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PACS: 05.70.Ln, 61.72.Bb, 61.72.Cc, 62.20.Fe

J1.C. MeTnos, B.H. BaptoxuH

MOAENMPOBAHNE 3AKOHOB YIMPOYHEHWA MNMPU MO OB bEMHbLIX
TBEPAbIX TENT METOOAMW HEPABHOBECHOW 3BOJTFOLIMOHHON
TEPMOONHAMUKN.

[. SBABUCMMOCTWN OT NAPAMETPOB 3AOAYU

HoHeuknii PU3NKo-TEXHUYECKUI MHCTUTYT uM. A.A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CtaTtbsa noctynuna B pegakumio 20 mapta 2012 roga

B pamxax nepasnogechoii 360110YUOHHOU MEPMOOUHAMUKY PACCMOMPEHA 83AUMHAS K-
HemuKa makux oeghekmos, Kax OUCIOKAYUYU U SPAHUYbL 3ePEH 8 MeMAIax npu oopabom-
Ke ux memooamu uUHmeHcusHou niacmudecxkou Odegopmayuu (UII), u paccmompeno
BIUAHUE IMOU KUHEMUKU HA 3AKOHbl YNpouHeHus. 3adaya ucciedo8ana npu pasiuyHolx
sapuayusx napamempos MoOeu. Ycmanosientvle 3aKOHOMEPHOCTIU NO3BOIAIOM JIyuule
NOHSAMb PONb GIUAHUSL SUOPOCMAMUYECKO20 0A8IeHUs (NPOMUB0OAsIeHUsl) HA NPOU3BO0-
CcmMeo uzyueHuvlx munos oeghexmos. Iloxazano, umo 6 npenebpedceHuu K8AOPAMUYHbLLMU
BKAAOAMU NO 2UOPOCMAMUYECKOMY OABIEHUI0 POCH HOCIEOHE20 NPUGOOUm K nooasie-
HUI 2eHepayuu ecex munosg degexmos. Haobopom, necudpocmamuueckue KOMROHEHMbL
Hanpsicenuti (ynpyeux oegopmayutl) se1s10mcs 21A6HOU NPUHUHOU 2eHepayuu 0egex-
mog. Ycemarnosneno, umo medxncoy npouzsoo0Cmeom 00H020 muna degekmog (Hanpumep,
ouciaoxkayuil) u 0pyeo2o (Hanpumep, epaHuy 3epeH) cyuecmeyem ROJONCUMENbHAL 00-
PAmHas cés13b, CNOCOOCMBYIOUAS 63AUMHOMY YCULEHUIO UX NPOU3B00CMEA.

KuroueBble ¢JjI0Ba: MHTCHCUBHAS IUIACTUYECKas JedopMalvs, HEpaBHOBECHAS TEPMO-
MUHAMHUKA, KHHETHKA, 3aKOHBI yIPOYHEHUsI, ACHEKTHI, TUCIOKAINH, TPAHUIIBI 3epeH,
JlaBJICHUE

O6pabotka meramnoB metonamu WIIJ[ siBiasieTrcs omHuM M3 Haubosee mep-
CHEKTUBHBIX METOJOB MOJYUYECHHS] MAaTEPHAJIOB C BBICOKUMH (DU3UUYECKUMU U Me-
xaHn4yeckuMu cBoictBamu [1,2]. IIpu Takoit 06paboTke 0co00e BHUMAHHE Y-
asieTcs BompocaMm (HOpPMUPOBAHMS MPOYHOCTHBIX CBOWCTB, U3YUEHHIO MEXaHU3-
MOB TUIACTUYECKOU AedopManuu, MPUBOISIIUX K TAKUM CBOWCTBAM, U BIUSHUS
Ha 9TH TPOIIECCHI Pa3IUYHBIX (AaKTOPOB, B TOM yHucie pa3mepa 3epHa [3—8]. B
JlonenkoM (PU3UKO-TEXHHUECKOM HHCTUTYTE NJIsi OMUCAHUSA TaKUX MPOIIECCOB
pa3BUBaeTCS HOBBIM TEOPETHYECKUU MOAXOJ — HEPAaBHOBECHAs HBOJIIOI[MOHHAS
tepmoaunamuka (HOT) [9-18]. Ero ocHoBy cocrtaBisitor 1-if u 2-if 3aKOHBI Tep-
MOJMHAMHUKHA B COYETAHUU C SBOJIOUMOHHBIMH ypaBHeHusMU Jlannay. OcHOB-
Has 3a/1ada MoJXoja 3aKJIIYaeTCs] B MCCIEJOBAaHUU KHHETHKHU JNe(eKToo0pa3o-

© N.C. MeTtnos, B.H. BaptoxuH, 2012
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BaHUSl B MHOTOYPOBHEBBIX CHUCTEMAaX C HECKOJIbKUMH THIaMU Je(pEeKTOB C yue-
TOM MX B3aHUMOBJIMSIHMS, YTO IO3BOJIIET MOJAEIHMPOBATh 3aKOHBI YIPOUHEHHUS
00beMHbIX TBepbIX Ten mpu UTTI.

Cratbs cOCTOUT U3 ABYX yacTell. B nmepBoii kuHeTuka aeekroo0pa3oBaHus U
3aKOHBI YIIPOUYHEHMS UCCIEAYIOTCS NIPU Pa3INYHBIX 3HAUCHUSAX ITapaMETPOB MO-
JIeJI1, BO BTOPOH — JOTOJHUTEIBHO YUUTHIBAETCS 3aBUCUMOCTh UX OT TeMIepa-
TYpbl ¥ BUJa HaNPsSHKEHHOI'O COCTOSAHUA. Bo BTOpO# yacTu Oyaer Takxe o0Cyx-
JIeHa Hujies, OCHOBaHHas Ha MoHUMaHuu B pamkax HOT ponu ruapocraTudecko-
ro JaBjeHHs (MPOTHBOJABIECHMS), KOTOpas MOXXET OBITh IMOJIOXKEHAa B OCHOBY
pa3paboOTKH HOBBIX METOJOB 00paOOTKH METAJJIOB WJIM, IO KpalHeil mMepe, Hc-
NOJIb30BaHa ISl ONTHUMM3ALUN PEXKUMOB OO0pabOTKH YK€ CYLIECTBYIOLIUX Me-
tonoB UIIJI.

B kauectBe 6a30Boro tepmoauHamuueckoro noreHnuana B HOT ucnoms3y-
eTcsi BHyTpeHHssi sHeprusi [9-18] wmm >¢dexTuBHAsS BHYTPEHHSSI DHEPIHS
[16,18]. 3agaBas aHANIUTUYECKYIO 3aBHCHMOCTb MX OT IJIOTHOCTEH Ne(deKToB,
MBI OIpeseseM KOHKPETHYI0 MoJenb Mmarepuana. Haubosee mpocrtas monenb
COOTBETCTBYET MOJMHOMHMHAJILHOMY MPECTABIECHUIO 3((HEKTUBHON BHYTpEHHEH
OHEPTUU B BUJIE

u(hg’hD) =uUp+ Z ((POmhm _E(plmhm +§(P2mhm _Z(pﬁimhm +(PgDhghD > (1)
m=g,D

TI€ U), Pgms Pgp — HEKOTOPHIE KOIPMHUIMEHTHI, 3aBUCALIME OT MEPEMEHHBIX §

(paBHOBECHOW YacTH SHTPOIHH) U SZ- (ynpyroii nedopmanun) Kak OT yIpas-

JIOMUX MMapaMETpPOB:

1 2 2,
u0=5x(gg) +u(ef) +Bs?, 2)
* e 1 e 2 e 2 e
Pom = Pom + 8m€ii + Exm (gii) Uy (81]') —Bus+ Bgmsgij ) (3)
Pim = (pikm o 2emgl?i > (4)

/e €;; — IepBbIil HHBAPHAHT TEH30pa YIPYyrux aAedopMaluii, (82) = sg-sj-l- .

CnaraeMble B KpYyTibiX ckoOkax B (1) omuCHIBaIOT BKJIAIbI OT Ka)KI0H OT-
NebHON Ae(EeKTHOM MOACUCTEMBl — MUCIOKaui (MHACKC D) U rpaHull 3epeH
(MHACKC g), TOCIENHEE cllaraeMoe OIKCHIBACT B3aUMOJACHCTBHE IEPEKTHBIX
MOJCUCTEM.

Hecmotpst Ha pocToTy, MOZENb, 3aqaBaemasi cooTHoueHusMu (1)—(4), sBisi-
eTrcst goctaToyHo obmiel. [Iprumem, yTo MOJenb SIBISIETCS OJHO- WM JABYXYPOB-
HEBOM, €CITM OHA OMHUCHIBAET COOTBETCTBEHHO OJMH WJIM J[BA BHUJIA CTPYKTYPHBIX
nedexroB. [Ipumem Takxke, YTO MOJEINb SBISETCS OJIHO- WK JIBYXMOJOBOM, €CITH
MaKCHUMaJbHas CTEMEHb MOJMHOMA 7 paBHA JBYM WM 4eThipeM. MOXXeT ObITh



®du3nKa U TEXHHKA BbICOKHX AaBJjieHuii 2012, Tom 22, Ne 2

TaKXke MOoIyMoJoBoe npuOmmkeHue. KoaumuecTBo Mo onpenensercss KoJauyecT-
BOM YCTOWYMBBIX CTallMOHAPHBIX PEUMICHUA WM MaKCUMyMOB 3(QEKTHBHOI
BHYTPEHHEN SHEPruM: OfHA — B MPUOIMIKEHUN KBaJPAaTUYHOTO MOJIMHOMA, U JIBE —
B IPUOJM)KEHUH TTOJIMHOMA YE€TBEPTOM CTETICHHU.

[TormHOM YETBEPTOH CTENEHU B KPYTIBIX CKOOKax (1) mpH MONOKHUTETHHBIX
3HaYEHUSAX KO3()(PUIHUEHTOB @, MOXKET UMETh JABa MakCUMyma (IBe MOjbl). B
clly4ae JUCIIOKAalMi MoJa, KOTOpas OTBEYAaeT MEHbIIEMY 3HAYEHHIO J1e(hEeKTHO-
CTH, MOXET OINCHIBATh CIIy4yallHOE pacupeneieHue auciaokauui. Mona, koro-
past oTBeyaeT OOJbIIEMY 3HAYCHHIO 1e()EKTHOCTH, MOXKET ONHCHIBAThH JUCIOKA-
L[MU, OPraHMW30BaHHbIE B SYEUCTYIO CTPYKTYpy. Mbl Oyaem orpaHM4MBaThHCS
Clly4aeM OJHOPOJHOTO pacIpee’eHus AUCIOKAalUMi, U T03TOMY OyJeM IpeHeo-
perarb CTapIIMMM CTEHNEHSIMH IIPU ONMCAHUU 3BOJIIOLMM JUCIOKAUN @3p = 0 1
¢4p = 0.

OBOJIOLIMOHHBIE YPABHEHHUS B 3TOM KOHKPETHOM Ciy4yac MOXHO 3aIllicaTh B
SIBHOM BUJIE

oh

a_f =Yh, ((POD —Piphp +Pgphy ) )
Oh
8_tg = th ((pOg _(plghg +(p2gh§ _(P3gh§ +(PgDhg ) . (6)

PaccmoTpum criepyromnmii Habop mapaMeTpoB MOAETU U K03((OUIIMEHTOB s
pacueToB:

A=p=2.08-10"" Pa, gyp =5-10" Jm ', ¢;p =10"2* Jm, gp =210 Jm ",
ip=3.3-10" Jm ', ep=6-102 Jm, g, =04 Jm ~, ;=310 Jm ',
- — -2 5 -2
P =5.6:107 1, 3, =310 Im, g, =12 Im ~, A, =2.5:10° Jm ~,
He=6-10° Jm ™, e, =3.6-107 Jm™', ggp =107 J.

Pacyer KMHETUKH CHCTEMBI IIPU ITUX MapaMeTpax U Kod(pQPUIMEHTax NpuBe-
neH Ha puc. 1,1. VI3 pucyHka BUJIHO, 4TO B MPOLECCE CTPYKTYPHO-(Ha30BOro Ie-
pexoaa KMHETUKA IPAHUL] 36PEH U KUHETHUKA JUCIOKALUN TECHO CBSA3aHbI MEXKIY
coboii. CHauana pocT KOJIMYECTBa AUCIOKALMI HHULUHUPYET POCT IPaHUI] 3€pEH
U IIPOBOLIMPYET HayaJlo CTPYKTYpHO-(ha30BOro nepexona, a HoTOM pocT MIIOTHO-
CTU TpaHUl] 3€pEH MMEHHO B IIPOILIECCE TAaKOIo IEPEX0Aa MPOBOLUPYET POCT
IJIOTHOCTH JTHCJIOKAlUi. Beneacrsue 3TOro KMHETUYeCKass KpuBas I JUCIO-
Kalluil B KaKOH-TO CTENEHMU MOBTOPSET (pOpMy KMHETUUYECKON KpHUBOW 1Jisl rpa-
HUII 3€pPEH.

M3BeCTHO, YTO Ha IUCIOKALIMOHHOM YPOBHE 3aKOH YIPOUYHEHMS OIMCBIBAETCS
cootHoueHueM Teinopa [19,20]:

t=apb\hp (7)
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(rme T — HampspDKeHUe CBUTA; O — KO (PHUITUEHT, KOTOPBIN MEHBIIIE SUHUIIBI; L —

Monynb casura; b — Bektop broprepca; ip — MIOTHOCTH AUCTOKAIH) WA B TEP-
muHax HOT

e =ab\/hp , (8)
e
rae e = t/u.
I
—o10F — — — — 1
2157 J 1
g -0.15 ' i
'—c% 10 2 B oo
A ®.—0.20 1
= ) =
<3 —0.25} 2 ]
O . | , 1 , | , | ) . ) ) . ) |
0 005 010 015 020 0 5 10 15
Z,s hy, 1/um
a o
11
g1k 1
g |
=
S0t 2 |
& F
<05 ]
00~ " 025 050 025 0 5 10 15
Z,s hy, 1/um
a o

Puc. 1. 3akonomepHOCTH JedhekToo0pa3oBaHUs B Mporecce GparMeHTANN: ¢ — KHHETH-
Ka IeeKToB: / — MIOTHOCTh IPaHUIl 3epeH; 2 — IUIOTHOCTh AWCIOKanui (6e3 mTpuxa
OTHOCHUTCS K pe)epeHTHOMY CIIy4alo, CO LITPUXOM — TEKYyIHE 3HaUYCHUs MapaMeTpoB); O —
3aKOH YNpo4yHeHHd: / — ydacTok 3akoHa Xomna—Iletua; 2 — y4acTOK JTMHEHHOro 3aKoHa
YIPOYHEHHSs], CHMBOJIOM R moMeueH pedepeHTHbIN ciryyaid. | — pedepenTaslii cnyyaif; 11 —
py Bapuanuu napamerpa go = 2000; Il — mpu g, = 105 IV — nipu Bapuanun napamerpa
gp= —2-10_6; V — 1715t OTPHIATENBHBIX TAPAMETPOB g = 10* u gp= 2:10°° (manee — HO-
Basi peepeHTHas Mozens); VI — npu Bapuarmu napamerpa Mo VII — mapamerpa fp;

VIII — napametpa 7_ug; XI — mapamerpa A p > X — mapamerpa eg; XI — mapamerpa ep; XII —

napamerpa ¢g; XIII — mapamerpa @3q; XIV — napamerpa ¢gp
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Ha ypoBHe 3epeH Ha HayasnbHOW cTaguu (ydactok / Ha puc. 1,1,6) kpuBas ym-
POYHEHHUST MOKET OBITh alMpPOKCUMHPOBAHA KOPHEKBAPATHUYHONW 3aBHCUMOCTBIO

Trma Xoiuia—Ilerua:
0
ey =¢&; —AJhy 9)

a Ha craguu UIIJ (yuactok 2 Ha puc. 1,1,06, KOTOpbIl cOOTBETCTBYeT Haubolee
OBICTPOMY M3MEHEHHIO IIOTHOCTEH nedextoB Ha puc. 1,1,a) — nuHeHON 3aBUCH-
MOCTBIO

& =¢} —Bh,.. (10)

HMeHHO Takol XapakTep 3aBUCUMOCTU oTMevalics B padote [19].

Tenepb paccMOTpUM XapakTep M3MEHEHUS] KUHETUYeCKUX KpuBbIX (puc. 1,1,a)
U KpUBBIX ynpouHeHus (puc. 1,1,6) B 3aBUCMMOCTH OT 3HaYEHUI TapaMeTPOB MO-
nenu, T.e. kodhduireHToB pa3ioxeHus BHyTpeHHed sHepruu (1). IlepBoe cna-
raeMoe u(y NpeAcTaBiIseT cOO0H BHYTPEHHIOI SHEPIUI0 HJIAIBHOTO YIPYroro
tena 6e3 aedexToB. B Hero BXomsT ynpyras sHeprust 1e()OpMUPOBAHHOTO TeJa C
YOPYTUMH MOJYJISIMM M TEMJIOBas SHEPrusl 3a cyeT TemsonepeHoca 0e3 ydera
BHYTPEHHUX HMCTOYHUKOB Tema (2). OTa sHEprusi He BIMAET HAa KUHETHUECKUE
IPOIIECChl HANPSIMYIO, U NTO3TOMY OHA OTAEIbHO paccMaTpuBaThes He Oyzaer. Ko-
3G GUUMERTI QPog ¥ QPop NPU HAUMEHBINEN CTENEHH B PA3JIOKEHUM BHYTPEHHEH
DHEPTUH MO IUIOTHOCTH N€PEKTOB /g U hp OKa3bIBAIOT HAMOOJIEE CYMIECTBEHHOE
BJIIMSIHAE HA KUHETHKY CHUCTEMBI. JTH K03()(UIIMEHTHI, B CBOIO OYepe/Ib, UMEIOT

CJIO)KHOC CTPOCHHUC B 3aBUCUMOCTH OT YIPABJSIOMUX IMMApaMETPOB § U SZ .

[Ipexe BCcero uccneayem BIMSHUE HA KHHETUKY CUCTEMBI IIapaMeTpa gq, OT-
BEYAIOIIETO 32 BIUSHUE HAa KWHETUKY ACPEKTOB TMIPOCTATHYECKOTO TABICHHS
(uepe3 ynpyryto aedopmanuio). C poctom napamerpa Ha uHtepBaie 12, 1000,
2000, 3000, 5000 (kpuBsie Ha puc. 1,I[,6 cpaBa HanIEeBO) PBOJIOIHUS CUCTEMBI
3ameansercs. [lpu 3nadenusx 3000 u BwilIe KpuBas yOpo4yHEHUs 3arubaercs
Ja)ke B TPOTHBOIIOJIOKHYIO CTOPOHY HM BBIXOAHWT B OTPHUIATEIBHYIO 00JIACTh
3HAQYE€HHH MJIOTHOCTU TPAHUIl 3€PEH, KOTOPhIE HE UMEIOT (PU3HUECKOr0 CMbICTA.
CymiecTBOBaHUE TOYKH, TZI€ KPHBBIC YIMPOYHEHHs 3aruOar0TCsi B MPOTHUBOIIO-
JIO’)KHYIO CTOPOHY, CBUIETEILCTBYET 00 3(pdekTe HAChIIEeHHS, KOT/Ia 1aBlICHHE
00JIbIIIe HEKOTOPOTO KPUTUYECKOTO 3HAYCHUS IMOJIHOCTHIO MOJABISIET e(eKTo-
o0pa3oBaHKe U Jla)ke MPUBOJUT K POCTY CPEIHEro pazMepa 3epHa, T.e. K PeKpH-
CTAJITU3AIUH.

3ame/yieHuEe SBOJIONMM MOXHO HAaOMI0aTh HEMOCPEACTBEHHO MO KUHETH-
4ecKuM KpuBbIM (puc. 1,I1,a) nns cnyvas g, = 2000 (cTanuu ObICTPOro mpous-
BOJICTBA JIe(PEKTOB CMEMIAIOTCS B 00JIACTh OOJBIINX BPEMEH). DTOT pe3yJIbTaT
BIIOJTHE OXUJAeMbIid, MO0 MpU CHABIUBAIONINX HAMPSOHKEHUSIX YCIOBHS IS
GopmupoBanus AePEKTOB yXyMIIAKOTCI, a POCT MapaMeTpa g YCHIUBAET
BIMSHUE THAPOCTATUYECKOTO JaBiieHHs. HekoTopoil HEeO0XKUIAAHHOCTHIO SIBIIS-
€TCSl TO, YTO KOHEYHBIH YPOBEHb IUIOTHOCTHU M T'PAHMII 3€pEH, U AMCIOKALMMA
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IIOYTH TaKOH ke, Kak JJIs pepepeHTHOro cilydasi, XOTsI U JOCTUraeTcs ¢ HeKOo-
TOPOH 3aJE€PKKOM.

IIpu MONOKHUTEIBHBIX 3HAYCHUSX gy M IPHU pacTsukeHnu (&;; >0) koaddurm-

€HT (g PACTET TIPU YBEIMYEHUH KaK Zo, TAK U 8;- . CoBepIIEHHO SICHO, YTO pac-

TSOKEHUE JO0JDKHO o0jerdats (opMupoBaHHE IPAHUL] 3€PEH, MOCKOIbKY CIIOCO0-
CTBYeT (OPMHPOBAHUIO HM30BITOYHOTO 00BEMA, CBA3aHHOTO C CYIIECTBOBAHHUEM
IPaHULIbI, U TAKUM CHOCOOOM IMOBBIIIAET SHEPTUIO IPaHUIlbl. Tenepb MOXKHO MO-
CTaBUTh BONPOC, MOXHO JIU BCECTOPOHHEE PACTSIKEHHME HMCIIONb30BaTh A (hop-
MHUpOBaHUs O0Jiee MEITKO3EpEHHON CTPYKTYphl. PaccMOTpUM KMHETHKY Je(eKTo-

00pa3zoBaHMs MPH MOJIOKUTEILHOM 3HAYCHUH YyIPYTol aegopManum 8; =2.10"°

(puc. 1,II0).

C pocrom mapameTpa g, 1o abCOMIOTHOM BEIMYMHE HAa HHTEpBAle 12-10*
(xpuBbie Ha puc. 1,II1,6 cneBa HampaBo) BOIIONIUS CUCTEMBI YckopseTcs. Kpome
TOTO0, MpeAeTbHbIC 3HAUCHUS TUIOTHOCTH TPAHUI] 3€PEeH U AUCIOKAII MpUHUMA-
10T Oonbime 3HaueHus (puc. 1,111,a), uro u oxunanoce. Ecau Mb1 Oyem npukiia-
JbIBaTh TUAPOCTATUYECKOE JABJIECHUE (SZ <0), To 3T0 OYIEeT 3aMeUIATh IBOJIO-

ITUI0 CHCTEMbI U YMEHBIIIATh MPE/CIIbHBIC 3HAYCHUS IIOTHOCTH jJedekToB (Oyaer
TpyAHEE AOCTUTHYTh MEHBILIETO pa3Mepa 3epHa). OJHAKO 3TO SBISETCS HEOOXO-
JTUMBIM YCJIOBHEM [JISl TOTO, YTOOBI HE JOMYCTUTh Mepexoaa aedekToodpa3oBa-
HUsI Ha Oosiee BBICOKMH YPOBEHb — Ha YPOBEHb I'€HEpallH TPELIUH, U U30eKaTh
MaKpOCKOITUYECKOTO pa3pylieHus BemecTBa. UToObl Ooee 0O00CHOBAaHHO OMpe-
JIeTUTh ONTHUMAJbHBIN KpUTEpUH BHIOOpAa HEOOXOAWMOTO YPOBHS THIPOCTaTHYE-
CKOTO JaBJICHHS, PACCMOTPEHHOW JIBYXYPOBHEBOH MOJEIH HEAOCTATOYHO, M HE-
00X0MMO paccMaTpUBaTh TPEXYPOBHEBYIO MOJIEINb, Ky1a CIIEAYEeT BKIIOUUTD €IIIe
TaKkoH J1e(eKT, Kak MUKPOTPEIIUHBI.

Tenepp uccienyeM BIUSHUE Ha KUHETUKY CUCTEMBI IIapaMeTpa gp MpHU IOJIO-

KUTENBHBIX yIPYTUX IedopMamusax SZ =2-107, Cnenyer oxuaaTh, 4TO Xapak-

Tep BAUSHUSA Oy/JIET TaKUM K€, KaKk U B cllydae ¢ rpaHuiiamu 3epes. Ha puc. 1,IV,0
IIPUBENIEHBI KPUBBIE, KOTOPHIE OTBEUAIOT U3MEHEHMIO ITapaMmeTpa gp IpU 3Hade-
-8 -6

Husix 2-10 ~ u 2-10 ~ (B mopsiake cieoBaHUs HAa PUCYHKE CBEPXY BHM3). MBI BH-
JIM, 4TO, KaK U B CJIy4ae ¢ TPAaHULIAMH 3€pEH, UX SBOJIIOLUS OCYILECTBIIAETCS Obl-
cTpee mpu OoJiblIeM 3HaYeHUU napamerpa gp. OCoOEHHOCTBIO SBISETCS TO, YTO
npezenbHble 3HaYeHUs TNIOTHOCTU AMCIOKALUI CYIIECTBEHHO BBIIIE, YeM B pede-
peHTHOM Mozaenu. Kpome Toro, CyIiecTBEHHO HUXKE pacloyiokeHa KpUBasi yrpod-
HEeHMA, T.€. MaTepual ynpouHsercs cuibHee. [Ipu 3Tom Oojiee BBICOKAs IJIOT-
HOCTh JIMCJIOKAIMd HAmpsIMyH0 B COOTBETCTBHM C COOTHOIIeHHWeM Teinopa mo-
BBIILIAET IPEIEIT IIACTUYECKOTO TEUEHUSI.

[TpencraBnsier HEKOTOPBIA MHTEPEC MPUBECTH I'PapUKU Ui MOJIOKUTEIBHBIX

. . 4
ynpyrux aedopmanuii ajis OONbIIMX 3HAYEHUH TapameTpoB g, = 107 u gp =
-6

=2-10 ~ (puc. 1,V). [lanee umeHHO 3Ty MOAeNb Mbl OyJeM paccMaTpUBaTh Kak
pedepeHTHy1O.
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PaccmMoTpuM Tenepp BIMSHHE HAa KUHETHKY CUCTEMbI IMapameTpa He (puc.
1,VI). Iapametp [1,, Takxe Kak ¥ mapamerp Hp, KOTOPEIA OyIeT paccMOTpeH

no3xe (puc. 1,VII), urpaer nBosikyto poib. C 0JHOH CTOPOHBI, OH TAKUM e 00-
pa3oM yKa3bIBa€T HA 3aBUCUMOCTb BHYTPEHHEW HEPTUU OT CABUTOBOM YHPYrou
negopmanuu, Kak U CABUIOBBIM MOIYJb W (2), C APYroi CTOPOHBI, YKa3bIBaeT Ha
3aBUCUMOCTb BHYTPEHHEH SHEPruH OT IUIOTHOCTH A€()EKTOB COOTBETCTBYIOLIETO
Tra. [lapamMerTpsl [I, ¥ [ MOXHO paccMaTpuBaTh KaK 3aBUCHMOCTb CIABHIOBO-

T0 MOJYJIS L OT Je(PEKTHOTO CTPYKTYPHOTO CTPOCHHUS TBEPIOTO Tella WM KakK 3a-
BUCUMOCTb 3HEPTUU COOTBETCTBYIOIEro TUNa AedeKkra OT BTOPOro MHBApHaHTa
TEH30pa ynpyrou nedopmarmu.

YBenn4eHHe CIABUIOBOrO mapamerpa [, B 10 pa3 akTUBH3HPYET B IEPBYIO
ouepesib N'EHEPALNIO TPaHUL] 3€PEH U YEPe3 NEPEKPECTHBIC BINUAHUS YBEINYUBACT
TaK)Ke TeHEepaInio AUCIOKAIi, oqHaKo B MeHbIlIel creneHu (puc. 1,VI,a). B To
e BpeMsi MaTepuall ympouHsercs ciabee (KpuBas yNPOYHEHHUs PACIOIOXKEHa
BhIle pedepeHTHON kpuBoid, puc. 1,VI,0). [lomoGHbIE KpUBBIE B ciiyyae Bapua-
UM MapaMeTpa [, npuBeneHsl Ha puc. 1,VII. B stom ciaydae, Hao6opoT, 1o
CPaBHEHHMIO C MpPEAbIYIIUM cllydyaeM OoJjiee aKTHUBH3UPYIOTCS TUCIOKAalUH, a
UMEHHO IUIOTHOCTh JHUCIIOKAIMK pacTeT ObICTpee B CpaBHEHHM C HOBBIM pede-
PEHTHBIM CIIy4aeM, B TO BpeMs KaK IPaHULbI 3€PEH aKTUBU3UPYIOTCS €1Ba 3aMeT-
HO TI0 CpaBHEHHIO ¢ TeM ke pedpepentHbIM ciayudaeM (puc. 1,VIL,a). CymecTBeHHO
Oosbliee pa3sMHOKEHUE TUCIOKAIMKA MPUBOJIUT K OOJbLIEMY YIIPOYHEHHUIO MaTe-
puana (HuxHssA KpuBas Ha puc. 1,VIL,0), uro oOBsCHIETCS TOPMOKEHUEM Ha Jiece
JUCIOKaUi Npu UX 0oJiee BBICOKOM IMIIOTHOCTH.

PaccmMoTpuM Tenmepp BIMSIHME HAa KUHETHKY CHUCTEMBI Napamerpa Xg (puc.

1,VIII). Orot nmapametp, kak u napametrp Ap (puc. 1,IX), He sBIAETCS OCHOBHBIM
[I0 CPaBHEHUIO C ITapaMeTpamu Hg U Np,H00 B COOTBETCTBMM C NPUHLUINAMU

HOT »Bomonus CTPyKTYPHBIX JE(PEKTOB OCYIIECTBIIAETCS MMEHHO Onaromaps
CABUTOBBIM JepopMalMsiM U HAIPSDKEHUSAM. DTO MOATBEPIKIAETCS MPU BapHalluu
JlaHHBIX [TAPaMETPOB. YBEIMYCHHE [IApAMETPa A, BJBOC MOYTH HE BIMSCT HU Ha

kuHetndyeckue kpuBbie (puc. 1,VII,a), HM HA KpuUBYI yHpOYHEHHUs (pHC.
1,VIIL,0), oHr mpakTUYECKU CIMBAIOTCS ¢ pepepeHTHBIMU KpUBBIMHU. TO K€ camoe
MOXHO CKa3aTb M OTHOCHTEIBHO BapHallUM MapamMeTrpa A, Ha UHTEpBaie

0.166-10_3, 0.333-10°° (puc. 1,IX). B mocnennem ciydae Bapuanusi KMHETHYE-
CKUX KPHMBBIX M KPUBBIX YIPOUHEHHs] HEMHOIO OOJIbIlIe, OHAKO OCTAETCs J10CTa-
TOYHO MAJIOM.

Jlanee HacTymaer ouepeib U3yYUTh BIMSHHE M1apaMeTPOB, KOTOPHIE XapaKTe-
PU3YIOT pellaKkCallMOHHbIE BKJIAJbl 4epe3 KOI(P(UIUEHTHl @1,, a UMEHHO Mapa-
METPOB e, (4).

VBenuueHne mapaMeTpa e, B YETHIPE Pasa 110 CPABHEHUIO C €r0 PEYEPEHTHBIM
3HaYCHHUEM TTOKa3bIBAECT 3aMETHOE YCKOPEHHUE Tporecca (parMeHTalui U YBEJIH-

17



®du3nKa U TEXHHKA BbICOKHX JaBJjiennii 2012, Tom 22, Ne 2

YeHHe MPeAebHOTO 3HAaYCHHsI TNIOTHOCTH TPaHUI] 3€PEH, a TaKXKe HEKOTOPOe yBe-
JTUYCHHUE TIPEACIIBHOTO 3HAYEHUs TNIOTHOCTH Auciokanuii (puc. 1,X,a). YnpouHe-
HUE MaTepuaina JOCTHUTaeT HECKOJBKO MEHBIIEro ypOBHS (KPUBBIE CMEIAIOTCS
HEMHOTO BBIIIE peepeHTHOM KpuBoi, puc. 1,X,0). IHbIMHU ClIOBaMH, B 3TOM CITy-
yae MaTepuan ynpodHsercs ciabee, HeCMOTPsl Ha TO, YTO IJIOTHOCTH AUCTIOKAIIHIA
YBEJIMUUBACTCS, HO ATOT JIOCTATOYHO CIA0BIH APPEKT BO3MOKHO KaK-TO CBSI3aH
CO CJIOKHBIMU B3aMOCBSI3IMU MEXY 1e(hEeKTHBIMH MOJCHUCTEMaMHU.

YBenuuenue koddummenta ep BABOE TAKXKE YCKOPSET mporecc AedeKTo00-
pa3oBaHUs M yBEIUYMBACT IMpPEE/IbHBIC 3HAUYEHUS IUIOTHOCTH OOOHMX THIIOB -
¢exToB (puc. 1,XI,a). OnHako B OTIMYME OT MPEAbIAYLIEro ciiyyas, 6onee cyiue-
CTBEHHBI POCT B IPEJEIbHOM COCTOSHUM MMEIOT JUCIOKAllMM, B TO BpPEMs Kak
TPaHUIBI 3€PEH PACTYT HE3HAYUTENbHO. YTIPOUYHEHUE MaTepuaia B 3TOM Ciydae
TaK)Ke€ CyIIECTBEHHOE (KpUBas JIEKHUT HAMHOTO HIKE peepeHTHON KpUBOM, puC.
1,X1,6) B cOOTBETCTBHH ¢ OOJIE€ BBICOKUM 3HAYCHHEM IMJIOTHOCTH JUCIIOKAIUH.

[lanee paccMOTpUM BIIMSIHUE HA B3aUMHYIO0 KUHETUKY MPOM3BOACTBA AMCIOKA-
U U TpaHUIl 3epeH KOd(PPUIMEHTOB pa3NoKeHus: BHyTpeHHel sHepruu (1) mpu
0oJiee BBICOKMX CTENEHSIX TUIOTHOCTH JE(PEKTOB, T.€. yUTEM JBYXMOJOBBIN Xapak-
TEP PacNpeeTCHUs TPAHUIL 3€PEH. YBEIMYEHHE TTapaMETPa (g BIBOE MPUBOUT
K OoJiee CyIeCTBEHHOMY (TIOYTH BJBOE) MOBBIIICHUIO MPOM3BOACTBA TPAHMIL 3€-
peH. IlpenenbHas MIOTHOCTH AUCIOKAIUI TaKK€ pAacTET, OJTHAKO HE TaK CyIIECT-
BEHHO, KakK JJi TpaHHI] 3epeH. 3/1ech HalmrogaeTcs Takoil ke AP ¢eKT, Kak U B
Cllydae BapHMalUM IapameTpa (g, 4 MMEHHO, HECMOTPS Ha HEKOTOPBIA pPOCT
IUIOTHOCTU JIUCJIOKAlMM, IPOYHOCTh MaTepHalla HECKOJIbKO MajaeT (Kpuas Jje-
JKUT HEMHOTO Bbile pedepeHTHON KpuBoi, puc. 1,XII,0). BeisicHuTh aetanbHO
IPUYMHY TAKOTrO MOBEJIEHUS MOKa ellle He yaanoch. HeobXxonuMo oTMETUTb, YTO
TIOCKOJIBKY KO3(G(UIMEHT (e MMEET MOJOKHUTENLHBIA 3HAK, TO €r0 pocT OyaeT
NPUBOJUTH K TOBBIIICHUIO TeHepanuu jaedexkroB. OnHAKO pacdeThl JAIOT BO3-
MO>KHOCTb YBHJIETh, HACKOJIKO Ha 3TOT MPOLIECC BIUSIOT Jpyrue GpakTopbl, KOTO-
pble MOTYT CYIIECTBEHHO M3MEHUTH JIETAbHYI0 KUHETHKY T'€Hepaluuu Je(eKTOB,
0COOEHHO 32 CYET MEPEeKPECTHBIX FP(HEKTOB MEXTY Pa3HBIMHU THIIAMHU ASPEKTOB.

Kak n oxumanoch, yBenM4eHue MapamMeTpa (3q BABOE MPUBENO K CHIDKEHHUIO
nedexToo0pa3oBaHus MO0 000UM THIIAaM Je(PEeKTOB (KWHETHYECKHE KPUBbIE PaCIo-
JIO)KEHBl HIKE COOTBETCTBYIOMIUX pedepeHTHhIX KpuBbiX, puc. 1,XIIl,a), urto
BIIOJIHE €CTECTBEHHO I OTPULIATENIBHBIX BKIIAJOB B PA3JIOKEHUM BHYTPEHHEU
sHeprud (1) U COOTBETCTBYIOMIUX KHMHETHYECKUX ypaBHeHU# (5), (6). [Ipu sTom
KpHBasi ynpoyHeHus nodtu He mensiercs (puc. 1,XI11,6), 94ro cBUAETENBCTBYET O
TOM, YTO Ha XapakTep yIPOUHEHHUs OOJIbIIE BIUSIOT Apyrue (HakTopshl.

Haxkonen, Han0osiee MHTEPECHBIM MapaMeTp, KOTOPbIM 3a7jaeT B3auUMOACHUCT-
BHE JIe(PEKTOB pa3HBIX TUIIOB WM OMHCHIBACT MEPEeKpecTHhIC 3G (PEKTH JTaHHOTO
B3aMMOJEHCTBUS, 3TO Qgp (puc. 1,XIV). Takue >(eKTh JOCTATOUHO XOPOIIO
y>Ke OTPa3WINCh Ha MpeAbAynX rpadukax. Tam ObIIIO OTMEUEHO, YTO U3MEHEe-
HUE MMapaMeTpa, KOTOPHIA OMUCHIBACT OJWH BUJ Ae(EKTa, B TOW WU WHOU CTe-
NEHU BIMSAET Ha KUHETUKY M TpEJeNbHbIC 3HAUYCHHUs APYroro tuma aedexra
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(puc. 1,XIII). B TO ke Bpemsi ©UMEET CMBICI HCCIEA0BaTh 3TU 3aKOHOMEPHOCTHU

IIPU HEMOCPEACTBEHHOM M3MEHEHHH JTaHHOTO MapaMeTpa MO0 CpPaBHEHHUIO ¢ pede-
PEHTHBIM CIIy4aeM.

. —-16 -16

VYBenMyeHne mnapaMeTpa B3auMOIECHCTBHS (gp Ha uHTepBaie 10, 2-10

4-107'° BrisbiBaer 3pPEeKT yCWIEHUS TPOU3BOACTBA OOOMX THIIOB Je(EKTOB
(puc. 1,XIV,a). UHbIME cOBaMU, MEKIY MPOU3BOJICTBOM OJHOTO TUIA Je(eKTa
U IPYTOTo CYLIECTBYET MOJIOKUTENbHASI 00paTHas CBA3b, KOTJAa HaTM4Ke OoJIblle-
ro KOJMYECTBA JUCIIOKAIMH MPUBOJUT K YCHIJIECHHUIO POCTa KOJMYECTBA TPAHUI]
3epeH, ¥, HAa00OPOT, HATUUME OOJBIIEr0 KOJIUYECTBA T'PAHUI] 3€peH MPHUBOIUT K
YCUJIGHUIO POCTa KOJIMYECTBA IUCIOKAIMNNA. ITO HECKOJIBKO OTIHYAETCS OT YIIpO-
IICHHBIX MPEJCTaBICHUN O (OPMUPOBAHUU TPAHUIL 3€PEH 32 CUET TOJIBKO JAHUCIIO-
Kaluid, B COOTBETCTBHHM C KOTOPHIMH YBEIWYCHHE IUIOTHOCTU TPAHUI] 3€PEH
JOJI’KHO MIPUBECTU K YMEHBIICHUIO IIOTHOCTH JIMCIOKAIMMA, KOTOpBIE MOILIN Ha
dbopmupoBanue rpanuil 3epeH. He oTtOpachiBas Takoii MEXaHU3M KaK MOOOYHBIN
(OH MOXET MpOSABUTHCA MPHU ydeTe Oojiee BBICOKUX CTENEHEW B pPas3lioKEHUU
BHYTPEHHEH 2HEPrHH M0 B3aUMOJACUCTBHIO), HEOOXOIUMO OTMETHTh, YTO TJIaB-
HBIM UCTOYHHKOM T'€HEepaluy 000uX TUMOB AePEKTOB sBIsSETCS paboTa BHELUIHUX
CWJI, KOTOpas TEpPEKPhIBACT HEKOTOPhIE KHHETUYECKUE OOpaTHBIE MPOILIECCHI.
CrnencTBreM TaKoro xapakTepa 0OpaTHOW CBSI3U €CTh POCT YIPOUYHEHUSI MaTepHa-
J1a C YBEIMYECHUEM TTAPAMETPA Pgp.

BeiBOABI

Taxum 00pa3oM, NpoaHaIM3UPOBAHA 3aBUCUMOCTh KMHETUKU M XapakTepa 3a-
KOHA YNPOYHEHUS MPH OO0NBIINX Je(hopMaIsIX OT OCHOBHBIX MapaMEeTPOB MoJie-
JH, T.€. OT OCHOBHBIX KO3()(pULIMEHTOB B pa3iokeHUN BHYTpeHHEW sHepruu. Bee
HallJIeHHbIE 3aKOHOMEPHOCTH COBIAJA0T KAYECTBEHHO C MOBEACHHUEM pEeasIbHbIX
CHCTEM, a UIMEHHO Ha MpUMepe TakuX 1e(eKTOB, KaK I'PAHULIbI 3€PEH U JUCIIOKa-
1[UH, OKa3aHO, YTO POCT TMAPOCTATUYECKOTO AABJICHUS IPUBOJIUT K [10/1aBJICHUIO
reHepanuu Bcex TUnoB aedexkroB. Hao6opoT, HernapocTaTHuecKue KOMIOHEHTHI
HanpspKeHu# (ynpyrux nedopmanuii) sSBISIOTCS TJIABHOW MPUYUHONW TEHEpaIuH
neQeKTOB. YCTaHOBJIEHO, YTO MEXIy IMPOU3BOACTBOM OJHOIO THMA Ae(EKTOB
(HampuMep, AUCIOKALMKM) U APYTOro (HampuMmep, TPaHUIl 3€PEH) CYIIECTBYET TO-
JOXHUTENbHAs 0OpaTHas CBs3b, KOTJa HaJW4Me OOJIBIIEr0 KOJUMYECTBa AMCIOKA-
Ui TIPUBOIUT K MHTEHCU(UKALIMU POCTa KOJIUYECTBA TPAHMII 3€peH, U, HA000-
pOT, HalmMuue OOJIbILEro KOJUUECTBA IPAHUL] 3€peH MPUBOIUT K MHTEHCU(PUKALIUU
pocTa KOJIMYECTBA JUCITOKAIUH.

ABTOD BBIpaXkaet Onaromaprocts A.T.H. E.I'. IlammHCcKo# 3a mo7e3HbIe 00CY K-

JICHUSI, KOTOPBIE CIIOCOOCTBOBAIM CYLICCTBEHHOMY YJIYYILICHHUIO W3JIOKEHHS Ma-
TepHaa.
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JIL.C. Memnos, B.M. Bapioxiu

MOJOEJIFOBAHHA 3AKOHIB SMILHEHHA M4 YAC N4 OB'€EMHNX
TBEPOMX TIJT METOOAMW HEPIBHOBAXHOI EBOJHOLIMHOI
TEPMOOVNHAMIKW.

[. BANEXXHOCTI Bl NMAPAMETPIB 3AOAMI

YV pamkax HepiBHOBaKHOI €BOJIOMIHHOT TEPMOMTHAMIKH PO3TJITHYTO B3a€MHY KIHETHKY TaKHX
JeeKTIB, K JTUCIIOKAIL 1 TPaHUIll 3epeH Y MeTalax Mpu o0poOIl iX METoJaMU IHTCHCUBHOL
miactigHoi aedopmartii (II1/T), 1 po3risiHyTO BIUIMB 1ii€i KIHETHKY Ha 3aKOHU 3MIIHCHHS. 3aB-
JIAHHA JOCHTIPKEHO 3a Pi3HMX Bapialliii mapameTpiB Mojieli. BctaHOBIEHI 3aKOHOMIPHOCTI 7103~
BOJISIFOTB KPaITe 3p03yMITH POJIb BILTHBY T1APOCTATHIHOTO THCKY (IIPOTUTHCKY) HA BUPOOHHIT-
TBO BHBYCHMX THIIB JedekTiB. [loka3aHo, 1110 MPU HEXTYBaHHI KBaJPaTUYHHUMH BHECKAMH 3
TiZIPOCTATUYHOTO THUCKY 3POCTaHHS OCTAHHBOTO TPHU3BOJEC IO MPUTHIUCHHS TreHeparlil ycixX
TumiB nedekriB. HaBmaku, HeriapocTaTHYIHI KOMITOHEHTH HAIpy>KeHb (TIPYKHUX ITehopMariiii)
€ TOJIOBHOIO NMPUYMHOI reHepallii aedekTiB. BeTtaHoBNICHO, 1110 MiXK BUPOOHUIITBOM OJTHOIO
THITY AeeKTiB (HApUKIIa, AUCIOKaLii) Ta HIIOro (HampHKiaa, TPaHHIb 3epeH) iCHy€E MO3H-
THBHHI 3BOPOTHHH 3B'SI30K, KU CIIPHUSIE B3aEMHOMY TTiICHIICHHIO TX BUPOOHHIITBA.

KawuoBi ciioBa: iHTeHCHBHA IutacTH4YHa Jedopmaliisi, HepiBHOBakHa aedopmaris,
KIHEeTUKA, 3aKOHH 3MIIIHCHHS, 1e(heKTH, TUCIIOKAIlii, TPaHHMIII 3ePSH, TUCK
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L.S. Metlov, V.N. Varyukhin

MODELLING OF STRENGTHENING LAWS IN THE COURSE OF SPD
OF SOLIDS BY NON-EQUILIBRIUM EVOLUTION THERMODYNAMICS.
|. PARAMETER DEPENDENCES

In the framework of nonequilibrium evolution thermodynamics, the mutual kinetics of
such defects as dislocations and grain boundaries in metals during severe plastic defor-
mation treatment (SPD) is considered, and influence of that kinetics on strengthening
laws is considered too. The problem is investigated at varied model parameters. The es-
tablished regularities permit better understanding of the role of hydrostatic pressure (anti-
pressure) in producing of studied defect types. It is shown that with neglecting quadratic
contribution on hydrostatic pressure, the growth of the pressure results in suppressing of
all types of defects. To the contrary, non-hydrostatic component of stresses (elastic de-
formations) is the main cause of defect generation. The existence of the positive feedback
between production of one type of defects (dislocations, for example) and another one
(grain boundaries, for example) was established which aids to mutual intensification of
them production.

Keywords: severe plastic deformation, nonequilibrium thermodynamics, kinetics, strength-
ening laws, defects, dislocations, grain boundaries, pressure

Fig. 1. Regularities of defect generation in the course of fragmentation: a — defect kinetics:
1 — grain boundary density; 2 — dislocation density (the numbers without the stroke are
associated with the reference case, the numbers with the stroke mark the current parame-
ter values); 6 — strengthening law: / — Hall-Petch law area; 2 — the area of linear
strengthening law, R symbol marks the reference case. I — the reference case; II — at
varied parameter g, = 2000; III - at g, = 104; IV — at varied parameter gp = —2- 10_6; V —at
negative parameters gq = 10* and ep = 2:107° (new reference model is presented below);
VI — at varied parameter ﬁg; VII - pp; VI - Kg; XI - XD ; X —eg; XI—ep; XII - @pg;

XII = @3¢, XIV — @gp
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C.B. Tepexos

YHUBEPCAJIbHOCTb CUHEPITETUYECKMX 3AKOHOB.
[I. NTOBEPXHOCTb PA3OENA ®A3

[oHeuknii HaLMoHanbHbIN TEXHUYECKUIA YHUBEpCUTET
yn. Aptema, 58, r. loHeuk, 83001, YkpanHa
E-mail: sviter@yandex.ru

Crartbs noctynuna B pegakuuio 17 sHeapa 2012 roga

Hoxazano, umo Ounamuuecku pagHoBecHoe COCOSHUE HOBEPXHOCHO20 MeNCPa3Ho2o
C/1051 KOHEYHOU MOMUWUHBL (OPMUPYEMC S PACKIUHUBAIOWUM OaB/leHUeM, USMEHAIWENC
CMPYKMYpOU 2paHuybl U NpOMeKarwuMy Ha nosepxHocmu pazdena @as gusuko-
XUMUYECKUMU pearyuamu. /s cucmem MAnblx pasmepos dmu XapaKxmepucmuKky 6bl3vlea-
10m UsMeHeHue YCaoeuti (hazo8020 pagHosecus, Onpeoetsiowux CKauky 0agneHus, memne-
pamypol U XUMUYECKO20 HOMEHYUALAd 4acmuy. YCcmaHoseieHo, 4mo yyem KOHeUHOU mOoi-
WUHBL MeNCHAZHOU 2panuybl NPUEOOUmM K UsMeHeHuio gopmynvl Jlaniaca 0as packiuHu-
sarouje2o dasieHus ¢ cuyuae cgepuyeckoli epanuyvl. Hempusuanvnocms ckaukos eviuie-
NepeyUCIeHHbIX UHMEHCUBHBIX XAPAKMEPUCMUK NPUBOOUN K USMEHEHUIO C8OUCME CUCTHEM
MABIX PAZMEPOB NO CPABHEHUIO C NPOMANCEHHBIMU MAKPOCKONUYUECKUMU 0OBEKMAMU.

Karouessble cioBa: (asa, HOBEPXHOCTb paslielia, GppakTaabHbIM KiacTep, TONLIMHA Ipa-
HHIIbI, PACKIMHUBAIOLICE IABICHUE, CTPYKTYPa, (PU3UKO-XUMHUYIECKHE PEAKIIUHU, YCIOBUS
paBHOBecHs, (a30BbIi TIEPEXO]]

1. BBenenue

Knaccuueckoe onucanue nmoBepxXHOCTH paszena a3, HampuMep TpaHULlbl MEKITY
ra30BOW M XKUAKOH (TBepaoi) ¢azamu, [1—4] cBOAMTCS K pacCCMOTPEHUIO SIBICHUI
MOBEPXHOCTHOTO HATSDKEHUS, KOT€3UHU (are3un), KanUIBIPHOCTH, aacopOrmn (oca-
KJICHUE YacTHIl Ha IOBEPXHOCTHU pazzena ¢a3) u abcopOruu (mepexo]] YacTHIl Yepes3
TpaHUIly ¥ pacTBOpeHue B o0beMe (asbl). [Ipu 3TOM peasibHas MOBEPXHOCTH (TIICHKA
¢ womazapko [y, mepeMeHHO# TOMIMHON /1) ¥ U3MEHSIOIIMMHUCS B0 Hee (PU3HKO-
XUMHAYECKUMH CBOMCTBaMU) 00JIaIaeT CIy4allHOW BOJIHUCTOCTBIO MJIH IIIEPOXOBATO-
cthio [5] (puc. 1, [6]), HAXOOUTCS B TUHAMUYECKOM PaBHOBECHH C (hazaMH U TIPe/I-
CTaBJSIETCS B BHJIE IIOCKOTO MOHOCHOSI YacTull (Monens ['mbOca [7]) wim gacti
cdepsr (Monens Jlamnaca [1,3]). Takoit moaxo/ MPUBOAUT K UTHOPUPOBAHHIO:

— CKAYKOB MMOTEHIIMAJIOB TEIUIOBOTO M (PU3MKO-XUMHUYECKOTO TOJIeH Ha TpaHu-
e pasnena (a3 (yuuThIBaeTCa TOJBKO CKAYOK MOTEHIIMAIa MEXaHUYECKOrO IMOJIs
B Mojienu Jlarmaca);

© C.B. Tepexos, 2012
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— CyIIECTBOBAaHUS PACKIMHHUBAIOIIIE-
ro pamieHusi Jlepsruna (00ycCIIOBIEHO
MIPUJIOKEHHBIMH K TIOBEPXHOCTH pase-
na (a3 coCTaBIAIOMIKUMHU CHII MEXMOJIE-
KyJSIPHOTO CILEIJICHHUs, CM., Harmp.,
[8,9]) m ero BkiIaia B CKA4OK JABJICHUS
Puc. 1. [ToBepxHOCTB KpeMHUS [6] IpH [EpeXoje OT OfHOM (asbl K Apy-
TOM;

— BKJIaJIOB B MIOBEPXHOCTHYIO BHYTPEHHIOIO SHEPTHIO (PU3MKO-XUMUYECKHUX pe-
aKIU U yIIOPSAOYCHHUS.

[ToBepxHOCTHBIN Mex)(ha3HbBIN CIIOI HAXOIUTCS B 0COOOM COCTOSTHUH:

— JJIEKTPOHHAs CTPYKTYypa MOBEPXHOCTH OTJIMYAETCS OT €€ BUJa B 00beMe Ma-
Tepuana;

— Ha TTOBEPXHOCTH MPUCYTCTBYET IIUPOKHUI CIIEKTP aTOMHBIX KOH(QUTYpaIii, B
TOM YHCJI€ HE CBOMCTBEHHBIX CTPYKTYPE OCHOBHOTO Tela;

— BO3HHKAET OOJIBIIIOE YUCIIO PAa30PBAHHBIX U HEHACHIIIICHHBIX CBSI3€iH;

— OTMEYaeTcsi aHOMAJIbHO-BBICOKAsl KOHIIEHTPAIUS CTPYKTYPHBIX BaKaHCHUI;

— B cllyyae TBEpJOIo Tena 00pas3yeTrcsi TeppacHO-CTYNEHYaToe CTPOEHHUE Ipa-
HUIIBL;

— Ha TpaHule pa3zaena (a3 (BHyTpeHHEH MOBEpXHOCTH IBYX(a3HOI CHCTEMBI)
MPOUCXOINT CIUHOAANBHO-OMHOaNbHEIN pacnaf [10] cuctemsl Ha nBe (asbl, mo-
TOMY HOBEPXHOCTH pa3jiena (a3 COOTBETCTBYET 00JACTh MaKCUMyMa JIBYXbSIM-
HOTO TEPMOJUHAMHYECKOTro MOTeHIuana (Hanpumep, cBoOOHOU »Heprun). Jpy-
TUMH CJIOBaMH, «SIMaM» TEPMOIAMHAMMYECKOTO MOTEHIIMajda OTBEYAIOT yCmoudu-
éble CTPYKTYpPBI U3 aTOMOB — (pa3bl, a 00J1aCTH MaKCHMyMa TePMOJIUHAMHYECKOTO
NOTEHLMaNa — TEPMOAMHAMMUYECKU Heycmotyugvle (Hampumep, (QpakTaabHbIe
KJIaCTephl), HO TUHAMHYECKH PAaBHOBECHBIE O0bEIMHEHUS YaCTHII.

['panuna pasgena a3 HaAXOIUTCS B JUHAMHYSCKOM PAaBHOBECHH C (a3zaMu H
MOCTOSTHHO BHJIOM3MEHSIETCS 3a CUeT MOTOKOB yacTull u3 (asel B a3y (pa3Huia B
IUIOTHOCTAX (ha3), MOJBMKHOCTH W SHEPTHH aTOMOB (pa3HHIIA B BSI3KOCTH CpEI,
UX TEIUIONPOBOAHOCTH M JPYTUX (PU3UKO-XUMUYECKHX CBONCTBAX, OMPEIEIsIo-
IIMX Pa3IMYHbIE CTETICHH YMOPSI0UYCHHOCTH). B usonuposannoii cucreme (He 00-
MEHUBAETCS C TEPMOCTATOM YacTULIAMU U HEPTHeii) MpoTeKaroT odopaTumble Qu-
3UKO-XMMHUYECKHE MPOLIECCHI, KOTOPBIE XapaKTEPU3YIOTCS HYJEBbIM U3MEHEHHEM
SHTPONUM cUCTeMbl. Ecnu rpaHunsl 1ByX(a3zHo cHCTEMBbI C TEPMOCTATOM He-
INPOHULAEMBI JJISl YACTHUI] U HEMOJBUKHBI, TO YUCIIO YACTHUI[ U O0OBEM CHUCTEMBI
OCTal0TCA TOCTOSTHHBIMHU, a HYJIEBO€ M3MEHEHHE PHTPOIUU 337aeT MOCTOSHCTBO
BHYTpPEHHEH 3HEPTUU CUCTEMBI.

JuHamuueckoe paBHOBecHE MeX(a3zHOW MOBEPXHOCTH TMOAJEPKUBACTCS €€
CJIOKHBIMU aBTOKOJIEOAHUSAMU (pUC. 1), KOTOpbIE BBI3BIBAIOTCS PaBHBIMU MEKIY
co00i#1 OTTOKOM M MPUTOKOM YaCTHIl, a TAKXKE CTPEMJICHHEM TPaHUIIbI K MOAJEp-
JKQHUIO TIOCTOSIHCTBA €€ BHYTPEHHEH PHEPruu (TemmepaTypbl) U CTPYKTYpHI (3H-
Tpornun). Takum 00pa3oM, XaOTUYECKUE JIBIKEHUS YACTHI] U MEKaTOMHBIC B3au-
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MOJCHCTBUS MOPOXKAal0T 00pa3oBaHUE (PpaKTaIbHBIX KOH(Urypauuii aTOMOB
o0y IIpHOM, JEHAPUTHON WM BUXPEBOH (POPMBI, a TaKKe SUYEUCTHIE W Teppac-
HO-CTyIEHYaThle CTPYKTYpbl. B yacTHOCTH, yCTOWYMBOCTH IJIOOYJISIpHBIX OOBe-
JUHEHUH aTOMOB 3aBUCHUT OT TOTO, B Kakoil U3 ¢a3 oHu oOpasyrorcs. Hanpumep, B
ra3oBoii (aze Hambojee YCTONUMBHI Majble TJI00YbI, a OOJbIINe TI00YIbl pac-
najgaroTcs Ha Oojiee Meskue; B KHUAKON (a3e HaOiomaeTcss oOpaTHBIN Iporecc:
MaJible OOBEAMHEHHs] XapaKTepU3YIOTCs CIa0oi yCTOMYMBOCTBIO, OITOMY OHHU
paccenBarOTCs WM MOTJIOIA0TCS M100yaaMu 60mbmuxX pazmepoB. OObeTMHEHNS
MOBEPXHOCTHBIX aTOMOB MOTYT IpPEJICTABIATh COOOH AECHIPUTHBIE CTPYKTYPHI
(puc. 2) unu npyrue ¢gpaktajibHble KiacTepbl. B TepMoauHaMuueckoM paBHOBE-
CHUM JAMHAMHUYECKHue 0O0pa30oBaHMs aTOMOB HMMEIOT OIPEICIEHHOE CTpPOEHHE M
CTPYKTYpPY, KOTOpbIe OOYCIIOBJIEHBI IIPOLECCAMH, MPOTEKAIOUIMMHA B COCYLIECT-
Byromux ¢azax. OTcroJa BEITEKAET yHUBEpCalbHoe CBOIMCTBO Mex(a3HON rpaHu-
Ibl: IPU JOCTHKEHUHU TEPMOAMHAMHUYECKOTO PABHOBECHUSI OHA COXPAaHSET UH@pop-
Mayuto 0 COCTOSIHUM COCYIIECTBYIOIUX (ha3.
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Puc. 2. Paznuunsie cragun GopMHUpOBaHHS caMonogoOHoro kiactepa [11]

[TosiBnieHue u pocT ppaKkTaTIbHBIX KIACTEPOB CBA3AHBI C MOJABICHUEM LIyMaMU
JNATbHOIECUCTBYIONICH YacTH MOTEHI[Mala B3aUMOJECUCTBUS YacTHUIl (pa3pylIeHHE
JATBHETO TOPSIKA) M KOMIIEHCAIIUEH BJIMSIHHUS €ro KOPOTKOACHCTBYIOIIEH YacTH
(mectabunm3zanust OnvbKHEro mopsiika). Hampumep, mpu BhIpalMBaHUH TOHKHX
ieHoK [12—14] ¢pakTanbHbIe KIaCTEPhl JOCTATOYHO XOPOIIO BU3YAITU3UPYIOTCS,
UX pasMepbl KOPPETUPYIOT C TOJIIMHON IUICHKH, OHU UMEIOT C(hepougaibHYIO
bopMy 6e3 MOBEPXHOCTHOM OTpaHKH, HO MPU JTOCTHKEHUU TEPMOJUHAMHYECKOTO
PaBHOBECHS] MOTYT MPUHUMATH (DOPMY MOIHIIPOB, CIIOPAAUISCKU PA3MEIICHHBIX
[0 TOBEPXHOCTH IJIEHKHU. [Ipu nqocTHKEeHUH OmnpeeNIeHHBIX pa3MepoB (hpakTaib-
HBIM KJIacTep MEepecTaeT pacTH, U €ro pa3Mep HE 3aBUCUT OT TOJILUHBI MJICHKH.
@paKTalbHBI KJIACTEP SABJAECTCS HEYNOPAIOYEHHOM CTPYKTYpOH, KOTOpast
OTIpeIeIIIeTCs TapaMeTPOM BHYTPEHHETO Topsiaka (ppakTaibHas pa3MEepHOCTH 110
Xaycnophy—besukoBuuy unu Penpu (cMm., Hamp., [15]), rpadamu conpsokenust u
pasBeTBieHHOCTHIO [11,16].
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@paxTanbHbII KJIACTEP UCMONIb3YETCs IPU MOCTPOSHUH MOAETIBHBIX 00OBEKTOB,
UMUTHPYIOUIMX HECTAllMOHAPHbIE, HEYCTONYMBBIE, HEPABHOBECHBIE M IUCCHIA-
TUBHBIE cUcTeMbl. KoMIbIOTEpHOE MOJIeNIMpOBaHUE Tpoliecca pocTa (ppakTaabHO-
ro kjacrepa [17] mo3Bonuso caenarh CASAYIOIIME BHIBOABL TIPU HU3KUX KOHIICH-
TpaLUsAX YacTHIl 00pa3yIolIMecs BETBU JCHAPUTA UMEIOT Mallylo TOJILUHY IpU
ux ciaaboil pa3BeTBIEHHOCTH. Bo3pacTaHue KOHIEHTpalMU 4acTUL[ COPOBOXKAA-
eTcs yTONIIEHUEM BETBEH M yBeJIMYEHUEM HMX pa3BeTBIeHHOCTU. Cienyer oTMe-
TUTb, YTO TIPU JOCTIDKEHHH KPUTHUECKOW TeMmepaTypsl (ha30BOTO Mepexoa mpo-
UCXOIUT (pakranu3zanus Bcell cucremsl. Ilepexon Bo ¢pakTanbHOE COCTOSHUE
(MIEHTUIHOCTH (pa3 M pasNeisfonied nX MeK(a3HOW TPAHUIIBI) COMMPOBOXKIACTCS
HCUE3HOBEHHEM TIpaHUIlbl pa3zaena ¢a3, 3aTOpPMOKEHHOM auddy3uel yacTul,
BO3HUKHOBEHUEM KPUTHUUECKON OMaJIeCHEHIMH (ONTHYECKOE TIOMYTHEHUE) U JIpY-
I'MMHU (PU3NYECKUMU SIBJICHUSMHU.

HccnenoBanne HaHOOOBEKTOB TAKKE CTaBUT BOIPOC O TEPMOJUHAMHUYECKOM
ONHCAaHUM COCTOSHUM IOBEPXHOCTHOI'O CJIOS, OKAa3bIBAIOIErO CYIECTBEHHOE
BJIMSIHUE HA COCTOSIHME HAHOKJIAcTEpOB. B 3TOH CBs3u BO3HUKAET MOTPEOHOCTDH B
BbIpaboTKe Hanbosee OOLIero Moaxoa MpH ONMCAHUU TEPMOJMHAMUYECKUX Xa-
PaKTEepUCTHK TeTepO(a3HBIX CHCTEM C MalbIMA T'€OMETPUYECKUMHU pa3MEpamH,
KOTOPBIM y4nuThIBad OBl POJIb TPaHULBI pa3zena (a3 B GOPMHUPOBAHUU KaK YCIO-
BUI paBHOBECHUS COCYIIECTBYIOIIUX CpPEl, TaK U OOBEMHBIX CBOMCTB (haz. DTOT
HOJXO/ JIOJDKEH YYHMTHIBATh 3aBHCUMOCTh MOBEPXHOCTHBIX XapaKTEPUCTHK (Ha-
npuMep, K03 UIHEHTa TOBEPXHOCTHOTO HATSDKEHHS) OT pa3Mepa MaJloi cCucTe-
Mmbl. [lon cucmemamu manwvix pazmepos 6yaeM NMOHMMaTh yCTOWYMBBIE (HaHOYA-
CTHIIb) U HeycTOWuuBbIe ((paKTajibHblE KJIACTEpbl) OOBEAMHEHUS YacTUIl C pa-
nuycoMm He MeHee 30 nm, HO He 6osee 100 nm, KOTOpble UMEIOT cheponIaTbHYIO
¢dopMy, MpUYEM YHCIIO YACTHIl B IOBEPXHOCTHOM CJIO€ JIOJIKHO OBITH MaJbIM IO
CPaBHEHMIO C UX YUCIIOM B 00beMax cocylecTByonmx (as. st BeIABICHUS MO-
TEHI[MAJIOB, O0ECIEUMBAIOIIUX PABHOBECHOE COCTOSIHHWE TpaHMIBI M €€ Iepe-
CTPOMKY NpPH 3HAYUTEIBHOM YJAJIEHUH OT PAaBHOBECHUS, MPOAHAIU3UPYEM JMHA-
MHUYECKOE PaBHOBECHE ITOBEPXHOCTH pa3ena ¢as.

2. U3MmeHeHMe BHYTPeHHe YJHEPTrUU rPaHuIlbl pa3aena a3

Otnmuue ¢a3 ApyT OT apyra IIOTHOCTHIO, PU3NKO-XUMUICCKUMU CBOMCTBAMH,
CTPYKTYpOH, CTENIEHBIO YIOPSAIOYECHHOCTH U ApyruMu dakropamu [4] dopmupyer
CreM(pUICCKIEC MEXaHUYECKHE, TEIUIOBBIC M XUMHYECKHE OCOOCHHOCTH TOTrpa-
HUYHOTO CIIOSI, BBICTYTIAIOIIETO B POJIM TepMOAUHaAMu4eckoro 6apbepa. uHamu-
YECKOE paBHOBECHE MeX(a3HOM TpaHMIIbl MOJJEPHKHUBACTCS MpolieccaMu, odec-
MEeYNBAIOIMMMH  (HU3UKO-XUMHUECKOE (COXpaHsieTcss olmiee 4uciao yactuil Ny),
MEXaHUYECKOE (COXpaHsIETCs 00BEM CHCTEMBI V) U TEIUIOBOE (COXpaHSETCS H-

Tponus Sy) paBHOBecHe (a3 (CM. Takke moapas3aes 3).

QDu3zuxo-xumuueckoe pagnogecue. JIroObie (B YaCTHOCTH, (DIyKTyallMOHHBIE)
BO3MYIIIEHUS PaBHOBECHOTO COCTOSIHUS (Da3bl OO penakcupyroT BHYTpHU (a3bl,
JII/I60 BBITCCHAIOTCA HA €C I'paHUILLY. K taxum BO3MYIICHUSAM OTHOCATCA:
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— YaCTUIbl, OTJIMYAIONINECS CBOUM CTPOEHHEM (HAampuMep, UOHBI B (aze Heu-
TPATLHBIX YaCTHUII, YACTHUIIBI C PA3IMIHBIM HATIPABICHUEM CITHHA U T.I1.);

— YacTHUIbl, O0JIaJaroNIie MOABIKHOCTBIO, 3HAYUTEIBHO OTIMYAIOUICHCS OT
MOJIBIYKHOCTH YaCTHII, 00pa3yromux ¢asy;

— 4yepOJHbIE aTOMBI (IPUMECH ) M KBa3UYaCTUIIbI (HAllpUMep, BAKaHCHH);

— CTPYKTYpHBIC HEOAHOPOIHOCTH (00JIaCTH C HAPYIIICHHOW CUMMETpHeH (a3bl).

B cuny HeycTOWYMBOCTH TpaHUIIBl 3TH BO3MYILEHUS BBI3BIBAIOT (hU3HUECKUE
(ucnapenue, KOHACHCAIMS W T.I.) WIH (3JEKTPO-) XUMHUYecKue (oOpa3zoBaHue
JBOMHOTO AMEKTPUYECKOTO CIIOSl, MOJIEKYJN U T.M.) peakiuu. Tak, mpoiecc ucmna-
PEHUS—KOHICHCAIIMA aTOMOB MOYKHO OIHUCAaTh KaK PaBHOBECHYIO M OOPaTUMYIO
«XUMHUYECKYI0» PEaKIUIO Mepexo/ia YacTUll U3 ogHou ¢asbl B Apyryro. Peakuuu
Ha TPaHMIE COMPOBOXKIAIOTCS BOSHHUKHOBEHHEM Ha IOBEPXHOCTH pasnena a3
Pa3IMYHOTO POJIa HAMIPSHKEHUM, BBICICHUEM (9K30T€pMHUS) U MOTIIONIEHHEM (9H-
JTOTEPMHUS) TEIUIa, U3MEHECHHEM TI'€OMETPHYSCKHX Pa3MEpPOB T'PAHUIIBI U PSIOM
IpYTHX SIBICHUH, KOTOpbIE KJIacCHYecKas TEPMOAMHAMHUKA HTHOPUPYET BBUIY
MaIoCTH 3THX 3()PEeKTOB s MpoTsHKEeHHBIX (a3. OmxHako s (a3 MaibIx pa3me-
pPOB 3TU (PEHOMEHBI MOTYT OKa3aThCsl CYIIECTBEHHBIMHU, TIOSTOMY BKIaJ (PU3UKO-
XUMHUYECKHUX PEaKIi B IOBEPXHOCTHYIO BHYTPEHHIOIO YHEPTHIO CUCTEMBI OyaeM
YYHUTHIBATH C IOMOIIBIO PAOOTHI, TPOU3BOANMON XHMHUYECKAM CPOJCTBOM A( BCEX
peaxiuii, IpOoTeKAIOUINX Ha TPaHUIIe, TPH U3MEHEHUH MOJHOTHI CyMMapHOU pe-
akuuu d&g [18]:

dd, =~ Aydt (1)

I/Ie 3HaK «—» YKa3bIBaeT Ha TO, YTO MPOTEKaHHWE (PU3UKO-XUMUYECKUX PEAKIIHI
MOHMKAET BHYTPEHHIOIO SHEPTUI0 TPaHHULIBI pa3jena das.

Mexanuueckoe pasnosecue. Bapyuanuy BSI3KUX, YIPYIMX WIHM IUIACTUYECKUX
HaNPsDKEHUN U3MEHSIOT MEXaHMYECKOE I10JIE, BBICTYIAIOIIEEe B KAYECTBE OHOIO
U3 pelaKCallMOHHBIX KaHAJOB MPH M3MEHEHUH cocTosHui (a3. Ecimm o6vem mo-
BEPXHOCTHOI'O CJI0s1 U3MEHSETCS 3a CUET PacTsHKEHUs (CxKaTHs) ero MOBEPXHOCTH
[Ty unu ToMmuUHEI A, T.€.

dVO = h()dHO + Hodho 5 (2)
TO AABJICHUC B I'PAHUIIC PO IMPOU3BOAUT pa60Ty
dAm = R)dVO = R)(hodno + Hodho) =0 (1 + g)dHO = GdHO . (3)

rne oo = Pohy — K03 UIHEHT MOBEPXHOCTHOTO HaTsKeHUs; ¢ = oo(l + g) — -

(GeKTHBHBIN KO3(P(GUIIMEHT MOBEPXHOCTHOTO HATSHKCHHSI TPAHUIIBI C KOHEYHOU
. IT, dhy .
TOJIIUHON; g = ———— — IeOMETPUYECKHNA (PaKTOp MOBEPXHOCTHOTO cios. s
hy dIT,
NPOTSDKEHHBIX (ha3 U3MEHEHHe 00bheMa MOBEPXHOCTHOTO CJIOS MPOUCXOIUT B OC-
HOBHOM 3a CYCT YBCIMYCHUA (YMGHI)IHGHI/ISI) mjiom@aau rpaHuibl, CJICA0BATCIBHO,
reoOMEeTpUYeCKUil (hakTop g OyIeT 3HAYUTEITHLHO MeHbIIe eAUHUIIBI (g << 1), 1 ero

BEJIMYMHON MOYKHO NMpeHeOpeub M0 CPaBHEHUIO C €AMHULIECH. YMEHBIICHUE pa3-
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MepoB (a3bl 10 HAHOYPOBHS COMPOBOKAACTCS YBEINYCHUEM KOJIMYECTBA YaCTHIL
Ha TpaHMIIE U YMEHBLIEHHEM MX uucia B o0beme kiactepa (paguyc 1-10 nm,
puc. 3), KOTOpBIH pUHUMaET GOpMy TI00YIBI WU cepsl paguyca r. B mocnen-
HEM ciydae IUIOIIaJb MOBEPXHOCTH KJacTepa M €€ M3MEHEHHE OINpEeeisioTcs
dopmynamu [3,4]:

I, =42, dIl, =8nrdr, (4)

a TOJIIMHA MOHOCIIOS YacTull 4 mopsaka r. Takum obpasom, g-aktop mist cde-
PHUYECKOTO KIIacTepa MpHuOImKaeTcs K 3Ha4eHuto 1/2, T.e.

0<g<1/2. (5)

X100 -\
7 Y . .-
g 80 ° Puc. 3. KonudecTtBo aToMOB Ha MOBEPX-
E 60t HOCTH (®) M B 0OBbeMe (W) HAHOYACTHIIHI
2 40t B 3aBHCHMOCTH OT ee pa3mMepa (1o AaH-
=
5 ] HbIM [19])
g 20} l — . .
< 0 ' - ‘ . : .

0 10 20 30

Nanoparticle size, nm

Tennogoe pasnosecue. llepeHoc 3Hepruu yepe3 rpaHuily paszaena ¢as usme-
HSET KaK €€ MPOHMIIAEMOCTh (TeIUIOBYIO, AU(PY3UOHHYIO U Op.) U MeXaHUYe-
CKYIO YCTOMYUBOCTb, TaK U CTENEHb YHOPSA0YEHHOCTH YacTUIl Ha TpaHUIlEe. DTOT
3¢ ekt 00ycnoBleH 3aKOHOM BO3pacTaHUs SHTPOMUU B (pazax, KOMIIEHCAIHeH
KOTOPOTO BBICTYNAET YHOPSI0UYEHUE YACTHUI] B TIOBEPXHOCTHOM CJIo€ ¢ 00pa3oBa-
HUEM (QpaKTalbHBIX CTPYKTYp (cM., Hamp., [20]). dpakranuszaius rpaHUIlbl CIIO-
COOCTBYET YCTOHYMBOCTH IBYX(a3HOW CHCTEMBI: HapaCTaHWE XaOTHYHOCTH J[BU-
JKEHUS YacTHUI] B 00beMe CHCTEMBbI CIIEP>KUBAETCSl BO3PACTAHUEM YMOPSA0YEHHO-
CTH B pacIoJIO’)KEHUU aTOMOB Ha MOBEPXHOCTHU pazfena ¢a3. OTauuue pasMepHo-
CTH 00pa3yromuxcsi KOHPUTypanuil 4acTUI] OT TOIMOJIOIMYECKON pa3MepHOCTU
MOBEPXHOCTH paszzaena (a3 ompenensieT MX >KU3HECTIOCOOHOCTh W YCTOWYHBOCTD
[0 OTHOIIEHUIO K BHEIIHUM BO3JECHCTBUSM, MO3BOJISAS UM H30€KATh «JIOBYIICK»
CTPYKTYP KJIACCUYECKON KpUCcTajuiorpaduu.

Bosmyiienust mapamerpa mopsiika BBI3BIBAIOT U3MEHEHHUS B CHUMMETPHH pac-
MOJIO’KEHUS YacTUll (HapylIeHUe OJIMKHEro U AaJbHEro NOpsAIKOB) Ha rpanuie. B
KayecTBe MapameTpa Mopsijika B JUHAMUYECKHA PaBHOBECHOUW CHUCTEME Jy4Yllle BbI-
Oupath (ppakTaTbHYIO pa3MEepHOCTH (CM., Hamp., [21]), oTiMuue KOTOPOH OT TO-
MOJIOTUYECKOM Pa3MEPHOCTH TPAHULIBI SIBISETCS MEPOH YIOPSIOUYEHHOCTHU TO-
BEPXHOCTH paszzena ¢a3. it KoTM4ecTBEHHOTO OMMCAaHUs CTEIIEHH XaO0TU3aIUH B
dazax bonbiManoMm ObLIO BBEJEHO MOHATHE 3HTporuu S (CM., Hamp., [21], c. 95),
aHAJIOTUYHO Ui (hpaKTaIbHON (xaomuueckou) Ga3pl B Ka4eCTBE YHCICHHOW Me-
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PBl YHOpPs0OYeHHOCHU MOXKHO BBECTH MOHSATHE MH(OpManuu [, Hampumep, 1o
[llennony [22-26]:

] = 10g2N1 5 (6)

rae N; — 4ucio pa3IMduMBbIX COCTOSIHUM B PaBHOBECUU. Pa3inumMble COCTOSHUS
(bpakTalbHOTO KJIACTepa MOMXHO OIMPENEIUTh MO YHUCITY 00pa3yIoluX ero 4YacTHil,
dpakTanbHON pa3MepHOCTH, rpadam COMPSIKEHHS, PAa3BETBICHHOCTH W JAPYTUM
XapakTepucTukam [22].

JIJst XaOTUYEeCKOM CUCTEMBI JOJKECH JIEHCTBOBATH MPUHIIUN YOBIBAHUS SHTPO-
nuu (—dS < 0) u Bo3pacTaHust TepMOAUHAMHYECKOW MHGOpMAIK (MJIH HETIHTPO-
nuu 1o moxaenu [Ipuroxuna [27]), T.e. d/ > 0, mpudyem paBEeHCTBO HYJIIO U3MEHE-
HUS TepMOJMHaMHueckod uHpopmauuu / HaOMIOAaeTcs B Cilydae JOCTHKEHUS
(dpakTalbHBIM KIACTEPOM IMHAMHYECKOTO paBHOBecHs. Ecnu rpaHuna umMeer
temriepatypy 7y, TO KOJUYECTBO TEIUIa, KOTOPOE BBIJIEISAETCS HA MOBEPXHOCTH
paznena (a3 B pe3ynbrare Npeodpa3oBaHui APYTUX BUIOB SHEPTHH, PABHO

do, =Tyd! . (7)

®opmysl (1), (3) u (7) onpenenstoT UI3MEHEHUE BHYTPEHHEH SHEPTHH TOBEPXHO-
CTHOTO CJIOS:

dUo :GdHO +T0dI—A0d§0. (8)

B TepMonmHamMHyeCcKOM PAaBHOBECHM JOJDKHO BBIIOJHATHCA paBeHCTBO Jlrore-
mMa—I'u60ca [2] ans rpaHULBl, KOTOPOE MO3BOJISIET ONPEACTUTh TEPMOANHAMUYC-
CKYI0 HH(OpMAIIUIO

d4, do
ar, 41,

do
[Ipu mporekanuu aanabaTUyeCKOro mporecca (Hod—T:const, [28]) u moctu-
0

KCHUU peaklusMHU Ha TpaHuie paBHoBecus (4p = 0) mHDOpMAIMs MOCTOSHHA.
[ToBepxHOCTHOE HATSHKEHUE C POCTOM TeMIIEpaTyphbl YMEHbIaeTcs [2], cieaoBa-
TEJILHO, TIOBBIIICHUE TEMIIEPATYPhl IPUBOAUT K BO3PACTaHHIO MH(OpPMAIIWH, T.C.
YBEJIMYUBACTCS YIIOPSIOYCHHOCTH (PpaKTaIbHOTO KIIacTepa.

3. YcioBusi papHoBecust (a3 npu yuyere NOBEPXHOCTHBIX SIBJIEHHIT

Hccenenyem BausiHAE ydeTa U3MEHEHUs BHYTPEHHEN SHEPTHH OBEPXHOCTHOTO
CJIOSI Ha YCJIOBUSI paBHOBECHSI M30JIMPOBAHHOM ABYX(a3HON CHUCTEMBI C MaJbIMH
pasmepamu. B paBHOBECHMM HEIPOHUIIAEMOCTh I'PaHUL U30JIMPOBAHHON CUCTEMBI C
TEPMOCTATOM OOECIEeUYrBAET MOCTOSHCTBO YMCIA YacTULl Ny B cucTeMe, a IMOj-
JIep’)KAaHUE TEPMOCTATOM ITOCTOSIHHOW TEMIIepaTypbl M OTCYTCTBHE IPOLIECCOB
CKaTUSI—pacIIMpeHnss (HEM3MEHHOCTh BHEIIHUX TPAHHUI) — MOCTOSIHCTBO 0ObeMa
nByxdazHoi cucteMsl V. IIpy OTCYTCTBMM BHEIIHUX CHJI U3MEHEHHE SHTPOIUHU
CHUCTEMBI omnpenensieTcs: hopmydoit [28, ¢. 82]:
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TdSZ :dUZ +PdVZ—Msz,

rae T — temneparypa, P — naBieHue, | — XUMHUYECKUH moTeHnuan yactuil. Oopa-
TUMOCTbH MPOTEKAIONIMX B cucTeMe npoueccoB (dSy = 0) NpuUBOAUT K COXpaHEHUIO
BHYTpPEHHEH APHEPruy CUCTEMbI B TEPMOJMHAMUYECKOM PAaBHOBECHUH, T.€. PaBHO-
BECHOE COCTOSIHHE M30JMPOBAHHOM ABYX(a3HON CHCTEMbI MaJbIX pa3MEpoB Xa-
pakTepu3yeTcs MOCTOSHHBIMU 3HAUYEHUSIMU SKCTCHCUBHBIX BEJIMYMH:

N1+N2+N0:N2:COHSt, NO <<N172, lez_dNQZ—dN, (10)
Vl +V2 +V0 :VZ =const , VO << I/l; 25 dVl :—dV2 :—dV; (11)
S1+S2 +S0:SZ:C0nSt, SO <<S1’2, dSlz_dSZZ—dS, (12)

rae Ny, Vo 1 S — COOTBETCTBEHHO 4YMcio 4acTull B daze o (o = 1, 2), 00beM u
sHTponwHs ¢assl o.

TepmoauHamuyeckue cwibl (cM., Hamp., [29]), obecneunBatomyie npeObIBaHUE
CHCTEMBI B PAaBHOBECHH, ONPEIEISIOTCS MHTCHCUBHBIMH BEIIMUMHAMH: IaBICHHEM
P, Temniepatypoii T, ¥ XUMHYECKUM MOTEHIIMAJIOM YaCTHIIL L. VI3MeHeHHe BHYT-
PCHHEH SHEPTUU CUCTEMBI TIPU OSCKOHEYHO MaJIOM OTKJIOHEHWH OT COCTOSIHHUS Tep-
MOJMHAMHUYECKOT0 paBHOBecHs ¢ yueToM (hopmyi (8) u (10)—(12) 3anuiem B Buze

drt d7 de,
dUs =dU; +dU, +dU, =—| AP—c—L|dV +| AT+ Ty — |dS +| Au—4y—2 |dN, (13
s | ) 0 { GdV} [ OdS} [HAodN} (13)

A€ CKAYKH MHTCHCHUBHBIX BCIIMYKWH HA I'PaHULIC paBHBI:

Tak kak BHYTpEHHSS1 SHEPrHsl U30JIMPOBaHHON cucTeMbl noctostHHa (dUs = 0), a ee
aprymeHTsl V, S, N InHelHO-HEe3aBUCUMBI, TO BBIITOJIHSIIOTCS CIEAYIOIINE yCIOBUS
paBHOBECHS:

dri, dI de,
AP=c820 A7 YL A=y S50 15
°ay 0gs: AR=Agy (15)

Bennuuna K = dI1y/dV onpenenser cpeiHo0 KpUBU3HY MOBEPXHOCTH pa3zesa

da3, kotopas, Hanpumep, 11 chepuueckoit rparuilsl (dV = 4nr2dr) paBHa
K=2/r. (16)

Cka4ok maBieHus Ha rpaHuile o0beMHoM Karm (g = 0) Beruucisiercs mno ¢opmyne
Jlarmmaca AP = 2o/r (cM., Hatp., [3]), a Ha TpaHuIe cepUIecKoro HaHOKIacTepa (g =
=1/2) — o popmyne

AP =3c/r. (17)

Jlis mpoTsKEHHBIX (a3 cpeHssl KpUBU3HA MOBEPXHOCTHOTO ciiost K = 0, 4To cOoOT-
BETCTBYET IUIOCKOH TPaHUIIC M PAaBEHCTBY JaBiieHH B pazax (AP =0 = P, = P).
Koaddurnuent
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dr1,

Kp=h(+g)—

(18)
OIIpeIeTsIeT MEXaHUYECKYI0 YCTOHUMBOCTh TPAHUIIBI, IPUYEM CKAa4YOK JaBJICHHS
MexXTy (hazaMu paBeH

AP =Kph,. (19)

ds 1

®opmyna — =——— ompenensier 6e3pa3MepHOe CpeHee 3HaYeHHEe OTHOILe-
ds Kr

HUS CTENEHH YIMOPSAAOYEHHOCTH MOBEPXHOCTHOIO CJIOS K CTENEHM XaoTU3aluu

¢a3 (k7 — KO3PPHUIHUEHT TeIIOBOM MPOHHUIIAEMOCTH I'paHuIbl). OTCIofa cleayer,

YTO TeMIlepaTypa IrpaHullbl 7 ONpeaesseTcsl CKaukoM TeMIepaTypbl Ha MOBEPX-

HOCTH paszzena ¢a3

CornacHo ¢dopmyne (15) OGeckoHeYHO Manoe M3MEHEHHE TEePMOIMHAMUYECKOU
nH(pOpMaIUU PaBHO

AT
d/ =——-dS. (21)
Ty
CoBnazieHue ckayka TeMIepaTypbl Ha IOBEPXHOCTH pasjiena (a3 ¢ TemMreparypoit
rpanunisl (AT = Tp unu k7= 1) IpUBOAMT K BBIMIOTHEHUIO paBeHcTBa [Ipuroxuna

d(I+5)=0, (22)

KOTOpOE yKa3bIBaeT Ha CyILECTBOBaHUE aanadaTuyeckoro uHBapuanra (/ + 5= const,
cM. [21, c. 103]) B nByxda3zHoi cucTemMe Majibix pa3mepoB. HeoOpaTumeie mpo-
IIECChl BBI3BIBAIOT B CHHEPreTUYECKOI crcTeMe AMCCUIALNI0 SHEPruH, XaoTu3a-
o a3 ¥ YnopsAOYeHHWE TPAHMIBL, T.€. CHHEPreTHYecKas CHUCTeMa IMOKHIAeT
HOBEPXHOCTh MOCTOSHHOM 3HEPTUM U OTBICKMBAET HOBOE YCTOMYMBOE COCTOSHUE
Ha CTPYKTYpPHOU MOBEPXHOCTH, ONPEENIIEMON ypaBHEHUEM (22), yTO NMPUBOJIUT K
BO3HHUKHOBEHUIO HOBBIX IMHAMHUYECKUX CTPYKTYp. [Ipu oTCYyTCTBUUM CTPYKTYpHBIX
NpeBpaIeHHd TPaHUIIbl TepMoIuHaMuUYecKast nHpopmarus nocrosaHa (d/ = 0), a
CKauOK TeMIiepatypsl obpariaercs B HyJb (AT =0 = T, = T}).

d5 _ 1
dN

[TponsBoHas oTpeneNsieT CPeJHUM CTeXHOMETPUUYECKUH K03 duim-

€HT peakiuii, MpOTEeKaloUINX Ha Mex(a3Ho! rpanulle. M3 mociaenqHero paBeHcTBa
(14) cnemyer, 9TO XMUMHUYECKOE CPOJICTBO MOBEPXHOCTHBIX PEAKIIUN MOXKHO BBI-
yucauTh 1o popmyde ae Jdouge [18]:

Ay =vAp. (23)
Ecnu cymmaphas peakiusi Ha rpaHulle aocturaet paBHoBecus (4o = 0), TO BbI-
MOJTHSIETCSl aHAJIOT 3aKoHa JAeicTByromux Macc ['ynpnbepra—Baare (cM., Hamp.,

[29, c. 87]), KOTOpBIA B paccMaTpMBAaEMOM ciydae OTOOpa)kaeT oOpalieHHe B
HYJIb CKaYKa XMMUYECKOTO MOoTeHIana yactull (Ap = 0 = po = yy).

30



®du3nKa U TEXHHKA BbICOKHX AaBJjieHuii 2012, Tom 22, Ne 2

Takum oOpa3om, ¢dpakTanuzamusi TpaHUIBI CIOCOOCTBYET YCTOWYMBOCTU
nByXx(ha3HOW CUCTEMBI C MajbIMH T€OMETPUUECKHUMHU pa3MepamMu: HapacTaHHE
XaO0TUYHOCTH JBMKCHHSI YaCTHUIl B 00BEME CUCTEMBI CIIEP>KUBACTCS POCTOM BEIH-
YUHBI PACKJIMHUBAIONIETO JABJICHUS, BO3pACTaHUEM YIOPSIOYEHHOCTH PacCIoJio-
JKEHUSI TIOBEPXHOCTHBIX AaTOMOB M TMPOTEKAHHEM TIOBEPXHOCTHBIX (PHU3MKO-
XUMHYECKUX PEaKIUM.

4. ®a30Bblii epexo] B HAHOKJIAcTepax

HeTpuBuanbHOCTh CKaYKOB MHTEHCHBHBIX XapaKTEPUCTUK HAa Mex(pa3zHOU rpa-
HUIIE U3MEHSET CBOMCTBAa HAHOYACTHUIl U (PpaKTaIbHBIX KJIACTEPOB [0 CPABHEHHIO
C AQHAJIOTUYHBIMU MapaMeTpaMHU MaKpOCKONUYECKUX 00beKTOB. CoriacHO BTOpO-
My 3aKOHY T€PMOJMHAMMKH [2] U3MEHEeHHEe SHTPONUHU B (hazax Bcerjga HeOTpHLa-
TEJIbHO, I0O3TOMY YHEPIeTUYECKHE IIPOLIECCHI IPOTEKAIOT B CTOPOHY YMEHBIICHHUS
U PACCEUBAHMs DHEPIUH, a CHHEPIreTUYeCKasi CUCTEMA OCYIIECTBISAET MOUCK HO-
BOI'O YCTOMYHMBOTO COCTOSIHUS Ha CTPYKTYpHOM NOBEPXHOCTH. B paBHOBecuu
HPOM3BOJICTBO SHTPOIUU PABHO HYJNIO (CTPYKTypHas CTaOWIBHOCTH (az), T.e.
M30JIMPOBAHHAS CUCTEMA HBOJIFOLIMOHUPYET O TEX IOP, ITOKA MPOUCXOAAT U3Me-
HEHUS CTPYKTYpHI (a3.

ITpoTekaromue B cucTeMe nporecchl OJI0KUPYIOT JTH00YH0 CTOXACTUYECKYHO MO-
OBITKY ((IIyKTyalu yrnpaBisioONUX MapaMeTpOB) CUCTEMBI BBINTH U3 COCTOSHHUS
paBHoBecHs. CiyyaliHbIN 11IyM, BO3HUKAIOIIUN M3-3a B3aUMOJIEHCTBUS (a3 ¢ Tep-
MOCTaTOM, CTPEMUTCSI IIEPEBECTU UX B COCTOSIHUE MAKCUMAaJIbHON HEYIOPSAA0YCH-
HOCTH, Y€MY IPEMATCTBYET NOUCK (ha3aMu CBOMX MUHHMMAJIBHBIX YHEPreTUIECKUX
COCTOSIHUI. DTO MIPOTUBOPEUYHE NOPOKIAET TAKyIO IUNIOTHOCTh BEPOSITHOCTH MHUK-
POCOCTOSIHAM, KOTOpasi MPU 3aJaHHOM TeMIIepaType MaKCUMHU3UPYET SHTPOIUIO U
MHUHMMHU3UPYET 3Hepruto. Takum oOpa3zom, TepMoanHaMHUecKas (aza CoBepIlaeT
MOJT IEWCTBHUEM CIIy4allHOTO IIIyMa CJIOXHbBIE aBTOKOJIeOaTeNbHbIE IBUKEHUS Me-
KAy ABYMsI YPOBHSIMHU.

OpauH U3 ATUX YpPOBHEH OTBEYAET 30HE MUKPOCOCTOSIHUMN, KOTOPblE MUHUMU3H-
PYIOT BHYTPEHHIOIO SHEPTUIO U ONPEAEISAIOT arperaTHoe cocTosiHue (hasbl, a Apy-
O — 30HE MUKPOCOCTOSIHUM, ONPEAEISIIONMX BO3pACTaHUE SHTPOIMM U Xa0TH3a-
UM JABWKEHUH yacTull (CTpyKTypa ¢a3sel). CienoBaTeabHO, KOT€PEHTHOE MOBe-
JIeHUe aHcaMOJiel YacTHLl IPUBOJUT K 30HHOU CTPYKType CUHEPreTUYECKOM cuc-
TeMbl. Kaxnas 30Ha IOJKHA COCTOSTH M3 MOA30H, KOTOPBIE ONPENEIAIOT CTPYK-
TypHBIE W arperaTHble MPEBpAIlCHUs, IPUYEM PAaCCTOSTHUE MEXKIy JHEepreTuye-
CKUMH YPOBHSIMH JIOJDKHO OIPENEeNAThCS KBAHTOM TEIUIOBOIO Mojisi (mpousBene-
HUEM NOCTOSHHOW bBomnbiiMana Ha abcomtoTHyro Temmepatypy). Eciu dazoBbiii
nepexo MPOUCXOAUT BHYTPH KaKOM-1100 MOA30HBL, TO HAOIIOaeTCsd U3MEHEHHUE
KOH(UTypalyy pacrooKEHUs YaCTUIl B JIEMEHTAX CTPYKTYPbl WM CTPYKTYpPHI B
1esioM 0e3 CMeHbI arperaTtHoro coctosiHus. Ilepexon cuctemsl U3 0JHON OJ30HbI
B IPYT'YIO CONPOBOXKAAECTCSI CMEHOM arperaTHOro U CTPYKTYPHOI'O COCTOSIHUM.

Hanpumep, oTAMYUTENBHON YepTON TUAIEKTPUUECKUX KIAcTepOB (KIacTephl ¢
3aIMOJIHEHHBIMH DJICKTPOHHBIMH O0OJIOYKAMM) SIBISIETCS UX CIIOCOOHOCTH OCIIMII-
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JUPOBATh MEXy TBEPABIM U KHJIKUM arperaTHbIMH COCTOSIHUSIMH C JOCTATOYHO
OOIBIIION YaCTOTOM, HO BCE-TaKU 3HAUYMTCSILHO MEHBIICH, ueM Jie0aecBCcKas 4acTo-
Ta aTOMHBIX ociuusiiuil. CocymecTBoBaHue (a3 B OKPECTHOCTH TOUKH (ha30BO-
ro nepexoja — yHueepcaibHoe CBOUCTBO CUCTEM C MaibIMu pazmepamu [30,31].
CB0OOOIHBIE SHEPTUU COCYIIECTBYIOMUX (a3 OKa3bIBAIOTCSA OJMM3KUMU IO 3HAYe-
HUSM, TIPUYEM SIMbI TEPMOJIMHAMHYECKOTO MTOTEHIIAIA Pa3esiOTCS HEBHICOKUM
OapbepoM, Ui MPEOI0JICHUs KOTOPOTO JOCTATOYHO HEPTUU TEIUIOBBIX (IIyKTya-
nuid. [Ipu aHanu3e aTOMHBIX CHUCTEM OOBIYHO BBIACIISAIOT JIBa THUIA BO30YKICHUM:
TEIUIOBbIE U KOHPUTypalnoHHbIE (puUC. 4) (B METaNIMYECKUX HAHOKJIACcTepax Jo0-
OaBisieTcs BO30YKICHHUE 3IEKTPOHHON MOJICUCTEMBI).

Puc. 4. Ternossie (a) U KoHPHUTYpaMOHHBIE (0) BO30YKACHUS B KJIaCTepax HEMETaJlIH-
yeckoro tuna [30]

Bo30y:xaeHust crnocoOCTBYIOT TEIUIOBOMY «II€peOpOCy» CHHEPreTU4ecKon
CHUCTEMBl U3 OAHOH MBI (HampuMmep, kuakas Qasza) B Ipyryro sMmy (Hampumep,
KpUCTaJIIMUecKast ¢aza) TEPMOAMHAMMUYECKOTO MOTEHUMana. Paszmuune Mexay
riyOnHaMu siM OF TOIDKHO OBITH TOPA30 MEHbIIE, YeM TIyOuHa siMbl F(y (OF << Fj),
TOJIBKO B 3TOM Cllyyae BO30YKICHMS CO3JAAYyT «Kadeln» MEXIY arperaTHbIMU
cocTosHMsIMU. EciiM B MakpocucTeMax CMEHa arperaTHOro COCTOSIHUSI TPOUCXO-
JUT CKauKoOM, TO B HaHOKJacTepax (a3oBbli Mepexo]] OCYIIECTBISIETCS B HEKO-
TOpO# 00acTh 3HaYEHUI apaMeTpa Bo30ykIeHus (B aanabaTHIecKiX yCIOBU-
X TaKMM IapaMeTpOM SIBIISIETCSA SHEPrust BO3OYKICHHs, a B U30TEPMUUYECKUX —
TEeMIepaTypa), IpUYeM UCYE3aeT Pa3Inyre MKy (a30BBIMU IEPEXOAAMH TIEp-
BOro u BTOporo ponaoB [30]. DTo o3Hauaer, YTO MPOUCXOAUT HU3MEHEHUE HE
TOJIEKO KOH(HUTYpaIy pacrpeieseHsi aTOMOB, HO M arperaTHOTO COCTOSTHUS, a
caM Iepexo] MPOUCXOAMUT HempepblBHBIM 00pa3zoMm. KoHdurypannonusie Bo3-
OyxeHus TpeOyIOT MEHBIINX YHEPTETUYECKUX 3aTPaT, YeM OOMEH JIByX aTOMOB
B 000JI0uKe KiacTepa. BbIxoasl aTOMOB 3a Ipefenbl KiacTepHol 000JI0UKH CO-
IPOBOXKIAIOTCA 00pa30BaHUEM Ha UX MECTaX BaKaHCUM U MOHMKEHHUEM IUIOTHO-
cTH 00osoueyHbIX yacTull. CieaoBareiabHO, KOHQUTYpALUMOHHBIE BO30Y KICHUS
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aTOMOB MIEPEBOMASIT TBEPAOTEIbHBIN KJIACTEp B )KHUJIKOE COCTOSIHUE, a UX BO3BpAT
B 000JIOUKY CHUMAET 3TO BO30YKJCHHE M BO3BPAIIACT KIacTeP B UCXOIHOE KpH-
CTAJNINYECKOE COCTOSIHHE.

[Tomyuennsie dopmynsl (15) moka3pIBalOT, YTO U3MEHEHHE COCTOSIHUS TPaHU-
1[I MOXKET CIIPOBOLIMPOBATH B CUCTEMAaX C MaJbIMU pazMepaMu (a3oBbIil Mepexos
IpU TEMIEPAType HIXKE KPUTHUECKON TemrepaTypsl 7, sl MAKPOCKOIMYECKOIO
o0beKTa. 3apoKIeHue 3apoAblieil HOBOH ()a3bl BOBMOXKHO MPU BBINOJIHEHUU He-
pPaBEHCTB

dri, dr
PB=B+oc——<P, Th,=T-T,—<T.. 24
»=h o fe heh-loosl (24)

Ocummupyroluil xapakTep yxoJa U BO3BpaTa YacTHUI] Ha TPaHUIly MOPOKAAETCS
MOTOKaMHU UKJIMYECKUX TIEPEMEHHBIX (HampuMep, pa3inyus B IIIOTHOCTIX (a3 u
MOJABMKHOCTSX YaCTHIl B CPe/Iax), HE OMPEACTSAIOMNX CYIIIECTBOBAHNUE COCTOSHUS
TEPMOJUHAMHUYECKOTO paBHOBecHs. KpoMe TOro, cTalimoHapHOCTh 3TOTO COCTOS-
HUS TIOPOXKIACT BBIPOXKICHUE yYpaBHEHUH nudy3un, TEIUIONPOBOIHOCTH H BOJI-
HOBOT'O ypaBHEHHUS MPU MOCTOSHCTBE KUHETHUECKUX KOI(DPHUIIMEHTOB B COOTBET-
cTBytomue ypaBHeHus Jlammaca [32]. PemreHust 3Tux ypaBHEHUH OMHCHIBAIOTCS
byukmusamu beccensi, KOTopeie AN KaXIOTO U3 YpPaBHEHHH MOPOXKIAIOT CBOM
npoduias. BzanMHOe BIUsSHUE 3THX (DaKTOPOB MPUBOJUT K 0OPA30BAHMIO CITyJaii-
HOTO MPO(HIIss TPAaHUYHON MOBEPXHOCTH (CM. puc. 1), popMupyeMoro crosiauMu
BOJIHAMHU KOHIIGHTpAllMU, TEMIIEpaTypbl U TepepacrpeesieHuss MOABIKHOCTH
4acTHIl Mexay dazaMu.

Ucnone3yst hopmynst (15), MoxkHO 3anmmcath ypaBHeHue Kiaysmyca—Knamnei-
poHa [2] B Bune

AP o dSdll, _ dgq

= - - (25)
AT Tydl dV  TydV

r7e 0ECKOHEYHO Majloe U3MEHEHHE CKPBITOM TeroThl (hazoBoro nepexoaa dq orm-
penensercs BIpaKeHUEM

dg = —Gﬁdﬂo . (26)
d/
Jnst ha3oBBIX paBHOBECHH CKpBITasi TEIJIOTa (ha30BOTO MEpexojia MOJOKHUTEIbHA
(dg > 0), a usmenenue oobema (aszpl dV MOXKET MPUHUMATH KaK MOJIOKHUTEIbHBIE,
TaK U OTpULAaTeIbHbIE 3HaUeHUs [2]. B mepBoM cilydae IpOMCXOAUT MOBBILICHUE
TeMrepatypsl $a3zoBoro mnepexoaa ¢ poctoMm namieHus (mpu 3tom AP/AT > 0), a
BO BTOpOM — ee noHmwkenue (AP/AT < 0). OtHoueHus

M A Ao Aw A dgdS_ an

AP o dN dII, AT T, dN dI

OMpCACIAI0T MapUraJIbHBIC 3HAUCHUA o0beMa U OHTPOIIMHU, MPUXOAAINIUCCA Ha
OHY HaCcTUly IOBCPXHOCTHOI'O CJIOA.
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5. 3akarouenne

PazButne TCpMOI[HHﬁMI/I‘-ICCKOfI TCOPHUU CUCTEM C MAJIBIMU I'COMCTPUUCCKUMU
pa3MepaMu SIBISIETCS OJJHOM M3 aKTyalbHBIX 33/1a4 HaHO(M3MKU. BeimensnoxeH-
HBI MaTepuan TOJYEepPKUBAECT OCOOBIA CTAaTyC TMOBEPXHOCTH pasznena ¢a3 mpu
(GOopMUpPOBaHNY HAHOYACTHUI] M (PAKTATIBHBIX KIACTEPOB, CIMSHHE KOTOPBIX IO-
poxraer cheponaaabHbIe 3apoAbIIN HOBBIX (a3. Obpa3oBaHue 3apoblimeil Kpu-
THYECKOTO M HAJKPUTUYECKOTO Pa3MEpPOB CBA3aHO C (popMHUpOBaHUEM OOIIEH
TpaHUIBI TyTEM BBITECHEHHUS HEOIHOPOJHOCTEH 00pasyromeicss CTPyKTYphl Ha
IpaHUIly 3apojiblIIa. DTOMY MpPOLECCy MOTYT MPENATCTBOBATh MEXaHUUECKHUE, Te-
IIJIOBBIC U JPYTHC (i)I/ISI/IKO-XI/IMI/I‘-IeCKI/Ie I10JIs1, KOHCCHCYC MCKAY KOTOPBIMU MO-
KET MPHUBOAUTH K (POPMUPOBAHUIO HEPABHOBECHOH OJIOYHO-arperaTHol (3epHU-
CTOHM) CTPYKTypbl MaTepuana. [locrnenHss onpenenseT MEXaHWYECKHe, dICKTPH-
YeCKHe, MarHUTHBIC M JAPYTHe XapaKTepPUCTUKU MaKpoMmarepuana, mo3ToMy Mo-
HUMaHHE TPOLECCOB, (OPMUPYIOUINX HAHOKIACTEPHI, TO3BOJIIUT YIPABIATH (u-
3MKO-XMMUYECKUMH CBOWCTBAMU MAKPOCKONMUYECKUX (ha3 M MOJTydaTh MaTepHaIbI
¢ TpeOyeMbIMU JJIs MPAKTUUECKHUX 1IeJIeH TapaMeTpaMH.
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C.B. Tepexos

YHIBEPCAJIbHICTb CUHEPTETUYHMX 3AKOHIB.
[I. NOBEPXHA PO3OITY ®A3

[NokazaHo, 0 TMHAMIYHO PiBHOBaXHUH CTaH IIOBEPXHEBOTO MiX(a3HOTo miapy KiHIEBOT
TOBIIMHU (POPMYETHCS POZKIMHIOIOUNM TUCKOM, CTPYKTYPOIO TPaHHIIi, 10 3MiHIOETHCS, 1
MPOTIKAIOYMMH Ha TIOBEPXHI po3ainy Qa3 (izuko-xiMiuHUMHU peakmisimu. s cucrem
MaJuX PO3MIpIiB Ili XapaKTePUCTUKHA BHKJIMKAIOTH 3MiHH YMOB (pa3oBoi piBHOBAaru, Imo
BU3HAUYAIOTh CKAYKH THCKY, TEMIepaTypd i XiMi4HOro moTeHuiady dvacTok. OOk
KIiHIIEBOI TOBLIMHU MDK(a3HOI rpaHULl NPU3BOJUTH IO TOTO, IO PO3KIMHIOIOYHHA THUCK
BH3HAYAETHCA (HOPMYJIOI0, BiAMIHHOIO Bin ¢opmynm Jlammaca maus chepudHOi TpaHUIIL.
HerpuBianpHicTh CTpHOKIB BHIICTIEPETIYCHUX EKCTEHCHBHUX XapaKTEPUCTUK NPU3BO-
IUThH IO 3MiHU BIIACTHBOCTEH CHCTEM MalluX PO3MIpPIB Y MOPIBHSIHHI 3 IPOTSHKHUMH MaK-
POCKOTIIYHUMH 00’ EKTaMH.

Karwuosi ciaoBa: ¢asza, moBepxHs po3ainy, GpakTanbHUI KiacTep, TOBIIMHA TPaHUII,
PO3KJIMHIOIOUMH THUCK, CTPYKTypa, (i3UKO-XiMiuHI peakuii, yMOBM piBHOBaru, (pazoBuii
nepexin
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S.V. Terekhov

UNIVERSALITY OF SYNERGETIC LAWS.
Il. INTERPHASE

It has been shown that dynamically equilibrium state of a surface interphase layer of finite
thickness is formed by splitter pressure, varying structure of the boundary and physical
and chemical reactions taking place on the interface. In small-size systems, these charac-
teristics cause modification of phase equilibrium terms that determine jumps of pressure,
temperature, and chemical potential of the particles. It was established that account of the
finite thickness of interphase boundary results in modification of Laplace formula for
splitter pressure in the case of a spherical boundary. Nontriviality of the jumps of above-
listed intensive characteristics cause the change of properties of small-size systems com-
pared to extensive macroscopic subjects.

Keywords: phase, interface, fractal cluster, boundary thickness, splitter pressure, struc-
ture, physical and chemical reactions, terms of equilibrium, phase transition

Fig. 1. Surface of silicon [6]

Fig. 2. Different stages of formation of a self-similar cluster [11]

Fig. 3. Nanoparticle size dependence of the amount of atoms on the surface (@) and in the
volume (m) of the nanoparticle (according to data of [19])

Fig. 4. Thermal (a) of and configuration () excitations in the clusters of non-metal type [30]
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PACS: 62.50.+p, 62.65.+k, 64.10.+h, 64.70.Kb

E.I. Tpomu,Kaﬂ1, B.B. L4a6a|-|eH|<o1, n.B. >I<|/|xapeB1’2, E.E. I‘op6eH|<02,
E.A. MununeHko’

KBAOPYMONbHOE B3AMMOAEWNCTBWE B QUHAMUKE PELLETKU
CXATbIX KPUCTAIINIOB NHEPTHbLIX TASOB B MOAEJIA
JEOOPMNPYEMbBIX ATOMOB.

2. YNPYTME CBONCTBA M COOTHOLLEHWE KOLUW B CXXATOM HEOHE

1,U,OHeLI,KVIl7I PU3UKO-TEXHUYECKUI MHCTUTYT uM. A.A. lankuHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

2J'IyraHCI<|/u7| HauMoHanbHbIN yHuBepcuTeT um. T. LleB4yeHko
yn. O6bopoHHasg, 2, r. Jlyranck, 91011, YkpanHa

Cratbsa noctynuna B pegakumio 28 gekabps 2011 roga

Tlocmpoena Hesmnupuueckas eepcust Mooenu ¢ Oehopmupyembimu amomamu 01 Ucciedo-
BAHUS YNPY2UX CEOUCME CHCAMO20 KPUCMALIU4ecKo2o Heona. /lano obocnosanue mooenu u
npubnudiceHus 0N pacuema napamempos KeaopynoubHOU Oedopmayuu 371eKmpOHHbIX
0001104€eK AMomMo8. YcmaHosneHo, 4mo 3a8UcUmMocns OMKIOHeHUs om coomuowenus Ko-
wu (CK) 6 om oaenenus ecmo pe3yiomam 08yX KOHKYPUPYIOWUX 63AUMOOEUCMEUE — MHO-
20UACMUYHORO U K8AOPYNONLHORO0, NPOAGIAIOWE20CA 8 Oehopmayu S1eKMpPOHHbIX 00010~
yeK amomos npu cmeujerusx a0ep. Bxnao 6 O kascoozo uz smux g3aumooericmaull umeem
CunvHylo bapuyeckyio 3agucumocms. B ciyuae Ne 6knaobl om yKa3saHHbIX 83aumO0eticmeuil
KOMREHCUPYIOMCsl, 4mo obecneuugaem 0 O NOLOHCUMETbHYIO NOCIOSHHYIO 6EIUYUHY, He
3asucsawyyio om oaenenus. Coznacue ¢ 9KCNepuUMeHmoM pacCyumaHnHvlx Mooyietl ynpyeo-
cmu u OmKAoOHeHus1 om coomuoutenus Koww ona Ne xopouee.

KiroueBble ci10Ba: KpUCTAUTBI MHEPTHBIX Ta30B, JeOpMaIys SIEKTPOHHBIX 000JI0OYEK,
KBQIPyNOJFHOE B3aUMOJCHCTBHE, MHOTOYACTUYHOE B3aMMOJICHCTBHE, BBICOKOE JaBIie-
HUE, PHEPTHUsl KpUCTallja, KOPOTKOACUCTBYIOIEE OTTaIKUBaHue, cooTHoIeHue Komu

1. BBenenue

Meron OpWUTIOPHOBCKONM CIEKTPOCKONUM, TNPUMEHEHHBIH I KPUCTAIIOB
uHepTHbIX ra3oB (KUI), BbipaiieHHbIX B siueiikax anMasHbix HakoBasieH (DAC), or-
KpbUT HOBBIE BO3MOXKHOCTH JUIi MHTEHCHBHOI'O HCCIEJOBaHUS YIPYIHX CBOMCTB
KUI' B mmpoxom unTtepBane nasnenuii [1-4]. B nmocnenneil crarbe u3 310 cepuu
0c000 TOUHBIX U3MEPEHHUH YIPYTHUX CBOMCTB MOJABOAATCS UTOTM M 0OCYyXIaercs, B
YaCTHOCTH, HACKOJIBKO XOPOLIO TEOPHs, CYIIECTBYIOIIAsl HA CETOJHSIIHUNA MOMEHT,
OIUCHIBAET SKCIEPUMEHT MO OTKJIOHEHHIO OT cooTHoueHus Kommu. ABtopsl [4] oT-
MEUaroT, 4To ab initio pacueTsl B Teopun QpyHKuroHana mwiotHoctd (DFT — density

© E.IN. Tpouukas, B.B. YabaHeHko, N.B. XKuxapes, E.E. MNopbeHko, E.A. MununeHko, 2012
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functional theory) [5] ga)ke KaueCTBEHHO HE BOCIIPOHM3BOIST OTKIOHEHHE OT COOT-
HomreHust Komm 8. DTH pacdyeTsl JEMOHCTPUPYIOT OTPHLIATEIBHYIO BETUYMHY O, 3a-
BUCSIIYIO OT JaBieHus, Ans Bcero psaa Ne, Ar, Kr, Xe ¢ koaddurmentom, mpsamo
MPOMOPIMOHATIEHEIM aTOMHOMY Becy. B skcmeprMeHTe mocienoBaTelbHOCTh ONe >
OAr > O kr > Oxe HAOMIOACTCS TONBKO MPH HyJIEBOM AaBieHuH. C poCcTOM JaBJeHus,
KaK TMOKa3al dKCIepuMeHT [4], HaOmonaeTcss UHANBUIyabHAsT 3aBUCUMOCTD O OT
nasneHus, pu p > 10 GPa Tsoxenbie kpuctamwisl Kr n Xe umeror |8 MeHble, 4eM
i Ar. Pacuetsl ypaBaenust coctosiHus (EOS) u Moaynelt ynpyroctu ¢ amnupuyde-
CKUMH TOTEHIMANIAaMH B PaMKaX MHOTOYACTHYHBIX MOJIENEH NEMOHCTPUPYIOT TMO-
TPEIIHOCTh MeHee 1% Tpu ONMUCAaHUU KaXKIO0W BETMYUHBI B OTACIBHOCTH M IaXE yC-
TMENTHO BOCIPOU3BOAAT SKCIIEpUMEHTANILHO Halmoqaemoe otpuiatenbioe CK, Ho [0
it Xe Takke 0onblie, ueM it Ar (CM. [6] ¥ CCBUTKH Tam).

Takoe HECOOTBETCTBHE MOXKET OBITh CBS3aHO C TeM (HaKTOM, YTO, MOMHMO
MHOTOYaCTUYHBIX B3aMMOJICUCTBUM, K HapYIICHUIO COOTHOIIEHUsT Kommu mpuso-
IT W B3aUMOJICHCTBUS, CBsI3aHHBIE C JAeopMalieil AJIeKTPOHHBIX 000JI0UeK
aToMoB. B nanHom nukiie pabot «KBagpynosibHOE B3aUMOJEHCTBUE B TUHAMUKE
PEIIETKH CXATHIX KPUCTAIOB HHEPTHBIX Ta30B B MOJAENHU Ae(POpPMHUPYEMBIX aTo-
MOB» ISl UCCJIEIOBAHMS BCEX B3aWMOJICHCTBUMN, MpUBOIAUX K HapyieHuio CK,
UCTIONB3YETCS MOJIENb TMHAMUKHU PEIIETKU ¢ JeOPMUPYEMBIMHU aTOMaMH, Pa3BH-
tasgs K.b. Tonmeiro [7-9]. B mepoii pabore nukia [10] O6puto moka3aHo, 9To B
9TOW MOJENH B paMKax €IMHOTO MOJXOJAa MOJYYaloTCsS U TPEXYaCTUYHOE KOPOT-
KOZIEMCTBHE, U KBaJPYIOJbHOE B3aMMOJEICTBHE, CBSI3aHHOE C KBAAPYHOJIbHOU
nedopMarueit SIeKTPOHHBIX 000JI0Y€K aTOMOB IPU CMEILIEHUH SIIEP.

Ha nmpumepe Xe ObI10 MOKa3aHO, YTO HAIIM PacCYMTAHHBIC OapHUYECKHE 3aBH-
CUMOCTU MoayJsel ynpyroctu bupya u oTkIOHeHHUs OoT cooTHomeHus Komm xo-
POIIIO COTJIACYIOTCSI C yKa3aHHBIM BBIIIE HEIABHUM SKCIEpUMEHTOM [4] BO Bceit
o0JacTu JaBJiCHUI B OTIMYHE OT IPYTUX TEOPUH.

Ilenp naHHOM pabOThl — MOCTPOUTH KOJWYECTBEHHYIO TEOPUIO YIIPYTHX
cBoiicTB cxxarbix KUI' ¢ yueToM MHOTO4YacTUYHOTO B3aUMOJACWUCTBUSA M KBAJPYy-
NOJIFHOH JtehopMaIrvy AIIEKTPOHHBIX 0007109eK aTOMOB. J{J1s1 3TOro HE0OX0AUMO
obocHoBath mpenioxkeHHyo [10,11] monens pacuera u caenaHHble TPUOIKEHUS
JUIsL omipesieneHusl Buja (yHKIMOHAJIBLHOW 3aBUCUMOCTU M BEJIMYUH MAapaMeTPOB
KBaJIpYTOJIBHOTO B3aUMOJECHCTBUA. B kauecTBe 0O0bEKTa MCCIENOBaHUS BBIOpaH
CKaThId KpUCcTAIIMYEeCKui Ne.

2. KopoTkoaeiicTByOINi MHOTOYACTUYHBIH MOTEHUMAJ OTTAJTKUBAHUS
B MOJEJIH GKeCTKHX» aTOMOB

Psan nammx pa6ot [12—17] Obl1 nocssmieH Teopun ynpyrux coiicts KUI™ mox
JAaBJICHUEM Ha OCHOBE HEIMIUPUYECKOTO pacdera KOPOTKOAEHCTBYIOUIETO IO-
TeHIMaia oTTankuBaHus Uy, — MapHOTro (C y4eTOM HepBBIX U BTOPBIX cocefei), a
TaKXe TPEXUYaCTHYHOTO.

B paGotax [15,11] npennokeH opuruHaIbHBIM METOM MPECTABICHUS KOPOT-
KOAEHMCTBYIOILIETO MOTEHIMaNa OTTaakuBanus Uy, B BUJE Pa3iOXKEHUs MO CTele-
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HSIM MaJioro Tapamerpa — MHTerpajia MepeKPhITHS BOJHOBBIX (YHKIIHA 3JICKTPO-
HOB COCEIHUX aTOMOB S

Uy, =EQ W,y + Wy + W, +Ws +Wj. (1)
3n1ech
EO = By (s [+ v + Vi |1s), @)
/

rae (ps(r—l):|ls> — BOJIHOBast (YHKIHMS DJICKTPOHA H30JMPOBAHHOIO aToMa

(atomHasi opOuTaik), ICHTPUPOBAHHAA HA y3j€ | permeTkn KpucTaia B COCTOS-
Huu ¢ HomepoM s (I U m mpoberator Bce N y31oB). 31eCh U Jajee MO TEKCTY
ITPUX Y 3HAKa CyMMBbI O3HadaeT m # l.

IlepBoe ciaraemoe B (2) mpeACTaBII€T CyMMY SHEPTUil M30JIMPOBAHHBIX aTO-
MOB, HE 3aBUCSIIYI0 OT MEKATOMHBIX PaccTOSIHUI B KpucTaiie. Ee MoXHO BKIIO-
YUTh B HaYaJI0 OTCYETA dHepruu. Bropoe ciaraemoe B (2) COCTOUT U3 IBYXIIEH-
TPOBBIX MHTETPAJIOB — MATPUYHBIX 3JIEMEHTOB OT MMOTEHIIMAJIA IEKTPOH-HOHHOTO

B3aUMOJICUCTBUS Ven , IOTEHIIMaJIa HEUTPAIIbHOTO U30JMPOBAHHOIO aTOMa Vom u

MOTEHIMAaIa 0OMEHHOTO MEKAaTOMHOTO B3auMOICHCTBUS V-

x » TIOCTPOCHHBIX Ha

ATOMHBIX OpOUTAIISX | ls> .

OproronanusanoHHas nomnpaska W, kBaapaTuyHa 1o S:

L, =-2> >PY <1 o VA > > Z P (Is'mt [y |msle),  (3)
|| II'm ss
rac
<lsmt [ve | mslt> = J.(p: (r- l)cp: (r'-m)ve(r—r)oe,(r'-m)e,(r—)drdr’,
2
ve(r—-r')= .
[r—r'|

-1
Paznoxenue snementoB matpuiisl P =1— (I +S) * mo creneHsm MaTpuiibl HH-
TErpajioB EPEKPHITUS S UMEET BUJL

P =5t vo(s?), PL=—(sHL +o(s?). 4)

ITonpaBka W, cOREPKUT TOIBKO IBYXLEHTPOBBIE UHTEIPAJIbl U COOTBETCTBYET
JByX4YaCTHUUYHBIM B3aUMOJEHCTBUSAM B Kpucramuie. Cimaraemoe W3 — mompaBka
TpeThell cTeneHu 1o S, cofepalas TPEXUEHTPOBbIE HHTETPAJIbL:

Wy=-23 3 Py (1- ) g 23 YRV X 0 ) -

I ss’ I ss m=l,m=l'

=230 % PR (Vs'me v 1s1'7). (5)

'm ss'tt’

Ananornuno mns Wy, Ws, Wg (cM. moapo6nee [15,11]).
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[Moyunm npubmkeHHYI0 GOpPMY TPEXYacCTUYHOTO B3aMMOJICHCTBUS B CiIydae,
Kornma atomel /, /', [" 0Opa3yroT paBHOCTOPOHHHN TPEYyroidbHUK. Mcnonb3ys pac-
CUMTaHHBIC Ha OCHOBe TaOuuIl [18] nByXdacTW4HBIE MHTETPajbl (B BBIPAKEHHH
(5) y4uTBIBaIOTCSl TONBKO 2p-3JEKTPOHBI, o = 3 = ¥ = z, ock (Jz HampaBieHa Ha
Oonmxaiiimuii arom [19]) u TpexyacTUUHbIN 1o TpubmKeHHOU dopmyne [15], Mbl
MOYKEM TMOJIYYHUTh MPOCTYIO (HOpPMY HEIMITUPUIECKOTO TPEXUACTHIHOTO KOPOTKO-

HeﬁCTBHH MCXXATOMHOI'O ITIOTCHIIMAJIA:

r
_ll o
rae S =S, — HauOOoJIbIINK U3 UHTErPAJIOB MEPEKPHITHS.

r 1 "
oL
2

’ 1 "
r_1ou

2

r 1 "
r_1ou

5 . (6)

W, = —Z(S(r”"))2 f( r

nr

’ 1 "
r_ Lo
2

B pabore [15] nokazaHo, 4yTo HamM ab initio KOPOTKOAEHCTBYIOIIME IBYX- U
TPEX4aCTUYHBIN (E0 + W, + W3) moTeHImanbl, a TaKKe JydIllie SMITMPUIECKHIEC
noteHuuanbl [20—-23] XOpoIo cornacyroTes MEXy CO00M B IIMPOKOM MHTEPBAJIC
JABJICHUM.

3. Moayau ynpyroctu bup4ya u coorHomienne Komu B mogesn
aepopMupyeMBIX ATOMOB

Hcnone3yst MeTO IUTMHHBIX BONH [24], u3 ypaBHeHUU konebanuii (cM. (21)—
(24) B [9]) MOXKHO HaliTH BBIPOKEHHUS I MOIyNIel ynpyroctu bupua Bj;, cipasen-
JUBBIE TIPU JIOOBIX AaBieHUAX [25,26,14] ¢ yd4eToM TpeX4aCTUYHBIX CHJI U Je-
dbopMaruu IEKTPOHHBIX 000s104eK. J[ambHOIEHCTBYIOIINE TPEXUYACTUIHBIC CHITBI
[27] m BKJIaJl KBaAPYIMOJILHOTO B3aUMOJICUCTBUA B CUiIbl BaH-n1ep-Baanbca B cxa-
THIX KPUCTAIIaX MpH OOJIBIIUX JABJICHHUSIX MEHEE BaXKHbI, TOITOMY OHH B J1ajib-
HEHIINUX BBIPAXKCHUSX HE MPUBEICHBI.

Torma monynu Bl-j MO>KHO 3aIlicaTh B BUJC

2
B, =~ {G+H+2F+2E—§Vq—1.24313},

24*
e [1 1 ]
Biy=——|=G~H-2F+—V,~—V,~1.0699B |, (7)
2a%1 2 3 2
21 1.1
By=——-o/—G+H+2F——T+=V,-03477B |,
2q%| 2 2 2
e
3
H:H0+6H:4i2i% +8H,
e ry dr "
T (8)
G=G0+6G=2‘; dU;r 14U 456,
e dl" 7"0 dl" .
) 0
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KopotkozeicTByomue cuiibl MEXIy BTOpbIMHU cocelssMu F, E W mapamerp
Ban-nep-Baanbca B COOTBETCTBEHHO paBHBI

F=H,(2a), E=Gy(2a), B= 6502. (9)

ae

Tpexuactuynble nonpaBku 0H u 0G, NPUBOJAIINE K HEEHTPAILHOCTH ITapHO-
ro B3aUMOJEICTBUS, UMEIOT BU]L

3
OH = —64Z—ZS(ro)[2Sz(ro)f(r1) +38(r) (1) =281 () ()], (10)

3 -
3G = —642’—2[2S(r0>sg ()./ (i) + ST (1) £ (1)) +4S (1)1 (1)./; (1) + 98 (1) £301) (1)

re 1y =av2 — paccTOsIHUE MEeXJy OMMKaWIINMH COCENsIMU; K = aN6/2, a —
NOJIOBHHA pedpa Ky0Oa; e — 3apsz 3JeKTpoHa; S, S>, S3 BbIpaXkaroTcs dyepes3 mep-

BBIC U BTOPBIC NPOU3BOJHBIC OT MHTETpAJIa IIEPCKPBITHUA S(I"ll ) o MOoAyJro ap-

ryMeHTa. BeipaxkeHust 11 3TUX QPyHKIMA UMEIOT CIEIYIOINA BU;

ds 1ds ds*(r) 1ds
0= df»r)’ 200=5, df»r)’ 3()_7( dr(r) r dir)}

AHaOTH4YHO 1 f1, />, f3.
ITapameTp Tpex4acTUYHOIO B3aUMOACUCTBUSA

3
v, :128%{50)£M} [EM} ) (12)
e " dl"() ro:a\/f R dR R=a/6

[TapameTpsbl KBaIpyOJIBHOTO B3aUMOICHCTBUS

Y 2
q:b(ZW DR ) (13)
1+0.32673b 1-0.06615

Trac

(r)

_ 1| a dDy(r) _1| a dD,,
U= [ Dxx(rO)]9 w 6[\/5 dr

\/Edr

+Dxx(ro)} (14)

) o

I il
Zz<WO Q(xB \Vz><\|f Vo Hsr

D = Bas 5

MatpuuHbIi 3JIEMEHT OT KOPOTKOJECUCTBYIOIIEH YaCTU TaMUJIbTOHHAHA B3aHMO-

, b= 2[‘)’;‘4 . (15)

nerictBus atomoB [ u ' H ilr UMEET BUJL

(wivt |23 [wow) = [ Wi o >H”<rr)(1—5 lzjw(r o (.. )dudr, (16)

41



®du3nKa 1 TEXHHKA BbICOKMX AaBJjienunii 2012, Tom 22, Ne 2

rne B, — oneparop nepecTaHOBKHU 3JIEKTPOHOB 7, .

Torna otknonenue ot CK, 3anucannoe uepe3 moxyiu bupua, npumMer Buj

2
82312 —B44—2p:e—4|:26H—I/t+%T+§Vq _4Rt}’
2
: ’ . (7
5, =e—4[28H—V, ~4R], R, :_a_zﬂ>0’
2a 6e da

rae O; — orkioHeHue oT CK TONbKO 3a CYeT TPeX4acTUYHOTO B3aUMOICHCTBUSI.
4. IlocTpoeHue KOJINYECTBEHHOM TEOPUH YIIPYTUX CBOMCTB c:xxaToro Ne.
Hcnoab3yemblie NpudIMKeHUs!
Kak Bunno us (13)—(15), 3aBucumocts Vy, T OT CxKaTHs ONMPEACIATCS MAaTpUy-

HBIM DJIEMEHTOM <\|/f\|/6 H ilr

\Vé\y6>, KOTOPBIIl MOXKHO BBIPA3UTh Yepe3 MaTpHu-

HBIC 3JICMCHTBI Ha OAHO3JICKTPOHHBIX BOJIHOBBIX (1)yHKI_II/I}IXI
[ e/ . A
Dy ~<\Vi\lf0 Hy W0W0>~<10‘Hsr 00>-

7

[Tonmoxum [19]

2.1
oo>=VS’j xS ) (18)

. i
<10‘Hsr T
]

oo> ~ <00‘H§§

rue ‘r”‘ — paccrosiHMEe Mexay atoMamu /[ u [' (mia Ommkalmmx cocezneit

‘ #l ‘ =a\2 ); A — HEKOTOpask KOHCTaHTA.

st Toro yTo661 000cHOBaTH npubMIKeHue (18), mpoBeaeM pacueTsl, UCTIONb-
3y BOJHOBBIC (DYHKITMU 2p- W 3S5-3JEKTPOHOB HM30JIMpOBaHHOTO aToma Ne [18]
noo6Ho padoram [19,28].

KoportkoaeiicTByronuii mapHelii NOTEHLIHAAI Vslrl =g© +W, paccuuThIBaICA

Ha TOYHO OPTOrOHATM30BAHHBIX BOJIHOBBIX QYHKIMSX V. (S")u npubnmkeHHo —

Ver (%) (em. dopmystst (1)~(4)).

B tabn. 1 mpeacraBneHsl napHbId MOTEHIMAJ, HHTETPAIbl MIEPEKPHITUS 2p- U
3s-opOuTaneii u ko3 HUIIMEHTHI allMPOKCUMAILIUU A; TTIOTEHIIMAa Yepe3 ST UHTe-
rpansl nepekpbiTus. [locnennemy paBeHcTBY (18) mydiie Bcero cOOTBETCTBYET
A1 =38+02wu |4 =0.67+0.05 ms cxaruii 0.0 < u < 0.7, TOCKONLKY K03-

¢bunueHTsl A] U A4 ¢ yKa3aHHON TOYHOCTBIO SIBJIIIOTCS KOHCTAaHTaMH B BBIOpaH-
HOM MHTEpBaJie CxaTus, a A» U A3 B 3TOM HHTEpBaJIe CXKATHM KOHCTAHTaMH HE
apnsrores. Halinem mapamerper V, u T no ¢opmynam (13), (15), ucrmons3sys
(GyHKIMOHATIBHYIO 3aBUCUMOCTH (18):
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ds 58?2

V =L|S—+="—|, 19

q 1 dR 7 R ( )
2

T=8L, gds 157 , (20)
dR 2 R

rae Ly, Ly — HeKoTopble KOA((GUIIMECHTHI, CoAepiKalre O0e3pasMEpHYIO KBaJpy-
MOJIBHYIO TIOJISIPU3YEMOCTh b, c1a00 3aBUCSIIYIO OT CXKATHUSA.
Torna BKJIa KBaAPYMOJIEHOTO B3aUMOICHCTBHS B O OyIeT

S =—| = - = == 4 (21)
2 24 Rl3 dR 12 R 3 dR

(1,1 e §*(13 _ds 378* 17 .dS
q= 4( T+—VJ:L —+— —S—

2a 3

Jlo cux mop Teopus He coleprkaja MOJrOHOYHBIX MapaMeTpPoB, TaK Kak BCe Ma-
paMeTphI IBYX- U TpeX4acTUIHOTO B3aummonencteus (Hy, Gy, F, E, 0H, 0G, V;, R;)
MbI MOTJIM PaCCHYUTATh C ,Z[OCT&TO‘-IHOﬁ TOYHOCTHIO MHAUBHUAYAJIbHO JIA KaXI0I'0o
kpucTama pana Ne—Xe. Jlnsg kBaapynoabHOro napamerpa V, Mol HamuiM QyHK-
[IUOHATIFHYIO 3aBUCHUMOCTh, HO ONPEICIIUTh aOCONIOTHYIO BEIHUUHY (T.e. K03(-
¢bunmentsl L, L1 u L) Ha ocHoBanuu Gopmyin (13)—(15) B Hacrosiee Bpemsi He

MMPEACTABIACTCA BO3MOXHbBIM. HO3TOMy npeajaracM B34Thb 3@ OCHOBY Ha4YaJIbHOC

0

3nadenue mapamerpa V;*P (p ~ 0) U3 SKCIEPUMEHTATBHOTO Sy,

B MEPBOM DKC-
NEPUMEHTATbHON TOYKE JaBICHUS:
3 24
exp _ (U
% _Ee—z(sexp ). (22)
Jlna Ne V;Xp =0.0147 (p = 4.695 GPa).

B ta6:. 2 mpencraBieHpl OCHOBHBIC ciaraembie u3 ¢popmyisl (21):

2 2
FI:ER(d—S), ,-375 17 .dS

F=2t2_ p=-15=2. (23)
3 \dR 12 R 37 dR

Kak BugHO U3 TaOIHIHI, F2|1/1 |F3| MaJibl IO cpaBHeHUIO ¢ F'| (mpeneOperas

UMHU, Mbl BHOCUM omuOku ~ 20%). C npyroil cTOpoHsl, F'| MOXHO CUHUTATh
MEJIJICHHO MEeHsIoIeiicsa GyHKIUEeH cKaThsl Mo CPAaBHEHUIO C S2/R. Takum 006-
pa3oM, Ha OCHOBAHHMM PacyeTOB OLIEHUBAEMbIX BeNUUYUH F|, F, F'3 MBI OCTaB-
ngeM Haubonbuiee ciaaraemoe | B BeIpakeHuM i 8, (21), MOCKONBKY M3
BCEro psijla MHOTOYAaCTUYHOTO B3aMMOJAECHCTBUSA Mbl TaKXe€ paccMaTpUBaeM
TOJIbKO Haubompmee Wi ~ s . [Ipu ydere cneayromero nopsinka Wy ~ S* we-
00X0JIUMO y4YUTHIBATh, IO KpaliHell mepe, cnaraemble F1, F3 (23). IIpoBeneH-

HBIII aHaliu3 O6OCHOBBIB8.CT IIpUMCHCHUC HpI/I6J'II/I)KCHHOFO BBIpAKCHUA
[10,11].
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Ta0mnua 2
HapaMeprl KBaI[pynOJ'II)HOl"O BSaHMOI[eﬁCTBP[ﬂ N OTKJIOHCHHUSA OT COOTHOILIICHUSA
Komm npu pa3iu4HbIX Bapuanuax A B 3aBHCHUMOCTH OT C:KaTusi U

das o 3 3 3 Vq-IOZ, a. u. 84 GPa
u | GPa e 107 P07 0 10 o T T =0.9 | A= 07
0 | 0.126 | 0.926 | 2213 | 0.043 | —0.480| 0.199 | 0.155 | 0.404 | 0314
0.1 | 0396 | 1.134 | 3203 | 0.068 | —0.724| 0313 | 0.244 | 0.733 | 0.570
02 | 0.098 | 1.407 | 4.739 | 0.111 |—1.124| 0.510 | 0.397 | 1.395 | 1.085
03 | 2.406 | 1.774 | 7.203 | 0.188 | —1.803 | 0.864 | 0.672 | 2.823 | 2.196
04 | 5011 | 2278 | 11.28 | 0334 | -3.010| 1.536 | 1.195 | 6.168 | 4.797
05 | 15.64 | 2.092 | 1833 | 0.633 | —5.280 | 2.911 | 2.264 | 14.901 | 11.589
0.55 | 26.59 | 3.480 | 24.07 | 0.897 | —7.203 | 4.127 | 3210 | 24.313 | 18.910
0.6 | 47.05 | 4.043 | 31.07 | 1.304 | —9.866 | 5.995 | 4.663 | 41.328 | 32.144
0.65 | 87.68 | 4.788 | 41.66 | 1.950 | —13.97 | 8.966 | 6.974 | 73.857 | 57.444
0.7 |174.86 | 5.655 | 5522 | 3.021 | —20.02| 13.89 | 10.81 |140.548/109.315
0.74 32401 | 6.559 | 70.83 | 4.423 | 27.44 | 2035 | 15.83 |249.104]193.748
0.75 | 286.80 | 6.804 | 75.23 | 4.891 | —29.74 | 22.50 | 17.50 |290.213]225.722
0.76 145333 | 7.061 | 79.91 | 5419 | -32.26 | 24.93 | 19.39 |339.591]264.126

Ilpumeuanue. YpaBHEHHE COCTOSIHUS paCCUYUTaHO B Moaenu M3.

Eciu T=8V,, 10

2 AV2S*/R
_ 13 e q VO — quXp . (24)

8 - 5
T 324" S3/R, K

Ha puc. 1 (cM. Takxe Ta0i. 3) moka3aH TpeX4aCTHUHBIA Mmapamerp V; u mapa-
meTp V, npu Bapuauuu A. B 3aBucumocts ot cxatus u = AV/Vy (AV = Vo — V(p),
Vo — obwem mpu p = 0). Hammyumee cornacue ¢ VP momyuaercs npu 4 = 0.8.

Kpowme Toro, npusezeH cirydai qu = ‘Vto‘.

Ha puc. 2 orknonenue ot cootHomenus Komn et = 6; + 8, paccmarpusa-
JIOCh TAKXKC IMPU PA3JIMIHBIX A. BI/IIIHO, 4TO BKJIaA KBAaAPYIIOJIBbHOI'O B3aI/IMOIICI71-
CTBWSI YJIy4IIIa€T COTJIACKE TEOPHH U SKCIIEPHUMEHTA IPH JTFOOBIX A.

Monynun ynpyroctu bupua Bj; (7) MOKHO TIPEICTaBUTh KaK

%=@+%+%,

62

B, =K(p)(8G+8H), B}, =K(p)(—§[/q]’ K(p)zﬂ’

. @)
B}, = K(p)[%G—%—SH} BY, = K(p)Gqu,

8G V,
;9 =K(p){7+7’+6H}, B, =—-K(p)4V,,

rac BO — PpAaCCUUTAHHBIC HAMH PpAHEC MOLYJIN Bnpqa C MapHbIM MMOTCHIHUAJIOM B
ij

MpUOJIMKEHNH BTOPBIX coceneit [ 14].
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20 ;6 B
Ne /V/v/ V/: 2 - v/v/ v/'/.
) 15+ i — *5-2'7*’;"%%6 % 4l *fw;wﬁﬁggﬁ/*ﬁiﬁg
g :::/././:/ o ﬁ:::/l/'/. -
. 10 i C%' 2 :OM o
jas) | I
“9 5 i o———o—o—>0 O o—~>0 a O o—>0 4 q-
- Q
;N 0 r |(\| O ro—0o—0— 0o o0 oo o 4
——— & [ewe .,
_5 I I e , *—o. L ) 'y .‘.5 —2 - .\.\'\.\.\.‘.5
038 040 042 : . 7 ;
u=AVIV, . GPa

Puc. 1. 3aBrucumMocTh KBapynonbHOro napamerpa v, ais Ne ot cxarus: -3 — koodu-
ueHTtsl A = 0.9, 0.8, 0.7 cootBeTcTBeHHO (CM. hopmyiy (24)); 4 — VqO = ‘Vto‘; 5 — 3aBu-

CHUMOCTh TPEXYaCTHYHOTO MapameTpa V; ot cxkarus; 6 — pacuer V, no ¢popmyie (16) npu
0= 8exp [4]

Puc. 2. 3aBucumocTh OTKIOHEHUs OT cooTHoIlreHuss Komm & (17) mis Ne or paBneHus:
[-3 — Ham pacyer Sgheor = O; + 8, ¢ cooTBEeTCTBYROIIMMY KO3 pumuentam 4 = 0.9, 0.8,
0.7 (cM. dhopmymy (24))(COOTBETCTBYIOT KpUBBIM /—3 Ha puc. 1); 4 — HaII pacyeT ¢ mapa-
meTpoM Vy(u) (COOTBETCTBYET JIMHUU 4 HA pUcC. 1); 5 — Hall pacyeT ¢ y4eTOM TOJIBKO
TPEXYACTUYHOTO B3aumonercTsus 6, (V, = T = 0); 6 — skciepuMeHT

Bxiagpl Tpex4aCTUYHOTO B3aUMOJICHCTBUS Bl-; U KBaJPYMOJbHOTO Bl-Jq- pac-

CUMTaHBI [0 TTapamMeTpam, NMpUBeIeHHbIM B Ta0i. 3. B Tabn. 4 npencraBieHbl MO-

IIyJIH Bg- , paccuntanusie B Mozxenu M5 [14], £B;; = B;; = Bg + Bl-tj + Bijq- (25).

Ha puc. 3,a (cm. tabn. 4) u 3,6 noka3zansl Moayu ynpyrocta bupua nns Ne.
Cornacue Teopuu U 3KCIEPUMEHTa XOPOIIee U 3aBUCUT OT MOJIEIH pacuera Bl-? .
Jl1s ciBUTOBBIX MOJyJIEH 324 (M5) u 324 (M3) yuer Bj, u B{, Hemuoro yxyn-
1I1aeT, a Juist Bloz — yJydllaer pe3yJbrar. Jns momynen Blol ATOT BKJIQJ MPAKTHU-
YEeCKH HE 3aMETEH.

3akJjaroueHue

[IpoBeaenHoe ab initio ucciaenoBaHue YNPYyTUX CBOWCTB M cooTHOIIeHHUs Ko-
mm ['TIK-Ne s mmpokoro mHTEepBasia CxKatusi BIUIOTh 10 OOJIACTH MeTalu3a-
uu (u = 0.77, cM., Hanp., [29]) mo3BoanI0 060CHOBATH MPUMEHEHUE MPUOITIIKE-
HUI 1715 pacyera napaMeTpoB KBaJIpyHOJIbHOH AedopManuu 37MeKTPOHHBIX 000-
ao4ek aromoB. Ilpu sTOoM mocne omnpexneneHus (QyHKIHMOHAIBHOW 3aBHCHMOCTH
V4(R) npennaraercs Ha4albHOE 3HAUYEHHUE B3ATh U3 DKCIIEPHMMEHTA qu = V;Xp . Ha

caMoM JIeJie 3TO JIeJIaTh He 00s13aTeIbHO, MOXKHO BOCIIOJIb30BaThCs TOUHO pacCyu-
0 0
TaHHBIM [TAPAMETPOM V; U IOJIOXKHUTH V' = ‘V, ‘ (p = 0) (cm. kpuBble 4 Ha puc. 1, 2).

B sTtoMm cjyvdace 6theor XYKEC Corjiacyercd € Sexp 10 BCJIMYMUHE, HO JIy4dIlle NMMpeaACTaB-
JICHa (byHKHI/IOHaJH)HaSI 3aBUCHUMOCTDB OT p.
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Puc. 3. 3aBucumocts Moxynel ynpyroctu bupua Bj; st Ne or naBinenus: a — pacuer

Bg B Mojien M5 (cM. Tabi. 4); 6 — pacuer Bg B Mogenud M3 [14]; mO, @0, AA — pacuer

(3auepHEHHBIC CHUMBOJIBI) M JKCICPHUMEHT (CBETIIBIC) COOTBETCTBEHHO B, Biy W Bya;
MTpUXoBasd JUHUA — pacdeT BU C YUYETOM TPEXYACTUYHOI'0O M KBaJAPYIIOJIbHOI'O B3aMMO-

i & _po t q
JAEeHCTBUH Z Bij —Bij + Bl.j + Bij

U3 puc. 3 crnegyer, 4To y4er AedopMaIui 3JIEKTPOHHBIX 000JI0YEK aTOMOB H
TPEXYaCTUYHOTO B3aUMOJCHCTBHUS HE CIMIIKOM HM3MEHSET MOAYJIH YHPYTOCTH,
KpOME CIIBUTOBOTO B44. BeposTHO, 3TO 00BsACHSET, OYEMY pacyeThl C IMIUpPUYE-
CKUMHU TOTEHLUajIaMH (CM., Hamp., [6]) OYEHb XOPOIIO COINIACYIOTCS C Bf;p u

BZZP M0 OTAENBHOCTH, HO HE BOCIIPOU3BOJAT aJICKBATHO UX PA3HOCTH O.

Ha puc. 4 npencraBieHbl Ui CpaBHEHHUs HAIM PE3YJIbTAThl U PE3YJIbTAThI
IpYTUX aBTOpPOB — ab initio pacuetsl B DFT [5] u Ha oCHOBE SMIHMpUUYECKHUX TIO-
TeHIaoB [6]. Kak BUIHO, HACTOSAIINE PacyeThl COTJIACYIOTCS C IKCIEPUMEHTOM
HaWIy4dIuM 00pa3oM.

[To HameMy MHEHUIO, METO/I MOJEIBHBIX TTOTEHIIMATIOB C TIOATOHOYHBIMH Tapa-
METpaMH HY>KHO TIPHUMEHSTh OYEHb OCMOTPHUTENNBHO. Y CIIOKHEHHE (POpMyTT U yBe-
JTUYCHHE YKCIia MapaMeTpoB HE JOCTUTAIOT Led, eciu (hopma aanabaTudecKoro

Puc. 4. 3aBUCHUMOCTE OTKIIOHEHHSI OT CO-

3
% otHomeHns Kommm & (17) mis Ne ot nas-
< neHust: 1, 2 — HaCTOSIIINK pacyueT Ogpeor = Oy +
) + 8, mpn V) =V, 4=08ud =06
qur ok 0500000 +-3 COOTBETCTBEHHO; 3 — IpH qu = |Vt ,A=1;
A

I(\l \ it S| 4 — HacTOSIIMIA pacueT C Y4€TOM TOJIbKO
5 5l \A TPEXYaCTHIHOTO B3auMojeHcTus &, (V, =

\{ =T=0); 5 — pacuer B DFT [5]; 6 — pacuer
s B MHoOroyactuyHou monenu EAM (embed-
0 ' 2 ' 4 ' 6 ' 8 ' 10 " ded atom method) ¢ smmmpuyaeckuMu 1I0-
», GPa TEHLMaIaMU [6]; 7 — 3KCIIEpUMEHT [4]
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IHOTCHIMAaJIa HE 6yneT 000CHOBaHA C IIOMOIIBIO O6IJ_[I/IX MMPpUHOHUIIOB, T.C. TTIOJIYyUC-
Ha B TOM HJIM HHOM HpI/I6JII/I)K€HI/II/I H3 paCCMOTPCHHA SHCPIruun 3JI€KTpOHHOI>'I noa-
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O.I1 Tpoiyvka, B.B. Yabanenxo, 1.B. Kuxapes, €.€. I'opoenxo, K.O. [lununenko

KBAOPYMONbHA B3AEMOIA B AVHAMILI TPATKN CTUCHEHWUX
KPUCTAJIB IHEPTHUX TA3IB Y MOLEJI ATOMIB, LLO MOXXYTb
JE®OPMYBATUCA.

2. MPY>XXHI BITACTUBOCTI TA BIQHOLWWEHHA KOLWI'Y CTUCIOMY HEOHI

30y10BaHO HEEMITIPUYHY BEPCII0 MOJEINI 3 aTOMaMu, 10 Ae(POPMYIOThCS, Uil JOCHTiI-
JKEHHSI TIPYXHUX BJIACTHBOCTEH CTUCHEHOTO KPUCTAJidHOrO HEOHY. OOIPYHTOBYETHCA
MOJIENTb Ta HAONKEHHS U OOYHCIICHHS MapaMeTpiB KBaAPYIONbHOI nedopMartii enek-
TPOHHHX OOOJIOHOK aToOMiB. BCTaHOBJICHO, IO 3aJICXKHICTh BiIXFJICHHS BiJ CITiBBiTHO-
mreHHst Komi (CK) 6 € pe3ynbraToM ABOX KOHKYPYIOUHX B3a€MOJii — 0araTo4acTKkoBol Ta
KBaJIPYIOJBHOI, IO MPOSBISEThCA Y AeopMallii eTeKTPOHHIX 000JIOHOK aTOMIB Tij Jac
3CyBIB snep. BHeCOK y 0 KOXKHOI 3 MIUX B3aEMOJII Mae CHIIbHY OapHuHy 3aJeKHICTh. Y
BunaaKy Ne 11i BHECKH KOMIIEHCYIOTBCS, 10 3a0e3nedye Al O MOCTiHY JA0JaTHY BEJH-
YHUHY, sIKa HE 3aJIeKHUTh BiJl TUCKY. Y3TO/DKEHHS 3 €KCIIEPUMEHTOM DPO3PaxOBaHHX MO-
ITyJTiB TIPY>KHOCTI ¥ BimxuiieHHs Bix criBBigHOMeHHs Ko ms Ne moope.

KirouoBi ciioBa: xpucranu iHepTHUX Ta3iB, Ae(opmallis eIEKTPOHHUX 00O0JIOHOK, KBaJI-
pYyTOJIbHA B3a€MOJIisl, 0araTo4acTKOBa B3aEMOJIisl, BUCOKHIA THUCK, CHEPIisl KpUCTala, KO-
POTKOZIif04e BiIITOBXYBaHHS, CIiBBiqHOMEHHs Korri

E.P. Troitskaya, V.V. Chabanenko, L.V. Zhikharev, le.le. Gorbenko, E.A. Pilipenko

QUADRUPOLE INTERACTION IN LATTICE DYNAMICS

OF COMPRESSED RARE-GAS CRYSTALS IN THE MODEL
OF DEFORMABLE ATOMS.

2. ELASTIC PROPERTIES AND CAUCHY RELATION

OF COMPRESSED NEON CRYSTAL

A non-empirical model of deformed atoms is built to investigate elastic properties of Ne
crystal under high pressure. The description of the model and the approximation for cal-
culation of parameters of quadrupole deformation of electron shells of atoms is presented.
It was established that pressure dependence of deviation from Cauchy relation (CR) 6 is a
result of competition of many-body interaction and quadrupole interaction realized as
deformation of atomic electron shells at nucleus displacements. Each kind of interaction
makes a strongly pressure dependent contribution to d. In the case of Ne, contributions of
these interactions are compensated, providing & being almost constant against pressure.
The calculated elastic moduli and deviations from Cauchy relation for Ne are in good
agreement with the experiment.

Keywords: rare-gas crystals, deformation of electron shells, quadrupole interaction,
many-body interactions, high pressure, crystal energy, short-range repulsion, Cauchy re-
lation

Fig. 1. Compression dependence of quadrupole parameter V, of Ne: /-3 — coefficients

A=0.9, 0.8, 0.7, correspondingly (see eq. (24)); 4 — qu = |Vt ; 5 — compression depend-

ence of three-particle parameter V;; 6 — V,, calculated by eq. (16) at 6 = dexp [4]
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Fig. 2. Pressure dependence of deviation from Cauchy relation 6 (17) of Ne: /-3 — our
calculation of diheor = O, + 8, with corresponding coefficients 4 = 0.9, 0.8, 0.7 (see eq. (24))
(related to curves /-3 in Fig. 1); 4 — calculation using V,(u) parameter (related to curve 4
in Fig. 1); 5 — calculation using only three-particle interaction 5, (V, = T'= 0); 6 — experi-
ment

Fig. 3. Pressure dependence of Birtch moduli B;; of Ne: a — calculation of Bg using M5

model (see table 4); 6 — calculation of Bg using M3 model [14]; mO, @0, AA — calcula-

tion (dark symbols) and experiment measurements (white symbols) of Byy, B, and Bya,
correspondingly; dashed line — calculation of B;; accounting of three-particle and quad-

rupole interactions Z Bij :Bl-(; + Bitj + Bg

Fig. 4. Pressure dependence of deviation from Cauchy relation & (17) of Ne: 7, 2 — real

calculation of Siheor = O, + 84 at qu = quXp ,A=0.8 and 4 = 0.6, correspondingly; 3 — at
0

Vy = v,

=0); 5 — calculation using DFT [5]; 6 — calculation using EAM (embedded atom method)
with empirical potentials [6]; 7 — experiment [4]

, A= 1; 4 —real calculation accounting of three-particle interaction only, &; (V, = T' =
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PACS: 71.27.4a, 71.38.+1, 75.50.Ce

B.A. bonueHko, A.W. bayeHko, B.KO. TapeHkoB

CMEKTPOCKOMUA MUHOPHbLIX COCTOAHNN B HAHOKOHTAKTAX
C MAHITAHUTAMIA

JoHeuknii prnsmko-TexXHNYeckuin MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa
E-mail: v.a.boichenko@bk.ru

Cratbsa noctynuna B pegakumio 26 gekabpsa 2011 roga

Ha npumepe maneanuma Lar;3Ca;3MnO3; (LCMO) nokaszana 603M02%CHOCHb CHEKMpPO-
CKONUU KPAes dIHEP2emU4ecKux 304 Memaiios 8 MyHHeIbHbIX KOHMAKMAX ¢ IKCMPeMaib-
HO Manoll MonWuUHOL nomenyuanbio2o 6apvepa d < 8 A. Memoodom vicokux 2udpocma-
MuyecKux 0asieHuli 00KA3aHo, Ymo maxue 0apbepvl GO3HUKAOM HA 2panuye 61a2opoo-
Hulll Memann (cepebpo)-maneanum. H3zmepenusi 601bM-AMNEPHLIX XAPAKMEPUCUK
(BAX) myHHenrbHbIX KOHMAKMOB C IKCMPEMATbHO MAL0 MOIWUHOU Oapbepa noKazau,

UmMo Kpau « MUHOPHOUY SHEP2eMUUECKOU 30HbL 1g ) pacnonodicen na 350 meV eviue ypos-
Ha Depmu. Ilosmomy 6 obveme Kpucmaiia MaHeaHUmMbl AGIAIOMCA NOJIOGUHHLIMU Me-

maanamu co 100%-nou noaspusayueii. Kuciopoonas ngws’OHa 6 maneanume LCMO ne
8bIx00um Ha ypogenv Pepmu u omcmoum om nezo wa 0.3-0.4 eV.

KaroueBble ¢j10Ba: CHIIBHO KOPPCIMPOBAHHBIC CUCTECMbI, 30HHAs CTPYKTYypa, MUKPOKOH-
TaKTHas CIIEKTPOCKOIIN, BBICOKHUC TaBJICHUA

B manranurax thna Lay;3CajsMnO3 npu temnepatype 7 << T¢ =~ 260 K nogas-
JISIFOILAS. YacTh HOCUTENIEH MMEET OJIHO HAIlPaBJIEHUE CITMHOB, HO BO3MOXKHBI TAKKE
«MUHOPHBIE» COCTOSIHUSI, HAllpaBJICHHUE CIIMHOB KOTOPBIX IPOTHUBOINOJIOKHOE [1].
YeM MeHblIIIE 011 MUHOPHBIX COCTOSIHUM, TEM BBIIIE CTETIEHb MOJIIPU3ALMH CITUHOB
ANIEKTPOHOB Ha ypoBHe depmu, KoTopas HeoOXoauMa sl peau3aliy JIEMEHTOB
CIIMHTPOHUKU (YCTPOWCTB, (PYHKIMOHAIBHBIE CBOMCTBA KOTOPBIX 3aBUCST OT CIIMHOB
anektpoHoB) [2]. B manranute LCMO MUHOpHBIE COCTOSIHUS BO3HUKAIOT, €CIIH 32
ypoBeHb DepMH TIPOHMKAIOT frg| COCTOSHUS, YTO MPEJCKA3bIBAIM PAHHUE PACYEThI
30HHOU CTPYKTYpHI [3]. OHAKO 3TH BBIYHUCIICHUS HE YIUTHIBATH 3(P(EKTHI CHITBHBIX
KOPPEISAIMIA MEXIy SJIEeKTPOHAMH, CIIOCOOHBIE CYIIECTBEHHO PEKOHCTPYHPOBATH
CTPYKTYpY SHEPIETHYECKUX 30H [4] M, B YaCTHOCTH, CMECTHTh MHHOPHBIE fg| CO-
ctosiHus OT ypoBHs Depmu. J[ns onpeneneHus MONOKEHUS Kpask MUHOPHOM 30HBI
gl B HACTOSAIIEH paboTe ucnmonb3yrores KonTakTel Ag/LCMO, conporusienue Ko-
TOPBIX MPAKTUIECKA HE MEHSUTOCH MpH naBieHusx P < 10 kbar, 4To BO3MOKHO TOJIb-
KO JUIs1 TIEPEXOJIOB C SKCTPEMAIbHO TOHKMM TIOTEHIUAIBHBIM 6apbepoM d < 8 A [5].

© B.A. bowueHko, A.N. ObsiyeHko, B.1O. TapeHkos, 2012
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Xopo1io u3BecTHO [6], uTo oOpallieHHe B HyJb IPYMHIIOBON CKOPOCTH KBa3Wya-
CTHIL Ha Kpar0 3HEPreTUYECKON 30HBI HETIOCPEACTBEHHO HE MPUBOJUT K OCOOEHHO-
CTH B TYHHEJIbHOM NMpoBOAMMOCTH. OJTHAKO €CJIM B METAJIJIE Ha KPAarO 30HbI UMEIOT-
Csl IUIOCKHE YYacTKH, TO MPH SHEPTUU AIEKTPOHOB, OJIM3KUX K SJHEPTUU Kpasi 30HBI,
MPOUCXOIUT PE3KOE YMEHBIIICHHE JOCTYITHOTO (ha30BOr0 MPOCTPAHCTBA, YTO MOXKET
IPUBECTH K CWJIBHOMY M3MEHEHUIO TyHHENIbHOU npoBoaumocT [7]. Kpas snepre-
TUYECKUX 30H MAHTaHUTA YJAJIEeHbI OT ypoBHA Depmu, NOTOMY Ui aHAJIU3a TaKo-
ro s¢dexra HeoOXOTUMO YUYUTHIBATH XapaKTep TyHHEIBbHOro Oapwrepa. OrpaHu-
yuMcs TpUOImKeHneM (epMU-KUIKOCTH, HU3KHUMU TEMIIEpaTypaMu, 3epKaibHBIM
MPOXOXKJCHUEM D3JIEKTPOHA Yepe3 TyHHENIbHBIM Oaphep M MpenesoM napadonuye-
CKO 30HBI [T cepeOpa 1 MaHraHuTa. [Ipy monoxxuTenbHOM HalpsbKeHUH V Ha ce-
pebpe (MeTat 2) 37eKTPOH TyHHETUPYET U3 MaHranuta (metasut 1). 3a Hagaso ot-
cdeTa PHEPruu yAoOHO B3ATh JHO 30HBI MPOBOJAMMOCTH MAaHTAaHUTA C SHEPrUei
@epmu Ef,. [lonnas KAHETHYECKAst SHEPTUsI TYHHEIMPYFOLIETO 3JIEKTpoHa £ = F) +
E., tne Ej v E, COOTBETCTBYIOT €T0 JBUKCHHIO MAPAIUICIBHO U TIEPIICHIUKYJISIPHO
riockocTu 6apbepa. Koaddumment npoxoxaeHus yepes 0apbep P 3aBUCUT TOIBKO
oT E, 1 HanpsDKEHUS CMEILeHus V, a TOK maetcst popmyIioi

EFl oc(EFl—eV)
[Myspe | (Ep—E)Roa(EV)E +eV | Ro(E.,V)dE,, (1)
a(Ep—eV) 0

d
2
By (E,,V)=exp —%J‘dx\/Zmoc(Ul_ﬁ(x, V)-E.) |,
0

Upyy(x,V) = {Ulp +(U,, -0, —eV)ﬂ 0(x)0(d - x),

Ul :U1+EF1, U2p:U2+EF2’ (X(X)E.xe(X), 9(x>0)=1, e(.XSO):O,

p

rne Uy, U, — BbIcoTa MOTEHIMATIBLHOTO Oapbepa (711 SJIEKTPOHOB Ha ypoBHE DepMu)
Ha rpanuiie ¢ Metayuiamu 1 u 2. [1pu oTpuriarebHOM MOTEHIIMANE Ha cepedpe (PHep-
rust ®epmu Ef,) 2EKTPOHBI TYHHEIMPYIOT U3 cepebpa B MaHTaHUT, HA4ajao OTCYETa

SHEPIHHU — THO 30HBI IPOBOIMMOCTH cepedpa, TOK orpeersiercs: Gopmyion

Ep, a(Ep,—eV)
0y | (Ep—E)Boy(ELV)E.+eV [ By(E,V)E,, (2)

d
2
Py (E,.V) = exp —%J.dx\/2moc(U2_,l(x,V)—Ez) :
0

Uy (x,V) = l:U2m +(Uyy —Usyy, —eV)g}O(x)e(d—x),

Upp =Ui +Eg, Uy, =Uy +Ep . Bbicota moTeHUManbHOro 0Oapbepa 3ajaHa B

SHCPICTUUCCKHUX CAWMHUIAX. Ecm U n d BbIPa3UTh COOTBETCTBCHHO B 3JICKTPOH-
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BOJIbTaxX (1.6019-10_19 J=1¢eV) u anrcrpemax (1 A = 10710 m), Maccy m B3STh
paBHOI Macce CBOOOJHOTO 3JEKTpoHa (m = 9.1095-10" kg) u ydects, 4TO TO-
crosunas [nanka i = 1.05459-10 " J -S, TO KOHCTaHTa (2d/h)(2mU)1/2 =1.025.B

dopmyiax (1), (2) kod3pPuueHT NpornopuHOHAUTEHOCTH K = dmmelh’.
Ha puc. 1 npuBeeH pacyeT MpoBOIUMOCTH TYHHEIIBHOTO KOHTAKTa MPH TapameT-
pax E £ = 0.65eV, E £ = 4 eV, U = U, =2 eV. Kak Bugm, gaxxe npy IpsMOyroib-

HoM Oapbepe (U = Us) bombiiiast pasuuua sueprui Pepmn Ep, << Ep TPHBOINT K
PE3KOI aCUMMETPUH POBOAUMOCTH. 3710M B MPOBOAMMOCTH KOHTAKTa Npu eV = E F

(kpaii PHEepreTHYeCKON 30HbI MAHTAHUTA) MPOSIBISIETCS TOJIBKO I OapbepoB Mayoii
tomumnel d < 10 A, npu d > 15 A TyHHensHAas NpPOBOAMMOCTH HPHOOPETAET CTAH-
JTapTHYIo mapadonuueckyio Gopmy [6]. MHbIMU coBaMu, A71sl CHEKTPOCKONUK KpaeB
HHEPTreTUUECKUX 30H METAJUIOB KOHTAKTHI C OTHOCHTEIHEHO OOJBIION TOJIIMHON Oaph-
epa 3aBeZIoMO HENPUroAHbL OTINYUTETEHON YEPTOi STUX KOHTAKTOB SIBJISIETCS TaK¥Ke
CHJIbHASI 3aBUCHMOCTD UX COIIPOTHBIICHHS OT PHIIOKEHHOTO TUIPOCTATUIECKOTO JIaB-
nenust [5]. ConpoTuBrieHre TyHHENBHOTO KOHTakTa R oc exp(—C), § = 1.025d((|))1/2, d—
TomuHa Gapbepa (B aHrcrpemax), ¢ — ero Beicota (B €V). Ecim € = dInl/dP — otHOCH-
TeNbHAsT CKUMaeMocTh (aktopa (, TO MpU JaBJIeHUH P OTHOCUTEIbHOE W3MEHEHHE
conpoTusienus koutakta R(0)/R(P) = exp(CeP). Jna ¢ =1eV,d =25 A u P~ 10 kbar
R(0)R(P) = 1.5, T.e. conpoTruBiieHne KoHTakTa ymeHbmres Ha 50% [5]. Mnas cutya-
1Ms peaiusyeTcs s Gapbepa Manoit Tosmubl — npu d = 8 A otomenue R(0)/R(P)
= 1.17. DxcnepruMeHT, MPOBEACHHBIN M0 METOIMKE, U3JIOKEHHOM B padoTe [5], moka-
3an, uto conportuBnenre R(V = 0) konrakra npu gasiennu P = 10 kbar (7= 77 K) me-
Hsiercs Ha ~ 5% (puc. 2). To ecTb COOTBETCTBYIOIIAS TOJIIMHA TOTEHIMAIBHOTO Oapb-
epa konTakta Ag/LCMO skcrpemanbho mana: d < 8 A, uto 10KasbiBaeT BO3MOKHOCTE
€ro NPUMEHEHUsI 7SI CIIEKTPOCKOIMY 3HEPreTHYECKUX 30H B MAHI'AHUTaX.

1L.Op
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e 2
)
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e
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b
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~04 00 04 08 100 150 200 250 300
v,V T.K

|
<
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Puc. 1. OtpaxeHue kpas napaboIHYecKoil SHepreTHIecKor 30HbI npu el = E F, B TYyH-

HEJTBHOW TpoBOAMMOCTH KoHTakTa Ag/LCMO mpu pa3HO¥ TOJIMIMHE MOTEHIIMATHEHOTO
6apwepa d, A (pacuer): —o— — 8, —m—— 10, —— 15, — — 20

Puc. 2. BimsHue ruipocTaTHYecKoro NaBjicHUs Ha CONMpoTHBIIeHUEe KoHTakTa Ag/LCMO
(axcniepumenr): —¥—— P =0, —0—— P =10 kbar
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JUis BblIENEHUs KpaeB MUHOPHBIX (CIIMH «BHM3» |) U Ma)KOpPHBIX (CIHMH
«BBEpX» 1) 30H MAHTaHUTOB Mbl UCIOJb30BaIM HM3MeHeHHe BAX koHTakTa B
MarHuTHOM nosie (nuddepennmanbaas metoauka) (puc. 3). Meroa ocHOBaH Ha
BO3MOKHOCTH BJIMIHMA onel ~ 5 T Ha ynopsaodeHue CMHOB MOHOB Mn npu
temneparype 7' =4.2 K (up = 0.67 K/T, kg = 0.086 meV/K, cpeanuii cnuH HOHOB
Mn, yMHOXeHHbII Ha g-¢pakTop, Sg = 3.5, B pedynbtare B noine H =5 T ycpen-
HeHHOe 3HaueHue cnimHa noHa (S) = Sth(ugSgH/T) = S. BAX xonrakta Ag/LCMO
3anuchiBanu npu temreparype 7 = 4.2 K B 6onbiiom (H =5 T) u manom (H = 0)
MarHuTHbIX noysix (puc. 3). HaGmonaemoe moBeneHue Toka / yepe3 KOHTAKT B
MarHUTHOM TI0JI€, TT0 BCEW BUIUMOCTH, 00YCIIOBIICHO TEM, YTO B OTJIMYHE OT 00b-
€MHBIX U3MEPEHUN KOHTaKTHbIE U3MEpPEHHs 30HAMPYIOT COCTOSHUS MOBEPXHOCT-
HOTO cJiosi oOpasna. MHkekTupyeMble B MaHTaHUT DJIEKTPOHBI PEIAKCUPYIOT Ha
JUIMHE CBOOOJHOrO mpodera, He MpeBbIIIAIOIIEH HECKOIBKO JECSITKOB aHICTPEM.
[Toaromy m3menenwne 3Haka dI = |I(H = 5 T| — |[(H = 0)|, mo-BHIuMOMY, MOKHO
CBSI3aTh C HEYNOPSIOYCHHOCThIO CIIMHOB MOHOB MapraHija B TOHKOM IPUIIOBEPX-
HOCTHOM CJIO€, KOTOPBIH MpH OOBEMHBIX HW3MEPEHUSX MOHOKPHUCTAIIA BHOCUT
peHeOpeKMMO MaJlblif BKJIaJ B €r0 MPOBOAUMOCTb.

Puc. 3. U3smenenne toka d/

B MarHutHoM nmoiie H =5 T
koHtakta Ag/LCMO. Ha
BctaBke — BAX KoHTakTa

dr=11(5 T)| - |[1(0)|

—0.2 ' '
—0.4 0.0 0.4

Ha puc. 4 cxemaTndecku MOKa3aHo pacrpeesieHue CIMHOB HOHOB Mn B OKpe-
CTHOCTH TYHHEIIBHOTO Oapbepa, KadyeCTBEHHO MOsICHsIoNIee HabmogaeMbid 3¢-
¢dexr. HKeKTop — mapaMarHUTHBIA METaJII, U3 KOTOPOTO MOTYT TyHHEIMPOBATh
AIEKTPOHBI KaK CO CIMHOM T, Tak U co cnuHoM |. Eciu Obl Ha TOBEpXHOCTH KOH-
TaKTa CIIMHBI HOHOB Mn ObLIM BBICTPOEHBI, KaK B 00BEME, TO B «MaKOPHYIO» €g1
30HY TYHHEJIHPOBAINA OBbI TOJBKO 3JIEKTPOHBI co criuHOM 1. Ho Ha moBepXHOCTH
KOHTakTa npu H = 0 4acTh CIMHOB MaHTaHUTA «Pa300JTaHa», YTO COOTBETCTBYET
HETOJIHOW MOJIAPU3ALIMHN egr COCTOSTHUM. B pesysnbrare npu H = 0 u 10 Hanpsike-
HHH, COOTBETCTBYIOLIMX MHHOPHBIM f2|, OzplT 30HaM, B TYHHEJIbHBIA TOK MOTYT
JlaBaTh BKJIAJl 3JIEKTPOHBI KaK CO CIMHOM T, TaK ¥ CO CIIMHOM | (CUTyaIuu a, 0),
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Puc. 4. OpuenTarus CnuHOB HOHOB Mn B OKPECTHOCTH KOHTAKTa (CXEMaTHICCKH )

YTO NMPHUBOJHUT K HEOOJBIIOMY YBEIUYEHUIO TOKAa. CUTyallMH 8, 2 COOTBETCTBYIOT
OO0JIBIIIOMY MAarHUTHOMY IIOJIIO, IIPU KOTOPOM Ha MOBEPXHOCTH KOHTAKTa CIIMHBI
HMOHOB MapraHiia BBICTPOCHBI IOYTH TaK K€, Kak B 00beMe MaHraHuTa (TOJHas
HOJISIPU3ALKS €gp COCTOSAHMUMN). I109TOMY B 30HY €ot MOTYT TYHHEIMPOBATh U3 WH-
AKEKTOPA TOJIBKO MIEKTPOHBI CO CIIMHOM T, YTO IPUBOJIUT K YMEHBIICHHUIO TOKA.
Kak BunuMm u3 puc. 3, npu IOCTHKEHUU e|V| > E;,, (tne Ej,,— sHeprus Kpas

MHHOPHOH /74| 30HBI) OTKPBIBAETCH JONOJHHUTEIBHBIA KaHA TyHHEIMPOBAHHS
JUISL 3JIEKTPOHOB CO CIIMHOM |, YTO IPUBOJUT K PE3KOMY pocTy pasHoctu d/. AHa-
JIOTUYHAS KapTUHA PEaM3yeTCs U MPU TyHHEIUPOBAHUU SJICKTPOHOB U3 KHUCIIO-
POJIHBIX COCTOSTHUI Ozp” (TmoJ0XKUTENbHBIE cMeleHus V).

Takum oOpazom, u3mepeHusi BAX TyHHEIbHBIX KOHTAKTOB C JKCTPEMAaJIbHO
MaJjol TONIIWHOW Oapbepa, BBHIOJHEHHBIC B CHJIBHBIX MAarHUTHBIX MOJIAX (CM.
puc. 3), MOKa3bIBAIOT, YTO Kpal «MHUHOPHOM» SHEPreTUYECKON 30HBI fr4| PACIO-
noxxkeH Ha 340 meV Boimie ypoHsi @epmu. [losTomy B 00beMe KpucTasia MaHTa-
HUTBHI SBJISIIOTCA NOJIOBUHHBIMU MeTauiaMu co 100%-Hol nomnsipuzanueit. 1o He
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COIJIacyeTcsi ¢ pacueToM [3], He yUUThIBArOIUM 3(PPEKThI CUIIbHBIX 3TEKTPOHHBIX
KOPpEJSALMM, U CYLIECTBEHHO JUIsl IPUMEHEHHH B YCTPOMCTBAX CIIMHOBOM JIEK-
TpoHukH [2]. Kucmopoanas ng” 3oHa B MaHranute LCMO He BBIXOAWT HA ypo-
BeHb @epmu u orcTout ot Hero Ha 0.2-0.3 eV.
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B.0O. botiuenxo, O.1. /[bsiuenxo, B.FO. Tapenkos

CMNEKTPOCKOMNIA MIHOPHNX CTAHIB Y HAHOKOHTAKTAX
I3 MAHT'AHITAMIA

Ha npuknani manranity Lay;3CajsMnO3 (LCMO) mokazaHO MOKIIHMBICTh CIEKTPOCKOITIi
KpaiB €HepreTMYHMX 30H METaNiB y TYHEIbHHX KOHTaKTaX 3 EKCTPEMaIbHO MAaJIOI0
TOBIIMHOIO NOTeHIiiHOro 6ap’epy d < 8 A. MeTooM BHCOKHX TiIpOCTATHYHHX THCKIiB
JOBENICHO, L0 Taki Oap’epy BHHHKAIOTh Ha KOPAOHI OnaropomHuii meran (cpibmo) —
MaHTaHIT. BUMiproBaHHS BOJBT-aMITIEpHUX XapakTepucTHK (BAX) TyHENTbHUX KOHTAKTIB 3
EKCTPEeMaJIbHO MAJIOI0 TOBIIMHOIO Oap’epy MOKa3alu, M0 Kpail «MIHOPHOI» €HepreTUIHOl

30HU tp, posramoBaHuil Ha 350 meV Bume piBHs Pepmi. Tomy B 00’emi Kpuctaidy
MaHTaHITH € MOJIOBHHHUMHE MeTanamu 3 100%-Horo nonspusaniero. KucHepa OzplT 30Ha B
manraditi LCMO He BuxoauTh Ha piBeHs @epmi i BincToiTh Big Hporo Ha 0.3-0.4 eV.

KarouoBi cjioBa: CUIbHO KOpPENbOBaHI CHUCTEMH, 30HHA CTPYKTYpa, MIKPOKOHTaKTHa
CIIEKTPOCKOIIIsl, BACOKUH THUCK

V.A. Boichenko, A.1. D’yachenko, V.Yu. Tarenkov

SPECTROSCOPY OF MINOR STATES IN NANOJUNCTIONS
WITH MANGANITES

On the example of the Lay/;3Ca;3MnO3 (LCMO) manganite, tunnel spectroscopy demon-
strated the possibility of the energy band edge determination in the tunnel junctions with
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extremely small thickness of the potential barrier < 8 A. The method of high hydrostatic
pressure proved that such barriers occur at the boundary of noble metal (silver) with
manganite. Measurements of current-voltage characteristics (CVC) of the tunnel junc-
tions with extremely small thickness of the barrier have shown that the edge of the «mi-

non» energy band #), is located at ~ 350 meV above the Fermi level. Therefore, the bulk
manganite crystals are half metal with 100% polarization. The oxygen Ozp” zone in the
LCMO manganite does not achieve the Fermi level, being separated from it by 0.3-0.4 eV.

Keywords: strongly correlated systems, band structure, point-contact spectroscopy, high
pressures

Fig. 1. The reflection of the parabolic energy band edge at e}’ = EF, in the tunneling con-

ductance of Ag/LCMO junction with varied thickness d (A) of the potential barrier (cal-
culated): —-o— -8, -m— - 10,—— 15, — - 20

Fig. 2. The influence of hydrostatic pressure on the resistance of the Ag/LCMO junction
(experiment): —-¥—— P =0, -0—— P = 10 kbar

Fig. 3. Change in the current d/ through Ag/LCMO junction in the magnetic field of 5 T.
The inset illustrates CVC of the junction

Fig. 4. Spin orientation of the Mn ions in the vicinity of the junction (schematically)
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PACS: 71.20.Be, 72.15.Eb, 74.62.Fj, 61.50.—f

A.H. BenukoaHbin

OCOBEHHOCTU MSMEHEHWA TEMITEPATYPbI
CBEPXMNPOBOOALENO NMEPEXOOA N OCTATOYHOIO
COMNPOTUMBNEHNA NOA OABITIEHUEM B CIMIABAX HA OCHOBE Mo

HauunoHarnbHbIN Hay4YHbIN LEHTP «XapbKOBCKUN (PU3NKO-TEXHUYECKUA MHCTUTYTY»
yn. Akagemudeckas, 1, r. Xapbkos, 61108, YkpauHa
E-mail: velikodnyi@kipt.kharkov.ua

Cratbst noctynuna B pegakumio 9 nekabpst 2011 ropa

H3yyeno enuauue su0pocmamuyecko2o 0agieHus Ha MmemMnepamypy C8epxnposooauezo
nepexooa u ocmamounoe conpomusierue cniagos Mo—Re, Mo—Re—Nb. bapuueckue 3a-
BUCUMOCU MEMNEPAMYPbl C8EPXNPOBOOAUE20 Nepexoda U OCMAMmMOYHO20 CONPOMuse-
Husa cniaeos Mo—Re onpedenaiomcsa nepecmpoiikou 3jiekmpouHoz2o cnekmpa. O6Hapy-
JICEeHHblEe 0OCODEHHOCMU CBEPXNPOBOOAWUX U MPAHCHOPMHBIX C8OUCME NOO 0d8leHUeM 8
mpotinvix cnaasax Mo—Re—Nb cesazvisatomes ¢ pazsumuem Oehekmuou cmpyKkmypol, d
maxaice ¢ popmuposanuem ooaacmetl 10KAIbHO20 YROPAOOYEHUS.

KiroueBsble c1oBa: 1aBieHHE, TEMIIEPATYPa CBEPXIIPOBOMALIETO MEPEXOA, OCTATOUHOE
3JIEKTPOCOIPOTHUBIIEHHUE, IEKTPOHHBIN CIIEKTP, CTPYKTypHBIE Ne(hEKThI, JOKaIbHOE YIIO-
psAnodyeHue

BBenenne

N3BecTHO, 4TO TakoW MmapaMeTp, Kak MEKaTOMHOE PACCTOSHHE, SIBISIETCS OIl-
penensonM B GU3MKe MeTauIoB. I3MEHUTh apaMeTphl PEIIeTKH, COXPAHUB €€
CUMMETPHIO, MOKHO TP TOMOIIM BHEIIIHETO JaBjieHUs. Bricokue maBieHus oka-
3bIBAIOT CUJIBHOE, @ MHOT'/IA ONPEIEIISIONIEe BO3ACHCTBUE HA CBEPXIIPOBOAUMOCTD
Y KUHETUYECKHE CBOMCTBA METAJJIOB U CIJIaBOB. C OHOM CTOPOHBI, MO/ BIUSHH-
€M JaBJICHHUS METaJUlbl, He 00JIaJalolIie CBEPXIPOBOAMMOCTBIO, CTAHOBSTCS Ta-
KOBBIMH, a C APYTrOi — TEMIEpaTypa CBEPXIPOBOSIIETO nepexona 7, moa aaBie-
HueM MoxeT yBenuuuBatbes (La, Ti, Zr, V) mib6o ymensmatses (Ta, Re, Al, In,
Pb, Sn). Hapsiny ¢ nnaBHBIM u3MeHeHHEM 7, MOXET UMETh MECTO U OoJiee CI0oX-
Hasi, HEMOHOTOHHAsI 3aBUCUMOCTh 1.(P). B uacTHOCTH, Ha 3TO 3aBUCUMOCTH Ha-
OJIFOIAI0TCS. KOPHEBBIE OCOOCHHOCTH, KOTOPBIM COOTBETCTBYIOT IKCTPEMYMBI B

c

., 1
MIPOU3BOIHOM T (P), oOycnoBJIeHHBIE SJECKTPOHHBIMH TOIOJIOTHYECKUMHM

c

nepexonaamu (OTII) [1].

© A.H. BenukoaHbiii, 2012
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Haunyumum o6pazom DTII mposBISIOTCS B COBEPIICHHBIX MOHOKPHCTAIIAX
YUCTBIX METAJIOB NIPH HU3KHUX Temmeparypax. [IpuMecHOe miam TeMmepaTypHOe
pa3MbITHE AJIEKTPOHHOTO CHEKTpPa MOXKET 3HAYUTENbHO CHHU3UTh MacumTad Ha-
omogaembix aHomanuii. OgHaKO, Kak ObUIO MOKa3aHO paHee, aHOMaJIUH KUHETH-
YECKUX CBOMCTB B KOHIIEHTPUPOBAHHBIX CIUIaBaX MEPEXOJHBIX METAJIOB HAOIIO-
JAIOTCS TIPY a30THBIX M JJaXKe MTPH KOMHATHBIX TEMIIEpaTypax.

JlaBieHHe Tak)Ke OKa3bIBACT BIMSIHHE HAa OCTATOYHOE AJIEKTPOCOMPOTUBIICHHE
(O3C) Ry metamioB u ciiaBoB. M3yuenue Biausiaus napneHus Ha OOC yare Bce-
ro MPOBOAMUTCS HAa YUCTHIX METajulax. DKCIepUMEHTaIbHble nccienoBanus OOC
KOHIICHTPUPOBAHHBIX CIUIABOB MPH HHU3KUX TeMIepaTypax, KOrjaa TJIaBHBIM HC-
TOYHHUKOM COTIPOTHUBJICHHSI SIBIIICTCS pacCesHUE Ha TMPUMECSX, TPaHUIAX 3epeH,
HEOJTHOPOJHOCTSIX M JAPYrux aedexkTax pemeTk, Bce emie orpaHudeHsl. [lo-
CKOJIBKY 3JIEKTPOIIPOBOIHOCTh CBsI3aHA C AJICKTPOHHOU CTPYKTYPOM, MOBEJICHUE
ODC B 3aBUCUMOCTHU OT JABJICHHUSI OMPEesIeTCs TAKKe M3MEHEHUSIMHU MJI0THOCTU
COCTOSIHUH.

WuTepec s MCCleNOBaHUM NPU BBICOKUX AABJICHUSAX MPEICTABISIIOT 00BEK-
ThI, B KOTOPBIX TIPH CPABHUTEILHO HEBBICOKUX JIABJICHHSIX MOTYT PEal30BaThCS
CTPYKTYpHBIE, MATHUTHBIE WJIH 3JICKTPOHHBIE NTEPEXO/bI, T.€. CUCTEMBI, OJIU3KHUE K
noTepe yCTOHYMBOCTH. B HacToseit paboTe mpoBeACHBI HCCIICIOBAHUS BIIMSHUS
BBICOKHX JaBJICHUI Ha TeMIIepaTypy CBEPXIPOBOJAIIETO MEPEX0/ia U OCTATOYHOE
AIEKTPOCOIIPOTHBIICHHUE B ciuiaBax Mo—Re, Mo—Re—Nb.

MaTepna.m)l H METOAUKH UCCICAOBAHUSA

Monokpuctainisl criaBoB Mo—Re 1 Mo—Re—Nb BrIpammBamm MeTo10M 3JIeK-
TPOHHO-TTy4eBOil T1aBku [2]. B kauecTBe 00BHEKTOB UCCIIEIOBAHMS UCTIOIB30BAIH
o0pa3libl, BBIpE3aHHbIE U3 LEHTPaIbHOW, OJHOPOJHOM MO COCTAaBy YaCTH MOHO-
KpucTtaioB. CTeNeHb COBEPIICHCTBA U OJHOPOIHOCTH OOPAa3IOB OLEHUBAIH IO
HIMpUHE CBEpPXNpoBoadAlero nepexona. CocTaB ONpeAensyiM aKTUBALMOHHBIM
aQHaJIN30M, a TAK)K€ MCIOJIb3YsI METOJ XapaKTEPUCTUUECKOTO PEHTIEHOBCKOIO U3-
JTy4YEeHHUs.

Uccnenosanus BenuunH 7, U Ry B uHTepBase nasiaeHuit 10 ~ 1 GPa npoBoauu ¢
WCIIOJIb30BAHUEM MYJIbTUIUIMKATOpa JaBieHus. J[aBieHue U3Mepsii MaHOMET-
POM K3 MaHTaHHUHOBOM MPOBOJIOKU. 3aBUCUMOCTb CONPOTUBIICHUSI MAaHOMETpa OT
JaBJICHUS TPAaKTUYECKH JTMHEWHa ¢ kodpduuuentamu d(Inr)/dP = 2.48-10 ' pa!
npu KoMHaTHOHM Temnepatype u d(Inr)/dP = 2610 ' pat - IIPY TEIHEBOH TEM-
neparype (31ech ¥ — COIPOTUBIIEHUE UCIIOJIb3YEMON MaHIaHUHOBOM IPOBOJIOKH, a
P —u3mepsiemoe naBienue). 3HaueHUs TaBJICHUS ONPEIEISIIN ¢ TOYHOCThIO +5 MPa.

M3MmeHeHne TeMIiepaTypbl CBEPXIPOBOIALIET0 nepexona /. Moj JaBICHHUEM
OTCUMTBHIBAJIM OTHOCHUTEIBHO OOpa3lia TOro e cocraBa (CBUAETEINS), KOTOPBIH
HaXOAWJICSA BHE KaMepbl BbICOKOTO AaBieHus. Juddepennumanbupliii MmeToa usme-
PEHHS TeMIIEPaTyphl MO3BOJIMI UCKIIIOYUTh OUIMOKY, CBI3aHHYIO C Pa3IMYUsAIMHU B
YCJIOBHSIX MPOBEACHUS SKCIIEPUMEHTOB. Temmeparypy nepexoja B CBEPXIIPOBO-
JSIIEE COCTOSIHUE M3MEPSUIN YTOJIBHBIM TEPMOMETPOM CONPOTHUBIIEHUS C TOYHO-
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-3
cThio He Xyxe 5-10 © K. M3MepeHust ocTaTOYHOrO CONPOTHUBIIEHUS MPOBOIUIN
CTaHJAapPTHBIM YETBIPEXTOYEUHBIM MOTEHIIMOMETPHUUECKAM METOIOM.
Pe3yabTaTsl HCcIe10BaAaHNIA M HX 00CYXK/IeHHE

Temneparypa CBepXIpPOBOSAIIECTO MEpexoaa MOJA JaBICHHEM JUisi 00paslioB
JIBOMHBIX U OOJIBIIICH YaCTH TPOMHBIX CIUIABOB PA3JIMYHOIO COCTAaBa M3MEHSIIACH

. 1 dT,
MPAKTUYECKU JTMHEHHO. DTO MO3BOIMIIO OMPENEIUTh MPOU3BOIHBIC T dfi (n) n
c

MOCTPOUTH COOTBETCTBYIOIIME 3aBUCUMOCTH B €IWHOW ImKale 3(P(EKTUBHBIX
3JIEKTPOHHBIX KOHUEHTpalUi #n. DJNEKTPOHHbIE KOHLEHTPAlUU PACCUUTHIBAJIA B
MIPEIITOJIOKEHNH, YTO BaJICHTHOCTH Re m Nb oTinM9aroTcs OT BaJeHTHOCTH Mo,
paBHOIi 6, Ha +1 U —1 COOTBETCTBEHHO, U OMPEACIISIIN CIEAYIOIUM 00pa3oM: n =
=6 + x — y, I/le IepEMEHHBIE X U } COOTBETCTBYIOT aTOMHOMY COZEPaHHUIO B
crutaBax Re u Nb. beuto ycranosneno [2], uro HaOmomaeMoe usMeHenue 7, u

C

1 .
MaKCUMYMBbI Ha 3aBUCUMOCTAX F (I’l) IpU KPUTHYCCKOU SJICKTPOHHOU KOH-

c
HeHTpamuu # ~ 6.1 B crutaBax Mo UMEIOT AJIEKTPOHHYIO TIPUPOAY U 00YCIIOBICHBI
TOTIOJIOTUYECKOH 100aBKO# K MI0THOCTH cocTosiHui npu DTIIL. B nBoiiHbIX cruta-
Bax AJIEKTPOHHAsl KOHUEHTpamus n =~ 6.1 coorBeTcTBYeT conxepxkanuto 10 at.%
MPUMECH PEHHUS.

[Tockonbky (azoBbie MpeBpaIeHUs] B U3y4aeMbIX JBOMHBIX ciuiaBax Mo—Re B
uHTepBane nasiaeHuil 10 1 GPa oTcyTcTBYyIOT [3], MOKHO OXHAATh, YTO U3MEHE-
Hue OOC noj 1aBieHUEM, CBA3aHHOE C YMEHBIIICHUEM MapameTpa PEeuIeTKH U Ie-
PECTPONKOI MEKTPOHHOTO CIeKTpa, OyAeT nuHeiHbM. Ha puc. 1 npuBenen psn
3aBucuMocteit OOC ot gaBienus mist criasoB Mo—Re, Mo—Re—Nb.

B nBoitHBIX crlaBax XapakTep 3aBHCHUMOCTEH Ry(P) oTiaudaercss Tem, 4To ¢
NOBBIUICHUEM JIaBJICHUSI YMEHBIIACTCSI OTKIOHEHHE SKCIIEPUMEHTAIBHBIX TOUYEK
OT HEKOTOPOW JIMHEHHOW 3aBHCHUMOCTH, a OOIIel TeHACHUUEH SIBISIeTCS yMEHb-
menne OOC. [IpeacraBnenHas Ha puc. 2 3aBUCUMOCTh Ipou3BogHON dInRy/dP ot
conepxanus npumecu C MMeeT yObIBAIOIIME XapakTep ¢ TOUKOM nepernba BOJIU-
31 KPUTUYECKOW KOHIEHTpaluuu peHus. Panee ObLIO ycTaHOBIEHO [2], 4TO B
criaBax Mo—Re mpoucxoaut OTII. Otcrona Habmr0gaeMyl0 HEMOHOTOHHOCTH
MOJKHO CBSI3aTh C M3MEHEHUSIMU DJIEKTPOHHOTO crekTpa. Heo0xoammo oTMeTuTh
AKCTIEpUMEHTaNIbHYI0 TOUKy Tipu C = 9.8 at.%, xoTopast sBiseTcs OMvKanIen K
KPUTUYECKOM KOHIIEHTpauuHu. Takoe aHOMajabHOE IMOBEICHUE 3aBUCUMOCTHU
dInRy/dP(C) TpeOyeT OTAenbHOTr0 OObSICHEHUS.

B Tpoiinbix crmmaBax 3aBUCUMOCTH Ro(P) UMeroT 0ojee CIOKHBIN XapakTep.
OTKJIOHEHUE HKCIIEPUMEHTAIBHBIX TOYEK OT JUHEWHOW 3aBUCUMOCTHU BO3PaCTaET
C NOBBILEHUEM JaBIEHUS [ psaa criaBoB Mog g3 ,—Rep 17-Nb,, a mpu comep-
xaHuu 12.5 at.% Nb HaOmronaercss pe3koe MajJeHue COnpoTUBIeHUs npu P >
> 0.5 GPa. /lng cinaBoB Moo 71-,—Reg 29—Nb,, ¢ conepxkanuem Re, 6nuskum
K Mpeniesly pacTBOPUMOCTH, 3aBUCUMOCTH Ro(P) okazanuch 6ojee CIoXKHBIMH.
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[Tosromy ObuTH TIpoBeneHbl MOAPoOHBIE u3MepeHuss OOC u TeMmnepaTypsl CBepX-
NPOBOJIAIIETO mepexojia crutaBa Moy gg—Rep 20— Nbg g5 Kak Tpu MOBBIIICHUN J1aB-
neHust (MpsIMON XOJ), TaK U TIPU €ro MOHWKCHHUH J0 HYJIEBOro 3HaueHus (oOpar-
HBII X01) (puc. 3).

0 b
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Puc. 3. bapuueckue 3aBUCUMOCTH TEMIIEPAaTypbl CBEPXITPOBOAAIICTO Mepexoa (a) u co-
npotuBneHus (6) aa odpasna Mog gs—Reg29—Nbg gs: © — mpsiMoii xoa, ® — oOpaTHBIN
XOJl, ¥ — MOBTOPHBIE U3MEPEHUS

3aBucumocth 7.(P) MMeeT HEMOHOTOHHBIM XapakTep, KOTOpBIM H3MEHSETCs
npu cHstun paenerus. C poctom nasnenus Boime 0.2 GPa HaGmromaercst otder-
JMBas CTyIIeHb Ha yoObIBaromei 3aBucumocti 1,(P). B paitone nasnenuit 0.7-0.8 GPa
Ha 3aBUcUMOCTH 1 .(P) Takxe uMeeTcs cliado BhIpaKeHHBIN reperud. Poct compo-
TUBJICHUSI HA HAYaJIbHOM YYaCTKE IMOBBIIICHUS JIaBJICHUS CMEHUJIICS PE3KUM €ro
nanenreM nocie 0.2 GPa. [lanee npogomkuics MOHOTOHHBIA pocT ODC ¢ BbIXO-
noM Ha Haceienue npu P > 0.7 GPa. Ilpu nonmxkenun nasienus nocie P ~ 0.8 GPa
HaOmogaeTcss HEKOTOphI moabeM ODC, mociie 4ero CONMPOTHBICHHUE CIA00 W3-
MEHSJIOCH BIUIOTH JI0 MOJHOTO CHATHS naBiieHus. CpaBHUBas 3aBUCUMOCTH T (P)
1 Ro(P), MO)KHO 00HapY)UTh Koppessiiui. C MOBBIIIIEHUEM JIaBJICHUS] CMEHA Pe3-
KOI'O CHMKEHUSI COIIPOTHUBIIEHHS €r0 MOJBEMOM COOTBETCTBYET OTKJIOHEHHUIO OT
MOHOTOHHOTO yMeHbllieHUs T,. [Ipy moHmXKeHUH NaBIeHHUS STU OCOOCHHOCTH HE
HAOJIFOJAJIUCh.

DKCIepUMEHTAIbHBIE PE3yJIbTaThl MMOBTOPHBIX U3MEPEHUM Temmneparypsl 71, u
OOC mnox naBneHHEM, MPOBEACHHBIX Ha TOM K€ OOpasle CIyCTs roJl, TaKXKe
npecTaBieHbl Ha puc. 3. OKa3anock, 4YTO 3TH Pe3yJIbTaThl MPAKTUYECKU COBIAIU
C IIOJlyYEHHBIMM paHee Ha oOpaTHOM Xoje. Takoe coBnajieHne MOXKET CBUIETENb-
CTBOBATh O TOM, YTO CJIOKHBIN XapakTep KpuBoi Ro(P) o0yCIOBIEH CKOPEE BCETO
CTPYKTYPHBIMH M3MEHEHHMSIMH, UMEBIIUMH MECTO B HCCIEAyeMOM O0pasle Moj
JTaBJICHUEM.

BBumy HeoObraHOTO MOBeneHUS 00pa3ia Moy ¢6—Rep.20-Nbg o5 To1 1aBieHneM
OBLIH MPOBEIEHBI UCCIIEIOBAHUS €r0 MUKPOCTPYKTyphl. Kak BuaHo (puc. 4), 06-
pasell COCTOMT M3 HECKOJBKHUX 3€PEH, IMPHUYEM 3€pHa COAEpXKaT CTPYKTYpHbIE
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nedexTrl, 00pa3oBaBIIKecs B MPOIECCe
kpuctasmzauuu. HaOmrogaemast siueu-
CTO-ACHIIPUTHAS CTPYKTypa SBIsETCS,
MO-BUJIUMOMY, pE€3yJbTaTOM KOHILIEH-
TPAIMOHHOTO TEPEOXTaXKICHUsI IpHU
pocte kpuctamuia. [Ipu 3TomM rpaHuLbI
SYEEK XapaKTEePHU3YIOTCS JIOKAIbHBIM
M3MEHEHHUEM COJEp’KaHUsl IMpuMeceil.
Paznuuue B cocraBe rpaHHIl S4YeeK U
Puc. 4. Crpykrtypa oOpasua TPOHHOTO  ppumeraromux K HUM 0OnacTeil MOKeT
crutaBa Mo 66—-Rep.20~Nbo,o5 NPUBOUTH K pazHUIle KOAPPHUIHUEHTOB

C)KMMAaeMOCTH. JTO, B CBOIO O4YEpEb,
BBI3BIBACT JIOKAIBHOE HAPYIIEHUE THAPOCTATUYHOCTH IPH MOBBIIICHUH JAaBICHUS
Y TIOSIBJICHUE HEOJHOPOAHOCTEH yNpyrux HampspkeHui. 1Ipu BBICOKHX rHapocTa-
TUYECKUX JIaBIICHUSIX HAa TAKUX HEOJHOPOIHOCTSX MOTYT POXKAATHCS AUCIOKAIUH
[4,5] u npyrue crpykrypHble nedexTsl. CorIacHO JaHHBIM, PUBEICHHBIM B [5],
KPUTHUYECKOE JaBJICHHUE 3apOXKACHUS AUCIOKanuii B Mo mpu pa3Mepax HEOJHO-
poarocreit 10 um cocrapisier okoiio 0.2 GPa. Uem Oosbimie pasmep HEOIHOPO/I-
HOCTH, TE€M MEHbIIIE KPUTUYECKUE NABIEHUS, HEOOXOAMMBIE ISl 00pa3oBaHUs
CTpYKTYpHBIX nedekroB. Takoit mexaHu3M nedekTooOpa3oBaHUS MOXKET 00BsC-
HUTBH POCT OCTATOYHOTO COMPOTUBIICHHUS O] AaBICHHEM B UCCIEAYEMOM CIIJIaBe
Moy 6—Rep20-Nbg o5 (cM. puc. 3). Haceimenue 3aBucuMocts Ry(P) mpu noanreme
JABJICHUS U MpaKTU4ecku MocTossHCTBO OOC mpu NOHMKEHUU JAaBJICHUS U MPHU
MOBTOPHBIX U3MEPEHUSIX MOTYT OBITH O00YCIOBIEHBI (POPMUPOBAHUEM PaBHOBEC-
HOM CTPYKTYpBI, KOT/Ia «3aMOPOKEHHbBIE)» MPU BbIPALIMBAHUN KPUCTAJIJIA HEOIHO-
POJIHOCTH UcUepHanu ceOsl KaK UCTOYHUKHU CTPYKTYPHBIX A€(PEKTOB.

OTMeTuM IpyrHe CTPyKTYPHBIE OCOOCHHOCTH UCCIIETYEMBIX CIUIaBOB, KOTOPHIE
HEOOXOJUMO YYUTHIBATh MPU PACCMOTPEHUU TOTYUYEHHBIX SKCIEPUMEHTAIBHBIX
pe3ynbTaToB. DTO MPEXJIE BCETO BO3MOXKHOCTh HAPYLICHHS] TPAHCISLUOHHON
cummeTpud. Takue HapyHIeHUs MOTYT ObITh 00YCIOBIEHBI OTKIIOHEHHEM aTOMOB
TBEP/OT0 pacTBOpa OT CBOMX paBHOBECHBIX MoyioxkeHuit B OLIK-pemierke, a Tak-
K€ HaJIM4YMEeM B CTPYKType TBEpIOro pacTBopa obnacTeil ynopsipoueHus wiu da-
30BBIX BbLIeTeHHH. B pabore [6] mpu wmccrnenoBaHum TuUQ@y3HOTO paccesHus
9JIEKTPOHOB M PEHTI'CHOBCKHX Jyued B TBepAbIX pacTBopax Mo—Re aBTOpHI fe-
JAIOT BBIBOJ O HAJIMYMM OJNMDKHETrO Mopsaka cMemleHuid, uckaxkarommx OLK-
pemetky. [lo MHeHHIO aBTOpOB, IpHU STOM O0pPa3ylOTCS JOKAIbHBIE ATOMHBIE
KOH(QUTYpAIMK CO CTPYKTYypOH, OMU3KON K CTpyKType o-¢a3bl. Ha oOpa3oBanue
CBEPXCTPYKTYpHI B ciutaBax Mo—Re Takxke ykasbiBasnioch B pabote [7], rae Kpu-
CTaJIJTMYECKasi CTPYKTypa MCCIIEA0BaIaCh METOI0M KaHAJIMPOBAHUSA MOHOB I'EJHsL.
[IpudeM aBTOpHI CBA3BIBAIOT O0Opa3oBaHHE CBEPXCTPYKTYphl ¢ DTII, umeronmm
MecTo B cruiaBax Mo—Re.

[Tono6usie nckaxxenus OL[K-pemnieTky MOKHO 0KHUIATh U B TPOHHBIX CILIaBax
Mo—Re—Nb. Atombr Nb, umeromue OOIbIIHMIA aTOMHBIN 00beM, IPUBOISAT K pac-
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TSOKCHHUIO PEIIETKH, T03TOMY €CTECTBEHHO OKHIAaTh, UTO PAIOM B CxKaTOW obiac-
TH OKQXXYTCsl aTOMbI Re ¢ MEHBIIUM aTOMHBIM 00beMOM. OTHOBPEMEHHO ¢ (hITyK-
TyalusiIMH B pacIipeieICHUH MPUMECEH 3TO MOKET CIYKHUTh MPEANOChUIKON K 00-
pPa30BaHUIO TOJ] ACHCTBUEM JABJICHHS JIOKAJIBHOTO YIOPSIOUYECHUS B TBEPIOM
pacTBOpE TPOIMHBIX CILUIABOB, KOTOPOE U BbI3BaJIO maaenue OIC.

Kak O6but0 1Mokaszano B [8], HaMYue MUCIOKAIMA MOXKET 3aMETHO MPOSBUTHCS
B aHOMaJbHOW J00aBKE TEPMOIAMHAMHYECKUX BeNW4WH, cBs3aHHou ¢ OTIL. B
MPUCYTCTBUU AUCIOKAIMHI TUIOTHOCTh COCTOSIHHM MPUOOPETAECT NUCIOKAIIMOHHYIO
n00aBKy, 3HaYeHHE KOTOPOil Ha ypoBHEe Depmu v (€F) SBISIETCS OCHIILIUPYIOICH
byHkuuen Z = g — f (¢ — KpUTUYECKass TOYKA B SHEPTETUUECKOM CHEKTpE, £F —
sneprusi ®epmu) [8]. Ilockonabky 7, SKCIIOHEHIIMATBLHO YyBCTBUTENbHA K IUIOT-
HOCTHU DJIEKTPOHHBIX COCTOSIHHMA, 100aBKa V,4(€F) K TUIOTHOCTUA COCTOSIHHIA TIPHUBE-
net k ocrmuisinusaM 7.(P). Tlepuoa octmuisanuii, COOTBETCTBYIOLIMNA WHTEPBAILY
MEXK]ly TUCKPETHBIMH YPOBHSMHM, COCTABISIET AZ =~ ZZ/SF. C y4eTom IaHHBIX, TO-
ay4yeHHBIX B [2], dZ/dP = 51071 eV/Pa, g — e = 0.01 eV, npu g = 7 eV
penmunna AZ coctapiser ~ 4-10 > eV wm ~ 0.1 GPa 1o mxane naBnenuid. OnHa-
KO Ha 3aBUCUMOCTSX 7.(P) momo0HbIe OCIUIUIAIMN HEe HAOI0aaIuch. Bo3MoxHO,
9TO CBSI3aHO C OOJBIIMM COJIEpPKaHUEM JIETHPYIONIMX 100aBOK U, KaK CIIEJCTBHE,
C Pa3MBITHEM D3JIEKTPOHHOTO CIEKTpa M ero ocodeHHocTei. C y4yeToM TaHHOTO
00CTOSITENLCTBA MOAOOHBIE DKCIIEPUMEHTHI CIIEJ0BAIIO Obl MPOBECTH HA YHCTHIX
MeTaJuIax WU CIUIaBaX C MajbIM COJIEPKaHUEM MPUMECEH, MOBEPIHYThIX 3aKaJl-
Ke win aedhopMallmoHHON 00paboTKe.

[Tapamerprr DTII B uzydyaeMbIx crijiaBax OMpenessuld U3 COMOCTABIICHUS TEOPUN
dT,

C

1
C DKCIEPUMEHTAJIbHBIMUA JTAHHBIMU T (n) [2]. Kak moka3anu MpoBeICHHBIC

Cc

C

1
WCCIIEA0OBAHUS, Pa3Inuvs MTPOU3BOAHBIX — B cmiaBe Moy g6—Reg20—Nby o5,

c

ONPCACIICHHBIX IPU MOABCME NABJICHUA, KOI'Jd MPOUCXOAUIIN CTPYKTYPHBIC HU3-
MEHEHUS], U MIPHU €ro MOHIKEHUH, KOTJa CTPYKTypa OcTaBalach CTaOMIBHOM, co-
craBmwin menee 5%. Takoe Pa3INIKUC HC MOXKCT 3aMCTHO IMOBJIMATH HAa 3HAYCHUA
napametpoB OTII. Oto He BbBI3BIBaeT coMmHeHMM, korma OTII nmabmromatorcs B
A0CTAaTOYHO KOHICHTPUPOBAHHBIX CIUIaBax, A€ IJIMHA CBOGOI{HOFO Hp06era
JJIEKTPOHOB YK€ B 3HAUUTEIBHOW Mepe OrpaHHueHa OOJBIIMM COAECpKaHUEM
[IpUMeceH, a BO3MOXKHBIE CTPYKTYPHbIE U3MEHEHHUs JIUIIb HECYIIECTBEHHO MEHs-
IOT BpeMsl KU3HU IeKTpOHOB. Ecin sxe DTII nzyyaercss B YUCThIX METaJUIaxX WA
CIUIaBaX C MaJbIM COJIEpKAHUEM IMPUMECEH, NIl KOPPEKTHOTO OMpE/IeTICHUs Ia-
pametpoB DTII HeoOX0aMMO HCTIOIB30BaTh COBEPIIEHHBIE MOHOKPUCTAJLTHI.

BriBoabI

1. I[Tox neiicTBHEM THAPOCTATUYECKOIO JaBiieHUs B Auanazone 10 1 GPa tem-
neparypa cepxnposozduero nepexoga u O9C cmnaBoB Mo—Re usmenstorces
nuHeHo. HemonotonHOCTh B 3aBHcHMOCTH dInR)/dP(C) obycnoBieHa M3MeHe-
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HUEM TOMOJOTHH ToBepxHOocTH PDepmu MonubAeHa MpU J0O0ABICHUH MPUMECU
peHusl.

2. HaGmronmaemple moja JaBiieHHEM OCOOCHHOCTH Ha 3aBUCUMOCTSIX 1.(P) u
Ro(P) B Tpoitabix crutaBax Mo—Re—Nb MoryT ObITH CBSI3aHBI C pa3BUTHEM Jie-
(beKTHOM CTPYKTYphl U 00pa3oBaHuEM 00JacTell JoKalbHOro ynopsaodeHus. On-
HAKO 3TH CTPYKTYPHBIC M3MCHCHHUS HE OKa3aJld 3aMETHOTO BJIVSIHHS TIPU OIHCA-
HUU DJIEKTPOHHO-TOIMOJIOTHYECKOTO TMEepexo/ia B KOHIICHTPUPOBAHHBIX TPOMHBIX
CIIJIaBax.
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O.M. Beauxoonuii

OCOBNMBOCTI 3MIHN TEMIMNEPATYPW HAAMPOBIAHOIO
MEPEXOAY TA SANIMWLKOBOIO OMNOPY Mia TUCKOM Y CIIABAX
HA OCHOBI Mo

BuBYeHO BIUIMB TiIpOCTaTHYHOIO THCKY Ha TeMIepaTypy HAANpPOBITHOTO MEPEXoay H
3anuIKoBui omip crmaBiB Mo—Re, Mo—Re—Nb. bapuuni 3anexxHocTi Temnepatypu Haj-
MPOBIIHOTO MEPEXOoAy U 3aJIMIIKOBOTO OMopy ciiaBiB Mo—Re Bu3HadaoThes nepedyno-
BOIO €JICKTPOHHOTO CIeKTpa. BusiBieHi 0co0nMMBOCTI HAAMIPOBIAHMX 1 TPAHCHOPTHUX Bia-
CTHBOCTEH MiJ] TUCKOM Y MOTpiiHMX ciuiaBax Mo—Re—Nb moB’s3yl0TbCs 3 PO3BUTKOM
IedeKTHOI CTPYKTYpH, a TaKOX 13 (GOpMyBaHHIM 00JIACTEH JIOKAJILHOTO BIIOPSAKYBaHHS.

Knrouosi cioBa: TuCk, Temreparypa HaJIpOBITHOTO IEPEXOy, 3aIHUIIKOBUIl €IeKTpO-
OIIip, EJIEKTPOHHUH CIIEKTP, CTPYKTYPHI Ae()eKTH, JOKANbHE BIOPSAKYBaHHS

A.N. Velikodnyi

FEATURES OF CHANGES OF SUPERCONDUCTING TRANSITION
TEMPERATURE AND RESIDUAL RESISTANCE OF THE Mo-BASED
ALLOYS UNDER PRESSURE

The effect of hydrostatic pressure on the superconducting transition temperature and the
residual resistivity of the Mo—Re, Mo—Re-Nb alloys is studied. The pressure
dependences of the superconducting transition temperature and the residual resistance of
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the Mo—Re alloys are determined by rearrangement of the electronic spectrum. The
observed features of the superconducting and transport properties under pressure in the
ternary Mo—Re—Nb alloys are associated with the development of defect structure and the
formation of regions of local ordering.

Keywords: pressure, superconducting transition temperature, residual resistivity, electron

spectrum, structural defects, local ordering

Fig. 1. Pressure dependences of the resistance for alloys: a — Mog 94—Reg g6, 6 —
Moy g63—Rep.137, 6 — Mg 74—Reg 26, 2 — Mg 755—Re€p.17-Nbyg 075, 0 — M0g 705—Re€p.17-Nby 125,
e — Moy ¢35—Reg 29—-Nby 975

Fig. 2. The rhenium content C dependence of the derivative dlnRy/dP in the Mo;_,—Re,
alloys

Fig. 3. The pressure dependences of the superconducting transition temperature (a) and
resistance () for the Mog gg—Reg 29—Nby o5 sample: o — forward trace, ® — return trace, Jc —
repeated measurements

Fig. 4. The structure of the ternary alloy sample of Mog g6—Reg 29—Nbg o5
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T.H. MeJ'IbHI/IK1, N.B. KpaCHlOK1, P.M. TapaHeuz, B.M. POpquKo1

NMOBEPXHOCTHO-NHOYLUMPOBAHHBIE CAMOINOOOBHbIE
NMPOCTPAHCTBEHHO-BPEMEHHbLIE CTPYKTYPbI
B BEICOKOTEMIMEPATYPHbBIX CBEPXIMNPOBOOHMKAX Il POOA

1[ZI,OHeL|,|<|/|17| HU3NKO-TEXHNYECKUI UHCTUTYT UM. A.A. lMankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 74, r. JoHeuk, 83114, YkpavHa
E-mail: kras@kinetic.ac.donetsk.ua

2School of Mathematical Sciences, University of Nottingham
University Park, Nottingham NG7 2RD, UK
E-mail: taranets_r@yahoo.com

Crartbs noctynuna B pegakuuio 27 ceHTabps 2011 roga

IIposeden meopemuueckull anaiu3 npoyeccos NPOHUKHOBEHUS MASHUMHO20 NOJs 8 Gbl-
COKOmMeMnepamypHuvle C8epXnPOBOOHUKI 6MOPO20 POOa 8 3A8UCUMOCIU OM COCOSIHUSL,
8 KOMOPOM HAXOOUMCS C8EPXNPOBOOHUK: 8 (ha3e 8A3K020 MedeHUs MACHUMHO20 HOMOKA,
8 pedicume KIACCU4ecKo20 mepMoaKmusayuoHHO20 KpUuna nomoKd, 8 pexicume «2ueaHm-
CKO20» Kpuna nomoxa aubo 6 ¢azax euxpegou HCUOKOCu Ui euxpeso2o cmexid. Hc-
cnedoganue Gazvl BUXPEBO2O CMEKIAd GbINOJIHEHO 8 OKPEeCMHOCMU JUHUU NAAGIeHUs, d
¢haswvl suxpesoll JHcuoKocmu — 8 OKPeCmHOCmu JunuY niasnenus 8 pescume kpuna (TAFF-

pedcum). IIpu smom suxpesas HcuOKOCms npu Kpune nomoxa moxcem ovims Ol ~3anun-
HUH2OBAHA 8 CUNLHOM UNU C1AOOM nuHHUHee. OMOenbHO pacCMOMpeHsl CLyHaAU CUTLHOO
u cn1abo2o NUHHUHSA 8 CTYYAUHOM 2aYCCO80M NOMEHYUALe NUHHUHRA C Y4emOM CLyHaAUHO
pacnpeoenienHbIX MOoYeuHbIX OedheKmos.

KirodeBble cioBa: MarHUTHBIM IOTOK, KPHUI IOTOKA, BUXPEBOE CTEKIO, BUXpeBas
KHUIKOCTh

BBenenne

[Tporiecchl MPOHMKHOBEHUS MAarHUTHOTO TIOJIE B BBICOKOTEMIIEPATYpHBIE
CBEPXIIPOBOJAHUKU BTOPOI'O POJAA 3aBHUCAT OT COCTOSIHHS, B KOTOPOM HaXOAMUTCA
CBEPXIPOBOAHUK: B (pa3e BA3KOrO TEUEHHUsS MarHUTHOTO MOTOKA, B peXXUMe Kiac-
CHUYECKOI0 TEPMOAKTUBAI[MOHHOTO KpHUIIa [TOTOKA, B PEKUME «TUTAHTCKOT0» KpH-
na noroka Jaubo B (azax BUXPEBOI *KHMIKOCTH WM BUXPEBOro cTekya. B mepBom
cily4yae BoJbT-amrepHas xapakrepuctuka (BAX) nuneitna. Btopoil u Tperuii
CJlydau pasiIMyaroTcsl BHICOTONW aKTUBAILIMOHHOTO Oapbepa, KOTOPBIH Ha HECKOJIBKO
MOPSJIKOB HUXKE JIJISl BBICOKOTEMIIEPATYpPHBIX CBEPXIIPOBOJHUKOB MO CPABHEHUIO
C OOBIYHBIMM JKECTKMMH CBEPXIPOBOJHUKAMH. JTO OOBACHIETCS MOl JIMHOM

© T.H. MenbHuk, WN.B. KpacHiok, P.M. TapaHeu, B.M. KOpueHko, 2012
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KOT€PEHTHOCTH U, CJIEJ0BaTEIbHO, MAJIbIM IMUHHUHIOM, YTO HPUBOIUT K OOJIb-
IIMM CKOPOCTSIM MIPOHUKHOBEHUS BUXpeH (cormacHo ¢popmyie Appenuyca). Kpun
MOTOKAa MOXET MPOUCXOIUTH B IIpeiesie MabIX utoTHocTel Toka: U(j — 0) = U < 0.
Taxoe noBeneHne Kpun-o6apbepa oxxuaaeTcs B (haze BUXPEBOW KUIKOCTH IPH BbI-
COKMX Temneparypax 1I'> T,.

B pexxnMe BUXpEBOro cTekiia Ipu Temneparypax BOJIM3U JIMHUM IUIaBICHUS
T,,(H) OTKJIMK CHCTEMBI SBIISIETCS CHJIBHO HEeMWHEHHBIM. B 310l (hasze Gapbep
pacxonutcsi anredpamdecku, T.€. U(j) — oo mpu j — 0. Ilepexox ot ¢a3sl
BUXPEBOI'0 CTeKIa K (paze BUXPEBOW KUIAKOCTU SBISETCS (a30BBIM IMEpPEXo-
oM nepBoro poaa. Ilpu 3Tom, kak mokaseiBaeT 3kcnepuMenT, BAX E(j) Hu-
K€ W BbIIIE JUHUU IUIABJICHUS SBISETCS MOHOTOHHO BO3pacTarouei QyHKIIH-
eil, BBIMYKJIOW COOTBETCTBEHHO BBEPX M BHU3, KOTOpas OrpaHUYE€Ha HEKOTO-
poil nuHelHoW ¢yHKIuel cHu3y. JKUAKOCTh MOXKET HaXOAUTHCSA U B PEXUME
Bsi3koro teueHus noroka (FF-pexum), oHaKo Takas CUTyalusi HUXKE HE pac-
CMAaTPHUBAETCH.

[Ipoananu3upyemM OTKJIMK CBEPXIPOBOJHHKA Ha BHEIIHUE BO3MYIICHUS IIO
MarHUTHOMY HOJIO B pa3nnyHbIX ¢azax. Ilpu 3Tom mpeamnonaraem, 4Tto cCBepx-
IPOBOJHUK 3aHUMAET MOIYIPOCTPAHCTBO U HAXOAUTCS B MapalljIe]IbHOM MarHUT-
HOM I10JI€. AMIUIMTY/1a BHEIIHETO MarHUTHOTO IOJISL BO3PACTa€T CO BPEMEHEM I10
CTENIEHHOMY, SKCIIOHEHIIMAIbHOMY MJIM TaK Ha3bIBAEMOMY HMITYJIbCHOMY PEXUMY
¢ o0ocTpeHneM, KOorja aMIUIMTy/la MarHUTHOTO T0JI BO3pacTaeT 3a HEKOTOPBIi
JIOCTaTOYHO MaJjblii MPOMEXYTOK BPEMEHHU 10 «OECKOHEUHOCTH». THUMHYHBIMU
SBIISIIOTCS CIEyIoIue CUTyaluu. B pexxuMe BA3KOro TeueHust BUXped NpoQuiib
MarHuTHOTO ToJig (puc. 1, 2) CymiecTByeT NpH ONPEICICHHBIX COOTHOIICHUSX,
KOTOPBIE XapaKTEPU3yIOT CKOPOCTh HaKauKW BHEIIHUM MAarHUTHBIM IIOJIEM U Xa-
pakTep cOnmpoTHUBIIEHUs cpefbl. [Ipu Kpume noToka TUMUYHBIM SIBISETCS TpaduK,
npezcTaBieHHbld Ha puc. 1,0. [Ipu 3TOM BO3MOXKHBI IB€ CUTyalllu, KOTJa mar-
HUTHOE T10JIe IPOHHUKAET: a) Ha OECKOHEUHYIO IITyOHHY; 0) Ha KOHEUHYIO TITyOHHY

1.0 10¢
0.8 0.8

0.6 0671

~ ~,
0.4 04r
02 02r
O N 1 N 1 A 1 a 1 2 1 O . 1 N 1 N
0O 02 04 06 08 1.0 0 5 10 15
g g
a 0

Puc. 1. OBomonwmst ppoHTa MAarHUTHOHN BONMHEI Tpu 1 + mo > 0 (a) u 1 + ma <0 (6)
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(Bo3MOkHa Takxke 3(pQeKkTHBHas JOKaIU3alMsl MarHUTHOTO noTtoka). Omnpenene-
HbI ITyOMHA U CKOPOCTh MPOHUKHOBEHUSI MAarHUTHOTO TOJISl B TIOJYNPOCTPAHCTBO
IpY BO3MYILEHUSIX MarHUTHOTO NOJIs B pa3nuuHbIX (azax. Hampumep, rirybuna u
CKOPOCTbh MPOHUKHOBEHMSI MArHUTHOT'O MOTOKA MPHU OJHUX M T€X K€ T'PAHUYHBIX
BO3MYIIEHHUAX MarHWTHOIO IOJII B peXHME BHUXPEBOIO CTEKJIa BCErJa MEHbIIE,
YeM B pEeKUME CUIIbHO WM ¢1a00 3alIMHHUHTOBAaHHOW BUXPEBOM KHUJIKOCTH.

Pe:xum BSI3KOro TeUueHUs MOTOKA

IIpocreiimas cutyanys BO3HUKAET B PEKUME BSI3KOTO TEUECHUs BUXpel. B aTtom
ciydae 6aprepom U, NpensTCTBYIOIIMM JIBUKEHUIO BUXPEH, MOKHO IpeHeOpeyb.
CootBercTBYyIOLIEE YpaBHEHHE OYI€T UMETh BUJ

btz(pbx)xi' (1)

rae p = p(b) — conpoTUBICHUE IBUKEHUIO BUXPEW B CBEPXIPOBOJHUKE. Xapak-
Tep MPOHUKHOBEHUS MAarHUTHOTO IOJI B CBEPXIIPOBOJHUK 3aBUCUT OT (OPMBI
¢yskumu p(b) 1 GOpMBI HAKAYKY BHEITHUM MAarHUTHBIM TIOJIEM.

B pexume Bs3koro TedyeHus Buxpei Qynknus p(b) wumeer BUT
Piow (b) =p,B/ H,, , Tie p, — CONPOTHBICHIE B HOPMATBHOM COCTOSIHHH CBEpX-

npoBozHuKa, . — BTOpoe KputHdeckoe moxe. BAX cBepxmpoBonHuKa HMEET

BUI E = prow(B).

O‘IGBI/II[HO, YTO TUHEHHBIN 3aKOH ITOBBITIICHUS COITPOTUBJICHUA ITPU BO3pACTAHUN
UHIYKIUU MarHuTHoro noist (¢popmyna bapnuna—Credana) nmeer orpaHMYCHHYO
obnacte npumenenus. [Ipocreiimee 00o0meHne 3Toil GopMyBl MOXKHO TIpecTa-

BUTSH B BUJE p = p,b°, Tne b=B/H ¢, - B pe3ynbTaTe MbI ojiy4aeM ypaBHCHHE

b= (%) - )

X

B peanbHBIX SKCTIEpUMEHTaX I'PaHUYHBIC YCIOBUS UMEIOT BUJ
b(0,¢) =by(1+1)", m> 0. 3)
Pemenue kpaeBoii 3amaun (2), (3) MOKET OBITh MPECTABICHO KaK

b(x,t)=by(1+1)" f(&), 4)
rie
E_, _ X/(l n t)(1+mc)/2 . (4!)

Ha puc. 1,a nokazano m3menenue ¢pyakmuu f(E) mpu 1 + mc > 0, a Ha puc. 1,6 —
npu 1 + mo < 0. DBoronus aBTOMOAENHHOTO pelIeHHus KpaeBoil 3amxauu (2), (3)
npu m > 0 u o > 0 npencrasieHa Ha puc. 2. Kak BUAMM, IpOCTpaHCTBEHHBIN
pOoQ b MATHUTHOM BOJIHBI IBUXKETCS B MOJYIIPOCTPAHCTBE CO CKOPOCTHIO

1+ mo _
v= aeffbé”—z (1+7)mo /2, (5)
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0<t,<t,<t, [TorpebyeM BBINONHEHUS HEpPaBEH-
cTtBa mG < 1, TOCKOJIbKY B 3TOM CIy4ae
CKOPOCTb  NPOHUKHOBEHHSI  BUXpEU
CTPEMHUTCSI K HYJIO TIpHU OOJBIIHUX Bpe-
MeHax. B pesynpTaTe mnoiyyaem, 4TO
aMIUIMTYJIa MAarHUTHOW BOJIHBI IIPU BS3-
KOM TEYEHUH IOTOKA MOIEIUPYETCA
rpa¢pukom Ha puc. l,a. Takoe moBexe-
. eAfif(ZZ) . f(lz) HUE MMEEeT MECTO B 00JIacTH Mapamer-
poB —1 < moc < 1. AHamoruyHoO ISt
Puc. 2. [lunamuka (poHTA MarHUTHOM rpaduka Ha puc. 1,6 JOIKHO BBINOJI-
BOJIHBI B PEKHMME BA3KOTO TEUECHHUS BUXpEH HATBCS HEPABEHCTBO MG < —1.
Crnenyer 3aMeTUTh, 4TO

J(x,8) = —kby (1+ )72 (g (6)
Orcromapu 1 + mac >0

J(x,0) ~ ~kbo (1+1) ™2 £1(0), (7)
anpu l +mo <0

J(x,8) ~ kb (14 )92 f7(c0) (8)

B nepBoM ciydae npu 60ibIINX BpEMEHAX BBIOJIHSACTCS HEPABEHCTBO j > 1, a
BO BTOpoM —j < 1. TeM caMbIM IIpH JOCTATOYHO OOJIBIINX IOJIOKUTEIBHBIX /71 MBI
BCETJia OCTaeMCsl B PeXKHME BS3KOI'O TEUCHHUs MOTOKA, a MPU JIOCTaTOYHO clabom
BO3PACTaHWN BHEIIHEIO MAarHUTHOTO IIOJIA NEPEXOJUM B PEKHM KpHUIla IOTOKA.
AHaJOTMYHO MOYKHO HCCJIEN0BaTh Pa3INYHbIE BO3MOKHOCTH HE JUISl CTEIIEHHOTO
IPaHUYHOTO PEKUMA, a JUIsl peKUMa ¢ 000CTPEHUEM.

Takoe MOBEJEHME MAarHHTHOTO TIOTOKA MPEICTAaBHMO B BHE p = p,b°, Tie
b=B/H ¢, B PEKHME BA3KOTO TCYCHMs BHXPEH NPU CTCHICHHOM I'DaHUYHOM yC-

JIOBHH.

HccaenoBanue B (paze 3alIMHHUHIOBAHHOW BUXPEBOM KMIKOCTH
B ciry4aiiHoM &7 -noTeHIMAle MUHHUHTA

TennoBble (QUIyKTyalluu BIUSIOT Ha CBOMCTBA 3allMHHUHTOBAaHHOM BHXpPEBOM
HUTHU U BUXpEBOH peuieTku. K npumMepy, OHM NPUBOIAT K CTIIAKUBAHUIO CITydaii-
HOTO0 INOTEHLMAala NMUHHUHTA W, CIEJOBATEIbHO, K YMEHBUICHUIO KPUTHYECKOU
IUIOTHOCTH TOKa. B3ammoeiicTBue TEIUIOBBIX (PIyKTyaIwid, TOPOXKIAIOMINX CMe-
LIICHUE BUXPEBBIX HUTEH, CO CIIy4alHON CUJIOW NMMHHUHIA IPOUCXOIUT 10 PA3HBIM
CIICHAPHSIM ISl CBEPXIPOBOJHUKOB, KOTOPbIE HAaXOISATCS B Pa3IMYHBIX (pazax.
OctanoBuMcs Ha (pa3ax BUXPEBOro CTEKJIa M BUXpeBOM kuakoctu. Torma ciy-
YaifHble BO3SMYIICHUSI BUXPEBOHM PEIIETKH, MOPOKIAEMbIe TETIOBBIMH (IIyKTya-
LUSAMH, IPUBOJAT K €€ CMELICHUIO, KOTOPOMY IPEIATCTBYET TMHHUHT BUXPEBBIX
HUTeH. B wactHOCTH, ciy4aiiHble (TETUIOBBIC) (DIYKTyalldd MOTYT aedopmupo-
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BaTh BUXPEBYIO pelIeTKy AOpHUKOCOBa B BUXpPEBOE CTEKIIO. B To ke BpeMs Buxpe-
Basl JKUJIKOCTh, TaKKe 0Opasyromasi pemeTKy, Mo ACUCTBHEM TEIJIOBBIX (IIyK-
Tyalui OCTaeTCsi BUXPEBOH KUAKOCTBIO.

Cry4aiiHble BO3MYILEHUS (CMEIIEHUs) BUXPEBBIX HUTEHN, OPOKAAEMbIE TMHHUH-
roM B (paze BUXPEBOW JKUIKOCTH, MOKHO OTOOpPa3UTh B BUJIE MOCIIEI0BATEIBHOCTH:
BUXpEBasl peIlIeTKa — BUXPEBOE CTEKIIO (BUXpEBas >KUAKOCTb) —> BUXpPEBas KHI-
KOCTb. DTO 03HAYaeT, YTO OTKJIMK CBEPXIPOBOJHMKA HA MaJlble BO3MYILEHHUS ILJIOT-
HOCTHU TPaHCIIOPTHOTO ToKa (j — () OKa3bIBaeTCsl pasiiyHbIM I (a3bl BUXPEBOTO
cTeKkna U (a3bl BUXpeBOM xkuakocTu. daza BUXPEBOro CTEKIIa XapaKTepH3yeTCs pac-
xoauMocThio Gapeepa nuaHuHTa U()), T.e. U(j) — 0 miput j — 0. DTO CBOWCTBO aKTH-
BaIlMOHHOIO Oapbepa COXpaHsAeTCs B MPUCYTCTBHU TEIUIOBBIX (uykTyauuil. Takum
o0pa3om, cootBeTcTBYIOmas BAX ocraercst CHIIbHO HENTMHEHHOW B (paze BUXPEBOTO
CTEKJIa MIPU I0CTATOYHO MAJIBIX IUIOTHOCTSAX TPAHCHIOPTHOTO TOKA.

PaccMOTpuM OTKJIMK CBEpXIPOBOJHMKA HA BHEIIHUE BO3MYILEHUS, KOTOpHIE
BO3/ICHCTBYIOT Ha BUXPEBYIO CTPYKTYpPY, IPEACTABISIONLYIO Ty WIH UHYIO (basy.
st has3el BUXpeBOW KUAKOCTH MPUCYTCTBHE CIYYaHHOTO MOTEHIIMAIA TMHHUHTA
NOPUBOAUT K CYIIECTBEHHOMY YMEHBUICHUIO JIMHEHHOIO  COIpPOTHBIICHUS
Plin =dE/dj | Jj — 0 1o cpaBHEHMIO C €ro 3HAUYCHHEM B PEKUME BA3KOTO TEUCHUS

IIOTOKA, I'I€ Plin > 0. IIMHHMHT ABIIETCS CIEACTBUEM HEOAHOPOJHOCTH BUXPEBOU
CTPYKTYPBI.

HecmoTpst Ha TO, YTO TEIUIOBBIE (QIIYKTYallMH MPUBOJAAT K CIUVIAXKMBAHUIO KOpa
BHUXPEH, BUXPEBAsl PEIIETKA COXPAHSAET CBOMCTBO HEOAHOPOJHOCTH, W B3aUMO-
JIEHCTBUE TAaKOM IEPUOANYECKON HEOAHOPOJHOU CTPYKTYpPBI CO CIIy4alHBIM IIO-
TEHIIMAJIOM NMMHHWHTA COXpaHsSeT MUHHUHT TpH Bcex Temmeparypax 1 > T,,(B),
rae T, — TeMneparypa IiaBjleHust BUXpeBO# pewerku (puc. 3). M3 pucyHnka Bua-
HO, YTO BOJIM3M JIMHUM IUIABJICHUSI UMEET MECTO HepaBeHCTBO ' << Uy < oo, rne
Up — BeIcOTa Oaphepa mmactTuyeckor aedopmarin. Bonmsu 7, BRIONHSETCS HE-
paBenctBo Uy << T'B (pa3ze entangled vortex liquid (EVL).

Pinned liquid
Unpinned liquid

Puc. 3. ®azoBas nuarpamma B IJIOCKOCTH
HaNpPsHKEHHOCTh MAarHUTHOTO TOJIS—TeMITe-
parypa. B,,(T) — MTuHUS TIIaBICHUS BUXpE-
Boii pemerku; H, (T') — nepBoe kputme-

H, arb. units

ckoe mone; H e (T) - Bropoe KpuTHYe-

ED
ckoe mone; I — Temmeparypa (azoBoro

éPinned hquid% EV nepexoja entangled liquid — disentangled

liquid
Hcl (7)

T, arb. units ¢
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B xadecTtBe BHENIHETO BO3HCﬁCTBHH MOKHO HCIIOJIB30BATH BO3pACTAROUICE I10
AMINIUTYAC ¢ TCUCHUECM BPCMCHU MAIHUTHOC ITI0JIC, KOTOPOC U3MCHACTCA HaA I'pa-
HUIIC CBCPXNPOBOJHHUKA 10 3aKOHY

b(0,8) = by (1+1/1,), m >0, (9)

rae f,c — BpeMsl BBIXOJA paclpe/ielieHUus] UHAYKIUM MarHUTHOTO IMOJS Ha CKel-
JIMHTOBOE MOBEJCHHUE.

[Ipu uccnenoBanuu BIMSIHUS CIIyYalHOTO MOTEHIMAIa MMHHUHTA HA JUHAMU-
YECKHE CBOMCTBA HEYMOPAIOUEHHOTO COCTOSIHUSI BUXPEBOM KUAKOCTU UCTOJb3Y-
eM OO0IMi TUHAMUYECKHI METOJ, KOTOPBIM MO3BOJIIET OMPEISIUTh aHAIUTHYC-
ckyro Gopmy comnpotuBieHus p(b) B IBYyX ciydasx: 1) B pexxuMe TepMOAKTHBA-
[IMOHHOTO JABMXEHUS MOTOKA, T.€. IPH j < jor (A€ jor — KPUTHUECKAs TJIOTHOCTH
TOKA); 2) B pEeXKUME BSI3KOTO TEUCHHS KUAKOCTHU MPH j > j.r. Takum 0O6pazom, MbI
uccneayem obmacti Ha (a3oBoil auarpamme (puc. 3), KOTOpPbIE COOTBETCTBYIOT
HE3alMMHHUHTOBAHHOM U 3aMMHHUHTOBAHHOM JKUKOCTH.

ITycth BBICOKOTEMIIEPATYPHBIN CBEPXIPOBOJHUK BTOPOIrO PoOJa 3aHUMAET IO-
JYyOpOCTPAHCTBO X = (), mpruyeM B napajuielIbHOW reOMeTpun B || e, E,j || ey v || ex
(roe e — eMMHUYHBIN OpT, HAMPaBICHHBINA BJIOJIb COOTBETCTBYIONICH ocu; £ = E, -
3JIEKTPUYECKOE TI0JIE; j = j), — IIOTHOCTh TPAHCIIOPTHOI'O TOKA; V = V), — CKOPOCTh
JBUKEHUS BUXpEN ).

[TycTh CBEpXIPOBOMHUK HAXOAWUTCS B (ha3ze BUXPEBOM KUIAKOCTH. Torma BO3-
MO>HO CYIIECTBOBaHHUE JIBYX JMCCUMATUBHBIX PEXXHUMOB: 1) pekuma BSI3KOTO Te-
yeHus motoka npu 1 > T, KOoTJa )XUAKOCTh He3aTMHHUHTOBAaHA; 2) PeKUMa Tep-
MOAKTUBAIMOHHOTO JABMXKEHHS MoToka npu 1, < T < T,, koraa BUXpeBas K-
KOCTb SIBJISIETCS 3alIMHHUHTOBAHHOM.

Ecau nMHHUHT OTCYTCTBYET, TO BUXPEBask KUIAKOCTh ABUKETCS MO ICUCTBUEM
NPUIOKEHHOTO TOKA, YTO MPHUBOAUT K JIMHEHHOMY COIPOTHBIICHUIO Pflow(h), OT-
penenseMomy popmyioit bapauna—Credana.

PaccmoTpuM aBukeHUE BUXPEBOUW CTPYKTYpHI IIOJ JEHCTBHEM CHIIbI JIopeHma
C y4ETOM CIIy4ailHOro moreHuuana MMHAuHra Upiy. CKOPOCTH v ONPEENAETCs 110
dopmyiie v = vy + dv, e vy = jB/mc (¢ — ckopocTh cBeta). BenuunHa 6v ecTh Ma-
JI0€ BO3MYIIIEHUE CKOPOCTH V(, KOTOPOE MOPOKIAECTCS CAYyHYAHON CUIION MUHHUH-
ra. [[MHHUHT CTaHOBUTCS CYLIECTBEHHBIM, KOTJA BBIMOJIHSAETCS COOTHOIICHHE
dv=v. Torna ycnosue dv,, =V, ONpeaensieT KpUTHUECKYIO INIOTHOCTh TOKA jor =

= cNV¢/B. Crialblii MUHHAUHAT OMPEEISIETCS U3 TPeOOBAHUSA jor << jo, TAE jo — TOK
pacnapuBanusa. Torma muddepeHimanbHoe compoTuBieHue p = E/j B cioydae
JIBVKCHHSI 3alTMHHHHTOBAaHHOW BUXPEBOH JKHIKOCTH MOXHO 3aITHCaTh B (hopMe

Pflow
=—02% 10
P 1+ov/v (19)

HertpynHo nokasars, 4TO CyILIECTBYET IIPEae
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v _ vt K_g<u2(tpl)>th
v naé 47 T

£ (11)

3nech & — KOppesIMOHHAs AJMHA, ag — War pemeTku AdpukocoBa. CpeiHee 1o

2 2 _
TEIUIOBBIM (PIIYKTyalusiM <u (tpl )>th = ag , npudeM Ko = 21/ay.
Toraa cootHomenue (11) MOXHO 3amucaTh B BUJIC

& _ g Kg,

_ , 12
v AT 4z ™ (12)

TunuyHoe Bpemsi, KOTOPOE KOHTPOJIMPYET BUXPEBOE ABMKEHHE B KUAKOH (a-

U,/

o T
3€, — 3TO BpEMs IIJIACTUYCCKON ,Z[e(bOpMaI_II/II/I tpl = tthe P . Torma COIIpOTHUBIJIC-

HUE B PEXHUME TEPMOAKTUBAIIMOHHOTO ABMXeHUs MarHuTHOro motoka (TAFF-
PEXKHUM) MOKET OBITh 3aITUCAaHO B BUJE
4 16
K
Yu(to 0 t (13)

= ]4+Lu= ,
P = Pflow AT 47 pl

TZ€ Y, OIpEaeisieT aMILINTY 1y KOPPEISLIUOHHOM CBS3U
(Upin (). Upin () =7,8(x = x'), (14)

a yCpeJIHEHHUE MPOBOJAUTCS 1O BCEM CIIy4alHBIM (PIIyKTyalusM MOTEHITMAIa IMHH-
HuHra. Orcrona BeiTekaeT, 4To TAFF-pexxum neicTBUTETEHO MOXKET CYIIECTBO-
BaTh NMPH CIAOBIX IUIOTHOCTSIX TOKA j, €CJIM BBIMOJIHSAETCS CICAYIOINIEE YCIOBHE:

tpl
A—>>1, (15)
lth
TJ€ tpl, tn — CPEIHEE BPEMs COOTBETCTBEHHO IIACTHUECKOH AedopMaruy u Ten-
NOBHIX (iIykTyanuil. OueBHAHO, UTO TIPH fp >> iy OTCIOJA BBITEKAET UHTEPIONIS-
IMOHHas (hopmyIa

p=pion (1447, (16

rae
3/2

_ 1 Je(0) B
A=2nGi 0G| T (17)

3necy Gi — nmocrosinHas ['mH30ypra, jo(0) — TOk pacnmapuBaHus MPU HYJIEBON TEM-
nepartype.

B gactHOCTH, IIpH Ipl == tth MBI IIOJTy4aeM OJHOPOJHYIO BUXPEBYIO CTPYKTYPY,
KOTOpasi HEe MOKET ObITh 3aMMHHUHTOBaHA. OHAKO 3TO YCIOBHE HE BBINOIHIETCS
JUIsl OYEHb BS3KOM JKHUIKOCTH, KOTOpas XapaKTEepU3yeTcs IBYMs BPEMEHHBIMU
MacIiIrabamu: Ipl U lp] == Iith. B sToMm cimyuae BuxpeBasi CTpyKTypa COXpaHsIETCs Ha

76



®du3nKa U TEXHHKA BbICOKHX AaBJjieHuii 2012, Tom 22, Ne 2

MacmTabax ¢ < fp. Ecimm £y >> tpi, ycpennenne Ha MacmTabax fpi, HE ABJIAETCS
MOJTHBIM, [TO3TOMY BUXPEBAsl KHUAKOCTh COXPAHSIET OJHOPOJIHYIO CTPYKTYpY, KO-
TOpast MOKET OBITh 3aITMHHIUHTOBAaHA.

B pesynbTare B 3aBUCUMOCTH OT BETMYMHBI BPEMEHH IIaCTHYECKOH eopMarium
fpl ¥ XapaKTEPHOTO BPEMEHHU MMHHMHTA i, BUXPEBas KUIKOCTh MOXKET ObITh 3aIUH-
HMHTOBAHA WM He3alMHHMHTOBaHA (puc. 4). Dynkmms by(x,f) = AoRo(to — ) (&)
BBIYHUCIICHA MPH CICAYIOMINX 3HAUCHHUIX mapameTpoB: n =—1; kg =1; Ag = Ry = 1.
CrienoBarenbHo, Iy Iy >> fpin (04E€HD BA3KAs KHUAKOCTH) Mbl HMEEM 3aITMHHKH-
TOBAHHYIO JKUJKOCTb, KOTOpasi MOXKET CYIECTBOBATh B JBYX OMHYECKHX DPEKH-
MaX COOTBETCTBEHHO MPHU MAJIbIX U OOJBIINX MJIOTHOCTSIX TOKA TaK, YTO

p(j—0)=pge "' 1/t (18)

p(j>jcr)=pHOW' (19)
Bapbep mactuueckoit neopmaiuu MOKHO 3amucaTh B BUJIE

T,-T

U, =¢ggyay o« ———, (20)
pl 0% Jn

I7le € — MmapamMeTp aHU30TPOIUM, €) — XApaKTEpHBIH dHEpreTHdYeckuii macuTao,
. 2

KOTOPBIH onpeaensercs o Gopmyiie g9 = (Po/4nAh)” (P — KBAHT MAarHUTHOTO T1O-

TOKa, A — JIOHIOHOBCKas TJIyOMHA IPOHUKHOBEHHSI MArHUTHOTO TIOJIS).

1.0

Puc. 4. Pacnpenenenue aBTOMOAETBHOM
KOMIIOHEHTBI W,(§) pelieHus KpaeBoil 3a-
Ja4yd B (aze CiibHO 07 -3aMMHHUHTOBAaHHOMH
BUXPEBOH KXHIKOCTH B CIIy4ailHOM MOTEH-
[iaJie MTMHHUHTA C 3KCIIOHEHIINATEHBIM TPa-
HUYHBIM PEXUMOM C OOOCTpPEHHEM B paz-
JMYHbIE MOMEHTHI BpeMenu: / — 1= 0.95,

2-047,3-09,4-5102,5-251072, 6
1.2:1072

2 0.5

g

Taxum o0Opaszom, Mbl onpenenwin GyHKkuuo p(b) B nuddy3noHHOM ypaBHE-
Huu (5) nns TAFF-pexxuma odeHb BSI3KOW BUXPEBOM JKMIKOCTH B CIy4allHOM IO-
TEHI[aJIe TMHHUHTA.

Cy1ecTBYIOT 3KCIIOHEHIIMAIbHbIE KPAaeBble YCIOBUS B pE&XKHUME C 000CTPEHUEM
b(0.5) = bo(tg — 1)", n < 0, 0 < t < ty, tae by = By/B, npuaeMm T(B,) = T, 1
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By>H ¢, Takue, 4To I 3alIMHHUHTOBAHHOW BUXPEBOW >KUIKOCTHU MAarHUTHOE

110JI€ MPOHUKAET B MOIYNPOCTPAHCTBO TAK, KAK 3TO MOKAa3aHO Ha puc. 4.
JlelicTBUTENBbHO, yPAaBHEHUE UMEET BUJT

2
b, = p(b)byy +p'(D)b; . 21)
CornacHo auarpaMMe Ha puc. 3 Mbl JOJDKHBI OTPAHUYUTHCS 0OJACThIO MarHUT-
HbIX moned H, <B<B,. OxkasbiBaercst, uTo nipu ¢t — ty nuddysueit B ypaBHe-

HuM (21) moxHO npeHedpeds. B camom aene, ecinu oTOpocuTh B ypaBHeHuu (21)
YJIEH CO CTapIlel MPOU3BOJHOM, TO IPUAEM K BBIPOXKICHHOU 3a/1a4de

2
bt = koo (b (22)
C 'pPaHUYHBIMHA YCIIOBUAMHA
b (x,0) = AyRy(ty —1)", n <0, (23)

rae ko, Ao, Ro — mapametpsl 3anaun [1]. KpaeBas 3amaua uMeer aBTOMOJIEIBHOE
pelieHue

b (x,0) = AyRy (tg —1)" W, (), (24)
raec
X

&= ;

(25)

u QyHKuMS w,(E) m3zobpaxena Ha puc. 4. CBoiicTBa MOHOTOHHO YObIBaroIIeH
byHkImn w,() 3aBUCAT OT MapaMeTpa .
a) eciii —1 <n <0, To ipu Bcex & > 0

w, (&)= C(n)e M 4 4 . (26)
npu § — oo, T11e

0) pu n = —1 pernieHre UMeeT BUJI
wo(8)=(1-8/2)° mpn 0 < & <2 mwy(&) = 0 mpn &> 2; (28)

B) ipu 71 < —1 QyHKIMs W,(&) sBnseTcs GUHUTHOM, T.€. Wy(E) > 0 mpu 0 < E < &

rie &, = 2(=n)"? (-1- n)_(Hn)/2 1 wy(&) = 0 mpu & > &f npuuem
Wa() =~ (6 -0 06 ) 29)

npu § — & Bo Beex ciyuasx w, (0) = —(—n)l/ 2 , Wi (&) >0 Bcroxy, re w,(&) > 0,
prsest wh(€) 2 wy(0) = (1-n) /4 mpu 0 < & < &
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IIpu sTOM CBOMCTBA peLICHUI bA(x, {) BBIPOXKIEHHOTO ypaBHEHHs ONU3KU K

CBOMCTBaM PELICHUH 00IIEro ypaBHEHUs, T.€. Ha uHTepBane 0 <& <&y

—AgRoty <|b(x,1) = b (x,0)[< 4g [w) (&)|In ttot . (30)
o

I[J'IH ABTOMOJCJIIBHOT'O MPCACTABJICHUA PCIICHUA
W(E,1) = (AoRo) ™ (tg =) " b(EkoRy) 1 —)*""2 ). (31

W3 aBTOMOJIENIBHOTO MPEACTABIEHUS IEPEMEHHOMN & ClleyeT, YTO KOOpAUHAaTa
(poHTa MarHUTHOHN BOJHBI, T.€. TOUKA, B KOTOPOH aMILIMTYAa MarHUTHOIO MOJIS
oOpaitiaercsi B HyJib, OIIPENENSIETCS U3 PAaBEHCTBA

Xegr () = Eegr Uy 'B0) 2 (1 — 1) "2, (32)

rae k, — HeKoTopas mocTosiHHas [2]. B pesynsrate u3 (25) Mbl MOXKeM ompene-
JUTHh CKOPOCTh POHUKHOBEHHSI MAarHUTHOTO TOJISi B CBEPXIIPOBOASIILEE MTOJIYIIPO-
CTPaHCTBO:

1+n _ _
Veff = _Taeff(kz o) 2 (ty — )" V2, (33)

rae Eefr onpenensiercs u3 TpedoBanus b 4(Eer) =1/2.

WTak, MBI MONYYHIIA pacrpeesieHue MarHUTHOTO TOJIs B (Da3e OYCHb BA3KOM
BUXPEBOM KHUJIKOCTH IJI TaK Ha3plBaeMOro 07 .-MUHHUHTA. DTO O3HAYaeT, 4YTo
JUTSL KOPPETSIIMOHHON (PYHKIIHH

K(x,u) = vE*8(2)k(u), (34)
rac u — CMCIICHHUC peI_HeTKI/I, MBI TOJI’)KHBI ITOJIOKHUTH
H? ?
y=amleltel (35)
o 47

o = —o(0)(1 — 7/T,) n3MeHseT 3HAK MPU KPUTUUECKOH TeMIIepaType H SIBIISETCS
napameTrpoM B ¢yHkuuonane ['mu3dypra—Jlangay ans mapamerpa nopsiaka, H, —
KPUTHUECKOE TEPMOJAUHAMUYECKOE T10JIE.

Takum 0Opazom, CirydaliHbIN MTOTEHITMAT THHHUHTA OMPEACIACTCS CITydyalHbIM
rayccoBbIM mymMoM Tipu 7' = T, Tak, 4To ou(x) = ag + dou(x), rae (da) = 0 u (dou(x),
da(x")) = 7,0(x — x"). DTO MepBast U3 BOZMOXKHBIX AIbTEPHATUB orpeaeneHus 07, -
NUHHKHTA Yepe3 Kodddurnment ['ma30ypra—Jlanmay o.

Crnenyromiasi BO3MOKHOCTh COCTOUT B XapaKTEPUCTHUKE CIyYaifHOTO MOTEHIINA-
J1a TMHHUHTA € TIOMOUIBIO MOJICJIMPOBAHUS IIIOTHOCTU J€(DEKTOB 71; U MHIMBHTY -
aJbHBIX CHJI IMHHHMHTA fpin, KOTOPHIE JICHCTBYIOT KaK Ie()EKThl Ha PACCTOSHUH L B
OKPECTHOCTH KOpa BUXPS (M, CI€I0BATENbHO, TOJIBKO HAa ’TOM PAaCCTOSSHUU BHOCST
BKJIAJ] B SHEPTUIO MMHHUHTA).
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Torga B crity B3aMMOJAEHCTBUSL MEXKAY TOUYCYHBIMHU Je(EKTaAMU M MHIUBUIY-
QIBHBIMU CWJIAMH TIMHHUHTA, KOTOpPHIE CIy4YailHO pacrpelesieHbl B HEKOTOPOM
o0wveme V' = izL (rme L ecTh JuIMHA HEKOTOPOTO CErMEHTa BUXPEBOW PEIIETKH),
(IIyKTyanuu SHEPTUM MMHHUHTA MOTYT OBITh 3aIMCaHbl B BUJIE

1/2

1/2
2 2 g2
(Ega(D) ~ =(f2amL) &, (36)
rne E — sHeprusg nuHHUHTrA. ClenoBaTelbHO, MBI MOJyYaeM 7Y = fp%nniéz. Oue-

BUHO, YTO 07 -TIMHHUHT fABISAETCA (POpPMaNbHO pe3ysIbTaTOM HYJIEBOrO MpuOIu-
KEHHS TI0 BO3MYIIECHHUSM CKOpocTH Ov/v << 1. B 3TOM cilyyae cOmpoTUBICHUE
p(B, A) onpenensiercs popmyioit (15), mpuuem napameTp NMHHUHTA A HE 3aBH-

CHUT AJId ciaboro STC-HI/IHHI/IHFa OT MHAYKIHWU MAarouTHOI'O IOJIA B.

CunbHbli 0T ~-MUHHUHT

Z[anee MBI paCCMOTpI/IM CI/ITyaIII/IIO, KOoraga IMMHHUHI BCE CIIC MaJ'I, HO HC HaA-
CTOJBKO, t'ITO6H MOXHO 6I>IJ'IO HCIIOJIB30BaTh HpI/I6J'H/I)KCHI/IC HC3aBUCUMOCTHU IIa-
pameTpa NMHHMUra 4 OT MHAYKIMM MarHutHoro nosd. [lapamerp A oTBedaer 3a
BeNMYMHY 07 -IMHHUHTA U OTIpeNieNIeTcs pH c1aboM MUHHMHTE 10 (hopmyiie

Y
A=402m)° v5 A (37)
DT a?
ol 4o
a P CWJIbHOM MUHHUHTE — 110 (hopmyIie
3/2

[ ) B
A=26i JoO)Gi ) H, (1)’ G%)

HpeIIHOJIO)KI/IM, 4TO IIpHU CUJIIBHOM STC-HI/IHHI/IHFC BBITTIOJIHACTCS HCPABCHCTBO
3/2

() B
1 =+2Gi 0G| A <«<1. (39)

. )
Hns BTCII tTunnuno 31adenue Gi = 10 °, 4To 0TBE4aeT HEPABEHCTBY

Ja® qg43. (40)
Jo(0)
Jns YBayCuzOj_, MMHHMHT ABJAETCS Ca0bIM, T.€. jer/jo = 10°-102. B 10 *e

. 2
BpeMms 11t BTCII TeruioBbie BO3MYyIIEHUs SABJISIOTCS OonbmuMu, T.€. Gi =10 .

Urak, ycnoBue (26) BbINOJIHAETCS U, CIIE0BATEIBHO, MOXHO TTOBTOPUTH, KaK U
BBIIIIE, MIPOLIEYPY PA3I0KEHUS COMPOTUBIEHUS p = p(b, 1) MO MaIoOMy mapameT-

Py UL B OKPECTHOCTH KPUTHUYECKOW TeMIepaTypbl, Korja Oapbep IUIaCTHYECKON
nepopManuy Maj, 4YTO MPUBOJIUT K CIEIYIOIEMY IPEICTaBICHUIO:

P(b) =Ppow | 1 -4 1+—2—T - (41)
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3necs A = pb, rae p onpenensercs no popmyne (26) npu 7> T,,. B pesynbra-
TE aHAJIOTUYHO MpPEIBIIyIIEeMy MOJNydaeM ypaBHeHHE AUPPY3Ud NPU CHIBHOM
NUHHUHTE:

b, =p(b,W)b,., (42)

rae p(b,n) ompenensercs Kak
p(b,w) =27} T, (TXT, I T -1), (43)

¢; — nocrosiHHas Jlunnemanna. Ilpennonoxum, uro ¢pyHkuus p(b,u) sBisercs
MOHOTOHHOM, T.€. BBINOJHSAETCS HepaBeHCTBO p'(b,u) > 0. MccnenoBanue pere-

HUIl ypaBHEHUs (27), 3alIMCaHHbIX B BUJIE
by =p'(b.b; +p(b. b (44)

TIPOBOMTCSI ITO TOM K€ CXeMe, UTO | BhIie. JlecTBUTENBHO, T GyHKIMK b = B/B,,
BBE/IEM 0003HAYCHUS

kl_ :p'(b_au)a kZ_ :p(b_au) (45)

k" =p' (LW, k" =p(w), (46)
rne b =H, /Bm . Torma cyOpemienue (T.e. HAUMEHBIIEE U3 BCEX BO3MOKHBIX

pelleHuit) onpenensieTcs U3 ypaBHeHUS
b=k b’ +ky b, (47)

a cyneppelienue (T.e. HanboblIee U3 BCEX BOSMOXKHBIX PEIEHHi) — U3 ypaBHe-
HUS

b, =kib? +k3b,, . (48)

[Monoxum kg =k v ky =ky/ Ay, 1.6. A=k /k, . Torna ypaBHeHue MOXHO
3anmcath B BU/E

k
b, = kob? + Z(?bxx' (49)

PaccMmoTpuM [u1s peleHnit 3Toro ypaBHEHUs TOT K€ SKCIIOHEHIIMAIbHBIN Ipa-
HUYHBIN peXUM ¢ 000CTpEHUEM, YTO U B ciyyae ciadboro nuHHUHra. Torna aHa-
JIOTMYHO HPEeAbIAYIIEMY MOXKHO IOKa3aTh, YTO MpH ¢ —> fo AU y3UOHHBIM ciia-
raeéMbIM B JaHHOM YPaBHEHHHM MOXHO MpEeHeOpedb U OrpaHMYUTHCS HMCCIIEeN0Ba-
HUeM ypaBHeHUs [ammibpToHa—SK00M

b, = kob? . (50)
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IIpoHUKHOBEeHHE MATHUTHOTO MOTOKA B ()a3e TEPMOAKTHBAIMOHHOT0 KpHUIa
1 B ()a3e «THTAaHTCKOT0» KPHUIA MOTOKA ¢ TPAHUYHBIMH PeKMMAMHU
¢ o0ocTpeHueM

Tenepb paccMOTpUM KpaeBYyIO 3aJjauy O MPOHMKHOBEHUHM MAarHUTHOI'O MOTOKa
B BTCII npu TepMOaKTUBalMOHHOM KpHUIIE MarHUTHOro noroka. CKopocTh ABH-
YKEHUS BUXPEH MPU KPUIIE TOTOKA ONpEaeseTcs o GpopmyJie

e voe—(cUo—BJVcdp) /cT, (51)

i€ Vo) — MUKPOCKOIIUYECKAs CKOPOCTh BUXPEH, ¢ — CKOPOCTD CBETA, d) — CPEIHEES
pacCcTOsIHME aKTUBALUU CBSI30K BUXPEBBIX HUTEH, Uy — Oapbep NMUHHMHrA, V. —
AKTUBALIMOHHBI 00BEM, B KOTOPOM MPOUCXOAUT AedopMaiiusi BUXPEBOM pemieT-
k1 oA nerictBueM notennuana Uy. CormacHo (1) ckopocTh BHXpei 3aBUCUT OT
napametpa | = Uy/T, npudeM 1 >> 1 171 OOBIYHBIX KECTKHX CBEPXIPOBOIHUKOB,
M 3TOT MapaMeTp Ha HECKOJIbKO mopsakoB mMeHble ais BTCII, uto oObsicHseTCS
MaJIOH JJTMHOM KOT€PEHTHOCTH, KOTOpasi MPUBOAMUT K MaloMy Oapbepy NMUHHUHTA
u BeicokuM Temmeparypam BTCII. CootHomenus (1) MoxHO 3amucath B 6e3pas-
MEPHOM BUJE

y = vpe AR (52)

rac
2
k—l B, V.d,

- METN 53
B He, 18a5 e

IIpU 3TOM MocTosiHHAS 3 > 0 mpomnopIHoHaibHa YUCITY BUXPEBBIX HUTEH B CBSI3KeE,
& — VIMHA KOTePEHTHOCTH, NapajlleNibHasi BAXPEBOU HUTH.

ITyctb BbImoONHSAETCS HEpAaBEHCTBO kLl << 1. Toraa u3 ypaBHeHU
E=Bv/c, ¢ 'B =E, (54)
HETPYAHO NOJYYUTh ypaBHEHHE (CM. [2]):

by +0 7'y =(b0y) (55)

xl
-1 D -1 Tp ,
rpe ¢ = k_ ,D=e TVO , t'=t/1, (Tp — BpeMs penakcaluyu MarHUTHOTO IO-
U
as), " =kut', x" = x/\.

PaccmoTpum s perieHuit ypaBHeHus (2) rpaHUYHOE YCIIOBHE
b(0,t")=by(1+¢")" (56)

(B manpHeiieM MTPUXH B 0003HAUCHUAX OyZeM omyckaTh). Pemenus 3amaun (2),
(3) 6ynem uckartb B Bune b(x,r) =by(1+1)*o(n,7), tme n=x(1+ t)_a, MpUYEM o,

0> 0. Ilpu o = 4 3aaua ONMyCKaeT peAyKLHUIO K YPABHEHUIO IOPUCTON CPEeIbl:
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0 = (0’9 ) (57)
roe t — bgt , C TPaHUYHBIM YCIIOBUEM
0(0,0)=1+1)?,p>0. (58)
Pemenue 3amauu (3), (4) umeer BUI

¢4, =(1+0)" 3(8), (39)

rae &=n/(1+ t)(HzP )/2 , ipraeM ¢yHkuusa H(E) Bener ceds Tak, Kak MoKa3aHO Ha
puc. l,a. B wactHocTH, 11pH p = 1/2 osry4aem
1/2

9(8)=(1-v2) " (60)

+

B pesynbrate npu p = 1/2 pemenue npeacTaBuMo B BUe

1/2
b(x,t) = by(1+1)**"? (1—\/5x/(1+z)°‘“) . (61)
+
[Tpu p # 1/2 nmomy4daem, 4TO
2 B0 =y (1) S(ECk L), (62)

rnem=ao +p.
-1
Bribepem Eqee = 9 (1/2). Torna s dextuBHas riryOuHAa MPOHUKHOBEHHS Mar-
HHUTHOTO TI0JISl paBHA

Xer (1) = Eegr (140)" 12 (63)

a CKOPOCTb JIBUKEHUS BUXPEN
Vet () = Eegr (m+1/2)(1+1)" 2. (64)

[TosydeHHBIE COOTHOIICHHST MOKHO 3alucaTh B pa3MepHOM Buie. Toraa mpu
A=10" cm, T = 107107 s (axcriepuMenTanbHbIe 3HaYeHHs s Y BaCuO [3])
[IOJIyYUM OLIEHKY JUIsl CKOPOCTH [BWJKCHMsI BUXpPEU IIPU «TUTAHTCKOM)» KpUIIe
MarHuTHOTO TTOTOKA:

10 cm/s <vp < 107" cmys, (65)

YTO CPaBHUMO CO CKOPOCTBIO MPOHMKHOBEHHUS MAarHUTHOIO MOTOKA MpHU KJIACCH-
YECKOM KpuIie. 3aMeTHM, 4To A (U3UYECKH KOPPEKTHOM MOCTAHOBKU 3aJ1a4H
HE00X0IMMO MOTPEeOOBaTh BHIMMOTHEHHS HepaBeHCTBA m < 1/2 (cm. (22)). OTcrona
BBITEKAET, YTO MAarHUTHBIM TOTOK MPHU KPUIIE MPOHUKAET B CBEPXIIPOBOJHUK CYO-
TuHEHHO. MOXHO moKa3ath, uyTo npu 1 + 2p > 0 MbI IEPEXOUM B PEKUM BSI3KOTO
TEUCHUS] BUXpEU. YCIOBHEM YCTOWYHBOCTU KpHI-(Da3bl SBISETCS BBIOTHEHHE
HepaBeHcTBa 1 + 2p < (. B aToM ciydae pacnpe/eneHie MarHuTHOTO TTOJIS SIBJISA-
€TCsl MOHOTOHHO yOBbIBaroIIel (hyHKIMEH MO0 aBTOMOJIEIbHOM MIepEMEHHOM, KaK Ha
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puc. 2. B aToM ciydae BBIIOIHAETCS HEPABEHCTBO j < j.. TakuMm o0pa3om, Mbl IO-
Ka3ajM, 4TO JUIsl CTEMEHHOrO0 I'PAaHMYHOIO pekuma rpaduk pacrperesneHHs WH-
QYK MarHUTHOTO IOJI SIBJISIETCS BBIMYKJIBIM BBEPX B (pa3e BA3KOTO TEUEHMSI
BUXPEH U BBITYKJIBIM BHU3 — B (Da3e KpHUIa BUXPEBON PELIETKH.

da30Bblil epexo BUXPEBOE CTEKI0 — BUXPeBas KHIKOCTh

B 1985 r. Bpanar noctpoun Moaens (a3oBoro nepexoja nepBoro poja BUXpe-
BOE CTEKJI0 — BuXxpeBas xuakocte. [lpu B < B,,(T) (rae B,,(T) — nuHus niasie-
HUS BUXPEBOH PEIIETKN) CBEPXITPOBOIHUK HAXOAUTCS B (pa3e BUXPEBOTO CTEKIIA C
0EeCKOHEUHO O0JIbLIIMM 0apbepoM aKTHBALMU MPH CTPEMIIEHUH IUIOTHOCTH TOKa K
nymo. [Ipu B > B,,(T) cBepXnpOBOAHUK HAXOIUTCS B (a3ze BUXPEBOU KHUIKOCTH.
[Ipu 3TOM (Kak MOKa3bIBa€T FIKCIIEPUMEHT) Ha JIMHUU Iu1aBiieHuss BAX nmeer Bua:
E ~jlj. (j <Jjc). Hwxe nuaun nnaBnenuss BAX siBiseTcss MOHOTOHHO BO3pPacTaro-
el MO TOKY BBIMYKJIOH BHM3 (BTOpas MPOU3BOJAHAS MO TOKY OTPHIIATENIbHA)
dbynkuueit. Beime nuaun mmaBneHuss BAX sBiseTcs MOHOTOHHO YObIBaromien
BBINTYKJION BHU3 (DYHKITHEH.

HeTtpyaHo mnokasaTh, YTO COOTBETCTBYIOIEE MOJIEIBHOE YPAaBHEHUE MOXKHO
3anMcarhb B BUJE

b =D, (b|bx|m_1 bx) : (66)

X

T
rae Dy = k—bvokm. 3necy MOkHO BbIOpaTh m = Uy/T B pe’KuMe BUXPEBOTO CTEK-
b

na. B aToMm ciydae ypaBHenue (66) ams (hazbl BUXpEBOro CTEKJa, MOIYYSHHOE U3
-1

ypaBHeHus B; = ¢ E,, COBINAAaeT ¢ ypaBHEHHEM JUIs (ha3bl BUXPEBOrO CTEKIIa,

KOTOPOE MO>KHO IOJIyYUTb U3 YPaBHEHHsI HEIPEPBIBHOCTU BUXPEBOI HUTH

B,+(vB), =0, (67)

U(j)/IT

€cJM BBIOpaTh Vv = Ve , tne U(j) = In(j./j) (cMm. [4]). B aTom ciydae mist da3sl

BUXPEBOM KMIKOCTH CJEAyeT BbIOpPaTh aHAIOTHUYHYIO BEJIMYHUHY C COOTBETCTBYIO-
myM 0apbepoM IIaCTHYECKOU AeopMaIii OUeHb BSI3KOM KHUAKOCTH (cM. [2]).

B HuskoTemnepatypHOM Ipejesie U B OKPECTHOCTU JIMHUY IUIABJIEHUS 10CTa-
TOYHO BMECTO ypaBHeHus (66) paccMaTpuBaTh ypaBHEHHUE

b =D, (b|bx|m_1 bx) . (68)
X
[TocTaBuM cremyroree rpaHUYHOE YCIOBUE B PEKUME C 00OCTPEHUEM:
b(0,0)=1+(ty—1)",0<t<typ,n<O0. (69)

OTO IrpaHUYHOE YCJIOBHE OIUCHIBAET OTKJIMK CBEPXIIPOBOAHMKA HA BHEIIHUE BO3-
MYILEHUS B OKPECTHOCTHU JIMHUM Iu1aBieHus B = B,,(T). Oxa3pIBaeTcs, 4TO B HU3-
KOTEMIIEPaTypHOM Hpefiesiec B OKPECTHOCTH TEMIIEPaTyphl TUIaBiIeHUs (a3bl BUX-
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PEBOro CTEKJIa U BUXPEBOM KHUJKOCTU BeIyT ce0sl MACHTUYHBIM oOpa3zoMm. [leiict-
BUTEJIBHO, COOTBETCTBYIOIEE AaBTOMO/IEJILHOE PEILIEHNE UMEET BUJ

by(x,t) =1+ (1 =)0 4(5), (70)

. t)(l+nc)/(cs+2)

rae &=x/(t, ,6=m—1.

B wacTHOM ciyuae n = —1/G COOTBETCTBYIOIIEE aBTOMOJICIIEHOE PEIICHUE MME-
€T BUJI

byt =1+t -1y Vo [(1=x/x0), ]7'°, (71)

rac

; (72)

c+2

c+2[ 26(c+1) 172
xo = o

U TIPEJCTABISET COOONH MAarHUTHYIO BOJIHY C HEIOJBUKHOM TOYKOW (pOHTa B 00-
nactu 0 < x < xp B TEUECHHE BCETO BPEMECHHU JICHCTBUS TPAHUYHOTO PEXUMaA C 000-
CTPEHHEM.

[TpocTpaHCcTBEHHO-BpEMEHHAas CTPYKTYypa aBTOMOJICIIBHOTO PEIICHUS yKa3bIBa-
€T Ha TO, 4TO TIpH 1 < —1/G eHCTBUE TPAHUIHOTO PEKUMa ¢ 000CTpEeHUEM He Oy-

jeT oKanu3oBano. Ilpu 3Tom, 1o onpenenenmio, x (1) ~ (4 — )+ (et2) _, o

npu t —t; . B caydae —1/c <n <0 ecTb JI0KanM3aLus MArHUTHOT'O MOJIS, IPUYEM

MarHUTHOE IOJI€ pacTeT 10 OeckoHeuHocTH B Touke x = 0 (puc. 5). B pe3ynbrate

Puc. 5. IlpoHMKHOBEHHE MAarHUTHOTO MO
B (haze BHXpEBOTO CTEKJa W BHUXPEBOI
JKUIKOCTH B OKPECTHOCTH JIMHUH TLIaBIIe-
HUS B ciydae OoibLIOro Oaphepa IIacTH-
4yeckoi AedopManuy BHINIE JHHUW IUIAB-
TICHUS

b(x, 1)
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CrnenoBarenbHO, 3a/lada KOPPEKTHO IMOCTABJIECHA JIMIIb MPHU BBHINOJHEHUU Hepa-
BeHCTBA | + 1o < 0, T.e. MPH TOCTATOYHO OOJBIION CKOPOCTH HAKAYKH BHEITHUM
MarHuTHbIM noseM. U3 (73) crnemyet, 4To CKOPOCTh NPOHUKHOBEHHSI MATHUTHOTO
NOJIST B PEKUME BUXPEBOM KHIKOCTU OOJIBINE, YeM CKOPOCTh NMPOHUKHOBEHHUS B
peKuMe BUXPEBOT'0 CTEKJIa. DTO CBSI3aHO ¢ TeM, 4To U(j) — oo npu j — 0 B pexu-
Me BuxpeBoro crekna u U(j)) — 0 npu j — 0 B pexxuMe BUXPEBOH >KUIKOCTH.
AHaJIOTHYHbIE YTBEPKACHUSA UMEIOT MECTO U JUIsl TIyOMHBI IPOHUKHOBEHUS Mar-
HUTHOTO ITOTOKA B COOTBETCTBYIOIIHX (ha3ax.

Yro kacaeTcs pelleHus 3a/1a4M BHE JMHUU IJIABJICHUS BUXPEBOM PELIETKH, TO
B PeKUME KpHIIa TOTOKA B (ha3e BUXPEBOM KUAKOCTH 3a/1a4a MCCIIEI0OBAHA BHIIIIE.
[Ipu mepexone K BSI3KOMY TEUEHHUIO MOTOKA B JKUAKOHM (amopdHOit) daze Gopma
BAX HacTonbKO ClIOKHA, YTO pELIEHHE MaTeMaTHYEeCKONW MpOOJIEMbl BbI3BIBAET
TEXHUYECKHUE TPYIHOCTH. [l XapaKTepUCTHUKU OTKJIMKA CBEPXIPOBOJHMKA BHE
JVHUAW TUTaBIICHUS B ()a3e BUXPEBOrO CTEKJIa HEOOXOIUMO PEIIUTh YpaBHEHHE
(68) mpu m < 1. B Hacrosiiee BpeMsi aBTOMO/IEJIHOE pPEIlIEHHE 3TOT0 ypaBHEHUS
NpY 3aJJaHHOM 3HA4YCHUU MapaMeTpa HEM3BECTHO. TakuM 00pa3oM, MBI OXapakKTe-
puszoBanu oTkiuk BTCII Ha BHelmIHNe BO3MYILIEHHsS] MAarHUTHOTO TOJISI B Pa3iiny-
HBIX (ha3zax, YTO TPOSICHAET HAIle TMOHUMAaHUE CTPYKTYPBI CBSI30K BHUXPEBBIX
CBEPXMPOBOAAIUX TPYOOK (KBa3sUBUXpEW) U UX POJIM B MOHUMAHUU (PU3UKHU BbI-
COKOTEMITEPaTypHOU CBEPXIPOBOAUMOCTH C YYETOM CIYYalHOTO KOJUIEKTHBHOTO
NUHHUHIA BUXPEBOW PELIETKH.

U.b. Kpacnrwk, P.M. Tapaney, KTD 77, Ne 10, 1 (2007).
U.B. Kpacurok, XTD 77, Ne 5,30 (2007).

U.F. Kpacuwx, M.B. 3anyyxuii, DHT 33, 416 (2007).

U.b. Kpacnrwk, P.M. Tapaney, KTD 78, Ne 8, 83 (2008).
Y. Yeshurun, A.P. Malozemoff, Phys. Rev. 60, 2202 (1988).
B.P. Pomanosckuii, [Tucema B JKT® 23, Ne 3, 15 (1997).
B.P. Pomanosckuii, KT® 79, Ne 11, 20 (2009).

Al

T.M. Menvnux, 1.b. Kpacuiwok, P.M. Tapaneys, B.M. IOpuenko

NOBEPXHEBO-IHOYKOBAHI CAMONOAIBHI MPOCTOPOBO-HYACOBI
CTPYKTYPU B BUCOKOTEMMNEPATYPHNX HAAMNPOBIOHUKAX Il POOY

[IpoBeneHo TeopeTHUHHUI aHami3 MPOLECIB MPOHMUKHEHHS MAarHiTHOTO MOJSI 0 BHUCOKO-
TEMIIEpPaTypHUX HaIIPOBIIHUKIB APYTOro poay B 3aJEXKHOCTI Bill CTaHy, Y KOMY 3HaXO-
MUTHCS HAIIPOBIMHUK: y (a3l B’SA3K01 Tedii MarHiTHOTO MOTOKY, B PEKHMi KJIACHIHOTO
TEPMOAKTUBAIIMHOTO KPHUITY MOTOKY, B PEXKHMMI TTraHTCHKOTO KPHITYy TTIOTOKY abo y dazax
BUXPOBOI PIIMHM YW BUXPOBOTO cKkia. JlocmimkeHHs (a3u BUXPOBOTO CKJIa BHKOHYBa-
Jock moONM3y JiHIT TIaBieHHs, a (a3 BUXPOBOI PIAMHU — MOONTU3Y JIiHII TUIaBIEHHS B
pexumi kpuny (TAFF-pexxum). [Ipu nboMy BEXpoBa piliHA Mij Yac KPHITY TIOTOKY MOXKE

Oytn 07 ,-3amiHIHTOBAHOI B CHJIBHOMY a00 ciaOkoMmy miHiHTY. OKpeMO PO3TISHYTO BU-
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MaJK{ CHJIBHOTO Ta CJIA0KOTO MIHIHTY y BUIAIKOBOMY T'ayCCOBOMY IOTEHINIAJ MMHIHTY 3
ypaxyBaHHSAM BUIAJKOBO PO3IOIIICHUX TOUKOBUX JIE(EKTIB.

KurouoBi cjioBa: MarHiTHUH MOTIK, KPHUIT IOTOKY, BUXPOBE CKJIO, BUXPOBA piAMHA

T.N. Melnik, 1.B. Krasnyuk, R.M. Taranets, V.M. Yurchenko

SURFACE-INDUCED SELF-SIMILAR SPACE-TIME STRUCTURES
IN HIGH-TEMPERATURE TYPE-Il SUPERCONDUCTORS

Theoretical analysis of the processes of magnetic field penetration into high-temperature
superconductors of the second type has been carried out depending on the state of a su-
perconductor: the phase of viscous flow of the magnetic flux, classic thermo-activated
creep of the flux, giant flux creep, the phase of vortex liquid or vortex glass. The study of
the phase of vortex glass was done near the melting line, the phase of vortex liquid was
studied near the melting line at creep (TAFF mode). At the same time, vortex liquid at

flux creep can be 07 -pinned in the case of weak and strong pinning. Separately, the cases
of weak and strong pinning were analyzed in random Gauss potential with random point
defects.

Keywords: magnetic flux, flux creep, vortex glass, vortex liquid

Fig. 1. Evolution of magnetic wave front at 1 + mc > 0 (a) and 1 + mc <0 (6)

Fig. 2. Dynamics of magnetic wave front at viscous flow of vortexes

Fig. 3. Phase diagram in the plane of magnetic field strength vs temperature. B,,(T') is
the melting line of vortex lattice; H, (T') is the first critical field; . (T') is the second

critical field; T’ EDis the temperature of the phase transition from entangled liquid to dis-
entangled liquid

Fig. 4. Distribution of automodel component w,(§) of the boundary problem solution in
the phase of strongly 87,.-pinned vortex liquid in random pinning potential with exponen-
tial boundary condition intensified at different time moments: / — #,=0.95, 2 - 0.47, 3 —

09,4-5107°,5-25107°,6-12:10"

Fig. 5. Magnetic field penetration in the phase of vortex glass and vortex liquid near the
melting line in the case of high plastic deformation barrier above the melting line
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Cratbs noctynuna B pegakumio 8 aekabpsi 2012 roga

Hceneoosano enusnue omoicuea npu KOMHANHbIX nmemnepamypax Hd u36b1m0wnylo npo-

gooumocms monokpucmannos YBar,CuzO7_ s ¢ pasiuuubiM OMKIOHEHUeM OMm CMexuo-
Mempuu no kuciopooy. ObrapysxiceHo, 4mo 6 npoyecce OmacU2a NPU KOMHAMHbBIX MeM-
nepamypax 6 meueHue OKOJ0 Yembvlpex CYMOK HPOUCXooum odujee OMmMHOCUMENbHOE

pacuuperue IuHeUHo20 yuacmka memnepamypHrou 3asucumocmu pgp(T). Ilpu smom u3-
ObIMOUHAST NPOBOOUMOCIND NOOYUHAEMCL IKCNOHEHYUATbHOU MeMNepamypHoll 3a6uUc-
MOCMU 8 WUPOKOM UHMeEPEATle MeMNepamyp, a memMnepamypHas 3a6UCUMOCHb NCeBA0-
wenu (I11L]) yoosremeopumenvuo onucvleaemcsi 6 pamkax meopuu Kpoccosepa om
mexanusma bapouna—Kynepa—Illpugdgepa (BKIL) x mexanusmy 603e-3uHUMmMetH08-
ckotl konoencayuu (POK).

KaroueBble cjioBa: OTXKUT, TAOUIBHBINA KUCIOPO/I, IepepacipeieieHiue, MOHOKPUCTAIITBI
YBa,CuzO7_g, ICEBOOIIEIIEBOE COCTOSHUE

N3ydeHne ncepaoeneBoil aHoOMalIuy IPOA0JKAeT OCTaBaThCsl OJJHUM U3 HaM-
Oosee aKTyalbHBIX HANpPABICHUH (U3MKU BBICOKOTEMIEPATYPHOH CBEPXIpPOBO-
mumoctu (BTCII) [1]. B HacTosmiee Bpemst B IUTEpaType MHTEHCHUBHO JUCKYTH-
pytotcst aABa ocHOBHBIX ciieHapus Bo3HUKHOBeHMs [III] B BTCII-cuctemax. Co-
riacHo nepsoMy Bo3HHMkHOBeHHE [III[ cBsizaHO ¢ QuykTyanusiMu OJIMIKHETO TO-
pAAKa «AUAIEKTPUUECKOro» THIA, UMEIOIUMH MECTO y HEJOJONUPOBAaHHBIX CO-
CTaBOB (CM., Hamp., 0630p [2]). Bropoii cuenapuii npeanonaraer GopMupoBaHue
KyIEepOBCKUX Iap YK€ IpU TeMIepaTypax CYIIECTBEHHO BBIIIE KPUTHYECKOI
T >T ¢ C TIOCTIEAYIOIINM YCTaHOBJICHHEM UX (a30Boi korepeHTHOCTH nipu T < T,
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[3—5]. IIpu usmepenusix snekTpocornporuBieHus nepexon Kk III-pexumy mposis-
asieTcst B 6osee ObICTPOM (UeM JIMHEHHOE) MaleHUU BEIMUHHBI 3JIEKTPOCOIPOTHB-
JeHus] B 0a3UCHOM TUIOCKOCTH Pyp(7) (MOSBICHHE TaK HA3BIBAEMOW M30BITOUHOM
NPOBOJUMOCTH) TIPH IMOHIKEHUN TEMIIEPATyPhl HIDKE XapaKTepHOTo 3HaYCHUS 1’ ’
(remmnepatypsl oTkpbiTHs [111]), KOTOpOE, Kak mpaBuio, HAOMIOJaeTCs B 00pa3max
HECTEXMOMETPUUYECKOro cocTana [ 1-5].

Cpenu TeopeTudecKkux paboT, OTCTAaUBAIOLINX BTOPYIO TOUKY 3PEHHUS, CIEAYyeT
OTMETUTH Teoputo KpoccoBepa oT mexanusma bKIII k mexannsmy BOK [3], B ko-
TOpPOI OBLIM TMOJyYEeHbI TEMIEPATypHbIE 3aBUCUMOCTH TCEBIOIETH JUIS CIIydast
cJ1aboro W CHIIBHOTO criapuBaHus. B 001memM BHuIe 3TH 3aBUCHMOCTH OIMCHIBAIOT-
Csl ypaBHEHUEM

A0 A E [T x| ~2O)
A(T)=A(0) A(O)\/; A0) exp[ T }l+erf

rae xo =p/A(0) (n — xumnoreHuman cucreMmsl Hocutenei; A(0) — BennuuHa

(D

sHepreTuueckoit menu npu 7 = 0), a erf(x) — GyHKIMSA OMINOOK.
B mpenensHoM ciaydae xo — oo (€1aboro cnapuBaHUs) aHAIUTUYECKOE BBIPA-
xeHnue (1) mpuHUMaeT BUJ

A(T) = A(0)—-A(0)y/2rA(0)T exp[—@} , (2)

xopowio u3BecTtHbIM B Teopun bKI. B To e BpeMs i npenena CUIbHBIX B3au-
MozecTBUH B 3-MepHOM ciydae (xg < —1) ¢popmymna (1) mpeobpaszyercs K BUILY

3/2 2 2
J 0
A(T):A(O)—%J—xo {@} exp| YR FATO) 3)

T

[Ipu 3TOM, Kak ObLIO TOKa3aHO B padote [3], MpH JOCTATOYHO BBHICOKOW TOYHOCTH
m3Mepenuil 3Hayenus [I] B mmpokoM WMHTEpBajie TeMIepaTyp MOXKHO Ompene-
JUTH U3 3aBUCUMOCTEN P p(7) (9TEKTPOCONPOTUBIICHUS B OA3UCHOMN TIOCKOCTH).

Onuum u3 npencraBureneit BTCII sBnsercs coenqunenue YBayCuzO7 5 (cuc-
tema 1-2-3), OTIIMYUTETBHONH OCOOEHHOCTHIO KOTOPOTO €CTh CHIIbHAS 3aBHCHU-
MOCTh €ro (PU3UYECKHX CBOMCTB, B YACTHOCTHU 3JIEKTPOMPOBOAHOCTH, OT COJEp-
xaHus kucinopona [1,3,5]. Ilpu 3TOM COBOKYNHOCTb HCCIENOBAHUMN Pa3INYHBIX
(GU3UYECKUX CBOWCTB ATUX COeAMHEHUH [1,5] CBUACTENBCTBYET O HATMYMHU B HUX
HEPAaBHOBECHOI'O COCTOSIHMSI IIPU HEKOTOPOM CTENEHM HENOCTaTKa KHUCIOpOAA.
Tak, HanmpuMep, ONTUYECKUE UCCIEAOBAHUS MMOKA3aIH [6], 4YTO B MPOLIECCE OTKHU-
ra mpu KOMHATHON TeMIiepatype HabmogaeTcs yBeIMYeHHE OTpakaTelbHON CIIo-
COOHOCTH KPUCTAJJIOB, KOTOPOE aBTOPBI OOBSICHSIIN POCTOM KOHLIEHTPALIMU HOCH-
Tenel Toka. JTO, B CBOIO OUEpelb, JOHKHO OTPaKaThCsl HA TEMIIEPATYyPHBIX 3aBU-
CUMOCTSIX 3JIEKTPOCONPOTUBIICHUS.
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Hackonbko HaM U3BECTHO, IO HACTOSINETO BPEMEHH B JIUTEpAType HE MyOiu-
KOBAJIUCh PE3YJIbTAThl KCMEPUMEHTAIBHBIX HCCIICIOBAHUNA BIUSHUSA Tepepac-
npeeieHns JJaOMIBHOTO KHCIOpO/ia B HEPAaBHOBECHOM COCTOSIHHH (TpU (DUKCH-
pPOBaHHOW KOHIICHTpaIWH Kucioponaa B oOpasme) Ha [1l[-anomanuio B cucreme
1-2-3. YuuThiBas BBIIIECKA3aHHOE, B HACTOALIEH paboTe ObUIO MPOBEIEHO H3Y-
YCHHE BJIMSHUS OT)KWTA TMPU KOMHATHBIX TeMIIepaTypax Ha W30BITOYHYIO MPOBO-
TUMOCTh MOHOKpHUCTALIOB YBayCu3O7 5 ¢ pa3inuuHbIM OTKIOHEHHEM OT KHCIIO-
POJIHOM CTEXHOMETPHUHU.

3RCHepI/IMEHTaJIBHbIe METOAUKH

Monoxkpuctaisl YBayCu3O7_5 BeIpanuBaig Mo pacTBOP-paCIIaBHON TEXHO-
JIOTMH B 30JI0TOM THIJIE coryiacHo metoauke [1,5]. JIns mpoBeneHust pe3uCTUBHBIX
n3MepeHuit obun otoOpansl Tpu Kpuctaiuia K1, K2 u K3 pazmepamu 1.5 x 2.3 x
0.05, 1.2 x 1.8 x 0.04 u 1.1 x 1.6 x 0.03 mm COOTBETCTBEHHO. DJIEKTPUUECKUE
KOHTaKThl CO3/1aBaji MO CTaHJIAPTHOM 4-KOHTAKTHOM CXeMe IyTeM HaHECEHUs
cepeOpsHON MacThl Ha MOBEPXHOCTh KpPHUCTANIa C MOCIEYIOIUM M0ICOETUHEHU-
eM cepeOpsHBIX MPOBOAHUKOB auameTpoM 0.05 mm u TPexX4acoBBIM OTKUTOM
npu Temneparype 200°C B atmocepe kuciopoaa. Takas mpouenypa mo3Bossiia
[OJTy4aTh MEPEXOJHOE COMPOTHUBIEHHE KOHTAKTOB MeHee 1 (2 M oCylecTBIATH
PE3UCTUBHBIE U3MEPEHUsI MPU TPAHCHOPTHBIX TOKax 10 10 mA B ab-nmaoCKOCTH.
W3mepenust mpoBoAMIN B peXUMe apeiida TeMrepaTypsl Ipu IBYX MPOTHBOIO-
JIOXKHBIX HANpaBJICHUSAX TPAHCIIOPTHOIO TOKA JUIsl MCKIIOYEHUS BIMSHUSA Iapa-
3UTHOTO cUrHana. TemmepaTypy M3MEpsUIM IUIATHHOBBIM TEPMOPE3UCTOPOM, Ha-
npsbKeHHe Ha oOpaslie U 00pa3lioBOM CONPOTUBIEHHH — HAHOBOJIbTMETpamu B2-38.
JlaHHBIE C BOJBTMETPOB uyepe3 MHTepdelic aBTOMATHUYECKU IepeIaBail Ha
KomnbloTep. Kputnueckyro temmeparypy ONpelessiii B TOYKE MaKCMMyMa Ha
3apucuMocTsaX dp,,(7)/dT B 0O6macT CBEPXIPOBOJISINETO TIEPEX0Ia.

Jlnst ymeHbleHus: copepxkaHus kuciaopoaa obpaszer K1 omkuranu B TeueHue
JIBYX CyTOK B IOTOKE Kuciopoa npu temmeparype 620°C, a obpasusl K2 u K3
OTXKUTAII B aTMOC(epe BO3IyXa B TCUCHHUE CYTOK Ipu TemrepaTtype 680 u 690°C
cOOTBETCTBEHHO. [locine omkura KpucTaibl OXJIaXKAadl 10 KOMHATHON TeMmepa-
TYpBI B T€YCHHE 2—3 min, MOHTHPOBAIN B U3MEPUTEIBHON SYCHKE M OXJIaXK AN
JI0 TeMIepaTypbl KUAKoro azota B TedeHue 10—15 min. Bee uzmepenus nposo-
JUIA Ha oTorpeBe o0pa3uoB. [y vcciaenoBaHus BAUSHUSA OT)KUTA MPU KOMHAT-
HOU Temriepatype o0paslibl rnocie nepBoro usMepenus p(7) BbIACP)KUBAIHU B Te-
yeHue 20 h mpu KOMHaTHON TeMIiepaTtype U MPOBOIWIN MOBTOPHBIE M3MEPEHUS.
Crnenyromas cepust U3MepeHU Oblla NMPOBEAEHA MOCJE JOMOJHUTEIHHON BbI-
JEpKKH 00pa3loB MpyU KOMHATHOW TeMIeparype B Tedenue 35 d.

BKCHepI/IMeHTaJII)HI)Ie pe3yJbTaThbl U 06cy>1c)1e}me

TeMnepaTypHHe 3aBUCHUMOCTH YACJIBHOI'O COIPOTHUBJICHUA IOJII MOHOKpH-
ctaima K1 coxpaHanu KBa3MMETaNIMYECKOE IMOBEJACHHWE M BBICOKYIO KpUTHYE-
ckyto temneparypy T, = 90 K, a gnsa monokpuctamwioB K1 u K2 — umenn S-
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o0pa3znyto ¢popMy ¢ XapaKTepHbIM TEPMOAKTUBAIIMOHHBIM TIporudom u ¢ 7, = 40 u
45 K cooTBeTcTBEHHO, 4TO corjacHo [1,3,5,6] COOTBETCTBYET COAEPKAHUIO KH-
ciopoaa 6 < 0.15 (K1) u & = 0.5 (K2 u K3). bonee neranbHO pe3ynbTaThl UCCIIE-
JIOBAHUS BIIMSIHUS OT)KUTA HA CTPYKTYPHYIO pElIaKCalli0 U PE3UCTUBHBIE Xapak-
TEPUCTUKHM TaKUX 00pa3loB omucaHbl HaMu B padotax [1,5]. Kak ormeuanocs B
[1,5], xapakTepHOI 0COOEHHOCTBIO 3aBUCUMOCTEH P,p(T) TaKUX 0OpPA3LIOB SIBIAETCS
HAJIMYUE JOCTATOYHO MPOTSHKEHHOTO JMHeHHoro yvactka (mpu 7 > 171 K y mo-
Hokpucrtamia K1 u 7> 234 K —y K2 u K3), orBeuaroiiero HopMmaibHOMY COCTOSI-
Huto cuctemsl [1]. Hmke xapakTtepucTudeckoi remmneparypsl 7' ' n3Mepsiemas 3a-
BUCUMOCTb Pgp(T) OTKIOHSETCA OT JUHEHHON 3aBUCUMOCTH B CTOPOHY MEHBIINX
3Ha4YeHUH, YTO NPUBOJUT K BOSHUKHOBEHHIO N30BITOYHON POBOJUMOCTH:

P =py(T)
p(Mpy(T)

rae py(7T) = aT + b — conpoTuBiieHHe 00pas3lia B HOPMAJILHOM COCTOSIHHH, DKCT-

4)

panoJMpOBaHHOE B 00JIACTh HU3KHUX TEMIIEpaTyp.
Kak Obuto mokasaHo B [3], anmpoKcHMAaIusl SKCIEPUMEHTAIBHBIX 3aBHCHMO-
creit Ac(7T) MOKET OBITh OCYIIIECTBJIEHA TTOCPEACTBOM COOTHOIICHHS

Ac~(1—T/T*)exp(Azb/T), (5)

* o )
rac Aab — BCJIMYMHA, onpcacdromas HEKOTOPbIM TCPMOAKTUBAIIMOHHBIN IIPO-

[[ECC Yepe3 SHEPreTUUYECKYIo MIeb — «IICeBO0IIENb». B 3TOM cityyae u30bITOU-
Hasi MPOBOJAUMOCTb OKAa3bIBAETCS MPOMOPLUUOHAIBHON MIOTHOCTH CBEPXIIPOBO-
namux Hocureneit ng ~ (1 — T/T*) 1 00paTHO MPOMOPIUOHAIBHON — YHCIY Hap
~ exp(—A*/kT), pa3pyLICHHBIX TEIJIOBBIM JBUKEHUEM.

Ha puc. 1 nokasanel Temneparyphubie 3aBucumoctu [III[ B nmpuBeneHHBIX KO-
opamnatax A*(T)/ Ay, —~T/T* (A}, — sHauenns A  ma mnato Baamm ot T [3]),
MOJTyYEHHBIE HETOCPEICTBEHHO MOCJE MOHMKEHUS COAEepKaHusl KUCIopoaa (KpH-
Basi /), a TaKXkKe IOCIE TOATAIMHOTO OTXKUTA AKCIEPUMEHTATBHBIX 00pa3IoB IMpH
KOMHATHBIX TeMIiepaTtypax 0e3 U3MEHEHUs COJIepKaHUs KUCIOpoia B 00beMe KpH-
ctaya (KpuBble 2, 3).

Bunno, uro B cinyuae moHokpuctamia K1 ¢ MUHUMAaIbHBIM JEPUITUTOM KH-
ciopojaa temneparypHsie 3aBucumoctu [111] nmokaspiBaloT HEKOTOPOE PACXOXKIIE-
HUE ¢ Teopuel [4], Kak 3TO yke HaOII01aI0Ch paHee sl MJICHOYHBIX 00pa3lioB
YBaCuO ¢ masbiM ypOBHEM OTKJIOHEHHS OT KUCJIOPOJHOW cTexuomerpuu [4]. B
TO ke BpeMs 111 MoHOKpucTaiuioB K2 u K3 noctaroyHo 3HAUUTENIBHOE PACXOXkK-
JICHUE SKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEN C Teopuei [4] HaOI0IaeTcss TOIBKO
HEMOCPEJCTBEHHO IOCNie MOHMKEHUs conepkaHusi kuciopona (kpussie /). Ilpu
9TOM XapaKTEPHBI MaKCHMyM, KOTOPBI OOHApYKEH ISl 3TUX JBYX 00pasIloB,
MOJKET OBITh O0YCIIOBJIEH TIEPEX0J0M K Tak HaspiBaeMomy SDW-pexnmy, Kak 3TO
yke Habmoznanocs B [7] Ans HemoaonupoBaHHBIX o0pa3noB HOBbIX BTCII-coemu-
Henuii cuctembl SmFeAsO. CornacHo [7] Bce BhIenepeuncieHHbIE 0COOCHHOCTH
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Puc. 1. TemneparypHble 3aBUCHMOCTH TiceBaorienn MoHokprctamioB K1 (a) u K2 (6) B

TIpHUBeIeHHBIX KoopauHatax A" (T)/ ATin —T/T". Kpusble / (—0O—) U3MepeHbI HETNoCpe/i-

CTBEHHO TOCJIC TIOHIKEHUS TeMIIepaTypbl, a kKpusbie 2 (—0—) u 3 (—A—) — mocie mo3Tarn-
HOT'O OTXWI'a IPY KOMHATHBIX Temneparypax B TeueHne 20 h u 5 d coorBeTcTBEHHO

MOTYT OBITh OOYCIOBJIEHBI OOIIMM CMEIIEHUEM MIPOBOSIIEH MOJCUCTEMBI B 001aCTh
(a3oBoil AUarpamMMebl, B KOTOpOW CBOWCTBA HOPMAJIBHOTO COCTOSTHHSI OTPEEISIOTCS
aHTU(EPPOMATHUTHBIMU KOPPEJISILUSIMHU, 8 TAKXKE YCUICHHEM POJIU JAPYTUX CIICIH-
(UYeCKUX MEXaHM3MOB KBAa3WYaCTHYHOTO B3aUMOJCHCTBUs (CM., Hamp., [8]). 3aech
CllelyeT OTMETUTh, YTO MCIIOJIb30BAHHAS HAMU B HacToflleld paboTe SKCHeprUMeH-
TaJIbHAs! METO/INKA, CBA3aHHAS C U3MEPEHHEM TaKOH MHTErPaIbHON XapaKTEePUCTUKH,
KaK 3JIEKTPOCOIPOTHUBIIEHUE, HE TIO3BOJISET C JIOCTATOYHOW CTETIEHBIO I0CTOBEPHOCTH
HaMpsMYIO ONpPEAENATh CTENEHb BIUSHUS aHTHU()EPPOMArHUTHBIX KOPPESAIMNA Ha
u30bITouHyt0 npoBoauMocTth U [1II. C npyroit cTOpoHBI, Kak OTMEUYaIOCh BBIIIE,
COTJIACHO COBPEMEHHBIM IPEJCTABICHUSIM aHTH()EPPOMArHUTHBIE MEPEXOAbl CIIU-
HOB OOBIYHO TPHUBOJAT K TIOSBICHUIO OTYETIMBO BBIPAKCHHBIX MAKCHMYyMOB Ha
sapucuMoctsx AL, (T) [7], uto HaGMIOMAETCA HA HANIMX SKCTIEPUMEHTATBHBIX KPH-

BBIX, MIOJIyYEHHBIX HEMIOCPEACTBEHHO MOCIIE MOHMKEHHUS COICPYKAHMUS KUCITIOPO/Ia.
Buso, uto 1o Mepe Bo3pacTaHus Bpe-
260 MEHH OTKHIa IPH KOMHATHOW TemIiepa-
240 Type mid BceX 0OpaslioB MPOUCXOIUT
Mﬂ 270! CMEIIEHNE SKCIEPUMEHTATBHBIX KPUBBIX
£, ot 3aBucuMmocteir Buaa (2) k (3). Ipum
200y 3TOM CJIEyeT OTMETHTb, YTO TeMIIeparypa

1801\“\u\9\_‘jhﬂ—D otkpertus [T 7 ’ CYLIECTBEHHO CMella-

0 2‘0 4‘0 6‘0 8‘0 1(‘)0 1 20 €TCs B CTOPOHY HU3KHX Temmeparyp (puc.
t,h 2), 4TO COOTBETCTBYET PACLIMPEHHUIO JIH-

HEMHOro yd4acTka 3aBUCUMOCTU pPyp( 7).
Takoe TMOBeICHHE OKa3bIBACTCS KauecT-
pEHHBIC B MPOIECCE TODTAMHOro omkura  BEHHO MONOOHBIM d(dekTy TpaHchopma-
IPH KOMHATHBIX TEMIpaTypax i MoHo- MM TEMIEpaTypHbIX 3aBucumocted I
xictamios K1 (—0-), K2 (—A—) u K3 (o) obpasioB  YBaCuO, nabmromaemMoMy B

T

Puc. 2. BpemeHHbIe 3aBUCUMOCTU TEMIIE-
%
paTypbl OTKpBITUS TiceBaowend 1, u3Me-
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ClTydae MPUIOKEHHSI BBICOKOTO IMIPOCTAaTUYECKOro JapieHus [5,9]. OueBHaHO, 4TO
YIOMSIHYTBIE KOPPEISIIMKA B TIOBEICHUH KPHBBIX A*(T) SBILSIIOTCS. HE CITyYalHBIMH.
JlelicTBUTENBHO, KaK XOPOLIO U3BECTHO U3 JIUTEPATYPHI (CM., Hamp., [9]), npunoxeHue
BBICOKOr0 JaBieHus k oopaszuam BTCII-cuctemsl 1-2-3, paBHO Kak 1 nepepacrpesie-
JIeHHE KHCJIOPO/A B MPOIIECCE OTXKUTA, BBI3BIBACT YITyUIIEHHE MPOBOAIINX XapaKTe-
PUCTHK, KOTOPOE BBIPaXKAeTCs B YBEIMYCHUH aOCOTIOTHOM BENMYMHBI 1, M CYILECT-
BEHHOM TOHVDKEHHHN YJIEIBHOTO 3JIEKTPOCONPOTUBIICHHS. TakuM 00pa3oM, yYHUTHIBas
HEKOTOPYIO YCJIOBHOCTH ONPEZENIeHHs BeMMYnHbl Temmeparypst T T " 1o otkoNHE-
HHUIO 3aBUCUMOCTH Pgp(1) OT IMHEHHOTO IMOBEICHHS, COTYIACHE YKCIIEPUMEHTA C TEOpH-
eii B HaIlleM CITyJae MOYKHO CUMTATh BIOJTHE YIOBICTBOPUTEIILHBIM.

BriBoabl

B 3akiroueHne KkpaTko NpocyMMHUPYEM OCHOBHBIE pe€3yJIbTaThl, IOJTYUYEHHBIE B
HacTosimed pabore. OTXHUr NPH KOMHATHOW TeMIleparype MOHOKPHCTAJIOB
YBa;Cu307_5 ¢ pa3nuuHbIM JeUIMTOM KUCIOPOJIa IPUBOIUT K CYIIECTBEHHOMY
pacIIMpEHUI0 MHTEpBaja JIMHEHHON 3aBUCUMOCTU Pgp(1) M CyXKEHHUIO TemIepa-
TYpPHOI'O y4acTKa peaju3alldu IceBoleneBoro pexxuma. [Ipu aTom u30birounas
IIPOBOAMMOCTb IOIYUHSIETCS] IKCIIOHEHLIMATIBHON TEMIIEPATyPHOM 3aBUCUMOCTH B
IIMPOKOM HHTEpBajle TEMIIEpPATyp, a TeMIepaTypHasl 3aBUCUMOCTh I1CEBIOIIEIH
YOBJIETBOPUTEIIBHO OIIUCBIBAETCA B paMKax Teopuu Kpoccosepa BKIII-bOK.

1. R.V. Vovk, M.A. Obolenskii, A.A. Zavgorodniy, I.L. Goulatis, V.I. Beletskii, A. Chro-

neos, Physica C469, 203 (2009).

M.B. Caoosckuii, YOH 171, 539 (2001).

/1. IIpoxogves, M.I1. Boaxos, IO.A. boiikos, DTT 45, 1168 (2003).

E. Babaev, H. Kleinert, Phys. Rev. BS9, 12083 (1999).

R.V. Vovk, M. A. Obolenskii, A.A. Zavgorodniy, A.V. Bondarenko, I.L. Goulatis, A.V. Sa-

moilov, A.1. Chroneos, J. Alloys Comp. 453, 69 (2008).

6. K. Widder, A. Zibold, M. Merz, H.P. Geserich, A. Erb, G. Miiller-Vogt, Physica
C232, 82 (1994).

7. [O.A. Uzomos, 3.3. Kypmaes, YDH 178, 1307 (2008).

V.M. Apalkov, M.E. Portnoi, Phys. Rev. B66, 121303(R) (2002).

9. 8. Sadewasser, J.S. Schilling, A.P. Paulicas, B.M. Veal, Phys. Rev. B61, 741 (2000).

kW

®

P.B. Bosk, 3.@. Hazupos, O.I'. [lempenxo, V.V. Khotkevich, S. Roshko

BrinB BIAMAMKOBAHHA HA TEMMNEPATYPHY SAJIEXHICTb
rncesaowmnIiinH B MOHOKPUCTAJIAX YBayCuzO7_s 3 PISBHM
BMICTOM KNCHIO

JlocmipkeHO BIUIMB BiJNAIOBaHHS MPH KIMHATHUX TeMIepaTypax Ha HaJJIUIIKOBY
MIPOBIIHICTE Oe31BifHIMKOBOTO MOHOKpHCTana Y Ba;CuszO7_ 5 3 pi3sHUM BiAXWIEHHSM Bif
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cTexioMeTpii 3a KucHeM. BHsIBIICHO, IO y Mporeci BiANaIIOBAHHSA MPH KIMHATHUX TEM-
neparypax Ha TMpOTS3l YOTHUPHOX IO BiNOYyBaeThcs 3arajbHE BIAHOCHE pO3IIMPEHHS
THIHOT JUISIHKA TeMITepaTypHoi 3a1eXHOCTI pPyp(T). [lpu 1iboMy HaIMIIKOBA MPOBIIHICTS
HiIKOPSEThCS E€KCIOHEHIIATbHIH TeMIIepaTypHii 3aJIe)KHOCTI Y LIMPOKOMY iHTepBasli
TEeMIepaTyp, a TeMIeparypHa 3ayexHicte ncepaominuan ([1111) 3anoBimbHO onucyeThes
B paMKax Teopii kpocoBepa Big mexaHi3my bapaina—Kynepa—Illpudepa (BKIL) no
MexaHi3My 0o3e-eliHIITeHHIBCHKOT KoHAeHcallii (BEK).

KarouoBi cioBa: BimmamroBaHHs, JTaOUTHPHUN KHCEHBb, IMEPEPO3NOALTI, MOHOKPHCTATH
YBa,Cu307_s, ICEBIOIIIIMHANN CTaH

R.V. Vovk, Z.F. Nazirov, A.G. Petrenko, V.V. Khotkevich, S. Roshko

EFFECT OF STRUCTURE RELAXATION ON THE TEMPERATURE
DEPENDENCE OF A PSEUDOGAP IN THE YBaCu3z07_5 SINGLE
CRYSTALS WITH VARIED OXYGEN CONTENT

The effect of annealing at room temperatures on excess conductivity of the YBa;CuzO7_g
single crystals with different deviation from oxygen stochiometry is investigated. It is
shown that the process of annealing at room temperatures for about four days results in

the total relative expansion of the linear area of the temperature dependence p,5(7). The
excess conductivity obeys exponential temperature dependence in the wide temperature
interval. The temperature dependence of pseudogap is satisfactorily described by theo-
retical model of crossover from the Bardeen—Cooper—Schrieffer (BCSh) mechanism to
the mechanism of Boze—Einstein condensate (BEC).

Keywords: annealing, labile oxygen, redistribution, YBa,Cu307_g single crystals, pseudo-
gap state

Fig. 1. Temperature dependences of the pseudogap of single crystals K1 (a) and K2 (6) in

reduced coordinates A*(T)/ Arin —~T/T". Curves I/ (—o-) were measured immediately

after the temperature drop and curves 2 (—o—) and 3 (—A—) were registered after stepwise
anneal at room temperature for 20 h and 5 d, correspondingly

Fig. 2. Time dependences of pseudogap opening temperature 7’ " measured in the course

of stepwise anneal at room temperature for single crystals K1 (-o-), K2 (-A-) and K3
(—o-), correspondingly
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PACS: 61.71.Qg, 82.35.Lr

B.B. demuyk, B.6. Konynaes, B.B. Knenko, E.B. Jlebenes

BIIMAHWNE BHELWUHEIO MATHUTHOIO MNMONA HA BHYTPEHHEE
OABJIEHVE CUCTEMbI NMBX-MAIHETUT

MHCTUTYT XMMUKN BbICOKOMOIEKYNAPHBLIX coeanHeHnin HAH YkpauHbl
XapbkoBckoe Lwocce, 48, r. Knes, 02160, YkpanHa
E-mail: Boris_Kolupaev@gmail.com

CTtaTtbsa noctynuna B pegakumio 7 gekabps 2011 roga

B omcymcemesue ceepecayuu vacmuy vicokooucnepcnozo Fe3Oy4 kax nanonnumens noiu-
sunuaxaopuoa ([I1BX) paccmompenvt cmpykmyphvle MAcHUMHbLE NOOCUCTEMbL, XAPAK-
mepusylowuecs nepuoouteckum pacnpedenenuem maenemuma. Ilposeden pacuem eenu-
YUHBL BHYMPEHHE20 MACHUMHO20 ROJISL KOMNO3UMA U Xapakmep e20 pacnpeoeneHus: me-
a1c0y noocucmemamu. Iloxasano, umo npu cooepxcanuu Fe3;Oy 6 ouanazone 0.1 < ¢ <
<10.0 vol.% IIBX-cucmema, cqhopmuposannas 60 GHeutHemM NOCMOSHHOM MACHUMHOM
none (BIIMII), xapaxmepu3syemcst ROSbIUWEHHbIM 3HAYEHUEeM GHYmMpPeHHe20 0aslieHus. Pe-
3YILMAMbl PACYEMO8 CIYICAM OCHOBOU OJis NOJYYeHUS NOTUMEDPHBIX KOMNO3UMOG C pe-
2YIUPYEMBIM KOMNIEKCOM C8OUCHS.

KaroueBble ciioBa: MAara€TuT, HaMarHM4€HHOCTb, TCIIJIOBOC JABJICHUC

1. BBenenue

B nacrosiee BpeMs cMHTE3UpOBaHbl [ 1] U YaCTUYHO HUccHeqoBaHbl [2] momu-
MepHbIe KoMIo3uIroHHble Matepuaibl (IIKM) Ha 0OCHOBE BBICOKO3JIACTUYECKOU
MOJIMMEPHOM MaTpPHIIbl, COAEpXKAIICH B BUAEC HAMOIHUTENS] MAarHUTHBIE AUCIEPC-
Hble yacTuibl. OKa3aloch, YTO MOJ BJIMSHUEM OJHOPOJHOIO MarHUTHOTO MOJIA
NOJTyYCHHbIE KOMITO3UTHI 00JIaJal0T HOBBIMU YHHKAJIBHBIMU cBoiicTBamu [3]. On-
HAKO MPHU 3TOM OCTAETCSl HEPELIEHHBIM BOIPOC MOIYYEHUsI MarHUTHBIX MaTepHa-
JIOB Ha OCHOBE THOKOIEITHBIX JINHEHHBIX TTOJTUMEPOB, THITMYHBIM MIPEICTABUTEIEM
KOTOPBIX SIBJIIETCS IIUPOKO MCMOJAb3yeMbli B nipombinuieHHocTH [IBX. Ilpu mo-
Mentenun Takux I1BX-cuctem B BIIMII B KOMIIO3UTE BO3MOXKHO BO3HHUKHOBEHHE
MaKpOCKOIUYECKOW HAaMarHM4eHHOCTU. OJTHAKO OCTaeTCs HEPELIEHHBIM BOIPOC,
CBs3aHHBIN ¢ nepexonom nof aercrsuemM BIIMII crpykrypHbIX anemenTos [IBX
W3 JHUMOJIBHOW MOJICHUCTEMBI B 36€MaHOBCKYIO [4]. He m3ydeH Takxke MeXaHH3M
penakcanuu, 00yCIOBICHHBINA TUMOIb-IUIOIBHEIM B3auMoaeiicTBueM. He MeHb-
M MHTEpEC HCclieoBaTeneil Bei3biBaeT crenuduka mosenenus B BIIMIT ¢ep-
PUMAarHeTUKoB [5], y KOTOPHIX OOMEHHOE B3aMMOJICHCTBHE TAKXKE MPUBOAHUT K

© B.B. Oemuyk, b.B. Konynaes, B.B. Knenko, E.B. lNlebenes, 2012
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crenupuIecKod OPUEHTAIIUU AJIEMEHTOB CTPYKTYpHI [6]. M3yueHue HeCKOMIEH-
CUPOBaHHBIX aHTHU(QEPPOMArHETUKOB, HAWOOJee MEPCHEKTUBHBIMU W3 KOTOPBIX
ABISAIOTCSA (PEPPUTHI-IIMUHENHN [7], KAK MATHUTHBIX OKCUAHBIX IUIIEKTPUKOB CBsI-
3aHO C 3P PEKTUBHOCTHIO YMEHBLIEHHS C UX IOMOIIbIO TIOTEPH B PaJOYaCTOTHOM
u CBY-nnanazonax, 4To U MPUBENO K MOUCKY HOBBIX (heppuToB. [IpombiniuieHHas
00JIaCTh WX MPOM3BOACTBA TPEOYyET MOIyYSHUSI HOBBIX KOMIIO3UTHBIX MaTepPHAJIOB,
MPEACTaBISAIONIUX cO00I MaTpuily B BHJE JIMHEHHOTO TMOKOLIETHOTO MOJIMMEpa,
HAIOJHEHHOI'O BBICOKOJMCIIEPCHBIM MAarHeTUTOM. Takue maTepuanbl JIOJIKHBI
3aHATh NPOMEKYTOUYHOE MECTO MEXKAY TPAIAULHUOHHBIMU KECTKUMU MarHUTHBIMU
Marepuanamu [8] © MarHUTOPEOJIOTHUIECKUMHU KUIKOCTAMU [9]. [Ipu 3TOM 0COOBII
MHTEPEC BBI3bIBAECT UCMHOJIb30BAHUE B KAUYECTBE BHICOKOAUCIIEPCHOIO HATIOJIHUTES
maraetuta Fe;O4, oOmamaroniero KpucTalIMueCKON pelIeTKoN MIMUHeNnn Oiaro-
poanoit MgAl,Oy4 [7], mockonbKy ero BeeneHue B [IBX mMoxeT mpuBecTd K n3Me-
HEHHIO KOMIUIEKCa CBOMCTB MaTepuana, copmupoBanHoro B BIIMII.

L{enb naHHOM pabOTHI COCTOUT B TOM, UTOOBI B TEXHOJIOTHYECKOM 1—p-pekuMe
nox neiicteuem BIIMII chopmuposats [IKM, conepkammii B kauecTBe MaTPHIIBI
[IBX, a B kauectBe HanmosHUTENA — MarHeTuT Fe3Oy4. C yueTom TOro, 4To Makpo-
ckonmyeckas ctpykrypa [IBX u Fe3;04 B KBa3UpaBHOBECHOM COCTOSIHUU OMpee-
asieTcst OalaHCOM YNPYTUX M MAarHUTHBIX CHJI, HCCIIEA0BATh 3aBUCUMOCTh MEXa-
HUYECKUX CBOMCTB (Moayns Onra, kosddumuent Ilyaccona), moaBMkKHOCTH
CTPYKTYPHBIX AJIEMEHTOB (OTPAaHUYMBAIOIINE YaCTOTHI) M (DIyKTYalMOHHBIX OCO-
OeHHOCTEH (00BEMHBIC XapaKTEPUCTHKH) OT WHTEHCUBHOCTH BHEITHETO MarHHT-
Horo noJist. [Ipu 3ToM He0OX0AUMO M3YUYHUTh XapaKTep ero pacupeaeIeHUsS MEX Iy
MarHUTHBIMHM TOJICUCTEMaMH U BKJIaJ B (OPMHUPOBAHHE BHYTPEHHETO HABIICHUS
Marepuania.

2. Moaeianb

[Ipu BBemeHWW B TMONHMMEP BBICOKOAMCIIEPCHOTO HATOTHUTENs O0pasyercs
JTUCIIepCHAsl cUucTeMa, 00J1aaronas N3MEHEHHBIM KoMITIeKcoM cBorcTB [10]. TTpu
TOM BCTPEYAIOTCS MOJUMEPHBIE KOMIO3UTHI CO CTATUCTUYECKUM paCIpeesICHU-
€M MHrpeaueHToB [11], 4TO ycloXHSAET pacyeT mapameTpoB BHYTPEHHUX MOJICH
(9MEKTPUUECKUX W/WIIM MarHUTHBIX) B TaKOW HEOJAHOPOIHOU cpene. B ciayyae au-
3JICKTPUKOB MOJ00HAs 3ajja4a YacTUYHO pemieHa [12] B oTimune OT pacuera Be-
JMYMHBI MarHUTHON MHAYKIMH B BHyTpeHHero marHutHoro nois [IKM. Jlns pe-
HIEHUS] YKA3aHHOM 3a/lauyd HCIIOIb3yEM MOJENbHBIM MOJIXOJ, BIEPBBIE MPEIIIO-
xeHHbIN Paneem [13], a Takke MaxkcBemnnom, byprepom i 06001eHHBIH DitkeHOM
[14], ¢ MOMOIIBIO KOTOPOTO PACCUUTHIBAIOT AIEKTPUUECKOE IMOJIE CUCTEMBI, CO-
CTOSIIIEH M3 CIUIOIIHOM W30TPOIHOM MAacChl ¢ BKPAIUICHHEM IIOCTOPOHHHUX 4ac-
THII, CO3JAIOIINX TOIOJOTHYECKUE CTPYKTYpHI [15]. DT0 mo3BossieT (coriacHO
aHayiornu B objactu 0000IIEHHONW TPOBOAMMOCTH [14]) cuuTaTh, YTO YACTHUIIBI
MarHeTuTa KakK BBICOKOIUCIIEPCHOTO HAIOJHHUTENS UMEIOT 3(PPEeKTUBHBIN 00BeM
Vi u B OTCyTCTBHE cerperanuu oOpa3yioT B MOJMMEPHON MaTpHIIe CIOHCTYIO
CTPYKTYpY € NIepuooM D 1 KOJIMYECTBOM CJI0€B ¢g (pHcC. 1):
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2q

2g-1 Puc. 1. Mogens s
*M pacyera MarHUTHOIO
A oJIsE B IIOJIMMEPHOU

z CUCTEeME C OTpaHHh-

YCHHBIM 4YHUCJIOM CJIO-

eB (QepputHOro Ha-
. A -
Line 1 nomautensa.  [{udpa
3 *M MU TPOHYMEPOBAHEI
= o0jacTu, B KOTOPBIX
] -
5 E paccYuTHIBAETCS TI0
\ A8 = _ TE€HIMAJI MAarHUTHOI'O

~ MOJIS

(1)

3
3meck V' — 06bem o0pasua, m™; Ny — KOIMYECTBO YaCTHI] HAIOIHUTENS B KOMIIO-

sute, N, :L3 (rme m — macca HanonHutens, kg; | — apdexTuBHbI pazmep
prl

YaCcTHLbI HAMIOJHUTENS, M; Py — IIIOTHOCTh HAIIOIHUTEIIS, kg/m3); h — BBICOTA 00-

pasma, m.

Pazobrem 00beM kommosuta Ha (2¢g + 1) momympocTpaHCTB BAOIb OCH Z
(puc. 1), mpucouB um Homepa: 0 — Az < 0; 2g — sz > (g — 1D + [; k- 2) —
o [+ (k- 1)D <z <kD (tne k=1, ..., (¢ — 1)) ¢ HaMarHUYEHHOCTHIO
M(O, 0, M(x, y)). HamaranuenHocts obnacteil ¢ mapHbIMU HOMEpaMU MPUHU-

MaeM pPaBHOM HYJIO, MOCKOJbKY BEIMYMHOM HAMarHMYEHHOCTHU MOJUMEPHOU
maTpuubl npu orcyrcrun BIIMIT MmoxxHo nipeneOpeus [7], Tak Kak MOHOMEpHbBIE
3BeHbs [-CH,CHCI-],, obnagaroT oceBoii cCHUMMETpUE M MarHUTHON aHU30TPO-
nueil. To MOATBEPKAAIOT TaI;)Ke pacueTsl BEIUYMHBI OOJIBIIMAaHOBCKOTO (haKkTopa
nAyH

exp(-P) [16] (rne p= T
HocTh BIIMII), uncnenHoe 3HaueHHE KOTOPOIO PaBHO 107 Ipu n = 2-103, H<
<(10°-10") A'm ™.

st obnacteit ¢ HemapHBIME HOMepamu (puc. 1), coaepKalluMu MarHeTuT,
HaMarHu4eHHocTh umeeT kommoHeHTol (0, 0, M(x,y)), rae M(x,y) — moporoBas
byHKIHMSA, KOTOpash paBHAa HaMarHudeHHOCcTH dacTuilel. Ecnu [TIKM, Haxomsch B
BIIMII unnyknun By, co3aaeTr cBoe COOCTBEHHOE MOJie MHAYKIUU B;, Torna uH-
TyKIUS pe3yIbTUPYIONIETo noJis B paBHa [7]:

B=B,+ B, 2)

, Ay — MarHuTHas aHu30Tpomnusi, H — HanpsKeH-
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Takue marauTocTaTHueckue noist B obmactsx 0, 1, ..., 2¢g onuchIBaroTcs QyHK-
LUAMH @}, KOTOPBIE YIOBJIETBOPAIOT ypaBHEHUsM [13]:
2 . .

Vip; =0, divB;=0, rotH; =1y, 3)

e i)y — IIOTHOCTh TOKOB HaMarHuunMBaHus. [Ipu 3ToM HEOOXOIMMO 3HATH MTOBE-
nenne BekTopoB B; u H; Ha rpanure pazzaena (a3 moauMep—BhICOKOIUCTICPCHBIN
HarnoJHUTENb. J[J1s1 3TorO0 ¢ yyeToMm (2), (3) HenmpephIBHOCTh HOPMAJILHON COCTaB-
asronieit Bekropa B; Ha rpanune pasgena z = (k — 1)D obnacrteil ¢ HomMmepamu
(2k— 1) u (2k — 2) mpencraBuM Kak

0Py 0Pyj_
-2 - L M (x, ). 4)
0z 0z
COOTBETCTBEHHO PAaBCHCTBO TAHI'CHIHUAJIBHBIX KOMIIOHCHT BEKTOPa Hi HUMECT BUJ
0Pk _ OPoi-1  OPok—z _ 0Pkt 5)
ox o oy oy

AHaJOTUYHBIC COOTHONICHUS UMEIOT MECTO Takxke st z = [ + (k— 1)D.
HenpepbIBHOCTh HOPMAaJIBHOHN COCTaBIISIIONICH BekTOpa B; Ha rpanmie obiac-
Telt ¢ Homepamu (2k — 1) u 2k 3anuiieM B Buje

0 0Py
~ 2k - L M (s, ), (6)
oz 0z
a TAaHT'€HIIMAIBLHON COCTaBIIIONIEH — KaK
0ot _ 0okt 9ok _ 0Pt 7
ox & Oy oy

KpaeBbie ycnoBust gonosuum cootHomenueM H; = 0 npu z = too. YunrsiBas
NEPUOAUYHOCTD CTPYKTYpPBI BJIOJIb OCEH X U y, pelIeHHE TaHHOW CHUCTEMBI ypaB-
HEHUU UIIEM B BUJIE

SR W T e S e e -

rae j =0, ..., 2¢g. llTpux Bo3je 3HAKa CyMMBbI O3HA4aeT, YTO B HEM OTCYTCTBYET
4JieH, KOTOphIi oTBevaet n = 0, m = 0. B cBoto ouepean

ir2m/n2 +m?

D

27 n* +m?
D

P>t (mm) (2) = O2ht () €XP [z—(k-DD] |, 9)

(ﬁk—z,(n,m)(z) = (ng—Z,(n,m) exp [z-(k-1)D] |. (10)

C yuyeToM KpaeBbIX YCJIOBUH MOJY4YHM CHUCTEMY JMHEHWHBIX anre0pandyeckux
ypaBHEHUH U1t aMIuIATy | Dypre:
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Cnm_ Pok—1,(nm)

(Pa(n m) = 0, ¢35 (nm) = _lcn m TP (n,m)> Pos (nm) = , (1)

AT Y 2" Y Y 2nm anmbn,m

+ _ O + _ (P;k,(n,m) Cn,m + _ 1 + 12
(PZq,(n,m) - Y (P2k—1,(n,m) - i mbn N + 2bn m’ (p2k—2(n,m) - _Ecn,m + (P2k—1,(n,m)’ (12)
rac
4 —ex 2nNn® +m? (D=1 |, b, =ex 2niNn® +m? o = DM, ,,

n,m p D > “n,m p D s “n,m o {nz +—m2 5

11
1 .2mn . 2mm

M, =F‘£‘([dxdyMexp(—1?xjexp(—1 D y), (13)

MY ecnm n#0, m#0,

n,m»
M, = M,(lz), ecit n#0, m=0,
M,(n3), eccit m#0, n=0,

Mr(lll)n =— ];4 (exp(—i Znnl]—lj(exp(—i 2nmlj_1j’
' 4 nm D D

M (exp(—i 2nnl j —1j ilM(exp(—i 2nml ] —1j
s m .

21nD 2nmD

M -

IMockoneky D > [, umeeM 1/(ap mbpm) < 1, 1, cie10BaTENBHO, BHIYMCIUTEIbHAS
MOTPEITHOCTh HE HAKATUTMBAETCSI.

Ecnu ydects, 4TO BHEIIHEE MarHUTHOE noJie By HampaBieHO BIOJIb OCH Z, TO-
raa HeoOXoauMo K QYHKIUH @;(X,y,z) 100aBUTh —ofpz. DTO HE M3MEHUT Kpae-
BbIC YCJIOBHUSA, U ypaBHEHHE Jlamiaca uMeeT BUI: qu) = 0. YtobOsI ompenenuTh
KOJMYECTBO YJICHOB, KOTOPHIE CIEAyeT CyMMHUPOBATh B (§), pacCMOTPUM Cydai
g = 1. Torna cootnomenwus (11), (12) mpuauMarOT BUA

_ —0 _ _ 1 _ _Cn,m (bn,m_l)
(pO(n,m) o (pl(n,m) - 2 cn,m » (P2n,m - Zan mbn N >
+ _ + _ Cn,m + _ cn’m (1 _bn’m )
(PZ(n,m) - 0’ (pl(n,m) - 2bn N ’ (PO(n,m) - 2bn N :
B ciydae z-xomnoneHTs! B; umeeM:
npu z <0
*  me 1-b n* +m?
By. =By—1g . | 5?) hy (x,.2), (14)
n,m=—ow n,m
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21m )
Dy’

+00 2 2 2 +
mnZen?, njmhl(z)exp(le, (15)

rae hy(x,y,z)=exp

2n\/n2+m2 (.2nn j (
TZ exp 17){5 exp 1

npu 0 <z </

B.=By-py ).

n,m=—o0 D
27N n* +m? —2n\/n2 +m?
rae h(z) =exp T(z—l) + exp Tz ;

npu z > [

A 2V I’l2 + m2 Cn,m (bn,m _1)

By.=By+uy D, D hy(x,,2), (16)
n,m=—oo n,m
“2m\n® +m? . 2n(nx + my)
rae h(x,y,z)=exp| ————(z 1) |exp| 1I——=|.
D D
CoOTBETCTBEHHO NPH YCIOBUU

c,(f}n, ecmmn=0, m#0,
Com = c,(f), ecmun#0, m=0, (17)

e ecou m # 0, n=0,

m o

61(112" _ DM (exp(—i 2nnl]—lj(exp[—i 2nml]_1]’ (18)
8n3nm\/n2 +m? D D

ilM(eXp(—i 2nnlj—1J ilM[eXp(—i 27 l}—l]
() _ D 3 _ D

¢, = ¢, = .
n m

) (19)
4n*n? 4m*m?
N +m? ¢, (1-0,
U3z (13) u (17)«(19) cnemyeT, 4TO BEIMYUHBI T nD+m nm(b ’m),
n,m

, KOTOPBIC BXOAAT B COOTHOLICHUSA

wn? +m? c wn? +m? Cn,m (bn,m _1)
D " D

b

n,m

7m H

(14)—(16), cTpemsaTcs K HyJIO pH 7 —> © U m —> co. ClieA0BaTeNbHO, B pa3iny-
HbIX Toukax BHYTpu [IKM marautHOe mosie OyaeT UMeTh HE OJUHAKOBYIO BEJIH-
YuHYy B;, XapakTep U3MEHEHUsI KOTOPOW ONHUIIEM B BHJIE€ CIEKTPA JIEMEHTAPHBIX
BO30YXJIeHHH yacTull HanojHuTend. Tak, npu z < 0 mupuHa cnekrpa B; Oyner

2n\/n2 +m?

OTIPEACTATLC (PAKTOPOM €XP [Tz . B cayyasx 0 <z </wuz>/coot-

BETCTBEHHO OH MMCCT BU ]
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- 27c\/n2 +m? N —2n\/n2+m2 z
D

(20)

CrnenoBarenbHO, CIIEKTP OyJIET y3KHM BIAJM OT TPAHUIII YaCTHUIII BBHICOKOIHC-
MEPCHOTO HAMOMHUTENS. B ee okpecTHOCTH, T.€. Korna z < 0 WiH |z -1 | <o (rmoe & —

MaJasi BeJIMUMHA), IUPUHA CIEKTpa B; OyeT onpenenarbcs BeIUYUHOW COOTBET-
CTBYIOIIMX MOKa3aTesell SKCIoHEeHT. TakuM 00pa3oM, CyMMUPOBAaHHUE HEOOXOH-

MO BBINOJHATHL OT —L 10 L, rae L ONpeaACIsICTCA COTJIACHO COOTHOLICHUIO:

4L D
?8 ~1, orkyma L :4—8. WNupiMu crioBaMu, 4em OJIMKE K TPaHUIC YaCTUIIBI
T

HaIIOJIHHUTCIIA H€O6XOIII/IMO ONpeCaAC/INTL BCINYHUHY Bi: TeM OOoJbIIIe CJICOyCT y4u-

THIBaTh KOJIMYECTBO WICHOB psazna. I[Ipu 5ToM & > 84, e 6y — HOrpenHOCTh OIIpe-

4nL
JEJICHUsT BEJIMYUHBI pa3Mepa YacTHIBI HAmoJHUTENS. [locKoIbKy Am:? u

Ao < SL [10], monmyyaem

f
D

L= .
47'[8f

21)

DTO COOTHOLIEHHE TOJIaeTcs YUCICHHON mpoBepke. s onmpeneneHus cyM-
MapHOTO M3MCHCHHS BEIMUYMHBI B HalijileM yCpeJHCHHOE ero 3HA4YCHHE 10 BCeM
CJIOSIM CHCTEMBI BIIOJIb TIPSIMOM, COCTUHSIFOIICH CPEIMHbBI BEpXHEW U HUKHEH Tpa-
Hell coceHUX (B BEPTUKAIBHOM HANPABICHUU; JIMHUA [, pacCTOsIHUE d), a TAKKe
OOKOBBIC TPaHHU COCEIHHX (B TOPH3OHTAIILHOM HANPABJICHUU; JIMHUS 2, PacCTOs-
HUE d)) YaCTUIl HATTOTHUTEIIS:

L
B; (dl) =By —K z (Wﬂn,m) (dl )ai?n,m) a Wl_(n,m) (dl )61_(n,m) ) ’ (22)

n,m=—L
L
B; (dz) =By —Ho z (\V;(n,m) (d2 )6§(n,m) - \Vg(n,m) (d2 )ag(n,m) ) , (23)

n,m=—L

exp(iyn’m (I+d, —D))exp[i@j, (24)

Ynm
\Vir(n,m) (dl) = D

+ Yn,m i'Yn,ml . 27T7’l(l+d2) . ml
Vo(nm) (d2) = D eXP( > jeXp(lT exp| 1=~ (25)

q+1

—+ 1 + —+ 1& [2, 2
(Pl(n,m) = q+1 ];(sz—z’(n’m) > (Pz(n,m) :;];(pzk—l’(n’m) > ’Yn’m = 2Tc n +m .(26)
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N3 coobpaxeHuil CUMMETPUM CIIEAYEeT, YTO YacCTHIbl BBICOKOJIUCIIEPCHOIO
MarHeTuTa yCWINBAaIOT MarHUTHOE T0JI€ BJOJb JUHUHU / U YMEHBILIAIOT €T0 BEIH-
YuHYy BAOJdb JUHUM 2. [Ipu 3TOM pe3ynpTHpyromuii Bektop B HampaBieH BOJb
ocu z. Takum 00pa3oM, ¢ TTOMOUIBIO MOJYYEHHBIX COOTHOIIEHHH MOYXHO paccuu-
TaTh WHAYKIMIO MAarHUTHOTO TOJIs B Kakoi-1u6o Touke [TIKM. IIpu aTom 3aBucu-
moctu B; = f(Hy) (bopmynsl (22), (23)) HOCAT HETUHEWHBIN XapakTep.

VYcranosneno, uro [IBX kak TUNUYHBIA MPEICTABUTENb TMOKOIEIHBIX MOJIU-
MmepoB [13] npenctasnser co0oif HAOOP MOCTOSHHO YCIOXKHSIOIMIUXCS MOACUCTEM
[17], nomyckaroIKUX HaJIMYME B HUX HE TOJBKO JIOKAJHHOTO, HO U Ooisiee ymops-
JIOYEHHOT0 CTPYKTypooOpa3oBaHus [4]. DTO MO3BOJISET MPEANONIONKUTh, YTO C
nomouisto BIIMII B cucreme IIBX-Fe3;O4 MOXXKHO HampaBiIeHHO PEryJInpoBaTh
CTPYKTYPHYIO OpraHu3aluio KoMrno3uta. OTBETCTBEHHBIMU 32 TaKOE BIIUSHUE SIB-
JSOTCS MeX(a3Hble B3aUMOICHCTBUS HA IPAaHULIEC MOJUMEP—MAarHeTUT, KOTOpbIe
00yCIJIOBIMBAaIOT BOZHUKHOBEHUE T€TEPOreHHOCTH MaTepuaja Ha Pa3sHbIX YPOBHSIX
cTpykTypupoBanus [13]. XapakTepHo, 4TO aHTapMOHU3M KOJIeOaHUIl CTPYKTYp-
HBIX 3JIEMEHTOB CHCTEMBI IPUBOIUT K 00pa3oBaHuio TeruoBoro AasiueHus [18]. C
YUYETOM HaJIM4usl JJOJIM CBOOOIHOTrO 00beMa fir €ro BeIMUMHY onpeenseM Kak [19]:

1 E
h=fl

N 31-2v) @7)

rae £ — MOAylib yIpYrocTd HpU MPOAOJIBHON nedopmanuu, v — KO3PUIMEHT
ITyaccona.

VYuuthiBas ClOKHOCTh penakcauuoHHoro crnekrpa [IBX-cucrem [20], nmepBo-
HayaJbHO PACCMOTPUM B3aUMOJICHCTBUE CTPYKTYPHBIX sieMeHToB [IBX u wactuig
BBICOKOJJCIIEPCHOTO HAITOJIHUTENS BJIOJIb LIENU TJIaBHBIX BAJEHTHOCTEW MaKpo-
MoJieKyJbl. B rapmMoHndyeckoM MpuOIMKEHUH OHM B3aUMOJICHCTBYIOT MEXKIY CO-
0011 ¢ CHIIOBOM KOHCTAHTOM YIPYTOCTH f, BEIMUYMHA KOTOPOH paBHa [21]:

2
/
f (mmax) M AM B
2(M +Mp) ~
6 5 N 1/3
T
rac (J)inaX = # v — orpaHn4uBaroiniad 4acrtoTa, Hz (V] — CKOpPOCTb
n

NPOJIOJIHOW BOJHBI, M/s); My, Mp — Macchl CTPYKTYPHBIX 3JIEMEHTOB, 00pa3o-
BaHHBIX rpynnamu cootBerctBeHHO CH; u CHCI (My = 23.285-10%7 kg, Mp =
= 80.464-10 k).

[TockonbKy MEXIYy CTPYKTYPHBIMH 3JIEMEHTAMH MaKpOMOJIEKYJ CYIIECTBYIOT
HE TOJIBKO BHYTPH- HO M MEXMOJEKyJsipHble cBsi3u [4], B cnyuyae H-H u H-CI
XapaKkTepu3yeM UX KOHCTaHTaMH YNPYTOCTH )| U 2 COOTBETCTBEHHO. C yueToM,
YTO WX KoJieOaHUs O0YyCIIOBJIEHBI JeopManei BaJICHTHBIX yTJIOB U THOKOCTHIO
MOJIMMEPHOU 1enu [22], umeemM
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t 2 t 2
((’)max) MA ((’Jmax) MB
M= T e
b 1/3
t 61 pN4
I€ O =| — | Vv, — orpannumBaromas yacrora, Hz (v, — ckopocts pac-
n

MIPOCTPAHEHHUs CIBUTOBOM BOJIHBI, M/S).
[TpuBeneHHBIE COOTHOIICHHS TIO3BOJISIOT OMPENSTUTh (IYKTYal[MOHHBIN CBO-
00THBIIT 00BEM aTOMHBIX TPYIII KaK

) _(kBT)3/2
T e

COOTBETCTBEHHO OTHOCHUTENbHASA J0JI (PIIYKTYallHOHHOTO CBOOOIHOTO OOBEMa
paBHa

ViNap
y =L (28)
1)
[Tocne maTemaTuueckux npeoOpa3zoBaHUIl HAXOUM, UTO
y 82 kT J(M 4+ My )kgT 29)
7730 pyy, M MgN,
u
82k, T /(M 4+ Mp)kgT
fr="3—" o : (30)

3nlv,? M Mp

3. MaTtepuaJjibl 1 MeTOAbI UCCJIEIOBAHUS

OObeKTOM Hcciae1oBaHusl BbIOpaH TUIMHMYHBIA MpPEACTaBUTEb JIMHEWHBIX THO-
xouenHsix nonuMepos [IBX cycnensnonnoi nonumepusanuu Mapku C-65-5.9M
(ITO «Kaycrtuk», bamkoprocran) [20] nuneiHOTO CTpoeHus. B kauecTBe pacTBO-
pHUTEIIS UCIIONB30BAIM LUKJIOrekcaHoH. M3 momyuenHoro pactBopa [IBX mepe-
OCAXKIAIN TPEXKpaTHBIM 00BbeMOM MeTaHosa. OCa)KACHHBIN MOJIMMEpP MHOTO-
KpaTHO MPOMBIBAIM Ha BAKYYMHOM (DMJIBTPE METAHOJIOM U CYIIMIU Ha BO3IYXE, a
3ateM B BakyyMe nipu 320 K 10 noctositHHOM mMacchl. MoJieKyJisipHas Macca mnepe-
ocaxxnennoro [IBX cocrasisia 1.4 105.

Hamnonautenem [MBX ciyxun maraetut Fe3Oy4, KOTOPHI siBIIsieTCs eppomar-
HUTHBIM TIOJyMETAJUIOM, codeTaromuM B cede 100%-Hyro monspusaiuio CIIHHOB
3J1eKTpOoHOB Ha ypoBHe Depmu u Bricokyto TemiepaTypy Kropu (858 K) [7]. O6-
pasibl AJis UCCIIEI0BAHUM TOTOBUIIM B BUJIE€ TUIACTUH TOJILKMHOM 15 mm, a Takxe
IWJIMHIPOB BBICOTOM 50 mm U JuaMeTpoM 25 mm NpSIMbIM MEXaHUYECKHUM CMe-
mmBaHueM mnopoikoB Fe3O4, mpenBaputensHo o6e3zxupeHHbix CCly, ¢ [IBX.
[Ipeccosanue [IKM npoBoawiu B pexxume teMiieparypa—aasienue (7—p) npu 7' =
=403 K u p = 10 MPa B NOCTOSIHHOM MarHUTHOM I10JI€ HaNpsyKEHHOCThIO H.
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BpewMs BbiepKKH KOMIIO3UTAa B MATHUTHOM I10JI€ COCTaBIIsIO0 26 min. B xadectBe
UCTOYHUKA H( WCIIOJIb30BaH COJICHOM] C BOJISHBIM OXJIQXKJIEHHEM U MHOTOCIIOM-
HOM oOmMoTKOM [11].

B nporiecce sxcnepumenTa BennurHa Hy n3mensuiack B auanasone (1.15-1.16) 10°
A/m, 4TO TIpeBBIIIAIO UHAYKIHIO B, HackimeHnus Fe;Oy4 (B, = 0.64 T) npu mony-
Jie BEKTOpa HamMarHudyeHHocTH M = 3.8364-10° A/m [7] m Benmuuuue axTopa
M,

HoHo — B,

Junnamuueckue xapakrepuctuku [IKM ompenensiiim MMMIyJIbCHBIM METOJIOM
COBMECTHO C METOJIOM Bpalarouleiica ruiactudbsl Ha vactore 0.4 MHz [17].
[110THOCTH KOMITO3HUTA HCCIIEIOBAIN coriacHo padore [20].

4. Pe3yJbTaThl U UX 00CYKIEHUE

3HaveHUs] ICKOMBIX BETIMYMH O, m, D, ¢, Hy A7 KaKA0ro U3 ceMu 00paslioB BbI-
MOJTHEHBI COTJIAaCHO cooTHomeHuto (1) u nmpeacrasieHsl B Ta0m. 1. 3aBucumocts B,
OT PACCTOSIHUS BAOJb JIMHUH /, 2 paccunTana 1o popmysam (14)—-(16) u nuzobpakeHa
Ha puc. 2. Hymeparwst KpuBbIX COOTBETCTBYET Hymepauuu o0pasios B Tabm. 1. Ilo-
TPEIIHOCTh BeWYHMHBI L (cooTHOIIEeHHE (21)) OleHnBaIM 10 MaKCUMaJIbHOMY OTHO-
CUTEJIFHOMY OTKJIOHCHHIO 3HAYCHUH B,, pe3ysbTaThl KOTOPBIX IS PacdeTOB BIOJb
mvnuu [ (€1) u 2 (g7) npencrasieHsl B Tadn. 1. [Ipu pacuerax cormacHo (22)—(26) [ =
- 10107 m, 8y = 5107 m, M= 383.64-10° A/m [7]. Benuurte B, COOTBETCTBYET
u3meHenue H, B npenenax 1.07 10° < H,<1.27 10° A/m (puc. 2).

Tabmuia 1
Besnmuunsl napamerpos [IBX-cucreM n ommokn pacueTon
Newn [@,vol%| D,10°m | m, 10 ke | ¢ | Ho, 10° A/m —21 o £2
()
1 0.1 15.78 1.65 36 1.1446 0.80 0.014
2 0.3 10.80 5.115 52 1.1456 0.84 0.014
3 0.5 9.10 8.47 60 1.1474 0.60 0.016
4 1 7.24 16.775 75 1.1481 1.36 0.005
5 3 5.07 48.29 106 1.1502 1.11 0.008
6 5 4.31 77.385 123 1.1530 1.25 0.004
7 10 3.50 141.295 148 1.1570 1.79 0.002

[Tpn nanmuuu BIIMII npoucxomut nonsipu3anys BbICOKOIUCIIEPCHBIX YaCTHIL
Fe304, KOTOpBIE 3a CUET HAIMYKS KOHTAKTa B CHCTEME MOJUMEp—(pEeppUT COBMECT-
HO C MaTpULEH CTPEMATCS OPUEHTUPOBATHCS MApaJIeIbHO CHIIOBBIM JHMHHUAM Hy.
Hannune Bzaumoneiictus mexay 11BX u FezO4 npuBogur x ToMy, 4To 1o Mepe
YMEHBIIEHUs TEMIIEPATYphl paciulaBa KOMIIO3UTa COBMECTHO C YaCTHULIAMM BBICO-
KOJIUCIEPCHOI0 (peppOMArHUTHOTO HAIMOJHUTENS BCEBO3PACTAIOIIEE KOJINYECTBO
CTPYKTYpHBIX 35eMeHTOB [IBX Oyaer npuHuMaTh yyacThe B OpUEHTAlHOHHOM
BO3/ICHICTBUU CO CTOPOHBI BHEIIHETO MArHUTHOTO 10JIs1. PUKCALUs YIOPSAIOYEHHOTO
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12.96 11.72
12.66} 11.52
£
< -
o 12350 Q1131
= 7léls 14 |3 |2 I
12.05H4 11.11
11.75H 10.90
] | 2 1
0O 3 6 9 12 15 12 15
d, 10° m d,, 10° m
a o

Puc. 2. 3aBUCHUMOCTb BEIMYMHBI MHIYKIIMA MarHUTHOTO TONA B; OT paccTosiHUsA d| K Yac-
THUIE HANOJIHUTEN BAoNb nuHui [ (a) u 2 (6) mis [IBX-cucrem. Bextop Hy Hampasiexn
BIOJb ocH z; [l = 70. Hymepauus KpuBBIX COOTBETCTBYET HyMepaLuuu oopas3inos B TadI. 1

PacIoOJIOKEHUS TOJISIPU30BAaHHBIX MAarHUTHBIX YAaCTULl BBICOKOJUCIIEPCHOTO (ep-
POMAarHUTHOI'O HAIIOJIHUTENSI COBMECTHO CO CTPYKTypHbIMHU 3neMeHTamu [IBX,
BHEIIHMM M BHYTPEHHHMM MAarHUTHBIM I10JIEM CO3JA€T CTPYKTYpPy KOMIIO3UTA, KO-
Topast ipu ' < T, 00yCIIOBIMBAET CBOMCTBA MaTEPUAJIA.

[lepBonavasibHO uccaeayeM Bszkoympyrue cBoictBa [IBX-cuctem. Ilpu stom
CKOpOCTb pacrpOCTpaHEHHsI IPOAOJILHON BOJIHBI B MaTepuaile onpeaesnsum kak [17]:

e G

Vl = ,
=i\

a CKOpOCTh PaclpOCTPAaHEHHsI CIBUTOBOIM BOJHBI — METOJJOM BpPAILAIOLICHCS T11a-
CTHHBI 110 hopmyIie

= ; ne 77 (32)
(Q +(Atvy )" —2CAT, cosa)

rae  — tonmuHa 00pasua; vy — CKOPOCTh YJIbTPa3ByKa B UCIBITYEMOM KHJKOCTH
(cunmukoHoBoe Macio mapku [IOMC-4) mpu Temneparype ucciaenoBaHusi; At —
BpEMs IIPOXOKACHMSI YJIbTPAa3ByKOBOIO CUTHaja 4epe3 MCCIEAYEMbIl MaTepua,
U3MEPEHHOE 110 MapKEepPHBIM METKaM BPEMEHH; 0L — yroJl moBopoTa obOpasua. [Ipu
W3BECTHOH CKOPOCTH V; M COOTBETCTBYIOHIEM KOA((HUIIMEHTE MOTIIOMEHHUS oy
nevctButenvHas E' 1 MEHUMas £ yactu MOayssl yOpyrocTH IpH MPOI0IBHOM Je-
dopmanuu paBHbI
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2.2 2
E'=pv12 1 vy /® ’ (33)

(1+0fv? /0?)

pvl2 20uv;/ ®

E"= 2
(1+oc12v,2/c02)

(34)

OLIZAN/CM (35)

rae AN — pa3HOCTb aMILTUTY/]l CUTHaNa 6e3 oOpasiia u ¢ 006pasiom, orpeaeIcHHas
C TIOMOIIIBIO aTTEHI0ATOpa MO MIKaie, KOTopas MpeABapUTeIbHO MPOrpagyupoBa-

Ha B HEIepax;
E=NE*+E", (36)

2—(V1/Vz)2
2[1—(v,/vt)2]

B tabn. 2 npuBeneHBI pe3yIbTaThl SKCICPUMEHTATIBHBIX UCCIICIOBAHUIN BA3KOYII-

V= (37)

pyrux cBoiictB [IBX-cucrem (v, v;, E), a Takxke pacueTHbIe 3HaAUCHUS KOdPuIpeH-
Ta IlyaccoHa, orpaHMYMBAIOIIMX YaCTOT, BEIMYHUHBI (PIyKTyallMOHHOTO CBOOOJHOTO
o0beMa, BHYTPEHHETO IaBJICHUS] MaTepualia mpu oTcyTcTBUM 1 Hamnuuu BIIMIL

Tabmumna 2
Pe3yabTaTthl nccjegopanuii komiviekca cpoiicts [IBX-cucrem

@, vol.% 0 0.1 0.3 0.5 1 3 5 10
Vi mis 2407 2392 2350 2330 2290 2215 2140 1810

’ 2410 2400 2366 2340 2300 2225 2175 2080

V. 1070 1065 1059 1050 1040 1051 1040 970
L IS 1065 1058 1050 1040 1024 1027 1040 1015
1 ke/kmol 62.500 | 62.637 | 62.927 | 63.211 | 63.924 | 66.782 | 69.657 | 76.933
' 62.500 | 62.637 | 62.927 | 63.211 | 63.924 | 66.782 | 69.657 | 76.933
o kg/m3 1382 1389 1395 1397 1399 1427 1449 1508
’ 1381 1386 1392 1393 1395 1420 1440 1495
710°L 13 4.604 | 4.663 | 4.802 | 4.942 | 5.176 | 5.366 | 5.827 | 8.404
! ’ 4.645 | 4.720 | 4.862 | 5.030 | 5.331 | 5.622 | 5.769 | 6.737
f-103 6.135 | 6.232 | 6.415 | 6.582 | 6.826 | 6910 | 7.305 | 9.928
c 6.185 | 6.294 | 6.482 | 6.680 | 7.011 | 7.205 | 7.187 | 7.890

v 0377 | 0376 | 0373 | 0373 | 0370 | 0.355 | 0.345 | 0.299
0.379 | 0.379 | 0.377 | 0377 | 0.376 | 0.365 | 0.352 | 0.344
710 Pa 79.822 | 79.933 | 76.459 | 74.439 | 73.323 | 69.598 | 64.701 | 46.089
’ 79.398 | 78.520 | 76.374 | 74.114 | 71.455 | 70.649 | 71.348 | 63.699
P10 Pa 3.38 3.40 3.25 3.23 3.20 2.75 2.50 1.75
o 344 | 345 | 338 | 336 | 334 | 3.10 | 285 | 2.60

Ilpumeuanue. B uyncnurene npuBeneHbl JaHHbIE, ONy4YeHHbIe B 0TcyTcTBHE BIIMIIL, B
3HameHatele — npu Hanuauu BIIMIL
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Jliis Bcex MccieOBaHHBIX 00pa3lioB HAOII0AeTCsl HEIMHEHHOE yMEHbIICHNE
BeIM4YMHBI P; 10 Mepe yBennueHus conepkanus Fe3Oy4 B [IBX B ciyuasx kak Ha-
au4us, Tak U oTcyTcTBUs neictBust BIIMIL. Oxnako xommosut, chopmMupoBaH-
HbII B T—p-pexumMe 1o JeicTBUEM MarHUTHOIO MOJIs, UMEET OoJibliee 3HaueHue
BEJIMYMHBI P; Ipu (¢ = const, Y4eM CUCTEMBI, KOTOPbIE HE MO/IBEPraJIUCh €r0 BIIMSI-
Huro. Hanboee MHTEHCMBHOE YMEHBIIIEHHE BHYTpeHHeTo naBienus [IBX-cucrem
nHaomomaercs pu 0 < ¢ < 3.0 vol.% Fe304. Cornacuo [10] MOXHO yTBEpKIaTh: B
9TOM ciy4ae B CUCTEME MPOUCXOAUT MHTEHCUBHOE (hOPMHUPOBAHHME T'PAHUYHOIO
CJIOS1, HA YTO YKA3bIBAET XapaKTep N3MEHEHUs BEJIMYHHBI CBOOOAHOTO 0O0bema. [1o
Mepe NnoBbleHus conepkanusa Fe3O4 B cuctemMe BO3pacTaeT BENMYMHA JUIIONb-
JUIIOJBHOTO B3aUMOJIEHCTBUSL MEX]y UYacTHIAMH, B KOTOPOM I[PUHUMAIOT yua-
cTue ajncopOupoBaHHBIE CTPYKTypHBIE 31emeHThl [IBX. AnexkBaTHOCTh B Xapak-
Tepe U3MEHEHUS! KOHICHTPAIMOHHOMN 3aBUCUMOCTH BenuuuHbl P; = f(() Hapymia-
etrcs ipu @ > 5.0 vol.% Fe304, a npu nanbHeiiiemM pocte colepkaHuss HaroJIHU-
tensa B [IBX-cucreme BIIMII Gonee MHTEHCHBHO BIIMSIECT HA BEITUYMHY BHYTPEH-
HEro JaBjIeHUs. OTO OOyCJIOBJIEHO TEM, YTO INOJ JEHCTBHEM IOJS MPOUCXOIUT
CTPYKTypHpOBaHUE (a3bl HAOIHUTENS, MOBBIIIAIONIEE TUHAMUYECKYIO BA3KOCTb
CHUCTEMBbI M MTOHWKAIONIEE MOJBHKHOCTh CTPYKTYpHBIX 3yemeHToB [IBX. Xapak-
TepHo, uTo npu ¢ = 10.0 vol.% Fe304 pazHocTh MeXay BeIMYMHAMU BHYTPEHHEI O
JIaBJICHUS] B cUCTEeMe, KoTopast chopmupoBana noj neiicteuem BIIMII u B ero
OTCYTCTBUE, JOCTUTAeT MAaKCUMAJIbHOTO 3HaYeHus (Tabdi. 2).

5. 3akaroyeHnue

1. Ha ocnose [IBX kak TUMMYHOTO MpeACTaBUTENsI THOKOLICTIHBIX MOJTUMEPOB
MOJTy4YE€H HOBBIM KOMIIO3UTHBIA MaTepuaj, COAEP KAl B Ka4e€CTBE BBICOKOJIHC-
MEePCHOTO HAMOJHUTENS MarHeTUT Fe3Oy.

2. [IBX-cuctemsl B nuamazone 0—10.0 vol.% Fe3;04 00y1amatoT MoHMKEHHBIMU
3HAYEHUSMU BA3KOYIPYTHX CBOMCTB, YTO CTaBUT MX B MPOMEKYTOUYHOE MOJIONKE-
HUE MEXIY KECTKMMH MAarHUTHHIMU KOMIIO3UTAMU U MarHUTOPEOJIOTHYECKUMU
JKUIKOCTSIMH.

3. Ha ocHOBaHMM AaHHBIX O KBa3MYIPYTHUX CBOMCTBAX U CTPYKTYPHBIX HU3Me-
HEHUSX MaTepHana ompezeneHo BHyTpeHHee naBieHue [IBX-cucrem. [lokazano,
YTO €r0 BEJIMYMHA 3aBUCUT OT HAMPSIKEHHOCTH MOCTOSTHHOTO BHEIIHETO MarHUT-
HOT'O MOJIS M coZiepkaHus MarHeTuTa B kommosure. B cucreme I1BX + 10.0 vol.%
Fe3;04 npu HanpsiKEHHOCTH OIS (1.15—1.16)-106 A/m 00HapyKeH MaKCHUMaJb-
HBI OTHOCHUTEJIBHBIN POCT BHYTPEHHETO JABJICHHS, BETUYMHA KOTOPOTO COCTaB-
nstet 148%.
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B.b. Jlemuyk, B.b. Konynaes, B.B. Knenko, €.B. Jlebeoes

BM/MB 30BHILWHLOrO MArHITHOMO MONA HA BHYTPILWHIV TUCK
CUCTEMU NBX-MAIMHETUT

VY BigcyTHOCTI cerperamii 4acTMHOK BHcokoaucrepcHoro FesO4 sk HamoBHIOBaua
noniBiuxiopuay (ITBX) po3risHyTo CTpyKTYpHI MarHiTHI MiJICHCTEMH, IO XapaKTepH-
3YIOTbCA TEPIOAMYHMM pO3MOALTIOM MarHeTuty. I[IpoBeaeHO po3paxyHOK BETUYMHH
BHYTPIIIIHBOTO MATHITHOTO TIOJIsI KOMIIO3UTY ¥ XapakTep HOro po3MOALTy MiX ITiJICUCTe-
mamu. [Tokaszano, mo npu BMicti Fe304 B mianazoni 0.1 < ¢ < 10.0 vol.% IIBX-cucrema,
chopMOBaHa B 30BHITHROMY TIOCTiHHOMY Mar"iTHOMY o (3[IMII), xapakrepu3yeTscs
Mi/IBUIIEHUM 3HAYEHHSIM BHYTPIIIHBOTO THUCKY. Pe3ynbraT po3paxyHKIB CIIy>KaThb OCHO-
BOIO JIJISl OTPUMAaHHS MOJIIMEPHUX KOMIIO3UTIB 13 peryJbOBaHMM KOMILJIEKCOM BIIACTHUBO-
cTeil.

Kiro4yoBi cjioBa: MarHeTuT, HaMarHi4yeHiCTh, TEIIOBUM TUCK
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V.B. Demchuk, B.B. Kolupaev, V.V. Klepko, E.V. Lebedev

EFFECT OF EXTERNAL MAGNETIC FIELD ON INTRINSIC PRESSURE
OF PVC MAGNETITE SYSTEM

Structure magnetic subsystems characterized by periodic distribution of magnetite are

considered in the absence of the segregation of particles of the Fe3;0, fine powder used as
the polyvinylchloride (PVC) filler. The calculation of the magnitude of the composite
inner magnetic field and the magnetic field distribution among subsystems is performed.

It is shown that if the volume fraction of Fe;Oy4 is in the range of 0.1 < ¢ < 10.0 vol.%,
then PVC system formed in the constant external magnetic field (CEMF) is characterized
by enhanced value of the intrinsic pressure. The results of calculations form the basis of
obtaining of polymer composites with a regulated set of properties.

Keywords: magnetite, magnetization, thermal pressure

Fig. 1. The model for magnetic field evaluation in the polymer system with a finite num-
ber of ferrite filler layers. The regions where the potential of the magnetic field is calcu-
lated are numerated with digits

Fig. 2. The dependence of the magnetic field induction B; on the distance d to the particle
of the filler along lines / (a) and 2 (6) for PVC systems. The vector of intensity of the
magnetic field is directed along the z axis; u = 70. The curve numeration corresponds to
the numeration of specimens in Table 1
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PACS: 81.40.Pq, 64.60.My

H.B. 3cbpoc1, J.r. KOpUJyHOBZ, B.M. Sq)poc1, AA. ﬂ,aBVI,EI,eHKO1,
B.H. Baproxle1

KOHTAKTHAA NMPOYHOCTb HAHOKPUCTAJTTIMYECKUX CTPYKTYP
MOBEPXHOCTEW TPEHMA BbICOKOA3OTUCTbLIX AYCTEHUTHbIX
CrJjABOB

1,U,OHeLI,KVIl7I PU3UKO-TEXHUYECKUI MHCTUTYT UM. A.A. lanknuHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

2I/IHCTMTyT dusmkmn metannos YpO PAH
yn. C. Koeanesckon, 18, r. EkatepnHbypr, 620041, Poccus

CtaTtbsa noctynuna B pegakumio 12 mapta 2012 roga

Hccenedosano enuanue KomyeHmpayuu azoma Ha mpubonrocudeckue Ceolcmea aycme-
Hummuwlx cnaasos. Iloxkasano, umo azomcodepoicawjue y-cniagvl Xapakxmepusyromes oonee
HUKUMY KOIhPuyuenmamu mpenus K u nogvlulennbimu 3HaueHusMU adpasueHoll usHo-
cocmouxocmu & npu QPUKYUOHHOM Hacpydicenuu. Paccmompenvt cmpyxmypusie mexa-
HU3MbI, 00BACHAIOWUE NOTYUEHHbLE PE3YIbIMAMmbl.

KiroueBsble c/ioBa: BBICOKOA30TUCTHIE ayCTEHUTHBIE CIUIABBI, are3MOHHOE W abpa3uB-
HOE€ M3HAIINBaHNE, TPHOOIOTHYECKIE CBOMCTBA

BBenenune

A3oTcozeprkalie ayCTeHUTHBIE CIUIaBbl Oy1aroapsi XopoleMy YpoBHIO MeXa-
HUYECKUX M CITY>KEOHBIX CBOMCTB (BBICOKOMY YPOBHIO IPOYHOCTH, INIACTUYHOCTH
U BA3KOCTH Pa3pyILICHHUs, TOBBIIIEHHOW KOPPO3UOHHOW CTOMKOCTH, HEMAarHUTHO-
CTH M JIp.) SABJSIIOTCA MEPCHEKTUBHBIMU MaTepHajaMM AJIsl UCIOJIb30BaHUS B pas-
JUYHBIX OTpacisix npombiinuieHHoCTH [1,2]. [Ipu 3TOM Gombiioe 3HAYCHUE UMEET
BOIIPOC U3HOCOCTOMKOCTH 3TUX CIJIABOB.

N3BecTHO, 4TO (PUKLMOHHOE BO3AEHCTBHE MOXKET NMPUBOJUTH K 00Pa30BaHUIO
HaHOKpucTamyeckux cTpykryp (HKC) B npunoBepXHOCTHOM cllo€ MeTainde-
ckux MmarepuasnioB. dopmupoBaHHE JaHHBIX CIOEB O0O0YCIOBJIEHO WHTEHCHUBHOU
IUIACTUYECKON edopMaLel Marepuaa, KOTopasi OCyIIECTBISETCS 110 POTalMOH-
HOMY MexaHu3My. Hanpumep, npu TpeHMH CKOJIBXKEHHUSI METANIMYECKUX MaTepua-
JIOB B TIOBEPXHOCTHOM (= 10 pum) cioe oOpas3yroTcst yIbTpaaucCIiepCHbIE CTPYKTY-
PBl, KOTOpPBIE B 3HAYUTEIBHOM CTENEHU OIPENENA0T TPUOOIOIHYECKHE CBOWCTBA
9THX NoBepxHocTer [3—5]. JlanHble cTpykTypel MokHO oTHecTH K HKC: pasmep
MUKpPO(ParMeHToB ¢ O0JIbIICYIIIOBEIMU IpaHuiaMu coctasiseT 0.005-0.1 pm.

© H.B. 3dpoc, J1.T'. KopwyHos, B.M. 3dpoc, A.A. NasuaeHko, B.H. BaptoxuH, 2012
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[IpoBeneHHbIE HKCIIEPUMEHTHI MMOKA3bIBAIOT, YTO OOpPa3yIOIIMECcss B Pa3HBIX MaTe-
puanax HKC Tpenusi, nmpu ux OTHOCUTENBHO OJMM3KUX YPOBHSAX TUCIEPCHOCTH, pa-
30pUEHTHPOBKHU (PParMEHTOB U CPETHEN MIOTHOCTH AUCIOKAIMii (p = 5 10" cm_z),
BEChMa CHJIBHO OTJIMYAIOTCS MO CBOMM MPOYHOCTHBIM U TPUOOTOTHUECKUM CBOM-
ctBaM. [lodTOMy OuYeBHIHO, YTO HEOOXOIMMBI JAbHEHIIINE HUCCIeIOBAHUS, Ha-
MpaBJCHHBIC HA BBIABJICHHE CTPYKTYPHBIX (DaKTOPOB, OKa3bIBAIOIIUX HamOoJiee
CUJIbHOE BiHsiHUE Ha Tpubosorundeckue cBoiictea HKC tpenust.

B nactosmee BpeMs 3¢ deKkTUBHAS MPOYHOCTh U U3HOCOCTONKOCTH MOBEPXHO-
CTU ayCTEHUTHBIX CIUIABOB C BBICOKMM COJAEpP>KaHHUEM a30Ta M3yYEHbl HEJOCTa-
TOYHO NOJIHO. B 3TOM cBsI3u naHHas paboTa MOCBSIEHA UCCIIEI0BAaHUIO TPHOOIIO-
TMYECKHX CBOWCTB M CTPYKTYPHBIX HMpPEBpALICHUH B XPOMOMAapraHIEBBIX aycCTe-
HUTHBIX CILJIAaBaX, JerupoBaHHBIX 10 ~ 0.8% a3ora, B yCIOBUSAX aAr€3HMOHHOIO U
abpa3vBHOTO W3HAIITMBAHUS.

MaTepl/IaJIbI H METOAUKA UCCJICA0BAHUSA

OO0beKTaMu  UCCIEJOBAHUS  CIYXKUJIM  a30TCOJEpXKAIINEe  Y-CIUIaBBI
07X19A0.7T'10C2 n 08X18A0.8120. Jlnsi conocTaBiaeHUs MOJYYEHHBIX PE3yJlb-
TaTOB MCIIOJB30BAIIM TAK)KE TPUOOJIOTHYECKUE XapaKTepucTUku criiaBoB 05110,
0520, 03X11T°13, 05740 u 07X18A0.5I"18, oTnuyaromuxcs (Ha3oBbIM COCTABOM,
CTPYKTYpO# M BenMUUHOMN dHepruu aedexktos ymnakosku (DY) [4,5].

TpuGonornyeckue UCTIBITAHUS HCCIEAOBAHHBIX CIUIABOB MPOBOIIN Ha J1a0o-
pPaTOPHBIX YCTAHOBKAX B YCJIOBUSAX TPEHHS CKOJBXKEHHS Map CIUIaB—CTallb U
crutaB—aOpasuB. McnbiTaHust map CIUIaB—CTaldbh MPOBOAMIN IO CXEMe Iaell
(crutaB)—tmactuHa (crans 45, HRC = 50) B BO3mymiHOM cpene co CKOPOCTHIO
ckonbxeHust Vg = 0.07 m/s ipu Harpyske F = 294 N. IIpupoct cpeaneit (06beM-
HOI) TeMIiepaTypbl B 30HE TpeHHs oOpasma 3a c4eT (PPUKIIMOHHOTO HarpeBa He
npessiman ~ 20°C. @opmuposanne HKC nponcxoamino B MOBEPXHOCTHOM CJI0€
oOpasnoB toimmmHOW < 10 um B yCIIOBUSX MPEUMYIIECTBEHHO aJr€3HMOHHOTO
B3aUMOJICUCTBUSI METAJUIMYECKUX MOBEpXHOCTEH. McnpiTanust Ha abpa3uBHOE U3-
HAIlIMBaHHWE OCYILIECTBISUIA MO OTHOIICHHUIO K apMKO-)Kejle3y MpU CKOJbKEHUU
oOpa3sia (craBa) 1Mo 3akperuieHHoMY abpa3uBy (LT OBaNIbHON Oymare).

MeToauKy MPOBEIeHUsT UCTILITAHUN U OTIPEICTICHHS TIPOYHOCTHBIX U TPUOOIIO-
TUYECKUX CBOMCTB OmucaHbl B padorax [4,5]. CTpykTypy clioeB oOpa3ioB uccie-
JOBaHHBIX CIUIABOB M3YyYalld C MOMOUIbIO PEHTI€HOBCKOIO, 3JIEKTPOHHO-MUKPO-
CKOMMYECKOT0 U METAIIIOrpauuecKoro METO0B aHaIH3a.

Pe3ysnbTarhl JKCIIEPUMEHTA U UX 00CYXKICHHUE

B Tabnuue 1 Ha puc. 1-4 npuBeIeHbI 3HAYEHNT MUKPOTBEPIOCTH [, CONPOTHUBIIE-
HUS CABUTY T, KO3 puimeHTa TpeHus K, THTEHCUBHOCTHU aAr€3MOHHOTO N3HAIIMBAHUS
Ih n abpasusHoii usHococroiikoct € HKC, oOpasyromuxcs Ha MOBEPXHOCTSX TPEHUS
uccnenoBanHbix cmaBoB ¢ OLK-, I'TIK- u I'TIY-crpykrypamu. Bugno, uto MuHH-
ManbHbIME 3HaYeHHsIMA K (0.25-0.28), 74 (3:10 '—3.5-10 ') 1 MOBBIILICHHBIMH 3HAYC-

Husimua € (1.5-2.2) xapakrepusyrorcsi azorconepxkane y-croiaBbl: 07X18A0.51°18,
07X19A0.7T'10C2 1 08X 18A0.81°20, a Taxxke e-ciuiael: 05120 m 03X111°13.
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Tabnuua
HpO‘lHOCTHBIe ) { TpﬂﬁOJ’[OFI/I'{eCKI/Ie CBOﬁCTBa HKC TpeHI/lﬂ HCCJICA0OBAHHbLIX CIIJIaBOB
Cmuias Da30BHI Hy t K hx10’ €
cocTaB MPa
05T'10 o (OLIK)-daza] 6300 3450 0.55 20 0.5
05120 5600 1570 028 3 1.5
03X1IT13 e (IIY)-paza | 55 1560 | 025 | 35 1.9
05T'40 6650 3000 0.45 6 0.8
07X18A0.5T'18 — 8100 4650 0.25 2.1 22
07X19A0.7010C2 | ¥ TTK)-basa =55 3100 027 54 1.9
08X18A0.8T20 7250 2400 025 4.7 1.8
Ll o a A
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80} ] a0
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Puc. 1. ®a30BHIit cOCTaB UCCIEIOBAHHBIX CIUIABOB 110 (@) U mocie (6) oOpaboTKH TpeHHU-
eM CKoJmxkeHus (cruraB—cranb): [ — 05110, 2 — 05120, 3 — 03X11I'13, 4 — 05140, 5 —
07X18A0.5T'18, 6 — 07X19A0.7T'10C2, 7 — 08X18A0.8120

5 e
8 —
N— 4_
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Puc. 2. MukporBepnocts H, (@) ¥ CONpOTHBICHHUE CABUTY T (6) HCCIENOBAHHBIX CILIA-
BOB IIOCJIC TPEHUS CKOBKEeHU (crmaB—ctanb): [ — 05110, 2 — 05120, 3 — 03X111°13, 4 —
05740, 5 — 07X18A0.5T'18, 6 — 07X19A0.7T'10C2, 7 — 08X18A0.8120

PentreHoBckuii (a30BBI aHATN3 UCCIEIOBAaHHBIX CIUIABOB TOKAa3aj, YTO Ha
noBepxHocTy TpeHus criaBoB 05120 u 03X 11113 dopmupyercs crpykrypa I'TTY
€-MapTeHCHUTa B pe3yibTare (Y + €) —> &'-npeBpaenus (~ 95% e-¢asbl B craBe
05120 u ~ 90% e-da3pl B crmaBe 03X111'13), a Ha TOBEpXHOCTH TPEHUS CILUIaBOB
07X18A0.5I'18, 07X19A0.7T'10C2 u 08X18A0.81'20 — crpykrypa I'LIK y-hazbr
(comeprkanue o'-(hazpl < 5%), KOTOpbIE 00ECTIEUNBAIOT JAHHBIM CIUIaBaM 0oJiee BbI-
cokue TpuOojornyeckue cBoicTBa. Heo0X0MumMo OTMETHTh, YTO TIPU OJITMHAKOBBIX
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Puc. 3. Cxema m3HammBanus () U kodd¢uuueHt tperus K (6) MccrenoBaHHBIX CIJIABOB
mocye 00pabOTKHU B YCIOBHUAX CyXOT0 CKOJBKEHUS (crutaB—cTanb): [ — 05I°10, 2 — 051720, 3 —
03X11I'13, 4 - 05140, 5 — 07X18A0.5I'18, 6 — 07X19A0.7T'10C2, 7 — 08 X18A0.8120
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Puc. 4. IHTEeHCUBHOCTD aJre3MOHHOT0 M3HAIIMBAaHUS (CIUTaB—CTalb) [/ (a) 1 abpa3uBHas
M3HOCTOWKOCTH (CIIaB—adpasuB) € (0) uccienoBaHHbIX cruaBos: [ — 05010, 2 — 051720, 3 —
03X11I'13, 4 —05T40, 5 — 07X18A0.5T'18, 6 — 07X19A0.7T'10C2, 7 — 08X18A0.8120

yCIOBUAX IedopMaIiuu BeIMIMHA Je(OPMAITMOHHOTO HaKIIena (MHKPOTBEPIOCTh
H\,) &-(ha3bl, BO3HUKAIOIIEN Ha TIOBEPXHOCTH TpeHus crutasa 03X11I'13, 3ameTHo
BBILIE BEIUYMHEI |, e-(a3pl, 00pasyromeiics B crnase 05120, Dot akT MOKHO
OOBSCHUTH MOJIOKUTEIBHBIM BIUSHUEM XpoMa Ha CIOCOOHOCTh £-MapTEHCUTa K
nepopmanronHoMy ynpounenuio [5]. Hexoropoe ymenbmenune H,, B HKC asor-
CoJIeprKalIiX y-CIJIaBaX ¢ POCTOM KOHIIEHTpAIMK a30Ta, MO-BUAUMOMY, 00YyCIIOB-
JIeHO TOJaBlieHueM Je(pOopMallMOHHOTO Y —> o/-mpeBpamieHus (BenuunHa Cg
yMeHblIaercs ot ~ 15 1o ~ 5%).

HKC OLK oa-cmmaa 05I'10 u I'IIK y-crimaBa 05140 o6nanator Gosiee BBICO-
kumu 3HaueHusimu K (0.45-0.55), Ih (6-10_7—2-10_6) u Ooyiee HU3KUMHU 3HAUeC-
Husama € (0.5-0.8), HeCMOTpsl HA UX MPEUMYIIECTBO B MIPOYHOCTHBIX XapaKTePH-
crtukax (H,, 1) mo orHomenuto kK HKC I'TTY g-crimaBos.

HKC &-¢ha3b1 mmeeT mpumMepHO Takue ke TPUOOJIOTHUECKUE CBOMCTBA, Kak 1 ['TIY
0-KOOQJIBT B aHAJIOTHYHBIX ycinoBusix Tpenus (K = 0.25, Th = 1077). Huskuit k03¢-
(GUIMEHT TPEHUS U TIOBBIIICHHOE COMPOTUBJICHUE a/IT€3MOHHOMY M3HAIIMBAHUIO KO-
OasbTa OOBSACHSIOT Pa3BUTHEM JIETKOTO 0a3MCHOTO CKOJIBKEHUS B (DOPMHUPOBAHUEM B
MOBEPXHOCTHOM CJIO€ KOOAJIbTa TEKCTYPhI TPEHUSI, KOTOPasi XapaKTepu3yeTcsi OpUeH-
Tarueit iockocteit 6asuca (0001),, mapanienbHO MOBEPXHOCTH TpeHUs [6].
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DJEeKTPOHHO-MUKPOCKOIIMYECKUE UCCIIEJOBaHUS MTOKA3alli, YTO CTPYKTypa CIla-
Ba 05120 mociie 3aKajiKd COCTOUT M3 MEPECEKAIOMIMXCS MIACTUH &-(ha3bl OXJIax-

nenus ¢ rabutycom {111}, (Cg = 55%) u ocrarounont y-dassr (C, = 45%) (puc. 5).
B aycrtenuTe mpuCYTCTBYIOT NeEKThl YMAKOBKH, YTO OOYCIOBIEHO JOCTATOYHO
HU3Ko# BenmunHoit DJ1Y y-dasel [7]. Bo3nelicTBre TpEeHUS CKOJIBKEHHS PUBOIUT

Puc. 5. Ctpykrypa azorcogepxamiero y-ciuiaa 08X18A0.81'20 B ucxomHoMm (3akajieH-
HOM) COCTOSIHUU (@, 6) 1 mocie (PUKIMOHHOTO HArpyXeHHsl (6—e): 6 — CBETJIONOJILHOE
n300pakeHre Ha PacCTOSIHUM /# < 5 pum; 2 — TEeMHOIONBbHOE M300pakeHne yJacTKa 6 B
pedekce (220) y-¢ha3bl; 0 — cBeTJIONOIbHOE N300paKeHHE Ha pacCcTOSHUU A ~ 10-20 um;
€ — TeMHOTIOJIbHOE N300paxkeHne yuyactka o0 B pedruexce (311) y-dazbr
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K (opmupoBanuto B nosepxHocTHoM ciioe HKC, cocrosieil B OCHOBHOM U3 Kpu-
ctaioB e-¢aszel pazmepom 0.01-0.1 um. Kpome e-azsr, HKC comepxut takxke
HEeOOJIbII0e KOJIMUYECTBO aycTeHUTa. C yBEIMYEHUEM PACCTOSHUS OT OBEPXHOCTH
Tpenus cBbitie 10 pm pasmeps! pparmentoB HKC cymecTBeHHO Bo3pacTaroT, 4To
00yCIOBJIEHO YMEHBIIEHHEM HMHTEHCHBHOCTH ILIACTHYECKON naedopmanuu 1o
rIyOMHE aKTUBHOTO ciiosi oOpasma. Ha paccrossHum ~ 20 um OT MOBEPXHOCTH
TPEHUsI KpUCTAJIBI €-(a3bl CTAHOBSTCS €11l OOJIbIIIE U YK€ UMEIOT BU OOBIYHBIX
neOpMHUPOBAaHHBIX TUIACTHH, KaK B CIIydae MPUMEHEHHUS TPAIUIMOHHBIX (MEHee
MHTEHCUBHBIX ) METO0B Aedopmaruu [7].

W3 nomyuyeHHBIX pe3ynbTaToB (cM. Tabmuiy) BuaHo, yto HKC e-da3bl B uc-
CJIEZIOBaHHBIX CIUIaBaX, HE MMEIOLIas 3aMETHON TEKCTYyphbl, 00Ja1aeT MPUMEPHO
CTOJIb )K€ BBICOKIMH TPHOOJIOTHUYECKUMH CBOMCTBAMH, YTO M TEKCTYPOBaHHAs T10-
BEPXHOCTh KOOasibTa. DTO CBHUJIETEIBCTBYET O TOM, YTO JeicTBHE Oa3MCHOTO
CKOJIB)KEHUSI B HAaHOKpUCTALIaX &-(ha3bl, H30OMOPPHOU (-KOOATBTY, CHUKAET CO-
npotusinenre HKC cnBury B HampaBieHHM JEWCTBUS BHELIHEH TaHTCHIMAIbHOM
cuibl (T = 1600 MPa). OcHoBBIBasich Ha pe3yibTaTax pabot [7,8], MOXKHO TIpe-
HOJIOKHTb, YTO 0a3MCHOE CKOJIbKEHME, XapakTepusylomieecss ManbM (~ 3) duc-
JIOM CHUCTEM CKOJIbKEHHSI, 00JIerdaeT MpoX0oXACHUE JUCIOKAUi Yepe3 Telo Ha-
HOKPHUCTAJUIOB K TPaHUIAM U TEM CaMbIM OOYCIIOBJIMBAaeT CHU)KEHUE HaIpshKe-
HUI, HEOOXOAMMBIX IJIsi pOTaluu (HparMeHTOB HCCIEAYEMON CTPYKTYpPBI MO
JIeCTBUEM BHELIHMX KOHTaKTHBIX CHIL.

B ornuumne or HKC y-cnmaBa 05140, HKC a3zoTconepskamniux y-CIijiaBoB
07X18A0.5I'18, 07X19A0.7T'10C2 u 08X18A0.81'20 00mamaroT TakUM K& HU3-
kuM kodpdummentom tperus K (0.25-0.27), xak u HKC e-crmaBoB 05120 u
03X11I'13 (cMm. Tabmuiry).

DIEeKTPOHHO-MUKPOCKOIMUYECKUE UCCIIEI0BaHUs MTOKA3all, YTO B CTPYKType
azorcoaepxkamumx y-cruiaBoB 07X18A0.51°18, 07X19A0.71'10C2 u 08X18A0.8120
[OCJI€ 3aKajJKU MPUCYTCTBYIOT ABOMHUKM OTXKHIA, OTAEJbHBIC JHCIIOKALMH,
JUCIIOKAIIMOHHBIE JUIOJIN U MyJIbTuUnonu (puc. 5). Hanuume nuciokanoHHBIX
MYJIBTUIIOJEH CBUAETENBCTBYET O CKJIOHHOCTH HCCIEAYEMOIO CIlIaBa ¢ a30TCo-
nepkaiei y-gazoit k maHapHoMy ckonbxenuto [9,10]. BosapeiicTBue TpeHus
CKOJIbKEHHSI TPUBOAUT K oOpazoBaHuio B moBepxHocTHOM cioe HKC (pasmep
mukpodparmeHToB cocraBnger 0.01-0.1 pm), xoTopas sBISeTCS TUIUYHOU
CTPYKTYpO#l a30TCOAEpKAIIUX Y-CIUIABOB, Ne()OPMUPOBAHHBIX CIBUTOM IIOJ
nasinenueM [11]. C yBenuyeHueM paccTOSIHUS OT IOBEPXHOCTHU TPEHHs CBBIIIE
10 pm pa3mepsr pparmentoB HKC a3orcopeprkamux y-CrjiaBoB 3aMETHO BO3-
pacTaroT.

[TosmydeHHbIe pe3yabTaThl CBUAETEIBCTBYIOT, YTO OJJTHOM M3 OCHOBHBIX MPUYHUH
nosbIeHust Tpubosoruueckux cBoiictB HKC a3orconmeprkaimux y-criaBoB, Mo-
BUJMMOMY, SIBJISIETCSI TIOJIaBJICHUE MOIMEPEUYHOr0 CKOJIbKEHUS U, CIIEI0BATENbHO,
aKTUBAlMA IJITAHAPHOTO CKOJIbKEHHS B HAaHOKpHCTalIax y-(pasbl, 4YTO CyILIECTBEH-
HO OTPaHUYMBAET YUCIO JECHCTBYIOLIUX CHUCTEM CKOJBXKEHMS B KpUCTAJIaX ay-
CTeHUTa. B yCloBUsX eHCTBUSA pOTALlMOHHOTO MeXaHU3Ma IUIaCTUYHOCTH, BOJIU-
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3W TIOBEPXHOCTU TPEHHsI, YMEHBIIIEHUE YHCIIa CUCTEM CKOJBKECHHSI B ayCTEHUTE
o0Jjeryaer nepeMerieHne IUCIoKalui yepes3 Teno (pparMeHToB K UX TpaHHIaM U,
CJIeIOBATEeNbHO, CHUXKAET COMPOTHBICHHE OTHOCUTEIHLHOMY MPOCKAIB3bIBAHUIO
mukpogpparmenToB HKC a3orconepxamux y-CruiaBos.

Takum oOpazoM, cyllecTBEHHOE CHIDKeHUEe Kod(pduimeHTa TpeHus K U UH-
TEHCHUBHOCTHU a/IF€3MOHHOTO M3HAIIMBaHUsA [/, a TakKe NOBBILLIEHNE a0pa3uBHOM
uszHococtoiikoctu € HKC g-cmmaBoB u HKC azorcoaepskamniux y-criaBoB cBsi3a-
HO B OCHOBHOM C YMEHBILIIEHHEM YHCJIa CUCTEM CKOJIBKEHMSI B HAHOKpHUCTAJIaX
3TUX CIIaBOB (n — 3), KoTopoe obecredynBaeT Oojee JErkKoe MPOXOXKIACHHE
JUCJIOKAIMi K TpaHULlaM HAaHOKpUCTAJUIOB. JlaHHbIE, TPUBEJACHHBIE B Ta0/IHIIE,
Takke nokasbiBaroT, yTo HKC e-dassl xapakrepusyrorcs B 3—3.5 paza Oonblieit
MHTEHCUBHOCTHIO aJT€3MOHHOIO0 W3HAIMBAHMS, YEM TEKCTypOBaHHasi MOBEpX-
HOCTh O-KoOanbTa. Hamuune y HaHOKpUCTaUIMYECKOro0 MaTepualna 4pe3BbIuaii-
HO CWJIBHO Pa3BUTON CUCTEMBI TPAHUII, 00JIAIAIOIINX W30BITOYHON SHEPTHEH,
MO-BUAMMOMY, YCHUJIMBAeT aJAre3MOHHOE B3aMMOJEHCTBHE METAUIMYECKHX IO-
BEepxHOCTEH [6].

BriBoabI

Huskumu kodddunmenramMmu TpeHuss K W TOBBIICHHBIMU 3HAYCHHUSIMH a0Opa-
3uBHOU H3HOcocTorKocTH € obmanatoTr HKC a3zorcogepxamux y-cmmaBoB u HKC
€-CIUTaBOB. Pa3BUTHE B JaHHBIX CIIaBaX COOTBETCTBEHHO 0A3MCHOTO U IJIAHAPHO-
IO CKOJIbXKEHHS, KOTOPBIE XapaKTEPU3YIOTCS MEHBIIUM YHCIIOM CHCTEM CKOJIbXKe-
HUs, 00YCIIOBIMBAET CHWKEHHE compoTuBiieHus portanuu pparmentoB HKC u,
CJIeIOBATENbHO, MOBBIIIEHUE TPUOOIOTHUYECKUX CBOMCTB.
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H.F. Egpoc, JI.I'. Kopuynos, B.M. E¢ppoc, O.A. /lasudenxo, B.M. Bapioxin

KOHTAKTHA MILUHICTb HAHOKPUCTAJIIYHNX CTPYKTYP
NMOBEPXOHb TEPTA BUCOKOA3OTUCTUX AYCTEHITHUX CIJTABIB

JlocaipkeHO BIUIMB KOHIIGHTpAIii a30Ty Ha TPUOOJIOTIYHI BJIACTUBOCTI ayCTEHITHHX
cmiaBiB. [loka3aHo, IO a30TOBMICHI Y-CIUTABH XapaKTEPU3YIOTHCS OUTBIIT HU3BKUMH KO-
edimienTamMu TepTA K Ta MiIBHINEHUMH 3HAYCHHSIMH a0pa3uBHOI 3HOCOCTIMKOCTI € MpH
(pUKLiHHOMY HaBaHTa)KeHHI. PO3TISHYTO CTPYKTYpHI MEXaHi3MH, IIO0 TMOSICHIOIOTh OT-
pUMaHi pe3yJIbTaTH.

Karo4oBi ciioBa: BUCOKOA30THCTI ayCTEHITHI CIUIaBH, anaresiiiHe Ta abpa3uBHE 3HOINIY-
BaHHS, TPUOOJIOTIYHI BIIACTUBOCTI

N.B. Efros, L.G. Korshunov, B.M. Efros, A.A. Davidenko, V.N. Varyukhin

LOCAL STRENGTH OF NANOCRYSTAL STRUCTURES OF FRICTION
SURFACES OF HIGH-NITROGENOUS AUSTENITIC ALLOYS

The effect of nitrogen concentration on tribological properties of austenitic alloys has
been investigated. It is shown that nitrogen-containing y-alloys are characterized by lower
frictional coefficient K and increased abrasive wear resistance € at frictional loading.
Structural mechanisms clarifying the obtained results are considered.

Keywords: high-nitrogenous austenitic alloys, adhesive and abrasive wear, tribological
properties

Fig. 1. Phase composition of the tested alloys before (a) and after (6) treatment by sliding
friction (alloy—steel): 7/ —05I'10, 2 — 05120, 3 — 03X11I'13, 4 — 05140, 5 — 07X18A0.5T"18,
6 —07X19A0.7T'10C2, 7 — 08X18A0.8120

Fig. 2. Microhardness H|, (a) and shear resistance t (0) of the tested alloys after sliding
friction (alloy—steel): 7/ — 05’10, 2 — 05120, 3 — 03X11T'13, 4 — 05740, 5 — 07X18A0.5T'18,
6 —07X19A0.7T'10C2, 7 — 08X18A0.8120

Fig. 3. The scheme of wear («) and the frictional coefficient K (6) of the tested alloys af-
ter the treatment by dry sliding (alloy—steel): 7 — 05I'10, 2 — 05120, 3 — 03X11I'13, 4 —
05740, 5 — 07X18A0.5T'18, 6 — 07X19A0.7T'10C2, 7 — 08X18A0.8120

Fig. 4. Intensity of adhesive wear (alloy—steel) /% (a) and abrasive wear resistance (alloy—
abrasive) € (6) of the tested alloys: 7 — 05I'10, 2 — 05120, 3 — 03X11I'13, 4 — 05140, 5 —
07X18A0.5T'18, 6 — 07X19A0.7T'10C2, 7 — 08 X18A0.8T°20

Fig. 5. The structure of the nitrogen-containing y-alloy 08X18A0.8I'20 in the initial
(hardened) state (a, 6) and after frictional loading (6—¢): ¢ — bright-field image at the dis-
tance # < 5 um; e — dark-field image of ¢ area in reflection of (220) y-phase; 0 — bright-
field image at the distance # = 10-20 um; e — dark-field image of 0 area in reflection of
(311) y-phase
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PACS: 81.20.Sh, 81.40.—z

1O.B. Bo3HsIK

BNVAHVE MAPLUPYTA JE®OPMUPOBAHKA HA CBOMCTBA
MNONMUTETPADTOPITUNEHA MOCNE PABHOKAHANBHOW YIOBOW
OKCTPY3NN

JoHeuknii nsmko-TexXHNYeckuin MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbs noctynuna B pegakumio 6 sHeapsa 2012 roga

Ha npumepe nonumempagpmopsmunena (IITD3) paccmompersvt 603MOACHOCIMU PA3TUY-
HBIX Mapuipymos 0eghopmMuposanus 8 ciyyae pasHokanaibrot yenosou (PKY3) u pasno-
KananvHoUu MHo2oyenosot (PKMY3) skcmpysuu 0ns mooudukayuu cmpykmypol u
ceolicms kpucmanauzyiowuxcs noaumepos. Iloxazano, umo mapupym A (PKY3) obec-
neuyusaem svicokyro, a mapuipym C (PKYD u PKMYD) — Hu3kyio anuzomponuio mexauu-
YecKux C8olCme IKCmpyouposanuvix noiumepos. Mapupym E (PKMY3) no cpasnenuio
¢ mapwpymom C no3zgonsem c@hopmuposamsv IyUuull KOMIIEKC DUIUKO-MEXAHUYeCKUX
CBOUCME NPU MEHLUUX 3HAYEHUAX HAKONIEHHOU dedhopmayuu u 0asieHus IKCmpy3uu.

KiroueBble cjioBa: paBHOKaHaJbHAsl YTJIOBas 9KCTPY3Hs, paBHOKaHaJIbHass MHOTOYTJIO-
Bas OKCTPY3us, MapmpyT JIedOpMUPOBaHHSA, MOIUTETPAPTOPITHICH, (HUIUKO-
MEXaHHYECKHE CBOMCTBA

BBenenne

TBepnodasHas CTpyKTypHast MOAU(PUKAIUS TOTMMEPOB BKIFOYAET MHOXKECTBO
METOJIOB, OCHOBAHHBIX Ha IJACTHUYECKOH aedopmaryiu, B OOJBLUIMHCTBE CIyyacB
HaIPaBJIECHHBIX Ha CO3/IaHHUE BBICOKOOPHUEHTHUpPOBaHHOro cocrosHus [1]. K ux
YHCITy OTHOCSITCSI OTHO- WJIM JIBYXOCHAs BBITSKKA, OJTHOOCHOE C)KaThe, MpoKaTka,
BOJIOYEHHE, MJIOCKOe(OPMAITMOHHOE CXKATHE WU MPOKATKA, TUTYH)KepHAs U TU/-
pocratuueckas 3kcTpy3us u ap. [1,2].

Bce MHOr0006pa3ue Metron0B TBepaA0(]a3HOI MOJEKYIAPHON OPHEHTAIIMHA MOX-
HO pa3leNuTh Ha JBE Ipynnbl. B mepByro BXOAAT METOJbl, OCHOBaHHbIE HA Je-
(opMHpPOBAHNY MTOJTUMEPHON 3arOTOBKH, COIIPOBOKIAIOIIEMCS ee (hOpMOU3MEHe-
HUEM (BBITSKKOM). BTopyio rpymnimy cocTaBisiiOT MPOLECCHl, HE CBSI3aHHBIE C W3-
MEHEHHEeM (GOpPMBI M pa3MEpOB M OCHOBAHHBIE HA WHTEHCHUBHOW IUIACTHYECKOM
nedopmaruu (M), ocymecTBiasieMoli B yCIOBUAX MpocToro casura. Haubonee
u3BecTHb U3 HUX PKYD [2,3] u ee mogudunmpoBanHsiii Bapuant — PKMVYD [4].
Ocob6enHocThio Takux MeToaoB UITJ] sBaseTcss cmocoOHOCTh CO3MaHUs Pa3Ind-
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HBIX MapLIpyTOB AedopMaliy ¢ LeIbl0 TeHepalyu pa3Hoo0pa3HbIX GOpM MoJie-
KyJsipHOM opueHTauuu. [locnennee qocturaercs nmyTeM U3MEHEHUS HaIlpaBIICHUS
OpPHUEHTAIMM 3arOTOBKU B TEUCHHME HECKOJIBKUX IUKIOB 3KCTpy3un (PKYD) ummn
noyiockeHus aedopmupyromux kananos (PKMYD). IIponecc PKMYD no3Bossier
TaKXe pPeaJr30BbIBATh KOMOMHAIIMM PA3JIMYHBIX MapIIPYTOB Ne(OPMHUPOBAHUS B
TEYEHUE OJHOTO LUKJIa 00pabOTKH.

B Hacrosmeit padore Ha mpumepe I[ITDD paccMOTpeHBl BO3MOKHOCTH pa3-
JUYHBIX MapuIpyToB AepopmupoBanus B cirydae PKYD u PKMVYD nns ynpasne-
HUS CBOMCTBAMH KPUCTAJIU3YIOIIMXCS IOJUMEPOB.

Pe3ysabTaThl 1 HX 00CcyKAeHUE

B cayuae PKVYD xpucrammmsyrommxcsi NOJIMMEPOB HCCIEAOBAHO BIHSHHE
JBYX MapLIpyToB Je(pOpMUPOBaHUs: MapuIpyTa 4 (KOraa opueHTaIMs 3arOTOBKHU
ocTaeTcs HEM3MEHHOM MpH KaxaoM npoxozae) u C (koraa mocie Kaxaoro LUKia
AKCTPY3UHU 3arOTOBKA IMOBOPAUYMBAETCS BOKPYT CBOEH MpoaosiabHOUN ocu Ha 180°).
CornacHo nanHbIM [5—-15] nepopmupoBanue no mapuipyty 4 o0yciaOBIMBAET Ie-
pexXo1 OT UCXOIHOM c(HEPONUTHON K MUKPO- U MAKPODUOPMIISIPHON CTPYKTYpaM,
OPUEHTUPOBAHHBIM BJIOJIb HallpaBlieHUs cBUra. CTENEHb OPUEHTALIUN ONPEIEIs-
€TCsl BETMYMHON HAKOTUICHHOW Aedopmaliiui (YUCIOM MPOXOJ0B Yepe3 mepece-
Karouecss kaHaisl). JledopmupoBanue nmo mapumpyty C mpu KakIOM YETHOM
LUKJIE DKCTPY3UU MPUBOAUT K pa3opUEHTAlMU MaKpo(GUOPHUILT OTHOCUTEIBHO Ha-
IIPABJICHUS CIBUIA, KOTOpas CONPOBOXKIACTCS MX YTOIIIEHUEM W YaCTUYHBIM
BOCCTAaHOBJICHHEM C(HEPOIMTHONH CTPYKTYphl. DOpPMHUpOBAaHUE TAKHX CTPYKTYP
o0ecreunBaeT, B YaCTHOCTH, B Cllyyae MapuipyTa A sSpKO BBIPAKEHHYIO aHH30-
TPOIUIO MEXaHUUYECKHUX CBOMCTB, M3MEPEHHBIX B PA3JIMYHBIX HANPABICHUSX IO
OTHOILIEHMIO K OCH IKCTpyJaTa, B ciydae mapuipyra C — Gojee cOamaHCHpPOBaH-
Hbl€ MEXaHMYECKHE CBOMICTBA, T.€. MX pa3IU4Me€ B MPOJOJHBHOM M IMONEPEUYHOM
HaIpPaBJIEHUAX dKCTPYIaTOB MEHEE BBIPAKEHO.

OpHako cieqyer OTMETHTb, YTO JOCTUTHYTBI B 3THUX paboTax MHpHUpOCT
CBOMCTB 3KCTPYAAaTOB HE3HAUUTENEH. YKa3aHHOE OOCTOSATENBLCTBO CBSI3aHO C TEM,
gyt0 miporiecc PKYD BemomHsuics 6e3 HarpeBa 3aroTOBKH WIIHM MPHU TEMIIepaType,
KOTOpas JajeKka OT ONTUMAaJbHOW. /[JIs1 KpUCTAIIM3YIOMMXCS MOJIMMEPOB ONTH-
MaJibHasl TeMIlepaTypa 3KCTpy3uu 1, onpezensercs u3 cootnomenus 7, = (0.75 +
+ 0.15) 7, (T,, — TemnepaTypa IiiaBieHus noaumepa) [2]. DKkcTpy3ust IpH MEHb-
HIMX TEMIIepaTypax MPUBOJAUT K IIPEBAIIMPOBAHUIO IIPOLIECCOB MEXAHUYECKOM Je-
CTPYKLIMHU NIOJMMEPHBIX LENeN Hall IPOLeccaMi OPUEHTALIMOHHOIO YIIPOYHEHUS B
CHUJIy OTPAaHMYEHHOW MOJIEKYJSIPHOM MOJBHKHOCTU. B TO ke Bpems ocy1iecTBiie-
HUe MHoromnpoxoaHoii PKYD mnpu noBbllIeHHBIX TemIeparypax, oOecredyuBast
OOJIBIIYIO0 BETMYHMHY HAKOIUICHHOW JedopMaIiui, TeM HEe MEHee JIeJacT MpoIece
Masi03(p(pEeKTUBHBIM HM3-3a pelaKcallMy HaNpsDKEHUH, MPOUCXOASIIE MpU OCThI-
BaHUU U MOCJIEIYIOIIEM Harpese Je(pOpMUPOBAHHOTO MOJIUMEPA.

[Tpu PKMYD (puc. 1,a) BcreacTsue 3HaKONEPEMEHHOIO Xapakrepa aegopma-
UM pean3yeTcst HampsHKeHHO-Ae(GOpMUPOBAaHHOE COCTOSIHHE MaTepuania, cOOoT-
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BeTcTBYIOLIEe Aegopmanuu o Mapupyty C (puc. 1,0) nin KOMOMHAIUK pa3iany-
HBIX MapuipyToB NeGOpMHPOBaHHUS B TEUEHHE OJHOTO LHWKJA mporecca. B Ha-
cTosiliel paboTe paccMOTpeH cilydaif, KOrja IUIOCKOCTH CJIBUTa PacHojararTcs
noJ yriioM £45° K 0CH SKCTPY3UH U HOPMaJI K HEH, a TakKe B IIOCKOCTSIX, Mep-
HNEeHJIUKYJISPHBIX OCH 3KCTPY3HHU (Ha3BaH MapupyToM E, puc. 1,8).

{}P
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Puc. 1. [Iponecc PKMVYD3: a — cxema mpomiecca (/ — matpuma, 2 — IMyaHCOH, 3 — TOJIH-
MEpHasl 3aroToBKa, 4 — Qaibii-3aroroBka); 6 — MapmpyTt C (IIO0CKOCTH ehOPMUPYIO-
MIMX KaHAJIOB MapajuieNibHbl); 6 — MapupyT £ (Tockoctu AehOopMHUPYIONIMX KaHAIOB
PAacIONOXKEHBI O] pa3HbIMK yriiaMu ). CTpeNkaMu MoKa3aHbl HAMPABJICHUS CJIBUTA

B tabn. 1 npuBeneHs! cpegHue 3HAUCHUSI MUKPOTBEPAOCTH B MPOJOIBHOM H I
U nonepeyHom H L ceuennsx 9KCTPYAATOB, BEIMYNHA aHU30TPOIMU MUKPOTBEP-

noctu AH =1- XapaKTepU3yIollas Pa3HUIy B IMPOYHOCTHBIX CBOMCTBax B

il -’
MPOJOIBLHOM U TONIEPEYHOM CEUYCHHSX IKCTPYJATOB, a TAKXKE TUCTIEPCHS MUKPO-
1 g 2
TBEJOCTH B MONEPEUYHOM ceueHUun Dy = ﬁZ(H - H;)” (n — xomuuecrt-
n(n—1)*
i=1

BO HSMepeHHﬁ, I‘[l — pE3yJIbTaT OTACIBHO B3ATOI'0 U3MEPCHHUA BCIMYNHBI MUKPO-

TBepHOCTH, H — CpejHEe 3HAUEHHE MUKPOTBEPIOCTH) Il MCXOIHEIX 06PAa3LoB
OT®D (P.T.F.E., QUADRANT) u skcTpyAaroB, HOJTYYEHHBIX MPH peaTn3aluu
nporiecca PKMVYD, Bkiouaromero pasinyHble MapumipyThl AehOpMHUPOBAHUSA.
Temmneparypa skctpy3un cocraBisia 498 K, ckopocts skcTpy3un — 0.6 mm/s,
uHTeHCUBHOCTE Aedopmarmu A} = 0.83, 4TO COOTBETCTBOBAIO ONMTUMAILHBIM
ycaoBusM mpoiiecca [16].
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Tabmuma 1
Bausinue PKMY?J na mukporBepaocts [ITDI
Mapuipyt . P, Ht gl Al Dur
nedhopMupoBaHUs MPa
HcxoaHoe cocTosHre 0 - 40 41 0.02 0.28
4.4 330 55 65 0.15 0.50
Mapipyr C 6.7 342 60 70 0.14 0.50
9.1 354 61 70 0.13 0.46
11.4 356 64 74 0.14 0.42
4.4 325 70 78 0.10 0.40
Mapmipyt £ 6.7 334 77 85 0.09 0.40
9.1 345 80 87 0.08 0.38
11.4 354 84 90 0.07 0.35

Cornacho [17] pocT MUKPOTBEPAOCTH KPUCTAIUIM3YIOIIMUXCS MTOJIMMEPOB CBSI-
3aH C MOBBILIEHUEM HX CTENEHU KPUCTAIUIMYHOCTH W/MIM (POPMUPOBAHHEM OpU-
eHTauuMoHHoro mopsnaka. Ilocneanee oOycClOBIMBaeT TakkKe MOSBICHUE aHU30-
Tponuu Mukpoteepaoctu AH. B cinyyae PKMVYD Benuunna AH yMmeHbIIaeTcs ¢
POCTOM HAKOIUIEHHOW Je(OpMaluu €, YTO OOYCIIOBJIEHO 3HAKOIEPEMEHHBIM Xa-
paktepom aedopmaruu npu PKMYD, dopmupyromeii B SKCTpyaaTe IperuMyIie-
CTBEHHO MHMKPOCKOIIMYECKYIO MOJIEKYJISIpHYIO opueHTanuto [16]. Mcnonb3oBanue
Mapupyta E no cpaBHeHHIO ¢ MapuipyToM C obecnedyuBaeT 0ojee BBICOKHE
a0COIOTHBIEC 3HAYEHHSI MUKPOTBEPAOCTH M MEHBIIYIO BEJTMUMHY €€ aHU30TPOITUU
MIPU OJIMHAKOBOM HAKOTUICHHOU nedopmarinu. OTHOBPEMEHHO JOCTUTAETCs OoJee
OJIHOPOJHOE pacHpeeeHue MUKPOTBEPAOCTH 110 ONEPEYHOMY CEYEHHUIO IKC-
TPYAaTOB.

Crnenyer OTMETUTH TaKXke, YyTO OONBIIMKA YHPOUHSIOUIMHA >PQeKT B ciyyae
MapuipyTa £ 10CTUraercs Hpu MEHBIIMX 3HAYEHHAX MaKCUMaJIbHOTO IABJICHMS
akCcTpy3un P, (tabdn. 1). Otnuumne B aOCOMOTHBIX 3HaUeHUSX P, B ciydae pas-
JMYHBIX MapIIpyTOB Je(HOPMUPOBAHHUS MOXKET OBITh CBA3aHO C peanu3anueit 3¢-
¢exra baymmnrepa [18], cocTosiero B NOHM)KEHUH CONPOTHBIICHUS IUIaCTHYe-
CKOH aedopmanvy npu nepeMeHe 3HaKa HarpyeHusi 1 00yCIOBJIEHHOTO HAJTNYH-
€M OCTaTOYHBIX HaNpsKEHUH, KOTOpBIE, CKJIaJbIBasACh ¢ pabOYUM HaNpsHKEHUEM
NpY U3MEHEHUH 3HAaKa Harpy3KH, BBI3BIBAIOT €T0 MOHIKeHHE. [Ipu aToM adexT
3HAYUTEIBHO OCNA0JIAETCSl P MHOTOKPATHBIX LIUKIMYECKUX Harpyx’eHusx. Tak
Kak B ciydae mapuipyta C 3HakonepeMeHHas fedopMalius IpOUCXOAUT B OJHOU
IUIOCKOCTH, TO TPU OJUHAKOBOM crenmeHu nedopmanuu ocnabieHue sdpdexra
baymunrepa Oyzaer Oonblie, yeM B ciiydae MapuipyTa E, peaqu3yoliero 3HaKo-
HNEpEeMEHHYI0 1e(hoOpMalHIO B Pa3IMYHbIX TIOCKOCTSIX.

Hapsiny ¢ moBbimenneM Mukporsepaoctd PKMVYD obecrieunBaeT 3HAUYNUTEb-
HOE YBEJIMYEHHE IUIOTHOCTH P, YIPYTUX U MPOYHOCTHBIX XapakTepuctuk [1TDI:
MOJyJIsl yIPYrOCTU E, Mpelena TEKYYECTH G, PaspyIlaroliero HaNpsHKEHUS Gp,
U3MEPEHHBIX MPHU PACTIKEHUU 00pa3loB, BHIPE3aHHBIX BJ/IOJIb HANPABJIEHUS JKC-
Tpy3uu (Tabu. 2). Ilnactuanocts (aedopmanus TEKy4eCTu €, U aedopmanus pas-
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PYILIEHUS €p) IPU STOM HECKOJIBKO CHUXkaeTcsa. Hawmnydiee coyeranue ynpyrux,
MPOYHOCTHBIX M TIACTUYECKUX XapaKTEPUCTHK MMEET MEeCTO Juis Mapuipyrta E.
[To cpaBHenuto c¢ wmapmpyrom C JIydmIMid KOMIUIEKC JepOpMaluoOHHO-
MIPOYHOCTHBIX XapAaKTEPUCTUK JIOCTUTAETCs NMPU MEHbIIUX 3HaueHusX €. [loBene-
HUE TJIOTHOCTH SKCTPYAATOB P KOPPETUPYET C U3MEHEHHUEM MPOYHOCTHBIX XapaK-
TEPUCTUK. MaKCUMalbHBIN €€ pOCT JOCTUraercs B ciiydyae mapuipyTa E. Y 3kc-
TPYIaTOB OTMEYAIOTCS TAK)KE MOBBIIIEHHBIE TI0O CPABHEHUIO ¢ HenedopMupoBaH-

HBIM MNOJHUMCPOM 3HAYCHHUA CTCIICHU KPUCTAJUIMYHOCTHU Xﬁ, PACCHUTAHHBIC I10
JaHHBIM U3MCPCHUA IIJIOTHOCTH. HaI/I6OJ'II)IHy10 BCJIMYMHY OHU UMCIOT IIPU pCain-

3anuu Mapuipyta E (tabm. 2).

Tabnuua 2
Bausinue PKMYJ Ha ¢u3uko-MexaHnyeckue CBONCTBA U CTeNEHb
kpuctanyaocTa [ITOI

Mapuipyt . ;o E | o | o & | e p

neOpMUPOBAHHST g/cm MPa % Xe

Hexonroe — | 2168 | 415 27 28 | 27.0 | 380 | 048
COCTOsHHUC

44 | 2172 | 560 39 42 | 255 | 325 | 049

Mapupyt C 6.7 | 2.172 | 640 45 49 | 250 | 320 | 0.49

o1 | 2172 | 715 52 56 | 25.0 | 320 | 049

114 | 2173 | 830 58 60 | 252 | 317 | 049

44 | 2175 | 670 50 53 | 258 | 340 | 050

Mapupyr £ |07 | 2176 | 940 65 68 | 253 | 340 | 0.50

91 | 2.179 | 1100 | 76 79 | 25.4 | 344 | 051

114 | 2.180 | 1180 | 85 88 | 254 | 346 | 051

Takum 00pa3zom, B cilyyae KPHCTAIM3YIOLUXCS MOJUMEPOB CYILIECTBEHHOE
3HAUEHUE I YIy4IIEeHUs KOMILJIEKCA CBOMCTB MMEIOT HE TOJIBKO TEMIIEpaTypa,
CKOPOCTb 3KCTpPY3UH, MHTEHCUBHOCTH Je(OopMallid U BEIMYMHA HAKOIJICHHOU
negopmanuy, HO U MapuIpyT mpouecca. M3 nccieqoBaHHBIX MapLIpyTOB Mpej-
NoYTHTENbHEe MapmpyT E, obecneunBaronmii HanboIee BHICOKHN YpOBEHb (u-
3UKO-MEXaHUYECKHUX XapaKTEPUCTHUK.

BeiBOABI

SddexruBnocts npoueccoB PKYD u PKMYD kpucrausyromuxcsi HolIMmMepoB
B 3HAYUTEIILHOM CTETICHU OIIPE/ICNSETCS] BHIOPAHHBIM MapIIPYTOM JIeOpMHUPOBAHNUS
(T.e. HanpaByIeHUeM IpocToro casura). B ciaydyae PKMVYD peanuzaius mapiipyra £
Mo CpaBHEHHIO ¢ MapmipyToM C TIO3BOJISIET JOCTHTATh OOJIee BBICOKUX 3HAYCHUI
IUIOTHOCTH, XECTKOCTH W NpodHocTH [ITD3D, coxpaHsas Ha BBHICOKOM ypPOBHE €roO
IUIACTUYECKUE XapaKTEPUCTUKU M 00eCreurBasl IPU 3TOM MEHBIIYI0 aHU30TPOIHIO
CBOMCTB B INpPOJOJBHOM M IONEpeYyHOM HarpaBieHusx. HaOmonaemsle 3¢dexTst
CBsI3aHBI C (POPMHUPOBAHMEM OPHEHTALMOHHOTO TOpSAKA, YBEIMUCHHUEM CTETICHH
KPUCTAIUTMYHOCTH ¥ YMEHbIIEHHEM JIe(PEKTHOCTH CTPYKTYphl 3KCTPYIaTOB.
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IO.B. Bosusx

BJINB MAPWPYTA OE®OPMYBAHHA HA BJIACTUBOCTI
NONITETPAGTOPETUNERY MICNA PIBHOKAHAIIBHOI KYTOBOI
EKCTPY3II

Ha mpuknani momiterpadropetmneny (IITOE) po3rissHyTOo MOXIHUBOCTI Pi3HUX Map-
mIpyTiB nedopmyBaHHA y pasi piBHokaHanbHOI KyToBoi (PKKE) i piBHOKaHansHOI Oara-
tokyToBOi (PKBKE) exctpysii mis Mmoaudikamii cTpykTypH ¥ BIacTHBOCTEH HOJiMeEpiB,
sKi KpucTami3yoThcs. lokazano, mo mapmpyT A (PKKE) 3abesneuye BHCOKy, a Map-
mpyt C (PKKE i PKBEKE) — HU3bKY aHi30TpOMiI0 MeXaHIYHUX BIACTHBOCTEH €KCTPYIO-
BaHux mosiMepiB. Mapmipyt £ (PKBKE) nopisasHO 3 MapmpyToMm C mo3Boisie popMyBa-
TH Kpauuid KOMIUIEKC (i3UKO-MEXaHIYHUX BIACTUBOCTEH 3a MEHIIMX 3HAUY€Hb HAKOIH-
4yeHoi Aedopmallii Ta TUCKY eKCTpy3ii.

KiarouoBi cioBa: piBHOKaHaJIbHA KyTOBa €KCTPY3is, piBHOKaHAIhHA 0araTOKyTOBa €KCT-
py3ist, nomireTpadTOpeTHIIeH, MapIIpyT AeOopMyBaHHs, (i3MKO-MEXaHIYHI BIaCTHBOCTI
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Yu.V. Voznyak

EFFECT OF THE DEFORMATION ROUTE ON THE PROPERTIES
OF POLYTETRAFLUOROETHYLENE AFTER EQUAL CHANNEL
ANGULAR EXTRUSION

In the case of polytetrafluoroethylene (PTFE), the abilities of different routes of
deformation to modify the structure and properties of semicrystalline polymers in the
course of equal-channel angular (ECAE) and equal-channel multiple-angular (ECMAE)
extrusion have been studied. It is shown that the route 4 (ECAE) provides high
anisotropy of mechanical properties of extruded polymers and the route C (ECAE and
ECMAE) demonstrates low degree of anisotropy. Route £ (ECMAE) compared with the
route C allows creation of better set of physical and mechanical properties at lower values
of accumulated strain and extrusion pressure.

Keywords: equal-channel angular extrusion, equal-channel multiple-angular extrusion,
deformation route, polytetrafluoroethylene, physical and mechanical properties

Fig. 1. ECMAE process: a — the scheme of the process (/ — die, 2 — punch, 3 — polymeric
billet, 4 — sacrified billets); 6 — C route (the planes of deforming channels are parallel); ¢ —
E route (the planes of deforming channels are positioned at varied angles). Shear direc-
tions are marked by arrows
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PACS: 75.50.Bb, 65.40.De, 81.40.Vw, 81.40.Ef

B.M. Ha,l:l,yTOB1, O.J1. Bau.lyK1, M.1O. Bonocesmq1, B.A. BGJ'IOLIJeHKOZ,
B.3. CI'IyCKaH}OKz, AA. ,D,aBI/I,EI,eHKOZ

CTPYKTYPA Y CBOMCTBA MHBAPHOI O ILIK-CIMNJIABA Fe-35% Ni
MOCNE KOMBMHUPOBAHHOW MIACTUYECKOW OEDOPMALLN
FMOPO3KCTPY3VEW 1 BONTOYEHMEM

1|/|HCTI/ITyT meTannodusnku um. I.B. Kypgiomosa HAH YkpanHbl
6. Akag. BepHapckoro, 36, r. Kues, 03680, YkpanHa

2,E|,0Heu,Kvu7| PU3UKO-TEXHUYECKUI MHCTUTYT uM. A.A. lankuHa HAH YkpauHbl
yn. P. Itokcembypr, 72, r. JoHeuk, 83114, YkpanHa

Crartbs noctynuna B pegakuuio 28 anpens 2012 roga

C ucnonvzosanuem npoceeyusaiowjell 31eKmpOHHOU MUKPOCKORUU, PEHMEEHOBCKO20, OU-
Aamo- U OPOMEMPUUECKO20 AHAIU308 UCCLEO08AHO 6IUAHUE KOMOUHUPOBAHHOU MNid-
cmuyeckoll oeghopmayuu unsaprnozo cnaasa Fe—35% Ni memooamu eudposxcmpysuu
(I 3) 0o & = 3.47 u nocredyroweeo gonouenus 0o € = 4.69 na e2co cmpykmypy, uneapmbie
u mexanuyeckue ceoticmea. Ilokazano, umo 8 ciyuae KOMOUHUPOBAHHOU NAACIUYECKOU
Oepopmayuu npoucxooum boee 8bICOKASL CMeNnenb OP2AHU3AyulL Spanuy cyocmpyKmyp-
HbIX 3]leMeHmos ¢ pazmepamu 00 1 pm Kax 6 nonepeuHom, max u npooOIbHOM K HANPAG-
JNEHUI0 00JiIcamusl cedenuy Npu HAIu4uu eHympu Hux oonee oucnepchvix (0o 100 nm)
dopmuposanuii comoodbpasnoco euda ¢ nesnawumenvhol (menee 1) pazopueHmuposrou
Mmedxncoy cocedsimu. Imo 8 KOMNAeKce, 0uesudHo, obecneuusaem 6oiee 8blCOKULL YPOBEHb
MUKPOHANPSdICEHULT OMHOCUMENbHO 00pasyos nocie 1'D. Yemanosneno, umo komouHu-
POBaHHAsA naACMuYecKas 0ehopmayusi N0 CPABHEHUI0 ¢ cocmosanuem cniasa nocie 10
8e0en K CHUICEHUTO €20 MEPMULECcK020 Kodgh@uyuenma aunetinoco pacuwupenus (TKJIP)
6 unmepeane 225-325 K gnioms 00 ompuyamenvHulx 3Ha4eHull (Qy;, = —0.66°1 00 k!
npu 273 K) 6 npooonvrom k Oepopmayuu HanpasieHuu npu 00HOBPEMEHHOM €20 YNpoU-
Henuu Ha 20-30%.

KiioueBnle ciioBa: HUHBAp, TUAPOIKCTPY3HA, BOJOUCHHUEC, CTPYKTypa, TCPMHUYCCKOC
pacoinpCHUC, MUKPOHAIIPSAKCHUSA, TBEPAOCTH

BBenenne

YIpoyHeHHEe KEIe30HUKENEBhIX CIUIABOB 0€3 MOTeph MX HWHBAPHBIX CBOWCTB
SBJISICTCSI BAYKHOW M aKTyaJbHOW 3amadeil (PU3MKOB M MaTepUaIOBEIOB, MTOCKOIb-
Ky TPUMEHEHHUE J3THUX CIUIABOB B COBPEMEHHBIX KOHCTPYKIIUSAX, pabOTAIONINX B
YCIIOBHSX PACTYIIUX CTAaTUYCCKUX WIW JUHAMHYECKUX HArpy3ok, TpebyeT mocro-
STHHOT'O MOBBINIICHUS MEXaHWUYECKUX CBOMCTB. PellieHne MaHHOM 3a7a4i ITO3BOJIUT

© B.M. Hagytos, [.J1. Bawyk, .1O. Bonocesuy, B.A. BenowueHko, B.3. CnyckaHiok, A.A. [laBuaeHko, 2012
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pacIIMPHUTh HE TOJBKO 00JIaCTh MPUMEHEHHSI HHBAPHBIX CIIJIABOB, HO U YTIIyOHUTH
HAIIIK TIPEJICTABICHUS O Tipupoae camoro 3¢ dekra.

B HacTosmee Bpemsi 0cOOEHHOCTH 3BOIOIMU CTPYKTYPBI BO B3aUMOCBSI3U C UH-
BapHBIMH CBo¥cTBaMu ciuiaBa Fe—35% Ni u3yyannch, Kak TMpaBwiIo, MPH UCTIOb-
30BaHUM Pa3HBIX, HO OJIHOMMEHHBIX CXEM MHTEHCHUBHOM IUIacTUYecKoil nedopma-
1y (B TOM YHUCIIE€ TPOKATKH, PABHOKAHAJIBLHOTO YIJIOBOTO IMpeccoBaHuA U 1)
[1-9]. BmecTe ¢ TeM BOIIpPOC O TOM, Kak OyJeT BIHATH AedopMaliysi Ha KOMILIEKC
CBOWCTB MHBapa HE TOJHKO B YCIOBHSX PEATH3AIH OJTHOW CHJIOBOM CXEMBI 00pa-
OOTKH, HO U TIPU €€ YCIOKHEHUHU ITyTeM MOCIIeA0BAaTeIbHOW KOMOMHAIIUY C APYTH-
MU CXEMaMHU B JIUTEPAType HE PACCMATPHUBAIICS, XOTS IMOJIyYeHHUE 0oJiee MPOYHBIX
CTPYKTYPHBIX COCTOSTHUI MPHU TaKOM HOJXOE SBJIAECTCS NEpCleKTUBHbIM. CKa3aH-
HOE TIOCIIY’KMJI0O OCHOBaHHMEM JJIsl HACTOALIEH padoThl, B KOTOPOH IMjacTUdecKas
nedopmanins npeacTaBieHa komOuHanued I'D u Bonodenus, TeM Oojee, 4To KaxK-
JIBIIA U3 CTIOCOOOB € YCIIEXOM MPUMEHSETCS Ha MPAKTUKE JIJIST U3TOTOBJICHUS YIIPOY-
HEHHBIX CTEP)KHEBBIX WM MPOBOJIOYHBIX METATUNTMIECKUX U3ICITUN.

Marepuan u MeToAUKA UCCIETOBAHUMI

HccnenoBanre BBIMOJHEHO HAa TMPOMBIIUICHHOM HWHBAPHOM CIUIaBE COCTaBa
Fe—-35% Ni (0.07% Cu, 0.03% Co, 0.49% Mn, 0.032% C). {ns nedopmammu ['D
UCIIOJIb30BAIM MCXO/IHBIC 00Pa3Iibl IIMJIHHAPUUECKON (hopMbI ¢ quameTpoM 21 mm
npu umHe 100 mm, KoTopble epen 0opadoTkoil moasepraim 3akaike ot 1100°C
(Bermepkka 0.5 h) B macne. KomOuHMpOBaHHOHU IIacTU4ecKoi aedopmMaruu aoc-
TUTAJIH TIyTEM TOCTICIOBATEIBbHOTO TpuMeHeHus ['D u BoodeHus. B xavecTtse wc-
xonHou mocne I'D Obuia BeIOpaHa nedopmaius co creneHsio € = 3.47, kotopas
JOCTUTAIACh B Pe3yJIbTaTe MHOTOKPATHBIX MIPOXOJIOB Uepe3 dKcTpyaep. Ee Bemmun-

do
HY OIPENEIUIA U3 BBIPAKCHUS 8221117, rae dy u d — quameTpbl o0pasia cooT-

BETCTBEHHO /10 M Mocie 3KCTpy3uu. OrpaHuyeHue Mo creneHu AedopManu npu
I'D 3nauenuem € = 3.47 00ycnOBIEHO TEM OOCTOSTENBCTBOM, UTO Tporecc GopMu-
pOBaHMs CyOCTPYKTYpHBIX IpaHUIl Ha ()OHE IMOBBIMICHUS MEXAHUYECKHX CBOMCTB
unaBapa npu normwxkenun TKJIP npakTiueckn 3aBepmaercsi B MHTEpBajie nedopma-
i 2.2-3.47. 310 OBUIO YCTaHOBJCHO NMPU AUIATOMETPHUUECKUX U JIEKTPOHHO-
MHUKPOCKOIUYECKUX MCCIIEI0OBAaHUAX Ha IPOCBET TOHKUX (hosibr [2].
KomOunupoBanHas aedopmaius ¢ cyMMapHoO# cteneHbio € = 4.69 peanuszoa-
Ha IyTEM MOCIEAYIOLIEro BOJIOUYEHUS IMPEIBAPUTENILHO 3KCTPYAUPOBAHHBIX 00-
pa3noB. OcoOeHHOCTH (OPMHUPOBAHUS MX MUKPOCTPYKTYp Kak 10, TaK W IOcie
BOJIOUEHUS U3YyYaJIH C TTOMOIIBIO ONTHYECKONW U MPOCBEYMBAKOLIEN AJIEKTPOHHOM
MHUKPOCKONUU TOHKHUX (OJIBI, BBIPE3aHHBIX B MONEPEUYHOM M MPOJOJIBHOM ceue-
HusX. OuHKIIHYI0 TOMUPOBKY QoJbr s ucciaenoBanus TOM npoBoauau MeTo-
oM bonmMana B anekTponure cocraBa: 75 g xpomoBoro anruapuaa, 130 ml nens-
HOU yKkcycHOH kucnoTel U 20 ml Bogsl mpu HampspbkeHuu 90 V u cuiie Toka
0.5-1.5 A. Kpome 310r0, B paboTe MCIOJIb30BAJIM METO/Ibl PEHTTEHOCTPYKTYPHO-
ro ¥ JWJIATOMETPUYECKOIO aHAJIM30B, a TaKXKE U3MEPEHHs] TBEPAOCTH U MUKPO-
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TBEPAOCTH, KOTOPBIE POBOAUIHN B MEPIECHIUKYISIPHOM U MPOJAOTHHOM CEUCHUSIX
OTHOCHUTEIILHO HAIIPABJICHUS JeOpMaIiu.

YpoBeHb yHpyTUX MHUKPOHAMpPSIKEHUH T, a TakKe pa3Mepbl olnacTel Kore-
pentHoro paccessHusi (OKP) D paccunthiBaii Ha OCHOBAaHUM OMMCAHMS IIIUPUHBI
mudpakuonsbix quaui (111), (200), (311) u (222) ¢ ucnonb3oBaHUEM BhIpaXe-

Hus Bunbsmcona—Xomna [10], Bz%ﬂqtg@ (roe P — mMpUHA PEHTTCHOB-
cos

CKOHM JIMHUU HA TOJIOBUHE €€ BBICOTHI 32 BBIYCTOM HHCTPYMEHTAJILHOW COCTaB-
.1
nsromiert ; k = 0,94; A — uIMHA BOJHBI PEHTTEHOBCKOTO W3IMYYEHUS, ACo =

=1.79021 A; 06 — yron paccesnus). Bee audpakTorpaMMbl ObIUIH CHATHI TIPH OJH-
HaxkoBOH 3kcno3urmu ¢ marom 0.05 ©/2 s.

Pe3yabTarsl M UX 00Cy:KIeHHE

PeHTreHoBCKMM METOZ0M yCTaHOBIIEHO, uTo ciuiaB Fe—35% Ni mocne romore-
Huzaimu npu 1373 K u 3akanku uMen aycreHuTHyro crpykrypy c ['LIK-
pEIIeTKOM, KOoTopasi HE MEHsUIach C

111y 200y 311y nedopmarueit (puc. 1). AHanu3 peHT-
1200 - aq TCEHOTrpaMM HWHBapa, CHATBIX C IIO-
220y 222y BEPXHOCTEH 00pasloB, MEPICHIUKY-
600 (. | | JISIPHBIX HAMPABICHUIO JehopMaliy,
I ' mokasail, 4ro nocie ['D c e =347 u
- 1208 KOMOMHUpOBaHHOHM oOpaboTku (I'D +
§ I BOJIOUEHHE) C CYMMAapHOW CTEHCHBIO
° 600! 6  nebopmarmm 4.69 da3oBBIi cocTaB
E | MJLJ ) cruiaBa He m3MeHsiercs (puc. 1,0,8),
0 o OJTHAKO HAONIONIACTCS CYIIECTBEHHOE
1200} YIIUPEHUE U CHUKCHUE WHTCHCUBHO-
CTH OTIENBHBIX AU(PAKIIMOHHBIX ITH-
600} 6 o

MJL»JL koB. Tak, misg muauii 111y u 200y
oL . : . . 3¢ dexT mogoOHOTO CHIKEHHUS CYIIIe-

40 60 80 100 120

CTBEHHO yBeIMuuBaercs. IIpu sToM
nuk 220y, NPUCYTCTBYIOIIUA B HC-
Puc. 1. Jluppaxrorpammsl crutaa Fe-35%  xonHom cocrosiHum, oueHb ciiabo BbI-

Ni B COCTOSHHH: @ — HCXOJHOM — TIOCJIE TO- pa’keH WIH OTCYTCTBYET BOOOLIEC KAk
o
MOTeHM3alioHHoro omkura mpu 1100°C u - 5000 I'D, Tak u Tocjie ee KOMOHMHA-

moCHeyroIe saKaIKy; 6-1Dce=347;6- mam ¢ Bonouenuem. Kak mpasuio,
KOMOMHUPOBAHHOMW JiehopMalii ¢ CyMMap-
noi00Hass 0COOEHHOCTh UMEET MECTO

HBIM 0OxatneM € = 4.69
MpY HaJW4YuU TEeKCTyphl. JIunuum 311y

26

1 o
WNHcTpyMeHTanbHast cocTaBisionas HalimeHa merogoM Putsennma [11], mis gero cam-
Manu audpakrorpamMmy rexkcadbopuna naHtaHa LaBg u HaxoauaM yTriaoByO 3aBUCUMOCTh

B(20), xoTopyto ammpokcumMupoBanu GyHkmuen B(20) = \/ utg29 +vtgb+w,tae u, v, w —
napameTpbl MOJTOHKH.
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1 222y B COCTOSIHUM TOCJE TUAPOIKCTPY3UU YMEHBILIAIOT CBOK0 HHTEHCUBHOCTh U
YBEJIMUUBAIOT IIUPUHY TIPH PacTyIieM ypoBHE (poHA, 0COOEHHO Tocie KOMOWHU-
POBAHHOM MJIACTUYECKON AePOopMaIlHH.

Pe3ynbTathl 37E€KTPOHHO-MUKPOCKOITMYECKUX HCCIICOBAHUN CTPYKTYpPHI 00-
pa3uoB uHBapa nociue ['D ¢ € = 3.47 B nonepeyHOM M MPOAOJbHOM CEUECHMSIX
OTHOCHUTEIILHO HaIpaBJICHUS IeQopMaiuu MpuBeAeHbI Ha puc. 2, 3. X ananus
CBUJICTENLCTBYET O TOM, YTO pa3MepHbIe MapaMeTpbl HAUMEHBIINX 3JEMEHTOB
CyOCTPYKTYpHI B TIOTICPEYHOM CEUEHHUU Jiexkat B uHTEepBaie 50—150 nm npu aszu-
MyTaJbHBIX Pa30pPHUEHTHPOBKAX MEX]Y COCEIsIMU MEHee OAHOro rpagyca. boiee
kpymnuabie (1-3 pum) dopmupoBanus 00BETUHIIOT TPYIIBI METKAX U UMEIOT pas-
JMYHBbIE OPUEHTUPOBKU. [Ipu 3TOM Hapsiny ¢ syeikamu, UMEIOIIUMU CJIETKa BbI-
TSHYTYIO (OpPMY C IUCIIOKAIIMOHHBIM XapakTepoM rpanul (puc. 2,a), Habmona-
IOTCS U MEHEE PaBHOOCHBIE CTPYKTypHbIE popMHUpOBaHUs ¢ Ooyiee YETKUMH rpa-
HUIIAMH, KaK MPaBUJIO, YUIMHEHHBIE B OJHOM W3 HANpPABJICHHM, JIEXKAIIEM O]
yraom 55° k Hanpasnenuto tumna [110] (puc. 2,8).

Puc. 2. MuUKPOCTPYKTYpHI ITOTIEped-
HOro cedeHusi oOpasua M3 cIUjiaBa
Fe—35% Ni mociie I'D ¢ € =3.47 (a, 6)
U DIIEKTPOHOTpaMMa (6) ¢ TpUBEICH-
HOT'O Ha @ y4acTKa
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220

Puc. 3. MukpocTtpykTypa CcIrjaBa
Fe-35% Ni B miockoctn o0pasia,
KOJUITMHEAPHOW HAIPABJICHUIO ILIa-
cTrueckoit nedopmaruu 10 € = 3.47

. meroaoM I'D (a), amekTpoHOTpamMma

b (6) M TeMHONOJBLHOE H300paKCHUE
ol \ (8), monmyuenHoe B peduiekce, 0003Ha-
y . YEHHOM Ha JJIEKTPOHOIpaMME CTpell-

i ' . KOH

6

B nonoGHOM cuTyauyu MOXHO TPEANON0KUTE IB€ BO3MOYKHOCTH BO3HHUKHOBE-
HUS TAKUX TPAHUI] B pe3yJbTaTe Mpolecca IBOMHUKOBAHUS, TPEANONAraloIIero ux
oOpa3zoBanue napauiensHo HampasieHuto [110] wiu mon yriaom 55° x Hemy. B Ha-
IIEM CIIydae pealn3yroTcsi, OUYeBHIHO, 00a BapuaHTa. Ha Hanmuume caBOMHMKOBAH-
HBIX CTPYKTYPHBIX OOpa3oBaHM{ MpU HCCIEIOBAHHMM HA MPOCBET TOHKHX (DOJIBT
NOTNIEPEUHBIX CEUCHUN 00pa3IOB YKA3bIBAET M aHAJM3 JIEKTPOHOTPAMM, MOTYUYEH-
HBIX C IJIOLIa 1 HE MeHee 16 pmz. OH CcBHUIETENBCTBYET O Pa3MHOKEHUU OPUEHTU-
POBOK, (POPMUPYIONINX B PE3yJIbTaTe PETaKCAIIMOHHBIX SBICHUHA KOJBIO OTpaske-
Huit 220 (puc. 2,6,0) OT HECKOJIBKUX OpUEHTUPOBOK Tuma (111), pa3zBepHyThIX BO-
KpyT ocu ¢ HanpapieHueM tumna [111] Ha yrisr ot 8 g0 25°. [logoOHOE BO3MOMXKHO
MIPH YCJIOBUH, YTO TUIacTU4ecKas nedopmanmst npu ['D peanusyercs JBOMHUKOBA-
HUEM B TIOCKOCTX THMa (111) ¢ ochbro 30HBI YKa3aHHOTO HAIIPABIICHUSI.

Nzydenne ocobeHHOCTEH (HOPMUPOBAHUSI CTPYKTYPBI B TIPOJIOJIBHOM CEYECHHH (pHC.
3) CBUAETENBCTBYET O TOM, YTO OHA MPAKTUYECKU O BCEMY CEUEHHUIO 00paslia Mpe-
CTaBJICHA BBITSHYTHIMH B HAIIPABJICHUU AKCTPYIUPOBaHUS AeMeHTamu. VX monepey-
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HBIC pa3Mepsl Jexar B uHTepBasie 250—600 nm npu JOCTaTOYHO BHICOKOM TUIOTHOCTH
JUCTIOKAINA, (hparMEHTUPYIOIIEeH BHYTPEHHHE O00ObEMBbI Ha CIa00OpPa30pHUEHTHUPOBAH-
HBIE AJIEMEHTHI CYOCTPYKTYpHI ¢ auamerpamu 45—120 nm. AHaiau3 3JIeKTPOHOTpaMM
OT MPUBEACHHBIX YYAaCTKOB YKa3bIBAaeT HA TO, YTO HAIPABJICHHE UX BBITSHYTOCTH CO-
OTBETCTBYeT Harpasiienuro tuna [ 110], cBunerenscTByst 0 OpMUPOBAHUH TEKCTYPHL.
Takum 00pa3om, MMoTy4eHHbIE PE3yIbTaThl, B OTIIMYME OT UMEIOIIUXCS JIUTepaTyp-
HBIX JJAHHBIX [5], YKa3bIBAIOT HA TO, YTO JBOMHUKOBAHKE B MHBapax Ha Fe—Ni-ocHOBe
MPOUCXOIUT HE TOJIBKO MPU HU3KOTEMIIEPAaTypHOM MPOKAaTKe, HO U B pe3yibrare [ 1D,
Pesynbrathl viccnenoBaHU BIUSHAS KOMOMHUPOBAHHOM IIIACTHUECKOHN nedop-
Malu Ha 0COOEHHOCTH (POPMUPOBAHUS CTPYKTYPbI B MEPINEHAUKYISIPHOM U TPO-
JOJILHOM CE€YEeHMSIX 00pa31oB MpUBeAEHbI Ha puc. 4 u 5. [Ipu 3TOM ycTaHOBIIEHO,

0 A e

Puc. 4. MukpoCTpyKTyphI TIOIIEPEYHOTO CEUEHUS MPOBOJIOKK U3 ciuiaBa Fe—35% Ni no-
cJie KOMOWHUPOBAaHHOW TUIACTHYECKOHW nedopmammu (a, 6), JIEKTPOHOTPAMMEI (8, 2) U
TEMHOTIONIbHBIE N300paxeHus (0, e), MoMyueHHbIe B peduiekcax, 0003HAYCHHBIX Ha 3JICK-
TPOHOTpaMMax CTpPEJIKaMHU
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.

} 100 nm

a o

Puc. 5. MukpocTpykTypa ciiaBa
Fe-35% Ni B miockoctr 00pasua, Ko-
JIMHEAPHOTO HAMpPABICHUIO KOMOWHH-
poBaHHOM mJacTuueckor aedopma-
nuu ['D u BoNoYeHWEM ¢ CyMMapHOM
cTeneHbio nedopmanuu € = 4.69 (a),
JNIeKTpOHOTpaMMa (6) W TEMHOIIOJb-
HOe m300pakeHue (6), MOydeHHOE B
pedutekce, 0003HAYECHHOM Ha JJIEKTPO-
HOTpaMMe€ CTPEJIKOU

8

YTO CTPYKTypa MHBAPHOT'O CILIaBa B MONEPEYHOM CeUeHHH C(HOPMHUpPOBaAHA SUCH-
KaMH pa3Hou aucriepcHocTd. Hampumep, obnactu ¢ MakcuManbHbiMe (1-3 pm) pas-
Mepamu (parMeHTupoBaHbl Ha Oosee menkue (300 nm), KOTOpbie, B CBOIO Oue-
pelab, UMEIOT CETKY ellle 0ojiee MENKUX (PparMeHTOB C YETKUMHU JTUCIOKAIIMOHHbBI-
MU TpaHUIlaMM M pa3Mepamu B uHTepBasie 25-100 nm, HanmoMuHas COTOBYIO
CTPYKTYpy. Takas uepapxus CTpoeHHs CyOCTPYKTYpPHBIX 3JIEMEHTOB (puc. 4,a,0) B
JTAHHOM CTy4ae SIBJISICTCS] IPUOPUTETHOM M CONPOBOXKIACTCS] 3HAUNUTEIbHBIM TTOBbI-
menueM oomero auddysHoro dhona snekrpoHorpamm (puc. 4,6) pu GOPMUPOBAHUH
HOYTH KOJIBLIEBBIX TPYIIHMPOBOK pedIekcoB, a3UMyTaIbHOE PAa3MBITHE KOTOPBIX Jie-
JKUT B mpeaenax +17° OT HampaBiieHUsI HA CEPEeIMHY AYTH Pa3MbITHUS COOTBETCT-
BYIOIIIEH TPYNIUPOBKHU. BHICOKOYTTIOBBIC TPAHUIIBI 3€PEH, KaK U B MPEIBIIYIINX
cinydasx nocie ['D, mpakTuuecku He HaOI0AI0TCs, XOTS Pa30pUEHTALUS MEXKIY
HanOoJee KPyMHbIMU 3JIEMEHTaMHU CTPYKTYPbl OOBIYHO MPEACTaBIICHA Pa3IuYHBIMU
IUIOCKOCTSIMU OTpaxkeHusl. B To ke BpeMsi a3uMyTajbHasi pa30pUEHTUPOBKA MEX-
Ny COCeIHUMH HauOojiee AMCIEPCHBIMU (parMeHTaMH HE MPEBBIIIAET OJHOI0
rpagyca. OTMEUEHHOE CBUAETEILCTBYET HE TOJBKO O 00Jiee YETKO BBIPAKEHHOM
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MHOTOCTYIIEHYaTOM YPOBHE (pparMeHTalluu CTPYKTYp IO pa3Mepam U pa3opHeH-
TUPOBKAM BCJICZICTBHE KOMOWHUPOBAHHOH nedopmaryu, HO U 0 0oJiee BHICOKOM
YpOBHE YIPYTUX MUKpOHamnpsibkeHud. Hapsiay ¢ oTMedeHHBIM, B OTAENbHBIX yya-
cTKax, 3aHumarommx 1m0 20% wuccnenoBaHHOM Twiomanu (puc. 4,0), CTpyKTypa
MpEeJICTaBICHA XOTs U JAUCIIEPCHBIMU 3JIEMEHTaMH, HO, OYEBHJIHO, C OOJiee BBICO-
KOH CTeneHblo opranu3anuu rpanui. O0 3ToM CBUIETENbCTBYET NPUCYTCTBUE HA
3MEeKTpOHHOrpaMMax (puc 4,2) CUCTEM TOUYCYHBIX, XOPOIIO CHOPMHPOBAHHBIX
(6e3 pa3mbiTus) oTpaxkeHuid Tuna 311, B TO BpeMs Kak B 00JacTsIX COCPEIOTOUE-
Husi otpakeHuit tuna 111 u 220 nomoOHbI ddekt He oOHapyxuBaercs. [lpu
ITOM YMEHBIIIAETCSI MHTEHCUBHOCTh PaBHOMEPHOTO A Py3HOTo (oHA NEKTPOH-
HOTpPaMM HapsIy C COXpaHEHHEM MOBBIIICHHON (POHOBOW MHTEHCHUBHOCTH B 00-
JacCTSIX PACIONIOKEHUsI TPYNIIUPOBOK oTpakeHuid tuna 111, 220, 420 (puc. 4,2).

Ha puc. 5 npuBeneHsl pe3ynbTaThl 3JIEKTPOHHO-MUKPOCKOITUYECKUX HCCIIeI0Ba-
HUIA CTPYKTYPBI 00pa3IoB 1mocjie KOMOMHUPOBAHHOW TIACTUYECKON 1e(hOopMaIiy
B IPOJOJBHONM K HAINpaBICHUIO O0XKATHS IJIOCKOCTH. AHAJU3 MOJyYEHHBIX pe-
3yJIBTaTOB CBUJETEIBCTBYET O TOJOCYATOM XapaKTepe CTPYKTYphl. AOCOIIOTHOE
OOJIBLIMHCTBO MOJIOC, KaK M B MpeAbLAYIIEeM ciiyyae mocie aegopmanuu I'D (cm.
puc. 3), opueHTUPOBaHO BAOJb HampasieHus aedopmanuu. [lo pesynbraram ana-
JU3a AJIEKTPOHOTPAMM 3TO HallpaBiieHue OJM3Ko K HampaBieHuto tuna 111. u-
pYHA YJUIMHEHHBIX 3JIEMEHTOB JIexuT B npenenax 100—600 nm, yto nmoaTBepKIa-
€TCs pe3ysIbTaTaMH aHaJIM3a TEMHOTIONBHBIX H300paxeHuu (puc. 5,8).

BHyTpeHHss1 CTpYKTypa TakuX 3JEMEHTOB MMEET AWCIIOKALMOHHYIO PUPOIY MpH
pa3mepax CyOCTPYKTYPHBIX SJIEMEHTOB B uHTepBasie 3HaueHHid 30-50 nm. Anamu3
AJIEKTPOHOTPaMM TToKa3ai, 4To peduiekcam tumna 111 CBOMCTBEHHBI TSHKH, OPUEHTHPO-
BaHHBIE B JIBYX HOPMAJIbHBIX HarpaBieHUsX. OMH U3 HUX pa3MEIleH HOPMAIbHO OT-
HOCHUTENIbHO HAIpaBJICHUs YAJIMHEHUS 3JIEMEHTOB CTPYKTYpbI (pUC. 5,a), UTO CBUAE-
TENILCTBYET O CYIIECTBOBAHUH IUIOCKUX €€ OCOOEHHOCTEH, YAJIMHEHHBIX B HOpMaslb-
HOM OTHOCHTEJIHHO TsDKA HalpaBiieHUU. B JaHHOM ciydae Takumu JieeKTaMyd MOTYT
OBITh TPAHUIIBI YAJIMHEHHBIX 3JIEMEHTOB CTPYKTYPBI, KOJIMYECTBO KOTOPBIX JOCTaTOY-
HO BEJIMKO, a PUPO/Ia BOHUKHOBEHHUS CBS3aHA, OYEBU/IHO, C IBOMHUKOBAHHUEM.

AHanu3 pe3ynbTaTOB PEHTIE€HOCTPYKTYPHBIX HCCIEAOBAHHUI IOKa3aa, 4TO
BOJIOYEHUE 1ociie ['D BbI3bIBAE€T 3HAUMTEIBHOE BO3PACTAHME YPOBHS MHUKpOHA-
npspkeHuit m ot 0.09 go 0.24, 4To cornacyeTcs ¢ HaJTU4YHeM MOBBIIIEHHOTO (hoHa
muhdy3HOro paccestHUs Ha ICKTPOHOrpaMmax (cM. puc. 4,8,2). [lpu aTom, ecim
nociie I'D ¢ € = 3.47 pazmep OKP noctur 3nauenuit 60 nm, nocienyrouiee Bo-
noyeHune 10 € = 4.69 cHmxkaer ero 10 40 nm. DTO TakkKe CBUIETEIBCTBYET O
JUCIEPTUPOBAHUU CTPYKTYPHBIX AJIEMEHTOB CILJIaBa, YTO COTJIACYEeTCsl C BJIEK-
TPOHHO-MUKPOCKOMTMYECKUMH JaHHBIMU (puc. 4). OOHapyKeHHOE HE3HAYUTEIh-
HOE MU3MEHEHHUE MapameTpa Kpuctaummyecko pemerku a oT 0.3592 no 0.3595 nm
HaXOJMTCA B Mpejiesax OMUOKH.

IIpoBeneHHbIE HCCIEN0BAHUS CBUJIETENBCTBYIOT O TOM, YTO NOBBILIEHUE CTE-
neHu miactuueckor nedopmanuu cruiaBa Fe—35% Ni 3a cyer BojoueHus npu
KOMOMHHPOBAaHHOM METO/IE B CPaBHEHUH ¢ 00pabOTKON TOIbKO MeToaoM ['D Bexer
K JIOTIOJTHUTEIBHON AUCHEepru3aluy Npy 3HAYUTEIbHO OOJIbIICH 3aBEpPIIEHHOCTH
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nporiecca (GOPMUPOBAHKS TPAHUI] BCeX 0€3 UCKITIOYCHHS dJIEMEHTOB CYOCTPYKTY-
psI Ha hoHe erie OosIee BEICOKOTO YPOBHS YIPYTHX MUKPOHATIPSKEHUI.

BnusiHue CTPYKTYpHBIX HM3MEHEHHUH Iocie KOMOMHHPOBAaHHOW 00paboOTKH
CIUIaBa Ha NMPOYHOCTHBIE CBOWCTBA OLICHUBAIIM 10 pe3yJibTaTaM MU3MEpPEHUs TBEp-
noctu HV u mukporsepaoctu H,, (puc. 6). Tak, ypoBeHb ux 3HaueHui nocne I'D
BBIPOC OTHOCHUTEJIBHO 3aKajieHHoro ciuiaBa oT 160 no 229 HV u ot 1.499 no
2.134 GPa coOoTBETCTBEHHO, a TIOCJIe KOMOMHHPOBAHHOM aedopmarun 10 € = 4.69
5TH CBOMCTBa BO3pocau 1o 236 HV npu mukporsepaoctu H, = 3.020 GPa. Ilpu
3TOM IOCjie KOMOMHUPOBAaHHOHN IUIACTUYECKOM AedopMany 3HAYEHUS MHUKPO-
TBEPIOCTH B IIONEPEIHOM CeueHHH 00pa3nos 6onee yem Ha 10% Boiue Hy, B npo-
JOJIBHOW TTIOCKOCTH (puc. 6,0), xoTs mocie yucton I'D ¢ € = 3.47 BenuuuHbI
MHUKPOTBEPAOCTH B yKa3aHHBIX ABYX HampaBJIeHUAX coBmanaioT. Habmomaemoe
ynpouyHeHue oOpasla nociie KOMOMHHUPOBAHHOM Nedopmalnuu MpU MaKCHMalb-
HBIX 3HAYEHUSX B MMONEPEYHOM CEYEHHHU, OUEBUIHO, 0OYCIIOBIEHO U3MEIbUYEHUEM
CTPYKTYPBI CIJIaBa U POCTOM YNIPYTUX MUKPOHANIPSKEHUI.

250 %{236 3.5¢F
< 3.0r 3.020
200+ %
~2.5¢
150i 2.0f 2.103
L5 _1.499
P Pla39
0 1 2 3 4 5 0 1 2 3 4 5
€ €
a 4]

Puc. 6. 3aBucumoctu teproctu HV no Bukkepcy (@) u mukpotsepnoctu H,, (6) crnasa
Fe—35% Ni or crenenu nedopMaiiuu €. MUKpOTBEpAOCTh U3MEPEHA B CEUCHUH 00pasiia,
MEePICHANKYJIIPHOM (©) H MPOIOTHHOM (@) K HAIpaBICHUIO AehOpMaInu

Jis mpoBepKu BIMSHUS OOHAPYKCHHBIX W3MEHEHHU CTPYKTYphI CILIaBa
Fe—35% Ni B pesynbrate ['D u BonoueHus: Ha UHBapHBIA YPPEKT MPOBEACHBI TH-
JATOMETPUUECKUE U3MEPEHUS BJIOJb HATPABJICHUS JeOpMallii B IUANa30HE TEM-
nepatyp 140—410 K. Ux pe3ynbTaThl NPEACTaBICHBI HA PUC. 7 U CBUIIETEIBCTBYIOT
0 ToM, 4yTo ecau nocie 1D cmmaBa BeanunHa TKJIP o cHukaeTcs M JOCTHUTaeT B
untepBaine temneparyp 140-370 K otpunarenbubix 3HaueHuit, a Boiae 370 K Ha-
OI0/1al0TCSL €€ POCT M cMelleHne KpuBoi o7) BJIEBO MO IIKaje TeMIeparyp, TO
KoMOMHHMpOBaHHas aAedopmarus 10 € = 4.69 NpUBOAUT K e1lie OOJBbIIEMY CHUXKE-
HUIO O, KOTOpbIil B nHTepBaie 225-325 K uMeeT oTpuLaTeIbHOE 3HAUEHUE C MU-
HUMYMOM O = ~0.66:10° K" npu Temneparype 273 K.

Cumwxenue TKJIP cnmaBa Fe—-35% Ni mocne xkoMOMHHpOBaHHOW 00pabOTKH
(puc. 7) KaueCTBEHHO COIJIACYETCs C pe3ysibTaramu paboT [4—6] mo auimaToMmer-
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4 Y PHYECKHM HCCIICIOBAHUSM HWHBAPHBIX
3L v*  CIUIaBOB IOCJE IUIacTHYecKol naedop-
Malyu pa3HbIMH METO/IaMH, B KOTOPBIX

2 o ve o Ha0Jr01aeMble I3MEHEHUS! TEPMUYIECKO-
oo Vv © ve ro paclIMpeHust HHBapa B OOJIBIINHCTBE
I v % B Clly4yaeB OOBSACHSINCH pa3pylIeHUEM
ok MR ESEIVLEvCR noJ JieicTBueM JaedopMaliuu OIMKHETO

v

a, 10°K!

[
[
[ ]
o
<
o
o
o

IO aTOMHOTO TIOpsAKa. B To ke Bpems ero
100 2(')0 3(')0 4(')0 HEMOHOTOHHOE TIOBEJECHME /IS MHBapa
T.K Fe—-36.1% Ni—0.02% C nmocne paBHOKa-

HAIILHOTO YTJIOBOIO IIPECCOBAHMs (CHa-

yana cHwkenne or 0.4-107° K7 1o

Puc. 7. TemneparypHble 3aBHCHUMOCTU
TEPMHUYECKOTO KOd(PUIMEHTa paciiupe- 6 .1
Hus o cruiaBa Fe—35% Ni B UCXOOHOM —-0.4-10 © K * mocne mepBoro mpoxosa
coctosinum (0), mocie I'D ¢ ¢ = 3.47 (v) HEPE3 MATpuLly U pocT & 10 0.810° K™
U KOMOMHHUpOBaHHOH aedopmanuu ['D ¢ M[OCIE BTOPOTrO M IOCICAYIOWIUX IMPO-
€ =4.69 u BonoueHus (@) X0710B) 000cHOBaHO B [1] pa3pyiienuem
ONMMKHET0 aTOMHOTO TMOPSJIKA JABHKY-
HIMMUCS TUCIIOKALUSIMU, a 3aTEM MPHU MOCIEAYIOMIEM U3MENbUYEHUH CTPYKTYPhI —
oOpa3zoBaHHeM O€3IUCIOKAMOHHBIX (PArMEHTOB NPH BOCCTAHOBJICHUH YIOPS-
JIoueHHOTo cocTosiHus. OIHAKO TO pe3yibTaTaM aHalu3a 3JIEKTPOHOTpamMM (CM.
puc. 2,0; 3,0; 4,8,e; 5,0) 1 peHTTeHOBCKOM Audpakuuu (cM. puc. 1) He oOHapyKe-
HBI CBEPXCTPYKTYpHBIE pe]IeKChl, KOTOPhIE YKa3blBald Obl Ha CYIIECTBOBAHUE
atromHoro nopsiika tuna FeNis umu Ni—Fe [3—6]. Ckopee, B pe3yibTraTe BOSHHUKIIIE-
ro nociue ['D u nocneayromero BOJIOYEHUS BBICOKOTO YPOBHSI MUKPOHANPSXKEHUN 1
3a CYET CWJIbHOM MAarHUTOYNPYToil CBA3M MPOUCXOJUT MOAYIHPOBAHHOE H3MEHE-
HUE MEKaTOMHBIX PacCTOSHUM, B TOM uncie B mapax Fe—Fe kak Hanbonee Hecta-
OWJILHBIX CTUHOBBIX CHCTEMAaX, 00€CIeUMBAIOINX HHBAPHYIO aHOMaHO [1].

BriBoabI

1. OTIUYUTENEHBIME OCOOCHHOCTSIMU CTPYKTYpOOOpa3OBaHUsS B WHBAPHOM
cruiae Fe—35% Ni B ciiyyae KOMOMHMpPOBAaHHOW IIacTUYECKO# nedopmanuu
(meromamu I'D 1o € = 3.47 u mocneayoomero BoiodeHus a0 € = 4.69) sBusiorcs
0oJiee BbICOKAsl CTEMEHb OpraHU3al[MH IPAaHULl CTPYKTYPHBIX JIEMEHTOB C pa3Me-
pamu 100-3000 nm B momepeyHOM M NIPOAOJIBHOM CEUEHUSX K HalpaBICHUIO
IUTACTUYECKOT0 T€UEHMsI MTPU HAIMYUU BHYTPH HUX BBICOKOW IUIOTHOCTHU pacIpe-
neneHus nedekToB, (GOPMUPYIOIIUX B OOJBIIMHCTBE CIy4aeB COTOOOpa3HBIC
CTPYKTyphl auamerpoMm MeHee 100 nm, ¢ He3HauuTenpHOU (MeHee 1°) azmmy-
TaTbHON PA30PUEHTUPOBKON MEKAY COCEASIMH MUHHMAIILHBIX PA3MEPOB, a TAKKE
OoJiee BBICOKHH (B 3 pasza) ypoBeHb MUKpOHaNpspKeHU (1 = 0.24) OTHOCUTEIIBHO
o0pa3zioB mocie ['3.

2. KomOuHupoBaHHas miacTuueckas aegopmaius nHBapHoro criaBa Fe—35%
Ni metogamu ['D U mocneayOMEro BOJIOYCHHsI CIIOCOOCTBYET CHUKCHHUIO B WH-
tepBane Temmeparyp 225-325 K tepmudeckoro koddduimenta pacmmpeHus B
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HalpaBJIEHUH, TPOJIOJLHOM OTHOCHTEIBHO HampaBieHUs AepopMaluu 10 OTpu-
LIATEJIHBIX 3HAYEHUN C MUHMMYMOM O = ~0.66:10° K~ npu 273 K npu oxHo-
BPEMEHHOM €ro ynpouHeHuu (moBbimieHud Ha 20-30% TBepIOoCTH U MUKPOTBEP-
JIOCTH COOTBETCTBEHHO) 10 CPAaBHEHHIO C COCTOSIHUEM cIlIaBa mocie 3.

HccnenoBanust npoBezieHbl B pamkax OromxeTHoi Tembl UM® um. I'.B. Kyp-
miomoBa HAH Ykpaussl npy yacTUYHOW (PMHAHCOBOM MOIEPKKE KOHKYPCHOTO
npoekTa 92/11-H neneBoil KOMIUIEKCHOM MporpamMMbl (pyHAaMEHTAIbHBIX HCCIIe-
noBanuii HAH VYkpaunbsl «@yHaameHTanbH1 MPoOJEeMHU HAHOCTPYKTYPHUX CHC-
TEM, HaHOMaTepiaiB, HAHOTEXHOJIOT 1.

ABTOpBI BhIpakaroT Omarogapuocts B.I1. 3anynkomy 3a peHTT€HOBCKUE H3MeE-
penus, E.A. CBUCTYHOBY — 3a IPOBEJICHUE TUIATOMETPUUECKUX U3MEPEHUH.
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B.M. Haoymos, /I.JI. Bawyx, I1.1O. Bonocesuu, B.O. Berowenko, B.3. Cnyckariox,
O.A. Jlasuoenko

CTPYKTYPA 1 BTACTVUBOCTI IHBAPHOIO 'LIK-CMJTABY Fe-35% Ni
MICNA KOMBIHOBAHOI MIACTUYHOT AE®OPMALLIT
MNAPOEKCTPYSIEK TA BOJIOHIHHAM

3 BUKOPHUCTAHHAM MPOCBIUYIOUOi €IEKTPOHHOI MIKPOCKOTIi1, pEHTTeHIBCHKOTO, JUIATO- K
JIIOPOMETPUYHOTO aHaTI3IB JOCIIPKEHO BIUIMB KOMOIHOBAHOI MJIacTH4YHOI aedopmarrii
inBapHoro ciwiaBy Fe—35% Ni metogamu rigpoekctpysii ([E) no € = 3.47 i mactynHoro
BOJIOYIHHSA 10 € = 4.69 Ha HOro CTPYKTYypy, iHBapHi Ta MexaHi4Hi BiacTHUBOCTI. [lokaszaHo,
0 Yy BHIAAKY KOMOiIHOBaHOi MmiacTW4HOi Aedopmarii BinOyBaeThCs OiIbII BHUCOKHUI
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CTYIIHb Oprasizauii rpaHullb CyOCTPYKTYPHHX €JIE€MEHTIB 3 po3MipaMu 10 1 pm sK B
HONEPEYHOMY, TaK 1 HOJOBKHBOMY 0 HANpPSIMKy OOTHCHEHHS Tepepi3ax NpH HasBHOCTI
BecepeauHi HUX Ot mucniepcHEX (10 100 nm) dhopMyBaHb COTOMOAIOHOTO THITY 3 HE-
3HagHUM (MeHIe 1°) po30opieHTYBaHHAM MiXK CyCimHIMHU eileMeHTamu. lle B kKoMImiekci,
OYEBHJTHO, 3a0e3reuye OLTBII BHCOKUI piBEHb MIKpOHANpYKeHb st 3paskis micist [E.
BcranoBneHo, mo komM0iHOBaHa MijacTUYHA JedopMallisi MOPIBHAHO 31 CTAHOM CIUIABY
micna I'E Bexge mo 3HmWKEHHS HOro TepMmiuHOro KoedillieHTa TiHIMHOTO pO3MIMpEeHHS
(TKJIP) B inTepBaiti 225-325 K axx 10 HEraTUBHUX 3HAYEHb (Olyin = ~0.66:10 K npu
273 K) y mo3moBxkHROMY 10 AedopMariii HanpsMKy Hpd OJHOYACHOMY HOTO 3MilTHEHH1
Ha 20-30%.

KuarouoBi ciioBa: iHBap, TiIPOEKCTPY3is, BOJIOUIHHS, CTPYKTYpa, TEPMITHE POIIIUPEHHS,
MiKpOHAIpPYKEeHH:I, TBEPAICTh

V.M. Nadutov, D.L. Vaschuk, P.Yu. Volosevich, V.A. Beloshenko, V.Z. Spuskanyuk,
A.A. Davidenko

STRUCTURE AND PROPERTIES OF THE INVAR FCC ALLOY
OF Fe-35% Ni AFTER COMBINED PLASTIC DEFORMATION
BY HYDROEXTRUSION AND DRAWING

The influence of combined plastic deformation of the invar Fe—35% Ni alloy by means of
hydroextrusion (HE) (¢ = 3.47) and succeeding drawing (¢ = 4.69) upon structure, invar
and mechanical properties was studied with using TEM, X-ray and dilatometric analysis
and durometry. It was shown that combined plastic deformation results in higher degree
of arrangement of boundaries of substructural elements with dimensions up to 1 pm both
in transversal and in longitudinal direction to deformation. More dispersed (up to 100 nm
in size) honeycomb formations are present within the substructure elements that have also
insignificant (less than 1°) disorientation. These facts provide higher level of micro-
stresses compared with the samples after HE. It was established that the combined plastic
deformation reduces TEC of the alloy within the range of 225-325 K down to negative
values (Opin = ~0.66:10 ° K" at 273 K) in longitudinal direction to deformation at si-
multaneous strengthening by 20—-30% as compared to the state of the alloy after HE.

Keywords: invar, hydroextrusion, drawing, structure, thermal dilatation, microstresses,
hardness

Fig. 1. Diffraction pattern of the Fe-35% Ni alloy: a — the initial state — after
homogenization at 1100°C and subsequent quenching; 6 — HE with ¢ = 3.47; ¢ —
combined deformation with the total reduction of € = 4.69

Fig. 2. Microstructures of the sample cross-section of the Fe—35% Ni alloy after HE with
€ =3.47 (a, 8) and electron diffraction (6) from the site marked on (a)

Fig. 3. Microstructure of the Fe—35% Ni alloy in the sample plane collinear to the
direction of plastic deformation by HE to € = 3.47 (a), electron diffraction image (6) and
dark field image (8), obtained in the reflex marked by the arrow on the electron
diffraction image
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Fig. 4. Microstructures of the cross-section of the wire of the Fe-35% Ni alloy after
combined plastic deformation (a, 6), the electron diffraction patterns (s, ¢) and dark field
images (0, e) obtained in the reflexes marked by arrows on TEM image

Fig. 5. Microstructure of the Fe-35% Ni alloy in the sample plane collinear to the
direction of the combined plastic deformation by HE and drawing with the total strain
degree € = 4.69 (a), the TEM image (6) and dark field image (s), resulting in a reflex
marked by the arrow on the TEM image

Fig. 6. Hardness (by Vickers) (a) and microhardness H,, (6) of the Fe-35% Ni alloy vs.
degree of deformation €. Microhardness was measured in the cross section perpendicular
(o) and longitudinal (e) to the direction of deformation

Fig. 7. The temperature dependence of the thermal expansion coefficient of the Fe-35% Ni

alloy in the initial state (o), after HE with € = 3.47 (¥) and the combined HE with € =
=4.69 and drawing (e)
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IIpaBuiia opopmiieHHsE pyKoOnMcei 1J1sl aBTOPOB »KypHaJia
«®U3UKA U TEXHUKA BBICOKUX JTABJIEHU»

Pepakuus xypHajia mpoCHT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCs M3JI0)KCHHBIMU HIDKE TpaBHiIaMu. Matepuaisl, opopmiieHHbIe 6€3 cobITto-
JICHHS TIOCTIETHUX, K PACCMOTPEHHUIO HE TPUHUMAIOTCH.

B sxypHare myOnmKyIoTCs CTaThil Ha PyCCKOM, YKPAWHCKOM M aHTJIMICKOM SI3bIKaX.

B penakiuio HarmpaisiioTest 2 3K3eMIUIIpa pyKOIHCH (BKJIIOYasi BCE €€ JIEMEH-
Thl), HaOpaHHo# B mporpamme Word 97-it Bepcuu mpudrom tuma Times pa3me-
pom 14 m.1. yepe3 1,5 unTepBana Ha OAHOM cTOpoHe nucTa popmata A4.

[Tonsi: neBoe — HE MeHee 3, BepxHee U HUXKHee — 2, mpaBoe — 1,5 cm. Bee crpa-
HUIIBI HEOOXOMMO TIPOHYMEPOBATh.

Pyxomuce 1omkHa OBITh BEIUMTAHA U TOANIMCAHA aBTOPOM (COaBTOPAMH).

Heo6xonumo npenocTaBieHre 3JIEKTPOHHON BEPCHU CTAaThU HA TUCKETE, KOM-
HaKT-IUCcKe 00 nepenayda 3JIeKTPOHHOM MOUTOoH Mo ajapecy:

E-mail: pashinska@mail.ru.

KommniekTHOCTH pyKonucu

Pyxomnuce nomkHa conepkaTh TEKCT CTaTbU, aHHOTALIUIO, CIIUCOK JINTEPATYPHI,
HOJPUCYHOUYHBIE OJHUCH, KOMIUIEKT PUCYHKOB, CBE/IEHUS 00 aBTOpax.

1. Tekcr craTbu. Ha nepBoil cTpaHulle yKa3blBatoTCs:

— KJaccuQUKaMOHHbIN uHIeKke 1o cucreme PACS;

— MHALWAIB 1 (aMHIIMH aBTOPOB (HA pPYCCKOM, VKPAUHCKOM U AHRIUUCKOM
A3bIKAX);

— Ha3BaHME CTAThU;

— MOJIHBINM MOYTOBBIN aJpec yUpeKIeHUs, B KOTOPOM BbINOJIHEHA padoTa.

Hassanue (npedocmasnsiemcs Ha pyccKoM, YKPAUHCKOM U AHTULCKOM A3bIKAX)
CTaThU JOJDKHO OBITH KpaTKuM, HO MH(popMaTUBHBIM. He momyctumo mpumene-
HHE B HEM COKpalieHui, kpome cambix obmenpunsateix (BTCII, I'UK, AMP u
ap.). Ucnons3yemblie aBTopamu abOpeBHaTypbl HEOOXOUMO paciudpoBaTs Ipu
HEpBOM UX YIIOMUHAHUU.

Pasmepnocmu pusnueckux BenmnuuH (B cucreme CH) mo Bceit pykomucu
Q0JICHbL OblMb HA_aH2IUUCKOM A3bike. B 1eCATUUHBIX YMCIaxX Nepes AeCAThIMU
CJIEZTyeT CTaBUTh TOUKY.

2. Tabauupl JOKHBI OBITH HaleyaTaHbl HA OTAEJBHBIX CTpAaHUIAX U MUMETh
3aroyoBku. O0s3aTeNbHO YKa3aHUE eIMHHI U3MEPEHUS BEJINYHH.

3. ®opmybl KenaTeabHO HaOUPaTh B PEeJAKTOpE ypaBHEHUH. Bce unlexcul
Q0JICHBL_OblMb _HA _AHSTIUNUCKOM A3blKe. DKCIIOHEHTY cleqyeT 0003HadaTh Kak
«EXp», @ HE KaK «€» B CTEIICHH.

4. WiumiocTpanuM JO0JDKHBI OBITH M3TOTOBJICHBI aKKypaTHO Ha Oenoil Oymare
Wi Kanbke. DOTOCHUMKH TMPHHUMAIOTCS TOJBKO YETKHE M KOHTpacTHhle. Ha
000poTe pUCYHKa CleAyeT yKa3aTh (MSATKMM KapaHJalloM) ero HoMmep, haMuiIuu
aBTOPOB U Ha3BaHUE CTAThH, IPU HEOOXOAMMOCTU MOMETHTh «BEPX» M «HU3». B
JJIEKTPOHHON BEPCUU BCE PUCYHKHU TpeOyeTcs MpeloCTaBUTh B UEPHO-OEIOM Ba-
puaHTe, oTIeabHBIME (aitnamu B crienytonux popmarax: BMP, PCX, TIF, JPG,
Origin, Corel Draw (mo 12-it Bepcun), Corel PhotoPaint. PucyHok, momemaemsrii
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Ha BCIO IIMPHUHY CTPAHMIIBI, TOJDKEH UMETh pa3Mep Mo ropu3oHTaiu 14 cMm, Ha
Y2 ctpanunpsl — 7 cM. [{ng pucyHkoB B pacTpoBbix (bitmap) ¢opmarax, T.e. BMP,
PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe paspemieHue — He
menee 300 dpi. [Ipu 3Tom B aiine pazmep n300pakeHuUs MO0 TOPU3OHTAIH, BKITFOYAs
HOAIUCH TI0 OCSIM, TOJKEH ObITh He MeHee 800 mukcesnel 11 pucyHKa Ha 2 IIMPUHbI
ctpanuilpl ¥ 1600 mukceneit — Ha BCIO MIMPHUHY. Bce Hadnucu Ha pucyHKax 00HCHbl
ObIMb HA AH2UTICKOM A3bIKE, A UX YUCTIO CBE0EHO K MUHUMYMY.

5. AuHotanus (e 6onee 15 cTpok) MOMKHA COAEPKATH LIEdh paOOThI, METO
€e JIOCTIIKEHUS, OCHOBHBIC pPe3yNbTaThl. B penakiuio nmpeacTaBisercss TEKCT aH-
HOTalUU (C yKa3aHHEM aBTOPOB U Ha3BaHUS CTaTbH) HA PYCCKOM, YKPAUHCKOM U
aHenUUCKoM sA3bikax (Ha OTJENbHBIX CTPAHULIAX).

6. KinroueBbie cioBa (He Oonee 10 TEpMHHOB) Ha pYCcCKOM, VKPAUHCKOM U
AHIUTICKOM A3bIKAX JOJDKHBI OTpaXaTh CyTh cTaThu. He nomyckaeTcs Mcmonb3o-
BaHue abOpeBHaTyp.

7. Pedepat crathu (00beMOM He Ooliee OJHOM CTpaHHIIBI pazMepoM Ipudra
14 m.T. uepes 1,5 uHTEpBaANA) HA PYCCKOM, VKDAUHCKOM U AH2IUNICKOM A3bIKAX.

8. Cnucok JuTepaTypbl NPUBOJUTCS B KOHIIE CTATHU B MOPSAKE YIIOMHHAHUS
B TeKcTe. B OnbnmorpadguueckoM ONMCaHUM YKa3bIBAIOTCS HHUIHAIB U (haMIITUT
BCEX aBTOPOB, a Jasee:

a) IUIsl KHUTU — Ha3BaHUS KHUTH, M3JATENbCTBA M TOpOJa, roJ u3AaHus (B
KPYTJBIX CKOOKaX):

A.®D. Hoghghe, Duzuka xpuctamios, [ 13, Mocksa (1929).

0) 1ns cTaTbU B KypHaJe — Ha3BaHHWE, TOM, HOMEp JKypHayia, HOMEp MepBOi
CTpaHMIIBI CTAThU, TOJl U3IaHUs (B KPYTJIBIX CKOOKaX):

V.V. Kabanov, J. Demsar, B. Podobnik, D. Mihailvic, Phys. Rev. B59, 1497
(1999).

9. [logpucyHOUYHBIe MOANMUCH TaK K€, KAaK U aHHOTAINH, TIPEJCTABISIOTCS Ha
PYCCKOM, aHTJIMMCKOM, YKPAWHCKOM (Ul Tpa)K1aH YKpPauHbI) 3bIKaX U JOJKHBI
coJiepKaTh OOBSACHSIOUINI PUCYHOK TEKCT.

10. CBenenusi 06 aBTOpax HEOOXOUMO MPEACTABUTh HA OTNEIBHOW CTpaHU-
1€, TJIe YKa3bIBAIOTCSI:

— TIOJTHBIE UMS$1, OTYECTBO U (haMUIIHSI aBTOPOB;

— UX CIIy»eOHbIE U TJOMAIITHUE aJipeca U Tene(oHsI;

— E-mail u anpec Internet.

Cnenyer yka3aTh, C KEM U3 aBTOPOB MPEANIOYTHUTEIHHO MOIICPKUBATH CBS3b
npu paboTe HaJl CTaThew.

Cosokynnocmo Ha3eanus cmamvlu, AHHOMAYUY, PUCYHKOE U NOOPUCYHOUHBIX
noonuceu 00IHCHA 0a8amb sICHOe Npedcmasgierue 0 Cymu pabomai.

Obpawaem enumanue agmopog Ha T0, 4yTo, HaunHas ¢ 2002 r., xxypHan ®TB/I
pedepupyercs u unnekcupyercs pedepatuBHbIM xypHaioMm Chemical Abstracts,
YKpauHCKHUM ATEHTCTBOM II0 3alIMTE aBTOPCKHUX MpaB, YKPAaUHCKUM 3JEK-
TPOHHBIM XypHaIOM «/[xxepeno». [loHas Bepcus )KypHalia pa3MeIleHa Ha CalTe:
http//www.donphti.ac.donetsk.ua/zhurnal.htm.
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