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B npe,nbIAymeif pa6oTe 111 paccMaTpHBanoch B03AeifcrnHe Marmrrn:oro 

IlOIDI (MII) Ha 6HonorWiecKHe o6'beKTbl. 3To B03,D;eHCTBHe OCHOBbIBaJIOCb 

Ha B3aHMO,D;eHCTBHH amcpeaoro. 3neKTpHqecKoro nonH (B3II), HHAYUHPO· 

BaHHOro H3MeHeHHeM MII BO BpeMeHH, co "CBH3aHHblMH 3apH,D;aMH''. (3neKT

p0Hhl, ,D;bipKH) npH HX nepHO,D;HqeCKOM ,D;BHiKeHHH BOKpyr H,D;ep npHMeCHblX 

aTOMOB. 

Bhlno noKa3aHo, ~o noA .D;eHCTBHeM MII, B TOM qHCne H reo_MarnHT

Horo nonH (rMII) , BO3MOiKHbl BhIHy,K,D;eHHbie 3HepreTHqecKHe nepexO,D;bl 

H3 B036y,K,D;eHHbIX COCTOHHHH 2P1/2 H 2P3/2 B MeTaCTa6HnbHOe COCTOHHHe 

2S 112 • TaKHe nepexo,D;hI c o.D;Horo 3eeMaHOBCKoro ypoBHH HnH no,D;ypoaHH 

Ha Apyroif MoryT npoHCXO,D;HTb npH BbinOnHeHHH' cne.D;yromHX ycnOBHH: 

±µ66Bpea. v5=Wi -Wk' (1) 

r,D;e i H k xapaKTepH3YIOT Ha6op KBaHTOBbIX qHcen, onpe,D;eIDIIOI.UHX nono

iKeHHe 3HepreTHqeCKHX ypOBHeH npHMeCHoro aToMa B rMII, µ6 - MarHeTOH 

Bopa, 6Bp83.- pmoHaHCHhIH nepena,D; HHAYKUHH MII 3a apeMH 6t , KOTopoe 

orpaHHqeHO HepaBeHCTBOM 

6t = 6B 
(
. . < T .i,. 
aB/at) . n=2 ~ n/f n=2 

(2)· 

3,D;ecb aB/ at - CKOpOCTb H3MeHeHHH HHAYKUHH, n = 2 - rnaBHOe KBaHTOBOe 

qHcno, Tn= 2 H rn= 2 - BpeMH iKH3HH H 3HepreTHqeCKaH umpHHa YPOBHH 

npHMeCHoro aTOMa B 2P-coCTOHHHH npH orpaHHqeHHH Ha ,D;H3neKTpHqecKyIO 

IlOCTOHHHYIO cpe,D;bl £ .< 25. 
HanWIHe npHMeceif, ponb KOTOpbIX MoryT BbinOnHHTb pa3Jl~ble 

MHKpo3neMeHThI, B KBa3HKpHCTannHqecKHX CTpyKTypax iKHBbIX KneTOK 

npHBO,D;HT K TOMY' qTo B 3OHe 3anpeTa 6y.D;eT pacnonaraTbCH BOAOPOAono

A06HblH 3HepreTHqecKHH cneKTp. 

3TOT cneKTp ypoBHeH 3HeprHH BO,D;Op0,D;OUO,D;06Horo aToMa C 3apH,D;OM 

H,D;pa z npH YlleTe cnHH-op6HTMbHOro B3aHMO,D;eHCTBHH OilHCblBaeTCH cne
AYIOI.UHM o6pa30M / 2/: 

z
2 

w 2 1 3 )) • HOHl13. (l + (aZ) ·(--. - - --W=-------
0 1 

4n 
j + -n2 

(3) 

I r,," ~. .. ·i.\ l''l"'"........,. t tl i.?,, ·-~~ ,"'...·~", ,d1':M1 1i \,,t.~.ays 
L t\ ~·••..,~•"'t••· ·q .... • '.ol ~ rur 
:_i .:.,, .-1.m"t .• L, .1 •. rrnn ... u1.1G : 
'i ~litbJlp,l(ffEKA , 

,.,,. .... II,, ~~--



~~ ------------------------+ 2730M/u, 

a 

l(0950Mlu, _ ---=i IOSBM/u, 

0 
PHc. 1. Pacnono:>KeHHe :mepre-rlftleCKHX yposHeii: a) 6e3 yqeTa n3M6oscKoro CABH· 

ra; 6) C Y'leTOM n3MOOBCKoro CABHra AnlI aTOMa BOAOPOAa npH n = 2. 

r.ne WHOHH3.- 3Hepnm HOHH3aQHH aToMa Bo,nopo,na, n -rnaBHoe KBaHToBoe 
quCJio, j - KBaHTOBOe queno, xapaKTepH3yIOIQee noJIHbIH MOMeHT. 

IlepBbIH lllleH B (3) npu Z=l paBeH eo6CTBeHHOMY 3HaqeHHIO 3Hepruu 
MH aTOMa BO.ZJ;opo.na, a BTOpOH qJieH ,naeT npe,nCTaBJieHHe O TOHKOH crpyK
Type ero 3HepreTnqec1<nx ypoBHeii. 

Hae B noCJie,ny101QeM 6y,neT HHTepecoBaTb ypoBeHb e n = 2, TaK KaK 
OH xapaKTepH3yeT Hau6onee yeTomHBoe B036y)K.ZJ;eHHOe eoeTOHHHe. B 3TOM 
enyqae pa3HoeTb 3Heprnii ypoBHeii 11.W Me)K.ZJ;y eoCTOHHHHMH 1<a1< 2P112 , 
TaK H 2S112 H eoCTOHHHeM 2P312 eoeTaBJIHeT 

w 
2 HOHH3. -5 -1 . 4 -5 

11.W=a ----= 0,33-10 WHOHH3:=0,365 CM =1,1.10 Mn~= 4,5-10 98, 

16 (4) 
r.ne W110H113• = 2,1 • 10 - 18 ,ll)K (13,6 3B). 

B 3TOM paeeMoTpeHHH eoCTOHHHH 2S112 H 2:fi12 He OTJinqa10TeH .npyr 
OT ,npyra, exeMaTnqec1<oe H3o6pa:iKeHne 3HepreTHltee1<nx ypoBHeii Bo36y:iK
.n;eHHoro eoeToHHHH npHBe,D;0HOHa pue. la. 

0.ZJ;HaKo KaK 3KenepnMeHTaJibHOe Ha6JIIO.ZJ;eHHe, TaK H TeOpHH noKa3bl
BaIOT, ~o Pa3HoeTb 3HeprHH Me)K.ZJ;y 2S112- H 2P 1/2 -COCTOHHHHMH He paBHa 
B TO~OCTH HyJIIO. 

Ha pne. 16 exeMaTuqeeKH noKa3aHO paenono:iKeHHe 3HepreTnqee1<HX 
ypoBHeH npn yqeTe JI3M60Be1<oro e.n;Bnra MH aToMa Bo,nopo,na npn n = 2. 

B .ZJ;aJlbHeHllleM Hae 6y,neT mrrepecoBaTI, 3eeMaHOBe1<oe paeIQenJieHHe 
'YPOBHeH aToMa BO.ZJ;opo.na B rMn npH Bo< 10..,4 'I'JI, npn n=2 MH j = 3/2, 

1/2 n, eooTBeTCTBeHHO, m J =±3/2, ± 1/2. 
Tor.na <pOpMYJII,I ,ZJ;JIH Pa3Jiffqffl,IX KOMnOHeHT P-coeTOHHHH aTOMa B Mn 

HMeIOT ene,nyIOIQHH BH,ZJ; i21: 

. 3 4 1 
W(2Pa12 ,mj=±2,Bo)=3µ6BomJ+2 A, (5) 

2 

1 

' \ 

,1 

" 

W(2P3/2 ,mj =± ! , Bci) =(µ5BOmj - ! A)+ 

1 2 2 2 2 4 1 2 1/2 (6) 
+ [(µ5 Bo m- - -A) +-µ 5Bo-(-µ5 Bo m · +-A)(-µ Bo m- -A)] 

J 4 9 3 J2 36 J ' 

1 1 W(2P ,m. =±-,B0 )=(µ6 B0 m. --A)-
1/2 J 2 J 4 

(7) 

1 2 2 2 2 4 1 2 · · 1/2 
- [ (µ6 Bo mj -TA) +9/15 Bo -(3µ6 Bo m j +2A)( 3/15 B omj -A)] 

2 a
2

WHOHH3 
B cpopMYnax (5), (6), (7) µ6 - MarneTOH Bopa, A= 3 16 

...;... no-
eTOHHHaH TOHKOH crpy1<Typ:q1 2P-eoeTOHHHH. ,nrrH eoeTOHHHH 2S112 (J=l/2, 

m j = ms =±1/2) paeIQenJieHHe ypOBHeH B MarHHTIIOM none HMeeT BH.D/ 21 

l W ( 2S 112 , m j = ms = ± 2 , BO ) = 2 µ 6 BO m j - A • 
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PHC. 2. 3aBHCHMOCTL pac~enneHHII yposHeH 3HeprHH aTOMa 

BOAOpoi:ta OT HHAYKinfH MarHHTHOrO nOn!I npH n = 2 H c = 1. 

3 
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Pacm;eIIJieime ypoaHeii B Mn c ytJeToM ueHTpa TH)KeCTu cneKTpa ,IJ;JIH 

Bo;a;opo;a;a npu n = 2 Il0K!l3aH0 Ha puc. 2. Me)K,l];y C0CT0HHllHMll 2S 1/ 2 ll 
2Pv2 3HepreTHtJecKuii cnaur cocTaBJIHeT 1058 Mru (JI3M6oacKuii c,naur). 

KaK cne,u;yeT H3 npencraaneHHoro pacnono)KeHHH 3HepreTtttJeCKHX 3ee
MaH0BCKHX no,nypOBHeii, Hll 0 KaK0M B3aHMO,IJ;eHCTBllll aT0Ma ao.nopona 
npu Il= 2 C rMn °He M0)KeT 6bITb ll pe'IH, u6o ;a;JIH ocym;eCTBJieHHH 3Hepre
TlltJeCKllX nepexonoa (He roaopH y)Ke 06 llX nonyCTHM0CTll ll B03MO)KHOCTH) 
Tpe6yroTCH nepena;a;hI noneii l!B-0,1 -1 Tn • 

O;a;HaKO B03,Il;eHCTBlle rMTT Ha aT0MH0M yp0BHe B03M0)KH0, eCJill npe;a;
Il0JI0)KllTb, tJT0 TaKHMll aToMaMll HBJIHlOTCH npttMecHbie aT0Mbl, BpeMH )Kll3-
Hll K0T0pbIX BeJillK0, a 3HeprHH ll0Hll3aQHll 6JIH3Ka K 3Hepruu Tennoaoro 
.IJ;Bll)KeHHH, TO eCTb w H0Hl13. ~ KT ~ 2,5 . 10-2 

3B. . 
B Ta611uue npHBe;a;eHhI xapaKTepHbie napaMeTpbI aToMa. ao.n9pona 

( ( = 1) /2/ ll ,Il;aH0 CpaBHeHlle C ao;a;opo;a;onono6Hb1Mll npttMeCHbIMll aT0Ma
Mll npn nmmeKTplltJeCKOH IlOCT0HHHOH E > 1. 3TH ;a;aHHbie MoryT 6bITb llC
Il0Jib30BaHbl ;a;JIH KatJeCTBeHHbIX ll rpy6hIX K0JilltJeCTBeHHblX oueHoK. 

IlocroHHHYID TOHKOH crpyKTYPhI 2P-cocTOHHHH onpe.nenuM KaK 

a 2 W A!,: _g_ 110HH3. 

3 16( 4 
(9) 

TaK KaK aE =alE, W110 HHa. = W110H113 /E
2 (CM. Ta611ney). 

Ha pncyHKax 3-5 npencTaBJieHO npll ytJeTe CnHH-op6HTaJibHOro B3aHM0-
.neiiCTBllH pacm;eIIJieHtte 3HepreTntJecKnx ypoaHeii aonopo;a;onono6Horo 

Ta6mm;a 

IlapaMeTpbI ( = 1 f > 1 

IlocroHHHaH TOHKoii 

CTPYKTYPbl a = e2/1tc aiE 
"Paneyc" aToMa r6 -1i:lamc r5 ( 
HMnyJibC p = 1'l/r5 p/ ( 
3HeprHH ypoBHeii W = a2mc W/(2 

IlOJIHaH aep0HTH0CTb pacnana 
B036y)K,l];eHHoro C0CT0HHllH /3 - a5 mc/n /3/ ( 5 

Cpe;a;Hee apeMH )Kll3Hn 
C0CT0HHHH t=ll/3 t( 5 . 

Pa.ri,ttan;llOHHaH lllllpHHa 

YP0BHH r - a5W r/(7 

4 

.. 

' 

.. , 

wt W~J 
J,O 

2,0 

1,0 
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-f,O 
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PHc. 3. 3aBHCHMOCTL pac· 

menneHHH ypoatteii 3Hep· 

rHH aTOMa B0,D.Opo.a.a OT 

HH.D.YKUHH MarHHTHoro 

IlOJIH npH n = 2 H E = 8. 

I . :::::,. 1-S+% 
~ 2Sr:z f2P~f-%-% -2,0 ~ ~, 

w I r,,lq] 
3,0 

2,0 

1,0 

-1,0 

-2,0 
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PHc. 4. 3aBHCHMOCTL pac• 

O -% -J5 menneHHH ypoaHeii 3Hep· 

0-%-12 
-f -½-% 

rHH aTOMa B0.D.OPO.D.a OT 

HH.D.YKI.UIH MarHHTHoro 

noJIH npH ll= 2 H E =10. 
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mt ms 111,j Pttc. 5. 3aBHCHMOCTb pac· 

~o /+lt-½t-% 
mermemm ypoetteii :meprttH 
aTOMa eonopona OT HHAYK· 
l.lHH Marttttrnoro no1rn npH 

2,01 / \ n= 2H f=l2. 

0-tfa+J; 

f,01 ~O•f,•I, 

01 ◄~ I ~ J' 
to 8y'c] 

i ·-1 ➔rr½ 

~, -'2 ➔'2 
-1.0i ~ ---+-1 0-½-'2 

o-½-½ 
-2,0 

I -........ 

-i-½-% 
-3,0 

aTOMa Ilpll n = 2 u ,Il;H3JieKTpttqecKoii: IIOCTOHHHOH £ = 8, 10, 12 COOTBeTCTBeH

HO B 3aBHCllMOCTH OT llH,Il;YKQllll IIOCTOHHHOro MarHHTHoro IIOJIH 3eMJIH 

B0 "'1 re. 
TaK, Ha puc. 3 H puc. 4 Bll,Il;Hhl TOqKH rrepeceqeHHH 3HepreTHqecKHX 

YPOBHeii:, e oI<pecTHOCTH KOTOphIX B COOTBeTCTBllH c rrpaBHJiaMH OT6opa 

ll BpeMeHaMH )Kll3Hll YPOBHeii: B03MO)KHbl pesoHaHCbl H, TaKHM o6pa30M, 

ocymeCTBllMO B3allMO,a;eiiCTBHe rMIT C 6uorror0:qeCKHMll o6'beKTaMH. ToqKa 

rrepeceqeHHH YPOBHH 2P312 (me = -1, ms =-1/2, mj = -3/2) c ypoBHeM 

2S112 (me =0, ms = +1,2, mj =+1/2) rrpu B0 =-0,6 • 10-4 Trr (pttc. 3) yKa-

3hIBaeT Ha KBa,a;pyrroJihHblll pe30HaHC, a paCCTOHHHe Me)K,Il;y YPOBHHMll 

2S 112 (me =0, ms= +l/2, mj =+1/2) H 2P3; 2 (me= -1, ms =+1/2, mj = -1/2) 
CBll,Il;eTeJihCTByer O TOM, ~o rrpH He60JihlllOM rrpeBblllleHHH f = 8 rrpH hone 

B,., 10-4 Trr Me)K,Il;y HHMll CTaHOBHTCH B03MO)KHhlM MarHHTO,Il;llIIOJihHhIH 

pesoHaHCHhiii rrepexo,a;. 

Ilpu £ = 12 (puc. 5) Bll,Il;Hhl yqaCTKll, Ha KOTOpbIX ::mepreTuqeCKHe 

YPOBHH C O,IJ;HHaKOBblMH 3HaqeHHHMH KBaHTOBhlX q0:cerr ,Il;JIH COCTOHHHH 

2Pa12 (me =0, ms =+1/2, mj = +1/2), 2S112 ( me =0, ms= +l/2, mj = +1/2) 
ll 2P 112 (me =0,ms =-1/2,mj =-1/2), 2S112 (me =0,ms =-1/2, mj =-1/2) 
He rrepeceKaIOTCH ll CTaHOBHTCH rraparrrreJibHhIMH, ~o HBJIHeTCH xapaKTepHhIM 

rrpmHaKoM Toro, qTo 3eeMaH0BcKoe pacmeIIJieHHe ::meprerITTecKHX ypoeHeii 

IIpHMecHblX aTOMOB crre.a;yeT paccMaTpHBaTh B rMIT, KaK B "cllJihHOM" MIT. 
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~ 
I 

() 

Pttc. 6. ToqKa nepeceqemm :mepre
THqecKHX ypoetteii pa3pewettHoro 
nepexona H3 cocro1IHWI 2P312 
(me= ·1, ms= +l/2, mj = -1/2) B CO· 
CTOIIHHe 2S112 (me =O,ms =+1/2, 
mj = +1/2) aToMa eonopona. 

B 3TOM crryqae MOMeHThl KOJlll· 

qecTBa➔ ,Il;Blf)KeHmJ: op6HTaJih

HhlH e ll CIIllHOBhlH s' rrpe

QeccupyroT B none Ka)K,Il;hlii: 

Bf le 
J,O 

2,0 

B oT,a;eJihHOCTH, a KBaHToBoe f,O 
quCJIO me CTaHOBllTCH "xopo

lllHM" KBaHTOBhIM qucJIOM, 

CBH,IJ;eTeJihCTBYIOI.UllM O Bhl,Il;~

JleHHOCTll B rrpoCTpaHCTBe 

3JieKTpOHHOH op6HThl OTHOC:_H- 7 8 g 10 If 12 6 
TeJihHO HarrpaBJieHHH IIOJIH Bo. 

Ha puc. 6 rrpe,a;CTaerreHa 

KpllBaH rrpu paeeHCTBe 3Hepruii: ypoeHeii:, ,Il;JIH KOTOphIX paspellleH MarHH

TO,Il;llIIOJihHhIH rrepexo,a; ( 6 me =-1, 6 ms= 0) ll3 COCTOHHHH 2P 3/2 (me = -1, 
m = +l/2, m =-1/2) B COCTOHHlle 2S112 (me =0, ms = +1/2, mj =+1/2) B 

3aBHCllMOCTll OT Bo ll ,Il;ll3JieKTpllqecKoii: IIOCTOHHHOH f • . . 

.[(JIH pacqeTa B03MO)KHhlX MarHHTHhlX ,Il;llIIOJihHhlX ll MarHHTHhIX KBa,a;

. PYIIOJihHhIX rrepexo,a;oe COOTHOllleHHH (5)-(8) rrepellllllleM B 6orree y,a;o6HOM 

,Il;JIH pacqeTOB Bll,Il;e IIpHMeHllTeJihHO K "CHJihHOMy" rMIT. OrpaHHqllB TOq

HOCTh pacqeTOB ,a;o KBa,a;paTHqffhlX qrreHOB ( Af / µ5 Bo)2 ,.,o,l, IIOJiyqH:M 

W(2P 312 ,mj =+:) =2/l 6 B0 + i A£ 

3 l . 
W(2P312 ,mj =- 2 ) =-2µ 6 B0 + 2 Af ,, 

1 l 5 
W ( 2P 3/2 • mj = + 2) "' /l5 Bo + 4 Af + 8 

A2 

A2 
f 

ll5 Bo + Af 

l )-~A +..i f 
W(2P312 , mj = - 2 - 4 £ 8 µ

6
B

0 
+Af 

7 

(10) 

(11) 

(12) 

(13) 



. 1 3 5 
W (2P112 , m. = + - ) ,,. - - A - -

J 2 4 f 8 

A2 
f 

µ6 Bo+ Af 

1 . 1 
W(2Pi12 ,mJ. =--)=-µ5Bo+-Af 

2 4 
5 
8 

A2 
( 

1L5Bo - AE 

W (2S 1/2 , m j = + : ) = µ6 Bo - A( 

W (2S1/2 , rn j = - ! ) = - µ6 Bo - A f • 

(14) 

(15) 

(16) 

(17) 

Pa3HOCTb ,meprHii ypoaHeii C orornaKOBbIMH Ha6opaMH KBaHTOBbIX 

trncen HMeeT cne,n;yrom11ii BH,D;: 

2 
5 5 Af 

6.W "' - A + -· B 
2P3/2 - 2S1/2 4 f 8 Af +µ5 0 

(18) 

2 
5 5 N.( 

6.W · - -A - - B 
2P 1/2 - 2S1/2 - 4 f 8 A f + µ6 0 

(19) 

lli (18) H (19) CJieAyeT, trro npH µ 6BO ➔ 00 

1 1 5 
6.W2P 2S =W2P (mJ·=--2 )-W2s (mJ•=+-2) .. +-4Af .(20) 3/2 - 1/ 2 3/2 1/2 

3HepreTWiecKHH 3a3op Me)I()];y cocro.RHIDIMH 2P112 11 2P
312 

1 · 1 5 
A2 

( 

6.W =W (m. =-..:_)-W p (m.=+-) .. +-
2P3;2 -2P1;2 2P3/2 J 2 2 1/2 J 2 4 B 

µ6 0 

(21) 
npH yaeJIH'leHHH nomI Bo CTpeMHTCH K Hynro. 

Han111111e nocTOHHHoro no BeJIWIHHe 3HepreT1111ecKoro 3a3opa Me)I()];y 

COCTOHHIDIMH 2P112 H 2S112 B COOTBeTCTBHH c (20) npe,n;CTaBJIHeT cpH3H

llecKHH HHTepec, 1160 B 3THX COCTOHHIDIX B03MO,KHbI BhIHy)I()];eHHbie nepexo

,ll;bl C O,ll;Horo 3HepreTWieCKOro YPOBHH Ha ,n;pyroii He C noMOI.QI,IO MarHHTHO

ro nOJIH, a ,n;pyrHM cnoco6oM, HanpHMep H3MeHeHHeM BO BpeMeHH TeMnepa

TYPbI, o6yCJIOBJieHHOH KOHcpopMauHOHHbIMH Kone6aHHHMH noBepXHOCTH 

H 06-beMa :lKHBbIX KJieTOK. 

8 

BechMa Ba:lKIIO HMeTb npe,n;craaneHHe o apeMeHax :lKH3HH ao,n;opo,n;ono

,n;o6HhIX npHMeCHbIX aTOMOB. 

Bo3MO:lKHOCTb o6pa30BaHHH npHMecHoro ueHTpa co CBOHM apeMeHeM 

:lKH3HH onpe,n;em1eTCH B o6meM cny11ae JIOKaJIH3aUHeii 3JieKTpoHa Ha aKuen

TOpHoM HJIH ,ll;OHOPHOM ypoBHHX. B llaCTHOCTH, eCJIH 3TOT npouecc npOHCXO

,ll;HT 3a ClleT TenJIOBOH 3HeprHH peIIIeTKH, TO OH HMeeT cpnyKTYaUHOHHbIH 

xapaKTep. 

B 3TOM. cny11ae ero BepoHTHOCTb, OTHeCeHHaH K e,ll;HHHUe BpeMeHH, 

paaHa 141 

Wa,g /k'l' 
p = p / (e -1) , (22) 

0 

r,n;e W a HnH g onpe,n;eJIHeTCH rny6HHOH JIOKaJibHOrO npHMeCHOro YPOBHH OT

HOCHTeJibHO rpa~HU BaJieHTHOH 30Hbl HJIH 30HbI npOBO,ll;HMOCTH. 

CooTBeTCTByromee apeMH 
0

:lKH3HH ,ll;blpOK Ha aKuemopHOM ypOBHe HJIH 

3JieKTpOHOB Ha ,ll;OHOPHOM ypoaHe npH TeMnepaType "T" MO:lKIIO OUeHHTb 

H3 Bblpa:lKeHHH 

wag I kT 
t = 1/p = t (e ' -1) 

f 
(23) 

r,n;e t ( = t ( () B COOTBeTCTBHH C Ta6n11ueii H onpe,n;enHeT BpeMH :lKH3HH O,ll;H

HO'IHOro npHMecHoro aTOMa B cpe,n;e C ,ll;H3JieKTpHllecKOH nocTO.IIHHOH f '. 

C YlleTOM 3Toro oueHKy apeMeHH :lKH3HH npHMecHoro aTOMa MO:lKIIO 

c,n;enaTb C noMOIUblO cne,n;yromero OTHOIIIeHHH: 

W /kT 
tf = tE5 (e a,g -1) • (24) 

CorJiaCHO npoae,n;eHHblM HCCJie,D;OBaHHHM 151 ,ll;JIH o6pa30BaHHH cao6o,n;

HbIX HOCHTeJieii 3apH,n;a B ™K Heo6xo,n;ttMa aKTHBaUHH OKOJIO 0,20 3B. 

B To :lKe BpeMH paclleTbI 3HepreTHllecKHX 30H ,IJ;HK, paccMaTpHBaeMoii KaK 

lffiCTblH nonynpoBO,ll;HHK, MIOT nmpHHy 3anpemeHHOH 30Hbl OKOJIO 4 3B. 

3To ,n;aeT B03MO:lKIIOCTb nonaraTb, trro ,IJ;HK o6na,n;aeT CBOHCTBaMH npHMecHo

ro nonynpoao,n;HHKa. 

TaK, no 3TOMY Bonpocy B pa6oTe /5/ roaopHTCH: " ••• nO-BH,Il;HMOMY' 

Ha,ll;O npHHHTb, 'ITO B ™K co,n;ep:lKaTCH np11MecH, a 3HepreTH'leCKHe YPOBHH 

3J18KTpOHOB 3THX npHMeceii pacnonaraIOTCH Me)I()];y BaJieHTHOH 30HOH H 

30HOH npOBO,ll;HMOCTH" •. 11 ,n;anee: "IlpHMeCHbie ypoBHH, no BCeii BepOHTHO

CTH, o6ycnoBJieHhI co,n;ep:lKaIUHMCH B ™K CTPYKTYPHPOBaHHhIM :lKeJie30M. 

Han111111e 3THX npHMeceii: B ,ll;HK ,ll;OKa3aHO MHOrHMH aBTOpaMH C nOMOI.QI,IO 

Hccne,n;oaaHHH MeTo,n;oM 3IIP". 

YllHThmaH, trro CTPYKTYpa MoneKyn ™K HBJIHeTCH HaH6onee ycroii

trnaoii K nro6oMY THny B03MYIUaIOIUHX B03,n;eiicTBHH, MO:lKIIO nono:lKHTb 
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)Ul.fl nocnenyromttx 01.(eH0K npH 3HeprHH H0HH3al.(HH w a,g"' 0,2 3B, lIT0 HH)K

Hee 3HatJeHHe nH3JieKTPHtJeCK0H Il0CT0.flHHOH ( = 8. 
.[vi.fl Il0JIYlieHH.fl orpaHHtJeHHH Ha tJHCJieHHhie 3HatJeHH.fl € H W a,g II0ilhl· 

TaeMC.fl oueHHTh 3aceJieHH0CTH yp0BHett npH n = 1 H ll= 2 . .[vi.fl 3aceneHH0· 

CTH yp0BHeH, Karna npHMeCHhle aT0Mhl HaxonHTC.fl Ha HH)KHeM ( n = 1) H 

cnenyromeM ( n = 2) YP0BHe, a YCJI0BH.flX TepM0,D;HHaMHtJeCK0ro paBH0Be

CH.fl B C00TBeTCTBHH co CTaTHCTHtJeCKOH MeXaHHK0H 0TH0UieHHe K0HI.(eHT

pauHH aT0M0B Ha nayx JII06bIX yp0BH.flX onpeneJI.fleTC.fl C00TH0UieHHeM 

N2 /N1 =exp(-~W/kT), (25) 

rne ~w- 3HepreTHtJeCKHH 3a3op Me)l(Ay nayM.fl C0CT0.flHH.flMH. 

IlpHMeHHTeJihHO K npHMeCHhlM ueHTpaM ,D;JI.fl w g "'0,20 3B npH ~W= 
/ 

a, 
"'0,15 3B N2 N1 ~2 · 10-3 • 

TaKHM o6pa30M, npH n = 2 B B036ymneHHOM C0CT0.flHHH M0)KeT Haxo

.D;HThC.fl B 3aBHCHM0CTH OT ( < 25 non.fl rrpHMeCHhIX aT0M0B OT HeCK0JihKHX 

.n;ec.flThIX no e,D;HHHI.( rrpoueHT0B OT lIX o6mero tJHCJia. IlpH B3aHMonettCTBHH 

Mll C TaKHM 6oJihllIHM K0JIHtJecTB0M aT0M0B (10 9 - 1010 ) H3·3a 6oJibllIOrO 

apeMeHH )Kff3HH 2S1/2 ·C0CT0.flHH.fl B03M0)KHQ HaK0IIJieHHe 3HeprHH (CM. /6/) 
c nocnenyromHM nepeX0,D;0M B C0CT0.flHHe 1S1/2. 

B l.(eJI0M K0HI.(eill.(H.fl npHMeCHhlX aT0M0B B )KHBbIX KJieTKax KaK pe

uemopoB Mll I103B0JI.fleT C,D;eJiaTh cnenyromHe BhIB0nh1: 

1. IlpH ,D;H3JieKTpH11ecKOH IlOCT0.flHHOH ( = 8 B Il0CT0.flHH0M rMrr npH 

Bo > 0,2 re pacmermeHHe 3eeMaH0BCKHX 3HepreTHtJeCKHX ypoBHeH M0)KH0 

paccMaTpHBaTh, KaK B "CHJihHOM" Mll. IlpH 3T0M op6HTaJibHOe KBaHT0B0e 

tJHCJI0 me "' ±1 CTaHoBHTC.fl "xopoUIHM" t{HCJI0M. C q>H3HtJecKOH T0tJKH 3pe

HH.fl 3T0 03HatJaeT BhI.D;eJieHH0CTh op6HThl 3JieKTP0Ha npHMeCH0ro aToMa 

B IlJI0CK0CTH, nepneH,D;HKYJI.flPHOH OCH KBaHT0BaHH.fl, no HanpaBJieHHIO BeKT0· 

poa HHnYKUHH rMrr. 
2. IlpH ( > 8 HMeeT MecTo nepecetJeHHe 3eeMaH0BCKHX 3HepreTHtJeCKHX 

ypoaHeH, Karna pa3H0CTh HX 3HeprHH B C0CT0.flHH.flX 2P H 2S o6pamaeTC.fl 

B HyJih. B 0KpeCTH0CTH 3THX T0tJeK B03M0)KHbJ MarHHT0,D;Hil0JihHhie rrepexonhl 

no.n; neli:CTBHeM BapHal.(HH rMrr c aMilJIHTYAOH ~ 3 · 10 -6 TJI. 

,UpyrHe MarHHT0AHil0JihHhie nepexo.n;hI B03M0)KHbJ B cnenyromHX CJIY· 

tJa.flX: 

1 1 1 1 · 2P 312 (me=-1,m8 =+2 ,mJ =-2 ) ➔ 2S 112 (me=0,m 8 =+2 ,mj=-1r), 

l 3 1 1 ) 2P 312 (me =-1,ms =-2 ,mj =-2 ) ➔ 2S 112 (me =0 ,ms =-2 , m J =-2 , 
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2P112 (me =+l, m
8 

=- ~, mj =+ i) ➔ 2S 112 (me =0, ms=- i, mj =- i) 
3. Onpe.n;eneHHe MHHHMaJihHoro 3HatJeHH.fl ~BMHH.,IlPH KOT0p0M ocymecr

BJI.fleTC}l B3aHMO,D;eHCTBHe Mll C 6HOJIOrHtJecKHMH 061,eKTaMH, HMeeT 60Jih· 

llI0e 6Hoq>H3HtJecKoe 3HatJeHHe H M0)KeT paccMaTpHBaThC.fl HapH.n;y C 3KCne

pHMeHTaJihHhlM onpe.n;eJieHHeM apeMeHH )KH3HH 2P -H 2S -COCTO.flHHH npHMec

HhIX aT0M0B KaK 0CH0Ba AJI.fI nocrpoeHH.fl MO,D;eJieH B03M0)KH0rG ynpaane

HH.fl BO apeMeHH npoueccaMH, K0T0phie MoryT npottcxonHTh B )KHBhIX KJieT• 

Kax H HX CHCTeMax. 

4. HecMoTpn: Ha TO, tJTO rroJiytJeHHbie B pa60Te pe3yJihTaThl H0C.flT KatJeCT

BeHHhlH xapa1crep, 0HH MoryT CJIY)KHTh OCHOBOH )Ul.fI BhI6opa napaMeTp0B 

Mll, K0T0pbie 6y,nyT HaH6onee 3q>q>eKTHBHhIMH rrpH peUieHHH 3aAatJ, B03HH· 

KaromHX B MarHHT06HoJiorHH. 
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