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IloBhIllIeHHEe TeMOepaTyphbl CBEPXMIPOBOAANIEro nmepexoaa B cljiaBax
Zr — Hf BcnencTtBue s—d-nepeHoca 3JeKTPOHOB M0/ JaBleHHeM

H. 0. Bamkuu), M. B. Hepenosa, E. I'. Ilouaroscknii, B. I. Tuccen

HuctutyTt ¢pusuru tBepaoro tera PAH, 142432 YepHnoronoBka, MockoBckasa 06i1., Poccua

Iloctynuna B pegakuuio 23 uoHa 2003 r.

N3MepeHbI TeMIepaTyphl CBEPXIPOBOAAMMX IepexonoB 1. cmiaBoB Zr — Hf B 3aBUCHMOCTH OT AaBleHUA
o 47.4T'Tla. OGHapy:eHbI cKauky BenuduHbl T, 06ycIOBIEHHBIE NIEPEXOJ0M reKcaroHarbHol w-dassl B OIIK
B-dazy: T. cunaBa ZrgoHfzo Bo3pactaer ¢ 3.2 go 11K npu P = 35.0'lla, a qna cnnaBa ZrgrHfss crauor T,
or 3.4 no 10 K na6miopaerca npu P = 40.9 'lla. N3o6aps! koHueHTpanuonHoii 3asucumoctu T, (c) OIK cnna-
BoB Zr — Hf rauectBenno mopo6usr kpuBbiM T,(c) mna OIK ¢as B cucremax snementoB Vb—IVb moarpynn
npu P = latm. IlonmyueHHble JaHHbIE CBUAETEILCTBYIOT O TOM, UTO BCJIENCTBME 3IEKTPOHHOIO s — d-Iepexona
MeTannbl IVb moArpynnel no KpHUCTalIINYeCcKOll CTPYKTYpe ¥ CBEPXIPOBOAANIUM CBOMCTBaAM CTAaHOBATCA aHa-

IoramMu MeTaulioB Vb MOATpYMIbL.

PACS: 64.70.Kb, 74.62.—c

1. BeBenenme. Pa3Butue MeToNOB pacueTa 30H-
HOU CTPYKTYpPBI METAJIOB B MOCIEIHNE TPHU JECATHUIIE-
THUA MO3BOJIIO NMEPENTH K OLEHKEe CTabMIbHOCTH KpHUC-
TaNIUYEeCKUX CTPYKTYP B 3aBUCUMOCTH OT BIEKTPOHHOM
KoHdurypanuu u obbrema (cm., Hanpumep, [1-3]). Has
MeTalllIOB, CTOALINX B Hauale nepuonoB Tabmunsl Men-
ZeneeBa, GbLIO NOKAa3aHO [2], YTO BCIEACTBUE CMELIEHUSA
Y3KO# d-30HBI OTHOCUTENLHO JHA SP-30HBI NPU CKATUU
JOJEH MPOUCXOIUThL IEPEeHOC $-3IEKTPOHOB B d-30HY.
Ilepexonnr Zr v Hf npu BBICOKMX OaBleHHAX U3 TeK-
caroHansHoit w B OIIK (-¢a3y BcnexacTBue pocra cra-
6unbHocT OIIR cTpyKTyphl ¢ yBelMUeHMEM 3amoiHe-
HUA d-30HbI GBITK NpefcKasaHbl [4] MpaKTUYECKH OJHO-
BPEMEHHO C UX DKCIIEPUMEHTANbHBIM OTKPbITHEM [5—9)].
Coruacue pacueTra U DKCIIEpUMEHTa NOJ0TPEJIo UHTEPEC K
npobieMe 3JIeKTPOHHEIX § — d-NEPEX0/I0B N0 JaBIECHUEM.
HaBnenue w— (3 npespamenus npu 20 °C paBao ~30I'Tla
s Zr u ~71T'la gna Hf. Tutan npy KOMHATHON TeM-
nepaType NepexoauT B $asbl ¢ OpTOPOMOUYECKOi CTPYK-
Typoit qumb npu gaBienuax 116—140I'a, a B-dasa He
o6pasyerca mo 220TTIa [10—12]. Ilo Mepe yBenuuenus
TOYHOCTH PacyeTOB yJaI0Ch TEOPETUUYECKH ONKUCATh BCIO
HOCNIE0BAaTENbHOCTh a@—w— (3 $a30BLIX IpeBpaleHunii B
Zr u Hf nox naBnenuewm, Hauunasa c I'llY a-¢a3ssr, cra-
6unbHoi npu P = larm [13-15]. Takum o6pasom, npu
BBICOKMX JaBIEHUAX M0 3aM0THEHUIO d-30HBI U KPUCTAal-
IuyecKuM cTpykTypam Zr u Hf ctanoBaTca aHanoramu
MetamtoB Vb rpynnel Nb u Ta.

Axaxama u fp. [3] pacnpocTpaHuIM 3Ty aHANOTHIO U
Ha CBepXMpoBojAlUe CBoiicTBa, o6HapyxuB, uto OITK
Zr npu P = 30T'Ila umeeT npumMepHO Ty e BEIUUYNHY
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T., uto u OIIK Nb npu armocdepHOM naBlIeHUHU, B TO
Bpems Kak ucxogueie I'ITY ¢daser Zr u Hf umeroT Huskue
3HaYEHUA TeMIepaTyp CBEPXNPOBOAANLINX nepexonoB T,
paBHele 0.7H u 0.35 K, coorBercTBenno. A mna OIIK Ta
u Nb xapakTepHs! ropaszgo Gonee Beicokune 3HaueHud 71,
(5.4K un 9.25 K, cooTBeTCTBEHHO).

U3meHeHue 31eKTPOHHON KOHGUrypanuu u ynono6-
neHue MeTamnoB noarpynnel Ti metannam Vb rpynnsi
JONMHO BECTH K APKUM 3(dderTamM moj AaBlIeHUEM U
B UX CIIaBaX, TaKk KaKk JIeTMPOBaHUE CaMO ABIAETCA
(arTOpOM, BIVAIOIMM Ha B3aMMOPACHONONEHUE YPOB-
ua @epmu u ocoGenunocteii d-zous! [1]. IIpu neruposa-
HUU BaHaAuA, HUOOMA U TaHTana MeTamnamu IVb rpyn-
nel 3HaueHud 7, 3ameTHO Bo3pactaioT. CliefoBano omu-
JaTh, YTO KOHIEHTpalloOHHad 3aBUCUMOCTb 1. 6yner
uMeThb Nojo6Hylo ¢opmy u B cnunaBax IVb—Zr mocne
nepexona B (-ta3y nox gaBinenueM. Ho uccnenosanus
(a30BBIX NEPEXOA0B U CBEPXNPOBOIUMOCTH B GMHAPHBIX
cninaBax IVb—IVb nox maBienueM orpaHUUMBAIOTCA CHUC-
Temoit Ti—Zr. Ilna cnaaBoB Ti—Zr GblI0 MoKasaHo, YTO
napamMeTpnl TOYKM TpoiiHOro o —w — [ paBHOBecuA Ha
T — P-quarpamMMe CUILHO NOHUKAIOTCA N0 CPaBHEHUIO C
ynucThIME MeTalnamu [16], a mocie nepexoja CuIaBoB B
(-dpaszy TemmepaTtypa CBepXIpPOBOAAIIEro Nepexoaa Bo3-
pacTaeT C pOCTOM KOHIIEHTpaluu TUTaHa, focturasa 15 K
B CIlIaBe sKBHATOMHoro cocrasa TiZr mpu 47I'la [17)].

IloBenenune nox naBIEeHMEM CTPYKTYPBI M CBEPXNPO-
BOJANIMX CBOUCTB cnuaBoB Zr — Hf npeactaBaseT ocobblit
untepec. Ilockonnky o6a BIeMeHTa CKIOHHBI K U3Me-
HEHUIO BIEKTPOHHON KOoHUrypanuu, ¢ GeHOMEeHOIOru-
YeCKOH TOYKHU 3pPEHHA N0 MepPe POCTa JAaBIEeHUA MOMKHO
O}XMAaTh pealusalnuy nepexojga oT cucteMsl IVb—IVD K
anamory cucremsl IVb— Vb nocne saneKTPOHHOM U CTPYK-
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TYypHOIl NepecTPOWKKM B HUPKOHUU M Jallee K aHalory
cuctemsl Vb— Vb nocne nepectpoiiku B rapuun. Jannas
paGoTa ABIAETCA DKCIEPUMEHTAIBLHBIM HCCIeJOBaHNEM
ceepxnpoBoaumMoct Zr — Hf cnnaBoB, comepamux o
33 ar.% Hf, npu maBnenusax mo 47 I'lla, BoIoTh 10 UX me-
pexona B (3-¢asy.

2. Metoauka. Hccrmenyemble crniaBbl GbLIM MPH-
rOTOBIEHbI U3 NPYyTKOB woauanoro Zr u Hf, nepemnnas-
JIeHHBIX B BaKyyMe 30HHOU minaBKoil. UucrToTra ucxon-
HbIX MeTaiwioB Obuna Beime 99.95at1.%, BrIouas mpu-
Mecu BHeapeHusA. CTPyHKY, Hape3aHHYIO U3 UCXOZHBIX
MeTallloB, MEXaHUYECKH TIepeMENINBAlU B HYAHBIX TPO-
MOpUMAX U mpeccoBanu B popme nunuuHapoB. CTepuu,
coctaBieHHble U3 10 oTAENBHBIX HMINHIPOB, NOJABEpPra-
¥ MHOT'OKpaTHOMY HepemiaBy B Bakyyme. HKoneuHsblii
COCTaB CNIABOB GbLI OmpejeNneH ¢ TOMOUIbIO TOKaNIkHOT0
pPeHTreHoCneKTpanbHOro MuKpoananusaropa JXA -5 u
cocrasnan 20.6+0.5 u 33.6+0.2a1.% Hf.

CBepXxmpoBoAmIie Nepexoanl GUKCUpOBaNy Kak aHo-
MaluM Ha TeMNepaTypHOUl 3aBUCUMOCTH MAarHUTHOMU
BocnpuumumnBoctu X(7'), namepsaemoil Ha nepeMEHHOM
Toke. IIpecc, U3roToBNEHHBI U3 HEMAarHUTHBIX MaTePH-
aloB M UCHONBL3YIOWUil alMa3Hble HAKOBANLHU, a TaKMHe
npouue JeTany u3MepeHuit onucansl paree [17]. YToGsr
UCKRIIOYUTEL BiIuAHNE 3G (EeKTOB, CBA3AHHBIX C MEXaHU-
yecKoil penakcanueil mpecca Npu oXJamJeHUU, Omnpeje-
JleHNe JaBleHNUA 110 CABUTY NIOMUHECIIEHTHOM TUHUU PYy-
61Ha MPOBOJUJIM TOCIE OTOrPeBa mpecca A0 KOMHATHOMU
TeMIepaTyphl B KOHIle [IUKJIA OXJaMIeHUA U Harpesa.

3. PesyanTatel. Ha puc.1 npencrasnens! nsobapu-
yeckue Kpussle X (7T') pna cnnasa ZrgoHfsg, uamepennsie

v (arb. units)

T (K)

Puc.1. KpuBble MmaruuTHo# BocipuuMmuuBocty x (1) cnna-
Ba ZrgoHfs0, MamepeHHble B mpollecce Harpepa IpH yKa-
3aHHBIX 3HaueHUAX JaBleHuit. I'paduueckoe ompeneneHue
BenruuuH T. pasbAcHeHO Ha npumMmepe uzobaps! 35 'lla

npu HarpeBe o0pa3noB. IlomoGHBII e BUI UMEIOT KpU-
Boie x(7T') nas uuctoro Zr v cnnasa ZrgyHfs3. Craunu Ha
kpuBbIx X(T') oGycioBneHb CBEPXIPOBOAALIMMY IEPEXO-
namu B w-tdaze (2.5 < T, < 3.5RK) u B B-daze (T, > 9K).
Craurku Ha usobapax 19.0, 24.6 u 29.4T'1la gna oxgHo-
($a3HBIX COCTOAHMII clilaBa ¢ wW-CTPYKTYPO#H — KpYThIe.
Crauku, cOOTBETCTBYyIOIINE OByX(}asHbIM w+3 cocTos-
HUAM cluiaBa npu AaBneHuax 35.0, 39.1 u 43.0I'lla, 60-
Jlee pa3MbIThIE BCIEACTBUE MUKPOHANPAEHNH U ader-
Ta GnusocTu. 3Hauenusa 7T, onpefenAluch Kak TOUYKU
nepeceyeHrA MeMIY KacaTelbHOM K Yy4YacTKY KpPYyTOro
nagenua kpuBoil x(T') ¥ npomoIKEHUEM ee BBICOKOTEM-
nepaTypHOro rOpM30HTAILHOTO y4yacTKa, KaKk MoKa3aHo
cTpenkaMu Ha puc.l.

3aBucuMocTu T, oT naBieHuA MiIA w-u [-¢da3 uuc-
Toro Zr u cnnaBoB ZrgoHfyg u ZrgyHf33 npuBenens: Ha
puc.2. Rak u nna nMpKOHWA, HUMKHUN YUaCTOK KpH-
Boii T.(P) 1o ckauka cOOTBETCTBYeT w-(ase, a BEpXHAA

12 o 7r .
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Puc.2. BiuAHue [aBieHWA Ha TeMIepaTypy CBEPXIPOBO-
asmero nepexona B Zr [17], ZrgoHf2o u ZrerHfss

yacThb —3-ase. ITo ompeleneHO CTPYKTYDPHBIMH H3-
MepeHUAMH in situ, pe3ynbTaThl KOTOPBIX OyAyT Omy6-
JTUKOBaHbI mo3ske. I3 puc.2 BUAHO, YTO TeMmIepaTyphl
CBEpXIIPOBOJALIEro nepexona w-u [-¢pas oboux uccnemo-
BaHHBIX CIINIaBOB COBMNAJalOT B Npejelax 3KCIepUMEH-
TanbHoi morpemnoctu. Jlunuu T,.(P) ABnfiorca mps-
MBIMH C HaKIOHaMu K ocu nasienuii dT,./dP, paBHbIMU
+0.042K/T'Tla ansa w-daser u —0.122K/I'la pua B-tda-
3bl. JlaBlneHud Havana ¢a3oBoro nepexoja w—3, COOTHe-
CEHHBIE C MOABIEHHUEM COOTBETCTBYIOMUX [-dase cKay-
koB x(T), cocraBusator 29TIla gaa yucroro Zr, 35T'Ila
nna ciunasa ZrgoHfog u 40.9TTIa mna cnnaBa ZrgyHfss.
Ilpunumasn naBnenue w— (3 nepexona B cuctemMe Zr—Hf
JTUHeliHON (yHKUMell KOHIEHTpaLUU U DKCTPanoaupys
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ee Ha uucTeiit Hf, nonyuaem Benuuuny ~65I'Ta, uto
6nu3Ko K nuTepaTypHoMy 3Havenuio 71T'Ta [9)].

Ha puc.3 gna nByx 3HaueHuil naBieHUA u3oOpase-
HBI n306apuyecKkie KOHIIEHTPAUOHHbIE 3aBUCUMOCTH T,

12 A-——— == A

T. (K)

—A— 7r — Hf (29 GPa)
4+ —e— Zr — Hf (43 GPa)

0 10 20 30 40 50
Group IV metal (at %)

Puc.3. 3aBucumoctk BennuuH 7. oT comepsanua Hf uim
Ti pna (-tda3 cnnaBoB Zr — Hf npu paBnenuax 29I'lla u
43T'lla, u cnnaBoB Nb—Hf u V —Ti [18] npu atmochepHom
JaBIeHUH

ona (-dasel uccnemoBaHHBIX cmiiaBoB Zr — Hf u jpna
CpaBHEHUA HAHECEHbI aHANOrUYHbIe 3aBUcUMOCTH T, 1A
IOBYX TBepAbIX (3-pacTBopoB 3i1eMeHTOB Vb u IVD rpynm,
a umeHHo, cinnaBoB Nb—Hf u V- Ti [18]. Hso6apuuec-
raa kpusas qia P = 43 'lla nocTtpoena no sxcneprumeH-
TanbHO onpezpeneHHoit 3aBucumoctu T.(P) ua puc.2 u
uzobpanena mupHoit nuuueil. M3oGapuueckasa KpuBas
ana P = 29T'Tla nocTpoeHa mo sKCIepUMEHTAILHOMY
3HaueHuio T, YNCTOro HMUPKOHUA M TOYKaM, MOJYYEeH-
HbIM JHMHENRHON 3KCTpamoiflueil YKCHepUMeHTalbHbBIX
auuuit T,(P) pna cunaBoB ZrgoHfag u ZrgyHfss. Oua no-
KaszaHa mrTpuxoBoii Kpusoit. Ormerum, uro T, gna 3-Zr
npu P = 29T'la npakTuyecku coBnajgaetr ¢ 1, 4yucToro
HUOOUA npu aTMoc(HEPHOM JaBIEHUU.

W3 puc.3 BuAHO KaueCTBEHHOE CXOJCTBO BCEX UYETHI-
pex KpHUBBIX H300apuyeckoii 3aBucMMocTH T, OT KOH-
nenTpanuu Mertamnaa IVh rpynnet (Hf wau Ti, coot-
BerctBenHo). Kak B OIIK TBepabix pacTBopax cucTeM
IVb—Vb npu atmMocepHOM [aBIEHUU, TaK U B TBEPIbIX
B-pactBopax cuctemsl Zr —Hf (to ects IVb—IVb) npu
BBICOKMX AaBineHuAX 7T, ¢ yBelnveHWEM HKOHIEHTpaLUU
anementa IVb rpynnst (Hf ana cucremsr Zr —Hf) cuava-
lla BO3PacTaeT, 3aTeM MepPexXoquT uepes3 MOoNoTUil MaKkcH-
myM. Ilpu BeiGpanHbIXx 3Hauenusax pasienwuit 29I'lla u
43T'Tla Bce ueThIpe KPUBBIE CXOAHBI HE TONBKO HO ¢op-
Me, HO U 10 NOJOKEHUIO MaKCHMyMa, PacloloeHHOIo
B MHTepBale Kounentpanuit 25— 30at.% Hf uau Ti.
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IockonbKy mpAMBbIE METO/bI ONpPENENeHNA CTENeHU
3arMoMHeHNA 30H MOJ] JaBIeHUeM OTCYTCTBYIOT, O 3amoi-
HEHMM MOMHO CyAUThb TONbKO KOCBEHHBIM IIyTEM IO IKC-
nepuMeHTanbHbIM AaHHbIM. llonyuyeHHbIe Ha chiaaBax
AKCMepPUMeHTAaNbHbIe JaHHbIE HATJIAMHO MOATBEPH AT
uzeu o s—d-31eKTpoHHOM nepexoje B Zr u Hf nox neiicT-
BueM naBienus. zo6apuueckue kpussie T (c) gua OIK
(asbl B UCCIEOBAaHHOM CUCTEMe DU BHICOKOM JaBIE€HUU
no ¢opMe GIU3KM K aHATOTMYHBIM KPUBBIM Il CUCTEM
IVb-Vb (uanpumep, Ti—V, Zr—Nb) npu atmocdeprom
naenenuu. To ectw cnuaBel Zr — Hf npu naBieHuax BbI-
e o6pasoBanuna OIIK ¢assl, ¢ KoTOpoit U cBA3LIBaeTCA
8 — d-3neRTPOHHBIN nepexof, Kak GyATO MpeBpalaloTCA
u3 crunaBoB IVb—-IVb B cnnaBer IVb - Vb anementos. Cy-
I[ECTBEHHO, YTO MONHOE UYKCIO BaJeHTHHIX 3IEKTPOHOB
$+d He U3MeHAETCA, a MPOUCXOAUT TOILKO UX Mepepac-
npejeleHyre Memay NoA3oHaMu. JTOT (aKT OTUYETIUBO
YKa3bIBaeT Ha TO, UTO B (JOPMUPOBAHUU KPUCTAILIUYEC-
KOl CTPYKTYpPhI ¥ CBEPXIPOBOAALIMX CBOWCTB METAaNI0B
IVb u Vb noarpynn neproanveckoii cuCTEMBI 3IEMEHTOB
OMpeJeNnfIoNyi0 POlib Ur'PAeT UMEHHO CTEleHb 3alolHe-
HUA d-30HBI, a He MOJTHOE YKCJIO BAIEHTHBIX 3J€KTPOHOB.

AsToper 6naromapar B.T.T'neGoBckoro ¢ coTpymuu-
Kamu 3a npuroroBieHue cmiaBa u C. A.3BepbKoBa 3a
pPeHTreHoCneKTpanbHbIi aHanu3 cnuaBoB. PaGora BbI-
noaHeHa npu noaaep#ake [Iporpammer llpesugnyma PAH
“@usnKa ¥ XMMHA SKCTPEMalbHOTO COCTOAHUA BELIECT-
Ba” u npoexta Poccuiickoro ¢oHga ¢pyHAaMeHTATbHBIX
uccnenoBanuii # 03-02-17005.
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