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0DHDA H3 BB*HWX XapaKTBpHCTHK CBBpxrrpoBOCUHKa BTuporo pODS 

HBnHBTCH BBpXHBB KpHTHqBCKOB IT8ne, 

8 HSCTOHWBB BpBMH H3BBCTHhl TpH paanHqHhlX TBOpBTHqeCKHX orrpe-

aeneHHH aToA eennqnHw: 

Ill 
}, 113 TBOpllll f J1Af DnH rpH3HbiX CBBpXITpOBODHllKOB ( e «eO 

rrpn T = 0 

H c 2 ( 0) = 2,6 • lO 
4 

y T c p n , 
(l) 

rae y[ 
apr, 

- K09~)(PllUllBHT nllHBAHoro qneiia aneKTpOHHOA 3 2 
eM • rpaa • 

...... 
TBITnOBMKOCTll 1 T [ °K l 

c - KpHTnqecKaH TeMrrepaTypa ceepxrrpoBODHmero 

rrepexoaa, p (0.CM, j - yaenbHOB COITpOTHBnBHllB B HOpManbHOM COCTOH-
n • 

HHH, 

nu, 

r'DE! 

/2/ 
2, no <flopMyne MaKH I yqHTh!TlBKHUBA CITllfiOBbiA rrapaMarHBTll3M nay-

H~, 2 (O)= 

a= y2 H c2 ( 0) 

II (0) 
p 

He 2 (O! 
--

(1 + a2 ) )~ 

II (0) 
p 

3 

(T = 0), ( 2) 

111400 T 
c 



~ 

/.'3/ 
3, B TeopHH BepT3aMepa H np. Y'IHTbmaeTc>I KaK CIII!HOBbtil rrnpa-

MarHBT!f3M 3nBKT[lOHOB 1 TaK H Clli1H-Op6HT8JlbHOe paCCB>IIIIlB, fln>I cnyqa>J 

/4/ 
t=T/ T 

0 
=0 B pa6oTe rrony'!eHa 3aBHCHMOCTb HOpMnponaHHoro Kpl!TH'Iec-

Koro nonH h * , rne 

h *(T=O) 
H ** (0) c2 

(-dH!~(t) /dt )t= 1 

OT napaMBTpOB a H .\ 
sO • a - napaMeTp MaKH . 

1i rsO 
A so= , T = --

3ukT0 T sO 
sO 

VF 

f
50 

- CpBilHSISI nnHH8 CB060ilHOrO npo6era 3nBKTpOHOB ilnSI CnllH-OpOHTanb-

Horo pacceHHHH ( npenrronaraeTcSI, 'ITO f » f 
sO 

) , ,. F - CKOpOCTb $epll.m, 

H** 
c2 

- BepXHee KplTH'!eCKOe none 3TOH TBO!JHH, 

/5/ 
TaKaS! HopMt;poBKa 6bma BBeJieHa BepT3aMepoM nn>~ cpaBHBHHSI 

TBOpeTII'IBCKH paCC'!HTbiBaeMoro h * c nonyqaeMbiM 3KcnepHMeHTanhHO, 

Ha uee, B qacTHOCTH, B npeaenbHOM cnyqae a= 0 P« ~ o . - nonyqa-

eTCH cneJiyK>mee Bblpa>KeHHe UnH KpHTH'!eCKorO nonSI fnAf: 
..... 

3KCn, 
11 02{0) = 0,693 (dfl 02 /dt) t= 1 • (3) 

OnuaKo uano oTMeTHTh, 'ITO aenH<IHHa H c 2 (O) , orrpeneneHHa>I no ljlop

MynaM ( 1) H ( 3), He acerna OUH03HB'!Ha (eM, HanpHMep, Ta6nHuy 1 H pa-

6 
/6/ u 

OTy 1 B KOTOpOlf npeJICT83JleHbl 3KCHepHMeHT8nbHble 3Ha'!eHHSI 

(dH 02 I d t )t=l; T 0 ;pn;y).napaMeTpbt TeopHH a a A,.0 MO>KHO onpeaenHTb 

83 3.JieKTpOHHblX UOCTOSIHHblX HOpManbHOrO COCTOSIHBH: 

a= 2,35 Po Y (4) 

ecna H 02 (0) C'IHTaTb no ( 1 ), 

4 

:\ 
li1· 

-~ 

-· 5 3KCI!p,, , 
a ~ 5,;3;3 • lO (d H .,2 ' d r ) T = T 

c 

nn>I H 
02 

(0) rro (3), 

.\ so= 
2,97.'10 -13 

P Y T e 2 
n c 

B IIpenrrono>KeHHH 1 'ITO f 
8 

o = 2 f [ 4 ] . 

B cnyqae crrnasoB H coenHHBHHA c KpHTH'IBCKHM noneM 

3KcnepHMBHTanhHbiB pe.3ynbTaTbi HaH6onee ynosneTBO[JHTenhH 

" ,17,8/ 
rrocnenaen TeopHeH • 

B HaCToHmeti pa6oTe rrponeneao H3MepeHHe H c2 (T) H I 

o6pa3uax cnnasa Nb + 80 % Z r . nony'!eHHoe 3Ha'IBHHe H 

cpaBHHBaeTCH c ToopeTH'IBCKHM, TeMnepaTypHaH 3aBHCHMOCT 

C[l1lBHHBI18TCH 1 BO-l!BflBhiX, C TeOpl!eA ITORO[JXl!OCT!IOH HnH 38[ll 

/l~ CP.epxrrpOROilHMOCTH rrpa I![IJIH'IHH napa \1ilf'IIHTHOI'O 3tPcpBKT8 

u " h /11, 12/ C TeOpHBll 1 Y'IHThiB8101UBH t1.nyKTyflUHOHHh18 HBnBHHH , 

06pa3Ubl B Bl!llO ITnOCKHX nnaCTHII pa3MB[JOM 0,} .. X 1,6 

rrocne MexaHH'IBCKoA o6pa6oTKH rronnepranucb peKpHCTannH38 

0 -6 
)I<Hry rrpn 1000 C B TB'1BHHe I qaca B BflKyyMe = 10 MM < 

6biCT[lhiM OXJl[I)KJlei!HBM, 3Ha'!tJHHH 11
0 2 H II 

03 
orrpenenHnHCI:o 

IINX XapaKTB[JHCTHK CBBpX11pOBO~Hlllero ITB[lBXOll8 BO BHBlllHBM 

H0J18 1 rrapannenbHOM HJlH !1Bpl1BHllHKynHpHOM ITJlOCKOCTH IIJ18CT 

o6pa3ue scerna 6Nn aarrpasnea rreprreHnHKynHpHo MarHHTHoM; 

0 peHHH rrposonHnHcb B HHTepaane TBMnepaTyp oT 4,2 K no T. 

Ha p»c. I rrpencTasneHbi THITH'!HbiB 38BHCHMOCTH R(H)a rrapaJJ 

H neprreHaHKyJlH[lHOM (IJ~ rronHx rrpn T = con st llJlH pa3Hbl 

3KCIIp, H3MBpHTBJ1bHOro TOKa, KaK BHllHO ll3 pHCYHKa, 3a H c2 

3118'18HHB IIOJlH, COOTBBTCTBYI0'11Be XapaKTB[JHOMy H3nOMy Ha I 

5 



-· 5 9Kcnp., , 
a ~ .5,:J;J • 10 (d H "2 . d r ) T = T 0 

IUIH 11
02

(0) no (3), 

A so= 
2,97. '10 -13 

P Y T e 2 
n c 

B npellTIOJIO)!(eHHIIo '1TO £
8 

o = 2 £ ( 4 1 . 

B cnyqae cnnaBoB II coeaiiHeHnti: c KpiiTII'1eCKHM noneM 

( 5) 

( 6) 

~50 K9 

9KcnepiiMeHTaJibHhle pe3yJibTaTw Han6onee ynoBJieTBopHTeJibHO onncwBBIDTCH 

" .17,8/ 
nocnenHeH TeopiieH • 

B HBCTomuerr pa6oTe npoBeaeuo H3MepeHne H c2 (T) II II o3 (T ) HB 

o6pa3[(11X Cl!J111BB Nb + 80 % z r . nony'1eHHOe 3HB'1eHIIe H ::cnp. ( 0) 

cpnsunsaeTCH c TeopeTII'1eCKHM. TeMnepaTypHaH 3BBIICHMOCTb H :3KCnp. 
c3 

cpnsunsaeTcH, Bo-nepBbrX, c Teopneti: nonepxnocTiroti: HJIH 3aponr.rmesoti: 

/10/ 
cnepxnpOP.OilHMOCTII llpH lli1JII1'1HH napa\Wf'l!HTHOrO 9<fJ<fJeKTB II, BO-BTOpbiX, 

" u h /11, 12/ 
C TQOpHeu, y'1HTt>iBBIOLUOH II'JIYKTYBUHOHHble HBJIOHIIH • 

'3 
06pa3Ubl B P.llllO TIJIOCKHX fiJI8CTIIll pa3MepoM 0,1 X },6 X 40 MM 

nocne MexaHII'1eCKOH o6pa60TKII liOllBepraJIHCb peKpiiCTBJIJIII38UHOHHHOMy OT-

0 -8 
)!(Itry npn 1000 C B Te•1e111Ie 1 qaca B BAKyyMe "' 10 MM c nocneayiDLUHM 

6biCTpt>rM OXJIB)!(/leHIIeM. 3uaqr!HIIH 11
0 2 II II ca onpenenHJIHCb H3 pe3nCTHB-

HHX xapaKTepiiCTHK cnepxnpoBo;:wmero nepexona so Bl!eliiHeM MarHHTHOM 

liOJie, nApannenbHOM nnn nepneuanKyJIHPHOM nnocKOCTH nnacTHHbi, ToK B 

o6pa3ue scerna 6wn HanpaBneu nepneannKynHpHo MarHHTHOMy noniD. H3Me-

o ot 
peunH npoBOLIHJIHCb B HHTepBane TeMnepaTyp OT 4,2 K ao T c = 8,1 !<\'. 

I 
Hn pnc. 1 npencTaBneHbi THITH'1Hbie 3BBHCHMOCTn R(H)a rrapannenbHOM \ 

H neprreiiilHKynHpHOM ( H .j. ) ITOJIHX rrpli T = con st llJIH pa3HbiX 3Ha'1eH\IH 

8KCllp, ' 
113MepnTeJibHOro TOKB. KaK BllllHO 113 piiCYHKa, 38 H c2 llpiiHIIMa:;rcH 

3!Ia'1e!IIIO Il0JIH 1 COOTBeTCTBYID'llee XapaKTepHOMy II3JIOMy HB KpHBbiX
1 

Bfhlle 

5 
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KoToporo R (H ) nnsr pa3HhlX H3M8pHTBnhHhlX TOKOB COBIIB.QBIDT, TaK 

K8K OCHOBH8H 'WCTb H3MBp8HHH cnen8HB II pH TOKe qepe3 o5pa3Bll l m A 
2 9KCIIp, I = 0, 6 A I CM ) • H8 OCHOB8HHH Bblll!BH3nOlKBHHOro, 38 H c2 B 

cnyqae H +- npHHHManoc& none, cooTBeTCTByiDmee RIR n"' 0,6 , B cnyqae 

9KCIIp, H II - R I R n "' 0,05 . nony'leHHhie T8KHM o5p830M H c2 c xopoll!eii 

TO'IHOCThiD nOlKBTCH H8 O.QHY KpHByiD ( CM, pHC, 4), B cnyqae Henocpe.QCTBeH-

Holt 38IIHCH R(H) H8 nsyxKoopnHHBTHOM caMonncue 38 H 
9KCIIp, 
c3 rrpn-

HHMBnOCh ~one, B KOTOpOM RIRn= 0,98, KpoMe Toro, H 9KCIIp, · 
ca onpe-

nensrnoc& 5onee TO'IHO H3 eonhT-aMnepHbiX xapaKTepHCTHK o5pa3ua. KaK 

BH.QHO H3 pnc. 2s, II pH RIR n >_ 0,9 R, IR n H RIR n COBnanaiDT, 'ITO COOT-

BeTCTByeT Ha rpaqJHKe U (} ) ( pHC, 2a) ITpSIMOit nHHHH 0 Bb!XO.QSIU1eit H3 

Haqana KOOp.QHH8T, 3aiiHCbiBasr T8KHe BOnhT-aMnepHbie X8p8KTepHCTHKH Ha 

.QByXKOOp.QHHBTHOM CBMOIIHCLte nnsr p83HblX H=const B ll!HpOKOM HHTepBane 

H U 0 MOlKHO C 5onhll!Oit TO'IHOCThiD OIIpenenHTh H3MeHeHHe HX HaKnO

<JKCIIp, 
aa, u, cne.QoBaTen&Ho, H Q

3 
nnsr niD5oro Rl R n • B qacTHOCTH, aa 

9KCIIp. I 
puc, 4 rrpuseneHbi 3H8'1BHHH H , cooTeeTcTByiDmne R R = l . 

c3 

CnenyeT OTMeTHTh H3MBHeHHe BH.Q8 BOnhT-aMnepHb!X XapaKTepHCTHK 

rrpn yMeH&ll!eHHH MarHHTHoro' nonsr ( pnc, 2 H 3), CTporo npsrMonnHeiiHbie 

U (I ) , o KOTOpbiX rosopnnoch Bbillle, rrpn HeKoTopoM 3Ha'leHHH H' npeTep-

rreBaiDT H3nOM H o5pa3yiDT ,QB8 nHHeiiHblX Y'IBCTK8 0 HBKnOHbl KOTOpb!X 

3aMeTHO oTnH'IaiDTCsr npyr oT npyra ( aarrpnMep, npn T = 7°K, H'"' 27 Ks; 

CM, pnc. 2). Ha'IHHasr c sToro MoMeHTa R, fR. llan&Heltll!ee yMeH&ll!eane 

nonsr IIpHBO.QHT K IIOCTerreHHHOMy HCKpHBneHHID nepsoro y'IBCTK8 0 KOTOpblii 

saaqane BhixonHT H3 Hynsr, a 3aTeM, rrpn eme 5on&ll!HX H, KpHBbie U (I ) 

cnsnraiDTCH srrpaso. Opu H3Mepeann aaqanhHhiX yqacTKOB U (I ) Ha 6onee 

'IYBCTBHTenbHOM IlpH5ope ( C TO'!HOCThiD no Q,O J MKB) 5binO o5HapylKeHo, 

'ITO Haqan&HaH nHHeiiaasr 3aBHCHMOCTh U(I ) HMeeT MeCTO .QBlKe IlpH 38-

MeTHOM OTnH'IHH KpHTH'!eCKOrO TOK8 OT Hynsr, 05bi'IHBH 9KCilOHeHUHBnhH8H 

3BBHCHMOCTh U OT IIOHBnsreTCH TOnhKO IlpH .QOCTBTO'IHOM y.QaneHHH OT 

H . Ha pnc, 3 TaKoe snnoH3MeHeHne son&T-aMnepHhiX xapaKTepucTHK IIQ o2 

7 
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PHc. 4. 3aaHcHMOCTh H 
3KCnp •• 
c2 ' 

3Kcnp • 

aKcnp. T 06o3 Ha'leHHSI: H OT • 
c3 

• 
0 

+ 
$ 

"~' H II J 
:~1 

H c2 

H = c3 H I R IR -= 0,98 
n 

A aKcnp. II "' H ca , onpeneneHHoe H3 U (I ) o6pa3ua H cooTaeTCTBYJOlllee non10, 

nnSI KoToporo (UII) :Rn, T.e. RIRn=l. 

10 

Mepc yMeHbiUBHllSI II H3o6pa)KeHo B nonynorapHCPMI!'IeCKHX KoopnHHaTax, 

TBK 'ITO HB'!BnbHWA nHHPAHwA y'laCTOK npencTaBnSieTCSI B BHAB KpHBOA 

c sepTHKBnbHOA HII)KH8A '18CTbl0 0 onpenenSIJOWeA KOH8'1Hhll KpHTH'I8CKHI 

TOK. 

Ha pnc. 4 npencTaBn eHa 38BilCHMOCTh 
aKcnp. 

H c2 OT TeMnepaTypbl. 

B6nn::m T = T" 3KcnepHMeHTanbHbie TO'IKH xopowo no)KaTCSI Ha npSIMYJO 

nnmno, 'ITO naeT B03MO)KHOCTb pacc'lnTaTh ( d H 
0

3
2Kcnp. I d T ) T= T =22 Ka. 

3KCTip. 
0 

ilm1 cpaaHeHHSI c TeopHeA 6bina onpeneneHa aenH'IHHa H c 2 ( 0) • 
/13/ 

CoriWCHO , L\nSI cnnasa Nb + 80% Zr XOpOWO BhlnOnHSI8TCSI 38BHCHMOCTh: 

II 8KCilp. ( t ) = 
('2 

8KCnp, (0) (l 
H c2 

2 3KCnp, ( ) 
-t ),TaK 'ITO H 

02 
0 = 104 K3 

nony•WHO nyTeM 8KCTpanonSIUHll K t= 0 nHHeiHOA 38BHCHMOCTH 
H3KC!lp(t2 ). 

c2 

HeKoTopi~e aKcnepnMeHTanbHwe xapaKTepHCTHKH, ycpenHeaawe no HecKonh

KHM o6p83U8M
0 

H 3118'18HHSI, pACC'IllT811Hhl8 TIO ¢opMynaM (1)-(6), co6paHhl 

B Ta6nnuy 1, nony'leHHOe 8KCTiepHM8HT8nhHO 3H8'18HH8 B8pXHero KpHTH'I8C-

Koro nonH nyqwe scero cornacyeTcSI c TeopHeA, y'IHTwBaJOmeA HapSIAY co 

CTIIIIIOBhlM napaMarHeTH3MOM BnHSIHH8 CTIHH-op6HTanhHOrO B38HMOA8ICTBHSI, 

3TO HarmJLlHO HIIn!OCTpHpyeTCSI B Ta6nHU8 II 0 KOTOpaSI naeT OTKnOH8HHe 

II aKCTip,00) OT 3H8'18HHSI
1 

paCC'IHTaHHOrO no COOTB8TCTByJOWel TeopHll, 
c2 

Hy)KHO yqeCTh, 'ITO npH Bbi'IHCneHHH A sO 6bm saeneH pHn nonyweHHit, 

a exonHWHA B onpeneneHHe a H As 0 Koa¢¢nuHeHT Y nony'leH aKcTpa-

nonHuHeA. 

Ha ocaoaaHnH aKcnepnMeHTanhHwx naaawx nonyqeHa 3aBHCHMOCTh oT 

TeMnepaTyphi OTHOWeHHSI H c3 (T) IH 02(T). KaK cnenyeT H3 pH c. 5, Ha KOTO

poM npOBOllHTCSI cpaBHBHHS C TOOpHeH Caa-)l(aMa, onHCbiB810Ill8H TeMnepa
/ 10/ 

TypHLIH xon H *
3 

(T) I H * (T) nnH pa3HbiX 3Ha'leHHii a , B o6nacTH 
c c2 

TITc = 0,6 -+ 0,8 aKcnepHMeHTanhHbie TO'IKH ne)KaT HeCKOnhKO HH)Ke 

TeopeTH'IBCKOH KpHaoii, B To apeMSI KaK a6nHan T Ha6nJOnaeTcSI 3H8'1H-

TenhHhiA poeT 
aKcnp. I H aKcnp. H 

2 
no cpaaHeHHH c npenenhHOR TeopeTH-

aa c 

'IBCKOI aenll'lllHOI 1,69, 
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C npyron cToponw, cornacno 1 npll T.-.T 

c 
B CBepxnpOBOllHifK8X 

pona C 9KCTpeM8i1bHO M8.r:IOH lli1HHO i\ CB06onnoro npo6era 9J1eKTpOHOB 

-8 ) )0 CM cyweCTBeHHyiD p011b ll011*Hhl llrpaTb cpnyKTy8UifOHHhle ABne-

HlfA, ilnA H8WHX o6pa3UOB H3 
-8 

OUeHOK !10 pn nony~lfi1H f ~ 5,]0 CM, 

/12/ B pa6oTe pacc~nTaHo Bi1HAH!fe TepMOlllfHBMHqecKHX ~nyKTyauni1 Ha 

yMeHbWeHHe COI1pOTifBJ1eHHA HH*e R n B o6naCTH H > H c2' 0THOCHTeJ1bH8A 

WHpHH8 "pa3M838HHOCTH" ncpexona 0 h = H \ R R n H c2 

H c2 

non*Ha pacTn 

KaK 1/(T -T) npnT.-.T (rrpennonaraeTCA, ~To[H\ -H ]«H), Ha 
c c R=Rn c2 c1 

pnc. 8 npencTaBneHa 9KcnepnMeHT811bHaA 3BBHCHMOCTb o h oT 1/(T - T), 
3KCrlp

1 
9KC!Ip, 

rne 38 BBJ1HqHHy 0 h npHHATO OTHOlliBHHB 
H c3 R=Rn-1! o2 

H 8Kcnp. 
c2 

TaKHM o6pa3oM, MO*Ho nyMaTb, ~To cnHlllKOM 6onbwag "pa3Ma3aH-

HOCTb" cBepxnpoBO.'lAWHX nepexonoB npn TeMnepaTypax, 6nH3KifX K T c , 

cKopee Bcero Bhl3Bana ~nyKTyaunoHHWMH ABneHHAMH, Bonpoc o ponn noBepx

nocTnoi1 CBepxrrpOBOllHMOCTH Tpe6yeT llOrTOJ1HHTBi1bHbiX H3MepeHHil H I10K8 

OCT8BTCA OTKpbiTbiM, 
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