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CTaTTA CTOCYETHCA OTJISNY BUBUEHHSA peslaKcallil pisHUX THUIIB aTOMOBOTO IIO-
PAAKY BiJ HEPiBHOBAKHOTO M0 PiBHOBAKHOTO CTaHY 1 BUBHAUEHHSA MiKPOCKO-
mivHMX mapaMeTpiB mirparii atromis, 110 XapaKTepu3yIOTh II0 peJiaKcaIliio B
TBepaAux posdumHax (uHa npukjaami crouiB I'T[K-Ni—Al ra kpucramiyaux CImosyx
C32-(Ti,W)B,). PosriasHyTo IpOrHO30BaHi TeMIepaTypHi 3aJIe?KHOCTI 3aJIMIII-
KOBOTO eJieKTpooImopy piBHOBaskHUX posuumHiB I'ITK-Ni—Al, a Tako:x mocJi-
IKeHHS KiHeTHKM iHTeHCHUBHOCTH AU(PY3HOTO po3cisHHsS PeHTreHOBUX IIPO-
MeHiB, 00YMOBJI€HOTO Mi’KaTOMOBUMU KOPEIAIIAMU I MOHOKPUCTATIUHUX
spaskiB posumuiB I'ITK-Ni—Al (ycTpiil ix mOpAIKYy XapakTepusyeThbCs HabO-
POM XBUJILOBUX BEKTOPiB, a caMe, TUM, IKOMY MaJiu 0 BiAIIOBiZaTH yIIopAaaKo-
BaHi cTpyKkTypu tunmy L1,-NizAl i L1,-Ni,Al,). HaBegeno mikpockomiusxi mna-
pamerpu mirparii aromiB kommouenTiB cronis I'I[K-Ni—Al y pisaux xinernu-
HUX MOJeJIAX pejakcalii iHTeHCMBHOCTU AU(Y3HOrO PO3CisAHHS, 30KpeMa,
oIiHeHi eHeprii akTuBallii mporecy, 3a AkuMu B ctromax Ni—Al penakcairia
MOPAIKY He 00MeKY€EThCA JIUIIe TPAAUIiAHIM BaKaHCiHHUM MeXaHisMOM Iu-
dysii. 3’s1coBaHO 3aJ€KHOCTI iHTeHCHUBHOCTE! AU(PY3HOI0 PO3CiAHHSA Big uacy
Bigmasy OJig pi3HUX XBUJIHOBUX BEeKTOPiB 3 BDaXyBaHHAM 3aJIeKHOCTel iHTeH-
cUBHOCTel nudy3HOro po3CcigHHSA Bil TeMmepaTypu KOHAeHcallil y KpucTaJid-
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Hy cnoayky C32-(Ti,W)B, B kBasubinapuiii cucremi TiB,—~WB,. IlepegbaueHno
MOMKJIUBIL TUIU HAACTPYKTYDP Yy BTijNeHiN rekcaroHaJbHi# migrpaTHUIl B MeTa-
JIOBMiCHUX KpHCTAJIIUHUX cmojaykax tuny C32 i Bu3HaueHO YMOBU HU3BKOTe-
MIIEPaTypPHOI CTabiIBHOCTH TaKUX CTPYKTYDP, IO YTBOPIOIOTHCA 3 HEYIODA-
KOBAHOTO PO3MOJiJly aToMiB (HecTeXioMeTpuUYHOI) MeTaJieBoi micucreMu, 3a-
JIEYKHO BiJl XapaKTepy MisKaToMOBOI B3aeMoAil Vv KiJIbKOX IEPIINX KOOPAUHA-
IitHuX cepax miarpaTHUI].

The review is concerned with studies of transformation of various types of
atomic order during its relaxation from non-equilibrium state to equilibrium
one and determination of microscopic parameters of migration of atoms,
which characterize such relaxation in solid solutions (such as f.c.c.-Ni—Al
alloys and C32-(Ti,W)B, crystalline compounds). Forecasted temperature
dependences of residual electrical resistance of equilibrium f.c.c.-Ni—Al solu-
tions are considered. Parameterization of the abnormal behaviour of kinetics
of residual electrical resistance of f.c.c.-Ni—Al solutions is carried out. Re-
sults of investigation of a relaxation of distribution of diffuse-scattering in-
tensity (over reciprocal space) caused by interatomic correlations for the sin-
gle-crystalline samples of f.c.c.-Ni—Al solutions show that the structure of
atomic order is characterised by a set of wave vectors including vector corre-
sponding to L1,-NisAl- and L1,-Ni,Al,-type ordered structures. Order param-
eters for different reference states and temperatures of their relaxation are
estimated. The semi-phenomenological schema of estimation of
(self)diffusion coefficients and activation energies of migration of atoms in
binary solid solutions based on the Bravais lattices is modified for simple
hexagonal lattices. Possible types of superstructures on an interstitial hex-
agonal sublattice in crystalline C32-(Ti,W)B, compound are predicted, and
conditions of low-temperature stability of such structures arising from dis-
ordered arrangement of atoms of nonstoichiometric metal subsystem, de-
pending on character of interatomic interactions in a few first coordination
shells of a hexagonal sublattice are ascertained.

CraTtba KacaeTcs 0030pa MCCIEJOBAHUN peslaKCcalluy PasjMYHBIX TUIIOB aTOM-
HOT'0 OPAAKA OT HEPABHOBECHOT'O K PABHOBECHOMY COCTOSHUIO U OIIPE/eJIeHUA
MUKPOCKOIIMUYECKUX IIapaMeTPOB MUIPAIIMUA ATOMOB, XapPaKTePHU3YIOIIUX ITY
penakcaiuio B TBEPABIX pacTBopax (Ha mpumepe ciaaBoB I'IIK-Ni—Al u xkpu-
crasnueckux coeguHenuit C32-(Ti,W)B,). PaccmoTpeHbl TpOTrHO3MpPYyeMbIe
TeMIepaTypPHbIe 3aBUCUMOCTH OCTATOYHOI'O 3JI€KTPOCOIPOTUBJIEHNS PAaBHOBEC-
HBIX pacTBopoB I'TIK-Ni—Al, a Tak:Ke uccie[oBaHNA KNHETUKN UHTEHCUBHOCTH
IudOY3HOTO paccedHnsT PEHTTeHOBCKUX JIy4ueil, 00yCJIOBIEHHOr0 MEKATOMHBI-
MU KOPPEeJANUAMU IJI MOHOKPUCTAJLINUYECKUX 00pasioB pactBopoB I'TIK-Ni—
Al (ycTpoiicTBO MX aTOMHOI'O MOPSAJKAa XapaKTepuayercs HaGOPOM BOJHOBBIX
BEKTOPOB, & UMEHHO, TeM, KOTOPOMY JOJI?KHBI COOTBETCTBOBAThH YIIOPALOUEHHEIE
ctpyKTyphl Tuna L1,-NizAl u L1,-Ni,Al,). IIpuBeieHbI MUKPOCKOTIMYECKIIE TIa-
paMeTpbl MuUrpanuu aroMmoB KoMooueHToB ciiaBoB I'IIK-Ni—Al B pasauunbIx
KUHETUYECKUX MOJEJSAX peslaKcalluyd MHTeHCUBHOCTU Aud)dy3HOr0 paccesHusd,
B YaCTHOCTH, OI[eHEHHbIe SHEPTUYU aKTUBAIIUM IIPOIIECCA, B COOTBETCTBUU C KO-
TopeIMU B ciiaBax Ni—Al pesakcanusa aToOMHOI'O HOPSAKA He OrPAHAYMBAETCS
JINIIb TPASUIIMOHHBIM BAKAHCUOHHBIM MexaHusMoM auddysuu. BbelgcHeHbI
3aBUCUMOCTY MHTEHCUBHOCTEH Auh(Py3HOr0 pacceaHNA OT BpeMEHY OTKUTA IS
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PaBJIMUYHBIX BOJIHOBBIX BEKTODOB C YUEeTOM 3aBUCHUMOCTEll WHTEHCUBHOCTEN
IuddysHOro paccedHUsA OT TEMIEPATyPhl KOHZEHCAIIUN B KPUCTAJINIECKOE
coenmaenue C32-(Ti, W)B, B kBasubunapnoii cucreme TiB,—WB,. IIpenckasansl
BO3MOYKHBIE TUIILI CBEPXCTPYKTYP BO BHEIPEHHOM reKCaroHaJIbHOU oApenIeTKe
B METAJLJICOJEPKAIINX KPUCTAIIINUECKUX coequHeHuAX Tuna C32 m oupezeiie-
HBI YCJIOBUSA HU3KOTEMIIEPATYPHOH CTAOMJIBHOCTU TaKUX CTPYKTYpD, 00pasyro-
IUXCA U3 HEYIOPALOUEHHOTO PaCIpeieIeHIsI aTOMOB (HECTEXHMOMETPUUIECKO)
MeTaJIJINYEeCKON IIOACHUCTEMBI B 3aBUCHMOCTH OT XapaKTepa MeKaTOMHBIX B3aM-
MOZIeHCTBUI B HECKOJIBKUX IEPBBIX KOOPAUHAITMOHHEIX chepax IOAPEIIeTKH.

Karouosi croBa: kBasubinapua cnoanyka C32-(Ti, W)B,, Teepauii posuns I'ITK-
Ni—Al, saaummkoBuii eJeKTPooIip, AudysHe po3CciaHHA, pelakKcallis, (asosi
ImepeTBOPeHHA TUITy Jana—(06es)am, crTaTUYHi KOHIIEHTPAIlifHI XBUJIi.

(Ompumano 1 sxoemus 2010 p.)

SMICT

Beryn

1. TepmoguHaMika i KiHeTHKaA 3MiH CTPYKTypu OiHAPHUX PO3UMHIB Ha
OCHOBIi HIiIBPHUX IIPOCTUX I'PATHUI (32 JAHUMU PO KAPTUHU PO3Ci-
SAHHS Pi3HOTO TUIIY XBUJIb): PO3BUTOK YSBJIEeHb, (paKTU, HeBUPIiIIeHi
MUTAHHA, METOAUKHI

2. OmiHIOBaHHSA XapaKTepUCTUK au@dysii aromiB i KimeTuKn pegakcairii
cromie I'I[K-Ni—Al

3. Mogesi cTPYKTYPHUX 3MiH B KBasuOiHAPHiNT KPUCTATIUHINA CIOJIYITL
C32-(Ti,W)B,: repmoanHaMiKa i KiHeTuKa pesaxcarii

4. CTaTUCTUYHO-TePMOAMHAMIUHI MOeJli MarHeTu3My i po3MipHOI He-
BigmoBigHocTH aTromiB y cromax I'IIK-Ni—Al, mo BOnopsaakoBaHi 3a
HaaCTPYKTypHUM TUOOM L1,

OcHOBHIi pe3yJbTaTH i BUCHOBKHU

ITuroBana siTeparypa

BCTYI1I

Posp’sa3anua mpobieMy BUTOTOBJIEHHS U HOCIIIMKEHHS MaTepisdais 3
0COOJIMBUMU MEXaHIUHUMU, TEIJOBUMHU, €JIeKTPUUHUMU, MarHETHUMU
Ta iH. BJaCTUBOCTSAMH € aKTYaJbHUM 3aBIaHHAM (Pi3UHOTO MaTepPisdao-
3HaBcTBA i (hisuKm TBepaoro tina. Ila nmpobaema € CIisIbHOIO AJIA HOCJIi-
OHUKIB, IIT0 OPAIIOIOTh B 00JIacTi (DisMUHOr0 METaJIOBHABCTBA Ta MaTe-
pisiosHaBcTBa 3MimmaHuxX cucrteM. B YKpaiui Ta i1 3a ii mesxaMu BiKe
ony0JiKOBaHO BEJUKY KiJIBKiCTh Hpailb, IO CTOCYIOTLCSI €KCIepPUMEH-
TAJIBLHOTO I TEOPETUYHOTO BUBUEHHS (DiBMKO-MeXaHiUHUX BJIACTUBOCTEMN
CTOIiB MeTaJIeBUX i HaIiBIPOBIAHNKOBUX PiSHUX CKJAMIiB, IIPOTHO3U iX
HOBeiHKM B PiBHUX eKCIIyaTallilHUX yMoBax (3a pisHUX TeMIepaTyp,
TUCKiB, moaiB). Tum He MeHIe, Ta Hoga iH(opMAaIlia Ipo BJIACTUBOCTI
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CTOITiB, AKY MOKHA OJIePKATH JUIIe HeTPaIUIinHUMHY (eKcIIepuMeHTa-
JBHUMHI a00 TEOPeTUUYHUMN) MEeTOAaMU JOCHiIKeHHsa, Ha0yBae 0co0Im-
BOTO 3HAUEHHA.

MeTogoaoriuaoio 3acado OTIAHYTHUX HUMKUE TOCIiIKeHb € JeMOH-
cTpallis repeBar BUKOPUCTAHHA HAABHUX €KCIIEPUMEHTAJIbHUX Pe3yab-
TaTiB, OJepP:KaHUX METOH0I0 AM(PY3HOTO PO3CIAHHSA Pi3HOT0 BULY XBUJIb
(PeHTT'eHOBUX IPOMEHIB, TEIJIOBUX HEBTPOHIB, eJIEKTPOHIB IIPOBigHOC-
TH) Y TBEPAUX PO3UNHAX, YV MOETHAHHI 3i CTAaTUCTUYHOIO TEOPi€lo B aHa-
Jizi TepMoamHaMiKu I KiHeTMKU pejlakcallii ocTaHHIX (Ha IpHUKJIami
PAOy 3MIIMIAHUX CHUCTEM — 3HAYHOIO MipOI0 BUBUEHUX, MalyKe MOIEJIb-
HUX, Ta IOPiBHAHO HOBUX, HEBEJIUKOIO Mipoio mociimxenux). Hacamme-
pen, MoBa Iifie mpo Oe3mocepesHe BUBHAUEHHSA IIapaMeTPiB MixKaToMOBOI
B3aeMo/ii i mirparii aToMiB KOMIIOHEHTIB, a TAKOXK IIPO iX MOKJINBE 3a-
CTOCYBaHHSA y PO3PaXyHKY TeMIIEPATyPHO-KOHIIEHTPAI[INHUX 3aJIEKHO-
creil BimbHOI eHeprii, moOymoBi miarpam ¢asoBUX piBHOBAr, BUBUEHHI
eJeMeHTapHUX aKTiB Audysii Ta iX 3B’A3KY 3 « MAKPOCKOIIIUYHUMMI» JU-
dysifinumu xapaxkTepuctTukamu (xoegimierramu (camo)nudysii, emep-
riasmu aktuBanii nudysii) kommoueHTiB. IIpu MEOMY BUKOPUCTOBYIOTE-
cs JiTepaTypHi KiJIbKicHI JaHi MipAHHS iHTEeHCUBHOCTH Po3cisHHA PeH-
TT'eHOBUX MPOMEHiB (UM eJIeKTPOHIiB) Y MOHOKPHUCTAJIAX HEYIOPSIIKOBa-
HUX PO3YUHIB, II10 00yMOBJIeHEe GJIU3BLKUM HOPAIKOM 3aMimienHs. Has-
BHi JaHI mpo Amu(ppakiio BUOIPOMiHEHHS Ha BiAIIOBiIHMX PO3UYMHAX 3
ITaJeKuM IIOPSIAKOM Y PO3TAIITYBaHHI aTOMiB TaKOXK OepyThCA IO YBaru.

Mera orasagy — 3’sicyBaHHS 3aKOHOMipHOCTeIl aTOMOBOTO YIIOPAIAKY-
BaHHS B MaTepisiaax pisHoil mpupogu, — cromax I'ITK-Ni,_ Al, i Hecre-
xiomerpuuHuX Kpucramiuumx cumoaykax C32-(Ti,_.W.B,, — saje:xHo
BiJl XeMiUHOTO CKJIaNy, YMOB iX OJlep:KaHHA Ta BILJIMBY 30BHINTHIX YWH-
HUKiB i3 BpaxyBaHHAM HeilealbHOCTH BHYTPIITHLOI OYIOBY PO3UUHIB i
B3aeMO/il aToMiB KOMIOHEHTiB. g foCATHEHH I[iel MeT MaeMO: BU-
ABUTH (i3WUHI TPUYUHU 0COOJTUBOCTEN CTPYKTYPHUX 3MiH i TepMomau-
HaMiuHOI moBeminku TBepaux posunuiB I'I[K-Ni,  Al, i C32-(Ti,_.W,)B,
3a YMOB HepiBHOBaru; BUKOHATH aHaJi3y KiHeTHKHU pejakcallii 0/113b-
KOro ¥ JajIeKoro MopAAKiB (3a BakaHCiiHUM Ta KinbieBuM Audysifinm-
MU MexXaHi3zMaMM’) Y TePMOJINHAMIUHO HEPiBHOBAXKHUX TBEPAUX PO3UM-
HaX 3a3HaYeHNX THUIIiB I pO3pO0OUTH MOJEIbHI YABIEHHSA IIPO Hel; BUKO-
HaTH HapaMeTpusalliio quys3iiHuX IpoIeciB Ta peJakcalliiHuX edex-
TiB aTOMOBOIO YHOPAAKYBAaHHA y TepPMOAWHAMIUHO HEPiBHOBaKHUX
TBepaux posumHax tuny cromy I'I[K-Ni—Al i kBasubinapuol cooayxku
(Ti,W)B,), a came, OIliHIOBaHHS MOYaTKOBUX Ta PiBHOBAKHUX 3HAUEHD
mapaMeTpiB HOPAAKY M YaciB pejlakcallii y paMkKax 3alIpoIIOHOBAHUX
¢ismKO-MaTeMaTUYHUX KiHETHUUYHUX MOJEJIiB.

O0’eKTOM TaKHX HTOCIII:KEHb € aTOMapHO-KPHUCTAJNIYHUH yCTPill Ta
KiHeTnuHi mpoliecu pesaxcallii mopAaKy (3a BakaHCiiHUM abo0 Kijblie-
BUM IudysiiHMMU MexaHi3sMaMm’) HeCTeXioOMeTPMUHOI KpHCTaJivHOI
cnonyku C32-(Ti,W)B, i crony I'llIK-Ni—Al, a mpegmeToM — CTaTHUCTH-
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YHa TepMoAMHaMiKa Ta (isvyHa KiHeTHuKa IPOoIeciB yIOPAAKYBaHHA B
3a3HAYEHUX MaTepidyax pisHOI mpupoau.

3HAUUMIiCTh TaKUX MOCTIKEHD IIOJATAE Y TEOPETUYHOMY PO3BUTKY i
JTOMOBHEHHI caMe TUX HAYKOBUX 3HAHb, AKi MOKHa BUKOPUCTOBYBATH B
HOIAJBLIIIOMY JJIA IIPOIOHYBAHHA PeKOMEHIAIlil 100 IpoIeciB hopMmy-
BaHHA TepMoCTabiIbHMX OiHAPHMX Ta KBasubiHapHUX (HAHO)KpHCTAa-
JIYHUX PO3UYMHIB 3 0CcOOIUBUMH (HiSUUHUMHU i MeXaHiUYHNMU BJIACTHUBOC-
TAMHU. 3a3sHauumMoO, IMo OiHapHi cromu samimtenusa Ni—Al (aKk ocHoBa
OiIBIII 3aCTOCOBHUX CKJIATHOJETOBAHUX CHCTEM) XapaKTepU3YIOThLCA Psi-
IOM BapTHUX yBaru (PisMKO-MeXaHIUHUX BJIACTUBOCTEH, IKi CyTTEBO 3Mi-
HIOIOTHCS B 3aJI€KHOCTI Bim KoumenTpaiii Al Ta pesXuMis TepMiuHOI 00-
pobku. Taki aMiHN € 00YMOBJIEHNME HAABHICTIO B CTOIIAX IIIMPOKOIO Ha-
00py PiBHOBa;KHUX Ta MeTacTaOiIbHUX iHTEpMeTAJeBUX KPUCTATIUHUX
das. Ane npuponay GopMyBaHHS X (as3 6yJI0 BUBUEHO HEeJZOCTAaTHLO. B
CTOIIaX HA MOYATKOBUX (IIicJIs rapTyBaHH:A) eTalaxX 3apoa:KeHHs YIIops-
IKOBAHUX KPHUCTATIUHUX CTPYKTYP YacTO MOKe OyTH HeBiAmOBiZHIiCTH
MiK TMHaMu 0JIM3BKOT0 AaTOMOBOIO IIOPAAKY Ta PiBHOBAXKHOIO JAaJIEKOTO.
Tak, HaBiTh axio rapryBanua cromriB ['TIK-Ni—Al mpusBoguts 10 (ik-
camii B pudpakmiiiHii KapTuHi INQY3HUX MaKCUMYMiB Y OKOJIi TOYOK
(100), (010) Ta (001) ob6epuenoro mpocropy I'IIK-rpaTuuii, mogaibiie
VIOPAAKYBAHHA MOKEe CYIPOBOIKYBATHUCSA Xoua 0 3MiHOIO KiJIbKOCTHU
CIIOCTEPEKHUX MIPOMEHIB 3ipKM XBUJILOBOT'O BEKTOpPa, IO BigmoBimae
HaJICTPYKTYPHUM ped)ieKcaM, BJIACTUBUM KOMKHIM 3 iHTepMeTaJeBHUX
cTpyKTyp (Tuny L1,, rimoreruunoro L1, To1o). Taxa ocod6auBicTh CTOMIB
Ni—Al ykasye Ha Te, 1110 B KOHIIEHTPAIIMHIM JisIa30HI TBEpAUX PO3YM-
HiB Ha IILIAXY iX OO0 PiBHOBAYKHOIO CTAHY MOKYTh 3’ ABJIATHCA (HaHOMAC-
miTabHi) obaacTi JeKiaTbKOX TUIIIB 0JIM3BKOr0 MOpAaKy. ToMy ogHO3HAU-
He BUSHAUEHHSA MeXaHisdMiB («KaHaJiB») B3a€MOIIEPETBOPEHDb OJIU3BKOTO
nopanry tuny L1,, rimoreruunoro L1, Ta Al € BakauBuM. [I1a TBepaux
posunuiB Ni—-Al, uepes HaABHiCTh Pi3HUX TUHiB 0JIU3BKOTO IIOPAIKY, IPU
posriAani eHepriki akTmBarlii mirparii Ta ¥MOBipHOCTElN ejleMeHTapHUX
«IIepPecKOKiB» uepes eHepreTUYHi 6ap’epu HA «IOTEHIIIIIBHOMY» PEJbE-
(i, cTBOpeHOMY 3a PaXYHOK KOHIIeHTPaIlifHMX HEOJAHOPiJHOCTEH JIoKa-
JBHOT'O PO3MOJiJIy aTOMiB 000X KOMIIOHEHTIB CTOIY, MPOACHUIACA Heo0-
XiZHiCTL BUXOAY 3a MEXKi KJIaCMUYHOTro APpPEeHiloCcOBOr0 HAOIMIMKEHH I
TeMIepaTypHO-KOHIIEHTPAIliMHNX 3aJieKHOCTel ix KoedilieHTiB nudy-
3ii. OumiHoBaHHA 3a3HAYEHNX BEJINUYMH MOJKJINBE JUIIIE 3aBIAKN KOPEKT-
HOMY BHOKPEMJIEHHIO i3 3aCTOCOBYBAaHNX JaHUX IIPO €BOJIIOIII0 PO3IIOMII-
ay (B obepHEHOMY IPOCTOPi) iHTeHCUBHOCTU AU Y3HOTO PO3CITHHS BU-
npoMiHeHHA Tiel i vacTuHM, gKa OB’ A3aHA 3 OJU3BLKUM IOPAIAKOM, Ta
IeTaIbHOMY BMBUEHHIO ITapaMeTpiB (30KpeMa, daciB) pesakcarlii inTeH-
CUBHOCTU PO3CiAHHA.

HaykoBe i mpakTuute 3HaUeHHS MAlOTh TAKOMK JOCJiMTKEeHHS CTPYK-
TYPOYTBOPEHHA i KiHEeTMKHM aTOMOBOTO BIOPAIKYBaHHA B MaTepisiaax
iHIITOTO KJacy — HAHOCTPYKTYPOBaHUX KOHIeHcaTax KBasmOiHapHOI cu-
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cremu TiB,—WB,. 3a HaHOCTPYKTYPOBaHUM YCTPOEM KPHUCTAJIIUHI MaTe-
pifam 1iei cucTeMu 3aMalOTh IIPOMiYKHE ITOJIOMKEeHHSA MisK aMOP(OIIONi-
OHMMHU Ta MiKPOKPHUCTATIYHNMU. A OCKITBKY mepexin 3 amopdomnomiouo-
ro y KPHUCTANIUHUIN CTAaH CYNIPOBOAKYETHLCA 3MEHIIIEHHAM IITMTOMOTO
00’eMy i BUHUKHEHHAM Y MATePidii, I[yIKO 3UellJIeHOMY 3 MACUBHUM IIi-
IJIOMKIKAM, PO3TATYBaJbHOI medopMarllii, HagBHiCTP HaHOMACHITAOHOI
CTPYKTYPU MATEPiANy YCKJAJHIOE IIPOTHO3YBAaHHA HOTO BJIACTUBOCTEM.
Tomy mocTae KOPHUCHICTH MOJEIIOBAaHHSA OCOOJIMBOCTEM, BJIACTHUBUX TEP-
MOAMHAMII I KiHeTHUIIi 10T0 CTPYKTYPOYTBOPEHHS.

Taxo:x 3a3HaUMMO, 1110 Hapasi oJepsKaHi JaHi CTOCOBHO TPAHCIIOPTHUX
XapaKTEPUCTUK JTOCTi:KeHNX TBEPAMX PO3UYMHIB y piBHOBa3i AeMOH-
CTPYIOTH HaraJibHy ImoTpedy y Moaudikarii B:ke HaaBHuUX (imeasisoBa-
HUX) MOJEJIiB iX TeMIlepaTypHUX 3aJIe;KHOCTelH (HacaMIiiepen, Y HeaCuMII-
TOTUYHUX AiANAa30HAX TEMIIEPATYD).

1. TEPMOJIMHAMIKA I KTHETHKA 3MIH CTPYKTYPH BIHAPHAX
PO3YHMHIB HA OCHOBI INIJIbHUX ITPOCTUX I'PATHHUIIH (3A
TTAHUMH ITPO KAPTUHHU PO3CISIHHSA PI3ZHOI'O TUITY XBHJIb):
PO3BHUTOK YSBJIEHb, ®AKTH, HEBUPIIIEHI INTAHHS,
METOJUKH

1.1. KinemaTuuni 3acagu po3paxyHKiB augy3Horo posciasana PeHTreHOBUX
IIPOMEHIB i TeINIOBMX HEBTPOHIB TBepAUMHU po3unHamu Ha ocHOBi I'TIK-
I'PATHUILI

Ax Bimomo, poscigsHHA PeHTr'eHOBUX ITPOMEHIB TBEPAMMU PO3IUMHAMU
CcKJalaeThcA 3 NpaBUJIbHUX pediekciB JIABe, po3TamoBaHUX y By3Jax
00epHeHOoI I'PaTHUIL, i AM(PY3HOTO PO3CiIAHHA, PO3IOLIIEHOTO II0 BCLOMY
obepHeHOMY IIpocTOopy. udysHe posciaHHA 00yMOBIE€HE HETOCKOHAJIO-
CTAMU KPUCTAJTIUHOI I'DATHUIII: TEIIJIOBUMH i CTATUYHUMU 3MilIIEHHAMU
aTOMiB 3 IpaBUJIBHUX IIOJIOKEHD ii By3JIiB, a TAaK0K 0e3J1aJ0M Y PO3Mi-
ITeHHi aToMiB pisHoro copty mo Byanax. Ille y mpamax K. JlaBamna (110
3HAUIILIN BigoOpaskeHHa y moHorpadii P. xeiimca) [1, 2] 6ysio moka-
3aHO, 1[0 BUPAa3 AJIA iHTeHCUBHOCTHU OJHO(DOHOHHOTO TEILJIOBOTO AUDY3-
HOTO PO3CiAHHS MOHOKPHCTAJIAMU OJHOKOMIIOHEHTHOI peYoBUHU 3 N-
BY3€eJILHOIO I'PATHHUIIEI0 6e3 6a3ucy Ma€e BUTJIAM:

I! - N ey 1 1 h ‘a1
e (@) = N [f(@)]" € ; §+em,k/(kBT>_1 ma,, (q-euk) »(1.1)

me q=B+k — gudparuiiinuii BeKTOp, 110 JOPiBHIOE PisKHUIL XBUJILO-
BUX BEKTOPiB Majaiodyoro Ta pPO3CiAHOTO0 BUOPOMiHEHHS 3 MOBXKMHOIO
xBuii A, (21) "B — BeKTOp AeAKOro Byaja oO0epHeHOI rparHuii, k —
XBUJIBOBUI BEKTOP, IIT0 BU3HAUAE BiAgasb Bil BUMipIOBaHOI TOUKHU ( 1O
HaOaMKUYOoro n0 Hei «Bysaa» B y o6epuenomy mpoctopi; f(q) — aTomo-
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BUH axTop poscisHHA; m — Maca aToMa peuoBuHmU; # — Ilnanxkosa
crana; kz — BonsnmansoBa crana (0,08625-1072 eB/K); T — a6comioT-
Ha TeMIlepaTypa; 0, — YacTOTa HOPMAJIbLHOI'O KOJIMBAHHH, III0 XapakK-
TePU3YEThCA XBUIBLOBUM BeKTOpoM k i BekTOpOM mossapmsamii ey, U-i
TiJIKM aKYyCTUYHOTO CIIEKTPY, ToOTO Moau (W, K) akycTuunmnx POHOHIB;
e M _ rennosuit paxTop debag—Bamaepa. SIKI0 BeIMYNHE YacTOT HO-
pPMaIbHUX KOJHMBaHb Oy, € Bijomumu, 3a (1.1) mo:xHa GesmocepesHBO
pospaxyBaTu Itlherm(q) . @opmyay (1.1) mMo:KHA BUKOPUCTATH I OJA
pO3B’sA3aHHA 00epHEHOI 3a/a4i: BU3HAUEHHA YacTOT (POHOHIB (), i cuio-
BUX apaMeTpPiB MiKaToOMOBOI B3aeMO/il 3a HAABHUMM JaHUMMU eKcCIle-
PUMEHTaJIbHUX MipAHb BEJIMUYUH Itlherm (q) . Y Bumagky TBepIUX PO3UU-
HiB TpaHCIAIIiiHA iHBapiAHTHICTH KpPHUCTAJy IIOPYIIYEThCS, i IJIaCKi
XBUJIi IepecTalTh OYTHM CTAIliOHAPDHUMU CTAaHAMHU KOJIMBHOI CHCTEMH.
OpHak y TUX BUIIAAKAaX, KOJHU 3racadusa (POHOHIB 3HAUHO MEHIIe, aHixK
ix gacrora My, ¢popmyaa tumny (1.1) € 3acTocoBHOIO I AJ1d TBEPAUX PO3-
ynHiB. B eKcnepuMeHTaJbHUX TOCJIiIMKeHHIX 38 METOI0I0 HeIIPYKHbO-
T'0 PO3CiAHHA XOJIOAHUX HEBTPOHIB MOKa3aHO, IO JJIA BEJIMKOI KiJTbKoC-
TH CTOIiB MiKK OJHO(POHOHHOT'O PO3CiAHHSA AifICHO € JOBOJIi BySbKUMH i
TOMY B TAaKUX BUIIaAKaX MOKHa 3actocyBatu ¢opmyay tumy (1.1), me
3aMicTh Macu aToMa M HeoOXiJHO BUKOPMCTOBYBATHU CePEeIHIO O0epHEHY
mMacy, AKY, HallpUKJIak, 1A OiHapHoro posuuny A, B;-., Ha OCHOBI I'pat-
Huni BpaBe BUBHauaoTh (GOPMyJOI M =c Amf +(1-c,)m; uepes
Macu aToMiB my i mz KomooHeHTiB A i B. Ille M. O. Kpusorsas [3] cdop-
MYJII0BaB KpuTepii 3acTocoBHOCTU Bupasy tuny (1.1) ajma BUIagKy TBep-
INX PO3UMHIB. A Iepiiie eKclepuMeHTaIbHe BUSHAUEHHS CIIEKTPY YaCTOT
Wy, HEYTIOPAAKOBAHOT'O TBEPAOI'0 PO3UMHY 32 JOIOMOI'0I0 (DOPMYIu TUITY
(1.1) Buxonaia C. B. CemenoBcbKa 3 Koseramu aJia crony NigFe [4] i3 Ki-
JbKICHUM BHOKPEMJIEHHAM PIiSHUX CKJAAOBUX AMU(PY3HOIO PO3CiTHHSI
IIUM TBEPAUM PO3UYMHOM. B 1mbomy mociaimsxenui [4] BuABIeHO I BIJIUB
OJM3LKOr0 MOPAAKY Ha YacToTHHUI crexkTep cromy NisFe. ¥V mHactymaux
pobotax C. B. CemeHoBCHKOI 3i cmiBpobiTHuKaMu [5, 6] MmeToxy TemaoBo-
ro 1u()y3HOT0 PO3CIAHHS 0YJI0 3aCTOCOBAHO IS JOCJIiT:KeHHI aHOMAJIBHO
BEeJIMKUX (PIOKTyalliii HaMarHeTOBAHOCTH (hepoOMArHETHOT'O KPUCTAJIY
HiKJII0 B 0K0Ji Touku Kiopi. B [6] Oys10 BusiBieHo i1 eheKT aHOMAJIBHOTO
301JIBLINIEHHS iHTeHCUBHOCTH TEILIOBOTO AM(PY3HOIO PO3CiAHHSA IOOJIM3Y
rouxku Kiopi (1o cyTi uepes criH-(poHOHHY B3a€MOJIi0).

OKpiM 0ZHO(POHOHHOTO TEIIJIOBOTO PO3CigHHSA, IHTEHCUBHICTH AKOTO
BuU3HaUaeThesa popmysnoo (1.1), meaxkuii BHECOK y cyMapHe PO3CiAHHS
BHOCUTH ABOGOHOHHE TEIJIOBE PO3CiAHHA, METOAY PO3PaXyHKiB iHTEH-
CUBHOCTH AKOro 0yso sampomonoBano 1e K. B. Yoakepowm B [7] (muB.
TaKkoK Po3aia 2).

3a M. O. KpuBornasowm [8] inTeHcuBHiCTh AU Y3HOTO PO3CiAHHA, Ha-
OpuKJIah, PeHTI'eHOBUX IIPOMEHIB, ITOB’sA3aHa 3 0e3JIafoM y 3aMillleHHi
N BysiiB Kpuctasiuaoi rpataulti Bpase N, i N; aTomMmamMu JBOX Pi3HUX
KommoHeHTiB A i B (Ny,+Nz=N), HACTyITHUM YMHOM BUPAYKAETHCSI Ue-
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pes {o(r)} — HOopM™moBaui cuiBigHomenuam o(0)=1 YoppeHoBi mapamer-
pu OJIM3BLKOTO MOPAAKY V BBAEMHOMY PO3TaIllyBaHHI aTOMiIB y By3Jax 3
pagirocamu-BeKkTOopamu {R} KoopauHaniitEux cdep pagitocis [r| BizrOCHO
aTOMiB y IeHTpaJbHUX («HYJIBOBUX») By3aax R’ (r=R — R’):

ISRO(q) = (fA((I) - fB(q))2 <|5(k)|2> = N(fA —_ fB )2 c(]_ — C)|:1 + Za(r)eiklr:|;

r#0

(1.2)

N — 4ucjyio TpuUMITUBHUX eJleMeHTapHUX KOMIipoK y rpatHuiii Bpase
MOHOKpucTanay 6iHapHoro po3unny A—B (N >>1); f, i fy — aTomoBi dpak-
TOPU PO3CiAHHSA BUIIPOMiHEeHHS KoMOoOHeHTaMu A i B BinmmoBigHo; 3a Bu-
3HaYeHHAM Pyp’e-KOMIIOHEHTA

é(k) = ZR (cg —c)e™F, (1.3)

Jle IiIcCyMOBYBaHHA BUKOHYETBLCS 110 BCiX By3Jjax I'paTHUILL, c=c,=N,/N
— BigHOCHA M0JIg aTOMiB A v pO3UMHi, a BUNAAKOBa BeJIUUYMHA Cy 3a1a-
€ThbCs Y By3JaX PiBHOCTSIMMU:

1, akmio y Byssmi R sHaxoguThesa aToMm A,
Cp = (1.4)

0, akmio y BysJai R smaxoaurscsa atom B;

THM CaMMM BOHA Bu3Havae I3inrosy rpaTaunio posunny A, B, . . CumBox
<> B (1.2) osHauae mpoIeaypy ycepeaHeHH 3a BiAMOBigHUM (40 30BHi-
IIHIX YMOB) TepMOAMHAMIUHNM aHcaMOJjieM. 3a BiICYTHOCTH HAaJIEKOTO
OOPAAKY Y PO3TaIllyBaHHI aTOMiB 3aMiIlleHHS II0 OJHOTHUITHUX BY3JaX
I'PATHUIII OJHOYACTMHKOBA (PYHKI[ISI IIPOCTOPOBOTO PO3IOALIY aTOMiB
kKommoHeHTa A P(R) = <cR> =c¢, =c, a napaMeTrep OJIU3BKOTO IOPAIKY
o(r), aK Bimomo, moB’asanuii popmysnoo o(r) = —¢€,,(r)/{c(l - ¢)} 3 map-
HOIO KOPEJISIIifHOI0 PYyHKIE € ,(T) = —<(CR —c)leg — CS> , IKa IJId Of-
HOPiZHOTO HEBIOPAAKOBAHOI'O PO3YMHY 3aJI€KUTDL JIMINE Bin pisKHMITI
(r =R — R’) koopauuaT 060X BY3JIiB i BUBHAUAETHCS YMOBHOIO IMOBipHic-
10 P, 5(r) 3amimennsa Bysna R KoopauHaniiizoi chepu pagiroca |r| aromom
copTy B, SKIIO OZHOYACHO B IEHTPAIbHOMY («HYJILOBOMY») By3ai R’ 3
BiporigaicTio nepe6yBae aToMm copTy A: €,,(r) = cP,,(r) —c(1 —-c).

Bupas (1.2) € 0cHOBOIO eKCIIepIMEHTAJIbHOT0 BU3HAUEHH A (B3araJi-To,
HEPiBHOBaKHMX) MapaMeTpiB OJIM3bKOT0 Mopaaky o(r). Yuepiie ¢Gopmy-
ay tuny (1.2) 6yao Bukopucrano k. M. Kayui [9] sagna ominoBanHsS
napaMeTrpiB o(r) Aaa gecsaTu KoopauHaiiaux chep y cromi 'IIK-CusAu.
Amnayoriufi gocaig:KeHHA OJM3LKOT0 YIOPAAKYBAaHHS (UM PO3IIapyBaH-
Hs) OyJI0 BUKOHAHO I AJIS MOHOKPMCTAJIB 0araThboX iHIIIHMX CTOIIiB, 30K-
peMma, it CusAu [10]. BusnauenHs o(r) BUKOHaHO TU(MGPAKI[IFHUMYU METO-
JaMM TAKOMK IJIS BEJUKOI KiJIbKOCTHU IMOJIKPUCTAJIIYHUX CTOIIB, 30Kpe-
Ma, y poborax B.I. Isepomosoi i1 A. A. Kanuennscona, ae 3amis odumc-
JeHH4 0r) BUKopucTano aHajor ¢gopmyau (1.2) ana mogikpucTaiis.
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Yepes Te, IT0 aTOMOBI PO3Mipu KOMIIOHEHTIB PO3UMHY, AK IIPaBUJIO,
BiZIpiBHAIOTHCA OAWH Bif OJTHOrO, PiBHMM NIPOCTOPOBUM pPOIIMOIiJIamM
aTOMiB y HEYIIOPSAIKOBAHOMY TBEPAOMY PO3UYMHI BiAmoBimaioTh pisHI
CTaTUYHi 3MIIIIeHHA aTOMiB 3 BY3JIiB I'eOMETPUYHO iJleaJIbHOI I'PATHUIII.
M. O. Kpugorsaszom 0ys10 mokasasno [11], 1110 3 ypaXxyBaHHAM IILOTO «PO-
3MipHOTrOo» e(peKTy BHPA3 JJsA iHTEHCUBHOCTH PO3CiTHHSA MOYKHA OJiep-

xaru 3 (1.2) saminomo f, — f, — if (q-d,(k))+f, - f,. Toai, y cynepro-

SUIIHHOMY HAOJIMIKEeHHI I 3MillleHHs aToMa 3 BysJja R mix giero iH-
IIXX aTOMIiB 3aMiIeHHs, popMyJa AJd iHTEHCUBHOCTH AU(PYy3HOTO PO3-
ciaHHA, AKa BimoOpakae Toii (paKT, II[0 CTATHUUHI IeOMETPUUHI CIIOTBO-
PEeHHs I'PAaTHUII 3aJIesKaTh BiJ PO3MiIlleHHs aTOMiB pi3HUX COpPTiB 1o ii
ByaJax (To0To Bix 6TM3BKOTO ITOPAIKY), HaOyBae Buraany [11, 12]:

ISRO+st.disp(q) = ‘lf (q : ﬁo(k)) +7f, - fB‘Z <|5(k)|2> e ML, (1.5)

ne 1,(k) — ®@yp’e-kommnonenTa craruunux amimens {u,(R —R')} aromis
3 BysuaiB {R} mixm pgiero aromie samimenns y Bysmax {R’}, a
f =fc+f;(1—c). Parrop e *™* onmcye ocnabHeHHs iHTepdhepeHILiii-
HUX MaKCUMYMiB BHACJIJOK TeILIoBUX KonuBaHb (¢ 2V) i cratuunux (e )
amimntens atoMmiB [12]; popmyau qia noxkasuukis 2M i L HaBeneHo B[13].

Hda KpUCTANiB PisHUX CUMETPilli V KOHTUHYAJILHOMY HAOJIMIKEHHIL
(nna manux |k|) 8 [14] onepaxano hopmynu, 3a skumu Bektop (k) Bu-
pakaeTbed («IiHifiHO» 3a k) uepes moxmyai npyskuoctu Cp; (I, J=1, ...,
6) MOHOKpPUCTAJY POBUYMHY i XapaKTePUCTUKMU KOHIEHTpAIliiiHOi 3aJie-
JKHOCTH PO3MipiB i popMu ereMeHTapHOI KOMipKu itoro rparuui. OT-
JKe, y TaKOMY (TOBrOXBUJILOBOMY) HaOam:xeHHi Bupas (1.5) HaOyBae Ha-
CTYITHOTO BUTJIALY:

Lanonsai @ = [ (- K) 12 + £, = £ (60" )™, (1.6)

e IJid KyOiYHMX KpUCTaJIiB GiHAapHUX PO3UMHIB 3aMiIlleHHA i BEKTOPiB
k 3 xkinnamu Ha cuMerpitinux HanpaMikax [100],[110]i[111]y Bix-
MMOBiZHOMY 00epHEHOMY IIPOCTOPi hopMyu A KoedillieHTiB g, MalOTh
Burysan[14]:
C,+2C, da 2(C,, +2C,) da
g[lOO] = C ) g[110] = N
” adc C,+C,+2C, adc
3(C,, +2C,) da
8 = C ’
1, +2C, +4C,, adc

(1.7

TYT @ — IapaMeTep KyO0iuHOI YMOBHOI eJleMeHTapHOI KOMipKU PO3UNHY;
Cii, Ciy, Cyy — JmiHiliHO He3aNeKHI MOAYJI IPYKHOCTU KYOiYHOTO MOHO-
KpHUCTaIy.

s pospaxyHKy BennumH U,(k) sa Ginpmux [k| (To6To manux mos-
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KUH QuoKTyaniiaux xBuib {cg},{P(R)} ToIro, AKi ix Bu3HaAUaOTH) OY-
JIO 3aIIPOIIOHOBAHO Pi3Hi IIpoIleaypu, 30KpeMa, PO3PAaXyHOK Uepes IPH-
TaMaHHi yacToTu GoHOHIB {®,,} i BeKTOPYU ImONApU3aNii {e,,} 3 BUKOPHC-
rapuaaMm (3a I. M. Jligpmuiibom) BiomMoro Bupasy AJA CTaTHUYHOI I'pino-
Bol pysKIii rpaTHMi [15]. Bignosigai dopmynu gna u,(k) i inTercus-
HOCTU AU(Y3HOTO PO3CiAHHA A po3umHiB Ha ocHOBI I'IlK-rparHmiti
obroBopiooThcA B[13, 14].

1.2. Yasaenna npo aromosuii mopsanok cromis Ni—Al 3 I'TIK-rpatuuunero

ExcnepuMeHTaIbHUMHU TOCTiMIKeHHAMU OYyJI0 BCTAHOBJIEHO, IO B CTO-
nax Ha ocHOBi I'IlK-rpaTHUIIi MOXKYTh yTBOPIOBATHCA YHOPAAKOBAHI
dasu, gKi € cTiiKuMHU 1110710 MOAPiOHEeHHA Ha aHTH(dhA3HI JOMEHH, 30K-
pema, iz (mHag)crpykrypamu Tty L1, (i crexiomerpiamm Nij;Al abo
Al;Ni) ra tuny L1, (i rimorermunoro crexiomerpiero Ni,Al,) y (me-
ra)crabimbHoMy ctaui. Ha pucyury 1.1 cxemMaTuuHO BiATBOPEHO aTOMAa-
pHY OYIOBY TAKUX ifleaIbHO yIOpAAKOoBaHUX HAACTPYKTYDP (3a T'=0 K).

¥ BmnopsagkoBauim 3a Tunom L1, cromi #ioro 'lIK-rparuumsa Byaiis
po30mBaeThCA HA YOTHUPHU HiAI'PATHUII, OAHY 3 AKWX YTBOPIOIOTH BEP-
IINHHA, a iHIIi TPY — IeHTPU CYMiKHUX I'paHeil KyOiuHol yMOBHOI ee-
MEHTapHOI KOMipKHU, IIO0 IIEPEeBa’KHO 3aMIiMIyIOTHCA €HEPreTUYHO HeekK-
BiBaJJEHTHMMHM aTOMaMU OXHOTO i apyroro copty Biamosimmo. I'IK-
I'PATHUILA BY3JiB CTOIY 3i cTpyKTypoio Tuny L1, mogiiserbesa Ha ABi mi-
ITPATHUII, PO3TAIIYBAHHSA BY3JIiB AKUX MOPEICTABIAECTHCA CHUCTEMOIO
mirorruH (001), 1110 YuepryoThes uepes OgHY .

YTBOpeHHS YIOPAAKOBAHOI 3a CTPYKTypHuUM TuioMm L1, ¢dasu mpus-
BOAUTH OO0 BUHUKHEHHA Ha AUMPaAKIifHIA KapTUHI HAACTPYKTYPHUX
pedexciB, TONOKEeHHA AKUX V O0epHEeHil I'paTHUII AJIA HEYHOPSIIKO-
BaHOI (hasu 300paskeHo Ha puc. 1.2, a.

HagcrpyxrypHi BigoutTa ¢asu L1, Bu3HAUaIOTLCS BciMa TphboMa Hee-
kBiBanenTEnMu npomenamn {ky, = 2ra; = (100), k, =2ma; =(010),
ky, = 27:?: = (001) } oxHiel 3ipKU HAACTPYKTYPHOI'O XBUJIBLOBOI'O BEKTOPA
k, = 21Ea'2 (gpyn*n D,,), ne, 3a TpaIUITIE€O AJIS PEHTI€HOCTPYKTYPHOIL aHAa-
Jgisu, a_, a,, a, — IOJOBUHN OCHOBHUX BEKTOPiB TpaHCJAIil obepHe-
Hol (zaa 'l K-rpaTruti ByaniB) OIIK-r'paTHuIli y B3aeMHO HepPIeHANKY-
JAApHUX <«KybOiuHMx» Hampamkax [100], [010], [001] sBizmoBimuo
(| a, |< a, || a, |=1/a, a — napamerep I'lIK-rparaui posuumy).

Yci igmni HaACTPYKTYPHI BEKTOPU B O0epHEHIN I'PATHUIIL MOKHA ofep-
JKaTH B pe3ysbTaTi cKJIagaHHA BeKTopiB (2m) 'k xj (j=1,2,3) 8i cTpyk-

TYPHUMH BeKTOpaMu obepHeHoI rpatHmmi (2n)'B = Ziﬂ kb, (b} —

Tpilika 0as3MCHUX BEKTOPiB oOepHeHOI r'paTHHUI, a umucaa {h,} — Iiii).
TakuM YMHOM, iHIEKCH BCiX HAJCTPYKTYPHUX BY3JIiB y MeyKax maHOI
o0epHeHOI I'PATHUIIL MaIOTh BUTJIAL:
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Puc. 1.1. Posmogin aromis Ni it Al mo Bysmax I'lTK-rpaTeEuIli y HaaCTPpyKTypax
samimenns: (a) crexiomerpuunux NizAl a6o Al;Ni tuny L1, (@ i O — aTromnu
Al(Ni) ra Ni(Al) Bigmosiguo); (6) rimoreruusiit crexiomerpuuniit Ni,Al, Tuny
L1,(®, O— aTomu Ali Ni).

Puc. 1.2. O6epuena OIIK-rpatuuiis, 1o BigmoBizae HaACTPYKTypaM 3aMillieH-
Hsa Ha ocHoBi I'lIK-rpatHuIti, ineanbuo BnopAaakosanum: (a) 3a tunom L1,, (6)
3a TunoMm L1, (3ipoUKM mO3HAUAIOTH IIOJIOMKEHHS CTPYKTYpPHUX pedekcis, a
XPECTUKU — HAJCTPYKTYPHUX).

(100) + (hy, + by — hyshy + by —hyshy + hy, — hy) =
=(hy+h;—h +1;h; + h —hy;h, + h, — hy),
(010) + (h, + hy —h;shy + h, — hyshy + hy — hy) =
=(h,+h;—h;h;+h —h,+1;h +h,—h,),
(001) + (hy + hy — hyshy + by —hys by + by, — hy) =
=(hy+h;—h;h, +h —hy;h +h,—hy +1),
ne hy, hy, hy — iHAEKCU CTPYKTYPHUX pedieKciB, TOOTO Oyab-aIKi Iimi
yuesaa, cyMa AKux hy +h,+ hs € IOABOEHUM IIAPHUM YUCJIOM.

IITapoBa HaacTpykTypa Tuny L1, r'eHepyeTbCcs JUIIe SKUMOCH OJTHUM 3
TPbOX HEeKBiBaJIEHTHUX NPOMeHiB Ky, Ky, 200 ky; Tiel ok 3ipku HamcTpy-
KTYPHOTO XBUJIbOBOro Bekropa k, = 27a, . ToMy BIODAAKYBAHHS 32 TH-
mom L1, Ipu3BOAUTE A0 MOSIBU HAACTPYKTYPHUX pedeKciB oHOro Tumy,

1[0 BUBHAYAETLCA TiIbKM, HAIIPUKJIAL, BeKTopoM Ky, (puc. 1.2, 6). Iamri
HAJACTPYKTYPHIi By3au B Takiit o6epHeniit OLIK-r'paTHuIii maroTh iHgeKCcH
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(001) + (hy + hy —h;shy + h, — hyshy + hy, — hy) =
=(hy +hy —h;3hy +h —hys b, +hy —hy +1).

Hocaimxenns gisrpamu pisaosar gas Ni—Al gure B o6aacTi cKiIagy
50% Al crocyorsea nmouasn 50 pobit; mpore, psaf ii geraseit He 3’ sICOBAHO
¥ moci. Ha pucyuky 1.3 HaBegeHO eKCIIepUMEHTAJIbHY AiArpaMy cTaHiB
cuctemu Ni—Al 3 obsactamu (meta)crabinibaocTu ¢as, 3okpema, L1,.

Aximo ganekuit mopAgoK y BuopagkoBanomy cromi Ni—Al mocaigxe-
HO [OOCHUTH MOBHO, TO HaHi, IO CTOCYIOThCA OJU3BKOTO TOPSAAKY B
(ue)ymopaaxoBanomy cromi Ni—Al, npaxtuuno Biacytai. IIpamoro me-
TOMOI0 BUBUEHHS OJM3bKOTO MOPAAKY € MeToma AuGY3HOTO PO3CigHHS
PenrrenoBux mpomeHiB. I Bike mepIri eKcliepuMeHTAJIbHI BU3HAUECHHS
napaMeTpiB 6u3bKoro mopAaKy o(r) A. A. KamuerbcoHOM 3 KoJieraMu
e Ha mouatky 1970-x pp. mokasauu, 1o B ctromi Ni—Al moxe O0yTu
OIMBBKUI MIOPAMOK, IO HPOCTATAETHLCSI HA JeKiJbKa KOODPAMHAIIMHUX
chep (6inpIre gBOX), a icTOTHI BHeCKU Y AuU(py3HE PO3CiAHHA IIPOMEHIB
BHOCSATD Pis3Hi TeMIepaTypo- i KOHIleHTpaI[iiHO3a e KHi e()eKTH.

fAcHo, 10 gu(dy3He Po3CiTHHA 3arapTOBaHUMY 3pa3KaMU BilIoBigae He
TeMIepaTypi sarapTyBaHHsd, a CTaHy, 110 BUHUKAE ByKe Y IPOIleci sarap-
ryBaHHA. Ile cTocyeTheda i pe3yIbTaTiB AUIATOMETPUUYHUX JOCJIIMKEHD i
MipAHHS €JeKTPOOIIopy. 3a3BuUail, TaKi XapakTepPUCTUKU MipsSiOTh IJIs
CTOITiB, ITI0 ITPOMIILIN ABi pi3Hi TepMOOOPOOKY — 3arapTyBaHHS BiJ fesTKol
TeMIOepaTypu 3 HACTYIIHUM HU3LKOTEMIEepPaTypHUM Bigmasgom (TepMoo0-
pobka @A) Ta moBinbHEe oxoJgomiKeHHS (TepmooOpodxa C). Ilns cromis,
OiggaHux TepMooOpooIli QA, AK OJIU3bKUN IIOPSAA0K, TaK 1 eJIeKTPOoOoHip
MOKYTBb OyTHU OiIBIINMU, aHisK AJIA CTOMIB, IO IIPOUIILIA TEPMOOOPOOKY
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C. o peui, cTaH, AKUi BUHUKAE B 3aTapToBaHUX ab0 xoJsomHomedopMo-
BaHUX CTOIIaX, 10 IPOUIIN HACTYIHUHN HU3bKOTEMIEPATYPHUH BiAma,
3a SIKOTO CIIOCTEPIraeTheA 30iIbINIEHHA eJIeKTPOOIOPY, CIOoCTepirascs Ie
I'. Tomacom[17, 18], i #ioro 6ys0 HasBaHO «K-cTramom» . B. M. JliBmmumsom
3 koaeramu [19, 20] 6yy10 BUCYHYTO TilloTE3y, 3a AKOIO 30iIbIIEHHS eJIeK-
TPOOHIOPY IIPU BiATai MOKHA MTOACHUTY YTBOPEHHAM (HAHOMACIIITAOHIX )
cerperaiiiii B o6sacTi crabisbHOCTH 0HO(A3HOTO TBEPAOro po3unny. 1o
rimoresy OyJI0 IMiATBEPIKEHO eJIeKTPOHHO-MiKPOCKOImiuHnMY i PernTr'eno-
BUMU JociaimixeHHaAMU [21-23] yrBopenHA K-cTaHy B 06JIacTi cTifikocTu
onHO(Aa3ZHUX TBEPANX PO3UMHIB IJIs PALY CTOMIIB HA HiKJIeBi# ocHOBi. Ye-
pes Te, II10 IIPU TePMOooOPoOITi QA MoKe cIocTepiraTucs OiabIINi CTYIiHD
OJIM3BLKOTO IIOPAAKY, aHIMK IIpu TepMooopoobIti C, ouikyeThes, 1110 K-cTaH B
cTomax MoJKe OyTH, 30KpeMa, BIOPAAKOBAHUM 3 ApiOHMMY aHTH()a3HUMHA
IoMeHaMU, AKi He Koar'yJIlol0Th IPU HU3bKOTEMIIepaTyPHOMY BiAmiami ue-
pes 3arajgbMoBaHicTh AudysiiiHol KimeTuku. AJle HasgBHICTH HAAJIUIIIKO-
BUX BaKaHCil, AKi yTBOPIOIOTHCA IIPU 3arapTyBaHHI BiJi BUCOKOI TeMIiepa-
TypHu, 3abesleuye Bce-TaKM JOCTATHLO BMCOKY IIBUAKICTh Au@ys3ii misa
TOTO, 11100 COIPUATHU YTBOPeHHIO K-cTamy (mpu TepMoobpood1i C HamIUIII-
KOBi BaKaHcii BificyTHi, i1 ToMy IIBUAKIiCTE Audysii He Moske 3a0e3meunTu
yTBOopeHHsA K-crany). AHaJoriuHi HACHiAKM OUiKyIOTbCA ¥ /s 3pasKis
HePiBHOBAsKHUX CTOIIIB, AKMX 3aMiCTh 3arapTyBaHH OyJI0 HiggaHO IIIac-
TUUHIN JedopMallii: y BUIaJKy TePMOOOPOOKU TUITY QA 3HAUEHHS mapa-
MeTpa OJIM3BKOTO0 MOPAAKY AJA IIEePIIol KOOPAWHAIIINMHOI chepH o MOXKe
BUABUTHUCA CYTTEBO OLILIITNM, aHiyK Y BUIIAAKY TepMooOpobku C, Hapu-
KJaJ, uepes Te, 1o ge)eKTH, SKi BUHIKAIOTh 3a IIJIACTUYHOI Aepopmarrii,
COPUSIOTH YTBOPEHHIO Oi/IBIIT BUCOKOTO CTYIIEHA 0JIM3bKOTr0 MOPAIKY. Jo-
ITaTKoBUH (mIpu TepMooOpo6Iri C) BUCOKOTEMIIEPATYPHUH BiIIaa 3MeHIITye
KinbKicTb nedeKTiB i, 0TiKe, 3MEHIITye 3HaUEeHH ITapaMeTpa 0, 110 BUHU-
Kae Ipu TepMooOpooIi QA, ajie BUABIIETLCA CYTTEBO OiIBIIINM, aHIK Ma-
KCHUMaJbHe 3HaUeHHd (0;),. , JKe IPUIyCTUMe CKIag0oM cromy. Came Ta-
KUl pe3yabTaT 0yio ogep:xano A. A. KamueasconoMm Ta iH. g cromy Ni—
Al [24]. 3Bigcu 6ys0 3po6IeHO BHCHOBOK IIPO (DOPMYBAHHS OJH3BKOIO
TMOPAIKY Wicaa «30yIKyBalbHUX» 00p00OK (medopmariieio, 3arapTyBaH-
HAM, OIIPOMiHEHHAM) oco0uBUM unHoM. Ha BingMiHy Bim 3BUuaiiHUX BU-
MaaKiB yTBOPEeHHA OJU3BKOTO IMOPAIKY TYT CYIIPOBOMIKYETHCSI BUHNKHEH-
HAM KOHIIEHTPAIiIHMX HEOTHOPiZHOCTEeH, uepe3 AKiL (popMyeTbCcA TaK
3BAHUU «JOKAJbHUU» OJMU3LKUN MOpAIoK [25]. ¥ 3asHaueHUX poboTax,
He3BasKaloul Ha Pi3HY TePMiHOJIOTiIO0 B HUX, OUEBHIHO, MAETHCSA Ha yBasi
TO¥ caMuil epeKT ABUINA CTPYKTYPOYTBOPEHHA: B OJHUX IIPaIlAX BiH Ha-
3uBaeThbCcA K-cTaHOM, B iHIINX [25] — CTAHOM 3 «JIOKAJBHUM» OJIUSHKUM
nopankoM. Ileit edeKT TPOABASIETHCA B 00JIacTi ogHOG(GA3ZHOTO TBEPAOTO
PO3UMHY I IMiACUIIOETLCA 3 HAOIMMKEHHAM 0 I'PAHUIII POSUMHHOCTH Ha
nmisrpami (xBasu)piBuoBaru. (Ille B oryAmi e1eKTPOHHO-MiKPOCKOIIIUHUX
mocaimxenb K-crany B cromax [21] 6yJio 3a3HaueHO HOT0 3araIbHi pucu.)
A.T. Xauarypaaom [26] 6yso 3anpomonoBaHo (hisWUHMI MexaHisMm,
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IIT0 YMOMKJIMBJIIOE IPUCYTHICTL APiOHUX cerperaitiii (KjacTepiB meBHOTO
CKJIaNy), BimmoBigHUX omHO(MAa3Hil obacTi gisrpaMu «piBHOBAr» CTOITY.
BusnauanabpHY poJib Y IIBOMY MEXaHi8Mi BiflirpatoTh BHYTPIillTHI MexaHiuHi
HaOpPy:KeHH i HaJJINIITKOBL BaKkaHCcii, IIT0 BUHUKAaIOTh, 30KpeMa, IIpu 3a-
rapTyBaHHi i miacTuuHii gedopmairii. B [26] 6yJsio mokasamo, 110 IIi Ba-
KaHCil BU3HAUAIOTh He JuIlle KiHeTUKY, ajie, II[0 HauroJoBHiIlle, i1 TepMO-
muHaMiky K-cramy. OcTanusa o0cTaBMHA € OOT'PYHTYBAaHHAM TOTO, IO 00-
JacTb icHyBaHHA K-cTaHy MOKHA HaHECTU HABiTh HaA JiArpamMy «piBHO-
Bar». Imea [26] monarasma B HacTyImHOMY. 3a3BU4aii, po3mal TBEPAOTO Po-
3UMHY 3OiMCHIOETHCS 34 PAXYHOK IEePEePO3IIOIiy aTOMIiB II0 By3JaX €Iu-
HOI KPUCTAJIYHOI I'PaTHUIIi, i BUHMKAE CYMIIll IBOX (IeKiTbKoX) a3, Ko-
TePeHTHO 3B’ a3aHuX ofHA 3 0gHOI0. KorepenTHe 3’eqHaHHA (as, 1110 Ma-
IOTh Pi3HI mapameTpu I'PaTHUII, IPUIBOAUTL A0 IPYXKHIX HAIPYKEHb.
Enepria Takux HanpysKeHb € IPAMO HPOIOPIIiAHOI cyMapHOMY 00’eMy
dasu, 110 BUAIIAETHCA, i Mae BPaXOBYBATHCA IIPU IMOOYHOBi misrpamMu
«piBHOBar». Taka gigarpama € misrpaMmoio MeracrabiibHOCTH. AJle came
BOHA 3BUYANHO PO3TJIANAETLCS K JilicHA AisirpaMa piBHOBAr (as.

s Toro, mo0 COpPOTHO3yBaTHU HiATrpamMy CTabiIbHOCTU, HeoOXimHOo
BKJIIOYUTH Y POSTJIA TOCTATHHO eheKTUBHUM MeXaHi3M 3HATTA BHYTPIII-
HixX HanpyKeHb. Takuii MexaHisM mie B OiHApHUX CTOIIaX 3 HAJIUIITKOBOIO
KimbKicTio BakaHCiii. SIKIO BKJIIOUeHHS HOBOI (pas3u MaioTh 00’emwu, Oi-
JIBII, aHiK BiAmOBiAHI IM 00’eMU «TipOK» Y MaTPHILi, TO Au(y3iad HAIIM-
IIKOBUX BAaKaHCi¥ 40 BKJIIOUEHDb HOBOI (Da3y IIPU3BOAUTD 0 «aAHITIIAINII»
HAIJINIIIKOBUX 00’€MiB BKJIIOUEHD i, TAKMM YMHOM, A0 3HATTSA BHYTPIIITHIiX
Hamnpy:KeHb. IIpu IbOMY HAAJUIITKOBI BaKaHCii BiIirparoTh pPoOJIb TPETHOT'O
KOMIIOHEHTa, a iX KiJbKiCTb, y BiIIOBiIHOCTI A0 3BMYANHOTO IIpaBUJIA
BasKeJlsd, BU3HAUa€ cyMapHuIii 06’eM BKJIIOUEHb (Pasu, 10 BUALIAETHCA i €
BiJIBHOIO BiJl BHYTPillTHiX HAIPY:KeHb. SBUUANHO el 00’eM — IOPiBHAHO
MaJInii, i BKJIIOUEHHS MOXKYTh CIpHUMMaTHCA AK APiOHI cerperarrii. O6-
JacTh JiArpaMM PiBHOBAr, PO3TAIllOBaHA MiK JiHIAMM PO3YMHHOCTU HAa
JigrpamMax cTaOiJIbHOCTH M MeTacTabiJIbHOCTH, MOKHA OTOTOMKHUTHU 3 00-
JacTio HagBHocTH K-cTamy. 3a BicyTHOCTM HAAJUINKOBUX BaKaHCii (y
BUIIAIKY TepMooOpooku C) TepMOIMHAMIKA CTOIIy BU3HAYAETHCA Aisrpa-
MOIO MeTacTabiILHOCTH, a OTsKe, CTOII He 3a3Hae Po3IMany. 3a HasgBHOCTHU
HAAJUIITKOBUX BaKaHCiH (y BUIAIKy TepMooOpPoOKu QA) crom posmazia-
€ThCA YV BigmoBimgHOCTI A0 Aisrpamu crabismbHocTu. Posman BigOyBaeThCsa
IOTH, JOKU He BUUEPIaOThCA BCi HAAJIUIIIKOBI BaKaHCii, IO TO3BOJISIOTH
3HATHU BHYTPIITHI HATIPY:KeHHA. BiTak po3naj IpUNIUHAETHCA I YTBOPIO-
€ThbCs FeTepOoreHHa CUCTeMa cerperaiiii mepuoro ckaany (K-cran). i cer-
perariii He pOCTYTh YIIPOAOBXK TPUBAJIOTO YacCy, IIT0 BU3HAUAETHCA YACOM
OiBeJeHHs HOBUX BaKaHCIH 3 MOBEPXOHb KpucTaay. Tak, KoaJeCIeHITid
cer'perairiii, oOyMoBJeHa IIiBeIeHHIM BaKaHCill 3 MOBEPXOHb, MOJKE Bif-
OyBaTHCs BIIPOJOBK €KCIIEPUMEHTY, HAIIPUKJIAL, IPHU Yaci Bigmaay y Ki-
JbKAa JIeCATKIB THIB 3a TeMIIEpaTyp, HaBiTh 3HAYHO BUIIIUX 3a KiMHaTHY. B
[26] cTBepmKy€eTHCA, 1110 00J1aCTh K-cTaHy, KOHTPOJIbOBaHA BaKaHCiAMM,
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Ma€ POo3TaIllOBYBATHUCA Ha AiaArpaMi 3 00Ky KOMIIOHEHTA, AKUI MA€ MeH-
IIUH «aToMoOBUil» (HOHHMIT) pamdiroc (ToAi HAAIHUIITKOBUM 00’eM (asu, 1110
BUIIISETHCA, MOYKE «aHITLII0OBaTH» 3 HAAJIUIITKOBUMHU Bakauciamu). [eit
BHCHOBOK MAa€ MiATBEPAKYBATHCA MIOJA TUX CHCTEM, eJeKTPOHHO-
MiKPOCKOMIIUHI JOCTiIKeHHA AKNX IIOKA3yIOTh IPUCYTHICTL cerperaiii,
110 He 3a3HAIOTh IIOMITHOI KoaJjecHeHIrii, sokpema, Ni—Al [27], Ni-Mo
[22, 23] i Fe—Al [21] ua ocuoBi Ni Ta Fe BigmoBigno. A Ta o6craBuHa, 1110
OpsMe CIOCTEPEsKeHHS CTIMKMX cerperaiiil crajocs came JJd 3as3Haue-
HUX cTomiB (Ta I iH.), JMINle TMiATBEPAKYE IIi 3aKOHOMIPHOCTi: aTOMOBI
Kpucranoxemiunuii pagitoc Fe (0,126 um) Ta MeTaneBuii (KpHUCTAIOXEMi-
unwnii) paxgitoc Ni (0,124 (0,125) HM) € 3HaUHO MEHIIIMMY 32 ATOMOBi MeTa-
nesuii pagiroc Al (0,143 um) i meTaseBuii (Kpucramoxemiunmin) pagiroc Mo
(0,139 (0,136) um) (gusB. «Bikimexiro»). 1o peui, CXUIBHICTDH, HAIIPUKJIAT,
cromy samimreansa Ni—Al mo remeparii B HboMy 3HAYHOI KiJIBKOCTH HAI-
JUITKOBUX «CTPYKTYPHUX» BaKaHCili ueped 3HAUHY PisKHUIIO «aTOMO-
BUX» PaJilOCiB KOMIOHEHTIB Ta «EeHTPOUifHUIN eeKT» YacTo Bij3Haua-
€THCS 3aPaX0BYBaHHAM HOTO 0 CTOITiB BUJIYUEeHHS.

Bigmosiguux gocrmimskeHb cTommiB, 3o0kpeMma, i Ni—Al, crocysanucsa
momaibIii poboru [28—64] rta iu. Posramany meaxkux 3 HuX (3 ypaxyBaH-
Ham caernudivaux puc I'IIK-Ni—Al) crocyroTbCcss HACTyIIHI pO3gian.

1.3. TeopeTnuni 3acagu BUKOPUCTAHHA JU(Y3HOTO PO3CiTHHSA Pi3HOTO
TUILY XBHJIb JIJI1 BU3SHAUYEHHA IapaMeTpPiB eJIeMeHTapPHUX aKTiB qudy3ii

BianspKuii mopAgoK B ogHO(MA3HOMY TBEPAOMY PO3UMHI ABJSIE c00O0I0
KOHIIeHTpAaIliliHI HeoQHOPiZHOCTI, JiHifiHi MacIITabu AKMX IIOPiBHAHHI 3
cepemHiMu MixkaTomMoBUMU Bimmamamu. OCKinbKM KOMKHIiN TeMmepaTypi
BigmoBizae cBiif piBHOBaKHMI OJIM3LKII MOPALOK, Pi3Ke 3arapTyBaHHSI 3
OITHOTO (HeyIIoPsAAKOBAHOTO) CTAHY B iHIIIMII Ma€ IPU3BECTHU J0 peaKca-
il BUXigHOTO CTyIEeHs 0JIU3bKOTO MOPAIKY IO CBOTO HOBOTO (PiBHOBAK-
HOTr0) 3HaueHHd. Ileli pemakcaliiuui KiHeTUYHUH TPOITeC 3MilICHIOEThCS
3a paxyHOK amu(dysii aToMiB Ha BigmaJi mopAgKY cepegHiX MiKaTOMOBUX,
OCKiJIbKM OJU3bKUH IMOPAAOK AJA JAJeKMX KOOpAMHAINHUX chep, AK
IPaBUJIO, € MallyKe HyJJbOBHM.

A.T. Xauarypsan [65, 66] sanpomornyBaB Teopito audysiiinoi peaak-
carii 6JM3bKOTO MOPAAKY B 0araTOKOMIOHEHTHOMY TBEPAOMY PO3UMHI
samimenusa. ByJao moKasaHo, 1110 YacOBi 3aJIeXKHOCTI mapaMeTpiB 0J113b-
KOro MOPAAKY I iHTeHcmBHOCTH AudysHOTO posciauHsa (PeHTreHoBux
IpoMeHiB ab0 TeIJIOBUX HEBTPOHiB), ITOB’A3aHOr0 3 OJU3bKUM IIOPAI-
KOM, MOXHA BUKOPUCTATH JI1d BUBUEHHS eJJeMeHTapHUX aKTiB Audysii
— BUBHAUYEHHA WMOBipHOCTEH ITepecKoKiB aTOMiB pi3HOT'O COPTY B OJAU-
HUIIO Yacy B Pi3Hi By3Jiu I'DATHUIII i3 3aJaHOT0, a TAKOMK IJIS OdepPKaH-
HA «MaKpPOCKOMIUHUX» AUGYIINHNX XapaKTEPUCTUK — eHepTiil aKTu-
BaIrii Ta KoegimienTis (camo)audysii aTromis. 3anpononoBaua B [65, 66]
MeToJa Hapasi € eIMHO MOJKJIMBOIO IJid BUBUEeHHA (i3 3acTOCyBaHHAM
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INPPaKIiAHNX eKCIIEPUMEHTAIbHUX NaHUX) eJeMeHTapHuX audysiii-
HUX aKTiB y BUHAAKY «IOBiIbHOI» nudysii. (EmremenTapHi akTu y BuIIa-
OKY «IIIBHUAKOI» Au(pysii, KOJIU TPUBAJJICTL OCiJIOT0 JKUTTA aToMa KOM-
MIOHEeHTa, 10 TUMYHAYE, MEHIIIe 3a Yac KUTTA 30yIKeHOTro CTany saapa
IILOT'0 KOMIIOHEHTAa, MOKHA JOCTiI:KyBaTH 3a posmupenaam Mecc6aBe-
POBUX JIiHiTI peBOHAHCHOTO BOMPAHH Y-KBaHTIB [67].) 3asHaummo, 1110 y
BCiX TpaguIiiHNX METOJaxX BUBUEHHS AM(My3ii JiHiliHi po3Mipu KOHIIE-
HTpaIiAHNX HEeOZHOPiZHOCTell HabaraTo IEepPeBHUINYIOTh IIePiogu Kpuc-
TAJIYHMX I'PATHUIIB; OJIEP/KYBaHI 3a JOMOMOIOIO ITMX MeTOH Au(y3inHi
mapaMeTpHu €, II0 CYyTi, Koe(dimieHTaMy KOHTUHYaJIbHUX PiBHAHL MaKPO-
ckoImiyHol nu@ysil i He MicTATHL MPAMUX BigoMocTell PO ejieMeHTapHi
aKTu I MmexaHisMmi nugysii aTomis.

s 6iapHOTO CTOIY 3 HEBEJIMKUMHU BiIXMIaMU HEPiBHOBAXKHUX CTPY-
KTYPHUX XapaKTEPUCTHUK BijJ 1X piBHOBa:KHMX 3HAUEHb UacoBa 3aJI€iK-
HiCTh IHTEHCHUBHOCTU NPY:KHLOTO AM(Y3HOTO PO3CIAHHSA IIPOMEHIB IJIs
Touku k 06epHEHOro IpocTopy, 110 00yMOBJIeHa AU(PY3iliHOIO peaKcalri-
€10 OJIMBBKOTO MOPAIKY i, HacaMIiiepen, Mirpailieto aToMiB caMe IIOBiJILHO-
o KOMIIOHeHTa (HaIpuKJIaI, IepIoro), oiHeThLeA (opmyJioro [65, 66]:

AI(k,t) = I(k,t) - I(k,o0) = [I1(k, 0) - I(k,c0)] ™", (1.8)

e I(k, ) € iHTeHCUBHICTIO AN(PY3HOTO PO3CIAHHA «PiBHOBAXKHUM» TBEP-
IVM PO3UMHOM, IO BiATIOBifae uacy Bigmaay ¢ — «, a I(k, 0) — inTencu-
BHiCTbB, IIIO BiiTOBiZae MouaTKOBOMY MOMEHTY BiamamioBanuA ¢ = 0 (cTaH
IIIOMHO 3arapToBaHoro cromy), 2A,(k) — obepHeHmit uac pesakcariii inre-
HCHUBHOCTH, III0 BigmoBimae mamomy XBuUiIboBoMy BekTopy k. @opmy.ia
(1.8) € cryrHOO JIUIIIE 32 YMOB:

7‘1(k) - exp(—Ql/(kBT))
kz(k) - eXp(_Qz/(kBT))

e 2A4(k) — obepHeHmit uac pesakcaliii iHTeHCUBHOCTH, OB’ I3aHOI 3 IU-
(dysiero aToMiB GBI PYXJIMBOTO KOMIIOHEHTAa (HAIIPUKJIAL, PYTroro); &,
i @, — eHeprii akTuBaIii Audysii aToMiB IEPIIOTO I APYroro KOMIOHEH-
TiB; t, — XapaKTepHUN Uac CIIOCTEPE;KYBAHOI 3MiHM iHTeHCUBHOCTH. 3Ti-
nuo 3 (1.8) uacosa eBourtoris inTeHcuBHocTH AUPy3Horo posciauusa I(k, t)
OIINCY€eThCA OAHUM YacoM pesakcanii T=[2A,(k)]™ i saificHIoeThCS 32 pa-
XYHOK Audysii aTOMiB «HEpPyXJIMBOTO» KOMIIOHEHTAa (ATOMH OiJIBII PyX-
JIUBOTO KOMIIOHEHTA IIiJIafKYIOThCS OO0 PYXY IOBiJILHOrO KOMIIOHEHTA
amissoaTUUHUM YMHOM). BaKJIMBOIO € TaKOK Ta o0CTaBMHA, II[0 pejaKca-
mia imrercusuoctu I(K, t) 1151 KOMKHOI TOUKM 00EPHEHOr'o IPOCTOPY Bij-
OyBaeThCA He3aJIesKHO BifJ iHIITUX 3i cBOIM uacoM peJiakcaiiii.
Beanunnn A (K) i Ay(k) MOXHA IpeICTABUTH y BUTJIAII:

< 1i A (k) =1, (1.9)

A (k) =2 (k) [1+0,(k)], A,(k) =2AJ(k)[1+ ¢,(k)], (1.10)
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me A)(k) i AJ(k) moB’s3aHi 3 oGepHeHHMY Yacamu AuQysiiiHOI pesrakca-
il aToMiB mepIoro i ApPyroro KOMIIOHEHTIB B ifea/lbHOMY PO3YMHi.
Dyuriii ¢,(k) i 0,(k) onucyooTs BIJINB HeileaTbHOCTH TBEPIOTO PO3UN-
Hy Ha nqudysito KommoueHTiB (B imeanbrHomy posumui ¢(k)=,(k)=0).
Benmumua -0 (k) (o =1,2) BusHauaerbesa @yp’e-o6pasom HMOBipHOC-
Tell eJeMeHTapHUX MePecKOKiB aTOMiB COPTyY 0. 3 YCiX («HYJIBOBUX » ) BY-
3JIiB OTOUYEHHSA Y AeAKHWHN BY30JI I' 3a OTUHUITIO Yacy B ileaIbHOMY TBEp-
nomy posumHi; —A (k) € aHasoriyHOIO BeJMYMHOIO AJA HeirealbHOTO
posunny, a came Dyp’e-opurinan —A (r) € IMOBipHICTIO eTeMeHTapHO-
T'0 IEPECKOKY aToMa O 38 OAWHUITIO Yacy Y BY30J I 3 OyAb-IKOTO CycCif-
HBOT'O «HYJILOBOTO» BY3JIa, IO BiI0YBA€THCA B «IOTEHITIAILHOMY » IIOJI,
CTBOPEHOMY KOHIIEHTPAI[iHOIO HEOJHOPIAHICTIO aTOMIB COPTY Ol § «HY-
JbOBOMY» BY3Ji. 3rimHo 3 [66], KOHTHHYaJIbHUM aHaJaoroM (GopMy.J
(1.10) xna A (k) € Japkenosa ¢popmya[68]:

D, = D) (1+dlny,/dInc,) (1.11)

(Dy, Dg » Yo — KoedinienTu qudysii, camoaudysii, akTHBHOCTU KOMIIO-
HeHTa O BiamoBimHo). 3a Maaux |k| = k < 2nt/a (KOHTUHYya/lbHEe HAGIHU-
JKeHHs) y popmysax (1.10) maemo:

A, (k) = Dk, A°(k) = D°K?, ¢, (k) =dIny,/dInc,. (1.12)

Om:xe, OCHOBHi cmiBBigHOIIMeHHA XauaTypsaHOBOI Teopii [65, 66]
YMOKJIUBJIIOIOTh BUKOPUCTAHHSA JAHUX METOAN MU(MY3HOTO PO3CiAHHSI
PenTrenoBux IIPOMEHIB MOHOKpHCTAJaMi HEBIIOPAJKOBAHUX CTOIIB
IJIS IPAMOTO BU3HAUEHHS XapaKTEePUCTUK eJIeMeHTapHUX aKTiB nudy-
ii: dyp’e-xkommonenT —A, (k) iiMoBipHOCTEil aTOMOBHUX II€PECKOKIB i
BeJIMUMH caMHUX HMoOBipHOCTe#l —A (r). 3a gomomoroimo (GopMysa TUILY
(1.12) moskHa BusHauMTH I KoedimieHTn i eHeprili akTumBarmii (ca-
Mo)audysii. 3HaHHA BeauunH —A (r) YMOMKJINBIIOE BCTAHOBUTH MeXa-
HisMm qudysii, To6TO 3’sAcyBaTH, 3a AKUM i3 TPHOX MeXaHi3MiB, — KiJjb-
IIeBMM, BaKaHCIAHIM a00 K MiKBY3JIOBUM, — 3JiHCHIOETHCA eJIeMeHTa-
pHui akT qudysii. JociaigKeHHA CTPYKTypoyTBopeHHA cToiriB Ni—Mo,
Ni-Fe To111o B Mekax 3a3HAUEHOTO IIiIX0y cTocyBasuces mparti [13, 55,
69—-118] Ta iu. B mamomy orysai posriigaHeMO TaKi JOCTiI:KeHHS CTOMY
T'IIK-Ni—Al 3 ypaxyBauHaM iioro cuernuidHUX PUC.

1.4. 3’130k Mu(ppaKkmiiHNX XapaKTePUCTUK 3 TapaMeTpaMu
CTATHCTUYHOI TEPMOTUHAMIKY TBEPAUX PO3UNHIB

CuioBa B3a€MOisi aTOMiB Pi3HOTO COPTY B TBEPAMX PO3UMHAX IIPU3BO-
IUTH OO0 IMOABU OJIU3BKOTr0 MOPAAKY (KOpesAllii) B po3TalryBaHHI aTOMiB
— BJIaCHE «CTAaTUCTUYHOTO» Mi’KaTOMOBOT'O B3aeMoumHy. Ile osHauae,
IITO HaBiTh Y HEYIIOPSIAKOBAHOMY TBEPAOMY PO3umHi (AKkuil mepedyBae 3a
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TeMmepaTypu, o Buille KypHaxoBOI TOUKM) IPOCTOPOBUII PO3MOIiJ
aToOMiB BifipisHAETHCA BiJ BMIAAKOBOTO. ¥ TaKuii cmocib imdopmarrisa
PO eHePreTUYHi mapaMeTpPU CUJIOBOI MizKaTOMOBOI BBaeMO/ii B po3umHi
€ «3aKO0J0BAHOIO» Y IMapaMeTpax ioro 61u3bKoro mopagry {o(r)}. Omxe,
Ma€EeMO BaKJIMBUI MPAKTUYHUN BIUCHOBOK: aHAJIi3a OJIM3bKOTO MOPAIKY
YMOKJINBJIIOE OJIepKaTh 3HAYEHHA eHePriil MisKaTOMOBUX B3a€MOIil, a
BHAIOYM IX MOXKHA PO3PaXyBaTU TePMOANHAMIUHI PYHKIil pO3UUHy.

Ax Bimomo, KoH(pirypamiiinosaie:xua uactuua lamineToHisny H
TBEPAOTO PO3UUHY 3aMimieHHsa A—B, aToMHu SKOT0 B3a€EMOIilOTHL Xoua 0
e(eKTHUBHO ITOIapHO, Ma€ BUTJIAMI:

AH,, = AH® +%ZRZR, w(R - R)cgcy (1.13)

BUIIAMKOBA BeJIWUYMHA Cp BU3HAUaeThesa BupasoM (1.4), a eHeprii «3mi-
manHsa» aromiB — w(R-R)=w(r)=W,,(r) + Wy, (r) -2W ,(r), ne
W 4a(r), Wgp(r) i W, s(r) — BimmoBigHo eHeprii B3aemozii 1Box aTomiB A,
IBox aTroMmiB B i 1Box aTomiB 000X copTiB A it B, 1110 11epe0yBaTh ¥ BY3-
nax R iR'ua Biggani r| oqun Big oguoro (r =R —R'), y cTomi;

AH!® = (N - 2N ,)W,,(0)/2+ N ,W,.(0),
Wes(0) =D W,p(x)), W,5(0) =Y W,,(r).

IlincymoByBanusa mo R i R’ y (1.13) BuKouyeThCa 1Mo Beix Bysaax. To-
MYy I KOH(irypariiiHosase:KkHa YaCcTHHA BHYTPIITHLOI eHeprii 6iHapHOoTo
CTONY 3a BUBHAUYEHHAM JIOPiBHIOE

AU, = (AH, )= AH® + %ZR Y w®-R) (cpee), (1.14)

e ycepeoHeHHA 3a TepMOIWHAMiuHUM aHcamb6isieMm 3 I'aminbToHissHOM,
1o mictuTh yactTuny (1.13), mosHaueHo uepes <> . Bearnunna <cRcR,> ,
BigmoBiguo mo (1.4), mpeacrasisie coboo0 HMOBipHicTh Tiel moaii, Koau
IBa aToMu copTy A saiimarors By3au R i R’ ogaouacuo. Hasits giis cuc-
TEeMHU IIOIIapPHO B3a€EMOJIIOUNX aTOMiB OOUMCIIEHHS ii € AysKe CKJIaTHOIO
sazadero. Mloro MoskHa SIifiCHUTH TOYHO TLIBKH IJIA HEKiTBKOX OKpe-
MUX BUIIAAKiB: OTHOBUMIiPHUY TBEPAUN PO3UUH, JBOBUMIPHUH CTOII €K-
BiaTOMOBOIO CKJIaAy. ¥ BCix iHINmMX, HaWIiKaBimmx, BUIagKax o0umc-
JEeHHSA CEPETHBOTO <cRcR,> BUKOHYEThCA IPUOJIN3HO 3a JOIIOMOTOI0 TUX
Yy iHIIUX CTATHUCTUYHO-TEPMOAWMHAMIUHMX ampokcuMmarii. Hatinpoc-
TiIII00 3 HUX € HAOJIMIKEHHS CaMOy3T'0/[»KEeHOTI'0 II0JIA:

(eger) = (cg ) (cx') = PR)P(R), (1.15)

Jle He BpaxOBYIOThCS KOPEJIAIlil y BSAaEMHOMY PO3TaIITyBaHHi («CTATHUCTH-
yHi B3a€Moii») aTOMiB B MeKax KOopAMHALiiiHOI chepu pagirocom [r|. Ile
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HaOJIMKEeHHS HOCUTh iHTEPIOJIAIIMHNYN XapaKTep i CTae aCUMMITOTUYHO
TOUYHUM 34 BUCOKHUX i HUBBKUX TeMIIepaTyp. BoHO € HaliMeHIIT TOUHUM Y
HeBHIM iHTepBaji TeMIepaTyp mo0Ju3y TOUKK (Pa30BOTO IMEePETBOPEHHS
Ipyroro pony tumy jJag—6esaan. [IlupuHa 11boro iHTEpPBATY 3aI€KUTD Bil
XapaKTEepHOI'0 pajiioca CUJIOBOI MiKaTOMOBOI B3aEMO/ii: iHTepBaJI BUAB-
JSAETHCA TUM BYKUUM, UMM OiIBIITHI paioc MisKaTOMOBOI B3a€MOTii.

Yrounenusa ¢opmyau (1.15), mo cyTi, BpaxoByIoTh KopedAlii. Haiimo-
CJIimoBHIIIO MeTomoI0 1horo € KipkBymoBa metoma [119], mo Bukopuc-
TOBY€ IOJAHHSA CePeJHbOIO (CpCyp ) PANOM TePMOAMHAMIUHOIL Teopii 30y-
peHs 3a napamerpamu {e w(R —R")/(k,T)} . Benrnunna P(R) B (1.15) mae
3HAUEHHSI HMOBipHOCTM BUABUTHU aTOM copTy A y By3ai R. ¥ crarucruu-
HO-TepMOAMHAMIUHi#T Teopii TBepAmMX pO3UMHIB, 3ampomoHoBaHiit A.T.
Xauarypsauom [120—-127], 6yJso moKasaHo, IIT0 CTPYKTYpPa BIOPAIKOBA-
HuUX (a3 xapaKkTepusyeThCcsad KOOPAMHATHOIO 3aiexkHicTio QpyHKIii P(R).
Hiiicuo, naa meymopankoBamoro crony Gyukiia P(R) e KoHcTaHTOO i 710-
piBHIOE BimHOCHIi# uacTIi aTomiB copty A. a8 yOOPSAZKOBAHOTO CTOMIY
dyukmia P(R) same:xuts Bix Koopauuat By3aiB R. Akmio dpyakimia P(R)
HaOyBae 0 sHaueus P, P,, ..., Py Ha MHOXUHI BCcix By3JiB r'patHuili Bpa-
Be, TOAi BOHM XapaKTepusyIOTh 0 miarpaTHmilb, Ha AKi po3buBaeThCA
KpucTajJiuHa I'PaTHUIA HEYIOPSIAKOBAHOTO TBEPIOr0 PO3UUHY HIPHU HOTO
BHOPAAKYyBaHHi. 'eoMeTpuuHi MicIla By3JIiB KOMKHOI 3 HiATI'DaTHUIIL BU-
3HaualoThcd O piBHanEAMu: P(R)=P, P(R)=P,, ..., P(R)=PF,.

3a A.T. Xauarypauom, uepes (1.4) TemumepaTypHO-KOHIIEHTPAIliTHA
sayieskHicTh IiMoBipHOcT P(R) v piBHOBa3i Mae BUTIAL TUIY QYHKITIT
posnozainy @epmi—ipaka:

P(R) = exp[—ﬁ+%}+l , (1.16)

e, B CBOIO 4epry, TeMIIepaTyPHO-KOHIIEHTPpAaIliliHa 3aJeXKHicTh |l (pisk-
HUITI XeMiYHUX IIOTEHIiANIiB KOMIIOHEHTiB) BUBHAYAETHCA YMOBOIO 30€e-
pesKeHHs IIOBHOTO YHCJIa aTOMiB A y cTomi B TepMocTaTi 3a abCOTIOTHOI
remneparypu T ZRP(R)zN 13 ©(R) — cymMapHMI «IIOTEHIIisAN», IO

cTBopenuii y Bysai R ycima aromamu 3amitennsa i gie Ha atom A, pos-
TalloBaHUMN y ToMy By3Ji 3 iimoBipuicTio P(R). B Habmm:xeHHi camoys-
rogzxeHoro mouad (1.15) aasa BunagkiB, KoM I'PATHUILST HEYHIOPSIAKOBA-
Horo cromy (Isimroma rpatHuiisg) 36iraeTbca 3 omHieo 3 14 r'paTHUIDL
Bpase, «moreniisgia» ®(R) mae Burasazn:

®R) = > wR-R)PR). (1.17)

IlincrarmoBka Bupasy (1.17) B piBmanusa (1.16) npusBoAUTEL A0 CUCTe-
MU piBHaHb TePMOAMHAMIUHOI piBHOBATY CTOIYy B HaOJMKEHHI caMOy3-
TOJIKEHOTO IOJIA:
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P(R)’“{exp{—ﬁ T Zw(R R)P(R)}rl} ,Y P(R) = Ne (1.18)

ctocoBHO (0 + 1) suauens P(T, ¢), Py(T, c), ..., Po(T, c) Ta W(T, c).
PiBHaHHSA CcaMOy3roAsKeHOro IIOJSA OJepP:KYIOTh, IPUPIBHIOIYN IO
HYJIS IIepIly Bapidlliio TepMOAMHAMIUHOTO HOTEHIIifAIy AG;)t = AI*;? -

-y P(R) 3a pynxmieio P(R); TyT

AF) = AU, - TAS?, = AH['P + 1 > w®-R)PR)PR) +
2w (1.19)
+k, Ty [ P(R)In P(R) + (1- P(R))In(1- P(R)) ]|

— KoOH(iryparifinosajexHa YacTUHa BiJbHOI eHeprii, AUft — KOHGQiry-
palriffiHosajie;kHa YaCTHHA BHYTPIIITHLOI eHeprii cTomry B HaOJIMKeHHi ca-
MOY3TOI»KEeHOT'0 IIOJIs, OJepiKaHa 3a AoImoMorow mimcranoBku (1.15) B
(1.14), a ASft — KoH(iryparifinosajgesxHa YacTHHA €HTPOMHii cTommy y
IbOMY K HaOJMm:KeHHi. BepxHiii iHgexc «0» yKasye Ha Te, 1[0 JaHY BeJIN-
YMHY BU3HAUEHO B HAOJIMIKEHHI caMOy3TOAKeHOro IOoJId, a HIMKHIN iH-
IeKc «at» osHauae, IO BiAIOBigHA TepMoAMHaMiuHa (DYHKIIiA OIIMCYE
CTOII y TTapaMarHeTHOMY cTaHi (a00 K 3 HeXTYBAHHAM MarHETHUMU CTY-
MeHaMHu BilbHOCTHM). 71 MArHeTHOTrO CTOIY 3aMiIlleHHsa, OKPiM KoH(i-
rypariiHosajie:kHol eHeprii, moB’sa3aH0i 3 (P03)ymopsaIKOBAHIM pPO3TAa-
IIyBaHHAM aTOMiB I10 By3JIaX I'DATHUILL, MAa€EMO BPaXOBYBAaTH IIie eHeprifo
00MiHHOI B3BaeMOii iXHIX MarieTHUX MOMEHTIB, i TOMY D0 BeJIUYNH AF
AU? i AS), cnin momaTw BinmoBigHi BesmunHn AFO s AU, 1 AS) -y
THETHUX BHECKIiB (qUB. posn. 4).

PosB’a3ku cucremm piBHaHbL camoysroakeHoro mojsa (1.18) marors
3HAUEeHHs (PYHKIII IIpocTOpoBOro posmoniay imosipuocteit {P(R)} i,
OTJKe, CTPYKTYPH TUX (has, 10 BUHNKAIOTh ¥ MAKPOCKOIIIYHO OJHOPiI-
HiM cTormi 3a pisHux Temnepatyp T i ckaaniB c. Koxxuuit po3B’s30K 3a-
OesIleuye eKCTPeMyM KOH@IrypaliiiHo3aaeskHOl YaCTUHU BiJbHOI eHep-
rii. Kosxuiit mapi soBHinuix repmoagmaamiuaux mapamerpis 7T i ¢ Bigmo-
Bimae oguH (mepioguuHmit) po3B’A30K cucTeMu piBHAHL (1.18), 110 Bix-
moBizae abcoJIIOTHOMY MiHiMyMy BinbHOI emeprii i ommcye crTabinbHY
dasy. Ilepexin Big ogmHoro po3s’A3Ky Ao iHImoro 3i sminoio T i ¢ omucye
(dazoBuii mepexin sag—(6e3)mam mixk gBoMa (haszamu.

Hna sHaxomKeHHA po3B A3KiB piBHamb (1.18) A.I. Xauarypsarn
[120—-122] sampomionyBaB MeTOAY CTATUYHUX KOHIIEHTPAIIMHUX XBUJIb
(CKX), ne pyurmia P(R) ayis omHOPiAHOTO PO3UMHY Ha OCHOBI I'paTHUITI
Bpase mpeacraBasgeTsesa cynepmnosuitiero CKX:

PR)=c+> " Mg, (R); (1.20a)
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TYT
e,(R)=) Re(yjselkﬂ R), (1.206)

exp(ik; - R) — craruyna mnacka XBuis, k, — HEHYJIBOBUil HaJACTPYK-

TYPHUII BEKTOP, II10 JIEKUTH Y IepIiriii Bpinroenosii 3oui (BZ) rpaTuuili
BpaBe HeynIoOpAAKOBaHOI'O TBEPAOr'0 PO3UUHY, T, — IIapaMeTep JaJIEKOT0
aTOMOBOIO IOPAAKY, MY, — aMILTiITyla CTAaTUYHOI KOHIIEHTpAI[ilfHO1

xBui. IlincymoByBanHs B (1.200) BUKOHYETBLCS IO BCiX HAACTPYKTYPHUX
XBUJIBbOBUX BEKTOpaX («IIPOMEHSX»), IO HaJIe’KaTh A0 OfHiel s-1 3ipKu.
ITlig 3ipKoOi0 S XBUJIBOBOTO BEKTOpa PO3YMi€ThCA CYKYIIHICTH BEKTOPiB
(«IIpOMeHiB») {kjs} , Ki YTBOPIOIOTLCS 3 IESIKOT0 OJHOTO BEKTOpa k/; B

pe3yabTaTi 3aCTOCYBAaHHA M0 HBOTO BCiX IIE€PETBOPIB cuMeTpPii TOUKOBOI
TPYIIU I'PATHUI KPUCTATY HEYIOPSIAKOBAHOTO CTOIY. 3a YMOBH MiHiMYy-
My BinbHOIL eHeprii koedinienTn {y, } € KOHCTaHTaMWu, K| He 3a€KaTh

BiJl TeMIIepaTypH i cKJIagy B 00JacTi crabisibHOCTH (HAL)CTPYKTYPH. 3Mi-
Ha IUX KoedillieHTiB € MOKJINBOIO TITLKU CTPUOKOIOAIOHO HA MeKi of-
HO(asHoI obyacTu giarpamu piBHoBar. CIiBBigHOIIIEHHS MixK KoedillieH-
TaMu {y].g } BusHauatoTh cuMeTpito pyukiii P(R) 1110710 mepeTBOPiB MOBO-

poTy i1 BinbuBauusA, a caMi KoeillieHTH BU3HAYAIOTHCSA 3 YMOBH TOTO, II10
B IIOBHICTIO YIIOPAAKOBAHIM CTOMi cTexiomerpuuHoro ckiany (komu P(R)
HabyBae TiMbKM ABOX 3HaueHb: 0 abo 1) yci mapamerpu N, ZOPiBHIOIOTH
ogunutti. B [123—-126] chopmyaboBaHO IpaBmMia, AKi YMOMKJIUBIIIOIOTH
IPOCTO 3HAMTHU 3HAUEHHS CUMETPiNHMNX Koe(dillieHTiB Y KOKHOMY KOHK-
PETHOMY BUIIAAKY BIIOPAIKOBAHOIO CTOITY.

ITigcraBnsioun Bupas (1.20a) y piBHanHs piBHOBaru (1.18), oxep:xyemo:

e+ e, = fexp (6,1 (40 0000 + 3w e, ) +1]

(1.21)
w(k) = er(r) exp(—ik - r) (1.22)

€ k-10o @yp’e-KOMIOHEHTOIO eHepriit «3mimnranusa» w(r)=w(R-R'), a
w(0) = Zr w(r) (1.23)

— @yp’e-KOMIIOHEHTA AJs XBUJILOBOTO BeKTOopa k =0, 1o Bixmosinae
TMOJIOYKEHHIO «CTPYKTYPHOTO By3Jia» 00EPHEHOI I'DAaTHUIlL KPUCTAy He-
YIOPAAKOBAHOTO CTOIY.

Axmro y cucremy (1.21) migcTaBaaTy pisHi IMiTOUMCIIOB] 3HAUEHHSA KOOP-
nuuar (H,, H,, H;3) Bysnis R(H,, H,, H;) = H,a, + H 28y, + Ha, vy Gasu-
cia,,, ay,, a3, (ToOTO TPiiKM OCHOBHUX BEKTOPiB TpaHcaAAIii r'paTHuni Bpa-
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BE), TO OIEPKUMO cCuCTeMY O TpaHCIIeHIeHTHUX PiBHAHB CTOCOBHO 0 — 1 ma-
pametpiB majexoro mopAaary {N,.( 7T, c¢)} i Bemuumuu W(T, ¢). Yuco 0 € 6iib-
IIIMM HA OJUHUINIO 34 3arajbHe UMCJIO MAapaMeTPIiB JaJIeKoro mOpAIKY {N.},
1110 OIIMCYIOTh CTAH CTPYKTYPHU JAHOIO THUILY; OCTAHHE JOPiBHIOE YMCIIY Pis-
HOT'O TUITY HAJICTPYKTYPHUX BEKTOPIB, I110 BiTHOCATHCS 0 PiSHUX 3iPOK S.
HancrpykTypHi xBuaboBi BekTopu k ;, » 1110 BXOZAATH ¥ BUPA3H (1.20)

nnass P(R), BUsSHAUAOTh €KCHEPUMEHTAJILHO 34 ITOJOMKEHHAM HAIACTPYK-
TYpHUX pedJIeKciB BiTHOCHO CTPYKTYpHUX: BeKkTopH (21) 'k , €Binnamns-
MUY Biff HAACTPYKTYPHOTO IO HAUOJIUIKUOTO JO HHOTO CTPYKTYPHOTO ped-
JeKCY, a iHTeHCUBHICTL HAACTPYKTYPHOTO pedieKCcy € MPOIOPIIiAHOIO 10
KBaJpaTa aMILIiTyIu n? |yj |2 Bigmosigaoi CKX exp(ikjv -R), TOo6TO IO
KBaJpaTa BiAIIOBiZHOTO mapamerpa gajexoro mopaaxky. OkpiMm ekcmepu-
MEHTaJIBHOTO CII0CO0yY BiAITyKaHHSA BEKTOPiB k;, 3a mOI0OKeHHAMY HaA-
CTPYKTYPHUX pedJieKciB, € TeOpeTHUHa MeTOa BU3HAUEHHA iX, AKa I'Py-

HTYeThCA Ha AociimkeHHi GyHKIIT (1.22) Ha MiHiMyM, IIT0 BUILIHBaE 3
BUpasy AJA KOH(pirypaiiinosaae:XKHol BHYTPiTHLOI eHepTii CToIy:

0-1
AU = AH{® + %[@(0)02 + Z Wk’ |y, |2}, (1.24)
s=1

me |y, '= zj |y, P, axuit ogepsxyerbea mpu mifcranosui (1.20a) y me-

piuii mfomauok (1.19). 3a Bupasom (1.24) BHyTpilIHa eHepria HadyBae
MiHIMaJIbHOTO 3HAUEHHS IJIs TUX IIapaMeTpiB JajeKoro mopsagky (Bin-
MiHHUX Bif HYyJd), SKUM BiAmIoBigaoTh MimiMmymu pyuriii (1.22).

3 (1.24) BuniuBae ¥ iHIIKWIT BaKJIUBUU BUCHOBOK: y HAaGJIMIKeHHI ca-
MOY3TOAKEeHOTO II0JIA BCi MiskaTOMOBi B3aeMoii y cTomi, 1110 BHOPAAKO-
BYETBLCSA, XapaKTepU3yIOThCA KiIbKOMa €eHepreTUYHUMHU IIapaMeTpaMu

— @yp’e-komnorernrtamu w(0), w(k,), ..., wk,), ..., w(k, ) eneprii
«smimaHuA» B kK =0 («CTPYKTYpHOMY BY3Jli» 00epHEHOI I'PaTHUILI) Ta B
roukax ki, ..., K, ..., Ko_; (HagcTpyKTypHUX pediercax 00epHeHOoTo Ipo-

CTOPY), III0 MiCTAThCA B HmepIiiii BZ i HajeXKaThb 10 pisHux 3ipok. Yucio
UX ImapaMeTpiB — 0, 1e 6 — uwMcIIo miATrpaTHUIL, HA AKi pO30MBAETHLCS
TI'PATHUIA CTOITY IPU BIOPAAKYBaHHI.

ITi ;x eHepreTnuHi mapaMeTpPU MOKHA eKCIIePUMEHTAIbLHO BUSHAUUTHU
1 3a momomoroio ¢opmyau, omep:kanoi M. O. KpuBoriasom MeTOm0OIO
durokTyaniinnx xsuab [128]:

; I;R;J“LM_L =<|E(k)|2>zNc(l—c){l+%ﬁi(k)} ,(1.25)
4~ Ig) € B

e Ispo(q) — iHTeHCuBHICTL AUPY3HOTO PO3CiAHHA PeHTIeHOBUX MPOMEHiB
KPUCTAJIOM HEYIIOPSATKOBAHOTO TBEPAOTO po3umHy A—B, 00yMOBJIEHOTO pi-
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BHOBAYKHUM OJIM3bKUM HOPSAIKOM, MipsHA B TOYIIi ( 00EPHEHOT'0 IIPOCTOPY,
posraroBauiii Ha Biggasi k Bix Haitbamaxuoro o mei «Byssaa» By obepHe-
HOMYy mipocTopi. (Bemmuuna Igzo(() mOB’sA3aHa 3 mapaMeTpamMu OJIM3BKOTO
nopAanKy 3a (opmymnoio (1.2).) @opmyiono (1.25) MokHA KOPUCTYBATUCS
JIUIIIE TOMi, KOJIM JOCTiJ:KYBAHUN 3PA30K ABJIAE COO0I0 MOHOKPICTAJ Hey-
TIOPAIKOBAHOI0 TBEPOT0 PO3UMHY (e JaJeKnil MOPAI0K BiACYTHIil).
Bupas (1.25) 6ya0 omepskamo B [128] 3a 10mOMOTr0i0 TepMOIMHAMIY-
HOI Teopii (rroxkTyarIriit BiTHOCHO HaOMIMIKEHHA CAMOY3TOAMKEHOT0 IO,
B[126] 1110 % hopmyay OyJi0 BUBEIEHO iHIITUM CIIOCOOOM: BUKOPUCTOBY -
BaJiocs piBHaHHS caMoyarom:keHoro moJsa (1.18), ajre B HbOMY 3aMicThb
P(R) dirypye iimosipaicTs P(AR|AQ) BussuTu atrom A y By3ai R 3a ymo-
BU, 1m0 y By3yi R’=0 BiporizHo micTurhcsa Tex aTom A; miHeapusaiiis
TaKoro piBHaHHA 8a BenmumHamu Ttuny (k,T) 'c(1-c)w(R -R')x

x(P(AR’|A0) - ¢) mna R'#0, ne P(A0/A0)=1 i 3a kaniGpoBku w(0)=0

(30KpeMa, 3a BiicyTHiCTIO «caMomii» aTOMiB 3aMiIlleHHS) TPU3BOSUTH
o popmynau [126], 1o BigpisuaeTseda Big Bupasy (1.25) HaaBHICTIO HO-
pMmyBasbHOro MHOKHUKA (T, C):

; I;R‘))z(q)m :<|e(k)|2>;N5c(1_c){1+%w(k)} (1.26)
4" 1g) € B
e

L1 ci-¢) T

3 HuM Bupad (1.26) 3amoBOJLHAE HOPMYBAJbHIiI TOTOYKHOCTI

~ 2
ZkeBZ <|c(k)| > =c (1 - c) :

MipaHHA 3HaUeHb iHTEHCUBHOCTH Igpo(() XBUIb, TUMY3HO PO3CIAHUX
Ha 0JIM3bKOMY HMOPAIKY, YV 8ciil Tiepiitiit BZ sBise co00I0 TPYAOMICTKe 3a-
BIAHHA 1 OJHOYAaCHO BMMAara€ TOYHOTO 3HAHHA BHECKY Yy iHTEHCUBHICTH
I1(y3HOTO PO3CiAHHS, 0O0YMOBJIEHOTO CTATHUYHMMY M TEIJIOBUMHU 3Mi-
mreaaaMu atoMmis. (Bupasu (1.25) Ta (1.26) 11e He BpaxoBYIOTh aJleKBaT-
HUM YMHOM audy3He PO3CiTHHS XBUIb HA CTATUYHUX PeOMETPUYHUX CIIO-
TBOPEHHSIX I'PATHUIII Yepes PO3MipHY HEBiAIIOBiIHICTE AaTOMiB KOMIIOHEH-
TiB. 3amima ToOro, IMOO TaKe ypaxyBaTu, BimmoBimmo mo (1.5) mns

. 2 A - 2.,
Tspossaisp (@) » TPEOA pOOUTH 3aMiny (f, —f;) — ‘lf (q-uy(k))+1, - fB‘ i
nepemopmyBatu w(k).) Ase 3 PO3TIAHYTUX BHUIINE Pe3yJbTATiB Teopii
A.T. Xauarypsima BUAHO, IO TaKa OpoIeaypa He € Heooximuoto. [lns Bu-

3HAUEHHS TEPMOAMHAMIUHUX BIIACTUBOCTEM CTOITY JOCTATHBO 3HATH KiJb-
Ka sHaueHb wW(k), ToO6TO MpOMipATH PO3HOAiT iHTEHCUBHOCTH PO3CITHUX
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XBIJIb B OKOJIaX THUX TOYOK O0EPHEHOI'0 IIPOCTOPY I'PATHUIII HEYIIOPAIKO-
BAHOI0 CTOIY, AKi BimmoBimatoTk k = 0 i KiHIIAM HaACTPYKTYPHUX BEKTO-
pis {k,}, 110 HaJIeKATH 40 pisHUX 3ipoK. (wW(0) Mae OIiHIOBATHCS TEOPETH-

YHO, a He eKcTpamnoasaiieio.) @opmyau (1.25) 6ymo nmokaamewno C. B. Ce-
MEHOBCBKOIO Ta iH. B OCHOBY IIPOI'PECHBHOI €KCIIePUMEHTAJIHHOI METOAM
BusHaueHHA Pyp’e-kommoneHT (1.22). Ileit ¢pakT BaiKINBUL V 3B A3KY 3
THM, 1110 3a Teopieio A. I'. XauarypsHa y HaOIM:KEeHHI caMOy3TroI:KeHOTO
moJst (1.15) yci TepmommHaMiUHI BJIaCTUBOCTI HeifeaIbHUX TBEPAUX PO3-
YMHIB BU3HAUYAIOTBCSI BCHOT'O KiJIbKoMa TakuMu DPyp’e-KOMIIOHEHTaAMU
[IJIs HeeKBiBaJeHTHUX HAICTPYKTYPHUX XBUJILOBUX BeKTOPiB Kk, i BeKTOpa
k=0, 110 Bigmosizae cTpyKkTypHOMY pediiekcy. SHAOUM I[i eHepreTuYHi
mapaMeTpu, MOKHA, CKOPHCTABIINUCH caiBBigHOMIIeHHAMY (1.21), (1.24),
(1.19), BusHaUMTH PiBHOBAKHI 3HAUEHHS ITapaMeTPiB JAJIEKOT0 IMIOPAIKY
{n.}, Kor@piryparifinosaae;xHi BHYTPIIIIHIO eHepriio i BiILHY eHeprio cTo-
Iy BigmoBigHo. 3a BiJIbHOIO €Heprieio MoKHa, y CBOIO Uepry, BUSHAUUTH i
iHIITi TepMOAMHAMIUHI XapaKTePUCTUKHN: XeMiUHYy aKTUBHICTh KOMIIOHEH-
TiB y TBeEpAOMY PO3UMHi, TeMmMIepaTypu (asoBUX NepPeTBOPEeHb Jial—
(6es)mam, TeIIOMiCTKiCTh, a TAKOXK MOOYIyBaTH AiArpaMy piBHOBAT (as.

3azHauMMO, IO B HAOJIMMKEHHI CaMOY3TOAKEHOTO IIOJISI BEJIUYUHU
w(k), 1110 BU3HAYAIOTHCS €KCIIePUMEHTAIBLHO 3 Po3momiay Ispo(q) 3a mo-
nomoroio dpopmyau (1.25), maau 6 OyTHU cTAJIUMU i He BUSBJIATH 3aJI€K-
HocTi Bifg T i ¢; ocTaHHEe Mae Miclie JIMIIIe TOAi, KOJM HeMa KOJHUX YUH-
HUKIB, 1110 IPU3BOSATE [0 3ajeKHocTei ix Big T i ¢: BIJINBY MarieTusMy
KOMIIOHEHTIB, EHepPIreTUYHOT'0 BHECKY €JIEKTPOHIB IIPOBiTHOCTH Ta iH.

Aximo & y popmyaax tuny (1.25) BpaxyBaTu i KOpeaAIliliHi epeKTn y
B3aEMHOMY PO3TAIlyBaHHI aTOMiB II0 By3JaX, TO, 3aMiCTh BEJIUYUHU
w(k), y HUX Oyzme ¢irypyBaTu CKJIAAHIIIIUNA BUPAa3, 110 3aJIEKUTH SIBHO
Bixg T i c. Takwuit Bupas3 3 BpaxXyBaHHAM JIHIIIE TIePIITol KOPeJAIiiHOI Io1-
PaBKU ¥ y HAOIMKeHHi B3aeMoail HAaOIM:KUINX cycifgiB 0yIo ogep:KaHo B
[129]. dna peanicTuuHiIOro BUNaAKy 3a HasIBHOCTU B3AEMO/Iil aTOMiB Ha
IOBiIbHUX Bigmaasax mMae OyTH 3aCTOCOBAHOIO iHIIa, y3arajabHeHa (op-
myaa. ¥ [127] 0. A. Baganau i A. I'. XauaTypsaH 3amIpomioHyBaIu TEOPito
BIIOPAIKOBAHNX TBEPAUX PO3UMHIB, AKA BPAXOBYE e(PeKTH MiKaTOMOBUX
KOpeJdIiil i majgexkocs:KHICTh B3aeMOZili aToMmiB samimieHHs. Metoma
[127] e ysaranbHerHAM KipKBYymoBOi MeToIM HA BUIIAAOK B3aEMOJIIN aTo-
MiB y JOBiTLHOMY UHMCJIi KOOpAMHAIIAHNX cdep i mae piBHAHHS IJd IIa-
paMeTpiB JaJIeKOro MOPAIKY, IKi MalOTh TY 3K CTPYKTYPY, IO I BiAIIOBi-
nui pismanaa KipksyzoBoi Teopii. BigMminHicTs mossrae y BUTIAmi Bia-
HOBiIAHUX UHCEJbHUX Koe(illieHTiB: 3aMicTh eHeprii «3Mmimauusay w;y I-i
KOOpAMHAaIiiHi#i chepi (pagirocom rp) y Teopii [127] dirypyrore w(k,) i
inTerpaiu 3a k y mepmmiit BZ Big no6yTkis w(k - k).

Bupas gna BinbHOI eHeprii MmakpoomHOpigHOI BHOPSAAKOBaHOI (hasu
OiHApHOTO PO3UMNHY, Y3araJbHEHUN i3 BpaXyBaHHAM TPHOX KOPEJIAIliii-
HUX IIOIIPABOK, Mae BurJAxn [127]:
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1
AF, = AF; = 3, w' (R, —Ry) (RDA(R,) +
4k, T ¢ R,

+;2{ Z w3(R1 _R2)f1(R1)f1(R2)7;(R1)722(R2)+
12(kBT) R,.R,

+2 Y. w(R, -R,)w(R, - Ry)w(R, — R, (R, )fl(Rz)fl(Rg)} -

Ri:Ry Ry

_;3{ Z w4(R1 _Rz)fl(Rl)fl(Rz)ﬁg(R1)f3(R2)+
48 (k,T) Rk,

+6 Z w(Rl - R‘Z )w(RZ - R3)w(R3 - R‘4 )w(R4 - R’l)fi(Rl )/i (Rz )f1(R3 )fl (R4) -

RiRy,R;,Ry

-12 z w R, - RO R, — R R)EPR)(R,) +

R,.Ry.R,

+12 > w(R, - R,w* (R, - R)wR, - R)f,R), (R, (R, (R, );;(R3)},

R,,R;,R;

(1.28)

ne f,(R) = P(R)(1- P(R)),/,(R) =1-2P(R), f;(R) =1-6P(R) + 6P*(R);
AFa‘i — roubirypailiinosajsexHa BiJibHa eHepria B HAOJIMKeHHi caMoy-
srom:xeHoro mojid (1.19).

Bupas (1.28) e cnpaBeqiuBuUM AJIA POSUNHIB 3 OYAb-IKOI0 CUMETPIEI0
BIOPAIKOBAHOIL Ta HEYIIOPSAAKOBAHOI (hasd. Y JaHOMY OTJISIi BUKOPHUCTO-
ByBaTuMeMoO Bioro s aHaiisu ['IIK-posuunuiB, 1110 BIOPSAIKOBYIOTHCS
3a Tuniom L1, a6o L1,, oOMe:KyIOUNCh BpaXyYBaHHAM IIEePIINX IBOX KO-
penanifianx mompaBok: o (kz,T) ' i o< (kg,T) 2. (Oriax i mopiBHANBHY
aHaJIi3y iHIINX CTATHCTHUYHO-TEPMOAMHAMIUHNX HaOJMMKEHb, IO Bpa-
XOBYIOTh e(eKTH KOpeJadllili, 30KpeMa, BUCOKOTOUHOTO «KiJbIIeBOTO»
HaOJIM)KeHHs, HaBeseHO B [56].)

CTOCOBHO HE3aJIe}KHOCTH eHepriii «3mimanusa» {w(r)} i ixuix Pyp’e-
KOMIIOHEHT BiJf TeMIlepaTypu i KOHIIeHTpaIlil CTOIly B Me)KaX HabJIu-
JKeHHS caMOy3TroI»KeHOT0 MOoJId MaeMo Haragatu npo pobory 3. A. Ma-
tucinoi i A. A. CmupuoBa [130], me 6ys10 moKasamo, 10 BHACJIiTOK 3a-
JIeXKHOCTU MapaMeTpa I'PATHUILL @ BiJf KOHIIEHTpAIIil ¢ i cTyneHd Mopa-
Ky M eHeprii «3mimanasa» {w(r)} MamTh TaKOK 3ajekaru Big ¢ i 1. 3a
aHaJIOTI€IO i3 3a3HaYeHNM Pe3yJIbTATOM TaKa 3aJIeKHICTh IJId IIIapoBOi
(Ham)cTpykTypu Tuny L1, npu BpaxyBaHHi B3aeMOAil JuIlle HANOIMMK-
4uX CcycifiB Moske Maru BUMIAL w, = Yy + Y’ + Y’”n4/30 +3M*+3*,
me koedinienTu Y, Y, Y, 3,,3,3” € dyHKIiAMEU KOHIleHTpAIIil, i mpU3-
BOOUTHU 10 30iibIlIeHHS cTpuOKA mapaMeTpa MOPSAAKY Am uepes3 3as3Ha-
BaHHSA CTOIIOM (pa30BOr0 IIEPETBOPEHHS JIaA—0e3J1a /] IIePIIToro POay Ta 10
3CYBY MAKCHUMyMYy KOHIIEHTPAIliliHOI 3ajiexkHOCcTH KypHaKOBOI Temie-
parypu Tk BigHOCHO cTexiomeTrpii c=1/2. AHajyoriuni pesyabTaT Mo-
JKHA OUiKyBaTH # AJIA CTPYKTYPH, 110 BIOPAAKOBYETHCA 3a TUHOM L1,.
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EdexTu, axux posrasamyTo B [130], MatoTh TPpU3BOIUTH A0 3aJI€KHOC-
Teil eHepriit «3mimanusa» {w(r)} i ixaix Dyp’e-KommoHeHT Bix ¢ ta it T.
AJje y TuX BUIaJKax, KOJHU IIapaMeTep I'PATHUI CJIa0KO 3aJIeKUTh Bif
CKJIAAY 1 CTYIIEeHSA MOPAAKY TBEPOr0 PO3UMNHY, IIi eeKTH OyAyTh HE3HAU-
HuMU. 719 TaKUX PO3UMHIB iCTOTHIMIIMU MOXKYTH OyTH e()eKTU, BUKJIU-
KaHi HaCTYyIHUMU OpUYnHAMU: 1) CYyTTEBUM BHECKOM €HepTii eJIeKTPOHIB
IIPOBiTHOCTY B CyMapHy €Hepriio PO3UYNHY, KOJU 34 CIPUATINBUX YMOB,
— HaABHOCTH ILJIACKUX MiIAHOK Ha PepMi-OBEPXHI TBEPJOTO PO3UMHY,
— 1151 o6CTaBMHA MO2Ke IMpuaBecTH 10 3asuesxHocTr W(k) Bix KoHIIeHTpAaIil
PO3UMHY [JIA THX XBUJIBOBUX BeKTOpiB Kk, mia skux BekTop q=k+B
3’emaye nBI Touku PepMi-moBepxHi 3 aHTHUHAPATICIbHUMU HOPMAJIIMU;
2) HaABHICTIO y Ppo3uMHi MarHeTHOro(nx) KoMmmoHeHTa(iB), 1110 6€3yMOBHO
MIPU3BOAUTHAME IO 3ajeskHocreit {w(r)} Big T i ¢ yepe3 BHECOK Y CyMapHy
eHepriio «3MiIllaHHA» eHepriii oOMiHHOI B3aeMOAili aTOMOBHMX MOMEHTIB
(«cmiHiB»), I1T10 MOXKYTH IIepeopieHTOBYBaTHCA 3aie:KHo Bix T, ¢ i coprTis
cycimHix aTomiB y mapax; 3) BUHUKHEHHAM Yy TBEPAOMY PO3UMHI 3 TeMIIe-
paTypo3ae:KHIMU IPYKHIMI BJIACTUBOCTAMY 3HAUHUX OTHOPiTHUX CIO-
TBOPEHD i JIOKAJLHUX (HEOAHOPIOHMX) CTATUYHUX 3MillleHb aTOMiB 3aMi-
IIeHHS 3 PIBHUMHU PO3MipaMu 3 BY3JiB «CEePeIHbOI» I'PATHUILL, IITO0 TAKOMK
MIPU3BOSUTHME I0 3ajesxkHocrei {w(r)} Big T (Ta i ¢) uepes BHECOK eHepriit
«medopMmarriiinoi» B3aeMomii aTomiB (#OHIB) Yy cCyMapHy €HeEpTiio «3Mi-
miagHsa» . O01ABA OCTaHHIX e(heKTH PO3TJISHEMO B HACTYIITHIX PO3iIax.

1.5. Oco0IMBOCTi €JIEKTPOHHOTO eKPAHYBAaHHS i MAaTHETU3MY HOHHOIL
MiJICHCTEMH B CTATUCTHYHIi TEPMOIUHAMIIli HOPSAIKY TBEPAUX PO3UUHIB

M. O. KpusBorsazom Ta iz. [131, 132] GyJsi0 ToKasaHo, 10 €HEPTiio eJIeK-
TpoHiB nmpoBigHocTH AU,, 3ajIesKHY Bi KOH(iryparlii posranryBaHHaA Ho-
HiB, Y TBEPAOMY PO3UMHI HellepeXiJHNX MeTaJiB y ApyroMy HaOJImKeHHi
Teopii 30ypeHb 3a eJIeKTPOH-HOHHUMM B3a€EMOMiAMU MOXKHA IOIATH CYy-
MOIO eHepriifi momaTKoBUX e()eKTHUBHO MapHUX B3a€EMOJiN HOHIB: AKIIO
w,(R—R’) =w,(r) — BHECOK y eHepriio «3MimaHHsa» GiHAPHOIO PO3UUHY
A—B, 00yMOBJIeHU eKpaHYBAHHAM €JIeKTPOHAMU IPOBiZHOCTH, TO

AU, = %ZR,R, w,R -R)(c(R)c(R)) . (1.29)

Tomy cymMapHy eHepriio «3MilranHsa», 0 CKJIATAETLCA 3 e(PeKTUBHO
HapHUX eHeprii B3aeMOAil OoHIB y po3unHi A—B, MOKHA IPeACTaBUTU
aK w(r) = wy(r) + w,(r) , a oTKe,

(k) = i, (k) + 1, k), (1.30)

ne w,(k) — @Pyp’e-kommoHeHTa BHeCKiB {w/(r)}, a w,(k) — Pyp’e-
KOMIIOHEHTA €Hepriii «3mimanusa» {wy(r)}, He 00yMOBIEHUX B3a€MOYU-
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HOM HMOHiIB uepes eJIeKTPOHM MPOBiTHOCTH, a 3yMOBJIEHUX, HacaMIlepes,
€JIEKTPOCTATUYHUMHY B3aEMOIIAMU HETOUKOBUX MOHHUX KiCTAKIB y BY3-
Jax (abo :k, uepes IXHIO PO3MipHY HEBiAIOBiIHICTh, CTATUYHO 3Mill[eHIX
3 BY3JiB) «CepelHbOI» I'PAaTHHUIIL B ymMoBax naii oOMiHHO-KOpeIAIlifiHUX
edekTiB (y BizmoBiguocti mo nmpuununy Ilaysi). I aBropamu [132] 6yiio

ojJep:xaHo HacTynHuii Bupas: w,(k)=-— i) . -
1Y p (k) B(;k)‘ B+k £ (B+k)

YeHHAM CTDq = %L [(I)A (p)-D, (p)] e "dp, ®,(p) (Ps(p)) — moreHIiATLHA

eHepria B3aeMoZii eIeKTpPOHA, 10 IlepebyBae y TouIli p, 3 fioHOM A (B),
PO3TAIIIOBAaHUM Yy «HYJb»-BY3Ji; U — 00’€M eJIeMeHTapHOI KOMipKu I'paT-
Huii; [1(q) — moaspusaniiiauii omeparop (MiHiliHA ITOJIAPUB0BHICTD)
eJIeKTPOHHOI IiJcUCTeMI PO3UUHY; €'(q) — JAieJleKTPUYHA MPOHUKHICTD
depmi-rasy eIeKTPOHIB, IIT0 BPaXOBYE OOMiHHO-KOPEIAIifiHI IIompaBKu
3a HYJIbOBOI yacToTH nepecuianoi eneprii[90, 91, 126].

s croniB nmepexigHUX MeTaJiB (Ta CUCTEM «HEMETAJIIUHOTO» TUILY)
BaroMi BHeCKUW 1 HemapHUX (KOBAJEHTHUX) MilKaTOMOBUX B3a€MOJiil
HeoOXimHo BpaxoByBaTH THUM I1aue Y BUIIIUX MOPSAAKAaX Teopii 30ypeHs 3a
(HecaabuMu) epeKTUBHUMHU HOTEHIIIJIaMM, IO TiIOTh HA eJIeKTPOHU
IPOBiZHOCTY 3 00Ky MOHHUX KiCcTAKIB y By3aax rpatauii [63].

To:xk, srigmo 3 (1.30) mosxkHa mepenucatu popmyay (1.25) giasa posmo-
Iiny iHTeHCUBHOCTY XBWJIb, NU(PY3HO PO3CIAHUX TBEPAUM PO3UUHOM, V
Buraaxni[67, 90, 91, 132]:

Iz (@) _ 1
N(f o) e Fe(l—c)  L+e(l—c)(@,00+,00)/(k,T)

.(1.31)

Ba gneaxux sHaueHb |k| Bemmumma I1(q) MOske MaTu OCOBIMBICTD,
OB’ A3aHy 3i «cTpubKoM» PepMmiiioBoi (PYHKINII po3moxisNy eleKTpoHiB,
110 BUHUKATHMeE 38 YMOBU |q| = 2k, (kr — ®epMiiioBe XBUILOBE UUCJIIO) i,
30KpeMa, nipusBoauTuMe 10 KoHOBOI ocobsmBocTu [133] v cueKTpi KoJu-
BaHb MeTaJjieBoro Tija. OcKinbKku omepaTopy I1(q) mpomopirifiza BeauynHa
w,(k), To, HaBiTH y APyroMy NOpPAAKY HAONM:KEHHA B Teopil 30ypeHb 3a
€JIEKTPOH-MOHHUMHU B3a€EMOMAIAMU, OCTAHHA TaKOK MaTUMe OCOOJUBiCTH
Konogoro Tumy, mo BunrKatuMe 3a Tiei s ymosu | k + B |= 2k, i Busnaua-
TUMeTbCsI (POPMOIO BiAMOBImHUX miagHOK Pepmi-moBepxHi. Ila ocobsu-
BicTh OyZe crocTepiratucsa i A iHTEHCUBHOCTU OM(Y3HOI'O PO3CiAHHA
xBUIb Igro(q) (1.31). IlikaBuMm i Ba:KJIMBUM HACJIIKOM € Te, IO Yepes Ta-
Ky 0COOJIUBiCTH BHECOK W, (I') MOsKe HaOyBaTH JAJEKOCAKHOTO XapaKTepy.

B[67, 90, 91, 131, 132] mokasaHO, IIT0 TaKi 0COOJIMBOCTi IIPOABJIATHU-
MYThCS He TLIBKY B CIEKTPi KosmmBaHb (ocobauBocTi Mirgama—Kona) Ta B
TEeILJIOBOMY PO3CiAHHI HeBTPOHIB i PeHTI'eHOBUX IIPOMEHIB, aje i y nudy-
3HOMY PO3CiAHHI XBUJIb Ha KOHIIEHTPAIIIMHUX (CTATUYHUX ) HEOTHOPiTHO-
cTax po3uuny. Tozi y BUnagkax, KoM BHECOK eHepril B3aeMoiil eneKT-
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POHiB ITPOBiAHOCTU 3 HOHHUMH KiCTAKAMHU B IIOBHY €HEPTiI0 «3MillIaHHA »
HOHIB He € MaJIIM, MeTOAy AU(Yy3HOTO PO3CITHHA XBUJIb B TBEPAOMY PO3-
YUHi MOKHA BUKOPUCTOBYBATU IJIA BUABJEHHS TaKHX OCOOJMBOCTEM i
oJlep;KaHHA MeBHOI iH(opwmarlii mpo reomerpito ¢opmu itoro Pepmi-
moBepxHi. 3B’A30K MixK dopmoio PepMmi-TToBepxXHi I XapaKTepoM 0CO0IH-
BocTteit Mirmamna—Koma 6ys10 mpoanasrizoBano B [134] i moxasano, 110 Taki
0COOJIMBOCTI CTAIOTH BUPABHIIIIMMY H PisKiMmuMu, AKINO IiTaaKky Pepmi-
MMOBEPXHi M06IM3Y q; i (, € OIU3bKUMU 32 POPMOIO 10 ITUIIHAPUIHUX a00
miaackux (kou BekTop k + B, 1110 opiBHIOE 3a MOmyIbOM 2k, 3’ €nHYE OBi
TOYKM (; 1 q, Ha PepMi-TOBEePXHi, B AKUX 30BHIIIIHI ITePIEHAUKYJIAPU 10
TIOBEPXHi € aHTHUIAapaJIeIbHUMHA); 30KpeMa, BCTAHOBJIEHO Pi3Hi TUIU 0Co-
OosmBocTel (ikwm, 371aMU) Ha AucHepciiHmX KpuBuX (y 3aKOHI aucmepcii
yacToTu (QOHOHIB) 0(q) BiATIOBiAHO M0 pisHUX hopM PepMi-TIoOBepPXOHb.
OckiJbKM HaBITHL 3a HAWUMOPOCTIIIIOD Teopicio imeaabHOro Pepmi-rasy
[135] PepmiiioBe XBUILOBE UUCIIO By BUSHAUAETHCSI (hOPMYJIIOI0 TUITY

ke = (37°Z/0) ", (1.32)

Ie Z i v — cepemHe UMCJO eJIEKTPOHIB IIPOBiZHOCTH Ta 00’ €M, IO IIPU-
magamoThb Ha 1 By30J 'PAaTHHUIIL, TO MA€EMO BPAXOBYBATH, II10 Ky 3AJI€KUTD
BiJ CKJIaqy TBepAOro po3umny A, B ., a OT:Ke, MiCIle pO3TallyBaHHA Y
o6eprenomy nmpoctopi Kornosoi ocobsmBocTu ns Igzo(q) MOsKe 3MiHIOBA-
THCS 3i 3MiHOIO CKJIAY.

Edextu, akux mepenbaueno B [131, 132], maBHO 3HAUIILIN TigTBEP-
I:KeHHA B 6araTboX MOCTimKeHHAX (AuB. oraan [56]). 3okpema, mas He-
YIOPALKOBAaHOTO cTramy TBepaux posumHie Cu—Au, Cuz;Pd ta Ti-O
[136—140], To6To 3a Temmeparyp T > Tk (Tx — 3ane:kHa Bif cKJIaIy TO-
yka KypuakoBa (hasoBoro mepexony jaa—0esian), BUABJICHO aHOMAJII B
posmoniai Iggo(q) Mo 06epHEeHOMY IPOCTOPY, ITI0 MPOSABIAIOTLCA V A04a-
TKOBUX MTUPYIHUX MaKCUMyMaX Ispo((), MicIid po3TamryBaHHS AKUX Y
oGepHeHIM IIPOCTOPi 3a0BOILHAIOTH piBHOCTI |k +B|=2E, i MinaOTHCA
3aJIe’KHO BiJT CKJaay Ppo3umHYy; Yepe3 Iie 3as3HaueHi aHomaJil
moB’aA3yBasincsa caMme 3 ocobauBocTamu Konosoro Tuny. Tak, s cTomy
Cu—Au coocrepiramocsa posIiellIeHHA TU(PY3HOT0 MaKCHUMYyMy B TOYITi
(11 0), BigmoBiguo xo mimimymis w(k) , Ha 4 OKpeMUX ILIAMU, IPUIOMY,
BeJIMUMHA PO3IIeIieHHA Minaaacs Big crony CusAu 1o crony CuAu, Bia-
MOBigHO 110 3MiHU ky (AK Bix umeroi Cu mo uucroro Au). Tomy B [136] 6yJ1o
3p00JIeHO BICHOBOK IIPO Te, 1110 PepMi-moBepXHsA AJIs HEYIIOPALKOBAHOTO
TBepmoro posumHy CusAu 6imsbka g0 Pepwmi-moBepxHi ansa umeroi Cu
(aKa Mae IIacKi miAgHKY, nepueHIuKyJIApHiI Hanpamky [110]), a gixsa
CuAu; — aas uucroro Au. B [137] mocaim:xyBanocs i po3IemieHHs 3a-
JIEXKHO Big KoHIeHTparii serysanabuoi gomimiku (Pd Ta In) y cromi CuzAu i
Oy70 3’sICOBaHO, IO BeJIMYMHA PO3IIEIIeHHA 3MiHIOEThCA IIPOIOPIifiHO
amini Z'?, To6ro mpomopuiiino amiHi k. B [138] 6y10 BuaBIeHO pAL 0-
IaTKOBUX IN(PY3HUX MAaKCUMYMiB y PO3IOALJI iHTeHCUBHOCTU AU(PY3HOTO
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POBCiAHHA €eJIEKTPOHIB MOHOKPHCTAJIOM HECTEeXiOMETPUYHOI CIIOJIYKU
TiO,_.; posrarryBaHHA ITNX MaKCUMYMiB MiHSJI0CS 3aJIeKHO Big Bmicty O,
110 0yJI0 OB’ A3aHO 3 HAABHICTIO i OIM3BKUM YIOPAAKYBAHHAM CTPYKTY-
PHUX BaKamHciii, AKe, 3a mpumnyileHaaM B [138], o6yMoBIeHe BILINBOM
eneKTpoHiB npoBigmocTu (TiO;_. — peuoBMHA 3 BUCOKUM BMicTOM iX). Bu-
ssBiaeHHA KoHOBUX 0cobMBOCTEH v po3momiii Iggo(q) AId audy3HOTO PO3-
CiTHHS Pi3HOTO TUITY XBWJIbL KPUCTAJIAMU 3a3HAUCHUX HEYIOPAIKOBAHUX
PO3UMHIB ITigKasye, IO I[i 0COOJMBOCTI MOMKYTL OYTH JOCTATHBO ITOMIT-
HUMMU, 11100 X MOKHAa 0yJI0 BUABUTH B €KCIIEPUMEHTI ¥ AJIs iHIIuX TBep-
IUX po3unHiB (AuB. [56]). Ase B ycix Bunaakax nmossa KoHoBoi ocobBo-
CTi cBigumMTHME IIPO Te, ITIO eHeprid «3Mimanua» w,(r) IOBLILHO cIIajgac 3
MiKaTOMOBOIO Bigjmasiio (IpMHAWMHI, Y BUALJIEHOMY HAOpPAMKY); TaK,
IJI OCOOJIMBOCTEM, 00YMOBJICHIX €IINITUUHIMHA, ITAJIIHAPUYHIM i TIJIac-
KuMu ninsakamu Depmi-noBepxHi, w,(r) cnagae aK o r.°, r,> i r]' Big-
IOBiIHO y MePIEeHANKYIAPHAX 10 HUX HAIPAMKax n, (r=ryn, + rny).

IITo crocyeThca MarHeTusmMy, TO HaABHICTb HOTO y CTOIII IPU3BOAUTH
Io 3minu Bunmy Bupasy (1.19) mna BimbHOI eHeprii: mo BimbHOI eHeprii
(1.19) meobximmo momaTy MarLeTHY BiJIbHY eHepriio CIIiHOBOI ITiAcucTeMu
AR, =AU . —TAS; . . Tlo cyri, eneprii «3mimamnsa» w(r), mo diry-
PVIOTH y (hopMyJIax Ii. i.4 i 1.5, onucyooTh MisKaTOMOBI B3a€MOii B CTO-
i, 1110 mepedyBae B mapamMarHeTHOMY craHi. Tomy mjia TemmepaTyp, HU-
sKuux 3a TouKy Kiopi T, 10 «eIeKTpOoXeMiuHMX» eHepriil «3MiIltaHHsg»
w(r) HAJIEKUTD JOJATH BHECKH Wy,0,(T), 00YMOBJIeHI 0OOMiHHOIO B3a€MOJI-
€10 CIIiHiB «MarHeTHUX» aToMiB. IIpupoaHbO, 1110 BHECOK MarHeTHOl eHe-
prii B cymMapHY eHepriio cToIly BILIMBAE HA TOU POIIOAiJ aTOMiB Pi3HOTO
COPTY IO By3JiaxX I'PaTHUIIL, IO peasidyeTbesa. Hampukiaan, y BUOAIKY
(hepoMarHeTHUX CTOIIB 3 OJHMM MATHETHMM KOMIIOHEHTOM MarHeTHa
B3aEMO/isI CTUMYJIIOE€ YTBOPEHHS KJIAaCTEPiB 3 CYCiAHIX MAarHeTHUX aTOMiB
(uepes3 HeraTMBHUII 3HAK OOMiHHOIrO «iHTerpaJsia»). Ile osHauae, 110 ede-
KTHUBHO (hepOMarHeTu3M TOTO KOMIIOHEHTAa IIPUTHIYye TeHAEHITi10 10 6JIi-
3BKOTI0 1 TaJIeKOr'0 BIIOPASKYBAHHS ATOMIB CTOITY B I[1JIOMY.

ExcnepumenTasibHOMY i TEOPETUYHOMY MOCJIiI3KEHHAM aTOMOBOIO Ja-
Iy B MArHETHUX CTOIIaX IpucBAUYeHo 6araTo podit. Haiibinsr mocaigoBue
TeopeTUYHEe BUBUEHHS B3a€MHOT'0 BILIUBY MOPSAAKY ATOMIB i CITOHTaHHOTO
MarHeTyBaHHS (MarHeTHOTO MOPAAKY) mouatocs 3 mpaib A. A. CMupHo-
Ba 3i cmiBaBTOpamu, k. M. Besna 3 1. A. JIleBicom, C. B. CemeHOBCBHKOI,
T'. Iagena, B. A. Xio6epmana 3 B. Crpeiipepom, P. A. Taxip-Xemi 3 T.
Kasacaxi, JI. Binmapga it A. Illambeposa 3 Komeramu, a Tako:x X. JI. Mo-
paH-JIbonesa 3 JI. M. @amikoBum [141-156] (muB. Takox 6i6mxiorpadiio B
[126]), xoua icTOTHI pes3ysbTaTH B IILOMY HAIpPAMi OyJIu ofep:kaHi Ire B
poborax @. Birrepa, C. B. Boucoscbkoro, B. €. Pymuunskoro, A. I1. Ko-
mapa, X. Caro i A. Apporra Ta iu. [Ipu mobymoBi craTucTuuHOoi Moaesi
BIIOPAIKYBaHHA (hepo- Ta/abo aHTU(hepOMarHeTHUX CTOIIIB y BCix pobo-
TaX BUKOPUCTOBYEThCA l'aiizeHbepriB Momenb, AKWI BUXOAUTH i3 IIPU-
MYIeHHs, 0 CIIiHY 3aIIOBHEHUX YaCTKOBO eJIEKTPOHHMUX 000JIOHOK € JIO-
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KaJi30BaHMMMU HA « MATHETHUX » aTOMAaX.

CraTuCTUYHO-TEPMOIUHAMIYHY TEOpilo, III0 BPaxX0oBYy€e AK aTOMOBe, TaK i
MarHeTHe BIIOPAIKYBAaHHs, 3aIIPOIIOHOBAHO I1ie B [142—147] mia 6inapaux
(epo- i anTudepomaraeTHux croimis. B [142—145] posrasaryTo cronu: 1) Ha
ocuoBi I'lIK-r'paTHUIli, 1110 BIOPAIKOBYIOThCA 3a TunoM L1,; 2) HA OCHOBI
OIlK-rparuutii, 110 BOOPSAAKOBYIOThCs 3a TunoMm B2; 3) Ha ocuoBi OIIK-
TPaTHUIII, IO BOOPAIKOBYIOThCA 3a TumoMm D0s;; 4) ma ocHoBi I'TIY-
rparuwuii. g cromiB rpym 1 i 2 pospaxyHKu 0yJ10 BUKOHAHO Y HaOJIU-
JKeHHi «XeMiuHOi» 1 oOMiHHOI B3aeMOZil JuIlle HANOMMKUMX CYCimiB,
IPUYiM, JIJI aTOMiB 000X KOMIOHEHTIB (A i B) mpuiAHATO OMHAKOBUII MAar-
HeTHUU MOMeHT (cIriHoBe umcyo). [yia cromiB rpynu 3 po3paxyHKU 6yJI0
YCKJIQAHEHO B HaOJIMIKEHHI «XeMiuHOi» I 0OOMiHHOI B3a€MOAiil y mepImx
IOBOX KOOPAMHAIIAHUX cdepax, IPUUiM, OOZUH 3 IBOX KOMIIOHEHTiB BBa-
sxkaBca HemarmetHuM [144, 145]. [lyna Bcix Tux TUMOIB TBEPAUX POSUYMHIB
0yJI0 00paHO TaKMWil MOJEJb, B AKOMY KOKHII aTOM MAaTrHETHOTO KOMIIOHE-
HTa Ma€ OAWH HEeCHapeHWM «MarHeTHUI» eJIEKTPOH 3i CIIiHOM «JI0TOopu»
abo 3i cminom «yHU3» (cmiHOBe YMCy0 So=1/2). ¥ HabIMKeHHI caMOy3ro-
JIPKEHOro I0JIA O0YJI0 OJlep:KaHo0: BIpas AJIA IIOBHOI KOH(MIr'ypalfiiinosaiex-
HOi BiNbHOI emeprii AF°® = AF; + AF,, . ; DiBHAHHS, IO BU3HAYAIOTD DPiB-
HOBa’KHIi 3HAUeHHA Imapamerpa(iB) JajseKoro mopsaaKy ¥ BiZHocHYy Hamar-
HETOBaHICTh; BPAa3 AJId TeMIiepaTyp (pasoBoro mepexony II-ro poxy marue-
Tuk—TapamMaraetTuk (7Tc) Ta CTPYKTYPHOrO ()a30BOTO MEPETBOPEHHA JIald—
6esnan (Tx). s cromiB rpynu 3, aTOMOBUH MOPAIOK B AKUX OIMNCYETHCS
JBOMa MapaMeTpaMu JaJIeKOT0 IMOPAAKY 1; i Ny, @ MarHETHUM MTOPALOK —
mapaMeTpoM BiJHOCHOI HaMarHeTOBAHOCTHU G, OYJIO Ofep KaHo CHCTEMY 3 3-
X TPaHCIIEHJAEHTHUX PiBHAHB, 110 BU3HAUAE B YOTUPOBUMIPHOMY ITPOCTOPI
T, My, N2, O «<KPUBY PiBHOBArU». 3a JOIOMOT0OI0 METOAU H6araToBIMipHOI
In(epeHIiaabHol reoMeTpil OyJI0 AKicHO BUBUEHO Xif i hopMmy I1tiel KpuBoi
MOGJIN3Y TOUOK PO3TATYKEHHS, ITI0 BiAIIOBiTalOTh MOMKJIMBUM (HasoBUM
nepexonam. B [142—145] O6yso 3’sicoBaHO, IO AJIsI CTOIIIB, AKi BIOPSIIKO-
BYIOTLCS 3a OyAb-AKKMM TUIIOM, € B3a€MHU 3B’ I30K MiK ABUILIAMU aTOMO-
BOTO I MAarHETHOTO BIIOPAIKYBaHb, TOOTO BEJIMUMHU 1|, M, 1 Tk 3aI€KaTh
BijJi HaMarHeTOBaHOCTU G, a BeanuuHu © i T, 3ajiesKaTh BiJl mapaMeTpiB 1a-
JIEKOTO TIOPAIKY T;, M- B [142—145] 6yso mokazamo (auB. Takox [141]),
IIT0 XapaKTep B3AEMHOT0 BILIMBY AaTOMOBOT'O i MAarHETHOT'O MOPSAIKIB CTOITY,
AKUHN CKJIAZAETHCA 3 KOMIIOHEHTIB i3 OJHAKOBMMMY CIIIHOBUMMU YMCJIAMU,
BUBHAYAETHCA SHAKOM BenuuuHu W, .. (r) = 4, (1) + J 55 (r) — 2J 45 (1),
ne oominHi «inTerpanu» {J ., (r) = J (R — R’)} e koporrocsa:xkuumu (Juiie
[0 BY3JIB IIEPIIOl KOOPAUHAIINHOL chepr 3 pafilocaMu-BeKTOPaMu {ri}:
I8 (PepOMAarHeTHOI'O CTOILY IIPH Wy,en(Tr) >0 yIOpAAKYBaHHA aTOMIB Mif-
Buitye T, TOOTO cmpuse (epoMarHeTusMy MOMEHTIB aTOMiB, a IIpu
Winoen(T) <0 yIOPAZKYBAaHHA aTOMIB i CIIOHTaHHe MarHeTyBaHHS B3a€MHO
MIPUTHIUYIOTH OAWH OJHOT0; IJIA aHTH(hePOMATrHeTHOTO CTOITY BILIUB 3HAKY
Wpnaen(T1) Ha XapaKTep B3a€MO3B’A3KY JBOX TUIIB IOPAAKY IPOTUIEHKHUN
BUIIAAKy (pepomaruerHoro cromy [143]. B:ke y crarucTuunii Teopii Bmo-
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PASKYBaHHSA MarmeTHUX ctomiB [146, 147] 6y0 3HATO 00OMerKeHHs Ha Be-
JUYUHY CITIHOBOTO YMCJIa S 1 pamitoc MizKaTomMoBOi B3aeMoOmii (AK «eJIeKT-
POXEMIiUHOI0», TaK i 0OMIHHOT'O TOXOMKEeHHsI); OYJIO PO3TIIAHYTO GiHapHi
cronu A.B; ., 3 ODTHUM MarseTHUM KommooHeHTOM Ha ocHOBi OIIK- a6o
T'TIK-rpaTauiii B HEYIOPAIKOBaHIM CTaHi, a TAKOK Y CTaHAX, ITI0 BIIOPAI-
KOBYIOThCA 3a HAJICTPYKTYPHUM THUIIOM 3i cTrexiomerpieio AB, aKuii xapa-
KTepusyeThcA ABoMAa miarpatHursamu [146], abo 3a HaACTPYKTYPHUM THU-
oM 3i crexiomerpieio A;B, B AKOMY MOXKHA BUILJIUTY YOTUPHU ITi AT PATHUIT
[147]. B[146, 147] mokasaHo, 1110, 3aJI€3KHO Bij| CIIiBBiTHOITIEHHA MiK €He-
PreTUYHMMMN TapamMeTrpaMu (IJIA CTOIB, y AKUX YTBOPIOETbCcA (Ham)-
CTPYKTypa Tuiy A;B Takux mapaMeTpiB € TpHu), ITT0 BKJIIOUAIOTh Y ceOe BHe-
CKHU Biml OOMiHHOI I «€JIeKTPOXEMiUHOi» B3a€EMOJIH Yy BCiX KOOPAMHAIILiM-
HUX chepax, peasis3yioTbCsa BCiLIAKI BapiAHTH B3a€MHOTO PO3TaITyBaHHA
ainriit T'x(c,) (xoua 6 nas pasoBux neperBopersb I1-ro poay) i To(c,).

BsaeMo03B’ 130K sBUIIl aTOMOBOTO i MarHeTHOTO BIIOPSAAKYBAHb Y CTO-
max JOCHiI;KyBaBCs I eKCIIePMMEHTAJIbHO B PAAL pobiT, me Oyjo mepe-
KOHJIMBO IIOKa3aHO, III0 MarHeTHi BJIACTHUBOCTI CTOIIiB MOYKYTH IIOMiTHO
3aJIesKaTHy Big TUITy GJIM3BKOT0 aTOMOBOTO HOPAIKY, ATOMOBE YIIOPSAI-
KYBaHHSA MOXKe 3MiHIOBATHU cepelHiil aToMOoBUII MarHeTHUY MOMEHT [l i
remnepatypy Kiopi T, a xonomgua gedopmaiiis, 1Mo, AK IPABUI0, PYii-
HY€ BOOPAAKOBaHe PO3TaIlllyBaHHS aTOMiB, MOXKe IIPU3BOAUTH A0 BiJmO-
BigHOI 3MiHU [l TOIIIO.

ExcrnepumeHnTanbHi mOCHiIMKEeHHSI MArHeTHUX BJIACTHUBOCTEH CTOIIB
Ni—Al, BukoHaHi pisHUMEN MeTOZAMM, IOKA3AJIN, 110 TaKi BJIACTHUBOCTI i
IIMX CTOIIiB 3HAUHOIO MipOI0 BU3HAYAIOTHCA aTOMOBUMU KOHQIT'ypariamm
— TUIIOM i cTymeHeM GJIM3BLKOTO0 i Aajgekoro nmopankis. (IleBuo, ouikysa-
HUM Mae OyTH ¥ 3BOPOTHIill BIIMB — 3MiHaA BIOPAIKOBAHOT'O PO3TAIITy-
BaHHA aTOMIiB i CTPYKTYPHO-(pa30BOT0 CTAHY CTOIIY IIPW HOT0 MAarHeTy-
BauHi.) IlocrimoBHA Teopisa, AKa moscHIOBaJIa 0 BiAIOBiAHI eKcmepuMeH-
TaJIbHI HaHi JUIa «cIabKoMaraeTHux » cTomiB Ni—Al, maja 6 6yayBaTucs B
paMKax pAIy OpUIyIeHb, 30KpeMa: a) Ipo HasgBHICTEL xoua 6 TBOX BHeC-
KiB y 0OMiHHY B3a€MOi10, — IIPSIMOI OOMiHHOI B3a€MOil MisK HaANOIMIK-
yumu aromaMu Ni i HerrpsamMoi «cymepoOMiHHOI» B3aeMoaii Misk aTromMaMu
Ni, pospinenumu aromamu Al (mepima B3aeMO[Iis € BiAIIOBiZaabHOIO 3a
¢hepoMarseTusM CTOIIiB, Apyra — 3a WMOBipHY (pycTpallifo o BiHO-
IIeHHI0 70 aHTu(epoMarHeTHUX QIIOKTyalliii GJM3bKOT0 MarHETHOTO
mopsaaKy); 0) Ipo HesaJIe’KHICTL MarHeTHOro MmoMeHTY Ha 1 atrom Ni Bix
ckJyany cromy. TyT 3a3HAUMMO, ITI0 38 EHIIUKJIONEIUUHNMY TaHUMU Mae€-
MO HACTYIIHI 3HAUEHHS JOKAJbHIX MAarHeTHUX MOMEHTiB unctux Ni it Al:

I

aroma Ni u, =0,604 0,10 (y BopoBux MarseToHax ),

LIS < sapa 51N Ue ., =0,746 £ 0,10 (B AxpoBUX MarHeToHax W ),

Ni
aroma Al u,, =0 (y BopoBux marseToHax [,).

Pesynapratu [141-148], m1o 3amouaTKyBajam MoOYAOBY CTATHCTHUUHOL
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Teopii MopAIKY MArHeTHUX CTOIIiB, He OYJIM CBOEUACHO BUKOPUCTAHI JJIA
BUKOHAHHA KOHKPETHUX PO3PaXyHKIB TUX IIapaMeTpiB CTOIy, 3 aHaJIi3un
SAKUX MOKHA 0yJio O 3poOUTH BUCHOBOK ITPO CTYHiHL B3BAEMHOT'O BILIUBY
aTOMOBOTO MOPAAKY i MaraeTusMy. BificyTHiCTh TaKUX pO3paxyHKiB 0yJI0
00yMOBJIeHO KimbKoMa mpuunHamu. [lo-miepire, Ha TO# uac He 6yJI0 MOIO-
JIAHO OOYMCJIIOBAJILHO-MaTeMaTUUHi TPYAHOIIL, IIOB’ A3aHi 3 HeoOximHic-
TIO PO3B’A3yBaTU CUCTEMY 3 IeKiJIbKOX TPAHCIEHAeHTHNX PiBHAHL: TaK,
y pamKax Teopii [144, 145] naa cromiB, ynmopsaakoBanux 3a Tumnom DO,
BUXOIUTH 3 piBHAHHSA, a y Teopii [146, 147] HaBiTs, ana HalmpocTimiol
CTPYKTYPU 3 €KBiaTOMOBUM CTE€XiOMETPUYHUM CKJIAJIOM B3arajlii BUXO-
IUTH b piBHAHDB I/ CTYIIEHA MOPAAKY 1 MArHEeTOBAHOCTEH YV ABOX IIiArpa-
THUIAX TOIO. [pyra npuunHa mnojdraJja B TOMY, IO AJIA BUKOHAHHSA PO-
3paxyHKiB HeOOXiJHO 3HATU UMCJIOBi 3HAUEHHSA eHEePreTUUHNX IIapaMeT-
piB cTOmiB — eHepriii «3MimIaHHA» ¥ OOMIHHUX «iHTerpaJi». HaBiTh
IOCi €IMHOI0 MOJKJIMBICTIO IJIs 3HAXOMKEHHS BipOTiZHWMX 3HAYEHDL ITUX
napamMeTpiB € HamiBeHOMEHOJOTiUHa aHaJlida eKCIIepUMeHTaJIbHUX Jla-
HUX, TOMY IO «IIEPIIONIPUHIIMIHI» METOAM PO3PaxyHKiB eHepriii miska-
TOMOBUX B3a€EMOJIIl IJIS CTOIIB IIEPEXiTHNX MeTaJiB IIe 3aJUINAIThCHI
HEOJHOSHAYHUMHU i ToMmy MajoepeKTuBHUMU. Ha sKaiab, HUHI B HayKOBiH
JiTepaTypi € HebaraTo BioMoCTel PO MPAMi eKCIIepUMeHTAIbHI Bu3HA-
YeHHS eHepriil MiskaToMOBOI i1 0OMiHHOI B3a€MO/Iill y MATHETHUX CTOMIAX.

AJe mocuimxeHHA TepMOAWHAMIKY i KiHeTUKM BOOPASKYBAHHS CTO-
miB Ni—Al 3 BpaxyBaHHAM 0COOJIMBOCTEN €JIeKTPOHHOI'O eKPaHYBaHHI i
MarHeTusMy MOHHOI mificucTeMH MAaloTh I'PYHTYBAaTHCI, OKPiM 3a3Haue-
HuX QyHIameHTaabHuX KoHnemniiin M. O. Kpusormaza, A. I'. Xauary-
paHaiC. B. CemenoBchKOi, Ha poboTax [63, 157—184].

1.6. Ctau mocaig:xens 1udy3ii B ymopsaaKoBaHUX iHTepMeTaigax
Ha ocHOBi Ni

Bukopucranaa iHTepmeTasifiiB BUBHAUAETHCA IX 3HAUHOIO TBEPHAICTIO i
IOBEPXHEBOIO CTiMKiCTIO M0 CTUpPaHHS B KOMOiHaIii 3 iXx MeTaxiuHMMMU
BiactTuBocTAMU [185—187], 3aBAAKM AKMM iX MOKHA IOJipyBaTu (II0
BU3HAYMJIO iX MeKOopaTUBHE 3acTocyBaHHA). [ocaimkeHHsa CTPYKTypH i
BJIACTHBOCTe}! iHTepMeTaifiB 6yau sanouarkoBani I'. TammanaoM [188]
i A. C. Kypuakosuwm [189]. ¥V panHix poboTrax 3’sacoByBasucs asoBa cTa-
O0inbHiCTB, (ha30oBi piBHOBaru i asoBi peakIrii myis BcTaHOBJIEHHA (aso-
BUX JiArpaM Ta BUBUeHHA (Qismunmx BaactuBoctei [190]; Oysmo BuaBie-
HO, III0 3HAUHA TBEPMIIiCTh iHTEPMETAJIIB CYIIPOBOIKYETHCA BHCOKOIO
KpuxkicTio ix. CaMe uepes3 KPpUXKiCTh BOHU HOIIEPBaX He 3aCTOCOBYBAJIN-
cA AK KOHCTPYKIIiMiHi MaTepidnu. B nmepiry uepry, iHTepmMeTa iy BUKO-
pHCTOBYBaJuCA AK (DyHKI[IOHAJBbHI MaTepidau, a TaKOXK AK BKJIIOUEHHSA
Ipyroi ¢asu B cTaHTapTHUX ab0 eTAJIOHHUX MaTepisiaax. ¥ CIiITHe 3aCcTo-
CYBaHHA BIOPASKOBAHUX iHTEpPMETAJiIiB pPO3IIoUaJocs 3 aJIoMiHizaMm
tutany Tiz;Al i TiAl, a mogasbIi po3poOKH CTOCYBAIKUCS AMIOMIHILY HiK-
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a0 NizAl, aKuii BUKOPHCTOBYBABCA AK Apyra ¢asa B HEMOHIKax Ta cylle-
pcromax [191, 192]. Po3pobka MmaTepisyiB Ha OCHOBi iHTepMeTadimiB
MIPUCKOPUWJIACSA 3 BiIKPUTTAM BILINBY HOOABKU 6OpYy Ha HigBUINEHHA ixX
miractuunoctu [193, 194]. Axe, xoua i goci Taki maTepisnau MalOTh BEJIN-
KU IIOTEeHIIiSJI AJISI 3aCTOCYBaHb, (PYHIAMEHTAJILHOT'O PO3YMIHHSA PiBHUX
IPOIleCiB y iHTepMeTaIifax Ha aTOMapHOMY PiBHI I1ie Opaxye.

3 pisHOMAHITHUX CTPYKTYP iHTEPMETATEBUX CIOJIYK Y JAHOMY OTJIAIL
TOJIOBHY yBary IpUILJINMO BIIOPAAKOBAaHUM aJIlOMiHiTaM HiKJIIO, AKi, 3a-
BIAKU BICOKUM MeXaHiYHUM XapaKTepUCTUKAaM Ta HU3bKill nuTOMil Ma-
Ci, ITOCTiHO 3HAXOAATHCS B IIOJIL 30PY AocaigHuKiB. TpuBaJi BIacTUBOCTI
TaKUX MaTepiAiB BHU3HAUAIOTHCA MIPOIlECAMU IIEPEMIIeHHA TOUKOBUX
IedeKTiB B ix 00’eMi Ta mo Me)Kax HasIBHUX 3epeH. Po3yMiHHs mporiecis
YTBOPEHHS TOYKOBUX Je(heKTiB, IX mepeposnoijly Ta BIIUBY Ha AU Y3ito
aTOMiB KOMIIOHEHTIB CTOIIB i JOMIIIIOK € HeOOXiTHMM AJIA IOAAIBIIIOI PO-
3po0KM i omTMMizallii iHTepMeTaIimiB 321 3aCTOCYBaHb AK KOHCTPYK-
MiAHUX MaTepiAxiB. 3 MOUaTKy YIIPOBAAKEeHHS BIOPAIKOBaHI iHTEepMe-
Tanigu 6yau y GoKyci inTeHcMBHUX Audy3iiHMX gociimxens [187, 195—
198]. oremep OyJi0 HAKOMIMYEHO BeJIUKUI o6cAT iHdopmarrii, 1o crocy-
erbeda nudysii Ni B NizAl[199, 200]. Tudysiro Ni 8 NiAl 6yJ1o0 gocaimxe-
HO Ha MOJiKpUCTATIYHIX MaTepiamrax [201] B ymMoBax BIJIMBY MisK3epeH-
HOTO MexaHismMy audysii (ocobamBO 3a HU3LKUX TeMIlepaTyp). Aje Maii-
JKe HeJoCTi[PKeHMH 3aJIUIIaloThCsA aTOMapHi MexaHisMu audyasii momi-
IIIOK Y BIIOPSAAKOBAHNX aIIOMiHimax HiK0. OcKiIbKM Taki iHTEpMeTai-
IV CKJIATAIOThCs, IOHAMEHIIe, 3 IBOX PiSHUX «IIiATPATHUIL» (YMOBHO
MiATPATHUIN aJOMiHiIo Ta miarpaTHUIlh(i) HiKJI0), aKTYaJbHUM € TOCJIi-
IKeHHs 3aKOHOMipHOcTel nudysii B 3a/I€KHOCTL BiJf TUIIY PO3UMHEHHS
KOMIOHEHTIB Ha THUX UM iHIINX OiArpaTHUNAX. Hes’scoBaHuM 3ajuIlia-
€ThCS ¥ BILIMB TUITY MOPAIKY Ha 0co0JIMBOCTI 00’eMHOI au(y3sii, xoua ca-
Me (Po3)yIOopPAIKOBAHICTL CTPYKTYPU iHTepPMETANiAiB CIPUUNHSIE IIEBHI
00MerKeHHA Ha MOJKJINBI B HUX «KaHaJIW» IIEePePOo3IOAiIy aTOMiB MiXK IIi-
ITPATHUISIMU: IO MiKBY3JIIX a00 IO BY3JaxX 3a KiJbIeBOIO («ITHMKJIiY-
HOIO» ) UM TO BAKAHCIITHOIO CXEeMOIO0.

JJIa KpUCTAIIYHUX CIIOJYK i3 CTPYKTYpoio Tuny B2 6yj0 3aTponoHo-
BaHO MexXaHisM augysii 3a yuacTio BaKaHCi#: 3a 0fHOCTPHUOKOBOIO i IrTe-
ctucTpubKkoBoo cxemamu [202]. Cxemy, 10 XapaKTepuaye OCTaHHIil
MeXaHi3dM B TaKUX CTPYKTypax, mpoijgiocTpoBano Ha puc. 1.4. IIisuimre
ii 6ys10 MmogudikoBaHo A immux cTpyKTyp [203, 204].

KopeaboBani cTpuOKM aTOMIB YIIPOLOB:K MOLIOHMX ITMKJIIB IPHU3BOLATH
IO TIEBHUX OOMeEKeHb Koe(imieHTiB audysii KOMIIOHEHTIB: BigHOIIIEHHS
roedinienTtis nudysii s3HaueHUX aToMiB 060X KoMIoHeHTiB D), /D, Ha0y-
Bac 3HAYEHb 3 iHTepBany [¢ ', ¢] 4J1A BUCOKOBIOPALKOBAHOTO cTaHy. IIpo-
CTilTi OIiHKY BEeJIMUMHY ¢ JUIA CTPYKTYD Tuity B2 nanu suauennsa 2 [205];
3 BpaxyBaHHAM e(deKTiB KopeJsdAriil 6yio ogep:kano ¢=2,034 [206]. fAx-
[0 CKJaJ KPUCTAJIUYHOI CIIOJNIYKM BiIXWJISETHCA Big crexiomerpii,
3’ABIACTHCA 3HAUHA YACTKA KOMIIOBUI[IMHNX AHTUCTPYKTYPHUX dedeK-
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A, OB,

Puc. 1.4. IlTecTucTpubroBa cxeMa BaKaHCiTHOrO MexaHizMy audysii aTomis B
cunonyui AB tuny B2 ma ocHoBi OLIK-rpatauni [202-204]. Baxkasuciio nmosHa-
YyeHO cuMBoOJIOM V.

TiB. B3aeMOUMH yYacHUKIB IIECTHCTPUOKOBUX IMKJIIB 3 TAKMMM AHTU-
CTPYKTYPHMMU AaTOMaMH BILUIMBAE HAa TPaAHUII B HEPiBHOCTAX
1/q < D,/D; < q [207], i exciepumenTanbhi snavenns D), /D;, , Gitbmi
3a 2, IJis IIeBHOI iHTepMeTaIeBol CIOIYKHY Y TAKUM YMHOM MEHIIT BIIOPSI-
KOBaHOMY CTaHi BiKe He MOKHA PO3MJIANATH K 03HAKY HeaJeKBaTHOCTHU
IIeCTHUCTPUOKOBOI CXEeMI.

Hudysia uepes 1mecTUCTPUOKOBI ITMKJII € BUCOKOBIOPSTKOBAHNM IIPO-
mecoM. BifmmoBimHO, POSIOBCIOAKEHOIO € JYMKA, III0 KOPEeJSIinHNN (PaK-
TOP AJIA ITOTO MEeXaHi3My € MaJuM. AJie IIecTUCTPUOKOBL ITMKJIL XapakK-
TEePU3YIOTLCS IBOMA PISHUMU THUIIaMU Kopesdliii. Posrasamaioun oxpemi
aKTH IIUKJIB AK CTPUOKM BaKaHCil, 1110 Bif0OyBaiOThCA 3 IIEBHUMU UYACTO-
TaM1, MOKHA pPO3paxyBaTu Kopesdriiui ¢axkropu f, i f5[206]. Pospaxy-
HKU 3a MeTomoi0 MouTe-Kapiio moBHUX KOpeaAmiianx PakTopiB audysii
sHaueHnx aroMiB Ni i Al y ¢asi NiAl tTuny B2 ganm HaCTYIIHI 3HAUEHHS
Bigmosimmo: fy;=0,782, f4,=0,860[208]. Ot:xe, fy; HE € HACTLIBKY MaJINM,
SK IIe IPUNYCKAEThCA B JiTepaTypi AJs IIeCTUCTPUOKOBOr0 MeXaHisMy.
ITeit pakT caig BpaxoByBaTH IIPU POITJIAL PE3YIbTATIB €KCIIEPUMEHTIB 3
Meccb6aBepoBoro eeKTy, 0 YMOKJINBIIOIOTE 3’ ICYBATH I'eOMETPiIo eJe-
MEHTAPHUX CTPHOKIB aTOMIB i 3a JOIIOMOTrOIO IIOPiBHAHHS YaCTOTH JIOKA-
JbHUX CTPUOKIB 3 pesyJbTaTaMi MAaKPOCKOIIIYHMX MipsaHb gudysii oIri-
HUTH BimgmoBigumit xopensmiiiauii daxrop [209]. fAkio sHaueHHs f, €
3HAYHO OiJIbINIMM, aHiXK 3HAYEHHA [z, B cTOHAxX, 36araueHux aromamu B
(HampuKJIaI, K CHiBBIAHOIIEHHS MiXK fx; i fa B (He)cTexiomerpuuHiii pasi
NiAl tuny B2 misa miectuctpubkoBoro mexaumismy [208]), 1eit epexT Mo-
JKHA ITOSICHUTHY IIepPeBasKHUM KOHIIeHTPYBAHHSIM BaKaHciil Ha migrpaTHu-
I1i A Ta OB’ A3aHOIO 3 I[UM IIiIBUIIIEHOIO0 IMOBipHICTIO 3BOPOTHIX CTPUOKiB
aToMiB B, AKi BiacHe iHimiroBaau mmecTucTpuOKoBi mukiIi. Takum dmnHOM,
i cuiBBigHOIIEHH [, >> f5 1A BHOPAAKOBAHOL cIONYKYU AB He MOXKHA PO3-
TISAAaTH AK apryMeHT IIPOTH MexaHismy maudysii mrecTucTprOKOBUMUI
muKaaMu. Jia KOMKHOrO BUIIAAKY Mae OyTH AeTaibHA aHATi3a, y TOMY
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YHMCJIi 3 KOMIT IOTePHUM MOIETIOBAHHIM.

Iammmii BakaHciiHUN MexaHisM Audysii BigOyBaeTbca, AKIIO OOUH 3
KOMIIOHEHTIB B iHTepMeTasii popMye CYKYIIHICTh «CBOIX » ITiATPATHUILb,
B Me)KaX AKNX aTOMH MOXKYTh OJYKaTH II0 BCili I'paTHUIN, 34iliICHIOIOUN
CTPUOKM TiIBKY MidK HaMOIMKUNMY CYCiIHiMI By3JaMM; TOi BUIaIKOBI
CcTPpUOKM BaKaHCiH JIMIlle B MesKax Ifiel CYKYIHOCTH IIiATPaTHUIb IIPaK-
TUYHO He BILIMBATUMYTh Ha 3arajibHUI CTaH IMOPAAKY iHTepMeTasiny.
Taxuii MmexaHidM AudY3il «CBOIMU» HMiATrPATHUIAME CXeMaTUUHO 300pa-
JKeHo Ha puc. 1.5 muaa crpykrypu tuny Ll,. Binm Mo)xe BU3HAUATH He
TiTbKY IU(}Y3i10 OCHOBHOTO KOMIIOHEHTAa (AKUH mepeBakae 3a KOHIIEHT-
pailtiero B JaHiM KpUCTaiuHi# crioayii i AKuil opmMye CYKYIIHICTD «ii0-
ro» MiATPATHUID AJIA IPOHUKHEHHS); ATOMU i HEOCHOBHOTO KOMITOHEHTAa
MOXKYTh YCTPUOYBATH Y «UyKi» miarpatHutli i magasi nudyumyBaTu HU-
mu [210, 211]. Ao mexamism mirpartii guire «cBoiMu» IIiATPATHUIIA-
MU AOMiHye, To Audysisg aToMmiB He Oyae oOMesKeHOI0 AKO0I0-HeOyIb YMO-
Boio. Kopemsmiiiai ¢paxropu mis gudysii B crroayii L1,-NigAl 6yro oopa-
xoBaHo B [211]: fN§50,689, a fA1=FVHA1/(FV—'A1_‘|'FV<—>A1), me Iy i FVH.AI -
YyacToTa IIEPECKOKiB BaKaHCissi—aToOM aJIlOMiHil0 Ta dacToTa AUCOIiAIlil
mwiei mapu BigmoBimmOo (Bupas maa
HUX B TEPMiHaX KJIACUUYHOI Teopil
I’ ATH YacToT auB. B[211]).

C. B. TuBuHChLKMII 06paxyBaB /\: ) /ﬁl [
MexaHidaM au@ysii 1moTpifiHoTrO : % l’
nedexTy y cnonymi NiAl is crpy- R

P P .

KTyporo tunmy B2 [212]. 3a mum g “"j;“_\\“ S
MexaHizMoM Mirparii morpiitHoro RS B /
neeKTy, IO YTBOPEHUH ABOMA € < <
BaKaHCiAMHM y HiKJeBiil migrpar-
HuIi 1 ogauM atromMoMm Ni B aHTH- Puc. 1.5. CxematTuuHe 300pasKeHHS
CTPYKTYPHOMY IIOJIOKE€HHi, Yyci BakaHcCifiHOl nudysii «cBoimm» mimr-
TPU TOUKOBI Te()eKTH 3HAXOIATh- PaTHULAMI HA IIDUKJALL CTPYKTYpPU
cA B HaWOJMKUMX CYCimHIX By3- dasu L1,-Ni;Al[210, 211].

Jax, i arom Al BUKoHye mBa 1moc-

JiJOBHUX CTPUOKM MixK HaiOJIu-

JKUMMM CYCIOZHIMHM ITO3UIIiAMM Uepes3 BaKaHCiI0 Ha HiATrpaTHUINL HIKJIIO
[213]. B pesyabTari 1i€i mocrifoOBHOCTY YOTUPHOX CTPUOKIB IMOTPifiHMIA
Ie(eKT IIepecyBacThCs, 3aJIUINAIYY HE3SMIHHUM CTYIIiHb YIOPSITKOBAaHO-
ctu. (Ilpukimam Takoro MexaHidMy, KOJIM 3BOPOTHiIl MOTpiliHmil medekT
2V, +Aly;) B B2-NiAl Bunukae Ha IpoMixkHil cranii masemeno B [214].)
OckinrbKku MexaHisM au@ysii moTpiiiHoro geeKTy BKJIIOUAE CKOPEILOBa-
Hi cTpubKU aToMiB, To nudysiiiHi KoedimieHT 000X KOMIIOHEHTIB Y BIIO-
PSAAKOBAHOMY CTaHi OB’ s3aHi HepiBHOCTAME Tuny 1/ < D), / D, <q, ne
q carae 13,3. 3a pospaxyurkamu [213] BigmoBinHi Kopendarniiini paxkTopu
nis1 cnonyku B2-NiAl maroTs OyTy MaJInMu; TaK, KOPEeIAIiiHni hakTop
nas nudysii Ni fy;=0,05 mpu 1300 K i 3ane:xuth Big T': BHECOK I1iel TeM-
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mepaTypHOI 3aJIe;KHOCTH 0 3araJibHOI eHeprii akTupaiii gudyaii Ni cra-
HOBUTh axk 0,176 eB/atom. Mexanism augysii norpifinoro mederty
moB’sI3aHUH i3 MexaHisMoMm au@ysii AuBaKaHcii, AKa BigmoBigae KoHMi-
TI'ypaIisaM, 110 BUHUKAIOTh IIicJId CTPUOKIB Ha IPOMiKHUX CTaIisdX.
Mexanism au@ysii aHTUCTPYKTYPHUME MicTKaMu 0yJio 3aIIPOIIOHOBA-
HO JJId iHTepMeTaIifiB i3 cTpykTypoio Tuny B2 [214]. Ilisuimre #ioro 6ys10
monudikoBaHo 3ama cTpyKTyp Tuny L1, [215], i BiH BUABUBCA BasKIu-
BUM IJA TIOACHEHHA audysiii-
HOI HOBEeNiHKM aJIOMIiHIiZIiB HiK-

NG g (‘g(lm av. PAL aro [213, 216]. Ha pucysky 1.6

T MIOKA3aHO CXEeMY MOMKJIUBUX

Yo Y5 cTpuOKiB aTOMiB, POSUMHEHUX Y

S T Y ) amoMiHioBilT migrpaTHMIi, B
— T cTpykTypi Tmmy L1,-Ni Al

\ /"‘, al A B:uuaTr{iCTL bi (o) ,ung)ysii o HiR.{I?-

22T+ e ; Bill miArpaTHMIN € TPOMOPILiii-

P e % e )//,/\ HOIO ﬁMOBipHocrr} 3HAXOAKEHHS
- aroma Al y miii «HempaBHUIb-

e T 010) Hifl» OJs HBOTO WUiAT'DATHUIL.
o e b Yepes mio o6cTaBUHY AUPy3ida

Al Tyr Mae 6yTu mOBiIbHiIIOI
3a gudysio Ni. Mexanism gu-
(ysili aHTHUCTPYKTYPHUMHU MicC-
TkamMu [216] mpuckopioBaTMe
audysio Al B mopiBHAHHI 3 Me-
xaHisMoM au(ysil mo HiKJeBik
OigrpaTHUIL, 30KpeMa, uepes 3SHaUHIHA reOMeTPUUYHNHA (DAKTOP.

Y crpykrypax tTuny L1, inmmi «kananu» audysii aHTUCTPYKTYPHUMU
MicTKaMM BUABJAITLCA gAitounMu. OSWH 3 TAKUX BAPiAHTIB cxeMaTHd-
HO 300paskeHo Ha puc. 1.7. Y pes3yabTaTi BKazaHUX CTPUOKIB BakaHcida i
AHTUCTPYKTYPHUN aToOM OOMiHAMMCA cBoiMu mosuiiaMu. OCKinbKm 3i
CBOT'0 IIOYATKOBOT'O By3JIa BAKAHCidg MOKe 3AiMCHUTY CTPUOKM Ak IO Ue-
TBepTOoi ab0 I’ ATOI KOOpAMHAITIHHOI chepHu (B 3aJIEKHOCTI Bifl CTPYKTY-
pu [215]), pesyabTyiounii 3HAYHUNA IeOMeTPUUHUY (PaKkToOp OJIA IIHOTO
MeXaHidMy MOKe IOMiTHO 36ibIIUTH HI0T0 BHECOK Y Audysito. Ilikaso,
110 BHECOK MeXaHiamMy Audy3il aHTUCTPYKTYPHUMHI MicTKaMU XapakKTe-
PU3YETHCA MOPOTOM IIEPKOJISAITil B TOMY CeHCi, 110 Au()y3isg Ha MaKpoc-
KOIIiUHYy BifgaJb 3a XM MEeXaHi3MOM CTaBATHMEThCA 34 JOBOJII BUICOKOI
KOHIIeHTpAIlil aHTUCTPYKTYpHUX aToMiB. (IIopiBHAHO BUCOKY KPUTHY-
HY KOHIIEHTPAIIil0 aHTUCTPYKTYPHUX aToMiB (0am3bKo 13% ) O6ysio 006-
pPaxoBaHO IJIA CTPYKTypu THUOY B2 3 UKMCTO reOMETPUUYHUX MipKyBaHb
[214]; ame momentoBaHHA mpollecy nudysii meromoo MouTte-KapJso Bu-
SBUJIO, IO KPUTUYHA KOHIIeHTpAaIlid (Iopir nmepkoaArnii) € momiTHO HuU-
JKU0I0 1 crJaagae mpubamsuo 5% B cTpykTypi Tuny B2 [215], a Taka
KOHIIEHTPAI[is aHTUCTPYKTYPHUX aTOMiB MOKe OifiCHO CKJIaCTHCA B iH-

Puc. 1.6. MoKuBi HaIpAMKU CTPUOKiB
atomiB B L1,-NizAl 3a mexanismom gudy-
3ii aHTUCTPYKTYpHUME MicTKamu [ 216].
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Puc. 1.7. [[udysis aHTUCTPYKTYPHUME MicTKaMu B cTpyKTypax L1,[217, 218].

TepMeTagifax, i mexauism gudysii aHTUCTPYKTYPHUMEU MiCTKAMU MOKe
HaBiThL fOMiHyBaTH.)

ITicnsa 3asHaUeHUX ABOX IMOCTiZOBHUX cTpuOKiB I +2 (puc. 1.7) BakaH-
cig 3 migrparuuIii atromiB A mepeMicTiiaacA MEPIEHANKYIAPHO OO0 IIAPy
aToMiB A, BUKOPHUCTOBYIOUM AHTUCTPYKTYPHI aToMum Ap AK «MiCTKU».
AKIMo iHIIUE aHTUCTPYKTYPHUMN aTOM 3HAXOAUTLCS B OAHOMY 3 HANOJIN-
JKUMX CYCimHIiX Mo Baxkamcii ByaJiB, micjd ii ctpubka 2 Moske BigmOyTucs
HOBa MOCJIiJOBHiCTh cTPpUOKiB (AuB. puc. 1.7). Obuncienna MmeTomoio Mo-
Hre-Kapio nmokasainu [212], 1110 KpUTUYHA KOHIIEHTPAIlis IJIA MaKpPOIU-
(¢ysii 3a ymoBH, 1110 Ai€ JUIIE «KaHAJI» MeXaHidaMy Au(y3ii aHTHCTPYKTY-
pHEMU MicTKamMu, mopiBHioe mpubamsmHo 11% . Bnacue meit mMexaHiszm
MOJK€e JaBaTU BHECOK M0 nudysii jguie Togi, KOJU JOCATHYTO KPUTHIHY
KOHIIEHTpPAIlil0 aHTUCTPYKTYPHUX AedeKTiB. Aje y KombiHalii 3 iHImum
MexaHi3sMoM (3a3Buuaii, 3 AUQPY3i€i0 JUITEe «CBOIMH» IIiII'PATHUIIAMU)
MexaHi3M au@ysii aHTUCTPYKTYPHUMU MiCTKaMu, HAIIPUKJIAM, Y IIOCJIi-
moBHOCTi 1 — 2 (puc. 1.7) Mo:ke mTaBaTu BHECOK 0 MiKpoaudysii i 6e3 me-
prouarii [217-219]. Tomy ysaBIeHHA IPo MeXaHi3M Au@y3ii aHTUCTPYK-
TYPHUMHU MiCTKaMU BUKOPUCTOBYIOTH i IJIsT OIIKUCY IIOCJIiJOBHOCTH CTPUO-
KiB, 300pakeHoi Ha puc. 1.7. 3a3HaunMMO, III0 BIIPOJOBIK IIOCJIiJOBHOCTH
cTpuOKiB, AKa BiATOBiZae MexaHisaMy aAudysii aHTUCTPYKTYPHEMU MiCT-
KaMu, pyXaloThCAd aTOMHU JUIIe OTHOTro copTry (puc. 1.7): KoedimienTu
Iudysii 000X KOMIIOHEHTIB He € OB’ A3aHNMHU.

1A BOOpAAKOBAHUX iHTepMeTaJiZiB OyJ0 3ampOIOHOBAHO I iHIITL
MexaHisMu qu@ysii, aKi cTaroTh BAKJINBUMU B IIeBHUX BUNagKax. Tak,
0yJI0 MOKas3aHo, 10 MexaHisM audysii crpubkaMu 10 APyroi KoopauHa-
miftHOI cpepm BiAImOBimae HaMHMIKYIN eHeprii akTuBamii mirpaiii oguiel
Bakaucii migrparuaunero Ni y ¢asi B2-NiAl, sb6araueniii ajromiHiiiom
[220]. Posraanases it mexanism qudysii suBakauciii [221], koau obu-
Bi BakaHcil HamexaTs 10 Tiel sk camol miarparauni B NiAl; micas cme-
mudivHOI IOCTiTOBHOCTH YOTUPHLOX CTPUOKIB JIad MOBHICTIO BiAHOBJIIO-
€ThCs, a JUBAKAHCiA 3MiITyeThHCA HA OAWH KPOK.

Ha xaub, caMi eKcIepuMeHTaIbHI MipaAHHA KoedinieHTiB gudysii D*
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He JaloTh IpAMOi iH(opwmarllil IIpo aToMapHi MexaHi3MU AMU(Y3HOTO
npoiiecy. BUCHOBKY PO MOKJINBI MexaHisMu au@ysii MoxHa 3poduTH,
Marouu iHgopMallifo Ipo TeMIepaTypHY Ta KOHIeHTPAI[iiHy 3aJie-
HicTe D" aTOMiB KOMIIOHEHTIB y BIIOPAJKOBAaHUX iHTepMeTamizax. I
IILOTO HEOOXiTHO JHOIIOBHUTH €KCIePHMMEHTANbHI JOCIIMKeHHsI aToMic-
TUYHUM MOJEJIOBAHHAM eJIeMeHTapHUX aKTiB audysii, 3o0Kpema, 3 BU-
KOPUCTAaHHAM THUX HOTEHIIAJIiB MisKaToMOBOI B3aeMomil (AUB. IpUKJIa-
mny[222, 223]i poaza. 4), AKi HaWTOUHIIIIE OTUCYIOTH TOBHUI HAOip Ha-
HUX PO BJACTHUBOCTI MaTepisaaiB. OgHAK, MOAEJIOBAaHHSA BEJIMKUX aH-
caMOJIiB aTOMiB, BKJIIOUYAIOUM AOCTATHIO KiJbKiCTL 130JIbOBAaHNX BaKaH-
Cili, METOHOI0 MOJIEKYJISIPHOL JUHAMIKY JJI «IIPAMOIr0» CIIOCTEPEeKeHH
IudysifiHux cTpuOKiB aToMiB i o6paxyBaHHS ImapaMeTpiB nudysii € go-
BrouyacHMUM HaBiTh Ha cylmepkoMno’orepax. ToMy IIPONMOHYIOThCS I iHTIT
OigXomau, B AKX KOMOIHYIOThCS MOJKe CIIPOIIeHi, ajie aHaJiTUuHi pos3r-
JAON aToOMapHUX MeXaHidMiB audysii 3 pospaxyHKaMU eHepreTUuYHUX
6ap’epiB aaa cTpudbKiB aTomis. Taxka imdopmartia aaa Bcix KoHirypa-
i, 1110 MOXKYTh BUHUKHYTHU Y IIPoIleci Mirpaiii aTomiB, YMOXKJINBIIIOE,
HaOpUKJIaL, MOAEeJIOBaHHSA KiHetmuHoio Metomoio Moute-Kapio, pe-
3yJbTATU SKOTO B)Ke MOKHA IMOPiBHATHU 3 HAABHUMU €KCIePUMEHTAEb-
HuMU fanumu [224]1 3’ acyBaTu foMiHnyo0ui MexaHismu gudysii.

JJ1a MiKpPOCKOIIIUHOTO OIMCY IIePepo3MIo/Iiiy aTOMIB y iHTepMeTasiax
BAXKJIUBUMU € XapPaKTEPUCTUKU CTPYKTYPHU MiATPATHUIL, IepPeBaKHOI
3aCeJIEHOCTHU iX BY3JiB, OJM3BLKOTO i JaJIeKOro MOPAAKiB Ha HUX, 30Kpe-
Ma, IMOBipHOCTI 3HaXOAKeHHA BaKaHCil Ha pisHuUX miarparHunax. Ha-
BiTBH Y BIIOPAAKOBaHi iHTepMeTaseBili croryIli meBHa KiJIbKiCTh TOUKO-
BUX JedeKTiB (BakaHCili Ta aHTUCTPYKTYPHUX aTOMiB) € I mpu cTexiome-
TPUYHOMY CKJIaJli 3a TEMIepaTyp, BiaMinHuX Bix Hyida. Toxai BixmoBigaMit
napamMeTep AAJIEKOT0 IOPAAKY BiIpisHAEThCA BiJf OMMHUILI i, HABITH AKIIO
IEeBHUU PiBeHb BIIOPATKOBAHOCTHU HOJEPIKYETLCA B CEPETHBOMY, MOYKJIM-
Bi JlokasapHi Bigxuau. Tomy HOHATTA PO cuenuivHUi MexaHidM AuQy-
3ii B iHTepMeTaIigi K JeTepMiHOBaHY IIOCIiJOBHICTHL aTOMOBUX CTPUOKIB
cTae HeaJleKBATHUM, OCOOJMBO AJIA iHTepMeTANiTiB 3 BeJIMKMMU BiIXu-
JaMu Biz cTexiomeTpii Ta (ab0) BiJ HOBHiCTIO BIIOPAIKOBAHOTO CTaHy. AJte
KJjacupdikaIia BakaHCIiHHOrO pyxXy B TePMiHaX 3a3HAUYEHWX BUINE MeXa-
HisMiB agudysil, AKi He 3MiHIOIOTh i JOKAJIbHUN aTOMOBUM ITOPAAOK, € IIe-
PCIIEKTUBHOIO, TOMY IIT0 BOHA YMOMKJIUBIIIOE ACHUHN 3 hi3BMUHOI TOUKHU 30-
py omuc ckJaagHoro audysiiiHoro mpoliecy, 30KpeMa, o6urcaeHHsa edeK-
TUBHUX €HepPTill i eHTPOoIIiil CTBOPeHHsa, Mirpalii Ta B3aeMoxii gned)eKTis,
Kopendaniitaux haKkTopiB.

Poarastaemo BigomocTi mpo camomugysito Ta audysito JOMIIIIOK y BIIO-
PAIKOBAHMX ajfoMiHimax 3i ckimamamu, mabamxenumu g0 NiAl i NizAl
BropankoBani (asu TaKUxX THUMIIB peajli3yloTbCA B Pi3HUX 3a IIMTUPUHOIO
KOHIIeHTpAIliiHnX iHTepBaysax pmiarpamu ¢as cucremu Ni—Al [16]
(puc. 1.3.). @aza tuny NiAl € MOKJINBOIO B IIIMPOKOMY TiATIA30HI KOHITEH-
Tpa1iiii aK 3 60Ky Ni, Tak i 3 6oxky Al. @asa tuiry NizAl € MoK I1BOIO 3 060X
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O0OKiB BimmocHO crexiomer-
PUYHOTO CKJIANY, ajie y BY-
JKUOMY iHTEpBaJIi KOHIIEHT- <
paitiii. ImeanbHO BIOPSAIKO- -
BaHI aJIOMiHIOZM  HIKJIO /\/_,_ _____ D )
(TOOTO CTPYKTYpHU 3i cTexi- e ) / 7 /
OMETPUYHUMM CKJIaJaMu Q \ y—

mpu 0 K) moxasamo cxema- a 0

TruHo Ha puc. 1.111.8.
3a HeHYJIbLOBOI TeMIle- Puc. 1.8. CxeMu KpucramsiyHux HaACTPYKTYP

parypu i (a6o) Hecrexio- L1,-Ni;Al (a) ta B2-NiAl (6).

MEeTPUYHOTO CKJIAAy YTBO-

poOThECA gedexTu. ¥ Oi-

HapHOMY iHTepMeTamnimi AB MOXKYTh OyTH TOUKOBi AedeKTHu YOTUPHOX
TUIIiB: BaKamcii Ha o6ox «migrpataunax» (V, i Vi) Ta aToMu Ha «Uy:KHUX
miarpaTHUIAX» (AHTUCTPYKTYPHLI aTromu Ag it B,). B Hecrexiomerpuu-
HUX CHOJYKax BUHUKAIOTH Ae(PEKTU CTPYKTYPHI i TepMiuyHO aKTUBOBA-
Hi. CTpyKTYypHIi gedeKTH 3aIuIal0ThLCSI B iHTepMeTaIii HaBiTh 3a fioro
MmarxcumaavHo BuopankoBanoro crany mpu 0 K [225] i3 saganum Bigxu-
JIOM Biz crexiomerpii. PiskHUIIA MiK peajbHOIO KOHIIEHTPAaIlieio gedek-
riB ganoro tumy npu 1T #0 K i KoHIeHTpaIieo BigOOBiIHIX CTPYKTYP-
HUX OedeKTiB HOpiBHIOE KOHIIEHTPAIlil TepMiuYHO aKTUBOBAHUX Ae(deK-
riB. Tak BU3HAUeHa KOHIIEHTpAIlid TepMiuHUX AedeKTiB Moxke OyTHU Ha-
BiTh HeratuBHOM. (Croayka Tumry NiAl 3 migBuIlieHO0 KOHIIEHTPAIIi€I0
Al € mpurnagom [225].) BigMiHHiCTE MiK CTPYKTYPHUMH i TEPMiUYHUMU
IedexTaMu IIOJIsATae I B TOMY, II10, SKIITO CTPYKTYPHUX Ae(peKTiB OgHO-
o THIIY € JOCTATHBO IJIA aKOMOJAIlil BiIXMJIy Bi cTexiomeTpii, MamOTh
YTBOPUTHCHA, IPUHANMHI, TepMiuHi gedeKTH ABOX THUIIIB, 100 3a740BO-
JBHUTHU YMOBi OajlaHCcy Macu; TOJi CKJaJl iHTepMeTaJseBOi CIOJYKH i
CIIiBBiTHOIIEHHS MiK KiJIBKOCTSAMM KOMIIOHEHTIB He 3MiHIOIOTHCA. EK-
cuepuMenTanbHo [226—228] i Teoperuuno [220, 229] 6yy10 BcTaHOBIIE-
HO, IO TOYKOBi Ae(eKTH PO3MOAIIAITBHCA II0 Pi3HUX IIiAIPaTHUIAX
BIOPAJTKOBAHOIO iHTepMeTaJIi Iy He 3aBXKI1 OJHOPIIHO.

Ha pucyuky 1.9 mopiBHAHO KOHIeHTpaIlii ToukoBuX AedeKTiB y He-
CTEeXiOMeTPUYHUX YIOPAAKOBAaHUX iHTepMeTasigax Tuny NizAl i NiAl za
omHaKoBOi 3BeneHoi temueparypu 1/T,=0,75 (T, — Temmeparypa TOII-
JIeHHsA BiATOBigHOI cTexiomMeTpmuHOi cmosiyKku), To6ro mpu T=1252 K
(mma NigAl)i 1434 K (gima NiAl); ix 6yJio omiHeHO 3 BUKOPUCTAaHHAM Me-
TOAY KBa3UXEMIUYHUX peakIliil, ampormoHoBaHoi B [218], a TaKOXK mOTEH-
mianiB mizxkaToMmoBux B3aemomiii y NisAl i NiAl, ogep:xaHux 3a MeTOH0IO
samypesoro aroma [230] i pospobaenux B [220] BigmoBigmo (eHTpoImii
YTBOPEHHs Me()eKTiB He BpaxoByBaucs). ToUKOBi nedeKTu B inTepmeTa-
Jifi yTBOPIOIOTHCA CKOPEJILOBAHO 3a YMOBHU OajJaHCy CKJIAOy; TOMY ix
KOHIIeHTpAIlii 3a/1e:KaTh BiJl eHepriil cTBOpeHHs AedeKTiB BCiX YOTHPBOX
tunis. Iarepmeranigu tuy NizAl (puc. 1.9, a) HameKaThb 4O CIOJIYK aH-
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Puc. 1.9. Koumenrpairii ToukoBux JeeKTiB B yIOPAIKOBAHNX iHTEpMeTaIigax
mobsm3y crexiomerpiit NizAl (a) ra NiAl (6) npu T/ T,,=0,75, ak GyHKIii Bixg-
xwiB Big HUx [212].

TUCTPYKTYPHOTO TUIY (IIpM BiAXWJIi Bif cTexioMeTpii r'eHepyOThCA IIepe-
Ba’KHO aHTUCTPYKTYPHi aromu). Crosmyku Kk Tumy NiAl posymopamko-
BYIOTbCSA uepes MoTpiliHi gedeKTH i cTpykTypHi Ni-BakaHcii, 1110 € B iHTe-
pMmeTtatini, sbaravenomy andomimiiiom (puc. 1.9, 6); Ta i1 B cmosykax, 36a-
raueHnuX HiKJbOM, KOHIeHTpaIisa Ni-BaxkamHci#i € IIOpPiBHSHO BeJIUKOIO
(Tak, Cyy, = 10 opu T/T,,=0,75). Baarani B inTepmeTanifax, 1o posris-
IaloThCsA, BaAKaHCiI KOHIIEHTPYIOTHCA B OCHOBHOMY Ha HiKJIeBiil migrpar-
mui (ix KornerTparnia carae 10°-107° opu T/T,,=0,75). o peui, 3a eH-
MUKJIONEeIUYHUMU mTaHuMu pagitoc aroma Ni (0,124 (0,125) HM) € MeH-
muM 3a pagiroc aroma Al (0,143 um), Xoua HOHHI pailocH [IUX eJIeMEHTiB
ckaamaioTh: auasa Ni** 0,074 (0,072) am (3a inmmumu gasumu — 0,069 5M,
0,077 um, 0,083 HM 115 KOOpAUHAIIHHIX yncea 4, 5, 6 BinmoBigmo), nias
Al** 0,057 (0,051) M (3a immumu gasumu — 0,053 aM, 0,062 5M, 0,067
HM JJI KOOpAMHAIifTHUX uncen 4, 5, 6 BigmoBigHo); nuB. «Bikinemito».

Y crpykTypi Tunmy L1,-NisAl (puc. 1.8, a) ymoBHO Tpu HikJeBi migrpa-
THUI[I YTBOPIOIOTEH IIiJTiCHY IIifcucTeMy BY3JiB AJA CTPHUOKiIB BaKaHCilt
MiK HaHOJMKUNME CyCiIHIMU By3jaaMu. AJjie TomiOHI cTpuOKM MiK cyci-
JHIMU By3JaMH1 y TimoTeTuuHii crpykTypi tuny L1,-Ni,Al, (puc. 1.7), ax
iy cerpykrypi Tuny B2-NiAl (puc. 1.8, 6), Bike He € BUKJIIOUHO CTPHUOKAMU
Mi}K OMHAKOBUMH HiAI'PATHUIIAMU. A OCKiJIbKM BaKaHCii 3HAUHOIO MipOIO
30CepeIKYIOThbCA Ha miaArpaTHUNAX Ni, MexaHisMm audysii TiabKM TaKu-
MU MiATPATHUIIMY OYiKY€EThCA AJIs IiabHime makosanoi asu NigAl.
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Ha pucyury 1.10 opeacraBiieHo 3a1eKHOCTI KoedillieHTiB camogudy-
3ii Ni i1 Al (Ta B3aemuol gu¢ysii) Big TeMiiepaTypu B MOHO- i MoJIiKpucTa-
giuaux cmoaykax NigAl, SKuX DOCIiIKeHO eKCIepuMeHTaIbHO i Teope-
TUYHO B poborax [199, 200, 231-240] Ta ix. [Iyga TemiepaTyp, BUIITUX 3a
1100 K, pesyiabTaTu pisHHX mOCaimskeHb camonudysii Ni € mobpe mpuc-
TalHUMHU. 3a HUMKYUX TeMIIepaTyp pedyabratu [232] BiZXuasaioTbCs Bil
AppenirocoBoi 3ame:xuoctu. (Bigxui cmocrepiraBes i y po6oti [199] nia
BuInoi temieparypu — npubausao 1200 K; meminifimicTs 3amexHOCTH
Big T ' moscHOOTL [199] HeaseKBaTHUM BpaxyBaHHAM Au@dysii mo me-
JKax 3epeH y moJiKpucTagivaoMy 3pasky.) ¥ pooori [200] 6y10 BcTaHOB-
JeHOo AppeHilocoBy TeMIepaTypHY 3aJeKHicTh camoaudysii Ni, mio migr-
BepIKy€e AOMiHYBaHHSA Yy POSIVIAHYTOMY iHTepBaJi TeMmepaTyp OIHOTO
MexaHisMy audysii (i HeoOXigHicTh BpaxXyBaHHS HASIBHOCTU MEK 3€pPeH
[199]). Tum mexauizmom € mirparisa aromiB Ni «cBoimu» miarpatTHuUIs-
mu [200, 231]: HikJIeBa BaKaHCiaA Xa0TUYHO cTpUOAE 0 HiKJIeBUX ITiarpa-
THHUIAX, IIPAYiM, IepIlia KOOpAMHAIlifHA chepa caMe 3 IXHiX By3JiB y Cy-
KymHOocTi (puc. 1.8, a) XxapaKTepu3yeThCA KOOPAUHAIIIMHIM YUCIOM 8.

Mix KoHIeHTpaIifHUMM 3aJIe;KHOCTSIMH IIapaMeTpiB camMomu(ysii
Ni B inTepmeranigi Tuny L1,-Ni;Al € reaka cynepeunicts (puc. 1.11).
Byuo BuABIeHO HerInOoKuit MiniMyM koedimienra camogudysii Ni Dy,
3a CTeXioOMeTPUYHOro CKJIany i Temmeparypu, Hukuoi 3a 1100 K [233].
MimiMym BelmnumHM D;H mobausy 76 ar.% Ni i 3a Temneparypu npuod-
ausao 1200 K cmocrepirasea i B8 po6ori [199]. Taki paxTy o6ymoBuIn
IIeBHUI MaKCHMyM eHepril akTupaliii camogudysii npu = 76 ar.% Ni

T, K
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Puc. 1.10. TemmeparypHi sanexkuocTi Koedimienris gudysii Ni it Al y Kpucrauri
Ni;Al (sropi copasa D*: 1 — [200], 2 — [231], 3 — [199], 4 — [282]; BHHU3Y
amiBa D:1 —[240],2 —[238], 3 —[239])[212].
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Puc. 1.11. 3anexuicTs eHeprii akTuBanii gudysii HiKII0 Qy; Bif 1070 KOHIIEH-
rTpanii B Hectexiomerpuuniii crroayii NigAl (I —[200], 2 —[199], 3 —[233], 4
—[232][212].

[199] (xoua mopiBHAHHA Pe3YJIbTATIB PiSHUX TOCIiIIKEHb IIOKAa3ye, IO
3MiHa BeIMYMHU eHeprii akTuBallii 3i cKJIazoM He BUXOAUTH 3a MeKi
eKCIepUMEHTANIbHNX MoXnboK; puc. 1.11). OcKiIbKM KOHIleHTpAaIlifiHAa
3aJIeKHIiCTE KoedimieHnTa camoaugysii Ni mo Mme:xkax 3epeH y iHTepMeTa-
gigi tuny NizAl mae «V»-mofi0uumii BUrasa 3 BUPA3HUM MiHiMyMoOM Hpu
crexiomerpii [234], MabyTh came nudysis M0 MeXKaxX 3epeH 3yMOBHJIA
XapaKTep HU3BKOTEMIEPATypPHUX AaHUX y poborax [232] ta [199] i
CIPUUYMHNJIA TOABY MiHiMyMy B KoedimieHTi camogudysii atromiB Ni. 3
immoro 60Ky, OUiKyeThCs, IO Ha caMoau(ysiio B iHTepMeTaIigax cyT-
TE€BO BILJINBAIOTH (AHTH)CTPYKTYPHI TedeKTH, 110 TAKOK IIPU3BOLATL 10
sasieskHOCTH Au@ysii Bixg ckaany. deakuit MiHiMyM BeIuunHU D;n BU-
sABJIEeHO i y mocaimxenni qudysii Ni 3a crexiomerpuunoro criaany NigAl
[235] 3a meTomoio MoHTe-KapJiio 3 BUKOpPUCTAHHAM ITaPHUX ITOTEHITiAJIiB
MiKaTOMOBUX B3a€EMOMill i HeXTYBaHHAM peJiaKcalli€lo I'PATHUILI; ajie
TyT camonudysiro Ni npuckoproBaan came aHTUCTPYKTYPHI aTromu Al i
Ni y HecTexioMeTpHUUYHUX CIIOJYKaX, 30arauenux Al i Ni, noHMKyH0UYN
eHepreTUYHi 6ap’epu AJId MIePecKOKiB HiKJIeBUX BaKaHCi.

Hna 3’scyBaHHA TPUYWH 3a3HAUEHOI CYIEepPeuHOCTU iHTepIpeTrartii
camoaugyasiro Ni B NizAl 6ys10 HarmoBO 3MomeatoBaHo [236] (meTomoio Mo-
HTe-Kapiio 3 BUKOPHUCTAHHAM IIOTEHI[ISAJIIB MiKaTOMOBUX B3a€MOIil,
oIep:KaHUX MeTo[ol0 3aHypeHoro aroma B [230]). MogestoBaHHSA IIOKa-
3aJ10, 1110 aHTUCTPYKTYPHI aromu Al i Ni garors HeicTroTHMI BHecok (0,1
eB/aToMm 3a mopAgKOM BeIMUMHM 3aJIEXKHO Bil iX KoH(piryparirii) 1o exep-
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retuuHux 6ap’epiB musa Ni-Bakamcii, mo crpubae migrparaumnamu Ni. ¥V
poboTi [235] 11i 6ap’epu B3arayi He 06UMCIIOBATINCA CTPOTO, a OOMPATUCS
IO TIeBHOI MipHM JOBiJIBHMMHU B paMKaX HaOJIMKeHHI HapHUX IOTeHIiAIiB
B3aEMOJiN, AKi € HeaJeKBaTHUMU OJIsI OIICY B3a€EMOil MeTaJIeBUX aTo-
MiB i IPpU3BOAATE A0 MITYYHOT'O 3aBUINEHHS BILJIMBY CKJIAAY Ha Koedirrie-
HTH 1u@ysii B amoMinigax HikI0. ToXK, Hesale:KHO Bif cCKJIaay HecTeXi-
oMeTpuuHMUX Ccmoayk Tuiry NizAl, IIBHIKOCTI IIepecKOKiB BakaHCiil €
maii:ke omHakoBuMu. Kounenrparnia Ni-Bakancii (puc. 1.9, a) i edperTu-
BHA eHeprid yTBOPeHHA iX B inTepMeraiigax, soarauenux Al uu Ni, € mo-
IiOHUMU 0 cTeXioMeTpUUHOTO cKaaxy. MomemtoBamnusa [236] mpogemMoHc-
TpyBaJo, M0 Kopeadalitiuuii paxtop audysii mo miarpatHunax Ni ami-
HIOEThCSA HECYTTEBO 3i 3MiHOIO CKJIAAY II0 o0uaBa O0KHU BiJ cTexiomeTpmy-
Horo i mopiBHIoe =0,689. I1i o6uMCcIeHHA TiATBEPIKYIOTh €KCIIePUMEH-
TaJbHi (haKTH IIPO BiJICYTHICTh 3HAYHOI 3aJIE3KHOCTHU caMoan(y3ii HiKJI0
Bix HecTexiomeTpii inTepmerasiais Tumry NisAl. OTixe, eKCIIepUMEHTAD-
Hi gami crocoBHO mm(pysii Ni B NizAl moxkua mpeacraBuTu AppeHiroco-
BOIO 3aJiesKHiCTIO Doy;eXp(—Qyi/(ksT)) (mapameTpu mmogano B Tadi. 1.1).
Iudysito izoroma °Al B Ni, Al 6ys0 momipaso npu 1273-1473 K[195].
Aune ogHouacHO moMipauui KoedimienT audysii Ni icTtoTHo BigpisHAETH-
cd Big mammX, AKUX HaBeIeHO y iHIUX IyKepesax, 0COO0JIMBO ITOI0 eHep-
rii aktuBamii gudyaii [200]. OgHielo 3 IPpUUYWH € HeJOBpaXyBaHHa AUQY-
3il mo MesKax 3epeH y 3paskax moJrikpucrasis. Hagifimimum € BigHOIIIEH-
HA KoedimienTis gudysii Al i Ni, axux O6ysro momipsano B [195], i BucHo-
BOK CTOCOBHO CXOKuX Koe(imientis qugysii Al it Ni B NizAl B gocaigxe-
HOMY iHTepBasi TemmepaTyp € oorpyuaroBanuM. (Haragaemo, 1o aTomo-
Buit pagitoc Ni (0,124 (0,125) um) menmmit 3a paxitoc aroma Al (0,143
HM), a HOHHI pagilocu IuxX eleMeHTIB ckiaagamoTsh: aasa Ni** — 0,074
(0,072) mm, gaa AI** — 0,057 (0,051) mm; quB. «Bikimeziro».)
Koedimienr Bzaemuoi gudysii B ycim iHTepBasi HecTexioMeTpuuHOI
dasu Tuny L1,-NisAl 6ys0 momiparuo B [289, 240]. Moro TeMmepaTypHy
3aJieKHiCTD qa cTrexiomerpii NizAl moxkasano ua puc. 1.10. B [238] 6y-
JI0 moMipsHo KoedimienTu xemiunoi nudysii Al it Ni B inTepsaui 1425—
1523 K; xoedimienTn gudysii isoronis Al i Ni BuaBuInca 0JIU3bKAMUA

TABJHAIIA 1.1. ITapamerpu TeMIlepaTypHUX 3ajekHOcTelr camommpysii (i
nudysii gomimku Fe) B NizAl.

IsoTom A | Bwmicr Ni, at.% | Dy,, M*/c | Q,, eB/aTom | ITocunauua
Ni 75,9 3,1-10™ 3,130 [200]
Ni 75 1,5:1072 3,596 [232]
Ni 74,7 1,0.10™* 3,140 [233]
Al 75 8107 3,524 [212]
Fe 75,1 1,3.1072 3,472 [237]

“Omninka 3a JaHUMIU IIPO KoedimienT camonudysii Al [238].



44 B. A. TATAPEHKO, O. B. COBOJIb, [I. C. JIEOHOB, I0. A. KYHUITLKU, C. M. BOKOY

3a 3HAUEHHAMH, IO IiaTBepamao pesyabratu [195]. Ha pucynky 1.10
HaBefleHO i oninku KoedimienTa qudysii Al (y nopisranHi 3 Koedimien-
tTom camoxudysii Ni); soxkpema, sHauenus D,, [238] gemo Bui 3a Bu-
suaueni B [239]. IToxi6Ho mo0 camomudysii Ni, KoedimieHT B3aeMHOI 11-
¢ysii B HecTexiomerpuunomy intepmeranimi tuny NizAl He zamekuTh
Big cKJIamy B Me)Kax moxubOku ekcunepumeHnty [238]. Tomy i KoedimieHT
nudysii Al meicTroTHO 3amexuTh Bif ckiaany B NisAl. HUepes mexamism
In(ysii aHTUCTPYKTYPHUMM MiCTKaMU 3HaUeHHA DZI MOJKe HabIm3u-
THCSA J0 3HAUEHHS D;H 3a BHCOKHX TeMIIepaTyp y BigmoBigHOCTI o ma-
HUX eKcIlepuMeHTaJIbHOI poboTu [238] (muB. Tako:x Taba. 1.1).

Hacamkinens nigposainy 3asHaumnMo, 1110 AuQy3id aToMiB Jier'yBaJb-
HUX AoMimmox samimmenusa B iHTepmeranini NigAl omucyerbest cymepiio-
3UITi€I0 IBOX AiI0UMX MeXaHi3MiB («KaHaJiB») Mirpairii: HikJaeBuUMM ITi-
ITPATHUIIAME Ta aHTUCTPYKTYpHUMHU MicTkamu [216]. Ilapamerpu Te-
MIepaTypHOI 3ajiexkHOCTU KoedirienTa audysii, Hanpukaazn, Fe B co-
aymi tuny L1,-NisAl maBemewo B Ta6. 1.1 3a gaunumu [237].

1.7. EkcnepuMeHTaJ bHI 1aHi IPo (i3MKo-XeMiuHi BJIaCTUBOCTI
Ta (popMmyBaHH cTpYKTYpH mudopunis (Ti, W)B, y koHmeHCcaTax
CHCTEeMHA TiBz_W2B5

Bucoki Touka TomyieHHA i TBepIiCTb, XOPOIIi eJIEKTPOIIPOBiAHICTD i Te-
IJIOMIPOBiAHICTD, CTIMKICTh MO0 OKUCHEHHA Ta (pOpMyBaHHA TBEPAUX
PO3UYMHIB 3a BUCOKUX TEMIIEPATyp — Iie Ti BJIaCTHUBOCTL, AKi YMOKJINB-
JIIOIOTHh 3aCTOCOBYBATU OOPHAM MEePeXiJHUX MeTaJIiB B aepOHABTHUIL, JIi-
Tako0yayBaHHi, aBTOMOOiMLHIN mpoMucioBocTi Torro [241]. Marepisanu
3 HUX 3aCTOCOBYIOTHCA Y BUPOOHUITBI 3HOCOCTiAKMX YACTUH, Pi3aJbHUX
iHCTPYMEHTiB, 3aXMCHUX IIOKPUTTIB, Audysitinux 6ap’epiB Tormro. Bu-
KOPHCTOBYIOTEH PidHiI MeTOAM CHMHTE3U ZUOOPHULIB K TBEPAUX PO3UMNHIB
(3okpema, (Ti,W)B,) 3 mMeToi0 HOJimINIeHHS iX HIIILHOCTH I yaapHOI
B’askocTH (i BiKe ofeprKaHo 3pasku 3i miiapHicTio ¥ 94% , 110 Bigmosigae
TBepamocti 22,7 I'Tla) [242]. Asne maTepiaau Ha OCHOBI TMOOPUAIB € JTaM-
KMMU; 3a/J1d IMiABUIIIEHHA 1X OIIOPY POSBUTKY TPIIIUH i 3MiITHEHHA He-
00ximHoI0 € MoaudikaIia IXHBOI MiKPOCTPYKTYPHU 3 BUKOPUCTAHHIM
TOT0, IIT0 KBa3uOiHapHi cucTeMu JUOOPUAiB IepexXiJHNX MeTaJiB CTPYK-
TypHOTO TUy AlB, MatOTh HIMPOKi 00/I1aCTi PO3UMHHOCTH.

Tak, B TiB, posunusersca monan 50 moa.% WB, [243]: y gisnasomi
remiepatyp 1773—-2773 K WB, mae posunnnuicts B TiB, y 8—10 mou.%
3a 1773 K i 3 makcumymoM y 63 mMo0i.% 3a TeMIepaTypud eBTEeKTUKU
2503 K [244] (puc. 1.12). HaromicTs, posunnaHicTs TiB, B W,B; € ma-
71010 (1-3 M011.% ) B ychbOMY Iisia3oHi TeMIlepaTyp, 1 HassBHUU iHTepBas
He3MilTyBaHOCTH B Mexkax cuctemu TiB,—WB, ymoxxkaIuBIoe migoymy-
BaTH (3 pocToM in situ Bix mepecuuenoi maTpuiti) dasy (W,Ti)B, niaaris-
yacToi popmu 3 HU3LKUM BMicToM TiB,. 3ajeskHo Bifg cmiBBigHOIIIEHHS
rourenTparii Tii W B kougencari mosxkua oxep:katu dasy B-WB [245],
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Puc. 1.12. KBasupisHOoBa:kHa (hasoBa aiarpama kBasubinapuoi cucremu TiB,—
WB, [246].

sAKa 3a HeBUCOKOT0 BMicTy aTomiB Ti € MaTpuuHOIO.

31eb6inbIll KOBaJIeHTHO3B A3aHa croayka TiB, kpucranisyerbes y re-
KcaroHaJIbHY CTPYKTypy Tunmy AlB, (mpoctopoBoi rpynu P6/mmm), ne
mapu 00py i TUTAHY YepryioThCA TaK, IO iX TOCIiJOBHICTEL € 3PEIITOI0
aK .AHAHAH.... A — TpuKyTHil r'paTuumesuii map 3 aromis Ti, H —
rpadiTomonioumit map 3 aromiB B (puc. 1.13, a); rpaTHHUIIeBAa TPUMIiTH-
BHa eJleMeHTapHa KOMipKa 3 mapaMmeTpaMu € i a =b#c¢ MicTuTh ogHy (o-
pmyabHy oguHuUIo TiB, [243].

Y rparauni W,B; uepryioTbesa nBi pisHi (TOOTO IIEBHUM YMHOM 3Mi-
ITeHi ogHAa MO OTHOI) mapy MeTaJIeBUX ITapiB (ajie yKYIIi 3 ieHTuUYHuM
npomizkHUM G0opoBuM miapom), — AHA i BHB, posaiieHi 1ogaTkoBuM
6opoBuM cKaaguacTuM mrapom K’, y mocaimosuocti ..AHAK'BHBK'A...
(puc. 1.13, 6)[247].

®daza 3-WB mae opropombiuHy cTpyKTYpY (IpocTopoBoi rpymu Cmcm).

¥ kBasurepuapuomy posduuHi (Ti,W,Cr)B, Bumginsaiorbca KinbKa ¢as
y Mexkax nepecuuenoi matpuili TiB,; 3oxkpema, Bimomo [248] nmpo ¢asu,
1110 KPUCTAIiBYIOThCA B CTPYKTypu TUy W,B; i B-WB. dPasza 3-WB poc-
Te emiTaKCUAIBHO i mapasensHo miaomuHi {1100} mpu3MaTHUYHOI CTPYK-
Typu TiB, (IpaTHUIIi € TapHO TPUITACOBAHNMU A0 IIOBEPXHIi 3UETJIeHH:
¢(TiB,) | a(WB), a a(TiB,) || ¢c(WB) [249]). Husxue 2373 K B-WB neper-
BOprOeThea B o-WB, aje ii MoskHa cTabimisysatu JeryBanHam go 40
mac.% Ti[250].

KBasubinapua cucrema TiB,—WB, € eBrekTrunomoo (puc. 1.12). ®asi
(Ti,W)B, tBepaux posumnuiB TiB,~WDB, Bigmosizae BigHOCHO IITHMpOKa
ob6aacte ckaanis: (Ti,W)B, mictuTs npubausuo 63 moi.% WB, 3a Tem-
nepatypu eBreKTuKHu (2503 K). 3 immoro 60oky, ¢asa (W,Ti)B, rBepaux
PO3UYMHIB Ma€ BimHOCHO 00MeKeHy PO3UMHHICTD i MicTUTh MPUOIN3HO 3
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Puc. 1.13. Crpyxrypa TiB, Tuny AlB, [243] (a); cTpykTypa Tumy W,B;[247](6).

moa.% TiB, 3a eBTeKTHUUHOI TemuepaTypu. TaKuUM YMHOM, TBEPAi PO3-
ynuu (Ti,W)B, MOKyTb OyTH PO3IIeILIeHi TepMiuHO0 00p0o0KO0IO Ha ABi
¢asu: Bracue (Ti,W)B, i (W,Ti)B,. (I3 3acTocyBaHHAM IIPOCBiTIIOBAJIb-
HOI eJIEKTPOHHOI MiKPOCKOIIil BUABIEHO TaKOK CIIMHOJAJILHUN PO3IIaL
[251].) PazoBuil po3maj MOKHA BUKODPUCTOBYBATH IJis PeryJIOBaHHS
MiKpPOCTPYKTYPH KpucTadiuHoi cnonyku [246], a Te MoKe IIOJiMIIUTH
MexaHiuHi BJIacTHBOCTI (HapuKJan, B’ A3KicTh pyiinyBauus). (Haranga-
€Mo, 1Mo, Koau TBepai posumHu TiB,—WB, npuroToBasoTs Bigmasio-
BaHHAM cyMiIri 060x 60pumiB, IIpolleCc BUMAra€ BHCOKHX TeMIIEpaTyp
mouaz 2273 K i moBroro uacy monazn 8 rox. [244, 248, 252].)

Ha xanb, gocaig:xens mporiecis (camo)audysii B KpucTariuaux gudo-
pugax (Ti,W)B, samaso. o 1999 p. Bzaraui me Oyso HagililHUX HOCJIi-
IKeHb [253], 1110 06yMOBJIEHO PAIOM eKCIIePUMEeHTAJbLHUX TPYIHOIIIIB.
s BuKoHaHHA AuQy3iiHUX MipAHb HEMAaE IPUAATHUX PaLioaKTUBHUX
(3HaueHUX) aToMiB B; 3 BUCOKMMU IPUPOIHIMU PO3TOBCIOAMKEHOCTAMH €
Juile ABa cTifikux isortomu: 19,57% °B i 80,43% ''B (mepiogu miBpos-
majy BimoMux pagioakTuBHHUX izoromis °B, B, B — moui cexkynman).
II106 peanisyBatu gudysito y 6opuaax, 3pasku MaioTh OyTH 30araueHuMU
ONHUM i3 3a3HAUYEHUX i30TOIIiB, aje o0MABa IPU3BOAATH OO BUCOKOTO
npupogHbOro i3oromHoro ¢ony. Ili darkTu HiBeENIOIOTH BUKOPUCTAHHS
CTAaHZAPTHOTO BHCOKOYYTJMBOTO PaAiOaKTUBHOTO iHAWMKATOpa-IaBaua.
Yepes KOBaJIEHTHI 3B’ SA3KH Y MaTepPiaii (3 BUCOKOIO TOUKOIO TOILICHHS)
nudysii B i Tum nmave mepexigHoro Metasy € HaATO MOBLILHUMU (3 ITOPiB-
HSHO MaJquMu Koedimienramu qudysii), a e osHauae, 110 MaiOTh 3aCTO-
COBYBaTHCSA METOAY «TJIMOMHHUX PO3PidiB» i3 BUCOKUM ITPOCTOPOBUM PO-
3pisKHEeHHAM JJIS TOKJIAAHOro 300paskeHHsA B poapisi. (Kmacuuni gudy-
3iiiHi MeToau, HAIIPUKJIAL, METOLY «DPO3MEJIIOBaHHSA», HE MOKHA BHUKO-
pucTaTtu yepes ix obMesKeHe PO3PisKHEeHHs 3a TVIMOUHOI0, a BUTOTYBAaHHS
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BUCOKOAKICHIUX 3pasKiB, — MOHOKPMCTAJIB a60 GilbIll I'paHy IbOBAHUX
nmoaikpucraiis (6es mop), — € TpymomicTkum.) I mepiri mipsimua (ca-
Mo)audysii 6y1o BukoHano Tinabku B 2002—-2003 pp. [254, 255].

Kpucraniuaunii TiB,, AKx MaTepian, Mae npuBadbIuBy KOMOiHATIiIO BIac-
THUBOCTEIl 3aJJIA TeXHOJIOTiYHOT'0 BUPOOHUIITBA: HUBLKUIT TUTOMMI €JIeKT-
poorrip (0,13 MmrOM M), BUCOKIIT KoedilieHT TertonpoBiguoctw (372122
Brvm K™ mpu 300 K), Bucoky Touky Tomrenus (3498 K), xemiuny crabi-
JIbHICTB, BUCOKY TBepAicTh (= 20—30 I'Tla) i BCOKY B’ A3KicThL pyHHYBAHHSI,
BiJHOCHO HU3BKY TycTUHY (4,5 T/cM® 3a mapamerpis rpataumni a = 3,032 A i
c=3,233 A) [253, 256—262]. HoBi mpukIagHi ramxysi sacrocyBaHb 3’sBU-
auca y kombimarii TiB, 3 immumu nmbopumamu (3oxpema, WB,, CrB,,
MoB,) zaBaAaKM 3MIiITHEHHIO in Situ TaKWX KepaMiuHNX MaTepialiB uepes
po3IMIapyBaHHs CKJIAMOBUX Y IIepecuueHiii ocHOBHiM maTrpuri [245, 248,
251]. ¥V ekcmayaraniiinux ymoBax TiB, abo cmonyku 00puAiB ‘Ha OCHOBI
TiB, uacTo mepebyBaiOTh B AiAMIA30HI TeMIIepaTyp, 3a AKUX Ipouecu audy-
3ii BIIMBAIOTH Ha MeBHI xeMiuHi i hisuumi xapakrepucturu. KoedimieuTu
audysii € BaKJIUBUMHY HapaMeTpaMu AJid 3’ ACyBaHHsA He JINIIe IOBeIiHKYT
IJIA3YYOCTHU i IIpollecy CIIiKaHHs IIiJi Yac CMHTE3U, ajie TAaKOK KiHeTHKUu
¢$a30yTBOpPEeHHA ¥ POCTY
KPUCTAJNIB YIPOAOBM PO3-
IIapOBYBaHHA in Situ 3MiII- T, °C
HIOBaHUX CIIOJIYK Ha OCHOBI
TiB, [245, 248]. II[o6 3po- 107
3yMiTH MexaHisMm U KiHe- r 1
™Ky (camo)audysii, mHeob- 106 i
XiZHO ofep:KaTU KiJIbKiCHY
iH(bopMaIlito CTOCOBHO BJIa-
CTUBUX IIepPEeMillleHb aTOMiB
y TiB,. Ane, He3Bakawouu
Ha HOro TeXHOJIOTIUHY Ba- 102y
JUBICTh, JOci OpaKye Kijb- r
KicHUX MipAHP Mirparii 102
aTomiB B i BUBHaUeHHA KO- .
edimienriB gudysii B gubdo- 5.0 6.0 7.0 8.0
pugax [253]. (BuBueHHs 104, K-
TEePMOAKTHUBOBAHOTO PYXY
MaJux aroMiB B peryusap-  Pue. 1.14. Koedinient gudysii °B y momik-
HOIO IIJI'PATHHIEI0 TAKOXK pucraniuromy TiB, (3 mMaliske BUIIaZKOBOIO
nopyirye (QyHIaMeHTaJIbHe opieHnrariero 3epeH) AK QyHKIiA oOepHEHOI
OMUTAHHA IIPO PisHOBUAU TemmepaTypu [254].
MexaHisMiB audysii y mux
CIIOJIYKAaX.)

Ha pucynky 1.14 xoedinienT audysii atoma °B B TiB, noxasaHo ak
dyHuKIiI0 00epHEeHOI TeMIepaTypu; v aiamnasoni 1223-1873 K i#ioro omu-
CyI0Th AppeHitocoBolo 3anexHicTo [254, 255]. [loTenep 0yJI0 3AIpPOIIOHO-
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Bamo [254] mexauism nudysii aromis B y TiB,, B AKoMYy 3ai1ydyaeThCsa 3Ha-
YHA KiJbKiCTh CTPYKTYPHUX BaKaHCii. (ICTOTHUHA BHECOK AWCJIOKAIN y
IudysifiHy IoOBeIiHKY 3a HUSLKUX TeMIIepaTyp, 0 IPU3BOAUTE 10 HU3h-
Kol eHTaJbINI aKTuMBAIIii,
TaKOK He BUKJIOUAETLCH:
T,K 0e3oUCIOKAIIHI MOHOK-
273 1873 1673 1473 1273 pucramu TiB, me ne soc-
ok vTi, W, Cr s TiB,] TyIéHl LIS TOCTidKEeHb. )
= Mo 5 TiB, TOCOBHO  MOKJIUBUX
®B s TiB, nuiaxiB  augysii  y3moBEK
g&z%’v%z 3 MIeBHUX }cpuc'?a,norpa(biq-
HUX HAIOPAMKIB 3a3HAUM-
MO, III0 IOMipsAHi Koedilri-
eutu audysii B B TiB, € Ha
3—4 mOopAAKM BUIIUMH,
- amisk mia Ti B TiB, [251]
(puc. 1.15); Tomy MoOKHa
1021 F . OPUOYCTUTHU, IO Audysii
000X KOMIIOHEHTIB € Bifo-
S S E— KpeMJeHUMH 1 BigOyBa-
IOThbCA pisHMMH migrpar-
1047, K! HULSAMH. BunukHenns
KOMILIEKCHOTO IILIAXY JJIA
cTpubKa, AK-OT IIUKJIO 34
IIIeCTUCTPUOKOBAM MeXa-
HiZMOM, € MAJIOTMOBipHUM
BHACJIJOK TOrO, IO aTo-
moBi paxgitocu B i Ti Bigpi-
3HAIOThCA ¥ moHan 1,61 pasis [252]. o peui, 3a eHIIUKJIONEIUIHIMHU Ja-
HUMU MEeTaJeBUN YU TO KPUCTAJIOXeMiUHMH (KOBAJEHTHUH) paitoc aToMa
B (0,091 (3a immuvu gaaumu — 0,097) am ta 0,0875 HM BigmosigHo) €
3HAYHO MEHIINM 3a KPHUCTAJOXEMIUHNI Y1 TO KOBAJIEHTHUH pailoc aToMa
Ti (0,149 (3a immumu ganumu — 0,146 a6o 0,1463) am i 0,132 mm Bigmo-
Bimmo) Ta MeTasieBuii paagitoc aroma W (0,140 (0,1368) um), a itoHHI pamgiro-
CH IIUX eJIeMeHTiB cTaHoBIAThL: Aasa B — 0,023 (0,025) HM 3 KoopauHA-
mitiaum unciaom 4; gna Titt — 0,095 um, gaa Ti*" — 0,078 (0,086) M (3a
inmmyu gapumu — 0,100 HM 3 KoopAuHAITifHNM uncaoM 6), niaa Ti*t —
0,069 (0,076) uam (3a inmumu ganumu — 0,081 uM 3 KoopaAUHAII THUM UK-
ciom 6), ana Ti*" — 0,064(0,068) um (3a immumu gapumu — 0,056 HM,
0,065 um, 0,0745 um i 0,088 uM 3 KoopauHaliiitHuMy yncjaamu 4, 5, 61 8
Bigmosizmo); maa W — 0,080 (0,0708 a600,068) HM (3 KOOpAMHAITI FTHIM
ynucsom 6), axa W — 0,074 am i 0,065 (0,062) EM 3 KoOpAMHAITI HHIMEI
ypcJsamu 6 Ta 4 BignosigHo; tuB. «Bikimemiro».
IIpunycTumo, 110 00MiH By3jJaMu Ha 60POBUX MiATPATHUIISIX CTAETh-
cd MiK BakaHciero i ii cycizom y maiibamxuomy (NN) abo y HAaCTyIIHOMY

107F

10—18 E

107

D, M*c

20 L
10 Y

1 O—ZZ

Puc. 1.15. Koediuientu qnudysii 8 TiB,i WB,_,
AK (PYHKIIII o6epHeHol TemnepaTypu (CTpiaKa-
MU 3a3HAaUEeHO BePXHIo rpaHuIio) [255].
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Hanbamxkuomy (NNN) Bysmi — ( cea.-n 1

(puc. 1.16). ¥V wmexxax ILIO- \ v

IUHE ab TeKcaroHaJIbHOI b P R

rpatHuIli arom B € oToueHuM N

TPhOMA HANOJMMKUYNMU CYCi- . R —arow B

naimMmu (NN) B-Bysmamu Ha -y LTl O e

Bigmaui = 1,75 A. V manpawm- \_ — N

Ky ¢ HaBKOJIO HBOTO (3a IIIic- ul fN: . c

ThoMa aTroMamu Ti Ha Bigmgaui p r.

= 2,38 A) e npucyTHiMu 1Ba e B b
~— A -~

(NNN) B-Bysnm Ha Biggami
=3,22A. Jlna aTomMoBHX
CcTpUOKiB Bim omHOTO BYy3Ja
posrairyBaHHA B 1o iHImoro Puc. 1.16. Ilosunii aromiB i 60opoBux Ba-
y cigmoBux Toukax Mirpamii KaHCill y rekcaronaiabHomy kpucraii TiB,
Bigmanp B-Ti crkiaazmae: 10 [254].

=2,21 A gna cTpubkis y 60-

poBomy mapi, 1,756 A gna

cTpubKiB MiK cycimmiMmu GopoBuMU IapaMu. depes pisHi JOBKUHU Te-
peckoky # imTepBaJiiB B—Ti y cigioBux Toukax mig dyac mirparii gugy-
3ia B TiB, mae 6yTu BeJIbMU aHi30TPOIIHOIO 3 OLJIBIT HUBBKUMHU €HTAJh-
migaMu akTHUBAIlil Y3T0BXK c-HATPAMKY (auB. puc. 1.16). ¥V momikpucra-
JiuHOMY MaTepiaii (3 MaliKe BUIIaAKOBOIO OPieHTAIli€I0 3epeH) aHi3oT-
pomuis momipsauoro koedimienra nudysii (puc. 1.14) ycepegHIOeThHCS Ue-
pes BUIIaIKOBiCTh MisK3ePHOBUX 3UEILICHbD.

Temep posrasHeMo AMQPyY3il0 B HECTEXiOMETPUUYHUX KPUCTAJTIUHUX
cnonykax WB,,,. Enuauii KoeditieHT audysii iMmianToBaHoro isoromy
W (3 0,13% pO3IIOBCIOAKEHICTIO B IPUPOIi) Y MOHOKpHCcTanax WB,,, 0y-
Jo0 Busuaueno npu 2073 K [255]. Iudysia W B WB,,, BuaBuiaca mBuz-
om0, aHixk audysia Ti i W B TiB, (puc. 1.15); 1me Kopeame 3 TUM, IO
WB,,, Mae 6iabIll HU3bKY TOUuKY TomieHHA (2638 K), anixk TiB, (3498 K).

B mipannax augysii gomimmkoBux aromiB Ti y moHoKpuctanax WB,,,
0yJi0 BU3HAUEHO BUCOKY eHTaJIbIIii0 akTuBarii (7 eB) y misamasoni reme-
patyp 2073—-2273 K, ajme BoHa Bce X TaK! Ha OOUH IOPSANOK BEJIMUYNHU
HUKYe, aHiK 11 camonudysii W [2564, 255].

Haramaemo, 1110 xapakTepucTUKU Mirpaiii aTomMiB mo By3Jjax Ti€l um
iHIITol I'paTHUIN iCTOTHO 3aJIeXKaTh Bif il reoMeTPUUYHUX OCOOJMBOCTEI,
30KpeMa, IepiofiB TpaHCIAIil, a BOHU € TeMIePaTypo3aJe:KHUMU i (115
3MillIaHUX KPUCTAJNIUHUX CHCTEM) KOHIIEHTPAIliffHO3aJeKHUMHU. 3a
CTPYKTYPHUMH AOCJimKkenHaMu [263, 264] BigMiTHOIO pHCOI0 HOHHO-
IJIa3MOBUX KoHaeHcaTiB MeB, (Me — mepexigHuii MeTaj) KOHIIEHTPA-
mittHoro mepepisy cuctemu W—Ti—B € sHauHa mIpoTsaKHICTH 06JIacTH PO-
sunny (Ti,W)B, Ha ocHoBi Kpucramiunoi rparaurti TiB, (rekcaronaiabHOI
rpaTHUI] 3i cuiBBigHOIIIEHHEAM nTepioxaiB ¢/a=1,07[265]) Jlixiitai 3minnu
nepioniB a i ¢ rparuuti TiB, 3i 36inabimenaam Bmicty WB, y posunsi €

a
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TiB, W,B,, mon.% W_B.

Puc. 1.17. 3ane:xxuocTi mapameTpis ¢ (kpuBi I, 2)i a (kpusi 3, 4) rekcarosaJbHOI
rparuuni kpucrany (Ti, W)B, Bix BmicTy «cKaazoBoi» W,B; [264]: y macuBHiM
MiKpoKkpucTasiunomy wmatepiaai (I, 3); B HaHOKPUCTAJIUYHOMY IHOHHO-ILJIA3-
moBomy noxkpurti mpu T, =973 K (2, 4).

XapaKTepHUMHU AJIA MiKPOKPUCTAJIIYHOTO CTaHY 3a PIBHOBAIKHUX YMOB Y
iHTepBaJi Bix HyJA Ko rpaHMYHOrO cKJaany (62 moa.% WB,) [266], a B
MOHHO-TIJIA3MOBUX HAHOKPUCTAJIUHUX KOHAeHcaTax [267] mpu GinbImim
posunHeHHi cmonyku WB, (a6o uacririe sanucyBaHnol y BiAmoBigHOCTI 10
CTPYKTYPHOTO TUITY K W,B; [246, 251]) BoHu HaOyBaioTh i HEMOHOTOH-
Horo xapaxTepy (puc. 1.17).

Hna 3’sAcyBaHHA IPUYMH HEMOHOTOHHOI 3MiHM IIepiofiB Ir'paTHHIIL
TBEPJOr0 PO3UMHY B KOHJEHCATaX BUIIAAIOTH TPU iHTEPBAJIU CKJIAIIB,
SIKMM BJIACTHUBI pisHi cTpyKTypHi ocobsuBocti: 1) 0-62 mou.% W,B; B
posuuHi (Ti,W)B,, 114 AKOro crmocTepiraeThca MOHOTOHHA 3MiHa mepio-
IiB rpatHuili, ta 2) 62—85 moia.% W,B; i 3) monan 85 mou. % W,B; B po-
gumHi (Ti,W)B,, mia akux cmocrepiraroThbcA PidHi 3a THUIIOM HEMOHO-
ToHHOCTU. OCOOJUBOCTI 3MiH CTPYKTYPH AJIA IEPIIOT0 KOHIIEHTPAILi-
HOTO iHTepBaJy po3rasamaisucsa B mpaiax [268—270]. Tyt dopmyBarHA
KpucrajiitiB Bigmosiguoro posuuny (Ti, W)B, [263] BixOyBaeThcsa 3 me-
peBaskHOIO opieHTatiero ix maomwuHM (00.1) mapajsenbHO A0 MOBEPXHI
pocty [271]. CTpyKTypHi 0COGJIMBOCTI ¥ HACTYOHMUX ABOX iHTepBaJax
KOHIIEHTpAIli#l moB’sa3aHi 31 3MiHOI0 AK MJIOIUHY IIepPeBasKHOI opieHTa-
ii 3pocTatounx KpucrtaaiTiB posuuny (Ti, W)B,, Tak i (pazoBoro ckaamy
MaTepisany KoHzeHcaty. Hanpukiaaj, v KOHIleHTpalliiiHOMYy iHTepBaJIi,
B AKOMY CHiBBifHOIIIeHHA KiabkocTell aTomiB Ti/W smiHIOETBCA Bifn
0,61 go 0,2 (uro Bimmomimae BmicTy 62—-84 mon.% W,B;) v posunwi,
OCTaHHI# 3ajuIIaeTbcA €OUHOI0 ()a3010, ajie 3’ ABISIETHCA M Apyra BU-
pasKkeHa TeKCTypa KpUCTaaiTiB TBepaoro posumny — (10.1). e oxniel
0CcO0JIMBICTIO, BJIACTUBOIO KOHeHCATAM ByKe B MeKaX IIbOr0 iHTepBaJy,
e BuHuUKHeHHA nipu T, >1073 K xpucraxitis 36igueHoi Ha atomu B no-
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natkoBoi asu Tuny (W, Ti)B (i3 rparaunero tumy B1-NaCl mpocToposoi
rpynu Fm3m rta mepiogom a=0,4198 HM), mpuuoMy MisK HUMHU i Kpuc-
rajgitamu ¢asu tTuny (Ti, W)B, ycranoerbea opieHTamiiinmit 38’ 430K, i
3MiHa IJIOITUHY IIepeBakHOI opieHTaIii KpucraxiTiB posuuny (Ti, W)B,
Ha (10.1) cympoBOIKYyETHCA 3MiHOIO ITepeBakHOI opieHTaIil KpucTaJri-
tiB pasu (W, Ti)B ma (100). [ly1a TpeTHOTO KOHIIEHTPAIi THOTO iHTepBATY
mpu ciriBBigHomeHHi KixbKocTelt atomiB Ti/W £0,20 maBiTh 3a BigHOC-
HO HUBBKUX TeMIeparyp KoHzaeHcamii (873-973 K), saxk npyra,
3’aBaserses dasa B-WB ma ocaoBi W 3 Hecrauero B y mopiBusHHi 3 qu-
o6opumom. Ilpu sum:keHHi cuiBBigHomenusa Ti/W y koHmeHcaTax Bin
0,15 g0 0,02 coiBBigHOMIEeHHA 06’eMHEUX BMicTiB das (Ti,W)B,i-WBy
MOKPUTTAX, omep:kammx mpu 1,=973 K, smimioerhca Bim 55/45 mo
7/93, a po3Mipu KPUCTATIUHUX CKJIAZOBUX KOHIEHCATY 3MEHIITYIOTHCSA
1o BeJIMUYMH B KiJibKa HAHOMETPiB.

(3azHaumMO, IO CTYIIiHL JOCKOHAJOCTH KPUCTAJITIiB KOHTPOJIIOIOTH
KiTbKOMa eKcIepuMeHTAJIbHUMEU MeTomamu [264, 272-274], a ii eBo-
JIIOI[iI0 Yy Yaci B pe3yJIbTaTi IpPoOIEeciB camMoopramizamii, 3oxpema, 3a
YMOB paidaIifHOT0 UMHHMUKA BILJIMBY Ha (hOpMYyBaHHA CTaHY CTPYKTYPH
[270], mepcreKTUBHO ITPOTHO3YBATH KiJIbKiCHUMU MeTOmaMU CHUHepTre-
TUKHU, 30KpeMa, Teopii 6idypkrariii taiu. [274, 275].)

Bucoxkoremneparypuuii Bignan npu T,=1293 K #He nmpusBOguUTL 10
moMiTHOI 3MiHM po3MipiB KpucramiTiB TBepaoro posunny (Ti, W)B,, aie
CTUMYJIIOE€ PeKPUCTAJIi3aIiliHi mpoIecu B MEHIIINX 3a PO3MipaMu Kpuc-
ranitax dasu B-WB. Tak, gusa cuissigaomenus Ti/W=0,15 poamip
kpucraiaitiB (Ti, W)B, yuponos:x Bimmamy nmpu T,=1293 K nmpaxTuuno
He 3MiHIOETBCA (=7 HM), a KpuctamitTu 3-WB 306inbIiryoTbea y cepen-
HBOMY Bifg 2,5 HM 10 3,2 HM; muToMui 06’emMHMi BMicT dasu B-WB apo-
cTae, 110 00yMOBJIeHO e(heKTOM 3MEeHIIIeHHA BMicTy aToMmiB B y moKpuTTi
mpu foro BigmaJi [276].

OCHOBHOIO TPUYNHOIO 3MEHIIIeHHS CepelHbLOT0 PO3Mipy KPUCTATITIB
3i 3HMIKeHHAM BMicTy aToMmiB Ti y KoHAeHcaTi BBaKaioTh Te, 110 B IIOPi-
BHaAHHI 3 aromamu Ti, atromu W, AK ejleMeHTa 3 BUCOKUM (KBaHTOBO-
CTATHCTUYHUM) BHECKOM CcTabiJbHOI eneKTpoHHOI 5d'-KoHdiryparii
[277], matoTh cuabHU 3B’ A30K Me—Me 1 ocnabaenuii 38’130k Me—B: y
MaTepisiiax i3 ImIapyBaToO0 CTPYKTYPOIO IIAKYBAaHHA aTOMIB, OO SAKUX
HaJIexXKaTh 1 nubopunu, medopMalilia 3CyBYy IIiJ Ai€io HAIPyKeHb B OCHO-
BHOMY BU3HAYAETHCA 3UCILICHHAM MixK 1mmapamu B it merany [265]; Tomy
samimenad atromiB Ti atomamu W y TBepZloMy PO3UYMHI IIPUSBOAUTH 10
mocaabienusa 3B A3Ky Me—B y manmpy:XeHNX KOHAeHcaTaxX, II0 MAae€ Cy-
IIPOBOIKYBATUCSA HA cTaAil GOpMyBaHHSA TOKPUTTS OiJIbII iHTeHCUBHUM
MOoApPiOHEeHHAM KPUCTAJITIB (BMEHIITEHHAM iX cepeHbOro po3Mipy). Ile-
pexim mo KoHAeHcaTiB i3 umcToro Gopuay BOJIbLGPAMy MPU3BOAUTEL M0
dopMyBaHHS B OCHOBHOMY aMOP(OIOAIOHOI CTPYKTYpH 3 PO3MipoM
KpucTaiitiB, meHmum 3a 1 HM. [[pyromo mpuYMHOIO MOXKe OyTu 36i1-
HeHHs 110 aTomax B (B mopiBusiHHi 3 tuGopugom) hasu tumy -WB.
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IIlomo mpwumH pO3TATYBaJbHOI MakKpozedopmalii (HampukriIam, y
0,7%) B mamokpucramitax ¢asu -WB xonzencary (Ha KpeMHioBOMY
miaaoK:Ki) i SHMIKeHHA BeauuwHU AedopMallii CTHCKY B KpHCTATIiTax
(Ti,W)B, ipu 3MeHIIIeHHi IX po3Mipy IpUIIyCKAaIOTh, IIT0 B OCHOBI JIEJKUTD
edexT migBuIlieHHA (B KiJlbKa pas3iB y MOPiBHAHHI 3 MACMBHUM MaTepis-
soMm [278]) KoedimienTa TepmiuHOrO posmupeHHs o (moHazx 13-10° K
mpu criBeigaomTeHH] Ti/W =0,02) mpu 36inbmerHi nuToMoro 06’eMHOTO
BHECKY aTOMiB, PO3TAIlIOBAHUX Y MIKKPHUCTAJIITHUX MeKax, AKi mepedy-
BaIOTh Y MeTacTa0iIbHEOMY aMOpP(OIOAi0HOMY CTPYKTYPHOMY CTaHi 3 HaJ-
JUIITKOBOIO BiJIbHOIO €Heprieio B IIOPiBHAHHI 3 aToMaMM y KpuCTaJiTax
(HaBiTH 6€3 BpaXyBaHHS CTPYKTYPHUX e(eKTiB Hanpy:KeHb cTucKy [279]).

Poarasanemo 3akoHOMipHOCTI (hopMyBaHHA HEPiBHOBAKHOI CTPYKTYPU
MOHHO-IIJTA3MOBUX KOHIEHCATIB KBadubiHapHUX 6opuguux cuctem [280].
Y muiekax cuctemu 83 moi.%
W,B,—17 moa.% TiB, opu 36i-
JBIIeHH]I TeMIlepaTypu KOHJEH-
carii Big 350 mo 870 K cmocrepi-
TaeTbCs 3MiHA THIY CTPYKTYP-
HOTO cTaHy. 30KpeMa, CTaH KOH-
IeHcaTiB, ojxep:kaHux npu T,.=

=350 K, € 61u3bKuM 10 amopdo- g 2
KJIacTepHOro. 3 migBuireHuam 1,

mo 570 K cmocrepiraerbcst yTBO-

peHHA Apyroi (HaHOKpUCTAIIY-

HO1) ¢paKIlii TBEpPAOTO PO3UUHY. 3
Opmep:kaHi pesyabTaTH OJIA IU-

GOPUIHOI CHCTEMU PO3IJISHEMO . ’ !

3a KOHIIEIII[i€I0 ITPO MiHiMi3aIriio TB, WBz’gﬁm_% 90 TW,
BinbHOI ewmeprii [280, 281]. Ymo-

BY H0sABM amMop(oIoni6HOI cTpy- Puc. 1.18. CxeMaTHuHe IpeACTaBICHHA
KTypu 3a HU3bKUX T, (30Kpema, KOHIIEHTPAI[ilfHOI 3aJIe’KHOCTH 3MiHU
T.=370 K, 1mo BinmoBizae Haii- BinbHOI eHeprii AF mis KoHAeHCATIB
Bumiiii temmeparypi mepeoxosno-  (Ti,W)B,, onepsanux npu T.=370 (1),
IJKeHHs 3a TepMasisamil BHCO- 570 (2), 870 K (3), nia AKUX IIePeoxo-

aomxxeHHa AT B pesyJibraTi Tepmasisa-
I[ii YaCTUHOK, IO OCAAKYIOThCHA, CIIiB-
BimHocaATbes AK AT, >AT,>AT;[280].

KOEHEePreTUYHUX YaCTHHOK, IO
OCaIKYIOThCS) YMOBHO ITOJaMO
cxemoro Ha puc. 1.18, 1 (B moze-
JII0 KOHJIeHcallil «mmapa—amopd»
[280, 281], 3acToCcOBHOMY TaKOK IJIsI OCAAKEHHS IIapa-IJIasMOBUX IIO-
tokiB 3a T,<T,,/3, aMOp(dHY CTPYKTYPY, III0 YTBOPIOETHLCA, MOYKHA PO3T-
JAOaTH AK IIepeoxoyolKeny piaumy). TepmoanuaaMiuyHny yMOBY, 3a AKOL
amopdormonidbua ¢dpakiria (a) cuiBicHye 3 HAHOKPUCTAJIYHOO (1110 TPOAB-
aserved 3a T,=570 K) mpencraBumo cxemoro Ha puc. 1.18, 2, ne cmiBBig-
HOIIIEHHSA KPHUCTAJIiUHOI M aMop(dHOI (ppakIliii BUBHAUAETHCA 3a IPaBU-
JIOM BifpiskiB Ha saranbHill fotuuHil [282]. BuHUKHeHHA HePiBHOBaXK-
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HOTO CTaHy HEePEeCHuUYEeHOT0 TBEPJOr0 PO3UMHY BimOyBa€ThCs BHACIIIOK
«3arapTyBaHHA» aMOP@dOII0ai0HOro cCTaHy, TEPMOINHAMIYHO CTa6iIHLHOTO
3a TUX IIepecuuYeHb, ajie MeracTtabispHOrO (a0 J1abiTbHOT0) BiZHOCHO
Kpucrajgiuaoro crany (), 1o yTBoOplooeThbcsa. Bimbmt Bucoxka T,=870 K
BimoBifae HaWHMIKUIN TemMmOepaTypi NIepeoXOoJIOAKeHHA 1 HalBuHIii
TEPMOCTHUMYJIbOBaHIM PYXJMBOCTI YACTUHOK, ITIO0 OCal;KyBaJjucsd, Ha I10-
BepxHi. Ile mpu3BoAUTE 10 (hOpMYyBaHHSA JIUIITEe KPUCTAJIIUYHOI CTPYKTYPH
3a CXeMOl0, IpeJicTaBJIeHoo Ha puc. 1.18, 3.

B miomuHi mIiBKu cepefHii po3Mip KPHUCTAIiTiB L) CTAHOBUTD KiJb-
Ka HaHOMETpPiB i MaJio 3MiHIOETLCSA 3 TEMIIEPATYPOIO KOHIeHCcAIlil B II0-
PiBHAHHI 31 3MiHOIO IXHBOI'O CEPEeIHBOTO PO3Mipy L, B HAIPSAMKY HOP-
maJsi go miriBkwm (Taba. 1.2). HafimomiTHimoro Taka BigMiHHiCTH cTae 3
IIOSIBOIO TEKCTYPHU POCTY 3 xapakTepHoio Biccio [00.1], m1o 36iraerbcs 3
HATIPSAMKOM ITaMiHHS ILTiBKOYTBOPIOBAJBHUX YACTUHOK; IT€ CTUMYJIIO-
€ThCS Mi€I0 HAIIPYKEHb CTHUCKY B ILIOIIMHI POCTY IJIiBKM i 00YMOBJIO-
€ThCsA IIPAarHeHHIM CHUCTEeMHU MiHiMisyBaTH BILIUB PagisdI[iiHOTO YMHHN-
Ka IIpU ocalKeHHi IJIiBKOYTBOPIOBAJIbHUX YACTUHOK (eHeprid AKUX Cd-
rae i1 necaTkis eB) [283].

¥ KoHgeHcaTax, AKuUX omepskano 3a 1,>1243 K, 3 migsumenuam T,
3MiHIOETBCA MOCKOHAJICTHL TEKCTYPH, IO CYHIPOBOMKYETHCI TOTATKO-
BOIO JIe30pi€HTAaIli€l0 KPUCTAJIITiB Uepe3 3SMeHINeHHA IX po3MipiB y Ha-
npAMKY Bici Texkctypu [00.1] BHACTIZOK YTBOPEHHA Y HeMeTAaJeBil mi-
I'paTHUIIL cepel aToMiB B mimBuIieHoi KiaTbKoCcTH BaKaHCii (mmepeaycim,
CTPYKTYPHUX i HepiBHOoBakHUX). lle mocsabaioe 3UeneHHS MixK IIa-
pamu metanesumu (W,Ti) A i Hemeranesumu (B) H (puc. 1.13, a), aki
yepryorbesa y3noBk Hampamiky [00.1] [269, 280, 284]. (B smimanux
KOHIeHcaTax HaBiTh YTBOPEHHS PiBHOBAYKHUX NOJATKOBUX BaKaHCIH €
€HTPOHiHHOOOYMOBJIEHIIM. )

IITomo KiHETHMKM IMMOYATKOBUX CTalifl CTPYKTYPHOTO <«YyIOPAAKYBaH-
Hs», 30KpeMa, YTBOPEHHS YIIOPAIKOBAHOI HAHOCTPYKTYPH Uepes KOHIIe-
HTpalliliHe po3NIapyBaHHA y MeTaJieBill mijicucTteMi, KOHJeHCATiB TBEP-
nux posunHiB (Ti, W)B,, 110 Big0yBaeThca 6e3 yTBOpeHHI HEKOrePeHTHOL
Misk(asHOI MeKi, TO IJIs il JOCTiMKeHHA 3aCTOCOBYIOTh METOAY MAJIOKY-
ToBOrO poscissuua Peurrenosux npomeHis (MKPPII) mo6iusy HyIH0BOTO

TABJUIIA 1.2. 3asekHiCTb PO3MiPiB KPUCTAIITIB TBEPAUX POIUYNHIB Y KOHIEH-
carax 83 mou.% W,B,—17 mon.% TiB, Bix Temneparypu kouzaercarii T, [280].

T, K L, am L), am
350 1,5 1,4
570 17 4,0
770 20 4,2
870 17 4,1
1170 8,1 4,7
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By3Ja obepHeHOl gudpakxiiiimol rpaTHuIli. IHuTepdepeHIiiHENi MaKCH-
MYM cIlocTepiraersbea y Byaai B=0 zaB:xkau, HezamekHO BiJl BHYyTPiITHBOI
CTPYKTYPH 3pasKa, TOMY II[0 PiLsKHUIA XOAY IJIA XBUJIb (TOBMKMIHOIO A),
posciguux (mig KyTom 0) fioHaMM, PO3TAIIIOBAHUMU B OyIb-IKill mocaimo-
BHOCTI ycepeauHi spaska, qopisaioe 0 mpu ¢ — 0 (¢=4nsind/A — moxyn
BeKTopa poscianHA q); inTepdepeniitinuit Makcumym MEKPPII y Bysai 0
€ i myia 3paskiB, II0 Iepe-
OyBalOTh y KJACTEPHOMY
18000 abo amopdHOMY MIiKpO-
CTPYKTYPHUX CTAHAX.
XapaKTepHOIO  pUCOIO0
KOHJIeHCaTiB PO3UUHIB 00-
pumiB € yTBOpeHHs obJiac-
Tell yHmopsaAKyBaHHA, KO-
PeIbOBAHO PO3TAIIIOBAHUX
y o6’emi muiBku (pwuc.
1.19), o BUAHO 3 IIOSABU
MAKCUMyMy Ha KPHUBHUX
MEKPPII npu ¢=0,15-0,2
A™'. Kornenrpamiiize BIO-
PAOKYBAaHHSA ITPOABIIAETE-
cAd B TaKUX KOHAEHcaTax
Puc. 1.19. Kpusi MKPPII nna xouzeHcatis BUPA3HO BXKe 3a 4YaC KOH-
TiB,~W,B;, omepsxanux npu T,=350 (1), 570  pemcamii y 60 xB. Haitimo-
(2), 870 K (3)[280]. BipHimMiI mepion KoHIEH-
TpamiiiHol XBWJII BIOPSI-
KYBaHHA [ =27/ 0y 1€ Qrax
— TIOJIOXKEHHSA KOPeJIAIiTHOTO MaKCcuMyMy Ha KpuBiit 1(q) [285], mia cuc-
remu W-Ti—B y Temmneparypuomy inTepBaii 623—-1143 K e maiike He-
sminaUM i mopiBuioe 3,7—3,8 M. (3a T,<570 K dopmyeTbca cTpyKTypa,
O0mm3bKa 40 aMop(HOi, i BIOPAAKYBAHHSA MOYKHA BBAaJKATU IIEPEBAYKHO
KOHIIEHTPAI[iIfHIM, III0 € IIOYATKOBOIO CTAmi€l0 KOHIIEHTPAI[ITHO-CTPYK-
TYypHOTO ImepeTBopeHHsA; puc. 1.19.) [ln1a nubopuaHoro TBepPAOTO POSUUHY
JOBXKUMHI KOHIIEHTPAIIIMHIX XBUJIbL BIIOPAAKYBAHHSA € TOBOJI OJIM3bKUMU
(3,7-4,0 M) B mMHMpPOKOMY iHTepBaJi Temmeparyp KoHaeHcarii (370-870
K). Mait:xe mesminHicTs [ qjia Takux T, pasoM 3 TUM (paKkToM, I110 3i 36iIb-
nreHHAM T, MiABUIYETHCA i CTYHiHDb TOCKOHAJIOCTU IMIOPAAKY, a Iie IIPOAB-
JISIETBCS Y 3POCTAaHHI iHTEHCUBHOCTU KOPEJNAIiHOTO MakcuMyMy (pHc.
1.19), € 03HAKOIO YTBOPEHHSA MOIYJIHOBAHOI CTPYKTYPH 3a MeXaHi3MOM
CIUHOJAJIBHOTO po3nany [282].
3a BiHOCHOIO 3MiHOIO iHTEHCHMBHOCTHY KOPEJIAIIMHOIO IIiKa Ha KPUBUX
MKPPII omineHo KiHeTHYHI XapaKTEePUCTUKM <«BIOPAAKYBaHHA» [264,
280], soxkpema, 3ajie:KHOCTI KoedilrienTa BzacMHOI qudysii D B MeTaseBiit
migcucremi Big T, pas cucremu W-Ti—B (puc. 1.20): mpu T,=350-870 K
3HAuUeHHS Koe(imieHTa nexarh B inrepsami 10°—107® ecm?/c, mo Bigmosi-

q, A?
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Jlae sHaUeHHAM AJ1d nudyail Tiy
B MACHMBHOMY 3pasKy BoJbdpa- )
My, ane 3i smimenaam Ha 200—
250 K y6ik migBuItieHux TeMmiie- 2 o
paryp (no 1070-1129 K s macusi &
[286] samicte 830-870 K AL ld 85 mon.% W,B,~15 mon.% TiB,
KOH/IeHCaTiB). )
Y Bumaaxky KBasuOiHapHUX
mepepidiB  MHOTPIiAHUX CHUCTEM ———
Tuny (as BTiJIEHHS HeMeTaJeBi 0 273 373 473 573 673 773 873
atomu B 1pm posmniapyBaHHi T &
30arauyyioTs 00JIacTi 3 migBHIIe-

HuM ByicTom aTomiB Ti; o6macti  pye 1.20. Baesxuicrs KoedimieHTa B3a-
8 OlrpmmM BMicTom atomiB W, emuol audysii B Meranesiit mizcucremi
II[0 YTBOPIOIOTECA B pPe3yJbTaTi Bif TeMmIepaTypu KOHIeHcAallil IJiA cuc-
posiiapyBaHHA, 30igHIOIOTECA  Temu W—Ti—B (O)[280].

Ha aromu B. OTiKe, y BUOagKy

poBIIIapyBaHHS PO3YUHIB BTi-

JIEHHS 3 ITiIBUINEHOI0 KOHIIEHTPAIli€l0 BAKAHCIA y HeMeTaJeBiil miarpar-
HUIIi BigOyBaeThca opMyBanHsa (a3 Ha ocHOBI Ti, OIU3BKUX 3a CKJIAIOM
o crexiomerpii, i ¢as, 10 BiAIOBIAAIOTH HMKUOMY OOPHUAY BOJILMPAMY.
IToka3sHUKOM CXUJIBHOCTH MO IILOTO € MPUOJIU3HO II' ATUKPATHE IIepeBU-
ITeHHA TEeILJIOTU YTBOPEeHHA OOPHUIiB TUTAHY HaJ TEILJIOTOIO0 YTBOPEHHSA 60-
puaiB Boabhpamy. PopMyBaHHA B KOHAEHCATaX HAHOCTPYKTYPHUX CTaHIiB
3 OLIIBIITOI0 IMTOMOIO T'YCTHUHOIO IIOCIA0IeHIX MisKIIPOIIIapKOBUX 3B’ A3KiB
Harajaye Iepexig maTepidany B nepearorieHuii crad. Ile crumystoe, 30K-
peMa, POTAaIlifiHy PYXJIUBiCThL OKPEMUX CTPYKTYPHUX (parmeHTiB. CTpyK-
TYPHHUU acIleKT IePeATOILIeHHS II0JIATAE B CHOHTAHHOMY (hparMeHTyBaHHi
o0acTell KPpUCTAJIIB 1O HAHOMETPOBUX PO3MIipiB, II[0 B HAIIIOMY BUHALKY
BiAmoBizae cramii mepebymoBY CTPYKTYPU MAaTePidAly uepes foro mepexin y
HAHOKPHCTAIIUHII a00 KJIACTEepHU CTaH B Pe3yJIbTAaTi TEILJIOBOT'O BILJIUBY
[287]. 3a Takoro ¢parmeHTyBaHHA AUcOATAHC CUIOBUX 3B’ A3KiB AJIA pis-
HUX HAIIPAMKIB MOXKe ITPU3BECTH 0 BIAMiHHOCTY B 3MiHi mapaMeTpiB r'pa-
THUIIi 1 aTOMOBOTO PO3YIIOPAIKYBaHHA. 3 IIEPEeX0IOM MaTepifly Ha HaHO-
KpHUCTAIIUHN i, 0CO0JIMBO, KIacTepHO-aMOP(HMIA CTPYKTYPHI piBHI opra-
Hizalii 3HaueHHsA Oro TepMOAMHAMIUHNX IIapaMeTPiB HaOIMKAIOTHECA 0
XapaKTepHUX IJId CTaHy nepeATorieHHsa. OCHOBHI CTPYKTYPHI pucyu MaTe-
pisany Ipu TaKkoMYy IIepexo/ii 00yMOBJIEHI ITOPYIIIEHHAM JaJIeKOr0 ITOPAIKY
3i 30eperkeHHAM OJIM3BKOr0 MOPAAKY B PO3TAIIIYBAHHI aTOMiB. SHAYHOIO
MipOIO Ile MO3HAYAETLCA Ha PYXJIMBOCTI aTOMIB, IPU3BOAUTE [0 30iJIbIIeH-
HSA Ha KLJIBKA MOPAAKiB Koedimierra qugyasii D .

Ha pucyury 1.21 masegeno xkpui MKPPII, 1o xapakTepusyoTh Ki-
HETUKY BIOPAAKYBAHHSA IJIs HOHHO-IIJIA3MOBUX KOHIEHCATIB TBEPAOTO
posuuny (Ti,W)B,, ogep:KaHNX POIIOPOIIEHHAM I[iJi, cKIaxy 83 moi. %
W,B;—17 mos.% TiB, [288]. 36inbiienas Temueparypu Kougercaii T,

10719_
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(uac ocamxenHs craHoBUB =60 XB.) MPU3BOAUTD A0 ITi IBUIIIEHHA CTYIEHS
ITOCKOHAJIOCTA CTPYKTYPHOTO IOPAIKY, IO CYIIPOBOMKYETHCA 30iJb-
IIeHHAM iHTEHCHUBHOCTH KoOpeJAaliiiHoro makcumymy (puc. 1.21, Kpusbi
1-3). 36inblIIeHHs TPUBAJOCTH i30TePMIiUHOTO BiAIIaly TaKOK IIPU3BO-
IUTh 10 30iJBINIEeHHS iHTeHCHUBHOCTH KOPEJAIiiiHOroO MaKCHUMyMy Ha
kpusiii I(q). Ha pucynry 1.22 nmaBegeno xapaxktepri Kpusi MEPPII nna
301 90 xB. Bignany npu T,=870 K. B focuTh BeJIMKOMY YaCcOBOMY iHTED-
BaJIi cIIocTepiraeTheA IiABUIIEHHA iHTeHCUBHOCTH KOPEJAIiiHOTO MaK-
cuMyMy Ha KpuBiit 1(q), 1m0 cBifunTh Opo mepedir B ychoMy ITbOMY Yaco-
BOMY iHTepBaJIi yIIOpAIKYBaHHA.

I omep:KaHUX 3a Pi3HUX TeMIepaTyp i TpuBajiocTell KOHAeHcaIil
Ta BiJNa/JI0OBaHHA ILIIBOK, AKUM BiJIOBiZalOTh MaloKyTOBi Kpusi I(q),
omineno [284] xoepimient audysii D, aKkuii, Ha BinMiHy Bix Koedilrie-
HTa reTeponudysii mpu posiiapyBaHHi, Mae HeraTuBHe 3HAaUeHH: (BU-
cxigHa nudysis).

Bukonani gisa mmmpoKux iHTEepBaJIiB TeMIepaTyp i TpuBaJIOCTer KOH-
IeHcallil ¥ BigmaJjy OI[iHKM MOKa3yIoTh, II[0 PYXJIMBiCTL aToMiB i3 30i-
JBIIEHHSAM Yacy TeIlJIOBOTO BILIMBY MAa€ TeHAEHIIiI0 MO 3HMMKEHHsd. 3a
HaWKOPOTIIIOro 4Yacy BignmamoBaHHA y 5 xB. npu T,=720 K cepenHe 3Ha-
uenHa D B mpoMy uacoBoMy iHTepBami — =9,0-107"° cm?/c; npu 36imn-
IIeHH] yacy BianamioBaHHA ¢, 10 20 xB. i 40 XB. cepefiHi B IUX YaCOBUX
inTepBanax sHaueHHa D 3MeHITyIOTBCA BiamosigHo 1o 3,4-107'° em?/c i
1,9-107" cm?/c, a npu BigmamoBauHi 3a 60 XB. cepenHe 3HaueHHA D
cknazmae 9-10% cm?/c.

3 pucyuka 1.23 BumHO, 110 3a IIOYAaTKOBUX MOMEHTIB BiIIAIIOBaHHS 3a-
JeXKHICTh KoedimieHTa nudysii Big uacy BimmamaoBaHHsS HaOyBae «eKCIIO-
HEHIIINHUN» BUI, IO CBiIYNTL IIPO CXUJIBHICTH IO BIOPAAKYBAHHSI KOH-

10000 4 R

10000 ¢

I, BigH. on.
I, BimH. on.

50004
40004

i
F

2000 + T T T T - 0 T T T T T

Puc. 1.21. 3mina Kopensdmniinoro mak- Pue. 1.22. Kpusi MKPPII nisa xoH-
cumymy KpuBoi inTeacuBuocTu MKPPII nencariB KBasubiHapHoi 60pumHoi cu-
3a piBHMX TeMIlepaTyp KOHAEHcAIlil II0- cTeMHu, IMigJaHWX BigmaJyy pisHoOi Tpu-
KpuTTiB (Ha asroMiHitioBi# ¢ouii) T,: I Bamoctu 3a T, = 870 K: 1 — Buxiguuit
—350K,2—570K,3—870K[288]. craHn,2 — 30xB., 3 — 90 xB. [288].
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JIeHCOBaHOI cmcTeMu OesIoce-
penHbo B MeTacTabiIbHOMY TO-
CTKOHJEHCAI[INHOMY _  CTaHi.
Oninena 3 rpagika D = D(t,)
(puc. 1.23) BeuumHA B TIOYAT-
KOBi MOMEHTH BigHaJIlOBaHHS
Kougercary mpu T,=720 K me-
peBHIIy€E (sa MOZIYJIBOM)
1,510 cm?/c.  XapaxTepHo,
1[0 /I BifmayroBaHHA 3a 5 XB.
KoHzgencaty 62 mon.% W,B;—
38 mos.% TiB, mpu T,=720 K
3a OIIIHKOI IuU(Py3iHOI PyX-
JIMBOCTUA IIPH BIOPAIKYBaHHI
D =-7,010" cm?/c, 110 € Me-
HIIIOK) 38 MOZYJIBOM IIODiBHAHO
3 D=-9,010"cm?/c, saky
OJIePsKaHO IJISA TOTO K Yacy Bi-
anany KoHzeHcary 83 moir.%

D, ev’/c

1,5-10 "% 1

1,0.10%4 1

5,0.10"° 1

Puc. 1.23. 3anexkHicTh Koedimienra nu-
¢ysil Bix uyacy BignanioBaHHA ¢, KOHIEH-
caryupu T,= 720 K[288].

W,B,—17 mon.% TiB,. 3i s6inemennam T, 1o 870 K i 3 HabmmxeHHAM 10
TIOYAaTKOBOI YaCcoBOI CTaJlii CTPYKTYPHOTO BIIOPAAKYBaHHSA D 3MiHIOETHCS
cyrTeBime: Bixg —1,8-107'% cm?/c ympomos:x BigmamoBamHA 3a 30 XB. 0
—0,7-0,8)-107*® cm?/c 3a wac BignamoBarHa y 90 xB. (puc. 1.24).

IIpu TpuBajomMy TeIJI0BO-
MYy BILIUBI AudysiifiHa pyxam-
BiCTh aTOMIiB ITpU KOHIIEHTpPA-
MiHO-CTPYKTYPHIM yIIOPSI-
KyBaHHi OJIM3bKa 34 BEJIMYM-
HOIO 10 KoediIlieHTa rerepo-
nudysii aTromiB B iHTepMmera-
Jijax, 10 CBLIYUTE IIPO JOMi-
HYBaHHA Ou@ysii MeTaseBuUxX
aTOMiB y TpOIleCi CTPYKTYD-
HOT'O BIIOPAJKYBaHHA; B CBOIO
yepry, Ipolec yIopAIKyBaH-
HA MeTtasieBux atomis (W, Ti)
€ BUBHAYAJLHUM Yy KiHeTHIli
3MiHI iHTEHCHMBHOCTH KOpe-
JAIMiAHOTO MaKCUMyMy Ha
kpuBux MKPPII. Ilig giero
TepMivHOTO (paKTOpa, AK Y
mporieci (opmMyBaHHS KOH-

D, em?/c

1107181

1.107%° 4

1.10204 , , :
0 600 9200 T, K

Puc. 1.24. TemuepaTypHa 3aJeKHICTbL KO-
epimienTa audysii mpum CTPYKTypHOMY
ynopankysanni: I — T,,2 — T ,[288].

IeHcaTy, TaK i IIpu IOCTKOHAEHCAI[IMHOMY BiAIaji, B HOHHO-IIJIa3MOBUX
Koumencarax TBepmoro posuuny (Ti, W)B, BinOyBaeTbcs KOHIIEHTpAITiliHe
BOOPSAAKYBAaHHSA, III0 IIPU3BOAUTE 10 (DOPMYBAHHS MOAYJIHLOBAHOI CTPYK-
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Typu. HafiepekTuBHIIIE 1€l mpoIiec BigOyBaeThCa HA IIOYATKOBIM cTamii,
PO IO CBiUUTH TiABUIIIeHHA KoedillieHTa 1upys3iiiHOl pyXJNBOCTU IIPU
3MEeHIIeHHi Yacy TepMiYHOT0 BILIMBY Ha BUXiZHUI MeTacTabiIbHUM CTaH
kougencary (Ti,W)B,. Bucoka iHTeHCHUBHICTh KOPEJAIifHOTO IiKa TBep-
JIOTO PO3UYUHY CBiTUMTEH IIPO BEJIMKY BiAOMBAHICTHL aTOMiB, sIKi BIIOPSIKO-
BYIOTBLCSI, 11040 PeHTI'€eHOBMX ITPOMEHIB, a Iie € XapaKTepHUM IJIS aTOMiB
MeTaJIeBOl HiICCTEeMH i 3BHAXOAUTH CBOE ITiATBEPIKEeHHS Y BeJIMUYUHI KO-
edimienTa gudysiitHOI PYyXJINBOCTH, sIKa 0JIu3bKa 10 KoedillieHTa reTepo-
Iu@ysii B iHTepMeTasiax.

TakuM YMHOM, HaBeJIeHUM OTJISAOM JIiTepaTypu OOTPYHTOBAHO aKTy-
aJIbHICTh OI[IHIOBaHHA KiHeTMYHMX HapaMeTpiB Mirpariii aTromiB KoM-
MOHEHTIiB PO3IJIAHYTUX CHUCTEM, a TAKOK BaKJINBICTh aJeKBaTHOTO OILi-
HIOBaHHA TUX PiBHOBaKHUX 3HAUEHDb XapaKTEePUCTUK CUCTEM, IO HOCA-
raloThCs B pe3yJbTaTi IXHBOI pesaakcarlii (mpormecy IpuBeIeHHA A0 Tep-
MonmHaMiuHOl piBHOBarm). BinbImricTs 3 po3pobieHMX AOCi MOAEIiB
CTPYKTYPOYTBOPEHH i €BOJIIOIi1 BJIaCTUBOCTEII criCcTeM ab0 CIIMPAIOThC S
Ha JaHi eKCIepuMeHTY, abo K ampoOyIOThCS Ha eKCIepUMeHTaJbHUX
IDaHWX, AKi, K IIPABUJIO, BiAMIOBiAIOTh HIOTOUYHUM, IPOMisKHUM CTaAHAM
CUCTEeM, HaATO JAJIEKMM BiJ piBHOBaru, xoda BiKe IIPOIIOHOBAHI MOeJi
TaKy piBHOBary HaiiyacTilie IpuUIycKaoTh. ToOMy MOKe BUHUKHYTH I10-
Tpeba y icToTHOMY MOAN(PIKYBaHHI IPOIIOHOBAHUX MO/JEJIiB; OiIbIlIe TO-
ro, BJIaCHE PiBHOBaKHi 3HAUEHHSA XapaKTEPUCTHK € HeBil eMHUMU IIa-
paMeTpaMu (PisUUHOI KiHETMKY IXHBbOI YaCcOBOI €BOJIOIIT.

3HaueHHA MMOBipHOCTel mepecKoKiB HouiB Ni i mBuaAKOCTEI BCTAHOB-
JIEHHS PiBHOBAXKHOTO0 0/113bK0T0 mopaaky v cronax I'ITK-Ni—Al za pisaux
TeMIIepaTyp 0B’ A3aHi 3 KoedimienTamu (camo)augysii froniB Ni i emepri-
efo aktuBalii. 1li BesmunHm XapaKkTepusyooTh 00’ eMEy qudysito, 1110 1Ie-
pebirae HaBiTH 3a MOPiIBHAHO HEBUCOKUX TEeMIIEPATyp. ¥ 3TOMKEHIiCTh iX
3HaYeHb 3 BiJOMUMU 3 JIiTepaTypu JAHUMU, OJeP:KaHIMU 38 METOL0I0 Pa-
IioOaKTUBHUX i30TOIIiB, Ma€ CBiIUNTH IPO HAIMHICTh BUBHAUEHHS MiKpO-
i makpockomiuHux audysiiianx xapakrepuctuk. HatomicTs MmeToza nui-
(py3HOrO PO3CiAHHA IIPOMEHIiB YMOIKJIMBIIIOE BU3HAUNTH MAKPOCKOMIUHI
XapaKTepucTuKU nudysil 3a MOPiBHAHO HUBBKUX TeMIIEpaTyp, HEJIOCTYII-
Hi 118 3BUYalfHUX METOJ BUBUEHHSA T y3iHHIX IPOIIeCiB.

3a JiTepaTypHUMU HaHUMU MipAHHSA iHTEHCUBHOCTU PO3CiTHHSA IPO-
meHiB y cronax I'IIK-Ni—Al (gasa rouok ky, k=0 ob6epHeHOTr0 IIpOCTOPY)
moxxHa oniEnTu w(k,) i w(0) — Pyp’e-o0pasu eHeprill «3MilIaHHA»
aToMiB. ¥ HAOJMMKEHHI cCaMOY3TOIKEHOr0 IIOJA ITi ABA ImapaMeTpPH BU-
3HAYAIOTh BiIbHY eHepriro i repmoaunuamiky I'IIK-Ni—Al.

Hocuimxennsa sanexxnocreid mapamerpis w(k,) i w(0) Bix Temmepary-
pu it KounenTpaiii aisa cromis I'I[K-Ni—Al mae BaxkauBe suauenusa. Taxi
CTOIIN MOXKYTh OyTH (cs1a60) hepoOMaruiTHUMU, i 3SHAWAEH] AJIA HUX eHep-
reruuni mapamerpu wW(k) micTsaTs B c00i MaruHeTHy CKJIAI0BY, II0B’ A3aHY 3
00OMiHHOIO B3a€MO/I€I0 CIIiHiB, JJOKaJisoBaHUX Ha MoHax Ni.

IIprunay, Mo OIpU3BOAATH N0 3ayuexkHocTy nmapamerpiB Tuny w(k,) i
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w(0) Bim TeMmepaTypu i CKJIAIy CTONY, MOKHA IIOB’ A3aTH IK 3 MarHeTH-
3MOM CTOIIiB, TaK i iCTOTHUM (paKTOpPOM PO3MipHOI HEBIAMIOBIAHOCTHU ¥O-
uiB Al ta Ni. Kounenrpamiiiny sanexuicts w(k) mia neakmnx k mo:kma
4acTKOBO 0B’ a3aTu 3 KOHOBOIO 0cob/MBicTIO B OKO0JIi TouKu k 06epHEeHo-
ro mmpocTopy (00yMOBJIEHOIO BHECKOM €HEprii eJIeKTPOHIB MPOBiZHOCTH B
CyMapHY eHepTio CTOITY) JIUIIIe 3a IEBHUX YMOB (TeMIIepaTypu TOIIIO).
Hab6mmxenns, 1o jexaTh B OCHOBi (QOPMYJIU, AKY BUKOPUCTOBYIOTH
3a3BUUall JJid OI[iHIOBaHHA eHepreTUYHUX napameTrpiB w(k) 3a manuMu
PO iHTEeHCUBHICTDh NU(Y3HOTO PO3CigHHA (30KpeMa, HeBpaxyBaHHA He-
PiBHOBaXKHOCTHU CTOIY y AUGPAKIIITHOMY eKCIIEDUMEHTi, a TaKoXK ede-
KTiB KopeasArii aTomiB i MixkaToMoBoi B3aeMomii Ha Oyab-AKMX Bimma-
JSIX) TAKOMK «IPUB3BOAATL» 0 TeMIIEpaTypPHOI 3aeKHOCTU, ajie i3 3a-
BUIIIeHHAM a60 3aHM:KeHHAM abcoroTHuX 3HaueHb w(k,) i w(0). Bua-
caimoK Takoro omimioBaHHA w(k) 3a HAOJIMKEHOIO (POPMYJIOI0 OIEPIKY-
IOThCA He MilicHI 3HaUeHHA IIMX MapaMeTpiB, a JedKi ed)eKTUBHI 3HA-
yeHHA W, (K) , 110 BKIIOYAIOTH B cebe i KOpeJIAniiiHi eeKTH.
PospaxyHku BijbHOI eHeprii B IIMPOKOMY iHTepBaJli TeMmmoeparyp i
CKJIaJliB MalOTh YTOUHUTH IiATrpaMy piBHOBAr (a3 JJid TBepAnX PO3UNHIB
B 00J1acTi cTabiJIbHOCTH TpaHelleHTPOBaHol Ky0iuHoi a00 mMpPoCToi rexca-
TOHAJILHOI I'PaTHUIIL (30KpeMa, BOHM MAalOTh YMOMKJIWUBUTU HE TiJIbKU
npoaHaJIidyBaTH BiloMi I yacTo cylepeuHi ofHe OJTHOMY eKCIIepUMeHTa-
JbHI IaHi, ajie I 3 JOCTAaTHIM CTyIIeHeM HaJifHOCTH BiJHOBUTHU HEBigoMi
Jeraji giarpaMu piBHOBar, eKCIiepUMeHTaJIbHEe BUSABJIEHHA AKUX € JIO-
BOJIi CKJIagHUM). 3aCTOCOBHI MeTOOU YTOUHEHHS MisArpaM piBHOBar ¢as
MAaloTh He IMOTpedyBaTH MPUNYIIEHHA IIPO Te, IO €eHePrisd «3MillaHHsg»
aToOMiB BimMiHHa BiJ HYJIA JUIIE OJId BY3JIiB, 110 € HAHOIMK UMY U1 Ha-
CTYIHUMHU 3a HalOJMmKuUuMM cycizamu. ExcliepuMeHTaJbHI mawHi, II10
BUKOPMCTOBYIOThCA AJIA AeTasisallii giarpaMm piBHoBar, MamoTh OYTH IIO-
BHIiCTIO He3aJIe)KHUMU: eHEePreTUYHi ITapaMeTpH, 110 BU3SHAYAIOTh BLILHY
eHepriioo ¥ iHmIi TepMoAWHAMIUHI XapaKTepUCTUKU cTomy (piBHOBaKHI
3HAUEHHA IapaMeTpPiB JaJeKoro aToOMOBOTO MOPAAKY, TeMmneparypu Ky-
pHAKOBa, XeMiUHy aKTUBHICTh TOII0) MAIOTh OITiHIOBATHCS 3a JOIIOMO-
roI0 TaHUX, OJePKAHIX METOI0I0 N11(Ppy3HOT'O PO3CITHHA BUITPOMIHEHHS.
Hudysia aTromMiB y BIOPAAKOBAHUX AJIOMiHiJIaX HIiKJIO OINCYETHCA
CYIIEePIIO3UITi€I0 AiI0UMX MeXaHi3MiB («KaHaiB») Mirparii sa yuacTio Ba-
KaHCi# i moTpifiHuX nedeKTiB Ta M0 CyTi MUKJIAMMU: HiKJeBUMH IiATpaT-
HUIAMU, aHTUCTPYKTYPHUMHU MiCTKaMH TOINO, B TOMY YMCJIi 3i cTpubKa-
MU IO APYTOoi KOOPpAMHAIIIHHOI chepu Bigpasy. AKTyaJJbHUM € BU3HAUECH-
Hs ITapaMeTpiB pejlakcallii 3a KOXKHUM 3 ITUX «HapajeJbHUX CIleHapiiB».
Hudysifina pyxJuBicTh MeTajIeBUX aTOMiB IIPM KOHIEHTPAI[ifHO-
CTPYKTYPHIM ymopamkyBamHi TBepmoro posuuny (Ti,W)B, 6iusbKa 3a
BEeJIMUMHOIO OO0 KoediiieHTa rerepoaudysii aTroMmiB B iHTepMeTasaimax,
IO CBiAYMTH IIPO JOMiIHYBaHHSA MiI'palrii MeTaieBUX aTOMIB y IIpoIieci
CTPYKTYPHOTO BHOPAIKYBAaHHA; 3aTe IIPOIlEC YIOPAAKYBaHHA MeTalle-
BUX aTOMiB MaeMO yBaKaTy BU3HAYAJIbHUM y KiHETHUI[I 3MiHU iHTEeHCHU-
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BHOCTHY KOPEJIAIHHOTO MAKCUMYyMy Ha KPUBUX MaJOKYTOBOT'O PO3CisTH-
Ha PeHTTr'eHOBUX IPOMEHiB. AKTyaJbLHOIO € XapaKkTepusallis MaTepiaris
3a KOYKHUM i3 CTPYKTYPHUX THUITiB HOPAAKY.

2. OOIHIOBAHHSI XAPAKTEPUCTHUHR JTN®Y3II ATOMIB
I KIHETUKHU PEJIAKCAIIII CTOIIIB I'TTK-Ni—Al

2.1. Cxema oIiHIOBaHHS MOBipHOCTEH MiKaTOMOBHX IEPECKOKIiB

fAxr 1e sasmauvanoca (m. 1.3), maHi mpo KiHeTHMKY audy3HOTO PO3CiAHHA,
OB’ A3aHOTO i3 OJIMBBKUM IIOPAIKOM, YMOMKJINBIIOIOTE BUSHAUNTY XapakK-
TEPUCTUKU eJIeMeHTapHUX aKTiB Au(ysil — HMOBipHOCTI IEpPECKOKiB aTo-
MiB pisHOTr0 COPTY B pisHi Byasu r'patHuUIli. KoxHiit TeMoeparypi i KoHIIe-
HTPpAIlii CTOITY BifIIOBiTa€ cBiii piBHOBaYKHII CTYIIiHb OJIM3LKOTO IIOPAIKY.
Piske sarapryBaHHsA 3 BUCOKOTEMIEPATYPHOI'0 HEYIIOPAIKOBAHOTO CTAHY B
iHITUH, HU3BKOTEMIIEPATYPHUM CTaH Ma€e IIPU3BECTHU 0 peJiaKkcallii Buxis-
HOTO CTYIIeHA 0JIM3bKOT0 IMOPAIKY 0 MOTO HOBOT'O PiBHOBAXKHOTO 3HAYEH-
Hsa. OCKLIbKHY I pesaKcallis 3AiMCHIOEThCA 3a PaXyHOK Mirparrii atomis
Ha Biggaji mopAaKy Mi’KBY3JIOBUX, il BUBUEHHS BiIKPHUBAE MOJKJIMBOCTIL
JLJIsT DOCJTiI»KeHHA eJJleMeHTapHUX aKTiB audysii. ¥ BugaTHux poboTrax [65,
66] 6yJio moKasaHO, IO €BOJIOIiA iHTEHCUBHOCTH IN(PY3HOTO PO3CiTHHSI
PeHTTreHOBUX ITPOMEHIB Y KOMKHINM TOUITL 00epHEHOT0 IPOCTOPY 3a PAXYHOK
penlakcallii OJIM3BKOTO0 MOPAAKY OSHO3HAUHO TOB’saA3aHa 3 Dyp’e-
KOMIIOHEHTaMM HMOBipPHOCTEM aTOMOBUX IIEPECKOKIB B €JIEMEHTaPHUX aK-
rax audysii. OTixe, BUBUAIOUN 3MiHY iHTEHCUBHOCTH AHU(MY3HOTO PO3CiTH-
HSA, MOJKHA OJeprKaTh TaKy iHgopmMmalliro mpo mporecu audysii, axy He
BIAETHCA JOOYTH 3a TOIIOMOI'0IO iCHYIOUMX METOJ JOCTiIKeHHs.

g Bumagry OiHapHOTO CTONMY i3 CyTTEBO pisHHMMU Koe(illieHTaMu
oudysil KOMIOHEHTIB YacoBa 3aJIeKHICTh iHTEHCHMBHOCTH IMU(PYy3HOTO
pO3CisHHSA, TOB’sI3aHAa 3 pejlaKkcallieio 0JIM3bKOT0 MOPAIKY, 3TriaHo 3 [65,
66] mae Bursan (qus. o. 1.3):

AI(K,t) = AI(k,0)e 2*®™" (2.1)

ne AI(k,t) = I(k,t)— I(k,~); I(k,t) — iHTeHCUBHiCTH AMPY3HOTO PO3-
cisuusa B MoMeHT uacy t y Touni k, BigmiuyBaHii Big HaiiGIMKUIOr0 BY3-
Jaa obepHeHoi rpatHuii; I(k,~) — piBHOBasKHe 3HAUEHHSA iHTEeHCUBHOC-
ti; -\, (k) Mae cmuca @yp’e-KOMIOHEHTH IMOBIPHOCTE! MisKBY3JI0BUX
mepecKoKiB (Y OAMHUIIO Yacy) aTOMiB COPTY O y BY3JHu T, 110 BinOyBa-
IOThCSA B «HOTEHITiAJI» IIOJA Mi’KaTOMOBUX B3a€EMOJil, CTBOPIOBAHOT'O
KOHIIEHTPAIlifTHOI0 HEOJHOPiIHIiCTIO AaTOMIB COPTY O y «HYJIBOBOMY» BY-
3ni. Bernunny A (k) MosKHa IIpeJcTaBUTH y BUTJIAAL[65, 66]:

A, (k) =L (k)[1+9,k)], (2.2)
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ne ¢,(k) mos’asana 3 @yp’e-KOMIIOHEHTAMHU <«IIOTEHIIIATIB» MisKaTo-
MOBHUX B3aemoziii. B izeansHomy posumni ¢ (k) =0, i na pyHKIia Xa-
paKTepus3ye BILIHB Ha qudysiio HeimeaabHOCTH TBEPAOTO po3uuuHy. Be-
mrumaa 2). (k) Mae cMucI 06epHEHOTo Uacy peslakcarii iHTeHCUBHOCTH
B ijeasbHOMY TBepAoMYy posumHi. Pyp’e-opurinan pyurnii 1) (k) , yss-
TUHU 31 3HAKOM MiHYC (—Ag(r)) , € IMOBIpHICTIO aTOMOBOT'O IIEPECKOKY
HEB3a€MOJII0UO0I0 aTOMa O 3 «HYJIbOBOrO» BY3Jia ¥ BY30JI I' B eJIeMeHTap-
HOMY aKTi nudysii. ¥ poborax [65, 66] 6y10 mokasamo, 10 IPU IIEPexo-
Ii 10 KOHTHHYaJbHOI rpanuili (o maaux k)

A, (k) = D k2, \°(k) = D.K?, (2.3)

ne D, — roedinient audysii, a D, — roedinierT camoaudysii kommo-
HeHTa O.. OcHOBHIi pesdysabTaTu Teopii [65, 66], npexncrasaeni Tyt ¢op-
myaamu (2.1)—(2.3), YyMOKJIUBIIOIOTE i3 YaCOBOI 3aJIEKHOCTU iHTEHCH-
BHOCTH PO3CiSHHS OIIiHUTH HNMOBipHOCTI Mi’KBY3JIOBUX II€pPEeCKOKiB
—A,(r) aToMiB copTy Oy pi3Hi By3JIM I, a TaK0K KoedinieHT nudysii D,
IIUX aTOMiB y TBEepPAOMY PO3UMHi; MOYXHaA TAKOK OI[IHMTHU aHAJOTiuHi
BEeJIMUUHU —Ag(r) it D 14 ineanbHOTO TBEPAOIO PO3UHUHY.

dopmyna (2.1) onucye uacoBy s3asexxkHicTh inTencusuoctu I(k,t) y
BUTJISAAL IIPOCTOI €KCIIOHEHIIIHOI 3aJIe}KHOCTH 3 OJHUM He3aJeKHUM
napamerpoMm A (k) TinbKm giaa BuUmagKy OiHApHUX CTOIIB i3 CYTTEBO
pisHMMU MIBUAKOCTAMU AU@Py3ii aTomiB pisHMX KomMmnoHeHTiB. Ile o3Ha-
yae, 1110 eBOJIIOINisa GJIM3BKOr0 MOPAIKY, a4, OT:Ke, i iHTeHCUBHOCTU OU-
(dysHOrO po3CcigHHA, BiAOyBaeThcA 3a PaXyHOK Au@ysii «mosinbHimie»
Mirpyroumnx HoHiB copTy O. «IIIBuAIMi» aTOMU iHIIIOTO COPTY B KOXKHUHI
MOMEHT 4Yacy afisi0aTUYHUM YMHOM IIiA0yZOBYIOTHCS OO0 <«IOBLIBLHUX »
moHiB. Kpurepiem ciymraocTu 1mbporo, a, oT:Ke, i CIyIIHOCTH (hopMyIu
(2.1) e BUKOHAHHSA YMOB:

A (K)/A, (k) <<1 i A k), =1, (2.4)

Ie ingexcu 1 i 2 mo3sHaualOTh COPTHICTL aTOMIB, ¢, — XapaKTepHUI dac
3MiHM iHTeHCcuBHOCTU. [Ipu HeBUKOHAHHI ITuX yMoB dopmyaa (2.1) mae
OinbI cKIaguui BUrIan [66].

3anas OIiHIOBAHHA IMX BeJWYMH Aad audysii aromis Ni obepemo
3HaUeHHs eHeprii akTuBaiii Qy;=3,596 eB/aTom; iioro omep:xkaHo s
cromry 3 25 ar.% Al (gus. ta6a. 1.1). Iaa qudysii aromis Al Bisbmemo
3HaueHHA @, =3,524 eB/aTrom, sike BimmoBimae mudysii aromir Al y
Ni;Al. IlepegexkCcIIOHEHTHUH MHOMKHUK B 000X BHIAAKAX MOXKHA Y3ATHU
mopaznky 1,5-102m%/ci1-1072 m?/c BigmoBigHO.

Bukonani o1iHKY IIOKa3yIOTh, II[0 YaCOBAa 3aJIEKHICTh, AKa CIIOCTEPi-
TaeThCA y BiAOOBiZHUX poOoTax, O iHTEHCHUBHOCTH AM(MPY3HOTO PO3Ci-
AHHA OB’ sI3aHa 3 Au(y3icio OLIBII «IIOBiIBLHO» Mirpyrooumx ioxis Ni,
AK1 mepeminryroTeea B «<armocdepi» 3 aromis Al, 1o afgisbaTuuHUM Yn-
HOM IiAJIagKyIOThcsa 3a aromamu Ni; Tak, mpu 573 K maemo:
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M (K) A2 (K)
A (k) ~ 23, (k)

<0,35.

Omxe, TaKi OIiHKM IIOKa3yioTh, 110 atromu Ni i Al nudyuayiors i3
CYTTEBO PiBHUMHU MIBUAKOCTAMU, i AJISI OI[iHHOTO OIKCY YaCOBOI 3ajerk-
HOCTU iHTEHCHUBHOCTH MOXKHA cKopucraTtucs dopmysoio (2.1). ¥V nsomy
BUIAIKY 1n|AI (k, t)| € JiHifHOIO (YHKI[i€I0 Yacy BiamaoBaHHS t, i
s3HaueHHA A, (k) 414 pisHEX Kk MOKHA OIiHIOBATH 3 €KCIIePUMEHTAJIb-
HUX 3HaueHb iHTeHcuBHOCTHU I(k,t) 3a Bupasom (2.1) 3a 1omomMoroio me-
TOogU HaiiMeHIINX KBajgparis. IIpu pospaxyHKax BeauduH Ay, (k) 3a xo-
IIOMOTOI0 MEeTOAM HAaNMEeHIIWX KBaJpaTiB OJHOYACHO IJs KOo:KHOro Kk
sHaxogarbcda Benuuunu I(k,0) #1 I(k,~). Berunuuna I(k,0) — iHTeH-
CUBHICTb IPU HYJIbOBOMY Yaci BinmamatoBanusd (¢ =0) Mae 0yTu 6,113bKOIO
o iHTEHCUBHOCTH, IO BiATIOBiZlae cTaHy 3arapTyBaHHA Bif 3aJaHOI Te-
mneparypu. Bemmuuna I(k,~) BiamoBizae piBHOBa:KHOMY 3HAUEHHIO
iaTeHCUBHOCTU (f=0cc). [I/1s1 po3paxyHKiB ycix mux BeauuuH (GopMyay
(2.1) 3pyuHO HmepenncaTy B HACTYITHOMY BUTJIAII

I(k,t) = I(k, ) + AI(k,0)e ?n®", (2.5)

Topxi Bemuunan A (k), I(k,~) & AI(k,0) = I(k,0) — I(k,) m1da Ko-
skHOTO k MOKHA 3HAMTH B pe3yabTaTi MiHimisanii pyukmionany:
neff 2
5 (g ), 10 ), AT, 0)) =~ 3 (127, ) — Ik, ) — ATk, 0)e " ),
j=1
(2.6)

me {I"*(k, t})} — eKcmepuMeHTaNbHi 3HaueHHs iHTeHCHBHOCTH; N —

YHCJIO Pi3HUX 3HAYEHb {¢;} uacy Bigmairy ¢.

Yepes Te, 1110 B gocaimxysanomy croni Ni—Al gudysii 060X KOMIIOHEH-
TiB BiIOyBalOThCS i3 CYTTEBO Pi3HUMU IMTBUAKOCTSIMU, BOHU 3IiMCHIOIOTh-
¢S B OCHOBHOMY Uepe3 BaKaHCilHi a00 MisKBYy3JIOBUHHI MexXxaHismu (3a pis-
HUMU cXeMaMu; OuB. 1I. 1.6), Xxoua JesAKnil BHECOK KiJIbIIeBOT0 MeXaHi3My
au@ysii 060X KOMIOHEHTiB, K1 Bif0OyBA€THCA 3 OAHAKOBOIO IITBUAKICTIO
IJIsI aTOMiB, ITTO OOMIiHIOIOTHLCS BY3JIaMU, Te)K He BUKJIOUueHuir). SIKImo
Iu@ysia mepedirae mo MiMKBY3JIAX, TO aTOM, 1110 ZUPYHIYE, B eIeMeHTap-
HOMY aKTi nu@yaii 3/1ificHIOE TepeCcKOK Ha BeJIUKY Bifmanab L B IOMIyKax
HaiOamKuoi Bakancii (L ~ac,'/?, a — mepioz rpaTaHIi, ¢ — KOHIIEHTpA-
Iid BakaHciit). ¥ npomy Bunagky @yp’e-KoMnoneHTa A, (k) mana 6 Haii-
6inbIne sHaUeHHS B 061acTi k < 1/L (=107-107% A™), To6T0 A2 Mamux k. I
HABIAKM, OLIBII INBAAKA PEJIAKCAIliA iHTEeHCHMBHOCTH Ipyu Hemaamx k
(ka=1) 3a meBHUX TeMIIepaTyp CBigumiaa 6 Ipo MaJIuii BHECOK MisKBY3JIO-
BUHHOTrO MexaHismy audysii aromis Niy rBepaomy posumui Ni—Al.

3 BenuuuH A, (k) pospaxoByooTsca @yp’e-opurinamm —A(r) , aKi, 9K
ITe B)Ke 3a3Hayajiocd, MalOTh CMHUCJI iMOBipHOCTEM mTepeckoKy atoma Ni y



CTATUCTNYHA TEPMOJIMHAMIKA TA ®ISUYHA KIHETUKA SMIH CTPYKTYPU 63

BY30JI I, III0 BiIOYBAETHCA B TI0JI€, CTBOPIOBAHOMY KOHIIEHTPAITiITHOIO He-
omHopimHicTio aTromiB Ni y «HysmboBOMYy» Byaii. OmiHIOBaHHS BEJIUYUH
—Ay; (k) BUKOHYeTbCA 3a METOJOI0 HAWMEHIINX KBaJApaTiB 3a BUPa30M
(2.2); nns iporo Bupas (2.2) 3pyv¥HO epemnrcaTy B r-mpoctopi [65, 66]:

~cl-c ,
A=Y A - Uy @), (2.7)
v k,T
e —Aﬁn(r —r’) — limoBipHicTh nepeckoky aroma Ni Ha Bigmaas r—r’' 3

By3Jia I’ ¥ BY30JI I': Yy; ni(r") — MOTEHIlisAI, CTBOPIOBAHU ¥ By3Ji r’ Haf-
auirkoM atomiB Niy «0»-Bysi.
Jda saranbHOr0o BUNagKy GyHKIIT \pa_ﬁ(r" —r”) BusHaueHno B[65]:
&’AF
”—conf’” , (2.8)
SPa (I' )SR} (I‘ ) P, (r")=c,=c

By (r"):cﬁ =l-c

\Ilog—[i (r” - r’”) =

me AF,,,; — KoudirypariinosanesxHa BilbHA eHeprisa cromy, Py (r”) —
MMOBipHiCTS 3HAWTH aTOM O ¥ BY3JIi r”, ¢4 =C — aTOMOBA YaCTKA KOMIIO-
HenTa 0. [[11s ineampHOr0 TBEPAOTO POUUHY W, (r” —1”) =y d .-, Me

v, = kT
" el-¢)’
81"1‘" — Kponexkepis cumBos. Bsarami-to, akmo aume —A (k) € Bigo-

MUMU, MOXKHA ouminuTu ix @yp’e-opurinanu {-A (R)}, axi npexacras-
JISI0Th HMOBipHOCTi cTPpUOKiB aTOMiB O/ 3a ogMHUIIO Yacy y By30Ja R 3i
BCiX OTOUYIOUUX BY3JIiB {R'} V IOJIi «IIOoTeHIiAny B3aeMouuny» y (R’).
ITpunycrumo, mo «morernianx» y (R’) mpu Bysai R’ cremeposano, ax-
10 MiKPOCKOIiUHA KOHIIEHTpAIlilfiHa HEOJHOPiJHiCTHL Mae Miclie, Ha-
MPUKJIAL, Uepes JOKaJisaIlio aToMa 00 ¥ «HYJIbOBOMY» («I[€HTPaJIbHO-
My») Bysai. Orske, y (R’) mpencraBise [Aiio MOJA «IIOTEHIIIAIY» uepes
KOHIIEHTpAIlifiHi HeoZHOPigHOCTI (TUIY OJM3BKOTO IOPAAKY) V Heigea-
JbHOMY cTolri. MaeMo izeanbHUY CTOI 3a BigcyTHOCTU Takol nii. Hames-
He A, (R) mna Bcaxoro R (B ToMy umMCIIi «HYyJIBOBOTO» BY37a) y KPUCTAJI-
yHijl rparHUni € nponopuiiiHoo Beim sHauenHsaMm {y, (R)}. Is sacrocy-
BaHHAM oOepHeHOro ®yp’e-nepersopy y R-mpoctip A (R) MoxHa 3amu-
caTu HacTyoHUM uyuHOM [97, 107]:

Aa (R) = % z Ag (R - R’)Woc (R/)’

B R’

e —Ag(R —R’) npexcrasise IMoBipHiCTL cTpuOKa aToma o (Y OAMHUIIIO
yacy) 3 Oyab-aKxoro Bysiaa R’y Bysou R B ifeansHOMY TBEPAOMY PO3YMHI,
IS AKOTO «IoTeHIiann» {y (R’)} KOpiBHIOIOTEH Y, (c — BiflHOCHA YacTKa
aTomiB copty o). S3HaueHHa Ay (R) 3amekaTh Bim B3aeMHOTO po3Tallry-
BaHHA BY3JIiB I'DATHUII JaHOI cHHTOHIiI, TOOTO Big HAOOPYy MOKJIUBUX
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pisxkauns {R - R’} masa koxmoro R. ¥V 0
BUIIAAKY KJAaCHYHOTO BaKaHCiHOTO
MexaHisMy audysii 6epyTh o0 yBaru

aTOMOBI CTPUOKM JINIIIe HA Bigmairi Mix
HalommxuuMu Bysjaamu (puc. 2.1).

Koau HeobOximHo mepeBipuTU MOMKJIN-

BicTh iHIIOro MexaHiszmy amdysii
(cxkaamuminti gudysitiui mpormecu), Mma-

€MO pO3IVIAfaTH MAeKijgbKa Habopis Q
smavenn: {A’(R-R))}> {AL(R-R;))

ta iH. Imgmexcu I, II Toio crocyoThbea
cTpubKiB y Bys3oa R 3 HalibamKkuux cy-

cigaix BysmiB {R]}, 3 HacTymHHX 3a
HabmxunMuy BysaiB {R;} i T.x. Taki

Mozedi B:ke Oyso posriasHyTo B [89,

97, 107]. B[97] 6yxo pospaxoBauo xa-  Puc. 2.1. AtomoBi cTpubKu y jga-
PaAKTepUCTUKHU CTPUOKIiB aToMiB Tinp- ~ HHUH By301 (CMyracThil Kpy:xe-
KM B MeXKax MHepHIoi KoopaAumHAIiMHOI YOK) 3 HANOIIKIIX B"YMiB_ (cipi
chepu B OITK-rpataumi. B [89] 6yno  KPyweukn)sITIK-rpaTaumi.
03HAUEHO JIUIIIe «aJbIOPUTM» BUBUEH-

Ha cTpubkiB y 'lIK-r'paTuui, ame py-

XJIMBOCTI He 0YJIO OI[iHEeHO.

Yenin 3a mpareio [107] mpunycTuMo HACTyIIHe: HO-IepIile, Hexam
Yo(R’) € HEeHY/ILOBOIO (DYHKIli€I0 JiMIlle B MeKaX IIeCTH KOOpPAMHAIiil-
HUX c(hep HaBKOJO «HYJHOBOI'O» BY3Jia; IO-APyre, MMOBipHiCTH aToMoO-
BOTr0O CTpuOKa Mae HEeHYJIbOBi 3HAUEHHS JIUIINE AJA ABOX KOOPIMHAIiH-
HuX cep. Toxi moxxkHa 3anucaTu:

. Oh
O
. S
. N
. . PN
. Ly . N
7 - = PEE
~< s /- < -7 - N
FCIN A AN N
S 2@ N . . A
e ~<__ "\ /.- <o
e N\ -

. TN S - PP¥;
-~ P X - -7
o . S .
N ~ -7 8 PP g
N - AR N - AN
A I . S~
N . S . .
N . < ,
N N .
. N ,
NN 2 .
RN . S ,
N . .
. N

AN0)=A, 20, A2(R)=A° %0, A (R,)=A); #0,
v, (0)=w,, #0, v, (R)=v,; #0, V,(By) =V, #0, W, (Ry) =Yy # O,
Wa(RIV) =VYouy # 0, \Va(RV) =Wy # 0, Wa(RVI) =Wt # 0,

ne R;, R romro € paxgitocamu 1-i, 2-1i T.1. KoopauHaliiHux cdrep Bigmo-
BimHo (iHImi #imMoBipHOCTI Agm , Agw TOIIO Ta 3HAUEHHS <«IIOTEHIiAIb-
HOI» QYHKIIT Yoy, Yoy TOIIO JOPiBHIOIOTH HYJIO). [lyig BU3HAYEHOCTH
IPUIYCTHUMO, II10 aTOM O JoKaaisdyeTrbea y «0»-Byauai (3 R=0). Toxi mo-
JKHa samucaTu(auB. Takox [89, 107]):

A, (R,(000)) = 12A, ["’ul } +6Ay, {h} +A°, [h}
WO WO Wo

A, (RI(110)) = 4N |:W°‘I } +2A2 {M} + A% |:\|10¢III :| +
WO \lf() 0
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+4AY, {—W‘ﬂ" } +2A%, {W“I } + A%, P"ﬂ } +AY {M} ,
Wo Wo WO WO

A, (R;(200)) = 4A?, |:\U“I :| +4AY |:M:| + A%, |:W0NI :| +
v

0 0 0

-

+4A° {Wmn :| + A, {thn } + A%, {M
0 Yo Yo |

A (Ry(211)) = 247, {h} + AL {—"’“H } +2A% {—"’“IH +2A%, {—“’MV } +
v

0 0 (U 0

+Agl |:W0(V :| + Agn |:\|Iod :| + 2A2H WQIV :| + Ago WaIV :| ,
0 0 L WO L WO

A, (R, (220)) =
= A% |:&:| +4A°, |:Wodv :| +2A°, |:Wa11 +2A°, [\Vw :| + A, |:W0cIH :| ,
v v

0 0 0 | 0 WO

A, (Ry(310)) =

= Agl [h}‘FAgI {Wuln}_'_/\gl |:\|I(XIV:|+A(;I {WuVIi|+AgH |:\|Iocl:|’
Yo Yo Yo Yo Yo

P PR O R
v v Yo

0 0

A, (Ryy(321)) = A, [M} + A%, {M} + A%, [—"’W } + A%, {_“’aw }
1\

0 Yo Yo Yo

A, (RVIH(400)) = 4A {M} + A%, {“\I;H } )
0 0

Tyt (Imn) gna Ay(R,(Imn)) 3agaioTh KOOPAUHATHA BY3JiB y 3BUYANHIN
Is Ky6iuHOI I'paTHUIII cucTeMi 3 TpaHcaANiiHuMHU BeKTopamu [100],
[010], [001] B3moB:x HanpaMKiB oceit Ox, Oy, Oz BinnmoBigHO (MaOTHCH
Ha yBaasi koopauHaTu (Imn) y ofuHULIAX ay/2, ae a, — napamerep I'lTK-
I'PATHUILI). —Ago — IIe UMOBipHIicTh (Y OAMHUINIO YACy) IJIA aToMa O 3a-
JINIIUTUCH y BULIJIIEHOMY BY3JIi; oo — SHAUEHHS «IIOTEHIiSATBbHOI» QY-
HKIiI y «HyJabOBOMY» By3Ji. 3HaueHHS Ay(R,(Imn)) oduncioooTbesa de-
pes obepHeHuit Pyp’e-nmepeTsip 3HAUEHD Ao(K), AKX MOYKHA OIIHATHA HaA
OCHOBi KiHeTHYHOTro MoAe 0 (Hampukiaan, (2.1)) 3 BUKOpuUCTaHHAM Ha-
SBHUX eKcIlepuMeHTaJdbHuX gauux aaa crouny [TIK-Ni—-Al. ®yp’e-
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opuriman #WMOBipHOCTM s aToMma BceTpubHyTu y Byzonm R TIIK-
I'PATHUIIL € HACTYITHNIM:

A,(R)=K(mn) Z A, (B kyk,) cos(2mk,l) cos(2mk,m) cos(2mk,n),
Fykeykey

Ie K — reomerpuuyHuii KoedimieHT, 1o 3anexuthb Big R(Imn). 3a iimoBi-
PHOCTAMU aTOMOBHUX CTPHUOKiB MOKHA PO3paxXyBaTH MaKPOCKOMIUHI au-
dysifiai xapaKTepuCTUKM, TOOTO KoedimienTu mudysii i camommdysii
«IIOBiJIBHMX » MOHIB .. [[0BroxBMILOBUY I'PAHUYHUI IIEPEXi Bix AUCKpe-
THOTO MiI'paliifHOT0 IPOIleCy A0 KOHTHHYAJbLHOTO IIePEeHeCeHH MOPAI 3
OPUIYINEeHHAM IIPO PiBHOMMOBiIpHiI aTOMOBiI CTPpHOKM Y BY3JH B MeKax
onHiel ¥ Tiel K KoopamHaIliiiHOI cepu (BiIHOCHO «HYJIHOBOTO» BY3Jia)
OPU3BOLAATL OO0 QOPMYJa AJIaA AuGY3iAHUX PYXJIUBOCTEH Y imeaJbHOMY
(D;) iHeigeambuOMY (D,) KyOiuHUX podumHax [56, 89, 97] (muB. gami):

oo

D, = _%iAg(Rn)Ron’ D, = _%ZAQ (Rn)RjZn’
- n=I

(Z,, — xoopauHaIliiiHe Y1CJI0 N-1 KoopAnHAaIliiiHoi cepu pagirocom R,).

Besnuunan —A,;(r) Bsarani-To HEMOHOTOHHO 3MiHIOIOTHCH 3i 301L/IbIIIEH-
HSIM pajioca KOOPAUHAIIHHOI cepu, i BOHN MOMKYTh OYTH BeITUKUMU JJIs
pany. dx moxxHa OOIPyHTYBaTH TaKuii ixHil xapakTep? 3 Bupasy (2.7) i
3po0JIeHNX IIPUOYIINEHb IIPO Af\ﬁ(R —R) BummBae, IO HMOBIpHICTBH
—A,, (r) MiKBy3JI0BOr0 IepeckoKy aToma Niy By30JI r i3 CyCiIHIX 3 HUM By-
3JiB r' y moJi, cTBOpoBaHOMY Haiauiinkom atromiB Ni y «HyJIi», BU3HaUa-
€ThCA 3HAUEHHAM I[bOT'0 II0JIs Y By3JIi r'. Bona Oyze Bullle B TUX BY3JIaX I, Y
AKUX ToJIoKeHHs aTroMa Ni Oye eHepreTuuHo O1JIBIIT BUTiTHUM, aHisK Y Cy-
ciguix Bysmax r'. OTsxe, iMoBipHicTs cTpubKa aroma Ni y BysJi r 3 ioro
HAMOIIMKIOT0 OTOUCHHS Mae-TaKM HOCHUTH HEMOHOTOHHMUII xapakTtep. A
CKJIaJHA KapTHHA Mi’KBY3JIOBIX IIEPECKOKIB B eJleMeHTapHUX aKkTax Audy-
3ii BUBHAUAETHCA XapakTepoM OJIN3bKOT0 IOPANKY, a, OT:Ke, i XapaKTepoM
MisKaToMOBOI B3aeMomii. XapaKTepHCTHKOIO MizKaTOMOBOI B3a€MOJii B Ta-
KoMy pasi € pyHKIia y,, \,(r"). Y Bupasi Tuny (2.2) mixaTomoBa B3aeMo-
Iig xapakTepusyeTbcd GyHKIiE€0 @ (k). [a1a ifeaspHOr0 TBEpJOro pos-
unny Ay (k) = A (k) , a Bei Bemmuuan Yy, o, (r)) ama 6yap-axux r' (kpim
r’ = 0) TOTO’XHO JOPiBHIOIOTH HYJIIO; He JOPiBHIOIOTEL HYJIO JIUIIe BeJINdH-
HE Ay (R,(000)) = Agor A (R,(110)) = N> Ay (R;(200)) = Agy -

B:ke sasmavasiocs, 1110 BUBUEHHS YaCOBOI 3aJI€KHOCTH O0JIU3BKOTO II0-
PAIKY ¥ iHTEHCUBHOCTU AU(PY3HOTO PO3CiAHHA, OB’ SI3aHOT0O 3 OJM3b-
KUM IIOPAIKOM, YMOMKJIHUBJIIIOE OIIiHUTH He JINIIle HIMOBIPHOCTI IIepecKo-
KiB aTOMiB B eJleMeHTapHUX aKTax Au(ysii, aje TakoK BUSHAYUTH MaK-
pockomiuni gudysiini xapakTepucTuku — KoedimienTu gudysii i ca-
monmysii. ¥ pobori [66] Oysi0 moKasaHo, 110 KOHTUHYAJILHUM aHAJO-
rom Bupasy (2.2) maa Ay(k) € Japxenosa ¢opmyna [68]:
Dy, = Dy, (1+dlnyy /dIncy), me Dy;, Dy, iy — Koedinienru audysii,
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camoaugysii # aktuBHOcT Ni BimmoBimuo. Ilepexim 10 KOHTHHYYMY
3IifiCHIOETHCA Uepes aCUMIITOTHUYHI piBHOCTI, cayinHi 3a maaux k:

Ay (K) = Dy k%, A% (K) = DLE?, §y (k) =dInyy,/dlnc, . (2.9)

Bupasu (2.9) BCTaHOBJIIOIOTS 3B’ A30K Mik BenuduHamu Ayg;(k) i Ay, (k)
Ta Koedimienramu audysii # camomupdysii. ¥ cBoO uepry, BeJIUUYUHU
Ai(K) o1 Heimea bHOrO TBEPZOTO PO3UMHY 3B’dA3aHi 3 AMOBipHOCTAMM
MiKBY3JI0BUX IEPECKOKIB —A (r) :

a0 =2 2, A (1-e™%), (2.10)
ze |r,|=r, — pazitoc n-i KoopauHauiinoi cepu. [l1s ogepexants (2.10)
BUKOpuCTaHO yMOBY [65] Tuny Ay, (k = 0) = 0. PosBuHeHHs e ™ B pax

i oOMexeHHA y BUIIAAKY MaInxX K TphoMa mepInumMu JoSaHKAME JA€:
1 e
Ay (k) = —an=I A’ Z B . (2.11)

IlopiBHuiorounm Bupas (2.11) 3 (2.9), sanumemo Bupas Iia KoedilieHTa
Iu@ysii Dy;:

D = —%ZANi(rn)ern. (2.12)

A imeambHOTO TBEpAOTO po3umMHY (Y TpamulliiHOMy HAOJIMMKeHHI
CTOCOBHO epecKoky aToma Ni smirie Ha HalOIMKIY Biggaab ry) MaeMo:

Ra(k) = =A% ()Y (1-e ™). (2.13)
3Bixcu ogeprryeMo opmyry A koedinienra camogudysii Dy

D}y = -5 L(DIZ,. (2.14)

ITpu oxmep:xanmui pisaans (2.12) 1 (2.14) BpaxoBaHO Ty 00CTaBUHY, IO
IepecKOKH B PisHIi By3Ju, IO HAJEKATh OO OAHiel ¥ Tiel K KOOpAuMHA-
mitHO1 cepu, € piBHOUIMOBipHUMU. {151 KpucTasiB 3 KyOiuHOIO I'paT-
HUIIEIO I YMOBA 3aB:KI1 BUKOHYEThCA. Bupasu (2.12) i (2.14) moxxHa
BUKOPUCTOBYBATH IJIS OI[iHIOBAHHA KoedimieHTiB audysii it camogudy-
3ii HiKJI0 3HAYEHHS BeJIWUUH A (r)i AY,(r) = Ay, . Ha oxanp, y gitepa-
Typi € oOMaJIb BiJjoMOCTeH IIPo BeJINUNHY Koedimienra audysii i1 eHeprii
axtuBaitii gudysii Ni gaa crony I'ITK-Ni—Al. Taki mani € gas cromis,
0M3bKUX 3a cKaagoMm a0 NizAl (aus. Tabu. 1.1, puc. 1.11).

Omxe, DOCIIIKYIOUMN pejlaKkcalliio OJM3bKOT0 IOPAIKY 3a YaCOBOIO 3a-
JIE}KHICTIO iIHTeHCUBHOCTHY TU(PY3HOTO PO3CIAHHA MOHOKPUCTAJIOM TBEPIO-
T'0 PO3UMHY, MOKHA OeP:KaTH XapaKTEePUCTUKY eJIeMeHTAPHUX aKTiB Ju-
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(ysii (IMOBipHICTE MiKBY3JIOBUX IIEPECKOKiB), 3’ACyBaTH MeXaHidM IU-
¢ysii i BusHaunT KoedimienTn audysii i camoaudysii aromis Ni. Ciix
3BepHYTH yBAry Ha Ty O0CTAaBUHY, III0 TaKMWH cIoci0, Ha BiAMiHY Bin 0iIb-
IIOCTH HAaABHUX METOJ, YMOKJINBIIIOE BUBHAUATU KoeimienTn nudysii 3a
MIOPiBHAHO HUBBLKUX TEMIEPaTyp, TOOTO B yMOBaX 3araJbMOBaHOl Au(ysii.
Y 3BHMUallHO BMKOPHCTOBYBAHUX MeTojmaxXx KoedimieHTn amdysii 3MiHIO-
IOTBCS 3a BiTHOCHO BHCOKUX TEMIIEPaTyp, KOJU IIBUIKICTH IIPOIlecy Io-
cuThb Beuka. OcTaHHE TTOB’ A3aHe 3 TUM, ITT0 MipsaHHA KoedimienTa nudysii
y 3BUYaHUX YMOBaX BUMarae IepeHeceHHs PeUOBNHY Ha BiJHOCHO OiIbIITi
Bigmasi (mopiBHAHHI 3 posmipom 3paska). HaBmakm, ommcammii criocid
C. B. CemeHOBCHKOI He BUMArae BUCOKUX IIBUAKOCTel audysii, Tomy 1110
Ipollect MepeHeceHHs Bi0yBaIOThCA Ha BifalsaxX, MOPiBHAHHUX 3 MidKBY-
3JIOBUMU. 3 Ili€l MPUUYWHU, MipAHHA KiHeTHUYHUX KoedilieHTiB MeTom010
Iny3HOTO PO3CIIHHA MOKYTH BUKOHYBATHCA 3a HUSLKUX TeMIIepaTyp.
CyTTeBOIO OCODJIMBICTIO € TAKOXK Te, IO AUPYIiliHI XapaKTepUCTUKI, OJe-
pKyBaHi MeTom0I0 N1 y3HOTO PO3CIAHHA, OMUCYIOTh 06’ eMuY Audysito. Ile
00yMOBJIeHE THM, ITI0 iHTEHCUBHICTb MU(PY3HOTO POICIAHHSA € IPOIIOPITiii-
HOIO 00’€My MOHOKPUCTAJY, II[0 OIPOMiHIOEThECSA. ToMy pPO3CisHHSA HA Me-
JKax cybs3epeH Ta iHIIX AedeKTaX CTPYKTYPHU IPAKTUUHO He BILJIMBAE HaA
cyMapHe pPO3CigHHsA, 00yMOBJIeHe OJMM3bKUM mopsaakoM. 1ls obcTaBuma €
icToTHOIO, TOMY ITI0 IPM MipAHHI KoedilieHTiB Audysii sBuyaiinHuMm mMe-
TOOAMM iCTOTHHUI, a YaCTO ¥ OCHOBHMY BHECOK Yy BHMipIOBaHi BEJIMUYNHU,
BHOCUTD Inysida 110 MerKax 3epeH, AMCIOKaIliAX Ta inmmux gegexrax. To-
My 3a3BUYAall Mg BUBUEHHA KoedilieHTa 06’emuoi audysii € moTpioHMM
CTBOPEHHS CIIEI[iAJTbHUX eKCIIePUMEHTAIbHIX YMOB. ¥ ONMCaHill MeToau-
ITi € HeIIOTPiOHOIO CKJIAAHA HMPOoIleAypa BUAIIEHHA TelIoBoro i KoMmmTono-
BOT'O PO3CiAHHs (Ta I mepeBeieHHA iHTeHCUBHOCTHU B €JIEKTPOHHI OTMHUITI ).

3 Bupagis (2.2), (2.10) i (2.13) Takok BUILINBAE, III0 B TOMY BUIIAIKY,
KOJIM MiyKBY3JIOBi IIepeCKOKHU 3MiliCHIOIOThCA JIMIIe HA HaMOIMKUL Bif-
Iaji, BeauunHa Ao(K) € mpsamMo mpomopIiiHo MMOBIPHOCTI IIEePEeCKOKY
—A?\H(r) = —7\,%.11 . OGepemo 3BUUaiiHe MMPUNYIIEHHSA IIPO Te, IO MMOBIp-
HICTh IIEPECKOKY —kgﬂ 3aJI€KUTh BiJ] TeMIlepaTypu €KCIOHEeHI[iHHuM
YMHOM depe3 (PaKTop exp{—Qy, / (k;T)} , ne Qx; — eHepria akTuBaIii mi-
JKBY3JIOBOT'O IIEPECKOKY Ha HAMOIMKUY Biggaas r;. AKIIo excoepuMeH-
TaJbHI JaHi CTOCOBHO 3aJIesKHOCTH Ay;(K) Bix k Hemorano onmcyoTsesa B
paMKax IMPUOYINEeHHA IIPO Te, IO peaJibHi MepPecKOK! aToMa 3miMCHIO-
IOThCSA JIUIIIe Ha HANOJMKUY Bigmaas r;, TO MOMKHA BBAyKaTH, 1[0 TeMIIe-
paTypHA 3aIeKHICTD Ay;(K) TakoK BupaskaeTbCa GOPMYIOI0:

A (k) = Ay (k) exp{-— Q, (k) /(E,T)}, (2.15)

e XNi(k) — aHaJIOT IIEPeIeKCIIOHEHTHOTO MHOMKHUKA y 3BUYAHOMY
Koedimienri mudysii. Ockinpxum 3a manux k, srizmo 3 [65, 66],
XN.i k) = DN'i.I'sz2 (2.9), To AcHO, ITI0 TeMIIepaTypHa SaJ'Ie)RHiCTb Koediirie-
HTiB n1udysii Dy; BUBHAUAETHCA TAK CAMO €KCIIOHEHITINHIM MHOXKHUKOM
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exp{— Qy; (k)/(k;T)} . Oroxe, Benmunna Qy; y Bupasi (2.15) aiiicHo € eHep-
riero akrmBaIii gugysii, mpuvim, ciig ouikyBaTH, 110, SKITO BeJUYMHA
Qy; IPAKTUYHO He 3aJIeKUTh Bix K, To 1e 03HAauae, 1110 peasbHi IepecKo-
KM aTOMiB JificCHO 3iMCHIOIOTHLCA TIMIBKM Ha HAMOMMMKYY Bigmaab I, a
AKINO Hi, TO eHepria axkTusamii @Qy;, sHalimzena 3 Ay(K) 3a popmysioo
(2.15), Mmae cyTTEBO 3aI€KaTH BiJ XBUJIBOBOTO BEKTOPA.

IIlomo BuBUeHHS pesakcallii 0Ju3bKOro IMOPAIKY 3a TeMIIepaTryp, Koau
penaxcarlia Big0yBaeThbcA uepes Au@ysito «moBinbHiMmMMX» foHiB Ni, Mae-
MO BpPaxOBYBAaTH Te, III0 CTOCOBHO OLJbII «IIBUIKKUX» HOHIB Al Oyab-aka
aToMoBa KOH(irypairis 3a HeMaJuX TeMIIePaTyp € KBas3sUPiBHOBAKHOIO.
s BUBUEHHS IIePecKOKiB foHiB Al Tpeba mociIigKyBaTu €BOJIIOIiI0 OJIH-
3bKOTO0 MIOPAIKY 3a HabaraTo HM:KUYMX TeMieparyp. OnHak 3a TaKUX HU3b-
Kux TeMieparyp audysia fioHis Ni mpaxTuumo He BigOyBaeTbcs, i TOMY
JOCATHEHHSA PiBHOBAaYKHOT'O PO3MIOiNY HOHIB IT0 By3Jax I'PaTHUILL BUABJIA-
€Thca HeMoKJIuBuM. CJIig MaTy Ha yBasi, 1110 B IIbOMY BUHAAKY YacoBa 3a-
JIe}KHICTh IHTEHCUBHOCTY BiKe He OIICyeThes hopmyJioio (2.1) (mus. [66]).

PosriisremMo MOMKJIMBOCTI CIIOCTEpPeKeHHS HeOTHOPiMTHOCTEH CKJIAy B
cromax Ni—Al. s 115010 IPUIYCTHUMO, III0 B XOi BiANaJIIOBAHHSA OIHO-
yacHO HAYyTL [OBa mporecu. Ilepmmwmii mpoliec, OLMBINT MIBUAKMIIA,
OB’ I3aHUH 13 yCTATEHHAM PiBHOBAKHOTO OJIMB3BLKOr0 MOPAAKY I mmepebi-
rae 3aBIAKU Au@ysii aToMiB Ha Bifgasi MopAaKy MiKBy3Ja0Bux. [pyruit
mporiec, OiNbIN MOBiILHMII, OB A3aHUM 3 Audysicio aToMiB Ha Bigmai,
o HabaraTo IIepeBUINYIOTh Mi’KBY3JIOBi, i TOMY BiH pPO3BHBAETLCA 3a
OinbIn TpuBaIMil yac. 3i 30iJILIIIEHHAM Yacy BiAMaIOBAHHSA APYTHHA IPO-
Iec MOYMHAE IIPEBATIOBATH HAJ IIPOITECOM YCTAJEeHHS PiBHOBAasKHOIO OJIH-
3BKOT0 IIOPAAKY I Yy pe3yJIbTaTi CIoCTepiracThbcAa KapTUHA CIaly iHTeHCH-
BHOCTU nu(py3HOTO poscianud. [[udysiiini mepemimienua aTromiB Ha 6iab-
IIi BigmaJri MOKHA BigHECTH O IPOIlecy YTBOPEHHS B CTOIIL KOHIIEHTpPA-
MiHUX HEeOTHOPigZHOCTEH, SKUH AJISA OZHO(pA3HOTO TBEPAOrO PO3UMHY J0-
KJIagHo posraanascsa B 1. 1.2. TaMm ke 3asHauagocs, 1[0 aHAJOTIUHI mpo-
Iecu OyJIy BUSABJIEHI 3a JOIIOMOT'0OI0 BUBUEHHS YACOBOI €BOJIIOIiI 0JIM3BKO-
ro MMOPAAKY B IIPOIleci i3oTepMiuHOro BiAmaay, KOJIM cIlocTepirajaca He-
MOHOTOHHA 3aJIeKHICTL mMapaMeTpiB OJM3LKOr0 MOPAAKY BiJ uacy Bimma-
goBaHHA. IIpu TpuBajsoMy daci BiAIIamiOBaHHS CIOCTEPIracTbCcsA 3MEH-
IIeHHA iHTeHCUBHOCTU M Y3HOTO PO3CiAHHA, TOB’A3AHOr0 i3 OJIU3bLKUM
mopaaKkoM. ¥ po6oTi [26] 6ysio mokasano (gus. 1. 1.2), 1110 110 3MiHy iHTe-
HCUBHOCTU MOJKHA TOSCHUTH YTBOPEHHAM Yy CTOIIi APiOGHMX cerperaii
crjaany — K-crany, 1o IPOABISIETLCA Y aHOMAIHLHOMY 301JIbIITEHH] eJIeK-
TPOOIIOPY IIPM HMU3bKOTEMIIEpaTypHOMY Biamnasi. HaliBa:kauBiITy poJb y
TepMOAMHAMIIli yTBopeHHsaA K-cTamy BimirpaioTh HaAJWIIIKOBI BaKaHCII,
IIT0 BUHUKAIOTHh B IpOIlecax 3arapTyBaHHA abo medopmarrii, axi saBxau
mepenyooTh HU3LKOTeMIepaTypHoMy Bimmamy. Ilpupomy K-cramy O6yJio
BCTaHOBJIEHO B poboTax [21]. 3a ZOITOMOT0I0 METOAM TEMHOIOJILOBOI JU(-
PaKIifiHOI eJIeKTPOHHOI MiKpocKomii Oyso 1mokasaHo, 110 K-cTan
OB’ A3aHUN 3 YTBOPOM OJHOPiMHOrO PO3MOALNY APiOHOAMCIIEPCHUX Uac-
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TUHOK YIIOPAAKOBaHOI (pasu B MATPHUI[I TBEPAOrO PO3UMHY. ¥ BHUMIAIKY
croris Ni—Al Taxor BIOPAZKOBAHOIO (Pa3oro € pasa 3 JaJeKNM aTOMOBUM
nopagkoM tumy Ll1,. ¥V pisHMX JOCTiIKeHHSIX HaBeOeHO Pi3Huil po3Mip
JaCTUHOK Takoi asm: 5—15 A, >10 A, ~20-30 A, ~10-20 A, 70 A Tomo.
Ot:xe, 1100 3B’A3aTH CIIOCTEPEKYyBaHe 3MEHIIIeHHA iHTeHCUBHOCTH 3
yTBOpoM K-cTaHy, HEOOXiqHO, 11100 V JOCIiA:KyBAaHOMY CTOIIi Oy IIpU-
CYTHi HAIJIUMIKOBi BakaHcii. OQueBMIHO, IIe Ma€ MicIlle, OCKLIbKY mepes
MOYaTKOM HH3bLKOTEMIIepPaTypPHOrO BiAIIaJy CTOI BiAHaIOETHCS TPU
0inbI BUCOKiiT TeMIepaTypi (YIIPOIOBIK MEKiJIbKOX TOMNH), a IOTIiM pi-
3KO0 rapTyeThes (Y Boay). SIKIMO MOPiBHATHY IIeH perKuM TepMOOOpPOOKY 3
TUMU peKuMaMU, IKi BUKOPUCTOBYIOTHCSA 3a3BUYaM IJd NPUAYIIIEeHHI
K-cTany i, HaBIaxu, AJd HOr0 YTBOPEHHA, TO, 0€3YMOBHO, MOYKHA BBa-
JKaTH, IO CTOII MiCTUTD IKYCh K1JIbKiCTh HAAJIUIITKOBUX BaKaHCIH.
Posrasamemo cmocib omiHioBaHHA 3MeHITeHHS iHTeHCUBHOCTHY TU(Y3HO-
ro poscisHHA mobamusy Touku k*=21(100) 06epHEHOT0 IPOCTOPY, IO CIIO-
CTepiraeThCcs IIPU TPUBAJIUX BimmanaioBanHaX. IIpumrycTumo, 1o 115 3MiHa
iHTeHCHMBHOCTHU HiliCHO OB’ fA3aHa 3 YTBOPeHHAM K-cTamy, ToOTO ApiOHMX
YAaCTUHOK YIIOPAIKOBAaHOI pas3u, piBHOMiPHO pO3IoaijieHuX Y (He)yImopsa-
KoBaHill MaTpuili (YTBOPEHHsS YACTHHOK YHOPSAAKOBaHOI (hasu IpHU3BO-
IUTH 70 30iAHiHHA MaTpuIli). SIKIo XxapakTepHUIi Yac YTBOPEHH ITUX Ya-
CTUHOK JOPiBHIOE T, TO, BUKOPUCTOBYIOUN 3HAYEHHS I[LOT'0 Yacy T i CIIiB-
BigHomeHnHa: L = /6D ,T , MOHa OLIHUTH PO3Mip L YaCTUHOK, [0 yTBO-
PIOIOTHCA. A TTOBHA iHTEHCUBHICTE M1(hy3HOT'0 i KOTePEeHTHOTr'0 PO3CiTHHSA B
rourti (001) mopiBHIOE cyMi iHTEHCHBHOCTY PO3CiAHHSA 30iJHEHOI0 MaTpPHU-
el M iHTEHCWBHOCTU PO3CITHHS XaOTUYHO PO3IOMiJIEHOI CHCTEMOIO
BIIOPAIKOBAHUX YACTHUHOK (3 «BAarOBUM BHECKOM» V), ToOTO (auB. (1.25)):

2
(1—v)+'1]—gnv , (2.16)

~ B3 -1

IB+k)=N(f, - 1) 1 ok)
cn(l=c,) BT

Je 1, — IapamMeTep JaJeKOro IOPALKY, IO BU3HAUYA€ iHTeHCUBHICTH
HaJCTPYKTypHOro pediekcy B Tourni k* (qus. [13]), n — uucio aTomiB B
omuitt yactuumi. (B (2.30) HexXTyeMo KopesdAIlieio map aToMiB, OOUH 3
AKUX mepebyBae B UACTUHII, a iHIIKWH — y MaTPHUILi; IiJCTaBOIO IJIs
IIBOT'0 € Ta o0CTaBUHA, II10, BiAmoBigHO M0 Teopii K-crany [26], uacTum-
KU HEeKOTE€PEeHTHUM UNHOM 3’ € THYIOThCA 3 MATPUIIEIO.)

Hacamkimens migposainay 3asaauuMo, 1110 B po6oTi [289] crommuz Ni—Al
38,2T1al1l,3 ar.% Al 6y10 06p00I€HO0 3217151 CTBOPEeHHs K -cTaHy pisHo-
T'O CTYIIEHd i ITOTiM JOCIiAKeHOo i3 3acTOCYBaHHAM AU(PY3HOTO PO3CiAH-
HsA PeHTT'eHOBUX IPOMEHIB, MAJIOKYTOBOTO PO3CiAHHA, pe3UCTOMETPii Ta
eJeKTPoHHOI MiKkpockomii. PesyabTaTu mokasasu, 1o OyIiMToO ABHUIIE
K-cTany MOXKHA IIOACHUTU Pi3HUMHU CTPYKTYPHUMU CTaHAMU Y IBOX IO-
CAIMKeHUX cTomax. AHoMAaJbHE 3POCTAHHSA €JIeKTPOOIIOpPYy CTomy 3 8,2
ar.% Al, 1o mpeacTaBasae cKIAIU 3 00JIaCTU TBEPANX PO3UUHIB, € O3HA-



CTATUCTMNYHA TEPMOJIMHAMIKA TA ®ISTYHA KIHETUKA SMIH CTPYKTYPU 71

Koo K-cTaHy i MOACHIOEThCA JIKIIIE ITepedya0BoI0 OJIU3LKOT0 MOPALKY.
Asume K-crany B cromi 3 11,3 ar.% , AKMi HAJIEKUTE ZBO(PAa30Biii 00J1a-
cTi migarpamMu piBHOBar (pas, IOSCHIOETLCHA, IIO-IIEPINe, 30HAMU TiEbe—
IIpectrona, a mo-gpyre, 61u3bKuM mopagkoM. OTixe, BasKJIMBA BJIACTU-
BicThb, IO XxapakTepusye K-cTaH, — MIiABUINEHHS eJEeKTPOOHOpy, —
CIIPUUYUHAETHCA JBOMAa PiBHUMU CTPYKTypHUMU 3Minamu. Ileil pesyab-
TaT MiATBEPKYE TOUKY 30py IIPO Te, 110, IOIpH Te, o K-edeKT €, He-
Mae YHiKaJbHOI CTPYKTYPH, AKi# BignoBizae moHATTA 1Tpo K-cTaH.

2.2, Kinetnuni mapamerpu mirpamii atomis i pemakcaiii po3cigHasg
pisnoro tTuny xBuab y cromi I'ITK-Ni—Al, ujo BmopaakoByeTnses

Bimapuwuii cron Ni—Al, npuHaiiMHui, y BysbKOMY iHTepBaJi KOHIIEHTpA-
it mobausy ckiaany NisAl Moske OyTHU BIIOPSIIKOBAHUM 34 CTPYKTYPHUM
Tuniom L1, mHa ocHoBi I'lIK-rpaTHuUIi a’X M0 TeMIepaTypu TOIJIEHHS
(=1636-1658 K) (zusB. [290] i 6i6iorpadito Tam). HocmigxerHa Kine-
TUKHU BIOPAAKYBAHHA TaKkoi (He)cTexXioMeTPUUHOI KPUCTAIIUHOI CIIOTY-
KU CTAHOBUTH iHTepec AJA PO3B’A3KY IpobaeMu cTabiIbHOCTH CTPYKTY -
pu HOT0 B YyMOBaxX BHCOKOTEeMIIEpATyPHOTO HAarpiBaHHA, OCKiIbKY hasu
tuny L1,-Niz;Al € ocHOBOIO cyuacHuX KapoMmimuaux marepisiis [291], a
TOKPUTTSA Ha IXHill 0OCHOBI MalOTh BUCOKY KaTaJIiITUUYHY aKTUBHICTh.

Y sarampHOMY BHUIIAAKY PO3POOKa MoAesi PisuuHOl KiHeTUKH aTOMO-
BOro mepepoanoniny (i o0ymoBJiieHOI HMM pejakcariii Tmx abo iHImx
BJIACTHBOCTEIT) Ha OCHOBI BiKe PO3BUHEHOI'0 MiKPOCKOITiYHOTO IiIX0y IO
OIMCY KiHEeTUKM pesaKcallii 6,IM3bKOro i JaJeKOro aTOMOBUX IOPAAKIB Y
nrinbHOBHIaKoBaHUX ['I[K-cTomax saMimieHHa YMOMKJIWBIIIOE BU3HAUNTHU
MiKpocKomiuHi (IMOBipHOCTI eleMeHTapHUX CTPUOKIB aTOMiB IIpu HaAB-
HocTi abo BimcyTHOCTI MiKaTOMOBUX KOpeJAIliil) i MakpocKomiuHi (koe-
dimienTn nudysii i camogudysii) mapamerpu mirparii aTtomiB y TaKux
CTOIIaX, a TAKOYK €HepPreTHUYHi mapaMeTpPH B3a€MOJil aTroMiB. ¥ JaHOMY
orzsazi me Oyae mpopobiaeno Ha npukaani croais I'ITK-Ni—Al, ski soops-
IKOBYIOTHCA Y BiIITOBiAHOCTI 31 CTPpYKTYpHUM THIIOM L1,.

BaxxsamBo mam’saTaTu, 110 B CTOII 3aMillleHHA PiBHOBAXKHUU KOOPAHU-
HaAIiMHUH («PamgiaIbHUN» + «KYTOBUI» ) JaJIeKU TOPATOK YTBOPIOETHCS
He IIIBUAIIE, aHiK OMu3bKUi («pamianbHUii» ). @aKTUUHO mepminil Gop-
MYETBCS 3a PAXYHOK PO3BUTKY HOMITHHX KOPEJAIIN AK y PO3MiIeHHi
pisHOIIMEHHMX HOHIB B yCixX OLIBII BigmageHMX KOOPAMHAIIHHUX cde-
pax, Tak i B opieHTaIisax «3B’aA3KiB» MixK HuMu. Ilei mporec BimbyBaeTh-
cd, 30KpeMa, 3a IMMOPiBHAHO HU3bKOCHEPTeTUYHUMY TEPMiUHO aKTHBOBA-
HUMHU («Hambap’epHUMMU») AUPYIIHHUMHU MeXaHisMaMHu B3a€MOOOMiHY
MicIIIMU PO3TaIllyBaHHA HMOHIB 3aMilleHHs Ta/abo mirparii «cBoimm»
MAIPaTHUILSIMA YMOBHO «IIIBUAKUX» OHIB Al (Hampukjaz, 3 pagirocom
0,057 (0,051) am y Al**, a 3a igmmumu gasumu — 0,053 uM, 0,062 HM,
0,067 aM y KoopzuHaniax Al*" B orouenHi 3 4-x, 5-x, 6-X aToMiB-By3JIiB
BigmoBigHO; nuB. «Bikimemiro»), yMOBHO «moBiTbHUX» HoHiB Ni (Hampu-
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KJaf, 3 pagitocom 0,074 (0,072) am y Ni?", a 3a immumu gagumu — 0,069
M, 0,077 aM, 0,083 EM y KoopauHanmiax Ni?® B orouenHi 3 4-x, 5-x, 6-x
aTOMiB-BY3JIiB BiATIOBiZHO) i BaKaHCi# 3a JOIMOMOTOI0 BEIUKOI KiTBKOCTH
eJIeMEeHTapHUX aKTiB Ha BiggaJi, SKi IOPiBHAHHI 3 XapaKTEPHOIO JOBKHU-
HOIO &, IIPOCTOPOBOI KOPEJIAIil BeIuKOMACIITaOHUX (DIIOKTYAIliil TOPsI-
Ky a00 3 OB’ A3aHUM 3 HEI0 MaCHITaOHUM ITPOCTOPOBUM IIapaMeTPOM

Z| R-R'[ <{011:1 —cxier - CA1}>
R= Z<{c§l e R cA]}> (2.17)

1/2

— THUIIOBUM T'€OMETPUYHUM PO3MIPOM «IJOMEHU» PO3BUHEHOTO MOPAIKY
a00, y 3araJbHOMY BUIAAKY, 00J1acTi 6e3I1epepBHOCTH Oy Ab-IKO0I TOIIOJIOT-
YHOI PUCU OJHOPiZHOTO BUHAMTKOBOTO IIOJIS POIIOALITY HOHIB 3aMiIllleHHA,
OyZAb TO HOro «IIiK» abo «IOJHHA», IK XapaKTePUCTUKU PO3MOAiNy HOHIiB
3aMIiITleHHS 10 BYy3Jax (cl’i\l — BUMNAIKOBAa BeJIMYMHA, IKa JTOPiBHIOE 1, SK-
1110 BY30JI 3 pagitocoM-BeKTopoM R saiinaTuii itomom Al, i 0 — y mpoTuiiex-
HOMY BUHAAKY, a co; =N, /N — BimHOCHa KOHIIeHTpAaIlid foHiB Al y cromi
Ni,_, Al , 110 MicTUTB Ny; I/IOHlB Nii N o YoHiB Al Ha N =Ny;+ N, Bysaax).
Kopenamiiina pyHKIis <{c -c Al}{c —Cy }> HopmoBaHa Ha 1 mpu R'=R i
MOHOTOHHO IIpAMYE 10 0 31 30iIbIITeHHAM MisKHAOHHOI Bigmari r = |R' — R| ;
ajie HaBiTb ,zum 6iJILH.II/IX r (>>a, — mapamerpa I'IIK-rpaTHuiii croiy)
<{cAl . Hew cAl}> o r' exp(-r / &,) . Tomy npu TeMIIepaTypax T B OKO-
JIi BHUIIE «KPUTUYIHOI» TeMnepaTypH T, ne Ey o< aOTl/ 2 |T T| , JIAIIIe
II0 3aKiHUeHHi yacy T, = &,O / D >%R? / D; D — KoeditienT B3aeMHOI gudy-
3ii) peasisyeTbcsA cTabiIbHUII CTAH IMOPAIKY, AKHM CIOYATKY BKJIIOUAE
yCTaJIeHHS ITPOCTOPOBUX KOPEJIAIIill, Y CTOII 3aMillleHHs.

fAx Bigomo, 6ymoBy O6am3bKoro mopanky (3 o;<0, me o, — mapamerep
HOPAIKY JJIsI aTOMiB 3aMillleHHA N-1 KoopAuHAIiiiHol cepu, y IILOMY BU-
manky nepinoi) y cronax I'IIK-Ni—Al, B ycTaHOBJIEHO 3a MOIYJIAIII€IO iH-
TEHCUBHOCTH AN(PY3HOTO PO3CiAHHA Ha AudpaxKTorpaMax MOPOITKOBUX
KPHUCTAJIB I[LOTO CTOITY, MAKCUMYM SKOI PO3TAIIOBaHUU 003y TIEPIIIO-
ro HajcTpyKTypHOTo pediekcy k' =2m(100). Ane meTanbHi KinbKicHi Bu-
MipH pO3MOIiIy iHTEHCUBHOCTHY TUPY3HOT'O PO3CiTHHSA Ha IMOPOIIKaX CTO-
my Ni—Al (6,3 at.% Al), fioro sajme:xHoCTi Bij TepMOOOPOOKYM BUKOHAHO B
[24], me o6umciieHo ¥ mapamMeTpu OJIU3BKOTO MOPAAKY. 3PasKH IIicJiA Je-
dopmarrii mocrimoBHO BimmasoBanucs 3a pisHux temiepatyp (573, 673,
973 K ympomos:x 1, 2, 10, 40 rogun). [I1a pisHUX cTaHiB 3paskiB xapak-
Tep MOAYJAIil iHTeHCUBHOCTU PO3CiAHHS BUABIAETHCA OTHAKOBUM Ha
CTamisgxX i3oTepMiuHMX BiAmasiB, a IMOTIM TPOXU 3MEHITYETHCS (YIIOBLIL-
HeHHsA ¥oro 3Minu BimoyBaeThbes mpu 573 K). OcobumBicTs yacoBoi eBo-
JIIOIIT cIocTepeskyBaHUX XapaKTepUCTUK [24] monsarae B Tomy, 110 edek-
TUBHUH ITapaMeTep Oly.;, OOYMOBJIEHNN BUHNKHEHHAM KOHIIEHTPAIIAHNX
HeoJHOpimHOCTe!, TP Bignasi saMeHITyeThbes Binx 1, carae minimymy (1ic-
Jasa 3-x roguH Bignanay npu 573 K i micaa 1-i roguau nmpu 673 i 973 K), a
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IIOTiM IIPY TPUBAJIOMY Bifmaji 3HOBY HAOJIMIKAETHCS 10 « HOPMYBAJIHLHOTO
sHaueHHA» — 1. Tax caMo 3MIHIOIOTBCA Olpr 1 Oiere (Ipu 573 1 673 K). Ha
OpoMiKHif cragii Bigmamy Oug B 1,5—2 pasu Ginbiie, HisK [Offy.. IIicas
TPUBAJIOTO BifTIary (YIPOZOB:K Yacy t,> 3 U) |Oterd =|Oli|max- STOLOM Olor 3Mi-
HIOETHCA HEMOHOTOHHO, ajie AKUX-HeOyIb 03HaK HEMOHOTOHHOI 3MiHU ce-
PenHbLOro 3HAUEHHS IIapaMeTpa OJM3LKOT0 MOPAIKY (ocI> He 0yJI0 BUAB-
aeHo. Ile osdHauae, 1110 YMCJI0 ITap PiBHOMMEHHNX aTOMIB y mporieci (miciis-
IedopMaIliifHoOro) i30TepMiuHOro BiAIIay pocTe MOHOTOHHO I, B OCHOB-
HOMY, Ha IepIiii cranaii Bigmamy. Ha mouaTkoBiit cramii Bigmairy (mpu 573
i 673 K) oy minse suak. Ile cBigunTs mpo Te, 1Mo Ha ITi# cramii Bizmany B
cromi I'ITK-Ni—Al (6,3 at.% Al) BUHHKAaIOTh KOHIIEHTPAITifHI HeOZHOPiI-
HOCTi, K1 POBCMOKTYIOThCS IPU HACTYITHOMY TpuBajiomy Bignaii. IIIBu-
JIKiCTh TaKOI0 IIPOIlecy 8MEHNITYEThCA TP 3HUIKEHHI TeMIlepaTypu Bifria-
ay. IlaHi TPO Ol 1 Olpepr YMOMKJIUBITIOIOTH OIIHUTH KOHIIEHTPAIIil0 aTOMiB
Al B obOsacTsax migBHUIMEHOTO BMIiCTy iX, 4acTKy o0JacTeil, 30aradeHmx
aromamu Al, i cTymiHb 6IM3HKOT0 MOPALKY B HuX. EQeKTHuBHI 3HAUEHHS
mapaMeTpiB MOPAIKY AJIS BilIaseHOro CTONY € 3HAYHUMH, IO BKa3ye Ha
HaABHICTH Y HHOMY 00JIaCTell Pi3HOTO CKJIaAy, YIOPAIKOBAHUX 34 THUIIOM
L1, (cynsuu i3 3ae:KHOCTU ITapaMeTpiB IIOPAAKY BiJ pagiroca KoopauHa-
mitimoi cdepu). 3a BUABJIEHE 3POCTAHHSA BAJIUIITKOBOTO €JIEKTPUYHOTO
OIIOPY P IIpM Bixmaui BixmoBimasibpHA, IMOBipHO, KOMOiHaITiA edeKTiB PO3-
CisTHHS eJIEeKTPOHIB Ha MerKax 3asHaueHUX obJiacTeil, 3MeHIIIeHHA KOHIIE-
HTPpAaIlii eJIeKTPOHiB IIPOBiAHOCTI 400 iX PyXJIMBOCTH.

Bignan micas mmactuumoi medopmarrii cromy I'ITK-Ni—8,2 at.% Al
npu 673 K mpusBoauB 10 POCTY eJeKTpoomopy; Bimman sxe cromy 'IIK-
Ni—-11,3 ar.% Al yrupomosx 1 roguuu npu 573, 673, 773, 873 K mpusso-
JIUB IO IIOCTYIIOBOTO IIiABUINEHHA P, ase npu 973 K — no sEmxeHHA p.
fAricma KaprmHa AU(PY3HOTO PO3CIAHHSA IJIA IIEPIIOro i3 3a3sHAUYEHUX
CKJIAJiB BiATIOBifae mpocToMy 0JIM3bKOMY IIOPAAKY, a AJIS APYTOro — II0-
aBi (mpunaaiimui, npu T <873 K) manux HagcTpyKTypHHX o0jacTeii. AB-
topu [289] yBakaroTs, 110 moeefinka croay I'l'TK-Ni—-11,3 at.% Al Bu-
3HAYAETHCS MOABOIO IIPU BiAmai MalnX HaACTPYKTYPHHUX TOMeEH (3a na-
HUMHU TIPO MAaJIOKYTOBE PO3CigHHS e(eKTUBHUII PO3Mip Iux obJacreii
=20 A, axmpo cron npu 823 K Bigmamosatu 45 xB.), aKi pocTyTh micias
Bimmasy. BigmoBigaJsbHMM 3a PicT 3aJIUIIIKOBOTO €JIEKTPOOIIOPY B iHIITOMY
IOCIiIYKEeHOMY CTOIIi €, Ha IYMKY aBTOpiB [289], picT cTyneHnsa 61u3bKOTO
HOPSAOKY; OJHAK, BOHU HE CIIOCTEPirajy MOMIiTHUX 3MiH Au(py3HOrO pPo3-
CiTHHS TpU TepMOOOpPOOIIi ITLOTO CTOIY, i TOMY TaKMH IXHill BHCHOBOK
3aJIMINUBCS HEIiATBepI:KeHuM HuMu camuMmu. Ha Kaib, 3ragaHi eKciie-
PUMEHTHU He IIPOSCHUIN I MUTAHHSA IIPO Te, U1 JOJaTKOBE PO3CiAHHA ee-
KTPOHIB Ha Me)Kax obsaacreit [292] abo cynmyTHS iXHil mOABi 3MiHa eJI€KT-
POHHOI KOHITeHTpAaIlil € 6e3I10cepeJHHOI0 IIPUYMHOIO POCTY P IIPY Bigmari.

Craig mam’ATaTH IPO BAKJINUBY POJIb 0JIM3BKOr0O MOPAAKY 3aMillleHHSA
11 y 3MeHIIIeHHI 3HaUeHD P HaBiTh y Ipolieci po3ynopaAaKyBaHHda. Sk Bi-
IOMO, OJITM3bKUIL IOPAMOK Y CTOIL 3aMiIlleHHsA MOKe 00YMOBUTH BUHUK-
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HeHHS IIpoBay (He3aJieKHO BiJ TeMIlepaTypu) Ha eHepreTHUUHil 3aJe-
JKHOCTi eJIEKTPOHHOI I'yCTUHY CTaHiB g(€) B 06J1aCcTi 3HaUEHb €JIeKTPOH-
HUX eHepriil €, BiImoBiHUX XBUILOBUM BeKTopaM K 3 KiHnamu Ha 110-
BepxHi mepmioi BZ rpaTHHUIIL CTOITY, IO BIOPAAKOBYETLCA, AK HACJIIIOK
TeHIEHIIil 10 PO3IIeNJeHHA 30HU B eHEPTeTUYHOMY CIIeKTPi eJIeKTPOHIB
IpU yCTaJIeHHI JajJeKoro mopAnky (Bimomomy mie 3 mparb A. A. Cvmup-
HoBa, M. O. KpuBornasa ta cmiBaBTOpiB; AuB. [129] i 6i6miorpadiro
TaM). SIKITO KOHIIEHTPAIlisd ¥ XapaKkTep eHepPreTUYHOrO PO3IOAiIy eJe-
KTpoHiB y posrasauyromy 'l K-cromi € Takumu, 1o ixHi# piBers @epmi
€p JICIKUTH B OKOJIi HaABHOI €HePreTUYHOl IIiJINHY, TO BIOPAAKYBaHHS
OyZle CyIpOBOAKYBaTHUCA 3HUKEHHAM €JeKTPOHHOI I'YyCTUHM CTaHiB Ha
depmitioBOoMYy pPiBHI i, OT/Ke, 3MEHIIIEHHAM eJIeKTPOIPOBiTHOCTH CTOILY
1/p, axa BusHauaeTbCca g(€y) (TOMYy 110 caMe BigmoBimHi okosm € A
eJeKTPOHIB 3a0e3IeUyI0OTh CTPYMOBE IIepeHEeCeHHs 3apAmly), II0 Ipo-
SIBUTBHCA B 30iJIBbITIEHH] €JIeKTPOOIOPY IOPAL 3i 3SMEHIITeHHAM PO3CiAHHSA
€JIEKTPOHIB IIPOBIJHOCTH Ha KOHIIEHTPALiMHMX HEOJHOPiZHOCTAX, IO
PO3CMOKTYIOThCS (Hamrpukaaz, y cromi NigAl, 1110 OBIOPALKOBYETHCA).

Hna gocmimKkeHHS KiHETHKU peJlakcallii 6JIM3bKOr0 MOPSAAKY V TBep-
INX CTOIIaX 3aMiIlleHHs MOKYTh OyTU 3aCTOCOBHUMU AK IIPSAMi, Tak i He-
npami metomu [52, 56, 93, 129]. Ilo npamux (qudpariiiiHux) MeTo I Ha-
JIEXKUTHh BUKOPUCTAHHSA JAHUX PO YaCOBY 3aJIeKHICTL IU()Y3HOTO PO3Ci-
AHHA BUNpoMiHeHHdA. IIpuKaamoM ke HeIIPsIMOi MeTOI1 € BUKOPUCTAHHS
ITaHUX TIPO YaCOBY €BOJIIONiI0 (PisMUHMX BJIACTUBOCTEI, O00YMOBJIECHUX
OJMM3LKUM HOPAIKOM; HaluacTillle 3aCTOCOBYBAHUM Yy IIHOMY acCIeKTi €
MipSHHS 3aJIUIITKOBOTO €JIEKTPOOIIOPY.

EBoutorisa iHTeHCUBHOCTH AU(Y3HOTO po3ciauHA PeHTreHOBUX TpO-
MeHiB (a00 IPYKHBOTO HEKOTEPEHTHOTO PO3CiTHHA HEBTPOHIB) ¥ KOMK-
Hill TOUIli 00EPHEHOT0 IIPOCTOPY Uepes peJaaKcalliio OJIU3bKOT0 MOPAIKY
OJHO3HAUYHO IIOB’saA3aHa 3 Pyp’e-KOMIOHEHTAMM HNMOBipHOCTeIH Iiepec-
KOKiB aToMiB B eleMeHTapHUX aKkTax audysii[52, 56]. BuBuatouu amiHy
TaKol iHTeHCHMBHOCTH, MOKHA 3400yTH iH(opMaIliio, AKy He BIAEThCA
oIeps;KaTH i3 3aCTOCYBAHHAM TPAAUIIIMHUX MeTOH mociimkxenusa. (Bu-
HATKOM € MeToJa, 3acHoBaHa Ha MeccOaBepoBiM edeKkTi, 3a JOIIOMOT0OIO
AKOl MOKHA BU3HAUUTH MMOBIPHOCTI IIEPEeCKOKiB aToMiB, aje OJis IU-
(dysifitnux mpoiiecis, 110 Big0yBaoThCA MIBUAKO [67, 293, 294].)

OmHiero 3 IEPIINX y 3aCTOCYBAHHI METOAU PE3UCTOMETPil 11 BUBUEH-
HS KiHeTUKU OJIM3BKOTO MOPSAAKY B cTomax 3’ saBuiacda pooora [295]. ITu-
TOMUH €JIEKTPOOIIiP € TOBOJIL UYYTJANBUM J0 3MiH CTPYKTYPHUX BJIaCTHUBO-
cTell AK y MAaCUBHUX MAaTepisjax, Tak i y mriBkoBux [292] i, ocobauBo,
edeKTiB Kopesasarii aromis [296] . Ao immri cTpykTypHi 3MiHu BigcyT-
Hi ab0 He3HaYHi, TO 3MiHU eJIEKTPOOIIOPY, 00YMOBJICHI €BOJIIOII€I0 MixKa-
TOMOBUX KOPeJANiil (6JIM3bKOTO0 MOPAIKY), MOKYTh OyTU BU3HAUEHi 3
JIOCUTH BHUCOKOIO TOUHiCTIO. SICHO, 110 y 3B’A3KY 3 «iHTerpaJbHUM» Xa-
PaKTepoM OIIoPYy, Ofep:KaHa 3a HUM iH(opMaIlis He € HaCTLIBKY K JIeTa-
JBbHOIO I OJHO3HAYHOIO, K IIPY BUKOPHUCTAHHI AM(PYy3HOTO PO3CIAHHA.
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AJre BuCOKA 4yTJIMBiCTH BAJIMIIIKOBOTO €JIEKTPOOIIOPY P A0 3MiH y mpoc-
TOPOBOMY PO3MOiJIi aTOMIiB CTOIIy IOPSA 3 BiJHOCHOIO IIPOCTOTOIO Mi-
pasHA p [292] yMOKIUBIIOE 3aCTOCOBYBATH MeTOAY pesucToMeTpii [296]
151 BUBUEHHSA KiHeTuK U 6,1u3bKOTO (i JaJIeKoT0) IIOPAaKY.

MeTo10 maHOTO OTVIANY € I aHaJIida Pe3yJbTATiB MipAHHS YacOBOI 3a-
JIeKHOCTH 3aJIUIITKOBOT0 €JIEKTPOOIIOPY AJA OIMiHKY XapaKTePUCTUIHUIX
mapameTpiB #oro pejakcarii (a BUXOAUTD, i penakcallii 6,1M3bKOT0 II0-
PAIKY) i MPOrHO3yBaHHA II0 HUX €BOJIIOIMiNHUX (KiHETUYHNX) KPUBUX
iHTeHCUBHOCTU AU(Y3HOIO PO3CiTHHSA BUOPOMiHEHHS, BiAIIOBiIHMUX OO
Tiel 3ipKM XBHIBLOBOTO BeKTOpa k', AKa HOMiHye y BifoOpasKeHHi CTPYK-
Typu 61u3bKOro (i Jajsexkoro) mopsaakry, y cromi samimenua F'IIK-Ni—Al.

IIpu BBemeHHI 10 POBrAALY NBOYACTMHKOBOI KOPEJAIifiHOI QYyHKITiT
Pg(r,t) — IIMOBIpHOCTH OJHOYACHOI'O (Y MOMEHT t) 3HAXOJKeHHA aTo-
MiB copTy o i B Ha Bigmaui r oguH Bix ogHOTrO (r — PLKHUIT pagifoCciB-
BeKTOpiB BysuiB rpatuuii Bpase; o, B=Ni, Al) gnas 6irapHozo croiry
samiwennus Ni—-Al, uacoBy sanexkHicTb 11 Pyp’e-KOMIIOHEHTH

Py(k,t) =" P, (r,t)exp(-ik -r)
MOJKHA IIpeAcTaBuUTH y BUTIaLi [52] (muB. Takox [56])

AP (k,t) = ;P (k)e ™" + agf (k)e =0 + aff (k)e ™70 1 (2,18)

e APaB(k, t) = Paﬁ(k, t) - f’aﬁ (k, ), Paﬁ(k, ) — piBHOBasKHe 3HaUeHHA K-
i dyp’e-kommnonenty; af (k), asf(k), aff(k) — roedirnienTn, 38’ a3aHi 3i
3HAYEHHAM BeJIUYNHU f’aﬁ (k,t) B mouaTkoBuit MmomeHT yacy t=0, 3 AKOro

HOYMHAETHCSA IIPOIIeC pelakcallii mcisa sarapTyBaHHs.

3 dopmyau (2.18) sBumamBae, IO YacoBa 3aJieKHicTL DPyp’e-
KOMIIOHEHTH KOPEJAIINHOI (DYHKITiIl HOCUTHh PeJIaKCcalliiHUHA XapakTep.
Benwuunu {2),(k)}™", {2A,(k)}", {A,(k)+A,(k)}" saBaAoTb coboro yacu
INPY3iiHUX pejaKcaliii KOHIEHTPAIIHHNX XBUJIb (i3 XBUJILOBUM BEK-
tTopoM k) Tprox BuAiB (iHMMU cI0BaMH, 3a TPHOMA «CIleHapiaMu»). Ic-
TOTHOIO € Ta 00CTaBUHA, III0 peJiaKcallid KOKHOI Mooy y APaB (k,t) Bim-
OyBaeThCA He3aJeKHO OJHAa BiJf ogHOI 3i cBOIM XapaKTepHUM YacOM pe-
Jakcartii (TodTo 3a iHguBinyanpbHuM crieHapiem). Ile#t ocramuiil BucHO-
BOK € CJIYIIHMM 3 TOYHICTIO IO allpoKCcHUMAaIrii, 1o BiAImmoBizae posuerr-
JIEHHIO TPUUYACTUHKOBOI KopeaIiiiaol pyuriii[52, 56].

Posmogin inTeHcuBHOCTH AMPY3HOTO PO3CITHHS TPOMEHiB, 00yMOB-
JIEHOTO OJIM3BbKUM MOPAAKOM Yy 6iHAPHOMY TBEPAOMY CTOMi, BUSHAUYAETh-
cd 3 BuUpasy [52, 56, 93, 129].

Al (k,t) =1, (kt)— I, (k)= Z%B:NLAI ,EAP(k,1), (2.19)

ae I, (k,o) = ZQ,B:NLAI fafﬁ[ﬁaﬁ(k, ) —¢,¢;] — iHTeHCUBHiCTH AUPYSHO-
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r0 PO3CiTHHS BUIIPOMiHEHHS PiBHOBAKHUM CTOHNOM, K — XBMJILOBUM
BEKTOP, III0 XapaKTepusaye BiAgaab BiJ BUMipioBaHOI TOUKM 00EPHEHOTO
IPOCTOPY OO0 HAMOIMAKUOTO By3Jia 00epHeHOol I'PaTHUIII KPHCTAJa CTOIIY,
falfs — aToMoOBi hakTOPH PO3CiAHHA KOMIOHEeHTaMu i, a ¢, icp — ix
BiTHOCHI KOHITeHTpAIlii BigmmoBigHO.

Y Bcix peamicTHMuHNX BUIAAKAX OiHapHMUX PO3UYMHIB 3aMillleHHS BU-
ABJAETHCSA CIYITHOIO HEPIBHICTH

A, (K)/A, (k) o< exp (- E,, /(k;T))/exp (- E,, (k;T)) << 1

(baKTHUYHO BHACJIITOK CKiJIbKU-HeOyIbh MOMITHOI BimiMiHHOCTU eHepriii
TepMmiuHOl akTuBalii E,; i E,, npolieciB peaakcarlii mo nepiomy i apy-
roMYy «ClleHapiAX» BiAMIOBiAHO); Taka HEPiBHICTH BUKOHYETBLCH, SKIIIO
KoedimienTu qudysii 060X KOMIIOHEHTiB CyTTE€BO Pi3HATHCSA. BpaxoBy-
ouu 1110 00cTaBuHy i migcrasasiouun (2.18) 8 (2.19), omepxumo:

ATy (k,t) /AL, (k,0) = exp (-2), (k)t), (2.20)

1[0 BiANOBiae Tak 3BAaHOMY MOMEJI0 KiHETHMKU nepuiozo TMOPSIIKY, Y
axomy A, (k) << A,(k), un

AL, (k,t) /AL, (k,0) = A, exp (—2X, (K)t) + A, exp (—A,(K)t), (2.21)

I (6inbIn peaTicTUYHOr0) KiHETUYHOTO MOJEJII0 Opy2020 TOPAIAKY, V
AKOMY IHepenbadaerbes, 1o HepiBHicTs A, (k) < A,(k) BukroHyeTbca
O0inpmr «M AKO» (A;, Ay — «Barm» MepIIOTOo I APYroro «CIeHapiiB» pe-
JaKcallifHUX mpoIlieciB Bigmosiguo). Toxi ansa vaciB pesnaxcamiiinmx iH-
TeHCHBHOCTH MAIOTh MiCIle HACTYIIHI HAOIMKeHi BUpasm:

T=1/(2h,(k)) (2.22)
y paMKax MOJeJI0 KiHeTHUKY IepInoro mopaaxy (2.20) i
1, = 1/(20,(k)), T, = 1/A,(k) (2.23)

y paMKax MOJeJI0 KiHeTuKu apyroro mopaaky (2.21). Takum uunHOM, ¥
MOJIeJII0 KiHEeTHUKH TEePINOoro MOPAAKY YacoBa e€BOJIIONiA iHTEeHCUBHOCTH
I1U(y3HOTO PO3CiAHHA BUIIPOMiHeHHA (i 6IM3HbKOTO MOPAIKY) XapakKTe-
pPU3YEThCA OTHUM YacoM peJsakcairii (2.22), a B MO0 KiHeTUKYU APY-
TOT0 MOPSAAKY — ABOMA YacaMu peJakcaririi (2.23).

3 BUKOPUCTAHHAM €KCIIEPUMEHTAILHUX MipAHb iHTEHCUBHOCTU AUDY3-
HOT'0 PO3CiAHHS IPOMEHIB Y KPUCTAJI CTOITY MOKHA 3a JOIIOMOT00 (h)OpMY.JI
(2.20) abo (2.21) ominuTu yacu peaaxcarii T; (i, BizmoBigmo, MikpocKoIiy-
Hi xapakrepucturu A(Kk)) Ta, HaBIAKM, 3a BiJOMUMH 3 He3aaeKHUX (Ha-
OPUKJIAM, PE3UCTOMETPUYHNX ) eKCIIEPUMEHTIB YacaMu pejaKcallii MosKHa
BUBHAUUTH HOpMOBaHy 3MiHY iHTeHCUBHOCTU Al 3ip(K,1)/Al 44¢(k,0) v pam-
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Kax KimeTuuHoro mogeJtio neprrroro (2.20) abo apyroro (2.21) mopankis.

3azHaunMo, 110 00MABa 3a3HAUeHi BUINE MOJEJIi He OIMNCYIOTh ITOBHOIO
Mipoio KiHeTHKY pesaxcarllii 6Ju3bKoro mopAgKYy 6imapHoro cromy (0coo-
JIUBO Ha ii misHi# craxii). s 6iabIl TOUHOTO il oTIMCy CJIix KOpUCTyBaTH-
cA MOJIeJIbOM KiHEeTHKM TPEeThOT0 MOPAAKY, AKa IIPUITYCKAae HAaABHICTD ¥
Bupasi gas Al (Kk,t)/Al 44(k,0) TPBOX €KCIIOHEHTHUX IOJAHKIB, a BUXO-
IUTh, i TPHOX YaciB pesakcarii (0oco0ImBO HA paHHiM cTamii).

I BUBUeHHA KiHeTHKY peJlakcalrii 6J1M3bKOT0 IOPAIKY Pe3rucToMe-
TPUYHOIO MeTO1010 (TOOTO 3a YaCOBOIO 3aJIEKHICTIO MUTOMOTO 3AJIUIITKO-
BOTO €JIEKTPOOIIOPY IIPU i30TepMiuHOMY BiAIladi TBEPAOTO PO3UUHY)
OPUIIYCKAEMO, IO MIBUAKICTh 3MiHM CTYyIeHA OJM3BKOTO MOPAIKY I,
BiITIOBiTHO, €JIEKTPOOIIOPY € IIPOIOPIIIHHOIO « TEPMOAUHAMIUHINA CHJIi» ,
AK QyHKIII f Bigxuay Big piBHOBarm; Tomi «3arajbHe» PiBHAHHS KiHe-
TUKU IIPOIleCy MOKHA 3allCAaTH Yy BUTJISAII:

Idp(t, T,)/ot = =F ({1'}; p¢, T,) - p.(T,)), (2.24)

ne p(t,T,), p-(T,) — BizmoBimHO MUTTEBe («IOTOUYHE») i piBHOBaKHE
(t — o0) 3HAUEHHS ITUTOMOTO 3AJUIIKOBOTO €JIeKTPOOIOPY IIPHU TeMIIepa-
Typi Bigmany T, Ti_l — obepHEHUN Uyac pesiakcarllii 3aJuITIKOBOrO eJIeKT-
POOIIOPY 3a i-M peJaKCallifHUM «CIleHapieM».

¥ cramioHapHUX 30BHIIIIHIX yMOBaX, TOOTO IPU CTAJiN KOHI[EHTPAIIil
medeKTiB (Bakamciii), MOKHAa BUKOPHUCTOBYBATH KiJbKa MOIesiB KiHe-
TUKY IUTOMOT0 3aJIUIITKOBOTO €JIEKTPOOIIOPY.

Haii6iapmnt mpocTuM € KiHeTUYHUHA MOIEeJb IIEPIIIOro MOPAIKY:

F(t5pT,) - pu(T)) = 7 (p(5,T,) - p.(T,)) 5 (2.25)

I

Ie KiHeTHKa peJjakcailii 0JM3bKOT0 MOPAIKY XapaKTepU3yEThCA IPOC-
TOI0 €KCIIOHEHITiAHOIO ITOBEeJiHKOI HOPMOBAHOI 3MiHM HUTOMOTO 3aJIU-
HIIKOBOT0 eJIeKTpoomopy [56, 129]:

Ap(t, T,)/Apo(T,) = exp[~¢/u(T,)]. (2.26)

(Ap(t,T,) = p(t, T,) — p_(T.), Apo(T,) = po(T,) — p(T,)) 3 €AUHUM Hacom
penaxcarii 1(7,), AKUI BUBHAYAETHCA, 30KpPeMa, KOHIIeHTpaIlielo BaKka-
HCi# ¢y i yacToTOIO CTPUOKIB (PYXJIMBICTIO) BaKaHCiil Vi 3 eDeKTUBHUM
daxTopom (Tt = xc, v, ); po(T,) — mouarkosuii (¢=0) nuromuii 3anu-
MIKOBUH eJIEKTPOOIIip 3a Temmiepatrypu T',.

Y KiHeTHUYHOMY MOJEJII0 IPYTOro IIOPAIKY

Ap(t, T,)[Apy(T,) = Aexpl~t/t,(T,)]1+ (1 - A) exp[-t/1,(T,)], (2.27)

Ie A — «Bara» 1-ro pesaxcaiiiiHoro «creHapiio», TOOTO pejaKcallis
0JIM3BbKOTO MOPAAKY 3a TeMIeparypu Bigmaay T, BimOyBaeTbca ogHOUA-
CHO 3a JIBOMa peJlaKCaIlliiHUMU «CIleHapiAMMN», AKi XapaKTepusyoThCA
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cBoiMU BiaacHUMHU yacamu pesaaxcarii t,(7,) i t.(T,).

Takum YMHOM, eKCIIepUMEeHTaJbHe MipAHHA TUTOMOTO 3aJIUIITKOBOTO
€JIeKTPOOIOPY YMOKJINBJIIIOE OIIHUTH Yacu MOro peJsakcailii (y paMkax
KiHeTHYHHMX MOJEJIiB IepIrnoro abo APYroro ImOpsAAKiB) i, HaBmaxku, 3a
BigoMuMHU 3 He3aJIeKHUX (HaOpuKJIal, TUMPaKIifHNX) eKCIIePpUMEeHTiB
yacaMm peJjlakcallii MoKHa BU3HAUNTH HOPMOBAHY 3MiHa IIMTOMOTO 3a-
JHUIIKOBOTrO exexTpoonopy Ap(4,T,)/Ap,(T,) y paMKax OZHOTO 3 ABOX,
3raJlaHuX BUIIlE, MOJEJiB KiHeTUKY MOro pejaKcarrii.

15 GiJIBII CTPOTOTO OMMUCY KiHeTUKY pesiaKcallii 6,113bKOro HOpAIKY
CJIig KOPUCTYBATUCA KIHETUYHUM MOJAEJILOM BUIITOTO IIOPAAKY. ¥ BHUIIA-
IKY OiHapHUX PO3UMHIB, OUEBUIHO, TAKMM MOJAEJbOM TaK0OMK MOKe OyTH
MOJieJIb TPEThOT'O IOPALKY, Y PaMKax aKoro Bupas auasa Ap(Z, T)) / Apo(T,)
MiCTHUTh TPHU €KCIIOHEHTH, IO AOAAI0ThCA O4HA OO0 OAHOI, i KiHeTHuKa pe-
JaKcallii OmuCcyeThCsa TPhOMA peslaKcallifHuMuy yacaMu («CIieHapiaAMuT»)
OHOYACHO.

MipaHHA TUTOMOTIO eJIEKTPOOIIOPY P 3pas3KiB cToly BUKOHAHO aBTOpAa-
Mu pobiT [297, 298] 6eskoHTaKTHOIO MeToAom0 [297—299] Ha IUTHX TTOJTi-
KPHUCTATIYHUX 3pasKax IJId cepii isoTepMiuHMX BUTPUMYBaHbL B 00JaCTi
remiepaTtyp Bim 1273 K mo temmeparypu Tomiaenusa (1643 K mna cromy
ckaany Ni;Al Ha nymry aBropis [297, 298]). 3arapryBaHHs CTOIIYy B PO0O-
rax [297, 298] BukonyBanoca Bix Temneparyp T,>1723 K. Yac mipascs 3
TounicTio 1o 0,5 xB. MaKcuMaJIbHa CHICTEMATUYHA IOXMOKA B YMOBaX €K-
CIIePUMEHTY He mepeBuIltyBasia 3% Impu piBHi qoBipuoi iimoBipHocT: 0,95.

O0pobOKa eKcliepuMeHTAIbHUX TOUOK [298] BukonyBanacsa (tabu. 2.1,
2.2) HeJIiHifHOI0 MEeTO0I0 HaMeHIINX KBaJpaTiB, 3aCHOBAHOIO HA aJlb-
roputMmi JleBem6epra—Mapksapara [300, 301]. Byno omineno migrinwi
mapaMeTpu B paMKax KiHeTMYHUX MoAesiB mepimoro (2.26) i gpyroro
(2.27) nopankie (gus. Ta6a. 2.1 i 2.2, Ta,Bigmosigno, puc. 2.2, 2.3), y
TOMY YHCJIi, YaCH PeJIiaKcallil 3aJIUIITKOBOIO eJIeKTPOOIIOPY.

CepenabokBazpaTnuHmil Bigxmi & (Taba. 2.1 i 2.2) anpokcuMyBab-
HOI KPUBOI BiJl eKCIIEPUMEHTAJbLHIX TOYOK BU3HAIOTE 3a (hOPMYJIOIO

1 neff 9
82(p1,p2,...,pp)= et ij [pj — (@5 Py o> --"Pp)] ’
j=1

ne n® — KiJbKicTh eKCIIepIMeHTAILHIX TOYOK, P — YKCJIO HiATiHHNX T1a-
paMeTpiB, w; — CTATUCTUYHA Bara j-I TOYKM (TYyT IPUIIYCKAETHCH, IO

w;=1, TO6TO KOM¥KHA TOYKA BHOCHUTH OJHAKOBUH 3a 3HAUMMICTIO BHECOK
[300, 301]), p; — j-e exciepuMeHTaIbHE 3HAYEHHSA 3aUIITKOBOTO €JIEKTPO-
omopy (3aye:kHoi 3MiHHOI), f — aIpPOKCUMYyBaJIbHA (PDYHKITiA, BUTJIAL SKOI
OIHO3HAYHO IT0B’ A3aHUI 3 BUpas3aMH B IIpaBUX yacTuHax (2.26) ado (2.27),
t; — j-e 3BHaueHHs MOMEHTY Yacy eKCIIepIMEeHTaJbHOI0 MipAHHA (Hesale-
MHOI 3MiHHOL), Py, P2, ..., P, — 1-#, 2-1, ..., p-Iii IIyKaHi DapamMeTpu: p..,
Po—Pws T — Y BUHAmKy Mojeno 1-ro nmopagky (p=3; gus. Tadba. 2.1); p..,
Po—Pes A, T1, T — Y MOZeIIO 2-T0 TOPAAKY (p=15; nuB. Tabu. 2.2).
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90 - 224
88 204
184

86
164 2

84 4 144

82 \_/
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p -10%, Om-m

17, T, XB.

78 4

76 4 44

74 4 \/ 24
T T T T T T T T T 0 T T T T T T T T T

1250 1350 1450 1550 1650 1250 1350 1450 1550 1650

T,K T,K

a

Puc. 2.2. 3anexHicTh OIiHeHOTO pigHO- Puc. 2.3. 3aieKHiCcTh OIiHEHOr0 Yaco-
8AXCH020 TINTOMOTI0 3aJIUIIIKOBOIO €JIeK- BOr0 IIapaMeTpa pesakcallil 3aJInIIKO-
TPOOIIOPY P, Bif TeMmepaTypu Bigmasy Boro esekrpoornopy T (i T) uepes Gsu-
T,, obumciaeHa B paMKax MOJEJII0 KiHe- 3bKe (a00 BiAIOBigHO masieKe) BIIOPAL-
tuku 1-ro nmopanky aud ['I[K-crony Ni— xKyBauHa Big Temueparypu Bignany T,
24,7 ar.% Al micas sarapryBaHHs Big o0umciieHa B paMKax MOJEJIO KiHeTwH-
T,21723 K. Ku 1-ro mopaary I'I[K-cromy Ni—24,7
ar.% Al micna sarapryBamHsS Bifg
T,21723K (I — gnat, 2 — pua T).

Y mpunyimeHHi mpo 30ir HalbiABIIINX XapaKTEePHUX YaciB pesmakcaii
IU(PY3HOTO PO3CITHHS BUIPOMIHEHHS i 3aJHUIITKOBOTO €JEeKTPOOHOPY
O0yJ10 oIliHeHO HAMOIIBIII XapaKTepHi yacu pesiakcarlii ajas nudysHOTo
poscigHHA ¥ mepembaueHi rpadiku yacoBoi 3aJIe:KHOCTH HOPMOBAaHOI
3MiHU iHTeHCHUBHOCTU AU(YIHOTO PO3CiSHHSA BUIPOMiHEeHHS, BimmoBiz-
Hoi 7o Tiei 3ipku xBuIBOBOTO BeKTOpa k', AKa MOMiHye y BimoOpaskeHHI
CTPYKTYpPH OJU3BLKOTO IMOPAAKY, HPU PiSHMUX TeMmOepaTrypax Bigmay
nist crony I'IIK-Ni—24,7 at.% Al y paMmKax MoesiB KiHeTUKY IePIIOro
¥ npyroro nmopaakis (puc. 2.4). (IIpupogHbo, TaKuii XBUJILOBUHA BEKTOP
k" moxxe i Mae 6yTu BU3HAUEHUM TilbKU AU(GPAKIiHHAIME METOTAMHU B
Hez3aJIe:KHOMY eKCIIePUMEHTI. )

Kpurepiem BigmosigmocTy mux rpadikis ekcriepuMeHTATILHUM TOYKAM
[298] mae 6yTu cepegHbOKBaAPATHUHMI Bigxua & (qus. Tab. 2.1, 2.2).

3 HeXTyBaHHAM CTPuUOKaMU aTOMiB 3aMiIlleHHSI 3a MEKM IIepIIoi Ko-
OpAMHAIIINHOI cepu 3a manmMu Taba. 2.1 MoxKHA TpPy0O0 OIiHUTH eHep-
riro akrTuBarii BmopagKkyBanua E,, (dKa xapaKTepusye eJeMeHTapHUHI
aKT mepe0ymoBu KOoHGIr'yparlliii aToMiB y eHepreTuyHO BUTiTHY BIIOPSI-
KoBaHy KoH(pirypailiro) mjis cTomy, OJM3bKOro 3a ckJjazoM mo NijAl,
BBasKalouu, I110 B OCHOBHOMY BOHA BU3HAYAETHCA BEJIMUNHOIO eHePrii ak-
tuBanii mirpanii aromis E,;, npuuomy, T =1, exp{— E,, /(k,T,)}, ne T
— yac pejakcaiiii 3a remmueparypu Bignamy T,, T, — HepeaeKCIIOHEHT-
HUM Koedimierr. MeTomoo HalMeHIINX KBaJpaTiB OJep:KyeEMO:
E,,=E,; =0,55 eB, 1,=3,544 c (puc. 2.5). 3azHaunMo, II10 3a OI[iHKaMH’
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t, XB. T, R

a
Y 1250 1300 1350 1400 1450 1500 1550 1600 1650
N N N 1 N N N 1 N

4T

2,0

—2,54
-3,0 \
-3,54

a 0

tga

ln{(ldiff(t) - Idn'f(m))/(ldiﬂ'(o) - Idiff(cc))}

Puc. 2.4. Yacosi 3anekHoCTi (@) HOpMOBAHOI 3MiHM iHTEHCHBHOCTH OU(PY3HOTO
poscigaasa sunpominenss (mpu k = k) y cromi Ni-24,7 ar.% Al srigao 3 Moze-
J0M 1-r0 IOPANKY AJaa Temuepatyp Bigmany T,: 1 — 1273 K, 2 — 1323 K, 3 —
1373 K,4 — 1423 K, 5 — 1473 K, 6 — 1523 K, 7 — 1568 K, 8§ — 1603 K, 9 —
1613 K, 10 — 1624 K (mmicsia sarapryBauusa Big T, > 1723 K); (6) tgo KyTa Haxu-
Jy KpuBoi Ha puc. 2.4, a 1o Bici abciuc — temueparypu Bignaay T ,.

aBTOpiB [298] enepria akTuBarii sumopankysauud £, ,=0,52 eB, a posy-
nopAnkysauud E, ;=2,568 eB (#a Binminy Bifg 3aBuIlleHNX 3HAUEHD BilIIo-
Biguux BenuuuH E, ,=3,00eBiE, ;=2,87 eB 3 pobiT[164, 302]).

Y mpunyinesHi mpo o0yMOBJIEHICTh peslakcallii 3aJIHUIIIKOBOTO eJIeKT-
POOIIOPY peslaKCcaIliiHUM PO3BUTKOM, HacaMIepe, 0JU3bKOro MOPAIKY,
AKUH, Y CBOIO UEPry, 0OyMOB-
Jioe nudysHe PO3CiAHHS BU-
OPOMiHEHHA y IIbOMY CTOIIi,
MOKHA IepeabavaTH YacOBY
3aJIe’KHICTH HOPMOBAHOI 3Mi-
HU iHTeHCUBHOCTHU AU Y3HOTO
PO3CisTHHS BUIIPOMiHEHHS.

3azHaueHi BuIle o0O0HuABA
mogei (1-ro i 2-ro mopAIKiB)

. onucyioTh (ajle He TOBHOIO
. Mipoi) KiHeTHWKYy peJsakcaiii
O/JM3LKOTO TOPAAKY, IIPU-
HaliMHi, B peaJlicTHuHOMY,
1T -10% K aje TPaHUYHOMY BHUIALKY

a 0iHApHOTO CTOIMY, IO CKJaaa-
€ThCS 3 KOMIIOHEHTiB, dAKi

104t =1, exp _ By .
kT,

847, = 0,059 xsB. Vd

E, 6 =0,55 eB/aTom

T, XB.

6,0 6,4 6,8 72 7,6 8,0

Puc. 2.5. 3raamxysanbauii rpadik same-

JKHOCTM Yacy peJiaxcalii T 3aJunIKoBOTO
eaexTpoornopy cromy Ni—24,7 at.% Al Bix
obepHeHOi TeMnepaTypu Bigmany T, ' mic-
aa 3arapryBanua Big T, =2 1723 K (Toukn
OIliHEeHO 3a JAaHUMHU eKCIIePUMEHTIB).

CYTTEBO PiBHATHCA PYXOMOC-
TAMU: «IIBAIKNUX» HOHIB Al i
«IMOBinbHUX » HOHIB Ni.

st O6iJIBIIT CTPOTOTO OIUCY
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KiHeTUKU CJIif KOpUCTYBATHUCA («TPUEKCIIOHEHTHUM » ) MOJIeILOM 3-TO II0-
PAIKY, V AKOMY pejlaKcalliliia KiHeTHKa XapaKTepPU3y€EThCA TPHOMA «CIie-
HapiaMu» («IIapajieIbHUX» IIPOIIECiB, 110 BiAOyBaOTHLCA OAHOYACHO) i, Bi-
IIOBimTHO, TpPhOMAa YacaMHM peJsiakcallii. AJje ciii ypaxoByBaTu, IO BH-
BUEHHS peJiakcallii 0JM3bKOr0 IMOPAAKY 3 BUKOPMCTAHHAM KiHEeTHKU 3a-
JUIITKOBOTO €eJIEKTPOOIIOPY He J03BOJISAE IIPOBECTH aHAIIZy 3aJeKHOCTH
yaciB pesakcairii Bii XBMJILOBOT'O BEKTOpa, TOOTO AJA pisHux k-mon, Bin-
HOBiaJbHIX 3a OYIOBY OJIM3BKOI0 IOPAAKY B cTomi. OfmepikaHi TAKMIM UH-
HOM 3HAUYEHHA YaciB pejaKcallil €, 1o CyTi, ycepeTHeHNMM XapaKTePUCTH-
KaMHU, AKi OIMCYIOTh pesaKcalliio 0JIM3bKOro IMOPAAKY B IIiJioMy, «iHTer-
paJIbHO», He BPaXOBYIOUM SIBHO JAeTaJti oro 6ymoBu. [leTambHy KapTUHY
penakcallii O0JIM3bKOT0 IOPSAAKY TOTO YK iHIIIOTO THUIY MOYKHA BHUBYATH
TiJTBKY IIPH JOCJIIMKeHHI KiHeTUKY iHTEHCUBHOCTY AU(PY3HOT'O PO3CITHHA.

CoporuosoBana Ha OCHOBI eKCIIepUMEHTAJIbHUX TaHUX IIPO €JIEeKTPOOo-
Iip eBOJIIOIiA iHTEHCUBHOCTU AN(PY3HOIO PO3CiHHS BUIIPOMIHEHHS A€
MOKJIMBiCTH CIIPOrHO3YyBaTH He TiJIBKM Yac ii peJsiakcarrii, aje i ii piBHO-
BasKHe 3HAUeHHsA. BUKopucTaHi npu I[bOMY eKCIIepUMeHTaJIbHI 3HAUeHHA
3aJINIIIKOBOTO OIOPY € « MUTTEBUMM», 4 MOT'0 PiBHOBaKHE 3HAUEHHS TEXK
CJIiJ OIIiHIOBATHM TEOPETHUUHO: OyIb-AKi eKcIlepruMeHTaJbHi JaHi, II[0 CTO-
CYIOTBCS 0 CTPYKTYPHUX i (DiIBMUHUX BJIACTHUBOCTEH TBEPANX CTOIIIB, Mi-
CTATHL Oe3mocepeJHLO iH(oOpMAaIlito Jullle Ipo IXHi MOMEHTAIbHI 3HaAUYeH-
HS XapaKTEepPUCTUK; IepeabaveHHs K iX piBHOBAXKHIUX 3HAUEHDb CTa€ MO-
JKJIMBUM 34 JOIIOMOTOIO0 TEOPETUUHOI eKCTPAIIOJAIlil. 3 iHIIToro 60Ky, II0-
JaJIbIIIOMY JOCJIIMKEeHHIO IiJJIArac B3a€MHUN BILINB peJiakcallii 6/Imnsn-
KOro # JaJIeKOr0 aTOMOBUX BIOPAAKYBaHb IIPU HU3LKUX TeMIIepaTypax
(y pe3yabTaTi #1 y cUJIy CKiHUYEHHOCTH IIIBUAKOCTU 3arapTyBaHHS), IO
OPOABJAECTHCA B KiHETHIII 3aJIMIITKOBOTO €JIEKTPOOIOPY, €BOJIOIII Kap-
TiH audpakriii BUOpoMiHeHHA i T.n. AJA POBTJISHYTOro cromy (iHimi
mpukJagu nus. B[110, 303, 304]).

2.3. Buiue penakcaiii atomororo nopaaky B cromax I'ITK-Ni—Al
HA iHTeHCUBHiCTH TU(Y3HOrO PO3CIAHHA, €JIEKTPUYHHUIH OIIip
i mikpoTBepaicTh

BucoxoremneparypHa cTa0iIbHICTE (PisMKO-MeXaHIiUHMX BJIACTUBOCTEI
cromiB Ni—Al 3abesneunia IMepClIeKTUBY IX BUKOPUCTAHHA B TEXHII AK
b0araTo(yHKITiOHAILHUX MaTepidaaiB. OcobauBicTIO ITi€l cucTeMu € Te, IO
BOHA 30epirae BUCOKMI CTYIIiHb aTOMOBOI'O BIIOPSAAKYBAaHHSA axX IO TeMIIe-
paTypu ToIJIeHHs. BesyMoBHO, Iie ABUIle O0yMOBJIEHe 3SHAUHNMU eHeprid-
mu B3aemoyii map aromis Nii Al, a Taxk camo, K HACIiOK, OCOOJIMBUM IIPO-
CTOPOBUM POS3IOALJIOM KOMIIOHEHTIB CTONY (YTBOPEHHAM HAACTPYKTYPH).
Tak, HaIpuUKJIam, B o0JacTi, 30araueHiil HiKJIbLOM, IIPKU CKJIAAAX Cx =25
aT.% Ha OCHOBi PO3YHOPSIIKOBAHOTO TBEPAOTO PO3UUHY (OPMYEThLCA KyOi-
YHA BIIOPAAKOBaHA HaACTPYKTypa samimmenna L1,-tumy (NizAl) [28—39].
IIpu ckaamax c,=50 aT.% rimoTeTHYHO YTBOPIOETHCS HAACTPYKTypa L1
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tuny (Ni,Al,) [28]. 3 immmoro 60Ky, KpiM CHIBHO BUPAsKEHOTO aTOMOBOT'O
nopanky, cucremi Ni—Al B o6macrti KoHnenTpaiiii aromis Al 0<c¢,<25
aT.% BjacTuBUM MarHeTHui mopanok [40], oOyMoBIeHN HEHYJIHLOBUMUI
3HAUEHHSMU CITIHOBUX MOMEHTiB Ha aromax Ni, cepe/iHe (3a opieHTaIiaMIM1)
3HAUEHHs AKUX 3aJIeKUTh 1 Big TeMmmepaTrypu. I3 TpeTboi cTOpoHMU, yepes
3HAUHY BigMiHHiCTE po3mipiB aromis Nii Ali, AK HacaifoK, 3HAUHMX Hedo-
pMaritnux («IpyKHEBO-IHAYKOBaHUX » ) edpeKTiB, cronu Ni—Al, sk Bigomo,
CXUJIBHI IO i30CTPYKTYPHOr0 po3nany (IIpu cKaamax ¢, >10-12 at.% ) [29—
31]. Takum umHOM, JeTajbHe BUBUEHHS BIIOPSAAKYBAHHA i HOro yacoBoi
€BOJIIOITII B ITifi cCTeMi JO3BOJUTEL BCTAHOBUTH 3B’ SI30K MijK MiKPOCKOITiU-
HIUMHU Ta MAKPOCKOIIIYHNMHU XapaKTEPUCTUKAMU CTOIY.

AxicHO TepMoaMHAMiUYHO PiBHOBaXKHUU ITPOCTOPOBUH PO3IOia KOM-
TIOHEHTIB, a TAKOXK KiHeTUKY BOOPAAKYBaHHA MOKHa BUBUYATH 3a JOIIO-
MOT0I0 eJIeKTPOHHO-MiKPOCKOIIIUHUX i eJIEKTPOHHO-TU(PPAKITIHHUX I0-
CIIi:KeHb. ¥ TOH JKe JYac, €JMHOIO0 KiJIbKiCHOIO METOJ0I0 BUBUEHHS aTO-
MOBHUX KOPeJAIiNHNX e(peKTiB y cToIIax € Mmetroa 1u(y3HOoro po3CisHHA
PenrrenoBux mpoMeHiB (ab0 TemIoBUX HEBTPOHiB). [laHOIO METOmOIO
OyJI0 paHiIlle HOCJiKeHO PiBHOBAKHI cTaHM OJM3LKOTO IMOPAAKY AJIA
TBepAux po3unHiB Ni—Al gexiTbKoX CKJIaAiB, 3arapTOBaHUX BiJ pisHUX
remneparyp T,: Ni-7,3 i 10 ar.% Al (T,=673, 823 K) [35], Ni—8,9
ar.% Al (T,=775 K) [36—38], Ni-9,51i 9,8 ar.% Al (T,=973 K) [34],
Ni-12,7 ar.% Al (T,=1323 K) [33], a Takox amna cromiB Ni—46,2,
50,04, 58,2 ar.% Al (T,=1473 K) [32]. 3a fomomMoroo Iux J0CIiKeHb
OyJI0 3HAlIeHO ImapaMeTpu OJM3BKOro MOpAAKY YoppeHa—Kaymai, sHa-
yeHHI Pyp’e-KoMIoHeHT (i opurinaigiB) cTaTMYHUX i IMHAMIUHHUX JIO-
KaJbHUX 3MiIlleHb aToMiB y rpaTHuIi [37, 38] i moBHOI eHeprii «3mi-
miaHHA» . Ha migcTaBi omep:KaHUX pes3yJabTaTiB yAaJocs BCTAHOBUTH,
10 OJMM3bKUII ATOMOBUI MOPALOK y TBepAuX posumuHax Ni—Al moxua
Bigmectu po Ll,-tumy (NigAl). ¥V Toii Ke uac, eJIeKTPOHHO-
MiKpocKOmiuHi mocaimykeHHdA iHmux aBTopiB [29—31] cBiguaTs mpo Ha-
ABHICTH IIPOIECiB PO3Haay B CTOIAX i3 3a3HaUYeHNMU CKJIagaMu. Bipori-
IHO BCTAHOBUTHU HAABHICTEL IPOIlECiB YIOPAAKYBaHHA a00 PO3Iany B CH-
cremi Ni—Al MOKJIMBO TiJIBKY IpPU BUBYEHHI YACOBOI 3aJIE;KHOCTH IIa-
paMeTpiB MisKaTOMOBUX KOpPeJIAIifl HA paHHIX cTajidAX peyiakcallii me-
TOLOIO KiHeTUKY Au(Y3HOTO po3ciaHHA PeHTr'eHOBIX IpoMeHiB. AJje
IS MBOTO Tpeba BpaxoBYBaTH IIOIIPABKU Ha BOMpPAHHSA MIPOMEHiB 3a II0-
xuJjoi reomeTpii gudparToMeTpii 3fiomKu 3paska [42, 305]. Bimokpem-
JIeHHA KOMIIOHEHT, 00yMOBJIEHUX MOAYJAIi€l0 TJa 3a JIaBe (0u3bKUM
MOPSAAKOM, CTATUUYHUMU I TUHAMIUHUMHU JIOKAJILHUMU CIOTBOPEHHIMU
rpaTHUIi # T.m.), MOMKHa 3miicHuTH MeTomoio Koema—I'eopromoysioca
[32, 43, 44], 110 I'PYHTY€ETHCA HA BimMiHHOCTI B cuMeTpii GyHKITiIH MOIy-
JA11il frdy3HOTOo TJaa Y 00epHEeHOMY IIPOCTOPi KOMIIOHEHTAMU PO3CiAHHS
[39]. ¥ Touri o6epHEHOTO MPOCTOPY 3 BEKTOPHOIO Bimmasmio k Big maii-
Oosmak4uoi TouKM obepHeHOol r'paTHuUIi (puc. 2.6) inTeHcuBHiCTL AU Y3HO-
T'0 PO3CiAHHA MOKHA IPECTABUTU B TAKUH CII0Ci6:
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Puc. 2.6. T'eomerpis gudpakiii giasa rouku (2 2 0) (a) ta s OyIb-AKUX TOUOK
k(h, hy hs) =k(0,0,%) (6) B 06eprenomy npoctopi ais T'ITK-rparaui [305].

Ii;(K) = Negey (fy — ) Hsro (B) + I (K) + LK) + I (k) + I (k) + I, (k),

ne Nexiea(fai—fa)? — Tak 3Banuit MHOKHUK JlaBe (N — cyMapHa Kijlb-
KicTb aTomiB y r'paTHuUIli Bpage; cy;, €4 — BiZHOCHI KOHIIEHTpAIlil KOM-
TIOHEHTIB CTOIY 3 MacaMU aTOMIB My;, Mai; [ni» fai — ATOMOBI haKTOPHU
POBCiAHHA, 110 BUSHAYAIOTh iIHTEHCUBHICTL AU(Y3HOTO TJia B CTOMI IIpH
0 K 3a BificyTHOCTH Mi’KaTOMOBUX KOPEJAIi#l i piBHOCTM HYJIIO CTaTUY-
HUX Ta AUHAMIYHUX 3MIiIlleHb MEPIIOro i BUIUX MOPAAKIB). Igro(k) —
iHTEeHCUBHIiCTb, O0OOYMOBJIEHA HASBHICTI0O MiKaTOMOBUX KOPeJISIliii;
I2(k), I)™" (k) — iHTeHCHBHICTH TeILI0BOrO ABOMOHOHHOTO i Gararo-
(boHOHHOrO AU(PY3HMUX PO3CiAHb BiAmoBigHO; I, (k) — iHTEHCHBHICTBH
Komnronosoro posciannsa; I (k), I,(k) — inTercuBHOCTH XyaHBOBOTO
Ta 1-ro mopAIKy (POHOHHOTO AUPY3HOTO Po3CciAHHA PeHTreHOBUX HPO-
MEHiB Ha CTATUYHUX i TMHAMIUYHUX JOKAJbHUX 3MIIEeHHAX ¥ KPUCTAJi-
yHi#l rpaTHHUI BigmoBigHo [39]. ¥V saraibHOMYy BHOAAKY YHCJIO BCix
KOMIIOHEHT PO3CiAHHSA, IIT0 MOAY.II0I0TH oH JIsaBe, cranoBuTh 25. I gisa
iXHBOTO KOPEKTHOTO BiJOKpeMJIeHHsS HeOoOXiZHO mpoMipAaTu audysmy
iHTEeHCUBHICTE B 25 eKBiBaJIeHTHUX 00’ €Max 00epHEHOT'0 IPOCTOPY.

Maemo 3asHauuTH, 1110, BUKOHYIOUHN obepHeHU Pyp’e-mepeTBip 3a-
maHux @yp’e-KOMIIOHEHT, MOYKHA BUSHAUYUTH BilIIOBiAHI 3HAUEHHSA I
IIPAMOTO0 IIPOCTOPY, 30KpeMa, IJisd HapaMeTPiB 6JIU3bKOT0 IIOPATKY Oy,
10 XapaKTepPU3yTh BiIXWJIM BiJHOCHUX 3HAUEHb WMOBipHOCTEH I
nBox sHangenux aromiB Al(Ni) ma Bigmaui r,, Big atroma Ni(Al), moxi-
JIeHUX Ha BigHOCHY KoHIleHTpaIrifo atromiB Al(Ni), Big 1.

Bepyuu mo yBaru ocobJIMBOCTi aTOMOBOTO BHOPSAAKYyBauHsa cTomis I'IIK-
Ni—Al, MipaHHA PO3MOAiLNTY iHTEHCHMBHOCTH MAIOTh OYTHM BUKOHAHWMMN:
O0JIM3bKO 0 CTPYKTYPHUX BiAOUTTIB (110 «KEPYIOTH» aTOMOBUM KJIACTEPO-
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X(100) wW(11/2 0)
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I (000) <010> X(010)
o

Puc. 2.7. Ilepma BZ (a) gina I'llK-r'paTHUIi Ta BUCOKOCUMETPiliHI TOUKY (@) i
He3BimHoi obsactu (1/48 uwactuma BZ, obme:keHa JIiHi€O ----- ) B ILIOIIUHI
(001)" (6), B Meskax AKOI BUKOHYBAIUCH MipAHHA iHTEeHCHBHOCTH IU(DY3HOTO
poacisuuasa y [305]. Tyt I' — dyunamenransue (Bperrose) Bigourtsa (y meHTpi
BZ), X, W, K(U), L — HagcTPpYKTypPHi BigOUTTs, 1110 JIEXKATh Ha IOBepXHi BZ, a
ANZ,Q,ANZ, S, dJ, C, 0, B, G', N' — Bucokocumerpiiui Hanpameu: I < X, X
>W, Weo L LolLleoK, UK) X, XL, LoUK), KoW, W U,U
<~ I'ral & W Bigmosiguo.

yrBopeHHaAM) ki — I' (000), y HaACTPYKTYPHUX BiZOUTTAX (IO «Kepy-
I0Tb» OJM3BKMM aTOMOBHM yIOPAAKYBaHHAM) k, = 2rna'(0 0 1),
k, = 2na”"(0 1/2 1), a Tako y370BXK OCHOBHMX HANPAMKIB cuMeTpii
(001) i1 (011) pusa XxBUIbOBUX BEKTOPIB, 110 JIEXKATH Y HE3BiAHI 00J1a-
cri meptoi BZ pna ' K-rparaumi (puc. 2.7).

ITpu mocrmig:kenui mu@ysHOro TJa B CTONAaX, 0OYMOBJIEHOTO MixKaTo-
MOBUMH KOPeIAIiiunMY epeKTaMi, He00XiTHO KOPeKTHO BPpaX0OBYBaTHU
mapasuTHI CKJIAO0Bi, BUKJINKAHI PO3CITHHAM Ha TEIJIOBUX KOJIMBaAHHAX
I'paTHUII — ABOMOHOHHUM Ta 6araToOHOHHUM. 3TimHO 3 Teopiero [7]
iHTeHCUBHICTH IBO(POHOHHOI'O PO3CiAHHSA BU3HAUYAETHCI BUPA30OM:

fZe—ZM—L

1% s E.E
ol [ X e @ e,

Itzp(k) = 5
m B goe =1 Oy Oy

ne Ej, iy, €y — BJacHe 3HAUCHHS eHeprii, yacToTa Ta BEKTOP MOJIAPHU-

samii ¢omommoi momu (A, k); q=B+k — muppakmiiinuii sexTop,
3

2n)'B :Zhibi — BeKTOp oOepHeHOi rparHHNi (umcma {h;} — Iimi;
i=1

puc.2.7); v, — o00’eM [OPUMITHBHOI eJeMeHTApPHOI KOMipKHU;

—2M-L

-1
f=cyhyteula, M =cCg /My tcCy/Mmy; € — daxTop [lebasa—
Bq

Bannepa. InTerpas nomupioersca Ha 00’eM nepeTury £, mepmux BZ 3
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Puc. 2.8. IzoaudysHi giHil iHTeHCUBHOCTH IBOGOHOHHOTO AU(Y3HOTO PO3CIAHHA
I iDS (k) B okoui crpyxTypHOro By3saa (420) (a) i ii gucnepciiina 3amesKHiCTb y3-
noB:x HampaMKy <100> (6) [305].

IeHTpaMu, 30cepelKeHuMHU y Toukax ( i B. PospaxyHKoBi 3HaueHH iH-
TEHCUBHOCTH IBO(OHOHHOI'O po3ciguusa aasa cromy Ni—9 at.% Al npu
300 K mokasamo Ha puc. 2.8, a. BugHo, 1110 iHTeHCHUBHICTh JBO()OHOHHO-
IO PO3CiAHHA 3HAYHO 3POCTA€E 3 HAOJIMIKEHHAM J0 CTPYKTYPHUX ped.ie-
kciB (k — I'). Ajie BoHA € 3BHAYHOIO i AJIA HAACTPYKTYPHUX TOUOK.

Ax Bimomo [52], iHTeHCUBHiCTH MMGMY3HOTO po3cigsHHA PeHTreHOBHX
npomeniB (B [ox. JIase]) y KoskHil Touri k o6epHeHOTO IPOCTOPY Mae
TeHJeHIil0 A0 il piBHOBa:KHOTrO 3HaueHHA micaa Bigmanmy I'IIK-cromy
Ni-Al y nauni gudysii 060X yMOBHO «IOBijibHMX» oHIB Ni i «1mBuz-
Kux» oHiB Al 3rigmo 3 KOMOiIHOBAHNM €KCIIOHEHI[INHNM 3aKOHOM 3 Bi-
amnoBigauMu uacamu T, (i=1, 2, 3) «posnagiB», AKi BiamoBigamoTs (3 Tou-
HicTio 10 3HAKY) Pyp’e-KOMIOHEHTAM MMOBipPHOCTEH ATOMOBMX CTPHO-
KiB (B ogmHAIIO 9acy) A, =(27,) %, A, =(27,) L, Aa =15 -

Tano(l, 1) = Isgo(k,e) + A, (R)e 0" + 4, (K)o 20" + A, (lgye™ 000",

3 BUKOPUCTAHHAM 3a3HaueHOl BuUIlle Teopii 0yJI0 BUKOHAHO BiZOKpe-
MJIEHHS KOMIIOHEHT iHTeHCUBHOCTH AU(y3HOTro po3cigamHsa PeHTr'eHO-
BUX IPOMEHIB JJIsT MOHOKPHCTAJIUYHOTO 3pas3Ka TBepAoro po3unny Ni—9
ar.% Al, saraprosanoro Big 1073 K Ta isorepmiuno BifmageHoro 3a re-
mueparypu 373 K. Ha pucyuky 2.9 maBemeHo izogudysHUN PO3MOMLI
inTencuBHOCTH Igro(k), 00OYMOBJIEHNII HAABHICTIO MiXaTOMOBUX KoOpe-
JAININ, a TaKOK KiHeTHUHY 3aJieKHIiCTh mapaMeTpiB 0J1M3bKOT0 MOPS-
Ky Yoppera—Rayumi o(r,,t) aaa spaska, BifaleHoro ynpoaoBx 15 xB.
(r, — pazgiroc-BeKTOp By3Jia n-i KoopauHaIiituoi cpepu; puc. 2.9, 6).

3 pucyukis 2.8, 61 2.9, a BugHO, 110 sudys3Ha iHTeHCUBHICTE I5z0(K) B
OCHOBHOMY 30CEPEIKYETHCA Y BUCOKOCHUMETPIMHNX HAACTPYKTYPHUX
Toukax X(0 1 0) mepiroi BZ, a TaK0K B OKOJIi CTPYKTYPHUX pedieKciB
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Puc. 2.9. Posnozin B 00epHEHOMY ITPOCTOPi iHTEHCUBHOCTU AU(MYSHOTO PO3CIAHHA
Ha OnsbKOMY NOPAAKY Igq, (R h,0) mns saraprosanoro (To6To sIBHO HepiBHOBa-
JKHOTO) 3paska (a); napamerpu YoppeHa—Kayni o(r,) 611M3bKOro MOPALKY IS
JIBOX CTaHiB: 3arapTOBAHOTO i BimaseHoro ympoxoBx 15 x8. ipu 373 K (6) [305].

T'(0 0 0). 3asmauumo, 1110 B 3aTapTOBAHOMY CTaHi iHTeHCUBHICTH y TOY-
kKax X ckaamae 2,5 ox. JIaBe, y Toit uac ak y mosuitiax (000,2) (k - T')
A BeanunHa gopiBHioe 27 ox. Jlase. OT:ke, OyZ0OBY OJIM3BKOTO aTOMO-
Boro nmopAaky B cromi Ni—9 at.% Al MmosxHa BigHecTH 40 TaKoi, aKa Ie-
peBaKHO BimmoBimae 6JM3BLKOMY pO3IapyBaHHIO (a00 pos3mary) y BIO-
panKoBaHii 3a L1,-tumom MmaTpuili. Taxkuii BUICHOBOK MOMKHA 3POOUTH i
3 KiHeTUUHUX 3aJIe:KHOCTEH mapaMeTpPiB 0JM3bKOr0 MOPAAKY Y oppeHa—
Kayai o(r,) (puc. 2.9, 6), BetmunHa AKWX MO3UTHUBHA A 0 TPETHOI KO-
opAuHAIiTHOI chepu i BpocTae yIIpogoB:IK Biamary.

Taxo:k 3 YacoBUX 3ajiesKHOCTel nu@ysHoi inTeHcuBHOCcTHU (puc. 2.10)
BUIHO, IO Ha IMOYATKOBUX CTAMiAX pejlakcallii IpaKTUYHO HE3MiHHOIO
3aJINIITAETHCSA iHTeHCUBHICTE I gro(ky, t) (Ha Bigminy Bix moMmiTHO MiHIM-
Bol B 4yaci Iggo(k —1')). Yci HaBeneHi KiHeTUUHI 3a7eKHOCTI BKa3yIOTh
Ha Te, II[0 IpoIliec 6JIM3LKOTO0 posinapyBaHHa B cromi Ni—9 art.% Al mo-
JKHAa BigHecTH 10 po3nany (BUHMKHEHHS ABOX 0JM3bKO BIOPASKOBAHUX
obOstacTeli 3 PiBHUMHU CKJIAJaMHU ITicJIA 3aTapTyBaHHS).

Yepes CKJIAAHICTL IIEepPeTBOPEHb OJM3BKOr0 MOPAAKY B cromax Ni—Al
MOJIeJTIOBAHHS MOT0 JIOKAJbHUX aTOMapHUX KOH(Irypaiiii Takox cTaHo-
BUTE iHTepec. Komn’oTepHe MOAeII0OBAHHA OyA0BU OMM3BKOTO MOPAIKY YV
TBepaomy posumHi Ni—9 ar.% Al O6ynm0 BUKOHAHO 3a MeTOZor0 MoHTe-
Kapmao [45-51] 3 BUKOpuCTAaHHAM OJAEP/KAHUX €KCIEPHMMEHTAJILHO 3Ha-

4JeHb IapaMeTpiB 0J1u3bKOro nopAaKy Yoppena—Kayni o, . Ha mozens-

HUW KPUCTAJLIT HaKJaJaJaucsd NUKJIIYHI MexxoBi ymoBu. MomesoBaHHs
BUKOHYBAJOCA AJA TpuBuMipHOoro MmacuBy 3 216000 Bysmamu I'IIK-
rpatHuti. Ias crony 3 9 at.% Al y mbomy macusi 19440 BysaiB Bigmosi-
Iayu jJeryBaabHUM aTromaMm Al. Cepir remepyBaBcs JOBLILHUN PO3TOIi
aToMmis (puc. 2.11). Buamo, 1110 AJ1s TAKOTO PO3MOLiNIY BiICyTHI AKi-HeOy b
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Puc. 2.10. Kinernusi sane:xuocTi iHTeHCcuBHOCTU nudy3HOr0 posciauusa Penr-
reHOBUX IpoMeHiB I, (k, t) (B [ox. JIaBe] ana pisHUX MOI0XKEeHb TOYOK-KiHIIiB
xBUJIB0BOTO BeKTopa K) y cromi Ni—9 ar.% Al ynpoxor:k Bignaiy 3a 373 K mic-
as 3arapryBanud Big 1073 K. 14 mopiBHAHHS y JOBTOXBUJILOBiH o0sacTi (me
k=T), Aka HameBHO BiAmoBimaTuMe Ha OiJBINI IMi3HIX cTamiAx Bimgmamy aBumry
KoaJeclieHIrii (KJacTepiB, 3apoiKiB, 3epeH 3 JaJleKuX Bimmaseir), TyHKTUPHOIO
JiHi€l0 HaBeeHO aCUMIITOTUYHY KiHeTHUHY KPUBY KoaJecieHIii (3a Jlidu-
npoM—CrabosoBuM—Baruaepom): Igzo(k,t) o< t/3[64].

0COOJIMBOCTI JIOKAJILHUX aTOMOBUX IPOCTOPOBUX Kopessitii. ITotim aTo-
mu Ni i Al (o6pani 10BiIEHO) 0OMIHIOBAIUCS MiCIISMU, IIiCJIS YOT0O PO3pa-

XOBYBaBCs HACTYIHMI IapaMerep: A = Z((xf;i; o Z(ocz}l‘}; )’, ne
klm klm

— EeKCIIepHMMEeHTAJIbHI i po3paxoBaHi mapaMmerpu YoppeHa—

exp cale
a’klm ? aklm

Kaynu (mmicas KoxHOI 3 aTOMOBUX II€PECTAHOBOK) BimmoBimHo. SIKITO Be-
JuumHaA A 3MEHIITyBaJjacs, TO aTOMU 000X COPTiB 3aJMINIAJNCA HA HOBUX
MiCIIAX, a IKIIO He 3MeHIITyBaJjacs, TO BOHU BepTaJiicsa Ha IOYaTKOBI mo-
3uIlii, ase sapaxoByBaucs aumte A<107°,

Ha pucynky 2.11, 6 moxkasamo po3IOAij aTOMIB AJS CTaHY OJHM3bKOTO
nopAnky cromy Ni—9 Bar.% Al, saraprosamoro Big 1073 K u nagaui Bia-
najsenoro 3a 373 K yaopomos:k 15 xB. BuaHo, 1110 B CTOIIi micjs isoTepmiu-
HOTO Bimmayy ympozoB:K 15 XB. IPHUCYTHSA He3HaUYHA KiJbKiCTh KJacTe-
piB, ynopagkosauux 3a L1,-tumom (NizAl), a Takox obJiacTi 3 6IM3bKAM
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Puc. 2.11. Komn’toTepHe MoaeaioBaHHA 3a MeTomoio Mourte-Kapso yctpoio
61u3sKoro mopsaaKy B cTori Ni—9 ar.% Al 3a xaoTHUHOTO PO3MOAiTYy KOMIIOHE-
HTiB (a), micasa sarapryBadHa Big 1073 K i HacrymHoro Bigmany 3a 373 K ympo-
zoB:x 15 xB. (6) [305].

posiiapyBaHHAM. BuKoHaHe MOeI0BaHHA GJM3bKOT0 MOPAIKY Y TBep-
momy posumHi Ni—9 at.% Al miaTeBepakye MPUCYTHICTH y CTOIIL MeKiib-
KOX KOHIIeHTPAI[iHNX XBUJIb [52] 3 pisHuUMU XBUIbOBUMHU BeKTOpamu k.,
AKi TOMiHYIOTE Y BifoOpaskeHHi CTPYKTYPHU 0JIU3bKOTO HOPAIKY .

PosrisimemMo KOPOTKO roJIoBHI 0C00IMBOCTI (heHOMEHOJIOTIUHNX MaK-
POCKOIIIUHMX MOJEJIiB, AKi IIPOMOHYIOTHCA [AJSA BUBUEHHA KiHETUKU
O0JIM3BKOTO MOPSAAKY 3a JOIIOMOTOIO JAHUX, OfeP:KaHUX i3 MipsAHHS M-
TOMOTO 3aJIUIITKOBOTO esieKTpootopy A [T K-cromy Ni—Al.

Y Bunagky BakaHCifiHOro MexaHismy au@ysii 6epeTbCsi 10 yBaru rimo-
Tesa Ipo Te, 1110 O0epHEeHUI Yac pesakcallii 3aJuITKOBOTO eJieK TPOOIIopY
3a i-M peJaKcaliiiHuM mpoiiecoM («cIieHapieM») ‘l:i_1 € IIPOHOPITiNHUM IO
KOHIIEHTpAIlii BaKkaHCill ¢y; i wacToTH cTpUOKiB Baxkamciii vy, 3 epeKTUB-
HUM haKTopoM ); (1110 Mae mopsanok 1): ‘ri‘l = %,Cy,Vy, - IlapameTpu cy; Ta Vy;
3aJaI0ThCA 3a BOJBIIMAHHOBUM POBIOALIOM: ¢, = ¢,exp{— E, /(k;T)},
vy, = Vpexp{—E, / (k;T)}, ne E,; it E,; — eHeprii yTBOpeHHA Ta aKTUBA-
mii wmirpamii BakaHciii 3a i-M «cIleHapieM» BiZmOBiAHO; IPU IIHOMY
E,=E;+E,; e 3araibHOI0 eHeprieo akTupaiii. TakuMm YuHOM, TeMmepa-
TypHA 3aJIE}KHICTD T; ONMCYETHCS TaK 3BAHUM APPEHIIOCOBUM «3aKOHOM» :
T, = T,exp{ E,, [(k;T )} , mpmaim, Ty, = (),C0,Voi) -

BukopucroByroun uacoBy 3aJ1€3KHICTH 3AJIMIITKOBOTO €JIEKTPOOIIOPY IIPHU
izoTepMiUyHOMY BiATIaJIIOBAaHHI TBEPAOTO PO3YNHY 3aMillleHHA AJ15 BUBUEH-
HA KiHeTUKU pejaKcallii CTymeHs OJM3bKOr0 MOPAAKY, MIPUIYCTUMO, III0
3MiHa #0oro Mae OyTH IIPOMIOPIIiHHOI «TePMOINHAMIUHIN CHIi», AK PYHK-
mii F Bigxwmiy Bim piBHoBaru. 3arajbHe PiBHAHHA KiHETUKU IpoIecy 3a-
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numemo y Buriagi: op(¢,T,)/ot = -F({7,'};p(t,T,) - p.(T,)), me p(t,T,) €
MUTTEBUI NUTOMUU 3aJIUIITKOBUY €JIeKTPOOIiD, a P.(T,) — nuromuii ese-
KTPOOIIip B cTaHi pigHosazu (t — ) 3a remueparypu Bignany T=T,[53].

Y cramiomapHHUX yMoOBaX, TOOTO 3a CTajJ0l KOHIeHTpAIlii medeKTis
(BakaHCiit), MOKHA BUKOPHMCTOBYBATH AEKiJIbKA KiHETHUHUX MOJEJiB.
Haiinpocrimum € Tak 3BaHUTI KiHETUYHHUN MOJEJb IIEPIIIOTro IIOPAAKY,
— F(vhp(t,T,) - p.(T,)) = 1" [p(t,T,) - p(T,)] , — sa AkuM penaxcanisa
OJIMBBKOTO MOPAIKY OIMCYETHCSI OJHOEKCIIOHEHITINHOI0 II0BEIiHKOIO
HOPMOBAHOI 3MiHM TUTOMOTO 3aJIUIITKOBOTO eJIeKTPooIopy [54—56],

[P(t,T,) = p(T)]/[po(T.) ~ p.(T)] = %,

(po(T,) — mouaTKOBUY IUTOMUY 3aJIUITKOBUI OIIip 3a TeMIlepaTypHu Bi-
nmany T,) 1 XxapaKkTepusayeTbed eqUHUM dacoM penakcarii ©(7T,), axui
BU3HAYAETHCS YaCTOTOIO CTPUOKAa BaKamcii (pyXJauBicTIo) Vy, KoedimieH-
ToM epeKTHBHOCTH ¥ i KOHIIEHTpAaIlieio BakaHCii ¢y, (guB. BuIe). Kine-
TUYHUHA MOJEJNb BUIMOTO (7-T0) MOPAAKY OIMNCYETHCA PiBHAHHAM, B AKe
BXOJUTH CyMa AeKiIbKOX eKCcIIoHeHT [52—60]:

[p(t,T,) — p(T)V/[Po(T,) — p.(T,)] = iAe’t/‘f(Ta) ’
i=1

npudim, A;+ ... +A,=1, ne A, — «Bara» i-ro pejakcaliffHoro mpoiecy.
(Bumagky n=2 BigmoBimaiotb A;=AiA,=1-A.) Taxky ckaagHy pejaxca-
MifiHy IIOBEeAiHKY MOMKHA IIOSCHUTH B PaAMKaX MOJIEJI0 AHCIEPCHOTO MO-
paAnky [59, 60] abo :x KineTuumoro Teopieio A. I'. Xauarypana [52].

3 00p0o0KOI0 BCiX AOCTYIHHX €KCIEPUMEHTAJIbHUX NAaHUX (IUB. PHUC.
2.10 gisa I'TTK-Ni—9 Bar.% Al ta puc. 2.7, 2.8 B[24]i puc. 2.8 B[61] gi1s
T'ITK-crony Ni—6,3 Bar.% Al) moxi6uo mo [62] is npunacyBaHusaM 3a Me-
TOAOI0 HAMMEHIIINX KBAaJAPaTiB Ta 3 BUKOPHUCTAHHAM CTaHIAPTHOI 00umC-
JIOBaJIbHOI METOMH, 110 IPYHTYETHCA Ha HeJiHiNHiN onrTuMisarlii 3a umc-
agoBuM anbroputrmoM JleBembGepra—Mapxsapara [300, 301], B pamrax
MOZeJIiB KiHeTUKU BHopAanKyBaHHA 1-ro (1), 2-To (2) abo 3-ro mopAaKis,
OIliHeHO HACTYIIHi ITapaMeTpu: Yacu pejakcaiii T; (i = 1, 2, 3) iHTeHcus-
HOocTH mOu(dysHOro posciauHa PeurremoBux mpoMeHiB (Iggo; OUB.
rabi. 2.3, 2.4, 2.5) i BignoBigHi Pyp’e-KOMIOHEHTH HMOBipHOCTEH aTo-
MOBHX CTPHOKIB (B oxmHMIIO Yacy) —A, =—(217;) ", Ae=—(27,) ', —Ay=—T;"
(tabi. 2.6), a TAaKOK NMMTOMOTO 3aJIUIITKOBOIO eJIEKTPUYHOro ornopy (p;
nuB. Tabu. 2.7, 2.8) ra mikporsepgocTu (U; quB. Tabi. 2.9, 2.10).

Tak, naa Mogesto 1-T1o0 HOPAAKY Pey Po— Pes T 1 T.J. € IIYKAHUMU II1APA-
metpamu (Tabia. 2.1, 2.7; y nmux rabaunax T=21 — rpy0a ominka uacy pe-
Jakcallii JaJIeKoTO aTOMOBOTO MOPSAKY 3a OOMiHHMM MexaHismoMm [52,
56]). Bunagxky mMomesto 2-ro OPAOKY BilIOBimaioTh ITyKaHi ITapamMeTpu
Peos Po—Peos Ay T15 Ty 1 TOMY TTORIOHI (TAbI. 2.2, 2.8). OcKinbKYM YKCIO HE3A-
JEeXKHUX TiATiHHMX IapaMeTpiB 3pocTae AK 3n — 1, ay1s Toro 106 3abesme-
YUTYU BipOTigHICTH aHATI3M, YMCJIO €KCIOHEHITiAIIB (1), HeoOXiZHUX A
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MiATOHKY JAHUX, K IPaBUJIO, Mae He mepeButrysatu 2 abo 3 [300, 301].
Kpurepii BigmoBignocTu Takmx rpadikis (puc. 2.12-2.20) ekcnepu-
MeHTaJILHUM TouKaMm [24, 61] MOKHA CKJIaCTU 3a MAJIOI0 BeJIUYUHOIO Ce-

TABJINIA 2.3. Iligrinai mapaMeTpu, SKUX OI[iHEHO B paMKax MoJeJio 1-To mo-
PAOKY KiHeTmKu pejakcarfii inTemcuBHOCTH [u@y3HOTO po3cigHHA Igpo(ky,?)
T'ITK-cTomry Ni—6.3 at.% Al yuponos:x Bigmamy.

T,, B [Tgpo(t—o0), JLox| Tgpo(t=0)— Iggo(t—>=), Lom. | t,rom. | T,rom. | p?| &

573 1,12+0,06 -0,31+0,10 9,01+6,8518,02+13,70,71 0,007
673 2,0+0,117 -0,60+0,18 4,58+3,54 9,16+7,08 0,68 0,034
973 1,970,012 -0,36+0,03 2,25%+0,43 4,50+0,86 0,97 0,001

TABJINIA 2.4. Ilinrimai napamMeTpu, AKWUX OIiHEHO B PaMKax MOJETI0 2-TO
TMOPSAKY KiHeTMKHU pejakcariii inTencuBHOCTU [udy3HOTO PO3CigHHA [gpo(Ky,t)
T'IIK-cromry Ni—6.3 at.% Al yuponos:x Bigmaiy.

T, | Igpo(t—>), JLom. | Igo(t=0)—Igpo(t—e2), ox. |1y, ron. |1, ron.| p2 | &

573 1,12 -0,31 9,005 9,004 0,71 0,014
673 2,00 -0,60 4,583 4,582 0,68 0,057
973 1,97 -0,36 0,085 4,083 0,99 0,001

TABJINIA 2.5. ITapameTrpu pesakcaliii iHTEeHCUBHOCTH JUMY3HOTO PO3CIAHHA
Penrrenosux mnpomenis mna I'IK-cromy Ni-9 ar.% Al (T,=1073K, T,=
=373 K) B pamKkax «Iu(epeHITiiHOT0» MOJe 0 3-TO MOPAAKY KiHeTuKu 0JI135-
KOro YIOPALKYBaHHA T, = 27,7, / (T, + T,) ).

kK| Igot=) | A0 | 40 [ 4,0 [1,0), roa.]1,k), roa.|1,k), roa.
X@001) 2,55 3,50 2,59 -6,19 0,101 0,680 0,176
w@01/21) 1,70 -122,9 201,4 -78,67 0,389 0,393 0,391
A3/4(003/4) 2,55 -3,31 0,50 2,74 0,328 6,194 0,623

A5001/5) 161,85 -55,00 -206,8 151,5 0,286 1,720 0,491

TABJIUIIA 2.6. ®yp’e-KoMIOHEHTH (Y3ATUX 3 MPOTUICKHUM 3HAKOM) MMOBIip-
HocTeil aToMoBuX cTpuOKiB (y oguuumio dacy) Ay(k), Ay(k), A, (k) =X, (k) + A, (k)
nua I'IK-cromry Ni—9 ar.% Al(T,=1073 K, T, =873 K; gus. nani puc. 2.19) B pa-
MKaX «Iu()ePEHIIIAHOr0» MOAEJIIO 3-I'0 HOPAAKY KiHeTHKY OJIM3bKOr0 HOPAAKY.

k | M10°% ¢t | Mk)10% ¢t | Ay(k)10% ¢t
X(001) 137,51 20,44 157,95
W(01/21) 35,70 35,37 71,07
A0 0 3/4) 42,32 2,24 44,56

A1,5(001/5) 48,51 8,08 56,59
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TABJIAIA 2.7. Iliariaai napamerpu, o04YncIeHi B paMKax «iHTerpajbHOTO»
MOJeJI0 1-ro IOPSAAKY KiHEeTMKM peJsiakcallil 3aJUIIKOBOIO €eJIeKTPOOIOPY
I'ITK-ctony Ni—6,3 aT.% Al yupomgos:x Bigmairy.

T,
T K| p=/Po (Po=P=)/Po trom | | 9 &

573 1,025+0,001 -0,026%0,002 1,07+0,19 2,13 0,97 3,61.10°

TABJIAIA 2.8. ITiarinai napameTpu, o0UYNCIeHI B paMKaxX «iHTer'paJbHOTO»
MoOZed0 2-TO TMOPAAKY KiHEeTWKHM pejakcallili 3aJuIIKOBOTO eJeKTPOOIOopPY
I'IIK-crony Ni—6,3 at.% Al yupogos:k Bigmairy.

T, K| P/Po | (Po—p-)/po |TioTOm. [Ty TOn. | % | &
573 1,03+0,001 0,141 1,067 1,064 0,97 5,1.10°
673  1,01%0,0001 ~0,006 0,904 0,903 0,95 3,2.10°

TABJIAIA 2.9. Iligrinai mapameTrpu, o0YMCIeHI B paMKaX «iHTeI'DAIBHOIO»
mozesio 1-ro mopAnKy KimetTuku pesakcaitii mikporsepaoctu I'TTK-cromy Ni—6,3
at.% Al ympomos:x Bizmary.

TG,K| Weoy KT/ MM |},L0—},LM,KI‘/MM2 | T, TOf. T, rox. |502| &
573 239,15+1,36 -32,17£3,73 0,52+0,13 1,04+0,26 0,90 13,77

TABJIAIA 2.10. ITiariaui napamerpu, o6UKCIeHI B paMKax «iHTerpaabHOr0»
MOJIEJIIO 2-TO TOPAAKY KineTuku pesakcartii mikporsepaoctu I'IIK-cronmy Ni—6,3
aT.% Al ynmpomoB:k Bignasy.

T,,K | .., KT/MM2 | Up — Mo, KT /MM | Ty, TOA. | Ty, FOZ. | o2 | &
573 239,15 -32,17 0,521 0,521 0,90 17,705
673 210,58 -11,37 0,960 0,966 0,94 4,049

PeIHBOKBAJAPATHYHOIO Bigxmiry 6% Ta KoedimieHToM Kopeaamii @ (qus.
taba. 2.1-2.10).

3a omepikaHUMHU pe3yabraTraMu (OuB. Tabs. 2.3) i HabIMKEHOIO 3aje-
xuicrio 17 = 1, exp{E, /(k,T")} (p=1, 2, 3) MosKHA OIiHUTH eHepriio
aKTHUBAIIil AJA cTPpUOUACTOrO PYXYy aTOMiB V HM3bKOKOHIIEHTPOBAHOMY
cromi I'TITK-Ni—6,3 at.% Al (tyT ¥ — uac pesnakcarnii cromy, 110 Ipese-
HTye p-y TemnepaTypy Bignany T®); 1, — mepefeKkcnoHeHTHUH Koediri-
eur; E,,=E, — eHepria akTuBaIllii eJeMeHTapHOTO aKkTy CTPHUOUYACTOTO
epeMiIleHHs PyXOMOTo aToMa y Bakamcito). Tak, piasa momento 1-ro mo-
panky E,; =0,19 eB/aTom, 1,=689,9 c. 3azHaunMo AJ1A ITOPiBHAHHA, IO
3a rpy0oi ominku B [62] eHepria axkTtusaril gid imrepmeranizy NizAl e
nopanky E,,=0,55 eB/aTtom (myna o6MiHHOTO MexXaHi3My aTOMOBOI Iu-
¢dy3sii y penrakcairii gajexoro aToMoBOro mopaaKy npu 1273—-1626 K).



94 B. A. TATAPEHKO, O. B. COBOJIb, [I. C. JIEOHOB, I0. A. KYHUITbKU, C. M. BOKOY

2,5+
1080

204 840

600+

ISRO(Z — ), ox. Jlaye
T, T, xB.

3601

. : : : . : : ; ; , .
500 600 700 800 900 1000 500 600 700 800 900 1000
T, K T, K

Puc. 2.12. 3anexxuicts piBHOBaXkHOI Pue. 2.13. 3amexHiCTE OI[iHeHUX YaciB
inTeHCHMBHOCTH AM(Y3HOTO POo3cigHHA pesakcanii 6amsskoro (I — 1) Ta ga-
Iggo(t — o0) Big Temneparypu Bigmasy jgexoro (2 — T) mopankis Bix Temnepa-
T, cromy Ni—6,3 at.% Al, obuuciena B rypu Bigmany T,, oGUnCIeHUX B pam-
paMKax MOEJI0 KiHeTHKHU pejaKcallii Kax Mogeao KiHmeTuku 1-ro mOpAIKY,

1-ro IOPAIKY. nas cromy Ni—6,3 at.% Al.
600
E ]
- T;l exp| — —al 2,4
] kT, ; o
/ > 224
480 T, = 11,498 xB. / &‘5
1 E, = 0,19 eB/arom / L 2.0
7/ =
. / o
% 360 7 184
o - 8
4 2 T 1,6
// N
2404 Pl = 144
- &
_- ~ 1,24
120 T - T T T T 1,0 T T T T T
1,0 1,2 1,4 1.6 1,8 500 600 700 800 900 1000
1/T,10°, K T,K

Puc. 2.14. T'padik obumcienoi same:xk- Pue. 2.15. 3ajexHicTh piBHOBaKHOI
HOCTH Yacy pejiaxcailrii T OJIM3bKOT0 IMo- iHTeHCUBHOCTH Au(Y3HOTO PO3CiTHHA
DPALKY, OI[IHEHOTO B DPaMKax MOAeJIO Igpq(t — o), 00uncieHoi B paMKax MoO-
KimeTuku 1-ro mopsaaky, Bif obepHeHOI gei0 KiHeTMKM peJsaxcanii 2-ro mo-
remmeparypu Bignany T,! crony Ni—6,3 pagky, Bix temmeparypu Bigmany T,
ar.% Al. cromry Ni-6,3 at.% Al.

YacoBa 3aJie;KHiCTh ITapaMeTpiB 0JIM3bKOT0 OPAIKY YoppeHa—Kayiu
o(r,,t) i po3spaxyHKHU JOKAJIbHUX aTOMOBHUX KOH(Irypariiii 3a MeTozn0m0
MomnTe-KapJiio mokasaiu, 1110 IPOCTOPOBUIM MEPEPO3TOAiJ KOMIIOHEHTIB
3a3HAUYEHUX CTOIIB BiIIOBiZlac BUHMKHEHHIO M POCTY ABOX OJIM3BbKOYIIO-
PAAKOBAHUX 00JacTel: TaKUX, 1110 KJIaCTepPHU30BaHi, Ta JOMEH, II0 € CJia-
O11Te BIIOPAIKOBAHUMU, aHiK cTpyKTypa Tumny L1, (NigAl). (Ilisusa cragia
KimeTuKu 61M3bKOI KJIacTepusallii, remepoBamoi maaumu k,, HampukJiam,
k, = 2na (0 01/5) , Ha piBHI aTOMOBHX MacIITaGiB y3rOAKYyETHCA 3 KOH-
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Puc. 2.16. 3anexHicTh ominenux ua- Puc. 2.17. IIporaosoBana 3ajeXHiCTb

COBUX IapameTrpiB pesakcanii T, i T, (I piBHOBa)XHOI iHTeHCMBHOCTU AM(Y3HO-

— T, 2 — T,), O0UKCIEHUX B paMKax ro poscisausa Iggq(k, ), ominenoi B pa-

MOJEJNI0 KiHeTUKHU 2-TO MOPAIKY, Bil MKax «Iu(EpeHIiiHOT0» MOMEJNI0 Ki-

TeMmieparypu Bigmaay T, JJisd CTOIY HEeTUKH OJM3HLKOTO VIOPAZKYBaHHS 3-

Ni-6,3 ar.% Al. ro mopanky (T; = 27,71, / (T, +7T,) ), Bix
TOJIOXKEHHA KiHIlA XBUJILOBOTO BEKTOpA
k (ysmoe:x mHampsamiiB ' >A—X Ta
X —>W B o0epHEHOMY HOpPOCTOPi) mJs
I'OK-crony Ni—-9 ar.% Al (T,=1073 K,
T,=373 K).

TuHYyaJIbHOIO Teopiero Jlihpmuna—Cabo3oBa—Baruepa [64].)

3asHaumMo, 10 MAarHeTooIip Tako:K Oyyo nomipsauo aas I'IIK-cromy
Ni—6.3 aT.% Al B[61] ogHOUYACHO 3 MipAHHAM eJeKTpoonopy. Moro ami-
HU, OJlep:KaHi Ha TaKOMY 3pa3Ky, IePeKOHJINBO MOKAa3yIOTh, 1110, Ha Bij-
MiHy Bif moBeIiHKM ejieKTpooropy [24, 61], marHeTooIrip 36iabIIyeThCA
(baxTuumo TiABPKM Ha cTafil Bigmany, AKa BigmoBizae 36iJbIIIeHHIO IIa-
pameTpa O0JIM3BLKOro MopsaAaKy v 1-ii KoopauHaitiiinii cgepi) i morim 3a-
auitaeTbes craauM. OueBUIHO, IO e 00YMOBJIEHO OJIM3BKICTIO OTHAKO-
BUX HAHOJJMMKUMX aTOMiB, siKa BKpall BaMJnBa O OOMiHHOI B3aeMOil
Ni—Ni. ITapu cyciguix aromiB Ni—Ni BigirpaioTs OCHOBHY POJIb ¥ Marte-
TOOIIOPi, X0ua IXHA KiJIbKicTh OB’ sA3aHa 3 KiJbKicTio map cycigis Ni—Al.

Bmius 61M3bKO0r0 IOPAAKY HA MeXaHiIUHI BJIACTUBOCTI TBEPOrO CTO-
Oy CIPUYMHEHO JBOMA I'OJIOBHUME (haKkTopamu: 1) pyx AucIOKaIii mpu
nedopmariii pyiinye 6JU3bKUI MOPALOK 3 JOLATKOBUM BOMPAHHAM €He-
prii, 110 Bu3HAuUae W JOmATKOBE 3MiITHEHHSA; 2) 3MiHM HOBHOI eHeprii
CcTOmy i HIOTO eJIeKTPOHHOI CTPYKTYpPH Uepe3 BUHUKHEHHS OJIM3bKOTO
HOPASKY PEeryJoiTh IPY:KHBOIO a00 IIJIaCTUYHOIO AedopMallieio B cTomi
3 OJIM3BKUM IIOPAAKOM iHIIIMM CIOCOOOM, aHi}K B TOMY K CAMOMY CTOITi
0e3 01u3bKOTO MOPAAKY. MikpoTBepaicTh crony Ni—6.3 Bar.% Al 3wmi-
HIOETHCSA HEMOHOTOHHO BIIPOAOBIK Bigmainy 3a 5731 673 K, aie BoHa 30i-
JBITYETHCA Ha CTaAil BUHUKHEHHSA JOKAJBLHOTO ITopAaKy [24].

TakumM YMHOM, JOCTiIMKEHHS KiHeTHMKM BCTAHOBJIEHHS PiBHOBAKHOTO
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—a— OuiHeHi 3HaYeHHA A](k)

200 - —— Onineni snavenna A,(k)

—A— Onineni snauenns 4 (k)

1004

—100

A,(K), AK), A(K)

—200

Puc. 2.18. IIpormosoBaHi 3ajeXHOCTL
nepeaeKCIOHEeHTHUX KoedilieHTiB
A;(k), Ay(Kk), As(k), omrinenux B pamMKax
«IU(EepeHIiAHOTO» MOJENI0 KiHeTuKu
6JIM3BKOTO YIOPAIKYBAHHSA 3-TO IIOPAI-
Ky (T, =247, /(T +7T,)), Big moso-
JKeHHsS KiHIIA XBUJIBOBOIO BeKTOpa Kk
(y3moB:k HapAMKIBl 5 A—>XiX > W
B obepreHomy mpocrtopi) maa I'TTK-
crony Ni-9ar.% Al (T,=1073K, T,=
=373 K).

160 —=— Orineni sHaYeHHA kl(k)

-1

c

1404 —®— Ouineni sHauenHs kz(k)

120 —* Onineni snauenns )‘“:x(k)

2, (k)10°,

100

80

60

A, (k)10°°,

40
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2, (k)10°,

:
1.2
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T
0,2 0.4 0.6 0.8 1,0

Puc. 2.19. IIporaosoBani 3agexHOCTi
dyp’e-KoMITOHEHT (Y3ATUX 3 IPOTHU-
JeXXHUM 3HAKOM) MMOBipHOCTeH
aTOMOBUX CTPUOKiB (Y OOUHUIIIO Ua-
cy) M(k), Ay(k), Ay(k), omimenumx B
pamMKax «AudepeHIiTHOTrO» MOIeI0
3-ro mopanky (Ay(k) =24, (k) +A,(k))
KiHeTHMKHU pejakcailii 0J1u3bKOro Io-
PAOKY, Bif IIOJOKeHHSA KiHIS XBU-
1boBOTO BeKTOopa k (ysmoB:k Hamps-
MEKiBI' > A —> X i X - W B obepHe-

"Homy mpocTopi) mas I'IIK-cromy Ni—
9ar.% Al(T,=1073 K, T,=373 K).

6ausbkoro mopsaaky B cromi I'ITK-Ni—Al sacBigumiio, 1o 1eii Iporiec Ho-
CUTH peJiaKcalliiiHmil xapakTep i 3ilicHI0eThCA uepes Augysito fioniB Niy
«1rybi» 3 itonis Al. ITokazamo, 110 IIBUAKICTE I[HOI'O IIPOIECY € Pi3HOIO
(o pisHUX TOYOK 00epHEHOTO IIpocTopy). Oxep:kaHi faHi Ipo IMIBUAKICTD
penakcairii 6,IM3bKOr0 MOPAAKY AJIA Pi3HUX TOUOK 00€PHEHOTO IIPOCTOPY €
CBiTUeHHSIM Ha KOPUCTD He JINIIE TPAAUI[IMHOr0 BAKAHCIMHOTIO MeXaHi3My
nudysii (3i crpubanHAM aTomiB y Haiibrmkui Bakamcii). 11i »x mami moxxkHA
BUKOPUCTATHU JJIA BUSHAUCHHSA MMOBipHOCTeI IepecKkokiB fioHiB Ni B ejie-
MeHTapHUX akTax audysii. Taki akTu 3AiiCHIOIOTECA B OCHOBHOMY fAK IIe-
PECKOKH He JIUIIe HA HaOamKuy Bigmaab. Ajie IMOBipHiCTE CTPHUOKIB fio-
HiB Ni y Bysoa R 3 #ioro HafiGIMKI0OTr0 OTOUECHHS € 0iJIbIIIOIO IJIA TUX BY3-
JiB R, y akux 3HaxomKeHHs MoHiB Ni € Burigminmmum enepreruuro. Takum
YMHOM, MMOBipHICTb MisKBY3JIOBUX HOHHUX IIePECKOKIB 3aJIeXKUTh Bij po-
3MIOJLIY «IOTEHIIiAJILHOTO» II0JIsI, O0YMOBJIEHOI'0 OJIU3BKUM IIOPATKOM, i,
OTiKe, BiZl HeigeaJbHOCTH CTOIIy. BiI3HaUeHO eHepreTUYHi IIapaMeTpH, 1110
XapaKkTepu3yIOTh BILINB HeigeaJlbHOCTH CTOITY Ha Au()y3iiiHi mpoIiecu.
BusuenusaM 4acoBoi 3aJIe;KHOCTHU AU(PY3HOTO PO3CiAHHA AK PeHTre-
HOBUX IIPOMEHIB, TaK i eIeKTPOHIB MPOBiAHOCTHU (€JIEKTPOOIOPY), AKA €
TIOB’ A3aHOI0 3 YCTAJeHHAM PiBHOBAXKHOTO 0JIM3BKOTO IMIOPSAAKY B IIpPOILe-
ci isoTepmiunoro BigmaJy, 3’sicoBaHO, IO 3a TPUBAJUX BiAmaJIiB y of-
HO(A3HOMY CTOIIL YTBOPIOIOTHLCSA M HPOMiKHI KOHIIEHTPAIliliHI HEOJTHO-
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pimHOCTi, BigMiHHI Bifg
cTaHy OJM3BLKOr0 IMOPALKY
tuny L1,, 1110 opMyeThCA
B)Ke Ha II0YaTKOBUX eTa-
nax Bigmaimy. (IIi KoHIeH-
TpaliiiHi HeoZHOPiZHOCTI
MOKYTh SABJIATU CO00I0 I
K-cram.) YTBOpeHHA iX Cy-
OPOBOIKYETHCA MaTiHHAM
iHTeHCUBHOCTH AM(PY3HOTO
PO3CisTHHA y HAJICTPYKTY-
pHUX TOoUKax OOepHEeHOro
npoctopy 'IIK-rpaTaMIIi.
3a IOIoOMOroio ImapaMer-
pusarliii JiTepaTypHUX a-
HUX MipAHHA 3aJIUITKOBOTO
€JeKTPOOIIOPY  VIIPOIOBIK
isoTepmiuHOTO Bimmaurio-
BaHHSA CTOHNIB 3aMiIlleHHA
T'IIK-Ni—Al B pamkax 3a-
IIPOIIOHOBAHUX MOJeJIiB
KiHeTHKM peJakKcalrii aTo-

79 —m— OuineHi sHAUEHHSA T,
—— OuiHeHi 3HAYEHHS T,

—&— Ouineni sHaueHHA T,

45 Ty> Tgp TOR.

0,2 0.4 0,6 0,8 1,0 1,2
1§

Puc. 2.20. IIporHosoBaHi 3aJe:KHOCTi Uaco-
BUX IIapaMeTpiB penakcamii T, 7Ty T3
(t; =217, / (1, +1,)), oIiHeHMX B pamMKax
«aU(pepeHITiiHOr0o» MOJeNI0 KiHeTHuKU OJIu-
3bKOI0 YIOPAAKYBAaHHS 3-T0 IOPSAAKY, BiI
TOJIOJKEHHsS KiHI[ XBUJIBOBOTO BeKTOopa Kk
(y3moB:k HampaAMKIiB 5 A > XiX > W s
obepuenomy mpoctopi) ana I'IIK-cromy Ni—9

MoBoro mopsnky omimeno T-% Al(T,=1073K,T,=373K).

HaMOLIBLIT XapaKTepHi Yacu

pejakcaiii  3aJIMITKOBOTO

€JIEKTPOOIIOPY ITicjidA 3arapTyBaHHA 1 oro piBHOBa'KHI 3HaYeHHA MJIA
X CTOIIiB 3a PiBHUX TeMIIepaTyp Biamamy.

Busnaueno maxcumanivruili XapakKTepHHN Yac pejlakcaiii aToMOBOIO
HOPAIKY TaKMX CTOIIIB, a 34 TiII0Te3010 IIPOo 30ir HalOiILIIINX ITOKA30BUX
yaciB peJsiakcairii iHTeHCMBHOCTU AU(MYy3HOTO po3cidHHA PeHTreHOBUX
TIPOMEHIB i 3aJIMIITKOBOTO €JIEKTPOOIIOPY (3a OMHAKOBUX YMOB) mepeada-
YeHO KPHUBI YacOBOI 3aJIEKHOCTH HOPMOBAHOI 3MiHM iHTEHCHMBHOCTHU JU-
(¢ysHOTO PO3CiAHHA MPOMEHIB, 10 BiATIOBiae Tii 3ipIli XBUJIBOBOTO BEK-
TOpa, IKa r'eHepye TUI YCTPOIO OJIM3BKOTO MOPAAKY 3aMillleHHs, 3a pis-
HUX TeMIepaTyp Biamauy.

Busasieno, 110 TemnepaTypHa 3a1eKHICTD PiBHOBANHO20 3AJIUIITKO-
BOTO eJIeKTpoomopy koHuenmposanux cromiB I''TK-Ni—Al mae Bupas-
HUN HEeMOHOMOHHUI XapaKTep, AKUI 00yMOBJICEHNI He TiIbKY PO3CisgH-
HAM eJeKTPOHIB Ha HeJIOKaJi30BaHUX 30yM:KeHHAX (HAIIPHUKJIAN, Mar-
HOHAaX TOII0), ajie i mepeBasKHO iX PO3CiAHHAM Ha TOUKOBUX JedeKTax
3aMiIlleHHA, AKi Iepepo3IOmiIA0ThC, JOAEPIKYIOUNCh 0JIN3bKOr0 II0-
PAOKY, ajie IMo-PidHOMY 3aJIe;KHO BiJl TeMIlepaTypHu BigmaJy: Bim aToma-
pHUX KoHGpIrypalliii y 6,113bKOMY OTOUYEHHi, II10 B cepeIHbLOMY Haraay-
IOTH 3aMIiIlleHHs 3a HAACTPYKTypHUM Tuiom L1,, 1o koudirypairii oto-
YeHHs, II10 BiAMOBiAal0Th HaACTPYKTypHOMY Tuny L1,, abo KiacTepiB 3



98 B. A. TATAPEHKO, O. B. COBOJIb, [I. C. JIEOHOB, I0. A. KYHUITbKNH, C. M. BOKOY

omHakoBux aToMiB. Taxe moscHeHHs moTpebye cyTTeBoi MommikaIrii
B)Ke HAABHUX MOJEJNIB eJIeKTPOIIPOBITHOCTH 3a3HAUEHUX CTOIIB (30K-
pema, 3 BpaxyBaHHAM BimMiHHOCTel y pO3CiAHHI eJIeKTPOHIB MPOBiAHO-
CTU 3 PiBHUMU IPOEKIIAMHU CIiHY Ha THUX UM iHIIUX 30ym:KeHHAX abo
CIIOTBOPEHHAX, YCTPill AKMX UYTJIUBUHN J0 3MiH TEMIIEPATYPH).

HemoHOTOHHA 3ajI€KHICTh OI[IHEHOTO Yacy peJiaKcallil 3aJuIIKOBOI0
eJIEKTPoonopy Konuenmposarozo cromy I'ITK-Ni—Al Big Temmeparypu
Mae BUPAa3HUU HeappeHircié xapaKTep i € 00yMOBIeHO Iu(y3iHOIO
mepedy0BOI0 OJM3LKOT0 IMOPAAKY He JINIIE IIepPecTPUOYBaHHAMI aTo-
miB Al i Ni y Bysau mepirroi KoopauHaIiiiHol cepu HABKOJIO HUX, ajie i
cTpubKaMM IIUX aTOMiB 3aMileHHs 3a il mexxki. Ile mosAcHeHHA TeXK IIOT-
pebye icroTHOl Mommdikallii B;Ke IPOMOHOBAHMX MOJEJIB TPAHCIIOPT-
HUX XapaKTepPUCTUK CTOMiB.

Kyt maxunay jaiHii mporsosoBaHoi 4acoBOl 3aJeKHOCTU JIOTAPUTMY
PisKHUIII TOTOYHOI 1 PiBHOBaYKHOI iHTeHCUBHOCTE AM(Py3HOTO PO3CisTH-
Ha PeHTTeHOBUX NPOMEHiB (B OKOJIi KiHIIA TOTO XBUJILOBOTO BEKTOpA,
KU TeHepye TUII YCTPOIO OJM3bKOT0 MOPAAKY) BiTHOCHO Bici uacy He-
MOHOMOHHO 3MIiHIOEThCS 3 MIIIBUIIIEHHAM TeMIePaTyPH Bigmaiy.

3 IJIMHOM Yacy BiJnaoBaHHA CXUJILHICTL aToMiB 3amirmmenss Al i Ni
10 0JIM3BKOT0 BIOPAIKYBAHHSA B Pi3HIX KOOPAMHAIIIMHNX cepax y CTOIi
MOXKe AK moraubatoBaTucs (y 6-it, 9-i ta in. cepax), Tax i mocaabdaroBa-
THCS aXK 0 6JIM3bKOrOo posmiapyBauns (y 1—-5-i, 7-i, 8-i Ta in. cdepax).

3. MOAEJII CTPYKTYPHHUX 3MIH B KBA3UBIHAPHIN
KPUCTAJITYHIU CIIOJIYIII C32-(Ti,W)B,: TEPMOJUHAMIKA
I KIHETUKA PEJJAKCAIII

3.1. Moaens nudysiiiHIX XapaKTepHCTUEK KiHeTUKM pesaKcaiil
HECTeXiOMeTPUYHOI KBa3u0iHAPHOI KPUCTANIYHOI CHOJIYKH
tumy (Ti;-.W_,)B, (C32)

3a Benumumnamu A,,(Kk) (. 1.3) mosxHa pospaxysatu Pyp’e-opurinaam
-A,,(r), HICi.MaIOTb CMUCJ IMOBipHOCTEHN IePeCKOKY (v ONUHUIIIO Jacy)
YMOBHO «IIOBiIbHOTO» atroma Me=W (a6o Ti) y Bysou r, 1110 BifOyBaeTh-
cs B IIOJIi, CTBOPIOBAHOMY KOHIIEHTPAIIifHOI0O HEOJHOPiZHICTIO 3 aTOMiB
Mey «0»-By3ai. Bupas gisa Hux mae Buraazn [65, 66]:

c(l-c)

kBT \'lee—Me(r,)’ (3'1)

Ay (0) = =D AY(r—T)

e —A?W (r —r') — MOBipHIiCTL peaabHOTO IIepecKoKy atoma Me Ha Bij-
Jaib r—r 3 BysJsa r' B BY30JI I, Wy, a. (') — «IIOTEHI[iAT», CTBOPIOBA-
HUH ¥ TOUIIi r' HAAJUIIIKOM aToMiB Me y «HyJIh0BOMY » BY3JIi.

151 3araJIbHOTO BUMAAKY «IIOTEHIIAILHY» (DYHKIIIIO \uaﬁ(r” —-r”) Bu-
3HaueHO B[65]:
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, 8*AF,
Y, (@’ —r7) = — ’ (3.2)
SPa(r )SR}(I' ) P, (r")=c,=c
By(r")=cy=1-c
ne AF, — KOH(QirypaniiiHo3aJeXHa BilbHA eHeprid TBepJOPO3UMHHOL

MeTaJIeBOl mifcucTeMu B MeyKax OOpPOBOTO KapKacy y KBasuOiHapHiii
cmouyii C32-(Ti;-.W,)B,, Py(r”) — #iMoBipHiCTb 3HANTH aTOM COPTY O,y
By3Ji r”, ¢, — aTOMOBA YaCTKAa KOMIIOHEHTAa . B izearbHOMY po3umui
BT ..
> Urr

cd-o¢)

3pobumo HacTymHi mpumyiieHusa. Hexait Yy, . (r") € HeHyJIbOBOIO
(GYHKITi€IO JIUIITe B MeKaX TPhOX KOOPAMHAIIINHUX chep HABKOJO «HY-
JBOBOTO» BY3JIa, & IMOBiPHiCTL aTOMOBOTO CTPUOKA MAa€ HEHYJIbOBi 3Ha-
YeHHS JINIIe IJIS IBOX KOOpAMHAIINHUX chep:

” m . .
Ve @ =17) =Y 0.5 W, = KpoHeKepiB cuMBO.I.

A?We(o) = Alyeo # 0, A(I)We(rl) = A?\/Iel # 0, A?we(rn) = A?\JeII # 0,

MeO

WMe—Me (O) = WMeO # 0’ WMe—Me (rI) = WMeI # 0’ (3'3)
\I',Me—Me(rII) = WMeII # 0’ WMe—Me(rIII) = ‘VM?III # 0’

Ie ry=ay, ryp=_~C, Toino € pagitocamu I-i, I1-ii r.1. Koopauuamitinux chep
BigmoBigHO (iHII IiIMOBipHOCTL —A?\MH , —AY,,;y TOIIO Ta 3HAUEHHS «IIO-
TeHIiANBHOI» GYHKIUHI Wyseyis Waevin TOIIO MOPiBHIOIOTH HYJIO. YMOBa
AY,,; # 0 IpUPOAHBO BUILIMBaE Xoua 6 3 BaKAHCIHOrO MexaHi3My Iu-
¢ysaii, 110 3ailICHIOETHCS IIIJISIXOM ATOMOBUX MEePECKOKiB Ha HAWOMMK Ui
Bigmami Mmixk ByssamMu. ¥ MOBi A?\MI # 0 BiAgmosizae «3amydyeHHA» HOAA-
TKOBUX MeXaHi3MiB au(ysii, 1m0 34iCHIOIOTHCSA IIJISIXOM aTOMOBUX IIe-
PECKOKiB 3a MexKi mepIoi KoopauHAIifHOI cepu. IumIi Tpu ymoBu B
(3.3) W1 # 0, Wiasrerr 7 0, Waser # 0) 03HAUAIOTS, 1110 isl «IIOTEHIIiaILHOTO»
mosiA (Hagaumky atromMiB Me y By3di r=0) momupioeThCa JUIe HA TPHU
KoopauHamiiiai chepu. Bemrnunna —A?\M — UMOBipHIiCTE (Y OSUHUITIO
yacy) s atoma Me 3aJIMIIINUTHCA Y BULIJIIEHOMY BY3JIi; Wy — SHAUEH-
HA «IOTEeHIIAIbHOI» PYHKIII y «HYyJILOBOMY» BY3Ji. ¥ X OPUIIYIIIEH-
HAX, HaIpUKIajA, BeruunHa A, (0) maa BekTOpa r, 3 KOOpAMHATAMU
(0 0 0) sriguo 3 hopmyoio (3.1) Oyae MaTu BUTJIAL:

Mell MeO
0 0 0

Ay, (1,(000)) = 60, Yuer 4 970 Waran , po Vo (3 4y
v v v

TyT Yy — HDOTEHIIAN ¥ TOUKAX 3 KoopauHaTamu tuny (a,00), cTBopro-
BaHMI aTtoMmoM Me, AKUH 3 HAIJIUITKOBOIO MMOBiPHICTIO 3HAXOAUTHCA Y
«HYJb»-By3Ji. Ilig miero pOro «mOTEHITiAAY» 3 iMOBipHiCTIO —AgM y
OOWHUITIO Yacy BigOyBaeThCA peasbHUI MepecKok aTromy Me, 1o mepe-

oyBae y Toukax tuny (a,00), y sysoa (000). Takux By3JiB 3 KOOpAUHA-
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TaMMU THUIY 1’ = a,(100), 3 AKMX MOKe BifOyBaTHCA IepPeCKOK JHIlle Ha
HaNOJMKUY Biggaasb r — r'| =17, y 0bOMY BUIAJIKY TinbKu 6 (1M mosc-
HIOETbCA MHOXKHUK 6 y Bupasi (3.4)). Beauuuna ,,;; — aHajgorivHmi
«IIOTeHMisAN» y By3ai 3 KoopaumHaTtamu (00¢;) (Takux BY3JiB 3 KOOPIH-
HaTaMHU TUIY r’ = ¢,(001), 3 AKX MOKe BifOyBaTHUCA IepPeCcKOK JuIlle
Ha Bigmaib |r —r"| =1y, V ObOMY BUHNAAKY TiIbKH 2); Iif [i€I0 IIHOTO
«IIOTEHIiANYy» 3 UMOBipHiCTIO —A?WH Y OOMHUITIO Yacy BigOyBaeThCA IIe-
peckok aromy Me, 1o nepebyBae y Toukax tuny (00c,), y Bysoa (000).
Tyt —A),, — H#MOBipHicTS 1yIs1 aToMa, o mepeGyBae B Touni (000), sa-
JUIMUTHUCA Ha MiCIIi YIIPOIOBIK OIMHUIIL UaCy.

AmnasnoriyHuM YMHOM MOXKHA 3alMCaTU BUPa3u 414 A, (r) A4 pAxy

HaMOIMKUYMX Bigmamelir, a Takox naar=0, a 3 (3.1) ckyiacTu Bupas ojis
—ikr ,
®yp’e-komnorneHTH A, (K) = Z A, (r)e™™"; Bagna BpaxyBaHHS
r=0,{r; },{ry},...

CTAJIOCTHU K1IBKOCTH aTOMIB IIpU iX IIepeposIoAiji Mae BUKOPUCTOBYBA-
Tca ymona [65] A,,, (k = 0) = 0, 1110 IPU3BOAUTE [0 AOAATKOBOTO CIIiB-
BigHOomenus misk A5, Ta A, (n=I, I, III).

OuikyeTscs, 110 BeIUUUHA —A ,,, (r) HEMOHOTOHHO 3MiHIOIOThCA 31 30i-
JBINIEHHAM pajfitoca KoopauHalliiinoi chepu. 3 Bupasy (3.1) i ymos (3.3)
masa A, (r) BUIIuBae, IO HMOBIpHiCTH —A ,,, (r) MisKBY3JI0BOrO Iepec-
KOKYy aroma Me y By30JI r i3 CyCiZHIX 3 HMM BY3JiB r' y I0JIi, CTBOPIOBA-
HOMY HAJJIUIITKOM aToMiB Me y «HYJIbOBOMY» BY3Ji, BUBHAUAETHCA 3HA-
YEeHHAM I[LOI'0 II0JIA Y By3Jii r’. BoHa Oy/ae BUILOIO B TUX BY3JIaX I, Y AKUX
posTairyBauusa aToMa Me Oyae eHepreTUUHO BUTIAHIIIINM, aHiMK Y CycCif-
Hix Byamax r'. Tomy fimoBipHicTs cTpuOKa aroma Me y Bys30J r 3 HOro
O0JM3LKOr0 OTOUEHHA Mae OyTHM HEeMOHOTOHHOIO 3a XapakKTepoM. (3as3Ha-
4KMMO, 110 3HAYEeHHS MMOBIPHOCTEl aTOMOBHX IIEPEeCKOKiB {-A, (r)} 3a
3MiCTOM ITMX BEJIMUYUH MAalOTh OyTu modutuBHUMU. Ta obcTaBuHA, ITIO TTe-
AKa 3 eKCIIePUMEHTAJIbHO OI[iHeHNX BeJINUnH {—A , (r)} MOXe BUABUTHUCS
xoua i MaJjomo (3a MOAYJILOM), ajie HeIaTUBHOIO, OUEeBUIHO, CBiIUMTHIME
JIUIIIE TIPO HEeOOXiAHICTh BpaxyBaHHA SBHAUEHD Yy, 1(r) s Gisbin naste-
Kux KoopaumHamiiiHnux cgep. He BuKIoueHo, 1Mo geski HeraTuBHI 3Ha-
ueHHA {-A,, (r)} IepeOyBaTUMYTh y MeXaxX MOXUOKU eKCIIePIMEHTY.)

Hexait 8P(r)=P(Mer|Me0)—c,,=(1-cy)o(r), me P(Mer|MeQ) —
yMOBHAa HMOBipHicTEL 3HaliTu atom Me y By3Ji r, AKIo y By3Jai r=0 3 Bi-
poriguicTio mepebyBae immmuit atom Me, o(r) — mapameTep 0JU3BLKOTO
nopanky. Akimo posramrysatu atrom Me' y «HYyJIbOBOMY» BY3JIi i BBaKa-
THU IIeH By30JI BEPIITNHOIO IPU3MHU-KOMipKU, TO 3a HAIBHOCTH 0JIM3HLKOTO
VIOPALKYBAHHA iHIINI aToM Me' Oyne mMparHyTH IepeBaskHO 3aMHATH
BEPIIUHY Yy iHIIil (ITapaJiesbHill) MIOMMHI KOMipKHU, a atom Me" — Be-
piuHM Tiel & maommun. CKaagHa KapTUHA IepPecKOKiB aTOMiB B eje-
MeHTapHMUX aKTaxX Audysii BUSHAYAETHCA XapaKTepoM OJM3BKOTO IIO-
PAOKY, a OT:Ke, i XapaKTepoM MiKaTOMOBOI B3aeMogii. XapaKTepuCTH-
KOIO MiyKaTOMOBOI B3aeMOAil B 1bOMY BUNAAKY € QYHKIEIA Yy pre(r). V
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BUIIAJKY ileaIbHOTO TBEPAOI'0 PO3UNHY BeIUUNHHA Y ,,, . (r') 414 6yAb-
axux r' (Kpim r'=0) Torosxuo mopiBuoi0TEL 0 (B iZealbHOMY TBEPAOMY
posunHi A, (k) =1S,(k)); Ipu OMY He LOPIBHIOIOTH HYJIO JIUIIE Be-
JUUUHE A (r = 0) = A?\leo s Ay (1) = A?\lel 1Ay, )= A(z)vfen .

3a Teopiero [65, 66] inTencuBHicTs qUdpy3HOrO posciauua I(Kk,t) mia
KOKHOI TouKHu k 00epHEHOTr0 IPOCTOPY peJIaKcye 3i ¢cBOIM YacoM peJak-
cauii t(k) =[2A,,, (k)] . Boxe sasHauasocs, 110 BUBYEHHS 4acOBOI 3a-
JIeKHOCTHU GJIM3BKOTO0 IMIOPAAKY I iIHTEHCMBHOCTHU A1(Y3HOTO PO3CiAHHS,
IOB’SA3aHOTO i3 HUM, YMOJKJINBJIIIOE 3HANWTH He TiIbKK HMOBIpHOCTI IIe-
PECKOKiB aTOMIB B eJieMeHTapHUX aKTax AuQy3ii, aje TaK0K BU3HAUU-
T MiKpocKomniuHi nugysiliHi xapakTepuctuku — KoedinieHTu audysii
1 camomudysii. ¥ poborax [66] Oyso moKasaHO, IO KOHTHUHYAJILHUM
amajorom Bupasy ajsa A,(k) € Hapkenosa dopmyaa [68] (. 1.3); opex-
CTaBUMO ii IJIsI reKcaroHaJbHOI I'PATHUIL Y BUTJIATI:

Do = Dy, (1+dlny,, /dine,,), (3.5)

ne Dy, (Dy, )i Yu. — woedinientu (camo)audysii i axTusHOCTH
KommoHeHTa Me BignmoBinuo. Ilepexin 1o KOHTUHYYMY 3IiHICHIOETHCA 3a
dopmynmamu, cayimmaumy 3a maaux k:
Myre(K) = Dy, (B +E2)+ Dy, k2, Ay, (K) = Dy, (B2 + B2)+Dy,, k2, (3.6)
¢, (k) =dIny,, /dinc,, .

Bupasu (3.6) BCTaHOBIIOIOTH 3B 30K Mix BeawmumHamMu Ay (K) i
X?W (k) Ta xoepimienramu qudysii it camonudysii. ¥ cBoO Uepry BeJu-
unHU Ay (K) /1A HeimealbHOrO TBEPAOro PO3YMHY BU3HAUAIOTHCS MMO-
BipHOCTAMU IIePECKOKiB Mix ByssraMu—A,, (r,):

M) =27 > Ay (r) (1-e "), (3.7)

me r,=r,| — pagiroc n-i koopauHanitnoi chepu. Ilpu oxepexanui (3.7)
BpaxoBaHo yMoBy [65] A,,,(0) = 0 . PosBureMmoO e ™™ B psam i 06MeKIMO-
ca g manux |k| TppoMa fogaHKaMu; B pe3y IbTATi MiCyMOBYBaHHSA O
I-#1 ra II-i1 KoopamHaIiiHUX chepax B I'paTHUILL reKcaroHaJIbHOI CUMeT-

pii ogep:KkmMO:
Mare(K) = (3A,, (r)ag (k2 + k) + 2A ,, (ry )i Bl ) /2 , (3.8)

ITopiBuiotoun Bupas (3.8) 3 (3.6), samuiiemMo Bupasu I Koedimien-
TiB quQysii Dy,  :

Dy, =38A,,(1)al/2, Dy, = Ay, (r)es - (3.9)
st ineanbHOTO TBepmoro A, (r) =AS,., A, (1) =AY, s TOMy Ma-

€MO HACTyIIHi Bupasu aAjd KoedimieHTiB camogudysii DAOM Ik
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DI(\)leJ. = 3Ag/[ela§ /2 ’ DI(\)lell = AE\)/IeIIC(f ° (3'10)

IIpu omep:xamui Bupasis (3.8)—(3.10) BpaxoBaHo Ty obcTaBUHY, IO
IepecKOKH’ B Pi3HI By3Ju, IO HaJEKaTh M0 ONHiel i Tiel K KoopamHAa-
miiHoI cepu, piBHOMMOBIpHi. 14 KpucTaiB 3 IPOCTOIO TeKCcaroHaab-
HOIO I'PaTHUIIEIO 151 YMOBA 3aB:KIM BUKOHYeThbcA. Bupasu (3.9) i (3.10)
MOXKHA BUKOPHCTOBYBATHU AJIS OIiHIOBaHHS KoedimieuTiB nugyasii i ca-
monudysii Me=W (abo Ti) 3a TomoMoOrom oaep:KyBaHUX 3 TuGPAKITii-
HOT'O eKCIIEPUMEHTY SHAYEHb JJIA BeJTUUnH Ay (r) i AS,(r,) (B Tomy yuc-
JIi 1 3a HUBBKUX TEMIIEPATYP).

IIpu mbomy MaeMoO BpaxoBYBaTH, 110 30iJIbINTEHHS TeMIIEPaATyPU KOH-
neHcarii T, Mpu3BOAUTD 10 ITiABUIIIEHHA CTYNEeHA JOCKOHAJIOCTI CTPYK-
TYPHOTO BIOPAAKYBAHHA, AKE CYIPOBOMKYETHCI 30iIbIITeHHAM MaKCH-
MyMy iHTEHCUBHOCTH IU(PYy3HOTO polcidHHA PeHTI'eHOBMX NPOMEHIB;
30i/IbIIIEeHHS TPUBAJIOCTH i30T€PMIiUHOTO BifIay TaK0OK IPU3BOSUTE O
3CYBY KOPEJIAI[INHOTO MAKCUMYMY.

Omineny (3a manumu [288]) 3anekHiCcTh iHTEeHCUBHOCTH AU(PY3HOTO
PO3CigHHSA Bifg yacy Bigmamy s pisHmX XBUJIbOBUX BeKTopiB k (3 Bpa-
XYBaHHAM 3aJI€KHOCTU iHTEHCHUBHOCTHU AU(MPY3HOTO PO3CITHHA Big TeM-
nepaTtypu KoHAeHcarii y cmoayky tumny C32-(Ti,W)B, B kBasubinapHiii
cucremi W,B;—TiB, [280]) so0paskeno Ha puc. 3.1. K 1me BUgHO 3 puc.
3.1, BOHA Y3roAKyEThCA 3 IepeadauyBaHNM €KCIIOHEHI[iHHIM XapaKTe-
poM Ha mouaTkoBomy erami. [ificro [52, 90, 91, 126], y Tepminax
®yp’e-KOMIOHEHT pimkHUIL AP(r,t)=P(r,t) — c: 1(k,t) «<| AP(k,t) [* .

3rizHo 3 BuUIleHaBeIeHOIO0 cXeMOI0 y BimmoBigmocTi 10 [52, 91, 126]
poO3B’A3KY KiHeTnYHUX piBHaHL OHCArepoBOTO THUITY, IO OMUCYIOTH TH-
¢ysifiHy mirpairiro aromiB r'paTHuIieio bpaBe, MOKHa IPEeACTaBUTH IK

AP(k,t) = AP(k,0)exp (-L,,, (k)t),

Ie B HaOJMKeHHi caMOy3TroA:KeHOT0o HoJA KoedillieHT «IIigcuieHHS»
aMILTiITYy I KOHIIEHTPAI[IMHOI XBUJIi JOPiBHIOE

L, (k) 3 kT
A, (kK)=—"2"Sc(l1-c)|w(k)+—2—1|;
we (k) kT (1-¢)| k) c(l-c)
ryT W(k) — Pyp’e-KOMIOHEHTA eHepriil «3MiIllaHHA» METAJEeBUX aTO-

MiB B KBasubinapuaomy posunni C32-(Ti, W)B,,

Ly(k) ==Y Ly(r)(1-e™") = -23 L, (r){sin(k - r/2)}’

r#0 r#z0

— XapaKTepuCTUUYHUN KiHeTMUYHUU Koe(illieHT, IO BU3HAYAETHCA
dyp’e-KOMIIOHEHTOI0O MMOBipHOCTE#l eJeMeHTapHUX CTPUOKIB yMOBHO
«IIOBiIBbHUX» aToMiB Me MiXK By3jaMwu, IO 3HAXOAATHCA Ha Bimmaui r
OJVH BiJf OMHOT0, Y ONMHHUITIO YaCy.
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Or:ke, onTUMi3aIlifiHOI0 00POOKOI0 JaHUX PO KiHEeTUKY (PO3)yImops-
KyBaHHA y OaraToiapoBux KOHIeHcATaX 3 KOHIIEHTPAIII€I0 ¢ 3a TeMIIepa-
Typu T, olep:KaHUX MEeTOJ0I0 N1(y3HOTro posciauud PeHTr'eHOBUX IIPO-
MeHiB (puc. 3.1), 3a hopmyJioro

I(t) _ 7 o c(l-c)f kT
1n—I(k’ 0 2L, (k) T w(k) + o)

GesmocepesHbo OIiHIOITLCA KoedimienTu audysii tuny (3.9) (i camomu-
dysaii (3.10), mo micraTsea y Bupasi Ly(k) = -2 Ly(r){sin(k - 1'/2)}2 ), a
r#0

Tako:k 3HaueHHs w(k) uepes yacoBi 3as1eKHOCTI iHTEHCUBHOCTEH IJId pi-
3HUX MepiofiB MOAYJAAIl KOHIIeHTPAIiifHOTO Tpo(iito, CyMipHUX 3 Mi-
JKaTOMOBOIO BiIIaJLIIIO.

XapaKTepHOIO PHCOI0 KOHIeHcaTiB KBasubinapuoi cucremu W,B,—TiB,
€ hopMmyBaHHA obJacTel YIOPAIKYBAaHHSA, KOPEJIbOBAHO PO3TAIIIOBAHUX Y
00’eMi ILTiBKHU, ITT0 (PIKCYETHCA MOSBOI0 MAKCHUMYyMY Ha Iu(PaKIifHIX
kpusux npu k|=0,15-0,2 A™ Banos:x Hanpamky [001] (puc. 3.1).

Pesynbrar omnintoBanua (3a manumu [280, 288]) sanekHOCTU iHTEH-
CHUBHOCTU AUQPY3HOTO PO3CiAHHA [ mpu PisHUX 3HAUEHHSIX TOBKUHU
XBUJIKOBOro BekTopa k Bim Temmeparypu xougencarii T, qyis1 KBasmoOi-
Hapuoi cuctremu W,B;—TiB, npeacrasieno ma puc. 3.2.

AK 11e BugwHO 3 puc. 3.1, 3.2, mig BILIMBOM TEPMiUHOTO YMHHUKA, AK Y
npoiieci (popMyBaHHSA KOHIEHCATY, TaK i IpH HiCAAKOHIEHCAIiAHOMY
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I, BigH. of.

3000

2000

1000

T T T T T T
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Puc.3.1. 3Bamexuicte iHTeHcuBHOCTH Puc. 3.2. 3ajeXHicTh iHTEHCHUBHOCTH
nudysHoro poacigsaHsa I Bim yacy Bigma- gudysHoro posciauaa I Bim Temiepa-
ay cucremu W,B,—TiB, nma pisaux mo- Typu KonzaeHcarii T, y cucremy W,B,—
JOKEHb KIiHITIB XBUJIBOBOTO BeKTopa TiB, nnsa pisHumX 3HaueHb [OBMKUHU
2nc(0;0;%); k2 1 — 0,05 A, 2 — 0,1 xBuaboBoro BekTopa 2mc '(0;0;K);
A13—0,15A1,4—0,2A",5—0,251—0,06A1,2—0,1A" 3—0,15
A7, Al 4 —-02A1,5—0,25A"1 6 —
0,285 A,
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BigmasioBaHHI B KBasubinapHiii cucremi W,B;—TiB, BindoyBaeThcsa KoH-
IeHTpaliiHe «BIOPAAKYBaHHA» (BJIacHE Uepe3 POo3IMapyBaHHA 34 CIIH-
HOJAJILHUM MeXaHi3MOoM), IIT0 IPU3BOAUTE A0 (POPMYBaHHSA MOAYJIHOBA-
HUX CTPYKTYP.

Ane BuABJIeHa BiIMIHHICTL TEeMIIepaTYPHO-UYACOBUX 3aJIE€KHOCTEH iH-
TEHCHBHOCTE IJIs Pi3HMX XBUMJILOBUX BeKTOPiB Kk (Bcepenuui mepiroi BZ
reKcaroHAJIbHOI I'PAaTHUII), IIT0 HAIIEBHO O0OYMOBJIEHO PO3CiTHHSIM XBUJIb
Ha KOHIIEHTPAIiMHMX HEOJHOPiTHOCTAX, 3MIiHM AKUX 3 TEMIIEPATYPOIO
CATAIOTH AEKiIbKOX KOOPAMHAIIMHUX cep, € CBiIUeHHAM TOTO, IO KiHe-
THKa peJiaKkcallii cucTeMu (Uepes po3lIapyBaHHA) 3a HEBUCOKUX TeMIIepa-
Typ 3a0e3meuyeThCA He JIMITIEe JOMiHYIOUMM BAKAHCIHHNM MeXaHi3MoM, IK
IpU IMiABUIMEHUX TeMIIepaTypax, a i KiJbIIeBUM TOIIO, 3aBAAKU CTPUO-
KaM MeTaJIEBUX aTOMiB TaKOK 3a MesKi IepIrol KoopAWHAaIliitHoi cepu.

3.2. Mo:kauBi ymopsaaKoBaHi CTPYKTYPH MeTaJIeBoi ImigcucreMu
B HECTEXiOMEeTPUYHil KBa3uOiHaAPHil KpucTaXiuHil criorymi
Tumy (Ti,— W )B, (C32)

€ YnMaJI0 BOHOPSIAKOBAHUX TBEPAUX PO3UMHIB Ha MijKBY3JAX, ITI0 YTBOPIO-
IOTBb IIPOCTY MeKcaroHaJIbHYy IIiI'paTHUIIO, V MaTpUuHiM Kpucraii. Taku-
MU €, HaIPUKJIAM, TBepi po3umHU BTiTeHHA O y OKTaeAPUUYHIX MidKBYS3-
asax o-Ti, o-Zr, o-Hf, N B e-Fe, €-Ni i1 €-Co, C B f’-Ta i o-W Ha ocHOBi
T'ITY-rpaTaumi [52, 306, 307,] Ta i 6iabIll cKJIaAHI 32 6YI0BOIO B IILIOMY
¢asu KpHUCTATIUHUX CHOJYK BTLIEHHA—3aMilleHHs, 30KpeMa, CHUCTEeMU
(Ti,W)B, [264], axa BupisHAETHCA TPUMIiTHOIO KiHEeTHKOIO BIIOPATKYBaH-
H [288], 1110 00yMOBITIOE iXHi (hisUKO-MexXaHiUHi BJIaCTUBOCTi, BApTi yBaru
3 OIVISIAY Ha IepPCHeKTHUBHI 3aCTOCYBaHHA. ¥ JaHiil poOOTi HaBemeMo Iepe-
JiK MOKJIMBUX HU3bKOTEMIIEPATYPHUX (HAI)CTPYKTYP HA «MLKBY3JIAX>»,
IIT0 YTBOPIOIOTEH IIPOCTY T'eKCAroHAJLHY IiAI'PAaTHUIIO, B KBasubOiHapHIii
Kpucramiuniii croayi Tuny C32 (craxkimo, (Ti,W)B,). XapaxkTepusysa-
THMEMO BUIiJIEHY MIiAT'DATHUIII0O OCHOBHMMM BEKTOPAMU TPAHCIAIL (y
OPAMOKYTHIilI cucremi koopauHaT Oxyz; puc. 3.3, a): a;,=(a;0;0),
a,,=(-a/2; a\/§/2 ; 0), a3,=(0; 0; ¢); TyT a=a,, c=cy, e a1 c,—napameTpu
miel miarpaTHUILi, Ie HEeCIIOTBOPEHOl PO3TAIlyBAaHHAM HA Hill BTiJIeHHX
aromiB Me'ta Me" (ay=cy=0,309 um [264]; nuB. Takox puc. 1.17).
CTaTUCTUYHO-TEPMOINHAMIUHNYN PO3TJIAL BUKOHAEMO B HAaOIUIKEHHI
CaMOY3T'OI;KEeHOT'0 MOJIA METOI0I0 CTATUYHNX KOHIIEHTPAI[IMHUX XBUJIb
[62, 126, 308]. Posmoxinx atomis Me' i Me” o rparuuni Bpase onucysa-
TUMEMO OJHOUYAaCTHHKOBOIO GyHKITieo P(R), 1110 10piBHIOE IMOBipHOCTI
3HAXOMKEeHHS aToOMa IIeBHOT0 copTy (Hexaii, 3a1id KOHKpeTHOoCTH, Me”)
y «MixkBy3ii» 3 papitocom-BekTopom R = H,a, + H,a, + H,a, BinHO-
CHO IIOYATKY CUCTEeMU BiJJIIKYy V OTHOMY 3 «MisKBY3aiB» (H,, Hy, Hy —
misi umeaa). PiBHoBaskHi 3mauenns P(R), 1o MiHiMisyoTs KoHGirypa-
IifiHO3aJIeXKHY BiJILHY eHeprio posunHy atoMmiB Me' i Me” 3a aGcoaroT-
HOi TeMmmepatrypu T', € po3B’A3KaMU CUCTEMU TPAHCIICHAeHTHUX PiBHAHD
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Puc. 3.3. Cxema ctpykrypu MeB, tuny (hP3) AlB, 3 C32-rpaTHuIEI0 TeKcaroHa-
JIBHOI mpocTopoBoi rpynu P6/mmm (D;,) (a); cxeMa JIOKaJIbHUX HAMOGINKINX
cycigers 3 atomiB B y okouti aromiB Me B 11iii crpykTypi; Me= Me', Me" (6).

caMoysroJ:KeHoro moJd [52, 126, 308]:

P(R) = {exp {—ﬁ + ﬁ > w(R - R’)P(R’)} + 1} . (3.11)

ITe w(R —R’) — eHepria «3MiIIaHHA» IOMApPHO B3a€MOIIIOUMX ATOMIB
(Me' it Me”), 1110 3BHaXOOATHCA y «MisKBY3/IAX» 3 BeKkTopamu R i R'; U —
PLKHHIA XeMiUYHMX HOTEHIIANIB BTimeHux KomioHeHTiB Me' i Me” y
iXHBOMY TBEPJOMY PO3UMHi.

BoopsagxkoBaHUM po3mojijiaM BTiJIeHMX aTOMIiB BiIIIOBiZaloThL MPOCTO-
POBO-IIepioAMYHI PO3B’SI3KU CHUCTEeMH HeJiHiHumX piBHamb (3.11), ari
MOJKHA 3aIllMCATHU Yy BUTJIAII CYIIEPIIO3UIlii (IIJIacK1UX) CTATUYHUX KOHITeH-
Tpaniiinux xBuas [52, 126, 306, 308]:

PR)=c,,. + Zst,.s v, exp(+ik, -R), (3.12)

Ie ¢, — BifiHOCHA KOHIleHTpaIlia aromis copty Me”, {n,} — cykymnHicTH
mapaMeTpiB aJIEKOT0 IOPAAKY B iX PO3TaIllyBaHHi; iHIeKCH j, HyMepYIOTh

HeekBiBasieHTHI Bekropu {k, } s-i sipku xBunboBoro Bexrtopa ky,; v, —

cuMmerpitiai Koedinmientu. IlimcymoByBanusa B (3.12) mpoBaguThcA IIO
XBIJILOBUX BEKTOPaX caMe THUX TOUOK BHCOKOI cuMeTpii mepitioi BZ obep-
HEHOT0 IIPOCTOPY MeKCaroHaJbLHOI I'PATHUII, 110 «'€HePYIOTh» BIIOPSIIKO-
BaHi aToMoBi posmominu, aki (3a €. M. Jlipmuiibom) € TPUBKUMU ITOA0
po36uTTAa iX Ha auTudasHi gomenu [52, 126, 306, 308]. Touxku posraJy-
JKeHHs cucteMu piBHaHL (3.11), y aKuUX B3’ABIAIOTHCA NEPiOTUYHI
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po3B’asku Tumy (3.12), BU3HAYAIOTHCA TEMIIepaTypaMy BTPATH CTiHKOCTH
HeBIOPAAKOBaHOTO posnoxiny: T, = —c,,.-(1 - ¢, )u(k,,)/k, , me w(k,,)
— @Dyp’e-KOMIIOHEHTA €Hepriil «3MiIlTaHHA» B3Aa€EMOIIIOUMX BTiJIeHUX
aToMiB, dKa  BIiANOBiZae  XBMJIbOBMM  BeKTopaM S-1  3ipku:

w(k,,) =) wR-R)exp(-ik, - (R-R)).

Ha moBepxHi mepmioi BZ rexk-
CaroHaJIbHOI T'DATHUIII BUIiJIA-
I0Th II’ATH TUIIIB TOUYOK BUCOKOI tz
cumerpii: K, A, M, L, H (puc.
3.4). 3 BUKOPUCTAHHAM XBUJILO-
BUX BEKTOPiB, BiANOBIiZHWX UM
THIIAM TOYOK, MOXKHA 3HANUTH,
OPUHANMHI, IIiCTHL TUIIIB IIepio-
IUYHUX  PO3B’A3KiB  piBHAHDb
(3.11), axmux HaBemeHO B TaOJI.
3.1 (KoopaAuMHATH «MiKBY3JIiB»
(H,, H,, H3) naso B 6asuci a,,, a,,,
a;). Ili poO3B’ABKM ONUCYIOTH
(HAD)CTPYKTYypH 3 pPisHMMHU cTe-
xiomerpiamu (tabx. 3.1, pmc.
3.5), mpuuiM, HAACTPYKTYpH,
SAKUX CXEeMaTUYHO 300pasKeHo Ha
puc. 3.5, a, 6, BiZmoBiZaroTh TOU-
Kam Tumy M, HaICTPYKTypH,

Puc. 3.4. Ilepmta BZ o6epHEHOTO IPO-
CTOPY TeKcaroHaJibHOl rpatHuii; K,

6 3.5 A, M, L, H— TOYKH: BUCOKOI cuMeTpii
ARUX 300paxeHo Ha puc. 9.9, 6, Ha il moBepxHi, a I’ — ii menTep. (He-

2, 0, — rouxam K, A, L Binmosiz- pes b,, by, b; HO3HAYEHO OCHOBHI BEKTO-
HO, & HAJCTPYKTyPa, 300DaXKEHA  py rpamciamii ofepHeHOi rpaTHUII.)
Ha puc. 3.5, e, — Toukam Tuny H

i K pasom.

L7151 TTOSTBY 3 HEYIIOPSAKOBAHOTO PO3IMOAiJIY BIOPSAIKOBAHOI (HaI)CTPYK-
Typu HeoOXimHo, 1100 TeMIepaTypa, SKa BiAIIOBiZae TOUIll posraay:KeHHs
piBHab (3.11) ana GYHKINI posmomiay IMOAO HEOTHOPiZHOCTEH THIy
(3.12), 6ysa HaBUIIOIO i MO3UTMBHOIO. I]e BUKOHYETHCSA 3a ITeBHUX HEPiB-
HOCTeli cTocOBHO mapameTpis Baaemoxiit {w(R — R')} .

Ha giarpamax ma puc. 3.6, 3.7 mokasaHo Ti 00JacTi BU3HaUeHHSA Ta-
KHUX apaMeTpiB, 3a SKUX MOKJIUBUM € «I'eHepyBaHHA» (HAI)CTPYKTYP
BTiJIeHHA BiAmoBiZHMMU (3a3HAUYeHMMM) 3ipKaMu XBUJILOBUX BEKTOPiB
W', w", w™ — emneprii «amimanna» Brinenux aromis (Me’ i Me”) Ha
Bimmanmax pamilociB TPhOX MEPIINX KOOPAUHAIINHUX cdep).

Hissrpamu Ha puc. 3.6 i 3.7 mobymoBaHO A I'PATHUIEBUX CTPYKTYP 3
TeOMeTPUYHUMH IIapaMeTpaMu TaKUMH, 10 C,/a, = 1 a60 0,577 < cy,/a,< 1
Bigmosigmo. O6sacti «I» (uu «I';») miarpam Ha puc. 3.6, 3.7 BigmoBigae
CXUMJILHICTh BTiJIEHIX aTOMiB O BIIOPAAKYBAHHA 3a A-3ipK0OI0 XBHUJILOBOTO
BekTopa (200 K 40 KIIacTepOyTBOpPeHHA «3a ['-3ipKoio»).
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TABJIAIA 3.1. IlepBuHHi po3B’A3KU cuCcTeMU PiBHAHb PiBHOBArM Ta BiAmoBi-
IHi IM TN HAACTPYKTYD.

N , . . Tun
PosB’a3ku piBHaHb piBHOBAru
n/m (HaZ)CTPYKTYpPH
1 P(R) = ¢y, + %HM* cos(nH, ) (plfcp.l(i:lgé?ég(i])
PR) = puc. 3.5, 0
= Cp + %ﬁm {cos(nH,) + cos(nH,) + cos[n(H, + H,)]} (puc. I125[306])
. 3.5,
3 PR) = ¢y + % Nk, COS[Z% (H, + Hz)} (pII/)IIéI.C m1 [30%])
. 3.5,
4 P(R) = cypr + %nA(r,) cos(nH,) (pﬁ?.cHZ [3086])
5 P(R) = ¢y, + %nL cos(nH,) cos(nH,) (pI/II():H(i—IZ335[,3(0)6])
_ _1/ 5 2n T
. P(R) = ¢y, — Y0, cos| 204 (H, + H,) |+ puc. 3.5, e
) . II5 [306
F \/génH(K,) sin [2% (H1 + Hz )] COS(TEHg) (pre L D

Puc. 3.5. IleppunHi HagcTpyKTypu BTieHHa (aromu Me' i Me" saiimaroThb
«mikBysaa» i1 Bigmosizmo)[306].

B posunni 3 mapamerpamu 3 obaacreit «K,» i «K_» MOXKYyTb (hopmyBa-
THCS BIIOPAAKOBAHI posmogiau aromiB Me i1 Me” 3a «IOMiHAHTHUMM»
KOHIIEHTPAI[IMHUMY XBUJIAMHU, IO «T'eHepyIoThcsa» K- uu H-3ipKoio Bij-
MoBigHO. PO3unH 3 eHepreTUUHNMHU IIapaMeTpaMU B3a€MO/ii i3 obmacTeii
«I'y» i «M,» XxapaKTepusyeThCA CXUIbHICTIO BTiJIEHNX aTOMiB 0 KJacTe-
poyTBOpeHHs «3a ['-3ipKoio» ab0 K 10 PopMyBaHHSA BIIOPSIIKOBAHUX PO3-
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111 11
w/w
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1 11

\\\ <

a 0
Puc. 3.6. O6sacTi momycTuMuxX 3HaUeHL eHepreTHUHMX mnapamerpis w'/w! i
w™/w", 3a axux 3abesneuyeThcsa HaiibiablIa eHepreTHYHA BUTAHICTD BifIOBI-
OHUX (TEPMOAUHAMIUHO CTIHKUX IIMOJ0 aHTU(a3HUX 3CYBiB) po3mOAiIiB migcu-
CTeMU aTOMiB PO3UUHY BTiJIeHHSA 3 IIeHTPAJIbHO-CUMETPUUYHUMU i KOPOTKOCSIK-

HUMU MiskaToMmoBuMu Baaemogiamu (w' =0 gaa r=1V, V, ...) Ha TeKcaroHaIb-
Hift migrpatauni (@ — gna w > 0; 6 — s w™ < 0).

OOMiTiB 3a «IOMiHAHTHUMMN» KOHIIEHTPAIIMHUMUN XBUJIAMM, IO «TeHe-
pyoTbesa» M-3ipKoio XBuaboBOro BeKTopa [306]. 3oKpema, BUAHO, ITIO
IOSIBY HAICTPYKTYP, 300paskeHUX Ha puc. 3.5, a, 6, 0, npu w' > 0 (BigmrTo-
BXYBAHHSA B IIEPIITi il KOOPAUHAIITIHiN cdhepi) i HaACcTPyKTYypH, 300parkeHol
Ha puc. 3.5, 0, npu w' < 0 (IpUTATaHHSA B IepIIiii cdepi) HEMOKINBO IO-
SCHUTH IIPU BpaxyBaHHi B3a€MOill ATOMIiB JIHIITe B TPHOX HEPIIUX KOOP-
IUHAIIAHUX cepax.

Axmio & y posunni (Me',Me”)B, yIopsaIKyBaHHA MeTaJeBIX aTOMIiB
i3 3HM'KeHHAM TeMIIepaTypu Big0yBaeTbcda y ABa eranu (c,, #1/2), To
Ha MepIIOMY eTalli YTBOPIOEThCS CTPYKTypa Tuny Me' Me' B, (puc. 3.5,
2), a IpU MOJAJBIIIOMY 3HIKEHHI TeMIepaTypu CTaeThbcA il ha3oBe IIe-
PeTBOPEHHS TUINY JaA—Jaj y HU3bKOTeMIIepaTypHYy CTPYKTYypy. Ha pu-
CcyHKax 3.8, a, 0, 8 cXeMaTHYHO MOKAa3aHO AeAKi MOMKJIMBI THUIN BTO-
PUHHUX HAACTPYKTYD (3i crexiomerpismu cj,. =1/6, 1/3, 1/2 sigmo-
BiZlHO), AKUX IepemdaueHo CTATHCTUYHO-TEPMOAMHAMIUHOIO aHAJi30I0
BTOPUHHUX TOUYOK PO3TAJY:KEHHS cucTeMu piBHAHB (3.11) cTocoBHO ixX
TepPBUHHUX PO3B’sA3KiB 3 Ta0i. 3.1 (muB. Tako:x [306]).

Or:xe, i3 3acTOCYBaHHAM MOJENI0 KiHEeTHKM aTOMOBOTO BIOPAIKY-
BaHHA B (MeTa)cTabinmbuux TBepaux posunnax tuny (Ti, W)B, mpoamai-
30BAHO BUSBJCHY 3aJI€KHICTh IHTEHCHUBHOCTH AHU(PYSHOTO PO3CIAHHSA
PenTrenoBux mpoMeHiB Bif uacy BigmaroBaHHS AJIS Pi3HUX XBUJIBOBUX
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Puc. 3.7. Te & came, 1110 i Ha puc. 3.6, ajge IJd HJOIYCTUMUX 3HAUEHDL €Hepre-
truuHUX napamerpis w'/w'i w™/w' (a — gna w' > 0; 6 — paa w' < 0).

BeKTopiB k 3 BpaxyBaHHAM ii 3aJIe2KHOCTH BiJl TeMIepaTypu KOHIeHca-
il peuyoBUHU y HecTeXioMeTpUUHY KpucTaaiuny crmoinyry C32-(Ti,W)B,
B KBasubinapHiii cucremi W,B,—TiB,.

HociimxenHsa KiHeTUKY BCTAHOBJIEHHA PiBHOBAYKHOT'O CTaHY HECTeXi-
omerpuuHoi Kpuctasiunoi comoayku C32-(Ti,W)B, s3acBigunmo, 1o e
pesakcaImiiHui Ipoliec 3AiCHIOETHCA B OCHOBHOMY uepes audysito Me-
TajeBux HoHiB. IloKkasaHo, 110 MIBUAKICTE ITLOTO IIPOIECY € Pi3HOoIO0 (A
pisHHX TOUOK obepHeHOro mpocTopy). Omep:KaHi maHi PO MIBUAKICTD
penakcarlii iHTeHCUBHOCTH AU(PY3HOTO PO3CiTHHSA PEeHTIeHOBUX IpoMe-
HiB (B OCHOBHOMY Ha MeTAJIeBUX MOHAX) IJIf Pi3HUX TOUOK OOEPHEHOTO

Puc.3.8. CxemaTnuHi 300pakeHHsaA BTOPUHHNX HAIACTPYKTYP BTijJeHHS (aToMu
Me' it Me" 3atimatoTh «MiskBy3as» i} i Bigmosiguo)[306].
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IPOCTOPY CBiAUATHL HAa KOPUCTD HE JININe BAKAHCIHHOT0 MexaHidmMy gudy-
3ii. ITi »x mawHi MOsKHA BUKOPUCTATHU AJIA MOJIEJILHOTO BUBHAUEHHA MMOBI-
pHOCTEH IepecKoKiB MeTaJeBUX MOHIB B eJIeMEeHTapPHUX aKTax AuQy3ii.
Taki akTu 30ilICHIOIOTHCS B OCHOBHOMY SK IIEPECKOKM He JININe Ha Hau-
ommxuy Bigmanab. CamMe BiIMiHHICTE TeMIIepaTypHO-UYACOBUX 3AJIEIKHOC-
Tell iHTeHCUBHOCTEH PO3CIAHHS AJIs PisHUX XBUIBOBUX BeKTOPiB Kk (Bce-
penuHi mepioi BpinmioeHoBoi 30HY reKcaroHaJabHOI I'PATHUILL), IIT0 HAa-
IeBHO 00YMOBJIEHO AU(PY3HUM PO3CiAHHAM XBUJIb Ha KOHIIEHTPAIliNHNX
HEOOHOPIMTHOCTAX, BMiHM IKUX 3 TEMIIEPATYPOIO CATAIOTh AEeKiIbKOX KO-
opauHAIINHUX c(ep, € CBIIUeHHSIM TOT0, IO KiHeTnKa pejakcalii KBa-
3ubiHapHOi cmonyKu (Uepes po3IIapyBaHH) 34 HEBUCOKUX TEMIIEPATYP
3a0e3MMeuyeThCcsa He JINIe JOMiHYIUNM BaKaHCIHHMM MeXaHi3MoOM, AK
IpU TigBUIIEHUX TeMIOepaTypax, a i KiJbIleBUM TOIIO, 3aBAIKU CTPUO-
KaM MeTaJIeBUX aTOMIiB i 3a MeXKi IIepIioi KoopAUHAI[IHOI chepu.

MeTomoio cTaTMUHNX KOHIIEHTPAIIIMHMX XBUJIbL IEepPea0aueHo MOMKJIM-
BiCTBb PiBHUX TUIIIB YIIOPAJKOBAHUX CTPYKTYP V r'eKcaroHaJibHil miarpar-
HUIIi BTiJleHHA B KBasmOiHApHUX TBepAux posumHax tumy (Ti, W)B, i Bu-
3HAUEeHO OOMEeIKeHHS Ha IIapaMeTpy MirKaTOMOBOI B3aeMO/ii, 1110 BiamoBi-
IaloTh CTA01MTBHOCTI («BUTITHOCTI») TAKMX HAACTPYKTYP (Xoua 6 3a HU3b-
KHX TEMIIEPaTyp), a TAKOK XapaKTep TePMOINHAMIKY iX YTBOPEHH.

4. CTATUCTUYHO-TEPMOJUHAMIYHI MOAEJI MATHETU3MY 1
PO3MIPHOI HEBIJIIOBIJHOCTHU ATOMIB ¥ CTOITAX I'TIK-Ni—Al,
10 BITOPAAKOBAHI SA HAACTPYRTYPHUM THUIIOM L1,

Y posgiai 2 6y10 posTIIAHYTO Pe3yJabTaTH 3aCTOCYBAHHSA METOAM AU(Y3HO-
T'0 PO3CiAHHSA PIBHOTO TUITY XBUJIb JIJIs BUBUEHHA eJIeMEHTapHUX aKTiB M-
(ysii i BusHaueHHA KiHeTnuHNX Xapakrepuctuk ajs croais I'IIK-Ni—Al.
Y 1poMy po3iji mpoaHaIisyeMo cIoco0H OIliHIOBAHHSA €HepPreTUYHUX IIa-
pameTrpiB Tux cromis. I1i emepreruuni mapamerpu — Pyp’e-KOMIOHEHTH
eHeprii «3mimmanua» {(k)} — BUKOPUCTOBYIOTHCA [JIA OOUMCIEHHA Bi-
JBbHOI eHeprii i merasisalrii gigrpamMu piBHOBAr (as. 3asHaUNMO, IO €KC-
mepuMeHTaJIbHe BUBHAUEHHS AiATpaMU PiBHOBAT SBJIsSE€ COOOIO CKJIAMHE I
TPYAOMICTKe 3aBAaHHA. TeopeTWUHHiI PO3PaXyHOK AisdrpaMu pPiBHOBAT
YMOXKJIMBJIIOE CKOPOTUTH 00’ €M eKCIIePUMEHTAIBHOI POOOTH, 3BiBIIHU ii 10
BUBUYEHHSA 00MeKeHOI KiThbKOCTH XapaKTepPHUX CTOIIB Y 3aJaHUX TeMIIe-
parypHHX iHTepBasiax. IIOpiBHAHHAM TaKOro PO3PaxyHKy 3 HaTiHHUMN
eKCIIEpUMEHTAJIbHIMHI JTaHUMU TepPeBipAeTbCA ITPaBUJIBHICTH MOJENIB i
aIIpOKCUMAIliii, 1110 JIeJKaTh B OCHOBI Teopii. BoHO € HeOOXigHMM I/ PO3-
BUTKY 11 BUKOPHCTAHHS Teopii, a TaKOMXK IJIA 3’ ICyBaHHA 3aKOHOMipHOCTEeTH
i mexanismiB ¢opmyBanHa (as i mMoOya0BY PiBHMUX THUMIB AiATpaM PiBHO-
Bar. TeopeTuunMii PO3PAXYHOK TAKOK MOKe OyTH apI'yMEeHTOM Ha KOPUCTD
Tiei abo iHIIOI miArpaMM 3a HASIBHOCTU CYIEPEUINBUX €KCIePHUMEHTAJIh-
HuX AaHux. [Jid pospaxyHKY AiArpaM piBHOBar MarHeTHUX CTOIIB TUITY
T'IIK-Ni—Al HeobxigHo MaTu BUpas AJs BiIbHOI eHepril TBepIoro po3uunHy,
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y AKoMy OyJi0 011 BpaxoBaHO BHECOK OOMiHHOI B3a€MOii MOMEHTIB, a Ta-
KOJK BHATU UMCEJIbHI BHAUEeHHSA eHEePreTUUYHNX I1apaMeTpiB, 1110 BXOAATh V
et Bupas. s sgificuenss 1iel mporpamu aia FITK-Ni—Al maemo 3acTo-
CyBaTH BiITIOBiHY PO3PaxyHKOBY METOAUKY 1 o/lep:KaTu TaKui BUpas JJId
BisbHOI emeprii cromy, y skoMy OyJio 6 aKypaTHO BPaXOBAaHO MarHETHY
CKJIaJIOBY BiJIbHOI eHeprii (TIopsA 3 «eJIeKTPOXEeMiuHUM» Ta «IdedopMaIlriii-
HO-IHIYKOBaHUM» BHECKAMM), IO JO3BOJIMJIO 0 3a JOITOMOTOIO OITiHEHUX 3a
HaABHVUMH E€KCIIEPHMEHTAJbHVNMHN JaHVUMHM 3HAUYEHDb €HEePreTuYHMX I1apa-
meTpiB {w(k)} BUKOHYBaTHM KOHKPETHI UMCEJbHI PO3paxyHKH (BiIbLHOI
eHeprii, mapamMeTpiB JAJIEKOTO MOPAAKY, HaMarHeTOBAaHOCTH TOI0). Tarky
MeTonuKy O0ysio Hamiueno 11e B [309—312] Ha ocHOBi pesysbTaTiB cTaTuc-
TUYHOI Teopii mopaaky samimenusa [52, 67, 68, 79, 90, 91, 119-127, 129].

4.1. TepmognHamika maraHetHux cromis i3 I'TIK-rpaTauiero,
IO BIOPSATKOBYIOTHCS 3a HAACTPYKTYPHUM TuoMm L1,

Bucokoremmneparypua cTabiIbHICTE (Pi3MKO-MeXaHiUYHMX BJIACTHBOCTEM
[161, 290, 291] cTromis I'lTK-Ni—Al 3a6esmneunsia mepcreKTUBHICTD 1X 3a-
CTOCYBaHHSA AK 0araTOPYHKIIIOHAJILHNX MATEPiAIiB cyuacHOI TeXHiKH.
OcHOBHY yBary AOCJiTHUKIB X 30cepeakKeHo Ha BUBUEHHi ()a30BUX IIepe-
TBOPEHb Ta BCTAHOBJIEHHI B3a€MO3B’fA3KY MisK MiIKPOCKOIIUHMMHK Hapa-
merpamu cromiB Ni—Al (mpocTopoBuii posnogis aToMiB, MarHeTHUX MO-
MeHTiB, AedeKTiB i IXHIX KOMILIEKCiB Ta iH.) 3 MAKPOCKOIIYHUMHU BJIac-
TUBOCTAMHI I eKCILIyaTAIlilHMMM XapaxkTepucTukamu. OUueBHIHO, IO
BJIACTUBOCTi CTOMiB 3aJjie;KaTh BiJf MiKaTOMOBUX B3aeMoOmili (eHepriii
«3MiITaHHA» ) i TEpMOAMHAMIUHUX TTOTEHITiAIiB (ri66COBHX emHeprii) gas
Ta iX KOHKYpeHIrii. 3 Touku 30py Gisuku TBepaoro Tina cromnu I'IIK-Ni—
Al aBiA0TE c000I0 YHIKAIBHUI 00’€KT SOCTiyKeHb 3 BUBUECHHS eHepre-
TUYHNX IIapaMeTPiB MijKaTOMOBUX B3a€MOMiH PisHOI «IpupoOmu». 30K-
pema, 3a paxyHOK HECKOMIIEHCOBAHOIO MarHeTHOro MoMeHTy aToMiB Ni
MarmeTHii obsacti giarpamu crauiB cromiB I'IIK-Ni—Al gia ¢, =0-0,25
[178] BigmoBimae mMarHeTHa MiKaTOMOBA B3aEMOisd, MPUPOJA SIKOI 00y-
MOBJIEHA HEHYJIbOBUMHY 3HAUEHHAMN OOMIHHUX «iHTerpasi». Y mapama-
THETHi# o0JacTi MixkaToMOBa B3a€MO/is B CTOIIAX € CYTO MapaMarHeTHOIO
i ckIamaeThCA 3 «eJeKTpoxeMiuHOI» (1110 Mae eaeKkTpocratuuHy («Kymo-
HOBY») IPUPOAY) i «IIPYKHLO-IHAYKOBaHOI» («AedopmMaIiiiinoi», 1110 Bu-
HUKAae yepes po3Mipuuii He36ir aromi momimku Al i maTpurii Ni) B3ae-
mogmiti. MarHeTHa Ta «eJeKTPOXiMiuHa» B3a€MOil aTOMiB € KOPOTKOCS-
KHUMU (I TPAMUMH 34 BiICYTHOCTHU BILINBY 30HHOTO MarHeTusmy (KoJe-
KTHBi30BaHUX €JIEKTPOHIB) CTOCOBHO IepIloi), a «mdedopMalliiiia» € aa-
JIEKOCSKHOIO 11 KBAa3MOCIIMJIIBHOIO B X 3aJI€KHOCTI BiJ MijKaTOMOBOI Bij-
maai. CyMma sasHaueHHNX €HEePreTMUYHMX BHECKIB A€ IIOBHY €HEpPTiio
«3MiIIaHHSA» aTOMIiB CTOIY, a il TeMIlepaTypPHO-KOHIIEHTPAaIliliHaA 3aJIeXK-
HicTb pasoM 3 KOHQIrypamiiHuMu yacTUHaMHU BiJIbHUX eHepriit ¢as Bu-
3HaUYa€ yci TepMoAMHAMIiUHO PiBHOBaKHI ¥ KiHeTUUHI mapaMeTpu CTOMY.
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OueBUIHO, IO 3HAHHS iH(pOPMAIIil IPO HUX YMOMKJINBUTEL PO3B’ I3aTH ITi-
JUH PA 3amad, OB A3aHUX 3 ITPOTHO30I0 Ta aHAJIiI30}0 BHCOKOTEMIIepa-
TYpPHOI cTabiJibHOCTH CTOIy, Me)eKTOYTBOPEHHs Ta Mirpaiiii medekris,
(¢a30BUX II€peTBOPEHh MAarHeTHOI ¥ aToOMOBOI IifcucTeM i IX B3ae-
MO3B’aA3K0M. AJie, He3BasKalouM HA 3HAUHY KiJIbKicTh mpaib 3 JIOCJi-
I:KeHHS PIBHOBAMKHUX i KiHeTnuHMX xapakrepuctuk cromis I'IIK-Ni—Al,
B HAyKOBi#i JiTepaTypi He O0yJ0 OIIPUJIIOJHEHO CaMOY3TOIKEeHOI CTaTHC-
TUYHO-TEPMOAVHAMIYHOI aHAJi31 ITapaMeTpPiB MisKaTOMOBUX B3a€EMOMIN ¥
HUX 3aJIe;KHO Bif TeMIiepaTypu Ta ckJaany. Taxo:x OyB BimcyTHiiT cTaTmCc-
TUYHO-TEPMOAUHAMIYHUYU MOJeJb 3 IBHUM ypaXyBaHHAM PO3MipHOI He-
BiIIIOBiZHOCTH AaTOMiIiB KOMIIOHEHTiB, MATHETHOIO IIOPAIKY ¢ IOro
3B’SI3KY 3 aTOMOBOIO ITi/ICICTEMOIO PO3UUHY.

3rifgHo 3 eKCIIepUMEHTAJIbHOIO AiArpamMoro craHis cromis Ni—Al (puc.
1.3) [16] dopMyrOThCA HACTYIIHI «PiBHOBasKHi» MaKpPOCKOIIiUHi (asu:
posymopsankoBaHi TBepAi posununu Ha ocHOBi A1(T'IIK)-Ni(Al), ymopsna-
koBaui (inrepmeranesi) kyoiuni L1,(T'I[K)-NizAl i B2(OITK)-NiAl, rex-
caronajbaa D5,4-Ni,Al;, pombiuna DO0,;-NiAl; crpykrypu i (manm)-
CTPYKTypHu 6inbIn Bucokoro paury NizAl; (crpykrypaoro tuny Pt,Gas) it
Ni,Al (tumy I,Cd). OcobauBicTioO 3a3HaAUEHNX YIIOPAIKOBAHUX (as € Te,
IIT0 BOHU 30€piratoTh BUCOKUH CTYIIiHbL ATOMOBOTO IMOPAAKY (HEPigAKo ax
o TemOepaTypu Tomiaenusa) [28, 30, 291, 313—-319]. Acwuo, 110 11€ 3yM™MO-
BJIEHO BUCOKUMU (32 MOJYJIbOM) 3HAUEHHAMU €HEpPriil «3MimaHHA», a
TaKkoK, SIK HaCJIJOK, OCOOJMBUM HPOCTOPOBUM PO3MOIiJIOM aTOMiB
KOMIIOHEHTIB i iX MargteTHUX MOMEHTIB y CTOIIaX 3 YTBOPEHHAM 3a3Ha-
yeHUX (HaI)CTPYKTYp. 3 iHIIIOTO 00Ky, uepes 3HAUHY BiAMiHHIiCTEL aTo-
MOBHUX PO3MipiB KOMIIOHEHTIB i, IK HACJiOK, 3HAUYHUX JOKAJbHUX II0-
JiB medopmariiiHux crmoTBopeHb cepenHboi 'I[K-kpucramiumoi rpar-
Huiti, cronu Ni—Al € CXUJIBHHUMU [0 i30CTPYKTYpHOro posmanmy (s
ca>0,1-0,12)[29, 316—319]. Tomy mmocTae inTepec I0 OIiHIOBAHHA Tiel
CKJIQJIOBOI eHepriii «3MilaHHA», KA BiIIIOBilae «IPYKHBO-IHIYKOBA-
Hill» B3aeMOMIii JOMIIIIKOBMUX aTOMIiB.

Hapasi posrissaeMo piBHaHHS, IO OINCYIOTEH JaJIeKUH MOPSAOOK i Tep-
moamHamiuHi (GyHKIII memarHetHux cromiB Ni—Al ma ocmosi T'IIK-
rpatHui. {kK 1e B:ke 3asHauajiocd Buire (. 1.2, m. 1.6), y Takux cromax
3 HeynopaakoBauuM ['I[K-poszunHoM KOHKYPYIOTH BIIOPAAKOBAHI pO3Y-
HU 3i cTpyKTypoio Tuny L1, a6o (rimoreTnuno) 3i cTpykTypoio tuny L1,.
Crpykrypa tunmy L1, (puc. 4.1) XapaKTepU3YEThCA HAICTPYKTYPHUMU
pediiekcaMu OfHIEl 3iPKM XBMJIBOBOTO BEKTODPA: BOHU BU3HAYAIOTHCS
BciMa Tproma ii mpomemamu k,, =2na, =(100), k,, =2ra, =(010),
k,, =2ma; =(001). PosrisgHemMo BUpa3 AJA OZHOYACTHHKOBOI (PyHKIII
P(R) — iimoBipHOCTH 3HaxoAKeHHA aroMma Niy R = nja, + n,a, + n;a, —
By3JIi (B 6a3uci HAMKOPOTIINX BEKTOPIB a,, &, a3 TPAHCIAIM Y BBAEMHO
MEePUeHINKYAIAPHUX «KyOiunux» mampamxax [100], [010], [001]
T'TIK-rparaui BigmoBigHo) y ctpykTypi L1, (14, ny, Ny — Beimaki mimi i
miBIiyi uwmcia, ane cymMa SKUX N;+7N,+7N3; TOPiBHIOE ILJIOMY YHCIY):
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Puc. 4.1. YmoBHa Ky0iuHa (06BeieHa CYyIiIbHOIO JiHi€l0) i mpumiTuBHA (00Beme-
Ha MyHKTUPHOIO JiHieio) ememenTapHi KoMmipku ana 'IIK-rparautni (a); Tyt a4,
a,, a3 a,, a,,, a3, — ix 0a3KuCHI BeKTOPH TpaHCAANil BiqnoBigHo. MaKCcHMAaIbHO
BropsakosaHa (3a T'=0 K) maagctpykrypa samimenss Tuny L1,-NizAl (6).

P(R) = c + N[y, exp(iky, - R) + v, exp(ik,, - R) + 7, exp(ik ;- R)]; ¢ —
aTroMmoBa yacTKa Ni; 1| — mapamMerep JajJeKoro IOPAAKY Y PO3IIOAiIi aToMiB
3aMillleHHs 110 By3J1ax Yoo Yor Vs — cuMeTpiiiHi KoedimienTn, abCoMIOTHL
3HAUeHHA SKMUX IIOB’sI3aHi 3 HOPMYBaHHAM IapaMeTpa JaJeKoro MOPAIKY
[62, 125, 126]. Ockinbku P(R) 3ayIe:XUTH BiJ 0AHOTO MapaMeTpa JaJeKoro
IOPAAKY 1|, TO KoedinienTtu vy;, Y2s Y3 MAIOTH migompaTucs Tak, 1100 QyHK-
mig P(R) mHabyBaJjia TiJIbKM JBa Pi3HUX 3HAUEHHS Ha MHOKUHI BCcix N By3-
ais {R} TITK-rpatuui. ITro yMoBYy Ha 4MC/I0 3HAYEHb, AKUX HAGyBae QyH-
kuig P(R), moske OyTU cIpaB/sKeHO, B0KpeMa, AKIIO Y; =Y, =Y;=7; TOIL

P(n,n,n;)=c+ ny( 2 Q2N | pl2Tg ) 4.1)

Uwmosipuicts P(R), 110 onucyeTbesa Bupasom (4.1), HaOyBae HacTym-
HUX IBOX 3HAUEHD:

P(000)=c+3ny=PR, P(110)=P(011)=P(L0L)=c-ny= P,. (4.2)

YmoBu (4.2) 03HAUYAIOTH, IO CTPYKTypa Tuny L1, onmucyeThesa gBoMa
HeeKBiBaJeHTHUMU IiIMHOXWHAMU By31iB. BusHauusmm koedirieHT y
TaK, I100 y IOBHiCTIO BIOPAAKOBAHOMY CTOIIi (KOJIU 3a CTEXiOMEeTPUYIHO-
TO CRJIa,Z[y c=c" P(R) mabyBae nuimle fBa 3HadueHHA: 0 i 1) n= 1, oxmep-
wumo: ¢*=3/4, y=—1/4 (y HOBHICTIO BIOPAAKOBaHIM CTaHl aromu Ni
pO3TaIIoByIOThCA Y Bysaax migrparauns tuny II(P(R) = P, = 1), a aTo-
mu Al — y Bysaax niarparauni Tuny I (P(R) = B, =0)). IlincraBaamoun
(4.1) (3 ypaxyBauuawm (4.2) i suauenna y=—1/4) B (1.19), maemo HaCTy-
OHUN BuUpas Iad KoHQirypariiiHosaeXHOI YacTUHHU BiJIbHOI eHeprii
HeMaTHeTHOT'O CTOIY ¥ HAOMMMKeHHi caMOy3TroIKeHOro IOJIs:
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AF, _ AHF™ N c*w(0) N 3n’w(k,) .
k,TN = k,TN  2k,T 32k, T

+1{3[c+ﬂj1n(c+nj+3(1—c—njln(1—c—ﬂj+ (4.3)
4 4 4 4 4
+£c—3—njln[c—S—nj+(1—c+3—njln(l—c+3—nﬂ.

4 4 4 4

Ilepmux Tpu momamku cupaBa B (4.3) cKJIagaoTh KoH(piryparmiiinosa-
JeXXHY BHYTPIIIHIO eHepriio AUOt (1.24), immi — xoudirypariiinosa-
JIeKHY eHTpoLiiiny uacTuHy AS,, BinpHOI eHeprii. Ilapamerpu w(0),
w(k,) B(4.3) € Dyp’e-KOMIOHEHTAMU €Hepriil «3MilIaHHA» JJIA CTPYK-
rypaoro (k=0) ra HagcTpyKTypHOTro (Ky) XBHILOBUX BEKTOPiB. 3rigHo 3
dopmynamu (1.22) 1 (1.23) Bennunru w(0), w(k,) MicTars y cobi enep-
rii «3mimramnaa» w(r) Ijas Bcix MisKaTOMOBUX Bijaseid r y I'paTHHUILI.
BukopucroByiouu (4.3) i yMOBY pPiBHOCTH HYJIIO IIEPINOI MOXiAHOI BiIb-
HOI eHeprii SAE,E / N, MaeMo TpaHCIeHJeHTHEe PiBHAHHS I/ BU3HAUEH-
HS PiBHOBAXKHUX 3HAUEHb IapaMeTpa JaJeKoro MoPaaKy 1:

(1-c-n/4)(c-3n/4) n _
(1—c+3n/d)(c+n/d) kT k) (44)

3 ymosu x §°AF/on* = 0 omepsyeMo PiBHAHHS IS HOTO TOUKM 6i-
dyprarii:

c

w(kx)c(l—c), (4.5)

B

me BeauunHa T, — TeMmeparypa «BTPATH CTAa0iIbHOCTH» HEYIOPALKO-
BAHOTO Ol-TBEPAOTO PO3YMHY IIOAO0 YTBOPEHH (Hax)cTpyKTypu L1,.

HasasuicTs Marmerusmy cromy oOyMoBJIIO€ 3MiHy Bupasy (4.3) masa
BiIbHOI eHeprii, a Tako:K piBHaHb (4.4) i (4.5). K 1me 3aszHaUaIoCs B 1.
1.5, 3a Temmepatryp, HmKuUnX mMarHeTHoi Touku Kiopi T, @m0 BimbHOI
eHeprii AF;O (4.3) Tpeba momaTuM BiJBHY €HEPril0 CHCTeMM CIIiHiB
AF,. .. =AU, —TAS) ., a o eHepriii «3mimanua» w(r) — Kojatu
€Hepril «3MIMMaHHA» Wy,,,(T), T0B’A3aHi 3 00MiHHOIO B3a€MO/I€IO CIIiHiB
«MarHeTHHUX» aTOMiB.

3a moBigkoBuMU gaHUMU (1. 1.5) Ipo BeIMUYNHYN MarHeTHUX MOMEHTIB
aToMmiB, AKi cKJagaroTs cronu Ni—Al, B Tomy umesti Ti, 1[0 € yIIopsaaKoBa-
HUMU i CTeXiOMeTPUUYHNMU 3a CKJIAA0OM, Jullie aTroMu Ni MaioTh MarseTHi
momenTH (0,604, aGo 3a inmumu gaaumu — 0,616 TX OiHIOIOTH 3
eKCIIEPMMEHTIB 111010 HaMarHeTOBAHOCTH HaCHUUYeHHS a00 32 METO 00 Ma-
THETHOTO HPY:KHBOTO PO3CiAHHA MOJAPU30BaHUX HEBTPOHIB [178, 320—
323]); Al — caabo mapamaruernuii. Bpaxyemo 1iei pakt y hopMyJIi g
BLIBLHOI eHeprii crucTeMu B3a€MOIiIOUNX CIIiHIB, AKA I'PYHTYEThC Ha ['aii-
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3eHOEPIr'OBOMY MO0 JIOKAJi30BaHUX CHiHiB (ajle HeXTye MarHeTU3MOM
KOJIeKTUBi3oBaHUX ejeKTpoHiB [179-181, 321, 322] mpu T>0 K). 3a
M MozeaboM I'aMiJIbTOHIAH CIiHOBOI IIiACCTEMY TAKMIA:

~ 1 N Q
Hsp zEZ:RZ:R’JNiNi(R_R)<SR .SR')CRCR" (4.6)

ne Jy(R—R’) — oOminHUM «inTerpan» nBox HoHiB Ni, posramroBanux
y Byanax RiR'; S, , S, — omeparopu mosHoro cminy y Bysnax R, R’
BigmoBimgHO; ¢y — BuUmaakoBa BeauuuHa (1.4), 1o mopiBuioe 1 a6o 0 3a-
JIEXKHO Binx Toro, mepedyBae y By3uai R arom Ni um atom Al. MHOKHUK
crCr B (4.6) BpaxoBye TOi haKT, 10 BHECOK B OOMiHHY €HEprito cucTeMu
cuiniB maroTh Jsuiie mapu iouiB Ni. Ycepeguenns (4.6) mo ycix cmizo-
BUX OpieHTaniax y Bysaax {R} mpussBoguTh 10 MOAeIbHOI0 KOHPIrypa-
mirtHo3ase:kuoro 'aminbTOoHIAHY:

HSP - <IjISP >sp = %ZR ZR’ i (R — R’ <('§R : .§R, )>Sp CrCr» (4.7)

Ie <()>Sp =Tr [(...)exp(—I:Isp/(kBT))]/Trexp(—I:Isp/(kBT)) — cepenHe

3a (BiAmOBiZHMM A0 B30BHIIIIHIX yMOB) TepMOAWHAMIUHHM aHcaMOJIeM
B3aeMogirounx croi"iB. B mHabam:xenHi BeliccoBOoro «MoJIeKYJISPHOTO»
(o cyTi cepeIHBOTO CAMOY3TOAMKEHOT0) ITOJIs

((Se8)) = ({sR ) - <§R,>Sp) = 52,6°(1 - 8y )3 (4.8)

sp
<,§R> = s, — YCEPeIHEHWi CIIiHOBUI MOMEHT, 1[0 Ipumaaae Ha ioH Ni 3
sp

HOBHUM CIIIHOBUM YHCJIOM Sy;, & C = S, /Sy, — 3BeileHa HAMarHeTOBAHICT
CTOITy JaHOTO CKJIafxy 3a TemnepaTypu T'; dy, ;. — Kponekepis cumsoi. Ilo-
nepiiie, B (4.8) IpUIyIIeHO cJIa0KiCTh KOpessIlii opieHTalliil CIiiHOBUX MO-
MEeHTIB, JOKaJisoBaHux Ha aromMax Niy Bysinax R i R’; 1o crocyernes op6i-
TaJILHUX MOMEHTIB, TO BOHU BBasKAIOThCS « BUKJIIOUEHUMH» (B YMOBaX X04a
0 ciabKoi BHYTPIIIHBOKPHUCTAJIIUHOI MArHeTHOI aHi3oTpoIii B opieHTaIrii
MarHeTHHX MOMEHTIB #ioHiB Ni BigHOCHO meakKoi Kpucragorpa@iuHoi Bici
I'PaTHUIIi, B3IOBK SIKOI HampaBuMo i1 [lekapToBy Bick Oz; uepes Iie B CTOIII
3HaueHHs PaKTopy JIsSHIe g CIIeKTPOCKOITIYHOTO PO3IeryieHHs A Ni me
CHJILHO BipisHAETHLCS Bif «cmriHoBoro» 3HauenHs 2). Ilo-apyre, B (4.8) pos-
TJIAHYTO BUIAA0K OAHOPiAHOTO (0€3 JOMEH) CIIOHTAHHOTO (hepOMAarHeTHOI'O
HOPAIKY CITiHIB 3 «HEHYJIBOBUMHU» IPOEKIIIAMN HA BUAIJICHUN HAIIPIMOK

Oz {S*(R)} (BmacHMMU 3HAUEHHAMH olepaTopis {S;}) Ta cepemHiMM 3HAa-
4YeHHAMHU omeparopis {Sy} i {S}} Taxkmmu, 1o JopiBHIOTE HYJI0. [lo TOrO
JK o0paHo HaOJIMKeHHs, AKe Biamosigzae BopoBomy Mozesio, e JO3BOJIEHI
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3HAUEeHHA KBaZpaTa MOMEHTY KiTbKOCTH pyXy OOOJOHKH o (%, a He

o< (({+1) ({ — opbiTanbHe KBaHTOBe umcJio). Hapasi oOMe:xuMocsa UMK

«CePeTHBbOIIOILOBIMI » IPUITYITIEHHAMM, X0Y BOHHU U IIePEOITiHIOIOTh POJIb i
3HAUEHHS «JOKAaJi30BaHOI» IpupoAu (hepoMarHeT3My Y B3a€MOUYMHI MO-
MeHTiB HoHIB Ni, 0cO0IMBO Ha MajJuX BiACTAHAX MiXK HUMU, € OA€TLCS
B3HAKHU «(pycTpallia» B PO3HOAii opieHTalriii cinisB (uepes BILIUB 30HHO-
ro MarHeTUsMy, a came, KyJIOHOBe BiIIITOBXYBAHHS €JIEKTPOHIB 3 IPOTH-
JEKHIME HAIPAMKAMMU CITiHIB, K1 3HaX0AATHLCA IIO0IM3Y OHOrO i TOTO K
By3JIa, e JJOKaIidoBaHuii itou Ni, Ui HaBiThH Ha CyCimHiX By3aax).
ITigcranoBka (4.8) B (4.7) i 3acTocyBaHHSA TAaKOXK HAOJMMIKEHHSA caMo-
yaroaskeHoro mojis (1.15), mpu3BoaAUTL A0 BUPA3y AJIA MarHeTHOI BHYT-
pinrHbOI eHeprii:
AU° = 1 Y Jun (R —R)s5,6°P(R)P(R), (4.9)
R,R’

magn 9

ne P(R) BU3HATAIOTECHA dopmyioio (4.1). CkaagaHHAM MarLHeTHOI BHYT-
pimusoi eneprii AU, (4.9) is BHyTpimHBOIO eHeprieo AU, (mepiiuii
momaHoK B (1.19)) omep:xyeMo mOBHY KOHQPIT'ypaliiiHO3aIeKHY YaCTUHY

BHYTPiIIIHBOI eHeprii cToIry:

i 1 ’ ’
AUCOOnf = AU;’t + AUI?mgn = AH(I)‘I Al 3 z w, ,(R-R)P(R)P(R’).(4.10)
R,R’
w, R-R)=wR-R)+J,[R- R')siﬁc2 (4.11)
HaOyBalOTh 3MiCTy IIOBHUX eHepriil «3mimanusa»; w(R — R’ — enepril

«3mimanusa» aromis Al ta Ni B mapamaraeraomy craui cromy I'ITK-Ni—
Al. BpaxyBaHHA MarHeTusMy y BUPAasi A BHYTPIIIHBOI eHeprii 3Bo-
muThesa go samian w(R - R’) - w, (R - R’), a, otxe, i 5o saminu Bigmo-
BigauX ®@yp’e-kommnonentT w(k) — w,, (k), ae

W, (k) =w,., (k) + JNiNi(k)ini(sz; 4.12)
Pyp’e-xommnonenTa W, (k) eHepriii «amimanusm» {wR -R)} Bigmosi-
Iae IapaMarHeTHOMY CTaHY; o xini () — Pyp’e-KOMIIOHEHTa OOMiHHUX
«imrerpanis» {J, (R —R)}. Takum unHOM, BPaXOBYIOUM MarHeTH3M y
BUpasi AaA BHYTPiIHBOI eHeprii, MokHa y popmyaax (4.3)—(4.5) sami-
mutu Benuuury w(k) ma v, (k).

Y HabamsxeHHI BeiicCoBOTO « MOJIEKYJIAPHOTO» IIOJIA MarHEeTHA €HTPOIiA
ASI?lagn BU3HAYACTHCA AK €HTPOIA CUCTEeMU HeB3a€MOIIOUMX CIIIHOBUX
MOMEHTIB, cyMa AKHX € 3aJaHOI0 M JOPiBHIOE Ny;SnO=Ny;Sy. Benmuuna
NSy BUBHAUae ITIOBHY HAaMarseToBaHicTh cToiry M » 3a Temriepatypu 1

M, = Nys1,8, (4.13)



CTATUCTNYHA TEPMOJIMHAMIKA TA ®ISUYHA KIHETUKA SMIH CTPYKTYPU 117

e Ny; — sarasbHe uncio atomiB Ni, Uz — BopiB marueron, g=2,0. Bu-
MMagokK Sy; = 1/2 Bigmosimae rakomy (Isirrosomy) mozestio crony Ni—Al, y
AKOMY KOYKHUII MarHeTHHUM aToM Ni Mae oiuH HecllapoBaHU («MarHe-
THU» ) eJIEKTPOH 3i cIriHoM «Bropy» abo 3i cminom «yHu3». Takuit mo-
JeJIb CTOIY BiKe BUKOPHCTOBYBaBCs B OaraThox poborax (HampuKJaal, B
[142-145]). BigmoBimuuii Bupas I MarHeTHOI eHTpPOmii ASI?lagn Mae
BurJiAz (quB. [156] nuia Bunagky c=cy;=1):

1 - —
AS"2 E_kBNNi[1+Gln1+G+1 o1 Gj.

4.14
masn 2 2 2 2 ( )

SIBHMIT BUpas AJIs MarHeTHOI eHTPOITil CUCTEMY MOMEHTIB 31 CHiIHOBUMU
yucaaMu Sy; = 1 6yiio ogep:xkano C. B. CemenoBcrkoio [311] (a Tako:x I'.
Inmenom [149, 150]) 3 BpaxyBaHHAM IIpaBUJIa «KBAHTYBAHHS» , 38 AKUM Y
KOKHOMY 3 Ny; By3IiB {r}, ne posrammoBanuii arom Ni, mpoeknia criny S?
Ha BUAiJIeHUN HAIIPIMOK HaMmarHeToBaHocTu (Hexain Oz) HaOyBae omHe 3
TPhOX 3HAUEHb: 1, 0, —1. Tak, y 3araibHOMY BU3HAYEHHI eHTPOITii

AS? =k Inl

magn

(4.15)

magn

yKcyI0 cnocobis I, IpocTopoBoro posnoxiny Ny; CIiHOBUX MOMEHTIB 3
PiBHUMU MOMYCTHUMU HPOEKIiaAMU 10 Ny; BysdJjax I'DaTHUII, 3a AKUX
MOBHA HAMATHETOBaHicTh cTory My (4.13) € 3amaH0I0 BeIUUYUHOIO, JI
HEeB3aEMOJII0OUNX MOMEHTIB BUBHAUAETHCA IK

Cooen = 20 2, 8| D, Si—Nys, |, (4.16)
re{R}y;

CRCTE

Zie KOXKHA CyMa » | MICTHTh TPH JOJAHKH, IO Bignosizaors S; =+1, 0,
S7
-1, a Z S; aBnse cobor0 cyMy BCiX IPOEKIIiH cliHiB HA 0OpaHMii Ha-
re{R}y;
OPAMOK HaMarHeTOBAaHOCTH. BUKOPHCTAHHS iHTeI'PaJbHOTO IPEACTaB-
JIeHHSA Heabra-cuMBoury 0(8), 1o mopiBHioe ogunui, Koau §=0, i Hyro,
kouu & #0, ymoskausiioe mepenucaru (4.16) y Buraspi:

S Sk S Ste (4.17)

17 17
- J‘ deefieNNisTeNNiln(1+2cose) = - J‘ d0e NV ®
2n -

- -

i0 In(1+2cos 6) )

+1
(TyT BUKOPHCTAHO ¥ Ty 00CTaBUHY, 110 z e = +1+e” =

87 =-1
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TTosask QyuKuia Y(B) = —iBs, +In(1+2cos ) e anamiridanoo, iHTErPa B
(4.17) po3paxoByeThLCA 3a METOAOIO IIepeBaly, TOOTO MOXKHA 3aIlNCATH:

Y
2n)™ I eV Ogg = M%) (3 acummroTrunOW0 TOUHICTIO 10 O(N 1)), Ie 6,
-

— TOYKa IIepeBaly; IJiA Hel MaeMo (3a BUSHAYEHHAM 3 YMOBU €EKCTPEMYMY

Sy ++/4—3s>

dyarmii y(0) {dy(0)/d0}es =0): —i6, =7, =1n (abo o
s 2(1-s,)
2shy, . .
8, = ———— 3 iHmoro 60ky). OCKLIbKY M4 Sy;=1 Sp=8y;0=0, To i3 3a-
1+ 2chy,

crocyBauHaM (4.15)—(4.17) maemo:

ASY =k N W(0,) = kN, X

magn

x[ln(S — 66 + 2v4 — 367 ) —(1+ 0)1n(6+\/4 _ 30? ) —(1-0)In2 —20)};
(4.18)

(BukopucTtaHHsa Gopmyan (4.18) Tpu3BOAUTEH A0 TPABUIBHOTO BUTJIALY
piBHAHHSA AJIA PiBHOBaKHOI BiIHOCHOI HAMArHETOBAHOCTH G: JJIA Sy;= 1
TeMIepaTypHa 3aJIe’KHiCTh TaKol HaMarHeTOBAHOCTH TaKOK OIUCYETh-
cqa BpinmroenoBoto pyuKIieto; gus. [126, 320, 321]).

Has1 mobymoBu misirpamu piBHOBar ¢as Ni—Al pospaxyHoK BiabHOI
eHeprii Mae BUKOHYBATHUCA OJIsI 000X MOJEJIiB CTOIY, IO BiAIIOBiZal0ThH
CIIiIHOBUM YMCJIaM Sy;, AKi JopiBHIOIOTEH 1/2 abo 1. Ane ouikyeTbes, 1110
mepIui Moaeab (Sy;=1/2) € pearicTUUHIIIUM IJIs cTOHiB HA ocHOBI Ni,
ockinbku ns urctoro Ni Uy =0,604U; uu To 0,616 ;. 3arasibsHa €eHTPO-
oida cucreMu ASCOOnf IOPiBHIOE CyMi MarHeTHOI eHTpPOIIil ASI?wtgn (bopmy-
na (4.14) a6o (4.18)) i sBuuaitnoi xoudirypamiiHo3ameKH0i eHTPOITii
AS?, , mo dirypye y Bupasi (4.3).

Ha »xann, moBHUI HaOip oOMIiHHMX «iHTerpaJiB» HeBimoMuil HaBiTHL
IS HAMOiNIbIl BUBUEHUX (DepOMArHETHUX TiJl UMCTUX METaJeBUX eJie-
mentiB: Ni, Fe, Co. HaaBHi ekcnepuMeHTANbHI AaHi (30KpeMa, 3 MipsH-
HS CIIEKTPiB CHiHOBUX XBUJIb) YMOMKJIUBIIIOIOTE ¥ TeIKOMY HaOIMIKeHHI
OLIiHWTH JIUIIe BeJINYNHY OOMiHHOTO «iHTerpana» J ,(r;) AJIA Hal#OIM-
JKUMX cyciziB o—o/. SIKImo y po3paxyHKax BUKOPHUCTOBYBATHU IIe K Ha-
Omm:xeHHA, TOOTO mpumyckatu, mo J .(r)#=0, J (r=2r)=0, xe
r,=a/N2, r; =a (&1a MeTaneBUX CycifiB o—0, CXMIBHHUX O depoMa-
THeTHOrO 3B’A3Ky, J .(1;) <0), To Mo:xHa BBakaru, mo giasa I'TIK-
I'PATHUIIL 3 ITApPaMeTPOM a:

J . (0)=12J () = -3J . (ky). (4.19)

3(4.19)i(4.12) BUunauBaTUMeE, 1110, HATTPUKJIA,
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tot (0) - prm (0) + JN1N1 (O)lec tot (k ) - prm (k ) JN1N1 (O)SNIG /3
4.20)

ExcmepumeHTaNbHE TOCTiAMKEHHS TeMIIePaTyPHOI Ta KOHIIEHTPAIliiAHO1
sanexxHOCcTelt BemunH W, ,(0) i w,,(ky) ana cromis I'TTK-Ni—Al mae no-
KasaTu, UM Jo0pe BUKOHYEThCA Habmm:keHHa (4.19), srigHo 3 aKuM 00-
MiHHA B3a€MOJifA € iCTOTHOIO JIUIIe MiK HAHOJMKUNMU CyCigHiMu aToma-
mu Ni. fx e Bugwo 3 (4.19) i (4.20), oOMe:KeHHA B3a€MOIi€I0 JINIITe HA-
OJIMKUMX CYCiIHIX CIIiHiB 3MeHIINIO 6 YKCJIO eHePreTHYHUX IIapaMeTpiB,
IIOB’A3aHUX 3 OOMIHHOIO B3a€MOJI€I0: BaMICTL ABOX BesnuuH J.(0),

J s (K5 ) 6yJ12 6 KITFOUOBOTO JIHTITE OTHA — Jyini (0) - Tozti saranpre unco
€HepPTeTUUYHNX HapaMeTpiB, IIT0 BU3HAYAIOTH BiJIbHY €HEpTiio HeMarHeT-
Horo crory Ni—Al, axuii Bnopaakosanuii 3a Tunom L1,, nopiBHIOBasI0 6
Tppom: W, (0), W, (ky) 1 Jy\;(0) = =3y (Ky) =12\ (r;) . Tleprmi
IBa IMapaMeTpy MOKHA OIiHWTH 3a JaHUMHU IUPPaKIinHIX eKCIIePUMeH-
TiB, 30KpeMa, 3a MeTOHOI0 Ju(Py3HOTO PO3CiAHHA IPOMeHiB ((popmy.ia
(1.25)). 3agna oninoBaHHA J ;,;(0) MOXHa CKOPUCTATHUCA JiTepaTypHU-
MU JaHUMU IIPO KOHIIEHTPAIlilHY 3aJeKHicTh TeMmmneparypu Kiopi misa
IOCTiMKyBAaHUX CTOMIB abo pe3yJbTaTaMy MipAHL eHepriii CIiHOBHX
XBWJIb AJ1A MaauXx K (IuB. MoaApoOUIli y HACTYITHOMY Iigpo3aii).

3 Bukopucranuam (4.3), (4.10), (4.14) ab6o (4.18) crrouaTry cKIaIEMO
BUpAas i KoH(irypailifiHosaaeXHOl YaCTUHM BiJIbHOI eHepTii Maruer-
Horo crorry Ni—Al, 1110 BHOpAIKOBY€eThCS 3a TunoMm Ll,, B paMKax Ha-
ommxenud (4.20): axio sy;=1/2, To

AF? . AH)™ c?
— + 0) + J.\: (0)s
k,TN  k,TN ZkBT[ D, (0) + J i (0)83;0 ]
3112 w 15 2 2 140, 1+ 1-0, 1-0
k,)—=dJ..(0)se.0" |+¢ In + In +
32k {2[ orm (K ) nini (0)8y; 5 5 5 5

+l[3[c+njln(c+H)+3(1—c—njln(1—c—ﬂj+

4 4 4 4 4

+(c—3—njln(c—3—nj+(1—c+3—njln(1—c+3—nﬂ; (4.21)
4 4 4 4

AKIITO 3K Sy; =1, TO

0
AIi‘conf

AH(I)‘I‘“”1 c?
= + 0)+ J 0)sc.o
kTN k,TN 2kBT[ Drm( ) Nini ( )N1 ]

3 - 1-
322 T |:wprm(kX) - g JNiNi(O)SI%Iicz:l +

+c[(1—0)1n(2—20)+(1+0)1n(0+\/4—302)—1n(8—60+2\/4—302)}+
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+1{3(0+HJIH(C+HJ+3(1—C—Hj1n(1—c—nj+

4 4 4 4 4

+(c—3—nJln[c—3—nj+(1—c+3—njln[1—c+3—nﬂ. (4.22)
4 4 4 4

Iz sacTocyBamuam (4.21) um (4.22) B yMoBax piBHOCTHU HYJIIO IIEPIITUX
noxingHux BimbHOI emeprii SAF. ,/8n i SAE’ /8¢ omepsxyemo cuctemy
IBOX PiBHAHL IJIsI BU3HAUEHHS PiBHOBAKHUX 3HAUEHD IIapaMeTpa aajie-
KOTr'0 aTOMOBOTr0 mopaaky N™ i 3Bemenoi HamarmeroBanoctu 4. Ilepime
piBHaHHA npucrae 3 (4.4) i3 saminoro B HboMy w(k,) — w, (k) i Bpa-
xyBaHHAM (4.20). [Ipyre piBHaHHS IJId 3BeIeHOI CAMOUYMHHOI HAMarHe-
TOBAHOCTH G Ma€ PisHi BUMIIAIM 11 S, =1 /21 8 =1:

140 Jyg(0) n?
In = NN 1- c(mnas, =1/2); 4.23
l1-c 2k, T { T6c7 |0 (W B =172 (4:23)
[4 _ an~2 7 2
ln6+ 4 —-30 = _JNiNi(O)C 1- n - o (I[JIH sNi :1). (4.24)
2(1-0) k,T 16¢

3a ToOuKaMHu po3Trajay:KeHHA piBHAHL (4.23) Ta (4.24) omep:ryeMo Ois
remuepatyp Kiopi:

JIin (0)C n?

T, = — Nl 1- na S, =1/2); 4.25

C 4:kB |: 1662 (ﬂ Ni / ) ( )
2J .. (0)c n?

T, = ——NN 1- a1 S =1). 4.26

C SkB |: 16C2 (,Z[ Ni ) ( )
IligcraBnauusa (4.25)i(4.26) y (4.23) i (4.24) BinmmoBigHo nae:
1ni+—6 = g O (ZJ1s1 MOJIOBMHHOTIO CITiHOBOTO umesa), (4.27)
-0 1
c+vJ4-36> 3 )
In————— = — ¢ (#7149 OgUHUYHOTO CIIiHOBOTO uncaa), (4.28)
2(1-o0) 21

e 3BelleHa TeMIlepatypa T= T/TC . PiBuanmnio (4.28) mo:kHaA HamaTu i
iHIIIOrO BUTVIALY:

-1
o = 2sh (g Ej {1 +ch (g Eﬂ (o1 OMUHWYHOTO CHiHOBOTO unca). (4.29)
T T

IOnsa c=1in?<16(1-c)’ pibannsa (4.23) it (4.24) nepexogaTh y €11-
He CIIelliATbHe PiBHAHHSA CTaHy ()epOMAaTHETHKA B TeOPil «MoOJeKyIsap-
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HOTO» IIOJIA, IMMPUYiM, piBHOBa)KHa 3BeJleHA CIIOHTAaHHA HaMarHeTOBa-
HicTb 6(T) Bupaskaerhesa BpinaioenoBoio pyuKItiero [160].

Pinawna tuny (4.4), (4.23), (4.24) ra Bupasu (4.25), (4.26) HaouHo
iIOCTPYIOTH B3AEMHY 3aJIEXKHICTH MBOX SBUIIl: IOPALKY aTOMIB i CIIOH-
TaHHOI MArHETOBAHOCTH. 3 HUX BUAHO, ITIO ITapaMeTep IaJeKoro IOops/I-
Ky 1 3aJIeXXNTh BiJi HAMarHeTOBAHOCTHU O, CIIIHOBOI'O YMCJIA Sy; 1, IIPH-
HaliMHIL, J,;(0). ¥V cBomo depry, HaMar€eToOBaHICTL C i TeMmepaTypa
Kiopi T, sane:xarh Bim mapamerpa 1 (HeaBHuM obpaszoM). Bupas (4.5)
IS TeMIIepaTypu «BTPATH CTablIbLHOCTH» HEYIOPAIKOBAHOTO O-
TBEPAOTO PO3UUHY IOAO0 YTBOPEHH (Hamx)cTpyKTypu tuny L1, T, y mar-
HeTHi# obsacTi giarpaMu cTaHiB HaOyBae BUTJIAL:

T, = —c(1-¢)[ @y, (Ky) ~ Iy (0)55,0° /3 ][Ry - (4.30)

ITeit BUpa3 TaKoK IIOKa3y€e B3a€MO3B’sI30K SABUII aTOMOBOTO I MarHeT-
HOT'O IMTOPAIKiB.

CraiBigHomntenus (4.21)—(4.24) Mmo:KHa 3aCTOCOBYBATH IPU PO3PAXYH-
Kax BiJIbHOI eHeprii, mapaMerpa JajieKoro MOPAAKY i HaMarHeTOBAHOCTH
¢das cromy I'TTK-Ni—Al. Ias nobymoBu misirpam piBHOBAr iioro gas He00-
XigHO BupasuTu BinbHY eHepriio (4.21) ((4.22)) uepes Temmeparypy T i
CKJIaJ c: 3HaliIeHi 3a JOIOMOI0I0 CCTeMH 3 IBOX piBHAHE (4.23) ((4.24)) i
(4.4) piBHOBaKHi 3HAUEHH 1|, C MAEMO IIiICTABUTU Y BUPA3U AJIA BiTEHOI
eHeprii (4.21), (4.22). Ho peui, po3s’a3Kku piBHaHb (4.27) i (4.28) mpax-
T4HO 30iraroTeesa [126]; saaerkHOCTi piBHOBasKHUX 3HAUEHb HAMaTrHETO-
BaHOCTU G°Y(T) Bix 3BemeHOI TemMIlepaTypu T, PO3paxoOBaHi 3a ITUMHU PiB-
HaHHAMHU, MOKHA 3 BHCOKOIO TOUHICTIO IIPEACTABUTH AllPOKCUMYBAJb-
HuMH QyHKIiaMU BigmoBiguo [311] (mipo iHIe Habmm:xenHs aus. [320]):

ol()z=l-1 (1 + 0, 731:) (IJ11 TTOJTOBUHHOTO CIIiHOBOTO unca), (4.31)

6 (1) = v1-1(1+0,6481) (m1a oguHUIHOTO cIiHOBOrO uncaa). (4.32)

o Toro, o6uncieHi sHaUeHHA G° y3roIKYIOThCA 3 eKCIIepUMEHTaIbHHU-
MU; A Y3TOMKEHICTh HaBiTh TPOXM JIIIIIE AJIA IOJOBUHHOTO, aHiMK O
OJMHWYHOTO CIIIHOBOT'O YMCJIA.

Herto ysaraabHUMO BUINIEHABEAEHUH OINC, 3HABIIN OOMEKEeHHS
(4.19). fAx e Bigomo (muB. [109, 110] i 6i6miorpadiro Tam), KoHbirypa-
ifiHO3aJIeXKHY YaCTUHY BijbHOI eHepril cromy tuny L1,-Ni—Al samicts
(4.21), (4.22) mo:xHA TOZATH €IMHUM BUpPasoM y TepMinax Bpimgioero-
BOi (pyuKIii [160, 320, 321]:

AFO AHNiAl cz . .
cont. = 270y [ By, (0) + J i (0)s3,0° | +
k;TN  Ek,;TN 2k, T
3n’
32k, T

+

|:Z'bprm (kX) + jNiNi (kX )SI%IiGz] +
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+l 3[c+nj1n[c+nj+3(1—c—nj1n[1—c—nj+
4 4 4 4 4
+(c—3—njln(c—3—nj+(1—c+3—njln(1—c+3—nj +
4 4 4 4

—c {ln sh [[1 + 1 )yNi(G)J —Insh (le—w)j - Yn; (0)B, (yNi(G))} .(4.33)
28Ni 2SNi N

Tyr i Hagami

k, =2na;"(0;0;1), 2ra,'(0;1;0) a6o 2ma;"(1;0;0), k. = 2ra;"(0;0;0) = 0;
Yni(0) =5 H,;, (G)/(kBT) (4.34)

€ BiTHOIIIEHHAM MarHeTHO] i TeIJI0BOl eHepTill, IpuUiM MarHeTHe JIijgeHe
BUB3HAYa€EThCA BeliccoBUM e(eKTUBHUM «MOJIEKYJIAPHUM>» II0JEeM
H, = —guBrNiNiG (P'yivi — KoedinienT BeliccoBOTO «MONEKYIAPHOTO»
MoJIs1), IO Ai€ Ha KOYKeH i3 cmiHiB 3 60Ky ycix iHmwux cmiHiB, Ta 3aJe-
SKUTD BiJl 3BHAUEHHA Sy; 1 TiHINHMM YMHOM Bij

o=~ (S; >sp /sNi (4.35)

— 3Bej/leHOi HaMaTrHeToBaHOCTH IziHrosoro cromy (|o| < 1), a

1 1 1 1
B )=|1+—|cth|{|1+— |y, |———cth|—uy, [(4.36
SNi (le) ( zsNij |:( zsNi]le:I zsNi |:23Ni yN1:|( )

— Bpinnioenosa pyukiia[160, 320, 321].

Y Habam:KeHHI cepelHBOTO CAMOY3TOMKEHOro («MOJIEKYJISIPHOIO0»)
IMOJISI JJIS MArHeTHOI IificucTeMy PiBHAHHSA JJIS PiBHOBAMKHOI CIIOHTAH-
HOI HAaMArHETOBAHOCTU CTOILY —

H
c=B,_ [SP;Z—THJ (4.37)
B

3 BukopuctanaaM (4.33) i yMOB piBHOCTM HYJIIO IEPITNUX IOXiTHUX
BibHOI eneprii SAF. . /56 = 0 (a me, BacHe, i€ (4.837)) TadAF’ . /86 = 0
O/IEP;KYEMO B POSTOPHYTOMY BUTJIAI CUCTEMY ABOX TPAHCIEHAEHTHUX
piBHaAHB 1A PO3PaXyHKY PiBHOBaKHMX 3HAUEHb ITapaMeTpPiB JaJeKoro
MOPAIKY JJIsI MarueTHoi (G) i aromoBoi (1) migcucTeM 3 ypaxyBaHHAM ixX

B3a€EMO3B’SA3KY:

1 |- 3 5=
c=B [_@{Jmm(o)cz + En2JNiNi(kX):| siﬁcj ,  (4.33)
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(1-c-n/4)(c-3n/4) _n
(1-c+3n/4)(c+n/4) kT

[wprm (kX) + jNiNi(kX )31%1162} . (4.39)

CrocoBHO TouKku Oipyprartii (4.5) uu (4.30) pisuaus Tuny (4.4) abo &
(4.39) sasmauumo, o cronu 'ITK-Ni—Al B intepBaii ckaaxis 22-27
at.% Al 3a :KogHUX TeMIIepaTyp He 3a3HaIOTh BjacHe (as3oBOTO IepeT-
BOPeHHA Jaa—0esjas (IepIroro poay 3a cuMeTpiiinoio sminown Al L1,),
TOOTO TOUKA YHOPANKYBAHHSA € 8ipmyaibH0 BUIIOIO 32 TOUKY TOILJIEHHS
uyu Maiske 36iraernsca 3 Heto [28, 30, 313—315]: piaka ¢asa xpucrasisy-
€ThCs 6e3mocepesHbo v (B3arali-To HeCTeXioMeTpUUHY) CTPYKTYPY THUITY
L1,-Ni;Al, axa onucyeTbcs po3mogijioMm MMoBipHOCTeH 3HaiiTu arom Ni
y Bysunax {R} sa qopmyiomwo (4.1). Hexait 1>c¢ >3/4 gua L1,-Ni-Al.
Armo npunycrutum, mo «Husvkomemnepamypruil» cran I'IIK-cromy
Ni—Al (1> ¢ > 3/4) xapakTepusyeTbcs MaKCHMAIBHAM [JIA AAHOI ¢ IIa-
pameTpoM mmopsaary M = 4(1 — ¢), To piBuanus (4.38) Habyae BUTIALY:

c=zB,_ [—L[JW(O)& +3(1- c)2J'NiNi(kX)] siiGJ. (4.40)
M ckgT

Pozsunennsa BpinitoeHoBol QyHKIII y pafg 3a cTeneHAMY Yy; (Majoro
no6su3y Touku Kiopi T, nmepexony MarHeTuk—IiapaMarHeTUuK) € HaCTy-
nauM [160, 320]:

Sy +1
B, () = "3 |t + 0GR |- (4.41)

Ni

Jlineapuaartia sa (maiaum) 6 piBHaHHA (4.38) (uu (4.40)) 3 ypaxyBaH-
HAM (4.41) mIpuU3BOAUTL IO YMOBU HETPUBIAJIBHOCTU HOTO PO3B’SI3KY (
6 # 0 ) mobsu3y (3uusy) T:

ASN. = A
1+ " ,"F Jyini (0)€ +En i Ey) [0 (4.42a)
B~ C
abo
ASN’ T P 9 =
Lt — [ (00 +3(1 - 0 T (k) | 20, (4.426)
B~ C

Ae mna sy=1/2 i 1 sBigmosigmo A, =(sy +1)s/3=1/4 ra
A, =(sy +Dsy /3=2/3. 3 (4.42a) maemo Bupas s TeMIEpaTypH
Kropi crommy L1,-Ni—Al, 1110 BHOPAJKOBYETHCS:

T, = - A, [Ju(0)¢” +3n°J (k) /16 ] [(ky0);  (4.432)

[IJIST MAKCUMAaJIbHO BIIOPSAIKOBAHOTO CTOIY 3 TAKOI0 CTPYKTYPOIO KOHIIe-
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HTpaIliiina 3ajexHicTs Touku Kiopi € HacTynHOIO:
T, = - A, [J(0)” +3(1 - ) Tk ) | [(Bye) . (4.436)

(IuB. (4.25), (4.26).) Tomi piBHamua (4.38) Ta (4.40) 3 BpaxyBaHHAM
(4.43a) i (4.430) BiATIOBiAHO IIEPETBOPIOIOTHCA B OJTHE CIEIisIbHE PiBHAH-
Hs PiBHOBaKHOTO CTAHY AJIsI CIIOHTAHHOI HaMaraetoBaHoctu [160, 320]:

2
c=B_ {—SAEGJ , (4.44)

110 IepexXoauTh ¥ BigoMi piBHaHHA [126] 115 BU3HAUEHHS 3aJI€3KHOCTHU
3BeJIeHOI CIOHTAHHOI HaAMarHeTOBAHOCTH BiJ 3BeJeHOI TeMmepaTypu
T/T.(ouB. Tako:x (4.27), (4.28)):

1. 1+6) T
—In——| =—,arkmo s, =1/2; 4.45a
(20 l—GJ T, AKIO Sy =1/ ( )

-1
30 1 6 ++4 - 306"

n
2 2(1-0)

In

T
—  armo sy =1. (4.456)
T,

MoskHa mepexkoHaTucs y IPUHUHATHOCTI HACTYITHOTO JOCTATHBO XO-
POIIIOr0 HAOJMMIKEHOTO aHAJITUYHOTO BUPA3y IJS ONHCY TAKMUX PiBHO-
BasKHUX 3ajie;kHocTel (auB. (4.31), (4.32)):

12
o =(1-L| [1+xL|, (4.46)
TC TC

me K=0,73, axmio sy;=1/2, a axiio sy;=1, K=0,648 [311]. CTocoBHoO mif-
rimmoro Koedgimiernra K 3asHaunMo HacTymHe: D0Oip 110oro Mae ceHc BUKO-
"HyBatu 3 gismazomy 0,5-0,74. Ina K, meumux 3a 0,5, 3aleXHicTb
0° = 6*(T/T,) icTOTHO BiIXUIAETHCA Bijl YMCETHLHOIO PO3B’ABKY, & Y BH-
nangky K, 6inbimux 3a 0,74, npubiusHa OIiHKa 6° MOYKe IPU3BOIUTH IO
3aBUITIEHHA 3HAUYEHD (IIOHA OAMHUITIO) Y IIPOMiXKHil 001acTi TeMIIepaTyp.

Hacamkimens maragaemo, 1o ¢opmyau (4.3), (4.21), (4.22) ta (4.33)
IUis BinbHOI eHeprii OyJ0 ofep:KaHO B HAOJMIKEHHI CaMOy3TOAKEHOTO
OJIsI, B AKOMY HE BPaXOBYETHCS KOPEJIAIiA Yy BBAEMHOMY PO3TaIyBaHHI
atomiB. Ha BigMiHy Biff BpaxyBaHHSA KOPeJAIlil B CTATUCTUYHIN TepMoO-
IUHaMIIl TBepIuX PO3UMHIB JUIlle B HaOJIMIKEHHI B3aeMOIil HAOIMIK-
YUX aTOMiB i 11 mpocTux (HAI)CTPYKTYP, IO OMUCYIOTHLCSI OJHUM IIa-
pamMeTpoM majgexoro mopAaky [119, 129], y po6ori [127] 6ys10 ogep:xamo
ysarasbHeHu# Bupas tumy (1.28) (u. 1.4) ana BimbHOI eHeprii 3 Bpaxy-
BAHHAM TPHOX KOPEJAIIMHUX IOIPABOK, CAYITHUN IJId TBEPAUX PO3-
YMHIB OyAb-AKOI cuMeTpii 1 3 JOBiTHbHUM palifocOM MiKaTOMOBOI B3ae€-
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moxii [126, 308]. IIpu 3acTocyBaHHI HOTO A0 BHUIIAAKY PO3UYUHIB, IO
BOOPAAKOBYIOThCS 3a TumoM L1l,, KoH@iryparmiiinmosamexHa uacTHHA
BiJIbHOI eHeprii Mmae BUTJIAL:

1
AF::onf = A‘Fégnf 4kBT & wtzot (Rl - R2 )fl (Rl )fl (R2) +
1
120,17 {Z Wi By = R)ARDARILRAR,) +

+2 Z Wiot (Rl - Rz )wtot(RZ - R3 )wtot (Rs - Rl )fl(Rl )fi (Rz )ﬁ (Rs )} -

R;,Ry.R,
(4.47)
AF? . — uacTuHA BiJTBHOI eHeprii B HaGJIMKEHHI caMOy3rOPKEeHOTr0 II0-

I, AKa BI/ISHa‘IaeTI:CH Bupasamu (4.3) mpnsa napamarseTHoi obsacTu
(AF0 = ) i(4.33) y epomaruerniit obnacti (AF., , = AFS + AF.. );

f(R) = P(R)(l P(R)), f,(R)=1-2P(R), ... [127]. Hicna nigcrasos-
Ku Bupasy (4.1) naa P(R) y (4.47) B’HCOByeMO, 1110 Y BUpasi
N|é&w,(0) + ¥°w,(k

AI;'conf NAﬁ‘cgnf |: 2( ) 2( X):| + N 2

4k, T 12(k,T)

+2N [ESZ [ tot(k) + 36&22 tot(k) Wy (k - kX)J} B

{[&,00) + 2, () | +

(4.48)

0 OCHOBHHUX €HEPreTHYHNX IIapaMeTpPiB TepMOAMHAMIKNM PO3UMHY HO-
natorbeca HacrynHi: w, (k)= Z:rwj;t(r)e"“"r . (ABHuit Buraa; QyHKIiR

¢ =é(c,m), ¥ =2x(c,m), ¢ =é(c,m), % = x(c,N) BUBHAUAETHCS CHMETPieIO
posmnoainy s3Hauensb GyHKIi P(R) mo Bysnax s (Hax)ctpykTypu Ll,.)
B (4.48) cymu GepyThea IO BCiX XBUILOBUX BeKTopax Kk mepimoi BZ, mo-
3BOJIEHUX IMUKJIYHUMN KPAaMOBUMHN YMOBAMH, i MOKYTh OyTHU 3BeAeHi
o iHTer'paJiB mo mepirii BZ, 1110 00unCca00ThLC i3 3acTocyBanHam I1K.
3 BUKOPUCTAaHHAM YMOBU MiHimisalii BisibHOI eHeprii 3a mapameTpom
IaJeKoro IOPAAKY MOJKHA OIep:KaTy TPaHCIeHJeHTHe PiBHAHHA IJIs
BU3HAUEHHS MOro PiBHOBasKHUX 3HAUEHb, a TAKOXK CHUCTEeMYy PiBHaHb
IJIsT TeMIepaTypu (ha3oBOTO IepeTBOPeHHs Jan—0esnan Ty 3 BpaXyBaH-
HSAM TOTO, IO OCTaHHill BigOyBaeThCcA i3 CTPOKOM HmapaMeTpa IMOPAIKY

An|TK AK (ha30BUII IIepeXis ImepuIoro poay.

4.2. OinroBaHHA YHCeJbHUX 3HAYEHb ITapaMeTPiB 00MiHHOI B3aeMOii

PiBHaHHA 3 monepeaHBOTO MiIPO3AiJy MOKA3yIOTh, 10 TEPMOAMHAMIYHI
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BJIACTHMBOCTI MarHeTHUX CTOIIiB, IO BIIOPSIAKOBYIOTHCA 3a TUIOM L1,, v
HaOIMKeHHI 00MiHHOI B3aeMofil JauIlle HAMOAMMKUYNX CYCimHIX aToMiB
Ni, BusHaualOTHCSA YOTHPMa eHepreTMYHuUMHU mapamerpamu: w . (0),

wprm (kX) ’ JNiNi(O) ’ JNiNi(kX) *

fAx me sasmauaisiocss, @yp’e-KOMIIOHEHTY eHepriii «3mimanusa» w(k)
MOKHa 3HAUTH y eKcHepuMeHTi 3 Audy3HOro posciaHHA PeHTreHoBUX
mpomeHiB. Busuauemns w(k) BHUKOHYyeTbCA 3a IOIOMOIOI0 (hopMy.JIx
(1.25), 1o 3B’sa3ye BesuuuHy W(k) 3 inTeHcuBHiCTIO AU(Y3HOTO PO3CiAH-
HsI, 00yMOBJIEHOT'0 OJIM3LKUM TOPSIAKOM 3a TeMiepaTypu 1 i MipaHoro B
rouri = B + k o6eprHenoro npocropy. IIpu 11b0My BUHUKAIOTH ABi MOK-
JauBoOCTi. SIKIMO cTaH pigHO08AMCH020 OIM3LKOTO MOPAIKY BiAmoBizae ma-
pamarHeTHii obsacti gisrpamu crany (T > T), Benuunnaa w(k) , mio ¢iry-
pye B (1.25), aBuse cobowo w, . (k). Ao x cran pienosaxHozo 61u3b-
KOT0 TOPAIKY Bimmosimae depomaruerHiii ooaacti (T < T¢), To BeauumHaA
w(k) B(1.25) aBase cobowo w, , (k) =w,,, (k) + 0, (k).

Ta mapamerpu w, (k) He € KoHCTaHTaM1; y (pepoOMarHeTHOMY CTaHi CTO-

ny BenmumHa W, (k) = Jy,, (K)s3,0° 3amexurs Bij TemMmepaTypy i cKia-

magn
Iy, HacaMIepe[, uepes KBaapaT HaMarHeTOBAaHOCTH. A uepes 3aJIerKHiCTb
OOMiHHUX «iHTErpasiB» (7)) Big MiskaToMoBoi Bigasti (B TpuBuMIipHii
rpatHULL Jyp(7) o< 1/r7? [182]) HesaBHaA TeMIepaTypHO-KOHIIEHTpAIliliHa
BATEIKHICTD o g,
I'PATHUIII TAKOK MOXKe faBaTucsA B3Haxku. OTiKe, 3aJIeKHO BiJl TeMIlepaTypu
dopmy.na (1.25) mosBouise ominutu abo Beauuuny w (k) (mpu T>T.), abo

w,,, (k) (mpu T<T¢). PiskENIA MisK IMMHI ABOMA BeJIMYMHAMU € 3HAYEHHAM

(k) BHacmimox TepMiumHOi I KOHIIeHTpPAIifiHOI mimaTarrii
prm

3 2 9 . . .o .
Jini (K)sy;0° , 1110 Binmosinae Huoxuiit remnepatypi (T>T(). Ila obcraBuna
BiIKPMBAe MOJKJIMBOCTI AJIA €KCIIEPMMEHTAJIHLHOTO OIliHIOBAHHA BEJIMYMH

J xini (K) mois pisaux k. Onismsmm ix, MoxxHa GyJ1o 6 3HATH I 0OMiHHI «iH-
Terpann» J () oA pisHUX Bigmamei ry rparuuiii. Ile 6yB 61 BaskInMBUi
pesyabTaT (0YeBUAHO, HEAOCTYITHUM JJIA iHIIINX MEeTOJ AOCTimKeHHs). s
BUKOHAHHSA IILOTO 3aBIaHHsA Tpeba 3miliCHIOBATH AYy’Ke PisKi Bigraptosy-
BaHHSA CTOIY BiTHOCHO MarHeTHOI 00JIaCTH.

IITomo xoHIEeHTPaIiiHOI 3aI€KHOCTU C, HAraaeMo, 110 3a eKCIIEPH-
MEeHTAJIbHUMU JaHUMU (pepomarHeTusm cromiB Ni—Al cmocrepiraerscs
mo=25ar.% Al (. 1.5, 1. 4.1): cepeHiii aTOMOBHUIT MAarHETHUI MOMEHT
f(c) = 2s,_, (c)u cromiB Ni—Al[320-323] —

0,604, a6o 0,616y, (Ni)—0,075u,(Ni,Al) (1> ¢ > 0,75),

H(e) = {0 (0<¢<0,75).

I pYHTYIOUNCH HA IUX JAHUX, BEJIUIHHY 35‘:0 ¢ (€) MOXHa IpeacTaBu-
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TH Y BUTJIALI Maii:ke mpamosiHiinoi pyrkiii (Maconis rpagik [323]).
BesnuuHAa MarHeTHOrO €HEPreTHYHOTO mapamerpa . (k)s: 3aie-

JKUTh BiJl CIIiHOBOTO UmcCJa Sy;, TOOTO BOHA MOKe OYyTH Pi3HOIO 3aJIeKHO
BiZ TOro, AKMH i3 JBOX MATHETHUX MOEJIiB CTOIy OyJIO MPUHHATO IIPU
CKJIaJaHHI BHpaldy s KOH(pIrypariifHo3aJeXHOI MarHeTHOI eHTPOIril

AS°  (m. 4.1). Tomy 1714 IOPiBHAHHA i JJId OI[iHKK aJeKBATHOCTU TOT'O

magn
a60 iHIoro Moz o Benuuuny o\, (K)s: KOPHCHO OLiHIOBATH i IHIIIMHU

crmocobamMu, 30KpeMa, 3a HasgBHUMHU OaHUMU eKCIePHMEHTiB CTOCOBHO
eHeprii cuninoBux xBuib (Maruouis) 3a maaux k [182, 324, 325]. ¥V pam-
kax 'aiizenbGeprororo momesio eHepris crinosoi xBuii €(k) = ho(k) mopi-

Brioe [320-323, 325, 326] &(k) = —s, > Jy (A —e ") +d,,, e d,,=

= gugH,, — mamnuii napamerep (< 0,1 meB), 06ymMoBI€HMIT MarHETHOIO aHi-
3orpoiriero. ITpu po3sBuHeHH] eHepril MarHouiB y psas 3a maaumu k maemo:

8(k) = Dy B*(1—BE® +...) + gu H, . (4.49)

Axio ysaru moaens Hanibamkumx cycigis (4.19) i sHexTyBaTH BeJu-
yunoio Bk* B (4.49) (Bk*<<1), n1sa BeruuywHU OOMIHHOI KOPCTKOCTH y
CIiH-XBUJIBOBil Aucnepcii (4.49) ogepxuMo OIiHKY Dgy, = —J i (13 )sTa2
(a — mnapamerep T'IIK-kpmcrany), 3BigKm miaa BeawdwmH o yin(7p) i
J i (0)S2, MaTIMEMO:

D D ~ 12D )
i (1) = — S“; == sw2 Ta JNiNi(O)siu = 12JNiNi(r'I)SI%Ii = _+SNI'
sTa GsNia a‘o
(4.50)

B[324, 325, 327] 3a momoMoroio MeTOAU HEIIPYKHLOTO PO3CiAHHSA II0-
JIAPU30BAaHUX TEIJIOBUX HEBTPOHIB ab0 TPUBICHOI creKTpomeTpii 6yJio
mo0ymoBaHO AMCIIEPCiliHi KpUBi AJid MArHOHIB y YMCTOMY HiKJIi ¥ omep-
JKAQHO HACTYIIHI 3HAUeHHsI MarHOHHUX AMcIepciiiHmx mapameTpiB Dgy i B:
Dgyy=374+20 meB-A?i =0+1,0 A?[324] 3a kimuaTHOI TemnepaTypu (295
K) (3a garumu [327] — 350 meB-A? npu 505 K un 430 meB-A?%); 3a immm-
mu gapuMu Doy, = 400 meB-A? [321] a6o 550 meB-A? [322]. (B ninomy 3a-
nexxHicTh Dow(T) € cnagHoo.) 3 immoro 6oky, aaa NizAl (a=3,568 A)
npu 20,4 K Dgy=85 meB-A? [321, 322] (3a JaHUMU BHCOKOPO3PiKHAIE-
HUX MipAHb HaMarHeTOBAaHOCTU IOJIiKpucTasiuHoro 3paska NigAl mpu
11,5 K [182] Dgyw=69,6(14) meB-A?). Baznaunmo, 110, HAIPUKJIAL, 3HA-
yenHI0 Dgy, =430 meB-A? Bignosinae J (1) =—50 meB [327].

Bennmunan A, Jy;;(0), A, Jyy(ky) MOKHA OIIHUTH TAKOXK 3aBAA-

KV OIITUMIi3amiiiHi mpomenypi 3a JOIIOMOTOI0 JiTepaTypHUX ITaHUX
[175, 178-182, 292, 321-323] npo 3aae:xkHicTh Temuepatypu Kiopi T,
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600F

T T

T T

Bix cxJamy. OminoBaHHA

(e} o

€KCII. TaHi

AsNi jNiNi (0)’ AsNi jNiNi (k X )

Ias Sy =1/2, 1 MaroTh BUKO-
HYBATHUCA 3 BUKOPHCTAHHAM
_ dopmyn (4.43) i sacrocy-
BAaHHAM eKCIepUMEeHTAJb-
HUX 3HaYeHb T, Omep:Kauux
SIK IJIS YaCTKOBO YIIOPAIKO-
Y BaHUX CTOIIiB, TaK 1 JJIsS CTO-
IiB 3 MaKCUMAaJbHUM JaJjie-
KMM TIOPATKOM 3a 3aJaHuX
CKJamiB., ¥ IIEepIIIOMY BHIA-
IKY v opmyaax (4.43a) Be-
JUYUHA 1| OL[IHIOETHCS IIPU-
O0JIM3HO, Y IPYTOMY BUOAAKY
mapaMeTep [JaJIeKOTO IIO-
PAIKY T IPUIYCKAETLCA Pi-
BHUM 4(1 — ¢) (nuB. (4.430)).

Y pobori [40] Ba ekcme-
PUMEHTAJILHIMHI JaHIMUI
mpo 3ajieskHicTs Temneparypu Kropi Bix KoHmenTpanii aromiB Al y cromi
T'TIK-Ni—Al (puc. 4.2) 6yso 3pobieHo oIiHKy Pyp’e-mapaMeTpiB KOPOT-

5001 — TeOop. alPpOKCUMAIlis |

400r

s, 300F

200F

100+

Puc. 4.2. KoHmeHTpaliiiHa 3aJeXHiCTh TeM-
nepatypu Kiopi To(c,) MaraeTHoro ¢)asoBoro
nepexony y cronax I'[K-Ni—Al. o — ekcme-
pumenTanbHi mauHi (nuB. OiOmiorpadiio B
[40]); cymineHa miHiA — migroHKOBa KpuBa
(3a popmyoro (4.436)).

KOCSAXKHOI 00MiHHOI B3aeMozil MoMeHTiB Ni A oJy;;(0), A, Jy;\;(ky), a

TAKOK BilITIOBiIHUX 3HAUEHDb OOMiHHUX «iHTerpamiB» o yini(7D) 1 Jnini(71) ¥
OpAMOMY IIPOCTOPi B MerKax JIUIIEe NBOX MEPITUX KOOPANHAIIMHUX cdep.
Tabaunsa 4.1 MicTUTE CKOPUI'OBaHI pesyJbTaTH; BUAHO, IO IJS 000X
3HAUEeHb CIIIHOBOTO umcya Sy;=1/2 11 obminHiI «imTerpanm» BigmoBiga-
IOTh (pepoMarHeTHOMY xXapakKTepy Baaemozii aromis Ni ma Bigmasri paji-
foca I-i koopauHaIiiHOi cepu, a Ha Bigmamai paxiroca II-i chepu — an-
Tu(depoMarHeTHOMY.

fAx Te MOXKHa TepeBipuTH, 3HAUEHHA Jy(0)s2, (4.50), AKX oIfi-

HIOIOTH 34 JaHUMU MipAHHS eHepriii MarHoHis 3a mMaaux k, Tpoxu Kpa-

TABJINLA 4.1. ®yp’e-KOMIOHEHTH JNiNi (k) (k=0,k,) Ta BigmoBigHi im
Dyp’e-opurinanu J ;(r,) 00MiHHUX «iHTEr'paiB» B3aeMoail, 1110 BUHUKAE MidXK
marmetHuMu momentamu aToMiB Ni y cromax I'IIK-Ni—Al ginsa gBox HalOImK-
yux KoopauHariaux cep (n =1, II).

Cuoinose umcio jNiNi(O) ,» meB JNiNi (ky), MeB| Jyni(ry), MeB | Jyini(7r), MeB
syi=1/2 -185,20 478,94 —41,51 52,15
sg=1 -69,45 179,60 -15,57 19,56
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IIe y3TOoIKYIOThCA 3 OIMiHKaMU of NiN.I(O)si,i , SBHAWJIeHUMU y BiZmoBimHOC-
Ti 10 eKcIepuMeHTaIbHuX TouoK Kriopi, mas sy;=1/2. I xoua B mimomy
TaKi OI[iHKY IIOKa3yIOTh, 110 3a3HAUEeHi BUIIle METOAY OI[iHIOBAHHS Mar-
HETHOTO eHEePreTUYIHOTO IapaMeTpa o ,;(0)ss, y3rofKyoThCa MixkK CO-

0010 JHuIIIe HKiCHO, 3 HUX BUIIJIXBAE, IO MOIEJIb JIOKAJIIB0BaHUX Marte-

THUX MOMEHTIB, sSIKa BiAIIOBiZae CIiHOBOMY YHCHY Sy;=1/2, IpaBUIb-
Himre onucye oominay B3aemogiro B cronax I'IIK-Ni—Al, anix mozenb,

o Bignosizae sy;=1. fIkicHa ysromxenicTs sHaueHHS o ;\;(0)sZ,, 06-
YKMCJEHOTO 31 CIIeKTPY CHiHOBMX XBUJIL Y MOJEJNI0 OOMiHHOI B3aeMOIil
TiMTBKY HANOJMMKUYMX CYCiZiB, 3 OMHOr0 OOKY, 3i 3HAUEHHAM JNiNi(O)sﬁIi R

OIliHEHMM 3a eKCIepMMEHTAJbLHUMN ToukKamu Kriopi, 110 He MicTHUTBL y
co0i IPUIYIIeHHA IIPO OOMIHHY B3a€MOJiI0 JIKIle HAHOJIMIKUINX CYCimiB,
3 immoro 60Ky, BKa3ye Ha 6iJIbITy HAAIMHICTS oOcTaHHBOI. (SK ITe BUIHO 3
Taba. 4.1, caoieeBigHomenus (4.19) He € aJeKBAaTHHUMH; CKOpPIIe

JNiNi(O) = 12JNiNi(rI) + 6'JNiNi(rII)’ JNiNi (kX) = _4JNiNi(rI) + 6C]'NiNi (rII) ')
I ominoBanHA Pyp’e-KOMIOHEHT o xini (K) «iHTerpamis» obminHOL
B3aeMOZii 1y KOBinbHUX TOUOK k 00epHEHOTO IPOCTOPY CKOPUCTAEMOCS

HaOJIM;KEHUM BUPa30M ix uepesd obumcyaeHi 3HaUeHHA of yin(7) 1 Jnini(7) V
JIBOX KOOpAMHAIiMHNX cepax (Tabi. 4.1) B mpAMOMY IPOCTOPi:

JNiNi(k) = 4J (1) ] cos (a—zo k, j cos [a—zo kyj + cos [a?O k, J cos (a—z" kzj +

+cos (a—z‘) k, J cos (% k, J + 2 i (1) [cos(aokx) +cos(ayk,) + cos(a,k, )] ;
(4.51)

TyT i Hajami k,, k,, k, — JlekapTOBi KOMIIOHEHTH XBUJILOBOTO BeKTOpa k
y obepuenomy npocropi I'lTIK-rpaTauili, AKuit HaJEKUTH HE3BigHIN 00-
JacTi tioro mepinoi BZ. Tak mMo:kHa moOyayBaTu AucIiepciiiui Kpusi 3a-

JIeKHOCTH o\ (K) (puc. 4.3) i Ha nilt ocHOBI A1a BUCOKOCHMeETPiHHNX
TOYOK 1 HAIPAMKIB y He3BigHi# o0macTi mepioi BZ obunciautu Pyp’e-
KOMIIOHeHTH o ,;(0)s, eHepriii marmernoi Bsaemoaii aromis Ni—Ni.

3HOB-TaKM, OPO Te, IO HAOJIMKEHHS oOMiHHOI MarHeTHOiI B3aeMoOmil
JINIIIe HaHOJMMKUYNX CYCi[iB BUSABIAETHCA He3aA0BiILHIM, II0 CYTi, CBi-
IuuTh (DAKT HATBHOCTY HACTYIHUX iCTOTHUX HEPiBHOCTEM:

jNiNi(kL) = _6JNiNi(rII) +..20, JNiNi(O) # _3jNiNi (kX)’
jNiNi(kX) # jNiNi (kW) = _4JNiNi(rI) + 2JNiNi(rII) t....

Ha pucynky 4.4 naBeneno sane:xkuocti 6°9=c6"Y(T) gnsa posunny I'lTK-
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Ni-9 ar.% Al y 1Box «piBHOBa)XHUX cTaHax»: 3 aromamu Ni 3i cmimo-
BuMHU uucgamu 1/2 abo 1; ix omgepskano MiHiMmisalriero Bupasy (4.33) za
ymoBu N = 4(1 —¢), To6TO Koiut Ha0yBa€ YMHHOCTHU TPAHCIIEHAEHTHE PiB-
HaHH4A (4.40).

3 pucyuky 4.3 BUIHO, 1110 MiHiMyM DPyp’e-KOMIOHEHT OOMiHHUX «iH-

TerpajiB» JN (k) nomazmae y Bucoxocumerpiiiny Toury L(Y4%Y:) moBep-

iNi
xHi BZ, axa Maja 0 COpUATH «TeHepyBaHHIO» TimoTeTHWuHOI pomboes-
puuHoi cTpykTypu THny L1, 3 aTomiB-HOCiiB MarHeTHMX MOMEHTiB

Jvm(k), eB

| A A et
0,5 i P = su=1
0,4
0,3
0,2
0,1}
0,0
-0,1}
0,2}

-0,3 { i : P
04 AIZIQI AL S P STSICOB G PN
’ r Xw il T KUX LKWU T W T,K

0,84
0,64
0,44

0.0 T T T T T T T
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e,
%

Puc.4.3. [ucnepcifini samesnocti Puc. 4.4. TemmepaTypHa 3aeXHiCThb
Dyp’e-KOMIOHEHT (k) 0OMiHHUX 3BefleHOI CIIOHTAaHHOI HaMarHeTOBaHOC-
«imrerpanis» maruernol Bzaemoii aus tu 6°%(T) cromy Ni—9 ar.% Al nansa gsox
BUCOKOCUMETPiAHMX TOYOK i HAmpAM- CIIiHOBUX «cTaHiB» Ni:sy;=1/2, 1.

KiB Hes3BigHOI ob6sacTu mepimoi BZ,

AKUX pospaxoBaHo midA cromiB I'ITK-

Ni—Al npu ABOX 3HAYEHHAX CIIiIHOBUX

yucesa aromiB Ni: s;=1/2, 1.

¢ 9

Puc. 4.5. T'inoreTnuHnii PO3IOLiJ ATOMiB-HOCIiIB MarHeTHMX MOMEHTIB II0 BY3-
aax 'TK-rparauni Tuny L1, [52, 126, 308] 3a «BUMKHeHOi» HeMarHeTHOI B3a-
emozil (w,,, (k) =0). o, ® — aTomu 3 opieHTaNi€l0 MOMEHTIB «BHU3» ()i «Bro-
py» (1) Bignosigso y miomunax tumy (¥211)".
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(puc. 4.5), xoua /15T aTOMOBOI CCTEMHU XapaKTePHUM € CTPYKTYPOYTBO-
PEeHHA 3a HAACTPYKTYpHUM TunoM L1, (ile BU3HAUAETHCA MIOJOKEHHIM
abcoatorHoro mMimimMmymy ®@yp’e-xommoHeHT (4.12) cymapHHX eHeprii
«3MIIIIaHHA» : «ITapaMarHiTHOI» CKJIaJ0BOI pa3soM 3 MarLeTHOIO).

OT:xe, ouiKyeThes, 110 y cromax ['IIK-Ni—Al BnopsaxkyBaHHA cucTe-
MU B3a€MOIIIOUMX MarHEeTHUX MOMeHTiB aTroMiB Ni IeAK meperkoaKae
najgexomy (Ta i 6JIM3bKOMY) ATOMOBOMY IIOPAIKY.

4.3. IIpuunHN TeMIepaTypHO-KOHIIEHTPAIiifHOI 3a/IeKHOCTI BeJIMUYuH

Wy, (k)

B:xe cTBepAKyBaIOCA IPO BaiKINBicTh BusHaueHHd Benuuus W, ,(0) i,
nepenycim, w,,(ky) maa cromy I'ITK-Ni—Al B mmpoxux iHTepBanax
3MiH TemmepaTtypu i ckiaany. OuiKkyeTbcs, IO IIi BeJIWUYUHU 3aJIeKaTh
Bix T'ic. ¥V nbomy migposaiii po3riisHeMo IPUUYNHY BUHUKHEHHSA TAKUX
sajexkHocreir. ¥ mo. 1.4, 1.5, 4.1 i 4.2 B:Ke mopyHIyBaJiocA MUTAHHS
IIPO 3aJIeXHICTh eHepreTUYHNUX napamerpis w, ,(0) Bix T i c. I pyHTYIO-
Y1Ch Ha IONMEPeTHBOMY, Aaji 0GTOBOPUMO YNHHUKH, 110 IIPU3BOAATD IO
sasexxHoctu w, ,(0) Bix T i c: BHecoK eHeprii oOMiHHOI B3aeMo/il i1 eHe-
prii eJTeKTPOHIB IPOBIJHOCTY B CyMapHy eHepriio cTony, e(heKTH PO3Mi-
puoi HeBiamoBimmocTu aTomis Al i Ni Ta ix mpsamoi «ejeKTpoxeMiuHoi»
B3a€eMOJii, a TaKOK HabJIMKeHnH xapakTep popmyan (1.25), sky BUKO-
PUCTOBYIOTH AJId OLliHIOBaHHA BenuduH w,  (0) 3a inTeHCHBHiCTIO 1UQDY-
3HOTO po3cigauusd Iszo(q).

Eneprernuna xapakTepucTHKa OOMIHHOI B3aeMOZii MArHeTHHUX MO-

(k)s2,0°? 3a manmmu taba. 4.1 ta puc. 4.3 i 4.4

T 2
< ‘JNiNi(k)‘ Sni -
Orsxe, BpaxyBaHHA MarHeTU3My YMOKJIUBIIIOE OfleP:KaTH TeMIIepaTypo-
It KOHIleHTpanifiHo3anexHi BHeckn y Benuunsau w, ,(0) i w, (k).

menTiB aromis Ni Jy

Mae 3HAYeHHs, 10 3ajexarsb Big Tic: 0 < |J,; (k)sZ,0°

AJle MaruHeTusM CTOIIiB — He €IWHA IPUYKUHA, 1[0 TPU3BOAUTH 0 3a-
aesxxHoctu W, , (k) Big Temneparypu i ckiaany. CrocoBHO ROHueHTpaum-
HOI 3asnexHoCcTH W, (K): oueBHMAHO, BOHA YacTKOBO IOB’A3aHa 3 KoHo-
BuM ederkToMm y cromax (m. 1.5), TooTo, 3a M. O. Kpusormasom [131,
132], 3 BunukHeHHAM KoHOBOI ocobauBocTH B Toulli K, AKIINO XBUJIBO-
BUI BeKTOp Kk 3a0BOJIbHSAE yMOBi |k +B| = 2k, , ne ky — Pepmiiiose
xBUJIbOBe unciio. ITosasa KoHoBoi ocobmnBocTu B Audy3HOMY PO3CiAHHI,
OB’ A3aHOMY 3 OJIM3BKUM IIOPAIKOM, IIOSCHIOETHCA TUM, IO AesdKi Jac-
TUHH eHepriil w,(r) i ix dyp’e-komnoneHT W, (k) 00ymoBiIeHi Henpsa-
MOIO B3AaEMOMI€I0 aTOMiB uepes eJeKTPOHUW IpoBimHocTu (dopmysa
(1.30)), To6TO W, (T) = W, (¥) + W, (v), W, (K)=WwW,, (k) +w,(k),
wy(r)i w,(k) — enepria «3mimanaa» Ta ii Pyp’e-KOMIIOHEHTA, 00YMOB-
JIeHI eJIeKTPOHAMU MPOBIJHOCTH; Wyoy(r) 1 Wy, (K) — iHmmi wacruam
wii(r) i Wy, (k) Bigmosigxo. KoHOBI 0ocobsuBocTi 6y10 BUABIEHO B Je-
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AKUX CTONaX y BUIJIANL momaTKoBux audysHux makcumymis. 1li mak-
CUMYMMU IIiJCUJIIOIOTLCA 1 CTAIOTh HOMITHMMU JIMIIIE TOJi, KOJH BEKTOP
k + B cooayuae a8i Touku Pepmi-moBepxHi 3 aHTHUIAPATIEILHIMUA HOP-
manamu. Ockinbku @epMmiiioBe XBUIBOBE UNCIO Ky, 3TiAHO 3 (GOPMYJIOIO
(1.32), e nponopuiitnum Z/? (Z — cepeiHe UUCIO eIEKTPOHIB IPOBig-
HOCTH, IO IMPUOAZaloTh Ha 1 By30JI I'paTHUII), TO, KOJIU 31 3MiHOIO
CKJIQZy CTOIIy 3MIiHIOETHCS MOI0 eJeKTPOHHA KOHIEHTPAI[is, Ma€ 3Mi-
HIOBaTHCA 1 Micile posTalllyBauuA y obepHeHoMYy mpocTopi KoHoBoi oco-
6auBocTH A Igro(q) i W, (k) . 3cyB y k-npocropi Toukn, 1110 Bignosigae
KomoBgiit ocobauBocTi, 0yJI0O BCTAHOBJIEHO AJA pAxy cromis (. 1.5). Be-
JbMHU BUCOKIi 3HaueHHA W, (k) , mo odikyroTsca guasa cromis I'ITK-Ni—
Al 3 memasum BmicTom Al, He MOKHA IIOSCHUTHU Hi MarHeTHU3MOM CTO-
miB, Hi HAOIMIKEeHUM XapaKTepoM oIliHioBaibHOI ¢opmysu (1.25). Be-
anunHa W, (k,) mae 6ytu HeratTusHO0. ToMy 3pocTanHA |L7)t0t (kX)| Bi-
ITIOBiae 30iJBINTEHHIO iHTEHCUBHOCTH AU(PY3HOTO PO3CIIHHA B TOUILI
ky, TOOTO IMOABL JOZATKOBOro AU(Y3HOro MaKcuMyMmy. MoJanBo, el
daKT TaKoK UACTKOBO IOB’A3aHUI 3 M0ABOI KOHOBOI 0CcOOJMBOCTH B
Touri kx. 3as nepeBipku MmoxkanBocT mosaBu KoHOBOI 0CO0IMBOCTY B
rourli ky 3acrocoByeThcss KonoBa mob6yoBa (BenuunHa ky BU3HAUAETHCA
3a popmy.ioro (1.32), y aAKiit, HAIPUKJIAL, I/ YHUCTOr0 HiKJIIO YHUCIO Z
mopiBuioe 4,7); nus. Taki ominku gua Ni, Cu, Fe, Ni;Al [328].

3asHaumMo, 110 V KOHQiryparmiiiHosaie:xKHill BiflbHi#l eHeprii Hesa-
JdeXHUM Bixg T eHepreTUYHUM BHeECKOM (cepel «IapaMarHEeTHUX») Y
Wy, (kx) MaB 6u OyTu TOM, 110 AOpiBHIOE Pyp’e-KoMmIoHEeHTL @, (k)
BHECKIB Qgnem(?) v €Heprii «amimamuasa» aromis Ni it Al uepes ix «ejgeKT-
poxemiuni» Baaemozii [306]: @, . (r) = @A (r) + QN (r) — 2052 (r); ane
yepes BaNEKHICTD Qu.m(7) Bif Bimmassi r Mmisk aTtomamu Ha By3Jax rpart-
HuIli ii TepMiuHa I KOHIIEHTpAIlillHA OIAATAIiA MOXKe IIO3HaYaTHuCA Ha
Hea6Hill 3asexHOCTi @,  (K,) Big Temmeparypu i KoHmeHTpamii. ¥
Woior(T) BaBIKIU TEMIIEPATYPO3AJIEIKHOIO (HEABHO, Uepes iCTOTHY 3ajIe-
HicTh mpy:kHiIX BaacTuBocTeil Bim T) € eHepria «aedopmarttiiinoi» Baae-
Moziil gomimkoBux aromis [306], sokpema, Al y I'IIK-rpataumi Ni, a
BiAnoBinHO, # ixni ®yp’e-kommnonerntu V' (k). Orxe, migcraBnsaroun
(4.46) y (4.12), maemo HAOIMIKEHUH BUpAa3:

wotot(k) = (pchem (k) + IZ?IAI(k) + jNiNi(k)SI%Ii + TC_IJNiNi (k)srii(ZK - 1)T -

~ - (4.52)
_ngJNiNi(k)SI%IiK(2 - K)T2 - T£3JNiNi(k)SI%IiK2T3 ’

ne T.(c) Busnavaerbcsa gopmyioio (4.43); K=0,73 nna sy;=1/2, a qua

sni=1 K =0,648.

Eneprii npamoi «eseKTpoxeMiyHOI» B3aEMO/Iil aTOMiB y TBEPAUX PO3-
ymHax 3amimnieHHA Ni—Al po3paxoByIOTh 3 BUKOPUCTAHHAM ITOTEHITisATiB
Bopua—Maiiepa, Mimuua, Kiaepi—Pocaro, I1ai—€ (auB. 6i6aiorpadiio B
[329, 330]). Tak, morennian Bopua—Maiiepa (y mapamerpusariii Aopa-

XaMCOHa) Ma€ HACTYIHUH BUIIAN: Q. (1) = A, e " (R <r,<R,);

chem
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Tyt o, o' =Ni, Al, a R,, R, — HIMXHA Ta BePXHs I'PAHAI 3aCTOCOBHOCTH
MOTEHIIATY, TOUHICTh OIMCY 3a AKNX € JOCTATHBO BUCOKOIO (=2-3%);
napamMerpu Agy i boy Aasa map atomiB Ni—Ni — Aygn=13271eB,
bani=3,56819 A7, R,=0,79376559 A, R,~1,85211971A a6o & R,=~
~3,17506236—4,23341648 A; nna Bzaemonii y mapax aromin Al-Al —
Ay =4295,1€B, by, =3,67899 A7, R,=0,79376559 A, R,~1,85211971
A a6o x R,~3,17506236—4,23341648 A; nna Bzaemoxii aTromis y mapax
Ni—Al — Aya = 7549,85246 eB, by;a =~ 3,62359 A™. ¥V norenmisni I1ai—€
0% (ry=-A4A, [1+B,(r/r, -D]exp[-B,, (r/r,, —1)] napamerpu Au,

By T oo AJIS PISHUX AP aTOMiB, AK IIe BiJoMO, MAaIOThL HACTYIIHI 3HAUEH-
Ha [330]: mua Ni—Ni Ayi;=0,0834 eB, Byni=7,599 eB, rynvi=3,0169 A;
nisa Al-Al Ay, =0,3768 eB, Bya=6,5840 eB, ry,=2,3600 A; mua Ni—Al
Ayia=0,3504 eB, By;a=6,6753 eB, rya=2,3600 A.

Ha pucyrry 4.6 1OpiBHSHO OIliHEH] «eJIE€KTPOXEMIUHI» BHECKHU Quyem(7)
y eHepril «3mimanuas» giad aromiB Ni i1 Al Bif 3a3HaUueHNX TOTEHIIAIIB y
T'TIK-r'paTaMIIi.

3amisa pospaxyHKy DPyp’e-KOMIOHEHT BHECKIB «eJIeKTpOXeMiuHOoi»
B3aeMOJil y eHeprii «3Mintanusa» (Ho0yL0OBY BiAIOBIAHUX AUCIIEPCIHHUX
KPHBUX y IIPOCTOPi XBIIBOBUX BekTOpiB k = 2m(q,a, +¢,a, +q¢.a.)) 3a-
CTOCYEMO alpoKcumaliizo @yp’e-mepeTBopy 3 ypaxyBaHHAM B3a€MOZil
aTOMIiB IO IITOCTOI KOOPAMHAIINHOI chepy BKJIIOUYHO B IPAMOMY IPOCTO-
pi I'lTK-rparuuni Bpage [308]:

O oy (k) = 40(1;)[cos(nq,,) cos(mg, ) + cos(ng, ) cos(ng,) + cos(ng, ) cos(ng,)] +
+20(r;)[cos(2mg, ) + cos(2nq,) + cos(2mg, )] + (1 )[cos(ng, ) cos(ng,) cos(2ng,) +
+cos(ng,) cos(ng,) cos(2ng, ) + cos(ng,) cos(ng, ) cos(2ng,)] +
+40(ry )[cos(2mg, ) cos(2mg, ) + cos(2ng,) cos(2ng, ) + cos(2nq, ) cos(2mg, )] +
+40(r, )[cos(2m(g, + q,)) cos(2n(q, — q,)) + cos(2n(g, +¢,)) cos(n(q, — ¢.)) +
+cos(2n(g, +4.)) cos(n(q, — q)) + cos(2n(q, —q,))cos(n(g, +g,)) +
+cos(2n(g, — g,))cos(n(g, +q,)) + cos(2n(g, — g,)) cos(n(q, +¢,))] +
+80(ry;) cos(2mg, ) cos(2ng,) cos(2mg, ) +....

(4.53)

Ha pucynry 4.7 maBememo auciepciiiai Kpusi Pyp’e-KOMIOHEHT
Qopem (K) «€IIEKTPOXEMIUHMX » BHECKIB B €Heprii «3MillaHHA» AJIA BHCO-
KOCHMETPiHMX TOUYOK i HaOpAMKiB, IO HAJe)XaTh He3BigHIiN obJacTi
nepitoi BZ, asxkux pospaxoBauo s cronis I'TIK-Ni—Al opu 300 K 3 Bu-
KOPHUCTAaHHAM YOTHUPHOX 3a3HAUEHUX MOTeHIiamiB. {1 nmorenmianiB Bo-
pua—Maiiepa (3a mapamerpusaiiiero A6paxamcona), I1ai—€ ta MimuHa
MinmiMmym ®Pyp’e-KOMIOHEHT BHECKiB B eHeprii «3MiIlTaHHA» Bil «eJIeKT-
poxeMiuHOI» MiskaToMOBOI B3aeMomii smaxoauTbesa y Touri W(1'%:0), mio
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Oepem (K), €B
6 -

T T T
4 — Kuepi-Pocaro
: Llai—€
AbpaxaMcoH
Mimmx

0,44

0,24

0,0

Pepen(7)> €B

—0.24

Knepi-Pocaro -2
Iai-€

- AGpaxaMcoH -3
Minmn r XwiL I' K€U X LKWU T w

—0,4

Puc. 4.6. «Enekrpoxemiuma» uactuna Puc. 4.7. Hucnoepciiini xpusi Pyp’e-
eHepriii «3mimanaa» aromiB Ni #i Al KOMIOHEHT «eJIeKTPOXEMIiUHUX» BHE-
Qerem(7) AK GYHKIiA 3BefeHOI Bijgmaui ckiB y eHepril «smimanHA» @, (k)
r/a. PiBHOBaKHe 3HaUEeHHA ITapaMeTpa AJA TOUOK i HAIPAMKiB BUCOKOI cuMe-
rpatHuti a = 3,5243 A Bigmosinae cro- Tpii, AKi HaJmexaTh He3BiAHil oOsacTi
oy I'TIK-Ni—-9 ar.% Al ompu 300 K. nepioi BZ, 1110 po3paxoBaHO AJS CTO-
miB T'IIK-Ni—Al opu 300 K srigmo is
3a3HAUYEHUMU IIOTEHITiAJIaMU.

MaJio 0 BigmoBizaTu BTpaTi cTabiILHOCTH TBEPAOTO PO3UNHY 3 OJIU3bKUM
aTOMOBUM IIOPAAKOM IIOJO0 BMHMKHEHHS CTATUYHOI KOHIIEHTpPAIliiiHOI
xBuii (8 k=ky) i popmyBaHHSA rimoTeTUYHOI TeTPAroHaJbHOI CTPYKTYPHU
Ni,Al, 3 manekum aTroMoBUM mopAakoM [52, 126, 308].

Taka cTpykrypa (i Tun GJM3BLKOr0 MOPAAKY) He 3HAWIIIA eKCIIepH-
MEHTaJbHOTO IIiATBEPAKEeHHA 11 HaABHOCTH, III0 CBiAYUTDL PO XMUOHICTH
y3ATuX 0e3 iHIMIUX BHECKIB IMOTEHIiAJIB, 3aIIPOIOHOBAHUX Y BiMOBi-
HUX Opanax. [HITy MOMKJIUBICTh, — TeTPArOHAJbHY CTPYKTYPY THUITY
DO0,, (3i crexiomerpiero AlgNi,) Ha ocroBi 'lIK-r'paruuii [52, 126, 308],
1o MaJia 6 «reHepyBaTucsa» W-3ipKoio pasoM i3 X-3ipKoio B YIOPAIKO-
Banomy crori I'TIK-Ni—Al, — Tex mOKHU 10 MA€EMO BBaKATHU IIIOTETUY-
Ho. CrocoBHO moteHIiany Kiaepi—Pocaro: ak 1me BugHo 3 puc. 4.7,
HauTaIuoOImui MiHiMmym @Pyp’e-KOMIOHEHT BiIOBiMHUX «eJIEKTPOXeMi-
YHUX» YaCTUH €HEPTriil «3MiImaHHA» JeXKuUTh Ha Hanpamky A (I'— X),
110 MaJio 60 BKa3dyBaTHU Ha CXUJbHICTH 10 (QopMyBaHHS CTPYKTYpPH, Bif-
MinHOi Bix L1,, 3 1oBruM mnepiogom (3HAYHO OiJIBIINM 3a IIepiof a CTpy-
KTypu L1,), 1110 TAKOK CBiAYUTH MPO XUOHICTH i IIHOT0 MOTEHITIANY Y ca-
MOCTiHHOMY BUKOPHCTAHHI 0e3 JogaBaHHS iHIIIMX BHECKiB. ¥ TOi ke
yac yci mpoaHaJIisoBaHi MOTEHIIiAMM OyJIU YCIIiIITHO BUKOPUCTAHI iX aB-
TOpaMM AJIA OI[IHKM NPY:KHiX xapakrepuctuk cronis I'TIK-Ni—Al, o,
AK IIe BiZloMO, BU3HAYAIOTHCS JINUINE HOXiTHNMHY BiJ IIOTEHIIIAIIB MijKa-
TOMOBOI B3aeMoO/ii, a He BjacHe moTeHIianamu. OT:Ke, MAEMO BPaXOBY-
BaTU Pa30oM BCi BHECKHU y eHeprii «3MiInmaHHsA» , TepepaxoBaHi Buire.

Ta mikaToMoBa B3a€EMOifA y MeTaJeBUX CTOIAaX He O0OMEKYEThCA
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JIUIIIE TIPAMOIO «eJIEKTPOXEMIUHOI0» B3a€EMO/II€I0 aTOMIB i He € CyTO KO-
POTKOCAKHOI0. OCHOBHUU JAJNIEKOCSIKHUIN BHECOK OOYMOBJIECHUMN «IIPY-
JKHBO-IHAYKOBaHOIO» («IedopMalliiiHo0») B3aEMOII€I0 TOMIIITKOBUX
aTtomiB [52, 126, 306, 308, 329]. «lledopmariiiina» B3aeMOIis IPOSIB-
JSIETHCS BHACHIMIOK CTATUYHUX TEeOMETPUUYHUX CIIOTBOPEHb KPUCTAJiu-
HOI I'pPaTHUIIi, a caMe, € HaCJHiAKOM iHTepdepeHIlii IpyKHiX II0JIiB aTo-
MOBUX 3MillleHb, 10 BUHUKAIOTh Yepes3 PO3MipHY HEBiAMOBiMHICTDH 0-
HiB KpHCTAJy-MaTPHUIIL Ta TOMinIKy 3amitrieHHA. MogeJri i Teopii, 1o He
BPaXOBYIOTh KOHIIEIIIIiI0 «Ze()OPMAIlifHOTO» BHECKY Yy €Heprilo «3Mi-
IIaHHA» ATOMIB CTONY, € MeTOZoJOoriuHo XuoHuMH. I[locaigoBHy Teopiro
«medopMaIliifHoi» B3aeMoil TOUKOBUX Ae(eKTiB 0yJio chopMyTbLOBAHO
Buepire A. I'. Xauarypanom [52, 126, 308] ma ocHOBi HamiBdeHOoMeHO-
Joriunoi MiKpocKomiuHoi MeToam craTuku rpaTHuii Mamyodapu—
Kamsaxi—KpuBormnaza [79, 90, 129, 331]. Illa meToma yMOKJIHBJIIOE
BpaxoBYBaTU AVCKPETHUN aToMapHO-KPUCTAJIUHUY yCTPil i aHizoTpo-
Mif0 IPYKHOCTH KPUCTAJIY-MAaTPHUILi, He 00MeKYIOUNCh KOHTUHYAJIbHUM
MOJIeJIbOM IPYKHBOTO CepPeloBUIIA.

dyp’e-KOMIIOHEHTHU eHepriii «aedopmarliiinoi» Baaemomii moMiIko-
BUX aTOMiB y rpatuuili Bpase [52, 126, 308] BusHauaroTbCA HACTYITHIM
YUHOM:

Vi k) =~ - Y FMGIEM + QM mna yeix k=0, (4.54)

i,j=x,y,2

I}S?IAI(O) =~ -3v(C,, + 2C12)(LA1)2 +QM g k=0; (4.55)

QU™ =N N EMGUEAN; F, — ®yp’e-o6pas BexTopa «bikTHB-
k+#0i,j=x,y,z

Hux» cui Kausaki, asuuii Buriaan axoro auda ['TIK-cromy saMiieHHsa €

rakum [90, 306]:

sin (a,k, /2) [cos (aok, /2) + cos (ayk, /2)]
FA = —i%"lf“(c11 +2C,,) sin (ayk, /2)[ cos (a,k, /2) + cos (a,k, /2) || 5 (4.56)

sin (a,k, /2) [cos (ayk, /2) + cos (aoky/Z)J

v=al / 4 — 00’eM IPUMITHBHOI eJleMeHTapHOI KOMipKHu, @, — PiBHOBA-
JKHUU mmapamerep 6esgominkoBoi rparaumni, C, (I, J =1, 2, ..., 6) — ii
MOZYJIi IPYKHOCTH (Koe(dillieHTH IPYKHLOI :KOPCTKOoCcTH Y PoiXTOBUX
nosHauenHax); L =a,' da/dc Al‘ , — KoedinienT koHmenTpaniitnoi

Cal=

gingraiii rpaTHHUII PO3YMHY IIiJ BILIMBOM AOMIIITKOBUX aToMiB Al;
G, = A;l; Ak — @Dyp’e-00pa3 AuHAMIYHOI MATPHUIlI KPUCTATY OCHOB-
HOTO KoMnoHeHTa crony; nisa 'TIIK-kpucrany [91, 306]
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AF = imNimiX [2 — cos(ayk, /2) cos (ayk, /2) - cos (a,k, /2) cos (aOkZ/Z)J +

1 2 2
+ZmN.1(20)TX - LX)[l — cos(a,k, /2) cos (aOkZ/Z)} -

+%(4aOC11 — my 02, )[1 - cos(a,k,)] + (4.57)
1 2
+5 (4a,Cyy —my oty [2—cos(a,k,) - cos(a,k,) |,
AY = a,(C, +C,,)sin(a,k, /2)sin(a,k, /2),
Ie my; — Maca aTroMa OCHOBHOro KomioHeHTa Ni, opxy=.(ky) i

Orx = 0r(kx) — BJIACHI YacTOTH MO340BMKHBOI i JBOX MOIIEPEUHNX AKYCTH-
9HUX (DOHOHHUX MOZ JJis X -TOUKH ITOBepXHi Iepmioi BZ; inmii eneMeHTH
MaTpuIi A, ofep:yoTbcd 3 (4.57) HUKIIYHNM IepecTaBIAHHAM Jlexa-
pTOBUX iHAEKCIB X, Y, 2. 3 hopmya (4.54), (4.55) BuniauBae, 1o
VAR -R) = QR - R)(IM), (4.58)
re Q(R—-R’) — yHiBepcaJybHi mapaMerpu, sKi € OJHAKOBUMH JJIS TBEP-
IUX PO3UMHIB 3aMillleHHA HAa OCHOBI CIiIBHOI KpHCTATiUYHOI I'PATHUITI.
I po3paxXyHKY eHepriii «amedopmaliiiinoi» B3aemonii atromis Al—Al
B I'ITK(0)-Ni (Tabu.4.2) 0yj0 BUKOPUCTAHO HACTYIHI maHi: my=
=9,748-102° kr, a,=3,5243 A, L*'=0,05248, C,;,=240TTIa, C,,=149
I'lla, C,,=116 I'Tla, w,(kyx)=53,72 Tpan-c ', o(kyx)=39,40 Tpan-c' npu
T=300 K (guB. 6i6miorpadio 8[161, 177, 329]).
BigmoBigny same:xHicTh @Pyp’e-KOMIOHEHT €HEPTriii «aedopMalriii-
HOi» B3aemopii aromiB Al y kpucrani I'lIK-Ni gma BucokocumeTpiliHNX

TABJINIA 4.2. Exeprii «gedopmarriitnoi» B3aeMoAii MiK JOMIIIIKOBUMU aToO-
mamu samimennsa Al V¥ (R-R') [meB] y I'IK-Ni npu T =300 K (srigso 3
mpatieio [332] Ta pospaxoBaHi 3a opmyJioio (4.58) i gaHUMU PO mapamMeTpu
QR -R’)[eB] 3 mpaus[177, 333]).

2(R-R')/a, 110 200 211 220 310 222 321 400 330 411
Ne cpepu I I m IV V VI VI VI IX, IX,
IR-R//a, ~0,71 1 =1,22 =1,41 =1,58 =1,73 =1,87 2 =2,12 =2,12
VAA(R -R) [332] -11,2 -3,1 +0,52 +1,64 — — @ — — —
QR-R')[177]-4,59-1,26 +0,22 +0,65 —0,36 +0,07 +0,07 —0,18 +0,20 —0,15
VAR - R') [177] -12,6 -3,47 +0,62 +1,78 -1 +0,19 +0,19-0,50 +0,55 —0,40

Q(R-R’)[333]

-4,16-1,10 +0,22

VAA(R - R') [333] -11,5-3,03 +0,61

+0,60 -0,30 +0,05 +0,07-0,14 +0,18 0,11
+1,65 -0,83 +0,14 +0,19 -0,39 +0,50 —0,30
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I;;iAlAl (k), eB

0,05 038

-0,00

P N (®), eB

si

~0,05-
~0,10
0,15+ 0,140 10,140
~0,172

=02 4 -0,190

0,254

AZIQIA| X |S|J|COBlG | N
I Xw L I KUX LKwU T W

Puc. 4.8. ucnepciiini kpusi @Pyp’e- Puc.4.9. Cxema posmominy DPyp’e-
kommonenT V. A'4!(k) emepriit «zedop- kommonent VA4!(k) emepriit «medo-
mariiHoi» Bzaemoznii aromiB Al y I'lIK- pmarifinoi» B3aemMozii IOMIIIKOBUX
Ni mnas Bucokocumerpifinmx TodokK iartomie Al y T'IIK-Ni mo mromuai
OCHOBHHUX HaNpAMKIiB cumerpii y BZ; (001) o6epHeHOro IpocTopy.

o — V(0.

TOYOK i HAampAMKiB mepitoi BZ mpexacraBieHo Ha puc. 4.8. ¥V miomimui
o6eprenoro mpocropy (001)" posmozmin ®@yp’e-KOMIIOHEHT eHepriil «e-
dopmariiinoi» B3aemMoaii Mae BUTJISAN, HaBeJeHUH Ha puc. 4.9.

3riguo 3 (4.54) y BOBroXBUJIHOBOMY HAOIMIKEHHI MAEMO B OKOJIi TOUKH
k=0: VX% (k) = A% () + B (m)k* + Q™ (0 <|k|= k< 2n/a,, n=Kk/k).

SIx me BuzgHO 3 puc. 4.8, B#*(n) > 0; 30Kpema, #i an1a sanpamky [001]

B4 (n = [001]) = (L")?a; (C,, +2C,,)*C,,/(82C) >0 (ockinbku mns
T'IIK-Ni C,;-C,,—-2C,,<01 C3<Cy;). 3 ypaxyBauuam (4.55) maemo J1aH-

II0:KOK BaKJIMBUX YHiBepcaJIbHUX CIIiBBiIHOINIEHB, IO CBiIUaTh PO He-
aHAJITUYHICTB i aHIBOTPOITiIO «JepopMaIliiiHOI » B3aeMOIil:

VAYN(0) < V;fm(kkmx —0) < I}s‘iMAl(kkiTkW - 0) <V Al(kknkm, —0)<

< I}sflAl(kkiTkL —0)<0< IZcflAl(kX) = I}sflAl(kW) = I}s,zi&ml(kK(U)) = stﬁm(kL)
(4.59)

(k) mae maiirauOmmuii oqHOOIUHNMII JOKaNbHUN MiHIMyM y Hamps-
MKy n=[001]:

7 AlAL
V., i

lim, VA0 = VA, 1y, — 0) = A% (n =[001]) + @ =

k — st
klTky

~ —(LM)2a3(Cyy +2C,)7 [(4C) + QY™ > VA (0) =
=~ —3(LM)* ai(C,, +2C,,) /4 + Q™.
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Puc. 4.10. 3Banexxuicts @Pyp’e-Kom- Puc.4.11. Cxema 3a/IeKHOCTU eHepriit
nouenr V*“!(k) emepriii «zedopma- «zedopmaniiinoi» Baaemozii VA 4(r))
I[ifHOI» B3aeMOZil JeryBaJbHIUX aTo- JOMIIIKOBMX aTOMiB samiimeHHs Al y
miB Al y TIHK-Ni Bixg remmeparypu ' K-kpucrani o-Ni Bim mHOpMOBamoi
IJIs BHCOKOCHMETPilTHUX TOYOK MisKaToMOBOi Bimmauri |rn| /az0 y n-# Ko-
X(100), W(210), L(»%'%), K(U) Ta opamHaniiiuiii cepi; 1uB. TaKkox TabI.
I'(000) (ma moBepxHi i B meHTpi Bigmo- 4.2.

BigHO) mepImoi BZ 06epHEHOT0 IpocC-

TOPY.

Ockinpru monynai npy:xkHOocTu ['IIK-Kpucrany Ni saymexars Big Temme-
parypu [329], a yacToTu (hOHOHIB OB’ A3aHi 3 HUMM HAOJIMKEHMMY HaIli-
BEMIIiPUYHUMHU CIiBBiHOIIEHHAMY (3 MIOXMOKOI0 paxyBaHuHAy T—17%):

(DL(kX) = \/EO‘)T(kX)’ 0‘)T(I{X) = \/4aOC44/mNi’ 0‘)L(I{X) = \I4a0011/mNi’

iHTepeCcHO OIiHUTU TEMIIEPATYPHY 3aJIeKHICTEL Pyp’e-KOMIIOHEHT eHeprii
«medopmarifinoi» mixkaromosoi B3aemoxii Al-Al. PesyisTaT Taxoro pos-
PaxyHKY s pyHzaMeHTaabHOro peduekcy (Touka ['(000)) Ta Touok BuU-
cokoi cumetpii (X (100), W(1210), L(4%2), K(U)) mokasano Ha puc. 4.10.

3rigHo 3 o3HaueHHAM DPyp’e-TIepPeTBOPY AJIA eHepriil «medropMAaIriii-
HOI» B3aeMOJIil y IpAMOMY IIPOCTOPi MaeMoO:

1 ~ N
Ifs.;-\lAl (R _ R/) — F ZkEBZ K?lAl(k)elk (R-R) ,

e miZcyMOBYBaHHS BUKOHYETHCS II0 BCiX N TOUKaX KBa3UKOHTUHYYMY,
10 HajJesKaThb A0 HesBigHoi dactuuu (1/48) mepmoi BZ. 3aJje:kHOCTI
eHepriu «gedopmMaIliiHol» B3aeMOil Bi HOPMOBAHOI MisKaTOMOBOI Bij-
IaJIi AJIs Pi3HMX KOOPAMHAIIMHUX chep MaIOTh BUTJIAM, IIPEACTABICHUN
Ha puc. 4.11 (y nmopiBHAHHI). 30KpeMa, AK Iie i ouiKyBajocs, y «aedo-
pMariiiHifi» B3aemogii Ha BigmaJi pagitoca IX-1 koopauHamiiizoi chepu
OPOABIAETHCA i1 aHiZOTpOIIiA.

Hacamkinens 3asHaumMO, 110 BpaXyBaHHA e(peKTiB Kopeadalrii 3a JoBi-
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JBHOTO pajlifoca B3aeMO/ii aTOMIiB CyTTEBO 3MiHIOE XapaKTep CIiBBigHO-
IMIeHHA MiK eKCIIepMMEeHTAJbHOI0 iHTeHCUBHICTIO AU(pYy3HOTO PO3CiAHHSA
Iro(q) i emepreruunumu napamerpamu w(k) ; uepes mporenypy JiHeapu-
3arii piBHaHHA CaMOYS3TOKE€HOTO TOJISA IIOA0 YMOBHOI HMOBipHOCTH
P(AR | AO) BoHO IpU3BOAUTE (3aMicTs (1.25)) mo popmyau [308—312]
-1
ISROZ(q) - <|6(k)|2> = Ne(1-¢)|1+ cl-c) (k)| . (4.60)
(fA _ fB) e—ZM—L kBT

ITopiBuiooun (4.60) 3 (1.25), 6aunmo, 110 00MABI GopMYyJIH MAIOTH
ONHAKOBY CTPYKTYpPY, IO YMOXKJIHBJIIOE BUKOPUCTAHHS (hOPMYJIHN
(1.25), ane marooum Ha yBasi, I[0 OIliHeHa B TaKuii cmoci® BeanmuymHAa
w,, (k) He e nificaum Pyp’e-o6pasom eHepriit «3mimanusa» W, (k), a
AKOI0Ch epeKTUBHOIO BenuunHowo W, (k). Hanpukiaz, skimo y Bupasi
(4.60) ypaxyBaTu JIHIIIEe IEPINY KOPEJSAI[iHHY IIONMPaBKY, TO IIPOSABJIA-
eThCcA 3MiHeHa 3asnexHicTs Bix T i ¢ (3 mapamerpamu w,(0) i w,(k), Bu-
3HaueHUMU 11e Aus popmynu (4.48), ra w,  (k)):

(1-c)@,(0) (1- 2¢)” b, (k)
k,T 2k, T

- - C
weff (k) = wtrue(k) +

TakuM YMHOM, MOKHA KOHCTATYBaTH HacTymHe. [IpuunHu, 1110 Ipus-
BOJATH JI0 3aJIeXKHOCTU eHepreTuuHuX napamerpis tuny w(k, ) i w(0) Bix
Temnepatypu ¥ ckjany cromiB I'ITK-Ni—Al, moB’ssami 3 MarHeTuaMoM
Ta/ab0 3 epeKTaMU PO3MIpHOI HEBIiAIIOBIAHOCTH aTOMiB KOMIIOHEHTIB.
KounenTpariiina sanexHicts w(k,) Moxke 6yTH 4aCTKOBO IIOB’I32HOIO 3
KonoBo10 0c06uBicTIO B 0KOJII TOUuKH Ky 00epHEeHOro mpocTopy (06yMOB-
JIEHOIO BHECKOM eHeprii eJIeKTPOHiB IPOBIAHOCTH B CyMapHY eHepriio cTo-
miB) JuIlle 3a MeBHUX YMOB (TeMIIepaTypu TOII0).

Habaukxenus, 1110 Jie;KaThb B OCHOBI (DOPMYJaH, AKY BUKOPUCTOBYIOTH
3a3BMYAll AJIA OIIHIOBAHHS eHepreTnuHux napamerpis w(k) sa inTen-
cuBHicTIO Au(y3HOTrO po3cigHHA (30KpeMa, HeBpaXyBaHHS HepiBHOBa-
JKHOCTHU CTOIIYy Y AN(MPaKIiTHOMY eKCIIEPUMEHTi, a TaK0K HeBpaxyBaH-
HA eeKTiB KopesdAlii Ta MiskaToM0OBOI B3aeMoAii Ha OyaAb-IKUX Bigma-
JISIX) MOMKYTHb «IPU3BOIUTH» [0 HEIPUTAMaHHOI TeMIepaTypHOi 3aje-
xHocTu onineHux w(k,) i Mo 3aBUIeHHA YN 3aHMKEHHA aOCOTIOTHUX
sHaueb w(k,) # w(0). Bracrifok Takoro omiHOBaHHA IapaMeTpiB
w(k) 3a momomMorom HabJMMKEHOL PO3PAXYHKOBOI (POPMYJIN OLEPIKYETh-
cs He fificHe 3HaueHHsA Takoro napamerpa W, . (k), a nesixe epexrusHe
3HadYeHHA W, (k) , 110 BKIIOUa€E B cebe i Kopenaniiini epexTn.

Has oniHIOBaHHS BU3HAUEHOI BeJIMUYNMHN MArHETHOT'O €HepPreTUYHOTO
napamerpa w, .. (k) MOXHa BHKOPHCTOBYBATH JiTepaTypHi AaHi mpo
KOHIIEHTpAIifiHy 3aJjiekHicTh Temiepatrypu Kriopi mepexozny («cJao-
Kuii») marHetruk—napamarasetuk y cromax I'ILIK-Ni—Al (ta maHi mpo
eHepriio cHiHOBUX XBUJIb 3 MAJIUMU XBUJILOBUMU BekTopamu k). Busua-
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YeHHS MarHeTHOTO eHepreTUYHOTo IIapaMeTpa J03BOJIIE€ BpaxyBaTH Bi-
IIOBiTHUM eHepreTMYHUU BHECOK (y coTHi mMeB) y Benwmummax Tuiy
w(k,) i w(0), mo 3HaXOAATHCA 32 JAHNMY €KCIIEPUMEHTY 3 AU(PY3HOTO
poscisiHHd, i Toni oninuTy enepreruyHi napamerpu w, (k) i v, (0),
SAKi BUBHAYAIOTh TEPMOIMHAMIKY CTOIIIB y TapaMarHeTHOMY CTaHi.

Enepreruuni mapamerpu MOKHAa OIiHUTH 3 MipAHb iHTEHCUBHOCTU
In(y3HOTO PO3CIAHHA 1 BUKOpPHCTATU IJsI OOUMCIEHHS PiBHOBAKHUX
3HaUeHb IIapaMeTPiB JaJIeKOr0 aTOMOBOTO IIOPAAKY T Ta/abo BimHOCHOI
HaMarHeTOBaHOCTH O, a TAKOK IJIA PO3PAXYHKY BiJIbHOI eHeprii i1 3aasa
mobymoBu gisrpamu piBHoBar ¢as cromiB I'IIK-Ni—Al, manpurian, B
HaOJIMKEeHHI caMoy3ToAKeHoro moJda y ['atizen6eproBomMy Moesio (30K-
peMa, B HAOJIMIKEHHI « MOJIEKYJITPHOTO» TOJIA) IJIS IBOX 3HAYEHb CIIiHO-
BUX YHMCeJ HiKJI0: S;=1/2, 1.

Amnajiza TeMmmepaTypHOI I KOHIIEHTPAI[IHOI 3aIeKHOCTell OI[iHeHNX
piBHOBa’KHMX 3HaAUeHb IIapaMeTpa OaJeKOoro aTOMOBOTO IOPAIKY T
i/abo BimHOCHOI HaMarHeTOBaHOCTU G IIOKAa3ye, IO ATOMOBE BHOPAIKY-
BaHHJA If CHOHTaHHe MarHeTYBaHHS B3a€MHO IIPUTHIUYIOTH OJHE OJHOTO
y 'ITK-Ni—Al. Ile moB’sa3aHe 3 THUM, IO IJId XX CTOIIiB YaCTKa MarHeT-
HOI CKJIaZIOBOI BHYTPINTHBOI €HEPTii € BHAUHOIO.

Bup gisirpamu piBHoBar ¢as Ni—Al 3HauHOO MipOI0 Mae BU3HAYATUCS
00MiHHOIO B3a€EMOZi€I0 MarHeTHUX MOMeEHTiB. PiBHOBaKHI xapakTepuc-
TuKu a3, AKX PO3PaXOBaHO I BUHAAKY CIIIHOBOTO YMCJa Sy; = 1/2,
Kpallle y3TOmKYIOThbCSI 3 HASBHUMU EKCIEPUMEHTAJbHUMHU TaHUMU,
aHiK Ti, AKUX OIiHEHO Y IPUIYIIIEHHI PO CIIiHOBE YMCJIO Sy; = 1.

I3 3acTrocyBamHsaM HAaITiB(h)eHOMEHOJIOTIUHOI MiKPOCKOIIIYHOI MeToau
cratuku rpatuuii Mamnyoapu—Kamsaxki—KpuBoriasza BUKOHAHO pospa-
XYHOK eHepriii «medopmariiiinoi» B3aemonii momimrxkosux aromiB Al y
TBepaoMy posuuHi samintenHs Ha ocuoBi I'IIK-Ni i moxasamo, 1o go II-i
KOOpAUHAIIHOI chepu nominye npurAaranuad aromis Al, a B III-i1 i IV-ii
— 3HAYHEe BiAIIITOBXYBAaHHA iX. 3 BpaxyBaHHAM TeMIePATypPHOIL 3aJIex-
HocTHu MoxyJiB npyskuocTHu (Cyy, Ciy, C,4) OCHOBHOTO KpHuCTaNy 0-Ni, a Ta-
KOXK UaCTOT HOT0 MOIIepeuHNX i TO3M0BKHIX BJIacCHUX KOJUBaHb (a came,
or(ky), o.(ky)) pospaxoBaHO 3anexkHicTsb DPyp’e-KOMIIOHEHT eHepriit
«pedopmaniiinoi» misxaromoBoi B3aemonii Al—Al Big Temneparypu nias
BucokocuMeTpiiaux Touok X, W, K, U, L nmoBepxui nepmoi BZ Ta ii
neatpy I'(000); 3 pocTom TemiiepaTypu Pyp’e-KOMIOHEHTH eHePriil «e-
dopmariiinoi» B3aemomii aia meuTpy I'(000) saMeHITyIOTHCA 32 a0COJIOT-
HOI0 BEJMYMNHOIO, II[0 OOYMOBJIEHO «PO3M AKIIEHHAM» (POHOHHUX MOJ
rpatuauti 'ITK-kpucraxy Ni.

Hewmauni snauenns emepriii «zaedopmartiiiinoi» B3aeMonii (mopAaIKy co-
teHb MeB y Bermunnax tTuny w(0) i w(ky)) cBiguaTs mpo Te, o0 IeH
€HEePreTUYHUH BHECOK Yy CcTaTHUCTHUUHY TepMmoamHamiky cromiB I'IITK-Ni—
Al e BaxkauBuM 111 QOPMYBAHHSA 1X TEPMOAUHAMIUHO PiBHOBAXKHUX CTAa-
HiB (30KpeMa, i B KiHeTuIli mporecy).

BusnaueHo BHecKu y eHeprii «3MilmaHHA» B PI3HUX KOOPAMHAIII THIX
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chepax i moxasaHo, 10 MiKaTOMOBA B3a€MO/Iisd B HOCJIiIKyYBaHUX TBEP-
OUX PO3YMHAX € iCTOTHOIO I Ha Bigmajisax, IO IEePEeBUINYIOTh PaIiloc
IPYyroi KoopAuHAIinHOI chepu.

OCHOBHI PE3YJIBTATH I BUCHOBEH

I3 BUKOpHUCTAaHHAM BiJOMUX €KCIIEPUMEHTAJbHUX JaHUX CTOCOBHO (Iu-
(ysHOT0) posciaHHA pisHOTO TNNY XBUJIL (PeHTI'eHOBUX IPOMEHIB, TeIl-
JIOBUX HEBTPOHIB, €JIEKTPOHIB IIPOBiAHOCTM) 3aAJiA BUBUEHHS B3a€MO-
it i eTeMeHTapHUX aKTiB Mirpaiiii aTomiB, BUBHaUE€HHA MaKpPOCKOITiU-
HUX XapaKTepUCTUK An@y3il Ta TepMOoIMHaAMiYHNX BJaCTUBOCTEN, a Ta-
KOJK YTOUHEHHs AisdrpaM piBHoBar (He)BHOPAAKOBaHUX (ha3 TBEPAUX
posunHiB Ha ocHOBi 'I[K- i mpocToi rekcaronajabHOI I'PaTHUIIL OfepsKa-
HO pe3yJabTaTH, Ha SKUX I'PYHTYIOTHCS HACTYIIHI BUCHOBKHU (30KpeMa,
MEeTOANYHOTO XapaKTepy) 3a TaHUM OTJIAI0OM.

3a momoMoroio ImapaMeTrpusallii JiTepaTypHUX TaHUX MipAHHS 3a-
JUINKOBOIO €JIEKTPOOIIOPY YIPOJOBIK i30TepMiuHOIO BifIIajly CTONiB
samimrenusa 'I[K-Ni—Al B paMKax 3amIpoIlIOHOBAaHMX MOIENIB KiHEeTUKU
peJsiakcaIlrii aTOMOBOTO IOPAAKY OI[iHEHO HAMOIJIBLINI XapaKTepHi uacu
peJjakcairii 3aJJUIIIKOBOIO eJIEKTPOOIIOPY MicJisd 3arapTyBaHHs i 1oT0 pi-
BHOBaJKHIi 3HAUEHHS AJIS [IMX CTOIILB 3a Pi3HUX TeMIIepaTyp Biamay.

Buznaueno makcuMaJIbHUI XapaKTePHUH Yac peJsiakcalii aToMoBOro
HOPAAKY TaKMX TBEPAMX CTOIIIB i 3a rimores3oio mpo 36ir HaNbiJIbIIINX
XapaKTepHuX YaciB peaakcalrii (3a oTHAKOBUX TPUYNH) iHTeHCUBHOCTH
Iu()y3HOTO PO3CiITHHSA MPOMEHIB i 3aJIMIITKOBOTO €JIEKTPOOIIOPY IIepes-
0aueHoO KpUBi yacoBOi 3aJIe;KHOCTH HOPMOBAHOI 3MiHM iHTEHCHBHOCTH
I1(y3HOTO PO3CiAHHA IPOMEHIB, IO BifimoBigae Ti#l 3ipii XBUJIBOBOTO
BEKTOpa, AKA I'eHepy€e TUIl CTPYKTYPH OJIM3bKOT0 MOPAAKY 3aMiIlleHHs,
3a pPisHUX TeMIlepaTyp Bigmauy.

Busasneno, 1110 TeMIiepaTypHa 3aJeKHIiCTh PiBHOBAMKHOTO 3aJUIIIKO-
BOT'0 €JIEKTPOOIIOPY KoureuTpoBanux cTomriB I'ITK-Ni—Al mae Bupasumi
HEMOHOTOHHUI XapakxTep, IO OOYMOBJIEHWH He TiJbKHM PO3CiAHHAM
€JeKTPOHIB Ha HEJOKAJi30BaHUX 30yM:KeHHAX (HaOpuKJIad, MarHOHAX
TOIIO), ajie i mepeBaKHO iX PO3CIAHHAM HA TOUKOBUX medeKTax sami-
ITeHHA, AKi Iepepo3mogiIa0ThCs, JOePIKYIOUNCH 0JIM3bKOT0 HOPAIKY,
ajie IO-piBHOMY 3aJIeKHO BiJl TeMIlepaTypu Biamajay: Bifg aToMapHUX
KoHpirypaiiii y 6iu3bKOMY OTOUEHHI, II[0 B cepeJHbOMY HaraayoThb 3a-
MillleHHA 3a HAACTPYKTYypHUM TuiioM L1,, 1o KoH(pirypariii oToueHHs,
110 BiATIOBimatoTh HaACTPYKTYpHOMY Ty L1,, a00 KiIacTepiB 3 ogHAKO-
Bux atoMiB. Take mosicHeHHs IOTPebdye cyTTeBOI MoaudikaIilii B;xe Had-
BHUMX MOJeJIiB eJJeKTPOIPOBiJHOCTY 3a3HAYEHUX CTOIIiB.

HemonoTOHHA 3ajI€KHICTh OI[IHEHOTO Yacy peJiaKcallil 3aJUIIKOBOI0
eseKkTpoonopy anasa KouieunTpopamoro I'ITK-crony Ni—Al Big Temmepa-
TypHu Ma€ BUPa3HUI HeappeHilociB xapaKTep i € 00yMoBIeHOI0 AU y3iii-
HOIO IIepebdya0BOI0 0JM3bKOr0 MOPAAKY He TiIbKHU IMepecTPUOyBaHHAMU
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aTOMiB aJIIOMiHiIO i HIKJIIO Yy By3JIM IIePIIIOi KOOpAMHAIIiliHOI chepu Ha-
BKOJIO HIX, aJjie ¥ CTpUOKaMM IIMX aTOMiB 3aMiIleHHA 3a il mexxi. Take
HOSICHEHHS TAKOyK moTpebye icToTHOI Moam@ikailii BxKe 3alIpoIOHOBA-
HUX MOJIeJIiB TPAHCIIOPTHUX XapaKTEPUCTUK CTOITiB.

Kyr maxuay minii mpormosoBamoi uacoBoi 3aeXHOCTH JOTapUTMY
PisKHUIII TOTOYHOI 1 PiBHOBaKHOI iHTeHCUBHOCTEH AM(Py3HOTO PO3CisTH-
HS ITPOMEHiB (B OKOJIi TOTO XBUJILOBOTO BEKTOPA, IO I'eHepy€e TUII CTPY-
KTypu O6JU3LKOr0 IOPAIKY) IIIOAO0 Bici Yacy HEMOHOTOHHUM UMHOM 3Mi-
HIOETHCS 3 HiABUINEHHIM TeMIIepaTypu Bigmairy.

Y pamMKax 3acTOCOBaHUX MOJI€JIiB KiHETUKM IIEPIIIOro i APyroro Io-
PAOKIB oIliHeHO HAMOIIBLIIL XapaKTepHi uacu peJsiakcallii 3aJuIITKOBOT0
€JIEKTPOOIIOPY i MiKPOTBEPAOCTH IIiCJIA 3arapTyBaHHsS, a TAKOXK 1X PiB-
HOBaJKHi 3HAUEeHHS AJIA HU3bKOKOHIleHTpoBauux crouis I'ITK-Ni—Al za
pisumx Temmeparyp Bigmasy. CIIpOrHO30BAaHO MAaKCUMAJNLHUM XapaKTe-
PHUI yac pejlakcallii aToMOBOI0 HOPAIKY TaKMX TBEPAUX CTOIIIB i me-
penbaueHo KPUBi YacoBOi 3aJIeKHOCTH HOPMOBAHOI 3MiHM iHTeHCUBHOC-
™ In(y3HOTO PO3CIAHHA IPOMEHiB, IO BifiIOBilae Ti#l 3ipIi XBUJIBOBO-
'O BEKTOpa, AKa JOMiHy€ y BifoOpakeHHi CTPYKTYPHU aTOMOBOT'O IOPSIJ-
Ky, 3a Pi3BHUX TeMIIepaTyp BiAnay CTOIIiB.

Penaxkcaiig 61M3bK0T0 MOPAAKY Y CTAH PiBHOBAru AJsd TBePAUX PO3-
ynHiB 'IIK-Ni—Al cynpoBom:KyeTbCs IIePEeTBOPEHHAM Oro MOYaTKOBO-
ro TUIIy caMe y O0Ju3bKe BIOPAAKYBAaHHA B I[iJIOMYy, IIPUYiM, BiZHOCHA
KiTbKiCTh KJAcTepiB CTPYKTYPH, IIO YTBOPIOETHCS, 301JMBIITYETHCA 3
miauHoM uacy. Ile ysromKyeThbcA 3 pesdyabTaTaMu KOMII IOTEPHOTO MO-
IeJIIOBAaHHS JOKAJHLHOTO ATOMOBOTO BIIOPAAKYBAHHS 3 BUKOPUCTAHHIM
metoau MonTe-Kapio Ta Moge rro HeoqHOPiAHOTO 0JI113bKOT0 IIOPAIKY.

3 IJIMHOM Yacy BiAIaay CXUJIbHICTHL aTOMIB 3aMiIlleHHS aJIIOMiHiIo Ta
HiKJO [0 OJM3bKOr0 BIHOPAAKYBAHHA B Pi3HUX KOOPAMHAIIHHUX che-
pax y cTomi Moske K morsubsaoBaTucd (y 6-i, 9-i1 Ta iH. cepax), Tak i
mocJiabIIoBaTHCA aXK J0 0IuM3bKOro posmtapyBauusa (y 1-5-i, 7-i1, 8-t Ta
iH. cdepax).

TepmommHaMiKy i KiHeTuKy aToMoBOTO (IIepe)po3MOmiJay B CyTTEBii
Mipi Moske 00yMOBJIIOBATH TeMIlepaTypos3aiexkHa «aedopMaliitfina» Baa-
emonia Misxk atromamu antominito y I'TIK-mikii, Aka Mae 3HaueHHS eHep-
rifl mOpAAKY MEeKiTbKOX MecATHX YaCTOK eJeKTPOHBOJIBTIB (3a MOZY-
JbOM), TIOPAM 3 iHIMMMHW BHECKaMM, 30KpeMa, MarHeTHUM, Y eHepTiio
«3MIITaHHA» ATOMiB aJIIOMiHiIO Ta HiKJIO.

MeToz010 cTaTHUHMX KOHIEHTPAI[IMHNX XBUJIb IIepeg0aueHo MOKJI-
BicTh PiBHMX TUIIIB HAJACTPYKTYP Yy TeKcaroHaJbHI¥ miATrpaTHUIL BTi-
JeHHS Yy KBasubiHapHuUX TBepaux posumHax tumy C32-(Ti,W)B, i Bu-
3HaUYeHO OOMe)KeHHs Ha IIapaMeTpPu MisKaTOMOBUX B3a€MOJi, IO Bif-
MOBiZAI0Th cTabiIBHOCTI («BUTLHOCTI») TaKUX CTPYKTYP, a TaKOXK Xa-
paxTep TeEPMOAMHAMIKU IX YyTBOPEHHS.

3amnpoIIoHOBAHO MO/JEJIb KiHEeTUKN aTOMOBOTO HMOPAAKY B MeTacTali-
JbHUX TBepAux podumuax tumy C32-(Ti,W)B,, aka BpaxoBye CTPUOKU
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MeTaJIeBUX aTOMiB B MeKaX MepPIInX ABOX KOOPAUHAIIIMHUX cep.

IToOymoBaHO 3amesKHICTD iHTeHCUBHOCTU AU(PY3HOTO PO3CIIHHA IPO-
MeHiB Bij yacy Bigmaiuy [Jid pisHMX XBUJIbOBUX BeKTOPiB k 3 BpaxyBaH-
HAM 11 3aJIe?KHOCTH BiJl TeMIlepaTypu KOHAeHcallil peuOBUHM y HeCTeXi-
oMeTpuuHy Kpucraniuny crunoayry C32-(Ti,W)B, B kBasubinapuiit cuc-
remi WB,—TiB,.
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