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P4 • 4032 

H.M.ll.llaKMAa, T .lliMKJiow 

TEOPHH AHrAPMOHHqECKHX KPHCTARROB. 

I. 0611.1ee paccMoTpeHHe 

HanpaaneHo a "Physlca status solidi" 



1. BBeaeaHe 

Oobi'IHO llHHaMH'iecxaSI TeopHSI KpHcTammqecxoA pemeTKH cTpORTca Ha 

OCHOB& rapMOHH'ieCI<OrO npaonR)K6HHSl 1 a 8HrapMOHR'ieCKRe 'lll&Hbl B pa3no-

*eHRH noTeHuaanbHO i1 aHeprRR xpRCTanna paccMaTpHBaiOTCSI Kax Manoe B03.-

/l/ 
MymeHHe • flOllOOHbiA 1IOllXOll He MO)KeT -6b!Tb ocymecTBneH B uenoM plii.Qe 

cnyqaeB : B6nH3H TO'teK «PaaoBoro nepexoaa, aarrpuMep, rrnasneHHSI, llnSI JtBaB

TOBbiX KpRcTannoB c 6onblllOli aaeprHeA ayneBbiX KoneoaHHR, anSI n~rKoA cna-

6ocBH38HHOH npHMeCH H B llpyrHX IIOllOOHb!X cny'i8HX, KOr.Qa aHrapMOHR'ieC

JCHe a<jxjleKTbi ae Manbl. 

" /2/-/8/ 
B CBH3H c 9THM B paae pauoT rrpeano*eao o6o6meHHe llRHa-

MH'!:eCKOA TeopHH KpHCTMnR'IeCKOR pellleTKH, II03BOnSIIOmee paCCM8TpHB8Tb 

/2/ 
CBORCTB8 CHnbHO aarapMOHH'ieCKHX KpHCTanno&. B OllHOII: H3 nepBbiX paoOT 

M.EopHoM npeano)KeH MeToll caMocornacoBaHHoro orrpeaeneHHSI qacToT xo

neoaHHA pellleTKH c y'i~ToM rrepBbiX aarapMOHH'!:ecKRX qneaoB B pa3nO)KeHRH 

noTeHuRanbHOA aaeprHH KpHcTanna. B aanbHell:llleM 9TOT Meroa Obin ucrron&-
/3/ 

30B8H B pa60T8X .[lnSI H3y'ieHHSl llHH8M~KH KB8HTOBbiX KpRCTSnnOB IlpB 

HyneBoR TeMnepaType. B rrocneaHee BpeMSI aToT rronxoa rrony'!:Hn nanbHei%-
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141-181 181 
mee paaBHTHe H o6ocaoaaaue I cM., aanpuMep, I. B pa6oTe aaMH 

6hln npeano~ea MeToa caMocornacoaaaaoro onpeaeneaHH qacToT Kone6aauR 

pemeTKH H HX aaTyXaHHH npH Y'I~Te aarapMOHH'IeCKHX qneaoB BhlCWHX no-

pHaKoB, rae, oaaaxo, B Ka'lecTae syneaoro npu6nu~eaHH Hcnonb3oaanocb 

rapMOHH'Iecxoe npa6nu~eaue. 

UenbiO aacToHmeR pa6oTbi HBnHeTCH paaBHTHe npa6nH>KeHHOI'O MeTolla 

anH H3y'leHHH CBORCTB CHnbHO aarapMOHB'IeCKHX KpHCTannoB, He HCnOnb3y-

10mero B xaqecTae ayneaoro rapMoaaqecxoe npH6na>KeHHe. B .lla.RJioA 

cTaTbe Mbi c<jlopMynupyeM o6muR MeTOa nony'leHHH caMocornacoaaaao R cHc-

TeMbi ypaaaeaaR JlnH npouaaonbaoro aarapMOHH'IecKoro KpHcTanna. B cne

.llYiOUlHX CTSTbHX 6yayT paCCMOTpeHbl aeKQTOpbie onpe)leneHHbie MO)lena KpH

CTannoB. B paaJlene 2 BBO.IlHTCH raMHnbTOHHaH aarapMoHH'IeCKoR pemeTKH 

c yq{!ToM JleRcTBHH aaemt~Hx c.an B yao6HbiX JlnH aanhaeAmero o6 oaaaqeaH-

)tX. B paaJlene 3 aaxollHTCH npu6nu>KeHJloe ypaaaeaue JlnH OllHO<jloaoaaoR ¢yaK-

UHH Ppuaa, onpeaenHJOmeA qacTOTbi Kone6aauA pemeTKH H HX aaTyxaHHA. B 

paaaene 4 nony'leHo !'lbipa>KeHHe llnH cao60llHOR aaeprHH qepea onao<jloaos

HYIO <jlyHKUHIO fpHHa H aa Aneao nr::a6na>Keasoe Bbipaw.eaHe nnH BHyTpeaaeA 

aaep rHH KpHcTanna. 

2. faMHnbTOHHaH CHCTeMbl 

PaccMoTpHM npocTyiO KpHcTannuqecKyiO pemeTKY H3 N 

c o l% M • faMHnbTOHHaH CHCTeMbl 38IIHWeM B BHlle 

J{ • H +H 1 • I. 
f 

... ... 

:1 

p f ... ... 
- - + U ( R 1 , •• , R N) +HI 
2M 

aTOMOB C MaC-

(1) 

rne Pf , R f -onepaTOpbl HMnynbCa H KOOpllHH8Tbl 8TOM8 B yane f 

D.eAC.:TBHe BHeWHHX CHn, ne<jlopMHpy!OWHX pemeTKY KpHCTanna, OnHCbiBaeTCSI 

raMHnbTOHH8HOM 

4 

j_ 

HI-- IFaRa 
fa f f • 

BBe.lleM onepaTOphl CM9Ul&HHA STOMOB a t 
cornacso onpeJleneHHIO 

H3 nono>KeHHA 1= 

a a a o a 
Rf·<Rf >+a f •La +af' 

I'lle CTaTHCTH'19CKOO CpeJlSee 6epeTCg IIO paBHOB9CHOMy COCTO 

Mhl C 1'8MHnbTOSHaHOM ( } ) : 

J{ J{ 

< ••. > • Sp (e -T ... )/Sp (e - 11). 

Paasoaecshle n011o~esusr aToMoa fa onpe.11enmoTCsr ·B3 

a 111 HOB9CR51 KpHCTanna IIpH 38Jl8HHhlX BH&WSBX CHnax F f , C• 

TOphlM Cpe)lHSIH Cana, JleACTBYIOUlaH Sa aTOM B IIOnO>K9HHH pas 

sa syn10. llpome scero STO ycnosae MO>Kso nony'IHTb, ecna 1= 

ycpeaseaaoe ypaasesue llBH>KesaH anH reAaes6~proscKoro oneJ 

a Q [ a ia;--" <i Pf (t) > •< iPf 
au a 

J{ ]>•< >- F f • 
aRa 

f 

Ero MO>KHO 3aiiHCaTb B 6onee yao6HOM BRae, BOCIIOnb30BaBW1 

HHeM anH pa6oTbi saemaax can - 8 < H 1 > npa ManoR oaaopoa£ 

MaiiHH KpHCTanna u a{3 1 CMeUla!OmeA aTOMhl H3 nono>KeHH A pal 

8 fa • ~ u "D{Jf {3 • Cornacao onpeaeneaa10, 

a a 
- 8< H > .. V I. u u u u • I. F 0 8 f .. I. F n u u f u 

I a{J a!-' a!-' f a L a f a{3 L a!-' fJ 
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~ a a 
H I • - f: F f R f • (2) 

Cl 
Bae.aeM orrepaTOphl CMemefiBA STOMOB u f B3 rrono>Kemdl paBBOB8CBSl f 4 , 

cornacao orrpe.aeneBB~ 

R f • < R f > + 0 af • fa + 0 t ' (3) 

r.ae CTSTHCTH~ecxoe cpe.aaee 6epeTCSl DO paBBOBeCHOMy COCTOHfiB~ CBCTe

Mhl C raMBnbTOBHSHOM ( 1 ) : 
}( }( 

-T --r < ... >•Sp(e ••• )/Sp(e ). (4) 

Pasaosecah!e nono>Keaa.s aToMOB fa onpe.aen~TCH B3 ycnosaA pa&-
c:a /1/ 

HOBeCHSI XpHCTanna IIpH 3a.llaBHbiX BBemHKX CHnaX F f , cornaCBO Ko-

TOphiM Cpe.aHH.H CHna, .aeACTBy~masr Ha aTOM B rronO>KeHKK paBHOBeCHSl, pa&-

88 ayn~. llpome scero aTo ycnosae MO>KHO rrony~HTb, ecna paccMoTpeTb 
a 

ycpe.aaessoe ypasaeaae .llBH>KeHHSl .ang reAaea6~proscxoro orrepaTopa P f(t): 

a a c:a J< au 
i a;- < i p f (t) > • <[ iP f • ]> • < a R a 

f 

(5) 

Ero MO>KHO 38IIHC8Tb B 6onee y.ao6HOM BK.lle, BOCIIOnb30B8BillHCb Bblpa>Ke

BBeM .ang pa60Thl BHeillHHX can - 8 < H1 > npH Manofl O.llHOPO.llHOA .ae<fJop

MSUHH KpHCTanna u a{3 
1 
CMema~meA STOMhl H3 nono)!{eHHA paBHOBeCHSI Ha 

8 fa • ~ u u{jf 13 • Cornacso onpe.aenesa~. 

a a 
- 8< H > .. V I u tJ u tJ - I F o 8 f .. I F o u a tJ f tJ 

I af3 atJ atJ f a [. a f a/3 [. tJ tJ 
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rAe U a{3 -TeH30p HflTSDK9HRI, H.3 STOrO Bblp8>K9HRSI C y'leTOM (5) C1IeAy9T 

1 a 1 au 
u • -IF~ f R. • - ·I< - > f R. 

o.f3 V f '" ,_. V t iJR ~ ,_. 

rAe V -o6'beM CRCTeMbi, LlnSI R30Toponaoro A&BneHRSI P nonyqaeM 

P- - ·-
1
- I u 

3 a QIZ 
·--I< 

3 V fa 
au 

aRa 
f 

> f a 

YpasaeHRe (6) HnR (7) onpeAenHeT pasaosecable napaMeTpbl ~emeTKR. 

(6) 

(7) 

Paano>KHM noTeHUBam.ayx> ·saepraJO KpHCTanna s PSUl no CMemeHHSIM 

a 
u f , cornacao onpeaeneHR~ (8) 

.. 
U(RI 

00 .. 1 .. .. 
RN). I-I (u 1 V 

r,JJ Ul f
1
.,f D I 

(8) 
... ... ~ ... 

) ... (u V)U
0
(f

1 
•• f ), 

n a N 

rae anSI coKpameHRSI aanac11 s aam.aeiimeM Mbi 6yaeM nom.aosaTbCSI o6oo-

HS'IeHHeM 

... ... ... ... a 
( it. v> ... (i: V ) U0 (f 1 .. f >• I uf 1 

n 0 n 

an 

u f n 

a a .. ... 
1-- ... - U 0 (f 1 ... fN>I. 

ae 1a ae a
1 
•• CI 

0 
I 

1 aCI 
n 

nepeA.IleM .K tjlypbe-npe,llCT8B1IeHRJO .ll1ISI onepaTOpOB HMnym.ca H CMeWeHHSI 

~-- · a M t kf Cl 
P f •-h./- · I -e e -+ B .. 

(9) N kl 2 k j k j 

.... 
td Cl 

u a -- I --·- e e .. A1 . (10) 
f ..;TN kj y 2cu k k j j 

j 

rae BeKTOpbl n01IS!pH38UHH o6pa3yJOT nonHbi A H opTOHOpMHpOBSH.IIblA 6a3HC 

6 

a* 
I e .. 
j k j 

f3 
e .. 

k j • 8af3 
I a* 

e ... 
a k 

1
, 

a 
e .. 

kj 
- 8 j j, 

.. 
B eKTOpbi e ~ H "'SCTOTbi cu kJ 6y.llyT onpe,lleneHbi s .ll81IbHe 

nacosaHHblM o6paa oM, OnepaTopbi A kl H B kl HMeJOT cne.o:: 

sa: 

A.. • A+ .. 
kj -kl 

B .. • - B+ .. 
kj -kj 

( B-p , , A .. , , 
1<.1 k j 

.. .. 
] .. 2 6. (k + k, ) 8 

j j 

H MoryT 6 biTb Bblpa >Ke Hbi "lepea o6bi"'Hhie onepaTophi po>K.o:em 
/8/ 

>K 9HHSI tj>OHOHOB , f a MH1IbTOHR8H CHCTeMbl B n p e.llCTaBneHRI 

npHHHMaeT BH.Il , 
1 + .. .. 

H - T + u - - ·I "" k B k B k + u 0 ( f I ••• f N ) + 4 k 

00 1 
+ I - 1 I V 0 ( k 1 ... k 0 )A k '" A k 

- 1 D· kt••kn 1 n 

r.lle k"" (k , j ) 

V 
0

(k 1 ... 1t
0 

),. I e 

f r· f n 

... ... ... ... 
I kif I + .. + lknfn 

.. ... ... 
( e kl V I) · (:kn V n 

-==-···-== 
y 2M N c..~ k y2 MN c..~ 

1 loon . 

... 
U 0' U 

3Ta tj>OpMa 38n HCH r aMH1IbTOHH8H8 H8H0 01Ie e yao6Ha AII SI .ll8IT 

c y>K.IleHHSI. 
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... 

ef3 
~J - 8 af3 ( 11) 

BeKTOpbi e ~ H '18CTOTbi "' kJ 6y!lyT onpe/lelleHbi B /l8llbHell:meM caMocor-

nacoBaHHbiM o6pa30M. OnepaTOpbl A kJ K B kJ HMeiOT CllellyiOruHe CBOACT-

Ba: 

A ... • A+ ... 
kJ -kJ 

B ... •- B+ ... 
kJ -kJ 

( 12) 

[ B-t. , A ... , , ] • 2 /',. ( k 
IQ k J 

... 
+ It , ) 8 

j j 

B MOI'YT 6b!Tb Bb!p8)f{eHbl "'epe3 06bi'<!Hble orrepaTOpb! pO)f{JleHBSI H yHB'<!To

/8/ 
)f{eHHSI !lJOHOHOB , faMHllbTOHH8H CHCTeMbl B llp9/lCT8Blle.llHH (9), ( 10) 

llpHHHM8eT BHJJ. ., 
1 + .. ... 

H•T+U•T;c.~kBkBk+U 0 (f 1 ... fN )+ 

( 13) 

rJle It ~ <1 , i ) 

...... .:"i 
lktf 1 + .. + n n 

(14) 
· 12MN c.~ k y2MN w 
v 1 ~ . 

8Ta 4JopMa sanHCH raMHllbTOHHaaa HaH6onee yJlo6aa llllSI ll8llbHeAmero o6-

CY*IleHHH. 
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3, <llyHKIIHH fpHH8 

,O,ng H3y'leHHSI p&BHOBeCHblX CBOft CTB 8Hr8pMOHH'I9CKOrO KpHCTanna 

BOCI10Jlb3Y9MCSI M9TOAOM .llBYXBpeMeHHblX TepMO.llHH&MH'IeCKHX 4JYHKIIHA fpa-
/9/ /8,10/ 

sa • PaccMoTpHM OAao«Poaouuyro 4JyHKIIHID fpHaa cneAyro~ero sa.na : 

G , ( t -t ' ) • « A-o ( t) ; A ! , (t ' ) » • 
~ ~ ~ 

+ 
•- · i.,rh - t ' ) < ( A.. (t), A"* , (t ' ) ] > , 

~ l<j 

(15) 

IJ(t -I J<. 
rAe Ji. k (t) • e Ak e , (11 • 1) - reAaea6eproacKHH on epa Top A k • 

Cpe.naee cTaTHCTH'IecKoe Bbi'IBCnSieTCH cornacao (4). B onpe.neneaaa 4JyaK

IlHH fpHHa ( 15) y'I:HTbiB89'1'CSI Tp&HCnSIIIHOHH&SI HHB&pH&HTHOCTb CHCT9Mbl 1 

.. 1' cornacao KoTopoA k • • <llypbe-npeACTaaneaae no apeMeHH <PYHKUHH 

fpaaa (15) aanaweM a BHAe 

... -leu ( •- t ' 

G ,(t-t' ) • ..!._.J G ,(cu) e 
kk 217- kk 

d (A). (16) 

I.JT06bl nony'IHTb ypasaeaae ABilll<eHHH .nnn <PYBKUHH fpaaa ( 15), .naall<-

Abi npo.na<jlcpepeHIIapyeM ee no apeMeHH t H BOCIIOJib3yeMCSI ypaBH9HHSIMH 

.llBHll<eHHSI .nnSI reftaea6eprOBCKHX onepaTOpOB A k ( t) 

ayJibTaTe nony'laeM 
a2 

G ,( t- t ' ) • 2 cu 8 , 8 ( t-t ' ) + a, 2 kk k u 

oc 

+2W };. 
k o=l n! 

I. V
0
+l(-k,k 1 .. k

0
l«Ak .... Ak 

1< 1 .. 1<
0 

I n 

Bk ( t) • B pe-

( 17) 
+ 

A k ,( t ') >> • 

3~MeTHM, 'ITO H 1 He ..naeT BKn&A8 B SIBHOM BH.lle B ypaBHeHHe ( 17), 

I.JTOObl peWHTb ypaBHeaae ( 17 ), HeOOXO.llHMO BOCI10Jlb30B8TbCSI npa6nall<eHHeM, 

8 

.., 

T,K. n -'IHCno 4>oaoaos MOll<eT Ob!Tb CKOJib yroAHO senHKO. 

M HOro4>oHOH~ 4JyHKilHID fpaaa B npaaoA '18CTH ypasHeHHH n 
/8/• 

fpaaa 6onee HH3Koro nopSIJlxa. Tipa 9TOM, cne.nyH , orpoe 

pacCMOTpeaaeM nHlllb OABo4><>HOHHblX H .llBYXIf>oHOHHbiX 4JyHJtiUil 

<<Ak ... Ak 
I n 

A +, (t ' ) » • i: « Ak 
It 1-l I 

; A +, (t ' ) » < l 
k w 

n 

+ I. « Ak A k 
I<J I l 

+ n 
Ak•(t ') »< l1 'A k >. 

f .;'I,J f 

B aTOM npa6nall<eHHH 4Jypbe-npe.ncTasneaae ypaaaeHHSI (17) 1 

~ .. 
w G k k, ( w ) .. 2 w k 8 U , + 2 w k I.k V 2 ( -k , k 1 ) G k It , tw } 

1 I 

.. + 
+ (I) k I. v ( -k • p • p , ) « A A , I A , » ' 

pp, 3 p p It (I) 

.. .. 
r.ne 4JyHKIIHH V ~ H V 3 C y'leTOM onpe.neneHHSI (14) MOll<; 

B BH.lle 

.. oc 

V2 <-k,k 'l"' I. 
,.0 

~ V n+~ ( -k, k ', k 1 ... k n) < A k ... A It > 
n! kl'.kn I n 

... 
L'i(k-k') t"kd-:> 

I. 
e 

(;k 
.. 

Htr1V )<U 

MN fm y'2 w k 2wk' 
V£ m 

.. oc 1 
V (k,p,p')., I. - · I. V (k,p,p',k .. k )<A ... A 

3 n..O n! kl .. kn n+3 I n kt It 

... 
L'i(k+p+ .. p') tkf+l;,: +I;'~ 

I. e 
(MN )3/2 fmt 

9 

... .... ... .... .... ... 
(ekVf HepVm Hell~t 

~ 
(2wk2wP 2wP•) 



T.x. n -qacno <j>oaoaos MO>KeT 6biTb CKOJib yronao senHKO. Paano>KHM 

MHoro<j>oaoaayro <j>yHKIIHID fpuaa a npasoA qacTH ypasaeHHH no <j>yHKUHHM 
18/• 

fpuaa 5onee HB3Koro nopSUIKa. Tipu 9TOM, cnenyH , orpaaaqHMCH anecb 

paCCMOTpeHHeM nHlllb O.ttBo<j>oHOHHbiX H llBYXcfx>HOHHbiX <j>yittiiHA fpHaa: 

<<Ak ... Ak 
I D 

D + D 

A :, (t ' ) » .. I « Ak ; A , h ' ) » < ll A k > + 
a t.ol I k W 1 I 

( 18) 
n 

+ I « Ak A k 
1<1 I I 

+ D 
A k, (t ') » < ll 'A k > , 

f -/t.l f 

B 9TOM npH6nH>KeHHH <j>ypbe-npencTasneaae ypasHeHHH (17) npHHHMaeT BHil 

~ .. 
cu G k k, ( w ) .. 2 w k 8 II , + 2 w k I V ~ ( -i:, i: 1 ) G k 

1 
k, lQl ) + 

kt 

.. + 
+ cu k I v ( -k • p. p , ) « A A , I A k, >> Qj • 

pp, 3 p p 

.. .. 

(18) 

I'Jle <j>yHKIIHH V ~ H V 3 c yqeToM onpeneneHHH (14) MO>KHO npencTaBHTb 

B BHJle 

.. 00 

v ~ < - k, i: ' l "' I 
1)00011 

~(k-k') 
I 

MN fm 

... 
titd-:> 

e 

y2cuk2cuk' 

(:It 
... )(: ... 
Vf -J'Vm ) < u > 

.. 00 1 
v (i:,p,p'l. I--

3 n..o n! 
V ( i: , p , p ',i: .. i: ) < A ... A > • 

n+3 ) n kt k D 

... 
~(k+p+ ... p') I e lkf+lp+.; + t.;+' ~ 

(MN)3/~ fmt 

... ... .... .... .. 1' 

(ekVf HepVm HepN't 

(2Qlk2cuP 2cuP,)~ 

e 

(20) 

(21) 

<U > • 



-

00 
.. .. 1 

<U > ·< U (R1 ... R ) l> -I--r- IV(Ir.1 •• 1r. ) <Ait •• A > 
n __,., n l n n 1 It 

,_ lt1 .. k n n 
(22) 

- cpe,nagg paBHOBeCHBR UOT9RUH8nhH851 SH&prag KpHCTanna (8), -KaK saaao, t~nea c v2 s ypasaeaaa (19) onpeaenReT aaepra10 !j>o
/8/ 

HOHOB B nces.norapMOHH'I&CKOM npa6nHlK9HBH 1 KOTOpoe SKBHBaneHTHO 
171 

npH6nHJKeHHIO C8MOCOrnacOB8HHOrO nong ang !j>oHOHOB, npellnOlK9HHOMy B . 

llneH C Va B ypaBH9HBH ( 19) OUHCbiB89T 38TfXBHHe !j>OHOHHbiX B030YlK-

aeHHA B npHO.IIKlK9HHH C8MOCOrnaCOB8HHOro UMR, Bbi3B8HH09 TpeX!j>oHOHHbi

W.H npoueccaMH. Ilpoueccbl pacnana 6onee BhiCOKoro nopRJlKa: t~eTbzpex-nRTH

!j>oaoaHbie H T,,n,, ObUIJI ODyllleHbl B paanolKeHHH (18), T.K. OHH ilMlKHbl ll8-

B8Th MeHhmHA sKnBil no cpasHeHHIO c npoueccaMH HH3mero nopRJlxa - Tpex

!j>oHOHHhiMH npoueccaMB. 

Onpelle.IIKM Tenepb t~acTOThl aopMan&HhiX xone6aHBA cu ltJ H sexTo-
.. m; 

pa e ltJ B ncesaorapMOHB'IeCKOM npa6nHlK9HHH npH UOMOIIlH ypa&-

H9HHR 

Torlla 

2 
Q)ltJ 

Q 

eltJ • - 1- I e fJ 
MN fm{J ltJ 

.. . 
tk cf -; > < V a v fJ U > • 

e f m 

- 2 2cult V 2 (-Jr. ,lr. ').cult Bltlt' 

m; 
Ta~ 'ITO ypaBHeHHe (19} npHHHMaeT npOCTOA BHa (cp, C ): 

2 2 .. , (1) 
( cu -wit ) G kit -( w ) .. 2 w 8 , + cu I V (-Jr. , p , p ) G , , ( cu ) . 

It ltlt It PP' 8 pp , It 

10 

(23) 

(24) 

(25) 

~ 
J 

) 

l 

3.nec b Mbl BBe.IIK .llByX<jloHO.IOfyiO !j>yHKUHIO fpHHB 

(I) 

G , , ( t - t ' ) • « A (t ) A ,( t) ; A ~ ( t ' ) » . 
p p , It p p It 

PaccMoTpHM ypasaeaae anR aToA !j>y HKUHH fpaaa, a TBKJKe c e 

!j>yHKUHA fpaaa 

G (2) 

pp ' , k: 

G ca>, 
pp. k 

( t-t ' ) .. « B ( t) A , , ( t); A+ , ( t ' ) >: 
p . . p It 

( t- t ' ) • « 8 ( t) B , (t) ; A ~ ( t ' ) >> 
p p It 

LlacM>epesnapyg !j>yHKUHH fpaaa (25) no speMeaa, nonyt~aeM CJ 

HeHHAI rae B npaBbiX '18CTSIX1 K8K H B ypaBHeHHH ( 17) 1 CTOSI'I 

Hbi e !j>yHKUHH fpaaa. PaanolKHM ax noao6ao (18): 

+ 
n + r 

«C A It ... A It ; A >> .. I «C Alt ; A ,» < r 
P 1 n It' boo1 p 1 It ,., 

n n 

+ I«Ait; 
boo 1 I 

A+, » i < 
It Jr/ I 

c A It >< n 
P J fr/ I,J 

Altf >, 

rae s nocnellHeM t~neae Mbi npose~ aononHaTen&Hoe paanoJKE 

penmaoaaoa !j>yHKUHH 1 co.nepJKameA onepaTop C P I KOTQpbiA 

HnH B 
p 

nit < cu > 

IlpHOnHJKeHHe (27) U03BMReT Bbi'IHC.IIKTb MaCCOBbl 

oaHo!j>oHOHHOA !j>yHKUHH fpHH8 (15) B HH31JleM UOpl 

B38H MOaeACTBYIOIIlHX !j>oHOHOB1 3Heprag KOTOpbiX, oaHaK0 1 6nal" 
18/ 

MY t~neey s paanoJKeHBa (27) 1 He yt~TeHHOMY s , onpellenSJ 

llOrapMOHH'IeCKOM npa6nHlKeHHH ( 23) • 

11 



3.1leCb Mbl BB9JIJI .IIBYXtPoBOIOfyiO <jlyHKUHIO fpHH8 

(1) 

G , , ( t - t ' ) • « A (t) A ,( t) ; A + ( t ') » . 
pp , k p p k' (26a) 

PaccMoTpHM ypaaaeaae J:VISI sToA <jlyaKUHH fpHaa, a TaK)Ke CBSI3aHHhiX c aea 

WHKilHA fpHaa 

G (2>, , 
pp • k 

(8) 
G , 

pp. k 

(t-t ') .. « B (t) A , ,(tl; A+ ,(t ') ». 
p . p k (26a) 

( t- t ' ) • « B ( t) B , (t) ; A ~ (t ' ) >> • 
p p k (26c) 

nH¢¢epeauzpySI <jlyHKUHH fpHH8 (25) no BpeMeHH, nonyqaeM CHCTeMy ypaa

HeHHA, rae B npaBbiX qaCTSIX, KSK H B ypaBHeHHB ( 17) 1 CTOSIT MHOrO<jJOBOH-

Hhie <jlyHKUHH fpHHa. PaanO)KHM HX noao6ao (18): 

n + n 

« c Ak ... AI< A 
+ >> .. I. «C Ak A ,»<II AI< >+ 

p k' p k WI J 1 n ... , I 

(27) 
n n n 

+ I. « AI< A+ »!. < c A .. >< n Ak > ... , I 
... 

Jol I 
p 

J f.j I,J e 

rae a nocneaaeM qneae Mbi npoaeliB aononaHTenbaoe paano)KeHHe JlnSI xop-

pensmHoaaoa <jlyHKUHH,COJlep)KallleA onepa'l'op C P , KOTQpbrit paaea A 
p 

B 
p IlpH6nH)KeHHe ( 27) noaaonSieT BbiqHCJIJITb MSCCOBbiA onepaTOp 

oaHO<jloHOHHOii <jlyHKUHH fpHHa (15) B HH31IleM nOpSIJlKe no qHcny 

B3SHMOaeilCTBYIOlllHX <jJOHOHOB1 SHeprHSI KOTOpb!X, oaaaKO, 6naroaapg nepac>
/8/ 

MY qneay B paano)KeHHH (27), ae yqTeHHOMY a , onpeJlenSieTCSI a ncea-

aorapMoBHqecKOM npH6nH)KeHHH (23). 
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llpa6nH*eHH9 (27) C yqeTOM TpaacnRUHOHHOA HHB8pH8HTHOCTH CHCTe

Mbl B onpe.oeneaaA (20), (21), (24) npaso.oaT K cne.oy10meA cacTeMe ypas-

aeaaA _ong ¢ypbe-KOMDOHeHT ¢yHKUHA fpHH8 (26): 

(1) (~) (~) 

~» G PP ', k, 
{W ) • Ql G , , (w) + lJJ , G , , 

p pp. It p p p, k 

(~) 
(a) (l) 

w G pp ',k, 
(a~)aw ,G , ,(w)+lJJ G , , 

p p p ,k p PP ,It 

+ .. 
+<A A >2 l:V

8
(-p,-p',p )G ,(w), 

p p Pt 1 p 1 It 

(a) 
lJJ G , , 

pp,k 
( (JJ)- w 

p 

(2) (~) 
G , , (a~) + w , G , , 

p p, It p pp ,It 

(lJJ). 

( w) + 

(lJJ) + 

+(<A+,B ,>+<B A+>)2 'l~ (-p,-p',p )G ,(w). 
P P P P Pt a t P tit 

(28) 

/ 8/ 
3Ta CHCT9M8 ypasHeHHA HMeeT TOT *e BH.O, 'iTO H B ,( OllllaJCO lJJ P 3ll8Cb 

DCeB.OOrapMOHH'ieCKHe 'i8CT0Tbl (23) 1 8 He rapMOHH'ieCKHe) 1 H D09TOMY 

perneHH9 ee _ong $yHKUHH fpHH8 (26a) MO* eT 6hiTb 38DHC8HO B TOM *e BH-

/8/ 
.oe, 'iTO H B 

( 1) 
G , , 

p p ,It 

(lJJ):o2F (p,p',lJJ) 'l V (-p,-p',p )G (w) 
P a 1 pl It' l 

(29) 
1 

r .oe 

F(p,p ',w)• 
N +N , 

p p 

N -N , 
p p 

w -Cc.l , 
p p 

~ ~ + 
w -(w -<U , ) 

p p 

wP +lJJp' 

(JJ~- (lJJ +W ,)2 
p p 

2 2 

+ 

.. .. 
Np+Np'+2 

2 w2 -(w -+<o~ , ) 2 
p p 

Q) 

---------------) 
w2 

- (w - w , )
2 

p p 

w 
(30) 

12 

R N •<A+A > p p p Np•<A+PBP>. 

no.oCT8BJUISI (29) B (25)' .onSI O.OHO$oHOHIIOA ¢yHKilHH I 

Bhipa*eHae 

2 Q) tj 
G (w). G t j (QJ) • ~ - 2 ~» IL. (a~ ) 

ltlt cu~-w .. ltj I.J 
"tJ 

r.oe M8CCOBNA onepaTOp 

n .. <wl- l:J v (-k , p,p') 1
1 

F (p,p',a~). 
PP a 

llon10ca $yHKURB fpaaa (31) onpe.oenmoT cneKTp aneMeHTapJ 

HBA CBCTeMN - 9HeprBIO $oHOHOB! 

ft • c.1 .. + Re ll ... (f.., ). 
j It J It J kJ 

MHRMaSI 'laCTb Maccoaoro onepaTopa onpe.oenSieT aaTyxaaae 

r.. ( f .,. ) .. - Im ll t ( t-o + 18 ) , 
ltJ ltJ J ltJ 

+ 
8- 0 • 

llapHble KOppenRUHOHHble ¢yHKIIBB ODpe.oenRIOTCSI DpH D< 
/9/ 

pallbHOA TeopeMbl ; ecna 38TYX8HHe rlt << fIt , HHTel 

CDeKTpanbHOA nnOTHOCTH npH6nH*9HHO BbiDOnHHeTCSI H Mbl D< 
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H 

noacTaBnHH (29) B (25), anH oaao¢oHoanoa ~axuHH fpaHa nonyqaeM 

Bblp8)1{9BH9 

(81) 

rae MaCCOBhlA onepaTop 

lllt(cu)• IJ V (-k,p,p') 12 
F (p,p',Ql). 

PP a 
(12) 

nOJI10ca 4JyHKUBH fpaHa (81) onpeaensnoT cnexTp sneMe&TapHbiX B036yJI\ ,_ 

HBA CHCTeMhl - SHeprBJO 4JoHOHOB! 

). 

MHHMSH qacTb MSCCOBOrO onepaTOpa ODpeaenHeT 3aTyXaHHe 4JoHOHOB! 

+ 
8- 0 • 

(33) 

(34) 

napHbie KOppenSIIli!OHHble ~HKIIHH onpeaenHJOTCH npH IIOMOmH CII9KT

/9/ 
panbHOA TeopeMbl ; eCnH 38TYX8BHe rk << fk , HHTerpHpOBaHHe 

CII9KTpanbHOA IInOTHOCTH IIpH6nH)I{9HHO BbiiiOnHHeTCH H Mbl nonyqaeM : 
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+ 1 00 "' Nit •<A A >•-f Jtu [-ImG (a~ +iB)].,--k-cth 
It It " -oo 1T It ( 

e -1 It 

(It 

28 (35) 

- + 1 a + 
Nit • <AitBit>• -- [i-<Ait Alt(t)>],. 0 

"'~< a, 
(36) 00 

...1.._ f 
"(U -It 

wdtu [ - Im G It ( a1 + 18 ) ] .. - 1 • 

elf- -1 

qT06bi rrony'IHTb aaMKHYT.YJO CHCTeMy ypaaaeaal!. 1 aeo6xoaHMO eme aal!.

TH Bb!pa>KeHHe anSI Cpeaael!. IIOTeHUH8PbHOli. 3HeprHH CHCTeMbl . (22) 1 I!pOH3-

aoaHbie oT KoTopol!. orrpeaenSIJOT !flyHKllHH V 2 (20) H V8 (21). PaccMOT-

pHM anSI 9TOrO CBSI3b Me>Kay oaao¢oHOHHOA !flyHKUHeli. rpHH8 (15) 1 CB06oa

HOA aaeprHeA H aayTpeaaeA aaepraea KpHCTanna. 

4. Cao6oaaaSI H agyTpeHHSISI aaepr.HSI aarapMoH.HqecKoro 

KpHcTanna 

DoKa>KeM rrpe>Kae acero1 'ITO cao6oaHaSI aaeprHH KpHcTanna MO>KeT 

6b!Tb TO'IHO Bbipa>KeHa B BRae HHTerpana IIO KOHCT8HTe B38HMOaeli.CTBHSI 
. /11 I 

~OHOHOB OT oaHO~OHOHHOli. ~YHKUHH rpaaa • nnSI 9TOrO BBeaeM ~pManb-

HO B raMHnb TOHH8H perneTKH ( 13) IIapaMeTp A 

H(Al-H h+H 1 (A) • .L~a~ (B+B +A+A )+ u 0 +t H
1

(A) 
p 4 It It It It It It (37a) 

00 

~ ~ + 
- ~ V ( k 1 ••• k ) \ •• A It - - ~ w A A 
n ! kl•••kn n n I n 4 It It k It 

(37a) H (A l .. ~ 
I -1 

OrrpeaenaM cao6oaay10 aaepra10 

14 

F (A)--6fnZ(A), 
H(A) 

Z (A >•Sp I exp(--) I 
e 

H HaAJleM I!pOH3BOaHyJO 

H(.\) 

aF(A) l -- aH 1 (A) dH 1( 
-·-Sple 6 1•<-...;..-

aA Z(A) aA dA 

PaccMOTpHM Terrepb To>KaecTao 

i _a_ -1 - ~< A+(t)Bit (t} >, • a, 2 It It " 

--1-~1-tu <B+B >,+<A+ [B, }{]>, I•O 
21t k ltkl\ It k 1\ 

OTKyaa1 y'IHTbiBaH ypaaHeHHH aaH>KeHHH anH raMHnbToH.Haaa 

COOTHOllieHHe 

1 + ' + 
--- ~ (U k I < B k B It > - < A k A k > I - A < 

2 1t A A 

aH 1 (A) 
> 

dA A 

neaaSI '18CTb 9TOrO COOTHOlUeHHSI MO>KeT 6b!Tb Bblpa>KeHa 'IE 

HYIO ~yHKUHIO rpHH8 cornacHO crreKTpanbHOA TeopeMe. noac'I 

( 39) H HHTerpHpyH no KOHC raaTe A 1 rronyqaeM 

rae 

1 
dA . 1 + + 

F-F - f---~ c.lk I<Bit Bk >, -~AkAit >, 
ph 0 A 2 1t " " 

1 dA 1 
00 

dw 
.. f ---- f -t.l~--

0 A 2 "-oo .e7T-1 

F ph ~ () ~ fn 2 s h ( "' k I 2 6 ) 

~ 
k 

2 2 
w -wk 

wk 
[- Im G k (A, w · 

HH'IeCKOM IIpH6nH>KeHHH ( ,\ • 0 ) 

-cao6oaHaSI 9HeprHSI B 

DpH IIOMOlliH TeOpHH B03 

WHKUHH rpHH8 MO>KeT 6b!Tb aaiVJ;eHO IIpH6nH>KeHHOe Bblpa>KeH 
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F {.U--8fnZ(.\), 
H(.\) 

Z ( .\) -sp I exp (--- ) I 
6 

He.\) 
a F (.\) 1 --- aH,(.\) aH 1( .\) 

·-Sple 6 ----1•< >, 
a.\ z<A.) a.\ a.\ " 

PaccMOTpHM Tenepb TO*~ecTao 

a 1 ~ + i - - ~ < A ( t .) B ( t) > , • at 2 It It It A 

--1 I.I-Q) < B+B >, +< A+L [ B,_. J{ ]>,I- 0 
2k It kkA ~ ~ 1\ 

(38) 

(39) 

OTKy~a, y'IHTbl8SSI ypa8HeHHSI ~8H*eHHSI ~ng raMHnbTOHHSH8 (37), nonyqaeM 

COOTHOllieHHe 

(40) 

ne8aSI '18CTb 9TOrO COOTHOlli9HHSI M0*9T 6hiTb 8blp8*9H8 'lepe3 O~HO<lJOHOH

ftYID <lJyHKUHID rpHH8 cornaCHO cneKTpanbHOA TeopeMe, 0o~CTa8nSISI (40) 8 

( 39) H _HHTerpHpyg no KOHC raaTe .\ , nonyqaeM 

1 
d.\ 1 + + 

F- F - f --· --I. w I< BIt BIt >, - ·<Q A It A It > \ I .. 
ph 0 ,\ 2 k k A 1\ 

.. f ~ _1_ j_.,.,.d,...w __ 
0.\ 2rr_,., '11.1 

e 7T_ 1 

(41) 

r~e F ph .. 8 ~ fn 2 s h ( w k I 2 8 ) 

HH'I9CKOM npH6nH*9HHH ( ,\ • 0 ) 

-c8o6o~HaSI aaeprH.II 8 nce8~orapMo-

0pH ITOMOIUH TeOpHH 803MymeHH.II ~ng 
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II 

., 

aoA aaepraH. OnaaKo nnH npaKTaqecKHX npaMeaeaaa aTa ¢opMyna aeyno6-

aa BBHny CnO*HOA 38BHCHMOCTH ~HKUHH fpHH8 OT napaMeTpa A 

IloaToMy Mbi npaseneM HH*e npa6na*eaaoe Bb~acneaae cpenaea noTeana

anbaoA 9HeprHH (22), Heo6xonHMOA ang BbiqacneHHH CHnOBblX DOCTOHHHbiX 

(20) H (21) caMocornacosaHHbiM o6paaoM. 

PacCMOTPHM npa6na*eaaoe ypasaeaae 

a 00 

-<U(A)>• I 
iJA -• 

AD-I 

<A ••• A >• 
It l ltD 

I v (k
1 

... k > 
( D -1} f It !"ltD D D 

00 A D-l 

I V (k 1 ... k H <A It ••• A It > (u-l)<Ak A It>+ 
It t• It D D D 8 D l 2 - I 

-· {n-1)! 

+ < Ak ••• A It> 
4 D 

( u -1 )( u-2) 

2 
<A A A >I• 

kt It 2 k 8 

(42) 

~ .. ~ ... A2 ... ~ ...,. ~ 
- A I < ( u D v d ) ( u v ) >< u (A) > + - I < ( u f \1 )(;; v Ki\ Vl>< u (A)>. 

fm L L m m 2 fmt L • m t 

rae M~ BOCDOnb30~8nHCb anH MHOrQ¢oBORHOA KoppenHUHOHROA ~HKUHH TeM 

*e npH6nB*eHHaM, qTQ H B paano*eHHH MHOr~HOHROA ~HKUHH fpHHS B 

(18), a TaK*e yqna onpeneneaaH (20), (21). IlonhayHcb onpeneneHHRMH 

(14) H (22), HHTerpapyeM aTo ypasaeaae no A • B peaynhTaTe nony-

qaeM 

I 1 ~ ... . ... > <... ... I < U > • exp T ~ < (u f V f u m V m ) > • 

... ... ... 
•exp I -'-I <<i!fvf Hi! V H.t V >>IU <f ... f l • (43) 6 fmt m m t t 0 I N 

I I I ... ... .. ... 
1 .. I+- < (u f Ve >< ~ V Hi! v >>I u < f 

1 
••• N) , 

6 fmt m m t t 

rne Mbi paano*HnH BTopyiO 9KcnoaeaTy B pS!Jl a ssena 
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- ... ... 1 ... ... ... 
u ( t l •• t N ) .. exp I - I < ( lid V.e ll( if v ) ::> I u ( t .. 

2 fa, L Ill • 0 l 

- CpenHIOIO DOTaHUHSnbHyiO 9HeprHIO B DC8BAOr8pMOHBqeCKOM 

B nanbaeaweM nnH onpenenesaR canos~x nOCTOHHH~X 

Va (21) Mbl 6¥lleM DOnb30B8TbCR B~PS*aHHeM (44), paCCM 

poA qnea B (43) KSK ManyiO nonpa&Ky K cpenaeA DOT8HUH8nbl 

KpHcTanna. Ero nerKo Bb~HCnHTb, ecna BOCDOllb30&aTbCH coo 

(40) npa A • 1 a y'leCTb paano*esae (42): 

1 .. 
-2 ]. < (i!D vd H.t v Hu ... v )><U > 

Lmt LL mmtt 

iJ H
1 

(A) 
.. [ < > A ] 

- _I_ I Ct) I < B + B > -< A +A > I -
2Jtk kit kit 

w2-w2 
f 2_ Ct)2 

k k 1 oo dw 
• --f --w...--

211- e'"1-1 
__ __.._ (- Im G It ( w t i 8 ) ] • I 

w., k 2f 
I 
k 

k 

BayTpeHHH aaeprag B npa6nH*eHHH ( 43), ( 45) MO)I(eT 6biTb 

pea OllHQ¢oHORHyiO lPYHKUHIO fpasa (31 ): 

.. ... ... 
E •<H> .. U('f

1 
••• fN )+ 

00 d (U 

+_I_ f--ar 
411- -....,.. -1 e 

Ct) 2 2 
I<-+-

3 It 

.. ... ... I 
U(f 1 ••• fNl+-I 

. I2 k 

w., 

fk 

2 2 
Ct) - w., 

(IJk 

)(- ImG (fU · 
k 

fk 
. cth2{f • 

Ilonyqeasoe npa6nB*esaoe Bbipa*esae nnR sayTpeaseA asepra: 

onpeA&naHBR TepMOllHHSMHqeCKHX XapaKTepHCTHK asrapMOHH'Ia< 

na. 
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. .. .. .. 
U(f 1 •• fN f ) 

N (44) 

- cpe.llHJOJO IIOT9HI1H81IbHyJO 3HeprBJO B IIC9BAOr8pMOHB'l9CKOM npB6liBlK9HBB • 

• 
8 .118llbHeRweM .anSI onpe.aeneHBSI CBnOBblX IIOCTOSIHHblX V ~ (20) B 

V8 (21) Mbl 6¥AeM IIOIIb30B8'1'bCSI Bblp8lK9RB9M (44), paCCM8TpHB8SI B'l'o

poR 'lneR B (43) K8K M8nyJO IIOIIp8BKY K cpe.a&eR IIOT9HIIH81IbHOA 3HeprHH 

xpHCTanna. Ero nerxo Bbl'IHCnHTb, ecnB BOCIIOilb30BaTbCSI cooT&omesseM 

(40) npH A • 1 H y'leCTb paanolKease (42): 

• _I_ I w I < B + Bk > -< A k+ A k > I -
2 k k k 

I "" dw 
--f~w~-
2" - '">r e IJ -1 

w:l-w:l 
__ __.._ [- Im G k ( w :+- i 8 ) ) • ~ 

w .. 

(45) 

( k 

----cth--
2( 

k 28 

BHyTpeHHSI 3HeprHSI B nps6nHlKeHHH ( 43), ( 45) MOlK9T 6biTb BblpalKeHa qe

pea OAHo4J<>HOHHyJO lPYHKilHJO fpHB8 ( 31 ) : . .. .. 
E •<H>•U<"f 1 ••• fN )+ 

I "" dw 
+-;;;-Ix 

- eT -I 

w :1 2 
I<-+-

3 k Wk (46) 

• .. .. I 5 f : - 2 cu.: f k 
• U ( f 1 ••• f N) + -- I --;;._-~- - cth 2T . 

0 I2 k ( k 

OIIpeAeneHBSI TepMO.I1HB8MHqecKHX X8p8K'I'epHCTHK aarapMOHHqeCKOrO KpHCTan-

na. 

17 



Yp8BH9HH9 COCTOSHHH 8Hr8pMOHH'I9CKOrO KpHCTanna 7c ornaCHO (6) HnH 

(7) 
7 

Bblp8>K8eTCS 'lepe3 npOH3BOllHyJO OT cpe.nHeA IJOTeHilH8nbHOA SHepraa, 

,nng KOTOpOA TSK>Ke MO>KHO IJOnb30B8TbCH IJC9B,UOrapMOHH'I9CltBM IIpH6nJI>Ke

HHeM ( 44), KaK a .nnH onpe.neneHHH canoablX nocTOHHHbiX V 2 a V3 • B 

&TOM npH6na >KeHHH <jlyHXUHH V 2 (20) onpe..nenSieTCH BCeMH '19THblMII 'ln9Ha

WJI1 a V 8 (21 J B ypaaHeaae (6.) ana (7) - aceMH se'leTllhiMH 'llle.EJaMJt 

B 'f.l88nO>K eHHII (8) IIOT9HllH8nbHOfi 9HeprH.H asrapMOBH'lecKOr O KpHCTanna. 

5. BbiBOllbl 

Pa3BHT8H B STOA pa60Te TeOpHH D03BOnHeT HCCne,nOB8Tb CBOACTBa 

CHnhHO 8HrapMOHH'l9CKHX EpHCT&DDOB B WHpOKOM HHf~paane TeMIIepaTypbl H 

BHewHero .naaneHHH. B 'ISCTHOCTH, nony'laHHaH caMocornacoaaHI1a HCHCTeM8. 

ypaBB9HRA MO>K8T 6b!Tb HCIJOllb30BaH8 ,nng BBXO>K.tl91lB51 o6naCTII yCTOI'IKBoo

TH aarapMOHH'lecxoro KpHCTanna. flpe..naapaTem.sble peaym.TaTbl Taxoro accne

.noaEUIRH, acnOnLsyJOmero naWb ncea..norapMOHR'leCXoe npa6na>Keue, 6 t.wa 
/12,13/ 

ony6naKOB8Hbi B pa5oTax • O'leBIUUIO, 'ITO a cny'Ul~ MiUIO!"' eHrapMOHH3-

M8 p83BHT8SI TeOpHH CBOllKTCR K 06bi'IBOA TeOpBR B03Wymesa:it. 3aeMTHM Tax

me, 'ITO IIpHHBTSSI H8MK T9XHKK8 .llBYXBP9M9HRblX <jlyBKIIRA fpRBS OK83b!B8e~ 

CSI B9CbM8 npOCTOA B S~KTKBBOA B nony'leHHR OCHOBHblX pe3ynhT8TOB IJO 
/4-7/ 

Cp8BH9HHJO C .tij)yt'RMII M9TO.U8MB 

B cne,nyJOmax pa6oTax pasaaTaH s.necb T~OpHH ~y.neT npaMeHeHa K 

HeKOTOpbiY KOHKp9THblM CRCT9M8M, 

8 38KnJO'leHBe HBM 6bi XOTenOCb OTM9TRTb 1 'ITO T9M8 STOrO HCCn9.1lO

B8H8H 6blna npe.nJ1o>KeHa npocp. lc.B. Ts6naK9BblMI a M.HoroxpaTHO a nno.noor

aopHo C HHM o6c;:y>K,aan!iC~. HaM XOTen OCb 6bl T8K>Ke no6naro.nap&Tb f.KOR

BeHTS 3a o6cy>K.119HHst. 
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