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1. BeeoeHue 

3ICenepBMeHTaJI.LHOMY B TeopeTB'IeeiCOMY Beene,noBa.HBIO 

3HeprBii 3JieiCTpOHH.LIX ypOBHeii BOHOB pe,niC03eMeJI.LH.LIX 31Ie

MeHTOB B pa3JIB'IH.LIX ICpBeTaJIJIB'IeeiCBX eoe,nBHeHBJIX no

eBJI~eHO 60JI.LWOe 'IBeJio,a60T, B no 3TBM BOnpoeaM BMeiOTeJI 

no,npo6H.Lie 0630p.LI /l,2 • raMBJI.LTOHHaH, ICOTOp.LIH onpe

,nenJieT 3HeprHB 3TH X 3JieiCTpOHH.LIX ypoaueii, o6.LI'IHO npe.n

eTaBJIJieTeJI B BB,ne 

H=Ho+Hiil /1/ 

Ho- raMBJI.LTOHBaH eao6o.nuoro soua. Ou onse.LiaaeT aee 

B3aBMO,neiieTBBJI BaJieHTH.LIX 3JieiCTpOHOB B B30JIBpOBaHHOM 

aoue. HKp.- raMHJI.LTOHBaH ICpBeTaJIJIB'IeeiCoro nonJI. 

la e'leT Ho nposexo.nsT pae~enneuse 3Hepruii 3JieiCT

poHH.LIX eoeTOJIHBH ICOH~BrypaUBB (4f)n Ha MyJI.LTBnJieT.LI 
28 + 1L • H (} eoxpaHJieT TOJibiCO nOJIH.LIH MOMeHT ICOJIB'IeeTBa 

,nBB>KedBJI j. flOJIH.LIH op6BTaJibH.LIH MOMeHT ICOJIB'IeeTBa 

,nBB>KeHBJI •l B enBH S BMeiOT JIBWb npB6JIB>KeHH.LIH xapaiC

Tep. H Kp. eHBMaeT (2J + 1) -ICpaTuoe 3HepreTB'IeeiCoe B.LI

po>K,neHBe MYJI.LTHnneToB no OTHoweHBIO IC npoeiCUBJIM M 1 
B pae~enJIJieT MYJI.LTBnJieT.LI Ha TalC Ha3.LIBaeM.Lie ICpBeTaJI

JIB'IeeiCBe ypoBHB. Xopowo onpaa.nan ee6JI Mo,neJI.LH.Liii ra

MBJibTOHBaH BB,na 

n e e 
HKp= I I A y (n.); e =2,4,6; rn=O,±l, .. ±r' /2/ 

i=IC m m m I 

r,ne yC - 06bi'I~.Lie e~epB'IeeiCBe ~YHICUBB /a/, a Q i - yrno-
m . e 

B.Lie ICOOp,nBHaT.LI l -Toro BaJieHTHoro 3JieiCTpoHa, Am- 'IBe-

JIOB.Lie noeTOJIHHWe, ICOTOp.Lie xapaiCTepB3YIOT CBJIY B TO'Ie'I

HYIO eBMMeTpBIO /He Bee A C B 3aBBeBMOCTB OT 3TOH eBM-
m 

MeTpBB OTJIB'IHW OT HYJIJI/ ICpHeTaJIJIB'IeeiCoro nOJIJI B MeeTe 
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uaxo>K,IJ;eHBJI peAK03eMeJibHoro soua. EcJIB 6bl aecb JcW!exT 

aJIBJIHBJI KPHCTaJIJIB'Iecxoro oxpy:>KeHBJI peAK03eMeJibHoro 

BOHa Ha 3HeprBB ero 3JieKTpOHHbiX ypoauei CBO,l\BJICJI 6bl 

TOJibKO K H Kp, TO a paMKaX nepaoro npB6JIB:>KeHBJI TeOpBB 

a03MyiQeHBJI OTHOCBTeJibHO HKp l.{eHTp TJI:>KeCTB 3HeprBB 

KpBcTaJIJIB'Iecxsx ypoauei onpe,l\eneuuoro MYJibTBnJieTa AOJI

:>KeH 6biJI coanaAaTb c 3Heprsei Toro :>Ke luepacll.{enneuuo

rol MYJibTBnJieTa a cnyqae cao60AHoro uoua ( H Kp = 0). 
B AeicTaBTeJibHOCTB 3TO ue Tax. EcJIH sou uaxoABTCJI 

a KpBCTaJIJie, TO Ha6JIIO,l\aeTCJI 3aMeTHOe CHB:>KeHHe l.{eHTpoa 

TJI:>KeCTB 3Heprsi MYJibTBnJieToa no cpaaueus10 co cnyqaeM 

Ca060,l\HOrO BOHa /4/. JTO CHB:>KeHBe HeJib3JI 06'bJICHBTb 

0,1\HBMB 3cWleKTaMB yqeTa 6oJiee abiCOKBX nopJI,Il.KOa TeOpBB 

a03MyiQeHBJI OTHOCBTeJibHO H Kp I" 3IWJeKTbl aToporo nopJI,l\

xa "I, KoTopble aeAYT x uexoTopoMy cMewsaaHBIO cocToJt

HBi, npBHaAJie:>KaiQBX MYJibTBnJieTaM c pa3JIH'!HbiMB j. 
HaJIB'IBe KpBCTaJIJIH'IeCKOrO OKpy:>KeHBJI, KOTOpoe BC

Ka:>KaeT aOJIHOable 4JyHKI.{BB 3anOJIHeHHbiX 060JIO'IeK, a TaK)I(e 

OCHOaHbiX B ao36y:>K,l\eHHbiX COCTOJIHHH aaJieHTHbiX 3JieKT

pOHOa IKoH4JBrypal.{BH, OTJIB'IHble OT(4f)n I, CKa3waaeT

CJI, TaKBM o6pa3oM, 3!WJexTBauo B ua H 0 • 

B uacTOJIII.{BH MOMeHT ace 3TH 3IWJeKTbl y,l\aeTCJI yqs

TblaaTb JIBWb nOJIY3MnBpB'IeCKHM o6pa30M. )J,JIJI 3TOH l.{eJIH 

abl,l\eJIJIIOT a MaTpB'IHbiX 3Jie}.-ft'HTaX (H 0) i k ,ll,JI.H pa3JIH'I

Hb1X COCTOJIHHH i 1 k KOH!}JHrypal.{HH ( -i£)0 pa,l\BaJibHble 

HHTerpaJibl, npspaaHHBa.H HX K onpe,l\eJieHHbiM IIOCTOJIH· 

HbiM l B l . 3TH nocTOJIHHble no,D;rOHJIIOTCJI noA JJ(CnepnMeH

TaJibHble 3HeprBB ypOBHeH KOH4JHrypal.{BB ( 4f ) n • llo,l\pOISHO 

ace 3TH aonpOCbl B3JIO:>KeHbl a pa6oTaX /l ,5/. 

Kouequoi ueJibiO o6bi'IHbiX pac'leToa JtaJIJieTCJI onpeAe-

neuse napaMeTpoa A e H3 121. lloCKOJibKY a cnyqae 
u u lli 

HB3KOH TO'Ie'IHOH CBMMeTpBH KpBCTaJIJIB'IeCKOI"O nOJIJI 'IHCJIO 

OTJIH'IHbiX OT HYJIJI napaMeTpoa A e 06bl'IHO 60JibWe 'IBCJia 
- m 

KpBCTaJIJIB'Iecxux ypoaues OAHoro MYJibTBnJieTa, TO AJIJI 

O,l\H03Ha'IHOrO B HaB60Jiee nOCJie,l\OaaTeJibHOI"O onpe,l\eJieHHJI 

napaMeTpoa A~ :>KeJiaTeJibHO scnoJibJoaaTb 3KcnepsMeu

TaJibHble 3Ha'leHBJI 3Heprui ypoauei acex MYJibTBnJieToa 

,1\aHHOH KOH4JHrypal.{BB. llpB 3TOM aaTOMaTB'IeCKB a03HBKaeT 

JaAa'la onpe,l\eJieHBJI napaMe'!'poa l B l. TaxaJI nporpaMMa 

onpe,l\eJieHBJI napaMeTpoa xpscTaJIJIB'Iecxoro noJIJI AeJIBTCJI 
ua TPB JTana: 

I. lloArouxa napaMeTpoa { B 1 raMBJibTOHBaua cao60AHO

ro soua Ho no JxcnepBMeHTaJibHbiM 3Ba'leHBJIM ueuTpoa 

TJI:>KeCTB 3HeprBii MYJibTBUJieTOa KOH4JBrypal.{BB ( 4f) n • 

II. lloArouxa napaMeTpoa A~ no 3HeprBJIM xpscTaJIJIB

qecxsx ypoauei OT,l\eJibHbiX MYJibTBnJieTOa OTHOCBTeJibHO 

ueuTpoa TJI:>KeCTB 3Heprsi nocneAHBX I l B I - ue aapbBpy

IOTcJII. 

III. lloArouxa napaMeTpoa l B I B A~ no 3HeprBJIM 

KpBCTaJIJIB'IeCKBX ypoauei acex MYJibTBnJieToa OTHOCBTeJibHO 

OCHOaHOrO KpBCTaJIJIB'IeCKOI"O ypoaHJI KOH4JBrypal.{BB - yqeT 

3IWJeKTOa aTOporo nopJI,n:Ka. 

Ha npaxTsxe ue acer.n:a y.n:aeTCJI nps.n:ep:>KBaaTbCJI 3Toii 

nporpaMMbl, T .K. qacTo 3KCnepBMeHTaJibHble .n:aHHble o6 

3HeprBJIX KpBCTaJIJIB'IeCKBX ypoauei KOH4JBrypal.{BB ( 4f) n He

AOCTaTO'IHO 6oraTbl. B 3TBX cnyqaJix ueo6xoABMO OTHeCTBCb 

c OCTOpO:>KBOCTbiO K 4JB3B'IeCKOH l.{eHHOCTB napaMeTpoa A e 
B CaJI3aHHbiX C HBMB aOJIHOabiX ~HKI.{BH KpBCTaJIJIB'IeCK~X 
ypoauei, onpeAeJIJieMbiX no ynpoll.{euuoi cxeMe. 

B uacToJIIQei pa6oTe npsaeAeHbl MaTpBI.{bl Ho AJIJI MYJib-. 

TBnJieToa KOH4JBrypal.{BB ( 4 f ) 2 B pe 3YJibTa Tbl nO,l\I"OHKB 

napaMeTpoa l B I no JuepreTB'IeCKBM ypoaHJIM Pr 3+ a xps

CTannax ,La F3 . llpu npoaepxe pa3pa6oTanuoi aaTopoM JtJIJI 

3BM nporpaMMbl onpe,l\eJieHBJI 3HepreTB'Iecxoro nono:>KeHBJI 

MYJibTBnJieToa a 3aascBMOCTB oT napaMeTpoa l B I nps 

nOMOIQB cpaaHeHBJI HaWBX pe3yJibTaTOa C pac'leTHbiMB ,1\aH

HbiMB, npBae,l\eHHbiMB a pa6oTe /5/, 6b1JIO 06Hapy:>KeHO, 'ITO 

a /5/ BMeeTCJI PJIA OWB60K, KOTOpble aJIBJIIOT Ha ,1\0CTOaep

HOCTb ony6JIBKOaaHHbiX TaM pe3yJibTaTOa. ll03TOMY pac'leTbl 

pa60Tbl /5/ 6biJIB noaTopeHbl. 

2. FaMU/Ib•oHuaH ceo6ooHozo uoHa * 

raMBJibTOHBaH Ca060,l\HOI"O BORa COCTOBT B3 PJIAa 'IJieHOa, 

KOTOpble OIIBCblaaiOT pa3JIB'IHble a3aBMO,l\eBCTaBJI; HaB60Jiee 

aa:>KBbiMB B3 HBX JiaJIJIIOTCJI CJie,l\yiOII.{Be: 

H N' He' H so' Hcl' H oo•Hsoo ,H s/5-7/. 

*]f ,1:\aJibHeBWeM Mbl orpaHB'IBBaeMCJI 'laCTHWM CJiyqaeM 
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HNco~ep*HT ~eHTpanLHoe KynoHoBcKoe none H~pa, ~eB:
CTByro~ee Ha BaneHTHLie 3neKTpOHLI B 'laCTB'IHO 3KpaHB

poBaHHOe JanonHeHHLIMB o6onO'IKaMB BOHHOrO OCTOBa. Y'leT 

OAHoro HN .rtaeT HyneBoe npB6nB)I(eHBe peweHBH Ja~a'IB o6 

onpe~eneHBB 3HeprBH 3neKTpOHHLIX ypOBHeH , KOTOpoe 

C'IBTaeTCJI B3BeCTHLIM. 

a/ He - K Y n 0 H 0 B C K 0 e B 3 a B M 0 ~ e B C T B B e B a

neHTHLIX 3neKTpOHOB Me)l(~y C060B: 

e2 
He= --· /3/ 

ri2 

MaTpB'IHLie 3neMeHTLI He no OTHoweHBJO K aHTBCBM

MeTpBJOBaHHLIM BonHOBLIM liJYHK~BJIM 1 ( 4f) 2 ,'L, S, 1, M 
1 

> 
C nonHLIM op6BTanLHLIM MOMeHTOM KOnB'IeCTBa ~BB)I(eHBH 
'L, nonHLIM CfiBHOM S, nonHLIM MOMeHTOM KOnB'IeCTBa ABB

)I(eHBJI 1 B ero npoeK~BeB: M J MO)I(HO npe.rtcTaBBTL B BB~e/71: 

r.rte 

<(4f)
2

,L,S,J,MJIHe[(4f)2 ,L',S',1',Mj > = 

k = o J J , o M M , o LL , o ss , ! f k F 
J J k=0,2,4,6 

L K 2 K 
fK= (-1) (3[[C [[3) W(3,3,3,3;'L,K), (31!C !13) = 

-7(3K3 
0 0 0 

B FK= FK(4f, 4f) = 

r K 2 2 2 2 e2f--~---R (r )R (r)rrdrdr-
r K+ I 4 f I 1 f 2 I 2 I 2 

> 

/4/ 

TaK HaJLIBaeMLie Cn3TepOBCK~,e BHTerpanw no pa.rtBanLHLIM 

tYHK~BJJ:M ( 4 f) - 3neKTpoHoB R.41 • Mw nonLJyeMcJJ: nepeHop

YBpoBaHHLIMB KoH~OHOM B illopTnB /&/ F K: 
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1 
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MaTpH'IHhle 3JieMeHThl /4/, BHOBb paee'IHTaHHhle no 3THM 
cllopMynaM /eM. Ta6n. 1/, eosna.na10T e paHee ony6JIHJCoBa.H
HhiMH /2,9/. 

II pH no.nroHJCe napaMeTpoB F K 'IJieHhl e F o B Ma TPH'IHhiX 
3JieMeHTaX MO>KHO onyeKaTb, UOeJCOJibiCY OHH ,IJ;aiOT 
O,IJ;HHaKoswi BKna.n B 3HeprHH seex MYJibTHnneToB. TaKHM 
)ICe o6pa30M Mhl noeTynaeM e aHanorH'IHhiMH 'IJieHaMH, 
ICOTOphle BeTpe'laiOTCJI HH)f(e. 

6/ H SO - en H H - 0 p 6 H T a Jl b H 0 e B 3 a H M 0 ,II; e Be T B He 

3TO B3aHMO,neieTBHe HMeeT BH,n 

Hso = l a (r.) f .. S. 
i ""I ,2 1 1 1 • 

/5/ 

llpH UOMOID;H eOOTHOWeHHJI f4f· =fa(r)R!f(r)r 2 dr MaT
pH'IHble 3JieMeHTbl on epa Topa /5/ napaMeTpH3YIOTeJI ene
,nyiOID;HM o6pa30M /7,10/: 

< ( 4 f)
2

, L,S,J,M
1 

I H 80 I ( 4f) ,'L ',S ',}' ,M ,i > =, -8JJ' 8Mf; f 4rx 

x V7·8·9 yi(2'L+1)(2,L'+1)(2S+1)(2S'+l) W(J,'L,S',l;S,L')x 

X w (l/2,S,l/2,1;1/2,S')W(3,L,3,1;3,'L'). /6/ 

MaTpHD;hl /6/ ,nnJI MYJibTHnneToB KOHciiHrypau;HH ( 4f) 2 
/eM. 

Ta6JI. 1/ B JIBHOM BH,ne ony6JIHKOBaHbl /2,11/. IJpH HeUOJib-
30BaHHH 3THX MaTpHD; He06XO,nHMa, O,nHaKO, Onpe,neJieHHaJI 
OeTOpO)f(HOeTb. IIpH epaBHeHHH K03cllciiHu;HeHTOB, eTOJIID;HX 
nepe.n .; 4r. B MaTpH'IHbiX 3JieMeHTax ( 1D2 IH so 13P2 ) , 

( 3Po)H 11s0), (3H 4 tHsoi1G4 ), KoTopwe yKa3aHw B pa6o
Tax 2, i'P I e Ko3«W!Hu;HeHTaMH, np&se,neHHhiMH B Ta6n. 1, . 
BH,nHO, 'ITO OHH OTJIH'IaiOTeJI 3HaKaMH. 3TO 06bJieHJieTeJI 
pa3JIH'IHhiM Bbi60pOM clla3 ,nJIJI BOJIHOBhiX ciiYHKD;HB OT,neJibHhiX 
MYJibTHnneToB. EenH 3HeprHH u;eHTpoB TJI)f(eeTH MYJibTH
nneToB llO,IJ;rOHJIIOTeJI TOJibiCO npH UOMOID;H 'leThlpeX napa
MeTpOB, F 2 , F 4 , F 6 H f 4£, To 3TO OTJIH'IHe HeeymeeT
BeHHO. EcJIH y'IHThiBaiOTeJI HapB.ny e He H Hso TaJC)I(e HH)f(e-

8 

·• 

r 

OUHeaHHhle B3aHMO,IJ;eieTBHJI, TO He06XO,IJ;HMO HellOJib30BaTb 
Beer,IJ;a O,IJ;HH H TOT )ICe Bb160p clla3. 

B/ H Cl- IC 0 Hell H r Y paD; H 0 H H 0 e B 3 a H M 0 ,11; e BeT B He 

H c 1 Y'IHThiBaeT so BTopoM npH6JIH)f(eHHH TeopHH B03-
MymeHHJI KynoHoBeJCoe B3aHMo.neieTBHe t? I r 12 Me)f(,IJ;y sa
neHTHhiMH 3JieKTpoHaMH /I· 121 . BKna.n 3Toro npH6JIH)f(eHHJI 
B 3HeprHIO MYJibTHUJieTOB ,naeTeJI Bhlpa)f(eHHeM THna 

-l<(4f)2,'L,S,J,M IH ltP ><r/JT IH I (4f)
2
,,L',S',J',MJ'>/E ' 

T 3 e T e T 

/1/ 
r.ne !fir - .son~oBaJI ciiYHKD;HJI .nsyx3JieKTpOHHoro eoeTOJIHHJI 
3HepreTH'IeeKH 6onee BhleOKOB ~OHciiHrypau;HH (r) /HanpH
Mep, ( 5d) 2 HJIH ( 4f, 6 p ) e 3HeprHei E r I. CooTHomeHHe 
/7 I MO)f(HO npe,neTaBHTb KaJC MaTpH'IHhli 3JieMeHT HeJCoTo
poro 3cllclleKTHBHoro onepaTopa Hc1= Hc1 + H'Ci , .nei
eTByromero Ha eoeTOJIHHJI KOHciiHrypau;HH (4f) 2 . MaTpH'IHhle 
:meMeHThl <(4f) 2 ,'L,S,J,M 1 IH'c1 1 (4f)

2
,L',S',J:M_toTJIH'IaiOTeJI 

oT I 4/ JIHWb BH,IJ;OM pa,n&aJibHhiX HHTerpanoB. llo.nroHJIJI 
npH noMOID;H napaMeTpoB F K TeopeTH'IeeJCHe noJIO)f(eHHJI 
MYJibTHUJieTOB IC 3JCenepHMeHTaJILHhiM, Mhl TeM eaMhiM 
Y'IHTbiBaeM HapJI,IJ;Y e He TaJC)f(e H H b' T.e. npH 3TOM 
npoHeXO,IJ;HT HeiCOTOpoe 31CpaHHpOBaHHe (screening) HeTHH
HhiX 3Ha'leHHi en3TepoBeJCHX HHTerpanos. MaTpH'IHhle 3Jie
MeHThl sTopoi qaeTH Hc1 <(4f)2, L,S,J,M1 1Hc11 (4f) 2 ,'L',S',J ',Mj > 
He eBO,nJITeJI K eOOTHOWeHHJIM THna /4/ H npHHHMaiOT BH,n /1/: 

8LL,aSS, 8JJ' 8MJMJ,a('L+l)>L+f3G('G 2)+yG(R 7)], /8/ 

r,ne a , f3 , y - Bhlpa)f(eHHJI, eoeTOJIID;He H3 pa,IJ;HaJibHhiX 
HHTerpanoB, B KOTopwe sxo,nJIT ciiYHKD;HH R 4r , Rr H 3HeprHH 
Er , a , f3 , y HeUOJib3YIOTeJI npH UOJIY3MllHpH'IeeKOM 
no,nxo.ne JCaK no.nroHO'IHhle napaMeTphl. G ('G 2 ) H G(Rl ) * 
,nnJI MYJibTHnneTOB KoHciiHrypau;HH ( 4 f) 2 npHBe,neHhl B I I. 

* G( G 2) H G( R 7) JIB/IJIIOTeJI eo6eTBeHHhiMH 3Ha'leHHJIMH 
onepaTopa Ka3HMHpa/9/ • 
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rl Hoo- op6HT-op6HTaJILHoe B3aHMO,Ae:iicTBHe 

Hoo OBHCLIBaeT B3aHMO,Ae:iiCTBHe Me)f()ty MarHHTHLIMH 

MOMeHTaMH Op6HTaJILHOrO ,ABH)I(eHHJI BaJieHTHLIX 3JieKTpO

HOB H ODpe,AeJIJieTCJI BLipa)l(eHHeM Ia aTOMHLIX e,AHHH~axl /I/: 

2 ao 1 -> -> 1 -+ -+ -+ -> 

H = -[ -( V'1 • V ~ + -3 l(r12·V 1Hr12• V2) + 
00 2 r r 

12 12 

-+ -+ -+ -+ 1 -+ _, -+ 

+ ( r 21 • V 2) ( r 21 • \/ 1 ) + -z- ( r 12 • { V' C V' 2}) 1, 
rl2 

r,Ae ao = e 2 ;t. c - BOCTOJIHHaJI TOHKOii: CTPYKTypw. 

MaTpH'IHLie 3JieMeHTLI <(4f) 2/•l,S,J,M1! Hool (4f) ;l ',S ',J',Mj> 
MO)I(HO CBeCTH K c)opMe 181 /13 .B B03HHKaiO~e npH 3TOM 

BLipa)l(eHHJI, 3aMeHJIIO~e a , {3 , . y , H B ,AODOJIHHTeJILHLI:ii 

nocTOJIHHLI:ii qneu 2w , ue 3aBHCJI~ii OT L , S , J H M J, 
BXO,AJIT HHTerpaJILI MapBHHa /14/: 

k 

Mk= II R!r<r 1)R.ir<r2 ) ~~ 3 dr 1 dr2 • 
rl< r2 r 2 

WHsoo- B3aHMO,AeHCTBHe CDHH-'Iy)l(aJI op6H

Ta (spin-other orbital interaction) 

MaTpH'IHLie 3neu:eHTLI onepaTopa 3Toro B3aHMO.Aeii
CTBHJI /15/: 

a 2 _,. 1 ~ -+ -+ ~ 1 -+ -+ -+ 
Hsoo=- -0 l [V1(-)xv 1).(S 1+2S2 )+[v

2
(-):-<V

2
).( S

2
+2S

1
) I, 

2 fi2 f21 
TaK)I(e pacna,AltiOTCJI Ha ,ABe 'laCTH. 3aBHCHMOCTL nepaoii 

'laCTH oT ,L , S , J , MJ cosna,r..aeT c Toii,KoTopas BCTpe

qaeTcJI a swpa)l(eHHH 161. MaTpH'IHLie 3neu:enTLI BTopoii 

'laCTH HCCJie,AOBaHLI B pa6oTaX /15,16/ H CO,Aep)l(aT HH

TerpanLI M k • 

e I H 
88

- c n H u - c n H u o a o e a 3 a H M o .A e :ii c T a H e 
-+ -+ -+ -+ -+ _, 

H = a2 [( Sr S2) _ 3( r 12 • S 1) ( r 12 • s2 ) 

SS 0 r\2 r~2 
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HMeeT MaTpH'IHLie 3JieMeHTLI, pa,AHaJILHLie HHTerpanw KO

TOPLIX OBJITL CBO,AJITCJI K M k /15, Hi/ • 

EcnH orpanH'IHBaTLCJI nepe'IHcneuuwMH B3aHMO.Aeii-

CTBHJIMH H paCCMaTpHBaTL pa,AHaJILHLie HHTerpanw, BXO,AJI

~QJ~e B MaTpH'IHble 3JieMeHTLI raMHJILTOHHaHa CB060,AHOrO 

HOHa 

<(4f)
2
,L,S,J,MJIH0 1(40

2 ,L',S',J',M~>=(L,S,JI!H0 IIL',S',.DSJ.sM M,/91 
J J 

KaK CB060,AHLie napaMeTpLI BO,ArOHKH, TO ua6op!BI 6y,AeT 

COCTOJITL H3 10 napaMeTpOB: 

F2,F4,F6,a,{3,y,( 4f ,Mo,M2, M4. 1101 

XopoWHe pe3ynLTaTw yqeya "u:arnHTHLix" B3aHMo,Ae:ii

CTBHii ,AaeT npH6HH)I(eHHe M0 =M2 ==M 4 1161 . TaKHM o6pa30M, 

'IHcno cso6o,Auwx napau:eTpos CHH)I(aeTCJI ,Ao socLMH I F 2' 

F4' F 6' ( 4f ' a ' (3' y ' M0 I. MaTpH'IHLie 3JieMeHTLI 
IL, S, JI!Ho!IL' ,S', J I ,Ans scex u:ynLTHnneToB xon«l>H

rypa~HH ( 4f) 2 I 1 S o ' 3 p Cb 3 pt , 3 p 2 ' to 2 ' 3 F 2 ' 3 F 3 ' 
3F 1 ' 3 3 3 1 I 4 , G 4 , 11 4 , If 5 , H 6 , 16 a 3aBHCHMOCTH oT 3THX 

napaMeTpOB DpHBe,AeHLI B Ta6n. 1. 

3. Pe3yAI>JIOJII>J onpeoeAeHUJI napaMe111poe zaMUAI>1IIOHUaHa 

C60600HOZO UOHa 

B pa6oTe/5/ npHBe,Aeuw pe3ynLTaTw onpe,AeneHHJI 

napau:eTpos raMHJILTOHHaua cso6o,Auoro Bona ,AJIJI Pr 3+, ua

xo,Asu.terocJI KaK B CB060,AHOM COCTOJIHHH, TaK H B ~enoM 

ps,Ae KpHcTannH'IeCKHX coe,AHHeHHii ( Pr: La F 3 , Pr( NO 3)3 ·6H 2 0, 
Pr[C 2 H5 (S0 4 )1 3 ·91l 2 0,PrCI 3 , Pr: LaCI 3 , Pr:LaBr 3 ) 
Pac'leTLI senHcL .AJIJI .ABYX ua6opos l B I : 

0 0 2 4 141 = F 2 , F4 , F i , ( 4r H 181=141 , a, (3, y,M ( M = M = W. ) • 

e 
llpH pewenHH 3a,Aa'IH onpe,AeneHHJI napaMeTpos ~m .AHJI 

Pr: La F 3 no onHcauuoii so sse,AeHHH cxeu:e asTopy uacToJI

IQeii pa6oTLI noTpe6osanHCL u:aTpH~w. npHBe,Aeuuwe a Ta6n.1. 

llOCKOJILKY OHH B TaKOM BH,Ae pauee He ny6nH-

II 



KOBaJIHCL, MaTpHD;LI 6hlJIH BOCCTaHOBJieHhl no 06ID;HM cl>opMy

JiaM, yKa3aHHhlM B npe~hl~YID;eM naparpa«t>e. C u;enLIOnpoBep

KH MaTpHu; cpaBHBBaJIHCb 3Ha'leHHJI 3Heprui MYJibTHnJieTOB, 

npHBe~eHHhle s/5/, co 3Ha'leHHJIMH, nony'laiOID;HMHCJI nocne 

~HaroHaJIH3aD;HH MaT,PHD;, C y'leTOM 'IHCJieHHhlX 3Ha'leHHH 

napaMeTpoB IBI H3 / 5/. Ilpu 3TOM 6hlJIO o6Hapy>KeHo, 'ITO 

B / 5/ CO~ep>KaTCJI OWH6KH, KOTOphle KOpOTKO o6cy~aiOTCJI 
HH>Ke. 

a/ Ha6 op 141 

B Ta6n. 2 cpaBHHBaiOTCJI ~aHHLie, npuse~eHHhle B 15 / ~JIJI 
cneKTpa cso6o~Horo HOHa Pr 3+/ c 3HeprHJIMH MYJILTHnJie

TOB, llOJiy'laiOID;HMHCJI C 141 H3 5 / npH llOMOID;H MaTpHD; 

Ta6n. 1. BH~Ho, 'ITO B npe~enax pac'leTHoi TO'IHOCTH ~JIJI 

6onLOIHHCTBa MYJibTHnJieToB 3Ha'leHHJI 3Heprui xopowo cos

na~aiOT ~pyr c ~pyroM* • C ~pyroi cTopoHLI, o6Hapy>KBJIOCb 

/eM. MeTKH: *, +, ! I, 'ITO HeKOTOphle "a~peca" MYJibTH

nneToB B / 5 / nepenyTaHLI: 1I 6 , 3P 0 , 3P 1 cne~yeT qu

TaTb cooTBeTCTBe'H? KaK 
3 P 1 , 1 I 6 H 

3P 0 • B ocTaJILHhlX 

cneKTpax Ta6n. IV 5 
nepenyTaHLI MYJibTHnJieTLI 3 P 1 H 1I 6 . 

JlcHo, 'ITO TaKaJI CHTyau;HJI BJIHJieT Ha pe3yJILTaThl no~roH

KH. AsTopoM 6LIJIH nosTopeHhl ,J!aC'IeThl I 4 I ~JIJI scex 

cneKTPOB, npuse~eHHhlX B Ta6n. IV 1 5 /. B Ta6n. 2 co~ep>KaT
CJI pe3yJibTaThl no~rOHKH ~JIJI CJiy'laJI CB060~Horo HOHa 

Pr 3+, BH~Ho, 'ITO Ha6op 14 I , COOTBeTCTBYIOID;Hii: MHHHMYMY 

Cpe~Hero KBa~paTH'IHOrO OTKJIOHeHHJI 3KCnepHMeHTaJibHhlX 

oT "TeopeTH'IeCKHx" 3Heprui MYJibTHnJieTOB c "npaBHJibHhl

MH" a~pecaMH, He O'leHb CHJibHO OTJIH'IaeTCJI OT npHBe~eH

HOrO B /5/ Ha6opa 14 I . 3To cnpase~JIHBO H ~JIJI ocTaJib

HbiX cneKTpoB. KoHe'IHhle 3Ha'leHHJI cpe~HHX JIHHeiHhlX oT

KJIOHeHHH no Hai~eHHhlM HOBhlM Ha6opaM (41 BCIO~Y HeCKOJib

KO /MaKCHMaJibHO Ha «l>aKTOP 2 npu Pr: La F 3 H 

* Pac'leTLI BeJIHCb Ha CDC 1604A; ~PJI ~uaroHaJIB3au;uu 
MaTpHu; ucnoJib30Banacb nporpaMMa KIM /17 I. To'IHOCTb co6-
CTBeHHLIX 3Ha'leHHH: E 2 ; E 6paJIOCb paBHbiM 0,00005. 
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Ta6AUlla 2 
qucAeHHt.re 3Ha'leHu.R napaMelllp06 141 zaMUAt.IIIOHUaHa H o 
u noAoxeHu.R MYAt.IIIUnAelllo6 c6o6oi)Hozo ~fff Pr 3 + /6ce 
6 eM:-

1 /. A - 3KcnepuMeH~fbHt.lll cneKIIIP ; B - pe-
3YAt.lllalllt.r pac'lelllo6 pa6o111t.r ; C - 3Hepzuu MYAt.IIIUnAe-
11106, ~l.eKaiOrqUe U3 MQIIPUll 111a6A. J C UCnOAb306QHUeM 
141 ua 51 ; D - peayAt.Jtalllt.r pac'lelllo6 HaCIIIO.RII#eii pa6o•t.r, 
!\ - Cpei)Hee AUHeUHOe 01/IKAOHeHUe 011 3KCnepUMeHIIIQAbHOZO 
cneKIIIpa. 

A B c D 

F2 315,94 315,94 316,201 

F4 49,39 49,39 48,1397 

F6 4,77 4,77 4,93911 

~ 748,14 748,14 775,614 

1s 50 090,3 50 106,7 50 105,8 50 225 3 

3p2 23 160,6 23 461,1 23 462,6 23 345,3 

116 22 279, 1. 
I 

22 211,5 21 343,8 . 21 389,9 

3p1 22 007,5 21 666,9+ 22 280,8. 22 066,4 

3p. I 
21 668, s+ 21 389,8 21 343,5' 21 425,7 

1D2 17 334,4 17 310,1 17 309,6 17 549,3 

1G 9 921,2 9 872,8 9 873,0 9 916,3 

3p4 6 854,8 6 896,3 6 896,6 6 881,1 

3p1 6 415,2 6 418,7 6 419,1 6 442,2 

3F2 4 996,6 5 023,7 5 024,0 4 992,8 

3H6 4 389,1 4 288,3 4 288,3 4 454,4 

3H<; 2 152,1 2 o93,2 2 093,2 2 181,0 

3H4 0,0 o,o o,o 0,0 

A __ ....._ __ 170,3 133,9 

Pr( N03 ) 3 • 6H 2 0 I ynyqwaiOTCJI no cpaBHeHHIO c / 5 / • B TOM 

cnyqae, Kor~a H3BeCTHbl /eM. HH>Ke/ Ha6ophl 181, Ha6ophl 

{ 41 HMeiOT JIHWb Ka'leCTBeHHOe 3Ha'leHHe, H ll03TOMY Mhl 

HX ~JIJI ~pyrHX nepe'IHCJieHHhlX cneKTPOB B HaCTOJIID;eii: pa6o

Te He BhlllHChlBaeM. 
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6/ Ha6op IS I 

fipB cpaBHeHBB nony'leHHLIX npB nOMO~ MaTpBI( Ta6n. 1 
3BeprBii MynbTBnneTOB, OTHOCJI~XCJI K Ha6opaM 18 I B3 
Ta6n. ml5l, c npBBe.IJ;eHHLIMB B Ta6n. II I 5 I 3HeprBJIMB, 
6wno oTMe'leHo cne.~J;yromee: MJI 6onLWHHCTBa cneKTpos 
cpaBHBBaeMwe BenH'IaHLI xopowo cosna,~J;aJOT .~J;pyr c .~J;py

roM. B HeKOTOpLIX cnyqaJIX BCTpe'laiOTCJI He6onbWHe OTnH
'IaJI B nonolKeHaJIX OT,AenbHLIX MynbTanneTOB /MaKCaManbHO 
aa 26 eM - 1 I. 3TH oTna'IBJI CBJI3aHw c oKpyrneaaeM npa 
ny6naKal(aB B 151 'lacneHHLIX 3Ha'leHaii napaMeTpOB 18 I , 
nony'leHHLIX B pe3ynLTaTe no.~J;roHKa. B cneKTpax 
Pr: La F 3( CRB) a Pr: La F 3( CFS) onJITb nepenyTaHLI a,~J;pe
ca MynLTanneToB. B nepsoM cnyqae BMecTo 3p o /ana 3p 1 I 
a 1I 6 cne.~J;yeT 'laTaTb 3 P0 /ana 1 I 6 I a 3P 1• Bo BTopoM 
cneKTpe nepenyTaHw MynLTBnneTw 3 P 1 a 1 I 6 .B aa6ope 18 I 
)J;n.ll PrCJ 3 sl51 co,~J;eplKBTCJI, aasepaoe, one'laTKa, no
CKOnbKY npaBe.IJ;eHHLIB TaM Ha6op COBepWeHHO He BOCnpOB3-
BO.IJ;aT ny6naKyeMLIB cneKTp. 

ABTOpOM HaCTOJIII.{eii: CTaTba 6wna BHOBb npo.IJ;enaHa 
no.~J;roaKa napaMeTpos 18 I M.ll scex npase,~J;eaawx 
B Ta6n. m/51 cneKTpOB. B pe3ynbTaTe pac'leTOB.IJ;nJI c'eKT
poB Pr 3+ / CB060AHLIB aoa/, Pr: La F 3 ( CRB I 18 ) , 
Pr: LaF3 / CFS 119 1 - 6e3 

3
H5 /, Pr: LaF3 ( WSJI4;) , 

Pr i La CJ 3 , Pr: La Br 3 6wna nony'leHLI aa6opw I 8 I , Ko-
Topwe npaKTa'lecKa cosna·,~J;aJOT c ny6naKyeMLIMB sl5l. 
B cnyqae cneKTpa Pr ( NO 3 ) 3 • 611 2 0 aa6op 181 aecKonbKO 
OTnB'IaeTCJI OT Haii:.IJ;eHHOrO aBTOpOM /B CK06KaX 3Ha'leHaJI 
a3 151; ~ - cpe.~J;Hee naaeiaoe OTKnoaeaae TeopeTB'IecKoro 
oT 3KcnepaMeHTanbaoro cneKTpa; see B cM- 1 I: 
317,062 /315, 44/; 50,8039 /51, 17/; 5,11551 /5, 19/; 
735,584 /741, 12/; 24,6394/18, 76/; -910,520/-756, 77/; 
458,896 /88, 05/; 0,149698 /0, 432/; ~ = 25,3 /27,30/. 

nony'leHHLIB .IJ;nJI Pr [ c 2" 5 ( ~ 4) l 3. 9 H2 0 Ha6op 
IS I XOTJI a OTnaqaeTCJI cnerKa OT npaBeAeHHoro sl5 1 , 
O.IJ;HaKO OH npe.IJ;CTaBnJleT Mano aHTepeca, nOCKOnbKY DOA
rOHKa BOCbMa napaMeTpOB npoa3BO.IJ;BTCJI. TOnbKO no BOCbMB 
MynLTanneTaM. Cpe.~J;Hee naaeiaoe OTKnoaeaae npBHBMaeT 
B 3TOM cnyqae O'leHb ManeHbKae 3Ha'leHBJI, B OKOH'IaTenb
HLIB Ha6op 181 3aBaCBT OT MOMeHTa npeKpall{eHBJI nponecca 
no,~J;rOHKa. 
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llonyqeaawii aa6op 181 M.ll Pr CI 3 cneAYJOII.{Bii:: 322,365; 
56,4509; 6,16997; 754,716; 23,6692; -722,383; -2232,08; 
1 ,17603; ~ = 9,33. QeHHOCTb 3TOrO Ha6opa napaMeTpOB, 
HaBepaoe, TaKlKe Mana, nOCKOnbKY OTCYTCTBYIOT .IJ;aHHble 0 
nonolKeaaa MynbTBnneTa 1S 0 • BwTeKaromee a3 npase,~J;eH
Horo Ha6opa 181 nonolKeHBe 57039 CM- 1 CnHWKOM BLICOKOe. 

C nenbro no.~J;roTOBKB nporpaMMLI onpe.~J;eneHBJI napaMeT
pos KpacTannaqecKoro non.11 Ae .~J;n.ll Pr: LaF

3
6wna 3aaoso 

npoaaana3aposaaw 3KcnepBMea.:nanLHLie cneKTpw· 14 , 18, 19 I. 
B oTnB'IBe OT cneKTpa "CFS" / 5 /.~J;n.ll onpe.~J;eneHBJI 181 yqa
Tblsanc.ll Hap.ll.IJ;Y C MynbTBnneTOM 30 5 eme O.IJ;BH KpB
CTannB'IeCKBB ypOBCHb B3 MynbTBnneTa 3H6 npB 
4219 eM - 1 118 I.e yqeT~M 3Toro ypoBHJI nonolKeaae neHTpa 
TJI>KecTa MynLTBnneTa H6 cocTaBnJleT TOr.IJ;a 4466 CM- 1• 
Pe3ynLTaTw onpe.~J;eneHBJI napaMeTpos 181 yKa3aHw B 
Ta6n. 3( B) • Bonaoswe ciiYHKI(BB, cooTBeTCTByroll{Be 3TBM 
napaMeTpaM, npase,~J;eHbl HB>Ke: 

I ,3po "> = 0,994971 3P 0 > + 0,100141 1 S 0 > 

== -0,1001413po > + 0,994971 1S 0 > I "1So"> 

1"~2"> 
I ,1n2, > 

I " 3
P2 "> 

I ,,aH4"> 

I ,1G "> 
~ 

I "3F 4"> 

I ,1 I 6, > 

I ,316 , > 

0,9882213F2 > + 0,152421 10 2 > -0,014toi 3P2 > 

-0, 14996I 3F 2> + 0,945561 10 2 > -0,28884I 3P 2> 

-0,03069I 3F 2 > + 0,287551 10 2> +0,957271 3P2> 

0,986121
3

11 4 )> + 0,163371 1G4 > -0,02966I3F4> 

-0,11374j
3

H4> + 0,794781
1
G4 > +0,596141 3F

4
> 

0,12097j3H > - 0,584491.1G > +0,8023313F > 
4 4 4 

0,99853I 1I
6 

> + o,05415I3H
6

> 

-0,05415111
6 

> + 0,99853 i3H
6

> 

B Ta6n. 3 /C/ npaBeAeHw TaK>Ke aa6op 181 B nonolKeHBJI 
l(eHTpOB TJI>KeCTB MynbTBnneTOB, KOTOpLie 6hlnil iiOny'leHLI B 
pe3ynLTaTe onpe.~J;eneaa.ll napaMeTpos Ae no nonsoi npo
rpaMMe /nanw I, II , III/ eM. sse.D:eaa~/ c y'leToM :Jcll
clleKTOB BToporo nop.ll.IJ;Ka I 20 . 
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