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Analysis of Experiment on Inelastic Neutron 
Scattering on Crystal Levels of Pr3+ in PrF 3 

By using a semiempirical fitting approach and appro
priate results of optical spectroscopy and inelastic 
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the crystal field-splitted 3H4 - multiplet of Pr3 + inPrF 3 is determined. 
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I. BBe.D;emre 

B Te~eHHe rrocne.D;Hero BpeMeHH 6un rrpoHsBe.D;eH ueHliR PR.D; 
SKCrrepHMeHTOB ITO HeynpyroMy pacceRHHD TerrHOBHX HeHTpOHOB C UeHbiD 
orrpe.D;eneHRH sHepreTH~ecKoro crreKTpa (I-100 MsB) pacmenneHHHX 
B KpRCT8HRH~eCKOM none TBep.D;OTenDHOH MBTPRUU OCHOBHHX sneKTpOH

HHX ifibTRITHeTOB (HPK) pe,IJ;K03eMeHbHHX ROHOB, Eonnrnoe ~CHO pa-
60T ITOCBHII!eHO MeTan~eCKHM COe.D;RHeHHRM, .D;HH KOTOpUX HPK 
HBHHeTCH 4eKT~eCKR e.D;RHCTBeHHUM ITpHMNM MeTO.D;OM H3MepeHHH SHepre
TKqeCKOro CTieKTpa STKX ypOBHea, ~HH HOHHHX KpHCT8HHOB - H30~TO

pOB HPK MOaeT CT8Tb ueHHHM .D;OITOHHeHReM R OITTR~eCRHM MeTO.D;8M 21 
(a6cop6qROHHHM RRH ~HIDOpecueHTHHM R3MepeHHRM), C ITOMOmbiD KOTOpHX 

HB6HID.D;BDTCH EI-nepeXO.D;U MeE.D;y ypOBHHMR OCHOBHOrO H SHepreTH~eCRH 
6onee BHCOKHX MyXDTHnneTOB. HPK ncnonbsyeT MI-nepexo,IJ;u Henocpe.D;-
CTBeHHO MeE.D;y ypOBHHMH OCHOBHoro MynDTimneTa H He 38BHCMT OT 
OITTE~eCKHX CBOHCTB COe.D;HHeH~, KOTOpue ~aCTO He IT03BOHHIDT rrpOBO

~T~ OITTHqecXH6 H3M6p6HHR B B~HWOR 06HaCTH CBeTa. 0ITTHqecxaa 

CIT6XTpOCXOITHR B ~anexoB HH~paxpaCHOR 06HaCTH He RBHReTCR YHHBep

CaH~HYK MeTO~OM H3-3a ~OHa, CBR3aHHOrO C ~OHOHaMH/J/, 
Pacmen~eHHe ypoBHeA MynDTBn~eToB sa,IJ;aHHoA aneRTpOHHoA KoH

~HrypaUHR ( 't f )" IIO.D; ,IJ;eiCTBHeM KpHCT8HH~eCKOrO ITOHH OIIHCb!
BaeTCH B xoporueM rrpz6JIIDKeHHH sqxpeKTHBHHM raMHnnTOHilaHoM I 41: 

,., ~ e 
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< 0 

Yt,m. (Q,) - Beii!eCTBeHHHe <lJYHRUHH (T8K Il83HB8eMble TeccepanDHHe 
rapMOHHRH I 41) yrnoBux Koop.D;RHaT V -TOl'O If. f -sncKTpOHa, 
TIOCTpOeHHUe ITpH TIOMO~ Y.K838HHOH IDU!eHHOH ROM6HH8Uvm H3 OClH~HUX 

c~epiftleCRHX rapMOHHK 57. B TaRoit sarrHCH raMHHDTOHHaH& napa
MeTpH Rpi!!cTannn~ecxoro noM A!:, Ta!OKe BeuteCTBeHHU. IIocKonney 

H lfp .D;OJDKeH 6mb IIHBapxaHTeH K nro6oMy rrpeo6pasoBaHHD naHHo:i! 
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e 
Toqeqao:l!: rpynllhl citiMMeTpHH, He nee Am OT~ OT aynR. l:JeM HH-
JKe ToqeqHa.II cHMMeTpHR, TOM 6oX&mee ~cno A~ 4 0 . HDe 6y-
.n,oT OUMOBH cnyqal CHMMOTPHH c .2 ; A e + 0 ~n.II BCOX qeTHHX 

+ + + m m = (0,- 2)- 4)- 6) • 
B nocne~ee npeMR ~ocTHrHYT onpe.neneHHhll ycnex npH pomeHKH 

sa.n,aqz ~cTO TeopeTzqecKoro onpe~oneHRR napaMeTpOB KPRCTannzqec
Koro non.II /S/. O~aKO UOHHOCTb 3~ HCCJI9.D,OBBHRI COCTOHT 60Xbm0 
B Bbi.IICHOHHH BKJIB.D,OB OT~OXDHHX M9XBHH3MOB { ~CTO KYJIOHOBCK08 no
JIO JIHrBH.D,OB, KOBBJI9HTHhiO S~OKTH BS8MMO~OICTSR.II SJIOKTpOHHOI o6o
JIOqKH pe.D,KOSOMOXDHOrO HOHB C 060JIOqK8MR JIHri:l! .JJ;OB, nongpll38!4iUI 
SJIOKTpOHHO~ 060JIOqKH, 9~6KTH SKPBHHSS~ H T.A.), onpo~e~ 
S~OKTRBHOO KPHCT8X~OCKOO none, ~eM B KOnJlq6CTBeBHB% pesynbTB
TSX. KpoMe Toro, aTH pacqeTH .IIBn.IIIlTCH ~oBOJibHO rpoMos~HMH 
(Tpo6yeTC.II annapaT KBBHTOBOI XHMKH ~ pemeHRR MHOr03JIOKTpOHHOI 
sa.n,a~),H He ncer~a MOXHO OUOHHTb BJIRHHHO C~exaHHHX npH6JIHEeHHI 
HB KOHe~ pesynDTST. !IOSTOMY, no KPBIHel Mope B TeqeHHe 6D

Ealmero npeMoHH,He noTepaeT cnool ueHHOCTH nonyaMnKP~ecKHI no~
xo~. npn KoTopoM napaMeTpN xpHcTa~ecxoro nou Am onpe~e
JIRDTC.II HS noJIOEOHRR SHepreTzqOCKRX ypOBHel R ,IU)yrBX 9KCnepKM8H-

TBXDHNX ~aHHWC. 
B pa6oTe aHanszpyJJTCII ~HHHe sxcnepRMoHTa, B KOTOPOM npa: 

llOMOmH HPK HCCJIO~OBBJIOCb nonazeHHO ypOBHOI OCHOBHOrO yYXbTBnJI6~ 
( al-l 'f) ROHOB P r 3+ ( n = .2 ) B noJIRKpRCTaJIJDf'ieCKOM Pr- FJ I, 
npzne.neHN pesyJibTBTH ToopoTmqocxol RHTopnpoTa~ cnoKTPB R pac -
qeTa napaMeTpon KPHCTanmaqecxoro nona. 

2. 06pa60TK8 pesypeTaTOB 8KCD8pZM8!T8 

3KcnepHMoHT npono~ncs aa HMDY~~OM peaKTope HEP-30 OBHH 
Ha cnoKTpOMOTpO o6paTHOI reOM6TPHH B • 

Ha pHc. Ia noxasaHH sKcnepHMOHTaJibHHe cnoKTpw, noRyqeaHwe 
npH TeunepaType odpasua 300 H 77 K H yrAe paccesHHH 90°. KpaBae 
HOpMHpOBaHH Ha OAHHaKOBOO qHCJIO DaAaDmHX HODTpOHOB. • 
~ nanenoHRR TOI COCTBBXRDmoA CllOKTpB, KOTOpSS OBK8888 0 

nopoxo~MH M~ yponHHMH KPRCTan~ecxoro nonH, oT cocTa~el, 
CBffSBHHOI C B036~eHROM ~HOHOB, RCnOXDSOBBHBCb saBHCBMOCTb 
o6ozx npoueccon OT TeMnepaTypN. llpR BNCOKHX TeMDepaTYPSX saceneHa 
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60nDWBR ~BCTb ypOBHel OCHOBHOro MynbTHITHeTa. CRMMeTpRR l7z 
KpRcTannz~ecKoro nonH paspemaeT (n axcrrepHMeHTO c HonongpzsoBBH
HNMR HeftTpOHBMR) nepeXO~ M~ BCOMR ypOBHHMH OCHOBHOrO MynbTH
nneTa. KpOMO TOr~ MSBOCTHO, qTQ C pOCTOM TOMnepaTypN CRnbHO 
paCTYT WHPHBH OT~OXDHHX ypOBHel sa C~OT CnHH-pOWOTOqHOrO BSBRMO
~eiCTBRR • .IVm PrF"j ~'eTcs, ~o npz 300 K aTH WHPHH.Il RMOilT 
nopgnoK B HOCKOnbKO MaB 2 • TaKKM o6paSOM,MOZHO npo~OHOZHTb, 
qTO 60XDW06 ~CJIO (36 paspomoHHNX nepeXO~OB B CHCTOMO 9 ypOBHOI) 
WRPOKHX nRKOB, CBffSBHHHX C rropexo~aMH Me~ ypOBRRMH KPHCTannz
qecKOrO ITOHH H JIOXBmHX B o6JiaCTH OT 0 ~0 60 MsB, BHOCOT B 3RCne
pRMOHT8X&HyXJ KPHBYiJ(pzc.Ia ),cooTBOTCTDYDmYD 300 K, nxna~ m11111> B 
"ilJoH:'BN'IRTBR RS o6eHX RpHBHX ~Hc.Ia) nHHOIHIDi tPOH H "cHIDKa.II" KPH
ByD,COOTBOTCTBYDmYD "~oHOHHHM" npoueccax npH 300 K,c nouombD odmo
ro ~KTOpa HaCTOJibKO,qTOdH 3Ta KpHBaH HaJiaraJiaCb B TOX MOCTaX 
(W=250,360,600 H 900),r,~te rrpaKnqecKH OTCYTCTBYDT nopexo,~tw llOlltAY 
ypOBHHMH KpHCTaJIJIHqecKoro llOJIH,Ha KpHBYD (deS ~OHa),COOTBOTCTBYD
mYJ) HSMOpOHRRM IIpH ?? K, MH nonyqaeM ~e KPHBHO, paSHOCTb Me~ 
KOTOpNMR ~BOT B HOKOTOpOM npH6XMXOHHH CITOKTp Hoynpyro paCCO.IIHHHX 
HoiTpOHOB Ha ypoBH.IIX KPHCTannHqocKoro nonR (eM. pzc.I6). llpR aTol 
npouo~e npe~onaranocb, ~o <PopMa KPRBOI, onHCNBaDmel <PoHOHHNo 
npouecca, cna6o MeHHeTc.II npH nepoxo~e oT 300 K K ?? K. 

!IpH CHDOHHH TOMITepaTypN coqoHRR BOS6Wo~ qJOHOHOB (pac
cqHTBHHHO ~n.II ~o6aencKoro cneKTpa qJOHOHOB 10 ) YMOHbmaDTC.II 
6hiCTpee B o6nacTH aHeprHH na~aDmex HeHTpOHOB E < k 9 0 , qoM 
B o6JI8CTH E :> k eD . TeMITepaTypN ~e6a.II KPHCTaJIJIOB Lll fj ' 
cxo~hiX c Pr- Fj , paBHH ~ 360 K 21, qTo cooTnoTcTnyoT 
aHeprHH~ 30 MaB. 0TCID~a BNTeKaeT, qTO C~OJIBHHOO IIpH6JIDeHHO npH
Be~eT K 11 38HDOHHID11 HS06paxeHHoro HB pHc.l6 cneKTpa B o6JiaCTR 
nepo~aHHNX aHeprd 6E < ( E.o ~ 30 MaB) - ( E8 ~ 5,2 MaB) ~ 
- 25 MaB, r~o E. 13 - nopor 6opHnnHenoro tPHXDTpa. C .zwyrol cTo
poHu HSBOCTHO /IO/, qTQ SBBHCHMOCTH ceqeHH.II B036~0HH.II tPOHOH~ 
oT C: , pacctmTaHHUe ~n.II Macca aTOMOB pemeTRH ~1 (n pa6oTe IO/ 
npRBe~eHhl KPHBNe ~n.II ~ = IO MaccaM HeiTpoHa), cxo~ c sanHcH
MOCTRMR ~n.II /11,_ >~ , OCJIH npo~OJIOJKll!Tb, ~0 BO BTOpOM CHyqae 
TeMnepaTypa .ll.~a.II a~eKTHBHO BOSpOCJia : e;; > e.n . .ll.nR Pr Fj 
( HL >> IO) 3TO osaaqaeT, qTO ?? K H 300 K « e;. IlpH 
E T << G>* OCHOBHOI BKJIB~ B ce~eHHe B036~eHM.II tPOHOHOB ~am 

I ./) 
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TOnbKO O~~OHOHHHe £BOUeCCH, KOTOpHe B 3TO~ 06H8CTH CHa60 38BH
CRT oT TeMnepaTypH /I I. OTcD~a MOXHo o~T:r:., ~o c~eHaHHoe 
rrpH6HEEeHHe He rrpHBe~eT K 60nbWOMY OT~ "aKcnepBMeHTSnbHOft" 
KpHBO! Ha pHc.I6 oT ~eftcTBHTeH:&Horo cneKTpa Heynpyroro pacceRHHR 
He!TpOHOB HB ypOBHRX KpHCTa~eCKOrO TIOHR. 

3. TeopeTH~ecxaJJ HHTeprrpe'l'aUBJJ axcnepHMeHTa 
H P83YH:&T8TH P8ClleTOB 

KpHCTBHHH~eCKOe noHe RBHReTCR BOaMymeHHeM, KOTOpoe CHHM88T 
BhfPO.-.zleHHe no 3HeprHH ~ p83.1Il!'IHHX COC'l'ORHd, OTHOCJDIIBXCJI K o~
HOMy ldynbTHnHeTy H pasmrqa!JII.IHXCR no rrpoei<IUlfiM M c:yMMapHoro 
MOMeHTB KomrqecTBB ,llBHllteHHR ']. • ,UH8rOH8HHSHpYR MBTpHizy 
< M' /I-lk / 1'1 ) , MH noeyll8eM IV pasJm'IIHHX SH8'1eHHI aaeprHI 

( N ~ Zl+-1 rrpH lleTHoM HHH ~ (1.~+-1}/J. rrpH HelleTHOM '!Hone aHeRTpo
HoB) ~ 3HeKTpOHHHX ypoBHeft MyHbTHUJteTa, p8CmenneHHOrO B KpHCT8H
mrqecKOM noJie. 3HalleHIDI aTHX aHeprd Es ( s = I, 2, ••• N ) 
saBHCRT oT napaMeTpoB KpHCT8XHH'!eCKoro noHR A,;; (eM. (I) ) : 

E .s = E.s (A~). N ,. l 

MlmHMHSHpyJJ ~z = .,L (Ea - E.s) "s 
.s .. ... .z >r + -1 <:j 

e 
B 88BHCBMOCTH OT ~n? 

r~e ,: ·• <:t 
E.s - aKcnepBMeHT8HbHoe SHa'leHBe S - ypoBBJJ B KpHC-

TBHHH'!ecKoM TIOHe H ~5- CTeTI!H:& ero OCT8BmeroCR BhfP~8HHH, MOZ
HO no~o6paT:r:. TBKol H86op Am , ROTopHI 1fY'IIIIe BCero OJJJI[CHBSeT 
a~eRTHBHoe KpHCTSJIHH'!ecxoe none ~ ~aHHoro MyJlb'l'HnJieTa. O~axo 
aT8 38~ll8 MHHBMHSSQHH no noxoaeHHRM ypoBHel o6H'!Ho He pemae'l'CJJ 
O~OSH8'!HHM o6p830M. HaH6oJiee H8r~o 3'1'0 MoaHO TIOK8S8T:& ~ 

C~aJJ, xor~8 N < N ', r~e N' - 'DIC.IIO OTJIJAIIHX OT By .Ill 

A~ . TaKaJJ cHTyaUHR THnH'IH& 11JU1 HBSKJIX cBMMeTpd {rrpH CBMIIeT
pn C z MH HMeeM ~HR ocKoBKoro MyHbTHnJieTa Pr 3 + , J H 'f 
N = 9, N ' = I5) • K 3TOI TPY~OCTH rrpH6aBHRe'l'CJJ eme TO o6cTOJJ
TeH:r:.CTBO, liTO cymeCTByeT B8pOH'l'HOCT:& He H81THe•~a~ecKBI• MHHB
MYJI ~ f){ 4 

B rrpOCTp&HC'l'Be napaMeTpOB Am cpe~ liji1I'IIX 

M8T8M8TI![q8CRH BOSMOmiHX IIHHJDiy)IOB, 8CD H8'18.U.H8JI TO'IK8, C KOTD
pol Ha'!HHaeTCJJ no~oHKa, ~aJiexa OT aToro MHHHMYMB· 06H11Ho 3TO 

6 

TBK, T.K. OUeHeHHHe no npOCTO! MO~eHH TOllel!:HHX 38P,gnOB / 4/ 
nap8MeTpH A~ saMeTHo OTHH'!8MCJJ oT oKOHllaTenbHHX 76 • I2/. 

EoHee xopomHMH B aToM oTHomeHHH JJBJIJJI)TCJJ Te A;, , KOTopue no
JlYli8DTCJJ HS pemeHHR MHOrOaHeKTpOHHOI 88~8'1H ~HR KOMTIHeKCB, COCTOH

mero HS pe~oseMeHbHoro HOH8 H ero 6HHJta~ coce~eH (xoTH 6u B 
npOCTOM BBpHBHTe cynepTIOSHUHOHHOI MO~eHH 6 ). 

lXJJ oT6opa "~sl!llecxoro" MHHHMJMB Heo6xo~o npHBJte'lb onpe
~eHeHHHe KpHTepHH. liMH MOryT 6RT:& npOCTHe 3anpeTH ~HR OT~enbHHX 
nepeXO~OB, BRTeR8JOIIlHe HS TeOpHH rpynn, TIOCKOH:&ey ypOBHH S 8BTO

M8TH'!:eCKH KHSCC~yDTCJJ no HenpHBO~ npe~CTBBHeHHHM ~8HHOH 
TOlle'!Hol rpynnH II • ,I{aJiee, npH TIOMOntJII BOHHOBHX qiyHKUHI, KOTOpHe 
COOTBeTCTByDT p83HH'IHHM ypOBHJIM S , MOXHO Onpe~eHHT:& ~yrHe 
~HSHlleCKHe BeHH'IHHH, HanpHMep, BepoJJTHOCTH nepeXO~OB H WHpHHH 
ID!HHI. B 3TOM CHYl!:Be BOSHHKBeT ~yraJJ npo6HeMa. neJIO B TOM, 'ITO 
Ha~eHHHe A~ (H CMSaHHHe c HHMH BOHHOBHe qiyHRUHH cocToJJHHI) 
MOryT XOpOWO OTIHCBT:& TIOHOXeHHe ypoBHel B 8TOM MyHbTHTIHeTe, T.e. 
JJBJIJJilTCJJ XOpOWBMH aqxpeRTHBHilMH BeHH'!HHBMH ~HR "aHepreTH'!:eCRHX" 

BOnpOCOB B ~BHHOM MyHbTHnHeTe. 0~8RO ~HR OTIHCBHHH ~yrHX ~HSH
lleCRHX np06HeM noJIYlleHHHe TBRHM 06p8SOM BOHHOBHe qiyHRUKH, KOTO
pHe BOo6me-To ~onxHH OTIHC8T:& Bee CBOICTB8 8THX COCTOJJHHI, MOryT 
6HT:& COBCeM He rrpHrO~ /I2/. oTO CMS8HO C TeM, liTO YEe B cey
'188 HSOJIHpOBBHHOrO HOH8 BOHHOBHe qiyHRUHH, OTIHCHB8D~e p83HHe 
MyH:&THTIJI9TH O~Oft 8HeRTpOHHOI ROH~MrypBUHH, He JJBJIJJI)TCH qiyHRUHH
MH "'IHCTHX" COCTORHHI UeaTpBHbHOro TIOHH THna/(a),(¥f); L,S,1, M >, 
a ( ecHH npeHe6peraeM rrpHMemHBBHHeM ~yrHX RoH!f>HrypaUHA) JimreiHoti 

ROM6KRaueeti T8RHX ~RUHI : 

c!~ 5/ra~ (~!f)~ L, S,/,1'1 ). (2) 
'-,S ~~/·l~-~ 

L,S 
3~ec:r:. ( Q ) 060SH8ll8eT aJieKTpOHHyiD KOH~Hryp8UHD BHYTpeHHHX 88-
TIOnHeHHHX 3HeKTpOHHHX 060HOlleK pe~oseMeHbHOro HOHB, 
l- - CyMMBpH!il op6HTaH:&HHI MOM8HT ROJ[I![q8CTBB ,llBBXeHHR, 
~ - no!HHI CnHHo "~ n H "~" HM8DT CHMBOJII![qeCROe SH8-

~eBHe. 0HH 060SH8li8DT TOT MyH:&THTIHeT, ROTOpul BHeCeT H8H60H:&mHI 
BRna~ B BOHHOBHe ~KUKH ~8HHOrO COCTOJJHHH. TaRoe CM8WHB8HHe 
"'IHCTHX" COCTORHH! HBHHeTCH pe3yHbT8TOM RYHOHOBCROrO B38HMO~e~CT
BHH ¥f -eHeRTpOHOB Me~ 0060~ H C 3HeRTpOH8MH H3 ( Q ), a • 
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TSKZe CITHH-op6llT8XbHOro, CnBH-cTIHHOBOrO, op6HT-Op6HT8XLHOro, 
~yx~aCTKqHOrO CTIRH-op6HT8XbHOrO B38HMO~eiCTBRI H T.~./I3/. 

/1 LPacc~TaTL ~JIJJ pe.zu<oseMeXbJWX aJieueHTOB ROa(fillHilHeH'l'B 
C i !! HS nepBrrHHX fPHHilHTIOB y~OB1IeTBOpHTeJ[LHNM o6paSOM TIORa 
eme 'He y~aeTcst I 2 , I3 • lloaTOMY HSSBBHHHe BSam.to~elcTBHSJ napaMeT-

pHsymest. H BBO~e npB STOM napaMeTpY p = F;_ I F;,. I ~ I r LS I 
o< 

1 
(3/(y, M 0 I 3 Haxo~cst c noMOllli>I) no~oHRB TeopeTJI1iecx.u 

K 9KCnepBMeHT8XLHYM SHa~~ DHepr:eit MyXLTBnJieTOB. 3aO~O no-
c-.i_tl;:-S 

JIY'i8MCSJ ROSqxf>HitHeHTY l, f , ROTOpYe TSRBM o6pa30M SJBJIIIIl'l'-

CSJ ~yHK~ ll01IOSeHBSJ BCex yYJILTHUJieTOB ~01 KOH~Bryp8UHH. 
ilOJIOEeHBe STBX yYXLTBnJieTOB 1 ROTOpYe 1IeZaT B 06JISCTH SHeprKI OT 
HYJIJJ ~0 HeCROXLRHX 3JI8XTpoH-BO.DU, MOEHO HSMepBTl> ODTJI1i8CKHM ny-
TeM. 

B xpHcTa~ecRoA MBTp~e Ha~ c pacmenJieHHeM ~JIDTHnJie
TOB rrpOHCXO~T CHBZeHBe 1.\SHTpOB TSJZecTH yYXbTHUJieTOB 1 TBR 'ITO 
napaMeTpY ~ OT»Bq81)TCH OT Ha~eHHHX ~ CB06o~oro HOHB 
(~aRT nepBoro no~a"}. Hs-sa Ha~ KpHCTaJIJIJI1iecxoro noJISJ 
(I) 4- nepeCT88T 6HT1> XOpoiiiBM RBSHTOBiiM 'D!C1IOM1 'l'o8o CMeiiiiiBSil'f
CSJ COCTOSJHBSJ C paSJIH'!HYMB ~ o 3TO RpHBO~HT R ~OnOJIHBT8Jil>HOyY 
CM811leHm:l I.\8HTpOB TSJZeCTH yYJil>TRUJieTOB ~yr OTHOCH'1'6JILHO ~yra 

(•aq.peKT BToporo nopJUxa"). 
BOHHOBH8 ~yHK~H C yqetOM 3TH% 06CTOBTeJ)CTB npe~CTaB.DBmTCa D B_.e:l 

i 
"' "'"' ~ "J ;A /'A>=/. L; .s:},"t,-, t;', r;) =ft s-. /fa),{lf/}: I .• ,S,f,~C3) 

r~e ~ •{ L, S, l, M j ~ t,. - HOMep JPOBWI, BOJIHOBast ifJyHianul ROTo
poro npeo6pasyeTcst no~ ~elcTBHeM onepa~ To~eqHol rpynny cHM
MeTpHH RpBCT8JIJIJ11i8CROrO TIOJISJ RBK /'";· -est KOMIIOHeHTa HeJJpHBO,JI;DID
ro npe~cTaBJieHHSJ 17 • Koaqxf>EnZeHTs c;... 'A. saBHCJIT RSK OT napa
MeTpoB P , TSK a oT BC_ex N' napaMeTpOB A~ . 0TCIW3 BJIJl

HO, 'ITO ~ HBH6onee nocne~oBaTeJil>Horo onpe~exeHBSJ napaMeTpOB 
KpBCTan~ecRoro noJISJ Hs aKcnepHMeHTaJil>HHX ~aHHHX Heottlo~ 

Tpe60BBT:&, ~T06ll 60nblllBSJ 'IBCTL (a6COJIDTJWX ! ) nOJIOlleHd ypoBHel 
paSJill'tHYX MJXLTBUJI8TOB O,IJ;HOA RO~ypazum ( lf f)" OIIJICHBBJIBC:b 
O,II;HBM a TeM :ate Ha6opoM napBMeTPOB A~ • B aTOM CJIY'Iae MOZHO 
O~BTI>, ~TO BOJIHOBHe ~KUHH HeCyT B Cede 6oJiee 6oraTyD ~p-

A~ . 
MBIUil), ~eM Tor,~~;a, Kor.na oiDI onpe,neJIRJ)Tcst no , , no.ryqeHHHll 

• 

Bs noJiozeHBSJ ypoBHel ~ o~oro (ocHOBHoro) MYXLTHrrneTa. TaK:ee 
pac~eTY BOSMOZHY,O~BRO,TOXLRO npB HSJIH~ 6oraTYX OnTH~eCRHX 
~aHHHX. 

,ILrur p,_ F; TSRHX ~BHHHX B He06XO,IU!MOM 06'beMe HeT. !1MeKlTCSJ 
JIHmb HeKOTOp~e CBe~eHBSJ 0 TIOJIOZeHHH nepBHX ~yx-Tpex B036~eH
HHX ypOBHeA HKEHe70 ~JLTHnJieTa H HeCKOJibKBX ypOBHel 6oJiee BYCO
KHX MYJILTBnJieTOB I 4 , • Hs no~eHHoro HBMH HPK-cneRTpa TaiOKe 
HeJILSSJ npstMo onpe~eJIHTL nonozeHHe aTBX ypoBHel. B cneKTpe, nsMe
peHHoM npB TeMnepaType 7'7K, co~epxaTcst no RpaiHei\ Mepe ( npH non
HOM CHSJTHH DypO~eHHSJ Sa C~eT HB3ROI CHMMeTpBH KpHCTaJI~eCKOro 
noxa) I5 ITBKOB OT nepexo~oB c nepBHX ~yx ypoBHel Ha 6onee BYco
RHe. TeopeTKqeCKH! 8H8JIB3 CITeKTpa npOBO~JICSJ TIOSTOMy CJie~mHM 
o6pasoM. 

l1MeeTCSJ 6oraTast HH~OpM8UHSJ 1 no~eHHBR ODT~eCKHM rryTeM, 
0 TIOJIOZeHHH nD~TH BCeX HS HMeKllJlHXCR (9I) ypOBHel OT !3 MYJibTH
TIJieTOB ('S., 3/i,"'I,/P./F., "'..J.t, "'G'Y/F;/F.;, Jfi/~, JHs-/H'f) KOH~Hry
panBH ( 'f f ).z. B RpHCTannax Pr- : La FJ ~'15 • 161. IIpe~onaraeT
cst, ~TO ~BSB~eCKBe CBOitCTBB, T.e. RpHCTaJI~eCKSR CTPYKTypa, 
MeESTOMHYe paCCTORHBR, a,CJie~OBSTeJI:&HO, H napaMeTpY KpHCT8JIJIH
~eCKOrO noxa ~JIJJ La. Fj H PrFj o~eHL cxo~. B .naHHYI MOMeHT 
cnop o TO'!HOI KpHCTSJIJIB~ecRol CTPYKType Let F:J eme He OKOH -
~eH 191. BY6op neuT, o~aRo, MeJK,IJY cxo~YMB cTpyKTypaMH DJ'/t 
H ~G~ 1 ~JIH KOTOpYX KpHCT8JIJIHqecK08 none OTHOCHTeJILHO ~Q HJIH 
P r- HMeeT To~e~ cHMMeTpm:> C..z HJIB el BSOMO~HYD C s 

Ha OCHOBe aToit CBMMeTPHH HaMH pemanacL sa.na~a orrpe.neneHBR rrapa
MeTpOB P H A~ no ynowmyTYM ~aHHYM ~JIJJ Pr- : La~ • 
IlpH no.nroaKe napaMeTpDB ( c yqeToM "dqxpeKTOB BToporo nopst,nKa") 
HCTIOXbSOBBJIOCb ?5 XOpOmO HHTepnpeTKpyeMHX ypoBHel. Cpe~ee KBa~
paTB'!HOe OTRJIOHeHBe ~ no a6COJIIDTHHM nOJIOZeHBRM STBX ypOB
Hel, JiezBIIlHX B 06JI8CTB OT HYJIJJ ,no 5800 M3B, COCTBBJIRJIO 3,? MsB. 
IIo~eHHYe napaMeTpY P B A,t (B CM-1; I OM-I~ 0,12 M3B), 
a TBRZe TeopeTJI1ieCKBe nOJIOEeHBR ypOBHel HmtHero yYXbTHTIJieTa (pMd.a) 

(B M3B) cJie,IJ,yl)ll1liie: Fi, = 306,454 , Fy. = 46,4150 , 
~ = 4,46I33, ~LS = ?49,206 , o( = I6,446?, (3 =-633,463, 
d:t, = I446,4?, M 0 = I,22304 A.z.~/r.i' =- 54,540, 
':4.t" I w = 500,84, Ay." /~ = 65!,48, A/fir = -??9,52, 
A; jfi:' = 83,04, Af !fl:7 = 4I,02, A.1 1 r.p = 85,25, 

• 



A_l.f {fi: = 6I,5o, A_~ I tr = - 555,4?, A.;.' I IT'= o, 
JI-~1/T' = 508,85, A~ 1 1r = 606,59, .-(~ = - 46,?o, 
A,." = 554,90, A! = 73I,73. 
B TO'ie'IHHX rpynnax C .r. HJDI F .s no.noaeHJie xoop,nm~a'l'sol 
eHeTeMH OTC'i8T8 orrpe~eneHO HeO~MH8XOBO; IIOBOpOTOM eBCT8MH 

BORpyr O,IUlOI H3 ROOp,nBHBTHHX oeel MoaHO ~OCSBT:DC.H, 'IT06H 0~0 H3 

A!. o6pamaJioeL B syn: eM. A_~ • f 
CB.HsaHHHe e npHBe~eHHHM Ha6opoM ( 'P , A 117 ) BOJIHOBHe 

~~ zenox~>soBaJIMcL ~ pae-qeTa ce-qeHHI Heynpyroro paeee.HHH.H 

seiTpOHOB sa aTBX~fBH.HX. TeopHH onpe~eJieHHH aTHX ce-qeHHft xo-

pomo paspa60T8H8 • ~ 9KeiiepBMeHT8 C IIOnHKPHeTa~eeKHM 

o6pa3UOM H e HenOJIRpHSOBBHHHMH H81TpOHBMB MOZHO BHBeeTB B 6opHOB

eKOM npz6JIHZeHHH e.ne~ee BupaaeHBe ~ ~peHUBS.111>ROro ee-qe-

HHH (B e.J.l.M.): . 

ri~rJ = / r~l) ~ .!._' \ R M (ll' :t} cf(E-E '+EA- E;t) 
o(.•n ..~£1 f ~~m ~ L .:\ ' 

...JL.., e . i'l,i'l' 

. := 2:_ ~ . .,.(T,9)J(E-£1 t-E71 -E;>,) 
~ ~ " J 

r~e E - sa-qaJn.sa.H aseprHH Hel'l'posa, E: ' - xose'l:Ha.H 

aHeprHH Bel'l'pOHS, /l - H8q8.111>HOe COe'l'OSBHe MBmeHH, 

/\
1 

- KOHe'l:HOe eOCTOSBHe Mml!eHB, pi'\ - CT~!le~ 38CeJieHHOeTH 

H8'18JII>HOrO eoeTOHHJI.II MHIII8HB "'erpfE11 /IlT }t ~ 
1 

l. 1 
- fOOTBeT-

eTB8HH01H8'i8JII>H!il B KOHe'iHHI BO!HOBUe B8EtOpH HeiTpOHa. 

H (?.~ /!} - ~4_,. f o/~~21 < ?.'/ nt I A. >/J. = 
~ 

=)j~Q' ~(-r,k;Kj1:.iif ~~· c;~~ -~i\ < k:~:1~M /'j 'H)x 

X [A{K;k')f B(J<~K'J} I~· (4} 

~r- ) [""' ~ I k '-.-'1 I~ k" ~ If< I+ /f I 
V Ak'K" = 

I I 

0 ~.llll ,u;pyrHX K" • 
A H B CB.H38Hll e MBTP~ a.neMeHTSMH m~>e-o6paaa 

onepaTopa asaHMo~eleTBHH HeltpoHa1cootBetctBeHH0 1 c op6BTaJILHHM 

10 

j 

I 

H CRBHOBUM MOM8HT8MH a.neK'l'pOHOB : 

0 .L = 2. h.i.t3lt [~,{t·~t-,;:;~>}(i; +~>Jri; e...r(~·#(--:r; Jj 
y ,. ..,.] - exp(··,rr; )~ Jt ( s; ,.N) I 

ue s; ( p-;. I ;::_,. _;, 0~! • ...,JII>C Iii pa.nHYC-B8RTOp v -
a.neK'l'pOKa; il· -'.- .{ ik - H '/ /Jt I • j¥oaonso rpOMoa~me ~PMY-
JIH ~ A H B ~HBe~eHli a pa6oTe 71. OHH aupaaaiOTC.H 1:1epes 

xoa@iHllBElHTH KJiedllla-lop,l(aHa ( 6j H ~· - cHMBOJIH /5 reHeano-

rneeKBe KO~eHTll ~SHHOft affeK'l'pOHHOf KO~r.rrypamm 5
•
18-j H 

S8BHCIIT H8pJJ,U,Y C k 1 
II k" eme OT MOM8HTOB ROJ1Mq8CTB8 ~mteHIDI, 

xapaxTeplilsyDIIHX C®TOHHB.II I _,!A > l!l I L' ' > . OHH eo.n.epxaT 

'1'8Ra8 llHTerpa.llll IIO p8.I1.118JII>HilM Wmtl.liDIM f{r) 'f(- 9JieRTpOHOB: 

<jK(It)) £ j:J,-,-'-/fft·J/'/k(xr) • ~e~eMile < /~< (Je) > .D.JI.H 
~ol pa6&rii 6HXH BaaTH Hs Ta6JIHI.l 9 • Tax HB3HBaeMoMy ~on
HOMY npB6~eHHD nplil pacq,Te eeqeHBi paeceHHIDI eOOTBeTeTayeT 
qacTHYI cJfy'lal k 1 = I I? I. Has 6WIB paspa6oTaHa nporpaMMa 

p8C'i8'1'8 H8 3BM ceqeHHA Heynpyro pacceHHBHX HeiTpOHOB (c yqeTOM 

BC8X k 1 113 ( 4) ) HS YIJOBH.HX KOH~JII'YPSnm! ( Iff ) ~ , KOTOplle OIIl'l

CHBSmCJI BOJIHOB:IDOI qJymaumMB THII8 (3). ~ T = 77K, e = 90° 
II BO.nHOBHX ~yHKUKI, eOOTBeTeTBymmHX BHm8yR838HHOMY Ha6opy napa

M8Tp0B P H A! , no.nyqax>Tc.H ee'leHJI.II nepexo.n.oa <5;~~ (T, {)} 
MeJ!JJY ypoBli.HMH I "l ) , 1 A'> (a npoHsaonHHX e~x) , npH-

. ae~eBHHe B TB6JI. I. 
:YKBaaHBHit asepreTH'iecm erreRTP E it (eM. Ta:rate pHe.2e) HSHJIY'I

BIHM o6p830M ( CMo mme) BOenpOM3BO.D.HT aRenepMMeHTSJII>IJY!l RpHBYIO 

Ha pHe.I6. Ero cpe~ee JIHHeiHoe OTRJIOHeHHe oT "TeopeTKqeCRoro" 

cneK'fPB (pBe.2a) JieZHT B rrpe.n.eJiax epe~ero JIHHeiHoro OTRJIOHeHRR 

aToro cn~ItTpa oT aKcnepMMeHTaJibHoro ~JUI p,- : Let Fj , 
H306paEeBHOrO HS pme.2B. oTO onpaB.D.IlB8eT HCIIOJII>30BSHHe yiiOMHHY

THX BO.nHOBUX ~HRUHI ~ pae'leTS ~H3H'ieCKBX CBOieTB 9HepreTiil -

qecKJIX ypoBHel E;t. (pme.2e). PeaynTaTH pa6oTH no~tasaJIM, 'ITO 

.D.HII0.111>Hoe rrpm6nzzeHBe ~aeT B sameM enyqae rrpaKTH'ieCRH 99% sHa'le

HHI u;.
71 

(T, B). IIpese6pezeHJie npHMeem.m R "qzeTilM" eocTORHJI.IIM 

MYJILTJ!IIJieT8 .J H,. H3MeH.HeT B HameM e.nyqae 3H8'1eiD'!Jl ~'It ( T, e) 
B npe~e.nax .n.o 30%. 
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llpne.neHHHe BJmie Teope'fll'lecRHe ce'leHJIII nponopitJIOHam.HH nno-

m8,n2M UKKOB B CD8R'rp6 Heynpyro pSCCeRHHHX Hel'fPOHOB. qTOClY BOG-
......... CTSHOBH'fL "'leopenqeclUDI JIY'l'eM" aKcnepm.teHTam.mdi cneR'fP, Heo6xo-Fq 

"' ,nBMO c,neJmTL npe,nnOJIO.eHJIUI 0 ITOJiyJIIHpHHe Ill 4Jopue 9THX ImROB • ..!. '<:!' ro ro '<:!' I:'- I:'- H (j) H B pacqe'fax mcnoXLsoBSxoc~ pacnpe,neJieHHe HopeHQS. llonymHpHHH ,nXR ~~ 
. 

0 0 0 H H H C\l H C\l 
<:J XHHBI nepexo,nOB onpe,neXHXHCL K8K CyYMa "rrOJIYMHPBH" COOTB9TCTByn-

-..... L[) 0 0 0 0 0 0 I 
lltHX ypOBHel d V,._ (cu. T86JI.I} • llonyompHHH nepffl '19Typex ypoB-

~ '<:!' L[) I:'- H <.D 0 0 0 Hel .nXR Pr: Lq Fj HSB8C'fHY HS aKcnepBMeHT& 2 • OcTaXLHHe 
"' . . . 

--!. 0 I:'- ro <.D L[) ~ <.D H C\l 
41.)1.. oneHHBSJIHcL R&MK rpy6o no BMe~elca cxeMe ypOBHel B rrpe.n-H H C\l t") '<:!' <.D i 

I tU noxo.eBJUI, 'l'fO .nXR T = ?7K ITOJlYDIHPHHH orrpe,neJIJDJTcJI ~ 
( O,ltHo4JoHOHHHM) MeX&.HBSMOM CTIBH-pemeTO'IHOI pEIJl8RG8D;RJ! • 

'0 C\l 
C\l C\l llocne,nHHI sTan pacqeTa 'feopeTH'IecRoro cneRTpa Heyrrpyro pac-C1l '<:!' '<:!' 0 8 E-< 0 0 8 H H 0 0 

(J) 0 0 0 0 0 0 0 C eJIJIIIRX _ Heil:'fPOHOB COC'fOHT B CBepTKe C9'19HHSI . . . 
0 0 0 0 0 0 0 0 

et~fi(E,E;T,&) L ():' {T St-""-. -1 

I 
olE, c1S2. t'V Jt'a ' r. ; 1 (1. rE~~·-E;t-E1GJ" 

t") (j) <.D 

! 
/\ 1\ I .6 I)A + .611,t• + 

COl~ I:'- L[) L[) 0 0 0 I .<)).)}. + 6V;o.' 
0 0 ·C!. 0 0 0 (EA·>EJt) . . 

0 0 0 0 0 0 0 ::: CJ(.E-E', T, t)j 
'<:!' 

I I 
c ~KitHel paspemeBHSI c'cjeMY, cocT~ei 1113 cne~TpoMeTpa 

t") H <.D H '<:!' 0 111 HMDYnLCHoro peaKTopa 8 • 0 H 0 0 0 0 
t:--10 0 0 0 0 0 B pesyXLT&Te cBepTRH ce'leHHSI () ( E -£ ', T, {)) noeyqaeTCJI 

liS06paxeBHSJI HB pzc.I(! rJIB,JJJtaJI lq)HBSJI. llpHBe,neHHSSI TSM lURSJUI 
H (j) 

I I rrepe,naHHOI 9HeprliH A£ BMeeT .liHlllL OpllleHTII1pOBO'IHOe 3H8'1€HII16. 
C\l '<:!' co 0 0 

Osa cooTBe'fC'fBYe'l' YDP01118HBOI cxe~o~e K&XH6poBD /8/: L[) C\l H 0 0 I c.o•o . . 
0 0 0 0 ! 

tlE(N}= E [fr. 0( L~ )z 1_} 
L[)l ~ C\l L[) H I lJ fi; tv- Ol. L,~. - , 

H 0 0 . . . . 
0 0 0 0 

r.ne Ea - nopor 6ep~UJJ:eBoro iP'tJn,'rpa. IlpJt: pac'leTe TeopeTH'IeCP:ol 

I:'- 0 ~ 
KpHBOI BCil,nY OnyCK8JICJI ITOCTOJ!liBHI 'llllCJieHHJil MRODT€XL , ROTOpHI 

H H BITOCJie,nCTBBB rro,n6Hp8JICJI TSKt 'l'fo6Y KBS~STH'IHO€ OTRJIOH€HH€ Teope-'<:!'I • . 
H 0 0 

TlrleGKOI KpHBOI OT 9KCrrepHM€HTBXLHO:It ClHJIO MliHHMSJILHllM. 

L[) '<:!' 
I:'- <.D 

I 

4. 06cyx.neoe pesym.TaToB Ml O . 
0 

I:'- B pesym.TaTe onHcaHHoro aKcnepHMeHTa HaA,neH cneRTP Heynpyroro 

~~ 
pacceaHBH TenJIOBHX H€1TpCHOB HS 9JI9KTpOHHHX ypOBHSIX HZ3mero MyJIL-

t<_ H C\l t") '<:!' L[) <.D I:'- co (j) 
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n 3+ 
THnneTa ,-r , pacmenneHHoro no~ ~e!cTBHeM KpHCTannH~ecKoro 
rromr B Pr F; ( T = ??K) • C I.I8Jil>JO orrpe~eneHIDI saeprd sTHX ypoB
He~ 9KCTI8pHM8HT8RbH~ CTI8KTp 6un BOCCT8H0Bn8H paC~8THHM nyT8M. 
IlpH 9TOM D8pbHpOB8nHCb 9HepreTH~8CKH8 TIOnOJ&8HIDI sneKTpOHHHX 
ypOBH8H, ~TOOH ~OOHTbCH HBHnyqiDero cornaCHH T80p8TH~8CKO~ KpHBon 
C 9KCTI8pHM8HT8Jil>HO~. lfiiTeHCHBHOCTH nepeXO~OB OITp8~8IDinHCb ITpH 
TIOMOIUH BOnHOBHX ~KL\IDi, COOTB8TCTBYJOmHX H800py napaMeTpOB ~ 
H A~ , rro~eHHOMY H3 aHanHsa orrTn~eCKHX ~aHHHX (~mr Pr: La.FJ) 
0 nono~eHHH 9R8KTpOHHHX yp0BH8~ B p83nH~ MYJll>THTineTaX KOH~H
rypBL\HH ( itf )~. IIpe~onaranacL To~e~HaH rpyrrna cHMMeTpHH KpHCTan

nH~ecKoro nomr - c.t (HnH Cs). TeopeTH~8CKIDi 8H8nH3 9KCII8pHMeH
T8Jil>HOro HPK-cneKTPB ~IDI BemecTBB C TSKO! HH3KO! CHMM8TpHe! 
KpHCT8nnH~8CKOro ITOIDI ITpOBO~TCH BTI8pBH8. illKpHHH HeynpyrHX ITKKOB 
rpy6o OUeHRBBRHCb ITpH ITOMOUIH npe~OROJ&8HHH, ~TO OHH OITp8.D:8nHIOTCH 
O,nH~OHOHIIHM MexaHH3MOM CITHH-pellleTO~OrO B38HMO,ne!CTBIDI. 

CoBna,neHHe TeopeT~ecKo! KpHBO~ c sKcnepHMeHTanLHO~ - xopo
mee. ll09TOMY BBTOpH C~HTaiOT, ~0 H300paEeHHHA Ha pzc.2c Crr8KTP 
9H8preTH~8CKHX llOROJ&eHIDi ypOBH8ft 0nH30K K ,ne!CTBHT8Jl1>HOCTH. 
KnacCH~HKSUKfl ypOBH8~ (pHc.2a) ) He npOTHBOpe~HT B8pH8HTy, llP,8.D:
nruK8HHOMY .nmr Pr: La. Fj , ecnH npe~onaraTL CHMM8TPHID Q v '/IS/. 
06mHM cBo~cTBOM Bcex paccMBTpKilaeMHX Ha6opoB napaMeTPOB ( ~ A~ ) 
HBIDieTCH TOT ~KT, ~TO COOTB8TCTBYJOIUHe HM BepOHTHOCTH nepexo,na 
Ha ypOB8HL C 9HeprzeU n2 M3B WHOrO M8HLW8 1 qeM Ha ~pyrze ypOBHH. 

Ms TeopeT~ecKHX coo6pazeHIDi cne~eT noaTOMY, ~o aKcnepHMeHTSnL
H~ nKK, Jiellta• B pa!oHe nepe.naHHHX sHeprd ~ 55 MaB, .nonxeH 
6un 6u OTCYTCTBOBSTL. MMeiOTCH HeKOTOpHe yK838HHH, ~0 OH MOJ&eT 
6HTb CBH3BH c HeynpyrHMH npoi.~eccaMH B nepe.n;HeM cnoe 6epznnzeBoro 
~HJll>Tpa, BH3B8HHHMH TOft ~One~ TI8~8JO!llero CrreKTpa TepMH~eCKHX HeftT
pOHOB, KOTOpSH ynpyro pacceHBSeTCH MHW8HLJO. 
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.. 
Jl 

n 

n 

24 

20 

,. 
11 

Pzc.I 

300"K 
~~ 

z.ro 360 ~0 

a.) 

600 720 MON 

•toll! 50 e 411 15 Jll IS 14 2C1 S S 14 12 10 I I 7 I 
- oE[-J 

9150 

CneKTpu Heynpyro pacceHHHHX HenTpoaoB Ha fJr f; 
npH a) 300 H ??K. I - ~Hcno HeiTpOHOB sa 50 lJSCOB 

H aa KaHBJI N~oa 32 MeeK, .S - caTennzTu oT 6ucT
pux H81TPOHOB S ; 

6) BKna~ Heynpyro pacceHHHHX H81Tp0HOB llpH ??K 
sa napaMSrHHTHHX ypoBHHX Pr 3 +- • .6 E - noTepH 
aseprHH H8RTPOHOB. 
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