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1. BBE.llEH~E 

~3y4eHHe MexaHH3Ma AH~Y3HH nonO*HTenbH~X M~OH08 8 Meran
nax npeACTa8nReT HHTepec 8 C8R3H C WHPOKHMH 803MO*HOCTRMH 
fL+ -Me30HHOrO MeTOAa npH HCCneA08aHHH C80HCT8 T8ePAOrO rena'

1 . ~ I 
fL + -Me30H 8 KpHcranne npeACTa8nReT co6oi1 nerKy~ Me*y3enbHY~ 

npHMeCb / ero MO*HO paCCMaTpH8aTb KaK nerKHH H30TOn npOTOHa, 
9ml-' .. m P I. Bo3MO*HbiMH Mexa HH3MaMH AH¢<1>y3HH K8aHT080i1 4aCTH~bl 
8 KpHCTanne R8nR~T CR HeKorepeHTH~e nOA6apbepH~e n epeCKOKH H 
KOrepeHTHOe nepeMe~eHHe 8 30He 13-5 / . npH 3KCnepHMeHranbHOM 
Ha6n~AeHHH 3TH MeXaHH3M~ MOryT 6~Tb nerKO pa3nH4HMbl , noCKOnbKY 
OHH HMe~T cy~eCT8eHHO pa3HY~ r eMneparypHy~ aa8HCHMOCTb. B 
6onbWHHCT8e H3y4eHH~x Meranno8 AH~Y3HR fL~ -Me30Ha ocy~ecr8-
nRercR nocpeACTBOM HeKorepeHTH~X nOA6apbepH~X nepeCKOK08 / 1 ,2 / 

B HeKorop~x *e H3 HHx 3KcnepHMeHranbH~e AaHH~e MO*HO 6~no o6D
RCHHTb B03HHKH08eHHeM HH*e onpeAeneHHOi1 reMneparypbl T ~ T 1 
KOrepeHTHOrO 6~CTpOrO ABH*eHHR 8 30He /Ba.~' 0AHaKO npH AanbHei:i-

/ 66 / 
weM noHH*eHHH TeMneparyp~ T < T 2 < T 1 /HanpHMep , AnR HHOf'iHR 
T1 = 40 K, T 2 = 20 K/ xapaKrep A""~Y3HOHHoro npo~ecca pe3KO 
MeHRncR: cKopocrb AH~y3HH naAana. TaKaR 3a8HCHMOCTb K03~""~""
eHra AH¢<I>Y3HH OT TeMneparyp~ He yKnaA~8ana c b 8 HMe~HeCR npeA
CTa8neHHR / a-o/ H 6~na Ha38aHa aHOMan bHOH. 0AH03Ha4HOrO 06DRC
HeHHR 3TO R8neHHe AO CHX nop He nony4HnO. 

B HacroR~ei1 pa6ore npeAnO*eHa MOAenb K8aHT080i1 AH~y3HH 
nerKOH npHMeCHOH 4aCTH~~ 8 KPHCTanne. ~CXOAH~MH nono*eHHRMH 
R8nR~TCR npeACTa8neHHR 0 nonRpOHHOM COCTORHHH 3apR*eHHOH K8aH
T080H 4aCTH4~ 8 pewe TKe H MexaHH3M KOrepeHTHOH AH~y3HH no 30-
HaM, o6pa30BaHH~M Ha Me*A0Y3nHRX pa3HOH CHMMeTpHH. TeH30P Ko-
3~H~HeHTa AH!)><f>y3HH, 8 0Tn. 14He OT npeA~AYUIHX pa60T, 8~4HCneH 
Ha OCHOBe <f>OpMynbl Ky60 C nOMOUib~ TeOpHH 803MYUieHHR no HHTerpa
naM nepeKpbiTHR. nony4e Ho 8~pa*eHHe AnR H3MepReMoi1 8 3KcnepH
MeHre CKOPOCTH penaKCa~HH CnHHa /-1+ -Me30Ha. noKa3aHO, 4TO 
npeAnO*eHHen MOAen b n0380nReT Ka4eCT8eHHO onHCaTb AH<f><f>Y3H~ 

fL+ -Me30Ha 8 Merannax 80 seeM HHTep8ane reMneparyp, 8Kn~4aR 
aHOManbHY~ o6naCTb. 
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2. MOaEflbH~A rAMHflbTOHHAH 

PaccMOTP~M nerKy~ np~MecHy~ 4aCT~UY 8 Kp~cTanne. KaK noKa-
3~8a~T 3KCnep~MeHT~ nO ~3y4eH~~ no8eAeH~A ~+-Me30H08 / 2 / , a 
TaK*e 80AOPOAa 8 MeTannax ! ? I , A8~*eH~e 4aCT~U np~Mec~ MO*eT 
OCy~eCT8nATbCA no Me*A0Y3nHAM pa3HO~ C~MMeTp~~. 3TOT $aKT A8-
nAeTCA ~cxOAH~M AnA npeAnaraeMoro 8 HacTOA~e~ pa6oTe on~caH~A 
K8aHT080~ A~¢¢y3~~ nerKO~ 4aCT~U~· nocneAHAA 8 Me*AOy3n~AX 
A8YX pa3n~4H~X C~MMeTpH~ /copT08/ ~MeeT pa3HY~ 3Hepr~~ OCH08-
HOrO COCTOAH~A ll ~ l 2 ; ycn08HMCA, 4TO l I < l 2 · B pesynb
TaTe K8aHT080rO TYHHen~p08aH~A Ha 8eKTOP TpaHCnAU~~ g 8 co
CeAHee Me*Aoysn~e Toro *e copTa IA~aroHanbH~~ nepexoAI yp08H~ 
l l H l 2 pa3M~8aiOTCA 8 30H~ C W~P~HaM~ J 1 (g) H J 2(g ) COOT-
8eTCT8eHHO. Bo3MO*H~ TaK*e K8aHT08~e nepexoA~ Me*AY ypo8HAMH 
( 1 ~ l2 c y4aCTHeM $OHOHa c 3HeprHe~ tiwq = ( 2- l 1 • MaT-
PH4H~~ 3neMeHT 1 COOT8eTCT8Y~H~ TaKOMy HeA~aroHanbHOMy nepe
XOAY, o6osHa4HM Iq ( g ) . B8eAeM $epMHe8CKHe onepaTop~ PO*AeHHA 
a~~ ~ YHH4T0*6':!HA a am 4aCTHU~ Ha YP08He a MelKAOy3nHA C 
paAHyc-8eKTOPOM m 1 a TaKlKe onepaTOp~ PO*AeHHA b~ H YHH4T O
*eHHA bq $QHOH08 C K8a3H~MnynbCOM Q • raM~nbTOH~aH MOAenH 
npeACTa8HM 8 8HA6 

J<=J<o+J(int • 

J<
0 

= I '11 w ( b +b + .L ) + I I la I a t ... a ... + I J (g) x 
q q q q 2 a=1,2 m am am ~ .g a 

+ r.!+ *-++ + 
xa ...... a ... !+ I I I I ~J;)a a b + I (-g)a ... a .b l. 

am+g am m.g q q 2i!J+g 1m q q lltl+g 2m q 

/1/ 

/2/ 

+ ~ q qq, + + 
J<. = I I a-t-a ... IInw u ... +IV .. (b ,+b ,)l(b +b ). 

lnt a=1,2 m am am q q am q' am q -q q -q 

13/ 

3AeCb 8enH4~H~ Uq -+ , Vq2 onpeAenA~TCA KOHKpeTH~M 8HAOM 
~ am am 6 B 6 83aHMOAeHCT8HA 4aCTHU~ C KOne aH~AMH peweTKH KpHCTanna. 0 -

~eM cny4ae 3TO 83aHMOAe~CT8~e CHnbHOe, n03TOMY raMHnbTOHHaH 
J( int He MOlKeT TpaKT08aTbCA KaK 803My~eHHe. 3¢¢eKT~ 83aHMO
Ae~CT8HA AOn*Hbl 6b1Tb y4TeH~ Y*e 8 11Hyne8oM11 nopAAKes 4TO no-
380nAeT CAenaTb XOPOWO H386CTHbl~ 8 TeOpHH nonApOHa

1 
I M6TOA 

KaHOHH4ecKoro npeo6paso8aHHA ~cxOAHoro raMHnbTOHHaHa /1/ . Ka
HOH~4eCKoe npeo6paso8aHHe ocy~eCT8nAeTcA c noM~biO yH~TapHoro 

onepaTopa U = 6 -s , rAe 

s= 

2 

I 
a =l,2 

I S a+ a . ... am am a1n m 
S = I am q 

q 
u ... 

am 
(bq - b+ ). 

-q 

npH 3TOM onepaTop~ PO*A6HHA ~ YHH4TOlKeHHA npeo6pasy~TCA cne
AY~~~M o6pasoM: 

- -s s 
b =6 b 6 = b - I 

q q q a=l ,2 
I ~ q a+ ... a .... m a m am am 

- + -s + s + 
b =6 bq6 =b- I I 

q q a =l.2 ~ 

q + 
u ... a .. a ... 

a m am am 

/4/ 
-s s s ... 

a ... = e a 6 = 6 a m 
am am a am. 

- -s + s -s ... + 
a + ... x 6 a ... 6 = 6 a m a .. 

a m a m am 

KaK 8HAHO H3 nocneAH~X COOTHOW6HH~ 1 CM~Cn npeo6pa308aHHA sa
Kn~4aeTCA 8 cneAy~eM: 8o-nep8~X, Sa C46T M~OHHO~ nnOTHOCTH 

+ a am a an; CMe~aiOTCA pa8H086CH~e nonOlKeHHA y3n08 1 OTHOC~TenbHO 

KOTop~x aTOM~ KpHcTanna co8epwa~T Tenno8~e Kone6aH~A; 80- 8To
p~x , npOHCXOA~T 110A68aH~611 M~OHa 8 o6naKO $QHOH08 1 4TO OnHc~-

8ae~~=O~~=~~:~~::~ ::~~;!:~~aH C~CTeM~ HM66T 8HA 

-s s - -
J( = e J<e = J(o + J(lnt + i\J< 

j{o= I t<<~ q(b;bq+ .!....) + I I ( 0 I 
q 2 a= l ,2 rii 

a + .. a .. I. 
am am 

- cs .... - s .. > 
J( = I I J (g) e am+g a m a + a + 

lnt a~t.2 m,g a am + g am 

+ I I 
m.i q 

- <s2m+g - s 1;n>a+ a b + I * (-g )x 
1 q(i)e 2~1 tm q q 

/5/ 

/6/ 

171 

A A iil + 
- <S, iihg -s2 .. a+ a b I + I 

+ qq ' + + 
I a ... a ... v m (b +b Xb -+b ,). 
qq ' am am a Q -q Q -q x e tn;+g 2n; Q .. a ,m 
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- ' . q 2 3AeCb ( =( -~ncuqlu • I a A.H BKJliO~aer e cefiA 411eH~>~, 
a a q am • 

nponop~~oHanbH~>~e npo~3BeAeH~~ oneparopoe M~OHHO~ nnorHocT~ Ha 
pa3HbiX y3nax n am n a' m' • 

KaK B~A~M 1 pe3ynbTaTaM~ KaHOH~~ecKoro npeo6pa3oBaH~A ra-
M~nbTOH~aHa /11 ~BnA~TC~: eo-nepBbiX 1 nOI1APOHHbl~ CAB~r ypOBHR 

fa Hi'l een~4~HY }: 1iw I u ... f 1 KOTOpa~ He 3ae~c~T OT ~HAeKca 
q q am 

m B C~I1Y TpaHCnR~~OHHO~ C~MMeTp~~ 3aAa4~; BO-BTOpbiX , 3~eKT 
cyM<eH~A 30H J a (g) ~ nepeHOP_t~~POBK~ aMnn~TYA I q<ln 3a C4eT 
oneparopoe "oAeBaH~A" exp[-(Sf3m+g -Sam )) e .Rint ~. e TpeTb~x~ 
noReneH~e raM~nbTOH~aHa ,\.H , on~c~>~BaiOUiero KoppenALI~" e nonoM<e
H~~ MnOHOB Ha pa3Hb1X y3nax. 

raM1111bTOH~aH J{O B 16/ 1 C06CTBeHHbiM~ BeKTOpaM~ KOTOpOrO AB
IlRt'>TCR BeKTOpb1 1 COOTBeTCTBYIOU\~e nOKan~30BaHHOMY B MelKAOY311~~ 
COCTORH~n 4aCT~Libl ~ paBHOBeCHOMY COCTO~H~~ peweTK~, AaeT xopo 
wee Hyneeoe np~6n~lKeH~e AI1R on~caH~A MIOOHa e Kp~cTanne. Ae~cr
e~renbHO, KaK noKa3biBaeT 3KCnep~MeHT / 1,2/ , MIOOH HeKOTOpoe 
cpeAHee epeMA r , 6onbwoe no cpaeHeH~IO c xapaKTePH~>~M nep~OAOM 

Kone6aH~H peweTK~ , W-l- 10- 13 c , HaXOA~TCR B OAHOM ~3 MelKAOy3-
n~~ e rennoeoM paeHoeec~~ c peweTKOH ~ n~wb ~3PeAKa coeepwaeT 
npi>!*OK e coceAHee nonoM<eH~e paeHoeec~R. nocneAHee oficroArenb
creo no3Bon~er HaM np~ on~caH~~ A~~y3~~ npeHe6pe4b A~HaM~4ec
K~M~ KOppenA~~AM~ MeM<AY ABYMA nocneAOBaTenbHbiM~ npt>~lKKaM~ Mt'>OHa. 
B npeAene MailbiX nnOTHOCTe~ Mt'>OHOB B Kp~cranne , KOTOPbl~ ~ pe
an~3yeTCR e paccMarp~eaeMOM cny4ae, HeCytlleCrBeHHbl raKM<e crar~-

4ecK~e KoppenALI~~. on~cbleaeMble A.H. OnycKaA 3TY A06aeKy e 15/ 1 

nony~~M 3~eKT~BHbiH raM~IlbTOH~aH Mt'>OHa B KP~CTanne: 

Herr = .Ho ~.Hint · /8/ 

3. Bbi4HCJ1EHI-1E K03~HUHEHTA AH<P<PY31-1H 

TeH30p K03!P¢~LI~eHTa A~~y3~~ Bbl~~cn~M , OCHOBt>~BaACb Ha ¢op
Myne Ky6o1 91 : 

1 0() -st {3 A A 

D1k = -
13 

lim f dt e fdA< v1 (-iliA) Vk (t)>. 
s .o 0 0 

4 

l 
f3= kT . 191 

3AeCb V 1 (t) - onepaTOP i -Toi:i KOMnoHeHTbl cKopocT~ I i = x,y,z I 
e re~3eH6eproecKOM npeACTaeneH~~. Hcnon b3YA nonHy~ c~cTeMy 
coficreeHHbiX ¢yHKLI~H raM~IlbTOH~aHa .Ht>rr , nocne PPAa HccnOM<HbiX 
npeo6pa30BaH~~ nepen~weM COOTHOWeH~e 191 B CileAyiOUICM B~AC: 

..... 1 A A 

D
1
k ="2 f dt • V 1 (t)Vk(O). 1101 

BeeAeM oneparop paA~yc-eeKropa M~oHa: 

~ ·~ }: l na 1
_.a ~· 

a =1,2 n· an an 

~ 

TOrAa An~ oneparopa CKOPOCT~ V ~MeeM BblpaM<eH~e 

A ~ A .. aR i ... i - ... v 7 --=-I H rr • R l = rl H ,. 1 • R I. at 11 e n n 

Sb14~cn~e nocneAH~~ KOMMyTarop ~ nOACTaB~B pe3ynbTaT e 110/ 1 

nony4~M cneAyDUlee eblpaM<eH~e AI1A TeH3opa K03~l.l~eHra A~~Y3~~: 

0 - 1 ~ ~ ~ I k ') ... 
ik--2fta:12_;-_. ...... glg2 J a(gl Ja{g2)x 

' rn 1•g1 "2 ,g2 

X 

.,., -s ... ... < t) 
f dt < a 1 .., _,(t)e am1 +g1 a 

_...., ami+ g 1 

-S • (0) 

-+ 
a m1 

s -+ ( 
(t)e am1 I) 

+ x a ... ... (O)e 
am 2+ g2 a ... (0) e 

am2 

s ... (0) 
alll2 > -

arn2~ g 2 

1 . k - ~ I I I II( ... )* ... w _, ... .. • g 1 g 2 1 q g I I (-~ ) x 
ml.gl m2.g2 Q1.l2 1 Q2 

A 

+ -s2 .. ... (t) 
x f dt < a ( t) e m 1 + g 1 

2m\, g•1 

A 

a ... (t)e s1iiit(t) 

tm 1 

y 

b (t) X 

Q1 
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+ x a • ... 
1m2+ g2 

_ ; ... .. (0) +S • (0) 
(O)e t m2+ g2 a _.(O)e 2m.:! b + (0) > 1+ 

2m2 q2 

A ( I) 
-s1 ... + g .. 

m 1 1 
-+<><> 

[ ... ... f + + I* (-g
1 

) I (g
2

) dt < a ... .. (t) e 
q l q 2 __, 1m1+ g1 

X 

1111 

s em <t> + + -s ... .... <O> 
x a e ·• (t) e . 1 b q (t) a e.. i (O) e em e+ ge 

mt 1 m 2+ e x 

s .. ( 0) 
x a

1
-. (O) e t m2 b (0) > 11 . 

me Qe 

Yrnoe~e CKo6K~ 03Ha4a~T 3AeCb y cpeAHeH~e no pacnpeAeneH~O r~6-
6 c a c raM~nbTOH~aHoM Ro , co6cTseHH~M~ cocTORH~RM~ KOTo po ro 
RBnROTCR noKan~30BaHH~e COCTORH~R MOOHa . KaK B~AHO ~3 CTpyKTy
p~ Htnl e 171, esa~MOAeH CTB~e np~BOA~T K 3aTyxaH~O 3T~x noKa
n~soeaHH~x COCTORH~H c HeKOTOpbiM~ 4aCTOTaM~ t- 1 r a I a = 1 • 21' 
KOTOpwe BBeAe M C noMO~bO S -MaTp~~bl, onpeAenR~eH reH3eH-
6eprOBCKOe npeAcTaeneH~e MOOHH~x onepaTopoe: 

1 -1}( -1-
+ lh }( ett • t + -It ett' 1 1t }( o· 1 

a ... (t) .. e a ,e = S+(t)e 
am am 

+ a ... x 
am 

r1 }(- ~-1-
-in o· l In f a•l 

x e S (t) • e S

+ + ·t-1- 1 I 
(t)a _,S(t) .... e I fa · I-t- fa J·l 121 

am ~ + a .... 
am 

ti
-1 

4aCTOTa 3aTyXaH~R f COCTORHHR MnOHa, noKan~30BaHHOrO Ha 
ypOBHe a Me*AOy3nHR ~ , TaK •e,KaK ~ 3HeprHR 3TOrO COCTORH~R 
(a, He 3aBHCHT OT HHAeKCa m B CHny TpaHCnR~HOHHOH HHBap~aHT
HOCTH raMHnbTOH~aHa }(eH • 

nycTb B Ha4anbH~H MOMeHT epeMeHH MOOH nOM~eH B Me*AOy3n~e 
n. Bocnonb30BaBWHCb 1121, npeo6pa3yeM KOppenR~~OHHyO ~YHK~HO, 
BXOAR~O. B nepBbiH HHTerpan BbiPa*eHHR 1111, cneAY~~M o6pa3oM: 

6 

+ - s ... ...( 1) s ... ( t) 
< a ... .. (t) e am t +gt a .. (t)e amt 

am
1 

+ g1 am 1 

+ -s a a .. .. (O)e ante+ g .. (0) 
me+ g 2 e X 

A ( 2 -L 
sa.;e <O> _ 1 -T - et ra l tl 

x a ... e >= Z e e B .... 
arne me ,n 

8 .. .. .... 8 ... .. X I 131 
m1.n + ge gt ·-ge 

x< e 
-s ... ( t) 

an 
e 

A 

s ... .. ( t) - s ... ... (0 ) 
an+ g e e a n + g 2 e 

s .. (0 ) 
an 

>. 

-ii IT -(e IT 
3AeCb Z .. e + e H OCTaBw~eCR CKo6KH 03Ha4a~T ycpeA-
HeHHe n~Wb C ~HOHH~M raM~nbTOH~aHOM. noA06H~e KOppenR~~OHH~e 
~YHK~HH B03H~Ka~T B TeOpHH nonRpOHa Mano r o paAHYCa / S/ . npHBe
AeM pe3ynbTaT e~4HCneH~R: 

-S .... ( I) S .. .. (1 ) 
an an + g 

<e e 
- s ...... (O) sa ... (O) ,i <1> 

e an +g e n > %e aa 1141 

.. 
g q -f~(t) .. 2I yo.f3(g)[(1+2n )-(1+~1 ) e i<Uql_ii elwq • l 

q q q q 1. 

1151 

q ... q II 2 
2 r f3 (g) = I u ... - u Q .. ..J . 

a a n t' n + g 

3AeCb Oq - cpeAHee Tennosoe 4HCno ~HOHOB C KBa3HHMnynbCOM Q. 
KoppenR~~OHHyO ~YHK~HO, BXOAR~Y~ BO BTOPOH HHTerpan B~pa

*eH~R 1111 , npeo6pa3yeM aHanorH4HO 1131: 

- se.. ... <1> s 1n; t<1> mt +g1 
<ae+ .... ( t ) e a

1 
.. (t ) e bq (t )x 

m1+ g1 m1 1 

A A 

+ -st ~ +gJO> se.;e <O> + 
x a

1
.. .. (O) e ae .. (O)e b (0)>= 

me + IJe me Q2 
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- r 1 - - ~ tl ' r' I I _ t ~ /T In (f2-ft) t -n ( 1 + 2 ). t 
=Z e e e s-. ... s ........ X 

m2 ,n m1,n+g2 

/16/ 
A A 

xo < -s2n .. (t) s 1 ..... ... .. e e n + g2 
g1,-g2 

-s 1; + g' (O) s2 ~<0> + 
bq(t)e 2 e b (0)". 

1 ~ 

nony4eHHY~ KOppen~UHOHHY~ ~YHKUH~ pacuenHM cneAY~~HM 06pa30M: 
..... .... """ ... 

-s2 ... <t> s 1 .. + , (t) -s1 ... + ~O> s., .. (O) 
< e n e n g b (t) e n g e • n b + (0)> = 

q1 q2 

/17/ 

-s2•<t>s tri+l'' -stfi!+.io > s2n~o\< b (t)b+ (O)> . 
:=. < e n e e e . q1 q 2 

3To pacuenneHHe no3eon~eT y4eCTb nHWb TaKHe HeAHaroHanbH~e 
nepexOA~ M~Ha, KOTop~e conpoeo*Aa~TCA caMocornacoeaHHO~ ne
pecTpO~KO~ KOppenHpOBaHHOrO C HHM ¢QHOHHOrO o6naKa. He npeA
CTaBnAeT TPYAa y4eT B HCXOAHO~ KOppen~UHOHHO~ ~YHKUHH /17/ 
BCeX APYrHX cnapHBaHH~ ¢QHOHH~X OnepaTOpOB , KOTOp~e COOTBeT
CTBy~T BKnaAY HeAHaroHanbH~X nepeXOAOB M~OHa, conpOBO*Aa~~Hx
C~ 118CTpRXH8aHHeM11 ¢QHOHHOrO 06naKa. nony4eHH~e TaKHM 06pa30M 
AOnonHHTenbH~e cnaraeM~e e /17/ HMe~T TOT *e xapaKTep 3aeHcH
MOCTH OT TeMnepaTyp~, 4TO H rnaBHOe npH6nH*eHHe /17/. no3TOMy 
HX y4eT He MeHReT OKOH4aTenbH~X B~BOA08 0 8HAe TeMnepaTypHO~ 
3aBHCHMOCTH K03~HUHeHTa AH~~y3HH M~OHa B KPHCTanne. npeo6pa-
3YR pe3ynbTaT /17/ TaK *e, KaK H /13/ , /14/ , nony4HM cneAy~
~ee 8~pa*eHHe An~ KoppenAUHOHHO~ ~yHKUHH : 

A < sA < > -s . -.(0) ;2 .. <0> + 
··S2n' t) In~ g t ln+g n >< b (t)b (0)> = 

<e e e e q 1 q2 

/18/ 

;e i r-1 •t - )8 ' -r (t) -In wq2 (l+n ql,q2 21 e q2 

·• g 
rAe f 21 (t) onpeAeneHO 8 /15/. 

8 

1 

I I 
) 

AHanorH4H~M nyTeM nony4aeM 

+ -s1n; :ft> 82rn' <t> 1 ·. a , ... ( t) e t+ 1: a., .. ( t) e 1 b ( t) x 
tml ~ gt -mt '11 

+ -s2m· ~ <OJ slrn' <O> 
" a. , , (0) e 2 ~.! a .. (0) e 2 b (0) :.- ~ 

2~2 +r 2 1m 2 11 2 

/19/ 
-1 - -1 

-1 -t 1 T i~ (q - £:!H -ti <f'1 d ':/Joltl 
= Z e e tl 

If -1 
-r12< t) 1t u111 t _ ~ 

•0, ,e e n o 
g2 ' - g 1 ql q 1 • q 2 

0. • 0 ) •• 
m

2
.n m 1 ,n~g2 

X 

noAcTaenRR /14/-/19/ e /11/, nony4aeM e~pa*eHHe AnA TeH3o
pa K03~HUHeHTa AH~y3HH: 

o 1 z-1 ~ ~r . . 1<'0 2r•r g 
tk . 2r 2 ~~ ~gtgkJ 2(g')Jdttl- u l d -ruu(t) 

n u-1. c , a e 
g 

1 -1 i k 2S - I f..., . - 1 - -
.. 2h2 z ] g g *I r,,<i>l ~ e-(1 , T. ii J dte I~ ( q -(2 ~~<<>q)t 

q _,., '( 

t- 1 <~ tl2 H tl - r~(tJ /20/ 
x e e t 

1 - - -1 g 
-(

2
, r ..,.,., -tti- <t 1 -c2 ~ lv<> qh ft <r1 ~ r2 >'tl -r 2 1<t> 

~ e (l+nq) 1. dt e e e J· 
TeH30P /20/ MO*eT 6~Tb npeACTaeneH 8 BHAe 

D .. ,. i k W( ~) 
i k ; -; g g g ' 

g 

rAe W(g)- 4aCTOTa AH~Y3HOHH~X CKa4KOB M~OHa Ha BeKTOP g 
H3 /20/ e~TeKaeT cneAY~~ee e~pa*eHHe An~ 4aCTOT~: 
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_;-2_;-, I T 
wei>= z- 1

1 w1(i)+e W2(g)+ W ( g )-+ 
1-+ 2 

/21/ 

_;2-c~/T _. 
+ e W 2 ... t ( g) I. 

-:3AeCb wa(j~) I a = 1,2/ - 4aCTOTbl Al1aroHallbHbiX, a w 1-.2 11 
W 2 ... 1 - HeA11arOHallbHbiX nepeXOA08 MIOOHa · 

1 3
_

51 AHalll13 8blpa*eHI1R /20/ noKa3bl8aer, 4TO, KaK 11 8 ~eH reop1111 , 
A11arOHallbHble nepeXOAbl MIOOHa onpeAellRIOTCR KaK MeXaHI13MOM KOre
peHTHOrO A8H*eHI1R 8 30He, TaK 11 MexaHI13MOM HeKOrepeHTHbiX cny-
4aHHbiX npb1*K08: 

W r!_) = W(KOI'.) ( ... ) + W (IIJ).)( ... ) 
a ,g a g a g • 

... 
W(KOI'.)( ... ) _ J! (g) -2<f>!(T) 

a g- ~-e 
2hra 

2 ... 21~ ·It I 
<np.) J a (g) -2Cfl aa(T) +<><> --,-- ~ 

W =-e f e e 
2tr _, 

a 

rAe 

g ( ) Q _. t1w 
<lha T ~ ! y a(g)cth --~. 

I' q a,J 2 .T 

C06Wq • t Q ... 
2! Y ( g ) ~;q Q aa sh 

-lf. 

/22/ 

/23/ 

/2~/ 

/25/ 

AJlR 4aCTOT HeAHaroHallbHbiX nepeXOA08 H3 /20/ nony411M 8blpa*eHI1A 

... 
IIq<i>ll! w (g)= !~ 

1-+ 2 Q i::lf" 

g 
- 2<1>12<T[ +<><> -1 - -

e n q • f dt exp I it ( c 1 - c 2 -1 1i w q) t-
-oo 

/26/ 

~- l -twq. 
-n ~ r 1 +f2 >· ltl+e 

iwq t 
(l + iiq)+e ii ql. 
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w 2~t(g)= 
, • 2 i 

II Q ,g)) - 2 <1> 2t(T)( l - ) 
~ e +ll q x q o l:.2 

+o<> 

:.1, dt exp I -i~- 1 (c~ -£
2 

~ ~ cuq)t- t- 1 
( I '

1 
+'2 ).1 tl ~ /27/ 

-iWqt - ict) t 
f6 (l +n )+e q ii 1. 

q Q 

BxOAR~I1e 8 /23/-/27/ 4acrOTbl ~-'ra saryxaHI1R noKall113o8aHHOro 
Ha yp08He a= 1,2 COCTORHI1R 4aCT114bl o6yCJl081leHbl A11aroHaJlbHbiMH: 

(;111'\r ) ~ g .. 
1'0 '·- z .t' (g}exp [-2¢ fJ( t)].F (T) .o J 11 HeA11aroHall bHbiMI1 

a a a a{ 

nepeXOAaMI1: r (Hell.~ Zf3~ 1Iig)) 2
exp[ - 2<1>!f3 (T)) . j'Q(T )( l -oaf3). 

rAe Z a - 411Cil0 61111*aHWHx Me*AOY31lHH; F (T) H 1 q (T) - MOHO
TOHHO pacry~11e $yHK41111 TeMneparypbl; a , f3= 1 ,2. B cny4ae y3-
KHX 11CXOAHbiX 30H J 

0
( g) 11 Mallblx _aMnJlHTYA I q( g) 111111 8 Clly4ae 

CHJlbHOrO nonRpOHHOrO 3$¢eKTa, <1>~~0) >> 1 0 rna8HbiH 8KilaA 8 WH
pHHY f'a AaiOT npOl.leCCbl MHOrOKpaTHOrO 11 8HYTPHRMHOro': pacceAHI1R 
4aCTH4bl Ha <J>oHOHaX, 8bl38aHHOrO 83ai1MOAeHCT8HeM yQ~ 8 /1/. 
Co rna cHo 13

•
4 1r <BH .$1 ) _ B(T / T A)9 , rAe T il - Ae6a:8 cKaR reMne-

parypa Kpl1cranna, B- He 3a811CR~aA or reMneparypbl 8ell11411Ha. 

l1. 3ABHCHHOCTb K03$<1>HUHEHTA AH$<1>Y3HH OT TEHnEPATYP~ 

npoaHalli13HpyeM Ha ocHo8e 8cero 8biWeH31lO*eHHOro xapaKrep 
reMneparypHOH sa811CHMOCTI1 4aCTOTbl W(g) A~'~<I><I>Y3110HHbiX nepexOA08 
MIOOHa . 8 o6naCTH AOCTaT04HO HH3KHX TeMneparyp H3 /20/, /24/ 
AflR 4aCTOTbl HeKOrepeHTHbiX npb!*K08 W (np.) ( gJ nony4HM CJleAy -

a 
10114ee 8blpa*eHI1e: 

... 
g 

2 ... -2<1>aa(T) 
w <~l) (g): Ja(g) e x 8" ! y q1 (g} xy~(g)x 

a 2 ft2 q
1
,q

2 
aa aa 

/28/ 

X nq (l+nq )O(wq -w ), 
1 2 1 Q2 

B 4aCTHOCT H, AflR Ae6ae8CKOH MOAellH KPHCTanna np11 T << T A OlleH
Ka /28/ Aaer 
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w p. l • ) wu ( J.\ ...; 

., 
.1 ~ ( i) 

- - - P 

:?I,T 
I 

2 <JI KJ T ) g' (0)12 27. n' ( ..1_ )7 
nn l <l•"u T .l 1291 

B o6na c r1-1 13t.IC OKI-1X r e Mn C> paryp MCTOAOM nepe8ana 1-13 1241 nony41-1M 

:.! •) 12 I J(l (g j_!!_!,_ _ _ j 

,, r 2 4 T E • 
~ 1 (( g 

2 -E .. l kT 
e ag lllp. ) ) w (I ( g ;: /301 

I · t q • rAe E ~ =- ~ tr·> ,1,· ( g ) . ,[InA 3Heprl-11-1 aKTI-!8a~I-!H E .. o~eHKH 
ag 2 q n.u a g 

Aanr, K npHMe py e AenaeecKo~ MOAe!ll-1, pe3ynbrar 

2 
E •= -T 11g ;, .I 

. 
• <Jl ~ (0). 

(1(1 

TaKHM o6pa30M, CC!ll-1 BKllaA 8 AH~Y3H~, or~cne4H8aeM~~ Me xa
HI-13MOM HCKOrepeHTH~X np~*KOB MnOHa, MOHOTOHHO paCTeT C yee nH-
4CHHCM TeMneparyp~, TO, KaK cneAyeT 1-13 1231 , 1251, 4aCTOTa KO
repeHTH~X nepcxOAOB W ~~or · .)( g) naAaer c pocroM TeMneparypbl no 
A8YM npH4HHaM: 1-13-3a aonApOHHoro cy*eHHA 30H~, onHc~eaeMoro 
3a81-!CI-IMOCTbKl expl-2 <1> g (T)] , 1-1 3a C4CT 3~eKT08 3aTyxaHHA 1 

Oni-IC~BaeM~X BCnH4HHa:: l'u. Ha OCHOBaHHI-1 COOTHOWCHI-1~ /231 , 
1281-1291 MO*HO 3aKni041-1Tb 1 4TO B o6naCTI-1 HH3KHX TeMnepaTyp 
IT ·.' T ;1 / HeKorepeHTH~e npo~ecc~ nepexoAa MIOOHa Hecy~eCT8eHHbl 
1-1 AOMHHI-Ipyn~e~ AB!lACTCA KOrepeHTHaA AH~y3HA 8 30He W (KOI ')(~) , > 

'>> W(np.) (~). nocKO!lbKy W(Kor·.>(g) 6~crpo naAaer c
11
pocroM 

reHn~parypbl, a w ~'P·tg) pa'~rer , np~-1 HeKoropo~ reMneparype 
Tm, onpeAellACMO~ napaMeTpaMH 3aAa4H: Cl-1!10~ M~OH-$0HOHHOH CBA-
31-1, )l(eCTKOCTbiO pewerKH, eenH4HHaMH .J ( ~ 1-1 lq(g) , AOCTHraer

CA MH HHMYM Beni-141-!Hbl W0 (g) = W~or.\g) -taW ~lp.)( g). npi-1 TCM
neparype BbiWe T m 4acrora W u<g) onpeAe!lAeTCA npaKTH4CCKH !11-!Wb 
HCKOrepeHTHbiMH npoueccaMH nepeCKOKa M~OHa W ~npJ (g) > • W ~OI '. ) ( W. 

~3 aHanH3a Bblpa)l(eHH~ 1261, 1271 AllA 4aCTOT HeAHaroHa!lbH~X 
nepexOAOB MIOOHa C H3MeHeHHeM HOMepa 30H~ W 1 .. 2 1-1 W 2 _. 1 Cne
AYeT, 4TO poeT 3THx 4aCTOT c y8enH4CHHeM reMneparypbl o6ycnoe
neH, B OCHOBHOM, yBe!lH4eHHeM CPeAHero Tenn080rO 4HCna $0HOHOB 
ii Q • 

B o6nacr1-1 reMneparyp T < T m , rAe Hecy~ecreeHeH 8K!laA He 
KorepeHTH~x AHaroHanbHblx npo~ecco8, H3 1221-1271 nony4aeM cne
AY~ee 8blpa*eHHe A!lA 4acroTbl AH~Y3HOHH~x nepexoAOB M~OHa: 
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2 • 

I Jl Ci2._ e -2<1>1glT> 
2~ I ' + e 

I 

wc;o:: z- 1 
t~~ I 

T 
2 

J2 (g) - 2<1>!2(T) 
--e 
2h I' + 

2 

t fT! 
q 

l lg(g)j
2 

-· 

2 ~2 [u e 

g 
-2<fl (T) 

12 
t e 

- (22 
T 2 ct> g 

(1 + ii ) e - 21 < T) 1311 
n q q lx 

- - . xo (( 1 -t2 t he:lq) . 

0 • .. .. c·· [ ., g 1 2 • [ g 1 ~ cny4ae J2 g)exp -<:;<t>22 (T) >> J 1 (g ) exp 2<1>
11 

(T) KOrepeHTHOC 

ABH)I(~HH~ M~OHa no 8TOPOH 30He 6onee 3~eKTI-18HO , 4eM no nepBOH. 
TaKI-1M o6pa3oH, ecnH npH T <<(2 -(-1 , cornacHo 1311 , ocy~ecre -
llAe rcA nepeHOC no Y3KOH HH)I(HeH 30He , TO C POCTOM TeHneparypbl 
no Mepe 3anonHeHHR BTOPOH WHPOKOH 30Hbl C!leAyeT O)I(HAaTb POCT 
8 e!1H4HH~ W(g) . MaKcHMyH W(g) p e a11H3yeTcA e o6nacTH TeMnepa-
ry p T -· ;-2 -( 1 < T m , a c AallbHCHWHM n08b1WeHHeH TeHneparypbl , 
~~ :;·1 < T < Trn , ~$$eKHtBHOCTb KorepeHTHoro MexaHH3Ha, a c HeH H 
W( g) , 6t.~crpo naAanr 3a C4eT 3~eKTOB pacceAHHA Ha $0HOHax , 
OnHCb18aeMbiX 3aBHCHMOCTbiO r a(T). TaKaA 3aBHCHMOCTb 4aCTOTbl W(g) 
n r reHnepaTYPbl no3eonAeT OOl>ACHHTb "aHoMa!lbHyn" AH~Y3H~ "'+_ 
Me30HOB .tea ,aGI • 

5 . .QH$$Y311JI p~ME30HA B HI10GI1H 11 BHCMYTE. O&CY~.QEHHE 
+ 

B j.t -Me30HHOM 3KcnepHHCHTe, e KOHe4HOH c4eTe , H3MepAeTCR 
A / 10/ CKOpOCTb penaKca~HH CnHHa M~OHa . 11cnonb3YR pe3yllbTaT~ , 

MO~HO noKa3aTb, 4TO npH MCAfieHHOH AH~y3HH 1 KOrAa 4aCTOTa W 
AH$$y3HOHHbiX CKa4K08 no Me*AOy3nHAM onpeAelleHHOrO COpTa Mana, 
IV<< a , rAe u - napaMeTp, xapaKTePHbiH AnA He)I(A0Y311HH AaHHOro r::-r-
COpTa I u - y j.t v H •1oK. , y /-t - rHpoMarHHTHOe OTHOWeHHe H~OHa, 

! 
H ~oK - cpeAHee 3Ha4eHHe KBaApara noKanbHOro HarHHTHoro nonA 

~le)l(.q0y3nHRI , HMeeH AnA CKOpOCTH penaKca~HH II.= a • 8 Cny4ae 
6biCTPOH AH~Y3HH I W » a I nony4aeM II. "' u 21 W , r. e. 11.- o- 1 
B pe3ynbTaTe B HaweH MOAellH AH~y3HH no ABYM 30HaM B~pa)l(eHHe 
AnA cKopocTH penaKca~HH cnHHa H~OHa II. npH T < T m HMeer BHA 

(2-i'l ( 2- tj 
T -I ---T-- 2 

)(a1+e x 02 ]. ll. = (l+e 
/32/ 

W iKor.) (g) 
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1\ 

Tm 

3aBHCHMOCTb CKOpOCTH 
penaKca~HH cnHHa M~Ha 
OT TeMnepaTyp~ T /e npo
H3BOnbH~x eAHHH~ax H3Me
peH~~/. 

T 

~CnOnb3Y~ /29/-/32/ , nony4aeM TeMnepaTypHy~ 3aBHCHMOCTb B BHAe, 
H306pa*eHHOM Ha PHCyHKe. 

PaccMOTPHM AH~Y3H~ p+ -MeaoHa e HH06HH &5/ . HHo6HH HMeeT 
OUK-peweTKy , 3neMeHTapHa~ ~4eHKa COAeP*HT wecTb Me*AOY3nHH 
OKTa3APH4eCKOrO THna, xapaKTepH3yn~HeC~ napaMeTpOM o 1 , H 
A8eHaA~aTb Me*AOy3nHH TeTpa3APH4eCKOro THna C napaMeTpOM o 2 
HO*HO npeAnOnO*HTb , 4TO 3a C4eT 60nbWeH KOH~eHTpa~HH 

B KpHCTanne TeTpa3APH4eCKHX Me*AOy3nHH COOT8eTCTBy~~a~ HM 
WHPHHa 30HW J2 (i) npeBOCXOAHT WHPHHY 30H~ J 1(i) OKTa3APH4ec
KHX Me*AOY3nHH. HOHOH30TOnH~H cncTaB H Manoe KOnH4eCTBO 
npHMece~ B 3KCnepHMeHTe 1601 C03Aa~T He06XOAHM~e 
ycnoeH~ An~ cyu,ecTeoeaHH~ KOrepeHTHOH AH~Y3HH. AeHcTeH
TenbHo, CpaBHHBa~ PHCYHOK C peaynbTaTOM 3KCnepHMeHTa /6U / , 
BHAHM, 4TO xapaKTep nony4eHHOH B HaWeH MOAenH TeMnepa
TYPHOH aaeH CHMOCTH 1\ coenaAaeT c Ha6n~AaeMOH aa8HCH
MOCTb~ CKOPOCTH penaKCa~HH CnHHa p+-Me30Ha. 

WHpOKyn 8TOPY~ npHMeCHy~ 30Hy B KPHCTanne MOryT o6ecne4HTb 
He TOnbKO Me*AOY3nH~ APYrOH CHMMeTpHH , HO H 6onee B~COKH~ ypo
BeHb AaHHOro Me*AoyanH~. TaK MO*HO o6b~CHHTb aHOManbHY~ AH~y

/ 6al 
3H~ B BH CMyT e , peweTKa KOTOpOrO HMeeT Me*AOY3nH~ OAHOrO 
copTa. 

TaKHM o6paaoM, npeAno*eHHa~ a AaHHOH pa6oTe MOAenb noaeon~
eT Ka4eCTBeHHO o6b~CHHTb AH~Y3HO p+ -Me30Ha B HOpManbH~X Me
Tannax. OcHOBH~M ycnoeHeM npHMeHHMOCTH paccMaTpHeaeMo r o Mexa
HH3Ma ~Bn~eT C~ AOCTaT04Ha~ HAeanbHOCTb peweTKH KPHCTanna 141

: 

npeAenbHO HH3Ka~ KOHUeHTpauH~ Ae~eKT08 0 AHCnOKaUHH. noaTOMY 
An~ e~~CHeHH~ eonpoca o npHMeHHMOCTH MOAenH Heo6xOAHM~ AOnon
HHTenbH~e 3KCnepHMeHTanbH~e HCCneAOBaHH~ 8nH~HH~ npHMeCeH Ha 

14 

AH~Y3H~. HexaHH3M KorepeHTHOH AH~Y3HH 8 aHoManbHOH o6nacTH 
MO*HO OTnH 4HTb OT anbTepHaTHBHOrO CMY MeXaHH3Ma 3aXBaTa p~ 

Me30Ha Ha npHMeC~X HnH Me*AOy3nH~X Ta K*e C nOMO~bn npeAnO*eH
HOrO HeAaBHO MeTOAa / ll l H3y4eHH~ penaKCa~HH CnHHa p+-MnOHa 
B OTCYTCT8He 8HeWHero non~. 

AeTop~ npH3HaTenbH~ H.~.rypeeH4y H fi.A.HHKOnbcKOMy aa o6-
CY*AeHHe peaynbTaToe pa6oT~. 
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