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.Z.o He,A&BHero BpeueHB C'IBTanOCL, 'ITO BICJJa,A Heihpo· 
HOB B Ce'leHBe ynpyroro pacceJIHBJI :JneiCTpOHOB &TOUHLIUB 
JI,Apaus ue3H&'IBTeneu no cpaaueuBJO c BKna.AOM npoToaoa. 
Bnepawe 3TO yTaeplK,lleHBe 6wno no,AaeprayTo couaeaBJO 
B pa6oTe /1/. B 3TOI pa6oTe 6wn OlleHeH BICJJa,A HeiTpOHOB 
a ce'lease ynpyroro pacceJIHBJI :JnexTpoaoa. B OT.AenLHLIX 
cny'laJix oa cocTaanJin oxono 30~. 

UenL ,Aaauol pa6oTw cocTOBT a awacueuBB BKJia,Aa 
OT,AenLHLIX COCT&BnJIIOIJlBX ciK>puciJaJCTOpOB HyJCnOHOB ,AnJI 
DIBpoxoro xpyra uep. 

DpelK,lle acero 3aueTBM, 'ITO noJIHaJI 3&PJI.AOBaJI nnoT
HOCTL, Y'IBTLIBaiODUlJI IC&IC 3neJCTPB'IeCICYJ0 0 T&IC B uarHBTHYJO 
CTPYKTYPY uyxnouoa, uolKeT 6wTL 3anacaua B BB.Ae cne
.AYIOIJlei cyuuw 'leTwpex O.AHOKpaTuwx BHTerpanoa: 

P. h( r) = - 2- I r 'dr 'p E ( r') KEP( r, r') + 3_ I r 'dr 'pNE(r ') K~r ,r ')-
c 11r p rr r 

3.AeCL i'.:(r) , p~(r) , ~(r) B ~(r) - nnoTHOCTB pac
npe,Aene~Bi JleHTpOB :JneKTpB'IeCKBX 3&pJIAOB npOTOHOB B 
ueiTpOHOB, a T&KlKe BX U&rHBTHLIX UOMeHTOB. 

E (p) 2 
p (r)= I N,(n,f ,j)[R o. (r)] 

P· nfj Dt.J 

E ( • (N) 2 
PN r)=D~ NN(n,f,J)[Rnfj(r)] 
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M 1 (p) 2 
p (r)= ! IN (n,f,f + -.rH[R on t(r)] -

p nf p £. nu+ 

1 (p) 2 
- N P ( n, f, f- T) ( f+ 1)[ R nf£- .L( r )] I 

2 

M 1 '(N) 2 
p (r)= I INN(n,f.f+-

2 
)f[ Roo l. (r)] 

N nf nu+2 

1 (N) 2 
,=NN(n,f,f- '2)( f+l) [R

8
f£_.l_(r)] I, 

2 

r.IJ.e N( rJ.nfj)- qucno npoTOHOB {He~TpoHoa/ Ha ypoaHe 
c KBaH~OBbiMH qucnaMH n, f , j ; R P~~ (r) - O.IJ.HO'IaCTH'IHble 

hlJ 
BOnHOBble I!IYHK~HH. 

Cl»yHx~uu K (r ,r ') 3aBHCBT OT CTPYKTYPbi HyxnoHoB. B xa

qecTae npuMepa npuae,ZJ.eM I!IYHK~HIO K E(r ,r ') 
p 

E ') rr_e K (r ,r = 4a p 

2 2 
I. -'I A P Ap 1 + 

-~ 1 1.!.::.!1 ) (1 + -"2) - 8a2" a [-{1+ a Sa 2 

r+ r' 2 2 --a-- A 1 , A 
+ ..!L e [ P -- (1 + ..!.±L)(1 + P )] 

4a 8'7 2 a ~ 

I A P - KOMDTOHoacxas .IJ.nHHa aonHbl npoToHa/. llpu 3TOM 

6blnH ucnonL30BaHbl cne,ZJ.yrow;ue Bblpa.>KeHHB ,ZJ.ns l!lopMI!Iax

Topoa HyKnOHOB: 

2 1 __ 
GE (q )= ----2 2)2 

P (1 +q a 
1 1 __ _ 

E 2 --2 2 2 
GrJ.q )= ( 1 +q2a~)2 (l+q ~) 

M 2 2_.7_9_ 
GP (q ) = (l +q2a2)2 

M 1.91 . G (q 2 ) = - 2 2)2 
N (1 +q a 
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a , a 1 , a 2 Bbl6upanucL H3 ycnoBHJI nony'leHHJI npaaunL-
HbiX cpe.IJ.HeKBa,ZJ.pa T.H'IHbiX pa,ZJ.HYCOB HyKnOHOB: 

<r~> =0.64 4>M2 ,<r~> =-0.12 ct>M2 • 

B xaqecTae O.IJ.HO'IaCTH'IHbiX aonHoawx I!IYH~Hi ucnonL3o· 

uanucL BOJIHOBble I!IYHK~HH noTeH~Hana By,ZJ.ca- Caxcoua c na

paMeTpaMH, onpe.IJ.eneHHbiMH B 12 • )l;anLueiwaJI npo~e.IJ.ypa 
3aKJDO'IaeTCJI B Bbi'IHCneHHH DOTeH~Hana, COOTBeTCTBYJOW:ero 

DnOTHOCTH /1/, H B 'IHCneHHOM HHTerpupoBaHHH ypaBHeHHJI 
)l;upaxa. 

0T.IJ.enLuwe cnaraeMwe, BXO.IJ.JIII.Uie B /1/, MO.>KHO pac

cMaTpuaaTL KaK BKna,ZJ.bl, BHOCBMble B 3apJI,ZJ.OBYJO DnOTHOCTb 

3neKTPB'Iecxoi CTPYKTypoi npoToua, 3neKTPB'Iecxoi cTpyx

Typol HeiTpoua, MarHBTHOI CTpyKTypol DpOTOHa H Mar· 

HHTHol CTPYKTypoi HeiTpoHa. llocxonLKy o6bi'IHO Y'IHTw

aaeTCJI "pa3Ma3Ka" TOnLKO 3neKTPH'Iecxoro 3apJI.IJ.a npoToHa, 

TO HHTepeCHO npocne,ZJ.BTL, KaKOI BKna,ZJ. BHOCHT O,ZJ.HOBpe· 

MeHHbll y'leT :mexTpuqecxol cTpyxTypbl npoToHa a co'leTa

HBH C O,ZJ.HOB H3 YDOMJIHYTbiX KOMDOHeHT :JneKTpOMarHHTHOB 

CTPYKTYPbl HyxnoHa. llony'leHHble .IJ.H4141epeH~BanLHble ceqe

HHB Y.IJ.06HO OTHOCHTL K .IJ.H4141epeH~HanLHOMy Ce'leHHIO, Bbl· 

'IHCneHHOMY C y'leTOM pa3Ma3KH TOnbKO :JneKTpH'IeCKOrO 

3apJI.IJ.a npoToHa. Ha puc. 1 Ha npuMepe ynpyroro pacceJIHHJI 
:meKTpoHoB Ha 

54 Fe /aepxHJIJI qacTL pucyHxa/ u 58fe /HH.>K· 

HBB 'laCTL/ DOKa3aHbl BKna,ZJ.bl, BHOCHMble Ka.>K,ZJ.biM H3 cna· 

raeMbiX Bblpa.>KeHHJI /1/. CnnOWHO:ii KpBBO:ii DOKa3aHO OTHO" 

weHue ynpyroro pacceBHHB :JnexTpOHOB, nonyqaeMoro npu 

y'leTe acex KOMDOHeHT CTPYKTYPbl HyxnoHa, K ce'leHBJO, 

y'IHTbiBaiOw;eMy TOnLKO pa3Ma3KY :JneKTpuqecxoro 3aps

,ZJ.a DpOTOHa. lliTpHXOBaHHaB nHHHB COOTBeTCTByeT y'leTy 

pa3Ma3KH :JneKTpB'IeCKHX 3apB,ZJ.OB OpOTOHa B HeiTpOHa, 

nyHKTHpHaB Y'IHTWBaeT pa3Ma3KY :JnexTpuqecxoro 3apJI.IJ.a 

npOTOHa H MarHHTHOrO MOMeHTaHeiTpOHa, WTpHX"DYHKTHp· 

HaB nHHHJI Y'IHTblaaeT pa3Ma3Ky :JneKTpuqecxoro 3aps,ZJ.a u 

MarHHTHOrO MOMeHTa npOTOHa.06paw;aeT Ha ce6B BHHMaHHe 

TO,'ITO ,ZJ.nB 
54

fe DpOHCXO,ZJ.HT DO'ITH DOnHaJI KOMDeHC~HJI 
BKna,ZJ.a pa3Ma30K MarHHTHbiX MOMeHTOB npOTOHOB H Hei· 
TpOHOB, TaK 'ITO KpHBaJI,y'IHTbiBaiOW:aB HeTO'Ie'IHOCTb 3neK· 

TpH'IeCKHX 3apB,ZJ.OB, npaKTH'IeCKH COBDa,ZJ.aeT C DOnHOB KpH· 

BOB. TaKaJI KOMDeHC~HJI y.>Ke He HMeeT Me eTa ,ZJ.nB 58Fe. 
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HTaK, Mid BJmaM, ':ITO y':leT MarHaTHoii CTpyKTypw npo
TOHa a 3neKTpaqecKoii a MarHaTHoii CTPYKTYP HeiiTpoHa 
MO>KeT BHOCaT& BKna~ B ~acllcllepeH:u;aan&HOe Ce':leHae pacceJI· 
HaJI 3neKTPOHOB nopJI~Ka 20-30~. B CBJIJa c 3TaM ooJ
HaKaeT oonpoc, He JIBnJieTCJI na y':leT CTPYKTypw HyKnoHa 
3cllclleKTOM MeH&Wero nopJI~Ka, ':leM, CKa>KeM, y':leT OCTa
TO':IHiaiX B3aaMO~eiiCTBaii HyKnOHOB B Jl~pax? B Ka':leCTBe 
npaMepa paCCMOTpaM BnaJIHae can cnapaBaHBJI Ha ~a~e
peHUBan&HOe ce':leHae. Ha puc. 2 Ha npaMepe 54 Fe, 8 Fe 

60..;.NT' a .1 noKaJaH BKna~ can cnapaoaHaJI o ~acllcllepeH:u;aan&Hoe 
ce':leHae pacceJIHaJI 3neKTPOHOB. CnnowHwe Kpaowe cooT
oeTCTBYJOT OTHoweHBIO ce':leHaii c y':leToM nonHoii CTPYKTypw 
HyKnOHa K Ce':leHBIO, y':laTiaiBaJOI:u;eMy TOn&KO 3neKTpa':leCKYJO 
CTPYKTYPY npoToHa. llyHKTBpHaJI naHaJI cooToeTcToyeT oT
HoweHBIO Ce':leHBJI C y':leTOM nOnHO:ii CTpyKTyphl HyKnOHa 
H can cnapaoaHaJI K ce':leHaro, y':laTwoaro~:u;eMy Ton&Ko 
3neKTpa':leCKYJO CTPYKTYPY npoToHa /6e3 cnapaoaaaJI!/. Pe
JIOMBPYJI, MO>KHO CKa3aT&, ':ITO y':leT cnapaBaHBJI npHBO~HT 
K a3MeHeHaJIM B Ce':leHHJIX pacceJIHaJI 3neKTpOHOB JHa':IH· 
Ten&HO MeH&WaM, ':leM HJMeHeHHJI, KOTOphle BOJHHKaiOT Ja 
c':leT y':leTa cTpyKTypw HyKnoHoo. 

11HTepeCHO BlaiJICHHTb, KaK CKaJiaiBaiOTCJI 3cllclleKTbl CTpyK
TYPhl HyKnoua ~m1 paJnH':IHI>Ix HJOTonoo. C 3Toii :u;en&ro 
Mbl Bbi':IHCnHnH OTHOWeHHJI Ce':leHHJI C y':leTOM BCeX KOMnO
aeHT cTpyKTYP~>~ HyKnoua K ce':leHHIO, Y':IHT:biBaro~:u;eMy Ton&Ko 
3neKTPH':IeCKYIO CTPYKTypy npoToHa ~nJI aJoTonoo Ni H Zn . 
PeJyn&TaTbl npe~cTaoneHbl Ha puc. 3. TaKHM o6paJoM, 
KaK H O>Ka~anoc&, HMeeT MeCTO yoena':leHHe ynOMJIHYTI>IX 
OTHOWeHHii no Mepe yoena':leHaJI ':lacna HeiiTpOHOB. 

llepeii~eM K o6cy>K~eHBIO cpe~HeKoa~paTH':IHI>IX Jap.R~o
BI>IX pa~HyCOB Jl~ep (CKP).MI>I orpaHH':IHBaeMCJI ':leTHO·':IeT
HbiMH H30TODaMH Kan&:U:HJI, >KeneJa, HHKenJI, :U:HHKa. Ha':IHeM 
C HJOTODOB Kan&:U:HJI. 3KCDepHMeHTan&Hble JapJI~OBble pa
~HYCI>I, aJBneKaeMide HJ Oni>ITOB no pacCeJIHBIO 3neKTpOHOB 
/Kpy>KKH Ha puc. 4/, HMeiOT xapaKTepHyiO aHOManBIO, COCTOJI· 
r:u;y10 o TOM, ':ITO CKP CHa':lana pacTyT, a JaTeM y6bloaiOT, 
Df<H':IeM ~n.R 48 Ca CKP oKa3biBaeTcJI ~a>Ke MeH&we, ':I eM ~nJI 

°Ca. B pa6oTe 131 noKaJaHo, ':ITo y':leT cHn cnapaoaHHJI 
npaKTa':leCKa He MeHJieT Jap.R~OB:biX pa~aycoo. ll03TOMy 
npaMeM, ':ITO HyKnOH:bl ~oa>KyTCJI o cpe~HeM none. Hcnon&
JooaHHe o Ka':leCTBe cpe~Hero nonJI . noTeH:u;Hana .Uy~ca-
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121 CaKcoHa c TBDB'IHLIMB napaueTpaua npBBOABT K 3asa-
cauocTH 3apJI,~:toswx CKP, B3o6pa>Keaaoi mTpax -nyHKTBpou 
aa puc. 4. MBHBMYM s xo.rte CKP o6'1tJICHJieTcJI TeM, 'ITO 
noTeau;aan By ,~:tea- CaKcoaa co,~:tep>KBT .rtBa KOHKYPBPYJOUVIX 
<imKTOpa. C O,ltHOi CTOpOHLI, C pOCTOM 'IBCJia HeiTpOHOB 
B03pacTaeT rny6BHa npOTOHHOi DOTeHu;BaJILHOi JIMLI /KOTO· 

N-Z 
paJI nponopu;aoaam.aa 1 + 0,63 A~/. 'ITO npaso,~:taT K TOMY, 

'ITO Jl,i:tpO CTaHOBBTCJI 6oJiee KOMDaKT~LIM. C ,~:tpyroi CTO
pOHLI, B03pacTaeT pa.rtHYC JIMLI (R=I()A1 3 

), 'ITO npBBO,ltHT 

<·rf>'/2 
Q 0 

'-...... I i ............... 

.......... _ -----o 
3.5 

·t 

'· l'l 

"'·----·----·----·---·----
A 

'10 ~4 118 
Puc. 4. CpeoHeKeaopaiiiU'IHble 3ap.Rooebre paouycbl u3o111onoe 
ca·. Ceei/IAble KPYJICKU - 3KcnepuMeH1/I /7 I. Hllllpux- nyHKIIIUp
HaJI AUHUJI coo1/lee111c111eye111 CKP · pacnpeoeAeHUIO 11eH111poe 
npollloHoe e nollleHIIUaAe Byoca- CaKcoHa. B oonoAHeHue 
K 31/IOMY IUIIIPUX06aJI AUHUJI Y'IU1/Ibl6ae1/l 3AeKIIIPU'IeCKYIO c.pyK
IIIYPY npoltoHa, a cnAOJUHaJI - ece KoMnoHeHIIIbl CIIIPYKIIIYPbl 
HYKAOH06. CnAOIUHble KPYJICKU oonoAHUIIIeAbHO, Y'IUIIIb16aiOIII 
ouHaMU'IecKyiO oe~opMaiiUKJ U3omonoe. Owu6Ku 8 ebJ'Iuc
AeHHbiX 3Ha'leHUJIX CKP o6.R3aHbl pa36pocy 3Kc7epuMeH
maAbHbiX 3Ha'leHuu eepo.RmHocmeu E2- nepexoooel5 . 

10 

..... 
~ 

~ 

" C't 
I:" 
v 
---.L 

c:::. 
.::r: 

-~\ s: 
N 

t-0-4 ......... 

to4 ...... 

·-~ 
1-()4 ....... 

H)1 ~ 

t-Ot~ 

t-<M .._.._. \ ~ 

~ a. 
No) 

"oct 
II::S1 

..... C» ~ ~ 
z;soM:a: 

uii"\_ 
"2,~.0 

Q) ~~ 
t.Lt I Ql. 
CDar:;a~ 
o::s:a:" 
s::::a:Siii' 
o~ou 
• ar: "=:)::s 
oc:ss:::o 
!') :a:W :a: 
::s:!!l • :a iii • ::s 
u~~~ 
~r~ :a: ... • 
::S '-' 0 '<J CD 

l· ~ ~ g 
~ ~~0 C»....._ :a: •• 
- ~0 .OII!:QC»I') 
CDli:~O:::::S 
OC»f)l\l')::s 

a~~~; 
c:s~~-c:s 
l')s:::•C»~ 
~~u~~ 
~l')•u't 
;J" I ~ '() 

~ ::s :a: ~)::s 
Q~Oa~o 
~~~;!"~ ."" "'o u e» g ~~ 8_;so 
~ ::s 
~~~~~ 
-g~~~~ 
r~~~~~-o 
""t.,)ou::s 

• • • II) • C»CD e»CDo 
• =;so. :a: 
~N ~o o 
~::sue~ 

11 



I< pa36yxaHHIO .s,Apa. Y'leT :mei<Tpaqeci<oi CTPYI<Typw npo· 

TOH& npHBO,AJlT I< WTpHXOB&HHOi I<pHBOi, DOI<&3&HHOi Ha 

puc. 4. Y'leT scex I<oMnoHeHT CTPYI<Typw Hyi<noHa C.AB.araeT 

3TY I<pasyro BHH3 /cnnomHa.s nHHH.s/. Mw BRAHM, 'ITO 

OCT&eTC.B CyiQeCTBeHHOe paCXO>K,AeHHe XO,A& I<pHBOi C 3I<CDe· 

paMeHTan:bHWMH .A&HHWMH. 3To npoTHBopeqae MO)I(HO qac

TH'IHO ycTpaHHTb, ecnH y'leCTb H&nH'IHe ,AHH&MH'IeCI<Oi ,Ae· 

tl>opM&UHH Y H30TODOB I<&nLUH.B. fiepeHOpMHpOB&HHWe 3&p.B· 

,AOBLie pa,AHYCLI p&BHW / 4 / ; . 
2 5 2 2 

<r >=(1+-
4 

{3 )<r >. 
TT 0 

r--1 /51 
fiapaMeTpW .AHH&MH'IeCI<Oi .Aetl>opM&UBB B3.BTW H3 pa60TW. , • 

OI<OH'I&TenLHwe .A&HHwe npase,Aeaw Ha puc. 4 /cnnomawe 

I<PY)I(I<H/. llorpemHOCTH B p&,AHycax o6.B3&Hhl HanH'IHIO He· 

TO'IHOcTei B .AHHaMH'IeCI<HX .Aetl>opMana.sx/5/. Mw BRAHM, 

'ITO I<a'lecTBeHHo xo,A CKP HanoMaaaeT 3I<cnepaMeHTanLHYIO 

CHTY&UHIO. 0 I<On:H'IeCTBeHHOM cornaCHH MO)I(HO 6y,AeT ro· 

BOPHTL TOnLI<O nocne YTO'IHeHH.B napaMeTpOB cpe,AHero 

non.& H BnH.BHH.B OCT&TO'IHWX HecnapHB&TenLHLIX B3&HMO· 
,AeiCTBHi. 

AaanorH'IHwe pac'leTLI 6wna npo,Aenaaw H&MH ,An.& HJo· 

To nos Fe , Ni , Zn I puc. 5/. 3I<cnepaMeHTanLHLie .A&HHLie 

B3.BTW H3 pa6oT/6/. On.&TL·T&I<H xo.A 3I<cnepaMeHT&nLHLIX 

,A&HHWX I<&'leCTBeHHO BOCDpOH3BO,AHTC.B. 3aMeTHM, 'ITO npH· 

se,AeHHWe Ha puc. 5 3I<cnepHMeHTanLHLie ,AaHHLie /non:we 

I<py)I(I<H/ He .BBn.BIOTC.B a6COniOTHLIMH, B TOM CMWCne, 'ITO 

H30TOD 
58Ni HCDOnb30Banc.s B I<&'leCTBe penepaoi TO'II<H 

saN· H H3Mep.snacL pa3HOCTH CKP ,AaHHoro 3neMeHTa H t • 

EcnH MW DOCTYDHM &HanorH'IHOh T .e. COBMeCTHM Bhi'IHCneH· 

Hwi 3&P.B.AOBLii pa,Aayc ,An.s 
5 Ni c 3I<CnepaMeHT&nLHWM, 

TO Cornacae ,An.B OCT&nLHWX 3neMeHTOB 3H&'IHTenLHO ynyq· 
WHTC.B. 

Jlu11epa11ypa 

1. W.Bertozzi, J.Frio.r, J.Heisenberg, J. W.Negele. Phys. 
Lett., 41B, 408, 1972. 

2. JI.M.Kpyzoea.11, B.IO.FOH'Iap, E.B.HHonuH. Bonpocr.a 
aiiOMHofi HayKu u mexHuKu. Cepu.11 "tPu3uKa er.acoKux 
3Hepzufi u amoMHozo .11opa". Br.an. 7/9/, 3, Xapr.Koe,l973. 

12 

3. r.H.A~Hacr.ee, P.B.,llJKOAOC, B.r.KapmaeeHKO. IIpe-
npuH• OHRH, P4·7534, ,lly6Ha, 1973. . 

4. O.Eop, E.Mo•meAr.coH. CmpyKJtypa aiiOMHozo .11opa, 
"Mup", M., 1971. 

5. 3.B.JlaHt.KO, r. C.,lloM6poecKaJI, IO.K.H/y6Ht.lfi. BepoJI•· 
HOCIIU 3AeK•poMaZHU,Ht.IX nepeX0006 OJIOMHt.IX JIOep, 
"HayKa ", JleHUHZpao, 1972. 

6. A. C.Jlu•euHeHKO, H.r.HJee'leHKO, A.IO. EyKu u op. 
.HtP, 14, 40, 1971. 

7. R.Frosch, R.Hofstadter, J.S.McCartly etal. Phys.Rev., 
174, 1380 (1968) . 

PyKODHCL DOCTynana B H3,A&TenLCI<Hi OT,Aen 
25 ,Aei<a6p.s 1975 ro,Aa. 

13 


