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CTaMeHKOBH'l C. u np. Pl7 - 11856 

Tynnenuposanne u <PonoHhi a nnHaMu'lecKoli Moncnu <Paaosoro 

nepexona 

B paMKax oe5o6mcnHmi Moncnn crpyKrypnoro ¢aaosoro nepexona, 
panee npenno>KeHHOii t~sropaMn, paasuTo cxeMa nocnenosarenbnoro y'-!cTa 
ABYX l'Ul!OB B036y>K!\CI!Hii B CHCTCMC C!H!3lli!Hh!X CHI1bH03HI'llpMOHH'-ICCKUX 

OCUHilliV.TOpOB: D036y"<I1CHIIH, o6ycnOBJlCI!HblX TyHHC1111pOB81IHCM BTOMOB 
OTHOCHTCilbHO UO/lOX<CIH!Jl paBHOBCCHfl, II Db!COK011C>K81UHX <jJOHOHHb!X B036y>K
nennii. Ha ocnose sopnnunol!noro npn11unna !\.'If! cso6onuoi\ 3HeprnR nony'-len 
91jxflCKTHBilhlli raMllllbTOU!!Bil, B KOTOpOM o6a THUB B03UY>K/1CilHH CBfi38Hbl 
caMocornacosannhiM o6pa30M, B cny•we on•ro'-loCTH'-IHoro noTenunana c nsyMH 
MHHHMyMBMH nony'-le!!H OUCHKH napaMeTpOB Ql830BOrO nepexona B nsyx 
npenenbn&tx cny'-!aHX nepexona: rona nopHnoK-6ecnopHnOK u nma CMememle. 

Pa6oTa Bhtnonnena B na6opaTopnn TeopeTH'-ICCKOli ¢Ii3HKH OIHH1. 

DpertpHHT 06bCAIIHCIIHOrO IIHCTHTyTa S!ACpHb!X IICCI1CAO!l8HHH, ily6Ha )978 

Stamenkovic s. et al. Pl7 - 1 Hl56 

Tunneling Effects and Phonons in the Stntctural Phase 
Transition 

A dynamical model for the structural phase transition is proposed. 
The effects of tunneling active in the transition atoms are consi
dered taking into account highe1· energy excitations of phonon 
type. By applying the variational method the effective Hamiltonian 
is obtained where the tunneling effects m·e described in the pseudc 
spin l"epresentation by De Gennes Hamiltonian with parameters 
depending on the phonon subsystem, In the limiting cases of 
strong and weak coupling the phase transitions in the model 
are clispla.cive or of order-disorder types, respectively, 

The investigation has been performed at the Laboratory 

of Theoretical Physics, JINR. 
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1. BBEJ{EHHE 

)J,HHaMHKa cTpyKTYPHblX /B TOM qucne cerHeTo:meKTpH

qecKHx/~a3oBblX nepeXOAOB 06bl"'HO OllHCblBaeTCB npH no

MOmH KpHTH"'eCKOH MOAbl KOne6aHHH, onpeAellBIOmeii: ABH

:>KeHHe aKTHBHOH npu AaHHOM ~a30BOM nepexoAe rpynnbl 

aTOMOB. IlpH 3TOM npHHBTO pa3AellBTb nepeXOAbl THna"cMe

meHHe", o6ycnoBneHHble AHHaMH"'eCKOH HeyCTOH"'HBOCTbiO 

peweTKH OTHOCHTellbHO KpHTH"'eCKOH MOAbl - MBrKHX ~ORO
HOB, H nepeXOAbl THna "nopBAOK - 6ecnopBAOK", CBB3aHHble 

CO CTaTHCTH"'eCKHM palynopBAO"'eHHeM aKTHBHOH rpyllllbl 

aTOMOB, C KpHTH"'eCKOH MOAOH AH~YlHOHHOrO THna /CM., 

HanpHMep / 1 I I. 0AHaKo B He.!l,aBHHX uccne.!l,oBaHHBX Ha npo

CTblX MOAellBX 6LinO llOKa3aHO, 'ITO B AHHaMHKe CTpyK

TypHoro ~loBoro nepexoAa cymecTBeHHYIO ponb urpaiOT 

o6a THna B036y:>K.!I,eHHH, KOTOpble npOBBllBIOTCB B Ka:>K.!I,OM 

THne ~a3oBoro nepexoAa /eM., HanpHMep/2/ H UHTHpo-, 
BaHHyiO TaM llHTepaTypyj. IlpH 3TOM .!I,BH:>KeHHe aTOMOB 

B aHrapMOHH"'eCKOH peweTKe MO:>KeT 6b1Tb npeACTaBneHO 

B BH.!I,e 6blCTpblX OCUHllllBUHH ~OHOHHOrO THna H OTHOCHTenb

HO peAKHX nepeCKOKOB Me:>KAY HeCKOllbKHMH /B npOCTeHWeM 

cnyqae - .!I,BYMB/ paBHOBeCHblMH llOllO:>KeHHBMH. qT06bl 

yqeCTb o6a THna B036Y:>KAeHHH - ~OHOHbl H KOH~HrypaUHOH
HOe paJynopBAO"'eHHe - B HaweD: pa6oTel3/ 6Lma npe.!l,no

:>KeHa o6o6meHHaB MOAenL cerHeTo3neKTpuqecKoro ~a lOBO

ro nepeXOAa, B KOTOpOH KOOp.!I,HHaTbl aKTHBHblX aTOMOB 

3allHCblBanHCb B BHAe: 

si = ~ a i ( bf + u ~ ), 

r.!l,e npoeKUHOHHblH onepaTop 
a 

a. 
I 

/1/ 

onpeAenseT, B KaKOM 
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DOJIO)I(CHHH paBHOBCeHJI b~ eoBepwaiOTeJI K011e6aHHJI aTO· 

MOB u';l B y311e peweTKH i. B enyqae ABYX paBHOBeeHbiX 

noJIO)I(ekuB: (a = +1,-1) npoeKU.HOHHhiH onepaTop a: = 
1 

= 1-ai· =~(l+aiz), r.ne a.z = ±1. IIpe,neTaBneHHe /1/ 
1 

JIBJIJICTeJI eeTeeTBCHHbiM o6o6u_.eHHCM o6u_.enpHH.IITOrO on

pe,neneHHJI KOOPAHHaT aTOMOB B KpHeTa1111H'ICeKOH peWCTKC 

KaK eyMMbl HX paBHOBCeHbiX ll0110)1(CHHH /onpe,neJIJIIOmHX 

Y311bl peweTKH/ H AHHaMH'ICeKHX eMen_.eHHH u. /eTaTHe-
1 

TH'Ieexoe epe,nHee < ui > = 0 I ua TOT enyqaB:, xor ,na HMe-

eTeJI HeexonLKO /HanpHMep, ,nBa: a = ±1 I 3KBHBaneHT

HbiX DOJIO)I(CHH' paBHOBCeHJI B OAHOH 311CMCHTapHOH JI'ICHKC. 

B pa6oTax13 •4 6hln ueene,nJBfH clla30BbiH nepexo.n AJIJI 

npoeToB: Mo,nenu peweTKH /eM. 
5 I e o,nHoKoMnoHeHTHbiM 

napaMeTpOM DOpJI,AKa, H 6bl110 DOKa3aHO, 'ITO B03MO)I(CH 

clla3oBbiH nepexo.n eMewaHHoro Tuna, Kor.na HapJI,ny e He

yeTOH'IHBOeTLIO peWCTKH OTHOeHTC11bHO cilOHOHHbiX B036y)I(

ACHHH B03HHKaeT KOHcilHrypaU.HOHHOC pa3yDOPJIAO'ICHHC, on

pe,neJIJICMOe neeB,AOeDHHOBOH nepeMCHHOH aa = <a~ > 
/HJIH a = <a~ > /. 

1 

1 

BBCACHHC npOCKU.HOHHOrO onepaTopa a':" B /1/ He 

no3B011H1IO, o,nHaKo, yqeeTL B/3/ 3cllclleKTbl TYHHenupoBaHHJI 

aTOMOB OTHOeHTC11bHO paBHOBeeHhiX DOJIO)I(CHHH, Bene,neTBHe 

qero neeB,AOeDHHOBaJI no,neHeTeMa ODHebiBanaeb B eTaTH

qeeKOM npu6nH)I(eHHH B paMKax Mo,nenu H3HHra. B TO )l(e 

BpeMJI xopowo H3BeeTHO, 'ITO 3cllcileKThl TYHHenupoBaHHJI npu

BOAJIT K DOJIBJICHHIO K01111CKTHBHbiX B036y)I(,ACHHH B neeB,no

enHHOBOH no,neHeTeMe, KOTOpble, B eBOIO O'ICP,CAb, MoryT HO ·• 

eHTb xapaKTep MJirKOH MOAbl /eM., HanpHMep,l/ /. XapaK

TepHaJI 3HeprHJI 3THX B036y)I(,ACHHH - DOpJI,AKa 3HeprHH 

paeu_.enneHHJI 110 oeHOBHOrO eoeTOJIHHJI npH Y'ICTe TYHHC

JIHpOBaHHJI H 06hi'IHO MHOrO MCHbWC xapaKTCpHOH 3HeprHH 

B036y)I(,AeHHH clloHOHHoro Tuna: 1lu.o: M1 « "hw
0 

• IIo3-

TOMY p011b 3THX HH3K011C)I(au_.ux B036Y)I(,ACHHH MO)I(CT 6b1Tb 

onpe,nenJiromeB: B o6naeTH HH3KHX TeMnepaTyp, kT - hll . 
llpu 3TOM 6onee BbleOKOJie)l(ao_.ue B036y)I(,AeHHJI clloHouuoro 

THDa DOMHMO nepeHOpMHPOBKH napaMeTpOB neeB,AOeDHHOBOH 

DO,AeHeTCMbl MOryT onpe,neJIJITb B o6naeTH 6onee BhleOKHX 

TeMnepaTyp H nepexo,nTHna"eMemeHue!'o6yenoBneHHbiH MJir

KoH clloHOHHOH Mo,noB:. 

4 

... 

l.J.eJibiO HaeTOJin_.eB: pa60Tbl JIBJIJICTeJI noene,noBa TCJibHbiH 

Y'ICT OfiOHX THROB B036y)I(,ACHHH " eBJI3aHHbiX e TYHHC11Hpo

BaHHCM aTOMOB OTHOeHTC11bHO paBHOBeeHbiX ll0110)1(CHHH H 

BhleOKOJIC)I(a~.~.tHX cilOHOHHbiX B036y)I(,ACH1, B paMKaX 0606-

meuHoB: Mo,nenu, ecllopMynHpoBaHuoB: B/3 • KaqeeTBeHHO 3TOT 

Bonpoe o6ey)l(_naneJI uaMH pauee B/6/. B ene,nyron_.eM pa3,nene 

2 BbiBO,AHTeJI raMH11bTOHHaH MOACJIH, cila30BbiH nepexo,n B KO

TOpOH Ha OeHOBC BapHaU.HOHHOrO DO,AXO,Aa paeeMOTpCH B pa3-

,nene 3. 06ey)I(,ACHHC DOJIY'ICHHbiX pe3y11LTaTOB npHBC,ACHO 

B pa3,nene 4. 

2. rAMHJibTOHHAH M0,4EJIH 

IlpH MOAC11bHOM ODHeaHHH AHHaMHKH peweTKH aHrapMO

HH'ICeKOrO KpHeTaJIJia y,no6HO BOeD011b30BaTbeJI MCTOAOM 

1IOKa11bHbiX HOpMaJibHbiX KOOp,AHHa T/7 ,S/, KOTOpbiH D03B011JICT 

Bhi,AC11HTb KpHTH'IeeKyiO MOAY K011e6aHHH H 3anueaTb raMH11b" 

TOHHaH B npoeTOM BH,ne: 

p2 
H = 2 l-

2
i + U (s. ) I 
m 1 

+ ~ 2 v ( s. ' s. ) , 
L. il"'j 1 J 

/2/ 

r,ne 1IOKa11bHaJI HOpMaJILHaJI KOOp,AHHaTa Si ODHebiBaeT eMe

u_.eHHC Beex aTOMOB B i -B: 311CMCHTapHOH JI'ICHKC A11JI KpH

TH'ICeKOH B ,naHHOM cila30BOM nepexo,ne MOAhl KOJie6aHHH; 

p. - eonpJI)I(CHHbiH eH HMDYJibe H m - npHBCACHHaJI Maeea. 
1 

O,nuoqaeTH'IHhiH U(si ) H napHbiH V ( si , si ) noTeuu.uanbl 

onpe,neJIJIIOT B MOAC11bHOM BHAC AHHaMHKY KpHTH'ICeKHX 

Kone6auuB:. llpeHe6peraJI B03MO)I(HhiM BhlpO)I(ACHHeM Hop

MaJILHOH MO,Abl, 6y,neM e'IHTaTb Sj OAHOKOMDOHCHTHOH 

nepeMeHHOH • 

Y'IHTbiBaJI cilH3H'IeeKyro KapTHHY ABH)I(CHHJI aToMoB npu 

eTpyKTypuoM clla3oBoM nepexo,ne, onueaHuyro BbiWe, npe,n-

eTaBHM KOOp,AHHaTy s B BH,ne: 

si = r i + ui , /3/ 

r,ne ri eOOTBCTeTBYCT DOJIO)I(CHHIO paBHOBeeHJI, KOTOpoe 

MO)I(CT MCHJITbeJI BeJie,neTBHC TYHHC11HpOBaHHJI e Ma1IOH qae

TOTOH fl, a Ui ODHebiBaeT 6bleTpble OeU.H1111JIU.HH cilOHOHHO" 

ro THna e xapaKTepuoB: qaeTOTOH wo >> n. IIpe,neTaBJICHHe 
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/1/ JIBJHieTeJI qaeTHLIM enyqaeM /3/ npH r. = I, a~ b~ 
1 a 1 1 

Bo3HHKaimuee B /3/ y~Boeuue 'IRena ueJaBHeHMLIX nepe

MeHHLIX xapaKTepHO npH OllHeaHHH ~HHaMHKH peanbHOB 

pemeTKH, B KOTOpOM llOMHMO ManLIX KOne6aHHB aTOMOB -

KOnneKTHBHLIX B036y~~eHHB Y'IHTLIBaroTeJI eme B036y~~e
HHJI O~HO'IaeTH'IHOrO THlla, OTBeTeTBeHHLie 3a llOJIBneHHe 

BaKaHeHB, nepeXO~LI aTOMOB B Me~~Oy3nHJI H T.~. JaMeTHM, 

'ITO no~o6uoe /3/ npe~eTaBneuue oKaJanoeb BeebMa yenem

HLIM llpH ODHeaHHH ~H4xilY3HH H KOnneKTHBHLIX B036y~~eHHB 
B ~H~KOeTH /eM., HanpHMep,/9/ /. Ilo~eTaBnJIJI Tenepb 

/3/ B /2/, nonyqaeM raMHnbTOHHaH OT "KOH<lJHrypaUHOH-

HLIX" f. H "<lJOHOHHLIX" U. nepeMeHHLIX. qT06LI pa3~e-
1 1 

nHTb 3TH nepeMeHHLie, BOenOnb3yeMeJI BapHaUHOHHLIM no~-

XO~OM/4/, annpoKeHMHPYJI nonHLIB raMHnbTOHHaH eHeTeMLI 

eyMMOB He3aBHeHMLIX raMHnbTOHHaHOB ~nJI <lJoHOHHOB H KOH

<lJHrypauHOHHOB no~eHeTeM: 

H =Hph+H. 
0 R 

/4/ 

Y'IHTLIBaJI, ttTo <lJououHaJI no~eHeTeMa onHeLIBaeT ManLie Ko

ne6aHHJI aTOMOB OTHOeHTenbHO HeKOTOpLIX 34xtleKTHBHLIX 

nono~eHHB paBHOBeeHJI, BLI6epeM npo6HLIB raMHnbTOHHaH 

~JI Hee B neeB~OrapMOHH'IeeKOM 

p2 
Hh=I.-..L + 

P i 2m 
1 "' $ .. Uj Uj, 
-"" 1] 2ij 

BH~e: 

/4a/ 

r~e rapMOHH'IeeKaJI MaTpHUa eHnOBbiX noeTOJIHHLIX <l>ij JIB

nJieTeJI BapuauuoHHLIM napaMeTpoM. Kou<lJurypauHOHHyro 

llO~eHeTeMy, OllHeLIBaromyro eHnbHOaHrapMOHH'IeeKHe KOne-

6aHHJI aTOMOB, 6y~eM annpoKeHMHpOBaTb raMHnbTOHHaHOM 

P
2 

- 1 2 li___L + U (r. II + - l C .. ( ri - r
1
- ) , 

i 2m 1 2 ifoj 
11 Hs /46/ 

r~e O~HO'IaeTH'IHLIB aurapMOHH'IeeKHB llOTeHUHan U (ri) H 

KOHeTaHTa eBJI3H C.. JIBnJiroTeJI BapHaUHOHHLIMH napaMeT-
1] 

paMH. Ilpe~nonaraJI ~nJI npoeTOTbl, 'ITO B 3neMeHTapuoii 

JI'IeBKe HMeeTeJI TOnbKO ~Ba 3KBHBaneHTHbiX nono~eHHJI 

paBHOBeeHJI H yqeT TYHHenHpOBaHHJI npHBO~HT K paemenne

HHIO oeHOBHOrO eoeTOJIHHJI Ha eHMMeTpH'IHOe (s) H aHTH

eHMMeTpH'IHOe (a) eoeTOJIHHJI B O~HO'IaeTH'IHOB JIMe, BBe-

6 

.. 

.. 

.,_ 

"" 

~eM neeB~OellHHOBOe npe~eTaBneHHe DO BOnHOBLIM <lJyHKUH-

JIM if; s (r) H if; a (r): 

p.2 -
l-1

- + U <r. ) II/; (r. ) = f if; (r.) • 2m 1 s,a 1 s,a s,a 1 
/5/ 

3~eeb H B /46/ onepaTop HMnynbea Pi JIBnJieT

eJI KaHOHHtteeKH eonpJI~eHHOB nepeMeHHOB K KOOp~HHaTe ri . 

Ilepexo~Jl ~anee K neeB~oenHHOBOMY npe~eTaBneuuro B I 46/, 

nonyttHM raMHnbTOHHaH Mo~enu )J,e- Xeua: 

H = --DI.a X - !I, J az az + E /6/ 
' 2 ij ij i j R i i 0 

r~e 

1 2 E = ~(fa + f s ) + r! C 0 , n = -(f - f ) + r c 
2 a R • o ' 0 

J .. 2 2 = !(r2 +r2 ), C = I. C.. /6a/ 
I] = 2r,.a cij ' r± 

2 aa -- ss () . 1] 
] 

H r
11

v - Ma TpHttHble 3neMeHTbl no BOnHOBLIM <lJyHKUHJIM if; /1 , 
1/; 11 B /5/, jl, v =Ia, sl. 

B BapuauuoHHOM MeTo~e lioromo6oBa BLittHemieTeJI 

eB060~HaJI 3HeprHJI 

r~e 

F, = F + < H - H > 
0 () 0 /71 

• .!!_o 
F - T P n Sp I e T 

= I, 
0 

/7a/ 

.!:'o -Ho 

<H- H > Sp I e T {H-H ll 
0 () /76/ 

I. < U (r. + u. ) > + ~2 I. < V (r. + u. , r. + u. ) >0 1 1 0 •• 1 I J J 
1] 

I.< U (r. ) > -
I 0 

1 I. <1> •. < u. u. > - !. I. C .. < (r. - r. l2 > , 
2 ij I] 1 J 0 2 ij IJ 1 ] 0 
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H aapHaUHOHHLie napaMeTpLI npo6Horo raMHJILTOHHaHa I 4/ 
Haxo~gycg H3 YCJIOBHH CTaUHOHapHOCTH CB060~HOH 3HeprHH 
/7 I no OTHOWeHHIO K aapHaUHH no 3THM napaMeTpaM HJIH, 
3KBHBaJieHTHO, no COOTBeTCTBYIOIUHM KOppeJigUHOHHLIM cilYHK· 
UHgM. Ilepexo~g a /7 I K ncea~ocnHHOBOMY npe~cTaaneHHIO 
aHanorH'IHO /6/, nony'IHM ypaaHeHHg: 

<I> .• 
I] -=-0-- I 2 ~ < U (r. + u. ) > + a< u. u. > · I • o 

I J 0 I 

+ ~ < V ( r. + u . , r . + u. ) > l , 
i;fj I I J J 0 

2r
2 C 
sa ij 

0 ---- < V (r + u , r + u ) > o <a. z a~ > i i i i o 
I J 

/8a/ 

/86/ 

0 ~ < U (r. ) > 
i I 0 

0 l ~ < U (r · + u · ) >o + . I I o< a~> I 8 <a~> 
I 0 

1 + - ~ < V (r. + u. , r. + u. ) > 
2 ij I I J J 0 

I 0 

- .! ~ C .. < r ~ + r .2 > 2 I] I J 0 
l. 
/8aj 

CaMocornacoaaHHag cHcTeMa ypaaHeHHH /4/-/6/, /8/ on
pe~engey cilaJOBLIH nepexo~ B MO~eJIH H OnHCLIBaeT B3aHM
HOe BJIHgHHe cilOHOHHOH H nceB~OCnHHOBOH no~CHCTeM~pyr 
Ha ~pyra. 

3. tPA30B.blH IIEPEXOJ{ B MOJ{EJIH 

PaccMoTpHM npocTyiO Mo~eJIL cTpyKTypHoro cilaJoaoro 
nepexo~a, BLI6Hpag O~HO'IaCTH'IHLIH noTeHUHaJI B /2/ B BH~e 
~BOHHOH gMLI, a napHLIH noTeHUHaJI JanHCLIBaeTcg B rapMo
HH'IeCKOM npH6JIIDKeHHH: 

2 
Pi A 2 B 4 1 2 H = ~ (- - - s · + - s . ) + - ~ ¢·. ( s. - s. ) . /9/ 2m 2 I 4 I 4 ij IJ I J 

3Ta Mo~eJIL nony'IHJia a nocne~Hee apeMg wHpoKoe pac-

8 

\ 
J 

) 
J 

npOCTpaHeHHe npH HCCJie~OBaHHH cilHJH'IeCKOH KapTHHLI 
cTpyKT!pHoro cllaJoaoro nepexo~a /cM/5/ H, HanpH-
Mep/2 I. IloJILJygcL ypaaHeHHgMH /8/, ~Jig aapHauHoH
HLIX napaMeTpOB B npo6HOM raMHJILTOHHaHe /4/ HaXO~HM 
cne~yiOIUHe BLipa:>KeHHg: 

<1>.. = 8 .. (~ +"' ) - "'·· (1- 8 .. ), 2C .. I] I] 'f"o '~-"IJ IJ I] ¢ij' /10/ 

r~e · 

~ =-A + 3B (<u?>o + <ri2>0 ), ¢ = ~¢·· • 
0 j IJ /lOa/ 

3cllcileKTHBHLIH O~HO'IaCTH'IHLIH noTeHUHaJI B /46/ MO:>KeT 6LITL 
JanHCaH B BH~e: 

- A2 B4 - 2 U < r. ) = -- r. + -
4 

r. , A = A- 3 B < u. > • I 11/ 
I 2 1 1 1 0 

KoppengUHOHHLie cilYHKUHH CMeiUeHHH a I 1 Oa/ onpe~eJigiOT
cg ypaBHeHHgMH 

H 

<u~> 
1 0 

1 1 w 
-~-cth~ 
N m q 2wq 2'f 

< r.2 > = r 2 - r 2 <a~ > , 
1 0 + - I 

/12/ 

/13/ 

r~e 'laCTOTa ciloHOHOB HaXO~HTCg H3 ypaBHeHHg: 

mw 2 
= 1:\ + ¢ -¢ , ¢ 

q 0 q q 

-iq(x.0 - x.0
) 

= ~ ¢ .. e 1 
l , / 12a/ 

j IJ 

a MaTpH'IHLie 3JieMeHTLI r2 
± 

=!. ( r2 ± r 2 ) H cpe~Hee JHa-
2 aa ss 

'leHHe < a.x > onpe~eJigiOTCg ~Jig nceB~OCnHHOBOrO raMHJIL· 
TOHHaHa )6/ no BOJIHOBLIM cilYHKUHgM B /5/ C noTeHUHaJIOM 

/11/. 
YpaoHeHHg /12/, /13/ HrpaiOT ponL ycnoaHH caMo-

cornacoaaHHg, KOTOpLie onHCLIBaiOT B3aHMHOe BJIHgHHe cllo
HOHHOH H nceB~OCllHHOBOH CHCTeM ~pyr Ha ~pyra. qaCTOTa 
cilOHOHOB B /12a/ JaBHCHT corJiaCHO /lOa/, /13/ OT COCTog
HHg nceB~OCnHHOBOH nO~CHCTeMLI - KOppeJigUHOHHag cilyHK· 
UHg <r.2> HrpaeT pOJIL cpe~HeKBa~paTH'IHOrO paBHOBeC-

t 
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uoro nono:>KeHH.II oeu,unn.IITopa. B TO :>Ke speM.II napaMeTphl 
neeB,IJ.OellHHOBOrO raMHnhTOHHaHa J ij H Q B /6/ ey
~eeTBeHHO 3aBHe.IIT OT eoeTO.IIHH.II ~OHOHHOi llO,IJ.eHeTeMhl 
'lepe3 3«WJeKTHBHhli O,IJ.HO'IaeTH'IHhli llOTeHIJ,Han /11/. C poe
TOM TeMnepaTyphl BenH'IHHa eB.113H J.. = r 2 cp .. <r 2 cp .. 

IJ sa II- 0 IJ 

yMeHbWaeTe.ll, a qaeTOTa TYHHenHpOBaHH.II Q BO~~aeTaeT, 
TaK KaK BhleoTa noTeun.uanLHoro 6apbepa u = A '/4B no-

2 0 
HH:>KaeTe.ll (u < u = A /4B), a paeeTO.IIHHe Me:>K.IJ.Y MHHHMyo 0 

MaMH 2r 2 
= 2A/B yMeHLWaeTe.ll Cf2 < r 2 = A/B).<I>u-o 0 0 

3H'IeeKH 3Ta nepeHOpMHpOBKa napaMeTpOB e poeTOM TeM-
nepaTyphl 06'h.lleH.IIeTe.ll yBenH'IeHHeM JaeeneHHOeTH BbieWHX 
/oTHOeHTenLHO < s , <a I yposuei, KOTOphle onpe,IJ.en.IIJOT 
B036y:>K,IJ.eHH.II !lJOHOHHOrO THna. 

<l>a30Bhli nepeXO,IJ. B MO,IJ.enH OllHebiBaeTeJI peWeHHeM 
eaMoeornaeoBaHHOi eHeTeMhl ypaBHeHHi, KOTOpOe MO:>KeT 
6b1Tb nony'leHO Bene,IJ.eTBHe /5/ TOnhKO 'IHeneHHhiM o6pa30M. 
PaeeMoTpHM J,IJ.eeb no3TOMY TOnbKO Ka'leeTBeHHYIO Kap
THHY 4JaJosoro nepexo,IJ,a. KaK 6blno noKaJaHo pauee B PJI.IJ.e 
pa6oT /uanpHMep/3 •4/ /, nepexo,IJ.y Tuna nopJI,IJ.OK - 6ee
nopJI,IJ.OK B MO,IJ.enH /9/ eOOTBeTeTByeT enyqaj ena6oi eB.II3H: 
¢

0 
<< A. Ilo3TOMY B o6naeTH TeMnepaTyp, r,IJ.e r.,b

0 
«A= 

2 
= A- 3B < u i >, B03MO:>KeH nepexo,IJ, Tuna nopJI,IJ,OK - 6ee-
llOp.II,IJ.OK B neeB,IJ.OellHHOBOi llO,IJ.eHeTeMe /6/ OTHOeHTenhHO 
napaMeTpa nopJI,IJ.Ka a z= <aiz>. B npu6nH:>KeHHH MoneKyngp
uoro nonJI /eM., uanpuMep/1/ I TeMnepaTypa nepexo,IJ.a 
onpe,IJ,enJleTeJI ypasueuueM: 

T 
c 

2q 
Jo-(+q 

rn--
1-q 

q g < 1. 
Jo 

/14/ 

MaKeHManLHaJI TeMnepaTypa ,IJ.OeTuraeTe.ll npu n « J 
2 0 

= ~ J,. = r cp' KOr,IJ.a MO:>KHO npeue6pe'lb TYHHenHpOBaHHeM H 
j IJ sa o 

BOenonb30BaTbeJI OIJ,eHKOi: 
~ 

2 2 2 -2 A A B, 2, 
r - r ~ (r ) - r =- = - (l-3- <-- u. /) 

ss aa sa o B B A ' /15/ 

B 3TOM npe,IJ.ene ,IJ.n.ll TeMnepaTyphl nepexo,IJ,a nonyqaeM 

10 

T ::: J ::: ¢ r 2 
= 

c 0 0 0 
¢~ 

oB 
/14a/ 

H, ene,IJ.oBaTenLHO, 'Ic << u 0 =A2
/4B. B 3Toi o6na

eTH TeMnepaTyp (¢
0 

« A) !lJouoHHhle BOJ6y:>K,IJ.eHHJI ue ur
paiOT ey~eeTBeHHOi ponH: 

'Ic ¢ o A - 2 
< -=- = -=-·- << r 

2A 2A B 0 

A 2 T 
<u. >-~ 

I mwo 
/16/ 'B' 

r,IJ.e ,IJ.n.ll 4JouoHHOi qaeTOThl 6hlna uenonLJoBaHa OlJ,eHKa 
2 - 2 

mw - /1. + ¢ - -A+ 3Br + ¢ 
0 0 0 0 

2A ¢0 2A. + 

C poeTOM TeMnepaTyphl B03MO:>KHO H3MeHeHHe xapaK
Tepa eB.IIJH: ¢ » A I ,IJ.a:>Ke npu ¢ « A I, KOr,IJ.a noJis-o 0 

n.lleTe.ll B03MO:>KHoeTb nepexo,IJ.a THna "eMe~eHue". B npe-
,IJ.enLHOM enyqae eHnhHOi eB.II3H (¢0 » A) nepexo,IJ. Tuna 
"eMe~euue" onpe,IJ.en.lleTe.ll noJisneHHeM MJlrKoi MO.IJ.hl 
( /1. ( T ) -> 0) H o6pa~eHHeM B HOnh eMe~eHHi a TOMOB OT-

0 

HOeHTenbHO IJ,eHTpa .ll'leiKH ( r 2 (T ) --> 0). TeMnepa Typa 
0 0 

nepexo,IJ.a T
0 

B KnaeeuqeeKoM npe,IJ.ene ou,euusaeTeJI eo-
rnaeHo /lOa/, /11/ ypaBHeuueM 

A('I0 ) = 0, 
2 

<ui> 
lA 
313' To- .!.¢ ~ 

3 ° B' 
/17/ 

r,IJ.e epe,IJ.HJI.II 4Jououua.11 qaeToTa B /12/ B npe,IJ.ene eunLHoi 
eBJI3H ou,euusaeTeJI Bhlpa:>KeuueM mw 2 -- ¢ . B oTnH'IHe 

0 0 

2 
OT 'I c B /14a/ 'I 

0 
>> u

0 
= A /4B- BhleOThl noTeuu,uanL-

Horo 6apbepa. Ilpu 3TOM B ,IJ.auuoi MO,IJ.enu seer,IJ.a 

'Ic - ¢ 0 (A I B > < To - ¢ o <AlB> . 

4. OECY)I(,4EHHE 

Ilpe,IJ.nO>KeHHYIO B HaeTOJI~ei pa60Te MO,IJ.enh MO>KHO 
paeeMaTpHBaTb KaK 06o6~eHHe H3BeeTHOi MO,IJ.enH ,lJ.e-JKe
Ha ,IJ.n.ll onueaHH.II nepexo.IJ.OB THna"nopJI.IJ.OK- 6eenopJI.IJ.OK": 
B OTnH'IHe OT noene,IJ.Hei B ,IJ.aHHOi MO,IJ.enH llOMHMO .IJ.BYX 
HH>KHHX ypOBHei /o6yenosneHHhiX pae~enneHHeM oeHOB
HOrO eoeTOJIHH.II Ha f , f npH y'leTe TYHHenHpOBaHH.II/ 

s a 
npHHHMaJOTe.ll BO BHHMaHHe H Bee B036y:>K,IJ.eHHhle eoeTO.II-
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HHB aHrapMOHHqeCKOrO OCUHITnBTOpa B OAHOqacTHqHOM no· 

TeHUHane. 3TH COCTOBHHB ODHCbiBaiOTCB B ciiOHOHHOM npeA· 

CTaBneHHH /B OTnHqHe OT DCeBAOCDHHOBOH MOAenH AllB 

Tpex ypoBHeii:/ B nceBAOrapMOHHqecKOM npu6niDKe

HHH /46/. B peJynbTaTe YAaeTcs B paMKax OAHOii: MOAenH 

ODHCaTb AOCTaToqHO CllQ)KHbiH CDeKTp CHCTeMbl CBB3aHHbiX 

CHllbHOaHrapMOHHqecKHX OCUHllllBTOpOB, npeACTaBHB ero 

B BHAe HH3KOlle)l(alUHX CHllbHOaHrapMOHHqeCKHX B036y)l( • 

Ae,Hii:, o6ycnosneHHbiX TYHHenupoBaHHeM /B oTnuque 

OT 2/, rAe DCeBAOCDHHOBble B036y)I(AeHHB CBB3aHbl C 

KnaccuqecKHM nepe6pocoM qepe3 6apbep/, H BbiCOKone

)l(aiUHX B036y)I(AeHHi clloHOHHoro THna, 6onee cna6oe aHrap

MOHHqecKoe BlaHMOAeHCTBHe KOTOpbiX yqHTbiBaeTCB B npH· 

6nH)I(eHHH caMocornacosaHHoro clloHOHHoro nons I 46/, /8a/. 

HeKoTopbiM HeAOCTaTKOM TaKoro HCKyccTBeHHoro paJ· 

AeneHHB CHCTeMbl Ha DCeBAOCDHHOBYIO DOACHCTeMy C ra • 

MHllbTOHHaHOM /6/ H ciloHOHHYIO /4a/ BBnBeTCB HCKa)l(eHHe 

HCTHHHoro cneKTpa aHrapMOHHqecKoro ocuunnsTopa B ABoii:

Hoii: BMe *: nonyqaiOII.\HHCB OAHOqaCTHqHbiH CDeKTp MO)I(HO 

JaDHCaTb B BHAe 
1 

fn = 1iw0 (n+2)±b11 (n=0,1,2 ... ) BMeCTO 

secbMa cnO)I(Horo cneKTpa B ABOii:Hoii: sMe /eM., Hanpu

Mep/2•10•11/ /. 0AHaKO B BapHaUHOHHOM DOAXOAe K pe· 

weHHIO JaAaqH Ha OCHOBe MHHHMH3aUHH CB060AHOH 3HeprHH 

CHCTeMbl 3TOT HeAOCTaTOK He AOll)l(eH HrpaTb CyiUeCTBeH· 

Hoi ponu: B o6nacTH HHJKHX TeMnepaTyp, kT - 1111 , 
OCHOBHOH BKllaA AaeT llHWb TYHHenupyiOIUaB MOAa, a B 

o6naCTH BbiCOKHX TeMnepaTyp, kT - tiw
0

, AODOllHHTenb· 

HOe pacll\eDneHHe ciiOHOHHOH MOAbl Ha ManyiO BenHqHHY 

1111 << nw HeCyll\eCTBeHHO /npH AOll)I(HOH HOpMHpOBKe 
0 

CTaTHCTHqeCKOH CyMMbl/. QqeBHAHO, qTO DpeAllO)I(eHHaB 

MOAenb AaeT llHWb HHTepDOllBUHOHHOe ODHCaHHe cilaJOBO· 

ro nepeXOAa, B KOTOpOM HaHMeHee TOqHo ODHCbiBaeTCB 

o6naCTb TeMnepaTyp, KOrAa 11 - w H pa3AeneHHe Ha ABe 
0 

DOACHCTeMbl ciiHJHqeCKH He 060CHOBaHO. lionee DOClleAO· 

BaTellbHbiH pacqeT CDeKTpa CHCTeMbl CBB3aHHbiX aHrapMo· 

HHqeCKHX OCUHllllBTOpOB, DpOBeAeHHbiH B pa6oTe/ 1 1/, Tpe-

"'- Mi.J: 6naroAapHhi · npocll. li.XeKwy, KOTOpblii: o6paTHn 
HaWe BHHMaHHe Ha 3TOT HeAOCTaTOK pacqeTa. 

12 

6yeT BbiDOnHeHHB CllO)I(HbiX qucneHHbiX pacqeTOB, qTO 3aT· 

PYAHBeT nonyqeHHe npocTbiX oueHOK H o6cy)I(AeHHe ciiHJH· 

qecKoii: KapTHHbl cilaJoBoro nepexoAa. 

fipH HCCneAOBaHHH peanbHbiX CHCTeM npeAllO)I(eHHaB 

MOAellb MO)I(eT 6b1Tb HCDOllb30BaHa AllB ODHCaHHB cilaJOBOrO 

DepeXOAa THDa DOPBAOK· 6ecnopBAOK B KpHCTannax, rAe 

3HeprHB B036Y)I(AeHHbiX COCTOBHHH aKTHBHOH rpyDDbl aTOMOB 

ne)I(HT B o6naCTH TeMnepaTypbl nepeXOAa: kT - J - nw . 
c 0 0 

B 3TOM cnyqae HeHJ6e)I(Ha CHllbHaB nepeHopMHpOBKa 34l· 

cileKTHBHOH KOHCTaHTbl CBB3H Jij H qacTOTbl TYHHenHpo· 

BaHHB 11 DpH ODHCaHHH nepeXOAa B paMKaX MOAenH ~e

)l(eHa /6/. HanpHMep, npH Aeii:TepuposaHHH BOAOPOAOCOAep

)l(alUHX COeAHHeHHH cneAyeT 0)1(HAaTb 6onee CllO)I(HOH nepe

HopMHPOBKH 3THX napaMeTpoB I eM. pa3Aen 3/, qeM B03HH

KaiOIUeH TOllbKO DpH yqeTe H3MeHeHHB MaCCbl TyHHenHpyiO· 

IUHX KOMDneKCOB. fipH HeKOTOpOM 0606IUeHHH npeAllO)I(eH· 

Has MOAellb MO)I(eT 6b1Tb DOneJHa DpH HCCneAOBaHHH AHHa· 

MHKH peWeTKH HeynopBAOqeHHbiX CHCTeM, B KOTOpbiX cy· 

IUeCTBeHHYIO pOllb urpaeT TYHHenHpOBaHHe aTOMOB OTHOCH· 

TellbHO HeCKOllbKHX cnyqaii:HbiX DOllO)I(eHHH paBHOBt!CHB. 
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