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OrnsgryTo KpucTasiuHi cTpyKTypu crouiB Fe—Ni 3a eKcTpemasbHIX YMOB (B0K-
pema, THIIY CTaHY BcepequHi aapa 3eMiii) — BUCOKUX TUCKY p i Temmepatypu T'.
IIpoanasizoBaso posib MarHeTHUX e(heKTiB y aTOMOBIM BIOPAAKYBaHHi, B3aEMO-
YMH aTOMOBOTO I MAarHETHOT'O MOPSAIKIB Ta BILIMB TUCKY HA MarHEeTHi BJIaCTUBOC-
1i cromiB Fe—Ni: toury Kiopi T, dasoBuii mepexin depomarHeTux—aHTH-
depomarueTuk, iHmBapHuil edekT. I3 3acTocyBaHHAM HaAOJIMIKEHHS CaMOy3TO-
JPKEHOT0 MOJISI POSTJITHYTO CTATUCTUUHO-TepMoguHaMiuamnit moaenb ['TIK-cromis
3aMiIeHHa 3 000Ma MarHETHUMU KOMIIOHEHTaMU (B paMKaX SKOT0 BU3HAUEHO
eHepreTUYHi mapamMeTpu ix oOMiHHUX B3a€EMOZill Ta eHeprii «3mimanea») i Mo-
Iesi KiHeTHMKHM peJlakcallii 0JIM3bKOTO i JajieKoro IOPAAKiB IIepMaJioro (3a Hy-
JILOBOTO p). 30BHIIIIHi# TUCK B CTATUCTUYHO-TEPMOAMHAMIUHIM i KiHEeTUUHIM MO-
IeIsiX BIOPAAKYBaHHS 3a TunoMm L1, abo D0,y BpaxoBaHO IJiA JBOX BUIAAKiB:
KOJI 3aJIesKHIiCTh 00’ eMy cTomy V Bifx mapameTpa JaJaeKoro MopPsaaKy M i cKIany €
cJIa0KOI0 UM TO CYTTEBOIO, TOOTO KOJIM HEI0 MOYKHA ab0 K He MOYKHA 3HEXTYBATHU
BizmoBigHo. SIKIO V cnabko 3ayeKuTh Bif N i cKJaaxy, To p He BIJIMBAE HA CTPU-
O6OK An|TK; THCK JIMIIIE 3CYBa€ TOUKY (has0BOT0 IEPETBOPeHHA ag—6esnan Ty B 6iK
BUCOKUX a00 HUBbKUX 3HAUEHb ', 3aJIe’KHO BiJl 3HAKiB mapaMeTpiB, AKUX BU3HA-
yeHo y Mozeio. 3aneskHocTi Tx(p), N(p) MOKYTh OyTH HEMOHOTOHHUMU, TOOTO €
MOJKJIMBOIO ITOABA ABOX PiBHUX TOUOK (ha30BUX IIEPETBOPEHE Jan—6esian. Ko
2K V cyTTEBO 3aJIEKUTH Bif 1 i cKJIamy, TO An|TK He € CTaJIUM: 3pocTae abo cuagae 3
migBuiieHHAM p. 3anekHicTh Tk(p) € MaiizKe JTiHiIITHOO UM TO HEIiHifTHOO 3a HU-
3bKUX a00 BUCOKUX 3HAUEHb p BinmoBigHO. THCK MOXKe CIPUATH aTOMOBOMY BIIO-
PAIKYBaHHIO a00 K «IIPUTHIUyBaTH» HOro, 3MiHIOBAaTH Pif )a3oBOro ImepeTBo-
PEeHHA # CUMEeTPil0 KPUCTAIIYHOI I'PATHUILI CTOITY, IO OB’ A3aHO 3 IIEPETBOPEH-
HAM ii 3 TeTparoHaJIbHOI ¥ poMOOoeIpuuHy CTPYKTypy. OGroBopeHo AaHi excme-
PHMEHTIB III00 XapaKTepucTuK (MiKkpo)Heomuopiguoi 6ymosu inBapy Fe—Ni Ta
03HAYEHO MOJKJIVBI TEOPETUYHI ITiAX0AY JJIA MTOACHEHHA iX CYIIepeuHOCTH.

Crystal structures of Fe—Ni alloys in extreme conditions (particularly, such as a
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state of the Earth’s interior core) at high pressure, p, and temperature, T, are
reviewed. A role of magnetic effects in atomic ordering, interplay between the
atomic and magnetic orders, and pressure effects on magnetic properties of Fe—
Ni alloys (Curie temperature, T, ferromagnetic—antiferromagnetic phase tran-
sition, Invar effect) are analysed. Statistical-thermodynamic model of f.c.c.
substitutional alloys with both magnetic components (within the framework of
which, energy parameters of their exchange interactions and ‘interchange’ en-
ergy are determined) as well as models of kinetics of a relaxation of both short-
range and long-range atomic orders of Permalloy at zero pressure are consid-
ered with use of the self-consistent field approximation. External pressure is
taken into account in statistical-thermodynamic and kinetic models of L1,- or
DO0,,-type orderings for two cases, namely when dependences of volume of a
sample of an alloy, V, on the long-range order parameter, 1, and composition are
weak or essential, i.e. when it is possible or it is impossible to neglect them, re-
spectively. If this ¥V weakly depends on 1 and composition, pressure does not
influence An|TK—jump of the long-range order parameter. Pressure only dis-
places a point of the order—disorder phase transformation, Ty, aside high or low
values of T, depending on signs of those parameters, which characterize model.
The Tx(p) and 1n(p) dependences can be nonmonotonic, i.e. occurrence of two dif-
ferent points of order—disorder phase transformations appears possibly. If V'
essentially depends on 1 and composition, An|TK is not a constant and can in-
crease or decrease with increase of p. Dependence Tx(p) is almost linear or
nonlinear at low or high values of p, respectively. Pressure can promote atomic
ordering or suppress it, change a kind of phase transition and symmetry of a
crystal lattice of an alloy because of its transformation from tetragonal struc-
ture into rhombohedral one. The experimental data concerning characteristics
of a (micro)heterogeneous structure of Fe—Ni Invar are discussed, and possible
theoretical approaches for an explanation of their discrepancy are elucidated.

HaH 0630p KPHUCTAIINUYECKUX CTPYKTYP ciiaBoB Fe—Ni B aKcTpeMaIbHBIX YCJIO-
BUAX (B YaCTHOCTH, TUIIA COCTOSIHUA BHYTPU AAPa 3€MJIN) — BBICOKUX JaBJICHUN
p u tremuneparype T. IIpoanannsupoBasbl posb MArHUTHEIX 3)(GEKTOB IIPU ATOM-
HOM YyIIOPAZOYeHUM, B3BAUMHOe BJIMSHNE aTOMHOI'O UM MArHUTHOTO IIOPALKOB, a
TaKsKe BJINAHNeE JaBJIeHNUs HA MarHUTHLBIe cBolicTBa ciiaBoB Fe—Ni: Temneparty-
py Kiopu T, dazoBbrii nepexon eppomMarHeTuK—aHTU(EPPOMarHeTuK, NHBap-
HbIH 5(pdeKT. C UCIIOIB30BaHIEM IIPUOIMIKEHNA CAMOCOTJIACOBAHHOTO II0JIA pac-
CMOTPEHBI CTaTHUCTUKO-TepMoanHaMmuecKasa moaenab I'IIK-ciaBoB 3amernieHms
¢ 000MMY MarHUTHBIMY KOMIIOHEHTaMHU (B paMKaX KOTOPOH OIIpefieIeHbI 9HEPTe-
THUUYECKNEe TapaMeTphl MX OOMEHHBIX B3aUMOAENCTBUIN U 9HEPTUN «CMEIIIEHUI» ),
a TaK’Ke MOJAeNIU KUHEeTMKY peslaKcalvy OJIMIKHEro U JajJbHEero MOPALKOB IIep-
Mayiosa (Opu HyJieBOoM p). BHenrHee maBieHMe B CTaTUCTUKO-TEPMOIAWHAMU-
YEeCKOHN M KMHETUYECKOU MOAENIAX ynopanouenud no tuny L1, mim D0,y yuTeHO
IJIS IBYX CJIyUYaeB: KOTJa 3aBUCUMOCTh 00'bEMa cIlIaBa V oT mapamMeTrpa JaJbHEro
TIOPSAKA M ¥ COCTaBa ABJSIETCA caaboi Jubo CYIIIeCTBEHHOM, T.e. KOTa €10 MOXK-
HO WJIV JKe HeJIb3d IpeHeOpeub coorBeTcTBeHHO. Ecau V ciabo 3aBucutr ot 1 u
cocrasa, TO p He BIUSET Ha CKAuOK ATy, ; JaBJIeHNe JHIIb CMeLaeT TOUKy (haso-
BOT'O IIPEBPAIIEHUA TOPAZOK—0ecIopsanoK Ty B CTOPOHY BBICOKUX WU HUSKUX
sHaueHuu T, B 3aBUCUMOCTH OT 3HAKOB IIapaMETPOB, BXOAAIINX B MOJEJIb. 3aBU-
cumoctu T(p), N(p) MOryT OBITH HEMOHOTOHHBIMHU, T.€. BO3MOKHO IIOSBJIEHUE
IBYX PasHBIX TOUEK (DAa30BBIX IIPEBpAIleHUI MOpanoK—0Oecnopanok. Ecau V cy-
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LI{eCTBEHHO 3aBHUCHUT OT 1| ¥ COCTaBa, TO ATy, He ABJISETCs IOCTOSHHBIM, yBEJINYN-
BafACh MJIN YMEHBIIAACH C IIOBHIIIEHNeM p. 3aBUCUMOCTD T'x(p) AABIAETCA IOYTH
JUHENHOM J100 HeJTMHEeNHOM ITPY HUSKUX MU BHICOKUX 3HAUEHUAX P COOTBETCT-
BeHHO. [laBjeHUe MOKET CIIOCOOCTBOBATH ATOMHOMY YIIOPAZOYEHUIO WM «IIO-
IaBJIATH» €ro, U3MEHATH PoJ (ha30BOr0 IEPeX0a M CUMMETPUIO KPUCTAJINYE-
CKOMU PEINETKY CIlJIaBa B CBS3U C IIPEBpAIlleHNEM e€ 13 TeTparoHaJbHOU B pOMOO-
9IPUYECKYIO CTPYKTYpPYy. OOCY:KIeHBI MaHHBIE SKCIIEPUMEHTOB, KAacCaloIlMecsd
XapaKTepUCTUK (MUKPO)HEOTZHOPOAHOTO cTpoeHrA nHBapa Fe—Ni, u 0603HaueHBI
BO3MOJKHBIE TEOPETUUECKUE IOJXOABI JJIA O0bACHEHUA UX IPOTUBOPEUNBOCTH.

Kaarouosi cmoBa: cronu Fe—Ni, ¢pasoBe mepeTBopeHHs Jag—0e3a:, BILIUB TUC-
Ky Ha BOOPAIKYBAHHS aTOMiB, KiHeTHKa pejaKcallil IoOpAgKy, MardeTHa B3a-
€MO/IifA aTOMiB 3aMillleHHs, HEOAHOPIAHICTh iHBapy, CTPYKTypa i BJIacTHUBOCTIL
Anpa 3eMi.

(Ompumano 4 6epesns 2008 p.)
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1. BCTYII

Yepes (pas3oBi mepeTBOPEHHA Pi3HOro THUITY BiAOYBae€ThLCA CYTTEBA 3MiHA
XapaKTepUCTUK PEUOBUHM, 3aBIAKYN YOMY U Per'yJaroioThCA BJIACTUBOCTI
MaTepianiB 3 mei. CaMe KOMILIEKC HOTPiOHMX BJIACTUBOCTEH BUMATAE
BUKOPUCTAHHS TUX UM iHIMUX ()a30BUX MePeXOomdiB IJja 3abesleueHHs
BigmoBigHUX mapameTpiB cromiB. OOHUM i3 IIepeTBOPEHbD, IO JIEKATh B
OCHOBi HOBIiTHiX TeXHOJIOTi!i cTBOpPeHHA (PYHKITIOHAIBPHUX i KOHCTPYK-
IMiHUX MaTepiAJiB, € aTOMOBE BIIOPAAKYBAaHHSA CTOIIiB. SMiHU CTyIIE€HS
JOCKOHAJIOCTY KPUCTAJIUHOI I'PATHUILI, OB’ A3aHi 3 IPoIleCaMM BIIOPS-
IKyBaHHA (KJIACTEPOYTBOPEHHS) aTOMIB ¥ CTOIIaX, IIOMiTHO BIJIMBAIOTH
Ha iX BJIACTUBOCTIi: CTPYKTYpHi, MexaHiuyHi, TeIJoBi, eJeKTpUYHi, Mar-
HeTHi ¥ ONTHWYHi; TOMY IIPM BIOPAAKYBaHHI MOKHAa ofep:kaTu Habip
BJIACTUBOCTeEI, IIT0 ONITUMAJLHO IIOETHYE, HAIPUKJIIAL, HUSbKUH €JIeKT-
PpoOIIip, BUCOKY MIiIlHiCTh, HEOOXiTHI MarHeTHi Ta ONITHUYHI XapaKTepuc-
Tuku [1]. 3acTocyBaHHSA BOOPAAKOBAHUX CTOINB y SIKOCTi yHKITioHa-
JbHUX a00 KOHCTPYKIIINHUX MaTepiAliB € mMpuBabIUBUM TOMY, ITIO 3Mi-
HOIO CTYIIEHSI BIIOPAAKOBAHOCTHU (IIapaMeTpa aTOMOBOTO IOPAAKY) MOXK-
Ha peryJIoBaTU TUM HabOpPOM AKOCTeM mMarepianiB. PisHi Bugu 06podru
CTOITiB BUKOPHUCTOBYIOTECA IJIS CTBOPEHHSA HEOOXiTHUX CTaHiB aTOMOBO-
0 TOPAIKY, AKI MOKYTL OYTH AK PiBHOBAKHUMM, TaK i MeTacTabiib-
HuMU ab0 B3araji HepiBHOBaKHUMU (OJep:KaHUMU, 30KpeMa, B Pe3yJIib-
TaTi rapryBauusa)[2].

Kpim cyTo MmeTamosHaBuUMXx 3ajau, IpH JOCTiAKeHHI aTOMOBOTO BIIO-
PAIKYBaHHA BUHUKAIOTL MUTAHHA, BAXKJINBI IJId PO3yMiHHA QyHIAME-
HTaJIbHUX acHeKTiB QisuKu TBepmoro Tina. Ha mporasi 6ararnox mecs-
TUJIITh BUKOHYBAJUCA AOCHimKeHHA (6iHAPHMUX) CTOIMiB. Y UMCIEHHUX
poboTax BUBUAJIHNCA THUNU BIOPAAKOBAHUX KPHUCTAJIIYHUX CTPYKTYP,
TOuKH (pa30BUX IMEePEeTBOPEHL, 00JIacTi cTabiabHOCTH (Pas3, Iepexoqu Bif
IaJIeKoro MOPAIKY J0 CYTO OJIM3BbKOTO If HaBIIaKu, BILIUB (He)piBHOBAK-
HUX CTaHiB, IIT0 peasi3yloThcda Ipu (Pa3zoBUX IIEPETBOPEHHAX TUITY JIad—
0esaan, Ha BaacTuBoCcTi MarepianiB [1]. HocaimsxyBanuca mesari mpo-
0sieMU KiHeTWKM BIOPAAKYBAHHSA, a TAKOK BILIUB YIOPANKYBAaHHSA Ha
€BOJIIOIiI0 BJIACTUBOCTEM MaTepianis. IIpodieMaM aTOMOBOTO IIOPAAKY
CTOITiB mpucBsaUYeHo 0araTo MmoHorpadiit it ormaxis [1-28] (ZuB. TaKOXK
6ibmiorpadiro B [1]), 1110 y3araabHIOOThH IIOIEPeIHI TEOPETUYHI i1 eKcIIe-
PUMeEHTAaJbHI JOCTiIKeHHA IPUPOLU IILOTO ABUIIA, 0ibaiorpadia aKkux
cArae JeKiJTbKoX THUCAY MyOaiKaIii.

IIpore, unmaio ocobamBocTeii (ha30BOTO IEPETBOPEHHSA THUIY Jal—
OesJia 3aMUINNINCA He3 sICOBAHUMU HaJIeXKHUM uyrHoM. HaaBHI B mmii
rajysi mpobJieMu 3HAXOOATH CBOE BijoOpakeHHs B TiM, 1110 Hapasi 6ara-
TO 3HAHNX HAYKOBHX KOJEKTHBIB y CBiTi IPOZOBIKYIOTH HOCJiIKEeHHA
CTOIIiB 3 PiBHUM CTyIIeHeM HOPAAKY B HUX.

Tpaguiiiino ¢as3oBi cuiBBigHOIIIEHHS, MOBEAiHKA cTaHy Jany (6eaia-
Iy) I KiHeTHKa BIOPAAKYBAHHSA CTOITY PO3TJIANAIOTHLCA B TKOCTi 3aJIesk-
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HUX Bif TeMmepaTypu I KoHIeHTparii xommoHenTiB. Kpim Toro, me
3BasKalouy Ha Te, IIT0 B3AEMOUYMH MarHeTHU3MY i ITPOCTOPOBOrO IaJIeKOT0
MOPAIKY CTOIIIB € BCTAHOBJIEHUM €KCIepPUMEeHTAJIbLHO, YepPe3 BJIACTUBY
KOMILIEKCHICTh Mpo0JeMU, TEOPETUUHI aHaJIi31 3a3BUUA IIPOBASMUIINCS
3 irHopyBaHHAM OZHOTO a00 APYroro TeMIepaTypHO- i KOHIIeHTPAI[iii-
HO3aJeXHOTro e)eKTy. A Take OorpyOiHHS € He3aJOBLILHUM, OCKiJIbKH
BJKe JaBHO OyJIo IMOKas3aHo, IO B CTOIIaX 3 IBOMAa MATHETHUMU KOMIIO-
HEeHTaMH! B3a€MO3B’A30K 000X SBHUIIl MOKe IIPU3BECTHU A0 Pes3yJbTaTiB,
MOBHiCTIO BiIMiHHUX Binm Tux, 1110 mepeadaueHi TeopiaMu, BpaXoOBYIOUN-
MU JIMIne oguH 3 muXx edeKTiB. TakoK € JociigKeHHsd, 110 BKa3dylTh Ha
CYTTEBY 3aJIEKHICTh MHPOIECiB BOOPAAKYBAaHHA B 0araThboX 3MIiIIaHUX
TBePAUX TijaxX K Big TeMIiepaTypu, CKJIAIy, MAarHeTHUX XapaKTepHc-
TUK, TaK i Big Tucky. IliTKoM IIpUPOIHO, Ie CTOCYETHC i TIIMOMHHUX
Hazgp 3emJi, a came, aapa 3eMJi — Hai6iabIITOT0 KpucTaay Ha (B) SeMuri
3 gigameTpoM y Maitxe 2400 KM i macoro mopagky 10?® kr. 3HaueHHs TyC-
TUHU, TeMIepaTypu, 3eMHOTO TXKiHHA («IPUCKOPEHHS BiJIbHOTO IIa-
TiHHS») ¥ TUCKY V BHYTpimHIM aapi Semuri maBemerno B Tabu. 1.1 [29], a
3HAUEeHHA IIUX JKe XapaKTepPUCTHUK Ha BCixX rambmuax Big 3emMHOI Kopu
BimoOpaskeno Ha puc. 1.1. Ileit pucyHoK mmoxkasye, 110 Imepexinm Big oxmiel
ceiicmiunoi minguxky 3eMHOI KyJi go iHImoi (Bix mauTii 1o Axpa) cympo-
BOIYKYETBCA CTPUOKOM TeMIepaTypu i I'yCTUHU PEUYOBUHU Ta TOUKOIO
neperuHy BHYTPIIIHBOTO TUCKY ¥ IPMCKOPEHHA BiJIBHOTO MTaJiHHA.
Anpo 3emui € HaMOIABIT HEJOCTYIHOIO 30HOIO TJaHeTH (AUB. pUC.
1.2). JIromcTBo He JIMIIIe He Ma€ 3pasKiB 3 Aapa, ajie HaBiTh He OUiKye ixX
oTpuMaTH. SHAHHA K IIPO CKJaM i QisMuHME cTaH Aapa YepnalThed 3
aHajisu (iHTepmperaiiii) pe3yJbTaTiB HEIIPIMUX CIIOCTEPEKEHDb V Js100-

TABJINIIA 1.1. Posmogin rycTuHY PEYOBUHM, TEMIIEPATYPU, TUCKY I 3eMHOIr'0O
TSKIHHA y BHYTPIIIHIM aapi Semuti 3 raubuHo0 Bif moBepxHi Kopu (Uu 3 Bia-
CTaHHIO BiJ 1eHTPY) 3eMJIi B paMKax ii chepuyHO-CIMEeTPUUHOTO Mozesrio [29].

Bigcraums | 'mubuna | I'ycruma T . .. |IIpuckopenHs

BiJ IIEHTPY | Bix Kopu | peyoBUHH, emmepa- | Buyrpimmii 3eMHOT0

anpa, KM |[3eMJi, KM r/cm® Typa, K Tack, Illa TaXiHHEA, M/C?
1215 5156 12,114 4676 328,80 4,377
1215 5156 12,760 4676 328,80 4,377
1200 5171 12,767 4679 329,63 4,325
1000 5371 12,855 4719 339,82 3,616
800 5571 12,926 4752 348,23 2,897
600 5771 12,981 4777 354,79 2,165
400 5971 13,020 4794 359,46 1,405
200 6171 13,041 4804 362,02 0,489

0 6371 13,043 4805 362,24 0
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Puc. 1.1. BayTpimHi TuCcK, TeMuepaTtypa, I'yCTUHA PEYOBUHU ¥ 3eMHe TAXKIHHA
Ha pidHUX raubmHax Bix nmoBepxHi (kopu) Semui (rpadiku modymzoBaHoO 3a Umce-
JbHUMU AaHuMU podotu [29]).

PaTOPHUX eKCcHepuMeHTax abo 3 (TeopeTHUHUX) Pe3yJabTaTiB MOIEJIIo-
BaHHs. Pe3yJbTaTu JOCIiIKeHb B TaJy3i KocMoxeMil i HayKH Ipo Me-
TeopuTHU (BUCOKA IOIIUPeHicTh 3aisa y BeecBiTi), ceiicmourorii (rycTu-
Ha A1pa € 6Ju3bKO0I0 10 TYCTUHY 3aji3a 3a BiAIIOBiAHUX YMOB), reoxeMii
(BuuepHaHicTh 3amaciB 3ajaisa B 3eMHil Kopi I MaHTi), reoMarueTu3My
Ta reofUHAMiKu (HAABHICTH JOBTOTPUBAJIOr0 JUHAMIYHOTO MAarHeTHOTO
IIOJIsA) CBiguaTh IIPO Te, 10 T'OJIOBHUM KOMIIOHEHTOM B AIpi 3eMJIi € cTom
Fe—Ni 3 korneuTparieio Ni 6a1usbko 5—15% [30—-32].

IIpore, reodisuuni gami BKasyoTs i Ha Te, 1[0 AAPO 3eMJIi Mae MeH-
1Ty TYCTUHY, HijK 3aJ1i30 3a BUCOKMX TUCKiB i Temmepatyp (zo 360 I'Tla i
IeKiTbKOX THUCAY I'PalyciB, AK TO € y meHTpi 3emai) [33]. 3 imoro 6o-
Ky, HIBUAKICTHL CEMCMIiUHMX XBWJb B SAJPi € BUIIOIO0, HiK INIBUIKICTH
3BYKY B 3aJ1i3i 3 rycTuHOO peuoBuHM B AApi [34]. OTixke, icHye mpobema
BU3HAUEHHSA TUX JETKUX XEMIiUHHX eJIeMeHTiB, AKi sMeHIITyBaau 0 Cy-
MapHY I'YyCTUHY PEUOBUHU AIPAa, ajie 301abI1yBaau 0 MIBUAKICTL 3BYKY B
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Puc. 1.2. CxemaTuyHuU#l Bujg «HyTpa» 3eMJi i 300paskeHHA celiCMiUHMUX Iijisa-
HOK [30]. Kopy (1) # manTio (2—4) yTBOPIOIOTH TBEPAUI CUIIKAT i OKCUJ MiHe-
paiuiB. MauTtia nmogindersca celicMiYHMME PO3pUBaMU Ha BEPXHIO MaHTiio (2)
Ha raubuHax, MeHIIuX 3a 410 KM, mepexigay 300y (3) Ha raubuuax y 410-670
KM Ii HUKHIO MaHTiio (4) Ha rimnbuHax y 670—2890 kM. 3osHiinHe saapo (6) 3i
3barauenoro 3ajaisom pigkoro cromy Fe—Ni (2890-5150 kM) mictuts 10 Bar.%
JIETKUX JIET'YBAJIbHUX €JI€MEHTiB; BHYTpimHe saapo (7) 3i sbarauenoro Ha Fe
TBepmoro posunny Fe—Ni nomuproerbcsa no nerTpa 3emii Ha ranbuay 6371 KM.
3oHa 5 Ha OCHOBiI HM:KHBOI MaHTii Mae ckJaagHy TomOorpadiuny 6yI0BY TOBIIIU-
HOIO BiJl IeK1JIbKOX JeCATKiB 0 COTEeHb KiJIOMEeTPiB i BBayKa€ThCA Pe3yIbTaTOM
«peakIlii» (B3a€MOUMHY) MiK MeTaJiYHUM AAPOM i cuirikaTHoIo MaHTielo [30].

HBOMY HOPiBHSHO 3 YMCTUM 3ajJisoM. TakKuMu ejleMeHTaMU € JIUIIE I0-
cTaTHBO po3noBcloa:keni B Consauniit cucremi H, C, N, O, Mg, Si, S.

3rizgHo 3 BUKOHAHUMM po3paxyHKamu [35], TuM HeoOXifHUM BUMO-
raM, B AKOCTi JOMIMIKM IO 3aJis3a, 3aJ0BOJBHAIOTH BYTIJIEIb i 10 HeKiab-
KOX BifIcOTKiB — iHIIi Jierki exemenTu. TBepae BHYTPIIIHE AP0 MOXKe
mictutu 3,4-4,5% C B miamanToBiil mogupikarii (abo y cxaani xapbi-
oiB sauiza i 0,7-1,9% BinsaOro C B missmanTi). S30BHIIIIHE AIPO MOXKe
mictutu 0au3bKo 7% C B posumsi i 2,9-5% y miamanrti. Hus manTii
3emuri moxke mictutu o 17,5% nismantoBux Kpucranais [35]. (Pospa-
xoBaHe criBBigHOomIeHHS aToMiB C i1 Fe B 3eMuri B 1iioMy € 6JIM3BKUM 10
cepexuboro 1 Corsaunoi cucremu: = 10:1[35].)

Hecraua indopmarrii npo xemiunuii ckaam, hasoBy cTabijibHiCTb i ¢i-
3WYHI BJIACTUBOCTi po3unHiB Fe 3 TakuMu JIerKUMU eJIeMeHTaMHU 34 eKC-
TpeMaJbHUX YMOB HAABHUCOKMX THCKIB i TeMIepaTyp o3Haudae, II[0 MO-
IeJJIOBaHHSA CKJIAAY 30BHIIITHBOTO AApa Oyae CKIATHUM i TPYIOMiCTKHM.
3 iHII0ro 00Ky, OCKiJIbKY CIIiBBiTHOIIIEHHS I'YCTUHU U THUCKY Y BHYTPi-
MIHIM aapi 700pe y3ToaKYEThCA 3 PIBHAHHAM CTAaHY 3aJIida 3a BUCOKUX
TeMIIepaTyp, TO Hapasi BBaKa€ThCs, IO CKJIAJ BHYTPIIIHBOTO AJpa €
O0smsbpKuM g0 unuctoro Fe abo no crony Fe—Ni[31].

IlepeoninuTu 3HAUYMMiCTh MeTaIOMiBUUHUX MOCIiAKeHb cTomiB Fe—
Ni HeMOKJIMBO. X HomasbIe JOCTiIKeHHS € aKTYaJIbHIM B HINPOKIM
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cenci. Hacamnepen, mepmaJioiiHi, eJliHBapHi I iHBapHi cTOIIM Ha OCHOBI
cuctemu Fe—Ni € BaxkauBuMuy (pyHKI[ioHaIbHUMU MaTepidnamu. Ilu-
pOKe 3acTOCyBaHHA MalOTh He JIUIIe IIepMaJioi Ta iHBapu, K IIOPiBHAHO
IIOBHO BUBUEHi cTonM (X0ua JaJieKo He BUUePITHO), a i exinBapu. Ocram-
Hi ofep:KaJyii IINPOKe BUKOPHCTAHHS, 30KpeMa, B HNPMJIALo0yayBaHHI
[836—40] n1s BUTOTOBJIEHHS NPYKHIX UYTIUBUX €JI€MEHTIB BUTOHUEHOI
KOHTPOJLHO-BUMipIOBAJNILHOI amapaTypu 06e3 3acTOCYBaHHS TepMOCTa-
TyBaHHSA I KOMIIeHcallii. 3 eJiHBapiB BUTOTOBJAIOTH BOJIOCOIOIiOHI
cripaJii ¥ MpyKUHU CHeIiAJbHNX YaCOBUX MeXaHi3MiB, mjacki, ciipa-
JbHI ¥ TeJiKoiasbHI NMPYXUHU, PE30OHATOPU eJIeKTpoMeXaHIuHuX ¢i-
JBTPiB, 0aPOKOPOOKM, CUJIb(POHN, 3BYKOIIPOBOAM, MAHOMETPUUHI Pyp-
Ku BypzaoHna Ta iH.

Hocaimxennsa cromiB Fe—Ni € TakoX BaKJUBUM IJA PO3YMiHHA
SIBUIII, 1110 BimOyBatoThbesa B Anpi 3emui [30—32]. Iudopmariisa, 1o cTocy-
eThbeA moBeminku croniB Fe—Ni 3a Bucokux Tuckis i remmeparyp (p, T),
30KpeMa, Ipo piBHOBaru ¢as, ha3oBi mepeTBOPEeHHA TUNY Jag—0e3an i
peaxiIiii posmany Ta KiHETHKY aTOMOBOT'O BIIOPSAAKYBaHHS, € iCTOTHOIO
IJIsI iHTepIIpeTartii celicMiYHMX M reOMarHeTHHX CIIOCTEpPeKeHb, a Ta-
KOXX JJIs KOMII'IOTePHOTO MOJEeJIOBAHHSA BHYTPIIIHIX riImbuH SeMi.
Mo:xHa cTBEPAKYBaTH, 1110 BaacTuBocTi cTomriB Fe—Ni 3a Bucokux p it T
BUSIBJIAIOTHCSA BiTTPABHOIO TOUYKOIO 3a/IJIs1 MOCATHEHHSA PO3YMiHHS IIPU-
poau 3eMHOTO AApa i ranouH 3eMJIi B IiJioMy. K roIoBHMHA KOMIIOHEHT
3emHOro Amapa, cronu Fe—Ni mpuBepraioTh BeIUKY yBary sk reodisu-
KiB, Tak i MeTas0(isnKiB, 30KpeMa, aBTOPiB JaHOTrO OrJIALy. BuBuaiouu
TEPMOAMHAMIKY Ta KiHeTHKY aTOMOBOTO IMOPAAKY das Tumy L1, a6o D0,
Ha ocHOBI nrimbHonakoBaumux rparaund (LK i I'IIIII BigmoBigHo), aB-
TOpH ITiei pobOTH, IIEPIII 3a BCE, PO3TIATATUMYThD IIi (pa3u KPis3s Ipu3My
MOJKJIUBOCTH iX yTBopeHHdA B cTonnax Fe—Ni 3a Bucokux pi T.

Haii6innina uacTka JaHOI pOOOTH CTOCYETHCA MOCIiIKeHEb CTOIIIB came
tuniB L1, i1 D0,y Ha ocuoBi minbHonakoBaunux I'IIK- i TIIII-r'paTauIs
BizmoBigHO. TyT IIPOIOHYIOTECA CTATUCTUYHO-TEPMOAUHAMIUYHMEA Ta Ki-
HEeTUYHUN MOJeJIi aTOMOBOI'O BIIOPAAKYBAaHHSA 34 BUCOKUX THUCKiB. B pa-
MKAax ITUX MOJEJIiB PO3TJIAMaEThCS BILIMB TUCKY Ha (ha30Bi mepeTBOPEeHHST
Tuny Aag—6esaaz, Ha mapaMeTep JaJIeKOoTo HOPAAKY Ta Ha KiHeTUKY aTo-
MOBOTO BIOPAAKYBaHHA. IIpuuomy, caigyoun Big mMpocToro A0 CKJIALHO-
ro, CIIOUATKY PO3IJVIALAIOTHCS BiAIIOBiMHI MOAeJi 3a HyJILOBOT'O THCKY, a
IOTIiM — 3a HeHYJIbOBOro. TaKoK OIJIAAI0OThHCA eKCIIePUMEeHTAIbHI JaHi
npo iumri KpucTtaxiyHi cTpyKTypu crorriB Fe—Ni 3a BuCcoKux THCKIB i Te-
MIeparyp. PosrasmaeTbesa BIJIUB TUCKY Ha 06’€M CTOIY, IO BOOPSIIKO-
ByeThcdA. IlpuainaeTbea yBara BBaeMOUMHY MarHeTHUX e(eKTiB i Bopsd-
JIKYBaHHA aTOMiB, a TaKOK BILIMBY THUCKY Ha MarHeTHi BJIACTHUBOCTI CTO-
niB Fe—Ni, 3oxkpema, Ha ixuio Temnepatypy Kiopi. O6roBopioioThcsa eKc-
HIepUMeHTAJILHI pe3yJIbTaTH 040 HeOJHOPiAHOI OYI0BY iHBAPHOTO CTOIY
Fe—Ni, zasHauaoTbCsa MOMKJIMBI TeOpeTUYUHI MOje i aada il mosgcHeHHA i
POBIIAIAIOTHLCSA MIEPCIIEKTUBU HOMAJBIIINX JOCHIIKEeHDb B ITiM HaIIPSIMi.



10 T. M. PAIYEHEKO, B. A. TATAPEHEKO

2. KPUCTAJIIYHI CTPYRTYPHU 3AJII3A TA CTOILY Fe—Ni
3A BUCORHUX THCRY I TEMIIEPATYPHI

Yucre 3ani30 3a BUCOKUX p i1 T OyJsio mpeaMeTOM YHCJIEHHUX TOCJIIi-
Ixenb. MasoBy miarpamy (puc. 2.1) i dpismuni BractuBocTi Fe B ymo-
BaxX, cuenu(iuyHUX AJA BHYTPIIIHLOTO gapa 3eMJi, B 3HAUHii Mipi Oyi0
BUBYEHO B OaraThbox poboTax, soxpema, B [29—55] (muB. Takox 6i6Jrio-
rpadiio B HuX). 3a 3BUYANHUX (« HOPMAJbLHUX » ) 30BHIIITHIX YMOB TUCKY
crabinbHOIO KpucTasiunoio (¢azoo Fe ¢ OIlK-crpykrypa. Ila dasa (o-
Fe) nmeperBoproersea B 'IIK-ctpykTypy (y-Fe) i3 3pocTanusam Temnepa-
rypu Butie 1185 K, a motim — B inmry ¢asy Takox 3 OILK-cTpyKTypoio
(8-Fe) mepex romnennaM. 3a Bucokoro tTucky oouasi OITK- i I'IK-pasu
Fe mepetBopioiorsesa B I'IIIII-pasy (€), 10 Mae MUPOKY TiIAHKY cTabi-
apHOCcTU. I'IIIII-cTpyKTYypa Fe BBaskaeThcAd HAABHOI B yMOBaX BHYTPi-
ITHBOI YacTuHU 3eMHOro Aapa[29].

Ha Bigminy Big umcToro 3amnisa, 6inmaphi cronu Fe—Ni 3a Bucokux p i
T mocraimsxyBaJjncsa HabaraTo pigine. 3 KBa3UTiAPOCTATUUYHUM CTHCHEH-
HaM cronry Fe,¢Ni, , B pobori [56] 6ys10 foCATHYTO TUCKY, 10 Ma€ Micie
B aapi 3emJi, aje MipAHHA BUKOHYBAJIUCA 34 TeMIEePATyPH HABKOJIUIII-
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Puc. 2.1. Cxemaruuna (asoBa miArpama 4ucToro 3ajisa mpm Bucoxux p u T,
mo0yaoBaHa 3a eKCIEPUMEHTAJILHUMHY i TEOPETUUHUMY Pe3yJIbTaTaMu. ¥y Kasa-
HO Taki kpucraniuui crpykrypu: OIIK (06’emHoIeHTpOBaHy Kybiuny), I'IIK
(rpaHenienTpoBany Kyb6iuny), I'IIIII (rekcarouHanbHy HiiabHOHaxKoBany), OIIT
(o6’emHOIIEHTPOBaHy TeTparoHanbuy), IITIIII (moxpiiiHy reKcaroHaJabHY
IIiJbHONMaKoBaHy). @as30oBa AiArpaMa Ha OiIAHKAX Opu HU3BKUX p i T 3am0Bi-
JBHO OIIUCYE IIJINUA PAJ eKCIIEPUMEHTAJIBHUX MTaHUX, 10 Y3TOMKYIOTHCA MIiXK
coboro. Aje moci BemyThca AUCKYCii cToCcOBHO (ha30BoOi misirpaMu 3ajisa Ha [i-
JSHKAaX, 110 BigmosigatoTs Bucokum pi T (130-310 I'lTa, 3000—-7000 K) [29].
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HBOTO CepemoBUINa Ha moBepxHi 3emui. K moxkasanu DOCTiAKeHHS 3
inmmoro 6ory, Ni crabimisyBaBca y 'TIK-cTpyKTypi # 3a BUCOKUX THUCKiB
[67, 58]. ExcuepumenTanbHi gaui gas crouis Fe—35 Bar.% Ni Brasy-
IOTH Ha Te, 10 Anpo 3emui moxke ckJjaagartucsa i 3 I'IIK-, i 3 T'IIIII-das
[67, 59], ane mi pesyabTaTu MOTPEOYIOTH INle €KCTPAIOJIAII 1O YMOB
ycepenuHi sapa.

B po6ori [568] rako:x BurkoHamo ekcnepumenTu 3 Fe—10 Bar.% Ni npu
HabaraTo BUIMUX TeMIeparypax. Omep:kaHi pesyaIbTaTu IOKa3au, IO
BHYTpilmHa yactuHa Aapa mae ['IIII-ctpyxrTypy [58]; 11e cTamxo BasKIu-
BUM 3aJd eKCTPaIoJIAIlii KoHIeHTpaliiaux edexriB Ni Ha (dasosiit
niarpami crony Fe—Ni 3a Bucokux p #i T 14 omniHioBaHHA HOT0 BJIACTH-
BOCTeH B YMOBaXx, HAOIMKEeHUX 10 yMoB 3eMHOro aapa [60].

B pob6ori & [60] 6ys10 mocaim:keno Tpu 36araueHux 3aaidom cronu Fe—
Ni. Cromu Fe—15 Bar.% Ni (14,3% wouis Ni) i Fe—20 sar.% Ni (19,2%
moxaiB Ni) BigHOCATBCA 4O CHHTETHUYHUX, a crou Fe—5 Bar.% Ni (5,2%
mouiB Ni) € mpupogHiM BTiIeHHAM y 3pasKaX «3aJi3HOTO» MeTeopHuTa
Negrillos [60]. I'pauuri crifikoctu gsodasuoi 3ouu I'IIIII + I'IK 6yau
BUB3HAUEHI Uuepes3 peecTpalliio sMiHu KapTuHu gudpakxinii PeHTreHoBUX
IIPOMEHiB y 3paskax 3a BUcokux p i T'. 3 migBunienuam T cmocTepiraio-
ca neperBopenna 'IIIII-¢pasu B cymim ¢as I'IIII + TIHK, a morim y
TI'TIIK-¢pagy. Jliuii neperBopens I'IIII1 — I'ITII + 'K Ta I'IIIII + I'TIK —
— I'lIK 6yso Bu3HaueHO AJA TPhOoX KoHIeHTparii Ni (puc. 2.2). Ha
mBooasHiil ginaani pixkeNNE nuToMux 06’emin (AVIH T 36arauenoi
mikaem I'llK-dasu i cuoiBicHyiouoi, 36igmenoi ma Ni, I'lI1I1-dpasu crano-
BUTE = 1-8% V'™ 36inemrytouncs i3 migsumensam p it T (tabx. 2.1).
Ile BizmoBimae pisxkauIi Bmicty Ni B 'lIK- i I'IIIII-dasax mpudbausuo y
10 Bar.% (puc. 2.3). Ilomepenue mocaimxenusa Fe—10 Bar.% Ni gaio
pisanmIo AVTE T v 104 VI oy p=40TTIai T = 1602 K [58].

3riguo 3 puc. 2.2 i 2.3 36inpmienasa KoHmenTpailii Ni cupusie crabiri-
sarii I'IIK-dasu 3a Husskux T i Bucoxux p. Hasite 5 Bar.% Ni ictoTHO
crabinisyiors 'IlIK-cTpyKTypy B mopiBHAHHI 3 unctTuM Fe, a 30iabren-
HS THCKY CHPHUAE IiACUJIEHHIO ITboro edexTy. Pesyabratu [60] (puc.
2.2, 2.3) akicHO 36iraloThcA 3 pe3yJabTaTaMU IIOHePemHiX MOCTimKeHb
cronry Fe—Ni [57-59] (guB. Takoxx puc. 2.4) i pesyabTaTraMu ITOCJIi-
IKeHHA, IKe BUKOHAHO 3 umctuM Fe [45]. IIpore, momepenmme mocJi-
IKEHHS IJIA BUCOKMX KoHIlenTpaliii Ni (zo 35 Bar.% ) cBiguuTs mpo Te,
1o ginisg neperBopenua I'IIIII + I'IK — I'lIK mae miciie 3a 6iJIbIT HU3E-
KUX TeMIIepaTryp, HiK Ti, AKMX CJIiJ OUiKyBaTH, eKCTPAIIOJIIOIOYN AaHi
[60] mo Bucoxoro Bmicty Ni [569]. HaneBHe, ay1s mo0ymoBu (a3oBoi mgidr-
pamu 3 BumumMu BMmictamu Ni cirif BUKOHATU HOAAaTKOBL MipaHHs. Pos-
OisxHiCTDH MiK pedyabTaTaMu mpaib [59, 60] moske OyTu mOB’sI3aHOIO 3
KiHeTHKOIO IpoIeciB (ha30BUX IIEPETBOPEHBD, i Ile € BAKJINBUM OCOOJIMBO
nasa FIK-dasu [60].

Y poborax [61, 62] ctBepmKyeTheda, mo OIIK-cTtpykTypa Fe moxe
BUSABUTHCA CTA0iIbHOIO B yMOBaxX BHYTpimHBOro Axpa 3emui. Haro-
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Puc. 2.2. CmoiBBigHOIIIEHHA CTPYKTYpP (30KpeMa, KPUCTAJTIUHMUX I'DPATHUILH)
crony Fe—Ni [60]. IIpami cxemaTnuHO MOKa3yOTh HAOIMKEHI MexKi m1BODa3HOI
obsnactu I'ITII + I'ITK. CumBoau (eKCIepMMeHTAJbHI TOUYKM) BKA3yIOTh Ha Ii-
JSHKU, Ie crocTepiranued pisui pasu: x — LTI, O—TIIT+THEK, A — TTK,
X — poaron. IIpami MoXKyTh BiApisHATHUCA Bif JiHIE TepMOAMHAMIUHOI PiBHO-
Baru BHACJIiOK KiHeTHuHUX mpoiiecis [60].

MicTb, K 3a3HAYaJIOCsd, Jer'yBaHHSA HikJeM «mpuraiuye» OIIK-dasy B
s3b6arauenux 3asizom cromax Fe—Ni i cipusie crabinisamii F'IIK-daswu.

I po6ora [60] cBiguuTh, mo Ni crabinisye I'lIK-dasy HaBiTh B ymoBax
BuCOKUX p 1 T. OTiKe, MOXKHA OUiKyBaTH, 110 HasgBHicTh Ni Mae mpoTu-
Iiatu yreopenuio rimoreruunoi OIlK-dasu, npo axy iizerscsa B[61, 62],
3a Bucokux p i1 T', a He cTabiymisyBaTm ii.

Toxx, Ha IIepIIni TOTJIAL, HACTIIKOM TeOPeTUUYHNX (UHNCEeTbHIX ) IPO-
rHO03 1A uynucToro Fe cranu mikaBi crieryadaIii 1mog0 BHyTPIiITHBOL Yac-
tuan aapa Semui [60]. Haa BiporigHoro miaTeepakeHHA (abo cmpocTy-
BaHHSA) 3a3HAUeHOro BILIUBY Ni Ha cTabinbHIicTh (a3 HeoOXiHO BUKO-
HaATH JOJATKOBi eKCIIepMMEeHTAaJbHi JOCHiAsKeHHA B yMOBaX, HAOJIMIKe-
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TABJUIA 2.1. AV™ET 15g cronmis Fe—Ni sa pisaux sBwmictis Ni i sHa-

uyeHb p, T [60].

Cruan p, I'Tla T, K AYTUE-TIHT = o/
Fe—5 Bar.% Ni 43 1680 1,3
55 2280 2,4
Fe—-15Bar.% Ni 39 1450 1,1
53 1740 3,2
Fe—20 Bar.% Ni 62 1786 2,2
72 1909 2,2

HUX 0 YMOB BHYTpiIlTHbOTO sAapa [60].

Hapith 3 ypaxyBaHHAM HeIOJaBHIX e€KCIEPUMEHTAJbHUX TOCJi-
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Puc. 2.3. CxemaTuyHi CHiBBiHOIIEHHA CTPYKTYDP (KPUCTAIIUYHUX I'DATHUILD)
I 36araueHoro 3anizom crony Fe—Ni nig tuckowm [60]. © i @ — iHTepmosAIia
pesyabraris B [60] s Fe—5 Bar.% Ni, Fe—15 Bar.% Ni, Fe—20 Bar.% Ni (zus.
[45]); 2o i A — Fe—10 Bar.% Ni (gus. [58]); © — Fe—30 Bar.% Ni (gus. [59]).
CuMBoJIM Ta KPUBi TOKas3yoTh a3oBi mexki [60].
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Puc. 2.4. CtpykTypu (30KpeMa, KPHUCTAJNiuHiI I'PATHUIIL), CIIOCTEePeKyBaHi B
cronax Fe—10 Bar.% Ni (a) [568]i Fe—10 at.% Ni (6) [64]. (a) HopHi kKpuBi —
rpanutti aas gas yucroro Fe [42], ToBcri cipi sinii — rpanuri piBHOBaru Kpuc-
ragiuaux crpykTyp Fe—10 Bar.% Ni [58]. (6) Touka cyiinpHa JiHiA HO3HAUAE
rparuni OIIK-TTIII ra OITK-TTIK mixk cTpyKTypamMu; TOBCTa CyIliJibHA JiHiA
— Meska obustactet pisrosaru I'ITIT i TTIIIT+T'TK, —-——- € TaKOI0 MeXKero obJia-
creit I'ITII i THIII4+TIIK srigso 3 [58], a ———1 - = = — rpaHuIli po3Tomy 4MCTO-
ro Fe ariguo 3 [65] i [47] BiamoBimmo; TpuryTHuMKM Bimmorimaiors OIIK-
cTpyKTypi. [lepeBepHYyTUMY TPUKYTHUKAMU IIO3HAYEHO YMOBHU, 3a AKUX CIIO-
cTepiraBcsa pO3pUB KPUBOI TeMIIEPATYPHOI 3aJIeXKHOCTHU eJeKTpoormopy [64].

mxeub [60] medinut indopmariii B miTepaTypi mpo BILIUB HiKJIIO Ha CTa-
0inbHIiCTE (pas 3amisa (HaBiTh mob6au3y 0 K) Bee 111e auiiaeTbes.

Cawme 1e ¥ MOTUBYBAJIO aBTOPiB poboTu [63] myisa 3’sicyBaHHS BILIUBY
Ni ma ¢asoBy crabdinbuicts OITK-, T'ILIK- i T'IIIII-dpas Fe BukonaTu 06-
ypcaeHHs ab initio npu 0 K.

Ina uucToro 3aJiza pesyabTaTtu [63] miATBEpAKYIOTH pPe3yJIbTaTU
[66—69] ipo Te, 110 aHTH(depoMarueTHa pasa € HalcTaOiILHIIIIOW I
TIIII-cTpyKTypu 3a HUBBKUX TUCKIB. I, OCKiIbKU (has3oBe IIepETBOPEH-
g OIIK-TIIII BigOyBaeThca mpu Tuckax, Hmxuux 3a 50 I'lla (excme-
PUMEHTaJbHO BCTAHOBJEHO, 10 e Tucku = 10-15 I'lla [63]), Ha meii
mporec MarHeTU3M BIIMBae. (Ajle MarHeTHa CTPYKTypa MOKe He Ipo-
SABJIATUCS 3a THCKIB, CYMiIpHUX 3 THUCKAMU B 3eMHOMY SApPi, OCKiJIbKM
Ipu THUCKax, suinux 3a = 50 I'lla, mamarueroBanicTs ' II-cTpyKTypHu
3HUKAE.)

daszoBe nmeperBopenHda 3ajaisa 3 OILIK-ctpykrypu B I'IIIII-cTpyKTYypPY
O0yJio 3MOIeJbOBAaHE i3 BUKOPUCTAHHAM (pepoMarHeTHOI CTPYKTypHU
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T'IIIII-Fe. Ile mamo MOMKJIWBICTH OOGUUCIUTH «THUCK IIE€PETBOPEHHSA» ¥
=10 I'TIa, 1m0 npubJAN3HO BiAIOBia€ eKCIEePUMEHTAILHOMY 3HAUEHHIO
(muB., Hanpukaam, [52]). A 3a mnanumu poboTu [63] «THCK mepeTBOpPeH-
Ha» Misk OILK-cTpykTypoio it autudepomaraernoo I'IIII-cTpykTypoio
YUCTOTO 3ajJida — Tpoxu meutuii (= 6 I'lla), 1o cBiguuTh PO OLIBITY
crabinpHicTh came auTudepomaruernoi I'IIIII-cTpykTypH.

3posyMiso, 1110 Jo4aBaHHA HIKJIIO B CHUCTEMY IIPHU3BOAUTE 4O CTAa01JIi-
sarii amtTudepomaruernoi I'lllII-dpasu mo Bimmomenuio mo OIIK-dasu
mpu tuckax 0—20 I'Tla # ompu 0 K [63]. Matouu Ha yBasi aTepMiuHicTb,
1IT0 IPUITYCKAEThCA B po3paxyHKax [63], He MoKHA IIPOTHO3YBAaTH, IO
Oynze BimOyBaTucA 3a BUCOKUX TeMIIepaTyp. BpaxoByiouu 1ei ¢akT, aB-
Topu [63] suIlle MPUOYCTUAN, IO HiKeJdb i JIerki ereMeHTH, Taki K
KpeMHiT («mpuxuiabHuii» 10 OLIK-cTpyKTypH), KOHKYPYIOTDH ¥ CIIPUSIH-
Hi CTPYKTYpPHIi cTabismbHOCTi 3amisa 3a BUCOKUX p, T (1110 € IiIKOM oue-
BUIHUM).

OueBUAHO, IO AJISA PO3B’A3aHHSA IIPOO6JeMHU BILINBY JIEI'YBAHHSA 3ajisza
HeoOXimHo IIpoaHaJidyBaTH HOBHUIA (ri66ciB) TepMOAMHAMIUHUI mIOTe-
HITislJI CUCTEMHU 3a BUCOKUX p, T', BUKOHABIITH BiATIOBiAHi 06UMCIeHHS.

fABuie moximopdismy € uyrauBuM go Tucky [70], agixe 3a moaimop-
(HOTO TepeTBOpPeHHA BimOyBaeThcsa i 3MiHa 06’emy cromy. Ilikasi pe-
3yJBTATH 3 IILOTO IPUBOAY OYJIO omep:kaHo B pobori [64]. [IyOpoBiHch-
KUl 31 cmiBaBTOpPaMu eKCIIePUMEHTAJIBHO AOCTifdKyBauu cToll Fe, ¢Nig ;
[64], 3acTocoByloun audpakriiio PeHTr'eHOBuUX IPOMEHIiB y Harpitim
3cepeauHu gissmaHToBiM KoBazai (diamond anvil cell) Ta mipsroun este-
KTPUYHUH OIIip B eKCTPEMAJbHUX YMOBaX HaJABUCOKUX TUCKIiB i TeMIre-
patyp (= 240 I'Tla i 3500 K). ABropu [64] BcTaHOBMIH, ITIO 3a p > 225
I'Mla i T > 3400 K kpucraaiuna ctpykrypa Fe, (Ni, ; 3asHae momximopd-
Horo neperBoperus 3 'IIIII- 8 OIIK-rparauiio. IliazrpyaTam a1 Takoro
BHUCHOBKY CJIyTryBaB Toii dakT, mio 3a Tucky = 230 I'lla cmocrepirascsa
PO3pUB (AK MHUIITYTL aBTOPH [64], X0oua Take OiabIlle CX0Ke Ha IePeruH)
KPHUBOI 3aJIeKHOCTH eJeKTpoonopy Bim T B iHTepBajsi Temmeparyp
3300—-3400 K (puc. 2.5). Taxa moBeminka eJeKTPOOIIOPY He MOXKe 6yTH
IIOB’ A3aHO0I0 3 TOILJIEHHAM, 00 TOMi eTeKTPUUHUH KOHTAKT BUPA3HO 3HUK
61, ab0 3 XeMiuHOIO peaKIlielo, 60 3pa3ku OyJI0 3arapToOBaHO A0 KiMHAT-
HUX YMOB i mociaimxeHo PeHTI'eHOBOIO AU(PPAKI[ITHOIO METOI0I0 M CKa-
HiBHOIO €JIEKTPOHHOIO MiKPOCKOIIi€l0, ajie HiAKOl O3HAKM XeMiUHUX pe-
aKIriii He 6yyo BuABJeHO [64]. B 3B’a3Ky 3 muM OyJau BUKOHAaHI ZOAAT-
KOBi mudpariiiini ekcnepumenTu [64].

3Sa tucky = 10 I'Tla i kimHaTHOI Temnepatypu Fe, ¢Ni, ; 3 mouaTkoBoio
OIIK-cTpyxTypoio neperBopioeThbea B [T II-cTpyKRTYypy, OJIU3LKY IO UH-
croro 3aiiza abo inmux crouiB Fe—Ni 3 ausskum Bmictom Ni [56, 59,
60, 64, 71, 72]. Ilpu marpisi (enxekrpuunim um gazepuim) I'IIIII-dpasa
IIePeTBOPIOETHCA (CIIOYATKY YACTKOBO, a 34 BUCOKUX TeMIepaTyp IIOBHi-
ctio) y I'IIK-cTpyxTypy (puc. 2.4, 6). 'IIK-cTpyKTypy MOKHa JIETKO 3a-
raptyBatu [72], #1 Ipu cTUCHEHHI 3a KiMHATHOI TeMIlepaTypu BoHA 306e-
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Puc. 2.5. TemneparypHa 3a/1eXHicTh eJleKTpUYHOrO onopy B cTomi Fe, ¢Ni, ; 3a
aBox Tuckis: 196 I'Tla (kBagpatuku) i 240 I'Tla (TpukyTHUKYN) [64].

piraersca go TuckiB moHazn 200 I'lla [64]. IIpoTe, HafiBuUIIi THUCK i TeM-
neparypa, 3a Akux crnocrepiranacsa I'lIK-dasza Fe, ¢Ni, ; (pazom 3 I'ITII-
(dazor) cramoBuiu 132+10 I'lla i 3100+100 K [73]. Baarauri, mani [64]
mozo (aszosoi mexi 'IIIII-THK gna cromy Fe,oNi,; 36irarorbca 3 pe-
3yJbTaTaMu, ofep:KkaHuMu aBropamu [58] (puc. 2.4).

Komu T'IIII-dpasy Fe,(Ni,; HarpiBanu npu Tuckax, sumux sa 200
I'Tla, BoHa 3ajsmitagacs, mpuHaiimui, 1o 2900 K [64]. IIpu tucky 225110
I'Tla i1 remuepaTypi 3400+£100 K cmocrepiramocs [64] moBHe ii mepeTrBo-
perHa B OILK-dasy. Ile cTpyKTypHEe ITIepeTBOPEHHS Bi0yBaIoCcs 3a THC-
KiB i TeMmepaTyp, 0JIM3bKUX OO0 THX, 34 SKUX BifOyBaBCs PO3pHUB (31aM)
KpHUBOi TeMHOepaTypHOI 3aJie;KHOCTH eJieKTpuuHOoro omopy [64]. Ilpu
sam:KeHHi Temneparypu OIIK-cTpyKTypa MOBHiCTIO mepeTBOpIOBaJIacs
3H0B y 'l IT-cTpyKTYpPY.

Hasasnuicts OIIK-dasu uncroro Fe 3a myke BUCOKUX TUCKiB 0yJsI0 me-
penbaueno ¥ paHime [ 74, 75], aixe He OyJI0 ofepsKaHe OCTATOUHE i TBE-
pa:xenud 1poro. IleperBopenns 'IIIII-OIK, sBusaBiene B [64], BinbyBa-
€ThCA 3a YMOB, OJM3BKUX O TUX, PO AKi imaoca B [74, 75] (20212
I'Tla i 4400+300 K nna samisa); ouikyBaHi B [75] amiHuM rycTmHHU Y
=0,7% Tarosx 6JU3bKi 10 THX, SKi criocTepiranucs B [64]. Taki pesyJib-
TaTu poboTu [64] He JuIle TiATBEPAKYIOTH pedyabratu [7H, T7], ane i
IaoTh MOKJINBICTh IPUIIYCTUTH, III0 CTOIIX Ha ocHOBi Fe 3 reoxemiunm-
mu ckyaagamu (TooTo 3 Ni, S um Si [62]) mators OLIK-cTpyKTYypy. EKCIie-
pumeHTu [64] cBiguars, mo I'IIII-OIIK-neperBoperHa crony Fe, Ni, ;
BiiOyBaeThCA 3a TPOXM HUMKYOI TEMIIEPATYPU B IOPiBHAHHI 3 TeMIlepa-
TYPOIO TAKOTO IIePEeTBOPEHHA B UnMcTOMY 3ai3i [ 74, 75], medTo Ni crabi-
aizye OIIK-dasy B cTomax 3ajriza MOpiBHAHO 3 UMCTUM 3aJIi30M.

3amna posyminaa BBy Ni Ha crabiapHicTs OILK-Fe—Ni B mopis-
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HauHi 3 T'IIII-Fe—Ni 3a BuCOKuX THCKiB OyJii BUKOHAHI PO3paxyHKHU
€JIeKTPOHHOI eHePTeTUYHOI CTPYKTYPHU 3 HmepIinux npuHIuiis [73]. Bu-
sSIBUJIOCA, I1T0 B (KBasu)rapMmoHiunomy HaOmm:kenui pasu OILIK-Fe—Ni e
JUHAMIYHO HecTablJIbHMMM 34 BHMCOKUX THCKiB, MOAi0OHO A0 BUOAIKY 3
yuctuMm OI[K-Fe [62] (muB. puc. S3 B [73]). 30KpeMa, «TeTparoHaJb-
Huii» moxyab upy:xuaocTu C’ nida Fe, ¢Ni, ; mpu 300 I'Tla i 5000 K € Hera-
truBHuM (—200 I'Tla), a riazkm GoHOHHOI AUcIepcii B3OOBK HANPAMKIB
(110) i (111) BimoOpaskaioTh BiATIOBiZHY «pO3M’AKINEHIiCTL» I'DATHUILI
(puc. S3 B [73]). Brim, monepexnni reopeTnuHi nocaigkennsa [62, 76] me-
MOHCTPYIOTh, 1110 3a Bucokoi Temmneparypu OIlK-dasa crabimisyernca
€HTPOIIiNHUM (hpaKTOPOM Uepesd aHTapPMOHIUHI KOJIMBaHHA I'paTHUIl. Po-
3paxyHKHu B [64] moKasyooTh, mo HeBeaukuii Bmict Ni (10-15% ) mae
He3HAUYHMM BIJUB Ha AuHaMiuHi BaactuBocTi crommiB Fe—Ni, i BoEu Ma-
I0Th AMHAMIUHO cTabilidyBaTucs 3aBAAKU €HTPOHiiHOMY (PaKTOpy, II0-
ni6uo mo umcrtoro Fe. Pospaxynkamu [ 73] eHepreTuuHoil BUTiZHOCTH 3a-
mimenaa aromamu Ni Bysais rpatuuns OILK-Fe i 'IIIII-Fe 3a na6opa-
TopHUX [64] THCKiB Ta THCKiB vy aapi 3emyi O0yso omimeno BoauB Ni Ha
TepMoOgMHAMiuHy cTabinbHicTs Fe. PesyabTaTi IepIIONPUHITAIIHNX PO3-
paxyHKiB (puc. S4 B [73]) morasanu, 1mio Ni cTabinisye (HeBIOPAIKOBAHY)
OLIK-dasy samimenua mo Biguomrennio 1o I'IIII-pasu, mpuyomy, ederT
1miei crabimisarii 36iabITyeThCS 3i 361 abITIeHHAM TUCKY i BMicTy Ni[64].

OIIK-¢dasa crormy Fe—Ni, excriepuMeHTaIbHO CIIOCTEPEIKYBaHa B PO-
60Ti [64], 3’aBasaerbea mpu Tucky 225 I'lla i remnepatypi 3400 K, 110 €
0sM3bKOI0 (ajle TPOoXM HHUMKUYO0I0) m0 TeMmIieparypu crabimisarmii OIIK-
¢asu umcroro Fe, ob6umceHol 3a JOIOMOT0I0 MOMAEJTIOBAHHS METOLOI0
MOJIEKYJIApHOI auHaMmiku [76]. PospaxyHKu 3a Iieio meTomoro [76] y3-
TOMKYIOThCA 3 ab initio pospaxyHkamu [64], ag:ke Jier'yBaHHA 3ajisa
HiKJeM miiicHo moike cupusaTu crabimizarii OIIK-dasu. Takum unzoM,
TeopeTuUHi pe3yabTaTu [64] pasom 3 monepenHiMu gociimxenuamu [62,
76] maroTh MOKJIUBICTD IPUITYCTUTH, 1110 OIIK-dasza crony Fe—Ni 3 reo-
xeMmiunum ckjaagom (tooro 10—-15% Ni) mae 6yTu 6igbin cTabiabHOO,
mixk 'IIII-dasa He nuIlie 3a yMOB JA00PATOPHOTO eKcIepuMeHTy [64], a
¥ 3a yMOB y AApi 3eM.ri.

ExcnepumenranbHo BusHaueHuit napamerep OIIK-rparauni Fe, ¢Ni ;
mpu 225+10 I'Tla i 3400+100 K cranoBuTs 2,4884 (+2) A, 110 Bizmosinae
MoJApHOMY 00’ eMy 4,64 cm® /Mo i ryctuni 12,12 r/cm® [64]. Ba Trakux
ske ymoB ryctuna I'IIII1-Fe 6iapira npubaunsuo Ha 2% [71]. Orxe, OLTK-
Fe, oNi, ; mae mermy rycruny, Hixk unctuii I'II[II-Fe, a me o3rauae, 1m0
yepes ¢asoBe meperBopenHsa 'IIIII-Fe—Ni 8 OIIK-Fe—Ni BmicT Jerkux
eJeMeHTiB y 3eMHOMY SApi Mo:Ke 3MeHITyBaTucs [64].

Bignomenns oceii ¢/a cromiB I'IIIII-Fe—Ni (ax i TIIII-Fe—Si [77] Ta
yucrtoro I'IIIII-Fe [78]) mae moKasoBe 3HAYEHHS IJIA TOCTiIAKEHHS CTa-
HY CTOITiB 3aJi3a y BHYTPiNMTHBEOMY AApi 3eMJi, 30KpeMa, TOMY, III0 TeM-
mepaTypHa 3aJIe’KHICTh ¢/a Mae MPAMUI 3B’ SI30K 3 MPYKHIMU BJIACTH-
Boctamu [78]. AAx mokasamo Ha puc. 2.6, BigHOIEHHSA ¢/a TOBiJIbHO
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Puc. 2.6. TemneparypHa 3ajie:KHicTb BigHotenns oceii ¢/a croais I'TIIII-Fe—10
Bar.% Ni [68] i I'IIIII-Fe—8 Bar.% Si[77] Bume 68 I'Tla. TunoBuii BllIXI/IJI Bin-
HOIIIeHHA ¢/a ckaaxae 6aussko 0,005, Teopernuni Kpupi (———,——, —-—-—)
nas I'IIII-Fe mpu ctanim 06’eMi HaBemeHO 3a pe3yabTaTaMu PoOOTU [78], a ex-
cuepuMeHTagbHi gaui (®) nasa I'IIII-Fe — 3 po6oru [42].

3MEHINTYEThCA 3i 30iIBITeHHAM THUCKY M iCTOTHO 30i/JbINTyeThCA TPU IIijI-
BulrienHi Temuepatypu cromiB ['IIIII-Fe—Ni. Haa I'IIII-Fe (srigmo 3 Te-
OPETUYHMMU PO3PAaXyHKAMH 3 IEPINNX IPUHIUIIB) ¢/a cArae sHaYeHH
1,7 mpu 5700 K [78]. 36inbienas Bici ¢ 3 pocToM Temmeparypu (Ipu
cTaJiil rycTuHi) o3HAUaE, II0 I'PATHUIA CTA€ «HONATIUBIIION» (OiMbIM
«CTHUCJINBOIO») ¥ BiATIoBimHOMY HanmpamMky [ 78].

Exkcrpamnonania BinHoIIeHHA ¢/a 3a MeTO00 HAMMEHININX KBaaApaTiB
mo 5700 K gae saauvenns 1,67 gas I'IIIII-Fe—10 Bar.% Ni mig Tuckom y
76 I'lla [58]. A 11e MeHIIIe, Hi¥K TeOpPeTUUHO IepeadaveHe 3HaueHHsa 1,7
nas TIIII-Fe za remmeparypu y 5700 K i 3a ymoBu THCKY, 110 Ai€ y 3eM-
HiMm anpi [78]. Bigmomienua c¢/a nna 'IIII-Fe, Bumipsme ekcomepuMeH-
ransuo npu 161 I'Tla i 2450 K, ckaagae mpubdbausuo 1,605, 1110 € 61113b-
KHUM [0 3HaUeHb, MipAHUX OpU HU3BKUX p, T [42], ane He 30iraeThcsa 3
TeopeTUuYHUMHU obumncaeHuAMH [78]. [ia momomaHHsa mMiel po3bisKHOCTH
CJi BUKOHATHU JOJATKOBI eKCIepUMEHTH 3 MipAHHA ¢/a (IUB. TAKOXK
poboru [79, 80]).



CTOIIN Fe-Ni 3A BUCOKUX THUCKIB I TEMIIEPATYP: IIOPANIOK L1, ABO DO,y 19

3. MATHETHI E®EKTH ¥ T'I[K-CTOIIAX ITIEPMAJIOMHOTO,
EJIIHBAPHOTI'O 1 IHBAPHOT'O THUIIIB

3 MarseTHUMY BJIACTUBOCTAMU Y-(hasy JeroBaHoro 3arisa 110B’A3aHi TaK
3BaHi «imBapHi ocobamBOCTI» HJeAKuX cromiB Ha ocHoBi 'IIK-Fe [81, 82].
ImBapHi 0cOGJIUBOCTI IPOABIAIOTHECA B aHOMAJIIAX PALY PisMUHMX BJIac-
THUBOCTEH I[MX CTOIiB. YacTo, ogHAK, ITiJ TepMiHOM «iHBapHUI eperT»
PO3YMIilOTEh 0COOJIMBI BJIaCTUBOCTI KoedillieHTa TEIIJI0BOT0O PO3IMINPEHHS.
YV neakomy iHTepBaJIi TeMIlepaTyp iHBapHUI cTON IIpW HarpiBaHHi 3a-
3Hae aHOMAaJbHO MAJIOTO YW HaBiTh HEI'aTHMBHOT'O TEPMiUHOTO PO3IIIHU-
peunda. lle sBuie 0yio BiAKpUTO PpaHKO-IIBEeHIAPCEKUM (isumKoM i
metposiorom Ilapaem-Exyapzom I'insomonm (Iiftomom) y 1896 p. 3i cro-
noM YV-Feg;Niss, axuii BaacHe it ofep:kaB HasBy «iHBap» i mopdan 3 iHmIn-
MU CTOHNaMHU iHBAPHOT'O THUITY 3HAKMIIIOB MIMPOKE 3aCTOCYBAHHSA Y BUCOKO-
TOYHUX iHCTPYMEHTaxX Ta MipuuMxX cTaHZapTax. 3 TOTO Yacy iHBapHUM
crormmaM 6yJIo MPUCBAUYEHO BEJIUKY KiJTbKiCTh eKcIIepuMeHTaIbHUX i Teo-
PeTUUYHUX Ipalb, ajie yce K TaKM! AOoTellep He iCHye IIOBHOI JOBEPIIEeHO1
Teopii inBapuux anmomaiiii. [Ipobiema & imBapHOro e)eKTy B3araJi Ie
He € po3B’saA3aHoi0. besmepeuno, 1110 (heHOMEH (PisMUHMX BJIACTUBOCTEH
iHBapHUX CTOIIiB Mae MarHeTHY mpupoay (auB. poboty [81] i 6i6iorpa-
(diro B Hiit). B 3B’a3Ky 3 UM MaeMoO 3a3HAUUTH, IO € YUMAJIO PisHUX
MarHeTHUX CTOMIB i CIIONYK, ¥ AKUX IIPM MarHeTHOMY BIIOPAJKYBaHHI
crocTrepiraerbcsa imBapHuil epekT. Taki pedoBMHN MaOTh KPUCTAJIiUHL
I'PATHUIIL Pi3HUX TUIIIB UM HABITHL aMOpPPHY CTPYKTYpy. OKpim 1noro,
iHBapHi BJIACTMBOCTI MOXKYTh MaTU He TiIbKW (hepoMarHeTuKu, ajie u
aHTHU(EePOMarHeTUKMU.

Crormu Fe—Ni B inBapHiit 006sacTi KOHIIeHTpAIlill 3aaisa (B iHTepBaJri
Bix 30 mo 45 aT.% Ni [81]) mators T'TIK-rpaTauilio (y-dasa) i, okpim iu-
BapHUX 0COOJIMBOCTEI, I1Te i Bif3HAUAIOTLCA PALOM IMOAIOHUX (PpisumuHMX
BiaactuBocteii. OcobamBocTi (PisMUHMX BJIACTHUBOCTEH IIUX CTOIIB
moB’si3aHi, Hacammepe, 3 anTudepomaraseTusmomM Yy-Fe i pepomaruern-
3moM Ni. 3 ixoro 60Ky, objgacTi iHBapHuX cKJIaniB cucremu Fe—Ni po-
3TaIIOBYIOTHCA 34 IIABUINEHMX KOHIIEHTpAIlili 3ajisa mobamsy JiHii
Y—0-IIePETBOPEHHA MaPTEHCUTHOT'O THITY.

Ot:xe, DOCTimKeHHS iHBAapHUX aHOMAJIIH Mae CKJIagaTucA 3 6esmoce-
pPeIHLOTO BUBUEHHSA MArHETHU3MY CTOIIIB HmepexXigHuX d-MeTasiB, a aHa-
Ji3a iX IIPOCTOPOBOr0 ATOMOBOT'O BIOPAAKYBAHHS i3 BpaxyBaHHIM pPis-
HUX BHeCKiB (y ToMy umcii, mredopmalliino-ingyKoBanux eheKTiB i Ma-
THETH3MY) V Mi’KaTOMOBY B3a€MOil0 Hamajso 6 po3mo0yToMy 3HAHHIO
PO IPUPOY iHBapHOTO e(PeKTy aleKBaTHUM XapaKTep.

SK y:Ke 3a3HayaJIOCsa y BCTYIIi, He 3BasKalouym Ha Te, IO B3a€MHUM
BILJINB MarHeTHU3MYy i aTOMOBOIO JaJIEKOT'0 HOPAIKY CTOIIiB € BiporimgHOo
BCTAHOBJIEHUM €KCIIEPUMEHTAJIbHO, Uepe3 BJACTUBY KOMILJIEKCHICTD
mpo0JieMU TeOPEeTUYHI aHAaJIi31 3a3BUYAM ITPOBAUINCA 3 irHOPYBAaHHAM
oxuoro abo apyroro epexty. OgHAK, Ile € He3aJOBIILHUM HAOIMIKEH-
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HaM. Bike maBHO B pani mocaimkens (quB., Hanpukaanm, [83—90]) 6yJo
IIOKAa3aHo, IO B CTOIAaX 3 ABOMAa MarHeTHUMU KOMIOHEHTAMMU B3a€EMO-
3B’ A30K 000X ABUII] MOJKe IPU3BECTH IO Pe3yJAbTATiB, IOBHICTIO BiAMiH-
HUX BiJ Tux, AKi mepenbaueHi Teopiamu (HampukIanm, IsiHrosoro tumy),
III0 BPaXOBYIOTb JIUIIIE OIUH 3 e(peKTiB.

Yepes 1me ciaig anaxidyBaTh OJHOYACHO ATOMOBE M MarHeTHEe BIOPSA/I-
KyBaHHA i, K HepHInii KPoK, Xoua 0 HABITH B IPOCTOMY HAOJIMKEHHI
(cepemuboro abo eeKTHMBHOIO) CaMOY3TOM:KeHOoro moJsd. Ilpu mbomy
Mi’KaTOMOBY B3a€MOIil0 MOKHA MPUIYCKATH e(PEeKTUBHO MApPHOIO, IO
CKJIATAETHCA 3 KOPOTKOMIIOUMX «IPAMUX» (30KpeMa, «eJIeKTPOXeMiu-
HOTO» i MarHeTHOI0) Ta JAJEKOCIKHUX HENMPAMUX (HaIpUKJIam, nedop-
MalliffHO-iHIyKOoBaHOro) BHecKiB. CamMe TakKUM YMHOM MOKHA JTETAJIbHO
poO3TIAmATH BILIMB MarHeTH3My Ha TeMIepaTypy (asoBoro IIepeTBo-
PEHHS «IIPOCTOPOBUIL JIag—0e3Ian» i, HaBIaKH, BILJINB «XeMiUHOTO» IIO-
panKy Ha Temuepatypy Kiopi. Toai Mo)kHa pospaxyBaTu TeMIepaTypPHO-
KOHIIEHTPAI[IMHY 3aJIe’KHICTh IIO€AHAHMUX IIapaMeTpiB MarHeTHOro i
aTOMOBOTO JaJIEKMX IOPAAKIB JJIsT CTOIIiB, IO BIOPSATKOBYIOTHLCA 3a
Haactpykrypuumu tunamu L1, (FeNi) ta L1, (NigFe, Fe;Ni(?)) Ha ocHoO-
Bi 'l K-r'parauni. HacTymaumM KpokoM Mae OyTu BpaxyBaHHS B CTATUC-
TUYHO-TEPMOIMHAMIUHIN aHaMisi 0Iu3bKUX (1 JaleKnX) KOPeaAlifHTX
e(peKTiB y BBA€MHOMY ITPOCTOPOBOMY PO3TaIllyBaHHI HOHIB KOMIIOHEH-
TiB-HOCIiiB CIIiHiB, III0 MOJK€ CYTTEBO MOAM(PiIKYyBaTH PE3yJAbTATH B OCHO-
BHOMY IT00JIM3y TOUOK (Da30BUX MEPEXOIiB, a TAKOMK ypaXyBaHHSA TeM-
mepaTypHO-KOHIIEHTPAI[IMHOI 3aJeKHOCTH €HepPreTUYHUX IIapaMeTpPiB
BUII[e3a3HAUYEHUX MiKaTOMOBMX B3aeMofiii. Kpim Toro, ma kimmesiit
cTamil HOCJiMKeHHs TaKoro pony Tpeba Oyae 3icTaBuTu BinbHI eHepril
(I'i66CcoBi TepMOAHHAMIUHI IOTEHITIAIN) KOHKYPYIOUNX (a3 3a3HaAUeHUX
HaACTPYKTYPHUX TUIIB. Brim, e i € mpeameTom maHoi po6oTH.

3.1. CmoHTaHHA HAMArHeTOBaHIiCThH

OcHOBHMMU IIapaMeTpaMu, III0 XapaKTepua3yIioTh (hepoMarHeTHUH CTaH,
€ crmoHTamHa HamarueroBaHicTb M, mpu T = 0 K ta remneparypa Kiopi
T.. Ona inBapuux Fe—Ni-cToniB Benuuuau M, i T MIBUAKO 3MEHITY-
I0ThCA 3i 30inbIeHHAM KoHIleHTpalii Fe (nuB., Hampukaazn, [91-93]).
XapakTep 3aJ1eKHOCTU CIIOHTaHHOI HamMarHeToBaHocTu M, Bix ckaazny y-
Fe—Ninonano ua puc. 3.1[81, 87, 91] (zus. i[94]).

B o6aacti 0—-50 ar.% Fe Bemmumnaa M (cp.) o< 1L (Cp,) Maiizke miHiiiHO
3aJIeXUTh Bif BiJHOCHOI aToMoBOI KoHIeHTpamii ¢y, =N"/N y T'IIK-
rpataumni crony Y-Fe—Ni iz sarampaumMm uwmciaom ByasnaiB N =N+ NV,
3HaueHHA cepeJHHOTO MarHeTHOTO MOMEHTY [l (Ha By30JI) CTONy Y BKa-
3aHiil 00JIacTi KOHIleHTpaIlill MoB’sA3aHe 3i 3HAUEHHSIMHU BJacCHE aTOMO-
BUX MarHeTHUX MOMEHTIB Uy, 1 Ily; Fe 11 Ni npocTum cniBBigHOIIIEHHAM

I = cpellye + (1 — Cpe)inis (3.1.1)
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Puc. 3.1. Konmnenrpariiina 3ajeXHiCTb cepeJHbOr'0 «aTOMOBOIO» MATI'HETHOI'O
MOMEHTY (B mepepaxyHKY Ha oguH By30.1) s crormiB 'IIK-Ni—Fe nmpu T = 0 K:
(@) x —[95], + —[96], © —[91], A —[97], « —[98]; (0) x —[98], —[91].

Ie Up, 1 Uy; € Mailke cTanuMu BeJIMUYMHAMU, AKi He 3ajiekaTh Bif
cr. € [0, 0,5). Habmu:xenua (3.1.1) MoKHaA iHTepIpeTyBaTU y IPUHITHU-
OBO pisHi cmocobu. OnuH 3 HUX 0a3yeThCA Ha MOAEJIO JIHOKAIi30BAHUX
aTOMOBMX MarHeTHUX MOMEHTIB, iHIITUI — Ha 30HHIiN Teopii.

SAKN10 BUXOIUTH i3 YABJIEHDb IIPO JIbOKAJIi30BaHi MOMEHTH, TOAi BUPAas
(3.1.1) BimmoBimae amsuTUBHIiN cyMi MarHeTHMX MOMEHTIiB aTOMiB 3ajisa
1 Hikmgo. HocimigKeHHA MarHeTHUX Ta eJIEKTPUUYHUX (PopMEpaKTOpPiB
mepexigHUX d-MeTaJIiB IToKas3ajau, IT0 eJIEKTPOHHY CTPYKTYPY 6araTrbox
3 HUX MOKHA HaOJMKEHO PO3TIALATH AK CKJIALeHy 3 Maliyke OJHOPiIHO
POBIOAiIEHNX Y IPOCTOPI S-eJIEKTPOHIB Ta JILOKAJIi30BaHUX KOJIO BY3JIiB
KpHucTagiuHoi r'paTHHUI d-eJeKTpoHiB. Baaraai-Tro 6arato ekcmepuMeH-
TaJbHUX Pe3yJIbTAaTiB BKA3yIOTh HA Te, ITI0 B KPUCTaJaxX IMepexifHmux Me-
TaJiB Ipynu 3aiiza craHm 3d-eJeKTPOHIB 30epiraioTh OCHOBHI pucu,
OpUTaMaHHI i30/1bOBaHUM aToMaM. HanpurJjaz, IIPOCTOPOBi PO3TOLiIT
CIiHOBUX MOMEHTIB i r'ycTUHU 3apany 3d-eJeKTPOHiB He icTOTHO Bifgpis-
HAIOTHCA BiJi pO3MOIiIiB X XapaKTEePUCTUK B i30JIbOBAaHUX aTOMAax.

3a JaHMMHU HEBTPOHOTpadiuHmMX MipAHb MarHeTHOTO Au(Gy3HOTO PO3-
ciauHga y pepomarueTHux crounax y-Fe—Ni nmokasano, 1110 1o3a iHBapHOIO
00J1aCTIO JTHOKAJIbHI MarHeTHI MOMEHTM HiKJO (1 3ajsisa) MalOTh 3Ha-
YeHHS, AKi c1abKo 3ajiesKaTh (3MeHIITyIOUNCh) Bifl 3pocTaouoi KOHIIEHT-
patii saxiza y cromi [95, 97, 99-103] (puc. 3.2). Benuuuan Uy, ¥ Uy
61u3bKi 10 2,851 0,6, Bignosigmo (Up = 9,2742-1072* Isx /T — Bopis
marseToH) [95, 97, 101, 102, 104]. I1i aToM0OBi MOMEHTHU CTBOPIOIOTHCA
cuimamu 3d-eaeKTpoHiB. OpbiTasbHa YacTWHA MaArHeTHOTO MOMEHTY
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Puc. 3.2. Ycepenueni atromoBi maraetHi momeHTu Fe ta Ni (eKcTpamosboBaHi
o 0 K) B 3anesxrocTi Bif konnenrpanii Ni y cromax y-Fe,_ Ni.. (a) cyminbai
Jginii — Teopernuni kKpuBi[81, 106]; ekcnepumenTanbHi pesyabratu: O — [97],
A —[95], ® —[101], 0 —[103]. (0) muTpuxoBaHi i cyninsHi ginii — ycepenueni
KpUBi, mpudomy, [I,,, Mo3Hadae ycepegHenuii sa (3.1.1) (y BizmosigmocTi 1m0
JaHUX IIPO [y, 1 Lly;) CEPenHilt aTOMOBUI MarHeTHUIT MOMEHT, a [I II0O3HAYaE ce-
penHili MarHeTHU MOMEHT Ha BY30JI, OIliHeHUI 3 MipsSHb HAMarHeTOBAaHOCTH;
eKcIepuMeHTalabHi pesyabratu: O — [100], A —[97], 0 —[102], V, ® — [106].

aToma 3aiisa y y-Fe—Ni sriguo 3 [105] npubnusuo nopisuioe 0,11;. Exe-
KTPOHU IIPOBITHOCTH Yy ITMX CTOIAX cJIabKO HaMarHeTOBAaHi y IIPOTHJe-
JKHUI OiK IO HANIPAMKY MarHeTyBaHHS 3d-eneKTpoHiB. [Ina crony FeNi
Her'aTMBHE MarHeTyBaHHS 4s-eJleKTpoHiB mopiBuioe —0,17+0,1u; Ha
atom [102, 104]. Anasoriuny pojb 4s-eJIeKTPOHU BiJirpaioTh y CIIOH-
TaHHi# HaMarHeTOBAHOCTI uncToro HikJwo [81].

MaunicTs BenunH CIIiHOBOI i 0p6iTaabHOI TONIAPU3AIliii KOBAJEHTHUX
3d-eeKTPOHIB MOSICHIOE HeBEINKUI BiAXua Bif misiouncaoBoctu (y Ma-
rHeToHax Bopa lp), — ApoOOBicTh, — MarHeTHUX MOMeHTiB Ni i1 Fe.

Y souHill Teopii pepomarumerusmy Bupas (3.3.1) wacTo imTepmpeTy-
€ThCA, BUXOAAYN 3 TAK 3BAHOTO MOJEJIO «IIYIKOI 30HU». ¥ IIiM MOIEJIIO
OPUITYCKAETHCA, IO ITPY PO3UYMHEHHI 3aJriza y HiKJi 3MiHIOETBCA JHUIIIE
CTYIIiHb 3aIIOBHEHHS €JIEeKTPOHAMU 30H HiKJII0. BiacTuBocTi caMmux 30H
3aJUIITAIOTHCI HEBMiHHUMU.

Ax Bugno 3 puc. 3.1 ta 3.2, 0, npu 306iabIIeHH] BMicTy 3aai3a 0iabIn
Hixk 60% cnonTaHHa HamMarseToBaHicTh cromiB y-Fe—Ni BupasHo 3men-
myerbes. Ileit edekT Mae pyHIaMeHTAIbHEe 3HAUCHHSA IJIs iHTepIpera-
il pisMyHUX BIACTHUBOCTElH iHBapHUX CTOIIB i mOB’a3auuil i3 3aIeKHi-
CTIO aTOMOBOT'O MarHeTHOI'O MOMEHTY [i,, BiJ TeMIlepaTypO3aJIeKHOTO
BUTJISAAY JIHOKAJBbHOTO OTOUEHHS aTOMiB 3ajisa y rpatuuili crony (i, 30-
KpeMa, BiJl cCKJIagy OCTAaHHBLOTO), IIT0 MOXKe IIPU3BECTH 0 3MiHU a0COJIIO-
THOT'O 3HAUeHHd [y, 00 3MiHUTH OpieHTaIilo [, BiIHOCHO CIIOHTAHHOI
HamaruetoBamoctu [107].
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Puc. 3.3. TemneparypHa 3aje;KHICTh aTOMOBOIO MAarHeTHOro MoMeHTy Fe B
cromi y-Feg¢;Nig 35, BUMipAHa 3a [OIOMOIrol0 IapaMarHeTHOI'O HEeBTPOHHOI'O
po3cigAHHA 3 BUIyYeHHAM (QoHOHHOI yacTKu [106] 3a paxyHOK (pOHOHHOTO PO3-
ciguua Bix Ni (+) i ekcTpamosAIieio Ha HYJILOBUHM BEKTOP po3ciAHHA (@). Oi O
— iHmIi 3HAUEHHA AJA |y, 3 JAHUX MIpAHD Ju(y3HOTO PO3CiAHHA HEBTPOHIB 1
marseTHOro hopmparTopy Bigmosizuo [106].

3 igmIoro 00Ky, y JiTepaTypi € pisHi mosAcHeHHSA 3a3HAUEHOT0 eheKTy
BUPA3HOTO 3MEHINIEHHs CIOHTaHHOI HamarHeroBaHoctu [81]. Koxkue 3
HUX (paKTUYHO € IeBHUM MOIEJIbOM, SIKNI Ma€ MeTOIO OIMcaTH iHBapHi
ocobsimBocTi cTomiB y-Fe—Ni.

3asHaunmMo, 10 IPUOJIM3HO JiHifiHa 3aJeKHIiCTh CIIOHTAHHOI HaMar-
HETOBAaHOCTH CTOIIIB BiJ iX CKJamy IpeACcTaBJIsIE€ JOCUTH 3araJIbHy PUCY
I mepexigaux d-meraiis. BoHa inmocTpyeTrhea Bimomoro kpuBoio Ciie-
repa—Iloainra [81]: mma GaraThbox mepexigHMX d-MeTasiB, IO MAOTh
T'TIK- it OK-rpaTuuii, 3ajieXHiCTb cEpeJHHOT0 ATOMOBOTO MOMEHTY [
BiJ 3HAUEHHS N, , — YNCJA 30BHIIIHIX S- i d-eJIeKTPOHIB, 1110 TpUIIaga-
IOTh Ha OJMH aTOM CTOIIY, — ONHCYETHCS ABOMA IIPAMUMH JIIHIAMU, IKi
1 yrBOpIoioTh KpuBy Cierepa—Ilominra.

Y Bunagky & inBapHux Fe—Ni-cromiB 3anexHicTs [ (7n,.;) ABHO He
Bigmosimae xpusiii Ciaerepa—Ilominra. Bigxwui Big 1miei kpuBoi MaeMo i
IS AeAKUX iHmmx cromiB. (AJjie HeBigmoBigHicTs [ (n,.,) Kpusiii Cie-
repa—Iloainra He € He0OXiAHOI YMOBOIO BUHNKHEHHSA iHBAPHUX BJIAC-
THBOCTEH. )

Taxrkox 3a3HAYMMO, ITI0 iIHAWBiAyadbHUHN JIHEOKAJBHIHA MOMEHT CIIaIa€
3 HigBUINEHHAM TeMIIEPATypH, i Ba:KJINBO 3HATH, Ul 30epiraeTbcs BiH Y
napamar"eTHim craHi cromy y-Fe—Ni? 3a mHasasuumu ganumu [81, 106],
oJlep:KaHNMHU Pi3HUMU MeTomaMu (PO3CiTHHS HEBTPOHIiB, (hOHOHIB), ce-
penHill aToOMOBUY MarHeTHHII MOMEHT 3aJjisa, HaIpPUKJAaZL, V CTOII Y-
Fey ¢5Niy 35 icToTHO 3MerIIyeThCA (Big = 2,3|l) npu nepexoai Bix depo-
MAarHEeTHOTO 0 IIapaMarHeTHOTO CTaHy i MPOMOBIKYE YTPUMYBATUCSA Ha
piBHi = 1,415 HaBiTH Bue 3a Temueparypy Kiopi (puc. 3.3).
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3.2. Temmeparypa Kropi

Haa imBapuux crouiB Fe—Ni mouarra «touka Kiopi» T He Mae Takoro
SICHOT'O CeHCY, K AJIA YuCTuX (hepoMarHeTHux MmeraiaiB. CmoHTaHHA Ha-
Mar"eToBaHicTs M, (B o0gacTax il manumx 3HaueHb) asa ctomiB Fe—Ni
iHBapHOTO CKJAny, AK (DYHKI[iSA TeMIlepaTypH, IIOBiJIbHO 3MEHIIYEThCS
i3 80inpmiennam T'. B mpuHnuni, raxii same:xuocti M,(7T') He MoxkHA 3i-
craBuTH IeBHe 3HaueHHA T .. OmHak came Temieparypa Kiopi € Bawu-
BOIO (hi3MUHOIO BEIUUNHOIO, AKAa YacTO (hir'ypye B TEOPETUUHUX MOAEIIX
iHBapHUX CTOIiB.

Temnepatypa Kiopi imBapHUX CTOHIB BUpPasHO 3MEHIIYETHCA i3 30i-
JBIIeHHAM KOHIeHTpaIii 3axisa [91, 115-121]. SamexuicTb To(Cp.) A5
v-Fe—Ni npeacrasneno B Tabxa. 3.1 i Ha puc. 3.4, a, 6 [81, 115]; Ha puc.
3.4, 6 TaKOXK HaBeJeHO cepelHi MarHeTHI MOMeHTH (B IepepaxyHKY Ha
By3oa) y 'ITK- i OI1K-dasi Fe—Ni, ax ¢yukmii kormeuTparii, Ta mexi
imBapHOI 00s1acTH i TepeTBOPEHb ¥ ABCTEHIT I MAPTEHCHUT.

I'pannuny nmoBeminky temmnepatypu Kiopi mpu 36inbienHi ¢y, He MO-
JKHA BCTAHOBUTH HPAMUME €KCIIEPUMEHTaMH’, TOMY IO 3a BEJIUKUX
KoHIleHTpalill Fe mae micie aBuiie y—0-IepeTBOPeHHSA MapPTEHCUTHOTO
TUITY B 00J1aCcTi HUBBKUX TeMIiepaTyp. Ilpu mpomMy TeMIepaTypa modar-
Ky MapTeHCUTHOTO IepeTBOpeHHA M, BUSBIAETHCA BUIIOIO 3a TeMIIepa-
typy Kiopi T(. (3asuaunmo, 1o Kropiitosa remmeparypa T o.—fB-mepe-
xoxy uuctoro OIIK-Fe 3 dpepomaruersHoro y nmapaMarHeTHUH CTAaH CTa-
HOBUTL 1042 K 3a HOpMaabHUX yMOB[122].)

OpgHak AKiCHI BUCHOBKM CTOCOBHO IpaHWYHOI moBeNiHKU T(Cr,) MO-
JKHA 3pO0MTHM HA OCHOBI HEeIPAMUX MipAHBb, MITYYHO 30epiratoun Yy-asy
CTOITiB 3 BeIUKUM BMicToM Fe y MeTacTabiibHIM cTaHi 3a HUSBKUX TEM-
nepatyp. Takuii MeracTabiILHUN CTaH MOKHA OIEepPsKaTU, BUKOPUCTO-
BYIOUM MaJi YacTUHKM, TOHKIi IIIBKM UM ILJIAXOM JeI'yBaHHA TPETiM
exemenToMm [81]. [Hocaim:xkeHHs, BUKOHAHI 3a TAKMMH MeTOAaMU, ITOKa-
3aJim, 110 i3 30isbIIIeHHAM BMicTy 3ajisa Temmeparypa Kropi cromis -

TABJINAIIA 3.1. Temneparypa Kiopi ans y-Fe—Ni.

H:xepeso BMiC’I; Fe, T, K Hxepeso BMiC’I‘O Fe, T, K
TaHUX at.% TaHUX ar.%
[108] 25 880 [112] 62,6 553

[109, 110] 46,5 830 [109] 63,2 529
[111] 50 800 [112] 64,4 493
[112] 50,2 768 [112] 65,8 473
[112] 52,9 738 [113] 68,1 433
[112] 55,9 708 [108] 75 270
[112] 58,8 628 [114] (BinbHi iBKM) 76 0
[112] 60 625 [114] (3B’sA3aHi IIiBKM) 81 0
[112] 60,7 623 |[[108] (exkcTpamosarisa[111]) 85 0
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Puc. 3.4. Konnenrpaniiina sanexHicts Temneparypu Kiopi T, I'IIK-Fe—Ni (a,
0), me maui 1 (x) Hame:xatsb [118], 2 (o) — [91], 3 () — [116], 4 (») — [120], 5
(a) —[121], 6 (0) — [115], i BracTHUBUX cepeAHixX HamarHeToBaHOocTel M, i M,
(B mepepaxyury Ha By3oJ) I'ITK- it OITK-Fe—Ni (6) [91, 124-127]. Ha pucyury
3.4, 0 3amITpuxoBaHa AiJISHKA BifIoBimae smimiaHo-marueTrHii ¢asi 3 HEKOJIi-
HeapHOI0 KoH(iryparieio cuinis [128]; BepTukanbHi OyHKTUDPHI JiHil mosHa-
YaloTh iHBApPHY JIJMAHKY, a CYIiJbHI KpUBi — IepeTBOPEHHA Y aBCTeHIT (4, A;)
yepes HarpiB i y maprencut (M,, M) uepes oxosom:KeHHA (iHgekcu s i f mosua-
YaioTh MMOYATOK i KiHeIhb MepeTBOPEeHHA); MiArpaMa TaKOoK MiCTUTh KOHIIEHT-
pamiitnozanexxuay HeeneBy Temmneparypy (£ Ty = 67£2 K) miryuno crabinzisoBa-
HoI Yy-dasu crorry Fe—Ni, 36arauenoro na Fe [124,129,130].

Fe—Ni magae 10 0 K mo6insy sHaueHHs Cp,, 1110 OPUOIHUZHO TOPiBHIOE
0,74 [94]. Ilpu moganpIIIoMy 3MeHIIIEHHI BMiCTy HiKJIIO ITi CTOIIM CTAIOTH
aHTH(EPOMATHETUKAMY 32 HUBBKHMX TEeMIIepaTyp. 1XHA TeMIlepaTypa
Heena T, spocTae i3 3MeHIIIeHHSIM BMIiCTYy HiKJIO, IIOCTYIOBO HAaOJIU-
sKarounch 00 3HaveHHA Touku Heena uucroro y-Fe, mo nopisaioe 67 K
[81, 123] (3a immumu BitomocTsamu — 8 K).

Cupoby ominmTu 3anmexxuocTi Temneparyp Kiopi tra Heena cronis -
Fe—Ni Big ix ckJyanmy 3a ZOIMOMOTOIO CIIiBBiIHONIEHHSA THUITY (hopMyJIa
Kropi—Beiicca

1= VI 18k (T = T, (Lo = g4I + D, = 24/5(s + D) (3.2.1)

IJIs1 TapaMarHeTHOI CIPUUHATIMBOCTH (3 «IIapaMarHeTHOI TOYKOIO
Kropi» T,) 6yso 3pobieno B paxai pobit, 3okpema, B [131, 132]; TyT kg
— BoabnMmanHoBa craja, V — UYMCJI0 aTOMIB B OOMHUIIL 00’eMy, J i s
— KBAHTOBi umMcJja, SKi XapaKTepuU3yOTh HOBHHUI MeXaHIuHUI MO-
MEHT Ta BJIACHUWI CHiHOBUII MOMEHT aTOMYy BiAIIOBigHO, & — (daxTop
Jlaame, ToOTO MarmeToMexaHiuHe BifHOIIIEHHS, IO IPUOJIM3HO AOPiB-
HIoEe 2, a J =S y BUNIAAKY, KOJM MarHeTHUI MOMEHT aTOMY CTBOPIO-
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€ThCS BUKJIIOUHO CIiHAMHN €JeKTPOHIiB HOro OOOJOHKHN, HAIPUKJIAL,
IJaA HOHIB IepeximHMX MeTaJiB Y BHYTPUINHBOKPUCTANIUHIM ITOJi,
0 «BUKJIOUAE» iX opOiTaabHUiT MOMEHT 3aBAAKKM HaMAaraHHIO B3ae-
MOJif0OUYMX MArHETHUX MOMEHTIB OpPi€HTYBAaTHUCA B3IOBXK KPUCTAJO-
rpadiuHmx oceil — edeKT «MarHeTHoi amisorpomii» [133, 134]. (Ma-
JIiCTh BEJUUMH CIIIHOBOI Ta opOiTalbHOI IOJApM3aIliii KOBaJEHTHHUX
3d-eneKTPOHIB N03BOJIAE MOSCHUTH i HeBeJauKuil Bigxua (= 0,1) dakx-
TOPY CIEKTPOCKOIIIYHOTO PO3IMIeNJIeHHA g BiJi YMCTO CHiHOBOTO 3HA-
yeHHsa g=2 [81].) Mipauua BMKOHYBAJHCA 3a BUCOKUX TeMIIEPATyp
a0y BUKJIOUNTYA BUHUKHEHHS Y—(-IIEPETBOPEHHA MapPTEHCUTHOTO TH-
Oy IpW BeJUKUX KOHIIEHTpaliax samiza. OgHak, omep:KaHi TaKoio
METONOI0 Pe3yJabTAaTH He BimoOpasKkaloTh CIPaBXKHIX 3ajieKHOCTeH
Te(cre) 1 Tn(cre), OCKiNTBKY IMapamMarHeTHa CIPUNAHATINBICTH CTOIIB HaA
ocHOBi y-Fe me migmarae saxkony Kropi—Beiicca.

AK Bigomo, 3araJbHUI XapaKTep TeMIIePATYPHOI 3aJIeKHOCTHU CIIOH-
TaHHOI HamarHetoBaHocTu M, = M (T) 3Bu4aiilHOTO OJHOKOMIIOHEHTHO-
ro (pepoMarHeTuKa JOBOJII JoOpe omucyeThbea BpinmoenoBoo PyHKITIEIO
Bs=B(y) (nuB., Hanmpuraazg, [133, 134]). ¥V HaOIMKeHHI «MOJEKYIAP-
HOT'0 moJis» BeliccoBOro TUIry Teopii 3ajesXHiCTh MOro BiTHOCHOI HaMar-
HeToBaHnocTtu 6 =M,/M, Bix 3Bemenoi Temneparypu T = T /T, BusHaua-
€ThCs CIIiBBIIHOIIIEHHAM

c=p|35_9 | (3.2.2)
s+1T)/T,

le § — KBAHTOBE YMCJIO BJACHOTO (CIIIHOBOTO) MOMEHTY KiJIBKOCTH
pyXy aroMma, 10 3a IPUUHATUM IIPUIYITEeHHAM CKJIaJae MOro IMOBHUM
MOMEHT KimbKocTu pyxy (TyT M, = gUzS — HaAMarHeTOBAHICTh HaCU-
YeHHs B IIepepaxyHKy Ha By3oJ1). Bupas (3.2.2) mpexacraBiasae y Teopii
«MOJIEKYJIAPHOTO IIOJA» TaK 3BaHUU «3aKOH BiAMOBIAHMX CTaHiB».
3riZHo 3 MUM «3aKOHOM» 3aJIe;KHicTh O(T) AJA BCix depomMarHeTuxis
3 OJ/JHAKOBUMM KBAHTOBUMMU UHCJAMUN S Ma€ OAHAKOBUU Buriax. Hada
depomarunetaux MmertayniB Fe, Ni Ta Co mMae miclie y3rog:KeHicTb Mixk
sasexxHictio M (T)/M, ta BpinrtoenoBoto dyHKIiew By(y).

Omumak OJd iHBapHMX CTOIIIB «3aKOH BiAOOBiZHMX cTaHiB» He BU-
Kouyerhea [91, 135—-137]. Benukuii Bigxmya eKcueprMMeHTAJILHOI 3a-
aexxknoctu M(T)/M, Bin «3aKOHY BifmOBimHUX cTaHiB» € OgHi€I 3
ocobsmBocTeit imBapuux Fe—Ni-cTomiB. [lna HeimBapHuUx cromiB Fe—
Ni g meBigmoBigHicTh € HedHauHOMO [91].

IIpomec BimmasmoBaHHSA CTOIIY MOKE IIPU3BOAUTH OO 3MiHM TeMIIe-
parypu Kropi [138]. Fe—30,6 at.% Ni, saraprosauuit Bix 750°C, Biz-
majioBaBcA 3a pisHumX (Hmkumx) Temieparyp. Crocrepirasocs min-
BulllenHA Temueparypu Kiopi 6iapm mik ma 20°C mpu pisHEUX TeMIie-
parypax Biamany ax mo 340°C [138]. 3mina remneparypu Kriopi Oyia
momiOHoI0 ;O Tiei, IO cmocTepirajacs B MeTANiUYHUX CTEKJaX, i mosc-
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HIOBaJIacsAd aTOMOBHUM II€PEPO3MOIiJIOM 3i 3MiHOIO OJM3BKOTO MOPAAKY.
Enepria akTuBamii Taxkoro mpoiiecy cramosmiaa 1,5 eB; 1e osHauae,
IIT0 TOJIOBHUM pejlaKcallilHuM MexaHisMoM OyB pyX aToMiB 3a ydacTu
3arapToBaHUX Bakamciit [138].

IIpu T <400°C gna «mpoTungii» MmaprencuTHoMY neperBopenHio I'TIK-
Fe—Ni B OIIK-Fe—Ni 3acToCOBYIOTH He JIVINIe BUIPOMIiHEHHS €JIEKT-
poHiB (mmB., Hanpukriaazn, [139]), a i mexaniuHuWii BHOJIUB; 30KpeMa,
3pas3oK MiAJaloTh IPOKATYBAHHIO (BaJIbIIOBAHHIO), AK Ile pPOOMJIOCSH,
HampuKJaanm, B poborax [140-142] (muB. Tako:k O6ib6miorpadito B HUX).
Toxi crom Fe—Ni posmamaernbcsas Ha aBi I'lLK-dasu: depomaraeTHy
(80araueny Ni) i1 anTu(depomaraerny (36araueny Fe) [142] (mpo rere-
poreHizariito iHBapHUX cTOmmiB nuB. HMK4e). Paza Fe,cNi,,, mapamar-
HeTHa 3a KiMHATHOI TeMmOepaTypH, 3a3Hae aHTU(GepPOMarHeTHOTO BIIO-
panxkyBaunua npu 40 K — (Heenesiit) Temmeparypi nmepexony mapama-
THeTHUK—aHTu(GepoMarueTuk 3a nanumu [142]. Bmict Ni B depomarue-
raitt 'lIK-dasi 36inbiryeTbea 3i 30iJbIIeHHAM IHOTO ITOYATKOBOTO
BMicTy (TOOTO BMicTy M0 MexamHiumHOoi 0O6poOKmI); 30KpeMa, BiH cCTaHO-
Buth 16% i 35% B miit ¢asi mpu Bmicrax 24% i 27% y Buxigumx
cTomaxX BiATIOBIAHO Ta Bimirpae Ba)KJAWMBY POJL y crabimisamii mmx
CTOIIiB IIIOJI0 MaPTEHCUTHOTO IlepeTBopeHHA [142].

3.3. Konuenrpaiiiini HeomHopigHOCTI

Y 6araTbox CTATTAX POOUTHCA BUCHOBOK IIPO Te, IO CTPYKTYPHI HeoH-
HOpimHOCTi, AKMX BuABIeHO y Fe—Ni-cromax (muB. 6i6aiorpadiio B
[81]), BUHMKAIOTH Yepes MOABY B HUX YACTKOBO ab0 MOBHICTIO aTOMOBO-
BIIOPAIKOBAHUX MiKpoobGiacreii. Tak, [llmoccep [143, 144] npunycTus,
1o imBapHi cronu Fe—Ni posiapoByooThcsa Ha MiKpPooOJaCTi JBOX TH-
miB, 1110 MAIOTh ABa PisHUX cKjaaxu. O6sacTi OLHOTO TUITY 3alOBHEHI Y-
dasoro 3axiza. Aromu Fe y 1iii ¢pasi MmaroTh Maanii aTOMOBUII MarHeTHUHA
momeHT. O6JIacTi iHIITOrO THUIY CKJIATAIOTHCS 3 ATOMOBOBIIOPSAAKOBAHOTO
crorry Tunry NigFe. 3a Illmoccepom, 0co0IMBOCTI iHBApHUX BJIACTHBOC-
Tell BU3HAYAIOThCSI MAarHeTHUM cTaHoM aTroMiB Fe, 1Mo 3HaXOmATLCA Y
MIPOIIaPKY MisK IUMU PiBHOPiAHUMU 00JIACTAMMU.

Craig sasmaumT;, OOHAK, IO BaKKO OOTPYHTYBaTH NIPUIYIIEHHS
nopo Te, mio B imBapHmX Fe—Ni-cromax, sSKi He miggaBaMcs CIIeIis-
JBHi TepMooOpoOIli, icHye aBO(azoBa CTPYKTYypa, B AKiil omgmHa ¢asa
3HAXOAUTHLCA B aTOMOBOBHIOPAAKOBaHiM crami [81]. Ak mokasaB ekc-
IepUMeHT, iHBapHi BJIACTUBOCTI 30epiraloThbcsa y IIUX CTOIAX, SKIIO
BOHU B3a3HaJNM IMMBUAKOTO TapTyBaHHS BiJ BHUCOKMX TeMIepaTyp. B
3B A3KY 3 UM OiJbIII MMOBipHO, II[0 B TaKHUX CTOIIaX CIIOCTepiraTu-
MeThCS JINIIe TEeHAeHIlis M0 BMHUKHEHHS AB0o(a30BOro cTaHy. AJe
MOKJIMBICTH TAKOT'0 MPOIIECY, IO IIPU3BOAUTEL OO IIOAiIYy iHBapHOTO
crony Fe—Ni Ha ob6xnacti, ckianeri 3 y-Fe ta y-Fe—Ni i3 36inbmienum
BmicTom Ni, miaTBepmsxeHo pospaxyHkamu B [145]. Kpim Toro, Ten-
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OeHI[il0 A0 BUHWKHEHHS IBOoxX(aszoBoro craHy B imBapHux Fe—Ni-
CTOIIaX 3a BHUCOKUX TeMIepaTyp BUABJEHO If y poborax [146, 147].

BucooBok mpo HaaBHicTh B imBapuux Fe—Ni-cTomax 0JM3LKOr0 II0-
panky tuny NisFe 6ys0 3pobeHo Ha OCHOBI HeBTpoHOTrpadiyHUX TOCJTIi-
I:KeHb Ta, KpiM Toro, meaxkux iHmwux meton (nuB. [148—154] i 6i6io-
rpadiro B [81]). Haasuicts B imBapHux Fe—Ni-cTonmax 6Jm3bKOro mo-
PAOKY, IO BiAmoBigae BOOPAIKOBaHOMY eKBiaTomoBoMy cKJjany FeNi,
BUSIBJIEHO, 30KpeMa, y poborax [155, 156] (muB. Tako:x [81]). Xaymr Ta
Bapuaimont [157, 158] Ha ocHOBi cBoix mocaim:xeHb imBapuux Fe—Ni-
CTOIIiB METOHO0I0 eJIeKTPOHHOI MiKPOCKOIIil 3p0o0MIN BICHOBOK IIPO MO-
JKJIMBiCTh BUHMKHEHHS B ITX CTOIIAX 00JacTell «IpelruIiTaTiB» BIOPS-
nxoBaHux (as Tumy FesNi ta FeNi. IIpucyTHicTh 6IM3BKOT0 TOPAIKY
tunty Fes;Ni Tako:k 3asHauasmaca y poborax [155, 159-161] ra in. (auB.
[81]). Ograkr, MOKIUBICTE BUHUKHEHHA TaKoi (pasu He € OCTATOYHO €K-
CIIepUMEeHTAJNbLHO BcTaHOBIeHUM hakToM [162—-164].

3.4. Temmeparypa (KypHaxoBa) ha30BOT0 IiepeTBOPEeHHS THITY 0e3JIag—
Jan i aTOMOBUI MOPSAIOK

OcHOBHOIO (HAJ)CTPYKTYpOIO, 10 BuHUKae B cromi y-Fe—Ni, e (man)-
crpykTypa tuny L1, (3i crexiomerpieto NizFe), sxa po3moBCIOIKy€eThCA
Ha IMUPOKUNA KOHIEHTPAI[IMHUNA iHTEepBaJ, II0 OXOIIJIIOE CTOIM IIepMa-
JIOIfHO1 Ta imBapHoi obsacTeit ¢asoBoi miarpamu (aguB. Tabua. 3.2 i puc.
3.5). llixaso, 110 iHma magcTpykTypa Tumy L1, 3i crexiomerpieto FeNi,
oIep;KaHa IIicJs OIMIPOMiHEHHs, Ma€ TeMmepaTypy (pasoBOTO IIEPETBO-
penna 6esman—nan (Tx), Huxuy maike Ha 130 K, misk Bigmosigma Tem-
mepaTtypa s BUHUKHEHHA HAACTPYKTypu Tumy L1, 3i cTrexiomerpieto
NisFe (a ix xoumenTpariiiui samexuocTi moaioHi 70 HaBemeHux y[151]).
Hna imBapHOi obsacTi (3pasku 5—8 B Tabs. 3.2) sHauenua Ty oge-
peKaHO JTiHillHOIO eKcTpamosaAlliero gaumx [151] i Tomy BoHU € «Bip-
TyaJbHUMMN», OCKIJIbKYU TPAHUIA iCHYBaHHA TaJeKOro MOPAAKY THUITY
Ni;Fe nmepetunae me:xKy aBodasoBoi y+o-obmactu mobansy 40% Ni.
TemnepaTypHi 3aJieKHOCTiI PiBHOBasKHOIO HapamMeTpa HaJIeKoro IIo-
pAnKy nasa (Ham)ecTpykTypu tuny NisFe cBimuaTth, 1o mepexia 6esnam—
JajJ 3miHCHIOEThCA AK (pasoBuil mepexia mepioro poxay. Ilpu mpomy 3a-

TABJIAIA 3.2. Temneparypa (Kypuakosa) Ty $has3oBoro mepeTBOPeHHS THU-
ny sag—6essaz cromnis y-Fe—Ni [150].

Howmep 3paska [Bwmict Fe, at.%| Ty, K | Homep spaska [Bwmict Fe, at.%| Tk, K
1 19,2 753 5 60,0 693
2 25,0 773 6 65,0 683
3 43,8 728 7 67,8 678
4 50,0 713 8 70,0 673
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Puc. 3.5. Excunepumenranbua (a) [125] i Teoperumuna (6) [165, 166] dasori
miarpamu Fe—Ni.

JIeXKHICTh ITapaMeTpa JaJIeKOTo IOPAAKY Bif TeMIlepaTypu IIOmiOHa IJs
pPisHUX CKJIaIiB, a PisKHUIA MiK MaKCUMAaJILHUM Ta MiHiMaJbHUM 3HA-
YeHHAMU PiBHOBAasKHOTO MapaMeTpa AAJeKOro IMOPSIAKY 3MEeHIIYEThCS
BiATIOBiAHO 0 BigXmiy cKJamy Binm crexiomerpii (mpuHaiiMHi 3a HeBUCO-
KUX TeMIIepaTyp; B HACTYIIHOMY PO3IiJi Oyme moOKasaHo, 110 3a BUCOKUX
TeMIIepaTyp PiBHOBAYKHUU ITapaMeTep JAJIeKOro IOPAAKY B HecTexioMer-
puuniMm Ni—Fe Mmoxxe 6yTu BUIIIUM, aHiyK B cTeXioMeTpuuHim cToti). 3a
TEeMIIePATYPHOIO 3aJIeKHIiCTIO PiBHOBasKHOrO MHapaMeTpa AAajJeKoro IIo-
pAIKy (puc. 3.6, @) MokHA BUSHAYUTY TOUKU Tk IJIs (HAK)CTPYKTYP TUIY
NisFe i, Takum unHOM, TOOYAYyBaTH KOHIIEHTPAITIHHY 3aMeKHICTD T i(Cy;)-

Opmep:kaHi YrceJabHO Ta eKCIIEPUMEHTAIbHI 3aJIeKHOCTI BiJi KOHIIEHT-
parii Temmeparypu (KypzaxkoBa) ¢a30BOro IepeTBOPEHHS THUIY Jiag—
6esaan mopsaz 3 remmnepatypoio Kiopi s crony 'IIK-Fe—Ni so6paskero
Ha puc. 3.6, 6.

Iz HeBTpPOHOTPaAM CTOIIiB, ITTO 3a3HAJM TPHBAJIOIO CTYIIiHUYATOTO Bin-
majgy, BCTAHOBJIEHO, IO 3a (HeBHUCOKMX TeMIepaTyp) PiBHOBAXKHUM IIa-
paMeTep AAaJIEKOTro IMOPAAKY MaliKe JiHIHHO 3SMEHIITYeThCA TPU Biaxmii
ckJyaniB Bix crexiomerpii NigFe. KoumenTrpariiiina sane:xHicTb posmipiB
d aHTHU(a3HUX JOMEHIB BIOPAAKYBAHHSA TAKOXK MAa€ Pi3KUIl MAKCUMYM
(>300 A) 6ina crexiomerpii NisFe, ane mpu cy; < 60% Benuuunn d Je-
»aThb B Mexkax Bix 10 A 1o 20 A. Kornenrpaniiini sanexsocti mapamer-
pa ajeKoro MOpAIKY Ta PO3MipiB aHTHU(A3HUX NOMEHiB cBiguaTsh, IO
npu T > 673 K B cuctemi BunukKae enuua HaacTpykrypa tuny NisFe.

ITomyku ganexoro mopAaky HagcTpykTypHoro Tuny FeNi micaa Bin-
majgy 3arapToBaHuX 3paskiB BupomoB:k 6000 roguH He DAy IIO3UTHUB-
HUX pe3yJIbTaTiB, a BiAmas spaska 3i ckiamom Mmaiizke Fe;Ni mpu 798 K
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Puc. 3.6. 3ame:xxkunocTi mapamerpa majsexoro mopanaky tuiry NisFe Bim Temire-
parypu (a) Ta remneparyp KypHakoBa (myakTupHi kKpusi) i1 Kropi (cyminpHa
kpuBa) Big ckaany I'IIK-Fe—Ni (6). Kpyskeuku i XpecTUKU — eKCIIepUMeH-
TanbHi Touku (muaa a 3 [16, 167], agaa 6 3 [133]), a KpuBi umceabHO po3pa-
xoBaHo [149] meTonmoro Bapiamii KiacTepis.

BIpoaoB:k 120 roguH OpusBiB 10 BUHUKHEHHS 0JIM3bKOT0 MOPAIKY, THII
AKOTO He imeHTH(ikoBaHO omgHosHauHo [148]. Bumie Ty, AK rpaHuiii, €
OM3bKUI MOPANOK, 110 30epirecsa y cronax, 3araproBanux Big 1273 K.

3.5. EHepreTnuHi mapamMerpu MikaToMOBOI B3ae€MOii
3a eKCIIePUMEHTAJIbHNMHI TAHUMHU

3ajie;KHICTh TaK 3BAaHOI €Heprili «BIOPAAKYBAHHA» («3MIIIAHHSI») W,
atomiB y napax Fe—Fe, Ni—Ni, Fe—Ni Big Homepa KoopauHailiiinoi chepu
Z 3a pisuux remmneparyp Bigmaay 'IIK-Ni—Fe naBeneno na puc. 3.7, a.

PospaxyHoK eHepriii w, B MexKax Tpbox (Z =1, 2, 3) KoOopAUHAIIHTHUIX
chep 3 eKcriepuMeHTaJIbHUX 3HaUeHb [148] mapameTpiB 6JM3BKOr0 I0-
pAIkry o, tuny NisFe (muB. puc. 3.7, 6) 3a HabauxeHoio Teopieio Kapuri
CBLIUMTBH IIPO Te, IO |w,| MaloTh HEMOHOTOHHUI XapakTep. KormenTpa-
IifiHi 3a/IeXHOCTi BiIHOIIEHD |Wy/w;| Ta |w3/w;| € IOBLIBHO 3POCTAIOUH-
MU 3i BMEHIIIEHHAM Cy; Bi 75% , mpore ana cucremu Fe—Ni ix HEMOK-
JINBO KOPEKTHO MOB’ A3aTH 3 BUHUKHEHHAM (Hax)cTpyKTyp Tuny FeNi ta
Fe;Ni Tomy, 110 mepira crocTepiraeTbcs TiJIBKM ITiCJIS ONPOMiHEHHS
3paskis Hmxue 593 K, a gpyra nuiiie npunyckaetbea upu T'< 673 K.

3a 3HaueHHAMU W, aBTopoM [148] mobymoBaHO eHepriio mapHoi B3ae-
MOZii B 3aJIeKHOCTI Big MiKaTOMOBOI BificTaHi, AKa BJIACTHUBA, IPUHAN-
MHi, 10 YeTBEePTOI KOOpAMHAI[IMHOI chepu 1 Mae oCIUIiBHUY XapaKTep.

IuTepnperaliis iHBapHUX 0CO0JIMBOCTEI, I[0 I'PYHTYETHCA HA aHTH-
dbepomaruerusmi y-Fe, npunyckae [81], 110 ayia nux cTomiB oOMiHHMMI
imTerpan Jyp.p, Misk cycizaiMu atomamu Fe € «Bif’eMHOI0» * BeITMYMHOIO.

* 3 ypaxyBaHHAM MailKe 3araJbHONPUIHATOrO O3HAUEHHS 3HAKIB iHTerpamis J o (r,)
(aKe, ogHAK, He BiAmOBimae mificHill eHepreTuili aHTudepoMarHeTHOI B3aeMoIii mpoTu-
JIE}KHO HANIPAMJIEHUX CIIiHiB; TUB. po3xa. 4.1, 4.2).
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Puc. 3.7. 3uauenns eHeprii «amimauas» (@) 3a pisHUX TeMmIepaTyp Bimmary
T'TIK-Ni—Fe (3 mpunymenuam w,,=w(0)=0 Ta 6e3 BpaxyBaHHA e(deKTiB,
moB’aA3aHUX 3 pisummMu poamipamu aromiB Ni i Fe) i mapamerpa 61u3bKOro
nopanaky (0) gasa I'IK-Ni;Fe nmpu T > Ty [154] (zuB. Tabua. 3.2) B pisHUX KO-
opaumHalitaux chepax (auB. mpairo [25] Ta 6i0aiorpadiro B Hi).

IuTerpanu oOMiHHOTO B3a€MOUMHY CycigHix aToMmiB y mapax Tuny Ni—Ni
Ta Ni—Fe BBaXaOThCA «TO3UTUBHUMMU » ; BBAEMOJiA MidK IIIMM aTOMaMM
cupusie 30epeskeHH0 (pepoMarHeTU3My B iHBapHHX cToIax. AJie B3ae-
mMonia Misk aromaMu Fe cTBOpIoe mepenyMOBU AJId BUHUKHEHHSA aHTU-
depoMarHeTHOro MOPAAKY. ¥ I[IM MOJEJNI0 iHBapHa 00JIaCTh CKJALiB
cromiB Fe—Ni BigmoBimae mocTaTHbHO BeJIMKNM KOHIIEHTPAIiAM aTOMIiB
3aJisa, 3a AKMUX CTAa€ BATOMHUM «Bix eMHUII» iHTerpaJj oOMiHHOTO B3ae-
MOUYMHY MiX MOMEHTaMM IIMX aTOMiB. BHAcCJIiIOK TAaKOro B3a€MOUYNHY
CIIOHTaHHA HaMarHeTOBAHICTh CTOIY He € IIPOCTOI0 CYMOIO IlapaJieIbHO
Opi€eHTOBAaHUX MarHeTHUX MOMEHTIB yCiX aToMiB.

Taxwuit migxig 7o iHBapHOI Ipo0IeMHu A€ MPOCTe MOACHEeHHS aHoMa-
JIbHOI B3aJIe}KHOCTM CIIOHTaHHOI HamarHertoBaHocTu Mg(cy) iHBapHMX
Fe—Ni-cronis mpu T' =0 K. 3i 36inbIieHHAM KOHIIEHTpAIIil 3a1i3a cp, Be-
anuuHa M, IJd IUX CTOIIB HMIBUAKO 3MEHIITYEThCA BHACIIIOK 3MiHUI
HaOpAMKY MarHeTHUX MOMEHTIB y YaCTHMHM aTOMIiB 3aJjisa mijg miero 3a-
3HAUEHOTO «Bim’eMHOTO0» (AMB. BUHOCKY Ha c. 30) 00MiHHOTO B3a€MOYM-
Hy. Kpim Toro, 11eii MoJe/Ib IPUIYCKAE MOXKJINBICTh BUHNKHEHHS 3HAU-
HUX 3MiH CIIOHTAHHOI HaMArHeTOBAaHOCTH iHBAPHOT'O CTOIIY 3a HU3LKUX
TeMIepaTyp abo miJ Ai€to MarHeTHOTO II0JIS UM THUCKY.

TakuMm YMHOM, B OIIMCAHIM MOJIEJIIO iHBAPHI BJIAaCTUBOCTI BUHUKAIOTD
AK Pe3yJIbTaT KOHKYPeHIIil anTudepo- Ta (pepoMarHeTHUX B3aE€MOIiN
aTOMOBHMX MOMEHTiB HMOOJMN3Yy «KPUTUYHOI» KOHIeHTpAaIlii samiza. Taxk,
3a fanuMu [168] mpo po3cissHHA HEeBTPOHIB Ha CIIIHOBUX XBUJISAX OITiHEeHi
y HaOIMKeHH]I HaWOImKuMX cyciniB (Ha Bigcrani ry) oOMinHI iHTer'pain
s crouiB Y-Fe—Ni mopiBHIOIOTE: J yini(71) = 5213 MeB, Jpoi(r1) = 3915
MeB, Jper(r;) = —912,6 MeB (cTocoBHO iXHiX 3HAKiB MB. BUHOCKY HA C.
30). EKcnepuMeHTAaNbHI OI[iHIOBAHHSA ITapaMeTPiB 00MiHHOI B3aemomii y
cronax Yy-Fe—Ni 3a Jomomorom MaJOKyTOBOI'O DPO3CiAHHA HEBTPOHIB,
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TABJUIA 3.3. O6minnui inTerpanu gasa crouiB y-Fe—Ni (crocoBHO ixHix
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3HAKiB nuB. BUHOCKY Ha c. 30).

Cni Jaini(71)s MeB | Jpeni(71)s MEB | Jpere(71), MeB ITocunauua

[0, 1] 5213 395 -9+2.6 [168]

[0, 1] 35 24 -1,73 [181]

[0, 1] 60 31 -2,16 [182]

[0,1] Jini(71) 0,93Jxini(71) | 0,05 xini(71) [86]

[0, 1] 57 34 _6 [183] (BlJI?Hl ILIiBKH,

MAaCHBHi 3pasKu)

=0,250 22 22 -5 [108]
=0,325 66113 0 9,2+1,8 [114] (3B’s3aHi nIiBKM)
=0,500 30 30 -4 [184]
=0,500 22 42 -5 [108]
=0,750 22 45 -5 [108]
=0,800 58,5 2,55 -23,3 [184]
=1,000 16,7 [112]
=1,000 17,5 [112]
=1,000 22 [108]

HEeNpPy KHbBOT'O PO3CiAHHA HEBTPOHIB, CIiH-XBUJIHLOBOT'O PE30HAHCY, Mi-
pAHB TeMIepaTypu Kiopi Ta cmoHTaHHOI HaMarHeTOBAHOCTY IIPU HUS3b-
KHX TeMIlepaTypax IailoTh 3HAUEHHS, 110 iCTOTHUM YMHOM He 30iraroTh-
cs MixK co6oro (guB. Taba. 3.3); Ie € HACTAiMKOM BUKOPHUCTAHHS PisHUX
HamiB(peHOMEeHOJJOTiYHNX MOJIEJIIB OJId OI[IHIOBAHHA TaKUX IIapaMeTPiB.

Cpobu KOHKPETHU3yBaTHU Il MOJeJb BPaXyBaHHAM CTATUCTUUYHUX
durokTyarii ckiany iHBapHUX croniB poounuca CumopoBum, Ilopoiie-
HKOM, MeHITMKOBUM # iHImuMu aBTropamu [86, 87, 115, 183, 169-180].

Yeaig pobori [115] BBememMo geAKi MOHATTA, IIIO0 3aCTOCYEMO Yy IIOJAa-
JBIIIOMY BUKJIAA1, Oepydl 10 yBaru HasgBHiCTL MarHeTHOI B3aeMoOil Mix
aToMaMu 3aMiIlleHHs 060X copTiB y 3aiisoHikaeBux I'IIK-cTomax.

1106 BpaxyBaTu TaKOX aTOMOBE BIIOPAAKYBAHHSA 3aIllHUIIIEMO BHUpPAa3
Ias1 oOMiHHOI eHeprii aTomiB copty 1 (HikaM0) Ta copTy 2 (3aiisa) AK mo-
O0yTOK IXHBLOTO MATHETHOT'O MOMEHTY Ha BifIOBiAHY BeIUUYNHY e(EeKTH-
BHOT'O «MOJIEKYJIIPHOTO TOJIS», II[0 CTBOPIOETHCA iHIIMIMMU aTOMaMHU CO-
pty 1 Ta 2, aKi 3HaAXOAATHCA Y HAHOJIMIKIOMY OTOUEHHI IePIITNX

E, = —gugs;(H;1P11 + H12P15), Ey = —gUpSa(125P25 + H31Psy),

e & — daxrtop Jlannge, Uz — DBopiB marmetroH, s; Ta S, — aTOMOBI
CHiHM HiKJIIO Ta 3axisa, H,, My i Hay, Hey — eheKTUBHI «MOJEKYIAD-
Hi moas» [134], 110 cTBOPIOIOTHCA HANOMMMKYUMHU CyCilaMM B MiCIIIX
posTalryBaHHS aToMiB copTy 1 Ta 2 BimmoBigHO.

Vmosipuocri Py, Pi, Ta Py, BUPAIKAIOTHCA Uepes IMOBipHicTb Py,, 110
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Yy 3araJIbHOMY BUNIIAAKY AJIA CTOIY 3 aTOMOBUM MOPAIKOM IOPiBHIOE

2

_ Y'n® &y

=g T,
2 2

IJd BUOpAAKYBaHHA 3a Tunom NisFe, npuuomy,

Y=c, Tay=1-c,

nnsac,<1/4=vic,>1/4 BigmoBigHo; i BruopsaakyBaunud 3a TunoM NiFe

2
€
})22 = c2 — ’Yz_n + 22 ,
3c c
2 2
me v=1/2. Tyr €,, Ta 1 — mapaMeTpH, IIM0 XapaKTepPU3YIOTh OJIU3bKUI
(KopesAlio) Ta JaJleKWil HOPAIKY Y PO3TAIllyBaHHi aTOMiB BiAIOBiZHO.
3a IomoMOro0 3ammcy O; i 0, (BimHOCHMX HamarHeroBaHocrten Ni i
Fe BigmoBigHo) uepes BpinmioeHoBi GyHKILII:

o, =B, kElT , O,=25B, kEfF ,
B B

3aCTOCYBAaHHS BHCOKOTEMIIEPATYPHOI'O PO3BHHEHHSA iX y pAL Ta obMe-
JKeHHS B HbOMY IIEPIITUM YJIEHOM, ITI0 CIIPABEIJINBO mM06au3y Touku Kio-
pi cromy, s Hel micJist mepeTBopiB y poboTax [115, 169] omepixano:

1
—_— lf)llal +Mﬁp22a2 +
L, 2 (s + 1)31 Ji

2 2
(s, +1)s, o, pal i J, ) (s, +1)s,
222

+ || PLa, + 2 7
nh (s, +1)s, J}, g ) (s, +1)s

PP, aa, ,

Jle BUTJIAJL TeMIlepaTypHOI M KOHIlEHTpAIlifHOl 3ajerXKHOCTeil mapame-
TpiB @, Ta a, (HaBiTh y HabGJMIKEHHI B3aeMozil HaHOJIMIKUMX CYCimiB)
BU3HAYAETHCA KOHKPETHUM CTATUCTUYHO-TEPMOAMHAMIUHUM MOZe-
JBbOM, IO 3aCTOCOBYETHLCS Y aHAJI3l B3A€MHOTO BILJIMBY MATHETHOTO I
aTOMOBOTO HOPAAKIB.

fAx crBepmkyeThea B [115], HaBiTh HabOMMIKeHa Teopisd TaKk 3BAHOTO
«MOJIEKYJIAPHOTO II0JIsI» B TAKUX TEPMiHAX AO3BOJISAE Y JOCTATHBO 3a10-
BimbHIA (opmi ommcaTy KOHIEHTpAIifiHYy 3aje)KHicTh TeMIlepaTypu
Kiopi Fe—Ni-cTomiB, KoTpa cImocTepiraeTbca eKCIepuMeHTaAJIbHO: HaBiTh
TaKa Teopisd MOACHIOE BIIJIUB aTOMOBOTO MOPAAKY Ha Touky Kiopi.

Bnue aToMoOBOTO BHOPAAKYBAaHHS Ha MarHETHE DO3TJAAaBCA Ta-
KOXK y Oeaxux immmx poborax [83—-89, 13, 185, 186] i, soxpema,
IJIS CTOIIIB B yMOBaX IIJTacTUUHOI medopmarlrii [187].
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3.6. B3aeMoYnH MarHeTHOTO i aTOMOBOTO MOPAIKIB

BsaemMoBIIMB MarHeTHUX B3a€MOi#l aTOMiB Ta iX «eJeKTPOXeMiuHUX »
B3aeMOili € moOpe BijoMuM i JaBHO BCTAHOBJIEHUM (PAKTOM, AKMHA YACTO
cmocTepiraBca B ekcrepuMeHTax [188—-192]. Cunenudiry BsaemMosaaerx-
HOCTHU ITUX e(eKTiB MOKHAa 3MOIEII0OBATH, IPUNYCKAIOUN HYJIHOBOIO O-
HY 3 (ZBOX) eHepriii TaKUX B3AEMOAil (UM TO MATHETHOI, UM TO «EJIEKT-
poxeMiuHOi» ), IpHU MOMY 30epiraoun HeHyJIbOBOIO iHIITY i criocTepira-
0uH, AK IIe BIJIMHE Ha BiIIOBiAHY TeMIlepaTypy ha3oBOTro IIEPETBOPEH -
Ha. Hukue i1 HaBemeno meaki pesyabratu [108] Takux cmocTeperkeHb
I (TphOX) cTeXioMeTpuUHUX cKJIaniB cromiB Fe—Ni.

3.6.1. BpaxyeaHna minamomosux mazHhemHux 63aemooil

SIKII0 Bci eHeprii MarHeTHUX B3a€EMOMINA aTOMiB HOPiBHIOIOTH HYJIIO, TO
3p03yMiJo, II[0 HiAKOTr0 MArHeTHOrO BIOPSAAKYBAaHHA BiZOyTHCA He MO-
sKe. 3 immoro OOKy, «BUMUKAHHS» MArHETHUX B3a€MOMIN CIIPABJIIAE
BILIUB TaKOXK HA TUMOBI e()eKTU «eJIEKTPOXeMiuHOi» B3aeMOJii aTomiB.
B rabnuri 3.4 (B Apyromy # TpeThOMY CTOBITUMKAX) HaBeJeHO TeMIIepa-
Typy (KypHaKoBa) paszoBoro mepeTBOpeHHs 6esjaaa—Jan IS TPhOX CTe-
xiomeTpnuHUX (Da3 6e3 BpaxyBaHHA MarHeTHUX B3aeMogii (Jp(r) = 0) Ta
IpH ix «BMuKaHHI» (J43(r) # 0) y cronax Fe—Ni (o, = Ni, Fe). OueBuz-
HO, ITI0 MarHeTHi B3aeMO/Iil CKJIaJal0Th CYTTEBUM BHECOK Y «eJeKTPOXe-
MiuHi» e)eKTHU: IX BpaXyBaHHA IIPUSBOAUTS [0 IIiIBUIIEHHA TEMIIepaTy-
pu KypHakoBa 6inbi, ik Ha 60 K 11a KOKHOro 3i cTexioMeTpruHUX
ckaagiB I'TIK-Fe—Ni (Tta6a. 3.4). Omxe, B OyIb-IKOMY MOIEJIO MIJIsI CTO-
y (3oKpema, nis Fe—Ni), e (00uaBa) KOMIIOHEHTH € MAarHeTHUMU, CJIiJ
BpaxoByBaTH MarHeTHi B3aemogii aToMmiB (HaBiTH y MOAeJIo, IO Bimo-
Opaskae JIMIle aTOMOBUI TOPAMOK). Came IIpo e HTUMEThCA ¥ PO31. 4.

3.6.2. Bpaxyeanna «enekmpoxemiiHux» 63a€mo0iti amomie

«EnekTpoxemiuHa» B3aeMOMisd aTOMiB TaKOK BIJIMBA€ Ha «MarHeTHY
HOBEIiHKY» CHCTEMH’, OCKiJIbKM MarHeTHa MiKaTOMOBa B3a€eMOIisd 3a-

TABJHUIA 3.4. Temneparypu Kypuaaxora (Tg) #t Kropi (T.) mas cromis
I'TTK-Fe—Ni 3 BpaxyBaHHAM Ta 6€3 BpaXyBaHHA MarHETHUX i «eJEKTPOXeMi-
YHUX» MiKaTOMOBUX B3aeMogiit Bigmosimmo [108].

Crona T, K T, K T, K T, K
A (Jop(r)=0) (Jop(r) #0) (w(r)=0) (w(r)#0)
Ni,Fe 704 772 835 891
FeNi 527 596 750 805
Fe,Ni 223 285 310 285
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JEKUTH BiJ] XeMi4HOT0 CKJIAZLy 3pasKa, IO PO3IJIALAETLCA; caMe TOMY
BHECKU BCiX TPHOX OOMiHHMX iHTer'pasiB i pisHATHCA 3a BeIMUMHAMY I
xapaxkTepoM. OcTaHHi ABAa CTOBOUYUKU B Tabj. 3.4 MOKa3yIOTh, IK TEM-
nepatypa Kriopi sane:xurs Bim Toro, BpaxoByioThca (w(r)#0) abo Hi
(w(r)=0) eneprii «3minmanHa» «eJIEKTPOXEMIUHUX » B3AEMOIill ATOMIiB ¥
napax Fe—Fe, Ni—Ni, Fe—Ni. 3a aromoBoi xkoHumeuTparii Fe y 25% i
50% «BUMHKAHHSA» «€JIEKTPOXEMIUHMX» B3AEMOJIIiN IIPU3BOJUTH MO ic-
ToTHOrO 3HU}KeHHA T. lle cuprumHeHO 3MeHINIeHHAM KinmbkocTu Fe—
Ni-3B’a3KiB y HeyIIOPAAKOBAHIM CTaHi, a TOMY 1 3HUKEHHIM BeJIUUNHU
MAaTHeTHOI eHTAJbHil, OCKIIBKY Jpey(7;) 3pOCTae B mijsioMy OinbImie, HixK
BiAIIOBiAHI BeJIMUMHM OJIA OJHAKOBUX aTOMiB. BTiM 3a aToMOBOI KOHITE-
Hrparii 3anisa y 75% oJpni(7;) Maiiike 3piBHIOETBCS 3 J yini(71), @ BHECOK
IapHOi eHeprii «emekTpoxemiunoi» Bzaemoxmii WF*™N(r;) e BizHOCHO Ma-
JUM; TOMY 3a3HaueHoro Buile e(eKTy 3HMKeHHa Temuepatypu Kiopi
OPaKTHUYHO He Big0yBaeThca. PaKTUUHE HiABUINEHHSA B IILOMY BUIAAKY
T, iMOBipHO, 00YMOBJIEHE 301MbITTEHHAM KiabKocTHu 3B’ A3KiB Ni—Ni.
Takum unHOM, edeKT BILIMBY MAarHETHOTrO (CIIIHOBOTO) IMOPAAKY Ha
aTOMOBMM i HABHAKM CJIiJ OUiKyBaTH CYTTEBUM. JKOIHIM BHECKOM I[UX
IBOX MOPAAKIB He MOKHA HEeXTYBATH, AK 1 BBA)KaTH OJUH 3 HUX OiJbIII
Ba)KJMBUM 34 CBOIM BHECKOM VY 3arajibHY KapTUHY MarHeTOATOMOBOTO
BHOpaAnKyBauusa. CTae oueBUIHOIO HEOOXigZHICTh 00’ JHAHOTO MOJEJIO 3
ypaxyBaHHAM 000X MOPAIKIB — aTOMOBOTO i1 CIIiHOBOTO (AUB. pPo3xa. 4).

3.7. BuiuB THCKy Ha MarHeTHi BjactuBocTi cromy Fe—Ni

MarueTHuii cTaH 3aji3a ¥ 3aJi30HIKJIEBHX CTOIIIB Ta BILJIMB THUCKY Ha
MarHeTHi XapaKTepucTuku (HaMarHeToBaHiCTh, MarLeTHi MOMEHTH,
remnepatypy Kiopi) 6yau npeagmeToM 06roBOpEeHHS IIPOTATOM 6araTbox
IEeCATUIITH 3aBAAKHN CYIEePeUJUBUM TEOPETUUYHUM i eKCIIepUMeHTAaJIb-
HUM pesyabraTam (auB. [66—69, 113, 193—-223] ra 6i6riorpadito B HUX).

Ilepmy peansmy cmpoOy 3’sicyBaTH BILIMB THCKY Ha TeMIepaTypy
Kropi sxiticannu Axamc i I'pin [193]y 1931 p. Bouu gocaigumnu (excie-
PUMEHTaJIbHO) JeKiabKa hepoMarHeTukiB (3oxpema, it Fe—Ni), cmocre-
piraroum 3a MarfeTHOIO IPOHUKHICTIO METaJIiB i CTOOiB, 1 MPUUANILIN A0
IIOMUJIKOBOTO BHCHOBKY IIPO Te, IIIO0 TUCK He BILJIMBAE Ha TeMIePaTypy
Kropi (ae smimmye ii).

Takuit ke pes3yabTaT OyJa0 OAEPIKAHO M iHITMMU eKCIepHuMeHTATO-
paMmu, Xxouya BOHM BUKOPHMCTOBYBAJM iHIII MeTOAMW, a caMe, MipsaHHS
eJIeKTPUYHOTO OIopy abo HamarumeroBaHocTu [195, 196].

Ilepiri 6amuseKi K0 icTuHU pesyabTaTu 0yao ogep:xano y 1954 p. Ilar-
pikom [197], xoTpuii mocainguB paAn GepoMarHeTUKiB, B TOMY YUMCJIL I
3ayai30 Ta HiKennb, mig Tmckom go 0,8 I'Tla. Bigroxi mns 3’scyBaHHS
BILIMBY THCKY Ha TeMIieparypy Kiopi 0ya0 BUKOHAHO 0araTo eKcIiepu-
MEHTiB, OiJIBIIIICTD 3 AKMX CIIOUATKY oOMe:kyBasmaca Tuckamu g0 1 I'Tla
[198, 199], a niguimre Tucku carauau B:xe 8—9 I'lla[200-205].
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3.7.1. 3miwennsa mouxu Kropi

Posmogin aromiB B antTudepomarueraim I'lIII1-Fe 300paskeHo ma puc.
3.8, a [69], a Ha puc. 3,8, 6 HaBeJ]eHO TEOPETUUYHO HMPOTHO30BAHY 3a-
JekHicTh Bif Tmcky marHerHux moMmeHnTiB OIIK- #1 I'IIIII-Fe [69].

Temneparypa Kiopi uucroro 3amnisa (T, = 1044 K 3a HyJILOBOTO TUCKY
[205]) He 3miHIOETHCA 3i 36imbIIeHHAM THCKY mo 1,75 I'lla — rpammi
(hazoBOrO (MapTEHCUTHOTO) IEPETBOPEHHA O—>Y, AKY OYJIO OIepP:KaHO B
[203, 205] 3 GinbIIOI0 TOUHICTIO, aHIXK ¥ [224—226], 3aBOAAKM KpaliuM
eKCcIlepuMeHTaJIbHUM 3acobam (nuB. puc. 3.9, a). Temmeparypy Kriopi
yucroro HikIo0 (T, =627 K 3a mHyaboBoro Tucky [205]) 6ys10 BU3HAUEHO
[202, 205] gna pisumx TuckiB mo 9 I'lla (puc. 3.9, 6): BoHa HeJiHiHHO
3061IIBITYETHCA 3 THCKOM, 0co0imBo Buitie 6 I'1a (puc. 3.9, 6).

Bmius Tucky Ha Temmepatrypy Kriopi mns cromis Fe—Ni 3 TI'IIK-
CTPYKTYpoIO (AK i y unctroro Ni) mocaimsxyBaBca B poborax [204, 205].
SKIo He YMHMUTH HiAKWX 30BHINMHIX BIJINBIB (HATPHUKJIAL, BaJIBLITIO-
BaHHsA), TO Taky 'IIK-cTpyxkTypy Maiorh cronmu Fe—Ni, B AKX KOHITEH-
rpaiisa aromie Ni cranoBuTs 6inbirne 30 Bar.% [205]. Temmeparypa Kio-
Pi TAaKMX CTOMiB CUJIBLHO 3aJIEKUTH BiJl KOHIIEHTPAIlil HiKJIIO I Ma€ MaK-
cumym 6sm3bK0 880 K 3a koumnenTpariii Niy 68 Bar.% [205].

Cmocrepe:xkyBane smimienua T.(p) nna 'IIK-Fe—Ni [204, 205] 30-
opasxeHo Ha puc. 3.10, a. [Ij1a 6iabIIOCTH CKJIALIB 3aJIEXKHOCTI 3MilTeH-
Ha Temiepatypu Kiopi Bix Tucky € HemiHiiHMMU (TPOSABIAETHCA KPU-
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Puc. 3.8. Posnoain cuinis B antudepomaruernivm I'IIII-Fe (Bun 3Bepxy) (a), oe
«bimi» aToMu 3MileHO BiTHOCHO «YOPHUX» B3AOBXK Bici 2z Ha BimcrTanb ¢,/2 (¢,
— IapaMeTep IPUMITHBHOI ejleMeHTapHOI KOMipKHu); ® — HaOpAM CIiHY Ha
yuTada, a ® — IPOTH YNTAYa; XBUJILOBUI BEeKTOP aHTU(EPOMAarHeTHOI CIiHo-
Boi xBuJii k,,=(0,1/2, 0) mnanpamienuii B3gos:K Bici Oy. Maraetni momeHTH
OLK- («kpyskeuru») i1 I'III-Fe («kBagpaTuku») (B oguHUIAX BopoBoro mar-
HeTOHAa B PO3PaxXyHKY Ha aToM) 3a pisHux TUCKiB (0) [69].
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Puc. 3.9. Temneparypa Kropi # rpannmnsa ¢asoBoro neperBopeHHs 00—y Fe (a)
Ta 3mimeHHa Touku Kropi Ni (6) B s3amexsocTi Bix Tucky [202—-205]; cum-

BOJIM — €KCHepUMeHTaJbHi Touku [224—-226].

BuHa). [lasa inBapy 3 36 Bar.% Ni smimtennas T 3 p IiZKOPsETHCA Iapa-
6omiuniit samesxuocTi. Ko smict Ni menmre 3a 30—40 Bar.% , To Touka
Kropi smimyersca momiTHO. 3 migBumieHHAM BMicTy Ni «IIIBHAKiCTE»
amiau T, 3 Tuckom, — dT./dp (TaHTeHC KyTa HaXWJIy AOTHUYHOI 10
T«(p)), — 3meHITyeThCA 3a MoAyJIboM (puc. 3.10, a). Kosu KoHIleHTpA-
ia Ni carae 68 Bar.% , smimennsa T crae gogataim [204, 205].

Ha pucynry 3.10, 6 306pakeno saie:xHocTi Temmneparypu Kiopi i
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Puc. 3.10. 3mimenua temneparypu Kiopi [204, 205] (a), ii xoHIEeHTpaIiiiH]
3aJIeKHOCTI Ta «IMBUAKICTE» ii 3MinM 3 TucKOM (dT/dp),-,[205] (0) mua I'TIK-
Fe—Ni; uncio 6iist kom0l Kpusoi Ha puc. 3.10, a BKasye Bmict Ni (y Bar.%).
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mouaTkoBoi (TooTo mpu p=0 I'lla) Beruumau dT./dp Bixm BmicTy Ni
[205]. 3 pucymky 3.10, 6 merxo GaumTu, mo BeamumHa (dTc/dp),-,
IOPiBHIOE HYJIIO AJA CTOIy 3 Haiibinbimolo Temiepatypoio Kiopi. A B
imBapuHOMy KoHIeHTpamiiiHomy inrepBayii (30—40 Bar.% Ni) smina 3
KOHIleHTpanicio «mBUAKOCTH» (dT¢/dp),-, MIOBTOPIOE CYTTEBUM XapakK-
Tep 3MiHK camoi Temuepatrypu Kiopi 3 KoHIIeHTpaIli€o.

Hna imBapuux cromniB Fe—Ni BoadapTt, 3acTocoByouu Teopito Cro-
Hepa, oJaep:kaB piBHaHHA [227]:

dT,/dp = -A/T, , ne A =2yCvg(E)W2T?;

TYT X — CTHCJUBICTh, V — UHCJO BY3JiB B omwHUIL 00’eMy, Uz —
Bopie marumeron, g(Ey) — TrycTHHA eJIeKTPOHHUX CTaHiB Ha piBHI Pe-
pmi, Tr — TeMmIepaTypa BUPOIKEHHs, KA € HabaraTto GiIbIIo0 3a

remnepatypy Kiopi, C — KoHcTamTa, II[0 BPaXOBY€ MAarHeTONPY:KHil
BHECOK Y BiLJIBHY €Hepriio.

Hocmimxenua imBapHMX B3ajli30HiKJIEeBUX CTOHIB 3a THUCKiB mo 1
TI'lla moxasasu, 10 OCTaHHE PiBHAHHS 3aJ0BiJILHO ONHCYE 3MiIleHHA
remnepatrypu Kiopi B mupoxomy mismasoHi sHaueHb. Bimwmm Toro, i
IOCTimKeHHA ITOKa3aJu, IO BeanunHa A JUIIAEThCA CTAJI0I0 I s
inmux enemenrtis (Pd, Pt), axumu Jgeryiors s3amizo: = 1,7-10* K?/TTla
[205]. 3a Takux ymOB, Koau A He 3MiHIOETbCA 3 TUCKOM (i 06’eMom),
oyJsio omep:xano [205] HacTynmHUI Bupas Aasa KBaapary 1.:

Te = Teo (1= P/po)

ne T.,, — Temmeparypa Kiopi 3a HyJILOBOTrO THUCKY, a p, — THUCK, BHU-
e sIKOro 3HMKAae (PepoMarHeTus3M y CTOIIi.

Bamesxuicts To(p) HA puc. 3.11, 110 OIMCY€ETHCA OCTAHHIM BHPa3oM,
cuoctepiramaca [205] ana imBapHOro cromy FegNigs mig Tuckom 1o 6

0 1 2 3 4 5 6 7 8
Tuck, I'lla

Puc. 3.11. 3ane:xxHicTh KBagpaTa TeMuepatrypu Kiopi Big TuCKy AJA ABOX iHBa-
paux I'IIK-cTromis 3 pisauMm BaroBuMm ckjaazom [205].
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I'Tla (MakcuMaIbHO MOMKINBUI THUCK B eKcmepuMeHTi [205]). IIpu mno-
My MakcuMasabHe aMmitmenHsa T caramo = 250 K [205]. Excrpamnonsimiii-
He 3HAUeHHd p, = 7,2 I'Ila. 3 inmroro 6okry, aaa crony Fe, Ni;, Takoro 3a
xapakTepoMm aMmeHIenHa T(p) He cmocTepiramgoca (ajge MaeMo ImigKpec-
JIUTH, 110 3a3HAUEHUN CKJIAL € OJU3bKUM OO0 «KPUTUYHOTO», KOJIU BCi
BJIACTUBOCTI 3aJ1130HIKJIEBUX CTOIIiB PaJNKaJIbHO 3MiHIOIOTHCA).

Ao xoumerrpaiisa Ni B cromi Fe—Ni e 6iabmnono 3a 48% (TobTo
CTOII He € iHBapHUM), TO HaBeJleHi BuIlle HAOJIMKEeHI TeOPeTUUHI 3aJIerx-
HOCTi He cupanboByIOTh [205]. Mogenb Ajiad TaKoro BUIaAKy OyJoO 3a-
mponoHoBaHo Beiiccom [228]; Bim mpunycTus, 1o 3aaiso B Y-hasi mae
IBa Pi3HI eJIeKTPOHHI cTaHU, a KOKHUI aTOM y CTOIIL Ma€ Taky K KOH(Di-
rypaiiio, Ak i B uncromy metaJi. Takuii Mozesb Ja€ 3a40BiIbHI pe3yJib-
TaTH, IPUHATMHI, IJA 3BUYaHUX (He HaaBUCOKUX ) THUCKiB [205].

3HauenHa Temnepatypu Kiopi 3a atrMocdhepHOr0 TUCKY I «IITBUIKO-
ctu» ii amiEm 3 tuckom (dT./dp),-, Ana geaxmnx I'IIK-cromis Fe—Ni
HaBeaeHO B TabJ. 3.5.

B pob6ori [113] gocaimxeno inBapuauii cron 'ITK-Fe 65, Nij 319 mig Tu-
cxkamu 1o 7,7 I'lla i B remnepaTrypuim intepsadi 4,2—-400 K; pesyasraTu
IocimKxenb HaBegeHo Ha puc. 3.12, a. Ilo tucky 5,5 I'lla T, cumamae
MPaKTUYHO JiHifHO 3 mMiABUINMEHHAM p 3i «mBuakictio» dT./dp = -35
K/I'Tla. I1a Beauunua 61u3bKa 10 podpaxoBaHoi B [229] i 36iraeTsed 3i
crnagoMm anad crony Feg ¢,Nij 35, onep:xarnum B [205]. 3mina Temneparypu
Kropi B nboMy iHTepBaJIi THCKiB OIMCYETHCA JiHIAHUM CIIiBBiJHOIIIEH-
HaAM To(p) = To(0) — op, ne a.=35 K/I'lla. IIpore, Bume tucry 5,5 I'lla
Touka Kropi 6isbin kpyTo cuagae 3i 30iabpmienaam Tucky. Ilpu 7,7 I'lla
depomaruetrna (asa suukae. (Lle osmauae, 1o pepomaraerHa ¢asa 1mo-
ynHae suUKaTu it mpu 5,5 I'lla i moBHicTIO 3HMKae ipu 7,7 I'l1a.)

HartowmicTs, mpu mbomy Ttucky (7,7 I'lla) mpomoB:kye aumiaTucs HoBa
Mar"eTHa ¢asa, AKa 3’ ABIsgeThed e mpu 3,5 'la (puc. 3.12, a).

TomoBaUM pesyabraTom B [113] € BUABJIEHHA i€l 3BOPOTHLOI MarHe-
THOI (cmiHoBOl) ckJomomioHOiI ¢asu (re-entrant spin glass-like phase
[113]). Came Tuck cupuuwnHioe ii moABy. Ik morkasano Ha puc. 3.12, a,
s dasa mouMHAE UiTKO cmocrepiratmcsa mpu p > 3,5 I'lla 3a HUBBKUX

TABJIAIA 3.5. Temneparypa Kiopi T, Ta «mBugKicTh» ii 3MiHE 3 THCKOM
(dT¢/dp),-o ana cronis I'IK-Fe—Ni [205].

Ckuaan, Bar.% Temmnepatypa Kiopi, K (dT./dp),-o, K/T'lla
100% Fe 1044 0

70% Fe—30% Ni 334 -49

64% Fe—36% Ni 491 -35

47% Fe—53% Ni 788 -16,6

36% Fe—64% Ni 873 -4

25% Fe—-75% Ni 858 6

7% Fe—93% Ni 708 5,2
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Puc. 3.12. Temneparypa Kropi axk pysKnia tucky ana imsapy Fej 43, Nig 319 (@)
[113], me 0, 0, A — ekcriepumenTanbHi Touku (FM — depomaruerna dasa, RSG
(reentrant spin glass-like) — sBopoTHsa maraeTHa (cIiHoBa) ckaomnonioua dasa,
SG (spin glass-like) — maruerHa (cminoBa) ckJjomnoni6Ha (asa) Ta AJIA OIIPOMi-
HeHoro (0O) i HeonpoMmireHoro (A) iEBapy Fe, ¢sNij 3, (6) [208].

remmepatyp (< 50 K). Ileit marHeTHU# nepexin mpu 36iJbIIIeHH] TUCKY €
momiOHUM IO Iepexony, Io mependauvenuii AGPUKOCOBUM 3i cIiBaBTO-
pamu B [230, 231], 3 pepoMarHeTHOTO CTaHy y MarHeTHUii, ajge 3 «He-
BIIOPAAKOBAHUMU» (HEKOJNiIiHeapHUMU) CIiHAMU, a IPU IOAAJBIIOMY
361IBIITeHH]I TUCKY — Y Hu3bKocmiHoBuii crau [113]. I[logiouuit maruer-
HU as3oBUil mepexin 0yio mependaueno i pospaxyukamu B [232].

Ha pucynkry 3.12, 6 nmpencraBieHo 3ajie;kHOCTI Temieparypu Kiopi
Big THUCKY maas ompomimeHoro (fiomamu Xe 3 emepriero 80 MeB) i He-
onpoMiHeHoro cromny Fe ¢sNij 5, [208]. Temneparypa Kiopi cnanae 3 mi-
IBUIITEHHAM TUCKY IJIs 000X (OIIPOMiHEHOT0 If HeOIIPOMiHEHOT0) CTOIIiB.
Aue mouaTKOBa «IMIBUAKiCTE» i 3MiHU B ompoMiHeHOMY 3pasKy MeHIIa
3a abCOJIIOTHOIO BEJIWUYMHOI0, aHiXK Yy HEONPOMiHEHOMY 3pasKy:
(dT./dp),-o=—40K/T'Ila i (dT./dp),-,=-53 K/T'lla BigmosizuOo (AuB.
puc. 3.12, 6). 3anexuicts T¢(p) A1 HEONMPOMiHEHOrO CTONY HA PUC.
3.12, 6 BignoBinae gaunum 3 [233, 234] i cBiguuTh IIPO TE, 110 3a IIEBHOT'O
THUCKY aHTHU(EepPOMarHeTM3M MOKe SHUKATHU Uepe3 PO3MIUPEeHHS 3d-
€JIEKTPOHHOTO PiBHSA, IO CIPUUMUHIOETHCA TUCKOM [208]. 3amexHicTh
Ha puc. 3.12, 6, iMOBipHO, MOKHa onucaTu ciiBBigHomIeHHAM [208]

p o< (Teo—Te)"s

tyT Too — TemmepaTrypa Kiopi sa armocdeproro Tucky. [[ns cromis 3i
«caabko OryKaoounMu» eJaeKTpoHamu n = 2 [235]. g HeompoMiHeHOTO
crony (muB. puc. 3.12, 6) ocTanHe HAOJIMIKEHHS NOOpPe BUKOHYETHCH, a
IJISI OTIPOMiHEHOT'0 HaMeHITNi BiIXWJI Bil OCTAHHBLOTO HAOIMIKEHHA —
mpu n = 2,4.
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ITpuuuHOO TOrO, IO «IBUAKICTH» 3MiHU T 3 THCKOM JJA ONPOMi-
HeHoTO cTonry Fe, sNi, 3, € MeHIIOIO (38 MOAYJIBOM), HisK «IIBUAKICTB» Ii
3MiHM B HEOIIPOMiHEHIM CTOITi, MOKe OyTH «KOHIIeHTpaIlifiuuit epexT»,
TOOTO ONMPOMiHEHHS MOJKE€ IIPU3BOAUTH OO 3MiHM KoHIeHTpallii Ni B
crori [208], i 3a TakOro IPUITYIEHHA, 3 OTJIALY Ha PLKHUIIIO TeMIIepa-
Typ Kiopi ompomineHnoro i HeompomimeHoro cromiB (auB. puc. 3.12, 6),
konreHnTpaiisa Ni B onpominenim cromi mae 3poctu Ha 1-2% [208] (x0-
ya, 3 iHIIoro 60Ky, OuiKyBaTu Ha Taky 3MiHy BmicTy cromy Fe—Ni 3
OTJIAAY Ha MaJy piskuuIrio aromoBux mac Fe i Ni mamoimoBipuo [208]).

3.7.2. Da3osuii nepexid pepomaznemur—anmugdepomazHemur

CupuunHeHni THCKOM (ha30BUM mepexin Tuny gepomMarHeTuk—auTude-
poMarHeTuk, mepembaveHnii TeopeTUdHo (AUB., 30KpeMma, [236]), cmo-
crepiraBcsa exkcrepuMeHTanbHO B cToni I'TTK-Fey 55Nig 315 [213]. ABTOPHI
[213] BuaBunu, mo B I'TIK-Fe, 435Nij 3,5 BuIlle KPUTUUHOTO TUCKY Y 5,8
I'lla 3a HUBBKUX TeMIlepaTyp IPUCYTHI# aHTH(epOMarHeTHUU IIOpA-
IOK; IpU moJaabiiriM 30iabi1eHHi TucKy HeesleBa TemmepaTypa 3pocTae.

Excnepumenranbhi pesyabratu [213] MoKHa HOpiBHATH 3 poapa-
xyakamu aasa I'IIK-Fe; 6yiao BuABIeHO, IO MarHeTHUH MOMEHT (e-
pomaruerHoro I'IIK-Fe pisko ameHIIyeTbcsT 3i 3MeHINIEHHAM 00 €MY
[232, 237—240], 110 MOKe CBiTUMTH IIPO MOKJINBY 3MiHY MarHETHOTO
nopanKy (dpepomarmeruk—anTudepomaruetur) [238—240]. 3 mux po-
3paxyHKiB O0yJ0 olep:KaHO KPUTHUHE 3HAUEHHS IIapaMeTpa I'PaTHUII,
HU)KUYe AKOro CTAEThCA Pi3Ka 3MiHa MarHeTHOTO MOMEHTY.

g mopiBHAHHSA PO3paxOBaHUX 3HAUYEHb I[HOT0 KPUTUYHOTO IIapa-
metpa rparHuii I'IIK-Fe 3 ekcmepumentambHuM [213] KpuTHUYHUM
sHaueHHAM napametpa rpartuurni I'IIK-Fe—Ni, 3a axoro BimbyBaeThca
¢da3oBe IIePETBOPEHHA (hepoMarHeTUK—aHTU(PEPOMATrHETUK, HaBeAEeHO
B Taba. 3.6. Ax BugHO 3 1miei TabauIli, eKclIepruMeHTaJIbHEe 3HAUEHHS
ao. [213] mna T'IHK-Fe; 35Nij 35 c1abko BigpisHsAeTbCcA Bij TeopeTuu-
Hux 3HaueHb [232, 237—-240] gna I'lIK-Fe. Ocob6amBO XOPOIIIOIO € Bi-
IIOBITHICTD 3 eKCIIEPUMEHTAJIbHUM 3HAUEHHAM IJIA )., 00UMCIEHOTO
y [240]. Mo:xamBo, Taka BiAIOBiZHICTL € OOYMOBJIEHOIO THUM, IIO
aTOMOBHI pajiloc HIKJIIO W eJeKTPOHHa KoH@irypailia #oro aroma
O0JM3bKi 10 aTOMOBUX pafitoca i eJeKTPoHHOI KoHbirypariii Fe [213].

TABJIUAIA 3.6. Teoperuuni i eKcnepuMeHTaJNbHI 3HAUEHHA KPUTHUUYHOTO
nmapamerpa rpatHuti a, ajasa 'IIK-Fe i TTIK-Fe—Ni.

Teopia ExcnepumenTt
Fe Feg 655Nio 515

o, A| 3,5883 | 3,6670 | 3,6425 | 3,5450 | 3,6360 | 3,54+0,01
[237] [238] [239] [240] [232] [213]
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3.7.3. CnpuuuHneHna iH6APHOZO ehexmy

Tuck MoKe cupuaTH imBapHOMY edeKTy y cromax Fe—Ni (#aBiTh 3 Buco-
KuM BMicToM Ni); Buepire meii e)eKT eKCIIepUMeHTAJIbLHO CIIOCTePiraBcs
HyopoBincbkum 3i cumiBaBTopamu [206]. ABropu [206] mipasam cmis-
BigHOmeEHHA THCK—00’eM V(p) maa cromiB Feg¢Nijzs, FegssNipys 1
Feg 50Nip go. ¥ IeBHIM iHTepBaJi TUCKY MOAYIb 00’€MHOI'O CTUCHEHHSA He
3MiHIOBaBCA i HaBiTH Mir 3MeHIITyBaTHCA 0 IIEBHOTO MiHiMaJbHOTO 3HA-
YeHHs, a IOTiM 3HOBY 3pOCTaB 3a BUIITUX THUCKiB (puc. 3.13, a). PucyHnok
3.13, 6 nemoHCTpPYE, 1110 ITPU 7,7 I'Ila i B TemmepaTypuim inTepBayi 291—
500 K o6’em crony Fe, 55Nij 45 IpaKTHUHO He 3MiHIOEThCA (KoedimieHT
TepmiuHOro posmupeHHsa craHoBuTh 0,2:107° K™'); mpore, npu 0,41-
28,3 I'lla Hisgxoi aHoMaJIil y TepMiuHiM pO3IINPEHHi He cIocTepiragocs.
Amnanoriuno, gna Fe, 5Niyg, npu 12,6 I'lla KoedinieHT TepMigHOTO
POBILINPEHHA € Maiiyke HYJIHOBUM 3a Temiepatyp o 460 K. Orxxe, 3a Bu-
cokux p B cronax Fe, 5;Nij 45 (mpu = 7,5 I'Tla) i Fe, 5Nij g0 (mpu = 12 I'T1a)
Koe(il[ieHT TepMiuHOTO PO3INMPEHHA IIPOABJIAE aHOMAaJiio, MO CBiA-
YUTH PO CIPUUYNHEHHA TUCKOM iHBapHOTo eeKTy B 1ux cromnax [206].
3posymiTu cnocrepe:xkeruit y [206] edeKT MOKHA 3a TOIIOMOTOI0 MO-
nmeiio 3 [231]. 3rigmo 3 muM, eHeprii 38 A3KYy B cronax Fe—Ni i1 cam iH-
BapHUH edeKT moB’sA3aHi 3 (a30oBUM IIepPexoI0M BUCOKOCIIHOBOTO (he-
pomarueTHoro crany Fe 3 Bucokumu nutomMuMu o6’emamu [228, 340] y
HekoJiHeapHi KOHGpiryparii (KiTbKicTh AKMX Bce 306iJbINTYyeThCA) 3 HU-
sbKuMHU nuTomMumMu 06’emamu [206] (gus. puc. 3.14). B cromni Fe, ¢,Nij 36
el mepexig BigOyBaeThcAa HABKOJIO PiBHOBasKHOTrO 00’eMy 3a aTMocde-
pHOro THCKY. IIpu 36inbimenHi KoumenTparii Ni BrcoKkocIiHOBHI cTaH
Fe crae Bce crabinmbuimum [124, 230, 241], i ayd «cTUMyJIIOBaHHA» He-
KoJsimeapHuX («(PyCTPOBaHUX») MArHETHUX MOMETIB BiKe HAJIEKUTD
nmpukJgactu Tuck. OTike, y BigmoBigmocTi 10 Takoi Teopii [231] morkHa

400 1,025+ 1
: | I FeyyNi,,.; 0,41 T'Tla
1 Fey Niy g0 ¥ i
2 Fey g, Nig a5 ]_02(}<| 2 Fey5Nip 455 7,70 TTla ad
300 3 Fcn.s;aNin.::'. 3 Fey 5 Niy 453 28,2 T'lla "
C i 1,015 | 4 FeyyNigy; 12,6 ITla |+
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s “ . :! 3
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Puc. 3.13. Sanexxnocti moxynsa o6’emuoro crucHenHA Fe—Ni Bix Tucky (a) ta
BigHOIIeHb 00’emiB Fe—Ni micaa #1 o cTucHeHHA 3a Pi3HUX TUCKIB Big TeM-
nepatypu (6) [206].
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71,9 68,6

Puc. 3.14. Camoy3sron:xeHi HeKoJiHeapHi MarHeTHi (cminoBi) KoHpirypamii B
I'TTK-Fe—Ni 3a pisanx 06’eMiB (3a3HaueHUX B YMOBHUX oamHUIAX) [231]. Be-
JUKi I MaJIi cTpisiku mo3HavaioTh MarueTHi momeHTH Fe it Ni BignmoBigwo.

OYiKyBaTH IIPOSB CHPUUYMHEHOTO TUCKOM iHBAPHOIO e(eKTy B 3a/I1i30Hi-
KJIEBUX CTOIIaX, IO ¥ migTBepAuB eKcriepuMeHT [206].

3.7.4. Excnepumenmanvri daHi cmoco6éHo gidcymHocmu
maznemusmy 6 I'lllII-Fe—Ni 3a nusvkoi (11 K) memnepamypu

3amizo, mo mae OIIK-KpucramiuHy CTPYKTYpPy 3a aTMoc(epHOTo THC-
Ky, neperBopioeTbea y I'IIIII-dasy (e-pasy) nmpu Tucky = 13 I'lla (gus.
puc. 2.1, 2.4) [223]. ArTudepomarueTHuil OCHOBHUU cTtaH £-Fe OyJio
HEOMHOPa30BO IiepembaueHo TeopeTwuuHo [67-69, 242-246]. Ilpore,
B:Ke Osm3bKo 50 pokiB, 3 Tmx mip, Ak &-Fe Oysmo cumTesoBamo [247],
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HadABHIiCTH (epoMarHeTuamMy ¥ HAJATOHKOTO MATrHETHOTO IIOJA
(hyperfine magnetic field [223]) e Komuoro pasy He (ikcyBayucsa B
eKCIIepuMeHTaX, II0 I'PYHTYIOTbcA Ha MeccOaBepoBiMm ederTi [248—
250]; 1me € 03HAKOIO BiICYTHOCTM CTAaTUYHUX MATHETHUX MOMEHTiB
a00 MarHeTHOT'O HMOPAAKY.

HemomaBsui pospaXxyHKM B paMKaxX Teopil (pyHKIioHasly rycTUHHI
(density functional theory [223]) mosicHIOIOTH 3HMKHEHHS HAITOHKO-
ro margetrHoro moJssa B aHTudepomarsetHim I'IIIII-zamizi «racimaam»
mosApuaalii oaykaounMu ejdexTpoHamMu [67—-69]. Ila rimoresa mosc-
HI0O€ YoMy He 3adikcoBaHO HAATOHKe MarmerHe moJsie B Mecc6GaBepo-
BUX eKCIIepUMeHTaX, ajie 30epirae MOKJIMBiCTL aHTU(hEepPOMAaTrHETUIMY
e-Fe. Po3paxyHKku B pamMKax Teopil (pyHKIIioOHAJy I'yCTHUHU AJS aHTH-
¢epoMarHeTHOl CTPYKTYpPH MHOKAa3aJM iCTOTHO Kpallle IIOTOIKeHHS 3
piBHAHHAM CTaHy U MipAHHAMHU IIPYKHOCTHU, HiK «HeMarHeTHi» po3s-
paxyHku [68], i moacHuaIu posmenygeHHs PamanoBoi mMoau r'paTHUIL
e-Fe [251, 252] BigmoBimauMu pospaxynxamu [69]. Buineckasame i
HeIoJaBHE BiIKPUTTA HOBOTO TUIY HammpoBimHoctu e-Fe [253] cBin-
YaTh NP0 BaKJMBICTL BHU3HAUEHHS KOPEKTHOTro craHy €-Fe, mio i Ha-
Marajucs 3poouru aBTopu podoru [223].

30ym:KeHHSa OOMINTKaMU JHOKAJbHOTO HAATOHKOTO MATHETHOTO IIO-
JI Ha aToMax ° Fe mociimskyBajocd i3 sacTocyBaHHAM MeccH6aBepoBUX
excrepuMeHTiB [254—-256] Ta CIEKTPOCKOINil sSAepHOTO MAarHeTHOTO
pesoHamcy [257, 258]. AToMHu pPO3UMHEHUX IEPeXifHUX MeTajiB, 30K-
pema, atomu Ni, CIPHUUMHIOIOTH 30iJLINIEHHA MarHeTHHUX MOMEHTIB
cyciguix aromiB Fe, samMiHIOIOUM eJleKTPOHHY mojdpuaaiiiio [254, 256,
259]. o Toro :x MarHeTHIi MOMEHTU PO3UMHEHHX ATOMIiB CIPUYMHIO-
IOTh IEePEePO3IOAiJ I'YyCTUHU CIIiHIB eJeKTPOoHiB mpoBimHocTu. HaaToH-
Ki marHetni moas Ha atromax Fe 3 cycimmimm aromamum Ni B OILLK-
CTOIIaX BiAPiBHAIOTHCA Ha OECATKHU KiJoraBciB y IOPIiBHAHHI 3 YmC-
TuM 3ajaisom [223].

Hna mepeBipku imei (rimoTesm) mpo BiACyTHicTH B aHTHU(eEpoMarue-
THiM €-Fe HaATOHKOro MarHeTHOrO HOJIA Yepe3 «3racaHHs» CIIHIB B
pobori [223] 6ys0 3acTOCOBAaHO CHMHXPOTPOHHY MeccOaBepoBY CIIEKT-
pockomito gua cromy I'IIII-Fe, ¢,Nij s mpu Tucky 21 I'lla i Temnepa-
Typi 11 K. ABtopu [223] ouikyBaau, 10 y BUIAAKY CTAaTUUYHUX Mar-
HeTHUX MoMeHTiB B aHTu(epomarsHetruim I'IIII-zaiisi, jseropanim Hi-
KJeM, OyAYyTh HPOSABIATHCA HeMaJi HAATOHKI MarseTHi moJs. Aule,
He 3Ba’Kalouy Ha Te, IO Pe3yJbTATH TEOPETHUHUX PO3PaxXyHKiB B Ha-
OonmmakenHi ysarambHeHoro rpamienty [223] mzna magcrpyxktypu I'IIII-
Fe;Ni (puc. 3.15) cBigumau mpo Te, 110 aHTH(EpPOMarHeTHa CTPYKTY-
pa € 6inbIn crabinbHOIO B TaKiit HagzcTpyKTypi npu 21 I'lla i 0 K, mHix
depomarmeTHa abo mapamarHetrHa, B MeccOaBepoBiM eKcIepHMeEHTL
HaATOHKE MarHeTHE II0Jie He CIocTepirasocs.

Byno Bucymyro [223] nBi MOKIMBI IPUUYMHU AJA TOSICHEHHS PO3-
OisKHOCTell MisK po3paxXyHKaMU M eKCIepPHUMEHTOM.
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Fe Fe Fe Fe Fe Fe
® —o GO &>— ©
Fe .- /Fe Fe Fe
@ L+ ® [+
Ni Ni Fe Fe Ni Ni
® (6] ® o] ® ©
@ [+ O, ©
Fe Fe " Fe Fe
® —© “F—@ o— ©
Fe Fe Fe Fe Fe Fe

Puc. 3.15. AuTudepomaraerna HagcTpyKTypa [223] T'IIIII-Fe,Ni (Bug 3BEpPXY).
Toukm — opieHTaIia CIiHIB Ha YNTaya, MJIIOCU — HABIPOTU UynuTada. « JOpHi»
aromu Fe i «cipi» aromu Ni 3 6i710(0 TOUKOIO BCepeAUHi € 3Mill[eHUMH II[0I0
«0inmux» aromiB Fe i «cipux» aTomiB Ni 3 YOpHOIO TOUKOIO BCepequHI B3I0BIK
Bici z Ha BixcTaHb ¢/ 2 (¢, — mapameTtep ejieMeHTapHOI KoMipku) [223].

ITo-mepiie, HaOIMKEHHS y3aralbHEHOTO T'PAJIi€HTY MOXKe IaBaTH
HeBipHHI pe3yJbTaT PO3pPaxXyHKY MArHEeTHOTO MHOPSAKY, HPUYiM, II0-
MUJIKa MOKe OyTH He3HadyHO y (BipHOMY) mepenbaueHHi Tucky (= 10
I'Tla), 3a arxoro BimbyBaerhca ¢aszoBe OILIK—TIIII-nmepeTrBopeHHA
(o—¢€), ajye icTOTHOIO B KiHIIEBIiM PO3PaxyHKY.

ITo-npyre, kBauToBi (urroxTyarnii [260, 261] 3 nepiogamu, HabaraTo
KOPOTIINMMM, aHiK Yac KUTTA 30YAKEHOT0 CTAaHy sapa, pPobJsaTh He-
MOKJINBOIO (piKcallito HAATOHKOrO MAarHETHOTo moJisi B MecOaBepoBim
excrnepumenTi. IToxi6bua curyaris mana micie guas crouny Fe—Al, xo-
U mepenbaueHU Teopieo PyHKI[IOHATY I'YCTUHM MarHeTHHM CTaH He
cIIOCTepiraBcs B eKCIepHMMEHTi (Xxoua TOAi PO3paxXyHKHU B paMKax IU-
HaMiuHOI Teopii cepegHBOrO IIOJII KOPEKTHO mependaumiiy IapaMmar-
HEeTHUU cTaH ueped ciiHoBi ¢urrokTyarii [261]). Caig Takosx 3a3HaUM-
T, mo I'IIII-rpaTHUIS € reoMeTpUUYHO (PPYCTPOBAHOIO IO BiJHOIIIEH-
HIO 10 aHTH(hEpOMArHeTH3MY; TAKOXK Bimomo, mro (uookTyarmii Bimi-
rpaoTh BasKJIUBY PoJib y Qisuili 6aratbox pycrposanux (aHTHDEPO)-
Mar"eTukis [262, 263], B akux (urokTyarii CriHiB cAramoTb BeJIUUYNH
y Kinbka rirarepi. OT:ke, He OpaTu m0 yBarm Taki ¢uiokTyarii i y
BUIagKy 36araueroro 3ajaisom cromy I'II[II-Fe—Ni e mo:kHa.

MoskauBa #1 TperTsa HpUYMHA BiICYTHOCTHM HAJATOHKOTO MATHETHOTO
moJIsI B eKcOoepuMeHTi (xoua aBTopu [223] BBa:karoTh ii MaJouMOBip-
HOIO): MArHeTHUU MOPAJOK MOXKE «TaCUTHCSI» aTOMOBUM MHODPAAKOM, a
TouHime, «0e3jgamoM» y PO3TAIlyBaHHI aTOMIB y HEBIOPSAIKOBAHIM
Fe—Ni (ma Bigminy Bim BmopsamxkoBanoi cTpyktypu Fe,Ni, mma akoi i
BUKOHYBAJINCSA TEOPETUYHI PO3PaxXyHKH).
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4. CTATUCTUYHA TEPMOJNHAMIKA TA ®ISUYHA KIHETUKA
ATOMOBOI'O IIOPARY CTOILY I'TR-Ni—Fe 3A HY JIbOBOI'O TUCRY

Ileit po3ais mpucBAYEeHO KOHKPETU30BAHOMY 3aCTOCYBAHHIO CTATUCTUY-
HO-TEePMOJAMHAMIUYHOTO MOJIEJIO OJA KiTbKiCHOr0 BU3HAUEHHS IIapaMeT-
piB o6MiHHOI B3aeMomii, eHeprii «3mimanua» (MarHeTHMX) aTOMIB 3a-
mimmenHasa Ni i Fe na Bysnax 'IIK-rpatauti, 3’AcyBaHHS POJIi MarHeTu-
3MYy IIMX KOMIIOHEHTIB (i BOJIMBY Ha HBOT'O JIET'YBaHHAM JOMIiITKaMU BTi-
JeHHs) y GOpMYyBaHHI CTPYKTYPU M TEPMOIMHAMIUHUX BJIACTHUBOCTEMH
crorry Ni—Fe, a KiHeTUYHOroO MOAEJII0 — IJIS JOCJHi?KEeHHS eBOJIIOIil
aTOMOBOTIO ITOPAAKY (HacamMmIepen, B IepMAaJjioio) 3a HyJILOBOTO THUCKY.

4.1. Mogexp GiHApHOTO CTONMY 3aMillleHHSI 3 000Ma MArHeTHUMH
KoMmmoHeHTamu Ha By3jax I'I[K-rpataumni

Huxde posriisHeMo po3unH 3aMimienHd 3 N4 i N® aromamu 1Box copTiB,
— A (ocHOBHUU KOMIIOHEHT) Ta B (JeryBaJbHMI KOMIIOHEHT) BiATIOBiz-
HO, — III0 MOKYTh (Iepe)posnoginaTucsa no N = N* + N? pysnax geaxoi
IynKoi rpaTHuIi (AKy 3a3BUYail Ha3UBaIOTh I38iHT'0BOIO I'PATHUIIEIO).

Y npuiHATIiM KOoHQpIrypamiiHiM MoAe 0 3aJIeKHy Bil MiKaTOMOBHX
B3aeMOJili yacTuHy ['aMiJIbTOHiIAHY MapaMarHeTHOTO CTONY MOXKHA 3a-
OUCATH Y BUTJISAII:

AH,,, = . Z I:WAA (r,r)c, (r)c, (r) + W (r, 1), (r)ey () +

rm E e
+2W*(xr,1)c, (r)c, (r')} , (4.1.1)

ne W44(r,r’), WE(r,r"), W3(r,r’') — cyMa HeMarHeTHHUX («eJeKTpOXeMi-
YHOTO», HedopMaIliliHO-iHAYKOBAaHOTO TOI0) BHECKiB B eHeprii B3aeMo-
mii ;Box aTomiB A, n1Box aTomiB B Ta gBoX aToMiB A i B BigmoBigHO, 110
3HAXOIATHCA ¥ ByaJyax rir’ Isiarosoi rparuui. Beanunnn c,(r) (i c(r))
— BUIIAAKOBi QYHKIIiI, 1110 HabyBaoTh 3HaueHHsa 1 a6o 0 B 3aaeKHOCTI
BiZ TOTO, 3aHHATHI BY30J r aTOMOM cOopTy A (uu B) ab0 HaBIaKu.

SAKI10 BUKOpPHCTATH OUEeBUAHI CIiBBigHOIIEHHS C, (1) +cp(r)=11i

ZCB(I') = NB s

a TaKOXX YyMOBY KpuctaJjorpadiuHoi eKBiBaJIEHTHOCTH BCiX BYS3JIiB
Izsimrosoi rparuui, To ogep:kumo Bupas [13]:

- 1 l4 l4
AH = A+ = 3 0 (110,00, (), (4.1.2)

Ie Wym(r,r’)=W(r,r’) + W23(r,r’) - 2W*5(r,1’) € Tark HasuBaHi eHeprii
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«3mimanua» w(r,r’) aromiB A i B y mapaMartseTHiM cTaHi cTomy, a

AHp % = (N - 2N")W*(0) /2 + NEW42(0),
W4(0) =Y W*(r,r), W*(0) =Y W*(r,r).
r T
(OckinbKku B JaHIM pO3Aiii pos3riasagaloTheA JUIe MOJeNi 3a HyJILOBOTO
TUCKY, TO AJIs CKOPOUEHHSA 3aIIMCy IIOKH IO He IMUIITEMO iHIeKC «HYJIb»
0inqa eHepreTUYHUX MapaMeTpiB, 30KpeMa, 0i/1sa eHeprii «3mMimmanHsg».)

Tenmep came BumagkoBa BeamuuHa c(r)=cy(r) xapakTepusyBaTUMe
pOBIOoia aTOMIB 3aMiIlleHHA Y BY3JOBUX ITO3UIIAX, IITO0 YTBOPIOIOTH 13i-
HI'OBY I'paTHUuIio. IIpore #10ro craTUCTUYHO-TEPMOAVHAMIUHUI onUC V
Me:kax (0e3KopenAllifHOT0) HAOJIMIKEeHHS caMOY3TOAKEHOTO IOJIA MO-
JKHa 3iICHUTHU 3a JOmOMOroio ogHouacTuHKOBOI ¢yukIii P(R)=(c(R))
— WMOBipHOCTU 3HANTH aTOM copTy B y By3Ji npuMiTUBHOI eTeMeHTap-
HOI KOMipKU 3 «mouaTKkoM» y Toulri R Isinrosoi rpaTHuIii Ha ocHOBI I'pa-
THUII BpaBe (CHMBOJIOM (...) TTO3HAYEHO MIPOIEAYPY YCEPEeAHEHHS 110 Ka-
HoHiunOMy I i66c0BOMY aHcamGio) [13, 14].

Axmro eneprii «smimanua» w(r,r’) = w(R — R’), o BigmosigaooTe mna-
PHUM Mi’KaTOMOBHM B3a€MOIisIM, BimMiHHI Bij HyJ A JwuIle aasd HaM-
OJMMKUYMX CYCiZiB, a By3/IM YTBOPIOIOTH IIPOCTY I'paTHUIIO Bpase, To 1ie €
Tak 3BaHUU KISCUUYHUH I3iHT'iB Mogenb A1 6iHAPHOTO CTOMY.

Bigomo, 1110 B HaOIMKeHHI caMOy3TOIKeHOT0 I0JIS CTATUCTUYHA Tep-
MOIWHAMIiKA CTOITY BUSHAUAETHCA AEeKiIbKOMA €eHEePreTUYHUMU IIapaMeT-
paMu MizkaToMOBUX B3aemoxiii [13, 14] (quB. Tako:x [25] i 6i6miorpadiro B

Hiii), a came Betmunnamu w(0) , w(k,), ..., wk,), ..., w(ky ), — DPyp’e-
KOMIIOHEHTaMU eHepriil «3MilmanHa», —
wk) =Y w®-R)e ™ ®® (4.1.3)
=

y touni k' = 0 (y crpyKTypHIM Bysii 06epHEHOTO IPOCTOPY) Ta B TOUKAX
ki, ks, ..oy Ky ooy Ky (Y HAACTPYKTYPHUX BY3JIAX 00€PHEHOI'O IIPOCTOPY,
110 3BHAXOIATHCA B MesKax mepiroi BpiniatoeHoBoi 3ouu rpaTauIli Bpase i
HaJIeKaTh J0 3ipOK S PiBHMX XBUJILOBUX BeKTOpPiB). KinbKicTs mux ma-
paMeTpiB mopiBHIOE uucay miarpatauns M, Ha ki migposginserbes 13i-
HI'OBa I'DATHUILA CTOITY IIpu BrnopsaakyBauHi. ¥ Bunagky I'IIK-tBepaux
PO3UMHIB TAKMMHU KJIIOUOBUMU €HEPreTUUYHHMU IlapaMeTpaMu €, Ha-
camnepen, w(k™) i w(0), ne k*(k ksks) — ne k, =2na;, k, = 2Tta2
abo k, = 27:::13 , TOOTO HAJMEXKUTh X -3ipIri XBUIBLOBOTO BEeKTOpa, II0 Bif-
nom,z:ae rourti (100) (a6o (010) uu (001)) obeprenoro mpoctopy I'TIK-
rpaTHUI # «TeHepye» [13, 14] magcrpyxkTypu tTuny L1, abo L1, (puc.
4.1, a, 0); a;, a,, a, — OCHOBHi BeKTOpH TpaHCIALil 06epHEHOI I'parT-
Huni B Hanpamkax (100), (010)i(001) sixzmosiguo (puc. 4.1, 8).

Takox Bimomo, 1o y crounax I'ITK-Ni—Fe cmocrepiratorscsa ¢asosi
IePeTBOPEHHS TUIY Jag—0esjial, B pesyJbTaTi AKUX 3 HEBIOPAIKOBA-
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Puc. 4.1. TIIK-wagctpykTypu tuny L1, (a), L1, (6) Ta nepma BpimrtoeHoBa
sona I'TK-rparauni (s). {I', X, W, L, K(U)} — BucoxkocumeTpiiiHi Toukm,
{a;, a,, a,} — OCHOBHi BeKTOpPM TpaHC/AIii 0GepHEHOI I'PATHUII.

Horo I'lTK-po3umHy yTBOPIOIOTHCA (HAH)CTPYKTYPU 3aMiIlleHHS TUITY
L1,-Ni;Fe (puc. 4.1, a) a6o L1,-NiFe (puc. 4.1, 6) [13, 14]. (IIpo meaxi
YMOBU CTabiIbHOCTI TaKUX HAACTPYKTYP iimersesa v JogaTky A.)
Kopenanii y B3acMHIM posTaliryBaHHI aTOMiB He BpaxXOByBaTHMEMO.
MeTom0I0 CTATUYHUX KOHIEHTPAliliHUX XBUJIb ¥ [13, 14] mokasaHo, 1110
crpykTypu tuny L1,-Ni—Fe onucyoThca HACTYIIHUM PO3MOIiJIoM HMO-
BipHOCTe! 3aMiIlleHHA BY3JIiB aToMaMu JIeTyBaJIbHOTO KOMIIOHEHTA:

P(R) = ¢, +NER), E(R)= i[e”“a?f‘ + R g (41 4)
a crpyxktypu tuny L1,-Ni—Fe omucyiorsea poamoxisom [13, 14]:
P(R)=c, +NER), ER)-= %ema{“; (4.1.5)

TYT Cp — BiZHOCHA KOHIIeHTpallia eixemeHTy 3amimenua B B I'IK-
KpHuCTaJIi Ha OCHOBi eJleMeHTy A, | — IapaMeTrep AAJeKOTO IOPIAKY.

AKmo B HAOMMKEHHI caMOy3TOAKEeHOro MoJd migcTaBuUTH (HyHKINIL
posmoziny (4.1.4), (4.1.5) y Bupas ana KoH(pirypamiiino-saie:xHOI
YACTUHYN BHYTPIIIHBOI eHeprii cTomy 3 mapHUMHN MisKaTOMOBUMMU B3a-
emomiamm [13, 14],

AU,

conf

= (AH

prm

)= AU

Oconf

N % 3 S w(R - R)P(R)P(R) , (4.1.6a)

ne AU gon: = (AH§ B), Ta y BUpas aus Koudirypamiiinoi earpomnii [13, 14],
AS,.s = —ky ) [ P(R)In P(R) + (1- P(R))In(1- P(R))], (4.1.66)
R

conf —

e kg — BosbiMaHHOBA cTaja, MAaTIMEMO BUpasu AJid KoHGMIryparii-
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HUX BHYTPIIIHBOI eHepril ¥ eHTpomii cTomy 3 BiATIOBIAHWUM THIIOM aTO-
MOBOTO IOPAAKY B HapaMarHiTHIM cTaHi:

conf — Oconf

A'Sconf = _%{3 [cFe_gjln(cFe_gj + 3(1 - CF9+2)IH(1 - cFe+2j +

3 3 3 3
+(cFe+anln(cFe+an + (1 - cFe—an ln(1 - cFe—Znﬂ; (4.1.706)

AUconf = AUOc:onf + %[ZJ)(O)clie + inzﬁ)(kx )} ’ (4.1.8a)

AS, ; s—kBN cFe—n In cFe—n + l—cFe+H In l—cFe+H +
2 2 2 2 2

n n n n
J{%ﬁgjln[%ﬁgj + (1 - cFe—E) ln(l - CFQ—EH . (4.1.80)

¥V Bupasi (4.1.7a) Bexkrop k* Hase:xKUTHL TPUIPOMeHeBiii 3ipIi XBUIBOBO-
ro BeKTopa, axuit Bigmosigae Touri (100) obepuenoro mpocropy I'ITK-
I'paTHUIIi, IO Tr'eHepye (Ham)cTpykTypy tumy L1, 3i crexiomerpiero
Ni;Fe y nmepmasoiioBim crormi. Taka HagcTpyKTypa 3i cTexioMeTpUUHUM
cxaanom Fe;Ni B iHBapHiM cTomi Tako:k Maja 6 OIMCYBATHCS PO3IIOIi-
gom (4.1.4) i supasamu (4.1.7a), (4.1.76), me samicTb cp, CIig migcras-
JIATH Cy;. JL0 Tiel 2 3ipKM XBUJILOBOTO BeKTOpa HaJIeKUTh i BekTop k¥ y
dopmyai (4.1.8a), ame posmoxin mmoBipHocTeir (4.1.5) ommcye imry
(Ham)cTpyxTypy Tuny L1, 3i crexiomerpieto FeNi B erinBapuim cTormi.

HasasuicTts maraetusmy B cromax Ni—Fe icToTHO ycKIaaHIOE aHATiIZY
miei cucremu. B migposnini 3.1 saszHauajocs, 110 3a eKCIIEPUMEHTAb-
HUMU TaHUMHU IIPO KOHIIEHTPAIliliHi 3aeKHOCTI ITOBHUX CIIiHiB aTOMiB
Fe i Ni BesimunHYN [UX CHiHiB IpaKTUYHO cTaai (100au3y 3Hauenb = 1,4 i
=0,3 gaa Fe i1 Ni sBigmoBiguo) Big 100% Ni asx m10 iHBapHUX KOHIIEHT-
pamii [81, 95, 97, 99-103, 106]. [Ina BusHaueHHs BiJIbHOI eHeprii Ta-
KOl cuCTeMHU CIiHiB F,,,, MOXXHa BUKOPUCTATH MOAu(piKoBaHuUl (Ha BU-
HaJloK CTOIIY ABOX KOMIIOHEHTIiB, MOHU AKNX MAaOTh MATHETHI MOMEHTH)
Taiizenbepris Mmomesb. 3rifHO 3 UM MOZEJIbOM, III0 HEXTYE aHi30TPOII-
HUMH 1 aHTUCUMETPUYHUMU CIIiH-CIIIHOBUMY OOMiHHUMM B3a€MOJisIMU
B cromi Ni—Fe, cuinosuii 'aminbromisan (y HabamKeHHI mapHoi B3aeMo-
il cIiHOBMX MOMEHTiB HOHiB) BUTJISIAA€ HACTYITHIM YMHOM:

AU . =AU. . + %[ﬁ)(O)cﬁe + %nzw(kx)}, (4.1.72)

1 V4 V4 ~ ~ V4
H,=> > {Jpere R = Ry (R)ey (R )(sFe (R)-s, (R )) +
R,R’
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+ s (R — Ry, (R)ey, (R) (;Ni (R)-5,, (R’)) +
g (R = R)ep (R)ey, (R) (8, (R) -5, (R) +
+Jr (R~ R)ey (R)6 (R) (5, (R) -, R))},  (4.1.9)

ne s_(R) ra s,(R) — omepaTopu MOBHUX CIIiHIiB aTOMiB e1leMeHTiB O i B
(o, p = Fe, Nig y Byssnax R ta R’ Bigmosinuo; J3(R —R’) — HesamexHi
Bim opienTarriii (o0 rpaTHMIli) CIIiIHOBUX MOMEHTiB aTomiB o i 3 mapa-
MeTpu oOMiHHOI B3aemoxil Mmisk Humu y Bysaax R i R’; ¢y (R) — Bumag-
KOBa BeJuumnHAa, 1110 gopisuioe 1 uu 0, koau y By3Ji R € atom Fe a6o Ni
BigmoBigHO; ¢;(R) =1 — cp(R). Tax, MHOKHUEK Cp.(R)cr.(R’) y T'aminbTro-
Higxi (4.1.9) mae BpaxyBaTu TOi GaKT, 10 BHECOK Jp.p.(R — R’) mpucyT-
Hili B oOminuim aminbToHiSHI Beiel cucTemu ciiHiB JuIie Toai, KOJIU y
BysJaax R i R’ sHaxogareesa came aromu Fe. YUepes BUKOHAHHA ycepe-
HeuHda [aminbToHigHY (4.1.9) Iuilie 3a cIiHOBUMY 3MiHHUMM, OJEPIKI-
MO IOJATOK 0 MOJAEJBHOro KOH(pirypariiino-zane:xkaoro I'amimbToHiA-
HY, B AKOMY e(peKTUBHUM YMHOM BiZo0pakaoThCA BHECKH BiJ JOJaTKO-
BUX «e(PeKTUBHUX» B3a€EMOJill aToMiB-HOCiiB cHiHiB (0OMiHHUX 3a IpH-
pOZ0I0), 10 OOYMOBJIEHI «afisibaTMYHMM» HPUCTOCYBAHHAM CIiHOBOI
migcucreMu 4o KoHdiryparrii posramysanus ioHiB {c,(R), o. = Fe, Ni}:

(F.), = 5 2 e B R[5, R) -5, (D)) s, (e, ) +
e (R — R’) <(§Ni (R)- éNi (R/))>Sp CNi(R)CN-l(R,) +

(R~ R) (5, (B) -5, (R)) n(R)ey, (R) +

i R-R) (5, (R) 5, (R'))>sp cNi(R)cFe(R’)} . (4.1.10)

3a o3HAYEHHSIM yCcepeqHeHHS 3a BCciMa OpieHTaIlisM1 CIIiHOBUX MOMEH-
TiB aTOMiB 000X KOMIIOHEHTiB

(), = Tr{(...)exp[_z;g]} / Tr{exp(_ fT]} |

Y wmamnpocrtinriM, 6e3KOPeaAIiiHIiM HaOMMKEHHI CaMOy3TOoIKeHOT0
oJid ((0ZHOEJIEKTPOHHIM) HAOIMIKEHHI « MOJIEKYJIAPHOTO IOJISA» ) MAEMO:

(5. ®): éB(R’))>Sp = (<§a(R)>Sp - <§ﬁ(R')>Sp) . (4.1.11)
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TOOTO IIPUIIYCKAEMO CJIA0KIiCTDh KOPeadaIlii opieHTAI[ill CIIIHOBMX MOMEH-
TiB, IbOKAJi30BaHMX Ha aToMax y BysJjax R i R'; m1o crocyerbes opbiTa-
JBbHUX MOMEHTiB, TO BOHI BBAKAIOTHCS «BUKJIIOUeHUMM» (Xo4a 0 uepes
caabKy MarHeTHY aHi30TPOIilo B opieHTaIlil MarHeTHUX MOMEHTIB aTo-
MiB BimHOCHO KpucTajgorpadiuHmuX ocel I'DaTHUII), i caMe TOMY 3HAUEH-
Ha daxTopis JIauge g nyisg 060X KOMIIOHEHTIB He CUJILHO BiIpisHIEThCA
Big «cminoBoro» sHadvenHsa 2. Oroai mo:xHa cripoctuTH (4.1.10):

(A,) = é%{JFeFe(R ~R)) (<sF (R)>sp (s, (R’)>sp ) e (R)e,, (R)) +

+JNiN.1(R—R’)(<§Ni (R)> <§,Ni (R’)> )cN.l(R)cNi(R')+

Sp Sp

+JF€N1(R—R’)(<§F9 (R)> .<§,Ni (R’)> )cFe(R)cNi(R')+

sp sp

+J . (R—R) (<§,Ni (R)> . <sF (R’)> )cNi (R)cFe(R')} . (4.1.12)

sp sp

Posrisanemo BumaoK ogHopiguoro (6e3 foMeH) CIIOHTaHHOTO (hepoMa-
THETHOTO IIOPAJKY CIIiHIB 3 HMPOEKIiAMEU Ha BumiJeHuii Hanpamoxk Oz

Az
{s(R)} (BnacuuMu 3HaueHHaAMHU omeparopiB {s«(R)}) i BBaskaTumemo,

. . ~X ) Ay .
110 cepenHi sHaueHHsA onepaTopis { s«(R) } it { s (R) } JOopiBHIOIOTH HYJIIO.
Hapagi npuiimemo HaOJIuKeHHs, 1110 Bigmosizae BopoBomy Mozesio, ne
JO3BOJIEHI 3HAUYEHHsS KBaApaTa MOMEHTY KiJbKOCTH PYXy AOPiBHIOIOTH

120?, a e h2(({ + 1) ({ — opbiTaabHe KBAHTOBE UUCJIO), i IOKJIAZEeMO

(<sa (R)>sp (5,® )>sp) = 5,5,0.0,(1~ Oy p),  (4.1.13)
XO0Y IIe «CePeqHbOIOIHLOBE» IIPUITYIIEHHS ¥ IIePeoI[iHIOe POJb i 3HAUCHHS
(hepoMarHeT3MY Y B3a€MOUHNHI aTOMiB, 0COOJIMBO Ha MAJINX BiICTaHAX MiK

HUMH, Je Ja€ThCSI B3HAKU «(ppycTpallisi» B PO3MOMiIL OpieHTAIlill CIIiHiB
(uepes anTudepomaraeTusM 3B’ a3KiB Fe—Fe y cycincersi; puc. 3.14). Ot:xe,

_ 1 , ,
<HSP >sp = Eg’{JFeFe (R - R )ss‘esi‘ecFe (R)cFe (R ) +

+JNiNi(R - R,)SI%IiGiIiCNi(R)cNi (R,) +
+ 2JFeNi(R - R,)SFesNiGFeGNicFe (R)cNi(R/)} > (4- 1. 14)

TyT 3a osHaueHHAM 0<|c,/<1 i, manpuxmaz,

Ope = <§Fe (R)>Sp/sFe = <SFZ‘9(R)>Sp/SFe .
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ITe € o3mauenHs BimHOCHOI, 200 3BeZIeHOI, CIIOHTAHHOI HAMAarHeToOBaHOC-
TH 3aJIiBHOI IIiJCCTEMH CTOIIYy Uepes3 yCcepegHEeHHs oIepaTopa IIOBHOTO
CIIIHOBOT'O MOMEHTY aToMa 3aJIiza B JoBiabHOMY By3Ji R 3a opieHTarisa-
MU yCiX CIHiHOBMX MOMEHTiB aTOMiB 000X KOMIIOHEHTIB B KpHCTaJOrpa-
(iumo exBiBasmenTHHX Bysaax rparHuili {R’} B ymoBax xoua 6 ciabkoi
BHYTPIITHOKPUCTANIYHOI MarHeTHOI aHi30TpoIrii BiTHOCHO AedAKOl
Kpucrasorpagiunol Bici, B3J0OB:K AKOl HampaBuMo U [leKapToBy Bich
Oz: 85O, = Uy, /(&rcllz) (IpHUOMY, 3HaUeHHA aKrTopa JIlaune gy, 6J11U3b-
Ke J0 fioro «cmiHoBoro» 3Hauenuda 2). Te sk came cTocyeTbes i Imiacuc-
TeMMt MarHeTHIX MOMEHTiB Ha aTomax Ni.

Homatoum ycepeqHeHUU (3a cmiHaMu) MOAeNbHUIT MarHerHuii ['ami-
aproHigH (4.1.14) mo Tawminbromismy (4.1.2), omep:KMMO IOBHUI
(«epekTUBHUI» ) KOH(pirypamifinuit 'aMinbTOHIAH cTOy Yy HACTYIIHO-
My Buraani (quB. Takox [13, 185, 186]):

ry i-Fe 1 2 2
AH =~ AH,, + <Hsp> = AHNTe 3 > {w,,. (R — R))ep, (R)ey, (R) +
R,R’

o Oprm
+2 i (R — R85, 8y, 0 Oy e (R) +
+d i (R — R))s5,0%, [1 - ¢, (R) — ¢, (R))]} 5 (4.1.15a)
w,(R-R)=w, (R-R)+J R - R)si 0%, +
+o pore (R — R)$E, 0%, — 2 i (R — RS, 84,0503 (4.1.16)
Wym(R —R’) — eneprii «3mimanua» 414 cTony y mapaMarfHeTHiM craHi.

Iz BpaxyBamuaM KpucrajgorpadiuHoi eKBiBAJIEHTHOCTH BCiX BY3JIiB
Izinr'oBoi rpaTHUII omepP:KyEMO:

i—Fe 1 4 ’
AH = AH)' ™ + = w, (R — R, (R)e,, (R) +

Oprm 2 &
+z Cre (R)z JFeNi(R - R,)sFeSNiGFeGNi +
R R
1 ’
+§ Z [1 — 20, (R)]Z SR -R )sinsin =
R R’
= AH(?E;:;E + % (1 - che ) jNiNi(O)sfﬁGiﬁ + NcFeerNi (O)SFeSNiGFeGNi +

+% Z w,, (R —Rep, (R, (R) . (4.1.150)
R,R’

3 (4.1.156) BuamHO, IO BpaxyBaHHA MarHeTH3My y BHUpasax IJsd
BHYTPIIIHBOI eHeprii cTomly HPU3BOAUTL, 30KpeMa, A0 3aminu Pyp’e-
KOMIIOHEHT THUIIY:
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W, (k) = w0, k),

e, 3aBOAKMN HAOJMKEHHIO CepeqHbLOTO0 CaMOY3TOMI:KeHOro («MOJeKy-
JSAPHOTO») IIOJA,

(k) + jNiNi(k)SI%IiGIZ\Ii + 'erFe(k)sf*eGrz"e - 2erNi (K)Sg,SxiOpo Oy 5
(4.1.17)

w,,(k)=w

prm

- , .o .
W, (k) € @yp €-KOMIIOHEHTa eHeprii «3MiIlaHHA» A CTONY y «Iia-
pamMarHeTHiM» craHi, w, (k) € @yp’e-KOMIOHeHTa NTOBHUX («e(eKTUB-
HUX») €eHepriii «3MilllaHHA» aTOMiB MarHeTwKa, a

I up(6) = X J 5 (R~ R)e
Z

€ Pyp’e-KOMIIOHEHTA €HepPreTUUYHNX IapaMeTpPiB oOMiHHOI B3aeMOIii.

HatomicTs po3paxyHOK eHTPOIIii cucTeMu BUABJIAETHCA OLIBIIT CKJIA-
nauMm. IToBHA eHTpoOIisg HOPiBHIOE cyMi KOH(IrypaIiiitHol eHTpomii ajs
PO3IOAiay aToMiB 3a BimmoBigHUM THUIIOM HMOPAAKY (4.1.76) abo (4.1.80)
Ta MarHeTHOI eHTpoIrii 000x mimcucrem (NiTa Fe) cmimoBux MOMeEHTIB.

Y mabmum:xeHHi cepeIHLOTO e(PeKTUBHOTO («MOJIEKYIAPHOTO») IOJS
MarHeTHY €HTPOIIii0 KOKHOI IiJICCTEMY MOYKHA pPO3paxyBaTH AK €HT-
POIIif0 CHCTEMHU «HEB3aEMOJIIOUNX» CIIIHOBUX MOMEHTiB, ycepegHeHa
cyMa MPOEKI[iil AKUX 3amaHa i gopiBHOE N*S,00(T) (B OTUHUIIAX Zollp)
nusa N* aromis Bigmosigaoro copry (oo = Fe, Ni) y Kpucrasti cTomy, AKIO0
OPUUHATHOIO € allpOKCUMAIlid B3aeEMO/il CIIiHOBUX MOMEHTIB MiK CO-
0010 B3aEMOIi€I0 KOXKHOTO 3 HUX i3 cepegHiM caMOy3ToAKeHUM («MoJe-
KYJASPHUM») IIOJEeM [AJId CHUCTEMH TAKUM UYHNHOM «HEB3aEMOIIIOUMX »
MiK c000I0 CIIiHOBUX MOMEHTIB BCEPEINHI CTBOPEHOTO HUMU K e(eKTH-
BHOT'O MarHeTHOTro o (quB. Takok [134]i IlomaTox B):

Sy = N°y 1Insh 1+i Y, |—Insh LyOc -y, B, (y,) > (4.1.18)
2s 2s ¢

magn
o o

Ile So,=Spe 400 Sy =Sy;, A Yo BUSHAUAETHCA AK

ya — Saﬂgff ;
kT
B, — bBpimaoenoBa (QYHKILisA, 110 BUPAMKAETHCS HACTYIHOIO (HOPMY-
Joro [133, 134]:
1 1 1 1
B =|1+—|cth||1+— ——cth| — .(4.1.19
(00 2s, 2s, Y 2s, 2s, Yo |- )

BigmocHi cepenni HaMarHeToBaHOCTI MOKHA BUSHAUUTHY 3 PiBHAHD:
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:/]II(X
o, =B, (Sk_quj ne He =—glty, > Tyu0, —  (4.1.20)

B B=Ni,Fe

BHYTPIiIlIHE MarHeTHE I10Jie, SKe caMe IIPOIIOPI[ifiHe PiBHOBAKHUM 3HAa-
yeHHAM {Gp} ([',p — KoedinieHT BeiicCOBOro « MOIEKYJIAPHOTO IIOJIA» ).

s eaTporii cucteMu cuiniB 3i 3HaueHHAM y 3/2 abo 2 aBHI Bupasu
HaBeseHO y poborti [88]. ¥V saranbHim ke BUTIAAKY OfepsKaTH aHAJiTUY-
HU BUpas uyepe3 PiBHOBaKHI 8HaUeHHA {Op} A1A Sy = Shagn({0p}) He-
MOJKJINBO (HaBITh AJIA S} uen = Shagn(C«) OAHOKOMIIOHEHTHOI cucTeMu), 60
arspreOpuUHi piBHAHHS BUIIE YETBEPTOTO CTYIEeHsS He MAIOTh SIBHOTO
AHAJITHYHOTO PO3B’A3KY B KiHIEBUX paJuKalax. 3a3HauuMMO, IO B
HAIIIOMY BUIIAAKY, 3TiTHO 3 eKCIePUMEHTAJLHUMU JaHUMHU (AuB. 0i0-
Jiorpadiio B [81]), KOHIIEHTpAI[ilfHI 3a7€KHOCTi ITOBHUX CIIIHOBUX MO-
MEHTIB, IIT0 npunazamoTh HA oguH aToM Ni ta Fe, MaioTs 3a0BOJILHATH
TakuM oOMeskeHHAM: 1/2<sy;<113/2 <85, <5/2 Binmosiguo.

Honmaroum no BiracHe KoH(piryparifinoi earpormii AS,,; (quB. (4.1.70)
a60 (4.1.806)) gyia BigmoBiZHMX TUIIiB ATOMOBOTO HOPAAKY MarHeTHi eHT-
pomii 3asizHOI Ta HiKJIeBOI mimcucTem, mobymoBaHi 3a Tumom (4.1.18),
Sagn = ZaSﬁlagn, OJIeP:KMMO IIOBHY KOHGDIr'ypaIiiino-3ajJeXHy eHTPOIiio
cucteMu. A BUpas IJd MOBHOI KOHGMpIrypaIifino-sagekHOl BHYTPilITHBO1
eHeprii mosxe 0yTu omep:xauuii 3 (4.1.7a) abo (4.1.8a) B pesyabTaTi misa-
CTaHOBKY B HuX (4.1.17).

Om:xe, BUpas3 AJA MOBHOI KOHGMIr'ypalifiHo-3aIe;XkHol BiJIbHOI eHeprii

AF = —k,TInAZ,

e
AZ = Trqexp _AH =
k,T
re N(1-2c¢,) - ~
AH (i)rnlj + M JNiNi(O)SI%IiGiIi +N cFeJFeNi(O)SFeSNiGFeGNi
= exp| — X

kT

X > ... D, exp [— 2k1TR > wtot(R—R')cFe(R)cFe(R’)J,

cpe (Ry)=0 cpe (Ry)=0 R’e{R,}

3 cpe (R,)=N™
(TyT i HHM:KUYe cJim BpaxoByBaTu, o aasd crony Ni—Fe, 3a BusHaueH-
HAM, Cy;=1-cCp,), MOMKHA, HapeIITi, 3alnucaTh, BUKOPUCTOBYIOUU
(4.1.7a) a6o (4.1.8a) i (4.1.17) Tta (4.1.76) abo (4.1.80) i (4.1.18).
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Haa T'IK-crony tuny L1,-NizFe:
AF AHNl Fe 1
— =2 4=

N = ;;rm 2 [ prm(O)cFe + JN1N1(0)8N1CN10 Ni +
3 2 2 2 3 3n’
+(JFeFe (O)SFecFeGFe + 2JFeN1(O)SFelecFechcFeGNl +— 16 X

( prm (kX) + JN1N1 (kX )SNIG Ni + JFeFe (kX)sFe Fe 2"'JFeNl(kX )SFele6 eGNi ):I +

+M 3[6‘Fe —HJIH(CFe —n) + 3(1 - Cp, +Hjln(1 — Cp, +nj +
4 4 4 4 4
3 3 3 3
+(cFe + anln(cFe + an + (1 - Cp, — anln(l — Cp, —Znﬂ -
| 1 1
—k;Tey; | In [sh [{1 + —] yNi(cNi)D —In (sh[ yNi(GNi)B - GNini(GNi):| -
28y 28y
| 1 1
—k,Tcg, | In [sh [[1 + —j yFe(GFe)B —1In (Sh [— yFe(GFe)B - cFeyFe(cFe)} .
2sp, 2sp,

(4.1.21)

Haa T'IIK-crony Tuny L1,-Fe;Ni:

prm(O)ch + JFeFe(O)s 5 ecie +

AHFe Ni
£ = Oprm + 1[
N N

31]2
16

( prm (kX) + JFeFe(kX )Slieci‘e + JN1N1 (kX )SNl Ni 2J'FeNl (k )SFelec eGNi ):I +

+k3T{3(cNi—njln{ nj+3(1—c +njln(1—cm+nj+
4 4 4 4
3 3 3
+ (ch +— 1 nj In (ch +— n) (1 1 jln (1 Cxi — Znﬂ -
—k;Tey, | In (sh[[l le(GNI)D ln sh le(GNl)D - GNini(GNi)jl -

—kyTey, ln(Sh ((1 yFe(GFe ]J In (Sh yFe(GFe)JJ - GFeyFe(GFe):| .

(4.1.22)

T 2 2 2 T
+J’NiNi(O)sNicNiGNi + 2CIFeNi(O)SFesNicFechG G +




56 T. M. PAIYEHEKO, B. A. TATAPEHEKO

I mapemri, 3amumniemMo Bupas JJsd IIOBHOI KOH(pIrypamiiiHo-3aIex-
HOoi BuyTpimuboi exeprii I'lIK-crony Tuny L1,-NiFe:
AF _ AHg,* 1. - 2 2
—=—22+—| W, (0)cp, + Jyini (0)8x:CxiOn; T
N N 2[ P F NiN Ni“Ni©N
2

7 2 2 2 3 n
+JFeFe (O)SFecFeGFe + 2JFeNi(O)sFesNicFecNiGFeGNi + T X

X ( prm (kX ) + JN1N1 (kX )lech + JFeFe (kX )sFeGFe 2(erNi (kX )sFesNiGFeGNi )] +

+]%—T[(cFe—njln(cFe—nj (1 Cr, +njln(1—cFe+n)+
2 2 2 2
+[cFe+nJln(c + j (1 jln(l Cpe nﬂ—
2 2
{ ( le(GNl JJ ln{s}l le(GNl)]J - GNini(GNi):| -
—kpTcg, { ( yFe(GFe ]J In [Sh yFe(GFe)JJ - GFeyFe(GFe):| .

(4.1.23)

—k;Tey |1

OcranHi Tpu BUpasyu Ta yMOBa PIiBHOCTM HYJIO MHEPININX MTOXimTHMUX
JAF/on, 0AF/dG,,, 0AF/dG,, Ajls cTaHy PiBHOBAIM IIOPOJKYIOTH CHC-
TeMU TPhOX TPAHCIEHIEHTHUX PiBHAHDL MJIs BU3HAUEHHS PiBHOBAMKHUX
3HaueHb IlapaMeTpa AajeKoro HOPAAKY T, Ta BiJHOCHHMX HaMarseTo-
BaHOCTEH Op,, Oy; (OuB. Takok [13, 133, 134, 185, 186, 264]).

Haa 'IIK-crony tuny L1,-NisFe maemo:

MNeq 3
- l-c. -2
[cFe 4 ]( cFe 4 neqj n
" 3 o) T
(CFe + 4nqu(1 Fe L;q j

I: prm (kX ) + JN1N1 (kX )le

+JFeFe (kX )sFe Fe 2C]FeNl (kX )sFelec eGNi :I ’ (4 * 1 * 24a)
1 - -
GNI = jgsm (_ ¢ k T [JNiNi (O)SI%IicI%IiGNi + JFeNi (O)SFe sNi cFe cNiGFe +
Ni'"B

3 5 s
+ 16 ﬂfq (JNiNi (5™)53,0x; — Jpens (K™ )55, 55O )}j »  (4.1.240)
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1

~ T 2 2 T
GFe = jgsFe [_ I:JFeFesFe (O)CFeGFe + JFeNi(O)sFesNicFecNiGNi +

cFe B

3 - ~
+ E nzq (JFeFe (kX )SPZ‘eGFe - JFeNi (kX )sFesNiGNi ):D * (4' 1 ‘24B)

Haa T'IIK-crony tuny L1,-Fe;Ni:

neq 3

o 1-c. -2
[CNI 4 ]( N Ty ne‘*j n,
In 4

3 n, = kBT [wprm (kX) + erFe (kX )sﬁecie +
(cNi + 411601)[1 —cy t 4q ]

+jNiNi (kX )siﬁczNi - szeNi (kX )sFesNiGFeGNi ] ’ (4 * 1 ¢ 2 5a)

1
kT

B

_ = 2 2 =
Oy = B, (_ I:JNiNi(O)SNicNiGNi + ¢ poni (085 Syi Cre CniOre +

cNi

3, - )
+En§q (JNiNi(kX )SiIiGNi - JFeNi (kX )sFesNiGFe )iD , (4. 1256)

1 = 2 2 =
Op, = By, [_ I:JFeFe(O)SFecFeGFe + Jreni (0)8peSyiCre CniOni +

3 - -
+En§q (JFeFe (kX )sl?‘eGFe - JFeNi (kX )sFesNiGNi ):D . (4.1.258)

Hasa 'IK-crony tuny L1,-NiFe:

) S )
LD, (k) + J g (K83, 0%, +

T
Cpo + Nea 14— Cpo + Neo | P
2 2

+erFe (kX )Sﬁeci‘e - 2erNi (kX )sFeSNiGFeGNi :| ’ (4 * 1 * 263.)

In

1 T 2 2 T
GNi = jdsNi (_ k |:JN'1Ni (0 )sNi CNi GNi + JFeNi (0 )sFe sNi CFe cNi GFe +
Ni'"B

1 - .
+ Z niq (JNiNi (kX )sincNi - JFeNi (kX )SFeSNiGFe )iD ’ (4' 1 '266)
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1 T 2 2 T
GFe = 5sFe (_ c I:JFeFesFe (O)cFeGFe + JFeNi(O)SFeSNiCFeCNiGNi +
Fe' "B

1 - -
+ Z qu (JFeFe (kX )srz“eGFe - JFeNi (kX )sFesNiGNi )}j . (4.1.268)

BpinngoenoBuMu (pyHKIiAMM BU3HAUAIOTHCSI HAMATHETOBAHOCTI 3a-
Ji8HOI Ta HiKJIeBOI migcucreM 3rigHo 3 Teopieio Beiicca—T'aiizenbepra,
10 cTajia KJSCUYHOIO, ajie B HAIIOMY BUIIAAKYy MOAuU(iKOBAHOIO Bpa-
XyBaHHSIM aTOMOBOTO BIIOPSAKYBaHHSI.

Posb edexTHBHOTO CepeTHLOTO IOJIA BiAirpamoTh AeAKI MHOMKHUKI.
Tax, gaa crpykrypu tuny L1,-NiFe smaus Ha atromu Ni edexTrBHOTO
O0JIsI, CTBOPEHOTO Bcieio cyKynHicTio aromiB Ni, BpaxoBye MHOKHUK

iNi 3 17 -
Hng = —5\iOn [JNiNi(O)CNi + Z%JNiNi (k* )j >

Ni

e MHOKHUK IIPHUCYTHIM y BUpasax IJs HaMarHeTOBaHOCTeH, IIo
BusHaueHi BpinmroenoBuMu GyHKIiAMM:

(/NiNi (/NiFe FeNi FeFe
{sNiﬁ ot T+ Sl } {SFey_[ ot T Spelet }
GNi = ﬁsNi k T ’ GFe = “@sFe k T
B B

Amnamnisa piBuans (4.1.21), (4.1.24a) ta (4.1.22), (4.1.25a) mokasye,
110 B cTpyKTypi Tuny L1,-NisFe (Fe;Ni) dhazoBe mepeTBOpeHHA aTOMOBUI
Jan—06essan € pa3soBUM IIEPEXOOM IIEPIIOTO poay. Po3B’A3yroum uuce-
JILHO crucTeMy piBHAHE (4.1.24a) i N Y{AF(An,Tg) — AF(0,Tx)} =0 (ymoBa
piBHOBa:KHOTO ()a30BOTO MEPEXOJY MEPINOro POAy Jam—0esisaln), OAep-
JKYEMO KOHIIEHTPAIlifHi 3a/Ie;KHOCTi cTpuOKa PiBHOBAsKHOTO IIapamMeTpa
NaJIEKOT0 aTOMOBOTO MOPAAKY A, i 3Benenoi Temneparypu (Kypaakosa)
dasoBoro mepersopenns an—6esnan Ty = kT /|ib,,, (k)| nas crpyrTy-
pu Tuny L1,-NizsFe (puc. 4.2, a). TouHO Taki X KpUBi 0AEPKYIOTbCA UM-
CeJIbHUM PO3B’S3yBaHHAM CUCTEMHU PiBHAHBL AJA CTPYKTypu Tuiry L1,-
Fe;Ni ((4.1.25a) pasom 3 {AF(An,Tx) —AF(0,Tx)}=0)), AKIIo Temep Ha
Bici abciiuc BigkmacTu koumeutpairii Ni cy; (puc. 4.2, a).

IlopiBHAHO HeBeJWKe 3HAUEHHS CTpUOKa ImapamMeTpa AajJeKOro aTo-
MoBoro nopagky npu Ty, a came, A1 (cy.) < 0,467 (zuB. puc. 4.2, a), 1ua
cTtpykTypu tuny L1,-NisFe cBiguuTh mpo cTifikicTs 1iel BHOpAIKOBAHOI
(hasu o BigHOIIEHHIO 10 (pa3u HEBIOPAAKOBAHOI (TOOTO JumIlie 3 0JIU3E-
KHUM TIOPAIKOM) i IEBHOIO MipOI0 BUIIPABAOBYE HEXTYBaHHA edeKTamMu
Kopensamii (zus. [ogaTox B) y B3aeMHOMY po3TalllyBaHHi aTOMiB KOM-
TIOHEHTIB (Xxo4ya 6 B OKOJIi TeMmepaTypu (a3oBOro mepeTBOPEHHS JiaJ—
6esaan).

SIKIT0 IPUIIyCTUTH He3aJeXKHICTh eHeprii «3minmanHsa» B croni Ni—Fe



CTOIIN Fe-Ni 3A BUCOKUX THUCKIB I TEMIIEPATYP: IIOPAIOK L1, ABO DO,y 59

0,60 T T T T T T T . 0,36 1,0 T T T T
0,55 F —— An,, Ana L1,-Ni,Fe ool____ L1 -NiFe ]
. : 10,32 , o
0,50 F -=-=--T; ana L1;-NiFe osl 1
0,45} seee: Ty naia L1yNiFe []0.28 e
0,40} ROTET T 10,24 o E s — ]
;0,35 N Jo.20 ;0'6 oot e, ]
= 0,30 ~ 23 205+ .
< N lo.1s” : =
0,25 \ ’ 0.4 [0 =0,3010,70"~..
0,20 v q0,12 0.3l cn=0,3510,65 "
0,15 v 0,08 0.2 cr=0.4010,60 %y
0,10 % Jooi o[ Cr=0:4510,55 N
0,05 £ * [——¢,,=0,50 By ud
0‘00 i L 1 i L L 1 i i 0.00 0‘0 L 1 L L A At i
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 0,10 0,12 0,14 0,16 0,18 0,20 0,22 0,24
CF‘e T“
a 0

Puc. 4.2. Po3paxoBaHi KOHIIEHTpAaIliliHi 3ajie;KHOCTI cTpubOKa PiBHOBAYKHOTO
mapaMeTpa gajiekoro mopAnky mpu Ty i sBememoi Temmepatypu (KypHaxosa)
¢dazoBOro mepeTBOpPeHHA Jan—O6essan mia cTpyktyp tuny L1,-NisFe (abo
crpykTypu tuny L1,-Fe;Ni, axkmio B3goB:k Bici abcmiuc — cy;) i L1,-NiFe (a)
Ta 3aJeKHICTh PIBHOBA)KHOrO IapaMeTpa AAJEKOro IOPAAKY Bia 3BemeHOl
TeMIIepaTypu AJA PisHUX cKJaaniB cTpyKTypu Tuny L1,-NiFe (6).

Big #ioro ckJiagy, To 3 puc. 4.2, @ BUAHO, IO 3a OJHAKOBOTO CKJAIY
crpykTypa tuny L1,-NisFe BmopaaKkoByeThCcAa 3a BUIIOI TeMIIepaTypu,
Hi»K cTpykTypa Tuny L1,-NiFe, xoua 3a cumeTtpieto pinx ¢paszoBoro mepe-
TBOPEHHsA 0e3jag—Jaja B IIi HAACTPYKTYPH € OOJHAKOBUM — IIEPIIIHM.
Amnajizsa piBHanb (4.1.23), (4.1.26a) y 6eskopendAlifiniM HaOIMKeHHL
oKasye, 110 (asoBe IepeTBOPEeHHA JaA—06esaas cTpyKTypu tumy L1,-
NiFe e pazoBuM mepexomoM IIEPIIOTO POLY, ajie OJU3BKUM IO APYIOro,
00 cTpuOOK mapamMeTpa TaJeKOr0o aTOMOBOTO MOPAJAKY € MaiiKe BiZCcyT-
HiM (3aJIe;KHICTh PiBHOBasKHOTO IapaMeTpa JajJeKoro IMOPAIKY Bix 3Be-
nenoi remmeparypu T = k,T /b, (k™) mnst cTomis mporo HaacTpyKTYD-
HOT'0 TUITY, aJie Pi3HUX CKJIAIiB IpeacTaBJIeHo Ha puc. 4.2, 6).

4.2. OuinoBanng Pyp’e-KOMIIOHEHT eHepriii 00MiHHOI B3aeMoOmii
Ta €HepPriil «3MilIaHHA» aTOMiB IEPMAJIOI0

SIxmro N, = 0, To mpocTi ankre6prUUHi IepeTBOPU CUCTeMU JiHeapu30Ba-
HUX piBHaHB (4.1.24), 3aBAAKYU BJIACTUBOCTAM BpiniaioeHoBoi GyHKITIT,
MIPU3BOAATH J0 HACTYIIHOTO BUPA3Y s TeMuepaTypu Kopi:

1

T, = i [70N1N1(1 = Cpe) + PropeCre

_\/(70N1Ni(1 - cFe) - 7oFeFecFe )2 + 4701\211Fec]i‘e(1 - cFe):| ; (4.2.1)

TyT

‘7ON‘1N1 = S\ (1 + Sni )jNiNi(O)/kB ’ (422&)
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YOFeFe = sFe (1 + sFe )erFe (0)/kB ’ (4.2.26)
Puire = \/sNi(l + Sy )Spe (1 + S, )jNiFe (O)/kB . (4.2.28)

s oniHIOBaHHA ONTUMAJBHUX 3HAUYeHBb IIapaMeTpiB oOMiHHOI B3ae-
MOAIT (Prinis Preres Prire) 1 Pyp’e-KoMmoHeHT (Jy;\;(0), JNiNi(kX ),
Jrere(0)s T (), Jyipe (0), Sy (k™)) emepriii obminnOi Baaemonii
CHiHiB Ha aTomMax s HeBHmopamkoBaHux craHiB cromy I'IIK-Ni—Fe,
3AIMCHMMO OIITHMIi3aIliiHy IIPOIeAYPY 3a HEJIHINHOIO YHNCEeIHLHOIO METO-
nmoito JleBembGepra—MapkBapara (nuB. 6i06miorpadiro B pob6ori [25]) Han
eKcrepuMeHTaIbHUMU gaHuMu [115, 265] (puc. 4.3) cTOCOBHO 3aJI€3KHO-
ctu tremmepatypu Kiopi To(cp,) Bim cKaIamy cromy B Tiii obJsacTi Temmepa-
Typ, BUIIINX 3a TOuKu KypHaKoBa, Ae BiH 1mie HeBnopAakoauuii (T > Tk).
3HaUeHHS «MiATOHOYHUX» ITapaMeTPiB BUABUINCA HACTYIHUMU: Py =
=-1840,14 K, Prer. =3201,70 K, Pyip.=—4669,62 K HA 0CHOBI TiNIBKY €K-
cepuUMeHTaJIbHUX JaHuX podortu [115] (puc. 4.3, a), Pyni =—-1870,45 K,
Prere = 4466,28 K, Pyire = —4926,50 K Ha 0CHOBI Jiniie eKCIePpUMEHTATb-
HUX JaHuX pobotu [265] (puc. 4.3, 6), a Takok Py =—1893,11 K, Prepe =
3144,01 K, Pyire = —4580,33 K Ha 0CHOBiI eKcmepuMeHTAJIbHUX TAHUX
[115], nonoBHeHUX fanuMu 3 podir [109, 110, 266—269].

JJ1a OIiHIOBAaHHSA BEJIUYUH JaB(kX) MU BUKOPUCTAJIU CIIiBBiJHOIIIEH-
HA JQB(kX) = —JaB(O)/3 , 0 € cupaBeaauBuM A1 Pyp’e-KOMIOHEHT,
aki BigmosigaooTs Touxkam kX tuny (100) (a6o (010) uu (001)) o6epHEHO-
ro mpoctopy I'llK-r'paruuIi y mabam:xeHHi B3acMOMil JuIlle HaNOIMMK-
YUX CYCiIHiX CITiHiB i BpaxoBye KOPOTKOCAKHUMN XapaKTep MisKcIliHO-
BoOi oOMinHOI B3aemomii. PesysmbTaTu ominku HaBegeHo B Tabu. 4.1 (cTo-

T DAL A A 900 =
800 } - 1 800 57 =
700 1 700 v
600 S { & 600 N\
- 500 | T { 7% 500 ™\
-
& 400 | ; - N { & 400 -
300 Ll 7vini = -1840,14 K « N ] 300/ [ 7 = -1870,45 & \\
t| Prore = 3201,70 K . N Prere = 4466,28 K
?gg Paire = ~4669,62 K X \\ ?gg Paire = ~4926,50 K \\
A}
0 n n A A i i i i A 0 i i i i i i i i i
0 0,2 0,4 0,6 0,8 1,0 0 0,2 0,4 0,6 0,8 1,0
Cre Cre
a 0

Puc. 4.3. Teoperuuna (cyliiibHa KpuUBaA IJIs CTPYKTYDP, PO3YIIOPSIIKOBAHUX
mono tuny L1, ('HJK-NisFe) &1 Tuny L1, (I'lIK-NiFe)) i ekcuepumeHTanbHa
(TPUKYTHUKM) KOHIIEHTpaIliiiHi sajesxuocTi Temmeparypu Kiopi mnsa cromis
Ni—Fe. ExcnepumenTanbui Touku (a, v) B3saro 3 [115] (a) i [265] (0). Ilyuxk-
THpHA KpWBa BiANIOBimae eKcTpamosAmii omTumisarifinoi (cyiisbHOI) KpuBOi
o mpaBoro KiHma kouieHTpaniitHOro cerMeHTY 0 < cp, < 1. Puinis Preres Puire
— orineHi («IigroHouni») mapamerpu o6MiHHOI B3aemMoxii.
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TABJIAIA 4.1. S3uauenna Pyp’e-KOMIIOHEHT eHepriii o6mimHOI B3aemomii,
ominenux sa manumu [115], gns pisumx KomOiHariit cuiniB aromiB Ni Tta Fe
neynopsaakosanoro cromy DITK-**Nig s;Feg 5. Bexrop k¥ Hameskurts sipmi
XBUJIBOBOT'O BEKTOpa, IT0 Biamosizae Touri (100) (a6o (010) um (001)).

v e | F s (00, Bl (), €B| T 1 (0), Bl oy, (65 ), B .1, (0), €B ., (), €B
033,00 —0.211 | 0,070 0,023 | -0,008 | 0,134 | 0,045
0,502,5 -0,211 | 0,070 0,032 | -0,011 | -0,157 | 0,052
0,502,00 0,211 | 0,070 0,046 | -0,015 | -0,190 | 0,063
0,51,5 -0,211 | 0,070 0,074 | -0,025 | -0,240 | 0,080
051,00 0,211 | 0,070 0,138 | -0,046 | -0,320 | 0,110
0,500,5) -0,211 | 0,070 0,368 | -0,123 | -0,537 | 0,179
0,314 -0407 | 0,136 0,082 | -0027 | 0,352 | 0,117

COBHO 3HaKiB I1B. BUHOCKY Ha c. 30).

Ha pucynky 4.4 gna geaxux KoMOiHAIifi 3HaueHb CIIIHIB Sy; T Spe
aromiB Ni i1 Fe HaBemeHO BiAIIOBiHI BiporigHi TeMIepaTypHi 3aJIeKHO-
CTi piBHOBasKHUX BiJTHOCHMX HaMarHeToBaHOCTeN Gy; i Op, IXHIiX mmigcuc-
tem y pogumai 'TIK-%°Ni, ;6:Fe, 255 am n0 remneparypu Kopi T (110 sB-
HO = 865 K) fioro hazoBoro mepexoay 3 MarHeTHOTO CTaHY B IapaMarHe-
ruauii. (Li rpadixu Oysio ogepkaHo B pe3yJIbTATi YMCEIHLHOTO PO3B’A3Y-
BaHHJA cucTeMu piBHAHD (4.1.13) gima T > T'k.)

3asHauuMo, 1110, HaBiTh 3a 06CTABUH BUABJIEHOTO IEPETBOPY V TOTOMK-
HiCTh YMOBM PiBHOCTM BIJIBHMX €HEPTili MarHeTHOTO ¥ mapaMarHeTHOT'O
cramiB cromy (i3 ckmagom tumy *’Ni, ;6;Feg 235) 3a Temmeparypu Kropi,
HasABHICTHL B HbOMY aTOMiB IBOX COPTIB i3 cIriHamMu icTOTHO pi3Hol Bean-
YUHYU TPU3BOAUTH IO TOTO, IO IEPEeXia CTONy i3 MarHeTHOT'O CTaHy B HAa-
pamMarHeTHUI (KPUTUYHUH 34 XapaKTepoM, K I'PAaHUYHUN BUIAA0K (da-
30BOT'0 TIEPETBOPEHHS IIEPIIIOr0 POAY) MOJKE OIIMCYBATHCS HEIJIaBHOIO
MMOBEIiHKOIO0 HaMarHeTOBaHOCTEeH B 0KoJIi Touku Kiopi, ToOTO 3 mopiBHS-
HO PiBKUM 3HMKHEHHSIM HaMarHeTOBAHOCTEM KOMKHOI 3 JIBOX IIiJCHUCTEM
KOMIIOHeHTiB (puc. 4.4) i ix posuuHy B IIijoMy (Mailike «CTPUOKyBaToO-
moxi6HO», IO B3araJji-To BJacTUBO (pa3oBHM IiepexomaM 1-ro pony,
AK BijomMo, Hacammepel, 3aBOAKU CTPUKIIHHUM edeKTam).

B po6oTi [266] piBHOBaKHi 3HaUeHHS iHTEHCUBHOCTU AU(Y3HOTO PO3-
CiIHHS TeIJIOBUX HEBTPOHIB Ta Yacu HMOro peJsiakcarii Ajisd HeBOOPSIIKO-
BaHOTO TBep/oTo po3unny samimenasa I'TTK-*Ni, ;;Feg 235 6y710 omineno
B paMKaX MOJEJII0 KiHeTUKH IEePIIoro MOPAAKY (3 OTHUM YacoM peJiak-
carii; nuB. Tako:k [25] i HacTymHui migposaia 4.3) Ha OCHOBI omepKa-
HUX eKCIepuMeHTAIbHuX manmx. Came Taxi, aCHMITOTUYHO OIliHeHi,
3HaUYeHHA IHTeHCUBHOCTY PO3CiAHHA B PiBHOBa’KHOMY TBEPAOMY PO3UU-
Hi CJi BUKOPHCTOBYBATH AJIA PO3PAXYHKY (TeMIepaTypo3asiesKHUX)
eHepreTUYHUX IIapaMeTpPiB MiKaTOMOBOI B3aeMoAil y pos3umHi, TOOTO
@yp’e-KOMIIOHEHT IOBHOI eHeprii «3mimanua» w, (k) , Hanpukaaz, 3a
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Puc. 4.4. TemuepaTypHi 3a7€KHOCTI PiBHOBAXKHUX BiJHOCHMX HaMarHeTOBa-
HOCTeH Oy; 1 Op, 32 pisHUMX KoMOGiHamiii cuiniB aromiB Ni i Fe B Heynmopsagko-
Bamim cromi TTTK-%Ni, ,ssFeq 235 (3a pospaxyaramu C. M. Bokoua [275]).

dopmynoio KpuBornasza—Kiaenma—Mocca [270-274]:

c(l-o0)
1+ c(1-c)iw(k)/(k,T)’

I,::(q)o<D 4.2.3)

e Ige(q) — (piBHOBa’KHA) iHTEHCUBHICTH AUDPY3HOTO PO3CIAHHA KpPU-
CTaJOM HEBIIOPAJKOBAHOTO TBEPIOTO PO3UMHY 3aMillleHHA, BUMipsaHa
B TOUIli (¢ 00epPHEHOTr'0 IIPOCTOPY, PO3TaIlloBaHiii Ha Bigcrami k Bin
HAMOIMIKUIOro m0 Hel cTpyKTypHOro Bysjaa 2nB (B — BekTOp obepHe-
Hoi rpatHuIi), O=D0(c,T) — HOpPpMY0OUUII MHOKHUK.

JleryBanua cromy I'IIK-Ni—Fe momimmkamu BTijneHHA (HAIpUKJIAM,
BYTIJIEIIEM ) BILJIMBAE Ha MOT0 MarHeTHi BJIACTUBOCTi, B0KpeMa, HiBUIIY€E
(ymoBHO) TemmnepaTtypy Kiopi cromy I'ITK-Ni—Fe (puc. 4.5) [267—-269].
(CTOCOBHO BIIMBY BTiJIEHUX aTOMiB Ha aTOMOBE BHODPAAKYBAHHSA CTOITY
3aMillleHHA, 30KpeMa, B poborax [276, 277] 6ya0 ImoKasamo, 110 HAAB-
HICTH TAaKMX JOMIIIIKOBUX aTOMiB 30iJIbIITYy€E CTYIIiHb IIOPAAKY CTONY Ta
migsuintye remueparypy Kypaakosa.) IIpeacraBisioun Aaa TAKOTo (BiKe
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moTpiiHOr0) cTomy mapaMerpu oOMiHHOI B3aeMOIil (Pxinis Prerer Prire) V
Jinifimomy HabaMKeHHI (Iy1a Maaux KoHIenTparii C ¢ << 1),

7/

Prini = Prini = Prina + KiCos
7/

Prere = Prere = Prere + KaCos

/ Ie
Prire = Prire = Priwe + KsCes

3a MeTomoio JleBemOepra—MapkBapaTa OyJI0 OIiHEHO «OITHMAJILHI»
3HaueHHA KoedimieHTiB (migromounux mapaMeTpiB) Puinis Ais Preres Koy
Prives K3 B IPABUX YACTMHAX OCTAHHIX TPHOX HaAOIMIKEHUX PiBHOCTEMH:
Pani = —1893,11 K, X, = 3,85-10° K, Pprp. = 3144,01 K, K, =1,17-107
K, Pur. = —4580,33 K, K, = -2,16-10°K.

Amnaiiza ozep:xaHuxX BeJIUUYUH P, Preres Prire MO3BOJIAE CKJIACTU
IIPOTHO3 IIPO Te, I0 uepes (HesIBHY) 3aJIe’KHiCTh mapaMeTpiB oOMiHHOI
B3aemopii coiniB aromiB Ni Ta Fe Bim koumentparnii C ¢, (30Kpema,
OIIOCePEeIKOBAaHO Uepe3 3ajJIe)KHICTh IUX IIapaMeTpPiB Bifi KOHIIEHTPAa-
MiHO3aJEeKHUX MIiKCIiHOBUX BifcTaHell Ta IIePepO3MmMOiJly eJeKTpPo-
HiB Mi’K KOMIIOHEHTAMU) BTiJIEHHS MaJuX M00ABOK BYTJIEII0 y CTOII
saminmenna 'IIK-Ni—Fe (3a a6coJioTHOI0 BEJIMYMHOIO) MOHUMKYE (he-
poMarHeTHy KOMIIOHEHTY B3a€MOJil CIIiHiB HiKJIIO 3i cIiHaMu HiKJO
1 migBuIimye (QepoMarHeTHy CKJIAAOBY 3B’A3KY CIIiHIB HiKJIO 3i cImi-

Temmepatypa Kiopi, K

Puc. 4.5. ExcnepuMeHTanbHa 3ayeKHICTH (A) Temmeparypu Kiopi (T.) Bix
KouneHrparii Fe (cp,) Ta KoHIeHTpAaIlii BTiJieHOro ByTJeN0 (Cc) AJIA CTOILY
samimenasa ['1IK-Ni—-Fe (sa manumu [115], momoBHeHMMHU maHWUMH 3 POOIT
[109, 110, 266—269]). Bin excrepuMeHTaIbHUX TOUYOK (A) IIPOBEAEHO IIPOE-
KIil Ha miaonuHu (Cp.—Cc) i (Te—cc).-
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HaMM 3aJii3a, a TaKoK MHiaBuUIIye aHTU(PEePOMarHEeTHY CKJIALOBY
3B A3KY CIIiHiB 3aJriza 3i cmimamwu 3aiisa.

B ocuoBy mpomnenaypu kKigbKicHoro ormiHioBamHA DPyp’e-KOMIOHEHT
mOBHOI eHeprii «3mimamusa» aromiB Ni ta Fe, k%), mokiamzeno
caMe cmiBBizmHOmeHHA (4.2.3). @yp’e-KoMmoHeHTY W .(k*) mnsa me-
BropsagkoBanoro pozuuHy I'TIK-*2Ni, 76:Fe 255 Oysio OIiHEHO Takum
YMHOM 3aBIAKN BUKOPHMCTAHHIO €KCIIePUMEHTAJbHUX Pe3yJbTaTiB pPo-
6otu [266] Ta cmiBBimmomienmma (4.2.3) 3a ABOMa cxXeMaMH: Y PO3Y-
MiHHI OCTaHHLOTO B AKOCTi OINTHMiszaIliiiHOro abo X AK iHTepmoJia-
nifinoro. BizmosizmHO, BCTaHOBIEHO, IO BeaumumHA W, (k*)=-0,361
eB B mmpumnyinenHi ii He3aJIe:KHOCTH Big TemmepaTtypu. B pasi »x mpen-
cTaBIeHHA W (k™) y Habamxeniit dpopmi

W, (K5, T) = 0, (k*,T,) +©,(T - Ty) + ©,(T - T, )’ + ©,(T - T,)?

y BepxHiM okoii Ty, — Temneparypu (KypHakoBa) (asoBoro mepeTBo-
penns gan—6eanan (aas FITK-*Nig .¢sFe 255 Tk = 77112 K [266]), — Oy-
JI0 3HaiigeHo, Mo W . (k*,Tx)=-0,369 eB, ®, = —4,312-10* eB/K, @, =
=-2,87-10"°eB/K?, ©,=-7,029-10" eB/K?.

B Tabaumni 4.2 Hasegeno 3HaueHHA Pyp’e-KOMIIOHEHTH IIOBHOI eHep-
rii «amimauasg» W (k*) Ta ii «HapamMarHeTHOI» CKJIAZOBOI W (k™)
(oriHeHOi1 i3 cHiBBiIHOIIIEHHSA

wprm (kX) = l’btot (kX) - erFe (kX )Sl?‘eci‘e -
_jNiNi (kX )SI%HGIz\H + 2eerNi (kX )sFesNiGFeGNi (4 * 2 '4)
3a aHaJjoriero g0 [185, 186] y mabau:keHHi B3aemopii suiire HaAKOJIM-

JKuUmMX cycigHix cmimiB 3a manumwu [115]) mpu pisHHMX TemmepaTypax
(6nusprux mo temueparypu KypHakoBa) i kombiHaIiagx cmiHiB aTomiB

TABJIAIIA 4.2. ®yp’e-KOMIOHEHTa ITOBHOI eHeprii «3mimanua»  ,,(k¥) Ta ii
«IIapamMarfeTHa» CKJIazoBa W pm(kX) 3a pisuux Temueparyp T € (Tk, T¢) i xom-
6inaniii cuinis aromis Ni i Fe nus HeBnopsigrosanoro cromy I'TK-%’Ni, sg:Feq 555

T=T73K, T=T76 K, T=T83K, T=801K,
09 =—0,370 B[ 73, (k) = 0,371 eB|| 3, (5) = —0,375 eB || i1, () = —0,386 ¢B

Oni | Ore a)prm(kX) Oni | Ope ﬁlpxm(kx) Oni | Ore ibprm(kx) Oni | Ore a)prm(kX)
0,5|3,0}0,55]0,40 |-0,334| 0,54 (0,39 [-0,337|(0,52 (0,38 [-0,343( 0,46 0,33 [-0,361
0,5}2,5)0,52]0,37|-0,340(0,51|0,37 |-0,342|(0,48 (0,35 [-0,349{ 0,42 (0,30 [-0,367
0,5}2,0/ 0,48 0,34 |-0,346( 0,47 0,33 |-0,349|( 0,44 (0,31 [-0,355{|/ 0,36 | 0,26 [—-0,373
0,5(1,5)0,39]0,27|-0,356( 0,37 0,26 |-0,358|( 0,34 (0,24 [-0,364([ 0,21|0,15[-0,382
0,5}1,0)0,13]0,09|-0,369| O 0 [-0,371ff O 0 |-0,375] O 0 ([-0,386
0,5](0,5)] 0 0 ([-0,370f O 0 [-0,371ff O 0 |-0,375] O 0 ([-0,386
0,3((1,4) O 0 ([-0,370f O 0 [-0,371ff O 0 |-0,375] O 0 ([-0,386
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Ni ta Fe pogumny I'TTK-%2Ni, 7¢5Feq 230-

3 rabaumi 4.2 BuAHO, 10 (KOPOTKOCSKHMI) MarHeTHUil BHECOK Y
B3aemogito aromiB Ni Ta Fe (y mopiBHAHO HU3bKOCNIiHOBUX CTaHaX) B
TAaKOMY PO3UMHI IIigBUINye TeMIepaTypy (asoBOoro mnepeTBOPEeHHA
aag—06esnan, ToOTO cnpuse NaJeKoMy aTOMOBOMY BHOPAIKYBAHHIO:

T o _wtot(kX) > — wprm(kX) .
K k k

B B

TimoTesy mpo Te, 110 aHAJOTIYHUN BILJIMB MATHETU3MY Ha TeMIepaTypy
(KypuaxoBa) (a30BOTro IIepeTBOPEHH Jag—0eaan 30epiraeTbesa U O
CTOIIiB eJIIHBAPHOTO Ta iHBapPHOTO CKJAiB, CJiJ JOCTiI:KYBAaTH OKPEMO.

4.3. KiHeTuka aTOMOBOT0 BIIOPAAKYBAHHS B IIePMAJIOIO

fAx moxkHA 3100yTH iH(pOPMAIliio IPO MiKpPO- i MAKPOXapaKTEePUCTUKH 3
HezaJIe:KHUX NAHUX PO KiHeTMKy peisaxcarii 0Jm3bKOro i gaaexoro
mopAnKkis? Bigmosias Ha e 3aIUTaHHSA Ja€ThCA B JAHOMY HigpOo3mii.

4.3.1. Penaxcayia 6au3vK020 nopaoxy

Haii6inpmr 3pydyHMMM iHCTPYMEHTAMM IJIA OOCHIIKeHHS KiHeTUKH
OJIM3BbKOT0 MOPALKY € PEeHTIeHOCTPYKTYpHA i HeBTpoHOorpadiuma me-
rogu [13, 14, 278]. Hudysne posciaausa BunpomineHHa (PeHTr'eHo-
BUX IIPOMEHiB i/a00 TeIIOBHUX HEBTPOHIB) 00YMOBIEHO (DIIOKTyAIlis-
MM aTOMOBMX KOH(pirypaiiii, To060To aToOMOBUM OJU3BKUM IIOPSITKOM.
Penakcaiiisg 6Ju3bKOro MOpAIKY IIPU3BOAUTE A0 pejakcallii gudysHo-
ro poscigsuHs. ExemenTapri audysiliHi akTm MOMKHA IOocaiauTu 3a
IaHUMU OPO iHTEHCUBHICTH AU(Y3HOTO PO3CIAHHSA BUIPOMiHIOBAHbD.

Aximo xoedimientn audysii B GimapHomy TBepaoMy posuuHi A—B
iCTOTHO BipiBHAIOTHCA, TO MOKHA YABUTH, IO «IIIBUAKi» aTOMU O-
HOTO COPTY YTBOPIOIOTH KBas3WPiBHOBaXKHY «aTMochepy» HABKOJO
«IIOBiTBHUX» aToMiB iHIimmoro copty. Tomy, IiKOM mZOCTaTHBO PO3-
TJIAIaTH YaCOBY €BOJIIOIII0 «IIOBIIBHUX» aTOMiB copTy o (o0 = A uu B)
[13, 14, 25, 279-282]. Ile npunylneHHsa AO3BOJIAE€ BUKOPHUCTOBYBATHI
KiHeTHYHUI MOJEJNIb IIEePINOro IMOPAAKY AJIS YacOBOI 3aJIe:KHOCTH iH-
TEHCUBHOCTU AU Y3HOTO po3cianus, I (Kk,t):

L giss (B 8) = Ly (Ky0) P 1
Ly (K,0) — I 5 (K, 20) 2, (k)

(4.3.1)

TyT Ig4(K,0) — iHTeHCHMBHiCTE TM(PY3HOrO PO3CIIHHA B PiBHOBAIKHO-
My TBEpJOMY PO34YMHi, XBUILOBUI BeKTOP K xXapakrepusye BiicTaHb
TOYKM MipAHHA Bix Hanbamyxuoro Byssaa obepHeHoi rparauni B k-
npocropi kpucramy, A,(k) mpexacraBise coboio Pyp’e-meperBip (3i
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3HAKOM «MiHyC») iIMOBipHOCTell cTpuOKiB aToMiB 0. B maHuii By3oa R
3a ONMHMUIIIO Yacy, ! — IOTOYHHUH Yac, T — vac peJsakcarii posmomisy
inTerncusnoctu (y k-mpocTopi).

Taxkum umHOM, [aHi IPO KiHETHMKY AU(Y3HOI'0 PO3CIAHHA JO3BOJA-
IOTh OIIIHUTHU 4Yac pesakcanii T it obuncauru A, (k).

fIkmo Bigomo {-A,(k)}, To MorkHa ogmep:katm Pyp’e-opurinai,
—Ao(R), 1m0 mpencraBisie cob0o0 cyMapHy HMOBipHicTH cTpubKiB aTo-
MiB Ol 3a OIWHUITIO Yacy B maHu Bys30J R 3 ycix HaBKOJMIITHIX BY3JiB
{R’} B momi morenuisiity Bzaemonii Yu(R’). Ilorennisan y,(R’) y Bysmi
R’ «r'eHepyeTbCa» KOHIEHTPAIIMHMMY HEOZHOPIZHOCTAMN Yy TBEPHAO-
My PO3UMHi, HAIIPUKJIAM, Uepe3 PO3TAIlyBaHHSA aToMa O Y «HYJIbOBO-
my» Bysuai. Takum umaoMm, Yo(R') — aisa moTeHuisiipHOTO mMOJS, CTBO-
PEHOTO KOHIIEHTPAIiHHUMU HeOoZHOpimHoCcTAMU (OJM3LKUM IIOPAI-
KOM) B HeifleaJJbLHOMY TBEPAOMY PO3uUmHi. ¥ BHUNAIKY BiICYTHOCTHU Ta-
KOro IoJsA OyZeMoO BBasKATH TBEPAUN PO3UMH ieaILHIIM.

BukxopucroByioun obGepHeHUl Pyp’e-mepeTBip, MOKHA OJepP:KaTH
[283, 284]:

AL(R) = 1/(k,T) Y AL R R, (R)e,(L-c,),  (4.3.2)

ne ky — BoapmmansoBa crama, T — Temmeparypa, —AYR - R’) —
iMoBipHicTh cTpuOKa aTomMa ¢ y By3oa R 3 Oyab-axoro Bysaa R’ sza
OIVHUIIIO Yacy, ¢, — KOHIIEHTpallia o-aToMiB. B imeasbHOMY TBepmo-
My posumHi moreHHian Y, = kBgT/[ci(1 — c,)]. Benumumau A (R) sane-
JKaTh BiJf po3TalllyBaHHS BY3JiB y KPUCTAJi JaHOI CMHTOHiI, TOOTO Bif
yeix moxxauBux piskHunb {R — R’} nna koxuoro R. Ilpunmyerumo, 1o
BILJINB IOTEHITIAJBHUX ITOJiB oOMe:KeHmMI. 1le odHaAUae, 110 BeIUUYNHU
VYo(R) € HeHynBOBUMU JHIIIe I8 TeAKUX KOODPAWHAIINHUX chep.

Y Bumagky BaKaHCiliHOTO MexaHiamMy au@pysii MOKHa BpPaxXxOByBaTH
aTOMOBi CTpHMOKM JuIlle Ha HAHOAMKUiI BimcTaHi MiK Bysaamm (puc.
4.6). Y Bumagky OiJbII CKJIAOHOTO MeXaHismMy amdysii caim poarias-
nartu Habip Bemmumu AR — R’), AYR — R’y i t.x. Imgexcu I, I, i
T.0. O3HAYAIOTh CTPUOKM y Byson R 3 maibamxkumx BysiaiB {R’;}, Ha-
CcTYynHuX 3a Haiommxuumu {R'y} i T.1.

Puc. 4.6. Crpubku aTomiB y OJWH 3 BY3JiB 3 yCix HAWOGIMMKUIMUX Ta HACTYII-
HuX 3a Haibamxuyumu By3uaiB I'IK-rpaTHui.
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Amnajyoriuni mozeni 6ysno posraaHyTo B [279, 283, 284]. ¥ poboTi
[279] Oyno s3ampomoHOBaHO JHUINIE CXEMY BU3HAUEHHSA HMOBipHOCTeI
cTpubKiB, ayse KoedimienTn mudysii He OyJo omineno. ¥ pobori [283]
0 yBaru mpuUiMaJIUCA JIUIIEe aTOMOBi CTPHMOKM B MeiKaX MepIInoi Ko-
opAuHAaIiiHOI chepm.

Ilpunryctumo, 110 IMOTEHIIISAJIbHE II0JIe MONIMPIOETHLCA Ha IIiCTh KO-
opAMHAIITHUX cdep HABKOJO IMEeHTPAJbHOTO («HYJIHLOBOTO») By3Ja, a
CTPUOKM aTOMiIB Ol MOXKJIMBiI B Me)XaX JBOX KOOPAHMHAIIMHUX chep:

A(0)=A2 #0, A2(R)=A% #0, A (R;)=A’, #0,
V,(0) =, #0, Y, (R)=v,#0, V,(R)=Wv, #0,
Vo (By) =Wy 20, W, (Ry) =Wy #0,

V(B =W, #0, Y, (By) =V, #0,

ne R;, RyiT.O. e pagirocamMu mepImnoi, Apyroi i T.4. KOOPpAUHAIIIMHUX chep
BigmosigHo (irmri fimoBipHOCTI A%y, A%y i T.4. TA MOTeHIiAMBH] PyHKITIT
Voyis Waymr 1 T.J. ZOPiBHIOIOTH HyJI0). g BusHaueHOCTH OyZeMoO BBa-
JKaTH, II0 aTOM O PO3TAIIIOBAHUHN B «HYJILOBOMY» By3iai. Tomi moxxkHa
sanucaTtu HacTynHi piBHaHHA 1id AR, (Imn)) (Imn — KoopamHATH BY-
3JIiB y 3BUUANHIN KyOiuHil cucTeMi KOOPAMHAT 3 BEKTOPAME TPaAHCIAIi1
B370BXK oceit Ox, Oy, Oz BinnoBifiHO), BpaxoByoun 8 HAWOIMKIUX (IO
«HYJBOBOT'O» By3Ja) KoopauHaminaux cep i giaa R=R,=0:

A, (R,(000)) = 12A°, {h} +6A%, {M} +AL, {M}
0 WO WO

A, (R, (110)) = 4AY, {‘I’_oa} +2A° {h} T A {\me} N
0 Wo \Vo

+4A?) {—W"‘W } +2A%, {W—‘ﬂ} + A%, {WM } + A {h} ,
Yo Yo Vo Vo

A, (R,(200)) = 4A°, {h} FAAD {M} P AS [Wm} s

0 0 0

-

gy Y| g, Yo, Ve
0 Yo Yo

A, (Ryp(211)) = 2A°, [h} +AY {M} +2A% {—"’MH +2A% {—"’MV} +
0 0 lI”’O a 0

R e ke A
0 WO “IIO L WO
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( IV(220)) |:\l‘IIIaI:|+4AO |:W(xIV:|+2AgH |:Wa11i|+

Yy
+2A2H {Ww}_i_ AO WuIIIj|

A, (RV(310)) =A |:w(xII:|+A0 [ am}_i_Ao |:\Ii;w}+
+AY {W“VI}+A&{ }

0 0 0

A, (Rv11(321)) AO |:\|I(xIIIi|+AO |:WocIVi|+AO |:W(1Vj|+AgH|:W0<IV:|’
0 Yo v, v,

A, (Rv111(400)) = 4N, {WO‘VI :| +AY, |:W0cII }
0 Y,

B nmux Bupasax —A%, € iiMoBipHicTL aTOMa O, IUIIATHCA B JAHOMY BY3Ji
3a ONVHUILIO Yacy, Yy — HOTeHIiANbHa QYHKIIA ¥ «HYyJIHOBOMY» BY3Ji,
3a3HAYMMO TAKOK, 110 KoopAauHaTu (Imn) mogaHo B OTUHUIAX dy/2, A€
a, € mapamerep I'I[K-rpatHuili. 3a eKCIepUMEHTAIbHUMU TAHUMU
[266], B paMKax Momejao Kimetuku (4.3.1), 6ya0 06UKCIeHO BeIUUNHI

1(k ) s HEBIIOPATKOBAHOTO I'lIK-mepMmaJioeBOTO CTOTY

%Ny r65F€0 235. Bemmmuuau Ay(R,(Imn)) MoskHa po3paxyBaT, BUKODUC-
ToByiouu Pyp’e-opurinai fiMoBipHOCTE aTOMOBUX CTPUOKiB ¥ By30a R
I Ky6iuHOI r'paTHUII:

A,(R) = K(lmn) Z A, (B k,k;) cos(2nk,l) cos(2nk,m) cos(2mk,n),
Fykyey

ne K — reomerpuuHmil Koedimienr, sanexxkuuil Big R(lmn).
MmoBipHOCTI aTOMOBHX CTPUOKIB JAIOTH MOXKJINBICTD OOUMCIUTH Ma-
KpocKomiuni audysiiiHi xapakTepucTuku, Tod6To Koedimientu audysii
Ta camMoau@ysil «ImoBiabHUX» aToMiB O. I'paHMYHUMI mepexin Bix nuc-
KpeTHUX 10 KOHTHHYAJbHUX IIPOIECiB i MPUOYINEHHs, IO CTPUOKU
aTOMiB y By3JIM OJHi€l KOOpAMHAIITHOI chepu ABIAIOTHCA PiBHOMMOBI-
PHIMH, TAIOTh (hOPMYJIy L KoedimienTiB nudysii B ineansromy (Dy) it
HeimeanpHOMY (D,) KybiuHOMY po3uumHi [25, 279, 280, 285—-287]:

- _%ZAg(Rn)Ron’ D, = _%ZAa(Rn)erlZn’ (4.3.3)
n=I n=I
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Ie Z, — KoopAWHAIlilHe YMCJIO IJId N-i KoopAMHAIiiHOoI cepu.

HaBeneny Buie cxemy oOGUMCIEHHS MiKpo- Ta MaKpoaum@ysidHUX
XaPaAKTePUCTUK MU 3aCTOCYBAIM AJIA mepMaior °°Nij resFeq o35, AKMIA
onuspkuil (3a ckaagom) xo L1,-Ni;Fe (puc. 4.1, a), KiHeTuky BIoOps-
IKYBaHHSA aTOMiB IKOro OyJe PO3TJISHYTO B HACTYIHOMY HiZpo3miJi.

Ha pucyury 4.7 npeacraBjaeHo NMOBipPHOCTI CTPUOKIB «IIOBIIBLHUX »
aToMiB O (B HAIIIOMY BHIAAKY «IOBiIbHUX» aToMiB Fe B «aTmocdepi»
«mBugKux» aromiB Ni [288]) B imeanbrim cromi *2Ni, 1¢;Fe, 555 32 Tem-
nepatyp 776 K i 783 K.

Ilepmuit croBmumk Ha puc. 4.7, a mOKasye WMOBipHiCTh «TOBiJIbHO-
ro» aroma 3ajJuNIaTUCA B AaHOMY By3Ji. BenwuwmHu nmux wmMoBipHOC-
teii (= 0,024 ¢ i 0,083 ¢! mpu 776 K i 783 K Bigmosigmo), Ak i mBi
iHITi MMOBIPHOCTI AJIs mepIIoi Ta APYrol KOOPAWMHAIIMHUX cdep, Me-
HIII Hik Bigmosigmi fimosiprocti axa I'LIK-Ni—Mo (= 0,6 c™' [284]).

fAK sasHauajgocs BHIE, aTOMOBi cTpubKM B HeigeaJdbHIM cTOIIi
(puc. 4.7, 0) BU3HAUAIOTHCA MOTEHIIAILHUMEN (QyHKIigMu (puc. 4.8),
00yMOBJIEHUMHY KOHIeHTpaIiiHuMu HeomHopimuocTamu. Ili GyHKITii
MalOTh OCIHHUJIIOIOUMNIT XapaxTep, a ix abcosoTHa BelNUYnHAa 3MEHIIY-
€ThCS B I[iJIOMYy Ipu 30iJIbINIEeHHI BifcTaHi BiJ KOHIEHTpAIilfHOI HEOm-
HOPiTHOCTU B <«HYJBOBOMY» BY3Ji (puc. 4.8). ¥V «HYJILOBOMY» BY3JIi
(mns «HynIbOBOi» KoopamHAMiNiHOI chepn), Wu(R,)/Wuo = Wao/WVao = 1.

Koedinienrn nudysii it camogudysii aromis Fe B cromi **Nig 765F€g 235,
obuwmcieni 3a dopmymamu (4.3.3), HaBemeHno B Taba. 4.3. Koedimientu
B3aeMHOI Au(y3ii B OCTAHHHROMY CTOBOUYMKY EKCTPAIlOJIbOBAHO 3 BHU-
coKoTeMmepaTypHux Mipsaub [266]. Taxo:x Oyso oO0paxoBaHO MOBHI
eHeprii axkTumBamili kKoedimientiB gudysii ## camommdpysii aromiB Fe:
3,21 eB i 2,56 eB BigmoBizgmo.

30,085 ——— : ; £0,0035
f0030f | B 776 K| J €0,0030} |HEEM 776 K g
5 B ES3K] ¢ E= 783K e
20,025 = 1 20,0025
[+] (3]
g 0,020 1 £0,0020
= 2
% 0,015 1 £0,0015
[=]
£ 0,010 : E 0,0010
8 E
§ 0,005 % 1 € 0,0005 | E
B =1 %
£ 0,000 % 0,0000 .
2 2 = 0 1 2 3 4 5 6 7 8
Homep koopauHaniizol chepn = Homep xkoopanHaniiiaol cepn
a 0

Puc. 4.7. PIMOBipHOCTi aTOMOBUX CTPUOKIB 3a OAZMHUITIO UYacy B imeanbHIM (a)
i HeineanbHim (0) HeBnopszxosaHiM cromi **Nig ,e;Feg 55. Bucorn crosmunm-
KiB BU3HAUaloThL 3a3HaueHi B Tekcti Benmuman —A%R,) (a) i —A«(R,) (0).
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0,24

0,14

0,0

—0,14

Homep RboanHauiﬁHoi cepn

Hopmosana noreHnianbHa QyHKIiA

Puc. 4.8. 3HaueHHS HOPMOBAHUX MOTEHUIANBHUX GYHKIIN, Yo (R,)/ Voo AIA
pisHMX KoopauHamifiHux cdep B cromi *2Ni, 165Feq 235

TaxuM YMHOM, MOKHA 3POOUTH HACTYIIHI BUCHOBKH.

e B igeanprim cromi Nij ;5Fe; 235 HIMOBIpHiCTE aTOMOBOro cTpubKa y
maauii Bysoa R 3 Oyab-sikoro Haibam»kuoro Bysja (HaBkoao R) meH-
ma 3a BeauunHy —A,(0)/2, a 3 Oyab-AKOr0 HACTYHHOTO 3a HAWOJIMK-
YUM BY3JIOM IIsI MMOBipHicTh mie menina (puc. 4.7, a). lle osnauae,
aTOMOBiI CTPMOKM BifmOYyBaIOTHCA IIEPEBAKHO B MeyKax IIepIIoi KOoop-
IUHAaIliiHOI cdepu, 10 Mae Miclie TOJOBHMM YMHOM 3a BaKaHCiHHOTO
MexaHisMy au@yasii, 1o i mpuiiMagoca (IpUIycKaIocs).

e B meigeanpHiM cromi Nij r65F€) 235 IMOBiIpHiCTE cTpubOKa aToMa O y
By30a R, —Ay(R), Bu3HaAUaeThCA MOTEHIIAILHUM mojeM y Byami R.
Tomy fimoBipHicTE cTpumbKa aTomMa O y By3oa R 3MiHIOETHCS HEMOHO-
TouHO (puc. 4.7, 0): BOHA BUIIA AJA BY3JIiB, B SKUX PO3TAITyBaHHSA
aToOMiB O € eHepTeTUYHO BUTiAHIIINM.

o Sk1mo posamicTutu oguH aToM Fe y KyTi enemenTapuoi komipku 'ITK-
I'PaTHUIII, TO 3a HAABHOCTH OJMM3bKOTO mopAnky «tuny L1,(NisFe)»,
immri aromu Fe OyayTh HaMaraTucsa po3TaIlyBAaTHUCA IMePEBAKHO B KyTax
Ky6a (Tobro y II-i, IV-i1, VI-i1, VIII-it KoopaumHaImiinux cepax HaBKO-
JIO «HYJILOBOTO» BY3JIa, 1110 36iraeTheA 3 BEPIINHOIO KyTa Ky0a), a aToMu
Ni posramyioThea y IieHTpax rpaueii. OT:xe, B HAIIOMY BUIIaIKy, OJIu-
3bKHUH MOPANOK «Tumy Ll,» XapaKkTepu3yeThCsI PO3MIIEeHHAM aTOMiB
Ni y menTpax rpaseii, 60 11e 6iJbII BUTigHO eHepreTunyHo. OueBUIHO, IO

TABJIULIS 4.3. Koedinientu gudysii Dy, camogudysii Dy, i BsacmuoOi gudy-
sii D (sa BaraHciliHum MexaHismoM aTomoBux cTpubkiB) B T'TIK-*Ni, 7¢:Feq 555

T, K Dy, cM?/c Dy, cM?/c D, cvm?/c [266]
776 4,49-107"7 1,81.107" 2,49-10718
783 6,90-1077 2,55-10717 3,56-10718
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caMe ToMy #imMoBipHOcTi cTpubKiB aromiB o (Fe) y Bysau {Ry}, {Ryl,
{Rvi}, {Rym} (pue. 2, 6) Bumgi sa iimMoBipHOCTI cTpubOKiB y Bysau {Ri},
{Ru}s {Rv}s {Ryn}. ¥ 1ti Bysau aromu o (Fe) crpubators i3 Byaais I-1, I11-1,
V-i, VII-i xoopauHaIniiitaux chep, AKi € HAHOIMKYINMEU 1 eHepPreTUUHO
MeHIn Burigaumu nas aromiB o (Fe). Takum ummoM, MMOBipHOCTI Ha
puc. 4.7, 6 He cynmepeuaTh BakaHCiltHOMY MexaHisMoBi qudysii.

e 3aJeKHiCTh HOPMOBAHOI IOTeHIIiambHOI (YHKII Big pamirocy Ko-
opauHartiiuoi chepu, R,, HemoHoToHHa (puc. 4.8). Huna meaxkux R,
3HauYeHHA (QYHKII] MMO3WUTHUBHI, a Iaa iHmmx — HeratuBHi. Ile Bu-
3HAYA€ TEePMOAMHAMIUHY «BHUTIJHICTb» UM «HEBUTiTHICTL» IJIS aToMa
3HAXOOUTHUCH Y BigmoBimuux Byamaax {R,}.

e Xoua IIiABUINIEHHA TeMIIEpPATypU CIPUAE IIiABUINEHHIO HMOBipHOC-
™1 cTpuOKiB B3arami (puc. 4.7), aje 3MeHIIeHHA Oii IMOTEHITiAIHLHOTO
mosiAg (III0 CTBOPIOETHLCS aTOMaMHU MEBHOTO COPTY ¥ O0YMOBJIOETHCS
IXHIMI KOHIIEHTPAIliNHUMY HEOTHOPiAHOCTAMM) V By3JjlaX HA JAJIEKUX
BimcraHax (KoopAUMHAIIHUX cdepax) copude IIiABUINEHHIO HNMOBIip-
HOCTHU CTPUOKiB aToMiB (IILOTO COPTY) HacamIiepend y OijbIn majexi
Big «mxepesa» HeomZHOpPimHOCTU By3au (puc. 4.8).

4.3.2. E6ontoyia danexozo nopadxy

Posrigmemo BumagoKk oOMiHHOTO («KimbIleBoro») mMexaHismy amdyaii
[14, 289-295], 1m0 «Kepye» peakcalli€io JaJeKOoro aTOMOBOTO IIO-
panky B cromi tuny L1,-NisFe (axuii € 61M3bKMM 3a KOHIIEHTPAIIi€IO
[0, PO3TJIAHYTOrO BUIle, cTolly Nig r65F'€q 235) 32 TeMIepaTyp, HIMKUUX
TeMIepaTypu (asoBOro mepeTBOpeHHA Jag—6easaln.

A mocmimKeHHA KiHeTMKU BIOPAAKYBaHHS aToMiB y (HepiBHO-
BasKkHOMY) TBepaomy posumHi I'IIK-A, B, 3acTocyeMO MiKpOCKOIiuHe
mudysitine piBHanmHa OncarepoBoro tuny [14, 289-295], npumycka-
oun (B IIbOMY pO3Iiyi i Hamaai B poboTi), II0 MIBUAKICTL MarLeTHOTO
BIIOPAIKYBaHHS Ha0araTo mepeBUIyE MIBUIKICThL ATOMOBOTO BIOPSI-
KYBaHHs, TOOTO HEXTYIOUM YACOBOIO 3aJIE}KHiCTIO MAarHETHOT'O CTYIIEHS
BinbHOCTH. ToOxi IMBUAKICTE 3MiHM OJHOYACTHMHKOBUX HMMOBipHOCTEH
IS aTOMiB COPTY O. MOKHA IIPEACTaBUTH Y TakoMy Buraami [14]:

PR .1 5 vec"R-R) —SAF ,
dt kBT ﬁ=A,B R’ 8P (R 9 t)

(4.3.4)

ne t — morounuii uac, L% (R -R’) — kimernunwuii koedinieHT, 1110 ABIAE
c00010 IMOBipHiCTE OJHOUACHUX CTPUOKiB aToMma 0. i3 Byssa R y Bysoan R/,
a aroma 3 — i3 Byssna R’ y Bysos R, To6TO fiMmOBipHiCTS 06MiHY MicaMu
mapu aroMmis o i B, 110 sHaxoaATECs y Bysaax RiR’ (o, f=A, B).

Y Bumagky oOMiHHOTO AM@PY3iliHOrOo MexaHi3My MOCTATHLO PO3IJIS-
IaTu Mirpariio, HampukJan, JHUIIe aTOMiB copTy B, OCKiJlbKHM cyma
nmoBipHOcTelr myisi atromiB A i B € Toro:kHa omuHuIli. (Bupasu masa
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(hemomenosorivamx Koedimieuris (L) y BUIIaAKY BaKaHCiiHOTO Mexa-
Hismy audysii abo audysii mo MiKBY3JI0BMHAX OJepP KaHO, HAIPU-
KJanm, B poboTti [296]; nuB. Tako:k 6ibaiorpadiro B Hiii.)

OckinpKu 3arasbHe unciio aTromiB B (A) € dpikcoBaHUM, TO

Z—dP(R) _ Ny =0, ToOTO ZL“B(R -R) =0, (4.3.5)
= dt dt R

ne Ny — KinbKicTh aTomiB B B cucTeMi.
TepmoguuamMiuny pyiitiny cury OAF/OP(R’,t) momaeMo y BUTIAML:

SAF o P(R)
SPE) ;[w(R R)P(R)]+ k,Tn T P®)”

(4.3.6)

Ockinsku OAF/OP(R’,t) Mae Taky »& cuMmerpiroo, Ak i ¢pyuxmis P(R),
70 (3a Jajekoro mopaaky) 0AF/OP(R,t), ax i P(R), MOXHA IpeaCTABH-
TH AK CYIEPIIO3UIiI0 CTATUYHUX KOHIIEHTpAIifHuX XBUJIL [14]:

OAF/3P(R) = é(M) + AM)E(R), P(R)=c+nER) (¢=1,2), (4.3.7)
ne nasa Hagcerpykrypu tuny L1, E(R) mogano y Bupasi (4.1.2). Kombi-
"youn Bupasu (4.3.4), (4.3.5) i 6epyun go ysaru, o E(R) mabyBae

Julle ABa 3HaueHHdA, —1/4 i 3/4, Ha Bcix Bysaax 'IIK-rparauni, nicas
HeCKJIaJHUX IIePEeTBOPiB OIep:KyeMO Bupasu Aada GyHKIin ¢(M) i (M) :

o e
&) = e(0) + 2 1n 4 4

et

(c+nj(1—c+n)
fi) = NB*) + b, Tln~— 4 (4.3.86)

-

IlincraBasioun (4.3.7) B (4.3.4), kombimyrwounu (4.3.5) i (4.3.8), smiii-
cuooun Pyp’e-iepersopu 000X yacTuH piBHaHHA (4.3.4), 0gep:KyEMO
IudepeHIliiiHe piBHAHHSA AJIA IIapaMeTpa JaJeKoTo IOPSIIKY:

(™ (c+3nj(1—c+nJ
W) s 4 41, (4.3.9)

)

M. 1 o) Lk"
e c(1-c)L(k™)

e
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Lk¥)= > LR-R)e™ &% = %I:BB(kX) - P4 (k*). (4.3.10)
R-R’ —-C

3 Bupasy (4.3.10) merko 6aumTH, IO HABITH 3a Maaux c¢ > 1, oOMminm
MicIAMU aTOMiB OJHOTO COPTY TaKOK BIIJIMBATHMMe Ha 3MiHY N 3 4a-
coM (HAIIpUKJIAZA, 3rigHo piBHaHHA (4.3.9)).

Jlerko G6auutu 3 piBHaHHA (4.3.9), 0 Oro 3py4YHO PO3B’A3yBATU B
TepMmiHax sBemeHoro uacy, t = L(k¥)t, i s3Bemenoi Temmepatypwu,
T" = k,T/|b(k™)| .

Heasuwuit posB’szox t = t(n) piBHanua (4.3.9) momaeThbcsa HACTYII-
HUM BHPa30M:

(c+3n’j(1 c+1n’j
_ Nl o~ X " - n
- LI | wk™) gy 4 4 ', (4.3.11)
cl- L&Yy | k,T 1, 3,

c—Zn 1—c—1n

Ie N, — IouyaTKoBe (HepiBHOBa:KHEe) 3HAUEHHS IIapaMeTpa AajeKoro
nopanky (mpu ¢t = 0, KoJau JIMIlle IMOYMHAETLCS peJjaKcallisg micad Bin-
HaJIIOBAHHS CTOIIY).

SAKI10 B3ATH OO0 yBaru CTPUMOKM aTOMIiB JHIlle Y HAHOIMIKYL BY3JIH

T'TIK-rpaTHUIi # 3acTocyBaTHM YMOBY CTaJIOCTH B3araJibHOTO dYHCJa
aTOMiB y cucTeMi, TO MOKHA 3alucaTh

f,(k) = —-4L(R)) [3 — cos(1tk, ) cos(ntk,) — cos(nk, ) cos(ntk,) — cos(mk;) cos(nkl)] ,
(4.3.12)

ne —L(R;) mpomopiiifine HMOBipHOCTI 0OMiHy MicHAMuN mapu HaiiOam-
Kuux aToMiB y Byanax R i R’ za ogumumo uacy (R; = [R-R/)).

Buxopucrosyroun excrnepuMeHTaabHl gaHi [297] (puc. 4.9) i Bupas
(4.3.11), mosxua ominnty Beamunau L(k)mopum 673 K i 743 K (Tabu.
4.4). 3 Bupasy (4.3.12) 6ya0 obuncaeno Beanunnau —L(R;) (Tabua. 4.5).
IlincraBaaoun —L(R,) (3a ymoBu —L(R,) =0 aaa n >1I) samicts —Ay(R,)
y Bupas (4.3.3), Mmo;KkHaA rpy0o ominuTu Koedimientu audysii (mpu ii
oomimHOMy MexaHismMoBi) map artomiB Fe #1 Ni B crtomi L1,-NijFe
(trabm. 4.5). O6unciena eHepriag axtusaiii audysii atomiB Fe (i1 Ni)
ctaHoBuTh 1,6 eB (Bizmosiguo mo AppeHitocoBoi popmy.ii).

BigmanioBanua cromy NisFe za Temmeparyp 673 K i 743 K mpusso-
IUTL A0 30iJbIIIeHHS PO3MipiB «JOoMeHiB» (KJacTepiB) 3 OJM3BKUM
HOpAAKOM B HuX. 3a TeMieparypu 673 K posmipu mux momeHiB 306i-
JBIIYIOTHCSA MOPiBHAHO MOBIMBLHO ¥ CATAIOTL 3,5 HM, B TOH 4ac, K 3a
743 K Bomu caramoots 20 HM npu BizmamoBauHI mporarom 3,6-10° ¢ B
o0ox Bumagkax [297].

Cranisa 30i/IbIIIeHHS PO3MipiB JOMEHIB € OiJIBIII TPUBAJIOIO, HidK cTamisa
BCTAHOBJIEHHA OJIM3BKOTO HMOPAAKY B caMUX AOMeHax. B cromax sami-
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0,72 : reerrerr . ,
0,70 F i
0688f o--- T TTTTTTTTTTTTTTTTII
0,66
0,64

_ 0,62
0,60
0,58 I

0,56 e 673 K| 7
0,54 F 743 K| 1
0,52 ]

0,00 0,72 1,44 2,16 2,88 3,60
t-10°, ¢

Puc. 4.9. 3anexuicTs mapamerpa AaJeKOT0 MOPSAIKY Bil uacy AJis mepMajoio
NisFe: o i e — exkcnepumeHTanbHi Toukm [297], myHKTHMpHA ¥ cCyIiJbHA
KPUBiI — eKCIOHeHI[iaJbHe 3TJIa[KyBaHHsd.

IeHHA AaJeKUU MOPAMOK YTBOPIOETHCS IIJIAXOM PO3POCTAHHSA OJU3b-
Koro nmopAnry [13, 14]. Tomy, nmosinsrUit pict n npu 673 K, sugumo,
00YMOBJIIOETLCS IIBUAKICTIO PO3POCTAHHESA CAMUX AOMEHIB (3 yiKe HasB-
HUM OJIM3bKUM HOPSAAKOM B HUX). B paMKax Momesio KiHeTUKY 3 OTHi€0
€KCHOHeHTOIO (IMB. CYIiJIbHY I NYHKTUPHY KpUBi Ha puc. 4.9) uac pe-
JaKcarii craHoButs =~ 2,5-10* ¢ mpu 743 K, B Toii uac, ax npu 673 K Bin
cTaHOBUTH = 3,9-10* c. ITicaa Bizmany mporarom 3,6-10° ¢ m = 0,70 mpu
743 K, B Toi#1 uac, ax npu 673 K n = 0,67 (puc. 4.9) [297]. IIpunaiimui,
e o3Hauae, 110 B ekcuepumenTi [297] nmpu 673 K He 6y10 JOCATHYTO pi-
8H06AJCH020 3HAUEHHS IIapaMeTpa JaJeKOoro HOPAAKY.

OcranHe TBepI:KeHHS SICKPABO JeMOHCTPYIOTH puc. 4.10, a, 6. Ha
IIUX PUCYHKAX TEOPeTUYHIi 3aJIe;KHOCTI mapaMeTpa JajieKoro MOPAIKY
Bim uacy OyJo oJepiXaHO UNCeJbHUM PpO3B’A3yBaHHAM DiBHaHHA
(4.3.9), BuKopucToByloun onTumisoBani Bexmumuu L(k*) (quB. Tab6.
4.4, 4.5). dIx nokasano Ha puc. 4.10, 3a Manux 4yaciB BimmaJaOBaHHS
MUTTEBe (HepieHOBAlNCHe) 3HaUeHHS IlapaMeTpa [TajIeKOTO IOPAIKY
npu 673 K wmenmre, Hi:xk mpu 743 K. Brim, mosrorpuBanuii Bigman
OPU3BOAUTEL M0 BUIIOTO (OJM3BKOT0O A0 PiBHOBAsKHOIO) ImapaMeTpa IMo-
panky npu 673 K, ik npu 743 K.

Kpusi, maBeneni ua puc. 4.11, € uncelbHUMU PO3B’ A3KaMU PiBHAHHS
(4.3.9) nnasa IMIMPOKOTO KOHIEHTPAI[IMHO-TeMIIEPATyPHOTO iHTepBaJy.
Bci xpusi Ha puc. 4.11 306paXyIoTh 3aJeKHICTh 1| Bil 3BefleHOT0 yacy,
t* = L(k¥)t, six 3a pisuux sBegenux remueparyp, T = k,T/[b(k™)|, (a,
0, 8), Tak i 3a 1BoX peasbHuX Temiueparyp, T =450 KiT=650K (zi0).

Hna nepenbaueHHs eBOJIIOINII N (B pealbHOMY dYaci ) B HecTexiome-
TpuyHuX nepmasoax Ni; [Fe., (c<1/4) npudepeniiiine piBHaHHSA
(4.3.9) Taxkoxk pos3B’A3yBaNOCA i3 BUKOPUCTAHHAM OOYMCIEHUX BeJIH-
yur L(kY) i (k™).
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TABJINIA 4.4. Kineruuni xoedinieuTu OHcarepoporo tuiy (omTuMizoBami
BiATIOBiIHO MO eKcIlepMMeHTAJbHHX AaHuxX mpo S,;* [297] sa pisHux dyacis
BigmasroBanH4A t; [=1, 2, ..) gaa crony NizFe 3a g1Box Temmeparyp Bizmamy.

T=67T3 K T ="T43 K
107, ¢ S,;10°, ¢! S,;10°, ¢!

0,02 615,0
0,11 108,9
0,18 14,53

0,25 55,09
0,36 12,41 43,68
0,52 36,15
0,54 11,72

0,72 9,572 23,43
1,08 7,259 17,09
1,44 5,312

1,80 12,42
2,16 3,630

2,52 3,035

2,88 2,855 7,605
3,24 2,597

3,60 2,231 6,212

B 1 & B 1 L
Lk*)=—>15=6,83210°%c" | L(k¥)=-—> 5,=9,256-10"c"
1143 10 1=

-1

T k® 1+37)(3+1
16 ([ 20 | BESEEM | om1ya).

S =

8t 3| BT 3(1- n')z

Kimernuni kpuBi mM=n(t) gna aBoxX mouyaTKoOBuUX yMoOB, MN(0)=1,=
=0,2 i ny=0,6, HaBegeno Ha puc. 4.12. [Iaa OGiJbIIT BUCOKMUX IIOYAT-
KOBUX 3HAUeHb MapaMeTpa JajIeKOoTO MOPSAAKY T, POSPAXYHKU He BU-
KOHYBAJINCS, OCKIJILKY IIPU BIOPAAKYBaHHI aTOMiB T, He MOJKe IIepe-
BUIIlyBaTH PiBHOBasKHe 3HAUYEHHSA M. (T, ¢).

TABJIMIIA 4.5. ®dyp’e-KoMIOHeHTa KiHeTmunoro koedimienry, L(kY),
MMOBipHiCTh 00MiHY MicuAMYM mapum HaWOJMKUIUX aToMiB, —L(R;), i Koediri-
eut audysii, D, B nepmasioro NisFe 3a nBox temneparyp, 7.

T, K L(kY), ¢! ~-L(R,), ¢ D, cm?/c
673 6,832:10°° 4,270-1077 1,084-1072
743 9,256:107° 5,785-107 1,469-1072°
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1 T T T T 1 T T
0,8 .
0,61
B B = (=i [= 7
0,4+ 1 0,4+ =
0,21 —— 673 K | 0,2 — 673 K
- -ee-- T43 K H - fesses T43 K4
0 | ! ! | 0 L 1 1 T
0 0,72 1,44 2,16 2,88 3,6 0 1,44 2,88 4,32 5,76 7,2
t-10°, ¢ t-10° ¢
a 0

Puc. 4.10. TeopernuHi 3ajie;KHOCTI mapamMeTpa AajJeKoro IMOPSAAKY Bif uacy
(v mBox mrkasax) mis nmepmaior NisFe 3a gBox Temmepartyp.

Ob0uncaennii (B KiHeTUYHIM MO/IeJI0) piBHOBasKHUI ITapaMeTep JaaJe-

1 1 1
0,8 0,8 1 E S A

0,6 0.6 0,6

= —— 20,0 ar.% Fe = B —— 20,0 ar.% Fe E 20,0 ar.% Fe

0.4 — - 22,5 a1.% Fe 0.4 — - 22,5 ar.% Fe H 0,4 — - 22,5 ar.% Fe H
25,0 ar.% Fe H — 25,0 ar.% Fe H —— 25,0 ar.% Fe H
02 [ 27,5ar% FeH ®2- |- 27,5 ar.% Fe 0,2 - 27,5 ar.% Fe H
— -~ 30,0 ar.% Fe H - —-- 30,0 ar.% Fe — .- 30,0 ar.% Fe [

0 T T T 0 1 I T T 0
0 03 o6 09 1,2 15 0 1 2 3 4 0 3 6 9 12 15

t" t +
a 0 8

— - 23,5 ar.% Fe| | — - 23,5 at.% Fe
—— 25,0 ar.% Fe[] 0,21 25,0 ar.% Fel]
F k- 28,5 ar.% Fe[ - ----- 28,5 ar.% FeH
0 1 1 0 1 I I I I
0 2 4 6 & 10 12 0 2 4 6 8 10 12
t t
2 0

Puc. 4.11. 3anexHicTh mapaMeTpa IaJEeKOr0 MOPAAKY Bim (3BemeHOro) yacy
nna mepmanois Ni,_Fe, 3a pisHux sBemenux remmeparyp, T°, 0,08 (a), 0,12
(6), 0,16 (8) i peanbHUX Temmepatyp, 450 K (2), 650 K (0).
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1 1
4 6 8

t-10°, ¢
a 0

Puc. 4.12. Yacosa eBoJOI[id ITapamMeTpa AAJEeKOr0o IOPAIKY AJA HecTexioMe-
TPUYHUX IIEPMAJIOIB 3a PiSHUX IIOYATKOBMX 3HAUEHb IlapaMeTpa AaJeKoTo
mopAAKy i Tremmeparyp, 673 K (a) i 743 K (0).

KOTO IIOPAAKY, N, MOKHA IIEPEBipUTH B paMKaX CTATHCTUYHO-TEPMO-
IUHAMIYHOI'O MOJIEJII0, PO3B’A3yI0Uu piBHAHHS piBHOBAru, oF ., ;/on = 0.
YucenbHUHN PO3B’sA30K IILOTO PiBHAHHSA Ja€ KOHIEHTPAIIMHY 3ajeix-
HiCTB 1M, 32 pisHUX 3BefleHux (puc. 4.13, a) i peanprUx (puc. 4.13, 0)
TeMIIepaTyp abo TeMIepaTypHY 3aJIeXKHIiCTB 1),, 32 IeBHOI KOHIIeHTpaIii
(puc. 4.14, nmpaBopyu). Buaso, 1110 piBHOBaKHi BEJIMYMHU ITapaMeTpa
JaJeKoro IMopAAKy Ha puc. 4.13 miATBepAKYIOTh aCUMITOTHUYHI BeJIu-
yuHYU Ha puc. 4.1114.12 (quB. Tako:x puc. 4.14).
Omxe, MOKHA 3pOOUTH HACTYIIHI BUCHOBKHY (AuB. Tako:k [298—-300]).

1,0 . 1,0 —— ; ; ; ‘
0,9+ / ; 0,9+ ]
0,8} /! 0,81
0,7} £/ 0,7}
0,61 / 0,6F
£ 0,5] Fils 1 £ 05
0,4} ff- e - 0,4k
0.3F (i g 4 0.3F
0,2+ |5 g 0‘2 .
s '
RN (AT o
0000 02 04 06 08 10 00
c C
a 0

Puc. 4.13. PospaxoBaHa B3ajIe)KHICTH PiBHOBA)KHOTO IIapaMeTpa IajJeKoro
MOPAAKY BiJi KOHIIEHTpAIlil Jer'yBaJIbHOTO KOMIIOHEHTA y HAJACTPYKTypi L1,-
tuny (a) i Ni,_Fe, (6) sa pisuux sBemenux (a) i peanbHuUx (6) TEMIIEPATYD.
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e Ormineni moBHi eHeprii akTuBaIii gudysii i camogndysii «moBiILHUX »
atomiB (Fe) B Heymopankoanomy °*Ni, s:Fe, 55 cTanoBIATE 3,21 €B i
2,56 eB BigmoBigHo. OmineHa eHeprisg akTUBAaIlii Mirpairii 3a ooOMiHHOTO
mexaHismy augysii aromiB Fe i Ni B ynopankosanomy NisFe cranoBuTh
1,60 eB. Ilepri ABi BeIMUMHT BUIIli, HijK TPETs, 00 OCTaHHA He BKJIIOYAE
B cebe eHepriio yTBOpeHHA BaKaHCii; emeprito mirparii B NisFe omineno B
MO/IeJIT0 3a BiJICYyTHOCTI BaKaHCi# B cTOMi, B paMKaXxX KO0 eHeprid yTBO-
penuda Bakaucil ckiaazae 50% i 38% Binx saranpHOI eHepriii akTuBAaILil
nudysii it camonudysii «mmoBinmbuHUX » aTomis (Fe) BimmoigHo.

e Ockinbku |[L(R))| < |A(R,)|, To KoedinienTu nudysii B Taba. 4.5 menmi
3a KoedimieaTn mudysii B Tada. 4.3. Ha 1me e gexinboka npuuwmH. Ilo-
mmepiie, «3MilTaHHa» («BIOPAIKYBaHHS» ) 3aJIE’KUTH Bil TeMIepaTypu i
kounenrparii. Ilo-gpyre, BumopaagKkoBaHa (pasa posradmaiacad 3a HUMK-
YuX TeMIIepaTyp, HiK HeBIOpsAKoBaHa (I1o IiJiKoM mpupoxHo). Ilo-
TpeTe, HUKUE TeMIIepaTypHu (pasoBOro IepeTBOPeHH Jaa—6eaian Mexa-
HisM aqu@ysii B cTomi, 1110 BIOPAIKOBYETHCA, MOKe 3a3HaBaTH 3MiHU, a
e MOXKe BILIMHYTH Ha BeTuuuny D.

Hacmopasgi, fiMmoBipHicTE 00MiHHOTO («KiJbIIeBOTO») MeXaHi3My Ou-
¢y3sii € MeHIII00, Hi’K BaKaHCiMHOTO, IIPO IO 1 CBiUaTh OIliHEHi BeJu-
YMHY KiHeTUYHUX KoediiieuTiB OHcareposoro Tuiy.

e Teopernuni Kpusi Ha puc. 4.10 He 3aX0AATLCSI B XOPOIIIiii BigmoBiz-
HOCTi 3 eKcIlepuMeHTaJIbHUMHU TouKamu [297] Ha puc. 4.9. Ha e € aBi
npuunun. Ilo-mepime, Aad o0UMCIeHHA i MOOYAOBU KPUBUX €BOJIIOIiI
1N =n(¢) BUKOPUCTAHO ONTUMi30BaHi («cepenHi») Besauunnu (3 Tabi. 4.4,
4.5) ®dyp’e-KOMIOHEHT KiHeTHYHMUX KoedinienTiB OHCarepoBoro Tumy
L(k*,T), omiHeHUX 3 eKCIePUMeHTAIBHNX AaHuUX [297] mpo 1 B pisHi
mMoMmeHTHU uacy t. Ilo-gpyre, Bci ekcmepuMeHTaNbHI 3HAUeHHA 1| (Ha puc.
4.9) e nuitte TOTOYHUMHU (MUMMEBUMU) i He € TIOBHICTIO PiBHOBAKHUMU
(ocob6muBo mpu 673 K). Hapite micia Bigmany nporsarom 3,6-10° ¢ exc-

1,0 T T T T T T T T T T T T T T T — 1,0
0,9 = F 10,9
0,8 JT lo,8
0,7 S [ by 0.7
0,6 . . -t 10,6
= 0,54 s - lo5 &

0,41, o 41 lo,4
0,3K 4 10,3
0,2k [ : ; 1o,2
0,1+ 1t ; Sl o
0,0 1 1 L 1 1 1 1 1 ) H . H ) i )

0 5 10 15 20 25 30 35 40 0,14 0,15 0,16 0,17 0,18 0,19 0,20 0,21

t T

Puc. 4.14. YacoBa pesakcariia mapaMerpa JaJeKoro IOPAAKY 3a PisHUX 3Bele-
HUX TeMieparyp (JIiBopyd) i TeMmeparypHa 3aJIe’KHICTH PiBHOBaXHOTO IIapa-
MeTpa JaJeKoTo MopAAKY (IpaBopyd) y crexiomerpuuHiii (c = 1/4) dasi L1,.
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TIepUMEeHTaJIbHE 3HAUEHHA 1| He CAZHYJI0 CBOTO PiBHOBAaKHOTO 3BHAUEHH;
caMe TOMY BOHO MeHIIIe, HiJK TeopeTuuHe (auB. puc. 4.9, 4.10).

e HepisHnogaiHi 3HAUEHHA IIapaMeTpa JaJIeKOTO IIOPAIKY IIepMaJioio
Ni,Fe micia Bignamy nporarom 3,6-10° ¢ npu 743 K i ocobauBo npu 673
K (puc. 9) miaTBepmKyIioTh, 110 OyAb-AKi HaHi eKCIepuMeHTY IPO CTPYK-
TypHi ¥ GisWUHI BJIACTUBOCTI TBepANX PO3UMHIB MicTATH iH(popMaIliio
JIUIe IIPO iX mMummeasi xapakrepucTuku. IlepegdaueHus K ixX pigHosa-
JCHUX 3HAUYEeHb MOJKJIMBE JINIIe 3 TeOPETUUHOI eKcTpamoaaiii (puc. 10);
oJlep:KaTU KiJbKIiCHO KOPEeKTHi BeqMnumHM (i3UUYHUX XapaKTEPUCTUK
MOJKHA JINIIIE 3 aCUMIITOTHYHOTO OI[IHIOBAHHS iX PiBHOBaKHUX 3HAUYEHb
3a TaHUMHU eKCIIEPUMEHTY IIPOo KiHeTuKy ix penaxcarii[25, 282].

e 3a HUBBLKUX TeMIIepaTyp PiBHOBAKHUN IIapaMeTep JAJEKOro HMOPs-
Ky B nepmanoax Ni—Fe, ne cp, < 1/4 1 ¢y, > 1/4, 3aBKAU MEHIINUH, HiXK
IIPU CTEXiOMeTPUYHIN KoHIeHTpaIii (¢y, = 1/4). Brim, 3a BUCOKUX TeM-
mepaTyp B HECTEXiOMETPUUHUX IIePMAaJIOaX, Ie Cp, > 1/4, piBHOBaKHUI
mapaMeTep JAJIEKOro MOPAAKY MOKe OyTH BUIIUM, HidK B CTeXioMeTpH-
YHOMY, Je Cp. > 1/4 (nuB. puc. 4.11).

e Pucyurku4.11, 4.12 1eMOHCTPYIOTH, 1110 KOHI[EHTPAIIisd JIeT YBAJILHOTO
kommouenTa (Fe) i remmeparypa Bifmany icTOTHO BIJIMBAIOTh HA AKicHI I
KiJbKicHI 3MiHM KiHeTMYHOI ¥ piBHOBa’XHOI YaCTUH: YOTUPU KOHIIEHT-
pariii 1 ABi TemMIepaTypu JAIOTh He JuIlle PisHi nmpodiai peraxkcamiioanx
KPUBUX, ajie TAKOK Pi3HI 3HaUEeHHS PiBHOBAYKHOIO IIapaMeTpa JaJIeKOoTo
OOPAAKY. SIKIO KOHIIEHTPAIlid JeI'yBaJIbHOTO KOMIIOHEHTA 3MEHIITYETh-
cdA (HMKUe CTeXiOMeTpUYHOro CKJIAAY), TO IIBUAKICTL 3MiHM ImapamMeTpa
IaJeKoro IMOPAAKY 3MEHIIyeThCA M uac peJsakcarii s30imbiryerhesa. Ha
HOYATKOBIiM cTamil Bigmaay IMIBUAKICTL 3MiHM mapaMeTrpa JaJeKoro II0-
PAIKY BUIla. SMEHIIIEHHS IIOYaTKOBOTO 3HAUEHHSA IIapaMeTpa JAaJeKoTro
MOPAAKY COPUAE TiABUINMEHHIO ITiel MTBUAKOCTH i (AK OUiKyBaJsiocs) HidK
He BILIMBAE HAa HOr0 piBHOBAKHE 3HAUEHHS — He IM00JM3Y TOUYKU (Ppaso-
BOT'O IIepexony Jiag—0esja] BOHO OAHaKOBe IJIA BCiX N, mpu QiKcoBaHil
TeMmepatypi (puc. 4.12).

e PesynbTaTu Kimetuunoro mogeio (puc. 4.11, 4.12) niaTBepAKYIOTE-
cA pe3yJbTaTaMU CTATUCTUYHO-TepMOANHAMIUuHOT0 Moaesto (puc. 4.13).
Ob6unBa mozensa (puc. 4.14) naroTh OJHAKOBI TOUKM (a3oBOT0 IIEPETBO-
peHHsA Jan—0e3yak i oqHAKOBi piBHOBaKHI 3HAUEHHSA IIapaMeTpa gajie-
KOro mopAaKY (3a iHITUX PiBHUX YMOB).

e 3acTOCOBaHi TyT MOJeJIi MOKAa3yIOTh, AK MOKHA Olep:KaTy XapaKTe-
PUCTUKM «MaKpoamdysii» 3 «MiKpoaudysifiHuX» XxapaKTepUCTUK, BU-
KOPHCTOBYIOUN He3aJIeKHi JaHi Ipo KiHeTHKY OJM3LKOT0 M JaJIeKOoro
MOPAIKIB B IepMasiodax 3 hikcoBaHUM 00’ €MOM.

5. TEPMOJNHAMIKA BIIJINBY TUCRY HA OB’€EM CTOILY IIPH
BIIOPAOKYBAHHI

Ha mpakTuiii mait6insin spyuHoio € ¢ikcairia Tucky. [lada BpaxyBaHHS
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BILJIMBY 30BHIIIIHBOTO THCKY HA IIPOIIECH ATOMOBOTO BIOPSAAKYBAHHSA B
cTomax IIOTPiOHe JomaTKOBE HOCTimKeHHsA. B s3arajipbHOMY BHUIAIKY
BILIMB THCKY HA aTOMOBHI HOPAJOK B TBEPAOMY PO3UYMHI BH3HAUAa-
eTbcA 06’eMOM pPO3YyHOPAAKYBaHHSI AVy,, a TOM — piKHUIEIO 06’eMiB
HeBOOPAAKOBAHOTO (Vyierq) ¥ yHopsaakosamoro (V,.) 3paskis [301]:

AIfdis = Vdisord - Vord' (5'1)

Bennumna AVy,, AKy MOKHaA BUBHAUUTHU 3 AUGPAKI[INHUX DPEHTI'EHOT-
padiuHmx maHmx AJA 1ijgoro paxy cromi [301], moxke 6yTm momar-
HBbOIO (KOJIM BHOPAIKOBAaHA CTPYKTypa OiJbIN CTHUCHEHA, HiyK HEBIIO-
pAnKoBaHa) abo Bin’ eMHOIO.

Ilepmmuit Ta Apyruii 3aKOHM TEePMOAMHAMIKU IAIOTh:

8G = —S8T + Vop (5.2)

3BiIK1 BUILJIMUBAE, IIIO

(%j = AV, (5.3)
o ),

(G — Ti66coBa BiTpHA eHepris, S — eHTpomia cucreMn).

®akTop BIIUBY (0AVy./0p)r MOKHA 3’sACyBaTH, POSTIASAIYN PiK-
Hunio Ii166coBux TePMOAMHAMIYHMX IOTEHIiAJJIB AJIsI ABOX (hasd omHa-
KOBHUX 3a CKJIQIOM, aJjie 3 PiBHUMU IIapaMeTpaMu MOPAIKY:

AC;dis = AUdis - TASdis + pAVdis s ( 5. 4)

ne U — BuyTpimrHa eHepris. [udepenmioioun piBHaHHS (5.4) MO TH-
CKY IIPU CTaJIill TeMIlepaTypi, OJepKy€eEMO:

[SAGdiSJ :(SAUdiSJ _[%J H{%j +AV, . (5.5)
8p T Sp T Sp T 8p r

Ile piBHaHHA BM3HAUAE BIJIMB THCKY pPoO3ymopankyBamua Ha G. Kowm-
Ooimyroum piBHauHg (5.3) # (5.5) maemo

(SAUdis] _[SASdiSj +p(%} = 0 . (5.6)
op r op T op T

OcTaHHe piBHaHHSA MMOKAa3ye IO, SKIO €eHeprisa i eHTponia posymopsn-
KyBaHHS He 3aJjieKaTh Bil THCKY, TO BOHU TaKO:K He 3ajieKaTh Bif
00’eMy poO3yHnopAnKyBaHHsA. | HaBIaKu, eHepris i eHTPOoIIid po3yIops-
IKYBAHHSA MAOTh 3MiHIOBATUCA IPU 3MiHi THCKY, SKIIIO 00’€M PO3YIIO-
PAOKYBAHHS € 3aJie’KHUM Bim Tucky. Ila OGigbin cKJagHa mOoBemiHKa
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MMOBipHA, KOJM THUO XEeMiUHMX aTOMOBUX 3B’SI3KiB 3MiHIOIOTHCA HPU
3MiHi THCKY, HAaIIpUKJaI, BigOyBaeThCA PidKa 3MiHaA ITOBEePXHEBOI IIOTe-
HI[iAJIbHOI eHeprii abo 3MiHIOETHCA XapaKTep METAJiuHOro 3B’ A3KY,
cuinosuii craH Toiro [301].

SIKIIIO eHepPrisa i eHTPOoIIisa 3MiHIOIOThECS 3 TUCKOM, TO MOMKJIMBI IBi cH-
ryarii. Ynenu (0AU,/0p)r i (0AS4;s/0p)r (IUB. OCTaHHE PiBHAHHS) MO-
JKYTh BUIIAIKOBO KOMIIEHCYBaTH OJWH OJHOTO, i ToAi AV, 3aIunIaeTbesa
He3aJIeKHOIO Bifl TUCKY, TOOTO (0AV,./0p)r = 0. HaBmaku, (0AU 4./0p)r i
(0AS ./ 0p)r He BHUINYIOThCA I ToMY AV, € QyHKIIEI0 TCKY. ['oloBHEM
e e, 0 AE 4., ASyis 1 AV i HE MOMKYTH 3MiHIOBATHUCS 3 TUCKOM JOBLJIBLHO I
He3aJe:KHUM YMHOM; HaBIIaKWU, BOHU II0B’ A3aHi piBHaHHAM (5.6).

fx mokasyioTh Bupasu (5.3) Ta (5.5), mocraTubo 3HATH AV, AK QYH-
KI[i0 THCKY, II00 IIpH YIOPAZKYBAHHI 0GUHCINTH 3MiHY Ii066COBOTO
TePMOJMHAaMIUYHOTO IIOTEHI[IAJNY 3 TUCKOM ITpu (DiKCOBaHi#M TeMmIleparty-
pi. Ha mpakTui ajis 6iJbIIOCTH CCTEM TaKa 3MiHa 00’eMy BimoMma Jim-
e mpu aTMocepHOMY TUCKY (AuB. mpuBeneHi mami B pobori [301]).
Tomy, cupoInyoun HAOJIMMKeHHS (110, MOMKJIUBO, IOMHJIKOBO), 3a3BU-
yaii BBaXKaITh, 1110 AV, He 3ayieKUTh BiJ TucKy. Ha ocHOBI mpuBemeHo-
T'0 BUITE aHAJIi3y TaKe HAOJIUIKEHHS ITPU3BOAUTD A0 JiHiMHOI 3MiHT AGy;,
3 TUCKOM, fK IIoKa3ye piBHAHHA (5.3).

6. ATOMOBHI IIOPSI/TOK L1,-TUITY BIHAPHHUX T'IIK-CTOIIB
11 THCKOM

BnopagkyBauusa 'IIK-das 3aminienssa mig THCKOM JeTaJIbHO MTOCTiIKY-
Bajiocsa B poborax A. K. Kantoku 3i cmiBaBTopamu [2, 7, 302—-310], me
O0yJI0 oZep:kaHO OaraTo CyTTEBUX Pe3yJbTATiB B PpaMKaX MOJEJIIO, IO
BPaXOBYE B3AEMOJiI0 (JIHIe) HAMOIMIK UMK aTOMIB.

3azBuuail mpu MobymoBi Teopii BIOPAAKYBAHHA CTOIIB BBaKaJyocsd,
10 eHepril mapHOi B3aeMo/il aToMiB ABIAIOTHCA AeAKNMU KOHCTAHTA-
Mu, 60 B IIUX TEOPisiX He BpaxoByBaJach 3MiHa BimcTaHi MiK aTomamu.
Opnaxk, 1mi Bigcrami (a 3HauuTh, I eHeprii B3aeMoail) 3MiHIOIOTECA K
npu 3MiHi TapamMeTpa MOPAAKY ¥ CKJIaly CTOITY, TaK i il BOJIUBOM IPU-
KJazeHoro Tucky [2, 302—-310].

Tomy mpum mobymoBi Teopii BHOpAIKYBaHHSA CTOMIB, BPaXOBYIOUiil
BILINB THUCKY, HeoOXimgHO OpaTu A0 yBaru 3sMiHu BifcTaHel MiK aToMma-
Mu. Buasuiocs, 10 XapaKTep BILIMBY TUCKY HA BIOPAIKYBaHHS Pis-
HUH JIJIs CTOIiB, 00’€M KOTpHX CJa0KO 3aJIeXKUTh Bij IIapaMeTpiB IIO-
pAIKY ¥ ckJanmy (¥ Iielo 3ajie;KHiCTIO MOMKHA HEeXTYBaTH, BBAKAIOUHU
00’eM cTayMM), i AJId CTOIMIB, e TaKa 3aJie’KHiCTh CyTTeBa U IMOBUHHA
o6parucsa go ysaru [302—-310].

Huxxue (y HacTymHMX IBOX HiAposmijiax) pPO3TJISHYTO 3rajaHi aBa
BUNAIKU U pax epeKTiB, M0 BUHNKAIOTDH TiJl TUCKOM B CTONAX, B AKUX
BIOPAAKYBAHHSA IPU3BOAUTD 0 MOABU JOAATKOBUX 3MiH CUMETPil Kpu-
CTaJIIUHOI I'PaTHUIl, HAIPUKJIAL, IO IOABU TEeTPAroHaJbLHOCTH ab0 POM-
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00eIPUYHOCTH.

ITloBuHu#t KoHGQIrypamiinuii TepMOIMHAMIUHUN IIOTEHI[IAN CTOIIY
00’emoM V B yMOBax 30BHIIITHBLOTO I IPOCTATUYHOTO TUCKY P IPU TEeMIIe-
patypi T Mmo:kHa, AK Bimomo, BusHaunTHu 3a hopmyaoio: AG =AF + pV, ne
moBHA KoH(irypariiina Binbaa enepria AF = AU — TAS.

BukopucroByioun HaOJIMKEHHS CAMOY3TOAKEHOTO IIOJA M MeTomy
CTaTUYHUX KOHIIEHTPAI[IMHNX XBUJb, IIOBHA KOH(PIr'ypaIliiiHo-3aaeKHa
vyacruHa [166coBoro TepMoarHaMiuHOrO moTeHIiAny AG (B mepepaxyH-
Ky Ha OIWH aTOM) AJId HaACTPYKTypu L1,-tuny mae Buraazn [13, 14]:

AG = L(1-20)W4(0) + W 42(0) + £ ci(0) + 2 i) +
9 2 32
+kBT [c+3_nJln[c+3—n]+(1—c—3—njln(1—c—3—nj+
4 4 4 4 4
+3 C_H In C—n +3 1—c+n In 1—c+n +pK—TSman;
4 4 4 4 N ¢

TYT HO3HAYEeHHs TaKi K, AK i B posgimi 4 (¢ — aTromoBa HoJis Jiery-
BaJbHOI'O KOMIIOHEHTa, Hamlpukjaaj, B B 6imapromy cromi A—B, S,,.,
— MAarHeTHa €HTPOIIif), ajie 3aajsa OiJbIII CKOPOUEHOTO 3amucy 0iasa
eHepTreTUUYHUX BeJIMUYMH MU He IHUIIeMO B iHAeKci «total», xoua mae-
MO Ha yBasi caMe IOBHY eHepriio.

Ockinbxku HazcTpykTypa L1, moB’sizaHa 3 ABOMAa BeKTOpaMM, Hal-
ctpykrypHUM (100) i myasosum (000), To 3 (4.1.3) BunauBae:

w(100) = —4w, + 6w, — 8w, +12w, +...,
w(000) = 12w, + 6w, + 24w, +12w, +...,

ne wy, Wy, Wg 1 Wy, — eHepril «3mimaHHA» B HepPIIiil, APyTii, Tperin i
YeTBEPTid KoopAmHAIINHUX cpepax BigmoBimgHO.

6.1. Mogeap a4 cTOIiB 3 00’€MOM, IO CJAA0KO0 3aJIe;KUTDH Bif
nmapamMerpa HOPAAKY # CKJIaxy

6.1.1. Ymoseu pienosazu

Posrasuemo 6imapuuii cron A—B, 1110 Ma€ cTPYKTypy L1,-Tuny (4K y cTo-
mi NigFe) 3 T'lIK-rpataumero. BigmocHa aTomMoBa KOHIIEHTpAIlid €=
=N3/N (1 - ¢ = N*/N); N* + N® = N. IlapameTep HaeKOro MOPAAKY 1| =
=PV -¢)/(1 —cy)=4(PY —c)/3, ne cy,=1/4, a PV — fimoBipHicTb 3aMmi-
IIIeHHs By3JIa IePIIOoTo TUIY «3aKOHHUM » AJIs Hboro B-atomom [2, 7, 8,].
IIpunycrumo, mo eHeprii mapHux B3aemoxiit W44, W28 i W*B za-
JexkaTh Bif Bizmcrami r, (Z mosHauae HOMEDP KOOPAMHAIIINMHOI cdepn)
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MiK aToMaMu HabJM:KeHo KBaapaTuuHuM umuom [302-310]:

W) = W) + o (r, - ) (6.1.1)

Zeq

Zeq

W2 (r,) = W28y + 0% (r, - 122, (6.1.2)

W (r,) = W (rpe) + a3 (r, -, (6.1.3)

Zeq) >
Tyt WH(rge), W () i W (ry0) e crani yactuHu eHepriii Bsae-
Mozii, IO MOPiBHIOIOTH IMApHUM EHEeprissM B3aeMOZii Ipn plBHOBaHC-
HUX [Jd9 IIapu KOXKHOIO THIIy BiJCTaHAX 7, rZeq, 1, rZeq i
r, =The; oyt o, o” — xoedimientu, Axi He samexars (y HIpu-
MHATOMY HAOJIM)KeHHi) Bim KoHIleHTpallii i mapamerpa HajieKoTo no-
paAnky. (fAx 6yme moxkasaHo B HACTYIHOMY HiApO3Aiji, BeIUYNHU rZeq
i ry. AOPIBHIOIOTH BijcTaHi MiX aromMaMu B Z-iif KoopAMHAIiNHiN
cepi B «umctux» Kpucranax A i B BinnosigHo, a ry,, JOPiBHIOE 3HA-
YeHHIO BificTaHi MiK aToMaM¥ B HMOBHICTIO BIOPAAKOBAaHIM CTOIIi cre-
XiOMeTpUYHOTO CKJIaIy.)

3a HaABHOCTH BCeOIiUHOTO THUCKY p MiskaToMoBi Bimcrami r, (Bin-
MiHHi Bim piBHOBa:KHUX Bimcrameii) samiHiooTbeA. [IpumycTumo, 1110 7y,
aimifimo smiHpeTbea 3 p [302-310] (o0 Moxke OyTH IiJTKOM peaJib-

HUM, IPUHAWMHi, Ha IeBHOMY iHTEpBaJi THCKY):

r, =1,(0)(1-%p/3) =1,(0) -, (6.1.4)

ze r;(0) e srauernnsa r, upu p =0 I'lla, x =—(1/V)(0V/0p) € cTuckanH4A cTO-

wy o6’emoM V, v € momaTHa KOHCTAHTA (3a KaHOTO cKyaany). [lpumycrumo

TAKOMX, 0 Vp << |ro|, a r,(0) i y He 3amexatTh Bif mapameTpa mOPALKY.
BpaxoByrounu Bupasu (6.1.1)—(6.1.4), eneprii «3minranasa»

w(r,) = W (r,)) + WP (r,) - 2W*%(r) (6.1.5)

MOKHa 3almucaTtTm y BI/II‘JIH,Z[i

w(rz)=wo(rz)(1+ b, ZYZPJ (6.1.6)
wo(rz) w,y(r,)

ae
wo(r )_WAA( Zeq)+WBB( Zeq) ZWAB( Zeq)+

o (r 0) - AA) +ay” (r,(0) -

Iy ) - 20" (r,(0) - ) (6.1.7)

Zeq Zeq

€ eHepria «3MmimaHHA» B Z-i#1 KoopauHaniiHi# chepi npu p = 0 I'lla,

B, = —2[ af* (r,(0) — ra ) + 02" (1,0) — 1127 ) = 2013” (r,(0) — 2% ) |, (6.1.8)
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o, =0yt +o” - 207, (6.1.9)

PisnoBaxkHUlI mapameTrep IOPALKY 1., BU3HAYAETLCA 3 PiBHABHHA
piBHOBarm OAG/0n = 0. Ilpunymenusa, mo r,(0) i y (a 3HauUTH, i
00’em cTomy V) He 3ajye:kaThb BiJ 1| Ta pPiBHAHHA PiBHOBATYW JAIOTh:

Ileq 3Ileq
cC—— l1-c——= ~

= ’n .
3 T
c+ FMeq l-c+ Neq ks
4 4

Bpaxosyouu B3aeMofil0, HAOPUKJIAL, JUIIE HANOIMKUIMX aTOMiB i
HACTYIMHUX 3a HaHOMmKuuMu (TOOTO B IEPINIMX ABOX KOOPAMHAITiil-
HuUX chepax: Z=1, Z=2), a Tako:k B3ABIIHN M0 yBaru Bupas (6.1.6),
OJIEPIKYEMO TaKe PiBHAHHS:

In

c_neq](l_c—gnqu
c+& 1—C‘+nﬂ ?
4 4
—4B, +6 —4o0, +6
1. (—4B, +6B,) v N (40, +60,) 7 P>, (6.1.11)
—dwy (1) + 6w, ()~ —4wy (1) + 6w, (1)

a00, yBiBIIIN IIO3HAUEHHS
,_ —dwy (1) + 6w, (1)
(4B, +6B,)v
n = (—4w,(r,) + 6w, (ry)) (—40., + 60, )/(—4[31 + 6, )2 (6.1.126)

, (6.1.12a)

(p' Mmae posmMipHicTh THCKY, n — 0e3po3MipHa BeJIWUYWHA), OJEPIKYEMO:

Ec_%](l_c_gneq] 2
4 4 -
s R R
et e |[q ¢y llea B P P
4 4

(6.1.128)

MosxHa cOpocTUTH OCTaHHE pPiBHAHHA, BPAaXOBYIOUM MiKaTOMOBY
B3a€MOJiI0 JIUIIe B IEPIIiil KoopAuMHAaIiiHil chepi (K 1me podusocs B
po6orax [302—310]); Tomi y Bupasax (6.1.12a), (6.1.126) i piBHauHi
(6.1.12B) caig mormactu wy(r,)=0,=pB,=0. AGo HaBmarku, MOKHA
YCKJIAJHUTU HOr0o, BpaxyBaBIIN MiKaTOMOBY B3a€EMO/if0, HAIPUKJIAT,
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B IIEPIINX YOTHPLOX KOOPAMHAIIIMHMX cdepax:

neq neq

c——+||[1-c——=
In 34 : :neq _4w0(r1)+6w0(r22_7,8w0(r3)+12w0(r4) .

et Mea |1y Moo ?
4 4
2
X 1+£,+n[£,j , (6.1.13a)
p p

ajie TYT BBeJEeHI IMO3HAYECHHSA
, —4w,(r,) + 6w, (r,) — 8w, (1) + 12w, (1)
(_4B1 + 6B2 - 8B3 + 12B4)Y
—4o, + 60, — 80, +120,
(~4B, + 6B, — 8B, +12B,)"
(6.1.13B)

B zamexHocTi Big HagBHOCTH JaHUX IIPO eHeprii Bzaemomii (3 ekc-
MIePUMEHTY UM TO 3 TEOPETHUYHUX PO3PaxXyHKiB) MOKHA BpPaXOBYBATHU
MiKaTOMOBY B3a€MOJil0 B [MIOBLIBHIM KiJIBKOCTI KOOpAMHAIIMHUX
chep abo Bsarami B ycix cdepax, BUKOpPUCTOByIOum Dyp’e-
KOMIIOHEHTHU eHepTii «3MilltaHHA».

Toxi piBHaHHA piBHOBArMW IJA HMapaMeTpa AAJeKOro IOPAAKY Haoy-
Ba€ BUTJIALY:

Neq 3N,
C—T 1-c- 1 5 () 2
—q. Yo {1+ p [pj } (6.1.14a)

3 B P
et e |[q ¢y Nlea B P
4 4

P = B,(%)/(B()), 7 =, (*)ak*) /B (), (6.1.146)

TyT LDO(kX ) — @yp’e-KOMIIOHEeHTa eHeprii «3mimanHA» (zuB. (4.1.3))
3a HyaboBoro Tucky (p=0 I'Tla), a B(k*) i a(k*) — @Pyp’e-kKommo-
menTu BenuuuH B(R) i o(R),

B(kX) = —4B, + 6B, — 8B, +12B, +...= > B(R)e ™ *, (6.1.14p)

. (6.1.136)

n = (—4w,(n) + 6w, (r,) — 8w, (ry) + 12w, (r,))

In

e

(k™) = —4a, + 60, — 8a, +120;, +... = > a(R)e ™ ® . (6.1.14r)
R
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TakuM YMHOM, BpaXyBaHHSA TUCKY IIPM aTOMOBOMY BIIOPSAAKYBaHHi
OPOABJAEThLCA y MOABL JiHifiHOTO, o< p/p’,  KBagpaTU4HOTO, o< (p/p")?,
YJIeHiB y PiBHAHHI piBHOBarm IJsd mapaMeTpa HaJIeKOro IOPAIKY B
paMKaxX CTaTHUCTUYHO-TEPMOAWHAMIUHOTO MOJEJIO, IO BPaxoBYe Haii-
OJIm)K4i aToMOBi B3aeMogil.

s mobymoBu rpadiuHmx sajmeskHocTell y piBHauHi (6.1.13) aBTO-
pamu poboru [302] O6ynmo mpumyineHo n=1, 1o BiAmoBimae umcesn-
HUM OIliHKaM IapaMeTpiB, HaBegeHUM B poboti [311].

Bimomo, mio y Bumagxky (pasoBoro mepexony IIEPIIOr0 POAYy i3 He-
BOOPASKOBAHOTO CTaHY B YIOPAAKOBAHUI He BCi PO3B’A3KM PiBHAHHS
(6.1.14) BizmoBimaroTh CTIAKOMY PiBHOBaKHOMY CTAaHY CTOITY.

Pict mapamerpa majeKoro mopsaaky 3i S3HMMKEHHSIM TeMIepaTypu
(mpu ¢ikcoBanomMy p) BigOyBaeThCA CIIOYATKY CTPUOKOIIOMIOHO Bin
HyJs [0 JeAKOTO0 CKiHYeHOro 3HadeHHA Any, a IOTiM HellepepBHO [0
MaKCHUMaJIbHO MOXKJIMBOTO B JAHOMY CTOIIi 3HaueHHs [7, 8, 302].

A Bimomo, TemMmeparypa I THCK, 3a AKUX BifOyBaeThbcsa (pasoBuMil
mepexij IepIIoro poay, BU3HAYalOThCA 3 PiBHAHD:

IAG(T,, p,)

AG(A
(An n

Ty, po) = AG(0, Ty, py)s =0. (6.1.15)

eq’?

N=Ang,

Po3B’sA3y10un YMCEJBHO I[I0 CHCTEMY PiBHAHL IJIA CTEXiOMETPHUUYHOI'O
craany (¢ = 1/4) ogep:xyemo:

kBTK

AN = 0,464;
e )

2
~~0,205 1+p—2+n(p—‘:j . (6.1.16)
p P

yr Tx i po — Temneparypa (KypHaxkoBa) # TuCK BiZmoBigHO y TOUIri
(asoBoro nepexony mag—6esaan, p’ i n BusHauaroThea 3 (6.1.140).
PosB’a30x cucremu (6.1.15), mokasye, 110 TUCK He 8nAUBAE HA BEJIN-
YHHY CTpUOKAa IIapaMeTpa TaJIeKOro MOPSIKY B Toulli ¢asoBOro Iepe-
TBOpPEHHA TNy Jan—6esnan. Tuck jauiie smiujye TeMmepaTypy IIbOTO
(dasoBoro neperBopeHHA (Tk) B 6ik Oinbmux ab0 MeHIINX 3HaueHb, B
3aJIeKHOCTi Bix 3HaKiB mapamerpis p’ i n, a Toumime, (k™) i B(k™)
(muB. (6.1.146)). EHepreTuuHy BeJIUUYUHY IZJO(kX) BBasKaTUMeEMO
BiZ’€MHOIO AJI CTOMIB, ITT0 BIOPAAKOBYIOTECA (AUB. y po3a. 4 Tabdi. 4.2).
Otoxe, B MeKaxX 3aCTOCOBAHOTO 0e3KOPEeIAIIAHOIO HAOMMKEeHHA, AN,
3aJIEXKUTD BiJl CKJIay CTOIIY 1 He 3aJI€KUTh BiJl IPUKJIAIEHOr0 TUCKY.

6.1.2. Bnaue mucky Ha (pa3o6e nepemeopenns muny nad—6e3nad

Piranmnaa (6.1.14) i (6.1.16) maroTs MOMKJIMBICTH 3HAUTH BEJIUYUHY
PIBHOBaXXHOTO JAJIEKOI'0 IOPAAKY, TN, AK (QYHKIIIO TeMIepaTypwu,
TUCKY i KOHIIeHTpAaIlii Jier'yBaJibHOTO KOMIIOHEHTA B CTOIIi, a TaKOMX
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BUBHAUUTH 3aJIe}KHIiCTL TeMIIepaTypu BIOPAAKYBAHHA He JIUINE Bin
CKJIAZy CTOIIY, a M BiJ THCKY.

3asHaunrMo, IO IPU iCTOTHO MaJMX THCKax gojaHkoM (p/p’)? mo-
’KHa HexTyBaTu. 1 HaBmaxu, gogaHok (p/p’)? B (6.1.14a), (6.1.16) 6y-
Jle BimirpaBaTu CyTTEBY POJIb IIPU JOCTAaTHBO BEJIUKHX THUCKaX, a JO-
IaHKOM p/p’ MOKHA HexTyBaTu. IIpoTe, B IOZAJBIINX PO3PAXyHKAX
He OyZeMoO HEeXTyBaTH KOTHUM 3 MTOJaHKiB.

HocaigmMo BOJIMB THUCKY Ha IlapaMeTep AaJIeKOro MHOPAAKY IJd
CTOmy cTexioMeTpuuHOTO cKJIanmy. IIpm moOymoBi rpadiuHuX 3ajex-
HOocTeWl B piBHamHax (6.1.14a) i (6.1.16) mpumyckaemo, 1mo n =1
(Taxke MPUOYINEHHA He CYIepeuYUuTh YMCEJLHUM PO3paXyHKaM B poborTi
[311]; muB. Takoxk pobotu [302-310]).

HOaa ne,>An,,=0,464 pisaansa (6.1.14a) npu c = 1/4 BuU3HaAUaE
piBHOBajKHe 3HAUYEHHA ITapaMeTpa JajeKoro MOPAAKY, AK (QYHKIII p,
T. fdx BimoMo, 3HAYEHHA M., < AN MOXKYTH BiANOBiZaTH AK MeTacTa-
OiMBHMM cTaHAM CTOIY, TAK i cTaHaM, B AKMX TEPMOAWHAMIUHUKI IIO-
TeHI[ida (aK GYHKIiA mapaMerpa JaJeKOoro IMOPSAAKY) Mae MaKCUMYM
[7, 8, 302]. Hinanku KpuBux Ha puc. 6.1 i 6.2, mo BigmoBimaroThb
TaKUM CTaHaM, IIO3HAUEHO IITPUXOBOIO JiHieto. TobTo, mTpuxoBi mi-
JAHKYM KpuBuX (Ha puc. 6.1 i 6.2) BiANOBiaI0TE 3HAYEHHAM M., < Al
i 300pasKyIOTh CTaH! CTOIIY, IO HE PeaIi30BYIOTHCA MPAKTHUUHO.

Ha pucymrax 6.1, a—2z (ana mopiBHAHHA auB. Takox [302], me
BpaxoByBaJlach MiKaTOMOBAa B3a€MOMisd JIMIEe HAHMOIMMKUNX aTOMiB),
MPeACTaBJIEHO 3aJeKHICTh PiBHOBAXKHOTO ITapaMeTpa OaJIeKoTo IIO-
paaky Bin seenemoi temmeparypu (T = k,T/|w,(k*)) npu dikcosa-
HUX 3HAUEHHSX 3BEJIEHOTO THCKY p =p/p’. Sk BumHo 3 puc. 6.1, npu
a(k*)<0 i B(k¥)<0 Tuck minBumye Temmeparypy (asoBoro mepe-
TBOpeHHA nag—6esnax Tx. A mpm da(k*)>0 i B(k¥)>0, maBmaxm,
IPUKJIAJAHHA TUCKY IOHMAKYE Tx. 3a Pi3HUX 3HAKiB BeIUYHUH k™)
i B(k™) samemxmicts Ty Bifl p € HEMOHOTOHHOIO.

Ha pucynkax 6.2, a—2, HaBe/|eHO 3aJIXKHOCTI 1), Bi p” pu dikcoBanmx
TeMIepaTypax (Aas mHopiBHAHHA auB. Takok [302]). Ilpm Bix emHmxX
k™) i B(k¥) Tmck migBumye mapamerep gaseKoro mopanky (puc. 6.2,
a). Icuye Takuii THCK, 32 AKOTO HEBIIOPAAKOBAHUN paHiiiie cTol (mpu Qik-
COBaHill TeMIlepaTypi) IIepexXoauTh B YIOPAAKOBaHUI cTaH. Bemmumua
I[LOT'0 «THCKY BIIOPASKYBAHHS» , Py, BUSHAUAETHCA 3 piBHAHHA (6.1.16):

ﬁ_BSLX})( 11\/1—19,51%(@?—@) , (6.1.17)
2y0(k™) B*(k™)

ne TP = 0,205)b,(k*)|/k, — Temneparypa $ha3oBoro mepeTBOpeHHS TH-
oy Jaa—0esnaz 3a HyJaboBoro TucKy. Hasnaku, nmpu mojarHix k™) i
B(k*) THCK HmOHMMKYe mapameTep MAJeKOro IOPAAKy (puc. 6.2, 0).
IIpu meBHiT TeMmepaTypi MOMKJIWBUNU TaKUN TUCK, Py, IPU AKOMY
CTOII, I[0 3HAXOAWBCS B YIOPSAAKOBAHOMY CTaHi, CTPHUOKOM IIe€pexo-
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1,0 . - . - . 1,0
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0,6 L 0,6 3)p'=04] 1L
0,41 \ ! P04 : : ' :
0,31 ; E it 03] i : g
0,2 1 i [Eoo2] ! ; i
0,1 1 o1l i L
0,0 ; SV A Z 0,04 —
0,05 0,10 0,15 0,20 0,25 0,30 0,06 0,10 0,15 0,20 0,25 0,30
T ;i
a 0

1,0 1,04 s - b s
0,9- L 0,94 1)p'=0,1 2
0,8 L 0,8] 2)p'=0,2ip' =08 |
0,74 L 0,7 3)p'=04ip =06 |
0,61 L 0,6 g
0,4+ = P - 0,41 $ 4n -
0,3]| NP =01 P L 0,3] P A g
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0,0 : T : : T 0,0 : - : .

0,05 0,10 0,15 0,20 0,25 0,30 0,05 0,10 0,15 0,20 0,25 0,30
v &

6 z

Puc. 6.1. Temneparypua (T" =k T/|w0(kX )) sanesxHicTL piBHOBa)KHOrO ma-
pamMerpa JaleKoro MOPAXKY A crexiomerpuusoro (c¢=1/4) T'TIK-L1,-cronmy
3a pisHUX THCKiB, p*=p/p": a) &(k*)<0, B(k*)<0; 6) a(k*)>0, B(kX) >0; 6)
ak¥)>0, f(k¥)<0; 2) ak™)<0, P(k*)>0. (B posx. 7 HaBe/leHi rpadiku
3aCTOCOBAHO JJIA HaACTPYKTypu DO, -Tumy, ate sa immux T i t.)

IUTh B HEYIOPAIKOBAHWH CTAaH 3i 3HAUEHHAM IIapaMeTpy dajeKoro
HOPAAKY Moy = AN, = 0,464.

SIxkmo mapamerpu ouk”) i B(k ) MalOTL OOHAKOBI 3HAKM, TO MOJXK-
JIUBe JIUIlle OJHe AOoAaTHe 3HAUEHHS p,, 31 3HAKOM «ILIIOC» IIepef KO-
penem y Bupasi (6.1.17). ¥V Bumanxy pisumx smaxis a(k¥) i P(k”)
(puc. 6.2, 8 i 2), moxkauBi (Ipu MeBHilI TemIlepaTypi) ABa ZOZAaTHUX
3HAUEHHSA g, III0 BiAIIOBifaOTH ABOM TOYKAM HepPexXony. SaJIeKHiCTb
Neq BiA p B OCTAHHBOMY BMIIQJKy HEMOHOTOHHa (puc. 6.2, 61 2).

OT:Ke, B paMKax JaHOTO MOJEJI0, 3aJIe;KHICTh ITapaMeTpa JajeKoro
IOPAAKY BiJl THCKY IIpU cTasiil TeMIepaTypi Mae pisHuii BUrI4x 3a pis-
HUX KoMGiHamiit smakis mapamerpis (6(k™) i P(k*)), axi Bxomgars y
Mozesb. 3o00paxeni Ha puc. 6.2 pisHi THIIN TAKMUX 3aJI€KHOCTEN IIOKAa-
3yIOTh, III0 3MiHA HmapaMeTpa IMOPAAKY 3 TUCKOM MOKe OyTH MOHOTOH-
HOIO i1 HEMOHOTOHHO: AKIIIO BUIIeBKAa3aHi KOHCTAHTH MalOTh OGHAKOBUM
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Puc. 6.2. 3anmexHicTh PiBHOBAXKHOI0O IIapaMeTpa AAJeKOoro MOPAAKY Bim 3Be-
JeHOTO THUCKY, p’ =p/p', 4aa crexiomerpuunoro (¢ = 1/4) L1,-cTomy Ha oCHO-
Bi TIIK-rpaTHuni 3a pisaux ssemenux temmneparyp, T =k,T [|LDOX(kX : a)
ak*)<0, Bk*)<0; 0) uk*)>0, Bk*)>0; 6 wk*)>0, Bk )<0; 2)
ouk*)<0, B(k¥)>0. (Hasegeni rpadiku BigmosimaroTh # CTPYKTypi Tumy
DO0,, Ha ocHoBi I'I[II-rparuumni 3a immux T i t'; gus. posx. 7.)

3HAK, TO 3aJIE’KHICTh N(P) € MOHOMOHHOI0, a AKIIO Pi3HUI, TO I 3aJIEIK-
HiCTb € HEMOHOMOHHOIO.
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3a MOHOTOHHOI 3aJIe3KHOCTH 1.(P) TUCK MOKe AK CIPUATHU BIOPAITKY-
BaHHIO (puc. 6.2, a), Tak i mporugiaru iomy (puc. 6.2, 6). Taka & cuTy-
aIia MOXKJIMBA Ii TP HEMOHOTOHHIN 3aJIeKHOCTIi, aje 3 OiJIbIII I[iKaBOIO
noBeAiHKO0. [lo TIEBHOTO THCKY CTON € HEBHOPAAKOBAHUM, IIOTIiM BIIO-
PAOKOBYETHCA U 3aJMINIAETHCA TAKUM BIIOPAJKOBAHUM Yy MEeBHIM iHTep-
BaJIi THCKY, a IIOTiM 3HOBY CTa€ HeBIOPSAAKoBaHUM (puc. 6.2, 8). Takox
MOKJIVBUHN BUIAIOK, KOJU 3 POCTOM THUCKY BIOPAIKYBaHHA 3HUKAE,
IaJIi CTOI 3aJIUIIAETLCA HEeBIOPAAKOBAHUM MO IEeBHOTO 3HAYEHHS THC-
Ky, a IOTiM JaJIeK1ii IOPALOK 3HOBY 3’ ABJISIETHCA 1 POCTE 3 POCTOM TIC-
Ky, IpaMyooun g0 oguHuIi (puc. 6.2, 2).

TaxkuM YMHOM, B POSIVIAAYBAHIM MOMEJI0 HPU 30iJbIIEeHHI THUCKY
moskauBi (mns T = const) ogun (ak ma puc. 6.2, a i 6) abo aBa (aK Ha
puc. 6.2, 8 i 2) Ga3oBUX ImepPeTBOPEHHA TUITY JiaA—0e3yan Ipu AeTKUX
3HAUEHHAX TUCKY (p,), KOTPi (3a aHAJIOTi€I0 3 TeMIepaTypol0 BIOPSI-
KyBaHHSA Tx) MOXKYTH OyTH HasBaHi «THCKOM BIIOPAAKYBAHHSI».

3anexHiCTb TeMIepaTypu (pasoBoro meperBopeHHs Ty Bif THCKY y
crexiomeTpuuHiM cTomi 3a pisEEMX Kom6imamiit smakis a(k™) i B(kY),
BigmoBimHO mo ¢opmynau (6.1.16), sobpakeno Ha puc. 6.3 (muB. Ta-
Kok [302]), a y HecTexioMeTpuUYHUX cTOHaX — Ha puc. 6.4.

Bsarami rpagiku Ha puc. 6.1-6.4 BigmosigaroTs MOeII0, III0 BPaxo-
BY€ MiKaTOMOBY B3a€MOJiI0 B HOBIJIbHIA KiJIBKOCTI KOOPAMHAIIAHUX

0’8...|...1...|...|...|.<.

0,7~
0,6 -
0,5
*E:‘ 0’4-
0,3
0,2+
0,1-

0,0 ——— : : :
0,0 0,2 0,4 0,6 0,8 1,0 1,2

Puc. 6.3. 3anexxHicTb (SBe,lIeHOI) TeMIepaTypu (KypuaxoBa) (asoBoro mepe-
TBOpeHHH Ty Jaag—6esna, = k,T, [lw,(k*)|, Bim (3Bemenoro) Tucky

=p/p' nuaa CTeXIOMeTpI/I'-IHOI‘O (c= 1/4) I'IK-L1,-crony: a) auk*)<o0,
B(kX)<0 6) ok )>0, B(kX)>O 8) uk*)>0, Pk¥)<0; 2) ak*)<0,
B(k*)>0. (HaBeaem rpadikm Bigmosimators i 'IIIII-ctpyrTypi DO,o-THIY,
aise sa immmx T i t'; guB. posx. 7.)
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cep; B 3aJIEIKHOCTI BiJl KiIbKOCTH IMUX «3aMiTHUX» KOOPAMHAIINHUX
chep Oyze suille MO-Pi3HOMY BU3HAUATUCA 3BeleHA TeMIepaTypa. S0K-
peMa, SKIO B3SATHU I0 YBATW B3a€MOMII0 JIUIIEe HANOIMKUNX aTOMIB, IK
me Oyso 3pobseHo B poborax [302—-310] (mpumyckarouwu, M0 eHepTrid
«3MilmanHA» B yCix KoopAamHaNiiHuX chepax, KpiMm mepiioi, piBHa HY-
JI0), TO B SAKOCTi TaKoil 3BeleHOI TeMmIepaTypu Ha puc. 6.1-6.4 ciin
sBakatu Benmuuny T = kB, T /[4w, () (T, = k,Ty /|4w,(r,))), npraomy a)
o,>0,B,>0;0)0,<0,B,<0;8)0;,<0,B,>0;2) 0, >0, B, <O0.

Hageneni Buirie pospaxyHKU, MOKYTb OYTH 3aCTOCOBAHi JIMINIE IJIs
TUX CTOIIB, AJIA AKUX KBaJpPaTUUHUN UJeH y 3ajexHocTi r(p) (mus.
Bupas (6.1.4)) mesHauHmii (TO0TO, HUM MOKHA 3HexTyBartu). OmHaK,
SK 3aCBiTuMB JOMAaTKOBO IIPOBeAeHUM pospaxyHOK [302], HaBiTh muasa
TUX CTOHIB, B AKUX 3aJeKHICTH r(p) icToTHO BiApisHAeTbcA Bim Jri-
HillHOI, ofep:KaHi BUIME SKiCHI BMCHOBKHU IIPO MOKJINBICTH HEMOHO-
TOHHOI 3MiHM TeMIepaTypu (aszoBOro MepPeTBOPEHHA THUIY Jaa—0essan

0.8 R e g g s 0,22 Coe
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Puc. 6.4. 3ane:xHicTb sBe/:LeHo'l' remnepatypu (KypHaxosa) q)asmsoro IepeTBo-
peHHd TUNy Jag—6esnan, T, = kT / |w0(k ), Bix 3BeJIeHOTO THUCKY p'=p/p' nna
Hecrexiomerpuunux [ITK- L12 -CTOIiB: a) oc(kX)< 0, Pk*)< 0; 6) auk*)>0
B(kX) >0; 6) a(k¥)>0, Pk*)<0;2) ak*)<0, B(kX) > 0. (Hasezneni I'pa(pum
BiZIOBiZAIOTE TaK0XK CTPYKTYpPi DO, o-TUIY, aie 3a inmmux T" i t'; aus. posg. 7.)
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i mapameTpa maJIeKoro IOPSAAKY 3 THCKOM 3aJIMIIAIOTHCS B CHUJII.

6.2. Mogeasb aJiA CTOIIB 3 00’€MOM, IO CYTTEBO 3aJI€:KUTH Bil
nmapamMeTpa MOPAAKY i CKJIaTy

3asBuuaii, B Teopii BIOPAAKYBAHHS BBAsKAE€ThCHA, IO eHeprii BzaeMmo-
mil mi)K aToMaMu € cTaluMK, TOOTO He 3ajJesKaThb BiJ CKJIany i mo-
pAOKy posraimmyBaHHA aTtoMmiB. IIpore, B peasbHHX cToIax 3i 3MiHOIO
CKJIaAy ¥ aTOMOBOTO IOPAAKY 3MiHIOETHCS IIapaMeTep I'PATHUILL, TOO-
TO 3MiHIOIOTBCS BiAcTaHi MiK aToMaMu, a IIe O3HAYAE, IO 3a TAKUX
obcTaBuH eHeprii B3aemozii aromiB, aKi € pyHKIigMU 1ux Bigcrameii,
TeXX MOKYTH 3MIiHIOBATHCH i 3ajiesKaTu BiJl CKJIaAy ¥ mmapaMeTpiB Io-
pAnky (aki B piBHOBasi € dpyurmiavu T i ¢) [2, 8].

Y BumaakKy, KoJM BiJcTaHi MijK aToMaMM CYTTEBO 3aJeKaTh Bif
CKJany ¥ IapaMeTpa NOPAAKY, 3ajaua yCKJIaAHIeThcA. [lilficHo, B
TaKOMY BUIIAAKY Mi)KaToMoBa BimcTaHb r abo BigcTaHi r;,, AKIIO HE0O-
XiTHO BBOAUTH [OeKiJbKa TaKWX BifgcraHeill, He € BigoMumu, a, AK i
mapaMeTep JajJeKoro mopAaky 1 (abo mapamerpu 1);), MalOTh BU3HA4a-
THCS 3 YMOB piBHOBaru, To6TO 3 HACTYIIHUX CHUCTEM:

IAG/Or, =0 Ta 9AG/d, =0. (6.2.1)

3amexxuicTs r; (a Tomy, i V) Big ckaagy ¥ mapaMeTpiB MOPAIKY HpPU-
3BOJIUTL A0 PALY HOBHX e(deKTiB IIPU JOCJiMKeHHI BIJWUBY THCKY Ha
mpoIecu BIIOPAAKYBaHHS cTOmiB [2, 8].

6.2.1. Pisnosascni eidcmani mixn 63aemodirouumu amomamu 3a
HYb06020 MUCKY

IIpunyctumo, 110 THUCK [IOPiBHIOE HYJIO, a BifcTaHi MiK aTtomamu
3MiHIOIOTHCA 3 aTOMOBUM IOPSAAKOM i ckiamom [2, 8, 312,] (kopeis-
IiA B CTOIli, TeOMETPUUHI CIIOTBOPEHHS I'DATHUIIL Ta TEIJOBe PO3IIU-
peHHA He BPaxXxoOBYIOThbCS). B Takomy HaOmm:keHHi Bimcrami r; MixK
yciMa mapaMu HaBOJIMMKUYMX aTOMIB OJHAKOBI B JaHOMY CTaHi CTOIIy I
eHeprii Bzaemogii mux map W*4, W22 i W*8 ¢ Qymrniamu r, 3 mini-
MgfévxaMIjIw OpHU JeAKUX PiBHOBAKHUX IJIA KOMKHOI Iapy BifcTaHAX rl‘:(‘l“ ,
Neg 1 11
eqPosmquaaanqn eHeprii W44, W28 i W48 B paau mo BigxuiaeHHAM Bi-
ICTaHi r; Mid HaNOJMKUYMMU CycimaMiu, oOMeXYyeMOCh KBAaAPATHUYHN-
Mu Habam:xKenHamu (6.1.1)—(6.1.3).

Koudiryparmiiina BinbHa emepria AF I'lIK-ctpykrypu Tuny L1, € dy-
HKITi€I0 BOX 3MiHHUX — IapaMeTpa AaJIeKoro MopPAAKY N ¥ MixKaToMo-
BOi BizcTaHi r; B cTomi. B 38’ A3KYy 3 MM MaeMo ABi yMOBU piBHOBaru:

dAF/on=0 ta OAF/or,=0. (6.2.2)
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IIa cucrema mae MOMKJIUBICTH, 3HAUTHM pPiBHOBaKHI 3HaUYeHHA M i 7.
IIepma 3 ymoB (6.2.2) mae sBuuaiiHe 3a BUJOM PiBHAHHSA MJIs1 BU3HA-
YeHHsS PiBHOBAXKHUX 3HAUEHb IIapaMeTpa [IajJeKoro MOopsaaKy (muB.
(6.1.10)—(6.1.14) y mnomepemnpoMy mimposmiigi). A xgpyra 3 yMOB
(6.2.2), 3 ypaxyBauuaM HaoOam:kenb (6.1.1)—(6.1.3), opu3BOAUTL 0
BUpAa3y I 3aJeKHOCTHM PiBHOBAXKHOI BimcTaHi MiK HaAWOIMKINMU
aToMaMM B CTOIIL BiJ CKJanay i mapaMmerpa IOPAAKY:

1 AA A4 AB_AB AA A4 BB BB ap ap\[ 2 M
(2_6 a‘l rleq +C(X1 rleq +6((X1 rleq +a‘1 rleq _2a’1 rleq) 4 _E

leq 1 nz
(—cjocf“‘+coq“3+6(oq““‘+och—20c;“B)[c2 j

2 16
(6.2.3)

Ileit Bupas M03BOJISIE AOCJIiAMUTH OCOOJMBOCTI 3aJIEKHOCTU PiBHOBAXK-
HOI BiZCTaHi 7y, Bif ¢ 1 M B Pi3HMX YaCTMHHUX BUIIaAKaX.
. AA BB . AB
JIemco_ 6aunTtu 3 (6.2.3), IO T'ieq AOPIBHIOE 7, gy 1 1f,, B UHCTO-
My cTomi A, B uncTtomMy ctomi B i B IIOBHICTIO BIOPAAKOBAHOMY CTOITi

A—B crexiomerpuuHoro ckJjaany (¢ = 1/4) BigmoBigHo, OCKiIbKK

rat, akmo ¢ =01in=0;
Tieq =T, AKIO ¢ =1in=0; (6.2.4)
e, AKmo c =1/4, an=1.

Enepria «smimanHs» («BIOPAAKYBAHHS») Y IEPIIill KOOPAMHAIIIM-
Hi#l cdhepi w(r;), 9K i eHepria «3mimianusa» B Oyab-AKill KOOPIMHAIIIN-
Hifl chepi un ii Pyp’e-KOMIIOHEHTa, € CKJIATHOIO (PYHKIi€I0 CKJIamy u
mapaMeTpa JajJeKoro IMOPAIKY, a came, migcraBiasioun (6.1.1)—(6.1.3)
y (6.1.5) i BpaxoBylouM 3ajIe;KHICTh PiBHOBAKHOI BimcTami MixK aTo-
MaMHu B CTOIIL Bif KOHIIEHTpAaIlii ¢ I mapaMmeTrpa IOPAIKY T y Biamosi-
nHocTi 3 (6.2.3), MaeMoO 115 eHeprii BHOPAAKYBAHHSI:

1 AA_AA AB_.BB n| 2 ﬁ
—C |0 Ty T CO T 607 ¢ ~16

2
1. o +cal® + 60, 2 -
2 16

1 AAAA AB_.BB r| 2 112 i
5_6 oL ooy, +60| ¢t —

w(r) = wy(r) + o’ —20"

leq leq

2 ’
(; —cjocf“‘ +co® + 60, (c2 —nj

+0,
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e BBeJeHO HACTYIIHI ITO3HAUEHHS:

wy(r) = W24 + WP (r28) - 2W 2 (122, (6.2.6)
o = o (F4) +af® (1) — 2087 (), (6.2.7)
o = ot ot e — 20407, (6.2.8)

a o,; BusHauaeTbedA 3 (6.1.9).

3a3HAauYMMO, IO BEJIWYWHA W, € CTAJ0I0 YACTUHOIO eHepTii «BIIOp-
IKYBaHHA», 110 He 3aJIe’KUTh BijJ mapameTpa mopAnakKy i ckaany. Ilpu
o =0Pf=0f=0, Tob6TO mpU HeXTyBaHHI 3ajeKHicTI0 eHepriii map-
HUX B3aEMOJIiNl aTOMiB BiJl CKJaAy CTOIIy I HmapaMeTpa HOro BIIOPSA-
KOBaHOCTHM B3araJi, eHepriro «BIOPAAKYBaHHA» W TaKOXX BUPaKaEMO
3a (opmyoio (6.2.6).

6.2.2. Pienannsa piéHo6azu 3a HEHYLb06020 MUCKY

Bigcrans Misk HAHOIMKYMMU aToMaMu I'paTHuIli Tuny L1, mpeacraBu-
MO Y BUTJIAAL

r,=1,(0) - Ary, (6.2.9)

e r1(0) — suavennda ry npun=01ip =0, Ar, — 3mina r; Ipu BOOPAIKY-
BaHHi i BcebiuHOMYy cTuCKaHHi 3 p > 0. [l;1a THCKIB, 3a axux |[Ar;| << r,(0),
y Bupasi g 06’emy crony V obMekuMocs JiHiiHIM 3a Ar; JOZAHKOM:

V = Ni} /N2 = N (r7(0) - 877(0)Ar; ) /V2 5 (6.2.10)

BpaxyBaHHA YjeHiB 0iJIbIIT BUCOKOTO HOPAAKY 3a Ar IIpU3Beie 10 MaauXx
IIOIIPABOK, IO € HEeCYTTEBUM AJA momaJbinoro [313] (3a Tuckis, 110
CIIPUUYMHIOIOTH 3MiHI MiKaTOMOBUX BijicTaHel, 3SHAYHO MEHIITi, HiK ca-
i i Bigcrami).

ITigcraBasioun (6.1.1)—(6.1.3) i (6.2.9) y Bupas (6.1.5) nnaa emeprii
«3MilTaHHA» B IEPIIifl KOOPAMHAIIWHIN cepi, omep:KUMO:

w(ry) =wy(ry) + B,Ary + oy (Ary)?, (6.2.11)
e (AK i B momepeHbOMY ITi APO3IiJri)
wo(r) = W () + W (1) = 2W 4 (i) +
1o (7(0) = 1) + o (R (0) — 22 ) = 2068 (1,(0) - 122)” (6.2.12)

e3gaveHHA w npun=0,p=0,a
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B, =—2[ o (1(0) - i) + 0 (1,(0) - 1) - 20" (1,(0) - ") | (6.2.13)
o, = o +ol? — 20, (6.2.14)

PiBHoBaskHi 3HaueHHA Ar; i 1 3a faHux p i T BU3HAUAIOTHCA 3 YMOBU
MiHIMyMy TepMOAMHAMIUHOTO IMOTeHIiAIy AG (3a BUpa3oM IJIs HLOTO i3
BCTYIIY IO po3a. 6 Ha c. 82):

AG _ 5 9AG _ (6.2.15)
dAr,

o

3 mIepIIoi 3 X YMOB OJEPIKYEMO:

1 2 3r7(0)
(z“’)% (1(0) - 13 + cot® (1 (0) - ) - 3“1(6 ’TGJ rz(f ;

2
(1 - cj o + coi” + 60, (cz - nJ
2 16
(6.2.16)

Y sBigmoBigHOCTI 3 HPUAHATUM BU3HaueHHAM Benuuwmuu ri(0) mpu
p=01in=0 ogep:xyemo Ar; = 0. Tomy 3 Bupasy (6.2.16) maemo:

Ar, =

re )

2 leq leq leq

2

[1—c]oc rs 4 caf’ra? + 6c (ot + o - 20
r(0) = 1
[2 - cj o+ co® +6¢” (o + o — 20,7 )
(6.2.17)
1o 36iraerbea 3 BupasoM (6.2.3) mpu n = 0.

Bepyunu mo yBarm (6.2.17), Bupas (6.2.16) mo:xHa 3anmmcaTu y BU-
TIani

3 * %
g B1n2 + 0(1Y1p

An=S——a—, (6.2.18a)
oy _Zaln
e
o =1 -2c)a +2co® +12¢%,, (6.2.186)
. _ 8r7(0)

(6.2.188)

= ocf\/é.

ITincranoBka Bupasy (6.2.18a) y Bupas (6.2.11) mae
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2

" " 1+2y X p
w(n) = w,(r)|1- —H— ™ 5o ,(6.2.19)
doqw, () 4ouwy (1) 1-=2 &n2
4 o
a00, BBIBIIIM MO3HAYECHHS
p =) g () (6.2.20a)
Bl'Yl 1
2
L 4| 1tem A
w(r) = wy(r)| 1-—— + Lol (6.2.206)
dn, 4n;|{_3 7
4 oy

Amnajyioriuni BUpasu MOKHA OJepsKaTH IJsd APYTroli KoopAuMHAIiiHOL
chepu abo it amA iHmMMX chep. 30KpeMa, OIS eHeprii «3MilllaHHg» B
Ipyriit KoopauHaIiiiHil chepi maemo:

2

1+2n, 2
1 1 P,
W) = wy ()| 1— —— + . (6.2.21a)
dn, 4n, | _30, N
4 o,
powo() 0w () (6.2.216)

OBy, B2

OT:ke, BpaXyBaHHSA THUCKY yV BHOPAAKYBaHHI CIPUYMHIOE HE IIPOCTO
OOABY JiHIAHOTO I KBaAPaTUYHOTO YIEHIB IO TUCKY Y BUPAasi AJId eHep-
rii «amimranuga» (AK y DomepeaHbOMY IIiApo3aiai aasa cromy 3 06’emMoM,
1110 He 3aJIEKUTh Bii N ¥ CKJIay), a CYTTEBO YCKJAAHIOE piBHAHHS.

HIpyra 3 ymoB piBHoBaru (6.2.15) B pamMKax MOIeJIi0 B3aeMOMiii
JINIIe HaMOJIMIKUYMX aTOMIB IIOPOJMKYE PiBHAHHSA

3 2
[0_114%}(1_0_ }qJ 11 Leam
].n = _4neq wo (rl) 1- + pl ,
(C . 3}1 ] [1 e n;qj k,T 4n, 4n,|q_ i Z}‘ n
1
(6.2.22)

oe n, i p; BusHauarorsca 3 (6.2.20a); a B paMKax MO0 MijKaTOMO-
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BOl B3aeMO/ii B IIepHINX IBOX KOOPAMHAIIIMHUX cdepax —

3
[c_neqj(l_c_mqj
In 34 4 —n, _4w0(rl]: ;Gwo(rz) o
c+7ne‘l 1—c+nﬂ £
4 4
_AR2 2 _AR2 2
4B, | 6B; 4Py 1+2y 21p
v 1_ 4&1 4&2 4.(11 1 +
—4w, (1) + 6w, (1) —4w, (1) + 6wy ()| { _3 0 »
40,
2 2
232 142y, 0% p
s o, B, (6.2.23)
—dwy (1) + 6w, (ry) | { _3 0z o
# MNeq
4 a,

Taxum YMHOM, BpaxyBaHHA B3aeMO[il BCix aToMiB mae:

[c_neq](l_c_gneq] iﬁf.kiﬁg_siﬁg_k%.“
4 B(k¥)

4
In—3 =M (1T - %zrkoif -
[c+neqj(1—c+nqu B i)
4 4
—4B 1+2y Y p 6P, 1+2y; 22 p
(Xl Bl + ag BZ +
40(k™) |y By o | 4BKY)| g 30
40, 40, ™
_8p? o Y 12 o, Y
s 142y 2 p L1427, tp
+ OC3 B3 + a‘4 B4 +
~ X ~ X °t -
4w((k™) 1— 30, 4w(k™) 1— 30y o
4 ; eq 4 ai eq
2
i 1+2y,Zp
_ w(k™) 1- 1 Z CZB; + 1 Z ¢, 2 ’ B,
“ g, T k) S o,  4Bk)G o, | 30, o ||
40,

(6.2.24)
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Ie paxropusarniiiai koegimniea™n C, =-4,C,=6,C;=-8,C,=12, ... Bin-
OBifa10Th XBUALOBOMY BeKkTopy k* mus T'T[K-rpaTauni [13, 14].

Omxe, B paMKax AaHOTo MoOZedi0 (IIf0 BPaxOBYE 3aJIeKHICTh 00’ eMy
Big mapamerpa JaJIeKOro HOPAAKY ¥ CKJIAaLy CTOIy), PiBHAHHSA, IO
BU3HAUYA€ PIBHOBAKHI 3HAUYEHHS IapaMeTpa JaJeKOro IOPALKY Mg, €
icTOTHO CKJIAAHIIIUM, HijK B HOIEPeIHBOMY Imiapoamimi (B Momesio,
IIT0 He BPaxoBYe 3ajiekHicTh V Bim M i ¢), mpuyomMy #10ro HEMOKJIMUBO
«3TOPHYTH», AK Ile 0yJ0 3p0o0JIeHO B HomepemHbOMY mimposmiai. Ak
BUAHO 3 piBHamb (6.2.22), (6.2.23a), (6.2.24a), BOJIUB THUCKY 3aJie-
KUTH He JUIIe BiJ 3HaKiB KoedilienTa npu JiHiitHOMY ¥ KBaJgpaTud-
HOMY 3a THCKOM ujeHax (AK y IIomepefHLOMY IIimposmimi), a i Bix
3HAKy KoedimienTa mpu nmapamMerpi JaJeKoro mopaiakKy.

6.2.3. Bnaue mucky na memnepamypy nepemeopenna 6e3nad—nad
i napamemep danexozo nopadxy

JJig copollieHOCTH KiJBKICHUX MOAeJbHUX PO3PaXYHKIB IIpuiiMeMo
IO yBaru B3aeMofii HambOmmxumx atomiB. B obsacti ¢asoBoro mepe-
TBOPEHHS IIEPINIOT0 POAY IIPU «THCKOBi IMepeTBOPEeHHA» P = p, TEMIIe-
patypa BOOpPAAKYyBaHHS T, I cTpuMOOK mapaMeTpa SAJIEeKOTO IIOPAAKY
An,, B TOUIll IePeTBOPEHHA BU3HAYAIOTHCA 13 CUCTeMU PiBHAHB

AG(AN,, Ty, o) = AG(0, Ty, p,),
WBCTeap)l  _ AGTR)| _o (6.2.25)
an N=Meq aArl N=Ane,

Buxrouaroun 3 miel cucremMu piBHaHB Ary(py,AN,,), AK€ BUSHAUAETHCA 3
(6.2.18a), omep:kyeMo (3 ypaXyBaHHAM IOMEPENHIX BUPas3iB y migposmi-
JIi) ABa piBHAHHSA, IO OB’ A3YIOTH MiXK CO00I0 3HAUEHHHA Py, Tk 1 AN, B
Toulli (a30BOT0 IIEPEeTBOPEHHA THUNY Jan—O6esnan. 3HaueHHS omHiel 3
WX BEJIUYNH OJHO3HAUHO BU3HAUAE 3HAUEHHA ABOX iHINMUX. Takum du-
HOM, IepexiJ B YIOPAIKOBAHUMA CTaH BigOyBaeThCA IIPH CTPOrO BH3HA-
ueHiil Temnepatypi Ty i mapamMeTrep AaJ€KOT0 MOPAAKY 1, 3POCTAE IPU
IbOMY CTPHOKOM Bif HyJIfI 0 IEBHOT'O 3HAYEHHA Mo = AT,

YucenbHUN PO3B’A30K cucTeMu piBHaHL (6.2.25) mae MOMKJIMBICTD
MPOCIiAKYBaTU AK THCK BILIMBA€E Ha TeMIepaTypy (ha3oBOTO II€PETBO-
PEeHHSA THUIIY JIag—0e3Jiaf Ta CTPHUOOK ImapaMeTpa JaJIeKOoTo IOPAIKY B
Toulri (pazoBoro meperBopenHudA. [[aa 1mboro ciain 3HaTu 3HauenudA (abdo,
IpUHANMHI, 3HAKK) IapaMeTpiB n,, 0,/0; (quB. (6.2.22)).

B po6Gori [313] mpu mocaimkenH] BOJIMBY THCKY Ha BIOPAIKYBaHHS
OIIK-cromiB Tuny B-nATyHI aHaJOriuHi mapamMeTpu Te:x OyIu HeBimomi.
Astopu poboru [313] mpunycTuau, 10 aHAJOTIUHI ITapaMeTpu DOPiB-
HIoIoTh 1 i 1,2 Bigmosiguo. B mammoMy BUIagKy 3a TaKHUX HOPAAKIB 3a-
3HaUeHUX mapaMmeTpiB cuctema (6.2.25) He Mae po3B’sA3KiB abo Mae He-
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(isuuHi pos3s’a3ku. [Jja MoaenbHOI moOynoBu rpadivHmx 3ajeKHOCTel
TemiepaTypu KypHakoBa Ta cTpubKa piBHOBasKHOTO IIapaMeTpa JaJIeKo-
ro MOPANKY BiJ THCKY IPHIIyCKaeMo, IO IapaMeTpu N, 0,/0; (ZuB.
(6.2.22)) Taki: n, = 25, o,/ = 0,013. PosrigHeMO YOTHPH MOKIMBUX
BUNIaAKM KoM6iHamiii smakiB: a) n,=25, o,/0';=0,013; 6) n,=-25,
o,/ =-0,013; 8) n, =25, o, /0, =-0,013;2) n, =—25, o, /o', = 0,013.
Banexnocri Ty i An Bizp'y ETeXiOMeTpI/I‘{HiM (c=1/4) cromi 3a pis-
HUX KOMOiHaIii sHakiB n, i o, /0, 300paskeHo Ha puc. 6.5. A HA pUCYHKY
6.6 11i °K 3aJ1€2KHOCTI TpecTaBJIeHO Y TPUBUMIpPHIil cucTeMi KOOpAMHAT.
SIk BugHO 3 puc. 6.5, 6.6, An,, He 060B’aA3K0BO piBHE 0,464, AK B 1O-
mepesHbLOMY IiZpo3aiji B Mozesio, ge 06’eM He 3aeKUTh Big M (Ta B3a-
raJi B MOJiesIIX 3 HyJIbOBUMU THUCKaMH). AN, MOXe AK 30iJbITyBaTUCh,
Tak i 3MEHIITyBATHCH 3 POCTOM p. A 3aJeKHICTh TeMIIepaTypu BIOPSA/I-
KYBaHHS BiJl TUCKY € 3HOBY HEJiHiMHOIO, III0 HOTOIMKYETHCA 3 eKCIIePH-

0‘58 1 L L 1 L i i 1'0 L L L i L
0,56 - 0,94 L
0,54 L 0,8 L
= 0,521 F =£0,7] -
< 0,50 L < 0,64 -
0,481 - 0,54 E
0,46 . . - ; . . . 0,4 ; . . v .
00 02 04 06 08 1,0 1,2 14 0,00 004 0,08 0,12 0,16 0,20
12 i 1 ' i I L i 0'2;'} L L L 1 L
lg 0,20 3
" g [, L0105 :
4] &o0,10 3
2] [ 0,051 2
0 . : - . ; v 0,00 - - - . .
00 02 04 06 08 1,0 1,2 14 0,00 004 008 012 016 020
p P
a (1]
0'5 L L L L L 0‘5 i L i 1 L
0,4 L 0,41 L
70,34 - 20,3 -
5 0,2] < 0,24
0,1 L 0,14
0,0 . . . . : 0,0 v . . . :
0,0 0,1 0,2 0,3 0,4 0,5 0,00 0,03 006 009 0112 0,15
1,6 . . . s : 0,21 . : . ! .
1,2 0,18
£40,8 b £50,15]
0,44 L 0,12
0,0 . . . . . 0,09 . v - : r
o, 0,1 0,2 0,3 0,4 0,5 0,00 003 0,06 009 012 0,15
p

Puc. 6.5. 3amexxHicTh 3BeeHOI TeMmepaTrypu (ha30BOTO IIEPETBOPEHHA TUILY
nag—6esnam, T = kpT/|4wy(r,)|, i crpubka mapameTpa gajexoro mopaaky Ll,-
THITy B TOUIIl TIePeXOAy BijJi 3BefeHOr0 THUCKY, p =p/p,’, B CTexXioMeTpHUHIM
(c = 1/4) TIK-cTomi: a) n,=25, o,/0,=0,013; 6) n,=-25, o,/0;; =—0,013; 8)
n,=25, oy/0;=-0,013; 2) n,=-25, o,/0; =0,013.
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0,16 0,10 912
8 2

Puc. 6.6. Te % cawme, 1o i Ha puc. 6.5, aje y TPUKOOPAUHATHIM IIpEICTAB-
aenHi. TOHKI cyIinbHI KPUBi € TPOEKIiAMN TPUBUMIipHOI («KUPHOI») KpH-
BOi HaA BiAMOBiAHI ILIOIITWHUA.

MeHTaIbHUMU ganumMu [314].

Ha pucyrkax 6.7 Ta 6.8 HaBeseHi fedaki TUIIOBI 3a1eKHOCTL N, Bix T
(T") upu p = const i N, Bix p (p*) mpu T = const, 110 BUBHAUAIOTHCA PiB-
HauHAM (6.2.22). IlosHaueHi IITPUXOBOIO JiHi€I0 YACTMHU KPUBUX
BiZIIOBifAIOTh 3HAUEHHAM M, < AN, @ Bif0OpasKaroTh CTAHU CTOILY, IIO
He PealiBoBYIOTLCA ITPAKTUYHO, OCKLIBKN HPH TeMIIepaTypi BIIOPAI-
KyBaHHS (pPO3YIOPAIKYBaHHS) a00 IPU THUCKY BHOPAIKYBaHHA (Po3y-
MOPAIKYBaHHS) 3HAUEHHS IIapaMeTpa AajJeKoTo IMOPAIKY 3MiHIOETLCS
cTpubKonogibHO Bif HysIa 10 An,, (abo Bix An,, mo Hys).

OckinbKu B maHiM MOJeI0 CTPHUOOK mapaMeTpa HAJIEKOTO IOPALKY
y TOUI[i MepexoAy THUHOY Jaa—0esjaan He € CTAluM, TO PiBHI mepexonmy
IITPUXOBUX YACTHUH KPUBUX Y CYIiJbHI (i1 HaBmaku, CyIiJIbHUX — ¥
mITpuXoBi) Ha puc. 6.7, 6.8 pisHi.
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1,0 - , s s : 1,0 : : . ; ,
0,94 L 0,94 L
0,84 L 0,3-\ L
0,71 L o7 -
el 112 3 L ge] i 3 ]
£0,51 ' po[Dp=00) % L gg5] i Dp'=0,00 ] i
“o04] L2p=021 8 LT g 4] 12)p'=0,12 18
03] i | P9p-0al i L g3l i9)p-0.16]; i i
o2] i | iap-os| foF ] iap-020]; ::
01 | i SF 0 i -l
0,0 +—— S . ¢ 0,0 H—— 2 A g
00 04 08 1,2 1,6 20 24 0,03 0,06 0,09 0,12 0,15 0,18 0,21
7" T
a 0

1,0 1,0

0,91 L 0,94 L
0,8 L 0,8] -
0,74 L 0,7] -
o6 O WPy ]
H i E g i sz ’ L
“od | T 0a] | Dr-010 i
0,31 P L 03] DP=0.121 |
0,24 P fb 02| 2E2270) A
0,14 N SF 01 i B -
0,0 Y N . - 0,0 ; A S A Y

00 02 04 06 08 1,0 1,2 0,03 0,06 0,09 0,12 0,15 0,18 0,21
T T
8 2

Puc. 6.7. Temneparypua (T =kpT/|[4w,(r,)]) 3anexuicTs piBHOBaxKHOrO ma-
pamerpa pnajsiekoro nopsaaxky Ll,-tunmy B crexiomerpuunim (¢ = 1/4) T'IK-
CTOmi 3a pi3HMX 3BefleHMX THCKiB p =p/p,. Tyt a) n,=25, o,/0;=0,013; 06)
n,=—-25, o, /0’ =—0,013; 6) n, = 25, 0, /oL, =—0,013; 2) n, =25, o/’ = 0,013.

OnHaK Bi3yalbHO 3aJI€KHOCTI Toq = Ne,(T") Ipu OZHAKOBUX p” He Biapi-
BHAIOTHCA Ha puc. 6.7, a Ta 6 (AK 1 Ha puc. 6.7, 0 Ta 2), a 3aJIeKHOCTL N, =
Neo(P") mpu oguaxoBux T° BigyasbHO He BifpisHsioThes Ha puc. 6.8, a Ta
6 (ak i ma puc. 6.8, 0 Ta 2), To6TO BidyaJabHO He BiAPi3HAIOTHLCA KPUBI 3
omHAKOBUMU KoeiiieHTamu n,. I xoua, HacmpaBai He3HavHa BigMiH-
HiCTh MiX BiIIOBiAHMMEU KPUBUMM icHYy€ (BiAIOBiAHI 3HAUEHHA 1), BiJ-
PiBHAIOTLCA MiK co000I0 APYyruM abo HaBiTh TPETiM 3HAKOM ITiCJIsI KOMM,
1[0 MAaike HEeMOKJIMBO HOMITHUTH «HEO30pOeHMM» OKOM Ha puc. 6.7,
6.8), mpoTe, HeMae HiYOTO IUBHOTO, aasKe 3 piBHauHA (6.2.22) 1erko 6a-
YUTU, 1[0 «BU3HAYAJBbHY» POJIb ¥ MOBEAIiHIII ITapaMeTpa AaJIeKOro Io-
PAAKY Bifiirpae came KoedilieHT n,, a He o, /0. Ileil BUCHOBOK € ofiHi€0
3 BIIMIHHOCTe# JaHOI'0 MOJEJIIO BiJ MOZeNIo, Ae V He 3aleXUThb Bif M,
(nuB. momepemHi# migposais, 30KpeMa, piBHaHH (6.1.144a)).

TakuM YMHOM, B MOJeJIO, III0 BPaXOBY€ BaJeXKHICTh V BiJ M., (Ha
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1,0 L 1,0 L L ' L
0,94 0,91 / .
0,84 L 0,8]
0,74 T 0,74 2 s
0,6 6 e 0,64 3 8
05 PAT-0E gosl” N \ | i
0,4] ([DT=030F =45 Voo V1) T5=0,10 |L
i 4) T =0,40 : H H 1 2) T"=0,15
0,34 3 F 0,34 ' ' . ’ -
L 5) T"=0,60 fob b 13)T-0,18
0 Vier=100f %% . J, ! ; 4) T*=0‘20
0,14, v 0,1 =---- i L K ! . -
0,0 o . 0,0 s .
0 0,4 05 06 0,00 005 0,0 0,15 0,20 0,25
P
0

1,0 : '
0,9 -
0,8
0,71 !
0,6 -
0,51 2 4

6.4 ! 1) T*=0,2 1 T*=0,12 |t
0.3] : ! 2)T°=0,3 2) T°=0,16 ||
0.2] i 9T=05 3) 1°=0,18
ik ..‘ .: y [AT-09 4) T°=0,20 ||
R . .

00 01 02 03 04 05 0,20 0,25

et
6

Puc. 6.8. 3anexHicTh pPiBHOBaXXHOTO mapameTrpa JgajleKoro mnopaaky Ll,-
TUITy BiJ 3BeJleHOTO THUCKY, p =p/p,, B crexiomerpuunim (c = 1/4) TIIK-
cromi 3a pisHEMX (3BemeHmx) Temmeparyp, T =kpT/|4w(r,); TyT @) n,=25,
o,/0;=0,018; 6) n,=-25, o;/0;,=-0,013; 8) n,=25, o,/0;=-0,013; 2)
n,=-25, a,/0;=0,013.

BiZMiHy Big Momesio, IO He BPaXOBYE TaKy 3aJIesKHICTh) CTPHUOOK ma-
paMeTpa JaleKOro IOpAAKYy An, (B Todmi (asoBoro mepeTBOpPeHHSA
MIePIIOTO POAY) 3aJIeKUTh Bix p (Ipu (asoBUX IEPETBOPEHHSIX, CIPU-
ypHenux 3miHoio T) i Bix T (mpu (pas3oBUX IMepeTBOPEHHAX, CIIPUUM-
HeHUX 3MiHOI0 p). THCK MOXKe SK miCMIIOBaTH, TaK i mociabaroBaTH
BIIOPAAKYBAaHHS B paMKax 000X MOeJIiB.

Ha 3aBepmieHHs 11b0r0 po3aily 3a3HAYNMO, IO Ha HAII IIOTJISAT, 3 Ha-
BeleHUX Ha puc. 6.2—6.4, 6.5—6.8 4oTHPHOX BUMAAKIB HANOIIBIIT peaJi-
CTUYHUM (THM, IIT0 Peaaid0BYEThCA, 30KPEeMa, B eKCTPeMaJIbHIX YMOBaX
HaJBUCOKUX TUCKiB i TeMIIepaTyp), € BUIIAA0K @, KOJI! TUCK «IIiJICHJIIOE»
BIIOPAAKYBaHHA (TOOTO, CUOPHUAE IIiABUINEHHIO TEeMIIEpATypu (HasoBOTO
IepeTBOPEHH JiaA—0e3JamI), a cTpuboK (PiBHOBaKHOI0) IIapaMeTpa ga-
JIGKOTO TOPAAKY abo cTaauii, K y HDOIepefHbBOMY HiAposaimi (AN, =
=0,464), ab0 MOHOTOHHO IIiABUIIYETHCA OO IIEBHOTO I'PAHWYHOIO 3HA-
4YeHHdA, AK y JaHOMY mifposzini (sa puc. 6.5, a, 1 6.6, a, An,, = 0,571).
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Ile BimOyBaeThCA IPH JOJATHIX 3HAUEHHAX ITapaMeTpiB 1, /0 ¥ PiB-
HaHHi piBHOBaru (6.2.22).

7. ATOMOBHUH IIOPSITOK DO,,-TUIIY BIHAPHUX T'III-CTOIIIB
1] THCKOM

IlepiiuM KpPOKOM IIpM [MOCJHiJMKEeHHI MIKPOCTPYKTYpPH Ta KiHETUKH
Iu@ys3iiHMX MpoIeciB y cucrteMi € mo0OymoBa IOTO CTaTUCTUKO-
TePMOANHAMIUYHOTO MOAeJ 0. DPYHKIII aTOMOBOrO PO3MOAiNy IJIA HaI-
crpykTyp 3 I'lIlII-rpaTaueo 6yao oxep:xaHo B poborti [315], ognax,
TaM He OyJI0O OOUMCJIEeHO IIapaMeTpu OAaJeKOoTo MHOpAAKY. DPYHKIil
IIPOCTOPOBOTO POBIOAiNy aTOMiB s HamcTpykTypu D0, 110 Mic-
TATbCA ¥ poborax [17, 316, 317], ax i 300pakeHHA Iiel HAACTPYKTY-
pu B KHu3i [318], € xubHUMU, IPOTE, KOOPAUHATH ATOMOBOTO PO3IIO-
miny B [318] Brasaui Bipmo. Hapasi, KopekTHe BUKJIaJeHHsS CTATHC-
TUYHO-TepMoAuHaMiuHoro momento myasa ['IIIII-cromy 3 aToMoBUM mTO-
pankom tumy D0,y € Heoboxigaum. Hacaigyiouum pob6oru [13, 14, 299,
319-321], meit Mmomeab IIPeACTAaBICHO HUMKUE.

7.1. CtaTucTUYHA TePMOAMHAMIKA CTONY 3a HYJHOBOTO THCKY
7.1.1. Modenv cmony na ocroei I'lIlll-rpamnuyi

fAx Bimomo [13, 14], I'IIII-rpaTHUIA € CKJIaAHOIO I'PATHHUIIEIO, SIKY PO3-
IIAAa0Th, AK IBi B3a€MHO ITPOHUKHI reKcaroHaJibHi miarparauni Bpa-
Be, 3MiIeHi ogHa BigHocHO Apyroi Ha BekTop h =2a,/3 + a,/3 + a5/2, ne
a;, a,, a; € OCHOBHi BeKTOopu TpaHciaAmnii (6azoBi BekTopm) I'IIII-
I'paTHUIN B3A0BK HampamKis (100), (010), (001) BinmoBigHO B KOCOKYT-
Hi#l KpucTagorpadiumiii cucremi KoopauHar (puc. 7.1). KosxHuit Bysoa
r TaKoi rpaTHHUIL XapaKTepusyeTbcs BekTopamMu Rih,: r=R +h,[13,
14]; BexTop R BusHauae «IIo4aToOK» MPUMITUBHOI eJleMeHTapHOI KOMip-
KW, B AKilf 3HaX0AUTHCA By301 I, h, — pazgiloc-BeKTOp JaHOTO By3ja Bi-
IHOCHO <«II0OYaTKy» KOMipKHu, a iHgexkc p = 1, 2 BKasye HOMep IIif-
rpatuuti. Jlerko 6auutu 3 puc. 7.1, moh, =0,ah,=2a,/3 +a,/3 +a;/2.

B pamkax mabam:KeHHsS caMOY3TOAKEHOTrO II0JIsI, KOH(pirypariiHo-
3aJIe)KHy YacTHUHY (YHKI[IOHANIYy BiJabHOI eHeprii OiHapHOro cromy
T'IIII-A-B, mosxkHa 3anucaTu y Buraazni [13, 14]:

2

=2 Y S, R-RIP®E®R)+

p,¢=1R,R’

+kBT22: > [};(R) InP,(R)+(1-P,(R))In(1- RI(R))J ~ TS, (7.1.1)

g=1

Ie iHgekcu p i ¢ mosHavawTh migrparaumnio (p,q=1,2), ky —
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Puc. 7.1. TTIII-r'paTuunga: TpuBUMipHe 300pakeHHA (a) Ta Buj 3Bepxy (0).

BonsnmannoBa crana, S,,, — MarfgerHa eHTpomid. OZHOYACTHHKOBA
¢dynrnia imosiproctu P,(R) (P,/(R)) aBuse coboro WMOBipHiCTH 3Ha-
XOAKEeHHA aToMa copty B B eneMeHTapHi#t Komipii 3 meatpom R p-oi
(g-oi) miarpatHuni. B ocramHbOMY BUpasi HmigcyMOBYBaHHSA IIPOBO-
IUTLCS II0 BCiX HPUMITHBHUX ejeMeHTapHux Komipkax (R, R’) i min-
I'PATHUIAX, TOOTO MO BCix ByaJyax rparuumi Isinra.

B Gimapaomy TBepgomy posumHi w,(R—-R’) Bu3Hauae eHepriro
«3MimanuA» («BIOPAAKYBaHH») [13, 14]:

n _ AA ’ , AB 7
w, (R-R)=W*R-R)+W*R-R)-2W (R -R),(7.1.2)

e Wp‘zA, WP?IB i Wp‘:B — eHeprii Bzaemogii map atromiB A—A, B-Bi A-B
BiITOBiAHO, 1IT0 BHAXONATHCA Yy MiATPATHULAX p I ¢ B eJIeMeHTapHUX
KOMipKax, po3aiieHnX BiJCTaHHIO |R - R’|. Pagitoc-BekTop R moB’sa3a-
HUU 3 OCHOBHUMU BeKTopamu TpaHcaAnii: R = n,a; + n,a, + nsas, e nq,
N, Ny — IILJI yncia (KoOOpAUHATU IIEHTPY eJIeMeHTapHOI KOMipKU B KO-
coxyTHili cucremi koopauHat I'IIIII-rpaTauIi), |a| = |as| = a,, |as| = ¢y, a
Ta ¢, — mapamerpu 'IIIII-rparuumni (puc. 7.1). (B gamomy migpoamiii
PO3TIANAETHCA MOJEJb 38 HYJIOBOTO TUCKY, 1 3a/JIA CKOPOUEHHS 3aIIN-
Cy He ITHUIITeMO 0iJid eHepreTUYHUX mapamMeTpiB ingekc «0».)

Ina BusHaUeHHA (PYHKIIII mpocTopoBoro aromosoro posnoziny P (R)
KOPHUCTYBATHUMEMOCh METOAOI0 CTATHYHUX KOHIEHTPAIiMHUX XBUJIb
[13, 14], B paMKax AKOi QYHKIIiI0 PO3TOAiIYy IPEACTaBUMO Yy BUTJIALL
Ji"ifiHol cymepIosuIlii craTUYHNX KOHIIEeHTpaIliitHuX XBUab [13, 14]:
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kR

¢, (¢, R) = v (g, k)e™ ™, (7.1.3)
ne k — HeHyJnHOBMIT XBUJIBOBUI BEKTOD B Ieplmiii BpisitoeHOBiH 30-
Hi, ||[vs(q, k)| — omuHMUHMIT «BeKTOp MoJApHU3alii» G-0i KOHIEHTpA-

nifiHOI XBUJi, G BKasye «HoMep mojapusanii». dyskniro P (R) sanu-
cyemo gk pan @yp’e [13, 14]:

P(R)=c+ ZZnNZ[vs,G(js)vG(q, ke ] (714

s o=l

YV oim Bnpa3i ¢ — KOHIIeHTpAallid aToMiB copty B y cromi (TBepaim
posuwuHi) A;_B; U (q,k )exp(lk -R) — cratnuyHa KOHIEHTpAaIiiiHA
XBUJIA 3 HAACTPYKTYDPHUM XBHTHOBUM BexTopom k, , mo omwmcye
BIIOPAJKOBaHY CTPYKTYpPY (iHOeKc j, mosHauae HpOMeHl §-01 BipKu;
XBUJIBOBUX BEKTOpiB y mepuriii Bpintroenosiii soni); {n,s,} — nmapame-
Tpu gasexoro mopaaky (0 um To 1 y HeBHOpAIKOBaHIM cTaHi abo 1mo-
BHICTIO BIOPAAKOBAaHIM BifgNoOBiZHO); 7V, (j,) — KoedimieHTH, I10 BU-
3HAYAIOTh CHUMeETPil0 WMOBipHiCHMX (QyHKHiN, P/(R), ToOTO cuMeTpiro
HagmcTpyKTypu. IlilcyMOBYBaHHA B OCTaHHIM BUpasi MpoBagUTHCA O
Bcix mpomensax {j,} sipku {k’} i mo Bcix «monsipusariax» {c} [13, 14].

Konnentpaniiiai xsumi |[@g(g, R')| € BracauMu GyHKIigaME MaTpH-
i exeprii «smimanus» |w, (R — R')| [13, 14]:

2
> Y w, R-R)0, (@ R) =1 09, (pR),  (7.1.5)
¢=1 R’

ne Ao(k) — Biacue sHauenHs marpuni |w, (R — R’)|. «Iloaspusamiii-

HUII HOMEpP» G MOKHA HA3WBATH HOMEPOM TiJxku B cmerTpi {Ay(Kk)}.
IlincranoBka Bupasy (7.1.3) y Bupas (7.1.5) nae piBuauua [13, 14]:

2
> @, (k)v,(p, k) = A, (K)v, (¢, ) , (7.1.6)
p=1
ae
w,,(k) =Y w, (R-R)e™ ™ (7.1.7)
R

€ Dyp’e-1IepeTBOPOM eHepTii «3MilTaHHsI».

Ockinbku marpuus w, (k) € Epmitosor, To Bei ii BracHi sHaveH-
HA € OificHuMH, a BJIACHT BeKTODPH ||[Us(p, k)| € opToroHanLHUME OfMH
OIHOMY,

2
D v (g:K)vy (g, k) =8
q=1

Marpumnsa prq(k) Mae Takui sup [13, 14, 16, 17, 24]:
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) 5, (6) i, (k)
709 = (g;(k) gu(k)j’ (7.1.8)

e IIsz(k) KOMILTIEKCHO CIPAMKEHE [0 w,,(k) ; TyT BUKOpHCTaHO DPiB-
HOCTi wu(k) = W,,(k) 1 w,, (k) = 12(k) 110 MAIOTh MicCIle IJIA TBepPAuX
posuuHiB 3amintenHa Ha ocHoBi I'IIII-rpaTamIti [17 315, 316].

Matpurmi eneprii «3mimanHa», ||w E q(k)|| , BigmomimaroTh HacTymHI
BJIAacHi 3HaueHHA, Ay(K), ¥ Bizmosigui IMm BiacHi BekTOpH, vo(k):

A (k) = Wy, (k) + | A, (k) = 0, (k) —|@ (7.1.9a)
1 . 1
1 ‘ -
”“TEwW”’“®:ﬁ_%ﬂ)'“”%)

i, (k)| [y, (k)|

TemmepaTypa a0bCoOJIOTHOI BTpaTu CTAOiILHOCTY HEBIOPSIIKOBAHOTO
cTaHy (KpUTHUYHA TeMIepaTypa) AJs cKJamHol rpaTtHuili Isinra mopis-
Hioe [13, 14]

T, =—ic(1—c)min7\6(ks), (7.1.10)
kB c,s
ne minA (k') — a6comorruit mimimym A (k°). ®asoBuil nmepexiz re-

HepyeTbca k'-gipxoto, uni mpomeni {k; } Ta «IIOJAPU3AIiNAHI BEKTO-
pu» ||[vs(q,k)| 3abesmeuyiors Takumit MiHiMyM BenrmumHE A (k).

7.1.2. Hadcmpyrmypa D0,-muny

Poaraaremo (zax)cTpyktypy tumy D0,y-A;B (po mesaxi ymosu ii cra-
o6inmpHOCTM nuB. Y HomaTky A), Ze aTOMH BIOPSAAKOBAHWUM UMHOM PO3-
rammoBaHi mo Bysax I'IIIII-rpataumni. EnemenTapHa KoMipka Takol
CTPYKTYPU MIiCTUTH 8 aTOMiB y HACTYIIHUX MO3UIiaX (puc. 7.2):

A: (010), (100), (110);

211) (511 (541}
332) (3832) (832)
241

B: (000), (g“j'

32

ITapameTrpu rpaTHUI BU3HAUAIOTh BiAcTaHi MiK HalOJIMIKINMU aTO-
MaMU, HACTYITHUMHU 3a HANOMMKYUMU i T.J., TOOTO pamirocu KOOpAuHa-
mitHux chep. 3akeKHICTh PALilOCiB MEPINX YOTUPHOX KOOPIUHAILIM-
HuX chep Big mapameTpis (a, i ¢y) I'IIII-r'paTaui HaBeneHno B Tada. 7.1.
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Puc. 7.2. EnemenTapHa KoMipKa HaacTpyKTypu tuny D0,y Tpu- (a) Ta ABOBU-
MipHe (0) 300paskeHHsA. «Bimi» KyapKu — aToMu copty B, a «TeMHi» KYJIBKHA —
aromu copty A. Moaysi pamirociB-BeKTOPiB MEPIINX YOTUPHOX KOOPAMHAITil-
uux cdep (r,, [y, [r3, [ry)) Bizmosigarors BUnagky 2 B Tab1. 7.1.

Pucynox 7.2 Bignmosimae Bunagaky 2 miei Tabauni. koo ¢y,/a, = 1,633,
TO MaeEMO Tak 3BaHY «imeanbHy» I'lIIII-r'paTHUIIO, B AKill Iy = 1y, a IPU
BigxujaeHHi ¢,/a, Big sHauenHs 1,633, Kouau r; # r, (puc. 7.2), BUHUKAE
Tak 3BaHA YMOBA IiJIBHOTO TaKyBaHH [ 8].

Hnass O6yagb-sikoro BekTopa Kk=(k,k,, k3) oOGepHeHOro IIPOCTOPY
I'IIII-rparauni mae micie piBaicts k = 2n(ka; + k,a, + ka;), ne a,,
a, I a, € BeKTOpH TpaHcaAnii o6epHEHOI I'paTHULI B3JOBK HANPAM-
kis (100), (010) i (001) Bigmosimmo, mnpwmuomy |a;| =l|a;| =1/a,,
a;| =1/c,.

Burkopucrosyioun osnauenns (7.1.7), samuiieMo BUpasu AJA eJe-
MeHTiB MmaTpumi (7.1.8):

d)ll(k) = w, |:62nik1 + eZnik2 + e—2nik1 + e—2nik2 + eZni(k1+k2) + e*Zni(k1+k2)] +
+w, [ezmkﬁ +e-2”k3]+..., (7.1.11a)

wlz(k) = w, |:1+e—2m‘k3 4 o 2k p2milkithy) | =2k thy) +e—2ni(k1+kz+k3)j| +

2mi(ky—ks —2mi(ky +ky -2mi(2k, —2mi(2k; +hy+k 5)

+w, [emkz +e ' te ™ 4o "te ) 4 e Foes

(7.1.116)

Ie wy=w.(ry), wy=wyry), ws=ws(rs), w,=w,r,) € emeprii «3mimas-
Ha» (BimZmoBimHO) B mepIiii, Apyriii, TpeTiii, UeTBepPTii KOOpAMHAIIii-
HUX cepax 3 pagitocamu ry, ry, r's, 'y BigmoBiguo (puc. 7.2).
Crpykrypa tTuny DO,y «r'eHepyeTbesa» mpomenamu {k; } HazcTpyKTy-
pHOTO XBUIbOBOrO BekTopa k™ [13, 14, 16, 17, 24, 315] (puc. 7.3):
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TABJIAIA 7.1. 3ane:xHicTh pamilociB IIepIINX YOTUPHLOX KOOPAMHAIIHHUX
chep, ry, 1y, I's i 1y, Bim mapamerpis, a, i ¢,, TIIIII-r'paTaMIi.

CriBBigHOIIIEHHA
MiK mapamMeTrpamu r ry r3 ry
TIIII-rpaTaMIti
6c al ¢ 4a? ¢?
1 a0<\/_0 a, \/_0+_0 —0 4 0 ¢
4 3 4 3 4
2 2 2 2
o| Yoo _, 36 | |m.a | g day  c, o
4 4 3 4 3 4
3C 2 2 2 2
3| S%_.g <o 4 | S a, ¢, da, &
4 3 4 3 4
3c 2 > el
4 C, <a <_0 (l0+C_0 co a'O 4a0 +c—0
0 0
2 3 4
2 2 2 2
5 g, >3 ¢ %% G a, da, ¢
2 3 4 3 4

k, = ma, = (%;O;Oj, k, = ma, = {O;%;O], ky, = ™a, +a,) = (—%;%;OJ.

BukopucroByioun Bupasu (7.1.11a) i (7.1.116), sanuiiemMo ejaeMeHTH
marpuiii (7.1.8) ama mMux XBUJIBOBUX BEKTOPIB i /I HYJIHOBOTO XBHU-
apoBoro Bektopa k' = 0 (zuB. puc. 7.3):

,,(0) = 6w, + 2w, +..., W,(0)=6w, +6w, +...; (7.1.12a)
By, (K, ) = ~2w, + 2w, +..., W,(k, )=-2w, +6w, +...;(7.1.126)
By, (k, ) = 2w, + 2w, +..., By,(k, )= 2w, — 6w, +...;(7.1.128)

Dy, (ky ) = —2w, + 2w, + ..., By,(k, )=2w, —6w, +....(7.1.12r)

IlincranoBka BupasiB (7.1.12) y Bupasu (7.1.9a) nae:

A,(0) = 6w, + 2w, +|6w, + 6w, +...,
(7.1.13a)
A, (0) = 6w, + 2w, — 6w, + 6w,|+...;

Ak, )= 2w, + 2w, +|-2w, + 6w,|+...,
H o 200, |20, + 6wy (7.1.136)
Aok, ) =—2w, + 2w, —|—2w1 + 6w3| +.03
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Puc. 7.3. Ilepia Bpinnoenosa soua g I'IIII-kpucrany i BucokocumeTrpiiiui
rouku (I', A, K, H, M, L) 1 HanpsamMku B Hii. JKupHOIO JiHi€I0 BKA3aHO He3Be-
JleHy YaCTUHY 30HHU. k., k,, B, — JleKapToBi KOMIIOHEHTH XBUJIbOBOI'0 BEKTOPA.

Ak, ) =—2w, + 2w, +[2w, —6wy| +...,

(7.1.13B)
Ay(ky ) = 2w, + 2w, —|2w1 —6w3| +.03
Ak, ) =-2w, + 2w, + 2w, — 6w,|+...,
R o 200, [2u; - By (7.1.13r)
Ay (K, ) = —2w, + 2w, —|2w, — 6w, |+....
Jlerko 6aunTtu 3 Bupasis (7.1.13), 1o
Ak, ) =2k, ) =24 (k) =2, (KY),
1B, 1\Ra 1\ B3, 1 (7.1.14)

Aok, ) =2k, )=2Ay(k; )= A, (k™).

S BugHO 3 puc. 7.2, B HagCcTPYKTYpi Tuny D0,y HAKOIUIKINMU CYCi-
JaMu KOXKHOTr0 aToMa coptry B € jiuie atromu copty A. Tomy, napHa eHe-
pris Bzaemopii cycimaix aromis B i A € Bix’emuoo0. 3 Bupasy (7.1.2) Bu-
MIJINBAE, IO €HEPTid «3MiIlIaHHA» € JOJATHOIO B IIEPIMifl KOOPAMHAIIIN-
Hi#l cdepi, AK i g1 Bcix cuecrTeM, IO 3a3HAIOTH ATOMOBOI'O BIIODAIKY-
BaHHJA (OIUB., HAIPUKJIAI, [ 7]), w, > 0. Bramarouu, 1o w, > 3w; i BUKO-
puctoBytouu Bupasu (9), (13), oxep:KyemMo BifmoBigHOCTI MisK BUIlE3ra-
TaHUMU BJIACHUMY 3HAUEHHAMU i BJIACHUMU BEKTOPaMMU:

A (0) =w,,(0) + w,,(0), A,(0) =w,(0)—-w,(0),

1 1 7.1.15
v,(0) = %(J v,(0) = %{_1} (7.1.152)
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A (klM ) = wu(klM ) — Wy, (klM ), Ay (klM )= wll(klM )+ lb12(k1M ),

1 1 1 (1 (7.1.150)
V1(k1M) = E[_J, Vz(k1M) = E(J’

7“1(k2M) = Z'Z)ll(kzM )+ wlz(kzM ), A’z(kzM) = wu(kzM ) - wlz(kzM ),

1 1 1 (1 (7.1.158)
Vz(kzM)_E(_lj’ V1(k2M) _E(lj’
A (ksM ) = w11(k3M )+ W, (ksM ), Ay (ksM )= wn(k3M )~ Wy, (k3M ),

1 (1 101 (7.1.15r)
Vl(kSM) —E[lj, VZ(kSM) _ﬁ[_lJ.

3aCcTOCOBYIOUM METOAY CTAaTHUYHUX KOHIIEHTPAI[IMHUX XBUJIb, BUpa-
3y (7.1.4) magamMo TaKOTO BUTJIALY:

BR)) _ (1), - w1,

P,(R) 1 Nr2 \/5 -1

1 ina;-R M 1 ina;-R
o e
1 inay R + nM2 (k ) 1 inay, R +
1 e \/5 Va2 2, 1 e

+ nMEI {Y}\u (k;,) (1 em(a“aZ)’R} + Do ,52 |:YM2(k3M ) [_1} gmata) R } .
(7.1.16)

B moBHiCTIO BIIOPAAKOBAHOMY CTOII 3i CTEXiOMETPUUHUM CKJIAIOM C =
=1/4, mpu T =0 K, Ko mapaMeTpu JaJIEKOT0 MOPAAKY My 1 Mase ZOPiB-
HoTh 1, pyrrnia P (R) nopisaioe 0 ado 1 B ycix Bysmax I'IIII-rpatan-
mi. Ils ymoBa mosBojsie obumcautu KoedimieHTu cumetpii, Yro(ko),
YK ) Yarn(Ky,)s Yan(Ky )5 Yara(Ky ) YVan(Ky )y Vaga(ks ), Asid Beix
tumiB I'TIII-KpucTasiuHoi cTpyKTYypH 3i cTrexiomerpiero ¢ =1/4.

Bepyuu mo yBarm BiacTMBOCTI 0a3uMCHMX BEKTOPiB, OSHOUYACTUHKO-
Ba iMOBipHiCHa (QyHKIia aTromoBoro posmoxiny, P(R), nna mHagcTpyx-
Typu tuny D0,, HaOyBae HacTynHUH (KiHIIeBUNA) BUTJIAL:

(PI(R)] - c+n[E1(R)j, (7.1.17a)
P,(R) E,(R)

N’

n
+ % {le(klM

N

n
+ \/MEI |:YM1(k2M

e
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El(R) _l 1 ima]-R 1 ina) R 1 in(a)+a})-R
[EZ(RJ - 4{@ (Je *5 (_Je + G (_Je } (7.1.176)

me §i=0=03=1, §;=-0=-03=1, §;=0=-(3=1, -§;=-0,=0;=1.
dyuarmia (7.1.17) sanexkurs Bim mapamerpa AajeKoro MOPSAAKY, N, U
mpuiiMae ABa 3HaUeHHA, ¢ — 1M/4 i ¢ + 3N/4, Ha Bcix BysJjax I'paTHU-
i, ToOTO omep:;KaHA (PYHKIIiS 3aTOBOJIbHSE BiATOBIZHUI KpuUTepii,
chopmyaboBanuii A. I'. Xauarypsauaowm [13, 14].

IlincrarmoBka Bupasy (7.1.17) y Bupas (7.1.1) gae xoudirypariiizo-
3aJIe’KHY BiJIbHY eHepriio (Ha OZHY KOMipKy) BIOpPAZKOBaHOI ¢asu
unty D0y, AK (QYHKI[iI0 TeMmepaTypu, KOHIeHTparii i mapamerpa
IaJIeKOTO MOPAAKY:

1 3
AF = 2 ¢, (0) + 0, () +
Apr (c+3—“j1n(c+3—”J+(1—c—3_“j1n(1_c_3_“j+
4 4 4 4 4
+3lc-Dm|e-2]+8[1-c+d|m|1-c+D||-TS_ . (7.1.18)
4 4 4 4 :

IIpunyctuBmu n = 0, maemo KoH(pirypamifiny yacTuHy BiJbHOI eHep-
rii (Ha omHY KOMipKYy) HEeBOOPAZKOBaHOI (hasu:

AF(m =0) = %czkl(O) + kBT[c Inc+(1-¢)Iln(1- c)] -TS,,. - (7.1.19)

IMapamerpu MmixxaTomoBoi B3aemogii A,(0) i Ay(k™) (BnacHi 3HaueH-
HA MaTPUIli eHepril «3MilmaHHda»), AKi BXoAATh no BupasiB (7.1.18)
Ta (7.1.19), BU3HAUYaOTh 00JI1ACTi BIOPSAAKOBAHOI Ta HEBHOPAAKOBAHOI
¢as Ha (asoBifi migarpami KOHKpeTHOro cromy. Iada BUBHAUEHHSA IIUX
€HepreTUYHUX BeJIWYMH MOKHA IIiTHM pisHMMU ILIgaxamMu. Hampu-
KJaJ, MOKHAa 3aCTOCyBaTU AaHi poscisuua BunpoMmiHenusa (PenTreno-
BUX IIpOMeHiB abo TemmoBuxX HeBTpoHiB) [13, 25, 270-280, 322,
323], MoKkHA OOUYMCIUTH iX 3 IMepHIuX NPUHIUNIB (ab initio MeTom0I0)
[824—326] abo BUKOHATU MiATOHKY IIapaMeTpPiB B3aeMOIii J0 HaaBHOI
eKcrepuMeHTaabHOI (hazoBoi giarpamu [319-321].

7.2. BpaxyBaHHA THCKY B MOJEJIO IJIA CTOILy 3 00’€MOM, 1[0 CJIA0KO
3aJIeKUTh Bix mapaMerpa HOPAAKY i CKIaxy

Hacaigyiouu pobotu [7, 8, 327-329], mociaigmmo AK BUAO3MiHUTBLCS
CTATUCTUKO-TEPMOIUHAMIUHMI MOAEJbh IPKM BPaxXyBaHHI 30BHIiIITHLOTO
tucKky B 'IIIII-r'paTtuuni 3 aromoBuM mopsaaxom tuny DO0,,.
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Posrngmemo 6inapHUii crom A—B, II0 BIOPSATKOBYETHCA, IPUUOMY,
BBAKAEMO MOYKJIMBUM AK BUManokK («imeambroi» I'III-rpaTHwmii)
ri=ry Tak i («HeimeambHOI») r; #r, (puec. 7.1, 7.2). Cxaaxg cromy,
0 CcKJajaeTbca 3 N* aromiB copry A it N® aromiB copry B
(N* + N® = N), xapakTepusyeTbCs BiJHOCHMMU ATOMOBHMH KOHIIEHT-
pamiamu ¢ = N/N i 1 — ¢ = N*/N. VImoBipHOCTi 3am0BHeHHSA BY3JIiB
nopiemmorors PA(R)=N”/N,, P’(R)=N’/N,, ne N (N}) e unc-
Jo aromiB copry A (B) Ha ¢-ifi migrpatumni, g =1, 2. Ilapamerep
(cTymiHb) HaJIeKoTo MOPAAKY BBOAUTLCA 3BUYAMHUM UYMHOM (AK i B
nonepesEEOMY po3aiii): M = 4(P,(R)~-c)/3.

BasnesxHicTh eHepriii mapHux Bsaemoniit W4, W7, W % Bin mi-
JKaTOMOBOI BizmcraHi r, (TyT Z — HOMep KOOPAWHAIIIMHOI cepu) Bpa-
XyeMO B KBaJpaTUUYHOMY HaOJMKeHHi [327]:

2

Wi(r,) = Wi (rp) + o™ (r, — 1) (7.2.1)
2

WpiB(rz)sziB(r;:ﬁ)*'O‘gB (rz —’”Ziﬁ) > (7.2.2)
2

Wil(r,) = W (rp) + a5 (r, —rj ) (7.2.3)

Tyr W24, W2(r2P), W2(r;2) e emeprii Bsaemogii Bimmosiz-
pg \'Zeq’? U pg \ Zeq Pg N Zeq’ BB AB

HUX [ap 3a DIBHOB&KHUX BIACTAHEN T, =Ty, Ty =Tyes Ty =Tzgs
oyt, o, o)” e xoedimienTn, KOTpi AIA mMpocTOTH GyIEMO BBAYKATH
He3aJIeKHUMU Bif ¢ i M.

ITpuknanenuit 30BHIITHIN TUCK, p, TPU3BOAUTDL A0 3MiHM BificTaHel
Mi’K aToMaMu B CTOIIi, TOOTO 1, = ry(p).

O6MeXKMMOCh iHTepBAJIOM THCKiB, 3a AKWX BifcTaHb ', MiXK aToMa-

MU JiHifHO 3MiHIOETHCA 3 p:

r, =1,(0)(1-1,p)=r,(0)-v,p, (7.2.4)

e r,(0) — BimcTamb MijK aToMaMu B Z-KOOPAWHAITiMHIN cepi 3a HyIbO-
BOro THUCKY, p = 0; [, moB’s3aHi 3i cTHCKaHHAM CTONY Yy BiAmOBimHMX
KpucrajorpadgivHux HaIpAMKax.

O0MeKMMOCh BUTIaTKOM, KoJu 1,(0) i [, cmabko 3ayme:xaTh Big 1 i Tomy
Ii€Io 3aJIe;KHICTIO MOYKHA HEXTYBAaTH.

BpaxoByrwoun Bupasu (7.2.1)—(7.2.4), eneprito «3mimaHHA» [IIA
Bigcrani r, (TobTO, B Z-iti KoopauHAIIiliHi#T cdepi),

w, (ry) =w(r,) = WA (r,) + WP (r,) -2W 2P (r,),  (7.2.5)

MOJKHa 3aIllicaTu y BUTJAIL

w(r,) = wo(rz)(l + Bvzp | @sYp j (7.2.6)
wO(rz) wo(rz)
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e

wy(ry) = Wl (rge) + Wil (1) = 2W 2P (rpe0) +

2 2 2
+ag* (r,(0) =y ) + a® (r,(0) — e ) = 20" (r,(0) — 2 )", (7.2.7)
€ eHeprii «3mimamHa» g BifmcraHmeut ry, r, BigmosBigHo (TOGTO B IIEp-
mIift Ta Apyrii KoopAWHAIINHUX cdepax) 3a HYJILOBOTO TUCKY,

B, = —2[ a3 (r,(0) -yt ) + 0" (r,(0) — 2 ) - 204" (r, () — 12 |, (7.2.8)

Zeq Zeq
_ LAA BB AB
o, =0, +a, —20,, (7.2.9)

B mpuiinaromy HabGIM:KeHHi, Koau V He 3ajleXuUTh Big 1, yMoBa
piBHOBaru O0AG/on = 0 (AG = AF + pV, a Koudiryparliiina BijibHa eHep-
ria AF BusHauaeThcsa BupasoM (7.1.18)) mpusBoauTh 10 piBHaAHHS

Ileq 3I|eq
c——+||1-c- ( M)
=2 (7.2.10)

= n
3 o
et Mo |1 oyl FsT
4 4

(A(k™) Bu3HAUEHO B IOIEpeSHBOMY IiApO3Aii).

Bpaxyemo B3aemopmiro aToMiB JiMIlle B HMepPIINX ABOX KOOPAMHAIIII-
HUX chepax 3 pagirocamu ry i ry (guB. (7.1.126), (7.1.150) i puc. 7.2);
TOA1 MaTHUMEMO:

In

3
4 4 - -
n ) _ ZUJ(rlk) TZLU(T'Z) Ny - (7.2.11)
(c+n"qJ(1—c+neqj E
4 4

Bepyuu mo yBaru (7.2.6), nepenuiemo piBHaHHA (7.2.11) y Buraani

Neq 3N,
Ty Ty —2w, (r;) — 2w, (1) ?
In Yothi 0- 2 {1+£+n(ﬁj },

zneq 4 ’
(c+323‘*}[1—c+29‘*] T P P
(7.2.12a)
e
2 2
2B ) g (n) 4wy () 20 R g 5 196

BuY: +ByYa (Byv, +ByYs )’
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AKnIo K BpaxyBaTH aTOMOBY B3a€MOJii0 B IEPIIUX YOTUPHOX KO-
opIuHAIIMHNX cdepax, TO PiBHAHHA piBHOBAru AJad 1, Habyxe BH-
TaAny:

G s
In - —2w, (1) — 2w, (1) + 6w, (ry) + 2w, (1) «

3 o« T
(c+2e‘:‘)(1—c+neqj &

2
x 1+£,+n[£,J , (7.2.13a)
p p

aJie TYT BBE€JIeHO IIO3HaA4YEeHHA

,_ 2w, (1) — 2wy (1) + 6w, (13) + 2w, (7;)

, (7.2.130)
_23171 - 23272 + 66373 + 23474
= (—2w, (1) — 2w, (ry) + 6w, (1) + 2w, (1)) X
" 20,7, — 20L,Y,” + 60,7, + 20,7, . (7.2.138)

(_2[5171 - 2[3272 + 66373 + 2B4Y4 )2

Amnajyoriuni piBHaHHS piBHOBarm IJs PiBHOBAXKHOTO IIapaMeTrpa
JAJIEKOTO TOPAAKY, M., MOMKHA Oflep:KaTu, Oepydu A0 yBaru B3a€MO-
Iifo aTOMiB B JOBiNBHIN KiJIbKOCTI KoopauHaliiinux chep ado (B HATi-
pearicTUUHINIIOMY BUHNAAKY) B yCiX cepax:

Neq 3N,
c— 4 1-c- 1 20 (™) 2
In _p R {1+£+n[£,j },(7.2.1431)
p p

="
3 o«
et Mea|[q ¢y ea ks T
4 4

me Ay(k™) =, (k") +w), (k") — Bnacue sHaueHHs MaTpuIi

~0 M Nll(k ) le(k )
ek o< (;"*(kM) i (kM)J’

(kM ) — (IDyp €-KOMIIOHEHTa eHepril «3MilnmaHHsA» 3a HYJIbOBOTO
TI/ICRy (p=0), w), (k") — xommmexcHo cupsukere 10 Wy, (k"), a
S(kM A (Y
p':xz(—kM), n :kg(kM)LM)z, (7.2.1406)
By, (k™) [Bg, (k)]

e
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By, (k") = 28,7, — 2B,7, + 6By¥; + 2BV, +... = D PR)YR)e ™,
R
(7.2.148)
Aow(kM) = —20,Y," — 20,,” + 60 y,” + 204,," + ... = ;a(R)[Y(R)]Ze_ikM'R .
(7.2.14r)

TakuM YMHOM, BpaxXyBaHHA THCKY IIPU OIIMCi aTOMOBOTO BIIOPAAKY-
BauHA HeBmopankoBaHoro I'IIII-cromy y cTtpyKTypy DO0,o-THIIY TaKOMK
IPOABIAETLCA V MOABI JiHifiHOTO, < p/p’, It KBaAPaTHUUHOTO, < (p/p')?,
YJIeHiB Y piBHaHHI piBHOBaAru AJd mapaMeTpa JaJeKoro MOPAIKY.

7.3. Oco6INUBOCTI BILINBY THCKY Ha TeMIIEPATypy IePeTBOPEHHT
O0e3nan—aajg i mapamerep gaaexoro nopaary D0, -tumy

Hocamimxennsa anamoriuaoro po (7.2.14a) piBHaHHS BUKOHAHO B IIOIIe-
penabomy posgiai (muB. (6.1.14a)). Tomy Bci rpadiku Ha puc. 6.1-6.4
OIIMCYIOTHh TAKOK BILJIMB THCKY Ha aTOMOBE BIOPAAKYBaHHS (30KpeMa,
Ha IIapaMeTep JaJIeKOT0 IMOPAAKY) B CTPYKTypi D0,o-TuIy, aje 3BeIeHy
tremreparypy T i 3BemeHUit yac ¢t cJIif BUBHAYNTH HACTYIIHIM YHHOM:
T" = k,T/No (&™) (Ty = k,T, /N)(k™) — sBenmena temmeparypa (Kyp-
HaKoBa) (ha30BOT0 IIePeTBOPeHHA Jaf—6esnan), t = L(k™)t.

¥ cromi 3 I'lIITI-rpaTHUIEI0, HA By3JaX AKOT0 YTBOPIOETHCA HAACTPY-
Krypa D0,y-Tumy, (pasoBe ImepeTBOPEHHS THUIIY Jaa—0es3Jal € IepeTBO-
peHHAM mnepiinoro poxy [319-321]. 3 nigBumenuam T 3a TeMiepaTypu
dasoBoro mepexony mepexony Ty cTymiHb (mapamerep) OaJeKOroO IIO-
PALKY 3MiHIOETBCS CTPUOKOMOAIOHO Bif Ane Ko Hynda. Beanumua Aneg
3aJIeKUTD BiJl CKJIAAY CTOIY I He 3aJIe:KUTh (B paMKax NPUHHSATOTO Ha-
OnusKeHHA, Koau V He 3aJIeXKUTH BiX 1) BiJ IPUKJIaLeHOr0 TUCKY (IMB.
puc. 6.1, a—2). HagBHicTh THCKY 3MiIllye TeMIlepaTypy (pasoBoro mepe-
xony Tuiy jJag—o6esaan, Tx. Po3risHeMo CTOII CTeXiOMEeTPHUYHOTrO CKJIa-
oy 3 ¢ = 1/4. [Ina rakux I'lllII-cTonis Ane, = 0,464, a sHauensa T BU-
3HAYaEThCS 3 cucTeMu piBHaHDB (6.1.15) opmyroro

k,T, i
2K~ 0,205 1+p—°,+n(p—‘1j , (7.3.1)
A (k™M) p p

ne Ty i pp — Temneparypa (KypHakosa) i1 TUCK BiATIOBigHO y TouIli (a-
30BOTr0 Iepexony Jaa—06esnan, a p’ i n BusHauamoTbes 3 (7.2.140).

Ax Bugno 3 (7.3.1), 3ame:xkuicThb Tk Bil TUCKY, JiHifIHA ITPU MaJIUX THU-
CKaX, CTae HeJIHiAHOIO IpM BEeJIUMKUX 3HAUYEHHAX THUCKY. 34 PaXyHOK
3MiHU THUCKY IIpu (PiKcoBaHiil TeMmepaTypi MoKe craTuca ha3oBe IIepe-
TBOPEeHHA Jiag—06e3aan. Bemuunua THUCKY BIOPAIKYBAHHA Py, 38 AKOTO
BimOyBaeThcsa dasoBuii mepexin B cromi 3 I II-r'parHuIero crexiomerpu-
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YHOTO cKJany ¢ = 1/4, BusHauaeThbCsa TaKUM sKe BUpPa3oM, 1101 (6.1.17),

M2 M
[Bﬁgfk ) —[1= 1—19,51—A°‘Y(kM)k§
2B, (k*)A,, (k") [B;, (k)]

Py =~ (T¢-T,) |, (7.3.2)

ane yr Ty = 0,205A9(k™)|/k, (T — smauemns Ty npu p = 0 T'la). ITi-
KaBo, ITI10 32 YMOBHU Y; =Yy = ... =Yz = ..., TOOTO 32 YMOBU €KBiBaJIEHTHOCTH
BCix KpucrasorpadiyHux HAIPAMKIB r'paTHuIli, piBHaHA (7.3.2) mepe-
TBOPIOETHCS B piBHaHHA (6.1.17).

TeopeTuuHe AOCTiAKEeHHA 3MiHM IIapaMeTpa JajieKOro IMOPSAIKY B
I'IIII-ctpykTypi D0:-THIY CTEXiOMETPUUHOTO CKJIAAY ¢ = 1/4, aK i B
nonepeaHBOMY PO3MIiJIi, MOKAa3ye, IO B 3aJIEXKHOCTI Bij 3HaUeHb IIapa-
meTpiB p’ i n (zuB. (7.2.146)), a Touwuie, Aow(kM) i Bﬁy(kM) (Bestnuuny
kg(kM) MOJKHAa BBaskaTH Big emuo0 [319-321]), THCK MOKe IK 30iJb-
IITyBaTH IapaMeTep AaJIEeKOT0 MOPAIKY, TaK i BMeHIITyBaTH Moro (Ha puc.
6.1, 6.2: a) Aw(kM)< 0, Bﬁy(kM)< 0; 0) Aow(kM) >0, BBY(kM)> 0; 8)
A, &")>0, By (k")<0;2) A, (k")<0, By (k™)> 0). Banexmicrs ma-
paMeTpa JaJeKoro HOPAAKY N Bil TUCKY p MOKe OyTH K MOHOTOHHOIO,
Tak i HEMOHOTOHHOIO (puc. 6.2, 6—2). ¥ BUIIaJKy HEMOHOTOHHOI 3MiHH 1
3 P BUABJISAETHCA MOKJINBOIO ITOABA TBOX TOUOK (pa30BOT0 ITepEeTBOPEHHA
Tumy Jag—oesnan Ty 3a MOHOTOHHOI 3MiHu THUCKY (puc. 6.2, 6—2).

3ajekHicTh TeMIepaTypu a3oBoTo IepeTBOpeHHA 1y Bii TUCKY A
CTOIy 3i CTexXioMeTPMUYHMM CKJIAJAOM 3a PisHMX KoMOimaIiii sHakis
A, (") i By (k") 3o6paxeno ua puc. 6.3, a j1a HecTexioMeTPUIHIX
cToIriB — Ha puc. 6.4. Bzaraii rpadixku ma puc. 6.1-6.4 onmucyioTs BIIO-
pagkyBauHsa crouiB D0;y-TUIIy B paMKax MOJeJI0, III0 BPaXOBY€E MiK-
aTOMOBY B3a€MOJil0 B JOBiNBHIN KiJNbKOCTI KoopAMHAIIMHUX cdep; B
3aJIEXKHOCTI BiJ KITBKOCTH ITUX «3aTiAHUX» KOOPAWHAIIHHUX chep 6y-
Jle JIUIlle TO-PiBHOMY BU3HAUYaTHCA 3BelleHa TeMmImeparypa. 3o0KpeMma,
SKIIO B3SATHU IO YBATW B3a€MOJiI0 JIUIIe HAHOIMKUNX aTOMIB i1 HaCTyII-
HUX 3a HaNOJMKUIUMU, IK ITe 0yJio 3pobieHo B pobori [327] (mpunycka-
04U, 1[0 eHepria «3MilIaHHA» B yCiX iHIINX KoopAuHAILiHUX chepax,
KpiM IepImux ABOX, JOPiBHIOE HYJIIO), TO B AKOCTi 3BEJIeHOI TeMIIepaTy-
pu Ha puc. 6.1-6.4 cxix obparu Bemmunny T = kT2 (wy(ry) + w, (1))
(T = kyTy /12 (wo(ry) + wy(1y))]), mpmaomy: a) p’ >0, n>0;6) p' <0, n<0;
8)p'>0,n<0;2)p’ <0, n>0, o BuU3HauaoThCA 3 Bupasis (7.2.120).

7.4. EKkcniepuMeHTaJIbHA IepeBipKa BILIMBY THCKY Ha (has3oBi
IepeTBOPEeHH THITY Jaa—06e3uan cromy DO0,y-Tumy

PosBuHeHM#T MOMe/Ib BIIMBY TUCKY Ha aTOMOBUH IIOPAJOK Yy CTOIIAX Ha
ocuoBi 'IIII-rparauns tuny D0y, 3 pe3yIbTaTiB AKOTO BUILJIUBAE DAL
HOBUX e(deKTiB, 3BUUANHO IIOTpedye eKCIepUMeHTaJIbHOI IepeBipKu.
Taki ekcliepuMeHTANbHI OCTiI:KeHH OyJI0 IPOBEIEeHO, 30KPeMa, B PO-
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6oti [330]. B Hiit mocaimkyBaBcA XapaKTep 3SMiHU TeMIIepaTypu BIIOPs-
IKyBaHHA aToMiB y cTomax tumy D0,,. Bubip cTomis 6yB 00ymoBIeHUI
THMHU, AKi MalOTh NOPiBHAHO HU3bKI TeMIlepaTypu BIOPAAKYBaHHA 1.
Mipannasa Ty npu BcebiuHiM cTHCKaHHI BU3HaAUAJI0CA 3a i3obapamMu TeM-
HmepaTypHUX 3aJIeKHOCTEH eJJeKTPOOIopPY, MipsIHNM 3a Pi3HUX THUCKIB.
Bcebiunme rigpocraTnuHe CTHCKAHHA 3paskKa BigOysajsocs B KaMepi, mae
THCK CTBOPIOBABCS 3a MOIOMOIOI0 KOMIIpecopa, KUl MTO3BOJAB OHEp-
JKyBaTu MakcuMaJbHI Tucku mo 1,2 I'lla. MeToma MipAHHSA eJeKTpPO-
OIIOPY, TEMIIEPATYPHU ¥ THUCKY OyJia aHAJIOTiUHOIO A0 ommrcanoi B [331].
Ha pucynky 7.4, a maBemeHo TeMIepaTypHY 3aJ€KHICTh €JIEKTPOOIIO-
py p crorry Cd;Mg, omep:kaHy 3a pisHIX THCKiB. TeMnepaTypa BHOPAIKY-
BauHA ((ha30BOr0 IepPeTBOPEHHA TUITY Jiag—0e3J1a1) BUsHavaIacs 3i 3j1amMmy
kpuBux p(7T) [330]. 3 rpadikiB BugHO, 110 32 aTMOCHEPHOTO TUCKY (IUB.
puc. 7.4, kpusa 1) T, =94°C i 3 pocTOM THCKY iCTOTHO 36iJIbITyeTHCA. P1-
CYHOK 7.4, 0 imfocTpye 3ane:xuicTs Tk Bix Tucky: mpu p < 0,5 I'lla Teme-
paTypa mepexoay Jag—0essa 3MiHIOEThCA JIIHINHO 3i 3MiHOIO THCKY; IIpU
IIBOMY 3MIiII[eHHSA TeMIIepaTypu BOOPAAKYBaHHA T Hif miero BceGiuHOTro
cruckanasa popiBaioe dTx/dp = 24,5 K/T'lla, a Ha ginanii 6inabIn BHCO-
KUX THCKiB cmocTepirasgaca HexiHidHicTh QyHKINI T () [330].
Amnanoriuni mipanusa, Bukonasi 3i cromom Mg;Cd [330], mosBosmian
BU3HAYUTH 3MIiIlIeHHA TeMIlepaTypu as3oBOTo IIepeTBOPEeHH JJaag—0e31a
i posa nsoro crony: dTx/dp = 33,7 rpan/I'lla. B mboMy BUIIagKy B yCHhOMY
JOCJIiI»KeHOMY iHTepBaJIi TUCKIB cliocTepiraBcd JiHiHUN picT QyHKITII
Tx(p) [330]. Ona cromia Mg;Cd mae wmiciie xopoiiia BiATOBigHICTE MiXK

700 © 120 g
A /
4| o = //
= [
& 600 31 § 5 74
= ° o
- 2| 2w 110
2 500 S
: gt
2 400 >
= = o 1
5 c;;j g g 100
5 300 B &
= / E E )
200 =8 90
0 50 100 150 g 0 0,4 0,8 1,2
Temneparypa, °C Tuck, I'lla
a 0

Puc. 7.4. ExcuepuMeHTaIbHI 3aJI€KHOCTI eJIE€KTPOOIOPY, P, Bif TeMmIepary-
pu (a) sa pisHux TuckKiB (I — 3a aTMocdepHOTO THCKY, 2 — 3a Tucky 0,16
I'Tla, 3 — 3a tucry 0,24 I'lla, 4 — 3a tucky 0,48 I'lla) Ta Temneparypu
(dazoBoro meperBopeHHa Jsan—6esnan, Ty, Bim Tucky (6) maa T'IIII-cromy
DO0,,-tuny Cd;Mg [330].
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aimamamu kpusux p(7T) i p(p), 3a axumu GikcyoTs TeMIIepaTypy hasoBoro
TIEPETBOPEHH I «THUCK IIePeTBOPEHHA». B 000X BUIIagKaxX PyHHYBaHHS
BIIOPAIKYBAaHHA CYIPOBOIKYETHCA 30iJBINMEHHS €JeKTPUYHOI'O OIIOpY,
Hes3aJIe’KHO Bijf TOTO CIIpUYnHEeHe BOHO TeMIIepaTypoio uu Tuckom [330].

3asHaummo, 110 Ha giaauii remaepatryp T < Tx i T > Tk 6apuuni Koe-
dinienTu erekrpoomnopy p 'dp/dp MaTh Di3HI 3HAKHU: B yIIOPAAKOBAHIM
crari p 'dp/dp Bim’emHwMit, a B HeymopAgKoBaHiM crami p 'dp/dp mae
momatHiii 3HaK [330]. 3asBuuail 3MeHINIEHHS €JIEKTPUYHOTO OIOPYy Me-
TaJIiB IIPU TilpOCTAaTUUYHOMY CTUCKAHHI IMOSCHIOIOTh 3MiHOIO CUJI B3a€-
MOJil MisK eJIeKTpoHaMH U IIPYKHIMU KOJIMBAHHAMU KPUCTAJIIYHOI I'Pa-
THUITi, 0O0YMOBJIEHOI0 HigBuIleHHAM Jle6aiioBoi XapakTepUCTUYHOL Te-
mnepatypu [330]. IlinBuieHHa eIeKTPUUYHOTO OIIOPY METAJIiB B 3aJIeMK-
HOCTi BiJf THCKY IIOB’fA3YIOTH 3i 3MiHOIO iX €JIEKTPOHHOI eHepreTUYHOl
CTPYKTYPHU, KA O0YMOBJI€HA TUM, I110 BcebiuHe CTUCKAHHSA IPU3BOIUTD
0 3BMiHU B IepeKpPUBaHHi pisHUX eHepreTuuHUX 30H [330].

Henimitinuii xapaxkTep 3MiHM TeMmepaTypu (PasoBOTO II€PEeTBOPEH-
Hs Jag—0esjiag 3 TUCKOM, BusiBjeHuii giua crony Cd;Mg, MOACHIOETH-
cA Teopiero, HaBeleHOIO BUIlle B IboMy posxaimai. Ileii Bumamok BiAaro-
Bimae KpusBiit a Ha pumc. 6.3 (guB. Tako:K KpuBi 1—5 ma puc. 6.4, a),
xomu B (7.3.1) p’ > 0, n > 0, To6ro Ko A, (k")<0, By (k')<O0.

Or:xe, ma npukaani Cd;Mg i Mg;Cd mokasamo, 110 eKcIlepuMeHTa-
apHi pesyabratu [330] ansa cromis 3 I'IIII-r'paruaumneto DO,y-TuIy IIO-
TOMIKYIOThCA 3 (HaBeJeHUMU BUIIE) TEOPETUUHUMU.

8. BILJIUB THCKY HA EBOJIIOIIIO JAJEKOTO IIOPSIIKY
L1,-TUIIY

B poazaini 4 (migposain 4.3.2) meTanabHO POSTIAHYTO (PisMUHY KiHeTu-
Ky JaJeKOro aTOMOBOTO IOPAAKY B CTPYKTypi L1,-Tuny Ha mpHKJIagi
nepmajoo Ni—Fe 3a mymnoBoro («armocdepmoro») tucky. B manomy
K PO3OLII NPOMOHYETHCA MOIEJNb IaJEeKOT'0 aTOMOBOIO IIOPAAKY B
cTpyKTypi Ll,-Tuny mix (HeHyJIbOBUM) TUCKOM. TaKuil MOAENIb MOKe
0yTH KOPHCHUM IJIs 3aCTOCYBaHHS, 30KpeMa, B cromax Fe—Ni 3a ekc-
TpeMaJbHUX YMOB HAABUCOKOTO THCKY.

8.1. Mogens KiHeTHKHM BNIOPSAAKYBaHHS

3acTocoByooun MiKpocKomiune audysiiine piBHamua OHcarepoBoro TH-
oy [14, 289-295] it npumycKaoun, 110 IIBUAKICTh MarueTHOTO BIOPS/I-
KyBaHHs HabaraTo IepeBUIIlyE aTOMOBE BIOPSAAKYBAHHA (TOOTO HEXTY-
I0YM YacOBOIO 3aJIE’KHICTIO MAarHEeTHUX MOPAAKiIB, IO MaliiKe Bigpasy
CTAIOTh IPAKTHUUYHO PiBHOBAKHUMM), MOKHA oflep:KaTu audepeHItiiine
piBHAHHSA YacoBOI 3aJIe;KHOCTH HapaMeTpa IajJeKoro MOPAIKY, III0 Mae
Burasan (4.3.9) sa myaboBoro (armocdepHoro) Tucky. s omep:kaHHS
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aHAJIOTIYHOrO PiBHAHHS 334 HEHYJIbOBOIO (BHCOKOI0O) THCKY JOCTATHBLO
BpaxyBaTH, IO, B paMKaxX MOJEJII0 AJA CTOIly 3 00’eMoM, IIT0 He 3aJe-
JKUTH (200 caabKo 3aIeKUThH) Bifl mapaMeTpa JaJIeKoro MOPAIKY i cKJia-
Iy, Pyp’e-KOMIIOHEHTa eHeprii «3Mmimanuda» (quB. migposaina 6.1)

(k™) = i, (k¥) 1+£,+n(£,j , (8.1.1)
p p

e IIJO(kX ) — ®Dyp’e-KOMIIOHEHTA €eHeprii «3MiIllaHHA» 3a HYJbLOBOTO
THCKY, p’ i n BuaHauatoTbca Bupasamu (6.1.146). IlizcraBasiounm
octaHHiN Bupas y (4.3.9), omep:kyemo mnudepeHIlifiHe piBHAHHS KiHe-
TUKM pejlakcallii mapaMerpa AajJeKoro mopsanky Ll,-tuny mjas cromy
il BUCOKUM THCKOM:

d 2 (C+T)[1—C+ZJ
n p (pJ 14 1n

— = —c(1 - c)L(kY) Wy (k™) 1+=+n| =
i S (=305
4 4
(8.1.2)

Ile piBHAHHA TeX 3PYYHO PO3B’sI3yBaTH B TePMiHAX 3BELEHOrO uacy,
t" = L(k*)t, i sBegenoi remmeparypu, T = kBT/ |, (k™).

8.2. PesyapTaTH MOJEJIbHUX O0OUUCICHD

Kpusi ma puc. 8.1 i 8.2 € uncenbHUMHU po3B’A3KaMu piBHaHHA (8.1.2)
3a pi3HUX 3BeJeHUX THUCKiB, p'=p/p’, Ta 3a OBOX 3BeJeHUX TeMIlepa-
typ T" = k,T/|w,(k*)|=0,2 (puc. 8.1) i T"=0,25 (puc. 8.2).

fAx moxasamo Ha puc. 8.1, 8.2, THCK iCTOTHO BILIMBAE Ha KiHETUKY
pesakcarlrii majgeKoro mopaaky. PisHi sHaueHHA THUCKY Ta TeMIlepaTy-
pu (BiAmasrtoBaHHA) JalOTh He JiuIe PisHi nmpodisi KpuBUX pesiakca-
mii, AKki cBimuaTh Impo uyac peJsakcarrii, aje ¥ pisHi piBHOBa'KHi 3HAa-
YeHHA ITapaMeTpa JaJeKoro MopAIKY.

Kinmernuni kpuri Ha puc. 8.1 i 8.2 migTBep :KyIOTh BCi BUCHOBKMY,
KOTpi CIiAyIOTh 3 PiBHOBAXXHUX KPUBHUX Ha puc. 6.1-6.4. 3a pizHux
sHakiB mapamerpis o(k*) i P(k*) ximermuni xpuBi MoyTH 36iraTu-
cA IpU NeBHUX 3HAUYeHHAX THUCKy, p =0,2 i p'=0,8 Tta p'=0,4 i
p'=0,6 (6 i 2 ma puc. 8.1, 8.2), ax i «piBHOBa)KHi» KpuBi Ha puc.
6.1, 6, 2. B 000x Bumagkax Ile¢ COPUUYMHEHO JIKINIE IPUNYIIEHHAM
n=1 npu YnceJbHUX PO3B’A3KaX BIiATOBIAHMX piBHAHB.

fAx Bumwmo 3 puc. 8.1, 6, 2 i puc. 8.2, a, 8, THCK MOKe 3MiHIOBATHU
3HAK MIBUAKOCTH 3MiHM ITapaMeTpa AajJeKoro mopaaky. Tob6To, B Tux
BUIIAIKAaX, KOJU 3a HYJBOBOTO (aTMOC(EPHOTO) THUCKY CHCTEMa BIIO-
pAIKoByeThCca (puc. 8.1, 6, 2) IPpUKJAAAHHA TUCKY IIPU3BOIUTHL OO ii
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Pnc 8.1. BanexkHicTh, mMapaMeTpa JaJIEKOTO HOPAAKY, 1, Bil 3BeeHOT0 uUacy,
t" = Lk )t, B CTeXIOMeTpI/IquM (c=1/4) TI1K-croui L1,-Tuny 3a 3BemeHOL
TeMnepaTypH = k,T/|iw,(k*)|=0,2 Ta 3a pisHUX 3BejeHMX THCKiB,
p'=p/p: a) (x(kX)<0 Bk*)<0; 6) ak™)>0, B(kX)>0 6) ok*)>0,
Bk*)<0; 2) ak¥)<0, f(k*)>0. (Hagezeni rpadixu Bigmosizamors Tarosm i
T'IIII-sagcTpykTypi DO,o-Tuny 3a inmux T i ¢'; gus. posgim 9.)

pPO3yIOpPAAKYBaHHs, a00 HaBIIaKW, B THUX BUIIAJKaX, KOJU 34 HYJIbO-
Boro (armoc¢epHOTro) THUCKY CHUCTeMa PO3YIOPSANKOBYyeThcsa (puc. 8.2,
a, 8) TMPUKJAAAHHS TUCKY CIPUUYMHIOE ii BuopAnKyBauHsa. Ile mosc-
HIOETHCA 3MiHOIO TeMmepaTypu (as3oBOTO IIepeTBOPeHHs Jan—0esjan
oig miero (mpukJaageHoro) Tucky (aus. puc. 6.3, 6.4).
ITpoanasisysasiu puc. 8.1 i 8.2, MOKHaA CTBepIAKyBaTH, IO THUCK
i Temmeparypa MOKYTb OTHAKOBO ¥ II0-pi3HOMY BIJIMBATH Ha IIPOIIEC
BOOPAAKYBaHHsA B cromi. Hampukiaan, migBuieHHA TeMmiepatypu (o
T"=0,25 Ha puc. 8.2) «IpoTUAie» BIOPALKYBAHHIO, TOOTO, MOHUKYE
mapamMeTrep AaJeKOro MOpAIKY (30Kpema, OO0 HYJS 3a HYJIbOBOTO THC-
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Puc. 8.2. Te :x came, mo i Ha puc. 8.1, ame 3a iHmoi (3BefeHOI) TeMIepaTy-
pu: T =k, T/, (k¥)|=0,25.

Ky, K BUAHO Ha puc. 8.2). Ane, axmo P(k*)<O0 (a, 6 na puc. 8.1 i
8.2), To came 3aBAAKU NPUKJIAJEHOMY THCKOBi HIBUIKiCTh 3MiHU IIa-
paMeTpa gaJieKoro MopsaAKy (B mporeci BiAmaJsy CTOIy) MOKe CTaTHu
He Big’emuom0, 9K npu p=0 I'lla (quB. puc. 8.1, a, 8), a HoAAaTHHLOIO,
i ToMy piBHOBasKHUII ITapaMeTep [JaJIEKOTO MOPAAKY — HEHYJIbOBUM
(muB. puc. 8.2, a, ). B 1im Bumagxky remmeparypa i THCK € «KOHKY-
PYIOUUMEI» («B32€MHO IIPOTUAIIOUNMHU») (DaKTOPaAMMU.

IIpore, axmo P(k*)> 0 (6, z ua puc. 8.1, 8.2), To MiJBUINIEHHSA TUCKY,
ak i remneparypu (o T = 0,25 Ha puc. 8.2), «IPOTUIi€» BIOPALKYBAH-
HIO, BMEHIITYIOUM Yac pejaKcallii mapamMmerpa JajJeKoro MopAaKY 10 Horo
HYJbOBOTO PiBHOBAsKHOT'O 3HAUEeHHsA. ToAi TUCK i TeMIlepaTypa OqHAKO-
BO BILJIMBAIOTH Ha IIPOIIEC BIIOPAAKYBAHHSA, IPOTUIiIOUN TOMY.

OCKiZbKM 3a HEBUCOKHX THCKIiB JiHifiHMI @mOmaHOK, «<p/p’, B
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(8.1.1) e HabaraTto «BaromimuM», HiX KBagpaTHuHUii, < (p/p’)?, T
HeHyJIbOBe 3HaueHHs DPiBHOBasKHOTO IIapaMeTpa_JaIeKoro nopﬂ;:ucy B
cromi mix tuckom moskamee mpm o(k¥)<0, Pk¥)<0 i ak*)>0,
B(kX)<O (ouB. puc. 8.1, a, 6) To6TO, IPU AOJATHHLOMY 3HAKOBi mepej
niniltaum nojankom B (8.1.1) (w,(k*) < 0).

9. BIIJIUB TUCRY HA KIHETHRY IIOPAIRY DO,,-THUILY

B poagimi 7 6ya0 po3rasTHYTO BILINB TUCKY Ha majeKuit mopanox DO0,,-
tunty 6irapaux I'lI[II-cTomiB, 30kpema, 6yJI0 TOOYIOBAaHO CTATHUCTHUYHO-
TepMOAMHAMIUHUI MOJeNb 3a (He)HYJIbOBOTO THCKY. BUKOPUCTOBYIOUN
pesyJbTaTh Po3h. 7, B JaHiM PO3JiJi mpoaHaIizyeMo MOKJINBUI BILJINB
TUCKY Ha KiHeTMKY pesakcarii gamexoro mopany D0,,-tumy. Ilpu mso-
MY POBTJISAAaTHMEThCA BUOATOK OOMiHHOTO («KiJbIIeBOTO») MeXaHidMy
nudysii [14, 289—-295], 10 «Kepye» pesakKcallieo qajeKoro aToMOBOTO
HOPANKY B CTOIIi, a B OCHOBY HOKJajgeMo piBHamuAa OHcarepoBoro THUITY
[14, 289-295], 3a ZOITOMOT0I0 IKOTO BiKe IMOOYZOBAHO KiHETUUHUHA MO-
IeJib OJId IapaMeTrpa gajekoro mopaaky tumy D0,g B [298, 320, 321].

9.1. KiHeTHYHN# MOZeJab

s mocrmimkeHHA KiHEeTHMKM IIPOIlecy BHOPAIKYBAaHHS aToMiB y (He-
piBHOBaskHOMY) TBepaomy posumHi ['IIIII-A, .B, 3HOBY 3acTOCyE€MO
MiKpockoniune mudysitine piBmamasa OmncarepoBoro tuny [14, 289-—
295], mpunyckatouu (AK i B posmini 4 maa 'IIK-rpatHuIli), mo mBu-
OKIiCTh MATHETHOT'O BIIOPAAKYBAHHS ICTOTHO IIEPEBUIIYE aTOMOBE
BIIOPAIKYBaHHS, TOOTO HEXTYIOUM YaCOBOIO 3aJI€KHICTIO MarHeTHOTO
nopAaky. Tomi MBUAKICT, 3MiHM OJHOUYACTMHKOBUX WMMOBipHOCTEH
IS aTOMiB COPTY O. MOXKHA 3amucaTtu y Buriani [14]:

dP}(R, ) 13 SAF
P IR-R)—————, (9.1.1
dt qz Z ancﬁ pq( ) SPqB(R’, £) ( )

1p=A,B R

abo oxkpemMo s KOKHOI miarparuuIi (aiaa B-aTomis),

dB(R,t) 1 21BE (R _ R — ol — VLEA(R — Y] O0F
dt kBT;{[C Ly (R -R)-cd -l (R R)]e‘>P1(R',1:)+
2 BB BA —8
+[ LY (R -R) - c(l - )L (R - R)]BP(A}R’L‘)}’ (9.1.2a)
ABRD L Il emng DR - el — o)L (R — R)| 02
dt kT4 {[" LiR-R)-cd -o)Li (R R)]?)PZ(R',t)Jr
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OAF
+| LR -R)-cl-)[2*R-R) |—}, 9.1.20
(LY (R - R)) - c(1 - )Ly ( )]SPI(R,J)} ( )
e Lﬁ(R—R') — MaTpuIA KiHeTHuHMX KoedilieHTiB, unMi eleMeHTH

IPeACTaBIAIOTL CO00I0 HMOBipHOCTI OOMIHHUX ejleMeHTapHUX audy-
3ifiHMX cTpPUOKiB mapu aTomiB ¢ i B Misk ByssioM r p-oi migrpaTuwuri i By-
ayom r’ ¢-oi migrpaTuauIi sa oguHUIO Yacy (o, B=A4, B; p, ¢=1, 2). Taka
iiMoBipHicTh fua mapu aTomiB y Bysnaxr=R +h,ir' =R’ +h e inBapia-
HTHOIO IIOAO TpaHCJAANill BpaBe; ToMy KiHeTwmuHiI KoeillieHTH 3aJe-
sKaTh Bix pimuunii BexTopis Tpancasamnii Bpase R —R’. B ocranuix aBox
piBHaHHAX BpaxoBaHo OHcarepoBe CIiBBiZHOINIEHHS B3a€MHOCTU IJIs
daszu DO, ¢-Tuny 0613y piBHOBATHU:

PR-R)=LZR-R), L[*R-R)=LLR-R),
wR-R)=L’R-R), LYR-R)=L!R-R).

Ockinpku moBHe umcyo atoMiB B (A) € dikcoBanmM, TO MaeMo Ha-
CTyIIHEe OOMEeKeHHS IJd KiHeTHMUYHMX KoedillieHTiB:

$ I o $Y iRm0 0

p=1 p=1 R

ne Ny e gyucao aTomiB B B cucreMmi.
Tepmozuuamiuni pymiitai cunu, SAF /0P (R’,t) sanucyemo Tax:

OAF _R _R AR)
B®) ; [w,,(R - R)B(R) +w,(R -R)P,®R)]+k,TIn PR
(9.1.4a)
_ nr _n B(R)
8P ®) - ; w,,(R - R)B,R) + w,(R - R)P,R)] + k,TIn RE®)
(9.1.46)

Ockinexu OAF/OP,(R) mae Taky & cumerpito, Ak i ¢pyskmia P,(R),
To (3a mamexoro mopagky) 0AF/dP(R), ax i P(R), moxHa mpepcra-
BUTHU CYHEPIIO3UIIIEI0 CTATUYHUX KOHIIEHTPAIilHMX XBUJIb [14]:

OAF
5P, (R)

=cm)+AME,(R), F(R)=c+nE([R) (¢=1,2), (9.1.5)

ae naa crpyktypu DO0,,-tuny E (R) nogano y Bupasi (7.1.176). Kombi-
myoun Bupasu (9.1.4), (9.1.5) i 6epyun mo ysaru, mo E (R) mHaOysae
JuIlle ABa 3HAUeHHdA, —1/4 1 3/4, Ha Bcix Bysaax 'II[II-rparauli, micaa
HEeCKJIaTHUX IIEPETBOPIB OEP:KYy€EMO BUpasu AadA GyHKIin ¢(M) i (M) :
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-]
é(m) = e\, (0) + kBTl 4
n

(c+nj 1—c+nj
() = A, (k") + k,T1n 4 4/, (9.1.66)

i)

ITigcraBasaoun (9.1.5) B (9.1.2), kxombOimyrouu (9.1.3) 1 (9.1.6), BuKomy-
oun Pyp’e-mmeperBopu 060x wactuu (9.1.1), ogeprryemo audepeHItiiine
PiBHAHHSA YaCOBOI 3aJIE;KHOCTH IIapaMeTpa JAJEeKOT0 IIOPATKY:

(c+3nJ[1—c+nj
4 4 (9.1.7)

M
‘;—“ = —c(1 - c¢)L(k™) }sz(k:r ) n+In 3 |’
| N
4 4
oe
L) =Y LR -R)e ™ ™™ =
R-R’

c
1-c¢

B pamkax mopmenmio A cTomy 3 00’eMOM, IO He 3aJeKUTL (400
cJabKOo 3aJIeKNUTh) Big mapamerpa JajieKOro MOPSAKY U CKJaLy, BJa-
cHe 3HAUEHHS MATPUIL eHeprii «3MillaHHA» 3aJIeKUTL Binm (3BeaeHO-
Tr0) TUCKY KBaJpaTUUYHUM YMHOM (ZUB. migpoamia 7.2):

[P+ L") | - [ L ™) + L ™) ). 9.1.8)

k2(kM):kg(kM){1+£,+n(£,] } 9.1.9)
p p

nIe p’ i n BusHauvaioThbca Bupasamu (7.2.146).
ITigcraBusiu (9.1.9) vy (9.1.7), omep:KyemMo piBHaHHA KiHEeTUKHU IIa-
paMeTpa AaaeKoro mopAaKy D0,y-TUIY AJISA CTONY IiJ BUCOKUM THUCKOM:

ool
ey

(9.1.10)

@ ~ _ _ r M ?\'o(kM)
o, = e - oLk ST

1+
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9.2. Pe3yabTaTH 00YUCICHHS

Pisaansa (9.1.10) Tex 3pydHO PO3B’A3yBAaTH B TepMiHAX 3BeJEHOTO
wacy, t* = L(k™)t, Ta sBememoi Temmeparypu, T = k,T/]\S(k™). Pi-
JKHUIA Midk piBmamHamu (9.1.10) ta (8.1.2) gwumie B cmocobi BusHa-
yeHHA 3BeflleHOi TeMmIepaTypu, T, Ta 3BemeHOTo uacy, ¢ . A Ile o3Ha-
yae, mo KpuBi Ha puc. 8.1, 8.2 € TaKOX YUCEJbHUMHU DPO3B’A3KAMU
pipnannsa (9.1.10), xe t* = L(k™)t, T" = k,T/A(k™)|.

Ot:xe, BCci BUCHOBKMU, 3p0o0JeHi B migposmiai 8.2, 1ioq0 BILIUBY TH-

1 e L E E S S S 1 T T T T T T T T
0.9F oo p'=0 || gl |o—o—o p::O |
0.8t HHx p::Z 1 08 e pw:2 |
0.7+ +——+ p=4 || 0.7 +——+ p*=4 i

858 p'=6 858 p'=6
%4r leee p*=8 |] 8.6 leee p'=8 ||
0.5
0.4¢ —
0,3
0,2
0,1

1 1 1 I I 1 I I 1 1 1 1 1 I I 1 I I 1 1
0.9F o0 p::O | 0.9F o0 p::O |
0.8 PR p*:2 | 0.8F P p*:2 |

L +—+—+ p'=4 || L +—+—+ p'=4 ||
0,7 i 0,7 i
0,6F 2=01l ot =gl
¥ l p*zs i) l p*zs

= 0,5 = 0,5
0,41 = 0,4
0,3 0,3
0,2 0,2
0,1F/N 0,1

t* t*
8 2

Puc. 9.1. 3ane:xHicTs mapameTpa AaleKoro mopaaky, 1, DO0,-Tuny Bin 3Bese-
Horo uacy, t' = L(k™)t, B HecrexiomeTpuuHiM cTomi I'III-A, B, ; 32 3BegeHOI
remmneparypu T" = k,T/|]AS(k™)|= 8,5 Ta 3a pisuux spegenux Tuckis, p* = p/p’:
a) AW(kM) <0, B Y(kM) <0; 0) Aw(kM) >0, BBV(kM) >0; 8) Aw(kM) >0,
B, (k)< 0;2) A, (k") <0, B (k™)>0. (HaBezmeni rpadixu Biamosigaors Ta-
ko i TIIK-crpykTypi L1,-Tuny 3a immux T i ¢*; nus. posz. 8.)
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CKY Ha KiHeTHMKY peJjakcaillii gajgexoro mopaaxky tuny L1,, MarTh Mi-
cre i gyma ganexoro mopAaky tumy DO0,,.

Kpim Toro, (misa posmupeHHsS KapTUHU BILIMBY THUCKY Ha KiHeTHUKY
ITaJeKoro IOPSAAKY B IIiJIbHOIAKOBAHMX CTOIlaxX) Ha puc. 9.1 mpen-
CTaBJIEHO KiHeTMKY peJsakcallii gajexoro mopaaky tumy D0,y nasa He-
crexiomerpuunoro cromy I'IIII-A, ¢B,; 3a BUCOKHX THCKiB (MakcuMa-
apHUN Tuck Ha puc. 9.1 B 10—40 pasiB OinpInmii 3a THCKKM Ha PUC.
8.1, 8.2) i Bucokoi Temmneparypu (B 14—17,5 pasiB 6inbIoi 3a Temme-
parypu Ha puc. 8.1, 8.2). (Hmmo BUBHAYUTH 3BEJIEHUN Uac, t*, i sBe-
neny temmeparypy, T', sk t' = Lk*)t, T  =k,T/lb,(k*)|, To xkpusi
Ha puc. 9.1 OyayTh ONMHMCYBATH TAKOMK KIiHETHKY IAaJIEKOTO IOPAIKY
tuny L1, nia Hectexiomerpuusoro crony I'TTK-A, 4B, ; 32 BUCOKOTO p.)

fAx Bummo 3 pume. 9.1, 3a Bucokux p—T 3MEHIITYETHCA Yac pejakca-
mili mapamerpa OaJIeKOro HMOPAIKY IO CBOI'O PiBHOBAsKHOT'O 3HAYEHHSA
(3a ymMOBHM cTalmxX 3HaUYeHb KiHeTmuHUX KoedimieHntiB OmcarepoBoro
TUIY), SIKEe TeX 3MEHINYEThCA; 3MIiHIOEThCA I MPOdinb KiHeTHUHUX
KpUBUX: BUXiJ Ha piBHOBAry crae 0inbin «piskum» (puc. 9.1, a, 2).

OCKiJBKHM 3a BHCOKHX THCKiB KBaJpaTWUHHH NOJAHOK, o (p/p’)’, B
(9.1.9) (ax i B (8.1.1)) crae mabaraTo «Baromimmum», HixK JiHiAHWI,
o< p/p’, TO (AK MOKAa3yioTh puc. 9.1, a, 2) HeHy/IbOBe 3HAUYEHHSA PiBHOBA-
JKHOTO IIapaMeTpa JIajIeKoro nopﬂmcy MOXKJIIBe mOpu A Y(kM )<0,
B, (kM)<01 A, (kM)<O B, (kM)>O A\ (&™) < 0), a me npu A, (kM)<
< 0 B, (k') < 01 A, (kM)> By, (k") < 0, xomu TucKn 3HAYHO HUKT
(puc. 1 8.2,a,8).

10. SMIHA TUCKROM POAY ®A30BOI'O IEPETBOPEHH I
KPUCTAJIIYHOI CHMETPII CTOIIY HA OCHOBI I'ITK-IPATHHIII

Bigomo, 110 B cTomax, aki matoThk I'T|K-r'paTHUII0 B HEYIOPAIKOBAHOMY
CTaHi, IpU MOHMKEHH] TeMIIepaTypu 3’ ABIAAITHCA HAACTPYKTYPHU TUILY
CuszAu a6o AugCu (L1,) i CuAul (L1,), B aKUX BOOPAAKYBaHHSI 00YMOB-
JIeHO B3a€EMOJI€I0 aTOMi B IepITiii KoopaAnHAIiiHi# cdepi, i Tuny CuPt
(L1,), me BoHO 1IOB’A3aHe 3i B3a€MOi€I0 aTOMIB y APYTiil KOOPAUHAITLITi-
HilT chepi [2, 332]. K moxasye Teopis BIOPAAKYBAHHS TaKWX CTOIIiB
[332] (posrasamaBesa BUIIAaAOK HYJIHOBOTO TUCKY #H CTAJIMX eHepriil Baae-
MOZii aToMiB, ajie BpaX0oByBaJach iX BBA€MO/isI B JBOX KOOPAMHAIIIAHUX
chepax), BUHUKHEHHS TOT'O UM i1HIIIOTO TUIY BIOPAIKYBAHHSA II0B’ A3aHe
3i CIIiBBimHOIIIEHHAM eHepTill «3MilanuA» (BIOPATKYBAHHS) B IIEPIITiii
Ta IPyriil KoopamHAaiiHuX chepax. AKIIo w,/w, > 3, TO 3 HEYIOPAIKO-
BAHOTO CTaHY CTOIy BUHHKAE BIOPAAKOBAHA HAACTPYKYTypa THUIY
CusAu, a6o AusCu, (L1,) abo (3a iHIMUX CKJIamiB) TeTparoHajJbHa CTPYK-
rypa tunry CuAul (L1,) [2, 332]. Ao w,/w, < 3, TO 3’ ABIAETHCS BIIO-
pAIKoBaHa poMmboenpuuHa HaACcTPyKTypa tuny CuPt (L1,)[2, 332].
Amnaiiza ymoB piBHOBaru (6.2.1) mosBojisfge 3poOUTM BUCHOBKU IIPO
XapakTep MOPAIKY CTPYKTYP POSTJIAAYBaHUX TUIIIB 3a PiBHUX TUCKIiB.
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Puc. 10.1. EnemenTapui xomipku cromy Tumy CuAul (L1,) 3 TeTparoHaJIbHOIO
CTPYKTYpoOio (a), e ® — BY3JHU MEepIIoro Tulny, O — BY3JH APYroro TUILY,
® — BY3JIM TPETHOTO TUNY, @ — BY3JH YETBEPTOTO TUIIY, Ta BIOPSIIKOBAHO-
ro cromy tuny CuPt (L1,) 3 pom6oegpuuHOIO CTPYKTYPOIO (0), e ® — aToMu
A, O — aromu B.

IToaBa (zanm)cTpykTyp Tuny CusAu (Aus;Cu) BigOyBaeThbecs 3aBKAN IK
(hazoBe mepeTBOPEHHSA IIEPIIIOT0 POy (IO CYIPOBOAMKYETHCSA CTPUOKOM
mapaMeTpa IaJeKoro IOpPAIKY); IPOoTe, IMoABa (HAX)CTPYKTYPU TULIY
CuAul moske BimOyBaTHmcA AK (hpa3oBe IIepeTBOPEHHS MepIIIOoro POay,
0JIM3BKOTO 0 Apyroro poxy [2, 303]. ia 1miei HaACTPYKTYPU Iy # 'y =T's,
T06TO @ = b # ¢ (puc. 10.1, a); BoHa XapaKTepU3yETHCA OJHUM IIapaMeT-
pom mopAnky [2, 303]. CTyninb TeTparoHaJIbHOCTH HAACTPYKTYPHU TUITY
CuAul, aky mepenmbauae Teopisa [2, 303], xapakTepusyeThbCcsi, HAIPU-
KJIaJ[, BeIMUNHOIO @ — ¢ 1 BMiHIOEThCA IIPU BIIOPAAKYBaHHI 1 31 3MiHOIO
TUCKY (OCKinbKU 1y i 1y, = '3, a Ile 03HAYaE, 10 a i ¢, mo-pisHoMYy 3aJe-
skathb Big 1 i p). [likaBo, 1110 BUABIAETHCSA MOKJIUBUM AK 3MEHIIIEHHA,
Tak i 30iMbIIIeHHA @ — ¢ 3 POCTOM p B 3aJI€KHOCTI BiJl 3HAKiB mapameTpis,
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110 BXOIATH A0 Mozesio [2, 303]. MoskauBuil TaKOMK BUNIAT0K, KOJIU IPHU
IeAKOMY THCKOBiI 3HAK PisKHUIIL @ — ¢ 3MiHIOETHCA, TOOTO 3MiHIOETHCS
xapakTep TeTparoHambHocTr. Ominka aad crony Cu—Au BeIUUYNHHE TH-
CKY, 3a AKOT0 3MiHIOEThECA 3HAK a — C, IOKAa3Ye, 110 3a TAKUX TUCKIiB BiKe
He MOKHa o0Me:KyBaTUCA JiHiliHOI0 3aie:xkHicTio r(p) [803]. isa pos-
ITJIAAY TAaKUX TUCKIB CJILT MOAepHi3yBaTu Teopilo.

AmnayoriuHO MOKHA PO3TJISHYTH BUIIAA0K, KOJIU 3 HEYIIOPSIIKOBAHO-
ro crany crony 3 I'lIK-rpaTHuilelo BMUHUKAE BOOPAIKOBAaHA HAACTPYK-
rypa Tuny CuPt (L1,). Tyr cxixg 6patu mo yBaru B3aeMOZil0 aTOMiB (Mi-
HIMyM) B IIEpPIIINX IBOX KOOPAMHAIIMHUX cepax i BpaXOBYBATHU IIOABY
B YIOPAIKOBAaHOMY CTaHi Pi3HUX BijicTaHel MiK cycigHiMu aTtomamu, 1y
i ry, 1m0 00yMoBJIeHO poMboenpuuHicTIO I'paTuuIi (gus. puc. 10.1, 6).

B raxkiit crpyKTypi y moBHicTIO BriopagkosaHiMm craui 50% -ro cromy
Mae€ MicIle uepryBaHHS IapajeJbHUX IJIOIIWH, 3alHATUX aTOMU JIUIIIe
OIHOTO COPTY; TYT MAaEMO MapajieJibHi OKTaeApWUHI ILIOIMUHMN (AKi
CKJIAJAaI0ThCsA HaBIIepeMiHHO i3 aToMiB A i B), IepueHIUKYJIAPHI OTHIM 3
OPOCTOPOBUX HisAroHasedl Komipku (pmc. 10.1, 6). Bics, mepueHIuKY-
JApHAa TAaKUM ILTOITMHAM, BiapisHaeTbeda Bif iHmux oceii (111), Tak 1o
BUABJAETHCA MOKJIUBOIO JUIlle poMOoeapuyHa cuMeTpisa. Bigcrani ry i
ry (muB. puc. 10.1, 6) mixk cycigHiMu aTromamu (1[0 MiCTATHCA B IMEPITiid
KoopAuHaIiiHi#l cepi HEBMOPAMAKOBAHOTO CTONY Ha OAHAKOBUX Bil-
CTaHAX), AB BUAHO, TeIlep CTAIOTh Pi3HUMU. ATOMHU K, II10 MiCTATHCA B
IpYyTrif KoopawHaIiliHiii cdepi, MalOTL OJHAKOBi Bimcrawi, 1o mZOpPiB-

HIOIOTB IOBKUHI pefpa KOMIpKH 7 = |17 +17.

Hanekuii MOPAIOK B CTOIAX PO3TJIAIYBAHOTO TUITY MOMKHA OIMCATHU
ogHuM mapamerpoMm T [2, 305]. Exeprii Bzaemopii aTomiB y mepmriii i
Ipyriil KoopauHAIiliHil chepax Ta 00’€M CTONY MOKHA PO3BUHYTH 34
BiAMOBIiAHMM YMHOM BUOpaHMM MaJMMHU BeJUYWHAMU i, 3aIMcaBIIN
TepMoAMHAMIUHNI TmOTeHIIAT G, OJEPIKATH YMOBHU PiBHOBAru CHC-
TeMHU, 3aCTOCOBYIOUN CXEeMY PO3PAXYHKY, IKY BUKODPHCTAHO BUIIIE.

Amnajisyoun yMOBU pPiBHOBArw, MO:KHA ofep:KaTu pPAL (GisuuHUX
BHCHOBKIiB IIPO BILJIMB THCKY Ha BIOPAAKYBaHHaA cromy tumy CuPt.
BinbimicTh 3 IIMX BHCHOBKIB aHAJOTIUHI M0 omep:KaHUX BUIIE IJIs
iHIIUX CTPYKTYP: 3MiHa THCKOM poAy (hasoBOTO MEePETBOPEHHS:, BIJIUB
THCKY Ha IIapaMeTep AaJeKOro MOPAIKY I TeMmeparypy (asoBoro me-
peTBOpeHHsA Tuny Jang—o6eanan, T, 3MiHa BUTJIALY KPUBOI KOHIIEHT-
pariiitnoi 3ajmeskHOCTU Tx(c) i 3mimieHHs i1 MakcuMyMy 3i 3MiHOIO THU-
cKy Ta iH. [2, 305]. IIpore, Teopia (Momeas) MPU3SBOAUTE M M0 AEAKUX
cuenudpiyHUX I JAaHOI CTPYKTYpPU pe3yabTaTiB. 30KpeMa, B CTOHAX
3 pisHMMU 3HAYEHHAMM KOHCTAHT, III0 BXOIATH A0 Mozesio [2, 305],
THUCK MOKe AK 30iJbIIUTH, TaK i 3MEHIIUTU CTYIiHb POMOOEIPUUHOC-
™1 KpucTajiuHol rpatHuni crony tuny CuPt. IlikaBum 3gaeTbcs Ta-
KOJK BUCHOBOK IIpPO Te, IO OCKIIBKKM caM XapaKTep IIPOIIeCy BIIOPAI-
KYBaHHS, TOOTO TUII BUHUKAIUUX HAACTPYKTYpP (4K OyJ0 CKaszaHo
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BUINE), BUBHAYAETHCSA CIIiBBIOHOIIIEHHAM €HEPTili «3MIiIMaHHg» W;/W,,
a Ie BigHOINEHHS 3MiHIOETHCA 3 THCKOM, TO 3i 3MiHOIO THCKY MOKe
3aMiHMTHUCA W XapaKTep BumopaaxkyBauuda [2, 305]. Ile Bkasye, 30Kpe-
Ma, Ha MOMKJMBICTL NEpPexXxomiB MiK CcTaHaAMM 3 BIOPSIIKOBAHUMU
crpykrypamu tuny CuAu i CuPt B pesyiabrari 3amiHm THCKY, TOOTO
CYTTEBOI 3MiHM cuMeTpii KpHCTaJIiuHOI I'paTHUII, TOB’sI3aHOI 3 mepe-
XOJOM BiJ TeTparoHaJbHOI A0 poMOoenpuuHoi cTpyKTypu [2, 305].

Ha saBepmienss posminy ciig TakoK 3a3HAUYWTH, IO y BUIAIKY,
KOJIM piBHAHHA pPiBHOBArM MAIOTh AeKiJbKa po3B’dA3KiB, He0OXigHO
3’sdAcyBaTd, UM BiANIOBiZalOTh BOHM MiHIiMymMy abo MaKCUMyMy
Ii66COBOr0 TEepMOZMHAMIUHOrO IMOTEHLIANY, & TAKOK BCTAHOBHUTH Bi-
IHOCHY TJIMOMHY MiHIMyMiB, AKINO ix mekinbka. Tary amamisy OyJio
BUKOHAHO B paxi BumaakisB [2, 303, 313, 333]. llikaBum saraabHUM
BUCHOBKOM € MOJKJIUBICTH IIEPEXOMy CTOIIy 3 OAHOTO CTaHy B iHIIIUH
(pamimme MeracTabifbHMIT) I BIJIMBOM THCKY i OJep:KaHHS TaKUM
MLIAXOM iHITOI BIOPAAKOBAHOI CTPYKTYPH 3 IHIMMMHU BJACTHUBOCTSAMU
[2]. Bokpema, B [333] mokasamo, IT0 3aMiCTh 3BUYANHOI IJI CTOMY
Fe—Al mociigoBHOCTM BUHMKHEHHS HAACTPYKTYP IPH 3HUMKEHHI TeM-
rmepaTypy HEBIOPAAKOBAHWI CTOI — CTPYKTypa Tumy PB-aaTyHi abo
FeAl — crpykrypa tTuny Fe;Al uepes BIJINB THCKY B TOMY K CTOII 3
HEeBOOPAIKOBAHOTO CTAHy Bipasy MoKe BUHHUKHYTU CTPYKTypa THUIY
Fe;Al a6o (mpu immux cxaagax) NaTl.

11. HEOJHOPITHA BYJOBA IHBAPY Fe—Ni

@disnuHi BracTmBOCTi iHBapHMX cTomiB Ha ocHOBi cucremu Fe—Ni (B
OCHOBHOMY M00JIM3y ONTHMAaJIbHOro ckjaxny Fe—36 ar.% Ni) BuBueni
IOCTaTHLO IIOBHO (OUB., HApPHWKJIaA, orjaan [334] rta 6ibaiorpadiro B
HBOMY), Xoua Ii He BuuepmHO [335, 336]. 3o0Kpema, 3HauHy yBary B
JiTepaTypi mpuBepHyJa TeMa po3maay Iux cromiB. Mera 1mboro pos-
Iy — KOPOTKO OOTOBOPUTH JEeAKi JOCTYIIHI 3 JiTepaTypu eKCIIepu-
MeHTAJbHI pe3yabTaTu IMoA0 posmany imBapuHux cromiB Fe—Ni (uact-
KOBO TIPO IIe BKe HIJIOCS B Iimposaini 3.3) Ta pO3TIAHYTU MOMKJIMBI
TeopeTuuHi MeTomu (HAOJIMIKEHHs) OJA IOACHEHHSA PiSHUX cyleped-
JUBUX XapaKTEepUCTHK i KiHmeTuku posmany imBapHoro Fe—Ni (B Tomy
YuCcIi, # mig THCKOM).

11.1. OOGroBOpeHHA €KCIePUMEHTAJbHIUX PEe3yJbTATIiB

Posman imBapHux cromiB Fe—Ni TicHo moB’asammii 3 ix gBoMa 0co00-
JUBOCTAMU (aHOMAJBLHUMU BJIACTUBOCTAMU; ITUB., HAIIPUKJIAL, POOOTH
[106, 337—342] Ta aireparypy B mHux). Ili cTomm MaioTh IPaKTHUYHO
HYJbOBUH KOe(il[ieHT TepMiuyHOTO PO3MIMPEHHA B IIIUPOKOMY TeMIIe-
parypHOMYy iHTepBayi. 3aBAAKW IIbOMY BOHH TaKOXX BHUKOPHUCTOBY-
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IOTBCSA B PEAKTOPHUX KOHCTPYKIIiAX. Ajse Fe—Ni-cTonm mposBIAOTH
CYTTEBY CTiHKiCTh BITHOCHO «pamisIiiiHOrO po3myXaHHA» (30iJbIITeH-
HS PO3MipiB) mim miero BUOpPOMiHEeHHSA HEBTPOHIB 1 TAKKUX HOHIB.
Came Tomy Gararo ingopwmarii mpo cronmu Fe—Ni mo:xHa uepmartu ca-
Me 3 JaHUX PO B3aEMOUYUH 1X Ta BUNPOMiHEHHSA Pi3HOTO TUIY XBUJIb
[25, 282, 337-342].

Iaroro xapaxTepHOO 0COOJMBICTIO I[UX CTOIIB € Te, II[0 BOHU € Me-
TeOPUTHUMHU (30KpeMa, OpasmuiabchbKa aBTOpKa poboTu [166] HasmBae
iX «IIOCJTaHIAMU» BiZKPHUTOTO KOCMOCY), KOJU CKJAaJ iX CTaHOBUTL
mpubausao Fe—35 ar.% Ni [166]. HeraibHO BJIACTHBOCTI (MarHe-
TU3M, KOe(iIieHT TepMiuHOTO pO3IIWPEHH:d, IapaMeTep I'PaTHUII,
eJIEKTPUYHUMN OIIip, KoedillieHT BlaeMHOI Au@y3il Ta CTPYKTYpHiI Xa-
pakTepucTuKku) iHBapHHX cTomuiB Fe—Ni 6ys0 pO3TIAHYTO B OTJIAni
Paccena i1 I'apuepa [337].

IaBapHi cTonu MaTh HU3BKUN KOe(MilliEeHT TepMidHOT0O PO3MIUPEH-
HA HUKUe Temmnepatrypu Kiopi came B pesyabTaTi IOCTIiZOBHOCTI me-
pexondiB: cIoyaTKy B MarHeTHUH CTaH, a IIOTIM y CTaH 3 IIPAKTUYHO
BimcyTHIM TepMiuHMM posmupeHHAM. Acamo, Kpanra i Xammam [91,
120] moB’a3yI0TH Iepexia 3 mapaMarHeTHOTO CTaHy Yy (hepoMarHeTHUH
3 PO3BUTKOM KOHIEHTPAIIIMHNX MiKPOCKOIIIUYHNX HEOJTHOPigHOCTEH.
Bigomo, mjo temmepatrypa Kiopi Fe—Ni-cToniB 306imbiryernhesa 3i 306i-
apmeraHaM Bmicty Ni [91, 115-121] (upo e #miocsa B posn. 3). 3a-
BOAKU IILOMY B AilAHKaX (momeHax) 3 meHmmuM BMmicToM Ni meperso-
pPeHHA IIapaMarHeTUK—@epoMarieTuk BiOyBaeTbCcs 3a HUMKUUX TEMIIe-
paryp, Hi’k B momeHax 3 BuimuM BMmicToM Ni. (Acamo mpuUOycTHB, IO
po3Mip TakuX JOMeHiB BigmoBimae KimbkocTi peuoBmHM y 60 aTomis.)

B xoumenrpaniiinomy imTepsani 25—-45% Ni Taxox aHoMaJabHOI
MOBEMiHKM 3a3Hae ImapaMeTep KpHcTaliuHol rparHuii. Kauo ta Acamo
[343] BusBuam mudpaxiiiini miku, AKi BKasyOTh Ha iCHYBaHHS [Ii-
JAHOK 3 PisHMMM HapaMeTpaM¥ I'PaTHUII. 3a 3HAUEHHS IapaMerpa
r'paTHUIL OpaJjiocsi cepemHe cepel 3HAUEeHDL IIapaMeTpa y HmapaMarHer-
HUX momMeHax (3 HmxkumM BMicToM Ni) Ta y depomMarHeTHHUX AOMeEHAX
(8 Bumum BmicTom Ni).

AnoManbHy TOBENiHKY IPOABIAIN M MOAYJ IPYMKHOCTH, IPUUO-
My, HaBiThb 3a migBuinenHsa Temneparypu Ha 200 K Buime temmepaty-
pu Kropi [157, 158], xoua, smaBajoca 0, CJi OUiKyBaTH aHOMAJIiIO
JUIIe 3a TeMIeparyp, HmK4Iux T .. ABropu pobit [157, 158] mpunyec-
TUJIU iCHyBaHHA Ay:Ke Maiux «npecuritaTtiB» Fes;Ni Ta FeNi. Homar-
KOBi IUdpPaKIifiHi IIAMI BUABIIN Tako:xk Maro ta Poccirep [162].

Korgopcerkuii Ta CenoB [344] BuABMIM aHOMAJIbHO BEJIVKUU €JIEK-
Tpuunuii omip B cronax Fe—Ni 3 xKounenrpanieo Hikao 30-50%, 1o
TAKOK MOKe OyTH OOYMOBJEHUM APiOHMMM HEOTHOPiAJHOCTAMMU.

Ha ocuoBi mipanp MeccboaBepoBux cuexTpiB [343] Kauo Ta Acano
MiNIIM BUCHOBKY, IO I[i CTONM CKJAaJaloThbcA 3 (epoMarHeTHUX i
aHTU(epoMarHeTHUX OoMeH. BBaikasocd, IO PO3CiAHHA eJeKTPOHIB
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CIIPUYMHEHEe PO3CIAHHAM Bif MeXX po3miny mux gomMeHiB. Tepmoeek-
TPUYHI NOTEHIIiAIM, OJepsKaHi MipAHHAM Ha IIapaMarHeTHUX CTOIax
Fe—Ni [345, 346], Tako)X cBiguaThb NOpPO HAABHICTH IX HU3BKO-
TeMIepaTypHOro rop0y B TOMY K CaMOMY KOHIIEHTPaIiiHOMY OKOJIi,
Jle ciocTepiranuch aHoMasil iHmIMX (PiBSUUHUX XapaKTEePUCTUK iHBa-
py. Tamxi 3i cmiBaBTOpamm [345, 346] moB’asanm 10 aHOMAJil0 3
damoKTyamiamMmn, OOYMOBJIEHMMM BeJIMKOI KiJbKiCTIO MaJeHbKUX
KJacTepiB, 3 AKUX ONHI 30araueHi sajisom, a iHIIL — HiKJIeM.

Taxoxx y manmx Mecc6aBepoBOi CIEKTPOCKONil HpPoaBIAOTHCA I
iHmIi o3HaKM, AKi cBiguaTh PO HecTabiJbHICTH Yy BUINE3a3HAUECHOMY
KOHIleHTpallitHoMy iHTepBaJyi [347].

HasiThr He 3Ba)kaiouu Ha Te, IO eHeprii «3MilltaHHA» aTOMiB B
cronax Fe—Ni € Big’eMHMMM, IIIO CKOPiIlle CBiAYNUTL HPO BIOPAIKY-
BaHHSA, aHiXK IIPo Po3AileHHA (as3, BUIE3TafaHU Topd TAKOMK IPHU-
cyTHiit B okoui 25% Ni [348]. Ile moke cayryBaTu 03HAKOKI (pasoBo-
ro pos3mijieHHAX B IuX cromax. Ha ocHOBiI Takux mocuaimkens TaHxki
Ta cmiBaBTOpPU [345, 346] BUCYHYJM TimmoTedy HIpo HASIBHICTH Korepe-
HTHOI 00JIacTHM HE3MIIITyBAHOCTM ¥ KOTepeHTHOI cumHomaJi. BoHu Ta-
KOJK OIiHWJIM BeJIUYMHY IIiKYy KOTE€pPEeHTHOI 00JacTH He3MiIlTyBaHOCTH
3a temueparypu 1100 K. Paccen i 'apuep [337] npunyctuau, 1o xo-
repeHTHA 00JIaCTh HEe3MIIITyBAHOCTU H KOTepeHTHa 00JIacTh CIIMHOIAJL
CTOCYIOTBCS BY3BKOIO KOHIIEHTPAI[IMHOTO iHTEepBaJy # iCTOTHO 3MEH-
HIYIOTHCA HUMKUYE XeMiuHOI 00JIacTy He3MilllTyBaHOCTH.

BaskamBa osHaka icHyBaHHS CIMHOZAJBLHOTO PO3IAAY BUABJISIETHCS
3 MipaHb KoedilmienTa BzaemuOl audysii. 3oKkpema, MipaHHsa Koedi-
mieraTa B3aeMHOI au@ysii B cromax Fe—Ni B ychoMy iHTepBaJIi KOHIIE-
mrpariii (0—100%) 3a Temneparyp 1123-1373 K 6ys10 Bukonano Ha-
KaraBowo 3i cmiBaBTopamu [346]. PesyabraTm moxasaim TIMOOKUIE
MiHiMyM KoedimienTa B3aemuOl am@ysii B imBapHili objaacTi, 3acsin-
YyIoun OJM3LKIiCTL A0 CIMHOMAJI.

Tarko:x BijoMo, IO BIOPSAAKOBaHI i1 HeBmopsanxkoBaHi pasu Fe—Ni 3
imBapHUMU (1 HeiHBapHUMU) KOHIIEHTPAIiAMU OyJ0 BUABJIEHO B Me-
TEOPUTHUX CTOIax (AuB., Hampukjganm, [166, 349—-358]). Taxi merteo-
putHi Fe—Ni-cTonm 3 iHBapHMMHN KOHIIEHTPAIIiIMM PO3MaJalOThCsI Ha
(me)BnopankoBany ['IIK-dpasy Fe;Ni Tta BmopsakoBamy ¢asy TUmy
L1,-FeNi [359]. 3acrocyBanHsA BUIPOMiHEHHS BHUCOKOEHEPTeTUYHUX
YaCTUHOK (eJIeKTPOHiB, HeBTPOHIB Ta ioHiB) [338, 360—369] abo me-
XaHivHOTO BIIMBY (BaJyibIltoBaHH:) [139—142], mio mpuckopioe audy-
3il0 aToMiB, YiTKO mOKasajyo, II[0 B IIMX CTOIIaxX BigOyBaeThCsA cerpe-
ramiss — posaijieHHs (poslmapyBaHHA) Ha a3y PisHUX CKJIATiB.

IToBinbuuii Tepmiuamuii posnaz crony Fe—35 ar.% Ni 3a Ttemmepa-
Typ 400—-800°C cmocTtepirasca i B poboti [367]. ObmacTh He3MmimryBa-
HOoCcTH B aroMmoBuX Bizcorkax Ni ckaagamna 30—-40% . OmpomiHeHHS
CTOITY 3apAIKeHNMM YacTUHKaMM a00 HEeBTPOHAMU CIPHUAJO PO3IIIH-
peuHIO obJsiacTu HesMmimmyBamocTu m0 ~ 25—50% Ni. Taruit edexrr €
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HaCJHIiIKOM IIOETHAHHSA «IPHUPOSHBOI» aHOMAJIii Ta COPUUYMHEHOI
ONIpOMiHEHHAM cerperaiii, o0 CymMiCHO MOKYTh NPU3BOAUTH OO HO-
BuUX opm camooprauisamii crpyxrypu [341].

Omxe, Ha OCHOBi BuIledramanux pesyabrariB Paccer i I'apuep [337,
338] mocTyoBaM HaABHICTL 00JIaCTH HE3MIiITyBaHOCTH M CIIMHOAAJE-
HOI IrpaHUII] Y BYy3bKOMY KOHITEHTpAaIliltHOMY iHTepBaJIi 3 IIiKOM 3a TeM-
nepatypu 6ausbko 1200 K. A Bineumanu [359] HasBaB posnaj iHBapHO-
ro cTomy hpaKTaJIbHUM, IPUUOMY, Ha KiHIEBil cTazaii posmany BinbyBa-
€ThCA YKPYOHEHH («coarsening») KjacTepiB 3 UiTKO BUPAKEHUMU Me-
JKaMU MiK MaTpPUIIEIO I YTBOPeHUMU «IpecunitatamMu» [341].

11.2. TeopeTuuni migxogu AJas MOSICHEHHS HEOTHOPITHOCTEH OyaoBU

Buxogsaum 3 HaBegeHMX y IIOHNEPEIHIM IIiApO3[iji eKCHepHMeHTAJIb-
HUX Pe3yJIbTaTiB, MOKHA CTBEPAKYBaTH (3 BHCOKUM pPiBHEM Biporisn-
HOCTHU), IO OyIb-AKUH TEOPETHUYHUH MOJe]bh Mae 0asyBaTucs Ha Ha-
CTYIOHUX IIOJOMKeHHaAX [341].
1. ITo-mmepirte, € oueBMAHUM po3mnajn ((pasoBe HMepPeTBOPEHHS IIEPIIIOTO
pony) imBapHuUx ctomiB Fe—Ni 3 mpucyTHicTIO By3bKOi obJyacTu He-
3MIITyBaHOCTH B OKOJIi iHBapHOI KoHIeHTpalii. Tomy meBHY poJib
MalTh BimirpaBatu # rerepodasHi (QuoxTyarii (3a PpeHxernom,
Kpusorsazom Tta IOkamosum [370-372]).
2. CTpyKTypa CTOIy 3MiHIOETHLCA 3 YacoOM Bimmamy; aasa KidbKicHol
aHaJi3M KiHeTMKM peJjakcallii B paMKaxX eKCIOHEHI[IMHOTO MOIEJII0
cIim posrisamaTi ABa ab0 HaABITH TpHW YacH pejakxcairii.
3. HeobOximHo BpaxoByBaTH BIIJIMB MarHeTH3MYy Ha IIPOIlEC PO3Mmany B
imBapHUX cromax (o6bmaBa kKommoHeHTH, Fe #1 Ni, € marmeruumn).
4. KrtouoBuM (BUBHAYAJBLHUM [Js TOHNAJBINIOI €BOJIIOIiI) MOXKe BU-
ABUTHUCA CTaH CTPYKTYPHU BiXKe Ha PaHHIX CTaHisdx BiJANalfOBaHHA.
Crinx 3asHaumTH, 10 HaBeAEHI B mMomepeqHIM IIiAPO3iIi eKcIepuMe-
HTaJbHi Pe3yJbTATH MiCTATHL B cob0i iHTPUTY B AEKiTbKOX acmeKTax
[341]. ITo-mepimte, iHTeHCUBHICTh PO3CiAHHA He IMOKA3ye€ MaKCUMYMY,
10, AK IIPaBUJO, OUiKYEThCA B CHUCTeMax, AKi posmazarmTbea. Ilo-
Ipyre, iIHTEHCUBHICTD PO3CiAHHSA OB’ A3aHA JUIIE 3 PO3MipHUMU e(eK-
ramu. OTiKe, OAHiI€I0 3 MEePIIIOUEProBUX 3ahau Teopil € moscHeHHA Bi-
ICYTHOCTH MAaKCHUMYMYy iHTEHCHMBHOCTH PO3CigHHA i ii 3B’A3KYy 3 po3-
MIipHUMH BJACTUBOCTAME (IIPOTATOM YyChOTo uacy Bimmamy) [341].
Buxopgumu 3 1IbOT0, AOIIMBLHO HOiIUTH 3amavuy (mIpobieMy) Ha Tpu
YacTUHM, AKi MOMKHA PO3IJIALaTH IapaiejbHo. HaBogmMmo ix B IO-
PAOKY, IIIO BiAIIOBiae yacoBiii eBOJIIOIiI IIpoIlecy po3many.
5. ITounHatoun 3 pPisKOTr0o B3arapTyBaHHS BiAaJIeHOTO PO3UYMHY BiH
BJKe MIiCTHUTH HOIIMpeHi KOHIeHTpamuiiiHi HeomHOpizHocTi. Y1 came Bo-
HU MOXKYTH OOYMOBUTHU IIOAAJBIITHI PO3IAL.
6. Cuix BpaxoByBaTu B3a€MOUYUH (KiHETMKM) aTOMOBOTO 1 MarHeTHOTO
(cuinoBoro) mopsaakiB. /A mboro HeoOXigHO PO3B’A3yBaTH CUCTEMY
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In(epeHIliiunX piBHAHb TAKOT0 TUITY (CXeMaTUYHO):
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7. TakoX BayKJIMBO 3amiaATH IeAKi MOLAaTKOBI MeTOLH OCJIiIKeHHS
KiHeTMKM pejakcallii MarHeTHOTO I aTOMOBOrO HOPAIKiB. 30Kpema,
3aCTOCyBaTU MOJENIOBaHHA 3a MerTonoio Monrte-Kapsmo. Ilsa meroma
MOK€e [OIIOMOTTU TJUOIlEe 3PO3YMITH CYTh PiBHUX MeXaHi3MiB yTBO-
peHHs (pPaKTaJIbHOI CTPYKTYPHU, IO IPUSBOSATH OO0 301JBLIITIEHHAM 3
yacoM po3MipiB (pakraniB («mpecuniraris») [341]. Kpim Toro, ak-
TyaJbHUM € aTOMiCTHUYHE MOJEJIOBAHHSA MEPETBOPEHHS PO3TATYKEHOI
CTPYKTYPHU, YTBOPEHOI 3a COIMHOJAJBbHUM MEXaHiZ8MOM, Yy OiJbII KOM-
MaKTHY KJIACTEPOIONiOHY CTPYKTYDPY.

12. BUACHOBRH

OTrIAHYBIIN BEJIUKY KiJbKiCTh IIpailb, IMepeBaskKHO, eKCIIePUMEHTAaJIb-
HUX, i 0Iep:KaBIIN AKiCHI I KiJIbKicHI pe3yibTaTy B paMKaX 3aIlPOIIOHO-
BAHUX BUIIE TEOPETUUYHUX MOMEJIB, Iifi0’e€MO MiACYMKM MOCTiIKeHb i
HaBeJeMO HAaWUTOJIOBHIII, HA HAIII ITOTJIA, BUCHOBKH.

I. 3a Bucoxkux Tuckip i remneparyp Fe—Ni-cTonu mMaoTh IiJTbHOIAKO-
pamy (I'IIII i I'TIK) cTpyKTypy (KpUCTaIiuyHy I'paTHUIO). 30iIbIIIeHHA
KoHIeHTpa1ii Ni cipusie crabinisamii I'TIK-(asu 3a 6i1bII HUBBKUX Te-
Mmnepatyp i Bucoxux Tuckis [60]. Hasite 5 Bar.% Ni cyrTeBo crabimi-
3yiorh I'IIK-cTpyKTypy B mopiBHAHHI 3 unctum Fe, a 30i/bIIeHHA TUCKY
CIpusde HifcuaeHHIo Iboro edexTy (puc. 2.2, 2.3 i puc. 2.4, 6). IIpore,
3a HaABUCOKUX TuCKiB p > 225 I'lla i remneparyp T > 3400 K (To6To 32
eKCTpeMaJIbHUX YMOB TUIIy 3eMHOro apa) B croii Fe, ¢Ni, ; crmocrepira-
eTbedA moaimopgue meperBoperns I'IIIIT—-OILK [64] (puc. 2.4, 6). [Iasa
IIOBHOT'O PO3B’A3aHHA MPOOJIEMI OUYEeBUAHOIO € HeOoOXiAHICTh TeopeTuy-
HUX pos3paxyHKiB. Ile MoskHa 3poOUTH, 3aIMCABIIINA BUPA3 IJIA ITOBHOTO
[i66COBOr0 TePMOAMHAMIUHOTO IIOTEHIIANY AJIA KOMKHOI 3 MOXKJIMBHIX
crpykTyp (I'ILK, I'TILIT, OITK), # o0uncauTu #10ro 3HAUYEHHS 3a JaHUX P—
T. Ilpu Takux (¥ He JIUIlle TAKNX) PO3PAXYHKAX BUPiMAIbHUMU OYIYTH
3HAUEHHS eHepreTUYHUX IIapaMeTpiB MikaToMoBoOi B3aeMopil (eHepriit
«3MIIIIaHHA» ).

II. MaraerHi B3aeMoii CKJIAgaOTh CYTTEBUIT BHECOK Y «eJIEKTPOXeMid-
Hi» 1 HaBHmaku. 30KpeMa, BpaxyBaHHA MarHeTHUX B3a€MOIill IIPU3BO-
IUTH 0 MiABUIIEHHA TeMuepaTypu ()a30BOro IIePeTBOPEHHS JiaJ—0e3J1a g
6inbin Hisk Ha 60 K 114 KOKHOTO 3i cTeXioMeTpuUHUX CKJIaAiB cTory Fe—
Ni (Ta6x. 3.4). Posrnamatoun BnopankyBanusa Fe—Ni-ctomy, He MOXKHA
HEXTYBATU KOJHUM 3 IBOX BIIOPAIKYBaHb, — MarHETHUM M aTOMOBUM,
— fAK 1 BBasKaTU OJUH 3 HUX OiJIBIII «BaroMiIllMM» 3a CBOIM BHECKOM B
3araJibHy KapTUHY MAarHEeTOATOMOBOTO BIIopaakyBauHsa [108].
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II1. Tuck smimntye remueparypy Kiopi crony Fe—Ni, nmpuuomy, Ois 0iab-
IIIOCTH CKJIALIB 3aJI€KHOCTI sMilenusa Temuepatypu Kiopi Big THCKY €
Hesinifiaumu (puc. 3.10), sokpema, mia imBapy (36 Bar.% Ni) samex-
HicTh amimienna T Big p migxopserbea mapabosiunomy sakomy. IIpu-
KJIaJlaHHS 30BHIIITHBOT'O THCKY IIOUYMHAE MTIOHMKYBATH TeMIepaTtypy Kio-
pi imBapHOTroO I eriaBapHOro Fe—Ni-cTomis (To6To (dT¢/dp),-, < 0), a Ko-
1z BaroBa KoHnenTpanisa Ni carae 68%, To (dT./dp),-, > 0, To6TO THCK
moumHAae ImigBuIyBatu remunepatypy Kiopi mepmasoro [204, 205]. Ilika-
BO, II[0 KOHIIeHTpamiliHa 3anexHicTs (dT¢/dp), - o Haragye KOHIEHTPa-
MifiHy 3aje:kHicTh TemmepaTtypu Kiopi i HopiBHIOE HYJIIO OJA CTOIY 3
HalibimbI010 TeMepatypoio Kiopi (puc. 3.10). A B iHBapHOMY KOHIIEHT-
pamifinomy imtepBami (30—-40 Bar.% Ni) smiHa 3 KOHIleHTpAaIli€io
«muBuarKoctu» (dT./dp), -, B3araii 6JIM3bKa 10 3MiHM 3 KOHIICHTPAI[ICIO
T (puc. 3.10)[204, 205].

Bszaraui, 3a pesyabTaTaMu CTaTUCTUYHOL TEOPii BIIOPAIKYBAaHHS aTO-
MiB i CIIOHTAaHHOI HaAMarHeTOBaHOCTH MArHEeTHUX IIigcucteM (pepo- i aH-
tudepomarderaux cromniB 3 OLIK- # I'lIK-rpaTHUIIMI, PO3BUHEHOI 3
ypaxyBaHHAM IIPUKJIafeHOro BcebiuHoro Ttucky [236], Temmepatypa
Kiopi (Heenst) kBagpaTUUHO 3aJeKUTH Bim TucKy [236]. B sane:xHoCcTH]
Big 3HaKiB KoegimieHTiB B MomenbHUX (hopmynax [236] Temmepatypa
Kiopi (Heens) moske TigBUIITyBATHCS i MOHMMKYBATHUCS IIiJT BIIMBOM TH-
cky. IlikaBo TakoXK, 1[0 3MiHA TUCKY MOKe CIIPUUYMHUTH 3MiHY ITOCTi0-
BHOCTH (IpW HOHMKEHHI TeMIlepaTypu) 3aificHeHHA (a3soBOT0 IepeTBo-
peHHdA Jaa—0esJax Ta MarHeTHOTr'O mepeTBopeHHs [236].

IV. Copuunnene TuckoM (pasoBe IIEPETBOPEHHA TUIY (hepoOMarHEeTUK—
a"nTu(depoMarHeTuk, Io crnocrepiraersca B cromi I'TTK-Feg¢5Nig 35
[213] (i 6ys0 HabaraTo paHiIe TeOpeTUYHO mepembavere 1 (epo- i aH-
tudepomaraeraux croiiB 3 OIIK- i I'TIK-rparaunamu [236]), moxe 6y-
T 00YMOBJIEHUM 3MEHITIeHHAM 00’ eMy cTomry [232, 237—-240], Tounimre,
mapaMeTrpa I'PAaTHUIL, IIPU IIEBHOMY KPUTUYHOMY 3HAaUE€HHI AKOTO ¥ Bif-
OyBaeThCcsa piska 3MiHa (3MeHINIEHHSA) MarieTHOr0 MOMEHTY — (as3oBuii
nepexin pepomMarseTuKk—aHTU(EPOMarHeTuK.

V. B cronax Fe—Ni 3a Bucokux tuckis (B Fe, 5;Ni, 45 6s1uspxo 7,5 I'lla i
Fey 50Nij g0 611136K0 12 I'lla [206]) MomyIb 00’€MHOTIO CTUCHEHHS HE 3Mi-
HIOETHCS ab0 HaBiTh 3MEHITYEThLCA; Ile O3HAUAE, IO TUCK MOKe CIIPUYN-
HATHU iHBapHUH e(peKT y 3alliBoHiKJIeBUX cTomnax. IIpuuymHy moABU TaKO-
ro (imBapuoro) edexrty B cronax Fe—Ni aBropu [206] BOauaioTh y «CTH-
MYJIIOBaHHi» THCKOM HEKOJIIHEapHOCTH MAaTrHETHUX MOMeHTiB [231]
(puc. 3.14).

VI. He 3Bakaroum Ha TEOPETHUUHO Hepembauere iCHYBaHHS MarHETU3MY
(magToHKOro margerHoro noius) B cromi I'IIIII-Fe, ¢,Ni, os Ipu TuCKy 21
I'Tla i Temneparypi 11 K, HaaTOHKe MarHeTHe II0Jie He CIIOCTepiraJiocs
excrepuMenTanbHo [223]. g mosicHeHHA po30isKHOCTel MisK po3paxy-
HKaMH ¥ eKcrepuMeHTOM 0yJio BucyHyTo [223] ABi MOMKJIMBI IPUUNHU:
mo-Tiepiile, MOXMOKA B PO3paxyHKaxX MOKe JaBaTy HeBipHUHA pe3yabTaT B
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KiHIIeBUX pos3paxyHKax; IIO-APYyre, HEMOMKJIMBOIO PEECTPAIlil0 HaITOH-
KOT'0 MArHeTHOTO I10Jisd B Mecc6aBepoBiM eKCIIEpUMEHTI MOXKYTh POOUTH
KBaHTOBI (rroxTyatrii [260, 261] 3 mepiogamu, HabaraTo KOPOTIIIUMH,
HiK 9yac »KUTT 30y I2KeHOr0o CTaHy Aapa.

VII. I3 3acTocyBanuaAM HaOJMKEHHSA CepeJHbBOT'0 CAMOY3TOAMKEHOr0 IOo-
JIsI Ta METOAM CTATUYHUX KOHIIEHTPAIIMHNX XBUJIL [13, 14], po3dBuHEHO
CTATHUCTUKO-TEPMOIUHAMIUHNI MOJENbL aTOMOBOTO IIOPAIKY B TBEPAOMY
posuuHi 'lTK-Ni—Fe (3a myaboBoro Ttucky). Ominku ®Pyp’e-KOMIOHEHT
eHepriii oOMiHHOI B3aeMOii Ta «3MIiIIIaHHSI» ATOMiB IIePMAaJIOI0 B paMKaxX
IILOTO MOJEJIIO 3a JaHNMHU eKCIIepUMEeHTy JaHo y Tadi. 4.1, 4.2,

Bcranosiieno, 1110 MarHeTHUM BHECOK y MiKaTOMOBY B3a€MOIIiI0 aToO-
miB Ni ta Fe (y mopiBHAHO HU3bKOCNIHOBUX CTaHAX) ITiABUIITYE TeMIIepa-
Typy )a30BOTro MepPeTBOPEHHA Jag—0e31am, ToOTO cnpuse 1aaeKkoMy aTo-
MOBOMY BIOPSAAKYBaHHIO. A HasABHICTh B TBEPJAOMY PO3UMHI aToMiB 3i
CIIiHaAMU pPi3HOI BeJIUUNHHU IIPU3BOAUTH J0 TOTO, II10 MOoro mepexisn i3 mar-
HETHOTO CTaHy B ITapaMarHeTHUN Mo:Ke BigOyBaTucsa HEILJTaBHUM YMHOM,
3i «CcTpuOKYBATOMOAIOHNM» BHUKHEHHAM HAMarHeTOBAHOCTEH KOMKHOI 3
OBOX HificMCTEeM KOMIIOHEHTIB i pO3UMHY B I[iJIOMY, IIIO BJIACTHUBO (Paso-
BUM mepexonaM 1-ro pony (Hacamiepen, 3aBOSKU CTPUKIIHHUM edek-
ram). Brinennsa :x manux mo6aBok Byrienio B cron ['I[K-Ni—Fe migsu-
mye pepoMarHeTHY CKJIALOBY 3B’a3Ky cmoiuiB Ni 3i cmimamu Fe, moHu-
JKye hepoMarHeTHY CKJIaA0OBY 3B’ A3KYy ciidiB Ni 3i cmimamu Ni i migsu-
mrye aaTudepoMarHeTHY CKJIANOBY 3B’ A3KY cuiHiB Fe 3i cnimamu Fe.
VIII. PosBumeno Mozeb pejakcallii 6JIm3bK0r0 MOPSAAKY, IO «KEePYETh-
ca» CTPUMOKAMM aTOMiB Ha MiKaTOMOBI BificTaHi B HEBIOPSIAKOBAHOMY
TBEPAOMY PO3UMHI.

B HeigeanbHOMY TBepIOMY PO3UMHI ITOTEHITiAJbHE IT0J€e (IIOTeHIiAb-
Ha QYHKIIisI) Y IeBHOMY BY3JIi BU3HaUae HMOBipHICTL cTpuOKAa IIEBHOTO
aToMa y HbOTO 3 iHImoro Byaia. 11 iMOBipHiCTH € HEMOHOTOHHOIO (pHC.
4.7, 0), OCKIIBbKY 3aJI€KHICTh (HOPMOBAHO1) TOTEHIiANBbHOI (GYHKITII Bix
pamirocy KoopaurHAIiHOI chepu € HeMOHOTOHHOIO (puc. 4.8). Ile BusHa-
Ya€ TePMOAMHAMIUHY «BHUTITHICTHB» YN «HEBUTIOHICTL» IJIA II€BHOTO
aToMa 3HAaXOAUTHCS Y BiIIIOBIIHUX By3JIaX.

HagiTs y HeBmopagkoamomy nepmasioeBomy cromi 'IIK-Ni—Fe aromu
Fe mamaraioTbcs posTalryBaTucs IepeBakHO B KyTax Kyba, a aromu Ni
— B IeHTpax rpaueii. OT:Ke, HABiTL BUIIe TeMIIepaTypu pasoBoro mepe-
TBOPEHHS Jag—0e3ya] OJU3bKUHA MMOPAA0K «HATAAye» TaJeKUH MOPSII0K
L1,(NizFe)-tumy.

Xoua TigBUITIEHHA TeMIIepaTypu CIpUAE IMiABUIIEHHIO MMOBipHOCTU
aTOMOBUX CTPUOKiB B3araJi (puc. 4.7), mpoTe 3MeHIITeHHA il ITOTEeHITis-
JIBHOTO TOJIA (1110 CTBOPIOETHCS aTOMaMU IIEBHOT'O COPTY i1 00YMOBJIIOETh-
cA IXHIMU KOHIIEHTPAIliMHMMM HEOTHOPimTHOCTAMM) y By3JjiaxX Ha aaje-
KUX BifgcTamax (KoopAMHAIIHUX cdepax) COPUAE IMiABUINEHHIO MMOBI-
pHOCTU CTPUOKiB aTOMiB (IILOTO COPTY) HacamIiiepen y OiabIn majgeki Bix
«mxrepenas HeogHopiguoctu Bysau ['TIK-rpaTauti (puc. 4.8).
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IX. I3 3acTocyBaHHAM MiKpocKoImiuHoro audysiiinoro pisHanus OHca-
repoBoro Ttuny [14] Ta IpuUIIyIeHHAM IIPO Te, IO IITBUAKICTh MAarHEeTHO-
T'0 BIIOPAAKYBAHHA HabaraTo IepeBUINlye aTOMOBE BIIOPAIKYBaHHS (TOO-
TO 3 HEXTYBAHHAM YaCOBOIO 3aJI€KHICTIO MAaTHETHUX ITOPAIKiB), PO3TJIs-
HYTO BUIIAIOK OOMiHHOTO («KiJbIleBOro») Mexauismy audysii [14, 289—
295] B mepmasoeBomy crorri Ni—Fe, 1110 «Kepye» pesakcarlieio najaexoro
aToOMOBOr0 mopAAKy Tumy L1, 3a TeMmIlepaTyp, HHMKUHX TeMIIepaTypu
(hazoBOTO IEPETBOPEHHS JTag—0e3aa.

B pamkax mboro mojes0 KiHETHKHM peJaKcallii JaJIeKoro HOPSIOKY
OI[iHEHO BeJIMUYMHU KiHeTHMuHMX KoedimieuTie OHcarepoBOro TUOY IJIs
nepmasioio I'ITK-NisFe. Ak i ouikyBasocs, iiMoBipHicTs 00MiHHOTO («Ki-
JBIIEBOTO» ) MeXaHisMy Audyasii BuABMUIaCA MEHIIIO0, HijK BaKaHCiHOTO.

3a HUBBLKUX TEeMIIepaTyp PiBHOBaKHUI mapaMeTep JaJeKOro IMOPIaKy
B nepmasiosix Ni—Fe, nme cp, < 1/4 1 cp, > 1/4, 3aBKAU MEHIINH, aHIK IPU
crexiomeTpuyuHii KoHIeHTpatii (cp, = 1/4). Brim, 3a Bucokux Temmepa-
TYP B HECTEXiOMETPUYHUX IePMAaIOdX, Je Cr, > 1/4, piBHOBaXKHUIHA mapa-
MeTep JAaJeKOoro HOPAIKY MOsKe OyTH BUINIUM, HijK B CTeXioMeTpUUHIM, e
cre=1/4 (puc. 4.11). Taxkuii BUCHOBOK Ma€ MicIle B3araJi AJs CTPYKTYPHU
muny L1,[299, 300] (Ta # nnsa crpykrypu Tuny D0,4[299, 320, 321]).

Koumenrparria jeryBajibHOro KOMIOOHEHTa I TeMIlepaTypa Bimmasrio-
BaHHS iCTOTHO BILIMBAIOTH HA AKICHI I KiJbKicHI 3MiHM KiHeTW4HOI i
PiBHOBaKHOI YACTHH: IJId PiBHUX KOHIIEHTPAI[IH i TeMIepaTyp MaeMo He
Juie pisHi mpogdiji perakcamiiHuX KPpUBUX, ajle TAKOMK PidHI BHAUEHH
PiBHOBAKHOT'O IapaMeTpa JaJieKoro mopanaky (puc. 4.11, 4.12). fdAximo
KOHITEHTPAIlifA JeT'yBaJbHOT0 KOMIIOHEHTa 3MEHIITYEThC (HUMKUEe CTeXi-
OMETPUYHOTO CKJAIy), TO IIBUAKICTL 3MiHM mapaMerpa JaJIeKOTO IIO-
PAIKY 3MEHINYEThCA I yac peJaxcailii 30imepmryerbesa. Ha mouaTKoBiit
cranii Bigmasy IMBHUAKICTL 3MiHHM IIapaMeTpa JajeKoro MOPSAAKY BHIIA.
3MeHIITeHHsI IIOYaTKOBOTO 3HAYEHHS ITapaMeTpa OaJeKoro HOPAIKY
CIpusAe MiABUINEHHIO ITiel IMBUAKOCTH i (AK i ouiKkyBasocd) HiTKUM UM-
HOM He BIIJIMBA€E Ha MOT0 piBHOBasKHE 3HAUEHHSA: BOHO OJHAKOBE JIJIsSI BCiX
IOYATKOBUX 3HAUYEHb apaMeTpa JaJIeKOoro IOPAAKY 3a (piKcoBaHOI TeM-
mepaTypu, He OJM3BKOI 0 TOUKM (Da30BOT0O IIEPETBOPEHH Jaa—0es3saan
(puc. 4.12).

Pesyabratu kimetrumunoro mogesio (puc. 4.11, 4.12) miaTBepIKyIOTE-
cdA pesyJIbTaTaMU CTATUCTUYHO-TePMOAUHAMIUHOro Momenio (puc. 4.13).
Ob6unBa mogei (puc. 4.14) maioTh OJHAKOBI TOUKU (hpaszoBOTO HEPETBO-
peHHs Jag—0e3aan i ogHaKOBi PiBHOBasKHI 3HaUEeHHA mapaMeTpa gajie-
KOT'0 MOPAAKY (3a iHIITUX PiBHUX YMOB).

3acTocoBaHi MOzesi MOKa3yloTh, SK MOMKHA OIep:KaTu XapaKTepuc-
TUKU «MaKpoau@ysii» 3 «MikpoandysiiHux» XxapaKTepUCTUK, BUKOPU-
CTOBYIOUM He3aJIeKHi JaHi IIPo KiHeTUKY OJU3BLKOTO0 1 JAJIeKOTro IOPAL-
KiB B mepMmasIosax 3 pikcoBaHUM 06’ €MOM.

X. B sarairpHOMYy BUINIQAKY BIJIUB THCKY Ha aTOMOBUI IOPSAAOK B TBep-
JIOMY PO3UHMHI BUBHAYAETLCSI 00’ €MOM PO3YIOPAAKYBAHHSA — PLKHUIIEIO
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00’eMiB HEBIIOPAAKOBAHOIO i1 YIIOPAAKOBAHOTIO 3pa3kiB. AKIIo edeprisa i
€HTPOIIiA PO3YIOPAIKYBaHHS He 3aJIe;KaTh BiJl TUCKY, TO BOHU TaKOXK He
3aJIe:KaTh BiJ 00’eMy PO3YIOPAIKYBAHHs. | HaBOaKu, eHeprid i eHTpo-
Oisg po3ynopAJKYyBaHHA MAalOTh 3MiHIOBATHCA IIPUM 3MiHI THCKY, AKIITO
00’eM PO3YHOPAIKYBAHHS € 3aJIeXKHUM BiJl TUCKY.

XI. 3oBHIiIIHilI THCK B CTATUCTUYHO-TEPMOIMHAMIUHIM MO0 JAJIEKO-
IO BIIOPAAKYBaHHA 3a TuiioM L1, BpaxoBaHO B JBOX BUNAAKaX: KOJIU 3a-
JIeKHICTh 00’ €My CTOIIY BiJ mapaMeTpa JajJIeKoro IOPAOKY 1 CKJIaIy cJia-
O0xa (To0TO KOJI HEI0 MOYKHA HEXTYBAaTH) Ta CYyTTEBA (TOOTO KOJIM HEIO HE
MOJKHA HeXTyBaTH).

B meprmromy mozenio (Koam 3ajiesKHOCTI 06°’eMy CTOIY Bij mmapamerpa
MOPAAKY ¥ cKJIamy cjaabKi) THUCK He gnJiusae HA BeJIUYNHY CTPUOKA PiB-
HOBa’KHOT'O ITapaMeTpa JaJIeKOoro IOPSAAKY B TOUIlL ()asoBOTo mepeTBo-
peHHA TNy Jag—6eanaz (puc. 6.1, 6.2). Tuck auine smiwjye TeMepary-
Py IIbOTO (pa30BOTO MIEPETBOPEHHA B OiK G1IBIITNX 400 MEHITINX 3HAUEHD, B
3aJIe;KHOCTI BijJ 3HaKiB ImapaMeTpiB, 10 BXOOATH A0 MOAEJI0. SIKIITo 3HAa-
KM IIUX IIapaMeTpiB OMHAKOBi, TO 3aJIE3KHOCTI BiJi TUCKY TeMIlepaTypu
(KypuaxoBa) ¢a30BOro mepeTBOpeHH Jiag—06es3as i mapamMeTrpa JajeKo-
0 TOPAIKY MOHOMOHHI (puc. 6.2 1 6.4, a, 6), a AKMmI0 pis3Hi, TO — Hemo-
HomoHHi (puc. 6.2 i1 6.4, 8, 2), TOOTO MOKJIMBA IT0sIBA 080X TOUOK (ha30-
BOT'O IIEPETBOPEHHS JIag—0e3aa.

B npyromy mopenio (Koamm 3ajyesXHOCTI 00’eMy CTONY Binm mapamerpa
MOPAAKY ¥ CKJIAay CyTTEBi) piBHAHHA piBHOBAru cTae OiJbII CKIATHUIM.
Tuck i remmeparypa, 3a AKUX BimOyBaeTbca pa30Be IePETBOPEHHS Jag—
Oesaj, IIOB’A3aHi 3i cTpMOKOM mapaMeTpa JAJIEeKOro MOPAAKY ABOMA Pi-
BHAHHAMHU PiBHOBATW. 3HAUEHHSA KOKHOI 3 IIUX TPHOX BEJIUYUH OIHO-
3HAYHO BU3HAYAE 3HAUEHHA NBOX iHmux. [Ipu nmpoMy cTpubOK ImapaMer-
pa maJeKkoro IOpPAIKY B TOUII Iepexony Jiaa—6essan He € CTaIUM: BiH
MOKe AK 30iavuiysamucs, Tak i smenwysamucsa (puc. 6.5, 6.6), B 3aye-
JKHOCTI BiJl 3BHaKiB mapaMeTpiB, II10 BXOIATH 40O MOIEJIIO.

B pamkax 060X MOmesiB THCK MOKe «CHPUATH» aATOMOBOMY BIIOPSI-
KYBaHHIO H «IIPOTUAIATI» TIOMY, TOOTO «ITocaadaoBaTu» itoro (puc. 6.7,
6.8), a 3ayeKHiCTh TeMIlepaTypu (pasoBOTO IEPETBOPEHHA Jiaa—0essas
BiJl TUCKY € JiHiITHOIO 38 HUBbKMX TUCKIiB i HeJIiHiTHOIO 3a BUCOKUX.

XII. CraTHCTUKO-TePMOAUHAMIUHNIT MOIEJIb AJIS aTOMOBOTO IAJIEKOTO
nopaaky tumy D0,y B CTOII Tig 30BHIITHIM riIpocTaTUYHUM THCKOM IIO-
OyZI0BaHO IJIs BUIIAIKY, KOJU 3aJIE)KHOCTI 00’€My CTOIY Bij mapameTpa
TMOPAAKY ¥ cKJIamy caabki (ToOTo Koy HUMU MOJKHA HexXTyBaTu). Bei Te-
OpeTHYHi BUCHOBKM, BCTAHOBJIEHI B TAKOMY K BUHAIAKY IJIA DAJIEKOTO
nopanky L1,-Tumy ¥ HaBeAeHi BUIlle, CIpaBeAJNBi if B MOJAEJIO IJIs IIO-
pAnKy DO0,-Tuny. BoHu miATBEepI:KYIOTHCA TaKOMK €KCIePUMEHTATbH-
mu pesyabratamu [330] (puc. 7.4).

XIII. Cepen HaBeleHUX MOJEJIB aTOMOBOTO BHOPAAKYBAHHS 34 THUIAMU
L1, i D0y, MOKINBO, HAHUOIMBINT peasicTHUHUM (30KpeMa, AJIA eKCTpe-
MaJLHUX YMOB HAIBUCOKHWX THCKiB i TeMmepatyp B Axpi 3emui) € mo-
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Ienb, AKUH BiATIOBizae BunaaKy (a), KOJIM TUCK «IIiICHUJIIOE» BIIOPAIKY-
BaHHA (TOOTO CIpUsSe IMiABUINEHHIO TeMIepaTypu BHOPAIKYBAHHA), a
cTpubOK (PiBHOBaKHOT0) ITapaMeTpa JaJIeKoTo MOPAAKY abo craauid (aK
Y MOJEJIO AJIS CTOIY 3i CJa0KMMM 3aJIeKHOCTIMU 00’€MYy CTOITY Bif ma-
pamMeTpa TOPAIKY i1 CKJIaay), a00 MOHOTOHHO ITi IBUIITYETHCS O IIEBHOTO
TPAHUYHOTO 3HAUEHHA (K Y MOJAEJIO AJIA CTOITY 3 CYTTEBUMU 3aJIeKHOC-
TaAMU 00’ €MY CTOIY BiJ ITapaMeTrpa MOPSAAKY ¥ CKJIaIy).

XIV. Mogeni kKiHeTUKM HaJaeKOro aToMOBOTO OpAaKY L1,- i DO,o-TuIry B
CTOIIaxX IIii THCKOM IIO0yZoBaHO (AK i y BimcyTHOCTI THCKY) i3 3acTocCy-
BaHHAM MiKpOCKoIliuHOoro maudysiiinoro piBmamua OHcarepoBoro TUITY
Ta MPUITYIIeHHSI PO Te, IO 3a IIBUAKICTIO MarHeTHEe BIOPAIKYBaHHS
HabaraTo IepeBaskae aTOMOBE BIOPAIKYBaHHSI.

YuceabHUM PO3B’SA3YBAHHAM AU(MEPEHITINHOTO KiHETUYHOTO piBHAH-
H{ 3a PisHUX 3HaAUEHb (3BeJleHnX) THUCKIiB i TeMmepaTyp ofep:KaHo KPUBi
KiHeTMKU pesakcallii mapamerpa gajexkoro mopagky (puc. 8.1, 8.2, 9.1).
Bonu miaTBepausiM BUCHOBKU, OJep:KaHi 3 PiBHOBAXKHUX KPHUBUX (Ha
puc. 6.1-6.4).

Tuck Moike 3MiHIOBATH 3HAK IMTBUAKOCTH 3MiHU ITapaMeTpa JAaJeKoTro
nopaaky (puc. 8.1, 6, ¢; puc. 8.2, a, 8). To6To B TuX BUIIagKaX, KOJIU 34
HYJIBOBOTO (aTMOC(EPHOTr0) TUCKY CHUCTeMa BOOPAAKOBYeThes (puc. 8.1,
0, 2), IPUKJAAAHHA TUCKY IIPU3BOIUTE M0 il PO3YIOPAIKYBaHHS a00, Ha-
BIIaKM, B TUX BUIIAAKAaX, KOJH 3a HYJHLOBOTO (aTMOC(hepHOTO0) TUCKY CHC-
TeMa Po3yHopAIKOByeThbcA (puc. 8.2, a, 8), IpUKJIaJaHHI TUCKY CIPU-
YuHIOE 11 BIopAKyBaHHA. 1le moscHIOETHCA 3MiHOIO TeMIlepaTypu (aso-
BOT'0 IePETBOPEHH Jiag—06esas i miero (IPUKJIAAEeHOTr0) THUCKY (puc.
6.3, 6.4).

OCKiJIbKY IiABUINEHHSA TeMIIEPATYPU 3aBKIN «IPOTUIIE» BIOPAIKY-
BaHHIO, a4 TUCK MOXKe AK «IPOTUMIATU» , TAK 1 «CIIPUATU» AIOMY, TO TUCK i
TeMIIepaTypa MOKYTh OJHAKOBO U II0-Pi3HOMY BILIMBATHU HA IIPOIIEC BIIO-
PAIKYBAHHSA B CTOIIi. 3a MeBHUX 3HAKIB IapaMeTpiB, IO BXOAATH JO MO-
JIeJIio, IiABUIIIEHH A TeMIIEPATYPH i/a00 TUCKY MOKYTH OJTHAKOBO «BILJIHU-
BaTH» Ha aATOMOBE BIOPAAKYBaHHSA, «IIPOTHUIiIoUuM» HoMy. A 3a iHIIIHX
3HAKiB mapaMeTpiB, IO BXOAATH A0 MOJAEJIO, IIiABUINEeHH TeMIIepaTypu
MOKe «KOMIIEHCYBATUCA» IIiABUIIEHHAM THUCKY TAKMM UHMHOM, IO PiB-
HOBa'KHUU ITapaMeTep AAJeKOTro IOopPAAKY Oyne He JIMIle HEHYJIbOBUM, a
¥ BaaraJi He mouusuTheA (puc. 8.1, 8.2). B mim Bumaaky Temmeparypa i
THCK € «KOHKYPYIOUUMHU » (« BBAEMHOIIPOTUAIIOUUMM » ) (haKTOpPaMU.

3a Bucorkux p—T (puc. 9.1) 3MeHIITyeTbCS UYac pesakcalrii mapamerpa
ITaJIeKOr0o MOPAAKY IO CBOTO PiBHOBAKHOI'O 3HAUEHHSA (32 YMOBU CTATUX
3HaUYeHb KiHeTMUHUX KoedimieuTis OmcarepoBoro Tuiy), ke TexX 3Me-
HIOTYETHCA; TaKOK 3MIiHIOETHCA TPOPib KiHETUUHNX KPUBUX: BUXia Ha
piBHOBary crae 0iabiI «piskum» (puc. 9.1, a, 2).

ITpuaIIMIOBOIO BiAMiHHiCTIO HaBeeHNX B JaHi poOOTi cTaTUCTHUUHO-
TePMOAVMHAMIUYHOTO ¥ KiHETHYHOT'O MO/IEJIiB AaTOMOBOT'O BIOPSAIKYBaHHS
L1,- i DO,,-Tumry B cTOmAX IIiJl TUCKOM Bim MogmesniB B poborax [2, 302—
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310, 332, 333] € Te, 1110 B THX MOIEPEeIHIiX MOAEIAX aBTOPU BPaXOBYBAJIH
Mi’KaTOMOBY B3a€EMOJ[il0 MAKCUMyM Y IEPINUX IBOX KOOPAMHAIINHMX
chepax, a B MOJeIAX y AaHiii poboTi 6epeThcs IO yBaru B3a€EMOJisA aTo-
MiB B yCixX KoopAmHAIIHHUX chepax (3aBAAKH IIePexoay OO Omucy B obe-
pHeHiM mpocTopi).

XV. Tuck mosxke 3MiHIOBaTH piZ (pa3oBoro mmeperBopeHH:A. IlosgBa CTPyK-
Typ Tunry CusAu, AusCu (L1,) BigOyBaeThcsa 3aB:K U 3a MexaHisMoM Qa-
30BOT'0 IIEPETBOPEHHSA IIEPINIOr0 POIY; IPOTE, MOABA CTPYKTYPU TULIY
CuAul moxxe BimOyBaTHCca AK (pas3oBe MepPeTBOPEHHA AK IIEPIIOro, Tak i
apyroro poxay [2, 303].

Crynins TerparonaiabHocTu CTPyKTypu Tury CuAul (L1,) 3MiHIOETE-
cdA IIPU BIIOPAIKYBaHHI Ta 3i aMizoio TucKy. IIpuuomy, MoKInBe AK 30i-
JBINIEHHS, TaK i 3MEHIIIeHHSA CTYIIeHS TeTParoHaJbHOCTH, 3aJIesKHO Bin
3HAKiB ITapaMeTpis, I110 BXOAATE A0 Mozeio [2, 303].

ITikaBoro € cuTyallia 3 BILIMBOM THCKY Ha BIopaaKyBanua tuny CuPt
(L1,). Okpim pesyabTaTiB, aHAJOTIUHUX 0 TUX, IO OYJIN Ofeps:KaHi mas
cTpyKTyp TuniB L1, i L1, (3mina Tuckom poxy ¢as3oBOro mepeTBOPeHHs,
BILIVB THCKY Ha IIapaMeTep JaJeKOoTo HOPAIKY i TeMIepaTypy GasoBoro
epeTBOPEHHA TUIiry Jag—oesnan T, 3MiHa BUIIALY KPHUBOI KOHIIEHTPA-
mittHoi 3aseskHocTH Tk(c) i 3amitenHs i MakcUMyMy 31 3MiHOIO THUCKY Ta
iH.), Teopia MPU3BOAUTD # 0 MeAKUX CHeNUMIiUHUX I JAHOI CTPYKTY-
pu (L1,) pesyabrariB. 30KpeMa, B CTOIIAX 3 PisHUMMU 3HAYCHHIMHU KOHC-
TaHT, 10 BXOAATEL A0 Mozesio [2, 305], TuCK MoOsKe K 30iIbIIUTH, TAK i
3MEHIIIUTU CTYHiHb POMOOEIPUYHOCTH KPUCTATIUHOI I'DATHHUII CTOMIY
tury CuPt. Kpim Toro, 3i 3MiHOI0 THCKY MOKe 3MiHIOBATHCSA XapaKTep
BropaaxyBauuda [2, 305]: MoKJIMBa CyTTEBA 3MiHA cCUMeTPii KpueTasiy-
HOI I'paTHUIIL, IIOB’A3aHa 3 IePeX0oJ0M BiJ TeTparoHAJILHOI J0 poMboes-
puuHOi cTpyKTypH [2, 305].

XVI. IlpoanasisyBaBiiu AesAKi BifjoMi 3 riTepaTypu eKclepuMeHTaIbHL
pesyJabTaTHu 11070 posnany inBapaux Fe—Ni-cTomiB, 3a3HAYMIMO MOMKJIM-
BiCTBb 3aCTOCYBaHHS PiSHUX TEOPETUUYHUX METOJH (HaOIMKeHb) OJI Iosc-
HeHHs (KiHeTMKM) po3many I PisHUX CYHepPeuJUuBUX XapaKTePUCTUK
npoiiecy. Ajle Oyab-IKHUI TEOPETUUHUHM MOJEJb Ma€ 60a3yBaTHCs HA OUe-
BUIHUX ITOJIOKeHHAX [341], 110 HaBogATLCA maui. Ilo-mepire, € oueBuaI-
HUM posnaj (HeomHopimHa OymoBa) imBapuux cromiB Fe—Ni i1 icuyBanHsa
BY3bKOi 00JIaCTH HEe3MiIllyBaHOCTH B OKOJIi iHBapHOI KoHIleHTpaIlii. ITo-
IpyTe, HEOMHOPiAHA CTPYKTypa CTOIy 3MiHIOETHCA 3 YAacOM BiAmainy, a
IJIS KiJIbKiCHOI aHaJIi3M KiHeTMKY B PaMKaX eKCIIOHEHI[IMHOTO MOIeJII0
CJim po3raAzaTy ABa a00 HaBiTh TPU KaHaJU IIPOIlecy 3i cBoiMH uacaMu
penakcartrii. ITo-Tpere, He0OOXiTHO BpaxOBYBaTH BILIMB MArHETHU3MY Ha
IIpoliec po3many B iHBapHUX cToHax (TUM maue, 110 00U IBa KOMIIOHEHTH,
— FeiNi, — e marmetHumu). I, mo-ueTBepTe, BUBHAYAILHUM (IJIA IIOIA-
JIBIIIOI eBOJIIOIiT) MOsKe BUSBUTHUCS CTAH CTPYKTYPH BiKe Ha paHHiil cTa-
Iii BimImasgroBaHHSA.

Omxe, ysaraJbHIOIOUN BUIeHABeAEHI BUCHOBKM, MOXKHA CTBEp-
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I:KYyBaTU HACTYITHE.

» Hasasui excmepuMeHTAJNbHI maHi, AKi BKas3yOTh Ha IiJIbHOIAKOBA-
gy (FOIII- i TIIK-) ctpykrypy Fe—Ni-cromiB B mmpokiii ob6iaacti
daszoBoi migsrpamu Tuck—remmneparypa abo Ha OI[K-cTpykTypy B
meBHUX il MildHKaX 3a HaABUCOKUX THUCKIB i Temmeparyp (excTpe-
MaJILHUX YMOB fAApa 3eMJi), Morau 0 ImiATBepAuTH (UM CIIPOCTYBAa-
TH) TOKM IO BiACYyTHI BimmoBiZHI TeopeTWUHiI pPO3PaXyHKH 3
(000B’A3KOBUM) ypaxXyBaHHAM MAarHeTHOI ¥ «eJeKTPOXeMiuHOi»
MiKaTOMOBUX B3a€EMOJill uepes iX B3a€MOYMH.

» BnaumB Tmcky Ha MiskaToMOBi (MarHeTHi M «eJleKTpoXeMiuHi») Baa-
eMonii B CTOIIi HMPOABIAETLCA HA HOTO MAZHEMHUX BJIACTUBOCTAX
(remmepatypi Kiopi, ¢asoBomy meperBopeHHI (epoMarHeTHK—
aHTU(EPOMarHEeTUK, iHBapHOMY e(heKTi) Ta cmpyKmypHUX BJIACTH-
BOCTAX («CIpuAHHi» a00 «IociaablieHHi» BIOPAIKYBaHHIO, IIOABL
IBOX TOUYOK (hpa30BOTO IIepeTBOPEHHA Jan—0esyaln, 3MiHi poxy ¢a-
30BOTO IIepeTBOPEHH, cuMeTpii KPHCTAJiYHOL I'pPaTHUIIL,
OB’ A3aHill 3 IIepexoIoM BiZl ofmHiel CTPYKTypHu mo iHIIOL).

> B pO3BMHEHIM KiHETWYHIM MOJEJI0 aTOMOBOTO 8MOPA0KYBAHHS TIO-
YaTKOBe 3HAUEHHS IIapaMeTpa JaJIeKOro IOPAAKY BILJIMBA€E Ha OT0
KiHmeBe (piBHOBa'KHe) 3HAUEHHS JuIlle MMO0Jam3y (B OKOJi) TOUKH
(dasoBoro meperBopeHHs Jan—6eaman. CraH CTPYKTypH BiKe Ha
paHHiX (IOYATKOBUX) CTAHiAX peJlaKcallili MoKe TaKOK BUABUTUCH
BU3HAYAJIbHUM [AJIA IIOACHEHHS eKCIePUMEHTAJIbHUX pe3yJbTaTiB
mono po3nady imBapuux Fe—Ni-cTomiB # cymepeunmBux xapakTe-
PUCTHUK IILOTO IIPOIIECY.
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IOTATOK A. HI3BbKOTEMIEPATYPHA CTABIJILHICTD
HAJCTPYKTYP THUIY L1, ABO L1, TA DO,,

3a HM3LKUX TeMIIepaTyp, KOJH BHECOK EHTPOHii y TepMoAmHAMIKY
MaJnii, cTabiIbHICT, HAACTPYKTYP BU3HAUAETHCA MiHiMisallieio BHYT-
pimraboi emeprii. CyTTeBMM nAJg CTAOiIBHOCTH HAACTPYKTYP, HAKi
YTBOPIOIOTHCS 3 OAHIi€l I'paTHUIl, € 3aJIeKHICTh eHepril «3MiImaHHd»
(«BIOpAIKYBaHHA») Bix BigcraHdi,

w(R,R)=W*4R,R) + W*(R,R) - 2W*¥(R,R’),

ne W4R,R’), WP3(R,R’) i W*3(R,R’) — eneprii Bzaemozii map aTomis
A-A, B-B i A—B, 110 3HaX0AAThCA Y BYy3JiaX, PO3AiJIEHUX BilCTaHHIO
|R - R’| (TIopsa 3 BHECKOM B I[I0 €Hepriio 6araTouacTUHKOBUX B3a€MOMIiiA
[16, 17]).

PosrasamemMo ymMoBu cTabiibHOCTH HAJACTPYKTYP Ha OCHOBI mpocToi
rpatauii Bpase (yMoBU CcTabiIbHOCTH HAACTPYKTYP HA OCHOBiI CKJIag-
HOI rpaTHUI I3iHTr'a OmepKYIOThCA aHAJOTIUYHO) B PaMKaxX HaOJIMMKeH-
Ha napHoi Bzaemogii. Koudirypariiina BHyTpilllHS eHeprisa 6iHapHOTro
crony (B IepepaxyHKyY Ha OQUH aTOM) Ma€ BUI:

AU = % > w(R -R)PR)PR).

R,R’

IIpencraBasoun (PpyHKI[II0 aTOMOBOTO POSIOAIIY Y BUTJIALL CYIIEpIIO-
3urii craTUYHUX KOHIEHTpaliHuX XBuJb (auB. Bupas (7.1.4) i mo-
3HaYeHHS B HLOMY),

P(R) = c+ D D Ny D) V(i )vs(k, ) exp(ik, -R),

s o=1 Js

i migcraBasaroun ii y Bupas ana AU, omepsxyemo [16, 17]:
AU = ﬂw(mcz + ZniA(ks)w(k)} :

e A(k,) — pmomarHiii KoedillieHT, AKMI BU3HAYAETHCA CHUMETPi€IO
HAACTPYKTypu. B ocTamHbOMY BHpasi migcyMOByBaHHSA BUKOHYETBHCS
0 3ipKax XBMJILOBMX BEeKTOPiB mepIiroi BpimaioeHoBoi 3omu.

3 ypaxyBaHHAM BUrAAny GyHKIiin posmoxiny P(R) (mzuB. BuUpasu
(4.1.4), (4.1.5)) roudirypalifiny BHYTPIIIIHIO €HEpTrii0 3PYUYHO 3allu-
caTu AK PO3KJAJL 3a KOOpAWHAIIMHMMU chepamu (y BUTJIALL KBajapa-
TUYHOI popMHU 3a mapaMeTpaMm majgeKoro mopsaaky) [16, 17]:

AU = Z(0)c* + Y. a0,
Z,s
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e W, — eHeprid «3MimmaHHa» («BIOPAIKYBaHHs») Ha Z-ili Koopnau-
HamiHii cdepi, a

a, = Y |A(Kk, )F exp(-ik, -R,).
s
TakuM YMHOM, BHYTPIIIHA eHepria cTomy € (yHKI[ioHAJIOM Ha

KJaci GpyHKIi po3momisy aToMiB mo BysJjax I'paTHHUIlI. SIKIMO HEXTy-
BaTU MOKJIMBICTIO YTBOPEHHSA MeXaHiYHOI CyMiIlli YMCTUX KOMIIOHEH-

w >0 w, <0
1 1
L1,
L1, L1, N 71
\ th 1 L1,
L1
L1
_ o um] M“. >
) 0 s
= Of L1, < ofF
" / , ,i’,ll aﬁ i
L1, o
L1,
L1,
L1 L1,
L1, 1 B L1, .
-1 0 1 -0,5 0 1 1,5
w,/w, w,y/w,
w,/w A w, >0I w,/w A w, <0 I
1,0
L1,
L1,
Do,,
-0,5
0
L1
DO22
le
DO
-1,0

Puc. Al. O6aacri sHaueHb IapaMeTpPiB MijKaTOMOBUX B3aeMOmill (w,/w; i ws/w,),
110 «3a0e3IeuyoThy HudbKoTeMIirepaTypuy (pu T = 0 K) crabiibHicTs HAACTPYK-
typ tuny (I'LTK) L1, (3Bepxy) i L1, (3HM3Y) misa gomaTHBOL (JiBopy4) i Bix’emHOL
(paBopyY) eHeprii «3MiIIanHA» B IEPIIiil KoOpAMHALiiHi# cdepi [16, 17]. dKup-
Hi JTiHIT 00MeKYIOTE 00/1acTi cTabiILHOCTH, 8 TOHK1— MeTacTabiIbHOCTH.
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TiB i/a60 pPisHUX HAACTPYKTYP, TO 3a HU3BKUX TEMIEPaTyp CTabilb-
HOIO0 Oyzme (haza 3 HaliMeHINOIO (MOPiBHAHO 3 iHIMMMHU (hasaMU TOTO XK
CKJIaIy) BHYTPIITHLOIO eHeprieio (ToO0To mpobiseMa cTabinbHOCTU (ha3u
3BOAUTHCA M0 3HAXOIKeHHA MiHiMymy il KoHQirypamifiHol BHYTPi-
IIHBOI eHeprii). PYHKIIiA Po3MOAiNy aTOMiB, KOTpa peasidye MiHiMym
KoHGpirypaiiiiHoi BHYTpPillIELOI eHeprii B meAKiit obmacTi sMinm ii ma-
pameTpiB (a HUMU € eHeprii «3MiIamHa» Ha PisHUX KOOPAMHAIIAHUX
chepax 3a HyJIHOBOI TeMIepaTypH, KOJU BCi mapaMeTpu JajeKoro IIo-
PAIKY OOPiBHIOIOTH OAUWHUILI), OHNHMCYE CTAOiIBHY CTPYKTYpPY 3a IIeB-
HUX 3HaueHb eHeprii «3mimanusa». Tomy HeoO0XiZHOI yMOBOIO icHY-
BaHHA JesdKol BmopAgkoBaHoi ¢asu f e [16, 17]:

f
> alw, <0,
Z,s

Ie 3HAK «MeHIe» BigHOCUTBbCA OO0 objacTu crabiabHOCTH abo MeTa-
cTabiIbHOCTH, a 3HAK «PiBHOCTM» BU3HAUa€ T'paHUIi0 posmany. lo-
cTaTHi yMOBU cTabibHOCTH MaioTh Buraan [16, 17]:

h
Z astZ’
Z,s

Za;swz <

cees
Z,s f
ZastZ’
Z,s
oe fi, fa2s «..» [, — BCi MOKJIUBi (pasu maHoi cTrexiomeTpii.

Ockinbku KoH(irypariiina eHepria e JiHifiHoio (GopMOI0 3HAUEHD

w,/w, A wl>0I w,/w, A w'{ol
1,5 \ 1,5
DO

DO 19

Posnan

Poanag

-0,5 1,5 wi/wl 0 2 wz/wl

Puc. A2. Te & came, 1[0 I Ha MONEPEIHHLOMY PUCYHKY, aje IJA HaICTPYK-
typu Tumny (I'IILIT) DO, [16, 17].
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eHepriii «3mimnmianHA» Ha PiBHUX KoopAuMHAIiiHUX cdepax, TO piB-
HaHHS Mik(asHux f—f,-rpanuns € rakum [16, 17]:

3 dlw, =0,
Z

(F-1) _ ro_ ok
Ie d, = Z(aZs aZS).

s

B po6orax [16, 17] came 3 ymoBu MiHiMymMy KoHGiryparifinoi BHY-

wl>OI w, <0
3

2M )
}.1-’ (100)

wy/w,
==

wg/w,

w,y/w, wy/w,

Puc. A3. Ob6nacrti 3HaueHb mapameTpiB MisKaTOMOBHX B3aeMoniyt (w,/w, i
ws/w,), M0 «3a0e3MeUy0Th» peaisaliro MiHiMyMmiB (3Bepxy) i HalilMeHIIIOTO
suaueHHsa (3uu3dy) Pyp’e-kommnonentu w(k) enepriit «amimanusa» [16, 17].
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TpilmHbOI eHeprii Oysao sHaiimeHo o6JiacTi cTabiILHOCTH BIOPSIAKOBA-
HUX PO3MOIiaiB aTomiB 3amimtenuda y Bysnaax I'IIK- i TIII-rparauns,
1o BiAmoBimaioTh HaxcTpykTypam tumy L1, Ll,, D0,y Ta meaxum
immumMm Hagcerpykrypam (L1;, L1ls, DO,,) 3i ckaagamu AB i AB;, B
OKOJIi HYJBOBOI TeMIlepaTypu, KOJU BCi mapaMeTpu IaJIEKOTO IIOPSAMI-
Ky IpamMyioTh no oxuHuii (pme. Al i A2); ma puc. A3 300paskeHO po-
3paxoBaHi umcesbHO B [16, 17] obxacti peanisamii mimimymis i Haii-
MeHIoro suavenusa Pyp’e-komnonentu w(k) eneprii «3mimmamass.

JJ1s 3pyYHOCTH TeOMETPUYHOrO IIPEeICTABICHHS MisirpaM cTabibHOC-
T (as (obJracreii peanisamii mimimymis i Halimenrroro suauenns w(k) ma
puc. A1-A3) aBTopu [16, 17] o6MekuImCcA TPHOMa KOOPAUHAITIMHUMU
chepaMu i B IKOCTH eHEPTeTUYHNX IIapPaMeTPiB MisKaTOMOBUX B3a€MOIiN
BUOpaAJM BimHOINIEHHSA eHepriil «3MimaHuA» («BIOPSIAKYBaHHs») B pis-
HUX KOOpAMHAIIMHUX chepax: wy/w, i ws/w;.

3asHaummo, 1110 aBTopu [16, 17] BKasyoOTh Ha HeaJeKBaTHICTL KPUTe-
pifo cTabiIbHOCTH HAACTPYKTYP, PO3IJISHYTOTO B poborax [13, 272]. Ilo-
PpiBHIOIOUM YMCEJIbHO PO3PaxOBaHi i mpeacTaBiieHi Ha puc. A3 obiacTi pe-
asisgarii mimiMmymiB i HafiMeHIIOTO 3HaUeHHs Pyp’e-KOMIIOHEHT eHeprii
«3Mmimanua» 3 obmacramu crabinbHocTu I'I[K-das Ha puc. Al, aBTopu
[16, 17] mokazanu, o Pyp’e-00pas3 eHeprii «3MilIaHHI» HEe MOKEe MaTU
MiHIMyM y BCiX TOUKax 00epHEHOIrO IIPOCTOPY, IO BiAIIOBiZalOTEH IIOJIO-
JKeHHAM HaJCTPYKTYPHUX BEKTOPiB, a HaBemenwil B [13, 272] Kpurepiii
cTabiTbHOCTY HAACTPYKTYP He € aHi HeoOXigHuM, aHi goctaTaiM [16, 17].

ITOTATOK B. BUPA3HU JIJI1 MATHETHOI EHTPOIIIL

3 mpaBmJ KBaHTYBaHHA JAJA cliHOBoro omeparopa $,(R) y Bumagky
S, = m BUILINBAE, IO y KoxkHOMY 3 N” BysiiB {R}, B AKuX posTaIio-
BaHi aToMu O, OPOEKIlia cuiny s;(R) Ha Bumimenuii manpamork (0z)
MosKke HaOyBaTum onmme 3 2m+ 1 BIAacHMX 3HAUYeHb 2Z-KOMIIOHEHTH 3a-
3HauyeHoro omeparopa: -m, —-m+1, ..., m—1, m.
3rigHo 3 3araJbHUM O3HAUEHHSIM €HTPOIIil

Shagn = EpInT s (B.1)
e l"“,‘nagn — cTaTHUCTUYHA Bara, TOOTO UMCJIO cIocobiB peasisallii, TaKkoro
IIPOCTOPOBOr0 po3moaisy N° HeB3acMOLilOUMX aTOMOBMX CIiHIB, pPo3-
ramoBaHux Ha N” Bysjax I'DATHHUIL, IPU SKOMY IIOBHA HaMarHeTOBA-
HicTb -0 migcucremu npu Temiepatrypi T € pikcoBaHOIO BEIUUYNHOIO —
gUsN’3,04(T) (& — dakTop JIAHIE CIIEKTPOCKOIIYHOTO POSIIEIIeHH, &
= 2; Lz — BopiB MarueToH). 3a 03HaUEHHAM BeJIMYUHA

m

[een = i i i Z ) ZS;(r)—N“sucm(T) ,(B.2)

sa®p)=—m siRy)=—m  s{R, )=—m siR g )=—m \re{R},
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nme 0(x) — meabTa-CHMBOJ, IPUUYOMY,

1, axigo x = 0;
o(x) =
0, axmio x # 0.

Bennunna Z s.(r) e cymoro BCix IIPOEKIIi#l cIiHiB Ha HAIPAMOK Ha-
re{R},

MAarHeTOBAHOCTH, IIOBHE B3HAUEHHsA AKOI € IIPOHOPIiHHNM TOOYTKY

N%3,04(T). KoxHa s cyma

m

)

sZ(R)=—-m

cKJIamaeTbea 3 2m + 1 gomaHKiB, 1o BigmosimaioTh sq(R)=-m, -m+1,
v, m—1, m.

BukopucroByioun iHTerpajbHe MOpeACcTaBJIeHHS OeJbTa-CUMBOJY,
nepenumiemo Bupas (B.2) y TakomMy BUTIIALII:

Bl Y 5,(r)-N%,0,(T)
re{R},

Mw=pel®® 3 5 0 % F -

T si®)—m si(Ry)=-m u(RNu71)=—m SR )=
83 (1)=3,0, (T) 17

j o] 3 e ) = j NwOge.  (B.3)
- re{R}, si(r)=—m 21t

IIpu omep:xkanui (B.3) TaKoK BUKOPUCTAHO Ty 0OCTaBUHY, IIIO

m

Z eie(sé(r)—saca(T)) _ e—iesaca(T) i eiesg(r) _

s&(@@)=—m si(r)=—m

1+ 2cos(0)+...+2cos(mb) Vm € N,

— e—les o, (T) 9 1
2cos(§J + ...+ 2cos(m0) V(m +Ej e N.

(N — MHOKWHA HATYyPaJbHUX UYNCE]); TAKUM UMHOM,

m

z eie(sé(r)—suca(T)) _

ss(r)=—m

-1+ 2sin™ (gj sin ((m + 1)9j cos(m 9] Vm e N,
_ e—iesacu(T) 2 2 2

-2+ 2sin™ (Ej sin [(Zm + 1)9) cos(m Ej ‘v’(m + 1} e N.
4 4 2 2

Benuuuna ,(0) y Bupasi (B.3) gopisaioe:
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W, (0) = —i0s,0, (T) +
In (—1 +2sin™ (gj sin ((m + I)QJ cos (m ED Vme N,
N 2 2 2
In (—2 +2sin™ (gj sin ((2m + 1)9J cos (m QD \ (m + 1) e N.
4 4 2 2

Ockinbku QyHKIIA Y (0) € ananiTuuHolO, i iHTEr'pan y npasiit uac-
uHi (B.3) MoXHaA 00UMCAMTH 3a METOHOI0 IepeBaly 3 aCUMIITOTHY-
HOIO TouHicTIO 3a 1/N* (konu N®>> 1), To6TO

1 +7 ye N
il I eV V®gg ~ N Va0
2n

—T

e 6, — TouKa IepeBaJly, Ky MOKHA BU3HAUUTU 3 YMOBU €KCTPEMY-
My: {dYu(0)/dB}—o, = 0. Taxum umHOM, S50 = EsN“Wa(8y).

Tak, Aaa MarHeTHOI €HTPOMii cucTeMu CIiHiB S, = 1/2, 1, 3/2 abo 2 (i
JuIlle IJIA HUX) BimoMmi s6xi aHadiTWuHi Bupasu (uepe3 piBHOBaKHi 3Ha-
YeHHA Oy), AKUX OyJI0 ONEP:KAHO CUCTEMATMYHUM UYWHOM 324 METOJOIO
nepeBay C. B. CemenoBcnbkoio i I'. Ingerom e y [13, 186, 88, 89]:

k. N l1+o0 l1-0
Y __ 5k % _ % .
Sz, = 5 [(1 + c%)ln[ 5 J+ a c%)ln[ 5 J],

Saen = BN, [ln(8—601 "‘2\/m)—(1+61)1n((51 +M)—
~(1-0y)In(2(1-0))];

sk - kBN% [ln(Z_% vz gy Z%)— Can},

magn

go_ 1
3(3 - 20)

G=4+(3-20)(7-200%), H =3/3(3-20J(4L -11)* + 4

iC= 03/23/2;

[2@—1+§/§(3/G+H+§/G—H)}

magn

St = kN, [IN(Z7 + 27 +1+ Z+ 2°) - {In Z],

e

U+V _, .

Z:i\/\/(UMVZ—UV+P(U+V+P))—

V2
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+%\/U+V— _1g-1

4¢-2’

_ 2 3 —27) + 3VBH,

- 32-0)
_ 32
—3(2_C)JC(5C ~27)-3V3H,

H =-5(° + 700" — 333(% + 540,

p_ 3¢ -100-3
12(C - 2)?

b
a Bignosigue { = 20,.

JTOJIATOK B. BIIJIUB TUCKY HA KOPEJISAIINHI E®GEKTH B
CTOITAX, IO BIIOPAJKOBYIOTBCSA

B posraaHyTMx BuIlle po3paxyHKax HE BPaXOBYBAJIUCSA KOPeJaIliiimi
edeKkTHu B cronax. Bimomo, ogHAK, IO IPU JOCTIIKEHHI TeaKUX 0CO0IM-
BOCTel BIIOPSAAKYBaHHSA CTOHIB [7] BpaxyBaHHA KOPEJIAIil Mae CyTTEBe
sHaueHHs. Tak, HAIPUKJIAA, BpaxXyBaHHSA KOPEJAIlil JO3BOJIMIIO OfepsKa-
T1 BipHUH pin ¢asoBoro nmeperBopeHH:A aasa crony CuAu [2, 303]. IIpu
BU3HAUEHHI BUAY AisirpaM CTaHY CTOIIiB, IO BIOPSAKOBYIOTHLCS, TOOTO
BUny KpuBux Tx(c), BpaxyBaHHSA KOPEJAIil IIPU3BEJIO 10 CTUCHEHHS ITUX
KPUBUX B HAIIPAMKY J0 C€PEeIHBOI YACTUHU AiATPaMU, TOOTO A0 HEMOK-
JUBOCTHY BIIOPAAKYBAHHSA CTOIIiB 3 MAJIOI0 KOHIIEHTPAITi€l0 KOMIIOHEHTIB.
3SHaUYHMH BILJIUB KOPEJIAIid YMHUTH HA BeJIMYNHY CTPUOKA AT ITapameTpa
IaJIeKoro MOPAIKY IIPU (Pa30BUX MEePETBOPEHHAX MEPIIIOro Poay, IoKpa-
IIyIoUM AKiCHe y3roAKeHHs Teopii 3 ekcrepuMeHnToM [2].

IleBHa piu, BpaxyBaHHSA KopeJdAllili HeoOXifHe IPH AOCTiMKEHHI
0JIM3BKOTO MOPAAKY (0COOJMBO B HEYHOPSAKOBAHOMY CTaHi CTOITy, ne
JOPiBHIOIOTH HYJIIO IIapaMeTPU IaJIeKOT0 MOPSAAKY, a OJM3bKHUU IOps-
IOK BUSHAYAETHCA JUIIIE KOpPeJAIlie). 3 iHImoro 00Ky, pAx 0cobJIm-
BOCTEM IIPOIleCiB yHOPSAAKYBAHHS CTOIIIB MOXKe OyTH 3pos3yMmiaum i
0e3 BpaxyBaHHSA KOpeJAIii, Ipu4YoMy, OJep:KaHO SIKiCHO Hemorame
YSTOMKEeHHS 3 eKCIIepUMEeHTAJIbHUMU JaHUMU.

Hnsa 3’sicyBaHHS POJIi KOpeJAllili mpu OOCHimKeHHi BILINBY THUCKY
Ha BIOPAJKYBAHHA CTOIIIB MOKHa CKOPUCTATUCS KBAa3WXEMiUHOIO Me-
TOMOI0, K Ile OyJsio 3pobieno ajasa cromiB 3 OIlK-rparuuneio Tuny -
aaryHi [373] (zuB. Takox [2]). Kopenamiro B cTomi MoKHA xapakxTe-
pu3yBaTH mapaMeTpoM KopeJssarii [2, 373]

g=P -PVP?, (B.1)
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ne P? — iimoBipHicTb TOrO, 110 y BY3JIi HEpIIOro TUIY 3HAXOIUTHCA
aToM copTy A, a y Byaai apyroro tuny — atom copty B; P{" i P’ — an-
piopHi iMOBipHOCTI 3aMiIlleHHA BY3JIiB MePIIOTO ¥ APYyroro TUMIIB aTo-
MaMu copTiB A i B BigmoBigHOo. BuOupaoun B SKOCTIi KBA3UMOJEKYJIb
mapu HaHOJIMIKUMX aTOMiB, MOKHA CKOPHCTATHCS BiJOMHM BHPa30M
IS BimbHOL eHeprii F cTony B KBasuxeMiuHiM HabIMMKeHHi Teopii BIo-
PASKYBaHHA. 3alNUCYIOUYN BifcTaHb 7, MiK HaHOJIMMKUMMMN aATOMAMU
CTOITYy JAHOTO CKJany y Buraazni r; = r1(0) — Ary, ne Ar, — 3mina ry, CIpu-
YUHEeHAa BIOPAAKYBAHHAM i THCKOM, MOKHA BUPA3UTH, IK IIe POOMJIOCS
BUIIEe, eHeprii mapuoi BzaeMoxii i 06’em cromy V uepes Ar; Ta ofgepKaTu
Bupas aua I i66coBoro TepMoguHaMiuHOro HoTeHniAny AG = AF + pV.
YMoBamMu piBHOBaru B CTOIL OyayTh HacTymHi piBHanHsa [2, 373]:

NG _ G NG _
oAr, om0

0. (B.2)

ITepimre 3 HUX Ma€ 3aIeKHICTh HAMOIMIK YOI BifcTaHi MisK aTomamu ry Bin
mapaMeTpa JaJIeKOTO MOPAIKY 1|, HapaMeTpa Kopesdlii € i Tucky p. Iu-
1Ii 1Ba piBHAHHA BU3HAUYAIOTh PiBHOBAaYKHI 3HAuUeHHA 1 i € 3a nanux T i
p, IpUYOMY JJid OyAb-AKUX cKiHueHHUX T icHye pos3B’a3ok N =0, € # 0.
Ilpu sHM:KeHHI Temmneparypu (HuKue Tj) 3 ABIAETBCA APYTUM
po3B’a30k 1nux piBHaHb 3 M # 0. IIpu T < T BiH Binnosigae minimymy G,
TOMi AK mepIuii po3s’A30K (N = 0) — MakcuMyMy i He peasisyeThed, AK
i B Teopii, me He Bpax0OBY€ETHCA KOPEIAIisa i Tuck [2, 373].

Hocaimkyioun pieaanus (B.2), moxHa 3pobuTtu pajg BucHOBKiB. Take
JIocaimpKeHHs mpoBaguiaocs B pobori [373] s OILK-rparuuni tumy -
aaryni. BinbirticTs 38 ogepskanux B [373] BUCHOBKIB aHAIOTiUHI BUCHOB-
KaM, II0 OJlepsKaHi B MOJesaX, To0yAoBaHNX 0e3 BpaXyBaHHSI KOPEJIs-
ii [803, 313]. Lle mokasye, 1[0 OCHOBHI 0COGJIMBOCTi BILIMBY THUCKY Ha
BIIOPANKYBAHHA CTOIIB MOKYTh OyTHU OJlepsKaHi BiKe B TAKOMY CIIPOIIe-
HOMY Mojed0. BaskauBumu pesyiabrataMu B [373] € cTuCHEHHA AiArpa-
MU CTaHy, To0TO KpuBoi T'x(c) mo mpamoi ¢ =1/2 (a gaa ' K-cromis L1,-
tuny i I'IIIII-ctoniB DO0,,-Tuy, HameBHe, n0 mpamoi ¢ = 1/4) i moasa
cTpubKa mapamMeTpa Kopesdallii A€ B TouIli ()a3oBOTo epeTBOPEHHS Jia[—
OesJiaz mepIioro poay (KoJiu mapaMeTpy MOJAEJIO M TUCK TaKi, 1o 11e me-
PETBOPEHHS € mepexomoM Iiepiioro poxay) [2, 373]. BeauuuHa 1n0oro
cTpubKa, K i cTpuOKa mapaMerpa AaJeKoro MopAaKY AN, BUABIAETbCA
3aJIe’KHOIO Big Tucky [2, 373].
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