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BBEAEHHE 

nocne OTKP~T~~ CBepxnpOBOAHHKOB BTOporo POA8 npOBOAHilHCb 

MHOfOl.IHCileHHble H3MepeHHR TennonpOBOAHOCTI-1 3T\11X MaTeplo<'lailOB npH 

HI13KHX TeMnepaTypax C ~eilbiD HCCileAOB8HHA MeXaHH3MOB B38HMO

Ae~CTBHR 3IleKTPOHHO~ H ~OHOHHO~ CHCTeM, onpeAeilR~~~~~X Tenno

nepeHOC B o6pa3~ax, H8XOAA~HXCA B HOpM8IlbHOM H CBepxnpOBOAR

~eM COCTOAHHAX. MHOfO pa6oT nOCBR~eHO HCCileAOBaHH~ HH06HA paa

HOi:1 4HCT0Tbf/1,2/, eCTb \.13MepeHHA H8 cn.naeax HHAHR·/31 1-1 CBHHU,i3/4/, 

a T8K*e Ha HHTepMeTai1IlH4eCKHX COeAHHeHHAX CO CTPYKTypoH A-15, 

Hanp~Mep, Ha Nb3 Sn 151 , v3s1 161 • 

60ilbWHHCTBO HCCI1eAOB8HHH TennonpOBOAHOCTH Cni18BOB nepeXOA

H~X MeT8IlilOB npoBeAeHO H8 CHCTeMax C OTHOCHTeilbHO HH3KHMH 

CBepxnpOBOAR~HMH KpHTH4eCKHMH napaMeTpaMH,TaKHX, HanpHMep, K8K 

Nb-Ta 171 , Nb-Mc./21 H AP· Ha cnnaeoe c BbiCOKHMH KPHTH4eCKHMH 

napaMerpaMH noApo6Ho a-tccne?oaaHa HH3KoTeMneparypHaR rennonpo

BOAHOCTb CHCTeMbl Nb-Zr'/B·U • ,Q11F1 CHCTeMbl Nb-Ti AO CHX nap 

H3BeCTHbl T011bKO ASHHble OTAe!1bHbiX H3MepeHHH, orpaHH4eHHbiX ya

KHM AHanaaOHOM TeMneparyp H He6011bWHM Ha6opoM KOH~eHTPS~HH. 

npH 3TOM pe3y11bTSTbl 0TAe11bH~X aBTOpOB OT!1H4a~TCFI KaK no 3Kcne

PHMeHT811bH~M 3Ha4eHHFIM, TaK H nO HX TeOpeTH4eCKOH HHTepnpera

~Hio1 I 12· 14/ .. 

XapaKTep aaaHMOAeHcrBHFI 311eKTPOHOB H ¢oHoHoa, onpeAenR~~HH 

TeMneparypHOe noBeAeHHe rennonpOBOAHOCTH, CH11bHO 38BHCHT OT 

o6nacTH TeMneparyp, a raK~e creneHH aarpR3HeHHR Marepa-tana. 

KpHTepHeM HeCOBepweHCTB8 KPHCT81111H4eCKOH peweTKH B K8KOH-TO 

Mepe RB11ReTCFI OTHOWeHHe conpoTHBneHHH p 300 /p 0 =r. Y caepxnpo

aoAHHKOB c BbiCOKHM r /HanpHMep, y v3 Si r=25/6/: y AOCTaT04HO 

4Hcroro HH06HR r=lS-24/1/ I a HopMailbHOM cocroRHHH npeo6.naAae·r 

311eKTpOHHaR KO.MnOHeHTa rennonpOBOAHOCTH H TOilbKO C nOHIII~eH!IIeM 

reMneparypbl AO T/Tc.:: 0,3-0,5 Ha4a-tHaer Hrparb aHa4HTenbHY~ 

ponb ¢oHOHHaR rennonpoaoAHOCTb/ 1• 5 •6 ~. B caepxnpoaoAHHKax era

pore POA8 C HH3KHM 3Ha4eHHeM f /K HHM npHHSA.fle~aT H cnnaBbl 

nepeXOAHbiX MeTa!1110B C 60J1bWHM CO~epr.taHHeM OAHOH H3 KOMnOHeHT, 

TaK, Hanp~Mep, y Nb 75Zr 25 r= 1,8' 111 ; y Nb40Ta 60 r= ·3,6 121 I 

H3-3a CH11bHOrO pacceFIHHFI 3J1eKTpOHOB Ha MHOr04HC.neHHbiX Ae¢eK

TSX, B nepay~ 04epeAb Ha npHMeCHbiX STOMSX, 3!1eKTPOHHSFI KOMno

HeHT8 TennonpOBOAHOCTH CTOilb Mana, 4TO y~e B HOpMa!1bHOM co

CTOFIHHH CpaBHHMa C ¢OHOHHOH. 8 CBepxnpOBOAFI~eM COCTORHHH npH 

BCeX TeMneparypax ¢0HOHHaR KOMnOHeHTS ASeT rJ18BHbiH BKJ1SA H npH-
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BOA~T K XapaKTepHOMY MaKC~MyMy, KOTOP~~ Ha6n~AaeTCR Ha MHOrHX cnnasax, s TOM ~.~~cne Ha cnnasax nepeXOAH~x MeTannoe ·/2, 1~9!~. 
HacToR~aR pa6oTa noceR~eHa ~ccneAOBaHH~ TennonposoAHOCTH cnnasoe c~cTeM~ H~o6~~-THTaH c 6onbW~M coAep*aH~eM OAHOH H3 KoMnoHeHT H c paanH'-IH~MH CTPYKTYPH~MM Ae~eKTaMH c ~enb~ B~RsneH~R MeXaHH3MOB pacceRHHR 311eKTpOHOB H ~HOHOB B 06p8348X, 

H8XOAR~HXCR B csepxnpoBOAR~eM ~ HOpM811bHOM COCTORHHRX. 

3KCnEPHMEHTAnbH~E PE3YnbTAT~ 

Mbl HCCJ1eAOB8IU1 TeMnepaTypHOe nOBeAeHHe TennonpoBOAHOCTH cnnaaoa Nb 10o-,Tiz cX~20,55,60,65,78 aT.%. 06paae~ N'l!0 T~0 H3Y48JlCR T011bKO B peKpHCT8J1JlH3088HHOM COCTORHHH /OT*Hr OPH 1000°C B Te4eHHe 1 4/, OCTaJlbH~e- B X0110AHOAe~opMHPOB8HHOM /8/ H peKpHCT81111H30B8HHOM /A/ COCTORHHRX. ~3MepeHHR nposeAeM~ B HHTepsane TeMnepaTyp OT 4,2 AO 30 K. 06pa34~ H MeTOAHKa H3-MepeHHI1 Om1C8Hbl paHe~/151, TaM >Ke npHBeAeH~ peayJlbTaT~ H3MepeHHR 
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aneKTpoconpoT~BneH~R, KP~T~4ecKoH TeMnepaTyp~ ~ aepxHer.o Kp~

T~4ecKoro nonR acex HaaaaHH~x a~we o6paa~oa. XapaKTepH~e TeM

nepaTypH~e 3aB~C~MOCT~ TennonpOBOAHOCTH o6pa3~0B 8 peKpHCTan-

11~30BBHHOM COCTORH~H npeACTSB11eH~ Ha p~c.1a-a. 8 HCCfleAOBSH

HOM Ar-tana30He KOH~eHTpaLt~H HSfilliOASeTCR yMeHbWeH~e TennonpOBOA

HOCT~ c yaen~4eHHeM COAepmaH~-tR TI-1TaHa. Op~-1 T .<T c "!caepxnpoao

ARU\ee COCTORHHe/ TeMnepaTypHbiH XOA TennonpOBOAHOCTH N"tsoTi 20 

CHllbHO OTI1~4SeTCR OT k(T) o6pa3~0B C 6611bW~M COAepM<SHHeM 

T~TaHa: y Nb 80 Ti20 ~MeeT MeCTO MaKc~MYM np~ T =5 K: Tennonpo

BOAHOCTb OCTB11bHbiX o6pa3~08 HeH3MeHHO yMeHbWBeTCR C nOHHM<eHHeM 

TeMnepaTyp, Y X0110AH0Ae¢OpM~POBaHHbiX o6pa3~0B 3TO YMeHbWeH~e 

e~e 6onee peaKoe. B cnnaaax c 65-55 aT.% Ti peKp~cTann~aa~~oH

H~H OTM<Hr np~BOAHT K yae11H4eHHIO TennonpoBOAHOCTH Ha 10-40% no 

cpaBHeHHIO C XOI10AHOAe¢opMHpOB8HH~M COCTORHHeM, TOrAa KSK B o6-

pS3Ue Nb22 Ti78 Ten.nonpoeoAHOCTb yMeHbWaeTCR nocne peKpHcTa.n.nH

aauHoHHOro OTmHra Ha 40-50% H Ka4eCTBeHHO H3MeHAeTCR ee noae

AeHHe npH nepeXOAe o6pa3~a B CBepxnpOBOAR~ee COCTOAHHe /CM. 

p~c. 1 a ~ r:J. 

05CY~aEHHE PE3YflbTATOB 

1. TennonpoBOAHOCTb 06pa3~0B B HOpMal1bHOM COCTORHHH 

B HCc.neAOBaHHbiX HSMH cnnaaax Nb-Ti npH TeMnepaTypax Tc.<T .< 

<30 K 311eKTpOCOnPOTI-1BJ1eHHe B npeAellaX T04HOCTH H3MepeHHR HMeeT 

nOCTOAHHOe 3HS4eHHe, COOTBeTCTBYIOIJ.Iee OCTST04HOMY/l"<'.3TO CBHAe

Tel1bCTBYeT 0 npeHMyiJ.IeCTBeHHO ynpyroM pacceRHHH 311eKTpOHOB Ha 

npHMeCHbiX aToMax. B TaKHX npo~eccax pacceRHHR cpeAHRR AllHHa 

cao6oAHoro npo6era 311eKTPOHOB AllR Tennoaoro H aneKTpH4ecKoro 

nepeHocoe HAeHTH4Ha H Bb!nonHReTCR aaKOii BHAeMaHa-4lpaHLI.a, TaK 

4TO 311eKTDOHHaR TennonpOBOAHOCTb o6pa3~a B HOpMallbHOM COCTOR-

HHH k (~) HMeeT TeMnepaTypHyiO 3SBHCHMOCTb BHAS 

k (n) = T/ f3 • • 
/1/ 

/2/ 

Po - YAellbHOe OCTaT04HOe conpoTHBneHHe; Lo - 4HCI10 nopeH~a 

/L 0 ~ 2,455-10-8 -BT·OM-K-2 /. 

A6comoTHbte aHa4eHIIIR Po y AaHHbiX cnnasoe o4eHb BbiCOKI-1 /co

oTBeTCTBeHHO AfllitHb! CB060AHOrO npo6era 3JleKTpOHOB f 6 Mallbl/. 

CorJlacHo ¢lopMyne /2/ 3Hai.JeH~<-1Fl Ko3¢¢~r~ul4eHTa pacceRHt-1:A f3 TaK>Ke 

BbiCOKH 1-1 pac-ryT c ysen!-14eHwel-t KOHl.le~-<ITPa~a.-n1 nnaHa. 3To npHso

AIIIT, B COO~ 04epeAb~ K 04eHb MaJ1biM 8eJ1~4~HaM 3J1eKTPOHHO~ H non-
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Ta6JIHI.J;a 1 
XapaKTepHCTH'tleCKHe napaMeTpbi o6pa3n;0B B peKpHCTa.TIJIH30BaHHoM 

/A/ H XOJIOAHOAe~OPMHPOBaHHOM /B/ COCTO~HH~X 

06paall!>l T0 ,K Jl.,MK OM CM 'Z jJ, IO~cM K<: /BT t 11,ro-"cM 

~bsoTi2o(A) 9,J5 21,0 1,75 8,b 2),6 
. 

(A) 10,30 58,3 1, 31 23,9 8,5 
~b45Ti55 

9.84 6),0 1.37 25,8 7,9 (ll) 

\JibJ5Ti,;5 
(A) 9,78 71,) 1 • 16 29,2 

' 
7,0 

(B) 9,39 79,6 1,2) 32,6 6,3 
(A) 8,96 110,9 1,04 45,5 4,6 

Nb22Ti78 

I (ll) 7' 17 117,8 1,04 48,1 4.4 

/Nb/1/ 9,12 0,68 I 24,3 0,47 520 I 

llb40Ta6of7/ 5, 52 9,07 i. 3.4 3,70 53 

Nb75zr25t11/ 10,89 28,0 ' I 1,-8 11,5 -
i 

HO~ TennonpOBOAHOCTH no cpaBHeHH~ C APYrHMH CBepxnpOBOAHHKaMH 
BTOPOro POAa·ll~'2'~. 'Po , r 

1 
{3 H f e H3MepRBWJ.1XCR o6pa3t.l0B Ha

PRAY c nHTepaTYPH~MH AaHH~MH npeACTasneH~ s Ta6n.1. 
~11R $OHOHHOH CHCTeM~ peweHHe KHHeTH4eCKoro ypaBHeHHR C y4e

TOM BCeX MeXaHH3MOB B3aHMOAeHCTBHR MO~HO npeACTaBHTb Ha OCHO
BaHH~.f/16/ Clle,QyiOLqHM o6pa30M: 

kp(T) ~ kJ(2w 2tJ2 v
8 

)-
1 T' 8 Fe•x 4(e'-1)-2 r elf (x) dx, /3/ 

0 
rAe X=~/k8T, ks - nOCTORHHaR 60Jlb~MaHa, w - 4aCTOTa KOJ1e6aHHR 

~OHOHOB, V
8 

- CKOpOCTb 3ByKa. 3$$eKTHBHOe epeMR penaKca~HH $o-
HOHOB r err onpeAenReTCR H3 epeMeH penaKca~HH or_,qenbHbiX npo-
~eccoe pacceRHHR. B 4aCTHOCTH' AllR HJ.13KHX_ TeMnepaTyp T err (x) 
B HOPMallbHOM COCTORHHH, eCJlH Y4HT~BaTb pacceRHHe ¢QHOHOB Ha 
311eKTpOHaX, AHCJlOKa~HRX H T04e4H~X Ae¢eKTax, npeACTaBnReTCR 
B B"H.Ae 

/4/ 



Er , Dr , Pr - Koa~~H4KeHTbl speMeHH penaKCB4HH pacceRHHR ¢o

HOHOB Ha 3JleKTPOHax, AHCJlOKS~HRX ~ T04e4H~X Ae~eKTSX COOTBeT

CTBeHHO. B IlHTepaType npH onHcSHHH $OHOHHoH TennonposoAHOCTH 

o6~4HO HcnonbayeTcR npH6nHmeHHoe a~pameHHe a BHAe npaaHna 

MaTHcceHa 

1 E D kW'- TT +TT +PT, /5/ 

E, D, P- K03$~H4HeHT~ TennoconpoTHBileHHR ¢oHoHos npH pac

ceRHHH Ha 3JleKTPOHSX, AHCI10KS4HRX H T04e4H~X A~eKTaX COOTBeT

CTBeHHO. npH 3TOM MexaHHSM~ pacceRHHR ~OHOHOB paCCMaTpHBB~TCR 

KBK He38BHCHMble· H OTAeilbH~e TennoconpOTHBJleHHR 0011Y4a~TCR ny

TeM HHTerpHpOBSHH.R no <l>OpMyne /3/ C Tef( ,COOTBeTCTBY~W.HM OA

HOMy 113 cnaraeMblX <PopMyilbl /4/. 
3KcnepHMeHT8IlbHOe 3HS4eHHe ¢QHOHHOH KOMnOHeHTbl TennonpOBOA

HOCTH 'k(n) Mbl nony4anH 113 HaMepReMoH ae11114HH~ nonHoH Tennonpo

BOAHOCTHPk(n)nyTeM Bbl4HT8HHR 3IleKTpOHHOH KOMnoHeHTbl, paCC4H

TSHHOH no ¢opMynaM /1/ H /2/ c 3KcnepHMeHTSJlbHO onpeAeneHHblMH 

3HS4eHHRMH p o': 

k(~) - k (n) - .!.,. 
{3 

/6/ 

80 BCeX HCCJleAOBSHHbiX cnnaaax B HOpMSilbHOM COCTORHHH <l>OHOHHSR 

H 3JleKTpOHHSR KOMnOHeHTbl no a6COJl~THOH aeJlH4HHe - OAHOrO no

PRAKS. KaK BHAHO H3 pHC. 1 , y o6paa4a Nb 80 Ti 20 <l>OHOHHaA Tenno

npoaoAHOCTb B HOPMBJlbHOM COCTORHHH COCTSBJl.ReT npHMepHO 20% 

nOilHOH TennonpOBOAHOCTH, y SCeX XOI10AHOAe¢opMHPOBSHHblX H pe

Kp•cTann"30BaHH~X o6pa340B c 55-65 aT.% Ti - 40-60%. H3 cpaa
HeHHR pHC.lB H ~ CileAyeT, 4TO pa311H4HR TenilOnpOBOAHOCTH Y 

Nb 22Ti 78 s xonoAHOAe~opMHPOBBHHOM H peKpi1CTannHSOBaHHOM co

CTORHH.Rx CB.R38Hbl C CHilbHblM yMeHbWeHHeM ¢OHOHHOH KOMnOHeHTbl 

nocne OTmHra /B XOilOAHOAe<l!OPMHpOBSHHOM COCTO.RHHH-60%, a B pe

KpHCT81111H30BSHHOM TOilbKO -30% OT noJlHOH TennonpOBOAHOCTH/. 

npH SHSI1113e ¢QHOHHOH TennonpOBOAHOCTH cnnasa B HOpMBilbHOM 

COCTORHHH HeB03MOmHO p83Ae11HTb 311eKTPOHHblH H AHCI10KS4HOHHblH 

BKI18Abl TennoconpOTHBJleHH.R $OHOHOB 113-38 OAHHSKOBOH TeMnepa

TYPHOH aaa11CI1MOCT1-1. B paMKax npaa11na MaT~cceHal cor nacHo ¢op

Myne /5/ ¢OHOHHS.R TennonpOBOAHOCTb MOmeT 6blTb 3anHCaHa B BHAe 

1 E* 
-k(n)T - TS + p ' 

p 

E *- E(l + D/E). 

171 

/8/ 

Ha p11c. 2 aKcnepHMeHTSJlbHble 3Ha4eHH.R ¢oHOHHoH TennonposoA

HOCTH, nony4eHHb1e no <l!OPMYJle /6/, npeACTSBJleHbl B HOpMYIPOBaH.:. 
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PHc.2. ~OHOHHan TennonpoBOAHOCTb 
06pa3Qa B HOpManhHOM COCTORHHH 
I o - peKpHCTarutH3oBaHHbie, • -
xono~Ho~eWopMHpoaa~e o6pas~/. 

~PHc.3. TeMnepaTypHan 3aBHCHMOCTh 
WoHOHHOft TennonpOBO~HOCTH o6pa3-

l ~a B HOpManbHOM COCTOHHHH. i -
anrrpOKCHMaL\H>I IIO 4JopMYIIaM /3/ 
H /4/; 2 - arrnpoxcHMaqHn no ~op
MYJie /5/. 

HbiX KOOPA~HaTax 1/k(;) • t H 1/t:3 , rAe t =T/T c • CpaaHeHHe c <!lop
MynaH /7/ noKa3NBaeT, 4To npH6RH*eHHe a BHAe npaBHna MaTHcce
Ha AOCTaTO\.tHO XOPOWO OOH-CbiBaeT 3KCnepHMeHTartbHble peaynbTaTbl, 
.nony\.feHHhle OTCIOACJ K034t<IJHJ4HeHTt:.l E*, p n-peACTaaneHbl B Ta6n. 2. 
KpHable, pacC'#1TaHHt.le c noMOIJlbiO 3BM no <!>op><ynaM /3/ H ;4;, Aan~ 
Anfi ecex HccneAoBaHHbiX cnnaaoa xopowee cosnaAeHHe c 3KcnepH
~eHTOM so sceH H3Mep~sweHcR o6nacTH TeMnepaTyp. B Ka4ecTae 
npMMepa Ha PHc.3 npeAcTasneH o6paae4 Nb8oTi 20 • 3KcnepHMeHTant.
Hble T04KH HH>Ke -T c -R011Y4eHbl H3 H3MepeHHH 8 MarHHTHOM nolle 
H'> H c2 (T). 8J..t..qHO, '-ITO AJ1R T .<20 K Kp.Hable, pacc4HT-iiHHble no 

$QpMyne /3/ H npasMny HaTHCCeHa,, nonHOCTb~ coenaAa~T. KaK 
6y,qeT noKaaaHo ,qanee, Ha ocHosaHHH Te~omepaTypHoro noBeAeHI-1R t(;> 
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Ko:3qxpmJ,HeHTbi TeilTloconpoTHBJiemul flloHOHOB 

w4~K3/ar ro4~'K3/BT 
1\le 
~ 

D · _! Nd, 

a TOM-I ro<>cot K3 /BT' wroCM.-:. 

1\lb /1/ 8,) 8,3 1,10 - - -

:Nb8oT:i2o{A) 2,6 2,6 0,83 J,J 0,4 3 

il\lb45Ti55 
{A) 1,5 1,3 0,58 4,6 2,0 17 

{B 1,7 o.8 0,41 4,9 9,4 75 

{A 3,1 0,86 6,) 2,6 21 
!. 3,4 
[lllbJSTi65 {B 3,9 2,5 0,79 7,0 14 114 

{A 7,2 7,0 1,23 17 2,0 

Nb22T:i78 
{B 3,0 0,7 0,37 8 23 

Ta6Jrnua 3 

Ko3~qHeHThl BpeMeHH penaKc~ ~acceHHHH ~OHOHOB 

18 

203 

06paae~ro9{Kc)-I Doc, IG9{Kc~ Pc,ID5(0c)-I DotfE<t 

Nb80Ti20{A) 4,6 0,07 - 0,015 

Nb45T:i55 
{A) 1,6 0,20 0,52 0,125 

{B) 0,6 0,77 - 1,28 

NbJ5T:i65 
(A) 3,2 0,26 1,39 0,082 

(B) 2,4 1,30 - 0,542 

l\lb22T:1.78 
{A) 8,2 0,21 5,50 0,026 

(B) 0,32 1,08 - 3.J8 

. 

MO>KHO ou,eHHTb ae.nH4HHY E r/Dr , 3Ha4eHHR KOTopo\:1 AJ'lfl pa3Hb1X o6-

pa3l.I08 npH8eAeHbl 8 Ta6!1. 3. Ec!1H npeAnoi10MU1Tb, 4TO D/E =Dr /Er , 

TO no ¢opMy~e /8/ MOmHO onpeAeilHTb K03¢¢HU,HeHT pacceAHHfl ¢oHo

H08 Ha 3!1eKTPOHax E. CooT86TCT8Y~He aHa4eHHA Ailfl paaHbiX o6-

pa3l.I08 npeAcTa8IleHbl 8 Ta6n. 2. Ko3¢¢Hu,HeHT E ceAaaH c nnoTHOCTbto 

3IleKTPOH08 Ne,y4aCT8Yto~HX a npou,ecce pacceflHHA ¢oHoHoa 1 1~, 
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191 
rAe 00 - TeMnepaTypa ~e6aR, k 8~- aneKTPOHHaR KOMnoHeHTa TennonpoeOAHOCTH OpH B~COKHX TeMnepaTypaX. KaK BHAHO H3 Ta6n.2,y peKPHCTBJ111H30BBHH~X o6pa3408 KOH4eHTPB4HOHHaR 3aBHCHMOCTb E H N e HMeeT MHH-YIMYM npH cpeAHHX KOH4eHTpaLIHRX. YMeHbweHI-Ie E H COOTBeTCTBeHHO N8 • T.e. 3~eKTHBHOCTH pacCeRHHR ~OHOHOB HB 3JleKTpOHaX, CBH~eTeJlbCTByeT 06 H3MeHeHHH 3JleKTpOHHO~ CTPYKTypbl OPH .qo6aaneHHH BTOpoi:1 KOMnOHe-HTbl K 4HCTOMY nepexO,LIHOMY Me·Tanny. 00A06HaR TeHAeH4HR KOH4eHTPB4HOHHOi1 3aBHCHMOCTH H 6nHaKHe no a6COJ1~THOi:1 BeriH4HHe 3Ha4eHHR K03~H4HeHTa E HB611~AB11HCb AJlR c~cTeM NJ>.Zr18•9• 111, NJ>.Ta"2•71 ~ Nh'Mo"2:' B Ta6n.2 np~ao-ARTCR TaKme 3Ha4eHHR K03~H4HeHTa pacceRHHR ¢QHOHOB ~a AHCJ10Ka-4~RX D, a~4~cneHH~e no $opMyne /8/. Ko3$$~4~eHT D nPRMO nponOP4HOHaneH nnoTHOCTH AHcnoKa4~~ N0 , y4acrayiD~~x a npo4ecce pacce.AHH.A ¢OHOHOB Jt')/,: 

/10/ 
r,qe ·Y - nOCTO.AHHaR rpiDH8~3eHa, b - BeKTOp 6IDprepca. KaK BHAHO H3 ra6n. 2 ~ aHa4eHHR D 11 N0 cy~qecreeHHO Bblwe y xono,qHoAe¢OPMHpoaaHHblx· 06pa340B, 4TO YK83blBaeT HS 50JlbWO~ BKna,q pacceRHH.A ¢oHOHOB Ha ,q~oo~cnoKa4HRX /cooreercray~ee rennoconpor~oo~sneHHe cocraanReT· 40-80% npH T=T c or nonHoro rennoconpor~aneHH.R ¢oHoHoa/.6onbwoe paanH4He s aHa4eHH.Rx D All.R peKpHcTallnHaoaaHHbiX o6paa4oa c 55-78 aT.% Ti c OAHOH cTopoH~ ~ o6paa4a Nh80 Ti 20-c ,qpyroH, no HaWeMy MHeHHID, He CBR38HO C pacce.RHHeM ¢oHOHOB Ha ,qHcnoKa4H.RX. 8blcoKHe rennoconpor~oo~eneHH.R D/T2 Ha6niD,qanHCb TaK>Ke ,q.n.A Nb 20zr80 :ItO/ "' ,qn.R Nb 45Ti 55 .no,qaeprHyroro peKpHcrann~oo~aa4HOHHOMY OT>KMry np~oo~ 1600 OC./18/ ,H 6bln~ o6D.AcHeHbl npo.RaneHHeM aHoMa!lbHbiX pacceRHHH ¢oHoHoa. BoaMomHo~ npH4HHoH TSK-HX SHOMSJlHti Moryr 6b1Tb, HSOPHMep, Bbl,qeJleHH.R MeJlKHX 48CTH4 Meracra6HllbHOH 0-¢aabl, xapaKrepHble All.R cnnaaos c BbiCOKHM co,qep>KaHHeM Ti HJlH Zr. 8 Ka4ecrse MexaHH3MOB pacce.AHH.R paccMarpHaaiDTC.R, HanpHMep, TyHHeJlbHble OP04eCCbl Me>KAY {J- H 0-¢a3SMH.f 19/ HJlH pacce.RHHe ¢0HOHOB Ha HOpM8JlbHbiX 3JleKTpOHSX 8 0-4aCTH4aX120,( Ha pHc.4 npeACTaaneHa KOH4eHTPS4HOHHa.A aaBHCHMOCTb Ko3¢¢H-4HeHra-pacGe.AHH.A $QHOHOB Ha ro4e4Hblx ,qe¢eKrax. EcnH paaMepbl ,qe¢eKTOB MeHbWe AllHHbl BOJ1Hbl Cl>OHOHOB .\ph , TO pa,cce.RHHe OPOHCXOAHT no aaKOHy Pene.R. 8 aroM cny4ae K03¢¢H4HeHT P MO>KHO npe,qcraaHTb B BH,Qe P-Np ·82 , r,qe 8- SMOilHTy,qa pacCe.RHH.R, Np KOH4eHTPS4H.R T04e4Hb1X ,qecpeKTOB. ,ll.n.R CnllSBOB C 60J1bWHM Co,qep>KaHHeM O,qHOH H3 KOMOOHeHT, B TOM 4HC!le All.R HCCJle,qosaHHbiX COJlaBOB Nb-Ti, N p BblpamaeTCR 4epea KOH4eHT"P84HIO nerHPYIDuteH KOMOOHeH-Tbl C': Np- C(1-C)2 :18/, a S AOCTaT04HO xopowo onpe,qeJl:AeTCR H3 
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PHc.4. KoH~eHTpa~HOHHaR saBHCH

MOCTb K03~HqHeHTa paCCeRHHR 

WoHOHOB Ha ToqeqHMX geWeKTax P 
AJIH CilJiaBOB HH06Hft-THTaH B pe- ;i 
KPHCTa.JIJIH30BaHHOM .(0) H XOnO,D;HQ- ~ 
ge!PopMHpOBaHHOM (e) COCTORHHRXo 0.. 

10 

1 - KpHBaH, Bbl\IHCJteHHaa no Wop- s 

M)'ne /II/ c e0 m;/24( 2 - KOH-, 

~eHTpaq:H:OHHaR SaBHCHMOCTb BenH-

"qHHhl (l>M/!;l) 2 
• 

z 

• 
• 

--___ .2.-----

"o~~~~~~~~~~~~~ 

Nb ar.%T; 

pa3HOCT~ MaCC 6M ner~py~~~X aTOMOB ~ aTOMOB MaTp~4~: 

8 2 = _1 ( t>Ml% 
- l2 M ' 

rAe M - cpeAHRR Macca aToMoa. 
AnR ~ccneAoBaHH~x o6paa~oa a AaHHO~ o6nacT~ TeMnepaTyp 3TOT 

MexaH~3M pacceRHHR HMeeT 6onbwoe aHa4eH~e 1-'ta-a·a a~coKoro co

Aep~aHHR aToMoa ner~py~~eH KOMnoHeHT~. KaK B~AHO \.13 p~c.4 

~ Ta6n.2, B AaHHOM A~ana30He KOH~eHTpa4~~ K03$$H4HeH~ac
TeT c yaem'l4eHHeM KOH~eHTPa4\o1Y1 Ti. KoH4eHTPa4HOHHaR •aaBHCHMOCTb 

K03$¢YI4vteHTa p HCCJleAOBaHH~X o6pa340B XOpOWO OnHCblaaeTCR a~
pa~eHHeM 

/11 I 

2. TennonpoaoAHOCTb o6paa4oa a caepxnpoaoAR~eM cocTORHH~ 

MHKpOCKOn\o14eCKaR TeopHR Ha OCHOBe SKW 6~na paapa6oTaHa re~

nYIKMaHOM 1o1 KpeCHHbiM ·1211 /rK; 111 HeaaaYicHMo 6apAHHblM, PHKaHaeHoM 

vt T oaapAOMJ 221 /6PT I. 06a aapYiaHTa TeopvtH, onYICbiBaR 3neKTPOHHy~ 
TennonpOBOAHOCTb, orpaHH4HBa~TCR ynpyrHM pacceRHYieM 3neKTPOHOB 

Ha npHMeCRX, AnR $OHOHHO~ KOMnOHeHTbl pacCMaTpHBa~T TOnbKO pac

CeRHHe ¢OHOHOB Ha 3neKTP0HHbiX B036Y*AeH\o1RX. Ha OCHOBaHHvt 3THX 

TeOpl-1~ 3neKTpOHHYIO TennOnPOBOAHOCTb k~') MO>KHO npeACTaBYITb 

B BHAe 
k(s) 

-•- = </J(Y) 
k ~) /12/ 

y = f>(T) ;;; f>(T) f>(O) , a f>(T) - TeMnepaTypHaH 3aB~C~MOCTb 
ksT l>(O) ksT t>(O) 

3HepreTH4eCKO~ ~envt nO TeopHH 6KW. ~~),RBnRRCb yHHBepcanbHO~ 

¢YHK4\o1e~ 3HepreTH4eCKOH ~enH \o1 TeMnepaTypbl, MOHOTOHHO naAaeT 
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c yMeHbWeHHeM TeMneparyp~. TaKHM o6paaOM, 3neKTPOHHY~ Tenno
nposoAHOCTb o6paa~a 8 csepxnpoBOAR~eM COCTORH~~ MM onpeAenRn~ 
no ct>oPMYnaM 111 " 1121, Hcnonb3YJI An" pac'<eTa ¢(y) no TeopHH 
rK 3Ha4eH~R 3'HepreTJ.ot4eCKOi1 ut.e-n~ H3 pa60TbiJSSI lAnA NbsoTi 20 
2.1.(0) =·3,2 kBT c( ,AnJI OCTanbHbiX 06pa3~oB npHHHManH 2.1.(0) = 
= ·4,1 k BT c/ • k :) , KaK BHAHO Ha PHC, 1, CHJlbHO yMeKbwaeTCR C 
noHHmeHHeM TeMnepaTypbl, TaK 4TO AnR ·cnnasa s csepxrrposoAR~eM 
COCTORHHH onpeAeJlRK>U.teH CTaHOSHTCR ¢KJHOHHC3.A KOMOOHeHTa. 

Ha OCHOSaH~H TeOpHi1 fK ~ 6PT ~OHOHHaR TennonpOBOAHOCTb 
C Y4eTOM TOnbKO paCCeRHHR ~OHOHOB Ha 3fleKTpOHHbiX a6a6ymAeHHRX 
/T. e. npH Dr = Pr = 0 I npeACTaBnReTCR a BHAe 

k~8)=(2~r2f. 3 v8 )-
1 k~ T 3 f x 4e'{e'-1)-2 [E,g(x,y)xT]-ax/131 

0 
g(x, Y) Bblpa*aeTCR B anre6paH4eCKOM /TeopHR rK/ HJlH HHTerpanb
HOM /Teop"" 6PT I BHAe. OTHoweHHe t<;> I k ~n) JIBnJieTCR YHHeep
canbHO~ MOHOTOHHO pacTy~eH C yMeHbWeHHeM TeMnepaTypbl ~YHK~H
eH, KOTOpaR aaBHC~T OT 3HepreT~4eCKOH ~enH. 

i)c)HQHHYIO TennonpOBOAHOCTb k(~ Mbl onpeAellRilH TaK >Ke, KaK 
AflR 06paa~a B HOpMaJlbHOM COCTORHHH, nyTeM Bb14HTaHHR 3neKTpOH
HOH KOMrlOHeHTbl ~a 3KcnepHMeHTanbHbiX_ 3Ha4eHHH k (s) ·: 

k (s) = k (s) - ¢(y) ..! .. 
p {3 1141 

KaK OTMe4ai10Cb BbiWe, pa3I1H4HR TeMnepaTypHOrO XOAa TennonpOBOA
HOCTH HCCJleAOBaHHbiX cnnaBOB B CBepxnpOBOAR~eM COCTORHHH CBR3a
Hbl C pa3Hb1M OOBeAeHHeM ~OHOHHOH KOMOOHeHTbl. 0TCYTCTBHe MaKCHMy
Ma Ha KPHBbiX k~) /CM. pHC.16,r/, 04e8HAHO, CBHAeTeJlbCTByeT 
o 6onee 3Ha4HTenbHOH penH pacceRHHR ¢KJHOHOB Ha T04e4HbiX Ae~eK
Tax H AHCnOKa~HRX 00 cpaBHeHHIO C paCCeRHHeM Ha 3neKTPOHHbiX B03-
6ymAeHHRX. B CBR3H c 3THM Mbl nonbiTallHCb a paMKax ~opManHaMa 
Kannaea;t1161 pacwHpHTb 4JopMyny 1131, 3anHcae k~) e BHAe 

k<•>=k:(2~r2t'8v )- 1 T 3 rx 4e'(e'-1)-lE,g(x,y)xT+D, xT+P,x~"::-l!x. 
p ' 0 1151 

no ¢KJPMYI1e /15/ H 3KCOep~MeHTanbHbfM 3Ha4eHHRM k(:) C OOMOtqbiO 
3BM 6bfnH onpeAeneHbl K03~~H~HeHTbf Er, Pr H Dr,KOTOpble npeA
cTaeneHbl e Ta6n. 3. JlnR HeKOTOPbiX o6pa3~oe IHanpHMep, Nb80Ti20 (A); 
Nb45 Ti 55 (B) HAP·/ TaKoH pac4eT oKaaancR eoaMOmHbiM TOJlbKO 
npH ycnosHH Pr-.. 0. Bbr4HcneHHble no ~opMyne /15/ aaeHCI-1MOCTH 
k(8) (T) , KaK BHAHO H3 p1-1c. 5, Aa!lH xopowee coenaAeHHe c 3Kcne
pHMeHTOM. JTO 00390JlReT onpeAeJllo1Tb COOTHOWeHHe Me*AY 3neKTPOH
HbfM H AI-1CJlOKa~HOHHbfM BKnaAaMH 9 pacCeRHHe ~OHOHOB no Bell~4~He 
DrIEr /npHBeAeHa a Ta6n. 3/. 6onbwHe 3Ha4eHHR Dr /Er AnR 
BCeX XOJlOAHOAe¢KJpM~POBaHHbiX o6pa3~0B roeopRT 0 cytqeCTBeHHOM 
eKnaAe TennoconpoT~eneHHR, o6ycnoeneHHoro e nepay10 o4epeAb 
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a 

-. . ,, 

B 

,, "' 

6 

PHc.S. ~HOHHaR TennonpoBO~HOCTb 

~CTanttH30B3HHYX o6pa3~0B B 

CBepxnpoBOAft~eM COCTOHHHH. 1 -

annpoKCHM~R no $QpMYne /15/; 

2 - annpoKcHM~H no WoPMYnaM 
/3/ H /4/ /HOpMaHbHOe COCTORHHe/; 

O, • - ~KCnepHMeHTanhHMe TO~

KH. 

6 

' I 
" 

''" 
.. 30 

PHc.6. TeMTiepaTypHaa saBMCHMOCTh WoHoHHoA Tennonpoao~

'iiOC"TH AJlfl o6p33IJ;OB B peKpHCTaJIJ1H:90B3HHOM. (O) H X-On-oAJ{O

AeWopMHpOB3HHOM(•) COCTOHHHRX. 1 - annpOKCHM8UHfl no 

$0pMYn'a.M /3,4/; 2- annpoKCHMaiiHR no $0pMYne /15/. 

I + o6osHaqaeT T e I. 
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pacceRHHeM ¢oHoHos Ha AHCI10K64HRX - D/T2. B 3TOM cny4ae yMeHbweHHe pacceRHHR ¢QHOHOB Ha 3JleKTpOHH~X B035Y~AeHHRX npH nOHHmeHHH TeMnepaTyp~ He npHBOAHT K B03P6CT6HH~ $0HOHHOH Tennonpo-BOAHOCTH, KaK 3TO Ha6niOAaeTCR np1-1 MaJ1biX D1 IE r • 3To xopowo BHAHO H3 pHC.6 npH cpaBHeH~ KPHBbiX, COOTBeTCTBYIO~HX pa3HbiM cocTORHJ.iRM o6paa1.1oB. A.rlR peKpHCTannHaoaaHHoro o6paa1.1a N\2'Ti78, XOTR OTHOWeHHe 0, /E, M6J10, yseJ1H4eHHe k ~s) npH nOHH)f(eHHSoi TeMnepaTypbl ~e CTo.nb 3Ha4HTenbHO, KaK A11R o6paa4a Nb
80Ti.2<7 ;TaK 4TO Ha nOJlHOH TennonpOBOAHOCTH 3TO He OTpa)f(aeTCR BOBCe /CM~ pHC. la H s/.3TO,no-BHAHMOMy, ofiDRCHReTCR CHJ1bHbiM BllHRHHeM pacceRHHR ~oHoHoB Ha To4e4HbiX Ae~eKTax, MeHbWHX A~h,T.K. P y peKpHCTanm1aosaHHoro o6paa~.ta Nb

22 Ti78 aenHKo /CM. Ta6n. 2/. 

BbiBO,llbl 

HccneAoBaHHR TennonpoaoAHOCTH cnnasoa HHo6HH-THTaH, nposeAeHHwe a AaHHoH pa6oTe, noKaaanH cneAY~~ee: 
1/ HH3KHe 3Ha4eHHR TennonpOBOAHOCTH J.1 ee KOHLteHTpaLtHOHHaR 3aBHCJ.IIMOCTb o6bRCHR~TCR MaJloH Be11H4J.IIHOH 3JleKTpOHHOH KoM-noHeHTM, 4TO CBR3aHO 

npHMeCRX. 3JleKTpOHHaR 
afiCOil~THOH BeJ1H4HHe. 

C CJ.IIJlbH~M pacceRHHeM 3JleKTPOHOB Ha 
H ¢OHOHHaR KOMnOHeHT~ OAHOrO nOPRAKa no 

2/ ~OHOHHaR TennonpOBOAHOCTb o6yC110B11eHa pacCeRHHeM ¢OHOHOB Ha 3JleKTpoHax, AHCilOKa~.tHRX, T04e4H~X Ae¢eKTaX H aHoMaJlbH~M pacceRHHeM. 0Ha onpeAenReT paanH4HR TeMnepaTypHoro XOAa nonHoH TennonpoBoAHOCTH A11R o6paa4a Nb80 Tl 20 H o6paa4os c 55-78 aT.% Ti,HaXOAR~HxcR a caepxnpoeoAR~eM coCTORHHH. BnHRHHe pa3H~X OP04eCCOB pacceRHJ.IIR Ha ¢OHOHHY~ TennonpOBOAHOCTb CHilbHO aaBHCHT OT KOHLteHTPa4HH H CTpyKTypHOrO COCTORHHR 06pa3Lt0B. 
3/ TeopeTH4ecKaR TeMnepaTypHaR aaeHCHMOCTb ¢oHOHHOH TennonpoaoAHOCTH AilR cnnaaoe KaK a HopMaJlbHOM, TaK H a caepxnpoao

AR~eM COCTORHJ.IIRX XOpoWO cornacyeTCR C 3KCnepHMeHTaJ1bH~MH AaHHbiMH. 

4/ 8 X0110AHOAe¢opMHpoBaHHbtX o6pa34aX BKJlaA pacceRHHR ¢OHOHOB Ha AHCJ10Ka4HRX TaK aeJlHK, 4TO yMeHbWeHH~ pacceRHHR ¢OH0HOB Ha 3JleKTPOHaX 8 CaepxnpoBOAR~eM COCTORHHH He npHBOAHT K 3Ha4HTeJ1bHOMY H3M6HeHH~ ¢QHOHHOH TennonpoBOAHOCTH. 
51 8 peKpHCTailnHaoaaHH~x o6paa4ax c 6onbWHM coAep~aHHeM THTaHa· 1 rio-BHAHMOMY, aHOMailbHble np04eCCbl paCCeRHJ.IIR ¢OHOHOB, CBRaaHH~e C npHCYTCTBHeM BbtAeJleHHH W -¢a3bl, orpaHH4HBa~T B03pacTaHHe ¢oHOHHOH TennonpoBOAHOCTH B CBepxnpOBOAR~eM COCTORHHH, KaK Ha6niOAaeTcR B o6paa4e Nbso Tl2o . 
6/ rlOBbiWeHHe TennonpoBOAHOCTH B o6pa34aX C 55,60 H 65 aT.% Tinocne peKpHCTannH3a4HOHHoro OT*Hra no cpaaHeHH~ c Tenno-
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npOBOAHOCTb~ 3T~X o6pa3~0B B XOJ10AHOAe¢opM~POBaHHOM COCTO~H~~ 

CB~3aHO B nepsy~ O~epeAb C yMeHbWeH~eM pacce~H~~ ¢OHOHOB H8 

A~Cil'?Kal.l~~x. YMeHbweHV1e Tennonpo80AHocnt 8 Nb22 Ti 78 nocne oT

)f{~ra o6DfiCHfleTc~ c~JlbHbiM aoapacTaH~eM pacce~H~~ $OHOHoB Ha 

TO~e~HbiX Ae¢>eKTax, KOJ1!114eCT80 KOTopblx eoapocno Ha-aa BbiAene

HH~ APYn1X ¢a3. 
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