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4>nyKTY8UHOHHbie sljlljleK'I'bl B BH6pOHHOli MOAellH cerHe'I'0911eK'!'pHK8 

PaccMOTpeHa Monenb cerHeTosneKTPRKa-nonynposonHHKa npH yqeTe 
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Fluctuation Effects in the Vibronic Model 
of Ferroelectric 

The model of ferroelectric-semiconductor with account 
of fluctuations of the order parameter (the soft phonons) 
is considered. The temperature of the phase transition 
and the Landau expansion for the free energy is calcula
ted. The fluctuations considerably reduce the temperature 
of the phase transition in comparison with the mean-field 
approximation and can give the phase transition of the 
first order. 
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B pa6oTax II I 6bln paccMoTpeH cerHeTo3neKTPH'IeCKHH 

4Ja30BbiH nepeXO,!J, /<l>ll/ B BHfipOHHOH MO,IJ,eJIH, npe,IJ,CTaBnJUO

~eH COfiOH MO,IJ,eJib nonynpOBO,!J,HHKa, B KOTOpOM ,IJ,OCTaTO'IHO 

CHJlbHOe Me)I(30HHOe 3JieKTpOH -4JoHOHHOe B3aHMO,IJ,eHCTBHe 

llpHBO,!J,HT K .n.e4JopMal{HH pellieTKH DpH rH6pH,IJ,H3al{HH BaneHT

uou u 30Hbi npoBO.IJ.HMOCTH. TeMnepaTypa <l>ll u ypaaueuue 

,IJ,JI.R napaMeTpa nop.R,IJ,Ka - cpe,IJ,Hero cre~eHH.R HOHOB O,!J,HOH 

H3 DO,IJ,pellieTOK, 6binH Bbi'IHCJieHbl B /
1 

B llpHfiJIH)I(eHHH cpe,IJ,

Hero POJI.R /llCll/, B KOTOpOM Y'IHTbiBaeTC.R JIHllib B3aHMO

,IJ,eHCTHHe 3JieKTpOHOB CO CTaTH'IeCKHM CMerneHHeM HOHOB. 

H3BeCTHo, o.n.uaKo, 'ITO 4JnyKTyauuu napaMeTpa nop.R.IJ.Ka, 

B ,IJ,aHHOM cny'lae KOJIJieKTHBHbie B036y)I(,IJ,eHH.R - M.RrKHe 

lPOHOHbl, urpaiOT Ba)I(HYIO pOJib B <J>ll H y'leT HX He06XO,!J,HM 

npu onucauuu cerueT03JieKTpH'IecKHX <l>ll /eM. I 2 - sl / . 
B pa6oTax l ol 6bmo BbiCKa3aHo npe.n.noJIO)I(euue, 'ITO y'leT 

KOJineKTHBHblX B036y)l(.n.euuu npu CTPYKTYPHblX nepexo.n.ax 

.IJ.OJI)I(eH npHBO.IJ.HTb K <l>ll nepaoro po.n.a. 

B uacTo.R~eu pa6oTe Mbi o6cy.n.uM ponb . 4JnyKTyauuu 

napaMeTpa nop.R,IJ,Ka - M.RrKHX lPOHOHOB, B BHfipOHHOH MO

,IJ,eJIH cerueT03JieKTPHKa 11 I , nonb3Y.RCb nony'leHHblMH pa

uee B 171 pe3yJibTaTaMH ,!J,JI.R lPYHKUHH rpuua B 3TOH MO,IJ,eJIH . 

Jiy,IJ,eT DOKa3aHO, 'ITO y'leT BKJia,IJ,a M.RrKHX lPOHOHOB B CB0-

60.IJ.HYIO 3HeprHIO npHBO,!J,HT K cyrneCTBeHHOMy H3MeHeHHIO 

KapTHHbl <J>ll: TeMnepaTypHa.R 3aBHCHMOCTb napaMeTpa DO

p.R,IJ,Ka B OCHOBHOM onpe,IJ,eJI.ReTC.R lPOHOHHOH llO,IJ,CHCTeMOH, 

a He 3JieKTpOHHOH, KaK B llCll, 'ITO npHBO,!J,HT K 3Ha'IHTeJib

HOMY noHH)I(eHHIO TeMnepaTypbi nepexo.n.a no cpaaueHHIO 

C llCll, H npH onpe,IJ,eJieHHblX YCJIOBH.RX <J>ll CTaHOBHTC.R 

nepexo.n.oM nepaoro po.n.a. 
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1. Ceo6ooHaJI :mepzuJI cezHemo:JAeKmpuKa
noAynpoeoOHUKa 

raMHnhTOHHaH BHfipOHHOH MO,n;enH cerHeT03neKTPHKa /1/ 
npe,n;cTaBHM B BH,D;e: 

H = H 
0 

+ H 
1 
(.\), 

H = ~ E .... a~ a .... + 4, V (0) a+__. a .... y + 
0 n,lC nk nk nk n,k nk ilk 

1 + 2+ N 22 
+ - 2 (P__. P .... + w__. Q .... Q __.) + - w y , 

2-> q q q q q 2 0 q 

H (.\) = 
1 

2 .... + -- -" __.V(q)a -->a .... n yN n,k,q nk nk--q'-<-q• 

.\ 

-1 

/1/ 

/1a/ 

/16/ 

r,n;e a nk H ank - onep~TOPLI po>K,n;eHHH H YHHqTo>KeHHH 

3neKTpOHOB C HMnynbCOM k H 3HeprHeH E k--> B 30He n= 1,2 ; 
-> n 

V ( q )-MaTpHqHbiH 3neMeHT Me>K30HHOrO 3neKTpoH-$OHOHHOrO 

B3aHMO,D;eHCTBHH, H ll03TOMY npH CYMMHpOBaHHH no n = 1, 2 
HH,D;eKC n=- 2, 1, COOTBeTCTBeHHO; Q , H p -> - HOpManbHbie 

q q 
KOOp,D;HHaTa H HMnynLC aKTHBHOrO OllTHqecKoro $oHOHa C 

qacToTo:H w ij" a y = N -I/ 2 < Qlj ,~ 
0 

> - cpe.n;Hee cTaTHqecKoe 

CMe~~teHHe HOHOB O,D;HOH H3 no,n;perueTOK npH cJ>ll. raMHnb

TOHHaH H 0 OUHChiBaeT CHCTeMy B ncn, a Hl (.\) yqHThiBaeT 

B3aHMO,D;eHCTBHe 3neKTpOHOB C $OHOHaMH- «iJnyKTyaiJ,HHMH 

CMe~~teHHH HOHOB. KOHCTaHTa CBH3H A MeHHeTCH OT 0 ,D;O 1, 
qTo COOTBeTCTByeT nepexo,n;y OT raMHnbTOHHaHa lJ O K 

nonHoMy raMHnhTOHHaHy H. 0TMeTHM, qTo raMHnbTOHHaH 

I 1/ Mo>KeT onHcblaaTL cerHeToJneKTpHqecKHH cl>ll, ecnH 
aKTHBHaH MO,D;a HeqeTHaH /nceB,D;03$«PeKT .RHa-Tennepa/; 

ecnH >Ke $oHOHHaH Mo,n;a qeTHaH, To raMHnbTOHHaH I 1/ 
onHcblaaeT CTPYKTYPHLIH nepexo,n; a nonynpoao.n;HHKe c yJKo:H 

JOHOH /eM., Hanp., 161 /. B nocne,n;yiOIIJ,Hx pacqeTax qeT

HOCTb $OHOHHOH MO,D;bl ponH He HrpaeT, H ll03TOMY nony

qeHHhie peJynhTaTbl B paBHOH CTeneHH OTHOCHTCH K 060HM 

nepexo,n;aM. 

Onpe,n;enHH cao6o.n;HyiO 3HeprHIO, JaBHCHIItYIO OT napa

MeTpa .\, B BH,D;e 

4 

H(.\) 
T 

F(.\) =- T lnSp(e ), /2/ 

nonyqaeM ,n;ng Hee ypaaHeHHe 

l d.\ 
F =F

0
+ J-<H

1
(.\)>.\, 

0 .\ 

/3/ 

r,n;e F 
0 

= F ( .\ ,--m- cao6o,n;HaH 3HeprHH a npH6nH>KeHHH cpe,n;

-Hero nonH, KOTopaH, cornacHo 1' , Mo>KeT 6biTb JanucaHa 

B BH,D;e: 

A N w .... 
F

0 
=-NTln[20+ ch-)J+-<,J 2 y

2 + T2:.Jn(2sh---.l), 
2T 2 0 2'1' 'I /3a/ 

- 2 ') ') ') 
3$$eKTHBHaH IIJ,enb 1\ ,- 1\ ~ I 4 V ~ (()) .Y - , __. yqHT biBaeT 

HJMeHeHHe JarpaaoqHo:H menu 1\ 1 2<k)- ( 1 (k) B nony

npoao,n;HHKe npH CTa THqecKOM CMe~~teHHH no,n;perueTKH Ha Be

nuqHHY y/1 /. llocne,n;HHH qneH - CB06o,n;HaH 3HeprHH $o

HOHHOH no,n;cucTeMbl 6e3 yqeTa JneKTpoH-$oHOHHoro BJaHMo

,n;eucTBHH, He JaBHCHT OT napaMeTpa ,V H ll03TOMY He ,n;aeT 

BKna,n;a B ypaBHeHHe ,n;nH y B llCll. 

,[l.nH BblqHcneHHH nonpaBKH K CBOfiO,D;HOH 3HeprHH B /3/ 
y,n;o6HO BOCllOnh30BaTbCH ypaBHeHHeM ,D;BH>KeHHH ,n;nH ,D;ByX

apeMeHHhiX «iJyHKIJ,HH rpuHa J) ,(t-t') -c '"(L(tJ; Q1
,(t') '/ , 

- 'J 'f 'J -I 
«iJypbe- KoMnoHeHTa KoTopoH y .n;oaneTaopHeT, cor nacHo I' 1 , 

ypaBHeHHIO 

2 2 .\ .... / + +_ 
((,) -<JJ__.)D....,(.-,J)= 1+ --==-4.V<ql<<.a .... a- ........ IQ ?? -

q qll . N k nk n k + q q w V n, 

/4/ 

1+ llq.\(w)Dq.\(cu). 

llonh3YHCh cneKTpanhHOH TeopeMOH ,n;nH «iJYHKIJ,HH rpHHa B 

ypaaHeHHH /4/, HaXO,D;HM < lJ
1
(.\)> H nonyqaeM ypaBHeHHe /3/ 

B BH,D;e 

1 d.\ 00 1 
F=F +J-Jd(u n(w)2l--Im[II (w+idD, (w+id]l, /5/ 

0 ,\ --> TT ~ q/\ 0 -oo q 
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r,IJ,e n(w) = (ewiT_l)-l, Bbi'IHCRHH Teneph nomipH3al(HOHHhiH 

oneparop 11__,1uJ) B /4/ cornacuol71 B nerneBoM npu6JIH)J:(e
HHH, nonyqut' 

Il__, (w) =A2 Il__, (w) = 
q,\ q 

~ ~__,V2(q)JJ dwldw2 [f(wl)-f(w2)]x 
Nn,n,k -oow+w

1
-w

2 

/6/ 

1 (0) 1 (0) 
x[--ImG __, )uJ 1 + idH--ImG_.,. .... _ ........ (w

2
+ id], 

77 n'k, n k 77 n k + q , n' k + q 

r,IJ,e 3JieKTPOHHbie <iJYHKI(HH rpuua BbiqHcJieHbl B IICII c ra
MHJlhTOHHaHOM H0 H He 3aBHCHT or ,\/eM.! 7 I/. 3To noJso
JIHeT npoBeCTH HHTerpHpOBaHHe no A B /5/ H 3anHCaTb no
npaBKY K cso6o,IJ,uoii: 3Hepruu B BH.IJ.e /cp. c lol I 

zLw2-f1 (z) T z .... .... 
l'1F= F- F 0 = -- f dz cth - L ln q__~-

2rric 2Tq z2-w~ /7/ 

q 

. [z
2
-w.:-ll__.(z)]' 

1 z ..., I q q = -- f dz ln sh- .:.. 
2rric 2T q... z 2 -w 2 -II (z) .... .... 

q q 

[ 2 2], z -w .... 

2 ~ I' 
z - w 

q 

r,IJ,e KOHTyp C B KOMnJieKCHOH nJIOCKOCTH z OXBaThiBaeT 
nOJIO)J:{HTeJihHYIO nOJIYOCh B nOJIO)J:(HTeJihHOM HanpaBJieHHH 
H UlTpHX y KBa,IJ,paTHOH CK06KH 03HaqaeT .IJ.H<iJ~epeHI(HpOBaHHe 
no z, BbJqHCJIHH nonHpH3al(HOHHhlii: onepaTop cornacuo /6/, 
y6e)J:{,IJ,aeMcH, qro ocuosuoii: BKJia.IJ. B HHTerpan no z B /7 I 
,IJ,aeT MHrKaH MO,IJ,a, T .e. perneHHe ypaBHeHHH z 2 -uJ~-Iljz}=O 

q q 
C HaHMeHbUlHM 3HaqeHHeM Z = Q-.. BKJia,IJ, OT OCTaJibHhiX 
uyneii: 3HaMeHaTeJIH B nepsoM cnafaeMoM B /7 I noqTH non
HOCThiO KOMneHCHpyeTCH BKJia,IJ,OM OT nOJIIOCOB IJ--> ( z) B 

q 
qHCJIHTeJie, KOTOphle OnHChiBaiOT B036y)J:{,IJ,eHHH 3JieKTpou-

.IJ.hlpOqHOH naphl, eCJIH 3HeprHH ee f'1 "' f -> - f -> >> w O' 
2k lk 

6 

B 3TOM cnyqae nonpaBKa K cso6o.IJ.HOH 3HeprHH onpe.D,eJIHeT
CH TOJihKO 3a cqeT nepeHOpMHpOBKH <iJoHOHHOH qacTOThl 
H HMeeT BH.IJ. 

n.... (d .... 

AF = T L In (2sh _q_) - T L ln <2sh-q_). /8/ 
__, 2T __, 2T 
q q 

Cne,IJ,oBaTeJihHO, nonuas cso6o,IJ,HaH 3HeprHH c yqeTOM /3a/ 
npHHHMaeT OKOHqa TeJihHhiH BH,IJ, 

- n 
F ~--NTlnf2<1" ch~ )]+ ~-(} v 2 ' 'l ~ ln <2sh_J-). 

2T 2 o· __, 2T 
/9/ 

r,IJ,e qacTOTa MHrKOH MO,IJ,hl 
CMell(eHHH no.D,perneTOK .V 

rpHHa B /6/. 

2 2 q 
n • - (d ->I He IL,W ') 3aBHCHT OT 

q q 'I 'I 
qepe3 3JieKTpOHHhie <iJyHKI(HH 

2. TeMnepamypa nepexooa u pa3AoJKeHue 
JlaHi'Jay 

TeMnepaTypa ~a3osoro nepexo,IJ,a T,. u ypasueuue .IJ.JIH 
pasuosecuoro 3HaqenHH napaMeTpa nopH.IJ.Ka .v = .v 0 ( 1 ) 
onpe.D,eJIHeTCH H3 ypaBHeHHH dFidy ~ 0. KOTOpoe, COrJiaCHO 
/9/, HMeeT BH,IJ, 

2 dO__, n 
y II - __ g __ th ~ + .f. ..!_ ~ ___! 

-
1
---2- 4T 1\ N "':. Q 

q 
__, 

--- h q ct --1=0 
dx 2 2T ' 

V +X q q 
/10/ 

2 -2 2 
r,IJ,e BBe,IJ,euo 6e 3pa3Mepuoe cMemeuue x = ;\ I.\ - 1 = 
= (2guJ2 I i\) y 2 u 6e3pa3Mepuas KOHCTaHTa 3JieKTpou
~oHOHH~ii: CBH3H g(q)=2V 2(q)li\uJ5, , g'"'g(Ol. llpH 

T::: Tc pasuosecuoe cMemeuue no.D,perne~OK y0 = 0, a npH T < Tc 
B03HHKaeT perneuue y 0<Tl J 0, KOTopoe o6pamaer B HYJih 
cKo6Ky B /10/. Cne,IJ,oBaTeJihHO, caMa TeMneparypa ne
pexo.IJ.a Tc onpe.D,eJIHeTCH H3 ypaBHeHHH 

2 
dP... D ... 

;\ gl 1 q q 
1- g th -- + - - L (- -- cth --) 

4Tc l'1 Nej D__, dx2 2Tc x=O 
q 

= 0 . /11/ 
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KaK 6y.IJ.eT noKa3aHo ,!J,anee, T c << ~, H no3TOMY TeMnepa
TYPHOH 3aBHCHMOCTLID B 3JieKTpOHHOH no,!J,CHCTeMe MO~Ho 
npeHe6pe'lL: thCt\14T c) "" 1. TaKHM o6pa3oM, yqeT 
$nyKTyaiJ,HH napaMeTpa nop.!I.IJ.Ka MeHBeT KapTHHY <l>TI: nepe
xo.IJ. H3 cerHeTo$a3LI, y

0
,i 0, B napa$a3y, y

0 
=0, o6ycnoBneH 

Tenepb He 3anOJIHeHHeM BepxHeH 30Hbl 3JieKTpOHOB, KaK 
B ncn II I' a yBeJIH'leHHeM KOJie6a TeJILHOH 3HeprHH perneTKH 
c pocTOM TeMnepaTyphl: npH TeMnepaType nepexo,!J,a T r 

BbiHrpbllli B 3JieKTpOHHOH 3HeprHH npH CMeiiJ,eHHH nO,ll,perneTOK 
y~e He ,!J,OCTaTO'leH, 'IT06bl CKOMneHCHpOBaTb npoHrpbllli 
B 3HeprHH $oHOHHOH no,!J,CHCTeMLI: dF 'lcl. I dx :2 < 0. HO 
dF ¢oH / dx 2 > 0. HeTPY.ll.HO oiJ,eHHTL TeMnepaTypy 'I, B .IJ.BYX 
npe.IJ.eJILHLix cny'laBx: 

T c >> wo ' 

2 
T - 1 1 2 dD--> -l 1 g - 1 ~- -g--[-}2 -- __ q] "" - ---
~- N--> 2 2 x=O 9 2 

g q n... dx g 

T << w o' 
c 

T 2 
(-~) 
~ 

g-g 
c 

g 

q 

2 
TT 

~[--- 2 
~ wo 

dfl 2 
0 -1 

---] 
g- g(' 

dx 2 x = o 14g 2 

/12a/ 

/126/ 

wo 

L\ 

r,!J,e ,!J,JI.!I OIJ,eHKH CYMMLI no q B /11/ Mbl BOCnOJib30BaJIHCb 
,!J,e6aeBCKHM npH6JIH~eHHeM, nonara.11 td fl"" uJ 

0
, H, cor nacHo 

pacqeTaM B 17 I, oiJ,eHHJIH 3aBHCHMOCTL qacToTLI MBrKoH: 
MO,!J,bl OT CMeiiJ,eHH.!I B BH,!J,e 

dn 2 dn m ) 
q q q 

--= -----::::: 
dx 2 dx 2 

d II (0) 
_q_ 

dx 2 

3 (d ~g(q) 
"'2 -----

(1+ x2) Sl2 · 
/13/ 

B /126/ BBe,!J,eHO MHHHMaJILHOe 3Ha'leHHe KOHCTaHTbl CB.!I3H 
g ,HH~e KOTOpOH <l>ll HeB03MO~eH: 

c 

8 

( 

( 

g 1 
g =1+--}2 

c L\ N q 
1 

f!--> 
q 

dn 2 .... 
~-q
dx 2 -

1+ 2g 2~ 
L\. /14/ 

llonpaBKa K 3Ha'leHHID g(cO)~ 1 B llClllll o6yCJIOBJieHa yqe

TOM HyneBLIX Kone6aHHH H o6bi'IHO Mana: w 0 << i\ . KaK 
BH.IJ.HO, B o6oHx cnyqa.11x TeMnepaTypa nepexo.IJ.a Tc <<,;\, npH 
JII06LIX 3Ha'leHH.!IX KOHCTaHTbl CB.!I3H: (Tcl~)max -1/40 npH 
gc-o 2. llpH 3TOM cnyqaif T c 2: u> 0 Mo~eT 6LITL peaJIH30BaH 
JIHllib ,!J,JIH lliHpOKOIIJ,eJILHbiX nonynpOBO,!J,HHKOB: L\ > 40uJ . 

- 0 
)l,JIH y3KOIIJ,eJILHLIX nonynpoBO.IJ.HHKOB, ~.S 10w

0
, TeMnepaTypa 

nepexo,!J,a T c<<rd O H IJ,eJIHKOM o6yCJIOBJieHa BKJia,!J,OM B CB0-
60.IJ.HYIO 3HeprHID MHrKHX $OHOHOB - $nyKTyalJ,HH napaMeTpa 
nopH.IJ.Ka. TeMnepaTypa nepexo.IJ.a T(Ol, BLI'IHCJieHHaH B 
ncn1 11 Bcer,!J,a 60Jibllie: T(O)= (LV2llln"(<g+lll(g-l)]!-1 »'1. 

' c (' 

l.JT06bl OnHCaTb KapTHHy <l>ll, nocTpOHM pa3JIO~eHHe 
JlaH,!J,ay ,!J,JIH CB060,!J,HOH 3HeprHH /9/ no CTeneHHM napa
MeTpa nopH.IJ.Ka x 2 << 1: 

r,!J,e 

f(T,x2) = -i-F<T,x2)=a(T)x2+ ~f'j(T)x4+ ~y(T)x 0 , 

/15/ 

.IJ.JIH nepBoro K03$$HIJ,HeHTa, cornacHo /10/, /11/, 
nonyqaeM: 

2 
df 1 

dn... n ... 
/16/ T q -2 q a(r) = (--) =-- -}2 -- sh -- = ar, 

dx 2 x=O 8T N __, dx2 2T 
c q c 

r,!J,e r = (T- T )IT- 6e3pa3MepHaB TeMnepaTypa. B npe.IJ.eJIL-c c 
HLIX CJiy'laHX Tc>>u>o H 'Ic <<w 0 noJiyqaeM, COOTBeTCTBeH-
HO, a= ~(g- 1ll4g H a= L\(g-lll2g npH T;t'O. llpH T=O <l>TI 

MO~eT 6b1Tb Bbi3BaH H3MeHeHHeM KOHCTaHTbl CBH3H npH 
,!J,eHCTBHH BHelliHero ,!J,aBJieHHH: 

a (g)=~ gc- g 
4g -. /16a/ 

llpH g> g c B03MO~HO nOHBJieHHe cerHeTo$a3bl C X ,f 0 . 
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BTopoii Ko3!WJuuueHT pa3nO)I(CHHH MO)I(eT 6biTb npe.n.cTao

neH B BH,IJ,e 

f-5 (T) = !L_I 
d(x2)2 x = o 

/17/ = f-5 0[1- t<Tl], Po= ~' 

r,IJ,e $nyKTyaUHOHHaH TIOTipaBKa K llCll o6ycnoBneHa BKna

,II,OM MHrKHX $OHOHOB: 

d2Q ~ Q--+ 
I 

d0 ~-
.;<T>= -L l-~-<--_<J )2- _!_ 'I q ---1 cth-- + 

;\N .... "3 d 2 'I u--+ X 
q 

ZD .... 
q 

d <x 2 ) 2 2T 

2 
dP .... 

2 
0 .... 

1 1 'I 1 -2 'I + -~ -(--) -sh --. 
:\N --+ n 2 d 2 2T 2T q --+ X 

'l 

/18/ 

3aMeTHM, 'iTO see qneHbi B I 181 nono)I(HTenbHbi 
2 2 ) 2 2 ') 

(d !1 .... /d(x-) < 0, , d{L,/dx-, ()) HMOryT,IJ,OCTH-
q q 

raTb 3Ha'"ieHHH nopx.n.Ka 1 .n.a)l(e o.n.anu OT TeMnepaTypbi 
nepexo.n.a T,.· llpu T --+ T ,, .;(T) HeorpaHH'"ieHHO B03pacTa

eT 3a cqeT nepooro qneHa B 1181: 

_!_~ 
N .... 

'I 

1 ~L 
-- cth ~ _'1__ 2T ~ n~ 2T ~~ -N ~ 

q 'I 
4 

f! -> 
q 

2'1 
:l 

(JJ 0 

1 
0 (T) ' 

0 

1191 

ecnu cquTaTb, 'iTO n 0<Tl--+0 npu T--+T, .• Hy)I(HO, o.n.HaKo, 
OTMCTHTb, 'iTO TipH Bbl'"iHCneHHH CB060,IJ,HOH 3HeprHH /81 
,IJ,nH '"iaCTOTbl MJlrKOH MO,II,bl 0 --+ Mbl TIOnb30BanHCb llCIJ 

q 
.n.nx nonxpH3aUHOHHoro onepaTopa B 16/, H no3TOMY qac-
TOTa 0 0 ,IJ,On)I(Ha o6pamaTbCH B Hynb npH TCMTiepaType ne

peXO,IJ,a T ~ 0~ Bbl'"iHCneHHOH B rrcrr. llocKOnbKY T \?1 » T " ' 
TO B TipHHJITOM TipH6nH)I(CHHH cne.n.yeT C'"iHTa Tb 0 O (T ") :5 w O, 

'iTO npHBO,II,HT K cne,IJ,yiOIUCH OUCHKe ,IJ,nH $nyKTyaUHOHHOH TIO

npaBKH: 

t<T> 10 _!_:_~ T 
g -.:r· c 

10 

T >> w o ' c l18a/ 

, wo g- 1 T 2 
.; (1) "" 10 g- + 10 --(-) T « w • 

11 g T 'c 0 
c 

/186/ 

Y'"iHTbiBax c.n.enaHHbie BbiUJe 3aMe'"iaHHJI o oenH'"IHHe TeMne
paTypbl nepexo.n.a, TipHXO,IJ,HM K BbiBO.IJ.Y, 'iTO $nyKTYaUHOH
HbiH napaMeTp t(T) MO)I(CT 6biTb Man nHillb ,IJ,nH illHpOKO
menbHbiX nonynpooo.n.HHKOB, l'1 » lOw 0 , B Y3KOH o6nacTH 
3Ha'"ICHHH KOHCTaHT CBH3H g- 1 << 0, 1. B OCTanbHbiX cnyqagx 
t<Tl> 1 H fi <T><O .n.a)l(e o.n.anu oT T , B pe3ynbTaTe qero 

- (' I / 

<I> IT CTaHOBHTCH nepexo.n.oM nepooro po.n.a I cp. c I 61 J . 
llpH 3TOM HC06XO,IJ,HMO Bbl'"iHCnHTb TpCTHH K031b<lJHUHCHT: 

d
3
f 

--1 3 1 g- 1 T 15 
-11(1-- -- -)- -fi(T)+ y('D 

d(x2)3 x= 0 4 5 g T 2 
c 

+ T L 1 dOl N--+~(--q3 
q n.... d z ) 

q X 

/201 

r.n.e npuoe.n.eHo nHUJb Bbipa)l(eHHe B cnyqae T c >> uJ 
0 

Bu.n.Ho, 'iTO npu fi (T)< 0 ycnooue y(T)> 0 BbiTIOnHxeTCH. 
0TMCTHM, 'iTO nocne,IJ,HHH qneH B /20/ MO)I(CT TaK)I(C ,IJ,aBaTb 
6onbUJOH BKna.n., nopH,IJ,Ka n-,T), ecnH no ... 0 TIPH T ... T . 

0 c 

B cnyqae (3 (T) < 0 TeMnepaTypa <l>ll nepooro po.n.a 
OTipe,IJ,enHCTCH CTaH,IJ,apTHOH $OpMynoif 

3 g /12 <T1 ) 
- --- ---)> 1 

2A g- 1 y <T
1 

) c 
T =T U+ 

l (' /21/ 

H MO)I(eT 3Ha'"IHTenbHO npeBbiUJaTb T". 
B cnyqae {1 (T )> 0 paoHooecHoe 3Ha'"ieHHe napaMeTpa 

nopx.n.Ka - CMemeHHH no.n.perneToK x 
0 
(T) npu r :S 0 onpe.n.e

nHCTCH Bblpa)I(CHHCM 

x2(T) = _ a(T)_ =r-a-
0 fJ ( T) /> (T ) 

c 

/22/ 

llpu T=O paBHooecHoe cMemeHHe .n.ocTHraeT MaKCHManbHOro 
3Ha'"ieHHH H, COr naCHO /10/, paBHO 

11 



2 ' 2 ( g - g ,) (1) () -l 
X ('l c-0) = ----( 1- 10 g--) • 

o g A 
/23/ 

Y'leT <iJnyKTyau.uoHHhiX nonpaBOK ysenH'IHBaeT paauosecuoe 
3Ha'leHHe CMei.UeHHH noJJ,perneTOK H npHBO)l,HT K JJ,OnOnHHTenh
HOH TeMnepaTypuoii 3aBHCHMOCTH no cpaaueHHIO c IICII. 
TeMnepaTypuan 3aBHCHMOCTh TennoeMKOCTH H JJ,pyrux Tep
MOJJ,HHaMH'IeCKHX senH'IHH npH <I>IJ MO:>KeT 6hiTh onpeJJ,eneHa 

cTaHJJ,apTHhiM o6pa30M H3 pa3no:>KeHHH JlauJJ,ay /15/. 

3. 06cyJKOeHue 

llposeJJ,eHHWH B uacTonmeii pa6oTe yqeT <iJnyKTyau.uou
HhiX nonpaBOK B CB060JJ,HOH 3HeprHH JJ,nH BH6pOHHOH MOJJ,enH 
cerHeT03neKTpHKa - nonynpOBOJJ,HHKa/l/ OKa3WBaeTCH 
cymecTBeHHhiM H He06XO)l,HM JJ,nH KOnH'IeCTBeHHOrO cpaaue
HHH pe3ynhTaTOB Teopuu c 3KcnepuMeHTOM. Hau6onee 
aa:>Kuoe anunuue <iJnyKTyau.uu napaMeTpa nopnJJ,Ka oKa3hiBaiOT 
ua TeMnepaTypy <l>ll, KOTopan 3Ha'IHTenhHO noHH:>KaeTcH no 
cpaBHeHHIO C UCll: JJ,nH y3KOILI.enhHhiX nonynpOBO)l,HHKOB ORa 
OKa3hiBaeTCH nopHJJ,Ka HnH MeHbllie qaCTOThl aKTHBHhiX OllTH
qeCKHX <iJoHOHOB. llOJJ,06HOe :>Ke nOHH:>KeHHe TeMnepaTyphl 
<1>0, Bhi'IHCneHHOH B llCll, cneJJ,yeT O:>KH)l,aTh npH yqeTe 
<iJnyKTyau.uoHHhiX nonpasoK u JJ,nH JJ,pyrux cTpyKTypuwx nepe
XO)l,OB, o6ycnosneHHWX HeyCTOH'IHBOCThiO 3neKTpou-<lJOHOH
HOH CHCTeMhl. llpH 3TOM JJ,nH 06'hHCHeHHH HH3KHX TeMnepa

TYP <l>ll, ua6niOJJ,aeMhiX B 3KcnepuMeHTe, ue o6n3aTenhHO 
y'IHThiBaTh co6cTBeHHhiH aurapMOHH3M Kone6auuii perneTKH, 

KaK 3TO npeJJ,naraeTCH B I 1/. /g ,' 
OTMeTHM B CBH3H c 3THM HeJJ,aBHIOIO pa6oTy ' ' , rJJ,e 

yqeT JJ,HarpaMM 6onee BhiCOKOrO nOpHJJ,Ka no 3neKTPOH
<lJoHOHHOMY B3aHMOJJ,eHCTBHIO JJ,nH nonHpH3aU.HOHHOrO on epa
Topa TaK:>Ke JJ,an 6onee HH3KYIO no cpasHeHHIO c UCII TeMne
paTypy <I>IJ, cornacyiOI.UYIOCH C TO'IHOCThiO )1,0 'IHCneHHhiX 

K03<iJ<Puu.ueHTOB c uarneii <iJopMynoii / 12a/. 
<l>nyKTyaU.HOHHbie nonpaBKH MOryT npHBO)l,HTh K H3MeHe

HHIO poJJ,a nepexoJJ,a: JJ,n» y3KomenhHhiX cerueTo3neKTPHKOB 
nonynpOBO)l,HHKOB OH CTaHOBHTCB nepeXO)l,OM nepBOrO poJJ,a 
c TeMnepaTypoii T

1
>T c (20). Ecnu socnonh30BaThCB caMo

cornacosaHHWM nO)l,XO)l,OM npH Bhi'IHCneHHH 'laCTOT <iJouo-

12 

HOB /9/, T.e. onpeJJ,enBTh 'laCTOTy MBrKOH MO)l,hl f!q B /9/ 
H3 nonHOH <iJYHKU.HH rpuHa, TaK, 'IT06bi f! q"" O--> 0 npH 
T--. T , To <l>ll, cornacuo /18/, /19/, scerJJ,a JJ,On:>KeH 6biTh 

(' 

nepeXO)l,OM nepsoro poJJ,a B COOTBeTCTBHH C YTBep:>KJJ,eHHeM 
B pa6oTax /6/. OJJ,HaKo OKOH'IaTenhHhie BhiBOJJ,hi o poJJ,e nepe
xoJJ,a MO:>KHO cJJ,enaTh nurnh nocne H3y'leHHH co6cTBeuuo 
KoppenHU.HOHHbiX 3<lJ<lJeKTOB, o6ycnoBneHHbiX B3aHMOJJ,eHCT
BHeM <iJnyKTyaU.HH - MHrKHX <iJOHOHOB npH y'leTe aHrapMOHH
'IeCKOrO B3aHMOJJ,eiicTBHH B <iJououuoii noJJ,cHcTeMe. B cnyqae 
Jl,OCTaTO'IHO cna6oro aurapMOHH3Ma KOppenHU.HOHHhie 
3<lJ<lJeKTbl MoryT 6biTh Cylll.eCTBeHHbl nHIIIh B HenocpeJJ,CTBeH
HOH OKpeCTHOCTH <I>II !'iTKop./~/, H ecnu (T 1-Tc)>'>!'iTKop.• 
<ba30BhiH nepexoJJ, nepsoro poJJ,a Mo:>KeT 6biTh onucau B 
paMKaX pa3BHTOH TeOpHH. 

B 3aKniO'Ieuue aBTopw xoTenu 6w no6naroJJ,apHTh 
3.K.IleTpy 3a pnJJ, none3HhiX 3aMe'laHHH u li.A.BonKoBa 
H )J;.I1.XoMcKoro 3a o6cy:>KJJ,euun. 
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