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1. BBEAEHHE 

1. n~oHHaA KOHAeHca~~A/t-a/, TO eCTb nepeXOA ~30TpOnHoro 
AAePHOrO B~eCTBa B HeOAHOPOAHOe C nep~OA~4eCKO~ Cn~H-~30-
cn~HOBO~ CTpyKTypo~, CBA3~BaeTCA C B03MOmHOCTbiD nOABneH~A np~ 
AOCTaT04HO~ nnOTHOCT~ p~pc(T) HeycT0~4~BOCT~ B cneKTpe n~oH-
H~X B036ymAeH~~ c HeManbiM ko- PF(Po) ' w

2
(k o> $ 0. B HeOAHO-

POAHO~ $a3e B AAepHOM Be~eCTBe np~cyTCTByeT cpeAHee n~OHHOe 

none ¢..,<_;> ~O.XOTA B 06bi4Hb1X AApax, TO ecTb np~ nnoTHOCT~ Po 
: /4/ 

H TeMnepaType T=O , <rr > = 0 , OHH MOryT 6b1Tb 6n~3KH K nOABne-
H~ID rr-KOHAeHCaTHO~ HeyCT0~4~BOCT~, 4TO AOnmHO npOAB~TbCA B 
PAAe npeAKP~TH4eCK~x ABneHH~, on~caHH~x B 15 •61 • Heo6xoA~M~e 
AnA rr-KOHAeHca~~"' 6onbw~e ynnoTHeH~A 17 •81 ~MoryT nony4aTbcAI91 

B CTOnKHOBeH~AX TAmen~X AAep 6onbWOH 3Hepr~~ np~ T f. 0, n03TO
MY CBO~CTBa AAepHoro Be~eCTBa B6n~3~ Kp~T~4eCKO~ T04K~ p-pc(T) 
HaAO ~3y4aTb KaK np~ T=O, TaK ~ np~ T I 0 18 •101• 

2. B pa6oTe 1111 6~no enepBble noKaaaHo np~ T I 0, 4TO ~a-aa 
$nyKTya~~H n~OHHOrO nonA e6n~3~ Kp~T~4eCKO~ T04K~ nOABneH~e 
a6coniDTHOH HeyCTOH4~BOCT~ c;J 2(k0 ) ,5 0 He MOlKeT cnym~Tb Kp~-
Tep~eM 77-KOHAeHca~~~, H 6bln~ C$OpMyn~pOBaHbl TepMOA~HaM~4eCK~e 
ycnOBHA nepeXOAa ~3 ~30TpOnHor~ COCTOAH~A B HeOAHOPOAHOe C ne
p~OA~4eCK~M cpeAH~M noneM cC-<~ > I 0. PaccMoTpee e 112•13/ 
CBOHCTBa n~OHHOrO nonA B H30TpOnHOM AAepHOM Be~eCTBe B6nH3H 
Kp~T~4eCKO~ T04K~, B HaCTOA~eH pa6oTe npOAOnm"'M "'3y4eH"'e 
CBO~CTB n~OHHOrO nonA B HeOAHOPOAHOH $a3e "' ycnOB~H rr-KOHAeH
caTHOrO $a30BOrO nepeXOAa, TO eCTb nOABneHHA B Be~eCTBe CPeA-.. :; 
Hero nonA cP • <rr > J 0. 3TO He06XOA~MO, KaK yB~AHM, ~ AnA B~AC-
HeH~A eonpoca o 6nH30CT~ o6b14H~x AAeP K rr-KOHAeHca~~"'· AaHHaA 
pa6oTa ecTb HenocpeACTBeHHoe npoAonmeH~e 112 •131. CcblnaACb Aa
nee B TeKCTe Ha $OpMynbl H3/l 2l, M~ nepeA HOMepOM $OpMyn~ 
cTaB"'M p~MCKyiD I ~~ T04Ky, a np11 cc~nKax Ha $0p,Myn~ 1131 - pHM
CKYID II ~ T04Ky. Hanp11Mep, cc~nKa Ha $QpMyny /6/ ~3 1121 BblrnA
A~T TaK: (1.6) ~ T.n. 

2. non~PH3AUHOHHM~ OnEPATOP nHOHA B HEOAHOPOAHO~ $A3E 
A 

1 • np~ Han~411~ B cpeAe Knacc~4ecKoro n~OHHoro nonA ¢ .. <~ > 
e Ka4ecnae narpaHml1aHa eaaHMOAe~cTB~A (1.5) npHMeM 

0fbf:D'~l!:_-,-, '!-J\.; ~1: r r, I 
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-4f:.rr .Al(f/1)4+\(j)4+As(J)2(,1)2+ A4(i/>;)2+ 

/1/ 

+ A5<~e><~ >2 +\ < ~>2<; 'J,>~ 

Paan~4H~~ e~6op Ai MO*eT npHBOAHTb K $aaoe~M nepexoAaM 
II -ro Hn~ I -ro poAa, K ycT0~4~B~M ~n~ MeTacTa6HnbH~M cocToA-
H~AM co cpeAH~M noneM iP=<i> ~0 111 1. .Qo6aaKa K nonApH3al.l~oH-
HOMY onepaTOPY n~oHa B /1.3/, B~3BaHHaA noneM cp 

~.\ /•'K. 

K, \ I •K, j(O\ ~· ,ii(~ 
\/ ~\ ,' A. . 

w,R', wJ<, c.J,'K, Jr' w, a GJ;i(1 tJX2 

a 1 .,. 
nJ) (w. 1'k2) .. /2/ 

onpeAenAeTCA KaK B3a~MOAe~CTB~eM /1/, TaK ~ B~6opOM npo6Horo 
cpeAHero nonA~. Ben~4HHa Z2 B /I .7/-/1.9/ aaMeHAeTcA npH 
~JO Ha c::;2 ... m2+UB/2/, Tenepb c y4eTOM n~ CMAr4e-

v v v -2 
H~e n~oHHoro cneKTpa xapaK~epHayeTCA 3TO~ eenH4HHO~ w , aa-
BHCA~e~ OT ~. 8 CKeneTH~e rpa$HKH /2/, TaK ~ B /1.3/, /1.6/, 
/I , 6a/, BXOAHT Tenepb , KOHe4HO, nonHaA g)v -$yHK1..111A, COAep-
*a~aA 11 0~ , TaK 4TOa Han114He B 

71
cpeAe C{> MeHAeT lo1 n: , 171 a He 

TOnbKO A06aenAeT nv /2/ K "v. CaMH eeni14HH~ :n ' n ' 
ll371 3aBHCAT OT ;b, TaK KaK Ua BXOA11T B ypa BHeHI1A AnA 0, g)• 

np11 4> f, 0 01 71 COAeP*HT 11 nocneAH11~ rpa$HK B /2/, n03TOMY M~ 
He 6yAeM A06a8nATb era K n. a OCTaBHM Aanee B 0

8
/2/ TOnbKO 

ABa nepe~x rpa$HKa. 
A ~ • t 

2. Knaccl14ecKoe cpeAHee none <iT> = ~ (t, t) • cf> (f) e IW 
B H30TOnl14eCKH-CHMMeTplo14HO~ cpeAe HMeeT w = j1. 71 •·0, TO eCTb 
'J, - CTaTH4eCKOe none. noABneHHe 11 -KOHAeHCaTHO~ HeyCT0~411-

-+ -+ -+ 
BOCTI1 npOHCXOAHT np11 k = ko , n03TOMV B $ypbe-pa3nO*eHI11o1 cP (r) 

~ ... v 
MO*HO ·OCTaBHTb nHWb KOMnOHeHTY C It =ko. n110HH~e nonA, 
B03HHKa~~He B ycnOBI1AX On~Ta, MOryT ~MeTb, pa3yMeeTCA, 04eHb 
CnO*HY~ I<OOPAHHaTHYIO CnHHOBYIO 1-1 1130TOnl14eCKYIO 3aBHCHMOCTb, 
8 nHTepaType o6CY*AatOTCA B HaCTOA~ee epeM~ HeCKOnbKO AOCTaT04-
HO npocT~X none~ ' 2 •3·14/, B AaHHOH pa6oTe e Ka4eCTBe npHMepa 
B~6epeM 1130TOnH4eCK11-CHMMeTpi14HOe none C OAHOMepHOH nepHOAH4e

CKOH npocTpaHCTBeHHOH CTPYKTypo~: 

,. 2' ...... 
c1> (r) =v-acos(k.r), v•l,2,3. 

J) 3 "1) 
/3/ 

a ,. ....., ~ .... 
RcHO' 4TO "v (w. kl' k2 )/2/ HeAHaroHaneH no k 1 ,k2 • no3TOMY 
B HeOAHOPOAHOH $a3e aeCb nonApl13al.IHOHH~~ onepaTop 0 1-1 g) -
$yHK1..111~ TaK*e HeAI1aroHanbH~ • .QnA Jv(r)/)/, 04eB11AHO, OTnl14-

n
a -+ .... ,.. -+ ... .,.. + .,_ 

H~ oT HynA (k 1 ,k 2 ) np11 k 1,..k2 1-1 k 2=k 1 - 2K0 • CaM~ no 

2 

• 

II 
/;. 

Wli<. 

''1,!, 

VM\. 
fl 

II 

~~ 

)I ~ 

~. 

ce6e HeA~aroHanbH~e MaTp~4H~e 3neMeHTbt He Man~ no cpasHeH~~ 
C A11arOHanbH~MH, HO ~X BKnaA B ~-$yHK1..1H~ OTHOCHTenbHO Man. 
Ka'l< lo1 Be3Ae npe*Ae' HaC' KOHe4HO' ~HTepecy~T :D ' ua(w ,k1,k 2) 
np11 I lt11-l k 21 ... k 0 , w- 0. nonHbt~ nonRpH3al.I~OHH~~ onepaTop 

-t .... ...... .... 

ll(Kp k2 ) .,.. 3aB~CI1T Tenepb npH j k 1 j-j k 2 j -ko OT 
... 

HanpaeneHHA k 1• 

AnR -k""1 .. ko B n HaAO BKnl04aTb HeAI1aroHanbH~e 3neMeHT~ 11 BKnaA 
OT BTOporo rpa$11Ka B /2/. 

3. AnR AanbHe~wHx HccneAoBaHI1~ BBeAeM BMecTo 3aTpaeo4HbtX 
aMnn~TYA ~3 /1/ aMnni1TYAbl Aj,He COAeP*a~He HH B OAHOM KaHa-
ne 3aMKHYTO~ neTnl1 H3 ABYX nHOHH~x n11HI1H, npH4eM AnR T =0 
cyMMapHbtH HX HMnynbc Man, I q l «w, a A i HeT rpa$~KOB BHAa 
I II . 7 I, 3aBHCHMOCTb KOTOPbtX oT w paccMaTpHeanacb e /13/, BbtAe
neHHe TaK~X rpa$11KOB o6ycnoeneHO TeM, 4TO B6nl1311 KP~TH4eCKO~ 
T04KH, ;;; -+ 0{ COOTBeTCTBY~~He 11M B~pa*eHHR paCXOAATCR: npH 
T.o (1 71 -w- /I. 7/, a np11 T,; o , T»c:;2 noeeAeHHe (1 71 np~ 
w-+ 0 on11c~eaeTCR $opMynaMI1 /I . 12/, I I. 12a/. BenH411Hbt A i 
perynApH~ npl1 w ... 0. B~pa*eHHe /2/ AnA n a. A06asnAeMoe K n 
np~ cP /. 0, nepen11WeM C y4eTOM CKa3aHHOrO B~We B BHAe 

a .,. -+ 
K., tK ..... \ / 0 K., 1(' /t:K 

n (w,k1,k2) .. wi<~ +. ~ • 
•t w,i<2 ~~, 

/2a/ 
W,K2 

3AeCb TeMH~e KPY*KH 03Ha4a~T Aj , a cseTn~~ KPY*OK BO BTOpOM 
rpa$11Ke - nonHy~ aMnni1TYAY A5. nepe~~. Henpi1BOAHM~~. rpa$HK 
B /2a/, 04eBHAHO, He 3aBI1CI1T OT TOro, 6n113Ka nH CHCTeMa K Kpi1-
TH4eCKO~ T04Ke. 0H MO*eT nHWb 04eHb cna6o 3aBHCeTb OT BenH4H
Hbl w2, ManOCTb KOTOpO~ xapaKTep~3yeT 6nH30CTb CI1CTeM~ K 71-KQH
AeHCaTHO~ HeycTo~4~BOCTI1, KaK 3TO o6CY*Aanocb paHee. B o6~eM 
cny4ae fl~ MO*HO aanHCaTb B BI1Ae 

• 
a ... - 1 -+2 1 - 2 ... .. 

llv(w,k1,lt2,p,T)=A3-f(c/> \•t.k2 +2A4(cf>v>"t,k2' /4/ 

6e3 y4eTa BTOporo rpa$HKa B ! 2a/, 04eBHAHO, A 3 • A 3 , A 4 • A 4 • 

4 . .QnR nonHO~ aMnnHTYA~ A 5 BO BTOpOM rpa$HKe /2a/ MO*HO 
HanHCaTb ypaBHeHHe, B~AenAR aMnnHTYAY A 5 , He COAeP*a~yiO HH 
B OAHOM KaHane 3aMKHYTbiX neTenb 113 ABYX Me30HH~X nHH~H /npH 

I ... I I... ... I -; T = 0 - c Man~M ~MnynbCOM . q = k 1 + k2 <<w : 

w,i<, R, , ~-
, J ( R' " A= X ·>3(· . /5/ 

-w, R'• i< '. i< 

\<w,t1.k2.k ,p,T)='\, +A24 (taA5(w,k ',k ",k, p,T)+~41.tX5 (w,k',k ",kr p,T). 

3 

~--------------------------------------------------------



Bei11114HHa a a Bbl4\11CnReTCR aHanorH4HO (i IT B /II .7,7a, 
76,7s/ H /II .12,12a/, BO Bcex cny4aRX 

(i a,. a IT /2 • /6/ 

nocneAHHH 4neH B /5/, COAep>KaUIHH ManblH <:¥MMa~blH HMnynbC B no
nepe4HOM KaHane, npHCYTCTByeT nHWb npH k 1= ±ko. Ero nOACTa
HOBKa BO BTOpOH 4neH B /2a/ np\11Bena 6~ K rpa~\11KaM, He COAep>Ka
UIHM B npOAOilbHOM KaHane 3aMKHYTOH neTnH \113 ABYX nHOHHblX nHHHH 
C HyneBblM cyMMapHblM HMnynbCOM \11 noTOMY y>Ke BKn04eHHblM, no on
peAeneHHO, s A6 • no3TOMy, onycJ<aR B /5/ nocneAHHH 4neH, nony-
4HM AIIR BXOARUieH B /2a/ nonHOH aMnnHTYAbl 

- a 1 
A

6 
•A

6 
(1-4 a A2 )- /5a/ 

\11 AIIR AOfiaBKH lla /2/, /2a/ K nonRP\113a~HOHHOMy onepaTopy nHOHa: 

a -+ .. 1 a 2 a ... -1 n ((L),k
1

,k
2
,p,T) .. (.\s/2-·4 a (w).\6 (1-4ff (ru)A2 ) )x 

171 
-+2 / 9 2 ~a(_ ~a - -1 2 

X(¢ )k .. k'"" + (A4 2--gA6 u (L))(l-4 u (CLl)A2) (¢ ) k "* 
1' 2 v 1'111.2 

EcnH w .. 0, da .. JO, TO 4neHaMH, aaBHCRUIHMH oT (.), MO>KHO a /7 I 
npeHe6pe4b, ecnH 

2 
8 As A2 » ,\ 6 ' 

2 
16 A2A4 » A6 9. /7a/ 

a 
B cny4ae ManblX (t BTOpblMH 4neHaMH B CK06KaX B /7/ MO>KHO npe-
He6pe4b, eCnH 

(t A: « As , .\
4 

• /76/ 
a 

1.-13 /6/, /7/ RCHO 1 4TO ll OCTaeTCR KOHe4HblM npH w -+ 0 KaK 
AnR T =0, TaK H AnR T /. 0. KaK 6bli10 noKa3aHo paHee /6/, seilH-

~a - v .. -+ .. 
4HHa u (w.) a /7 I a MaSIOH o6JlaCTH HMnyJlbcoa lk 11• k0 ; k 1--k0 
TO eCTb I q I- 0, aaBHCHT oT ~ He TaK, KaK npH npoH3BOI1bHOM 
HanpaaJleHHH k1. Hai1H4He B /7/ AnR MaJlOH 06JlaCTH HMnynbCOB 
-+ .. a k

1
"' -k0 3TOH A06asKH K ll MO>KeT npHBOAHTb npH T /. 0 K AO-

noi1HHTeilbH0.:1 J10rapH~MH4eCKOH paCXOAHMOCTH B ll 117 AilR if/ B\11Aa 
/3/. AilR c~~tcTeMbl c poTOHHblM cneKTpoM 3TO oTMe4ai10Cb all&~np~~t 
k

1 
.. -~. (L)-0 MO>KHoaan~~tcaTb/1.7/ 

Ci'-1 ,. .. 2 ... 2 2 
jj (CLl •• k1'k 2 ,p,T)=(CLl (1-a)+iCLl$-y{lk 1 1-~) -w - 181 

-d1(kt·~·CLl)o .. k ~ -d2(kt,k2,CLl)ok-+ k .. +2'". 
1' 2 1 • 1- "O 

4 

'i 

i 
4, 
¥' ::~~i~ 

•if,, 
J'i 

'\~ 
j) 

Jil 

1 

f 

' ·i~l 

.~ 
' ~ ,I 

~> 

• 
I l 

3AeCb d1 , d2 - AHaroHaJlbHaR H HeAHaroHanbHBR 4aCTH ll, KOTO
pble np~~tcyTCTBYIOT IlHWb npH i 1 ,.._I{ 0 • OcTailbHaR 4aCTb ll BKI1104e
H~, KaK H paHee, B w2 • HcnOJlb3YR COOTHOWeHHe 

" -1 -+ .... -+ ... ~ (It\ ,k). ~ (k,k2 ) =Ok-+ k .. , 
k 1 • 2 

.... -+ 
HaHAeM npH k 1 =-k 0 , CLl- 0 

-
m t! -+ CLl$ -2 

lmj}(CLl,Kl,k2 , p, T)- --=-2=-=-- ((CLl + d 1 )o .. k -+ + 
X +CLl 2$ 2 1'-ko 

+d 0 ) ;; 2t:J(-2 -+ .... -+ ' 
2 iij_.ii\±2ko, '"'= '"'(l) +dt), Q=k+ko, /9/ 

- -2 ..2 2 ... 2 4 ... -+ 2 2 X =(CLl +d
1

,- -d
2 

+(w +d 1)y(q +4(k
0
q) /2k0 • 

-+ liT 
npH HaJ1H4HH B cpeAe ¢/. 0 K :ti , ll fl. 6a/, /II • 1 a/ A06as-
I1ReTCR HHTerpaJl OT lm ~ /9/ no MaJlOH 06JlaCTH HMnyJlbCOB it 
BfiJ1H3H -k0 1 I( +I(o =Q- 0. npH (w 2 +d 1) 2-d:-..0 3TOT HHTer-
pail npH T 1: 0, KaK HeTPYAHO nposepHTb, I10rapH~MH4eCKH pacxo-.. ..., 
AHTCR, -ln lq 1. Ha MailbiX I q , a npH T .. o pacxoAHMOCTH He COAep-
>KHT. 3Ta I10rapH~MH4eCKaR pacXOAHMOCTb npH T 1: 0 HeCyUieCTBeH-
Ha, OAHaKO, B KOHe4HOH CHCTeMe, rAe !"iii ~.~- 1 , R - pa3Mep 
CHCTeMbl/l&/. HaJ1H4He B cpeAe cpeAHero nOilR ¢ He npHBOAHT K AO
nOJlHHTeJlbHblM OC06eHHOCTRM B 'fl. nocKOilbKy B lla 4JleHbl, 3aBHCR-

- -+ .. 
UIHe OT CLl, HrpaiOT pOnb nHWb B MaJlOH 06JlaCTH HMnyilbCOB k1--k 0 , 
HX MO>KHO He Y4HTbiBaTb npH Bbl4HCJleHHH fl 17

, KaK H AeJlaJlOCb B /111. 

5. Ha peayilbTaTos, noi1y4eHHblX a 112•1S/ H s AaHHOH pa6oTe, 
RCHO, 4TO npH T=O MaCCOBblH onepaTOp nHOHa B RAepHOM BeUieCT
se He COAeP>KHT paCXOAHMOCTeH t6I1H3H KpHTH4eCKOH T04KH KaK B 
H30TpOnHOH ~a3e, TaK H B HeOAHOPOAHOH npH HaJ1H4HH B CpeAe 
cpeAHero nHOHHoro noJlR. 0AHaKo 3TO e1.11e He oaHa4aeT, 4TO ~a-
30BblH nepexoA npH T-o /ecilH oH eoo61.11e eoaMo>KeH/ npo~~tcXOAHT 
npH w~ .. 0. 8ei1H4HHbl c:;'~,..w 2(pc(T)) ,pc(T) , Jc AilR T=O 
TaK >Ke, KaK H AIIR T f. 0, onpeAeilRIOTCR H3 ycilOBHH " -KOHAeHca
~~~~~~~. paCCMOTpeHHblX B CileAYIOUieM pa3AeJle. 

3. Ycnosw~ "-KOHAEHCAUHH H 6nH30CTb ~AEP 
K IT-KOHAEHCATHO~ HEYCT0~4HBOCTH 

1. YCilOBHR nepeXOAa H30TpOnHoro RAepHoro BeUieCTBa B HeOA
HOPOAHOe C nepHOAH4eCKOH cnHH-H30CnHHO~OH CTpyKTypoH, TO eCTb 
nORBJleHHR cpeAHero Me30HHOrO nOJlR C/>-.<it>, fiblilH AaHbl s 1111• 
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A11R noRBileHHR ¢ f, 0 Heo6XOAHMO, ~ono6w TepMOAHHaMHI.feCKHH noTeH
~Hall HMell MHHHMYM npH 

... .... ... 
ao. I 8cb == <8R I 8cb >== o. /10/ 

~ 

rAe H - 3~~eKTHBHbiH raMHilbTOHHaH cHcTeMbl, a cpeAHee 6epeTcR 
no paBHOBeCHOMY ~OCTORHH~, BKil~l.fa~~eMy H KOHAeHCaTHOe n011e. 
B HaweM Cllyl.fae cP- CTaTHI.feCKOe (w=O) H OAHOMepHOe nepHOAH
I.feCKoe B npOCTpaHCTBe C nepHOAOM 1/k 0 , HanpHMep /3/, Hero 
aMnllHTYAa a onpeAellReTCR H3 /10/: 

ao/aa-<aH/aa>.o. /lOa/ 

HallHI.fHR HeTpHBHallbHoro peweHHR a ,1. 0 e114e HeAOCTaTOI.fHO AllR 
~aaosoro nepeXOAa, KaK 3TO y~e OTMel.fallOCb e 1111. CBOHCTBa CHC
TeMbl c AaHHbiMH p , T onpeAellR~TCR H3MeHeHHeM TepMOAHHaMHI.fecKo
ro noTeH~Halla 0 ( p, T, a) · npH BKil~l.feHHH no11R ¢ c aMnllHTy
AOH a: 

a a .c 
M(p,T, a)== ( (aO./aa)da= ( <aHI at> da. /11/ 

0 0 

3aBHCHMOCTb ~D(a,p,T) Kal.feCTBeHHO paallHI.fHa AllR paallHI.fHbiX Ha-
6opoe A i a I 1 I 111 ~ aaBHCHT ~0 H OT BHAa no1111 ¢ 1111 

2. 3~~eKTHBHbiH llarpaH~HaH B HaWHX npH611H~eHHRX MO~HO aa
nHcaTb B BHAe 

~ 1 ~ ,,_-1 ~ T ~ ) 2 
.1.. (x) = -- k .11 (w,k, , p)( rr... (X) + 

2 w,it k,w 

1 -1 ... ... 2 ~a 
+ - 9) (0, k0 , T, p )( cb ... (x)) + 

1717 
(x ), 

2 k
0

, 0 

/121 

H 3~eKTHBHbiH raMHilbTOHHaH 

.= .~ . .c 
H ... a f law-f. 1131 

TorAa All" paeHoeecHoi1 &8 Ia 0 B 13/ no11y1.1aeM H3 ll Oal, I 11 I 

2 "' 3As A4 w
0

(p,T)+ Jl(p, T, a 8 )( --+ -)+ 
2 2 

aa!~1 -2 - o. /106/ 

2 a 2 4 3As+A ae 
M(p,T,a 8 )==~1l.:L.,+ A1ae3/8+ 4 ( adatl(p,T,a). /llal 

2 2 0 

KoppellR~140HHaR ~YHK~HR tl onpeAellReTcR npH cb ,I. 0 H3 I I. 6a/, 
/II . 9/ C ~ -~yHK~HeH , COAep~a~ei1 

6 

• 

~~. 
!~·-
1'1:1-, 
•i.\1 

:~~Y{ ';\ ·~ 
,,1·, 

,I·::· II 

l 
?\ 

n.nn+ ntrr + n3" + na. 
... a 

rAe AllR cP 131 n onpeAenneTCR ¢1opt1yllOH 17 I c 

->2 2 
(cb )... ... ==a , 

k,k 
(cb 2 )-o,.. =&

2/3 
II k, k 

/14/ 

/14a/ 

AllR H30TOnHI.feCKH-CHMMeTpHI.IH0.:1 cpeAbl. Bo scex npeAbiAY~Hx ~op
Myllax npH r/J-/. 0 BellHI.fHHa 

- 2 2 n1" n3" na w •-w0 + + + /146/ 

ASlR ~a30Boro nepeXOAa He06XOAHMO, l.fT06bl ypaBHeHHR /1.6a/, /lOa/ 
HMellH peweHHe 11e ,1. 0. 

3. B 
1111 

Mbl H3YI.fHilH AllR T 10 ycnoBHR rr -KOHAeHca~HH B npoc-
TOH MOAellH 6ea yl.feTa n 3" H CllO~HbiX AHarpaMM B na . a TaK~e 
onycKaR B D1" H tl BKilaA KBaHTOBbiX ~llYKTya~HH /II . 3/, I II . 3a/, 
OCTa~HHCR KOHel.fHbiM B611H3H KpHTHI.feCKOH TOI.fKH ;;; -o 0, B npOTHBO
OOilO~HOCTb BKilaAY OT TenllOBbiX ~llYKTya~HH, KOTOpbiH npH w -o 0 
pacxOAHTCR. TaKoi1 pacl.feT npHrOAeH, ec11H npH p-pc(T) Bbl
nOilHeHbl ycllOBHR I II . 151, /II . 106/ H ecnH w2 (jjc (T)) TaKoBa, 
l.fTO B jll .9/ MO~HO npeHe6peYb KBaHTOBbiMH ~llYKTya~~RMH no cpae
HeHH~ C TeOSlOBbiMH. 0Ka3b1BaeTCR/ll(I.ITO AllR He CllHWKOM 60ilbWHX 
A<0,5, T ~ 1 e TOI.fKe ~aaoaoro nepexoAa 3TH ycllOBHR, no-BHAHMo-

My, ewno11HeHw. TorAa, HCKI1~4aR tl H3 I 11.9/, 1106/, /14a/, 
1146/, OOSlyl.faeM ypaBHeHHR AllR Be, KOTOpble MO~HO aanHCaTb B 
ClleAy~eM BHAe: 

y 2 3/2 2 2 
(x 1 -x)[ s(x-x2 )j (-w0 ) • B>O, x =aeAI(-w

0 
). 115/ 

3AeCb y ·112 AllR T/w2 » 1 H l ==312 AllR T!w 2 << 1
11 ~I B I 15/ x1 , 

x 2 , s aaBHCRT OT Ai a I 1 I H OT BHAa ¢ . .RcHo, I.! TO I 151 MO~eT 
BblnOilHRTbCR llHWb npH 

2 
-w 0 -c(p-pc(T))> 0, x

1 
>x > 0, s(x-x

2 
)>0. /15a/ 

4. Ecmt Ai, I> TaKoew, l.fTO x 2 <0 , s>-0, 1-11111 s<O, x 2 >0, 
TO /15/ HMeeT ,nPH X(p)$X, 2 , p~pc(T) OAHO peweHHe ae,l. 0, co-
OTBeTCTBy~~ee. MI1HHMYMY &i(ae ).:::; 0, 11 a8(p) pacTeT C pOCTOM 
p, Hal.fHHaR c HYilR npH p=- Pc(T). 3To ·cooTeeTCTByeT ~30BOMY ne-
pexOAY 2-ro POAa, OAHaKO B T04Ke nepeXOAa, p== Pc (T), Bell111.fi1-
Ha w2(p c (T)), xapaKTepi13Y~~aR CMR!:_4eHHe nHOHHOH CT.eneHH CB0-
60Abl B RApe, He CTaHOBI1TCR MallOH Wc~O, KaK 6blll0 noKaaaHO 
a /11/ Ha HeCKOilbKHX npHMepax np11 T ,l 0. TaK nollyl.faeTCR ,a 4aCTHO-

.,. 
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cnt, np1o1 A .. A1 =A 2 .. A3 /2 

~a A "12 _;22 
.l..TT =-,-•{cp +rr) 

TT 4 

, A4 = 0, To ecTb AnA 

/1a/ 

5. Ecn1o1 A1, ¢ TaKOBbl, 4TO 8 > 0 , x
2

;:: 0, To np1o1 p • Pp 
noRanReTcR OAHO peweHio'le a 8 I 0 ypaaHeHio'IR I 15/ /'ro4Ka nepe-
rlo16a Kplo1BOH .Ml(a •Pp)/, a np1o1 p > Pp eCTb ABa peweHio1R, 1-13 
K01o1X MeHbWee COOTBeTCTByeT max M} (a), a 6onbWee - min M} (a). 

3TO 03Ha4aeT nORBneHio'le np1o1 p ~Pp (T) MeTaCTa61o1nbHOrO COCTOR-
Hio'IR C KOHe4HOH aMnnlo'ITYAOH $= < ft > . Ecn1o1 yaenlo14eHio1e nnOTHO-
CTI-1 nplo1BOAio1T K TOMy, 4TO np1o1 p:(T) OKa3b1BaeTCR min ~{}(a.) 5, 0, 
TO B cpeAe B03Hio1KaeT YCTOH41o1BOe COCTORH1o1e C rf ,j.. 0. np1o1 p= p (T) 
none ¢ B Clo1CTeMe lo1MeeT KOHe4Hy~ aMnnlo'ITYAY a

8
, 4TO COOTBeicT

ByeT ~a30BOMY nepeXOAY I-ro POAa • .llrtR ¢ Blo1Aa /3/ 3TOT cny-
4ai1 lo1MeeT MecTO np1o1 A1 =A 2 =A 3 /2 • A/ 4 = A 

5
/4, TO ecTb AnR 

narpaHmlo1aHa npocTei1wero BI-1Aa: 

-a A .: 4 
fTTTT __ ,_,(J+rr) • 

4 /16/ 

Ecn1o1 me POCT P > P p He nplo1BOAI1T K min L\0 (a) 5, 0, TO B03-
HI1KWee B. cpeAe np11 Pp HeOAHOPOAHOe COCTORHI1e OCTaeTCR MeTa

C·Ta61o1nbHbiM. TaK ·nony4aeTcR, Hanplo1Mep, np11 A
1
-: \··Aaf~·A4/4, 

TO eCTb ni-1Wb He3Ha411TenbHOe 113MeHeHio1e OAHOro A
2 

B ~~ MO
meT Ka4eCTBeHHO lo13MeHio1Tb noBeAeHio'le Clo1CTeMbl C POCTOM nnOTHOCTI-1. 

Ecn1o1 me At ,¢1 TaKoabl, 4To 8 <0, x2 >0 1-1n1o1 x
1
< ~t2 , s>O, 

1o1n1o1 x 1<0, TO /15/, 04eBio1AHO, peweHio'IH lo1MeTb He MOmeT, ~(a) 
MOHOTOHHO pacTeT C POCTOM a np1o1 BCeX p , T, B CpeAe HeB03MOmHO 
Hl-1 YCTOH41o1BOe, Hl-1 MeTaCTa611nbHOe COCTORHio1e C TaKio'IM noneM ¢, 
noRaneHio'le a cpeAe 3Toro nonR ¢ HeB03MO~Ho. Pa3yMeeTcR, ycno
Bio1R nORBneHio'IR pa3nlo14Hb1X CpeAHio1X nonei1 <e> = ¢(t) MOryT 6b1Tb 
pa3nlo14HbtMio1. Ecn1o1 noRaneHio'le KaKoro-nlo16o npo6Horo nonR ¢ He
B03MOmHo np1o1 AaHHbiX p,T 1o1n1o1 Aame Hlo1KOrAa, TO 3TO He 03Ha-
4aeT, 4To aoo6~e HeB03MomeH a cpeAe c TaKio'IMI-1 At ~a30BbiH nepe- · 
XOA B HeOAHOPOAHOe COCTORH1o1e C 11Hb1M cpeAHio1M noneM, C lo'IHOH 
npocTpaHCTBeHHOH 11 Cnlo1H-Io130Cnlo1HOBOH KOH~1o1rypa41o1eH. 

8 TOM cny4ae, KOrAa npOCTaR ~OAenb/11/ Henplo1MeHio1Ma, TO eCTb 
He BblilOnHeHbl ycnOBI1R /II . 1 06/, /II . 15/, Tpe6y~TCR 6onee cnom
Hbte pac4eTbt, nocneAosaTenbHo Y41-1Tb1Ba~~l1e rrN- • rr rr -a3alo1Mo
AeHcTslo1R a RAepHoM se~ecTae. 

6. nplo1 T =0 n" COAepmlo1T nlo1Wb KBaHTOBble ~nyKTya41o11o1 nlo'IOHHO-
ro nonR' "" sem141o1Ha n (p. 0. a) B I 1 06/ onpeAenReTCR I II . 31 
I II . 3a/. licKn~4aR n 1-13 I 1 06/' I II . 31' HaHAeM 

8 
~· 

2 2 " I A A )-t .. - 2 .-2(w
0 

+ a
8 

3n
1 

2)(3 g+ 4 "'c 1 -c2 w -c3w + •••• 
/16/ 

- 2 2 2 2 I A -1 a -w = w
0

-,10A2(w
0

+a8 3A1 2)(3Ag+ ,V +ll (w,a 8 ). 

p ~ ii c/161 lo1MeeT peweHio'le a 8 /. 0 "" np1o1 Ecn~-1 np11 HeKoTopoM 
3TOM ~0(a8 •j).$, 0, 
HOH ~a3e, ¢ /. 0. 

TO RAepHOe Be~eCTBO HaXOA11TCR B HeOAHOPOA-

HacKonbKO MoryT 6b1Tb o6bi4Hble RAPa 6ni-13KI1 K rr-KOHAeHcaTHOH 
HeyCTOH4HBOCTio1, 04eHb Cy~eCTBeHHO 3aBio1Cio1T OT TOrO, 4eMy pa~Ha 

-2 -2 
B Kplo1Tio14eCKOH T04Ke aenH411Ha we •· w (pc ), xapaKTepl13yl()lqaR 
3TY 6ni130CTb. ECJllll w ~ :a_ l ~ npH p= P c , TO OHa lo1 noAaBHO He 
Mana ,qnR p<p c, TaK KaK C pocTOM P npOHCXOA11T CMRr4eHI1e nHOH
HOH cTeneHI1 cao6oAbl, .w2 yMeHbwaeTcR. B 3TOM cny4ae a o6bi4-
Hb1X RApax, nJlOTHOCTb KOTOpbiX p0<p:41

, Benl141o1Ha w2 (p0 )>t~, 
OHI-1 ,qaneK11 OT rr-KOHAeHCaTHOH HeyCTOH411BOCTI1 H HeT OCHOBaH11H 
OmHAaTb B 06b14Hb1X RApaX npe,qKpi1TH4eCKHX RBneHHH 

15
•6 1. 0pORB

neHI1e Ha OnbiTe /5,6/ 6ni130CTH R,qep K IT-KOHAeHCa4HH MOmHO 0)1(1-1-

AaTb, ecmt, no Kpai1Hei1 Mepe npH P"' p e, BenH4HHa w~<t: . ,llrtR 
Bbi~HcneHHR Pe H cooTBeTCTBy~C~tqero w: HaAO 3aAaTb see BXOAR
~He a 1161 napaMeTpbl A 1 , c 1 , >. 1 H T.A. 8 n~6oM cny4ae TaKow 
pac4eT 6yAeT nHWb 11nn~CTpa4111ei1, XOTR 6bl y)l(e nOTOMy, 4TO Bb160p 
.ca 2

7777 
a aH,qe 111 c nocToRHHbiMH A ecTb Kpai1He ynpo~eHHoe 

np~~t6n~~tmeHHe, Aa Ill BeJ1H4HHY C1 Henb3R 04eHHTb AOCTaT04HO onpe-
AeneHHO. MO)l(HO J11o1Wb npoaepHTb, He B03HHKa~T 1111 KaKHe-n~~t6o ' 
npontsope4HR, ecnH npeAnonomHTb, 4TO peweHI1e ae .;. 0 noRBnReTCR 

npH TaKoi1 fle•4TOw~«t~<1-w~·TOrAa 11131161, l161,/11a/ HaHAeM 

.. 
4 

&cA 
/16al 

A 2 
we =ae..;s • (w 0 +5Ac 1)/5Ac2, ) - ' ~(ac •-'24 

OTKYAa BHAHO, 4TO TaKoe npeAnonomeHHe K RBHbiM npOTio1BOpe41o1RM 

He npHBOAHT, XOTR npeBbiWeHHe Ape= Pc-'Pc np1o1 3TOM MO)l(eT oKa-
3aTbCR o4eHb 3Ha4HTenbHbiM a 3aBHCHMOCTJ.1 OT A1, c 1 • 

4. 3AKI1104EHHE 

HccneAoBaHJ.1A, npoaeAeHHble a AaHHOH 111 npeAbiAY~Hx pa6oTax
112

•
1
,
31 

n03BOnR~T CAenaTb PRA BbiBOAOB 0 B03MOmHOCTH ~a30BOro nepeXOAa 
C o6pa30BaHHeM nHOHHOrO KOHAeHCaTa H 6J1H30CTH 06b14Hb1X RAep 

K rr-KOHAeHcaTHOH HeycTOH4HBOCTH. 
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npe>KAe ece.ro, "" -e3ai-1MOAei1cTBI1e 11 <)lnyKTYa41111 ni10HHoro 
nO!lR 11rpa~T pa3!11-14HY~ PO!lb np11 pa3!1114H~X TeMnepaTypax. np11 
T ¢ 0 poeT TennoBbiX <)lnyKTYa411H e6!11-131-1 KPI1TI-14ecKoi1 T04K11 11 

o6ycnoeneHHaR 3TI1M paCXOAI-1MOCTb ll rr npi1BOART K TOMY, 4TO B 
1130TpOnHOM RAePHOM Be~eCTBe !1~60H KOHe4HOH nnoTHOCTI1 HeB03MO>K
HO AOCT11>KeHio1e a6CO!l~THOH HeycTOH411BOCTI1 nlo'IOHHOro nO!lR, TO 
ecTb noReneHio'le peweH11!1 (i) 

2(k) .S, 0 ypaeHeH11R :D -t ... o.np11 T. o eKnaA 
KBaHTOBbiX <))11yKTya41-1H B n0!1Rplo13a4110HHbiH onepaTOp OCTaeTCR Ko
He4HbiM e Kpi-1T114eCKOH T04Ke, noaToMy np~-1 T=O 1130TponHoe RAep
Hoe 8e~eCT80 MO>KeT 6b1Tb, B np11H411ne, CKO!lb yrOAHO 6!11o13KO K 
rr -KOHAeHcaTHoi1 HeycTOH41180CTI1. HanoMH11M 3Aecb, 4TO noraplo1<))

MI14ecKaR paCXOAio'IMOCTb ll 1" B RAePHOM 8e~eCT8e npl-1 T.o 86!111311 
Kpi1TI14eCKOH T04Kio1 6bl!la nO!ly4eHa 8 pa60Te/16/0Wio1604HO, KaK 3TO 
pa3"'bRCHRnocb e113~ <!lnyKTya41111 n11oHHoro nonR np11 T.o He 11CKn~-
4a~T 803MO>KHOCTI-1 6!11130CTI1 06b14HbiX RAep K rr-KOHAeHCa41111. 3TO, 
OAHaKo, He 03Ha4aeT, 4To np11 T=O RAepHoe ee~ecTBo ocTaeTCR 
1130TpOnHbiM np11 !1~6oi1 n!10THOCTI1, eC!111 TO!lbKO He AOCTio'lraeTCR 
a6C0!1~THaR HeyCTOH41-1BOCTb ni10HHOrO nO!lR (i.)

2 (k) ~,0. ,llOCTI1>KeH11e 
a6CO!l~THOH HeyCTOH41180CTI1 He MO>KeT C!1Y>KI1Tb YCI10811eM <)laaoeoro 
nepexoAa np11 T. 0, TaK >Ke, KaK 11 npH T.,i 0 Ill!. B n~6oM cny4ae 
Kp11TI14eCKaR n!lOTHOCTb p~(T) onpeAe!lReTCR TepMOAHHaMI14eCKI-1MH 
YC!10811RMI-1 11 -KOHAeHCa41111, 11CC!leAOBaHHbiMI1 3AeCb 11 B /11/, 3aMe
Tio1M 3AeCb, 4TO onpeAeneH11e rr-KOHAeHcaTHOH HeycTOH411BOCTI-1 co
rnaCHO 3Tio1M YCI10BI1RM 113 1101, 1111, pa3yMeeTCR, He COOT8eTcT
eyeT ee onpeAeneHI1~ no 113MeHeHI1~ aHaKa nonHoi1 aMn!111TYA"' rrrr -
pacceRHI1R 8 cp'eAe A I II . 7 I, KaK aTo npeAnaranocb AI1R T=O 
a/16/ Ha ocHoee pe3y!lbTaToB 113/17~ I13MeHeHI1e 3HaKa A np11 HeKo
TopoM p OTH~Ab He 03Ha4aeT, 4TO CTaHOBI1TCR 8blrOAHOH nepecTpOH-" 
Ka 1130TponHOH CHCTeMbl B HeOAHOPOAHY~ C nep110A114eCKOH cni1H-
1130Cni1H080H CTPYKTypoi1, TO eCTb nORB!1eH11e B ae~eCTBe cpeAHero 
nep110A114eCKoro n110HHoro nonR J,. <if > I 0. C Apyroi1 CTOPOHbl, 
8 3aBI1CI1MOCTI1 OT A i a I 1 I noRaneHI1e cf,./ 0 MO>KeT npoi1CXOA11Tb 
11 np11 p, MeHbwei1, 4eM Ta, np11 KoTopoi1 A I II . 7 I MeHReT 3HaK. 

8enH411Ha w~(T), xapaKTepl13y~aR CMRr4eHI1e 0110HHOH CTene-
HH cao60Abl, a T04Ke <)la3oeoro nepexoAa p~pc(T) MO>KeT oKa-
aaTbCR HeManoi1' w: > r ~ • npeAKPI1TI14eCK11e RBneHI1R npl1 T-O 
B 1130TpOnHOM RAepHOM Be~eCTBe C 06b14HOH RAePHOH O!lOTHOCTb~ 

Po< Pc(O) B03MO>KHbl !lHWb B TOM C!ly4ae, eC!111, no Kpai1Hei1 Mepe 
np11 p = p (0), 0110HHaR CTeneHb CB060Abl cy~eCTBeHHO CMRr4eHa, 
TaK 4TO c w ~< r ~ /G/, KaK Mbl y6eAI1!111Cb, Ma!lble w ~ He npi1BO
ART K KaKI1M-!11160 npOTI1BOpe411RM. ,ll!1R npoBeAeHI1R 6onee 06CTOR
Te!1bHbiX pac4eTOB PC ' w~ 11 APYr11X xapaKTepi1CT11K rr-KOH
AeHCa41-111 Heo6XOAI-1MO ropaaAO 6onee onpeAeneHHOe 3HaHI1e acex 
BXOAR~I1X ' 3aAa4y Be!111411H, npe>KAe Bcero TrT7-B3ai1MOAeHCTBHR 
I 1 I. 6e3 3Toro eoaMo>KHo nHwb BblnonHeHHoe HaMI1 Ka4ecTBeHHoe 
11CC!leAOBaHI1e CBOHCT8 RAepHOrO Be~eCTBa 86!111311 Kp11TI14eCKOH 
T04K11, 
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