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1. B B e a e H H e 

npH HayqeHHH aHH8MHKH KpHCTannH'IeCKHX peweTOK 06bi'IHO B KaqeCTBe 

HyneBOI'O 1IpH6nH)KeHHSI Bbi6Hp8IOT rapMOHH'IeCKOe 1IpH6nH)KeHHe, p8CCM8T-

pHB8SI 8HI'8pMOHH'IeCKHe qneHbl B paano)KeHHH IIOTeHUH8nhHOH aaeprHH K8K 

Manoe soaMymeaHe. OaaaKo B uenoM pHae cnyqaeB, aarrpHMep, rrpH aocTaTO'IHO 

60nhWOit aHeprHH HyneBbiX KOne6aHHH HnH B cnyqae TeMrrepaTyp, 6nH3KHX K 

TeMrrepaType rrnaBneHHSI 1 T8KOe paCCMOTpeHHe OK83biBaeTCSI CnHWKOM rpy6btM. 

B CBH3H c aTHM M.EopHOM/ 1/ 6bm rrpeano)KeH MeToa, rroaBonHIOIIIHH y'IHTbt

BSTh C8MOCOI'n8COB8HHbiM 06p830M BnHSIHHe 8HI'8pMOHH'IeCKHX qneHOB H8 !IHH8-

MHKY peweTKH. B aanbHeitWeM 9TOT MeToa 6bin HCIIOnb30B8H B pa6oTaxf2/ 

ang H3y'leHHSI UHH8MHKH CHnhHO aarapMOHH'IeCKHX KpHCTannoB 1IpH HyneBOit 

TeMrrepaType. B rrocneaaee BpeMH B pHue pa6oT (eM. aarrp./3-6/) aTOT rroa

xoa uonyqHn aanbaeAwee paaBHTHe H o6ocaoaaHHe. 

B pa6oTe/ 6/ 6bm rrpeuno)KeH MeToa caMocornacoaaaaoro orrpeueneHHH 

'18CTOT KOne6aHHH peweTKH H HX 38TYX8HHSI IIpH yq~Te 8HI'8pMOHH3MOB BhlCWHX 

IIOpHaKOB C IIOMOIIIbiO TeopHH B03MyiiieHHH anH !lBYXBpeMeHHbiX !jlyHKUHA fpHH8. 

npH 9TOM 6binO OTMeqeao, 'ITO MeToa MO)KeT 6b!Tb IIOneaeB 1IpH HayqeHHH 

o6nacTeA aeycTOH'IHBOCTH peweTKH, rrpHBOUHIIIeA K cpaaoBwM rrepexouaM. B 

pa6oTe/7/ c rroMOIIIhiO aToro MeToaa 6bma o6aapy)Keaa aeycTOit'IHBOCTh oa

HoMepaoA peweTKH, o6ycnoaneaaag aHI'apMoHHaMoM Kone6aaHA aTOMOB. 

B rrpeanaraeMoA pa6oTe aa ocaoBe rrouxoua, paaBHTOro a/6/, HCcneay

eTCH BOIIpOC 06 yCTOH'IHBOCTH TpeXMepHOA 8HI'8pMOBH'IeCKOH peweTKH B 1IpH-

6nH)KeBHH caMocornacosaaaoro uonH. B paauene 2 cpopMynHpyeTCH o6wHA Me-
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TOLl IIOIIy'leHHH C8MOCOrii8COB8HHO~ CHCTeMbi ypaBHeHH~ LliiH IIpOH3BOnhHO~ 

peweTKH. PeweHHe 3TO~ CHCTeMbi ypaBHeHH~ paccMaTpHBaeTcsr B pasaene 3 

HB npHMepe IIpOCTO~ MOLtenH rpaHeueHTpHpOBBHHO~ Ky6H'l:eCKO~ peweTKH C 

B38HMOLle~CTBHeM Me)KLIY 6nH)K8HWHMH COCeLtHMH! H8XOL1HTCH KpHTH'IeCKHe IIa

paMeTpbi, OIIpenensrJOmHe o6naCTh YCTO~'IHBOCTH peweTKH 0 H HCCneayeTCH IIO

BeLleHHe TepMOLlHHBMH'IeCKHX BenH'IHH B6IIH3H KpHTH'IeCKO~ TO'IKH. 

2. CaMocornacoaaHHasr CHCTeMa ypaBHeHH~ B rrceaaorapM0.9:H'l:eCKOM 

IIpH6IIH)KeHHif 

2.1. PaCCMOTpHM IIpOCTYIO peweTKy, COCTosrmyJO H3 N 8TOMOB C MBC-

co~ M 

rae 

, raMHIIhTOHH8H KOTOpO~ MO)KeT 6biTh 38IIHC8H B o6meM BHLte: 

-+ Pe • R e 

H I. e 

.. ;... 
Pe 

2M 
+ 

-+ -+ 
U (R

1 
, R N ), ( 2. 1) 

- orrepaTOpbl HMIIYIIbC8 H KOOpL1HH8Tbl 8TOM8 B ysne f. lle~-

CTBHe BHeWHHX CHIT, aecjlopMHpy!OUllfX peweTKy KpHCTanna B IIHHe~HOM IIpH6IIH

)KeHHH, MO)KeT 6b!Tb OIIHC8HO raMHIIhTOHHBHOM 

H -I. ; •• Rf 
I f r. 

BaeaeM orrepaTopbi cMemeHH~ aToMoB 

cornacno orrpeacneHHJO! 

a a a 
R e = < Re > + o e ~ f 

( 2.2) 

a 
o e H3 IIOfiO)KeHH~ p8BHOBeCHH fa 

a 
a 

+ o e. ( 2.3) 

rae CT8THCTH'IeCKOe ycpeaHeHHe IIpOBOLlHTCH C IIOIIHbiM raMHIIhTOHH8HOM! 

4 

< ... > 2 

T - TeMrrepaTypa B : 

8TOMOB fa MoryT 6bi1 

HBIIH'IIflf BHeWHHX CHn/8 . 

rae o a f3 - TeHsop Ll• 

CHIIbi Ff MOryT 6biTh 

a 
u = _1_ 

af3 V I.Ff ff3 e 

B 'I&CTHOCTH, lf30TpOIIHO• 

P~-..!..I.u 
3 a aa 

TaKHM o6pasoM, oa 
f 

KOne6aHHSIMH 8TOMOB0 1 

6biTh pa3no)KeHa a psrn 

u - u d 
0 

rae LlnH COKpameHHH 38II 



•HH~ anH npOH3BOnhHOH 

TpHB8eTCH B pa3aene 3 

Ky6H~eCKO~ peweTKH C 

>aHTCH KpHTHqeCKHe na-

rKH, H HCcneayeTcH no

CKO~ TQqKH. 

H3 N 8TOMOB C M8C-

!HC8H B o6weM BHae: 

( 2.1) 

>I 8TOM8 B y3ne f. lle~

Ina B nHHe~HOM npH6nH-

( 2.2) 

[O)!(eHH~ p8BHOBeCHH fa 

( 2.3) 

Hb!M I'8MHnhTOHH8HOM: 

}( H +H 

}( }( ( 2.4) 

-1 --T T 
< ... > z Sp ( e ... ) . z = Sp ( e ) . 

T - TeMnepaTypa B aaepreTHqecKHX euHHHuax. PaBHOBecHbie nono)!(eHHH 

8TOMOB fa MOI'YT 6b!Th onpeaeneHbl H3 ycnOBHif p8BHOBeCHH peweTKH npH 

S Z / S u af3 0, 

u af3 f f3 • npH :3TOM BHeWHHe 

CHnbl MOI'YT 6biTh CBH38Hbl C TeH30pOM H8IIpH)!(eHHH U af3 ( Cp. C/4/): 

= _1_ a 
CT af3 V r F f f f3 

1 
v 

~< e 
au ( 2.5) 

B qaCTHOCTH, H30TpOIIHOe aaBneHHe p onpeuenHeTCH ypaBHeHHeM COCTOHHHH: 

p =- 1 ~ 
3 a 

CT 
a a 

= __ 1_ ~ < ~a~u::.._ > e ( 2.6) 
3V o,a aRa a 

l. f 

TaKHM o6pa3oM, ua 
f 

B ( 2.3) - M8nbie CMeilleHHH, Bbi3B8HHb!e TennOBb!MH 

Kone6aHHHMH 8TOMOB 0 T8K qTO riOTeHUH8nhH8H :3HeprHH KpHCTanna MO)!(eT 

6b!Th pa3nO)!(eH8 B pHa riO CMemeHHHM: 

u ""u 
0 

<1 
1 

l ) + ~ 
N n.z1 

~ 41 
n! (1 •• n) 1··n 

a I 
rae anH COKpameHHH 38IIHCH Mbl BBenH U = U 0 

l.1 

5 

( 2. 7) 



<fJ 
l ••• D 

a 
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•• a 
s<IJ n 

f .. f 
1 
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a 1 a a Rf ••• a R f n 

1 n 

u
1 
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2.2. BbPIHcneJme cBo6oL!Holi a HeprHH a HrapMOHH'!ecKoro KpHcTanna oKa-

3biBa eTcH BeChM8 CnO>KHOJi 38Ll8'!eJi ( CM. /3,4/), H II03TOMY LlnH orrpeL!eneHHH 

He06XOLlHMbiX CT8THCTH'!eCKHX cpeL!HHX Mbl BOCITOnh3yeMCH MeTOLlOM LlBYXBpe

M eHH biX lj>yHKUHJi fpHHa/9/. PacCMOTpHM OLlHO!j>OHOHHyJO lj>yHKUHJO fpHH8 B KO-

OPL1HH8 THOM rrpeLlCTaBneHHH: 

a{3 , a 
GH, (t-t l = « o f(tl; 0 ~ ( t ') >>-

( 2.8) 

=- i 8 ( t- t ') < [ 0 ~ ( t) ' o:, ( t ') ] > ' 

a 
rLie of (tl - reAaeH6eproBCKoe rrpeLlCTaBneHHe orrepaTopa CMemeHHH c rron-

HbiM raMHnhTOHHaHoM ( 2.4). Y'IHTbiBaH TpaHcnHUHOHHYIO HHBapHaHTHOCTh 

CHCTeMbi, lj>yphe-rrpeL!CT8BneHHe lj>yHKllHH fpHH8 ( 2.8) .38fiHllleM B BHLie: 

G a {3 
ff' (t-t'l 

1 

2" 

oo -IC&)(t-t') a{3 
fd(&)e G ((&)), 

-oo ff' 

a{3 
G ff' ( w l -

1-Iea e{3 
NM 1JJ' 11 "11' 

lkd-f-> 
e G .. ,(wl, 

kjj 

( 2.9) 

rLle BeKTOpbl 
.. 
e-+ 

kj 
KOTOpbie 6yuyT orrpeL!eneHbi HH>Ke , o6paayJOT rronHbiA 

H OpTOHOpMHpOB8HHhlJi 683HC: 

a 
I e .. 

k I 

{3 
e a 8 fJ 
11 a.,.. a 

a 
I e-+ 

k l 
e a ,. 8 
1J, l.l , 

( 2.10) 

<f>yHKUHH fpHH8 ( 2.8) OfiHCbiBaeT nHHeJiHyiO ITO CMeiUeHHHM 8TOMOB peaKUHJO 

CHCTeMbl H8 LieJiCTBHe BHeliiHero B03MyUieHHH; ITpH 9TOM ITOnJOCB lj>yHKllHH 

8 

fpHHa G.. (wl orrpeLl 
kll 

9HeprHJO OLlHOcp OHOHHbUi 

DepeALleM K orrpeLI 

>KeHHH LinH reAaeH6ep~ 

a 
i

a t 

a a 00 

i--iP (tl =I at f n=l 

rronyqaeM ypaBHeHHe ar, 

a~ 
-M

at: 

oo I 
+I-I <ll 
n~t n! (l .. n) 

QqeBHLlHO, 'ITO MHorocj: 

n CKOnh yrOLlHO Be 

B Ka'!eCTBe rrpH6nH>KeHI 

B BHLle KyMynHHTHOro 

pHL!Ka /6/ . PaccMoTpHM 

x/3aMeTHM1 'ITO ycr, 

cne11y10T H3 ycpeiJHeHHbiX 
a 

a;-



· t ,..o 

1ecKoro KpHCTanna oKa -

8TOMY AnSI orrpeneneHHSI 

•MCSI MeTOllOM llBYXBpe-

0 tj:JyHKUHIO fpHH8 B KO-

( 2,8) 

tTopa cMemeHHH c non-

OHHYIO HHB8pH8HTHOCTb 

3) .3811HilleM B BH)]e: 

( w >. 

( 2,9) 

) . 

HHJKe, o6paayiOT rronHbitl: 

( 2.10) 

,J , 

:eHHSIM 8TOMOB pe8KUHIO 

9TOM 110niOC8 tjJyHKUHH 

fpHH8 G_. (w) orrpenemi!OT crreKTp KOnneKTHBHbiX B036y)f(LleHHtl: CHCTeMbl -
kll 

9HeprHIO OllHOtP OHOHHbiX B036YJKlleHHtl:, 

nepetl:neM K orrpeneneHHIO tPYHKUHH fpHH8, nonb3 YHCb ypaBHeHHSIMH llBH-

JKeHHSI anSI retl:aeH6eproBCKHX orrepaTopoB u£ (t ) H Pf (t) x/ 

a 
i--

at M 

a 
p f (t) • 

( 2,11) 

a a ""' 1 a 
i--iP (t} .. I.--I. ell u

1 
••• un-at f n•l nl(l •• n) fl, •• n 

a 
Ff. 

nonyqaeM ypaBHeHHe AnSI tPYHKUHH fpHH8 B BRae: 

( 2.12) 

""' 1 a 
+I.-I. ell 
ncl n!(l . • n) f1 ••• n 

<<u (t) .•• u (t); u~,(t') >>. 
I n L 

QqeBHilHO, qTo MHOrotj:JoHOHH8SI tPYHKUHSI fpHH8 B 11p8BOtl: qaCTH (2,12), rae 

n CKOnb yrOIJHO BenlfKO, He MOJKeT 6biTb orrpeaeneHa TQqHQ, noaTOMY 

B KaqeCTBe 11pH6nHJKeHHSI MOJKHO rrpellCT8BHTb MHOrotj:JoHOHHYIO tPYHKUHIO fpHH8 

B BH)]e KyMynHHTHOro paanoJKeHHSI 110 tPYHKUHSIM fpHH8 6onee HH3KOrO 110-

pS!llK8 /6/ , PaccMoTpHM aaecb rrpocTetl:wee rrpR6nHJKeHHe, KoTopoe He yqRTbiBa -

x/3aMeTHM1 (2 5) 'ITO YCIIOBHH pBBHOBeCHH pemeTKH • HeiiOCpeJJ.CTBeHHO 

C/leJJ.yiOT H3 ycpeJJ.JleHHbiX ypBBHeHHfl IJ.BH)I{eHHH: 

; 0~ <iP;(t)>-o. 
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eT npoueCCOB pacnana ¢>oHOHOB0 npHHHM8 H BO BHHM8HHe nH!Ub nepeHOpMH

pOBKy '18CTOTbl Kone6aHHA 8TO MOB B C8MOCOrnaCOB8HHOM none; 9TO npH6nH

~eHHe Yll06HO H83B8Tb nceB/lOrapMOHHqecKHM, 0HO HMeeT BH/l: 

<< u, •• u 
n 

{3 n 
u (t ') >> "'~ 
f' J~l 

<< u 
I 

0 f3 (t ') » < ii 0 

f' 1./ j 

( 2,13) 
> 

no/lCT8BnHH (2,13) B ypaBHeHHe (2,12) H nepeXO/lH K $ypbe -npe/lCTaBneHH~ 

no speMeHH cornacHo (2.9), nonyqaeM ypaBHeHHe nnsr $yHKUHH fpHHa :oro 

~e BH/l8 0 'iTO H B rapMOHH'feCKOM npH6nH~eHHH: 
. ....::=,.::---.::..--. ~ - .~ 

2 a{3 
M w G H' ( w) 

"'ay yf3 8 e,e- 8 a{3 +;<l>fm Gmf'((A.)), ( 2. 14) 

HO C nepeHOpMHpOB8HHOA - ncesnorapMOHHqecKOR M8TpHUeR CHnOBbiX noCTO-

HHHbiX: 

"'ay 
![> 

fm 

l _I_~ <l>ay 
n=O o! ( l .. n) fm I .. n 

< 
a:~ 

a Ra a f 
Ry 

u > . 
m 

< 0 ... u > = 
D 

( 2. 15) 

nepeXO/lH K npOCTp8HCTBeHHOMY $ypbe-pa3no~eHH~ $yHKUHH fpHH8 ( 2,9) H 

Y'fHTb!BilH ycnoBMH OpTOHOpMHpOB8HHOCTH ( 2,10) 0 pe!UaeM ypaBHeHHe ( 2,14), 

¢ypbe-o6pa3 $yHKUHM fpHH8 HMeeT BH/l: 

G ((A.)) ~EJ (w 2 

kjj. 1.1' 

8 

,_____ --

( 2 ) -1 • 

kj ( 2,16) 

·I 

rne 'f8CTOT8 £ ~~ H E 

CTBeHHhle 3H8'feHHH : 

M £ 2 

~~ 
e 

a 

tj 

"4T06bi 38MKHYTb 

THCTHqecKoe .cpenaee c 

qepe3 napay~ KoppenHl 

TeopeMe /9/ , onpenensre 

<uaof3) 
f f' 

_I_~ e' 
MN kl I 

Pa36Hsasr cTaTHCTH'feCK< 

H3Be/leHHe napHhlX KOpp 

UHH fpHH8 ( 2, 13 ) 0 n 

<o 1 ••• on>- fj 
D, :;18 

rne (2s -1)11- npoH3BE 

o'feBM/lHo, ncesnorapMon 

CH BCeMM 'f~THbiMH 'fneH 

ypaBHeHHe COCTOHHHH 

Kone6aHHR pellleTKH B n 



-me nHlllb rrepeHopMH

)M rrone ; 9TO rrpH6nH-

eeT BHn: 

( 2,13) 

> 

~ypbe-rrpencTasneHHID 

I ~yHKUHH fpHH8 TOI'O - -

( 2,14) 

p HUeH CHnOBhlX IIOCTO-

( 2. 15) 

JYHKUHH fpHH8 ( 2.9) H 

3eM ypaBHeHHe ( 2,14), 

( 2. 1 6 ) 

rne '!8CTOT8 litl 
-+ 

H BeKTOpbl e itJ orrpenerrRIDTCR H3 ypaBHeHHR H8 C06 -

CTBeHHhle 3H8'!eHHR: 

M l 
2 

itJ 

a ( 2. 17) 

4T06bi 38MKHYTb CHCTeMy ypaBHeHHH 0 He06XOllHMO ellle Bb!p83H Tb CT8 -

TH C TH'!eCKOe -CpenHee OT IIpOH3Bet:teHHR n orrepaTopoB ( n > 2) B ( 2 ,1 5) 

qepe3 rrapHyiD KOpperrRUHOHHYID ~YHKUHID0 KOTOp8R 0 cornaCHO CII~KTp8rrbHOH 

TeopeMe/9/, orrpenenReTcR ~yHKuHetf fpHHa: 

a {3 1 00 dcu af3 
i 8 ) .. < u u > ---f Xm G ( cu + 

e f' 7T 
(U ff' 

l- e T 
( 2.18) 

... , 
_I_}; ea e {3 

lk(f- ) l"t l 
e cth 

MN kl itJ kl 2 l -+ 2T 
kj 

Pa36HB8R cTaTHCTH'!ecKoe cpenHee OT rrpoHGBeneHHR n orrepaTOpoB Ha rrpo

H3BeneHHe rrapHbiX KOppenRUHOHHbiX ~yHKUHH K8K B IIpH6IIH)KeHHH t:IIIR ~yHK-

UHH fpHH8 ( 2, 13 ) t IIOITY'IHM: 

.. 
<ul ... nn>~ (2s-l)!! n < n n > • ( 2. 19) 

l=l 21- I 2 I 

rt:te ( 2 s -1)!! - IIpOH3Bet:teHHe He'!~THbiX '!HCen OT 1 LID 2 B - 1 , npH 3TOM, 

oqeBHt:IHO, IICeBnorapMOHH'!eCK8R CHITOB8R M8TpHU8 ( 2,15) 6yneT OIIpet:tenRTb

CR BCeMH qeTHbiMH '!neH8MH B p83ITO)KeHHH IIOTeHUH8rrbHOH 3HeprHH ( 2, 7), 8 

ypaBHeHHe COCTORHHR (2, 6) sceMH neq~THblMH. CneaosaTenbHO, qacToTa 

KOne68HHH pellleTKH B IICeBt:tOI'8pMOHH'!eCKOM IIpH6IIH)KeHHH 6yt:teT 38BHCeTb 
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OT TeMnepaTypbl T He TOnbKO 6naronapH TeMnepaTypHOtl: 3aBHCHMOCTH paBHO

BeCHblX paCCTOHHHtl: Me)I(UY aTOMaMH Corn8CHO ypaBHeHHIO COCTOHHHH ( 2 , 6), 

KBK STO ITpHHHMaeTCH B KBa3HrapMOHH'l9CKOM npH6nH)I(eHHH/8/, HO TaK)I(e H 3a 

C'l e T BKnana B SHeprHJO B3aHMOUetl:CTBHH BCeX 'leTHbiX aurapMOHH3MOBo 1.JT06bi 

y'leCTb nepeHOpMHpOBKy SHeprHH cpOHOHOB 3a C'leT He'leTHbiX aurapMOHH3MOB, 

He0 6 XOUHMO paCCMOTpeTb BTopotl: nopHUOK TeopHH B03MyweHHH UnH M8CCOBOrO 

onepaTo pa, KaK STO caenaHO B pa6oTe/6/, '!TO noTpe6yeT BBeUeHHH cpyHKUHH 

f p HHa OT Tpex onepaTopOB CMeweHHH, 3TO npHBOUHT K 3Ha'lHTenbHOMy ycnO)I(

HeHI.f !O CHCTeM bl ypaBHeHHH H 6yneT p8CCMOTpeHO B OTAenbHOH pa6oTe, 

2,3, 0co6euuo npOCTOH BHU CaMocornaCOBaHHaH CHCTeMa ypaBHeHHH npH

HHMaeT B c nyqae napHblX CHn B3aHMOUeHCTBHH Me)I(Uy aTOM8MH, KOTOpblH H 

6yne T na nbwe paCCMaTp HBa TbCH: 

U( R,, .. ,RNl=-1-~cp(Ra-R). 
2 f./ m L m 

Ypaa u e m re Ha c o6cTBedllble 'lBCTOTbi ( 2.17) npHHHMae T BHA 

~ 
M f _. 

k j 

a 
e k j 

-+ 

1 ~e 
I (1 - e 
e 

f3 
) e kl 

.. 
----cp<f l , 

a 2 

aeaaef3 

( 2,20) 

( 2. 2 1) 

-+ 

rne '¢ ( e - ~ ) = < ¢ ( R e - R m) > - ca MocornacoBaHHbiH n o Te HuMa n n a pHblX 

c u n . H a u 6onee npoc To ii BH/1 e My !:?)I(HO n pHnaTb, e c nu Bocnonb30 BaTbCSI pa3 -

n ome uHeM noTeHuHana B HHTe rpa n ~ypbe: 

-+ -+ 
cp (R-+-R e 

¢ (ql 

~ cp ( -+ ) I it <1-tr.) 
q q e e 

3 -~~ a -+ 
-L Jd R e cp (R) . 

v 

10 

+ -+ -+ 
lq(ue-u m ) 

( 2.22) 

HHTerpHpoBaHHe npoac 

CTaTHCTH'leCKOe cpen. 

< I .-+(-+ -+ exp 1 q Uf-Q D 

rae KOppenHUHOHHaH cp 

[ 
~ ..... ..... 2 

< q (uf-uml]> 
2 

NM 

B cnyqae Ky6H'lecKoli: 

HUH BeKTOpa q a M< 

..... ..... ..... ~ 
<[q(of-om)] > = 

B STO M c n y 'la e nerK o 

CaMOCornaCOBaHHhlH no 

¢ (f -0!) 

K D K BH/1HO, HHTerpHpOE 

n p oCTp8 HS!eTCSI Ha MBJ 

KOne6aHHSIMH aTOMOB 

peneneHMH caMocornac c 

UMana a6nH3H nua noTe 

ueBHHOA Tpe6yeT OTJ1e n 



IOit 38BHCHMOCTH paBHO

BHHIO COCTOSIHHSI ( 2.6), 

~HHH/8/, HO T8KlKe H 38 

8HI'8pMOHH3MOB. qT06b! 

:teTHblX 8HI'8pMOHH3MOB, 

4YII!B HHSI Llnli M8CCOBOI'O 

6yeT BBBLlBHHSI ~yHKUHH 

3HaqHTBnbHOMY ycnoJK-

3 oTnenbHOA pa6oTe. 

: HCTBM8 ypaBHeHHH IIpH

,y 8TOM8MH 0 KOTOpblH H 

( 2.20) 

' BHLl 

, 
'P (f ) • 

( 2 . 2 1) 

lHHb!H IIOTBHU Han rrapHbiX 

H BOC IIOnb3 0 B8TbC SI pa3-

... 
- u 

m 

( 2 .22} 

Yl HTerpHpoBaHHe rrpoBOLlHTCSI no Bee My o6'heMy KpHcTanna V ~ N v • Bbi'IHCnSISI 

CT8THCTHqBCK08 CpBLlHBB B pa3nOlKBHHH (2. 22) cornaCHO (2.19), nonyqHM 

... 
-o 

m 
) ] 

~ 

> I . 

T"'LlB KOppenSIUHOHH8SI ~yHKUHSI CMBII!BHHH 8TOMOB, COr naCHO ( 2 . 18), HMBBT BHLl 

... ... 

[ 
... _. _. ]2 ___ 2_ "<' 

2
sm' 2 ld f -~) < q (u 0 -um) > .<.. 

L NM '11 2 
cth 

( .,. 
Iii 

2T 

( 2. 23) 

B cnyqae Ky6HqBCKOit CHMMBTpHH KpHCTanna OH8 HB 38BHCHT OT Hanpaane

HiiSI BBKTOpa q H MOJKBT 6b!Tb 1Ip8LlCT8BnBH8 B BHL18 

... 2 
<[(f-'"&.) ( ti 0 -'ifm ) ] > > = q 2 _____ __:L:.._ ______ _ 

... ... 2 
e-m I 

~ = q 

B a To M cnyqae nerKo BwnonHHTb o6paTHOB ~ypbe-rrpeo6pa3oBaHHe H 38IIHC 8 Tb 

caMocornacoaaHHhill noTeHuHan B BHne: 

K a K BHJlHO, HHTerpHpoBa HHe B ( 2.24) 6na ronapSI tPYHKUHH exp (- R 
2
/2) pac-

IIpOCTp8HSIBTCSI Ha ManyJO o6naCTb 1IpOCTp8HCTB8, OIIpenenSIBMYIO CpBL1HHMH 

Kone6aHHSIMH aTOMOB a6nH3H HX nonolKBHHA paBHOBBCHSI. ITosToMy npH on-

p enenBHHH C8MOCOrnaCOB8HHOI'O IIOTBHUI!ana B8lKBH nHWb BHLl rrapHOI'O IIOTBH

UHana B6nH31! JlH8 IIOTBHUHanbHOH HMblo Cnyqait IIOTBHUHanoB C TBep llOH cepn

UBBHHOH Tpe6yeT OTJlBnbHOI'O paCCMOTpBHHSI. 

11 



PaHOBeCHbie COCTOSIHHSI Me:>KJty 8TOM8MH f orrpeAenSI~TCSI H3 ypasHe-

HHSI COCTOSIHHSI (2,6): j _ 
6'\f" 

P= --1- l: 
.. ( 2 . 25) 

3 v f 
f.P'<f>. 

BHyTpeHHSISI a HeprHSI, orrpeAenSI~IUaSI TerrnoBbie senH'lHHbi, B HallleM rrpu6nu -

)l(eHHH B cnyqae rrapH bi X CHn HMeeT BHA: 

E = < H >= l: 2J 
kj 4 

cth ~ 
2T 

N "' + - l:.P(f). 
2 f 

( 2,26) 

T aKHM o6paaoM, caMocornacosaHHaSI cHcTel)>la ypasHeHidi anSI qacTOTbi 

Kone6aHHH pellleTKH (2,17) HnH (2 , 21), MaTpHUbl CHnOBbiX llOCTOSIHHblX (2,15 ) 

HnH C8MOCOrnaCOB8HHOrO ITOTeHuHana (2,24) H rrapHOH KOppenSIUHOHHOH ~YHKUHH 

(2,18) HnH (2, 23), IT03BOnSieT HCCneAOB8Tb CBOHCTB8 CHnhHO 8HrapMOHH'leC -

KOrO KpH CTanna B lllHpOKOM HHTepBane TeMrrepaTypbl H BHelllHero Jl8BneHHSI, 

IToAo6HaSI )l(e cucTeMa ypaBHenuii: 6bma rronyqena B pa6oTax13-5/ apyrHMH 

MeTOJl8MH, 

0JlH8 KO 9T8 CHCTeMa ypaBHeHHH HMeeT Jleii:CTBHTenbHbie pellleHHSI nHlllb 

rrpH OITpeAeneHHb\X 3H8'l.aHHSIX TeMrrepaTypbi1 Jl8BneHHSI H rrapaMeTpOB CBSI3H 

8TOMOB B pellleTKe , KOTOpbie orrpeaenSI~T o6naCTb yCTO~'lHBOCTH KpHCTanna . 

B cneay~meM p aaaene na rrpuMepe rrpocTo~ Moaenu Mbi uccneayeM o6nacTb 

yCTOH'lRBOCTH KpHCTannH'leCKO~ pellleTKH. 

3 . YcnoBHSI ycTo~'lHBOCTH aarapMOHH'lecKoii: pellleTKH c 

6nH3KOJleii:CTBHeM 

B aToM paaaene Mbl p a ccMoTpnM rrpocTy~ Moaenb rpaHeueHTpHposaa

HoA Ky6uqeCKOI:i pellleTKH C B38HMOJleiiCTBHeM Me)I(Ay 6nH)I(8Hlll iiMH COCe)lSIMH 1 

ITOCKOnbKY pellleHne C8MOCOrnaCOB8HHOH CHCTe Mbl ypaBHeHHlt, rrony'leHHOH Bbillle1 

MO)I(eT 6b!Tb HaAJleHO AnH 9TOH MOJlenH B SIBHOM BHJle, 3Ta MOJlenh Yll06Ha 

12 

r 
~ 

' 

T8K)I(e TeM1 'ITO CBO~CT 

H3BeCTHbi (cM,/8 / ), a pOJ 

TeOpHH B03MyllleHHSI ITOApOt 

3 , 1, ITpeArronO)I(HM, q 

T8K 'ITO Cpe;:tHee paCCTOSIHJ 

CSI OT f 0 - p8BHOBeCHO 

(2.25 ) , oHo orrpeAenSieTCf 

ITpu aToM AnSI AasneHHSI 

p 

rAe z - qucno 6nH)I(8HlllH 

pellleTKH) Z = 12, V 0 = f 

PaccMoTpHM ypasae 

( 3.1), ( 3. 2) AnSI rrcesaor 

all 
.P <f 

ataat 13 

f f t:l .. 
a,.- ·A.. "(f)[l ---..,!lr . ..,. o 

f 

rae Mhl rrpeHe6pernH 'lnE 

0 6bi'lHO llpl!HHMaeTCSI/10/, 

TOTbl MO)I(HO 38ITHC8Tb B f 



!aenSIJOTCSI H3 ypaBHe-

( 2.25) 

:hl , B HaweM npH6nH-

( f ). ( 2.26) 

8BHeHiiH anSI qaCTOTbl 

~IX IIOCTOSIHHblX ( 2, 15) 

>ppenSIUHOHHOH ~YHKUHH 

rnhHO aHrapMOHH'IeC -

BHewHero aasneHHSI, 

96oTax13-5/ apyrHMH 

!nhHbie peweHH.SI nHmb 

H rrapaMeTpOB CBSI31i 

~H'IHBOCTH KpiiCTanna. 

hi HccneayeM o6nacTb 

eweTKH c 

Ib rpaHeUeHTpHpOB8H

nH)I{8 uwnMH coceaSIMH, 

HUH, rronyqeHHOH Bb!We, 

• 3Ta Moaenb yao6Ha 

T8K)I{e TeM, 'ITO CBOHCTBa ee B rapMOHH'IeCKOM npH6nH)I{eHHH XOpOWO 

HaBeCTHbl (eM. I 8/), a ponh aHrapMOHHqecKHX a<jJ<IleKTOB B paMKax o6bJ'IHOH 

TeopHH soaMymeHHSI noapo6Ho 6bJn a paccMoTpeHa s pa6oTaxl 10/. 

3.1. Dpearrono)I{HM, 'ITo BHewHee aasneHHe aocTaTO'IHO Mano ( P;:;1o4 aTM) , 

TBK 'ITO Cpe,:xHee paCCTOSIHHe Me)I{Ay 6nH)I{8HWHMH COCeaSIMH f Mano OTnHqaeT

CSI OT f 0 - p8BHOBeCHOrO paCCTOSIHHSI npH HyneBOM A8BneHHH; COrnaCHO 

' (2.25), OHO onpeaenSieTcSI H3 ycnoBHSI 

I 
1 

¢ , ( f 0) =0. 

DpH aToM anSI aasneHHSI P 

p 
z f 0 .. 
___ .A."(f )(f-f ) 

'I' 0 0 • 
6v 

0 

( 3. 1) 

(f -f ) nonyqaeM 
0 

(3.2) 

rae z - 'IHCno 6nH)I{8HWHX coceaelf (anSI rpaHeueHTpHpoB8HHOH Ky6H'IeCKOH 

peweTKH) z = 12, v 0 = f! I ;;-, rrepHOA Ky6HqecKoA peweTKH d 0 - fo J2i. 
PaccMoTpHM ypasHeHHe ( 2.21) anSI co6CTBeHHbix qacToT. Y'!HTbiBa.SI 

(3,1), (3,2) AnSI rrcesaorapMOHH'IeCKOH CHnOBOH IIOCTOSIHHOH1 rronyqaeM 

.. 1 - ~>~~ :;;:. 
[ ¢, ( f )- -¢,(f)]+ --!!.J:::_ ¢ '( f ) 

f f 

.. (3.3) 
f f/3 .. 6v 

¢ ,, ( f ) f ,}{}. a 0 
· ¢ " ( f

0 
l [ 1 - p 0 ] = f ( T, f ) . 

f!l zf 0 
.. 13 f 2 [¢, ( f 0) 

rae Mbl rrpeHe6pernH qneHaMH rrop.SIAKa K8K 8TO 

o6hi'IHO rrpiiHHMaeTcSI/ 10/. CneaosaTenhHO, ypaBHeHHe aa co6cTBeHHbie qac 

TOTbl MO)I{HO 38IIHC8Tb B BHae : 
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:1 
( 

itJ 

f( T,fl I 
-M~ f 

d ... 2 
e lt J ) 

f 2 

... 
2 . :1 k f 

sm 
2 

:1 
- a 

:1 

wk"J 
( 3 .4) 

rne Wk J - '18CTOT8 KOne6aHHH B rapMOHH'!eCKOM TlpH6f!H:>KeHHH C CHfiOBOH 

:1 
rrocTOSIHHOli f = f( T, f l I a T . e. B naHHoti MoaenH rrceaaorapMOHHqecKaSI 

rrepeHOpMHpOBK8 a 
2 

( T) CBOLlHTCSI TOflbKO K rrepeHOpMHpOBKe CHfiOBOfi IlOCTO -

SIHHOfi H He 38BHCHT OT (r j ) . 

llOCKOflbKY KOppenSIUHOHHBSI cjlyHKUHSI CMemeHHti 6nH:>K8Hll!HX COCeAeti, 

COrnaCHO ( 2.23), 38BHCHT f!Hlllb OT p8CCTOSIHHSI f Me:>KAY 8TOM8MH
1 

Mbl 

MOMeM, TIO.'lb3YSICb ypaBHeHHeM ( 3.4) t 38TIHC8Tb ee B BRAe : 

u :1 (f) = 

2 
z a 

z 

N 

2 

I ~<Cl (ti
0
-it 

0
l] > e e '-

I a w.,. cth 
kJ lij 

aw 
"tJ 

2T 

(3.5) 

B bipaMeHHe nnH BHyTpeHHelf aHeprHH, cor nacHo ( 2. 26) H c y'leToM ( 3 . 5) , 

MOMeT 6hlTb rrpeLlCTaBneHO B BRAe 

N 2 2 

2 2 "' 
au (f) +¢<f

0
l ( 3.6 ) E z 

3. 2. PerneHHe C8MOCOrnaCO B8HHOfi CHCTeMbl ypaBHeHHfi ( 3. 1) -( 3,5) MO)I{ -

HO T!OfiY'IHTb B SIBHOM BHLle, ecnH H3BeCTeH BHA rrapHoro TIOTeHUHana B38 -

HMOLlefiCTBHSI B ( 2. 20), orrpenenmowero caMocornacoBaHHbifi rroTeHuHan ( 2. 24). 

lloCKOflbKY B H8llleM cnyqae Tl pH HHTerpHpOB8HHH B ( 2. 24) CYllleCTBeHHbiH 

14 

BKnaa B HHTerpan aaeT 

SIMbi, peaynhTBTbi nocnea 

peTHOMY Bbi6opy TIOTeHu: 

nenbHbiM fiOTeHUH8fiOM [\ 

¢ 

rne D - rny6HHa rroTeH 

BTOMBMH B rapMOHH'!eCK< 

CHfiOBBSI fi0CTOSIHH8SI f = 

BBHHe ITO yrnaM H fiOLlCT 

rae y 

¢U l=-·-f< 
y2rr -oc 

D[e-2a(f-ro) 2) 
e 

----
=a 

2 
u 2 (f ). llonba; 

I1pH6f!H)I{eHHO HBXOLlHM: 

p 

a 



( 3 .4) 

enH rrceB.norapMOHH'IecKaH 

IOpMHpOBKe CHllOBOH ITOC TO -

Me>KAY aTOMaMH, Mbl 

ee B BHAe! 

> 

(3.5) 

2.26) H C y'leTOM ( 3.5) 0 

(3.6) 

::>aBHeHHH (3.1) -( 3 .5) MO>K-

rrapHoro rroTeHuHana B3a 

:oBaHHbitl ITOTeHUfl8ll ( 2.24 ). 

H B ( 2.24) cymeCTBeHHbiH 

BKnaA B HHTerpan .naeT llHWb o6naCTb ITOTeHUHana B6nH3H AHa ITOTeHUHanhHOH 

S!Mbl o pe3ynhTaTbl rrocne.nyiOUlHX Bbl'IHCneHHtl He AOll>KHbl 6b!Th KpHTH'IH bl K KOHK

peTHOMY Bbi6opy ITOTeHUHilna. HaM 6y.neT YA06HO 3AeCh BOCITOllb30BaTbCSI MO

.nenhHbiM ITOTeHUHanoM Mop3e B BHAe/ 10/ : 

¢ (R) 
-a(R -r ) 

D [ ( e 
0 ~ 

- 1) -1], ( 3. 7) 

rae o - rny6HHa rroTeHuHanhHOtl HMbi, r 
0 

- paBHOBeCHoe paccToHHHe Me>K.ny 

aToMaMH B rapMOHH'IeCKOM rrpH6nH>KeHHH! if>' ( r 
0

) = 0 ; rapMOHii'leCKaH 

CHllOB8S! ITOCTOHHHaH f = if> , ( r 
0
)- 2 0 a~ BbiiTOllHSIS! B ( 2. 24) HHTerpHpO-

B8HHe ITO yrnaM H ITOACTaBnHH (3.7), rronyqaeM : 

2 

) = 
00 -i-
f dxe 

V 211 -oo 

-~a(f-rl 2y 
D[e 

0 
e (1 

rrpH6nn>KeHHO H8XOAHM! 

p 

E = r 
0 0 

z Eo 
6 v 

0 

3 
+ -- y 

2 a 

-y 
fe (f-Y

0
) 

2 
a 

f ( T ,E ) -y 
= e + p 

15 

(3.8) 

( 3.9) 

(3.10) 

( 3. 11) 



E =-
z 

N 2 
Dl 

2 

-y 
e 0-yl-py I. 

( 3. 12) 

rne p - P ( 18 v 0 a I z f 0 r ) = P ( 3 f
0

a I 2..; 2 ) « 1 - Manoe 6e3pa3-

MepHoe naaneHHe. YpaaHeHHe, orrpenensuomee y 

HMeeT BHLI: 
a2 u"'l'fTT: cornacHo (3.5), 

zDa
2
y=dT): 

a cu aQI 
~ _....u_ cth __ k 1 ( 3.13) 

N k 1 2 2T 

rne t (T) - cpeAHSJSJ aHeprHSJ TerrnoBbiX Kone6aHHA Ha aToM. PaccMoTpHM 

nanee OTL!enbHO cnyqaif BbiCOKHX H HH3KHX TeMnepaTyp, Korna £ ( T) 

6b!Tb IIpH6nH>KeHHO Bbi'IHCneHO, 

3.3. B biCOKHe TeMnepaTypbi: T >> cuL • rne IUL=(B £1M )112 

MO>KeT 

MaK-

CHManbHaSJ '18CTOTa KOne6aHHH pemeTKH B rapMOHH'IeCKOM IIpH6nH>KeHHH, Pa3-

naraSJ KOTaHreHC B ( 3, 13) H BbiiTOnHSJSJ CYMMHpOBBHHe IIO (It j) B rrepBb!X 

nsyx qneaax pa3no>KeHHSI, rronyqaeM 

2 1 
t(T»cu ) .. 3T(1+af3l,f3=-

L 24 

Q)2 
L 

Tll 
(3.14) 

B pe3ynbTaTe aToro ypaaHeHHe anSI y c yq{!ToM ( 3.11 ) B nHHeifHOM npH-

6nn>KeHHU IIO P << 1 , {3<< 1 IIpHHHMaeT BHA: 

y y Q 
A 1 y=e O-pe)+,_., ( 3. 15) 

rne 2 2 
.\. 1 = zDI3T = 4DIT=M.CUL I 4a T KaK BHAHO, nefiCTBHTenb-

Hoe pemeane aToro ypaeHeHIHI cymecTsyeT nnmb npH TeMnepaType T::;, T.,, 

I f 

T,e, KpHTH'IeCKOH TeMrrepa 

no y H pemaSJ rronyqeHHOE 

zD 
T---0-

0 3e 

B6nH3H KpHTH'IeCKoif TeMr 

>KeHHH qneHaMH ( T - T f'/ 
0 

y~1+ep+f3 -(1+_2 
0 2 

( BTopoe pemeaHe y > y ( · 

ne6aaHA, cor nacHo ( 3.4), 

£ 

T.e. rrpH 

2 

kl 

2 
(U 

kl 
e 

T > T 
0 

CTBHOE 

pemeTKH: CMerueHHSJ aTOM• 

paCTBIOT C pOCTOM BpeME 

aaeprHSJ TerrnOBbiX Kone6l 

Ha aToM a caMocornacoaa 

TOH'IHBOH, nono6Hbie >Ke != 

pemeTKH/7 I . 

Cpenaee paccTOSJHHe 

(3.12): 

1 

N 
E .. -



-p r I . 
( 3,1 2) 

« 1 - Manoe 6ea paa -

1 u """1(1"'T, cor nacHo ( 3,5), 

u kl 

:T 

( 3,13 ) 

i na a T oM, PaccMoTpHM 

ryp, Korua E ( T) 

tl2 
. =(8 f I M ) 

MO>KeT 

- MBK -

!CKOM rrpH6nH>KeH!m , Paa 

HHe no (It i ) a nepBhiX 

( 3.14) 

3 ,1 ] ) B nHHetiHOM n pH-

( 3. 15 ) 

:aK BHllHO, lleii:CTBHTenb-

m TeMrrepaType T ::;_ T 
0

, 

T,e, KpHTH'!eCKOti TeMnepaType, Ee MO>KHO onpeuenHTb, AH<jl¢lepeHUHpyR (3,15) 

no y H pewaR nonyqeHHOe ypaBHeHHe COBMeCTHO C ( 3, 15); Bhi'!HCneHHR llaiOT: 

zD 
{1-{3 +ep), 

0 
f3 

0 
T -

0 S e 

B6nR3H KpHTR'!eCKOH TeMnepaTyphi T ~ T
0 

>KeHRH qnenaMR ( T - T f'I'J RMeeT BRll: 
0 

24 

pewenHe llnR y 

y~1+ep+ f3 -0+2ep- - 1- {3h/2(1-_!_)+3f3 {1-
o 2 2 o T o 

0 

( 3. 16) 

a npeHe6pe-

T 

To 
) . ( 3. 17) 

( BTopoe peweHRe y > y ( T 
0

) He RMeeT cpH3H'!eCK01'0 CMbiCna), l.JaCTOTa KO-

ne6aHRti, cornacHo (3,4), rrpR T < T pasHa 
c 

( 
'J 

kl 

(i) 

kj 

e 
{ 1-ep-{3

0
+y'2(1- ~ )+(1-

T 

T 
I. ( 3. 18) 

o 0 

T.e. rrpH T > T 
0 

CTaHOBHTCR KOMIIneKCHOti, 'ITO 03Ha'laeT HeyCTOti'IHBOCTb 

peweTKH: CMemeHRR aTOMOB H3 nono>KeHRti paBHOBeCHR HeorpaHH'IeHHO 803-

paCTaiOT c pocToM apeMeHR , TaKHM o6paaoM, eciiH cpeunsl!a KRHeTH'IeCKaR 

::meprRR TennoBhiX Kone6anH ti 3 T I 2 CTaHOBHTCR 6onbwe 9HeprHH CBR3H 

Ha aToM a caMocornacoaaHHOM none z D l2e • peweTKa CTBHOBHTCR Heyc-

TOti'IHBOH, nouo6Hhie >Ke peaynhTaThi panee 6bmH nony'leHbi .lWR oanoMepnoti 

peweTKH/7 I . 

Cpeunee paCCTORHHe Me>Klly BTOMBMH f 

(3 . 12): 

N 
Ea - 3T(l __ T_ ) 

0 
To 

17 

3 

2 

(3, 9) H BHyTpeHHRR 9HeprHR 

T 

T 
0 

(3.19) 



npH T < T 
- 0 OCT8IDTCH KOHe~Hb!MH 1 HO K09~HUHeHT nHHe~HOro paCWHpeHHH 

aT-Ir. 
1 

fo 

a f.o 

aT 
3 Jr. 

2a f o 

H T e n noeMKOC Tb npH ITOCTOHHHOM aaaneHHH 

c 
p 

1r. aE 
- <-l +Pv 3a 
N a T p 0 T 

3 k (1 + 

_1_ 
T 

0 

2 y2{1- :..1..) 
T 

0 

( 3. 20) 

(3.21) 

HeorpaHH~eHHO aoapacTaroT rr p H T -. T . 0THOCHTenbHOe CMeiUeHHe B TOMOB 
0 

B KpHTH~eCKO~ TO ~Ke, OAHBKO, M a no 

-v-2- v-;: 
yyo 

u 0 

( 3.22) =---"' .. ..-. 
f a f 3 4 

0 0 ar 
0 + 2 

T. e . HeycTO H~HBOCTb pew e TKH B03 HHKBeT npH BeCbMa MBnbiX OTHOCHTenb

Hhi X OTKn o H e HHHX a TOMOB Ha nono~eHH~ paBHOBeCHH. CneaoBaTenbHO , pa3-

no~eHHe ITOTeHuHanbHO~ 9 HeprHH B pHA flO CMerueHHHM (2.3) CrrpaBeAnHBO 

BITn OTb A O KpHTH~eCKO~ TeMrrepaTypb! T C 

3aMe THM 1 ~TO COOTHOWeHHe ( 3.16) AnH KpHTH~eCKO~ TeMnepaTypb! 

MO~eT 6b!Tb 3 8ITHC8HO B BHAe: 

w2 

L 

4e 

Yo 

To 

M f2 
2 

.. 1,3 • 10 To 

M f2 
(3.23) 

~TO COO T Be T C TByeT COOTHO W eHHIO JlHHAeMaHa, C BH3 biB810IUeMy ae6aeBCKYIO 

~acToTy H T e MrrepaTypy rrn aaneHHH (eM. 1 81 ). Opn 9 TOM KpHTH~ecKaH TeMrre-

18 

paTypa OK83hlB8eTCH B 3 

C 9THM OTMeTHM, ~TO H 

paTyphr oaHa~aeT a6como· 

HHe ~e HBCT yrraeT p8Hbll 

yrropHao~eHHaH ~aaa. lln 

aHMO Bbl~HCnHTb CB060aH 

eTCH B H8CTOHWe e BpeMf 

~eHHe KpHTH~eCKO~ TeMr 

paT yphr rrnaaneHHH . 

3.4. HnaKHe TeMnep• 

pHpOBBHHe B (3.1 3) TBK ~ 

rrony~aeM 

£ (T « C"U L ) .. £ a 
0 

rae t 0 .. 1,02 C"U L 

- a e 6aeBCK 8 H 9He prHH B 

T a T e ypaBHeHHe (3.13) L 

rrpn6nn~eHHH rro p << 1 , 

>. 

r ae A - z D I t 
0 

- 6e 

lle~CTBHTenbHOe peweHH 

H T < T 0 , rae KpHTH~e 

>. 



y2{1 - '1' 
"'T 

0 

/20- -L ) 
T 

0 

( 3. 20 ) 

(3.21) 

rel!bHOe CMeweHHe aTOMOB 

3 
2 

4 
( 3 . 22) 

bMa MBllhlX OTHOCHTel!b -

1H, CneaoBaTenbHo , pa3-

HHSIM ( 2.3) crrpaaeanHBO 

(3. 23) 

BaJOmeMy ae6aeacKyJO 

TOM KpHTHqecKaSI TeMrre -

paTypa OK83b!B8eTCH B 3 - 4 pa3a Bwwe TeMrrepaTypw rrnaaneHHB. B CBH3H 

C 9THM OTMeTHM, qTQ HeycToAqHBOCTb peweTKH Bb!We KpHTHqeCKOA TeMrre

paTypbl 03HaqaeT a6COli!OTHyJO HeyCTOJl:qHBOCTb JJHHaMHqeCKOll: CHCTeMbi ; rrnaBne

HHe JKe HBCTyrraeT paHbWe, KOraa 9HepreTHqeCKH BhirOJJHee OK83biBaeTCSI He

yrropSIUOqeHHBSI <jJa3a, llnSI orrpeueneHHSI STott TeMrrepaTyphi, ouHaKo, Heo6xo

UHMO BbJqHCllHTb CB060UHYJO 9HeprHJO HeyrropSIUQqeHHOll: <jJa3bl 0 qTO rrpeUCTaBnSI

eTCSI B HaCToSimee BpeMSI BeCbMa Tpyuaoll: 3auaqell:. HTaK, rronyqeaHoe 3Ha

qeaue KpHTHqecKoll: TeMrrepaTypbi MOJKHO cquTaTb Bepxaett rpaHuuett TeMrre-

paTypbi rrnaBneHHSI, 

3.4. HH3KHe TeMrrepaTypbi: T <<w L . BbmonHSISI npu6nH>KeH!iOe HHTer-

pHpOBaHHe B ( 3. 13) TaK JKe, KaK H B rapMOHHqecKOM npu6nH>KeHHH (eM. I 10/), 

nonyqaeM 

1 
f(T«~» L) .. f a(l +-'1 ), 

o a' '1 w' 
D 

( 3.24) 

rue f O • 1,02 W L - 3HeprHSI HylleBbiX KOne6aHHll: Ha aTOM H w 0 ., 1,05 WL 

-ue6aeBcKaSI aaeprHSI B rapMoauqecKOM npu6nuJKeHHH (cM,/10/), B pe3yllb-

TaTe ypaBHeHHe ( 3, 13) Ul!S! y .. 11 11 ~) C yq~TOM (3,11) B liHHell:HOM 

npH6l!HJKeHHH 110 p << 1 , "7 << 11pHHHMaeT BHU 

y 

Ay-e 11 0- +pey+"7e lly ), 
(3.25) 

rue A - z D / f 
0 

- 6e3pa3MepHbitt rrapaMeTp CBSI3H aTOMOB B peweTKe, 

nettCTBHTel!bHOe peweHHe 3TOro ypaBHeHHSI cymeCTByeT liHWb rrpH A > Ao 

H T < T 0 , rue KpHTHqeCKHe rrapaMeTpbi 
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-e p 

2 
( 3,26) 



T 
0 

~[ 10 
e • 317 e 

114 r.l 1/• 
(.\.-.\.0)] .,.--.:...Q..(,\-.\.) 

lr e 0 (3.27) 

B 5nH3H KpHTH'IeCKO~ TeMrrepaTypbi peweHHe am1 y 

~I:~ 
B rrpeHe5pe*eHHH qne-

HBMH ( T - T I HMeeT BHil 
0 

l :~ T
4

8 :~ .\.-.\. 0 y~2 1+e p- ---(.\.-.\.0 )-2(1+2e p-24 --.....:.. 
T 4 e e 

0 

• J .\-.\.0 (1-.....!...) 
) -;-- T! ] .(3.28) 

Y acToTa Kone5aHH~ (3.4) rrpH T < T 
0 

HMeeT BHil: 

:1 j :~ r.~~ 1 .\.-.\.
0 • 

E-+ "'--'J-11 -2ep + 4 (1 - __ T_) 
I . (3.29) 

k l e e T4 
0 

T.e. rrpH T > T 0 HnH .\. < .\. 0 CT8HOBHTCH KOMITneKCHO~, KBK H B cnyqae 

BhiCOKHX TeMrrepaTyp. TaKHM o5paaoM , ecnH rrepeHopMHpoeaHHaB aHeprHB 

nyneBbiX Kone5aHH~ E I 4 e CTBHOBHT CH 5onhwe aHeprHH CBH3H Ha a ToM 
0 

B caMocornacoeaHHOM none z D I 2 e 'J , peweTKa CTBHOBHTCH HeycTO~'IHBol!: 
If ITpH HyneBOl!: TeMrrepaType: A O - MHHHMBnhHOe 3HB'IeHHe rrapaMeTpa 

CBH3H llnH YCTOl!:'IHBOl!: peweTKH. noao5Hbie *e pe3ynhT8Tbl 5binH paHee rrony

'!eHbl anSI OllHOMepHo~ peweTKH/7 I. 

noeeaeHHe TepMOilHH8MH'IeCKHX BenH'IHH B cnyqae HH3KHX TeMrrepaTyp 

TBKOe Me , KBK H B cnyqae BbiCOKHX TeMrrepaTyp . CpeaHee p8CCTOSIHHe MeMilY 

8TOM8MH f ( 3.9) H BHyTpeHHSIH 9HeprHH ( 3, }2) 

...L 
N 

E "' 
E 8 T 4 

-Ll1- -(.\.-.\ l[O--- l + 
4e e 0 T 4 

0 
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J/ . 
8 A-,:_A.o {1- _T_ )] I 

e T 4 
0 

( 3.30) 

I 

rrpH T < T H .\. > .\. - 0 - 0 

WHpeHHSI 

k a e 
a ~ ----T e 0 a 1 

H TerrnoeMKOCTb llpH ITOC1 

c .. k ( 
p 

HeOI'p8HH'IeHHO B03p8CT8 

B KpHTH'IeCKOl!: TO'IKe TB 

VY 
0 

CooTHoweJme THrra llHHL 

T 
0 

<<cuD HMeeT BHil 

4 e 
CUD 

3 Y
0 

KaK H e cnyqae BhiCOKHX 

rrepaTyphi rrnaeneHHH an: 

nyneBhiX Kone5aHHl!:. 



(3.27) 

>.->.o _T 4l ( 
-(1- ] . 3.28) 

e T4 
0 

I . (3.29) 

0 

e KC HOH, KaK H B cny~ae 

HOpMHpOB8HHag SHeprHg 

' 3 HeprHH CBg3H Ha 8TOM 

~T8HOBHTcg HeyCTOHqHBOH 

Hoe 3HaqeHHe rrapaMeTpa 

hTBThi 6bmH paHee rrony-

rq a e HH3KHX TeMrrepaTyp 

lellHee p8CCTOSIHHe Me)l{llY 

4 
-::Ao 0 __ T_)] I 

T4 (3.30) 
0 

rrpH T 5 T 
0 

H A ~ >. 
0 

ocTaiOTCSI KoHeqHbiMH. Koa(lxlmuHeHT nHHeil:Horo pac

wHpeHHSI 

a 
T 

It 

f 0 

3k 

af 

H TerrnoeMKOCTb ITpH ITOCTOSIHHOM llBBneHHH 

c .. It ( 
p 

__ T __ )a 12 IT 4 

5 

HeorpaHHqeHHO B03p8CT8IOT ITpH T _. T e 

..; y 
ff 

0 - -
a f 0 

0 0 

I A- A 0 

1 + 4 v 

( 3.31) 

(3.32) 

0THOCHTenbHOe CMeweHHe 8TOMOB 

a r + 3 
0 

4 
( 3.33) 

CooTHOWeHHe THIT8 flHHUeMaHa B rrpenenbHOM cny~ae HH3KHX TeMrrepaTyp 

T 
0 

<< CU D HMeeT BHll 

4e 1 
-"""'='~[1 + 

Mfit e 

T ) 4 ] 
( 3.34) 

KaK H B cny~ae BhlCOKHX TeMrrepaTyp, OHO orrpenenSieT BepXHHH rrpenen TeM

rrepaTypbl rrnaaneHHg ang .. KBaHTOBhiX KpHcTannoa' c 6onbwoil:: aHeprHeil:: 

HyneBbiX Kone6aHHH. 
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4. 06cy)f(n eHHe 

KaK 6hrno rroKa3aHo BhrUJe, HeycTOi!:'IHBOCTb peUJeTKH B03HHKaeT, Koraa 

aHeprHSJ Teiil!OBbiX KOne6aHHl! 8TOMOB CT8HOBHTCSJ 60llhllle 3HeprHH CBSJ3H 8TO

MOB B C8MOCornaCOB8HHOM IIOne, flpH Bbl'IHClleHHH KpHTH'IeCKHX rrapaMeTpOB, 

OIIpeaeliSJIOUJHX o6naCTb yCTOl!'IHBOCTH peUJeTKH, 6binH HCIIOllb30B8Hbl p83l!H'I

Hble IIpH6l!H)f(eHHSJ: IICeBAOrapMOHH'IeCKOe IIpH6l!H)f(eHHe Llll51 <f>yHKUHi!: fpHH8
1 

IIpH6lJH)f(eHHe rrapHblX CHll H B38HMOAei!:CTBHS! 6l!H)f(8Hll!HX COCeAei!: H LlP., II0-

3TOMY 3H8'1eHHSJ rrapaMeTpOB S!Bl!SJIOTCSJ TOllbKO OUeHO'IHblMH, 0AH8KO S!Bl!eHHe 

HeyCTOi!:'IHBOCTH BHrapMOHH'IeCKOl! pell!eTKH He 38BHCHT OT KOHKpeTHblX IIpH6nH

)f(eHHl! H Ka'leCTBeHHO ero MO)f(HO noSJCHHTb cneayiOIUHM o6pa3oM, PaccMoTpHM 

TO)f(JleCTBO 

a 
a t 

"<' a a 
t<of pf >=0, 

OTKYLl8, IIOllb3YSJCb yp8BHeHHSIMH LlBH)f(eHHSJ ( 2.11) 
1 

ITOny'l:aeM paBeHCTBO: 

21( a 
!. < 0 f 
f 

pa 
f > = 

a au 
!.<o o --->"' "' af3 a f3 

!.<llo <o 0 o > ( 4.1) 
f L a R a 

f 
o L m L m L,m 

3To YCliOBHe paBeHCTB8 cpe aHel! KHHeTH'IeCKOH I( H IIOTeHUH8llbHOl! SHeprHH 

KOne6aHHi!: KpHCTanna o6ecrre'IHBaeT <fJHHHTHOCTb LlBH)f(eHHSI 8TOMOB pellleTKH 

s 6 nH3 H nono)f(eHHi!: paBHosecHSJ, B r a pMOHH'IeCKOM rrpH6l!H)f(eHHH, Koraa 
¢>af3 

- IIOCTOS!HHBSJ, He 38BHCSJIU8SI OT TeMnepaTyphl, ypaBHeHHe ( 4,1) Beer-

aa H MeeT pell!eHHe, flpH yqeTe 8HrapMOHH'IeCKHX qneHOB B p83l!O)f(eHHH IIO

"' af3 
T eHUH8 llbHOH 3HeprHH $ nm CT8HOBHTCSJ cpyHKUHei!: TeMrrepaTyphl

1 
yMeHblli8-

IOUJ ei!:CSJ C ee poCTOM, H IIpH HeKOTOpOi!: TeMnepaType T 
0 

npaBaSJ '18CTb ( 4,1) 

LlOC THraeT M8KCHM8llbHO B03MO)f(Horo 3HaqeHHSI. BbrUJe aToi!: TeMrrepaTyphr 

c peAHS!SJ KHHeTH'IeCK8S! 3HeprHSJ npeB biUJaeT cpeAHIOIO IIOTeHUH8llbHYIO, T8K 'ITO 

LlBH )f(e HHe 8TOMOB CT8HOBHTCS! HenOK8liH30B8HHblM H CHCTeMa TepSieT ycToi!:

qHBOCTb. B 6 onee cno)f(HhiX cny'laSix, HanpHMep, AnSI peUJeTKH c 6a3HCOM, 

B03MO)f(H 8 IIOT e pSI y CTOH'fll B OC T I! Lll! S! onp eaeneH HbiX OIITH'IeCKHX BeTBeH KOlll!eK-
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!llleTKH B03HHKaeT 0 KOraa 

1hllle SHeprHH CBH3H 8TO

CpHTH'IeCKHX rrapaMeTpOB, 

H HCIIOnh30B8Hhl pa3nH'I

HHe anH ~YHKUH~ fpHHa, 

~lliHx coceae~ H ap., rro

=>'IHbiMH, OanaKo HBnenHe 

T OT KOHKpeTHbiX IIpH6nH

M o6pa30M, PaccMoTpHM 

rronyqaeM paBeHCTBo: 

( 4.1) 

llOTeHUHanhHOA SHeprHH 

' *eHHH 8TOMOB pellleTKH 

6nH*eHHH, Koraa 

, ypasHeHHe (4.1) seer-

:os B pa3nO*eHHH no-

TeMrrepaTypbi 0 yMeHhllla

T 0 rrpaBaH '18CTh ( 4. 1) 

billie STO~ TeMrrepaTypbl 

llOTeHUHanhHyiD, TaK qTo 

CHCTeMa TepHeT YCTO~

H pellleTKH C 6a3HCOM , 

'HqeCKHX BeTBeA KOnneK-

THBHbiX B036y~eHH~/ 11/, PaCCMOTpeHHe STHX B03MO*HOCTeA, a TBK*e yq~T 

3aTyxaHHH ~HOHOB 6yaeT rrpoaeaeao B cneayiDUIHX pa6oTax. 

B 38KniD'IeHHe MHb 6bi XOTenOCh OTMeTHTh, 'ITO TeMa STOH pa60Tbl 6bin8 

rrpeano*eHa C.B.TH6nHKOBbiM H MHoroKpaTHO c HHM o6cy*aanach. Mae 6bi 

xoTenoch TaK*e rro6naroaapHTh T.lliHKnollla 3a o6cy*aeHHH. 
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