCTEME, a 3aTeM Y>Ke aHaMHIHPYIOT CHCTeMYy C y4eTOM
Takux npoueccos. [ns peanu3auuy TAKOM NPoOrpamMMbl Mbl JOJIKHEI
3HaTb, KaKHe NPOUECCHl B CHCTEMe BO3MOXKHbI H KaK OHH BJIHSIOT HA
BOCIIPHHMYHBOCTb.

Jns onpenenenuss BOCIPUMMUHBOCTH HEOOXOJHMO BLIUHCJHTL Ha-
MAarHHYEHHOCTh, CO34aBacMyl0 NDHUJOXKEHHBIM MATHUTHBIM IIOJieM.
B ofuem caydae MarHuTHoOe IoJie MOXKET 3aBHUCETh KaK OT NpOCTpaH-
CTBEHHBIX KOODAMHAT, TdK M OT BpeMeHH. Bo3sHukaiouias HaMarsu-
YEHHOCTh TaK¥Ke OYyJNeT HSMEHSATLCH B NPOCTPAHCTBE H BO BpPEMEHH.
Ecnu xoopjpuMHaTHas 3aBHCUMOCTb NPHJOXKEHHOIO TOJs XapaKTepH-
3yercsi BOJIHOBLIM BEKTOPOM (, & BPEMEHHASl — 4YacTOTOH w U eCJIH
MBI OTPAHHYHMCH HAMATHUYCHHOCTHIO C TEMH 2Ke BOJHOBBLIM BEKTODOM
M 4acTOTOH, TO NOJNYUHM gocnpuumdugocms ¥ (q, ®). Kak msl Bckope
YBHIHM, HAMATHHYEHHOCTH €CTh CPEJHHH MArHUTHLIA MoMeHT. Cam
no cefe MarHUTHBIE MOMEHT — BIOJIHE OIlpejleNeHHass BeJMYHHA.
[TIpoGnema cocTOMT B BBIYHC/IEHMM €ro cpejHero 3Havenusi. [as
3TOro HeoOXORMMO 3HATb, KaKOBa BEDOSITHOCTL TOIO MWJAH MHOIO
COCTOSIHHA CHCTEMbI. Takad MHPOPMAUKS COAEPKHTCH B YHKYUU
pacnpedeserus CHCTEMBI,

Mzul nokaxeMm B 3TOH TJase, uTO PyHKIMA pacnpejieleHHss 3aBUCHT
OT NOJIHOH BHEPruM, HJIH 2aMUALMOHUAHA CHCTEMB. [103TOMY nepsoe,
C Yero Hy>KHO HauaTb IPH HCCJAEJOBAHWH MArHUTHLIX CBOKCTB, — 3TO
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YCTAHOBHTb, KAKHE B3aWMOJEHCTBHSA CYIUIECTBEHHEI AJf MarHeTH3Ma.
B ria. 2 mpl paccMOTpHM BONIPOC O NPUPOJAE TAKHX B3AMMOJIEHCTBHH
H BHIPA3UM HX B QopMe, KoTopas oOOJErYuT HX NPHMEHEHHe B nocJe-
AYIOWMX TaaBax. UuTaremio CIeAyeT HMeTb B BHJly, UTO COJEP XKAaHHE
rii. 1 B 2 cayXUT OCHOBOH Anfl TEOpHH, OOCYXJeHHe KOTOpOH Ha-
ypHaetcsl B ra. 3. [lpunnun nojgbopa marepuana B nepBbiX ABYX Traa-
BaxX CTAaHeT SICHLIM [0 Mepe H3JOXKEHHS TEOPHH.

Ecnid nmone He 3aBHCHT OT BPEMEHH, TO MOXHO MNPEANOJAOXKHTD,
YTO CHCTEMAa HAXOJHUTCS B TENJIOBOM paBHOBeCHH., B 3ToM cuayuae
GYHKIMIO pacnpejeneHds JErko HauTH. B ra. 3 oHa Hcnoab3yercs
JVISl BLIYMCJIEHHS OTKJHKA HEB3aHMOJEHCTBYIOLIMX MOMEHTOB Ha cCra-
THYECKOe IoJsie, DTOT pacyer MO3BOJAeT HAWTH BOCHPHHMYHBOCTH
v (q, 0). B ron. 4 dccaepyercs OTKAHK Y (q, 0) cucreMEl B3auMo-
AEACTBYIOIUIHX MOMEHTOB Ha CTATHYECKOE MoJie¢ B NPHOJHKEHHH CIy-
yauHbIX (as.

Ecnu nosne 3aBHCHT OT BPEMEHH, TO JJIst BHIYHCJCHHS (YHKUUH
pacnpejie/leHdsl HEOOXOAHMMBL COOTBETCTBYIOLUIHE YpaBHEHHS JBHXKe-
Huf. J1g JM0KaJH30BAHHBIX MOMEHTOB 33/auya CBO/IMTCH K PEIIEeHHI0
ypagHenuil Baoxa. B caydae fenoKanu30BaHHLIX MOMEHTOB (DYHKUMS
pacnpefieeHuss MoxeT ObITb IIOJNyYeHa H3 ypasHenus boavymara.
B rn. b nyreM pelIeHHsi 3THX YypaBHEHHH JAad cjiabo B3auMoOpjeH-
CTBYIOLIHX CHCTEM INOJYYEHO BbipaxeuHue ijas 0O0OOIEHHOH BOCHPH-
umMyuBocTH ¥ (q, ). Haxoneu, B ra. 6 ucciaeapyercs oOoOuieHHas
BOCIIPHMMUHBOCTb CHJIbHO B3aHMOJEHCTBYIOWHMX cHcTeM. ObobmenHas
BOCIIPHHMYH¥BOCTh MHTEPECHd, B YaCTHOCTH, NOTOMY, YTO CHHIYJAD-
HOCTAMH 3TOH (PYHKLUHMH OnpeaessieTcsl CNEeKTP MArddTHHIX BO30YyXK-
JIGHHUH CHCTEMBI.

B nocJiepyiomEx pa3jenax HacTOfALEH rJiaBbl BBOASTCH OCHOBHBIE
BEJIMYMHE!, C KOTOPHIMH MEI OyJeM ¥MeTh AeJ0 B KHHre. Tak Kak
S5TH BEJIMYHHBI MOXXHO ONPEAENsITh PAa3JTHUHBIMH cnocobaMH, YUTa-
TEJII0 NOJIe3HO O3HAKOMMTBCA C APYTHMH moaxoxamu. (B ocobGennoctH
MOKHO DEKOMEHJOBATb KJaccHyecKylo pabory [1.1].)

1.1. MATHUTHBIX MOMEHT

HayneM ¢ 06CYXJieHHS MAarHMTHOrO MOMeHTa. UToOH yBHAETS,
noyemy 3Ta BeJWYHMHA NpeACTaBJsieT ocoOBIH HHTEpEC, PACCMOTPHUM
KJIACCHYECKYIO CHCTEMY 33apAN0B H TOKOB. Takas CHCTEMa OIHCLIBAETCSH
ypaBueHusiMH Makcseaa. CooTBETCTBYIOUIHE YDABHEHHS C Y4YeTOM
CpeAbl — TdK HA43bIBaeMble MAKpOCKonudeckue ypastenun Maxc-
geAnq -— TOJNYYAOTCsl U3 MHKDOCKONHMUECKHX YPAaBHEHHH ycpeaHe-
HUEM 1O BOJLIIOMY YHCJAY YacTHU. MHKpOCKOnuuecKoe ypaBHeHHe,
KOTOpOe Hac OYJeT 34ech HHTEPECOBaTb, NpejiCTaBiasierT CO0OU 3aKOH

Amnepa B puddepeHuMansHoit (opme:

Vxh:T'—}—%—- (1.1)



[.1. MACHUTHBIH MOMEHT g

OnpenenyuM CpejHHe MOJA CJAEAYIOUIHM 0ODa30M:
(h) = B,
(e} = E;

31eCh yIJIOBble CKOOKM (...) O3HAYAWT yCpeAHeHHe no 06JacTH, Ma-
JIOW 10 CPABHEHHIO ¢ pasmepamu ofpasia, HO JOCTATOYHO OOJBILOH,
yTOORl B HEH COJAep2KajoCh MHOIO aTOMOB.

- Korpa Mot nuueM B (r) uam E (r), xoopiuuarta r OTHOCHTCH
K IIeHTPY 006/1aCTH, 10 KOTOPOH NPOBOGUTCH  ycpejHeRHe. Takum
ofbpasom, nepsoe paBeHcTBo (1.2} Mo)XHO Hanucath B BHJe B (r) =
= (h) . Ilpu sToM npexnosaraercs, YTO U3MEHEHHME BCEX BCAHYMH
IIPOHCXOAHT HA PACCTOAHUAX, KOTOPhIE BEJIHKH 1O CPABHEHHIO C MEX-
aToMHbIMM. Dosee nogpo6HO npouecc ycpepHeHus o6CyxjpaeTcs
B pasi. 1.2. C yverom (1.2) ypaBuenne (1.1) MOXHO 3anHcarth B BUJE

VB =Ly L E (1.3)

c

(1.2)

Tenepsb HYXKHO BBLIYHCJIHTL CPEAHIOID IIOTHOCTb TOKa. JIas 3TOro
pa3aenuyM MOJHYIC IIJIOTHOCTL TOKA Ha JBe 4YaCTH, OJHA H3 KOTOPBLIX
CBSI3aHa C 3/IEKTPOHAMH IPOBOJMMOCTH, a APYras — C HOHAMH.
YcpenuenHas BeJMYHHA 3JEKTPOHHOIO TOKA HPOBOJMMOCTH Tpej-
CTaBJIsIeT COOOH naomuocmb C60000H020 MOKA  jiree-

MonHb# TOK TOXE MOXHO Pa3jIeNUTh HA J(Be YacTH. Bo-nepBhIX,
HOHBI MOTYT 001187aTb 3JEKTPHYECKHUM JIMIIONLHBEIM MOMEHTOM, KOTO-
PHIH XapaKTepH3YeTCsl NAOMHOCMbI0 OUNnOAbHO20 3apada pg,. Ecau
IJIOTHOCTh JIMMOJILHOTO 3apsja 3aBHCHT OT BPEMEHH, TO CYIEeCTBYeT
NAOMHOCML NOAAPUBAYUOHHOZO MOKA oo, YROBJETBOPSIOUIAA Ypas-
HEHHIO HeNnpepLBHOCTH

: 3pa;
Ve jpor = ——32 (1.4)

Ycpenusin 3T0 ypaBHeHHE M INpEANONAras, YTo MOXXHO MEHSAThb Mo-
PANOK omnepauui ycpejHeHus H pHbPEpeHIIpOBAHUA 1O BpPEMEHH
H KOODJHHATAM, MNOJydYyaeMm

. op
<Z ]Dul)‘:?r—- | (15)

3hech cymma Gepercst no HOHaM, HAXOAAULMMCA BHYTPH 06GJACTH
ycpexsenus, a P — BekTop snekrpuueckofl nossipu3anud, onpeje-

NAeMLId COOTHOULIEHHEM
Z - \=—V-P.
<ionspdlp >

Bo-BTOpBIX, BKJaj B IVIOTHOCTH HOHHOTO TOKA JaeT BHYTpeHHee
ABHKEHHE MOHHBIX 3JeKTPOHOB. OGO3HAYMB ITOT BKJAAK jmag, B CTA-
NHOHADHOM ciaydae wmeeM V-j,.. = 0. IJra nJIOTHOCTE TOKa OTBET-
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CTBEHHA 32 MazHumHbil MOmernm noHa m. Ecau R — paguyc-BeKTOp
LIEHTpa MacC HOHAd, TO MATHHTHHIA MOMEHT ONpeJeNsieTcs: Kak

1 .
m:-—ﬂjdr([‘—R)X]mag' (lﬁ)

CymecTByeT yio0Hoe NpeACTABNCHHE A fmae YHOBIETBODPSIOULEE
cooTrHoweHnuo (1.6) u ofecneunBaiouiee paBEeHCTBO HYJIO JHBEPIeH-
LIHH TOKA:

jm-,,g:—-CmXVf(lr_Rl). (17)
rae f(|r —R [) — npousBonbHas raanxas QyHKous, ofpamalo-

IasCH B HYJb HAa HOHHOM pajuyce H HODMHDOBAHHAS HA ERHMHHIY.
B stom cayuae

<l§s ]mag>=c<i§sw(|r — RI)Xm> ZCVX<1§5H| r——RI)m_). (1.8)

Cpennssi BendunHa B npaBod 4actu (1.8) ectb HamarnuyeHHocth M,
onpefensemMass cJhaepyromuM obpasoM: '

=(Z1(r—Rpm), (1.9)
YuuTelBafg BCE 3TO, Mbl MOXKEM HanHcaTb ypaBHeHue (1.3) B Buze
VXB=T e+ 2% Lanvxm--— 2. (110)
Beojas BenuuHHbI

H =B — 4nM, (1.11)
D = E + 4nP, (1.12)

OJMyuydaeM H3BECTHHIH pesynb'raT
VxH=22 1+ 1.2 (1.13)

TakuM o6pa3zoMm, MBI BHAMM, YTO HAMArHHYEHHOCTb, KOTOPAsA BXOJHT
B MaxkpoCKONHyeckue ypaBHeHus Makcsesnna, ecTb He 4YTO HHOE,
K2K CpPeJHMH MarHuTHLI MOMEHT MOHOB, OIpeAeJfeMblil BEIpaXKeHUEM
(1.6).

B xauecTpe npumMepa ucnonbp3opaHus onpejedenus (1.6) paccmo-
TPHM TOJILKO 3/JIEKTPOHHBI® TOKHM BHYTPH HOHA, npeHeOperass BO3-
MOXHBLIMH SIAEPHBIMH TOXami. Torja

jmag(r): %evaﬁ (I'—l"a_). (114)
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rie e — 3apaj 3JeKTPOHA, PaBHBIH — |e], 8 Vo — CKOPOCTb 3JIeKTPOHA

¢ HoMepom a. M3 dopmyanl (1.6) nonyyaem jans noJHOIO MarHuT-
HOT'O MOMEHTa HOHA

m =2iC2 g X Vg. (1.15)

04

BenoMunas, uto opOuTanbHBIE YTIJIOBOH MOMEHT SJIEKTDOHA onpe-
JENsIeTCH Kak

l, = o X mvy, (1.16)
NoJYy4aem
mzz_ﬁc_la. (1.17)
o
[Nockoapky e = —|el, u3 (1.17) BHAHO, YTO OpOHMTANBHLIH MarHHT-

HbIA MOMEHT 3JIEKTPOHA HANpPaBJEH NPOTHBOMNOJOXKHO €ro YIJIOBOMY
MOMEHTY.

B pmanbuefiluem HaM Oyjer yjnofree ucnosb3oBaTh Oonee obliee
OnpepeneHde MarHuTHOro moMenta, 4em (1.6). HoBsoe onpenenenue
OCHOBAHO HA 3HEPrH¥ MACHHTHOM CHcTeMmbl (OHA paccMaTpHBaETCH
B kuure [1.2]). B stom Bonpoce uMeeTcst HEKOTOpPAsi TOHKOCTh, CBS-
338HHAsl C CAMHM MNOHATHEM MarHuTHOH cucrteMbl. OnpejenuM MarHuT-
HYIO CHCTEMY KaK CHCTEMY, XapaKTepuU3yeMYyio NJOTHOCTLIO HOHHOIO
MArHUTHOTO TOKA jm,,- [IPH TakoM onpejeneHus, OUEBHJHO, MCKIIIO-
yarwrcs cBOOOjHEIE TOKH, Co3jialuue BHewHee none H, B koropom
HAaXOAHTCSE MaruHMTHHM HOH. Tenepbh HaM HYXHO HAWTH H3MeHeHHE
3HEpPTHH MAarHMTHOH cHcTeMmbl NMpH BKMmoueHud noas H. Mamenenue
3HEPru¥ OOYC/JOBMCHO TEM, YTO B CHJY TEHZEHUMHM K COXPAHEHHIO
HEeM3MEHHOH BENMHYHHBI TOKA TIPOHCXOAHMT H3MEHEHHEe BeJHYHHEI
MAariuTHOro nonas. I[IOCKOJNbKY MAarsuTHEOEe MOJe HE MPOU3BOAMT
paboThl Haj ABUIKYIIMUMHCH B HEM 3apAJaMH, HEOOXOAMMO BbIYUC-
JIHTb 3JIEKTPHUECKOE M0J1e, KOTOPOE BO3HHKAET IIPW M3MCHCHHH BHELI-
ilero MargutHoro noas. OHO onpejensieTcsl H3 ypaBHEHHSA

1 JH
VXE=——<0. (1.18)

3a Bpems Of nose E npou3BOAMT HaJ TOKAMH B MArHHTHOH CH-
creme paboty

S J’(jmag-ﬁ)drat. (1.19)

Hcnonb3ysi Ansl jpa, Boipaxesue (1.7), MHTerpupys no 4actaMm H
yuuthiBas (1.18), nonyuaem

W:J‘fqr—m)m-audr. (1.20)

Ecau none H oxHOPO/HO HA pacCTOSHHUAX NMOPSjKA pasMepa HOHA,
To 0H MOXHO BHIHECTH H3-1IOJ 3HAKa uHTerpana. Tak Kax m — Io-
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CTOSIHHAA BeJaWYMHA, a ¢yukuusa f (| r — R|) HopMupoBaHa Ha ejH-
HUIY, [0Jy4YaeM

W =m-.5H, (1.21)

[Tpu sToM u3MeHeHHe 3HepTUH MATHUTHOHR CHcTeMu! paBHo 6F = —W.
TakuM 06pa3oM, MOXKHO HANHCATDH

oF

B paccmoTrpennom caydyae MArHUTHAs CHCTEMA COCTOSJIA H3 OLHOTO
voHa. OpHako popmyay (1.22) MOXHO NMPHUMEHATE K M060H cHcTeMe.
Ilpy 3TOM HYXXHO MOMEHT MOHA M 3aMEHMTh NMOJHBIM MOMeHTOM MV,
rie M — nHaMariuyéHsocTh, a V -— obweM cucremrsl. B Kkauectse
nIpuMepa pPaccMOTPHM CHCTEMY HOHOB, JEKTPOHHAs NJAOTHOCTb TOKA
B KOTOpPOH OnuChiBaeTcsi BeipaxkeuueMm (1.14). B onHopojHOM Mariur-
HOM noJie H, KOTopoe MOXHO BEIpa3uTh Yepe3 BEKTOP-MOTEHIHAN A
kak H = V X A, »sHeprua Takoi cucreMe! OyJeT HWMETb BUJA

E:Z%mv&{—zwm (1.23)

rje ¢, — NOTEHiYAaN 3JeKTPHUYECKOro nojas HoHa. Mel BHAHM, 4TO
MarHuTHOe noJje H He BXOjUT SIBHO B BbIpAXKEHHS AN 3HEPIHH,
O/IHAKO B JACHCTBUTENIBHOCTH CKOPOCTb SBAsAETCA (YyHKUHeH noas.
XoTa obumas 33jaya ONpeAesIcHUS 3aBHCHMOCTH TOJHOH 3SHEPruu
OT N0Js AOBOJILHO CJOXHAE, B JAHHOM Cjyyde 3TY 3aBHCHMOCTb MOXKHO
HaiTH, ecqHM BbIPA3UTH 3JHEPIHI0 uUepe3 KAHOHHYECKHE KOOPIHHATHI
CHCTEeMBI. DTO CBSI33HO C TE€M, YTO B ME/JIEHHO MEHAIOIEMCS OJHOPOA-
HOM noJie o006UIeHHbIE HMIYJbCHl COXPAHSAIOTCA. DHepPrus, BHIpa-
XKewHass vepe3 OOOOLIEHHbIC KOODAMHATHI, COBNAajaer C (QyHKUHeH
[amuabrona, [lo ykaszannoit npuyuxe B Buipaxenud (1.22) gacro
BMECTO 3HeprHu L nuwyT eamusvmoruan 6.
B ra. 2 Ml 0oKaxeM, YTO TaMUJbTOHHAH UMEET BHJ

#= 5 (pa——A) + Y eta (1.24)

I
[Toncrasus cioja Bekrop-noteHunan B Buge A =5 H xr, nony-

YHM

_\"PE N\ _e H4 -2 N (Hxr.)
6 Eml (ra><pa)ﬂ+8m.gz_]( X 1)

2mc

+ X epe. (1.25)
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Jduddepennupys Bolpaxenue (1.25) no H H y4yuThiBast, 4T0 0000LIEH-
HBI# HMHYJLC €CTh Po = MVy + (6/C)A, NPHXOAHM K BHIDAXKEHHUIO
(1.15).

1.2. HAMATHHYEHHOCTDb

HamaruuyenHocTh nosnyuaercs B pe3ynbTaTe YCPEAHEHHS MAarHUT-
HbIX MOMEHTOB HOHOB MO OOJACTH NPOCTPAHCTBA, AOCTATOYHO OOJib-
uo#, 4robbl TAKOE YCPEJHEHHEe HMeJO CMBICA, HO MAaJioH no CpaBHe-
HHIO C NPOCTPAHCTBEHHBLIMH HEOAHOPOAHOCTAMH B cHcreme. [ljisi BHI-
NONMHEHHUS YCPeJHEHUs1 HaM HeoOXOAUMO 3HATh pacnpeje/NeHHe HOH-
HBIX TOKOB, KOTOpPoe B ofueM cJjiyuae HeH3BeCTHO. B 3TOM COCTOMT
NPUHUMIHANbHAS TPYAHOCThL TEODHU Maruetuama. B peanbHO# CH-
cTeMeé JBHXeHHe 3apsifia B HEKOTOPoH ob6sacTd onpejpensiercs 3apsa-
JaMH H TOKamu BCEH CHCTEMBI; TaKUM 00pa3oM, Ml NPHUXOAUM K 3a-
gade MHOrux Tten. HMcropuyecku cioxuUAHCh ABa NOAX0A3a K 3TOH
npobaeme: MeTOJ JOKAJH30BAHHBIX MOMEHTOB M METOJA JeNOKaNH-
30BAHHBIX MOMEHTOB., BrIOOp TOro HJAM MHOrO MeTOja 34BUCHT OT
NPHPOALl BELIECTBA H 3a4acTYIO CieNnaTb ero OblBaeT TPYJLHO.

B HekoTopeix cnydyasx (yHKUHS DacnpefeNeHHsi TOKa JIOKaJH-
30BAHAa BHYTPH SYEHKH KPHUCTAJNMMYECKOM pelleTKH. B Takux cny-
YasgX HMOHHBIH MAarHUTHBLII MOMEHT SIBJISI@TCSi OTHOCHTEJbHO XOPOLIO
OnpeAeNIEHHONA BeJMYMHOM M B3aUMOJAEHCTBHE C BHEILHHMH 3apsiJaMH
H TOKaMH MOXeT ObITb BEIPAXKEHO Yepe3 3TOT MOMEHT. TakOH Mojpxoj
NPHBOAHT K TNOHATHIO CNUH08020 2aMUALMOHUGHE, KOTOPOE OKa3bl-
BaeTcs KpauHe NnoseasbiM. B ApYruX cayuasx Mel npejnoJiaraeM, 4ro
pacnpejeneHue TOKOB CBA3aHO cO.CBODOAHBIMH 3JieKTPOHAMH. XOTH
3JIEKTPOHBl HAXOAATCA BHYTPH KPHCTAJNJIMUECKOH peleTKH, ToT Qakr,
UTO OHHM MOLYT pacCMaTpHBaThCA KaK «ras», NPUBOAMT K OnpejeseH-
HbIM YNPOIIEHHNM. YYHUTHIBAA JBA THNA pacnpefeNeHHsl ToOKa — COOT-
BETCTBYIOIEE JIOKANMH30BAHHLIM 3JEKTDOHAM H COOTBETCTBYIOLIEE
CBOGOAHBIM 3JIEKTPOHAM, — MBI MOXeM NPUCTYNUTb K ONpejeNeHHI0
CpeAHero MomMeHTa. Brluucaenye cpelHHX BeJHUMH OCHOBAHO Ha anna-
pare CTATHCTHYECKO# MEXAHHKH. TaK KakK 34eCh Mbl HE MMeeM BO3-
MOXXHOCTH Da3BHBaTb TAKOH annapar, pe3yJbTaTel 6YJyT BBOJHTHCS
B ranbredmeM ad hoc; nonapobHoe H3J0KEHHE MOXHO HAHTH B KHH-
rax no cratucTHueckod cusuke [1.3].

Ecnu cucrema obnajaer TPaHCASUHOHHON HHBAPHAHTHOCTBIO, TO
CTATHCTHYECKOE CpEeAHee IO BCEeM 3JIeMEHTADHLIM siYeHKaM KpHCTaJ-
JHUECKOH peILeTKH 3KBHBANEHTHO CPEAHEMY N0 BPEMEHH N0 OjHOH
siyefike. B BhIpa)keHHe AJIS 3TOrO CPEAHET0 BXOJHT BEPOATHOCTH HE-
KOTOPOTO Onpejie/IeHHOr0 pacnpejesieHHs ToKa B cucreme. Hanpumep,
B C/Ay4ae MAarHHTHOTO JM3JIEKTPHKA CpejlHee 110 Adeitke ecTb CpejHee
VI MAarduTHOTO HOHA. Ecau HOB uMeeT A 3JIeKTPOHOB, TO COCTOSHHE
HOHA B KJIaCCHYECKOH (pU3HMKe xapakrepuayercs 6/ KOOpaMHATAMHU H
AMOYJAbCAMH (Gy, ..., G3py P1y ++-y Pan). TOOB HAHTH HAMATHHYEHHOCTD,
HY>KHO YMHOXXHTb MATHHTHEIH MOMEHT, SIBJASIOUIMNCH (QYHKIHeH Bcex
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KOOPJAMHAT M HUMIYJbCOB, Ha BEPOATHOCTL HAXOXAECHHS CHCTEMEI B CO-
CTOAHHH (G1, ..., Py, ...) H NPOHHTETPHPOBATHL 110 BCEM KOOPAHHATAM
M HMMNyJabCaM. T3 BEPOATHOCTH 33BHCHT OT OKPYKEHHH HO-
Ha, KOTOpoe omnpepenser rteMmneparypy 7. B OonbumucTBe cayuaes
3TO TEMNEPATypa KPHUCTaNIHYECKOH pelIeTKH, B KOTOPOH HAXOLHUTCSH
HoH. PaBHOBecHOH (pyHKuUEH pacnpejeseHust Toraa OyneT GyHKuHUA
pacnpenenesuss bonbumana exp (—f46;,,)," rae #;,, — KJaaccHue-
CKUH ramUnbTOHHAH Jaa HoHa, a B — 1/kgT. Takum obGpasoMm, pas-
HOBeCHas HamaruudeHHocts N/V uonoB B epuHuue obGbema omnpefe-
NSeTCA BbIPaXXEeHHEM

M N I N _("'jmexp("‘ﬁ%_wn)d‘h---dpl...
4 ( ) '
_[' ..J.eXp(-—-- ﬁ%ion) dfh- -.dpl. ..

|4

HurepecHo OTMETHTb, 4TO KJaacCHYeCKas MNpolenypa YCpeaHeHHs
NPUBOAMT K BbIBOAY 00 OTCYTCTBHH MATHETH3Ma B TEPMOIMHAMHYECKOM
paBHoBecHH. [IpuunHa 3TOro 3akJawOYaeTcsi B TOM, 4YTO HHTErpaJsl
0 MMNyJbcaM B BoipaxeHud (1.26) b6epyTcs B npepenax oT —oo A0
—+o00, no3TOMy AoOaBaeHHe BEKTOP-NOTEHNIHANa MEHSeT HMIYJibCHI,
HO HE MEHSeT NnpejesNsl HHTErpHpOBAHHUA. [TOCKOMBKY BEKTOp-NOTEH-
[1Man BCErja BXOJHMT B NOJALIHTETPAJIbHOE BbIPAXKEHHE KAK AJJUTHBHASA
100aBKa K UMIYJILCY, 3aMEHOH NEPEMEHHBIX €ro BCeTja MOXKHO HUCKJIO-
YuTb. B KauecTtBe npuMepa pacCMOTPHM CTATHCTHYECKYIO CYMMY
s OLHOTO 3JIEKTPOHA B MATHHTHOM MOJE:

. (1.26)

Z— | drdydz | dp.dp,dp,.exp {—Blp — (efc) APi2m+ ...},
- - (1.27)
BBegeM BeSMHUYHHY
u:px—'e_Axs'-'s (128)

c

rae A, BooOuwe rosopsi, mMoxer OuWTh (QyHknue# r. Torga
Z=V J dudvdwexp{ — B u® +— v+ w?)/2m}. (1.29)

[Tocniepnee BuIpa)KeHHE HE 3aBHCHT OT A, NO3TOMY Npou3BojHas Z
no nomio H, Koropasi, KaK MOXHO IOKa3aTh, NPONOPHHOHAIbLHA
HAMAarHUYEHHOCTH, paBHa HyM0. [loNydeHHBIH pe3y/abTaT H3BECTEH
Kak meopema Ban Jleegen; u3 Hee cnaejlyeT, 4TO HEOOXOJHMO YUHTDI-
BATh JIHCKPETHOCTb COOCTBEHHBLIX 3HAYEHUH, a CJAEJOBATENbHO, H
KBaHTOBYIO NPUPOAY cucTeMbl. (DHU3IUYECKHH CMBICA ITOrO HHTEpec-
HOro peayJbTaTa coCcTOUT B caeayioumem [1.1]. DneKTpoHbl B MArHHT-
HOM MOJIe JBUXKYTCH IO KPYTrOBbIM OpOHuTaM B MJIOCKOCTH, NMEPNEHAHU-
KyJsIpHO# nojo. Te 3/MeKTPOHbl, OPOUTHl KOTOPLIX 3aMKHYTHI, HaKOT
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BKJIAJl B JMAMATHHTHLIH MOMEHT, a 3JIEKTPOHBbI, nepecekarluide rpa-
HHIY, KMMEIOT pa3opBaHHue OpPOUTHI; B pe3yJnTaTe, NEPEeABUTasiChb
BJIOJIb TPAHHUBI, OHH CO3AAI0T MapaMarHuTHLIl MoMeHnT. OxasniBaercs,
UTO NapaMariUTHLIH MOMEHT KaK pPa3 KOMIIEHCHpPYeT JHaMATHUTHLIH
MOMEHT. JTOT Pe3yJ/bTaT He 3aBHCHT HHY OT PAa3MEPOB, HH OT IIPHPOJIHI
rpasHUubL.

B KBAHTOBOM MeXaHHKE MATHHTHasE CHCTEMa ONHUCHIBAETCH raMHJIb-
TOHHAHOM 4 ¢ COOCTBEHHBIMH (QYHKUUAMH P U COOGCTBEHHBIMH 3Haye-
auaMH E. [losubnli MAarHMTHBEIE MOMEHT CHCTEMbl, HAaXOJfI[eHCH

B COCTOAHMH P, cornacHo (1.22), ecTb
o0E

My — 2. (1.30)

[TonyueHHLIH pe3yJbTaT MOXKHO 3anucaTb B Gosee yaoOHOH cdopme.
Jans atoro cuavana npoauddepenuupyem no H ypasHenHe ans cob-
CTBeHHLIX 3HAYCHUM

(% — E)p =0, (1.31)
YTQ AdeT

("gﬁ _ gﬁ) — (% —E) . (1.32)

OGpa3oBaB CKalspHOEe NPOM3BeJeHHe C P H MCINOJb30BaB 3PMHUTO-
BOCTE #B, HalineMm

(o || )~ —ﬁ—::—(wl(%—E)la—
~— (G —B)lv) — (1.33)

Takum ofGpasoM,

MV=—<1|> o2 q;), (1.34)

H Mbl NPpHXOJHM K OINpENENeHHUIO onepamopad Ma2HUMHOS0 MOMEHMA

a6

Besge B panbHeiueM noj 4 Mol 6yJeM NOHHMATb CHeparop.

ITockonbKy NpPHBEJEHHBLIH BhIlEe BbIBOJ HE 3aBHCHT OT KOHKpeT-
HOro BMJd TAMHJIBLTOHHAHA H e€ro COOCTBEHHHWX (YHKIHH, pe3yJabrar
(1.35) sBasiercs cosepuierHo ofmuM. Hanpumep, oneparop MarHur-
HOTO MOMEHTA YacTHIbl, ONUCHIBAEMOH HEPEJATHUBHCTCKHUM IUPEAHH-
TepOBCKHM TaMHUJbTOHHAHOM (1.20), ecTh

He? . .
M, = 5 (Xpy — YPs) — g (F° -+ ) = = (x§ — y%). (1.36)
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Jlsisi peNATHBHCTCKOrO 3JIEKTPOHA, OMHCHIBAEMOTO ypaBrendem Jlu-

paka (Koropoe OYHAET KpaTKO 0OCYXKAaThCA B TJ. 2), MarHuTHsH
MOMEHT HMEET BHA

M= — 5 (Al — ayx). (1.37)

[TockosabKy @ npeacrasasioT CoOoH 4 X 4-marpHubl, AeHCTBYIOUIHE
KaK Ha COCTOSIHHUSA C OTPHULATENLHOK 3HEpPruel, Tak U Ha COCTOSHHA
C TIONOXKHMTEJNBHOH 3Hepruel, Qu3Hyeckuit cmuica onepatopa (1.37)
ne siced. OHAKO €ClM NPHMEHHTb K 3TOMY oneparopy npeofpasoBa-
HHe, Da3AeJSIOUIEe IIOJIOKHUTEJNbBHEIE U OTPULATENbHBIE 3HEpreTHye-
CKHE COCTOSIHHSI, TO Mbl YBHAHM, YTO BKJaJ OT CIIHMHA B MaTHUTHLIH
MOMEHT TOSIBJSIETCS ABTOMATHYECKH.

Uro6nl HaHTH HAMarHHYEHHOCTb, CJEJYEeT BBIYHCJAWTL CpejlHee
3HaueHHe omnepaTopa MAarHUTHOro MoMmeHTa. Ecny Oui HaMm Onina M3-
BECTHA BOJIHOBAsA PyHKUHUA P, TO CALJAATH 3TO ObLIO Obl npocto. QpHAKO
Mbl pacCMaTpHBaeM CHCTEeMy, HMeIollyio Temneparypy T, T. e. Ha-
XOJALLYIOCS B PABHOBRCHH C HEKOTOPBLIM TEPMOCTATOM; CJeJ0BaTENbHO,
B BOJIHOBO# QYHKIMH P MBI JIOJI2KHBl YUHTHLIBATL JAOINOJHHTENbHbIE CTE-
nesd cBoOoJibl. BMecTro 3TOro MBI BOCHOJbL3yeMCst BOJHOBOH (PYHK-
nueld ¢, Koropas npeacrasnser coboi COOCTBEHHYIO (YHKIHIO H30-
JMUPOBAHHOA MACHUTHOH CHCTEMBI, H yyTeM, YTO C TeYeHUEM BpeMeHH
3T4 BOJHOBas (QYHKIMSI MeHsieTcsl, OYAYyYH JIMUIL NOpHOJIHKEHHOH
co6crBenHoR ¢QyHKuueH. Toraa Ansl HAXOXKJEHHS TeMINepaTypHOro
cpenuero ot oneparopa A Mbl JOJKHB ONPERENHTh MaTeMaTHyecKoe
OXKHAAHHE 3TOro0 ONeparopa B HEKOTOPOM COCTOSIHHH M 3aTeM YCpen-
HUTL €ro IO BCEM COCTOSSHHAM, KOTODHIE NMPOXOAUT CHCTEMA C Teue-
nueM BpeMeHH. IIpH 3TOM yjoOHO PassOXKHTL BOJHOBYIO (DYHKIIHIO

¢ (r, Ty, ..., Ty, ) NO NPOU3BEAEHHAM OJHOYACTHUHBLIX BOJHOBBLIX
¢dynkuui. OO603HAYHB TAKOE MPOHM3BEJEHHE Hepe3 @y, NOJYUHM

¢ (rys Tgy. .-, Ty, ) = %] Cu(t) @u (s fav o ), (1.38)

rjae cy (t) — 3aBHCAWIHE OT BPEMEHH KO3GQ$HIHEHTH pa3oXKeHus.

B nekoropniit Gosiee NO3ZHHA MOMEHT BpeMeHM !’ IO OTHOINEHHIO
K MOMeHTY ! cuctema GyjneT onuceiBaThes ¢GyHKuuehd ¢ (¢'). Beposr-
HOCTb TOrO, YTO CHCTEMa HAxXOAUTCA B JAaHBOM COCTOSSHHH, NPONOp-
IIMOHAJbHA YHCJAY NPOXOXKACHHH CHCTEMbBI Yepe3 3TO COCTOSIHHE B €4H-
HULY BpemeHd. Bmecto Toro urolbl paccMaTpHUBATh OJHY CHCTEMY
B pa3qMYHHIE MOMEHTHl BPEMEHH, MOXHO paccMmaTpuBath A Toxzae-
CTBEHHBIX CHCTeM B OAMH MOMEHT BpeMmeHH. Takum o6pas3oM, BMECTO
YCPeJHEHHs 0 BPEMEHH Mbl MOXKEM YCDPeiHATh mo axcambao u3 N

cucteM. [IpeinosioKUM, YTO BOJIHOBAf (YHKUHMSL JJIA 7-H CHCTEMBb
eCTh

¢" () = Ekl ck () - (1.39)



1.2. HAMATHHYEHHOCTb 17

Torpa cpelHM# MATHHTHBIA MOMEHT 3TOH CHCTEMBI HMECET BHJ

M= | G () Mg (t)dT, (1.40)
rae dtv = dry dr, ... dry. CpenHee no aucam0/i0 3anuilercs cJje-
RyomuM obpasom:

'(J{)=%Zm. (1.41)

n

Hcnonbaya dopmyant (1.39) u (1.40), moxuo nepernucarb paBeH-
crBo (1.41) B BHje

(A ) =k§ Or My =Tr {pA |, (1.42)

rjae
My = j o M @rdr,

O ALK (1.43)

M0 OMNPEJENIEHHIO eCTb MAMmpuya NAOMHOCMU.
Matpuyy NJIOTHOCTH TaKXKe MOXHO ONpeeNdThb C TOMOLbIO €€
ypaBHeHHA JBuxkeHMA. Hcnonp3lys ypasHexHusa [llpeauurepa

n *
in 220 — a4 (1), (1.44)
. de"™ (¢
iti 220 — g4 (1), (1.45)

oJiy4yaeM YpaBHEHHS ANA KO3()UIIMEHTOB pa3JsOKeHHH. YUHTBIBAs
(1.43), Haxonum

0Py,
in o= — D et Y Bewoen,  (196)
HJIH
ih -0~ =126, p]. (1.47)

Kak Mbl nokakem HuxKe, Takass (opMa YpaBHEHHS HBHXKEHHS
A MAaTPHUbL NJAOTHOCTH Haubonee yaoOHA, NOCKOJBKY NPH HCIOJMb-
30BAHUU TEOPHH BOIMYIUEHHH 3TO ypaBHEHHE MOXHO PEIUHTL METOJOM
NOCJAE/J0BATEAbHBIX NPHOMUKEHHUH.

3aMeTuM, uTO paBeHCTBO (1.42) onpenmensieT MATHUTHBIK MOMEHT,
YCPeJHCHHAIH N0 BCeH cHcteMe. ECAM Hac HHTEpecyeT HaMarHHyeu-
HOCTb B TOYKe r, TO MOXXHO 3aITHCaTh

M ()= Vbl — 1) +8(r —r)pal.  (1.48)
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Tak kak O-pyHKuUA uMeeT pa3MepHOCTb obparHoro ob6nema, A (r)
npencrasafer cobO¥ oneparop MarH¥THOTO MOMEHTA eAHHUIEI 00 LeME;
yepes M, O0O3HAYEH OnNeparop MACHHTHOTO MOMEHTa, CBSi3aHHBIH
C G-M 3JI€KTPOHOM. 3aMETHM, UTO, MOCKONbKY Mg —— DYHKIHA Iy H Pg,
HeOOX0AUMO CHMMETpH30BaTh NpOHM3BeJeHHe. Tenepb MoxHo 06006-
uMTh BoIpaxenue (1.42), 3anucae

M (1) =Tr {pA (1)). (1.49)

1.3. OBOBUHIEHHASY BOCIIPUHMYHUBOCTDH

Korzpa peub uper o gocnpuumiugocmu, Mbel 0ObIYHO HMeeM B BUILY
Cpely, B KOTOPOH OTKJMK B KaKOM-TO CMBICJ€ TNPONOPLHUOHAJEH
Bo3AeHcTBHI0. Ecau cpena JauHEHHA, TO OTKJAHMK NPAMO NPONOPLHO-
HaJeH BO3AeHCTBHIO. EcnH e cpefa HeJiMHeHRHA, TO OTK/JAHUK 3aBUCHT
Tak>Ke OT OoJiee BLICOKHX CTeNeHEH BO3AEHCTBHSA, OAHAKO LIS HZOCTa-
TOYHO MaJIbIX BO3JAEHCTBHUH OTKJAHK XOPOIUO ONHCLIBAETCH JHHEHHOH
BOCIIPHHMYMBOCTLIO. Teopus JIHHEHHOro OTKJHKa OObLIYHO BIOJHE
YAOBJIETBOPHTENbHA, HOCKOJbKY MPOCTPAHCTBEHHLIE H BPEMEHHBIE
H3MEHEHHS MAarHMTHOro MoJ#f, KaK I1paBuHJio, JAOCTATOYHO MaJbl.
Henuneitnpie 3pdeKTH CTAHOBATCH CYLUIECTBEHHBIMU, KOrJld MBI HMEEM
JeJI0 C SBJIEHUAMH THCTepe3Hca HJH TNorvioueHueMm OONbIIOH MOLL-
HOCTH B MarHUTHbIX MaTepuanax. B GonbluMHCTBE ciaydaeB Mbl OyieM
HMETD JIeJIo ¢ TeopHell JuHeldHoro oTKNIMKa. B 3ToM pasnene Mut onpe-
ReJNHM JIMHEHHYIO BOCIPHUMUYHBOCTb, 3@BHCALLYIO OT BOJIHOBOIO BEK-
TOPa W YAaCTOTH, H HCCJIeyeM HEKOTOpLIe ee CBOHCTBA.

PaccmMoTpuM HaMarHuuenHocTb M (r, f), CBsI3aHHYO C JI3HHBIM
mMardauTHeIM nosieM H (r, f). Pasnioxenue B psajg Pypne 3THX BesH-
YHH UMEET BH]

Mr, t)=—r Z [ dOM (k, Q) eltr—an), (1.50)
ay
H(r, ) = 2y 2 [ doH (g, ©)et@r—on, (1.51)
q
rjme HCrnoJb30BAHBI COOTHOIUEHHHA
| drett—wrr =y (k — k), (1.52)
| ate—1@-2t = 2ng @ — @), (1.53)

E gik-(r—17) — (2Z)3 j dkek t—r') = V8 (r — ). (1.54)
k

3necy A (k — k') — cumson Kponekepa, a 8 (r —r') — Oeavma-
pynkyus Hdupaxa,
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OnpeaesiuM Teneph O600LIEHHYIC BOCIPHUMYHBOCTB, 3aBHCHILLYIO
OT BOJHOBOrO BEKTOPAa M YacTOTHI:

Mk, =Y | do Y wwk a; Q 0)Hu(q, ©), (1.55)

q

r/ie v ¥ U — KOOPJHUHATH X, Y, Z.
Y po6ree nepenucats (1.5D), HCnoab3ys jauajel

MKk = | dox(k, @ @, 0)-H(q, o).
q

BooGuie rosops, ¥ (k, q; £, ©) 3aBHCHT OT KOHKDETHOTrO BHAA
noast H (r, t) unu H (q, ®) , T. e. BOCNIPHUMYHUBOCTh SIBASIETCA PYHK-
IIMOHAJIOM T10/11. BoCIpHUMUHBOCTL — TEH30p; KpOMeE TOr0, NOCKOJIBKY
HAMATHHYEHHOCTh He 00si3aTenbHO HAXOAHTCH B (pa3e C roJjemM, BOC-
NPUUMIHBOCTh — KOMIJIEKCHAst BenuuMuHa. I[loaCTaBuB BhIpakeHue
g M (k, Q) B (1.50), noayuum

M (r, t)=_271ﬁ/"2 de Z Jdmx(k, qQ; Q,0)X
k q

x H (q, w)e!tkr—2n  (1.56)
HJIH

M(r, )= | [ drdr x
X {[El?v— Z JdQZ | don (k, g; Q, )ik r—r) . git—t) ] X
q
xef(k—m-r'e—f(ﬂ—mr}- He, ), (1.57)

rje BeJHYHHA B KBAJPATHHIX CKODOKax onpejessieT NPOCTPAHCTBEHHO
BPEMEHHYI0 IJIOTHOCTH BocnpuumuyusBoctH % (r, r'; ¢, t').

Ecnu maruutHas cpeja obsafaeT TPAHCJASAIHOHEOM HHBAPHAHT-
HOCTbIO, TO BOCHPHHMYHBOCTH A0OMXKHA ObiTh QYHKIHEHA TONBKO r—r’,
M3 BoIipaxeHus pas1 BOCIPHUMYHBOCTH BHAHO, YTO NPH 3TOM BEJIHYHHA
q pasua k. Bosee Toro, MoXXHO NMOKasaTh, UTO B CJAydae CTAlHOHAp-
HOH cpejibl BpeMEHHAs 3aBHCUMOCTb TAKXKE CBOAMTCA K 3aBHCHMOCTH
or t —t'. Tlpx 3TOM MOHOXpPOMATHUECKOMY BO30YXKIAEHHK OTBEYJer
MOHOXPOMATHYECKHE OTKJHK C TOH Xe€ YactoTod, T.e Q = o.
Takum o6pasoM, npu BHINOJHEHUH Ha3BAHHBIX YCJOBHH BOCIMPHHMUYH-
BOCTb HMEET BHJ

1k, q; Q, 0) =%{(q, @) Ak — q)8(Q — w).

CJejoBaTeNLHO,

M(r, )= | [draqoc—r, t —t)H(E. 1),  (1.58)
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rape

|

X = ) =y B [ dog(q, @) ea--remiott=i), (1.50)
q

a ee Qypne-o6pas ecThb

%0, ©) = Jd(t =) j dir— ')y (r—r',t —1)e 1= x
scelot—, (1.60)

Bosee obuee Boipa)keHHe A1 BOCHPHHMUMBOCTH TpefyeTcsi B TOM
clyyae, KOraa TPAHCJSALHOHHAR WHBAPHAHTHOCTh HApywaeTcs TpH-
MeciMM. Takas CUTyauMA BO3HUKAET, HanpHMep, NPH PACCMOTDPEHHH
OTKJMKa THIHYHOrO NapaMarseTuka.

Beuny cTogp oblied NPHPOAL! BOCTIPHUMYHMBOCTH HEYJIHBHTENBHO,
YTO CYILIECTBYET D5 BaXKHEIX TEopeM, KaCdioUMXCH 3TOH BEJHYHHBL.
Mzl cefiuac paccMoTpuM TpM M3 Hux. [lepBas TeopeMa u3BECTHA Kak
coomuowenun Kpamepca—Kporuea, OHU CBf3BLIBAIOT BeUIECTBEHHYIO
H MHEMYIO YacTH BOCHPHHUMYMBOCTH. BTOpas — gayxmyayuonio-
duccunayuossas meopema — CBSA3bIBaeT BOCIMPHUMYHBOCTE C TENJO-
BLIMH (PIYKTYaUMsIMH HaMarHH4YeHHOCTH. Hakosen, Mbl BLIBEJEM Tak
Ha3spiBaeMoe coomuouierue OHcazepa, Kacawolileecsl CHMMETDHH TeH-
30pa BOCNDPHUMYHUBOCTH.

1.3.1. COOTHOUWEHHUA KPAMEPCA—KPOHHTA

Beaencrue o6l KX CBOHCTB (DYHKIHUH
%(q, 0)=7%'(q, ©)+ %" (q, ),

ee pemecTeennas ¥’ (q, w) 4 MHumas y° (q, ©) 4acTH CBA3aHBI Ha
BEIIECTRBEHHON OCH p MHTErpalbHLIMH COOTHOLIEHUSAMH, H3BECTHBIMHU
Kak coomuowenus Kpamepca—Kponuea, unu Qucnepcuoutsie COOMHO-
wenust, PaccMOTpUM AuHedHyo cmayuoHApryo (M TPaHCIAUHOHHO-
MHBAapUAHTHYIO, XOTH 3TO He fABJAETCH HEeoOXOAHMLIM YCJIOBHEM)
cpeny. B takom cayuae ¢yukuus % (q, o) cBmsana c y (r —r’,
t —t') coorHowerueM (1.60). Ecnn BeimoJiHs€TCH OPHHUMO npu-
wunrocmu, 10 4, (r —r’, t —t') = 0 nmpu t < t'. Takum obGpasom,
MHTEIpPUPOBAHHE NO BpeMeRd B cootHoweHHH (1.60) npoussoaurcs
oT 0 10 oo, T. e.
[+ +]

1, ©) = | diy(q, t) e, (1.61)

0

[Tostomy % (q, ®) — xOMIJEKCHass (PyHKUHA ), KOTOpas He HMeeT
ocofeHHOCTEH Ha KOHIAX BELIeCTBEHHOH OCH, ecJ¥ HHTerpan

[+ o)

Ix(q, t) dt

0
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KOHEYEH. YKAa3aHHOE YCJOBHE 3KBHBAJEHTHO NPEANOJNONKEHHIO, 4TO
MOJIHBIA OTKJIMK CHCTEMBI Ha [TOJIHOE KOHeYHOe BO30YKAeHHE KOHEUEH.
Koseunsle 3HaueHus 4 (q, ®) Ha KOHIAX BeIECTBEHHON OCH COB-
MazalT C BeUeCTBEHHON 4YacThio BocnpuuMumBocTH 4 (q, o). Tor
axt, yto " (q, ®) obpamaercs B HyJAb NpH @ —> oo, FACEH H3 CJe-
Aylomux paccyxaeHuii. Kak Mel yBUAUM B [J. 5, CKOPOCTh MOIJIO-
IEHHS SHEPIHMY MAUHHTHOH CHCTEMOH NponopuuvoHaibHa oY’ (q, ®).
Ytobsl OHa OCTaBajach KOHEUHON NPU ® —> oo, BeJHUHHA )" (q, ®)
AOJI}KHA CTPEMHTBLCA K HYJIO IPH ® —> 00. ATOT K€ Pe3YJbTAT MOMKET
ObITb NOJYYEH U H3 JAONYIIEeHHSI O KOHEUYHOCTH OTKJIUKA.

Hns obpalienus B HYJb BeleCTBEHHOH YacTH BOCIIPUHMYHBOCTH
IpH @ — oo HeT npuyuH. [lostomy mel onpegenum lim ¥y’ (q, ®) =

{0

= %4 {q, oo). Beanumua 7 (q, ) — % (q, o©) npeacrasasier coboil
KOMIIJIEKCHYI0 YHKIMI0, o0paiaollyocs B HyJb Ha KOHIAX Belle-
CTBEHHOH OCH. V3 TeOpUHM KOMIJIEKCHOTO [I€PEMEHHOr0 M3BEeCTHO, YTO
byukuua ¥ (q, 2) — 7 (q, o), I'le z — KOMILJIEKCHAA llepeMeHHas,
aHAJIMTHYHA B BepXHEH noaynJjocKocTH. Toraa, cOrJacHo TteopeMme
O BblYyerax,

2— O

ésx(q, 2)—%(9. %) 4, _ (1.62)
c

rae KoHTyp C npocrupaercs BAOJb BEIECTBEHHOH OCH OT —oo0 J0
+oo K 3aMbIKaeTCs B BepXHell moaymsockoctd. Bocmonb3oBaBIKCh
IIOHATHEM eaagHo20 3HaweHus, wWHterpan (1.62) wmoXHO 3anucath
CJEYIOIHM obpa3om:

o — o

P | @080 ) 4o oy (g, 0)— 3(q, 00)l =0. (169

HpHpaBHHB HYJIO OTAEJbHO BeUl€CTBCHHYIO H MHHMYIO YACTH, II0JY-
UM

1 (4, ©) —x(q, w)z{—é”j’%ﬂﬁ—’dm', (1.64)
(G 0)=—— [ LQ L) 1@ ) 4y | () 65)

DTOT pe3yJbTaT BechbMa uHTepeced. JledCTBHTENLHO, IOCKOJBKY
BEJIMYKHHA %  MNPONOPLUHOHANBHA CIEKTPY MOIVIOMEHHS CPensl, H3
cootrHowenusa (1.64) cnepyer, Hanpumep, YTO CTATHUECKYIO BOCIPH-
HMYMBOCTH MOXKHO TNOJYYHUTh HHTErPUPOBAHUEM [0 BCEMY CIEKTDPY
NOIJIOULeHHA. IDKCIEDUMEHTaJbHO B HEKOTOPHIX CJAyYafAX HMEHHO
TaKHM 00pasoM H onpejensioT CTATHYECKYI0 BOCIHPHHMYHBOCTD
BelecTBa.
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1.3.2, ®JYKTYALHOHHO-AUCCUNMALIHOHHAS TEOPEMA

Kax u3BecTHO, 4acTUnbl B KOMJIOHAHOM pacTBOpe coBepluaioTt 6poy-
HOBCKOE JABHJKEHHUE, T. e. ABHKYTCS XaoTHYHO (HeperyJspHo) H3-3a
CTOJIKHOBEHHH € MOJIEKyJiaMH XHUAKOCTH. [IpeanonoxuM renepb, 4YTO
3TH YACTHULLl 34PsKEHH M Mbl NbiTaeMcA COOOLIUTB UM YCKOPEHHE,
NPUJIOKHUB BHEUIHee 3JeKTpuyeckoe noJse. B peayawTare coypapenun
C MOJIEKYJIJaMH YacTHUBl MCIBITHIBAIOT CONPOTUBJIEHUE, BeJUUHHAE
KOTOPOTO NPONOPLHOHAJNRHA HX CKOpPocTH. TakuM obpasoM, Mexa-
HH3M, O00yCNOBAMBAOWHKHE cayuadilHble (QJIYKTYaLHM IIOJIOKEHUs 4a-
CTHL, TaK}X€ OTBETCTBEH 34 MX OTKJHK Ha BHEUIHee BO3JEHCTBHE.
CooTHOWEHRE MEXAY OTKJIWKOM CHCTEMBI M CIIEKTDOM €€ TENJIOBhIX
bAyKTYauuit HasbBaeTCH PAYKMYQAYUOHHO-OUCCUNAYUOHHKOL meope-
Mmoll. ITO COOTHOULIEHHE fABAAETCS BecbMa 0OIIMM, HO MBI OyaeM pac-
CMATPHBATE TOJbKO €ro IPHJOKEHHS K MAarHHMTHBIM CHCTEMaM.

PaccMOTpUM JIHHEHHO-NIOJAAPH30BAHHOE MATHHUTHOE MOJIE C aMIJIH-
Tylokt H, cos (q-r), OCUUIIHPYIOIIEE C YACTOTOK w B HaNpaBJeHHUH W,
T. e. Hycos (q-r) cos of. [IocKONMbKY MBI HMeeM [eJ0o C JHHeHHOH
CHCTEMO#, CnpaBejJUB NPUHUMI cynepno3Huuu. [lostomy, ecau u3-
BECTEH OTKJHK cpeibl Ha JAHHOE [oJe, MOXHO pacCUHTaTh OTKJ/HK
Ha NPOH3BOJbHOE moJie. OTKJIMK B HANPABJEHHH v HA TaKOe BO3JeH-
cTBUe paeTcs BuipaxenueMm (1.85). Tak kak

Hu(q', o) =2 (A (¢ — q)8(0' +0) + Al — 9)8(0’ — o) +
+A@ + Q)80 +0) + AW + 98 — o), (1.66)
nonyyaem
Mok, =11y (k@ @ —0) Fpulk ¢ Q 0)+
ok, — G Q —0) F ok, —G R o) (1.67)

Boiurcnum teneps M, (k, ), ucnonb3ys MeTod, PacCMOTPEHHbIA
B pasf. 1.2. HaMarsuuyeHHOCTh €CThb

M, (r, ) =Tr {pA,(1)]. (1.68)

XoTsi p — (YHKIUS BPeMEHH, Mbl HE CTAaHEM BHIMHCHIBATHL 3TY 32BU-
CUMOCTb B SIBHOH ()OpME MO IPHUMHE, KOTOpas CTaHeT IOHATHOH
no3xe. Tak Kak 3aBHcAllee 0T BpeMEeHU IoJe HapyuwaeT TEpDMOAMHA-
MHYECKO€ paBHOBECHE, HeoOXOAMMO HaHTH p. 3aNHIEM MOJHBIA ra-
MHJbTOHHAH B BHJE

%=%0+%1, (169)

rae #Hy, = — jdr./ﬁ' (r)-H(r, ). B paccmarpuBaemoM crydae
H, = — H, J.dr.ﬂu (r)cos(q-r) cos wf =
~ —HLia, (@) + A, (— q)) cosat. (1.70)
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YpaBHeHHe JBUIKEHHS 1JI MAaTPUUB! NJOTHOCTH HMEET BHJ

o
o = % [P o+ 1], (1.71)

¥Yno6HO BBECTH BeIHUYHHY
. i96t i3t
p(t):exp( ﬁ" )pexp (— 7 ) | (1.72)
Jupdepenunpysa (1.72) u ucnoassys (1.71), nonyuaem
dp (¢ ] [ 6 ol — id6yt
0 (o0, 0 () dpenp (S2L)]. o

PewleHue 3Toro ypaBHEHUS HMeeT BHJ
t

p)=p(—o)+ 5 [ [o(t), exp("T) o exp (=22 | ar'

-0

(1.74)

EcJau B3auMojeACTBHE BKJIIOYAETCH afdabaTHyeckH, To p (—oo) = Py,
rae p, = exp (—P#6,)/Z — pasHoBecHaa MaTpuua IJOTHOCTH, & Z =
= Tr {exp (—P#b,)}. Tlpeobpasyem (1.74), ucnoassys (1.70} u 3a-
MEHSS P BHYTPU KOMMYTATOpa Ha p,; TOTJA HMeeM

pepo - i3 [ {po, exp (525 ) 14, (0) + S (— Q)1

0

X eXp ( ;9?: )} cosm (t —t')dt’. (1.75)
Belpakenue JAJf HaMarsMYeHHOCTH chaejayeT H3 ¢opMmyant (1.68).
Ecnu cucreMa ynopsaaoyeHa B OTCYTCTBHe BHEIIHEI0 MATHHTHOTO 110JId,
0 Tr {peMy} = M, (—o0) %= 0. B sToM ciayyae OTKJIHK CHCTEMEI
onpejensiercd pasHocteio M, (r, {) — M, (— o), 06yc/0BJIEHHO H
HaJOXeHueM BHewHero noss. B panbreiimieM Mol OyseM paccMa-
TpHBaTh M, (r, ) KaK OTKJHMK Ha NPUJOXKEHHOe MoJe; TOorAd

L H,
Mv(l', t)———1—2—ﬁ—><

xTr{ [ {por exp (224N (a1, () + o, (— @) X

0

X eXp (ia%t' )} A, (r)
Xcosw(t —t')dt'. (1.76)

X
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Briuncaum ¢ypbe-06paz 3T0ro BHIPAXKEHHA:

M.\,(k, Q)—-——_———l HQI;; Tr [j[po,xu(qv‘“t')]xv(k) giwt’ dt'+
0

+ 6 (Q +-o) + (Uneusl, copepxamue — q u — w). (1.77)

3necy A, (q, !} onpejeasierca Tak xe, kKak B (1.72). Heabra-pyHk-
M7, COZepiKalllan 4acCTOThl, NOJy4YaeTcs 3a CueT JIHHeApPU3alUHUH BhHI-
paxKeHHus Q1A P, TAE caejyeT 3dMEHHUTDb p Ha p, BHYTPH KOMMYyTaTopa.

[ToMensaB Tenepr MecTaMu B BhipaxkeHWH (1.77) uHTerpas u 3Hax
cJlejd M MCIOJb30BAB HHBAPHAHTHOCTE CJeAd OTHOCHTEJBHO LIMKJIH-
YeCKOM mepecTaHOBKH, IIOJYYHM

TF{J [Po. Jffu(+q.—t')wv(k)]e—"mf'dt' =
0

= J( (@, ), A eorar. (178

CpaBHuBasi nosydenHoe Beipaxenue aasa M, (k, Q) c srpaxkeHuem
(1.67), raxozuMm

Kvu (ks q. Q, (‘)) :'ﬁ_;'/_ J. <['ﬂv (k! t): 'ﬂﬂ- (—-— Q)]) etot df § (Q — 0)).
0

(1.79)

[IOCKONBbKY @-KOMIOHEHTA NIPHUJOMXKEHHOrO NOJIA CBA3aHA € —(-KOM-
IIOHEHTOH BOCIPHHMYHBOCTH, PDACCMOTPHM BeJHYHHY Yy, (q, 4, 0),
KOTOPYI0O OGO3HauMM KakK Y, (q, ®); Toraa

{

Xw (@5 ©) =27 | ([H,(q, 1), A, (—q)l)edt. | (1.80)

Se—, §

Beannuuna
(t'_a’fl) ([.,ﬂ‘, (q, t): '/tu (‘_‘ q)l)’

WJIU IKBUBAJNEHTHAS €4 BeNHUYHHA
7 Tr ([, (—q), po] A, (a, 1)},

B JIUTEpPAType Ha3hiBaeTcs (yHxyuell omxauxa cucrteMel. BocnpuuM-
YUBOCTb MOXKHO 3aMUCATh M KaK HHTerpaJ no BCEMY BPEMEHHOMY
MHTEpPBally, YMHOXas [OAbHTerpajJbHOe Bblpa)keHHe Ha TeTa-PyHK-
unuw 0 (f), koropasi paBHa eauHune A £ > 0 W nHymo s t < 0.
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[IpousBefieHne QYHKIUMH OTKJMKA M TeTa-QYHKUMH HA3bIBAIOT ABYX-
BpeMeHHON 3anasasiBaiomeit ¢yukuueid Ipuna (cm. [1.41):

((Ay(q, 1), Hy(—q))) = —([A(q, 1), A, (—a)))0().

Taxue pyHKUUM OUeHp MOME3HB! JJIf BHIUHCJEHHS TEPMOJMHAaMHUE-
CKHX CBOHCTB, HO 3TH BONPOCHI YK€ BBIXOJAT 34 paMKH HacTosuleH
KHHTH.

[TockoJbKY (DyHKIIMS OTKJHKA HE MUMEeT KJacCHYecKoro asasora
H He fABJAsieTrcd HabmojaeMOH BeJIHYWHOH, Oollee yA00HO YCTZHOBHTB
CBA3b BOCIPHUMUYHBOCTH C Koppeanyuonnod pynxyueid {((M, (q, ) X
X M, (—q)}), rae {-.-} obo3HayaeT CHMMETPHU3OBAHHOE IpOHU3BE-
JeHYe, omnpejeaseMoe CJAeAyoUHM 00pasoM:

{Ay(q, 1) A, (—q)} = —é—[lv(q,f)df(“ (— @) + A, (—q) A, (q, )]

UToObl yCTAHOBHUThL CBS3b MEXKIY KODPEIAUUOHHON (yHKIHEHR H
(¢yHKUMed OTKAWKA, paccMOTpUM HX (ypbe-o6pasbl

Fu (4, m)=—,§ ([A,(q, t), H,(— q)]) e dt, (1.81)

[+

g (@ 0) = | (M, (q O, My (—q)yevid.  (1.82)

— 00

MoxHo nepenucars (1.81), ucnoab3ys caepywlilee COOTHOUIEHHE:

o0

| at (M, (—q) A, (q, ) et =

— 00

:_]idt Tr {exp (— Bo,) A |, (q) exp (iaz“t) A, (q) exp ('—ff"t)}efmf —

=:f dt Tr {exp (—Pak,) exp(wgo (tﬁ_iﬁﬁj)ﬂ\. (q) exp [_ %, g—:‘ﬁﬁ)J X

X 'ﬂu(— q)}eimf = g~ B10 _[ dt (‘ﬂv (q, t) ‘ﬂu ("'_ q)) elot, (1 .83)

— 00

[loaToMy

o0

Fon (€, ©) === (1 — e~D) [ df (M, (q, 8) M, (— ) e (1.84)

-—0C0
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M3 onpenenenus gy, BHAHO, 4TO 3Ta BeJH4HHA CBA3aHa ¢ f,, COOTHO-
WeHueM

gw (4, ©) == (A/2i) cth (Bfiw/2)f,, (4, o). (1.85)

MpI MOXeM TakKe HaiTH CBA3b [y, C BOCIDHMMYHBOCTRIO, pa30UB
MHTErpaj Mo BpPEMEHH CJelyomHM obpasoM:

(0, ©) = & [ dt (A4 (@, 8), A, (— Qe -+

0
+ L [ . 0, A (— e (1.86)

Ecay rtenmepp npou3BecTH 3ameHy MEpeMeHHmIX { — —I! BO BTOPOM
HHTErpaJe u y4ecTs, 4to, corsacHo (1.80), %uy (—q, —®) = %uv (q,
@), TO NOJYYHUM
fn(q: ©) =[Xw (4, ©) — %iv(q, )]V,
gw (a4, ©) = (AV/2i) cth (pr0/2) [Yv. (2, ©) — %iv(q, @)
Taxum obpasowm,

| at (a0, 0 A, (— 1), €0t =V cth (B10/2) xow (@, o),

(1.87)

rje HHAEKC $ 03HauaeT CUMMETPHUHYIO0 YacTb TEH30pa BOCNPHUMYH-
BOCTH.

Pesyasbrar (1.87) Kak pas ¥ ecTh HCKOMOe CoOTHOWEHUe. K3 Hero
caeAyeT, 4To KomnoHeHTa Pypbe KOPPeasHOHHON QYHKIMH NPONOp-
IUOHAAbHA MHHMOH HacTH BOCIPUHMMYHBOCTH. MKl CHELHaNBHO NpO-
BeJMU 3]eCh BLIBOA NMOAPOGHO, NTOCKOJbKY B AanbHeHmeM OyjeM qacto
CCHIJIATRCA HA 3TOT pPe3yNnTar,

1.3.3. COOTHOWEHHE OHCATEPA

B ofmeM cayyae MAarHuTHas CHCTEMa HaXOAMTCH BO BHEIIHEM
nose H, nostomy #,, a cnejoBaTesbHO, U (YHKUMA OTKAUKA SB-
nsiores pyHkuusmMu aroro noas. B 1931 r. Oncarep noxasad, YTO
MHKDOCKONHUeckas 06paTuMocTh Tpefyer OJHOBpeMEHHOro ofparie-
HUS ¥ MarduTHOro noJs, U BpemeHu. O6paleHHbIH 10 BpeMeHH orne-

patop A onpejensiercA caelyromuM o0pasoM:
(n|A|m)=(Tn|A|Tm)*, unu A="T"1AT, (1.88)
rae T — oneparop ofpameHus BpEMEHH.
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B ugactHocTH, ecqiM omepaTtop SIBHO 3aBHCHT H OT BPEMEHH, U OT
¢yHkuHu amuavtona #6,, TO

A(t,56,) = A(—t, H,).

Bocnosib30BaBIIMCEL 3THM, 3anumeM A48 (YHKUMH OTKJHKA
(I4(q, £), Ay (—a)]) = X ] po (o)A (4, ), M, (— Q| n)=

=X (Tn|pfy) T 1A, (q,t), A, (— QT Tn) =

=X (n| 70 (60) T [, (@, 1), A, (— )| n)’ =
_ X (n]po (36) (A (q, — t,360), A, (— Q)] |n) =
= X o0 (%) [ (q, —1, Ho.( Ay (—Qln|n)=

=X (n| [ M (— ), Ao (a, —1, F0)*] o (0) | ).

Onepatop MarEMTHOrO MOMEHTZ 3PMHTOB M MEHSeET 3HaK NpH obpa-
meHuH Bpemenu, A, (— q)t =— A, (q), Tak uro

(My(q, t), A, (—q))) =
= nE (ﬂ lpo (%0)['/{1; (q' tv %ﬂ)s 'ﬂu (""‘ q)] ’n)

Orcioa nonyyaeMm COOTHOLIEHHE, H3BECTHOE KaK cooTHoweHue Oxca-
repa:

Y (€, ©, H)y =19, (—q, ®, — H). (1.89)

M3 (1.89) senocpeAcTBEHHO CJEAYeET, YTO AHATOHAJbHLIE KOMIOHEHTHL
TEH30pa BOCNPUUMYHBOCTH AOJ/KHMH OBITH YETHBIMU (PYyHKLIHAMH NOJS.

1.4. BTOPHYHOE KBAHTOBAHHME

M&I‘HETHE}M, B YACTHOCTH B MeTaJAJddX, — ABJE€HHE MHOIrodacTH4-
HOE€, INO3TOMY 4aCTO CTATbH HAYHHAKTCHA CO BTOpH‘{HO'KBaHTOBaHHOI‘O
raMUJIbTOHHAHA. B 3TOM pasaei€ Mbl BKpaTie ONMHILIEM MEeTO BTOpHY-
HOrO KBAHTOBAHHA H €ro NpHMEHEHHe K CHcTeme CBOBOAHLIX 3JeK-
TPOHOB. Ml HCNOJB3yeM 3TH pe3yJbTaThl [03Ke, B YACTHOCTH, NPH
BbIBOAE TaMuJIbTOHHAHOB AHaepcoHa H Xabbapaa.
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HauneM c paccMoTpenus cuctemMbl N B3auMOAeHACTBYIOUMX YACTHIL,
OIUCHIBAEMEIX TaMUJbLTOHHAHOM

N N
#=NT(r, 1)+ Z V(r, r,). (1.90)
i=l 'i;._’
Mruorouacrtuynas BosHoBas Qyrkuua ¥ (ry, ..., Iy, ) YAOBJAETBOPSAET
ypasuenHio HIpenunrepa
i 2=V (T, T ) =9 (s . ., Ty, 1), (1.91)

Pa3no)kuMm Tenepb BOJHOBYI0 PYHKUHIO P [0 NPOH3BEJEHUAM OAHO-
YACTHYHBIX BOJIHOBHIX (PYHKIIMH, XAPaKTEPHU3YIOUHXCS KBAHTOBBLIMU
yucaamu E;:

Y, -t )= X c(Er. . Evi8) 9k, (1) @k, (r). . . @k, (tx);

(El""'EN)
(1.92)

3/ecs cyMMma OepeTcs no BCeM BO3MOXKHBIM Hab0paM KBAHTOBLIX WHCEJ.
CratucTuyeckas nNPHPOJAa 4YacTHI OTpaxeHa B KosdohuuueHTax
¢(Ey, ..., Ey, t); Hanpumep, ecau dYacTHIBl — GO30HB, TO 3HAK
KO3(QQHIHeHTAa WMHBAPHAHTEH OTHOCHTENBHO MEPECTAHOBKH YaCTHI

C(El,..., Eh!"': Ei,..., EN, t)ZC(El,..., E,‘_,..., Eh""! EN: t)
(1.93)

M JaHHOE COCTOSSHHE MOXET ObITh SaHATO JIOGHLIM YMCJAOM YAaCTHIL.
Ecau vactuubl — ¢epMHOHH, TO

C(El,. . Eh""! Ei,...,EN,t)—_-—-—C(E1,...,Ei,...,Ek, o ey EN,t),
(1.94)

T. €. B laHHOM COCTOAHUH MOXXET HAXOAUThLCA He 6oJiee OAHOH YaCTHIULI.

Ham B 0OCHOBHOM NpHAETCA HMETH AEJ0 C 3JEKTPOHAMH, KOTODHIE
ABAAOTCA (PepMHOHAMH, MO3TOMY HEOGXOAHMO CJAEAHTH 32 3HAKOM
MHHYC, BO3HMKAIOUIUM NpU [epecTaHOBKEe JBYX 3JIEKTPOHOB. 3ajaua
CYlECTBEHHO ynpoujderca OJarogapda HCNOJb30BAHHMIO METOZA BTO-
PUYHOIO XBAHTOBAHHA.

Koadduunentol B pasnokeHuH (QyHKUHH P 3aBUCAT oT N KBaH-
TOBBIX uncesn. CToNb Xe YCHeIHO, OAHAKO, Mbl MOTJH Obl BbIOpaTh
KO3(QPU I HEHTh, 3aBUCAILIME OT YHCIA 3MEKTPOHOB B Ka*KIOM BO3MOXK-
HOM COCTOSIHUH, T. €. BMecto Habopa N uucen {E,, ..., Ey} MOXHO
MCIIONb30BaTh GeCKOHEUHLIH Habop uucea {7y, ..., Mo}, [A& JJIA
¢epMuoHoB n = 0 uau 1. Ilpu 3TOM, O4HaKO, HaLO NPOABIATL OCTO-
pPOXHOCTE. HanpuMep, NpEANONOXHM, UTO 3JEKTPOH C KOOpAHHA-
TOH r; HaxoAuTCA B cocrosHuM E;, a 3JeKTpOH C KOOpJHHa-
To#t r, — B cocrofiHuu E,. [Ipm 3TtoM onucadue ¢ NOMONIBK YHCEJ
3alloJIHEHUA OYAeT TAaKHUM e, KdK H B TOM clyyae KOrja 3JeKTpoH
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C KOODAMHATOH r; HAXOJUTCA B COCTOAHUM E,, a 3JIeKTPOH C KOOPAH-
HaTOM r, — B cocTosfiiuu E;, OAHAKO

C(EI,..., E}“. --:Ei:- ..,EN, t)=—-—C(El,..., Ei:---: Ek,...,EN, t)
(1.95)

Ecau MBI XOTHM HCNOJIB30BAaTh CXEMY 4YHCe/ 3anoJHeHHd, To He-
OO6XOAHMMO YYHTBIBATH H3MEHEHHWE 3HakKa. JIJMA 3TOro npou3BOJABHO
MPUITHCHIBAIOT HEKOTOPOMY Habopy KBAaHTOBbIX uHcen {Ey, ..., Eyn}
onpeaeseHHbBd NOPAAOK. Torjga OTHOCHTEJNbHBIA 3HAK NEepecTAHOBKH
3JIEKTPOHOB U3 3TOr0 MOPAAKA MOXKHO HAUTH aBTOMATHYECKH, 3allu-

ChIBAR OJHOYACTHYHBLIE BOJIHOBbIE (PYHKILUHU B BHAE Oemepmusanma
Casmepa

C(Elv' R EN! t)(PEI(I'l)- . 'CPEN(rN)+
-+ (Bce mepectanoBku wabopa uucen (Ei,..., Exyl)=
¢g, (r). .. @k, (Tn)

=f(ng,. .., Moo, t) .- v (1.96)

9k, (f)- . - @£, (rN)
rae [ (ny, ..., Nw, t) COBNAJaeT NO 3HAKYy W BEJMYMHE C MEPBBLIM KO3(-
puurentom ¢. CymmupoBanue no BceM Habopam {£E;, ..., Ey) 3kBH-

BaJleHTHO CYMMHDOBAHHIO N0 BCEM KOMOMHAUWAM 34HATHIX COCTOA-
Hui. Ilostomy

¢g, (1) - .. @&, (tN)

Y(r,...,ty, )= Z f(n;,...,nm,t)l—/—%_-l— T

(Byreme floo) Qg (r) - .. Qg (rN)

(1.97)

Jlns nocTPOEHHs JeTePMUHAHTA HCNOJNb3YIOTCH, KOHEYHOo, 3anoJ-
HEHHbLIe COCTORHHA.

[Ip¥ ucnonb30BaHUM YMcesN 3aNOJHEHHS CTATHUCTHKA YUHTHIBAETCH

He Ko3((UIHEHTAMH PA3JIOKEHHS, 8 CAMUMH Oa3ucHBEIMH QYHKUHAMH,

KoToprle 06pa3yloT OPTOHOPMHPOBAHHBLIH AHTHCHUMMeTPHUHNIHA Habop.

OnpepennM Teneper abCcTPaKTHOE BEKTOPHOE MPOCTPAHCTBO, HJIH

eurbbepmos0  npocmMpancme0, Haj) BEKTOPaMH [n;, Ng, ..., Ne).

BeeseM onepaTopsl, YAOBJETBOPRIOILUE COOMHOUEHUAM QHMUKOM-

mymayuu

{a;, ai}-] = aiaj:“l_a}ai:aij, {a,, aj}——:{aj:! aj—']:O, (1.98)

HcXols M3 3THX COOTHOWEHMH, MOMHO II0Ka3ath, 4YTO 4 POXKAAeT
YACTHLY B COCTOAHHH ¢ (NIpH YCJNOBHM, YTO OHA He CYIIECTBOBAaNa
TaM paHee), a @; YHHYTOXKAET 4acTHIy B cocTossHUH {. ClefoBaTENbHO,
MBI MOKeM I[PEACTABHUTL Ga3HCHBIH BEKTOP THJALGEPTOBA MPOCTPAHCTBA

B BH]IE
| ru,. .0 ney = (a]) " (@)™, . .(a2)"™] 0). (1.99)
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PaccMoTpHM Teneps, Kax Ha HEro JeHCTBYeT onepaTtop a,. Ecau
n, =0, TO 4 MOXHO NOJHOCTBIO TNPOKOMMYTHPOBaTh CO BCEMH
OnepaTopaMu BIVIOTh JO «BaKyyma», AEHCTBYS Ha KOTOPHIA @, JaeT
HyJb. [lonoxkum n, = 1. Tenepp oneparop 4, MOXHO NPOKOMMYTH-
poBaTh CO BCEMH OnepaTtopamu J0 T€X II0p, NOKA OH He Jofjer Ao al:

a . n o ny=(—1) " (@)™ el (ah)™ |0y, (1.100)

31eck Ek = Ny + My + ... Ng—1 YYUTHIBAET BCE U3MEHEHHH 3HAKA,
KOTOphI€ NOABASIOTCHA, II0KA Qp AOXORMUT A0 a}. Hcnoan3dyeM Tenephb

paBEeHCTBO awdf = | — ala,. Bo BTOPOM WYJIEE€ Q; OINATh MOXHO
NPOKOMMYTHPOBATb CO BCEMM ONEPATOPAMH BILIOTH JO BaKyyMd, YTO
M RaeT Hy/JAb. TdaKuUM o0pasoM, noJyuyUM

0, nk=0,

a n,...,n,,;.,nwz
k| k ) (—-l)zh|n1,...,nk—1,...,n,,), ne=1.
(1.101)

Auanoruuno

* (——l)zh]n1,...,nk+l,...,nw), ne =0,

aklnl,-..,nk,...,nw)—_—
0 ny—1.

(1.102)

Tak xkak MOXKHO [I0K434Th, 4TO coOCTBEHHOE 3HayeHHe NPOU3BEACH NS

CIIE€paTopoOB aIak €CTb ng, 3TH PE3YJaAbTATbl MOXKHO YIPOCTHUTH, 3a-
NMUCaB

ap|ny,..., N, .. .,nw)=(——1)zk l/TzZlm,. caome— 1L, ),
R
aﬂn;,. oy By .,nw)z(—-l) hVnk+ { lnh' ..y Mg -+— 1,. . .,n,,).
(1.103)
YuuThiBAS YCTAHOBJIEHHHIE CBOMCTBA rHAB0EPTOBA MPOCTPAHCTBA,
HCTIONb3YeM Tenepb Ko3hpUUHeHTH padnoxeHus [ (ny, ..., Mo, L) ANA

onpefeneHys abCTPaKTHOrO BEKTOpA COCTOSHHUA

|¢(:))=(n2 )f(n,,...,nw,t)lnl,...,n,,,). (1.104)

1,....n

[IpuynHa Takoro onpejnesieHUst CTaHeT NOHATHA NPH DacCMOTPEHHUHM
ypaBHeHHs JABUXEHUS 3TOro BekTopa. JupdepeHuupys no BpemenH,
NoJy4aeM

. a8 ¢ i of (Rs..., Ny, L
;ﬁ__l.lg?m:;ﬁ 2 & = J\n,. .. nw). (1.105)

("’1" aer nw)




1.4. BTOPHYHOE KBAHTOBAHHE 1|

Jlna BoiuucieHuss pepHeMcs K ypasHeHuio lllpeauHrepa B peass-
HOM NPOCTPAHCTBE

it G| Y (rys-- sy t))
ot

H

(M- Neg) 2 (l‘]) “ v (PEN (I'N)

®e, (1) - - . @£, (tw)

=8 Y fu,. .l e | . (1.106)
o VAT |9k, (1) - . - 95, (1)

YMHOXHM CJI€Ba Ha CONpAXEeHHHA jaerepMHuHaHt Ciastepa, coorBer-
CTBYIOIGMH HEKOTOPOMY HAabOpy uHCeJN 3anojgHeHus {7, ..., Nol.
Toraa B JIEBOH YacTy MOJSYUUM

af(nl,...,nm, t)

if =7

(1.107)

PaccMoTpEM OJHOYACTHUYHBIE WIEHR B NPABOH 4acTH YPaBHEHHA

(1.106), Bo3HuKaOIWMe 34 cyer uneHa T (r;) B ramuabroHuane (1.90).
3anuwem perepMuHant Cjstepa B BHJE

i ; (—1) P, (1) 0z, () - - - @z, (), (1.108)

rge P — oneparop nepecTaHOBKM 3JEKTPOHOB, & p — YHCJIO TaKHMX
NepecTaHoBoK. Torja MaTpHYHBIM 3JJeMEHT NpPHMeT BHJ

NT Z 2 2 (—1)P*" f(ni,. .., e, 1) X

X chp;g1 () ... T(F) P'og;(n) ... dr ... drw: (1.109)

Tak kak T (r;) — oaHoyacTHUHBIK oneparop, HaGop uucena {nf, ...,

M) HE MOXET OTJIMYATBLCH OT MCXOJHOro Habopa (n;, ..., M| OGoJEE
yeM Ha ABa YMcaa. B wactHocTH, nycTh HaGop {ni, ..., Mw) COREPXKHT
cocrosinue E;, a Habop {ny, ..., nw} — COCTOAHME Eh CyMMEI 110 i,

P u P’ jgaror N!, Tak 4TO ocTaercH
2(.—1)2k+ﬂ; [ drek, O T® 05, (s ome—1, a4 1, sy D).
" (1.110)
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CnenoBaTesbHO,

e B0 Y () Q
in ¥ 0) M N kITI) X
{nl.....nm}k. i

X F (..o, e=0,...,0=1,..., fiw, £) (—1)FTZ x

X |, ne=1,...,n,=0,..., ) |

+ (Haenst B3auMomeHCTBHA). (1.111)
BcroMHHM W3 npegblayuerc, 4To
(.—l)zﬁzllm,. s Bl ey By ey Mooy =

:azallm,... ne—1,.. ., 41, ., ). (1.112)

[logcTaBnsisa 3T0 BhipaeHHe B YypaBHeHue pmasa 0| ¢ () ) /0,
MOXHO YBUAETb, YTO CYMMa IO {7, ..., N} AaeT Kak pas |y (f)).
[Topropsin Te e pacCyXaeHUs JAA UYJEHOB NAapHOr0 B3aHMOAELH-
CTBHSl, HAXOLHM

in LY@ _ a6 1)), (1113)

rue

56— (k|T|1)ala, +

+ Y. (k| T\st) alafaa.. (1.114)

k, !, s, t

Taknum 06pa3oMm, Mbl IPHULIM K BaXKHOMY Pe3yJbTaTy: B POCTPAH-
CTBE YHCEJN 3arnoJHEHHSI BEKTOD COCTOSIHHA |1p (t)), onpejeJieHHbIA
Bbllle, YAOBJIETBOPHET TaKKe ypaBHeHHi0 Tuna ypasHenus llpeaun-
repa ¢ BTOPHYHO-KBAaHTOBAHHBLIM TaMHJLTOHHAHOM. JIerKO MOKa3arTs,
UTO MAaTPHYHBIE 3JIEMEHTBl TA4KHX BTOPUYHO-KBAHTOBAHHBIX onepa-
TODOB MEXKAY COCTOSHUSAMH 4HCEJ 3aNOJHEHHA COBNajaloT C MaTpHU-
HBIMH 3J1eMeHTaMH (OOLIYHBIX) ONEpPaToOPOB MEXLY OOBIMHBIMH COCTOfA-
HHSIMH.

Tax xak HaM yacTo GynyT BCTpeuarbCsi BTOPHYHO-KBAaHTOBAHHBIE
OnepaTopkl, pa3paboTaeM METOA UX noayueHus. J{as 3TO# uen yao6Ho
ONpEAeNUTh T4K Ha3LIBAEMBIR n04€60f onepamop B T'HJILGEPTOBOM
IIPOCTPAHCTBE

Y ()= 2 ¢u () au. (1.115)

3neck onsTh @ (r) ectb MOMHBIH HAGOP OAHOYACTHUHBIX COCTOSIHUH,
XapDAKTEPH3YeMBIX KBAHTOBLIMH WYHCJaMKH k, a ay ~— (PEPMHOHHBIE
OlepaTOph!, BBeJEHHLIE Bhime. [JJisi BTODHYHOIO KBaHTOBAHHMA OAHO-

4ACTMYHOTO ONEPaTopa, Takoro, kak, Hampumep, T (r;), 3anuweM
r;, — I, 3aKmouuM onepatop Mexay $Y(r) u (r} ¥ INPOUHTErpH-
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pyeM 1no BcemMy npoctpaHcrBy. [/ ABYXYAacTHHMHOIrO ONEpaToOpa,
takoro, Kaxk V (r;, r;), DOJOXKHM r; —» I, r; —Tr', 3aK/IOYUM ero

mexay Yt (r) v (r') 1 ¢ (') ¥ (r) » npounrerpupyemM no dr u dr'.

lMpumep. BoipoxneHuwii anekTpoHHblA ra3. B kagecrtBe mpumepa
HaljeM B TIPEACTABJEHHM BTOPUYHOIO KBAHTOBAHMA TIaMHJbTOHHAH
JJIsl rasa 3JEeKTPOHOB, ABHXKYIIMXCA B IIOJIe paBHOMEPHO pacnpeje-
JIEHHOTO TOJIOXKHUTENBHOro 3apafa. [ToNHbIE raMHJbLTOHUMAK 3anMIIeM
B BuJe

%Z%el~el+%el—n+%n—n- (1-116)
aJIEKTpOH-BJIEKTpOHHaH yacTb TaMHJLTOHHAHA €CTb
p? a g exp(—plr;—r,
6'@el—elz 2,:1 =+ 32 (|r ._I_,- l JD ’ (1-117)
; =y B

IJle SKPaHHPYIOLHH MHOXHTE/b BBEAEH M3 cooOpameHHl MaTeMarTH-
yeckoro yaobcrea. BaauMmojgelicTBHe 3JEKTPOHOB € NOJOKHTEJbHRIM
(OHOM OMMCHIBAETCA BhIp AXKEHHEM

Hoy_, = —€* Z J.—l—-r%exp (—p|r—r'|)yde’, (1.118)
;

riae 'p (r) — MJIOTHOCTh MOJIOMHTENbHLIX B33aPALOB; NPH OAHODPOAHOM
pacrnpefe/eHHs 3apsja HMeeM

p (r) = N/V. (1.119)
Takum o6pa3oM, #b.;_, 3aNHILIETCS B BHJE

Hon=—c () N LD e (1Laao)

| —1|

Ecnu p! HaMHOro Menplue pasMepa L o6pasua, TO MOXHO 3aMEHHTDb
nog uHTerpasom dr’ Ha d (r' —r;); Torua

s N2 4n
%el_n—————e“ —V_}.l._’. (1121)
HaKOHeII, ans cobcTBeHHOH 3HEPIruu (bOHa HMEEM
| p(r)p(r') _yr_r- . €2 N3 4n
%n—n = —-—2—8 j ﬁ_—,!—e Bir—r 1 drdr :—?'__V-F' (1122)

Mgl foJIKHEL TENEDb PelUTh, Kakue QyHKUMH BLIGpATh B KadecTse
Ga3HCHBEIX AJISl NOJIEBOro omepatopa. Tak Kak co6cTBeHHble QYHKIHH
rasa cgo600HbIx SJIEKTPOHOB — IJIOCKHE BOJIHEL, HCHOJb3YeM HX
B KauyecTBe Oa3HCHBIX (YHKUMH. JTH COCTOAHUS XapaKTEpPHIYIOTCHA
BOJIHOBBIM BEKTOPOM K M CIHHOBRIM KBAHTOBHIM YHCJIOM O, TakuM
00pa3om,

TOED) —r & Mot (1.123)

2 P. Yair
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rae
[ 0
M, = (0) i m=(1). (1.124)
3aMEeTHM, 4YTO
o' @ vy dr=Y ot =N. (1.125)
ko

Tax kak unenn ob,._, U #,_, He cojepxarT KOOPAMHAT JeK-
TPOHOB, OHH NpPAMO IIEPEHOCATCA B TIHJABOEPTOBO TPOCTPAHCTBO.
KuHerdueckas 3Heprust 3JeKTPOH-3JIEKTPOHHON YaCTH raMHJIbTOHHAHA
OyZeT OIHCBHIBATBCA BhIpAXEHUEM

V' L2 aloae (1.126)

2m
ko

Jns KyJOHOBCKOIO B3auUMOAEHCTBHA HMeeM
d d """l (kr-Lk'r) e—_u‘r—rrl
Ty Y Y Y [ar[dre T X
k, ok’, 0’ k", 06", k', 0",
i klrl r’ ku r + +
X ( + ) (r) ‘nol (r ) nom (r ) Tlo"' (r) akoak U’ak'"o"'ak”o" —_—

_ %%2 Z Z 2 S0 O jdrj dr’

ko k’o” k”g” k™o™
{ (k'—k")-(r—r") g R fr—r- |

aIU . azrufakruomakﬂou .

(1.127)

Eciy CHOBa pacCMaTpPHBaTh ©r M F— I’ KaK He3aBHCHMBIE NepeMeH-
Hele, To HHTerpupoBsanue B (1.127) gaer

B_’LZ Z 2 2 85, gnBqr, om A (k - k' — k" — k") x

X e___-l' (k+k’___ku__klh).r e

|r—r'|

2 Vv
k 0 k’a’ k0" k™o
4 ¥ ¥
X (k"—km)2+pl-a -akcakluaakm‘amaknoa_ (1.128)
O6o3nauyas k' — k" = q ¥ oOneAMHSA BCE WIEHBI, NOJYy4YaeM moJj-

HBIH I‘aMHJIbTOHHaH B HPE}ICTEBJIEHHH BTOpH‘{HOI‘O KBaHTOBdAHUSA

%zg‘ 12:: aﬁoako+ EYa EZZL qa_Hﬁ

e2N? 4n
>< aI_q' GaI'-}—q', o'ak’o'ak. o —_2_1';_ '_p'T . (]. .129)

YRA06HO BBECTH «PaJUyC» 3INEKTPOHA ry € [IOMOLIBIO . COOTHOLUEHHS

L= (1.130)
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Onpenenum TaKxke Ge3pasMepHBle BENHUHHBL rofay = re v V /ry = Q,
rie ap = H*/me* — Goposckuit pajguyc. Tak kxaxk | pnﬂ.ﬁepr =
= met/2h* = ¢*/2a,, ramMuJbTOHHAH, BLIPAXKeHHHI# B pugbeprax,
UMeeT BHJ, '

%= N ok af, o810 + 75 Z M e %
k.o

k. ok', g’ q

N 4n
rgfd (rom)?

3ameTuM, HYTQ 3JEKTPOH-3JEKTPOHHOE B3auMojedcTBve ana q = O
J4eT uJieH, NPOoNopuMOHaNsHbId N2, KOTODHIH COKpallaercs ¢ BKIaA0M
OT NOJOXHUTENbHOro (oHa, a Takxke 4YjeH, NpPONOpUHOHANbLHBIH N,
KOTOphIA ofpamaerca B HyJb B cuay ycjopHsa. p™ & L. Takum obpa-
30M, OKOHUYATEJBHO MOJYyYaeM

#H = E Ekak olk,0 1 2“(2 Z V(g) ak—ﬂ oak'+q 0-8k-, 0-Qk,0»
k.o k’, 0’ q+0
(1.132)

X Gf_q, o0 1q-, 'Ok’ .0° 0k, 6 — (1.131)

r'xe

= (22) w0 V(g) = 4 (reg)),

[ToMHMO NpeHMyIILecTB, CBsi3@aHHBIX C Y4eTOM CTATHCTHKM YacTHL,
(opMaJsii3M BTOPHYHOI'O KBAHTOBAHHS HMEET TaKKe YA0OHYIO rpacguue-
CKYI0 HHTEPNPeTaluio. Hanpumep, paccMOTpPeHHBIH BHILIE YJieH B3aH-
MOZEHACTBHS COOTBETCTBYET YHHUTOXKEHHIO ABYX YACTHI B COCTOSAHHAX
(k, o) u (k’, o) ¥ poxzeHHnIo ABY X yactun B cocrosuuax (k' + q, ¢') u
(k — q, o). Ero MoxHo npeactaBuTe rpaduuecku B BHIE

\

/ ,
(k-gq,0) \ { (k'+g,0)
(K, a/ \(k'.d')

Boobue rosopsi, ©MeeTcs TakkKe W B3aUMOAEHCTBHE YacTHLA—
JIBIpKa

(k-9,0) (k'+q,0')

(k, a)/ \(k’, o'

Huske MBI YBHIWM, YTO JaJbHHH MATHHUTHRIE NOPAJOK MOXHO Ipel-
CTABUTh KaK KOTEPEHTHOE COCTOSIHWE 3JIEKTPOHOB # ABIPOK, UOA0OHO
CBEPXiIPOBOJHMOCTH, KOTOPYIO MOXHO IIPEACTaBUTh KAK KOrePeHTHOE
COCTOAHHE 3JIEKTPOHOB.

2*
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Mpumep. 3eeMaHosckoe B3ammoneicTBHe. [IpuMeHpM opManusm
BTOPHYHOI'O KBAHTOBAHUA 1A ONMCAHKA B3AUMOJEHCTBHA CIIHHA 3JEK-
TPOHa ¢ MarHuUTHHIM noneMm H cos (q-r). B caeaywomeir riase Ml
NOKAMXeM, UYTO 3TO B3aUMOJEHCTBUE HMEET BUJ

# = ugo, H cos (q-r),
rie pg — MmaruwetroH bopa, a o, — marpuua I[layan
1 0
0:= (0 —1) '

Hcnonrsys noneswre onepartopbl (1.123), noayuaem

i ¥ ¥
b — - pwef Z (ak+q. $0k, 4 — Qkiq, Ok, 4 +
k

i +
+- Gk—q. 4k, t + Gk, 43k, 1)-

[TockoabKy B 3TOM npoctoM npumepe b, = 0, a o, ({) = oy,
NPOJAOJAbHAsA BOCIPHMMUHMBOCTB, coorBercTBylomas (1.80), croagutcs

X wieny {ak,,dxiq, 4@k1q. 1K, +), AHATPAMMHOE TPEICTABIEHHE KOTO-
POr'0 HMEeeT BH]

k+q,0
Xz2(q)=0, Oz
k, 0

B GoJsiee CJHOMKHBIX CHTYALHAX YAOOHO PA3JNHYHBIM NPHOJINIKEHH AM
CONOCTABNATE COOTBETCTBYIOIIHE JHATrPaMMHI.
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MAITHUTHBLIK TAMUNIBTOHUAH

MarupTHLIE CBOHCTBA, KOTOpbIE MBI 6yeM paccMaTpUBaTh, B OCHOB-
HOM 0Gs3aHBl CBOMM IIDOUCXOXKJIEHHEM 3JeKTpoHaM. B 3Toi riase
MBI BBEAEM TaMHUJALTOHHAH, ONHCHLIBAIOUMIHH MAar{uTHBIE CBOHCTBA
CHCTEMEI 3JIEKTPOHOB. HauHeM ¢ pacCMOTpeHHS OAHOTO 3JIEKTPOHA.
DKCIepUMeHTaNbHO ObLIO HallIeHo, YTO 3JeKTPOH 06/anaer colCTBEH-
HbIM MArHWTHBIM MOMEHTOM U cnutom. CylecTBOBaHHE TAKOIO
MOMEHTa HENOCPeACTBEHHO BHITEKAET U3 PEeJNSATUBHACTCKOIO pacCMOTpe-
HUSAl, CJAeJ0BaTeJbHO, MBI JOJIXKHBEI HCNOJAB30BATH PEJAATHBHCTCKOE
ONHCABHEe ABHXKEHUS 3JIEKTPOHA. T4KOe ONUCAHHE JaeTCs YypagHeruem
Hupaka. Mbl OorpaHduuMcsi OOCYXKJIEHHEM TOro, KaK M3 ypaBHEHHS
Jlupaka MOKHO NOJYYUTL CIHH M CIIHH-OpOUTANbHOE B32UMOJEHCTBHE
(mogpo6Hoe paccMoTtpeHue cM. B kuure [2.1]).

2.1. YPABHEHHE JHPAKA

PenstuBucTCcKasn TEOPHH JIJEKTPOHA JOJI2KHA OLITh NoCTPpOEHA
TAKUM 06p330M, yTOOR! KOOpDAHHATEl U BPEMA BXOAHJIN B HeE CHMME-
TPHYHBIM 06paSOM. Ecny Hauate € OGHLEI‘O BOMHOBOI'C YpPaBEHEHHA

5 OV (r, 2)

lﬁTZ%lp (r, t), (2.1)
B KOTOPOM CJIEBA CTOHUT l€PBAA IIPOU3BOAHAA IO BPEMEHH, TO TAMHJIb- .
TOHHAH JOJXKECH COZEeDXaTh JHUIL TEPBbLIE NIPDOH3BOAHEIE NTO KOOpPAH-
HaTdaM, T. €. JAOJNIKECH OBITE JHHEHHBIM OTHOCHTEABLHO HMNYJbBCOB,
HOSTOMy NPEANOJIOKHM, UTO TFdAMUJBTOHHAH HMEET BHUJA

% — ¢ (a-p) -+ Bmc?, 2.2)

rne @ v f — npousBoabHbie Koadbuuuentsi. Hanoxue onpepenes-
Hple TpeGoBaHUA Ha pewenue (2.1), nosyvaeM ycJaoBua a8 a H P.
ITH YCJIOBHS YAOBAETBOPAIOTCH CJAEAYIOUIHM IIPEACTABJNEHHEM AJA o

“ P 1 0 0 o
Bz[o _1] H oz=[(r 0], (2.3)

rae o; — Matpuusl llaynan

B A A
(2.4)

Takum obpa3oM, BOJHOBas (YyHKUHS § AOJKHA OBITh YETBIPEXKOM-
NIOHEHTHOH. JIBe KOMMOHEHTH COOTBETCTBYIOT PEUICHHAM C IIOJONKH-
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TeJIbHOH 3Heprnei’1 M JBe — ¢ oTpHuarejpHoX. Juipku B cnektpe
OTPHUATENbHOH SHEPIHH OTBEYAIOT [MO3UTPOHAM, a IAs HX o6pasopa-
HHA HeoOXojMMa 3HEepTus INopajgka mce,

M3 narpadkeBa (popmasin3ma CJIeAYeT, YTO A8 YUETa BHELIHEro
3JIEKTPOMATHUTHOTO TOJA € BEKTOD-NOTEHLHAJOM A W CKaJTﬂprIM
MOTEHUHAMOM ¢ HEOOXOAMMO INIPOM3BECTH 3aMeHy P —»p — (e/c) A
m E - FE + ep. Torza ypaBHeHue [lupaka npuHHMaeT Bug

i S5 — [ca(p — < A) 4-pmet+ eg | b. (2.5)

[TockonbKy 3Heprus, CBA3aHHAA ¢ MAarHUTHBIMH SIBJ€HUSIMHM, HAMHOTO
MeHble mc?, yAo0HO pasjeNATb PeUIeHHA C MOJIOMHTEJNBHOR H OTpH-
ATEJHHOH SHEPrHAMH. IDTO JeNaeTcsl IPH NOMOIIH KaHOHHYECKOro
npeoGpasoBanna Poaxn u BoiTxysena (cM., Hanpumep, [2.2]).
OxoHYaTeJbHO TAMHUJBTOHHAH /IS DEIUEHHH C MOJOXKHTEJIbHOH 3Hep-
rH€H UMeeT BHJ

1
%:[m62+—§-n-?(p——A) 8m302]+¢_2mcoﬂ_
i81:220'VXE 4§20EXP 2csz (26)

Hac wuntepecyoT mnocJefHHE YeThpe 4YJE€HA B TaMUJLTOHHAHE.
Unen —(efi/2mc) (- H) cooTBeTCTBYET B3aMMOJEHCTBHIO CIIMHA 3JIEK-
TpOHa ¢ BHewHuM noseM H. Caenyomue JBa 4JeHa XapaKTEPU3YIOT
CRUH-OpOHTANBbHOE B3aUMOJEHCTBHE. B cllydae cTauoOHapHOro BEKTOP-
MoTeHUMaNa W CepUUecKH CHMMETPHYHOTO CKaJSipHOTO NMOTEHUHAJMa
V {r) umeem y-E =0 1

18V noav
o-E x p-————?—-—ar—o-r X p-—-——‘-?——ar—(ﬂ' ])
rape Al = r X p.
STH ABa 4YJeHa JaoT
efiz 1 ‘gVv’
pr-roaty el CRLS 2.7)

HMmenHO Tako# BUA JOJXKHO MMETHb BLIDaXXEHHE, OMHCBIBAIONlee B3aH-
MOJEHCTBHE CNHHA 3JEKTPOHA C IMoJieM, O0YyCJOBJEHHBIM OpOHTANb-
HbIM JBUXKEHHEM 3JIEKTPOHA, NOABUBIINHACA 34eCh AONOJHUTENbHBIH
MHOXHTeNb 1/2 c¢BA3aH c TOMAacOBCKO# npeneccueir. [locnexnuii
yseH B onepartope (2.6), Tak HasmIBAeMBbIB O0ap8uHOGCKUL 4AeH, npen-
cTasiisier cof0f NONPaBKY XK KYJOHOBCKOMY B3aHMOJEHCTBHIO 34 CUeT
QNYKTYanHuH [ONOXKEHUHA 3JEKTPOHA, BO3HHUKAWIIHUX H3-32 KOMIO-
HeHTHl C OTPHIATEJbHOH 3HEPrHedl B BOJHOBOH (YHKIHH.

Unen p*/8m®*® B BripaxkeHuu (2.6) oyeHp MaJj, U B HalleM caydae
MM, KaK W JapBUHOBCKUM WIEHOM, MOXKHO NpeHebpeun. Eciam orcun-
THIBATh DHEPTHIO OT SHEPIHU MACCHl NOKOSA, TO TAMHJILTOHHAH, OIHUCHI-
BAalOUIMH MarHUTHOE IOBeJleHHe 3JEeKTpPOHa, OyIeT HMeTb BHJ

(P~ =A) +ep — 5o (@ H) +5(-0),  (28)
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TAC Mbl BBEJM NapaMeTp CHUH-OPGUTANBHOTO B3aHMOJEHCTBUS
- eh: | OV
T 4dm2%® r 9r °

2.2. HICTOYHHUKH 10JIA

Uccaenys oOmui OZHO3JEKTPOHHBIH TaMWJIbTOHMAH, Mbl HaulIH,
YTO B3aUMOJEHCTBHE IJEKTPOHA C €ro OKPYKeHHeM ONMChIBaeTCs cKa-
JADHBIM TOTEHUHAJIOM ¢ H BeKTOp-moTeHuuatoM A. O6a 3TuX noTeH-
uMana — QyHKUHE KOOPAHHAT pacCMaTPpHBAEMOTO 3JIEKTPOHA, a TAKKe
KOODAHHAT M MMIOYJbLCOB JAPYTHX YACTHI B CHCTEME, T. €. HMEOT
B 4’ (rv ry, o ...y P1, Pa, ) A (r, ry, rg, ..., P1, Pa, "')'

B pannoM pasjene Mbl HCCJI€AYEM BMJ 3THX NOTEHIHAJOB B KPH-
CTaJJIHYeCcKoM TBepjaoM Teqe, Hama uneap — KJaacCHpUuHpOBaTh BCe
B3aUMOAENCTBUSA, JadiolllMe BKJAJ B MAarHUTHbIE CBOMCTBA TBEPABIX
TE€J, yTOOBL! BNOCJENCTBUH MOXKHO OBLIO ucnonwona'rb IOy YeHHbIe
3fleCh Pe3yabTATHI

2.2.1. OAHOPOAHOE BHEIUHEE MOJIE

[Tpocrefim# BuJ HMEIOT IIOTEHUMA/bl, CBA3AHHBIE C OJAHOPOAHBLIM
BHeIIHUM noseM. [Jlas snekrpuyeckoro nonas E, oxnopoaHOoro eo
BCEM IIPOCTPABCTBe, B3auMojeHcTBHe ¢ npuHuMaer Bujy —e (r-E),
TJe er — OnepaTop 3JeKTPHYECKOTO JAUNOJbHOTO MOMEHTA.

Hns opHopopHOoro MarHuTHOoro noias H MarHuTHelE BEKTOp-
NOTEHNWA] He onpejgeneH OfHO3HAYHO. YA00HO BmbOpate A =
= (1/2) [H X r]. B aroi#t kanubpoBke y-A = 0. Takum obpasom,
BhIpaxkeHue (p ——eA/c)2/2m npnﬁnmae"r BUJ
- —[rx pl-H 4 o—[H x 1] (2.9)

2m

IlepBoid unen 3peck — KUHeTHUECKasi 3Heprud. DBropoir ujgen —
napaMarHuTHBI, TaK Kdak BeauunHa [r X p] =7l cBu3ana ¢ opbu-
TaJbHbBIM MOMEHTOM 3JEKTPOHA W; COOTHOILIEHHEM

= lrx pl= — R~ (2.10)

2me
rae
le| A

M = 2me
— maeHemon bopa. [lo3ToMy BTODOH 4Jj€H MOXKHO 3anucaTth Kak
upl-H. Tperu#i unen — puamardutHeii. Korga none H uanpas-

JeHo no ocu 2z, T. €. H = Hz, 3tor uaen nepexogur B (e*H?*/8mc?) X
X (%% + y?). Takum o06pa3oMm, MNOJHBI# TaMUJIBTOHHAH 3JEKTPOHA
B OfHOPOJHOM MATHHMTHOM [OJIE MOMHO MDEACTABHTL B BHJE

3’6*——-—|—p}3(l+0) H+ 8mc2 (x2+y2)+§l a. (2.11)
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2.2.2, JIEKTPHYECKOE KBAJPYNOJIbHOE TOJIE

PaccmoTpuM noTeHLMaR 110451, B KOTOPOM HAXOAHTCH 3JEKTPOH
NPH ABHXCHHHM BONM3H sjapa. EcaH npeanonoXutb, YTO 3JEKTPOH
HE NONnajaer B IPOCTPAHCTBO, 3amMOJHEHHOE SJEPHHIMH 3apsijaMH
H TOKAMH, TO | — I, | MOXHO pa3NOXHThb N0 CHEPHUECKHM rap-
MOHHKaM, YTO NPHBOJHT K MYAbMUNOAGHOMY DPABAOHCEHUIO.

CHauasna paccMOTpUM pacnpegenesue sapsina. Ecam p (r,) —
NJOTHOCTL 3apsijla B TOUKE I, BHYTPH siApa, TO 3JEKTPOCTATHUECKUH
IIOTEHIHAJ HMEET BHUJ

_ p(r) YT (6, 9)
$ 0= [ dr pop g =4 ZZ(ZI—}—I)rH'lX

x | drnp(ra) YT (Bny @n) 72 (2.12)

BHIDHCBHIBAsT SIBHO HECKOJBKO NNEPBBIX YJEHOB, IIOJYUdEM

¢ (l') = 4n M)— j drnp (rn) Yg. (O, (Pn) +

Y1 (0, m*
+ 4 Z L8 D [ ditap (6) ¥ T Oy )+

m——1

+4n 2 Y09 (g () (V5 O, 0 1. (213)
m—=—2
Tak kak Y (8, ¢) = 1/)/4n, nepBuifi 4wieH NPUHHMAET BHA
— j drp (r,) = i,e— , (2.14)

T. €. COBHAJdeT C IOJEM TOYEYHOIO 3apA]a, PACIOJOXKEHHOFO 8 Ha-
yare koopouram. Hcnonn3ysi Teopemy CJOXKEHHS A8 CHepHYECKHX

dyBEKIUHA
!
214—_:1 2 YT (81, 1) YT (B2, ¢2) = Py (cos By), (2.15)

m=-—|]

npejCcTaBHM BTOPOH UJIEH B BHUJE

.

o § drap (ra) . (2.16)
3jech HHTErpaJ — Oleparop 3JEKTPHUECKOro AHIOJBHOIO MOMEHTA
anpa. Ecnu sijepHble cOCTOSIHUS 00/71afai0T ONPEAENEHHOH YETHOCTHIO,
TO JHATOHANbHBIE MATPHUYHEIE 3JIEMEHTH 0OpalaiTcs B HyJb B CHJIY
CHMMETpHH. Tpetult usneH — xsadpynoavHuidl.

[TocKONbKYy MBI yXe 3aHSJHCh BLIYHCJIECHHEM MATPHYHBIX 3J/IEMEH-
TOB KBaJPYNOJbLHOTO YJIeHa, a TAKXKE H APYTHX MoJ0OHKEIX OIIEpaTOpOB,
CTOMT BPEMEHHO OTBJeubcsi, 4TOOBl pa3paboraTh METOA IPHBEJEHHS
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T4dKHX OIIEpaToOpoOB K BHJAYy, CHJIBHO YIPOIIAKINEMY BHIYHCJIEHHE
MATPHYHHIX 3JIEMEHTOB. JTOT METOJ OCHOBaH Ha TpaHC(popMaunormblx
CBOHCTBAxX ONEpPaTOpOB.

OnepaTopHas 9KBHBAJEHTHOCTb. PaccMOTpHM I1OBOPOT CHCTEMB

KOOD/IHHAT Ha yro. 0 BoKpyr oc 0. IIpu 3ToM BoJHOBasA qyynxunﬂ P
B NEpPBOHAYaJLHOH CHCTEME KOODJAMHAT CBs3aHAa C BOJHOBOH (yHK-
uueit ' B MOBEepHYTOR cHCTEME KOOPJAHHAT YHHTApHHIM npecbpaso-

Bannem R (n, 0). Ypo6Ho 3anucars 3to n1peobpa3oBaHue B BHAE 3KCIIO-
HEHThI C 3PMHTOBBEIM apryMEHTOM

R(n, 8) =exp[iS (1, 0)].

Jna GecKoOHEYHO MaNkiX TOBOPOTOB (VHKHMA ' OTJAHYaeTcs OT
Ha BeJNWYHHY, TNponopuuoHannsyio 0. Ecau 3amucats 310 Kak

Y — = —i0n-Jy, (2.17)
TO OTCHOLA c.nenyer , HTO
R (n, 0)=exp (—ibn-J). _ (2.18)

[locneaHee paBeHCTBO MOXKHO HCNOJIL30BATh AJS ONPEAENEHUSHA Yea0-
8020 momernma #AJ cucrembl. AIMEHHO YIVIOBOH MOMEHT XapaKTepH3yer
TpaHcopManuoHHLie CBOHCTBA CHCTEMB! IIPH IOBOPOTE CHCTEMBI
KOODJHHAT.

[Tycts | JM) — coberBennas ¢ynkunus J2 u J,. Toraa

R|JM) =exp( _—;Bn J) |/ M). (2.19)
[ToacTaBisis TOXKAECTBO

§ |JM') (IM'|

I
[ ]

B npaBylo uacth (2.19), noayuaem

R|JM)= 3 (M| exp (—ifn-J)| JM)| IM') =

= 2 Dinw (o) | /M) (2.20)

Takum o6pasom, onepatop noBopoTa mnepeBoguT ¢yukuuio | JM)
B JHHEHHYI0 KomOMHauuio cocrogHud |JM'), koadduuuerTamm
NPH KOTOPHIX SBJSAIOTCA MaTPHUHBLIE 3JIEMEHTH ONEpaTopa IIOBOPOTA
Dum- (@, B, ¥), rae o, B, vy — yrasl Dilmepa, onpejesiioliie Io-
BOPOT.

[Ipu noBopore R onepamop O npeo6pasyercs B onepatop ROR™.
Ecau oneparop O 3angaerca 2J + 1 dyukuued T (M = —J,
—J -+ 1, ..., J) ¥ ecan oH npeobpa3dyercd IO 3aKOHY

RT ;qR ™ = ; Disn: (@BY) Tyme» (2.21)
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TO OH Ha3LIBACTCH HEMPUBOOUMbIM MEH30PHbIM Onepamopom pauea J.
Moxer noKasaTbCd, HTO 3TO JAOBOJBLHO CIELHANBHOE ONpejeseHHe,
OAHAKO MHOTME OIepaTOpHI, BCTpeUAlolHecss B (U3HKe, — Ha CaMOM
Jene TEH30pHBIE onepatopsl. Hampumep, BeKTOp -— 3TO TEH30p
paHra 1, MOMEHT MHEpPUHH M KBaJDYNOJbHLEIA MOMEHT — TEeH30pHl
paura 2. Ilpumepom onepartopa, KOTOPbHIH MOMKET He OLITb TEH30pOM,
CNYXKHT 06CY2KAaBLIMHACS BHIUE ONEPaTop INJIOTHOCTH.

TeH3ophl UMeloT COOCTBEHHYIO anrebpy, COAepKamyl pa3JjdyHbIE
teopeMmbl. OpHa U3 HMX — Haubosee moJie3HAs1 JJISI HAc mMeopema
Buenepa—3xkkapma. OHa yTBepXKAaeT, YTO MATPHYHBIH 3JEMEHT
TEH30PHOIO OnepaTopa MOXHO DAas3JOXHTb Ha MpPOH3BEJAEHHE JBYX
yacTed, O0JHA M3 KOTOPHX COAEPIKHT NPOCKLHUOHHBIE KBAHTOBLIE
YKCJd, HO He 3aBUCHT OT CaMOTO TeH3opa, a Jpyras He COJACPIKHUT
NPOEKLHOHHLIX KBAHTOBBIX YHCEJ M HA3bIBAETCS NPUBLOCHHLIM MA-
mpuuHsim 3remenmosm. JlepBast uacTh (PAKTHUECKH IIPeACTABASET
cobol Koagpguyuenm Kaebuwa — [opdana, HCNOIb3YEMBIH NpH CJIO-
JKeHUH MOMeHTOB. TakuM o6pa3oM,

(I M| Ty | IMY = C (JJ"T; MM"M'){J'| T ), (2.22)

rneC (JJ"J', MM'M’) — Kos(pdmuuent Kanae6wa—Iopaana,
a {(J"|| T “J) — NpPUBEJCHHBIA MATPUUHBIA 3/EMEHT. 3aMETHM, UTO
ecniu 7' —— TeH30pHBIE OuepaTop TAKOTo Xe paHra, Kak u T, To Ma-
TPUYHBIE 3JEMEHTHl oneparopa 7 nponopuuoHaJbLHH MATPHUHBEIM
aneMeHTaM omneparopa 7' . 3ToT pe3ysabTaT MMeeT GoJbLIOE NpaKTHYe-
CKO€ 3HayeHue IPH HCCJACJAOBAaHHH MAarHHTHOIO FaMMJILTOHHAHA.

Bepuemcst K KBagpynoJbHbIM 4jieHaMm B ¢ (r). Tak Kak onepaTtophl
KBaApynoJbHOro MomenTta QM nponopunoHaibHel cepHYECKUM rap-
MOHHKaM, OHH SBJIAIOTCS, OYEBHAHO, TEH3OPHBIMH ONEpaTOpaMH
BTOpOro padra. Mel Take MoXkeM 00pa3oBaTh TEH30P BTOPOro paHra
H3 KOMIIOHEHT moJHoro sjepHoro Mmomenra L. Taxkum oGpasom,
ecJIu

T = Q' = V2 Yoz (v i) (2.23)

rje HHAECKC [ HyMe€pyeT LPOTOHBI, TO Mbl IIOJYUHM

(T);' = (1 It 4 1°L,). (2.24)

3ameTuM, 4To ypaBHEHHE (2.24) 3anHcaHo B CMMMETpH30BAHHOM BHJE,
TaK KaK KOOPJHHATH, BXOJAsuiie B ypaBueHue (2.23), KOMMyTHDYIOT
APYT ¢ APYTrOM, B TO BPeMs KaK YTJOBble MOMEHTbl HE KOMMYTHPYIOT.
CnenoBaresibHo, uTOObl COXPAHHUTb 3Ty CHMMETDHIO, MBI JOJXKHBI
CHMMMETPH30BaTh COOTBETCTBYIOUHH onepaTop. [lo teopeme Burnepa—
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DKKapTa MaTpHM4HBIE 3JEMEHTH 3THX ABYX ONEPaTOPOB MAOJKHBEI OBITh
NPONOPUHOHANBHEL., TaKuM 00pa3oM,

(IM'| Q' | IM) = a (IM | lfiﬁ (I.I* +I'L)| IM),  (2.25)

M| Q| 1My —a YE @M+ 1) VT =My T+ M Dowe s
(2.26)

O6biuHO MaTpuuHhi  anemenT {//|QY|II) o6o3Havuaercs Kak eQ.
KoadduurenT nponopuunonanssocty Ttorga Oyaer eQ// (21 — 1),

[loka MBI ocTaemcsi BHYTPHM NpPOCTPAHCTBA COCTOAHHH, AN KOTO-
peiXx [ sABAAETCS XOpOLIMM KBAHTOBBLIM YMCJOM, MBI MOXEM IIPHDaB-
HATL CaMH onepaTtopbl. loraa

+1 eQ V6 + +7\.
G =qor—y 7 I+ I'L); (2-27)
dHAJIOTHYHLIE BBEIPdXKECHHA HOJIlea}OTCH AJIST leyI‘HX onepaTopos.
CooTBeTCTBYIOIIMH YJIEH B XKBaAPYNOJLHOM HOTEHI[HAJE B 3TOM Clyyae
HMEET BHJ

1/ 4m Y516, 9) _ eQ
5 r3 I(2r—1

) VE (LIt +1'1). (2.28)

OyeBHAHO, YTO 346KMPOHHYO YACTb MBI MOTJIM OHl TEnepb BLIPA3HUTH
yepe3 opOHTANBHHIE YIVIOBOM MOMEHT 3JIEKTPOHHOTO COCTOSIHHUS (CM.
[2.3, 2.4]). Taxum ob6pasom,

o (1) = — 2=+ Q8 [3ULIP +5- ) — L+ )T+ 1)],

rae § — nocTOsiHHAsl, NPONOPLHOHANbHAS IPHBEJEHHOMY MaTpHU-
HOMY 3J/IEMEHTY 3JIEKTDOHHOI'O YIJIOBOIO MOMEHTA.

3aMeTuyM, 4TO KBaJAPYINOJLHOE IIOJE€ sfpa He JAeHCTBYeT Ha §-
COCTOSTHHE 3JIeKTpoHA. KBanpyloabHoe nosie B oOLEM Ciaydyae Maso
10 CPABHEHHIO C JPYTMMH INOJSIMH, JEHCTBYIOIMHMMH HA 3J/EKTDOHBI.
C ToukH 3pEeHHs f]ep, OAHAKO, ITO B3AUMOACHCTBHE CYIECTBEHHO.
EciH 3J€KTPOH HaXoAMTCA B HEBBIDOXKJECHHOM COCTOSIHHH, KOTOpOE
X4paKTepH3yeTcsl opONTAJbHBIMH KBAHTOBBIMH YHCJIaMmH [, my, a Ko-
OpAMHATHAsA OCh BHIOpaHa BROJbL T'NIaBHOH ocH TeH3opa [,l, TO ra-
MHJILTOHHAH SIipa HMMEeT BH]

2 |
Ho — ﬁj’-@_—” (33— 1( — 1)+ 53+ 1), | 229

rue

g=Cl(B) u n= «f;'c)(g)(zi» .




44 I'JI. 2. MATHUTHHH TAMUJABTOHHUAH

AnasornyHoe BbIPAXKEHKE JJI B3aHMOJEHCTBUA HMEeT MECTO H
npu OoJsiee obuiem pacipejenseHun 3apsja. B rom cayuae Beauuuna q
NPONOPUHOHANLHA ['PANHEHTY 3JEKTPHYECKOI'O NOJsd, BO3HHKAIOWEMY
NpH TAKOM DpaclpeaeseHuyu 3apsija.

2.2.3. MATHATHOE JHUINOJIbHOE (CBEPXTOHKOE) II0JIE

BexTopHu# norennuan, o6ycaoBIEHHBIH SACPHBEIMH TOKaMH, TaKXke
MOXHO NPEACTAaBHTh B BHJE pAa3JIOXKEHUs:

A(!') — J' dr, p (rp) v(ry) _

c[r-—rn[

SERLI O jdr,,p ) I, XxvE)+.... (2.30)

Ecan pacnpenesnenue TOKa c*raunonapﬂo OTHOCHTEJILHO OCEH YIJIO-
BOTO MOMEHTA, TO NEPBHIE JBa YJieHa 00pamaoTcs B HYJb H OCTAETCH
TONMLKO TpeTud. MHTErpan B 3TOM UJeHe — SJePHBHIH MATHHTHO-JIH-
NMONBHEIA MOMEHT My, KOTOPBIH CBfA3aH C Sf€pPHBIM YIJIOBHIM MOMEH- -
TOM COOTHOIUEHHEM
n; = gninl = yniil,

TA€ UN — AAEPHBIH MAarHeToH, YN — SAE€PHOE THPOMArHHTHOE OTHO-
HnIeHHe, a gy — 3HaueHHe g-paktopa and sApa.

3aMeTuM, YTO SAEPHBIE yraoBoH MoMeHT 1 H3mepsiercst B ejuHH-
nax #. Takum o6pasoM,

Afr)=p; X —- (2.31)

[logcraBass (2.31) B BhIpaxeHue
1 e 2 efi
2m (p e A) 2me

u 3ameuas, yto V-A (r) = 0, nonyuaeM

2 e [ByXT]P 1 ru

2m me 2mc rs rd
[lepecranoBKa CKansipHOTO M BEKTOPHOIO INPOH3BEAEHHA BO BTOPOM
4jJeHe JaeT opbumairbHoe CeepXmOHKOe 63aumoleticmaue

-1
Qs % . (2.34)
[Tocnepgnuit usen B BoipaxeHuu (2.33), copepxamu® KBajpaTHBIE
CKOOKH, ONMCHIBAET GUNOAbHOE C8epXMOHKOE 83aumooelicmeue.

Ecsi¥ 31€eKTPOH HAXOJAHTCH B $-COCTOSSHHH, TO MATDHYHBIH 3JEMEHT
OpOMTANBHOrO CBEPXTOHKOrO B3aUMOJACHCTBHS ofpallaeTcsi B HyJlb.
AHaJZorHYHO MaTpHYHBIE 3JJEMEHTHI JHI0MbHOIO CBEPXTOHKOI0 B3aHMO-
AeHCTBHSA Takxke o6pamaloTcs B HYJIb 1 §-3neKTPoHOB. OaHako and

(2.32)
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S-3JICKTPOHOB CYIIECTBYET JPYyroe B3auMOJSHCTBHE, KOTOPOE HE BKJIO-
yeHo B pasgoxerHue (2.30), Tak Kak 3ITO DPaA3JIOKEHHE CIPABEAJHBO
TOJNBKO AN TAaKUX pacnpeAesieHUH 3apsija, KoTophle o0paijaioTcs
B HyJdb BOAM3M fgpa. [as ero nmosyueHuss pacCMOTPHM MATPUUHHIH
3JIEeMEHT CBEPXTOHKOIO B3aUMOAEHCTBHUS! IJs OpPOHTANIBHOIO COCTOA-
HUS 3JeKTpoHa P (r):

— e [ dry* () 0V X A ) ¥ (1) =
—— 2 [ drg* ()oY X A b () —
r<R
— g | A (oYX A B (1), (2.35)
r>R

rJle HHTerpan B JIEBoH yacTu Oepercss 110 BceMy IpocTPaHcTBY. Pa-
AHyc R onpejensier cepy, BHYTPH KOTOPoH coaepxutcs sijapo. Bre
chepnt A (r) umeer Bupg [u; X rl/r3. Brtopo#t uneH B cooTHome-
HUK (2.35) maer AMIOJHOE CBEPXTOHKOE B3aHMOJEHCTBHE, BBEIEHHOE
panee. JlonoJHHTENbHOE B3aHMOJEHUCTBHE OIIHCHIBAETCSI IIEPBHIM UJe-
HOM, KOTOPLIH MOXHO 3allHCaTh Kak

| AV (A x o) | v = — o

2mc 2mc
r<R

[TockonbKy chepa HHTerpHpoBaHHS OblMa BeIOpaHa TakHM obpasoM,
YTO OHA JeXuT BHe sApa, A (R) umeer Bup [m; X RI/R3. Tak kax
¢ysknus P (R) npuOIU3KTENBHO NOCTOSIHHA Ha 3TOH IIOBEPXHOCTH
u paBHa P (0), B3auMojeficTBHE NPHHHMAET BHJ

e R X X R
— o [ gy (0)p =

o- jds x Al y(R)[%. (2.36)

8 h 16
= —%%‘U'MI [ (0)F = —‘gﬂ—gNMBHNl'Ul‘P(O)Iz- (2.37)

DTO — KOHMAKMHOe C8EPXMOHKOE 63aumoleticmeue, KOTOpoe HacTo
3aUCHIBAIOT KaK ONEepaTop

(87/3) gnpsiin (1-0) 8 (r).
CyMMHpYSl TIOJIYYEHHBIE PE3YNbTAThl, MOXHO 3aMHCATH IIOJHOE
CBEPXTOHKOE B3aHMOJEHCTBHE:

(I-1)
r3

+ 8—;‘ Enkpiin (0-1) 8 ().

(r-I)r
rB

I
Fb nyper = 28NUBIN — gnUBliN - O {—,? — 3 } +

(2.38)

[amuneroHuan (2.11) Bmecrte ¢ B3aumogedcTBuaAMH (2.29) u (2.38)
OIIpeieNIgeT IOBEJEHHE ONHOTO 3JIEKTPOHA BOMH3H SApA.
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2.2.4. IPYTHE 3JIEKTPOHbI TOro )>XE CAMOI'0 HOHA

Tenepn paccMOTpPUM BJIHSHHE JPYTHX 3JeKTpoHOB. OJHHM H3
Haubosee BaXHbIX MCTOYHUKOB 3JIGKTPHYECKOFO 1I0Jsl, KOTOPOE
YYBCTBYET HOHHBIH 3JIEKTPOH, SIBJISIeTCS KYJOHOBCKOE IOJe ApYTHX
3JIEKTPOHOB TOTO XK€ CaMOrc HOHA:

$0)= Y T (2.39)

4

B HOHHBIX KpHCTaJJaX B3aUMOJEHCTBHE C 3THM -IIOJIEM NPHBOAHUT
K I0SIBJCHUIO ONIPeAeNeHHbIX YPOBHEH 3HepIruH. (OTH MHOTO3JIEKTPOH-
HBlE COCTOSSHMA MOTYT OBITE CBSI3aHB! C KyJIOHOBCKMMHM HHTETDAJaMH,
yTo obcypaaercsi, Hanpumep, B knure [2.5].) [lpu paccmoTpeHHH
BEIIECTB CO CBOOOAHBIMH 3JIEKTPOHAMH YaCcTO Mpejroaaraercd, YTO
3JICKTPOHBE HCHBITHIBAIOT KYJOHOBCKOE OTTAJKHBAHHE TOJNLKO B TOM
cJyyae, €cTH OHM 004 OKa3LIBAIOTCSA B OJAHOHM M TOH XX€ HOHHOH siyeHKe.
CooTBeTCTBYIOUIHH TAKOH CHTYalHW TaMUJIbTOHHAH OyJeT paccMOTpeH
HHXKe,

2.2,5. KPUCTAJNJIHYECKOE 3JIEKTPHYECKOE IOJIE

Ky/noHOBCcKoE B3aMMOAEHCTBHE MEXJYy KaX/bM 3JEKTPOHOM H
APDYTUMH 3aps1aMH, BHEIUHKMH II0 OTHOLUGHHIO K HOHY, OIIHCHIBAeTCsd
3JMEKTPOCTATHYECKUM TnoTeHuuasom V (r). B woHax rpynns »xenesa
MAaTrHHUTHBLIE 3JIEKTPOHB! (3d-3/IEKTPOHBI) SABAAIOTCH CAMBIMH OTAAJEH-
HBEIMM, T03TOMY TaKOH NOTEHIIHAJT CHJIbHO AEHCTBYeT Ha HHX. B cay-
yae peJKO3EMeJIbHbIX HOHOB MAarHUTHBIE 4f-3JEKTPOHBEl OKpyXKeHHI
oBosioukamu 5s*5p® M MeHee NojBepKeHbl BO3/ICHCTBHIO IOTEHLHANA.

Tak kak pacnpesenenue 3apsija, CBsSI3aHHOE C COCEAHHMH HOHAMH,
MOXKET NepPEeKPLIBAThCA € paclpejeieHHeM 3apsajla HHTEPEeCYIOIIero Hac
3NeKTPOHA, IIOJIHOE pPACCMOTpEeHHE 3TOH NpobGJeMbl OYEHb CJIOXKHO.
Bnusiuue pacnpejeseHusi BHEIIHMX 3apsiioB COCEAHHX HOHOB (OHH
Ha3LIBAlOTCA AU2aHOAMU) BLIUHCJISIETCH NPU IIOMOLIH mMeopuu hnoas
auzandog [2.61. Ina Hamkx nejei JOCTATOYHO pacCMaTpHBaTh CO-
celHHe HOHHl KaK TOYEHHHIE 3apfAAbl; TOUAa 3ajaya pellaercs IIpH
MOMOILI Meopull Kpucmaaauieckozo noas. [IpeMMylecTBo HCIOJb30-
BAHHA TOUEYHBIX 3apfJ0B 3dKJIOYAETCA B TOM, YTO B 3TOM CJyuae
noteduuan V (r) yzosiaerBopsier ypaBHeHHIO Jlamjiaca ¥ MoOxeT
ObITh PA3JIOXKEH B pfJ N0 CHEpHUECKHM TapMOHHKAaM:

Vi, 8, 9)= Z_.‘ ; ALY ®, ¢). (2.40)

Uncno ujieHoB, KOTOpble HAj0 YYUTHIBATH, PE3KO COKpalgaercs no
CNeRYIOHUM NpHYKXHaM. [IpeanonoXuM, 4To MBE pacCMAaTPHBAEM HOHBI
TPYIILL XKeJie3a B KPHCTAaJMJU4decKoM Ioje. Torja, ecTeCTBEHHO, HAC
B NepByl0 oyepenb OyAyT HHTEpECOBATb MaTPHYHEIE 3JIEMEHTHl BHAA

v¥V{ dt, rae % u } — BoJHOBHE GYyHKUMHM d-3J7€KTPOHOB. Tak,
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pa3joxeHHe MJOTHOCTH % *Y Mo cepHYECKHM rapMOHHKaMm He GyJAeT
coepXaThk uaeHoB ¢ L' > 4, unrerpann ¢ L' > 4 obpaTtsarcs B HYJb
BCJIEACTBHE OPTOTOHANBLHOCTH C(EPHYECKHX TapMOHHK. AHaJOTHYHO
o6paTaTCA B HYJb HHTErpajsl OT BCEX YJIEHOB C YeTHRIMH L’ B BHIpa-
xkeHuu ana V. Unen ¢ L' = 0 oOblyHO orOpackiBaercst, NOTOMY 4TO
3TO aJJHMTHBHAS KOHCTAHTa. ECJIH MBI PacCMaTpHBAe€M HECKOMbLKO
3d-3NeKTPOHOB BHYTPH TE€PMa, TO Lp,x onpeaesasieTcss 3Haue-
HueM L srtoro tepma (umanpumep, L' < 6 pgaa wona B F-cocros-
HHH).

ITorenuuannuas sHeprus sapsjga ¢ B Touke (r, 8, ¢) B Ho.se 3a-
PSIOB ¢, HAXOAAIMUXCS B 8epuiurnax Kyba Ha pacCTOAHHH d oT Hauana
KOOPJUHAT, OMHCHIBAETCH BHIPAXKEHUEM

Velr, 0, ¢) = D, {Y2 0, ) + V1:54. [yz ©, ¢) |- Yf' o, (P)]} +-

+ D {r20, o) — }/ S Ivi0. o) + Y& @, @}, (24D

rae, Hanpumep, D; = (7/3) V ngq’ (r*/d®) pnsi xoopAMHAUHOHHOIO
yucaa 6. Koac%)(pnunemm TAKUX Pa3JIOXXKEHUH ObLIH NpoTabyNupPOBAHBI
XartuyunrcoM [2.7]. TloteHunas MOXKHO BHIPA3UTh TAKXKE H B JEKapPTO-
BBIX KOOpAHMHaTax. Tax, Hanpumep, pPacCMOTPEHHHI! BHIILE IIOTEH-
LlHaJl MOXHO 3allUCaTh B BHJE

Velt, 4, ) =Ca | (2 44 4-2) — 5] +
+ Co [ (4 4 + 29 + (% + 22 4 2+ g +
ot 2y) — 12 ), 2.42)

35 ’
rae Gy = ——qq'/d® pnst xoopAuHauuoHHOro umneaa 6.

Tenepr nepex Hamu BcTaer npoGJeMa BBHIYHCJACHHS MATPHYHBIX
3JIEMEHTOB TAKOrO MOTEHUHaAE. DTO JEIKO CACJATh, HCNOJb3yA METO],
9KBHBA/JICHTHRIX OlIEPATOPOB, B KOTOPOM HCNOAL3yeTcs TOT GakT, YTO
MATPHYHBLIE 3JIEMEHTH! ONEPATOPOB, COAEPKAMUX X, ¥ U 2 H3 MHOrO-
oOpasusa C 3ajgaHHbIMH L unM J, NPONOPHHOHAALHH COOTBETCTBY-
IOMUM onepartopam, Kortoprwe comepxat L,, L, u L,, uwmu J,, J,
u J,. Kak 6blo oTMeueHo, TOT (akT, 4TO OIEPATOPHl YIJIOBOT'O MO-
MEHTA HE KOMMYTUDYIOT, TpeOyeT HEKOTOPOH OCTOPOXKHOCTH IIpH
NOCTPOEHUH IKBHBAJEHTHBIX oneparopoB. K cuacTslo, Aas 3TOro
yMeloTes TabaHubl (BEepOSITHO, HauAyyllHe mNpuBeAeHH B [2.7)).
Hanpumep, BHyTpu MHOroo6pasus, rie L — mocTosiHHAasi BeJHYHHA,
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CYMMa NOTEHIMANLHBEIX HEPrHil BceX 3MEKTPOHOB, JAAIIHX BKJIaJ
B L, ecth

2(x*+y4+z4_§ )= B" (3513 — 80L (L 4 1) L2 -
+ 2512 — 6L (L + 1) + 3L* (L + 11+ £ (0 + @y =

ﬂ' 03+ P 5’ 0t = BIO? I B0, (2.43)

rie r*— cpejHee 3HaueHHE YETBEPTOM CTENEHM pajuyca 3JEKTPOHA

Onepartopu On uyacTo Berpedalotess B suteparype. JJasi OCHOBHOTO
COCTOSIHHA NOCTOSIHHAs1  3aBHCHT OT TepMa; aad *D- uau 3D-tepma
B = 2/63.

PaccemoTpum opur 3d-anexktpod. Ero tepM 2D naTHKpAaTHO BHIPOX-
JIEH 10 OpOMTANTbHOMY MOMEHTY C COCTOSIHHSIMH 2D (Lz, S .). Marpuy-
Hble 3JIEMEHTH noTeHuuana V. torza mmeior BHA [2.

2D (2) ®D(1) 2D (0) 2D (--1) 2D(—2)

- 12 0 0 0 60
- 0 —48 0 0 0
i (2.44)
20 0 0 72 0 0
0 0 0 —48 0
_ 60 0 0 0 12
Jlerko Ha#hTH coGCTBeHHble 3HAYEHHWA H COOCTBEHHBIE (PYHKIHH:
Jnepeun Cobcmasentible ynKyuu
(2D (1, §;)
— 2D (—
2, DL S)
—[2D (2, S,) —*D(—2, S,)),
| V2[ (2, §;) ( )]
(2D (0, S,)
18 3
— 5 b, 715-[20(2, S;)-+3D(—2, S

Beanuuna 6B uacro sanuchiBaercs Kak A. (CiiefoBaTtesbHO, MBL
HAXOJMM, uTo TepM 2D pacuenisiercss Ha JBa COCTOSHUSA, OTCTOALHKE

JIpYyr OT Apyra Ha C,AA. 3amersM, uto uncao C, MOXeT GHITH IOJIO-
JKHTENBLHLIM HJH OTPHIATENbHHLIM B 32BHCHMMOCTH OT KOHQHIYpaLMH,
Kak IIoKas3aHo Ha puc. 2.1.

XapaxkTep TAKOro PACIUEIICHUS 33aBHCHT, OUEBHAHO, OT CHMMe-
TPHH KPHCTAJLJIKYECKOTO 110/, BoT moyemy Teopusi rpynn siBJsetcs
MOIIHBIM CPEJACTBOM JJ1sl ONPEAENEHH A BHIPOXJEHHH, CBA3AHHLIX C Pa3-
JMHYHBIMM CHMMETPHSIMH. TeopHs TPyNn B NDHUMEHEHHH K KPHCTAJJIU-
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YeCKHM BOJIHOBBIM GQYHKIUSM noApoGHo uanoxena B [2.8], oamako
MMEET CMBIC] C/leN1aTh HeboJblIoe OTCTYIJIEHHE M BBECTH TEOPETHKO-
TPYNIOBYIO TEPMHUHOJOTHIO U 0003HAYEHHS, KOTOpLIE BPEMsI OT Bpe-
MeHH OyAyT BCTpeyaThCsl B TEKCTE.

Ilpeacrasaenns rpynn cHMMeTpuHH. CHMMeTpusi CHCTEMBl OOBLIYHO
ONpejiensieTca TEMU OlepalusiMH, KOTOPHlE OCTABJAIOT HEH3MEHHBLIMH
ee pu3Hueckue cBoiictBa. Hanpumep, B Ta6a. 2.1 nepeuncaens npe-

E Te
I Y c——
// T
D / D /
\
\
\ Tz \ E
| S — \

1'@
P
O o
o I
7O
a

Puc, 2.1, Pacwennenne D-cOCTORHAS B KyGHYECKOM KPHCTAJIJIHYECKOM II0JI€ B CaYy-
yaax, KOrAd KOOPAMHAILMOHHOE YMCJ0 PaBHO mecTH (a) H BoceMH (6).

o6pa3oBaHus, OCTaBASIOUIHE HEHM3MEHHHIM pPAaBHOCTODOHHHH Tpe-
yronbHuK. HaGop onepanuii CHUMMETDPHH, KOTOPBHIX YJOBJIETBOPSET
OnpeJeNeHHRIM YCJOBHAM, HaswiBaeTca epynnoi. Yrtobbl HEnoJb-
30BaTh MOIIHLIE TEOPEMb! TEOPHU FPYIIN, Mbl JAOJKHH BHIOpPATh Te
onepauudy CHMMETPHH, KOTOphie 00pasylor rpyniy.

Tabauya 2.1
Onepanuu CHMMETPMH, CBA32aHHLIE C PABHOCTOPOHHHM TPEYrOJbHHKOM

E = ToxpecTBeHHOe npeofpa3oBaHue I
C:f == [IOBOPOT Ha U BOKPYT ocH A
8 C
Cz‘B — NIOBOPOT Ha Nt BOKPYr ock B
C,_f = M0BOPOT HAa T BOKpyr ocu C
C% = noBopoT Ha 27/3 BOKPYr OCH 2 2 ]

(Cg)g == [I0BOPOT 12 4m‘3 BOKPYr OCH 2 y
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ITU onepanyH MOXKHO NpPEACTaBNAATh B BUJE MAaTPHI[, KOTODHIEe
ONHCHIBAIOT npeobpadosanus KoopOuram TPH ONepauHH CUMMETPHH.
Taxk, ecnn R nmpejcrapiser Bpallenue, a £ — TpaHcasnuo, To Camoe
obuee npeobpa3oBanve KoOpAHHAT — 3T0 X = Rx - t. Tako#n
Habop npeobpa3oBaHWi obpa3yeT rpynny, Ha3bIBAEMYIO NPOCMpAH-
cmgernol epynnod '). BpamareabHad 4YacTh, KOTOpas noJaydaercH,
ecau noJioxkuth t = 0, cama obpasyeT rpynny, HasblBaeMYIO mowet-
Hot epynnoid. Korga Mbl HMeeM JleJio C HEB3aHMOJAEHCTBYIOULUMH
HOHAMHM, TOYEYHOH TrPynnbl AOCTATOYHO AJAS TOTO, 4YTOOBI 0OXapakTe-
pH30BaTh cBo#icTBa cucrtembl. OJHAKO AnS  B3aHMOIEHCTBYIOUIMX
CUCTEM HAJ0 WCNOJbL30BATh INOJHYIO [POCTPAHCTBEHHYIO Trpynny.
K cuactelo, 6aaronaps ToMy YTO TOYEYHAS I'DYnNIa B KPHCTaMIE J0J-
XHa ObiThb COBMECTHZ C TPAHCAALMOHHOH CHMMETpHEH, CYLECTBYIOT
ToiabKo 32 taxue rpynnu (cM. [2.8]). B wyacTHocTH, paBHOCTOPOH-
HHH TPEyroJibHMK XapaKTepH3yeTCH TOYEYHOW TpPYNnoi, HMEIomeH
cuMBoal D; B obGo3znauenusix Illenduuca nan 32 B Mexk/yHapojaHBIX
0003HAYEHHAX.

Teneps paccMOTpHM ¢hyuxyui/o, BHJ KOTOPOH 3aBHCHT OT TOTO,
KaK ycTpoeHa cucreMma. ns npumepa npeacraBum cebe cHCTEMY M3
TPE€X NPOTOHOB, PACIOJIOXEHHBIX B BEPUIMHAX NPABUJILHOTO Tpe-
YroJIbHHKA. JHEeprusl 3JeKTPOHA B TAKOM OKPYXKEHHM 3daBHCHUT OT
pacHoJIoXeHHsl NPOTOHOB, HO OHA He MeHseTcs IpH JoHoH nepe-
CTAHOBKE NPOTOHOB, 3aMeTHM, YTO YHCJIO TAKHX NEpPecTaHOBOX PaBHO
3! = 6. Yucno onmepauuil CHUMMETpPHH, OCTABJIAIOIUX TPEYTOJBLHHK
HHBADMAHTHHIM, Takxe paBHo 6. Ecau kakasg-nubo cdurypa xapax-
Tepu3yercsl HEKOTOPbLIM pacnpeiesecHHeM TOXKACCTBEHHBIX YacTHII,
TO 1npeoOpa3oBaHHsi, KOTOPhIE OCTABJNAIOT €€ HWHBApPHAHTHOM, HE
MEHSIIOT M 3JHEPTHHM B3aHUMOAEHCTBHS 3THX YACTHI C KAKHMH-HUOYAb
Apyrumu. Mtak, yjo6HO BBECTH HOBYIO TPynny, Koropas H3oMopgHa
rpynne npeoGpa3oBauusl KOOPAWHAT M 3JEMEHTAMH KOTOPOH $B-
JIAIOTCS ONepaTophl, JAEHCTByOmUe HA (PYyAKyuw, a He Ha Koopou-
Hamei. DTH onepaTtopsl ONpeAeNsiioTcs ciaeAylomum obpasom:

Pgf (x) = f (R™x). (2.45)

KoukperHass (QyHKuus, ¢ KOTOpOH Mbl OyjAeM HMETL JeNo, — 3TO
3HEPIHsi B ollepaTOPHOM BHJe, WaH I'amuJabToHHaH #6. Te npeobpa-
30BaHHS CHMMETPHH, KOTOPHIE OCTABAAIOT raMHUILTOHHAH MHBAPHAHT-
HBIM, CocTaBasiloT rpynny ypaBeenus [lpemuinrepa. Ecau onepa-
tTop PR ocragnsier #f WHBAapMAHTHBIM, TO OH JOJKEH KOMMYTHDPOBATb
¢ #€. CnenoBaTenbHO,

PR%IPH = %PRlpn = EnPRlpu' (246)

Takum o6paszoM, mw6as oOyHkuus Pgr,, noJydyenuas AeiicTBHEM
onmepaTopa CUMMETPHM M3 rpynnbl ypaBuenus lllpexnsrepa Ha co6-

1) B ofweM cayuae HyXKHO NPHHHIMATh BO BHEMaHHe TaKxe H ONepaluio orpa-
XEHHA B MJOCKOCTAX CHMMeTpHH, — [Ipum. nepee.
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CTBEHHYIO QYHKLHIO ,, Takxke Oyjaer cobctBeHHO# ¢YHKIHEH, co-
OTBETCTBYIOMIEA TOH »xe 3HepruH. [IpeanosiokuMm, UTG COCTOAHHE A1
xapaxkrepusyercs [,-KpaTHBIM BhIpOXzAeHHeM. Torfa ¢pyukuus Ppy,
Jo1XkHa OblThb JUHeHHOH KoMOHHALMEH [, OpPTOHOPMHPOBAHHHIX

coBCTBeHHBIX (YHKIHH, KOTOpbhle MBI 0003HAYHM Kak IIJL") (p =
=1, ...; [,). CaejgoBaresbHo,

Prii = L T (R)pypd”. (2.47)

Koagduuuentsl npeobpa3oBanusl cOCTaBAAIOT Habop MaTpHIl, KOTO-
pple 00pasyioT Henpusodumoe npedcmagrerue TPYNNB YpPaBHEHHS
Ilpeaunrepa. Bosee Toro, Mbl BHAMM, YTO 7i-€ NpeJCTaBJEeHHE CBSi-
34HO C n-M COOCTBEHHLIM COCTOSIHHEM, H pa3MepHOCMmb Npeocmasae-
HUn pasHa cmenenu 8olpoNOeHUsl JaHHOTO COCTOSIHHSA. ITO MPeACTaB-
JEHHEe HeNPUBOAMMO, TAK KaK BCETa CYHECTBYET onepaTop K3 I'PYMIILL,
KOTOPHIH KaxXAyK (pyHKUHIO npeobpasyer B Jawbyio apyryw. Ecnu
66! 3TO 6KLIIO HE TAK, TO MBI MOrJM Onl NOCTPOUTH BoJee y3kHi Habop
COCTOSTHHH, KoTopbie HmenH Ovl, BooOme roBops, pasnHYyHEIE COO-
CTBEHHbIE 3HAUEHWS, YTO INPOTHBOPEYHT HAIIEMY NEePBOHAYAJbHOMY
I PEeANOJOXKEHHIO.

Ecny BhmosHsieTcst cooTHoluenue (2.47), To roBOpST, 4TO quHK-
us P «npeoﬁpasyeTc;i no I'®», IlosTomy co6cTBeHHBI® COCTOSA-
HUSI C 3a3JaHHO 3HeprHeldl KiaacCHPUUUPYIOTCH IO HENpHBOAUMBIM
npeacTaBieHUdaIM. Kpome TOro, NMOCKOJLKY MNpeACTaBJeHHss 00paso-
BaHbl COOCTBEHHBIMH (PYHKIHAMH, MBI TOBODHM, 4TO I,-KpaTHO BHI-

pOXJeHHHE cofcTBeHHbe GyHKuHH Yl 06pasyor 6asuc l,-MepHOro
npejcrasiedus 1'®) rpynnet ypaBHenus Illpeaunrepa.

Uuciao ¥ CBOHCTBA HENPUBOAMMBIX MNpEACTABJEHHH, CBA3aHHBIX
C pPasJHYHBIMH TpynnamMH CHMMETPUH, CBEJAEHHI B TAaK HA3LIBAEMBIE
mabauybt xapakmepog. XapakTtepoM Y, (R), cBsi3aHHBIM € olepa-
TopoM R, npHHaMJEXKAUUM n-MY HENPHUBOAHMOMY IpELCTABJEHHIO,
HA3bIBAETCS IIPOCTO CJiej MATPULLI 3TOTO IpejCTaBleHHs. Tak,

v (R) = g '™ (R),,. (2.48)

OpHo u3 HaunGosiee BaXHBIX CBOHCTB TEOPHH TPyINN — BO3MOXK-
HOCThb ONpPEJEJATh HENpPUBOJIMMBIE NPEACTABJIEHHS H HX XapaKTephl
0e3 3HaHMS KOHKPETHOro BuAa OGa3HcHbIX ¢yHKUHH, Tabnuna xapak-
TE€POB JAJs TPYINNL CHMMETPUH NPaBUJABHOTO TpeyroabHuka Dy npu-
BejeHa B Tabn. 2.2. Urobbl n1okasaTbh, K4K IOJAL30BaThCcs TabJMHIEH
XapaKTepoB, NPEANON0XKUM, YTO Y HAC €CThb OJIMH 3JIEKTDPOH, CBA3aH-
HHIH, CKa)XeM, C HOHHBIM OCTOBOM, B pe3yJIbTAaTe€ Yero BO3HUKAIOT
onpeesieHHbIe COOCTBEHHBIE COCTOSHHA, TdK Kak cucrema obiajaer
NOJHOH BpallaTeJIbHOA CHUMMeTpHei, 3TH COCTOAHHA 0003HAYalTCH
H3BECTHBIM crnocoboM: s, p, d u. T. 4. OKpPYyXHM HAamWy CHCTEMY
TpeMs NPOTOHAMH, PACNOJIOKEHHBIMH B BEpPUIHHAX PABHOCTOPOHHErO
TpeyronbHHkKa. Cummerpus sto# cuctemn D;. M3 tabauuel xapakre-
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poB ans Dg ciaenyer, 4To coOGCTBEHHBIE (DYHKIHH 3JEKTPoHA Teleph
KNacCHOHLUHPYIOTCS MO HENPUBOAWMEIM npeacrasienusM Ay, A,
unu E. 3HaueHHe Xapaxrepa, CBfI3aHHOTO C €JHHHYHbLIM OlEparTo-
poM E, jaer cTeneHb BhIDOXKAGHHS pa3MHYHBIX MpejiCTaBJICHHUH.
Hanpumep, A; u A, — HeBHIpOXKAEHHLIE COCTOAHHSA, a COCTOSIHHE
JABaXKIhI BBEIPOXKAEHO.

Tabauya 2.2
Tabnuua xapakTepos ToyeuHoH rpynnu [y
Tpynna Onepayun
CHMMETPHI E oC 3ch
Henpusonnmsie XapaKTtepal
NPEACTABNEHAS
Ay 1 1 1
Ay 1 1 —1
E 2 —1 0

CoOTBeTCTBHE MeXJY HOBBIMH H HCXOJAHBIMH COCTOSIHUSIMH 3aBHU-
CHT KaK OT IepBOHAYANbHEIX COCTOSTHHH, TAK U OT I'PYNIBLl CUMMETPHH
oKpyxarwmeit cucrempl, K cuactpio, Ans OoJbIIMHCTBA CayyaeB
9TH pasjiokeHHA nportabynupoBansl. Hanpumep, us puc. 2.1 BHAHO
yto D-cocrosinue, GyyuH NOMeleHo B rose KyOuueckoro KpHCTanna,
pacmennsiercs Ha Aybser, obo3HaueHHn# E, W Tpunsaer, o6o3HaueH-
HeIA T,. Teopust rpyni, K COXKaJjIeHHIO, He JdeT IOoCIeL0BaTeNbHOCTH
COCTOAHHH H OTHOCHTENBbHYIO BEJIMYHHY HHTEPBAJOB MEXAY HHMHU.
Taxkaa wubopMauuss MoxKeT OLITH NOJYYeHA TOJbKO -IPAMBIMH BHI-
UHCJAeHHSAMH, KaK 3TO JenaNoCh B HayaJje IJIaBHL.

3amopaxuBaHHe OPGHTAALHOrO MOMeHTa., 3jech YJ00HO BBECTH
0JHO oflee CBOHCTBO YIVIOBOTO MOMeHTa. Ero MoXxHo cdopMynn-
pOBAaTh B BHJE TEOpEMH:

Mampuunbit aremenm opbumasbHo20 Yea06020 MOMERMA, 635Moll
MenOy O08YMn HEBLIPONCOCHHOIMU COCMOSIHUAMU, UMEEM HpOU3BOAb-
HYyro @aszy. B uwacmuocmu, on moxem Obimb 4UCMO BeU4eCcEeRRbiM
UAU YUCTO MHUMbLM,

Hns  nokasatennCTBa pPACCMOTPHM o©oNepaTtop ofpaileHus Bpe-
menu T, JedcTBylomHi Ha cocrosinue ¢ (cm. [2.8, c. 141]). Ecam
npeHebpeys cnuHoM, To Ty = {*. Donee Toro, ecji¥ raMuHJLTOHHAH
CHCTEMbl 3PMMTOB, TO {* HMeer Te Xe camble COOCTBEHHEIE 3HAUEHHH,
yTo H P, HO ecqH GYHKIHUS P HeBLIPOXKJECHHA, TO P H P* NOJKHH
OGLITh JIMHEHHO 3aBHCHMBIMH, Tak uyrto Y* = cp. [elcrBys Ha 3To
cooTHoweHHe onepatopoMm T eme pas, noayuyum P = | ¢ |*§. Orcioza cie-
ayert, uto | ¢ [ =1, unn ¢ = €®, rae v — m06oe BellecTBEHHOE YHCIIO.

Teneps paccmorpum marpuusniél snement (7 |L|m ). IToacrasnas
elHHUYHBIH onepatop T !T, MOXHO 3anHcaTh MaTpHYHBIM 3JIEMEHT
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B Bile (n| T 'TLT™'T|m). Ilpu obpaiieEHH BpeMEeHH onepaTop YrIJo-
BOro MOMeHTa MeHseT 3Hax, TLT™1 = —-L, a nockoabKy crnpaseliHBO
Takxe cooTHoweHue {(n|T'|m) = (Tn|m)*, noayuaem

(n]L|m)=—expli(p, — @)} (n]|L|m)*
Tak xak ¢assl npousBoJbHBE, ME MOITH Obl BhIOpAaTh, HanpuMep,
Pp — Pm = 0; B 3TOM cjyyae MaTpPUYHBIH 3JeMEHT HMeN Onl 3HAK,
NPOTUBONOJOXHEIA 3HaKY KOMILJIEKCHO-COIIPSI2KeHHOTO 3/IeMeHTa, T. €.
61 Obi wucTo MHMMBIM. Ecau xe ¢, — @, = n/2, TO MaTpUUHBIHA
37M€MeHT OyJeT 4YHCTO BeLICCTBEHHBIM,

3Ta TeopeMa MMEET BaXHOe CJEACTBHE.

Cpeldnee 3nadenue . 0251 HESBLPONOEHHBIX COCMOAHUL PABHO HYNIO.
CornacHo Teopeme, ecau |m) =|n), To MaTpHUUHHIE 3JEMEHT
(n|L|n) nonxen GuTh yHcTO MHUMBIM. Ho 310 QH3Hueckas Habiio-
JaeMas BeJHYMHA, C/JA€]0BaTeJbHO, OHA AOJKHA 06pamaThecss B HYJb.

Takum obpasoM, ecad KpHCTajaudyeckoe mnoJse objagaer pocra-
TOYHO HH3KOH CHMMeTpHe#, UTOOL CHATL BCe opOHTANBbHOE BHIpOXKAE-
HHe, TO B NMePBOM NPHOJHKEHUH OPOMTAJIBLHBIA MOMEHT DaBeH HyJIIO
¥ MBI TOBODHM, YTO KPHUCTAJJHYECKoe II0JI& IIOJHOCTBIO 3aMOpPO3UAD
ero. MIMeHHO 110 3TOH npHYHHE CTaTHYECKasd BOCIPUHMYHBOCTbL COJIEH
MeTanJIoB IPYIILL Xxeje3a 00ycaoBaeHa NPEeHNMYyIeCTBEHHO CIHHOM.

2.2.6. JUNOJIb-JUNIOJIBHOE B3AHMMOJAEHACTBHE

MarauTeble CcoCeaM, OKpYXAlollMe JaHHLIH HOH, J4I0T BKJax
B BEKTOD-NOTEHIMAA B BHJE WJIeHa, aHANOTHYHOIO HAHJECHHOMY BHIIIE
BLIDAXKEHUIO JUIA 3JEKTPOHHO-SIJEPHOTO0 MArHHTHOI'O B3aHMozeH-
cTBusi. EcnM HoOHL 06/M1ajal0T MOMEHTAMH M;, TO JAHIONL-IHUIIOJNBLHOE
B3aHMOJEHCTBHE HMEET BH]

1 -~ ~
Bap= Y7 bomy = 3lueot) (7o)l (249
%7
Y no6HO pasGHThL ero Ha pasHble YJEHB!, CMBICT KOTOPBIX HHXKE CTAHET
OYEBHIHHIM:
20.; — 20.. - -
Hgip = g2”2B 2 [_ 3cos? 05— 1 S‘::S;_f_3cos 0;;— 1 (S:S,- +S{Sf+) L

73, 4r3.

3 sin§;; cos 6, ¢ ‘Ot + +
—T =3 : (SiS; + SiSj) —

3 sin B;; cos ngei(p” - - Q2
— 79 r:‘;,_ (stj + SiS.f) -

3 sin?0; —2ip; P, 0m O
— = 1’:?.;1 (e 2im!jS:S;+82£szSiSj):l, (2.50)
i)
rae 9;; 1 ¢;; — yraBl, KOTOphle BEKTOP r;; 06pasyeT ¢ QUKCHPOBAH-
HOH CHCTEMOH KOOpDJAMHAT.
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2.2.7. IPAMOA OBMEH

OGmennas 3Heprusa npeAcTasBliser coboi BKJIaA B 3HEPTHIO B3aHMO-
JEHACTBUSL CHUCTEMB! 3JIEKTPOHOB, KOTOPHLIH OOVCJOBJNEH TEM, YTO MBI
noJb3yeMcsl daHTHCHMMETPH30BAHHLIMH BOJHOBLIMM (DYHKIIHAMH BMECTO
NPOCTOr0 NPOW3BEACHUSA OJHO3JEKTPOHHBIX BOJHOBHIX (QYHKIHA.
[Ipy HEKOTOPBHIX YCJIOBHSAX TOT XK€ PE3YJbTaT MOXKHO IOJYUHTh NPH
IIOMOU{H [POCTOrO NPOHU3BEAEHHA BOJHOBHIX GYHKUMH OTJEJbHHIX
3JIEKTPOHOB, €CJH B TaMMJbTOHHAH J00aBHTh 4YJeH OGMEHHOTQ B3a-
MMOJCHCTBHSA. Y KasaHHHH 3hdeKT ObIJ OTKPHIT 0JHOBPEMEHHO H He3a-
Bucumo Jupakom u 'eiizenbeprom B 1926 r. C tex nop B 3TOil 0BnacTH
ObLIa NMpojesiaHa orpomuas pabota, B YaCTHOCTH B OTHOIIEHHH Bbl-
Gopa mojxopmAmero ramunabToHHaHa (cM. [2.9]). 3aecy Mul obcyaum
npoHcXoxacHue o6MeHa H YKaxKeM Te NPHOJHMXKEHHS, C NOMOIUILLIO
KOTOPHIX €r0 MOXHO npeACTaBUTL 3(QGPEKTHBHLIM T'aMHJILTOHHAaHOM
B3aHMOJAEHCTBHSA.

Haunem c paccMoTpeHus ABYX 3JEKTPOHOB, B3aHMOJIEHCTBYIOULHX
APYTr C APYroM H ¢ (HKCHPOBAHHBIM IOJIOXKHTEABHLIM TOYEYHBIM
sapajoM Ze. JIpeanonoXum, YTo HAM M3BECTHH COOCTBEeHHBIe QyHK-
IIHA OLHO3JEKTPOHHOTO raMH/abTOHHAHA #, (r, ¢), U noka He OyaeM
YYHTBIBATh CNHH-OpGHTaNbHOE B3aumojeicTBue., Toraa 46, (r, 6) =
= 6, (r) ¥ cobcTBeHHbe (DYHKIMH MOXHO 3alUCaTh B BHJE IPOH3-
BeJleHHs1 opOuTannHOR QYHKIMH @, (r) 4 cnuHOpa 7, (0). H3mene-
HUSI, BHOCHMBIE CIUH-OpOMTANBLHBEIM B3auMojeHcTBHeM, OyAyT pac-
CMOTPEHB! HHKE.

JBYX3/eKTPOHHBIH TaMHJIBTOEMAH HMEeT BHJ

A — 3, (r;) - %, (r2)+Fﬁ* (2.51)

1— |’

[IpeanosiouM, 4YTO 3JEKTPOH-3JIEKTPOHHOE B3AWMOJAEHCTBHE MEHBIIIE
#6,, TAK YTO €ro MOXHO paccMaTpHBaTh B pPaMKaX TEOPHH BO3MY-
mEeHHA. MBI JOJIXKHB TeNepb ONPEIACNHTb, Kakue QYHKUHH HaJ0
HCIIONMB30BAaTh B KayecTBe 0a3HCHBIX ANS BBIUMCJIEHHS MaTPHUHOTO
3J1leMeHTa 3JEKTPOH-3JIEKTPOHHOro B3aumojedctBus. Tor ¢akr, 4To
TaMHNbTOHHAH 03 3JeKTPOH-3JIEKTPOHHOTO B3aHMOJeHCTBHA pas-
OuBaercsa Ha JBa, HABOJUT HA MBICJL O BO3MOXKHOCTH HCIPOBOBATH
NpoH3BejeHHe BOJMHOBBIX (YyHKuui. Toraa, ecau 3aJjgekTpoH 1 Haxo-
JAUTCA B OPOMTANBHOM COCTOSSHUH A CO CITMHOM, HAanpaBJI€HHLIM BBEPX,
a 3JeKTPOH 2 — B OpOUTANbHOM COCTOSAHHH m TaKXe CO CIHHOM,
HanpaB/JeHHBIM BBEPX, TO Mbl MOXeM NonpoOoBaTh BOCIOJb30BATHCHA
BOJNHOBOHK (yHKINue# BuAa

P, (r1) & (01) @ (1) & (02),

rje o — COMHHOD JJIs CnHHA, HanpasjeHHoro Bsepx. OpHako NpHH-
nun I[laysau tpebGyer, utoOhl BoJIHOBblE (yHKIMH ObLIH aHTHCHMME-
TPHYHBI OTHOCHTEJNbHO NEPECTAHOBKM YacTHll. JTOMY VCJIOBHIO YHAO-
BJIETBOPAET 3anuch BOJMHOBOH (yHKIHH B BHJE HOPMHPOBAHHOTO
demepmunanma Casmepa. Ecau ofHO3JEKTPOHHLIE BOJIHOBHE (yHK-
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IIMH OpPTOFOHAJbHBI, TO COOTBETCTBYIOLLAA BOJIHOBAA (PYHKIUUA MO-
KeT OBIThL NpeACTaBjJe€HA B BHJE CJACAYIOIEr0 JETEpMHHAHTA:

[ [ en(t)a(o) o, (r)a(o)

V§ P (rl)a(ol) Pm (r'Z)a‘(GZ) .

[TockosbKy cyuiecTByeT 6eCKOHEUHO MHOI'O OpPOHMTANBHBIX COCTOA-

HHH, MOXHO NMOCTPOHTL HECKOHEYHOE KOJHYECTBO TAKHX JETEPMHHAH-
ToB Cjatepa. O6uias BoNMHOBAA QyHKUMUSA O6YAET UX JHHEHHOHA KOMOH-
HauueHd, ONHAKO ECJH 3JIEKTPOH-3JIEKTPOHHOE B3aHMOJIEHCTBHe cnabo,
TO MBI MOXKeM IpeHeOpeub NPUMECHIC APYTHX OpOHTAJbLHBIX COCTOS-
HUH. B yacTHOCTH, IYCTh 3J€KTPOH | HAXOAMTCSA B OXHOM H3 HHUXKHHX
HEBBIDOXKJEHHBIX OpPOMTANBHHEIX COCTOSIHMH @, c 3Heprued E,, a
3JEKTPOH 2 -— B NOJOGHOM HMXKHEM HEBBIPOXAEHHOM OpPOHTAILHOM
COCTOAHHMM @p C 3Heprueil [,. LEcau obe crnuHOBBIE QYHKIHH COOT-
BETCTBYIOT CIIMHY, HANpaBJIeHHOMY BBEPX, TO ACTEPMHHAHTHAA BOJ-
HOBast QYyHKIHA HMMEET BHJ

1 | Pa(m) (1) Pa(re)a (o)
Y1 = V2 | @p(n) (o) p(r) a (o)

Ecny cnvHOoBas QyHKuMA, cBA3aHHAs C OpOUTANBIO @, COOTBETCTBYET
CIIHHY, HaNDaBJeHHOMY BHH3, TO

_ 1 Pa(ri)B (o)) @, (r5) B (07)
Y= Vo los () (0) @b () (o)

Vimeroresa emje ABe cnHHOBble KOHGPUIYDPAIMH, NPHBOASLUIHE K BOJI-
HOBEIM QYHKUMAM Y3 H P,. Bece 3T yethipe ¢yHKUMH 00pas3yioT mnoJ-
HHIM OPTOHOPMHPOBAHHKIA HAG0p M NMOTOMY IPHTOAHBI IS BBIYHCJIE-
HUS MaTpPHUYHBIX 3JeMeHTOB omneparopa #£. B pesyabrate nMeem

(2.52)

: (2.53)

. (2.54)

" Ea+Ev+ Kab—J 0 0 0
H— 0 Ea+Eb+Knb —Jab 0
0 —Jap Ea+Eb+Kab 0 ’
N 0 0 0 Eq+-Evt-Kav—Jab
(2.55)
rje
Kap= | | drdrs ~—| @a () | 05 (r2) - (2.56)
2
Jap = J J dr; drapg (r1) @3 (ro) _:e; Py (T1) @q (12). (2.57)

JIH&I‘OH&JIHS&U,HH 3TOTO MATPHUYHOTIO 3JIeMEHTAa N4€T CHHIJIET

C 3Hepruef

Es - Ea *}" Eb 7L‘ ](nh + Juh (258)
M TPHIIET C 3HEpTHeil
E,=E, 4 Ep+ Kop — Jup- (2.89)
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Tak xak J,, — coOCTBeHHasi 3HepPrHsl pacnpejieNieHust 3apsJA0B
ez (r) @y (r), OHA TMOJOXHTENbHO ONpENeNeHa, I03TOMY 3JHEpPIus
TPHIJIETA BCErJa MEHbIUEe 3HEPrHM cHHINeTa. OTcioAa caeayer npa-
guao XynOa, yTBepXKAAIOUEE, YTO OCHOBHOE COCTOSIHHE aToMa HMEET
HAUOOALIUYID MYAbMUNAEMHOCTD.

Jupax 3ameTns, 4to cobcTBeHHbIe 3Havenus (2.58) u (2.59) MoxHO
NOJIYYHTb, HCHNOJb3Ys 6Ga3HC, COCTOAUMHA TOJBKO H3 NPOU3BeJeHHH
CIIMHOBHIX (YHKIHH, ecnd K TraMHJIbTOHWAHY J00aBHTh 0OMEHHOE
g3aumoldedcmeue. YToObl Ha#TM BHA 3(CPEKTHBHOTO YJeHA B3aHMO-
JeHCTBHS, 3aMETHM, YTO nmojo0HO TOMY, Kak Jio0yio MatpHny 2 x2
MOXKHO IIpEACTABUTh B BHAE JIHHEHHOH KOMOWHANUH eJUHHYHOH
MaTpuubl M Martpun [layau, mobOyio Marpuuy 4 X4 Takxke MOXKHO
NMPEACTABUTh KaK KB3aJApaTHYHYIO (PYHKIHIO NPAMOro INPOH3BENEHHSA
matpun Ilayau (cm. [2.8, c. 320]). Hanpumep, ecau

0 1 0 1
=1 4 H Op=| ol (2.60)
TO
-0 0 0 I™
| 0O 01 O
O1x ® Ogx = 01 0 0 . (261)
1 0 0 0_

Hnsi Hac ocobeHHO MHTEpecHa TA KBajpaTHdHas ¢opMma, KoTopas
J4eT TpPH paBHBIX COOGCTBEHHBIX 3HA4YEHHS, T. -€.

1 0 0 0™
0 —I 2 0
0= | 9 1 0| (2.62)
_0 0 0 1_|

CnenoBaTte/bHO, TAMHJLTOHHAH, KOTODHIM B CHUHOPHOM 6asuce
JAeT TOUHO TakKHe e coOcTBeHHble 3HayeHud, yto H (2.51) B nosa-
HOCTbIO AHTHCHMMeTPH30BaHHOM OasHce, HMeeT BHJ

H = (Es -+ Er) — 4 (Es— E)) 0, 0, = const — 5-Jo,-0;.  (2.63)

Takum o6pasoM, oOMeHHOe B3aMMOJAEHCTBHE, NpPEACTABJSIOIIEe
co60H YHCTO 3JeKTpOoCTaTHUeCKHH 3¢xpexT, MOXKeT GHITh OMHCAHO Kak
CIHH-CNIHHOBOE B3anmogeictBHe. OOMeHHbIN napametp J ecth Ey—E;.
Ecnu J — nosoxumenvnass BEJIMYHHA, TO MBI Ha3blBaeM B3aUMO-
AEHACTBHE eppOMAZHUMHBIM,

[Ipu nmonyueHHu OOMEHHOTO B3aMMoAeHcTBHs (2.63) MBI clenanu
1Ba BaXHBIX NpPEANOJIOXEHUs1. Bo-nepBhIX, MBI OrPpaHHYUINCE OmNpe-
JIeIeHHEIM Ha6opOM HEBLIPOXJAEHHHIX OpOGHTaMbHBIX cocTosiHHA. CTpo-
roro 060CHOBAHHUSA 3TOTO HET, NOCKOJbLKY B ACHCTBUTENALHOCTH KYJO-
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HOBCKO€ B3auMOJIeHCTBHE CHHMaeT BhIpOKAeHHe, Dojee sicho 3TO
Oyaer BUJAHO NpH o6GCYKIEHWH OOMEHHBIX sIBJIeHUH B cucTeme u3 N
3NMeKTPOHOB. BTopoe npeanonoxkense 3aK/aroyaeTcs B TOM, 4TO opOM-
TaJlbHble (YHKUHH opTorosdanbHel. OO6bIYHO, KOTAa MBI HMEEM JEJO0
C BOJIHOBBIMH (DYyHKLMAMH C OOLHM NIEHTPOM, Kak B aToMe, 3To Tak.
OnxHako, KakK TOJNBKO Mbl NIEPEXOJUM K 3JEKTPOHAM, PACHOJOXKEHHBIM
B PasHBIX MeCTax, 3ajaya CTAHOBHTCS BeChbMa CJIOXKHOH.

[TpocTeduit npuMep 3ajauH ABYX LIEHTPOB — 33/1aYa O MOJIEKy/Ie
BOAopoAa — Opl1a  paccMOTpEHA Caéttnepom ¥ JloHaoHOM
B 1927 r. [2.10]. [Ipu GeckoHEYHOM PAacCTOSIHHH MEXXAY LEeHTpaMH
KaXJbIH 3JEKTPOH HAXOAHTCH Yy CBOero siapa. ['aMu/JbTORHAH OJHOH
H3 TaKHX CHCTeM ecTb b (r;). CooTBercTBywulas opOuTanbHas
BoJIHOBas (yHkuus ob6osHauaetrcd ¢ (r — R,) = ¢, (r). Tamuab-
TOHMAH BCeH CHCTEMBl HMEET BHJ

Ze)? Ze? Ze?

K = B (1)) - Hoo (r ‘ - —~ . (2.64
o)+ Fo ) F TR T ~ TRl T—Ral (409
Onste B KayecTBe OTNPABHOH TOMKH BO3bMeM AerepMuHaHT Crnarepa.
Jnst o6eux QyHKIHA 3NEKTPOHOB CO CIHHAMY, HanpaBJeHHBIMH BBEpX,
HMeeM

. 1 Pg (r) o (01)  @g (rz) o (03)
1= v2—ae |(gy(r)a(o) op(r)a (o)’ (2.65)
rae
L= [ drez (r) o (1) (2.66)

— HMHTErpaj NepeKphLITHA.

Ecnmu ¢yHkuua B Touke 1 COOTBETCTBYET CNHHY, HanpaBJIEeHHOMY
BBEpX, 4 B TOYKE 2 — CNUHY, HAaNpaBAEHHOMY BHH3, TO ACTEPMHHAHT
Cnstepa 3anuceiBaeTcs ClAefylomuM o006pasoM:

b — Pa(r)a(01) @q(r) o (03)
Vo lesm)B(o) s () Blon)|
Jas nepecTaBAeHHBIX CNHHOB INOJYYHUM NOJOGHYIO QYHKLUHIO ¢,.

Ecnu uHTErpan nepekpniTHS HE paBeH HYJIO, TO ¢y U ¢, HE OpPTO-
rOHaJIbHbI, TAK Y4TO

(2.67)

($1 po) = —20% (2.68)

Oprtoronanu3dyeMm 3TH (YHKUUMM Tak, 4YToOHl cjenaTh Ga3uc opToro-
HAJBHEIM

1
P = Vo (1 + ¢2), (2.69)

1
Y3 = ersi (P — ¢2).. (2.70)
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Bripaxenue pns yerBeprolt GasucHON (yHKIHH coBnajaeT C BhI-
paxeunneM (2.65), B KoTopom @ uyXHo 3ameunts Ha P. B atom Gasice
MAaTpHua TaMUWJIbTOHHAHA HMEeT BUJ

~FE, 0 0 0~
0 E, 0 0

H=l o o £ o | (2.71)
0 0 0 E _

rje

|

E,=( =B (Ea+ Ep + Ko) (1 — IB) +- Koy — B gl (2.72)
Es=(1-+ 857 [(Ea+ Ep+ Ko) (1 + ) + Kop + B ], (2.73)

2
Kep = j J dry dr, _re;z— l (g (1) |2 | @y (r2) |2 —
yAL ., Ze®
— _[df'l W l @, (11) I — J‘dl'z TTT:_RH | @y (Ta) |2’ (2.74)
2
Jap = J J dry drypg (1) @p () 781-;' @5 (1) @a (rz) —

Ze? .
— 9! J. dl’1 ]I'T?R_b]_- Qg (l'l) P (l‘l). (275)

f

U3z (2.71) Buado, dyro 6asucHble ¢GYHKIHK, U B CaMOM AgJe,
ABJAIOTCH COOCTBEHHBIMH QYHKIUAMH. MBI CHOBa no/ny4yaeM TPHILJIET
H CHHIVIET C pPa3HOCTBIO SHEPTHH -

2 —J
Et L Es —_ Ufui a ab) . (2.76)

OTmeruM, uTO pasHocTb E;—FE,; MoXeT ObITh KaK ITOJIOXHUTENb-
HOH, TaK W OTPHIATEJLHOH B 3aBHCHMOCTH OT OTHOCHTEJNbHOH BEJIU-
YHHbl Ko U Jqp. [lO03TOMY He oueBUAHO, OYAET U OCHOBHOE COCTOS-
HHe (eppOMATHHTHBIM HJH aHTHdeppoMarduTHoiM. OIEHKA NOKa3hl-
BAeT, 4YTO JJIA peajbHblX PACCTOSAHHH MEXJAY UEHTPAMH CHHIJIETHOE
COCTOSIHHE JIEXHT HUXKE, ONHAKO AN OOJbIIHX DPACCTOAHHE GoJee
HH3KH{M CTAHOBHUTCA TpHINETHOE coctosiHHe. Kak nokasan Xeppwusr,
caMoe HHUXXHee COOCTBEHHOE 3HayeHHe NOoJyorpaHuyeHHoro Aaudde-
penuHansHoro oneparopa llrypma—J/InyBunnsa, takoro, kak (2.64),
HE JIoJiXKHO HMeTb HyJseil. CrnepoBaTenbHO, 3TO BCErja AOJIKEH ObITh
cuarner, [Ipo6Giema BO3HHKAeT U3-3a yNPOUIEHWH, NPHHATHIX B pac-
cmorpenun [aitmepa—J/longona. ObmenHoe B3aHMOJECHCTBHME oOTipe-
JeNsieTcsl CKOpOCThIO, C KOTOPOH JABa TOXJAECTBEHHHIX 3JIEKTPOHA
MEHSIIOTCS MECTaMM, TYHHeJIHpYys uepe3 pasjensiiouHd Hx Oapnep.
B npubnuxenuu Iaitnepa—JlodjoHa 3T0 TyHHENHPOBaHHE HE
CKOppeNupoBaHO, TOrLa Kak B JACHCTBHTEJBLHOCTH JBa 3JIGKTPOHA
cTpeMsTCs M36eraTs JPyr Apyra. 3To YMEHbIIAeT aMmMIHTYALy BOJI-
HOBOM (YHKIHH ANS KOHpMrypauuH, Koraa oba 3/JeKTPOHA Haxo-
aATcs OJM3KO K JHHHH, coeAuMHsomeil sapa. K cuacTelo, OjHAKO,
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(2.75) siBasiercsl XOopOIIMM NPHGAHMKEHHEM JJIS cjyuasi, Korja pac-
CTOSIHHE MeXJy 3JIEKTPOHAMH JAOCTATOYHO BEJHKO.

[Ipu paccmorpenun Gosiee ABYX 3JEKTPOHOB BO3HHKAKIOT TPYA-
HOCTY BCJEACTBHE HEOPTOTOHAJABLHOCTH BOJIHOBHIX OGYHKuuH, Ecjau
Meton [afitnepa—J/IoHAoHA NPUMEHATH K OYeHb OOJBIIHM CHCTEMAM,
TO HEOPTOIOHAJNbHOCTH HHTErPasOB NPUBOJAUT K CEKYJNAPHOMY ypas-
HEHHIO BBICOKOH CTeneHH H K pacxogumocTsaM. Takasa «xkaracrpoda
HEOPTOTOHANBLHOCTHY NPEACTaBaAsieT COoO0H YHCTO MAaTeMaTHUeCKYIo
TpyaHocts [2.9]. XeppuHr moxasan, Yyro npu PasHBIX NOAXOAAX
K npobJsieMe 3HEPTHs U COOCTBEHHBIE COCTOSHUA, AaBaeMble 0OMEHHBIM
B3aHMOJCHCTBHEM C TEMH K€ 3HAYEHUSIMH OOMEHHBLIX KOHCTAHT, jAaxe
Ans GOJMBIIKX CUCTEM HMEIOT TAKHE XXKe 3HAYeHHs, KaK H A/ CHCTEMBI
JABYX ILIEHTPOB,

pyro# noaxoa x npobneme ofMeHa 15 MHOTHX LIEHTPOB COCTOMT
B OTKa3€ OT XOPOLIO ONpEAENECHHbIX, HO HEOpPTOr'OHAJBHEIX (PYHKIHH
U B HCNOJb30BAHHH OpTOTOHANBHBIX (yHKUU#. [IpuMepoM Takoro
Habopa opTOTOHAJLHEIX GYHKIUHH cayxaTr ¢gynkyuu Bannve. OyHK-
uus Bauube ¢, (r — R,;) cooTBeTcTByeT - aTOMHOH# OpPGHTAaIH
CO CIIHHOM A BOJIM3H 0.-T0 Y372 PEIeTKH H CIajaeT BHYTPH KpucTannia
TAKHM 00pa30M, YTO OKa3blBA€TCA OPTOFOHAJNBHOH NOACOGHBIM (QYHK-
IIUAM C LIEHTPaMH B APYTHX y3aax. Meroa BTOpHYHOIO KBAHTOBaHUA,
U3JIaTaBIIMHCA B Ia1. 1, ocobeHHo yao6eH Lis noJyyeHHsA oOMEHHOro
raMHIbTOHHAHA, IIOCKOJNBLKY OOMEHHOE B3aUMOJIEHCTBHE NPEACTaB-
JeT co00fl KBAHTOBOCTATHCTHYECKHH 3(dexT.

Paccmotrpum N 371eKTpPOHOB, JoKanu3oBaHHHIX B N yanax kpu-
CTANIMYECKOH peleTKH. [aMHJIBTOHUAH TaKOH CHCTEMBI HMEET BH]

. pi Ze? .1 e?
%_ZW“ZW—"TX}I_—T (&17)

B rn. 1 MBI yCTaHOBUJH, YTO AJNST BTOPHYHOrO KBAHTOBAHHS TAKOTO
raMH/JIBTOHHAHA HYXHO BBECTH [10JIEBOH OnepaTop, KOTOPHIH MOXKHO
OLLIO OBl PA3JIOXKHTHL MO MOJMHOMY HaGopy OAHOYACTHYHLEIX BOJHOBBHIX
pyskwiit. [loaxoasmum HabopoM TakHX GYyHKUUE O6YyAYT QYHKOMH
Bannbe. Takum ob6pasom, moaesoli onepatop (1.115) npunuMaeT BHA

p(= N A‘A{’nh (r — Ra) @ (Ry), (2.78)

o, n,

rjie an (Rg) YHHUTOXAEET 3JEKTPOH B OpOHUTAJBHOM COCTOSIHHH #
H CIHHOBOM COCTOSSHHM A B ysne pemerkd o. CoOOTBETCTByOIIas
B3aMMOJAEHCTBUIO YacTh raMuJbTOHHaHa (2.77) cBOZUTCH K

1 . v . r . (R, al

-5 {ouny; aong |V |aang; aunts) na, (Ra,) @np, (Ra,) X

Gy G, Qay &,
My, My, My, n‘,
1 Py

X Unghy (Ra,) @ngs, (Ray). (2.79)
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Tak kak dyEKuMH BanHbe JIOKaJNKH30BaHLI BHYTPH 3JEMEHTApHOH
SYeHKH, OCHOBHOM BKJaJ B (2.79) 1aOT Te WJieHbl, Y KOTOPHIX Qg =
=0; H Oy = Oy, HIU O3 = &y H &, = o,. OCTaBIIHECHA YJIEHLl CO-
AepXKaT pasiHyHble OpOMTaNbHEIE BO30YKIEHHSA, HHAYLUHDPOBAHHBIE
KYJIOHOBCKHM B3auMojexdcTBUeM. OHH NPUBOJAT K HeOUA2OHAABHOMY
obmeny. Kak u B cayuae ABYX IJEKTPOHOB, MBI JOJIXKHBEI HAJMOXHTh
OrpaHH4YeHHs, 4 UMEHHO CYHTAThb, UTO KaXKABIH 3JIEKTPOH HAXOMUTCS
B OnpefesieHHOM OPOUTANBLHOM COCTOSIHHH. Tak, HeoOXoJAMMO coxpa-
HUTD TOJBKO Te UJEeHHI, [UISl KOTOPBHIX Ay = My H Ny = Ky HAH Ny = Ny
H ng = n;. ECIH AN NPOCTOTEL MEI TaKXXe NpeHeOperkeM UJieHAMH,
ONHCHIBAOLUYMKE OOMEH OpOMTANbLHBIMH COCTOSSHHAMH MeXAY JABYyMS
NEKTPOHAaMHU, TO cymma (2.79) npumer BHJI

_;__ Z [(ar n, a"! n' Vla: n, a"! n') az?\. (Ra) aj‘l'?‘.' (RU.') Qnrp- (RQ’.') X

o
X @np (Re) + (a, noo, n l Vla.', n': a, n) axh(Ra) al.y (Rer) X
X @nyp- (Re) @rra (Ror)]- (2.80)

Ilepsuifi unen HasmiBaeTcs Apambim, BTOpOU — obmentbim. Vicnmons-
3ysl COOTHOLUEHHS AHTHKOMMYTAuUMH I/ (EPMHUOHOB

{ahs (Ra), @na (Rar) | = Buice-Brn-Bpa, (2.81)

MOXHO 3danHcaTh OOMEHHBIH 4YJeH CJeAYIOIHUM 00pa3oM:

1 + +
—_ I nne (Ras Ra') Qn3, (RO'-) anpr (Re) nea (Rar) @nepr (Ra')- (2-82)
2
o, o’
n, n’
A A
Ecsayu packpelTh CyMMy N0 CIHHam, Mbl IoJiy4daeMm 4eThHpe 4dsieHa.
Vix MOXHO NpEeACTABHThL B BUJE, PACKPHIBAIOMIEM HX CMBICK K 0603HA-
yamoueM caelywiee. Bo-nepsuix, ecsid NpeaNoNOXHTh, YTO HA KaX-
JOH opOuTE MOXKET HaXOAHUTBLCHA TOJNBKO OJHH 3JIEKTDOH, TO

Nt (Ra) + Ny (Re) =1, (2.83)

rie Npy, (Rg) = aha (Ry) @na (Rg) — onepatop uwucCia 4acTHu, CBA-
3aHHEIX C A-# Op6UTANBIO, JIOKANU30BAHHBIX B y3je o U 06ajaiouHkX
cndHoM A, Mil Takxke uMeeMm

N"T (RG—) - A’rni (Ra) =0, (Ra)- (284)
O6befiMHEHHE 3THX JBYX COOTHOLIEHHH HaeT

Nat (Re) Nuot (Rar) + Ny (Ro)) Nney (Ror) = —é—oz (Ra) 02 (Rar) + “;_
(2.85)
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3aMeTUM TakXke, 4To

@ty (Ra) @} (Re) = 5-0" (Ra), (2.86)

a}} (Ra) ant (Re) = -0 (Ra). (2.87)

[Ipn stom oOMmennoe B3aumojedcTBue (2.82) nmpusEHMaer BHJ

— ¥ S Ray Ra) [+ g o(Ra) 0 Ra)] . (2.88)

o, o’
n, n

ITO ¥ €CTb MHOIO3JIEKTPOHHOE 0000LEeHHE NONYYEHHOIO paHble pe-
3ynbTata ANA JABYX 3JeKTpOHOB. [IOCKONBKY BOJNHOBLHIE (YHKUUH,
VCNIOJIb30BaHHbIE B J,,-, ODTOTOHAJbHH, 3TO OOMEHHOEe B3aHMOJEH-
CTBHe Bcerja deppomMarsuTHoe. B caelayoomeMm pasjene, NOCBALLEH-
HOM CyrnepoOMeHy, Mbl YBHAMM, UTO €CJH 3JIEKTPOH MOXKET Iepenphl-
rHBaTh HA COCEJHMH y3es, KOTOPhIH TeM CaMbIM OKA3bIBAETCH 3aHAT
ABYMS 3JIeKTDOHAMH, TO S5TO NPUBOAUT K OOMEHHOMY HHTErpany
B opme (2.88), Ho cooTreTCTByOMEMY aHTHGHEPPOMATHHTHOMY B3aH-
MOJEHCTBHIO.

[IpakTHuecky B OOJBLIIMHCTBE CHTyalME MBl MMeeM He TouHo N
3JIEKTPOHOB, JOKAaJH30BAHHLIX IO OAHOMY B KaxjaoM U3 N y3icB
pewteTkd, a NA 371eKTPOHOB, r'je A — UHUCIO HECNAPEHHBIX 3JEKTPO-
HOB Ha KaXJult MOH. Ecau Bce 3TH A 3JIEKTPOHOB HMEIOT OAMHAKO-
Bble OOMEHHBIE WHTerpanbl, TO B3aUMOJECHCTBHE MOXKHO BBIPA3HTD
yepes MOJHLIA CIIHH HOHA

Hox=-- Y Jnn Ras Rar) [+ S(R)-SRar)] .| (2.89)

o, o’
n, n’

Kak ormernn Baun-®nex, nocnegnas dopMyna crnpasej/IdBa TaKixe,
ecsid 0DOJIOUKY KAXKAOI'0 MOHA 3aMNOJIHEHH HAINOJIOBHHY M ATOM HaXo-
AMTCH B COCTOSHMM C MAKCHMANLHOR MysawTHnaeTHocThio [2.111].
Takas cuTyands Bcerga MMeeT MeCTO I/ HOHOB B S-COCTOSIHHH, HO
MOXeT OBITh TaKXKe pe3yJibTaToM JeHCTBHS KPUCTANIHYECKOTO NOJA.
Takolfi npumep Mpl DacCMOTPUM INPH OOCYXAeHHH 3PDHEKTHBHOTO
o6mena. Bripaxenuwe (2.89), usBeCTHOe Xax 0OMeHHOe 83aumoleli-
cmeue [edsenbepea, wacTo JEXHUT B OCHOBE OOCYyKAeHHUsI deppoMmarue-
TH3Ma HMJH AHTH(EePpOMar€eTH3iMa B JAH3JEeKTpHKax. ToT dakr, 4TO
OHO CIpaBeJJIHBO TOJbLKO NPH ONpPEeJEJeHHBIX YC/JAOBHAX, HE BAHAET
Ha ero npuMeseygue. Ha camom nene, xak OyneT BHAHO B IOCJEAYIO-
KX rJaBax, OHO «pafoTaeT» YIUBHTEJBHO XOPOLIO.
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2.2.8. CYNEPOBMEH

CyuecTBenHo, 4To ofmeHHas KoncTarTa B (2.89) copzepxuT BOJ-
HOBYIO (YHKNUHIO BCero Kpucranna. Her nazobHOCTH roBOpPHTL O TOM,
UTO TAKYK (YHKUHIO MOJXYYHTh TPyAHO. IToaTomy ofcynuM mojxox,
KOTODHIH OKa3aJCA IOJe3HHIM HDH pPAacCMOTPEHMH OOMEHHLIX sBJe-
HUH B JU3neKTPHKax. PTopuanl nepexojanslx merannos MnF,, FeF,
u CoF, cranoBfTcA aHTHOEDPOMATHETHKAMH MPH HH3KHX TeMnepa-

Puc. 2.2. Pacnonoxenue cnHHOB Bo (TOPHAAX NEPEXOJHBIX METAJJIOB.

Typax. MIx kpucrannuyeckas CTPYKTypa WM CNHHOBAS KOHQUIYpauus
npeacTaBiaeHnl Ha puc. 2.2. ObmenHnoe B3auMojelicTBHe B 3ITHX Be-
MecTBaX TPYAHO OOBACHHTE B TEPMHHAX INpAMOro ofMeHa MeXIy
KaTHOHAMHK H3-32 pasjensilomuX HX HOHOB dropa. I[logobuas cutya-
IMf HUMEET MeCTO H B Clyuyae MarHuTHeIX okucnoB. B 1934 r. Kpa-
MepC B KauecTBe OOBSACHEHUS NPEANOJOXKHKI, UTO BOJHOBBIE GOYHKIUH
KAaTHOHOB CHJLHO CMELIMBAIOTCSA C BOJIHOBBIMH ¢GyHKHUAMHE dropa,
JlaBasi BO3MOXXHOCTb KAaTHOHAaM KOCBEHHO B3aHMOJIEHUCTBOBATb JIPYT
¢ apyrom. [Ina Beluncnenus agpdektuBHOro obmMeHa, o0yCJOBIEHHOTO
TAKHM MeXaHH3MOM, KpamepC npHMEHHJ TeOpPHIO BO3MYILEHHH.
PaccmoTpuM pBa MoHa Mapranuna Mn*t u jexkaurud Mexxjny HUMH
won ¢ropa F~. Ha3-3a nepekpuiTHs BOMAHOBBIX GYHKUME OAUH K3
p-3NEKTPOHOB HOHA F~ «nepenpririBaer» Ha OAMH H3 HOHOB Mn?*.
OcTawumuics HEeNapHLIA p-3JeKTPOH HoHa F BcTynaer B npsaMoH
o6MeH ¢ JpyrdM HoHoM Mn?*. 310 B030yXKIEHHOE COCTOAHHE Ipen-
CTaBJIeHO Ha pHC. 2.3 and cayyas, Korna oOMeH MexJIy HenapHLIM
p-3NEKTPOHOM H HOHOM Mn®** gBsadercd aHTHOEPPOMATHUTHBIM.
Hcnonbayss Takue BO3OYXKIEHHBblE COCTORAHUA [AA BBIYHCJAEHHS IOJM-
HOW SHEepTHHM CHCTEMBI O TEOPHH BO3MYIIEHHH, nonydaeMm 3ddexkTHB-
HYI0 3HEPrui0 OOMEeHHOrO B3aWMOJAEHCTBHS MeXAy HOHaMH Mn?*,
3HAaK KOTOPOH 3aBHCHUT OT NPHPOAB! YWACTBYMOUIHX B oOmeHe OpGH-
Taned. Bce xe Hexoropnle ofuiue cBOHCTBA, nosydexHbe 'yanHa-
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dom (2.12] » Kaunavopu [2.13], nosgonsior KayecTBeHHO npeacKa-
3aTb Xapaxkrep cyrnepoOMeHa. Y K4:KeM JiBa TaKUX cBolcTBa: 1) mepe-
HOC 3JIeKTPOHA MOXKET HMETb MECTO TOJIBKO B TOM Cayude, €cd op6H-
TaJl¥ KATHOHA H AHHOHA HEOPTOTCHANBHEI;, 2) €CAM KaTHOH-aHHOH-
Hble OpBUTANH OPTOrOHAaMbHLI, NPAMOK 0OMEH, COrJIACHO CKa3aHHOMY
BhILIE, MOJIOXHTENeH (deppoMarHETHK), B APYTUX CJIy4yasaX OH OTpH-
natened (aHTUEpPpPOMATHETHK). -

B kauectse npumepa npHMeHeHH 3THX NPAaBHJA PACCMOTDHM dHTH-
geppomaruetix CaMnO,. B »ToM Beuiecrse mapraHell HaxoJMTCH

T‘-"IT'\?'+

Puc. 2.3. CxemaTHueCcKkoe MNPEACTABJEHHE OAHOTO H3 NPOMEXYTOUHBIX COCTOSAHHH
npu cynepofmene.

B UETHLIPEXBAJIEHTHOM COCTOAHMM Mn**, 4TO 03HauaeT cymecTBOBaHME
TpexX d-3nekTpoHoB. Kpucrannuueckoe noje B y3nax, 3aHHMAEMbIX
Honamu Mn?t, — kybuueckoe. 3TO mNoJe CHIbHO jelicTByer Ha d-
3neKTPOHE. OOBLIYHO Npeanosaraercs, YTO KPHUCTAMLIHYECKoe [oJie
CHJIbHEe, YeM BHYTPHHOHHOE KYJOHOBCKOE B3aWMOAEHCTBHE, MMO3TOMY
MOCJAEAHHMM MOXHO npeHe6peub. Toraa KaxXAblH 3JIEKTPOH MOXHO
paccMaTpuBaTh OTHenbHO. [ledcTBHMe KyOHUECKOTo MNOJAS HA IISATH-
KPAaTHO BBHIPOXKJEHHOe Mo OpOHTe d-COCTOSTHME OJHOTIO 3JIEKTPOHA
3aKJI0YaeTcs B paclIeNJieHHH 3TOTO COCTOAHWUS HA TPEeXKPAaTHO BhI-
POXeHHbLIe COCTORHUA, ofo3Hayaemble f,,, W ABYKPATHO BBIPOMKIEH-
HbIE COCTOsHUSA, o003HauaeMhle ;. Pacmennienne H COOTBETCTBYIOLLHE
BOJIHOBEIE (YHKIMH NOKd3aHu Ha puC. 2.4. Ha caMom nene cyue-
CTBYeT HEKOTODOE BHYTDHHOHHOE KYJIOHOBCKOE B3AHMOJAEHCTBHE,
KOTOpOEe O0O6YCJOBJAKMBAET CBA3b MeXAYy CIMHAMH B COOTBETCTBHH
c npagurom Xynoa. ClenoBaTeNbHO, TAK KAK JJif JAHHOH CTPYKTYDHI
CaMnO; cocTosHKA fy, JIEXKAT HUXKE BCEX, TPH 3JIEKTPOHA 3aHUMYT
KaXABli OJHY H3 fy,-0pOHTANIE! CO CNIHMHAMM, HANPABJICHHbIMH BBEpX.

Cynepo6MeH B [JaHHOM CJyyae 3aXBAThIBAeT pP-3JEKTPOHH HOHA
O%. Ha puc. 2.5 nokasaHsl p-opéuranu. M3 nzobparkenus BOJJHOBHIX
GyHKUKE Ha pUC. 2.4 u 2.5 cnenyeT, UTO p,-OPOUTANH OPTOTOHAJNBHBL
KO BCEM KaTHOHHEIM oOpOHTansiM, KpoMe dy:_,. CrejfoBarenbHo,
€CNIH p,-3JEKTPOH «nepenpuiruBaeT» Ha Mn*', OH JMoJiKeH nonacThb
Ha eg-opOuTAND. CorsiacHo npasuny XyHJAd, TOJHLIK CIHH LOJKEH
GLITH MAKCHMAaJbHLIM, TIO3TOMY €CJIH CIHHB HOHAa Mn%* HanpasseHh!
BBEPX, TO C pg-opbUTaNK NEPEXOJHT HMMEHHO CNHH, HanpaBJeHHHIH
Beepx. Ocrawomuiicas HA p, CNHH, HaNpPaBJEHHLIH BHHU3, B3auMonei-
CTByeT eppOMArsMTHO € APYrHM HOHOM Mn*™* Tak kKak oH opToro-
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Puc. 2.4. Co6cTBenHbe 3HAUEHUA H COGCTBEeHHbIe GYHKIHH d-3JIeKTPOHA B KyGuue-
CKOM KDHCTaJJHYEeCKOM II0Je.

-

HaleH eg-opburand. B pesyabrate Ml HAXOAMM, YTO p,-0pGHUTANDL
co3faer CyMMapHOe aHTHGEepPOMATHUTHOE B3AMMOJCHCTBHE MEXAY
caMuMH KaTuoHaMH. OxaspiBaercsi, UTO BKJMAAhl pn-OpOUTanel 3Ha-
YUTEJNLHO MEHBILE,

Aunepcon [2.14], nnitasch ©oOo#THCH Ge3 BHICOKHX NOPSKOB
pa3JiOKEHHMS 10 TEOPHH BO3SMYIIEHHH, Jan APYTyi0 ¢GOPMYJIHDOBKY
teopu Kpamepca. M3 ero pesysrraroB cienyer, 4to aHTHGEpPpO-
MaTHeTH3M HOCHT GoJsiee OOIMUE XapaKTep, YeM 3TO CAEeLYET U3 TEOpPHUH
Kpamepca.

B KadectBe 6a3uCHBIX QYHKIHA AHAEPCOH HCIONAB30BAN JIMTAHJ-
HEIE BOJIHOBbIE PYHKIHH, KOTOPEIE NPEACTABAAIOT COOOM KOBANEHTHYIO

x " o

A A

-2 o

Po (Pz) Pr (Pz+ Py)
Puc. 2.5, Bua p-opGutanei.
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CMeCh KaTHOHHOH M AHMOHHOH BOJHOBBIX QyHKIOH#. B teopuu Anjuep-
COHa MarHeTH3M BO3HHKEET B PE3YysbTaTe KOHKYPEHUHH MeXNy NBYyMHA
pakropamu. OIMH K3 HHX — NEPENpHITMBAHHE 3JIEKTDOHOB MEXJY
ABYMf JIMTAHIAHEIMM KOMILJIEKCAMH, XapakTepuiyeMoe MAaTpPHUYHLIM
3JIEMEHTOM II€PENpLIrHBAHUA Igq-, APYIOM — CpefHee KYJOHOBCKOE
B3aumMozelicTBue U 3nekTPoOHOB € TeM XKe CaMbIM KOMILIeKcoM. B npe-
JEeNbHOM cJydae, KOIZA nepenpeirHBAHHE MOXHO paccMaTpHBaTh

1 T 1 |
a5k A | —0-— Eul
[ | —@— Eus
o | p=z | ~-0-- EuSe
g E ~-&-- EuTe
$ oA
E - r::J I
X |
o
E az[- I r=%
S .
S — . : r=5 |I
x
g
S /
0 L1 1
04 0,6 08 10

Ry, HM

Puc. 2.6. 3aBacuMocTh O6MeHHOro B3auMOReHACTBUN MexAy napamu Eu — Eu B mo-

Hoxansxorenuge Eu or pa3mepa napnt R, (paccrosuusi Eu — Eu). ['opusonTanbuse

CTPEJIKH ITOKA3HWBAIOT H3MEHEHHE R, [IPH NEPEXojie OT OKCHIOB K Teanypupam. Ceer-

Jble KPYXKKH, KBaZpaThl H AD. OTHOCHATCA K CJAY4al0 yueTa B3aHMOJCHCTBHA TOJEKO
CO BTOPHIMH OMHMKARIIUMH COCENSIMH.

Kak BO3MYIUeHHe, AHJEPCOH HaWe], YTO CIHHOBAs 3aBHCHMOCTh
CynepoOMEHHOTO B3aHMOJEHCTBHA T4 Ke, UTO U B BhpaxKenuu (2.89),
HO € Kko3pduuHeHTOM — 2t4q-/U.

B nocnepnue rojpsl XMMHUKHM IepellId K ONHCAHHIO cynepofMeHa
Ha fA3plKe MOJeKyJaspHuX opburaneii. Xeit u np. [2.15] nokazanm,
HanpuMep, 4YTO OOMeHHOe B3aMMOJECHCTBHE MEXAY JBYMS HOHAMH
co cnuHaMH 1/2 MOXHO ‘NpeiCcTaBUTL B BHJE

Obmenunlft wHTErpan J,, BKJIIOYAET OPTOrOHANM3OBAHHLIE OPOHTANH
M 1103TOMY oOs3aTenbHo OyJaeT DeppOMarHHTHLIM. JHEPTHH €, U &,
OTHOCATCH K CBA3HIBAIOWEH M PA3PHIXJAIOUEH MOJEKYJJISPHLIM Op6H-
TansAM ABYX MeTaJJIMUeCKHX HOHOB, a NOCKonbky K., > K, cBO#-
CTBAa OOMeHa 3aBHCAT OT BEJIMUMHEI € — €,. ITa BEJIMUHHA OKAa3hl-
BAETCA CHJBHO 3aBUCAUIEH OT yIa MeXXAY CBA3AMH MeTaslJi—IJiH-

3 P. Yanr
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raii—metanmi. Bunne [2.16] ¢ coasTopamMu HCNOJNB30BaaM YKa3aH-
HOe OOCTOATENLCTBO Jl CHHTE3d pAa3jiHUHBIX IICEBIOOLHOMEPHRIX
MATHHTHBIX CHCTEM, OCHOBAHHBIX Ha MEJHBIX AMMEpPHBIX obpa3uax.

B noaynposoiHuKax 3Heprus aHHOHOB 00pAa3yeT 30HE, ¥ B pe-
ayJabTaTe cynepobmer MoxeT ObITh pacnpocTpaHeH BILIOTH A0 coce-
Jied, Kak IoKa3aHo Ha puc. 2.6. 3TH pe3yabTaThl Obii¥ NOJYYEHH
U3 H3MepeHUH AUCNEPCHOHHEIX COOTHOINEHHH JJIl CIIHHOBBIX BOJIH
[2.17] Tem xe cnocofoM, Kakum TOCTOSHHEIE, XapaKTepH3YIOLlHe
CHJIBI B3aHMOJEHCTBHA MEXAY aTOMaMH, BBIBOAATCH H3 (OHOHHBIX
JAUCIEPCHOHHEIX COOTHOLUEHHA.

2.3. CIIMHOBBIK TAMUJILTOHHUAH

[amMunbTOHHAH, NOJIyUeHHBIH B NpPEALIAYIEM pasjene, SBJASETCS
COBEPLIEHHO OOIIHM, IIO3TOMY, 3HAA €ro BOJIHOBbHIE (YHKIUH, MBI
Mornd 6Ll TOYUHO OMHCATL MATHHTHBIE CBOHMCTBA JIIOGOrO BeLIECTBA.
K Hecuactbio, H3-32 6OJbIIOTO YHCJAA YaCTHL TakKasg HHPOpPMAaUHs
B HacTosuiee BpeMs HepocTynHa. [Jostomy mombiTaeMcst BhIAEMHTh
M3 TdMMJABTOHHAHA TE€ YWieHhl, KOTOPhIE aJIeKBATHO ONHKCHIBAIOT CHTYa-
IHI0 ¥ NOANAIOTCA pacyeTy. DKCIEPHMEHTATOPH YacTO NPHAYMbBIBAIOT
«PEHOMEHOJIOTHYECKHEY TaMHJABTOHHAHBL JJ151 OOBACHEHHS OTIEJNbHBIX
HaOJIIOIeHM#H, NPEJOCTaBAss TEOPETHKAM YCTAHABJAMBATH 0OJIACTH HX
NPHMEHHUMOCTH. B ocTaBwelics wacT# 370 IyiaBel Mbl 06cyaMM Npo-
HCXOXJIeHHEe TaKKHX (PEHOMEHONOTHYECKHX [aMUJbTOHHAHOB.

2.3.1. HOHbl NEPEXOJHbIX METAJIJIOB

[TepBrIlt pAJL HOHOB NeEPEXOJAHHIX METa/IOB H HX 3JieKTPOHHEE
KOH(QUTYpauuu npuseaensl B Tabn. 2.3. MoHH nepexoaHbIX MeTaiN0B
0651a1a10T BaXKHLIM CBOUCTBOM — Y HMX MarHuTHbE, HJH HeCnapeH-
Hble, 3JIEKTPOHBI JIEXAaT HA BHEIIHMX OOoJouKaX HoHoB. CnejfoBa-
TeJIbHO, HAa HMX CHJILHO BJIMAET BHEIIHEE [0Jie, CO3[aBaeMoe JIHIaH-
IaMH. B pesyabTare KpUCTA/JIMYECKOE [0JI€ OKa3LIBAeTCH OIHHM

Tabauya 2.8
Kondurypanuy HoHOR rpynnnl xenesa

Tid+, 4+ 3dt 2D

V3a+ 343 8F

v Cr3+, V3+ 3d3 sF
E . Mn3+, Cra+ 3dé 8D
3 Fe3+, Mn%+ 3db ¢S
~J Fe2+ 348 5D
Co?+ 3d7? AF

Ni2+ 3d8 8F

Cu?+ 3d® D
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Pue. 2.7. PacwenieHne OCHOBHHIX COCTOSHMH MOHOB TPYINNBL XeJje3a B KpHCTaJj-

angeckoM none. [lepsoe pacmenzenue o0yCJHOBAEHO KYOMY4ECKHM KPHCTAJLIHIECKHM

noJsieM, HajlbHeflee PacUleIUVIeHHE BO3ZHHKAET H3-33 JOHNOJHHTEJLHOTO TETPATrOHAIbL-
HOTO HCKaXEHHS% .

u3 caMblX OOJibLIHX 4YJIeHOB B raMuiabToHHane. Takum o6pasoM,
MOXKHO OXHJaTh, YTO BKJafbl B FaMHUJIbTOHHAH B NOPsijiKe YOLIBaAHHUS
pacnoJiaraioTcs CAeAyomuM obpasom:

6 == %intraatom _I_ %‘f:;ylsé + %spin-orblt + %Zeeman- (290)

KoneaHo, B 3aBUCHMOCTH OT CHTYAlMH HALO PACCMATPUBATH U JOMNOJ-
HUTENbHblE YJIEHBbI, TAKHE, HANpPHMep, KAaK CBEPXTOHKOE B3auMoJeH-
cTBHe. PaccMOTpUM COOGCTBEHHREIE COCTOAHMA TraMuapToHHaHa (2.90).
[Ipexne Bcero BHYTPHATOMHOE KYJIOHOBCKOE B3aHMOJAEHCTBHE NpH-
BOJHUT K CNEKTPOCKONHYECKHM YPOBHAM 3HEPTHH, HUSIIHH H3 KOTOPHIX
onpejensercsi npaBuaaMd XyHJa. 3TO OCHOBHOE COCTOSHHE YKa3aHO
B nocnenuem ctonbue Tabs. 2.3. [lna nmoHuMaHus OONBLIHHCTBA Mar-
HHTHBIX CBOHCTB JIOCTAaTOYHO pPAaCCMOTpPETh TOJMBKO Cambld HHXKHHHA
TepM. 310 06YCNIOBAEHO TEM, YTO IHEPTHH YKA3aHHBIX YPOBHER HMEIOT
NOPSALOK JNECATKOB THICAY CM !, a2 MAarHHTHHE 3HEPTHH B KpaHHeMm
cayvae — NOPSJAOK JECATKOB CM L.

[ToBenenHe AAHHOTO TepMa B KPHCTAMJIHYECKOM IIOJiE MOXHO BHI-
YUCJUTH IIpH TOMOIH MET0Ja, PasBUTOrO B NpEAbIAYINEM pa3jesne.
BoapmuuacTBo KpHcTaNIoB ob6najaer KyOuueckol CcHMMeTpHeH, H
Ha pucC. 2.7 noxkasaHo, Kakoe pacuienyieHde pasjHuYHEIX TePMOB U3
TabJj. 2.3 npeacKasnlBaeT M 3TOro caydas Teopus rpynn. Coberses-
HEle QYHKOHH 01epatopa dintra + Hepysy OyAeM obosnauath | T, y;
S, Mg|, rre T' — HenpuBoauMOe IpeACTaBJEHHE TOUEUHOH TPyNNH
CHMMETDHH.

PaccmotpuMm, Hanpumep, xoHurypauuioo 3d®. CornacHo npa-
BunaM XyHZA4, OCHOBHOE COCTOsiHHe Oyjer

L, Mu; S, Ms)=|3, Mu; 4 Mg); (2.91)
3
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oo (2L + 1) (28 - 1) = 28-kpaTHO BHIpOXKJeHO. B npHCYTCTBHH
KYOHUIeCKOI'0 KPUCTANIMYECKOTO MOJS 3TO COCTOSHHE pacuieiisercs,
Kak noka3ano Ha puc. 2.7. Takum o0pasoM, OCHOBHOE COCTOSHHE

3
cienyeT o00O3HaYHTB Kak |A,, ¥; ~ Ms).
Z-TeH30p, Tenepb O6CYAWM CNUH-OPOUTANBHLIA M 3€eMaHOBCKHH
useHbl. Tak Kak Mbl pacCMaTpHBaeM MATPUUYHLIE JIEMEHTHI TOJIBKO

BHYTPH JdaHHOro LS-Tepma, MaTpUYHBIE 3JEMEHTHI Oneparopa
2 E(r) ;s
i

cornacio Teopeme Bursepa-—3kkapra, NponopuHOHAJBHBI MaTpHY-
HbIM 3seMmeHTaM oneparopa LS. Takum obpasom, cnun-opbumanvrbiil
2AMULBIMOHUAH HMEET BHJ

%sp.-orb = AL - S; (292)
aHANOTHYHO 3eeMAHOBCKUL 2AMUABMOHUGH
7 — pg (L 4 28) - H. (2.93)

Tenepy npeobpasyeM b, .orb - 6z B TaK Ha3nlBAeMEIH CHRUHOBbIL
2amurvmonuar. Bocnonbsyemcs npejnoxeHunM [IpaiicoM metopom,
B KOTOPOM HCKJ/IOYaeTcH NnpsiMas 3aBHCHMOCTL OT OPOHMTHL. Tak Kaxk
HH Mingpa, HH Hoyy HE CMEIIMBAIOT OPOMTANDBHBIE H CIHHOBBHIE CO-
CTOSiHHA, COOCTBeHHBIe OGVHKUMH OYAyT TNpPOM3BEIEHUAMH Bula
| T, v)lS Mg). BuuncniuM maremMaTHUeCKoe OXHAAHHE BeJHYHHEI

sp.-orh + Mz LN 0pOUMANbHO HeBbLPOXCOLHHO020 OCHOBHOTO COCTOS-
nusa | I, y). Bo BropoM nopsjke TeOPHH BO3MYIEHHH

ez = (F. ?I%sp.-orb —|L%ZII‘ '\’)Z

I, H-L-+4AL-S|T, 2
—uH.S — Z | (T, ¥ IEPB +E l ?)l (2.94)
T, v .y T v

PackprlBag KBajpaT, HaXOJUM
%eff = Q}LBH S — 2P'BA' 2\; Aququ —
W,

— A 3 AuvSuSy — ub f_lAuvH,,Hv, (2.95)
KW, v K,
rje
_ (T, | La |1, ¥, ¥ | Ly|T, P)
Auv T E 2 EI". ?: - E[\. v ) (2'96)

r’, v'
IT0 MOXKHO 3anucarh CAeAyIUM obpasom:

Heis = ) (P»BguvHu-Sv * 7‘-21\1’.\'5'1»5'\1 — M%AuvHqu)s (2.97)
[TREY

rie g,v NpenctaBaser colod g-TeH3op

guv =2 (§1y — M) (2.98)
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Otnnune g,, OT 2 CBHJETEILCTBYET O TOM, 4TO B pe3y. bTaTe CIHH-
OopOHMTAa/NBHOTO B3aMMOJEHCTBHA HAMAarHHYEeHHOCTHL Tenepn O0OyCJ0B-
JIeHd He TOJbKO CIHHAMH; K OCHOBHOMY COCTOSIHHIO NOAMEIIHBAeTCsH
He6osblIasg NPUMECh COCTOAHHUSA € OpOUTANBHRIM MOMEHTOM.

BenuunHa g 415 cBOGOJHOTO 3JIEKTPOHA He paBHA TouHo 2. KBaH-
TOBas 3JIEKTPOAWHAMHMKA NPHBOAUT K IIONPABKE, TAK YTO

g = 2,002319.

UToObl yBHJeTh, KaK 3Ta BeJMYHHA H3MEHseTcA B TBEpAOM Tele,
paccMOTpHM B  KayecTBe TIpDUMEPA NONYIPOBOAHHK—KDPEMHHI.

Puc. 2.8. Jedexrs B kxpHcTamiindeckoM (a) ¥ amopdHoM (6) KpeMHMH; 3]1eCh g UMeer
3HaYeHUe, COOTBETCTBYIOUIEE IIOYTH CBOGOAHBIM SJIEKTPOHAM.

B HzeanbHOM KpHCTale KaxJblfi ATOM KDEMHHS HMeeT ueThipe Ba-
JIGHTHBEIX 3JIEKTPOHA, KOTOpHle 00Pa3yIOT CBA3H C YeTHIPBMS COCel-
HUMH aTOMaMH KpeMHH#A. LECaM HieanbHBIA KpHCTama o0/ayuaTb,
HalnpHMep, BbICOKOIHEPTEeTHYHBIMH 3€KTPOHAMH, TO B HEM 00pasyIloTcs
nedexTn. Ilpumep oamoro ©3 Takux JepekToB H3o6paxeH Ha
puc. 2.8, a: ynaneHue AByX artomoB A H B nMPHBOAMT K NOSIBJIEHHIO
IIeCTH HAPYIIEHHBIX CBA3eH — HECMAapeHHBIX 3JNEKTPOHOB. INEK-
TPOHKI, CBS3LIBAIOIIHE ATOMHE 2 H 3, KAK M 3JIEKTPOHbI, CBA3KIBAXOIHE
aToMHl O M 6, nepecTpaHBaIOT CBA3M TAK, KAK NI0KA3aHO Ha pHC. 2.8, a.
Ocrasumnecs 1Ba 3/1eKTpoHA y aToMOB | M 4 Temeps ofpasyloT «pac-
IIMPEHHYIO» CBA3b Yepe3 BaKaHCHIO. EC/IM OIMH U3 3THX ABYX 3JIEKTPO-
HOB KaKMM-IHOO crmocofoM yOpaTh, OCTABHB JePeKT C IMOJIOXKHUTE/Nb-
HBIM 3apAJOM, TO OCTaBIIMHCA 3JEKTPOH, KaK OKasmBaercs, OyJerT
MMETh Clefylowme 3navenus g [2.181]:

g1 = 2,0004,
g: = 2,0020,
gs = 2,0041.
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Ecnu KpeMHHE H3TOTOBJEH B BHJE aMOP@HOU NNECHKH, HANpHMED
OCAXKAEHHEeM M3 CHJIaHAa, TO HHOTJ2 BO3HHMKAET TAKOE PACNOJNOKEeHHe,
NPU KOTOPOM A4TOMEI KPEMHHUS HMEIOT TOJMIbKO MO TPH OJHXKaHIIHX
cocejd, Kak [MOK43aHO CXeMaTHueCKH Ha pHc. 2.8, 6. UersepTHH
HeCnapeHHbid 3JIEKTPOH TOTIJA HA3RIBAIOT «CBOGOJHOH CBfA3blo». [lnd
sroro aznexktpona [2.19] cpennee 3rauenue

g = 2,0055.

Pacxoxpenne 3naueHu#t g cocrasnsfier Mexee 1 %; ero serko usme-
PHTb, KaK Mbl YBUJIUM B IJ1. O, YTO AdeT KpaliHe BaKHyK HHGopMa-
U0 00 3JMEKTPOHHBIX LEHTpaX.

AsuzoTponusi. BTopo#i uneHn B Buipaxenud (2.97) onuceBaer
anusomporuro, OOYCNOBJNEHHYKO TOHKOH CTPYKTYpPOH, MM OJHOHOH-
HYIO aHM30Tpomuio. 3aMeTuM, uTo A, onpenensiercs CHMMeTpHeH
kpuctamna. CIHHOBHIM TIaMHJILTOHHAH TakKxke Jo/KeH O0O0sajaTh
3TOH CHMMeTDHeH; HanpuMep, B KyOuueckoM Kpucramie A,, = Ay, =
= A,,. Takum o6pasoM, aHU30TPONHLIA 4/ieH CBOJAMTCHA K KOHCTAHTE.
B cnyuae akcuanbuo#t cHMMeTpHH A = Ay = Ap; A, = Ayl
Torpa, ecnu npenefpeub NOCACIHAM UNEHOM, 3PPEKTHBHEIA TaMHJIb-
TOHHAH B CJyyae AaKCHaJlbhHOM CHMMETPHH HMeeT BHJ

ety = g UsH.S;: + g1ps (H:Sx + H,Sy) +-
+D[SI— S+ +5SE+DEALFAY, (299

rne D = A* (A, — A,). 'amuanTORMAaH Takoro Buad, Gopma KOTO-
poro onpejensieTcsi CHMMeTpHed KpucTanaa, OOBYHO KJaajercs
B OCHOBY ONHCAHHUS MAapaMarHHTHBLIX CHCTEM, COJEPXKAINMX HOHHI Ne-
pexXojfHbIX MeTansoB, [loaTOMYy TakHve HMOHEI B KpMCTa/jiaX Xapaxre-
pusywrcs mnapamerpamu g, D u T. A

BaXHEIR 3KCNIepHMEHTANbHBIE QPAKT COCTOUT B TOM, YTO I1apaMeETPHI
KPUCTAJJIHUECKOTO TNOJIA MaJNo MEHAIOTC A/ PasjHYHBIX KOHLEHTpa-
IHE HOHOB B OJHOH M TOH Xe coJid. CIe0BaTe/NbHO, STH NapaMarigur-
HEIE COCTOSIHHS TOse3HB Ans ofcyxxjeHus cdeppomarHeruama. Ha-
IpUMep, M3 CKA3aHHOTO BbIIIE CIEAYET, YTO KOHCTAHTH aHM3OTPOIHH
34aBHCAT OT ypOBHEH 3HEpPTrHH, KOTODhIe B CBOI0 Ouepejnb 3aBHCHAT OT
PACIIONIOXKEHHS COCEHMX HOHOB. Tak, ecJH STH HOHEl JBHXKYTCHA
B CBSI3H C NPUCYTCTBHEM, CKaxeM, GOHOHOB, TO JOJXHO BOSHHKHYTb
B3aHMOJIEHCTBHE MEXJIY TaKUM JBHXEHHEM M CIHHAMH.

[Tocnemuuit yned B ramMHabToHHAaHe (2.97) MOXHO [ARaXJLl INPoO-
JudepeHMpoOBaTh 1O MATHHUTHOMY [I0J1I0; B pe3yJbTATE€ Mbl IOJY-
YHM BHIpaXKeHUEe JJIs1 CTAaTHUeCKOH BOCIPHHMYHMBOCTH, TaK Ha3blBae-
Mo#t gocnpuumuusocmu Bawn-Paexa, He 3aBUCAILIEH OT TEMINEDPATYDHL.

B kauecrse npumMepa TNpPUMEHEHHs CIIHMHOFOIO TIaMUJLTCHHAHA
paccMoTpuM CnMH 3/2 B aKCHANhHO-CHMMETPHYHOH CHCTeMe C BHeLl-
HHM T1OJieM, HanpagJjeHHbIM BIOJb OCH ¢. EcCgu npeanosoXurth, 4TO
CHMMETPHA KPHCTAJJIHYeCKOro NoJis AOCTATOYHO HH3Ka, 4TOCHI CHATb
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Jioboe OpOuTanbHOEe BHIPOXAEHHE OCHOBHOrO COCTOAHHSA, TO CIpa-
BeJUVIKBO BblpaxeHHe (2.99).

Or6pacuiBasg NOCTOAHRYIO UAaCTh, WMEEM

Hers = gusHS, +D |S; — 5 S(S+1)]. (2.100)
Marpuna ramMuanToHHaHa By B Oasuce |3/2, Mg) ects
%eif =

-z | |+

3 3 —
<‘? D—+5gyuph a 0 0
(— D—- H 0 0
_—y 0 P &ke
- l 1 .
(—2— 0 0 —-D+—2—g"p.BH 0
3 3
<'§' . 0 0 4] D—{-?gupBH_

(2.101)

CofcTBeHHble 3HAYEHHS NMOKAa3aHW Ha puc. 2.9. Mu BuauM, 4TO cynie-
CTBYeT pacluen/ieRye B HYJEeBOM noJe, paBuHoe 2D.

dbdexTHBHBIN 06MeH. [Ipu 06cyxaeHnn oOMeHa B nocjiefHeM pas-
jene Ml npeHe6Gperajiid Kak CIHH-OPDOHTANLHBEIMH 3(QQeEeKTaMH, Tak
¥ HelHaroHaabHbIMH OOMeHHbIMM 3¢pekTamu. Brime MBI HaHIIH, YTO

k2%

-4)
Z
-4
=27
Puc. 2.9. CxemaTHueckoe H300paXKeHHe BJMAHHSA CNHUH-OPOHTAJNBHOIO M 3EEMAHOB-
CKOTO B3a¥MOAeHACTBHA Ha OpOMTANBHEIR CHHIJIET CO CIIHHOM 3/2.

Hsp-ors
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CHH-opOHTaNbLHOE B3aMMOJEHCTBHE MNPHBOJUT K CYIIECTBEHHOMY
BKJ31y B CHOHHOBRIA raMuabTOoHHAH. OHO MOXKeT TakXe H3IMEHHTh
BUIL OOMEHHOIro B3anMmojpedcTBHs. YTOOB IPOAEMOHCTPHPOBATL 3TO,
pacCMOTPHM OOMeR MexAy npumMecklo Mn®*t u cocenuum moHoM Co?t
B CoCl,-2H,0 [2.20].

Hon Co% wumeer ceMb d-3J€KTPOHOB, KOTODHIE COOTBETCTBYIOT
TpeM Obipkam B d-obosnouke. JIbIpKH BeayT cebsi TOUHO TaK Xe, KakK
Besd Obl cebst 5aeKTPOHBL. CniejoBaTesIbBO, MBI BHAMM, YTO BHYTDH-
4TOMHOE KYJIOHOBCKOE B3aHMOJEHCTBHE IMPHBOAHT K OCHOBHOMY
cocTostHuio *F co cnunoMm 3/2. Kpucrannuueckoe mone B CoCl,- 2H,0
AABJASIETCH INpeUMMYINecTBeHHO KyOHueCKMM ¢ HeQOJIbIIHM TeTparo-
HalbHLIM HapymeHdeM. KyOuueckas uyacTte pacuiennsier *F Ha TpH
COCTOSIHHSA, HH3IIee H3 KOTOPBIX — TPEXKPATHO BHIPOXKIAEHHOE II0
opbuTanbHOMY MOMeHTY cocrosaxue %7y, Kak 6nlio OTMeueHO BEIlIE,
JEACTBHE KDPHCTANJMIHYECKOTO HOJMSA Ha HOHBLI NEPEeXOAHKIX METAaJJIOB
OYeHb BeJMHKO. [IOCKOJNLKY HAac HHTEpeCYIOT JIHIIb MarHMTHBIE CBOMH-
CTB4, MOXHO OrPAaHHYUTHCH PacCMOTPEHHEM TOJLKO 3TOTO OCHOBHOTO
COCTOSIHHSA.

Hccnenyem renephb BJAHSIHHE TETPArOHANbHOH KOMIOHEHTHl KPUCTAJ-
JUYECKOr0 N0Jjf W CHHH-OpOMTANbHOTO B3aMMOjeHCTBHA. JIoGoe
OpOMTANBHOE TPEXKPATHO BLIPOXKJAEHHOE COCTOsSHHE Beler cebf Tak,
KaKk Oyaro OHO HMeeT ggpexmueroe KBaHTOBoe uucao L = 1.
Bhline Mbl BHIENH, YTO €CJIM OrPaHMYHMTHBCA MHoroobpasHeM coc-
TOSIHH, NI KOTOPHIX L-—Xopoulee KBAaHTOBOE YHCJIO, TO MOXHO
BBIPA3HTh T'dMHJLTOHHAH NMOJAS KpHCTa/1a uepes crenedn L., L, H
L,. Te e caMple ApryMeHTHl NPHMEHHMBbI, AdXKe ecJH L — TOJbKO
xopomee 3(pekTHBHOE KBAHTOBOE UHCJO0. TakHM 06pa3oM, AefiCTBHe
TE€TPArOHAJbHOIO KPHUCTA/NIMYECKOTO IIOJIA HAa OCHOBHOE COCTOs-
Hde 7T, MOXHO ONUCaTh [AMHJILTOHHAHOM

Hrerra=—8 (L2 — ), (2.102)

rie 0 — deHOMEHONMOTHYeCKH napaMeTpP KPHCTANJKYECKOrO MoJjs
¥ L = 1. CnouH-opbuTajbHOE B3aUMOIEHCTBHE MOXKHO BHIPA3HTh

TakXxe uyepe3 3¢p(deKTUBHLIA OPOHTAJBHEIA YIJOBOH MOMEHT
%sp.-orb = A’ (L ‘ SCU), (2103)

rae A — adbheKTHBHEIM TnapaMerp CHMHH-OpPOHTANLHOrO B3aWMOJEi-
crBuf. Oneparopsl LY W L~ yBeJIMUMBAIOT NPOEKNHIO MOMEHTa oOIe-
paropa jqis KoMnoneHT *T), TaK e KakK COOTBETCTBYIOlIHe peasibHble
onepaTophl CBf3bBaJH Obl KOMIIOHEHTHl pealbHOro P-cocrosHug.
Takoit cnocof 3amHCH TaMHJIBTOHHAHA 4epe3 onepaTophl 3¢peKTHB-
HOTO MOJIHOTO YIJIOBOTO MOMEHTa HCKJIOYHTENBHO NOJe3eH A5 NOHH-
MAHHS KauyeCTBEHHHIX OCOOEHHOCTEH MATHUTHBEIX CIIEKTPOB.
Basucunie ¢yHKuMH cocrosuus *T, umewor BHR | M., Mg),
e M; =—1, 0, +1, Mg = +1/2 unu +3/2. [eiicTBue Hietrat
J p .oy CBOAUTCH K pacumiensieduio 7T, Ha wecTb AyGJeToB.
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Jns ucciaenoBaHHs MAarHHTHEIX fBJAEHHE ONATH JOCTATOYHO pac-
CMOTpPeTb CaMbllt HHXKHHH U3 HUX. CoOCTBeHHble GYHKUHH MMEIOT BHJ

\pi:alm, + ) +5)0, i%)—l—clil, F 4, (2.104)

rie a, b 1 ¢ — onpegenennsle KOa(pHIMERTH CMEMBAHHSA, BoolLle
roBOpsi, KOMILIEKCHble. BBHIAICHHM Tenepb, Kak OOMeH C COCeIHHMH
HoHaMH Mn?* peficrByer Ha ay6netr. B cayvae ny6aera oOMeH MOXHO
NpeicTaBHTh Kak B3aumojekcrBue adpekTHBHOro cnuHa 1/2 co cnu-
HOM HoHa Mn*'. 3TOT npuMep jo/KeH NOKa3aTh, 4TO, KOrjga obMmeH
JeHCTBHTEMLHO BEIpaXkeH uepe3 3h(exTHBHuIE CnuH 1/2, OH He MMeeT
NIPOCTOX HU3OTPONHON (OPMBI, KOTOPDYIO MHl A0 CHX IOP HCIOJb30-
BaJIH,

[Teproe, uTo HeOOXOAMMO clesaTh, — 3TO HAHTH NPABHJILHOE BHI-
paxenue s obmena. BcnoMuuM, uyto cocrosHue T MMeeT Tpex-
KpaTHOe OpPOMTaNbHOe BBIPOXJAEHHE H 4TO TPH d-ABIPKH MOXHO pac-
CcMATPUBATh Kaxk 3JeKTpoHu. CriejoBaTentHO, CYIeCTRYeT TOJBKO
OHO COCTOSlHME MAKCHMAaJNhHOH MYJBTHIIETHOCTH, 4 3TO O03HAuaerT,
YTO NOJHBIA CINIHH — XOpollee KBAaHTOBOE 4YMCJIO. AHAJOTHUYHO, IIO-
CKOJIbKY OCHOBHOe cocrosHHe Mn?* npexcrasasier cobo#t S-cocros-
Hue, NOJHHE cnuH MoHa Mn*' — xopomee xBaHTOBOe uucjao. Crejo-
BaTeJIbHO, OOMEHHOE B3aMMOJEHCTBHE MOXKHO 3anucaTtbh Kak

Hexn—=— 3 J(Mr, M2) Smn- Sco. (2.105)

Mp. Mg

3aMeTHM, YTO MhI ABHO Yyu/JM BO3MOXKHOCTb HeAHArOHANbHOIO
obmeHa. Tak, manpumep, B TepMuHax oOMeHa 3JeKTDOHOM OOMEHHBIH
uHTerpan J (ML, M) xapakrepusyer oOMeH, B KOTOPOM 3JIeKTPOH
nora Co?* B cocTosiHHM M, «IepenphHITMBaeTs Ha HOH Mn"‘*, TOorja
KaK a.nepron ¢ Mn?* «nepenpuruBaer» o6patrHo Ha Co?*, nepesoas
ero B cocrosinue M. Takue HequaroHasLHble OOMEHHBIE MHTErpaJinl
MOTyT OblTh KOMIJIEKCHBIMH. Ecni CrRf3aHHBle TaKuM 06pas3oM OpOH-
TaJMibHBIE COCTOSIHMS JieXKaT BHYTPH MHorootpasus *7T,, Ajaa oluca-
HHSl DPAcCMOTPEHHOro HegMAaroHaJbHOro o0OMeHa MOXHO HCIOJib30BaTh
CKaJ/IIpHOEe TIPOH3BeJleHHe CIHHOB.
k BuisicHuM Teneps, KaKoH BHJ NPHHHMEeT 3TO B3aUMOJIEHCTBHE,
ecJIH OHO BhIpakeHO uepes 3pekTHBHLIA cnuH 1/2 OCHOBHOrO COCTOS-
uua uoHa Co?'. Haubonee obmee B3auMOIEHCTBHE MMEET BHJ

%efi — _Seff : ?"SMm (2 106)

rpe 7 — obMerHas jaMajga. EciM BHIYMCIHTE MaTpHYHbIE 3JIEMEHTHI
oneparopa (2.105) B Gasuce |y*, M), rae Mg — cnuHOBOE KBaH-
TOBOE YHCJO HoHAa Mn?* (S = 5/2), W CpPaBHHTH C MATPHYHBIMM 3Jle-

|
MeHTaMu oneparopa (2.106), paccuHTaHHBIMH B 6asuce li -5 MS>,
TO Mbl HaHjgeM, YTO 6C¢ MaTpPHYHBLIE S/JEMEHTHl MATPHIULI Z,y OTJHYRKI
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or nyas. Hanpuwmep,
Fey=—22Im{J (I, —1)}. (2.107)
O6uryo Marpuuy 7,, MOXHO DasJelHTb HAa CHMMETPHUHYIO H aHTH-

CHMMETPHUHYIO yacTH. MaTpuua anmucummempuvnozo obmena 3anH-
CHIBAETCH Kax

D-Sett X Smn, (2.108)

Tfe BEKTOPHHIH KO3(ppHUHEHT B3aMMOLEHCTBUA MOXKeT OLIThb CBAI3aH
¢ Zuv- Ecan sieMeHTHl MaTpHnbl CHMMETDHYHOTO OOMEHA pasJiduHHI,
TO TOBOPAT 00 anH3oTpOnHoM oOMeHe. YacTto Hcmonb3yloTcs JBA
npegeabHBIX Caydas:

monenv KM3uHra

%Ising = —2J :‘EG Sfo_*.d,
XY-monenn '
b xy = —2J ;2.5 (SiSiie 4 SiSt, 8)s

rie 8 oBo3nauaer Oauxafiulero cocena. TakuMm o0pa3oM, MBI BHAMM,
4To, Korja oOMeHHoe B3aWMojeHCTBHe BEIpamaercst uepe3 3sdiek-
THBHBEIH CIIHH OCHOBHOIO COCTOSIHMS, OHO MOXeT HMeTb OYeHb OOMHH
BHJL BCJEACTBHE HANHYHA OPOUTANLHBIX 3(DeKTOoB.

2.3.2, PEAKO3EMEJIbHBIE HOHBI

DJIeKTPOHHEIE KOH(HIYpPalMH pPEeaKO3eMeNbHhIX HOHOB Ilepedyuc-
neHul B Tabn. 2.4. BHAHO, YTO ANs 3THX MOHOB HeClapeHHBIE 3JjiCK-
TPOHHl JsiexXaT BHYTpH obosouku 5s°p®. CrepoBaTennHO, KPHCTaJLIH-
Yyeckoe noje AeHCTByeT Ha HHUX He OYeHb CHJLHO H MOXHO NOJArarth,
YTO TaMHJILTOHHAH COCTOHT H3 CACAYIOIMX UJEHOB, pAacHo/oXeH-
HhRIX B Inopsjke yObIBaHuA:

% — %intraatomic + %sp.-orb + %crystnl + %Z- (2 109)

Coulomb tield
Tabauya 2.4
Kondurypauud peaxKoseMesbHHX HOHOR
Ced+ 4f1552p8 2 F5/2
d 7 _\ PR P+ 4/25’p® SHy
- f X f b N 4f256%p° REY
I VAR Y A Sme dpoes o
& T/ \\ / \ ma 4fs ps 7 5/
~ / ! \ Eu®+ 4f 5s? P F 0
\ \ Tb+ 418552 p® "Fg
2 \ \ Dy 4/°5s%p* °Hys9
\ \ Ho?* 4f195s*p® ®1s
\!| b ‘\ Ers+ 4115628 4 15/0
NS UN RN A O U I U Tmd+ 4f125s2 p8 3H,
O 2 4 6 8 10 12 4 Y+ 4f18552p8 S

f'n
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BryTpHaTOMHOE KYJIOHOBCKOe B3aHMOJEHCTBHE CO3JA€T COCTOSHMS,
XxapaxkrepusyeMmble KBaHTOBHIMH 4duciaamu L, M;, S u Ms. Ilpn po-
6aBNeHHM CIHH-OPOHTANLHOTO B3AMMOJCHACTBHS COXPAHAIOTCA TOJBKO
MoJHB yraoso#t Moment J = LT S. CnejgoBatenbHo, 3TO COCTOS-
Hne umeer Bup |J, My L, S).

PaccMoTpuM noka ﬂ,&ﬁC’I‘BHe TONBKO 3¢eMaHOBCKOTO YJIEHA B OTCYT-
CTBHE KPHCTANNHYECKOrO IO

6z = pp (L -+ 28)-H. (2.110)

Tak Kak COCTOSHHS XapakKTepHU3YyIOTCA COOCTBEHHBIMH 3HAYEHUSIMH
yrnoBoro MomeHTta J, 3annmeM (2.110) B BHIe

%zngHBJ-H, (21“)

rne g; npexncrasnaser coboi g-gaxmop Jlande, xotophii onpene-
nsiercsg coorHowendeMm g,J = L -+ 28. BenwuunHa g-dbakTopa jaercd
CAEAYIOIHM BhIpaXKEHHEM:
S(S —

g, =11 J(J+1) +2J((J-:_11)) L(L+1) (2.112)
Takum o6pasoM, cocroguue |J, M;) pacuwennsercs Ha 2J + |
PAaBHOYJAJEeHHbIX COCTOSHHH, HaXOAALHKXCH APYT OT Apyra Ha pac-
crosuuy  g;ug H. Huaa Ce®, Hanpumep, g, = 6/7.

B npuCYTCTBUM KpPUCTANJIMYECKOTO INOJR pacllenneHde COCTOS-
Husa | J, M;) Jnerko onpepensiercsi, €C/id BLIDA3UTh KPHCTAIHUECKOE
noJie 4yepea ollepaTOpHEIE 3KBHBaJeHTH J. Hanpnmep, IS KpucTan-
nuYecKoro nonasi ¢ D,-cHMMeTpHeR HMeeM

HBeryst = B0 -+ B30z + B{0s + BiO% -+ B0 +-

+ BOs -+ B305 + BsOs + BsOs- (2.113)
Marpunel #.. & B 6asuce lJ My, L, §) nerxo nocrpouts IpH
nomMomy Tabaun (cM. [2.7]). B peayabrate mas Ce® oJyuaem

I

&

/]\

T

(2.114)

T

/f\
mtw toi-—- N

o

oy
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rjae

- 10BY4-60B0 Y/ 10B:+9, 10B: 12/ 5B} ]
B=|y/10B: 9y 1082 —8B2--1208B] 3y 2B:— 15V 2B; |
i 12/ 5 B; 3y/2B;— 15y 2B; —2B;—180B; |

O’I‘C}Olla nonyyaeM TPH H.yﬁJIETa, HMEIOIIHE BH/J
Vi =t | o) 4 b | ) | — o), (2.1152)
Vi = | — o) | — ) TCn o) (2.1156)

Mx MoXHO 3anucaTh uyepe3 COCTOSIHHS |my, my):
Ui =qia -+ @b, (2.116a)
V7 = @ia — ¢if, (2.1166)
rae @ = ¢ 1 @3 = —@. [Ipu peHcTBHH omnepaTopa obpalleHHSs

BpemeHu T = (Koy, rpe K — oneparop CONpSXEHHS, 3TH COCTOS-
HUS 1epeXojsT B

Tyn =1n, (2.117a)

T¢n = —Yx. (2.1176)

Takyio napy cocTOSHHH HaswiBaloT Oybaemom Kpamepca. CocTOSHHSA

(2.104) rakxe obpasyior Aybner Kpamepca.
Tenepr paccMOTPHM ToBejeHHe Hu3wero Aybnera Kpamepca

BO BHEIHeM MATCHHTHOM IIOJie. I'aMUILTOHHAH HMeeT BH
7 — g (11 2s)-H. (2.118)

Tak KaK MBI HaxOAMMC B npeaenax MHorootpasus, rae J — Xopo-
niee KBAHTOBOE YHCJAO, MOXHO 3anucaTth

Hz =gupels I (2.119)
Marpuna 3eeMmana janst Hu3wero Jybnera ecth
—gJHBH(%a?+%bf_%CQ) 0 _
o ewn(fe i)
(2.120)

CoejoBarenbHo, Ay6neT pAacCIIENsIfeTcs JHHeHHO no nonal. Ipdek-
THBHOe 3HaueHHe g 4YacTo BBOJAT, ONpejesss pacllenjeHne JBYyX
ypOBHEH B mnoie Kak glsfl. B 3ToM cnyuae a1 3¢QGheKTHBHOTO
3HAYEHHS] g HMeeM BRIpAXKEHHE

geit — £J (5af —+ b% — 30?)- (2.121)
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3aMeTHM, YTO 3HAUEHHE g HENOCPEACTBEHHO 3aBHCHT OT KO3(QHUIHEH-
TOB B BOJIHOBOM (yHKuuu (2.115); no sToi npuykHe H3MepeHHe 3Ha-
YEHHSI g CJYXHT YYBCTBHTEJIbHOH ITPOBEPKOH BOJIHOBHIX (YHKIMH
OCHOBHOI'0O COCTOSHHA. '

2.3.3. NOJAYNPOBOAHUKH

MHTepecHO BLIUKCIHTh BENTHUMHY g A 3JEKTPOHA, ABHXKYIIEroCs
B IONe INePHOAMUECKOro mnoTeHnuana V (r) KPHUCTaJIHYECKOH pe-
IIETKH. J3anHieM COOTBETCTBYIOUWIMHA TaMHJIbTOHHAH

I — %kinetic + %crystal —|L
+ %sp.-orb + 7. (2122) T JoHa

NpososuUMOCTI
Co6cTBeHHble (QYHKUMH 3JEKTPOHE,
ABHXKYUIETOCH B NEPHOAAYECKOM
NOTEHNHANKE M  YJOBJETBOPHIOUIHE
YCJIOBHIO Bsioxad, uMeloT BHj Unk(r) X
X exp (ik-r), rje HHAEKC n Xapak- Eg
TEepU3yeT JIHEPreTHUYECKYK 30HY H
k — BOJIHOBO# BekTOop. Ecau 3eema-
HOBCKHH 4JIeH OTCYTCTBYET, (GDYHKIHH
Unk (r) YHOBIETBOPAIOT YpaBHEHHIC

5 (B AR -V (1) + g O X

X VV (1)(p + Bk) | e (1) =
— Eaklnk (I). (2.123)

[lns nonynposoxsykos Tuna ATBY, Puc. 2.10. SnepreTHuecKue  30HH
KOTOPBIE COCTOSIT M3 3JIEMEHTOB TPE- ;o' ynycranna LuHKOBOR OGMAHKH
Thelt W narol rpynn [leproauueckoi B6au3y k = 0.
Tabauusl  3jeMeHTOB  Menpeseesa

(1. e., nanpumep, GaAs, InSb), BanenTHas 30Ha nopoGHa p-cocTos-
HHSIM, 4 30H4 INPOBOAUMOCTH —S-COCTOSIHHAM. 30HHAfd CTPYKTypa B
okpectHoctd k = 0 usobpaxkena Ha puc. 2.10. Yepea I'y v 1. A,
3fech OOO3HAWEHBbl HENPUBOAMMBIE [pejCTaBNEHUS, COOTBETCTBEHHO
KOTOPBIM Npeo6pa3yroTcs BoJHOBble ¢Gyukudd npu k = 0. Ilpexpe
BCETO CJaeAyeT OTMETHTb, YTO CHNHH-OPOHTa/NLHOE B3AHMOAEHCTBHE
CHHMAeT TPEXKPATHOe BHIPOXKJEHHE H pacllenJiser BaJqeHTHYIO 30HY
Ha TPH 30HHI aHAJOTHYHO TOMY, KaK 3TO HMEET MEeCTO B p-COCTOSHHH.
Jlanee, KpHBH3HA 3THX 30H PA3JIMYHA B 3aBHCUMOCTH OT 3((EKTHUB-
HOK Macchl 3jeKTpoHa. Miul MoXeM NONYyYHTh OUEHKY 3DPeKTHBHOH
MacChl, paccMarpuBas B ypaBHeHuu (2.123) unen (h/m) k -p xaxk Bo3s-
MylleHHe. Brhuucaaa Nnonpasky BTOPOro NOPsALKA AJISl S3HEPTHH 30HEHI
[IPOBOJMMOCTH, MOXKHO HAHTH TEeH30D 3(PpeKTHBHON Macchl [2.2]]

2 I'g TY (T | py|Ts
( m )uv . au,v 1 = E (Tg] pu IT) (T | pv |Ts) ] (2124)
: =

Basrenmuan
SOHNQ

* —_—
m Er’ EI‘
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BoJaHoBele QYHKUHMM BajJIeHTHOH 30HBI ITPEJCTABMAAIOT COOOR JHHel-
HYI0 KOMOMHaNUI0 OOBIYHEIX X-, Y- H Z-KOMNOHeHT p-cocrosHus. Coe-
auHenusn A'''BY pMmeloT KyGHUECKYIO CTPYKTYPY LUHMHKOBOH OOGMaHKH,
I09TOMY €CJH OrpPaHHUYHTLCH TONLKO 30HAMH, H300pa)KE€HHLIMH Ha
puc. 2.10, TO uMeeTCs TOJMBKO OJHH TNapaMerp

— (T, plpuls) = P2,

U Ans 3(pheKTHBHOH Macchl NoJyuaem

m ., P® 3Eg+2A
=T B A

PaccmoTpuM Teneph oOpGHTANBHBIH MOMEHT SJIEKTPOHA, HAXOAM-
erocs Ha JHE 30HEI IIPOBOAWMOCTH:

(el L |To) = BTe x| T (T |2y | Te) — (el g TH (T ] ps | T} (2.126)
310 BhIpaXeHHe MOXHO npeo0pasoBaTh, YUMTHIBAS, dTO

X, #)] =~ p, | e (0 X VV),.. (2.127)

4mc?

[Iperebperass CHHH-OPOMTANLHHIM BKJIAJOM, KOTODBIH, KaK MOXHO
noKasatb, MaJ, TNOJYYHM JJIf MaTPHUHOro 3JjeMenrta (2.127)

(T|x|Te) =~ SL1P=lT) (2.128)

(2.125)

310 mno3BosisieT HaM npeo6pPa3oBaTh BhIpAXKEHHE NIJAF MaTPHYHOIO
anieMeHTa OpOHTanLHOr0 MOMEHTa K BHJAY, dHaJOTHYHOMY BhIpaxe-
HHIO 1458 3hPeKTUBHOM MacCel. B uacTHOCTH, HCKIKOuas M3 5THX
JBYX BHIPAXEHHH MATPUUHBIA 3JIEMEHT HMIYJhca, M[OJY4HM COOT-
Howenue [2,22] |

N . A m
g == 14 (1| L[ Te) =2 {1 ~ SE T (- 1)]- (2129

B obmem cnyyae cnegyeT paccMarpuBaTh JOMONHHUTENbHbIE 30HEI, JJIA
KOTOPBIX COOTHOWIEHHE MexAYy 3PpeKTHBHOH BEJIHUHHOH g H 3(Pdek-
THBHOH Maccoi He CToJib npocToe. Tem He MeHee, ecid 3¢PpeKTUBHASA
Macca O4eHp Mana, BEJHUYMHA g MOXKeT CTdThb JOCTAaTOYHO DO0JbLIOH.
Hanpumep, ans InSb umeem m*/m = —0,014, a g* = —bl1,4.
Xeppuur [2.231 nokaszan, uro yrnoBo#i moMmeHT (2.126) MOXHO pas-
JEeNUTh Ha MEXATOMHEIH M BHYTPUATOMHBIR BKJIajAbl, NpHYEM O6oJib-
IHe 3Ha4YeHHS BEJHUYHHBI g JOMXKHEI OnITh CBA3aHLI C MeEXaToMm-
HBIMH TOKAMH,

B artoit rsiaBe Mbl paccMOTpeaH INPOHCXOXJEHHe pa3NHYHEIX dgje-
HOB B MarHMTHOM TaMHJIbTOHWAHe, KQTOpBIE MOTYT BJHATb HA Mar-
HUTHBIE OTKJMK CHCTeMul. B oCTaBmMXcs [y1aBax MBI HCCJIEAyeM,
KAK 3TH YJEHH TPOABAKIOTCH NPU BO30YXKIAEHUH CHCTEMB MarHHWTHBEIM
noJeM, H3MEHSIOUMMCH B IPOCTPAHCTBE HJH BO BpPEMEHH.



hasa 3

CTATHHECHAA BOCMPHHMMHHUBOCTD
HEB3AUMOAENCTBYIOLLUHUX CUCTEM

B 3Tolt rsaBe Mml HCCleqyeM CTATHYECKYIO BOCIPHHMYHBOCTB
CHCTEM, OIIUCHIBAEMBIX T'dMHJBbTOHHAHOM, KOTODHIA MOXKHO 3anucaTh
KaK CyMMY OTAEILHBIX YJ€HOB. 3Jech U JaJnee MH OyjeM MOJbL30-
BaThCs CJAEAYIOWHAM IToaxonom: OyjleM CUHTATb, YTO BHeEUIHee MarHuT-
HOE Ione BHOCHT BO3MYIIEHHE B CHCTEMY, 4 3aTe€M BHIYMCJIHM OTKJHK
CHCTEMH Ha 310 noje. B jpaHHo# rnaBe MBI PacCMOTDHM He 3aBHCH-
mee or BpeMeHH nogae H.

B nuTteparype no MarHeTusMmy 44cTO passiMyaloT JUIJNEKTPHKH
H IPOBOAHHKU. DTO pa3NHUHE B OCHOBHOM CBSI3aHO C BRIOGODOM MOJE/H
IJIs1 pacyeTa. Tak, AUIJIEKTPHKH XapaKTePU3YIOTCS paclpeac/CHHEM
3apsja, JOCTaTOYHO XOPOWO JIOKANH30BAaHHEIM B 3JeMeHTapHOH
fiyerKe; NMOMOOHbIE CHCTEMAl MOTYT ORITb ONHCAHEI JIOKAJU30BAHHEIMH
5¢PeKTHBHRIMH cnUHaMd. [l MeTan/ioB XapakTePHO HajMYHe CBO-
GOAHBIX 3JIEKTPOHOB, UTO TpefyeT yxKe COBepIIEHHO APYroro onuca-
HUA. KOHEYHO, CYILIEeCTBYIOT BELIECTBA, HANpUMep METAJJkl, CojepxKa-
iiHe HOHBI PeJKO3eMEJILHBLIX 3JIEMEHTOB, B KOTOPBIX HMeEIOT MecTo 06a
THIA pacnpeneneHuit 3apagoB. Losee TOro, y MHOIMX MAarHUTHBIX
CIJIABOB HCTHHHAs IIPHPOJA MarHUTHOTO MOMERTAa elle He MOHHATa.
K sromy BOnpocy MeI BepHeMCH B I'l. 7. B HauleMmM H3JOXKEHHH Mbl
BCe e OyJeM CaenoBaTh TPAJULKH H OTAEJbHO OOCYAHM OTKIAHK AJA
JIOKAJIH30BAHHBIX MOMEHTOB W JJsl JEJAOKAJNH30BAHHLIX CHCTEM,

3.1. JIOKAJHW30BAHHbBIE MOMEHTbI

Paccmorpum cucremy u3 N HeB3aHMOJEHCTBYIOLIMX TOMIECTBEH-
HBIX HOHOB HJIM Mosiiekyn. B orcyrcTBHe BHemHero nojs KaKAblH HOH
HJAH MOJeKyJa Xapakrepusyercsi raMuJbTOHHaHoM 6. Hac uHTe-
pecyer OTKJIHK TAKOH CHCTeMbl HAa MaJoe CTaTHYeCKOe MAarHHUTHOE
nosie. Jljast 3TOro HoOGABHM K TraMHJIbTOHHAHY 3€eMAHOBCKHH YJIEH;
TOrjpa TNOJHBIH TaMHJALTOHMAH NDHMET BHJ

%:‘z,jarg‘- = ;(%Ha@%). (3.1)
HamaruxuenHocte pxaerca dopmyaoir (1.49):
M ()= Tr {p. (1)}, (3.2)

rae

N h
K@) =3 D D b — 1) H8G — el (33)

i=| a=]
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3mech M;, — OUEPATOp MACHUTHOTO MOMEHTa, CBSI3aHHHIH C O-M
3NeKTPOHOM i-To MoHa. Tak Kak MOHHbIE 3JIeKTPOHH B3aHMOJAEHCTBYIOT
ApDYT ¢ APyTOM, HOAXOAAIHA 6a3HC, B KOTOPOM MOXHO BBLIYHCJHTD
(3.2), cOCTOMT M3 MOHHBEIX Cco6cTBeHHbIX ¢GyHKUMit. CreaoBaTeNbLHO,
MOXHO IIPHMEHHTH TeopeMy Buruepa—3IKkapra H 3aMeHutb (3.3)
BhIPaXKEHHEM

N
M (1) = ?:1 w:d (r — Ry). (3.4)

Mpl npeanonaraeM, YTO MOHHBIE MOMEHTHI JIOKaJH30BAHKI B TOYKE.
[Toxa aiuHa BOJIHBI IPHJIOXKEHHOTO Nojif GoJiblé ATOMHKIX DPa3MepoB,
BhIpaxkeHue (3.4) cnpasegnupo. Oxnako, Koraa 8 Ia. 8 M1 6ynem o6Cy-
XKJAATh pAaccesHHE HEHTPOHOB, 3TO NPeANONOXeHHe INPUAETCH BUJO-
U3MEHHTD.

[TockombKY MBI HanaraeM CTaTHYeckKoe Tose, MATPULA TJIOTHOCTH
ne 3aBucuT oT BpeMenH. CneposaresabHo, [d6, p] = 0. PasHoBecHoe
pellieHHe STOT0 YDaBHEHUS MOXMHO IPEJCTaBHTb B BHJE

p=exp [B(F — 78], (3.5)
rae F — cBoGoanas 3Heprus:

F = —kgT In Z, (3.6)
a Z — CTaTHCTHYeCKasi CyMMa:

Z="Tr [exp (— pa®)]. (3.7)

Pemenue (3.5) mans Marpuubl NJIOTHOCTH, H3BECTHOE INOJ Ha3BAHHEM
KAHOKU4eCKo20 pacnpedenenus, TPEACTABIAsSeT CO00H KBAHTOBOMEXaA-
HUYEeCKoe 0G0OIIEHHE KJIaCCUYeCKOro pacnpexeienus ['u66ca. Mcnodb-
aya (3.6) u (3.7), MoxHO 3anucarb
____exp(—f8)
P = Trlexp (— B2

(3.8)

YuuTeBas BUj ramuasToHHana (3.1), 3TO BbipaxkeHHe MOXKHO (pakTo-
pH30BaTh:

] exp (—B#:)
ChejoBarensno,
M(r) = ; Tr {o;u:8(r — R}}, (3.10)
4YTO ONpejensieT HOHHLIK MOMEHT
M; = Tr {p:;pi}. (3.11)

[Ipu BuBOje BeIpaxeHHs: (3.10) MBI NPEANOJIONKHUIK, YTO MOXKHO
MEHAThL MOPAAKH ONepauui B3ATHH cleAa H CYMMHPOBAHUS IO HOHaM.
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Taxum o6pa3oM, Mhl IpeHeOperysu BO3MOXHOCTBIO NEPECKOKA 3JIeK-
TPOHA OT OJHOTO HOHA K coceAHeMy. Ecau Ol 37eKTPOHB! ObLIN pas-
JMYHMBI, HANPHMEP NPOHYMEPOBAHBl IO IOJOMEHHIO B pelleTKe, TO
TakHe nepexoabl OhitM Obl 3anpelieHnl. CheloBaTenLHO, Halle Npef-
NOJOXKEHHE O BO3MOXHOCTH MH3MEHEHHSl MOpSiKa CYMMHDPOBAHUS
SKBHBAJICHTHO INPEANIONOKEHHIO O pa3AutumMocmiy HOHHBIX 3JEeKTpo-
HOB. BaXXHOCTB 3TOTO mpefnosyioKeHus: CTaHeT OYEBHJHOM B pash. 3.2.

Jlo cHx nmop MBI HHYero He TOBOPHJM O NPOCTPAHCTBEHHOM H3Me-
HEHHU NPHUJIOKEHHOIo Hoas. IIpednosioXKHM, YTO OHO HMeeT BOJHO-

ByIo ¢opmy
H (r) = Hcos(qq-r). (3.12)

Msul Bceraa 6yjneM npepnonaratb, 4TO BOJHOBOH BEKTOpP (o NPEACTAB-
ngeT cofoif OXMH M3 JHUCKPETHBIX BOJHOBLIX BEKTOPOB, JEXAIMHUX
BHYTPH IepBod 30Hb DBpHasiosna paccmaTpHBaeMoro KpHCTaJda.
YyreMm, UTO MOMEHTHl MOTYT HAXOIMTBCS TOJIBKO B HEKOTOPHLIX OHpe-
JeJEeHHEIX TOYKax. EC/MM npuIoXKeHHOe 110JIe He MEHSIETCS] CYIUIECTBEHHO
BHYTPH sYeHKH, TO COOCTBEHHble 3HAUEHHs 3HEPTHH HoHa GylayT co-
OTBETCTBOBaTh OfHopoxaHomy nodw H; = H cos (qy-R;). Maruur-
HhI# MOMEHT HOH4 eCTb

076 ;

Ecau E, — cobcTBeHHBIE 3HAUEHHMS AJA (-TO HOHA, TO HOHHBIH Mo-
MEHT B HAlPABJEHUH IIPHJIOXKEHHOTO I10J51 ONUCHIBAETCS BhIpAXKEeHUHEM

¥ ¢ P @En0my

Mi = Tr {plu'!}: — (314)

Y exp (—BEn)

Co6cTBennble 3naueHus E, sBasioTcd QyHKuusAMH nons H;; pasno-
)HB HX IO CTENEHSIM IIOJSA, NOJAYYHM

E.=EY +-EVH, - EPH: - .. .. (3.15)

Tak kak Mpl paccMaTpuBaeM IDOGHOE MAarHHTHOe IoJe, MOXKHO
CYUHTATh €r0 CKOJMb YTOAHO MajabiM. B 4acTHOCTH, NpPearo/oXHM, uTO
3aBUCSILI[ME OT MOJISI NONPABKY K 3HEPTHM B ypaBHeHuu (3.15) Menbmie
TeNJoBOH 3Hepruu. Toraa

exp (—BE.) =exp (—BEY) (1 —BEVH, — ...),  (3.16)
1 BhIpaxenue (3.14) npuHHMaeT BHUX

Y exp (—BEQ) (1 —BEL H, — .. ) (EP +2EQPH, 4 ...)

T T ) (- pEE ) 0

n
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Hpenno.naraﬂ, HTOo HOH HE€ MHMeEECT MOMEHTa B OTCYTCTBHE II0QJ8, H
OCTaBJSASL TOJLKO JUHEHHEIE 0 HNOJIO YJEHhl, HaXOAUM

3 (ﬁEfl”2 — 2E,(12’) exp (-—BE,‘P’)
_'n

Z exp (—BE,(P))

n

Mi Hi = xiHi, (318)

YyTO oNpexeaser Benuduny Y;. [logcTaBasia 310 BhIpaxenue B op-
Myay (3.10) u cosepluas npeoGpa3zoBanue Pyphe N0 NPOCTPaHCTBEH-
HRIM KOOpJAHHATAM, IIOJyYyaeM

M, (k)= X)) M;exp(—ik-R;),
YTO MOXHO 3allHCaTh Kak

M. ()= (-—J— Y wiexpl—itk — q)- Ril) H (q).
q 3
rpe

H (@) =" 1A(q+a0) +A(q — o).

CJaeoBaTesnbHO,

x(k, @)= Y xiexp[—i(k — q)-Rdl (3.19)

Ecan B KaXIOM y3ne KDHCTANJIHYECKOH pEIIeTKH CYLIECTBYeT
MOMEHKT, TO CyMMa B 3ToM BhipaxeHHu gact NA (k — q), u

N Y (BEL) — 2E(*) exp (—BED)
n

X (@)= v ) exp (—BEY)

HesaBucuMmocts % OT q sBASETCH CJIEACTBHEM HALIErO MPEAIIOJIOXKE-
HHA O TOM, YTO HAMATHUYEHHOCTh Be3jle IPONOPUHOHANLHA JIOKAJb-
HOMy nojio. TOrAa HeyauBHTEJBHO, YTO

» ’ - / N !
X — )= Y explig-(r — (@ =410 —r). (320
q |
PaccMOTPUM Tenepb HECKOJNLKO KOHKPETHHIX NPHMEPOB NPHME-

Henus ¢opmyanl (3.19).
3.1.1. JHUAMATHETH3M

B pasx. 2.2 Mb OOGHApyXuJM, YTO 3€EMAHOBCKHM raMHJIbTOHHAH
I8 HOHHOH HWJH MOJIEKYJSIPHOR CHUCTEMhl 3JIEKTPOHOB HMEET BHJI

Z e’Hi (.2 2 .
. —Z MBla'Hi“’—W xtx+yrx)+l‘-Bﬂ'a'Hi . (3-21)

o
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BausiHue 3TOro B3aHMoAeHCTBHS HAa COOCTBEHHLIE 3HAYEeHHUS MOXKHO
OLEHUThL II0 TEOPHH BO3MyUIEHH# C COBCTBEHHRIMH GYHKIMAMU F6}
B Ka4eCTB€ HeBO3MYIIEHHBIX COCTOAHHHA. JlMaMaTHUTHOH HasbiBaeTcHd
TaKasg CHCTeMa, B KOTOPOM BCE MaTPHUYHBLIE 3JEMEHTHI OpPOHTAJBHOTO
H CIHHOBOTO YIJIOBRIX MOMEHTOB paBHh HYJK0. (JeJoBaTeNBHO,
eMHCTBEHHLIE MONPaBKX K 3HEPIHH oOyC/OBJIEHH! BTODBIM YJEeHOM
B (3.21). Ecan coberBennue PyHKUMM TaMuJAbTOHMAHA J67 3amucarh

Kak |n), To )
EP = os(n] Y (5 -+ 53) | n). (3.22)

~ 8mc?

3aMeTHM, YTO B BBIpAXEHUE A/ BOCIHPHUMYHBOCTH BXOAHT CTa-
THCTHYECKOE CpefiHee OT CyMMBbI
2

3 (xe + 4a)-

o
Ero ofhYHO NpPEACTABJSIOT KaK NpousseneHue (2/3) Z Ha cpeanui
‘KBafpat paauyca (r?). CheposarenbHo, A5 IUaMarHUTHOTO BKJajld
B BEeNHUHHY of6o0meHHo# pocnpuumuuBocTH (3.19) noayuaem Bbipa-
JKEeHHe

Ze?
6mce

Adiam — —

ey (3.23)

3HaK MHHyC 3jech NOSIBJSETCH B COOTBETCTBHH ¢ 3axkonoM JleHna,
COTJIACHO KOTOPOMY IPH M3MEeHEHMM MAarHHTHOTO IOTOKa B CHCTEME
3apAJ08 BO3HHKAIOT TOKH B TAKOM HAaNpaBJeHHH, YTOOB OHH KOM-
NEeHCHPOBAJAH M3MCHEHHE IOTOKA. ITH TOKH OO6YyCJOBJAHBEIOT NOAB-
JIEHHEe NUAaMaTHUTHOTO MOMEHTA.

B TBepamx AM3JNEKTPUKAX MOJsipHAS BOCHPHHMUYHBOCTD HMeeT
nopsagok —I107® cm¥/Mons. 3To COOTBETCTBYET OueHb MAaJIOMy HHAY-
LIMPOBAHHOMY MOMEHTy aroma, pasHoMmy 1078 H; Mmarmeronos Bopa.

3aMeTuM, UYTO [OHAMarLEMTHA® BOCHPHUMYMBOCTD OKA3HIBAETCH
3aBHCAILIEH OT BHGopa HaYaga KOOPAMHAT IIPU BHIYHC/JAEHHH (r?).
Takass HeoJHO3HAYHOCTH, K COXAJIeHHIo, peanbHa. Ban-djexk noka-
3aJl, YTO U3MEHEHUe ITOJIOKEHHH Hayaja XOOPAHHAT KaK DPa3 KOMIIEH-
CHUDYeTCSI COOTBETCTBYIOLIHM H3MeHEHHeM napamaenumHold 8ocnpu-
umuugocmu Ban-Paexa [3.1], xoropasi Gyaer obcyXxatbcs B CJe-
AylolueM pasjene. a1 OTHENbHOrO aToMa MM HOHA UEHTP OOLIYHO
BHIGHpaeTcss B sgpe. B 3rom cayuyae Bkaax Ban-®aeka Man u Jua-
MarHUTHAasg BOCHPHHMYHBOCTL XOPOIIO ONHChIBaeTcs dopmyJoi (3.23).
OnHako JAJsi MHOTOATOMHEIX MOJIEKYJ MEl JOJXKHhLI YYMTBIBATH OJHO-
BpeMeHHo 06a BKJafa B BOCIPHHMUYUBOCTD.

3.1.2. NAPAMATHETH3M HOHOB MNEPEXOJAHbLIX METAJUJIOB

B npeapiaymemM of6CyXaeHHu Mbl IIpEJNIONAraJH, 4To BCE€ MATPHU-
Hbl€ 3JIEMEHTHl ODPOHTAABHOTO M CIMHOBOTO YIJIOBBIX MOMEHTOB,
KaK AMATOHAJILHLIE, TAK H HeJMAaTOHaJbHEIE, PaBHH HyJaKw. OxHako
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Haubosee MHTEDECHpIe IPOGJEMH! B MarHETH3Me BO3HHKAIOT HMEHHO
TOTAd, KOTJa 3TH MATPHYHKIE 3JIEMEHTHl He PABHEI HYJIO. PaccMOoTpHM
OTKJIUK TaKMX HOHOB Ha CTaTHYeCKoe Noje. Tak Kak KPHUCTALIH-
HECKOE II0JI€ CYLIECTBEHHO BJIMSIET HA OPOHTANbHLIA YIJIOBO# MOMEHT,
YROOHO DacCMOTDETh HOHBI NEPEXOXHHIX K DEAKO3EMEJNbHBIX MeTal-
JIOB IO OTAENBHOCTH.

B pasx. 2.3 Mul BHJeJH, YTO MOHBI NEPEXOHBIX METAIJOB MOXHO
OMHCBHIBATE CNHHOBBLIM raMHJIbTOHMAHOM. PaccMOTPHM YacTHHIM CJLy-
44, KOTrja KPHCTaNJIHYECKOE IOJIE NOJHOCTBIO CHHMaeT OpOHMTanbHoe
BeIpOXAeHHe. CINUHOBLIK TAMUJIBTOHHAH, KOTOPHIH ONHCHIBAET CAMOE
HU3KOE OpOHMTANbHOE COCTOSIHHE, HMeeT BHUJ

Hers = g usHS, — phA  H-. (3.24)

Ecnmu B3sTh coGerenHble dymXuum S, B KayecTBe HEBO3MYIMEHHHIX
COCTOSIHMH, TO OpPOHTaNbHHLIA CMHTJET pacuienasercs Ha 28 4 1
COCTOSIHHHM,  XapDAKTEPHU3YEeMbIX KBEHTOBHIM UYHCJOM  INIPOEKLHH
cnuHa Mg:

Emg=Em -+ g usMsH — piA  H>. (3.25)

Comocrasasis (3.15) m ucnoabsys (3.14), HaXOAMM, YTO BOCIPHHM-
yuBoCTe Npu (k = 0, q = 0) MOXHO 3amucaTe B BUZE CYMMBI 60C-
npuumyugocmeil Jlaumcesena u Ban-Daexa

X(O, O)ZXLang+XVV. (326)
TAE
> 2
M
__ N EjpE M;Ls SN eSS+ ¢ (3.97
XLang =7V kRgT ~ 2541 — 7V 3kgT - T -27)
- N o

Bhipaxenne (3.27) cayxur onpeneneduneM nocrosingoi Kiopn C.

BocnpuumuuBocts Ban-®neka obyciaoBieHa To# 4YacTbio opbu-
TaJbHOTO MOMEHTa, KOTopasi NpUMeINHBaeTcs OT BO30YXIEHHHIX CO-
CTOSHHH K OCHOBHOMY COCTOSIHMIO 6narojapsi opOuTanbHOMY 3hdekTy
3eemana. IToT BKJaj He 3aBHCHT OT TEMIEPATYPBl H3-3a HCHOJb30-
BAHHS INPEANOJOXEHHS O TOM, YTO pA3HOCTb 3SHEPTUH OCHOBHOIO
COCTOSIHHA H BhILIEJEXaulero OpOUTAMbHOTO COCTOSIHHS, onpeje-
asfoowas BpeJHudry A, Ooabwe, 9eM kg7T. Ecau 3T0 yciosue He
BbIITOJIHSIETCH, TO HYXKHO YYHTHIBATh CABHT YPOBHSI 3TOro GoJiee BBHICO-
KOr0 COCTOSIRMS, B pe3yJbTaTe YEero BOCIPHUMUHMBOCTE BaH-diexa
Oyzer 3aBUCETb OT TeMIeparypst ).

Kaxk Bnepssble sxcrepuMenTanbyo ycradosua [Isep Kropu B 1895 r.,
BOCIPHHUMYHBOCTE JlaHxkeBeHa OOpATHO NPONOPUMOHAJBHA TEMIE-

1} B TaxoM caryuae MaMEHHTCR H A ang® TAK KaK 4aCTh MATHUTHHIX HOHOB nepeiifer
B BO30yXJAeHHO® cocTOoRHMe. — ITpum. nepes.
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patype. 3ta 3aBHCHMOCTb HOCHT Ha3Banue 3akoHa Kiopu. 3xcre-
pUMEHTaNLHOE 3HaueHue KoHCTanTh Kroopu C ucnoap3dyercs Ans
onpeaesenns 3(peKTHBHOIO MOMeHTa B eJUHHMIaX MarHeroHa DBopa
C IOMOIIbK) COOTHOLUEHHS

3kgC
off = 3.29
Meif ]/ WNIV) P"B ( )

Ecin 3KCnepUMEHTaJNbHblE 3HAYEHHS Mo CPABHUTH C TeEOpeTHye-
CKMMH 3HAUEeHUSIMU YHCTO CIHHOBHIX MOMeHTOB (TabJ. 3.1), To BHAHO,

Tabaruya 3.1
JddeKkTHBEHe MOMEHTH HOHOB HepeXOAHHX METAJIO0B

Titt | ver | coov | Man+ | BN | Pert | cort | Nit+ | curt
2VS S+ 1) 1,73 2,83 387 40 592 49 3,87 283 1,73
Haff (3KCrep.) 1,8 2,8 3,8 4.9 5,9 5,4 48 3,2 1,9
g, VId+1) 1,55 1,63 077 0 592 670 663 559 3,55
A, cm? 154 105 91 88 — —103 —178 —325 —829

yTO JJIs IEepBOH IIOJIOBHHBI INEPHOAA HabMIONAeTCsi IOYTH ITOJHOE
samopaxkupande. OpOuragbHBIH BKJ3J CTAHOBUTCSH Gojee Cyle-
CTBEHHHIM BO BTOpOH IIOJIOBMHE NepHopa, 60 Bo3pacraeT A — KOH-
CTaHTa CHHH-OPOHTAJMLHOTC B3auMojeHcTBHs [3.2].

YcioBue CHJAbBHBIX CTATHYECKUX IIOJIeH M HH3KMX TeMIeparyp
MoxeT ObITh pPeajM30BAHO B 3IKCHEPHMEHTE, [OO3TOMY CPaBHHUTEJIbHO
HETPYJAHO JOCTHYb HeJHHeHAHyl0 ofJacTb HachlllleHusi. UToObl onu-
caTh TAKYIO CHTYAUMIO, MHl JOJKHE! HCIIONB30BaTh GoJsee oOluee BhIpa-
xkeHnue (3.14) piast MOHHOro momeHta. BocnpuuMumnsocth Ban-®aeka
HE MeHsercsi, a BOCIPHHMYHBOCTH JIaHXKeBeHa CTAHOBHTCH pPABHOH

S
. Y, _exp(—BgupliMg) Mg/S
Ng ugS Mg=-—s :
Alang = — — gy S
Y, exp(—bg HMy)
Mg=—8

NgmsS (gn“BSH
— TEibe g (Lake ) (3.30)
rae Gyukuus Bg (g, ugSH/kgT) nasnBaercs ¢yuxyueir bpuarnosna.
3ameruM, uto ecau S = 1/2, 1o B (x) = th x.
IKCrepUMEeHTaTOPhl OOHYHO CTPOST TpadHK 3aBUCHMOCTH 0OGpart-
HOH BOCIIPHHMYHBOCTH OT TeMmueparypel. Ha puc. 3.1 uszobpaxena
byukuua 1/¢ an1a cnuna 3/2 B noae 30 000 3. Tak kak nocrosnHas
Kropu nmeer nopsajox efMHuub], BkAax Ban-®aeka cranoBUTCA Ba-
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R /

Ob.nacnrs
Bar-Erena

/ r 1 1 ! |
7 20 30 4w S0 T, KX

Puc. 3.1. 3aBucHMOCTb 06paTHOM BOCTIPHEMYHMBOCTH OT TEMIEpaTypH AJNA chnuHa 3/2
B none 30 000 2.

xeH ToNMbKo nipu T > ¥ vy. O6hIuHO BocnipuuMunBocTh Ban- ®rieka umeer
nopsxox 107, oguako Ha puc. 3.1 Oul10 BEIGpaHO GoJlee BLICOKOE 3HA-
yenre 1073, uyToOHl BKJIAA 3TOH BOCHPHHMYMBOCTH Gbla GoJee 3aMeTeH.
[Ipu BeiBoge popmyanl (3.17) 6bLT0 HCIOAL30BAHO EAMHCTBEHHOE
NpeANoJIOXEeHHe, COCTOsLiee B TOM, HTO 3eeMaHOBCKas 3JHeprus
MeHbIIe TenyioBoM. CliefoBaTenbHO, 3TO BhIpaXMeHHE IIPHMEHHMMO
TAKXE B TOM CJyyae, KOT[a TEILJI0BAS SHEePTUS NPEBOCXOMUT 3HEPTHIO
KPUCTAJJIHYECKOIO IoJas. B 3TOM cJayuae Mbl JOJXKHB 00palnarhb
BHHMaHME Ha YyueT COOTBETCTBYIOLIMX 3Hepruii £,. Huxe Oyger
paccMoTpeR MnpuMep yueTa Bo30YKACHHBEIX COCTOSAHHH.

3.1.3. MAPAMATHETU3M PEIKO3EMEJIbHBIX HOHOB

JIeACTBHE KPUCTANJHYECKOTO @OJS Ha pefKOo3eMeabHble MOHH,
BOOOIIE TOBOPA, BecbMa Maj0 MO CPAaBHEHHIO CO CIHUH-OPOHTANbHBLIM
B3aUMOJEHCTBHEM. PaccMOTpHM IIO3TOMY peAKO3eMeJbHBIH HOH, KO-
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TOPLIH OITHUCHIBAETCH COGCTBEHHBLIMH (DYHKUMSAMH, XapaKTE€PH3yeMbIMH
KBAaHTOBRLIMM uuciaamu J, M,, L u S. Bo3amymamomuii 3eeMaHOBCKHH
TAMMJILTOHHAH HMeEeT BUJI

7 — ug (L + 28) H. (3.31)

Ecny orpannuuThCd HABG0POM COCTOSIHHHA C HAUMEHLIUIMM 3HaueHHeM J
H HaIpaBUTb OCb 2 BJOJb [IPHJIOXKEHHOTO IOJAH, TO raMHJIbLTOHHAH
IPHMET BUJ

%z"—_—g_][J.BHJz. (332)

B pesynsTare Takoro B3aUMOAEHCTBHA COCTOSIHHe J paclienssercs
Ha 2J + 1 COCTOSIHMEH ¢ 3HEPTHAMH

Ejap=gmsM,H. (3.33)
M3 (3.15) u (3.19) naxogum
N EnRd (1)

%0, O)= T (3.34)
a u3 (3.29) nonyuaeM Ans 3dpexkTHBHOrO MOMeHTa
Uett =gy V' I (J 4-1). (3.35)

MoMeHTEl GOJILIIMHCTBA DEAKO3eMeJLHLIX HOHOB XOpOIIO COTJa-
CYKTCA € HaWjAeHHBHIMH Io ¢opmyde (3.35). 3aMeTHoe HCKJIIOYEHHE
cocraBasieT HoH Eu®*. On umeer xordurypauuio 4f% koropas coor-
BETCTBYET OCHOBHOMY cocrogHulo °F, CuaegosarensHo, J =0 H
MOMEHT M. TaKXKe AOJKeH paBHAThCA HyJdo. OfHAKO 3IKcIepHMeH-
TaJbHO IIPH KOMHATHOH TeMIepaTtype ObIO HAHUAEHO, YTO MOMEHT
coctaBisier 3,4 mMarHeroHa Bopa. UToObl moOHATH 3TO pacxoxieHHe,
3aMeTHM, YTO BO30yXKJEHHOE COCTOsiHMe “F; JIeXUT NPUMEepHO Ha
Alky =~ 350 K Bbime ocroBHOro cocrosiHHA. CJeJOBATENBbHO, MEI
JOJXKHBI YUYeCTb BJIMSAHHE ITOTO COCTOSIHHA HAa BOCIPHUMYHBOCTb.
CyuecTByI0T ABa 3(ppexTa, KOTOphle HEoGXOAMMO yuecTb: Jo6aBKa
B Boipaxenue (3.19) useros, CB3aHHBLIX C BO30YXAEHHbIM COCTOSTHHEM,
M CABUT 3HEpEUU OCHOBHO20 COCMOAHUS BCJIEACTBHE 3€€MAaHOBCKOIO
B3aHMOAEHCTBUS C BO3OYXKAEHHBIM COCTOSHHEM.

C momompic TEOPUH BO3MYLIEHHH HaXOAMM MNONDPABKYy K SHEPTHH
B IIEPBOM  IPUOIHKEHHHU:

ES)u,H=gmusH{J, M;|J:|J, M) (3.36)

U BO BTOPOM NIPHOJIHKEHHUHU:

|<J, M;|L,+2S,|J", M},)l""

(/) R A (%)
I M. EJ.M_, EJ'.M'J.

E{) MI,HQ = upH’ (3.37)

U3 cBolicTs yraosoro momenta (cM. [3.3]) cneayer, 4To MaTpHUHBIN
aneMeHT B opMyae (3.37) He obOpamaercs B HyJb TOJbKO NpH J' =
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=J 4+ 1 u M; = M,;. CrepoBarejbHO, BO BTOPOH NOPAJAOK JAAdiOT
BKJax Toabko cocrosinus |0, 0) u |1, 0). Coorsercreywomuii Ma-
TPHUHBIA 3JeMeHT ecTs (0, O|L, + 28, 1, 0) = 2; oxowuarenbxo
NOAyYaeM CJefylouue CoOCTBEHHbIE 3HAYeHHS:

4u}L H?

Eo,oz—'__A_':

E, 1—=A— gusH,
B g;LLBH, (3.38)
El O_A + B ’

Ly, 1 =A 4 gipsfl,

rie g; — 3HadeHHe g-pakropa Jlaujge, ONpejesnsieMoro BhIpaXxKe-
aueM (2.112), nas J = 1. CofcTBeHHBIE 3HAYEHHSN ITOKA3aHB Ha

[1, 1)

//__—_ o
/7 -~
J=1 /o |’J0) //
N
J=0 L 1 0,0
gu,bemrr o~ ~o
MOHL
nepeuey *gWWe’f m
emopgeo
nopsoRa

Puc. 3.2. Bauaune 3eeMaHOBCKOrD B3anMONEHCTBHHE Ha HMXHME COCTOSIHHR Eudt,

puc. 3.2. Ilogcrasasis nonyyeHHLle Pe3yJbTaThl B Buipaxenue (3.19),
nojsyyaeM AJasi 3(p¢eKTHBHOrO MOMeHTa NPH KOMHAaTHOH Temneparype
3Havenue 3,2 MarHeroHa bopa, 4To ropasjo Jyuqiie corJaacyercs
C 3KCIEPDHMEHTAJIbHLIMH JaHHBIMH.

Takum 06pa3oM, Mbl HallM, YTO BOCIPHUMYHBOCTb QH3JNEKTPHKA,
COZEDPKAIIET0 HeB3aUMOAEHCTBYIOLHE HOHHble MOMeHTH, oOnpene-
JIE€TCS BHIPAXEHUEM

% (T) = Ydiam % (T)Lavg T xvv, (3.39)

a TeMIepaTypHasi 3aBUCHUMOCTh 0O0yCa0BJ€HAa B IEpPBYIO oO4Yepenb
BOCIPHHMYUBOCTBIO JlauxXeBeHa uJaud KropH.
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3.2, METAJIJIbI

HM3yuum Tenepbp OTKJAHK HeEPeppOMarHHTHOrO MeTrannga Ha INpH-
JoxegHoe nojae. CTaTyeckass peaknusi Ha OJHOPOAHOe IIOJE BIIEPBLIE
O6ni1a ucenepoBana Ilayau, paccMOTpeBIIMM CIIHHOBBRIM Napamaree-
TH3M, M JIaHaay, KoTopuii paccMoTpes opOUTANbHBIE AMAMAarHeTU3M.

3.2.1. JHAMATHETH3M JIAHIAY

HccaenyeM opOUTaNbHBIE MOMEHT, HHAYUHMPOBAHHHIA CTATHYECKUM
BHEIIHMM IIOJIEeM B MeTanje Cco CBOOOZHEIMH 3JjekTpoHamu. Iloka
GyxeM npeHeOperaTb CIMHAMM 3JeKTPOHOB Meranna. Kak ykasniBa-
Jock B pasf. 1.2, KpaccuuyeCKHit NMojgXold K 3ToH npobseMe NPHBOAUT
K BHIBOAY, YTO MeTaJIJl HUKAK He pearHpyeT Ha BHewHee none. OfHAKO
M3 KB4HTOBOMEXZHMYECKOrO0 pPACCMOTPEHHS CJelyeT, Kax BIepBhle
nokasaa Jlangay [3.4], uro cucrema cBOGOAHBIX 3JIEKTPOHOB B JeH-
CTBHTEJABHOCTH pearHpyeT Ha BHellHee IIOJN€ U peaxkUus 3Ta Jua-
MarHuTHag. Jlauzay pewma ypasHenwue Illpepuurepa mns OZHOTO
3JIEKTPOHZ B MATHHUTHOM FOJI€; IPH NOMOLIY HAHJNEHHBIX COOCTBEH-
HBIX 3HAQYEHHHA OH CMOT BBIYHCJAHTBL CBOGOAHYIO 3HEPTHIO ¥ NOJYYHTH
HaMarHKuyeHHocTh. COOTBETCTBYIOLIAS BOCHPHUUMYHBOCTE 0KAa3aJsach
paBHo# —1/3 To# BoCIPHMMMYMBOCTH, KoTopas Owl1a nonydena [laynu
JUIsi CIIMHOBOTrO NapaMarHeTd3Ma. IOTO COOTHOIUEHHE CIIpPaBeiJMBO
npu Jwoboi TeMnepatype Kak AJS BLIPOXKAEHHBIX, TaK H [JS HeBHl-
POXJEHHBIX CHCTEM CBOOOJHBIX 3JIEKTPOHOB.

ITastepnc [3.5] nepenec pacuerhl Jlanpay Ha cayuall HOYTH cBS-
34HHBIX 3JIEKTPOHOB B NEPHOIHYECKOM IOTEHIHa e KPHCTAJNJIHYECKOH
pemetk, a Buabcon [3.6] paccMorpen noutu cBoGOLHBEIE 3JIEKTPOHHIL.
Brllo naijeHo, 4YTO ydeT BJAHSHUS pelleTKH (PAKTHYECKH CBOAHTCSH
K YMHOXEHUKW pedyabrara Jlamgay Ha m/m*, tne m* — apgextus-
Hafd Macca 3JIeKTPOoHa BOau3u noBepxHocTd Depwmu.

Hurepecno ob6cyauth, Inodemy TteopeMa Ban Jleesen He BuINOJ-
HSETCS B KBAHTOBOMeXaHHyeckoM cJayuyae. IIpuuuna 3axkmouaercs
B TOM, YTO 3JIEKTPOHEI, OPOUTEl KOTOPHIX IEePECeKAIOTCS C TpaHHIeH,
MMEIOT, BOOoOIIe ropops, OoJbiiHe KBaHTOBBIE yHcaa. ClexpoBaTenbHO,
X SHEPTUs TaKXKe BeJHKa, YTO AejaeT UX TEePMOIHHAMMYECKH MeHee
CYILeCTBEHHBLIMH, 4YEM 3JIEKTPOHEI B Macce Mmertanana. CiejoBaresbHO,
IUAMATHUTHEI MOMEHT IpeobsajaeT Telepb HajJ IapaMarHUTHBIM,
00yCJIOBJIEHHBIM «IOrPAaHHYHBIMH» 3JIEKTPOHAMHU.

[Ipo6Gaema rpaHUYHBIX 3(XPeKTOB BO3HHKAaET B TOM CJy4yae, ecilH
LI BBIYHCJEHHS BOCIPHHMYHBOCTH BHAYaJ€é TOYHO peEUIAOT YpPaB-
Henue IlIpeguHrepa AN ypoBHeH 3HepTMHM W 3aTeM HCHOJB3YIOT UX
AT HAXOXAEHHWS CTATHCTHYECKOH CyYMMEL. J3ouaxadMmep # Buancon
[3.7] oTmeTuan, YTO BCE TPYAHOCTH, CBS3aHHbIE C IPAHUYHKIM 3(dek-
TOM, MOXHO OOOHTH, eCJH BHIYHCIAATH CTAaTHCTHYECKYKO CyMMy, He
3HAs] TOYHBIX 3HAYEHHH YPOBHEH IHEPTHH.

Mul Tenepb BHIYHCJIMM BOCHPHUMYHMBOCTE JlawAay JpyrdM MeTo-
aoM (cM. [3.8]), xoTopmiit Gauxe K HameH KOHUENUHUH OTK/IHKA CH-
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creMbl. IIpemnosioXKHM, YTO HMEEeTCSs CHcTeMa CBOOOAHBLIX 3JeKTPO-
HOB, XapakTrepusyemas cdepuueckod nosepxHoctbio @epmu. Hano-
JKHM BHEIIHee cTaTuyecKoe MarHuTHoe noae H, (r), koropoe o6ycnos-
JIEeHO BHEIHHM TOKOM ¢ maOTHOCTBIO J; (r). CornacHo ypaBHeHHIO
Maxkcseanna,

V X Ho(r) =2 (Jo (r)). (3.40)

DT0 nojle UHAYUHMPYET B CHCTEME 3JIEKTPOHOB TOK € HJIOTHOCTBIO
J (r), KOTOpHIA B CBOK OYEpeAb CO3AA€T MACIOJHHTEJHLHOE IoJe,
Pe3yapTHpylOLlee IOJAHOE JOKAaJbHOE II0JIe, KOTOpoe Mil 06o3Ha-
uuM H (r), Takxke cBf3aHO ¢ TOKAaMH ypaBHenHem Maxkcsenna:

VX H ()= (3,0 + J (). (3.41)

OnpegeneHHoe TaKHM 00pAa30M JIOKANbHOE IOJI€ HMeeT PABHYIO HYJIO
pueeprenuuio. ChieJOBaTeNbHO, €r0 MOXHO BbIPA3UTh YEpPE3 BEKTOP-
NOTCHUHAN:

H(r)=V x A(r). (3.42)
CKOpOCTE 3JIEKTPOHAZ B 3TOM cllyuae OyjaeT paBHa

vi=—|p: —SAwr)]. (3.43)

OnepaTop HHAYUMPOBAHHOH IIJIOTHOCTH TOKZ CBSI3d8H CO CKOPOCTHIO
CJeAYIOIMM 06pa3oM:

J (r)-_—_-;—z [vib(r—r) +6(r —r;) v;]. (3.44)

CornacHo cooTHomeHuio (1.8), cpeaHee 3HaueHHE IJIOTHOCTH TOXKa
onpenensier HaMarHHYeHHOCTh:

(J(r)) =cV X M(r). (3.45)

Hcnonpays npeobpasopanne Dyprne ypasrenuit (3.41), (3.42) =
(3.45) u omnpepenenve socupuumuuBocTH M (q) =¥ (q)- Hy (q), no-
JyqaeMm

1 (J(q))
_ . . 3-46

% (q) 3 (3 () — (cq/3m) A (q) (3.46)
CﬂeH.OBaTeJIbHO, eCJI® MBI CMOXKEM BRIUMCJIHUTH cpem{ee 3HAYNEeHHe
IIJMOTHOCTH TOKA B HHU3ILIEM nopsuuce Ino B&KTOP-HOTeHuHaJIy, TO HOJIy-
guM Bblpa}KeHHe A5 BOCHPHHM'IHBOCTH.

Beoas ¢ypre-o6pasz p, omneparopa HMIOyJasCa, ONpexeasieMblH
KaK

[l

FRGe o), o



3.2. METAJIJIH 91

13 (3.44) Haxoaum
(J(@) =~ (pa) — - A (q). (3.48)

Jlns monyyeHus JHATOHANbHLIX KOMITOHEHT BOCIPHMMYHMBOCTH ¥
HeoOXOJUMO HAHTH CpejHee 3HAYeHHE TOH KOMIIOHEHTHI Pq, KOTOpas
napannesbHa A (qQ) B HH3IIEM INOPSAJKE [0 BeKTOP-IIOTeHIHAJy.

Ecnu n — equHuunniil BeKTOp, napanjenbHuidi A (q), TO HAM HYXKHO

&
BHIYHCIAHTD (Pq-n). Jlnsg 3TOro HCNONb3yeéM TEODHIO BO3MYILEHHA.
B npucyrcTBuM nosig raMUJIbTOHHAH HMeeT BHJ

26 — 23‘; [pi —%A(r,-)]z. (3.49)

Tax xaxk ujeH, BHIpAXKAOUWHA KHHETHYECKYIO 3HEDPTHIO, OTBEYaer
HEBO3MylLIeHHO# chepe DepMH, BO3MyLIEHHE B HU3LIEM NOPAJKE eCTh

= — = DA ()P (3.50)
i
Pasnaras A (r;)) B pag @ypre u ucnoansys (3.47), nonyyaem
= ——2 Ek:A(k)-pk. (3.51)

3anucuBasi coGCTBEHHBIE COCTOSIHHS BO3MYIIEHHOH CHCTEMH Kak | n),
a HeBO3MYIEHHOH KaK | 7), HMeeM

_ (ﬂ|%1|0)
10) = |0)+§0 b | n). (3.52)
CilenoBaTeNLHO,
~ o 2 (n|pgn|0)[?
(Pg-m)n = — Z | s F Ac). (3.53)
40

Tak xak |7) — MHOTOSIEKTPOHHBIE COCTOSSHHSL H ONEpAaTOp pPqg
TaKXXe MHOTO3JIEKTPOHHBIH, YA0OHO NepeiTH K oneparopaM BTOPHY-
HOrO KBAHTOBAHHSA

Pq = )} Ak - et 0. (3.54)

Torga cocrosiRue |n) COOTBETCTBYET TOMY, UTO MBI B3SJIH 3JEKTDOH
B cocTosiHUU k BHYTpH cthepnl @epMH U NEePEHECSIH €ro B COCTOSHHE
k + q Bre noBepxnoctH @PepmMu. Mu MoXeM, TaKHM 06pa3oM, 3aIu-

catb (Pq-R) Kak

a2 (lc-;;)2
(Pg-m)n=—7- E k-q +¢%/2 A (q). (3.55)

K< kg
|k+q|> kg
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3aMeHHUB 3[eCh CYyMMY HHTETpPajoM, NOMYYHM IJs BOCIPHHMUHBOCTH
BhIpAXKeHHe

342 2 b 2 ok
@ =ngp |1+ 4= (1) n| L] o)

4K, q \ 4K, 2kp —q
rae
___WWvye kg
R 7 R PZ (3.57)

BTopoe BhIpaXeHHe ObIJIO NOJYYEHO C UCIOJIb30BAHHEM DABEHCTBA
0
N/V = k%/3n*, B KOTOPOM YUMTHIBAETCH, YTO A8 KaKA0H TOYKH

-
H ____,”XL(Q)
g 1 | ]
0 ! YA J 4
q/2kr

Puc. 3.3. 3asHcHMOCTE BOCIPHHMUHBOCTH Jlanaay k [layns oT BOJIHOBOTO BEKTOPA.
Hx cyMMe COOTBETCTBYET CIVIONIHAN KpHBaA.

k-nipocTpaHcTBA HMMeeTcsi JABYKPATHOE CIMHOBOE BhLIPOXKAEHHE. ITOT
pe3yasTaT OBLT DoJyyeH Jlangay aada caydas ¢ = 0. Kak MH yBHIHM
B CJEAYIOLiEeM pasjeNne, 3Ta BOCIPHMMYMBOCTE COCTABJSET KAaK pas
—1/3 or BocnpuumuusocTH Ilayau. 3asucumocts Yy (q) or g npex-
CTaBjeHa Ha puc. 3.3.

Kak ™Mbl yxe ropopuau, Ilaiiepsc paccMorpes BAHsiHUE NEPHO-
AMYECKOTO MOTeHnMana Ha opOUTANBHYK BOCHPHUMYMBOCTb. I[loay-
YeHHBIH MM pE3yJbTaT B INIPEeHeOpeXXeHUH MEX30HHBIMH 3¢dexTamu
umeer BHg [3.9]

o 2 [528 d%e ___( 0% )2 dS (3.58)
KLP 487328 j‘ okL Ok "k Oky ] e~
Ecnu e (k) = #%k%/2m*, 1o moanyumM MHOXuTEIb m/m*, 0 KoTOpoM
FTOBOPHJIOCH paHee.

B ofbmem cayyae BhipaxeHue I8 oOpOUTaJbHOH BOCIPUHMYH-
BOCTH HEB32HMOAEHCTBYIOIUX OJIOXOBCKHX 3JIEKTPOHOB OLIIO IIOJY-
yeHo B Haualse 60-X rojoB, OQHAKO 3TH (POPMYJBl CAHIIKOM CJIOXHHI.
B 1970 r. ®dyxkaama [3.10] npennoxun HoByw (GOpMYyJIHPOBKY,
MO3BOJMKBIIYI0 HENOCPEACTBEHHO IPOBECTH BBIYUCJIEHHUS C YYETOM
peqATHBUCTCKUX 3bdekroB. OKa3nBaeTCH, YTO BOCNPHHMUHBOCTB
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OYeHb YYBCTBHTENbHA K IOJOXKEHHIO YpOBHA PepMH OTHOCHTEJIBHO
KPHUTHYECKUX TOYEeK B 30He Bpuanwosna. 1o BUAHO U3 pucC. 3.4, rAae
1300pa*KeHa BOCIPHHUMYHBOCTS (B €fUHH1IaX BOCTIPHUMUYKBOCTH JIaHzay)
/I NpPOCTOH MOZENaH, KOTopas SBJASeTCH IeDHOAHYECKOH BAOJb
OCH X M COOTBETCTBYET ABHIKEHHIO CBOOOJHHIX 3JIEKTPOHOB IO OCTalb-
HbIM HalpasleHUsIM. DoJpiioHd AMaMarHeTd3M BHCMyTa KakK pas BO3-
HUKaeT Onarofapsi TAaKOMy MEX30HHOMY B3aHMOJEHCTBHIO H HMeEET
TAKylo e (U3MUEeCKYI0 HHTEPIpEeTalHio, Kak ¥ OoJblide 3Haue-
HHA g, KOTOphle OOYyCJOBJEHE OOJbIIMMH MEXATOMHBIMH BHXpeE-
BuMH TOKaMu (cM. ctp. 78).

E(k)

A ] Vv EF
a g

Puc. 3.4, 3aBucHMOCTE OpPOHTAJbHOH BOCIPHHMYHMBOCTE OT SHeprud Pepmu (6)
A COOTBETCTBYIOIAM 30HHAA CTPYKTypa (a).

DneKTPOHb! B APYTHX 30HAX, KPOME S-30H, MOIyT AaBaTb OpOH-
TaNbHBIH napamasHumubil BKIAJL, HAa 4YTO BhepBhle ykKazann Kyb6o
¥ O6ara [3.11]. OpOuranbHelfi NapaMarHUTHLIA BKJaf UMEET TO Xe
NpOHCXOXKAEHHe, YTO H BocnpuuMuKBoCcTh Bau-®Jjeka B cayyae Jloka-
JIU30BAHHBIX 3JJIEKTPOHOB. TakuM obpasoM, 3To 3{deKT BTOPOro Mo-
PALKA, YYUTHIBAIOUHHA OPOUTANBHYIO YaCTb 3€eMaHOBCKOI'O B3aHMO-
pelicteug. Jlas MeransioB oH HMeer CJeLYIOIMUH BHA:

2""'2 f Em __'f Em' ’
tos =g [t 3 L | (kIL P | (359

rOe &nx — DHEPLHS 3JEKTPOHA C BOJHOBLIM 4YuCIOM K B 30HE C HOMe-
POM M, a MHOXKHTENb 2 B YHCJHUTENE BO3HHKAET 3a CYET JBYX CIIHHO-
BBIX COCTOSAHHH. -
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Hakonen, caregyer OTMETHTb, YTO ANl CBEPXIPOBOJHHKOB HB8-3a
HaJUYHA WEJH B JHeprerHyeckoM cnektpe (pg-n) = 0. TlosTomy

| ep/e
% (Q)super = — in ¢t _i_pm%/c.z ’ (3-60)

rie op = 4nne’/m — nnaaMennas yacrtora. CooTBeTcTBylOllasi IJy-
6MHa 3KpAaHMPOBKH paBHA JIOHAOHOBCKOH Tray6uHe [POHMKHOBE-
nus (mc*/4nne?)!’2. Ilpu g — 0 senuunna ¥ (q) cTpeMUTCH K BOCIPH-
HMUYHBOCTH abCoOJIIOTHOTO jJUaMarHeruka —1/4:m.

3.2.2, 3¢PEKT JE TAA3A—BAH AJIb®EHA

Kak u npH paccMOTpEHUHM HOHOB, HeJHHeHHble 3PPEKTh! NOAB-
JISIOTCS NPYW OYeHb HH3KON TEMNIEPATYPE HJHU B OYEHDb GOJBILHX IONAX,
Takux, 4to ugH > kgT. B cayuae AvamarHernama MeTansIOB HeJH-
HEHHOCTh INPOSIBASETCH B NEPHOAHYECKOM H3MEHEHHH HHJAYLHPOBaH-
Horo MoMeHTa Kak ¢yrknuu 1/H. Takoe noeezerue GHIJIO Npencka-
3ano Jlaunay [3.4], nmoapo6uo uayueno Ilaftepscom [3.5] u ma6iio-
ganoch ne I'aazom u Bar Anpbenom [3.12]. Iggexm Oe I'aaza—
Ban Aabgena, Kak U3BECTHO, CEHYac CTAN HIPATh BAXKHYIKIO POJNB NPH
onpefesNeHHH (GopMmbl nopepxHocTeH @epMH.

Ilogxon, OCHOBAaHHHIH HAa TEOPHM BO3MYIIEHHH H HCIOJAb30BaH-
HEIH JUIsi BBIYMCJEHHSI BOCNDUHMYMBOCTH Jlawaay, HegocTaToOueH
Ans onucaHuda 3¢pexta fe 'aaza—Ban Anbdena. ITostoMy Mul Gygem
BBIYHCIATL BOCIHPHHMYMBOCTB, HCXOAS H3 CBOOOAHOHR 3HEPTHH,
KOTOPYIO B CBOIO OYEpPEAb MOXKHO HAHTH, eCJAHM U3BECTHHl TOUHBIE
3HaueHUs ypoBHe#H suepruu. Chelyer yNnoMAHYTh O TOM, 4YTO AJA
BBIPOXACHHOH CHCTEMBl 3JIEKTPOHOB, KaK ImoKasaidd J3oHpXxa#Mep
u Buascon [3.7], cBoGoanas sHeprus paetcsi o6paTHHIM INpeoGpa-
3oBaHuHeM Jlannaca KJaaccHYeCKOH cTaTHCTHYecKOH cymMmul Z (),
rae B = 1/kgT paccMaTpuBaeTcsi KaK KOMILJIEKCHasl NepeMeHHas.
HMRrTepecHo oT™MeTHTh, 4TO npH 3ToM Z (B) uMeeT B Hauane KOOpAMHAT
TOUYKY BETBJEHHS, OTBETCTBEHHYIO 32 JUaMarHeTuaM JIawjay, u CepHio
IIOJMIOCOB HA MHHUMOH OCH, KOTOphe NPUBOAAT K OCHHJVISLHAM 1€
[aaaa—Baun Aubdena.

Ypasrenue Illlpeawnrepa JAias 3JEKTPOHZ B OJHOPOAHOM MAarHUT-
HOM IIOJIe UMEET BUJ

s (p— = A) b= Ev. (3.61)

Kak 3amerna Jlampay, Haubosee yRoOHO NOJbL30BaThbCS TAKOH Ka-

JUOPOBKOH BEKTOpHOro noTeHuHana, B kotopod A = Hxy. Torna
ua (3.61) umeem

0? ) . eH 2 i 2mE
2 (i e R B o G
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Ec/iu UCKaTh pelieHue B BHAE |
b= exp [i (kY +- k:2)l ¢ (%),
To GyHKUHSA @ (X) AOMXKHA YJIOBJCTBOPSATh YPABHEHHIO

Ao . [ 2mE eH 2
W+[T_kzm(kym—,!-c-x)](p=o. (3.63)
Ho 310 kak pas ypasuenue lllpepunrepa A8 oJHOMEDHOIO TapMo-
HHYeCKOro OCLMJJNATOPA C UEHTPOM B TOYKe x, = fck,/eH. Crepo-
BaTeJbHO, MOXHO Cpa3y e 3anucath coOcTBeHHble (QYHKIHU:

. by, = -VNL—"' exp [i (kyy + kaz)] exp [— (@3/2) (x — X0)*] X

ylz
X H, ot (x — x)], (3.64)
raie N, — HODMHPOBOYWHBIY MHOXHUTENL, H, — NOJMHOM IpMHTA,
o = (mw/h)'2, o, = |e| H/mc — uukaorponxas vacrora. CobcrBen-
Hble€ 3HAYEHUS SHEPTUHM PABHE
En, kys ky = (ﬂ +-2—) fio, + 2mz . (3.65)

Tenepp Mbl MOXKeM NEPEeATH K BBIYUCJIEHHIO MOMEHTAa NIPH IOMOILM
CTaTuCTHYeCKOH cyMMBl (3.7). Ilpu BRIUHCACHHH CJIeja HY2KHO NTOMHHUTD
O COXpaHEHHH NOJHOIO YUCJIA 3JEKTPOHOB. Takoi BONpoC He BO3HH-
KaeT NP HCCAEJOBAHUH JU3JIEKTPHKOB, TA€ BCE MOHB! HJH 3JIEKTPOHH
paznuuuMbl. B Merannax, ofHAaKo, HET HOHHKIX LEHTPOB, ¢ KOTOPBLIMH
MOXHO ObLI0 Ohl CBA3aTh OTHAEJNbHBEIE 3JEKTPOHH H, TaKMM ofpas3oM,
oriHuath HX. CnegoBaTeNbHO, y HAC ecThb cucreMa N neHCTBUTENBHO
HEpa3JIMUYUMBIX 4acTuil. B Tako# cuTyauud yaio6HO CyMMHPOBAaTh IO
6ceM BO3MOXKHBIM COCTOSHMSM HE3aBUCHMO OT YMCJA YacTHL B HUX,
a B (QYHKUHIO pacnpejeseHHsi BBECTH MHOXHTENb, YUUTHIBRIOLIKH
COXpaHeHHe IOJIHOTO YHCJa YacTHI. B MareMaTHKe TaKOH MHOXHTEIb
Ha3wBaeTcs Muomcumerem Jlazpanosca. B Hawem ciayyae ero Hashl-
BAIOT XUMUYECKUM nomeryuaaom. Takum obGpa3soMm, Mhl 6epeM paBHO-
BEeCHYI0O MAaTpHUY ILIOTHOCTH CJAEAYIOILEro BHAA:

0 = exp [B(Q — 76 - AN}, (3.66)

rne Q@ — TepMOAMHAMHUYECKMH MOTEHUMANT:
Q= —kg TInQ (3.67)

H Q — Boabwiasg CTAaTUCTHYECKAs CyMmMa:
Q= Tr {exp [—f (78 — AN)]}. (3.68)

3pecy A — onepaTop MOJNHOTO 4YHeaa YacTHl, & A — XMMHUYECKHH
NOTEHIHaJ, ONpejesieMblil M3 yCJOBUSA

(Ay=N. (3.69)
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Caepn B ¢popmyne (3.68) Gepercsi 6€3 orpaHHYeHHH HA ITOJHOE YHCIO
yacTl. Bupakenne (3.66) Ha3LIBACTCH O0AbUUUM KAHOHUYECKUM
pacnpeceseHuem.

[TocKOANBEKY TOJMIHOE UHCA0 YacTHI He 3aBHCHT OT MATHMTHOTO
nosas, paseHcTso (1.22), oueBHAHO, MOXHO 0606LIHTH, 3alKCaB

kT 0

[lpu sbluKCneHun caepa B ¢opmyne (3.68) B kauecrBe 6Ga3uCHBIX
coctofHUH Bo3bMeM (1.99). [lockosbKy HeT orpaHuueHHH Ha IOJHOE
YHCJIO YacTHI, CYHIECTBYeT OJHO cocTrofHue ©Oe3 wgactHm, |0, 0,
eors 0y ..., Oxo), OECKOHEYHO MHOLO COCTOSHHM C OAHOH uHacTHuEH
| 15, 0s, ..., 0;, ...) H T. 4. 31echb i 0603HaYaeT HaBop KBAHTOBLIX YHCE
{n, k;, k). Takum o6pa3oM, Q NpHHHMaeT BHUJ

Q=1- ; exp [—B (E: — )] +-
+ X exp[—B(E; —A)exp [—B(E; —A)+.... (3.71)

(]

ITO BBIpAXEHHE MOXKHO 3aNHcaTh Kak
Q=110 +expl—B(E:—M)). (3.72)
i
CnejoBarenbHO, TEPMOAMHAMHYECKUH IOTEHUHAN NPHHHMAET BHJ

Q= —kgT X In(1 +exp[—B(E; — N))). (3.73)

B orcyTcTBHE MATHHTHOTO OIS COCTOSIHMSL XapaKTePH30BAaNHCh Okl
CBOMM BOJIHOBBIM BeKTOpPOM k, a cymma B paseHcrse (3.73) cBopauu-
Basack Obl B uHTerpan no k-npocrpaucrsy. B npucyrcTBuu nons
COCTOSHHMS XapaKTepH3YIOTCS KBAHTOBHIMM YHCJIAMH 7, K, U k.
[lepoHayasbhbple pacnpeleNeHHsi TOYeK B INIOCKOCTH K.k, co6u-
pawTcs B lNapajjedbHble OCH K, «TPpyOKuH», 0603HAYaeMble KBAHTO-
BbIMM 4HCJIaMH n. Tak Xak IOJHOE YHUCIO COCTOSHHH JOJKHO OCTa-
BAThCsl NIOCTOSIHHBIM, HaXOJMM, HYTO YHCJIO COCTOSHHH Ha 3JEeMeHT
Anuubl dk, Tako# TpyOku ects (eHV/2n*fic) dk,. ChepoBatenbHo,
cyMMmy Mo { B paseHcTBe (3.73) MOKHO 3aMEHHTb CYMMOH 10 7 ¥ MH-
TerpajioM no k, [3.131:

Q= kgT (_;tizh"?) _j dk, ZD In(l +expl—B(E(n, &) —A)]). (3.74)

[lonyuaromuiics B pesyiabTare TEPMOAHMHAMHYECKHH IOTEHIHAN
JaeT jBa BKJA3aja B BOCNPHUMYHBOCTB. IlepBRIA TOYHO COBHAgaeT
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I Fe a
- g [110]
T=0,6K
; i I
91,66 xI'

1. | M

88,726 kl'c
B=N+47(I-D)M —a
}, v vi b
I
v |
21V, il
ny
p——
L 1 1 = . - I
0 100 200 SO0 400

Yacmoma, My

Puc. 3.5. Ocumanupyiollas KOMNOHEHTA AMaMarHUTHOTO MOMeHTa B Jenede (a)
H ee uactotHbift cnexktp (6). (C paspewenus I'. T, Jlonaapuxa.)

4 p, vapr
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C pesyJsbraTtoM JlaHaay, KOTOphIA MBl yXe NoJaydyuau, Bropo# umeer
OCUMJIJIATOPHBIA BHUJ

- H o\ AT 5 n
0Q(2) 2kBTE (—1)s ( 2;ch ) - (2ﬂ2(.lSkBT/hﬁ)c) CoS (:LH Ay + T) .

- (3.75)

B 3stom BHpaxenun A, — 3KCTpeManbHas ILIOWIALb I[IONEPEYHOro
ceyeHHs NoBepXHoctd PepmMu Ha HekoTopol BeicoTe k, = k,. Pas-
JIOXKEHUE NJIOAAU TONEepPeYHOro ceyeHHs BOJM3M ITOH TOUKH HMeEeT
BHJ

A= Ao+ (b — kP A5+ ..., (3.76)

yro onpegensier Ap. Broipaxenwue (3.75) nmokaspiBaer, yTO MarHHTHAA
BOCIIPMUMUYHKBOCTb COJEPKHT HJEH, NPEeACTABJARIOILHE COBOH OCIU/I-
Jupylolnyio ¢pyukuuw or 1/H. bonee Toro, nepuog 3THX OCLHIIALHH
HEIIOCPEACTBEHHO ONpefensieT SKCTPEMANbHYKIO IIOMaAb CEYEHHS IIO-
BepXHOCTH (PepMH, NepneHAUKyJsipHOTO RANDABIEHUIO MATHHTHOTO
noas.

Ha puc. 3.5,a wu306paxeHa OoCUMHJANHPYIOIASA KOMIIOHEHT4 Ha-
MarHMYeHHOCTH JJA Kenaesa. [JoCKOJIbKYy CNHHAM, HAOPaBJAEHHBIM
«BBEPX» M «BHH3», OTBEYAlOT COOCTBEHHBbIE NoBepXHocTH (PepMu co
CNIOXHO# TomoJorued, BKaag B 3tgexkt ge aaza—Ban Anndena
JA10T pa3Hble ceyenus. Ilnomans ceyeHHi onpegensercs H3 aHaax3a
YJaCTOTHOTO CIEKTPA HAMATHHYEHHOCTH, NOKa3aHHOTO Ha puc. 3.5, 6.
Ilnomane A nonepeyHoro ceyeHus, BHIPAXKEHHASs] B aTOMHBLIX €IHHU-
laXx, NpONOpPUMOHAABLHA 4actoTe F B Merarepuax, a HMeHHO A =
= 2,673-1073F. KOMGUHKDPYS 3TH JaHHBlE C pACYETOM 30HHOH CTPYK-
TYDBI, MOXHO NOCTPOHTb NOBepXHOCTh Pepmu.

3.2.3. KBAHTOBbIA 3PPEKT XOJJIAY)

B nBymepHo# cucreMe cyuiectBoBaHMe ypoBHeH Jlanpgay mnpH-
BOJUT K BechMa HHTEPECHHIM CJEJCTBHAM. Y paBHEeHHe JBHXKEHHA
3JIEKTPOHA B 3JICKTPUYECKOM H MATHHTHBIM IOJSIX UMEET BHJ

av 1 ) \
% . *
—_— = —vXH)—m*—.
m* — e(c‘f - —V X m* —
B cranuonapsoM cJhayuae (dv/dt = 0) Anf CHABHBIX MATHUTHBIX

noae#t (npu w,T > 1) 3T0 ypaBHEHHE MOXHO 3aNHCATh CJERYIOLIHM
obpazom:

0=ed&, —}—ﬁf—vy.

1y Cm. smteparypy Ha ctp. 5. — [Tpum. ped.
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[17oTHOCTh TOKa B y-Hanpapaeuwuu paBHa Nev,, rie N — nJjoTHOCTD
3JIEKTPOHOB, CJIEJOBATENbHO, XOJJOBCKYIO MPOBOJAMMOCTh MOXHO
NpeACTABHTh B BHJE |

iy Nee
& H |
Ecnu MBl npeznofioXuM, 4YTO BCe 3JMEKTPOHB IIPOBOAHMOCTH
Haxo#AaTca Ha ypoBHaX Jlawjgay, a ypoBeHh @epMH pPacHoJIONKeH
MeXAy n-M B n -+ 1-M ypoBesimu Jlanaay, To naotHocte N Oyner
NPOCTO PaBHA MNPOU3BEJEHHIO UYMCJIA 3aMOJHEHHBIX ypoBHe# JlaH-
JAy 7 Ha KPAaTHOCTh BRIPOXK/JEHUS KAXKA0TO YPOBHSA eHyhc, OTHECEHHO-
My.K eQHHHKIE IO afu. TakuM o6pa3oM, A XOJJIOBCKOH IPOBOARH-
MOCTH NOJYYUM :

Oxy

Pz
h?
T. €. NPOBORZMMOCTb OKa3hlBAETCS KBAHTOBAHHOA B eRMHMuax e/A.
Jlanee, ecan yposenb DepMH JEXKHT MeXAy ypoBHAMH Jlannay,

IVIOTHOCTb COCTOSIHUE HAa HeM paBHa HYyJO U O,, = 0. Orciona cie-
AyeT, UTO JMaroHaJbHAasi KOMIIOCHEHTAa CONPOTHUBJIEHHS

Opx = Oxx
xx T "3 2
Oyx 1 Oyy

TaKXe paBHa HyJo (OCKOMbKY Oy, = 0, a 0,, 7= 0); caegosaTenbHo,
CONPOTHBJIEHHE ABYMEPHOH CHCTEMBEl PAaBHO HYJIO.

Takoe mnosejeHHe ABYMEPHOH CUCTEMEI AEHCTBUTEJNbHO Habniona-
Jock ¢oH Kauruunurom u ap. [3.14] pas uHBepcHOro tlos KpeMHHe-
BoH MOIl-cTpykTyphl (IOJIEBOH TPAH3UCTOD HA CTPYKType MeTrall—
OKHCeJ—MONyNPOBOAHKK). [Ipy n3aMeHEHUHM HaNpAMXKEHHA Ha 3aTBOpE
TAKOr0 TPAH3KCTOpPA ypoBeHb (DepMH NIPOXOJUT yepe3 ypoBHH JlaH-
gay. Ha puc. 3.6 npeacraBneHbl 3aBHCHMOCTb NPOAOJLHOTO HanpA-
XeHHS V, COOTBETCTBYIOUIETO IIOCTOSSHHOMY TOKYy, H XOJIJIOBCKOIO
HanpsKeHUst Vygp OT HanpsxeHusi Ha 3aTtBope. [lraro B XoJJ0B-
CKOM HaNpsXKEHMH OTBEYAIOT XOJJIOBCKOMY CONPOTHBACHHIO Ry =
= h/e?n ¢ Touynoctbio Bhme 1078, Tcywn u Foccapp [3.15] nabmopanu
3TOT 3(eKT TakXKe B TETEPOCTPYKTypPaX Ha apCeHHJe Trajulus NpH
M3MEHEHMH IPUJIOKEHHOTO MATHHUTHOIO IOJA.

B atux HabaiofeHUAX 3aTafOdyHOH KaxXeTcsl HeoObLIYaWHO BHICOKas
TOYHOCTb, C KOTOPOH IIATO XOJJIOBCKOH IIPOBOJHMOCTH Oy, J3€T
BeMIHUUHY e?/h. VI3 cylmecTBOBaHHA NaaTO CAELYET, YTO MEXAYy ypPOB-
HAMH Jlanjay HMelOTCS JIOKAJIM30BAHHBIE COCTOAHHS, IO KOTOPHIM
MOXET NepefBHTaThCs ypoBeHb PepmHu, Kak Nokas3aHo Ha puc. 3.7.
ITocKoNIbKY Td4KHE COCTOSIHMS He NEepeHOCSAT TOK, MOXHO OblIo Ohl
OXHUAATh, 4YTO Oy, Oyher MeHbUIe HAHZEHHOrO BHIIIE HAEANBLHOTO
anavenud. [Ipengxk [3.16], a Takxe Tcyn n Aanen [3.17 ] nokasany,
OQHAKO, YTO faXe eCJH MMEIOTCSH JIOKAJM30BAHHLIE COCTOSIHHS, BCE XKe
OCTAIOLIHECS] HEJNOKANM30BAHHKIE COCTOSIHMS NMEPEHOCAT AONOJHHTE/b-
HBlH XOJJIOBCKMH TOK, KOTOPHIA B TOYHOCTH KOMIIEHCHPYET OTCYT-
CTBME [epeHoca M3-3a JOKAMM30BAHHBIX CocTOAHHH. Kpome Toro,

4‘
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g0 J0

129
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3 N
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x

~ ™~

110
Lo~
pra—

a5t K-.. —5
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J 10 15 /] 25
n=0 n=7 —-—---t——r;:z——)-'

Vg, B

Puc. 3.6, 3aBHCKMOCTE NPOJOJBHOTO K XOJIOBCKOrO Hanpskerus B MOIT-cTpykrype
Ha KPEMHHH, 9€pe3 KOTOpyIo nponyckaercs TOk | MKA, or Hanpskenus Ha 3aTBope Vg;
marguTHoe none 18 Ta. Homep n oTHOCHTCHE K 3anosHeHHHM ypoBEsaM Jlapjay.
CTpyxTypa BHYTpH JAHHOTO YPOBHSI BOBHHKA€T H3-32 CIIHHA M BHIDOXKJEHHS 30HHOR

CTPYKTYPH.

cJIeqyeT NOMHHUTL 00 3dxpeKTaX B3aHMOJACHCTBHA H KpaeBhIX s(rpexrax,
HcKaxaouux pesyabrarthl. Jlaguun [3.18] npexnonoxua, yto KpaH-
ToBaHHe Npeactasaser cobod Oonee (yHAAMEHTANbHOE fBJEHHE,
yeM HPEeZII0NATajoch BRIIE, 4 UMEHHO, YTO OHO ABJIAETCS CACNCTBHEM
rpaJMEeHTHOH HHBADHAHTHOCTH. PaccMOTPHM NDOBOJSILLYIO JIEHTY,
CBEPHYTYI0 B KOJbLO, KaK noka3aHo Ha puc. 3.8. Ilpeanonoxum,
YTO MarHUTHOE [10JIe HAaNPABIEHO 110 HOPMAJH K JIEHTe; TOTa BONHOBLIE
(YHKIHH 3JEKTPOHOB NpPEACTABNAIOT CO00H IJIOCKHE BOJHBI B X-
HanpaBJeHUH ¥ BOJHOBhIE (JYHKI¥H TapMOHHYECKHX OCIHJISIHM
(c ueHTpOM B TOYKe y,) B y-HanpasJeHHu. Ecau Tenepn Mul 6yzem
HW3MEHATb NOTOK Ag uepe3 KOAbLO, TO NIPH 3TOM COOTBETCTBEHHO
H3MEHfIeTCHd BEKTOP-NIOTEHIHAN B HanNpaBJI€HHH BOKPYr KoJabla,

T.¢. A >A+ AA= A+ (A¢/L) x. Taxoe KanuOpoBOYHOE mpe-
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o6pa3oBaHue CHBUrA€T LEHTP BOJHOBOH
¢yHkuMu Ha Benuuuny AA/H,. B yactHocTH,

eC/IH NIOTOK H3MEHSeTCs Ha OZMH KBAHT IIO-

ToKa hcle, TO KaXJoe COCTOAHHE CABUTAETCH P
TOYHO B IIEHTP cocepHero. B peayJapraTte '
OZHO COCTOSIHME H3 KaXJ0ro ypoBHs Jlanjaay
CXBUTAETCS C OJHOIO Kpasi JIEHTHI K IPYTroMy.
[Tonarasi, 4yTo K JIGHTE IPHJIOMKEHO Hamps-
Xenue V, HallgeMm, 4TO TAKOK CABUI COOTBET-

CTBYeT VBEJIHYEHHIO I[OJHOH 3HEPrHH Ha T
neV, The n — YUCJIO 3aNOJHEHHBIX YPOBHEHA  hw,
Jlannay. M3menenue 3neprun AU cBsizaHo l
C TOKOM B JICHTE OOLIHM COOTHOUICHHEM: .

c nec ne«
[ cAU _ necV _ neV
T A (/) h
TakuM o6pa3oM, XOJIOBCKAS TPOBOAUMOCTH
(I/V) uMeer yKa3aHHhi paHee Bujg, T.e. Fuc. 3.7. Pynkuus nior-
KBAaHTOBAHA. JIIOGOMY JIOKAMH30BAHHOMY CO- norn SOCTOARKH, HOKASL-
. Y Y Bai0OIlay YIIHDEHHHE YPOB-
CTOAHHIO, COIVIACHO CKd43aHHOMY BbIIIE, OT- HH .Han,uay H JIOKAJH30-
BeyaeT (DAa30BBLIA CABHI IIPH COOTBETCTBYIOLEM  BaHHWE COCTOAHHA  (3a-
Kanu6poBOYHOM npeobpa3oBaHHH, HO €ro HITPHXOBAHEI).
3Heprus He uaMersercs. Takum o6pazoM, OHH
He JaI0T BKJ3JAa B X0OJJM0BCKHE TOKH. Bosee Toro, noCcKoMbKy Hanp sxke-
HHe V 1o onpegeseHHIo eCTh pa3HocTh ypoBHeH depmu Ha KoHax ob-
pasna, kpaesbie 3(peKThl TeM CAMBIM YYHTHIBAIOTCA ABTOMATHYECKH.

NE)

eth= ¥n (y"' ya)

Puc. 3.8, DiekTpoHHas BOJIHOBAaX (QYHKIMA AJA5 MeTANJIKIECKOr0 KoJblla
B panualbHOM MarHHTHOM IOJe,
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3.2.4. MAPAMATHETHU3M TNAY/JIH

PaccMOTpUM T€neph CIWHOBBIA OTKAHK CHCTEMBI CBOOOAHBIX 3JIEK-
TpoHOB. Kak 6bJ10 oTMEUEHO B HauaJje 3TOH I1aBbl, Mbl MOXKEM pacCyu-
TaTb OTKJHK CHCTEMbl HA IIPOHM3BOJILHOE CTATHYECKOE ToJe, ECNTH
HaM H3BECTEH OTKJAHK Ha OTAENbHYIO KomnoneHTy Pypre. IlosToMmy
npuJaoXuM BHemnee none Buxa H cos (q-r). BaaumogeicTBue coO
COHHAMH 3JICKTPOHOB OIHCHIBAETCH IAMUJIbTOHHAHOM

H = Y gugs;- Heos (q ). (3.77)
{

Cornacuo ¢opmyne (1.22), momeHT, cO3naBacMbIH NOJEM, MOXKHO
HAaWTH NyTEM BLIUHCJICHUS W3MEHCHHS 3IHEPTrHH CHCTEMEI, KoTOopas
NponopuHOHanbHa mnoso. s 3TOro BoCnoNb3yeMmMcs TEOpHEH BO3-
MYLIEHHH. 3aMEeTHM, 4YTO €c/d OChb KBAHTOBAHHSI CHCTEMHl BhIOpaHa
B Hanpapaeuun H, To npu q = 0 B ramunbronuate (3.77) maTpHUHbIE
3JIEMEHTb! NIEPBOTO MOPsAAKA JHaroHanbHul. CiaezoBaTe/bHO, BHIUHCIIE-
HHSl 1O TE€OPDHH BoamylmleHHH s @ = 0 M q 5= 0 6yAyT pa3JIHUHHL.
UTo6sl H36eXaTh 3TOH TPYAHOCTH, NPEAIIGAONKHM, YTO NoJe Halpas-

JqeHo BxoJwr ocH x, H = Hx. Torza

b — g”fH Z (st + s7)[exp (iq-r;) +exp (—iq-r)].  (3.78)

{

OcymecTBasAs BTOPHUHOE KBAHTOBAHHE 3TOr0 B3AHMOJEHCTBHA, KaK
ONHCaHO B IJ. 1, nosayyaem

gugH + L E ¥ +
H=— 2 @i 1q, 10k, § + Qita, 4Bkt -+ Bk—g, 18k, § + k—q, |8ks)-
k

(3.79)

Cpasy xe BHAHO, YTO AMATOHANBHBIX MATPHUYHBLIX 3JIEMEHTOB NEPBOIO
nopsifka Her. [lonpaBka BTOPOro mnopsfiika K 3HEPTHH HMEET BHA

H \2 ¥ 2
AE = (f—t&f—) Z |§ak+q'_°ak°>| + (Unens!, cojepxkamue -—q).
k.o

ko 8k-}-q. —0
(3.80)

CymMa o k orpannuena Takump 3HaueHusiMu k BHyTpu cheprr PepMy,
ana KotopelXx k + q aexur BHe chephl Pepmu. Tax Kak HeBO3MY-
LIEHHLIE SHEPTHM He 3aBHCAT OT CNHHA, nonpaska (3.80) mpHHHMaeT

BH]L
AE— ¥ ) [f“(lﬁf".*") + f“(lhf"“‘)], (3.81)

8 - Ext+q — tk Ey_q — &k
rae fx — pynknus Qepmu:

1
fe= exp [(6x — &p)/kpT] + 1 (3.82)
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[TockonbKy CyMMHpOBaHWe pacnpocTpaHsieTcsi Ha Bce kK, BO BTOpPOM
uJeHe MOXHO 3aMeHHuTh k — k 4+ q ¥ obbenuHuTh 0ba uleHa B ORHH:

Mo
” 8k—&-q — &y

Tak kak

AE = — +[drM@)-H () =— & fdrM () cos(q-r),  (3.83)

npousBogHas —AE no H HenocpeacreeHHo aaetr M (q). Crenona-
tennHo, np¥ H (q) = HV/2 BoCOpHHUMYHBOCTE NPHHHMAET BHJ

gP-B Z fx — Fx4q

£ — &
m k-+q k

% (q) =

(3.84)

Cymmy B (3.84) MOXHO BBIYMC/IUTH, 3aMEHHB €€ HHTerpa’oM. Ilpu
T = 0 K nonyyaem

3g°up (N/V) q
x(@=——g—F(g5), (3.85)

rae
4 N Ly ke fy 2kp+q
F(2kp ) =7 T3 (1 4kp )ln Thr—q |’ (3.86)
a N — noJHoe 4HCJIO SJICKTPOHOB B CHCTEME. SaMeTHM, 4TO

limF(z—‘;’z;) =1. (3.87)

g—+0

C yuerom TOro uto g = 2 u pg = efi/2me, Buipaxenre (3.85) MoXxHO
3aMHCaTh TakK:

I %(0) = xpautiF (g5 ) l (3.88)
rjpe
3V e
APauli = Tamdi (3.89)

Bocnpuumuusocms [layau, onpegensemas ¢opmyno# (3.89), onu-
CHIBAET CIIHHOBbIM OTKJIHK 3JEKTPOHHOH CHCTEMBl HA OOHOPOOHOE
BHewmree nosie. Uro6el 310 NMOKa3aTb, 3aMETHM, 4YTO A OXHOPOJ-
noro noas H (q) = H A (q). Crenoparensio,

M(r)= Eq eia-ry (q) H (q) = xpauiH. (3.90)

3aBucumocTs 7§ (qQ) OT BOJIHOBOTO BeKTOpa IpejACTABJNEHA Ha
puc. 3.3. OTmeruM, YTO 312 (YHKIHS HMEET GECKOHEYHYIO TNPOHU3-
BOZHYK NpH ¢ = 2ke. Bocnpuumuusoctb (3.88) Gulna mosnyuexa npo
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VCJIOBHH, YTO TeMIlepaTypa Mana 10 CPABHEHHIO C TEMIEePatypoH
Qepmu. Tak xak Temmneparypa PepMu ob6muHo nopsaxa 10 000 K,
3TO B 0o0lieM cayuade BroJHe Xopolnee npubanxenue. OgHako HHOIZA,
HAaNPUMED B METaJdaX THNA NaldJafuf U HEBBIPOXKJEHHBIX HOJYIIPO-
BOZHHKaX, Temneparypa ®Pepmu ropaszo MeHpwe. Torga BroJHe
BO3MOXHO JOCTHYb TAKOH 06/1aCTH, A€ 3JIEKTPOHBI BeAyT ce6s Kak 00Jb-
IIMAHOBCKHUE YACTHILLI ¥ BOCIIPHHMYHBOCTb ONHChIBAETCH 3aKOHOM KIOpH.

HurepecHo paccMOTperb, KaK H3MEHSETCsl CIMHOBAs BOCHPUHM-
YHBOCTb, KOTJd METANA NEPEXOJUT B CBEPXIIPOBOAAIIEE COCTOSHHE.
B cBepXnpoBOJHUKE 3JIEKTPOHHI
C MPOTHUBONOJOXKHLIMH CHHHAMH

Xp CKOPPE/MHPOBAHEl HA PACCTOSHUH
§y, HAa3blBaeMOM JJMHHOH Kore-
peHTHocTH. /[l BOJMTHOBHIX BeK-

x(q) TOPOB, MEHbIIHKX, yeM §;! Maruur-

HBIH OTKJIMK TAKHX Nap NOZABJEH.
Y4yuthlBas 3TO OOCTOATENBLCTBO,
a TakxKe YMCHbIUCHHE OTKJIHKA
| ; npu k> 2kg, mnoayuaeM, 4TO
& g, kp BOCIIPHHMYHBOCTh HMMEET MaKCH-

|
|
I
I
I
I
l
I
L

q MyM npu g, = (2mki/E )3, Kak
- I0Ka3aHo Ha puc. 3.9.
Puc. 3.9. 3aBucHMOCTE CIHHOBOH ROC- H
NPHHMYHBOCTH OT BOJIHOBOTO BEKTOpA a4 CIYHOBYX BOCIpYHMYK-
ATl CBEDXIPOBOJHMKA, BOCTh, T4K XK€ KaK ¥ Ha OpOHTA/b-

HYIO, BJHSET NEPHOAUYHOCTL pe-
wetku., OgHako B mnpejene cnaboro CnMHOPOUTANBHOrO B3aHMOJEH-
CTBHSI MOXHO TOBOPHTb O 30HAX CO CIIMHOM, HANpPABJEHHLIM BBEpX,
M CIIMHOM, HanpapJeHHLIM BHH3, W HCIOJb30BATH NPOCTYIO U IO-
ne3nyie Gopmyany pas  BocupuuMunBocTH Ilayau. Pacemorpum
MeTasjl, 30HHOH CTPYKType€ KOTOPOIO OTBEYAET IOKa3aHHAA Ha
puc. 3.10 KapTuHa IJIOTHOCTH COCTOSHHH, T. €. YHCJIA COCTOAHHH Ha
EIHHHIY 3HEeprun B equHune obbremMa. B Hu3mem nopsjake npuso-
XKEHHOE ToJIe NPHBOJAUT K OTHOCHTEJIBLHOMY CABHIY paclpejeseHus
MO 3HEPrHH JJ1S CIHHOB, HAaNpaBJEHHHIX BBEPX ¥ BHH3. Tak_kKak
37IEKTPOHBI B JECHCTBUTEJbLHOCTH B3aUMOLEHCTBYIOT APYL C ApPYIOM,
B KOHIE KOHIOB OyzeT ROCTHTHYTO paBHOBecHe M ypoBHH Pepmu s
CIIMHOB, HanpaBJ€HHBIX BBEpX, H CIHHOB, HANPABAEHHBIX BHH3,
copnanyt. CrejoBarenbHo, Kak BHAHO u3 pHuc. 3.10, uucnmo cnuros,
PAacHONIOKEHHBIX AHTHIAPAJJIENIbHO MO0, OyReT GoJblue YHucaa CIH-
HOB, HANpaBJAEHHLIX BJAOJNb Hero, Tak KaK rHpoOMarHHTHOE OTHOUIEHHE
3/IEKTPOHA OTPHIATENbHO, BO3HHKAET CYMMAapHLIH MOMEHM BRONb
nonf. Jlns BhIYUCIEHHS 3TOrO MOMEHTA HAJ0 HAHTH Pa3HOCTh MEXIY
YHCJIOM 3JIEKTPOHOB CO CNHHAMH BBEPX M BHH3:

o0

M=geen [ [DEf(e—gusH) —D(e)f (& + 5 gust ) |de.
- (3.91)
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Paaznoxum ¢yukuuio Pepmu B6au3u H = 0; Ttorma

M~ -+ Ep"’BHJ.(—-—-g—g—)@(a)de. (3.92)
0
IIppy Hu3KkuX remnepaTtypax ¢QyHKuus pacnpegeneHuss Pepmu

NPAaKTHYECKH INPEACTABASET COOOH CTYNEHYATYI0 (QYHKIHIO CO CKady-
KoM Ha yposBHe ®epmu. CrnepopaTe/nbHO, € NPOH3BORHOH fBJISETCH

Puc. 3.10. OtHOoCHTeIBHOE pacimenyieHue d-30HK BO BHENTHEM IIOJNe.

Aenbra-pyHKuus. TakuM obpasoMm, 43 (3.92) nonyvaem pis Bocnpu-
HMYHBOCTH

Ypaul = —-g*RbD (e). (3.93)

Jns cucTeMbl CBOGOAHBIX 3JIEKTPOHOB
| mkp

D (ep) = —mk_ (3.94)

2n2p2?

H u3 ¢opmyasl (3.93) mosyuaeM yxKe H3BECTHHIA HAM pe3yJbTaT
(3.89).

Corsacuo (3.93), MOXHO OXHJAATb, YTO BOCHPHUHMUHBOCTL [lay/au
JZOJI2KHA ObiTh npubausurensHo B 10 pa3 Gosblie, Korja NoBepXHOCTb
DepMH JIEXKHT BHYTPH d-30HBI, YEM KOTAA OHA JIEXKHT BHYTPHU S-30HHI,
TAK KaK d-30H4 yX€ H IUJIOTHOCTb COCTOSSHHH B Hed Buimie. MoXXHO
TAKXKE OXHJATh, YTO BKJaj OT d-30HH OYJET 3aBUCETh OT TEMIEpa-
Typel. DTO CJEAYyeT M3 TOro, 4to npu temnepartype T BOCIpHHUMYH-
BOCTb B OCHOBHOM onpejensierc cpejHuM oT 2 (&) no obnactu mno-
pagka kgT. Takum o6pasoM, ecnd XxapaktepHas obaacTh M3MeHEHUSA
IJIOTHOCTH COCTOSHHH B d-30HE TAKOro Xe€ NOpPfAAKA, TO 3TO JOJIXKHO
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Puc. 3.11. BocnpurMIuBOCTS nepexon{n;rx ]Me'ra.n.rmn NPK KOMHAaTHOH TeMIeparype
91

OTPaxaThCs HA BOCIIPHHMYHBOCTH. B3ammoznelicTBHE MEXAY 3/EKTpO-
HaMH¥ TaKe MOXET IPHBECTH K TEMIEpPaTypHOH 3aBHCHMOCTH.

BoCIIpHMMYHBOCTS PA3JHYHBIX NEPEXOZHBEIX METANJI0B I0Ka3aHa
Ha puc. 3.11. [Ipexne Bcero sameTHM, YTO BOCIPUUMYHUBOCTD Y METAJ-
JIOB C He3amnoJHeHHOH d-30HOH HaMHoro 0oJblile, YeM Y METalJoB C §-
30HOH, TakuX, Kak Cu, Ag u Au. {anee, crenyer OTMETHTb H3MEHEHHE
BOCIIPHMMYMBOCTH B nepuopax Tabnunnt Menzeneera. Bo3MoxkHoO,
3TO CBfI3aHO C K3MEHEHHEM IJIOTHOCTH COCTOsHUER B d-3oHe, Takoe
o00bsICHEHHE COrJIACYETCSH C TEMIEPATYPHOH 3aBHCHMOCTBIO BOCIPHHUM-
YHBOCTH 3THX MeTajsoB. Kak BHAHO H3 pHC. 3.12, BOCIPpHHMYHBOCTH
TakKuX MeTaanoB, Kak Ti, Zr u Hi, momagaiomux B oTHOCHTENbHBIK
MHHMMYM Ha pHc. 3.11, Bo3pacTaeT ¢ reMneparypo#, B TO BpeMsl Kak
BOCIPHHMUYHBOCTh METANJOB, HAXORAIUHXCRE B MAaKCHUMyMe, Najaer.
Has merannos ¢ d'- ¥ d°-koHurypauusiMi fe0 OOCTOHT CJIOXKHEE
¥3-32 3pEKTOB B3aHMOZEHCTBUSA, OOCY2K/JEHHE KOTOPHIX MhHI OCTABHM
IO CJEAYIOLIEH IJ1aBHL.

B Mn, Fe, Co u Ni B3aumojgeficTBue MexX1y 3/7€KTPOHAMH OKa-
3bIBAETCH JZOCTATOYHO CHJBHBIM, UTOGH CO3Jath YHNOPAZOYEHHOE Ma-
rHHTHOe cocTtosHKe. Ilpu Temnepartype Bblle TeMIEparyphl yIOPsRO-
YMBAHHA Yy 3THX META/JIOB BOCIPHHMYHBOCTbL ROBOJBLHO CHJIBLHO 3a-
BHCHT OT TEMNepaTyps!, kak BUAHO H3 pHc. 3.13 u 3.14. Takoe nose-
IeHHe YyKa3plBaeT Ha o00pa3oBaHHE CHCTEMB! JIOKANH30BAHHBIX MO-
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Puc. 3.12. TeMnepaTypHast 3aBHCHMOCTh VJEJLHOH BOCNPHUMYMBOCTH HEKOTODHX
nepexo HaIX Meraaaos [3.20]. OcoSennocTy Ha kpuBax Aas Ti B Zr oxosno 1200 K
CBfAI3aHbl CO CTPYKTYDHBLIMH (Da30BLIMH IepEXOJaMH.

MEHTOB. 3Jech Mbl HE UMEeM JeJo NpocTo ¢ 3akoHoM Kropu—Beiccea,
TaK Kak npox3BogHas d (x 1)/dT He sBnsiercss He 3aBUCAINEH OT TEM-
nepaTypel BEeJIHYHHOH.

Ecsu BnugHHe 30HHOH CTPYKTYPBI MOXHO OIMCATh, IOJB3yACH
NoOHATHEM 3(p¢PEKTUBHOH MaCCH, TO

., m*h
Apsuli = GBS (3.95)

3ameTyM, UYTO Macca, BXOASUAas B MarHetroH bopa, He MeHsercs.
B to xe Bpems BocnpuuMUdBocTh Jlaupay—Ilafepaca [cm. (3.58)]
NPHHHMAET BHJ

Xip = —

ek L 1 ( m )2 e2p2m* kg
12n2m*cé 3 mict4nep?

(3.96)

m*

0 i 1 1 ]
780 800 820 840

T, °C
Puc. 3.13. TeMnepaTypHas 3aBHCHMOCTE O6paTHOH ROCH D KUMYHBOCTH
aas Fe, [3.19].
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Puc. 3.14, TemnepaTypuas 3asucuMocTh o6paTHOA BocnpuumuuBocTH Aas Ni (3.19].

ChenoBateNbHO,
1 2
XLp = — 7~ (-,%') Arauli- (3.97)

CyMMHpPYSL pe3yJbTATH, MBI MOXEM IpeJCTABHTh IIOJHYIO BOC-
NPHHMYHBOCTb MAarHHTOHEYNOPSA0YEHHOr0 MeTanja ClelylowuM o6-
pa3oM:

x (T) == xt:ore + XLP + XOrb + x (T) Pauli- (3.98)

TemnepatypHas 3aBHCHMOCTb B IIEPBVIO ouepexb OO0yCJOB/EHA BK/a-
JAoM d-000JIOUKH B NAYJHEBCKYIO BOCIPHUUMYHBOCTD.

3.3. UBMEPEHUE BOCIIPHHUMYHUBOCTH

Teneps nopa ckaszath HeMHoro o6 H3MEpEeHHH BOCIPHHMYHBOCTH.
CymecTByeT MHOIO METOZOB M3MEpEHHH, OCHOBAHHBIX HA TOM, YTO
Ha o6pasewn ¢ yAenbHOR BOCNPHHMUYHBOCTBIO (HA 1 T) ¥, TMOMEIEHHBIH
B rpajlu€HT MAarHMTHOTO NOJAs, AEHCTBYeT cuaa. B wacTHOCTH, e€ClH
II0J1e HanpamJeHo MO OCH X, 4 IPajMeHT — IO OCH Z, TO CHJId, AEh-
cTBylowas Ha obpasen maccod m, OGyrer

AF, = (H. L) g m. (3.99)

Ecnmu ofpasen noMecTHTh HA KOHLE MAATHHKAE, IIOABEINEHHOTO MOK
NPAMBIM YIVIOM K TPajdeHTy II0Js, TO BO3HMKAET KPYTHJIbHBIA MO-
MeHT. Takafd cHCTeMa Ha3bIBACTCH MAAMHUKOGHIM MOA2HUMOMEMPOM
[3.21]. KpyTHabHBIH MOMEHT OT oOpa3sna MoXHO c6anaHcHpOBaTh
NPOTHBONOJOXKHBIM KPYTHJILHEIM MOMEHTOM, CO3ZaBaEMBLIM TOKOM,
IPOTEKAIHM Yepe3 COJNIEHOHX, OKpyxkawomui obpasen. Torga Hame-
pEHHE BOCIIPHMMYHBOCTH CBOJAMTCA K HM3MEDEHHI TOKA, COOTBET-
CTBYIOIIEr0o HYJEBOMY CMELIEHHMIO; TAKOH cIocob XapakTepu3yercs



3.3. NBMEPEHHUE BOCHPHHMMYHBOCTH 109

60ONbIIHM ZHHAMKYECKHM ZMANa30HOM M IIPUTOAEH AJIS HCCJIEZOBAHHSA
MHOTHX (GEppPOMAarHETHKOB ¥ CHJbHEIX N1apaMarHeTHKOB.

Jns CuNbHOMArHuTHHIX MAaTEPHANOB OCOOEHHO yA00eH MaeHu-
momemp ¢ eubpupyrouwun o6pasyon donepa [3.22, 3.26 ] (puc. 3.15, a).
3xech obpasel NOMENAaeTC Ha KOHIE CTEPXKHSA, KOJEOIomerocs
BBEPX M BHH3 BHYTPH CHCTEMHl M3MEDUTEJNbHLIX KaTywek. Ecau BCio
YCTAaHOBKY IIOMECTHTb MEXEZY IDOJICAMHM MarHuTtd, To B obpasue
MHJYUHPYETCA MOMEHT, KoTopblii 6naropaps koseGaHuaM ofpasna
B030yXK/J2€T B HW3MEDHTENbHEIX KATYIUKaX CHIHAJ, IIPONOpPUHOHANb-
Hbli HaMarHHueHHocTH o0pas3ua.

Auppysop
2POMRO2O80PUITENT

\

ﬁaﬂadpamaﬁ%
RaUmywRg
HNanudposovusi Hamepumersnsie
adpasey RamyuRy
% lpogpunuposarinile

% % nomace

7 'f % / Mazruma.
Obpasey, Otpasey

Q ]

Puc. 3.15. ¥YnpomenHas npaxuunranbyad cxemMa BHGpaUKOHHOrO MarHMTOMerpa (a)
u BecoB Dapajies ¢ MEKTPOMATHATHOR KommeHcauuei (6).

Jlnsi chaboMarHuTHRIX MaTepHasoB yJ00HO H3MEpATb CHJY Hemo-
CPEACTBEHHO C IIOMOIBIO BECOB C 3JIEKTPOMATHHUTHOH KOMIIEHCAIIHEH.
B nacrosimee Bpems HauGoaee nonyasipHbl Becsl ®apajges (puc. 3.15,6).
B 3atom meroae ucmosb3yercl MarHuT, NOJIOCA KOTOPOTO TIATENBHO
o6pabaTteiBaloTcst, 4TOOH c03jaTh OoJblylo oOnacTh, re BeJIHUYHHA
H.dH,/dz mnocrosusa, O6pasukl Maloro mno CPaBHEHWIO C 3TOH
o061acThI0 pa3Mepa NOMEWAlT B 0071aCTh IMOCTOSHHBIX 3HAYEHHUH
H,dH, dz v u3amepsioT neHCTBYIOIYIO Ha HEro cuay. Bennuuua
H, dH,/dz onpegensiercss XaauOpOBKOH CHCTEMBI IO CTAHZAPTHOMY
obpa3ny — oObiyHO OepyT naarHHy. THOHYHASE YYBCTBHTEJILHOCTh
MHKDOBECOB — 5 MKT. B aHalornyHoM MeTOJe, H3BECTHOM Kak mMemod
T'wou, WMCHONb3YIOTCS AJHHHBIE OJHOPOJAHBIE 0Opasubl (4acTo XMA-
KOCTH), KOTOpBIe 3aHHMMaloT BCO 06/1aCTh ¢ noseM. B 3ToM cayuae
cana OyzeT wHTErpaJoM or BeipaxeHHs (3.99).

Hpyroii cnoco6 H3mepeHusi BOCOIPHUMYHBOCTH MaJjbIX WJIH ciabo-
MarHHTHHIX 06pa3loB OCHOBAH Ha Mmemode 63aUMHOU UHOYKMUBHOCTU
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[3.23]. O6Gpasen nomemaeTcss BHYTPH OJHOH M3 JBYX BKJIOUEHHBIX
HaBCTpPeuy BTOPHYHBIX OOMOTOK, NOBEPX KOTOPHIX HAMoTaHa MNEepBHU-
Hast ofOMmoTka. VMaMepenue B3aUMHOH HHAYKNHH cHCTEMBH OOMOTOK
c o6pa3nom H 0e3 Hero MO3BOJSIET ONpPEJE/]HTh aGCOMIOTHYIO BOCIpPH-
HMYHBOCTL oOpa3la.

B coBepmeHHO ApyroM METOAE AJSA MNOJYYEHHST CTATHUYECKOH BOC-
NPHUMYHBOCTH HCIIONb3yeTcs cooTHomeHue Kpamepca—Kponrra

2 [ ¥ (0)d
1 (0)=— [ 1@, (3.100)
0

rae ¥ (0) usmepsieTcss mo OTHOIUEHHIO K Y (o0). Ecan MHuMAasd yacThb
BOCIPHHMUMBOCTH CHJABHO Bo3dpactaeT BOJM3YM KaKOH-TO YacTOTH
g, TO

o0

x(O)AJ.?%-j ¥ (@) do. (3.101)

0

Ecnn, xak B OGOAbUIMHCTBE Cly4yaeB, B 3KCIEPDUMEHTE H3MeHseTcHd
MATHHUTHOE I10JIe IIpH IIOCTOAHHOH 4acToTe, TO

j X" (H)dH. (3.102)
0

CrepoBaTenbHo, CTATHYECKAst BOCIPUUMUHBOCTD IIPOCTO ONpEeNAeTCs
NJIOWIAZBIO 11OJ KPUBOK MarHUTHOrO PE30HaHCd. 3JEeCh HCIONb3YIOTCH
NpsiMble H3MepeHHs! aGCoJIOTHOX MHTEHCHBHOCTH PE30HAHCA, KOTOpHE
ouenr TpyaHel. Onxuako Hlymaxep uw Cauxrep [3.24) paspemmnnn
3Ty npobaeMy: NpH onpejeneHHH CNHHOBOH BOCHPHHMYUBOCTH JHTHA
M HATPHA OHM CPABHHBAAH CIMHOBBIH PE30OHAHC C SJEPHHIM B ORHOM
M TOM ke obpasue. SlaepHy0 BOCIPHHMUHBOCTD ¥, MOXHO BHIYUCJIHTD
no ¢opmyne Jlauxepena (3.27). Illymaxep u Cuaukrtep H3MEpANH
IJIOIAAb 110, KPHBOH CIIHHOBOTO De30HaHCa A, 3JIEKTPOHOB IIPOBO-
JAMOCTH M MJIONLAAb IOJ KpHUBOH sizepHOro pesosasca A,, a 3ateM
BBIYUC/IANM CNMHHOBYIO BOCIPHHMYHBOCTb 110 (QopMmyJie

ppde
Yot = Yn g (3.103)

CymecTByer Apyroil MeTox C HCIOJb30BAHHWEM $JEPHOrO MarHHT-
HOT'O pPe30HaHCa, KOTOPHIi OYEHb NOJE3EeH AJ18 ONpEeAENeHHs pas3nuy-
HhIX BKJIAJO0B B NOJHYK BOCOIPHUMYHUBOCTL B MeTalje. Kak Mbl BUJETH
B pasg. 2.2, s-mojoOHBE 3JEKTPOHBI NPOBOJAHMOCTH CO37dI0T BOJIH3H
/P MeTasJa KOHTAKTHOE CBepXTOHKoe mone. Takum obpa3oM, eciH
37IeKTPOHBl IIPOBOAMMOCTH NOJSPU30BAHBEl BHEIIHUM I[IOJIEM, TO OHH
B CBOIO ouepenb OYAYyT CABUraTh YaCTOTY SAAEPHOIO MArHHTHOrO pe3o-
HaHCA 110 CPABHEHWIO C €€ 3HAYeHHEM B JHAMArHUTHOH cpeje. 31O
SIBJIGHHE HU3BeCTHO Kak cdeue Hadma. Tax Kak nonasipu3anHdOHHas
c1ocOOHOCTL 3JIEKTPOHOB NPOBOZMMOCTH ONDEJENACTCH HX BOCIDHHM-

Elg
nhwg

1 (0) =
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unBoCThIO [laynu, peayaptupylomuit capur Haiita K nponopuuoHa-
JIeH 3TOH BOCIpMMMYHBOCTH. B uacTHoCTH,

8
K = (5 ) xpsuti@ (| 45 (0) [*r, ~(3.104)
TAE Ypauly — BOCIpHHMUMBOCTL [layau Ha exuHuny obwema,  —

ob6rem 3nemeHTapHo# sueiiku, a {|yg (0) [} — cpenHee a3HaueHme
IJIOTHOCTH BEPOSATHOCTH HA fiJipe AJf $-3JEKTPOHOB, JIeXKaluX BOMU3M
nosep XHOCTH Pepmu.

Kax 6nito ormeueHo B pasj. 2.2, 4-3/eKTPOHBI HE AAlOT BKJ3fa
B KOHTAaKTHOE CBepXxTOHKoe mone. OAHAKO HX IPHCYTCTBHE MOXET
NPUBECTH K c1ab0H NOJAAPH3ALNH CIIapeHHbBIX BHYTPEHHHX S-3JIEK-
TPOHOB. 3TA BHYMPEHHAS NOAAPUSAYUS 3ABUCUT OT NOJSPU3ALKH
d-o60/I0UKH ¥, CJaejoBaTenNbHO, GyjeT AaBaTh BKJaag B cABMr Haira,
NPONOPIHOHANBHREIA BOCIIPUMMYHKBOCTH d-06o0soukd. OkassiBaercs,
YTO BHYTDEHHSA NOJApPH3AUHA NPHBOAMT, BooblE roBOps, K OTPH-
uatenbHoMy cABury Haiita. Bosee Toro, nockonbKy Ypau;y 32BUCHT
OT TeMneparypsi, cABur Haiita takxe OGyjer 3aBHCETh OT TeMmnepa-
Typul. TakuM obpa3oM, u3MepeHue casura Hajira BMecre ¢ NpsMEIMH
H3MEpEHUSAMH BOCIIPHUMYHBOCTH [I03BOJISIET HAHTH  pas3/dYHbIE
BKJaJbl B NOJHYI0 BocnpuuMmuuBocTh [cMm. (3.98) 1. IlpekpacHsiM npu-
MEpOM TAKOrO MNOjXOJA MOXET CAyXuTh pab6ora KJsorcrona u Ap.
[3.25], uccaegoBaBIIMX METANIMYECKYIO IJATHHY.

Bo MHorux cay4yasix Hac HHTepecyeT MarHUTHBIH OTKJUK CHCTEMBI
B OYEHb CHJIbLHBIX NOJAX, HANpUMeD NpH U3yueHuH 3pdexra ge [aasa—
Ban AnbdeHa uiu MarHUTHBIX NpuMeceid B IIOJNYIPOBOJHHKAX. YCTa-
HOBKH [AJ/If CO3J4aHHSI TAKUX MATHUTHBIX TOJed MMEIOTCH BCEro B He-
CKOJIbKUX JiabopaTopisX, B gacTHoctd B HanuoHansHOH MarHUTHOH
nabopatopHu Maccadycerckoro texHosorrueckoro uHerutyra B CIIA
# B O6GbesuHeHHOH HeMeNKO-QPaHIUY3CKOA /1a60pPATOPHH CHJIbHBIX
none#t B Ipenobae 1),

Knaccuueckuit crocol reHepauvu GOJBINEX IOCTOSHHBIX MArHHT-
HBIX IIOJIEH — 3TO UCNOJL30BAHHE COJIEHOMAOB, OXJaxKgaeMblX BOJOH.
Brnepeeie ator meron Obn ycnemso npameseH ®pankom BurrepoM
B KoHIe 30-X ronoB. THnuuHbI OGHTTEpPOBCKHHA MArHHT NOKa3aH Ha
puc. 3.16. Jns nonyuenus nmosns 15 Ta npu BHYTpeHHeM AuaMeTpe
5 cm Tpebyercs mouHocth B 5 MBT. Huxe npejgensHoil npouHocTHOHR
HArpy3KH COJIEHOHJA MOJNIe B €ro IEHTPEe NPONOPIIHOHANBLHO KOPHIO
KBaJpaTHOMY OT AMCCHIIHpYEMOH MoinHOCTH. [IpakTHuecku npeaenb-
Has BeJHYHHA II0JIf, KOTOPOE MOXHO INOJYYHTh C IIOMOIIbIO TAKOTO
marnura, cocrasnser 20 Ta. Ecau nuiTathest yBeJNUYUTD NONE, YMEHb-
masi BHYTpPEHHHUH AuaMeTp coJieHowJa, To cusa JlopeHua, AEHCTBY-
Iowas Ha TPOBOJHHK, MOXET NPEBHICHTb NpPEAes] NPOYHOCTH.

1} [TopoGHue ycTaHOBKK KMmelores Takxke B MOOAH'’e ¥ B MaruutHORl Jabopa-
Topuu Bo Bpousnase, B MAD um. axan. . B. Kypuatosa uMeerca Gosee COpeplieH-
Hag THOpHJHas yCTaHOBKA, BK/JIOUAIOMAN B CeOH CBEpPXMPOBOJAIMHA COJMEHOHA. —
IIpum. nepes.
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.OmBepCIMEA
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Puc. 3.16. Bua maruuta Burrepa.

OrpaHuueHHs Ha MOIMHOCTb MOXHO NPEOJOJETh, HCIIONbL3yA CBEPX-
NPOBOJALIYE MAarHUTH, OZHAKo npobieMa npefena OPOYHOCTH
ocraercsi. Heo6xoauMo NMpHEHMATh CHENHAJAbHLIE MEPH [IPEJOCTOPOX-
HOCTH, 4TOOLI HE IIPOMCXOJMJIO JIOKANBHOIO pa3pyUIEHHS CBepX-
npoBoAUMOCTH. Kpome TOro, He/b3s NPEBHICUTb KPUTHUECKOE IIOJIE
cBepXnpoBoAHHKAa. Hanpumep, a8 oOBIYHO HCNONb3yEMbIX B TEXHHKE
ceepxnpoBogHukoB Nb—Ti u NbsSn Bepxuee kpurtuueckoe mone co-
CTaBJAsIET COOTBETCTBEHHO 15 u 23 Ta.

J1g nonyueHrs MarHUTHHIX nosaei, npepniwaromux 20 Ta, ucnons-
3yloT rubpujgHele cucrembi. B uenrtpe, rae nosne naubonbinee, pas-
MelnaioT OOBIYHBIA MAarHuT, a CHAPYXH, I'Je [oJ€ MeHblle, — CBepX-
npoBojsimuit MardiuT. HecMotps Ha 6Gonbiioi oObem CBEPXIPOBOASA-
IIEero MarHuTa, Takas CHCTeMa He TpebyeT RONOJHHTENbHO 60JIbLIOH
MOIIHOCTH.
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CTATHUHECHASA BOCMNPHUHMMHHMBOCTD
B3AMMOJENCTBYOLLMX CHUCTEM

B sTo# riaBe Mbl pacCMOTPHM CTATHYECKHH OTKJIUK CHCTEM, B KO-
TOPHIX B3aUMOJEHCTBHE MeXAY COCTABHLIMH yacTaMH, OyAb TO JIOKa-
JU30BaHHBIE MOMEHTHl MJH CBOOOAHBIE 3JEKTPOHBI, MOXET NPHBO-
JHTb K JanbHeMy nopsaiaky. JletanbHoe H3yuyeHHE TAKUX B3aHMO-
JAEHCTBHH U UX clelcTBHA - (a30BBIX NEepexojoB — npobaemMa HCKIIO-
YMTEJLHO cJoXHasi. Hecmorpa Ha To yto Oniiia pa3paboTana BecbMa
H30LIDEHHAaaA TEXHHKa, MHoroe eme HenoHatHo. OaHako Bcoogy,
UCKJIIOUasi o6JiacTh B HEMNOCPEACTBEHHOH OKDPECTHOCTH KPHTHUYECKOH
TOYKY, BIIOJIHE IIpHeMJeMa TeopHs 3¢ddektuBHOro nonas. I[loartomy
MMEHHO €€ Mbl U Oy/JEM NPHMEHATb [I0YTH HA BCEM NPOTAKEHHH 3TOH
TJ14BHI.

4.1. JIOKAJIU3OBAHHbBIE MOMEHT bl

B pasg. 2.2 mbl o0HapyXMJIH, 4TO KYJIOHOBCKOE B3aMMOJEHCTBHE
MEXKJY BalEHTHBIMH 3JIEKTPOHAMHM Da3JUYHLIX HOHOB MOXHO IIpex-
CTaBUTh Kak 3¢(heKTHBHOE B3aUMOJEHCTBHE MEX/ly OTJAE/NbHBIMU 3JEK-
TPOHHBIMH CIIMHAMH. MBI OOHAPYXHUJIH TAKXKe, UTO NPH ONpPEASNEHHBIX
YCJIOBHAX 3TO B3aUMOJIEHCTBHE MOXHO BbIPA3WTh UYepe3 TIOJHBIH
MOHHBIA COMH MJAM B HEKOTOPBIX CNyyYasXx — yepe3 3(QpEeKTUBHBIH
CIMH MYJBTUILIETa OCHOBHOIO COCTOSIHHSA. PacCMOTPHM CHCTEMY,
B3aHMOJIEHCTBUS B KOTOPOH MOXKHO ONHCAaTh Trei3eHOeproBcKuMm o6-
MEHHBIM TaMHJIbLTOHHAHOM

%exz—x_ Z.JUS;"S]', (41)
L j+i
rae J;; — QyHKIUA OTHOCHTETBHOro pacctoduu R;—R;.

XOTsi MHOrHE CHCTEMBHl He YJOBJETBOPAIOT YCJIOBHSM, HeoOXonaH-
MBIM /19 TOTO, 4ToOBl B3aMMOACHCTBHE MO2KHO OLIJIO 3alHCATh B MO-
JOGHOM BUJe, TEM HE MEHee TAKOe ONHCAHHE YACTO OKA3LIBAETCH YIU-
BUTENBHO XopomHM. OQHaKO, Kak MH yBHJAMM, 4TOOBI HCIOJbL30OBATh
3T0 B3auMojeicTBHE, HEOOXOAHUMO CJeJaTh OINpeAe]eHHble NPHOIH-
XeHds. B peaynbraTe ycrex MOMXeT ONpeaesnsiThCs CKOpee HCNOJb30-
BaHHEIMH METOZAMH, 4YEM BHIOM B3aUMOJEHUCTBMA, U3 KOTOPOrO MbI
HexoauM. Tak Kak oOMeHHoe B3aMMOZEMCTBHE UAacTO BEJHKO II0
CPABHEHHIO C APYTHMH BHAAMH B3AUMOAEHCTBUM, TAKHMH, KAK MArHuT-
HOe JHIIOJNb-JHIIONbHOE B3AHMOJCHCTBHE, OCHOBHBIE CBOHCTBA HHTE-
pecyloumei Hac CHCTEMBI MOXKHO OIHCBIBaTh, IOJBL3YACH TOJALKO Tra-
MUAbTOHHaHOM (4.1).

[TocMotTpum Teneps, Kak Takas CHCTEMA DEarHPyeT Ha NPUJIOXKEH-
Hoe cratHueckoe none. [lockosabky ypasHeHue (4.1) nHBapuaHTHO
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OTHOCHTEJILHO IOBOPOTOB, 32 OCh 2 MOXHO BhIOpaTh HanpaBJEHUE
NPUJIOKEHHOro noJsg. Kak u B npemulayuied rinase, GyJeM CUHTATh,
UTO NPHUJOXKEHO I0JIE BHJA

H (r) = Hz cos (q-1), (4.9)

TZ€  COOTBETCTBYET HEKOTOPOH TOYKE BHYTPH NepBo# 30HH DBpui-
nMo3Ha Kpucrtanna. Ecnu snasenue g-akropa, cBf3aHHoro ¢ agdex-
THBHBIM CIIHHOM, €CTb g, TO NOJHBI{ raMUJABTOHHAH NPHHHMAET BHJ
Z
H=—) ) T:;8i-S; + gusH Y Sicos(q-R;). (4.3)
L

[ j=i
KaK HB 60JIbILIHHCTBe cnyqaen, B KOTOPBIX HMEET MECTO BSHHMOH,BI';I-

CTBHE MEXJY Y3/JaMH peleTKH, YA00HO BHIpa3UTh TaMHJbTOHHAH
uepe3 (ypbe-KOMIOHEHTH. TakK Kak

S(@)=[dre VS ()=} [dre IS8 (r — R)= Y e Rus,
{ {

(4.4)
To (4.3) MOXHO 3amHCaTh B BHJE

I = — Z J(—q')8(q)- S(—q")+ %guBH [S:(q) + S: (—q)1.  (4.5)

rje
, iq”.(R;—R
1) = 4 VIR —R)T R 4

=y

3aMeTHM, 4TO €CJAH KpHCTAand 061ajaeT CHMMETPHEH OTHOCHTEJNbHO
uuBepcuu, 1o J (—q) = J (q). AHanu3 ramunbpToHMaHa (4.5) ouenn
C/IOXEeH M eMy IocBfillleHo OoJsblinoe KosuyecTBo pabor. Haubonee
NIPOCTOH NOAXO0J — PACCMOTPETh OJHH U3 CIOHHOB B BhipaxkeHud (4.1)
H 3aMEHHUTb €ro B3aMMOJEHCTBHE C JPYrHMH CNIIHHAMH 3Q(EKTHBHBLIM
nmoneM [4.1]. Takoit noaxox Ha3biBaetTcst npubausteruem 3ggexmus-
HO20 noAs; BIEpBbIe OH OBl HCIONL30BaH BaH-zep-Baanncom B 1873 r.
NpH HCCAEAOBAHHH YpPABHEHHH COCTOSHHA XHAKOCTb—ra3. B teopHu
¢eppomMarserusmMa npubnukeHue 3(PHEKTHBHOIO TMOJA INPHUMEHHJ]
1. Beficc B 1907 r. AHanornuHas KoHuenuus Obl1a pa3BHTa bparrom
U BunbsmcoM B 1934 r. ans onucaHHs nepexoia NopsjaoK—G6ecnops-
IOK, Hanpumep B P-nmatyuu, rze ynopsiodyeHHE IPOHCXOAUT IPH
A¥py3uH aTOMOB MEJH ¥ LIMHKA, IPHYEM ATOMBI MEIU DACIIONATAIOTCH
B LEHTDe, & ATOMBl IHHKA -— B yIiax oObeMHOLEHTPHPOBAHHOH KYy-
GuuecKod pemerkd. Takol nepexof NopsAJoK—OecnopsaoK coBep-
IIEHHO aHAJIOTHYEH nepexoAy B Moaeau HMauura. B 1937 r. Jlaugay
pa3paboran ofwyr TteopHio 3PGHEKTHBHOTO TOJA NPHMEHHUTENbHO
KO BCeM (pa30BBIM NEpPEXoaaM BTOPOro poja. Huxe B HACTOSILEH riase
Mbl BEpHEMCH K TeopHM Jlawjay.
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Kax yxe ropopusoch, yiobHee paborath ¢ (pypbe-KOMIOHEHTAMH,
Mni paccmorpuM npubnuxkenve 3QGEKTHBHOrO NOJf, NPELNONaras,
4TO KaxKiasa (ypbpe-KOMIIOHEeHTa B IaMHJbTOHHaHe (4.5) He3aBHCHMA.
Takoe npuOAHKeHHe HOCHT Ha3BAHUE NpUOAUNEHUS Caydalunslx a3
(RPA). B 3atom npubnuxkeHuu oOMEHHOE B3aUMOZEHCTBHE HMEeT BUJ

Koy — — ? J (—q')S(q)-(S(—q")). (4.7)

4.1.1. BLICOKHE TEMIIEPATYPbI

Eciau rtemnepaTtypa Bellle TOH, NPH KOTOPOH YyCTAHABJIHBAETCSH
JAaNMbHUE NOPSAJAOK, TO MOXKHO NPEAIIONOKHTh, YTO OTJHYHBEIE OT HYJA
cpejHue 3HaueHus OYAYT HMETh TOJMBKO KOMIIOHEHTHI, 00YC/IOBJIEHHEIE
npHJoxeHHuIM noseM. Torga (S (— q")) samensercs Ha (S, (—q')) X

X zA(qQ— q'). [ToaHslt raMu/bTOHHAH B NPHOAHXKEHHH caydYai-
HBIX (a3 NPHHUMAET BHJ

Hroa = — 11 () (S, (—q)) S: (6) + J () (S: (@) S (—a)] +
-+ - guaH IS, (a) + S (—a); (4.8)

OTCIOZA NoJayuyaeM MnoJsiHoe 3¢xpeKTHBHOE MoJie, JEHCTBYKOIIEE HA (-
KOMIIOHEHTY:

J(—q)V ~ ~
H (—q)et; — %— (S:(—q))z+—-HVz. (4.9)

[Ipy obcyXaeHdH HEB3aUMOJAEHCTBYIOLMX CHCTEM MBI YCTaHOBHJIH,

YTO pEAKIHA q-KOMIIOHEHTHI CITHHA TIIDH BbLICOKHX TEMIEpaTypax
HMEET BHJ

C
% (0) =< = 10 (4.10)
rge
N s S(S+1)
C= 1% &b 3kg

Torpa, nmpyMEHHB 3TO BhIpaXKeHHE LA BOCIPHUMUHMBOCTH, HMEEM
M (q) = —gus (Sxq)) = %0 (q) Hz (q)ets =

. J (q)g):f;q) |4 (Sz (q)) + % HVXO (q) (411)

Haxons orciona (S, (qQ)) u Hcnonb3ys Bripaxenue (4.10), mony-
YyaeM BOCIPDHHMMYUBOCTH B3aUMOJEHCTBYIOLIEH CHCTEMBI NPH BBICOKHX
TeMIlIepaTypax _

Yo . Cch
| 1@ T (T—=T)/Te+[1—J @/ (Q)]°

s

g°up

x(q) = (4.12)
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Cpasy xe 3aMeTHM, YTO ¢ HOHHIKEHHEM TEMIIEPATyphl NOABJIAETCS
pacxoi¥MOCTh INPH KPHTHYECKOR TEMIEpAaType

7, =T QCV (4.13)

g1y
rze Q -— BonHOBO# BexTOp, A1 Kotoporo J (@) uMeeT MakCHMATBHOE
3HazeHue. Tor QakT, YTO BOCIPHHMUMBOCTD PACXOAMTCH NPH KAKOM-TO
ONpEJENEHHOM 3HAYEeHUM BOJHOBOTO BEKTOpa, O3HAYaeT, YTO KOM-
TIOHEHTHl HAMATHHYEHHOCTH JJIS 3TOT0 BOJHOBOTO BEKTOPA OTJIHYHH
OT HYJIsI, Rax<e ecqid npoGHOE 11oJe crajaer Ao HyJs. TakuM o6pasoM,

Puc. 4.1. TemnepaTypHas 3aBHCHMOCTE OOpaTHOR BocnpuEMumsocTH 1/% (q) Aas
(eppOMarHeTHKa NpPH Pa3jHYHKIX 3HAUYEHHAX q.

BO3HHKA4eT CIIOHTAHHAA HaMarHMUYeHHOCTh, 3HAUEHHe Q BOJIHOBOTO BEK-
TOp4, NPpH KOTOPOM BO3HHK4E€T PACXOAHMOCTb, 3aBHCHT OT IIpPHPOABI

¢yukuuu J (q).
PaccMoTpuM ueThipe BO3MOXHBIX CJydas.

deppomarseTusm. [lpexnonoxuM, uyro obmeHHasa GyHkuus J;;
NnOAOMUMEAbHA W OTHOCHTCH TOJNBKO K OJMXa#iuum cocegsM. Torza

J(@) =5 ¥ e, (4.14)
]

rie 8 -— Bekrop, HampaB/JeHHBIH X Oamxa#umeMmy coceny. B uwact-
HOCTH, €CJH paccMOTperb NPOCTOH KyOMUECKHM KpHCTala C IIo-
CTOAHHOH peIUeTKH @, TO

J(q)= 3V—J (cos g.a - cos g,a + cos g,a). (4.15)

Ha puc. 4.1 nokasana sabucumoctb /¢ (qQ) oT temneparypul A
pa3nuuHbIX 3HaueHH# q. Cpa3y BHJAHO, YTO C IOHHXKEHHEM TEMIIE-
paTypbl TepBas pacXoAuMocTh nosiBasercds npH Q = 0.
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B 3TtoM ciayuae Mpl uMeeM OZHOPOJHO HaAMarHUUEHHYIO CHCTEMY —
beppomartHeruk. Temneparypa, CBA3aHHAS C TaKUM NEPEXOJOM, €CTh
teMmneparypa KiopH, Koropas Al NOPOCTOH KyOHUECKOH pelleTKH
ONPEAENIAETCH BBIP aXKEHUEM

JO)CV _ BIS(S+1) 116
g°nh Skp (£.16)

C—

715 OZHOPOAHOA BOCIPUUMUKMBOCTH HMEEM BbIpaxKeHue

C
X (0) ferro =— T___TC' . (4 17)

B peiicTBuTe/IBHOCTH (eppOMATHETH3M HE COBMECTHM C KyOuue-
CKOH CHMMeTpHeH. DTO MOXHO YBHJETb, HCIONb3Ys onepaiuic obpa-
IneHUsl BpeMeHd. [das GeppOMarHUTHO-YIOPAJOYEHHOTO COCTOAHHSA
onepanusi obpameHHs BPEMEHH HE SABJSETCS ONepaled CUMMETDHH,
HO MoxXeT OpITh TAKOBOH BMECTE C JPYTOH onepamuelt CHMMETPHUH.
PaccMoTpuM, Hanpumep, oObEMHOIEHTPHPOBAHHYIO KYOWUECKYIO pe-
meTKy (0. 1. K.). B napaMarHuTHOM COCTOSIHHH ONEPALHA CHMMETDHH,
KOTOpas NepPeBOJUT TAKYlO CHCTEMY B camy cebs, ecThb rpynmna OkTa-
appa, obosnauaemasn O, HaH m3m. Eclu B ynops04eHHOM COCTOSIHUH
CIIHHBI BO BCeX SAUEHKaX Hanpas/ieHbl 10 OCH 2, TO onepauuio O,
KOTOpas mpejcTaBjser co60d MOBOPOTHI BOKPYT OCEH x M y, CIAERYET
ZONONMHUTL ofpailleHHeM BpeMeHH, 4TOOH COXPAHHTh HanpabieHue
CIHHOB. B pesysbTare BO3MOXKHBIE ONEPALHH COCTABJSIOT TAK HAa3Hl-
BAEMYIO MQSHUMHYKO TOUEUHYIO TPyNNY, KOTOpas B AAHHOM CJayudae
obo3Havaercs 4/mmm. Takas rpynna o6najgaeT CylIEeCTBEHHOH oco-

6eHHOCTbIO — oHA mempazoHaabHa. Ecnu B BellecTBE BO3HHKAET
CIIOHTAHHAS HAMarHMUYEHHOCTh, TO B HEM, BOOOUIE MOBOPS, BO3HHKAIOT
H HAaNpHAXKEHUS, NPONOPUMHOHANbHLIE HAMATHMYEHHOCTH. TakoH Ma-
THHTOCTPHUKUMOHHHKA 3(Q¢deKT, KAaK H3BECTHO, CKAa3bIBA€TCA HA CHM-
meTpuu cucreMbl, CkaxeM, xenme3o, HMeKIee 06HEMHOLEHTPHPOBAH-
HYIO CTPYKTYPY BHIIIE TouKH KIOpH, HCIBITBIBAET TETPATOHAJBLHOE
HCKaXeHue npu nepexoje B (eppomaruutHoe cocrosiHue. OpHako,
NIOCKOJMBKY HMCKaXEHHE CHMMETDPHHM OUYE€Hh MaJo, YacTO CYMTAIOT,
4TO (EPPOMATHHUTHOE IKEJNE30 HMEeeT O. I. K. CTPYKTYPY.

Jpyro# ofmu# BHIBOJ M3 YNOMSHYTOrO BhIliE€ NPHOMHMKEHHS 3d-
GeKTHBHOrO IOJIA KacaeTcst pa3MEpPHOCTH CHCTeMBI. Jlawpaay H Jiug-
wun [4.2] noxasand, YTo B OZHOMEPHOM CHCTEME HEBO3MOMEH Jalh-
HUM Topsajok. PaccMorpuM, Hampumep, IENOYKY CIOHHOB. 3JE€Ch
BanbHMH TMOPAJOK paspymiaercsd I[POCTHIM «IIEPEBOPOTOM» OAHOTO
CIIHHA, M, XOTA 3TO «CTOUT» 3aTpaT OOMEHHOM 3HEPTHH, 3IHTPOIHA
CHCTEMEI, KOTOpas TIPOIIOPLMOHANbHA JOTapudMy uHcId CIHHOB,
Bo3pacraer. (CyenoBartenbHO, Aa8 OGeCKOHEYHOH LENOYKK 3HTPONUHM-
HBIH usleH Beerga Oyzer npeo6n1ajath B BbIPAXEHHH 7151 ¢BOOOJHOH
3HEPTHH.
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B cnyuae jaByX wu3MepeHHi CHTyands 3aBUCHT OT Xapakrepa
B3aUMOJEHCTBHSA, Hanpumep B Mogenu [eiizeH6epra HEBO3IMOMXKEH
¢eppomarueTaM B OTJIHYME OT Mojenu Haumura.

AvtudeppomarseTuam. UM puc. 4.1 Buano, uto ecnu o6MeHHAs
KOHCTaHTa MeXAy OJMXaKIIHUMH COCENSMH OMpUYamMesbHd, TO Nep-
Basi PACXOJUMOCTb MMEET MeCTO, KOrJa BOJIHOBOH BEKTOpD HaNpPAaBJeH
BAOJIb TPOCTPAHCTBEHHOH JAMArOHAa/H, T. €. OIUCHLIBAETCA BhIpaxKe-

HHeM BHga Q = (n/a) (x + y + E). DTO 03HAYaeT, YTO IIPHU ABUKEHHH
BROJIb BekTOopa Q (a3a HaMarHHYeHHOCTH MEHSIeTCs Ha 7T NPH nepe-
X0/€ OT OJHO# IJIOCKOCTH aTOMOB K ApYyro#. TakuMm obpa3om, Mkl IpH-
XOJHM K anmugheppomacHumnoil cucteme. Temnepartypa, npH KOTOpOH
¥ (Q) pacxoaurcs, HaswBaerca memnepamypoti Heeas:

_6lJ[S(s+ 1)
In=—"gg (4.18)
OJIHOpOJLHaH BOCIIPHHUMUHBOCTDL ONPEAEAAETCH BbIpAXEHHEM
P4 (O)anti!erro = "_C—— ’ (4. 19)
- T+ Ty

KOTOpOE He HuMeeT ocoGeHHOCTH npu temuepatype Heens.

B ofmem cayuae B 0OMEHHOM B3aHMOJEUCTBHY IIPHHHUMAIOT yYACTHE
He TONIbKO OsMKaMiuue, HO K 6oJee yaaneHHble coCean. DTO IPHUBOJUT
K OosblioMy pa3Hoo6pasuio aHTH(HEpPOMATHUTHHIX KOH(GUIypaluH.

AHTuEppOMATHETH3M COBMECTHM € KyGHYECKOH CHMMETpHEH.
Hexoroprie npumeps! aHTH(EppOMAarHUTHOTO YNOPHAOYEHHS B KyOH-
YyeCcKoH peulerke IpeAcrasJeHbl Ha puc. 4.2. Ilpumepamu BemecTB
¢ ynopsgouuBaHueMm tuna [I Moryt cayxuts okucanl MnO, FeO,
CoO u NiO, HMeloude rpaHeNEHTPHPOBAHHYIO pEILIETKY.

FlenumarveTnam. B rn. 7 Mb paccMorpuM obMeHHOe B3aUMOJEH-
ctBe PKKU kak xocBeHHBIH OOMeH Mexjly JIOKaJNU30BAHHBEIMH MO-
MEHTAaMH, NoABAsIOmuACE OJgarojapsi HAJH4YHIO 3JEKTPOHOB IPOBO-
aumocTd. Cefiyac A/s HANMX LEJNEH JOCTATOYHO 3aMETHTh, YTO 3ITO
B3aUMOJEACTBHE SIBJAETCHA JAJbHOAEHCTBYIOUIMM H HMEeT OCIHUJJIA-
TOPHbI# Xapakrep. UToOGbl ycTaHOBHUTb, KaK TaKoH ob6MeH Bo3jeii-
CTBYET Ha Hauly CIHHOBYI0 KOH(HIypalHio, PACCMOTPHM IIPOCTOH
cnyuya KyOuduecKOH pelleTkd ¥ HpHUMEM, 4YTO
y J; Ana mectH OaMXKaHIIEX COCEAeH,

Y | —Jy ANS ABeHAAAIH CAEAYIOWMX 3a OnMKallllimu coceied.
Torga
J 24 . 47,
(q)_T(cosqxa+cosqya+cos g.0) — —~ [(c0s g.a) (cos g,a) -

+ (cos g,a) (€08 ¢,a) 4 (COS §z,) (COS §:a)]. (4.20)
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D10 BhIpaXKeHHe HMeeT 3KcTpeMyM npu aQ — arccos (J,/4J,) (; -+

+y -+ z). Ecin J; < 4J,;, TO MBI noayuaeM CIHHOBYIO KOHQHry-
pauuio, AJHHA BOJHBl KOTOPOW HECOM3MEpPUMA C MEPHOAOM PEIETKH.
[IpuMepoM T4KOH cHUCTEMBI SBJISAETCA pERKO3eMenbHBIA Meranan Tm
npu temneparypax mexay 40 u 56 K. CnuHoBaa koHopurypauus Tm
B yKa3aHHoi obnactd usoOpaxkeHa Ha pHc. 4.3. Takyio koHdury-
pauxio HHOTZA HAa3hIBAlOT np000AbHOU B0AHOL,

owu.x mun il

aun munll

Puc. 4.2. Bo3MoXHIBE THNH AaHTH(PEPPOMATHHTHOTO YNOPSZOMEHHA B OGBEMHO-
IEHTPHPOBAHHOR H TpaHELlEHTPHPOBAHHOK KyGHUecKHX pemerkax. CUMBOJAH @ H ©
OTHOCHITCH COOTBETCTBEHHO K HaNpaBAeHHSM MATHHTHBIX MOMEHTOB BBEPX M BHH3.

B peifictBuTeNbHOCTH 00Wias cuTyauus ropasjo cjaoxuee. J[o cux
IOP MBI CYUTANH, YTO Npo6HOE NoJIe UMeeT CHHYCOMAANMbHO MEHs-
IOyOcs aMIIUTYAY, HO NOCTOSHHO IO HaNpaBJeHulo. B npuHiHuIe
MBI MOXKEM IpejcTaBuTbh cebe mosie, HanpaBJeHHE KOTOPOTLO MEHsercs
B npoctpaHcTBe. Ec/M peakuus Ha TaKoe IOJE€ OKAMETCH pPacXoff-
WeACH, TO BO3HHKHET COOTBETCTBYIOAS CBoeoOpa3Has CIHHOBAs
KoHpurypauusa. CnuHOBble KOH(UIypanuH Takoro THNA JEeBCTBHU-
TEJbHO OOHAPYKHUBAWOTCA Y THMXKENBIX pPEIKO3EMEIbHBIX MEeTAaJJIOB
(cM. puc. 4.3, rie NpuBeJeHH pa3MUYHbIE COMHOBhIE KOHQHIYpaluH).
[lojo6Hble cucTeMBl HA3BIBAIOTCA 2eaumasHemuxamu '), Ha npaktuke
JAJ15 BHIICHEHHS YCJOBHI CYUIECTBOBAHUSA TAKHMX CIIHHOBHIX KOHGHUTIY-
pamu# OOBIYHO HE TOJAB3YIOTCS METOJOM OCOOLIEHHOH BOCTIPHHMYH-
BocTH. bonee yno6HBIH MeTOZ — MHHUMH3auust OOMEHHOW 3HEPTHH.

1) Cm. Hdassowunckud H. E. — XITD, 1964, T. 46, c. 1352; 1. 47, c. 336,
992. — IlIpum. ped.
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HMmenno nocaetuuM crnocoboM Takue KOHPHTypauud ObliM Bliepsble
. OJIyY€Hbl TeopeTHYeckH [4.4].
s npopoabHo-BoJHOBoro reauMmarteruxa J (Q) = 3Ji/4NJ, u
o S(SH+1) T3
Te= e, (4.21)

CnejoBaTelibHO, AJ15 OAHOPOJHOH BOCOPHUUMYHBOCTH HMEEM BBIPdXKEHHE

C
T —[8y (7, — 2.12)/.1$] Tc

% (Oneri = (4.22)

ITpu J1 < 4J, Koadppunuenr npu 7 B 3HAMEHaTeJe BCErja MeHbUIE
eAMHHOLL. TakuM o0pa3oMm, OJHOPOAHAS BOCNIPHHMYHBOCTH BCETJA
KOHeYHa NpH TeMIeparype nepexoja, OJHAKO €€ [OBEJeHHe NPH BbI-
COKMX TEMIIEpPaTypax [MOXoXe Ha mnoBejeHHe (eppoMarHETHKa MpH
J1 > 2J, 4 Ha nosejeHHe auntueppomarHeTHka npu J; < 2J,.

deppumarHeTuam. B npeapliymux Tpex ciayyasx Mel npejnoJa-
rajv, 4YTO CONMHBI YU HX OKpYXEHHe HUJEeHTUUHBl. ECJId HEKOTOophIE
CIIMHBI MJIH HX OKDYXEHHe pas/IH4YHBI, TO Mbl MPUXOJMM K Npobaeme
npuMeced H cnjaroB, Kotopasa Oynaer obcyxpatees B ra. 7. OpHako
PH HaJHYHKM JBYX PpAa3/IHUHBIX CIIMHOB B TPAHCJSIHOHHO 3KBHBA-
JEHTHBIX Yy3JaX, T. €. IPH HaTHYUM JABYX NOJpPEIIeTOK, MOXEeT OKa-
3aTbCA, YTO MBI HMeEeM J€JIO CO CTPYKTYpOH, KoTopyio Heesnb Haspan
geppumaziumyod. B XauecTBe NpuMepa TaKoH CHCTEMbl PacCMOTPHM
cTpyKTYpy, nono6uyro NaCl, co cnuramu, ckaxewm, -§; B y3zaax
tdna Na H co cnuHamu S; B y3zaax tuna Cl. Mrak, Mbl umeem 6a3uc
H3 JBYX CNHHOB, TOYHO TaK e Kak NaCl o6nagaer 6asucom H3 JBYX
soHoB. Takasi cHcreMa 006J1aJ1a€T rpaHeneHTPHPOBAHHON KyOHuecKOH
pewlerko# bpags.

Ecan obo3HauuTth CnuH B i-H suelike ¢ Oa3uCHBIM BeXTOopoM b
yepe3 S;p ¥ [PEANONOKHTD, YTO B3aHUMOJEHCTBHE [IPOUCXOJAHT TOJNbLKO
c OiMMaHUIMMH COCEAsAMH, TO OOMEHHBIH TraMUJIbTOHHAH OYJIET MMETb
BU]

Hox = —J Z E Siv-Siv, (423)

i,fb,b*

rJ€ CyMMa COJIEPXHT MNPOH3BEICHHSA CHHHOB TOJbLKO OJMXARILHX
coceneit. O6patHas peweTka, CBsA3aHHAs ¢ Haulell cucTeMod, nojobHa
pellerke, COOTBETCTBYIOIIEH TpaHEUEHTPUPOBAHHOH KyOHUYECKOoW pe-
werke bpass. CrneposateabHo, ¢ypbe-pasyioxenne COHHOB Oyjer
COJEepXaTh BOJHOBLIE BEKTOph!, KOMMOHEHTbI KOTODBIX H3MEHSHTCH
ot 2n/L jo n/2a Bx/ouHTeABHO, rae L — pasmep KpucTamia u 4 —
paccrosiive MexAy nHoHamH. EC/H M3MeHeHue BHeluHero noJiss B Npo-

CTPAHCTBE XapaKTEDH3YeTCs OJHHM H3 3THX BOJHOBBIX BEKTOPOB, TO
3€€MAaHOBCKHH TAMUJbTOHHAH HMEEeT BUJ

Hz — gugH Zb S% cos (q-R; + q-b). (4.24)
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3anucaHHpif uepes (ypbe-KOMIIOHEHTH! TIOJHBIA IaMUJIbTOHUAH €CTh
, r ’ 1
#=— I (—a) S (@) S (—q) -+ 5gusH x
q' b#=b'

. Z [S% (@) e """ + Si(—q)e™"], (4.25)

rje

J (—q) = E'efq-ﬂ. (4.26)
4]

Ilitpux o3nayaer, yto BexTOop & MOXeT ObITh paBeH TONBKO HYJIO
¥ [ATH NPOBEJAEHHBIM K OnMXKafmUM COCelsiM BEKTOpaM, KOTOpLIE
34aBUCAT OT omnpeaesenusn Oasuca.

Ecau nonoxutrs b = ax, T0O

J(—q)= 27 (cos g.a - cos g,a +- cos g,a) exp (—ig.a). (4.27)

SddekTBHEOE NoJE, AeHCTByIOIEE HA CIHH Sy, PaBuo

Hy (—@)ers = — TE0ASE (—q)) 2+ - HVE M2 (4.28)
Hcnonb3ys srpaxenue (4.10), noayuaem
2 ey AC)S CbJ (q) V _ CoHV —ig-b
(Si(q) = 2 Hy (Q)est = eRaT (St Q) 2aneT .
(4.29)

Ypasrenne aaa (Si- (q)) amanormuno ypasuwenuio (4.29). Pemenne
‘9THX JABYX YPAaBHEHHH Jaer

. v Cye' P 4 [C,Cy.J () VIgeT] 69
(S5 (@) = — H’I‘ : [bbz ) 4]43;]2 - (4.30)
2gpg 1 —CypCy .02 (a) V2 /gulyT
Hcnonp3ys coOTHOLIEHHE
M. (@) = —gus | dre” “”Z<sb>6<r—R=——b>—
= —gps ) (So (@) eiab, (4.31)
- |
[oJydyaeM BOCTIPHUMMHBOCTL (PEPPUMArHHTHOM CHCTEMBI
C, 4 C,) T -+ 2C,C,J (q) cos (g,a) V/gus
y (q) = &2 L @) T/e¥n (4.32)

T2 — C,CyJ (o) V*/g'uy

H3 Bujga J (q) caeayer, 4To 3TO BbIpAaXeHHE IJs1 BOCIPHHMYHMBOCTH
pacxoautca npu q = 0. DoJsee toro, pacxoauMMocTbh HE 33aBHCHT OT
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AAARERARIY

J>0 J<0

Puc. 4.4. Jlse oCHOBHHE BO3MOMHHE KOHGHIYPAUWH ANS (eppPHEMarHeTHKA.

sHaka J. Ilpu nonoxkurennHom J pABa cnuHa 6a3uca napanJenbHH,
IIDH OTPHLATENBHOM — AHTHNADAJJIEJbLHEl. JTH JBE BO3MOXHbBIE KOH«
¢purypauuu noxasaHsl Ha puc. 4.4. OjHOpoAHAs BOCIPHHMUYHBOCTH
TAKOH (EPPUMArHUTHOH CHCTEMBl 3aNHCHIBAETCHd B BHJE

C,+-C)T+2VC.C, Te - .
X(O)ferri: ( 1+ 2)712-_—-!_7‘2V- 12 ] (4.33)

TAe TeMmIepaTtypa nepexojia

. Tc — 6J VSISE (S:;k:‘ 1) (82+ 1) . (434)

BeicoKoTeMIIlepaTypHBIE BOCIPHHMYHBOCTH CHCTEM C pa3yIHYHBIMH
TUIIAMH MATHUTHOIO VIOPSJOYEHHS I[OKa3aHW Ha pHc. 4.5.

TunuuHbiME eppHMardeTHKamMu SIBJISIOTCA DeJKOo3eMeJbHbe (ep-
puThi-rpaHathl XKeneda RE;Fe,O,,.

Bhllie Mbl BCIOY T'OBOpPHJIM O KPHCTaJJHYECKOH pelleTke, OfHAKO,
CYLeCTBOBAHHE QMOMHO20 JaNbHEro nopsjka He o0f3aTeNbHO A
MAZHUMHO20 JaJbHEro Hopfaaka. MEorpe BeLIeCTBA MOTYT Haxo-
AHUTBCH B aMOpP(HOM COCTOSSHHM M INIPH 3TOM OLITH MAarHUTHO-yNOPSiJAO-
YeHHBIMH. B uwacTHoCTH, (eppUMAarHMTHEIMH HABJAAKOTCH aMOpgHbIe
MJIEHKH PEJIKO3EMENbHBIX ¥ IepeXOIHBIX MeTaN0B, TakuX, Kak Gd—Co,

] M-My~T

09
08
67
0.6
a5
0,4
03
0z M~(Te-T)A
Qi ~—

[
T/Te

Puc., 4.5. O6Gmee nosefekne ofpatHoit Puc. 4.6. TemneparypHas 3aBHCH-
BOCTIPHEMYHBOCTH Da3/IHUHBIX CHCTEM INPH  MOCTb HAMarHHY9EHHOCTH OKCHJ3 eB-
BBICOXOK TeMneparype. ponus.

- R|

M/Mg

#
”

A
z Zz
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Tb--Fe. Hu>xe Temneparyphl (beppOMarHHTHOrO HEpPeXOfd CHCTEMA
XapakTepHU3yeTcs CIOHTAHHOH OJHOPOJHOH HAaMAarHHYEHHOCTBIO.
Y Gonpmed 4acTH (peppoMarHeTHKOB HaMarHHYEHHOCTh HENPEPHBHO
M I71aJIKO H3MEHSeTCs OT HYJA, TAK 4TO 3TOT Nepexoj] siBJNfercs nepe-
XOJIOM BTOPOTO poja. TUIHuUHAA KPHBas H3MEHEHHS HaMAarHUYEHHOCTH
B 3aBHCHMOCTH OT TemnepaTtyphrl npejcraBJeHa Ha puc. 4.6.

—
un

Mazrumrsi MoMeRm He
=

POPMWISRYIO COURULY , fAR

Puc. 4.7. TemnepaTypHas 3aBHCHMOCTb
HAMAarHH4eHHOCTH JKeJe30-Taf 0N HHH-
eBoro rpasara (BBepxy). [panatm
HMEIOT TPH HE3KBHBAJIEHTHLIE MAaTHHTHHE
nojpeiuerku. Mousl «a» o6pasywor o. 1. K.
pelreTky ¢ OXTaSAPHYECKHMH IQ3HLH-
SIMH, HOHBI «b» H «C» HAXOAATCH COOTBET-
CTBEHHO B JOAEKA3JPHYECKHX H TeTpa-
3JIPHYECKHX  IIOSHIHAX. OcHOBHBIM
-5} OOMEHHLIM B33aUMOJEHCTBHEM SBJHETCH
auTHpeppOMATHATHOE B3aHMO/IEACTBHE Me-
-10F IFe*(d) KAy HOHAMHM B yanax ea» u «d». Pac-
il CYHTAHHWE BXJIaJ! B HaMarHHYEHHOCTH

' OT 3THX IIOJIpGIIIETOK NNOKAa3aHb] BHH3Y.
0 W0 200 336 _'2'50"556 sﬁo
T, K

Donee cloXHBIA BHJ KHMEeT KpHBasg HaMarHWYEHHOCTH ¢eppu-
marserdka. Ha puc. 4.7 npeiacrasneHa nosHas HaMarHMYeHHOCTS,
COOTBETCTBYIOHafs (eppUMarHeTHKy ¢ JBYMs aHTH(eppOMaTHUTHO
B32aHMOJICHCTBYIOIUME KOMIOHeHTaMH. [lOCKoJBKY TeMueparypHas
3aBHCHUMOCTh A/ KaXKJOH M3 KOMIOHEHT Pa3/jMYHa, NONHAS HAMArHH-
yeHHOCTh ofpamaercs B HYJb [pH TeMOepatype, KoTopas HOCHT
Ha3BaHNE mMeMnepamypsl KOMNEHCAUUU.

8 MOCHILITINOILL MOMENTTT,

Bxnad nodpewremnrr

4.1.2, HU3KHE TEMIIEPATYPbI

OcraHoBHMCS XpaTKO Ha BONpPOCE O TOM, Kak oO0CyXKpaaBllHecs
BHIIIE CHCTEMBI pEAarupylOT Ha CTaTdyeckoe MoJe B cayyae, Korpa
OHH HaXOJATCH NPH TEMIEpAType HUXKE TEMIepaTypbl YNOPSAOUCHHUS.
Bellie MBI paccMaTpHBasM TOJBKO M30TPONHOE OOMeHHOe B32HMOJeH-
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crBHe. Ecau Obl TOJBKO OAHO OHO JAaBajlo BKJaJ B raMHJLTOHUAH,
TO OH OBLI Obl HHBAPUAHTEH OTHOCHTENbHO NOBOPOTOB. IJTO O3HA-
yano Obl, YTO H30TPONHOE OOMEHHOE B3aUMOJECHCTBHE caMmo To cebe
HE MOXKET IPHBECTH K MAaKDOCKONHMYECKH YIOPAJOYEHHOMY COCTOS-
Huio. Ha camom gese cymecTByloT A0NOJNHHTENLHBIE B3aHMOACHCTBHS,
BbLIEJAIOUME ONpesieJieHHble KPHCTanIorpadpuueckye HanpapJeHH:.
Hanpumep, Hukeawp Jerde HamariuduBaercss Bioas ocd [111], a xke-
ne30 — BaoabL ocd [100]. Takas MarHMTHAs aHU3OTPONHUS, KAK yKe
obcyxkjanock B pasj. 2.3, o0ycaoBIeHa CIUH-OpOHTANBHLIM B3aHMO-
jpeiicrBueM. IIpd #3MeHeHHHM HanpaBJeHHSI HaMAarHHY€HHOCTH 3TO
B3aHMOJENCTBHE NPHBOJHT K CJABHTY B 3HEPreTHUECKHX 30HAX Me-
tanna. CABHI CONPOBOXKA4ETCH Iepepaclpelie/eHHEM 3JEeKTPOHOB
MEXKJY 30HaMH C COOTBETCTBYIOLIUM H3MEHEHHEM NOJHOH 3NE€KTDPOHHOH
SHEpTHH.

MakpockonuueckH MarHuTHas aHH30TPONHA XapakTepu3yercd
3Heprue#, Koropas spnsercs YHKUHEH yrja MexJy HanpapJeHHeM
HAMAarHM4eHHOCTH M KpHcTauorpaduueckumu ocamu. AKcuanbHas
aHM30TPONUSA, HAanpHMep, Moxer OwlTh NpejcTaBieHa Kak K, sin® 0.
Ha MukpockonuueckoM ypoBHe, [0 KpaHHeH Mepe JJs HOHHHIX TeJ,
AHU30TPOINHSA NPHBOAUT K NOABJACHHI B TaMHJABTOHUAHE JONOJHH-
TEJBHOTO YJEeHa, COAepKallero NpoU3BefeHHE CMHHOBBIX KOMITOHEHT.
B uacTHOoCTH, 1A8 aKCHANBHOH CHCTEMBI

é"ganiso = —D Zl(sf)2: (435)

rae D — KorcraHTa aHu3otponHHd. Torja noaHoe 3pdeKTHBHOE moJe,
JeHCcTBylolee Ha i(-# cnuH, B NpuHOaMXKeHuM 3QPEKTHBHOTO IOJAS
HMEEeT BHJA

1 D AN
H{.eff='———2 J;'j(Sj) -——-(S,;)Z-{—HCOS((]'RE). (436)
glig EHg
[+

Tak kKak B cucreMme HMEeeTCHd BbIJEJEHHOEe HANpaBJICHHE, PEAKIHA
Ha NPHJIOXKEHHoe noJse OyLeT 3aBUCETh OT HANPABJEHHS nods. [Ipexpe
BCEro pacCMOTpHM cnyqaﬁ, KOorja MNPHJOXKEHHOE [10J1€ HapaJIJIeJIbHO
ocH 2. Toraa

(S;) = (Scos [Q-(R; — R) z + 8z, (4.37)

rae (S7)o — cpennee 3nauenwe S7 B OTCYTCTBHE BHEIIHEro MOJA.
Tak xak B ynopsjO4YEHHOM COCTOAHHH OOGMCHHAS 3HEprus mnpe-
BOCXOJAHT TENJOBYIO, CpelHee Jaercsl (PyHkuuedn bpunaiosua

NSJ DS {83
(S3)y=—SBs (_ (NSJ (@ + DSI ‘>°). (4.38)

kpT
Unen 8S7 B dopmyie (4.37) npexcrasaser coboit Ty wacts {S3), KoTo-
pas MHAYUMpPYETCH NPUJIOKEHHBIM NoJeM. 3Ta peakiysa U onpejenasier

BocnpUUMuHBOCTh. CpesHee 3HaueHHe S; B NPHCYTCTBHH MOJA JAETCH
BHIpAXK€HHEM, aHaJorMuHuIM (4.38), npuYeM NpPHJIOKEHHOE MoJe
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NOOABASETCS K apryMeHTy dyHKUMH Bpuaiwossa pMecre c YJIeHaMH,

comepxamumuy 6S7. Ecan ke nonoaHHTeNbHBIE 4jeHbI MaJlbl, TO MBI
MoXeM pasnoXHThk PyHKUHIO BpuiIsosna no creneHsiM sTHX YJeHOB.
B HH3IIEM MOpsijKe IONyyaeM

’ ' NSBg | DSB8y
(Sl> = <S§>0 - _k_,ﬂ‘"iT E J;,-GSf T -m:g- 0S; —
i+
gnpS*H By
— ~—F—cos(q'Ry),  (4.39)

rae Bs — npoussonsas $yuknuu Bpunmossa no apryMeHTy, BbI-
1UC/ICHHAsE NpY HyneBoM mnose. Ecau coBepuuth npeo6pasoBaHue
Dyprne Bolpaxenus (4.39), to aas BOCIIPHHUMUHMBOCTH MOJYYHM

3SCBg/(S + 1)

Xy (q) = T— [3SBg/(S+ )] [NJ (@) + D] S(S + )/3kg (4.40)

M3 ananoruusbx paccyxuenuit nonyuaem BOCIIPHHUMUYMBOCTL A
Clydas, KOTAA NOJIE MNDUJIOKEHO NEPNEHJIHKYIAADHO OCH 2:

gr NIV
X (O=Foe—7@iro-

(4.41)

Orciona crexyer, 4to nepneHAMKyJspHas BOCNIPHHMUYHMBOCTbL He
3aBUCHT OT TEMMNEDPATYPBI, B TO BPEMA KAK Napaiie/bHas BOCIpHHM-
qHBOCTh CHIAN2ET A0 HYJS NPH NOHMKEHHH TEMIEPATypbl. DTO NpH-
BOLHT K HHTEDECHOMY SIBMIEHHIO B aHTH(eppomarHetukax. [Ipu nyae-
BOR TeMNeparype Ha/JOXKeHHE NAPAJIeNbHOTO MONS HE BBI3bIBAET
NOJAPH3ALHMH, T. €. C 3THM COCTOSIHHEM HE CBf3aHO HHMKAKOH 3eeMa-
HOBCKOH 3nepruu. [lepneHaukynspHoe e nose cosgaer HeGOJbIIoe
CKalllnBaHHe CNHHOB, UTO NPHMBOAUT K NOJAPH3ANMH. 3€eMaHOBCKAS
SHEPTHS, CBs3aHHAS C ITHM cocTosHueM, pasHa —M.H. [Tostomy,
ec/1i Obl He GLLTO YHEPTHH AHM3OTPONMH, BCE CIHHLI B napaaesibHoM
NoJ1e  «ONpOKMABIBATHCHY OH B NEPIEHAMKYJIADHYIO KOROHIYpauuio
¢ Gosee uuakoi 3Heprueit. Beupy Hannumus 3HEPrMH aHH30TPOIHH
CYMECTBYET MHHHMMAaJbHOE 0OJE€, NPH KOTOPOM [POHCXONHT TAKOM
OPMEHTANHOHHEH. (a30BHA nepexof -— cnuH-Gaon. IlpupapHuBas
SHEPIHM B JBYX COCTOSIHHAX, HAXOAMM JIJs CAYYas B3aHMOJAEHCTBHSA
TONMBKO ¢ OJAMKAHUIMMM COCEeASIMH

S
H —
crit gl"B

[Toryuennoe noae ecTh cpejHee reOMETPHYECKOE OBMEHHOIO OIS
M N0/ aHH30TPONHH. B deppomaruernke opueHTauHOHHBIH nepexor
OTCYTCTBYET, XOTA OYHKUHS NapaaNeNsHOr0 OTK/JHKA CTPeMHTCH

V 4zD1J|. (4.42)
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llope a2 nemen
A
Tt

buxpumeeckas movxe

H; |Cruii- qﬁr’*' ~
fase

flepexod
/It’pﬂgggapoda ~i _‘_\___/__,-

HITIUPEL T CHETFL
T
Puc. 4.8. ®asopas jumarpamMa aHTueppomarnetHka (H; — BHyTpeHHee moJae),

flepexod gmopoeo poda

K HYJIO, [OCKOJBKY COCTOSHHE ¢ HaMarHM4eHHOCTBIO BAOJAbL II0JS
obnagaer Gosabwol AunoabHoH aHeprueit. PazoBas AuarpamMma IJs
anTH(eppoMarHeTHka mnokasaHa Ha puc. 4.8.

MeTtamarseTusMm. B MaTepHasiaX ¢ CUIBLHOH aHH3OTpPONHeH cOCTOSA-
Hue cnuH-Qon ¢asel NOZABJIEHC H HUXKE HEKOTOPOH TeMuepaTypH
MpH YBENHYEHHH NOJS CHCTEMa CTAHOBHTCH NapaMardHuTHOd B pe-
3yJabrare (PasoBoro mepexoja mepBOrO poaa. Takue CHCTEMBbl Ha3bl-
BAlOTC METAMAarHHTHREIMH; KJaccuueckue npumepnl — 3to FeCl, u
Dy3Al;Oy,. Ha puc. 4.9,a usobGpaxerH npumepHbiii BHA (a3oBoH
auparpaMMH. Touka, B KOTOpOH JHHHS (ha3oBoro nepexopa BTOPOTC
poja npespamaercs B JHHHIO (a30BOrO nepexoja NEepBOTO pOAA,
Ha3blBaeTCA mpuKpumuyeckod Touko#l. B aHTH(peppomarserukax,
I/le HAMAarHUYeHHOCTb MMEET MPOTHBOMNOJIOKHOE HaNpaBJieHne B pa3-
JUYHBIX Yy3JNaX, CONpS’KEeHHOE 3TOH HaMarHM4eHHOCTH nose [,
= H (Q) raxxe J0aXKHO ObTh 3HakonepemedHuM. I'pudipurc [4. 5]
noxasa.n yto Ha aszoBou auarpamme H;—H,—T nas meramarsHeTnka
MMEIOTCSl JIBE NOBEPXHOCTH NEPEXoAA NMEPBOTO POJA, PACXOAALLHECH,
noao0HO KpHLIbAM, B 00gaacTh ¢ f1; = 0, Kax moka3aHo Ha puc. 4.9, a.
3amMeruM, YTO 3TH NOBEPXHOCTH OrpaHMUYEHL! ABYMS JHHHAMH, COOT-
BETCTBYIOIMMH (a30BBIM NE€pEXojaM Broporo pojd. TakuM obpa3om,
TPHKPHTHUECKAA Toyka npejcTaBaser Cco00H TOYKY nepeceyeHus
TpeX KDHTHYECKHX JIMHHH,

J1s xOoHeyHBIX 06pa3lnoB BHYTpPEHHee none [; M NpUIOKEHHOEe
noae H, pasiuuHH #3-32 3Q¢exkTa pasmaruuuuBaHus. [Jas oOpasua

Tapame eHemu s

H

/Tepexod
arIopozo poox

H; Tpunpumuyecasd | _
mosirna Cvemaiv~, Napameazrener
Has gasa
Ho T .
Tepexod AHMu@enpoMa2ye -
Jlepexod A”muqa”%pwwaaﬁe- 8ITIOpO20 POIR muk
nepaoen 2
poia / T T
H
S a d

Prc. 4.9. Pasoswe puarpammu H; — Hy — T (a) ¥ Hy — T (6) pna MeTaMarHeTHka
(H; — BHYTpeHHee nose, Hy — BHelHee NOJeE).
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BJJIMIITHYECKOH (POPMBI C pasMarHHYuUBamOm{uM (pakTopoM N BHYTpeH-
Hee MoJIE€ ONpejensieTcsi Bbplpa)keHHEM

H, — H, — 4nNM.

[TockoabXy HAMAarHWYEHHOCTh CKAYKOM BO3pacTaeT MNpH Iepexoje
uepes JHHHIO (a3oBOro MNepexoja HepBOrc pojad, BHYTpPEHHee oJe
TEDPOUT Da3pBIB U N3AdeT JO 3HAUEHHs, MeHbLIero, 4eM HeoOX0AHUMO
AAs da3oBoro nepexoaa. AT0 NPOTHBOpeUYHe ycTpaHdercs Oaaropaps
'00pasoBaHuIO B BellecTBE JOMEHOB ABYX ¢a3. Takue cMellanusie $asnt
aHAJIOTHYHbL TIPOMEXYTOYHOMY COCTOSHHIO B CBEPXIPOBOAHHKAX.

4.1.3. TEMIIEPATYPbl BBJIH3H T,

O6paruMmca Tenepb X HHTEPEeCHOH 00aacTH BOJMH3H KPHUTHUECKOH
Toykd. Lleap mo6GoH TEOpHH KPHTHUYECKOH TOYKH — TOYHO NpeACKa-
3aThb NOBEJIEHHE PAa3JiHyYyHbIX (H3HWYECKHX BEJHYHH NPH NPUOIHIKEHHH
TEMIEPAaTyphl MMM JPYrof nepeMeHHOH K XPHTHUECKOMY 3HAauCHHIO.
O6uyHO u3MeHeHHe ITHX BEJHUMH ONHCHIBAETCS CTENMEHHKIM 32KOHOM
Buna (T—T.)* Ha puc. 4.6 B xauectBe npumepa npejcrablieHa Ha-
maruuuedtocts EuO, ofpamamomascas B Hyab, xax (T—T)".
YcnemHas TeopUs JOJKHA NPAaBUJABLHO NIPEACKA3bIBaTh 3HAYEHHA A,
a TakXe COOTHOLUEHMHA, €CAH OHH CYIIECTBYIOT, MEXAY NOKa3aTe sAMH
CTENIEHH B 3aKOHAX, ONMCHLIBAIOIMX MNOBEJEHHE DA3JNHUYHHIX (uanye-
CKHX BeJTHYHH.

MoxH0o BBIZENUTH IBA OCHOBHLIX 3Tana B 3ToH 3apaue. [Ipexae
Bcero HeoOxoAuMo BhIOpATh MOJEJb, KOTODAss afieKBaTHO OIKHCHLIBAET
peasLHBIE CHCTEMBI H BMeCcTe€ C TeM MOXeT ObITh pEelleHa MaTeMaTH-
yecku. Jlo cHX nop Halle pacCMOTpPEHHE OCHOBBIBAJOChL Ha TaMMJb-

rounane leitaenGepra — })J;;S;-S;. Mbl Takxe ynoMuHanu modess

H3unea, pnsi KOTOPOH raMUNbTOHMAH HMEET BHJ —-ZJ;,-S?S}. Xorsa
HEKOTOpbI€ BeleCTBa, TakKHe, KaK JUCIPO3HH-aJIOMHHHEBHIH IpaHar,
XOpPOLIO ONHCHIBAIOTCH 3TOH MOJENbIO, TIJ1aBHAsA NPHBJAEKATEIBHOCTh
ee 3aKJjoyaeTcs B TOM, YTO OHA CYHIECTBEHHO npote Moxaeau ['edses-
6epra; TepMOJHMHAMHMECKHE BeJWMUHHB, CBf3aHHBIE C O8YMepHOU
m00eavo M3uHea, MOXHO BHIUHCJAWTBL TouHo [4.6].

Tak xak gaxe jad OTHOCHTENBbHO nNpocrod mojenu HsuHra ne
ObII0 MOJAYYEHO TOYHOI'O DEHICHHs B TPEXMEPHOM cJjayuae, Ham [pH-
XOAMTCA JAesaaTh onpejenedHbie npubauxkenus. CiegoBaTeabHO, BTO-
POH WIar B pEMeHHH 3aJaud O KPHMTHYECKOH TOYKE 3aKJIIOUAETCH
B pa3paloTKke MaTeMaTHYECKOro anmapaTta, KOTOPHIH INO3BOJHT BbIAC-
HHTb, YTO K€ NPOHUCXOJMUT C Hamied Mojenblo BOAH3M a3oBoro nepe-
xona. JIBa TakuX MoAXoAA MEI M3JIOXKHAH Bbille. B 064acTH HH3KHX
TEMIEPATYD Mbl HCHOOJNB30BaAH npHONHKEeHHEe 3(PPEeKTHBHOIC NOJ
(cMm. pasa. 4.1), B KotopoMm npejnojaraercs, YTo KaxKIbld CIHH CTa-
THCTHYECKH HeaaBHcHM, T.e. (SiSHy = (89)0(S?s; rae’ cpennee
6epercs B HyJAEBOM NoJe (Ha 3TO yKasblBaeT HHXXHHH HHAEKc). B 00-
JaCTH BBICOKHX TEMIEPAaTyp Mbl HCHOJNb30Baau NpuOJHKEHHE CJIy-
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yaiHeIX (a3, B KOTOPOM IpEeAnoJiaraloTcsi HE3aBHCHMBIMH TOJBKO
¢ypbe-KOMIOHEHTbI. 3aMeTHM, 4YTO HCNOJb30BaHHE NPHOMUKEHHS
3(dexTHBHOTO NOJS B 3TOH 00J1aCTH NpPHBEJIO Gbl K TOMY, YTO 3HEpPIrus

cHCTeMbl, Kotopas BKaouaeT (SiS})y, Oblia OH paBHa HYJMIO DIpH
temnepatype Bbilte T.. IloatoMy yaesnbHas TeNJOEMKOCTh TaKiKe
6ni1a O paBHa Hyd10. OIHAKO Ha caMOM jJiene npy npubauxkenun K T,
CBepXy CIHHBI HAYUHHAIOT KOppenaupoBaTh japyr ¢ japyrom. [Tosromy

peauyuna (S7S?) orauuHA OT HYJS /IS COMHOB, AOCTATOYHO 6.H3-
KHX APYT K npyry. Mu ropopum 06 3TOM KaX O NOSABICHHH OAUNCHEZO
nopadka. Baarogaps cymecTBoBaHHIO OJHIKHEro nopsijKa 5Hepruf,
a clej0BaTeNIbHO, H TEMNJOEMKOCTH HE DAaBHbl HYJKIO BhIIUE TOYKH,
B KOTOpPOH CNOHTAHHAsE HaMarHM4YeHHOCTb obpamaercsi B HyJIb.

Onpenenenre KoppedsuuouHo#t ¢yaxknun {(SiSHy naer Ham
NIPEXPACHYI0 BO3MOXKHOCTb A/ NpHMEHEHHs (ayKTyaluOHHO-AHCCH-
nanuoHHOH Teopemnl. BBoasi KoMnoHeHTH! Pypbe u Tpebys, YTOOH
KOppensinuoHHass (YHKUMA 3aBHCENd TOJbKO OT OTHOCHTEbHBIX
KOOpJAHHAT CHNHHOB, IOJyYaeM

(stf>0 — 1\}9 2 <S(Q)zs ('_ Q)z)ﬁ exp [iq (R: - RJ)l (443)

Tax kax A, (qQ) = —gusS, (@) ¥ cooTHowerue (4.43) cuMMeTpHYHO,
¢nyKTy aUMOHHO-AKMCCHNALHOHHAs TeopeMa (1.87) moasoasier 3anucarhb

do 2AVY;; (q, o)
(S (q, £S5 (—q))o= _[ o g2p-"1’3 (1 — e—PE®)

ITonarag ¢ = 0 u cuuras, uyro BeauuuHa kgT/# Goabme Jawoboit ua-
cToThl (CnpapejyiHBOCTD 3TOrO JAONYIIEHHs MH oOcyzuM B 1. 6),
HAaXOAUM

e=ivt, (4.44)

(S (@):S (— QYo = ~B17 % 9)s o (4.45)
2

nguy ©
Cornacio cootHowenuio Kpamepca—Kpouura (1.64), murterpan mo

YacToTe pPOBHO B 7 pa3 OoJblne CTAaTHYECKOH BOCIPUHMUHBOCTH
Yzz (4, 0). IToaToMy oKoHuaTeNbHO NOJNYyYaeM

2 o2 kgTV .
<Sl'SJ'>0 - NzZzsz E li %zz (@) €Xp [iq - (R; — Ryl (4.46)
' q

3amerum, uto, mockoabky ((S3)%) = S (S + 1)/3, u3 (4.46) caenyer
NpaBUJIO CYMM

- Z % (Q) = %o, (4.47)

TIe Yo Onpenensercs BbipakeHuem (4.10).
5 P. Vaar
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Ecnyu ucnonn3oBath pesyabrar (4.12) npubaukeHus clydaiHbix

das 1715 y,, (q) ¥ paccMaTpuBaTh KyOHUECKYIO pelIeTKy, TO B IJHHHO-
BOJTHOBOM npubsaukeHHH u3 (4.46) noayuum

2\ 6S(S+1) T 'q-(R;y — R;
(stj>g= (3N-¢+;-2 ) - 2 exp [122(_*_!(;2 i , (4.48)

q

IJ€ BeJMYHHA

_ Te
% lzaV ST =T (4.49)

HA3LIBACTCH KOPPeAAYUOHHOU Oaunold. 3amerum, uto npu T, O0AbIIHX

0 CpaBHEeHHUIO C T, KOpPpeNAllHOHHAS JJHHA CTAaHOBHTCHA OYEHb Ma-
JOH M

(SISt~ 5 S(S+ 1) AR, —R)). (4.50)

[Tpu npubauxenun T x T, Koppeasuuon:uas QyHKuuA TPHHHMAET
BHJ noreunuana HOkasel:
<Q’ z>0__ S S+ T exp(—lei—-le).
16xt (W V) a® Te | Ri — Ry|

(4.51)

[Tosromy, xorna 7T npubaumxkaercs K T, XKaXJbl# CHOHH OKa3nlBaer
BJIMSHME HAa BCE CHMHH, Nonajawomue B chepy paguycom x 1. Ilpu
T = T, sra chepa oxparteiBaeT Bech obOpasell, H Mbl TOBODHM, HTO
YCTAHABAUBACTCH JAJbHUH MOPHAJOK.

TenaoeMkocThb, CBA3AHHYIO C 3THM YHOPSAOUYEHHEM, TaK¥Ke MOXKHO
BRIYHCIHTh ¢ nomoinbio (4.46). Ha puc. 4.10 cpasHuBaloTcs cxema-
THYECKH [PEeACTaBJIEHHOe [10BeIEeHHE BOCHDUMMYHMBOCTH M TEIJIOEM-
KCCTH B NPUOMHKEHHH 3QPEKTHBHOrO NOJAS H B NPHUOJMHIKCHUH CJY-
yaHHBIX (a3 ¢ THIHYHBIMH 3KCNepUMEHTaAbHBIMH JaHHbIMU. Haunbonee
CYUIECTBEHHOE PACXOMKAEHHE 3aK/IHYAETC B TOM, YTO B JEeHCTBHTEb-
HOCTH IDEePexXOA pAacHoJIOXKEH HHXKe, 4YeM [peJACKa3blBaloT TEOpPHUH.
D710 ABJASETCH CAEACTBHEM HeajeKBaTHOro yuera OJIHIKHEro nopsjka.

Mpl MoxeM mnonyuHTh Jayumee npubauxkeHHe AJas ¥ (q), ABHO
yuuThiBas OJMXHUHE nopsifok. OCHOBHAA HJAes 3aKJIOYAETCS B TOM,
YTO ABHIKEHHE CMHHOB, OKPYXAIOWKUX JaHHbIH CIIHH, CKOPPEJNHDPOBAHO
C ABHIKEHHEM MOC/IeJHEero, a NoTOMy He BHOCHT BKAdAa B 3¢(PeKTHBHOE
nojie, AedcTBylollee HA Hero. Jna ydera 3Toro oO6CTOATENBCTBA M3

3(ppeXTHBHOIO IOJAS BBIYMTAETCH YJEH, [PONOPUHOHAJbHBIN (Sf):

mz_z gl:j (§2) - E Piluy gy, (4.52)

4y

[TapameTrp A;;, XOTOpPBIH MNpEeANOJIAaraeTcsi 3aBHCHAIHM OT TeMmIepa-
TYpHl, ONpejensieT Tak Ha3biBaeMoe nose peakuuy Oncarepa. [ei-



4.1. JOKAJIM3OBAHHLIE MOMEHTDI 131

CTBYA Jiajee TaK e, KaK ¥ NpH BhiBoje BripaxeHus (4.12), noay-
qaem

Xo
% (q) = , (4.53)
%Yy
1 PETEN [J (q) —A]

rae A = (1/N)X Ai;Ji;. DroT napametp MOJydeH H3 YCJIOBHS, UYTO
BOCIIPHMMYKBOCTh (4.03) yaoBaeTBOpsier npaBunay cymm (4.47). B pe-
3yJbTATC HMEEM

o (SiSho (4.54)
i = SSF 3"

Taxum obpasom, (4.46) saBnsiercs Teneph CamMOCOIIACOBAHHBIM ypaB-

HeHHeM Uit KOppeasuHoHHoM OyHKumu {SiS%)o.

Takoil yayumeHHBI# yuer OJMXKHEro nopsjka NPUBOJHUT K nepe-
HODMHPOBKE TEeMIEpAaTyphl NepPexcoja No CPAaBHEHHIO C BeauuuHOH T,
B npubauxkesud sS@dextuBHoro nons. Ecnu MBI OPOCYMMHDYEM

1
X Cy
A I A
|
[
|
1
i— > T | — T
I { a I
x ; Cy
A ; A
| |
' |
} |
_ } > T : > T
1 1] |
x i Cy l
A | A |
| |
| |
| |
|
v’ » T | =T
8

Puc, 4.10. PaanuyHble npHOJHMKEHHA AJMH BOCIPHHMYHBOCTH H TEIJIOEMKOCTH TIeH-
3eH06eproscKoro ¢eppomarsHeruka: a — npubanxkenue 3sddexkrtuBHOro noas; 6 —
NpubAHXKeHHe caydadHuXx ©$as; 6 — THMHYHOE SKCIEpHMEHTaAbHOE ROBeJeH He,

5*
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(4.53) mo Bcem q 4 CHOBA BOCIIOJIb3YeMCS NIPABHJIOM CYMM, TO NOJYYHM
COOTHOILEHHE

G(s)=T,T, ~ (4.55)
rne s=T/T. +MJ(Q), a

l [
GO =5 X =TT @ (4.56)

q

Ha3ulBaeTcss pewerounol ¢yuknued I'puna. WUz (4.53) Buano, ut0
% (q) pacxonurcsi npu TeMmepatype, KoTopas CoorBercrByer s = |
[lostomy

Tt = T4G(1). (4.57)

Jdanst npocto#t KyOuueckol, Kybuueckoil o0beMHOLEHTPHPOBAHHON
i Ky6GHuecKoil rpaneneHTpUpOBaHHOK pewleroK 3Havenus G (1) Oyayr
pasHbl cooTtBerctBeHHo 1,517, 1,393 u 1,345, TakuMm ob6pasoM, MHl
BUAUM, uTO yueT noas Oncarepa npuBoaudt X 6oJsiee HU3KOH TemIe-
parype nepexoia B COOTBeTCTBHH C KPHBHIMH Ha puc. 4.10.

M3 yncna tepMojiHHaMHueCKUX BEJHYHH Huxke T, Hac HHTEpecyer
CIOHTaHHas Hamariudessocth. Ilpu noaxome x 7T, CHH3Y BeJHYHHA

(ST craHoBHTCA OUEHb MaNOM, MOSTOMY MOXHO DA3JOKHTH B PAA
¢yunkuuio bpunnosna B (4.38). B pesynbrate HaxoAuM, 4TO B IpH-
OMHIKEHMH MOJEKYJAAPHOrC MONS HAMarHWYeHHOCTh ofpalaercs
B Hyab, kak (T.—T)/2,

Coo6paxeHue 0 TOM, YTO HAMATHHYEHHOCTh MOXXHO PaccMaTpHBaTh
KaK napamerp pasJiOXeHHus, UIpPaeT OCHOBHYIO poJb B TeopuH (ha3o-
BhIX NepexofoB BToporo poja Jlanpay. Jlawpay paccmatpuBan ¢a-
30Bbleé N€pexofbl BTOPOrOo poja KakK NEepexojbl C «HapyLWEHHOH CHUM-
MeTpHed», T. €. NMepexofib, UPH KOTOPLIX HOBOE OCHOBHOE COCTOSHHE
CHCcTeMBl He ofJyiafiaeT NOJHOH CHMMeTpHEH raMuJbTOHHaHa. B cayuae
(¢eppomarHeTHaMa HHBapHAaHTHOCTh TaMHJAbTOHMAHA OTHOCHTENbHO
NOBOPOTOB Hapyluaercs H3-3a MOABJIEHHS CNOHTAHHOHM HaMarsHHYeH-
HocTH M. Jlanjaay Ha3Ba/n napaMerp, KOTODHIH B HEeCHMMETDHYHOM
COCTOSIHHH CTaHOBHMTCS OTJMYHBEIM OT HYJS, napamempom nopaoKa,
OYEBHAHO, YTO B HAHHOM CJy4Yae 3TO Kak pa3 HAMAarKH4eHHOCTb.
[lapamerp nopsazxa sB/asfercs AONOJAHHTENBHOH nNepeMeHHOH, KOTO-
pYIO TeEnepp HYXKHO HMCNOJIL30BAaTh ISl ONPeleNeHHsl COCTOSAHHUSA
cucreMel. B mopenn [efizenfepra napaMerp nopsaKa IpeACTABAAET
co0o¥i BEKTOp, [OITOMY MBI I'OBOPHM, UTO €ro pasmepHocms n = 3.
IlockosbKy B Momeaud MsuHra mmeercs TONBKO 2-KOMIIOHEHTZ CNHHA,
TO 34€Chb NapaMmMerp INopsiika HMeeT pasMmepHocTh n = 1.

[Iycte napamerp mnopsijxa, KOTOPHIM Mbl ofo3HauuM M, BO3-
pacraer OT HyJsd Bhiue 7T, JO KOHEMHOH BeNHYHHBI HUXKe T, Torja
B TeopuH Jlanjaay npexanosaraercs, 4to CBoOoaHas 3Heprus BOau3n T,
HMEET BHJ

F=a(T —T,) M*+ BM*. | (4.58)
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MunuMu3upysi cBoOOomHyl0 3Hepruio no M, nojydaeMm, 4YTO
M~ (T,— T)/2, xax mm Buaenu Buime. [o6aBuUM cropa u4JjeH
—MH, 3aBucAlHE OT NPHIOKEHHOrQ BHEIUHEro IOJS; TOTJa MOXHO
NOKa3aTh, YTO BOCHDHHMMHBOCTH OYAeT pPAacXOAMTBCS KaK Yy ~
~ (T—T.)™ . Auanoryuso, €cJii MH IPEANOJIONKHM, 4TO HAMArHuyeH-
HOCTb MEJJIEHHO H3MEHseTCH B NPOCTPAHCTBE, TO B CBOOOJHOR SHEPTHHU
NOABJAAETCH JAOMNOJHUTENbHEH Ya1eH. [TIoCKONMBKY OAHODOAHEIH [MOBOPOT
HE H3MEHSeT 3HEPTHIO, MEl MOXEM OXKHJATh, YTC IJIaBHOE HapylleHHe
OJHOPOAHOCTH TNPUBOAMT K M3MEHEHHIO, KOTOPOE MOXHO BHIPa3HTh
yepe3 npouspogubie M. UToObI YAOBJETBOPHUTL CHMMETPHH OTHOCH-
TeNbHO ofpaleHKsi BPEMEHH, HYXKHO B3fiTb KBajJpaT 3THX NPOH3-
BOJAHEIX. lIMeeTcs HeckonbKo Bo3Moxuocted. Hanpuwmep, aas uso-
Tponuo#t cpemnt umeeM |VM 2, (V-M)? u |V X M|®. Ecau npexn-
MOJIOXKHTh, YTO BCE YJEHBbl, OTpaxalllHe NPOCTPAHCTBEHHYIO CHM-
METPHIO, YUHTHIBAIOTCH Yepe3 SHeprHi0 aHH30TPONHH, TO oOMEHHas
SHeprus JoJXKHA ObITb MHBAPMAHTHA [O OTHOUIEHHIO K I[IOBOPOTAM
B cnuHogom upoctpaHcrBe. Hanpumep, noropor Ha yron m BOKpPYT
OCH Z B CIMHOBOM IPOCTPAHCTBE NPHBOXUT K 3ameHe M, —» —M,,
M, - — M, Ho ocraBasieT HeM3MEeHHBIM KOODJMHATH X H Y. Takum
oOpa3oM, OOMEHHAA 3HEPrUs Ans KyOHWYeCKOro KpHCTalja JoJdXKHa
HMeTb BHJI

O0F
V

~ ﬁ% VM, (4.59)

rie A — oOMeHHAas KOHCTaHTa. JTO BHIPAXKEHHE NPHUBOJAMT K Xapak-
TepHOH KoppenanuoHuon anuue § ~ (T, — T)7'/2

KpuTHYeCKHE HHAEKCDI:

B = 1/2 pna HAMAarHu4EeHHOCTH,
v=1 ana BOCIPHHMYHBOCTH,
v = 1/2 pias KOpPeNSLHOHHOR IJTHHBL

HE COIVIACYIOTCH C 3KCNEPHMEHTANbHBIMH JAaHHBIMH. 2TO M HeyIMBH-
TEJIHHO, NOCKOJAbKY, COINIaCHO TeopHH, IyKTyauMu napamerpa mno-
paaka npu T —» T, Goapuie camoro napamerpa mnopsiika. Tounne
H3MEpPEHHS 3THX H HEKOTOPBIX JAPYTHX KDHTHUECKMX HMHJAEKCOB CTH-
MyJHpoBasH B 60-e roJnl akKTHBHYIO paspaloTKy TeopHH. 3ameda-
TeJbHHIM, B YaCTHOCTH, fIBASETCH TO OOCTOATEALCTBO, UTO AJfA pas-
JUYHBIX CHCTEM KPHUTHUECCKHE HHJEKCH, NO-BHAHMMOMY, BecbMa OJIH3KH.
Kpome Toro, HOJKHEL CYLIECTBOBATH HEKOTOPHIE COOTHOIUEHHS, CBH-
3blBalOIHe OnpejeIeHHble KOMOHHAUHH KPHMTHYECKHX HHJEKCOB.

[TepBbiM BaKHBIM UIATOM K pELIEHHIO 3a3jayu Oblia rumoresa
Buaoma, corsiacHO KOTOpPOH KpHTHUECKas 4acTb CBOOOJHOH 3HEDPTHH,
f ects o0nOpOOHAR (hYyHKYUs HE3aBMCHMEIX mepemeHHBIX. s cnyyas
MarHeTHaMa YyKasaHHoe YCJNOBHEe NPHHHMaerT BHJ

[ (L*e, LvH) = Ldf (e, H), (4.60)



134 IJ1. 4. BOCMPHHMYMBOCTh B3AUMOAENCTBYIOUIUX CUCTEM

rie e = (T—-T,.)/T,, x v y — Ba KpUTHUECKHX HHJeKca, d — pas-
MepHocTh, @ L, Xxak nokasan Kajaxos, oreedaer macmtabGHOMY paa-
Mepy. CoOrJlacHO TOH THIOTE3€ «CKEHJNHHTa», BCE KPHTHYECKHE HH-
JIEKCHl CcTAaHOBATCA KomOuHauusmu x, y u d. B 1971 r. K. Buabcon
C NOMOILBIO PEHOPMIpynINbl OOBACHW/ HEAHAJUTHUYECKUH XapakTep
¢$a30BbIX NEpexojioB ¥ 0OOCHOBAJ IHOOTE3Y «CKEHNHHTa». Dby pas-
BUTHl pa3/JHYHble METOJABl BBIYHCJAECHHSA KPHTHYECKMX HHJEKCOB Ha
OCHOBE DCHODMIPyNNbl. BHUYHCJIEHHS [OKa3alH, 4YTO KDUTHUECKHE

y<l
,’ GdCLy Uz
3k — Teuzerdepe
MnF
2 _szn ¢ — XY
n
! \ 5/’2 — H3une
e
’/a Tpudnacerue
Y IPPERITTIUEHO2q
\ nans, B = Ve
2 4
a.'
Puc. 4.11. M3aMeHreHnne kpuThueckoro HHIekca B (CBA3aHHOIO C HAMATHUYEHHOCTHIO)

B 3aBHCHMOCTH OT DAa3MEPHOCTH npocTpancteBa (d) ¥ mapamerpa mopsaka (n). 3aecs
Xe TNPHBEJEHEl 3KCIEPHUMEHTaNbHhie 3HAUEHHS AN HEKOTODHIX BemecTB (CCHIKH
cM., B Taba. 4.1).

HHJEKCHl SIBJIAIOTCA (YHKUMSMH TOJbBKO Pa3MEpPHOCTH INPOCTPAHCTBA
H pPa3MEpHOCTH NMapamerpa NMOPSAAKA; yKa3zaHHoe 00CTOATENbCTBO HOCHT
Ha3BaHue yHusepcarsocmu (cm. [4.301)).

ToyHoe cpaBHeHHEe ¢ KCIEPHMEHTAJbHBIMH NAaHHBIMH NIPOH3BECTH
TPYAHO. Bo-nepBLIX, pasjHuHble NPHUMECH W HANPSXKEHUS CTPeMSITCH
CrAaidTh NEPEXOJ, TAK YTO TPYAHO TPOH3BOAMUTb H3MEPEHHS HEMNo-
cpejcTBeHHO BOAM3M nepexoga. Kpome Toro, cnabas aHM3OTPONMSA
CT2HOBUTCS CYLIECTBEHHOM HMEHHO BOJH3M Nepexoja W MOXKET Ipu-
BOJHMTB K «NE€PEXOJy» OT OLHOTO KJacca YHUBEPCAJbHOCTH K JPYIOMY.
¥Ka3aHHble TPYAHOCTH MJJIOCTDHDYIOTCA KpHBRIMH Ha pHc. 4.11,
rie NpejaCTaBJieH XPHUTHYECKHH HHAeKC [ A/Js yeThlpex THNHUYHBIX
BemecTB (cM. Taxkxke Taba. 4.1) ¥ JUHHH nocTosiHHOro P B n, d-
IJIOCKOCTH, BHIUKMCJEHHBIE IO TeopHH peHopMmrpynnel [4.7]. Hucnpo-
3uii-amomuuueBslil rpanar (DAQG) paccmarpuBanacs Kak TpPeXMmMepHas
cucrema Maunra, K,NiF, — kak jgBymepHad reiisenbeprosckas CH-
crema, a GdCl; — xak TpexmepHas re#3en6eproBckas CHCTEMA,
B KOTOPOH CyIIEeCTBEH na/bHUH [OPSI0K AKNOILHOIO B3aWMOACHCTBHS.
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Tabauya 4.1
3Ha4YeHHA KPHTHYECKOTO HHAEKCA AN HEKOTOPhIX BELIECTB
l T, — T
BeuecTso B —F Jluteparypa
c

GdCl, 0,43 0,002 << & < 0,07 J. Phys., €9, 1291 (1974)
DAG 0,26 0,001 << & =< 0,066 Phys. Rev. 186, 557 (1969)
KoNiF, 0,138 0,0003 << £ =<£ 0,2 J. Appl. Phys., 41, 1303 (1970)
MnF, 0,333 0,00006 << e << 0,08 Phys. Rev., 146, 403 (1966)

[Ipy oueHb HM3KHX TeMreparypax u3 BeIpaxkeuus (4.38) B npubau-
)KeHHH 3QQEKTHBHOro NOJs CJeAyer, YTO HaMarHW4YeHHOCTb yOBIBaeT
C MOBHILIEHHEM TeMnepatypbl Kak € He/(S+DT DKCIEPUMEHTAJIBLHO
o0HapyIKEeHO He CTOJb GhICTpoe yObiBaHHe. PacxoX/eHue cBA3aHO ¢ Cy-
HIECTBOBAHHEM CIIHHOBLIX BOJIH, KOTOpPLIE MBI OyeM o6CyKaaTh B TJ. 7.

4.1.4. TOIIOJIOTHA [JAJIBHETO IMOPSAKA

3aMeTuM, YTO TeopeTHUYeCKHe KpHBble, H300paXkeHunle Ha puc. 4.11,
He NOXOAAT Ao d = 2. B cayude fByX H3MEDEHHH XapaxkTep AaNbHEro
MOpAAKA KDUTHYECKH 3aBHCHT OT Pa3MEDHOCTH NapaMeTpa Nopsijaka.
Mepmuu v Baruep [4.9] nokaszanu, YTo y ABYMEDHBIX CHCTEM C He-
NpepblBHOX CHMMETpHEH, TaKHX, KaK rei3eHOeprosckas cHcTeMa,
He CyLlecTByeT OOLIYHOTO JajlbHEro Nopsjika, KOTOPHIH NPOSBAsSeTcs,
HanpHMep, KaK CMNOHTAHHAA HAMAaTHHYEHHOCTbH HJIM HAMarHHYeHHOCTb
nojapeuretkd. OJHAKO 3TO HE HCKJOYAET BO3MOXKHOCTH (a3oBOro
nepexoja, CBA33aHHOTO ¢ 0oJee CJA0XKHOM CHHHOBOH JHHAMHKOMH.
KnaccHyeckuM INDHMEpOM MOXeT CJAYXKHUTb AByMepHas XY-Mojgens.
Bepeaunckuit [4.10] BBHIUMCIAMA CHHH-CIMHOBYIO KOpPPEeISLHOHHYIO
GYHKLIHIO A5 3TOH MOJEJNH M, MCIHOJAb3Ys HH3KOTEMIepaTypHoe pa3-
JIOKEHHE, HauleJ CTENEeHHYIO 3aBHCHMOCTD:

(8:8) ~ (LR RILY ™
Ry

Orciona ciefyeT, Uro BOCIPHUMYHBOCTH OECKOHEUHA, T. €. CHCTEMA
nmojBepKeHa OOJNbIUHM (UIYKTYalUMAM, Da3pylIAOIHM JaJbHHA [O-
panok. Kocrepaun u Taynaec [4.11] nokasanu, 4to KpoMe AJHHHO-
BOJTHOBLIX CHHHOBBIX (WIYKTYAILHH, OTBETCTBEHHBLIX 34 TakKoe CTe-
NeHHOe TIOBEJEHHEe, HMEIOTCH TaKXe JIOKaJdbHble «TONOJOTHYECKHE
JepeKTbly napaMmerpa OOpAAKA, KOTOPbe B JAaHHOM CJlyyae COOTBeT-
CTBYIOT BHXPSM; TAaKOH BUXDb noka3aH Ha puc. 4.12. dpyrue npu-
Mepbl — JUCJIOKAUHH B KPHCTAJJMYECKHX TBEPABIX TeJMaX U BHXpH
B CBEPXTeKyueM requd. YToOsl BEIYMCAKTL SHEPIHIO H30JHDOBAHHOIO
BUXp#, 3anuumeM XY-ramMuJbTOHHAH B BHIE

HFxy =—2J Y (SiS] 4 SISf) = — 27 X cos (¢: — ¢y),

i>f {>f
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TAe ¢; — yroJd MeXJy i-M CIIHHOM M IIPOH3BOJIBHOH ocblo. Pasnaras
KOCHHYC, [0Jydaem

E—"Eo"—“’Jg[A(P(")]z,

rae A@ (r) obo3nauaer pasHocth nepsoro nopsiaka. s Buxpd,
u3obpaxkeHHoro Ha puc. 4.12, umeeM Ag (r) = 2n/2nr u, caepo-
BaTeJLHO,

E — E, = 2nJ In (R/a),

rae R — pajuyc CHCTEMHB, @ — pacCTosiHHe MexXAy OGaHKaiIuMH
coceJaMH. Tak KaK LEeHTDP TAKOTO BHXPS MOXKeT HAXOAHTBLCS B JIO00M

e -~ = 23 nR?*a* yanoB, 3HTpONHSA
J S =N N YAeT

“ ~ N\ S = 2ky In (R/a).
/S F LT CBoGogHast 3HEpPrus paBHa
| |/ 7 === NN NN E—E,—TS. SHepruss H 3u-
| R \ Tpomms OJMHAKOBO JIOTPH(-
O MHYECKH 3aBHCAT OT pa3MepoB
vV LN s ¢ 1t 1 cucremm; crenoparessso, npu
. / f HH3KOH TeMneparype OCHOB-
A\ VNN~ _ HbIM YHCJAOM B CcBOOOJHOM
NN N~ / / / / sHepruu Oyjer SHeprus, a Be-
\ DOATHOCTh MOSIBJIEHHS BHXPH
NN S GeckoHeuHo Mana. Ecau xe

temneparypa Buuwe nJ/kg, TO

npeobnajgaer 4JeH C 3SHTPO-

. Puc. 4.12, ConHOBHRA BHXDE. NHed M BO3HHKHOBEHHE CBO-

OONHBIX BHXpEH OKa3blBaercs

BaxHLIM. Ecau Tenepp yuecth B3aMMOJAEHCTBHE MEX]IY BHXpAMH,

TO KPHTHYECKas TeMmneparypa OyjaeT pELIEHHEM CJeyIomero ypas-
Henus (cm. [4.11D):

mnJ 9
W — 1=2n €Xp (—-JT, J/kBTKT)-
Huxe Tyr BUXpH o00pa3syloT napsl ¢ HYJEBOH IOJHOH CKOpOCTBIO.
O6 3TOM roBOpAT, KakK O TONOJOIMM jJajJbHero nopsaxa. [Aas cnoun-
CIIHHOBOH KOPpEJALMOHHOM (YHKIHMH BCE elle XapakKTepHa CTENeH-
Has 3aBHCHMOCTb, OTKYJa CJl€yeT, YTO BOCIPHUMYHBOCTD GECKOHEYHO
Bequka. OnHako Bbime Tgr H3-32 HAAUYHS BHXPEH KOppEAALHUOHHAS
(byHKUMA HMeEeT 3IKCNOHEHUMAJbHYI0 ¢opMy H BOCNDPHHMYHKBOCTD
OlpejeJisieTes Bblpa)KeHHEM

¥ (T) ~ exp (2,625(—172),
rpe ! = (T — TKT)/TKT'
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4.2. METAJ1J1bl

MaruuTHHIA jpanbHUH DOPSAJOK B METanjaxXx O4YeHb [OXOX Ha TOT,
KOTOPBIM Ha0J0JdeTCs B JAWIJNEKTPHKAX, O YeM MOXHO CYJAHTL IO
KPHBOH HaMarHMYeHHOCTH A/ HHKeJas, NpeACcTaBJeH o Ha puc. 4.13.
OnHako MAarHuTHHIE COCTOSHHS O0pasoBaHH CBOOOJHBIMM 3JIEKTDO-
HaMH, KOTOpble 06/1aflaloT TAKXE M TPAHCJAANMOHHEIMH CTENEHSMH
cBoGozbl. Haxoxjenne oTKIMKa TakoH CHCTEMbl B3aHMOJEHCTBYIOIIHX

1,0

Ni
Tc = 632,7t0,41f

M/M,

o 62 04 0,6 08 10
T/Tc
Puc. 4.13. TemnepaTypHas 3aBHCHMOCTb HAMAarHWMEHHOCTH HHKeas, [lepBoHawas-
Hble JaHHbBle Beiicca u dopepa [4.8], nonyseHHbE NPH NOCTOAHHOM AaBJEHHH, GHIIH

NepecyHTalbl ANS NOCTOAHHOTO OOheMa, 9TOOhl MCKJKUHTHL BJHSHHE TENJOBOIO pac-
IIHPEHHS.

3JIEKTPOHOB HAa MArHUTHOE N0J€ NpejcTaBsgeT co60H MHOrOYacTHYHYIO
3afayy CO BCEMH MPUCYUHMH €H TpYAHOCTHAMH.

MHorodacTHYHbIE IIONPABKH K BOCIPHHUMYHBOCTH JlaHjgay ¥ K BoC-
npruMuuBoCcTH [laysnu caexyer paccMaTpuBaTh [0 OTAEJbHOCTH
Kanazaga u Marcypaupa [4.12] nokasanu, uto npu GoJbINOH 3J€K-
TPOHHOH NJOTHOCTH NONPABKH X BOCHPHMMYMBOCTH JlaHjgay MaJjinl
(menee 1 %).

Mbl  paccMOTpDHM BJIMSIHHE 3JIEKTPOH-3/IEKTPOHHOIO B3aHMOJEH-
CTBMS HA CINHHOBYK BOCHPHHMYHMBOCTL ABYMSA cnocofamu. IlepBuiit
crioco0 npejcTaBasieT cofod (GEHOMEHOJOTHYECKHH NOAXOJ, KOTOPHH
HOCHT Ha3BaHHE TEOPHH (epMH-XKUJAKOCTH. B HeM Hcnoab3ylorcs
napamerphl, COBEPILEHHO aHAJOrHYHLIE TapaMeTpaM, BXOAALIMM B CIIH-
HOBBIH TaMHUJIbTOHHAH. DTH napaMerpbl JHO0O MOXHO HalTH U3 SKCIe-
PHMEHTOB, JHOO BBIYHCAHThL MX, IPUMEHSS BTOPOH MOJXOJ, OCHOBaH-
Hbli Hd HEKOTOPOH MHKDOCKONHYECKOH MOJENH, MO3BOJSIOUIEH Bbl-
YHCJIUTh pa3fHuHble (QU3HYECKHe BEJUUUHBI.
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4.2.1. TEOPHA <PEPMH-)XHAKOCTH

DeHOMEHOJOrHYeCKas TEOPUS B3aUMOJACHCTBYIOIIUX (PEpMHU-CHCTEM
Grina passuTa Jlangay B 1956 r. [4.13]. Xors Jlanaay unrepecopascs
B OCHOBHOM cBoMictBaMH ujakoro He?, ero teopus npumeHuma H
x Merasiam. Cunun [4.14] MogudHIMPOBAT TEOPHIO IyTEM BBEJCHHSA
MarHWTHOTO MoJ4.

HaunemM ¢ paccMoTpeHHS OCHOBHOTO COCTOSHHSI CHCTEMBI M3
N snexTponOB. JIns HeB3auMMOJEHACTBYIOLIEH CUCTEMbl OCHOBHOE CO-
CTOSIHHE COOTBETCTBYET XODOLIO onpejesneHHoR depmu-chepe. Jlanaay
NPEJANOJIONKUJ, UTO NPH MOCTENEHHOM «BKJIIOYEHHH» B3aUMOJEHCTBHA
MEXJly 3JEKTPOHAaMH H3 (epMHU-cepbl BO3ZHMKAET HOBOE OCHOBHOE
coctosiHue; ecau | 0) — HOBoe OCHOBHOE COCTOSIHHE, TO OHO CBfA3aHO
C NepBOHAYAJBHOH (epMH-CHEpOH yHUTADHBIM npeoOpas3cBaHHEM

10y = U|FS). | (4.61)

O6o3nausm 3Hepruio, ces3asnywo ¢ | 0), kak Eg. _

JlaHpay NpHMeHHJ 3TO NPEJNOJOXKEHHE TaKXKe H K BO3OYXKJIEHHAM
BO B3aHMOJieHcTBYIOMMX cucremax. Ilpeanonoxum, 4to Mul npHOGas-
JfeM K HEB3aHUMOJCHCTBYIOIEH CHCTEME OAMH 3JIEKTPOH C UMNYJ/b-

com #k. TOrJa Mbl [IONYYHM COCTOSIHHE ALy | FS), rae aws — oneparop
POXKJIEHHS 3JI€KTpoHa. Ec/aM NocTeneHHO BKJAIOYATb B3aHMOJEHCTBHE,
TO HOBOE COCTOSIHHE MOMKHO MPEACTABHUTb CJIEAYIOIHM oO0pasom:

|ka) = Uajs | FS). (4.62)

Tak kak 3nekTpPoH obJafaeT CNKHOM, 3Ta BOJIHOBAA QYHKIHUS Hpel-
cTaBysier coOOH CIMHOD.

O603naunM pasHocTs Mex1y sueprueit | ko) u | 0) gepes e (k, o).
[Tockonbky BoJHOBas (YHKUMS — COMHOP, 3Heprua OyJer Marpu-
ned 2x2. Ecau cucreMa H30TPONHA H, B YACTHOCTH, OTCYTCTBYeT
BHEIIHee MATHMTHOE TIOJE, TO 3HEPIrHA He 3aBHCHT OT CIHHA:

e (k, 0)ap = £° (k) 8.

Tak kax depMHu-chepa B pe3y/bTaTe B3aHMOJEHCTBHA CHIABHO Jedop-
mupyercsi, 3Heprusi €” (k) Oyaer COBEpILIEHHO OTJHUHA OT 3HEPTHH
cBOCOAHON 4acTHNBI. [IOCKOMBKY Mbl He 3HAaeMm 3TOli 3HEPIuH, npei-
MOJMOKHM, UTO 3HayeHHe k OOH3IKO K kp, H DAa3JOXKHM 3HEPIHIO MO
creneHssM k—kp. Takum o6pa3om, nosydaem

2k
) =p+LE R k) | (4.63)
rjpe
hkp _ O0e® (k)
el e AR (4.64)

Takoil 3/IEKTPOH, «OAETBHIH» BCEMH JDPYIHMH 3JEKTPOHAMH, HAa3HBAeTCH
Keasuuacmuyel. 3aMeTHM, 49TO 3Heprus, HeoOXoauMas VI POXKAEHHSA
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KBa3HyacTHub BOJAM3M mnoOBepXHOCTH PepMH, DpaBHA XHUMHYECKOMY
noreHuHany p. Bo3pacraHue 3HEPTrHH KBa3W4acTHUBl [IPH yAaJEHHH
ot noBepxHoctH Pepmu xapakrtepH3yercs 3pPeKTHBHOX MaccOd m™.
Mgl orpannuyMca onHcandHeM o0sacTH BOMM3H TIoBepXHOCTH Pepmy,
TaK KaK TOJLKO B 3TOH obOsacTH BpeMsl XKU3HHM KBA3WYACTHUBI JOCTA- -
TOYHO BEJIHKO ¥ TAKOH NOAXOJA HMEET CMBICJI.

C TakuM Ke yCIEXOM MOXHO ydasumbe 3J€KTPOH H3 J000H TOUKH
BHYTPpH ¢epMmu-chepsl. B pesyabTate poxjaeTcss «JAbIpKa», KOTOpas
BCJICJICTBHE B3aMMOJEHCTBHA NpeBpallaeTcsl B K6a3ulbipKy. DHEPIHA,
CBA3daHHAas ¢ AbIPKOH, paBHa CyMMe 3HEpPTHH, HeoOXOAUMOH AJd TOrO,

HUR

Trepau A
80304

Puc. 4.14. CneKTp OAHOYAaCTHYHHIX BO36YXJAeHHHA ¢(epMH-KUIKOCTH,

uToObl YAAJHTh 3JEKTPOH C NOBepXHOCTH Pepmu, T. e. —, U SHEP-
THH, KOTOpas HyXHAa JJA IEPEeBHKEHHs 3JIEKTPOHA H3 TOYKH
o noBepxHoctu: (Atkp/m*) (kgp — k). Opuaxo ecqd Mbl ONpeaeJuM
MOJNIHYI0 3HEPTHIO CHCTeMbl, COJep:Kaluled KRasUABIDKY, Kak
Ey — € (k), TO

h2krp
m*

e (k) =p + R—kg

[lostoMy cnekTp BO30yXJeHHs, CBSI3aHEBLIA ¢ (EpPMH-KHAKOCTLIO,
uMmeeT BHJ, H3o0pameHHnd Ha pHC. 4.14.

[IpeanonoKuM Tenepb, 4YTO B CHCTEMY BBEJEHH JpyTHe KBa3u-
YacTHUH. DTO MOXKHO Ccjenatb, HAOPUMep, C [OMOILBI0 BHEILHETro
noJas, o0pasyrouUero 3JeKTPOH-AblpOuHbIe napbl. IToCKOAbKY 3HEDTHS
KBa3HYaCTHIbI 3aBUCHT OT pacnpejieieHus BceX JPYTHX KBAa3HUACTHL,
Jroboe uaMeneHWe pacnpezeaeHuss Oyner NPHBOAMTB K H3MEHEHHIO
3Heprud KBasuuactuubl. OO03HAYHUM 3TO H3MEHEHHe paclpeseseHHs
kBa3n4yactuy kxak On (k, o).

Pacnpepenedne KBAa3uuacTH ONMHCBHIBAETCH MATPHIEH IJIOTHOCTH
KBasuuacTulu. B wactHom cayuae 3ra marpuna 2X2. Hanpumep,
6n (k, ©);; ZaeT BEPOSATHOCTb HAHTH 3JEKTPOH C HMOyJabcoM Ak W
CIIMHOM, HanpasJeHHbIM BBepX. CjenoBaTte/bHO, (PEHOMEHOJIOTHYECKH
SHEPIHI0 KBa3W4aCTHIL MOXHO 3alHCcaTbh CJAEAYIOIIHM o6pasom:

e (k, 0) = (k, 0) - - Tr {E,‘(k,a; k'a’)8n(k', o). (4.65)
g’ | b

Benuuusna f (k, o; k', o') npeacrasaser cofoil npoussefeHHE MATPHIL
2 X 2, aHaloTH4YHO® JHAJHOMY BEKTODHOMY Npou3ssejeHuto. [IpuBegem
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caMbit ofmMi BHA 3TOH BEJMYHHH B CJAy4Ya€ H30TPONHOH CH-
CTEMHL:

flk,o; k', 0 Y=g (k, k) 11" 4 ¢ (k, k')o-0’; (4.66)
aneck 1 — egunHHuHas Marpuna 2X2. boJsee TOro, NOCKoJbKY TeO-
pHA CNpaBejiHBA TONLKO BOMIH3H NMOBepXHOCTH PepMH, MOXKHO 10JIO-

KuTb |k’ | =~ |k | = kp. Toraa ¢ u ¢ 3aBHCAT TOJMBKO OT yraa 9
mexny k' B k, ¥ HX MOXHO Pa3JIOXHTb II0 NMOJMHOMaM JlexaHapa:

ok, k') = ;ii?: A(E&’):% [Ay+ AP, (cos8) - ...], (4.67)

Wk, k) = S B-K) = 2o (Bo+ BiPy (cos€) -]
F F
(4.68)

Ecnu u3pecTHa (YHKIHSA paclpejeneHds KBasHYacTHIl, TO, KaK
M B CJyYae 3JJeKTPOHHOrO rasa, MOXKHO BBIYHCJHTb BCE HEOOXOAMMEIE
¢dusnueckne BeanyuHul. OHH OyayT copepxarh napaMmeTpsl A, M Bj.
HzsmecTBo 3T0H TEOPHH 3aK/I04aeTC B TOM, YTO OJHH M Te K€ Iapa-
METpPhI B Pa3HEIX HA60PaX BXOAAT B PA3JIMUHEIE (PH3HUECKHE BEJHUMHEI.
ChnenoBaTelbHO, U3MEPSIA OJHU BEJHYMHBI, MOXKHO NpeACKa3aTh ADY-
rue. TpPyAHOCTb, KOHEYHO, 3aKJIOUAETCA B ONpEJeJIeHMH (DYHKIHH
pacnpeaenenus 8z (k, 6). B cTaTHueckoMm cayyae HAUTH 3Ty QYHKIIUIO
OTHOCHTEJILHO NPOCTO. B IMHaMUYeCKOM ke cayyae, KaK Mhml YBHIUM
B CEAVIOWEH IJiaBe, IPHXOJIUTCH pellaTh YpaBHEHHE THIIA YDaBHEHHUS
BoJabiMaHa.

Tax Kaxk 3aBHCHMOCTb 3HepPrUH KBazuuacTHIULl OF k ofycJjoBJeHa
B3aUMOJIEACTBUSIMH, AONKHO CYIECTBOBATh COOTHOLIEHHE MeXnay m*
¥ napamerpami A, # B,. UTobu nOJAyyHTb 3TO COOTHOIIEHHE, pac-
cmoTpuM cayuail T = 0, Korja uMeeTcs 0flHa KBA3HUACTHIlA C HMIYJIb-
coM ik ¥ CIMHOM, HanpaBJeHHEIM BBEpX, KaK NOKa3aHo Ha puc. 4.15, a.
Tenepb TPEANOJJONKHM, UTO UMIYJIbC CHCTEMBI YBeJIMUHMBAETCH Ha fid;
TOrAa MOJIyyaeM CHMTYAIlHio, H300paxeHHYI0 Ha puc. 4.15, 6. 3ro co-
OTBETCTBYET Nepexojy B CUCTEMY OTCYETa, JBHXKYIIYIOCH CO CKOPOCTHIO
fig/m. Habmoparenio, HenojBHKHOMY OTHOCHTENBHO 3TOM CHCTEMHI,

Sn(k',a')=-1
s Kk *k+g
Pepmu-
cpepa
Sn(k', a')= +1
x

Puc. 4.15. Bauguue OJHOPOAHOM TpPaHCAAUHH B HMIYJbBCHOM [POCTpPAHCTBE Ha
COCTOSIHHE, COAepKalllee OJHY JIKIIHIOK YaCTHLY.
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NOKAXKETCA, UTO KBAa3WYacTuua npHoOpena NONOJHHTEJNbHYIO 3HEp-
THIO

8e (k, 0)11 = hﬂk . q/m (469)

a4 Maanex q. CaMa e KBa3WuaCTHIIA HUCILITHIBAET H3MEHEHHEe 3Hep-
IMM, CBSI3aHHOE C ee JBHKEHMEeM B HMITYJbCHOM INPOCTPAHCTBE, KO-
TOpoe, corjiacHo ypaBHenuio (4.63), kak pa3 pasHo fik-q/m*. Kpome
TOTO, OHAa «OlIYlLaeT» H3MEeHEHHEe B paclpejeJeHHH KBa3HyacCTHI],
u3o0paxeHHoe Ha puc. 4.15, 6. Tak kak 3T0 nepeMenieHHe B KMIyJIbC-
HOM I[IPOCTPAHCTBE HE BHI3LIBAeT NEepeBOpauHBAHHSK CIIMHA, BEJHYHMHA
on (k, 0)qp Syner umers BHA: On (k) 0,5, rie On (k) cocraBaser +1
JUIs KBa3H4acCTHI| © —1 AJ5 KBa3sHALIPOK. B pe3ynabTaTe MH noJayyaeMm
caepyomui Bkaajg B (1,1)-komnoHeHTy 3sHepruu:

2 N ok k)on(k),
2

I7i¢ MHOXHTeNb 2 OGYCJOBJEH CJEAOM CIHHOBOH MaTpuunl. [Tpupas-
HHBAasl 3TH [BA H3MEHEHHS 3HEepPruH BBHAY rajJuH/JeeBCKOH MHBApHAHT-
HOCTH M npeoGpa3ys cymmy no k' B HHTerpaJ, IpHUXOJUM K COOTHO-
LIEHHIO

m*=m (1 +"‘3—1). (4.70)

MoxHO 1OKa3aTh, YTO BBIPAXKEHHE JJf TEINJOEMKOCTH (epMHU-KHI-
KOCTH MMEET TAKOH ke BHJ, KaK H JJIsl HJeaJbHOro ¢epMu-rasza ¢ 3a-
MeHO# m Ha m*. [TosTOoMy, H3Mepss TeIJIOEMKOCTb, MOXHO OIpeze-
JUTh napameTrp A; Ans (epMH-KHIKOCTH.

O6menHoe yBennyeHHe sBocnpuumunBoctTH [layaum. Teneps Mhul
MOATOTOBJEHK K PAacCMOTPEHHI0 NMEpBOHAYaJbLHOIO BONPOCA O peak-
UMK epMH-KHUIAKOCTH Ha MarHuTHOe noje. B npuCYTCTBMM MAarHuT-
HOr'O IOJISl 3HEpTHsl HeB3auMojeicTBylomelt kpazuuactHunl £° (k, o)
yKe He OyJeT He 3aBHCAIEH OT CnHHA, a OyJer coxepkarbh 3eeMa-
HOBCKHH BKJaJ

eV (k,0) =¢e%(k) 1 4+ psHo,. (4.71)

[TpeAnosoxuM, uTo Bce 00yCc/IOBNeHHRIE 110/1eM BKJAA/AhI B 4JIEH B3aHMO-
JEHCTBHS MaJbi; TOlZd NOJHASA 3HEPrusl KBA3HUYACTHLIBI €CTh

e(k,0)==¢"(k) 1 + ppHo,
—}——‘lf—T'r{ Y itk k',a')an(k',o')}_ (4.72)

Jls KBa3HyacTHL[ 3HepreTuyeckd Oojee BBHIrOJHA OPHEHTALMS IpO-
THB NOJf, TAaK KaK HX T'HPOMATHHTHOE OTHOUIEHHE OTPHIATEJbHO.
KaxJud pa3 KOrza KBa3WYacTHLA IEpeBOpayHBaeTCs, OHa MEHseT
pacnpejieleHHe, YHOCS, CJeJoBaTesNbHO, KaKoe-TO KOJHYECTBO 3Hep-
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run [cM. nocaeanuit une B ypaBHeHuu (4.72)]. Takum obpasom,
eCJTH BHAuaJje HMeJOCh JBa OJJHHAKOBHIX pacnpenesNeHuss I NpOTHBO-
NOJIOXHKIX CIIHHOB, KaK NOKa3aHo Ha puc. 4.16, a, To B KOHIIE KOH-
1o OyjneT JOCTHIHYTO paBHOBeCHoe paclpeneseHune (puc. 4.16, 6).
B paBHOBeCHOM pacnpejeSeHHH 3HEPrHsi KBa3HyacTHIbl HA MOBEPX-
HocTH ®epMu st CNHHOB, HanpaBJEHHLIX BBEpPX, pPaBHA 3HEPTHH
KBa3MYaCTHILI HA NoBepXHOocTH (epMmu 1/ CNMHHOB, HANpPaBJIEHHBIX
BHH3, TaK 4YTO

e (kF + ﬁkp, 0')22 — g (k}:‘ — GkF, 0')11. (473)

YuyuruiBas (4.72) u (4.63), nepenuizeM 3TO YCJOBHE B BHJE

WRe Skp — ppH +%Tr{ Y igk k)1 —y(k-k)oi]6n (k',o')}z
m* o’ | k*

h2k o o~ ~ o
—— 6kF+uBH+H.f{§lq>(k-k')1'+¢(k-k')o;16n(k"°')}'

(4.74)

Hamenenne B pacnpeneseHH# KBAa3WYacTHl, I[OKa3aHHOe HA
puc. 4.16, 6, xapakrepusyercst COOTHOLUCHHSIMH

[ [0 O
X 1] <l [k < fir + Bk,
&n (k, 0) =; 1_1 0 (4 75)
— bk k| < &g.
\L 0 O}kF 6F<I|<F
ClieoBaTeNbHO, |
Tr{ Y ¢ (k-k)bn (k, o’)}: 0, (4.76)
a’ k-

B TO BpeMsl Kak

Tr{Z vk k') oidn k', 0') =
o \ k’

+1
k% 8ky: j d(cos8)y (k-kK). (4.77)

—1

. 4nV
o (27)3

a
Puc. 4.16. BaHsHHEe NOCTORAHHOTO MaCHHTHOrO NoJs Ha ¢epMu-cepu a5 3J€KTpO-
HOB CO CIHHAaMK, HanpaBJeHHHIMH BBePX H BHH3.




4.2. METAJIJIBI 143

Ypasuenune (4.74) torza CBOAMTCH K

2h%% 2
T Ske — 2upH - MBU — 0. (4.78)
Takx xak HaMarHWYeHHOCTb €CTh
T 4nk%0k
M,=— _V?_ 'I;r{éj a,0n (k, 0)} = 2up By =, (4.79)

JJ1si OJHOPOJHOH BOCIPHUMUHMBOCTH (epMu-xKujakoctd npu T =0
HMeeM

| 4+ A
'X. (O) - 1 + BO xPﬂU“' (480)

Takum 06pa3om, MBI BHIMM, YTO B BLIPAXKEHHH JJIs1 BOCIPHHUMYK-
BOCTH HE TOJbKO Macca CBOOOZHOTO 3JEKTPOHA 3aMEHAETCSI Ha -
(EKTHBHYIO MacCy, HO H MNOSIBJAAETCH JONOJHHUTEJbHHIH MHOXHTEND
(1 + By)™!

B npubnuxennun Xaprpu—®Doka
B — me*
0= T TR, — — 0, 166r,

M Mbl BMJHM, YTO HMEeT MECTO TaK Ha3niBaeMoe OOMeHHOe YCHJIeHHE,
Korpa 3nexkTpOHHasi NJIOTHOCTh yOmiBaer, a r, — 6,03, BOCnpHEM-
YMBOCTb pacxoAuTcsi. OOLIMHO CYMUTAIOT, YTO TAKOH Marepuals JOJKeH
CTaTb (eppOMArHUTHLIM. MarHWTHLIC COCTOSAHHS B3aMMOJEHCTBYIOUWICH
3JMEKTPOHHOH CHCTeMBI IWIHPOKO obcyxpaanuch [4.15]; obmuit BuiBOX
COCTOHT B TOM, YTO TaKad CHCTeMa CTRHOBHTCHA (PeppOMAarHUTHOH He
npu 4060 31eKTPOHHOA NNOTHOCTH. [Ipubanxenne Xaptpu—®PokKa,
TakuM o00pa3oM, npeiackasniBaeT (geppomarHeTHsM. IIpuymHa 3akaio-
YaeTCs B TOM, YTO NapanJenbHhule CIIHHB PACTaJKHBAIOTCS B CHAY [IpHH-
uuna [laynu, Torga Kaxk aHTHNapaJgJjesbHple CIIHELI IPOCTPAHCTBEHHO
He CKOPpPe/NHPOBAaHbl. TakuM 00pa30oM, BHIHIDHILI B KYJOHOBCKOH 3HEp-
ruv Oyzner 6ogblue, €CAM aHTHIIAPaJJIeNbHEIE CIIHHEI BRICTPOSTCS Ia-
pannenbHo. [IpH TOYHOM pacCMOTPEHHH CJeJlyeT HMEeTh B BHAY, 4YTO
aHTUNApaJJeNbHbIE CNHHL OTYACTH CKOPPEJHPOBAHEl, H 3TO yMEHb-
IIdeT pa3HOCTh 3HAYEHMH KYJOHOBCKOH 3Hepruu. Pasnuuune Mexnay
TOYHLIMH CBOHCTBAMH B3aHMOJEHCTBYIOUICH 3JE€KTPOHHOH CHCTEMBI H
IONMYYEHHBIMH B npubaAnXenun XapTpu—®Poka HaswiBaeTcss 3¢dekTom
koppeasyuu. OneHKa KOpPPEISLMOHHOH IONPAaBKM IIOKA3BLIBAET, YTO
JHEPTMS HEMarHUTHOIO OCHOBHOIO COCTOSIHHSI 3J/IEKTPOHHOTO rasa
HHXKE 3Hepru4 (eppOMarEUTHOIO COCTOSIHHS.

Hanuune (peppOMarHMTHHIX CBOHCTB y pDeAJbHLIX METa/MJIOB 00b-
SICHIETCSI BJUAHHEM HMOHHBIX LIEHTPOB, KOTOPHIE CTPEMATCH JIOKANIHU30-
BaTh CBOOOZHEIC 3JEKTPOHLI, CO3/1aBast TAKMM 00pa3oM CTPYKTYpY
3/EKTPOHHOH NJIOTHOCTH COCTOSIHMH. J[lajee Mpl pacCMOTpHM JBe
MOJIEJIH, KOTOPbI€ YYHTHIBAIOT 3TH OCOOEHHOCTH.



144 rJa. 4. BOCIIPHHUMYHBOCTL B3AMMOJEHACTBYKOIIHMX CIHCTEM

4.2.2. MOAEJDb CTOHEPA

B 1930 r. oxnopemenso Cnarep [4.16] u Cronep [4.17 ] ucnossb-
30BAJIH KOHLIENIHMIO MOJIEKYJIIPDHOrO IIONSA K CTaTHCTHKY Depmu
A8 oOBsiCHeHHs (eppoMarHeTH3mMa CBOGOAHBIX 3JEKTPOHOB. 1aKOH
OJHO3JICKTPOHHRIN NOJAXOA Tenepb Ha3biBaloT Mojenbio Cronepa. OHa
' nogobHa TeOpHH (QEepMH-KHUAKOCTH JIaHAAY B TOM CMBICIE, YTO 3JEK-
TPOH-3JICKTPOHHOE B3aUMOJIEACTBHE NIPHBOJUT K IIOTEHIIHAAY, KOTOPHIA
NIpOCTO CJBHraeT NepBOHAYaJhHLIE OJOXOBCKHE COCTOSHHS.

B peayasTtare u3 Mozend CroHepa nosyuaercsi o600umeHHass BOC-
NIPHUMYHBOCTD 7, (q) AJIS B3aUMOAEHCTBYIONIEH 3JJEKTPOHHOH CHCTEMHI.
B kayecTBe MOJENHLHOIO I'aMHJbTOHHAHA BO3bMEM BhIDAXKEHHE THIIA
(1.132), rne ex Tenepb npejcrabJisieT co6oit GJOXOBCKYIO 30HHYIO 3HEp-
ruo. IlockoabKy B MeTaljie KYJIOHOBCKOE B3aMMOJEHCTBHE 3KpaHH-
pyercsi, IpUMEM JJI5l HEro BrIpaxeHue B Buje O-pyrkuum I8 (r;—r;).
B srom cayuyae yxe He Hy>XKHO N0OABJATH KOMIIEHCHDYIOUIUH (OHO-
BhI# 3apan, u u3 (1.132) nmeem

— !
Fo— kz'-l exdkolko 1 7 >k3 kz § § a%—q, oL 1q.—olk*, —ok, o. (4.81)

Ecan Mbl Tenepb fA00aBHM H3MEHSIONEECS B IIPOCTPAHCTBE M0J€
Hz cos (q-r), TO a1 3€eMaHOBCKOrO raMHJLTOHHAHA IOJYUYHM

5, = — - [M(q) + A, (— )], (4.82)

rpe

M. =-ges X (a}q. yar—alq i), (4.89)

BocnpurmunBocTb. BOCIPHHMUYHMBOCTL NOJAy4YaeM, BHIYKCISA Cpel-
Hee 3HayeHue A, (q) B Hu3meM nopsjke no 1. B uacTHOCTH, MBI JOJIXK-
Hhl BBIYHCJAHTL CpEJHEe OT

¥ ¥
Mg, q == Qk—q, 48k, + — Qk—q, {8k, |

Caeays Boasgy (4.181, nponenaem 3To, 3amucaB ypaBHEHHe JBHKeE-
HUA A1 My q H HCIOAB3Ys TOT (akKT, 4YTO B DaBHOBECHH
d {my, q)/0t = 0. Torzna

(I, q» o+ H,]) =0. (4.84)

B 3ToM KOMMyTaTOpe yUTeHb! JBOHHLIE U YETBEDHLIC NPOH3BEAEHHUS
3JIEKTPOHHLIX ONEpaTopoB. Bhipa)keHHe YNPOLdeTcs INPH HCIOJb30-
BaHUH NPUOJHKEHHUS CJAyYaWHRIX (pas, NpH KOTOPOM Mhbl OCTABJIsieM
TOJBKO JHArOHAJbHBEIE Naphl, JH0O Napel, HMEKOWHE TAKOH Ke BH],
KaK BXOJSIME B BLIpAXKEHHE IS My 4. [lanee anaroHa/JbHbE Naphl
3aMEHSIIOTCHA WX CPEJIHHM B OCHOBHOM COCTOSIHHH 6€3 B3aMMOJACHCTBHA.
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Dra npoueaypa 3SkBUBaneHTHa npubavxenumio XapTpu—Poxka.
B pesynbraTe nmeeM

(ex — xta) (M, q) — 2_15 (Mkq — ”-k)kz, (my-, q) —

— g}LBH (nk+q -— nk) = Q. (485)
Pa3penus Ha (Ek.}_q — Ek) H NIpOCYMMHDOBAB IIO k, Haxoaum

EP-BHE (”k — ”k+q)/(8k+q _ Ek)
I— (2HV)Z (" tq )/ (Pt — ) .

[TocKOIbKY PABHOBECHBLIE YHCJA 3aNOJHEHUS i NPEeACTaBJaSIOT coﬁon
KaK pa3 ¢epMueBCKHe QYHKUHH fx, MB! BHIUM, YTO BXOAAIMASA B 3TO
BhIpaXKEeHHE CyMMa COBIIAJaeT C CyMMOH B BhipaxeHHH (3.84) aasa Boc-
IPUUMYHMBOCTH HEB3aWMOAEHCTBYIOUIMX CHCTEM, KOTOPYIO Ml 0003Ha-
guM Y%, (q). Toraa

¥ (M. o) = (4.86)

_ %o (@) 4.87
H@=1= (2//g°uz) %o (@) 80

Mpl Morsiv Obl BHIYHCJAMTE (My, q), HCXOAA HeNOCPEeJCTBEHHO M3
BoipaxeHust (1.80). OxHakKo H3-32 HaJUYUA YjJeHa B3aUMOAEHUCTBHA
B 3KCIIOHEHTAX, KyZAa BXOAUT m (f)k,q, HEOOXOAMMO HCIIOJNH30BATh
METOARl MHOTOYaCTHYHOH TEOPHH BO3MYLIECHHH, YTO BhIXOAHUT 34 PAMKH
HameH MoHorpaguu. UToOw crenarh Halue pacCMOTPEHHME HATJIsSIHLIM,
BOCNO/Ib3YEMCS JHArpaMMHOM TeXHHKOH, OMMCAaHHOH B IVI. 1. Uneny
B3auMojeicTBust - B (4.81) coorBercTByeT cJenyiomas JHarpamMma:

k-q ¢
k'+q,~¢

Vmetorcs Ba cnocofa 3aMbIKaHHS 3JIEKTPOHHRIX H ILIDOYHBIX JIMHHH:

k-q,0 k., ~o k- k'tq ~-¢c
k,o k'+gq,-a k-qg -0 ko
a /]

[leTsiy Ha auarpamMMme @ OTBEYAIOT MaJbIM 3HAUCHHAM KBaJpAaTOB lepe-
JaHHBIX HMAOYJbCOB ( 0e3 nepeBopoTa cnuHa. Takue npodoabHuie
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CIIHHOBLIE (JYKTYalnHHd COOTBETCTBYIOT IIONPABKAM IIEPBOTO TOPSAKA
K X.,. BocnpunmuusocTb (4.87) oTBeyaeT cyMMe BCEX TAKHUX AHATDaMM

xum=® ; ®---® . ®_--®__®+--

(4.88)

[Terny na auarpamme 6 BKJIIOYAIOT TakKXXe M INIE€PEBOPOT CNHHA. 3ra
JAvarpaMma JaeT nonpasKy INE€PBOTo NOPsiAKa K NONepeyHoH BOCIpHHM-
YHBOCTH ., (q), KOTOpas B OTCYTCTBUE B3aAUMOACHCTBUS ONUCLIBAETCH
BoipaxeHnueM (3.88). CymmupoBaHue BCeX TAKHX NnONepeuHbix ClIMHOBBIX
(IyKTyaluH JAaeT MOJHYK BOCIPHHMYMUBOCTD:

!

L) |
X_4(q) = O + CD + +-.-- (4.89)
{ {

{

U3 YC/IOBHS HHBADHAHTHOCTH OTHOCHTEJ/bHO NMOBOPOTOB B NapaMarHHT-

HOM COCTOSIHHH HMeeM Y—4+ (q) = 2%,, (q).
Bozppamasicek K (4.87) B y4YHThIBasi, 4TO

. 1
lim o (q) = - g8 D (eF),

y-—»0
nojagyyaem

%o (0)

1O =g (4.90)
DTO BhlpaXKEHUE HMeeT TaKylo Xe ¢(opMy, Kak ¥ Belpaxenne (4.80),
IOJYUYEHHOE M3 TEOpPHH (hepMH-KUAKOCTH. Takum obpasoM, IO Kpaii-
HeH Mepe B NpUOJHIKEHHM CAydaHHBIX (a3, Mbl HMEEM BLIPAXKEHHE
151 (pepMH-XKHIKOCTHOrO napaMmerpa B, uepe3 BHYTpUAaTOMHBIH 00-

MEHHBIH HHTerpasj / M NJOTHOCTH COCTOSHHIA.
3aMeTuM, uTO YCJOBHE NOSBJEHHS (peppOMArHeTH3Ma HMeeT BHJI:
1D (eg) = 1. 0 HepaBeHCTBO HOCHT Ha3BaHue kpumepus Cmonepa.
Moxer nokasaTbCsd HENOHATHRIM, KaKHM 00pa3oM (QeppoMarHe-
TH3M BO3HHMKaeT NIPH yueTe TOJbKO OAHOTO BHYTPHATOMHOIO KYJOHOB-
CKOro B3auMOReHCTBUS. UTOGR! BEIICHUTD (DU3UYECKYIO IPUUKHY 3TOTO,
NpeANONOXKHM, YTO MBI HMEEM B HEKOTOPOM Yy3J€ o CIIMH, HArnpagJaeH-
HoiH BBepX. Ecau B cocegneM yane o’ CnUH TakXKe HANpaBJeH BBEpX,
TO COOTHOUIEHME HEONpeAeJeHHOCTH 3alpeumaeT eMy I[epecKoYHTh
B y3ea a. CaejoBaTesibHO, 3TH ABAa CNHHA He B3aHMOAEHCTBYIOT, H
MBI MOXKEM CUHTATh II0 ONPEJACJNEHHIO IHEPIHIO TAKOH KOH(HUrypaluHu
paBHOH HyJ10. OJHAaKO €eCAH CNUH B y3J€ o' HanpasjeH BHU3, TO
HMeeTCsl HeHyJ€Basl BEPOATHOCThL Nepeckoka ero B ysen a. CaenoBa-
TeJbHO, Takas KOHQurypanus ob/1anaer Gonbiued sHepruei, ueM «pep-
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poMarHuTHas». OQHAKO COCENHHE NEepeXOAbl MOI'YT YMEHLUIHThL KHHe-
THYECKYIO 3HEPIHIO 3J€KTPOHORB, YTO OTpPaxk4deTcss Ha MJOTHOCTH CO-
CTOSHHH, BXoasgwed B kputepuii CtoHepa. [JosToMy BO3HHKHOBEHHE
()eppOMAarHeTH3Ma 3aBHCHT OT OTHOCHTENBHOH BEJHYHHE KYJIOHOBCKOTO
B3aUMOJCHCTBHA M KHHETHYECKOH 3HEpTHH.

M3 Bripaxenus (4.90) crenywor HHTepeCHule BHIBOAKN AJsi NapaMar-
HHTHBIX METa/J0B, KOTOpPbIE XAapaKTePH3YIOTCH 6oabuium (HaxkTopoM

X(q)
o)

X (
t

1

Zky =9

Puc. 4.17. BausHue 3/1eKTPOH-9JEKTPOHHOIO B3aHMOJEHCTBHSA Ha BOCTPHHMYHBOCTL

rasa cBOGONHHX 3JIEKTPOHOB (KPMBa® A) M CHCTEMB! 3JIEKTPOHOB C HE3KPaHHPOBAH-

HEIM KYyJOHOBCKMM B3aUMOjeicTBHEM B NpHOAHXKeHnH XapTpu — Poka (kpu-
Bas B).

ycuaenusi. Hanpumep, B OKPECTHOCTH IPHMECHOrO CIKHA, NOMEIEH-
HOro B TaKOH MeTaJ/lJ, BO3HHKAeT CHJAbLHASA NOJspU3alMf NPOBOAA-
LHX 3JeKTPOHOB. Takue zusanmckue momernme: HabGmoaantuch B nan-
JaJi¥ ¥ HEKOTOPHIX ero CIlJaBaxX. 3T0 NPEeACTaBASIETCH €CTECTBEHHBIM,
TaK Kak B [lepHoavyecKkol cHCTeMe NajJaiud pPacloioXeH NOoJ HHKe-
JeM W HMeeT TaKHe Xe 3JeKTpOHHbie cBOHcTBA. ClenoBaTeshHO,
MOXKHO OXKH/aTb, YTO XOTA NaJJaJud H He ABJAAETCH (eppOMarHHT-
HbIM, K3aK HHKeJIb, HO N0 KpanHeH Mepe JJi HEro XapaxrepHo 60Jib-
moe oOMeHHOe YyCHJEHHe.

Boauwl cnunoBo# nioTHocTH. Kak M B CiiyuasiX JJOKAJTH30BAaHHEIX
MOMEHTOB, PacXOoAHMOCTh ¥ (q) npu q =0 6yner BhI3bIBATHL NEPEXO]
B COCTOSIHHE C HEOJHOPOJHOH HAMATHMUYEHHOCTHIO. [leAcTBHTENbHO,
Osepxay3sep [4.19] nokasan, yto ¢yHKuus 7 (q), CBA3aHHASL C He-
SKpaHHPOBAHHBLIM KYJOHOBCKHM B3aHMOJACHCTBHEM, B IPHOJIHKEHUH
Xaprpu—®@oka pacxoauTcs npH ¢ — 2Rz, KaK INpPEJCTaBJEHO HA
puc. 4.17. B TakoM ciyyae 0CHOBHOE COCTOSIHUE JOJXKHO XapaKTepHu3o-
BAThCH NEPHOJHYECKOH CIIHMHOBOH IIOTHOCTBIO. [J006HYIO CTPYKTYDY
Ha3bIBAIOT 80AHOU cnunoeoi naomuocmu. QOnHako 3¢dexThI, obyc-
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JIOBJIEHHEIE 3KPaHMDOBKOW M 3JJIGKTPOHHLEIMH KOppeJNsALHNSME, CTpe-
MSATCS NMORABHUTbL PAaCXOAHMMOCTh, NIO3TOMY BOJHA CIIHHOBOH INIOTHOCTH
MO3KeT 06pa30BaThCs TONBKO NPH JOBOJbLHO CIIEUDHUECKHUX YCIOBUAX.
YTO6HI NOHATL 3TH YCJAOBHS, PACCMOTPHUM BOCIPHUMYHMBOCTL B OTCYT-
CTBHE B3aUMOJIEHCTBHUS Y, (¢) AIs cayuast OJHOrO M JIBYX M3MEpEHHH,
IpeICTaBJCHHYIO Ha pHC. 4.18. Mul BUauM, YTO HU3KOpa3MepHas CH-
CTEMa JIerye CTaHOBHTCH HEeYCTOHYHBOH 10 OTHOUICHHIO K 06pa30BaHHIO

x(q) CIIMHOBOH BOJIHBI. JTO Oﬁ’bﬂCHHe'I:'-
X(0) cd TeM, YTO B IEPHOJHMYECKOH
* CTPYKTYpP€ C BOJIHOBEIM BEKTOPOM
q 3JIeKTPOHBI, BOJIHOBLIE BEKTOPHI

— KOTOpHIX OT/IMY3lTCs Ha (¢, OKa-

3BIBAIOTCH CKOPPEIHPOBAHHLIMA.
B pesyJsbTate 3J€KTPOHBI CMe-
IATCA ¢ (QepMH-NIOBEPXHOCTH.
HMuorna paccMOTPEeHHRIH 3PhekT
Ha3BLIBAIOT rPYNNUPOBaHHEM (I1es-
ting) cooTrBercTByIOIHX COCTOA-
HUH. B cayyae oxHoro M HBYX
U3MEpPEeHHH (epMH-NIOBEPXHOCTh
uMeeT Oosiee npocTyro GopMy H
3(deKT rpynnupoBaHHs BhlpaXxeH
cunbHee. Te ke pacCyXIeHHS
MOXHO TIPHMEHHTb H K HEeyCTOH-
YMBOCTH 3apa0doe0i mnotHocTH. U
JeHCTBUTENbHO, 60JBIIHHCTBO Be-
| > o ECTB, 1Jisl KOTODRIX XapaKTepHa
0 Zkg 9 rakasm HeYCTOHYMBOCT OTHOCH-
TeJbHO (epMH-IOBEPXHOCTH, II€-
PEXOIUT B COCTOSTHHE C BOJHAMH
3apsA0BOH IJIOTHOCTH.

Jlo Hacrosimero BpeMeHH EeIHHCTBEHHBIM IIDHMEpPOM BeIIEeCTBa,
Yy KOTOpOro HaGJiofaloTCs BOJHEI CIIHHOBOH  IJIOTHOCTH, KOrJa
aTOMBI HaXo[SITCS B OCHOBHOM COCTOsIHMH, fIBAsieTcss XpoM. IIpu-
YHHZ 3TOr0 3aKJuyeHa B OCOO0M XapakTepe 30HHOH CTPYKTYPHI
Xxpoma.

Ecay BOCIPHUMYHBOCTE H2 CAMOM jfeJie HE DacXOpHTCs IpH He-
KOTODOM HEeHYJIEBOM 3HAUEHHH BOJTHOBOTO BEKTODa, HO TEM HE MeHee
CTAHOBHTCH OYEeHb G0JbIUOH, TO MOXKHO CKasaTh, YTO CHCTeMa obJa-
naeT anmugeppomazHumnbiiy OOMEHBHIM YCHJIEHHEM. DKCIIEpUMEHTH
Ha pasbaBJeHHHIX cnjaBax Sc : Gd noxaszanu, yTO MeTaJJIHIECKHH
C[KaHllidﬁ MOMXeT CJYXKHTb [PUMepOM MaTepHaJa TaKOro THNA

4.20 ).

Prc, 4.18. Baraune pasMepHOCTH n HA
BOCIIPAHMYHBOCTD CBOGO}IHHX SJICKTPOHOB.,

O6menHoe pacuwennedue. Ecaum cucrema deppomarHirHa, TO
(Mx, q=m0) = (Nyxr — nxy) += 0, nHaxe ecad BHewHee I0Je OTCYT-
ctByer. B 3Tom cayyae ramMuabTOHHAH (4.81) MOXKHO NpeaCTaBUTE
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B OCOGEHHO IpoCTOM BHMAE, OCTABJAA B HEM TOJILKO JAHATOHAJIbLHLEIE
YJICHHR]

1 1
-Q—nk-¢az1akf ~- -Q—nk-?azlau. (4.91)
[Tockoabky
M = g;zpv? 2 (Ney — Ny), (4.92)
k
raMuJgbTOHHAH OyJeT MMeTb BHJ
%& = EO -+ kZ skoataakm (493)
o
e
NI IM
S0 =&+ 7 — gug (4.94)

CnepoBaTebHO, 3HEPTeTHYECKHE 30HH JJIsl 3JEKTPOHOB CO CIIHHOM
BBEPX H CO CTHHOM BHHU3 PaCIENNAIOTCS IPONOPUHOHAJLHO HAMATrHH-
YEHHOCTH. 310 CoODpaXeHHe UrPaJo OCHOBHYIO POJb B NEpBOHAYAJb-
HOM TeopuH ¢eppomardHeruama CToHepa. Boobue rosops, Takoe pac-
IENJEHHE BO3HUKAeT H3-32 pasauuus OOMEHHO-KOppPesasinmHOHHRIX
MOTEHUHAJNOB [OJs 3JEKTPOHOB CO CNHHOM BBE€PX H CNHHOM BHH3.
C tex nop kak Moneab CroHepa Obl1a BIEpBhIe NpeLJOXKeHa, [POU30-
eJl CYIECTBEHHHKIA IIpOrpecc B ONpeNeNeHHH 3THX NOTEHIHAJOB.

B 1951 r. Cnatep. [4.2] ] npeaoxun gist annpoKCHMAILMH OGMEH-
HOI'O B3aUMOAEHUCTBUS MOTEHLHAJ

Ve (1) = — 6 [(3/8) p (r)]/3. (4.95a)

Takass annpoKCHMauHs NPHMEHSJach Kak B aTOMHOA (H3HKe, TdK H
B (u3HKe TBephoro Tena. PuanueckH NJOTHOCTL B crenenu 1/3 mo-
ABJIAETCA M3-3a TOro, 4yTo B npudauxenuu Xaprpu—Doxa napas-
JieJbHBIE CTIHHBI PaCTaJKUBAIOT APYT Jpyra H HaXOAATCs Ha Goabluem
PacCTOsIKHH, YeM aHTUNapanne/]bHble COHHLEI. [I03TOMY BO3HHKAIOT
«OOMEeHHBIE YCTOThI» BO3JI€ KAXAOro AAHHOI'O CIIHMHA, CBSI3aHHLIE C He-
JAOCTATKOM aHAJIOrHYHKIX CIIHHOB. PagHyC IyCTOT AOMKEH OBITh TAKOB,
utro (3/4) nr’p = 1. IlockoabKy NOTEHIMAJ, COOTBETCTBYIOIME Iy-
CTOTaM, NPONOPLUHOHANEH 1/r, MBI HAXO0JMM, UTO OGMEHHLIN! IOTEHIHAJ
NpONOpIUHOHaJeH plf3

B 1965 r. Kon u lllam [4.22] BuiBenu BulpaxkeHue 11 06MEHHOTO
MOTeHuHana APYrHM crnocoboM M 1NOKa3adH, YyTO OH COCTABJISIET JBE
TpeTH OT BHpaxenuss Casrepa. ITO NPHBEJO K HEOGXOXHMOCTH YyM-
HOXEHHS! BhIpaKeHHs (4.953) Ha COOTBETCTRYWIIYIO NOCTOSHHYIO Q,
KOTOPYIO MOXKHO ONPEASIHTh INS KaXKJAOro aToMa M3 TpeDOBaHHA,
yTOoOH TaK HasblBaeMas X, 3Heprusi Onvia paBHa 3HeprHH XapTpH—
Qoka pag storo aroMa. HMarepecHoe npumedeHHe X,-meTona Obuio
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NPOJEMOHCTPUPOBaHO X3TTOKCOM M Ap. [4.23]. OHH BeIUMCIUAM Mar-
HUTHRIA MOMEHT 0. I[. K. BAHaJAMR KAaK QYHKIIMIO IOCTOSTHHOH PEIIeTKH.
Hx pesysabTaTtel Mokas3aHnl HA puc. 4.19. BujaHo, 4TO MOMEHT pe3ko
majaeT JO HYyJas, Korja nocrosiHuas peweTrkd Ha 20 % npesniuaer
HCTHHHOE Halb/iofaemoe 3HaueHue. YOblBAHHE MOMEHTZ IIPOHCXOJHT
6Jaarosapsi YIIMpEHHIO 3d-30HB NPH YMEHBMIEHHH IMOCTOAHHOH pe-
meTKH. TakoH BEIBOJ corJacyercsi ¢ TeM (akToM, YTO O. I[. K. BaHa-

J¥#A, Y KOTOpOTO pacCcTOfHHe MeXJy aroMaMH BaHaaus ) 3a,/2 =
= 2,49 A, ssasiercss HeMarHuTHeIM. C Jpyro# cTopoHel, B Au,V

PaccTOSHHE MEXJIy ATOMAMH BaHajMs yBennyuBaercs a0 3,78 A,
H BaHaJH{ UMeeT MOMEHT, paBHL NPUMEDPHO ONHOMY MarHetory bopa.

Eciy npUMeHHTh 3TH COOOpaxeHHs, NMO3BOJSIOUIHE ONpeJe/UTh o,
K MarHMTHBIM NE€PEXOJHbIM METasJaM, TO OGHAPYXKHBAEETCs, YTO HaM-
JIEHHBIE TAKHM NYTEM MArHUTHbhIE MOMEHThI HE COIJIACYIOTCS ¢ HAOJIO-
JIaéMBIMH. DTO H HEYJHUBWTEJbHO, ec/IH BCIOMHUTh, YTO MBI 3aMEHSIEM
HEJJOKANBHEIH INoTeHnuan (noteHuuan Xaprpu—®Poka) Ha JOKanb-
Helfl noTeHuxan (norenuuan Cnstepa p'/?). Bosee toro, sTo pasnuuue
O3Hayaet, 4To norenuuass CasTepa JOJKEH IO ONpeleNeHUIO BKJ/IIOYATDb
HEKOTOPhIE KODDEeJNSIMH, OAHAKO Mbl HE 3HaeM, NPaBUJIbHO JM OHM
YUTEHHI.

50

&0

AL, MaAZHEmOoM [ aImiom

Qg
— /

R N N B ¢ | I ] [ .
=25 O350 © 3,5 4,0 45

llocmosnwan pewemru, A

Pue. 4.19. 3aBHCHMOCTb BHLIIHCJAEHHOrQ MATHHTHOTO MOMEHTAa, IJ8 MeTaJdJaHdecKoro
BaHaJHA OT NIOCTOSIHHOMA peweTkH a. JiBe Touku Ang a = 3,5 A COOTBETCTBYIOT JBYM
CaMOCOrJIACOBAHHBIM pelleHHAM AJAf pPa3HHX HayaJbHEIX NOTeHIHanoB. JlBa peme-
HHR BO3HHKAIOT H3-3a HAJHYHA JABYX MHHMMYMOB B 3aBHCHMOCTH NOJHOR 3HEpPTHH

OT HaMarHmueHHocTH. Ilpx a = 4,25 fr 3,1]5 A Brymcaenus JAKT OJHO 3HaueHHe
423].
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[IpousBon, npucywufi MeTony Xy, MOXHO YCTDPAHHTh, HCNONb3YS
dopmanu3M «PyHKIIHOHANA CIIHHOBOH MIOTHOCTH». Takas npouexypa
NPAKTHYECKH [O3BOJASET HaM HCI0Jb30BATh PE3YNETATHl MHOTOYaCTH Y-
HEIX BLIUMCJEHMH JJI5 OJHODOJIHOrO 3JEKTPOHHOTO rasa NpH HaXoX-
JIeHHH OOMEHHOTO H KOpPPEJNSUHMOHHOrO MOTEHLHAJOB B TNEPEXOIHKIX
MeTaJJaax. DTOT MNO0jX0jJ OCHoBaH Ha rteopeme XoenbGepra m Kona
[4.24], KoTOpasA yTBEpXKIAeT, UYTO 3JHEPruUsi OCHOBHOIO COCTOSIHHSA
HEOJAHOPOHOr0 3JIEKTPOHHOrO ra3a e€cTh (YHKIHOHAJ OT 3JIEKTPOH-
HOI NJOTHOCTH p (r) ¥ cnuHoBO# nJsoTHOCTH m (r). DpdeKTHBHBIN
NOTEHIHaJ, HanpuMep, OnpejessieTcs BhIpaXKeHHeM

[ ’ 6 )
Var =00 + ¢ | £ + 5=, (4.956)
rae v (r) — OJHO3JIEKTPOHHLIK NOTEHI[HaJ, BTOpOH ujieH — yjaeH Xap-
TpH, a £, {p} — obMenHas u KOppEJNSIMOHHAS 3HEPrusl. BaXKHoCTh
3TO¥ TEOpEeMhl COCTOHT B TOM, UTO OHA CBOJMT MHOrO4YaCTHYHYIO 3a&-
Jauy K Habopy OAHOYACTHYHKIX 3&Ja4 AJ5 OJHO3JEKTPOHHLIX BOJI-
HOBBIX (YHKUHUH ¢, (r), KOTOpbIE ONpPEAENSIOT IJOTHOCTD!

p(r)= §U¢io (1) o (1). (4.96)

[Tpubamxenne 1oxkaavHod TIOTHOCTH COCTOMT B 3aMEHE HEU3BECTHOIO

pyuknuoHana E.. {pl Ha Jd3rp (r) ek [p ()], rme ek [p (] —
oOMeHHBIA H KOpPEeJSIHOHHLIH BKJAAJ B 3HEPTHIO 00ROPOOHO20 B3AUMO-
JIEHCTBYIOIIEr0 3JIeKTPOHHOrO rasa ¢ mJjaorHoctsio P (r). Moxer, ko-
HEeUHO, BO3HHKHYTh BOIIDOC O NMPABOMEPHOCTH HCMNOJNb30BAHUA TAKOTO
npHOMUKEHUA AN NePeXOLHbIX MEeTAaJJOB, IJie 3apsJ0Basl NJIOTHOCTD
6uicTpo H3MeHseTcs. OAHAaKo, TNMOCKOJABKY 3TO INpHOAHKEHHE Ipej-
craBasieT co00H cgepHUecKee cpejHee N0 O6MEHHO-KODPEJSiIIMOHHBIM
JILIpKaM, BXOASIUM B E,. {p}, OHO OKa3mIBA€TCA HE 33aBHUCHIIHM OT
CTPYKTYPHI 3THX JbIPOK.

Meron yuknuoHasma IJIOTHOCTH NPHBOAMT K CHCTEME CaMOCOTJIa-
COBaHHBIX yparneHuH XapTpu. Bbewio O6ul oyeHb co61a3HUTEIBHO OTOXK-
JIECTBUTb COOCTBEHHBIE 3HAUCHHS C 3(PPEeKTHBHBIMU IHEPTHAMU OTJEJb-
Huix yactun. Oxnako 6osee noapobHOE HCCAENOBAHHE IHEPreTHUCCKHUX
30H NOKa3hBaeT, 4TO TAKOE OTOXJAECTBJIEHHE B HEKOTOPBIX CJYy4YadX
HeBepHO. MOIIHBIM HHCTDYMEHTOM HCCJIEJOBAHUA 3JIEKTPOHHEIX CO-
CTOSIHMH B TBEpJOM Tese cTaja poToamuccus. B aTom meTtone uanyue-
nue (yasTpaduoseT Uil PeHTreHOBCKHe JYYH) IOIJIOIAeTCH B TBEPJAOM
TeJe, a 3JEeKTPOHBl, BO30yXJaeMple BhIlle BaKyyMHOrO0 YpOBHA,
BLIIETAIOT HAPYXY H JETeKTUpyioTCH. [JepBoHaualbHO JETEKTHPOBa-
JUCb H M3YYAJHCb BCE HCNYCKAaeMbI€ 3/1€KTPOHbI, OAHAKO, IIOCJE TOTrO
KaK CTa/J0 BO3MOXHBIM HCIOJb30BaTh OYEHb HHTEHCHBHBIE CHHXPO-
TPOHHBIC HCTOYHHKH DEHTTEHOBCKOTO H3JYYEHHs, NOABHJIacCk H BO3-
MO2KHOCTb Pa3pelieHHs UCNYCKAEMbIX 3JEKTPOHOB 10 HANDABJEHHAM.
ITO NO3BOJIHJI0 HAWTH COOTHOMIEHHUS MEXAY JHEpPTrHeH M HMIYJbCOM
JJ8 3JeKTpOHOB B TBepjJoM teqge. Ha puc. 4.20 pesyJsbraThl TakHX
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3KCNepHMEHTOB Ha MeIH [4.25] cpaBHHBAIOTCS C BHIYHCICHHOH 30HHOH
CTPYKTYpPOH — corsacue 3ameuareibHoe. CeHuyac 3TOT METOj MpH-
MeHSeTCS /ISl ONpejeNeHUusl NOJAAPU3ALUU 3JCKTPOHOB, HCNYLEHHBIX
npH QOTOIMHCCHH. BrepBhie TaKOH 3KCNEepHUMEHT OblJl NpoBejgeH 3uI-
mMaHoM B L[jopuxe. DIE€KTpOHBI, HCIHITABIUKE (OTO3IMHCCHIO, YCKOpS-
JHUCh JO PeJSITHBHCTCKHX CKOpOCTeH, NMOCJ€ 4yero pacCerBaNHCh Ha
sosoroll doabre. HauanbHas noasipusauusi CKa3plBaeTCs Ha acHUM-
METPHUHOM,; HJH MOTTOBCKOM, paccegHuH. Ha puc. 4.20 nokaszanu
TaKKe pe3yabTaTsl H3MepeHuil 1as% Hukens [4.26]. 3aeck TakKe uMeer
MECTO COrJlacHe ¢ TeopHeH, HO B OTJHYHE OT CAyuas MEIH He KOoJHye-
CTBEHHOE, a JHUIb KayeCTBeHHOe,

HecMmorps Ha To YyTO onpejeseHue OJHOYACTHUHBIX 3JHEPTHH CO-
IPSXKEHO_C TPYAHOCTAMH, MOXKHO BBIYHC/IHTb XapPAKTEDHCTHKH OCHOB-
HOTO COCTOSIHHSI, HAIIpHMEp MOAYJb OOBEMHOIO CXKATHA M MArHUTHLIA
MOMEHT. Pe3y/bTaThl BHIYHC/IEHHH OYE€HbL XOPOHIO COTJIacyIoTCsd ¢ 3KC-
IIepHMEHTOM. JTO cOrnacue OCoGEHHO BreyarasieT, NOTOMY YTO B BHI-
YHCJEHHSIX HCIOJB3YIOTCS TOJbKO AaTOMHLIE HOMEPAa H CTPYKTYpa
KpHucTagajaa. |

Xors Teopusi CToOHepa pa3yMHO ONHUChIBA€T MAarHHTHbBIE CBOHCTBA
npu T = 0, oHa TepIOHT Kpax NpH TONKITKE IPUMEHHTh ee IIPH KOHey-
HbIX TeMneparypax. Temneparypa BXOJHT B BhIPAXKEHHE J1JI51 BOCTIPHHM-
upBocTH (4.90) ToNbKO B apryMmenT ¢yHkuud Q®epmu. Temnepatypy
KiopH MOXHO BBLIYHC/AHTb, 00PAaLIasich K COOTHOIUEHHIO

M =22y — i), (497
k

rae fue — QyEkuHs PepMH ¢ &y = & + NI/4AV — (IM/2gug) o.
[Tockoneky npu T, BenHYnHa M oveHb MaJna, PyHKIUH DepMu MOKHO
pasnoxuth okono M = 0. Torpa ypaBreHume nass T, OyAeT HMeThb
BUX

I [de 2L ) 4-1=0. (4.98)

Bepst 3nauenuss /, KOTOphie RAIOT NPABUJIbHEIC 3HAYEHHS MOMEHTOB
npu T =0 gna Fe, Co u Ni, nonyqyaem us (4.98) remneparypu T,
NpUMEPHO B MATb pa3 npeRbimaouue HabuaiojgaeMble.

[IpoGnema, Bo3HHKAIOLIAsT NPH HCTIONb30BaHHH Mogenu CroHepa,
COCTOHT B TOM, UTO BBEJEHHE HAalNpaBJeHHsS <«BBEPX» H «BHU3» AJA
CIIMHOB HAapYIUaeT CHMMETPHIO OTHOCHTeNbHO mnoBopoToB. CjejnoBa-
TeJIbHO, NPH OTIUYHOH OT Ry.sl TeMIepaType Kak Hanpasaserue 30-
(eKTHBHOTrO MOJIsI, BO3HUKAIOUEr0 3a CHET 3JEKTPOH-3JEeKTPOHHOIO
B3aUMOJCHCTBHS, Tak M €ro BeqHYHHA OyAYT MEHSTHCA OT MeCTa K
mecty (puc. 4.21). HesaBucumnle Bwnuucienuss Xa66apaa [4.27]
u Xelire ¢ cotp. [4.28) nokasanu, uTO 3HEPrusl 3aBHCHT OT TAKHX
JIOKaJbHBEIX W3MEHEHHWH HANpPaBJEHHS HAMAarHHYEHHOCTH 3HAYHUTEJNbHO
MEHbIlle, YEM OT U3MEHEHHH BeauquHb, HaMarHUYEHHOCTH. TakuM ob-
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Puc. 4.21. Cxemarsayeckoe u306paxeHHe OOMEHHLIX IIOJEH AN 3JEKTPOHOE B MO-
pean Crorepa (a) u Ansa Gonee npaBAonojo6HOK cuTyauuu (6).

pasom, o6MeHHAs KOHCTAHTa XecTKocTu A MeHble napamerpa Cro-
Hepa /, OHAKO 1OKa He fICHO, KaK CBA3aTh 3TO 0GCTOATENLCTBO C Tep-
MOJAHHAMHUYECKHMH CBOHCTBaMH.

4.2.3. MOJEJIb XABBAPJA

Onucanuast Bhlle OJHO3/MEKTPOHHAs Moaenb CTOHepa MOXeET C yc-
eXOM IIPHUMEHSTbCA JJIS CHCTEM C JOCTATOYHO WHMPOKWMH 30HAMH.
Korpa 30HM cyxaiTcs, Gosee CYUIeCTBEHHYK pOJb HaYHHAKT MT-
paTb BHYTpHATOMHBHIE Koppeasiuuu. B Takom cayuyae ypobxee pabo-
TaTb B NPEJCTaBJeHHH BaHHbE, KOTOpOE OTPaXKaeT aTOMHBIA ACMEKT

3anau¥. B npexpcraBnennn BanHbe OfHO3MEKTPOHHBIE YJIEHB HMEKOT
BHJ|

Y taw-0diong, (4.99)
[e4¢Ad )
rpie BE€JHYHHA
1 .
faar =~ ¥, &k exp lik- (Ry — Rov)] (4.100)

k

ONHCHIBAeT NEPECKOKH 3JeKTPOHOB W3 y3J0B @ B y3sel o'. UjeHs,
OTIUCHIBAIOLIME B3auMojelictBue, gatores hopmyaoi (2.79). ITockonbky
Mhl HMeeM JEJIO € IOYTH CBOOCJHBIMH 3JEKTDPOHAMH, MPEATION0KHUM,
YTO M3-38 3KPaHHPOBAHHUS B3aUMOJEHACTBHE HMEET MECTO TOJLKO B OJ-
HOM y3se. Ecnu HeBuipoxjeHHass opbuTanp ¢, (r— R,) oTBeyaer of-
HOMY TAKOMY y3J1y, TO B3aHMOJEHCTBHE MOXHO IIPeACTaBHTL B (popme

Z Ugho,ofie,—as (4.101)
.0

rape
Up=(00[V|00) = | | drdr'p, (r — Ra) X
X @ (' — Ra) Vepo (' — Ra) @0 (r — Ra).  (4.102)
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BenencTee 3KpaHMpPOBAHMS, KOTOPOE MOXKHO DaCcCMaTPHBATh Kak
s¢pdexTs s—d-koppensuui, BesuuyuHa U, Oyper nopsiika 2 3B.

Broipaxenus (4.99) n (4.10]1) obpasyior ramuabToEHaH Xabbapja,
KOTOPHEIH MMEeT TakoH e (PU3HUECKHH CMEICA, KaK M FaMHJIbTOHHAH
B mozeni CroHepa. @akTuuecku B npHOAHKEHHH 3PPEKTHBHOIO MO
M3 HEero cJejyer Takoe e BhipaxeHue (4.87) aist BOCIPHUMUHBOCTH
c 3ameHo#t / Ha U,. Xa66apn [4.29 | nccnenoBan BMHAHHE KODpeastui
B PaMKax TaKOH MojJeau. B yacTHOCTH, OH Hames, YTO NPH CHAbLHOH
KOppeNsilHM 3JIEKTPOHHEII ypoOBeHb pacllennsercss Ha jBa IOJ-
YPOBHs, YAAJE€HHLIX APYT OT Apyra Ha paccrosHue U,. Takue Koppe-
NALHOEKBIE 3Q(EKTH HrPAIOT CYIECTBEHHYIO POJb A8 OKCHAOB Iepe-
xoaupix Merasnos, Hanpumep NiO wau CoO.

UtoObl NOHATE, KaK 6yAYT HU3MEHATHCH MArHUTHLIE CBOHCTBA B DALY
NepexXOAHbIX METANN0B, HYXHO OO0OLIMTL paCCMOTPEHHYIO BBHILE MO-
Jielb, BKJIIOYHB B Hee opOuTanbHOe BeIpOXKAeHHe. QueBHAHO, YTO NpH
3TOM BO3HHKAE€T MHOXECTBO KYJOHOBCKMX ¥ OOMEHHBIX HHTErpaJoB.
[TepBoe ynpoueHie COCTOUT B yuere He Gosee AByx opburaneii. Kpome
TOr'O, NPEANOJAaraeTcs, 4YTO BCE HEJHArOHAJNbHBIE KYJOHOBCKMHE H 00-
MEHHBIE HHTEerpajbl OAHHAKOBBHI:

(mm"|V|mm'y=U)\ |
m m.
(mm' |V |m'my=J + (4.103)
O6meHHbE uHTerpan J Menbire, 4eM U, ¥ MMeeT BEeJIMUMHY NOpsjiKa
0,5 3B. byzem Takxe npeanonaraTth, YTO BCE JAHArOHalbHEIE HHTEr-
pansl paBHbl. Ecau norpeboBarh, 4TOOR ANs HAWEro MOJEJLHOIO
raMuJIbTOHHAHA, KaK U 151 HCXOAHOrD, UMEJla MECTO UHBAPHAHTHOCTb

OTHOCHTEJNDbHO NOBOPOTOB, TO NOJYYHM, YTO ,U,PIaI‘OHaJIbeIﬁ HHTErpal
CBsi3dH ¢ HEJHAroHa/ibHbIMH HHTErpa/iaMd COOTHOUICHHEM

(mm{Vimm)y=U-J. (4.104)
B peayabrare o60o0meHH bl raMuabToRMal Xab0apaa 6yAeT umeTb BUJ,

H =5 (U+T) Y Pamltan,a -

o,m,o
-+ -_;_ Z (1 — 8mm-) [Ungmoams—o + (U '—' J) Ramoltoma —
agmm’,o

- Ja;mcaam.—aa;m',——uaam'a]- (4105)

Bocnosnib3oBaBiuHch CNHHOBRIM nipeacTaBaeneM [cm. (2.85) u (2.87) ],
MOXKHO 3alHCaTh NOCJAEJHHH YJeH B BHJIE

(U-——é- 7 Z Ramoltamrar — 20 Z Sam*Sam, (4.106)
a,m<m’,0,0° a,m<m’

SIBHO YUUThIBAIOMEM N1paBu/i0 XyHJa 51 OOMEHHOTO B3aUMOJEHCTBHUS.
PaccmoTpuM Tenepb, Kak Takoe oOMEHHOE B3aHMOJCHCTBHE H3MEHSET
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0600611eHHY1I0 BOCNPHHMYHBOCTb. Kak 1 npH BuIBOJe BripaxeHus (4.87),
BOCNONL3yeMca mnpubauxkenneM XapTpu—®Poka. 3anumem

na.mcr = (namc) + (namo — (nGMU)) (4' 107)
H NPEANONOXHUM, YTO UJeH B KPYIJLIX ckobkaxXx mas. Toraa

namo Namrgr = (nGMU) Ramro* + (nGM'O") na.ma - (na,m()') (ﬂam'o"),

(4.108)
H ramuabToHHaH XapTpH—®Doka NpPUHUMAEET BUJ
%HF = Z taa'a;.maaa’mu —Jr (U + J) 2 (namc) Nom,~a +
o, a‘m,0 amo
+ U N mEm' 5 ((namo) Na,mey—o -+ {fa,m’,—o) Nameg) -+
‘JF (U - J) E ((nama) Ram’o ‘I" (nmm'c) nmmu)- (4-109)
o,m<m’ g
MarHuTHHIA MOMEHT, TIPUXOASILIMHCS .HA OJMH HOH, €CTh
Mg = — L2 N (tamp) — (amy). (4.110)
m
Ecau cpenHee unucslo 3/EKTPOHOB Ha OJHH HOH P&BHO n, TO
n= 3 ((fam) + nam)). (4.111)
Ecau Mpl UMeeM €10 C NepeXOJHRIM MeTaJJIoM, AJas Koroporo m = 1,
..y D, TO
_ ] 2MQ
(nm‘f)_ﬁ(n — gha ):
- (4.112)
_ __'1__ 2M¢z
(nﬂtm+)_ 10 (n + ghs )
H ramuabToHHaH XapTpH—®Poka NnpHHUMAEeT BUA
Hur = Z L S, S + I_i)—N (U — 3J)n® 4-
o,a’mo
U5/
4 ;;B Zma(nw—nm) (4.113)

B npucyrcTBuM BHemHero noss H cos (q-r) z BO3HHMKaeT 3€eMaHOB-
CKOe B3auUMojeHcTBHEe BHIA

o, — Eiall Z (flams — Namy) €08 (q- Ray). (4.114)

@M
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Ecnu Mul NMPEANONOKHM, YTO HHAYIIHDOBAHHEIE MOMEHTLI H3MEHAKOTCA
B IIDOCTPAHCTBE TAK XK€, KdK K BHEIIHEE IPHJOKEHHOE IIoJe, T. €.

Mg == mcos(q- Ra),

TO, CpaBHUBast nocjenHuii unen B (4.113) c¢ Buipaxenuem (4.114),
HanjgeM, 4To 3Q(peKT B3aUMOJEHCTBUSL MOXKHO ONUCAaTh Kak 3¢ ¢eKTHB-
HOe BHelIHee IoJie

H (r)ef — 2

g'lfn (U + 5J) cos (q-r). (4.115)

Corepmas npeobpasoBanne Pypbe NOAHOrO 3HPEKTHBHOIO NOJAS U
HCIOJb3Ys COOTHOLICHHE

M (q) = %o (q) H (@)etr | (4.116)

rjae Y, (q) — BOCIPHHMYHBOCTL HEB3aUMOAEHCTBYIOIIEA CHCTEMEI 3JIEK-~
TPOHOB, HaXOAUM /151 BOCIIPDHHMYHBOCTH B Mojenu Xabbapaa caenyio-
l1€€ BBLIPAXKEHHE:

(a)
1 (q) = %o : (4.117)
- 288 )
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BripaxeHue 17151 BOCIPHUMUHMBOCTH MMEET TaKOH KE BHJA, KaK K And
BocnpuuMuuBocTH CroHepa ¢ s¢dexTuBHEIM napamerpoM CToHepa
I = U + b J, xoropuiit pasen npumepno 0,9 3B. CoorBeTcTBEHHO
kputepuit Cronepa umeer Bun: 4P (eg) > 1. Takum obGpasom, BHY-
TpHaTOMHOE OOMEHHOE B33aMMOACHCTBME CIIOCOOCTBYeT BO3HHKHOBE-
HHIO (peppOMarHeTusMa, XOTS MOXKHO 10OJIaraTh, 4YTO U 34ech Koppe-
JALUOHHKIE 3¢¢heKThl CymecTBeHHu. MMeercss MHOro paboT no y4ery
s¢dexTa Koppensiuuu B Mofenn Xab6apaa, HO HX H3JIOKEHHEe BRIXOIHUT
3a paMKH HacrosiumeH KHUrd. OOWHMH pe3y bTaT yyeTa KoppenasiiuH
CBOJHUTCH K CYkK€HHIO 06/1aCTH l1apaMeTpoB, B Ipee/aX KOTOPOH Mo-
XKET BO3HHKAaTh (eppoMArHeTH3M HJH aHTH(QEpPpPOMarHeTH3M.
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ANHAMHUHECHAR BOCIIPUMMHYUBOCTD
CJIABO BBAUMMOAENCTBYHOLWHNX
CUCTEM

O6paTtuMcs Tenepb K OTKJAHKY MAlHUTHOH CHCTEMBI Ha NepeMEeHHOoe
nose. [Ipu 3TOM MBI OTPAHHYMMCS PACCMOTPEHUEM CHUCTEM, B KOTODPHIX
B3aMMOJICHCTBHE MEXAY COCTABHBIMM HACTSIMH HE HACTOJNLKO BEJIHKO,
yTOOBl MOrJa BO3HHMKHYTh CIIOETaHHAasi HaMarHuueHHocTb. HM3ayyenue
Y3CTOTHOTO OTKJHMKA TAKMX CHCTEM (DaKTHYECKH IpejcTaBiaseT co0oiH
H3YYECHHE NapaMarHUTHOIO PE30HAaHCA H PENaKCAIlHOHHBIX SIBJCHHH.
D10, HECOMHEHHO, OOIIMpHAA TEéMa, ¥ y HAC HET BO3MOXKHOCTH OCTa-
HABJHBATbCHA HA HEH CAMIUKOM noapobHo. OgHako Mbl 00CyaUM He-
KOTODbIC OCHOBHBIE HJAE€H B paMKaX TeopHH OOCOOUWIEHHOH BOCNPUHM-
YHBOCTH.

5.1. JIOKAJIH3OBAHHBIE MOMEHTbI

Haunem ¢ paccMOTpeHMSt CHCTEMBI TOXJECTBEHHEIX JIOKAJH30BaH-
HeIX HEB3aUMOUINEHCTBYIOIMX CMNHHOB, ONHCHIBAEMBIX I'dMHJILTOHHA-
HoM J6,. B pasa. 3.1 Mel HamsM, 4TO B OJHOPOJHOM CTaTHYECKOM

IoJIe HOZ B TAKOH CHCTEMEe BO3HHK4eT HAMarHUYeHHOCTh, KOTODPYK> MEI

obo3znauuM Myz. IlpuioxuM Tenepb AONOJMHUTENLHO 3aBUCSHINEE OT
BpeMeHH noae H, cos of u uccaegyeM OTKJAUK CHCTEMBI Ha 3TO M0Je€.

ITockosibKy B paccMaTpHBaeMOH CHCTEME HET B3aUMOJEHCTBHS,
4 TIIPUJIOXKEHHBIE MOJA OJHOPOAHKI, MBI He §yJIeM HHTepecoBaThCs INpo-
CTPAHCTBEHHOH 338BHCHMOCTbIO HM3yyaeMhlX BeJauyMH. [lostomy Ha-
MAarHHYEHHOCTE MOXKHO IPEJICTABHTb B BUIE

M = - Tr {p.). (5.1)

B 3To BeipaxeHue B oTiuuMe oT BuipaxkeHus (1.49) BxopuT o0beM,
YTO CBSI3aHO C HAlIMM OMNpEJeJeHHeM 3aBHCAIIEr0 OT KOOpAHHAT
oneparopa (1.48). Tak kakK 3eeMaHOBCKHH raMHJIbLTOHHAH 38BHCHMT OT
BPEMEHH, MAaTPHIA MJIOTHOCTH, a CJeJ0BaTeJbHO, H HAMarHUYEHHOCTh
Takke OYAyT 3aBuCeTb OT BpeMeHH. JludipepeHnupys BoIpaxXeHHe
(6.1) no BpemeHn u ucnoae3yst ypaBHenue (1.47), u3 Kortoporo cJje-
ayer, uto dp/dt =0, nonyuaem

- =—2yIrlo I, 21}, (5.2)

4t

[IpuMmeMm, yTO TaMHUJIbTOHHAH COLEPXKHT KPOMe yacCTH, KOMMYTHpYIO-
me# ¢ J, 3eeMaHOBCKYIO 4acTh

6, —— M H; (5.3)
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TOrja ypaBHeHHe (5.2) npuUMeT BUJ

A yMxH, (5.4)

rae yh = gug. 3HAK MHUHYC OOYCJOBJEH TeM, YTO Mhl HMeeM JeJo
TOBKO C 3JEKTPOHAMH, /N KOTOPBIX T'HPOMArHWTHOE OTHOIIEHHE
OTPHIIATE/BLHO.

Ecau nepemenroe none H,; (f) = H, cos wf npuJoxkeHo BhOJb
OCH Z, TO B COOTBETCTBHH C (5.4) He BO3HHKAET MOMEHTA CHJI, OTKJIOHSIO-

{ero HAMarHu4YeHHOCTh M,z OT paBHOBecHOro 3HaueHusi. [JosTomy
OTKJHK Ha Takoe noJse paBeH Hy 1. [Ip¥ 3TOM BO3HHKaeT JIOOONKIT-
Has cutyauusi. Eciu yacrora o cTpeMHuTCs K HYJIO, TO U3 YPABHEHHS
(5.4) BHAHO, YTO OTKJHK Ha TaKO€ CTATHYECKOE TIOJIeé OTCYTCTBYET.
Ho B ra. 3 MBI BHAEAH, YTO CYLIECTBYET OTKJHK HaMarHHYEHHOCTH
Ha CTATHYECKOE IoJie, NpHYEeM pe3yJbTHPYIOUAR HaMarHH4eHHOCTh
onHceiBaeTcst 3akoHoM Kriopu. PaspelueHue 3Toro napajgoxca 3axJio-
yaeTcs B CJCAYIOMEM: B IJl. 3 MHl IPEJANOJNOXKUJIH, YTO CHCTEMA CIIH-
HOB BCe BpEeMS HAXOAMTCHA B DABHOBECHH. IJTO (PaKTHYECKH O3HAUAET,
YTO MMECTCH B3aHUMOJCHCTBHE MEXJY OTAE/NbHLIMH CINHHAMH H HX OK-
pYyXeHHeM, N03BOJSAoIee NOCTHIHYTh pPaBHOBecHs. BpeMsi, 3a KOTo-
poO€ JOCTHUTAeTCH TaK0e€ DABHOBECHE, HECYLIECTBEHHO B CTaTHYECKOM
cayuae, NMOCKOMbKY MBI MOXEM J[EepxKaTh TOJe BKJIYEHHBIM A0 TeX
nop, NOKa pAaBHOBECHE He YCTAaHOBHTCH. OAHAKO B JAMHAMHYECKOM
c/yyae TaKoe NpEJNOJNOXKEHHe HeCHpaBeIHBO, INOCKOJALKY HAaC MO-
JKEeT HHTEePecOBaTb OTK/JAMK Ha YAaCTOTy, 3HAUMTENbHO IpeBHIIAI0-
IYIO YAaCTOTY pejakcauud. PaxTHYECKH HMEHHO TaKas CHTyalHsl H
HMEEeT MecTO B 3KcrneprMeHTe. Ha camMoM jene B JHHAMHYECKOM CJY-
yae MBI JOJKHbLI HAHTH HEPaBHOBECHYIO MAaTPHUY ILIOTHOCTH. [1o3xke
Mbl YBHIHM, YTO OTKJHK B HATDABJEHHH 2 MOXHO NOJYUUTh, TOJbKO
BBOAS peJaKCALHMOHHLIE MEXaHH3M.

PaccmorpuM Teneph cHCTeMy, HaxOASIIYIOCS B PaBHOBECHH BO
BHEIIHEM MOCTOSIHHOM Tnone H,. HccienyeM OTKIMK Ha NepeMeHHOE

BO BpeMeHHU InonepeyHoe nosae H,; B wactuoctH, nostoxuM H, = H;x.
EciH HaMarHHYeHHOCTb IPEACTaBUTh B BHJE

M= mxg - my; + (Mo — m,) ;, (5.5)

TO ypaBHeHHe (5.4) 3alHLIETC B KOMIOHEHTaX CJAeAYIOUHM 05pasoM:
dm

- = — YHomy, (5.6a)
dmy H

—at = — YH () (Mo — m;) + yHom,, (5.66)
dmz

7 = — YH, () my. (5.68)
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ITH ypaBHeHHs HeJHHeHHbl. [Io3TOMy MarHuTHas cucrema oOHa-
pPyXHBaeT psAJ HHTEPECHBIX CBOHCTB, HAalpuUMep CIHHOBOE 3X0. Mul
BEpHEMCH K ITOMY BONPOCY N032Ke, a II0Ka JHHEapH3YeM YpaBHEHHS
(5.6), npeHebperas uJeHaMH, KBaJPATHYHEIMH 1O H; HJH 1O KOMIIO-
HeHTaM m. B pesysabrare moaygaem

e — — gy, (5.7a)

M — — yH ()M 5.76

= — = — YH, (t) Mo+ gy, (5.76)
dmy

= 0, (5.78)

rne w, = vH,.

M3 ypaBHeHuss (D.7B) BUAHO, UTO m, — NOCTOSIHHAs BeJKYHHA.
[Tockonbky (M-M, A-H] =0, 370 03Hayaer, 4TO BeJHYHHA Ha-
MarHMY€HHOCTH coXpaHsercs. TakuM o6pasom, 3Has my H m,, MOXHO
NOJYUYHTb 3HAUEHHE M, H3 YCJIOBUS

M- M = M. (5.8)

KOMIIOHEHTH M, M m, MOXHO ONpENeJUTh U3 ypaBHeHus (5.7a)
H (5.76). Oudpgepenunpys (5.7a) no BpemeHd M ucnoab3ys (5.76),
noJyyaeM ypaBHEHHE [ My:
d?my

s ST warmy, = yH,w,M, COS . (5.9)

Uto6bl HAaHTH BOCIPUHMYHUBOCTB, HAM HYXHO pelMTh 3TO aHdde-
peHUManbHOe ypaBHeHHe. MBI MOXeM 3anucath ero B OOHIEM BHJE

Pm, (t) = F(), (5.10)

rae £ — nuddepenumanbiuil oneparop, B AaHHoM cayuae d¥/dit -+
+ ). Pemenre ypasuerus (5.10) CHMBOJHYECKH MOXHO IPEICTABUTh
KaK

m, (t) = ZL7F (1), (6.11)

rae £~ — onepartop, o6patHuii £ (IpH YCAOBHH, YTO OH CYIIECT-
ByeT). OGBIYHO MOC/ejHEe BhIpAaXKEHHE 3alHCHLIBAIOT B BHJE

[+ o)

<
me(t)= |, ZLF()su—t)at' = | 9¢, t)F)dt, (5.12)
rae & (¢, t') — ¢ynxyua I'puna nuddepenuuansuoro oneparopa &,
onpejensieMas Kak pesynabTar gedctBusi &1 Ha §-dyHxumnio.
W3 ypashenus (5.12) nerko BhIBECTH OUeHb BaXHOE€ COOTHOILEHHE
MEX/y TPHHOBCKOH (yHKLHMEH H BOCIPHHMYHMBOCTbIO. IIpousBens
npeobpasoBanue Dypne, noayuum

me(@)= | dt | 9@, 1)F(t") e ar. (5.13)
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MoxHo nokasaTtbh, 4TO JJ8 CTallHOHAPHOH CHUCTeMul QyHKUHA ['puHa
33aBHCHT TOJBKO OT pa3HocTH { — ¢'. BBeneM MHoOXHTeNbL e— {0t giot’
B (56.13); Torna umeem

[+ o]

m. (w) = j dt

—oa —_—

l———.g

G(t — t') et~V F (et g’ (5.14)

3aMeHsis HHTETpUPOBaHWe NO { HHTETPHpPOBAHHWEM NO T = [ — ¢

H HMCNoJab3ys HAle onpejeseHHe BocinpuumuuBocTH (1.58), Haxozum

Axx ((1)) — YMo(Dog (('))' (515)

Muoxurenb yMyw, 06yCJI0OBAEH TEM, YTO BBIHYXKJAIOUAN CHJIa OTVIH-
YAETCHA OT MPHJAOKEHHOTO TIoNAA. MbI IPHILIK K BaXKHOMY pe3yJ/bTaTty,
COCTOALEMY B TOM, 4TO (yphbe-o6pa3 TPHHOBCKOH QyHKIHH B CYyII-
HOCTH €CThb He YTO HHOE, KaK 33aBHCALlAS OT YacTOThl BOCIPHUMUH-
BOCTE.

3ameTHM, UTO €C/IH B 3TO YPaBHEHHE NOACTABHTb TAK HA3LIBAEMYIO
ABYXBpeMeHHYI0O ¢(yHkuuioo I'puna (cm. pasg. 1.3.2), to mMu cpasy
noJyqyaeM ¢ TOYHOCTBIO N0 MHOXHTE/Ns BhipaxeHnue (5.15). dro u He-
YVAHBHTENbLHO, TaK KaK obe (QpyHKuuu I'puHa npeactaBasioT JUHeH-
HBIH OTKJIHK Ha 3aBHUCAlee OT BPEMEHH MATHUTHOE IIoJIE,

IlepefinemM Tenepb K BHUHCICHHIO QYHKUMK [puHa. DTO Jerko
Cles1aTh, WCNOJb3YySl HHTErpajJbHOE IpeAcTaBjeHue O8-QyHKUMH:

8(t —t') =g | ettt do,

—00
Takum obpasowm,

, _ , { p e:‘m(t—-t')
G —t)= LBt —1) = - j S rmdo. (516

Uro6bi NpPUAATh ONpPEie]eHHBIH CMBIC HanKUCaHHOMY HHTErpaJay,
HEOGXOMMO YCTAHOBHTb NPABHAO 06XoAa 0coBOit TOUKM NpH © =
= 9. /Il 3TOrO BOCIOJb3YyEMCA YCIOBHEM NpUYUHHOCTY U TIOTpe-
GyeMm, uTOObl BHINOMHANOCH ycaoBHe & (f— ) =0 npu f<<t.
Torna wuurerpan (5.16) MoxHO BhuucIuTh. B pesyapTate umeem
. 7 - Siﬂ mo (t e t’) I

Git—1t)= o Bt —1t), (5.17)

rfie GyHKuus 6 (¢ — t') pasna nymo npu ¢ << ¢’ 4 efuHuLe Npy £ > ¢,

[IponsBoasi npeoGpasoBanne Pypre Brpaxenus (5.17) u ymHoXas
pesysabraT Ha YMyw,, OKOHYATENBHO TIOJyYaEM

Myw,

e (0) = 5 + 1 TH (8 (0 — wg)—8(0 + wg)]. | (5.18)

6 PI yaﬂ'r
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HHTepecHO OTMETHUTh, YTO BellleCTBEHHAS 4aCTh 3TOTO BhIPAXKEHHSA
A8 BOCIPHHMUMBOCTH SIBJISIETCS HACMIHbGIM DEIIEHHEM YPAaBHEHHS
(5.9), Torpa Kak MHHMAafl yacTb, ofecrneyuBarollasi BHIIOJAHEHHE NPH-
YMHHOCTH, €CTh pelIeHHE COOTBETCTBYIOLIETO OJHOPOAHOrO YypaBHe-
HuA. Jlerko mnokasathk, uTO (5.18) yI0BIETBOPSAET COOTHOLUEHUNSM
Kpamepca—KpoHnusra (1.64) u (1.69).

Mougocts, norJolaeMasi MarBHTHOH CHCTEMOH OT HMCTOYHHKA
IIEPeMEHHOro MoJsl, ONpeAenseTcs BhiparKeHHEM

B —dH, (})
P=—M L0 (5.19)

rie 4yepTa O3HauaeT yCpeAHECHHE IO BpemeHH. M3 ypaBueHus (1.55)
HMeeM

M, () = Hy [{ xx (©) cos @f + %"y (©) sin wf], (5.20)
tak uto (5.19) npunumaer Buj

P = < 0H}Y" (@), (5.21)

W3 Bripaxenusi (5.18) BHAHO, 4TO B pacCMaTpUBaeMOH HaMH He-
B3aUMOAEHCTBYIOIEH MAarHUTHOH CHCTEME SHeprUs [OrJIOIEeTCs
TOJLKO Ha 4acToTe w, — YH,. Bonee Toro, OTK/JAMK HA 3TOH HacToTe
oBpaliaercsi B 6eCKOHEYHOCTh. B 1eHCTBHTENBHOCTH B3aHMOJCHCTBUSA
BHYTPH CHCTEMBI O6ECNEYHBAIOT KOHEUHOCTh OTKJMKA M Pa3MasnBaioT
06/1aCTh NOTJIOILEHHS 1O HEKOTOPOMY HHTEPBAy 4acToT. Tenepb M
3aiMeMca ONpeaelieHHeM OTKJHMKE B 3TOM CJayyae.

[Toarockl B BEIpaXKeHHH AJIs1 OTKJIMKA ONPEAENsIOT ClEeKTP BO36yXK-
JIeHud B cucTeMe, BenecTBeHHAs yacTh NMOJKIOCA J4€T HACTOTY BO3OYX-
LEHUS, 4 MHMMAas 4acTh oNpene/sieT er0 3aTyxXanve. EcaH nogamoce
yAaJeHbl OT BELECTBeHHON OCH, TO MOHATHE BO3BYXK/EHHUS CTAHOBHUTCS
MeHee onpeaeneHHbIM. [TOCKOJIBKY Mbl 34€Ch UMEEM JI€JI0 C HEB3AHMO-
ACHCTBYIOIIUMHE JIOKAJIH30BAHHLIMM MOMEHTAMH, TIOJIOXKEHHE MOJIO-
COB HE 3@BHCHT OT BOJIHOBOTO BekTopa. Takum obpasoM, CNeKTp BO3-
GyxAeHUH MMeeT BHJA, MOKa3aHHBIA HA pHC. 3.].

5.1.1. YPABHEHHUS BJIOXA

EcJa¥ HaMardidyeHHOCTb JAOCTHraeT HEPABHOBECHOI'O 3HAYeHHsA
IOA BIAMSIHUEM 33JaHHOTO BHEIUHETO MOJs, a4 3aTeM IoJe BHe3alHO
OTKJIOU3eTcsl, TO HAaMarKMYeHHOCTh HauMHAeT pPeslakCHPOBaTh 06paTHO
K CBOEMy pPaBHOBEeCHOMY 3HaueHuio. Ilponecc penaxkcauuu 3aBHCHT
OT NIPUPOALI B3auMoneHcTBUA B chcTeMe. OJIHAKO €C/IH NPeIoNOXKHUTh,
YTO 3TA peJaKcalisi He3aBHCUMO OT €€ NPOUCXO0XKAEHHST MMEET 3KCIO-
HEHIMAJbHBIH BHA, TO Mbl MOXeM (eHOMEHOJIOTHYECKH NOJNYYHTL BBI-
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Im {w)
A
w(q)
A
— ) (77)
VHg. ]o . Ia » Re {w]}
| I
bi I
PO
=g

Puc. 5.1. Cnektp Bo36yxpeHnit cuc- Puc. 5.2, IlosoxeHne nomiocoB Aas MHH-
TeMbl HEB3aUMOJEHCTBYIOUIHX CIHHOB. MOR YacTH BOCIPHHMYHBOCTH.

paxeHHe A5 OTKJAMKA. B oflueM cayyae NpPoJoJabHAS W MONEPeYHas
COCTaBJAIOLME HAMATHHYEHHOCTH MOTYT PeJaKCHPOBATh C Pa3/HYHOM
CKOPOCTRIO. Y DPAaBHEHHS [BHUXKEHHS, Ha3biBAEMbIE YPABHEHUAMU
Baoxa, umeror Bug [5.11

dm, :

==y (MxH), — ’;1 : (5.22a)
dmy, y Mx,y

7 =V (MxH),y — = (5.226)

Ecnn Mbl CHOBA mNpPEANONIONKHUM, YTO BHEUIHEE MO0J€ HMEeT BHJ:
H; (f) = H; cos wf-X, TO JHHEapH3OBAHHOE YypPaBHEHHE IJsA My
3aNHIIeTCsT CJAeNyIolHM 06pa3oMm:

d?my 2 dm,

1
e (mg—}——y,—;:;-)mx_—_yﬂlmoMocoswt. (5.23)

[Ipeanonarasi, uTo m, peNaKCHPYET K HYJIO, Mbl TEM CaMbiM yuYTeM
TpeOoBaHHe TPHUYMHHOCTH, NOCKOJbKY NOJIOCH B (yHKUMH [puHa,
aHanoryuHo# (5.16), Temepr CMelAIOTCHA OT BEIECTBEHHOH OCH, KakK
MOKa3aHo Ha puc. 5.2. dyuknua 'puHa umeeT BUA

gt —t)="00L0) pv-irrg 1), (5.24)
Tlocne npeob6pazosaHus Pypbe NoJaydaem
A (©) = Yex (©) + Ix1x (), (5.25)
rie
, ___l_ Wy — © 0+
X (0) = VM"[ @ — P F (T2 | (@ F 0P F (/7o (]5 ’26)

v oYM ! 1
Yoox (0) = 2T: [ (o — w)? - (1/77)? T (@g -+ 0)? A (1/T5)? } '
(5.27)

6*
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Ilpu ouens Manbix 1/T, KpuBble, onuchiBaeMble BhipaxeHuem (5.27),
CTAHOBSITCS BBIIE W YK€, COXpAaHSs IPHU 3TOM CBOIO ILIOMAAL. TaKHM
ob6pa3oM, B npejene 1/T; — 0 aTH DYHKLUHAH MOXHO paccMaTPHBATH
Kak O-QyHKuuH, T. e.
lim
e—+0

= 18 (x), (5.28)

£
x2+82

a BolpaxkeHds (5.26) u (5.27) cBoAATCA K HameMy NpeXHEMY Pe3yJib-
Taty (0.18). BeluecTBeHHass ¥ MHHMAasi YaCTH BOCIPHMMYHBOCTH IOKA
3aHBl Ha pHc. 5.3.

A

xlf
N xl

Puc. 5.3. 'padnKr BelmecTBEHHOK K MHHMMOR uacTed BOCIPHHMYMBOCTH Y.y ().

w
-

Cnengyer uMeTb B BHAY, UTO MO CHX IIOP MBI HMEJH JAEJ0 C OTKJIHKOM
Ha JMHEHHO NOJSIPU30BaHHOE BHeNIHee noJe. B HEeKOTOpRIX SKCIepHU-
MEHTaX HCIOJBL3YyeTCs IoJe ¢ Kpyropod noasipydanued. B takux cay-
yasgX OTK/JIHK COAEPHKHUT W JApYyrHe KOMIIOHEHTHI BOCIPHHUMYHBOCTH.
PaccMoTpum moge, noJaspH30BAHHOE TO KPYTy:

H, () = H, cos (of) X -+ Hy sin (f) .

Kak BuaHo u3 (1.50), OTKIHK HA TAaKOEe NOJE€ B HANPABJEHHAX X H Y
MOXKHO 3amucaTh Kak

My (£) = Hy [(Xxx — Ky) COS 0F + (X3x 1 %xy) siN 1],

my (£) = Hy (Xyx — Yyy) COS @ + (%yx + %gy) Sin 0F].

Peulenne ypasnesus (5.22) anst m, NPHUBOJMT K CAEAYIONEMY De3yJhb-
TaTy:

' . Mo 1 1 ]
Kyx(@) = 2T [ (o — )2 -} (1/T,)? + (@ + wg)? + (1/T)% |’
Az (©) = '\’g’fo [ o B J

(0 — 0)F + (1T (0—+wg)?+ (1/T,)?2

Ecay mose npuIOXeHO BAOJL OCH Y, TO ypaBHeHHe Aasi m, OYyAeT
HAeHTUYHO YypaBHeHHIO (5.23). Takum ofpasoMm, ¥, = Yxx- OA-
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HaKO Yxy =— —Yyx- COIMOCTaBIAsIA 3TH DPe3yJbTaThl, HAaXOJUM, YTO
BpallaTesbHag KOMIIOHEHTA M.y = My + im, UMEET BHA

my (&) = (0% + ixy) Hpe',
e, HANpuMep, A/ Y} HMeEeM

o M, 1 _
X+ (@)= — ‘VT2 (@— wg)? + (1/Tg)% — yMofp. (@).  (5.29)

KpuBas [, (w), onpemensieMass BripaxeHueM (95.29), npeacrasJ/aser
coboit obemHYI0 KpuByio Jlopenua. Takass ¢opma JIHHHH OTpaxaer
BpeMsi JXH3HH KBAHTOBHIX COCTOSIHM#, Y4acTBYHIOIMX B MEPEXOJe,
B NAHHOM CJy4Yae 3€€eMaHOBCKHX YPOBHEH, ONpelesIomHuX GopMy JH-
Huy. OOHAKO SKCnepHMeHTaAbHO mnoJyuaemasi ¢opma JWHHH TOrJ0-
meHHs Goiblule NMOXoXka Ha gyrkyutw Iaycca

— 1 —(W—0,)2/2A"
fG ((1)) Am € ’ (530)
raie A xapakrtepu3yeT WIMPDHHY TayCCOBCKOIO pacunpejeieHus. Ta-
kasi GopMa KPHBOH NOSB/AETCH B pe3yJbTaTe HEOOHOPOOH020 yuiu-
perus. B obuieM comydae KpHBas OIVIOMIEHHA MOXET UMETb P OU3BOJIb-
HYI0 ¢opMy [ (w), KOTOpasi O3BOJIsIET MHOroe cka3aTb O JHHaMHKe
MArHHTHO# CHCTEMDI.

5.1.2. ®OPMA PE30HAHCHOA JIUHHHU

WmeroTcs ABa NJIOLOTBOPHBIX HOAXOa K H3yYeHHIO QOPMEI JIHHUU
MarHuTHOro pe3osasca. OQWH U3 HHX — METOX MOMEHTOB, YCIeEIUHO
ucnoan3oBauuu i Bau-®aexom [5.2 1. JIpyro# ciocob, KOTOpHIE MOKHO
HaBB?Tb Jiaemoawu hyukyuu pesakcayuu, 6611 pa3sut Ky6o u Tomu- .
ToH [5.3].

Meron momenToB. Eciiv opMa pe30HaHCHOH KPHBOM OIHCHIBAETCSH
HODMHPOBaHHO#K (yHKUMeH [ (©®) C UeHTPpOM B ®y, TO 7-H MOMEHT OT-
HOCHTE/IbHO ®, ONpejensercss Kak

[+ o]

M= | (0— o) fo)do. (5.31)

Ecay dyukuusa f (©) CcHMMETpHYHA OTHOCHTENBHO @y, TO YAOGHO
BeecTH ¢yukuuio F (Q) =f (0, + Q). Bripaxennwn# uepe3 3Ty
¢byHKUHIO n-# MOMEHT paBeH

M,= | @F ©ade. (5.32)

Ecaun o603Hauuth Qypbe-obpa3 F (2) uepes I' (£), To

o0

r¢)= | F@e =2 [F(©@)cos@)de, (5.33)
0

-—00
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a 2n-# MOMEHT MOXHO 34TIHCaTh B BHJIE

d?"'T (¢)
dt’r t=0

My = (—1)" (5.34)

UTobbl NOJTYYUTE TOYHOE BhIpAXKEeHue AJSl 2n-r0 MOMeHTa, NpeaIo-
JIOXKHM, YTO IIMPHHA 0612CTH NOTJIOUIEHHS TIPH g HAMHOI'O MeHbIIIE .
B stom npubauxeHuy MBI MOXeM 3aMeHUTb QyHKIuIO [ (©), OMHCHI-
BalOLLy0 GopMy 1uHHH, Ha ¥~ (w)/w. [IpaMem Takxe BEICOKOTeMNepa-
TypHOe NpubauKeHye, 3ajgaBaeMoe ycaoBueM guplf & kgT. B stom
NpubGIHKEeHUH KOppeNsaUHOHHasA (yHKIHSA, OIpeleaeHHas HaMu
B pa3f. 1.3.1, npumer Bux [5.4]

-flx (1) M)
Tr {1}

[lpp 3THX YyCJO0BHAX (UIYKTyaUHOHHO-JHCCUIIALMOHHES TeopeMa
(1.87) cBoguTCs K

(M (1) M) — = G(t). (5.35)

o ¢]

@

(M t) My = 2TV | 2 (s ptor g (5.36)

— N0

Takxum ofpa3oM, yuuTthiBast cMbicin GQyHKUMHM [ (w), NPUXOAMM K BbI-
paKeHHIO

G{t)= CJ f (®) cos wf dw, (5.37)

rie C — x03pHIEEeHT PONOPIHOHANBHOCTH. DTO BEIpaXKeHHEe MOXKHO
IIpeacTaBuTh B BHAE

G () = dQ F () cos (g -+ Q) 7. (5.38)

0

Q
| —

Ecau F (Q) o6palaercss B HyJb, KOrja £ focTuraer 3HadeHus — g,
TO HHXHHHE TIpeles] HHTErDUPOBAHUA MOXKHO YCTPeMUTbh K —o00.
Toraa

G(t) = [20 | aoF (@ cosor ] cos agf = Gy () coswt.  (5.39)
0

Takum o6pasom,
(=" &Gy ()

4
G, (0) de*" (5-40)

2n=

=
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Huddepesuupys Bupaxenus (5.35) u (5.39), nonyuaem TOYHLIE BHI-
pa)KeHus JJA BTOPOTrO ¥ YETBEPTOro MOMEHTOB

. Tr {[%! -/lx]mf . 2

M, = T AL ©3, (5.41)
_TT{[%,[%,-’:C]]Q} 2

M, = AT A 6wiM, - wg. (5.42)

PaccMmorpuM Tenepb, Kakod BuA OYAYT HMETb 3TH MOMeHTH IS
pacnpenenenuit Jlopenua u I'aycca. Mccnenyem cHauana mopmmupo-

BaHHYIO rayCCOBCKYK (QyHKUHIO, 3anaBaeMyio BelpaxenueM (D.30).
W3 onpepenenns (5.31) Haxogum

M, = A* u M, = 3A". (5.43)

Has nonymwupunbl Aw, Kak BUAHO U3 onpejenedus [q (wp + Aw) =
= (1/2) [4 (w,), uMeeM

Ao =} (2In2) A =1,18A. (5.44)

Takum o6pa3oM, KBaJ[paTHHIA KOpeHb K3 BTOPOTO MOMEHTa B XOpOIIeM
NpUONHXKEHUH ONpeAe]asieT IIHPHHY TayCCOBCKOR JHHHUH.
PaccMorpuM Tenepb HOpMHpPOBaHHYW QyHKIUMIO JlopeHla

1 |
[ @) = 7 G—epr T (5.45)

Jn1s 370 QYHKIMKU HHTETpalbl JJs BTOPOro K BhHICIIMX MOMEHTOB pac-

xopsaTcs. [losToMy HX HYXHO o6pe3aTh IIPH | @ — @ | = ©,. B pe-
3yJbTaTe MOMEHTHI NPHHHUMAIOT BH]
My = 2w,,/nT, ¥ M;=2w/3nT,. (5.46)
OrtMeTuM, 4TO
M 3 AJ1q rayccoBCKOH (yHKUHUH,
My Y (5.47)

N, To/6 RIS JOpEeHUEBCKOH (PYHKIKH.

B Ttom cayuae, ecsy MBI, BbIYHCJAHUB 3TO OTHOIIEeHHE AJSA KaKOro-
HUOYAb pesaKCcallHOHHOTO nponecca, NOJYyYHM OHeHb Goabuiof pe-
3yJbTaT, TO MOXHO CUHTATDH, UTO KPHBASA UMEET JIOpEeHUEBCKYyI0 GopMy,
ecJly K€ pe3ysbTaT OKaxercs 6au3kuM kK 3, TO opma CKOpee rayc-
COBCKasl.

Bzu-®uex paccMorpesn 3apady O peJakcallud B CHCTeMe Mar-
HUTHBIX MOMEHTOB, NTOMeUleHHBIX BO BHEIlUHee MarHUTHOE IMOJe U HC-
NEITHIBAIOIMX caaboe AUNOIb-AHNONbHOE B3aumoae#cTBue (2.50) u
o6meHHOe B3aumoneicteue (2.89). Takas cucreMa onucbiBaeTcs ra-
MHJILTOHHAHOM

H = H; - By 1 Moy (5.48)

OrMeTuUM, YTO NOCJeJHHe TPH YJaeHa B raMuabToHuaxe (2.50) umeror
OTJUYHbIEe OT HYJAS MATPHUuHble 3JEeMEHThl NEepeXxOf0B C H3MEeHEHHEM
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TMIOJIHOIO MAaTHUTHOTO KBAHTOBOTO Yucaa Ha +=1 ¥ 4-2. D1H ueHn obyc-
JIOBJMBAIOT NepexOfbl, KOTOpPLIE OTCTOSIT OT IJIABHOTO pe3oHdHCa Ha
BeNTHYHHY, KPaTHYIO gusfly, U NPEACTaBJ/IAIOT COGOH GOKOBLIE JIMHHH
BOJIM3H I'JIABHOU 3eeMaHOBCKOH JHHHH NIPH ngHO J1o Tex nmop mnoka
GOKOBBIE JIUHHHM He IePeKphIBAlOTCA C IJIaBHOH JHHKHEH, MOXKHO npe-
HeOpeub NoOCJEJHUMH TPeMs 4JeHaMH B raMuiabToHuaHe (2.50), ecau
Mbl HHTEpecyeMcsl TOJbKOQ TJaBHOR JuHUeH. YCeYeHHbIH TaMHJIbTO-

HHdH HMeeT BH/|

%:%Z _|> aig':“P _{_ %exs (549)
rpe
%aip :g‘~’ HEBZ [__3cos2 E.}:-J-— 1 Sfo ‘+’ L3C052 B:j_ 1 o
£ rij 4ri;
f#i
X(SFSF + SFS}-L)}. (5.50)
Hockonbxky M, = ——g}LBE_Sf u bz — gHBHZ_ S3, Haxoaum
(56, M) = ihwgk,. (5.51)

Jlerko nokasath Takxe, uro [J8,., HA,] = 0. CrenoBaTelLHO, BTO-
. 5
POl MOMEHT CBOJHMTCH K

' 2
My~ T {;ljf; f*{f’;‘rgx] b (5.52)

Jlas BbiuucaeHusl caefla Ban-®PJeX BoCIOJbB30BAJICH TeM, YTO OH
He 3aBHCHT OT BhIGOpa 6azuca. CienoBaTeslbHO, XOTH B JEHCTBH-
TeJIbHOCTH MEI HMEeM JIeJI0 C CHCTEMOH MHOTHX YaCTHIl, MOXXHO HCIIOJb-
30Bath 0a3uC, COCTOAWMII M3 NPOU3BENEHHWI WHAWBHAYAJbHLIX CITH-
HOBRIX cocTosiHuH | Ms,, Ms,, ...). Toraa Mbl JIerko MOXXeM BEIYMC-
JuTh craejq. B peayiabTate uMmeeM

M, =2 =‘3’“BS(S+1)Z““3“’S 0u)® (5.53)
rg

/

Ecau obpa3sel cocTouT 13 6eCrnopsijO4H0 OPHEHTHPOBAHHBIX KPHCTAI-
JIUTOB, TO 3aBUCALIAS OT yIJla YaCTh B BHpaxeHuu {5.53) nocie ycpen-
HeHHs CTaHOBUTCA paBHOH 4/5. Jlanee, ecam MoMeHTH HaXoparcs
B KaX/{OM y3J1e IPOCTOH KYGHYECKOH PEIUETK K C TOCTOSI HHOH PelleTKH @,
TO

6. J — ’
rij a® h*a’

4
Z ! 8,32 HMz__SpS(S—I—l)
)
s Adeprbix MOMEHTOB, YJaJleHHBIX APYT OT APYra Ha PacCTOAHHE,

ckaxeM 3 A, COOTBEeTCTByWLlasglupuHa JuHUH AH = | My/vy
paBHa npubausuteabHOo 6 I'c. 3TO NOBOALHO XOPOWO cOrJacyercs
C 3KCNepHMEHTAJbHBIMM JaHHLIMH IO SIIEPHOMY MarHHTHOMY pe3o-
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HaHcy. JLJIs 9aeKkmporsbiX MOMEHTOB, OJHAKO, IIHPHUHA JHHUH COCTAB-
aseT npuMepHo S kl'c. Ito — orpomuoe yuciao. Ho koraa anexrpon-

Hble MOMEHTHI OTCTOSIT APYT OT Apyra Ha 3 A, cranoBurcs Becbma cy-
I eCTBEHHBIM OOMeHHOe B3aUMOIeHCTBUE, H BTOPOA MOMEHT, Hd KOTOPHIH
He BJIHAKT 00MeHHble 3Q(eKThI, He JOCTATOYEeH JJSl ONHCAHUN TAKOH
CHCTEMHI.

st uayuenns obmeHHbIX 3(dekToB Bau-Paek BHIUHCANI TaKkKe
u yeTBepThld MomeHnT. OH Halues, 4TO, KOrja ofMeHHOe B3auMojeHCT-

f{w)

Puc. 5.4. Cxemarruecxoe K306paeHHe OOMEHHOro cyxeHus. CTpelKaMH NOKa3aH
IIepEHOC HHTEHCHMBHOCTH,

BUE TNPEBHINAET JUIOJb-AHNOIBHOE B3aUMOAEHCTBHE, YeTBepTHIA MO-
MEHT CTaHOBHTCH OoJbllle KBajpara Broporo momenta. M3 (5.47)
BUJHO, YTO MO Mepe BO3pacTaHusi 0OMEHHOro B3auMOAEHCTBUSA GopMa
JJMHUKM TIOTJIOIIEHUSI TIePeXOAMT OT TayCCOBCKOH K JIOPEHIIEBCKOH.
Bojee Toro, eciin 4eTBepTHI MOMEHT YBEJIHUHBAETCS NIPH HEU3ME HOM
BTOPOM MOMEHTE, HHTEHCHBHOCTb KpBUILEB KPHBOH NOrJOUEHHS
gospacmaem. Ecay npu 3TOM [OJMHAS MHTerpaJbHasi HHTEHCHBHOCTD
OCTaeTcd IIOCTOAHHOMH, TO HHTEHCHBHOCTb OJIHXKe K LEeHTPY JIMHHH
JOJ/XHa Tajatb. ITOT 3QdekT, Ha3bIBaeMbIH «OGMEHHBIM CYXKEHHEMY,
npeacTaBJeH Ha puc. 9.4. [Ipupogy 0O6MEHHOrO CyXXeHHs MOXKHO JyYLlIe
IIOHATb, paccMaTpuBas JAeHcTBHE 3(PDEeKTHBHOrO TNOAHA HA OTAENb-
HBIH cnuH. B oTcyTcTBHE OGMEHHOI0 B3aUMOJEUCTBHA OTAE/bHEIN CIIHH
«4yBCTBYET» HE TOJbKO NPuIOKeHHOe 110Je Hy, HO ¥ 1oJjie Aun0bHBIX
MOMEHTOB COCeJHUX CNHHOB. IIOCKOMBKY pa3Hble CIHMHBI HaXOAATCS
B HECKOJBKO Da3THYHOM OKpPYKEHUM, BO3HHKAET paclipeleseHHe pe-
30HAHCHBIX YaCTOT, YTO NPOSABAAETCHA KaK HeoOHOpodHoe yuuperue
aunuy noeaowerusi. OOMeHHOe B3aMMOJEHCTBHE MOAYJHpPYET IoJe
aunogedt. Ilpu Bo3pacTanuy HacTOTH MOAYJAALMKM CPEAHEE AUIONbHOE
nose napaer. Ilpu 3TOM Ha KpHBOH pacupeaeseHHS Pe30HaHCHBIX
YaCTOT UK OKOJIO ®y CTAHOBHTCS OCTpeEe.

Mero dyHKkuMK penaxkcaunu. HMcnoab3ysa gauuyio BhIe HHTEp-
NIpeTalyio pe3yJbTaTOB BBIYKCJIEHHS MOMEHTOB, OOpaTHMCs Teneph
K IpUOJIHKEHHIO QYHKIHH pPedaKCaluy, YTOOL TONYYHUTh TOUHYIO GOp-
My pe3OHaHCHOH KpuBoH. Mmul oficyauM 3tor Bonpoc, ciepys Abpa-
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ramy [5.5]. [TocKoabKy MBI npeanoJiaraeM, 4TO CHEKTP NOIVIOIEHHSA
npomnopuuonaed ¥’ (0)/®, HaM HYXHO BbLIYHCAHTb BHICOKOTEMIIEpa-
TYPHYIO KOpDPeIAIHOHHYI (YHKLUMIO, ONpENeeHHYI0 BhlpaXKeHHeM
(5.35):

_ Tr{Mx (1) Ay}
G () = Fr— (5.54)

Mul He 6yseM BBOAHTL OOMeHHOE B3aWMOAEHCTBHE B SIBHOM BHIE,
a TPOCTO NPEJNOJOKHM, YTO OHO CBOJHUTCS K 3aBHCAILEMY OT BPeMEHH
LHNIOJbHOMY B3apMoaeHicTBuI0. Toraa NMOMHBIA TaMUJIbTOHHAH HMMEET
BUl: 6 = H,; + 4, [lpeqnonaraercsa, uYTO AHUNOJAL-RUNIOJLHOE
B3aUMOielicTBHE MAJIO IO CPaBHEHHMIO C 3eeMaHOBCKHM B3aHMOLEHCT-
BpeM. Takum o6pa3om, Mhul yuieM pelleHue s A, (f) B Buje psaa 1o
CTeneHAM AMIOJL- IKNOJIBHOTO B3aUMOAEHCTBUSA. TdKOH MeTO/ CUJIbHO
OTJIHYaeTCA OT METOAA MOMEHTOB, KOTOpbI# B CYIIHOCTH €CTh pasJo-
xenue dyukuuy G (f) no crenensam L.

UTo6b! pa3nokuth A, (f) B psij N0 JMOOILHOMY B3aUMOJEHCTBHIO,
HCKJIOUMM 3eeMaHOBCKOe B3aHMOJEHCTBue NyTeM IMpeobpa3oBaHus

M, = exp (_—‘;@?—) A . (t) exp ('laizt ) (5.55)

ypaBHEHHe ABHXEHHA [JIA 3TOrO OnepaTropa HMEET BHA

— ik dﬁ"' = {exp (:%Z-t—) 64y, eXP (ﬁﬁy—) .Z'xJ . (b.56)

CooTBeTCTBYyIOllee ypaBHEeHHE AJ1 MaTPHUHOrO 3Jjemenra A, MeXny
COGCTBEHHEIMH COCTOSHUSMHM TaMHJbTOHHAaHa 67 Oyger

e d 7 = s ;
— lﬁﬁ ('/’(x)rm’ - 2 [(%dip)ml" ('ﬂx)n”n' exp |t (Eﬂ” — En) th] —

- (-/ix):m" (%d;p)n”u' exp [_'“ I.(E'n" - Er:’) t:/ii]- (557)

[Tockonbky npeoBpasoBanue (5.55) Bmijenser u3 A, ObiCTpyIO 3ee-
MaHOBCKYIO NPELECCHIO, Mbl MOXeM MDPeANOJOXHTh, YTO OCTaloascs
BpeMeHHA 3aBHCHMOCTb SBJAETCH OTHOCHTEIbHO CJaGoH. Torna,
NOCKOJBKY BeJdWUMHbl Epo—FE, 0 Ly E,- npeactaBasior cobOH
LleJibie KpaTHHIE OT Ay, TO YieHbl B (5.97), AJ1s KOTOPbIX 3TH Pa3HOCTH
HE PaBHEl HYJIO, GLICTPO OCUMJIUPYIOT ¥ NOTOMY AAKT O4eHb MaJblH
BKJaj, KOTOPhIM MEI B JaibHeHuleM Oyaem upenebperath. [JosToMy
OCTAIOTCH JIHLIb MaTpUUHbIe 3/eMeHThl, (b dip)nn, MENKIY BbipOXKIEH-
HEIMH COCTOSIHHSIMH. Mbl GyieM CY¥TaTh, YTO ITH COCTOAHHUA BhIGpPaHHI
TaXKHUM 06pPa30M, YTO MAaTPHYHLIE 3JIEMEHTHl paBHbl HYJIO Mpu n° + n.
Taxum ob6pa3oM, ypasHeHue (5.57) cBOAMTCA K CleAyIOLIEMY:

— ih 2 (M )an = BAOD e (H ), (5.58)
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rjge
AAW (t)rm’ = (%dip)nn ““ (%dlp)n'ﬂ'- (5-59)

BpemeHHas 3aBHCHMOCTb 3TOH BeJMYMHBI XapaKTepH3yeT OOGMEeHHYIO
Moxyasiluio. YpaBuenue (5.D8) uMmeer pelueHue

(-/ix)n

t
nn’ exp[ [ AQ@ (£)nn- dt] (5.60)
0

Ecsu nmoacraBuTh 3T0 Boipaxenue B (5.55), To KoppensiigoHHas QyHK-
LMl TPHMET BHI

G(f) = 2 exp[i (E, — En-)t/A]{{n| M |n') |2 X

t
X exp [z’ J A® (¢ )nn- dt’]. (5.61)
0

PaccMOTpHM TOMBKO TVIaBHYK JIMHHIO MOTVIOWIEHHS, JJIsI KOTOPOH
E, — E,- = hw,. Torpa cymma no n u n’ Oyner cogepmxarh JIHLUb
YJIEHBI, A/ KOTOPhIX COOGCTBEHHbIE 3HAUEHMS OTJIHYAOTCA Ha A w,.
Ecan BBecTn 0603HayeHue

4

| A0 (t")ane dt” = x (), (5.62)

0

TO AJISl TEX COCTOSIHHM 7 ¥ n’, KOTOPLIM COOTBETCTBYET JaHHOEe 3Haue-
HPIE x (f), ™Mbl OGyneM TaKxe HMETb COOTBETCTBYIOIlee 3HAYeHHE
|[{n| Hy|n')|?, o6o3nauum ero yepe3 P lx (f)]. Takum oGpasom, Kop-
PENSLMOHHYI0 GYHKIUHMIO MOXHO pacCcMaTpHBaTh KaK CpegHee OT
explix (f)] ¢ Becom P [x ()], T. e.

oo

G (t) = ei®o! J dx P (x) ei* = e/t (gix); (5.63)

w3

aneck B P (x) BKJIIOUEH MaTpPHUHLIN 3jeMeHT u3 (5.61) u HopMUpOBOY-
HBIH MHOXHTEJb.

IIpeagnonoxum Tenepn, 4T0 Aw (f')nn- €CThb rayccoBckas QyHKLIHSA
OT BpEMEHH CO CPEJIHHM 3HaUeHHeM, 3a1aBaeMbIM BTOPBIM MoMeHTOM M,

KOTOpPLIH MBI BbIYHC/AHJAH paHbiue. TaKuM 06pa3oM, Mbl [IPUHHMAEM,
4TO

(A(D (t)rm' A(l) (t +" T)nn') — lep (T")v (564)

rae ¢ (t) onuchiBaeT (ayKTyauuu JokaasHoro nonas. Cymectsyer
TaK Ha3hiBaeMas 24asHas npedeasbHas meopema, KOTOpas IJACHT, HTO
ecd Aw (f')nn- — rayccoBckas ¢yHkuuf, To QyHkuus x (f), onpene-
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JAsieMas BeipaxkeHueM (5.62), TaKxe siBifieTcsi rayCCOBCKOR (PyHK-
uueit. 3ro ospavaer, uro P [x ()] uMeer rayccoeckyio topmy:

——L _exp(—x22(x 65
Plx(5)] YrTCo exp (— x%2 (x%)). (5.65)
CJlep0BaTenbHO,
(efx> — e-—-:(x’)/2’
e

0
t
= 2M, |du(t —1)p (). (5.66)
0
Hitakx, OKOHYaTeJbHO HMeeM
G () = et ¢ (1), (5.67)
rae
t
¢ {f) =exp [— sz ¢t —1)p(r) dr]. (5.68)
_ 0

W3 sToro BhIpaXkenuss BHAHO, KaK TMPOMCXOAHT CyxeHue. Eciu
BpeMsi KOppeJsiliHH, OT KOTOporo 3asHcutT P (1), Beauko, Toy (1) =~ 1
BO BCEM HHTEpBaJje HHTErpupoBaHusa B (5.66) u

@ (1) - exp (—M,t%/2). (5.69)

DTO NPHBOAUT K IayCCOBCKOH (opMe JHHHH CO BTOPHIM MOMEHTOM
Ban-®aeka. C gpyroi cToponnl, ecau P (t) ofpallaeTcss B HyJb PaHb-
Ile, YeM MbI JOXOJHM [0 BepXHero npejaeia B HHTerpase, TO
t 00
My [ (¢ — 1) (1) dv m Myt | § (1) dr = Myt/oe, (5.70)
0 c

@ (f) — exp (—M,t/ 0 4). (5.71)

B pe3yabTaTe MBI NOJYyYdeM JHHHIO JOPEHLEBCKOH (OpPMEI, MOJY-
WIMPHHA KOTOPOH NpomnopuuonanbHa M,/ we,. ClenoBaTelbHO, NPH
BO3pacTaHuy OGMEHHOro B3auMOAGHCTBHSA MMNOJIbHOE YIIHpPEHHE JH-
HUH H3MeHsAeT (OpMy — BMECTO rayCCOBCKOH OHa CTaHOBuTCs 6oJee
Y3KOH JIOpeHLEBCKOH.

AHanuriueckas ¢opma o¢yHkuuu ¢ (r), cojepxamas u rayc-
COBCKHH, H JOpeHLEBCKHH NpenesNbHble CIyYa, €CThb

P (1) = exp (— nwic1%/4). (5.72)
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Onsako nogpofHoe cpaBHEHHE C H3MePEHHBIMH KOppeJsLHOHHLIMH
GYHKUMAMHE 10Ka3blBaET, UTO B JeHCTBUTENbHOCTH ¢ (T) y6blBaeT Mel-
JeHHee, YeM Takas rayccoBckas ¢opma. UTOGB MOAYHHTL Jydlnee
ONKCAHHE pellakCcallyy Ha GOoMBIIHX BpeMeHaX, 3aMeTuM, 4TO ecaHd MbI
BO3MYILaeM IaHHYIO CIHHOBYIO CHCTEMY, TO 3TH BO3MYILUEHHs paclpo-
CTPAHAIOTCA NOCPEACTBOM OOMEHHOr0 B3aHMOAeHCTBHSA. 33 JOCTaTOUHO
foJbllioce BpeMs MNpOLEeCC OXBATHIBAET MHOrO CIHHOB, IO3TOMY €ro
MOXHO ONHMCBIBaTh Kak mpouecc Audy3HH B KOHTHHyYMe CIIHHOB.
Torna Koppeasiugonnast Qyukuusa § (r, f) DOAYHHAETCH ypaBHEHHIO

mubdy3un

Avip=S1,  (5.73)

v (%)

rae Kosdppuuuent auddysuu A cps-
3aH CO BpPEMEHEM KOppeIsiluH Ogx.
Ha puc. 5.5 noka3ano pasnnume
MEXJAYy rayCCOBCKHM ¥ AudPy3noH-
HEIM ITOBeJEHHEM. /T,
HurepecHo OTMeTHTh, YTO QYHK-  Pyc. 5.5. CpaBHeHHe IaycCOBCKOTO
uus Y (T) ZOJMKHA 3aBHCETb OT pa3- (kpuBas /) u auddysuonnoro (xpu-
MepHOCTH d xag t=4/2, CnexopaTenb- Bad 2) nprONMXKEHHA AJNS KoppeJs-
NHOHKOA ¢ynkuKHu P (T). Bpems BHI-
HO, B C/y4de OfHOTO HMSMEPEHHS payeng 5 emummmax  (1/1g)? —
KOppeNAllUOHHOe BpeMs Wy, ONpe- . = 2z (J/A)? S (S 4 1)/3.
JensieMoe BhipaxeHmeM (5.70), pac- :
XOAUTCSI, M JIHHHSA JOMXKHa ObITh aHOMaNbHO IIHPOKOH. B
(CH3),NMnCl; o6Mennoe B3auMoieHCTBHE CNIHHOB HOHOB Mn?** ocy-
IeCTBJJAAETCHA TOJbKO BJOJb LENOYKH, TAK YTO 3Ty CHCTEMY Npubiu-
XKEHHO MOXHO paCCMaTpHBaTb KaK OJHOMEPHYIO CIIHHOBYIO CHCTEMY.
JleACTBHTENbHO, H3YYEeHHE MAarHUTHOrO pe30HaHca NoKa3bipaer [5.6],
yTO PopMa JNHHHK 31eCk NpeacTaBiAseT ¢ypbe-06pa3 PYHKUHH
exp (—A#3/2), 1. e. ABNAETCA NPOMEKYTOUHON MEXKAY TayCCOBCKOH H
JI0p eHLEBCKOH,

Xorst MBI H paccMaTpHBaJd 3[eCh cayuait OOMEHHOTO CyXeHHS
JUIMOJNBHO YIUHPEHHOH JIMHUHK, NpHOIHXKEHHe peJaKCallHOHHOH (QYHK-
IIMH MOXHO NPUMEHUTh TAKXKe B APYFHX CUTYalLHsIX, HAl[pAMep B CJIY-
Jyae OOMEHHOTO CYXeHHS JMHHH AJepHOrO MarHHTHOTO pe3OHaHca,
IUMPHHa KOTOPOH O0yCJIOBJIeHa CBEpXTOHKUM B3auMojeicrBueM [5.7 ],
HJH CTOJKHOBHTEJIbHOTO CYXKEHHS JIHHWUH SJePHOrO pe3oHaHCa INpPH
JIHIIOJIbHOM B3aumopeHcTBHE [5.8].

5.1.3. UBMEPEHUE T,

OTtMersM, YTO NpPORONbHOE BpeMs penakcauuu 7T; He BXOJHT
B aunelnowl oTkIHK (5.27). Ecay yvecTb HeMHHEHHBIH BKJaA B 3TY
QYHKUHMIO OTKJIMKa, TO B 3HaMeHaTele INOABHTCS JOMNOJHHTEJbHbIH
uned y*HiT,/T,. B pe3ynbTaTe, KOrja aMILIMTYJa BbIHYKIAIOIIETO
NOJA CTAHOBUTCS cpaBHUMOH ¢ (y2T,Ty)!/2, pe3oHaHC HauMHAeT Ha-
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Puc. 5.6. CxeMa, noscHAWIAA ABJIEHKE BO3HMKHOBEHHS CIKHOBOIO 3Xa B CHCTEME
KOOP/RHAT, BpAIIAIoeHCcs BOKPYT OCH 2 C YIJIOBOM CKOPOCTBIO, PABHOH 3eeMaHOBCKO
yacToTe (CM. NMOACHEHHS B TEKCTE),

ceiulaTthes. [losiB/leHHe  HaCHILlEHHst JaeT BO3MOXHOCTb — H3Me-
putk T;.

Ta xe camas HenuHeHHOCTb NPHBOAUT K cnurosomy 3xy. Ilocaen-
Hee ABJIEHUE JIETKO NOHATh, ofpawasnce K puc. 5.6. [TonspusoBannoe
no Kpyry nonae H,; ¢ 4aCTOTOH w, NPHKJIaALIBAETCSA NepPleH HKYJIAPHO
nocrosHEoMy noawo H,. B coorBerctBuu ¢ ypaBHeHusMuH buoxa
B CHCTEMe KOOpJAHMHAT, Bpalllalollledcsl BOKPYT OCH 2 CO CKOPOCTHIO @y,
HaMaTHHYeHHOCTb OTKJIOHSIETCA OT OCH Z, KaK [10Ka3aHOo Ha puc. 5.6, a.
Ecaun BeIHyXJaiolllee NoJge BHKJAIOYHTE B MOMEHT, KOrja HaMarHH-
YeHHOCTh JOCTHTHET IJIOCKOCTH XY, TO BO3HMKHeT 90°-HBIH HMNy.JbC.
Bkaiouass BHellHee InoJje Ha BABoe OoJibllee Bpemsi, Mbl IOJYYHM
180°-HBi# UMIyJAbC, KOTOPHIH MEHSIET HalpaBJeHHe HaMarHMYeHHOCTH
Ha obBpaTHoe.

[TpennonoxuM, uto B MomedT { = (0 MBI npukaagsiBaeM 90°-HBIH
uMnynabc. [Tocne BHIKIIOYEHHS! HMIYJbCa CIHHBl NPELECCHpPYIOT CO
CBOMMH COOCTBEHHBIMH DE30OHAaHCHBIMKM YaCTOTaMH, KOTOphle HK3-3a
HaJu4us AUTNOJbHBIX NOJeH HeKOTOPHM 06pa3OM paclpeaensiioTcs
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BOKpPYT . Uepes onpesenennoe «apeMs jedasnpoBKu» T3 COHHBL 06-
pa3yloT BO BpalllalolleAcst CHCTeME KOODAHHAT «OJIMH», KaK MOKa3aHOo
Ha puc. 5.6, 6. IToxg nesicreuem 180°-HOro umnyJsbca, NPUSOKEHHOTO
B HEKOTODHI MOMEHT BpeMeHH T K CHCTEME C TAKOH KOH(QUTypauueH,
«GanpH» ToBopauuBaerca Ha 180° Bokpyr ocu x', KaK IOKa3aHO Ha
puc. 5.6, . Temepb;mo Mepe npelecCHH CIHHB HaYMHAIOT CHOBA
«pasppoBaTbcs», 1 B MoMeHT T nocsae 180°-Horo umnyJbca ux asbr
CHOBd COBMNaAaiT, YTO NMPOABJANETCA B BUAE «3Xa». Ecuau npuksamb-
BaTk 180° Hble MMITYJbLCH B MOMEHT BpeMeHH 3T, 5T U T. 4., TO MOXHO
HaOJI0JaTh 3X0 B MOMeHTH 4T, 6T u T. 4. B orcyrcTBue nonepeysoH
peJlaKCalyi CUCHAJbl GyAyT HMeTb OJHHAKOBYIO BelnduuHy. OaHaxo

* }-‘ : T +—t——+—t——+—— 'z'——-i-]

90°, 180° 180°
umn. F“’”W Jlepaoe ~ UMITSC
X0 S~ Bmapoe
~ ~t - ATo
~—1 —
| AN
-

Puc. 5.7. CxeMa npHMeHEHHS CIIHHOBOTO 3Xa A5 Kamepenusa Ty.

¥3-33 HaJuyMs pejakCaudd BeJHYMHA N-TO 3Xa NajdaeT MO 3aKOHY
exp (—2n1/T;), 4TO KaeT BO3MOXHOCThL U3MepuTb T,. CxeMa uaMepe-
Hus BeauuuHbl T, NTOKa3aHa Ha pHc. 8.7.

Ecau T:>>» T,, TO BpeMsi NnpojonbHOH penakcauun 7T, MOXHO
MOJyYHTh cjepylomuMm o6pasoM. CHauana NPHIOKHM 90°-HBIH HM-
nyJbc, 4ro obpautaer M, B Hyab. Ilo mCTedeHnu BpeMeHH T BeJH-
uyna M, craner pasuoit M,[l — exp (—/T;)]. Ecan Teneps chosa
npuaoxuth 90°-HuI# uMnysbe, a 3ateM 180°-HbIA HMIyJIbC, TO BHICOTA
noJy4eHHOro CHrHala 3xa Oyjer nponopuxoHansia M, (t). Ilosro-
PSSl 3Ty IOCJEA0BATENLHOCTE MMIIYJbCOB HECKOJbKO pa3, Mbl MOXeM
nosy4uTh 3HaueHue M,, paBHOe M,.

PaccmoTpuM KOPOTKO Apyroi cnocof onpexenesuss 7. On co-
CTOMT B M3MEPEHHH OTKJHKAa CHCTEMbl Ha HU3KO4ACMOmHoe npodob-
Hoe noJie. B ofllemM ciydyae HAMarHUYEHHOCTh pENaKCHPYET K BeJH-
YuHe, ONpeensieMOl MeHOGeHHbiM 3HaueHHeM Nonsf. TakuM 00pa3om,

ypasHeHue bBaoxa (5.22a) pns nmons H = Hyz + H; cos ofz m0oXxHO
3alicaTh B BHJE

dﬂ’Iz
dt

= p(Mx H), + Rficoe =M (5.74)

EnuncrenHoe npubJKXKeHHE, KOTOpPOe 3[eCh CAENaHO, 3aKJOYaeTcs
B TOM, YTO MEI HCIO/Ab30BaJK CTATHYECKYI0 BOCIDHUMUYHBOCTE Y.
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Pewasi ypaBHerue (5.74), Mbl HeNOCpPEACTBEHHO [OJyYaeM BhIpaxe-
HHe /ISl OTKJHKa

Xez (©) = o (5.753)
" T
Xez (0) = 3% - (5.756)

Otv QyHKUMHM H306paXKeHbl Ha puc. 5.8. [l 3/JeKTPOHHBIX CIHHOB
LIKHPOKast 06/1aCTb NPOAOJLHOIO NOTJOUIEHHS JEXHUT B PafHOYacTOT-
HOH 06JIaCTH CIIEKTPd, T. €. TOPA3J0 HUXKe YaCTOT IONepeYHoro pe3o-

X(w)zz
A

X, %)

_}Q L x"(w)

|
1
7y

Puc. 5.8. llpogonbEasg BOCNPHAMYHBOCTL cJAa60 B3aUMOACHCTBYIOMER CIHHOBOM
CHCTEMBI,

HaHCa, NOMajarlluX B MHKPOBOJHOBYIO oGaactk. /[0 BTOpOH Mupo-
BOM BOHMHLI He CYIIECTBOBANO HCTOYHHKOB MHKPOBOTHOBOTO H3ydye-
HHSl, TIO3TOMY BpeMs pesakcaluudd T3 OBLIO HCCJAEQ0BAHO TOpa3fo
paubiue, 4em T,. Boaee toro, BripaxeHnue (5.756) ais orkauKa dak-
THYEeCKH OBLIO NOJYYEHO HAa OCHOBE TEPMOJAMHAMMUYECKHX coobpaxe-
HUH 3ajonro Ao ypaBHenuit buoxa.

5.1.4. BBIYHUGIEHUHE T,

3anMeMcs Telepb NOJyYeHHUEM BhlpaX<eHHS s (PeHOMEeHOJorHue-
CKOrO BpeMeHH penakcauun 7,. B COOTBeTCTBHM C ypaBHEHHEM
bnoxa (5.22a), ecsiu Bhi3BaTh OTKJIOHEHHE Z-KOMIIOHEHTH HaMarHU4eH-
HOCTH OT PaBHOBECHOro 3HavyeHust M,, To OHa GyjaeT BO3BpalllaThCA
K 3HayeHHO My 1O 3aKOHY

M, = Mg (1 — e—1/Ts). (5.76)

Uro6u mosyyuth ABHOE BhipaxkeHue aas T, BhuKcauM M, aid npo-
CTOH JBYXYpPOBHEBOH CHCTEMBHl CIIHHOB, BbIBEJEHHOH H3 COCTOSHHSA
paBHOBecust. Eciu 9HCIO CAHHOB B COCTOSIHHH [—1/2) o603Hauuth
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uepe3 N_, a 4MCJIO CIUHOB B COCTOsAHMH | +-1/2) — depes N, To noa-
HYK0 HaMarHu4YeHHOCTb MOMXHO HanucaTbh B BHAE

—;—gua(N_“NJ I
M, = - = -~ guan. (5.77)

Takum oOpa3oM, NOCKOMBKY 2-KOMITOHEHTa HaMaTHMYEHHOCTH 3aBHCHT
OT OTHOCHTE/JIbHOH HaCe/JeHHOCTH 3eeMaHOBCKHX COCTOSHHHU, Jaboe
H3MEHEHHE 3ITOH HACEJEHHOCTH NPHBEAET K H3MeHeHuio M,.
O6o3naunm depes W (— —» -+) OTHECEHHYIO K eIMHHLE BPEMEHH
BEPOAITHOCTE TOTO, YTO CIHH M3 cocTosHuA | —1/2) «mepeckount»

B coctosiiue | 41/2). Torna uaMeHeHne HaceNEHHOCTH MOMHO ONHCATh
ypaBHEHHsIMH

TE=NW (> 1) NW(+—>—), (5.783a)
W NW(i ) NW(——> 1) (5786

BeposTtHocty nepexogos W (+ - —) u W (— — -+) He sBasworca
HE3aBUCHMBIMH; JJI PAaBHOBECHOI'O COCTOAHHS

NW(——> )= NW(+—>—)=0. (5.79)
[TosTomy ecau paccToaHpe MeXAYy YPOBHAMHM €CTh gug/d U 1O onpeje-
aegnio W (+ - —) = W, to

W (—— ) = W exp (— gusH/ksT). (5.80)
YpaBHeHue NJs 7 NIPHHHMAaeT TOTAA BHJ

dn 2N W ON_Wexp (— gupH/kgT)
a ~— Vv v ’

(5.81)

B npepene BhicokuX TemmepaTyp, B OOJbIUHHCTBE CJydYaeB OCy-
LeCTBASIOLIEMCS B SKCIIepUMeHTaX, 3KCcnoHeHTy B (D.81) MoxHO pas-
JIOXWTh. 3aMeHHB YHcJa 3anonHedus B (5.77) uX paBHOBECHHIMH 3Ha-
YeHHUAMH, Mbl YBHJUM, YTO BeJIHYHHA Ny NPUOJIH3HTEIbHO pDaBHAa
(N_1V) (guaH/ksT)_n

B = oW (n— o). (5.82)

Pewasa 370 ypaBHeHue u ucnoabsys (5.77), nonydaem
M, =My (l — e—2¥1), (5.83)

CpasuuBas (5.83) c (5.76), naxonum, 4TO

]
= 2W. (5.84)
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CyulecTByIOT pa3iudHble MeXaHU3MEl, KOTOphle MOI'YT BHOCHTh
BKJIaJl B BepOATHOCTh nepexoaa W. Hanpumep, B 3siekTpoHHOM napa-
MarHETHKE CIIHHBI MOTYT B3aWMOJEHCTBOBATH C KOJeGaHUSIMH pe-
1eTKd. B 3TOM ciiyuae nepeBopadnBaHHe CIIHHA CONIPOBOXKAaeTCS H3Y-
yeHHeM WM norjouleHdeM (oHora. CoorBercTByKOllee BpeMs 7T,
Ha3bIBAIOT @pEMEHeM CNUH-PEeULMOYHOU pelaKcayui.

B kauvectse apyroro npumMepa MOXHO DPaCCMOTpETb pesaKCalHio
AJepHEIX CNUHOB B 3JEKTPOHHOM (eppomarHeTuke. B stom cuayuae
AJIepHLIE CIIMHBl CBA33aHH C 3JEKTPOHHBIMH CIIHHAMH CBEPXTOHKHM
B3auMogedcTBHeM. PIyKTyaluy B CHCTEMe 3JeKTPOHHBLIX CIIMHOB BHI-
3bIBAIOT MEePEeCKOKM sJepHBIX CIHHOB — Ipolecc, KOTOPOMY COOT-
BETCTBYET @pems Adepro-cnurnogol peraxcayuu Ti. PaccMoTpHM B Ka-
JecTBe IpUMepa Bhiuuc/aeHue T; JJIs 3TOTO MeXaHH3Ma.

[Tpennonoxum, YTO Hallla BO3MyILUEHHAS CHCTEMa COCTOHMT M3
OJHOro sifepHoro cnuHa l/2 u oO6MeHHO-B3aUMOJEHCTBYIOIEH C HUM
SJIEKTPOHHOH cucTeMbl. Torga

Ky = o+ Ko, (5.85)

rne &y = —gyuyHl,, a #, — ramuabroHuan 3JekTpoHOB. Cob-
cTBeHHbe DyHKUUM oneparopa #6, uMeloT BHJ | m,, n), TAe N Xapax-
TePu3yeT COCTOSHME CHCTEMbl 3JIEKTPOHOB. Bosmymaomui ramuib-
TOHHAH COOTBETCTBYET CBEPXTOHKOMY B3aHMOJEHCTBHIO

6, = Al-S, (5.86)

rae S — CIIHH 3JeKTPOHA, B3aUMOAEHCTBYIOILEro ¢ paccMaTPHBaeMEIM
sapoM. Eciu B MOMenT Bpemenu ¢ = 0 cucTeMa HaxOfu/JIach B COCTOS-
HUM |m;, ) W MBI XOTHM ONpEJEIHTh BEPOSTHOCTh HaXOXJEHHS CH-
CTeMbl B COCTOSIHUH |my, n’) B MOMEHT BpeMeHH f, TO HaM HYXHO pe-
wuth ypapHeHue Illpeaunrepa

0
it —F = (3, + 6,) . (5.87)
Jlasee Mbl yBUIMM, UTO ynoﬁno BBeCTH (PYHKIHIO

. — id6,t

p=exp(——%) ¢, (5.88)
TAe ¢ YAOBJETBOPSAET YpPaBHEHHIO

in 22— %, ()¢, (5.89)
76, (1) = exp (’92" )9’6’1 exp (%%‘ﬁ) (5.90)

MHTerpupys 3TO ypaBHEeHHE C HayaJbHbIM yciaoBueM ¢ (f = 0) =
= |m; , n), monydaem

L
p—exp(|— = [d' @) ||my n). (5.91)
0
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[Ipuuuna, mo xoropoé ygo6HO BBECTH ¢, 3aKJKYaeTcs B TOM, 4YTO
BhIpaxkeHue (5.91) 1Jsl ¢ MOXKHO Pa3JIOKUTh B Psj MO CTENEHAM BO3-
MylleHUs #;:

¢
¢ =|m,, n>——,;'- | a8, ') | my, n>+ e (592)

Torza BepOATHOCTE HaXOXIEHHHA CHCTEMBl B COCTOSHHM |m;, n')
Oyner uMeTb BHJ

4 t
[(mj, o' | P)]2 = —ﬁ‘? j dt’ j dt’ (m,, n| 36, (') | m}, n'yx

0 0
x{mj, n'| B, (") my, ny -+ ... . (5.93)

[IonHy0 BepOsATHOCTb Mepexoja B €NHHHUY BpeMeHH I[OJYy4uM,
pa3jenuB Bhipaxkenue (5.93) Ha { u nepelas K npegeay t — oo. Jas -
Haxoxaedus W nonoxum m; = —1/2 uw m; = +1/2. Ilpoussenem
TAKKe YCpeLHeHUEe 110 BCeM /IeKTPOHHBIM CcTeneHsM cBo6oabl. MHbMH
CJIOBaMH, YMHOXHM BbipaxeHue (5.93) Ha BepoATHOCTh HaXOXKAEHHSA
CHCTEMHI 3/IEKTPOHOB B HaYaJbHOM COCTOSIHHM 7 M IPOCYMMHUDYEM IO
BCEM 71, TaK Xe KaK ¥ 10 KOHeYHBIM cocTOoSHHAM n’. CyMMHpOBaHHe 1O
n' ceopur (5.93) X MaTPHUHOMY 3JIEMEHTY OT IIPOH3BEAeHHs OIepaTo-
pOB, TaK HYTO OCTAaeTCA TOJLKO memnepamypHoe Ccpedree OT
6, (t') #, (t"), xoTopoe MEI 0603HauYuM 4epe3 (- ). ITH CKOOKH He
clenyeT nytath ¢ OOO3HAYeHHAMH «Opa» M «KeT», HCNOJb30BAHHEIMH
Bhllle. TakuMm o0pa3oM, HMeeM

¢ ¢
[ A2 7 3 n . 7 n —_ 4 "
0

t
~»00 0

rie oy = gyMyfl — HacTroTa sAAEpHOTO MarHMTHOrO pe30HaHCa.
[TpousBona B (5.94) 3aMeHy nepeMeHHBIX, NOJydYaeM

A =t | d1(S7(0)S") exp (iwx). (5.95)

— 00

Takum 06pa3oM, MBI BHAUM, YTO YacTOTa NPOLOJbHOU pPeJaKCallUH
B JaHHOM CJiy4ae ecThb He UTO HHoe, KaK Qypbe-KOMIIOHEHTA 3JIeKTp OH-
CIIMHOBOH KOppEeNsflHOHHOA QYHKIHK NPH YaCTOTE SJIEPHOTO MaTHHT-
HOro pesoHaHca. KoppelsluHOHHasA QYHKU#A 3SKCIIOHEHIHAJbHO
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i yObiBaer, T. e.

) (S=(@) STy =(S)re ",

f CJICAO0BATCJALHO,
—
1 A(§i)_ T
= 5+ (5.96
L _ T AT 1oyt (5.96)
wy T~] intT

Pxuc, 5.9, 3aBuceMocts T; OT BpeMeHH Ha puc. 5.9 PEACTaB/EHa 32 BUCH-
KOppeAslMy T Cornacio Mozeax MOCTh Ty OT 1. BuaHoO, YTO npu H3-
BIIII. MEHEHUH T, HaIPHMEp BCJEACTBHE

H3MEeHeHHS TeMnepaTtypho, T3 npo-
XONMT 4Yepe3 MHHHMYM IIpH T ~ 1. 3TO XapakrepHoe mnoBeje-
HHe, BIepBHe O0f6HapyxenHoe Biombeprenom u Ap. [5.9], wacro
HaspiBaloT npocro BIIII-addexTom.

5.2. METAJLJIbI

PaccMorpuM Tenephk OTKJIHK METaJNJOB Ha 3aBHCAILEe OT BPEMEHH
MarHUTHOE MoJje. JKCNepHMeHTaJbHble HCCAELOBAHMSA 3TOrO BONPOCA
CBSI3aHBl ¢ OONbIIMMH TPYLHOCTAMH BCJEICTBHE TOrO, YTO BHELUIHee
110/ NPOHHKAET B METa] JIHUb Ha MaJnayilo rayoury. [lepBule peso-
HaHCHbBIE 3KCIIEPUMEHTh! CO CITHHAMHY 3/IEeKTPOHOB NPOBOAUMOCTH ObLIU
BHIOJHEHH B Havase 1950-X rogoB. 3TH 3KCNEPHMEHThI COCTOSJIH B H3-
MEpEeHHH IOBEPXHOCTHOrO BMnegaHnca 06pa3liOB, MOMEIIeHHLIX B MH-
KPOBOJITHOBOH pEe30HATOP.

B 1964 r. saexkTpoHHBI CIHHOBLIE pe3oHaHC HabGJIOAalCsA B JKC-
IePUMEHTaX Ha IPOXOAAIMX BOJAHaX. /i noHmMmaHusag o6OMX pe3o-
HAaHCHBIX METOJOB HeOOXOAHUMO 3HaTb HeEJOKaJbHYIO BOCIHPHHUMYH-
BOCTb ¥ (2, 2, w). Ee MOXHO nostyuurh H3 0GOGIIEHHOH BOCIIP HUMUH-
BOCTH ¥ (q, ®) H rpaHuuHbIX ycaoBHE ans M. Eciu npeanosnoxurh,
YTO FpaHullbl HE OCJaabJAI0T HaMarHHYeHHOCTh, TO TOK HaMarHHYeH-
HOCTH VM Ha rpaHuie coxpausiercsi. Tenepb paccMOTPuM 0BOGLIEH-
HYI0 BOCIIDHEMYHBOCTD.

Hmeercs Uesmlii psij cniocoGOB BLIUMCJECHHS AHHAMHUECKOH BOC-
NIPHHUMUYKBOCTH TaKOH cHCTeMul. OfuH U3 HUX, Haubosee NOyYUTeLHbIH,
OCHOBBLIBA€TCA Ha HCHOJAb30BAaHHH (PAYKTyallMOHHO-LHCCHNIALIHOHHOH
TeopeMbl. Kak MHl BHAENH panblile, HAaTHYHE TIepEMEHHOro NoJs BeleT
K CBA3H MeXJ]y X- M y-KOMIIOHEHTaMH HaMarHudeHHoctu. CJoejnopa-
TEAbHO, ropa3jic yaobuee paborath co chepHYECKUMH KOMIIOHEHTaMH
M+ (q, ®). B Takux KOMIOHeHTaX BOCHPHHMYHBOCTD Yzx + Yoy
NpONCPLUHOHaNbHa KOppeasanuonHol pyuxkuuu (M _(q, 1) A L (—q)).
O603HayuM 3Ty BOCIPHHMYHBOCTb uepe3 X—4 (q, o).

OnepaTop HaMarHHYeHHOCTH, CBA3aHHLIA CO CIHHOM CHCTEMb! IOJI-
BHXKHBIX 3JEKTPOHOB, HMEET BHJ

M (r)=— 3] ppo 8 (r — ;). (5.97)
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BTopHuHOe KBaHTOBaHHE 3TOTO ONepaTopa IO COCTOAHHAM MJOCKHX
sosH (1.123) paer

M (r) = — -— Z E Oupe O —q.ali.p- (5.98)
k.q o,
Taxum obpasom,
M (—Q) = —2pp X Glta; 1k, (5.99)
HA_(q) = — 2ug § Bh—q.4QK4- (5.100)

Torpa uckomas koppensuuonHas ¢GyHKUHA OyleT UMerb BHI

(M (q, 1) A, (—q)y=14pk 2 Z (exp ( am

— m
X @ks—q,4@K-} XD ( ;L )ak+Q.+ak+> (5.101)
rae
#=Y Y ers2lots. (5.102)
k ©

CobcTBeHHOE 3HAUEHHE €xg paBHO #%kE/2m -+ pugHyo, rae o = -1
AJdS CTHHOB, HalpaBJEHHBIX BBEPX, H 0 = — | [/ CIIHHOB, Halpas-
JIEKHLIX BHH3.

IIpu T = 0 K ocHOBHOE cocrosfiHMe NpejcTaBJser cCoDoH ¢epMu-
ceprl 4151 CIMHOB, HAPaBAEHHBIX BBEPX M BHU3. Kax H NMpu BbIYHC-
JIEHHAX CTATHYECKOH BOCIIPMHMYMBOCTH B V. 3, BOJTHOBOH BekTop k
NpUHHMaeT BHYTpH (epMu-chepnl Aas HaNpaBJEHHLIX BHH3 CIIHHOB
TaKHe 3HA4YeHHsi, 4YTO BeKTOp k + q Jexur 3a mpejenaMu (pepMH-
ceps! ISl CHMHOB, HaNpaBJeHHhX BBepX. KoppensuHonHas (yHX-
nus npu 7 = 0 K umeer Buj

(H_(q, ) A (— ) =43 N i (1~ Frsan) X
k

xexp{ “'("‘k+qﬁ+‘ek+)t } (5.103)

ITpoussons ¢ypbe-npeoGpa3oBanue W HCNOAB3ys BeIpaxeHue (1.87)
npu 7T =0 K, aaa BOCOPMMMYHBOCTH MOJydYaeM

" Snp.%
—+ (q, ®)s = V

21:" fii (1 — friq. 1) 8 (R0 — €xyq, + 18k, 1)-
(5.104)
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BemecTBeHHass 4acTb BOCHDHUHMYMBOCTH IOJNYYa€TCA M3 COOTHOLIE-
HHuA Kpamepca—Kponura (1.64) u umeer Bup

’ __ ‘ug E ey (1~ Fkiq, 1)

8k+q,T—8ki_ﬁm ' (5105)

k

3ameruM, 4TO B BhIpaXKeHHe LI Y_, BXOAAT pa3rble CIIMHOBHIE HH-
AEKChI, TOrja Kak B BbipaXeHue AJs 7,,, HanpuMmep B dopmyay
w@q) (3.84), — TONBKG OMHAKOBbBIE
A CIIMHOBHIE MHJEKChl. B ny.e-
BOM T10JI€ €x4 = Ex, == Exk H B
npeaene o — 0 nosaydaercd
NpaBUJbHbIH Pe3yJbTaT — BbI-
\ paxenue (5.105) nepexopur B
BeNMHYMHY, BABOe OO0JBLLIYIO,

yeM B CTaTHYECKOM CJayyae,
SHeprud OTAEJbHBIX ua-
cTulU, Bxopdume B §-QyHKIIHIO
B BhIpa)KeHHHu (5.104), wumetor

> ¢ CJefyloliHe 3HaYeHHS:

Ot?Ho YOOI Y HEIE
803 ymdenuﬂ

/

X
@

Ny

N

Puc. 5.10. CnexkTp MarsHuTHHX BO30yX- ek+q, + — &x+ = 2pupHy +-
ReHud ANA HeB3auMOAeHCTBYIOUEr0 3/eK- 42 #2
TPOHHOTO Tra3a. +-—k-q+5—¢* (5.106)

[TosroMmy crekTp BO30YXKAeHHH HMeeT B, OKa3aHHb# Ha puc. 5.10:
KosneGanus ¢ q — O COOTBETCTBYIOT CIIMHOBOMY DE3OHAHCY 3JIEKTPOHOB
NPOBOAMMOCTH MpH ® = ®, = gugl.

5.2.1. MAPAMATHOHBI

Boipaxenue aas %_, (q, ©) Npy HaJIMIHKM B3aUMOJLEHCTBHS B BHIE
§-OyHKUHK, KOTOpOE HCIOJb30BaJ0Ch B ramuibTOHHaHe (4.81),
JIErKO HOJYYHUTb C IIOMOUIbIO YpaBHEHHH JBHXKEHHS, MPHMEHEHHHIX
B 3TOH raase. JL/151 BRIYHCAEHHA BeJHYHHB ¥_, (q, ®) B IPOTHBOIOI0X-
HOCTh %, (q, ®) HeoGXOQHMO ONpefesuThb OTKJUK

M (@)= 25 5 (af_q, 1) (5.107)

Ha nonepeunoe monae H [cos (wf) x - sin (w?) y] cos (q-r). Coorser-
CTBYIOIIHH YJEH, YYWTHIBAIOU[HH 3€eMaHOBCKOE B3aHMOJEHCTBHE,
HMEeT BHJ

Hz = — - H{[H_(q) + H_(—q)l " +

(M {q)+ Ay (— Q)] (5.108)
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IloGaBnssa B Bupaxenue (4.81) usen B3auMOeHCTBHA B TAKOH ¢opme,

nonyuaeM ans (ai_q sax,) CIeAyiOllee ypaBHEHHE JBHMKEHHS B IIPH-
OaMmKeHUM CJOy4dahHbIX (a3:

iﬁ—j?- (ai-—q, fau) = (Ex — Ek—q) (alt—q. Tald) +

21 -
+ 3 Z (ners — M-y ) {Tk—a. ?‘114) —

27 + i
_T(nk___q’ p - Hk}) qE <ak—-q'——q. +8k—q-, i) +
+- _;‘“ patl (M, t — nui) €' (5.109)

Kak BHAHO OTCIOfd, ¢CMMHOBHIE (QMIYKTYalUuu» (af_q. 1dy,) CBA3AHLI
CO MHOTHMH LPYTHMH QJYKTyanusIMH uepe3 TPeTHH UJeH B MPaBOH
yactH ypasueHus (5.109). Ecau Mb1 fonyctuM, YT0 BCE CTHHOBLIE PIYK-
Tyallud 3aBHCST OT BPEMEHH Kak exp ({wf), To moayuum

, @I1V) (" —q, 1~ M) 2 {Qh—q—q, tTk—g-.4)
q’

ay ak| — = =
ke 1k Ao — (B_q, + — Ey)

1
5 ppfl (M g, — fyy)

Ao — (Bx—q, 4+ Bxy)

(5.110)

rie
Ekgzak—k%;nk-g. (5.111)

JKenasgd noOJyYuTh OTCIOJi2 BhIpa’KeHue A1 HaMarHWY€HHOCTH, MBI
AOJKHBEI NPOCYMMHpPOBaTh o BceM k; NIpH 3TOM HHIEKC q' CTaHOo-
BHUTCS «HeMbLM UHOeKcOM», UTO JaeT BO3MOXKHOCTh pa3pellluTh ypaBHE-
HHE A/ HaMarHUYeHHOCTH. YUHTHIBAf ONpeAe/eHHE BOCIPHHMYK-
Boctu (1.55), monmyvyaeMm /15 BeHIeCTBEHHOR YaCTH BOCIIPHHMYHBOCTHU

BbIp aXKEHHE

. (QMQB/V)I‘(q, ®)
X—--P(Qs L!)) - 1= @/V)T(q, @)’ (5112)

rie

. fr—q. + — "x|
I'(q, 0)= Z T Gt (5.113)

k
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B HyneBOM 1nofe M B MapaMalHUTHOM COCTOSIHHH Epa = €k, ]
B 3TOM CJydae MOXHO BBIYHC/IHTb BELIECTBEHHYIO W MHHMYIO YacCTH
BOCIIDHHMUYHBOCTH JAJISl INIPOCTOH NapabosMYecKoH 30HH. Muumas
YaCTh BOCIIPHHMYHBOCTH IpeACTaB/JeHa Ha puc. D.11. Ecau B3aumo-
gesicreie I = 0, Mbl nosyyaeM IUHPOKYIO JJUHHIO OTKJAHKA, OAHAKO,
xoraa [ Bo3pactaer, NPUOIMKAACH K KDPHTHUECKOMY 3HAYEHHIO
Cronepa, MHHHUA OTKJHIKA [1epEXOAUT B OCTPBLIH MUK B 0OJIaCTH HU3KHX

ér

0,925

3| ~
- =
Sl
R

! | 1 i i

0.5 7,0 15 20

. LU/CF'
Puc. 5.11. YacToTHhIl OTKJIHK MHHMOH 4acTH BOCIPHHAMYHBOCTH, O6GHAPYKHBAIOWMUH

napaMarHuTHuift nux (5.10].

YaCTOT, NMOJOXKeHHe KOTOPOro JJHHEHHO H3MEHATCA B 3aBHCHMOCTH OT
BOJTHOBOTO BeKTopa q. Hasuuue Takoro HH3KOYacTOTHOrO ITHKA, HJH
napamaetora, yseauuyuBaer 3PdekruBHylo Maccy m*. B uacrrOoCTH,
B paborax [5.11, 5.20] 6ei0 noka3aHo, uTO 3¢heKTHBHAA Macca CO-
JHepKUT BKJIaL, so02apugmuuecku 3aBUCAINH OT (hakTopa yCHJIeHuA
Cronepa. _

B nposeseHHOM BbILIE pACCMOTPEHHU HE YUMTRIBAJIOCH B3aHMOAEH-
CTBHE MEXAY 3NMEeKTPOHAMU H PELUeTKOH. JTO B3auMOAeHCTBHE B Iep-
BYyIO Ouepenb OTBETCTBEHHO 3a CONDPOTHUBJEHHE H XapaKTepH3yeTcd
BpeMeHeM pesakcaluu T. Eciu BpeMs peslakCcallu 3HaUYUTeJbHO MEHb-
e 06paTHOH LMKJIOTPOHHOH 4acTOThl ®., T. €. w.T K 1, TO TpaekTo-
DHSA 3JEKTPOHOB MEXAY CTONKHOBEHHAMH OyjeT NOYTH NPAMOH Jax-
Huell. B TakoM ciyyae aBuKeHHE 3JIEKTPOHOB HpEACTaBasfeT COOOH
xaoruyeckoe OnyxjeHHe ¢ KodppuumenroM nupdysuu D = 1/3vit.
B panbse#ileM MBI YBHAMM, YTO, XOTS B3aHMOJEHCTBHE C peILUETKOH
He C/iBUraeT YaCTOTy CIIMHOBOI'O PE30HAHCa 3JeKTPOHOB IIPOBOAHMOCTH,
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OHO CYIIECTBEHHO BJIHSIeT Ha (OpMY Pe3CHAHCHOH JHHHH. B Bbipaxe-
HHH 418 BocnipuumuuBocTH (5.105) MOXHO ydecTb BKJaj OT CTOJKHO-
BEHHH aHa/JOTHYHO TOMY, KaK Oblio caenano MepmuuoM [5.12] ana
JU3JEeKTpHYeCcKOol ¢pyHkUun JIunaxapaa. OqHako Mbl npojeaaeM 3TO,
HCIIONb3YsR (OPMaJH3M TEOPHH (PEPMH-KHAKOCTH.

5.2.2. TEOPUS <SEPMU-)KXHAKOCTH

Kax Mpl BHaeau B pa3f. 4.2, B NpuGAHKeHHH (PepMU-KHUIKOCTH
BaXKHYIO pOJIb HI'paeT PYHKIUHUA pacnpefeneHus ksasdudactul n (k, o).
ITockONbKY HaC B KOHIE KOHIOB HHTEpeCyeT OTKJAMK Ha 3aBHCHAILME OT
KOOpPAMHAT BO30yXJAeHus, pacCMOTPpHM O0JaCTh NPOCTPAHCTBa, Ma-
JIyiO 110 CpaBHEHHIO C JUITMHON BOJHLI TaKHX BO30OYXKACHHH U JOCTAaTOYHO
6oJsbillyf0, 4ToOBl B HEH COAEpKaJoCh MHOTO KBa3W4yacTHL. Torna
n (k, o) 6yaer ¢yHKumeii OT NPOCTPAHCTBEHHLIX KoopauHaT 7 (r,
k, 6). B ra1. 4 MBI MOTJIM TOYHO YCTAHOBHTh, KaK H3MeHUTCH GYHKI KA
pacnpejesieHusl IPK CMelleHUH C NOCTOAHHOU CKOPOCThIO HMJIM B INPH-
CYTCTBHH OLHOPOAHOTO MarHuTHOro nojnfd. OgHako B caydae 3aBHCH-
Iero OT BpeMeHH BO3MYILEHUS He OUEBHAHO, KaK OyIeT MeHATbhCH
QYHKUUA paclpeseseHusl.

OTCYTCTBHE MarHUTHEIX IIONeH 3HEepIrHfA KBa3HYaCTHILI paBHA
e’ (k) 1. B MmaruuTHOM nosIe 3Heprusl KBa3u4aCTHUU MEHSETCH [0 LBYM
NpHYKHHaM. Bo-nepBHIX, B 3TOM c/yYae NOABIAIOTCH OpOHTAJbLHLIE H
CHIHHOBBIe 3eeMaHOBCKHE 4JieHhl. BO-BTOpBIX, 3TH 3eeMaHOBCKHE YJIeHbI
MEHAIOT paclpejie/leHHe KBa3HYaCTHI, B pe3y bTaTe Yerc B 3HEPTHH
NOABASIIOTCH WJEeHb], CBA3aHHHE C B3auMojeHncTBHeM. Ecau 3amucarhb
H3MeHeHHEe paclpefeneHud KBa3u4YaCTHUL B oDUieM BHJE:

én(r, k, @) =n,(r, k)-1 +n,(r, k)-o, (5.114)

TO U3MEHEHHE 3HEPTHH KBa3MYaCTHL MOXKHO NPEACTABUThL CJEAYIOIHM
obpa3om:

de(r, k, 0) =g, (r, k)- 1} g, (r, k)0, (6.115)
rue '

2 RN ’
e, (r, k)=——2—$-c—k><ﬂg-r-{—7§cp(k Kyn (r, k), (5.116)

o (r, k) =paHez + pgHy (1, 1) + = ) pk-kyny (r, k), (5.117)

rie H; (r, {) — nmepemenHnas YaCTb MarHuTHOro nojs. Ilepsuifi 4nmen
B € (r, k) npeiacraBnsier co6of opOHTANbHLIA 3€eMAHOBCKHUH BKJaj.

Hamar#nuendocts B Touke r, OO0ycJOBJEHHAs KBa3HYaCTHLAMH
B coctosiuuu k, HMeeT Buzn

m{r, k):—-——l—:-/B—Tr{[n.(r, k, o)a]}—_————%?am(r, k). (5.118)
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Taxum oOpasoM, AJfi OlpefeseHHs HaMarHHUEHHOCTH Mbl JOJKHEI
HAHTH 3aBUCAUIYI0 OT CIIMHA 4Yacthb H3MeHeHusi QYHKIMY pacrpeje-
JeHusl KBa3uuacTHl. [{ng 370ro Heo6XOqUMO pelluTb YPaBHEHUs LBH-
XKenus aaa n (r, k, o).

Jlns mosiydeHus: 3TOro ypaBsHEHUS Mbl JOJKHBI YCTaHOBHTh, B CHJY
KaKHX NPHYUMH BeauduHa n (r, k, 6) MOXKeT MeHATbCH CO BpeMEHeM.
Bo-nepBbIX, OHa MOXKET 3aBHCETh OT BPEMEHH HEeNOCPEeACTBEHHO, CKO-
POCTb 3TOr0o H3MEHEHHHA XapaKTepHu3yercs BeJuuydHow on/dt. Bo-
BTODHIX, XKBa3u4YaCTHLBI MOTYT BXOJAHTL B 00/aCTh NpPOCTpPaHCTBA
BOJIM3M TOUKH I U BHIXOAHUTb H3 Hee. CKOPOCTh H3MeHEHHUS 1 (r k, o),
CBA3aHHAA C 39THM IIpPOLECCOM, HMEET BHJ,

1 /0n Oe de oOn
o) ( r ok T Ok ar) (5.119)
Bripaxenue (5.119) 3anucaHo B CUMMETDH30BaHHOM BHJE, ITOCKOJbKY
e (r, k, 6) u n (r, k, 0) npeacrapJdwT coboif Marpuunl. B-Tperbux,
pacrnpeje/eHHe KBa3HUaCTHI[ MOXET H3MEHATBCSA NPH M3MEHEHHH HM-
nyJabca caMHX kBa3udactuil fik. Mcnonbsysa ypaBnenue I'amunbToHa
dp/dt = —0e/dr, O 3TOro 4JeHa HMeeM

1 an Os de oOn
T (ak ak + ar ok (5.120)
Kpome toro, n (r, k, 0) MOXer MEHATLCH TIpH U3MEHEHHH CIIHHOBOrO
COCTOAHHA KBa3HYaCTHL; 3TO H3MEHEHwue Olpeaeaserci KOMMYTaTo-
poM [e, n]. Hakonell, B3auMofeicTBHE C peIeTKOH TOXe IPUBOIUT
K H3MEHEHHI0 pacnpeeseHus. TakuM 00pa3oM, NOJHOE ypaBHeHHE
IBHXKeHHA OyAeT uMeTb BHJ

on 1 (on de) 1 (on Oe _"an

a T 7 {ar ak}— 7 {ak ak}— glenl=— - (512])

collisions

rae ¢koOKkH 03HaualoT cuMmeTpusauuio. OTMETHM, YTO BTODOH M Tpe-
THH useHnl B (5.121) MOXHO 3anucaTh KaK CHMMETPU30BaHHKIE CKOOKH
IlyaccoHa.

Ecn yMHOXHTh BuipaxeHue (D5.121) wa —(ug/V) o u B3aTh
cjlel MmO CIIMHAM, TO NOJYYMUTCA ypaBHEHME JBHIKEHUS [ HaMmarHu-
yeHHOCTH. PaccMOTpuM cHauaja BTOPOH uJsieH. [JoCKOJIBKY HEBO3MY-
IEeHHasA QYHKUMS pacnpeleseHHsl He 3aBUCHT OT KOODJAMHAT, IIPOH3-
BOJHAas IO IPOCTPAHCTBEHHLIM KOOPJIHHaTaM paBHa

=92 (n,0) (5.122)

Hpousao,u.Haﬂ 3HEPTHH N0 BOJHOBOMY BEKTOPY €CTh

_g_;% _ ak + 681 + ak (&g - 0)=HAV | = ak (e5- 0). (5.123)
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[Tockosbky Tr{o}] =0, Tr{(A-6)o} =2A u Tr{(A-0) X
X (B:o)o} = 2iA X B, umeem

kg on 9e) _  2Pg fon 9
— Tr{ar ak}a———— . (a; ak)t-:2+ﬁ(v-V)m. (5.124)
Ho, ¢ apyroii cropoHsl,
dn, dng de; _ Ong [ ef
o T o0 ok - o (2m*c>k X Ho. (5.125)

Taxum oGpa3om,
W on 0 Uz @ d
Tl te ot e Tkt o] et (v-V)m. (5.126

Tperuit unen B (5.121) Briuncasercs tem xke cnoco6oM. B pe3yib-
Tare I0JyJyaeMm

1 an o 2ug B 8
T Tr{GL o =8 28 (v V)ey | iy [ X HY) - | m

(5.127)

OrmetuM, yTo Te usneHnl B ypaBHenuax (5.126) u (5.127), B ko-
TOpHIE HE BXOJAHT SIBHO m, COJEpKAT MHOXHTENb On,/0e’. dro o3ua-
yaeT, YTO BEJHYWHA M NPONOPUHOHAJbHA Ong/0e’. [lockoabky
dnofas" CYILIECTBEHHO OT/IHYEETCH OT HYJs TOJAbKO HA [OBEPXHOCTH
depmi, HAMAarHHYEHHOCTL OOYCJAOBJEHA TOJbKO KBa3HYACTHILAMH,
pPacrnoJICKEeHHBIMH Ha noBepXHOCTH PepMH. YKa3aHHOE OGCTOATENb-
CTBO C YYETOM TOrO, YTO MBI HHTEpecyeMcs TOJAbKO NONepeyHbIM OTKJIH-
KOM CHCTEMBI, NO3BOJISET HaM BBECTH BeauuuHy g (r, k), onpepens-
EMYIO COOTHOLUEHHEM

m,(r, k) =m,-+im,= 660 =g (r, k). (5.128)

[Tockonbky k = kpk, Benmuuna g (r, k) 3asucur or k ToBKO uepes
NOJNSIpHBEIE YIJIbI Kk OTHOCHTEJBHO OCH 2.

Bxsag uyerBepToro usieHa, COAEPKAIETO KOMMYTarop, B ypaB-
HeHWE JBHUIKEHUA JJs m, HMEeT BHJ

Uy uef
lWTr“E H.]O'_,_} [( LA +- 2ﬁ g z)m++

vV Hpg
+ g G — 2 mzm] , (5.129)

rae
G(r, )y=— 3 $& k)ym, (r, k), (5.130)



188 TJ. 5. AMHAMHYECKAS BOCIPHUMUYUBOCTD

a B G, BXOIUT m, BMecTo my. Yrobnl npeo6pa3oBaTb 3TO BhIpaXe-
HHE JaJjbllie, Mbl NOJKHBI onpejgeuTs m, (r, k). B npeannyuei
rJ1aBe Mbl N0Ka3ajH, YTO HaMarHH4YeHHOCTb, NOABJAAIOIIANCH B OJHO-
poaHOM NoJie, 06yc/J0OBJeHa COCTOSIHUSIMU, NPHHAJNeXauuMUd K coe-
PHYECKH-CHMMeTpHUHON obonouke BOAM3N nopepxHocTH Pepmu. [1o3-
TOMY TOJIOXKHM

my(r, k)= — 22 g (), (5.131)

Urobel HaWTH g (r),, OTMETHM, YTC HAMAarHHYEHHOCTb B TOUYKE T,
onpezesseMas Kak

m, (r) = ; m, (r, k), (5.132)
TOXKE CBfi3aHa CO CTATHYECKOH BOCIIPHUMUYHUBOCTBIO
m, (1) = - 24 % (a) H (@) = % (0) Ho. (5.133)
Bocnoab3dyeMcest COOTHOLUEHMEM
= b)) =— b —k) (5139

BMecTe ¢ ¢opmyaoi (4.80) gna craTHMYECKOH BOCIIPUMMYHBOCTH, KO-
TOPYi0 MOXHO 3anucaTh CJeAYIoUUM o0pa3oMm:
0 »
_ bpm kg

Torpa nmonyuum ,
an, 26uH,
0e® V(1 By)

UJleH, ONHCHLIBAIOIIHHA CTOJKHOBEHHMS] B NPaBOi YaCTH YPaBHEHHSH
(6.121), MoxHO onpenenuTh, NPELNONOXKUB, UYTO PYHKUHH pacrpe-
nenenusi n (r, k, o) penakcHpyeTr X CBOeMY JOKaJbHOMY CpELHEMY
3HayeHHIO 7 (r, O), KOTOpOEe ONpEJeNsieTCs BhIpaXKEHHEM

m, (r, k)= — (5.136)

A r, o) =— |dkn(r, k, o). (5.137)
5 J’tk%
Ecnn penakcauusi xapakrepusyeTcsl BpeMeHEM T, TO
og . ! ]
of collisions Tt ( T 4n I ng) ) (5138)

KoMm6HUHUPYS BCe 3TH pe3yJbTaThl, NOJNy4yaeM YpPaBHEHHE [BHKECHHS
s g (r, k):

%+ {vv+

XHo)g—k+iQo](g+G)=

RN

Q) H,,  (5.139)
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rje

2upH,
A1+ By’

‘Ypaerenue (5.139) npexacraBaser coboil JHHEAHOE HHTErpoiuQ-
(pepeHHMAIbHOE ypaBHEHHE, KOTOpPOe TPYAHO DELIHTb B 06meM BHIE.
[TosTOMy HYXKHO CcJesaTh HEKOTOphLIe YNpOIlaolue NIPHOIHKEHH.
Hanpuwmep, B patore Cusura [5.13] pacemorpensl npocTpaHCTBEHHO-
OJJHOPOJHLIE HOpPMaJbHbE KOJMeOaHusl B cucreme 0e3 CTOJNKHOBEHHH.
ITO COOTBETCTBYET peueHHo ypaBHeHusa (5.139) Ge3 ujeHa c vy
B JIEBOH €ro YacTH M C NpPAaBOH YacTbio, PAaBHOH HYJw0. PeleHHsiMH
Takoro ypasHenusi ans g (0, ¢) sBasiorcs cepHueckHe rapMOHHKH

Y (0, ¢) ¢ COOTBETCTBYIOUMMH COGCTBEHHBIMH YaCTOTaMH

O = (R - mwy) (1 }2n+1) (5.141)

rie o, = eHy/m*c — HHKJOTPOHHAA wacToTa., HacTora we = wy =
= 2ugHy/fi COOTBETCTBYET CIHHOBOMY pE30HAHCY aJIeKTpOHOB npo-
BOAMMOCTH. Mpl BHAMM TaK>Ke, YTO B pe3yJbTaTe B3aUMOAECHCTBUA
MOSIBJSIIOTCH KoJebaHufA, B KOTOPhIX CBfA3aHbl opOMTaNIbhHOE JBHIKEHHE
H CIIHH.

B pa6ore [Inatumana ¥ Boabda [5.14] uccienosann xoneGauus
C YaCTOTOH (g H HX 3aBHCUMOCTb OT (. OHM, 0JHAKO, YUJH K CTOJK-
HOBHTE/JbHEIH yjeH. VX pe3yabTar ANs BOCHPHUMYHBOCTH, YUHTHIBA-
IOI[MH YJEH CO CNMHOBOH peJaxcaiued, UmeeT BUJA

L m*  Apauli Wg
X@ O =Ty e e )

rhe

D’ = -0k (1 4 By (1 + By) (s — Qo) X

sin? A cos? A
b= sl 149

3aecb A —- yroa Mexjy ( 4 OChiO 2, 2

&, = o, -+ (1 + By), (5.144)
Bo =20 (1 -+ By), (5.145)
Qo= (1 -+ By, (5.146)

ﬁ=ﬂﬂ+&ﬂ

OrmeruM, uTo npu o >0, g—>0 H T— oo BupaxeHue (H.142)
CBOAMTCH K De3yJbTaTy, IOJyYeHHOMY Hamd B IJ. 4.
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[IapaMarHUTHEIA pe3OHAHC 3/IEKTPOHOB NPOBOAHMOCTH. MuTEpeCHBIH
npene/bHLIH cayyad Boipaxenus (5.142) nosyyaem, KOrga B3aHMOAEHCT-
BHE MEXIY KBa3uuyacTHLaMH OTCYTCTBYET,T.e.Koraa By=B,=0.B aTom

cayyae ®y — Q, = i/t, D* — BelleCTBEHHOE YHCJO, @ BhIpaXKEHHe
s BocipuuMyuBocTH (5.142) uMeer moJsioc NP 4acTOTe CIIMHOBOLO
pe30HaHC2 3JEeKTPOHOB MNPOBOAMMOCTH ws. 10T (akT, 4YTo BpeMd
JKH3HH TaKHX KoJeOaHWH, B 4acTHOCTH, onpeaenserca auddysueH,
Ji000NBITHHIM 06pa30oM oOTpaxaeTcs Ha XapakTepe pe3OHaHCHOro
cnextpa. Crneayer umeTh B BHJy, YTO B MeTalJHyeckoM obpasue
3JEKTPOMAarHUTHOE 110/, BO30yXKJalolEee pe30HaHC, HEOAHOPOJHO

H J

Puc. 5.12. T'eoMerpus u pacnpe-
JeJIEHHe NoJas B CJyyae napa-
MarHHTHOI'O pe30HaHCa 3JEeKTpPo-

|
HOB IPOBOJHMOCTH. V‘D_QTT

0 ceyeHuio o6pasna. UTobOsl HAHTH paclpejeseHHe 3JIeKTPOMarHuT-
HOT'O NoJisl B o6pa3sue, HYXKHO pelluTb ypaBHeHHs Makcaesaa ¢ CoOT-
BETCTBYIOLNIMMH T'PAHUYHBIMH YCJIOBHIMH.

PaccmoTpum reoMeTpHio, u3006pakeHHylo Ha puc. 5.12, rze
3JIEXTPOMarHMTHAasl BOJIHA NajaeT C/ieBa Ha METaJJ C IPOBOJHMOCThIO
o. Ecay cuurars, 4T0 NoJie U3MEHAETCS TOJLKO BJAOJb OCH 2, TO /ABa
ypaBHeHuss MakcBeasa BmecTe ¢ cooTHomeHueM j = oE pasor

— 7

( aH oM
aEx:___L_(.__y_ 43-[,_1’.. ,
1 4B 0z c \ at at
¢ 0Ey 1 (aH:,c , 4namx)
9z ¢ \ ot | ot |’
(0H, 4m .,  4n
. dz ¢ ]-"—TGE-’J’ 5 148
VXH=—{: .
c j aHy__ n , 4 E ( )
% . ¢ xT= 7 7 9%

.

[Tepexons k nepemenweM M, =M, + iM,, H =H,+ i(H, »n
npeanoaaras, YTO pPELIeHHEe HMEET BHJ

if—nz
M, =me ’

[Of—nrz
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noJayyaem

1 1 .
%zx:_ﬁ_(1+7152xz), (5.150)

rie 8 =c/y 2now — ckuwOBa® Tr/y6MHA. YCJAOBHE CaMOCOrJaco-
BaHHOCTH BeIpaxkeHusl (5.142) ans BOCIPUUMYHMBOCTH, MOJYYEHHOIO
M3 YpPaBHEHHA [BHKEHUSA [JJs1 HAMAarHHYEHHOCTH, H BbIpaKE€HWH, Bhl-
BEJIEHHOr'O BhIlle U3 ypaBHeHUH MakcBessa, NpHBOAHT K KBaJpaTHOMY

aP
'p d
A
y(H ~Hp) y i ¥ (H# —Hp)
\_/ B
—,-l I/T', o ———

a 0

Puc. 5.13. Iloraowaemass MouwHocTe (@) u ee Npou3BojHas (6) AAA 3JEKTPOHHOrO
TapaMarHHTHOTO pe3oHaHca B Meraiane npu Tp/Ty ~ 0,1,

ypaBHeHHI0 A1 NapaMerpa ®. DT0 yDaBHEHHe iMeeT JBa KOpHA: OAMH

nopsaaka O, xppyroit nopsgka |}/ D*T,. IlociegHui mNOKa3LIBaeT,
Ha KakKoe paccTosuue nuQGYyHAUPYIOT CIHHE 4O penakcauuu. AMILIH-
TYAbl TOJEH, COOTBETCTBYIOUWMX 3THM pEILUEHHSAM, ONpEIENAIOTCS H3
rpAaHHYHEBIX YCJI0BUH. COOTBETCTBYIOIME pe3yAbTaThl H300paKeHLI
Ha puc. 5.12. MarhuTHoe mnoJje cnajaeT Ha pPAacCTOSTHUH TOPSAKa
CKMHOBOM TAyOMHLI, B TO BpeMsA KaK HaMarHHYEeHHOCTb IIPOHUKAET

Ha paccrosnue )/ D*T,, KOTOpoe MOMKeT 6bIThb 3HAYHTEJIBHO GOJbIUE,
yem 8

OGBIYHO B 3KCIEPHMEHTAX IO PE30HAHCHOMY OTPaKEHHIO MeTaJ-
JUyecKUH obpasen NOMENI2I0T B KOHIE MHKPOBOJHOBOrO Pe30HATOPA.
[lorJsomaemass B pe30HaTOpe MOLIHOCTb, KOTOPYIO JIEFKO BEIYHCJIHTH
Ha OCHOBAHMH IMOJYUEHHBIX BhILlIE (OPMYJI, NIPEACTABIEHA HA PHC. 5.13.

Cpa3sy BHAHO, YTO NOIJIOIIEHHE HOCHT aCHMMETPHYHBIH XapakTep.
OH cBf3aH c TeM, YTO, XOTH 3JIEKTPOHBI MOrYT HaXOLHUTbCH B CKHH-
cJ10e TONBKO B TeueHue BpeMenu T, nopsiaka 8%/2D*, uMm npuxoaurcs
MHOrC pa3 NoOhBaTh B CKHH-CJIOE, NPEXKJE YeM OHH MOTEPSIOT «CIIH-
HOBYIO MamfTb». TaxkuMm o6pa3om, nosBJasieTcd DPHA MHKPOBOJTHOBBIX
MMIYJbCOB, TNPHYEM HHTEPBAJbl MEXAY HMIYyJbCaMH MPOH3BOJbHEI,
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HO uX Pa3bl XOrepeHTHhl. B pe3ysbTare BO3HHKaeT HHTepGEpeHIlHs,
KOTOpas MOXeT ObITh KaK yCHJIHBAOLIEH, Tak ¥ ocaabasiomen. Cire-
J0BaTEJbHO, NOrJoLlaeMasi INPH pas3/JMYHBIX 3HAYEHMHAX BHEIIHEro
NOJS MOULHOCTb MOXKET ObITb MeHbuie MOLHOCTH, OOBIYHO MOrJIoLiae-
MOH B OTCyTcTBHE mnojs. [JocKOMbKY BnepBble TaKyio (GopMy JHHUH
nonyuun Haiicor [5.15] (cM. takxke [5.21]), oua HaspiBaeTcss anco-
HOBCKOH JHHHeH. Ko/MHyecTBeHHO aCHMMETPHIO MOXHO OXapaKTepH-
30BaTh OTHomenueM A/B, KoTopoe 3aBHCHT B CBOWO Ouepeib OT OT-
Howenus Tp Kk T,, Kak nokas3aso Ha puc. 5.14. Hs3-3a Toro uro

20t
18
8
14
12
10

A/B

i | . l
0,01 a1 1,0 10,0

VTo/Tt

Puc. 5.14. 3aBrcumocts oTHoweHuss A/B OT OTHOWEHHS BPEMEHH CIHHOBOR auddy-
" 3ux Tp K BpeMEHH CNHHOBO}X penakcauud T,.

3/JEKTPOHbl MHOTO pa3 NPOXOAAT CKUH-CJOH, UIHPHHA JHHHH TaKxke
nponopiuoHansHa 1/7.

Kak Mpl BMJle1d, HaMarHHUEHHOCTb NPOHHUKAET B METa/aJ 3HAYM-
TEJIbHO I'y62Ke, ueM BhI3LIBAIOlIEe €€ MaTHUTHOE noJse. Ha ykazannom
06CTOATENLCTBE OCHOBAH 3KCMEPUMEHTANbHBIA METOJ H3MEPEHHS IIPO-
XOJfIIEero curHajga. B 3Tom Merofe HCNoJAb3yercs TOHKaf IJIEHKa,

TOJIIMHA KOTOPOH BEJIHKA IO CpaBHERHUIO ¢ 8, HO MeHbIte, yeM Y/ D*T,.
[lrenka nomentaeTcss MexJy ABYMSI MHKDOBOJHOBBIMH pe3oHaTOpaMH.
Bre pesoHaHca curHaJl HE TNPOXOAMT BO BTOPOH pPE3CHATOD, B TO
BpeM# KaK B CJydae pe3oHaHca NPenecCUpyiouue CNHHL JHOOYHIH-
PYIOT yepe3 IIJIEHKY U MepeHOCAT CUTHaJ BO BTOPOH pe3ounarop. Uu-
TEHCHBHOCTb BO30y»KZaeMOH HaMarHMY€HHOCTH 3aBHCHT OT BOCMPH-
HMYMBOCTH BHYTDU CKHH-CJ0s1. [T03TOMY OKa3as0Ch, YTO UYBCTBHTE/b-
HOCTb H3MEPEHHH NPOXOASAIIEr0 CHIHAaja MOXKHO CHJbHO YBEAHYUTH
HAaHECEHHEM Ha INEPEeJHIO IIJIOCKOCTh H3yyaeMOH IJIEHKH TOHKOrO
¢eppOMarHUTHOTO TOKPLITHA.

CnuHoBhle BoJHEI. PaccmorpuM Tenepb 3h¢eKT 3/eKTPOH-3JeK-
TPOHHOI'O B3auMOJEHCTBUSA. B YaCTHOCTH, €C/IH
(Bo " Bl) T \>1
[+B, |~
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To D* CTAHOBUTCH YHUCTO MHUMOH BEJHUYHHOH H XKoJeOaHHs NOSABJA-
I0TCA IPH © = g — D*kE DTu KoNeO6aHUs Ha3bIBAIOTCA CHUHOBbIMU
80AHGMU, XOTH OHH HMMEIOT JIMIIb TOJbKO KAayeCTBEHHOE CXOACTBC CO
CIHHOBRIMM BOJIHAMM, KOTOpBIE OYAYT pAacCMOTDEHH B CJEAYiOmeH
rsiaBe. B obpa3ne ToamuHOH L BOJHOBOH BEKTOD INMpHHMMAaeT 3Haue-
Husl, XpaTHole /L. KoneGaHusi B HEM NpEACTaBAAIOT COO0H GOKOBHIE
BeTBH TIJIaBHOH JIMHHUH 3JEKTPOHHOrO IapaMarHMTHOIO pPE30HaHCa.
Takue cnurx-604t066te GOKOBBIE BETBH HAOMIOJANHCh B DPa3jHUHLIX
metananax [5.16]. Comerkrp nponyckauus j1s Harpus MOKa3aH Ha
puc. 5.15. M3 pe3ysbTaToB TiiaTeJbHLIX M3MEPEHUH YIJIOBOH 3aBHCH-
MOCTH TIOJIOXKEHHS CIIMHOBHIX BOJIH MOXHO H3BJEYb [apaMeTphI
depMu-KHUIKOCTH; Aasi Hatpus B, =— —0,18, a B, = 0,05.

OrmerumM, yto D* Moxer OpiThb NMOJOXKHTENBHOH HJAHM OTPHIATENh-
HOM BEJMYHUHOH B 3aBHCHMOCTH OT HaNpaB/JAeHUH ( OTHOCHTEJLHO
MOCTOAHHOrO moas. B caeayromed rsaBe Mnl yBHAUM, UYTO CIEKTp
CNHHOBLIX BOJH B (€PPOMArHHUTHOM JAH3JEKTDHKE BCErAa BBHICHYT
BBepX. EC/H Xe CIeKTD BhIrHYT BHH3, 3TO O3HauaeT, YTO IIPOUCXOAUT
«OTTaJIKUBAHHE» CIIMHOBBIX BOJIH OT BRILUEJEXKAMUX OPOHTAALHBIX
kosmefanud ¢ q = 0 u yacroramu (H.141).

[Tockonbky pewenue Ilrarimana—Boabda (5.142) cnpasegnuso
TOJMBKO JJIA MaJbIX ( BOJH3H s, OHO HE COJAEPIKHUT B ce6Ge 0 HOUACTH-
YHBIX BO30OYXJAEHHH, NOKa3aHHuX Ha puc. 5.10. Ilpu Hanuuuu B3au-
MOJEHCTBHA 3TH KoJieGaHHMs CABHHYTHI BBEPX HAa BEJHYMHY COGCTBEH-
HOH 3HepruM, MpONOPUHOHAIbHOH pasHocth N, — N,. Ilostomy
CIIEKTD WMEET BHJ, NOKa3aHHbIA Ha puc. 5.16. Koraa cmextp cnuno-
BEIX BOJIH 32XOJUT B OJHOYACTHYHYIO 06JIaCTh, OHM MOTYT [IpeBpaiia-

TbCHl B OJHOYACTHYHKIE BO30YyXKAeHUA. B 3TOH 061aCTH CIIMHOBEIE BOJHLI
pe3ko 3aTyxarT,

JlokanbHble MOMeHTH B Metannax. MHrepecHo paccmorpers cay-
yai, KOrja «NOTeHUMAJbHO» MarHHTHRIH HOH pacTBOpPEH B MeTalJe.
Mpul roBOpHM 3/€Ch «NOTEHLHATLHO®, NOTOMY YTO B HEKOTODHIX CJIy-
YasiX 3JEKTPOHHl IIPOBOAMMOCTH pa3pymalT MarHWTHHIH OTKJHK
npumecH. Takas curyauusi HazpiBaercs sdpekrom Konjio; or paccmo-
TpeH janee, B IJ. 7. 31eCh Mbl IPEATIONOKHM, UYTO HMEETCH JIOKAJbHBIH
MOMEHT M YTO €r0 B32MMOJICHCTBHE C 3JAEKTPOHAMH NIPOBOJUMOCTH MO-
’KHO TNpeACTaBHTh OOMEHHBIM B3aHMOJEHCTBHEM

= —JS.s. (6.151)
B pesynbrate aroro B3auMOAeHCTBHA HaMarHHYEHHOCTb, CBA3aHHASA

C JIOKa/lbHOH INpHMECbto, OYJeT DeNakCHPOBaThb CO CKOPOCTBIO
1 I

-E = 7 JEN (Ep)2 EBT . (5152)

(ITocneaHee BhIpAXKEHHE aHAJOTHYHO BLIPAXKEHMIO IS pPeJaKCalUy
SIACPHBIX CIIMHOB, B MeTaJ/ljle BCJAEJACTBUE CBEPXTOHKOIO B3aHUMO/eH-
CTBHS C 3JIEKTPOHAMH NPOBOJMMOCTH. B Takom cayyae J 3ameusiercs

' p- ylﬂ'.l‘
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n=1 n=0(31P)
Hampuw 1,4 K
A= 90° W

f L =00236 cm

Cuehasr, Mpou3s. eo
S
&

o TegpemuyecKue moyxu

-+
—
—
—

n=4 n=3 n=2 n=1 n=0(3NP)

/]

Puc. 5.15. THNRYHHE CHrHAaJb! CIHHOBHX BOJH B 33aBHCHMOCTH OT BHEIIHEro Ma-

rauTHoro moas (H, =~ 3250 I'c). Ha puc. a orueruso BugHb! Moga n = ( (oObIuRbId

SJIeKTPOHHMHA NapaMarHATHRIA pe3oHaHC) B Moia n = |. Ha puc. 6 Macwralel pac-

TAHYTH, UTOOH OHJIH BHAHH NEPBhle YeThbIpe MOJAb! CIIHHOBHIX BOJH Nepe] CHIHAJIOM

SI1P. TeoperuuecKue TOYKH MOJYYEHBI AJIA BOCNPHHMUHBOCTH, ONpeAeasieMod ¢op-
myaohi (5.142) [5.16].
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NOCTOSIHHON CBEPXTOHKOIO B3aWMOJEHCT-
BHA A; COOTBETCTBYIOIIEE BhIpaxKeHHE
onpejenseT BEJUYUHY, H3BECTHYKI Kak
cKkopocTb penakcauuun Koppuuru.) Ilpu-
MECHbIE CITMHBI TAK)KE YMEHbLIIAIOT HaMmar-
HHYEHHOCTE 3JIEKTPOHOB NIPOBOAHMOCTH CO
CKOPOCTBIO

l 2 S(S+1

—= ;JzN(sF)z-‘—gL—’c, (5.153)
rl€ ¢ — KOHIEHTpalUHs NpHMecedH. 3ame-
THM, 4TO

e _ X1 (5.154) ?

T .
el Xd . Puc. 5.16. CiexTp MarHaTHHX

BO3OYXAEHHRA AJH CHCTEMH
rae y; — BOCNPUUMYHMBOCTb KIODH, 2 ¥, —  p3aumonefcrsyiomux saexTpo-
nayJueBckas BocnpuuMuHBocTh. Ha ca- HOB.

MOM jeJse cooTHoinenue (5.154) sBasiercs

BecbMa OGLIMM, TaK KaK BBITEKaeT M3 INPHHUHMIA AETAJbHOTO PaB-
uosecusa. Cyurasi, uyto o6e CIHHOBLIE CHCTEMBH! MOTYT NPHXORHTH B
paBHOBECHE HEIOCDEJCTBeHHO C pelleTKoH, NMoJydaeM CHTYauHio, KO-
TOpas WJIoCTpUpyercs pHc. 5.17. HamarHHYeHHOCTb OIUCHIBAETCSA
napoi CBS3aHHLIX ypaBHeHMH Tuna ypasHeHult Bioxa [5.171]:

dMe _ Mo, My (M.— M)

'——dt_' "“““VGMBX(H + le) — Tei + T!e - Tei ’ (5 155)
aMm; M; M, (MI_ ?) .
—a = VM X (H --AM,) — Tie + Tei Tu

3nech A — napamerp 3P@PEKTUBHOIO MNOJSH, KOTOPLIH IPONOPIHOHA-
JeH oOMeHHOMYy HHrerpany J. Jas mpumeced nepexojHHX METasJjoB,
tTakux, kax Mn B Cu, ckopoctu penakcauuu 1/T, u 1/T; 3HaUH-
TeJbHO GOJMbIlEe, YEM CKOPOCTh YCTAHOBJEHUS paBHOBECHS C PEIIeTKOH.
DTO OTBEYaeT CHTYaLMH «Y3KOro ropJa». B ciydyae CHIbHOTO OOMEH-
HOI'0 B3aHMOJAEHCTBHSI JB€ HaMarHUYEHHOCTH OCTAIOTCH mNapa’iefb-

1/T;
Tomamesosa nisie #———:— ICNTTIDOHS!
. CITULNB] 1/ Tei NPOBOTLMOCITILL
1 1/Tu J, 1/Tet
Pewemirca

Puc. 5.17. CxeMaTHyeckoe NpejCTaBJeHHE SHEPreTHYECKHX pE3epPByapoB, CBA3aH-
HHX C JOKaJKX30BAHHHMH MPUMECHBIMH CIIHHAMK B MeTalJje,

7*
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! ]

-f - Cu(vuem)-1 I T—]—

_____ t-a—

2,030

2,045

2,020

.
S
2,015 ( an)
Xe [
o CuMn -3¢0
2'0’0 = A CuMn ~16,5
o CuMn -§5
e JRCNEDUMEHITI
4005 1 ——— Tegpus
2,000 | | | ] l | I ]

h)

10

15

20 25 30 35 40 45

T, K

Puc. 5.18. TeMnepaTrypHas® 3aBHCHMOCTh SHAUEHHH g, NOJYYEHHHX H3 DE3OHAHCOB

H3a TPOXoXjeHue, AaA Tpex obpasno CuMn. Teopernueckrue KpPHBHE DACCYBTAHH

no ¢opmyae (5,157) npx goy = 2,033 u gmn = 2,013. Iloxkasans TaxKe OTHOLIEHRA

BOCNPHUMUYHBOCTER Y Mn/Ye, THAE Ye — BOCNDHEMYHBOCTL [layin. 3HaueHHE STOrO
OTHOIUIeHHs, paBHoe 3, orBexaer 13-107¢ Mn B Cu,

HBIMH JPYT ApYry, a nomnepeuHas xommonenra B (5.155) onpenensiercs
BBIp 2XKEHHEM |

. 1 1
d M¥ B —W‘HHT';T Tie M 5 156
_d_t-MEl-ﬁ 1 ——i-H——-l M;!-( )
Tei Vi Tia

Jluaronanmusupys noc/aejHee ypaBHEHHe, HaxoAHWM, 4TO 3(deKTUBHAS
BeIMUMHA g B CJy4Yae CHJIBHOrO B3aHMOJEHCTBHS MMEET BHJ

_ 81 gee
Beti = =3 Ty (5.157)

[Ipy HU3KOH KOHLEHTpAUMH NpuMecer JHO0 NPU BLICOKHX TEMIIE-
paTypax BOCIPHHMYHMBOCTb ¥; Masja M Halbjwojaemoe 3HayeHHe g
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JOJMKHO ObITh OJMXKE€ K 3HAY€HHI0, XapaKTePHOMY JJs YHUCTOro Me-
taana. C Bo3pacranHueM XOHLEHTPALWH NPHMECH WJIM NIPU NOHHUXKe-
HUM TEMIIEPaTypHl 3HAUECHHE L. MAC/NKHO CABHIraThbCH K BEJHUMHE,
xapaktepHol aya npuMecu. Jauupe ans CuMn [5.18], npeacrasnes-
Hhle Ha puc. 5.18, MOoXa3nBalOT TaKoe NOBEIEHME B 3KCIEPHMEHTaX
Ha INIPOXOXJEHHE INPH NapaMarHHTHOM pEe3CHaHCe.

5.3. IPPEKT <PAPAJESA

Spdextom Dapanes HA3LBAETCH BpallEHHE NJIOCKOCTH IOJSPHU3a-
IIMH JMHEHHO-TIOAPH3OBAHHOH 3/EKTPOMAarHMUTHOH BOJIHBI TIPH  ee
paCHp()CTpaHEHHH JEpe3 MATHUTHBIE HJAH HEMAaTrHHUTHEIE Cp3}1bl. HO'
IIYCTHM CHaudad.a, qTO paCHPOCTpaHeHHe SJIeKTPOMaI'HHTHOﬁ BOJIHEL
‘IEPES TaKYIO Cpeay aAECKBaTHO OIHCBEIBACTCHA TECH3O0POM BOCIIDHHM-
gyuBOCTH (WM moasipuayemoctd). Torga u3 ypaBHeHuit Makcsenna
cIeAVeT, YTO IOBOPOT Ha E€IMHHMUY MJIHHH o6pasna paseH

A 2ne |~
Az = v MY

B cayuae ocHoBHOro cocrosuusi Kpamepca Haxonum (cM. pasn. 5.1.1),

UTO NpPH ® > 0 BE&IMYHHA ¥y, YObIBaeT Kak 1/w, a BhpakeHue Ajd
AB/Az cBopuTCH K

rje n — BeIeCTBeHHAA YacTb KOMILIEKCHOTO IOKa3aTessl NpesaomJe-
HUSI B OTCYTCTBME NOCTOSHHOH HaMarHMYEHHOCTH, a oy = 4nyM.
J1J18 MarHMTHOrO BEIECTBA C HaMarHHYEeHHOCThIO HachleHus 4nM =
= 2000 'c 1 pu3/IeKTpUUECKOH NPOHHUAEMOCTbIO, paBHOH 13, 3TO
AaeT MoBopoT, paBHHI nmpumepHo 140°/cM. Ha onucanHoM npuHuune
OCHOBAHHI HEB3aMMHLIE MHUKDOBOJIHOBHIE YCTDPOHCTBA.

[Ipu uacrorax, JeXKaii¥X BhHIIIE MHKDOBOJHOBOIO [AHana3oHa,
HeOOXOJHMO YUMTHLIBATH TAaKXKE M INEepeMeHHoe 3JIeKTpuyeckoe InoJe,
CONYTCTBYIOLCE IIEPEMEHHOMY MarHUTHOMY MOJIO M BJHAIOLIEE HA
TEH30D JAH3JEKTPHUYECKOH INPOHHMIIAEMOCTH HJH IPOBOAHMOCTb. YTOJ
MOBOPOTA, CBA3AHHBIN C 3THM «IOJISPU3AUUOHHBIM® OTKJIHKOM, Oyner

A 2n - 2nw -

= Oy = Expe
Az cn *¥ cn XY

M3 coobpakeHuii CHMMETpPHH, MOJZOOHLIX TEM, KOTOpLIE HCIOJIb30Ba-
JUCh TIpH BuiBofde cooTHoweHus Oncarepa (1.89), caexyer, uTo €,
ABJAAETCA JuHeHHOM QyHKumern M,. DuU3uyecKH Takasd 3aBHCHMOCTb
JAH3JIEKTPHYECKOH NPOHUIEEMOCTH OT HAaMarHWYEHHOCTH o0yCJ/OBJIEHA
CNHH-OPOUTANbHLIM B3auMofedcTBHeM. BaXKHO 3aMeTUTb, YTO YILOJ
IOBOPOTA 3a CYET NOJAPH3aUHM BO3pacraer € 4acTOTOH, B TO BpeMmd
KaK MarHHTHbIH BKJaJ BO BpAll€HHE HE 3aBHCHT OT YacTOTbl. |aKuM
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o0pa3oM, BHILIE HEKOTOPOH YaCTOThI NOJSPU3ALHOHHBIH BKJ3h BO
Bpauienue 6yaer ocHOBHbIM. OOBLIYHO OHAa JIEXKUT B HH(pPaKpacHOH
obaactu. [losromy, BOOOUIe FrOBOPHA, MATUHHTOONTHYECKHE SBJECHUHA
[IOJIHOCTBIO OMHCHIBAIOTCS TEeH30pOM NpoBoguMocTH. Ilepman [5.19]
yKdsaJj, 4YTO, KOrja JAJHHa 3JEeKTPOMarHHTHOM BOJIHbI MEHbIIE pas-
MepoB 00pasnua, Bceria MOXKHO OIHCATh BOJIHOBHIE CBOMCTBA HA S3BIKE
3(pPeKTUBHOH JUIJEKTPHUECKOH NMPOHUIAEMOCTH, NOJaras MarHUTHYIO
BOCIIDHHMYUBOCTh paBHOH HyJi0. OaHako [lepiuaH 3aMeTHNl Tak¥Ke,
YTO NIPH TAKOM MNOJXOJe HYXKHO COO6JIOfaTh OCTOPOKHOCTH B BhIGOpE
IPaHHYHEIX YCaI0BUH, C JApyrou CTOPOHBLI, BO3MOXHLI CHTYalUMH, KOrja
UCIOJb30BAHHE MAarHUTOJMIOJBHEIX MATPHUUYHBIX 3JIEMEHTOB MOXKET
oKasatbCa Oosiee YAOOHRIM N8 [OHMMAHHA HJAH LIS BhIUHCJICHUSA
(bapaeeBCKOro BpalleHHs.



[‘naBa 6

ANHAMHUHECHAR BOCIPHUMUMHMUBOCTL
CHUJILHO BSAMMOAENCTBYHOWHNX CHUCTEM

B nmnpeawniaymeit rsaBe Mbl BHAENH, YTO B HedeppoMarHUTHBIX
MeTaJJyIaX B3aHMOJEHCTBHE NPHBOLHT K NOABJIEHUIO MarHUTHHIX BO3-
Gy2KAEHHH BOJHOBOIO Xapakrepa, TaK Ha3bIBaEMbIX CIHMHOBBIX BOJH.
B nacrosiue# riase Mul 6yaeM H3ydaTb 3TH BO36YIXIEHUA B MarHUTHO-
YIOPSAOYEHHBIX CHCTEMAX.

6.1. HAPYUIEHHAAl CUMMETPUA

OnHo BpeMsl CIHHOBBLIE BOJIHBI CBH3BIBANIH TOJbKO C CHCTEMaMi,
o013 aI0MHMH  JTOKAJU30BAHHEIMH MOMEHTAMH, OJHAKO OHH HMEoT
ropasso Gosee pyHaaMenTanbHoe 3Hauerye. B napamarinTHOM cocrosi-
HKH CUCTéMa HHBApHaHTHAa OTHOCHTEJbHO BpaieHuit. B deppo-
MarHHTHOM COCTOSIHHMU TaKa#d CHMMETPHS Hapyuwaercsi, TNOCKOJAbKY
MMEETCS OXHOPOAHAA HZMarHWyeHHOCTb M B HEKOTOpPOM HANpPaBJEHHH.
B npunuune 3TO HanpaBJEeHHE IPOM3BOJBHO, HO NPAKTHYECKH OHO
onpejensieTcsi CIMH-OpOGMTANbHBIMM  B3auMogeHcTBUAMH. B ra. 4
MBI TTOKa3a/li, YTO 3HEPrHf, CBS3aHHAas C NPOCTPAHCTBEHHLIM H3Me-
HEHHEM HaMarHHYEeHHOCTH, HMEET BHUJ

OE A
= 2 |Vmp.
%

|4

31O 03HayaeT, YToO HaMATHHYEHHOCTh JIO60H MaKpOCKONMHYECKH MaJIoH
o6JIacTH TNOJBEpPKEHA BO3JEHCTBHIO 3(GEKTUBHOIO 10J4

2A _,
Herr = —"-M—%—V“M-

[Tpeanonaras, uro sbdexTHBHOE noje AeHCTBYeT Ha M Tax Xke, Kak
H peasbHOE N0Je, NnoJydaeM

dM

w5 —yM X Heg.

Torga nonepeysas GIYyKTyalHs HAMarHHYEHHOCTH C BOJHOBLIM BeK-
TopoM q OyJeT MMeTb 4YacToTy

Takue xonebaHusi SIBAKIOTCH NPSIMBIM CJEJCTBHEM HapyLIeHHs He-
NMpepHIRHON Ipynnel BpamareJbpHoll cuMmMerpuu. CHCTeMa, ONUCH-
BaeMasli raMuJbroHHaHoM Mauura, He obsajgaeT TAKOH CHMMeETPHEH,
M, JEHCTBUTENBHO, B YNODPRJOUEHHOM COCTOSIHHM B HEH OTCYTCTBYIOT
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BO30YXIEHHA THIA CIIHHOBHEIX BOJH. [loBesenue Takux Moj B 006JaCTH
KOPDOTKHX JJIMH BOJH W BHJ napamerpa oOMEHHOH MArHUTHOH 2KecT-
KOCTY 3aBHCAT OT MHKDOCKOINHYECKHUX CBOHCTB CHCTEMBI, KOTOPHIE MHEI
M paccMOTpUM B 3TOH rJIaBe.

6.2. JUIJIEKTPHKH

Haynem ¢ paccMOTpeHHS pemeTKd CIMHOB, B3auMOjeHcTBHe Me-
XY KOTOPLIMH MOXHO OIHCAThb rei3eHO6eproBCKMM ONepaTopoM o006-
MEHHOI'0 B3aummojedcTBHs (2.89). [IpuioxuMm k cucreme OJHOPOAHOE
CTaTHYECKOE [10JIe, HAmpaBJeHWe KOTOporo npumeMm 3a ocbk 2. Hac
OyeT HHTEPECORATDh ONpPEJieIEHHE OTKAHKA TAKOH CHCTEMbI HA 3aBUCH-
mee OT BpeMeHHM M KoopauHaT none H, cos (q-r) cos wf. Ecnu noJe
IIPUJIOKEHO BAOJL OCH X, TO IOJHEIA TaMMJILTOHHAH MMeeT BHJ

6= — 3 2 Ji;Si-S;+guaHo X S7 +

I J+i i
+ gusH 2J S7 cos(q-Ry)cos wt. (6.1)

Beoas typbe-KOMIOHEHTHI, OlpejesasieMble COOTHouieHHeM (4.4), mno-
Jyyaem

= — g J("— q’)S(q')'S(“ q') —_i—g”BHosz (0) +

+ 5 gpaH, [S: (0) + Sx (— q)] cos ot (6.2)

[TockOAbKY raMHJbTOHHAH 3aBHCHT KaK OT KOOpPJAMHAT, TaK H OT Bpe-
MEHH, COOTBETCTBYIOIEE ypaBHEHHE J[BHIKEHHHA, aHaJoruysoe (5.4),
3allMChIBAaeTCHA CJAEAVIOIMM 00pasoM:

T — — — (1 (a), ). (6.3)

Tak Kak Mbl Bbipa)kaeM CIIHHBI B €JHHHIAX #, KOMMYTallHOHHLIE CO-
OTHOLIEHHA HMEIOT BHJ

[S: (@), Sy(q')1=1iS.(q+4-q’). (6.4)

KOMM}’TaTOp X-KOMIIOHEHTHI CIIHHA C TaMHJLTOHHAHOM paBEH
[S:(q), #]= —i g.‘, J(q')[S:(q+4d) S, (—q') +
+5,(a)S:(4 —a) — S, (a+q') S, (—a')—
—S.(q")S,(q — qQ')] — igupH,S,(q).  (6.5)

B npubauxenuu cayuatneix a3 xKaxiaa (Qypbe-KOMIOHEHTA
nesaBucuma. Benmeactsue storo (S, (q + q') S,(—q')) =(S, (q +
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+ q')) {(Sy (—q')). Hanree, B o6racTH HH3KKX TEMIEPATYP MHI
MOXeM JiMHeapu3oBathb ypaBHeHue (6.3), NpPHHAB, 4TO

(8:(q')) =NS A(q)). (6.6)
B takom npubnuxenuun ypaBHeHue (6.3) npuHHMAaET BHA
dMy 2NS
20—+ 2RO - T @M@ 67)

rje Y = gug/fi — rHPOMArHWTHOE OTHOIIEHHE, KOTOPOE MEI CYHTAEM
[TOJIOXKHUTENLHLIM JJIS1 3JIEKTPOHOB. Y paBHeHHe (6.7} aHAJOTHYHO

"1 ?D C/E ? ? 9 ? ? ?q
—
a /]
Puc. 6.]. CxeMaTHuecKoe npejCTaBJMeHMe CIHHOBBIX BOJH, PaclpOCTPaHMIOWKXCH
napanjensHo (@) H NeprneHAHKYIAPHO (6) NPHIOKEHHOMY MarHHTHOMY IOJIIO.
(5.6a), a ypaBHeHue ajaf M, (q) amanoruyHo (5.66). IlosTomy -Bce
pacCyXjIeHHs, NPHBOAfAIIME K BhIpaxeHuio (5.18) anast BOoCcnpuuMMyH-

BOCTH, CIOpaBeJJIMBEl H B 3TOM cJyyae. TakuMm oOpa3oM, IJas MHHUMOH

YacTH BOCIPMHMUYHUBOCTH (peppOMAarHeTHKa NPH HU3KHX TeMmnepaTtypax
HaXOJHM

” ng?ui NS
£er (2, ©) =222 (80— (@] 8o +o@]} (68
rae
0(Q) =¥Hs + 214 (0) — J (q)] (6.9)

10 3aKOH JAHMCNepCHH CHHHOBRIX BOJAH. C KJaacCHYeCcKOll TOUKH
3pEHUS TakKue BO3OYXKAEHHA COOTBETCTBYIOT TMPELECCHH CHCTEMbL
CIIHHOB, B KOTOPOH (basa OJHOTO CIHHA OTHOCHTEILHO JAPYroro onpe-
jensieTcd BOJHOBEIM BeKTopoM (. CxeMaTHyeCKH TakKue KoJebaHuA
u3obpaxkenn Ha puc. 6.1. KoneGanus ¢ q =0, T. e. ogHOpoAHAHA
npeueccUs, COOTBETCTBYIOT ¢eppomarHUTHOMY pe3oHaHcy. C KBaHTO-
BOMEXAHHYECKOH TOYKH 3pEHHS CIHHOBAS BOJIHA MPEACTABJAET CO-
Goft ONpPOKHALIBAHHE OTAENLHOrQ CIHHA, pacrnpocTpaHsioleecs 10
pemeTke. [TocKONBKY CHUHBL KBAHTOBAHKI, TAKHE BO30YXKAEHUA TOXKE
KBAHTOBAHBI, NO3TOMY HUX YACTO HA3LIBAIOT MA2HOHAMU. TaK KaK 3TO
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KOJJIEKTHBHELIE KOJeOaHHUsi, B KOTOPBHIX Y4YacTBYIOT BCe CIHUHHEI pe-
IIETKH, 3Heprusi Bo3byxieHui MeHsieTCs HenpepniBHO ot yAH, no
3HAYeHKs, paBHOrO oGMeHHO# 3Hepruu. Ecau Obl BO3HUKANU TONBKO
OJHOYACTHYHbLIE BO30YXKJEHHUN, TO 3HEPrus, HeoOXoAuMas AJS H3Me-
HEHNs cnuHa, Onlna Obl nopsiika OOMEHHOH 3HEpTHH.

Jast npoctolii Ky6GUYECKOH pEIIETKM C IIOCTOSHHOH peNIETKH a
4y OOMEHHOH KOHCTAHTOM AN OJMXKaHUIKMX coceler J B AJHHHOBOJHO-
Bom npenene J (0) — J (q) = Ja*9*/N. Ilostomy oOMeHHast XecT-

KOCTb onpejensiercs (GopmyJox
A = 8%/ /v,
rie v = V/N — obbeM, NPHUXOASUWHMHACH HAa OJHH aToM.
CpaBuuBas (4.16) u (6.9), MBI BUAHM, YTO OTHOLIEHHE MAKCHMAJb-
HOM YaCTOThI CNHHOBHIX BOJIH K kpT /A s npocroi KyOGHuecko# pe-
meTkd paBHO 6/(S <+ 1). ITosToMy BBICOKOTEMHIEpATYpHOE HPHOIH-

XKEHHE, HCIONb30BAHHOE NpPHM 3aNUCH BeIpaxeHHA (4.45), crnpasea-
auBo Toabko mast T/T, > 6/(S + 1).

6.2.1. TEOPUHA CIHHHOBLIX BOJIH

3aMeTHM, YTO HCIIOJIb30BAHHOE HAMM HH3KOTEMIIEPATypHOE IpH-
6anxkeHue (6.6) MpUBOAMT K HAOOpY KoJebaHHH, KOTOPHH COBEPILIEHHO
aHAJOTHYEH CHCTEME He3aBHCHMEIX TapPMOHHUECKMX OCLHJJISATOPOB,
B 1940 r. Xoacreiin u [IpumakoB pa3pabora/y BecbMa N0OJE3HBIH Me-
TOJ. MCIOJb3VIOUHI TAKYI0 aHAJOTHIO C TADMOHHYECKHMH OCLHJJIATO-
paMid. WX meroa OCHOBAaH Ha TOM, UYTO CIIMHOBLIE ONEPATOPEl BHIpA-
JKAIOTCA Yepe3 ONepaTophl POXKAEHHH M YHHUUYTOXKEHHS KBAHTOB
KoneGaHuH rapMOHMYECKOro OCHHJIsiTOpa. Hanpumep, nocMoTpum,
KaK JedcrByeT S7 Ha | Mg):

ST IMsy =V {SF Ms) (S — Ms + 1) | Ms — 1). (6.10)

Ecsn BBeCTH onepamop omxaoHeHus cnuka n; — S — Si ¢ KBaHTO-
BBIMH uucnamu n; = S — Ms, 10 (6.10) npumer Bup

ni>: VIS Vn; =1 ]/1 —%—’m + 1). (6.11)

Si

Oneparop pOXAEHHUS /IS FAPMOHHUYECKOTO OCHMILIATOPA at (B CHay
KOMMYTAUMOHHLIX COOTHOWIEHUI) 06/s1anaeTr CleAyIOUHM CBOHCTBOM:

atlny =y nE1|n--1). (6.12)
[Io3TOMYy MOXKHO HAanucarthb
St =1"28alf;(S),
ST =V28[:(S)a;, (6.13)
S? = —38 + aj‘ah
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rae f; (S) _=_V1—(a:-“a,-/28). OTMeTHM, YTO HM3-3a 3TOrO MHOXHUTEJISA
npecbpa3oBaHue SBASETCS HEJNHMHEHHHIM. JIerko nokasaTbh, 4TO Ore-
patopnl (6.13) yaoBaeTBopsoT HEOOXOJMMBIM KOMMYTAllMOHHBIM CO-
OTHOHLIEHHSIM.

Kak MBI yXe BHJAENIH, UMesl JEJIO C B3aUMOJEHCTBYIOUMMH CHCTE-
mMaMH, yAoOHee BBecTH (hypbe-KOMIIOHEHTHI. IJTO 03HayaeT, YTO Mbl
BLIPA3WM OIepaTOpPhl OTKJOHEHHS ClHHA 4Yepe3 GyHKUHH

a; = ﬁ fkj e*Rig, (6.14)
af :ﬁ zk} ¢~k Righ, (6.15)

ByjeM Ha3bBaTh ax M 4y COOTBETCTBEHHO OLEPAaTOPAMH YHUHMO-
deHus U poxwoenus maznorog. CIIMHOBBHIE ONEPATODPHI MOXKHO Npe-
CTaBMTh C IIOMOU(BIO 3THX OIIEpaTOpoOB B BHJE

—_—
ST = V%S_' Zk‘ e Riay, —

e B e g e (6.16)
si=) 2 Be R —
k
_-N_I/IS_—N_EI(. kz o gt K Ragdalan, 4 -, (6.17)
Si=—S+ 5 ¥ et T iafay. (6.18)

I'aMHJIBTOHHMAH AJS CUCTEMBl He3aBHMCHMBIX rapMOHHYECKHX OCLHJI-

JIATOPOB HMeeT BUA: 3, Aw xaiay. [Tostomy npubaumernue Xoarcmetina—
Ilpumaxosa GHAKTHUECKH COCTOSJIO B ONpeje/eHHH KBajpaTHYHOH
YacTH FaMUNbTOHHAHA, NOJYYAIOIerocs NpH NoJCTAHOBKE ONEpaTopoB
(6.16)—(6.18). Onmmem 3Ty npouenypy ans cdeppomarHeTika (apy-
rue cucteMsl obcyxpaioress B [6.1])

Brime Mbi paccMaTpuBaaM 3€eMaHOBCKOE H OOMEHHOE B3aWMOJEH-
ctBusi. Jlo6aBUM X HHMM JAHNOJb-AMNOJNbLHOE B3zaumopeiHcTBHe (2.50).
Torpa nonHeii raMuabTOHHAH OyfleT paBeH

H = Ky - By -+ Haip. (6.19)

HuskoremnepaTypHoe HJH CIOHH-BOJHOBOe npubauxenue (6.6) coor-
BeTcTBYeT f; (S) = 1, TaK Kak 1pH [IM3KUX TeMNeparypax YMcJIO BO3-
OyXAEHHLIX CIIHHOBLIX BOJIH HAMHOTO MEHBbIII€ NOJHOI'O YHCIA CIIHHOB.
[TosToMy cpejHee OTKJIOHEHHE CIMHA 7; 3HAYUTEJbHO MEHbILE €JU-
HHILHL.
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Bripaxxensoe uepe3 onepaTophl MarHOHOB 3eeMaHOBCKOE B3aHMO-
JIEHCTBHE HMEET BUJ

%z = 'VHQ 2 Sf =
=_~,H02(s__;? Y gt Gk, a+ak,) (6.20)
i k, k”
Ecnu pemerka o0nanaer TpaHCJASHMOHHOH HHBAPHAHTHOCTBIO, TO
Nt TR — VA (k — K). (6.21)

[Tostomy BripaxeHue (6.20) cBoauTcs K
H7z = — vHoNS + yHy Y] aia. (6.22)
K

TouHo Tak xe ecqu OOMEHHQE B3aWMOJAEHCTBHE MEXAYy HOHOM B IIO-
3UIMM [ H MOHaMH B no3uuusax i + 8 ob6o3nayure yeped J, TO 00-
MEHHOE B3aumojeHcTBue OyjeT HMEeTh BHJ

Hoy = —J ZS--S:+0=

—J Z [ ST S:+a+ S7SHs -+ S =+o] (6.23)

o B (T O
k, k-

£, 0
S —ik-R; {k’ (R ;48
+TZQ 4 ip (R;+ )aﬂak.-{—
k, k&’

{5 Fy ottt )

k, k*
1 —f (k—k*)-
X {S ~ Ze i (k—k*) (R‘ﬂ)aiakr}). (6.24)
k. k*

B coorBercTBHHM C jonyuieHHeM O TOM, uTO f; (S) = 1, npeneGpexem
B 3TOM DAa3JIOXKEHHH TAKXe YJeHAMH YETBEpTOro nopsajgka. Takum o0-
Pa3oM, eCJIM Z — YUCJAO0 B3aWMOJEHCTBVYIOLIMX COCEAEH, TO

Hex =—JIS Y ¥ e %% af — ySY) Y e*%fa, —
k3 kK B

— N2JS? 4 2278 Y ala,. (6.25)
k
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BeeneM obo3HaueHHe

1 k-8

Taxk, Hanpumep, AJs OPOCTOH KyOHUECKOH pelIeTKH C B3aUMOZEH-
cTByUeM OJIHXKaHIIUMX coceqed HMeeM

Yk = —%— (cos kxa -+ cos kya -+ cos k.a)
(@ — noctosinHasa peunietkH). OTMETHM, UTO

En-t

Takum o6pa3om,
Hex = — N2J82 4 2248 Y (1 — vi)atay. (6.26)
K

PaccMoTpum Teneph AMNONb-LHIIONLHOE B32UMOJEHCTBHE, HCCIEI0-
BaHHE KOTOpOro cocrapiser Oosee TPyHOeMKylo 3ajauy:

8;-8;  3(Si-ry;) (Sprij)
%dip:'%"gzp% Z [ 3 - — Js J ]’ (6.27)

el | i/ Tij
i, }
+o— —g+ zZQ2
1 2 2 S7S; [-SiS; SiS; 3
Haip =58 IB 2 : + =5+ — X
3 3 5
2 o 2r“- 2r?]- Iy Iy

x [(-SFri + St + Stz ) (- ST -+ 5 Sirhi+ Sizy ) | ] ,

(6.28)
+_
1 22 — 1 3 Tiffif
a4 1| shs7 o (15 +
L ]
41 3 iy ! :
S7S | — 3 L Ay (1 -L)_
#5751 35 (13 r%,-)+ T
3 oror ) 3 —o ()
- S7S r{;’ T SiS; ,?'i : (6.29)

rje

f%- = X7 + l:y‘-,-.

ITpubankenHoe paBeHCTBO B (6.29) o3Hauaer, YTO MbI OCTaBJSEM
TOJIbLKO Te 4YJEHbl, KOTOpPhle NPHUBOAAT K KBAJAPATHYHLIM MarHOHHBIM
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yieHaM. Hapsagy ¢ MarHOHHBIMH yJeHaMH TPETbero U yeTBepTOoro mno-
PAJKOB MHl NpeHeGperyiy Takxke JUHEHHBIMH uneHamu. Hanuuue sTux
YJIeHOB 03HAYaeT, YTO Hallieé NPeAnoJoXeHHEe O KOHQHTYPaLUH CIIHHOB
B OCHOBHOM COCTOSIHMHM HeBepHO. UTOOb HAHTH NMpPaBUJILHYK KOH(H-
T'ypalHuio, cesaeM Npeanoaoxenie 06 OpHEHTALUH CTHHOB B OCHOBHOM
COCTOSIHHM, 4 UMEHHO OyleM CuuTaTh, YTO HanpaBJEHHE CIIMHA B i-M
y3ane ofpasyer yram 0; B @; ¢ kpucTaaJIOrpaguyecKMMH OCSMH.
[IpupaBHuBass HyJdi0 KO3(pbHUUEHTHI NpU OAHOMArHOHHEIX YJEHAX,
MOXHO OIpEAeJUTh 3TH YIVIE. B AunonsHOM c/1yyae ONHCLIBAEMBIH
s¢xpexT Maad W UM MOXKHO npeHeOpeub. OAHAKO AJ1A HEKOTOPHLIX CKO-
DIEHHRIX CNHHOBBEIX CcHcTeM Tpebyerca co6mai04aTh OCTOPOXKHOCTD
B BeIOOpe MPaBUJIBHOH KOH(PHUTYpPaILHUH.

BBoisi MarHoHHHIE ONEPATOPHI, NOJYYAEM

+
T ) EARE R

k. k* {, j H

,—
, . . Ipar
X ayalehriiet xRy Sy 3 T
N’?i 2 '%f

Ti:

. . 2 2,
X aiay.e K Tiget (=K Ry _Sé_ (1 _ 3{2_‘!) .
! i

2
I

er rfj
38 ’z) (ker; o0 (k-4K*)-R;
____2N(1 aa, e Tijet (kHK)-R;
38 )2 : ' (kLK
A gtat ek T (kKR (6.30)
2N ff,

a8 OneHKH CyMM nO KOOpAHMHAaTaM npeHeOpexeM TI'paHMYHBIMH 3¢-
¢ekTamu; TOrAa KaxXKAYyl0 CyMMY MOXHO BHIUHCJIUTH HE3aBHCHMO,

T. €.
PIDIED D Y (6.31)
Rj Ri -Rj r=Ri—Rj

H IIHHOJIthIﬁ FaMHUJIbTOHHAH TIDHHHUMAET BHA

Hop = 5 &'0h ). {N2822 (1) +

k

s Pewr b (1-4-55) - [15 N (1- %) -
1 3



6.2. JHAJEKTPUKH 207
. +
-—2323”‘ (l 3 rr )J ata, —

- 2
. Ts 2 g—iker (r:a) ]atafk} . (6.32)

b

Tenepb pasoObeM CyMMy IO r Ha cymmy, B3ATYI0O BHYTPH chephl
pPajMyCOM @, W Ha HHTErpaJ IO OCTaJbHOH 4acTH o6pasua:

) :2'+ %—J'dr. (6.33)

Mul nMeeM npaBO Tak NOCTYNHUTh NOTOMY, 4TO npu a K A, rjae A —
IJ¥MHA BOJHBl MarHoHa, 3Ta CyMMa JJs Kybu4eckod pellIEeTKY paBHa
HYJIIO.

BepHemcs Tenepp K OcTaBuleMycsl WHTErpajy, CBA3aHHOMY C Iep-
BEIM Y/JE€HOM TaMHJLTOHUAHA:

(12 ) 4 [ ()

_ V -“ z-rc:S N J‘ z.dS _ N (4:rt —4Jth), (6.34)

v r3 V 3
Sph sample
surface

rae uHnekcol sph u sample surface y uHTerpasoB yKasnlBalOT, YTO
HHTerpaJinl 6epyTcs COOTBETCTBEHHO 1O c(epe u 1o NOBEPXHOCTH 0O6-
pasua. B coorHomenune (6.34) BBeleH pasmaznuuusaroujull paxkmop,
l z-dS
V=)
41

rs

sample
surface

KOTODHIA OIIMCHIBAeT pasMarHHYHBAIOLIEe 110Je, a usleH 47/3 yuHThIBAeT
noae Jlopernya.
PaccmoTpuM Tenepb HHTErpad

ﬁjefk-r_‘_(l__ 32%
r

- o (6.35)

KOTOPBIH COAEPKHUT B KAUECTBE MHOXKHTEJNA BhIpAXKEHHE, OMHUCHIBAIOIIEE
JIOCKYIO BOJIHY. Paasarasi njockyio BOJHY 10 chepHYEeCKHM rapmo-
HHKaM K y4yHThIBasi, uto 1 — 3 (2%/r®) — ToXe cdepuueckass rapmo-
HHKA, MMeeM

N an @ 1 e Y@ YT Z TV E vi@ P drda -
[, m

i (k surface -
_. H%m[”( r)] (3cos?Bx — 1), (6.36)

kr a
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rie 8 — yron mexay k u ocbio z. Eciu pasmep ofpasua a BeJHK,
0 ka> 1 u j; (ka)/ka - 0. Ecnu ka L 1, 10 j, (ka)/ka — 1/3.
TakuM o6pa3oM, uuTerpan (6.35) HpPUBOAUTCH K BHAY
(5 — 4 sin0y). (6.37)
[Tpu ycnoBuu ka >» 1 pe3yapTaT paBeH HYJI0, TAK KaK HaMarHHu-
YeHHOCTb y INOBEPXHOCTH obOpas3na OLICTPO MeHseTCsl U B CpejHeM
paBHA HyJ1I0. DTO YCJIOBHE HApYIIAeTCH NPH MAaJLIX BOJHOBBLIX BEKTO-
pax. B yactHocTH, pacemoTpuM kKoseGanusi ¢ k = 0. ITosxe mut Bep-
HeMcs K OOCYIKJEHMIO OTJIMUHBIX OT HYJIA, HO OYEHb MaJhX BOJHOBBIX
BeKTOpOB. B cnyuae k —= 0 unenwr, cogepxamue rt, ygobHee 3anucarhb
kKak x%, y* u xy. UneHnl, cojepxamue Xy, AAIOT HYJb. YJeHH ¢ x*
M 4? nofo6GHBI YJIEHaM C 22, ¢ KOTOPHIMH MbI BCTpEYanuch panee. B pe-
3yJIbTaTe€ MBI NOJYUHM NollepeuHLle pasMarHuguBaomue dakropsl N,
n N, Ilocrne B3ATHS BCeX HUHTErPasOB JUIOJb-AHMINOJbHBIA TaMHJIb-
TOHHAH MPUHMUMAET BUM

Hgip =Y [—;- MV (4N M — 25 M) +
k

= \
5 Onm (Nx -+ Ny) — N,y
+1, ajay +
L o War sin? Bh — Nzﬁ)n,[
—‘11- War (N.'x: - Ny)
- | Qg +
- On sin? 8, exp (—i2¢y)
O _
'—4— Wy (Nx _— Ny)
4 1 ala®, , (6.38)
5 M sin? O exp (i2qy)

. —

raie M = NgugS/V u om = 4nyM. UnaeHs B BEepXHHX CTPOKAax
B CKOOKax COOTBercTBYIOT KojeGaHusM ¢ k = 0, a B HUXHUX — KO-
nebauusm ¢ k = 0. [ToaHBIE raMHIBTOHHAH MOXHO 3anucarb Ternepb
B BHJE

I = Eg - g (Akazak -+—- Bkaka--k —-l» B;aﬁafk), (639)

rie Ay 1 B} onpegensiorcs dopmynamu (6.22), (6.26) u (6.38).

OnHaKO 3TO €elle He OKOHuarenbHafl (opMma, TaK KakK JIHIONb-
JAHIOJbHOE B3aMMOAEACTBHE NPUBOAUT K B3aUMOJEHCTBHIO MEXIY CIIH-
HOBLIMH BOJIHAMM C BOJIHOBLIMH Bekropamu +k u —k. Orciona caenyer,
YTO NJOCKHE BOJIHEI HE SIBJIAIOTCS MCTUHHEIMH HODMAaJbHBIMH KoJseba-
HusiMu. UTof6bl HalTH HOPMaJbHLIe KosebDaHusi, HeOOXOAWMO AHaro-
a nu30BaTh . [TockONbKY raMusbronuat (6.39) npencrapiseT coboi
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IIPOHU3BEAEHUE Onepamopog, €ro NJHArOHAJH3alHA HECKOJbKO OTJHYya-
eTCHd OT JAHAaroHaJJuM3allHH I[pOH3BEACHHA C-HHUCEJI. HpE}lHOJIO}KHM,
yTO Yy HAC €CTbhb TdMHJ/JIbTOHHAR BHA4

# = x"Hx, (6.40)

rJle X — BEKTOp-CToJ6el, KOMIOHEHTAMH KOTODOro ABJSIIOTCS BXOAS-
1€ B raMIJIbTOHHAH ONlepaTopet, a f — maTpHua c-uucen. Hanpumep,
ecii npeHe6peub 3HepryHefi OCHOBHOIO COCTOSIHHUSA, TO FaMUJbTOHHAH
(6.39) MOxHO NpeacTaBUTb B BHAe

%:%Z XeH X, (6.41)
k
rjae
dk Ak 23;
Xk = [af :|, Hk:-"' [QB[.; A_k]' (642)

OuepaTOpHbIE CBOICTBA X 3aJalOTCH KOMMYTAUMOHHLIM COOTHOMNIE-
HHEM

[x, xt] = x(x*T) — (x*x7)T = g. (6.43)

OTtmeTnM, 4YTO, KOTJAa 3JIeMEHTaMM MaTrpHIb! SABJAAIOTCA ONEpaTophl,
TPAHCIIOHMPOBAHHOE NPOM3BEJAEHHE TAKUX MATPHUIl HE paBHO INIPOH3-
BeJEHHI0 TPAHCIIOHHPOBAHHHIX MAaTpHI, B OOpAaTHOM MOpHIKE.

Boo6uie rosopsi, xKesaTeJbHO, YTOOBRI ONEpPAaTOphl HOBHIX MOJ,
KOTOPLIE JMAroHAJMU3YyIOT T[aMHUJILTOHHAH, YHOBJETBODPSJIU TEM XKe
KOMMYTAIIHOHHLIM COOTHOIIEHHSIM, YTO W NEpBOHAyaJbHBIE, T. €. Ipe-
o6pazoBaHue AOJXKHO ObITb KaHOHMuecKWM. EC/H HOBLIE ONepaTopHl
3anucatbh B BHIE

x — Sx’, (6.44)

TO YCJIOBHE TOro, yto npeobpa3zoBaHue S AuaroHaau3yeT raMHJbLTO-
HUAH ¥ COXPAHAET IPHU 3TOM KOMMYTAllUOHHBIE COOTHOUIEHHS, HMEET

Buj [6.2]
HS = g7 18gQy,, (6.45)

rae 2y — MmMarpuna coOCTBEHHHIX 3HaweHu#d. Pemas aTy 3aaauy Ha
cOOCTBEHHBLIE 3HAYEHHS JJIsi HAllero cjayyas, NHOJyyaeM CJejylollee
npeobpasoBaHue:

ENE

- A+ o A — o R
k T Ok kK Ok .
]/ S0y 5 exp (2¢y) || ax
a A — 0 : A — o .
- ) €xp (‘_-"’Q(Pk) 2w, _afk
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IIpy MCnoJNL30BaHHH HOBBIX ONEPATOPOB HOPMAJbHLIX KOJeGaHuil ra-
MUJIbTOHHAH TNPHHUMAET BHJ

%: 2, fimkaiak, (647)
k
rje _
Wx — VA.iz‘—-‘HBklg =
- V(VH: 'f_ Nme) (VHi+N,r;wM)1 k: ’
V IvH: 4 22JS (1 — 1)) [vH; + 22JS (1 —vx) + oxsinZ6y], k==0.
(6.48)
W
Oonacme
MAZHUTTIOCITIG ITILL YEC/ LT
MO0

llnacmuna 7

Cepa
CUa = yﬂo [
Huex /
wy =yH; Y /ﬁ

S

Puc. 6.2. 3aBECHMOCTb 4acTOTH CIIMHOBBIX BOJIH OT BOJHOBOTO BEKTOpA.

>k

3necb MH; = Hy, — 45iN,M — BHyTpeHHee noJie. 3aBHCHMOCTb 4a-
CTOTH 3THX KoJeOaHu# OT BOJIHOBOI'O BEKTOpa NpeACTaBJeHa Ha
puc. 6.2. OTmMeTuMm, yTO B pe3yJbTare JEACTBHS pa3MarHWYHBAIONMHUX
MmoJied 4YacToTa ¢GeppOMArHUTHOIO pe30HaHCa 3aBHCHT OT (OPMb
obpa3ua. BriepBrie HAa 3T0 ykasan Kurrean [6.3].

[TpeneccHio OTAeJbHBIX CHHHOB MOXHO paccMOTpeTh, lEpPEexXois

o6paTHO K NEpBOHAyaJbHLIM KomiloHeHTaM S u S7. OxasnBaercs,
YTO NPELECCH, CBA3aHHASA C KOJeOaHUSMH ay, ABJSETCH KPYroBol,
a npeueccus, CBsA3aHHas C oy, BOOOWIE TOBOpS, SBASETCH 3JJIHIITH-
yecko#. B cuny cBoHicTB KOahdHuMeHTOB By oaHopopHas npeueccus
3J/IMNTHYHA, €CJH IONepeyHnle pa3MarHHyMBawouue (axTopnl pas-
JIUYHRKI; OKA3bIBALTCH TAKXeE, YTO SJJIHITHYHOCTSL, CBA3aHHANR CO CITHH-
BOJTHOBLIMH KOJIeDaHHSMH, 3aBHCHUT OT HAIlpaBJEHHUHA pPaclpoCTpake-
HHS OTHOCHTEJBHO INOCTOSHHOrO nousi. Hauboabme# 3anunTHyHO-
CTbIO 06/1a/1210T CIIMHOBHIE BOJIHEI, PACNIPOCTPAHSAIOIIHECH NepIeHHKY -
JIAPHO TNOCTOSAHHOMY IIOJIO,
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6.2.2. MATHUTOCTATHUYECKHE MO/bl

PaccmoTrpum Teneps koJebaHusi, HEOJHOPOJHLIE B NPOCTPAHCTBE,
a UMEHHO HMeIolHe INPOCTPAHCTBEHHEIE HEONHOPOJHOCTH TOpfAAKA
pasmepoB ofpasna. Ml ucnosb3yem TOT (akT, U4TO AJIT TAKHX AJIHH
BOJIH OOMEHHLIM B3aHMOJAEHCTBHEM MOXHO npeHebpeyb. Takum 06~
pa3oM, 3ajaya CTAaHOBUTCA KJaaccuueckoH. [lanmee, Tak Kak kc » o,
3TH KoJeOaHus SABJAIOTCS 10 CYLIECTBY CTATHUECKMMU. TakuM 06-
pPa30M, UX MOXHO ONKMCATh MAarHHTOCTATHYECKHMH ypaBHeHHsAMH Makc-
BeJ/14

V x H=0, (6.49)
V-H= —4ny.M (6.50)

BMeCTeE C ypaBHEHHEM JABHXEHHA AJA MOMEHTA
AN — M x H. (6.51)

Pemenne ypaBHenus (6.51) B npeanonoxeHdH O ManoOH BeJHUHHE
MOIEPEYHLIX [I0JIEH HMEET BHJ

u —ix 0
B—|ix w O|H, (6.52)
0 0 1

157,5"

Puc. 6.3. Cxema, NOACHSAIOWAN CMLICJ HCIOJNb3yeMbIX OGO3KHa4yeHHH H NOHATHE He-

oAHOponHOoR mpenecchd cnuHoB [6.4]. Ilpexcrasnena yokeposckas moja (4, 3, 0)

s chepbl. [TokasaHb! MFHOBEHHHE NOJIOXEHHS BEKTOPOB PajHOYacTOTHOA HaMarHH-
YeHHOCTH B IVIOCKOCTAX, NepPNeHAHKYASPHBIX NOCTOSHHOMY MarHHTHOMY NOJIO.
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—
Hac Q15 MM

J—
T,

lTonepevrge 4824
odopadioe roe f.p

4959

4658

4554

Omrocurmnensoe Noeirownlenee.

4884,5
0,18 MM ﬁ
llorapevioe
odwopodioe rone hyr
46658
45918 l' 27607 4832
1 A ~__J L

Brewwee maznumeoce none Hy, 3

Puc. 6.4. Cnekrp norJOWEHAS AHCKA W3 XKEJI€30-HTTPHEBOro rpaHara. [Ipu ocTphHX
Kpafx ofpa3ua (@) BO3HHKAIOT HEONHODOZHHE IOJAS, KOTOphIE BO3OYX AT MHOTO
Mox. Cxpyriesne kpaeB (6) NPHBOAMT K MNojasjeHuio mon [6.6].
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rue
4nyEMoH
p=1-+ -2%"2—_"-?’ (6.53)
)
H
4y Myw
— %TZQEF (6.54)

Ecnv BBecTu MarHUTHHIH CKAaJASPHBIA NOTEHLHAN ¢, ONpenensieMbiit
ycnosueM H = yé, TO ypaBHEHHﬂ MakcBenna npumyr BHjA

62
( axq: + aya ) + aza - 0 (BHYTPH),
V¢ =0 (cHapyxu).

(6.55)

Pemenune ypapaenuit (6.55) ans 3saaMncoujanbHOro ofpasna
JlaeT TaK Ha3blBaeMble MASHUMOCMamueckue, WU yoKeposckue, Modst.
Otv KojeOaHUs XapaKTepPU3YIOTCS HE KOMIOHEHTaMM &,, R, &,
a gyucnamu n, m, r. Hanpumep, Ha pHc. 6.3 moKa3aHbl KOJeOaHUS
(4, 3, 0). Tak xag npu 3THX KoJeGaHHAX pacnpeneeHHe HaMarHu-
YEHHOCTH HEOJHOPOAHO, UX MOXKHO BO30yJUTbL HEOAHOPOJHEIM MHKPO-
BOJIHOBBIM IToJieM, Tak, ecqau obpasen 0YeHb BEJIMK HMJH CMOHTHPOBAH
Ha JU3JeKTPUYECKOH NMOMJMCKKE, BO3HHUKAIOWAS HEOAHOPOAHOCTh IOJSA
MOXKET OKa3aTbCH JOCTATOUHOH JJIA Bo30OYyXKIeHHUST MArHUTOCTATHYECKH X
Kone6asuii. Takum nmyreM u Obuin oOHapy»KeHH! 3TH KoJeGauus [6.5].
TuNHYHBIA CHEKTP MNOIJIOWEHHs II0KasaH Ha puc. 6.4,

3aMeTuM, 4TO, KaK BHAHO M3 puc. 6.2, CIIEKTP MarguTocTraTHye-
CKMX MOJ IIPOCTHPAETCS BhILIE CHEKTPa CIHHOBHIX BOJH, €CJIH IOCHE]-
HHH 3KCTpPAnoJUpoBaTh B JAIMHHOBOJHOBYIO o6sacth. [lpupoza Ta-
KHX Kone6aHuil crana sicHa mocie pa6oter Jlafimona un Dmbaxa [6.71,
KOTOpHIE pacCYHTa/d MAarHuTo-

CTATHYECKHE MOJIhI B TOHKOWH I11ac- rvv»
THHE, HAMATHUYEHHOM BJI0JIb CBOEH Harpasnerue
IJocKOCTH. Mojnl, Jexanye BHe oA - C

!

A

06J1aCTH CIIHHOBLIX BOJIH, OTBeE- (lz=0)
YaIOT NO0BEPXHOCMIHLIM BOJHAM,

T. €. BOJHAM, aMIVIUTYABl KOTO- 4
PHIX MAaKCHMAJbHEL Ha TMOBEpPX-

HOCTH M KOTODKIE SKCIIOHEH [{HAb- 7 *

HO 3aTyxaloT BHYTPH CJOSI, Kax
MOKa3aHo Ha puc. 6.5. MHTepec-
Hasg OCOOEBHOCTHL TAKHX BOJH CO-
CTOMT B TOM, 4TO IIPH IiepeMeHe
HanpaBJeHUs PaclIpocTpaHeHU s
MaKCHMyM aMIIJIATYJBI [IePEXOAMT lonepenas  ———

C OJHOU ITOBEDXHOCTH HA NPOTHU- wamazrizverHocms MOAZHUITIHBIE 71057

BONoJIOXHYI0. Takum oﬁeaaoM, Puc. 6.5. AMDAHTYAB  KOPOTKOBOJHO-
OKa3bIBAETCH, YTO IO OJAHOM CTO- BoO# NOBEPXHOCTHOH BOJHH ¢ &, = 0,

NNINININTINT

L I S WY N N RO B R R P
Y/ n b g\ ron } A\ VP b £

51@1@@ ANA
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pOHe IJIACTHHLI PACNPOCTPAHAIOTCA IIOBEPXHOCTHLEIE BOJIHB! TOJBKO B
OAHOM HANpABJE€HHH OTHOCHTEJbHO HanpapJ/JeHHA IIPHJIOKEHHOIO
IIoJIA.

6.2.3. COJIUTOHBI
BosroBoe ypaBHenue cunyc-I'OpAOHA @,, — @u/c® = mEsin g
ONUCLIBAET pasHLle GU3MyecKue siBAeHUS. VIMeIoTCs pasHble THIIb! pe-

IIeHHH: HEOTpaHHYEHHblE (B MPOCTPAHCTBE) KOJNEOAHUS, OrpPaHHUEH-
Hble KoJe6aHHs KOHEUHOH aMIIJIMTY[bl, Ha3blBAEMbIE «IBOHHHKAMH» 1),

MWJ/

Puc. 6.6. CxeMaTuueckoe H300paxKeHWe COJNHTOHA B JIETKOMJOCKOCTHOM (eppo-
MAarteTuke.

M pEIIeHHs ¢ (PUKCUDOBAHHOH AaMNIJUTYIOH <«CTyleHbKH» («kinky),
COOTBETCTBYIOLE! HU3MEHEHUID @ Ha 27, KOTOphIE pPacnpocTpaHs-
lorcst 6e3 U3MEHEHHH M HA3BIBAKOTCS CoJMTOHAMH. [IpH HEKOTOPHIX yc-
JIOBHSIX YpPaBHEHUS [BHMXKEHHS I8 MAarHUTHBIX CHCTEeM CBOASATCH
K ypaBHeHHI0 cunyc-I'opfoHa. PeuieHus A/18 HeorpaHUYEHHHIX KoOJje-
6aHHH COOTBETCTBYIOT TOI/IA CIIMHOBBIM BOJIHAM, a COJHTOHEI OTBEYAIOT
CTEHKAaM MarHuTHHIX jJoMeHoB (pHc. 6.6). B cayuae Tpex uamepeHui
SHepTHs COJHMTOHA WJH JOMEHHOH CTEHKM 3HayuTesbHO Oosbuie RgT,
OZHAaKO B OJHOMEDHOM CJyuyae 3Heprus COJMTOHOB cpaBHuMa C¢ kgT
M COMMTOHEI BeayT celsi Kak 3JjeMmeHTapHble Bo30yxkjeHus. Hanuuue
COJMUTOHOB B JAuHelno# nenouke CsNiFy O6b10 06HapyXKeHO B ONBITaXx
O KBAa3HyNPYroMy paccesHuio HeiitpoHoB [6.8] u no uameperusm
yAEJBHOM TemaoeMKocTH [6.9].

6.2.4. TENNJIOBLIE MATHOHHBIE 3¢$®EKThI

K cyacrbio, mJIOTHOCTh CIHH-BOJHOBLIX MOJ] HAMHOIO IpEeBBIIIAET
IIJIOTHOCTh MAaTHUTOCTATHYECKHUX MOJ], TaK 4YTO OOJIBIIYIO YacTh CBOHCTB
MAarH¥THBIX MaTepHasioB MOXHO NOHATh, PacCMaTpHUBasi TOJNLKO OoJee
IPOCTbIE CIHH-BOJHOBBIE MOALI. BaXHOCTb NMOHATHS CIHHOBBLIX BOJH
JJIsl OIIMCAHUST HHU3KOTEMIIEPAaTypPHBLIX CBOUCTB (eppOMarHETUKOR BIEp-
Bhle ormerua Busox [6.10]. PaccmorpuM cHawana HaMarHdYeHHOCTb
HacoiieHus. B ofJgacTd CHHHOBLHIX BOJH OHa Jjaercsa (opMmyJioH

M(T) = — 52 FLE) -5 = X (8 = ()=

— M (0) — gﬁ“ Z.gnk). (6.56)
k

1) [Boiinuky (breathers) ¢ Gonbwof aMmaKTyRof npeacTaBasioT cofo# cymnep-
HO3HIHIO COJHTOHA M AHTHCOMHTOHA. — [Ipum. nepes.
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B npuuamune B M06o# JaHHOH MOJE YHCJ/JIO MAarHOHOB He OrPAHHUYEHO.
Hx paBHOBecHhle wuyHc/aa 3aN0JHEHUS 3alaloTcsl pacnpedeseHuenm

boze—3dnwmerina:
(i) = 1/lexp (fiow/ksT) — 1]. (6.57)

ITockoNMbKy GOJBINMHCTBO KOJIeGaHUH JIEXKUT B OOMEHHOH 06GJacTH
CIIEKTpa, Mbl MOXKeM npeHefpeub AUNOJNbHBIMM 3dbekTamu. Toraa ay
NPEACTaBAAIOT CcOO0H HOPMAJbHBIE KOJNEOAHUS, M HaM He HYXHO
NepexoaAuTh K oneparopam ay. Fcnonnsys pasnoxenue (6.26)
MO MaJIkIM 2 u 1npeHebperasi BHEIIHUM II0JIEM, TMOJYYaeM

hag = DR, (6.58)

rje, HanpuMmep, AJMA IHpocToil KyOuueckoi pemetkd D = 2J8a?
Cymmy 1o k MOXHO 3aMeHHTL Telepb HHTErpajoM; B Ppe3yJbTare
HMeeM

- B 2 db 6.59
MO —M(T)=—Z2 o5 Oj ooEa—T ©%
[Tocneannit uHTErpan MOXKHO 3anucath B 0Oe3pa3MepHOM BHUJE:
r k2 dk 1 kpT \3/2 o /2 dx
.[exp (DRE/EgTY — 1~ 2 ( D ) J x (6.60)

Briuucnernue HHTerpajga MOXHO YIDOCTHTb, ECJH HCHOJL30BATH PAl

= e—rx, (6.61)

r=1

B pe3yanTare HaMarHUYEHHOCTb HPDUHHMAET BHUJ

no-nm—s(3) ()" e

e® — 1

rae { — pumanoBckas C-pyHKLIHs.

JTO CcoOTHOLIeHHEe H3BeCTHO Kak 3axon baoxa T32. Tor daxkr,
YTO OH TOYHO ONHChIBAET HAMATHMYEHHOCThL INPH HU3KUX TeMIlepa-
Typax, KakK BUAHO U3 pHUC. 6.7, TOBOPHUT O BAXKHOCTH TAKKUX KOJIJIEKTHB-
HBIX KoJjebanuv#. Ecau B JUCIEPCHOHHOM COOTHOHIEHMH OCTaBUTh
yjeHsl nopsaka k%, &% m T. A., TO OHM NPHBEAYT B BLIPAXKEHUH A
HAMAarHHYEeHHOCTH K 4YJeHaM, HM3MEHSIOIHMMCS 110 3aKOHY COOTBeT-
cTBeHHO T2, T2 y 1. A. Ecay Obl ObIJIM CYIECTBEHHB TOJLKO OfHO-
YaCTHYHbIE BO30YIKAEHHHA, TO HAMArHMYEHHOCTh NPU HH3KHUX TeMIie-
parypax MmeHaJach Obl 3KCIIOHEHIMAJLHO C 3HEDTUEd aKTHBAalMH IIO-
psiaka OOMEHHOH 3HEprHH.

Bxksaa CiMHOBBEIX BOJIH B BEIpAXEHHE JJIf1 VAEJbHOK TEIJIOEMKOCTH
OIHCBHIBAETCS BhLIPaXKEHHEM

CV = -a—(?[.—- g ﬁ(!)k (nk). (663)
b
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B ToM xe npubiMKeHuH, B KOTOPOM ObL1a noJsyyeHa HaMarHHYeHHOCTh,
u3 BbIpaxenusn (6.63) nonyuyaem

Cy =22 ( ) ks (42 2B VAT, (6.64)

Jlo cux nmop Ml paccMaTpuBaJjH JUHEHHYIO 33JaYy, T. €. OTPaHH-
YHBAJUCh TOJHKO TEMH UJEeHAaMH B TaMHJbLTOHHAHE, KOTOpBLIE COAEp-

50
a9
q8

Puc. 6.7. TemnepatypHas 3aBHCH-
MOCTh HaMarHuyeHHocTdH Jjas EuO.
Cniiowas XpHBas MOJYyyeHa 10 Teo-
PHMH CIIHHOBLIX BOJIH, YYHTHIBAIOLIEH
3¢berTl  RUHAMHYECKOr0 B3aUMO-
JecTBYS MeXAY NapaMH MarHOHOB
H IOCAEAYIOINYI0 TMepeHOPMHPOBKY
9HEPTHA COHHOBHIX BOJH, HCNO/b-
30BAHHBEIX JVIA OLEHKH YHCA3 MarHo-
HoB. lllTrpuxoBas KpuBaA COOTBET-

aq7

a6

/5]

a4+ A CTBYET HEB3aHMOJACHCTBYIOIHM CIIH-

HOBLIM BOJIHZM, & IYHKTHPHaf —

a3 OOBIYHOMY DpAa3JOMXEHHI0 B pPHJ IO
A [ A T3/2 T5,’2 3

2 YyJeHaM BHjA H . JKCNnepH-

gz-Y MeHTaJbHEE TOYKH: | — JaHHHe,

oy CKOPPEKTHPOBaHHble nJs OeckoHey-

o1+ ¢ HOTO BHEIUHEro Noas; 2 — jgaHHHIE,

CKOpPEXTHPOBAHHLIE JUIS HYJEBOro

| | { [ | | | ] noJs [6 “]
g 10 20 30 440 S50 60 70 680

T, K

XKany KBaJAPAaTHYHbIE NMPOU3BEJEHHA MATHOHHBEIX OIEpaTOPOB H, TAKHM
o6paszoM, Morau OuiTh NPeo6pa3’oBaHbl B HAGOP HEB3aHMOAEHCTBYIOIH X
rapMOHHUYECKHX OCUHJIAATOpoB. Hannuue wnenos 6GoJjiee BHICOKOTQ
TNOPsKa COOTBETCTBYET B3aMMOJEHCTBHIO 3THX OCUMJNIATOPOB. Takoe
B33aMMOJIEHCTRUE CYIECTBEHHO CKA3bIBAETCS HAa HEKOTOPHIX CBOHCTBAX
YIOPsiIOYeHHBIX CHCTEM.

Henuneidnble yseHbl HanboJiee HA3KOIO0 NOPsAaKa, oOYCJIOBJEHHBIE
H30TPONHLIM OOMEHHBIM B3aUMOJEHCTBHEM, INPEJACTARJNAIOT CoGoH ue-
THIPEXMAarHOHHBIE UJIEHBl BUJAA

B =5 Y (k)4 bk — k) 2] (k— k)] %

2
k., k", kK”

~ dIaI,aknak+k,+k». (6.65)
BausiHue TakKHX CIIHH-BOJHOBBIX B3aUMOEHCTBHN Ha HaMarHU49eHHOCTD
Brepssle MccaenoBan Jaicon [6.12], koropuiii mokasan, yro hapsjay
C uJeHaMH, DPAaCCMOTPEHHBIMH Bbillle, B BbIPAXXEHHHU M Q) — M (T
UMEIOTCS WeHHl, nponopuHoHanbuble T2.% XoTa 3kcnepumeHTaNbHO
[0Ka HEBO3MOXKHO OTJIMYHTh 3TOT BKJAJA OT BKJIALOB, IPONOPHUOHANb-
Heix 732 m T%72, pesyaprar [lalicoHa TeM He MeHEe MMEeT BaXKHOe
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TEOPETUHECKOE 3HayeHHe B TOM CMBICJe, YTO JI0G0H APYyrod crocob
Boiyucyaennss M (T) npd HU3KMX Temmneparypax JoJKeH NPHBOJUThb
K HEMY 3Xe.

Besuuuna, KoTopas HeHoCPeACTBEHHO H3MEHSeTCH 3a CYeT HeJIH-
HeMHBIX u4JeHOB B BhIpaxeHuu (6.65), — sT0 wyacToTa MarHoHa,
PaccMOoTpHM TOJMbKO oOMeHHOe B3auMmojeficTBue. B nuHeHAHOM IpH-
OJMMKEHHHM 4YacTOTa MarHoHa, onpejenasieMas BhIpaxkeHueM (6.26),
HE 3aBHCHT OT TeMmneparypul. Mcrmonp3ys npubiuxeHue CayyaHHRIX
(a3 ¥ yuuThIBAS B3aUMOJEHCTBHE JIHUIL C OJHXAAIMIKHMHU COCENSIMH,
BoipaxkeHne (6.65) MOXKHO HpeACTARHTL B BHJIE

— (22JS2N) 2 o () X 0 (). (6.66)

Ecnu npu6aButh 3TO BHIpaXEHHe K JHHEHHOH 4acTu Y 0k (fk) U MH-
HHMH3HPOBATh CBOGOAHYIO SHEPTHIO N0 (ny), TO NOJIY4YHM BhIPaXeHHe
BHaa (6.57), HO CO CJeAYIOUEd NEepeHOPMUPOBAHHOA YaCTOTOM:

ok (T) = g [l — (2JS2N)T kE O (nk-)} . (6.67)

CyMma B mocsiefiHeM BhIpaXEHWH NpPeACTaBJsfAeT cO60H HOJHYIO 3HEp-
THIO CUCTEME! CIIMHOBHEIX BOJIH. C MOBBIILIEHUEM TeMIEepaTypul 3Ta 3Hep-
M YBeJMYUBAETCS, A YacTOThl CIWHOBBIX BOJH YMEHbUIAIOTCH.
Takoe yMeHbIlleHHE 4YacTOT HabGJI0AaJIOCh 3KCIEPUMEHTAJILHO C IO-
MOIIBIO paccessHUs HEHATPOHOB, O yeM Mbl OyJeM TroBOpPHTb B TIJ. 8.

Henuuefinbie yieHbnl UTPAIOT BAXHYIO POJb TAKXKE B peJakcanH-
OHHBIX fIBJIeHHfX. PaccMoTpuM, Hanpumep, HeJMHeHHble UJeHbl HHU3-
nmero nopsagka, oOYCJAOBJIEHHEIE JHNOJbHEIM B3aWMOJEHCTBHEM. ITO
TPeXMAarHOHHLIE YJIeHBl BHA

), = E (ool + ghaton -ourx-)s (6.68)
K40
rie
g, = — 47” V 2NSg%2 cos 0, sin 6, exp (ig). (6.69)

Tak KaK o COOTBETCTBYET POXIEHHIO MAarHOHA C BOJHOBBLIM BEKTODOM

k, a ay — YHUYTOXKEHHIO MarHoHa C BOJIHOBLIM BeKTOpoM k, mpo-
IIeCCHl, OnMChiBaeMhle yjJeHamH (6.68), cxemarHueckn MOXKHO H306pa-
34Tb JUHarpaMMaMH, NpejcTaBJeHHBIME Ha puc. 6.8. Ha puc. 6.8, a
H3o0paxeHno causgue margona k c maruonom k', B pe3syJsnTare Ko-
TOporo poxpaerca tperuit maraHoH k -+ k’. Ilpongeccn Takoro rtumna
CO3JAIOT peJIaKCaUMOHHLIA KaHaa jgiasi MarHoHa k (uau k').
DddekT 0OMEHHOTO CyKEHUS, KOTOPLIH Mbl PAacCMaTPUBAJH B IJI. 5,
OyeHb Pe3KO BhIpaxKeH B QeppomartHeruke. IIpoMCXOXjeHHE 3TOrO
CYy>KEHUS CBsI3aHO C TeM, YTO, KOrja CHeKTp uyacTor 3¢deKTHBHOIO
IO/ OYeHb MIHPOK, HA pENaKCAUMI0 BJAHSET JHUIL Y3Kasf I0J0ca
MOYTH BHIPOXKAEGHHBIX Kojaebanuid. Ilpy TAKOM YCJOBHH CKOPOCTh
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peNlakCalHi MOXHO BLIYHCIWTh C INOMOIIbI0 HECTALMOHAPHOH TEOPHH
BO3MYIIEHHH. IDTO 0COGEHHO YILOOHBIH CNOCOO BHIYHCIEHHS CKOPOCTH
MarHOHHOH penakcanud. s WIIIOCTpAUUU HCHOJbL3yeMOro IpH-
OJIMKEHUS] PAcCMOTPUM TPEXMArHOHHHIH I[IPOLECC, IOKa3aHHHIA Ha
puc. 6.8, Ecau mnpegnosoxXuTtb, 4TO YHCJaa 3alOJHEHUS MarHOHOB

k+k' K
k k+K'
AVAUAVY.~ VAVAYA. -
k' Kx'
a | d

Puc. 6.8. CxeMbl TpexMarHOHHHIX INIDOLECCOB: CJAMSHHA MarHOHOB (@) ® pacnaja
MarHoHoB (6).

ocJe BO3MYINEHHS 3KCIOHEHIMANbHO DENaKCHPYIOT K CBOeMy paB-
HOBECHOMY 3HauyeHHIO (ny), TO CKODOCTb PeJakCaLHH Tk MOXKHO
ONpefeNMUTh C IMOMOINbI0 KHHETHYECKOro ypaBHEHHS

e = —Mk (nx — (Nx)). (6.70)

dt
C npyroit CTOPOHEI, CKOPOCTh H3MEHEHHSA YHCJa MAaTHOHOB B COCTOSIHHH
k onuchiBaeTcsi ypaBHEHUEM

dny
_dt_- — Wnk—rnk—}—l - Wnk—rtlk-—l ’ (6.71)

rie W — peposiTHOCTL mHepexoja B eAUHHLY BpeMeHH. Jlnd Tpex-
MargoHHOro B3auMmojeHcTBus (6.68) oHa uMeeT BHJ

2 . * 24
Wnk+nk+; = _h:r;_ E : | gk + gx- ° (nx + 1) (e + 1) X
k.r

X nk+kr6 ((Dk -+ Wk — mk+k’) (672)

(COOTBETCTBYIOLIHE BLINHC/IEHHS MOXHO HaiiTu B kuure [6.13, § 5.3]).

B pesyabraTe okasmiBaercsi, 4TO CKOPOCThL peJlaKCalMH, Onpejesns-
eMasi TPeXMarHOHHBIM IIPOIECCOM CJAHSHUA JJ15 MalbiX BOJIHOBBIX
BEKTOPOB, NpONOPIHOHAJLHA BeJHUHHE BOJIHOBOI'O BEKTOpa H JIH-
HEe{HO H3MEHAETCH C TeMnepaTypoH. IJTH OCOOEHHOCTH, TdK XK€ KakK
¥ MOPAJOK BeJUUUHBI, NPEKPACHO COIVIACYIOTCH C 3IKCNEPHMEHTA/b-
HBEIMM 3HAYEHHSIMH Mg B ()EPPOMATHHTHOM JUIJIEKTPHKE — 2KeJse30-
MTTPUEBOM rpaHare. PaccmarpuBaeMbldi Ipornecc He Bbi3biBaeT pe-
Jakcauuu kosaebanui ¢ k = 0, 1. e. QeppoMarHuTHOro pe3oHaHca.
[lo-BHauMOMYy, mJfl TAKUX KoJeOAaHHH MEXaHH3M DeJdaKCalMH CBf3aH
IJ1aBHBIM 06pa3oM ¢ HEOAHOPOAHOCTHIO TOBEPXHOCTH M camoro o6pasua.
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6.2.5. NAPAMETPUYECKUE BO3BY)XJIEHUA

[Ipu k =~ 0 pawHL BOJIH MAarHOHOB HACTOJNBKO MaJkl, YTO HUX
HeJb3s1 HelOCPEeNCTBEHHO BO3OYIUTL 3/JEKTPOMATHUTHBRIM noseM. Of-
HaKO HUMeEeTCH [eJLId psaj MeXaHU3MOR, OOYCJOBMMBAOUMX HX BO3-
OyXjeHHe KOCBEHHBIM nyTeM. Hekorophle U3 3THX MeXaHH3MOB OCHO-
BaHE Ha HeJquHedHHX 3ddekTax, ob6CyXKjpaBuigxcs Bulme. Paccmo-
TPUM, HaNpUMEp, TPEXMarHOHHLIE 4IeHH B BhipaxeHuu (6.68), ans
Koropuix k' = —k, 1. e.

; (geona_wad + gratal o).

OTH yJeHbl ONUCHIBAIOT peJlakcauyio Konebanuit ¢ k = 0, HJI¥ ogHO-
POXHOH NpeneccuH, IMyTeM paclaja Ha ABa MAar{oHa C PaBHBIMH, HO

Wy
;A
Gk - "z_'
w
Ooopodue st k, "Zﬂ' \
TIDERECCUR
-
Wy
95 =0
g Yo
K, Z ;;

Puc. 6.9. M3o6paxenne cy/10BCKOR HEYCTOAYHBOCTH NEPBOrO NMOPSAKA, NPK KOTOPOR
MarHOHHI OJHOPOJHOH NpPENeccHH pacnagaiorcsa Ha nape (k, —Kk).

NPOTHBONOJAOXKHO HanpaBJAeHHEIMU BOJHOBBIMH  BeKTOpaMH. [loc-
KOJIbKYy B TAaKOM Ipolecce JOJXKHA COXPAHATLCH 3HEPrHsi, KOHEYHLIe
MarHoHel OyAyT HMeTb UYacTOTY p/2 KaxJull, KaK N10Ka3aHO Ha
puc. 6.9.

XapakTtepHast 0COGEHHOCTb DPAacCMaTPMBAEMOrO TMpolecca 3aKJio-
yaercs B €ro HeJHHEHHOCTH. MHBIMHM Cl10BaMH, CKODOCTh, C KOTOPOH
OJHOpPOJHAs lIpelLecCHs pacnajaerci Ha JABa MarHoHa, 3aBHCHUT OT
yuCceNn 3aNONHEHHs (nx) KOHEYHOIO COCTOSIHHs] MAarHOHa, KaK BHAHO,
HanpuMmep, 43 Boipaxedus (6.72). Yucna 3anonHeHusi, OJHAKO, 3a-
BHCHT KaK OT CKOPOCTH DeJlaKCallMM MAarHoHa My, TaK H OT aMIJIUTY Ll
OJHOPOAHONH mnpeuneccud ({ny), onpejeisiomed Mpouecc pacnaja.
CymecTByeT KpHTHYeCKoe 3HadyeHHe (r,), TpPH KOTOPOM B EAHHULY
BPEMEHH pOXJaercst 6oJbllie MAarHOHOB C BOJHOBBIM BEKTOpOM K,
yeM MX yOblBaeT 3a cyetr penakcandu. C 3TOr0 MOMEHTa YHCJIO Mar-
HOHOB (7) DE3KO BO3pacTaer, yTO BJeyer 3a coB6OH COOTBETCTBYIOIEE
YBEJHUEHHE CKOPOCTH pelakCallii OfHOPOAHOM npeneccuu. [lockonbKy
aMIINTYJa OAHOPOAHOH npeneccuu (7n,) NPONOPLUHUOHAJbHA AMILIH-
TyAe BO30Y2KIAIOWEr0 MHKPOBOJHOBOIO noss H,;, 3TOT mnponecc npo-
ABJIAETCA B ABJEHHH HachleHHsi. OnHAKO OKas3blBaeTcs, 4TO TMoJe,
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IpH KOTOPOM HAYMHAeTCH HACHIUEHHEe, MeHbIUe Iojfd, CBA32HHOTO
C NPOMOJLHBEIM BpeMeHeM penakcauud 7, (cm. pasn. 5.1.4). Takoe
«[IpEXKeBPEMEHHOE» HAacChIIEHHE B ()eppHTax BHepBrie HAG/I0aN0Ch
Bnombeprenom u JlafimonoMm B 1952 r., 4TO OTKPHIJIO 3Dy HCCAEN0BAHHS
HEJHHEHHBIX SBJeHUH B MHUKDOBOJHOBHIX (eppurax [6.14]. Obmwsc-
HEHHe TaKoro Hacelllenus 6nuio fano Cyaom [6.15], u omo noayunao
Ha3BaHHE CYyA08CKOU Hmeycmoudugocmu nepgozo nopaoxka. Vimeercs
TaKXe CYyJOBCKAas HEYCTOHYHBOCTb BTOPOro nopsjka, o6yCJoBJeHHAs

uJeHaMH BHAA ogo Lot B (6.65), B KOTOPbIX 0sa MAarHoHa OAHO-
DOIHOM IpEeueccHH pacnajaioTcs Ha MarHoHnylo mnapy (k, —k).

Tak Kak Bce 3TH NPOLECCHI 3aBHCAT OT CKOPOCTH PeJAKCAIUH Mar-
HOHA 7k, OHU MOLYT CJAYXKHTH A/ U3MEPEHHS NOCJAEIHEH BEJIHUHHLI.
Onuako mHOTAA OBIBAET TPYAHO ONPENEIHTb 3KCIEPHMEHTAJHHO BO3-
HHKHOBEeHHE HeyCcToHuHBOCTe#d. CamMoe TOYHOE 3HAyeHHE 7|k IOJYYEHO
NIPH HCIOJB30BAHHH TaK HA3LIBAEMOW IapaMeTpHUeCKOH Heycmou-
qusocmu npu naparreabrod Haxauxe. IIpH nmapannenpHoOH Hakauke,
KaK INOKa3nlBaeT caMO Ha3BaHHE, MHKPOBOJHOBOE MATHHTHOE IIoJe
H; cos @f NpUKJIanbIBaeTCS NapaJeJbHO TOCTOSHHOMY MArHHTHOMY
nojio. C moMoiipio BeIpaxkeHus (6.18) HaxogHM, YTO raMHJIbTOHHAH
B3aUMOLEHCTBHSI HMEET BUJ

6, = —gugH; cos ot § ata,. (6.73)

Mbr BUZenH, 4TO H3-32 HAJIHUKS [AUNOJBHOrO B3aHMOJEHCTBMS dj
He SABJSIOTCS HOPMAJIbHBIMH Kosie0anusiMH. ECJH Mbl, HCIIOAL3YSA BhI-
paxenHe (6.46), BhIpa3HM B3aHMOJEHCTBHE yepe3 HOPMAJbHBEIE KoOJe-
OaHHa ok, TO NOJYYHM UJIEeHbH BHJA

B
gupH: cos of Z % exp (12¢1) anal . (6.74)
k

3T 4YI€HH COOTBETCTBYIOT DOXJAEGHHIO napsl MarHoHoB (k, —Kk).
W cHoBa, NOCKOMBLKY mpouecc HeqHHEeH, CKOPOCTb, C KOTOPOH 3Hep-
THS1 NIEPEXORHT B MarHoHbl, 3aBHCHT OT HX YHCEJ 3aloJHeHHs (7).
ITocnennue B cBOlO ouepens ONpPeReNsIOTCA KaK aMILTHTY0H Boaby-
XKJAOWEro NoJst, TaKk ¥ CKOPOCThIO pesiakcauuM 1. Korma ckopocts
BO30YXJEHHS INPEBLIIAET CKOPOCTh PeJaKCaluMH, YHCAO 3aNOJHEHHSA
MATCHOHOB CTAHOBHTCSl OYeHb GOJbLIHM, YTO NPHBOJHT K YBEJHYEHHIO
noraowenus. [lopor Takoro npomecca onpexensietcs opMmyJion

(H1)crit=min( 20 ) (6.75)

YO, sin? By

rje min O3HauaeT MHHHMAJABHOE 3HAUEHHE AAHHOH BEJHUMHHEL.
OrMeTdM, 4TO MArHOHEI, PACIPOCTPAHSIOUHECS NEPNEHAHKYJISIPHO

NIOCTOAHHOMY INOJIKO H, CJIEI0BATENbHO, HMEIIHE HauGOJbIIVIO 3J-

JAUNTHYHOCTh, CTAHOBATCH HECTaOHJbHBIMH paHblie BceX. IlocKoabky



6.2. JUDJEKTPUKHU 221

HHXXe [10pora NOrJIOUEHHe NPAKTHUYECKH OTCYTCTBYET, IIOSIBJIEHHE €ro
03BOJIIET NPON3BECTH TOYHOE ONpEJEJEHHE CKOPOCTH pPEeIaKCalMH
CIIHHOBBIX BOJH 7.

6.2.6. OIITHYECKHE ITPOLECCHI

Hudpakpacnoe noranomenune [6.16]. Hmelorcs u apyrue mexa-
HH3Mbl BO30YXKJEHHsI MarHOHoB, B KOTOPbIX H€ Y4aCTBYIOT HeEJHHEMH-
HeIE Hponecchl. PaccmoTpuM, Hanpumep, aHTH(peppomarHetuk MnF,.
OcnoBHoe cocrosiHHe HoHa Mn®' mpeacrasiasier coGoii OpOHTAJNBHBIH
Hewermiroe cocmoRrnue

A

llepeoe 8030 yrcierHoe

opouImasroe Wy
CoCImosHUe A
JTCRITpUNECKULL \\
FurosTsHEIE \ Nyrowoscroe
repexod \ FIauMocecmeue
\
\ I
E \ 1. g
\ I |
\\ | |
e n e S .
N p- -
_ 5 1 Y X 7
Ms=—5 M =+ —g— a Z
Horx @ Hon @

nodpewermne A  nodpewenxe B
Puc. 6.10. Mexanu3aM BO30yXKJeHHS ABYX MAarHOHOB.

cuuaraer. OmHakKo, NOCKONBKY S = 5/2, HMeIOTCH IUecTb CIIHHOBHIX
COCTOSIHME, KOTOPBEIE B MATHHTHO-YIOPSIJOUEHHOM KpHCTalje pac-
mengeHsl oOmeHHBIM B3auMojencreueM. HMonbl, obpasylomue, cka-
XeMm, mojapeimetky A, MMEOT B OCHOBHOM cOCTOSIHUH Mg = —5/2,
Torj2 Kak noxpemerky B ob6pasylor HOHbl ¢ Mg = -}-5/2. MarxonHas
napa (k, —k) moxeT pomuThCsa B nporecce, H300paXXeHHOM Ha DHC.
6.10. CHauasa NpHJOXKEHHOE H3JYUYeHHE BBHI3LIBAET 3JAekmpuHecKull
Ounoasreiil nepexod oqHOro ¥3 HOHOB Mn?** Ha GoJslee BLICOKHE YPOBEHb.
[TocKoABKY 3TOT NPONEce BUPTYaMbHBIA, B HEM HE LOMKHA COXPaHATHCH
sneprus. OnHAKO B HeM JOJXKHA COXPaHATbCA ueTHOCcThb. Orcioxa
cJIeqyeT, YTO YeTHOCTb HOBOTO COCTOSHHSA JAOJXKHa ObITh NPOTHBONO-
JIOXKHA YETHOCTH OCHOBHOTO coctosiuug. [lanee, B pe3yabTare KYyJo-
HOBCKOI'O B3aMMOJEHCTBHSI MeXAY HAAHHBIM HOHOM M COCEJHHMH
MOHAMH TPOTHBONOJIOXKHOH NojpelieTKH BO30YXKJAEHHLIH HOH Nepexo-
JUT B INepBOe BO3GYXKJAEHHOE cnuHosoe coctosHue (Mg = —3/2);
OJHOBPEMEHHO H BTOPOM HOH MEePeXOAUT B NepBOE BO3OYXJEHHOE CIIH-
HoBoe cocrosiHde (Mg = -3/2). B pesyJabraTe ocraioTcs gBa OTKJO-
HeHHRIX chnHHa. Tak Kak Mmoxer Bo30yAuThCSl Jo0ass mapa HOHOB,
KOHEUHOE COCTOSIHHe OyJeT JHHeHHOH KoMOWHAanMeHd NOJOGHHIX map-
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HEIX B030yXneHHH. B uTore Bo3OyxparTca aBa MarHoHa. Kosdodu-
HHEHT TOIVIOUIEHHS IIPH TAKOM NPOLECCE NPONOPIHOHANEH MJIOTHOCTH
KOHEUHHIX COCTOSSHHH. IJOCKOJIBKY IMOTHOCTb MAarHOHHBIX COCTOSIHHH
MaKCHMaJsbHa Ha rpaHuLe 30Hb B puiiiosna, NorJoueHne MakCHMaib-
HO IIPM 4YacroTe, TPUMEPHO BJBOE IPEBBIIAIIIEH IpefeNbHYIO Ya-
CTOTY MarHoHa B 3oHe DpuJiO3HAa, YTO COOTBETCTBYET HH(PPAKPACHBIM
yactoraM. OpHako TouHas (opMa JKWHHH NOIJVIOINEHHS YCJIOXKHSETCS
B32HMOJEHCTBUEM MEXJy JAByMA 00pa3yiOUMMHCH MAardOHAaMH.

MarHoHHnIe KpHAbS B CNEKTpPe CNAHOBHIX BoaH [6.17]. Hapsagy
C JABYXMArHOHHHIM HH(PaKPACHLIM INOLJIOUWIEHHEM MMEETCS SKCUMON-
MAZHOHKOE No2A0ujeRue B ONTHUECKOM ofJacTu. B aTom nmpomecce HOH

|2)
AL S T
[ 1Y Hevermos
coCmosHUe
Puc. 6.11. CxemaTuueckoe H306-
AYAYAYL paenue BKJajd .npouecca BO3-
ks, ws MyLUIEeHHY B MAaTrHOHHOe pacce-
FNEHITIDUHOCK UL sHWe. ODJIeKTPHYEeCKHE JAHITOJb-
ko, wp 6’unmw;éu Hple [epexojs! SBJASAIOTCA BHD-
! . 1epex
Jnexmpuvecrutt 4 TYaJLHBIMH B TOM CMBICHE, YTO
OLLIOJTBHbILL _ B HHX 3HEPrHUA HE C'OXpaHHETCH,
nepexod 0% T. e. E; — Ey =1 o).
to)

nonpemerkn A Ha puc. 6.10 okasbiBaeTcss B nepBoM Bo36YXIeHHOM
0pOumanrbHOM COCTOSSHHH, a He B NepBOM BO30yXJEHHOM CIIHHOBOM
COCTOSTHHH. 3aTeM opOHTaJbHOE BO30YyXKIeHHe pacnpocTpaHseTcd Io
pewerke, o6pa3ys TaK Ha3wBaeMullt sxcumon Ppenxean. Uacrora no-
IJIOmMEHHs, O6YCJIOBJEHHOTO TAKMM IIPOIECCOM, paBHa NPHGIU3H-
TeJbHO CyMME 4acTOT 3KCHTOHA W MargoHa, J{na MnF, uacrora, coot-
BETCTBYIO[AS INepBOMY B030YXIEHHOMY OpOHTANLHOMY COCTOSIHHIO,
JIEXHT B 3€JIeHOH 4acTH onTHyeckoro cnexrpa. [lornouenxne, o6ycmoB-
JIEHHOE IIePEXOAOM OTHEIbHOro #oHa Mn** B 3TO COCTOSIHHE, NpPEX-
craBasieT coboH caabhli MATHHTHO-AMIIOJbLHBIE MepeXoX. IJKCHTOH-
MAarHOHHOE INOIJIOUEHHE NPOABASETCss B BHAE HECKOJBLKO GoJiee CHJIb-
HOH 3JEKTPO-AUNOJbHOM GOKOBOH JIHHHH, CMeUIeHHOH B CTOpPOHY
Gosiee BLICOKMX YaCTOT OT «HEMAarHOHHOH» JIMHHH.

Pacceanue csBeta [6.18]¢ Mar{onsl MoryT TakXe BO30YXKAaTbCs
NpH paccesiHUM CBeTa; OAMH M3 MEXaHU3MOB TAKOTO PacCesHHA IOKa-
saH Ha puc. 6.11. Ilagawomuii ¢oTOH BHPTYaJbHO MOIVIOIAETCA
IpH 3JIEKTPO-AKUIOJLHOM Iepexofie, 3areM CNHH-OpOUTanbHOE B3a-
HMOJEMCTBHE NepefpachbiBaeT CMUH B BO30YXKAEHHOE COCTOAHHE, BHP-
TyaJbHO HCIYCKaeTrcsl ApPyrod (QOTOH, H CHCTEMa MEPEXOJUT B COCTOS-
HHE CO COHHOBHLIM BO30OyXaeHueM. MakpockONHuyeckKH 3TO NPHBOLHT
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K BKJany B JUIEKTPUYECKYIO NPOHHIEEMOCTb, KOTOPbIH 3aBHCUT
OT HAMarHHYEeHHOCTH HJH CIHHOBOH IJIOTHOCTH

g%B = go0gp -+ 0e*B (S (r, 1)). (6.76)

3aBUCAIYIO OT CMHHA YaCTh MOXHO DA3JOXHTb B PAX 10 CIIHHOBOH
IJIOTHOCTH:

8e*P = E apy .\,(!‘ t)+ (6-77)

Hnst Kybuuecko#d pemeTkKH Kgp, = =K, ec1H BCe HHIEKCH pas-
JIUYHBI, H HYJIb B OCTa/JbHAIX caydasx. Jas npouecca, H306paxeHHOro
Ha puc. 6.11, 3mavenwe K ObLio Obl NPONOPUHOHANLHO BEJIHUHHE

JBL(0*””2)(2'[“.’[1)“l‘z"|0) (678)
(Ex1— Eo) (Ex — Ey) '

MarunuTtoonTiuueckue 3¢GeKThl ONUCHLIBAIOTCA CTATHYECKHMH YJIEHAMH
B 8g, B TO BpeMs KaK paccesiHHe CBeTa OnpejesseTcsl BKAAAOM (ayK-
Tyanud. B cayyae KyOuuecKod peneTkd MATHUTOONTUYECKHH 3(heKT
M pacCessHHe CBETa ONPENEsIOTCS ONHHM K TeM Xe napamerpoM K

Urobul HCCMEROBATh 33BUCHMOCTb PacCesiHusl CBeTa OT MaCHUTHBIX
(pAYKTYanH, paCCMOTpHM NafaoLUlyi0 BOJIHY

&ine (r, 1) == &9 exp [i (ko'r — wpt)]. (6.79)

[TonHoe 3/MEKTPHUECKOE NOJE BHYTPH CPEAbl CKJAAALIBAETCS M3 IOJA
Najgaled BOMHH &y H THOAS PaCCeSHHOHR BOMHB & a4

a(lr: t): mc (r t) +gscat (r, t) - ’ (680)
OHO cBA3aHO ¢ BEKTOPOM HHAYKLUHMH COOTHOIIEHHEM
D* (r, 1) =e*P&P (r, 1). (6.81)

TIpepnonaras, uro 8™ u &5, Mamn, ¥ JHHeapH3ys ypaBHEHHE
MakcBenna, nosiyuuM HeoJHOPOAHOE BOJHOBOE YpPaBHEHHE [/ &8s,
B KOTOPOM 4JjeH BhInymalomHi& CHJIBI, MJIM HCTOUHHK, COJEPHKHT
npou3ssegenue e B (r, 8) & . (r, t). [lone nHa pgerekTope noJyudaem,
YMHOXasl BbIpaKeHHe /51 UCTOYHHKA HAa TAK Ha3bIBAEMYIO (YHKLHIO

['pHHa BOJIHOBOro YypaBHeHHs (QYHKUHMIO, ONHCHIBAIOULYIO pacnpo-

CTpaHeHHE BO3MYIHEHMS) M HHTErPHpPYS 0O BceM KOODAMHATAM H
BPEMEHH!

Fecat (1, 1) ~ (—‘2—‘3—)2 j dr’ J‘ dt'Geg(r, ' £, t')8ePY (r', ') x

Ehnc (', 1),  (6.82)

YUTo6bl MONMYyHHTL HHTEHCHBHOCTh, HYXKHO BO3BeCTH 3TO BHIDaXKEHHE
B KBaApaT W BHIIOAHHUTL ycpegHeHHe (...) 10 BceM (IykTyauusam Oe,
B pe3y/lbTaTe 4ero IIOABUTCS KOppensudOHHas QYyHKUHA

(6B ¥ (r, 1) 6eBY (r’, ). (6.83)
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Ecnu uMeeTcss OHOPOJHOCTh I10 NPOCTPAHCTBY U 110 BPEMEHH, TO 3Ta
GYHKIHS 3aBHCHT TOJbKO OT pa3Hocredl r —r u { — ¢ . YuuThiBas
3aBHCHMOCTL G ¥ &jnc OT NPOCTPAHCTBEHHBLIX KOOPAMHAT H BpPEMEHH,
nosydaeM, HanpHMep, 4TO B cJyyae, KOrja Najamoiqu# CBeT NOJSPH-
30BaH B HANPaBJEHHH OCH 2, UHTEHCHBHOCThL I10JSPH30BAHHOTO B Ha-

Fe HAnmercusrocms
Ho=30 x3 pacceaHun

Cmancossr | Anmuemoncossr
JTUNULL AUNLL

losepxrocrmmnnz
MO EHOH

Obsemmree
MO ZHOH

p—
b—

Cdsue yacrrome:r, 'y

Puc. 6.12, BpHAn0SHOBCKHA CHEKTp CBe€Ta, PACCESIHHOTO MAarHOHAMHM B JKeJe3e.

NPABJIEHUH OCH X pPAcCESHHOrO CBETA OIPENeJAeTCs BhIpAXKEHHEeM
[dr | atet wr—an (s, r, 1) 5, (0, O)), (6.84)

rie q = k, — ky — nepenannmit uMmyJsbe, 2 Q@ = w; — w, — 3HEp-
rug Bo30yxaenHa. Hauboabuylo BeNHUKHY NepelaHHBIH HMIIYJbLC
UMeeT JJIS pAacCesiHUs Haszan
2nm
Gmax =2 | ko | = ——. (6.85)

c

JJs THNUUHBIX ONTHYECKHX YACTOT (ma HMeeT mopsjgok 3-105 cm~t.
DTy BeNMYHHY CJeXyeT CPAaBHUTh C BOJHOBLIM BEKTOPOM 30HHI Bpua-
JIO3HAa, ¢gz ~ 3-10® cm~!; takum obpasoM, paccesHHMe cBeTa Npo-
HCXOZHT TOJBKO HA OYeHb JNJIHHHOBOJHOBHIX B030yxaeHHsx. Ecau
YaCTOTHl NPeBHIAIOT 1 ¢cM~1, MBI TOBODHM O DAaMaHOBCKOM DAacCCesIHHM;
paccesnHe npu Oosee HH3KHX YaCTOTAX HA3BIBAIOT ODHJJIIO3HOBCKHM *).
Pasnuude Mexjny HUMH B 3HAUMTENbHOH CTeNeHH OCHOBHIBAeTcA Ha
pa3MMYHE B 3KCIEPHMEHTAJLHON TEXHHKe.

Ecan Ml pasnoxuM KoppensiuoHHylo ¢Qyrkuuio (S, (r, £) X
X S, (0, 0)) no BBeneHHLIM BhIIE CIIHHOBLIM BOJIHAM, TO INOJYYHM

) B comerckoit surtepaType uyamie HCNOAB3YIOTCH TEPMHHLI: KOMOUHAUUOHKOE
pacceanue n pacceanue Bpuarosna — Mandeavuumanma. — [1pum. nepes.
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asa unena: {aqal) = ng + 1 u (alay) = nq. Tlepsuit unen or-
BeyaeT POXAEHHIO CIHHOBOH BOJHBLI, 4 PacCeAHHEIH CBET, HHTEHCHB-
HOCTb KOTOPOTO NPONMOPLHOHANbHA Mg + 1, HMeeT yacTory w, —
H Ha3hBaeTCsl CTOKCOBOH JIHHHEH. BTODOH 4/ieH COOTBETCTBYET aHTH-
CTOKCOBOH JIHHMH C 4acToTol ®p + £q.

CniexTp cBera, paccessHHOrO Ha kenese, NpejacTaBieH Ha puc. 6.12.
VHTEeHCHBHOCTb MOBEPXHOCTHOH MOJbLI OTHOCHTEJNHLHO BEJHKA H3-3a
CPaBHHTEJILHO Majiof IMyOHHHEl CKHH-CJI0A. Kak Mbl BHAHM, NoBepx-
HOCTHAs MOJa BO3HHKAET TOJNBKO C OJHOH CTOPOHLI OT BO30yXKAaalolleid
yacToThHl (B JaHHOM CJydae C aHTHCTOKCOBOH), YUTO ABJAETCH NPSIMBIM
CJeACTBHEM HEB3aHMHOCTH JJ1 NOBEPXHOCTHBIX MAarHOHOB, O KOTOPOH
rOBOPHJIOCH BHIIIE.

6.2.7. BbICOKUE TEMIEPATYPbI

Mpb! BHOesTH, HACKOJBKO 3(peKTHBHO HCNOJb30BaHHe CIHH-BOJIHO-
BOM KOHIENIMH JJIs ONHKCAHUA HH3KOTEeMIOEpaTYpPHRIX CBOMCTB Mar-
HHTHO-ynopsifiodeHHHX cHcreM. Onuaxo BOJIH3H TeMnepaTtyphl nepe-
X0fia, ¥ 0COOEHHO BBILIE €€, BPEMs JKH3HH CIIMHOBBIX BOJIH CTAHOBHTCS
CTOJIb MaJblM, YTO HX NOpumeHeHue Oecrone3no. IIpH oueHp BBHICOKHX
TEMIepaTypax I[PUMEHHMO INDHOJMMEHHE (YHKUHH peJakcalliy,
passuToe B . 5. Tam Mhbl HAILIH, YTO CHALHAA OOMeHHAs MOALYJIALHS
MarHETHOTO QHIIOJNBHOTO IIOJIA NPHBOAMT B Ipejese GOJMbIUHX BpeMeH
K CHHH-CIHHOBOH KOPPEJSUNHOHHOH (YHKIHMH BHIa

(M () H)rsm =~ NS (S 1) g exp (fodt) X

X exp [— (2M,y/we,) tl, (6.86)

rge M, — BTOpoH MOMeHT BaH-®Jeka, a Wy XapakTepu3yer CKOpPoCTh,
¢ Koropo#t oOMEHHOe B3aUMOJECHCTBHE MOIYJIHPYeT ZUIOJBLHOE IIoJIE.
[Ipu pemeHHH 3amaud Npexnoaraloch, ¥ro oOMeHHAast 3HepPrus Maja
10 CpaBHEHHIO C 3eeMaHoBCKoH 3Hepruein. Koraa obOmenHnas sHeprud
OueHh BEJHKa, KaK B pacCMaTpPHBaeéMOM HaMH Teneph Cjaydae, CTaHO-
BATCS CYUIECTBEHHLIMH HEZHATOHAJbHBLIC 3JIEMEHTHI MATPHIUEl JAMIOJNb-
JUIIOJBHOTO B3aHMoZeHcTBHS. B pesdynnrate BennunHa 2M,/wey
B 110KAa3aTeJie 3KCIIOHEHTHl B BhIpaxKeHHH (6.86) ymHOXaercs Ha MHO-
Kuteabp nopsaxka 10/3 (A1 noJHKpHCTANIMUECKOro o6pasna ¢ KyOu-
yecKoH CHMMETPHEH 3TOT MHOXHTeNbh paBeH TOuHO 10/3).

Teopust peslakCanMOHHLIX SABJIEHHH NPH KOHEUHHX TeMIlepaTypax
B HacTosillee BPEMA €Iue TONMbKO co3zaerca. [10atoMy MBI orpaHHUHMCH
JUIUb HeCKOJbKHMH KAaYeCTBEHHHIMH 3aMEUaHHSIMH, uToObl JaTh
npeacTaBJeHHe O BO3HHKAIOIIMX 3/ech npobiaemax %OCHOBH&H 4acThb
nocjenyioumero o6CyxAeHUs OCHoBaHa Ha paGore [6.19]). Haunem
C pacCMOTPEHHS TEeMIepaTypPHOH 3aBHCHMOCTH BTOPOrO MOMeHTa, KO-
TOPLIA NPH KOHEUHHX TEMIIeparypax HMMeeT BHJ,

_ (198, )
Ma=—"0ay

(6.87)

8 P. vatiy
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rae #g;p, onpeneasiercs BolpaxkeHueM (5.50). Brrumesssi KOMMyTartop
H BO3BOJAS €ro B KBajpar, NOJYUYHM B YUCJHTEJE BHIpAXKEHHE, COxep-
xamee wieHs! BuAa (S7SYSLSY). Ilpumensss npubauxeHue caygai-
HbeIX ¢a3 H Hcnoab3dys GIYKTYyandOHHO-AMCCHIANHOHHYIO TEopeMy,
KoTopas NPH BBLICOKHX TemIeparypax HMeeT BHI

(ML) =2nkgTy(q=0, o=0),

noJyuaem
9%y X1 | F (9) 2 (S, (a) S,(—q))2
M, = T , (6.88)
rae
F(q)=Ngnp Y 2221 grar (6.89)

r

Us sripaxenus (4.45) nmeem

(S: (@) S (—@) =27 —1(q, ©=0) (6.90)

ITepexons B (6.88) or cyMMHPOBaHHS O q K HHTErPUPOBAHHUIO, HAUJEM,
YTO /IS (EePpPOMArHeTHKOB BTOPON MOMEHT 3aBHCHT OT TEMIIEPATYDHI
no 3akony (7' — T¢)'/2. Ecad Gbl LIMpHHA JHHHH ONHCHIBAJACH TOJBKO
BTODbIM MOMEHTOM, 3TO 03Hauajo O6bl, 4TO JHHHUS NapaMarHUTHOIG
pe3oHaHCa CyxKaercsi IO Mepe NPUONUKEHHS TEMIEpaTypel K TOUKe
Kriopu. Jlna antudeppOMarHeTHKOB, OZHAKO, CTATHYeCKds BOCIPHUHM-
YHBOCTb B OZHODOZHOM I[I0Jle He pacXoJuTcs. B pesysbtare BTOpO#H
MOMEHT BO3pPacTaeT C TeMilepaTypoii nponopuwoHansuo (17 — Ty)~1/2,
rie T — Temneparypa Heens.

Ha asrom pgeno elje He KOHYaeTcs, NOCKOJbKY OOMeHHas 4acrora
TaKXe 3aBHCUT OT Temneparypnl. O6GMeHHas 4YacToTa ONpeRessieTcs
BhIpaxenueM (5.64)

(Aw (1) Ao) = M, (1 — wext’). (6.91)

B ToM xe NpuOTHXEHHH, B KOTOPOM OBUIO NOJYYEHO BhIpaKeHHe
(6.88), maa (6.91) umeem

(Aw (1) Aw) = E | F(q)*(S:(q, 7) S: (—q))* (6.92)
Takum obpa3om, OﬁMEHHaH yacToTa jaaercs ¢opmyJioH

Ofx = — —Ml—z— Z | F (@) ["(Sz(q) Sz (—q)) X

X 25 (S: (@, 1) S. (—q)) (6.93)

Kak MB BUAMM, B NOJy4eHHOE BbIpaXKEHHE BXOAMT BTOpAasl NPOH3BOJ-
Hasg KOppensiuMOHHOH (GyHKuuH. Jlaxe 6e3 BhIUHCIEHHS YKa3aHHOH
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BEJHYHHLI, BbIpaxeHue (6.93) no3BoJger CAENaTh BaXKHOE 3aKJlioye-

HHE, YTO OHO HE DACXOAMUTCH U He CTPEMMUTCH K HYJIO NPH Npubianxe-
HHH TEMIIEDATYDPHE K XPHTHUECKOH.

Uro6el 3TO YBHIETb, 3alHlIEM IPOH3BOZHYK KOPPEAsSHHORHOH
¢GYHKLUHMHM uYepe3 omnepaTopbl OTAEIbHBIX CIIMHOB B BHIE

((d*/d<*) Si (x) S3y e R

Teneps npumenum nonyuennoe Ky6o [6.20] TepMoaHHAMHYECKOE COOT-
HOILIEHHEe, COIJIaCHO KOTOPOMY 3Ta INPOH3BORHAH IPONOPLUHOHANBHA

penuyune {[[#o, Sil, S7]). B cuny cBoicTB nocJegHero KomMmyTa-

ITTII1

500

|
®
®

1

S0 11| 1 IR | 1‘111111]
a1 10 10
T/Tr -1
Puc. 6.13. 3aBucMMOCT: IIMPHHH JHHHH OT NpHBefeHHoH TemmepaTyph! anst CrBry.

CniowHOH KpuBOii u306paxeHa BEJIH‘IHHH], nponopuuonaashas [(T/T¢) — 1114
[6.19].

TOpa IMPOH3BOAHAS KOPPENSALHMOHHOH (YHKUMH OTJHYHA OT HYJAA
TOJbKO JUISi CIIMHOB, DAacClOJOMXKEHHLIX OueHb OJU3KO APYr K JAPYTY.
[locsiennee B CBOIO Oyepeab 03HayaeT, YTO KOPpPeNsiHOHHAS (PYHKIHSA
B (6.93), 2 TakxKe ee BTOpas NIPOH3BOAHAS He OGHAPYKHMBAIOT Pe3KOi
TEMNEPATYPHOH 3@8BHCHMOCTH NPH NPUOIMKEHUU TEMNEpPaTypPhl K KPH-
THYECKOH, TAaK KaK OHA Onpejle/sieTcs ToJbKO CTaTHYECKHMMH KOppe-
JASIUAMH HA MaJblX pAacCCTOSIHUSX, KOTOpble HE MEHSIOTCH pe3KO
BOJH3H KPHUTHUECKOH TOYKH. IIpHBefeHHBIE pacCYXAEHHS [03BOJSIOT
CHEJIaTh BBHIBOJ, 4TO KBaJpaT OOMEHHOH YacTOThHl CTPEMHTCS K HYJIO
ToXe npomnopuHoHalbHO (T — T)!’2. Takum ob6pasoMm, ecqd MeTOA
MOMEHTOB aJeKBATHO ONHUChiBAeT (eppOMATHETHK B €ro napaMmarHur-
HOKX 0OJaCTH, TO OTCIOAA CJEAYeT, YTO Pe30HAHCHAs IUHPHHA JIMHHH
UCOHITHIBAET OOMEHHOE CYyXXEHHE NPH [OHUKEHWH TeMIepartypsl M0
Touku Kiopu no sakony (T — T.)'/4. Takoe noBejeHHe 3KCIIEPUMEH-
TaJbHO MOATBEPXKAEHO Aas1 ¢eppomardHeruka CrBr,, xak BHAHO H3
puc. 6.13.

8#
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Hanoxenunle pacCyXAGHHA BEJHCh B NPEANOJOXKEHHH, UTO INPH-
JIOXKEHHOE I10JI€ PaBHO HYJ0. B KOHEUHOM HoJe pPacXOXUMOCTH 3aMa-
CKHpOBaHH M HEJIb3A OXHAATH NPOCTOH CTENEeHHO! 3aBHCHMOCTH
HerocpeacTBeHHo BOMH3H T¢. Tak Kak pe3oHaHCHAs IUHPHHA JIHHHH
OOLIYHO H3MEePSIeTCS B KOHEYHHLIX NOJSX 3aMETHON BEJHUYHHBLI, MOMKHO
OXH/IAThb 3HAUHTENHHBIX OTK/JIOHEHHH OT IOJYYEHHBIX IIPOCTHIX CO-

° 3/1P
A N#0, T=const
o Jawwnsie Loiconcone
i Hemeprxoma
80 f
Ny
N
I Wb
§ 60
: }
3
S 0]
N
S|
$4
20+ [ Y
&
A
8 4 Ty=6734
A
- Lo o 0° ] &O 9
20 40 60 80

T, K

Puc, 6.14, TemneparypHas 8aBMCHMOCTL IUMDHHBEI JHHHH Ai8 MnF, [6.22]

OTHOLIEHHH. B wacTHOCTH, mHUpuHa JMHHKH (eppOMArHHTHOrO peso-
HaHca He o0paulaeTcs B HYJIb OPH KPHTHUYECKOH Temieparype, a B TH-
MHYHKIX CIyYasX YMEHbINAETCH JIHIb IDHMEDHO Ha OPALOK OT CBOEro
3HaYeHHH NPH BHICOKHX Temneparypax (pacuer AJss MOMEHTOB, y4#-
THIBAIOIIMH KOHEUHYI0 BEeJHUKHY NOJH, NpHBEAeH B pabore [6.21]).
B anTHpeppoMarHeTHKax HOHATHEe OOMEHHOTO CYXKEHHS TepseT
cMbIC/. M3 HAamuX OpoCTEIX cOOOGpaXKeHKH C/eNyeT, UTO IUHPHHA JHHHUH
JIOJI2KHA CTPEMHTbCS K OecKOHeuHOCTH mno 3akony (7 — Ty) V4.
JKcnepHMeHTanbHue faHHble o MnF,, npencrasnennsie Ha puc. 6.14,
MOKa3LIBAIOT, YTO B HYJEBOM MoOJI€ IMHPHHA JUHUK (PAKTHUECKH BO3-
pacraer no 3akony (7T — Ty)™38.



6.3, METANJIBI 999

6.3. METAJIJIbI

PaccMoTpuM Tenepb OTKJAMK ¢depPOMArHUTHOrO MeTasljia Ha 8aBHCH-
lxee OT BpeMeHH novse. PopMannsM pepMU-KHAKOCTH, HCIOAB30BaHHBIH
B NpefbIAyLIeH rjaBe QJI8 H3YUeHHSH OTKJIHKA HEMATHHTHHIX METaJlJIOB,
B JAaHHOM CJyyae HEIDUMEHHUM, IIOCKOJbKY TeOpHs (hepMH-XKHIKOCTH
OCHOBaHa Ha NPEeANOJNOXKEHHH, YTO CIEKTP BO3OYXKAEHUS KBa3H4aCTHIL
pacrnonoxed BO6aH3H HosepxHocTH Depmu. [lng ¢eppoMarneTHkos
TaKOe IIPEAIIONOKEHHE MOXKeT oKa3aTbes HeBepHbM. Hanpumep, npu
IepeBOpoOTE CNHHA KBAaSHYacTHLRI Ha nNoBepxXHOCTH Pepmu o6pasy-
Ioleecss COCTOSIHME KBA3WUYACTHLBI, Boobule rosopst, He 06s3aTeNbHO
AEXKUAT OJNH3KO OT ()epMH-IOBEPXHOCTH H IIO3TOMY HMEET KOHEUHOe
BpeMs pacnaja. Ilo yKaszannoii npHUHHe HCIOJb3YeM PACCMOTPEHHYIO
HaMH B IJI. 4 H 5 MHKDPOCKOIIHYECKYIO MOJEJb, KOTOpass XapaKTepu-
30BaJ1aCh B3aHMOZeHCTBHEM B BHJe O-GyHKIHH., B ra. 5 MuI noay4uiu
CAeAYIOLee BhIpaxeHue st 0OOOMIEHHOH BOCHPHUMYHBOCTH:

2U3T (q, ©)*

X+ (8 O =131 (g & (6.94)
rie
] "kt — Pktay

k
a &,y — sHeprus Xaprpu—®Qoka
~r 1
Exo — 8k — —1\7- No-.

Jlo6aByienre NOCTOSHHON BEJHYHHBL [ K 3HEPTHH HE MeHAET PasHOCTh
B Beipaxkeuuu paaa I (g, ©), nMo3TOMy Mbl MOXKEM 3allHCaTh

Boo =i - - — 02, (6.96)

rae § = (ny — n,)/n — oTHOCHTeNbHAA HaMarHU4YEHHOCTb H O =
= 4 1. Jlaa napaboJHuecKHX 3HepreTHYEeCKHX 30H 3HaueHHe I' (q, o)
MOXHO TOYHO BuUHCAUTE I8 T = (:

[ q 0)=— GO {A@— 6/8) + L 14+ (@ — 8/
X In ““""’“+3(q+mm)+
+ 5 1B — (§ + @/ In THSTEZL, (6.97)
rje
4 = q/2qr, & = (0 — nlb)/4eg,

A=+, B=(1-"%~
[Mockombky Inz = Inr + i6, rae z = re'®, unenn ¢ Jorapupmamu
B (6.97) npusogaT npu { <€ 1 k uernipeM obGnactaM B (@ — g)-ILI0-
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o :

e
M

_

N(g) «—— > Nf(e)

Puc. 6.15. CronepoBckue BO3GYXIEHHS M CMHHOBBIE BOJHBL HA ILIOCKOCTH £ — g.
3nece Q@ = w/dep, a A = ni{/4ep — cTOHEpOBCKAA W(END,

ckoctd. TpH H3 HHX, A1 KoTopux ['” (q, ®) # 0, COOTBETCTBYIOT
OJHOYACTHYHLIM COCTOSIHHSM C [I€PeBOPOTOM CIHHA, HJH CTOHEpOoB-
CKHM BO30yXJeHHbIM cocrosindsiM. Ha puc. 6.15 a3ty Tpu obiactu
sawmTpuxosaHnl. B derseproit obunacty I' (q, @) = 0. IlocKoabky

v 2u3T” (4, @)
1=+ (4, ©) = o G T AR (g o) (6.98)
B npenesne ' (q, ) - 0 HMeeM
. Y ,
1 (q, ©)—=—8[1 — 2IT" (g, o)]. (6.99)

W3 ceoicrea 8-pynxkumy, 8 (f (0)) = 8 (0 — w,) | 0f/0w |5y, Toe o,
onpepensieTcss H3 ypasHeHHs f (w,) = 0, cJaefyer, 4TO BOCIPHHMYH-
BOCTb HMEET MOJIIOC NMPH ® == @, DTOT NOJIOC OTBEYAeT KOJIJIEKTHB-
HbEIM BO30YXJeHHSAM, HJH CIHHOBRIM BOJIHAM.

Urobm HaBTH AHCHEPCHOHHOE COOTHOLIEHHE NS 3THX CIHHOBBIX
BoJIH, pasnoxum I (q, o) B pap mig mannix ¢ 1 o. [IpupaBuuBas

pe3yJbTaT pasoXeHHs BeaHuMHe 1/2/, OKOHyarenbHO MoOJydaeM
[6.23]

A (q) = T}W N [—;—(ﬂ-kf + M) (Q' %)261‘ —

s
k
N (ngsr — ngy) dgy \?
— e (qa—)] (6.100)

DT0 BLIpaXKEHHe HMEET TaKyI0 e KBaJPaTHUHYIO 3aBHCHMOCTE OT g,
KaKYIO MBI MTOJYUHJH IJs CIIEKTPa CIHHOBLIX BOJIH B (heppOMATHHTHOM
ausdnextpuke. Ilepeuiii unen B Bhipaxenuu (6.100) coorsercTByer
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JONOJIHUTENIbHOH KHHETHUEeCKOH 3HEepPruH, IpHobpeTaeMoOd 3JeKTpo-
HAMH IIPH H3MEHEHHH HaNpaB/JeHHSI HX CIHHOB, KOTOpOE CJeRYeT
32 MakKpOCKONMHYECKMM Hanpas/ieHHeM CNHHA B CIHHOBOM BOJIHE,
Moxyo nokasate [6.24], uTO 3T2 BEJIHYMHA BCErAa HOJOXKHTENBLHA
u ofpawaercs B HyJhL B Cly4dae 3anoJHEHHOH 30HH. Bropoll uJeH
OTBeYaeT YMEHLINEHMI0 KWHETHYECKOH 3SHEPrUHM H3-3a OTKJIOHEeHHS
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Puc. 6.16. [Tosenenne cnexrpainholl gyuxuuy %’ (g, ©) npu BO3PACTaHHH { B Ha-
npaBJeHnu q; {cM. puc. 6.15

CHHHA 3JIEKTPOHA OT IJIOCKOCTH, B KOTOPOH H3MEHSeTCs HaMarHudeH-
HOCTb. |

W3 puc. 6.15 BuaHO, YTO AJIsI TeX BOJNIHOBHIX BEKTOPOB, AJIS KOTOe
PhIX CYIIECTBYIOT He3aTyXaiou[He CNHHOBBIE BOJHBEl, HEHYJ/EBLIE 3HA-
yenuss I'” (q, w), COOTBETCTBYIOMIME BHPTYaJbHEIM CTOHEPOBCKHM
BO30YXAeHUAM, AaloT BKAaR B X" (q, w). Ecnu Ml cpesnaem BepTH-
KaJbHBIA paspe3 B MJOCKOCTH ® — g B HaNpPaBJAEHHH BO3PAaCTAHHUS
BOJIHOBbIX BEKTOpPOB, TO IIOBEAEHHE BOCIPHHUMUYHBOCTH OVJIET TaKHM,
KaK 110K23aro Ha puc. 6.16 [6.25]. CnuHOBbLIE BOMHEI CHBHO 3aTyXalOT
no mepe yraybseHHss B 00JacTb CTOHEPOBCKHX BO36YyXIEHMH. 3ITO
OrpAaHHYHUBACT BO3MOXKHOCTb 3JKCHEPHMEHTAJLHOIO HabJIONeHHsS BOJIH
C OTHOCHTEJILHO MaJIkIMH BOJIHOBHIMM BEKTODAaMH.
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Puc. 6.17. dicnepcHOHHBIE COOTHOMIEHUS AAA CIHHOBHIX BOJH B 2Keae3e H HHUKeje,
HUcnosp3osaica cnias xejge3a ¢ KpeMHHeM, 4ToObl CHH3IHTL TeMmneparypy Kiopu
JA0 YROOHOA BEJHYHHHI,

O6napyxeHo, 4Tto y OoJbUIMHCTBA (eppOMArHHTHHIX MeTaJJIOB
HU3KOTEMIIEpAaTypHasd HAaMAarHHYEHHOCTb H3MEHSIETCA COOTBETCTBEHHO
sakony bBaoxa 7%2, O6muHO nocjaeanee o6CTOSITENbCTBO paccMarpH-
BAETCA Kak YKasaHue Ha npeobJjajaHue CHHHOBHIX BoJH. OnHako
B cJalblx (eppoMarHeTHkKax, TaKHX, KakK ZrZn,, OCHOBHYIO pOJb
MOTYT HI'PaThb CTOHEPOBCKHE BO3OYXJAEHHS, Adloulie B HaMarHH4YeH-
HOCTb BKJaap T2.

BrnepBuie civHOBHE BOJIHBI B MeTaJJe Habmaiogan Jlayne, KOTOpHIA
HCCaenoBan HEYNPYroe paccesHHe HeATPOHOB Ha xejese [6.26].
Ha puc. 6.17 npeacraB/ieHnl JUCNePCHOHHBIE COOTHOLIEHHUS I/ CIH-
HOBLIX BOJIH B XKeJe3e M hHkege. [IoMHMO MOATBEPKAEHHS! KBaxpaTHy-
HOH 3aBHCHMOCTH OT ¢, NPeACTaBJEHHbLIE 31echb DPE3yJbTATH AEMOH-
CTPHPYIOT HHTEPECHYIO OCOOEHHOCTb CIIHHOBBIX BOJIH, KOTOpas IOKa
YTO NOJHOCTHIO HE NMOHATA, 2 HMEHHO CYIIECTBOBAHHE CIHHOBHIX BOJIH
HEMHOTrO @siuie TOUKH Kropu.

CuBx u TaHHeHBaJb] f6.27] HabMIOAAMH MHKDOBOJIHOBOE BO30Yy-
JK/IEHME CTOSYHX CIHHOBHIX BOJIH B TOHKOH IIeHke nepmasnnost. Jlas
M3yYeHHs CIOMHOBBIX BOJH B MeTaljlaX MOXKHO HCNOJb30BaTh TaKke
paccesnue ceera [6.28].



(nasa 7
MATHUATHbIE NMPUMECH

He 6yner, BeposiTHO, nIpeyBeJIMUEHHEM CKa3aTh, 4TO BCS HMeOUIa-
ACA MH(POpPMAIKs O MATHHTHEIX CBOHCTBAX TBEPABIX TEJ NOJYyUeHa HPH
H3y4YeHHH PaCTBOPEHHHIX B PA3JIHYHLIX BellecTBaX MAarHUTHBIX HOHOB.
CKasanHoe, BO BCHAKOM CJy4ae, CHPaBeJJIHBO JJ AHSJIEKTPHKOB,
H B 3TOM COCTOHT IPHUYMHA HCCAEJOBAHHUA CHJIABOB C MajJoA KOHUEH-
Tpanuern npHmeced. [Ipu oOcyXneHHH NapaMar€erHsMa MbB paccMa-
TPUBAIH MACHHUTHbIE HOHBI, PACTBOPEHHHIE B pEIIETKE HEMAarHHTHOrO
AM3MeKTpHKa. Tenepp BhIACHHM, 9TO NPOH30HAET, €CJH BBECTH Mar-
HHTHBIE IPHMECH B PELIeTKY MASHuMmMH0o20 Ju3aeKTpruKa. Mel onpenenum
HEKoTophle o0IHe NOHATHA, NOJe3Hble JAS IOHHMAHUS NPOOJeMbl
cniaBoB. [lockonbky, no-BUAMMOMY, Jerue NOpPeACcTaBHTh cebe 3a-
KpenJeHHBIE MOMEHTH, 3TH NOHATHSA YJ0OHEe BBECTH HMEHHO B TaKOH
mMozneny. [lo3Ke Ml BepHeMCsi K BONPOCY O MATHHUTHHIX [PHMECAX
B HEMQ2HUMHbIX MeTanjax.

7.1. JJOKAJIbHBIE KOJIEBAHHUS

PaccMoTpHM CcHayasla NPHMECHHIH COHH B (eppPOMATHHTHOM JIH-
3JeKTpHKe. Jta npobsaeMa JaBHO H3y4aercs B PaMKaX TEOPHH MoJje-
kynspHoro noad. OnHako mepsoe TouHoe paccMmorpenue 3dxbeKkToB
JIOKAJIH30BaHHEIX MAarHOHOB IIPH HYJ/€ TeMIIepaTyphl NpoBeaUd Boabg-
pam u Kousnysit [7.1]. Hcnoabays Merox ¢pyHkuu#i ['puHa, OHH pac-
CMOTpPENH YCJOBHS CYIEeCTBOBAHHA JIOKAJH30BAHHLIX KoJeGaHHH
¢eppOMaTHHTHO-B3aHMOJIEACTBYIOMUX OpHMece B (heppPOMATHHTHOMH
peumerke. [losxe XoyH ¥ ap. [7.2] uccaenoBand TepMOAHHAMHYECKHE
CBOHCTBA TaKHX IIPUMECHEIX YpPOBHEH.

Jlag HATIOCTpaluH II0AX0[a K HHTepecylomed Hac npobJseMe pac-
CMOTPHM JIHHEHHYIO IelNOo4Ky ¢ (eppOMArHUTHEIM OCHOBHEIM COCTOSI-
HueM. B orcyTcTBHE npHMeceil M30TPONHLIA OOMEHHHIA raMHJbTOHHAH
JUIsl TAKOH IENIOYKH CHHHOB C Y4YeTOM OOGMEHHOIO B3aHMOJAEHCTBHS
¢ OJMMXaHIIUMH COCENsIMH uMeeT BHJ

Ho=—J X Y S.-Snys. (7.1)
n 6=:tl_

Ham myxHO onpenenutb COGCTBEHHHE COCTOSHUS 3TOrO [AMHJLTOHH-
dHa, ecqH B CHCTEME HMEeTCA OAWH lepeBepHYTeIA cnMH. [Ad 3Tok
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1IE/IH BBEJEM NOJHEIA Ha60p OPTOI'OHAJbLHBIX COCTOSAHHH C OAHHM Hepe-
BEPHYTHIM CIHHOM

-0 -
0
< ;
—_ " 1
|n) = /55 | 0) — -l (7.2)
0
--0 -

Ilpu TakoM 6Ga3uce MaTpPHUHbIE 3JIEMEHTHl T'aAMHJAbTOHHAaHa B, AN
NOJMHOCTBI) YINOPHLOYEHHOIO OCHOBHOIO COCTOSHHS OYAyT HMETh BHJ

(n) 3, | m)=4JS A (n,m) — 2Jso_2] A, m48), (7.3

rie A (n, m) — penvra-pynkuus Kponekepa. OTMeTrum, 4To coCTOS-
HHS C epeBepHYTHIM CIIHHOM He SIBJISIOTCH COOCTBEHHBIMH (yHKIHSAMU
oneparopa 6, Ilycrs |k) — cobcrBenHOE COCTOSHHE TaMHJBTO-
HHaHa 46, TOTAA '

5, | kY= Eq (R) | k). (7.4)

Buipaxas |k) uepe3 COCTOAIHHA C OJHHM IHepeBEPHYTHIM CIOHHOM M
YMHOXasi Ha (n|, noxyuaem cucreMy M3 N OJHODORHHIX YpPaBHeHHH
BH2

[4JS — E, (k)| (n| k) — 2JS 6_;] 1 (n+8|k)=0. (7.5)

Eciv NPHHATE NEPHOAHYECKHE I'PAHHUHLIE YCJIOBHSl, TO YypaBHEHHS
(7.5) 6yryT uMeThb CJEAYIOLHE DelleHHs:

(n|#) =7 eitne (7.6)

TIE @ — DAcCTOSIHHE MEXIY CIHHAaMH, a B — HeKOTOpoe IiesIoe YHCJIO,
kpatHoe 2n/Na. Oxo npoberder N 3HaueHMii B npejenax oT
—(nt/Na) (N — 2) no + n/a. CooTBeTcTBYIOIEE COGCTBEHHOE 3HAUEHHE
HMEET BUJ

E, (k) = 4JS (I — cos ka). (7.7)

310 00biYHOE JHCIEPCHOHHOE COOTHOILEHHME VI CIHHOBHIX BOJH.

3ameHuM TEmepb CNMH ! NPUMECHHIM CHHHOM S’, KOTOpHI HMeeT
o6MEHHOE B3aUMOJAEHCTBHE J' CO CBOHMM COCENSIMM B UHCTOM BELIECTBE.
Torna ramMuabTOHHAH OyJIeT HMETh BHJ '

H — Ky + 6, (7.8)
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rae
=2 (IS, — J'S) 6_}_‘,*1 Sits- (7.9)

Marpuynnie aeMeHTE! olleparopa #6, N0 COCTOAHUAM C OXHHUM NlepeBep-
HYTbIM CIHHOM 3alnMIUyTCH CJEeRyIoWHM ofpa3om:

(n|#,|m)=—4JS*% A(n, m){ 4JSeA (I, m}A(n, m)+
+2JSp6§1A(l—}—6, m) A (n, m) —

— 2JSv 62%1 A(l+8, n)A, m)+-

L A(l, n) AU, m), (7.10)
rje

J!Sf - S ! - ! Sl
R 2 SNyt
[lepeonpenenum #6, u J4;, BKNIOUHB IEPBHIA YJEH BhIPAXKEHHH
(n|36,\ m) B (n|3,| m). Torna {n|36,|m) oraxercs N X N-Ma-
TPHIEH, Yy KOTOPOi BC€ 3JEMEHTH paBHBEI HYJIO, Kpome 3 X 3-noja-
MaTpHILI BOKPYT y3na l. - Tak Kak Bce y3Jnl paBHOIEHHEB], MH MOMEM
noaoxHuts ! = 2. Torma (n|d6,| m) npumer BHuX

P —y 0 -
—y 2e —v:0
(n| 2 |my=2IS| o _o, i | (7.12)
0 0

[Tycte | ¥) — coGcTBEHHOE COCTOSIHME CHCTEMBI B IIDHCYTCTBHH IIPH-
MecH. Ero MOXHO pas/OXHTb 1O COCTOSHHSAM C OXHHM I€PEBEPHYTHIM
CIIHHOM:

[ (LYY~
(2]1%)
(W)= 2 (n| W) |m)=| - : (7.13)
AN|Y)_
Torma ypasuenue lllpemuHrepa npumer MaTpHUHYIO (opmy
(96, + 3,) | ¥)=E | ¥), (7.14)
HJIH
[[ —(E — 8,1 36,1 | ¥) =0, (7.15)

rae I — epuruyHas N X N-Marpuna.
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Y po6uo BBecTH onepamop ¢ynxyuu Ipuna:
G=2JS (E — ). (7.16)

Henonb3ys 3Ty IPHHOBCKYIO DYHKIHIO, YPaBHEHHE A1 COGCTBEHHOTrO
3HAYEHHST MOXHO HPEeACTaBHTh TakK:

[] — (2JS)™ GoB,} | ¥) = 0. (7.17)

Hcxons ¥3 KOHKPETHOrO BHJA omeparopa 46,, MOXHO 3aKJ/IOUYHTb,
YTO Yy MAarPHYHOIO npou3BexeHHs GJ%; OTAMUHLI OT HYJA JHUb 3Je-
MEHTHl B NEPBLIX Tpex cToabmax. Sro 03HayaeT, YTO nepshle TPH KOM-
nouenTsl | ¥), cooTBercTBylOIME IPHMECH M €€ GIHKaRIIHM COCENsM,
MOXHO BBIYHCJIATH He3aBHCHMO OT ApyrHx. OcrajbHbE KOMIOHEHTH
JIETKO HAaHTH M3 OCTaBImMXCA ypaBHeHHH. TakuMm o6pasoM, HaWa 3a-
Zaya CBONMTCS K J3X3-MarpHYHOMY YPAaBHEHHIO

([ — (2J8)1 Go#,] | p) =0, (7.18)

rae I, G u 4, — renepn 3X 3-MartpHubl, 2 |YP) COCTOHT H3 NEPBHIX
Tpex KomnoneHt | ¥).
Marpuunnie aneMeHThl onepatopa (G OnNpefesAIOTCA BbIpAXKEHHEM

G,,m=2JS<n T;{TG m>. (7.19)

Ecnu cocTossHHS nepeBepPHYTOrO CIIHHAZ BhIDa3HTh uepe3 COOGCTBEHHBIE

¢GYHKUMH TaMHJbTOHHAHA 6y, TO MATPHUHELIE 3JIEMEHTHl NPHMYT BHJ
07S ez‘k (n—m) a

Gom =5  E—Ey () .

(7.20)

Ormetum, uro G,, 3aBHCHT TOJMbKO oT |n — m|. Ha 3tof cranun
B Hamed 3ajaye HMEIOTCA TOJBKO TPH PAa3JHYHBEIX MATPHYHBIX 3J€-
MeHTa oneparopa G. Marpuunnifi anement G,, rae n =|m —n|,
MOXKHO BBHIUMCJIHTB, 34MEHsA CYMMYy IO k2 HHTerpupoBanHeM. Bse-
fieM 6Ge3pasMepHYI0 SHEPTHIO

—4JS |

E
g=—4J—S—, (7-21)
TOrga 3TOT HHTErpaj Aaaer
_ VE—1-8) 7.92
G, (&) = 2y &1 (7.22)

OrmetuM, uto ansgs & >>1 ¢ynxkuua 'pHHa BEWECTBEHHA, TOrAd Kak
s & <1 oHAa CT2ZHOBHUTCH KOMILJIEKCHOH.

Bo Bcex 3ajauax, KacaloIMxcs HOHHBIX KJaacTepoB, YA0OHO HMETb
neno ¢ 6as3ucoM, OBMaAaOMUM CHMMETPHEH TOYeYHOH Tpynnel. 3JTO
JoCTHraercs Inpeo6pasosanueM onepatopoB G H J6, C NOMOIILIO
YHHTapHEIX OpeoOPa30BaHUH, AHArOHAJHU3YIOMHX ONEpATOPhl CHMMET-
pun cuctemul. . Hanpumep, nepecranoBka wactdn 1 u 3 sBasercs
3JIEMEHTOM CHMMETPHH CHCTeMH. VYHHTapHoe npeobpasosanue U,
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AMarOHAJNU3YIOmIEE 3TOT ONEepaTop CHMMETPHH, NPUBOAUT K HOBHIM

COCTOSHHKSAM

) (2]¥) i
V2

Ul 1I;)= 9 ((1]?)—}—(3]?)) . (7.23)

LrLiw—@1)

B cooTBeTCTBUM ¢ NPUCYIEH MM CHMMETDHEH INepBhle [Ba COCTOSIHHSA
Ha3bIBAIOTCS COCMOAHUAMU S-mund, a TPeThe — COcmosinuem p-mund.
Jna sg-cocTOAHMA (pasa NPHMECHOro CIHHA COBIajaeTr ¢ ¢asof €ro
cocened, a A1 S;-COCTOSIHHSA (pasza NPHMECHOrO CIIHHA HPOTHBONOIONXK-
Ha ¢hase cocefeH.

Ilpumensaa npeobpasoBanue U K ypasuenuio (7.18), nonyuaem
ypaBHEHHE B BUJE ACTEPMHUHAHTA

I — 26Gy + 2vG, V' 2 (¥Go — pGy) 0
V2 (vGo — 26G, +vGa) 14 2yGy — p (G, +- Go) 0 =
0 0 1 —p(Gy— Gy)
D,
=0 p,|= 0. (7.24)

OTMeTHM, 9TO COCTOSHHA p-THNA OTHOCHTENbHO NPOCTB! H 3aBHCHT
TOJbKO JHIUL OT napamerpa p. [IoaToMy Mbl MOXKeEM NOJIYYHTH aHAJH-
THYECKHE BHIPDAXKEHHSA JUIS HX COOCTBEHHBIX 3HAYEHHH M COOCTBEHHBLIX
¢pyuknuid. Co6CTBEHHbIE 3HAUEHHS ONPEAENSAIOTCH yPaBHEHHEM

Dp=1—p (G —G) =0 (7.25)

Hcnonwnsya Buipaxenusa ziasg Gy u G,, nmonyueHnele H3 obmed ¢op-
Myasl gns G,, MOXHO 3anHcaTth COOCTBEHHOE 3HaYeHHe IS & > 1
CHEAYIOIIHM 06DazoM:

__ P41
& = T (7.26)
IToBenenue cocTossHHE p-THNA nokasaHo Ha puc. 7.1. Ilpu GoabwHx p
cofcTBeHHOe 3HaueHHe cTpemuTcs K p/2. COOTBETCTBYWOINAS 3HEPrus
ecThb

E=4JS + 2JSp =
= —4S (J'S' — JS) + 4JS + 2 (J'S' — JS). (7.27)

3nech NepBuIA YJIEH NpPEACTaB/AeT co6oil TONpaBKy K 3HEPTHH OCHOB-
HOTO COCTOAHHS, OOYCJOBJEHHYIO HAaJHYHEM HNPHMECH, a OCTaBlUasiCs
YacTb paBHA 3HEPrHH, KOTOpasd NOJNYy4Ydsaack Oul ANA 3TOH 3aja4H B
mofieny Haunra. Takum obpa3om, N0 Mepe YyAaN€HHH JIOKAJbHHIX
KojeOaHHA H3 CHOHH-BOJHOBOH 30HH HX YacToThl NPHOIHKAIOTCH
K H3HHTOBCKOMY IIpeneny.



238 I'JI, 7. MATHUTHBIE ITPHUMECH

Ha puc. 7.1 u3o6pakeHnl SHepPreTHUeCKHE COCTOSIHHS CITHHOBBIX
BOJIH, COOTBETCTBYIOIIHE popmyJie (7.7), otk o & = —1. Eciu 651
MBl BKJIIOUHJIH HEaKCHaJbHOE I10JIe aHH30TPONHMH, TO B CIEKTpe
CIIMHOBBIX BOJIH Obwia Onl ments. Ecau mone aHH30TpONHH, REHCTBY-
Ioliee Ha NpUMech, MEHbINE NOJISA COOCTBEHHO KPHUCTANNZ, TO B INEIH
NOSIBAAETCH COCTOAHHE S,.

3ameTHM, 4TO MOJA p-THIAa MOXKET NOZBHTBCA BHE 3HEPreTHUECKOH
30HHl CIIMHOBBIX BOJIH NpH yeaoBuu J'S' > 2JS. Ilpu tepmogunamu-
YeCKOM HCCJEOBAHHH TAaKHX CHCTeM XOYH M [Op. [OKa3laau, YTo,

A
25}

N
D

&=[E—425)/4s
e o

O3, 1 3 P

p=(J'§'-25)/Is
Puc. 7.1. Yactora J0KaAsHHX MOJA p-THIA B JHHeRHOR LEMOUKE.

XOT NPH abCOJIIOTHOM HYJe TeMIepaTypunl yKa3aHHOe YCJIOBHE He
00A3aTeJbHO OyAeT Y/IOBJAETBOPATHLCH, ORHAKO B TOM cJiaydae, Korjaa
(S,) ymeHnuiaercs ¢ Temmeparypoidt GeicTpee, ueM (S;), MOXHO
LOCTHYb TeMIepaTyphl, NPH KOTOPOH OHO HAayWHAET BBINOJIHATBCA H
JIOKAJIM30BaHHBIE KOJIe6aHHS OTIENJAIOTCSl OT CIIHH-BOJIHOBOH 30HH
[7.2].

Co6cTBeHHBIE (DYHKUMM JAJsT MOAblI p-THIA TOXE MOXKHO OIpeje-
nuTh TouHO. [lepsbie Tpy u3 N oanopoaHLIX ypaBHeRu# naioT (2 | V) =
=0u (3|¥) = —(1|¥). U3z n-ro ypasHenus ansg n >3 uMeeM

(| %) =[50 — n]™” ——;-)”_‘2. (7.28)

[lonyuennsle BoHOBHE QYHKUMH NTOKA3aHu Ha puc. 7.2. M3 pucyHKa
CTAHOBHUTCH OYEBHIHLIM CMBICJI ONpejeseHHH MoJ s- U p-THna. Benn-
yuHa |(n | ¥) [* ecrs BepOATHOCTL HAXOX/JEHUS NMEPEBEPHYTOrO CHHHA
B COCTOSHHHU n. Ecau p yBenuuuBaercs, To p-MOAA VAAJNAETCS OT CIIMH-
BOJHOBOH 30HEL H CTAHOBHTCH Bce OoJee JIOKa/JH30BAHHOM.
OrMmeTHM, uTO COOCTBEHHOe 3HauyenHe (7.26) onpeneneHo Aias Beex
sHauenuit p. OpHako pns p < 1 peumieHwe He COOTBETCTBYET JIOKAJIH-
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Puc. 7.2, BoaHoBule QyHKUHH IPHMECHHLIX MOA B JuHeHHOM nemouke gas p = 2.

30BaHHBIM KoJjie6aHusM. YTOOW B 3TOM yOeAHThCs, PACCMOTDHM ypasB-
HEHHe I/f COOCTBEHHLIX 3HaueHHWH B MepBOHAYAJBHOM BHjE, COLepxKa-
meM Takxe H cymmy no k. Hcnoawsys (7.20) u (7.25), npexcraBuM
€ro B BUJE -

nia

Z 1 — cos 2ka — N . (7.29)

& 4 cos ka
k=2n/Na, in/Na + P

O6e wuactH ypasHenusa (7.29) cxemaTuuecKH H306paxKeRnl Ha
puc. 7.3. PemeHds COOTBETCTBYIOT NlepecedeHHsIM 3THX ABYX KPHBHIX.
Mnl BugHM, 4TO Npu OOJBIIHX P BCerja HMeeTCH pelieHHe ypaBHEHHA
B TOYKe A, cooTBercrsyiomee & > 1. TIpH yMeHbIIEHHH P FOPH30H-
tanpHad JHHHR N/p noaHHMaercs Bhille M NepeceKaeTcs ¢ KPHBOI,
ONKCHLIBAEMON JIEBOM 4acThiO ypaBHenus (7.29) npu & = 1 (touka B).
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CooTBercTByIOUIEE 3TOMY 3HAUeHHE O NOJyYaeM, BLHIYHCAAS CyMMY
B JeBo# uactd ypaBrenus (7.29) npu & = 1. Jlna BblUMCJAEHHS CYyMMbI
crpynnupyeM uwiedsl ¢ k= n2n/Na wu k = (N/2 — n) 2n/Na.
B pesyasrare nony4um, yro cymma pasHa N. Tarkum ofpasoM, Ha-
XOAUM, YTO ONpy p = | peleHue Kak pa3 HaYMHAET BXOAUTL B 00/1aCTh
NEPBOHAYAJNbHO HEBO3MYUIEHHOH CHHH-BOJIHOBOH 30HBL. B 3TO# TOuke
OT/IMYYE JAHHOTO DpEIIeHUs OT CAEAYIOUEro peueHuss B Touke B’
CTAHOBHTCH CPaBHHMBIM C pa3sHHUEH MeXAYy CAMHMH CIHE-BOJHOBBIMU
coctroaHuAMH. [Tosromy Jo6Goit topmanu3M, OCHOBAHHBIE Ha HHTe-

ey ||

_.__r_H,J/_______ L

B U

I o

HIVARRIEAN

SR A

L*I JNip 1

oA i
11 -

!

f

I

%_

L

I

I

il-ll {-—Z(ﬂ/N)zq’rJS
I

.

T

Prc. 7.3. CxeMaTHuyecKOe npeicTaB/eHHe pemeRHA AA8 JOKANK30BAHHBIX MOZX.

rpanbHOM IIPeACTABAECHHH T'PHHOBCKHX QYRKIUH, HE aeT BO3MOXHOCTH
OTNHYHTbh 3a 3TOH TOYKOH JIOKANW30BaHHbIE KOJEOAHUS OT CIIHH-BOJ-
HOBBIX Kojne6anui. -Htobbl onucars curyauuo aaa p < 1, neobxo-
AHMO PacCMOTPEThb IJIOTHOCTH COCTOSHHA.

oflgeM CJay4ae IUIOTHOCTh COCTOSHUM CHCTEMEI ApeACTaBseT
coboit cymmy 8&- q)ynxuun OT TOUHBIX COGCTBEHHBIX 3HAUYEHUH:

= X 8(E —E,). (7.30)

Tounas pyHku¥s ['pHHA C TOYHOCTHIO ZO [TOCTOSAHHOTO Koatb(buunema
OnpeAenseTcs Kak

. 1
?(E)=1LI}]’1 E#Ths (7.31)

rpe 6 — NOMHBIN raMUJALTOHWAH CUCTEMBl. MATpHUHBEIE 3JEMEHThH
3TOr0 OHEPaTOopa MeXAY TOYHBIMH COCTOSHHAMH C oOlpejaeneHHodl
SHepPrueH HMEIOT BUJ

Z.. (E) =P (E — E,)* — ind (E — E,). (7.32)
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Takum obpasoMm, HMeeM

n(E)=—-—Im{Tr % (E)). (7.33)

Mzl nonyunsiu BecpMa OOLHI PE3YNbTAT, KOTOPHIH MOXHO HpHMEHHTb
JAs JHOOBIX CHCTEM.
Jns wamed 3agayu yjo0Hee BBECTH CAEAYIOLIEE ONpPEleaeHUE:

$(E)=2JSlim (E — 2 -} is)™\.
s—0

Oyuxkius § cBA3zaHa ¢ «HEBO3MYUIEHHOH» TI'PUHOBCKON (yHKUMEH
TOXKJECTBOM

1
I=1— IS 1Gx, G=

_ i
~ G+ (218 6%, T—75r5, O (7.34)

Caen dyukupy ¥ MoxHo npe;zcraan'rb B BHJE
d

TrG=TrG+ =5 2D —= D> (7.35)
rae
D=|1—(2JS) G, . (7.36)
TakuMm oOpa3oMm, umeem
1(&) =0 (&) — — Im { }lnD (7.37)

Ile HEBO3MYIIEHHAS MAOTHOCTh COCTORHME JAETCS COOTHOMEHHEM
2 .
M (&) =——Im{Tr G (& - is)} =

N
Yl — &2

Ocobennocty B Toukax & = —+1 oO0ycaoBieHbH OZHOMEPHOCTBIO
Hawel 3agaud. Bruan Konebagui THNa p B NJAOTHOCTH COCTOSHHE
MOXKHO HAaHTH TOYHO, €CJNH YYeCTb, YTO AEeTepMUHAHT D B ypaBHEHHH
(7.24) pasbuBaerca Ha nponsseneune 5- ¥ p-dacren. Torgpa

= — 2 Im (NG, (& + is)} = (7.38)

Np=— = Im {g;} (7.39)
Jaa & <G 1 umeem _
D,=1—p& +ipy | — &% (7.40)

9 p. vaur
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TakKUM 06pasoM,

N, = p(& —p) _

P nVT=&%(1 —20& + p?)
ITO BHIpAXKEHHE NNPEACTABNEHO Ha puc. 7.4 xak pyukuua & and p = 4
u p = 1/2. llIrpuxosoit KpHBO# M3006parKeHA HEBO3MYIEHHAS MJAOT-

HOCTb COCTOSHH#, neaedHas #a N. OTMmerum, uto
+1

0 p<l,
&) d& — (7.41
@ {*1 "y )

3Hauenue —1 COOTBETCTBYeT BO3HMKHOBEHHIO JOKAJH30BAHHOIO KO-
nebanus BHE 30HLI 33 CYeT MCUESHOBEHHS OJHOro KoJsieGaHus BHYTPH
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Puc. 7.4. BHyTpH30HHAA NMJIOTHOCTE COCTORR MM IJISl MOAHI p-THIA.

30HBl. MbI BHOUM, YyTO 06pasoBaHue JOKANH3OBAHHBIX KOJNEOAHHH NpDH-
BOAUT K NOYTH OLHOPOAHOMY Pa3pEXEHHIO COCTOAHUH B 30HE CIIHHO-
BLIX BOJIH. B TpexMepHOM cayuae, ec/¥ BHYTPH 30HB! BO3HHKAIOT J0Ka-
JIU30BAHHEBIE COCTOSIHMSA, OHM I[IPOABJSAIOTCS B BHJE ONPEIEJNCHHOIO
«rop6as B IOTHOCTH COCTOSIHMH, KOTOPHIH, KAK HPaBH/IO, HMEeT JIOpeH-
neBckyio ¢opmy. Takue BHYTPH3OHHBIE COCTOSHHMSA HA3bIBAIOTCHA pe3o-
HAHCHbOIMU COCMOAHUAMU.

CooTHolIeHHe MeXAy TIPHUHOBCKOX (YHKuHeH M O000OINEHHOH BOC-
NPUEMYHBOCTBIO JIETKO YCTAHOBHTh C NOMOWILIO (AYKTYAaLMOHHO-AHC-
CHIAaLHOHHOH Teopembl. Hanuuue npuMecH Hapyliael TPaHCJISNHOR-
HYI0 HHBAPHAHTHOCTh, NO3TOMY MbI JOJMKHBI HCIONL30BaTh Oojee
oGwH i BapuanT dopmyast (1.89). Ilpu T = 0 3710 BoipaxkeHue HMEET BHUJ

[+

WV¥n (@ ks ©)= | (O], (q, 1) M (—K)|O) et dt, (7.42)

—00
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rae | 0) o3HayaeT NOMHOCTLIO YHOPSAOUEHHOE OCHOBHOE COCTOSIHME.
Ero sseprus mo ompezpesieHHio paBHa HyJo, T. €. #6|0)=0. 3anu-
eM

My (1) = --gus 23 SI6 (r — Ry). (7.43)
Vimes B suay, uto Si|0) = (8/2)'2|i), nonyuaem

o0

" g2u3Ss .
X (0 k; 0) === [ (q]expli (0 —56/n) 8] | kydt. (7.44)

Ecnv npumecu ortcyretByior, TO d6 = #6,, ¥ BOCIPHHMUYHBOCTb
nponopumonansna Im {(k|G|k) A (q, k)}, yro coorBercTByeT Ha-
lemMy npexHemy pedyapraty (5.15). C yueToM npumeced BOCHPHHM-

YHBOCTh BblpaxKaercs (HOpMyJIoH

Yo @ ki 0) = — EX2 Im ((q| $ (ho) k). (7.45)

Tak xak naockue BoNHb! | K) yke He ABJAIOTCA COOCTBEHHBIMH COCTOS-
HHUSIMH, CMBICJI MATPHUYHBIX 3JieMEHTOB B ypaBHeHMH (7.4D) TpyZHO
NOHATh. Ec/iy HAaM HM3BECTHH HCTHHHEE COGCTBEHHEIE COCTOSIHHA | &),
TO MOXHO 3aIHCaTb BOCIPHHMUYHBOCTh B BHJE

o (@ k; o) =— 572 3 (g ) (@ k) x

X Im {(a | @ (o) | o)) = S22 3 (g 1)

X (o | k) 8 (Ao — Ey). (7.46)

M3 BuipaxeHus (7.46) scHo, uro, Hanpumep, KojeOGaHus p-THHA
HeNL3S BO3OYAMTL OAHOPORHBLIM noJeM, Tak xak (p|k = 0) = 0.
M3 puc. 7.2 Mpl BHAMM, YTO IOCPEACTBOM NJIHHHOBOMHOBBLIX KoJeba-
HUH MOXHO BO3OYJIHTh TOJMbKO S;-KOoNneGaHus.

Xora naume obcyxieHne 6ulJI0 OCHOBAHO Ha DACCMOTPEHHH THIIO-
TETHYECKOI'0 OZHOMEpHOro ¢eppoMmarteruka, ofiqye 3aKOHOMEpPHOCTH
MMEIOT MECTO AJsl TpeXMepHuX (eppo- ¥ antudeppomarserukos. Ha-
npumep, npumecy Fe®**, Co?* u Ni** B MnF, npusoaar K obpasosa-
HHUIO BBIIE CIHH-BOJHOBOM 30HBLI S,-KOJNE€OaHHH, KOTOphIe BO36YX-
JAIOTCA NPU pacCeTHUM HEHTpPOHOB, paccesiHun cBera [7.4, 7.38] u
undpakpacsoM mnorsomensun [7.5].

Paccmorpum uon Mn?*, pacteopennniit B FeF,. B 3tom cayuae
5,-MOJla HaxXOQUTCA B AHHU3O0TPONHOU IIeAH HUNKe CIHH-BOJHOBOU
30HBI, OJHAKO €e 4acTOTa OYeHb OJaHM3Ka K YKa3aHHOH 30HE, IIO3TOMY
€€ BOJIHOBAs (PYHKUWSA CHUJILHO JeNOKaJu30BaHa. B pe3yawrare Taxas
moza OypeT OueHb 3()HEKTHBHO pacCeHBAThL CBET, 3HAYUTENLHO CHJb-
Hee, YE€M MOXHO OXHJaThb, HCXOAS MNPOCTO M3 KOHUEHTPALHH IPH-
mecy [7.6].

g*
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Cayuaitisie nons. OKa3wBAaeTCH, YTO KOTjJa OAHOPOJHOE BHEUIHEE
oJie NPHJAOKEHO K pa3basieHHoMy AHTH(QEPPOMATHETHKY, HanpuMep
Co,_,Zn.F,, TO Ha pa3dHple MATHHTHHIE HMOHHI JEHCTBYIOT CJAY4aHHbIe
noias [7.37]. HenaBuue 3KcnepuUMEHTH NMOKAa3bIBAIOT, YTO 3TO CYU(ECT-
BEHHO BJHAET Ha AANbHHH MNOPAJOK B TaKMX cUcTeMax. BeposTHo,
B OuvaKaimeM OyJAylIeM TaKHe CHCTEMB CTAHYT NPEJMETOM HHTEHCHB-
HBIX UCCHEJOBAHUH.

7.2. JIOKAJIbHBIE MOMEHTbI B METAJJIAX

Korza moTeHnuainHO MarHHTHBIM aToM, HalpuMep aTOM JKeJesa,
BBOJAUTCH B HEMArHUTHOE BELIECTBO, JMEKTPOHHbLIE COCTOSHHA OKAa3bl-
BAIOTCA JOKAJMYM30BAHHBIMH HA NpUMecH. MarHuTHble CBOHCTBA TAKOrO
COCTOSIHUMA ONPEAENSIOTCS BHYTDHATOMHEIM KYJIOHOBCKHM B3aUMOJEH-
CTBHEM 3JeKTPOHa ¢ HOHOM (mpasuio XyHzaa). Ecad kpHcranixye-
CKOe roJie BeJHKO, TO 3TO MOXET BJAHATL Ha XapakTep MarHUTHBIX
cocroanuii. Hanpumep, non Fe**, nomelnenHblli B pewieTky M3 OKTa-
3POB, MOXeT 3aHMMaTb JHOO BbHICOKOE CHHHOBOE COCTOAHHE
SF, (t3gez), MH60 HU3KOe CIMHOBOE cocTosiHue 'A, (I3,). OnHako HU3KO-
TEMIEPATYPHYIO BOCIPUUMUHBOCTL BCErA MOXHO BHIYHCAHTDL METOJOM,
OHHCAHHBIM B TIJM. 3.

B Meraane cHTyapus CHJILHO YCJAOXKHSETCA H3-3a TOrO, YTO 3JIEK-
TPOHHbLIE COCTOSHHS, CBS3aHHLIE C NPHMECAMH, YACTO HE JOKAaJIH30-
Badnl. Jaxe Korza Bce 3AEKTPOHB! YAEPKUBAIOTCA Y NPHMECH, B3aHMO-
AEHCTBHE 3/EKTPOHOB C 3JIEKTPOHAMHY Hok (PepMH-IIOBEPXHOCTLIO HE3a-
BUCHMO OT TOTO, CKOJib CJ1a60 3TO B33aUMOJAEHCTBHE, MOXKET IIPHUBECTH
K NepexoAy OCHOBHOIO COCTOSIHHWS B HEMATHUTHOE.

Ecay Mbl paccMaTpuBaeM 3JEKTPOHBl POBOAMMOCTH KaK IIOCKHE
BOJIHBI, TO YAOOGHLIM (POPMAIU3MOM JIfl yueTa BAUAHHUA ORHOMW IIPHUMECH
Gymer Teopusa paccedHusa. Ecay REeACTBME NPUMECH MOXKHO ONMCATH
C NMOMOUILIO BEIIECTBEHHOT0 CHEpHYECKH-CHMMETPUUHOrO NOTeHuHana
(1. €. ecnu npeHebpeus HEYNpYrdM paccesiHueMm), TO 3ajaya obsaajaer
BpaATENbHO! CHMMETDHEN OTHOCHTENBHO OCH, ONPEAENseMOd Ha-
YaJLHBIM BOJHOBBIM BeKTOopOoM k. Torza BoJiHOBBiE QYHKUHMH, KOTOPHIE
Mbl 0603HAYUM 4, (r, 0), MOXHO Pa3OXKHUTL B PAA N0 NPOU3BEAEHUAM
paadanbHbIX QYHKOME M nmoanHoMOB Jlexadzpa:

o
N
ue (r, 8)= X 2L+ 1)i' R, (k, r) P,(cosB). (7.47)
=0
Koabduuuent R, (k, r) Ha3biBaeTcss AMIUIMTYAOH NapuuMasbHBIX
BOJIH. BaxHOCTL 3TOH BEJHUYMHBl CBS3aHa C TEM, YTO €CJH 3HEpreTH-
yecKHe IepeMeHHble 2 paccMaTpHBAaTh KaK KOMIJIEKCHbIE BEJIMUYHHHI,
To nonoca R, (k, r) BIZONb NONOKUTENLHOrO HanpabieHHs MHHMOH
OCH COOTBETCTBYIOT CBSI3aHHLIM COCTOAHHUsM. [laneko ot nmpumecH BOJ-
HOBBIE (QYHKIHHM HMEIOT BUJ
. 'k - 'k
limu, (r, 8) ="+ f(k, 0)(e™/r}, (7.48)

r=+ 00
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rae ¢yuxkuus f (k, 0) HasbiBaeTcs aMIIHTYHAOH paccesHusl; OHa 3aBH-
cut ot a3 paccesnus O

f(k, 8) = (1/k) ;‘ [0 (20 + 1)1 exp (i8) sin§,Y] (B).  (7.49)

[logcranoBka (7.49) B (7.48) HPHBOZMUT K CJEAYIOUWIEH ACHMIITOTHYE-
ckoit ¢opme aas R, (kr):

R, (kr) — L exp (i6;) sin (kr — % In + 6,') . (7.50)

—+ oo kf

31ech (pa3a 3aBHCUT OT 3HEPTHU PAacCeHBAIOIEHCH YACTHIBI U OT BHJA
NPHMECHOTO NoTexHIHala. Eciu noTeHuuan onuceiaercs O-GyHKuuen
H uUMeeT BeAHuHMHY V,, TO BO3HHMKaeT TOJNbKO paccessHHas S-BOJIHA, H
MBI HMEeM

8y (E) = arc tg {nV N (E)/[1 — VoI (E)]}, (7.51)
rie N (E) — nAOTHOCTh COCTOSIHHH B MeTaJie, a
1(Ey=# | dE'N (E'/(E' — E). (7.52)

31ech P o0003Bauaer IVIaBHOe 3Hauenue HHrerpaJsa. Ecau Ml onpeje-
JuM E, xak rakoe 3gauense E, npu koropom VI (E,) =1, 4 pasnoxum
Vol (E) B psag oxoao E = E;, 10

8, (E) = arctg E—_LE: ’ (7.53)

roe BeanudHa A nponopuuonaarHa N (Ey). Korpa ¢asa pocruraer
3HaueHHs /2, AMIUTYAA pacCesHHs MPOXOIUT Yepe3 MaKCUMYM;
TOrAa roBOPST O PE30HAHCE HJH BHPTYANbHOM CBA3aHHOM COCTOSHUH.
- Casur (asnwl onpenenser CABUr 3HEPTHHM PAcCEAHHBIX YACTUI[ H3-33
Ha/JHUusl PAacCeHBAIIEro norernuana. Urtobul YBHAETL 3TO, PaccMo-
TpYMM CHMCTEMY, OrpaHHueHHyi0 cdepoit paguycom R. Eciu BoJHOBag
¢yukuus obpamaercss B HyJAb Ha nosepxHocTH cdepsl, To u3 (7.50)
caegyeT, uTo

kR — o In+ 8= n, (7.54)

rae n — uejoe yucno. Kaxpgoe u3MeHeHHe n Ha E€IUHHIY OTBEYaeT
y3Jay BOMHOBOH (YHKUUH, coorBercTBylouiemy 2 (27 4 1) monosauu-
TEJbHLIM COCTOSIHHMAM (IBOHKA BO3HHKAET H3-3a BRIPOXKAEHUS II0
cnuHy). Ecau pacceusaromit neHtp orcytcersyer, To §, = 0. Korxa
8, CTAHOBUTCA OTJIHYHBIM OT HYJIf, BOJHOBOM BEKTOD, COOTBETCTBYIO-
IHH JaHHBLIM 3HAYCHUAM 1 ¥ [, T01KEH H3MEHHTHLCH TaK, YTOOL! BBINOJ-

HaJgoch ycaosue (7.54). Mamenenue sonHoBoro sekropa Ak = —§,/R
COOTBETCTBYET CABUTY 3Heprud AE = —#%k6,/mR. TTockoabKy HeBO3-
MylIEHHA MWJIOTHOCTh coctosinuit ectb N (E) = mR/nh%k, umeeMm

AE—_ L % (7.55)

n N(E)



246 I'Jl, 7. MATHUTHbBIE TIPUMECH

Benmuuuna 6/nt npepcraBaser cobof YHCIO JONOAHUTENLHHIX Y3JI0B
y BoNHOBOH (QyHKuuu. CnenoBarelbHO, cABUT 3Heprun AE COOTBET-
CTByeT YHCJAY AONOJHUTEJNbHBIX COCTOSAHHH, CBA3AHHLIX C HPHUMECHIO.
Takum o0pa3oM, NOABAAETCS AONOJHUTENbHAA JOKAJILHAA NJAOTHOCTH
COCTOSIHUH, ONpeJiesifseMasn BhIpa’KeHUeM

n(E)="4 N @-+1) G (7.56)
l

Ti V Cr Mh Fe Co NL Cu Zn G Ge
Puc. 7.5. OcTaroynoe conpoTHBJIene NPUMeceH NMepPeXOXHBIX METa/IJIOB B aJNIOMHHUH.

Hna dasosoro cxBura, onpejpenseMoro eipaxkenueM (7.53), 3to Bup-
TYaJlbHOE CBSI3aHHOE COCTOSIHHE HMEeT JIOPEHIEBCKYI dopmy:

1 A
n(E)= T (E—Lg)? A2 ®

(7.57)

HudxpepernnuansHoe ceyeHue paccesHus o (0) zamaercs kBajgpa-
TOM aMIVIMTYAH pacceanud, T. e. o (0) = | f (0) |°. Cpennee sdpek-
THBHOE CeueHHe pacCesiHUf ©, OT KOTOPOro 3aBHCHT TOPMOMKEHUE,
ecTh cpegHee no yraam ot o (6) ¢ Becom (I — cos 0). Dta BenvunHa
onpejgeasieT OTHOCHTEJbHOE H3MEHEeHUWe KOMIIOHEHTH! 3JIEKTPOHHOMH
CKOPOCTH B MepBOHAYaJbHOM HANpPaBJEHHH IBHIKEHHUS:

)
o=2n j df sin 0o (B) (1 — cosB).
)

Jns cpenned pauebl cBobopHoro npobera Torga umeeM A = 1/xo,
TJe X — aToOMHafd KOH{EHTpalus NpUMeceH, a CONPOTHBJEHHE, CBS-
33HHOE C IIPYMECAMH, ONPEAeJaseTcs BhIpaXKEHHEM

oo

Ap = —i W (I + 1) sin? (8 (Er) — 8y, (EF)), (7.58)

ne*ky (=

rIe n — NJOTHOCTH 3JIEKTPOHOB NPOBOJAMMOCTH. TOraa ecau Mbl CHOBA
paccMarpHBaeM TOJLKO PACCEAHHYIO S-BoJHY, T. €. [ = (0, T0O B Co-
NpOTHBAEHHH OyAeT HabAIOAATbCA UK NPYU COBNAJIeHUU ypoBHA (PepMu
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U [EeHTPa BHPTYa/JbHOrO CBA3AaHHOTO COCTOSIHHSA. Takoe MoJIoXKEeHHE
HMeeT MecTO 1 npuMeced B Al, kak BUAHO U3 -puc. 7.5. Teopus da-
30BLIX CABHIOB YCHEIHO I[PHMeHsJdch A8 ONHCAHHA pPa3JIHYHBIX
cnsagoB, B uacTHoctH PpugeneM [7.7] u ero corpyanukamu. ITpo-
6jieMa BO3HHKAeT IPH pacCMOTPEHHH MarHMTHBIX cBokcTB. M3 puc. 7.6
BUAHO, HANPHUMEP, YTO KeAE30, BBeJeHHOE B 4 d-nepexojiHble MeTaJlibl

14
12+
01
8-—
- 8]
Ny
3,
4
2 \
|
0 )\ (N | ] I
3 4 5 6 7 8 g 1w n
Y Zr No Mo Re Ru Rh Pd Ay

Kowwernmpayus anexmporos N

Puc. 7.6, 3aBrcHMOCTD MarHHTHOrO MOMEHTa aTOMa >eJjieaa (B MarHeToHax bopa)
OT KOHLECHTPALMH 9JIEKTPOHOB. ATCMBEI JKeJse3a BBOAMJINCh B DA3JKYHBIE NEPEXOJHBIE
MeTaJJibl BTOPOrO NMEPHOja M MX chjasw [7.8].

H chjaBpl, HHorjaa obJjajaer, a HHOrAA He 00/1agaeT MArHUTHBIM MO-
MeHTOM. Tako: nosefleHHe NPHUBJIEKJI0 BHHMaHHe AHJepCcOHa, KOTODHIH
paccMoTpesl npobneMy NOSBIEHHS MOMEHTa, 00YyCJ0BJEHHOIO BHp-
TyanbHLIME CBS3aHHBIMH COCTOSIHHSIMH.

7.2.1. TEOPUSI OBPA30BAHHUSI MOMEHTA AHIEPCOHA

Hanuuiie npHMecH B pelerke NPHBOAHT K IOABJEHHIO JOMOJHH-
TeJbHbIX 4JEHOB B raMHJAbTOHHaHe cHcreMul. Jlo cBoMM pasmepaM u
3apsly NPHMECHEIE aTOMBI MOTYT OTJIHYaThCA OT aTOMOB, 06pa3yOWUX
peleTKy MeTajna, 4YTO NPHBOAUT K K3MEHEHHIO KPHCTAJJIKYecKOro
notednuana V (r). [TockoibKy noTeHIHAT SKPAHUPYETCA SJEKTPOHAMH
IPOBOJIMMOCTH, €r0 JEeHCTBHE CYUIECTBEHHO OTrPaHHYEHO SYEeHKOH,
B KOTOPOH HAaxXOQUTCH NpUMeCHBI atoM. Kpome Toro, KyJoHosckoe
B3aHMOAEHCTBHE ¥ (r) MEXAY SJEKTPOHAMH BHYTPH NDUMECHOH AUCHKH
OTJHydeTc OT B3aUMOJAEHCTBHA 3JEKTPOHOB BHYTPU SIUEEK YHCTOrO
merania. B GOJbIIHHCTBE METaNNIOB, KOTOpHIE Mbl GyJeM paccMaTpu-
B4Thb, He HabMOjaercsi 3aMeTHOI0 OOMEHHOrO yBeJHYEHHS BOCIIPUHM-



248 rJ. 7. MATHUTHLBIE TIPUMECH

YHBOCTI, II03TOMYy Mbl OyAeM npeHeOperaTh KYyJIOHOBCKHM B3aHMO-
AEHCTBHEM BHYTDH fiYeeK MeTaana, YYUTHLIBASL €ro TOJLKO Jis NDH-
MecHBIX fyeek. [lonaras, uyTo mpUMech OBYCJOBAUBAET HMEHHO 3TH
a¢bexTs, 3anUiUIeM INOJHBIE TAMUJILTOHHAH CHEAVIOUHM 06pa3oM:

H = 36, -}- 2 ev (r;) + Z v(r; —r;); (7.59)

3nech /6, — raMHJIbTOHMAH UHCTOTO METANA4, a ITPUX Y 3HAKA CYMMEI
YKa3bIBaeT, 4YTO CyMMHPOBAHHE INIPOM3BOAMTCH BHYTPH siUeHKH, CO-
AepXKalleH INPHMECHBIH ATOM.

Caesylomsii war COCTOMT B 3aflMCH raMUJbTOHKAHA B NPEACTaBJE-
HHM BTODHYHOro KBaHTOBaHHS. Ero dopma 6yxner sasucers OT BHIOOpA

E(3,

Jlonaompos
Mooz

M

177 ot
00
B RS RRS :‘: N
€0 €f

Puc. 7.7. CxemarruecKoe npejcTaBjJeHHe IIOTHOCTH COCTOSHHMHE MeJ¥ NDH HalHUMH
NIPUMeCHOH MOJHI,

<K

€

COCTOAHHMH, UCIONBL3YEMEIX IS Pa3noXKeHUs onepaTopoB noJs. [Ipex-
NONIOKHUM, HAPHUMEP, 4TO Mbl BBOXUM MNEPEXOAHLIH METAaNJ, CKaxXeM
mapraner, B Menb. [TocKojbKy HOH Mn?* uMmeeT Ha yeTHIpE 3JEKTPOHA
meHbme, yeM uoH Cu®', oH BhI3BIBAET CUJbHOE Bo3MyileHHe. [Toatomy
MOXHO OXHUJAATh, YTO JOKAJAU30BAHHOE COCTOAHHE OyneT «BBLITOJK-
HYTO» U3 d-30HBI MeAH, KaK oKa3zaHo Ha puc. 7.7. [Tockompky d-30Ha
3aNI0AHEHa, 3TO HE NOBAMSIET HA CBOMCTBA CnJaBa ¢ Mano# KOHIIEHTpa-
nreid Mn. IlosToMy MBI pas3noXuM Haul NOJNEBOH ONEpPaTop NO COCTOA-
HUAM S-30HB U II0 JOKAJH30BAHHOMY HEBBIPOXACHHOMY COCTOSSHHIO
d-30HBl. TOrZa OZHO3NMEKTPOHHBIH wieH B ramuintroHuase (7.59) npwu-
obperaer BHJ,

g_] exCkoCio -+ 2 EoCotos +- kZ (VouChoCos + Voslicuo)-  (7.60)
.0 Y o

[leproe cnaraemoe npejncrasiser cOO0H 3HEPTHIO S-30HBI, BTOpOE —
BKJIAJ, HPUMECHOIO COCTOSIHUS, a IIOCJAEJHEee ClaraeMoe ecrb TakK Ha-
3bIBAEMEIH UJIeH § — d-nepemewiusanus. 3aMeTHM, UTO TAKOE nepeMe-
ILIMBAHHE SBJISETCS OXHO3JNERTPORHLIM 3ddekToM. OHO cOOTBETCTBYET
NePeCKOKY 3/€KTPOHA M3 COCTOSAHHS, JIOKAJH30BAHHOTO B d-30HE,
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B 30HY [POBOXUMOCTH MM HaobopoT. YUneHbl B3aMMoOAeHCTBHS B BHI-
paxenuH (7.59) 3anuchBAIOTCA KaK

Uﬂo*ﬂo;, (761)

rae U — BHYTPHATOMHOE KYJOHOBCKOE OTTAJKHBAHHE MEXAY INpPOTH-
BOMOJIOXKHO HANMpABAEHHLIMH CIOMHAMH B JIOKAMH30BAHHLIX Op6H-
TaJbHBIX COCTOSIHUAX. Beipaxeuuns (7.60) u (7.61) onmpenensiror Tak
Ha3uBaeMuiil 2amusbmonuan Andepcona [7.9].

Urobsl HANTH pelieHus B TAKOH MOAENTH, AHAEPCOH HCIOJbL30Bal
npubnuxenue Xaprpu—QPora TOYHO TaKKM Ke 06pa3oM, KaK AeHCTBO-
BaJH MBI NpU 06cyxjaeHHH molenu Xa6bapaa, rfe WieH B3auMOAEH-
crBua Ungine, 3amensics Ha U ({no1) nof 4 {noy) nor — {noa) {noy))-
Torza B npubauxenun Xaptpu—®Poka eamussmonuar Anlepcora
INA CHMUHA G HMEET BUJ

%%F - g Ekczocko "Jr‘ EOOCEUCDU ‘}‘ g Vok (CIUCOO' + Cgocko), (7-62)
rjie '
&oo = &g - U (110, -o)- (7.63)

Oynkuusa [puna, coorsercTByrowas ypasiennio lpeamnrepa mis
CMHHA O, €cTb

(&) =li R 7
G'e) siné p— B+ is (7.64)
Yumuoxenue obeux uacrefi paBencrsa (7.64) na (e — #° + is) u BB

yHcJeHHEe MaTPUYHLIX 3JIEMEHTOB INOJYYAIOUEroCs PABEHCTBA MEXIY
cocrosinuamu | k) u | 0) mawor ciexyilomye YeTope COOTHOLIEHUS:

(e — eos + £5) Goo (8) — fk_‘n VoGio () = 1, (7.65)
(e — e+ £5) G- (€) — VioGocr (&) = Syeier s (7.66)
(e — ex - is) Gﬁgl (e) - VioGoo (8) =0, (7.67)

(e — oo - is) Gox (€) — Z_‘. Vou Gk (€) = 0. (7.68)

Penias 3TH ypaBHEHHSA, MBI [10J1Y4aeM Pa3THYHbLIE MATPHYHbBIE 371€MEHTHI
¢yukuun I'puna. Ilocse sroro Bocnoas3dyemcss ypasHeHdem (7.33)
JUIS  BBIYUCJIEHHS JIOKAJAM30BAHHOH IJIOTHOCTH COCTOSIHHH 1)y, (€).
[Tocnenusss BenWYUHA HMEET JOPEHIEBCKYIO ¢opMy

1 A
Mo (&) = =% — U (ny oy — B0 7 & (7.69)

A=n {] | Vo[> 8 (e — ex), (7.70)

V. |2
6s=9021é-£“_i. (7.71)
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3Has IJIOTHOCTL COCTOSIHMH, MOMHO HAHTH uYMcJa 3aN0JHEHHS
JIOKAJM30BAHHEIX COCTOSIHIH

¢F

(Mg = j Moo (&) de. (7.72)

-0

[TockonbKy Ny, aBiagerca ¢yHkuMe# ot (fy—q), Mbl MOJyUaeM 3aMK-
HYTYIO CHCTEMY YDABHEHUH, KOTOpPbIE HMEIOT JHO0 OAHO HEeMATHHUTHOE

l_ .Illaz (L1 K] st>!
5 G
- 02 ==
= 04 = e
& - o= —
3 ol Paspsis - %/? —— - Pewienie OnF =
+::. e 12 03' Z: U’:J—:—a’4:MEEHFHTHKa =
W — . - — —
. i T
W -
- 7,8
-5 19
] | | I
=15 -10 -5 X a

Puc. 7.8. «Pa3zopas auarpamma», COOTBETCTByIOUlaA peweHuto Xaprpu — Poka
L1 raMMJbLTOHW2Ha AHpjepcoHa.

peuenue (ny,) = (Ng—g), MO0 1BA CHMMETPHYHBIX MATHHTHBIX pe-
meHus (Ny,) + {fNg—z), B 3aBUCHMOCTH OT OTHOCHTENTLHOH BEJHUMHL!
napameTpoB g, U, A. CoorBercrBylomue 061aCTH IIOKa3aHul Ha
puc. 7.8. 3ameTHM, 4TO ecid I[IPOHHTErpUPOBaTh BhipaxeHHe (7.56)
¥ CpaBHHUTL pe3yastaT c (7.72), To noayusM &, (eg) = 7t {ny,).
Ecnin Z — nosHOE YUCA0 JOKANMU30BAHHBIX 3JEKTPOHOB, TO HMEEM
8,7+ 6_, = nZ. DT0 cooTHOWIEHHE IMPEACTaBJSET CO60H YacCTHLIMH
cayyad oOILIero COOTHOUIGHHS, M3BECTHOrO KakK NpaBugaO cyMM Dpu-
Jens:

7 D@ )8 (er) =Z.

Urobpr onpeneauTb TCpaHUIly MEXJY VACHUTHBIMM M HEMar-
HHTHBIMH OOJACTAMH, ONpPEeNMM YHC/IA JIOKANKW30BAHHBIX 3SJICKT-
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POHOB hy H JIOKAJH30BAHHLIX MOMEHTOB #1, NOCPENCTBOM COOTHOILE-
HHH

fo =5 ({01 ) + (n0,)), (7.73)

=—((ﬂ01~> — (o)) (7.74)
TOIAa

M= [(er; &} Uno — Umg) — = f (53 € -+ Uno -+ Umy), (7.75)

rfie depes f obo3Hauer arctg, noAyvyawunuics NPH MHTEIPHPOBaHUM
NIJOTHOCTH COCTOSIHHY B JIOpEHLEBCKO# ¢opme.

B npenesne Goaplukx m, npaBasi yacth B (7.75) CTPeMHTCH K HYJIO,
I109TOMY, YTOOBI YpaBHEHHE HMEJO OTJIMYHOE OT HyJs PELL€HHE, Npo-

¥3BOJAHAA NPaBOK YacTH IO m, B TOykKe m, = (0 poaxHa ObTb CoJbine
eqdHunLl. Tak kak

of (eF; &, -+ Uno =+ Umu) of (eF; A -4 Unn)

ETon mmo = 7V @ ungy » (79
yCJIOBHe MIOABNEHUA JOKANU3OBAHHOIO MOMEHTA UMEeT RHJ
of (- Uno)
_ 77
U5t Uny (7.77)

Ecay f0KaJK30BaHHOE COCTOSSBHE JIEKUT BOJN3H [IOECPXHCCTH (DepMH,

To A ¥ 8e MOXHO NOAOKUTL NPHOIUKEHHO PABHBIMM HX 3HAUEHHUAM Ha
nosepxuoctu Pepmu. Torpa

£F

Of (ei &y +Uny) - 0Tpg (€)
d (gg -+ Unyg) T de a3 (£q _o_l._ Uﬂa) —MNoo (E’F) (778)

00

a ycnosue (7.77) npuobperaer BHJ

Unoo (e8) > 1. | (7.79)

3aMeTuM, 4TO 3TO yCaoBHe coBnapaer ¢ kpurepueM Crouepa. M3 (7.79)
BHAHO, YTO JIOKANM3OBAHHBLIA CIHUHOBBIH MOMEHT IOSBASETCA, KOIIa
orrankuBagie U JOCTATOUHO BEJMKO NO CPaBHEHHIO ¢ MIMPHHOH A
pesoHancHOro ypoBHs. [lockonsky A = nVn (eg) [em. (7.70)], o6
pasoBaHME MOMEHTa oO0JeriaeTcss NPH MaJJod IJIOTHOCTH COCTOSHHH
B 30HE NPOBOAMMOCTH H MAJIOH CTENeHH KOBAaJEHTHOCTH. TakuMm obpa-
30M, ,Mbl JOJ/IKHBI OXMHIATH, YTO aroMbl ¢ 3d-KOHGQHrypauued OyayT
obnajfarts MOMEHTOM IIPH PAcTBOPEHUH B OJaroPofHBIX Meranniax, HOo
He B aJIOMUHHH, KaK MOXHO Oplio 6bI RymarTh.
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Onuxo u3 caenctBiil perreHdss AugepcoHa metonom Xaprpu—®Poka
COCTOHT B TOM, YTO MarHUTHas 4acTh IJJOTHOCTH COCTOSIHHI ompeje-
NsieTCA IBYMsl JIOPEHUMaHaMu, pas3feleHHbIMH 3Hepruelt U ((ny) —
— (ng)). Ecan Mbl BHOBp 00pAaTHMCHi K KPHBOH OCTaTOYHOrO CONPO-
THBJEHHSA Uil A0KA3aTEJNLCTBA 3TOr0 YTBEPKACHHUA, TO NEHCTBUTEILHO
o6HapyKUM ABA NHKA AAA NpUMeced NEepexojfHBIX MeTaJnJ/oB, pasbab-
JICHHLIX B MEeAH, KaK BHAHO u3 pHc. 7.9. M3mepenusa c nomoinbio 6onee

| S —
Co S5e Tt V Cr Mn Fe Co NU Cu Zn Ga Ge As

Pue. 7.9, OcraroyHoe cOnNpoOTHBJEHHE INDPHMECEH [EPEXOINHLIX MeETa/JJIOB B MeEjH.

TOYHBIX MHKPOCKOIIMYECKHX METOJAO0B, HanpUMep ¢ NOMOWbIO ALEPHOrO
Mar"uTHOro pesoHaHca (7.10}, mokaswIBAIOT, UTO 3JIEKTPOHBI NpHMe-
ceil B pa3baBNEHHBIX CIJIaBax BeRyT cebs CKOpee KaK aTOMHLIE, UeM
KaK CBOOOMHBIE, B COOTBETCTBHH ¢ MOZeJbI0 AHzepcoHa., Eue 6osee
ApaMaTHUecKoe HeCOOTBeTcTBHe c npubauxkenneM Xaptpu—Poka
Habawogaercs B 3hdexkre Koxpo.

7.3. 3dPEKT KOHJAO

Ha puc. 7.10 ana cucreM c JOKaAH30BAHHBIM MOMEHTOM THIA
H300paKeHHbIX Ha pHuc. 7.9 npUBEAEHLl KPUBBHIEC, JAAIOLME NpeIcTa-
BJeHHE 06 oOUeM XapakTepe WU3MEHEHUS CBOHMCTB IIDH [OHHXKEHHHU
Temneparypsl. CONpoTHBJAECHUE CHAya/d JorapupmHyecKH BO3pacTaer,
a TI0TOM BBIXOJUT Ha MOCTOSHHOE 3HaueHHe. TakKoe yBeJUUECHHE CONpo-
THBJIEHUS, OOYCJIOBJEHHOrO INPHMEChbI0, B COYETAHUH C YOLIBAIOIUM
(OHOHHBIM BKJIaJOM INPHBOXUT K MHHHUMYMY CONDOTHBJIEHHs — 3¢-
(beKT, KOTOpuIH Obl H3BECTEH, HO He HAXOOHJ OOBSCHEHHS B TeyeHHe
MHOTHX JieT. B TO e BpemMs M3MepeHHEIH [0 BOCHPUHMMUMBOCTH Mar-
HHTHBIH MOMEHT yObIBaeT, a TEMJIOEMKOCThL HMEEeT MARKCHMYM, COOTBET-
CTBYIOIMA H3MEHEHHMIO 3HTPONHH NPHOJIH3HUTENBHO Ha Agln2. Xotd
3TOT Hepexox IIajKHil, MOXHO YyKasarh TeMmneparypy, Ha3spiBae-
Myio temnepatrypoil Konjo, uuxe KOTOpOH NPOABJIAIOTCH NEepeuHCieH-
Hble aHOMaJbHBIe cBoHcTBa. Ha puc. 7.11 nokasano uaMenenue temie-
parypuel Koujgo mas 3d-nepexoiHhIX METAJNJOB B MEIH.



7.3. 3®PEKT KOHJIOO 253

Cefyac ycTaHOBJIEHO, YTO BCE Ha3BaHHBIE CBOHCTBA, KOTOpbLIE
NIPHHATO HaswiBaTh 3¢dekroM KoHA0, cBA3aHbI TOJBKO C IOBEJAEHHEM
JJOKANU30BAHHOIO 3JEKTPOHHOIO CIIHHA, B3AHMOAECHCTBYIOLLETO C Bhl-
POXACHHOH S3JEKTPOHHOH cucreMoH. 3Jta, kasanock Owl, npocras
npobseMa norpeGosasnia OT HCCJeROBATENEH OTPOMHBIX YCHJHKH, NpeXae
yeM OHY CMOIVIM NMPHUUTH K TOUKe 3pEeHHs, KOTOpas, KaK Mbl jiyMaem,

1- AT
I
R. I
e log T
I
| Y ——
} —
I
I
|
Xihp 1-BT? I
T+6
I
I
!
I
|
I
Cy |
|
) | -
___J I o T
]
Tx
Temnepamypa

Puc. 7.10. Cxemaruueckoe npeacrasjieHde nosepeHus R, %~!' B C,, THOHUHOrO IJf

abekta Koupo.

MOXKET CJYXHTb OTNPABHOH INPU pPACCMOTPEHUHM JAAHHOIO Kpyra BO-
npocos. Mul 3jleck HE MOXKEM H3J1arath BCE aClEKThl NPO6JeMEl (CM.,
Hanpumep, [7.11] uam o630p [7.12]), a ToAbKO onniem ee B 0OLIMX
yepTax, YTOOHl JaTh BO3MOXKHOCTb YHMTATENK) «IOYYBCTBOBATL», B YEM
cocrouT npobaema sagdpekra Kougo.

HauHeMm ¢ npejtonoXeHus, 4TO Mbl HMEEM JEJI0 ¢ MOZEAbI0 AHJep-
coHa B 00J14CTH, I'Zie OHa NPUBOAUT K BOCIPHHMUYUBOCTH, OTBEYaAOLIEH
00pa30BaHHIO J0KAJH30BAHHOIO MOMEHTA, T. e, npu U > A. Lllpugpdep
1 Bound [7.13] nokasaJu, 4TO B ITOM C1ydae MOKHO IPOU3BECTH KAHOHH-
yeckoe npeobpasoBaHHe, KOTOpPOe HCKJIuaer Vo B IEPBOM NOPAAKE.
Oxu HAUNIH, YTO NOAYYAKIHHCA I'aMUJILTOHHAH COLEPKHUT CJaraeMoe

76 s =—k§;" TSPk - Yi§ Sos (7.80)
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Puc. 7.11. HaMenenue teMnepatyphl KoHAO pif 3d-nepexofHEIX MeTansoB B MenH.

¢k:[ck*‘J H %:[601]. (7.81)

Cx ¢ Co,

rje

Buaxo, 4to no ¢opMe 3TOT pPe3yJbTaT COOTBETCTBYeT OOMEHHOMY B3aH-
MOAeHcTBHIO. JINsi BOJNIHOBLIX BEKTOPOB, JeXamHuX BOJIU3Y NOBEPX-
HocTH PepmH, napamerp oOMeHa NpHOOpETaeT BHA

U
- 2
I rphe = 2| Voug | NowuaTL (7.82)
B 3TOM BHIpaXXGHHH €, OTCUHTHIBAeTCH OT IoBepxHocTH Pepmu, Tak
YTO napamerp Jege, CTAHOBUTCH OTPHUATEIBHBIM H COOTEETCTBYET

aHTU(EeppOMATHUTHOMY B3aHMOJEHCTBHIO. :

Kak Mul yxe YHOMHHAJ U BRI, T€ CNJAaBh,, KOTOpble OGJafaioT
JIOKaJAbHLIMH MOMEHTaMH, OOHAaPYyKHMBAIOT TAKXKE MUHHMYM Ha 3aBHU-
CHMOCTH CONpPOTHUBJIEHHA OT TeMmnepaTyphel. YKasaHHoe OGCTOSTEeJb-
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crBo Hasesio Kongo [7.14] Ha MBICAb BBIYHCJAHTL AMIJIHTYRY pacces-
HUSL I 3JeKTPOHOB NPOBOJMMOCTH C NEPEBOPOTOM CNHMHA, UCNOJb-
3ys § — d-B3aumogeiicrere (7.80). PaccMOTpUM B OOUMX ueprax 3TH
BRIUHCHEHUSA. Bynem XxapakrepH3oBaTb NPHMECHBIH CIMH KBaHTOBBLIM
UHCJIOM IpoeKi UM cnuna Mg ¥ f06aBUM OLHH 3JEKTPOH B COCTOSIHUH
k, o) x aNekTpoHaM Huxe nosepxHoct Pepmu. Ilpu.f - — oo

¥
Ve~

lr\ H
Vig ———————

JI\ k

Puc. 7.12. Bxyjajg B aMnIMTyRy paccessHHS BTOPOro NopsajKa, CBA3aHHBIH C He 3aBH-
CHALUIHM OT CNHHA NOTEHUHAJOM.

COCTOSIHYE CHCTeMBLI MOXKHO TOrja 3alucarh Kak ctcl FS; Ms). B or-
CYTCTBHE BHEIIHEre I0Jis HEBO3MYIUEHHBIH raMUJAbTOHHAH HMEET BHA

+
%0 — Z €kCkoCko-
ByneM Teneph aguabaTHYECKM BKJOYaTb B3auMopjeHcTBHe 6, U pac-

CMOTPHM aMILIUTYJy pPAacCCesiHUS B COCTOSHHE c{ffc-'l FS; Ms>. Co-
xpansisn obo3nauenus ¢opmyJant (5.92), nmonyuaem

(k'c"; M| (00)) =8 (k — k)8, oBur 5, Mg, —
i . ’ l. r 1 .
_2m<kc, M | 361+ 96— 361 + ‘k o; Ms>><

k
X0 (ex — €x-)- (7.83)

Ecnu 6bl B3aUMOJEHCTBHE J6; COOTBETCTBOBAJIO OOLIYHOMY IOTEHIH-

anbHOMY DAcCesHHIO, TO pE3yJbTaT MMeR OB BUA 3 CirgViriCro-

Haubonsummit uutepec B Bolpaxenuu (7.83) npexacraBJsier cJaarae-
Moe, B KOTOpOe BeTHYHHA /6, BXOAUT ABaxAbl. PaccesiHue U3 cocros-
nus k B cocrosinue k', onucuBaeMoe 3THM YJEHOM, MOMKET HATH ABYMSA
pa3THYHBIMM NYTAMY, KaK NOKa3aHO Ha puc. 7.12. Marpuuunif 3je-
MeHT AN nponecca (@) ecTsb

<FS O ChrVier1Cy —I—CTVIkaCE ’ FS>; (7.84)
&y~ 96,

OH CBOJAHMTCA K

Vier —— Cyy (7.85)
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ITpouece (6) onuchIBAETCH MATPHUHBIM 3JIEMEHTOM

(FS

KOTOpPLI# MOXKHO 3anucarb 0oJiee CXKATo
F (81) I .)
—V Vin=V V y. 7.87
ko = (o — 1 T &) k5 k| (7.87)

Koraa umelor MecTo 06a 3THX npouecca, QyHKuus (DepMH BLINIAJ1AET
u3 pe3yabsrara. [TosToMy npuHuun [layau He HIrpaeT CYmeCTBEHHOHX
POJMH IIPH OOLIYHOM NOTEHIHAJbLHOM pacCeaHHH.

¥ + ¥
Cx-Ci V ikl Cx- Vi 1610k

1
—— FSY, 7.86

*k'u'
59 _____ -1 Sv ———————
Al k'o'l
Sy ——————— 4 e
(o S,
Aka #
a ]
Puc. 7.13. Bkaag B aMIaMTyly paccessHus BTOPOro NOPALKA, CBA3AHHEA ¢ § — d-B3a-
HMO/IEACTBHEM.

OnHako AEJ0 OGCTOMT COBCEM He TakK AJAA IIOTEHIHana, 3aBHCHs
Uero OT CMHA; ramuJasToHHaH (7.80) npnoﬁpeTaeT BUJ
H, = —JS. 5_‘, 3} CloScoCrroe- (7.88)

oo’
JIBa npouecca BTOpOro nopsAAKa, o6YCHOBJEHHBIE 3THM B3auMOAeH-
creueM, H3obpaxeds Ha puc. 7.13. Ilponecc (a) paer
1

J2<FS; -M:S Svsuck’o’ci'o'sg'o"clo" MCTU”SE"OCRUCEG FS; AAS):
(7.89)
YTQO CBOJUTCH K
1 —f (e .

J? _E;:i_ll) (M5 84S,55-0"St0 | Ms)- (7.90)

[Ipounece (6) naet
P IE)_ (0] 8,8 58 | M. (7.91)

Ex — &

[Tpy cnoxeHUH 3THX BeNUUHMH NOAYyYaeM
J2 1 r »

F[TS(S+I)—(MS, 0’'|S:5| Ms, o) | +

J3f (e

B! 1)

Sk—

L(Ms, 07| S-5| Ms, 0). (7.92)
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Bropo#t unen B Bripaxenuu (7.92) obycnoBiieH HEKOMMYTaTHB-
HOCTbIO oneparopoB cnvHoB. [TosTomy Mbl noJaydaem BKJaj B paccesi-
HHe, KOTOpLIA 3asucum ot npuruuna IMayau. CymMmupoBanue no npo-
MEXYTOUHLIM COCTOSHUAM NPUBOAMT K INOABAECHHIO MHOXHUTENS

I(&)
e, — &
l
BBoxs nuoTHOCT: COCTOAHMIN 3JeKTPOHOB NpOBOAUMOCTH N (), MOXKHO
Ipe[CTaBHTb 3TY CYMMY B BHJE
n f(€) 4,
jN(a) L2 de. (7.93)

[IpennosioxxuM, 4TO 30HA HMEET INPOCTYIO NPAMOYTOJbHYIO (QOpMY

NO) —D<e<D,
N(a):[ ©) < ) (7.94)
0 a8 Bcex ApYrUX 3HAYEHUN,
Torda uHrerpas ansa e =0 jaer
koT
—N (0) ln—g— + const. (7.95)

[TockonbKy B yAeJbHOE CONPOTHBAEHHE BXOAUT KBAAPAT aMILJIUTY b
paccesgHusl, NPOH3BEIEHHE 4YJIEHA [IEPBOrO INOPAAKA K STOTO YJeHa
BTOPOrO NOPSAKA Jaer BeJHYHHY, NponopuuoHadsuyio J2In 7.

Hns autudeppomaruutnoro obmena (J < 0) conpoTuBjienue BO3-
pacTaeT ¢ NOHWXKEHUEM TeMIepaTypsl, Kak BHAHO H3 puc. 7.10. Ox-
HaKo pacxoauMocTb npH 7 — O noxassiBaeT, YTO TEOPHS BO3MYILEHHH
B 3To# o6sacTH HenpuMmenuma. Ilocsrennee BecbMa HHTEpECHOe 06CTOSA-
TENbCTBO MOCJAYXKHAO CTHMYJIOM J18 HHTEHCHBHBLIX HCCJEJOBAHHUH.
Bojee pgecATd JaeT yueHble NBITAMUCh HAUTH peleHde npobaeMbl —
3KCIIEPHMEHTATOPbl M3YYa/JH 33aKOHOMEDHOCTH SBJEHHHA, 4 TEOPETHKH
uccaeqoBaJH  CBOHCTBA S — d-IaMHJbTOHMAHA M TaMHJbTOHHAHA
Aupnepcona.

[TepBas nonwiTKa yAYYWHTL BhluMcaeHus KoOH[o npusesa K Bbipa-
XKEHHIO JJIf aMIJIUTYAbl PACCesHHs, PACXOAdlleMycs NPH KOHEUHOH
temneparype KoHao, Kotopas onpejeassach CJAEAVIOUHAM KauecTBEH-
HBIM BHIDAKECHHEM:

Tx = Dexp[1/2JN (ef)], (7.96)

Xorg pacxoJMMOCTL O3HayaJqa, uTO BCe elle OTCYTCTBYET IOJIHOE pe-
IIeHHe npobseMEl, OHa YKa3blBaJa Ha BO3HUKHOBEHHE pe30HaHca B aM-
NIUTYAE paccesHUs Ha ¢epmU-yposHe. Takum obpasom, 3dpext Kon-
JO B OCHOBHOM CBfi3aH C BBI3BAHHOH NIPHMECHI0 HEYCTOHUYHBOCTBHIO IIO-
BepxHOCcTH Pepmu. MHOTO ycuJ/IHi 6GblIO 33aTPAYeHO HA BHICHEHHE Xa-
pakTepa OCHOBHOrO coctosiHusi. C camoro Havana npeanosaranioch,
YTO OHO JOJIKHO ObITb CHHIVIETHBIM, OAHAKO TOJLKO HEZABHO C IIO-
MOIBIO TOYHOH AHArOHANM3anmHH ') § -— d-raMUNbTOHMAHA DHAPLIO

1) Cm. Tsvelik A. M., Vigmann P. P. — Adv. Phys., 1983, v. 32, p. 453, —
Ilpum. ped.
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[7.15] 1 Burman [7.16] norasanu, 4yTo OCHOBHOE COCTOSIHHE NIPEJICTA-
BJasger coboit cuHraer. Hocupa c coaBropamu [7.17 ] nokasany, uro
€C/JH B3ATh CHHIVIETHYIO BOJMHOBYIO QYHKUIHWIOC B BUJE

¥ondo = = (X1t — Xiha), (7.97)

rde Y, — BOJIHOBass (QYHKUMS INIPUMECHOI'0 CMHHA, TO B KOMIIOHEHTY
P, BOJHOBOH QYHKUHH 3JIEKTPOHA NPOBOJHMOCTH BHOCAT OXHUHAKOBHIH
BKJIaJ BOJTHOBbIE (JYHKIHH CBS3aHHOIO ¢ IPUMECHIO 3/E€KTPOHA (CO
COHHOM BHH3) ¥ CBf3aHHO¥ C Hel JBIPKH (CO CIIMHOM BBepX), Kak
cxeMaTHyeckKH u3obpaxeHo Ha puc. 7.14,

Aupnepcon [7.18] paccmorpesn Takke BJIHSHHE CHHIVIETHOTO OCHOB-
HOI'O COCTOSAHHA Ha (ha30Bbie CABHTH 3/7eKTPOHOB NPOBOAMMOCTH. [lJs
CAy4as XOpOuIo JIOKaJAX30BAHHOIO MOMEHTA B NPHOMHKeHWH XapTpH—
doxa, obcyxnasmemcs paHee, §; = m, a 8, = 0. OgHaxo ecau Mnl
paccMaTpHBAaEM CHHIVIETHOE OCHOBHO€ COCTOSIHME, TO UMeEeTcs HHBa-
PHAHTHOCTb OTHOCHTEJNBbHO BpameHUH U (a30oBLIM CHABHT HE JNOJIXKEH
3aBHCETb OT 0. AHZEPCOH NOCTYJHPOBAJ, YTO B OKPECTHOCTH yPOBHSA
QepMu pa3oBuie cABHTH OYAYT TAKHMH, KaK H300pakeHo Ha pHc. 7.14.
IosiBarenue ¢dasosoro casura n/2 Ha ypoBHe Pepmu 03HaUaeT NosBJe-
HHYE 3hecb pe3oHaHca, KOTOPHI HHOrAa Ha3biBAOT pe3oHaHcOM AOpH-
kKocoBa—CyJ1a; OH TaK»e I0Ka3aH Ha puc. 7.14. [IMx nJuotrOCTH
COCTOAHHH Obl1 NoOJyYeH Takxe B pabore [7.19] wenocpeacTBeHHO
U3 eamusbmonuana Axdepcona. BblIO 110Ka3aHO, UTO 3TOT NHMK UMeEET
mWHpHHY kpTx M ucyesaer npu temneparype Kouno. Ecau paccmarpu-
BaTh TOJbKO 3JIEKTPOHHI C XapaKTEPHOH 3HeprHeH B MHTepBane kpTy
OKono ypoBHA DepMu, TO COOTBETCTBYWOIAS HIMPHHA JHUHHK Oyjer

bx = g (7.98)

Hosbep {7.20] yrasan TakxXe Ha TO, UYTO €CJIH CHCTEMA HAXOAMTCH
B CHHIVIETHOM OCHOBHOM COCTOSIHHM, TO MOXHO HCIOJIL30BaTh TEODHIO
chepMH-KHIKOCTH AJISl NOJYYEHHS DS COOTHOIICHHUH MEXAY pasyny-
HeIMH QU3HYeCKUMH BelnuuHaMmu. TakuM obpa3oM, B TeopuH 3¢deKTa
KoHgo MBI paccMaTpuBaeM 3JIEKTPOHbBI KaK INePEHOPMHPOBAHHYIO
}KHAKOCTh KBasWuacTHu. Kak yxe rosopuJgock B IJI. 4, IpH 3TOM ¢H-
3UYECKHE BEJHUHHBl JOJXKHBL ObITb (YHKUHOHAJNAMH OT OYHKIIHH
pacnpeneseduss KBa3HUYacTHI ng. B paccMaTpuBaeMOM CJy4ae IIpH
HAJHYHH IpuUMeced IS ONUCAHUS KBa3UUACTHI yAOOHO KCIOJIbL30BATh
¢azosble caurd. lIpeanosiaras, 4TO HMMeercs TOJbKO S-pacCesiHHeE,
no aHajxoruy c (4.65) umeeM

8 (€) =8, (€) -+ B oo (€, €) By (€) 4 =+ =
€

'. U!

= 60 —+- OLE {— ‘}bao % 6”—0 (E’) }' ¢0. s % 6”—0 (E’) Tl_ TR (7-99)
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7 (€)

1 1 €
€p EF

Puc. 7.14. o — cxemaTHueckoe u300pa)KeHHe BHAOH3MeHeHHS peweHuss XapTpH —

Qoka Gaaropaps pesoHaHcy Ha yposHe Pepmi. (Pesonanc o6yc/ioBJeH HaNOMOBHHY

9JIEKTPOHOM €O CIMHOM, HAanpaBJeHHbIM BHM3, a HANOJOBHHY JALIDKOA CO CIMHOM

BBEpX.) 6 — 3aBHCHMOCTh (230BOTO CHBMTA OT BHHEPTHU. 8 — 3aBHCHMOCTB JIO-
KAJNBbHOH IJOTHOCTH COCTOSIHMH OT SHEPTHH.

Bpona caeayiomHe ONPEAENEHHA: ¢, o + ¢ = 24, ,, THE §
0603HauaeT CHMMETPHUHYIO H @ — AHTHCHMMETPHUHYIO KOMOHHA-
uud, On = énix + 6n, u m = bny — On,, nonyuaem

8(€) = 8 + o€ + $,8, - ¢gmo. (7.100)

3ameruM, uTO ecau cABUr ¢assl OJAH30K K /2, TO NOCKOMBKY IS §-
BOJIHEL BRIpAXEHHE AJif Hero aHajoruyHo (7.53), BeAMUHHA o NpeacTa-

BJAseT co00i 0OpaTHYIO INHPHHY pe30HaHCa, KOTOpas B JAHHOM clyuae
Kak pa3 pasHa 1/kgTy.
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M3 Boipaxenus (7.56) 11 H3MEHEHHs NMJOTHOCTH COCTOSAHHH HMeeM

o

4yTO COOTBETCTBYET CJCAYHOUIEMY H3IMEHECHHIO BJIEKTPOHHOI:I TEIIJIOEM-
KOCTH. '
L

Cimp _ : (7.102)
C — mN, (€F) )

Urtobbl HAHTH BOCNPHHMUHBOCTb, 3AMETHM, UTO INPH HAJHUHH
BHEIIHEro nossa (a3oBhle CABHIH ONPENeNsiIoTCS BhIpaKeHHeM

51 — 6¢ = 2¢,m - 2gupHnNy (er). - (7.103)
Ho, nockonsky 8, = n (n,), a 6, — 8, = nm, umeem
gugm , o | +a/aNg(e
=57 oMo (er) @b — ) (7.104)

OTMeTHM, YTO 3TO BLIPAXKEHUE AHAJOTUYHO NO BHJY [OJYUEHHOMY
panee ripakeHuio (4.80) aas BOCIPHUMYHBOCTH OZHOPOJAHOH CHCTEMBI.
Ho3rep obGparns BHUMAaHHME HA JBA OOCTOATEILCTBA, KOTOPHLIE 103BO-
JHJIM €My CBA3aTb M3MEHEHHE TENJOEMKOCTH C M3MEHEHHEM BOCHPHMM-
yiuBoCcTH. Bo-nepsuix, peszonanc A6pukocoBa—Cysa npuBsi3an K ¢ep-
MH-[IOBEDXHOCTH, IO3TOMY INPDH OAMHAKOBOM CHBUIE€ BEJHUHHH € H
XMMHYECKOro IOoTeHIHasa W (a3oBbifi CABHr HE H3MEHseTCA. Y YHTHI-
Bas Bripakenue (7.100) u to, uro 8n = 2N, (eg) AC, Toraa noayuaem

oc—i—2N0 (SF) s = (). (7105)

Bo-Bropbix, Hoskep npeanosoxuj, yto B coctosHud Konpo B3aumo-
JEeHCTBYIOT TOJILKO @HTHNAPAJIJIENbHbIE CIIUHEL, T, €. ¢, = 0, a ¢ =
= ¢4, B srom cayuae u3 (7.105) caenyer, uto 2N, (ep) ¢%/a = 1,
ITO3TOMY

Ximp/X
R =2, 7.106
Clmp/c ( )

Kak Mul BuauM, B cocTosaHuy KOHIO OTHOCHTEJbLHOE YBEJHUEHHE BOC-
NPHUMUYHBOCTH 8 08a pa3a 6oJblIe OTHOCHTEJBHOIO YBEJIHUCHHS
TEMJIOEMKOCTH. 1aKOH pe3yJbTar BrepBble ObiJ YHUCJICHHO IOJYYEH
Busasconom [7.21)]; a1a HeB3aMMOJEHCTBYIOUMX CHCTEM YKazaHHOE
OTHOLUEHHE pPaBHO EeAWHHIE.

7.4. C/IYYAHHBIH OBMEH

Ilpu paccmorpennu sddexra Konao ucciaeayeTcss NOBEAEHHE OT-
JenbHOH npumecH. Korza KOHIEHTPAuus NOpPHMECH BO3pacTraer, cy-
INEeCTBEHHBIM CTAHOBHUTCH MAarHUTHOE B3aHMOJEHCTBHE MeXIYy Ipume-
csaMHi, [IoCKOMILKY 3TO B3aHMOZEHCTBHE OCYLIECTBJIAETCA uepe3 3JeK-
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TPOHbl NPOBOAMMOCTH, OHO pacrnpocTpaHsercs ropasjo AaJbliue 6JH-
Kaimux coceneii. B pesyabtare 3¢ipexThl TAKOro B3aWMOLEHCTBHA

HaYHHAIOT NPOABJATECA I[PH THIHYHBEIX KOHIEHTpALMAX [OPAIKa
5-107%,

7.4.1. PKKH-B3AMMO/JEACTBHE

Kak Mul BHjJenu B pasf. 2.2, MeXJy $-3JICKTPOHAMH H SiepHBIMH
MOMEHTaMHM HMeeTcsi KOHTAKTHOE CBEpPXTOHKOoe B3auMojeicreue. Ppe-
Jux u HaGappo [7.22] nepBriMHM [PEAIONOXHUJH, YTO ITO B3aHMO-
NeHCTBUE MOMKET NPUBECTH K IOJAPH3AUHMH sACPHBIX MOMEHTOB. HMeTHH-
Hy!I0 GOpMYy B3aUMONEHCTBHUSA, OJHAKO, IOJYUYHJH TOJLKO Pyaepman K
Kurrens [7.23]. B noaHoit aHaJOrKH ¢ 3THM fAepHHIM B3aUMOAEHCT-
BHeM OOMEHHOE B3aHMOJEHCTBHE MeXJYy 3JEKTPOHAMM I1POBOAMMOCTH
M JIOKAJH30BAaHHBLIMH 3JEKTPOHAMH MOXET TAKXKe NPHBOAUTbL K KOCBEH-
HOMY B3daKMOZEHCTBHIO MEXNY JIOKAJH30BAHHBIMH 3JIEKTPOHHbIMH MO-
meHTamu. 3uHep [7.24] npexanmoJioXuJ, 4TO Takoe B3auMojgeicTBHE
MOXeT OO0yCJOBJIMBATh (eppOMarHeTH3aM IEepexXOJHLIX MeTaJlJIOB.
Kacysa [7.25] wucciaemoBan 310 B3aumoneicrsue 6oJgee nogpobHO,
0co0EHHO B CBfi3H C €ro BJMSIHHEM Ha CNHHOBLIE BOJIHBI U 3JIEKTPO-
nposoinocTs. HMocuna [7.26] ucnoan3oBajg XKOCBEHHOE B3auMoJeHcT-
BHEe A1 OODBACHEHHs! MarHMTHBIX cBoiicTB cmviaBoB CuMn. B cuay
CKa3aHHOTO XOCBEHHOE B3aMMOJEHCTBHE MAarHMTHbIX MOMEHTOB Yepe3
3JIeKTPOHLI NPOBOAHMOCTH Ha3bIBAIOT g3aumodedcmsuem Pydepmara—
Kummean—Kacyu—Hocudo (PKKH).

Bug PKKU-B3aumogeiicTBus Jierko INOJYYHTb C° IIOMOLUBIO BBe-
JIEHHOH Hamd OGOGLEHHOH BOCIpHHMHMBOCTH. JonyctuM, yTo B3anMO-
JEHCTBHE MEXJIY JOKAJH30BAHHBIM CIIMHOM S,, paclo/joXeHHLIM
B Touke r = 0, ¥ CNMHAMH 3JEKTPOHOB [POBOJHMOCTH S; HMEET BHUJ

—J E Sa . Siﬁ (I'i).

Ha xaxjpit 3j4€KTPOH IPOBOAMMOCTH aelicTByer TOraa sdxpekTHBHOE
noJjie, ONpEJeIsieMOe BhipaAXKEHHEM

Hets () = — g_:ts S, 8 (r). (7.107)

OTKJIMK 3JEXKTPOHHOI'O rasza Ha Takoe IIoJIE€ ONpejesseTcsl BOCHPHHM-
yuBoCTBIO ¥ (q). Tax kKak ¢ypne-o6pas 3TOro NOJS KMEET BHJ

Heit (4) = — 27— Sa, (7.108)
CIIMHOBAA IJIOTHOCTh B TOUKE r paBHa
J ;qr
s(r)— e’ §,. 7.109
0 =27 B (7.109)

Jl1a rasa CBOGOLHBIX 3JIEKTPOHOB BeJHuMHa Y, (q) Raercs (opmyJIoH
(3.85). Cymma no q B (7.109) Bpiuucasercs nyreMm nepexoja oT CyMMH-
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016
0,14 |
012 -
o0+ }
0,08}
0.05}- 0‘006' 0,0006 |-
004 0,004 0004 -
002 |- 00002 | °
r,
- 75 p 5 -
~qoz -  -goozt- -g0002 |-
-qoos - ~0,0004 |-
- 006 |-

Puc. 7.15. CnuHoBas NJAOTHOCTb 3JEKTPOHOB IIPOBOAHMOCTH, OOYC/OBJAEHHAS NpPH-
MEeCHHIM CITHHOM B METaJJIHYeCKOM peluerke,

pOBaHUs K HHTErpHpoOBaHWIO. MHTErpan ferko Ha#TH C MOMOWIBIO HH-
TerpanpLHOro npeacrasienus [7.271]

2%p 4 g ||= ) S‘ dx sin (2kgx) sin (gx) (7.110)

In
X

r — g

Pesysbrar uMEET BHJ

I er  HEWN/V) . .
—V—Z x(@) e = —g- Qna,quqf (g{;) sin gr =
q

3g%g (N/V) ES [ sin2kpr — 2kpr cos 2kger 1
_ 8ep 167 (ker) - (7.11)
Cpapur QyHkImH, 3aKJOUEHHOH B ¢uUrypHEE CKOGKM, NpeacTaBJ/eH

Ha puc. 7.15.
I/ITaK, MBI BHAHM, 4YTO IpPH BBEAEHHH B MCTAJJ JIOKAJH30BAHHOI'O

MOMEHTA CIIUHBI 3JEKTPOHOB NPOBOJUMOCTH CO3AA0T BOJMU3Y Hero OcC-
muAaMpylomyto nodspudanuio. OcCHHJISAIMK CNHHOBOH IJIOTHOCTH
MMEIOT TaKylo Xe GopMy, Kak ¥ (ppujeSeBCKUe OCUUAAIMH NJIOTHOCTH
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Puc. 7.16. 32BHCHMOCTL OTKJOHEHHMS! CATEJJIHTOB OT OCHOBHOTO pe3oHanca B Cu®
or MaruuTHoro noas npe 300 K.

3apsAAa, KOTOpB€ BO3HHMKAIOT IIPH 3KPAaHHPOBKE 3apsafa NpPUMeCcH
JIEKTPOHHLIM T'a30M.

Haufosee HenocpeACTBEHHOE MOATBEPXKAEHHE OCUHJIATOPHOIO
Xapakrepa 3TOr0 B3aKMOJEHCTBHs OBLIO NOJYYEHO IPH H3yUEHHH
SIMP. Hanpuwmep, ans CuFe cnektp silepHOro pe30HAHCA COACPKHUT
CHJBHYIO JuHHUI0 Cu®3, caBuHYTYIO 3a cuer stekra Hafira, no cpaBHe-
HHUIO ¢ HabJII0JaeMoi B UHCTOK MEIV JHMHKH, ¥ pasJHUHbIE CaTesJIUTHLIE
JHUHHH, COOTBercTBylomMe sgpam Cu. 3td JUHHH HaXOAATCA BHYTPH
PKKHU-ociunnauuit Borkpyr npumecu Fe. Hapa Cu uysBcTByIOT CBepX-

8
TOHKOE KOHTakTHoe moje 6H (r, T) = — 3~ TIgUBC (r, T), xotopoe
00yCJAOBJHBAETCH CIIMHOBOH [OJAPH3ALMER 3IJEKTPOHOB NPOBOJH-

MOCTH:
o(r, T)=yimp(T) Hf (),

rae Ymp (1) — BOCHpHHUMUHBOCTE OXHOH npuMmecH Fe, a f (r) onpege-
JIsieT NMpOCTPAaHCTBEHHYIO 3aBHCHMOCTb B3aumojencTBusi PKKHU. Ilpu
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YVBEJTHUEHHH BHEIIHEro INoJs Noaspuaanus npumecd o (r, 7) Bo3pac-
TAET, MMO3TOMY CATE/JIMTH OTOJABHTAIOTCS OT OCHOBHOH JIMHMYU, NPHUEM
HaKJOH JHHHH, H300paxkallUiell 3aBUCHUMOCTb PACCTOSHHS JO caTel-
JHTOB OT MarHHTHOro noJas, 3aBucuT ot f (r). Ha puc. 7.16 nokasana
3aBHCKMOCTb OT I[OJIS OTKJOHEHUS A naTH careanurtos [7.28].
Hanuune kax IOMOXKUTEAbHOTO, TdK H OTPHUUATEJLHOrO HAKJOHOB
eCTb pe3yJbTaT OCHHAMATOPHOro Xapaxrepa (QyHKUHH [ (r).

Ecnn MMeercs elle OAMH JIOKAMH30BAaHHBIA CHUH Sg B TOUKE r, TO
OH B3aUMOJREHCTBYeT M C HMHAYUMpPOBAHHOH CIIHHOBOH IJIOTHOCTbIO,
YTO NPUBOJUT K 3(PGHeXTHBHOMY B3aHMOJIEHCTBHIO MEXJAY JOKalIH30-
BaHHLIMHA CIIHHAMH, KOTOPOE HMEET BHJ

J2

2 %(q) e Sa-Sp. (7.112)

%RKKY =
gzll%V q

[TIposiBneHUst 3TOrO B3aHMOJEHCTBUsI BeCcbMa MHoroo6pasHnl. Pygep-
mad B Kurrens (7.23] noxasajm, 4TO OHO NPHUBOAUT K YIUHDPEHHIO
JMHHH TIOIVIOWEHUA IIPH silepHOM MarHMTHOM pesonance. Ouo o0yc-
JIOBJIHMBAET TaKXXe OOMEHHYIO CBfizh MEXJ]Y JIOKaJH30BaHHbIMM MOMEH-
TaMH B peJKOo3eMeJbHHIX MeTa/nax. Kak Mel BHASAH B INI. 4, OCLHUJI-
JATOPHEIA XapaKTep B3daHMOAEHCTBHUA IIPUBOAHT K BO3HHMKHOBEHHUIO Te-
JUMArHeTu3Ma B TAKUX BellecTBax.

7.4.2. CITHHOBBIE CTEKJIA

Kak Mbl Bugend, oOMEeH MeXAY JIOKaJbHbIMH MOMEHTaMHM B METaJJe
MOKET GbITh NOJOXHTEJIbHBIM ((eppoMarHeTHK) MM OTPHLATENbLHLIM
(anTudeppomarneTvk). Orcioga cJaepyeT, YTO HEKOTOpLlE CIHHBI Ha-
XOMATCA B IIOJOXMEHHAX, I'le OHH He MOTYT MMHMMM3HPOBaThL Bce 00-
MEHHbIE B3aMMOAEHCTBHs. Takylo CcuTyamMio, H300paxeHHYIO Ha
puc. 7.17, nasweiBawor ¢pycrpauxei. [lepsBywo Momesbh CHMHOBOH CH-
CTEMBI, YUHTHIBAIOLLYIO PpyCTpalHio, Npes-
noxuiu Jneapac u Angepcon [7.29). B
COOTBETCTBHH C WX MOJEAbIO CIIMHBI B KaX-
J0H siueHKe peryasipHOH peleTKH B3aHMO-
JIEHCTBYIOT C 2z COCENsIMH MNOCpeACTBOM
OOMEHHOTO HHTerpana J;;, KOTOPHIA fB-
JsieTcsl cAy4yalHbIM U onpejessieTcss QyHK-
el . pacnpejenenvis Bepostaoctd P (J;5).
Uto6nl KauecTBEHHO NOHATh, KakHe pe-
3yJIbTaThl MOT'YT ObITb NOJydYeHhl C IO-
Puc. 7.17. Ilpocroii npumep MOWIBIO TAKOH MOJe/]H, paccCMOTpHM ypas-
bpycTpauus. 3mak smece HeHHe 3bdexkTusHOoro noas (4.36) ans

OTHOCHTCH K o6Meny. TakuM  Ten/IOBOrO CpeJHEro 3HAYEHHA  CIIH-

06pa3oM, ecliM TPH CIHHA BH- o /9

CTPOEHLI, K4aX NOKa3aHO Ha

DHCYHKE, TO 4YeTBepThlt o6pa- (S:) =th (X J:; (S;)/ksT). (7.113)
3yeT $ppycTpalHio. i
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Puc, 7.18, Temneparypras 3aBHCHMOCTb JWHAMHYECKOH BOCHPHHMYHBOCTH VIR
Cu : Mn,

Jluneapusanus BuipaxeHus (7.113) maer
(S1)=2J:;(S;)ksT. (7.114)
]

Ecau npoussecTH ycpexaneHde no BceM J;; B NpeanoyoxeHuu J;; =0,
T0 OkasmBaercst, 4TO (§;) = 0. OnHako ecsM BO3BeCTH YpaBHEHHE
(7.114) B kBagpar ¥ CHOBa IPOM3BECTH YCPEAHEHHE IO BCeM OOMEeHaM,
TO IOJNYYUM

—_—

(Si)? = G T IS ) (7.115)

310 03HAayaeT, YTo BeJHYKHA (S;)? CTARHOBUTCH OTJIHUHOK OT HYJA NPH
xputuueckoit temneparype Ty = 2J};/kg ¥ MoxeT paccmaTpUBaThCH
Kak napamerp nopsigka g. To, uto (§;)* ++ 0, a (S;) = 0, yka3smBaer
Ha HaJHYHe COHHOBBIX KOHQHUIYpalKH, B KaXXJ0H H3 KOTOPBIX CIHH
3aMOPOXEH B KaKOM-TO HallDaBJIEHHH, NpPHYEM 3TH HanpaBJeHHs CJIy-
YaHHO M3MEHSAIOTCA OT TOYKH K TOYKE CIJIaBa. Takyio cUCTeMy OGLIYHO
Ha3bBAIOT CNUHOBLIM CrMeKa0M. Pemnenue, nonyueHHoe MeToAoM addek-
THBHOIO MNOJA [JAsi MOAeIM Jasapiaca—AHJepCcOHa, KaK M Teopus
[lleppunrrona U Kupxnatpuka cO CJAy4yadHbIM OOMEHOM B MOJETH
Usunra [7.30] ¢ GeckoHeuygo GOJbINHM PaJMYCOM B3auMOJEHCTBHA,
IPUBOJHUT K OCTPOMY NHKY 3aBHUCHUMOCTH AMHAMHYECKOH BOCIPHHUMYH-
BOCTH OT TeMIEPATYDbI IPU HU3KHUX 3HAYEHUAX BHELIHErO NOCTOSHHOIO
noJa. CoOTBETCTBYIOLUME 3KCIIEPHUMEHTAJbHLIE JAHHBLIE NPEACTaBJEHEI
Ha puc. 7.18. OxHako o6e TeoOpUM NMPEACKAa3BIBAIOT TaKXKe OCTPhIM MUK
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A TEMJIOEMKOCTH 1P Temneparype Ty, KOTOpPHIH, KaK BHAHO H3
puc. 7.19, He HabmoaaeTCs. BO3HHKAET BONPOC: CYLIECTBYET JIX peaJib-
Hbli a30BbIH NEPEeXOX B CIIMHOBOM CTEKJe HJM HMEeT MeCTo I0oCTe-
IeHHOe 3aMopa)KUBaHUe CITHHOB?

TpyAHOCTH OTYACTH CBA33aHK C TEXHUKOH BhIUYHCJIAEHHUS TE€PMOAWHA-
MUUYECKHX BEJHYUH B paccMarpuBaeMuXx mojeasax. CBOGOAHAs 3HeEp-
THA 1IpH JAaHHOM BHJAe OOMEHHOro B3auMOjeHCcTBHs {J;;} paBHa
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Temnepamypa, N

Puc. 7.19, TeMmnepaTypHaf 3aBHCHMOCTb TENJOEMKOCTH (BepXHSs KpHBaf) M AHHa-
MHUeCcKOi BOCTIpHMMYHBOCTH ANA | Moas cniaBa Cu : Mn,

—kgT In Z {J;;}. Torma cpenmee no (QyHKUHH pacnpefieeHHs Be-
positocTedt P (J;;) onpenensieTcsi BblpaXKEHHEM

F:-—kBTj [TP(J:)InZ{J,;}dJ;;.
i
Jlna "ynpouieHusi ycpelRHeHHs Jorapudma Insapac ¥ AHIepcoH Boc-
NOJb30BAJHCh TOXJECTEOM

InZ = lim — (2" - 1),

n—-0 n

rge Z® — CTaTHCTHYECKas CyMMa AJd N TOXAECTBEHHHIX «PENJHK»
nepBOHAaYaJbHOM CHCTEMBL. YCDEAHEHHE N0 OGMEHy Tenepb NPOH3BO-
IuTCA 00 TEMIEpaTypHOro ycpelHeHHsi mo cnuHam. Ilocrynas Takum
06pa3oM, Mbi CTAJKHBAEMCH C KOPPeNAUHOHHEIMHM (yHKUMSMY THNA



7.4. CJIJYUANHBIA OBMEH 267

(S?S?)n = (Qup)n, COLEPXKAWMMMH CIOHHBI H3 paSAUYHLIX DPENVIHK,
ITocKOJBKY penJiuK{d BBEJEHH TOJbKO M1 YAOOCTBA BbIYMCJIEHHH,
caenyer noJarartb, 4YTO BCE 3TH KOPpeJsUMOHHBIE QYHKIUH B npepene
n— 0 JOJXHL 6bITh PaBHEl mapamerpy nopsiaka DABapiaca — AH-
zepcora g. Onnako e Anmeidiza u Tayaec [7.31] nokasann, yro takoe
JONYIIEHHEe fIBJASIETCS CJAHIIKOM JKEeCTKHM, M [PeANOJOXKHIH, UYTO
UCTHHHOE DEIIeHHE BKJIOYaer HapylleHHe CHMMeTpuH pemauk. Of-
HaKo HMeeTcs GeCKOHEYHOe UHCJIO CIoco60B HAPYLIEHHA CUMMETPHH,

3
H, 3 4% Ag:Mn

T
1)
S
3
&
3
/[

0 10 20 30

Temnepamypa, I

Puc. 7.20. Temneparypuas 3aBHCHMOCTE HAMAarHHUEHHOCTH NIPH OXJAaXNEHHH B HY-
JeBoM nose aas Ag : Mn.

a TEOpHS peNJHK HE jaeT SBHOIO OTBera Ha BONPOCHI, KaKoH MNMyTh
NPaBUJICH M KAaKOB (DM3UYECKHH CMBICJ DPas/HYHBEIX NapameTpoB II0-
psiika M HapyureHuid cummerpuy. Ceiiuac npojo/aKaercss H3yueHHe
JUHAMHMUYECKHMX CBOHCTB MOJeJan IaBapiaca—AHJepCcOHa B Hagexje
Ha TO, YTO OHO MO3BOJIMT IOHAThH CBOHCTBA MAarHUTHBIX CHCTEM CO CJIYy-
yaliHeiM oOmenoM [7.32].

[Ipn cpaBHEHMH SKCIEDHMEHTaJbHEIX pe3yJbTaTOB C TEOpEeTHHe-
CKHMHM MOJeNsIMM CJAy4yaHHOro oOMeHa BO3HMKaeT JApyras TpYAHOCTE.
MmeHHO, 3TH JaHHble A2I0T OCHOBaHME npejlionararh, 4YTO peajbHbIe
CHCTEMBbl MOTYT OKa3aThCs 3HauMTENBLHO Oosee caoxHBIMH. Hanpumep,
JUHaMHUYecKasli BOCIPHHMUHBOCTBL Jab0 3aBHCHUT OT dYacCTOThl, Kak
BHAHO M3 Bpe3KH Ha puc. 7.18, a cratHyeckass BOCIPHHUMYHBOCTb 0O-
HapyKHUBaeT 3aBHCHMOCTh OT BpeMeHH H Heofpatumocth. Ha pue. 7.20
oKa3aHa cratnyeckas socnpuuMursocth Mn B Ag. Cmiownas xpu-
Bas Oblla IloJyueHa CJeAylomuM ciocoboMm: of6pasen oXxJjaakRadcs
B HYJIEBOM MAarHMTHOM [one (C KOMIleHCapHeidl MarHMTHOrO IoJas
3emau), noc/ae Yero ¥3Mepssach BOCIPHUMYHMECGC1h NLH NOBLILLEHWH
tTemneparypul. C Apyro# CTOPOHBI, €CJH OXJaXJaTh o6pasel B MATHUT-
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HOM IIOJIE, KOTOPOE HCNOJL3YETCA A1 U3MEPEHHHA BOCIPHHMUHBOCTH,
TO mnoJyyaiorcs 60JbLIKE 3HAYEHHSA, H300pakeHHble Ha puc. 7.20
INTPUXOBHIMK JHHHUAMH. DTH KPHBLIE AJA BOCIPHUMYHMBOCTH, NOJYUEH-
HEIE NIPH OXJiaXKAEHuH obpasua B noJe, BOCIPOU3BOAMMEI, TOrAa KakK
KPHBbIE, IOJIYUYEHHBIE NMPH OXJAXKJAEHHH B HYJEBOM N0J€, HEBOCIPOU3-
BoAMMEL. DBoJsiee Toro, €caM OCTAHOBHUTLCR NIPHU MAHHOH TeMmueparype
T < Ty na XpuBOH, COOTBETCTBYIOIEH OXJaXKJEHHIO B HYJIEBOM IIOJe,
¥ BKJIOYHTH 10JI€, TO HAMarHHYERHOCTb CO BPEMEHEM BO3pacTaer Jiora-
pudMHuecKH, npubJHXKaAch K 3HAYEHHIO AJIs HEHYJ/JeBOTO MoJjs.
BeposaTHo, Takoe noBefeHHE CBA3aHO C CYUECTBOBAHHMEM 6OJBILOrO
yHcJda HU3KOJEeXKAlUX COCTOSHUMN, pasjeseHHbIX 6appepaMu, KOTOphie
OrpasHM4yuBaloT (ha30BOE MPOCTPAHCTBO, pa3PEIIEHHOE [AJIs1 CHCTEMB.
MarnuTHbIE CBO#CTBA NPH HU3KOH TeMmmeparype onpeaeasitorcs ¢op-
Mol 6apnepos.

7.4.3. MUKTOMATHETH3M

3aBUCHMOCTh OT BpPeMeHH K HeoBpaTtuMocTh HabJII0JAaioTCs TaKke
H y 6oJiee KOHIEHTPHPOBAHHLIX Crn/aaBoB. IJOCKOJNbKY B 3TOM Ciayuyae
BOCIPHUMYHBOCTE HMEET CXOACTBO C aHTH(eppOMarHuTHOM, a OCTaTOoy-
Hasi HaMarH¥4YeHHOCTh MOC/AE OXJAXKICHHA B NoJe XapakTepHa s
peppomarsetuka, bexk [7.33) HasBan Takve cnJjaBhl «MMKTOMarHe-
THKH», OT TIPEYECKOro CJ0Ba «MHKTOC» — CMEHIAHHBINA. BO3MOXHO,
YTO MUKTOMAarHUTHOE IoBejeHHe 00yCaAO0BJAEHO (JeppOMarHUTHBIMH KJIa-
crepami. PacemoTpuM gacth obpasua, coAepKaiiyilo CH/AbHO CKOppe-
JUPOBAHHEIE COHHBI M 06ajar0lUyl0 MarHUTHBIM MoMeHTOM wu. [Ipen-
NOJIOKKM, YTO OPHEHTALMS MOMEHTAa ONpPEAeNserTcs 3HeprHeH amu3o-
tTponud —uwH, cos® @, rae o ~— yroa Mexay MardiMuTHHIM MOMEHTOM H
OChIO JIerKOT'O HaMarHM4yuBaHus. MomeHT ycroiiyus a1 o = 0 HJH
o = 7, NpUUEM 3TH JABa HANPaBJEHHs pas3feseHbl SHEepPreTHUECKHUM
6apbepom BeicoTOH WH 4. Ecan kJjacrep nosopaunBaeTCss KOTrepeHTHO,
T. €. €CIH B HEM BC€ CNHUHBLI COXPAHAIOT B3aMMHYIO ODHEHTAUKIO IIPH
NIOBOPOTE, TO MOMEHT Oy JeT H3MEHSThCS CO CKOPOCThIO, ONpele/sieMOn
3akoHOM AppeHuyca

-~ exp (—RH.s/kaT).

[Ipu pH, ~ kgT Kaactep Beger cebGsi KaK napaMarHeTHK; Takas CH-
Tyauus HaswiBaerca cynepmaetemusmon [7.34 1. Isuex u ap. [7.35]
NPEOXKHIN MOJE/Ib, COINIACHO KOTOPOH KOHIEHTPHPOBAHHbIE CIIABbI
COCTOSIT K3 CyneprnapaMarHMTHHIX KJ4aCTepOoB C OJAMHAKOBHIMH MOMEH-
TaMd H IOJAMH aHU3OTPONHUH, HO CO CAYyHadHO pacnpedeieHHuimu
OCAMU JIeTKOr0 HAMATHUYYMBAHHA. DTa MOJeNb MOYTH MOJHOCTLIO OMU-
chblBaeT ISKCHepHUMeHTaJpbHO Halmiogaemoe noseaenve M (¢, H, T)
Ins Takux cdcreM, kak CuMn u AuFe.

[To Mepe BO3pacTaHHs KOHIEHTPauMHd 0O0pa3oBaHHE KJ/aCTEPOB
CcTaHoBHTCS Bce OoJsiee 3aMETHEIM. B KoHIle KOHIOB JOCTHIEeTCs TaKoe
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Temnepamypa omxtuza Ty, C
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Puc. 7.21. MaruutHas ¢a3oBas AMarpaMMa: 3aBHCHMOCTh T¢ OT OGPaTHOH TeMre-

paTypbl oTxkura T 4. CBersible KBanpaTsl — nepexoj apaMarseTuk — deppoMarke-

THK; CBETJble KDVXKH — Iepexoj MNapaMarHeTHK — CNHHOBOE CTEeKJO0, WYepHHe

KBajpaThl — Nepexoji (eppoMarHeTHX — CNHHOBOE CTEeK10. BepTHKalbHbie OTPE3KH

VK43bIBAIOT [OTPEMIHOCTh K3MepeHud, OLEHEHHYK N0 JMHAMMYECKOH BOCTIPHHM-
YHBOCTH.

3HayeH¥e KOHIEHTpAallXH, Ha3kBaeMoe [OpOroM NEPKOAANHH, KOria
y KaXJ0H MarHuTHOM siueliKH MMeeTcs MO KpakiHed Mepe OAMH O.H-
Kallmui MAarHuTHBIA cocen, W JaJdbHHH NOPAJOK MOXKET pacnpocTpa-
HATBCS Ha Bech Marepuald. [Ipu kaxno# JaHHOH KOHIEHTPALMH 3¢-
(GeKTHBHOCTb 0GPA30BAHUsl aTOMHBIX KJaCTepOB 3aBHCHT OT Cnocoba
uaroToBseHusa obpasua. Kpeitn u Kpaye [7.36 ], Hanpumep, u3ydalin
BAUSIHUE OTXKura s Au : Fe. UsBectHo, uro oOpaTHas Temneparypa
orxxura 1/T, nponopuuoHalpHa CTENeHH o00pa3OBaHUsl ATOMHBIX
knactepoB. Ha puc. 7.21 npeacrasjieHa marHuTHas ¢asoBasi jAua-
rpamma aas 14 %-Horo cnitasa. B yacTHoCTH, NMpencraB/sieT HHTepec
nepexoj Or (peppomarHeTyaMa B COCTOAHHE 6€3 CIOHTAHHOHM HaMarHu-
YeHHOCTH [PH HU3KHX TeMmneparypax. BeposTHo, 3peck camo deppo-
MarCHUTHOE COCTOsIHHe oOsajaeTr OOJbIIOH CTeneHplo Oecrnopsijka.
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PACCESAHME HEUTPOHOB

PaccesstHue TenJOBHIX HEHTPOHOB JEXHUT B OCHOBE HCKJIOUHTEJbHO
MOLIHOrO crnocofa MccaefloBanuMa TBepioro Tena. IlIupoxkne BO3MOXK-
HOCTH METOJa CBsi3aHBl ¢ TeM, uTo TensoBble (300 K) HeiTpoHEl ¥MeIoT
JUIHHY BOJIHEL A =~ 1,6 A. D10 03nauaer, uTo HX 3HEpTHUA H JIIMHA BOJIHEI
CpPaBHUMBl C COOTBETCTBYIOUIMMH BeJHYHHAMH I BO3OYXKIEHHH
B KpHCTaAnax. MiMeHHO HeHTPOHHOMY DacCesHHIO MOYTH BCerha NpH-
HaJUIeXXUT IOCJAEJHEe CJOBO B ONPEJENEHUM YIOPSAOYEHHS CIIUHOB,
pacrnpeneneHyuii CiHHOBOH MJIOTHOCTH 4 AMCIEPCHOHHBIX COOTHOLIEHHUH
415 corHOBBIX BOMH. [logpoGHoe o6CyXaeHHEe 3KCHepUMEHTaNbHBIX
METOJI0B, HCIIO/Nb3YEMbIX IPH HCCIEJOBAHHH HEHTPOHHOrO PacCesHus,
CO CChIVIKAMH Ha OPHTHHAALHBIE pabOThl MOXKHO HaHTH B KHure [8.1].

8.1. CEHEHUE PACCESIHUSI HEHTPOHOB

He#liTponHbIil 3KCIepYMEHT COCTOMT IO CYIECTBY B TOM, YTO KOJJIH-
MUDOBAHHBLIH NYYOK MOHOXPOMAaTHHECKHX HEHTPOHOB NOCHLIAETCH Ha
ofpa3en ¥ u3MepAeTcs SHEPreTHUECKHH CHeKTD HEHUTPOHOB, paccesH-
HbIX B HEKOTOpPOM HanpasjaeHUH. Tak¥m obpasoM, u3MepsieMod BesH-
YHHOH sIBAgeTCs JubdepeHnMaNbHOE CeueHHe paccesHus. B Ha-
crosileil rJjaBe OyAeT pacCMOTPeH BONPOC O 3@BHCHMOCTH CEYEeHHS pac-
CesIHWA OT COCTOAHMA Kpucranaa (8.2, 8.31.

Ecau oneparop B3auMOJEHCTBHA HEHTPOHOB C pacceuBaTeseM
ects V (r), TO BEpOSITHOCTb TOTO, UTO HEHTPOH OyAer paccessH U3 Ha-
gyajpHoro cocrosinua (k, m;) B koHeunoe coctosnue (k', mg), a cu-
cTeMa nepeiner H3 COCTOSHHA o B ', B GODHOBCKOM HPHUGIHMKEHHH

paBHa
9 H2p"2 #2k?2

6 (Y FEa G —Ea),

(8.1)

rie®x = k — k', L3 — o6bem o6pa3na, m, — macca Heiirpora. Hucao
HEHTPOHOB, pacCesHHHIX B TelecHbH yroa dd' B Hanpasaenun k' u
UMEIoIKX UMNYJabc Mexay Ak" u # (B + dk’), noayuaercs nmyreM ym-
HOXKEHHUs BopIpa)keHus (8.1) Ha YuC/JI0 COCTOAAHHM B 3JeMeHTe (a3oBOro

o0peMa, KOTOPHIA paBeH

<oa', m;\—lﬁdre"”"V(r)\a, ms>

k'2dk' dQ’

L (8.2)

[TocKogbKy 3HEprusi ¥ HMMIYJbC HEHTPOHOB CBsI3aHBI COOTHOILIEHHEM
E' = h2k'2/2m,, nocneiHee BEIDAXKEHHE nNpHcGpeTaer BH
41] ll

e dQ dE’. (8.3)
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Hugpeperyuaroroe cenenue paccesnus onpejengercd Kak oTHolle-
HHE 4YhC/a HeUTPOHOB, PACCEHHBIX B €AHHHULY BPEMEHH B €JHHUYHBIH
TEJECHBIH YroJ, K najamumemy nortoky. ITnorHocTs noroka HedTpo-
HOB, UMEIOIUIMX CKOPOCTb U U HAXoAsImuXcs B oObeme L3, paBHa

v 11
== —. 4
5= (8.4)

Ilostomy nuddepennmanbroe ceyeHHe paccesHUs MOXHO 3aNHCaTh
KaK

d%c K ( My )2';/
dQ' dE’ Ok \ 2npB )

[ [
o, me¢—>o , Mg

XN, my\V (—x)| e, m)s ( mE? B ﬂ?_f:a). (8.5)

2m0 2m0

Temeps HY»XHO INpPOU3BRECTH CYMMHPOBAHHE NO KOHEUHBbIM COCTOS-
HHAM o’ ¥ Mg 4 YCPeJAHUTh N0 HaYaJbHEIM COCTOSTHHSM o H Mg, KCHOJMb-

3ysli pacnpenejeHde BepoaTHocTed P,. IJTo pacrnpegeseHHe MOXKET
ObiTh 601 UMAHOBCKHM

P — exp (—Eq/kgT)
* Y exp (—Ea/kgT)
o

(8.6)

UJIM KaKUM-HHOYAb ApyruMm (Hanpemep, pacnpepenenueMm bose—iin-
IITE€4Ha B cJAyyae (OHOHOB). Takum ob6pasoMm, uMeeM

dc Bl omy \2
d%Y dE’ _Epmpm Z k(2nﬁ2)x
a,m’ ? ’

o, my

x|@’, m|V (—n)|a, m)ps (s 4 B, — IE 2)- (8.7)

.QmD 2mu

D10 06HH pe3y/bTar, KOTODHIH COCTAB/JAET OCHOBY HalLero paccMo-
TPEHUA paccessHUs HEHUTPOHOB.
He#Tponbl B3auMOZEHCTBYIOT ¢ KDHCTAMIOM ABYMS NYTSAMH: IIO-

CPEACTBOM HAIEPHOI0 B3aHMOJEHCTBHUS M IOCPEILCTBOM MaTHHTHOIO
JHIIOJLHOIO B3aUMOJEHCTBUA,

8.2. AJEPHOE PACCESSHME

XoT# Hac HHTepecyeT NIPEeHMYINEeCTBEHHO MarHHTHOe paccesinue,
o6CyIdM KOPOTKO BKJMAj sIEDPHOrO pacCessHMsi, 4ToObl NOHATH, KaKue
YCJHOXHEHHs] OHO MOXeT BHOCHTb B 3KCNEPHMEHTA/bHbLIE pe3yJhLTATHI.
PaccmoTpuM cHayaa paccesiHHe Ha O0HOM. $HKCHpOBAHHOM SAPE,
HMEIOIUEM HYJIEBOH CNHMH M pacnosioxeHHoM B Touke R. Tlockoabky
pamuyc B3aUMOLEHCTBHS OYeHb MaJ, IPH TEIVIOBHIX SHEPTHAX HEHTPO-
HOB paccesaHHe Oyaer H30oTponHbiM. [IpHUxKa 3aKjJI0YaeTcsd B TOM, UTO
Ha MaJblX PAacCTOSAHHAX OT sAgpa YIVIOBOH MOMEHT HEHTPOHZ OYEHb
maJj. IlosToMy ¥Meer MecTto TOJIbKO paccesiHHe s-BOJHbI. EMHCTBEH-
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HBIH BU B3auMOJAeHCTBUA V (r), KOTOPBIH JaeT U30TPONHOE paccesHHe

B OOPHOBCKOM NpPHOMMXKERNH, — 3T0 8-byHKIHA.
HUrak, MBl nmonaraem
V) =2 05— R), (8.8)

rae a HasbiBaeTcsl daunold paccesnusn. OHa npejpcrasaser coboi eno-
MEHOJIOTHUECKYIO XapaKTePUCTHKY SAJEPHOrO paccesiHds, XOTopoe
¢ 6OJBUIMM TPYJAOM I[OAAAETCA NPSAMBIM BhIUMCIEeHHAM. Bbipaxenue
(8.8), Ha3niBaemoe ncesdonomeryuarom Pepmu, onpegeser IMOTHOE
ceyeHue

o =4n|al. (8.9)

Juna paccesBusi CUMTAaeTcs BEJAMYHMHOH, HE 3aBHCAHIEH OT 3HEPTHH
HeHTPOHOB. JTO CHpaBelJIMBO NPH MAJbBIX 3HEPrusiX HEHTPOHOB.

PaceMoTpuM Teneph paccesiHHE Ha MHO2UX XKECTKO 3aKpPENIEHHBIX
sipax, paclo/JIOKEHHBIX B y3naX peweTkn n. Eciau MH HMeeM Reso
C XMMHUYECKUM COEJUHEHHEM HJHU B KpHUCTaJAIe NPUCYTCTBYIOT H30TOIIHI,
TO aMIIUTYIQEl PACCeAHHUS Js pasHbIX fAJep MOryT ObiTh PAa3JHYHBLL.
Torga noOJIHBIA MceBAONOTEHIMAJ HMEET BHJ

V) =2 % 08¢ —n). (8.10)
m G
OH NpUBOAUT K Caenyouemy AxddepeHnHaIbLHOMY CEYEHHIO:
dic
dQ' dE'
= 2 PP, Z T’ <oc', My Za,,e"“'" o, ms>2-6 (3ueprus).
o, mg @, ml n

(8.11)

3zech O OTHOCHTCS KO BCE€M KBAHTOBBIM YHC/IaM, HEOOXOJHUMLIM I/
ONMCcaHUA KPHCTadaa. B yacTHocTH, @ H @' MOTYT XapaKTepH3oBaTb
pacrpeleneHue H30TONOB M OPHEHTAlMI0 AfepHhIX cnuuHoB. C Xopo-
el CTeneHbIO TOYHOCTH MOXKHO CUMTAThb 3HEPTHi0 HE 34aBUCAIIEH OT
9THX BeJHYMH. loraa

—;S-gr = azm PoPop nxm exp[ix-(n — m)] (e, m;|aman|a, mg)=
= Y expl[ix-(n — m)](amax). (8.12)

[TockoJabKY XOppeaslyus MeXAy an ¥ am AIA N=m OTCYTCTBYET,
HMeeM

(am@n) = (@m) {@n) = [(@)]*.
[ToaroMy MOXKHO 3anucaTth

(@man) = @) 4 (Kl a|>) —|(a)]*) A(n — m), (8.13)
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310 1103BOJSIET pas3acauTb CEYCHHE HA JBE€ 4aCTH!

ddg' - (_ff% con (7‘15%-)1“@’ (8.14)
rpe
(42 =l | Z e 3.15)
€CTh CedeHue KOLEPeRMHO20 pPACCesHUA,
o —N(aP) - [(@)P) 8.16)

— Ce4eHue HEeK02ePeHMHO20 PACCeAHUSL.

Mbl BuAMM, 4TO TOJNBKO CPEJHMI paccenBaiOIH{ NoTeHuuan {(a)
NPUBOAUT K HHTep(epeHIHOHHBIM 3hpeKTaM U KOrepeHTHOMY paccefl-
HHIO, TOTAAa KaK HEKOTePEHTHOe paccesHHe NPONOPUHOHANILHO CpejHe-
KBajpatuuHoMmy otkJaoHeHnio (|a — (a)|*). Ecau sgpo obJaanaer
OTJHYHBIM OT HYJ CIIHHOM, TO aMIJIMTYZa fJepPHOrO PacCesgHUs 3a-
BHCUT OT B3AWMHOH ODHEHTALMH CIIHHOB fApa ¥ HelTpoHa. [TockoabKy
silePHBIE CIIMHBI OPHEHTHPOBaHBl OECHOPSNOYHO, BO3HHKaeT 6oJibloe
HEKOTepEeHTHOE paccedHue. IDT0 npeKpacHo BUAHO Ha puc. 8.1, rae
CPaBHUBAIOTCS CEYEHHs pacCestHuA AJs JeHTepujga U IHAPHIA TOPHA.
Tak kak y jefitepust HET AAEPHOrO CIMHA, B JEHTEpUE TOPUS HEYIIOPH-
JIOUEHHOCTb CIUHOB HE BHOCHT BKJaZa B HeKOrepeHTHOE paccesHue.

ThH,
Kozepexmnoe
140 paccesrue
120
100
80

60 - Herveepermiioe paccesnue

(101)(110) (002)  (200)(112) (217) (202) (220} (301)(@04)  (1h4) (J21)

v VoY
Vo ( v H* ++

ThD, (30)2z2) (312
20

/-

HHITIEHCUBHOCTTS DECCESHILS, HEZITIDON /MUK

Yeer pooroanua

Puc. 8.1. dupakuusg HeATPOHOB Ha noaukpucraianax ThHy, u ThD, [8.4].

10 p. vaar
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8.2.1. BPAITOBCKOE PACCEAHHE

KorepeHTHOE paccessiHHe Ha KECTKOH pelIeTKe Ha3bIBAIOT TaKikKe
6paceosckum paccesnuesr. OHO onpepensieTcs CYMMOH

. eix-n’

2
Kotopasa cozepxut N ujneHoB. MoxHO mOKa3ath, 4TO
= PPN X s ), (8.17)
Vo G

rze Vo, — obneM oxuoil 3JjeMmeHTapHo# siueHkH, a G — BeKTOp o6par-
no#i pemerkH. C 3THM BaXKHBEIM pe3yJbTATOM MbI GyZEM BCTPEYAThCH
mHoro pa3. CeueHHe KOTepPeHTHOro (HJIM OGp3rTOBCKOr0) paccesHus
npHolperaer BH]

do (2:n:) N
Ecnu B ofHoOH gueiike colepxkutTcs Oosee OQHOrQ aroma, HalpH-
Mep 7 aTOMOB B TOYKaX C PajHyC-BEKTOPaMH P, Pg, ..., OTCUMTHLIBAE-
MBIMH OT HEKOTOPOH TOUKHM BHYTPH SUEHKH, TO
do (2n) N
(2 s = 3 [FG)}8(x—0), (8.19)

rae

r

F(G)= X (e’

=l

— cmpyKkmyproil gaxmop sSUEHKH.
BaxXHO OTMETUTh, UTO KOT€PEHTHOE pacCesiHue UMEET MEeCTO TOJLKO

IpH YCJOBUH
x=k— k'=0G. (8.20)

B03B0jig 3TO COOTHOIIEHHE B KBaJpaT H HCNOAb3YS TOT (aKT, 4To Ipo-
eKIHl BEKTOpa OGpaTHOH pPEeINeTKH Ha HEeKOoTopoe HanpasJaerue hkl
paBHa [eJOMY YHCIY, YMHOXEHHOMY Ha 27t H Ha 06paTHOe PacCTOAHHE

MEXAY KPHCTA/IMYeCKHMH ILIOCKOCTAMH B 3TOM HanpasieHuy d (hkl),
nosiyuaeM HM3BecTHHE 3aKon bparra

. nh
Slﬂe=m, (821)

rge 20 — yroJg Mexay najaiomuM M AMQPardpoBaHHEIM NYYKaMH.

8.2.2, PACCESHUE HA <¢®OHOHAX

PaccMOTpuM Tenepb CEUeHne paccessHUs B TOM CJyHdae, Korja HOHbI
CMEUIeHs OT CBOMX IIOJIOKEHHH B y3/JaX peElueTKH N Ha HEKOTOpYIo
BEJIHUHHY U,. [losoXKeHHe HOHOB omnpefesasiercs Torga ¢GopMyJoH

R,=n"} ug, (8.22)
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H CQUYEHHe pacCesdHHA INPHHUMAET BAX

YE;FE" ZPPms Z—E—x

5 a- R "S
’ ’ 2
<cx, mq o; ms>

KoopauHaTh! cHcTEMB o0 H &' OTHOCATCS Tenepb ® K COCTOAHHAM (POHO-
HOB, H K [IPOEKUHAM SJePHBIX COHHOB m; U m;. Pa3isepTuipas nocjen-
Hee BbIpaXKeHHe, A PAacCMOTPEHHBIX Bbillle MAaTPHYHLIX 3JIEMEHTOB
noJyuaem

Y (m:, mj|an|ms, m;)exp(ix-n) (e’ |exp (ix-un)| ). (8.24)

X E an exp (i%-n) exp (ix-uy) -0 (sneprus). (8.23)

n

CMelnenye HOHOB U, MOXHO BBIPA3UTh Yepe3 GO30HHLIE ONEPaTOPH,
COOTBETCTBYOME POXKIEHHIO H YHHUTOXKEHHIO (POHOHOB [8.5]:

n = E ]/ﬂf_ﬂ_’f%q——s [aqseiq'ngqar + a;se-iq'ngqsl’ (8.25)
q. s

rie €qs — €IMHUYHBIH BEKTODP INOJSPH3AIUH, COOTBETCTBYIOMHH
(OHOHHOMY BOJIHOBOMY BEKTODY q Y IoJsfpu3alHu s. POHOHHEIE KOOP-
JUHAThl 00 B IPHUBEAEHHLIX BLIIIE MATPHYHLIX 3J€MEhTaX MOXHO 3amH-
CaTb Tenepb B SIBHOM BHJIE KaK YHCJIO (POHOHOB B KaXKJAOM THIIE KoJie-
6auuit. Takum o0Gpas3oM, MHOXUTENb, COjaepXKawMé u,, NIPHHHEMAET
BHJ

<n;h!1’ n’:hsl’ . 'I
exp | i o (@£
p 2NMmqs qs qs'x“"
q, S

—}—azse'iq'"éq,-x]

Herntonp3ys cOOTHOIEHHE
gA+B

Raus,s - > (8.26)

— eleBe” /D 14 Bl (8.27)

rae A U B — He KOMMYTHDYIOIHE MEXIY coﬁoﬁ OllePaTOPH, H pasna-
ras SKCIOHEHTH, COfepXaliue (OHOHHLIE AMILVIHTYHBI, cedeHHe Dac-
CestHUSl MOXHO 3amucaTh B BHJIE CYMMBI CEYEHHH MHOrOGOHOHHBIX
NPOLECCOB

d2g 2 : dzcn .
_"_"""dg, dE’ - dg: dEi y (8'28)
=00 :

sfech N — TOJIHOE YHCJIO POXKAAIOUHKXCH (POHOHOB.
10*
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Ynpyroe paccesiue. PaccMoTpuM cJyyad, Korja NOJHOE YHCJO
poxjaoluXxcss (HOHOHOB pPaBHO HYJMIO. ITO COOTBETCTBYET YNPYIOMY
paccesdHHIO, HO IIPH KOHeYHbx Temneparypax. Ias ngs = ngs MaTpHy-
HuI syeMeHT (8.28) npu n = () ¢ TOYHOCTEIO JO UJMeHoB nopsiaka 1/N

HMEeT BHJI 5 |
I_l[l -—-W(ﬂq,s"f*?)’%'qulz]- (829)

q, s
q, s

Ecnu noacraeuth (8.29) B Bhipaxenue ans d2o,/d" dE', to npu cym-
MHPOBAaHHU I10 o (4HCAYy (OHOHOB B KoJIeGAHMH KaxKAOTO THNA) flgs
3aMeHsieTCsl €ro TeNJIOBBIM DaBHOBECHHIM 3HauenueM fAgs. B npexpese
N — oo noayuaem

exp[—— Z@V—ﬁ%_s (ﬁqs+—2l—) [x-gqs I2] (8.30)

q. s

[Tonyuennoe Buipaxkenne smecre ¢ (8.23) u (8.24) naer nonnoe ceuyeHue
YIPYTOrO paccesaHus

_ 6, S‘ S‘
aQdET T PP e

Mg ’”! ""s

X E ;(ms, m{'al-nlm;: ﬂl})<m;s m;lanlmm m!)x
n, m

. [ 7
Xexp [ix-(n — m)]exp L—Z Ny, X

_ ! T
x(nqs—l— T)[x-eqslz 8 (sneprus). (8.31)

ITpousseseM cymmupoBaHue 1O (ms, m;) W HHTErPHPOBAaHHE 1O SHEp-
THH, TOrJa HMeeM

-% = ) exp[ix-(n—m)]{amaq) exp (—2W), (8.32)
rge
— 1 ~
W= Z?ﬁ%&; (nqs+‘§')|%'ﬂqslz (8.33)
q, s

— TaK Ha3biBaeMbil munoxcumesv Jlebas — Yoarrepa. CpaBHHBas BHi-
paxenus (8.32) u (8.12), Mbl BHIHM, UTO KOr€PEHTHOE M HEKOIepeHT-
HOE CeYeHHs! pacCesiHHSl B JAHHOM Cjay4ae OTJHYaloTCH OT TeX Xe BeJH-
YHH B CJYyYae JKECTKOH peleTKH JHIIL MHoXuteaeMm exp (—2W).
Ormerum, uro 6aarofaps HyJeBHIM KoJIEOAHHAM 3TOT MHOMXHTE/IL OT-
JHYEH OT HyJas Aaxe npu 7T = Q.
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OnHodoHoHHOe paccesHue. Tenepb oGpaTHMCs K Heynpyzomy npo-
ieccy, B KOTOPOM Yy4acTByeT OAuMH (OHOH. B yacTtHOCTH, paccMOTpHM
T€ HPOIECCHl, B KOTOPhIX UHCAO MO2A0UWEHHBIX (DOHOHOB HA €JUHHLY
Gosblle YHCJIa POXKIAEHHBIX (POHOHOB. BXJal B MaTpHUHble 5/]€MEHTh!
LJIsI 3THX Mpoleccos, onpedesasiembiit H3 (8.26), Jaercs BbipaxkenHeM

E (ms, mi]an|m, m,)e™ " ]/Wﬁmqs_-/ﬁ—q—setq'"x-gqsx
n
I ~
~ n[ 2NM(u (”q's'-f—'sg—)I“'qulz]- (8.34)

IIpy BLIYHCJIEHHH COOTBETCTBYIOIIEI'O CEYEHHS DaccessHus B DesyJib-
T4T€ CYMMMPOBAHHSA [0 PACNPEeNEJEHUIO UHCE] 3anoJHEeHUs CHOBA BO3-
HUKAeT TEeMJIOBOE CpPEeJHee OT figs. 1aKuM 06pa3oM, IoJyuyaem

d? k' » )
= Y A N (ahan) expli (¢ -+ q) (n — m)T
q.s n, m

Hcxonsa n3 ypasrennii (8.13), (8.15) u (8.16), MoxHO HamucaTh

* . Ocoh Oincoh
{aman) = -+~ A(m—n), | (8.36)
rae Oen = 47|{(a)? ¥ Opeon = 47 {(|a®|) —|(a)|?], rak urO

KOTrC¢peHTHAasaA 4acCTh CCUCHHUSA DpaccedsHHs INDHHHMAET BHJI

(%‘é—')mf m??“iﬁ"Z%Eé(Hq — G)X

q. s
fi ~ ~ 2 oW
X W-nq,m-sqsl e 8 (smeprus). (8.37)
AHaNOrMUHO HEKOrepeHTHas 4acTb HMEET BUJ
(__d"’—_l . Nomeoh N\VE B 5
dQ’ dE’' ]incoh 47 E 2NMog, %°
q., S
X | %-Bqs |2 eV .5 (sHeprus). (8.38)

Mzul MoXeM NoJYYHTh TaKue Xe BhIpaxKeHUs JiJisl IPOLEcCoB C poi=
Oeruem OAHOro (PoHOHA. 3a MNOAPOGHOCTAMHM OTCHIJIAEM UHTATeNd
k kuure [8.2].

B KOHEUHOM cueTe THNHYHAA XapTHHA HEHTPOHHOH AH(PPaKIHH
cOnepXKUT ODIrTOBCKHH NUK Ha Juhgpysnon dore.C nomouipio 6psrros-
CKMX IHKOB MOXHO ONpeJensiTh KPHCTAJLJIHYECKYIO CTDPYKTypYy Ee-
mecrBa. Juddy3Huiil $OoH BO3HMKAeT B pPe3yJbTaTe TPeX IIPOLECCOB:
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iy

Pearmop

%/

Konnumarmop

Moroxpomamop

Obpasey,

A

y -
< v

Puc. 8.2. Cxemaruuecxoe m3o6paXkeHHe TDEXOCEBOTO CNEKTPOMeTpa.

HEKOT€PEHTHOI'0 YIpPYroro paccesiHus, XONEpEHTHOrO0 HEyNpyroro
paccessHUSl ¥ HeXOorepeHTHOro Heymnpyroro paccesgHus. C nomouslo
COOTBETCTBYIOIEH 3KCNePUMEHTAJbHOH TeXHHKH Mbl MOXKEM BHJEJHUTh
BKJ/I3/l KOr€peHTHOrO HEeynpyroro pacceshs ¥ Takum obpa3om omnpe-
JENUTh 3aXOH JucnepcHd GoHOHOB. Ecau 6Bl MBI MOIVIH BBEIJ@IHTE HEKO-
TepeHTHOEe HeyNnpyroe paccesHHe, OHO JaBajso Obl HENOCPEeACTBEHHO
IJIOTHOCTE cocTOSIHHN GoHOHOB. B caeaylowem pasgene 6yper noxa-
3aHO, KaKOH BKJ4J B CNEKTP PacCesHHLIX HEHTPOHOB BHOCHT MACHHT-
HOEe paccesHHe. :
. MaMmepenne nepejanHbIX SHePrHH H HMMINyJhbcda, CBA3aHHBIX C pac-
CEAHHEM HeHTPOHOB, OOBLIYHO OCYLNECTBJAETCH C IIOMOIBIO «Tpexoce-
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BOTO» clektpoMerpa. [IpuHUMIUANbHAs CXEMa TaKOrO CIEKTPOMETpa
nokasana Ha puc. 8.2. Mcroysukom HeHTPOHOB OOLIYHO CJYXKHT AAEp-
Hbl# PEaKTOp, XOTHA B KaueCTBE MCTOYHMKOB HEHTPOHOB MCHOJIb3YIOTCH
TaKkKe U YCKOPHTeNH 4acTHiu. HeATpOHH! ¢ BHICOKOH 3Hepruei 3amel-
JAIOTCA JO TENJIOBLIX 3HEPrHi U BBIXOJAT M3 pPeakTopa, HMesi MaKCBeJI-
JIOBCKOE pacnpeaenenHne no sueprusaM. [Iydok ¢ HYXHOH 3Hepruen
BLIJIEASIETCA C IOMOILBIO 6P3TTOBCKOrO OTPAXKEHHMA Ha KpHcTa/lie nep-
BOTO MoOHOXpomartopa (puc. 8.2). ITOT MOHO3HEPIE€THUECKHH NYYOK
C BOJIHOBhIM BexTopoM k nmajgaer Ha oOpasen. PacceaHHBIH NYYOK noche
GpP3rroBCKOr0 OTPa)KeHHst Ha KPUCTANLIE aHAJHM3AaTOpa HMEET BOJHO-
Bo#i BekTOop k' M mocTynaer B JerexTop.

8.3. MATHUTHOE PACCESSHHUE

Tenepy 3aifimeMcsi pacCMOTDEHHEM B3aUMOJEHCTBHS MEXAYy Mar-
HATHBIM MOMEHTOM HEHTpPOHA M MarHHTHBIMM MOMEHTaMH XpUCTaJLIa.

BexTop-norennman B Touke r,, o6pa3oBAHHbIE MAarHUTHbIM MOMEHTOM
HEATPOHA i, PACIONOXEHHBIM B TOYKE I, UMEET BUJ

u X (re—r)
A=EXCeoD) (8.39)

Kax GrI0 nmoKa3aHo B pasd. 2.2, MarHUTHOE B3a¥MOJEHCTBHE BEKTOP-

noteHnMata A c¢ 3JEKTPOHOM, 06/afalolMM HMNYJLCOM P, ONHCHI-
BaeTCsl BhIpaXKEHUEM

V(X)=

H*A()P]~ GVxxA(x) (8.40)

rge X =r,—r, a p gedcrayer Ha r,. B 60pHOBCKOM NPHOJIHMIKEHHH
Mbl BBIYHCJAHJH JJIR 3TOT0 B3aUMOJEHCTBHUA MAaTPHUUHBIA 3JEMEHT
MEXIY HayaJbHLIM U KOHEUHBLIM COCTOsHUAMH. [n1s HeHTpOHA 3TO CO-
oTBeTCTBeHHO cocrosiHHst exp (fk-r) m exp (k’-r). Taxum o6pasowm,
NPONHTErPUPOBAB IO Hea’mpOﬂHuM KOOpJAYHATaM, IQJYUUM

(k| V (%) | k) = — - [ dre="r[p- A (x) + A (x)-plefr —
] ., )
— 2‘;0 g- _[ dre—%" 1y, X A (x)e'k'r, (8.41)

B nannom cayuae npubauxkende BopHa cnpaBenuBo, TaK Kak
CpPEeIHssl 3HepTHs B3auMoJeHcTBUA U, Uy/x® ~ 107% K mana no cpasHe-
HUIO ¢ XKHHETHUECKOH 3Hepruefl HeirpoHa. Ecay BBecTH 0603HaYEHHSA

r=r,—X & % =k — k', To BaauMogeiicTeue (8.41) MoxHO 3aIH-
catb B BHJE

— —E;—dexexp (—in-x)exp (i r)[p-A(x) -+ A p] —

h . .
T “'I dx exp (—ix%- X)exp (1) Ve X A (X). (8.42)
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Hcnonbsya apunit Bug QyHKuuH A (x), HMeeM V. -A (x) = 0,
a TaKxe

| dxe—inxA (x) = — (4mipe2) (1 x =), (8.43)
J’dx exp (i%+X) [yx X A(X)] = (4m/%?) » X (0 X %) =4n[n — (?c-p.);].
(8.44)
ITosToMy uHTepecylowiuii Hac MATPUUHLIM 3JEMEHT NPHHHMAET BHJ
. 4ne | .
2 —(u X %)-exp (i%-r,) p —

4men “ Ny,
5o L0 — (0-%) (u-%)]exp (ix-r). (8.45)
‘IlepBBl#t UsieH B 3TOM BhIPpaXKEHHH ONHCHIBACT B3aHMOJEHCTBHE MEXIY
MOMEHTOM HeATpPOHa W opOHTAaJbLHBEIM TOKOM, & BTOPOH — CIOHH-CIHU-
HOBOE B3aHMOJEHCTBHE.

[IpeacraBiasier WHTEPEC CAy4Yai paccessHus Bliepen, korxa x — 0.

3anuueM nepBHIA WIEH CJAeRAYIOWHM 06pa3oM:

. 4me exp (in-rp)
[ 22 . [_____xz x-p:l. (8.46)
Pazsaras 3KCNOHEHTY, NOJyYaeM
. 4me % Xp 4ne ®-T
L e ~— u-( x,_."xxp)%—.... (8.47)

BriuucsndM cpegHee 3Havedue B npejgene x — 0. B atom npejene nep-
BoIA WeH B (8.47) obpawaeTcss B HyJb, a BTOpOH OKa3blBaeTc PABHRIM

4nte
mc

] 8
pg (e X P) = —5—pap-l. (8.48)

CnunoBeiél ujen B (8.45) sanuuleM Kak
1 8
dnpp |0-p— g 0-p| = 3~ a0, (8.49)

Taxum oO6paszoM, HHTEPECYIOUIHH HAac MAaTPUYHLIA 3JEMEHT NPUMET BHJ
8m
—5— ap- (1 -+ 2s). (8.50)

Orcrofa BHAHO, YTO CeyeHue paccesHus eneped INPONOPUHOHANbHO
ROAKOMY MASHUMHOMY MOMEHTY 3JIEKTPOHA.

BepHemes Tenepb K caydaio ®x 7= 0. B foabIuMHCTBE BelecTs OpoH-
TaJbHBIE MOMEHTHI OTCYTCTBYIOT. llo3TOMy paccMOTpHM TOJBKO CITH-
HOBBIH ujseH. Bxogswui B (8.7) MaTpUUHLIA 3JIEMEHT, KOTOPKIA onpe-
AEJIseT NOJHYIO aMIIUTYAY pacCesHuf, €CTh

4npp (&, mq] 2;: [i=p — (Oy ;) (u-;)] exp (i%-r;)|a, ms), (8.51)
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rie cymMMa Mo { BKJ/IIOYAeT BCe 3JIeKTPOHH B o6pasue. MHOXHTENb
G; exp (i%-r;) MOXHO NpeiACTAaBHTL B BHJE j’drc,-é (r —r;) exp (i X
X r). Ananoruydo BoIipaxkenuio (1.48) BesuuuHa

2 oiG (I' — l"i)

eCThb CnUHO08asA NAOMHOCMSL B TOYKE I, KOTOPYIO MR ofo3HauuM 28 (r).
Takum oOpasom, nosHas aMIJIUTYAA paccesiHHS NPONOPLUHMOHANbHA
¢ypbe-06pa3y CIHHOBOH HJOTHOCTH. MarHUTHHEIA MOMEHT HeHTpOHA
CBSI38H CO CIIMHOBRIM COOTHOILEHHEM

L eh s
H= ’ Myt
TAKHM 06p330M, JAJss aMIVIKTYAbl DACCEAHHA HMEeM

—1,91 ﬁzi: o', mi|S(~—#)-s — [s-%] [S (—w)-%] | @, ms). (8.52)

Ceuenrie paccesiHUA paercs (popMyJioH

= A (LEN S NY pop K, miseS () —

r r
@, mga, mg

— [s-%] [S(n)-;] |at, me)2d (smeprus). (8.53)

[TocKoNbKY 3Heprus CHCTEMEI HE 3aBHCHT OT DNOJAApH3AUHH Kel-
MpoHa, Nocje CYMMHDPOBAHHSA IO Mg NOJNYYHM

da 1,9]1¢2 k'
d dE™ ( mc? ) Z Pq, 2(“18\#(7‘)_‘
n, Vv
— 2, [S (20)-%] | @' (&' | S, (—2%) —

— ;u[S(—x)-;] |a) 2 Pp, (mg|s\s,|ms)d (sneprus). (8.54)

m.s
Taxk Kak

1
mE Pms (ms I Svsu. I ﬂls) — —4"‘ va

Boipaxesue (8.54) npumer BuJ

dzo 1,912 \2 ~ o~
Trd = () D) G — %) X
I, v

X 2 Py (| Sy (®)| @) (o' | Sy (—) | ) (smeprus).  (8.55)

a, o’
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H&KOHEU,,' MBIl MOXKEM y4eCTb 3dKOH COXPAHEHHS 3HEDIHH B CAMOM BRLI-

PaXKeHUU AJH MaATPHYHBIX 3JIEMEHTOB, NPEJACTABHB AEJhTa-(QYHKUUIO
B BHJE

x

8 (sweprun) = 5 | diexp[i(o — Ear +Ea)f],  (8.56)

—oo

rie @ = A% (k* — k'?)/2m,y. Torpa
&G 1,912 \2 say K1 o
20 dE :( me? ) 2(51“’"”"““)'/@—%'."‘1” ‘X
n, v
X 2 Py (a|exp (i) S, (%) exp (—id8t) | ') (@' | S, (—x) | ).  (8.57)

Tenepr MOXHO npocymmupoBaTh no o'. CymMMa o o €CTb HE uTO
HHOE, KaK memnepamyproe cpedree. TakuM o00pasoM, HMeeM

d% 1,912 \2 &' o
a0 dE’ :( e ) ; (Quv — #u#y) X
e (8.58)

X o [ dteiot (S, (nit ) Sy (—)).

Yno6uo paifesuTh ceueHue paccesHUsi Ha CyMMbl MarHHTHOTO Gparros-
CKOro paccesiHufi U JU(pdy3HOTo BKJaja

(ﬁ?)mgg = ( Lo )2 Zv (Bue — Puy) 8 () (Sy () (S (—)),
) (8.59)

d%g : 1,91e2 \2 &' ”
FraE o = (“me) & QO B X
By ¥

X 5o | dtei© [(Sy (1, 1) S, (—)) — (Sv () (S (—x)).  (8.60)

Oneparopsl S, (%), BXoAfdliMe B CeYEHHe DACCESHHSA, NPEACTAB-
NS0T coboil dypbe-06pa3nl COHHOBOM IVIOTHOCTH Bcero obpasua

S (x) = 2] exp (i%-R)-s;. (8.61)

Hecnapennsle 3JeKTPOHE B JaHHOH suelike 06pasyior MNOJIHBIA CITHH
S, B coorerctBuM ¢ npasuaoM Xyuzaa. CoraacHo Teopeme Burrepa—
DKKepTa, MaTpHuUHBI 3JeMeHT BHIa (& |s;|a) MNPONOPIHOHATEH
(&' |8, |a); crepoBarennHo,

(@ |S(®)|a)= Zn] el®nf (x) (@' | S, | ), (8.62)
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rae CYMMHDOBAaHHE NPOH3BOJAUTCH HO fuyedkaM, a ko3pdulmeHnt mpo-
NOPILHOHANBHOCTH [ (%) npeacrasasier cobod ¢ypne-o6pas HOpMHPO-
BAHHOH CNMHHOBOH HNJOTHOCTH, CBSI3aHHOH C #-H SYEHKOH, H HAa3hI-
BAETCSH MASHUIMHbBIM (OPMPaKmMOpoM.

B napamacrumrom CcOCTOsHHM MarHeruka Op3ITOBCKHH BKJIaJ
pPaBeH HYJIO M OCTAeTCsl TONbKO AUGOhY3HOE paccesHHe:

dio 1,912 \2 k .
4% dF’ )dm = ( po ) |f @) 25 Y, By — 2R X
K, ¥V

4 Z exp [ix-(n-——m)]-glf—t-j dt exp ({wt) (Sp,v () Sm,)-  (8.63)

Ie Xen [8.17] uccaenoBan KoppensiuHOHHYIO (DYHKLHIO, BXOAA-
myio B Bupaxenue (8.63), ¢ nOMoIBIO METOJA MOMEHTOB ¢ yueToM 00-
MEHHBIX B3aumozeictBui. OH Hamen, 4TO BTOPOH MOMEHT I1PONOPIHO-
HaJIeH KBajpary oOMeHHOro HHTerpana. B ciyvae copepieHhoro napa-
MarHeTHka 6e3 OOMeHHOro B3aMMOJEHCTBHA BMecTo AHGQY3HOro MHKA

MBl MMEEM MK, COOTBETCTBYIOIIUH YIIPYrOMy PaccesaHHIO, a ceueHHe
paccesHHST NPUHHMAET BHJ

do 1,91¢% \?2 , 2
(T ) =N ( oz VIG5 S(S +1). (8.64)
[To yraioBo# 3aBHCHMOCTH 3TOrO CEUEHHS MOXKHO ONpeAe/HTb (opm-

thaxTop.

PaccMoTpuM Tenepb ceyeHHE pacCefiHHUs AAsl YNOPAAOYEHHKIX
MarHMTHBIX CHCTEM.

8.3.1. BPITTOBCKOE PACCESIHHE

Jonycrum, 4to B yIOPAAOUEHHOM COCTOSHHH MOMEHTHl OPHEHTH-
POBaHH BAOJbL OCH Z:

<Sm. v) - (Sz) 6w.-.
Tor,ua HMeeM CIICAYIOWEE CEYCHHE DACCEAHHAL

= (Y60 P (1 — ) (5 Y exp line(n —m)), (8.65)

n, m

und, ucnonnsya (8.17),

()= B () 57 R 10000
G

(8.66)

rne G — BekTop obpaTtHOH mazrumkiod pewerkd. M3 31oro soipaxe-
HHA BHJHO, YTO CEUCHHE DACCEssHUA B JAHHOM CJlyyae HMEeT ITHKH
B TOYKaX, ONpEJeNsieMbIX Mazrumuol cmpyxmypoii. Bonee Toro, am-
MJAUTYAL MHKOB NPONOPUUOHAJbHE MarHuTHOMY ¢opMdakTopy.
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B kauecTse npHMepa pacCMOTPHM CHcTeMy cnHHOB B MnF,, rre
UMeeT MecTO Op3rroBcKoe paccesiHue. XHMHUecKH KpHcraiana MnF,
uMeeT O06BEMHOUEHTPUPOBAHHYIO TETPArOHAJNbHYIO DelIeTKy, IOKa-
3aHHYIO Ha pHc. 2.2. DiaeMeHTapHasd SAYCHKA COLCPHKHT IUECTb HOHOB,
PAacHoJIOKEHHBIX CJACAYIOWHM 06pa3oM:

Mn:
©, 0, 0) (5 )
F:
(au, au, 0) (@ —au, a—au, 0)

a a c
(g +a 5 —au 7)
BekTophl o0paTHOM PEIETKH HMEIOT BHJ
G—2n (L, Z,2), (8.67)

a a
rae [, m, n — uennle yucaa, a u = 0,3l.
CTpyKTYpHHIH (paKTOpP 3MeMEHTapHOR siueHKH A5 20epro2o paccesi-
HHUS OINPENeNsIeTCs BbIPAXKEHHEM

F(G)= 3 (a)exp (iG-p) =

2 (a)mn -1~ 4 {a)g cos (2mul) cos (2num), [+ m-+n = YHerHoe yucao,
—4 (ag) sin (2nul) sin (2rum), [ 4 m -+- n = HeuerHoe uucio.
(8.68)

DKCnepHMEHTa/bhasl KPHBAsA HHTECHCUBHOCTH pacCeAHUs NPU Temie-
patype asiuie TeMIepaTypsl MAarHUTHOIO YNOPAJOYEHHS HOKa3aHa Ha
puc. 8.3, 6. OrMeruM, YTO B COOTBETCTBHH C BhipaxkeHueM (8.68) ara
KpHBas He HMEeT MakCHMYMoOB Bioab oceit [100] u [001]. Ha puc. 8.3, a
MOKa3aHa MHTEHCHBHOCTb PAaCCEAHHS B COCTOAHHH MaTHHTHOIO YIIO-
pajgoueHus. 3aech cpady e Opocaercs B IJa3a HAJNHUHE JONOJHH-
TENMLHEIX MATHMTHHRIX MakcHMyMoB. llocnennue MOXHO HAECHTHQHIH-
poBaTb TaK JKe, KaK H fAepHble MAKCHMYMhI, T2K UTO MarHMTHas 3Je-
MEHTapHas fyeHKa CoBOajaeT ¢ xUMHueckoH. Ho yxe camo Hanuyue
3THX JONOJHHUTENbHBIX MAKCHMYMOB YKd3hIBA€T H2 pas3/jiHuHe MEXKAY
pacrnpejeneHHeM CINHHOBOK IVIOTHOCTH H INJIOTHOCTH 3JIEKTPHYECKOro
3apfjfa, T. €. CIHHE YIOOpsifioueHn He eppoMarHdTHO. IlocKoJbKY
3JIeMEHTapHasA siYeHKa COAEPXKHUT ABAa MAarHHTHBIX HOHA, MOXKHO Npef-
MOJIOKHTb, UYTO HMEeT MeCTO aHTH(hEeppPOMardHUTHOE YIOpSAJOYEHHE.
B rtakoM cayuae MeHsieTcs 3HaK MarHuTHoro opmpakropa. Ecau cuu-
Tarb, YTO B YIJIaX SYeHKH CNUHKE HApaBJeHbl BBEPX, 4 B UEHTPE AYEH-
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Puc. 8.3. Hubpaknua HedTpoHOoB Ha ofpasne MnF, B mapamar#suTHOM COCTOS-
unn (300 K) u B anTHdeppomaruuTHoM cocrosHuu (23 K) {8.7].

KH — BHH3, TO MarHUTHHIH CTPYKTYPHLIH MHOXHTEMb OYJIeT HMeTh
BH]

Fy(G) = EL (£)iexp (iG-p;) =

_ 0, [-}-m -+ n= YerHoe uucno,
— ] — eim (i+mtn) — (8.69)
2, [+ m - n= HeuerHoe uucno.

TakuM oGpa3oM, MAKCHMYM JOJXKEH HMETb MECTO B HanpasJeHHH
[100], xak 3T0 paeHcTBUTENLHO BHAHO u3 puc. 8.3, a. OjHako oH
JoJxeH Obll Ow Habirojathes Takxke B nanpasjexuu [001]. Ogn-
HAKO TAKOH MaKCHMyM OTCYTCTBYeT, OTKyAa CJEAyeT, 4TO CIUHH
OpDHEHTHPOBaHE HMMeHHO BRodb [001); npm 3toM MmuOXHTENH | —
— %; o6painaercss B HYJb.

Huysma 1 ap. [8.8] nokasanu, uto gaaa Merannaa ceueHue Gp3rros-
CKOTO paccessHHsl B OCHOBHOM omnpefensiercst opmyJdoH (8.66) ¢ Tok
Juub pasHuned, uro (S?)* samensiercs BenmuuHoH (N, — N,)?, rae
N, — HOJIHOE YHCJIIO 3JEKTPOHOB CO CIIHHAMH O.

MetonyMka HeATPOHHOrO paccessHUS OCOGEHHO MOoJe3Ha JIsl Hccle-
JAOBaHUA CTPYKTYp, HECOH3MEPHUMBIX C KPHCTANJIMYeCKOH peumeTKOH.
Taxkue HECOH3MEPUMBIE CTPYKTYPH BCTPEUAOTCA, HAIPHMED, Y DEAKO-
3eMEJIbHEIX METAJNJIOB, NepeyucJIeHHbIX Ha puc. 4.3, 4TO HNOATBEp-
XK aaeTcs SKCNePUMEHTAMH 10 PACCEAHHUIO HEHTPOHOB.
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Puc. 8.4. dazoras auarpamma jaas MnP BO6au3n touks Jlumuua. Marnuteoe mose

napajajensHo ocH b, Ha Bpesxe moxasara TeMneparypHasi 3aBHCHMOCTB BOJIHOBOIO

BEKTOPA KOHHYECKOAX CTPYKTYDH BAOJL TPAaHHIB KOHMYECKOH nmapaMarHHTHOR thaser.
KpHBass Ha Bpe3ke MOJyuYeHAa METOJAOM HAHMEHLIIHX KBaJpPaToB.

HHTepecHble pe3yJabTarhl MOJYUYEHB! NPH H3YYEHHH HECOH3MepH-
MBIX CTPYKTYP B MnP. 3tor xpucrann uMeer poMOGHYECKYIO pPEHIETKY
H fBJIsercs (eppoMarHeTHKoM IpH Temneparype Huxke 291 K c mar-
HHTHEIM (azoBuM nepexopoMm npu 50 K. Huxe temmeparypm ¢aso-
BOTO Nepexofa oH 00aanaer CnKupadbHOH CIIHHOBOH CTPYKTYPOH ¢ BOJ-
HOBhIM BEKTODOM BJOJb OCH a. BHeluHee MarHUTHOE I0Jie, HanpagJeH-
HOe BJOJb OCH b, UHAyUHpYeT oOpa3oBaHHe KOHHYECKOH CNUPATbHOH
CTPYKTYPHI, OnpejensieMo# BekTopoM q = 2x (8/a)a, rae 6 = & (T, —
— T)B%, Ha puc. 8.4 nokasana (pasoBas auarpamma MnP [8.91].
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IIpenmonaraercs, YTO TOYKa NnepeceyeHHst JIMHHA TpeX a3 Ha ITOH
adarpamMMe npepacraBasier cofodt Touky Jludwmna. Ias TakoH TOYKH
XapakTepHbl cjaeaymouiue ocofsieé cBoicTBa. 1) IJra Touka sBaAAETCA
TOYKOH nepeceyeHusi JIMHUH Tpex (a3: nmapaMarH¥THOH ¢aswe, ynops-
JIOMEHHOH (a3wl, mapameTp nopsiika KOTopo# obnaanaer QuKCHPOBAH-
HbIM BOJHOBBLIM BEKTOpOM (B cJaydae (eppoMarHeTHka — 3TO HYyJe-
BOH BEKTOD ), H YHOPSAAOUEHHOK KOHHUECKOH pa3kl (CIHpaJbHas (asa),
BOJHOBOH BEKTOP KOTOPOH SBJSETCS HENPepblBHOH QYHKIHEH TepMo-

(x10°)

-8,00
(2-6,00) (2+8,0,0)

Zot
T =891K

H=13x3

/9c

-

I, YUCs10 HeWImpoHas

15t 1
(2,0,0)
1/20

_._l“’__

101

G5
(2-26,0,0)

|
18 19 2,0 2,1
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Puc. 8.5. MaruuTunie careJMTH MEPBOrO M BTOpPOro nopsakoB B MnP, obuapy-
XeHHble ¢ NMOMOUIBI0 YIPYroro paccessHust HeHTpoHoB. llenTpansubii muk (200) mo-
Ka3aH B yMeHbIIEHHOM Macurale,

IUHaMUYecKHX nepeMeHHbIX, 2) Ilepexoaw u3 napamMarHuTHOH (pa3nl
B ofe ymnopsajaoueHHble (Pa3nl JOMXKHH OblTh (Pa30BBIMH [epeXCRaMH
Broporo poaa. 3) Ilpx npubamxenuu K Toyke JIudmMua BoJAHOBOM
BEKTOP KOHHYECKOH CHOHpadbHOH a3kl JOJKEH HENpEepPLIBHO CTpe-
MHUTBCH K HYJIO.

Jlns mpoBepkM IOCneAHero ycjaoBHs Haunbogee yao0HO HCHOJB30-
BaThb paccesHHe HeHTpoHoB. Ha puc. 8.5 nokaszana yacte HeEHTPOHO-
rpamMel  BOau3u nuka (200) MnP, neMoHcTpupylowas IOsBJEHHE
MarHHTHBIX CaTE/MJIMTOB H3-33 KOHHYECKOR CNHPANbHOH CTPYKTYPEHL
K ak nokasaxo Ha Bpesxe puc. 8.4, BernunHa § MJ1aBHO YMEHbLIIAETCH.
Orciofla chneayer, YTo B JAHHOM CJyuae Mbl JEHCTBUTEIbHO MMEEM
tToury Jlupmuna [8.10].

MarautHpiit  QopMpakTop [ (%) MOXKHO HaHTH, H3MEpAA aMIJIH-
TyAsl OP3rrOBCKHX INHKOB. DKCIIepHMEHTAJbHBIE 3HadyeHus f (%) aid
JKenesa npefcrasieHn Ha puc. 8.6. CrpenkaMH OTMedeHh! Naph ped-
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Puc. 8.6. CpaBHeHHe SKCMEDHMEHTANBLHHIX M BLIYHCJEHHBIX 3HAYEHMH MarHUTHOIO
tdopMpakTopa ang xKeaesa. CruiowHas KpHBag MOJydeHa NyTeM pacueTa Ans cdep-
yec KH-CHMMETDHYHEIX CBOOOJHLIX aTOMOB,

JIEKCOB C OAHHM H TEM XK€ yIJIOM PAaCCesiHHs, a 3KCIEPHMEHTaJbHEIE
oMOKK XapaKTtepusylorcd pasMepamMu KpyXkos. Hanwuue map ped-
JIEKCOB JUISl OJJHOFO M TOIO XK€ PacCessHHA FOBOPUT O TOM, YTO (HOpM-
¢akTop, a CIeAOBATEILHO, H CIHKHOBAasl IJIOTHOCTh HE ABJIAIOTCA Cge-
PHYECKH-CUMMETPUUHAIMH. KpHBBIE NOCTPOEHBI 10 TEOPETHUYECKHM pe-
dysabTaraM Yarcona u PpumeHa, noJydeHHeIM B npubauxkerRun Xap-
Tpu—®oka ¢ yuerom ob6MeHHEIX 3p¢erToB. OUEBHAHO, OAHAKO, UTO
peanpHasi KpHBas OyAeT OTKJOHATbCA OT KPHBOH, MOCTPOCHHOH Ha
OCHOBE 3THX BBLIYHCJCHHI, BRIIOJHEGHHBIX B NMPEANOJOXKEHHUM O chepu-
yeCKod cHUMMeTpuUH. (Dypbe-npeobpa3soBaHHE 3THX JAHHLIX NO3BOJSET
NOCTPOUThL «KOHTYPHYIO KapTy» CIHHOBOH MJIOTHOCTH JJISL 3JEMEHTap-
HOH sAueHiku. Takas KOHTypHAS KapTa AJs JKejle3a I[oKaszaHa Ha
puc. 8.7. .

Takum ofpaszom, Mbl oGHapyKWJI¥, 4TO U3 OP3rroBCKOro pacces-
HHUSI MOXHO HOJIYYUTH HH(OPMALUIO O Cmamu4eckom MarHUTHOM Co-
CTOSIHHH KPHCTaNLJa -— O COMHOBOH KOH(QUTYPALUHH H Dachpeie/CHHH
CIIHHOBOH IJIOTHOCTH. Bepnemcsi Teneps K paccMOTpPeHHIO BKJaja
AupPysHoro paccessHusi. Mel yBHIMM, UTO OH COREPKUT HHPOPMALHIO
0 JuHaMu4eCKuX CBOMCTBAX CHCTEMBI — CIIMHOBBIX BOJIHAX W' KPHUTH-
YeCKHX QaAyKTyanufx.
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Puc. 8.7. Mopgens pacnpelefeHRs
HAMarHY4eHHOCTHE B  OOBEMHOLEH-
TPHPOBAHHOH KYOHUecKOH 3J1eMeH-
TapHOH Auelike xkejne3za. Konuentpa-
UMA OueHs OOJbIIOK HaMarHHYeH-
HocTH 3d-060J0UKH BAOAEL IPAHH Ky6a
nmpeyBeJH4eHa, 4TOOW MOAYEPKHYTH
ee BKJajJ II0 CPaBHEHHIO C BKJ3JOM

OTpHLATENbHOR HaMarHHYeHHOCTH
[8.12].

8.3.2. IH®PY3HOE PACCESSHHE

Paccmorpum cevenue audxpysnoro paccessuus (8.60). Ira ¢opmy.sia
3ampcaHa He COBCEM B fIBHOM BHJIe: NOApPa3yMEBAETCH €IlE CYyMMHPO-
Banue no v U p. Hanuwune cyMMHpOBaHUS NO3BOJSET 38MEHHTh BhIpa-
xenue (Sy (%, 1) S, (—x)) KoppensunonHoii Gynkuued ({S, (x,
t) S, (—=)}). Ilpu BBIBOjE GJIYKTYaUHOHHO-AHCCHIALUOHHONR Teope-
mbl (1.87) Mbl npene6Gpernu gansHuM nopsakoM. Eciu ero yuecrts,
TO OKAa3LIBAETCS, UTO KOppeqasuuonHas GyHKUus B Bhlpaxcenuu (1.87)
COBMajaer C BhipaxeHHeM B ckoGkax B (8.60). Takxum o06pasom,

d2c [.9]e2 \2 A’ .
(dsz' dE’ )am — ( Py ) % Z (Ouu — RyRy)) %
B, Vv

X (1/mg?ug) AV cth (Bhw/2) yv, (%, ©)s.

(8.70)

Ha nporsixkeHHH BCeH KHHTH NOAYEPKHMBAJIACh BAXHOCThL NOHATHSA
0000LEHHOH BOCIPHKMUYHBOCTM. Tenepbr Mbl BHAHM, YTO C NOMOLILIO
Aupdy3HOro paccesHUsl HERTPOHOB MOXKHO HENOCPEJICTBEHHO H3MEDHTH
aty BenuyuHy. [loatomMy paccesinne HEATPOHOB MTPaET OYEHb BAXKHYIO
poJib B M3YUYEHHH MAarHETH3Ma.

BocnpuuMuuBoCTh, CTOAWIAs B npasod uacru (8.70), cBsA3aHa
C NnosHOtl CNHUHOBOM IUJIOTHOCTBI) CHCTEMEL. Jlnsi NMoNy4YeHHUHA SABHBIX
BLIpaXKEHUH s 5TOH BEJIHYMHBl MBI BC€ BpeMs Inpexliofarald, 4YTO
COHHOBASA IJIOTHOCTh JHUOGO JOKANU30BaHA, JHGO MOJNHOCTBIO JEJIOKA-
JH30BaHa. B pesyJsbTaTe MEI HaXOAMM TakK HA3LIBAEMYIO pedyyupo6an-
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Hyl0 socnpuumdusocmo. JlJis NPUMEHEHHSI MOJNYYEHHBIX Pe3yJbTATOB
HYJKHO CBfi3aTh PEAYUHPOBAHHYIO BOCIHPHUMYHBOCTL C MOJHOH BOC-
npuuMudBocThio. M3 (8.62) serko noayuuTs, YTO ANA JOKanH30BaH-
HBIX CIIMHOB

X (qs m)total = |f(q) lzx (q, m)redum (871)

rie [ (qQ) — amomubii mazwumnsti Gopmgpaxmop.

COOTBETCTBYIOLIEE COOTHOIIEHHE JIISI CHCTEMHEI CBOGOAHBIX CIHHOB
UMEeT (PAKTHYECKH TOT Ke BHJ. YUTOOBl B 3TOM YGERMTbCH, IPOH3Be-
JEeM BTOPHYHOE KBAHTOBAHHE ONEPaTOPOB MArHHTHOIO MOMEHTa C Io-
Monlbio 610X0BCKMX cocTosirui. Torpa oneparop noss (1.115) npumer
BHJ

¥ (r)= ﬁ_:- E ekt (r) NoCxo- (8.72)

k.o

BuaoxoBckue yHKUMH MOXKHO Pas3JjIoXUThL o QYHKUHMSAM Baunube [cM.
dopmyay (2.78) ). B pesyJsibraTe HMeeM

eik.ruk () — ; efk'Ra¢ (r — Rq). (8.73) |

C nomoteio 3TUX YHKUHH Oneparop Mo MOMXKHO 3aMHCATH CAERYIO-
UM 0BpasoM:

1 (kR |
P (r)= Y kzu ; 4 ¢ (r — Ra) NoCko- (8.74)
Omneparop HaMarHUYEHHOCTH HMEET BH [
| M (r) = —ppyP? (r) oy (r). (8.75)

Hcnonb3ys Beipaxenue (8.74) u npousBojs npeofpasosanue Dypee,
noJiyyaeM, HampHMep,

A (@) =2z X F (9, K)cimq. 10k, 4 (8.76)

rae

Fa k)= 3 Y e=®! [dre—iag ¢ (e D). (877)

3nece | — BekTOp, CBA3LIBAIOLIMH Y3JHl pemeTkd, T. e 1= Ry —
— Ry-. IMockonbky ¢yukuun Baunse ¢ (r — R,) HMeOT OCTphii
MaKCHMYM B y3nax R,, HauGoibuui BKIaA B Bupaxkenue (8.7%) obyc-
nosyen umenamu ¢ 1 = 0. Torna ¢yukuus F (q, k) e saBucur ot k.
CpasuuBasi B aToM cayuae A (qQ) ¢ BepaxkeHueM (5.99) ana csobox-
HBIX 3JIEKTPOHOB, MBI CHOBA IToNy4aeM BnipaxkeHue (8.71).

Paccesine cnuHOBBiX BOJH. VMelorcss tpu ofJsacrtd TteMmeparyp,
B KOTOPBIX AH(Gy3HOE paccesHue NpelcraBaseT ocobwifi uHTepec. Ilep-
Basg —— 3TO 00JIaCTh OYeHb HH3KUX TeMmepaTyp, [Ae HaHOOJbIIHH
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BKJaaZ B AU(dy3HOe paccessHHE BHOCHT Keynpyzaoe paccesrue Ha cnu-
rnogblx 802aHax. Kak MBI BHAENAH B . 6, BOCIPHUHMYHBOCTE KaK CHCTEM
¢ JIOKAJH30BAHHBIMH CIIHHAMH, TaK H METAaJMJIOB HMEET IONIOCHI, COOT-
BETCTBYIOLME CNKH-BOJHOBRIM B030yxAeHuAM. [I03TOMYy NPH HH3KHX
remueparypax AugdepeHUUaIsHOE cedeHHe aH(PQY3HOTO paccesiHUs
nponopuHoranslHo |f (q) |20 (0 — wq). Ki3Mepsas 3HEpreTHyeckue
IOTEePH HEHUTPOHOB, PAacCEsIHHBIX B HAlNpPaBJIEHHH  OTHOCHTE/JIbHO Ha-
npaBJieHUs NMajamero Ny4yka, MOXHO HAHTH CNEKTP CITHHOBHIX BOJIH.
[TosnyyeHHBIH TaKHM 00Pa30OM CHEKTP CNMHOBBIX BOJIH JVIS aHTHeEppo-

100
© Pacnpocmpanenue 6dosre Kanpacaerus {001
= © Pacnpocmpanese 8ioms ranpagnens {100
X
:
3
:
x
N
S
0
)
o =
0 SRS SRR CAN W SN EUV SR S

I
0,5 Lo
Bonwnogou eexmop §/Gmax
Puc. 8.8. Jlucnepcust cnKHOBHX BOJIH B aHTMteppoMarHuTHOM Mnk,, mamepeHHas
NyTEM HCC/IE/OBAHHA HeyNpYroro paccessHHs HeiTpoHoB. CIVIOmIHBIE JHHHHE MNOJAY-
YCHBI 10 TEOPHH CHHMHOBHIX BOJH CO CJAEAYIOIIMMM OOGMEHHLIMH HHTErpalaMu: Jq =
= 0,32 K (deppomaruuTubiii), Jo = —1,76 (anTHdeppomarauTuni), Js= 0 K,
none auudorponuu H4= 1,06 K (mpsx wnyanesom sonnosoM Bexrope) [8.13].

margetika MnF, nokasan ua puc. 8.8. Ha puc. 8.9 npeacrasieH
CIIEKTP CHMHOBHIX BOJH METANJHUYECKOrO MarHeTHKa, a HMEHHO peRKo-
3eEMENLHOro Tepbusi; HopmMa 3TOro CIEKTPa YKA3SKIBAET TaK¥Xe Ha Ha-
JHuHe ¢oHoHOB. B pasa. 7.1 Mubl BuaenH, uTo oOMEHHOE B3aHMOJEHCT-
BHE MEXAY JIOKAIU30BAHHBEIMH MOMEHTAMH B PEJIKO3EMEJbHBIX METaJl-
nax oOYyC/HOBJNEHO 3JIEKTPOHAMH IMPOBOJAMMOCTH H I103TOMY 3aBHCHT
OT 30HHO# CTPYKTYpH. TakuM 06pasoM, H3 CIIHH-BOJHOBOIO CNEKTPA
THIa MOKa3aHHOro Ha pHc. 8.9 MOXHO MOJYYuTE HHGOpMALHIO O
30HHOH CTPYKType MeTaJJa.

KpuTuuyeckoe paccesinue. bDosblioli HHTEpeC C TOUKH 3pEHHA
AupPy3HOro paccessHUsl npeacrasasier o0J1acTb BOJIM3H MArHHTHOIO
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Bonnosoi sexmap, A~

¢asororo nepexona. B Touke KiopH Gp3rroBckHit MakCUMyM MNepexo-
JMT B OCTDHI MAKCUMYM JH(DY3HOH HHTEHCHBHOCTH; IPH NOBBILIEHHH
TeMnepatrypul AHQPQPY3HbIE MaKCHMYyM pacmIupsiercss ¥ NpHOJuKaeTcs
K napaMaTHHTHOMY Ipeneny. XapakTepHas TeMiepaTypHasi 3aBH-
CHMOCTh IHU(PQPY3HOrO paccesHHs NPH (UKCUPOBAHHOM yIJe NOKa3aHa
#a puc. 8.10. HabmopaeMulii MUK Ha KPHBOH COOTBETCTBYET Kpumude-
CKOMY PaCCesrnuro.

[TpoucxoxaeHue 3Toro KpUTHYECKOro pacCesiHHA B CHCTEME JIOKa-
JMU30BaHHBIX CIIHHOB MOXHO TNOHAThL, obpamascek K Gopmyne (4.12).
Usmepsieman BemuuuHa do/d2’ nosyvaercss HHTErPUPOBAHHEM BhHIpa-
xkeHusa (8.70) no w. Ecau npelnosoXuTh, 4TO OCHOBHOH BKJajg B OT-
KJIHK JalT 4acToThl HHXe k3T/A, To, corsacHO coorHoweHHIO Kpa-
mepca—Kponura (1.64), Benuuuna do/dQ’ oxaspiBaercs NpONOPLHUO-
HaJbHOH CTATHYECKOHX BOCHPHHUMuMBOCTH % (q). B6.tHau Gparrosckoro
NMHKa [tepegaya UMNyJsca oyeHb Mana. B npepesne ¢ — (0 BoCnpHUMUH-
BocTh (4.12), a cremoBareslbHO, H CEUEHHE pacCesiHHA HU3MEHHAITCR MO
3akony (x® 4 ¢?)~', rae y onpepensercs ¢opmyJioit (4.49). Ilostomy
KpUTHYECKoe paccesiHue B NpPHOJUKEHHH caydyadHbX $a3 JoJXKHO BO3-
pacrate no 3akory (T — T¢)~l. Paguyc koppenauuu »? obpauaercs
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B GECKOHEYHOCTh NPHOMHU3HTENLHO NO 3aKOHY (T — T¢) /3, uro co-
raacyercsi ¢ 6GoJiee CJOXKHOH TEOPETHYECKOH TPAKTOBKOH Koppens-
IIHOHHOH (YHKIHH.

B npuHuIMnme MOXHO u3MepHTh % (4, ®) LIS KaxXJI0H TOYKH
B Qypbe-IPOCTPAHCTBE H NPH BCEX TeMneparypax. B kauecrse npu-
ME€pa MOXKHO yKasaTb M3aMepeHUs] Ha HHKeJe, BHIIOJHeHHsle Jlayje
¢ corp. [8.16]. Takue uamepeHus NO3BOAAIOT H3YUHTh NOJHYIO 3BOJIO-
IIHI0 MAarHUTHOIO COCTOSIHHA.

15001

3

Yucno amcyemos /100 ¢

100° 200° Joo° 400°
T, °C

Puc. 8.10. Kputuueckoe paccesuue xefiTpoHOB Ha Ni. KpHBag nokasbiBaeT MOJHYHO
HHTEHCHBHOCTb HeHTPOHOR ¢ A = 4,75 A, paccesmubix Ha yrox 2° [8.15].

Yupyroe auddysnoe paccesnue. HakoHen, ynomsiHeM Takxke 00
HCMOJIb30BaHHH AudPy3sOro paccesiHus AJafA H3YUYeHMA OUHADHBIX
cnnasoB. llyan u Bunxuncon [8.18] Bnepsnie Hcnosab3oBanu Anf
3TOro HeHTpoHsl. PaccMoTpuM cnnaB, copepxamuid N; = ¢N aTtoMoB
tHna 1, u N, = (1 — ¢) N atomoB THna 2. Ecau npeanosoxuTb, 4To
Bce aToMbl Tuna 1 06J1agal0T MOMEHTOM |y HE3aBUCHMO OT OKDY XKEHHS,
a BCe aTOMBI THNAa 2 — MOMEHTOM [y, TO I8 ynpyroro augdyssoro
CEYEHHH pPAaCCesHHA INOJAYYUM

(%)dm = IZ ( l;fclzez )2(1 — uz)c (L —c) [f1 () 1 —Fa (%) po]. (8.78)

Mapmaan [8.19] o6obmun nociennown GopMyay, yuts 3¢GeKThl
B3aUMOJIEACTBHA ¢ coceaaMu. MoMeHTBl H HX (PopMGaKTOPH MOXKHO
NoJIyYuTh NYTEM aHanu3a ynpyroro augdyasoro paccesnus. Hanpu-
mep, ans cniaBa Ni—Cu Meausa u Kabn [8.20) obnapyxunu, uto
YMEHBIIICHHE TIOJTHOTO MOMEHTA CIJjlaBa CBf3aHO C OTPULATENLHOH NOo-
napusauuedt Ni 1 uro atomel Cu He NOJAAPH3YIOTCS.
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Cnano B nabGop 19.10.84. IToanucano K neuatu 09.04.85.
dopmar 60X90!/,,. Bymara Tunorpagckaa Ne 2.
TapuuTypa nuTepatypHasi. IleyaTh BHICOKaA.
O6w»em 9,50 6ym. J. Yen., mey, n. 19,00. Yen. Kp.-orT. 19,00.
Va,-uan. n. 19,04. Hax. Ne 2/3404. Tupax 4500 sk3. 3ak. Ne 288. [fena 3 p. 20 x.

H3JATEJABCTBO «MHP» 129820, Mockera, M-110, I'. C. I, 1-i Puxcku#t nmep., 2.

Jlennurpagckasa Tunorpadua Ne 6 opfera TpyAaosoro KpacHoro 3HaMeHu
JleHuHrpaAckoro obbefunenun «TexHuuyeckasds Kuura» WM. Ebresud CoxoJOoBOA
Cowoanonurpagnpoma npd Tocyaapcreensom komuTeTe CCCP
IO AeJiaM H3JZaTeJbhcTB, nonurpadhiud H KHHXKHOH TOProOsSJ M.

193144, r. Jleuuurpalk, yn. Mouceekko, 10.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


