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§1. BBE,lfEHHE 

B 3Ha'IHTenbHOB Mepe nporpecc B H3y'leHHH cTpyxTypHblX 

H ,llHHaMH'IeCKHX CBOBCTB MarHHTHblX BeUleCTB o6JI3aH .llOCTH)I(e

HHJIM MarHHTHOB Heii.TpOHOrpa$HH /l- 31
. YHHKanbHble B03MO)I(HOCTH 

MeTO,lla pacceJIHHJl TeDnOBblX HeBTpOHOB ll03BOllJIIDT nony'laTb HH

$OpMaUHIO 0 MarHHTHOH H KpHCTannH'IeCKOH CTpyKType, pacnpe

,neneHHH MarHHTHblX MO.MeHTOB, 0 CDeKTpe MarHHTHblX B036y)l(,lle

HHH, KpHTH'IeCKBX $nyKTyaUHJIX H T. n. )l.nJI HHTepnpeTaUHH nony'leH

HblX ,llaHHbJX He06XO,llHMO y'IHTblBa Tb JneKTpOH- JneKTpOHHble H 

JneKTpoH- JI,llepHble B3aHMO,lleHCTBHJl B CHCTeMe H npHHUHll. flay-
Ill 

nH · TaKHM o6pa3oM, MarHeTH3M MO)I(HO nocne.noaaTenbHO onu-

caTb TOllbKO B paMKaX KBaHTOBOH CTaTHCTH'IeCKOH TeopHH KOH

,neHCHpOBaHHOrO COCTOJIHHJI. 

Jinaro,nap.ll HanH'IBID BHyTpeHHeH He,llOCTpOeHHOH nd- HnH n f -

060nO'IKH BCe CB060,llHble aTOMbl nepeXOUHblX JneMeHTOB CHllbHO

MarHHTHbl cornacHo npaaany XyH,na. llpa o6pa3oBaHHH xpHcTanna 

3lleKTpOMarHHTHbJe 060llO'IKH aTOMOB nepecTpaHBaiOTCJl, H ,llllJl JIC

Horo llOHHMaHHJI CBOHCTB KpHCTanna He06XO,llHMO 3HaTb BOllHOBble 

~yHKUHH a JHepruu saneHTHblX JneKTpoHoB. PacqeT JHepreTH'Iec

KHX ypOBHeH JneKTpOHOB B KpHCTanne BeCbMa CllO)I(eH
1 41

; C Ka'leCT

BeHHOB TO'IKH 3peHHJl, pe'lb H,lleT 0 TOM, HaCKOllbKO H3MeHJJIOTCJI 

npa o6pa3osaHHH xpacTanna aToMHble sonHOBble IPYHKUHB saneHT

HblX 3neKTpOHOB, HaCKOllbKO OHH ,nenoKamo3YIOTCJl. 

TpH OCHOBHble MO,llena, KOTOpble B HaCTOJJIUee BpeMJI HCDOllb-

3YIOTCJJ B KBaHTOBOH TeOpHH MarKeTH3Ma /MO,llellb noKanH30BaH

HblX CllHHOB reiiJeH6epra I 11, MO,llellb $epMH- )I(JI,llKOCTH I 1/; MO,llenb 

Xa66ap.na 151 /, no-pa3HOMY OTBe'laiDT Ha 3TOT aonpoc. HecMoTpJI 

Ha .llOCTBrHyTble ycnexB B llOHBMaHBB cllH3BKB MarHBTHblX JJBneHHB, 

a3- 3a TPY.IJ.HOCTeii TO'IHoro pac'leTa 3nexTpouuoii. 30HHOB cTpyxTy-
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pbl, Mbl BCe el.Ile, Ja HCKJHO'ieHHeM, MO)f{eT 6biTb, CJiy'!a.II pe)J,KHX 

JeMeJib, He MO)f{eM C IIOJIHOH onpe)J,eJieHHOCTblO YTBep)f{)J,aTb, KaKa.II 

H3 yKaJaHHbiX MHKpOCKOIIH'ieCKHX MO)J,eJieH /HJIH HX KOM6HHaUHH/ 

Hau6onee a)J,eKBaTHO oTpa)f{aeT peaJibHYIO CHTyauuiO B TOM HJIH 

HHOM Bel.IleCTBe. BOT IIO'ieMy OIIpe)J,eJieHHe HCTHHHOrO MeXaHHJMa 

MarHHTOYIIOP.II.LIO'IeHHOrO COCTO.IIHH.II C'IHTaeTC.II B HaCTO.III.Ilee Bpe

M.II npo6JieMOH HOMep O)J,HH B TeopHH MarHeTHJMa. 

Mo.IJ,eJib reii.JeH6epra" l-
3

/ OCHOBaHa Ha npe.IJ,IIOJIO)f{CHHH 0 TOM, 

'ITO BOJIHOBble .YHKUHH MarHHTOaKTHBHbiX JJieKTpOHOB B KpHCTaJI

Jie MaJio OTJIH'iaiOTC.II OT aroMHbiX op6uTaneil.. C'iHTaeTc.II, 'ITO 

JTa MOJJ,eJib B OCHOBHOM IIpHMeHHMa K BemeCTBaM, y KOTOpbiX 

JHeprH.II OCHOBHOrO COCTO.IIHH.II OTJJ,eJieHa meJiblO KOHe'!HOH lliHpHHbl 

OT JHeprHH B036y)f{JJ,eHHbiX TOKOBbiX COCTO.IIHHH, T. e. K IIOJiynpo

BOJJ,HHKaM H HJOJI.IITOpaM. 3Ta MOJJ,eJib TaK)I(e XOpOlliO IIpHMeHHMa 

K p.IIJJ.Y pe.IJ,KOJeMeJibHbiX MarHCTHKOB, IIOCKOJibKY He)lOCTpOeHHbie 

f ·CJIOH HMelOT MaJibie J .. CKTHBHble pa.IJ,HYCbi /JJ.JI.II pe.IJ,KOJeMeJib· 

HbiX f - MeTaJIJIOB Ba)f{HYIO pOJib B YCTaHOBJieHHH MarHHTHOrO IIO

p.IIJJ,Ka HrpaeT KOCBeHHbiH 06MeH '!epe3 JJieKTpOHbi IIpOBO)lHMOCTH/. 

Mo.r:~eJib KOJIDeKTHBHJHposaHHbiX JJieKTpoHoB l.H HJIH MO)J,eJib 

.epMH·)I(H,Il;KOCTH, IIpHMeH.IleTC.II K MeTaDJia.M, B KOTOpbiX CHCTeMa 

6biBlliHX BaJieHTHbiX JJieKTpOHOB 06paJyeT ITO BCeMy 06beMy KpH

CTaJIJia IIOJJ,BH)I(HYIO .epMH- )f{HJJ,KOCTb. /l1HOr)l.a, B CJiy'!ae d -.Me

TaJIJIOB, y KOTOpbiX He.IJ,OCTpOeHHble d - CJIOH HMelOT He CTOJib 

MaJible J .. eKTHBHbie pa.IJ,HYCbi, KaK f - CJlOH, H TIOTOMY HMeeTC.II 

JaMeTHOe nepeKpbiTHe Me)f{JJ,y 6JIH)I(aHlliHMH COCC)J,.IIMH, rOBOp.IIT 

0 CMeCH JJ.BYX .epMH- )f{H)J,KOCTeH H3 ;o;- H d - JJieKTpOHOB/. 

Mo.IJ,eJib yJKux JOH, HJIH MOJJ.eJib Xa66ap.ua
13 

·5 s onpe.IJ,eneHHOM 

CMbiCJie .IIBJI.IleTC.II npoMe)f{yTO'IHOH MO,UeJiblO H rrepBOHa'!aJibHO 6biJia 

rrpe,UJIO)I(eHa )J,Jlll OIIHCaHH.II 3d - MeTaJIJIOB. B HaCTO.Ilmee BpeM.II 

MO)J,CJib Xa66ap.IJ,a H ee o6o6meHHll npHMeH.IIIOTCll )J,JI.II OIIHCaHH.II 

MarHHTHbiX CBOHCTB 'IHCTbiX 3d-MeTaJIJIOB H HX CTIJiaBOB, XaJibKO

reHH,UOB rrepexo)lHbiX H pe.n.KoJeMeJibHbiX Merannoa, aKTHHHJJ.OB u JJ.p. 

B HaCTO.Ilmeil. paGore Mbl IIOIIbiTaeMC.II IIOKaJa Tb, 'ITO CIIeKTp 803-

6y)I(JJ,eHHH MOJJ,eJIH Xa66ap.IJ,a H HeKOTOpb!X !'!e IIpOCTblX MOJJ,H.HKaUHH 

npe,!J;CTaBJI.IleT JHa'!HTCJibHbiH HHTepec C TO'IKH 3peHH.II IIpHMeHeHH.II 

MeTo.ua pacce.IIHHl'l ueihponoa. 

4 

2. MO/l,EJlb XAEEAP /l,A 

B HacTO.III.Ileil: pa6ore Mbl 6y.IJ,eM roaopuTb TOJibKO o 'IHCTblX 

3d ·MeTaJIJiaX, a 6oJiee KOHKpeTHO - 0 HHKeJie H)f{eJieJe. C'IHTaeTC.II, 

'ITO HCXOJJ,HbiH JHepreTH'ieCKHH CIIeKTp CHCTeMbl npe.IJ,~TaBJI.JleT 

C060H lliHpOKYIO S p - 30HY, B KOTOpylO "norpy)f{eHa" CHCTeMa II.IITH 

YJKHX rrepeceKaiOmuxc.II d - JOH I puc. 1/. B MOJJ,eJIH Xa66ap.IJ.a c.IJ,e-

E 

lr 

g(E) 

Puc. 1. CxeMamu'iecKuii euo 30HHoii cmpyKmyp&J (JeppoMaZHUTIIHozo 
nepexooHozo Mema1111a. 

JiaHa IIOIIbiTKa y'leCTb BeCb KOMIIJieKC He06bl'IHbiX CBOHCTB 3d -Me

TaJIJIOB. B 'laCTHOCTH, H3 JKCIIepuMeHTa H3BeCTHO, 'ITO CIIHH- BOJI· 

HOBOe pacce.IIHHe Me.IJ,JieHHbiX HeiiTpOHOB I l-3 / B JTHX aemecTBaX 

MO)I(HO OIIHCbiBaTb Ha OCHOBe .MOJJ,eJIH reil.3eu6epra. Haii.IJ,eHO TaK)f{e, 

'ITO pacrrpe.IJ,eJieHH.II Jap.IIJJ,OBOH IIJIOTHOCTH B .eppoMarHHTHbiX Me

TaJIJiaX 6JIH3KH K aTOMHbiM pacnpe.IJ,eJieHH.IIM/1/. C JJ,pyroii CTOpOHbl, 

cpe.IJ,HHe aTOMHble MarHHTHble MOMeHTbl 3aMeTHO OTJIH'ialOTC.II OT 

aTOMHbiX H .IIBJI.IIIOTC.II JJ,p06HblMH ll-
31

. 0 3Ha'IBTeJibHOM BKJia.IJ,e 

d- JJICKTpOHOB B HH3KOTCMIIepaTypHylO TCIIJIOCMKOCTb C JJI 
3 • 

!!__ .g (c )T ~yT rOBOpHT TO, 'ITO KOJcWlBUHCHT y Y nepeXO)J," 
3 f 

HblX MeTaJIJIOB 60JiblliC, 'ICM y HOpMaJibHblX MCTaJIJIOB. 0 CHJibHOH 
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KOJIJICKTHBH3aUHH d - 3JICKTpOHOB rOBOpJIT TaK)I(C OUCHKH 3HeprHH 

CBJI3H H HCCJlC.li.OBaHHC «lJepMHCBCKHX IIOBepXHOCTCH. 

B MO.!J.CJIH Xa66ap.D.a/3, 5 / 3TH aCIICKTbl IIOBC.li.CHHJI CHCTCMbl 

Y.D.ae fCJI OIIHCaTb, IIPC.li.IIOJiaraJI, 'ITO d - 3JICKTp0Hbl o6pa3yiOT 30HY, 

HO HCIIbiTbiBaiOT CHJibHOC KyJIOHOBCKOC OTTaJIKHBaHHC Ha O.!J.HOM Y3JIC 

peweTKH. 

PaccMoTpHM CHCTeMy d -3neKTPOHOB, raMHJibTOHHaH KoTopoii 

HMCCT 06hi'!HbiH BH.ll. 
131

: 

"'[ 1 ., c·· )] 1/2 '2 e2 H:.:. --p-+V r. + .:. ---=h·t-V 
i 2m I I itJ' I r -r'. I 

i J ' 

Ill 

Co6CTBeHHbie «lJyHKUHH HeB03MYIUCHHOro raMHJlbTOHHaHa ~' k ( r) 
MO)I(HO pa3JI0)1(HTb B PJI.ll. Cl>ypbe CJIC.li.YIOIUHM o6pa30M: 

+ -112 ~ _, ik'Ji'i 
~'~ (r)~N 2: ¢ (r-R. )e 

k n I · 121 

Cl>yHKUHH </1n (f'- R i ), H3BeCTHbie KaK «PYHKUHH Baube, noKaJIH30BaHbi 

B IIpOCTpaHCTBe H Be.D.yT ce6JI IIO.!J.06HO aTOMHbiM BOJIHOBbiM «lJyuK

UHJIM. Ka)I(.D.all «lJyuKUHJI Baube xapaKTepH3YCT KaKyro-To .D.aUHYIO 

30HY' OTMC'IaeMyiO HU.D.eKCOM n. Cl>yHKUHH c,6n ( r- Ri ) o6pa3y!OT 

IIOJIHYIO 

~'k. cf) 
3Toro 

OpTOUOpMHpOBauuyro CHCTCMY «lJyUKUHH , IIOJiyqeuuyiO H3 

C IIOMOIU;biO YHHTapuoro npeo6pa30BaUHJI; K03«P«lJHUHeUTbl 

rrpeo6pa3oBaHHJI paBUbi exp ( i k' R. ) . 3anHllleM Terrepb 
I 

raMHJibTOUHaH Ill B npe.D.cTaBneHHH BTOPH'!Horo KBaHToBaHHJI B 

rrpe.!J.CTaBJICHHH BaHbe /.D.Jill rrpocTOTbl Mbi paccMaTpHBaeM CJIY'!aH 

O.!J.HOH 30Hbii: 

H.-clt a 1 a 
ijCT ij j(J j<J 

t 1/2 l 
i_jkl' 

2 .. I 1 i I' ! • + ' • 11 -- , k · a a , ,t 1, , a ·131 
· r · t<T .1a " ka a a 

( 

_, ) ..,. -'Jo -) -3' 

t .. '" f ¢* r- R. )h(r)c) (r-R. )dr 
IJ ' I . J 

141 

< ij 1 .!_ I kf'> = e 
2 f 

r 

c!1* (r-Rj )¢*<r'·-Iii )¢(1''-Rk)o(r''-Rr l 
dr'dr '• 

! r? - -r! lSI 

MaTpH'IHbiH 3JICMCHT t .. orrHcbiBaeT rrepecKOKH 3JieKTpoHa c aToMa 
IJ 

Ha aTOM; 'ICM 60JibWe '!aCTOTa rrepeXO,II.a, TeM CHJlbHee KOJIJieKTH" 

BH3aUHJI 3JieKTpOHOB, T .e. lllHpHHa IIOJIOC TCM MeHbWe, 'I eM IIpO'!Hee 

CBJl3aHbl 3JieKTpOHbl. llepeiiHWCM /31 B CJie,ll.yiOIU;eM BH,II.e: 

6 

H 1 
ij<J 

t a+ a t U/2 2. n n J_ 1/2 2.' 2. < ij i __1 l ij · n n 
11 10 1° w 1a i--a ij aa' r 1" ju 

1/2 2. ' 2. J . a~ a . , a~ , a . 
IJ aa' IJ j(T 10 JO .JU 

+ 2.' 2. < ii i .!_ I jj , a .1 

r Ia iJ aa 
a a a 

i rr' ja' .W 

/6/ 

3.D.CCb BBC.li.CHbl o603Ha'ICHHJI 

u . 2 j I,/..(. R .• ) ,21 • ·•, '-1, -'·(··· .t ) '2d~d-'' e , '+' r- i 1 ,r-r t ''+' r -Ki 1 r r . 

J 2 j. I. * -· .R, ) .1 • rt ) . ( ,, , ) ,/.. (~' • ) , -• , , 1-1 • ., .. --- e <v (r- . <JJ ( r- 1{ . cj' < r - R. '+' r - R . ' r- r dr dr . 
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BenH'IHHa J iJ npe.D.cTaBnJieT co6oii HHTerpan npRMoro o6MeHa. 

U - HHTerpaJI BHyTpHaTOMHOH KYJIOHOBCKOH KoppeJIJIUHH 3JieKTpo

HOB C npOTHBOIIOJIO)I(HbiMH CIIHHaMH. TpeTHH 'IJieH B 16/ C TO'IKH 

3peHHJI MarHCTH3Ma He HHTepeceH, T .K. OH IIpOIIOPUHOHaJieH AiJ IIi II j . 

llOCJie.D.HHH 'IJieH B 16/ OIIHCbiBaeT nepeXO.!J.bl aHTHIIapanneJibHbiX 

CIIHHOBbiX nap; 3TH 3«P«lJeKTbl Mbl He 6y.D.eM paCCMaTpHBaTb. OueHKH 

IIOKa3biBaiOT, 'ITO .li.JlJI nepeXO.!J.HbiX MeTaJIJIOB HaH60JiblllHM HHTer

paJIOM JIBJIJieTCJI U 
131

. l1cxo.D.ll H3 3Toro, Xa66ap.D. npe.D.JIO)I(HJI 

CJie.D.YIOIUYIO MO.li.CJlb ';, '. 

H-~t a'a 
J]<T • I) i<T j<T 

1 u /2 ~ n n 
iCJ iO i-<T 

171 

0TTaJIKHBaHHe 3JieKTpOHOB Ha O.li.HOM UeHTp e U He y6biBaeT IlpH 

pa3Be.D.eHHH aTOMOB. TaKHM o6pa3oM, B MO.D.eJIH Xa66ap.D.a JaKmo

qeHa B03MO)I(H0CTb rrepeXO.D.a OT IlpOCTOH 30HHOH CXeMbl K OIIHCaHHIO 

THIIa raiiTJiepa-JIOH.li.OHa. ll03TOMY MO)I(HO O)I(H.!J.aTb, 'ITO HaH60-

Jiee HHTepeCHble J«P«l!eKThl: rrepexo.D. oT o6bi'!Horo MeTanna npH 

It ij! _>> U, onHCbiBaeMoro 30HHoii cxeMoii, K .D.H3JieKTpHKY c CHJib

HOH KOppenJIUHeii raihnep- JIOH.D.OHOBCKoro THrra npH It ij ; << U 

a TaK)I(e paJJIH'IHbiC MarHHTHble CBOHCTBa - .!J.OJI)I(Hbl CO.!J.Cp)l(aTbCJI 

y)l(e B raMHJibTOHHaHe /7 I. B cnyqae O.D.Horo 3JICKTpoHa Ha a TOM 

(n = 1) rrpH CHJibHOM B3aHMO.D.eiicTBHH (U »I t ij I) B paMKax TeopHH 

BOJMyiU;eHHJl BTOporo IIOpJl,II.Ka MO)I(HO IIOKaJaTb, 'ITO 34JcjJCKTHBHhiH 

raMHJibTOHHaH H. 1 ,.,,~1 =H(U)(E 0 -H(t .. ))- 1 H(U) CBO.II.HTCJI K aHTH-
'l"t IJ I 7 I 

«lJeppOMarHHTHOMY raMHJlbTOHHaHy reii:3eH6epra : 

H.),~,.,=112 2.' lt .. 12 'uta. a. -11. 
'l)'l' ij 1 J I J 
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TaKHM o6pa30M, OCHOBHOe COCTOliHHe CHCTeMbl B cnyqae oqeHb 

CHJlbHOH KOppeJiliUHH CKOpee BCero liBJilleTCll aHTH$eppoMarHHT

HbiM. IlpocTeifwee npu6JIH)I(eHHe XapTpu-<l>oKa B /7/ n ian i-<' • 

_, nia <n i-a > .naeT HJBeCTHbiH KPHTepuii: BOJHHKHOBeHHll MarHeTHJ

Ma CToHepa Ug(;r) > 1. Ilopor BOJHHKHOBeHHll MarHeTHJMa JaoH

CHT OT llJIOTHOCTH COCTOliHHH 3JieKTpOHOB g(t f ) Ha rpaHHUe <l>ep

MH 'f · 

r aMHJib TOHHaH Xa66ap.na o6na.naeT CBOHCTBOM poTaUHOHHOH 

HHBapHaHTHOCTH, T .e. llpH ,lleHCTBHH onepaTopa 

=expi-.Li¢~ a!{> I. r.ne o =Ca;.ai ,a( ai.), "l\· 2 J J IX • • . 

H a, --(n .• -n. ), cnpaBe,llJIHBO paBeHCTBO 
1Z 1 1.+-

W~RHR 

opameHHll R = 
1 I 4 

-·y(ai • a'· -ai. ai J 

MO)I(HO TaK)I(e y6e,llHTbCll B TOM, qTo [1a . . HJ ~O.T.e. nonHWH 
· IZ -

cnHH liBJilleTCll HHTerpanoM .llB~eHHll. TaKHM o6pa3oM, onepaTo-

pw S ± ~ S x ± iS y HJMeHliiOT o6myro Z- KOMllOHeHTY Ha ±1. KaK 

llOKaJaJI 3.noap,llC 
181

, H3 CBOHCTBa poTaUHOHHOH HHBapHaHTHOCTH 

cne.nyeT Hanuque cnuH- BOJIHOBoro nonroca y o6o6meHHoii: cnHHoooii: 

BOCllpHHMqHBOCTH 

_ 2 i t iuJ t -+ ~ -
X+ (q,w) =(gf1B) tl fnte <(S (q,t),S (-q)] > /8/ 

.nnll Mo.nenu Xa66ap.na /7 I cne.nyromero ou.na: 

'M1 =Dq 2 t-O(q 4 ), 
q 

2 1 ' - + 
Dq =----lnqd~_,,S _, 

2<Sz> q -q 
-11 2 q 2 lim lim X c1 I · /9/ 

(Ll •0 q -•0 ,J 

06oJHaqeHHll npHBe.neHbl B pa6oTe 
181

. Bwpa)l(eHHe /9/ liBJilleTCll 

ToqHoii «lJopMynoii:, cnpaoe.nnuooa .llJill JIJ06oro MeTannuqecxoro 

HJIH HeMeTannuqecxoro «lJeppoMarHeTHKa HJIH He«lJeppoMarHeTHKa 

B cTaTuqecKoM MarHHTHOM none. B o6meM cnyqae D onpe.nenlleT

Cll JOHHOH CTpyKTypoa KpHCTanna. ~Jill npOCTOH KpHCTannuqecKOH 

peweTKH npu6JIH)I(eHHe xaoTuqecxux $aJ .naeT .llJill D cne.nyromuil: 

peJyJibTaT 
131

: 

u 2 u ·1 2 
D=--ll ykfkl(nk• +nk )+-N l!Vkfkl (nkt·-nk 

6 i\ k . • 31\2 k 
). /10/ 

3.necb fk~l t .. expl-ik(ii -R.)l-
.. IJ I J 

30HHali3HeprHll, i\=U/N l(n -n )
p p. p. 

JOHHoe pacihenneuue. 

8 

Ha ocHoBaHHH paHHHX apryMeHTOB XeWHHra H KHTTenll
191 

CqHTaeTCll, qTo B npOCThlX llpH6JI~eHHliX CflHHOBWe BOJIHhl paBHO 

XOpOWO MO)I(HO OllHCaTb KaK B paMICaX MO,IleJIH JIOKaJIHJOBaHHWX 

CflHHOB, TaK H B paMKaX MO,IleJIH KOJIJieKTHBH3HpOBaHHbiX 3JieKTpo

HOB'10-: Il03TOMY HJyqeHHe, HanpHMep, TeMnepaTypHOH JaBHCHMOCTH 

cpe,llHero MOMeHTa B Ni H Fe B paMKaX HH3KOTeMnepaTypHOH 

cnuH-BOJIHOBOH TeopHH He .naeT yKaJaHHH B noJibJY TOR HJIH HHOH 

Mo.nenH. Ilpe.nnaranucb paJHWe cnoco6w ,llJill npooepKH JOHHOH 
I 11 I 

TeopHH MarHeTHJMa /eM., Hanp., /. HHTepecHWH peJynbTaT 

nonyqeH B pa6oTe <l>oHepa H .np. ' 101 c noMOIUbiO J4Jc1JeKTa Mecc6ay-

3pa. OcHoBwBaliCb Ha npe.ncKaJaHHH Bonb$apTa!
121 

OHH uccne.nooa

JIH nooe.neHHe Fe H Ni B oqeHb CHJibHWX MarHHTHWX nonllx /Bbi

we TexHuqecKoro HaCbiiUeHHll/ npH T = 4,2 K. B JTOH o6nacTH 

BKna.n cnHHOBWX oonH npaKTHqeCKH nonHOCTbiO no.naoneH. OHH 

HaWJIH, qTO BOCllpHHMqHBOCTb XHF = JM/ JH> 0, B TO BpeMll KaK 

,llJlll MO,IleJIH JIOKaJIHJOBaHHhlX CflHHOB llpH TeX )l(e yCJIOBHliX ,llOJI)I(HO 

6WTb XHF = 0 3TO Ba)I(HhlH apryMeHT B ll0Jlb3Y JOHHOH MO,IleJIH 

MarHeTHJMa. O.nHaKo .nnll HHTepnpeTaUHH JKcnepuMeHTa B pa6o

Te1101 HCflOJlbJyeTCll, no-cymecTBy, npOCTeHWall MO,IleJib CTOHepa, 

H fl03TOMY BWBO.llhl HOCliT JIHWb KaqeCTBeHHbiH xapaKTep. 

C Hawea ToqKH JpeHHll, Hau6onee oTqeTJIHBO paJnuque Me)l(.llY 
~ I 13/ 

MO,IleJiliMH npOliBJilleTCll B cneKTpe B036y)l(,lleHHH B CHCTeMe 

KonneKTHBHJHpooaHHall Mo.nenb HMeeT 6onee cJIO)I(HbiH cneKTp, 

qeM MO,IleJib JIOKaJIHJOBaHHhlX CllHHOB. 3TOT cneKTp npe,llCTaBJilleT 

TaK)I(e HaH60Jib.WHH HHTepec C TOqKH JpeHHll npHMeHeHHll MeTO,Ila 

pacceliHHll Me.nneHHWX HeiiTpOHOB, KOTopw8 liBJilleTcll yHHKaJibHWM 

Cfl0C060M Henocpe,llCTBeHHOrO HJyqeHHll MarHHTHOH ,llHHaMHKH 

MarHHTOynOpll,llOqeHHhlX BeiUeCTB. 

3. TEOPH.Jl PACCE.JIHH.Jl HEHTPOHOB 

B IIEPEX0,4HblX METAJIJIAX 

/2 3/ 
Kax xopowo HJBecTHO ' ceqeHHe Heynpyroro pacceliHHll 

HeHTpOHOB Bblpa)l(aeTCll qepe3 MHHMYIO qaCTb o6o6meHHOH CllHHOBOH 

BOCllpHHMqHBOCTH X a (3 ( q, W ) • IlonepeqHall CllHHOBall BOCllpHHM

qHBOCTb onpe.nenlleTCll CJie,llyiOIUHM o6pa3oM: 

+- -~ 2 00 + - -Jo i w t 
X (q,w)~(gf1B) f «S (q,t),S (-q)»e dt, /11/ 

9 



r.ue ,,A(t),B>>7- ~ 8(t)dA(t), B]_ >- .llBYXBpeMeHHaH JanaJ

.llbiBaiDmaR TeMnepaTypHaH cl>YHKUHH rpuHa. CnHHOBble onepaTOpbl 

B I 11/ Bblpa)l{aiOTCR qepe 3 on epa TOphi BTOPH'IHoro xBaHTOBaHHH 

B Q -npe,!lCTaBJICHHH 
131 ' 

T --J ~ ~ + ~ " • + 
S (q)c F(q) ~ S_, (q)=F(q) l a a 

k k k k~q· kJ, 

S-(ll)-=F(q') l S~ Cq)= F(q)l 
k K k 

a+ a 
k~ k +q t 

F(q) ~- J d3 r eiq? l¢<r')l: 

Tor.ua ce'leHHe Heynpyroro pacceRHHll Ha nonepe'IHbiX cnHHOBbiX 

KOMllOHCHTaX JallHWeTCJI B BH,!le 
13 / 

2 e 2 2 k . • . , 2 1 :·; -> 2 N _ _!l__,_, ___ (L . ...:~) _! F(q)! 4' {1, (q.m) 1---
2 

___ 1 ____ X 

d 0 d E m e 2 k o (g F ) 77 
e B 

1-exp(-hfi,<J) 

'- . '- ~ x l Irn x ( q , ,, ) - Im x ( - q . - ,,) ) ! /12/ 

fiOCKOllbKy CTpyKTypa o606IUCHHOH CllHHOBOH BOCllpHHM'IHBOCTH H 

BH,!l ee llOJIIOCOB OllpC,!lCJIHCTCll Bb160p0M MO,!lCJlbHOrO raMHJibTOHHa· 

Ha CHCTCMbl H XapaKTepoM C,!leJiaHHbiX npH ee Bbi'IHCJICHHH llpHfiJIH

)I{CHHH, TO no pe3yJibTaTaM HCHTpOHHbiX 3KCnepHMCHTOB MO)I{HO 

CY.llHTb o6 a.uexBaTHOCTH MHKpocxonH'ICCKHX Mo.ueneif. O.uHaKo .UJIR 

Ha,!le)I{Horo CY)I{.llCHHR o npHMeHHMOCTH TOR HJIH HHOH Mo.uenH 

He06XO,!lHMO H3MepeHHC BOCHpHHM'IHBOCTH BO BCCX TO'IKaX cl>ypbe· 

HpOCTpaHCTBa H ,!lJIH BCeX TCMHepaTyp, 'ITO He BCCr,!la ll03BOJIRCT 

HMCIOIUaHCH 3KCnepHMCHTaJibHaJJ TCXHHKa. ~JIJI pacqeTa CllHHOBOH 
-+ - ( -> 

BOCllpHHM'IHBOCTH X - q, '" ), KaK npaBHJIO, HCllOJib3YCTCJI npH-

6JIH)KCHHC XaOTH'ICCKHX cl>aJ 
12 

·31 
KOTOpOe llpHBO,!lHT K CJie,!lyiO· 

meMy peJynbTaTy: 

r.ue 

+- _ __,_ 
+- -+ X 0 (q,w) 

X ( q, w) ~ --~~---~~-~-~-~·~~----~----
1-U/(gll ) 2 x+-(q,,u) 

B 0 

+- -> 2 
X 0 (q,w )=(gp B) 

-1 
N l 

k 
-~~-=--ll_~~+g•---~~ -
E (k ~ q ~ ) - E ( K' • ) + h uJ 

- BOCHpHHM'IHBOCTb CHCTCMbl B npH6JIJOKCHHH XapTpH·CI»oxa, 

10 

/13/ 

/14/ 

-1 ~ 
nka =<nka>={exp(3(E(ka)-'r )+11 ; E(ka)=,_.+UINln . 

k p pa 

llon10ca nonHOH BocnpHHM'IHBOCTH I 13/ Ja,!laiOTCR ypaBHCHHeM 

U n -n 
1 =---;- Re l----~~-ls+sLt~-~·- 115; 

N k 1'J.w - l H - .1. 
k+ q k 

liJ ypaBHCHHll /15/ llpH q, w ~ 0 , q / (v _, 0 CJie,!lyeT Bbipa)I{CHHC ,!lJlll 

cnHH·BoJIHOBoro noJIIOca h!1 ~Dq 2 
BH,!la /10/. Cpe.uu noniOCOB 

q 
BocnpHHM'IHBOC TH /13/ co.uep)l{a TCR non10ca xapTpH- cl>oxoBCKOH BOC-

llpHHM'IHBOCTH 

+- 2 -1 ' )~( ') Imx (q,,o)~rr(gll) N l(nk, -nk u nw-ck+ Hk -a. /16/ 
0 B k .q q 

BoJ6y)l{,!leHHll, onpe.uenReMble JaKoHOM .uHcnepcHH 

h<u.~f -f +!'., 
q k+q k 

/17/ 

llpHHllTO Ha3biBaTb CTOHepOBCKHMH B036y)l{,!lCHHllMH. B OTJIH'IHC 

OT CllHH • BOJIHOBbiX B036y)l{,!lCHHH nepeBOpOT CllHHa 3,!leCh onpe,ll,e • 

nReTCH HC KOnJlCKTHBHbiM ,!lBH)I{CHHeM CHCTCMbl, a O,!lHOl.faCTH1I

HblM /eM. puc. 2/. CneKTp CTOHCPOBCKHX B030Y)I{.lleHHH HMCeT 

menh, paBHYIO BenH'IHHe 30HHoro pacmenneHHH. CxeMaTH'IecKH BH.ll 

cnexTpa BOJ6y)l{,!leHHH npe.ucTaoneH Ha puc. 3. 
B,!laJIH OT TO'IKH nepece'ICHHR CTOHepOBCKOrO H CllHH-BOllHOBOrO 

cneKTpa MO)I{HO npHfillH)I{CHHO pa3,!lCllHTb BKna,!lbl B CC'ICHHC pac • 

CCHHHll OT 3THX ,!lBYX THllOB B036y)l{,!lCHHH. ~JIH 3TOrO npe,!lCTaBHM 

Imx"- (q,,") B BH.lle 

+- -· +-Im X ( q , w ) = Im X 0 
2 +- 2 

![l-UI(g 11 B) Rex
0 

l 

2 +- 2 -1 
+ [ U I (gil ) X ] l · 

B 0 
/18/ 

Tax xax Imx~- (Q,uJ)~O. Kor.ua (q,w) He npHHa,L\JIC)KHT o6nacTH, 

B KOTOpOH Ja,!laHbl CTOHepOBCKHC B036y)l{,!leHHR, TO H3 /18/ CJIC,!lyeT 

+- 2 +-
Imx (q,w)=rro! 1- U/(gllB) Rex 0 

(q,w) l. /19/ 

fiOCKOJibKY 

11 



E 

d 
Et 

6 

Puc. 2. Bo36yJICOeHUJI 6 KOAAeKIIIU6U3upo6aHHOU MooeAu. Bo36yJIC
oeHUJI muna 1 npoucxooJIIfl 6e3 nepe6opoma cnuHa, a eo36yJIC· 
oeHUJI •una 2 - c nepe6opoJfOM. 

E 

6 

qmax lql 
Puc. 3. CneKmp cnuH- eoAH06biX u cmoHepo6cKux 6036yJICoeHuu 
6 OOH030HHou MooeAu. 

12 

2 ~ 

1-U 1(gvB) Rex"'-(q,w) ~.!_IS!S~l_:-Jlw 
0 "' --.' 

/20/ 

TO H3 I 19/ IIOJJY'iHM 

+- • 2 to. ;!_ 
Imx (q,(u)~-rr(g(LB) uo(Tiwt1dJ(Icl)), /21/ 

+ ...... -· -Jo -t r)l.e - Q = q- r , r - BOJJHOBOH BeKTOp o6paTHOH peweTKH. C yqe-

TOM /18/-/20/ IIOJJY'iHM H3 /12/ Ce'ieHHe CIIHH"BOJJHOBOrO pacceg

HH.ll Me)l.JJeHHhiX HeHTpOHOB 

2 (2 )3 2 2 2 1 :; -> z 
( d a ) = _L _:_7_ ( L~- ) 1 F ( q) I - ! 1 + ( q w ) I <, S '> x 
--- k v 2 4 dOdE s.w. o 0 mec 

r.D.e 

_,. ·~ 4 'Jo ~ 

x L :1! n (O(Q))o (1lw+Ml(Q))8 (Q+q- r) + 
Q 

d n(O(Q)) + 118(1l(u -nO(Q))o (q-Q- r')!. 

< 8 z > = _N_ -~ ; 
u 

-1 
n(n)~[exp({3M1)-11 . 

/22/ 

Ce'ieHBe pacce.HHBH /22/ B TO'iHOCTB COBUa)l.aeT C Ce'ieHBeM pac

CeHHH.ll )l.Jl.ll MO)l.eJJH reii.3eH6epra, Bbl'iBCJJeHHbiM B npH6JJH:lKeHBH 

xaOTB'ieCKBX «<Ja3 /CM., Hanp., 
131 j. 

0)l.HaKO )l.JJH MO)l.eJJH Xa66ap)l.a /7/, KaK 3TO CJJe)l.yeT H3 ypaB

HeHHH /12/, /16/, /18/, B 06JiaCTH 3HeprHii, r)l.e 3JieKTpOH B CO" 

CTO.HHBB npeO)l.OJieTh 3HepreTH'ieCKBB 6apbep, CBH3aHHbiH C nepe

BOPOTOM CIIHHa B 3!WieKTHBHOM IIOJie /B036y)K)l.eHHH TBIIa 2 Ha 

puc. 2/, )l.OJI)KHO Ha6mo)l.aTbCH pacceHHBe Heii.TpOHOB Ha CTOHepOB" 
121 

CKBX MO)l.aX 

( d2
a -) = (~:.._)2 _!_ .!_\F(q)J

2
!1+CJrii) 2 ! x 

dO dE St. m c 2 k 0 4 e 

x L L nk (1-nk ,)o(E(k+qa')-E(ka)-hw). 
af,o' k a + qa 

/23/ 

TaKHM o6pa30M, Heynpyroe pacce.HHBe aeiiTpoaoB npoHCXO.IJ.HT B .D.aH-

I 
_. ,.. _. 

HOM cnyqae BCJie.IJ.CTBHe B036y:lK.D.eHHH nepexo.D.OB ka> • I k+ q a'> . 

13 



<l>eppoMarHBTHble MeTaJIJibl BMeiOT XOpOUIO Bblpa)l(eHHbie IIBKB He· 

yrrpyroro paeeeRHHR Ha eiiHHOBbiX BOJIHaX. ~JIB MHOrHX MeTaJIJIOB 

JaKOB ,~~;uerrepeHH Dq2 HJMepeH e 6oJibUIOH ToqsoeTbiO. Ha puc. 4 

IIpBBe,!l;eHbl pe3yJibTaTbl HeHTpOHHbiX H3MepeHHH ,!I;JIR Ni. Ilo eBOeMy 

xapaKTepy eeqeHHe paeeeRHHR Ha eTOHepoBeKBX B036y)l(,!l;eHHRX 

/23/ eHJibHO OTJIBqaeTeR OT eeqeHHJI paeeeJIHHR Ha eiiBHOBbiX 

1!.0 

120 

100 

80 

60 

t.O 

20 

0 0.1 

E=Dq2 

D=l.33-M3B·A 2 

0.3 
0 

q ( A-1 
0.5 
) 

0.7 

Puc. 4. 3aKoH oucnepcuu cnuH06biX 60AH 6 HUKeAe
1 16 '. 

BOJIHax. CTOHepOBeKoe paeeeRHHe, eornaeHO /23/, )J.OJI)I(HO IIpHBO· 

)J.BTb K eHJibHO pa3MbiTbiM )J.H4MIJY3HbiM IIHKaM MaJIOH HHTeHeHBHO • 

eTH. 0,!1;HaKO IIOeKOJlbKY 3TH B036y)l(,!l;eHHR He B03HHKaiOT B MO,!I;eJIH 

reif3eH6epra, TO HX Herroepe,!l;eTBeHHOe 06Hapy)l(eHHe e IIOMOmbiO 

Heyrrpyroro paeeeRHBJI HeHTpOHOB RBHJIOeb 6bl Ba)I(HeBUIHM a pry

MeHTOM B 110Jlb3y MO)J.eJIB Xa66ap,11;a. 3TO TeM 6onee aKTyaJibHO, 

14 

t 

I 
J 

qTQ eymeeTByeT 60JibUIOe queJIO KOeBeHHbiX )J.aHHbiX 06 HX ey-
1131 

meeTBOBaHHH /eM. errHeOK JlHTepaTypbl B pa6oTe /. 

Hau6onee rro,~~;po6Hble ueene,~~;oaaHHR 6biJIH rrpoae,~~;eHbl e rro

Mombro paeeeRHBR TeiiJIOBbiX HeHTpOHOB 114 - 171 . bbiJIO 06Hapy)l(e

HO I 16,
1 

qTQ B Ni eiiHH- BOJIHOBaR HHTeHeBBHOeTb paeeeRHHR B,!I;OJlb 

HarrpaaneHHR [ 110] Me,~~;nesso erra,~~;aeT e yaenuqesHeM JHepruu 

H rrpu JsaqeHBB E- 100 M3B peJKO yMeHbrnaeTeR 6onee qeM Ha 

rropR.Ll.OK. TaKoe BHeJarrsoe yMeHbUieHHe 6blno o6bReHeHo rrepeee

qeHHeM eiiHH"BOJIHOBOrO erreKTpa B eTOHepoBeKOrO KOHTHHyyMa. 

3saqeHHe 3HeprHB, IlpH KOTOpOM IIpOHeXO,!I;HJIO yMeHbUieHHe HHTeH

eHBHOeTB, OKa3aJIOeb pa3JIHqHbiM ,!I;JIJI Tpex rnaBHbiX eHMMeTpuq

HbiX HaiipaBJieHHH /eM. puc. 5/. PaeqeTbl o6o6meHHOH BOeiipHHM· 

qHBOeTH X+- ( Q, <d ) H ee IIOJIIOeOB, IIpOBe,!l;eHHble Ha OeHOBe Bbl" 

~ 
[10011 

I 

I 

..rt 
E/M3B/ 

Puc. 5. H3MepeHHaJI cnuH- 60AH06a.11 uHmeHCU6HOCIIIb 6 HUKeAe npu 
KOMHUIIIHOU llleMnepalllype 600Ab 111pex Hanpa6AeHUU CUMMeJfpUU1 161 • 

queneHHR JOHHOH JHepreTuqeeKoH eTpyKTYPbl HHKenR .
181

e yqeToM 

3aBHeHMOeTH 30HHOro eiiHHOBOrO paemerrJieHHR OT KBa3HHMIIYJlb" 

ea H MHOr030HHbiX 34MIJeKTOB, IIOKa3aJIH, qTQ B,!I;OJlb HarrpaBJieHHJI 

11111 06JiaeTb eTOHepoBeKHX B036y)I()J.eHHH HaXO,!I;HTeR HH)I(e, qeM 

B,!I;OJib .Ll.BYX ,~~;pyrux HanpaaneHHH /eM. puc. 6/, qTo eornaeyeTeJI 

e 3KeiiepHMeHTOM. IlO)J.06HOe )l(e IIOBe,!l;eHHe eiiHH"BOJIHOBOH HHTeH-

15 



E 

. \ ." · .. 
CToHep 

CnBHOBbJe BOTIHbl 

I_. I 
Q, 

Puc. 6. PeayAbmambl meopemu~ecKozo pac~ema cneKmpa 6oa6yx
oeHuii OA.Ji HUKeAi 181 6 Hanpa6AeHUU [ 1111 . 

CBBBOCTB Ha6mo,u;aeTC.Il H B )l(ene3e
115

•171 . Ba)I(HeHWBM BbiBO,II;OM 

paC'IeTOB, npOBe,ll;eHHbiX B/18/, JIBTI.IleTC.Il YTBep)l(,ll;eHHe, 'ITO B o6-

nacTB 60TibWBX nepe,u;aq BMDYTibCa q-q max CDBH"BOTIHOBOe ce

'leHBe pacceJIHH.Il Bcero B .u;sa-TpB pa3a 6onbwe cToueposcKoro 

ce'leHB.Il pacceJIHH.Il /eM. puc. 7/. 

/13/ . 
B pa6oTe n. qepa B aBTopa 6blna npe,u;nO)I(eHa Ka'leCTBeHHa.ll 

BHTepnpeTaUBJI :noro 06CTOJITellbCTBa, OCHOBbiBaiOIUa.IIC.Il Hape3ynb

TaTaX TeopeTH'IeCKOrO paC'IeTa TOMDCoHl 19~TOMTICOH paCCMaTpH

Ball MO,II;enb Xa66ap,u;a, HCXO,II;.Il H3 npasana CYMM 

"" +- --> ) 2rr 
fdu.>lmx (q,w =~( n.~, -nt ) 

-oo 

B HCDOTib3Y.Il DpH6UH)I(eHHe XaOTH'IeCKHX ~3 H npH6TIH)I(eHBe 3~

~eKTHBHOB MaCChi. qucneHHbiM o6pa30M OH DOKa3an, 'ITO &MeeT 

MeCTO paseHCTBO /CM. puc. 8/: 

16 

I 

........ I l ;- o,, 
:z: 
:z: 
l:t 

0.6 Q) 

Q) 

l 
:z: o,q • .,Q 
I:; 
Q) ... 

~ ·~u 
0 0 I l,O "' ::: I ""1'0 

't:!C 1'"0 o,s 

0,6 

O,Jt 

Oa2-

" [qf ~0,2 

~ 
II i q [ =0,5 

o.s. 0,2. 0,3 

I: <li ~o.s 

o,~ o 
w(JB) 

i qj =0,4 

Puc. 7. Teopelllu~ecKuii pac~e111 aa6UCUMOCIIIU noAHozo ce~eHU.R 
pacce.RHU.Ji 6 HUKeAe om 6eAU~UHbl K603UUMnyAbca 1 18/. 

f d w Irn x +- ( q = 0, 9 q , w ) 
0 max 

/24/ 

2 1T ~ Joe +- 2 1T ~ 2rr ~ =---- dwlrnx (q=0,9q ,w)=--(1-1/2)=----. 
11 U -~ s.w. max 11 U 1l 2U 

fipH 3TOM TOMDCOHOM 6blnO nony'leHO, 'ITO ,II;TIJI cny'la.ll CHllbHOro 

~eppOMarHeTHKa ( '\ > t t' ) , 'ITO COOTBeTCTByeT HHKemo, CB060,II;HaJI 

BOCTipHHM'IHBOCTb paBHa: 

17 



{ 0 
Im X +- ( q ) I Y ! > 1 

0 ,u) = 

~Tl__;;_~ 2 4 U8E(1-Y ), Jyi< 1, 
/25/ 

rJJ.e y:(i\'-uJ)/8E, L\'~L\+11 2 q 2 /2m* u 8E~n 2qkr /m* ; m*-

3qxpeKTHSHaH Macca 3JICKTpoHa. TaKHM o6pa3oM, wupuua JJ.Hqxpy3Horo 
+- -> 

nuKa, onpe)l.emnomeroca Im x 0 ( q, uJ) , pasHa 8E = q/k r ( r . 
OueHHM senH'IHHY 8E. CneJJ.YH MaTTHc/

20
flpaMeM, 'ITO q .::;0,75 kr . , max 

Tor)l.a )l.JIH Q=0,9qmax HaH)l.CM, 'ITO 8E "'0,67( f To'IHble pac-
1 21 I 

'ICTbl ff )l.JIJI MCTaJIJIH'ICCKOrO HHKCJIH )l,aiOT 3Ha'ICHHC C f = 

= 7,6 3B. 0)l,HaKO )l.JIJI OUCHKH Imx t- B paMKaX pac'leTa ToMnco-
0 v 

Ha, 'IT06bl He HapywaTb "caMocornacosaHHOCTH" npu6JIH)I(CHHH, 

Mbl SOCllOJib3YCMCJI OUCHKaMH lf )l.JIJI T.H. MO)l.CJIH "3KSHSaJICHT

HOrO CS060)l.HOrO 3JICKTpOHHOrO raJa" S napaMarHHTHOH o6na-
i 141 B v v 6 6 CTH . paMKaX 3TOH MO)l.CJIH, OTBC'IaiOll.ICH TipH JIH)I(CHHHM pa 0-

I 
19 / 0 4 B T 6 Tbl SCJIH'IUHa < f = , 3 . aKHM 0 pa30M, WHpHHa CTOHepos-

CKOrO )l.Hqxpy3HOrO TIHKa 6y)l.eT pasHa oE=0,67 • f f = 0,67·0,4 = 

= 0,27 :JB. lllHpHHY CITHH" SOJIHOBOrO TIHKa npH q =0,9 q max MQ)I(

HO npHHHTb paBHOH 0,1 3B. ilOCKOJibKY cornacno /24/ TIJIOll.la)l.H 

060HX TIHKOB paBHbl )l.JIJI q~O 9 q TO, CJIC)l.OSaTCJibHO, aMTIJIH-
' max ' 

Ty)l.a CTOHCpOBCKOrO llHKa 6y)l.CT TipHMCpHO S 3 pa3a MCHbWC 

aMnnHTYJJ.hl cnHH·sonHoBoro nHKa. TaKHM o6pa3oM, npose)l.eHHble 

Ka'leCTSCHHbiC OUCHKH HaXO)l.JITCJI S COrJiaCHH C TO'IHbiMH 'IHCJICHHbi

MH paC'ICTaMH pa60Tbl I 181 . 

i 10 

3 
+-cs 
I 'K ~~r------L-
f 

H 
~_, 

0 0)5' 

Puc. 8. Pe3yAI>IIalll>l 'IUCAeHHOZo pac11e11a ToMncoHa
119

.
1 

ocHoeaH
HOZO Ha ucnOAI>308QHUU npa8UAa CYMM. 

18 

4. HEKOTOPh/E OEOEJ.aEHH.R MOAEJIH XAEEAPAA 

lloJJ.'ICpKHeM eme pa3, 'ITO aHanuJ ToMncoHa cnpase)l.JIHB Tom.

Ko )l.JIJI O)l.H~30HHOB MO)l.CJIH. Y)l(e )l.JIJI JJ.BYX30HHOB MO)l.CJIH KapTHHa 

pacCCJIHHJI Ka'ICCTSCHHO H KOJIH'ICCTSCHHO MO)l.HijJHUHpyeTCJI /eM., 

Hanp., 
122

•
231 

/; npH 3TOM CTOHepOSCKOC CC'ICHHC paCCCJIHHJl MO

)I(C'f CTaTb 3aMCTHbiM H )l.JIJl He CJIHWKOM 60JILWHX q < qmax 

)J,JIJI JJ.BYX30HHOB MO,II;CJIH CllCKTp B036y)I(,IJ;CHHB, HaB.L{CHHbiH B pa6o

Te 
1221 

llOKa3aH Ha puc. 9. 8 OTJIH'IHC OT O)J.H030HHOH MO)l.CJIH 

-t~ -
~ U! 

2,() 

0 ~J.. ~'i q6 qs 
Y~t 

Puc. 9. CneKmp eo36yxoeHuil oeyx30HHoil MOOeAu Xa66apoa, pac
C'IU111aHHMii e pa6ome '22

1
. 

B03HHKaiOT 'ICTblpe KSa3HCTOHCpOBCKHX KOHTHHyyMa, CBJI3aHHLie 

C nepeXO,L{aMH BHyTpH O)J.HOH 30HLI H MC)I(JJ.Y 30HaMH, a TaK)I(C 

BCTBb OllTH'ICCKHX CTIHHOBLIX BOJIH H T.H. MC)I(30HHaJI CfiHH-BOJI

HOBall BCTBb. TaKHM o6pa30M, MO)J.CJib KOJIJICKTHBH3HpOBaHHbiX 

3JICKTPOHOB o6na,11;aeT BCCLMa 6oraTLIM CfiCKTpOM B036y)I(,L{CHHB 

B "onTH'ICCKOB" 06JiaCTH. 
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B HaCTOB.Il{eM paJ.uene Mbl paccMoTpHM .UJIB. rrpHMepa Hecxonh-
24 

KO 6onee CJIO:lKHYJO Mo.uenh, l.feM 17 I, a HMeHHO Mo.uenh 3eHepa 

raMHJihTOHHaH MO.UeJIH JeHepa JaiiHCblBaeTCB. B BH.Ue 

H , ~ t i 1. a ia a l·a 
i.j(J . . 

U/2 2 n n - 2 'l 
ia 10 i~,a < 

.., . s 
- (J i i 1261 

+ + - ' z ' . 
r.ueai -.ai.ai. ;ai ~a 1.,a 1 .• H a. ~112(a .• a .-a a)- cnH-

" 1 l 1 1.,.-)l"' 
HOBble on epa TOphi KOJIJieKTHBH3HpOBaHHblX 3JieKTpOHOB, 8 

1 
- on epa-

TOp JIOKaJIH30BaHHOrO CIIHHa B YJJie i, OTBel.faJOII.{HH npaBHJIY XyH)la. 

llepeiiHWeM raMHJlhTOHHaH 1261 B k - rrpe)lCTaBJieHHH: 

\- -1 . + l-
H = 2 'k a kaa ka t UN ~ a k L a k .ak , _ a k , 

kU kk'q q• q • 

11~ ' -• L L 

- ,qN L [a' a S + a a • S + 
kq ktqtk., q klq, k q 

i 
1 (a a • 

ktq t k ' 
- a 1 a )8

2 l. 
kfq;, k.i, q 

1271 

06061l{eHHaB. IIOIIepel.fHaB. CIIHHOBaB. BOCIIpHHM'IHBOCTh CHCTeMbl 

00 

t- ) + - iwt X (q,uJ --f<<a (t);a >.>e dt 
-oo q - q 

1281 

Bbll.fHCJIB.eTCB. B IIpH6JIH:lKeHHH XaOTHl.feCKHX 4Ja3, KaK H )lJIB. 06bll.f

noii. Mo.uenH Xa66ap.ua 17 I. llonyl.feHHblH peJyJihTaT HMeeT su.u.
24 

· 

r.ue 

x"-(q,w) =--~--~~~i·u~) - ----·--·--.--, 
1 -l U- 2 J 2 <S z> ' ( u> -J n x)lx 

0
(q,w) 

~ -1 n -nk 
Xo(q,w)=-N 2 k+g 

k (() - ( f -f ) -~ 
k k+q 

1291 

1301 

~ = U + 2 J<S z :-- · 
nx ' - socrrpHHM'IHBOCTh s rrpu6nH:lKeHHH XapTpu-cl>oxa; 

n x = N- 1 2 (n - n k ) . AHanorH'IHO HaXOJlHTCB. 
k k 

rrorrepe'IHaB. soc-

IIpHHM'IHBOCTh )lJIB. JIOKaJIH30BaHHblX CIIHHOB: 

t - 2<8
2 > 

« s IS » = -------------·--- . --- ~-. ~~------~-- 0 1311 
q -q w 2 z [ ( l-1 w-Jnx t2J <S >x

0
(q,w) 1-Ux

0 
q,w) 

)],JIB. q , w-> 0 HaH)leM CIIeKTpbl CIIHH- BOJIHOBblX B036y:lK,UeHHH CHC-

TeMbl: 
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1i.<o ~ D q 
2 - axyCTH'IecKaB. seTBh, 

ac 
1321 

il<o --E t-D(VE 1J\-l)q2
-orrTH'IeCKaB. BeTBh. 

op op op 

J.uecb E
0
p- J

11
x ! 2J·'S 2 

o. «<>H3H'IeCKH 3TOT pe3yJihTaT COOTBeTCTBy

eT TOMY, 'ITO B CHCTeMe HMeJOTCB. He 3KBHBaJieHTHble CIIHHOBhie IIO.U

CHCTeMbl KOJIJieKTHBH3HpOBaHHblX H JIOKaJIH30BaHHblX CIIHHOB. llo

MHMO 3THX JlBYX THIIOB B036y:lK)leHHH HMeeTCB. ell{e KOHTHHYYM CTo

HepOBCKHX B036y:lK)leHHH 

11 (•J = ( f - f ) L \ 

q k k tq 1331 

CxeMaTH'IeCKH cneKTp CHCTeMbl IIOKa3aH Ha puc. 10. TaKHM o6-

pa30M, B OTJIH'!He OT MO)leJIH Xa66ap.ua 171 MO)leJib 1271 CO)lep:lKHT 

E 

Eop' -

q 
Puc. 10. CxeJIW111U'IecKuu euo cneKmpa eo36yJICOeHuu Mooudiut~u
poeaHHOU MoOellu 3eHepa 

1
2 4 : 

B CIIeKTpe B036y:lK,UeHHH .UOIIOJIHHTeJibHYJO BeTBh OIITHl.feCKHX CIIH

HOBblX BOJIH. HaJIHl.fHe 3TOB OIITH'IeCKOH CIIHHOBOH BOJIHbl CBB.3aHO 

C TeM, 'ITO Hawa CHCTeMa COCTOHT H3 .UBYX ITO.UCHCTeM. )],JIJI TOrO 

2t 



'-IT06~ 6onee BCHO YBH~CTb 3TO, llOJlO~HM B raMHJlbTOHHaHe /27/ 

u=<>. Tor~a M~ npH~eM K raMHnhTOHHaHy (s-d) ·Mo~enH: 

H 
-iqR-

e 1 IS. 
kqi I 

a a 
kt q. k 

1 I a, a -1 
ka k k<T ka - JN 1 

1 ' z J + l 
+ S . a k a k • 1 S 1. ( a k , .a k • - a k 

1 
a k ) . 

I t-q .i. , 'q , -q-' ' 

- + 
PacCMOTPHM Bbl'-IHCneHHe cPYHKUHH rpHHa <<S ; s . >> 

q -q w 
6nH~CHHH XaOTH'-ICCKBX cPa3 llOJlY'-IHM 

Irn X 
17 

( q , ,, ) c· 2 S 8 ( '" - '" ( q)) i nx o ( '"- '" ( q)) ' ac op 

/34/ 

B rrpH-

/35/ 

vo _, 
: (2S 1 nx)-7 1 dqlr"q,,,_l -<k.)-r')(,,_, 11 )I. 

(2rr)'l ~- kl q. k k--q • 
I r 

B rrpH6nH~eHHH 3«P«lleKTHBHOH Mace~ 1 k

'-ITO 

k 

2m* 
rrpH q • 0 HaH~eM, 

'"at· (q) -• 0 1 q 
2 

D t -~~~~-~3~£-~!-~~~ 

'" ( q)- J (28 1 nx) t D q 2 -
op 2 ' 

2m' ( 2S , nx) 

D 
2 

4 '_!__) 
S(l • 3 -Jn 

m *x ( 2S + nx) 

/36/ 

/37/ 

Ba~H~M o6o6IUeHHeM o~H030HHOH MO~enH Xa66ap~a xsnReT

CR MO~CJlb Xa66ap~a C (S -d) - rH6pH~H3aUHCH, OllHC~BaiOIUCH llpRMOe 

paCCCRHHe 3JlCKTpOHOB s- H d·JOH 
1251

: 

H=~ t .. a_t-a_ +U/2ln. u. 1-lE(k)c+k ck t-1 (Vka+0Ck0 +'l.c.). 
ija IJ Ia JO ja !0 1-<7 k a a ika I I 

/38/ 

OueHKH rroKa3~BaiOT, '-ITO senH'-IHHa rH6pH~H3aUHH V ik MO~CT 

OKa3aTbCR ~JlR HCKOTOpbiX cnyqaeB CpaBHHMOH C HHTerpallOM 

KYJlOHOBCKOrO OTTaJlKHBaHHJI U. Bblpa~eHHe ~JlJI BOCllpHHM'-IHBOCTH 
1 23 I 

CHCTCMbl C raMHJlbTOHHaHOM /38/ 6b1Jl0 HaH~CHO B pa6oTe 's llpH-

6nB~CHHH xaOTB'-ICCKBX cPa3: 

-+ HF 2 HF -1 
X (q,w)= X (q,w)!l-U/(gllB) X (q,w)l: /39/ 

22 

HF 
BocrrpHHM'-IHBOCTh B rrpH6nH~eHHH XapTpH·<PoKa X ( q ,w) HMeeT 

j2r ' 

cno~Hhiii BH~ · ·>• H B npe~ene Vik =0 nepexo~HT a o6~'-!Hoe 

Bhipa~eHHe /14/. lihlno noKa3aHo, '-ITO B rrpe~ene q~ 0 , (;) • 0 B 
2 

CHCTCMC CYIUCCTBYCT aKyCTH'ieCKaJI CllHH- BOJlHOBaJI BeTBb h(;J = Dq . 

ilOMHMO 3TOrO B03HHKaiOT '-ICT~pe KBa3HCTOHepOBCKHX KOHTHHyy

Ma/23/ 

1iw 1 = ru 1 k 1 - '" 1 k t q -1. 1iw2=uJ2k•-1"2k+q-l. 

- (:) ilw 3 ~uJ 2 kt lk+q. .... (d - (o)-
llW 4 = Jk1 2k+q.;. /40/ 

· 5. 3AKJIIOCJEHHE 

IJ(l I 
J13MepeHHR CllCKTpa MarHHTHblX B036y~~eHHH B HHKene 

H ~ene3e/1f,,l?i 6bJnH BblllOJlHCH~ Ha CTaUHOHapHbiX peaKTOpax 

llpH llOMOIUH TpeXOCHOrO KpHCTaJIJlH'-leCKOrO ClleKTpOMeTpa. 

CornacHo pa6oTaM / 14,- 18 -2 1/, 30HHoe paciUenneHHe B Ni pasHo 

1\-0,5 3B. TaKHM o6pa30M, )l,Jlll H3MepeHHR CTOHepoBCKHX B036y~-

~eHHH He06XO~HM llOTOK HeHTpOHOB C 3HeprHeH B HHTepsane 

0,1 ~ 1 3B. HarrOMHHM, '-ITO TO '-IKe OKOH'-laHHII CllHH BOJIHOBOrO ClleKT • 

pa B~OJlb HarrpaBJieHHJI \111\ COOTBeTCTByeT 3HeprHJI 80 M3B, 
rro3TOMY HHTepecyiOIUaR Hac o6nacTh rrepe~a'-IH 3HeprHH 3aKJ110"--e

Ha B HHTepsane 0,08 -'-0,5 :JB. 

BcHo, "--TO o6~'-lHaR TeXHHKa Mano rro~xo~HT ~JIR H3MepeHHR 

B036y~)leHHH CTOJih BhiCOKOH 3HeprHH, .z:~a~e llpH HaJIH'-lHH ropgqe • 

ro HCT )'-lHHKa. MHoroo6eiUaiOIUHM MeTO,LIOM RBJIReTCR MeTO,LI Bpe

MeHH rrponeTa. 1-fMITYJihCHbie HCTO'-IHHKH HeHTpOHOB HMeiOT Heo6xo

,LIHMYIO MOIUHOCTh ,LIJIR o6ecrre"-!eHHJI JJ;OCTaTO'-lHOH CBeTOCHJI~, a Ma

na!! WHPHHa HMrrynhca IT03BOJIReT pa6oTaTh rrpH xopoweM pa3pe

weHHH H HH3KOM yposHe «PoHa. Cor nacHo oueHKaM pa6oThi 
1261 , 

llpH E 0 = 0,5 3B H '\Eo= 0,0045 3B, BpeMeHH BCll~illKH T = 3 MKC 

H pa3Mepax 3aMCJJ;JIHTeJIJI 20x20 CM 2 llOTOK HeiiTpOHOB, O~H,LiaiO· 
IUHHCR Ha paccTOJIHHH 30 M oT HliP-2, MO~Ho C'-lHTaTh paBH~M 

,'j = 2,5·10 4 H/CM.C2_ 

8 pa6oTe 
113 

HaMH 6~J1H rrpoBe,L~eH~ OUeHKH CKOPOCTH C'-lCTa 

ycTaHOBKH rrpH pacceRHHH TaKOrO llOTOKa Me~JICHH~X HCHTpOHOB 

Ha CTOHepOBCKHX B036y~~eHHRX. llpH 3TOM HCllOJlh30BaJIHCh Te 
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OUCHKH ~nH CTOHCpOBCKOrO ceqeHHH paCCCHHHH, KOTOp~e o6cy~

~anHCh a paJ~ene 3. li~n nonyqeH cne~yiOIUHii peJynJ.TaT: o~H~ae

Moe qHCJIO OTCqeTOB 3a BpeMH H3MepeHHH t=24 'I paBHO N -

-2007250 H/OeHb. AHanorHqH~e OUCHKH ~nH MOJJ.UIOrO HMnynhCHO· 

ro HcToqHBKa Heii:TpoHoB ZING / 27 / ~aiOT N" 160 H/OeHb. TaKHM 

o6pa30M, MO~HO rOBOpHTh, qyo llOpH~OK BenHqHHhl N -10 2 H/OeHb. 

llpHBe~eHH~e OUCHKB CBepxy COOTBCTCTBYIOT BhiCOKOH pa3pe

WaiOIUCH CllOCOfiHOCTH, ll03BOnHIOIUCH ~eTanhHO HCCne~OBa Th CBOHCT • 

Ba CTOHCpOBCKHX B036y~~CHHH. EcnH ~e uenhiO 3KCllepHMeHTa 

HBnHCTCH npOCTOe OfiHapy:>KeHHe HX CYIUeCTBOBaHHH, TO ~OCT a TQqHo 

pafioTaTh C pa3peWCHHeM B ~eCHTh pa3 xy~e. flpH 3TOM HHTeH-

CBBHOCTh B~paCTeT Ha llOpH~OK H CKOpOCTh cqeya llOB~CHTCJI. 

TaKHM o6pa30M, a~wenpuae~eHH~e paccy~~eHHJI noKa3hiBaiOT, 

qyo OfiHapy~CHHe H ~eTanhHOe HCCne~OBaHHe CTOHepOBCKHX BOJ· 

6y~~eHHii a nepexo~H~x !PeppoMarHHTHhrx MeTannax cocTaanJieT 

o~HY H3 aKTyanhHeiiwHx npo6neM WH3HKH MarHHTHoro cocToHHHH. 

lionee Toro, cne~yeT o~B~aTh, qyo H3MepeHHJI a "ornHqecKoM" 

~BanaJoHe ~a~yT 6onee HHTepecH~e peJynJ.TaT~, qeM Te, KOTop~e 

MO~HO npe~nonaraTh Ha OCHOBaHHH O~H030HHOH MO~enB Xa66ap~a. 

llocne~HHR MO~enh, OTpa~ag OCHOBH~e qepT~ llOBe~eHHR CHCTeMhl, 

RBnBeTCH CHnhHO ynpoiUeHHoii. M1>1 noKaJanu a paJ~ene 4, qyo y~e 

npocTeii:wue o6o6IUeHBH Mo~enH Xa66ap~a ~aiOT JHaqBTenhHO 6onee 

fioraT~H CllCKTp, llpHqeM HMeHHO B "OllTHqeCKOM" ~Harra30He. 
llpB 3TOM B CBH3B C peHOpMHpOBKOH qmax npB yaenBqeHHB 3Haqe • 

HHii nepe~aHHoro BMnynhca xapaKTep yMeHJ.WeHHJI ceqeHHH pac

CeHHBH Ha CllHHOB~X BOnHaX MO~eT TaK~e MO~H!PHUHpOBaThCH. 

Cne~yeT TaK~e JaMeTBTh, qyo npu o6cy~~eHHB cneKTpa aoJ6y~
~eHHii: CHCTeM~ B HaCTORIUCH pafioTe M~ OllBpanHCh Ha npHfinH· 

~eHBe xaoTBqecKHX !PaJ. CneKTp cToHepoacxux B036y~~eHHii 

'tl u> q =f ktq -f k +L'l a 6onee ToqHoM npH6n~eHHB1281 
npHMeT cne~y10-

IUHH BH~: 
'tlw_,=c, _, -f,..+S(k.\q). 

q k +q k 

HacxonJ.Ko xopowo npHMCHHMo npH6n~eHHe XaOTHqeCKHX !PaJ, 

Mo~o cy~BTh no peJynJ.TaTaM 3KCnepHMeHTa. TaKHM o6pa30M, 

BJyqeHHe CllCKTpa B036y~~eHHH B !lleppoMarHHTH~X nepexO~H~X 

MeTannax npe~CTaBnReT COfiOii: BeCJ.Ma BHTepecBylO, XOTR H Tpy~HYIO 

C 3KCnepHMCHTanhHOH TQqKH 3pCHBR, 3a~aqy, 

HaWK OUCHKH llOKa3~BaiOT, qyo HCnOnh30BaHHe MOIUH~X HM

nynhCH~X BCTQqHHKOB Heii:TpOHOB, TaKHX KaK lfliP-2, ll03BOnBT 

24 

nonyqHTh TaKHe ITOTOKH, qyo npe~naraeM~H 3KCnepHMeHT CTaHeT 

BhiiTOnHHMhlM 3a peanhHOe BpeMR H3MepeHHH. 
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