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nnaKHU8 H.M., AKCeHOB B.JI. Pl7 - 10445 
MeTon caMocornacoaaHHoro ~OHOHHoro non11 B Teopuu 

CTPYKTYPHhiX nepexonoa 

Ha ocaoae MeTona caMocornacoaaHHoro ~OHHoro non11 (Ctt>n) o6cyJK
naJOTCH o6mHe BOnpOCbl UHHSMHKH peweTKH npH CTpyKTypHOM nepexone: 
KpHTepHII nOHBneHHH MHrKOII MOUbl H CBH3b UHHSMH'!eCKOrO B TepMOUHHSMH
'IeCKOrO ycnoaull nn11 reMneparyphi nepexona. PaccMoTpeH nepBbili H BTOpoli 
nopsmoK MeTona Ctt>n H BhiRCHeHa pon& ~nJOKTyauuli napaMeTpa nopsmKa. 

Pa6oTa BhmonaeHa B Jia6opaTopHH TeopeTH'IecKoli ~H3KKH 0115111. 

0peDpBBT 06wUBeBBOro BBCTBTYT& •JlepllloU BCCJie,llOII&BBI • JtyC5aa 1977 

Plakida N.M., Aksienov V.L. Pl7 - 10445 

The Method of the Self-Consistent Phonon Field 
in the Theory of Structural Transitions 

The general problems of the lattice dynamics in the 
structural phase transition are discussed on the basis 
of the method of the se.lf-consistent phonon field (SPF ) : 
the criterion of appearance of the soft mode and the 
coupling of dynamical and thermodynamical conditions for 
transition temperature. The first and second order of the 
method of SPF are considered and the role of fluctuations 
of the order parameter is examined. 

The investigation has been performed at the 
Laboratory of Theoretical Physics, JINR. 
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06hiY.Ho npu onucauuu CTPYKTYPHhiX nepexo.ll,oB ucxo.ll,HT 

H3 $eHoMeHorroruY.ecKoro pa3JIO)I{CHHH JlaH.ll,ay / 1 I cso6o.ll,Hou 

JHepruu no napaMeTpy nopH.ll,Ka r1 : 

F<T. r1) = F
0 

<Tl 1 i\(Tlr1 
2 , C1r1 1 HIJ ·~ + ... /1/ 

r.ll,e. i\(T) B TOY.Ke ¢a30Boro nepexo.ll,a 2- ro po.ll,a 'I, MeHHCT 

3HaK, TaK 'ITO 

J\('J ) - () . .. /2/ 

C MHKpOCKOllH'lCCKOH TO'IKH 3pCHHH CTpyKTypHhiH nepeXO.ll, 

MO)I{HO CBH3aTb C llOHBJICHHCM HCYCTOH'IHBOCTH KOJie6aHHH 

pCUICTKH: 1 0,Ha H3 MO.ll, KOJie6aHHH npuT-•T,. CTaHOBHTCH 

"MHrKoH" I 
2 

H B CaMOH TO'IKC nepeXO.ll,a 

2 
U-•. (T) =0, 

q [' J ,. ,. /3/ 

r.ll,e j ,. H Q,. 0603HaY.aiOT KpHTH'lCCKYIO MO.ll.Y j ,. B TO'IKC 

Q., 30Hhl JipHJIJIIOJHa. llOJTOMY MHKpOCKOllH'lCCKOC OllHCaHHC 

KapTHHhl CTpyKTypHOrO $a30BOrO nepeXO.ll,a MO)I{HO llOJIY'lHTh, 

HCCJIC.ll.YH .ll,HHaMHKy KpHCTaJIJIH'lCCKOH perneTKH. llOCKOJlhKY 

B rapMOHH'lCCKOM llpH6JIH)I{CHHH B JTHX CJiyY.aHX peUICTKa 

oKa3WBaeTcH ueycToHY.HB6H:, npuxo.ll,HTCH y)l{e B uyrreBOM 

npu6JIH)I(euuu yY.HThiBaTh aurapMOHHY.ecKue Y.JICHhi B pa3rro

)I{CHHH llOTCHl.lHaJihHOH JHeprHH KpHCTaJIJia. 

B nocrre.ll,Hee apeMH .ll,JIH onucaHHH perneTKH CHJihHO 

aurapMOHH'lCCKHX KpHCTaJIJIOB fibiJI pa3BHT MCTO.ll, CaMo

COrJiaCOBaHHOrO tPOHOHHOrO llOJIH /C<l>ll/ /eM., Hanpu

Mep, 131 I, KOTopwH: 6hm ucnoJih30BaH u .ll,JIH H3YY.CHHH 

CTpyKTYPHhiX nepeXO,IJ;OB B llpOCTOH MO,IJ;CJIH cerHeT03JICKT-
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puKa/4-6I.OcuoBHbiM rrpeuMyJ.QeCTBOM MeTo.IJ;a C<I>Ilrro cpaa

HeHHIO C H3BeCTHblM IlpH6llH)l(eHHeM MOlleKynJipHOrO IIOllJI 

/IlMil/ JIBllJieTCJI TOlJHbiB yqeT y)l(e B HyneBOM rrpH6llH)l(e

HHH KOppenJIUHB CMe~.QeHHB aTOMOB peiiieTKH. Ilocne,ZJ;HHe 

OIIpe.D;ellJIIOT KpHTHlJCCKHe 4JmOKTya.QHH rrapaMeTpa IIOpJI.D;Ka, 

KOTOpble HrpaiDT IlpHHUHIIHallbHYID pOllb B 4Ja30BOM rrepe

XO;D;e: rrpeue6pe)l(eHHe HMH B IIMII rrpHBOJJ;HT K cyJ.QecTaeu

HOMY orpy6neHHIO KapTHHbl 4la3oaoro rrepexo,l),a /eM., ua-

rrpuMep, 17 I/. 
1 B uacTOJIJ.Qeii pa6oTe ua ocuoae MeTo.IJ;a C<I>II IJ. o6-

CY)l(JJ;aiDTCJI o6J.Que aorrpocw JJ;HHaMHKH pemeTKH rrpu CTPYK

TYPHOM rrepexo,ZJ;e: KpHTepHB IIOJIBlleHHJI MJirKOB MOJJ;bl H 

CBJI3b JJ;HHaMHlJeCKOrO /31 H TepMOJJ;HHaMHlJeCKOrO /2/ yc

noauii JJ;nJI TeMrrepaTypw rrepexo,ZJ;a. PaccMoTpeu rrepBbiB 

H BTOpOB IIOpJIJJ;OK MeTOJJ;a C<I>Il H BbiJICHeHa pOllb 4JniDKTya

uuii rrapaMeTpa rropJIJJ;Ka. 06cy)l(JJ;eHHe rrpocToii MOJJ;enu 

rrepexo,ZJ;a Tuna CMeiUeHHJI I 41 rrpuao.n;HTCJI B one.D;yiOIUeii 

pa6oTe. 

1. MJizKue MOObl u ceo6oOHaJI :mepzuJI 

Ami orrucaHHJI KpHcTannuqecKou pemeTKH, cocTO»J.Qeu 

H3 aTOMOB HeCKOllbKHX COpTOB, BBe,ZJ;eM KOOp.IJ;HHaTbl aTo

MOB B BHJJ;e 

R i = < R i > + u i = x i + u i = xj + 1] i + u i , /4/ 
e 

r,ZJ;e paBHOBeCHble IIOllO)l(eHHJI Xi :c Xas ""Xa ( k) aTOMOB 

copTa k B 3lleMeHTapHOH JilJeUKe e I a - rrpoeK.QHJI Ha 

ocu Koop.IJ;HHa T I 3.arrucaHbi B BHJJ;e paauoaecHoro rrono)l(e-

HHJI X~ = X 0 
= X

0 (t? ) H CMeJ.QeHHJI 1]. =7] =7] ( kf ) , B03-
1 as a K 1 as a 

HHKaro~.Qero npu CTPYKTYPHOM rrepexo.IJ;e IJJ;n» orrpe.IJ;eneH-

HOCTH, rrpu 'f< T I. AuuaMH'leCKHe cMeJ.QeHHJI u. =u =u (ke) 
c 1 as a 

OIIHCbiBaiOT 3aBHCJIJ.QYID OT BpeMeHH lJaCTb KOOp.D;HHaT aTo-

MOB. IIpe.D;rronarax JJ;anee, 'ITO rroTeuuuanbHaJI 3Heprux 

KpHCTanna 3aBHCHT llHIIIb OT MrHOBeHHblX IIOllO)l(eHHB aTOMOB 

/a.IJ;Ha6aTHlJeCKOe IIpH6llH)l(eHHel, raMHllbTOHHaH peiiieTKH 

3aiiHIIIeM B BHJJ;e 
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2 P. 
I 

H ~ 2 -- + U 0 <xo + 
i 2Mi I 

00 1 
7] . ) + 2 - 2 <1> (r/. ) u 

I n=·1 n!J. •. 11 l ... n 1 l 
••• u /5/ 

n 

r.ne Pi= P~ =- ih v ~ - onepaTop HMnynhca JJ;n» aToMa 

c Mac coil M i M I<, a noTeHI.J,HanhHaJI :meprHH pemeTKH U(R i) 

npe,n;CTaBneHa B BH,ll;e pa3ll0)l(CHHJI IIO CMemeHHJIM aTOMOB 

Ui C K03dJdJHI.I,HCHTaMH 

<IJ (r/) = V ... \ U (x.)= -F- ... _!!_u (x
0 

tr/ ). /6/ 
I ••. n i 1 n 0 I r x i dx 

11 
0 i i 

An» uccne,n;oaaHHJI JJ;HHaMHKH pemeTKH aHrapMOHH'le

CKOrO KpHCTanna C raMHllbTOHHaHOM /5/ BOCIIOllh3yeMCJI 

MeTO,ll;OM ,n;ByxapeMeHHblX d!YHKI.I,HH rpuHa Is/ . Cne,n;yJI /3/ ' 

pacCMOTpHM OJJ;HO$OHOHHYIOdJYHKI.I,HIO rpuHa: 

"" cl cd -ico ( t -t ') 
D. ,(t-t')~·<<u.(t);u_,(t')··>= f--e <<u ju.,», 

II I I . 2 7l i I (1) 

' -00 /1/ 
r.ne npHHJITbi o6biY.Hhie o6o3Ha'-leHH» di=n YpaBHeHHe ,n;au

)l(eHH» JJ;llJI :JTOH dJyHKI.I,HH rpHHa MO)l(CT 6hiTb 3aiiHCaHO 

B BH,ll;C 

"" 
l\1.u> 2 D.-.,(u>)-~5--+2 J,2 <1>. 1 <u 1 ... u \u-' ·' . /8/ 

I II II n=] fi.J.,,n I ••• 11 II I ({) 

IIonb3YJICb MCTO,ll;OM HenpHBO,ll;HMbiX dJyHKI.J,HH rpuHa /
3
/. co-

6upaeM B npaBOH Y.aCTH /8/ BCe O,ll;HOlJaCTH'IHble HeiipHBO

,ll;HMbiC dJYHKI.J,HH rpHHa, KOTOpbie orrpe,n;ellJIIOT HyneByiO 

dJYHKI.J,HIO rpuHa B npH6nmKeHHH cpe,n;Hero IIOllH: 

2 - -l 
De. (u>) = (M.cd 0 .. - <1> .. ) , /9/ 

lj I I) lj 

C MaTpHI.I,eH CHllOBblX IIOCTOJIHHblX 

<11 · · = < V . \ . U ( x'" + r1 . + u . ) · • • 
lj I J I I I 

/10/ 

HenpHBOJJ;HMbie (ir) dJyHKI.J,HH rpuHa 6onee BhiCOKOrO no

pH,n;Ka <<u
1
(tL .. un(t);ui,(t')» (ir) (n~2) orrucwaaiOT rrpo

uecchi Heynpyroro pacce»HHJI 4JoHOHOB. 0HH orrpe.D;en»IOTCJI 

H3 ypaBHeHHH JJ;BH)l(eHHJI JJ;llJI BTOporo BpeMeHH t' , 'ITO 

rro3Bon»eT rronylfHTb ypaaueHHe Aaucoua JJ;nJI OJJ;HO'laCTH'l

HOH d!YHKI.I,HH rpuHa /7/ B BH,ZJ;e 
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D .. , (w) == [D?., (<JJ)- 1 - n .. , (w)]-1 
II ~ I l I I 1111 

C MaCCOBbiM orrepaTOpOM 

00 

1 - - (ir,c) 
--,- ~ <1!.1 <I! . .,, ,<<ul ••• u lu1,. .. u,>> 
n! n ! 1. .. n 1 ... n 1 1 ... n n n w 

ll..,(uJ)== ~ 
11 n,n~2 

1 : •• n, 

1121 

HerrpHBO,l],HMble cllYHKU.HH rpuHa (n,n ') -clloHOHOB B 1121 He 

co.nep:>KaT .D.HarpaMM cpe.nHero clloHOHHoro rronH, KOTOpble 

Bee Y'ITeHbl B rrepeHopMHpOBKe aepwHH: 

~ u.v. 
<I! ==<V ... V U(x +u l>==<ei 

1 1

>V ... yU (x ). 1131 
I. .. n I n i i 1 n 0 i 

EcnH B 112/ rrepeihH K 06bi'iHbiM cllYHKU.HHM rpHHa, TO 

MaCCOBbiH onepaTop MO)l(eT 6biTb 3anucaH B 3KBHBaneHT

HOH cllopMe: 

n .. , c w) == « v .u < x . + u . > 1 v. , u < x . , + u . , ) » c , 
11 I I I I I I (L) l12al 

co.nep:>Kall(eii TOJibKO CBH3aHHble (c) qacTH, He pa3pe3aeMble 

no O,l],HOH clloHOHHOH JIHHHH. 

06ll(ee peweHue 1111 no3BOJIHeT onpe.nenHTh O.D.Ho

clloHOHHble B036Y:>K.D.eHHH no nomocaM cllYHKU.HH rpuHa. Yqu

TbiBaJI TpaHCJIJIU.HOHHYIO HHBapHaHTHOCTb KpHCTanna, ypaB

HeHHe ,l],JIJI C06CTBeHHbiX 'laC TOT KOJie6aHHH peweTKH 3a

nHWeM B BH,l],e 

2 a 1 - a{3 af3 
0 .e .... (k)== N~ [<fJ ,+ Rell ,(w == D-:t· )J x 

q] q] ss'{3 ss ss 'll 

1141 
-iq(;( -: , } 

1 s s {3 
x ----e e .... (k'), 

--- qJ 
vMkMk, 

a 
r.ne BeKTOpbl nonHpH3aU.HH e.... (k) o6pa3yiOT nonuy10 

q} . 1 3 v H OpTOHOpMHpOBaHHYIO CHCTeMy .D,JIJI J = ••• r MO,l], B Ka)l(.D,OH 

TO'IKe q 30Hbl 6punnro3Ha I r - qucno aTOMOB B 3neMeu

Tapuoii Hl.feiiKel. 

6 

f' 

llpH CTPYKTypHOM rrepexo.ne O,l],Ha H3 MO,l], (jc q c) CTaHo

BHTCH MHrKOH H TeMrrepaTypa T c B03MO:>KHOro rrepexo.na 

MO:>KeT 6biTb HaH,l],eHa H3 ypaBHeHHH 

2 • n_, (T,,ry.~Ol=~W~ (q )w.(q H<ll .. +Re11 .. (0)] o=O, /15/ 
q j L I j 

1
. I C J C I j I j TJ. = 

c (' 1 

r.ne BeKTOpbl IIOJIHpH3aU.HH ,l],JIH KpHTH'ieCKOH MO,l],bl 
,.-..--) ->o 

... . 1 a I'J x s 
wi(q,l~=W (qcjc)=-==.e .... (k)e 

aPk . yNMk 'l,.l,. 
/16/ 

lloKa:>KeM, 'ITO .D.HHaMH'iecKoe orrpe.neneuue TeMrrepaTy

pbi rrepeXO,l],a /15/ COBIIa,l],aeT C TepMO,l],HHaMH'ieCKHM /2/, 
nony'ieHHbiM H3 pa3JIO:>KeHHH CB060,l],HOH 3HeprHH. )l.nH 3TOrO 

BOCnOJib3yeMCH TeopeMOH 0 pa3JIO:>KeHHH no CBH3aHHbiM 

,l],HarpaMMaM /9/ H 3anHWeM CBOfiO.D.HYIO 3HeprHIO B BH,lJ,e 

pH,l1,a no CMeii.J.eHHHM aTOMOB T/ i : 

F<T ,TJi) = -TPnSplexpf- ~-(II 0 + lJ'(TI; )\I 

1/T ,. 
=F (rJ=={))·t T Jdr<lJ'(r,rl)> 

0 0 

1/T 
- 2. ( d T I d T < L '( T I ) l' '( T 

2 
)> r + 

2 0 2 

= F + l_ ~ A .. <T lr1 .11 . + . .. , 
() 2 ij lj I j 

/17/ 

r.ne li0 =H(r/; =0) B /5/, a B03MYII.J.eHHe 

C'(ry.) = lJ(xC: -t 17· + u. )-lJ(xC: + u.) 
I I I 1 1 I 

llpH 3TOM K03cllcllHU.HeHT B KBa,l],paTH'IHOM IIO CMeii.J.eHHHM 

17 i qneue cor nacHo /17 I onpe.nenHeTCH Bhipa:>KeHHeM 
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A .. (T) = < V. V . U (x ~ + u . )> c 
IJ I J I j 

1181 
1/T 

(" 

-f dr<ViU<xi +ui(r)}viU(x~+u.)> 
0 J J 

qT06hl nepeHTH B 1171 OT pa3JIO)I(eHHH no MHKpOCKOnHLJ:e

CKHM CMe~eHHHM aTOMOB T/ i K pa3JIO)I(eHHIO 121 no napa

MeTpy nopH)J,Ka T/ , He06XO)J,HMO YCTaHOBHTh Me)I()J,y HHMH 

CBH3h. ITocKOJihKY npH CTPYKTYPHOM nepexo)J,e, Bhi3BaHHOM 

MHrKOH MO)J,OH (qc j ) ,B03HHKaJOT He paBHhie HYJIIO cpe)J,HHe 

3HaLJ:eHHH HOpMaJihHhlX KOOp)J,HHaT <Q~ . > lnpOHCXO)J,HT 
q (" J (" 

KOH.)J,eHCaUHH MHrKHX !l>OHOHOBI, TO B Ka•IeCTBe napaMeTpa 

nopH)J,Ka )J,JIH BCeH pellleTKH MO)I(HO Bhi6paTh COOTBeTCTByJO

~He !l>yphe- KOMnOHeHThl CMe~eHHH a TOMOB TJ ( q c j c) . 

flpOH3BOJihHhle )l(e MaJibie CMe~eHHH a TO MOB 7J i , KaK H 

)J,HHaMHLJ:eCKHe CMe~eHHH U i, MOryT 6biTh npe)J,CTaBJieHhl 

B BH)J,e !l>ypbe- pa3JIO)I(eHHH: 

p --- it];~ ~ 
T/.~ry (k)=(]/,/NMk)~ e~.(k)e ry(qj) }; w.(QhJ(q) .. 1191 

I a qj <jj q I 

Cne)J,OBaTeJihHO, TepMO)J,HHaMHLJ:eCKoe ycnoaHe 121 Mo)l(eT 

6biTh 3anHCaHO B BH)J,e 

A(T l=_!_:2:A .. <T )"'~(q l'.'..(q) = 0. 
C 2 ij I) <" I C j c 1201 

YpaBHeHHe 1201 3KBHBaJieHTHO 1151, nOCKOJihKY MaCCOBhiH 

on epa Top 3ana3)J,hiBaJO~eu li>YHKUHH rpHHa I 12al npH (d =0 
MO)I(eT 6hiTh JanHcaH a BH)J,e KoppeJIHUHOHHOH li>YHKUHH I 181: 

1/T 
Re«AIB>> . =-fdr<A(r)B>. 

cu=D+1< 0 

llpH 3TOM KaK B I 12al, TaK H a I 181 BXO)J,HT TOJihKO CBH-

3aHHhie )J,HarpaMMhi. 

llpu CTPYKTYPHOM !l>a30BOM nepexo)J,e, Bhl3BaHHOM MHr

Kou aKyCTHLJ:eCKOH MO)J,OH, He06XO)J,HMO paCCMOTpeTh CTaTH

LJ:eCKHH (cd =Ol )J,JIHHHOBOJIHOBhiH (q ~ 0) npe)J,eJI )J,JIH aKyCTHLJ:e

LJ:eCKHX MO)J, B ypaBHeHHH 1141. 3Ta 3a)J,aLJ:a 6biJia pac

CMOTpeHa B pa6oTe/IO/,r)J,e )J,JIH npOH3BOJihHOH He HOHHOH 
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pellleTKH 6biJIO noKa3aHO, LITO aKyCTHLJ:eCKHe MO)J,hl B 1141 
onpe)J,eJUIJOTCH MO)J,ymiMH ynpyrocTH, o6pa~eHHe a HYJih 

KOTOphiX npHBO)J,HT O)J,HOBpeMeHHO H K MHrKOH aKyCTHLJ:eCKOH 

Mo)J,e lcKopoCTh 3ByKa o6pa~aeTcH B HOJih B To I, H K 

TepMO)J,HHaMHLJ:eCKOH HeyCTOHLJ:HBOCTH KpHCTaJIJia OTHOCH

TeJihHO )J,e!l>opMaUHH pellleTKH. B HOHHhiX KpHCTaJIJiaX MHrKH

MH 06hiLJ:HO CTaHOBHTCH nonepeLJ:Hhie MO)J,hl, )J,JIH KOTOphiX 

)J,aJihHO)J,eif.cTayw~aH LJ:aCTh KYJIOHOBCKoro B3aHMO)J,eif.cTBHH 

BKJia)J,a He )J,aeT H n03TOMy 06~ee )J,OKa3aTeJihCTBO pa6o

Th.fl 0/ COXpaHHeTCH. 

CooTBeTCTBHe o6oux KPHTepuea 121 H 131 npH CTPYKTyp

HOM nepe xo)J,e o6cy)I()J,aJIOCh H paHee I eM., HanpHMep,lit,I2/ /, 

HO npHBe)J,eHHOe Bhillle )J,OKa3aTeJihCTBO HX 3KBHBaJieHTHOCTH 

HOCHT HaH60Jiee o6~HH BH)J,, nOCKOJihKY OCHOBaHO Ha TOLJ:HOM 

Upe)J,CTaBJieHHH B HBHOM BH)J,e KaK LJ:aCTOThl MHrKOH MO)J,hl 

1151, TaK H K03!l>!l>HUHeHTa A(T) 1201. 

2. Memoo caMocozAacoea1HW20 f/JoH01HW20 noAR 

flpoBe)J,eHHe KOHKpeTHhiX pacLJ:eTOB no o6~HM !l>opMyJiaM 

I 151 HJIH 1201 Tpe6yeT npuMeHeHHH HeKoTopou TeopHH 

B03My~eHHH, He OCHOBaHHOH Ha rapMOHHLJ:eCKOM npH6JIH)I(e

HHH. KaK H B CJiyLJ:ae CHJihHO aHrapMOHHLJ:eCKHX KpHCTaJIJIOB, 

cTa6HJIH3aUHH Kone6aHHH pellleTKH npu CTPYKTYPHhiX nepe

XO)J,aX o6ecneLJ:HBaeTCH aHrapMOHHLJ:eCKHM B3aHMO)J,eHCTBH

eM, H no3TOMY ero Heo6xo)J,HMO yLJ:HTWBaTh y)l(e B HyneaoM 

npu6JIH)I(eHHH. PaccMoTpHM 3)J,ech MeTO)J, caMocornacoaaH

Horo !l>oHOHHOrO nOJIH IC<l>ITI, KOTOphiH n03BOJIHeT pelllHTh 

3TY 3a)J,aLJ:y. 

B KaLJ:ecTBe Hyneaoro B MeTo)J,e C<l>Il HcnoJih3yeTcH 

nceB)J,OrapMOHHLJ:eCKOe npH6JIH)I(eHHe 6e3 yLJ:eTa 3aTyXaHHH 

!l>oHOHOB I SCI - npH6JIH)I(eHHel. HyneBaH li>YHKUHH rpHHa 

onpe)J,eJIHeTCH !l>opMyJIOH 191 C nceB)J,OrapMOHHLJ:eCKOH MaT

puueu cHJIOBhiX nocTOHHHhiX a SCI - npH6JIH)I(eHHH: 

-(]) . - I 
<I> .. = v. V. U (x . ) = V. V. exp (- :2: y

12 
V

1 
V

2
l U

0 
(x. ) . 

I) I J I I j 2 JZ 1 
./211 

flepeHOpMHpOBKa MaTpHUhl onpe)J,eJIHeTCH TOJlhKO napHhiMH 

KOppeJIHUHOHHhiMH li>YHKUHHMH, KOTOpbie, B CBOIO OLJ:epe)J,h, 

BhiLJ:HCJIHIOTCH no HCXO)J,HOH li>YHKUHH rpHHa 191: 
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y .. =<u.u.> =fdwcth~-[-.l.ImD~.(w+ iE)]. 
IJ 1 J 0 2T TT IJ /22/ 

llpH HCnORL30BaHHH ypaBHeHHB /14/ ~RB qaCTOT CaMOCO· 
rnacoBaHHLIX <i>oHOHOB n..... c MaTpuueii /21/ npu II .. (w) = 0 

'lJ lh ypaBHeHHe CaMocornacoBaHHB /22/ MO)f{eT 6LITL 3a HCaHo 
B BBHOM BH~e: 

a* {3 
(' . (k)e . (k) n . . .... .... -> 

a{:J 1, 'I] 'll 'll -lq(xs-xs,) 
y .=- ~ ------ cth---e 
ss N qj 2T 

2f!qivMkM k • 
/22a/ 

Bo BTopoM nopB~Ke MeTo~a C<l>ll I SC2 - npu6nu)f{eHHe/ 
MaCCOBLIH onepaTop /12/ BLiqucnBeTCB B HH3WeM nopB~Ke, 
cooTBeTCTByromeM yqeTy HeKoppenupoBaHHoro pacnpocTpa
HeHHB n ::::_ 2 "o~eTLIX" !l>OHOHOB B npoMe)f{yToqHOM COCTOB
HHH: 

(2) ""1 - - oo w' (,J'/T 
11 ..• (w) = 'L - 'L <fl. <ll .• , , J _d __ (e -1 )x 

11 n= 2 n!l • .•• n, d ••. n 11 ••• n -oo (O-(o • 

,_ 
00 

dt -ito 't 
X f - e .Y] I , ( t) • • • .Y , ( t) . 
-oo 2rr nn /23/ 

llapHaB BpeMeHHaB KOppenBI.{HOHHaB <i>YHKI.{HB, B CBOIO oqe
pe~L, BLJqHCRBeTCB no <i>YHKI.{HH rpHHa /11/ 2-ro nop.H~Ka; 

00 

dw iwt 1 (2) . 
Y .. (t)=<u.(Hu.>= f -----e [--ImD .. (w+Id]. 

IJ I J --oo w/T TT IJ 
e -1 /24/ 

llonpaBKa BToporo nop~Ka K ~HHaMuqecKoii MaTpuue /21/ 
onpe~enBeTcB cornacHo /13/ nonpaBKoii BToporo nop.&~Ka 
K cpe~Heii noTeHI.{HanLHOH 3HeprHH, KOTOpa.H B TOM )f{e 
npu6np)f{eHHH, qTo H /23/, MO)f{eT 6LITL 3anHCaHa B BH~e 
/cM./ 3/; 

10 

I 
~ 

,, 
'J 

00 1 - -
1'. 2U<x.l='L-'L <fl

1 
'L <ll

1
, ,2Imfdt.v

11
,(t) •.. y ,(t). 

1 n=3 n! L .. n ... n I' ... n' ... n 0 nn 

/25/ 

llpu 3TOM B SC2 -npu6nH)f{eHHH ypaBHeHHe caMocornacoBa
HHB nepBoro nop.H~Ka /22/ 3aMeHBeTCB 6onee CRO)f{HLIM, 
/24/ npH t= 0 , H He MO)f{eT 6LITL 3anHCaHO B .HBHOM BH~e 
qepe3 qacTOTLI !l>oHoHoB, KaK /22a/. PeweHHe caMocorna
coBaHHoii CHCTeMLI ypaBHeHHH BO BTOpOM nop.H~Ke MO)f{eT 
6LITL nonyqeHO Ha OCHOBe HeKOTOpOH HTepal{HOHHOH npo
ue~ypLI, Kor~a nonpaBKH BToporo nopB~Ka /23/ u /25/ 
BLiqucnBIOTC.H B SC1 - npu6nu)f{eHHH no HyneBLIM <i>YHKI.{H.HM 
rpuHa. 

AnB BLiqucneHH.H CBo6o~Hoii 3Hepruu y~o6Ho BBeCTH 
!l>opManLHLIH napaMeTp CB.H3H A B raMHRLTOHHaH /5/ H 
3anucaTL ero B BH~e 

p~ 
1 1 

H(A)=H +H (A)= L --+ -L<I>0 u u + U (x0 + TJ ) + 
0 I i 2M. 2 ij ij i j o i i 

I 

oo ,\ n 
+'L -'L 1tl 1 u

1 
... u 

n=l n! l ... n ••• n n 
_.,._ 

~ 'L <ll':. u i u i - 2 ij IJ /26/ 

An.& cBo6o~Hoii 3Hepruu Tor~a nonyqaeM ToqHoe npe~cTaB
neHHe B BH~e /3/ 

I iiH 
1
(,\) 

F= F +fdA<--> 0 0 d,\ ,\ 
/27/ 

1 dA oo dw 1 
= F 0 + f- f --- 'L [- -Im!ll .. (A,w+idD .. (>t,w +id lJ. 

0 ,\ 0 w/T 1 ij TT I] I] 
e -
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CBo6o~Hafl 3HeprHfl Fo orrpe~enfleTCfl 

Y:eCKHM raMHnhTOHHaHoM H o: 

rrpo6HhiM rapMOHH-

-HjT 
F0 =-TenSp(e l=U 0<xil+T~ 

qj 

!:)__,. 
ql 

en2sh 21-' 1281 

r~e Y:aCTOTbl !J--.. HaXO~flTCH H3 ypaBHeHHfl Ha C06CTBeH-
q] 

Hhie 3HaY:eHHfl 1141 c MaTpHueH: ¢.~, HrpaiOIIIeH: ponh Ba-
'J 

pHaiiHOHHoro rrapaMeTpa. Ilo~cTaBnflH B 127 I MaccoBhiH 
orrepaTop B SC1- HnH SC2 -rrpH6nH)I(eHHflX, Haxo~HM cooT
BeTCTBYIOIIIee Bhipa)l(eHHe ~nfl cBo6o~HOH 3HeprHH I eM. 131 I: 

F = F + L (x )- L (x ) - )_ ~ <ll 0 y 
l 0 i 0 i 2 ij ij ij 

n --.. n.. {L •. 
1291 

' . 'll 'll 'll 
= U ( x.) ~ L ( 1 fn 2sh -- - --- cth -- ) , 

I ->. 21 4 'J1. 
'll -

F = F + >\ F .\ F 
2 1 2 ' 2 

_!_\ t:<x.l. 
2 2 I 

1301 

B SC1-rrpH6nH)I(eHHH rrpo6HaH MaTpHua ¢~. Haxo~HTCH H3 
I] 

BapHaiiHOHHOrO ycnOBHfl oF 1 /o<l> 0

1·j· = () H COBna~aeT 
-(]) 

C ITCeB~orapMOHHY:eCKOH MaTpHIIeH 1211: <l>fj = <l> ij • Ilo-
npaBKa BToporo nopfl~Ka B 1301 o6biY:Ho orrpe~enHeTcH no 
TeOpHH B03MYIIIeHHH, r~e B KaY:eCTBe HyneBoro HCnOnh3yeT
CH nceB~OrapMOHHY:eCKOe npH6nH)I(eHHe (8Cl) . 

3. llceeoozapMoHu<JecKoe npu6AuJKeHue 

<l>niOKTYaiiHOHHble 3tPtPeKTbl 

PaccMoTpHM o6111He CBOHCTBa cTpyKTypHoro rrepexo~a 
B nceB~OrapMOHHY:eCKOM rrpufinH)I(eHHH, KOTOpoe fihinO HC
rronh30BaHo B pH~e pa6oT ~nfl rrpocThiX Mo~eneH: /4-6/ . 
)l,nH 3Toro npe~cTaBHM cBo6o~HYIO 3HeprHIO F I 1291 B BH~e 
pa3nO)I(eHHH JlaH~ay no rrapaMeTpy nopH~Ka: 

12 

I 

) 
I 

F(T,7J)-F(T ,7J = Ol=a(Tl7J 2 + ~ {:HTl7] 4 + ~ y(T)7J 6+ ••• , 1311 

r~e ~nH rrpocTOThi rrpe~rronaraeTcH, 'ITO CHMMeTpHH tiJa3o
Boro rrepexo~a TaKOBa, 'ITO OTnHY:Hbl OT HyJtg TOnhKO 
Ko3tlJtlJuuneHThi rrpH Y:eTHhiX cTerreHHX 7J • Ko3tPtPHI.lHeHThi 
pa3nO)I(eHHH OITpe~enHIOTCH H3 $opMynhi 1291 B BH~e 

dF I 
a(T) = (--) 

dry 2 TJ = 0 

d<P .. 
lj 

1 ~----- y .. 
-.c.., ''I] 
2 ij dr1 2 

I - 1 -+ _c_(l](x.)--L<P .. y .. ) 
2 I 2., lj lj 

dr1 11 

- 1 .. dUo -· a - o 
-exp<-

2
Ly . .V\.)--. [--U(x. +ry.)! , 
. . lj I J d ') d 2 I I n = 0 IJ TJ - 1J ., 

d2FI 
f-3 (T) = (----) 

d(r/2)2 7] 0 

=_<_1_-lexp(_!_L Y··'v. \ .. )--..:!-U
0

<x0 ·+7J·)I 
0 d 2 2 .. 'IJ I J d 2 I I I]= 7J I J I] 

3 2 3 

1321 

1331 

H y (Tl= d F l I d (7] ) • IlpH 

pa3nO)I(eHHH ~ml CB060~HOH 
Bhi'IHCneHHH K03$$HI.{HeHTOB 
3HeprHH 1291 HeOfiXO~HMO 

VLfHThiBaTb He TOnhKO HBHYIO 3aBHCHMOCTb U (x': + 7J.) H 
L n - I I 

<P · · = V'. v · U (x'? + n. ) OT CMe 111 eHHH 7J · HO TaK)I(e H He-lj I J I '/J ..._. I ' 

HBHYIO 3aBHCHMOCTb Y:epe 3 KOppenHI.{HOHHYIO $yHKI.{HIO y .. , 
IJ 

KOTOpaH B cuny ycnOBHH CaMOCOrnacoBaHHH 1221 3aBHCHT 
OT (IJ ij 1211. 

IlepBbiH K03tP$HI.{HeHT 1321 orrpe~enHeT TeMrrepa Typy 
$a30Boro rrepexo~a T c. YY:HThiBaH CBH3h rrapaMeTpoB rro
PH~Ka 7] = 7] ( q j ) C MHKpOCKOITHY:eCKHMH CMell.leHHHMH 7J. 

C C I 

cornacHo 1191, ~nH orrpe~eneHHH Tc rronyqaeM ypaBHeHHe 
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1 - 1 2 
a ('f ) = -2 ~ <1> •. w '!' (q ) \\ . (q ) = -2 n (T ) = 0 . /34/ 

C ij IJ I C J C ' qC C . 

l1CTIOJJb3YH HBHbiH BH.D. MaTpHll,bl <1> ij /21/, 3TO ypaBHeHHe 

B CJJy4ae MaJJorO aHrapMOHH3Ma MO*HO 3aTIHCaTb B BH,lJ.e 

U) 
2 

+ 2
1 ~ v4 (q . , q )E (T ) = 0, /34a/ 

qc q c q c 

r.n.e w 2 
= ~ w*(q )w. (q ) V. V. lJ

0 
(x?) - rapMOHH4ecKaH 4a-

'l c ij I C J C I J I 

CTOTa KOJie6aHHH peilleTKH B CHMMeTpH4HOH $a3e (7]. = 0), 
I 

V4(qlq2)~ _Ik w~<q,lwj<q,h.,t(q2)wn(q2)ViVjVk Vnlldx"i) -
IJ n 

/35/ 

- aHrapMOHH4eCKOe B3aHMO,lJ.eHCTBHe 4eTBepToro TIOPH.D.Ka 
H E->. <T) = ( 1/2 n __,,) cth (!1 -->. I 21). lloCKOJJbKY OCHOBHOH 

<JJ '11 <JJ v 

BKJia,lJ. B aHrapMOHH4eCKOe B3aHMO,lJ.eHCTBHe ,lJ.alOT KOpOTKO-

,lJ.eHCTBylOlli,He CHJJbl, TO 06bi4HO V 4 > 0. fl03TOMY .D.JJH Cylll,eCT

BOBaHHH $a3oooro nepexo.n.a Heo6XO.D.HMO, 4T06bi u)i1r,{7J = Ok 0 , 
T .e. perneTKa B rapMOHH4eCKOM npH6JJH*eHHH ,lJ.OJl*Ha 6b!Tb 
HeyCTOH4HBOH B CHMMeTpH4HOH $a3e (r/ i = 0). 04eBH,l1.HO, 

4TO ypaBHeHHe /34a/ 3KBHBaJJeHTHO MO,lJ.eJJH MHrKOH MO.D.~ 
KoKpeHa /2/ ecnu B cyMMe no q j B /34a/ He Y4HTLIBa Tb 

' BKIIa.D. KpHTH4eCKHX MO.D., j f. L· B cny4ae .n.ocTaT04HO 6onL-

woii 3HeprHH HyJJeBblX KOJJe6aHHH BTOpOH 4JJeH B /34a/ 

MO*eT 6LITb 6onLrne nepooro npu T = 0, H Tor.n.a CTPYKTyp

HbiH nepexo.n. He npoucxo.n.uT .n.a*e npu u) ~c < 0. 
BTOpOH K03$$HIJ,HeHT /33/ COCTOHT H3 .D.BYX 4JJeHOB: 

a2u 1 a<t> .. 
{3 (T) ={3 0 (T) + {3 I (T) = --- + - I _ _2!. 

a< 77 2) 2 2 ii a77 2 

dy .. 
__ I) 

d 7) 2 
/36/ 

llpu Bbi4HCJJeHHH BToporo cnaraeMoro, KaK H npu onpe.n.e
neHHH Mo.n.yneii ynpyrocTH B SC1 -npu6nu*eHHH /IO/, npu

XO.D.HM K HHTerpaJJbHOMY ypaoHeHHIO .D.JJH dy ij I d 7J 2• <l>op

MaiiLHoe perneHue ero no3BOIIHeT JanucaTb {3I (T) B ou.n.e 

14 

1 A -I -
{3(T}=--

4
IC(q [q)I (1 + C> ,V (q'[q >, 

I q c q' qq 4 c /37/ 

r.n.e ooe.n.eH~ MaTpuua 

C<q[q')"" C<~ jlj 2[q, j 'I.i;) 

= ~ v4 <~jij2l~'j;j;) • 

E ~,.,- E ~,. , 
q l I q J 2 

2 2 n ... , .. - n ..... , 
q 1I q l 2 

/38/ 

H peHOpMHpOBaHHOe aHrapMOHH4eCKOe B3aHMO,l1.eHCTBHe 

- ... -> 

v 4 < q I q ') = v 4 < q i 
1
i 
2

1 q 'i ~ i ; ) 
/39/ 

=I <P.ko w~(~j 1 )wk(;j 2 )w~(~'j')w (;'j'
2
). 

ikfm 1 rm 1 r ) m 

)l;IIH oueHKH {3 I (T) npu T ... T c npe.n.nono*HM, 4To .D.IIH Kpu

TH4ecKoii MO.D.~ q C BeplllHHa /39/ CJia6o 3aBHCHT OT HM

nyiiLCa, TaK 4TO MaTpHll,a /38/ MO*eT 6LITL 3aTIHCaHa 
B BH,lJ.e 

C(q I q') 

JJ. 
' , 

1 = ,~ 
' 

- a 
_ _!_ V (q ) ---E ..... 

2 4 c an ; , . q 1 c 
'l J c 

/38a/ 

t-
... , 
~ ... , 

" ' + • • • + )::::C):x::: ••• :::x:( 
, ' 

CyMMa nemAeebJX ouazpaMM, onpeoeAJIIOUia.!l rPAIOKmya
I.IUOHHYIO nonpae KY f3 I (T) /37 I e SCI - npu6AuJKeHuu. IlyHK
mupHoii AUHUU coomeemcmeyem ouHepeHI.IUpoeaHue no napa
Mempy nop.!loKa, KPYJKKY - nepeHopMupoeaHHa.!l eepwuHa 
'V 4 /39/, CnAOUlHOU AUHUU - KOppeAJI'f#UOHHOJI rPYHKI.IUJI CMe
lqeHUU. 
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B 3TOM npH6JimKeHHH cyMMbi no HMnyJibCaM B /37 I Bbi'IHC
JIHIOTCH, H Mbl nonyqaeM: 

~(T) 

()I (T) "' - _14 V 4 (q ")l-+-~~T) ' /37a/ 

r,p,e BBe.D:eH KOppeJIHUHOHHbiH napaMeTp 

~(Tl 
1 - () 

- - V (q l ~ ----E ->. 
2 4 (' -> Clf\ 2 q J c 

q UH ->. 
<JJ (' 

/40/ 

Bbipa)KeHHe /37 I HJIH /37a/ noKa3biBaeT, 'ITO y)Ke B HynesoM 
npH6JIH)KeHHH MeTo.n:a Cct>II, nces.n:orapMOHH'IeCKOM npH6JIH
)KeHHH /29/, Y'IHTwsaeTCH BKna.n: $JIIOKTyauHH napaMeTpa 
nopH.LJ:Ka - MHrKHX $OHOHOB. Ho B OTJIH'IHe OT 06bi'-IHOH 
TeopHH BOJMYI.UeHHH /eM., HanpHMep, /I.1/H 16 / I 3TO He 
npHBO.LJ:HT K nOHBJieHHIO paCXO.LJ:HI.UHXCH 'IJieHOB B pa3JIO)KeHHH 
JlaH.n:ay .D:JIH cso6o.n:Hoii 3HeprHH. IlpH T -.'I~.,Kor.n:a <$<Tl --."', 
3Ha'leHHe K03$$HUHeHTa /36/ OKa3biBaeTCH KOHe'IHbiM: 

a2u 1 - } 7 (3 (T-> T ) = --- - -V (q ) ---\ (q ) 
c 22 4 c 6 4 <' 

a <TJ ) 

/41/ 

nocKOJibKY B /37 I npose.n:eHo cyMMHposaHHe pacxo.n:HI.UHXCH 
neTJieBbiX .n:HarpaMM /eM. pucyHoK/. IlpH onpe.n:eneHHH o6-
nacTH TeMnepaTyp, r.n:e KOppeJIHUHOHHbie 3$$eKTbl 3Ha'-IH
TeJibHbl, MO)KHO BOCnOJib30Ba TbC.!{ 06bi'IHOH OUeHKOH .D:JIH 
KoppeJIHUHOHHoro napaMeTpa /I 3/ , nonaraH B I 40/ .LJ:JIH 

'JaCTOTbl MHrKOH MO.LJ:bl n 2. = w6r + s2q 2 
T = IT - T i/T : 

qlc '· c c 

n . 
- 1 () 1 q](' 

{<Tl =- V (q )- ~ --- ( cth ----) ~ 
4 c 2 2 20 . 2'1 

(){2 qj c qJc 

16 

b T bT 
3 

a 
=-:£--- "'-- "' 

N q o4 . 4rrv2 uJ s 3 /;-
qJc 0 

bT 1 
/40a/ 

4rr/Zw6 rg v-;-

r.n:e r 0 = R 0/a - 6eJpa3MepHbiH pa,p,Hyc B3aHMo.n:eiicTBHJI, 

onpe.n:~J_IH_eMbiH no .n:HcnepcHH MHrKoii MO.LJ:bi: s 2 = R ~ w ~ 
b = (N/2lV4 (qc) = <aT/a 4 M 2=wg/<aT /a - nocTOJIHHaJI 
peweTKH, M - npHse.n:eHHaH Macca, caT - xapaKTepHaH 3Hep
rHH CBH3H aTOMOB B peweTKe/. 0UeHKa /40a/ noKa3WBaeT, 
'ITO KOppeJIHUHOHHbie 3$$eKTbl CTaHOBJITCH 3Ha1.fHTeJibHbiMH 
npH T < ('f /faT) 2 r c/ , Kor.n:a ~(T)> 1, KaK H B ,p,pyrHX MO
.n:eJIHX $a3osoro nepexo.n:a sroporo po.n:a /7/, Ba:>tmo OTMe
THTb, "'TO y'leT $JIIOKTyauHii B MeTo.n:e Cct>II npHBO.AHT K 
fHT)<O npH ~('f)?; 1 H no3TOMY $a30BbiH nepexo,p, OKa3bi
BaeTCH nepexoJJ.OM nepsoro po.n:a /oueHKa y('f) B /31/ 
noKa3biBaeT, "'TO y (T -> T c) > 0 I. 01.feBH.LJ:HO, "'TO 3TOT 
BWBO.LJ: HBJIHeTCH pe3yJibTaTOM TipHHHTOrO TipH6JIH)KeHHH H He 
onpe.n:enJieT .n:eiicTBHTeJibHbiH po.n: $a3osoro nepexo.n:a. THn 
$a3osoro nepexo.na He MO)KeT 6biTb onpe.n:eneH B MeTo.n:e 
Cct>II, KaK H B nro6oii .n:pyroif TeopHH cpe,p,Hero nonH /7 I . 
B 1.faCTHOCTH, $a30BbiH nepexo.n: BToporo po.n:a B npH6nH
)KeHHH MoneKynHpHoro nonJI B03HHI<aeT 6naro.n:apJI npeHe-
6pe)KeHHIO $niOKTyaUHHMH napaMeTpa nopH.n:Ka (r 0 ~ "" ) • 

B SC1-npH6JIH)KeHHH B 3TOM npe.n:ene TaK)Ke noHBJIJieTcH 
nepexo.n: BToporo po.n:a: Kai< cne.n:yeT H3 /40a/, ~(r 0 __,) ... 0 H 
/3(T->T l-->/30 > 0 (T/T0).IlpH onpe.n:eneHHH po.n:a$a3osoronepe
xo.n:a He06XO,/l.HMO TaK)Ke Y"'HTbiBaTb B3aHMO,P,eHCTBHe I<pH
TH1.feCKHX $OHOHOB C aKyCTH1.feCKHMH /cTpHKUHOHHOe B3aH
MO.LJ:eHCTBHe/, "'TO 06bi1.fHO H o6y,JIOBJIHBaeT nepexo,p, nep
BOrO po.n:a B peaJibHWX CHCTeMaX 14/, 

IlonpaBKH BToporo nopJI,P,Ka B MeTo.n:e Cct>Il 6wnH pac
CMOTpeHbl B /6/ .LJ:JIH TIOJieBOH MO,P,eJIH cerHeT03Jiei<TpHKa 
B cnyqae cna6oro aHrapMoHH3Ma. Ilony"'eHHwe asTopoM 
pe3yJILTaTW 3KBHBaJieHTHW o6W'IHOMY pa3JIO)KeHHlO CB060)J." 
HOB 3HeprHH no KoppeJIHUHOHHOMY napaMeTpy .;(r) / 13/ • 
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0)1.HaKo MeTO)J, C<l>TI OCHOBaH Ha BapHaU:HOHHOM IIpHHU:HIIe, 

B KOTOpOM aHrapMOHH'IeCKOe B3aHMO)J,eHCTBHe He IIpe)J,

IIOnaraeTCH ManbiM H IIOJTOMY pa3llO)I(eHHe IIO HeMy He 

Tpe6yeTCH. Eonee rrocne.IJ.OBaTenbHOH HBnHeTcH rrpou:e.11.ypa 

HTepai.J;HOHHOrO perneHHH CaMOCOrnaCOBaHHOH CHCTeMbl 

ypaBHeHHH BToporo rropH.IJ.Ka Ha ocHoBe SC1-rrpu6nu)l(eHHH. 

llocne)J,Hee, KaK IIOKa3aHO Bblllie, 3KBHBaneHTHO peHOpMH

poBaHHOMY 3a CYeT yYeTa ~llWKTyai.J;HH ~eHOMeHonorHYe

CKOMY pa3llO)I(eHHW JlaH)J,ay, KOTOpoe He CO)J,ep)I(HT paCXO)J,H

lllHXCH YlleHOB H )J,aeT pa3yMHOe HHTepnonHU:HOHHOe OIIHCaHHe 

)J,UHaMHKH perneTKH. 4HCllCHHbie pacYeTbl )J,llH IIpOCTOH MO

)J,enu nepexo.11.a Tuna cMemeHHH, IIO.IJ.TBep)I(.IJ.aWmue ?™ o6mue 

BbiBO)J,bl, 6y)1.yT paCCMOTpCHbl B Clle)J,yWll.leH pa6oTe. 
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