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1 • ny4KH nony4aeM~X Ha YCKOPHTenHX nonHpH30BaHH~X M~OHOB 

B HaCTOH~ee BpeMH Aa~T HOB~e B03MOmHOCTH AflH HCCfleAOBaHHH CBO~CTB 
KOHAeHcHposaHHo~ <jla3bl se~ecTsa /1·2/. B 3KcnepHMeHTe o6~4HO Ha6n~
AaeTcH 3aBHCHMOCTb OT speMeHH cnHHOBO~ nonHpH3a4HH M~OHOB, oc
TaHOBHBWHXCH B HccneAyeMoM o6paa4e. OnHc~sa~~aH 3TY aasHCHMOCTb 
<llYHK4HH penaKCa4HH G(~ s paanH4H~x cny4aHx MomeT 6~Tb CBH3aHa 
C <jlH3H4eCKHMH BenH4HHaMH, xapaKTepH3Y~~HMH CBO~CTBa cpeA~ H npo-
4eCCbl, npOHCXOAH~He B He~. 0AHO~ H3 TaKHX BeflH4HH HBflHeTCH K03<jl

$H4HeHT AH<ll$Y3HH nonomHTenbHbiX M~oHos IL+ s peweTKax paanH4HbiX 
MeTannos. MexaHH3M~ AH<1J~Y3HOHHOro ABHmeHHH M~OHa HCCfleAY~TCH 
B 3aBHCHMOCTH OT 3neMeHTHOrO COCTaBa o6pa34a, 4HCna npHMeCe~ 
B HeM H OT TeMnepaTypbl, K HaCTOH~eMy BpeMeHH B 3TO~ o6naCTH Ha

KOnneH~ MHOr04HCneHH~e H pa3H006pa3H~e AaHH~e, HaWeAWHe OTpame

HHe s o6aope 121• TaM me o4ep4eHbl <jlH3H4eCKHe npeACTasneHHH, Hc
nonbayeMble AD HeAaBHero speMeHH AflH HHTepnpeTa4HH 3KcnepHMeHTOB 

no M~OHHO~ AH<ll$Y3HH. Ha HX ocHose 4aCTb 3KcnepHMeHTanbH~x AaHH~x 
nony4Hfla KOflH4eCTBeHHOe 06bHCHeHHe, OAHaKO HeKOTOPble AaHH~e, 
OCo6eHHO B o6naCTH HH3KHX TeMnepaTyp, He nOHHTbl noKa YAOBneTBo
pHTenbHO Aame Ha Ka4eCTBeHHOM yposHe. B 4aCTHOCTH, 3To oTHOCHT
CH K <jlaKTY 5~CTporo ABH~eHHH M~OHOB, BnnOTb AO 04eHb HH3KHX TeM
nepaTyp, B 4HCTOM an~MHHHH /S-4/, a TaKme K HH3KOTeMnepaTypHbiM 

OCo6eHHOCTHM M~OHHO~ penaKCa4HH B MeAH /5,6/. 04eBHAHO, Tpe6yeTCH 

paCWHPHTb Kpyr npHBneKaeM~X npeACTasneHH~. 

TaK, s HeAaBHHX pa6oTax 17•81 yKa3biBanocb Ha To, 4TO aaMeT
H~~ BKflaA B HBneHHe KBaHTOBO~ AH~<jly3HH H B006~e B KapTHHy CnHHO

BO~ penaKCa4HH M~OHOB MoryT AaTb ero B036YmAeHHble MeTaCTa6Hnb
H~e COCTOHHHH /M,C,/ B peweTKe MeTanna. M.c. 3anonHH~TCH B npo-
4eCCe TepManH3a4HH M~OHOB s o6pa34e. EcnH ~e speMH mH3HH TaKHX 
COCTOHHH~ T MC cpaBHHMO C speMeHeM mH3HH TIL,. 2 •1 0-S C M~OHa 
HflH MeHbWe era, 3TH COCTOHHHH AOflmHbl 6b1Tb C He06XOAHMOCTb~ npH
HHT~ BO BHHMaHHe npH aHanH3e noBeAeHHH M~OHOB B HCCfleAyeMO~ 
CPeAe. non~TaeMCH KOPOTKO oxapaKTepH30BaTb B03MOmH~e M.C. M~OHa 
B peweTKe MeTanna, a TaKme paCCMOTPHM $H3H4eCKHe npH4HHbl, o6yc
flOBflHBa~~He HX cy~eCTBOBaHHe. 

2. npemAe scero, cornacHo 171 M~oH, aaMeAnHBWH~CH AD Tenno
s~x CKOpOCTe~, MOmeT 3aHHTb COCTOHHHe, ycnOBHO Ha3BaHHOe 11CBQ-
60AH~M11, 4T06~ OTflH4HTb ero OT nonHpOHHOrO - 3aXBa4eHHOrO peweT
KO~ COCTOHHHH, nocneAHee, npH AOCTaT04HO~ CHne M~OH-<jlOHOHHO~ 

CBH3H, 6onee B~rOAHO, OAHaKO MomeT 6~Tb OTAeneHO OT nepsoro 
3HepreTH4eCKHM 6apbepoM, 3axsaT M~OHa noTeH4HanbHO~ HMO~, KQ
TOPO~ AflH Hero HBnHeTCH Me~AOY3flHe peweTKH, MomeT nH60 B006~e 
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He npOH30~TH, nH60 npOH30~TH C BpeMeHHO~ 3aAepmKO~ (-rMC ), He-
06XOAHMO~ AnR npeoAoneHHR 6apbepa, OTAenRIOIJ.Iero ''ceo6oAHOe

11
, He

nonRpHoe,M,c. OT CTa6HnbHaro, nonRpHoro, COCTORHHR. 
Ae~CTBHTenbHO, H3BeCTHo, 4TO noTeH~HanbHaR RMa paAHyca a 

H rny6HHO~ V CMOmeT o6pa3oBaTb CBR3aHHOe COCTORHHe AnR 4aCTH~~ 
MaCCbl m, eCnH TOnbKO 

/1/ 

H3 /1/ cneAyeT, 4TO 3aXBaT MIOOHa B MemAOY3nHe B03MOmeH, ecnH V 
H a HMeiOT eenH4HH~ B~We HeKOTOp~X KpHTH4eCKHX 3Ha4eHH~. 3TH 
3Ha4eHHR MOryT 6~Tb AOCTHrHYT~ B pe3ynbTaTe noKanbHO~ nOACTPO~KH 
peweTKH, npOHCXOARIJ.Ie~ nyTeM paCWHpeHHR nOAXOARIJ.Iero MemAOY3nHR. 
TaKaR nOACTPO~Ka, RBnRIOIJ.IaRcR nepBbiM 3TanoM e o6pa30BaHHH nonR
poHa, Tpe6yeT 3aTpaT~ 3HeprHH w Ha ynpyry~ Ae~opMa~HIO peweTKH 
H, TaKHM o6pa3oM, cBR3aHa c npeoAoneHHeM noTeH~HanbHoro 6apbepa 
eenH4HHo~ w. CornacHo /9/ eepoRTHOCTb TYHHenHpoeaHHR CKB03b Ta
KO~ 6apbep, cna60 MeHRRCb npH HH3KHX TeMnepaTypax, 3aTeM pacTeT, 
nepeXOAR B aKTHBa~HOHHYIO 3aBHCHMOCTb npH AOCTaT04HO B~COKOA TeM

nepaType: 

-1 4w kT < 1 h . 
rMC w exp(--), - w, 

hw 2 
/2/ 

-1 w exp (- ..!!.. ) , kT > .!..h;;;. rMC kT 2 

3AeCb W - xapaKTepHaR $OHOHHaR 4aCTOTa. 
Ha cneAYIOIJ.IeM 3Tane, npH AOCTaT04HOA CHne MIOOH-$OHOHHOA CBR3H, 

so3MOmHo AanbHe~wee pacwHpeHHe AaHHoro MemAOY3nHR H noHH>KeHHe 
3HeprHH MIOOHa C o6pa30BaHHeM C06CTBeHHOrO nonRpHoro COCTORHHR, 
3TOT npo~ecc HAeT 04eHb 6~CTPO B MaCWTa6ax BpeMeHH r 11 • ''Cso6oA
Hoe" M.c. H 3Tanbl o6pa3oBaHHR nonRpoHa noKa3aH~ Ha pHc.1: a/ t=O; 
IL+ HaXOAHTCR B 11 CB060AHOM11 KorepeHTHOM COCTORHHH, ABHraRCb B HC
XOAHOA 30He WHpHHOA J; MemAOY3nHe npeACTaBnReT AnR Hero RMY 
rny6HHoA V. 6/ t >r , s pe3ynbTaTe noKanbHoro pacwHpeHHR MemAo-

- MC y3nHR rny6HHa RM~ V npes~cHna KPHTH4eCKYIO Vc, noRBHnCR noKanb; 
H~A ypoBeHb £ ', OTBe4aiOIJ.IHA CBR3aHHOMY B MeM\AOY3nHH COCTORHHIO IL • 
B/ t > r + !H (Llt << T ) , o6pa30BanOCb CBR3aHHOe nonRpHOe COCTOR-

- MC - IL - -HHe IL+ C 3HeprHeA £; yposeHb £ pa3MbiT B Y3KYIO 30HY J << J • 
CneAyeT nOA4epKHYTb, 4TO 11 CB060AHOe 11 ABHmeHHe MIOOHa RBnReTCR 

KorepeHTH~M COCTORHHeM B 30He, OAHaKO WHPHHa nocneAHeA J MHOro 
60nbwe nonRpOHHOA j , cymeHHoA 3a C4eT B3aHMOAeAcTBHR C ¢oHOHa
MH, 04eBHAHO, 4TO Heo6XOAHMbiM ycnoBHeM CYIJ.IeCTBOBaHHR TaKoro KO
repeHTHOrO COCTORHHR RBnReTCR B~nOnHeHHe ycnOBHR 
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PHc,l. a/ "Cso6o,o;Hoe" MeTacTa-
6HnbHoe COCTOHHHe MIDOHa B pe
meTKe MeTanna; 6/ ,s/ 3TaiTbi o6-
pa3oBaHHH ITOJIHpOHHOrO COCTOHHHH 
/CM, TeKCT/, 

Ha6niOAaeMbiM cneACTBHeM 6biCTporo 
ABH>!<eHV!R MIOOHa B 11 CB060AHOfi 11 

30He RBnReTCR ManaR CKOPOCTb 
penaKca~HH A. C noBbiWeHHeM T 
COrnaCHO /2/ BpeMR mH3HV1 M,C, 
yMeHbWaeTCR,H B pe3ynbTaTe 
AOn)i(HQ paCTV1 ,\, 

0TMeTHM TaKme, 4TO HanH4He 
HeperynRpHocTeA s peweTKe cno
co6cTsyeT noKanH3a~HV1 sonHosofi 
$YHK~HH MIOOHa H, KaK cneACTBHe, 
yMeHbWeHHIO HHTepsana HH3KHX TeM
nepaTyp, rAe "cso6oAHoe" M,c, 
MOmeT AaTb Ha6n10AaeMbiA BKnaA 
B KapTHHy CnHHOBOfi penaKca~HV1, 

3. M.c. V1Horo THna AnR MIOOHa s MeTanne o6ycnosneHo cnomHoA 
CTPYKTypofi ero peweTKV1, TaK, MeTann~ c KY6V14ecKofi peweTKOA V!MeiOT 
MemAOY3nHR /VInH nOpbJ/ ABYX COPTOB: C OKTa3APH4eCKOfi H TeTpa3APH-
4eCKOA CVIMMeTpHe~ pacnono~eHHR 6nHmaAWHX K MIOOHY aTOMOB MeTan
na, 3HepreTV14eCKH 6onee BblrOAHbiM AnR MIOOHa RBnReTCR, KaK npaBV1no, 
nonRpOHHOe COCTORHV!e B MemAOY3nHRX $V1KCHpOBaHHOA CHMMeTpHH, CKa
~eM, OKTanopax, 0AHaKO He HCKnl04eHO CyiJ.IeCTBOBaHV1e nonRpOHHOrO 
YPOBHR V1 B Me~AOY3nHH HHOA CV1MMeTpHV1, 3TOT 6onee Bb1COKV1fi MeTaCTa-
6HnbHbiA ypoBeHb MOmeT OTBe4aTb KaK noKanH30BaHHOMy, TaK H Heno
KanH30BaHHOMY COCTORHV110 MIOOHa B nOnRpOHHOA 30He, nocneAHHA cny-
4a~ HCCneAOBancR, K npHMepy, B pa60Te/1Q/, 

M.c., B~3BaHH~e cnomHo~ cTpyKTypoA peweTKH MeTanna npHsne-
- /8/ , 

KanHCb B HeAaBHeH pa6oTe C ~enbiO HHTepnpeTa~VIH HH3KOTeMne-
paTypHbiX 3KcnepHMeHTanbH~X AaHHbiX AnR MeAH, V1MeiOIJ.Ie~ ruK peweTKy, 
AnR 3Toro MeTanna HaAemHo ycTaHosneHo, 4To s HHTepsane 5K<T<80K 
cKopocTb cnHHoso~ penaKca~HV1 A nocToRHHa, a 4V1cneHHoe 3Ha4eHHe 
A =A o cornacyeTcR c senV14HHo~, OTBe4aiOIJ.Ie~ MIOOHY, noKanV130BaH
HOMY s OKTanope Ill!. 0AHaKo npH T < SK snnoTb AO T .. O,SK Ha6ni0-
Aanocb naAeHHe A AO 3Ha4eHHR A 1 .. 0,6A0 , KOTopoe ocTasanocb 
nocTORHH~M npV1 6onee HV13KHX TeMnepaTypax 151. TaKoMy $aKTY AaH~ 
pa3nV14H~e Ka4eCTBeHHble TonKoBaHHR: nV16o c noHV1meHV1eM T BKnl04aeT
CR MeXaHV13M KOrepeHTHOro nonRpOHHOrO ABVI>!<eHHR nO OKTanopaM/5/, 
nH6o 3To pe3ynbTaT anHRHHR Manoro 4V1cna npHMeceA 8 o6pa 3 ~e/61, 
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n~6o 3TO cneACTB~e ysen~4eH~H speMeH~ m~3H~ M,C, M~OHa B TeTpa
nopax18~ Ao6aB~M 3Aecb, 4TO noAXOAR~~M~ AnR MeA~ MoryT 6~Tb 
~ M,C, B 11CB060AHOH 11 30He, 

0TMeT~M, 4TO B03MOmH~e M,C, B MeA~ He np~H~Man~Cb BO BH~Ma
H~e np~ o6bRCHeH~~ A~$$Y3~~ M~OHOB, Ha6n~AasweHCR np~ T>80K. 
C4~TaeTCR ycTaHosneHH~M 1 11 1, 4TO s 3TOH o6nacT~ TeMnepaTyp s Me
A~ MIOOH AB11meTCR KBaHTOBbiM o6pa30M MemAY OKTanopaMI-1 3a C4eT He
KorepeHTHoro np~mKosoro MexaH~3Ma. AnR 4aCTOTbl v TaK~x npblmKoB 
s 1111 6~n HaHAeH aKT~Ba~~OHH~H 3aKOH 

Ea 
v = v

0 
exp(- kT ) , 131 

rAeEa I-500KI ~HTepnpeT~posanacb KaK 3Hepr~R aKT~Ba~~~,Heo6xo
A~MaR MIOOHY AnR nonRpOHHOH AeQOpMa~~~ COCeAHeH OKTanopbl, Ben~-
4~Ha v0 l-10 8c-1 I np~ 3TOM onpeAenReTCR 4acToToH noKanbH~x Ko
ne6aH~H MIOOHa ~ npo3pa4HOCTbiO noTeH4~anbHoro 6apbepa, pa3AenHIO
~ero ABe coceAH~e OKTanop~. 

4. EcTecTseHHO, 4TO M.c. oco6eHHO RpKo npoRBnRIOTCR s o6na
CT~ H~3K~X TeMnepaTyp, rAe speMR ~X ~~3H~ MO~eT OKa3aTbCR cpas
H~MbiM c sen~4~HoH '1.1 2.10-6 c ~n~ 6onbwe ee, T.e. 

T MC::: T J.L 141 

B npeAene, o6paTHOM 141, T.e. np~ 

151 

MIOOH, nonaB S M,C., 04eHb 6~CTpO nepeXOA~T S CTa6~nbHOe COCTOR
H~e, KoTopoe npaKT~4eCKH ~ onpeAenReT penaKca~HIO ero cnHHa. DA
HaKo npeHe6pe4b Bn~RH~eM TaK~X 6WCTPO pacnaAaiO~HXCR M,C, MO~HO 
n~wb npH AOCTaTo4Ho H~3K~x T. Ae~cTs~TenbHo, sepoRTHOCTb 'ME 
nepeXOAa B eAHH~~y speMeH~ ~3 M,C, S CTa6HnbHOe COCTORH~e CBR-
3aHa C sepoRTHOCTbiO ,-1 o6paTHblX nepeXOAOB B M,C, COOTHOWeH~-

c 
eM AeTanbHoro 6anaHca 

-1 -1 ( ,:\,. £) 
r "' r exp -- , 
c MC kT 

rAe tJ.£ - pa3H~~a 3Hepr~~ 3T~X COCTORHHH, 
MOmHO O~~AaTb ~ 6onbWOrO 3Ha4eH~R 4aCTOT~ 
TOnbKO sen~4~Ha r;1 AOCT~rHeT 3Ha4eH~R 

161 

np~ 6onbWOH 4aCTOTerMC 
r~ 1 . A HMeHHO, KaK 

171 

~ npeB~C~T ero,nepeXOAbl ~3 CTa6~nbHOrO COCTORH~R S M,C, CMoryT 
OKa3aTb 3aMeTH~H BKnaA B A~O~Y3~0HHOe ABH~eH~e MIOOHOB, np~ 3TOM 
A~~$Y3~R CMO~eT npo~CXOA~Tb He TOnbKO nocpeACTBOM npRMOrO TyH
Hen~posaH~R MIOOHa Me~y COCeAH~M~ 3KB~saneHTH~M~ Me~AOY3n~RM~, 

4 

HO ~ nocpeACTBOM HenpRM~X nepeXOAOB C M.C, B Ka4eCTBe npOMemy
T04HOrO COCTORH~R. 

K np~Mepy, paCCMOTp~M Ha 3TOH OCHOSe AaHH~e no A~~$Y3~~ M~o
HOS s MeA~. CpasH~SaR 131 ~ 161, nony4~M r;J= v 0 -10 8c-1 

~ t.£ = E a- 50 0K, 4TO He npoT~sope4~T MOAenbHblM 04eHKaM sen~4~H 
(ME ~ ,:\,.(. no3TOMY' Ha Haw S3r nRA' s np~H~~ne He ~CKn~4eHa 603-
MO~HOCTb npo~HTepnpeT~posaTb A~~~Y3~10 MIOOHOB S MeA~ np~ T >80K 
Ha ocHose MexaH~3Ma HenpRM~x nepeXOAOB. 5onee Taro, siS! npeA
no~eHa MOAenb, SKnl04aiO~aR M,c., cornaCHO KOTOPOH 4aCTOTa 'ME 
cna6o MeHReTCR np~ T > 80K ~ naAaeT AO 3Ha4eH~H rM"J < r; 1 np~ 
T < 5K, 4TO no3sonReT eA~Hoo6pa3HO o6bRCH~Tb cosoKynHoCTb AaH
H~x no MeA~ so seeM ~ccneAosaHHOM ~HTepsane TeMnepaTyp~. 

5. AeTan~3~pyeM coo6pa~eH~R, c¢opMyn~posaHH~e s npeAWAY~eM 
nyHKTe. AnR onpeAeneHHOCT~ 6yAeM paccMaTp~saTb cny4aH, ~3o6pa

~eHH~H Ha p~c.2, rAe cxeMaT~4eCK~ noKa3aH noTeH~~anbH~H penbe~ 
~ nono~eH~e KSaHTOSWX ypOBHeH AnR MIOOHa S MeTanne C Ky6~4eCKOH 
peweTKOA, nycTb H~~H~H yposeHb ~ 1 OTSe4aeT noKan~30BaHHOMY co
CTORH~IO M~OHa S OKTanope, a sepXH~H, MeTaCTa6~nbH~H, ~2 - S TeTpa-
nope, 

PHc. 2. KaaHTOBbie rrepexo,[lbi 
MIOOHa MeJK,ll;Y ITOJIHPOHHbiMH 
COCTOHHHHMH B peweTKe Me
TaJIJia. 

4acToTa nepexoAa w
1
j c ypos

HR i Ha yposeHb j I i , j = 1 , 21, 
eoo6~e rosopR, onpeAenReTCR ae
n~4~Ho~ MaTpH4Horo 3neMeHTa Jij 
lnepeHOpM~POBaHHOrO 3a C4eT MIOQH
~uHUHHUIU S3a~MOAe~CTB~R/ TaKara 
nepexoAa, a TaK~e TeMnepaTypo~ 

ace~ c~cTeM~. B nepsoM_noPRAKe 
TeOpH~ S03My~eH~R no J !j ~Me-

eM /9/ 
- 2 IJ1i I 

wij - h2 fij (T)' 181 

3AeCb f ij {T)- pacTy~aR $yHK~HR 
TeMnepaTyp~, B~A KOTOPO~ A~KTy

eTCR MOAenbiO, 

nocKonb KY r~- w21 ,a f 21 (T .... 0) = const , To ~3 181 cneAyeT, 4To 
6onbW~e 3Ha4eH~R 4aCTOTbl r;J >>r;1 MOryT 6biTb AOCT~rHyTbl n~60 
c pocToM TeMn~paTyp~, n~6o np~ n106~x TeMnepaTypax, ecn~ MaTp~4-

HbiH 3neMeHT IJ 21 1 AOCTaT04HO sen~K. 4acToTa w 12 cornacHo 181 
TaK~e paCTeT C T ~ CSR3aHa C w21 COOTHOWeH~e~1 AeTanbHoro 6a
naHCa 

I € 1 -! I 
w = w exp (- 2 

) • 
12 21 kT 191 

Ecn~ ~e MaTp~4H~H 3neMeHT npRMoro nepexoAa 1~ 1 I Me~AY OKTanopa
M~ Hesen~K, TaK 4TO AOCT~raeTCfl w12 »w 11 , TO ~MeHHO npo~eCCbl 
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B036YmAeHH~ M~OHa B 
B COCeAH~~ OKTanopy 
Ke MeTanna. EcnH me 
~T OAHOBpeMeHHO, 

M.c. H ero nocneAy~ero 6~crporo nepexoAa 
~ 6YAYT onpeAen~Tb AH¢¢Y3H~ M~OHOB no pewer
w12 -w11 , To o6a THna nepexoAOB cy~ecrsy-

6. BbiBeAeM ¢YHK1..1H~ 'a(t) nonepe4HO.:i cnHHoso.:i penaKCal.IHH M~OHOB 
B cny4ae, KOrAa AH¢¢Y3H~ npoHCXOAHT nocpeACTBOM Henp~M~X nepe
XOAOB, 

nycTb ¢YHK1..1H~ ga~) /a= 1,2/ onHcwsaeT nonepe4HY~ cn~Hosy~ 
penaKCal.l~~ MIOOHOB, HaXOA~~HXC~ B COCTO~H~H a • Ecn~ a = l, TO 3TO 
noKanH30BaHHOe COCTO~HHe Ha HH~HeM ypOBHe B Memy3enbHOH nope 

H g 1(t) = exp(- ~ u~t 2), rAe u ~- WHPHHa rayccosa pa36poca AHnonb

H~x MarHHTHbiX none.:i, xapaKTep~3Y~~~x AaHHoe MemAOY3nHe. EcnH 
a = 2, TO 3TO M, C., THn KOToporo, a TaKme B~A g (t) 3AeCb He 
KOHKpeTH3Hpy~TC~. 2 

QyHKI..IH~ 'a(t) MO>XeT 6b1Tb nony4eHa B paMKaX TaK Ha3biBaeMOH 
MOAenH 11 C~nbHWX CTOnKHOBeHHH 11

, npeAnomeHHOH An~ on~caH~~ Cn~
HOBOH penaKca l.IH~ M~OHOB B pa6oTe /121, npH 3TOM HaM Heo6XOA~MO 
HecKonbKO o6o6~~Tb pe3ynbTaTw 11 2~ nocKonbKY 3AeCb nonaraerc~, 
4TO AH¢¢Y3H~ M~OHa npOHCXOA~T He C OAHOH, KaK s/12~ a C ABYM~ 
xapaKTepH~MH CKOPOCT~MH: v 1 - 4aCTOTO~ noK~AaHH~ H~mHero co
CTO~HH~, v 2 - 4acroro.:1 noK~AaHHA M,c. Hanp~Mep, An~ cny4a~, 

paCCMOTpeHHOro B npeAWAY~eM nyHKTe, np~MeHHTenbHO K ruK peweTKe 
HMeeM 

/10/ 

3AeCb 8 - 4Hcno rerpanop, 6nHma.:iw~x K AaHHo.:i OKTanope, 4 - 4Hcno 
OKTanop, 6nHmaHWHX K AaHHOH TeTpanope, 

YcnOBHMC~, 4TO B pe3ynbTaTe TepManH3al.IHH K Ha4anbHOMY MOMeH
Ty BpeMeHH t = 0 4aCTb MIOOHOB OKa3anacb B COCTO~HH~ a. TarAa CI>YHK
l.IH~ aa~). onMc~sa10~a~ penaKcal.IMIO nonepe4HOH non~pM3al.IMM 3To.:1 
4aCTH MIOOHOB, OnpeAen~eTC~ BKnaAaMH OT Tex M3 HMX, KOTOp~e He 
cosepwMnM np~mKa s APYroe cocro~HMe K MOMeHTy t /sKnaA lf0{t) 1, 
COBepWMBWMX OA~H np~mOK (g~) (C)), ABa npw~Ka (g(~(t)) M l.A/12/: 

a a (t) 

An~ Taro, 4T06bl onpeAenMT b BHA QYHKI..IMM 
TenbHYIO CI>YHKI..IMIO qa (t) = exp(-va t) ga (t), 
/11/ 3anMWYTC~ cneAYIO~MM o6pa30M: 

g (0) (t) 
a 

= q (t) • 
a 

g (1) (t) 
a 

t 
I dt' q (t - t' > v q (t, > , 

0 
b a a 

6 

/11/ 

(n) ( g a t) , BBeAeM scnoMora-
TorAa nepswe 4neH~ P~Aa 

l 
t t ,, 

g (2) (t) 
a [ dt" r dt'qa (t- t")vb qb(t"- t')v q (t')' 

0 o a a /12/ 

npM4eM, ecnM a = l, To b = 2 M Hao6opor. 
~n~ onpeAeneHHOCTM aanMweM o6~ee cooTHOWeHMe, c noM~biO Ko

Toporo MomeT 6~Tb nony4eH n-.:1 4neH P~Aa /11/: 

t 
g (n) (t) = 

a 
I dt'q ,(t- t') g (n-l)t ') 

c a \ ' /13/ v 
c 

np~4eM npM n He4eTHOM c =a ~ c' = b; npM n 4eTHOM c = b, c'= a 
(a j,. b) • 

B AanbHe.:iweM 6yAeT McnonbaosaHa raKme ct>YHKI..IMA g (n) (t) , 
KOTOPYIO onpeAenMM nocpeACTBOM /12/, /13/, rAe cneAy~T nonomMTb 
a:b= C=C'=l, T,e, 

g {n) (t) = g ~) (t) npM a = b = c = c' = l . /14/ 

Ecn~ npeAnonomMTb, 4TO non~ se~ecrsa cronb cna6we, 4TO orcyr
crsyer penaKCal.IMA, T .e. g a,b (t) = l, To ct>YHKI..IMA g~l (t), onpe
AenAeMaA /12/, /13/, cnaAaer c sepoATHOCTbiO p(n) (t) TaKoro co-
6WTMA, 4TO MIOOH, Ha4aB M3 COCTOAHMA a, K MOMeHty t COBepWMT pos
HO n npbi>KKOB: g(n) (t) = p(n) (t) • npM 3TOM PAA I 11 I 6e3 TPYAa cyw 
MMpyeTCA M nonyaaeTC~ H~06XOAMMW~ pe3ynbTaT; 

G (t) = 1 /nniA a rn _ 1 I .. ..... a,u 

MMeiO~~H 3AeCb CM~Cn CBOeo6pa3HOro ycnoBMA HOPMMPOBKM. 
nycTb p (0)- AOnA HIOOHOB, 3anonHMBWMX B pe3ynbTaTe TepMa

a 
nM3al.IMM COCTO~HMe a (p 1 (0) + p 2 (0) = l ). TorAa Ha6n10AaeMa~ CI>YHKI..IMA 
penaKCal.IMM 6yAeT MMeTb BMA 

a (t) = p 
1 

( 0) G 
1 

(t) + p 
2 

(0) G 
2 

(t) • I 1 5/ 

Bwpa~eHMe /14/, c y4eToM /11/-/13/, onMcwsaer penaKCal.IMIO MIOOHOB 
B WMPOKOM MHTepsane TeMneparyp npM nl06biX 3Ha4eHMAX napaMeTpOB 
v1,2 · B o6~eM cny4ae xapaKrep 3aBMCMMOCTM /15/ Momer 6b1Tb npo
aHanM3MposaH 4MCneHHO, 0AHaKO B pa3nM4HbiX npaKTM4eCKMX cny4aAX 
¢YHK1..1MA /15/ MOmeT 6WTb CBeAeHa K cpaBHMTenbHO npOCTOMY BMAY· 
PaccMOTPMM 3T~ cny4aM: 

a/ np~ T < T 1 cy~ecTBYIOT AOnrO>t<MByUjMe M,C., T.e. v2 rJ.I. << l; 
ct>aKTM4eCKM 3To 03Ha4aer, 4To v 1,2 • 0 M s PRAY I 11 I cneAyer y4eCTb 

nMWb HyneBble 4neHbl gi~~ (t): 

a (t) = p ( 0) exp (- ..!. a 2 t 2) + p 2 (0) g 2(t) • 
1 2 1 /16/ 

6/ c nosblweHMeM T 
v2 r J.l. - l, v1 r J.l. ., 0; npM 

s HeKoropoM MHTepsane T 1 < T < T2 nony4MM 
3TOM BKnaA B /11/ AaiOT TOnbKO 4neHbl gf~d(t) 
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V1 g (1) (t) : 
2 

G(t) ~ p 1 (0) exp(- ~ ai t2) + p 
2 

(O) g 2 (t) exp(-v2 t) + 

t 

+ p2 (0) v2 r dt' exp[- ~ a~ (t- t') 
2

- v2 t'] g2(t) 
0 

1171 

sl np1-1 T 2 < T < T 3 MoryT 6biT b AOCTV1 rHyTbl T aKV1e 3Ha4eHV1l'l v 2 , 

4TO v2 rll >> l, OAHaKo see ellle v1r =0; np1-1 3TOM $YHK4V1l'l G(t) V1MeeT 
TOT ~e BV1A 1171, KOTOP~~ 3AeCb~AaeTCl'l ynpOCTV1Tb, eCilV1 BOCnOnb-
30BaTbCl'l CileAY~ll\V1M npV16JlV1~eHV1eM: 

np1-16nV1~eHV1e 1181 cnpaseAnV1BO npaKTV14eCKV1 np1-1 scex speMeHax Ha6n~
AeHV1l'l t, nocKOilbKY vi; 1 << 10-6 c. TorAa 

/191 

0TMeTV1M, 4To np1-1 T 1 = 0, 5K, T 2 = 5K, T 3 = 80K pe3ynbTaTbl 1161, 
1171, 1191 Aa~T nOAXOAl'llJIY~ OCHOBY Aill'l o6cl'lCHeHV1l'l HV13KOTeMnepa
TYPH~X OC06eHHOCTe~ B MeAV1/S~ 

r I c AailbHe~WV1M DOC-TOM v 1 n nDV1 T > T n 6vneT DOCTV1rHVT noe
Aen 171, T,e, v1ru ;:1, KOTOPbl~, s c1-1ny v2-rll»l YAaeTCl'l ynpoc
TV1Tb C noMOlJib~ 1181. npV16IlV1~eHV1e 1181 n03BOill'leT B onpeAeneHV1V1, 
AaHHOM Aill'l $YHK4V1~ g(n) (t) (a = 1,2), BblnOilHV1Tb 4aCTb V1HTerpV1posa-

a -1 
HV1l'l 1:!_ DBV1 speMeHax t > v 2 Bb1Pa3V1Tb 1-1x nocpeACTBOM eAV1Ho~ $YHK-
4V1V1 g 1 (t) , onpeAeneHHO~ paHee I 141. nony4V1M Aill'l a = l 

g ~n) (t) = gin) (t) , 

1-1 Aill'l a = 2 

8 

g(O) (t) = 0, 
2 

n = 0, 1, 2, ... , 

1201 

n 1,2, ..... 

0KoH4aTenbHO nony4aeM Aill'l V1CKOMo~ $YHK4V1V1 penaKca4V1V1 (t > v - 1 ) : 
2 

G(t) k p (O) ~ ( g(2n)(t) + g(2n+l)(t)] = 
a= 1,2 a n= 0 a a 

/211 

= v1 oo (n) v1 -
k Pa(O)(l + -) k g 

1 
(t) = (l + -) G(t) 

a= 1,2 v2 n=O v2 

"" - (n) 
G(t) = k g 

1 
(t) • 

n=O 
/221 

$yHK4V1H penaKca4V11-1 1221 no!lHOCTb~ cosnaAaeT c s~pa~eHV1eM, 

no!ly4eHHbiM B pa6oTe I 121 AilH Cily4aH AV1$$Y3V1V1 C OAHO~ xapaKTepHO~ 
4acToTo~ v=~. TaM ~e yKa3~BaeTCH, 4TO s npaKTV14eCKV1X 4ennx 
PHA 1221 Mo~Ho c xopowe~ T04HOCTb~ annpoKCV1MV1posaTb npocT~M 

aHailV1TV14eCKV1M B~pameHV1eM 

2 

G (t) 
a1 -v t 

exp ( - - ( e 1 - l + v
1 

t ) ]. 
v2 

/231 
1 

<!>yHK4V1H 1211, rAe G(t) onpeAe!ll'leTCH c noMOll\b~ 1231, 1-1 AaeT 
on1-1caHV1e penaKca4V1V1 np1-1 T > T3 • KaK BV1AV1M, pe3y!lbTaT 3aBV1CV1T oT 
napaMeTpa a 1 , xapaKTepV13y~ero penaKca41-1~ s HV1~HeM cocTOHHV1V1, 
V1 He 3aBV1CV1T OT BV1Aa g~0 no TO~ npoCTO~ npV14V1He, 4TO AenOill'lPV1-
3a4V1H M~OHOB He ycnesaeT npOV130~TV1 B M.C. npV1 04eHb Ma!l~X TMC. 

no3TOMY pesyilbTaT 1211, 1231 HBilHeTCH AOCTaT04HO 06lJIV1M V1 He sa
BV1CV1T OT TV1na M,C,, y4aCTBY~l!lero B Ka4eCTB€ npoMe*YT04Horo co
CTOHHV1H npV1 AV1$¢Y3V1V1 M~OHOB no peweTKe MeTaililOB. KpoMe Toro, 
nocKOJlbKY ¢YHK4V1H 121 I onpeAeileHa np1-1 t > v21, To AilH Hee Heo6Hsa
TemHo G (t= 0) = l. 

0TMeTV1M, 4TO B nOAXOAHlJIV1X CilY4aHX npocTaH $YHK4V1H 1231 V1C
nO!lb3yeTCH AilH o6pa6oTKV1 nony4aeM~X s 3KcnepV1MeHTe AaHH~x. 
B 4acTHOCTV1, s M€AV1 AilH T > 80K np1-1 TaKOM nOAXOAe napaMeTp v 1 
V1HTepnpeTV1POBailCH, 4TO yme OTMe4a!lOCb B~we, KaK 4aCTOTa npHMbiX 
AV1<1>¢Y3V10HHbiX nepexoAOB, HaMV1 nony4eHo, 4To s npeAnono~eHV1V1 o AV1<1>
<I>Y3V1V1 nocpeACTBOM HenpHM~X nepeXOAOB speMeHHO~ XOA pe!laKCal.lV1V1 
npaKTV14eCKV1 AilH scex speMeH Ha6n~AeHV1H, t> v21 1-10-8 cl, onV1c~
saeTcn TO~ ~e speMeHHO~ 3aBV1CV1MOCTb~ 1211, HOC npeA3KCnoHeH
l.lV1ailbHbiM MHO~V1TeileM (1 + v1 I v2

), OTI1V14H~M oT eAV1HV14~. 0AHaKo 
CI1€AY€T O~V1AaTb, 4TO B paMKaX nOAXOAHlJIV1X MOAe!le~ v1 lv 2 
.. exp(~£ I kT) <<;; 1. 
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IOmaHXaH: B • 10. P17-83-570 
Ponb MeTaCTa6RnbHb~ COCTOHHHH 
B KBaHTOBOH AH~Y3HH nono~TenbHb~ MhlOHOB B MeTannax 

llpoaHanH3HpOBaH BKnaA ABYX THllOB MeTaCTa6Hnb~ COCTOH
HHH nonOXHTenbHoro MIDOHa B npo~eCChl ero AH~Y3HH H CllHHOBOH 
penaKca~HH B MeTannax~ PaccMOTpeHbi cPH3H'ieCKHe npH'iHHbi, npHBOAH 
~e K Cy~eCTBOBaHHW TaKHX COCTOHHHH B pemeTKe MeTanna, naHO 
o6o6~eHHe MOAenH 11 CHnbm.~ CTOnKHOBeHHH11 Ha cny-qafr HenpHMOrO 
npo~ecca c ABYMH xapaKTepHbiMH cKopoCTHMH AH~Y3HOHHb~ nepexo
AOB MhlOHa, B 3TOM cny-qae B illHPOKOM HHTepBane TeMnepaTyp BhlBe
AeHa cPYHK~HH nonepe'iHOH CllHHOBOH penaKca~HH MIDOHOB, naHO cpaB
HeHHe nony-qeH~ pesynbTaToB c 3KcnepHMeHTanbHbiMH AaHHbiMH no 
MeAH• 

Pa6oTa BbmonHeHa B Jla6opaTopHH HAePHb~ npo6neM OIDII1. 

Yushankhai V.Yu. Pll-83-570 
The Role of Metastable States 
in Quantum Diffusion of Positive Muons in Metals 

The contribution of two types of metastable states of 
a positive muon to its diffusion and spin relaxation processes 
in metals is discussed. Physical reasons leading to the exis
tence of such states in metal lattice are considered. The ge
neralization of "strong-collision" model is made in the case 
of indirect diffusion process being characterized by two 
rates of muon diffusion transitions. In this case the relaxati 
on function for transverse muon polarization is obtained in 
a wide temperature region. The comparison of obtained result 
with the experimental data is presented. 

The investigation has been performed at the Laboratory 
of Nuclear Problems, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubna 1983 

llepeBOA O.C.BHHorpaAOBOH 


