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KaK noxaauaaio r 3KCnep1-1MeHTbl, BaKaHCl-11-1 1-10HOB KI-1CnOpOAa oxaau-

BalOT cune Hoe Bnm'lHl-1e Ha MRrKl-1e epOHoHHble MOAbl B SrTiO/ 1-3 / 3TO 

06bRCHReTCR oco6o~ pOnblO 1-10Ha KI-1CnOpOAa B B03HI-1KHOBeHI-11-1 HeYCTO~

~I-1BOCTI-1 peWeTKI-1 1-1 CTPYKTypHoro epa30BOrO nepexOAa 8BI-1AY ero 60nb

WO~ HenI-1He~HO~ nOnRpI-13yeMOCTI-1. OTCYTCTBl-1e 1-10Ha KI-1CnopOAa npl-1BO

AI-1T K nOKanbHOMY nOAaBneHI-1~ HeYCTÓ~~I-1BOCTI-1 peWeTKI-1, 1-1, cneAOBa
TenbHO, K 1-13MeHeHI-11O nOKanbHoro nOTeH41-1ana B R4e~Ke. CornaCHo!l~ 

OCHOBHYIO ponb B B03HI-1KHOBeHI-11-1 MRrKO~ aHTI-1AI-1CTOPCI-10HHO~ epOHOHHO~ 

MOAbl I-1rpaeT Me>K1-10HHOe B3aI-1MOAe~CTBl-1e Ti - O. 
B pa60Te /4/~aMI-1 6~na 1-13Y4eHa TepMOAI-1HaMI-1Ka peWeTKI-1 c BaKaHCI-1A

MI-1 Ha OCHOBe Bapl-1a41-10HHOrO npl-1H41-1na 50ronlO608a. npl-1 3TOM nOR8ne

Hl-1e BaKaHCI-1~ B 3neMeHTapHo~ R4e~Ke paCCMaTpl-1BanOCb KaK B03HI-1KHO

BeHl-1e AeepeKTHo~ R4~~KI-1 c napaMeTpa~1-1 B3aI-1MOAe~CTBI-1R, OTnI-14alO~I-1MI-1

CR OT napaMeTpOB B I-1AeanbHOM Kpl-1CTanne. UenblO HacToR~e~ pa6oT~ 

RBnReTCR 1-13Y4eHI-1e BnI-1RH~R BaKaHCI-1~ Ha AI-1HaMI-1KY peWeTKI-1 npl-1 aHTI-1

AI-1CTOPCI-10HHOM epa3000M nepexoAe. B n.l 3anI-1C~BaeTCR MOAenbH~~ 

raMl-1nbTOHl-1aH B TepMI-1HaX nOKanbHo~ HopManbHo~ KOOpAI-1HaT~ 1-1 B~BO

AI-1TCA epYHK41-1A rpl-1Ha AnR peWeTKI-1 c AeepeKTaMI-1. B n.2 nonY4eH~ 

ypaBHeH~A gnR 4aCTOT MRrKI-1X MOA AnA TeTparOHanbHO~ 1-1 Ky61-14eCKO~ 

oaa , 3aBI-1CA141-1e OT KOH4eHTpa41-11-1 AeepeKTHblX R4eeK. YpaBHeHl-1e AIlR 

napaMeTpa nopAAKa paCCMOTpeHo B n.3. 06cY>KAeHl-1e pe3ynbTaToB 
1-1 cpaaneaue c 3KCnepl-1MeHTaMI-1 AnR 4aCToTbl MRrKO~ MOAbl 1-1 r e-mepa
TYP~ epa30Boro nepexOAa npl-1 pa3nl-14HO~ KOH4eHTpa41-11-1 AeepeKTOB npo

BOAI-1TCA B n.4. 

1. rAM~nbTOH~AH MOnEn~ ~ epYHKU~~ rp~HA 

B paõo r e /4/ HaMI-1 npennoxe a MOAenbHbl~ raMl-1nbTOHl-1aH AnA onuca

HI-1A CTPYI<TypHoro caaosor-o ne pexoria , Bbl3BaHHoro MRrKO~ MOAO~ 'R2 5 
.... TT S

B TO~Ke q R = aOll) 30Hbl Opl-1nnlO3Ha B Kpl-1CTanne rTi0 3 c Ba

KaHCI-1AMI-1. npl-1 3TO~ 6~no I-1CnOnb30BaHO npeACTaBneHl-1e nOKanbHO~ 

HopManbHO~ KOOpAI-1HaT~ InHKI R A<l) , onl-1~~BalOl4e~ Bpal4eHl-1e OKTa3A
.pa Ti0 6 B 3neMeHTapHo/i1 R4e~Ke f OTHOCI-1TenbHO OCI-1 A = 1,2,3 
Il-1nl-1 A = x, Y,z/ ICMu /51 I. ,QeepeKTHaR A4e~Ka onpenenanacs c nOMo~blO 
onepaTopa npOeKTl-1pOBaHI-1R: tê=1/01, ecnl-1 R4e~Ka t AeepeKTHaR IHOP

ManbHaRI. 
B HaCTOR~e~ paõor e Mbl aocnons ayexcn npI-16nl-1)v,eHHbIM Bblpa>KeHl-1eM 

AIlR nHK RAU), nonar aa 
.... .... 1 .... -+ .... 

Ua (e k) = -- 2 e a (k •q RA) R A (e ) • 
~A 

, 1.1aitteH~i1 BHtnTfYif \ 

~..~!':~~l~d 



r Ae e a <k. qRA) - BeKTOp n0I1HpI-13a~"H'l MOAbl R2 5 npa li = qR' m k = m -
MaCCa 1-10Ha KIffCI10pOAa. npeACTaBI1eHl-1e /1/ MO>f<eT 6blTb n0I1Y4eHO 1-13 
.oõuieã cI>OPMYI1bl, CBH3blBalOIl.leH CMell.leH~e U ( t k) 1-10Ha KI-1CI10pOAa Copa 
Ta k BAOI1b OCI-1 a = X, Y. Z B H4eHKe e c nHK, eCI11-1 AIlH aekropa nOI1H
pI-13a~l-1l'l BOCn0I1b30BaTbCR npl'l6I1I-1>f<eHl-1eM ea(k, qA) =::: ea(k, qRA). B 3TOM 
npI-16I1I-1>f<eHI-1I-1 MOAeI1bHbIH raMI-1I1bTOHl'laH /1/ B paõore /4/ AI1H MOAbl R 25 
B KpI-1CTaI1I1e SrTi03 c BaKaHCI-1RMI-1 MO>f<eT 6blTb aanacau B BI-1Ae: 

2 .... 
1 P A(f) f 2 .... 

H ="2 ~ --+2 s; C A(l+ rt.;+)R\(f) + 
>J Ir >J. t 1\ 

/1/ 
.... -+ -+ ....1 . 2.... 2" 1 

+ 4" ::.,... r ÀIL C1 - {3 t 1)R A(t) R f.L (t) -"2 t '<Il Àf.L ( ee' )R A( e) R II (f ') , 

t 1= i: 

rAe rapMOHI-14eCKOe B3al-1MOAeHCTBI-1e npeÁCTaBI1~~O 8 BI-1Qe çAH04aCTI-14
HOH COCTaBI1HlOll.le~ C A 1-1 83alllMOAeHCTBIIlR '~Af.L ( fe') npa ei: e'. npl-1 3TOM 
npeAnOI1araeTCR, 4TO BaKaHCl'l1-1 CYIl.leCT8eHHO BI1I-1RIOT I1I-1Wb Ha 0AH04a
CTI-14H~H nOTeH~l-1aI1, B KOTOpOM napaMeTp~ y 1-1 {3 OnI-1C~BaIOT OT~OCI-1

TeI1bHoe 1-13MeHeHl'le rapMOHI-14eCKOH 1-1 aHrapMOHI-14eCKO~ CI-1I10BbIX nOCTO
RHHbIX; 

r À/l = r 1 Ô Àf.L + 2r2 (1 - ÔÀf.L i , I r = 1 - e t f · 
rAe Ir - 6e3pa3MepH~H MOMeHT I-1Hep~1-11-1 1-1 € - ero OTHOCI-1TeI1bHOe 1-13
MeHeHl'le. KaK nOKa3aHO B /2(, nORBI1eHl-1e BaKaHCI-1~ 1-10HOB KI-1CI10pOAa 

npl'lBOAI-1T K cTa61-1I11-13a~1-11-1 HeYCTOH4I-1BO~ ~ rapMOHI-14eCKOM npI-16I1I-1>f<e

HI-1I-1 VlAeaI1bHOH peWe~KI-1, T :e. cu ~R = CA -<Il AA (QR) < O, B TO BpeMR 
KaK C A(l + y) - <l> ÀÀ(q R> > O. 

BBeAeM OAHO~OHOHH~e ABYXBpeMeHH~e ~YHK~I-1l'l rpl-1Ha /~r/ OT one
paTopOB nHK 

........ .... -+
 

o >vtar', t - t') = -W(t - r') <[RA(f), Rf.L(Ol>. 

YpaBHeHI-1R AI1R HI-1X nOCI1e ~YPbe-npeo6pa30BaHI-1R no BpeMeHI-1.I-1MeIOT 
BI-1A 

........ -+-+
 

(1 - e t l) cu 2 O Ap. (e f' ,cu) = ÔAf.L Ôfe"1 + C A(1 + Y tê) O AIl( Ee' , cu) + 

• -H .... .... /2/
.... 2 .... 

+ ~ r \ (1 - {3t~) «R\ (O R (O >> - I. <l> \ <e e1 ) O ( f le' ,cu).I\Il r 1\ v cu ~ I\V Vil
 
v
 V" 1 

.. 
CTPYKTYPHblH $a30Bbl~ nepexon B T04Ke qR xapak'repuaye r ca Tpex-

KOMnOHeHTH~M napaMeTpoM nopRAKa, KOTOP~H onpeAeI1ReTCH CpeAHI-1M 
3Ha4eHI-1eM nHK npa T < T R ,rAé T R - r eaneparypa easoeoro nepexona , 

n03ToM~,np~ACTaBI1RR nHK B BI-1Ae 
.... .... ....
 

RA(e) = AA(e) + rA(e). ..... "
 
.... .. lqRt 

rne AA( O = <~(O > = AAe 1-1 AA - TpexKoMnoHeHTHbl~ napaxerp 
nop~pKa, a rA(e) - IDI1YKTya~1-10HHaR 4acTb,BOCn0I1b3yeMcR nceBAorap

2 

.-;----~.;-- - .. ~ --- 4Jíi" ~ 

MOHI-14eCKI-1M npI-16I1I-1>f<eHl-1eMAI1R<Pr6oI1eeBbICoKoronoPRAKa.n0I1araR
 
/ CM. /6/ /:
 

.... ......... ........ 2 ....
 
«rA(f ) r: Cf ) IrA' ( f' ) >> cu = «r A( OI r A' ( t') >> . < r Il (f) > +
 

.... .... .... .... 
+ 2 «r Il (f) I r A' (e') » cu <rA (f) r Il ( O > • 

B pe3YI1bTaTe ypaBHeHl-1e AI1R ~r /2/ 3anl-1WeTCR B BI-1Ae: 

u - e t () cu 2 OAIl (te~, cu) = ÔAIl Ô !'t + C A(1 + Y t t) OAIl (tf-:, cu ) 

........ . ........ . 2 ....
 
- 4. <flAIl(ff1)GvA,(fl,~-',CU) + ~ r ( r) +Av(1-,Bt1)![A v
 

vf 1 /3/
 
........ ........ ...... -+.... .... ....
 

+ Dvv(H .cu)]OVf.L(fr',cu) +2[AA(f)A v ( f) +DAv(H.cu)]Ovll( H',cu)l. 

r ae BBeAeHa KOppeI1R~1Il0HHaH $YHK~I-1H /I{~/ DAf.L( -et,) = <rA(e) r Il( t,». 
Y4I-1TbIBaH, 4TO 3Ha4eHI-1H napaae r pa nopanxa AA 1-1 KOppeI1Hl.IIIlOHHOH 

~YHKl.Il-1l-1 DAIl (ft) B Ae~eKTHO~ (t f= 1) 1-1 HOpMaI1b HO~ (t t': O) H4~~Kax 
MorYT 6~Tb pa3H~MI-1, BBeAeM o603Ha4eHI-1H 

AA(l~-+=A(l)A(l~:t) +A(2)At ........
 

D Af.L CH) = D(l)AIl(H )(1 - t 1) + D(2)AIl(H) t f /4/
 

C Y4eTOM /4/ ypaBHeHl-1e AI1H ~r npl-1HI-1MaeT BI-1A 

};I' (",2 - C A) sAv 'tt, + <I> A~ (ff~1 ) - ~, r w ,[ ~I) v'+ ql) v,j °Av° 1f 
l 

-21Av[t\1)A(r)A(1)V(1) + D(l)Av(te)]ôl/-+ IOvll (t11 ' . cu ) /5/
t:f 1 

.... -+
 
-=: Ô AIl ô11-+' + ~ V Av (cu) tlO vll (U , cu) •
 

r Ae V Af.L (cu) - Marpaua B03Myu~eHI-1H: 

2
VAf.L(CU) = (fCU + yCA)ô AIl + ~ rAv[(1-13)(A~2)V +D(2)V ) 

/6/ 

- A~1)V -D(l)v]ôAIl + 2rAIl[(l-tn(A(2)AA(2)Il+ D(2)ÀIl)-A(1)À A(l)Il-D(l)ÀJ • 

BBeAeM ~r I-1AeaI1bHO~ peWeTKI-1 COrI1aCHO ypaBHeHI-1~: 

-+-+ -1 2 .... -+ 2 
10,\ (fe cu)l = (w -CA)ÔÀv s........ +<l>Àv(H ) -~, rAv(AO)v + 

Il 1 fi1 V· /7/ 

+ D Ô Ô...... - 2r (A A + D ) Ô .........
 
(l)v' ÀI1 H 1 Àv (l)A (l)v (l)Av H 1 

3 
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YMHO>l<afl o6e 4acnl /5/ Ha G~lÀ(f2f,ú.d III CYMMIIlPYfI no À, f, nony4l1lM
 
ypaBHeHlIle Aa~coHa
 

~~ ~~ ~~ -+ ~
 

0ÀIl(U',Ú.» = GÀIl(H',w) + ~-+OÀIl(H1,ú))VVV(w)tt Gv'll(f1f' {U). /8/
 
vv f 1 1
 

,anfl cpf AecpeKTHo~ f14e~KIIl t t -+ = 1 ,1Il3 /8/ HaxoAIIlM 
e 

-+~ 7-+
 
GÀIl(ff' ,w) = ; MÀv(w)O~1l (I:f',w)+
 

/9/ 
-+ -+ -+ -+ 

+ ~I'-+ L MÀv(w)G~v (ee~,w)Vv v. (w)tt 0v ,e1~' ,w), 
2 1le = f vV1 v2 1 12 L11

rAe 

1 -+~
 

M ~ (w) = \ - L G° ( €f ,w) V , (úJ). /1 0/

I\V 

õ 

I\V V ' Àv' v v 

nOACT~Bnflfl /9/ B /8/, HeTPYAHO nO~Y4I1lJ~ ypaBHeHlIle Anfl ycpeA

HeHHO~ no KOHcplllrypal..\lIlflM neoexroe cpf 0À (ef',w). nplll Y4eTe rons xo
 
"roplll30HTanbHblx AlIlarpaMM" /CM o 17/ /, pMweHlIle aanacuaaer cs B BIIl

-1 N
Ae pflAa no xouue-rrcauaa AecpeKTOB p = <t-+> ==I N I t ~: e ~ f 

L:: 1 

- ~ -+ -+~ -+-+ -+~ 

0ÀIl(f- f',w)=OÀIl(el',úJ) + p -+ L GÀIl(Eel'úJ)Vvv}úJ)MV1V2(úJ)~0.,.(~e',w)+ 
f 1, v v1v 

2 
/11/ 

+ p2 .L_ L -+ GÀ (êl 1 ,w)V (w)M v (úJ)O~ v (f1 e ,úJ) x v v v	 2 v v1 "s t L f 1 1 2 2 3
 
1 r 2
 

~ -+
 
X Vv. v '(w)M v v (úJ)O~ À,·(f 2 e' ,w)+ "0 • 

3 4 4 5 5 

CYMMlIlpOBaHlIle 3Toro pflAa no P YAo6HO npOBeCTIIl OTAenbHo B Ky611l

4eCKo~ oaae nplll T> TR III B TeTparoHanbHo~ oaae nplll T < TR o,
 

2 o TEMnEPATYPHAíl 3ABVl01MOCTb l.IACTOTbl MílfKOI1 MO,abl 

PaCCMo~pIllM CHa4ana TeTparOHanbHY~ cpa3Y, B KOTOPO~ TonbKO OA

Ha 1Il3 KOMnOHeHT napaMeTpa nopflAKa OTnlll4Ha OT Hynfl, HanplllMep:
 
A À = Aô À1 o B, 3TOM cnyvae He paauu Hymo TaK>I<e ronsxo 'AlIlaroHanb Hble
 
KOMnOHeHT~ Ket> III cpf IIlAeanbHo~ peweTKIIl
 

't' 

0M =D À. = {01,02 =03 I, GÀÀ :;:01 = {001'0~ =0°3 1 
III AlIlarOHanbH~e ~OMno~eHT~ CPYHKI..\IIl~ /6/' III /10/: 

4 

., 

2
VÀ(w) =éW +yC À + 3r1[(l-I3)(Al2)À +0(2)À) -Af1)À -O(l)À] + 

+ 2r2 I [U-I3)(A
2(2)v+ 0(2)v) -A~l)V -O(l)vl,

vf;À 
/12/ 

-+-+ , -1
 
M À (w) = [1 - G~ (H ,úJ) V À (w)]
 o 

/13/ 

CneAOBaTenbHO, Anfl et>f /11/ B TeTpaíoHanbHo~ cpa3e HaXOAIIlM: 

- ~~ -+-+ -+-+ ~ -+
 
G À (H' .co ) = GÀ ree',w) + p L 0À(ffl'w )VÀ (úJ)G1 (f1e' ,w) +
 

f1 
~~ ~-+	 -+-+ 

2+ p	 -+ L -+ ~o (H 1 .co) VÀ (w) ,M À (w) G À(f 1e2 ,w ) V À (w) MÀ (úJ) G À(f f ' ,úJ) + ... o 
f 1 /:. f2

2 

nepexoAR 3AeCb K cpYPbe-npeAcTaBneHIIl~: 

- ~~ 1 - -+ i~(l-f')
 
0À (H',w) = N ~ 0À (q) e
 

q 

III asmonuaa CYMMV1poBaHlIle no p, nony4l1lM 
- ... -+ -+ -1
 
O À (q, w) ::: G ~ (q, w ) [1 - pM À(w) V À(w) G À (q, .w)] o /14/
 

et>YPbe~npeAcTaBneHlIle et>f IIlAeanbHo~ peweTKIIl /7/ B TeTparOHanbHO~ 
cpa3e IIlMeeT BIIlA: 

0° (q, w) ::: L ~(~.!L"	 /15/
À j w2 _ 0 2 . (V .
 

0-]
 

r Ae eÀ(<in - aexr opu nonspuaauaa III o ~. (q) - 4aCTOTbl MflrKO~ MOAbl 
/ j ". 1 ,2,3/ onpenenanr ca 1Il3 ypaBHeHIIl~: 

2o~ j (Q) e (q j) L {[ C /I + sr1 (A + n 1) ) +À Il r (1)1l (Il 
/16/ 

+2r2 L (A~l)V+O(l)V )]ôÀIl-~Àp.(q)lep.(qj)o 
vl=p. 

-+ ~ ~ 

TaK KaK B T04Ke q=qk aekropu nonapuaauaa AlIlarOHanbHbl: eÀ(qRj) 
õ Àj , ,1Il3 /16/ AIlfl 4aCTOTbl MflrKO~' MOAbl B víAeanb HO~ peure rxe nOnY4l1lM 

2 ~ 2 2 ar L A,2 O) " 
°OÀ (qR)::: Ú)ÀR+ 3r1 (A(l)À+ D(l)À) + 2 p.f;À «1)1l+ (1)1l ' /17/ 

r ae ú) XR= CÀ - ~ À~ (q-i <o - aarpaaovues rapMOH.1Il4eCKafl 4aCTOTa. 
l.IacToTa MflrKOIll MOAbl Anfl peure rxa C AecpeKTaMIIl onpeaenaerca no

n~caMIIl er /14/ nplll q::: qR: 

-+ 2 -+ -+ -+	 / 8O~ (qR) = 00À (qR) + pM(w = 0À (qR)) VÀ (úJ = OÀ (qR) , 1 / 

rAe VÀ(w) IIlMÀ(w) onpeAenfllOTCfI $opMynaMH /12/ III /13/. 
Ket> HopManb HO~ f14e~KIIl 0(1) À H -+f14~~KIIl C Ae<1leKT~MIIl 0(2) À çnpe-, 

AenfllOTCR COOTBeTCTBYIOl1.\HMIIl <1lf GÀ(f=l',w) H GÀ«(=f',úJ). ,Llnfl no

5 



cneAHe~, npeHe6pera~ nOnpaBKaM~ nOp~AKa P B /9/, nony4aeM: 
d -+ -+ -+-+ 

G,\ (r = f' ,w ) .= M,\ (w ) G À(t f ~ co i.c 

3Ta ~r onpeAen~eT ~ 4aCTOTY Kone6aH~~ B Ae$eKTHO~ ~4e~Ke 

-1 1 le,\Cqj) \2 

M,\ (w) = 1 - v,\ (w) - ~ = o . /19/
N qj «o 2 _ o 2 (éi) 

Oj 

np~ TeMnepaType B~we $a30Boro nepexoAa peweTKa ~MeeT Ky6~4e

Cl;<YIO c~MMeTp~lO. üonar aa np~ 3TOMA(1)=A(2)=0 ~ Ql),\=D(1), 
D(2)'\ = D(2) I ~3 ypaBHeH~~ /18/ An~ 4aCTOTbl TpeXKpaTHO BblpO}/{AeHHO~ 
M~rKO~ ~oA~ nonY4~M B~pa}/{eH~e 

-+ -+ -+ -+ 

0 2 (qRT) = O~ (qR) + pM(w = o CqRT» V(w = o (qRT»· /20/ 

np~ 3TqM 4aCToTa M~rKo~ MOA~ ~AeanbHo~ peweTK~ O:(~R) ~ $YHK4~~ 
M(w), V(w) ~MeIOT B~A: 

2 -+ 2 . ,
0 0 (qRT) =w R + rD(1)(T), r = 3r 1 +4f 2 ' 

/21/ 
V(w) = uu 2 + yC + r[(l- ,8)D(2) - D( 1)] , 

1 -+-+ 
M- (w) = 1 -:- G o (H ,w) V (w ) • 

Teanepa rypa CTPYKTypHoro caaoaor-o nepexona T R onpeaenaer cs 
~3 ypaBHeH~~ 0 2C<IRT ) = o .xoropoe, corJlàCHO / 200 np~BOA~T K ycnoR 
B~IO:. 

2 -+
0 (qRT ) + pM(O) V(O) = O. /22/0 R 

B n.4 3TO ypaBHeH~e 6YAeT ~CnOJlb30BaHO An~ onpeAeneH~~ 3aB~C~

MOCT~·TR OT KOH4eHTpa4~~ Ae$eKToB p. 

3. YPABHEH~E ~n~ nAPAMETPA nOp~~KA 

B ypaaueuue An~ onperiene-ura 4aCTOTbl M~rKO~ MOAbl B r e rpar o
HanbHO~ $a3e /18/ BXOA~T pa-BHOBeCHoe 3Ha4eH~e napaMeTpa nop~AKa 

'An~ HopManb HO~ A(1),\ ~ Ae$eKTHo~ A(2)'\ ~4eeK. YpaBHeH~e An~ na
paMeTpa nop~AKa onpeAen~M ~3 ycnoB~~ paBHOBec~~ 

F (ê)' = < aH>, 
,\ -+ aR,\ ( f) -+
 

r Ae F À ~) - BHeWH~~ cuna , Ae~cTBYIp14a~ Ha ~4e~KY f. nOACTaBn~~
 

nHK R,\(f) B B~Ae
 
-+ -+ -+-+ 

R,\ (O" = A (O ô ,\ 1 + s« 2 (e) + r2 ( 2) , 
-+ lq- 1 

An~ paBHOBeCHO~ 4ac"I.~ napanerpa nopamca np~ T < TR A(f) =j\e R 
He 3aBI-1C~14e~ OT .~ (2), ~ An~ HepaBHoBecHo~ Ao6aBK~ ôA,\( 0, npo

A(f> {C + r 1 [A 2 (f) + 30(1) clt)] + 4r2 D 2( lf) l-!': (1)(lf"":)A(l')
{, 

-+ 2 -+ -+-+ ... -+ /23/ 
= - 't': (O [yC - ,8r 1 CP; (O + 3D1 (e 2» - 4,8r 2D2 (e e)] , 

2
ôA,\(f){C +3r1[A ( f ) + D(1)cê6]+ 4r2D 2 (161- ~ éfJ(êt)A(t)

t: 
'~. /24/ 

F,\(l) -t (h..c -3,8r1[A
2( 1) +D(1)(tt)]- 4,8r2D 2 ( f ô lôA,\ ( f ) 

J: -+ 
B n~He~HOM np~6n~>KeH~~ no ôA,\(f). BBOA~ B 3T~X ypaaueuaax auano- .. 
r~4HO /4/ napaMeTp nop~AKa ~ K~ An~ HopManbHO~ ~ Ae$eKTHo~ ~4e

eK, npoBeAeM KOH$~rypa4~oHHoe ycpeAHeH~e no tt.YpaBHeH~e /23/ 
An~ pae aoae caux napa-rerpoa nopamca A(1) ~ A (2) npl'ÍMeT B~A: 

-+ 2 -+ 
A(1) [C:.- (1)(q R? + r 1A(1) + ar1D(1) 1+ 4r2 ~1) 2 ] + p(1)(q RHi\1) -A(2) = O, 

. 2
 
A(B)'[C - «Jl(qR) + yC + r 1 (1- (8)A(2) + 3r1 (1- (:3)D(2) 1+
 

/25/ 

+ 4r2 (1 - mq2) 2 +. (1 - p) éfJCqR)(A(2) - A (1» = o. 

~CKnI04a~ 3AeCb 4neH c B3a~MOAe~CTB~eM, 3an~weM /25/ B B~Ae 

2 
A(1) [C + fi A(1) + 3r1 111) 1+4r2 D( 1)2] =: 

= A(2) [(1 + y)C + r 1 (1 - ,8)A~2) + 3r1 (1 - ,8)D(2) 1+ 4r2 (l - ,8)D(2) 2 ] . 

~3 3Toro ypaBHeH~~ cneAyeT, 4TO np~ cTa6~n~3~pYI014eM Ae$eKTe,Ta
KOM, KaK BaKaHc~~, napaMeTp nop~AKa An~ o6o~x T~nOB ~4eeK o6pa
14aeTC~ B HYJlb np~ OAHO~ ~ TO~ >Ke TeMnepaType TR. 

~e~cTBY~ aHanor~4Ho, KaK np~ B~BOAe ~r B n.2, ~3 ypaBHeH~~ 

/24/ nonY4~M B~pa>KeH~e An~ HepaBHoBecHo~ 4aCT~ napaMeTpa nop~A
Ka, ycpeAHeHHoro no KOH$~rypa4~~ Ae$eKToB. ~n~ npo~3BonbHq~ ~4e~

K~ ~MeeM 

- -+ 1 X 0'\(q) F,\C~ i~f 
~ ,:~ 

]i
 
ôA ,\ (e) = -== ~ e /26/
 

, vN q 1 + pM,\(O) Xo,\ C~ V,\ (O)
 

~ An~ Ae$eKTHO~ ~4e~K~ 

-+-+
f I ,-+ 1 -+:\. lq e1/. ôA À(f) "" vw- ~ M ,\ (O) X 0'\ (q) F,\ (ql e 

r ne X- 1 Cv = ~ ,\ (eu - CTaT~4eCKa~ Bocnp~~M4~BOCTb ~AeanbHo~ peure'r-
K~. 0'\ O 

nO~.4~oHanbHo~ F,\(,0, nonY4~M ypaa aeuaa : 
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'1,; 

I 

OTMeT~M, 4TO onpeAeneH~e TeMnepaTYpW $a30BOrO nepexoAa, KOTO i' 
poa cneAyeT ~3 BWpa~eH~R AnR HepaBHOBeCHO~ 4aCT~ napaMeTpa 00
pRAKa 126/: 

1 + pMÀ(O) XOÀ{qR) VÀ (O) =0, 

COBnaAaeT c ypaBHeH~eM 1221, nonY4eHHblM ~3 ypaBHeH~R AnR epr. 

(\
4. CPABHEHHE C 3KCnEPHMEHTOM H 05CymAEHHE 

f 

ttnR cpaBHeH~R c 3KCnep~MeHTaM~ /1-2/ He06xOAI.1MO npOBeCT~ 4~C I';.i 
neHHoe peWeH~e C~CTeMW ypaBHeH~~ 120/, 121/. AnR ynpo~eH~R pac
4eTOB np~MeM, 4TO K$ HopManbHo~ ~ Ae$eKTHo~ R4eeK OA~HaKOBW: 

D(1) = D(2) = D(T). BbI4~cn~M ~x B np~6n~~eH~~ cpeAHe~ no cneKTPY I 
4aCTOTbl MRrKo~ MOAbl /5/ : I. 

. leÀ(<ti) I 2 .' 0o/q) _ 1 cth 00À (T)1
DÀ(T) = - ~ ---- cth --...''-- 

N qj 20 0 j (q) 2T 20 oÀ(T) 2T 
-+ --lo

rAe 6bln0 np~HRTo np~6n~~eH~e e À (qj) ~ e À (qRD =oÀ) ~ BBeAeHa cpen-

HRR no cneKTpy 4aCTOTa
 

2 2 -+ 2
 n OÀ (Y) = n OÀ {qRT) + O o ' 
2 

u o~MeeT CMwcn nonyw~p~HW ~OHOHHO~ 30HW.0 ~ 

B 3T~X np~6n~~eH~RX ~ npeHe6peraR ~3MeHeH~eM Maccw AnR 4aCTO
~W MRrK~X MOA AnR Ky6~4ecKO~ $a3W, nonY4~M Bwpa~eH~e

J-+ fi 2o+ Vo( l + p) 4020V o
O 2 (q RT) = ú.l ~ + rD(T) + [l - 1 - p ,-----.--), 1271 

2 [O ~ + Vo (1 + p)]2 

rAe 

1 J02(q)+n 2 

Vo = yC - /3ffi(T) D(T) ======= cth o R o 
2fii 02(q ) +02 2T

R o 

l 
l 

AnR OL.\eHK~ napawerpoa ~AeanbHO~ peure'rxa ú.l~, r ~ O~ aocnoris> 
ayencn 3Kcnep~MeHTanbHbIM~ ÃaHHbIM~ /2/ AnR 4aCTOTbl MRrKO~ MOAbl 
ripa ABYX 3Ha4eH~Rx TeMne:raTYPbl: np~ T = 105 K ~ npa T = 285 K. 
3TO n03BonReT Bblpa3~Tb ú.>R, ~ r 4epe3 n;, OCTaBnRR B B~Ae nonr-o- I!og 
H04Horo napanerpa , Y-4~TbIBaR npe)/(H~e Ol~eHK~ AnR ú)~ /2.5/, np~MeM L 
cneAy~~~e 3Ha4eH~R AnR napaMeTpoB: p, 
ú.l~ ::::: -2613 CM-2 ~ r::::: 436503cM-3, n:'::::: 14'917 CM-2 

AnR 04eHK~ napaMeTpOB Ae$eKTHO~ peweTK~ y ~ /3 aocnonb3yeMcR I / i,
3Ha4eHl-1eM 4aCTOTbl MRrKO~ MOAbl AnR KOH4eHTpalll-1l-1 BaKaHC~~ n = 2,24% 2 : 

8 

,I 
~ 

B oõnacru H~3K~X IT 1"" 15KI ~ BbICOK~X I T 2 :::::?85KI r eanepa ryp , Ec
nlo1 C4~TaTb, 4TO KOH4eHTpa4~R Ae4>eI<'THbIX 'R4eeK paaua KOH4eHTpa4~~ 

BaKaHC~~ ~OHOB K~cnopOAa, TO ~onY4~M AnR napaMeTpa /3 3Ha4eH~e 

/3>1, KOTopoe np~BOA~T K oTp~4aTenbHo~ aHrapMoH~4ecKo~ c~noBo~ 

nocToRHHO~ B Ae$eKTHo~ R4el~Ke: r(l-{3»o Q 

B 3Kcnep~MeHTanbHblX paõorax / 1-3/ KOH4eHTpa4~R BaKaHC~~ ~OHOB 

K~cnopOAa n onpeAenRnaCb no KOH4eHTpa4~~ CB060AHWi 3~eKTP9HOB. 

B pa60Te /8/ OTKnOHeH~e 3aB~C~MOCT~ napaMeTpoB Ae$eKTHoro Kp~
c ranna OT n~He~Horo. 3aKOHa no n 06bRCHReTCR TeM, 4TO 4aCTb CBO
60AHblX 3neKTpOHOB Mo~eT 6blTb 3aXBa4~Ha Ha He3anonHeHHble 060n04
K~. n03TOMY KOH4eHTpa4~R BaKaHc~1:1 ~OHOB K~cnopOAa Mo~ei 6blTb 
60nbwe, 4eM onpeAeneHHaR no 4~cny CB060AHWX 3neKTpOHOB. AononH~
TenbHO Y4~TWBaR Ae$opMa4~OHHoe ~CKa~eH~e coceAH~X c COAep~a~e~ 

BaKaHC~~ R4e~KO~, BBeAeM 3$$éKT~BHY~ KOH4eHTpa~~~ Ae$eKTHWX 
R.4ee.t< B B~Ae p= zn, r Ae n - onpeneneuuea B axcnepa-re-rre KOHL,\eHTpa
4~R BaKaHC~~, a z - 3$$eKT~BHoe YBen~4eH~e 4~cna Ae$eKTHbIX R4e
ex , Ben~4~HY z MO~HO 04eH~Tb ~3 ycnoaua T(l- (3) 2: O AJlR Ae$eKTHO~ 

R4e~K~. Hanpaxep , Bbl6~paR ABa 3Ha4eH~R AnR -raç roru MRrKO~ MOAbl 
~3 axcnepaaeura np~ n=2,24% IT~15K, 02(QR) = 11'00 CM- 2 ~ T= 
285K, O 2(qR) = 3850 CM -21 nonY4~M, 4TO z>16 Q 3TO ycnoaue noxaau
BaeT, 4TO Ha OAHY ~3MepeHHY~ B 3Kcnep~MeHTe BaKaHC~~ B Kp~CTan
rre SrTiO 3 np~XOA~TCR B Ka~AOM ~3 r pex HanpaBneH~~ no 2-3 cocen
H~X Ae$eKTHbIX R4e~K~ Q np~ Z =17 nonY4~M cnenyouure napa-ierpu AnR 
Ae$eKTHo~ R4e~K~: y~O ,3573, /3 ""o ,9831 • 

Peayns ra ru 4~cneHHblX paC4eTOB no oop-tyne 1271 AnR 4aCTOTbl 
MRrKO~ MOAbl npu Bbl6paHHblx auure napa-re'rpax y ~ /3 AnR pa3n~4HblX 

KOH4eHTpa4~~ n np~BeAeHbl ua puc , 1. 3fecb T04KaM~ 0603Ha4eHbl 
3Kcnep~MeHTanbHwe pe3ynbTaTw ICM. /2 I. TeopeT~4eCKaR 3aB~C~-
MOCTb 0 2 (<iRT), nocrpoeaaaa Anfl n::::: 1 ,06% no napa-re rpa» y ~ /3, 
onpeneneuaua no 3Kcnep~MeHTanbHblM T04KaM np~ n::::: 2,24%, YAOBneTBO
p~TenbHO cornacyeTcR c 3Kcnep~MeHTOM. 

3aB~C~MOCTb r exneparypu eaaoaor-o nepexoaa T R OT n , Bbl4lo1cneH
HaR ~3 ypaBHeH~R 1221 

2 -+ . V O 
O (q T ) + P -----;--::;-------- = O., 

o R R 1 _ V G o (f.e 0 2 (q T ) = O)
• O' R R 

np~BeAeHa Ha p~c.2. Te~nepaTypa $aaOBoro nepexOAa ~MeeT n~He~

HY~ 3aB~C~MOCTb OT KOH4eHTpa4~~ BaKaHCIo1~ TonbKO np~ Man~x n AO 
n - 0,5-0, 7% ~ ·4TO COOTBeTcTByeT 3$$eKT~BHO~ KOH4eHTpa4~~ Ae$eKT
Hbl?< R4eeKP-8-12%. np~nk::::: 0,9% BaKaHc~~' ~OHOB K~cnopOAa IPk::::: 
15,6% Ae$eKTHWX R4eeKI $a30Bw~ nepeXOA ~C4e3aeT: TR=O. 

TaK~M 06pa30M, npOBeAeHHwe B HacToR~e~ pa60Te paC4eTW TeMne
paTYPHo~ 3aB~C~MOCT~ 4aCTOTW MRrKO~ MOAW ~ TeMnepaTYPW ~a30Boro 
nepexona T R OT KOH4eHTpa4~~ BaKaHCVf~ n YAOBneTBop~TenbHO ccrna
CY~TCR c 3Kcnep~MeHTOM np~ BBeAeH~K n~Wb ABYX nOArOH04HWX napa
MeTpOB y ~ /3, on~CWBa~~~X ~3MeHeH~e OAH04aCT~4Horo nOTeH4~ana 

AnR nHK B Ae$eKTHo~ R4e~Ke. HHTepecHwM $~3~4ecK~~ pe3ynbTaToM,. 
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Q2(q ) 103CM-2
R ,	 100tx 

4r ~ -. 
3 

I	 _7 / I \. 

2l / - / / r	 \ I 

o	 T,K o 05, n,o/o 1 

PHC. I. TeMrr~paTYPHaR 3aBHCH PHC. 2. 3 aBHCHMOCTb TeMrrepaTYPbI 
MOCTb Y:acToTbI MHrKOH: MO,IJ;bI n 2(qR) CTPYKTYPHoro ~a30Boro rrepeXO,IJ;a 
rrpH KoRI..\eHTpaU;HH BaKaHcHH: T R OT KOHu;eHTpalJ,HH BaKaHcHI1 
1- n=o, 2 -n""I,067o, 3 -n"" n /%/. CIlJ10lliHaH KpHBaH - pac

2,24%. CrrnolliHwe KpHBwe - pacy:eT,
 Y:eT, TOY:KH - 3KcrrepHMeHT /2/.
 
TOY:KH - 3KcrrepHMeHT/2/.
 

,qononHfllOlqll1M TepMOAII1HaMII14eCKII1~ pa C4eT 3TII1X me Benll14111H B /4/ ,flBnfl
eTCfl o6HapymeHII1e CYlqeCT~eHHoro pa3n1l14111f1 B KOH4eHTpa4111111 1I13Mepfle

3M~X B 3KCnepIl1MeHTax/1 
- / BaKaHCII1~ n 111 3~$eKTII1BHO~ KO~4eHTpa4111111 

,qe$eKTHblx fl4eeK p: z = p/n ? 16. B pa60T€ /4/ o roro pa3nll141-1fl He Ae
nanocs , nOCKonbKY B He~ no,qrOH04HbIMII1 napaMeTpaMII1 flBnflnll1Cb nll1Wb 
Benll14111Hbl yn 111 f3n. a He o rnens HO y 111 B, 
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3aKa3bl Ha ynoMHHYTble KHHrH MoryT O~Tb HanpaaneHbl no anpecy: 
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HsnaTeJibCKHH OTaen 06'beaHHeHHOrO HHCTHTYTa RllepHbiX HccneaoaaHHi' 

llacpynoea X., llnaKHAa H.M. Pl7-36-25 
AHHaMHKa pemeTKH SrTi03 c BaKaHCHHMH npH CTPYKTypHoM 
Wa30BOM nepexop;e 

PaCCMOTpeHa aHrapMOHHqeCKaH MO~eJib aH~HCTOpCHOHHOrO CTpyK
TypHoro ~a30BOrO nepexop;a B KpHCTaJIJie THTaHaTa CTpOH~HH C Ba
KaHCHHMH HOHOB KHCJiopop;a. B&IqHCJteHbi WOHOHHhle cPYHK~HH fpHHa p;e
clleKTHoro KpHCTaJIJia H onpep;eneHbl qaCTOThl MHrKHX MO,II;o llonyqeHHaH 
AJIH HHX TeMnepaTypHaH 3aBHCHMOCTb XOpOmO COrJiacyeTCH C 3KCJiepH
MeHTOM npH pa3JIHqHblX KOH~eHTp~HHX BaKaHCHH o 

PafuTa BbmonHeHa B ITa6opaTopHH TeopeTHqecKoii cPH3HKH Ollilli. 

Coo6meHHe 06'be)lHHeHHoro HHCTHryra JIJlepH&Ix nccne)losaHHii. lly6Ha 1986 

llepeBop; O.C.BHHOrpap;OBOH 

Nasruloev H., Plakida N.M. 
Lattice Dynamics of SrTio3 with Vacancies at 
Structural Phase Transition 

Pl7-86-25 

An anharmonical model of antidistortional structural phase 
transition in strontium titanate with oxygen vacancies is consi
dered. The phonon Green function for the crystal with defects 
is calculated, and soft mode frequencies are found. Their tem
perature dependence agrees with experiments at different vacan
cy concentrations. 

The investigation has been performed at the Laboratory of 
Theoretical Physics, JINR. 
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