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)lo HaCTOSII!lel"O BpeMeHH 6blll0 ony6JHIKOB8HO BCel"O HeCKOnbKO pa60T, 

ITOCBSIWeHHbiX HeynpyroMy napaMai"HHTHOMY pacceSIHHIO HeiiTpOHOB HeCnapeH-

/1-4/ 
HbiMH aneKTpOHaMH pe.QK03eMenhHbiX HOHOB • 3TH pa60Tbl ITOK83b!B8IOT, 

'ITO paCCeSIHHe HeiiTpOHOB SIBnSieTCSI yao6HbiM MeTO.QOM H3y'ieHHSI pacmenne

HHSI 9HepreTH'ieCKHX ypOBHeit B KpHCTannH'ieCKOM none B o6naCTH 9HeprHft 

HH¢paKpaCHOI"O CBeTa. 

HaMH 6hmH npoaeaeHbl HSMepeHHSI c HOHOM Pr +++ B COe.QHHeHHif 

Pr.F 8 
CO CTpyKTypoit aneMeHTapHOit Sl'ieiiKif, COOTBeTCTByiOweit npOCT-

paHCTBeHHOit rpynne 

HOHbl 38HHM8IOT MeCTa 

+++ 8 
Hlfe Pr H 4 

4 /5/ I D . nplf TaKOii CTpyKType MeTannlf'ieCKife 
3d 

poM6H'IeCKOA ClfMMeTplfH C 2 11 • 0CHOBHOe COCTO: 

(aneKTpOHHaSI KOH¢HrypaUifSI (Kr)4d 10 4£24s2 
5p

6 

pacmennSieTCSI noa aeitCTBifeM KpHcTann!f'ieCKoro nong Ha 9 ypoBHeii 2r 1 

2 r2 • 3 r a H 2r 4 • Bcne.QCTBife B38HMO.QeitCTBifSI Mal"HHTHOI"O MOMeHTa 

HeiiTpOHa H nonHOI"O M8I"HHTHOI"O MOMeHTa HecnapeHHblX £ - aneKTpOHOB 

Pr+++ B03HifK8IOT Mal"HHTHble .QifnOnhHble nepeXO.Qbl Me:>K.QY r 1 H rl 

3TH nepexo.Qbl paapeweHbl np11 ~ j If aanpemeHhl nplf i=j 
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3HepreTH'ieCKOe pacmenneHHe OCHOBHOI'O COCTORHHR B La F 8 

4 /5/) (cTpyKTypa [) Sd 'i8CTH'iHO H3BeCTHO H3 OTITH'ieCKHX CTieKTpOB 

/6/ 
a6cop6UHH H tiJnyopecueHUHH I pHC. 1 ( r 1 ( r 2 ) 3H8'iHT r 1 

HJ1H r2 ) • Ha onTH'ieCKHX HCCJ1e)lOB8HHH TOHKHX nneHOK Pr F 3 )lJ1R 

ypoBH eii 2 H 3 nonyqeHh1 sneprHH 8,2 H 10,9 MsB cooTBeTCTBeHHO 

111 

CxeMa pacmennenHR snepreTH'ieCKHX ypoBHeii 
Pr+++ 

/8/ 
B PrF 3 

, nony-

OTJ1H'iaeT-
'ieHH8H H8 ocnoaanHH 

HH$paKp8CHWX H3MepeHHH 1 cymeCTBeHHO 

/6/ 
CH OT npHBe)leHHOH B 

nHtPtPepenUH8J1bHOe Ce'ieHHe Heynpyi'OI'O napaM8I'HHTHOI'O pacceRHHR 

)lJ1H OT)leJ1bHOI'O HOII£1 MO}I<HO 38TIHC8Tb B BH)le: 

I'Jle 

d 2 a 
= ( 

II fl d (d 

1,91 e 

2m £'
2 

g./ ~L f 2 (X') :l Pml<niJIIm>I 2 ME"-Em_w), 
k n,m +-

In>, I m > - co6cTBeHni>Ie ~ynKUHH, onHCbiB8IOlllHe ypoBnH KpHCTannH-

qeCKOI'O TIOJ1H E 
n 

Em H • J j_ - COCT8BJ1R!Olll8H llOJ1nOI'O MOMenTa, 
--> --> t 

- 8TOMIII>Ill 
nepneH)lHKYJ1S!pHaH K BeKTOpy pacceHIIHH ; = k - k 1 r 

f (;) 

tlJOp!<.ltP 8KTOp, !l J - MnO>KHTeJ1b flaiJile, p m - 3£1CeJ1eHnOCTb ypoBnH 

E 
6 

/9/ c 
m 

1 
OCT8J1bnbie CHMBOJ1bl HMe!OT 0 menpHnHTOe 3naqenHe , no-

MOlllbiO 9TOfi tP0PMYJ1LI MQ)KnO nony'iHTb TOJ1bKO Ka'ieCTBennLJe pe3yJ1bT8Tbl 1 

TaK K8K TO'ini>IH BH)l C06CTBellnb!X tiJynKUHfi neH3BeCTen, 

3KCnepuMenTN npOBO)lHJ1HCb na cneKTpOMeTpe o6paTnOfi reoMeTpHH 

C OXJ18>K)lennWM 6epHJ1J1HeBWM tP~J1bTpOM nepell )leTeKTOpOM na HMTIYJ1bCnOM 

/10/ u 

peaKTope B ily6ne • Opu pacceHnHH nenTponw TepHIOT sneprHIO, Ha 
0 

puc, 2 npuBe)lenw peaynbTaTN, nonyqennwe npH 300 u 77 K u npH yrne 

0 0 
pacceHnHH 90 , ( I--!3MepenHH npOBOJlHJ1HCb T8K>Ke npH yrnax 60 H 30 ) , 

Ha t:QBOJ1bno 6onblllOM $one, KOTOpbiH o6ycnoBnen pacceHnHeM neiiTponoB 

na tiJononax, H86J1101l8eTCH neCKOJ1bKO IIHKOB 1 o6oanaqennb!X H£1 pHC, 2 1-2, 

1-3 H 1-4, C snepi'HHMH 
E 

1
_

2 
= (6,9 ±. 1,0) MsB, E

1
_

3 
= (8,9 ±.. 

-t_0,8) M9B H 
E 

1
_

4 
= ( 17,8 ±.. 0,5 ) MsB, npuqeM cymecTBOBanue nepe-

xo)la 1-2 cneJlyeT ua paapelllaiOmeii cnoco6nocTu cneKTpoMeTpa no snepruu 
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reTwqecKoe pacmerrneHHe ocHOBHoro cocTOSIHHSI B La F 8 
4 /5/) a U ad ~aCTH~HO H3BBCTHO H3 OIITH~BCKHX CIIeKTpOB 

/6/ 
H tflnyopecueHUHH , puc. 1 ( f' 1 ( f' 2 ) 3H8~HT f' I 

) • 1 !a orrTn~ecKnX uccneaosaHufi TOHKHX rrneHoK Pr F 3 anSI 
. 171 

H 3 nony~eHbl 9Hepruu 8,2 H 10,9 M9B COOTBeTCTBeHHO 

menneHH SI snepreTn~eCKHX ypoBHeH Pr +++ B PrF 
3 

; rrony-
/8/ 

OCIIOB8HHH HH!flpaKpaCHblX H3MepeHHH 1 CYlllBCTB9HHO OTnH~aeT-

= ( 

(d 

/6/ 

ce~eHne Heyrrpyroro rrapaMarHHTHoro pacceSIHHSI 

HOIIQ MO!I<HO 38IIHC8Tb B BRae: 

1,91 e 

2m C'
2 

)
2 k r 2 ... 

g, ---f(x) ' k . 
i 

. 2 En-E 
I Pml<n!J,Im>l 8( m_w ), 

n ,m +- h 

, I m ' - co6CTBel!HJ,re (PY HKUHH, orrnCbiBaJOmne ypoBHH KpncTannn-

on >I E 
n - COCT8BnSIIOlll8SI IIOnHOro MOMBHTa, Em • .J L " ... ... 

n11p1W>I K BeKTopy pacceHnnH X'=k -k 1 r f (;:) - 8TOMIII,Jii 

p, !! J - 1\IHO!KHTenb Jlal!tle, p m - aaceneHHOCTb ypoBHH 

/9/ 
CTanbHbi9 CHMBOnbJ HMBIOT o5merrpHH51TOe 3H8'I9HHe • C ITo-

Oii tPopMynbJ MO!KHO rrony'IHTb TOnbKO Ka~eCTB9HHhle peaynbTaTw, 

'IH!dii BHa C06CTBBIIHWX tflyHKUH0 H9H3BBCTeH. 

epnMeHTw rrpoBoaunncb Ha crreKTpoMerpe o6paTnon reoMeTpnn 

HIIWM 6epnnnneBWM tflnnbTpOM rrepea aeTeKTOpOM Ha H~IIynbCHOM 
/10/ " 

ily6He • npn pacceSlHHH HenTpOHW Tep5110T 9HeprnJO. Ha 

0 
BeaeHw peaynhTaTw, rrony~eHHwe rrpn 300 n 77 K n rrpn yrne 

0 0 
90 • U!aMepeHnH rrposoannHCb TaK!Ke rrpn yrnax 60 n 30 ). 

0 5onbWOM tfloHe, KOTOpWH o6ycnosneH paCC9SIHHeM HeHTpOHOB 

t Ha6moaaeTCSI HeCKOnbKO IIHKOB, 0503H8~eHHbiX Ha pnc. 2 1-2
1 

c sHeprnHMH E 1_ 2 = (6,9.:!:. 1,0) Mss, E1_
3 

= (8,9 :!:. 

E 1_ 4 = (17,8 .:!;.0,5) Mss, rrpH~eM cymecTBOBaHne rrepe-

neayeT na paapemaJOwefi crroco5HocTn crreKTpoMeTp<l 110 9Heprnn 
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20% H npet:~n0110)1{9HHSI, 'ITO eiO onpell911SI9TCSI IllHPHHa nHKOB, KSK 9TO 

HMeeT MeCTO ll11SI nepeXOll8 1-4, 3TH 3Ha'leHHSI XOpOillO COI"llaCyiOTCSI C 

/8/ 
ll8HHbiMH 0 npHB9ll9HHbiMH B pa6oTe (pH C. 1 ) o 

.U11S1 pa3lle1leHHSI nUKOB, CBSI3aHHbiX C nepeXOllaMH M9)1{llY ypoBHSIMH 

KpUCTa111lH'19CKOI"O n01lSI0 U nUKOB, CBSI3aHHbiX C cpOHOHHbiMH npoueccaMU 0 

MO)I{HO ucn01lb30BaTb YI"1IOBYIO H TeMnepaTypHyiO 38BUCHMOCTH HX UHTeH

CUBHOCTeA , HHT9HCUBHOCTb OllHOcpOHOHHOI"O pacCeSIHUSI U3M9HSI9TCSI nponop-

UUOHallbHO X 2 

HallbHO £2 
( x-+) 

a UHTeHCUBHOCTb 9119KTpOHHbiX nepeXOllOB - nponopuuo-

- ORa yMeHblllaeTCSI C YB91lU'I9HUeM 
-+ 
X o ci>OHOHbl 

noll'IHHSIIOTCSI cTaTHCTHKe Boae, a aaceneHHOCTb KpHcTannu'leCKUX ypoeaeA 

onpet:~enSieTCSI cTaTUCTHKOA BonbuMaHa. :3To aaa'IHT, 'ITO HHTeacueaocTb 

nUKOB, CBSI3aHHbiX C nepeXOllaMU M9)1{llY KpUCTa111lU'19CKUMH ypOBHSIMU, yee-

1lH'IUBaeTCSI npH nOHH)I{9HUH TeMnepaTypbi, a HHTeHCUBHOCTb OllHOcpOHOHHbiX 

nUKOB yMeHblll89TCSI, 

H a61liOllaeMbiA cnall uaTeHCHBHOCTU cpoaoaaoro cneKTpa ll11SI Pr F 8 

npH saepi"USIX = 40 ~sa (puc. 2) cornacyeTCSI c TeMnepaTypoA .Ue6aSI 

380oK 1111. 

OnTH'IeCKHe H3MepeHHSI 'IYBCTBUTellbHbi, rnaBHbiM o6paaoM, K sneKT

pu'leCKUM llUn01lbHbiM nepeXOllSM, a paCC9SIHHe aeATpOHOB 'IYBCTByeT T01lbKO 

Mai"HUTHbi9 llHn01lbHbl9 nepeXOllbl, 

06a MeTolla t:~ononHSIIOT llPYI" t:~pyra B Tex cny'laSIX, KOI"lla onpet:~ene

aue npet:~cTaeneauA CUMMeTpuu saepreTu'leCKUX ypoeaeA aaTpyllHeHo. Ha 

OCHOBSHHU nony'leHHbiX llaHHbiX Mbl BH9C11H HeKOTOpOe U3MeHeHUe B 9Hepre

/8/ 
TU'IeCKYIO cxeMy, npellllO)I{eHHYIO B pa6oTe • YpoeeHb 3 ll01l)l{eH 6biTb 

/8/ 
0603Ha'leH f' 

2 
(f' I ) t a He f' 1 ( f'2 ) , KaK 9TO Cll91laHO B pa60Te , 

:3TO 3Ha'IUT, 'ITO eC1lU ypoBeHb 1 UMeeT npellCTaeneHHe f' 1 t TO ypoBeHb 

3 ll011)1{9H HMeTb npellCTaB119HU9 f' 2 U Hao6opoT, 

~ bl He Ha61ll0ll811U nepeXOllOB M8)1{llY OCHOBHbiM H 6onee BbiCOKUMH 

ypOBHSIMU U3-3a CH1lbHOA 3aBUCHMOCTH aTOMHOI"O cpOpMcpaKTOpa U MH0)1{UT911SI 

k --=.L. a npHBet:~eHaoA cpopMyne oT nepet:~aeaeMoA saepruu. 
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Puc. 2. CneKTP aeynpyroro pacceSIHHbiX aeATp~ 

300 H 77'1<. ( I - HHTeHCHBHOCTb, N - a 

pSI saepl"HH aeATpoaoe, Be - rpaauua 6epH111 

caTennHTbi oT 6biCTpbiX aeAirpoaoe - y'lac:rKH c 
Hbl8 ll11SI cpH3U'18CKHX H3MepeHHA) • 
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llp9JlllOnQ)K9HHSI, 'ITO 910 Ollpe)lensteTCSI WHPHHa llHKOB
1 

K8K ::ITO 

cTo Jlnst rrepeXOJla 1-4, 3TH 3Ha'leHHSI xopowo cornacy10Tcst c 

/6/ 
llpHBe)leHHbiMH B pa6oTe (pHC, 1 ), 

pa3JleneHHS1 llHKOB1 CBS138HHb!X C rrepeXOJl8MH M9)1(Jly YPOBHSIMH 

qecxoro rronst, H IIHKOB, CBst3aHHbiX c !floHOHHbiMH rrpc;>ueccaMH
1 

rronb30B8Tb yrnoey 10 H T9MllepaTypHyiO 3aBHCHMOCTH HX HHTeH-

HHTeHCHBHOCTb OJlHOtPOHOHHoro paccestHHst H3MeHseTcst rrporrop-

x 2 1 a HHTeHCHBHOCTb aneKTpOHHbiX IIepeXOJlOB - llpOIIOpUHO-

2 ( x-+) 
- OHa yMeHbW89TCS1 C ysenH'I9HH9M -+ 

X , 4>0HOHbi 

est CTaTHCTHKe Boae, a aaceneHHOCTb KpHcTannH'IeCxHx yposHeA 

TCSI CT8THCTHKOH BonbUMaHa, 3To 3Ha'IHT
1 

'ITO HHTeHCHBHOCTb 

38HHbiX c rrepeXOJl8MH M9)1(Jly KpHCTannH'I9CKHMH YPOBHSIMH
1 

yBe

llpH llOHH)I(eHHH TeMIIepaTypbi 1 a HHTSHCHBHOCTb OJlHOtPOHOHHb!X 

HbW89TCS1, 

IIOJlaeMhiA crraJl HHTeHCHBHOCTH tPOHOHHoro crrexTpa Jlnst Pr F 
8 

stx "' 40 MaB (pHc, 2) cornacyeTcst c TeMrrepaTypoa .lle6ast 

H3MepeHHS1 'IYBCTBHTenbHbi, rnaBHbiM o6pa30M
1 

K aneKT

HllOnbHbiM rrepeXOJl8M 1 a paccestHHe HeATpOHOB 'IYBCTByeT TOnbKO 

JlHIIonbHbie rrepeXOJlbi, 

eToJla JlorronHHIOT Jlpyr Jlpyra B Tex cny'laSIX, xoraa orrpeJlene

asneHHA CHMMeTpHH aHepreTH'IeCKHX YPOBHeA aaTpyJlHeHo, Ha 

ony'leHHbiX Jl8HHb!X Mbl BHeCnH H9KOTOpoe H3M9H9HHe \a 9Hepre-

/6/ 
xeMy, rrpeJlno*eHHYIO a pa6oTe , YpoBeHb 3 aon*eH 6biTb 

/6/ r 2 ( r 1 ) 1 a He r 1 ( r2 ) 1 KaK ::ITO CJlenaHO B pa6oTe , 

'ITO ecnH YPOBeHb 1 HMeeT rrpeacTaBneHHe r1 I TO YPOB9Hb 

MeTb rrpeJlcTaBneHHe r 2 H Hao6opoT, 

Ha6n10.oanH IIepeXO.QOB M9)1(Jly OCHOBHbiM H 6onee BbiCOKHMH 

-aa CHnbHOH 38BHCHMOCTH 8TOMHoro <flopM!flaKTOpa H MHO)I(HTenst 

llpHse.oeHHOH <flopMyne OT rrepe.oaBaeMoA aaeprHH, 
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•· PHc, 2. CrrexTp Heynpyroro pacceSIHHbiX HeATpoaos Ha Pr F
8 

IIpH 

300 H 77°K, ( I - HHTeHCHBHOCTb 1 N - HOMep KaHana, 6 E - rroTe-

ps aHeprHH HeATpOHOB1 Be - rpaHHUa 6epHnnHeeoro <f!HnbTpa
1 

S 
CaTennHTbl OT 6biCTpbiX H9Hil'p0HOB - y'laCl'KH Cll9KTpa HeATpOH0&

1 
HellpHrOJl

HbJ9 Jlng tPH3H'I9CKHX H3MepeHHH), 

7 
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HaWH BhiBOl:lhi He cornacyiOTC.s! C HHTepnpeTaUHeil: t:taHHhlX HH<jlpaKpac
/8/ 

HhiX H3MepeHHil: B • C'IHTaeM HHTepnpeTaUHIO aaHHhiX, npHseaeaayiO B 
/8/ 

pa6oTe 1 OWH60'IHOil:o 
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