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BCTYII

AKTYaJIbHICTh TeMH J0CJiIKeHHs1. BioMo, 110 BIaCTUBOCTI 3MIMIAHUX KpPHUC-
taniB [1] BU3HAYAIOTHCS HE JIMIIEC KUTbKICHAM CKJIaJIOM KOMITOHEHTIB, ajie 1 pO3Mo/Ii-
JIOM aTOMiB 0 BY3JaX KPHCTAIIYHOI IpaTHMIL.® B3aeMois MiK aToMamu Pi3HOTO
COPTY B MPOILIECT POCTY MPUBOJIUTH J0 BIAXUIIIB BI1J IX BUMAJAKOBOT'O PO3IOALITY 1 BU-
HUKHEHHIO OJTM3BKOTO (KOpesllis) ado JaJeKOTo MOPSAKIB. 3MiHU CTYMHEHS JTOCKO-
HAJIOCTU KPUCTAIIYHOI I'PaTHMIN, MOB’sI3aHl 3 MpollecaMu OJM3bKOTO0 YM JaJIEKOro
BIIOPSAKYBaHb aTOMIB y CTOIIAaX, IOMITHO BIUIMBAIOTh HA iX BIACTHBOCTI: CTPYKTYpHI,
MEXaHI4YH1, TEIJIOBI, €JIEKTPUYHI, MAarHeTHI W ONTHYHI, TOMY IpPH BIOPSAIKYBAHHI
MO’KHa o/iepKaTh Hallp BIACTUBOCTEH, 10 ONTHUMAJIBHO MOEAHY€E, HAIPUKIIAJ, HU3b-
KMl €JIeKTPOOIIip, BUCOKY MIIHICTh, HEOOX1JJHI MAarHeTHI Ta ONTUYHI XapaKTepUCTHU-
ku [2]. 3acTocyBaHHS BHOPSIKOBAHUX CTOIIB Y SKOCTH (DYHKI[IOHATBHUX YM KOHC-
TPYKI[IHHUX MaTEPIsUTB € MPUBAOIUBUM TOMY, II0 3MIHOIO CTYIICHS BIIOPSIIKOBAHOC-
TH (ITapaMeTpa aTOMOBOTO MOPSAAKY) MOXKHA PEryJItoBaTH THM HabOpOM SIKOCTEN Ma-
TepistaiB. s CTBOpEHHS K HEOOXiTHUX (PIBHOBAXHUX UM METAacTaOLIbHUX abo B3a-
rajii HepiBHOBRXHUX) CTaHIB PO3IMOJLUTY aTOMIB BUKOPHCTOBYIOTHCS Pi3HI BUIM 00-
pPOOKHM MaTepisiliB Ta YNHHUKH HA HUX, 30KpeMa 30BHIIIHIN (Ha1)BUCOKUH THCK [3, 4].

Kpim cyTo Merano3naBuux 3ajad, Ipu JTOCHTIIKEHHI aTOMOBOTO BIOPSIKYBaHHS
BUHUKAIOTh MUTAHHS, BaXJIMBI JUIsl PO3YMIHHS (PYHIAMEHTAIbHUX ACMEKTIB (DI3UKU
TBepAoro Tina. [IpoTsrom 6araTboX ACCATHIITH BUKOHYBAIUCS AOCHIKeHHs (OiHAp-
HUX) CTOMIB. Y YHUCIEHHUX POoOOTaX BUBYAIUCS TUMH BIOPSAKOBAHUX KPUCTATIYHUX
CTPYKTYp, TOUYKU (Da30BUX MEpPETBOPEHb, 00J1acTi cTabuIbHOCTH (a3, mepexoau BiA
JTAJIEKOTO TIOPSJIKY IO CYyTO OJM3BKOTO ¥ HaBIAKW, BIUIMB (HE)PIBHOBAXKHHUX CTaHIB,
0 peanizyloThes Mpu (a30BUX MEPETBOPEHHSIX TUITY Jiaa—0e€3/1a], Ha BJIACTUBOCTI
MarepisiB [2]. JocmimkyBanucs neski mpodiieMu KIHETHKU BIOPSIKYBaHHS, a Ta-
KOXX BIUIMB YIOPSIKYBAaHHS Ha €BOJIIOIIIO BJIACTHBOCTEW MatepisutiB. [IpoGremam

aTOMOBOTO TIOPSIIKY CTOIIB MPUCBAYCHO O6arato MoHorpadiit i ornsaiB [2—31] (quB.

* 3acrocoByemo «xapkiBebkuity mpasomc: [IpaBomucHuii cnoBruk: bimsbko 40000 cir. / T'. K. Tonockesnd (13-¢ BHIL).
— Kwuis: Yuis. Bua-so [IYJIbCAPH, 2006. — 464 c.; YKpaiHCbKO-aHTTIHCHKO-HIMEIIPKO-POCIACHKUI CIIOBHUK (hi3HIHOL
nexcuku: bing 30000 nexcem / B. Kosuperkuii, B. Illenneposerkuii. — Kuis: Bunasuunrso «Pana», 1996. — 934 c.
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TaKOXX MOCHJIAHHS B [2]), 110 y3arajabHIOIOTH MOMEpPEeaHl TEOPETUUHI i eKCIIepUMEH-
TaJbHI JOCHIKEHHS MPUPOIHU IIHOTO SIBUINA, 010110Tpadis AKUX cArae NeKUIbKOX TH-
csu myouikamii. IIpore, unmano ocobmuBocTel $ha30BOT0 MEepeTBOPEHHS THUITY JIaJl—
0e37aa 3aMIIINCS He3 ICOBAaHUMH HaJIeKHUM 4YMHOM. HasBHI B 11ili Tamy3i mpo-
0JieMH 3HAXOJISATh CBOE B1JIOOPa)KEHHS B TiM, 1110 Hapa3i 0araTo 3HaHMX HAYKOBHX KO-
JIEKTUBIB Y CBITI IPOJIOBKYIOTh JIOCJIJIKEHHSI CTOITIB 3 PI3HUM CTYIIEHEM TOPSIAKY B
HuX. TpamuiiitHo ¢$a30Bi CIIBBITHOIICHHS, TTOBEAIHKA CTaHy Jany (0e3nanay) i KiHe-
TUKa BIOPSAJIKYBAHHS CTOITY PO3TJISJAIOTHCS B SIKOCTI 3QJIEKHUX B TEMIEpaTypH i
KOHIIEHTpallii KoMnoHeHTiB. [IpoTe € JoCiI>KeHHs, 0 BKa3ylOTh Ha CYTTEBY 3aje-
KHICTb IMPOILIECIB BIOPSAKYBAaHHA B 0ararb0X 3MIIIAHUX TBEPAMX TUIAX SK Bl TEM-
neparypu, CKiaay, MarHeTHUX XapaKTepUCTHK, Tak 1 Big THUCKY. L{imkom mpupoaHo,
LI€ CTOCYEThCS 1 IMUMOMHHUX HaAp 3€Mill, a caMe, il BHYTPIIIHbOIO SApa — HAWOLIb-
IIOr0 KpPUCTAly B 3€MHUX yMOBax. |'0JIOBHOIO pEYOBMHOIO y BHYTpIIIHIA YacTHHI
sapa 3emuti € cron Fe—Ni 3 konnerTpartiero Ni y = 5-15% [32—-34]. Brim i1 HasiBHICTb
B SIAp1 JUISTHOK 3 1HIIMMU (HE 1HBAPHUMM) 3aJT130HIKJICBUMU KOHIIEHTPAIIISIMU HE 3a-
nepeuyerbess. Hatomicts 3a pospaxynkamu O. €. Kpacoscwkoro [35], mpuHaimHi,
OJIUH CPEepUYHUN MPOIIAPOK BHYTPIMIHBOTO siipa 3emil Moxke micTutu Ni—Fe-crom
nepMaionoBOTO XeMiuHoro ckiany Tuny NigFe B ekcTpeManabHO CTHCHYTOMY CTaHi.
BuBueHHS enekTpoHHMX i MarHeTHUX [35-37], nmpyxHix 1 Tepmiunux [38] BracTuBo-
CTEH, a TaKOX CTPYKTYpPHO-(a30BUX MEPETBOPEHB THUITY Jiag—Oe3nan B cTomnax Ni—Fe
32 BUCOKHMX THCKIB 1 TEMIIEpATyp € TAKOK BIAMPABHOI TOYKOIO ISl TOCSITHEHHS PO-
3yMIHHSI IPUPOIH siapa 3emii Ta 11 rmOuH B 1ioMy. ExcriepuiMenTanbHi nani [39—
43] BKa3ylTh Ha Te, 0 B MIUPOKUX IHTEpBaAIaxX TEMIEPaTyp W THCKIB, IO BiAMOBI-
JA0Th EKCTPEMAIbHUM YMOBaM B siipi 3emili, CTPYKTypa 3eMHOTO SiApa CKIATaeThCs
3 I'IK- i I'IIIT-monudikariii Fe—Ni-ctomis. Lle ciayrysano 101aTKOBOK MOTHBAIIIEO
PO3IIISIHYTH TEPMOJIMHAMIKY Ta KIHETUKY aTOMOBOIo nopsiaky a3z tumy L1, 1 DOjg Ha
ocHoBi muibHONakoBauux ['LIK- 1 ['I{II-rpatauib, BiANOBIAHO, MEpUI 32 BCE, KPi3b
MIPU3MY MOXJIMBOCTH iX YTBOpeHHS B cTomax Fe—Ni 3a BUCOKMX THCKIB 1 TeMIiepa-
Typ. 1o TOro x st OLIBIIOI CTPOTOCTH Ta KOPEKTHOCTU B MOOYAOBI CTATUCTHUYHO-

TEPMOAMHAMIYHOTO 1 KIHETUYHOTO MOJEIIB CIiji BPaXOBYBAaTH B3a€EMO/III0 YCIX aTo-



MIB CUCTEMHU, a HE JIHIIE HAHOIMKUNX CYCIAHIX, K 1€ 0YyJ10 3p00JIeHO B MOHEPCHKUX
TeopeTHuHUX podoTax 3 ynmopsakyBanHs [ T[K-da3 3amimenns mig trckom O. K. Ka-
HiokH, B. I. PmwxkoBa, B. B. T'eituenka it A. A. CmupHoBa [4, 9, 44-52]. KopekTHuii
BUKJIaJ] CTATUCTHYHO-TepMoauHamiunoro moaemo g ['III-cromy 3 atTomoBUM T10-
psankom tury D09 € HEOOXITHUM HE JIUIIE 3a YMOBU NepeOyBaHHS CTOMY i THUC-
KOM, a i 3a HYyJbOBOTO THCKY, OCKUJIBKU B JITEpaTypl OYEBUAHUMU € MPOTATUHU Y
JaHOMY TUTaHHI: IS oJepKaHuX B poOoTi [53] dyHKIIIH aTOMOBOTO PO3MOILTY IS
HaacTpyktyp 3 ['III-rpatauiiero He Oy0 OOUUCICHO apaMeTpu J1ajJeKoro MopsiaKy,
a (PyHKIIIT IPOCTOPOBOTO PO3MOALTY aTOMIB sl HAACTPYKTypu D019, 1110 MiCTATBCS Yy
poborax [18, 54, 55], sk 1 300pakeHHs 1€l HAICTPYKTYpHU B KHU31 [56], € B3arami xu-
OHMMHU, HE 3Ba)KAIOUU Ha BIPHICTh BKa3aHUX TaM (B [56]) koopauHaT aToMOBOTO po3-
MO/ITy BKa3aHl BIpHO. BIUTKB e THCKY Ha KIHETUKY Aanekoro nopsaky tumy I'IK-
L1, uu 'III1-DO04g HE mocTimKyBaBCs paHillie B3arali.

MOoIMBICTh YHPaBIIIHHS MPOLIECOM YHOPSAKYBAaHHS 4d, IPUHANMHI, KOpesLii
y IPOCTOPOBOMY PO3MOJLII JOMIIIKOBHX aTOMIB (200 aJaTOMIB YW BaKaHCIM) BIIK-
pUBa€ NOJATKOBI MOXKIIMBOCTI ¥ Il BAKOPUCTAHHS HAHOPO3MIPHUX TBEPAUX PO3UH-
HIB, 30KpeMa, Ha rpadeHOBIil OCHOBI, sIK1 Hapa3l BaOIATh yBary (pi3ukiB, XeMiKiB, Ma-
TEPISIIO3HABIIIB CBOEIO MEPCIIEKTUBHICTIO BUKOpUCTaHHs. Ha rpadeHoBiit oCHOBI Bxke
CTBOPEHO HAJIUYTIUBI CEHCOPH, MIHISTIOPHI KOHJEHCATOPU BUCOKOI EMHOCTH, IIBHU/I-
KOJIIHI €JIEMEHTH €HEProHe3aJie’KHOi NaM’sITU HOBOIO MOKOJIIHHS, MOIYJISTOPU BU-
MPOMIHIOBaHHS, ITPO30Pi CEHCOPHI ekpanu [57]. OOHaaIIMBUMU € CIPOOH 3aCTOCY-
BaHHA rpa)eHy B MEIUIMHI MIPH JIKyBaHHI PAaKOBUX MyXJIMH. BTIM Ha mepemko/ii mno-
AB1 CepiitHMX rpa)€HOBUX MOJIBOBUX TPAH3UCTOPIB, 110 MOMIU O y MEpPCHEKTUB] Ma-
COBO 3aMIHUTH KPEMHINOBI, CTOITh BICYTHICTh Y YUCTOMY Tpad)eHi 3a00pOHEHO1 30-
HU, 1[0 pOOUTH HOTO BOJBT-aMIEPHY XapaKTEPUCTHKY CUMETPUIHOIO BiTHOCHO HYIIS
HaIMpyTH 1 YCKIAAHIOE OJIep KaHHs JBOX CTaHIB, CMIBBIIHECEHUX 10 JOTigHOTO «0» Ta
«1». 3abopoHeHy 30HY B rpadeHi HamararoTbCs 1HAYKYBaTH Ha Pi3HUI cnocid, Ha-
NPUKJIaJA, BBOASYM KOHTPOJIbOBaHI Ae(EKTH, 30KpeMa, JTOMIIIKOBI (a])aToMH, BaKaH-
cii Ta X KoMmriekcu. JlocmiKeHHs X BIUTMBY KOH(QITypalliid 1e(eKTiB Ha PO3CIsSHHSA

PI3HOTO POAY XBWJIb (30KpeMa, eJIEKTPOHHHUX) OYJI0O MOTUBOBAHO HE JIMIIE TPaJUIIis-
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MU 3arnodaTkoBaHuMu A. A. CMUPHOBUM B PIAHOMY JUIsl AMCEpTaHTa BIIAUIL TeOpii
TBepAoro Tina i mpogorkennMu B. b. MononkinuM. B HemonaBHii ekcriepuMeHTa-
JbHIN po60TI [58] 301IbIIIeHHS MPOBIIHOCTH rpadeHy, H0MOBaHOTO KalieM, Oyio 1o-
SICHEHO TIABHUILEHHSM KOPEJIAIIl B MPOCTOPOBOMY PO3MOALIL aacopooBanux HoHiB K.
e Oyno maiike CHHXPOHHO miaTBepmkeHo B [59], a Takox B [60], aHamiTHYHHUMH pe-
3ynapTaraMu B paMkax bonbliManHoBoro migxony B bopHoBomy HaOmwkeHHi. Tox,
MocTaja 3a/aa4a IePeBIPUTH Ta MOPIBHATH PE3YJIbTATH HAIIBKIACHYHUX aHAJITHIHUX
HAOJMMKEHb 3 BUCOKOTOYHUMH YHMCEIIbBHUMH po3paxyHkamu. [IpoTe, 3aXOnMBIIKCH,
JUCEPTAHT MIIIOB AaJll 1 OKPIM KOPEJALIi TOYKOBHUX Je(PEKTIB pO3IISHYB 1€ i BUIIa-
IKU iX yIOPSAKYBaHHS, OPIEHTALIMHY KOPEJSLII0 JIIHIMHUX Ne(EeKTIB, a TaKoXK Hau-
PEATICTUYHINIMKA BUIMAIOK OJHOYACHOI HAABHOCTHU B rpadeHi 000X TUIiB Ie(eKTiB.
SIk mokaszaB Yac, TaKe «TEOPETUYHE)» 3aXOIUICHHS BUSBIIIOCS HE JapeMHHUM. AJDKe,
SKIIO HASBHICTh KOPEJAIl B MPOCTOPOBOMY po3mojiii amaromiB Kamito B rpadeni
BIiepIie Oys0 BUSABICHO ekcriepuMeHTanbHo B 2011 p. [58], kopensiiito atomiB 3ami-
mierHss Hitporeny O6aunnm B exkcriepuMenTi B 2012 p. [61], opieHTaIiliHy KOPEIISIIiIO
OJTHOBUMIPHUX JE€(PEKTIB, TAKUX SIK HAHOOPHIK1, aTOMOB1 CXOJAMHKHU 1 T€pacH, BIIEpIIe
croctepiranu tex y 2012 p. [62, 63] Ta miznime B 2015 p. [64], To BHopsiakoBaHi
HAJCTPYKTYypU TOYKOBUX NedexTiB (amatomiB ['imporeny) Ha moBepxHi rpadeHy BH-
SIBUJTH €KCIIEPUMEHTAIIbHO 30BCiM HemoaaBHo — y 2015 p. [65].

He 3Baxkaroum Ha OUIBII HIK JACCATWIITHIN Mepiol 3 Yacy BIAKPUTTS rpadeHy
[66], #oro mepcrekTUBHICTH, @ TOMY ¥ CBITOBY HOMYJISIPHICTH K 00’€KTa TOCII-
JUKEHb, B YKpaiHi rpad)€HOBOI0 TEMATUKOIO 3aMAarOThCS MOKU 1110 OJAMHUIIl BUCHHX,
BTIM iX BHECOK y rpadeHoBy (i3uky € nomitHui. llle nanpuxinui 1980-x pokis B. T'.
JInTOBYEHKOM 3 KOJIeTaMH JOCIIKyBajacs MmosiBa 3a00pOHEHOI 30HU B JehopmoBa-
HUX YJIbTPATOHKUX IpadiTOBUX IUIBKAX, AKUX TEMep MPUUHATO PO3IIIAIATH K Oara-
tomapoBuii rpaden [67]. ¥V 2005 p. B. I1. T'ycunin i C. I'. [llapamnoB nepeadaunu
HE3BUYAWHUHN MIIOYUCIOBHIA KBaHTOBHI ['oimiB edekt mis rpadeny [68]. Excriepu-
MEHTaJIbHE MiATBEppKEeHHS 1boro edekry [69, 70] crano npsMum go0ka3om 6e3maco-
BOTO XapakTepy eNneKTpoHiB 1 nipok y rpadeni. Takox B. I1. I'ycunin 1 C. I'. llapa-

OB TEOPETHUYHO MepeadadyriIi HU3KY 1HIIUX BaxKuBHX edekTiB [71-83], siki 30kpe-


http://uk.wikipedia.org/wiki/%D0%9A%D0%B2%D0%B0%D0%BD%D1%82%D0%BE%D0%B2%D0%B8%D0%B9_%D0%B5%D1%84%D0%B5%D0%BA%D1%82_%D0%A5%D0%BE%D0%BB%D0%BB%D0%B0_%D0%B2_%D0%B3%D1%80%D0%B0%D1%84%D0%B5%D0%BD%D1%96

Ma MOXYTh MAaTH 3aCTOCYBaHHS B ONTOEIEKTPOHHUX MPUCTPOSX HA OCHOBI rpadeHy.
B. M. JlokreB i 0. B. CkpunHuk, qoCmiKy049n 1edeKTHHIA (IOMIIKOBUi) rpadeH
[84-93], mepenbaurmiim peKOHCTPYKI[iIO HOTr0 30HHOIO CIEKTPY Ta IMOSIBY B HbOMY
enepretryunoi minuHu. @. T. Backko Ta M. B. Crpixa € (cniB)aBTOpaMu HU3KH pOOIT
[94-103] 3 ¢di3uku HepiBHOBaXKHUX HOCITB y rpadeni. M. B. Ctpixa gociimpkyBaB Ta-
KOX SIBUIA, 110 BIJIKPUBAIOTH MOXJIMBICTH CTBOPEHHSI IIBHJKOJIMHOI €HEproHe3a-
JISKHOT MaM AT Ta 0ICTaOLIPHUX ONTUYHHUX CHCTEM 1 MOAYJISATOPIB BUIPOMIHEHHS
1H(ppauepBOHOTO JiAMa30Hy Ha OCHOBI Irpad)eHy Ha CETHETOCICKTPUYHOMY ITiIIOMNKAKI]
[104-111]. OctaHHIM YacoM pe3yJbTaTH JOCHIPKCHb EJICKTPOHHOI CTPYKTYypH M
TpaHcnopty B rpadeni 3 gomimkamu Cr i N 3Halum cBoe BigoOpakeHHs B poOOTax
[112, 113] C. I1. Penenibkoro 3 y4HsIMH Ta KOJICTaMH.

OTxe, 3ycHJlUIs 711 BUBUEHHS JJAHUX MUTaHb € Hapa3l HE JIUIIEe aKTyalbHUMHU, a
i, HA TyMKYy JUCEPTaHTa, B3arajil MoTpeOyroTh 1ie OuIbinoi notyru. s toro mob
HOBHOIO MIPOI0 BUKOPUCTOBYBATH BC1 MOXJIMBOCTI 3aCTOCYBaHHS TBEPJAUX PO3UMHIB
(B TOMy 4HCHl 3 HAHOMACIITAOHOIO CTPYKTYPOIO) B Mpuiiafax, HEOOX1AHO MaTH Hail-
OuIbII TOBHY 1H(OPMAITIO SIK TIPO €peKTH BILUIMBY aTOMOBOTO BIOPSAKYBAaHHS Ha 1X
BJIACTUBOCTI, TaK 1 PO BIUIMB HA CaMe BIOPSAKYBaHHS 30BHIIIHIX YAHHHUKIB, 30Kpe-
Ma, 30BHIIMIHKOTO (HAJ)BUCOKOTO THUCKY, SIK 3a3Hadayiocs Buile. CaMe TaKHMl ITiIxif
CIPHUSATHUME PO3POOII METOJIUK TOAATKOBOTO PETYIIOBAHHS BJIACTUBOCTEH MaTEPIsIiB.

38’5130k po00OTH 3 HAYKOBHMM IpOorpamMaMu, IJIaHaMH, TeMaMu. [[ucepra-
1[I0 BUKOHAHO Yy BiyIum Teopii TBepaoro Tija (Ne 06) Inctutyty Metanodi3uku iMm.
I'. B. KypatomoBa HAH Vkpainu sk yactuny KommiekcHoi nporpamu pyHaameHTa-
JBHUX JNOCHIKeHb «HaHOCTpYKTYpHI cuCTeMH, HaHOMAaTepiajid, HAaHOTEXHOJOTI»
HAH VYkpainu 3a Temoro Ne 29/05-H (06) Ta HaykoBO-I0CTIIHUX POOIT i3 HACTYIMHUX
BijoMYHX (TOIIYKOBO-TIPUKIANHUX) TeM Biaainy: «Edextn audy3Horo po3cisiHHS B
TUHAMIYHIN qudpakiii Ta J1arHOCTUIl HAHOPO3MIPHUX ACPEKTIB y KPUCTAIAaX Ta BU-
pobax HaHOTEeXHOJOTIHY (mepxkpeectpariiauii Ne 0105U000183, 20062007 pp.),
«®D13UKO-TEXHOJOT1YHI OCHOBU CTBOPEHHSI HOBUX METAJIEBUX MaTepialiiB 3 METOIO I1i-
necnpsiMmoBaHoro ¢GopMmyBaHHS iX (Pi3uKo-MexaHIYHUX BiactuBoctei» (eram 2008

POKY), «3aKOHOMIPHOCTI aTOMHOI 1 €JIEKTPOHHOI OYJI0BM METaJeBUX CHUCTEM Ta ix
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BIUTUB Ha (OpMYBaHHS (P13MKO-XEMIYHHUX Ta MEXaHIYHUX BIACTHBOCTEH MaTepialliB
tst ToTped cydyacHoi TexHikm» (eTam 2009 poky), «HoBI migxomu, METOIU Ta TIPUH-
IIUITHA paJIUKAJIBLHOTO MiABUIICHHS HAa OCHOBI €()EeKTIB OaraToKpaTHOCTI PO3CISIHHS Uy-
TIUBOCTI Ta 1HGOPMATUBHOCTI AU(PPaKUIHHUX JOCTIKEHb (PYHKIIOHATBHUX MaTepi-
amiB» (2013-2017 pp.). 1o Toro x pi3Hi YaCTUHU AMCEPTAIIiHOT pOOOTH BUKOHYBa-
JIUCh TaKOX B paMKaxX PI3HMX HAyKOBO-AOCIIJIHMIILKMX POOIT, MPOEKTIB, IPAHTIB Ta
cruneraid. Cepen Hux — Peinterpauiiinuii rpant HATO (NATO RIG 981326,
20052007 pp.), crunenmis BcecBitHboi denepamii Buenux (WFS) 3a HampsiMmom
«I[moGanpuuii MoHiTOpHHT [T1aHeTH — 3eMyIeTpyCcH» s MOJIOUX HaykoBiiB (2006—
2007 pp.), ctunieniisi KuiBCbKOro MichbKOro rojoBH JiJisi 00japoBaHOi MOJIOAl (CBi10-
o Ne 30 Big 24.07.2007 p.), npoextu HJIP mononux Buennx HAH Ykpainu (zo-
roBopu NeNe 417/30.07, 41/30.08, 61/30-09, 61'/30-10, 2007-2010 pp.), ykpaiHChKO-
MOJIbCHKUIM JTOCTITHUIIBKAN TIPOEKT B paMkax criBpoOiTHuiTBa Mbk HAH VYkpainu
ta [lonbchkoro akagemiero Hayk Ha 2015-2017 pp. (posnopsypkerHs Ne 793 Bin
15.12.2004 p.). YactuHa pe3ynbTaTiB aucepTailii Oyio OAep:KaHO IMiJl 4ac JOCHi-
JDKEHBb TIPOBEICHHUX JIUCEPTAHTOM B Jiaboparopii (pi3uku Ta Marepissio3HaBcTBa Py-
aHcpkoro yHiBepcurtery (M. Pyan, ®@panuis, 2003—2004 pp.) B paMKax HayKOBOI'O
npoekTy «YucenbHi po3paxyHKu (pa3zoBUX JiArpaM Ta KIHETUYHHX MPOIECIB Y CHC-
Temax Ha ocHOBi TI—Aly, y I'eoinctutyTi npu baiipoiitcbkoMmy yHiBepcuteTi (M. baii-
poiit, Himeyunna, kBiTeHb—TpaBeHb 2008 p.), a Takox y BiIAUII TBEPAOTLUIHHOI €IeK-
TpoHiku Jlinueninrcekoro yHiBepcutety (M. Hoppueninr, lsemis, 2010-2012 pp.) B
paMKax HayKOBOTO MPOEKTy «BuBUYeHHS Tpad)eHOBHX €JICKTPOHHHUX 1 TPAHCTIOPTHHUX
BJIACTUBOCTEN».

MeTow aociaigxKeHb B paMKax JHCEpTaIliiHOI poOOTH OyB PO3BHUTOK TeOpii
BIIOPSIJIKYBaHHS CTPYKTYPH KPUCTAIIB 3 TOUKOBUMHM Ta/a00 JIHIHHUMU AeheKTaMU SIK
OTIOCEPEIKOBYIOUOI0 MEXaHI3My BIUIMBY Ha IXHI BJACTHBOCTI. MeXaHi3M BHU3HAUEHO
SIK OMOCEPEAKOBYIOUYHMIA TOMY, IO JAOCTIKyBanucs, mo-mnepiuae (1), BIUIIUB MEBHOTO
30BHIIIHBOTO0 YHHHUKA HA CTPYKTYPHHU MOPSIOK, a mo-Apyre (2), — BIUIMB OCTaH-
HBOTO (CE0TO BIOPSAKYBAHHS) HA MEBHI BIACTHUBOCTI PO3TISAyBaHUX MatepisuiiB. B

SIKOCT1 TaKMX 30BHINIHIX YMHHHUKIB B JUCEpTaIlli BUCTYMAIOTh MPUKIAJACHUN 330BHI
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TUCK 1 TeMIIepaTypa TEPMOCTaTa, a B SIKOCTI BIACTUBOCTEH — €IEKTPOTPAHCIIOPTHI
Ta HEEJEKTPOHHI TPAHCIOPTHI (MiKpoAu]y3iitHi). 3auid NpUKIagy y MeplioMy BU-
naaky (1) takumu nedeKTHUMH KpHCTajdaMH CIIyryBanu TpuBuMipHi (3D) kopotko-
nepionni mapysati (Hax)ctpykrypu tamy ['IIK-L1, (NisFe) i I'IIIT-D0yg (o,-TisAl),
a B apyromy (2) — tpuBuMiphi (3D) kopoTkomepioaHi ImapyBarti (Hax)CTPYKTypH
TUITy OPIEHTAIIITHO BIOPSAIKOBAHOTO po3unHy BTUIeHHs LU-H abo mepmanoro ['IK-
L1, (NizFe) ra noBumipHi (2D) (Ham)cTpykTypH Ha OCHOBI rpadeHOBOI IIIILHUKOBOT
rpatHutl. [lix ynopsnkyBaHHAM CTPYKTYpH 3MIIIAHUX KPUCTAIIYHHUX T B JUCEpPTa-
11i PO3yMIETHCS BIOPSAKOBAHUN MPOCTOPOBHM (IE€pPE)pO3NOALT IXHIX CTPYKTYPHUX
OJIMHUIIb, TIEPIII 32 BCE, TOUKOBHX JI€(PEKTIB: JOMIIIKOBUX aTOMIB 3aMIIIICHHS YU BTi-
nenns y Bunaaky 6inapuux ['IIK- 1 'I{IT-cTomiB, 7OMIITIKOBHUX (a/1)aTOMIB 3aMIIICH-
Hsl 200 BTUIGHHS Ta BaKaHCIM I UIUIBHUKOBUX CTPYKTYp Ha rpad)eHOBI OCHOBI.
Oxkpim TOro, JUIsl OCTaHHIX PO3MISIAAINCS M Kopensiis (y BUIAJKy HElIeaIbHOTO Jla-
JIEKOTO BIOPSIKYBaHHS) TOYKOBUX JE€(PEKTIB 1 Opl€HTALIAHOT KOpemsuli JIHIHHUX
(npoTsixHUX) NehEeKTIB, SIKUMU MPOSIBISIIOTh ce0e HAHOOPIKH B OJEp’KaHOMY Oca-
mxkeHHsM xeMiyHoi napu (CVD) rpadeni Ta aToOMOBI CXOJMHKH ¥ T€pacH y €miTaKci-
SITbHOMY Tpad)eHi.

JInst HOCSITHEHHS TTOCTaBJICHOI METH OyJIM BU3HAUYCHI TaKl 3aBJIAHHS

a) oenaHymu M npoananizyeamu HasBHI TEOPETUYHI ¥ eKCIIEpUMEHTaJbHI JIiTe-
paTypHi JlaHi, 1010 BIUIUBY, HacaMIlepe/l, TUCKY Ha BIOPSIKYBAaHHS CTOIIB Ta BILIU-
BY PI3HHMX KOHQirypauiil y po3nonauai toukoBux (0D) 1 miuiiinux (1D) nedekrtiB Ha
€JIEKTPOHHUI TPAHCIIOPT B rpadeHi;

0) 3’sicysamu poiib MI>KATOMOBHUX B3a€EMOJIIH Ta SIK MOYATKOBI YMOBH BILTUBAIOTh
Ha KiHIIeBE (PIBHOBA)XHE) 3HAUYECHHS MapaMeTpa JaJeKoro MOpSIKY B pelaKcaliiHii
KIHETHIIl JAJIEKOTr0 BIOPSAKYBAaHHS KOPOTKOIMEPIOAHUX MapyBaTUX (HAX)CTPYKTYp 3a
HYJLOBOTO THCKY,

B) 3 ypaxyBaHHSM MIDKaTOMOBHMX B3a€MOJI1H B yCiX (a HE JIMIIE B MEPIIii YU 1e-
PIINX JBOX, K OyJIO TOTENEp) KOOPAUHAIINHUX cepax docrioumu BIUIMB THCKY Ha
MOTOYHE Ta PIBHOBA)XHE 3HAUEHHS TMapaMeTpa JaJIeKOro MOPSAKY B CTOMAX Iij THC-

KOM, 30KpeMa BIUTUB OCTAaHHBOTO Ha TEMIEPATYPY CTPYKTYPHOTO (ha30BOTO MEPETBO-
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pEHHS TUITY JIaa—0e3ma;

) n06y0y6asuiu CTaTUCTUIHO-TEPMOIUHAMIYHUNA Ta KIHETUYHUN MOJENl Jaiie-
KOTO MOPSJKY B TBEPAUX PO3YMHAX 3aMIIICHHS Ta BTUICHHS Ha OCHOBI Ipad)eHOBOi
I'PATHULIl 3 ypaXyBaHHSAM SIK JTUIIE KOPOTKOCSHKHHX, TaK 1 JAIEKOCSKHUX B3a€MOJIIH
aTOMIB, GU3HAYUMY YMOBH €HEPreTUYHOI CTa0UILHOCTH rpad)eHOBUX HAACTPYKTYP B
TepMIHaX EHEPreTUYHUX MapaMeTPiB MIKATOMOBUX B3a€MOJIIH;

n) cmeopuguiy Komm ' torepHuit CH++-nporpaMHuil maketr Ml imniemenmysasuiu
(BUCOKOTOUHY) YHCEIIbHY METOYy PO3pPaxyHKY €JIEKTPOTPAHCIIOPTHUX BIACTUBOCTEH
rpadeny B paMKax KBaHTOBO-MexaHiunoro ¢opmanizmy KyGo—IpiuByna, docrioumu
BIUTMB Pi3HUX (BUIAIKOBUX, KOPEIhOBAHUX 1 BIIOPSAIKOBAHUX) MPOCTOPOBUX KOHQI-
r'ypaiiii ToukoBUX Je(eKTiB (JOMIIIKOBHUX (aJ])aTOMIB, BAKAHCIA Ta X KOMILJIEKCIB)
Ha €JEKTPOHHUI TpaHCIOPT y rpadeHi;

€) OKpeMO Odocrioumu BIUTUB JIIHIMHUX (MPOTSHKHUX) JeeKTiB (HaHOOPHUKIB,
aTOMOBHX CXOJIMHOK a00 Tepac) Ha eJIEKTPOHHHUM TpaHCHOPT y rpadeHi, po3risHyB-
M iX BHUMAJKOBE PO3TAIIYBAaHHS Ta OPIEHTALIMHY KOPENSII0, a TaKOX HAOLIbII
peaTiCTUYHUM BUNAJ0K OJJHOYacHO1 HassBHOCTH 000X (0D 1 1D) tumiB nedexTis.

06 ’ekmamu 0ocniddcenHs B TUCEPTALIiHIMN POOOTI € CTPYKTYpHI CTaHHU 1 iX Ie-
PETBOPEHHs Ta BIAMOBIAHI (DI3UYHI BJIIACTUBOCTI TBEPAUX PO3UMHIB, 110 BIOPSIKO-
BYIOThCS 3a HaACTpyKTypHUM THIOM ['IIK-L1, a6o I'lIII1-D0;g HA OCHOBI HIiILHOIIA-
koBaHuX 3D-rpaTHunp, a TakoX AePEKTOBMICHOTO Ipade€HOBOrO HIapy HA OCHOBI
IiIbHUKOBOI 2D-rparHuiii.

IIpeomemom Odocniddxcenns B TUCEPTAIlli € CTATUCTUYHA TEpMOJIUHaAMIKa Ta (i-
3MYHA KIHETHUKA JJAJIeKOTO aTOMOBOTO MOPSAKY CTOIIB 3aMillleHHs W BTUICHHS, BILTU-
BY 30BHIIIHIX TEPMOJUHAMIYHMX YMOB (THCKY ¥ Temrmeparypu) Ha HbOTO, a TaKOX
KOMIIT FOTEpHE MOJICIIIOBAHHSI 3aJIC)KHOCTH €JIEKTPOTPAHCIIOPTHUX BIACTHBOCTEH BiJl
XapakTepy B3aeMHOro postamryBanHs 0D- ta/abo 1D-aedekTiB — HEBHOPSIKOBAHO-
ro, OJU3bKO BIIOPSIKOBAHOTO YU TO JAJIEKO BIIOPSIKOBAHOTO.

Bubip Meroauk gociaimxenHss OyB oOyMOBJIEHUIH pO3B’A3yBaHUMHU 3aJadamMHu.
JI1s TeOpPeTHUHOT aHAJI3KM CTATUCTHYHOI TePMOAMHAMIKH Ta (i3UYHOI KiHETUKH ja-

JIEKOTO MOPSAKY, 30KpEMa OIMKUCY MPOCTOPOBOrO pO3NOALTY Ae(EeKTIB MO By3Jax 4H
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MDXKBY3JI0BUHAX JBOBUMIPHOI 1 TPUBHMIPHOI IPaTHUIb, 3aCTOCOBYBAIMCS MeTOIa
CTaTMYHUX KOHIEHTpalIHHUX ((IIOKTyaIlliiHNX) XBUIb, HAOIMKEHHS CaMOY3ToJIkKe-
HOTO TIOJIs (B TOMY YHCII CEPEIHBOr0), OOYMCIIOBAIBHI METOAM MAaTPUYHOI alre0pu
Ta PO3B’SI3yBaHHS CUCTEM JIHIMHMUX, HETIHINHUX 1 1udepeHIitHNX piBHAHb. Yncens-
Ha 00po0Ka yCiX €KCIepUMEHTAIbHUX JaHUX 31HMCHIOBAJACS HETIHIHHOI METOI010
HallMEHIIUX KBaApatiB 3a anroputmoM JleBenOepra—MapkBapara. TeopeTuuHi mif-
XOJIM B JTOCIIIJKEHH] €JIEKTPOHHUX Ta €JICKTPOTPAHCIIOPTHUX BIACTUBOCTEH rpadeHy
IPYHTYBAIUCA Ha KBAHTOBO-MexaHiunomy (opmanizmi Ky6o-IpinByna B HabamKeH-
Hi CHJIBHOTO 3B’s13Ky. JlJi MpoBeneHHsI PO3PaxyHKIB JUCEPTAHTOM OyJO0 BIACHOPYY
moOyJ0BaHO MpOrpamMHi KOJAH Ha MOBI niporpamyBanHs C++. B uucenbHux pospaxy-
HKax BHUKoOpHCcTaHO YeOumioBy metroay sl po3B’si3yBaHHs lllpeaunrepoBoro pis-
HSIHHSI, METOJly HEeTIepEepBHUX APO0IB 1 TpUAISTOHANI3aMi0 [ aMIIbTOHISIHOBOT MAaTpH-
1l 17151 00YMCIIEHHS TIEPLIOTO AiArOHAILHOIO EIEMEHTY MaTpruuHOi [ piHOBOI (YHKIIII.
Jlyist onTuMizariii po3paxyHKiB MPOBOAMINCS YCEPEIHEHHS 0 peatizanisx (KoHIry-
panisix) nedekTiB, a po3Mip MOYATKOBOTO XBHJIBOBOTO IMAKETa 31CTABJISIBCS 3 PO3Mi-
POM BHOPAHOTO JOCIIKYBAaHOTO 3pa3ka rpad)eHOBO1 IPATHHIII.

HaykoBa HOBU3HA TIPOBECHOIO JOCIIKCHHS ¥ 01ep:KaHUX B JUcCepTallli pe-
3yJbTATIB MOJsTaE y 6nepuie CHOpMyIbOBAHUX HA iX OCHOBI BUCHOBKAaX 1 HAYKOBHUX
MOJI0KEHHSIX, SIKUX HaBEJIEHO HIKYE.

|. Ilpodemoncmposano, 1Mo penakcailisi JAJIEKOro aTOMOBOIO MOPSJIKY B IIapy-
BaTuX (Ham)ctpykrypax Tumy L1, i DOjg (Ha ocnoBi I'LIK- i 'IIII-rpaTauie Biamo-
BIJIHO) ONUCYETHCS €IMHUM KiHETUYHUM PIBHSHHSM, B IKOMY BH3HAYaJIbHUM (DaKToO-
POM HAJICTPYKTYPHOTO TUTY a3y € EHePreTUIHHUI MmapamMeTep Mi>KaTOMOBOT B3a€MO-
i, 110 TICBHUM YMHOM BHPa)Ka€ThCS Yepe3 eHeprii 3MIMIaHHs aTOMIB Ha 8Cix KOOp-
IUHALIAHUX cepax, a MOoYaTKOBI YMOBH pejlakcallii BIUIMBAIOTh Ha KiHIIEBE (PIBHO-
BaXKHE) 3HAYCHHS MapameTpa AajIeKOro MOPSAKY JHIIE B OKOJII TOYKU (Ha30BOTO Ie-
peTBOpEHHS J1aa—0e3ma.

Il. Ilokazano, 10 BpaxyBaHHS MI)KaTOMOBHX B3a€MOJIH B ycix (a He JHILIE B Te-
priii abo mepmux ABOX, SK OyJIo J0Tenep) KOOpAUHAIINHUX cepax y pO3BUHYTHUX

CTaTI/ICTI/I‘{HO-TCpMOI[I/IHaMi‘{HOMy Ta KiHeTI/I‘IHOMy Mé,HeH}IX JAaJICKOTO0 aTOMOBOIO
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nopsinky 3a Tunamu L1, 1 DOyg B cromax (#a ocHoBi ['TIK- # ['IIII-rpatauis BignoOBi-
JTHO) TIiJT THCKOM JA€ThCSI B3HAKU B OTIHCI €BOJIFOIIIT IXHIX CTPYKTYPHHUX BIACTHBOCTEH
1 MPUBOJUTH JI0 BU3HAYEHHS HOB020 6UOY 3AJIEKHOCTEN MapaMeTpa J1ajJeKoro mopsii-
Ky BIJ 4acy, TUCKY Ta TeMIepaTypu: MiABUILCHHS YU MOHWKEHHS CTYNEHS BIOPSI-
KOBAHOCTH 31 301JIBIICHHSM TUCKY Ta CIPHUSHHS Y MPUTHIYECHHS MEPEX0y CUCTEMHU
3 HEYMOPSIKOBAHOTO CTaHy B YIOPSIKOBaHMIA (YM HABIAKK) i TOBEPHEHHIO Y BUXIJI-
HUUW CTaH, a BIATOBIHO, IO MOKJIMBOCTH TIPOSIBY JBOX TOYOK (ha30BOTO MEPETBOPEH-
HA J1aa—0e3nas.

I1l. B pamkax moOyqoBaHUX CTaTUCTUYHO-TEPMOJMHAMIYHOIO Ta KIHETUYHOTO
MOJIETIB JAJIEKOTO aTOMOBOTO MOPSAJKY B TBEPAOMY PO34YHMHI Ha OCHOBI rpadeny, do-
6edero, 1O BPaxXyBaHHS JIMIIE KOPOTKOCSHKHUX B3a€EMOJII aTOMIB YHEMOKIIUBIIOE
OoOTpYHTYBATU JESKIi 13 nepeddauenux HAACTPYKTYp 3aMIlIEHHS Ta BTUICHHS B IILJIb-
HUKOBIW I'paTHUII, sIKI HAOYBalOTh CTAO1IPHOCTH CaM€ 3aBISKH JAJEKOCSIKHOCTI Mi-
KATOMOBHX B3aeMojii. BTiMm jis ctabimizaiii nmeBHOI HAJICTPYKTYpH IepeBaXKajb-
HUM Ma€e OyTH BHECOK BiJl B3a€MO/IIi aTOMIB Ha THUX KOOPJMHAIINHUX «KOJaxX», JJIs
AKUX TMOHMKEHOI0 € Dyp’e-KOMIOHEHTa eHeprii 3MmimanHs. 3 ’2cosaHo, 1m0 HEMOHO-
TOHHICTh KIHETUKH peJlakcallll mapaMmeTpiB JajJeKoro MopsaKy CIPUYMHEHO JTOMIHY-
BaHHAM MUKIIATPATHUILICBUX HAaJl BHYTPIIIHBOMIATPATHUIIEBUMH M1>KaTOMOBHUMH B3a-
EMOJIISIMH Y iXHIH KOHKYPEHIIIi Mi3K CO00TO.

IV. 3 BUKOpHUCTaHHSIM BIACHOPYY pO3pOOJIEHOTO MporpaMHoro nakera (Ha C++)
JUTSL PO3PAXYHKY €JIEKTPOTPAHCIIOPTHUX BIIACTUBOCTEN Tpad)eHOBUX 3pa3KiB peaic-
TUYHUX PO3MIPIB GuUsE1eH0, 0 MPOCTOPOBI PO3MOJAUIM iXHIX TOYKOBHUX J€(PEKTIB
(moMimkoBHUX (@a)aToOMIB, BaKaHCIA Ta 1X KOMIUIEKCIB) MOXXYTb CIPUYMHSTH Psij
e(eKTiB: 3MIHIOBATH TUIl OCHOBHUX HOCIIB CTPYMy, 1HIyKyBaTH 3a00pOHEHY 30HY B
iXHbOMY E€HEpPreTMYHOMY CIEKTpi, ICTOTHO MOJU(]IKYBaTH BUTIIAL EJIEKTPOHHO-
KOHIICHTPAIIHHOT 3aJeKHOCTH EJIEKTPOIPOBIAHOCTH, TOJIMITYBaTH (PYHKI[IOHATh-
HICTH Tpa)eHOBOTO IIapy, 3MIHIOIOYU EJICKTPOIMPOBIIHICTh Y JECATKH pa3iB, MOCH-
JIOBATH 4d nociadioBaTH (M HaBITH MOBHICTIO MPUTHIYYBATH) aCUMETPIIO B €JIEKT-
POHHIH 1 TIPKOBIi MPOBITHOCTSIX.

V. Ilpointocmposaro, 10 B HAWOLIBII pPeaTiCTUYHOMY BHMAJKy HAsBHOCTU B



15

rpadeHi, OKpiM TOYKOBUX Ne(EKTiB, 1€ i JHIMHUX (HAHOOPMKIB, aTOMOBHUX CXOJIH-
HOK 1/a00 Tepac) MOXKe, OKpIM 3MiHHM BUTJISITY €JIEKTPOHHO-KOHIIEHTPAIIHOT 3aJ1exk-
HOCTH TIPOBIJIHOCTH, BUSIBJISTUCS PSAJ HOBUX €(EKTIB: MiABUILYBATUCS E€JIEKTPOIPO-
BIJIHICTH y JICKIIbKA Pa3iB 3a OPIEHTAIIAHOT KOPEAIiil JiHIMHUX Ne(EKTIB Ui B COTHI
pa3iB y BUNIAAKY 1€ ¥ yNOPSAKYBAaHHS TOYKOBUX, ITOCHIIIOBATUCS aHI130TPOIIIs €NEKT-
POMPOBITHOCTH Ta MPOTUIIS UM, HABMAKH, CIPUSIHHS €JICKTPOHHO-AIPKOBINA acuMeT-
pii, SIKy CIIPUYUHSIOTh TOUYKOBI JIe(hEeKTH.

IIpakTuyHe 3HaYeHHS O/epKAHMX pe3yJbTaTiB. OnepkaHi B poOOTI Teope-
TUYHI pe3yIbTaTH MPO BIUIMB THUCKY HA aTOMOBHH JAJICKUH MOPSAAOK, KIHETHKY HOTO
penakcariii Ta ¢a3oBe MEPETBOPEHHS TUITY JaA—0e37aj]] B IIUIbHOMAKOBAHUX CTOMax
3aMIICHHSI—BTUICHHS MOXYTh CIYTyBaTH JJIS OILIHIOBAHHSA 3MIHHM TOYKH (ha30BOTO
nepexony Jaa—0e3naa MmiJl i€l MPUKIAJICHOTO TUCKY (HaBaHTAXKEHHS), 110 BKa3zye
IUIAX JI0 TOJIIIIEHHS CTPYKTYPHHUX BJIacTUBOCTEH TpuBUMipHUX (3D) KpucTamiyHux
CTPYKTYp: «CHPHUSHHS» BIOPSIKYBAaHHIO a00 «IPUTHIYEHHS» HOTO, MOsBa JBOX TO-
4OK (pa30BOro MEepPeTBOPEHHS Jia—0e31al, 3MiHa poay (a30BOTO MEPEXOAYy Ta CUMET-
pli KpHCTaMYHOI I'paTHUII, OB’ s3aHa 3 TIEPEXOJ0M BiJl OMHIET (HAM)CTPYKTYPH IO
1HII0i. A PI3HOMAHITHICTh MPOCTOPOBUX KOH(DIrypauiid TOYKOBUX 1 JIHIMHUX Aedek-
TiB y 1BOBUMIpHUX (2D) rpadgeHoBUX CTPYKTypax CIyTry€e J0JaTKOBUM 1HCTPYMEHTOM
HE MPOCTO BIUIMBY HA 1XHI €EKTPOTPAHCIIOPTHI BIACTHUBOCTI, a i IIJIECIPIMOBAHOTO
pETyTIOBaHHS HUX, a CaMe: BIIKPHUBAaHHS 3a00pOHEHOT 30HU B EHEPTETUYHOMY CITCKT-
pl, MABUINICHHS YM, HABITAKH, MOHMKCHHS €JISKTPOIIPOBITHOCTH B JICCATKH UM HABITh
COTHI pa3iB y BUMAJKy CYMICHOI KOPENSAIli YA BHOOPSAAKYBAaHHS TOUYKOBHX 1 JIIHIMHUX
ne(deKTiB, 3MiHA €JIEKTPOHHO-KOHIEHTPAILIITHOT MOBEAIHKMA MPOBIIHOCTHU Ta MPUTHI-
YEHHS YM, HaBMaKW, TOCWJICHHS aCUMETPIi B €JICKTPOHHIN 1 JIPKOBIM MPOBITHOCTSX.

Oco0OucTHii BHecok 3100yBaya. Y auceprailii mpeACcTaBIeHO Pe3yiabTaTh JOC-
JHKeHb, SIKUX aBTOP BHKOHYBAaB CaMOCTIHHO a0o 31 CHiBaBTOpamu, MEPII 3a BCE, 3
HAayKOBUM KOHCyJIbTaHTOM Tipod. B. A. Tarapenkom. ABTOp 3aiimaBcs anpoOyBaH-
HSM 171ei, po3po0JIsiB MaTeMaTHyH1 i ¢i3udH1 MOeN, OyyBaB ajJrOpUTMU 1 ITpoTpa-
MHI KOJIU JIJIsl IPOBEJICHHS KOMIT FOTEPHUX PO3PaXyHKIB, IKMX U MTPOBOJIUB OCOOUCTO,

a Takox nucaB ctaTTi [114-143], roTyBaB ycHI Ta CTEHIOBI JOMOBIAI I anpooarrii
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OJIep’KaHUX pe3yJIbTaTIB Ha ceMiHapax 1 KOH(EpeHIisX, Ha JEBOBIM YacTil SKUX J0-
noBigaB ocoOucto. BHecok 3100yBaya B crartsax [126, 127], xe BiH oaMH aBTOp, €
OYEBUIHHUM, a HOT0 OCOOMCTHII BHECOK B poboTax [114-125, 128-143], onyOmikoBa-
HUX Y CITIBaBTOPCTBI, moTpeOye KoHKpeTu3aiii. B pobdoti [124] aBTOpOM po3paxoBa-
HO eHeprii 0OMIHHOT B3a€MO/IIi Ta 3MIIIaHHS, KOHIICHTPAIIiH1 3aJIeKHOCTU HaMarHe-
ToBaHOCTH, Temrnepatyp Kiopi ta KypHakoBa, cTpuOka napameTpa JajaeKkoro nopsiaKy
Ta Moro vacoBoi 3anexxHoctu. B ormsaai [129], okpim #ioro odopmieHHs, aBTOPOBI
JaHO1 JucepTallli HAJICKUTh HanmucaHHs po3auiiB 1, 2 1 7 (mo ckinagae Oiabine 50%
00’emMy ctarTi) Ta BUCHOBKIB. JlogaTok B ormsmoBiii crarti [130] OyB ocobucto Ha-
MMCAaHUW TUCEPTAHTOM, a ii PyKONUC OPOPMIIEHUN HUM BIJAINOBIIHO J0 BUMOTL XYp-
Hany. B cTarti [135] aBTOpOBI HaJISKUTH MOOY0BA CTATUCTHYHO-TEPMOTMHAMIYHOTO
MOJIEIIO, OMKC BHOPSAKOBAHUX PO3MOJLUIIB JOMIIIOK 3aMIIIEHHS MO By3lax rpade-
HOBOI I'PaTHHII, PO3PAXYHOK €HEprid 3MIIIaHHS Ta AUISHOK €HEePreTUYHOI CTadiib-
HOCTH TpaeHOBUX HAJCTPYKTYp. 3a ydacTio 3100yBayda BiJjOyBaBcsi BUOIp 00’ €KTIB 1
PEIMETIB JOCiKeHb Y po0oTi [137], oOrpyHTOBYBaHCS OfepKaHi B Hill pe3yiib-
TaTU PO3PaxXyHKIB I'yCTHHHU €JIEKTPOHHUX CTAHIB 1 MEPCHEKTUBH IIJIECIIPSIMOBAHOTO
3aCTOCYBaHHS pO3IVISIHYTUX B PoOOTI AOMIIMIOK s (yHKIIOHa3amii rpadeny.
[Tepiomy aBTOpy Hanmexats ifei npaib [139-143], B sskux BiH OyayBaB Mojedi i an-
TOPUTMH, THCaB KOMIT IOTepHI C++-KOAau JUIsl PO3PaxyHKIB TYCTHHU €JIEKTPOHHUX
CTaHIB 1 €JIEKTPOINPOBIIHOCTH, a peasli3yBaBIIM iX, OCOOUCTO MHUCAB CTATTI (OKpIM
aHamiTiuHOl yacThHU B [139] 1 pe3ynbTaTiB po3paxyHKy 3a MeTOI0r0 (YHKIIIOHATY
rycturu B [141]). OxpiM po3pobiieHux 3100yBaueM KOMIT FOTEPHHX IMAKETiB Ha Olle-
pamiiiniii cucremi (OC) Linux, Tpetrim aBropom crateit [140, 141, 143] Gyno moOy-
noBaHo 1ie ¥ Bignosigui koau s OC Windows 3amis Bepudikaiii BusBieHux ede-
kTiB (i omep:kaHHS HOBUX pe3y/bTariB). BHecok aBTopa B pemty craren [114-123,
125, 128, 131-134, 136, 138] € mie Baromiimii: yciij HaCTAHOBAaM CBOTO HAyKOBOT'O
KOHCY/IBTaHTa, 3100yBad 3/1iliCHIOBAB TONIYK Ta aHAJI3y JITepaTypH, CTABUB 3aj1adi
Ta IeHepyBaB 17Iei I iX pO3B’si3aHHs, 0OpOOJISB €KCIIEPUMEHTANbHI JaHi, CTBOPIO-
BaB U IMIUIEMEHTYBaB aHAJITUYHI ¥ 4YHCETbHI MOMENi, BUBOAUB (OpPMYIH Ta

pO3B’s3yBaB pIBHSHHA, Oy/lyBaB MpOrpamMHi KOAW Ta MPOBOJUB KOMI IOTEPHI €KCIIe-
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PUMEHTH, aHaJli3yBaB 1 OOTPYHTOBYBAB OJepKaH1 PE3yJIbTaTH, O€3M0oCcepeHbO MHICAB
3a3HayveHl CTaTTi, OPOPMIIAIOUHN IX y BIMOBIAHOCTH IO BUMOT BITYM3HSHHUX 1 3aKOp-
JOHHMX HAayKOBHMX BHJIABHUIITB, Ta BIJIMOBIJAB HA CIIYIIHI 3ayBa)K€HHS, KOPEKIIil Ta
3aMUTaHHS X PEIICH3EHTIB.

Amnpobaunisa pe3yabraTtiB gucepraunii. OCHOBHUI 3MICT IUCEpTaIIiHOT poOOTH,
il pe3yJnbTaTy Ta BUCHOBKH OYJI0 BUCBITIIEHO i OOTOBOPEHO HA YMCICHHUX HAYKOBHX
KoH(epeHisx, ceminapax, cumnosiymax. Cepea nux — VII-XI Mixnaponni KoH-
¢epennii ‘Hydrogen Materials Science and Chemistry of Carbon Nanomaterials’ —
ICHMS’2003, ICHMS’ 2005, ICHMS’2007, ICHMS’ 2009 (Cynak, CeBacTomob,
Snra, Kpum, Ykpaina, 2003, 2005, 2007, 2009 pp.); JAuckyciiHuii 3’131 3 TEpMOIU-
Hamiku ctoniB — TOFA-2004 (Binens, ABctpis, 2004 p.); IV XapkiBcbka KoHpepe-
HIis Mojoaux HaykoBIiB «Pamiodizuka ta HBY enextponika» (XapkiB, YkpaiHa,
2004 p.); Mixnapoana koHdepeHilis 3 qudy3ii B TBepaux Tiax i piguHax — DSL-
2005 i 2007 (Aseiipy #t Anrapse, [Toptyramis, 2005 i1 2007 pp.); | i || Mixuapoasi
KoH(pepeHtii 3 ocHoB qudys3ii ‘Diffusion Fundamentals’ (Jleimur, Himeuunna, 2005
p. 1 JI'Akgina, Itamis, 2007 p.); MixkHapogHa HayKOBO-TIPAKTHYHA KOH(EPEHIIIS
«CTpyKTypHa penakcaiis y TBepaux Tinax» (Biaaums, Ykpaina, 2006 p.); X1l Mix-
HapoaHa KoH(pepeHilis 3 Xxemii BucokoTemneparypaux marepisuiie — HTMC-XII (Bi-
nenb, ABctpis, 2006 p.); Mixuaaponna kondepenitis ‘Clusters and Nanostructured
Materials’ (Yxropoxa, Ykpaina, 2006 p.); KuiBcbka KOH(pEPEHIliSI MOJIOAUX BUYCHHUX
«HosiTHi Matepianu ta Texnonorii» (Kui, Ykpaina, 2006 p.); 1l 1 IV Mixnapoani
koH(epeHmii «HaHopa3MepHBIE CHCTEMBI. CTPOCHHE—CBOWCTBA—TEXHOJIOTHH» —
HAHCHWC-2007 1 2013 (KuiB, Ykpaina, 2007 1 2013 pp.); aBi MixxnapoiHi koHpepe-
HIli €Bpormeiichkoro Marepiso3HaBuoro ToapuctBa ‘E-MRS-2008, 2012, 2015’
(Bapmasa, ITonsmia, 2008, 2015 pp; Crpacoypr, @paniis, 2012 p.); MixnapoaHa
koH(pepeniis «CyuacHi ipobiemu ¢izuku metamiB» (Kuis, Ykpaina, 2008 p.); Bce-
yKpaiHcbka KoHpepeHIlis Mojaoaux BueHnX «CydacHe MaTepiajJo3HaBCTBO: Marepia-
mu ta texHosorii» (Kuis, Ykpaina, 2008 p.; | 1 |l ykpainceko-(ppaHily3bKi HIKOJIH-
ceminapu ‘Carbon Nanomaterials: Structure and Properties’ (beperose, Kpum, Ykpa-

ina, 2009 1 2013 pp.); 11—V ykpaiHcbKO-HIMEIBKI CUMITO31yMU 3 (DI3UKHU Ta XeMii Ha-
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HOCTPYKTYp 1 HaHoOioTexHounorii (beperose, Kpum, 2010, 2012 pp.; Kuis, Ykpaina,
2015 p.); Il Mixnaponna HaykoBa KoHbepeHiis «HaHOCTpyKTypHbIE MaTepHaibl —
2010: benapycb—Poccus—Ykpauna» (Kue, Ykpauna, 2010 p.); VI Mixunapoana
KoH(epeHiis 3 pyHaaMeHTanpHOi HayKu Mmpo rpadeH 1 3acToCyBaHb MPUIIAJIiB HA HO-
ro ocHoBi — ‘Graphene Week 2012’ (leadt, Hinepmanau, 2012 p.); MixknapoaHa
KOH(DEpEeHII1s 3 eJIEKTPOHHOT CTPYKTYPH Ta €IEKTPOHHOI CIIEKTPOCKOITIT, MPUCBSIYCHIN
nam’sTi akagemika HAH VYkpainu B. B. Hemomkanenka (Kuis, Ykpaina, 2013 p.); 11
Il MixxHapoiHi HayKoBO-IpakTH4H1 KoH(pepeHIlii «HanorexHosorii Ta HaHOMaTepi-
amm» — HAHO-2013 1 2015 (Bykosens 1 JIbBiB, Ykpaina, 2013 1 2015 pp.); IX To-
pyHbchkui cumiio3iym 3 KapOony ‘Carbon Materials in Science and Technology’
(Topynb, [Tonbma, 2014 p.). OkpiM TOTO, MATEPIsUIM JUCEPTAILlii TOMOBIAAINCS Ha
ceMiHapax B yHiBepcuteTax M. Pyan (®panis, 2003, 2004 pp.), m. baiipoiit (Himeu-
ynHa, 2008 p.), M. boxym (Himeuuuna, 2009 p.), m. Hoppueniur (Iserrist, 2010-2012
pp.), B InctutyTi Teopernunoi ¢izuku iMm. M. M. boromto6oBa HAH Vkpaiau (Kuis,
2013 p.), a Takox B IHctuTyTi Metanodizuku im. I'. B. KypaiomoBa HAH Vkpainu,
30KpeMa i Ha 3arajJbHOIHCTUTYTCHKIN 3BITHIN KOH(bepeHIiy 2015 p.

Iyouaikanii. Pesynbrati aucepranii HaApyKOBaHO BITUM3HSHUMU W 3aKOPAOH-
HuMH BuaaBHuITBamMu y 30 myOmikarisix [114—143]. Cepen Hux — 26 opuriHaabHUAX
[114-118, 120-128, 131-140, 142, 143] Ta 3 ormagosBux [119, 129, 130] crareii y
pelieH30BaHnX (paxoBUX HAYKOBUX BHJIAHHSX, a TaKOXK | po3MUT y KOJEKTUBHIN MO-
Horpadii [141]. Okpim crareli, AUCepTaLiiHI PE3yIbTaTH CTUCIO MICTATHCS IIE U Y
36 Te3ax, omyOIiIKOBaHUX B 301pHUKAaX MaTepisTiB BUIIE3a3HAUEHUX KOH(DEPEHITiil.

Hoasiku. JlucepTaHT cepdeurno NKye CBOIM poauHi, 0coOMMBO OaThbkam Mu-
xaitmy IBanoBuuy Ta Kartepuni BacuiiBai PaguenkaMm 3a BUXOBaHHS, OUIKYBaHHS Ta
BCUISIKY MIATPUMKY, a Takox TeTsHi MuxainiBHi 3apuilbKii 3a TEPIiHHS, KOMIIPOMi-
cu Ta HacHary. Jluceprant Takox askye. akaaemiky HAH Vkpainu O. M. IBacumm-
Hy, wieny-kopecnonnenty HAH VYkpainu B. b. Monoakiny ta npodecopy B. M.
HanytoBy (yci Tpoe — 3 [nctutyTy Metanodizuku iMm. I'. B. Kypatomosa HAH Vkpa-
iHM) 32 KOpPUCHI KOMEHTYBaHHS MaTepisUTB AaHOI AucepTallli Ta mMATPUMKY poOOTH

Ha BCixX eTamax ii BukoHanHs; a-py H. Zapolsky (Rouen University, France) 3a goro-
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MOTY 1 KOHCYJIbTYBaHHS IiJ] YaC BUKOHAHHS JOCTIIKEHb JUCEPTAaHTOM Yy MOCTAOKTO-
pantypi B Rouen University; g-pam L. S. Dubrovinsky ta G. Steinle-Neumann (o6wu-
Ba — 3 Bayerisches Geoinstitut, Universitiat Bayreuth, Germany) 3a Hamany MOJIH-
BICTh BHKOHAHHS YaCTHHU JOCIipkeHb y Bayerisches Geoinstitut; mpodecopy 1. V.
Zozoulenko (Linkoping University, Sweden) ta a-py A. A. Shylau (Technical Univer-
sity of Denmark) 3a xoHCY/IbTyBaHHS Ta IUTIIHE CIIBPOOITHHUIITBO IIiJ Yac MPOBEACHHS
nociipkeHs auceprantom B Linkoping University; a-py B.Jl. XpanoBchkomy
(Linkoping University, Sweden) 3a o3HailoMJIEHHS 3 HOTO €KCIEPUMEHTAIBHIUMU JI0C-
mmxenaamy; akagemiky HAH VYkpainu B. M. JlokreBy, uieny-kopecnonaenty HAH
VYkpainu B. I1. I'ycuniny, n-py C. I'. IllapanoBy (yci Tpoe — 3 IHCTUTYTY TeopeTHy-
HOi (i3uku iMm. M. M. Boromo6osa HAH Ykpaiuu), npodecopy M. B. Crpici (Inctu-
TyT (i3uku HamiBnpoBigHuKiB iM. B. €. JlamkaproBa HAH VYxpaian) i n-py 1O. B.
Cxpunuuky (Iactutyt meranodizuku im. I'. B. KypatomoBa HAH Vkpainu) 3a o0ro-
BOPEHHS, JUCKYCIi W JOTENmHI peKOMEHMalli y BUKOHAHHI JOCIIKEeHb; Tpodecopy
1O. 1. ITpunyupskomy Ta ioro acmipanty l. FO. CaransiHoBy (0o6uaBa — 3 KuiBchkoro
HaI[IOHAJILHOTO YHIBepcuTeTy iMeH1 Tapaca llleBuenka) 3a TicHe criBpOOITHUIITBO, 3a-
BISKA SIKOMY TEBHI JOMOBHSUIbHI (M OJIep’KaHl 3a IHIIMMH, OKPEMO MOOYJOBaHUMHU
KOMIT FoTepHUMHU Kojamu Ha OC iHImoro cimericTa) pesynbraru 3amaisui 1. 0. Cara-
JITHOBUM Y 3aXHUIleH1H HUM auceprailii « EnextponpoBigHicTs TpadeHy 3 pisHUMHU PO-
3no01IaMu Ae(EKTIB 3aMIIIEHHS Ta aJcOpOOBAaHUX aTOMIB» Ha 3400YTTSI HAYKOBOTO
CTyIeHs KaHauaara ¢i3uko-MaTeMaTHIHUX Hayk 31 cnerisibHocTa 01.04.07 — ¢i3u-
ka TBepaoro Tina (26 xotHsa 2015 p. y crnemisutizoBanii BueHid pani /| 26.001.23
npu KuiBchbkoMy HarioHanbHOMY yHiBepcuTeTi iMeH1 Tapaca [llesuenka). Ocobausa
noJiilka — HAYKOBOMY KOHCYJIbTAaHTy 37100yBauya mpodecopy B. A. Tarapenky 3a
npodeciiiHi KOHCYNIbTallll, CIYIIHI KOMEHTapl Ta MPOIMO3HUIIil MNP BUKOHAHHI JOCIHI-

JUKEHB 1 11032 HUMU.
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PO3JLI 1
JITEPATYPHMUIA OIS

[cropuyHi enoxu MOXHA TMOAUIMTH 3a MaTepisylaMd y BHUPOOHMIITBI: Bif
KaM’sTHOTO, OpOH30BOT0 Ta 3aJ1i3HOTO BIKIB JI0 Cy4acHHUX YaciB cTaii 1, octanHi 60—70
pokiB, kpemHit0. Ili MaTepisnyu BHU3HAUAIOTh LU JIHOACHKI HMBLII3aIii. Hapasi mu
3HAaXOJUMOCH Ha TIOPO31 HOBOI €pH JOMIHYBaHHS OJHOTO 3 HAHOUIBII MOLIUPEHUX Y
npupoi eneMentiB — KapOony, 30kpemMa, Horo ByrieneBoi TBOBUMIPHOT aJOTPOIHOI
Moaudikaiii. Taka mOCIIIOBHICTh ICTOPUYHUX €MIOX KOPEJIOE 3 €BOJIOLIEI0 MI3HAHHS
JIIOICTBOM MPUPOJU Ta BIAKPUTTS ii 3aKOHIB BiJl Makpo- 10 MIKpO- i HAHOCBITY —
CBITYy HAaHOMATEPISUIIB 1 HAHOTEXHOJOTIN. JIOTpUMYIOUHCH XPOHOJOTIi MpPOBEICHUX
JUCEPTAHTOM JI0CIIIKEHb, PO3MOYHIMO JIITEpATypHUHN OV, SIK 1 HACTYIHI ABa PO3-
ninm (2 1 3) nuceprarii, 3 po3risany 3D-00’€kTiB MaKpOCBITY, a TPOJTOBKUMO I 3aBe-
PIIUMO JOCITIKCHHS B Hiit 2D-00’€xTy HaHOCBITY (po3iiu 4—6).

Jlns moncTBa Ha 3emili HalOUIbI HEOCTYITHOIO 30HOI0 TUTAHETH € 11 sa11po. JIto-
M HE MaroTh 3pa3KiB 3 1i sApa W HE OYIKYIOTh iX OJEp’KaTdh. 3HAHHS X MPO HOro
CKIa i (i3MUHMIA CTAaH YeprHaloThes 3 aHAN3HM (iHTepnperauii) pe3ysIbTaTiB Hempsi-
MUX CIIOCTEPEKEHB Y JT00PATOPHUX EKCIIEPUMEHTax abo 3 TEOPETUUHUX PE3yJIbTATIB
MOJICTIIOBaHHS. 3a pe3yjbTaTaMHu JOCIIKeHb KOCMOXEMIl i HAyKd MPO METCOPUTH
(BHCOKa MOMIMPEHICTH 3aii3a y BeecBiTi), ceficmonorii (OJMU3bKICTh TYCTHH sJIpa 1 3a-
Ji3a 3a BIATIOBIIHMX YMOB), TeoXeMii (BUYEpIIaHiCTh 3amaciB 3ai3a B 3eMHii Kopi i
MaHTIi), T€OMarHeTu3My 1 T€OJUHaMIKK (HasBHICTb JOBrOTPUBAJIOr0 AUHAMIYHOTO
MarHeTHOTO T0JIs1) TOJIOBHUM KOMITOHEHTOM B sijipi 3emuti € crom Fe—Ni iHBapHUX
cknamaiB [32—-34], BriM, Oe3 3amepedecHHs] HAsIBHOCTH B HIM JIISHOK (MPOIIAPKiB) i

CJIIHBAPIB YU MEPMAJIOiB, HATOMICTh, HABITh 3 MependaueHHsIM ocTaHHiX [35].

1.1 Kpucranaiuni 3D-cTpykTypH 3a BUCOKHUX THCKIB i TeMIiepaTyp

(Ha mpUKJIaAl YUCTOrO 3aJ1i32 TA 3AJi30HIKJIEBOI0 CTOILY)

Kpucraniuyna cTpyKkTypa 4MCTOTO 3ai1i3a 3a (HaJ)BUCOKHMX THCKIB (P) 1 Temmepa-
typ (T) Oyna nmpeaqmerom uncieHHUX AociipkeHb. @a3oBy nisrpamy (puc. 1.1) Ta ¢i-

3u4H1 BiacTuBocTi Fe B Takux ymoBax p—T, 30kpema, crienudiyHUX JJIS BHYTPIIII-
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HBOTO sifjpa 3emuli, B 3Ha4HIM Mipi Oys0 BUBUEHO B 0aratbox poOOTax, cepen SIKUX
BUIUTAMO HU3KY: [32—-39, 144-158] (amB. Takox ix Oi0miorpadiro). Sk BUIHO 3 puC.
1.1, 3a 3BUYaliHUX («HOPMAaJBHUX») 30BHINIHIX YMOB TUCKY CTaO1IbHOIO KpHUCTaIiy-
Hoto (azoro Fe € OLK-ctpykrypa. Lls dasza (o-Fe) nmeperBoproerscs B I'LIK-
cTpyKTypy (y-Fe) i3 3poctanusam temneparypu Buiie 1185 K, a motim — B iHmIYy (a-
3y Takox 3 OLK-ctpykTyporo (6-Fe) mepen ToruieHHsIM. 32 BUCOKOTO TUCKY OOMIIBI
OLIK- i I'lIK-da3u Fe neperBoprototbes B I'LIII-dazy (g), o Mae MHUPOKy AUISTHKY
crabimpHOCTU. ['TIII-cTpyKTYypa Fe BBaXkaeThCsl HAIBHOIO B yMOBaX BHYTPIIIHBOT Ya-
ctunau 3eMHoro sapa [39].

Ha BigmiHy Big yucToro 3ainiza, 6iHapHi ctonu Fe—Ni 3a Bucokux p it T mocii-
JDKyBaJIMCsl Habarato pijmie. 3 KBa3uriApoCTaTHUHUM CTHCHEHHSIM cTomy FeggNig, B

po6oTi [159] Oyi0 1OCATHYTO THUCKY, IO Ma€ MicCIle B AJipi 3emli, ajieé MipsSHHSI BUKO-
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Pucynok 1.1 CxemaTtnuna ¢azoBa aisirpama [39] 0HOKOMIOHEHTHOI KPUCTAJIYHOI CTPYKTYpH B
IIMPOKOMY IHTEpBaJi TUCKIB 1 TeMnepaTyp, p—T, moOyaoBaHa 3a eKCIIEPUMEHTAILHUMHU 1 TEOPETUY-
HUMH pe3yjibTaTaMu JUIsi YWCTOTO 3ali3a. YKa3aHo Takl KpuctamuHi crpykrypu: OLK
(06’emHonieHTpOBany KyOiunHy), 'IIK (rpaneuentpoBany ky6iuny), I'lIIIT (rekcaronanbHy HIiIbHO-
nakoBany), OLIT (0o6’emHonenTpoBany TerparoHaibhy), [II'IIII (moaBiiiHy rekcaroHalbHy LIUTb-
HomakoBaHy). Ha minsHkax HU3bKUX P—T ¢a3oBa Jisrpama 3aJ0BUIBHO OMKCYE LU psiJ] eKCIepH-
MEHTaJIbHUX JaHUX, Y3TOKEHHX MK co00r0. BTim, moci BenyThest mucKycii CTOCOBHO (ha3oBoi mis-

rpamu Fe Ha ninmsHkax, mo BianosigaroTs Bucokum P i T: 130-310 I'TIa 1 3000-7000 K.



22

HYBQJIHCS 32 TEMIIepaTypy HaBKOJHUIITHHOTO CEPEIOBHUINA HA TTOBEpXHI 3emil. Sk mo-
Ka3aJu JOCTiKEeHHS 3 iHImoro 00Ky, Ni ctabimzyBascs y ['TIK-cTpykTypi i 3a BUCO-
kux TuckiB [40, 41]. ExcnepumenTtanbHi nani 1 cromniB Fe—35 Bar.% Ni Bka3yroTh
Ha Te, mo sapo 3emuti Mmoxke ckiamarucs i 3 ['TIK-, 1 3 TILIT-moaudikarii ix [39, 42],
aJje 11 pe3yibTaTH NOoTPEOYIOTh 1€ EKCTPAIOJALIT 10 YMOB YCEepeauHi sapa.

B po6ori [41] Takoxk BuKOHaHO ekcriepuMenTu 3 Fe—10 Bar.% Ni npu Habararo
BHUIUX TeMIiepaTypax. OaepikaHi pe3yabTaTH MOKa3aJId, 10 BHYTPIIIHS YaCTHHA 51
pa mae I'lI{II-ctpykTypy [41]; 11e cTaJIO BaKJIMBUM 3aJU1sl €KCTPAIOJISIIT KOHIIEHTpa-
uiiHuX edektiB Ni Ha (a3oBii aisrpami cromy Fe—Ni 3a Bucokux p i T ams owiHio-
BaHHs HOT0 BJIACTUBOCTEH B yMOBaX, HAOIMKEHUX JI0 YMOB 3eMHOTO siypa [43].

B po6ori x [43] Oyno nocnikeHo Tpu 30araueHux 3aiizoM cronu Fe—Ni. Cto-
mu Fe—15 Bar.% Ni (14,3% wmoniB Ni) 1 Fe-20 Bar.% Ni (19,2% wmoniB Ni) BigHO-
CAThCA 10 cuHTeTH4YHMX, a cron Fe—5 Bar.% Ni (5,2% momniB Ni) € nmpupoaHiM BTi-
JICHHSM Yy 3pa3kax «3amizHoro» mereoputa Negrillos [43]. I'panuri cTiikocTH 1BO-
daznoi 3ouu I'IIIT + 'K Gynu BU3HAYEH1 Yepe3 peecTpalito 3MiHU KapTUHH audpa-
Kiii PEHTTeHOBHX MPOMEHIB y 3pa3Kax 3a BUCOKHUX P il T. 3 migBuuieHHsM T crocre-
piranocs nepetBopenns ['IIII-da3u B cymim ¢a3z I'IHIT+ 'K, a motim y I'K-da3y.
JIinii meperBopens ['LITT — I'IIIT + 'K Ta I'IIIT + 'K — I'IK Gyno Bu3HaYeHO
Ul TphOX KoHIeHTpamii Ni (puc. 1.2, a). Ha nBodaszHiii IiIsHIN PIKHUIS TATOMUX
00’eMiB (AVryk+run) 30arauenoi HikieMm I'IIK-¢a3u 1 cniBicHyro4oi, 30i1HeHoi Ha Ni,
I'I1-¢pa3u cranoButh = 1-3%Vryyy, 3011bIIyIOUNCH 13 TiABUIIEHHIM P i T. Lle Bin-
noBigae pixauUIl Bmicty Ni B I'IIK- 1 I'III1-da3zax npubauzno y 10 Bar.% (puc. 1.2,
0). Ilonepenne nocmimxenns Fe—10 Bar.% N1 gano pixkHUIO AViygermm Y 1%Vrimmn
npu P=40TTlai T~ 1602 K [41].

3rigHo 3 puc. 1.2, 306ubmenHs koHeHTpaiii Ni cpusie cradimzanii I'TIK-da3u
3a BIAHOCHO HU3bKUX | 1 Bucokux P. Haeitek 5 Bar.% Ni icroTHO crabimizyrors ['IK-
CTPYKTYpY B MOpiBHSIHHI 3 yucTUM Fe, a 301IbIIEHHS TUCKY CHpUAE MiICUIICHHIO
poro edekry. Pesynbratu [43] (puc. 1.2) sikicHO 30iraroThCs 3 pe3ysibTaTaMH IOTIe-
pennix gocmimkens ctony Fe—Ni [39—] i pesynbraTamu 10CTiKEHHS, SIKE BUKOHAHO

3 yuctuM Fe [148]. IIpote, monepeaHe TOCTiHKEHHS ISl BUCOKUX KOHIIEHTpaIrii Ni



23

o P 3 3
- Fe-5 par.% Ni
P
o
2,
>
[
5+
2,
:
@
B
=
P
<
2,
-
=
-+
2,
:
[+5]
[
Fe-20 par.% Ni
mﬁ 34 e-20 ar.% leOHJ'{eHHH
o ] a T 1 1 14 r i
g //m‘»i:’/i iine m
% ] T 1 50 rma 1 60 rma
B x X x X
0 T T T T T T 0 T L] ¥ L] T 0 L T T L) L)
10 20 30 40 50 60 70 80 o 5 10 15 20 25 30 0 5 10 15 20 25 30
Tuck, I'lla Bar.% Ni Bar.% Ni
a 9]

Pucynok 1.2 CroiBBiHOLICHHS KpUCTATIYHUX CTPYKTYp ((hazoBux mex) OGinapuoro cromy (Fe—Ni)

mig trckom [43]. TIpsimi (a) Ta xpuBi (6) BuzHauatroTh Mexi aBodaszuoi ['IIIT + 'L[K-o6nactu. (a)
X, O, A, X HanexkaTh IUISHKaM pizHuX ¢a3, a (6) O, @, A, A, O € pe3yIbTaT iHTEPIOJIAILII eKCITe-

pUMeHTaIbHUX JaHuX [43] npu ikcoBaHii KOHIEHTpauii JeryBaabHoi KomnoHeHTa (Ni).

(mo 35 Bar.%) cBiguuth npo Te, mwo giHisg nepersopenHs ' + 'K — 'K mae
MicIIe 3a OUTBIII HU3bKUX TEMIIEpATyp, HIXK Ti, SKUX CJI1JI OYIKYBaTH, €KCTPATOIIOIYH
naui [43] no Bucokoro BMmicty Ni [42]. HaneBne, s moOynoBu (ha3oBoi misrpaMu 3
BUIIIUMHU BMicTaMu Ni CIIiJl BUKOHATH JOAATKOBI MIpsHHS. PO301KHICTE MIXK pe3yJib-
TaTaMu Tpanb [42, 43] Moxke OyTH TIOB’SI3aHOIO 3 KIHETHUKOIO TIPoIieciB Ga30BHX Tie-
PETBOPEHD, 1 1ie € BaxkauBuUM oco0mBo s ['LK-dasu [43].

VY pobotax [160, 161] ctBepmxkyethes, mo OLIK-ctpykrypa Fe moske BusiBUTHCS
CTablJIpHOI0 B YMOBaX BHYTPILIHBOTO sipa 3emiii. HaTomicTh, sik 3a3Havasnocs, jery-
BaHHA HikjJeM «npurHiuye» OLIK-da3y B 30arauennx 3anizom cronax Fe—Ni 1 cnpusie
crabimzarii ['IIK-¢a3zu. I pobota [43] cBimuutsk, o Ni cradimizye ['TIK-da3y HaBiTh
B yMOBax BUCOKUX P i T. OTke, MOXKHA OUIKYBAaTH, 110 HAsABHICTh N1 Ma€ NpOTUTISITH

yrBopeHHIo rinoretnyHoi OLK-¢a3u, npo siky inerscs B [160, 161], 3a Bucokux p i
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T, a He cTabinizyBaru Ti.

Tox, Ha mepIuii MOTJISI, HACTIAKOM TEOPETUYHUX (YHUCETHHUX) MMPOTHO3YBAHb
s yucToro Fe ctanm mikaBi crekyssiii 1moA0 BHYTPINIHBOI YAaCTHHU sjipa 3emul
[43]. st BiporiqHOTO MiATBEPPKEHHS Y CIPOCTYBAHHS 3a3HAYEHOTO BIUIMBY Ni Ha
cTablIpHICTh (a3 HEOOX1THO OyJI0 BUKOHATH JOJATKOBI €KCIIEPUMEHTAIbHI JIOCHI-
JDKCHHSI B YMOBaX, HaOIMKEHUX JI0 YMOB BHYTpIlIHBOTO siapa [43]. Amke HaBITh 3
ypaxyBaHHIM €KCIIEPUMEHTAIBHUX JOCIiKeHb [43] B miTepatypi Bce 1ie OpakyBaio
1H(dopMaIi Mpo BIUIUB HIKJIIO HAa cTabUIbHICTH (ha3 3amiza (HaBiTh noommsy 0 K). Ca-
Me 1I¢ i MOTHUBYBaJi0O aBTOPiB pobotu [162] mns 3’sicyBanHs BrumBy Ni Ha ($a3oBy
ctabimpHicTh OLIK-, I'IK- # I'III1-da3 Fe Bukonatu ab initio o6urncnenns npu 0 K.

PesynbraTtu B [162] 11 gricToro 3aiiza miaTBEpKyIOTh BUCHOBKH B [163—166],
o antudepomarneTHa Qaza € HaiictadbuibHimow0 s IIIII-ctpykTypH 3a HU3BKUX
tuckiB. | ockinbku OLK-TLLII-pa3zoBe meperBopeHHs BiIOYBAETHCS MPU THUCKAX,
Hmk4nx 3a 50 ['Tla (ekcmeprMeHTaTbHO BCTAHOBJICHO, 1m0 e Tucku y = 10-15 I'Tla
[162]), Ha 11e#i mpoliec MarHeTU3M BIUIMBAE. (AJie MarHeTHA CTPYKTypa MOXKE HE MPo-
ABJISITHCS 3@ THUCKIB, CYMIPHHUX 3 TUCKaMH y 3€MHOMY SJIpl, OCKUIbKH MpPU THCKAX,
Buiux 3a = 50 I'Tla, namarneroBanicts ['IIII-cTpykTypH 3HUKAE.)

®dazoe nepetBopeHHs 3aniza 3 OLIK-ctpykrypu B ['III-cTpykTypy Oyio 3mo-
JenboBaHe 13 BUKopuctanHsaMm ¢depomarnetHoi crpykrypu ['TIII-Fe. Ile nano mox-
JUBICTh OOUYUCIUTH «TUCK meperBopeHHs» y = 10 ['Tla, mo mpubaus3HO BiAmOBia€E
EKCIIEpUMEHTAIILHOMY 3HA4YeHHIO (IMB., Hampukian, [155]). A 3a manumu poOoTH
[162] «tuck meperBopenus» Mix OIIK-crpykryporo it antudepomarneraoro ['TITT-
CTPYKTYPOIO YUCTOTO 3ajli3a — Tpoxu MeHmui (= 6 I'Tla), mo cBiquuTh npo OUIbITY
cTabutbHICTh came anTudepomaraetHoi ['IIII-cTpykTypwu.

3po3yMmijio, 10 ToAaBaHHS HIKIIO B CHCTEMY MPU3BOAMTH J0 CTabLII3aIli aHTH-
dbepomarnetnoi I'lII1-da3u no BigHomenHto 1o OLK-da3u npu tuckax 0-20 I'Tla i
mpu 0 K [162]. Maroun Ha yBa3i aTepMIYHICTh, III0 MPUITYCKAETHCS B PO3paXyHKaX
[162], He MoxHa TpPOTHO3yBaTH, IO Oyjae BiAOYBaTHCSA 3a BHCOKHMX TEMIIEpaTyp.
BpaxoByrouu 11eit ¢akrt, apTopu [162] nuine npunycTuiiv, nio HiKeIb 1 JErki eaeMeH-

TH, Taki K KpeMHi# («apuxuwibHui» 10 OLIK-cTpykTypu), KOHKYPYIOTh y CIpPUSHHI
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CTPYKTYpPHil CTaOUIBHOCTI 3aj1i3a 3a BUCOKUX P, T (IO € IIJIKOM aJICKBAaTHHUM ).

O4eBHuaHO, IO U PO3B’sI3aHHS MPOOJIEMHU BIUIMBY JIETyBaHHS 3aii3a HEOOX1/-
HO IpoaHaizyBati nosauii (I106CiB) TepMOAMHAMIYHMI MOTEHIISI CUCTEMH 34 BU-
cokux P, T, BUKOHABIIN BiAMOBIAHI 0OYHCIICHHS.

UyTnuBUM 10 TUCKY € siBUIIE mojaiMopdizMy [167], amxe 3a moaiMopdHOro me-
peTBOpeHHs BiI0yBaeThbes 1 3MiHa 00’ eMy crorty. I{ikaBi pe3yiabTaTu 3 IbOTO MPUBO-
ny Oyio oxepskaHo B poOoTi [168]. JlyOpoBiHCHKHIA 31 CITIBABTOPAMH SKCIIEPUMEHTA-
JbHO JociikyBaiu cron FeggNigy [168], 3actocoByroun nudpakiito PeHTIeHOBHX
NPOMEHIB y HarpiToMy 3cepeamnHu aismanToBomy koBamti (diamond anvil cell) ta
MIPSIFOYH €IEKTPUYHHUI OMip B €KCTPEMAJIbHUX YMOBaX HAJBUCOKUX THUCKIB 1 TeMIie-
patyp (= 240 I'Tla i 3500 K). Astopu [168] BcTanoBmmm, o 3a P > 225 [Tlai T >
3400 K xpucramiuHa ctpykrypa FeggNipi 3a3Hae moaiMop@HOro mnepeTBopeHHs 3
I'III- B OUK-rpaTHutito. ITigrpyHTsM Jj1sl TaKOTO BUCHOBKY CIYTYBaB TOM (pakT, 110
3a Tucky P = 230 I'Tla cniocrepiraBcst po3puB (SK nuiryTh aBTopu [168]) kpuBoi 3a-
JIGKHOCTH €JICKTPOOIopy Bia Temmeparypu (auB. puc. 1.3) B inTepBaimi T € [3300-
3400] K (xoua Ha puc. 1.3 1e Oinble cxoxe Ha meperuH). Taka MmoBeaiHKa eJIeKTPOo-
MOpy HE MOke OyTH OB’ S3aHOIO 3 TOILICHHSM, 00 TOMAI €JICKTPUYHUA KOHTAKT BHUpa-
3HO 3HUK OM, a00 3 XeMIYHOIO peaKIli€ro, 00 3pa3ku OyJI0 3arapTOBaHO 10 KIMHATHHUX
YMOB 1 JocikeHo PeHTreHoBOIO Au(pakiliiiHOI0 METO0I0 M CKaHYBaJIbHOIO €JIEKT-

POHHOIO MIKpPOCKOIII€I0, aJieé HISKOI O3HAKM XEMIYHUX peakilii He OyJo BHUSBIEHO
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Pucynok 1.3 TemneparypHa 3aJIe)KHICTh €JIEKTPHUYHOTO onopy B ctomi FeogNipi 3a 1BOX THCKIB:

196 I'Tla (kBagpatukm) i 240 I'Tla (TpukyrHuku) [168].
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[168]. B 3B’s13ky 3 1M Oy BUKOHAHI J0AaTKOBI nudpakiiiiiHi ekcriepumerTH [168].

3a Trcky p = 10 I'Tla i kimaatHOi TemnepaTypu FeqgNig; 3 mouarkoBoro OIK-
cTpyktyporo neperBopioethes B ['IIII-cTtpykTypy, 61u3pKy 10 dncToro 3ajmiza abo
iHmux cromniB Fe—Ni 3 Hu3pkuM BMicToM Ni [159, 42, 43, 168, 169, 170]. Ilpu Harpi-
Bl (enekTpuyHiM uu JazepHiM) ['III-da3za nmeperBoproeThes (CrioyaTKy 4acTKOBO, a
3a BUcokux Temmepatyp noBHicTio) y 'LIK-ctpykrypy. ['LIK-cTpykTypy MOkHa jier-
ko 3araptyBatu [170], ¥ npu cTHCHEHHI 3a KIMHAaTHOI TEMIIEpaTypHy BOHA 30€pIracThb-
cs go tuckiB moHaxa 200 ['Tla [168]. Ilpote, HaliBUII THCK 1 TeMIepaTypa, 3a SKHX
cnoctepiranacst I'TIK-da3za FeggNig 1 (pazom 3 I'lIII1-dazoro) cranosmiu 132410 I'Tla
1 3100£100 K [171]. Bzarami-tro gani [168] momxo ¢azopoi mexu I'II-TTIK mas
cromy FeggNig 1 30irarotbes 3 pe3ysibpratamMu, oep:kaHuMu apropamu [41].

Komu T'IIIT-da3y FeggNig;, HarpiBamu mpu Trckax, Bummx 3a 200 I'Tla, BoHa
3anumranacs, npuHaiimai, 1o 2900 K [168]. [Tpu tucky 225+10 I'Tla i temmeparypi
3400+100 K croctepiranocs [168] mosre ii nepetBopenns B OLIK-dazy. Ile cTpyk-
TypHE MEPETBOPEHHS B0YBAIOCS 3a TUCKIB 1 TEMIIEPATYp, OJU3BKUX JI0 THX, 32 AKUX
BiJI0yBaBCsl pO3pUB (371aM) KPUBOi TEMIIEPATYPHOI 3aJIEKHOCTH €IEKTPUIHOTO OTIOPY
[168]. [Tpu 3umxkeHHi Temneparypu OIK-cTpykTypa MOBHICTIO MEpETBOPOBAJIACS
3H0B y ['II{II-cTpykTypYy.

HasBuicts OLIK-da3u unuctoro Fe 3a gy’ke BUCOKHX THCKIB OyJi0 mnependadyeHo
i pamime [172, 173], ane He Oyno oaep’kaHe OCTAaTOYHE MiATBEPKCHHS IIHOTO.
['MIIT-OLK-niepeTBopenns, BusiieHe B [168], BinOyBaeTbes 3a yMOB, OJU3bKUX 10
THX, TIPO AKHUX HIocs B podorax [172, 173] (20242 I'Tla i 44004300 K ans 3amiza);
ouikyBaHi B [173] 3miau ryctunu y = 0,7% Takox OJIU3bKI 10 THX, K1 CIIOCTEpIraiu-
cs B [168]. Taki pesynpTatu pobotu [168] He nuine MiATBEPIKYIOTH PE3yabTaTh
[173, 174], aye i 1at0Th MOXIIMBICTh MPHUITYCTUTH, 10 CTONX HA OCHOBI Fe 3 reoxe-
MivHuMHu ckiagamu (To6to 3 Ni, S um Si [161]) marote OLIK-cTpykTypy. Excriepu-
mentu [168] cBimuars, mo [ITT-OLIK-neperBopenns crony FeggNig i BinOyBaeThes
3a TPOXHU HWXKUOI TeMIIepaTypH B MOPIBHIHHI 3 TEMIIEPATYPOIO TAKOTO NIEPETBOPECHHS
B uncTomy 3ami3i [172, 173], cedbro Ni cradinizye OLIK-da3y B cTonax 3aiiza y mnopi-

BHSHHI 3 YMCTHUM 3aJT130M.
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1.2 I'padpenoBa 2D-rpaTHuis Ta CTPYKTYPHI AedeKkTH B Hill

1.2.1 Hlinbnukosa tpamnuya ma it hizuuna cmiiikicms (cmaodinoHicms)

['padeHoBa IpaTHHIA € TBOBUMIPHOI «IIIJTHHUKOBOIO» CTPYKTYPOIO 3 IMpaBHU-
JBHUX MIECTUKYTHUKIB (puc. 1.4, a). CepenHsa Binganb MK HaHOMMKUMMHU By3TaMH
(atomamm C) y rekcaronax ckmanae ag = 0,142 um [187-189]. I'padenoBy rpaTHUIlO
3pYYHO PO3TJISIAATH, SIK Bl B3aEMHO IMPOHUKHI €KBIBAJCHTHI TeKCaroHaIbHI MiarpaT-
Huili bpaBse, 3mimeHi ogHa BiIHOCHO Apyroi BektopoMm h =a;/3+ 2a,/3, nc a; 1 a, €
OCHOBHI BEKTOPH TpaHCIIAMIT B3AoBk HampsaMkiB [1 0] 1 [0 1] KocOKyTHBOI Mm1ackoi

CHCTEMH KOOpAHHAT. [lapameTp TpaHcisiii rpatHuii — a = |ay| = |ay| = V34, mo

P
p0ez 0%
9@%\¢(€ v w o

,4.
\\.\\\*

\&-;/ S

Pucynok 1.4 (a) lLlinsHEKOBA IpaTHUIIS: 81 1 82 — 11 OCHOBHI BekTopH TpaHcisiwii, ABCD — npumitu-
BHA eJIeMeHTapHa KOMipKa, & — mapameTep TPaHCIIALIT IPaTHUIL, 8y — BiAIAIb MK HaHOIMHKUYMMU
BY3JIaMH; KOJIa TO3HAYAIOTh MEPIIi AeCATh KOOPAUHAIIHHUX «cdepy (a TouHile, «KiJ1») BiTHOCHO IM0-
gatky (y By3Ji A) KOCOKYTHBOI cuctemMu koopauHar. (6) [Tepma bpimutroeHoBa 30Ha 00epHEHOTO MPO-
cTopy HITbHUKOBOI Ipathull, 1e [, K (K') i M (M’, M") — ii HeekBiBaJIeHTHI TOYKH BUCOKOT CUMETPIl,

* . * . e .. . . . ..
a1 182 — OCHOBHI BEKTOPH TPAHCIIALIT 00CpHEHOT IPaTHHMII, a O Bi/IMOBIAIOTH By3JIaM OCTaHHBOI.
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ctaHOBUTh = 0,246 HM. Y npumituBHil enemeHTapHiii komipii ABCD («o6’emomy,
T06TO TIOMmIEHO, |[a1 X ]| = V3a%/2 = S\Eaﬁ/Z) rpadeHoBOi IPATHUII 3HAXOASATHCS
nBa By3nu (puc. 1.3, a). [lonoxeHHST KOXHOTO By3Jia I' XapaKTEPHU3YEThCSI CYMOIO
nBoxX BekTopiB: I =R + hp; BekTop R BH3HAuyae MOuUaTKOBUIl («HYJIBOBHI») BY301
PUMITUBHOI €JIEMEHTApHOT KOMIPKH, B KIH 3HAXOJUTHCA 3a3HAYEHHUI BY30J], a BEK-
TOp hp, — mosnoxxeHHs By3na P- miarpathuui (P = 1, 2) BiAHOCHO «HYJIBOBOTO» BYy3J1a
KOMipKU. OCKUIBKH MTOYAaTOK CUCTEMHU KOOPJAWHAT CIIBIAJA€ 3 OJHUM 13 BY3JIB, TO 3
puc. 1.4, a nerko 6auuTH, mo i repmroi miarpataum hy =0, a g apyroi h, = h.
Paniroc-BexTop R BU3HAYa€ThCsl OCHOBHUMH BEKTOpaMu TpaHCAlii: R = n;a; + Nya,,
ne Ny, N — mim uncina. [lepiri gecsats By3710BUX KOOPAUHAIIMHUX «K1D» IPATHUII Ha
puc. 1.4, a maroTh pagitocu: Iy = ag, I = \/§a0, r3=2ag, = \/?ao, s =3ay, I's = Z\an,
= \/138.0, rg=4ag, Iy = \/Eag, o= \/ﬁao.

OOGepHeHuii pocTip KokHOI 3 2D rexkcaroHaqbHUX MiAIPATHUL 1 MIUTBHUKOBOL
IpaTHUIll B LJIOMY € TEX JIBOBUMIpPHUM 3 bpimmoeHoBow 30Ho10 (BZ) y Burmsimi
PaBUJIBHOTO MIeCTUKYTHUKA (puc. 1.4, 6). [{ns Oyap-SKOro BEKTOpa bOTO MPOCTOPY:
k = (ky; ky)T = 2n(k1aI + kga;) ={ky, ko}, me a; i 4, — OCHOBHI TPaHCIIALIHHI BEKTOPH
obOepHeHo1 rpaTHUI (B310BXK HanpsMkiB [1 0] i [0 1] y Hi#t BiamoBigHO), a Ky 1 ky —
neskl ynuciia. Bektopu a; i a, moB’s13aHi 3 napaMeTpoM TPAHCIISIIT HIITBHUKOBOI Ipa-
THHL, |a1] = @3] = 2/(V3a%), a «06’eM» eleMeHTapHOI KOMIpKH Ti 06epHEHO] IpaTHAII
— Ifaa x a2l = 2/(V3a%) = 2/(3V3a0).

[Ticast BiOKpUTTSA CIOCOOIB OJepKaHHSA 1301b0BaHOr0 rpadeny [66] mepiroro
noctana pyHaaMeHTanbHa ¢Gi3udHa MpodiemMa 1moa0 MOKIMBOCTH CTaOUIBHOTO 1CHY-
BaHHs MpaBWIbHUX ABOBUMIpHHX (2D) kpucramiunux crpykryp. Ctpora Tepmoau-
HAMiUHA aHaJII3a, OCHOBAHA HA CyMYBaHHI ()IIOKTYaIill MOJOXEHb aTOMiB y TaKiii
cTpykTypi [175-177], npuBOANTH 0 BHCHOBKY MPO HECTIHKICTH SIK OJHOBHMIPHHUX
(1D), Tak i 2D-kpucraniuaux cTpykryp. Lleii BUCHOBOK, MiATBEpIKEHUN pe3y/IbTa-
TaMH OLIBII Mi3HIX JociipkeHb [178, 179], Ha nepuiuii morysia, CynepeynuTh CaMOMy
dakty icHyBaHHs rpadeHy. BTiM, 3a3HaueH1 BUIIE BUCHOBKU MPO HECTIHKICTH JIBOMI-

PHUX KPUCTAJIIYHUX YTBOPEHb OJEP)KAHO 3a BUKOPHUCTAHHS DSy HaOIMKEHb, 10
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AKUX B MEPILYy YEPry BITHOCUTHCA TAPMOHIUHE HAOMMKEHHS W MPUITYIIEHHS Mpo ad-
COJIFOTHO TUIACKY CTPYKTYpPY ABOMIpHOTO Kpuctaimy. Cxoske, 10 BiMOBa BiJl Oyab-
SKOTO 3 YKa3aHUX NPUNYIICHb 3HIMAae 3a00pOHY Ha ICHYBaHHS CTaOUIBHUX ABOMIp-
HuX Kpucrtamnis. [Ipo 1e roBopsATh, 30kpeMa, pe3yabTaTu excrepumenty [180], B siko-
MY BHSIBJICHO TEHJICHIIIIO BUIBHO MIJBIIIEHOTO rpad)eHy YTBOPIOBATU XBUIISICTY CTPY-
KTypy (31 «3MopIiKamMu» 0iu3bko 1 HM Ha Horo moBepxHi). O4yeBUAIYKU, cPOopMy-
JhOBaHA BHUIE 3a00pOoHa HE i€ Y BIAHOIICHHI 0 MOMIOHOI HEMIacKoi CTPYKTYpH.
Pe3ynbTaTi IIUTOBAHOTO €KCIEPUMEHTY 3HAXOIATHCS Y SIKICHINM BiJIMOBITHOCTH 3 BU-
KOHAHUMH METOI0I0 MOJEKYJSIPHOI AUHAMIKK po3paxyHkamu [181], ski Takox BKa-
3YIOTh Ha XBWJISICTY CTPYKTYpY MOBEpXHi rpadeny. BruimB aHrapmMoHi3My Ha TepMo-
JTUHAMIYHY CTIHKICTh JBOMIPHUX KPUCTAIIYHUX MEMOpaH aTOMapHOi TOBIIMHU JETa-
JHEHO 00TOBOPIOETHCS B poboTax [182—-184], ne poOUTHCS BUCHOBOK PO T€, IO Bpa-
XYBaHHSI aHTapMOHI3MY 3HIMa€ 3a00pOHY Ha 1CHYBAaHHS JIBOMIpHUX KpucTamB. Ciin
BIJIMITUTH, 1110 a0COJIFOTHO MTOBHOI 3p03YMIJIOCTH B IAaHOMY MUTaHHI HE JIOCSATHYTO U
MOYKHA HAJIATHUCS, 1110 3alPOBAKEHI B 0araTh0X J1a00paTopisix aKTUBHI €KCIIEpUMe-
HTaJbHI i TEOPETUYHI (30KpeMa, PO3PaXyHKOBI) TOCIIIKEHHS, TPU3BEIYTh 10 PO3Y-
MIHHSI IPUPOJIM CTIMKOCTU JBOBUMIPHUX KPHUCTAIIB, HAUOLIBII SICKPABUM IPEACTAB-
HUKOM (4M MPEICTaBHHUIICI0 — KOpoJieBor 2D-marepisuiB, sk 1 HazuBaoTh [185])

AKUX € TpadeH.

1.2.2 Touxoei dehekmu ma ix npocmoposi po3nooinu

CxnangHo HafgisTuCs, 10 rpadeHOBUMN JIMCT TOCTATHBO BEIMKOTO po3Mipy Oyne
MaTu JIockoHay (6e3nedexTHy) cTpykTypy. HasBHICTH eBHOTO BMICTY 1€(EKTIB B
KPUCTATIYHUX MaTepisiiaXx AUKTyeThes [186] camum npyrum 3aKkOHOM TepMOIUHAMI-
ku. Pi3HOrO pony aedektn mpucyTHI B rpad)€HOBUX IMIapax 13-3a HEAOCKOHAIOCTEH
METOJ] CUTE3H, MPOIeciB 0OpoOICHHSI 1 BUPpOOHUIITBA. B 3anmeHOCTH Bij TemIiiepa-
TypH ¥ IHIIUX YMOB MOBEPXHS rpadeHy MICTUTh CTPYKTYPHI NeeKTH, sKi, 30Kpema,
3MIHIOIOTh WOTO €JIEKTPOHHUM CTIEKTp, CIYT'YIOUU IEHTPAMU PO3CISIHHS €JICKTPOHIB,
o ¥ BigOOpa)kaeThCsl HA MOr0 XapaKTEPUCTHUKAX 1 BIACTUBOCTAX, 30KpeMa EJICKT-

poHHUX 1 TpaHcopTHHX [186-190].
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B rpadeni, six i B TpuBuMipaux (3D) kpucTanax, 1eQeKTH BiTHOCITHCS 10 671dC-
HUX, SIKIIO KPUCTAIYHUH MOPSJIOK 3a3HA€E 3MiH 0€3 HASBHOCTH «UY)KHX» (IOMIIIKO-
BUX) aToMiB. OCTaHHI CTAaHOBJIATH 306HiwHI TeeKTH. B MaKpOCKOMIYHUX KpHCTallaX
AeeKTH MaloTh Pi3HI po3MipHOCTi, Bia HynmbBuUMipHHEX (0D) 10 TpuBumipaux (3D),
HAaTOMICTh OCTaHHIX HE icHye B Tpadeni. HallOiapI MOMMPEHUMU CTPYKTYPHUMH
nedexramu B rpadeni € Toukosi (0D) [186]: saxancii (mooanHOKI, 1O/ABIIHI), Ae(eK-
i CroyHa—Yenbca (3amMiHa Mapu IIECTUKYTHHUKIB MApOI0 I SITUKYTHUK—CEMHKYT-
HUK), aTOMH 130TOHIYHOTO UM XE€MIYHOTO 3amiujenHs, aocopoyitini nepexktu (amaro-
mu KapOoHy um nomimiku, aacopOoBaHi MOJEKYIH). JJOMIIIKOBUX aTOMIB @miieHHs,
HaIpUKJIaJ, B LEHTpaxX HIUIbHUKIB rpad)€HOBOI I'paTHULll, Hapa3l 1lle HEe CrocTepira-
noc. Lle 06ymMoBIeHO MOTPeOOI0 JOCTaTHRO BEIMKOI €HEpril Ui po3TallyBaHHs J10-
MIIIIKOBOTO aTromMa Oe3nocepeiHho B rpadeHoBii mwionuHi [186]: 3amicTh mopymeHHs
JIOKaJIBHOI CTPYKTYPH Y IBOX BUMipax HOMY €HEPreTUYHO BUTIIHIIIE BUOPATH TPETIid
BUMIp, TIOCIBIIN TOJIOKEHHS B aJCOPOIiifHOMY BY3Jll Ha MEBHiN (aacopOiiitHiil) Bu-
COTI BiJ MOBEpPXHI rpadeny.

Cepen yke CIIOCTEPEKCHHX B €KCIIEPUMEHTI Y JIMIIE TEOPETUYHO JIOCTIHKe-
HUX JOMIIIOK, YHi (a1)aTOMH MOXKYTh IPOSBISITH ce0e K aTOMH 3aMILIEHHS y rpa-
¢enoBiii rpataumi (Hanpukian, B [191-198], N [61, 195-204], Bix Al mo S [205-
207] y Menneneesiii [lepioguuniit Tadmui, Bigx SC 1o Zn [208-211] y [epioanuHiii
tabmuii, Pt [211, 212], Au [211, 212], Bi [213]), numre Hitporen i bop € npupoaHbo
HaWOIIBIT MPUIATHUMU KaHAMAaTamMu i 3aminieHHs KapOony Oe3mocepeaHbo y
By3JlaX IPATHHMII 13-3a il MIHIMAJBHOTO CIIOTBOPEHHS MpU TAKOMY 3aMilleHHI. Lle
00yMOBJIEHO OJIM3bKICTIO po3MmipiB aTomiB C Ta cycigHix no Ilepioguuniii Tabmuir
atomiB N 1 B.

HonyBanHs rpadeny HiTporeHoBUMHM aTOMaMM 3aMillICHHSI € OJTHUM 13 IUISAXIB
IIJIECIIPSIMOBAHOI 3MIHM WOTO BJIACTUBOCTEH 3 METOIO X BHKOPHUCTAHHS B TIOJHOBUX
TPaH3UCTOPAX, COHSAYHHMX 1 NAJUBHHUX €IIEMCHTAX, €JIEMCHTAaX >KHUBJICHHS, JIITIH-
HoHHUX Oarapesix, yJIbTpaKOHAEHCATOPaX, OI0CEHCOPHUX 1 MPO30PHUX EJIEKTPOJIax,
BUCOKOe(EKTUBHUX (poTOKaTaiizaTopax, Tomo (auB. orsia [214] ta mitepaTypy B

HiM). JJ19 mOCTiIPKeHHs] CTPYKTYPHUX 3MiH Y rpadeHoBux 3paskax 3 HitporenoBumu



Pucynok 1.5 I'paditoBi (a—) Ta mipuauHoBi (0—oc) Tunu AedekTiB y rpadeHoBiil rpaTHUIIL 3 TTOO-
JTUHOKHUM (@) a00 moaBiHUM (6—2) 3amimeHHsM atoMamu Hitporeny atomiB KapOoHy, a Takox 3
YTBOPEHHSIM KOMIUIEKCHUX JAUMEPi30BaHuX (0), TpUMepizoBaHUX (e), TeTpaMepizoBaHuX (€) 4 Mo-

HOMepi30BaHUX (orc) 1edEKTIB 3 BAKAHCISIMH.

nedexramMmu, — MOOJUHOKMMH UM MOJABIMHUMHU aToMamHu 3aMimieHHs N 0e3 BakaHCIH
a00 y KOMILIEKCax 3 HUMHU, — OYJI0 MPOBEJICHO cepiro ekcnepuMenTiB [61, 196-201].
Bonu mokazanu, 1mo enexktponHi BiaacTuBocTi Takoro (N-momoBanoro) rpadeny 3a-
JexkaTh Bl KoHQirypariid aromiB N: 3 mooguHokuM (puc. 1.5, a) un noagsiitaum (puc.
1.5, 6—2) 3aMilieHHsIM, 200 Y KOMIUIEKCax 3 BakaHCisiMU (puc. 1.5, 0—orc), BKITIOUAOUH
MoHoBakaHcii (puc. 1.5, 0, e, o) um niBakancii (puc. 1.5, €). Hait0inbin nommpeHumu
HitporenoBumu nedexkramu B rpadeni € rpaditononioni (puc. 1.5, a—e), mo cTaHos-
aath = 75-80% cepen ycix eKCIepuMeHTalnbHO ineHTH(dikoBanux [61, 196-201].
[TpuyoMy mepeBaskHOO OLIBINICTIO 3 HUX € MOJBIHHI (TTapHi) 3aMillieHHs aToMaMu N,
AK1, MICTSIYMCh B OJHIN MIATPAaTHULI, € HACTYIHUMHU 32 HAUOMMKYUMU CYCIIAMH Y
KokHil mapi [61] (muB. puc. 1.5, 6).

[Tpu mooaMHOKHUX 1 MOABIMHUX 3amimeHHsAX (puc. 1.5, a—) aromu N nposBiis-
I0Th ce0e SIK TOHOPH1 JOMIIIKH, 3/IICHIOIOYM BHECOK y €JIEKTpOHHUM (N-) TUIT MPOBI-
nHOCTH B rpadeHi. Y BUIMAJKY X KOMIUIEKCHHUX Je(peKTiB 3 BakaHcismu (puc. 1.5, 0—
oc) atomu N TpOSBIAIOTH ceOe K aKICHTOPH, a MPOBIAHICTH CTae IIPKOBOIO (-
tumy) [196, 200, 201]. O6uaBa (rpadiTonoaiOHI Ta MiPUIUHOMOAIOH]) THIIH Ae(eK-
TIB criocTepiramucs B rpadeHi, ogepkaHomy ocampkeHHsM xemiunoi napu (CVD) nHa

pizHux mimpioxoksax [61, 197, 200] (puc. 1.6). 3a pe3yiabTaramMu po3paxyHKiB eHeprii
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a T 3@%1%?
Nz

Pucynok 1.6 3o0paxenns nonoanux HitporeHom rpadeHOBHX IUTIBOK, OJEpaHi 3a JIOIOMOIO0
CKaHyBaJIbHOTO TyHEJIbHOT0 Mikpockomna (STM) [61], 3a pisHux koH}irypariii rpadiToBux (a—6) i mi-
punHOBHX (2) nedekTiB. BepxHi Ta HYKHI iHIeKCH T03Ha4Yar0Th KiibKicTh HiTporenoBux atomis (N)

vy BakaHcii (V) Ha STM-kapTuHIII Ta HOMEPH i AIPATHHIb, B SIKKX BOHU MICTSATBCS, BiIITOBITHO.

yrBopeHHs1 [202] HaWOULIBII EHEPreTUYHO BUTIMHUMH (CTaOUIBHUMH) Cepel YCiX
koH(pirypariit N-nedexriB Ha puc. 1.5 € mooguHoK1 (rpadiTonoai0H1) 3aMilIeHHST Ha
puc. 1.5, a. [Ins yrBopeHHs mipuamHoBHX KoH(irypamiid (puc. 1.5, 0—orc) moTpiOHa
OlbIIIa €HEPTisl YTBOPEHHSI, MPOTE BOHU € CTAOUILHUMU 32 HasIBHOCTH OKPIM aTOMIB
Hitporeny e i1 BakaHCi¥, MPUTATYIOYH OJJUH OJTHOTO U M1JBUIIYIOYH HMOBIPHICTH 1X
B3aeMHoi1 reHeparrii [203]. [epmri ynceabHI po3paxyHKH €JIEKTPOIIPOBIIHOCTH JOIIO-
BaHoro Hitporenom rpadeny aisi HAUMPOCTINIOro (X04a ¥ HAMTUIOBIIIOTO) BUMAAKY
MOOIMHOKOTO BHUITAKOBOTO 3amiteHHs (puc. 1.5, a) 6yno0 BukoHaHo B poOoTi [215],
Jie aBTOPH, 30KpeMa, BUSIBIJIM aCUMETPII0 B €JIEKTPOHHIN Ta MIPKOBINA MPOBITHOCTIX
BITHOCHO J[ipakoBOi TOUKH (HYJIOBOI HAIIPYTH).

[le omHuM (HareBHE, HAWOLIBII BaXKJIMBMM) MPHUKJIAIOM TOYKOBUX IE(PEKTIB Y
rpadeni € agcopboani aromu (it Monexynu) [216]. Ix agcop6uist ciyrye me ogHuM
THCTPYMEHTOM IIUIECTIPSIMOBAaHOI MOM(DiKaIlii 1 KOHTPOJIIO CTPYKTYPHU 1 BIACTHUBOC-

Tel rpadgeny. CaMe TOMy OCTaHHI JIEKUIbKa POKIB BUBUEHHS aJICOPOLI SIK METaJIEBUX
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[64, 208, 211, 212, 217-255], tak i HemeTaneBux [65, 198, 251-260] aromiB Ha rpa-
(eHOBIH TUIOIMIKHI IPUBEPTAE 3HAUHY yBary y rpadeHoBiil ¢izukoxemii. JIeBoBy uac-
TKY TEOPETUYHUX, 30KPEMA, YUCEIbHUX, JOCIIKEHb CUCTEM IrpaeH—aIaTOMU MPHUC-
BSYCHO pPO3paxyHKaM i3 mepmux npuHnuiis (ab initio) 3a teopiero ¢pyHKIiOHATY TY-
ctuan (DFT), siki moTpeOyIOTh BUCOKHUX PO3PaXyHKOBHX IMOTY)KHOCTEH OOYHCIIIOBa-
JBHUX KJIACTEPiB, @ TOMY B TAKUX PO3PAXYHKAX PO3MIpH IpaeHOBUX KOMIT FOTEPHUX
3pa3kiB 0OMEKeH1 MEepioJUYHUMU HaJIKOMIpKaMu W JIOKaJIbHUMHU (pparMeHTaMu, sKi
MICTSTh BIJHOCHO MaJli yucja aTroMiB (By3iiB). He3Bakarouu Ha 1€, epIIONPUHITUII-
HI pO3paxyHKOBI METOJIM 3pYy4HI Ta IUTAHI, @ TOMY i NOIIMPEH1 Hapa3l B JITEpaTypi,
IUTsl OOYMCIIEHHSI EHEPreTUYHUX, CTPYKTYPHUX 1 MATHETHUX NApaMETPIB: EHEPTito ajl-
copOrii (3B’A3Ky) Ta BHUCOTY ajcopOri, eHepriro audysiitHOro (MirpariifHoro)
Oap’epa, MO3/I0BXKHI Ta MONEPEYHI aMIUNTYAU CHOTBOPEHHS rpad)€HOBOI IPATHHIII,
HEPEHECEHHS 3apsly, €NEeKTPUYHUN TUIOJBbHUNA MOMEHT, MarHeTHUH MOMEHT 130-
JHOBAHOI'O aToMa 1 cucTteMu rpadeH—agaroMu B Iiyomy, tomo [65, 198, 208, 211,
228-259].

B cuity rekcaronansHoi cumeTpii rpadeHoBoi (IIUIBHUKOBOT) IPATHUII YC1 MO-
MKJIMB1 BY3JIM U1 acOpOLli aTOMIB MOAUISIIOTHCA HAa TPU TUIH — Yy MO3UIISX BUCOKOI
CUMeTpil: Tak 3BaHi amcopOuiini By3nmu tuny H (hollow) — wan nientpamu mectuky-
THUKIB (1[iibHUKIB), Tuny B (bridge) — Hag nenTpamut MiCTKIB MK CYCIIHIMU BY3-
namu, 1 Taiy T (tOp) — Oe3nocepeIHbO Ha/I By3JIaMH, SIK MOKa3aHo Ha puc. 1.7. Haii-
OuIbIII (€EHEPTreTUYHO) BUT1THUHN (CTAOUTBHUI) TUTT aCOPOIIITHUX BY3JIIB JIJIsi TIEBHOTO
COpPTY aTOMIB BU3HAYA€THCS HUIAXOM ONTUMI3ALli CTPYKTYPH M po3paxyHKy MiHIMa-
JBHUX €HEprii 1 aTOMOBUX CW. B pe3ynbrari HaltOiabIa eHepris 3B’ 43Ky (aacopo-
11ii) BiJIMOBIIa€ HANOUIBIN BUT1THOMY aJICOPOIIIHHOMY BY3ITY.

[MpoanamnizyBaBim pe3yabTatu ab initio DFT po3paxyHKiB maiixe aJis BCi€l rie-
pioguunoi cuctemu enemenTiB [208, 211, 228-256], MoxHa CTBepKyBaTH HACTYII-
He. [lo-mepiie, nst meraniB, HaHOUIBIT CTA0ITLPHUMU (€HEPTeTUYHO BUTITHUMHU) a/l-
copOUIHMMHU By3/laMH € By3nu H-tumy, notim B-tunmy i HapewTi T-tumy. Brim,
eHepreTnyHa piKHUIA MK H- 1 B- un T-By3mamu € myxe Manoro ajist JIy>KHUX MeTa-

niB 1 metaniB l1-i rpynu, 30kpema, i aist kamito (IuB. Taba. 1.1), sskuif po3riisiaeThb-
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a/IcopOIIITHMIA BY30I1
<> MpoeKIis agaToMa

HPOEKLis ajcopOUiiHOro By3ia

Pucynok 1.7 TumoBi mo3urtii agaromiB HaJ rpad)eHOBHM MIAPOM: BHIIU 3BepXy (JIIBOPYY) Ta y Tiepc-
nekTuBi (mpaBopy4) rpadeHoBoi rpatHuUIl 3 aacop6Oiinumu Bysiaamu tuny H (hollow), tumy B
(bridge) i tumy T (top), ae h mosHauae Bucory ancop6uii, a I (1%, 1M i r™ (r®, r") nosnauarots Bigna-
Ji BiJl IEBHOT'O BYy3Ja y IUIOIIKHI rpadeny a0 aacopOuilinoro By3na H-tuny (B-, T-Tumy) Ta iioro

MPOEKIii Ha Tpad)eHOBY IJIOMIMHY BiIOBITHO.

csl B AUCEPTalliiHIil poOOTI B IKOCTU MpUKIany aacopbaty. Ilo-gpyre, BurigHinm aji-
copOIIiifHI BY3JIM JUII METAJICBUX 1 HEMETAJICBUX aTOMIB MarOTh MEHIIN aJCOPOIliiHI
BHUCOTH Y TIOPIBHSIHHS 3 BUCOTAMU MEHII BUT1THUX BY3JI1B aJCOPOIIii.

JliteparypHi nai oo aacopOiii aromiB K Ha rpadeni 3i6pano B Tabim. 1.1. 3

HUX BUJHO, 110 BEJIMYMHH acOPOIIHOI eHeprii BiApi3HAI0ThCs Maibke Ha 100%, a

Tabmuus 1.1 JlitepaTypHi gaHi 010 pO3paxOBaHUX €HEPriil Ta BUCOT ajacopOiii amatomis K, 1o

MICTATBCA B PI3HUX aCOPOLIHHUX By3Jax rpad)€HOBOI IPaTHUILL.

OO6uwncnenunii mapamerep Tun agcopO1iitHOTO By371a
H B T
0,785 [248] 0,726 [248] 0,720 [248]
) ] 0,802 [249] 0,739 [249] 0,733 [249]
Enepris agcop6uii, eB
1,461 [250] 1,403 [250] 1,405 [250]
0,810 [251]
2,62 [248]
) 2,60 [249] 2,67 [249] 2,67 [249]
Bucota agcop6mii, A
2,52 [250] 2,59 [250] 2,55 [250]
2,58 [251]
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pLKHMLA aacopOuiiHuX BUcOT csirae 5%. IIpo po30ikHOCTI JiTepaTypHUX JaHUX Ta-
KOX HIEThcs B poOoTi [242], ne B Tabir. 1 amcopOriiiHi eHeprii Ta BUCOTH TS Kilac-
TepiB K-rpadeHoBHX KaacTepiB pisHATHCS B Aekinbka (10 400%) pa3 i Ha aekiibka
BiJICOTKIB BiAMOBiAHO. [loiOHI CynepedHOoCT] JiTepaTypHUX NaHUX TPAIIISIOTHCSA i
1 iHmuX enemeHTiB [lepiognunoi Tabnuil. Hanmpuknaa, Cu 1 SN po3MinyroTees y
T-By3nax agcopOuii (Ha Bucorax 2,12 A i 2,82 A Bianosigno) 3a pe3ynpTaTaMu pos-
paxyHkiB y po6oTax [236] i [249], npore y B-Bysnax (2,03 A i 2,42 A) srigno 3 pe-
synbrataMu crareit [244] i [251]. Taki po30iKHOCTI B po3paxyHKax eHeprii cTabiib-
HOCTH JJIsl PI3HUX BY3J1B aJcopOliii, 3 0JJHOTO OOKY, MiIHIMAIOTh MUTaHb MI0JI0 TOY-
HOCTH TEOPETUYHUX MOJIEIIB 1 pO3paxyHKIB, 3aCTOCOBAHUX Yy THUX JOCTIHKEHHAX. 3
1HIIOr0 OOKY, I1€¢ MOTHUBYE HAa HOBI JOCTIHKEHHS JJIA 3’ SICYBaHHS K pO3TaIllyBaHHS
amaToMiB y KoxxHoMmy 3 TphoxX (H, B i T) TumiB By3:1iB BIUIMBa€e Ha €JIEKTPOTPAHCIIOP-
TH1 BIACTUBOCTI Tpad)eHy B MOPIBHSAHHI 3 IX PO3MIIIECHHSIM y JIBOX 1HIIMX TUTIAX.
[Ipoctoposi po3noainu (am)aromiB 1o (am)By3iax rpadeHOBOT IPATHUII HE 3aB-
KW BUMAAKOBI, K y OUTbmocTi BunaakiB 1 3D-meraniB i cTomiB, e caM Mporiec
JeryBaHHs (am)aToMaMH €, 3a3BU4ail, BUMAaakoBUM [227]. ToukoBi gaedekTn € He
3aBXJU CTAI[IOHAPHUMU, MITPYIOUH 3 MEBHOI PYXJIMBICTIO, III0 BU3HAYAETHCSA AKTH-
BalllifHUM Oap’epoM 1 TeMriepaTyporo. Taka ix Mirpaiis 1 pefakcaiiisi 10 piBHOBa>KHO-
ro CTaHy, MOpPsJ 3 OCOOJMBOCTSAMU TEXHOJOTTYHOTO IPOIECY BHPOITyBaHHS rpade-
HOBHX IUTIBOK, MOKE TIPH TIPHU3BOJUTH JIO iX MpocTopoBoi kopesiii [58—60] un Ha-

BITh yropsakyBaHHs [65, 261-265] (aus. puc. 1.8). Jlo Toro x, B CHIIy JBOBHMIipHOC-

Pucynok 1.8 STM-300paxenHs [65] BrmopsiikoBaHUX KOH(DIrypailiii BOJHEBHX aJlaTOMIB Ha rpade-

HOBHX 3pa3Kax JABOX po3MipiB: 1,4 X 1,2 am (a, 6)1 1,9 X 0,6 um (s, 2).
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TU Tpadeny, (aa)aToMl MOXKYTh OyTH pO3MIllEH] HAa HOro MOBEPXHI 3a JOMOMOIOI0
cKaHyBaJIbHOTO TyHelbHOTO (STM) [266] a00 mpocBiTHOTO (TPAHCMICIHHOTO) €JICKT-
pounoro (STEM) [267] MikpockomiB, $Ki yMOXJIHMBIIOIOTh KOHCTPYIOBATH
(am)aToMoB1 KOH(Irypaiiii 1 BMOpsAIKOBaH1 (HaJ)CTPYKTYpU 3 aTOMAPHUM PO3PIKHEH-
HsM. HemoaBHO 3a TOMOMOTOI0 aBTOEMIiCIHHOTO CKaHYBAJIBHOTO €JIEKTPOHHOTO Mi-
kpockomna (FESEM) crioctepiramu [64] cnienudiunuii mopsaok kinacrepiB Pd i HaHo-
YaCTUHOK Ha TrpadeHoBiit moBepxHi, a STM-criocrepexenns [65] BusBumm nexiapka

BITOPSIIKOBaHUX KoH(Diryparii i3 agaromiB H (puc. 1.8).

1.2.3 IIpomsasicui (niniiini) Oeghekmu ma ix opiecHmayiniHa Kopeaayis

OxpiMm TOukOBHX TpaeHoB1 3pa3ku, BUpoieHi CVD-MeTO1010 UM emiTaKCisb-
HO, MOXYTb MICTHTH 1 IPOTsDKHI (miHikHI, 1D) nedextn qucnokamiitnoro tumy [186]:
Mexi 3epeH (puc. 1.9, a), xBazunepioauuni HaHoOpmxki (puc. 1.9, 2), aToMOBI ¢Xx0/1U-
HKH 1 Tepacu (puc. 1.9, 61 0).

@DyHIaMEHTAILHUM TIPU JTOCIHIJKEHHI TPAHCIIOPTHUX BIACTUBOCTEHN rpadeHy €
OUTaHHS: MO0 OOMEXye pyXOMICTh HOCIIB 3apsay B HboMy? Y Bumaaky CVD-
rpadeHy HOro TpaHCMOPTHI BIACTUBOCTI ICTOTHO 3ajieKaTh B HAsABHUX B HIM 3apsi-
JDKeHUX JiHIHHUX nedekTiB [268]. 3a3Buuaii BupornyBanus rpadeny CVD-meTd o010
noTpedye BUKOPUCTAHHS METAJICBOI MOBEPXHI I'eKCArOHAIBHOI CUMETPIl, HAlIPUKJIIA],
(111) ky6iunux ado (0001) rexcaronanbuux KpuctaaiB [186]. HeBiamoBigHicTh Mix
METaJIEBUM IMIJJIONKSAM 1 TpaE€HOBOIO IUIIBKOK CIPUYMHIOE HANPYrd B OCTAaHHIM,
PEKOHCTPYIOE XeMI4yHl1 3B’s3ku MK atomamu C 1 MpUBOAUTH O yTBOpeHHs 2D-
nomMeHiB (puc. 1.9, a) pi3HOI KpHCTaIIYHOI OpieHTaii, BifokpemieHux 1D (iHiIAHU-
mu) aedekramu [186, 269-271]. 3apomkeHns rpadeHOBUX (a3 BiAOYBAETHCS OIHO-
YaCHO B PI3HUX MICIISIX, IO W MPU3BOJUTE 0 YTBOPEHHs He3anexkHuX 2D-1oMeHiB,
BIJIMOBIIHUM 3€pHaM Ha Migioxoki. JIiHIHHUNA nedekT 3’aBiseTbesl IpU 3pOCTaHHI
(roanectieHilii) 1Box rpadeHOBUX 3€peH PI3HOT OpIEHTAIlli, TPUYOMY YUM CHUJIBHIIIA
B3a€EMOJIs MK Tpa)eHOBOIO IUIIBKOIO Ta MiUIONKIKSIM, THM CHEPreTUYHO BUTITHIIIES
yTBOpIOBaTUCs JNiHIMHUM fnedektam. Li miHiliiHI 1edexkTn aKkyMytorTh JIOKali30BaHi
CTaHM, 3aXOIUIIOI0YH €JIEKTPOHHU U, TUM CaMHM, MOPODKYIOUH JIiHIT HEPYyXOMUX 3apsi-

B, SIK1 i po3ciotoTh JlipakoBi pepmionu B rpadeHi.
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Pucynok 1.9 (a, 6) STM-300paxkenns [64] nedextiB Ha moBepxHi rpadeHy 3a momomorow Pd-
HaHOYACTUHOK; (8, 2) AFM-300pakenns [62] moBepxHi Cu-miaioxxs (6) 3 MOHOKPHCTAIYHUMH
cxonuakamMu i CVD-rpadeny (2) Ha HPOMY 31 COPUYMHCHUMH HUMHU HaHoOpwxamu; (0, ) AFM-

300paxenHs [63] emitakcisuibHOTO rpadeny (0) i iioro cxemarnyna crpykrypa Ha SiC-mimmoxoki (e).

JloOpe BiJ10MO, 1110 HASBHICTh 3€pPEH 1 iXHIX MeX B 3D-moJiikpucTanax MOXe 4n-
HUTH CUJIBHUY BIUIMB Ha X €JIEKTPOHHI ¥ TpaHCTIOpTHI BiIacTuBoCTi. A mist 2D mare-
pIsUIIB, 30KpeMa, rpad)eHy, TaKuil BILUTUB MOXKE OyTH CYTTEBO CHJIBHIIIUM, OO HaBITh
OJIMH JIHIAHUI AePEeKT MOXKe CIIOTBOPUTH IpadeHOBUI 3pa30K A0 HMOro MOBHOTO PoO-
3puBy HaBimin [186].

Cepist HEIIOJABHIX eKCIEpUMEHTIB [272, 273] cBiqUHTh, 1O BiAMOBIIAIBHUMU
3a HIKYY pyxoMicTh 3apsaaiB y CVD-rpadeHi B MOpIBHIHHI 3 iX pyXOMICTIO B eKc(o-
JISAIAHO BHUPOIIEHUX TpadeHOBUX 3pa3Kax, € came JiHiiHI aedextu [274-276].
[TprdomMy BOHM MalOTh HE 3aBXKAM BHUIMAIKOBY MPOCTOPOBY opieHTamito. [IpakTuaHo

napajieyibHa OpIEHTAIlis MOHOKPUCTATIYHUX CXOJWHOK Ha mimioxxki (puc. 1.9, g)
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CIPUYUHIOE MOIOHY OpIEHTAIIO 1 MPOTSHKHUX KBA3UMEPIOJUYHUX HAHOOPMKIB, SKI
MpOsBIAIOTH cebe Ak miHiiHI aedextn y CVD-rpadeni (puc. 1.9, 2). Taka ix opien-
Talis 0OYMOBJIIOE€ BHSBJIEHY aHI30TPOINIO €JIEKTPOHHOTO TPAHCIOPTY B HIM [62,
277]. IpotsixHi nedextn Oyin eKCrIepUMEHTATBHO BUSBIICHI HE JIUIIE Yy TpadeHOBUX
niBKax, BupomeHux CVD-MeTo010 Ha miIoxoksax, Hanpukian, Cu [273], Ni [278],
Ir [279], ane i y MoHoIIapi rpad)eHy micis Horo ompoMineHHs enekTpoHamu [280] Ta
Ha TpadiTOBUX MOBEPXHIX BUCOKOI opieHTaltii [281].

CnpuunHeH1 MOp(]OJIOTiEI0 MIIOXKIKS TOBEPXHEBI aTOMOBI CXOJIMHKU B €ITITaK-
cismeHOMY TpadeHi (puc. 1.9, 6, 0, ) TakoX MPOSABIAIOTEH ceO€ K JiHIIHI po3citoBadi
HOCIiB 3apsny [282]. ¥V rpadeni, BUpoIIeHOMY eIiTakCiero Ha Mokl (cyocTpari),
PO3CISIHHSI €JICKTPOHIB TOB’SI3aHE 3 EJEKTPOCTATUYHUM «JOIYBaHHIM» aTOMOBHX
CXOJIMHOK — CKYITUEHHSIM (JIOKaJi3aIli€l0) B3I0BXK HUX HOCIIB 3apsiay (€JIEKTPOHIB)
BHACJTIJIOK KOHTAKTy 3 METAJICBUM YW HaIiBIPOBITHUKOBUM cyOcTpaTom [283-285].
[HIIMM JKEpesioM PO3CISSHHS CIYTYIOTh 3aXOIUICHI KPEMHIMOBI aTOMH, CXHJIbHI JI0
arperariii Ha Me)kKax aTOMOBHUX CXOJUHOK [286]. [l a1aToMOBHX CXOJMHOK B €ITITaK-
cismpHOMY TpadeHl XapakTepHa MPOCTOPOBa OplE€HTAIlIHA KOpeslis, K Ha puc. 1.9,
a—o. EnitakcisuibHi TpadeHoB1 TUIIBKH, BUPOLICH] (LIJISXOM po3Maay KapOiay Kpem-
Hit0) Ha SiC [282, 287] a6o (CVD-meromor0) Ha Ru [288] micTsTh aABi pi3Hi OKpemi
caMOOpraHi3oBaHi NEPIOJUYHI TIJISTHKH T€PacH 1 CXOJMHKHU, 110 YTBOPIOIOTH BIOPSI/I-
koBaHi rpadenoBi goMenu [288]. Sk i mooauHOKI AeeKTH, MeXi CXOAMHOK MOYKHA
Bi3yalli3yBaTH, OKpIM BXKe 3raJlaHuX CKaHyBaJlbHOTO TyHenbHOro (STM) it atomoBo-
cunoBoro (AFM) mikpockoriB, 3a 10nomMoror KenbBiHOBOrO CHIJIOBOTO (B1AOMOTO
TaKOK K IMOBEPXHEBOro MOTEHIIHHOI0) 30Haa/Mikpockomna (KPFM) [287, 289]. 3o-
kpema, mupuHa AFM-crnioctepekeHMX aTOMOBHUX CXOJMHOK JIMIIIANIACh CTAJIO0, OJH-
3pk0 10 HM [282], oanak ix Bucora 32 KPFM- i STM-ganumMu BapitoBajiach B iHTEp-
Baiax 0,09-0,75 um [287] 1 0,5-1,5 um [290]. MipstHHS JIOKaJIBHOTO €ICKTPHYHOTO
NOTeHIIsUTy (TYCTHHH TOTOKY CTpyMy uepe3 rpad)eHOBHIl 3pa30K) 3a JIOMOMOTOO
CKaHyBaJIbHOTO TyHelbHOTO moteHiiomerpa (STP) mpomemoncrpyBamu [290], mio
JOKaIbHI 30ypeHHs, CIPUYMHEHI aTOMOBUMH CXOAMHKAMU, € KPUTHYHUMH B €JIEKT-

poHHOMY TpaHcmopTi B rpadeni. Hapasi sx STP-MipsHHS yMOXIMBIIOIOTH 1HPOpMa-
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Iit0 HE JIWIIEe B MiKpo- i HaHoMmacmTabax [290], aire Takox 1 y me3ockomiuaux [291],
7ie, BOYEBH/Ib, IPOSBIIsiE ce0e KBAaHTOBA MPUPOJIA EIEKTPOHHOTO TPAHCIOPTY.

ExcnepuMeHTalIbH1 MIpSHHS 3aCBITUMIINA TaKOX 30UIBIICHHS €JIEKTPOOIIOPY MpH
ckymuenHi [292], 36impmenni ryctunu [293] i Bucotu [290] cxoauHOK B emiTakcis-
JpHOMY rpadeni. B HIM Tako)K BUSBJICHO aHI30TPOIIIIO €JICKTPONPOBIIHOCTH B Iapa-
JEbHOMY Ta MEPIEHIUKYIIPHOMY 10 aTOMOBUX CXOJUHOK HAaIpsMKax, 10 00yMOB-
JICHO YUCJICHHICTIO JIe(eKTiB Ha AUITHKAX CXOAWHOK [282, 286] (auB. puc. 1.9, 01 e).
HasiBHICTh CXOAMHOK COPUYMHIOE 301TBIIEHHS ONOPY B JIEK1JIbKa pa3iB y MOPIBHSIHHI
3 ix BigcytHicTio [290]. 3a OIMIHKOIO BiTHOIICHHS PYXOMOCTH CJIEKTPOHIB HA JiJISH-
Kax Tepac J0 PyXOMOCTH Ha JIJSIHKaX cXoauHOK ctaHoBHTh = 10:1 [282]. He 3Baxa-
I0YM Ha CUJIbHE BUKPUBIICHHS rpadeHy B OKOJI CXOIWHOK, Taka CTPYKTypHa aedop-
Mallisli YMHATh MajJMid BHECOK Yy po3cCisHHsS enektpoHiB [283]. V Bumanky SiC-
MIJI0AKKS TOMIHYIOUOIO B PO3CISIHHI € Pi13Ka 3MiHA MOTEHUISTy B OKOJII CXOAMHOK,
COPUYMHEHA E€JEeKTPOCTATHYHUM JOMYBAaHHSAM 3 OOKYy MIJIOXIKA, HaWMILHIIIE
3B’sA3aHOTO 3 rpad)eHOM came Ha JUIIHKaxX cXoauHoK [283].

B teopernunux mocmimkeHHsx [294-300] enekTpoHHOrO TpaHCIOPTY B rpade-
Hi, 30kpema, 3 ogHUM [294-296] uu GarateMma [297] niHiHEMHU AedeKTaMU, MaJo
yBaru NpUAUBUIOCS (CIPUYMHEHOMY CaMOJIOIYBaHHIM) e(PEeKTy aKyMyJsIli 3apsiay
Ha HUX. B po6oti [268] TpaHcmoOpTHI BIAcTUBOCTI rpadeHy 3 3apsHKeHUMHU JIiHIHHU-
MU fedeKTaMu AoCTipKyBanucsa y boasiiMaHHOBOMY MiX0/11 B paMKax nepiioro bo-
pHOBOoro HaOmmwkeHHs. [IpoTe, aHATITUYHUNA MIAXI € HE 3aBXKIU AJCKBATHUM JJIs
OMKCY EJEKTPOHHOTO TPAHCHOPTY B I'padeHl HaBITh MPHU CKIHYEHHUX (HEHYJIbOBHUX)
ryctuHax enaektposis [136, 301-303].

Cepen MOXIIMBHX 3aCTOCYBaHb HAsiBHOCTH caMe JIHIMHUX AeeKTiB y rpadeHi
BUIUISIOTHCS Taki: (LIbTpalis «I0arH», ocHoBaHa Ha 1D-posciroBauax [304], depo-
MarHeTHe BIOPSAKYBaHHS B JiHiIMHUX Aedektax [305, 306], momimimieHHs elIeKTpoH-
Horo TpaHcrnopty [307] um xemiuHOi peakiiiiHoi 3matHocTr [308] 13-3a momaTkoBUX
KaHaJIIB MPOBIIHOCTH M JIOKAII30BaHUX CTAHIB B3JIOBXK JIIHIMHUX AehEKTiB, KOHTPO-
JbOBAHI1 HAIIPYTOlO HA 3aTBOPI KBAHTOBI1 KaHAJIM, BOYI0BaHI HIXKYE CaMOT0 JIIHIITHOTO

nedexty [309], i kopenboBaHi MarHeTHi CTaHH B IPOTsHKHUX AedekTax [310].
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1.3 BucHoBku 10 po3ainy 1

Pozmin 1 micTuTh JiTepaTypHi JaHi, SKHUX OIyOJIIKOBAaHO ¥ MpOaHalIi30BaHO B
ormsiaax [128, 130, 119], y rnaei 7 kuuru [141], a Tako)K y BCTYITHUX YaCTHHAX PSIY
OpHTiHANBHUX cTaTe aucepranta [114, 127, 124-139, 115-142].

3aBISIKK aHANI3H JTiTEpaTyPHUX JPKepes MOKHA CTBEPIKYBATH TAKe.

1. 3a BuCOKHMX TUCKIB i TemnepaTyp Fe—Ni-cTonu MaroTh mIiJIbHONAKOBaHY KPHUCTaTi-
yHy cTpyKTypy (Ha ocHoBi I'IIII- i I'IK-rpaTauus). [Tigumenns konuenTpaii Ni
crpusie ctadutizamii I'IIK-da3u 3a BITHOCHO HU3BKHX TEMIIEPATypP 1 BUCOKUX THCKIB.
Hagits 5 Bar.% Ni ictotHOo ctabuizytors ['TIK-cTpykTypy B MOpIBHSHHI 3 YHCTHM
3aJ1130M, a MIJABUIIEHHS TUCKY CHpUsi€ MIACUICHHIO boro edekTty. Jjist po3B’si3aHHs
npo0JieMU OMUCY TaKUX CTPYKTYPHHUX 3MiH OYEBHIHOIO € MOTpeda y TEOPETUUHUX
pospaxyHkax. L{e MOkHa 3pOOUTH, 3MOJEIIOBABIIN BUPA3H IS TIOBHOTO [166c0BOrO
TEPMOJIMHAMIYHOTO TOTEHITISUTY MEeBHUX (HA)CTPYKTYp ¥ MOPIBHABIIM iXHI 3HA4YECH-
Hs1, oOuucieHi 3a gaHux P—TI. Y Takux (1 He JUIIE TaKWX) po3paxyHKaX BU3HAYAIb-
HUMHU € 3HAYEHHS €HEPreTUYHUX NapameTpiB B3a€MOJIl aTOMIB (€HEpriil «3MillaH-
HS1») YC1X KOMIIOHEHTIB CTOITY.

2. BpaxoByroun He3BHYalHI BIACTUBOCTI TpadeHy, MEPIIOKEPETIOM SIKUX € JTBOBH-
MIPHICTh CTPYKTYpPH Ta HASIBHICTh Y Hi TOYKOBUX 1 JIIHIMHKUX e()EKTIB B CHUITYy 0CO0-
JUBOCTEN MPOIECy WOro MPUTrOTYBaHHS, 111 JIBA TN ACPEKTIB MOKHA BUKOPUCTATH
AK JTOJATKOBI 1HCTPYMEHTH JUIsl MOro (pyHKIloHami3amii, ToOOTO MOAu(DIKyBaHHS i
e(eKTUBHOTO BIUIMBY Ha MOro, 30KpeMa, €JNEeKTPOHHI 1 HEEJIEKTPOHHI TPAHCIOPTHI
BJIACTUBOCTI Ta I[IECHPSIMOBAHOIO PEryItOBaHHs HUX. /(15 LbOro, OKpiM BilaCHE Ha-
00py pI3HUX JIETYBaJIbHUX XEMIUHUX €JIEMEHTIB, MOTY>KHIM 3ac000M € KepoBaHa Ipo-
cTopoBa KOH(]Iryparis IXHIX aTOMiB, YTBOPEHHSI Pi3HUX CKJIAJHUX KOMIUICKCIB 3 HUX,
a TaKoX IX B3a€MOYMH 3a (HAMOUIbLI peasicCTUYHOTO BUIAJKY) OJJHOYACHOI MPUCYT-
HocTH 000X (0D 1 1D) TuniB nedexris.

3. He 3Baxkatoun Ha 1utigHicTh ab initio po3paxyHkiB 3a Teopiero GyHKIIOHATY TyC-
TUHH, SIKI TOTPEOYIOTh BUCOKHX KOMIT IOTEPHUX MOTYXHOCTEH, B JITEpaTypl HasBHI
PO301KHOCTI Cepell pe3ynbTaTiB, OJep>KaHUX B paMKax TaKUX Ta ¥ IHITUX OOYUCIICHb

3 mepmux npuHIUniB. OAHIE 3 MPUYUH TUX HEBIAMOBIIHOCTEH (PO30DKHOCTEH 1
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MPOTUPIY) € BUKOPUCTAHHS B 3ralaHUX KOMIT IOTEPHHUX PO3paxyHKax OOMEKEHUX 3a
po3MipoM rpadeHOBUX 3pa3KiB 3 BIIHOCHO MAJIMMH YUCJIAMH BY3JIiB. BukopucTanHs
K aHAJITUYHOrO BOJBIIMAHHOBOTO MiIXOAY B paMKax mepioro bopHoBoro Habmu-
KCHHSI € HE 3aBXKIH aJICKBaTHUM JJIs OMUCY €EKTPOHHOTO TPAHCIIOPTY B peaticTUy-
HUX Inapax rpadeHy HaBiTh 3a CKIHUCHHHMX T'yCTHUH €JIeKTpoHiB. BoueBunp mocrae
notpeba 3aCTOCYBaHHS BUCOKOTOYHHUX UYUCEIBHUX PO3PAXyHKIB Ui MEPEBIPKHU BKe
OJIep’KaHuX B JIITepaTypl pe3yabTaTiB (B paMKax JBOX 3a3HAYCHMX BHUIIE MIAXO/IIB), a

TaKOX JIJIs1 oJiep>KaHHS HOBUX. Lle 1 peanizoBaHo B MaHiit AucepTaliiHii poOoTi.
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PO3/1LI 2
BIIOPSIIKYBAHHS ATOMIB
Y IUIBHOMAKOBAHUX (TIIK- I T'IIT-) CTOMAX

[TepuM KpoKOM B TOCHIIKEHH1 MIKPOCTPYKTYPH Ta KIHETUKU AUPY31HHUX MPO-
IIECIB Y CUCTeMI € TT0OYyI0Ba CTAaTUCTUKO-TEPMOJIMHAMIYHOTO MO0, DYyHKIIIT aTo-
MOBOT0 po3no1ity A1t HaacTpykTyp 3 ['ILII-rpaTHHIIet0 OyIT0 0nepkano B po6oTi [53],
npote 0e3 00UYUCIIECHHS MapaMeTpiB JAJIEKOTO MOPSAAKY. A (QYHKINT po3MoILTy aTOMIB
it HaacTpyktypu DOy, 10 MicTsAThCs y poboTax [18, 54, 55], sk 1 300paxeHHs i€l
HAJICTPYKTYpH B KHH31 [56], € B3arani XuOHUMU, X04a KOOPJMHATH aTOMOBOTO PO3IIO-
miny B [56] BkazaHno BipHO. KOpekTHE BUKIaeHHS CTATHCTUYHO-TEPMOJIUHAMIYHOTO
moaemto 1t ['IIII-cromy 3 aromoBuM nopsiakom tuiry D01g € HeoOXimanm. Hacmimyro-

yu pobotH [15, 117-122], tieit MOieIb pO3BUHYTO HIKYE.

2.1 Méaeanb crony Ha ocHoBi I'ILIII-rpaThHnmi

Sk Bimomo [15], I'IIIT-rpaTHUIS € CKIAAHO IPATHUIICIO, AKY PO3TIIAAAIOTh, K
JIBI B3a€EMHO TPOHUKHI TeKcaroHajbH1 MiArpatHuill bpaBe, 3MilieHi 0JHA B1JIHOCHO
apyroi Ha BekTop h = 2a;/3 + a,/3 + as/2, ne aj, a,, 83 € OCHOBHI BEKTOPH TPAHCIISLIIT
(6a30Bi Bektopu) I'III-rpaTauIi B3gox HanpsaMmkis (100), (010), (001) BigmoBigHO
B KOCOKYTHIN KpucTanorpadiutiii cucremi koopaunart (puc. 2.1). Koxxuuii By3ou r
Takoi IpaTHUIII XapakTepusyerbes Bektopamu R i hy: r=R + h, [15]; Bexktop R Bu3na-
4ae «I1049aTOK» IPUMITUBHOI €JIEMEHTAapHOI KOMIpPKH, B sIKili 3HaX0IUThCA By301 I, h,
— pajitoc-BEKTOP JAHOTO By3J1a BITHOCHO «TI0YATKY» KOMIPKH, a iHAeKe P =1, 2 BKazye
HoMep miarpaTwii. Jlerko 6auntu 3 puc. 2.1, mo h; =0,a h,=2a;/3 +a,/3 + az/2.

B HabnmkeHHI caMOy3ro/I)KeHOro noJjsi, KOHPIrypaniiHo-3aiexHy 4acTuny Qy-
HKIIIOHAY BIJIbHOI eHeprii 6iHapHoro cromy I'IIIT-A-B, 3anucyemo sik [15]:
13 S w,R-R)PRIRR)+

pg p q

p,g=1R,R’

AF

R

(2.1)

+kBTiZ

g=1 R

| —

P,(R)InP,(R) +(1— Pq(R))In(l— Pq(R))],
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Pucynok 2.1 FIII-rpaTauis: TpuBUMipHE 300paskeHHs (a) Ta BU 3Bepxy (6).

Ae 1HAeKCH P 1 ( mo3HavaroTh miarpatauiio (P, q=1,2), kg — BbonbimanHoBa crana.
OpnnouactunkoBa (ynkmis iMosipHocTH Pp(R) (Py(R)) sBisie cobGoro iMOBIpHICTB
3HAXO/KEHHsI aToMa copTy B B enemeHTapHiit komipii 3 ientpom R p-i (Q-i) miarpa-
THULIl. B ocTaHHBOMY BHpa3l MiJICYMOBYBAaHHS MPOBOJUTHCA MO BCIX MPUMITHBHUX
enemeHTapaux komipkax (R, R") 1 migrparauisx, To60To 1Mo Bcix By3nax [3iHroroi
IpaTHHUIII.

B Ginapaomy TBepaomy po3unHi Wpy(R—R') BU3Hauae eHeprio «3mituanmsy»

(sxy B iTepaTypi IlIe HA3UBAIOTh CHEPTIEI0 «8nopsoxysanusy) [9, 15]:
n __ AA 4 BB 4 AB 4
qu(R—R)=qu (R—R)+qu (R—F\’)—Z\Nqu (R-R), (2.2

e Wp’;A, WpE;B i Wp‘;B — eHeprii B3aemonii map atomis A-A, B-B i A-B BianosinHo,
10 3HAXOAATHCS y MIATPATHUISX P ¥ (] B €IEMEHTAPHUX KOMIpKaX, PO3AUICHUX BiJI-
namwmo |[R — R'|. Pagitoc-BekTop R moB’si3aHuil 3 OCHOBHUMHM BEKTOpAaMU TPAHCISIIII:
R =nja; + nya, + Nzas, e Ny, Ny, N3 € LU YUCJIa — KOOPJIAUHATH LIEHTPY eJIeMeHTap-
HO1 KOMIPKHU B KOCOKYTH1M cucteMi koopaunat ['IIII-rpaTHui, |a;| = |ay| = a9, |a3| = Co,
dy Ta Co — mapameTpu IpatHulll (puc. 2.1). (B po3nuti po3riasgaeMo MOAEHb 3a Hy-
JTHOBOTO THUCKY, TOMY JUIsl CKOPOUEHHS 3aIlMCy HE MUIIEeMO 01711 €eHepreTUYHUX Tapa-

MeTpiB iHACKC «0».)

Jlst Bu3HaueHHs QyHKLIT mpocTopoBoro posnoniry atomiB Py(R) xopucryBaTu-
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Pucynok 2.2 Tlepmra bpimtroenosa 3ona st I'IIIT-kpucrtany Ta Bucokocumetpiitai Touku (I, A, K,
H, M, L) i nanpsmMku B Hiid. JKHUpHOIO JIiHiI€I0 BKa3aHO HE3BEJIEHY YacTHHY 30HH. JleKapTOBi KOM-

HOHEHTH XBUJILOBOTO BEKTOPA MO3HAYEHO 5IK Ky, Ky, Kz.

MEMOCh METOIOK0 CTATUYHUX KOHIICHTPAIIHHUX XBWIIb [15], 32 sikoro (hyHKIIiFO po3Iio-
ILTy MIPEICTAaBIMO JIIHIHHOFO CYTIEPIIO3HIIIi CTATHIHUX KOHIIEHTPAIiTHIX XBUJIb [15]:
»
(P(sk(q) R) = Vc(q) k)el R 1 (2'3)
ne K — HeHyJnbOBUI XBWJIBOBHI BEKTOp y mepiuiid bpiumroeHoBii 30H1 (puc. 2.2),
IVo(d, K)|| — omuHHYHMIA «BeKTOp TOJIspU3aLlii» G- KOHIEHTPAIIHHOT XBWIIi, G BKa-
3ye «HOMep noisipusanii». dynknito Py(R) 3amucyemo sk psg @yp’e [15]:
2
: ik, R
PR) =+ Y >, Y v, (v, (0K, e ™ | (2.4)
s o=l Js
VY 1iM Bupasi C — KOHIEHTpalis aToMiB copTy B y croni (TBepaomMy posuuni) A; (Bg;

V,(9,k; )exp(ik; -R) — crarnyHa KOHIEHTpALINHA XBUIIS 3 HAACTPYKTYPHUM XBH-
JIbOBUM BEKTOPOM K , 1110 OMHCY€E BIOPSAKOBAHY CTPYKTYPY (iHIEKC js MO3HAYAE MPO-

MEHI S-i 3ipKH XBUJIbOBUX BEKTOPIB y mepiiiii bpiyutroeHoBii 30H1); {ns .} — napamerpu
nanexoro mopsaky (0 um To 1 y HeBMOPpsAKOBaHIM CTaHi 200 TOBHICTIO BIOPSAKOBAHIM
BIATOBITHO); Vs 6(Js) — KOCQIIIEHTH, 0 BU3HAYAIOTh CUMETPII0 HMOBIPHICHUX (DYHK-
i, P4(R), To6T0 cumerpiro HagcTpykTypH. IlincymoByBaHHS B OCTaHHIM BHpAa3i Mpo-

BaUTHCA 110 Beix mpomensix {js} 3ipku {K°} 1 mo Beix «nonspusanisx» {c} [15].
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Konnentpartiini xBum [|@qk(g, R")|| € BracHumMu (yHKIISIMA MaTpHI[ €HEprii

3mimanHs ||Wpq(R — R’)|| [15]:
2
Zzwpq(R_R’)(pok(qu,) :A‘o(k)q)ck(pa R)’ (25)
g=1 R’
ne Ao(K) — Bmacue 3HauenHs marputi ||Wye(R — R)||. «Ilonspuzaniiiauii HoMep» G
MO>KHA Ha3MBaTH HOMEPOM T'UTKH B crieKTpi {A(K)}. [TlimcTanoBka Bupasy (2.3) y Bu-

pa3 (2.5) nae piBusHHs [15]:
D W (K)V, (p,K) =4, (K)V, (0, k). (2.6)

ne Oyp’e-niepeTBip eHeprii 3MIMaHHs TTO3HAYEHO 5K

W, (K) =Y w, (R-R)e™ R, (2.7)
R

Ockinbku Matpuist |[Wye(K)|| € EpmiToBoro, To Bei ii BIacHi 3HaYCHHS € AiliCHH-

MH, a BJIaCHI BEKTOPH ||Vo(P, K)|| € OpTOroHaIBHIUMH OJTUH OJHOMY,
2
ZVG (q7 k)vc'(q’ k) = 805' '
g=1

Marpuwst |Woq(K)|| Mae Takuit Burmsiz [15, 17, 18, 25]:

W, (k) le(k)J

Fultl :[w;;(k) i, (k) @9

ne W, (K) € xoMIuiekcHo crpsokeHe 10 W, (K), a Takok BpaxoBaHO, LIO JUIS TBEPIHX
posunHiB 3amimensds Ha ocHOBi ['IIT-rpatauumi W, (K) =W, (K), W, (k) =W, (k),
[18, 53, 54].

Marpuui eneprii 3mimansst |Wyo(K)|| BiamoBinaroTs HacTyHi BIacHi 3HAYCHHS

Ao(K) # BigmoBigHi M Bi1acHi BekTopH Vo(K):

)Ll(k) = Wll(k) +|W12(k)| ) kz(k) = Wll(k) _|W12(k)| 1 (2-93)
1 1
G| W) | v =] W) | (2.96)

N 2

[V, (K)| W, (K))|

Temnepatypa aOcomOoTHOT BTpaTh CTaOUTBHOCTH HEBIOPAIKOBAHOTO CTaHy
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(kpuTHYHA TeMIlepaTypa) Ui CKkiaaaHoi [3iHroBoi rpaTHui qopiBHIOE [15]
T. =—(/kz)c(X—c)mini_(k®), (2.10)
G,S
ne mini_(k®) — abcomroramii minimym A (K). ®asosuii mepexin renepyerses K-
o,S

sipkoto, umi npomeni {K; } Ta «monspusaniitni Bexropm» [[Vo(q,K)|| 3a6e3meuyroTs

Takuil MiniMym Beamunnn A (K i)

2.2 (Hag)crpykrypa DOjo-THIY

Posrasiuemo (Han)ctpykrypy tuny D01g-AgB, ne aromu BopsakOBaHHUM YHHOM
po3zramoBadi 1o By3ax ['l{II-rpatauii. Enementapua komipka Takoi CTpyKTYpH Mic-

TUTh 8 aTOMIB Y HACTYITHUX MO3UIIisIX (puc. 2.3):

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

211y (511) (541},
332) \332) (332)°

B: (000), (%%%)

N

“

Pucynok 2.3 EnemenrtapHa komipka HaacTpykTypu Ty DOig: Tpu- (&) Ta qBoBumipHe (6) 300pa-
aKeHHs. «CBITIID) KyJIbKH — aTOMU copTy B, a «remHi1» — atomu copty A. Moyl paiifociB-BEKTOPIB

MEPIINX YOTHPHOX KoopauHatinuux cdep (|ra, |r2|, [r3|, [r4|) BiamosigaroTs Bumaaxy 2 B Tadm. 2.1.
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Tabmums 2.1 3anexHIiCTh PaaifoCciB MEPIIUX YOTUPHOX KOOpAWHALIMHUX cep, I1, Iy, I3 1 Iy, BiA Na-

pameTtpis, g 1 Co, ' LL{II-rpaTHumi.

CriBBiTHOIICHHS MiX TTapa-
r ra I3 Is
metpamu ['TIIT-rparauI
2 2 2 2
1 a, < VG a, I I T C,
4 3 4
2 2 2 2
2 \/6C0<a <3ﬁ a_0+C_0 ao 4'aO +C_0 CO
0 3 4 3 4
3c 2 2 2 2
4 3 4 3 4
2 2 2 2
4 C, <@y <—2 % G Co a, 48 | G
3 4
3CO a2 02 4a2 CZ
5 a0 > 0 -0 40 ao 0,0
2 3 4 3 4

[TapameTpu rpaTHHII BUSHAYAIOTH BiAAall MK HAaHOMMKYMMHU aTOMaMU, HACTY-
MMHUMU 332 HaWOMMKYUMU 1 TaK Jalli, TOOTO pajitocu KOOpJIUHAIINHUX cdep. 3aiex-
HICTh PaIIOCIB MEPIIMX YOTUPHOX KOOPAMHALINHUX cep Bia mapameTpiB (g 1 Co)
['III1-rparaumi HaBeneHo B Tabm. 2.1, B AKii Bumaaky 2 BiamoBigae puc. 2.3. SAkmio
Co/ag = 1,633, To Maemo Tak 3BaHy «igeanbuy» ['ILII-rpaTHuUIIO, B SKiH ] = I,, a IpH
Bimxmiti Co/ag Bix 1,633, xonu Iy # I, (puc. 2.3), Tak 3BaHa YMOBa IIUTLHOTO TTAaKyBaH-
Hs1 opymyethes [10].

Jlnst Oynb-sikoro Bekropa K= (Ky, Ko, K3) o6eprenoro mpocropy I'IIIT-rparaui
mae micne pisricts K =2n(ka, +k,a, +Kk,a;), ne a;, @, i &, € BeKTOpH TpaHCIALIi
obOepHenoi rpatHuill B3moBxk HanpsMkiB (100), (010) 1 (001) BigmoBigHO, MpUUOMY
la;| = las] = 1/ay, || =1/co.

Kopucratouucs (2.7), 3anumiemMo Bupas3u ajisi eJ1eMeHTIB MaTpuili (2.8):

Wll(k) =~ w, |:eZTtik1 + eZnik2 + ef2nik1 + e72nik2 + e2ni(k1+k2) + eoni(k1+k2):| +

: _ (2.11a)
+W, [ez’""B +e T } +.

le(k) =W, [1_'_ e—2nik3 + e72nikl + e—2ni(kl+k3) + e72fci(k1+k2) + e—2ni(k1+k2+k3)] +
(2.116)
W, |:e2nik2 +ezm(k2—k3) 4 e—2nik2 4 e—Zni(k2+k3) +e—2ni(2kl+k2) +e—2ni(2kl+k2+k3):|+ -
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ae Wy =Wi(ry), Wo=Wy(I,), Ws=Ws3(r3), Ws=Wy(rs) € eHeprii 3mimanus (BiAMOBIIHO) B
NepIii, Ipyrii, TpeTii, 4eTBEPTi KOOpAUHAIIINHUX cdepax 3 paaitocaMu Iy, I, I3, Iy
BiIMOBITHO (puc. 2.2).

Crpyxkrypa tuny DO;g «renepyetsesa» npomenamu {K;,} HaACTpyKTypHOro XBu-

nbosoro Bekropa K" [15,17, 18, 25, 53] (puc. 2.3):

g naize;O;Oj, kzMZﬂa§=(0;%;0j, k3M=n(aI+a’;)=(—l;1;Oj.

k
! 2’2

Bukopucrosyroun Bupaszu (2.11a) 1 (2.1106), 3anumiemMo eIeMEHTH MaTpulll eHeprii
3MmimaHHs (2.8) sl HaBEJIEHUX BUILE XBUJIBOBUX BEKTOPIB, a TAKOXK JJI1 HYJIHOBOTO

(k" = 0) XBUIFOBOTO BEKTOPA:

N, (0) =6w, +2w, +..., N, (0) = 6w, + 6w, +...; (2.12a)
Ny (Ky, ) = =2, +2W, +...,  Wi(K; ) =—2w, + 6w, +...; (2.1206)
W, (K, ) =—2W, +2W, +...,  Wi,(K, ) =2w, —6w, +...; (2.12B)
W (Ks ) =—2W, +2wW, +...,  Wi,(K; ) =2w, —6w, +.... (2.12r)

[TimcranoBka Bupazis (2.12) y Bupasu (2.9a) nae:

1, (0) = BW, + 2W, +[6W, + BW,| +..., &,(0) = 6W, + 2w, —|6W, +6W,|+...;  (2.13a)
MKy ) =—2W, +2W, + 2w, — 6w, | +..., A, (K, ) = —2w, + 2w, — 2w, — 6w, | +...; (2130)
MKy, ) =—2W, +2W, +[2w, —6W,|+..., A, (K, ) =—2W, + 2w, — 2w, —6w;|+...; (213B)
Ay(Ky ) = =20, + 2w, + 2w, —BW,|+..., A, (K, ) = —2W, + 2w, —|2w, —6W,|+..... (213r)

3 Bupazis (2.13) nerko 6aunTH, 110
MKy, ) = 2Ky, ) = 2Ky, ) =1 (KY),

(2.14)
Aa(Ky ) =R (K, ) =2y (kg ) =Ry (K™).

Sk BugHO 3 puc. 2.3, B HaACTPYKTypl Tuny D09 HAMOIMKYMMH CyCiiaMHu KOXK-
HOTO atoMa copTy B € nume aromu copty A. Tomy, mapHa eHeprisi B3a€MOii CycCi-
Hix atoMiB B 1 A € Bi’eMHO10. 3 BUpasy (2.2) BUILIMBAE, 1110 CHEPris 3MIIIaHHS € J10-
JATHOIO B TEPIIiN KOOpJAWHAIINHIN cdepl, 0 € TUIIOBUM JJIsi BCIX CHCTEM, SIKi 3a-
3HAIOTh aTOMOBOT'O BIOPSAKYBaHHS (AuB., Hanpukiaa, [9]), wy > 0. BBaxarouu, 1110

W; > 3W3 Ta BUKOPHCTOBYIOUH BHupasu (2.9) 1 (2.13), ogepxyemo:
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7‘1(0) = Wll(o) + le 0), 7L2 0) = Wll(o) - le (0,

2.15
v, 0 =%@ v,(0) =%(_3; (@15

kl(klM )= Wll(klM )— le(k1M ), X2(k1M )= Wll(klM )+ WlZ(klM );

1 1 (2.150)
utk,) =4[ ) wle,) =75,
7‘1(k2M )= Wn(kzM )+ le(kzM ), kz(kzM )= Wll(kZM )~ le(kzM )>

1( 1 1 (2.158)
Vz(kzM)zﬁ(_]}' Vl(kzM):%(lj;
xl(ksM )= Wll(kSM )+ le(k3M )> kz(ksM )= wll(k3M )~ le(ksM ),

1 1 2.15
Vi(K, )= %@ Vy(Ky ) = %[_J (2.151)

I3 3acTocyBaHHSIM METOAM CTATUYHUX KOHIICHTPAI[IHUX XBHIIb, BUpa3 (2.4) Ha-

OyBa€ TaKOro BUTIISLY:
R(R))_ (1 Yo (KD (1
(PZ(R)]_C@M” 2 (—J+
+ M1|:,y (k ) 1jeinaI'R:|+ MNm2 {Y (k )(1JeinaI-R:|+
V2 N V2 S (2.16)
LIVE 1 inaj R Nu2 1 ina) R
+ \/5 |:yM1(k2M ) :Je }"‘ \/E |:V|v| z(kzM )[_:Je }"‘

n 1 in(aj+aj)- n 1 in(aj+aj)
+%|}YM1(k3M)(1 e™ m}*‘%{\ﬁwz(k%)(_l}e ( )R:|-

B moBHICTIO BIIOPSIKOBAaHOMY CTOIII 31 cTeXiomeTpuaHuM ckiagoM C=1/4, mpu T=0K,

=

KOJIM ITapaMeTpH JaJIeKOTo MOPSIIKY M 1 vz AOpiBHIOIOTH 1, pyHK1is Py(R) nopisHroe

0 a6o 1 B ycix By3nax ['LIII-rpatHuti. I{s ymoBa 103Bosie 00UUCIUTH KOSDIIEHTH
cumeTpii, Yr2(Ko), YMl(klM )s Vm 2(k1M ) YMl(kzM ) 'sz(kzM ) YMl(k3M )s Vm 2(k3M )

JUTS BCIX THITIB CTPYKTYp Ha ocHOBi [ IIIT-rpaTHuUtti 3i crexiomerpiero C=1/4.
bepyun 1o yBaru BnactuBOCTI 0a3MCHUX BEKTOPiB, OJHOYACTUHKOBIN WMOBIpHI-
cHill ¢ynkuii atomoBoro posnofiny, Py(R), nms nancrpykrypu tumy D09 Hazaemo

HACTYMHOTO (KiHIIEBOTO) BUTJISITY:
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R(R))  (E(R)
[PZ(R)] _ c+n(E2(R)], @.17)
ne E; 1 E, Bu3HAuaroTsCs Ik

El(R) _1 1 ina;-R 1 inay-R 1 in(a;+ay)-R
LEZ(R))—A[Q(Je +g2(_1]e +§3(_Je } 2179

e Gi=0=0=1 G=-C=-C=1 -G=0=-C=1, -(i=-0=C0=1. Oynkuis
(2.17) 3amexuth BiJ mapamerpa JIAIEKOTro TOPSIIKY, 1), ¥ MpuiiMae JBa 3HAYCHHS,
C—mn/4 1 C+ 3n/4, Ha BCIX By3Jax I'paTHUIll, TUM CaMUM 33JIOBOJIbHIIOUU cPopMy-
apoBanuid A. I'. XauarypssHoM [15] kputepiii 3a skuM (QYHKITIST aTOMOBOT'O PO3ITOILTY
MOBUHHA NIPUMMATH Ha MHOXKHHI BCiX BY3JIB [31HIOBOT IpaTHUIII TaKe YHUCIO PI3HUX
3HAYEHb, K€ HA OJUHULIO OLIbIIE 3a YUCIIO MapaMeTPiB JAJIEKOT0 NOPAJIKY.

[TincTranoBka Bupasy (2.17) y Bupas (2.1) gae xkoHdpirypamiitHo-3anexHy BUIbHY
eHepriro (Ha oJIHy KOMIpKY) BropsigkoBaHoi ¢asu tumy D0, ik QyHKIIIIO TemIiepa-
TypH, KOHIICHTpAIlii i mapaMeTpa JajJeKoro MopsaKy:

21

3
AF = =¢*\ (0) + — 1A, (kM) +
5 .(0) 3211 ,(K™)

+%kBTKc+371r1jln(c+%n)+(1—c—%njln(l—c—%nj+ (2.18)
+3[c_gjln(c—2J+3(1—c+gjln[1—c+2ﬂ.

[Mpunycrusmm 1 = 0, maeMo KOH(DIrypaIiiiHy 4acTUHY BUIbHOI €Heprii (Ha OJIHy KO-

MIpKY) HEBIOPSJIKOBaHOI (pa3u:
AF(n=0) = %Czkl(O) +kgT[clnc+(1-c)In(1-c)]. (2.19)

[apamerpu MixkatomoBoi B3aemomii A1(0) i Ao(k") (Brachi 3HaueHHs marpumi
eHeprii 3MilaHHs), AKi BXOIATh 10 BUpasiB (2.18) i (2.19), Bu3Ha4yaroTh 00J1aCTi BITO-
PSAKOBAHOI Ta HEBMOPSAKOBAaHOI (a3 Ha Pa3oBiid AisirpaMi KOHKPETHOTo croiy. [
BU3HAYCHHS IIMX CHEPreTHYHUX BEIUYMH MOJKHA MITH PI3HUMH muisixamu. Hampu-

KJIaJ, MOXKHa 3aCTOCYBaTH JaHl PO3CisSHHS BUIpoMiHeHHS (PeHTreHoBUX mpoMeHiB
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abo TerutoBux HEBTPOHIB) [15, 26, 311-320], MokHA 0OUHMCINUTH 1X 3 TIEPIIUX MIPUH-
rumiB (ab initio-meromoro) [321-323] a00 BUKOHATH MIATOHKY HapaMeTpiB B3aeMOIii
70 HasiBHOI eKcriepuMeHTanbHoi (pa3oBoi misrpamu [117-122]. B HactymHOMYy IIij-

o311l BUOPAHO OCTAHHIN IIJISX.

2.3 CtpykrypHe ¢a3oBe nepeTBOpeHHs jJaa—oe3aan o—oy-TI1-Al

3riJIHO 3 EKCIEPUMEHTAIBbHOIO (ha3oBot0 misirpamoro [324-326] Ha puc. 2.4 €
KOHIIEHTpAIlIHHO-TeMITepaTypHHIA iHTepBaJI, 1e (IICeBI0)piBHOBAXHHUIA CTaH CHCTEMH
Ti—Al BimnoBizae HEBIOPSIKOBAHOMY TBEPAOMY CTaHy — oOi-(a3i. 3i 30UIbIICHHIM
BMICcTy Al 1/a00 3MEHIIEHHSIM TeMIEepaTypH Lig HEBNOPSAAKOBaHa (ha3a crae HecTadi-
JBHOIO Ta 3 SIBIIIE€THCA BIOPSAIKOBAHA OL-(ha3a.

J1s po3paxyHKy pIBHOBa)KHOT'O ITapaMeTpa JaJIEeKOro MOPSAKY Teq CII1J BUKOPH-
CTaTH YMOBY MIHIMyMY BUIbHOI €HEpPrii PU PIBHOBAKHOMY IapamMeTpl AAJIEKOro Mo-
panaky. Jlns ¢ = 1/4 Taka ymMoBa, BUKOHaHA 3a Pi3HUX TeMIEpatyp, nae kpusy A—B-E
Ha puc. 2.5, a. 3 iHmoro 00Ky piIBHOBaKHUH MapamMeTep AaIEKOro HOPAIKY Meq HOBU-

HEH 3a/I0BOJIBHATH YMOBY JIOKaJIbHOTO MiHiMyMy OF/0n = 0, 3 IKOi ciiye piBHSIHHS:

Konmnentparis Al, Bar. %

0 10 20 30 40 50 60 70 80 90100
1800 . —— el

1670°C

Temneparypa, °C

Ti Konmentpartis Al, at. % Al
Pucynok 2.4 ®a3osa gisrpama cromy Ti—Al [324-326].
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T c
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Pucynok 2.5 3anexHICTb pIBHOBaXKHOT'O IapaMeTpa AajaeKoro MOPSIKY Teq B 3BEJEHOI TeMiepa-

Typu T =kaT/|ho(k™)| 32 crexiomerpii ¢ = 1/4 (a) Ta Bix koHIeHTparii (6) y dasi Tamy DO1o.

T (c+3n,/4)(1—c+n,/4)

1€ 3BeieHy TeMIrepatypy mosHadero sk T = kg T/|[A (k™).

T]eq —1In (C - T]eq /4)(1 —C- 3neq /4) (220)

Hwxue aesikoi Temmneparypu Ty piBHsHHS (2.20) mopsa 3 po3s’sizkom 1(T,c)=0
Ma€ HEHYJIbOBU PO3B’S30K, SIKUM BIAMOBIIa€ MiHIMYMY BUIbHOI eHeprii. Lle o3Hauvae,
110 B Toull Tk (Touka KypHakoBa) BiIOyBa€eThCs Mepexif 13 HEYNmopsIKOBAHOTO CTa-
Hy B ynopsiakoBany ¢asy (DO0ig). HucenbHuit po3s’si30k piBHHHS (2.20) 111 BUiIC-
Hoi KoHIIeHTpaiii C = 1/4 ommucyerbes kpuBoto A—B—C-D Ha puc. 2.5, a. Ha it xpu-
Bilf nuIssHKa A—B BianoBigae aOCOIOTHOMY MIHIMYMY BUIBHOI €HEprii, TOOTO MOX-
JIMBUM PIBHOBAXKHUM BIIOPSIIKOBAaHUM CTaHaMm cTomy. Ilepexin Ha 110 AUISHKY Cy-
MIPOBOJIKYETHCSI CTPUOKOM MMapaMeTpa JaJIeKOro MOPSIKY 1 BiAmoBinae pazoBomy me-
PETBOPEHHIO TUMY Jiaa—0e3naa nepiioro poay. I'imka B—C BiAMOBIga€E JTOKATBHOMY
MIHIMYMY BUIBHOI €Heprii, OUIbIIOMY, HIXK 1i 3HAYE€HHS JJIs1 HEBIOPSIIKOBAHOTO CTa-
HY, TOOTO onmcye MetacTabuipHul cTaH. [insHka kpuBoi C—D Biamnosinae Makcumy-
MY BUIBHOI €Heprii, 1 BIANOBIAHI JIa01JIbHI CTAHU HE PEaIi30BYIOThCSI.

3 piBHsHHsA OF/0n = 0 Tako MOXHa 3HANTH KOHIICHTPAIIMHY 3aJICKHICTh PiB-
HOBAXHOTO MapaMeTpa JajeKoro MOPSIKY Meq = Neq(C). KpuBi Ha puc. 2.5, 6 € uuce-

. . *
JIbHUMH pOSB,H?)KaMI/I TAKOI'0 P1BHAHHA 3a P13HUX 3BECACHUX TEMIICPATYP T.
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Pucynok 2.6 Po3paxoBana i ekcriepumeHTanbHa [324] ¢a3oBi gisrpamu (a) Ta TeMieparypHa 3a-

JICKHICTH IMapaMeTpiB MikaToMoBoi B3aemoii (6) mist cromy ['TITT-Ti—Al.

SIKIIO B1IOMHI T)eq, MOKHA PO3PAaXyBaTH KOH(II'YpaLliiHy BIIbHY €HEPIIIO K (Y-
HKIIIIO0 TEMIEPAaTypH 1 KOHIEHTpalli. PIBHOBaXkH1 KOHLIEHTpAIlii CIiBICHYBaHHS BIIO-
PSAAKOBAHOI 1HTEPMETANIEBOT Olp-(pa3u 1 BIOPSIKOBAHOT o-(ha3u MOXHA po3paxyBaTH
YHCEIbHO MOOYA0BOKO CIIUILHOI AoTHYHOI. B Takiit metoai mapametpu A1(0) 1 Ax(Ky) y
Bupaszax (2.18) i (2.19) € npumacyBalbHHUMH, STKUX MOKHA OOYHMCIUTH HETIHIHHOIO
MeTOZ0 HAWMEHIIMX KBaJapartiB 3a airoputmom JleBeHOepra—MapkBapnra [327—
331]. Taky nporieaypy Oysi0 peaaizoBaHo )i JBOX BUMAAKIB (MOEIIB): KOJIM Iapame-
TPH MIDKATOMOBHX B3a€MO/TIH HE3aJIC)KHI Ta 3aJIC)KHI BiJ TemrepaTypH (puc. 2.6, a).

VY Bumagky iX HE3aJNeKHOCTHU BiJl TEMIEPATYPH PO3paxoOBaHi JUIsl HUX 3HAYCHHS
BIHOCSTBCSI IO BChOro TtemmeparypHoro intepBairy 600-1000°C: A;(0)~ 462,36
meB/aTom 1 Ay(K;) #—555,91 meB/atom. ¥V Bumajiky iX 3ajie)KHOCTH BiJl TeMIIepaTypH
dyskii A1(0)=A1(0,T) 1 Ax(ky)=An(ke, T) momgano Ha puc. 2.6, 6. Jlerko Gauntu 3
puc. 2.6, a, 1o B MOJEIIO 3 TEMIIEPATyPO-3aJICKHUMHU EHEPTIsIMU MI)KATOMOBUX B3a€-
MO po3paxoBaHi (a30Bl MEXI MPAKTUYHO CIIBIIAJa€ 3 €KCIEPUMCHTAIBHUMU. B
MOJIEITIO 3 TEMIIEPATypO-HE3aJKHUMH €HEPTisIMUA M1)KaTOMOBHUX B3a€MO/I1A BIMIOBII-
HICTb MK PO3paxoBaHOIO (Pa30BOIO MIATPAMOIO Ta EKCIIEPUMEHTAIBHOIO Tipia. Po3pa-
XyHKU He mipoBoawincs Buie 1 =1075°C ockinbku Mpu BUIKUX TeMmIiieparypax (aza

tuny TizAl Bke criBicHye 3 B-da3oro Ha ocHOBI OIIK-rpaTHuIIi.
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Pucynok 2.7 PiBHOBa)KHHIA mTapaMeTep JaJIeKOTo MOPSAKY K (QYHKIIiS TEMIIepaTypy B HECTeXioMe-

tpuuHiii pasi DOjg-Trmy 1y1s pizHux ckiaamis Ti—Al.

Po3paxoBani BemuunuHU A(K;) YMOXKIIUBIIOIOTH PO3PaXyHOK T-3aJI€KHOCTH PiB-
HOBXHOTO 1 B HecTexioMeTpuyuHii ¢azi tumy TizAl (puc. 2.7). Pucynku 2.4, a ta 2.7
MATBEPKYIOTh, 110 (Pa3oBe mepeTBOpeHHs HeBmopsakoBaHoi ¢gaszu ['IIIT TBepaoro
po3unHy y BriopsinkoBany D0, g-a3zy € pazoBum nmepexomom 1-ro pony. Lle ctocyeTncs,
30KpeMa, 1 pazoBoro mepexomy a—o, y IIIII-Ti-Al.

HesiBHa 3a5iexHICTh €HEPrii MI>KaTOMOBHX B3aeMOiH BiJ T 1 C 00yMOBJI€HA, 30K-
peMa, 3MIHOIO 3 TeMIIEpaTyporo 1 KoHIleHTpalliero napamerpiB ['IIII-rparaui, ag 1 Cp.
30ci0OHa, BiAMOBIAAILHIMH 3a TeMiepaTypHy 3anexHicTh A1(0) 1 A,(Ky) € Termnose pos-

HMIMPEHHS, TEMIIEPATYPHA 3AJICKHICTh IPYKHOCTU Ta PO3M SKIIICHHS KOJIMBHUX MO/,

2.4 Kinernka nanexoro nopsiaky ¢aszm DOjo-Ti—Al

Posrasimemo Bumamoxk oOMIHHOTO (KUThIIEBOTO) MexaHi3my audysii [15, 332—
338] B mpoiieci KIHETUKH Jlaliekoro BropsaKyBaHHs O6iHapHoro 'IIII-TBepmoro pos-
yuHy 3amimieHHs. Y ¢asi tumy DO0jg (TisAl) mepeBakanus 1isoro qudy3iifHOTO Mexa-
HI3My OOYMOBIIIOETLCS Jy’K€ HU3BKOI KOHIIeHTparliero Bakauciii [339]. Hanpuxian,
KUIBKICTh BaKaHC1M BIAHOCHO TTOBHOI'O YKCJIa BY3JIIB Y CTPOrO CTEXIOMETpUUHiN ¢a3i

TizAl npu 850°C cranosuth 0,0009 [339]. Lle o3Hauae, 110 CTYIiHL AaTOMOBOIO IO~
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PSAKY, SK 1 HASBHICTb aHTUCTPYKTYPHHUX aTOMIB, Maii’ke MOBHICTIO 00YMOBJIEHO BIAXU-
JIOM BiJ cTeXioMeTpii Ta yMoBaMu 0OpoOKH 3paska. [ mociiKkeHHs] KIHETUKU BIIO-
PSIKYBaHHS aTOMIB Y (HepiBHOBaXHOMY) TBepaomy posuusi ['III1-A; (B, 3acTocyemo
MOJICITb Ha OCHOBI MiKpOCKomiuHOro audy3iiiHoro piBHsHHS OHcarepoBoro tumy [15].
IIBHAKICTH 3MIHH OJTHOYACTUHKOBUX MMOBIpHOCTEH /17151 aToMiB B (y 1-i 1 2-1 koopau-

HAI[IHHUX T IPATHUIIX ) BH3HAYAETHCS PIBHSIHHSIM

dPl(R’t)N_ 1 21BB (> PN ~(]_ OAF
da kBT;{[C 1 (R-R)-cl-0Li(R- R)]é‘)P(R 1)
(2.21a)
+H'LE(R-R) —e(1-) B;\(R—R')}%},
sz(R’t)N_ 1 21BB (> PN ~(]_ B OAF
b kBT;{[c P(R-R)—c(l-c)H(R )]8P( ot
(2.216)

LB (R-R) —c(1—c) B;‘(R—R')}%},

AC YacC IIO3HAYCHO 4YCPC3 t, LaB (R R) € MaTpunsa KIHETUYHHUX KOG(l)l]_IIGHTlB yui

€JIEMEHTH TPEJCTABISAIOTh CO00I0 OOMIHHI MMOBIPHOCTI €JIeMEHTapHUX JU(Y31HHIX
CTpHOKIB Mapu aToMiB, o 1 [3, MK By3JI0M I P-i miArpaTHULI 1 By3J0oM I’ (-i miarpar-
HUI 3a oauHHUIO Yacy (o, B =A, B; p,q=1, 2). Taka #AMOBIpHICTb JJIs TAPH BY3JIiB
r=R+hpir =R’ +hy e iHBapisHTHOIO M0A0 TpaHCIsALiil Bpase i 3anexurs Bixg pi-
HHILI BekTOpiB TpaHcisaiii bpase (R—R’). Y Bunaaky ooMinHoro audys3iiiHoro me-
XaHI3MYy JOCTATHBbO PO3TJIAIATH MITpalliio, HaNpUKiIaj, JUIle aTtoMiB B, ockiibku
cyMa MMOBIPHOCTEH 3allOBHEHHS By3J1iB aToMaMH A 1 B € TOTOKHO piBHOIO OJIMHHMIITI.
B ocrannix nBox piBHAHHIX (117151 (pa3u tuiry D0;g mo6m3y piBHOBArHM ) OCTYITIOIOTHCS
i BpaxoBytoTbecst OHcarepose criBBigHonenns s3aemuoctu: L (R-R) = L5 (R-R),
(R-R)=L%(R-R), LER-R)=L2(R-R), LAR-R) = %R -R).
Ockinbku moBHe ynciio aromis B (A) B cuctemi dikcosane, Ng = const (N = const),

Ma€ MicIie OOMEKEHHS JIsl KIHETUYHUX KOS(IIIEHTIB:

Z i (R) dNB—o T06TO ZZL (R-R") =0, (2.22)

p=l R p=1 R
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3 Bupasy (2.1) repmoauHamiuHi pymiiHi cunu SAF/SP, (R',t) moxaemo sk

SAF P.(R")

PR ;[WM(R ~R)B(R) + W, (R—R)P(R)]+k, T In—— T (2.23a)
SAF ~ . , B , PZ(R!)
) = (R -RIP(R) +wo(R-RIR R+ kT Ing 7. (2230)

Bemmuuna 6AF/8P4(R) mae Taky x cumertpito, sk 1 pyHkuia Py(R). Tomy y Bunagxy
nanexoro BropsakysaHHA BeauanHy OAF/OPy(R), sik 1 Py(R), MoxxHa npencraButu y
BUTJISA/II CYNEPIO3MINT THX CAMUX CTATUYHHMX KOHIICHTpAIIHHUX XBUIb [15]:
SAF/SPq(R) =C(m)+A(MEL(R), P,(R)=c+nE,(R) (q=1,2);(2.24)
TyT E4(R) st ctpykrypu Ty DOy monaerscst y Bupasom (2.17). Iloennyroun Bupa-
3u (2.23) 1 (2.24), a Takox npuitmatoun 110 yBary mo Eq(R) HaOyBae muiie nBox 3Ha-
yeHb (—1/4 1 3/4) na Bcix By3nax ['LIII-rpatHuii, oxepxyeMo Bupasu s GYHKIIT

c(m) i A(n):

o kT (c—m/4)%(c+3n/4)
c(m) =cr (0)+ In o/ _c_3nd)’ (2.25a)

L M (c+3n/4)(1-c+n/4)
nMm) =i, (K" ) +k;TIn (1= c—3n/4)c—n/4) . (2.2506)

[TincraBnsitoun Bupasu (2.24) y piBasiuus (2.21), komOiHyroun Bupasu (2.22) 1 (2.25) ta
3acTOCOBYIOUH TiepeTBopeHHss Dyp’e 10 000X yacTuH piBHsAHHS (2.21), omepxyeMo

nudepeHiiHe KIHeTUYHE PIBHSIHHS JJIs1 ITyKaHOT0 apaMeTpa JaJIeKoro NOpsaKy 1):

dn_ o] A (KY) (c+3n/4)(1-c+n/4)
e c(l-c)L(k ){—kBT n+1n(1—c—3n/4)(0—n/4)] (2.26)
Jie KIHETHYIH1 KOoe]illiEHTH OB’ sI3aH1 BUPa30M

C(k) = =[O0 + C2 (k™) ][ (") + L2 k) . (2.27)

Jlerko OauuTH, 10 OOMIH MICHSIMH aTOMIB OJTHOTO COPTY TEX BIUIMBAE HA 3MIHY T,
BTIM SIKILO C<<1, To Takoro BIuMBY Hemae. PiBHsIHHSA (2.20) 3py4HO pO3B’sI3yBaTH B
TepMinax 3Bexennx dacy t = L(k™)t i remmeparypu T  =kgT/[Ao(k™)].

YucenpHUMH pO3B’Si3KaMU pIBHAHHA (2.26) 3a pi3HUX MOYATKOBUX 3HAYEHb Ma-
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pameTpa mopsiaky, no = 1 (t = 0), pisaux Temnepatyp Biamany Ta ckiaamie ['IIIIT da3u

tuny D019 B cromi Ti—Al cayryrors kiHeTHuHI KpUBI Ha puc. 2.8, a—2.

Kpusi Ha puc. 2.8, a BIANOBIIAIOTH BUIAJIKYy TEMIIEPATYPHOI HE3AJICKHOCTH Ia-

pamerpiB MikatomoBux B3aemomiit (xomu An(K")=-55591 meB/aTom), a xpusi Ha

prc. 2.8, 6 pospaxosani, ko Ao(kK™) € QyHKIIi€I0 TeMmepaTypH SK MOKa3aHO Ha PIC.

2.6, 6. 3 pucyHkiB 2.8, a 1 6 BUAHO, IO y IUX JBOX BHUIMAJKaX PI3HATHCSA HE JIHILE

1 T T T T T T
09 =
Q8K [ STTTTTTTTTTTTTnTmTm Tt i
e ——— e e
0.7 / ]
0.6 et T T T T
= 05 P =
o A = const
04H. ” —
03 1 — 7000(: -
B <---- 800°C |
0.2 — - 900°C
0.1 — - - 1000°C []
0 | | | | | | I 1
0 5 10 15 20 25 30 35 40 45
t*
a
1 T T T T
09F /77— T =
0.8 .
0.7 —
0.6 | ‘ :' T= SOOOC
= 05K —_
04 . T Tio.ssAlogs M
0.3 i oo TiogeAlg20 H
0.2 : —_— Ti0,75A10,25 M
oir- | T Tio.voAlo,m M
0 I I I I
0 5 10 15 20 25
1"*
6

A=MD)
——700C |
<=+ 800°C
— - 900°C

— - ~1000°C [
[ | I B -

5 10 15 20 25 30 35 40 45
r*
6
T [ T I [ | |
7=900°C |
-~ TiO\SSAIOJi —
""" TiO,SOAlﬂ,ZU —
— Ti0,75A10,25 —
_____ TiU,'FOAlO,SU —
Il —— ) I | I
5 10 15 20 25 30 35 40 45 50
t
Z

Pucynok 2.8 3aynexHicTh mapamerpa JAajJeKoro MOpsaKy Bija (3BeaeHoro) vacy ais (a), (6) crexio-

MeTpuuHOi (C = 1/4) Ta (8), (¢) HecTexiomerpuuHux (a3 DO0ig-tumny B Tiz-_cAlc 3a (@), (6) pi3HuX Ta

(8), (2) bikcoBanux Temmepatyp B MOJENAX 3 (a) Temreparypo-He3anexaumu (A = const) ta (6)—(2)

TemrepaTypo-3ainexaumu (A = A(T)) mapameTpaMu MiKaTOMOBHX B3a€MOJIIH.
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npodil penakcaliHuX KPUBUX, a i PIBHOBAKHI 3HAUYEHHS Teq. Y NOPIBHSAHHI 3 PHUC.
2.8, a, Ha puc. 2.8, 6 3MEHIIYEThCS Yac peiakcallii mapameTrpa JajJeKoro MOpSAKY
npu Buimux (900 1 1000°C) TemnepaTypax, a KpuB1 pO3TalllOBYIOThCS HIUIbHIIIE. [le
03HayYae, 110 31 3MIHOIO0 TeMIIepaTypy BpaxXyBaHHIO 1i BIUIUBY Ha MI>KaTOMOBI B3a€MO-
Tii BiMOBia€ TOCIA0NICHHS 11 BIUIMBY O€3MOcepelHh0 Ha TOTOYHI Ta PiBHOBAXKHI
3HAYEHHS MMapaMeTpiB MOPSJIKY.

Kpusi Ha puc. 2.8, 6 1 2 ofepkKaHO BKe€ 3 ypaXyBaHHSAM [-3aJIKHOCTH MapaMeT-
pa Ao(kM) mst pisHuEx Kommentpariit Al B cromi Ti—Al. KonuenTpauii ¢ HamexaTs -
nstHKaM (azosoi misrpamu Ti—Al Ha puc. 2.4, ne npucytas [T ctpykrypa, cedTo
nBodaszHiil 06sacTi o+ o, 1 ogHodazHii o,. Pucynku 2.8, a 1 6 1eMOHCTPYIOTh HE3a-
JIEKHICTh PIBHOBA)KHOT'O 3HAYEHHs IapaMeTpa MOPAIKY Meq Bl HOr0 IMOYaTKOBOIO
3HAYEHHS To: Meq OAHAKOBE IJIS BCIX Mg 3@ JaHOrO |, X04a Ha 4ac peslakcauii 1o BIUIH-
Bae. 3a Hwkuoi temneparypu (500°C Ha puc. 2.8, g) piBHOBaXHUIN MapaMeTep aaje-
KOTO MOPSAIKY B HecTexiomeTpuunux cromax Ti (Al (mpu ¢ < 1/4 a6o ¢ > 1/4) 3as-
’KII MEHILIUH 32 Neq y CTEXiOMeTpuuHOMY croti (mpu € = 1/4). OnHade, MiBUILEHHS
temmneparypu (1o 900°C na puc. 2.8, 2) Npu3BOAUTH IO TOTO, 1110 PIBHOBAXHUH Ma-
pamMeTep IaJeKoro MopsIKy B HECTEXIOMETPUUHHUX cromax (mpu C > 1/4) moxe OyTH
BHIINM 32 T¢q Y CTEXioMeTpuuHIM (mpu € = 1/4). Lle miaTBepmKyeThes 1 CTAaTUCTHY-
HO-TEPMOJIMHAMIYHUMHU pe3yJbTaTaMu Ha puc. 2.5, 6.

Sk BuHO 3 pHcC. 2.8, 2, Neg = 0 st TiggsAlg 15 mpu 900°C. Lle Bigmosigae excre-
puMeHTanbHIN (da3oBiil misirpami [324-326] Ha puc. 2.4, ne BiANOBIIHA TOYKA HaJe-
KHUThb 00J1aCTi MOBHICTIO HEBIOPSIKOBAHOTO CTaHy TlggsAlg1s. Hatomicts, piBHOBa-
KHUMN pO3HOI[iJ'I aTOMIB B CTONax TiO,BOAIO,ZO’ Ti0175A|0125 1 Ti0170A|0130 IIpu 500°C 1
900°C € BopsinKOBaHUM (Teq # 0), 110 TaKOXkK MOTOKYETHCSA 3 €KCIIEPHUMEHTAIBHOO

¢aszoBoro gisirpamoro [324-326] na puc. 2.4.

2.5 KiHeTHKa BIOPSAKYBAHHS NePMAaJIo0

Sk MokHa yepnaTH 1HQOPMALIIO PO MIKPO- 1 MAKPOXAPAKTEPUCTUKH 3 HE3alIe-
KHUX JaHUX TPO KIHETUKY pernakcaiii OJuM3pKoro W majexoro mopsakie. Ilpo me

HWIEThCS B JAHOMY ITiIPO3LITL.



59
2.5.1 Penakcauyisn 61u3zbkozo nopaoky ¢ cmoni I'LIK-Nig 755F€q 235

Haii6inpm 3pydyHUMHU 1HCTpYMEHTaMH Ml JOCHIIKEHHS KIHETHKU OJIM3BKOTO
HOPAAKY € PEHTICHOCTPYKTypHa 1 HeBTpoHorpadiuna meromu [15, 311]. Jdudysue
po3cisiHHs BunpoMiHeHHs! (PeHTreHOBHUX MpPOMEHIB 1/a00 TEMIOBUX HEBTPOHIB) 00Y-
MOBJIEHO (JIIOKTYyaIliIMH aTOMOBHX KOH(Irypariii, ToOT0O aTOMOBUM OJM3BKHUM I10-
psaakoM. Penakcaitisi 61M3bKOT0 MOPSIAKY MPU3BOIUTH 10 penakcailii Au¢y3HOTo po3-
cisaasa. EnmemenTtapHi mudyy3iifHi akTH MOYKHA JTOCTIIUTH 32 JAaHUMHU MPO 1HTEHCHB-
HICTh JTU(Y3HOTO PO3CISIHHS BUMNpOMiHEeHHS. Akimo koedimientu audysii B G1HapHO-
My TBEpAOMY po3urHi A—B 1CTOTHO BIAPI3HAIOTHCS, TO MOKHA YSIBUTH, IO «ILIBHJIKD»
aTOMHM OJHOTO COPTY YTBOPIOIOTh KBa3HUPIBHOBAXHY «aTMOC(Epy» HABKOJIO «IOBI-
JBHUX» aTOMIB 1HIIOTO cOopTy. ToMy, IIIIKOM JAOCTaTHbO PO3IJIAATH YaCOBY €BOJIIO-
iI0 «IMOBLILHUX» aToMiB copTy o (oo =A uum B) [15, 26, 316, 317, 340, 341]. 1Lle
MPUITYIICHHS J03BOJIS€E BUKOPUCTOBYBATH KIHETUYHMA MOJENH MEPIIOro MOPSAKY

JJTSL 9aCOBOI 3aJICKHOCTH IHTEHCUBHOCTH TU(y3HOTO po3cisHHS, lgig(K,t):

Idiff (k’t) — Idiff (k,oo) ~ e—ZXl(k)t’ ~ 1 : (2.28)
Lirr (K,0) — 1yier (K,00) 22, (K)
TYT lgiff(K,00) — 1HTEHCHBHICTD AM(Y3HOTO PO3CISHHS B PIBHOBAKHOMY TBEPAOMY

PO3UYUHI, XBIJILOBHI BEKTOp K XapakTepu3ye Biianb TOYKU MIPSHHS BiJ HaHOIK-
4oro By3ya o0epHEeHOT rpaTHuIll B K-mpoctopi kpucrany, Xl(k) npejacTaBiisie co00k0
®dyp’e-niepeTBip (31 3HAKOM «MIHYC») HMOBIPHOCTEW CTPUOKIB aTOMIB Ol B IaHUI BY-
301 R 3a ogunMITIO Yacy, t — moTouHwMii yac, T — 4ac penakcarlii po3noaiTy 1HTeH-
cuBHocTH (y K-tipoctopi). OTxe, AaHi PO KIHETUKY TU(PY3HOTO PO3CISHHS J03BOJIS-
IOTh OL[HUTH 4Yac penakcamii T i obuncmutu A, (K). A saxmo Bigomo {—A,(K)}, To
MoxHa onepxkatu Dyp’e-opurinan, —A4(R), mo mpencrasise cobor cymapHy WMO-
BIPHICTh CTPUOKIB aTOMIB Ol 32 OAUHUI[IO Yacy B JaHUU BY30J R 3 yCix HaBKOJMIIHIX
By3:iB {R’} B momi «motenmisuty» B3aemomil Yo (R'). «[lotenuisny yo(R') y By3m R’
(TEHEPYETHCS» KOHUEHTPAIIHHUMU HEOJHOPITHOCTSIMU Y TBEPAOMY PO3UMHI, HAIIPU-
KJ1aJ1, Yepe3 po3TalllyBaHHSA aToMa Ol Y «HYJIb0BOMY» By3ii. Takum urHOM, Yo (R') —

TSl «IOTEHIIISUTBHOTO» TOJIsl, CTBOPEHOTO KOHIICHTPAIMHUMHU HEOTHOPIIHOCTIMHU
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(OTM3BPKUM MOPSAIKOM) B HElZCATbHOMY TBEPJAOMY PO3YHHI. Y BHUMAJKY BiACYTHOCTHU
TaKOro MoJisi OyZeMO BBa)KaTH TBEPHUIl PO3UHH 1/I€aTbHUM.

BuxopucrtoByioun ooeprenuii @yp’e-neperBip, MoxkHa oaepkaTu [342, 343]

A (R) ;iZAg(R—R')WQ(R')ca(l—ca), (2.29)
keT &
ne ks — BonbimansoBa crana, T — Temmeparypa, —AS(R — R') — iimMoBipHicTh

cTpubka aTomMa o y By30J1 R 3 Oyap-sikoro By3na R’ 3a oguHuIto gacy, C, — KOHIICH-
Tpallisi o--aToMiB. B ieanbHOMY TBepIOMY pO34MHI «ITOTESHII Y, =KgT/[Co(1—C,)].
Bennuunu Ay(R) 3anexath Bij posTallyBaHHsS BY3JiB Y KPUCTaJli JaHOI CHHTOHII,
TOOTO BiJ ycix MOXJIMBHX piKHUIB {R —R'} nns koxkuoro R. [lpumyctumo, 1o
BILIUB «IOTCHIIISIILHUXY MOTIB oOMexxeHuit. I{e o3Havae, mo Beanunuan Y, (R) € He-
HYJIbOBUMH JIUIIIE IJIs1 JESKUX KOOPJIMHALIMHUX cdep.

VY BumaaKy BakaHCIMHOrO MexaHi3My Audy3li MOKHa BpaxOBYBaTH aTOMOBI
CTpHOKM JHIIEe HAa HaWOMMOK4l BIAJANl MK BY3JIaMH. Y BHMNAAKy OUIbII CKJIaJHOIO
MexaHisMy udysii ciig posrisiaaru Habip Bemmuna A%(R - R'), AL(R-R') i 1.4.
Inpexcu I, I 1 T.4. 03Haua0Th cTpUOKK y By30d R 3 HailOmmwkuux By3mB {R'\}, Ha-
CTynHuX 3a HanOmmxunmu {R' } 1 T.1.

Amnanoriuni Mozaeni 0yso po3risayto B [317, 342, 343], ane B [317] 3anpormoHo-
BaHa JIMIIE CXeMa BH3HAYEHHS WMOBIPHOCTEH CTpPHOKiIB, 0€3 OI[IHKM KOE(IIi€HTIB
audysii, a B [342] no yBaru npuiiManucs CTPUOKH JIUIIE HAMOIMKINX aTOMIB.

[IpunycTumo, 1o «HOTEHILISUIbHE» MOJIe MOMINPIOETHCS HA MIICTh KOOPAUHAII M-
HUX c(ep HABKOJIO IEHTPAIBHOTO («HYJIHOBOTO») By3Ja, a CTPUOKH aTOMIB O MOXK-
JIMB1 B MEXKax ABOX KOOPJUHAIINHUX cdep:

AZ(O) = Ago #0, Ag(Rl) = A?zl =0, AO(RH) = Agy #0,

o all

W(x(o):\l]ao # 0, \Va(RI):\VaI #0, \Va(RH) =Von # 0,
\Va(Rm):\Vaul # 0, WQ(RIV):\V(:IV # 0, \Va(Rv) =V, #0, \Va(RVI) =Y, %0,

ne Ry, Ry 1 T.1. € panirocamu miepioi, Apyroi 1 T.J. KOOpAUHAIIHHUX chep BiMOBITHO
(1H1I11 KMOBIPHOCTI A%“., A%.V 1 T.J. Ta «MOTEHIISUTbHD PYHKITT Yovi1, Wovin 1 T.A. TOPi-

BHIOIOTH HYJ'I}O) I[J'ISI BHU3HA4YCHOCTH 6y,Z[€MO BBa)XaTH, 10 aToOM O pOSTaHIOBaHI/Iﬁ B
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«HYJIBOBOMY» By3ii. To/1i MOKHA 3anmucaTd HacTymHi piBHIHHS 11 Ao (Ry(Imn)) (Imn
— KOOPJIMHATH BY3JIIB Y 3BUUalHIN KyO14HIN CUCTEMI KOOPAMHAT 3 BEKTOpaMH TPaHC-
nstii B3goBxk oceit OX, Oy, Oz BiAMOBIAHO), BpaxoBYHOYH 8 HAWOMMKINX (10 «HYIJIHO-
BOTO» By3J1a) KoopauHaiiiHux chep 1 111 R =Ry =0:

A, (Ry(000)) =124, {h} +6A%, {ﬁ} £ A%, P’“O }
Yo W, v,

A, (R,(110)) = 4A), {h} +2A° {M} FAS {M} N
\|"0 \VO \|]0

Yo Yo Yo Yo

A, (RII (200)) 4A0 |:W“I :| + 4A0 W“IV :| + Agn |:\V0NI :| n

VY, v, v,
+4AOH|: HI:|+AO |: 1 +A2n|: 0:|,

0

A, (Rm (211) 2/\0 |:\|]al } + AO {‘Van } + 2/\0 |:\|!°‘m } + 2A0 {WO‘W :| +

+A2 |:\V(1Vi|+AO |:\|]alj|+2A0 |:\IlaIVj|+A20|:“VaIVj|’
Yo Yo

A, (R, (220))= A", HII } +4A°, ["’fﬂv } +2A°, [“\’Vaﬂ } +2A°, {“’W } +A°, {_"’am }

0 Vo 0 Yo Yo
(R (310)) |:WOLH :| + AO {\VQIH :| + AO {Wulv :| + AO |:WONI :| + Agn |:\Val :| ’
Vo Yo Vo Vo LA

A, (Ry(222))=3A,, {w“‘v +3AY, {W“‘“ } +A° {M} ’
Yo Vo Vo

( vl (321)) |:\|]aHI :| + AO \V“IV } + Agl [M} + Agn {M} ’

Vo L Yo Vo W,

A, (RVHI (400)) 4AO |:WWI } + AEH |:\V“H }
Vo Yo

B nux Bupazax —Ag0y € IMOBIpPHICTh aTOMa Ol JIMIIATUCS B JAHOMY BY3J1 BIPOJIOBK
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OJIMHMII YacCy, Yoo — «MOTEHIISUIbHA) (DYHKIIIS y «HYJIbOBOMY» BY3J1, 3a3HAYMMO
TakoX, 110 koopauHaTH (ImMN) mogaHo B oauMHUIAX 8o/2 — HamiBmapametpa ['TIK-
IpaTHHUII. 3a JaHUMU ekcriepuMeHTy [344], B paMkax MOIento KiHeTuku (2.28), 0yno

obuuncieno BenmumHn A, (K*) Ut HeBmoOpsigKoBaHOTO mepManoiioBoro 'LIK-cromy

®2Ni 765F€0035. Bemmuman Ao (Rn(IMN)) MokHA po3paxyBaTH, BHKOPUCTOBYIOUH
®dyp’e-opurinai IMOBIpHOCTEH CTPUOKIB aTOMIB y By30s1 R KyO14HOT IpaTHHIII:

A, (R)=K (|mn)zklk2k3 A, (KK K, ) cos(2mk, 1) cos(2mk,m) cos(27k,n),

ne K — reomerpuunmii koedinieHT, 3aexuuit Bix R(Imn).

VIMOBIpHOCTi aTOMOBHX CTPHOKIB JJaI0Th MOYIIMBICTH OOUHCIHTH MAKPOCKOITiU-
HI 1UQyY31iHI XapaKTepUCTUKH, TOOTO KoedimieHTH Audy3ii Ta camoaudysii «IoBi-
JBHUX» aTOMIB o ['paHUYHUI TIepexi/l BiJl TUCKPETHUX A0 KOHTHHYaJIbHUX MPOLIECIB
1 IPUITYLIEHHS, 110 CTPUOKH aTOMIB y BY3JIM OAHIET KOOPAUHALINHOI cpepu sABIs-
I0TbCSI PIBHOMMOBIPHUMU, Jat0Th GopMyiny s KoediieHTiB Audys3ii B 11eaTbHOMY

(Dy) it Heineansuomy (D) KybidHOMY po3uni [26, 115, 316, 317, 345]:
D’ z—%ZAg(Rn)RIon, D, z_%zAa(Rn)Rjzn, (2.30)
n=I n=I

ne Z,— KOOpAWHAIIMHE YHCIIO JUIS -1 KOOpAWHAIINHOT chepH.

Onucany Bulle cxeMy OOYUCICHHS MIKPO- i Makpoau(y31iHUX XapaKTePUCTUK
3aCTOCOBAHO JIJIsl IEPMAJIOIO 62Ni0,765Fe0,235, ckiaz axkoro ommsekuil 1o L1,-NisFe.

Ha pucynky 2.9 npeacraBiieHO IMOBIPHOCTI CTPUOKIB «ITOBUIBHUX) aTOMIB O (B
HalIOMY BHUMAJKy «IOBUIBHHX» aToMiB Fe B «armocdepi» «mBUAKHUX» aTOMIB Ni
[346]) B ineamproMy cromi *Nig7g5F€0035 3@ Temmeparyp 776 K i 783 K. Ilepmmii
CTOBIUMK Ha puc. 2.9, a nmoka3ye WMOBIPHICTh «IOBILIBHOT0» aTOMa 3aJUIIATHCS B
IaHOMy BY3Ii. Bemmunmn mux iiMoBipHocTeit (= 0,024 ¢ 10,033 ¢ mpu 776 K i 783
K BiamoBigHO), SIK 1 AB1 1HIII WMOBIPHOCTI JJIsl TIEPIIOi Ta APYroi KOOPAUHALIIMHUX
cdep, MeH, HiX Bianosimni fimoiprocti ast TIIK-Ni-Mo (= 0,6 ¢ [343)).

Sk 3a3Havanocs BUIE, aTOMOBI CTpUOKH B HelgeaibHOMY cTorri (puc. 2.9, 6) Bu-
3HAYAIOTHCS «MOTEHIIsTbHUMIY (yHKIisMU (puc. 2.10), 060yMOBICHUMHU KOHIIEHT-

pauiiHuMu HeoaHopiaHOCTAMH. 11 QyHKIT MarOTh OCIHMIIIOIOUMM XapakTep, a ix ao-
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Pucyrok 2.9 MMoBipHOCTI aTOMOBHX CTPHOKIB 3a OAMHHUIIO Yacy B ifeanbHiM (a) it HeineanbHiM (6)
HEBMOPSAIKOBAHIM CTOIII 62Ni0,765Fe0,235. BucoTn cTOBIYMKIB BU3HAYAIOTH 3a3HAYEH] B TEKCTI BEIIU-

annn —A%(Rn) (2) i —Aq(Rn) (6)-

COJIFOTHA BEJIMYMHA 3MEHIIYETHCS B LILJIOMY MPHU 30UIBIICHH] B1J11alll Bl KOHLIEHTpa-
IHHOT HEOJHOPIAHOCTU B «HYJIbOBOMY» By3mi (puc. 2.10). ¥V «HynboBOMYy» By3ii
(s «HYITBOBOT» KOOPAMHALLMHOI chepr), YWo(Rn)/Woo = Wao/Wao = 1.

Koediuientn audysii i camoaudysii atomiB Fe B ctomi 62Ni0,765F60,235, o0umnc-
neHi 3a popmynamu (2.30), HaBeneHno B Tabn. 2.2. Koediuientn B3aeMHOi qudy3ii B
OCTaHHBOMY CTOBITUYHKY EKCTPAIOJbOBAHO 3 BHUCOKOTEMIIEPATypHUX MipsiHb [344].

Takox Oyn0 oOpaxoBaHO MOBHI €HEPrii akTuBallli KoeiuieHTiB nudy3ii ¥ camoau-

2]
0, | —e— 776 Rl

o5 o)

Homep KoopauHaIiiinoi chepu

HopmoBana nmoTennisaiapHa QyHKIIA

Pucynoxk 2.10 3Ha4eHHS HOPMOBAHUX «IOTCHINSUILHUX» QYHKIIH, o (Rn)/Weo A8 pi3HUX KOOPIHU-

o . 62 -
Hariiaux chep B cromi - Nig 765F€0 235.
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Ta6muns 2.2 Koedinientn nudysii Dre, camonudysii Dfe i B3aemnoi mudysii D (3a BakaHciiinum

MEXaHI3MOM aTOMOBHUX CTpHOKiB) y I’ LIK-GZNioJesFeo,ggs.

T,K Dre, cM?/C Df., cM%/c D, cm?/c [344]
776 4.49.107Y 1,81.107Y 2.49.10718
783 6,90-107Y 2,55.107Y 3,56-10718

dys3ii atomis Fe: 3,21 eB 12,56 ¢B BianosigHo.

3 oiepKaHUX B JaHIM MYHKTI PE3yJIbTaTiB MOKHA CTBEP/)KYBAaTH HACTYITHE.

B ineanpHOMY cToti Nig 7¢5F€0 235 AIMOBIpHICTh aTOMOBOTO CTPUOKA Y TaHHUH BY-
301 R 3 Oyp-sikoro HaiOmmxk4oro Bysia (HaBkosio R) menmia 3a Benmuunny —A4(0)/2,
a 3 OyIb-SKOTO HACTYIHOTO 3a HAWOJMKYMM BY3JIOM ISl WMOBIPHICTh IlI€ MEHIIA
(puc. 2.9, a). lle o3Hawae, aTOMOBI CTPHUOKH BiJOYBAIOTHCSA TEPEBAXKHO B MeEXKax
MEepIIOi KOOPAUHALINHOT cepH, 10 MA€E MICIE TOJOBHUM YMHOM 3a BAaKaHCIIHOTO
MexaHi3My Audys3ii, o i npuitmanocs (MIpUITyCcKanocs).

B neineansHoMy ctomi Nig 765F€0 235 HMOBIPHICTH CTpHOKa aTomMa o y By30l1 R,
—Ay(R), BU3HAYAETBHCS «IOTEHISUIBHUMY» TojeM y By3ni R. ToMmy HMOBIpHICTB
cTpuOKa aToma o y By30J1 R 3MiHIOETBCS HEMOHOTOHHO (puc. 2.9, 6): BoHa BuUIIA JIs
BY3JIIB, B IKUX PO3TAlllyBaHHS aTOMIB O, € EHEPTE€TUYHO BUT1AHIIIUM.

ko po3mictutu oauH aroM Fe y kyti enementapHoi komipku ['LIK-rpaTHui,
TO 3a HasIBHOCTH Osu3bkoro nopsaky «tumy L1,(NisFe)y, inmri atomu Fe OyayTh Ha-
MaraTHUCsl pO3TalllyBaTHCs MEPEeBaXXHO B KyTax KyOa (tooro y II-i, IV-i1, VI-i1, VIII-it
KOOpJMHAIIMHUX chepax HABKOJIO «HYJIHLOBOTO» BY3JIa, IO 301raeThCs 3 BEPIIUHOIO
KyTa ky0a), a atomu Ni po3TallyloThcsl y IEHTpax rpaneir. Omke, B HAILIOMY BUIIAI-
Ky, ONMM3bKUi mopsaok «rumy L1o» XapakTtepusyeTbCsi po3MiLIEHHSIM aToMiB Ni y
IIEHTpax TpaHed, 00 1e OUTbII BUTIAHO eHepreTudHo. OYeBUAHO, IO CaMe TOMY
rimoBipHocTi cTpuokiB aromiB o (Fe) y By3nmu {R i}, {Riw}, {Rvi}, {Rvii} (puc.2.9,6)
BUIII 3a WMOBIpHOCTI cTpuOKiB y By3au {R}, {Ri}, {Rv}, {Rwi}. Y 1i By3nu atromu
o (Fe) crpubarots 13 By3miB I-i, III-i, V-1, VII-i xoopaunariiinux cdep, siki € Hau-
OJIMDKYMMU ¥ eHEepPreTUYHO MEeHII BUT1IHUMH 1715t aTomiB o (Fe). Takum unHOM, HiMO-
BIpHOCTI Ha puc. 2.9, 6 He cynepeyaTh BaKaHCIHHOMY MEXaH13MOBI AUQY3ii.

3aJIe)KHICTh HOPMOBAHOI «IOTEHITISIBHODY (PYHKIIIT BiJl pajiifoca KOOPIWHAIIIH-
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Hoi cepu, R,, HemoHoToHHa (puc. 2.10). J{ns neskux R, 3HaueHHs QYHKITIT TO3UTH-
BHI, a /I IHIIUX — HeraTuBHI. l{e BU3HaUae TepMOAMHAMIYHY «BUT1IHICTb» UM «HE-
BUTIIHICTB)» JIJIs aTOMa 3HAXOJUTHCh Y BIAMOBIIHUX By3lax {R,}.

Xoua MiABHUILECHHS TeMIIEpaTypH CIpHs€E MIABUIICHHIO WMOBIPHOCTH CTPHOKIB
B3aram (puc. 2.9), ajge 3MeHIIEHHA J1i «IOTEeHUISIBHOTO» TOJIsI (110 CTBOPIOETHCS
aToMaMH TIEBHOTO COPTY W OOYMOBIIOETHCA IXHIMH KOHIICHTpAI[iHHUMU HEOAHOPII-
HOCTSIMH) Y By3JlaX Ha JAJEKUX Biaamsix (KOOpAWHAIIMHUX cdepax) CIpHsE IMiIBHU-
IICHHIO WMOBIPHOCTH CTPUOKIB aTOMIB (I[LOI'O COPTY) HacaMIiepesl y OUIbIN Jajieki

BiJI «DKeperay HeoaHOpiqHoCTH By31H (puc. 2.10).

2.5.2 Penakcauisn oanexozo nopaoky ¢gpazu L1,-Ni—Fe

Kinetnune piBHSHHS A9 perakcallii mapamerpa jaajiekoro nopsaky L1,-tumy
BUBOJUTHLCS AHAJIOTIYHO JI0 TOTO, K 11€ OyJI0 3p00JIEeHO Y MONEePEIHIM M1APO3LIl st
HaACTpyKTypu DO01g. Po3risitnemo oOMiHHMI (KIJTBIIEBHI) MeXaHi3M qudy3ii B mpoiie-
ci BnopsiakyBanns ['TIK-cromy Himkue temneparypu (KypHakoBa) ¢a3oBoro neper-
BOpeHHsI TUy Jan—oe3nan [15, 115, 332-338] na npuknami Ni;_Fe.. BukopucrtoBy-
F0YN METOy CTATUYHHMX KOHIICHTPAIIMHUX XBHJIb, HAOJIWKEHHS CEPEIHBOTO CaMOYy3-
TOJDKEHOTO ToJig 1 KiHeTnuHe OHcarepoBe PIBHAHHS y MPUITYIICHH], 110 MIBUIKICTh
MarHeTHOTO BIOPSAKYBAaHHS Ha0arato MEpeBUIIy€e aTOMOBE (TOOTO HEXTYHOUH 4Yaco-
BOIO 3QJICKHICTIO MarHETHUX MOPSAKIB, SIKI Mail>ke BlApa3y CTalOTh MPAKTUYHO PIB-
HOBXHUMHU ), BUBOJMMO PIBHSHHSI YaCOBOI €BOJIIOIIIT TapaMeTpa JajIeKOTo MOPSIKY

n(t, T, c) tuny L1,:

. _ca-o)C(k* ){ (k™) |n(C+3”/4)(1_C+”/4)}, (2.31)

ot KT 1 (—c-3n/4)c—n/4)

ne kK= (k ko ks)=(100) — XBHILOBHiI BEKTOp, 110 «ICHEPYE» HAACTPYKTYPY THITY
L1, (puc. 2.11, a) ¥ wHanexuth Toumi X Ha moBepxHi bpimmoeHoBoi 3oum I'TIK-
rpataui (puc. 2.11, 6); [(k*) — ®yp’e-xkomnoHeHTa KiHeTHuHMX OHCArepoOBUX KO-
eimientis, W(k*) (=-0,37 eB nna NizsFe) — ®@yp’e-KOMIIOHEHTA €Heprii 3MilIaHH,

sky nis epmainoro NizFe Oyno obuncneno B podoti [319].
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Pucynok 2.11 EnemenTapna komipka ['LIK-rparuui (¢) 3 6a3ucHuME BeKTOpamu aj, az, s (@ 1 o mo3ua-
qaroTh HaACTPYKTYpy L1,-NisFe) i mepia Bpisutroenosa 3ona I'L[K-rpatautii (6) 3 BACOKOCUMETpiHHHU-

mu toukamu {I', X, W, L, K(U)} it 0cHOBHHUMH BEKTOpaMH TPAHCIIALT 00EpHEHOI IPaTHHIII aI, aE, a§.

Hesiuuit po3B’s30k t=1(n) piBHAHHS (2.28) MOAa€THCS BUPA30M

1 .’i[w(kx) , . (c+3n/4)(1-c+n'/4)

c@-o)L(k) I keT nHn(1—0—C“m’/4)(0—n'/4)

7€ Mo — moyvaTkoBe (HEPiBHOBAXKHE) 3HAYCHHS MapaMeTpa Jajiekoro mopsaky (mpu

t

[

j dy', (2.32)

Mo

t=0, KoM MOYMHAETBCS PeNIaKcallisl Mics 3arapTyBaHHs cToIy). SIKIIO B3ATH IO
yBar" CTpuOKH aToMiB juiie y HaiOmvkul By3nu ['IIK-rpaTaut i 3actocyBatu ymo-
BY CTQJIOCTH 3araJlbHOTO YHCJIa aTOMIB y CUCTEMI, TO MOKHA 3aITHCATH !

L(k*) =~ —4L(R,) [3—cos(mk, ) cos(7k, ) — cos(mk, ) cos(mk, ) — cos(mik, ) cos(nik, ) |, (2.30)
ne —L(R;) mpormopiiiiine #MOBIpHOCTH OOMIHY MICISIMU TIapy HAWOIMKYMUX aTOMIB y
By3s1ax R i R’ 3a omunmmio yacy (R, = |[R—R’)).

3a excriepuMeHTaIbHUMH daHuMu [347] (puc. 2.12) i Bupasom (2.32), OmiHIOEMO
Bermmanan L(K) mpu 673 i 743 K (ta6m. 2.3). 3 Bupasy (2.30) 064HCII0EMO BETHUNHHA
—L(R)) (ta6n. 2.4). [MiacraBnstoun —L(R,) (3a ymoBu —L(R,)=0 mns n>1I) 3amicTs
—A4(Ry) y Bupas (2.30), (rpy6o) oninroemo koedimientu audysii (mpu i 0OMiHHOMY

MexaHi3MoB1) nap atomiB Fe i Ni B crom NizFe (Ta6a. 2.4). EHepris akTuarii au-
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0,56 « 673 K| -

0,54 o T43 K| 1

0,52¢ [T Leviiiiiiias Livisinaiin Levesisiiiis |—:
0,00 0,72 1,4 2,16 2,88 3,60

107, ¢
Pucynoxk 2.12 IMapamerep nanexoro mopsaky sik ¢GyHkimist yacy B nepmainoi NizFe mpu aBox temme-

paTypax, Jie eKCIiepuMeHTaIbHI ToukH (O 1 @) [347] 3riapkeH0 eKCTIOHSHIIIHHUMU KPHBUMH.

¢y3ii aromiB Fe (i1 N1) ctranoBuTts 1,6 €B (BiamoB1AHO 10 AppeHit0cOBOi PopMyIin).

BimnamtoBanns crony NisFe npu 673 1 743 K npuBoauTh 10 YKpynHEeHHS (301J1b-
IIEHHS PO3MipiB) JOMeHiB (K1acTepiB) 3 6IM3BKUM HOpAAKoM B HUX [347]. Ix posmipu
npu 673 K 3011bIIyI0TECS TIOPIBHSHO MOBUIBHO, csATaroud 3,5 HM, ToAl sK mpu 743 K,
BOHHU csiTaroTh 20 HM i1 9ac BiAmary mpoTsrom 3,6- 10° ¢ B 060X BHMAAKaX [347].

Cranis 301UIbIIEHHS] PO3MIPY IOMEHIB € OUIBIII TPUBAJIOIO, aHDK BCTAHOBJICHHS
OJIM3BKOTO TOPSAAKY B CaMHUX JOMEHaX. B crTomax 3amillieHHS IaleKui IMOPSIIOK
YTBOPIOETHCS MUIIXOM PO3POCTaHHs Oiu3bKoro nopsaky [15]. Tomy nmoBumsHUIA picT
n npu 673 K, BunumMo, 00yMOBICHO MIBUIIKICTIO PO3POCTAHHS CAMHX JOMEHIB (3 yxKe
HasIBHUM OJIU3bKUM TIOPSIIKOM B HUX). B MO/E/II0 KIHETUKH 3 OJHIEI0 €KCITIOHEHTOIO
(nuB. kpuBi Ha puc. 2.12), uac pemaxcamii npu 743 K cranosuts ~ 2,5-10* ¢, a mpu
673 K — ~3,9-10" c. Iicns Bigmany nporsrom 3,6-10° ¢ mpu 743 K n ~ 0,70, a npu
673 Kn ~ 0,67 (puc. 2.12) [347]. [IpunaiimHi, 11e 03Hayae, 1m0 B eKcrepuMenTi [347]
npu 673 K He OyJ0 TOCATHYTO piBHOBANCHO20 NATIEKOTO MOPSIKY.

OcTanHe TBEPHKEHHSI SICKPABO JIEMOHCTPYE puc. 2.13, Ha SKOMY TEOpETUYHI 3a-
nexnocTi M = () omepKaHO uKMcenbHUM po3B’A3yBaHHAM piBHAHHA (2.31), ne L(k)
o1fiHeHo B Tabu. 2.4. 3 pucyHka 2.13 BUIHO, 110 MPU MAJIUX YacaxX BiAmady MOTOYHI

(Hepisrosaoicni) 3HadeHns 1 npu 673 K menmr 3a BianmoBigHi 3HadeHHs npu 743 K.
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Tabmurs 2.3 OHcarepoBi KiHeTHYHI Koe(ili€eHTH (ONITUMI30BaHI 32 EKCIIEPUMEHTATLHUMH JAHUMH TTPO

S [347] 3a pi3nux yacis Bignamosanus t; =1, 2, ...) wisg cromy NizFe 3a 1Box TemriepaTyp Biamany.

(10 ¢ T=673K T=743K
S-10° ¢t S-10° ¢t
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
Ck*)=@/1D)> " S, =683210°c | L(k*)=(@/10)>.° S, =9256-10°c"

'S, =-16/31)[ [ W(k)/(keT) +In((L+3m)@+1)/BA-m)2)) | dn (6=1/4).

BTtiM, noBrotpuBaiie BiiMaJIOBaHHS NPU3BOJUTH O BUIIOTO (OJIM3BKOIO 0 PIBHO-
BaxkHOTO) M 1ipu 673 K, anix npu 743 K.

Kpusi Ha puc. 2.14 € yncenpHuMU po3B’sa3kaMu piBHSAHHA (2.31) nis mmpoxoro
KOHIICHTPAIIHHO-TEeMIIEpPaTypHOTO 1HTEpBay. BoHN 300pakyrOTh 3aJIeKHICTh 1| B
3Besenoro, t = L(k*)t (@) i (6), Ta peansHorO, t (6) i (2), Yacy fK 3a JBOX 3BEIEHHX
temneparyp, T~ =k, T /\W(k*) =0,08 ii 0,16 (a) i (6), Tak i 32 ABOX pEANTBHUX TEM-
nepatyp, T =673 Ki T =743 K () i (). Jis1 oneprkaHHs 3aJ€KHOCTH 1| BiJ peajib-
HOro 4acy t B HecrexiomeTpuuHux nepmanosx Niy Fe. (C<1/4) piBusuus (2.31)

PO3B’A3yBaoCs i3 BUKOpUCTaHHAM oOumcnenux Benmnund L(k™) i W(k*). ITouarkosi
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Tabmuus 2.4 dyp’e-xkommnonenTa Oncarepoux Kinetnmunux koedimientis L(K), iimosipHicTs 06-

MiHy By3JIaMHd MMapH HaiOmmkumnx cycignix aromiB —L(R)) i koedimient audysii D mis mepmaioro

NisFe npu n1Box Temneparypax T.

LK L(k), ¢ -L(R), ¢* D, em%/c
673 6,832:107° 4,270-10”7 1,084.107%
743 9,256-107° 5,785.107° 1,469-107%°

ymoBH, 1(0)=no, 11 KpuBHX Ha puc. 2.14 He mepeBuIyBaiu 1o = 0,6, 00 pH BIIO-
PAIOKYBaHHI Mg HE MOXKE NIEPEBUIIYBAaTH PIBHOBAXKHE 3HAUCHHS Meg(T, C).

OO6uncnennii (B KIHETUYHIM MOJIENIO) PIBHOBAKHUI MapaMeTep ajJeKkoro nopsii-
Ky (puc. 2.15, @) MOXHa TEpEBIpUTH B paMKaxX CTATHUCTUYHO-TEPMOJUHAMIYHOTO
MOJIEII0, PO3B’SI3YIOUM PIBHSHHS PIBHOBArd JJig KOH(DIrypamiiHoi YacTUHU BUIBLHOL
eneprii, 0AF/on=0. Jlerko 6auuTH, 1110 PIBHOBAYKHI BEJUYMHU MapaMeTpa AaJIeKOro
MOpsAKY Ha puc. 2.15, 6 mATBepKYIOTh ACHMIITOTUYHI BETMYUHHU Ha puc. 2.15, a. Yu-
CeNIbHUI po3B’s130K piBHSAHHS OAF/On =0 3a pi3HUX 3BEICHUX TEMIIEpaTyp J1a€ KOHIICH-
TpawiiiHi 3aJIEKHOCTI Neq = Neq(€), 5Ki 30iratoThes 3 KPUBUMHU Ha pUC. 2.5, 6, aJie 3 iHIIIM
BU3HAYeHHSM 3Benenoi Temneparypu (T =k, T /W(k™)| samicts T™ =k, T /|r, (k™)
). 3aNIEIKHOCTI XK Neq = MNeq(C) 3@ ABOX peabHUX TEMIEPATYP MOAaHO Ha puc. 2.15, 6.

3 ofiepKaHuX Y IIM MiAPO3/1T pe3yabTaTiB MOKHA CTBEPIXKYBATH HACTYITHE.

OriHeHi TMOBHI eHeprii akTuBarii Audys3ii 1 camonudysii «MOBUILHUX)» aTOMIB

1 I T T | 1 I T T T
0,8 0,8 .
0,61 0,6}
= - 7 = B 7
0,4- . 0)4_ 7
0,2 —— 673 K | 0,2 — 673 K-
I 743 K 1 I 743 K |
0 L L | [ 0 l I l I
0 0,72 1,44 2,16 2,88 3,6 0 1,44 2,88 4,32 5,76 7,2

£.10°, ¢ t-10°, ¢
Pucynoxk 2.13 TeopeTnuHo po3paxoBaHi KpHBI 4acOBOI €BOJIOINII MapaMeTpa JAJIEKOTO MOPSJIKY B

NisFe 3a 1Box Temneparyp. PucyHku niBopyd i mpaBopyd BiIpi3HSIOTHCS JIHIIE YaCOBOKO HIKAJIOKO.
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1 | — 1 I | | |
0,8} 0,81 Vo
0,6 0,6
= —— 20,0 ar.% = —— 20,0 ar.% Fe [
0,4 — - 22,5 ar.% Fe 0,4 — - 22,5ar.% Fe H
— 25,0 ar.% Fe [ — 25,0 ar.% Fe H
0,2 |- 27,5 at.% Fe H 0,2  |----- 27,5 ar.% Fe H
— —-- 30,0 ar.% Fe H — —-- 30,0 ar.% Fe H
0 ! | T I 0 | I I |
0 0,3 0,6 0,9 1,2 1,5 0 3 6 9 12 15
t* T
a o
1 T | T T T T 1 T T T T T T

— N10,79F90,21 ]

----Nig s5Feq 5, ---- Niy s5Feq 29

_____ Nij 77Feq 25 - Nig 77Feg 051

e Ni0,76F90,24 m Y NiO,?ﬁFeo,Z‘l u
0 | | | | | | 0 1 | | [ | |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t.10°, ¢ t.10°, ¢
6 l

Pucynok 2.14 3anexHicTh mapaMeTpa JaleKoro MOpsAKY Bij 3BeeHOro (a) i (6) Ta peanbHOro (8) i
(2) wacy mst nepmanoie Niy_cFe; 3a pisuux 3senennx, T =0,08 (@) i T =0,16 (6), Ta peabHux,

T=673K(8)iT =743 K (2), Temneparyp.

(Fe) B HEeynopsiiKOBaHOMY 62Ni0,765Fe0,235 ctaHoBJIATE 3,21 eB 1 2,56 eB BigmosigHo.
OriHeHa eHepris akTUBAaIlii Mirpaiii 3a 0OMiHHOTO MexaHi3mMy nudy3ii atomiB Fe 1 Ni
B ynopsakoBanoMy NizFe cranoButs 1,60 eB. [lepiui 1Bi BeIMUMHU BHILI, HIXK TPETS,
00 ocTaHHS HE BKJIOYa€ B cebe €Heprilo yTBOPEHHS BaKaHCIi; eHepriio mirpaiii B
NizFe omineHo B MOIeIt0 3a BiJICYTHOCTH BaKaHCIH B CTOI, B paMKax SIKOI'O €HEpris
yTBOpeHHs BakaHcli ckiagae 50% 1 38% Bia 3aranbHOl eHepriil akTuBaiii qudysii i
camoaudy3ii «moBiUTbHUX» aToMiB (Fe) BiamoBiaHO.

Ockinbku |L(R))| < [Ax(Rn)|, TO koedimienTr audy3ii B Tads. 2.4 MeHI 3a Koe-
¢imientn audysii B Tadbn. 2.2. Ha ne € nmekinbka npuuuH. [lo-mepiie, 3MimaHHs

(«BIOPSAIKYBAaHHS») 3aJICKUTDH Bl TeMIlepaTypu i KoHIeHTpaiii. [To-napyre, Bnops-
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Pucynok 2.15 (a) 3anexHicTh mapamerpa JaJIeKOro MOPSAKY 1 BiJl 3BEICHOr0 4Yacy t" 3a pisHHX
3BE/ICHUX TeMIlepaTyp T  1a (a), (6) 3a1eKHOCTI HOro PiIBHOBaXHOTO 3HAYCHHS Neq B1A (0) 3BeneHOI
TeMIeparypu T y crexiomeTpuuHiii (C=1/4) ¢a3i L1, i (¢) kKoHIIeHTpaIlii JeTryBaIbHOTO KOMIIOHEH-

Ta ¢ y Nij_cFe; mpu 1BOX peallbHUX TemIepaTypax.

KoBaHa (paza posrisganacs 3a HUKUMX TEMIIEpaTyp, HIXK HEBINOpPsAKoBaHa (10 Iij-
KoM mnpupogHo). Ilo-tpere, Hmx4ye TemmepaTypu (a3zoBOro MEPETBOPEHHS Jiald—
0e3nan MexaHi3M IuQy3ii B CTOIII, 110 BIOPSAIKOBYETHCS, MOXKE 3a3HaBATU 3MIHH, a
1€ MOXk€e BIUIMHYTH Ha BenuuuHy D. Hacnpagni, HMOBIpHICTE OOMIHHOTO («KUIbIle-
BOTO») MeXaHi3My nu(dy3ii € MEHIIOI0, HIXK /I BaKaHCIMHOTO, TIpO 110 ¥ CB1AYaTh
OL[IHEH1 BEJIMYMHH KIHETUYHUX KoeirieHTiB OHCarepoBOro THILY.

Teopernuni kpuBi Ha puc. 2.13 He 3aX0ASTHCS B XOPOIIIii BIAMOBITHOCTI 3 €KCIIe-
puMeHTanbHUMHU Toukamu [347] Ha puc. 2.12. Ha e € agi npuyunun. [lo-nepie, ams
o0umnciIeHHs i MoOym0BY KpUBHX eBostroLii 1) = 1)(t) BUKOpHCTaHO ONTHMIi30BaHi («ce-
penHi») Benm4uHU (3 Tabu. 2.3, 2.4) Oyp’e-KOMIIOHEHT KiHeTHYHUX KoedimieHTiB OH-
careposoro tuny L(k*,T), oliHeHuX 3 eKcriepuMeHTanbHUX JaHuX [347] mpo ) B pisHi
MoMeHTH 4acy t. [To-mpyre, BCi eKCriepUMeHTaIbHI 3HaYeHHS M (Ha puc. 2.12) € auie
HOTOYHUMU (Mummesumu) 1 He € IOBHICTIO piBHOBaXHUMH (0co0:uBo npu 673 K). Ha-
BiTh micist Bimmany mpotsirom 3,6-10° ¢ ekcrieprMeHTaIbHE 3HAYCHHS 1| He CASHYI0 CBO-
r'0 pIBHOBaYKHOTO 3HAYEHHS; CAME TOMY BOHO MEHIIIE 32 TEOpEeTUYHE Ha puc. 2.13.

Hepisnosaxcni 3HaueHHs TapaMeTpa Jajnekoro nopsaky nepmanoro NigFe micns

Bigmamy mpotsarom 3,6-10° ¢ mpu 743 K i oco6mBo npu 673 K (puc. 2.12) migrsep-
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JDKYIOTh, 110 OyAb-SKi JaH! €KCIIEPUMEHTY MPO CTPYKTYpHI W (Pi3UyHI BIACTHUBOCTI
TBEPJIUX PO3UUHIB MICTATH iH(OPMAIIIIO JIUIIE PO X MOTOYHI (Mummesi) Xapakrte-
puctuku. [lependaueHHs x iX pi6HoaxCHUX 3HAUEHb MOXIIMBE JUIIEC 3 TEOPETUUHOT
excTpanosii (puc. 2.13); oxepkaTu KiIbKICHO KOPEKTHI BEIMYMHH (i3UYHUX Xapa-
KTEPUCTUK MOYHA JIUIIIE 3 ACUMIITOTUYHOTO OLIIHIOBAHHA 1X PIBHOBAaXXHUX 3HAYCHb 32
JaHUMH €KCIIEpUMEHTY PO KIHETHKY 1X penakcarii [26, 341].

3a HU3BKHUX TeMIlepaTyp PIBHOBAXHHUU MmapamMeTep AaeKOTo MOPsAKY B mepMa-
nosx I'IIK-Ni—Fe, ne Cre < 1/4 1 Cre > 1/4, 3aBIM MEHIINN, HIK TIPH CTEX1OMETPHY-
Hill KOHIeHTpalii (Cre = 1/4). BTiM, 32 BUCOKHX TeMIepaTryp B HECTEX1IOMETPUUHHX
nepMaiosx, e Cge > 1/4, pIBHOBOXHUN MapaMeTep JaJEKOro MOPSAIKY MOXe OyTu
BUIIUM, HIDK B CTEXIOMETPHYHOMY, 1€ Cre > 1/4 (muB. puc. 2.14). (AHajoriuHuii pe-
3yJbTaT 0yJ10 BUSABJCHO 1 B monepenniM miaposaim mis [IIIT-Ti—Al)

Pucynox 2.14 nemoHCTpye, 110 KOHIIGHTpaIlis JieryBajapbHOoro kommonenta (Fe) i
TeMIlepaTypa BiAnaly ICTOTHO BIUTUBAIOTh HA SIKICHI M KUIBKICHI 3MIHM KIHETUYHOT U
PIBHOBa)KHO1 YAaCTUH: PI3HI KOHIIEHTpALli i TeMIiepaTypu Jal0Th HE JUIIE Pi3HI NpPO-
G111 penakcalifHUX KPUBHX, ajieé TaKOX PI3HI 3HAYEHHSI PIBHOBAXKHOTO MapaMmeTpa
JAJIEKOTO TOPSAAKY. SIKIIO KOHIIEHTpAIlis JIETYBAIBHOTO KOMIIOHEHTA 3MEHIIYETHCA
(HMKYE CTEXIOMETPUYHOIO CKJIaay), TO IIBUJKICTh 3MIHU MapameTpa JajieKoro Io-
PAIKY 3MEHIITYEThCS M Yac pesiakcalii 30utbinyeThesi. Ha moyarkoBiid cTamii Biamamy
MIBUKICTh 3MIHHM TapameTpa JaJeKOro MOPSAKY BHINA. 3MEHIIEHHS MOYaTKOBOIO
3HAQYEHHS MapaMeTpa JAJIEKOTO MOPSIKY CIpUsIE MIABUILICHHIO i€l MBUIKOCTU 1 HIsIK
HE BIJIMBA€E HA MOTO PIBHOBAXKHE 3HAYCHHS — HE MOOJM3Yy TOYKH (a30BOTO MEPEeXO-
Ay Jaa—0e3/1a] BOHO OJTHAKOBE TS BCIX Mo MPH (hikcoBaHii TeMmnepatypi (puc. 2.14).

PesynpraTn ananizu kineTuaHoro monento (puc. 2.1412.15, @) miaTBepIKYIOTh-
cs pe3ysbTaTaMU CTaTUCTUYHO-TepMoaAuHaMiuHoro (puc. 2.15, 6). Obuna moaeni
(puc. 2.15) naroTh 0gHAKOBI TOYKHK (Ha30BOTO MEPETBOPEHHS JTan—0e371aj] 1 0JHAKOBI
PIBHOBaXH1 3HAUEHHSI MTapaMeTpa JajJeKoro mopsaky (3a IHIIUX PIBHUX YMOB).

B nigpo3nuii mokazaHo, K MOKHA OJCPIKAaTH XapaKTePUCTUKU «MaKpoaudy3iin»
3 «MIKpOIU(Y31MHIX» XapaKTePUCTUK, BUKOPUCTOBYIOUN HE3aJIekKH1 JaHl PO KiHe-

TUKY OJIU3BKOTO ¥ TaJIEKOTO MOPSAKIB B IEpMaJosix 3 (pikcoBaHUM 00’ €MOM.
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2.6 Ilepeposnoaia aromis H B I'lIIII-rpaTHuui MeTaxy

PosrasuyTi B monepeHix miapo3aiiax (mepe)po3noaian aTOMIB Y KPUCTAIYHUX
IPaTHUIISIX, CTOCYIOTHCA TBEPJAUX PO3UMHIB 3aMilieHHs. JlaHuil ke miapo3aut mpuc-
BAUYEHO BHOPsAAKyBaHHIO aTomiB BTiieHHS B ['I{II-rpaTHuri, Ha mpukiaa aToMiB BO-
auio (H) B I'IT-ctpykrypi metany (Me).

ATtomoBe (Onu3bKe Ta J1ajieke) BIOPSIAKYBAHHS YMHUTH CYTTEBHUI BIUIMB Ha Oa-
rato ¢i3MYHUX BIACTHUBOCTEH PIIKICHO3EMEIbHUX METANIB 3 JOMIIIKAaMU BOJHIO B
Hux [348, 349]. locmimkyroun B podotax [114, 118] KiHETHKY OJIM3BKOIO MOPSAIAKY
BojHeBux atomiB B ['IIII-LUu—H 3a excrniepuMeHTaIbHUMU JAaHUMU MPO PEJIAKCAIIiI0
3aUIIKOBOTO eiekTpoonopy [114] um termomictkocTu [118], Oyin Bu3HAYCHI MiK-
pocKOMIYHO-AM(Y31iHI XapakTepucTuku atoMiB BogHIO B ['IIII-rpatHumi morertito,
nepeadayeHa CIPUYMHEHA pelaKkcali€ro OJIM3bKOro MOPSAKY €BOJIOLIS KapTUH JU-
(Gy3HOTO PO3CISIHHS, a TAKOXK BUSBIICHA €JIMHA «IIPUPOJIa», — peJaKcailisi OJIM3bKoro
MOPAJZIKY, — 1110 OOYMOBJIIOE KIHETUKY peJlakcallii TeTIOMICTKOCTH Ta 3aJIMIIKOBOTO
enexktpoonopy B I'lIIIT-Lu—H, npunaiimHi, 3a HU3bKUX Temnepatyp. Huxde x mpo-
MOHYEThCS MOJICNIb KIHETUKH JAJICKOTO BIOPSAKYBaHHS atoMiB BojHio B ['IIII-Me,
SIKe TIOB’s13aHE 3 1X TaK 3BaHUM OPIEHTAILIITHUM TEPEpO3IOIiJI0OM MOMIX BY3JIIB IpaT-
HuIl Metany [123].

ATOMHU BOJHIO TIOCIIalOTh TETPACAPHUYHI MIKBY3JIOBUHU TPATHUII PiJIKICHO3E-
menpHOTO ['IIT-MeTaiy, sika cKilagaeThes 3 JBOX B3a€EMHO MPOHUKHUX T'eKCaroHalb-
HUX I'paTHUIL bpaBe, 3MiIIEeHNX OJIHA BIIHOCHO 1HIIIOT HA OCHOBHI NIEPIOJHM TPAHCIS-
ik — ap 1 Cp (puc. 2.16). KoxHa nmpumiTHBHA eJIeMEHTapHa KOMIpKa, [0 Ma€ 00’ €M
(\@/Z)aéco i moOymoBaHa Ha OCHOBHMX BEKTOpax TpaHcsalii a;=(ay,0,0),
a=(-ap/2, ayV3/2, 0),1a,=(0,0, cg) B lexapToBiii cuctemi koopauHat OXYZ MiCTUTh
nBa ilonn Me: olMH 3 HUX MICTUTHCS B LIEHTP1 €JIEMEHTAPHOI KOMIPKH ¥ Ma€ pajiiro-
BekTop F;=0, a IHIMI MICTHTBCA B ii By3ii 3 paaitocom-BekTopom [25, 350] rp=
=2a1/3+a,/3+as/2=(a¢/2, ay/ (2\/§) Co/2). Terpaempuuni mixkBy3noBunu y I'IIII-
rpatHuili Me yTBOPIOIOTh YOTUPU B3aEMHO MPOHUKHI migrpatHui (puc. 2.16).

3aCcTOCOBYIOYM METOOJIOTII0 CTATUYHHUX KOHIICHTPAIIMHUX XBHIb [15], 3amm-
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Pucynok 2.16 By3mu (o) I'llIT-rparaumi merany (Me), mo yTBOPIOIOTH JBI B3aEMHO IMPOHUKHUX
MIIPATHUI, TA TETPACAPUIHI MI>KBY3JIOBHHH (®) B Hili, SIKi YTBOPIOIOTh YOTUPH B3aEMHO MPOHHUK-
Hux nigrpatauui (P, g =1, ..., 4). @g 1 Cp MO3HAYAIOTh MApaMETPH I'PATHUII, a 1, 82 1 83 — OCHOBHI

BEKTOPHU TPAHCIIAIIT B HiM.

IIEMO BMpa3d Ul OAHOYACTUHKOBHX HMoBipHicHHX (yHKuii Py(R) mepeGyBanhs
aToMa BOJHIO y TETpaeApUIHIA MiXKBY3JIOBHHI P-1 miarparauti (p =1, ..., 4) 3 npumi-
TUBHOIO €JIEMEHTApHOI0 KOMIPKOIO, 1[0 Oepe CBii MmovyaTok («ieHTp») y By3m R =

= H;a; + Hya, + Hiagz (Hl, H,, Hy — mim chna) [25, 350]

R(R) 1
P,(R) _ 1 |1
P3(R) —C+§T] 1 ) (233)
P4(R) -1

7ie C — aTOMOBA JI0JIA aTOMIB BTUIEHHSI H, 1| — mapamerep opieHTaIlifHOTO JAJIEKOTO
nopsaaky, K =0 — xBuiboBHid BekTop odepHenoro npocropy ['IIIII-rparHuti, sikuit
«TEHEPYE» OPIEHTAIIIMHO BIOPSIIKOBaHY HaACTPYKTYpy [15, 25, 123, 350].

Kinetuka BropsiikyBanHs atomMiB H 1Mo Mi>KBY3JI0BUHAX TPATHUII € AUQY31HHO-
OTIOCEPEIKOBAHUM MPOLIEC, 110 BiAOYBAEThCA B MaciiTabax MIi>KaTOMOBHUX BiJajieH.
Tomy 3acTocyBaHHS JJIsl OMKCY TAKOT'O MPOIECY MOJIETI0 HA OCHOBI KIHETUYHOTO Pi-

BHsHHA OHcarepoBoro tuity [15] € mijkoM ajekBaTHHM 1 B JJaHOMY BHITQIKy (IWB.
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TaKOX MiApo3ain 2.4). B Takomy mMOneno KiHeTHKa OPIEHTALIMHOTO BHOPSAKYBAHHS
aToMiB H 1Mo BakaHTHHMX TeTpaeAPUYHUM MIKBY3JIOBHHAX (&) OMHUCYETHCS MIBUIKIC-
TIO 3MiHH 3allMCaHUX BHINE OJHOYACTUHKOBHX iiMoBipHicHuX ¢yHkuiit dP,(R,t)/dt,

sKa ponopuiiina TepMoauHamMiyHuM pyrminHuM cunam OAF/6Py(R’,t) (AF — xoni-

rypaniina BinbHa enepris, a P, (R) + Pf (R) =1):

dP,(RY) 1 Con ~ SAF
= kT {[CL (R-R)-c(l-c)L'?(R )]SP(R 3
HH H® OAF
+[ LS (R-R)—c(1-c)L"7 (R-R )]m+ -
HH r SAF .
[cL (R-R)-c(l-c)L; (R—R)]m+

» e SAF ~ _
[ L (R-R)—c(l-c)Ly (R- R)]m},(p—l, oy A

KiHeTUYIHI KOeQiIli€HTH L';E'(R -R") i L';%(R —R'"), nponopitiiiHi #IMOBIPHOCTI OOMIHY
micisimu «aromiBy H 1 ® y Bysnax (Q,R’) 1 (p,R) 3a ogunwmito yacy.
dikcoBaHe 3arajbHe 4MCIIO BoaHeBHX aToMiB B cucteMi (Ny) Hakmamae oOme-

YKEHHS Ha KIHETHYHI KOe(II€HTH:

Z dP(R) dN“‘ ZZL““(R R') = OlZZLH®(R R") = 0. (2.35)

p=l R p=1l R p=1l R

TepmoannamiuHi pywiiiHi cumm SAF /3P, (R') mogaemo y BUrisii

OAF 4 , P.(R")
5P, (R") :;qzzllwpq(R—R)Pq(R)+lnm, (2.36)

ne eHeprii 3MimanHs Wpg(R — R’) BU3HauaroThCcA MapHUMHU €HEPrisiMH MiXKaTOMOBHX
B3aeMoiit [25],
n _ HH ’ ®® ’ H® ’
w,(R-R)=W"(R-R)+W_ “(R-R)-2W_“(R-R’). (2.37)
®yp’e-koMIIOHEHTaMu eHeprii 3mimanHs (s K = 0)

W, (0) = > W(R-R)exp(-ik-R)=> w(R-R’) (2.38)

€ eJIEMEHTH MaTPHIIi Mi>kaToMOBHX B3aeMoiid [350]
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2

11 (0) WlZ (O) wlS (0) V"\714 (0)
WlZ (O) V’vll (O) Wl4 (O) W13 (0)

e Ol=l0) w0 wa0) wa(0)] @3
~14 (O) ~13 (O) ~12 (O) ~11(O)
3 BIacHUMH 3HaueHHsIMHU [350]
Ay (0) = Ny (0) + W, (0)+ Wls(o) +W, (0),
A5(0) = W;, (0) — W, (0) — Wy5(0) + Wi, (0), (2.40)

A, (0) = Wy (0) + Wy, (0)- W13 (0)- Wy, (0),
1, (0) = Wy, (0) — Wy, (0) + Wi, (0) — Wi, (0).

Benmuunu SF /3P, (R’) BonoxiioTh Takoro x cumerpiero, sk i gpynxuii Pp(R',t)

[15]; Tomy nipu manekoMy Opi€HTAIifHOMY BIOPSAKYBaHHI BOHH TEK MOXKYTh OYyTH

MPEJCTABIICH] Y BUTJISA/II CYNIEPITO3UIIIT CTATUYHUX KOHIICHTPAIIHHUX XBUJIb:

S5F/SP.(R) 1
6F /3P, (R) 1[-1].
=C(m)+—= : 2.41
5F /6P,(R) =+ A (2.41)
5F/6P,(R) -1
Komoinartis Bupasis (2.36) i (2.41) nae
SF SF 1 c+n/2 . 1.
= =cA,(0)+=nr,0)+k. TINn—————=€C+=-1n, 2.42a
SF SF 1 c-n/2 . 1.
= =cA,(0)—=nmA,(0) +k, TIn————=¢—=n, 2.42b
sh(R)  op,(R) ~ ) O+ TIn = s =c o (2.42b)

3 YMiX CyMM Ta PLKHMII BUIUTMBAIOTE BUpasu st Gynkuii €(n) i (n):

&= on, (0)+ Sk, TIn— (=W (€+n/2) (2.43a)
2 (1-c—n/2)(1—c+n/2)

. (c+n/2)(1-c+n/2)
N=nA,(0)+kTIn Cc—2d-c-12) (2.43b)

[TincraBnsitoun Bupas (2.36) y piBHsHHS (2.34), BUKOpUCTOBYIOUM piBHOCTI (2.35) i
(2.43b), a Takox 3xaiiicHIOIOUN Dyp’e-TiepeTBOpH 000X (JIIBOT Ta MPABOI) YACTUH PiB-
HsHHS (2.34), HapelTi 0JepKYEMO IITyKaHe KIHSTHYHE PIBHSAHHS ISl OPi€HTAILIHHOTO

nayekoro nopsaaky () aromiB H 3 BusHauenum Hrwkde koedimienrom L(0):
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dn, —c(1-c)L(0) {n

L0) (C+n/2)(1—0+n/2)}’
t

kT (c-n/2)1-c-n/2)

) (2.44)
L(0) = 2 (™ [ﬁ 0y - (0)}.

Jlerxko 6auuTH, 1110, MO-TEpIe, HaBITh OOMIH MICIAIMH aTOoMiB H 3MiHIOE 1, BTIM Ta-
KOi 3MIHU HE BII0YBa€eThCs NpH C << 1, a mo-Apyre, po3B’A3yBaTH KIHETUYHE PIBHIHHS
(2.44) 3py4HO B TepMiHaX 3BeCHHX dacy t = I:(O)t i remmeparypu T = kgT/|A4(0)).
UwucenpHi po3B’s3ku piBHAHHA (2.44) BinoOpakeHO KpUBUMHU Ha puc. 2.17 3 mo-
YaTKOBUMH 3HAYCHHSIMH TapameTpa mopsaky no=n(t=0)=0,11 ng=0,2. 3a uumu
KPUBUMH MO>KHA pOOUTU BUCHOBKH, SIK1 XapaKTEepHI i JIJIst CTPYKTYp 3amimieHHs L1, 1
D09, onepskani B momepeaHix miaposmaiinax. KoHieHTpariss BOgHIO 1 TeMIepaTypa
CYTT€BO BILUIMBAIOTh HA KIHETUYHUH IPOILIEC 1 piBHOBaXKHE 3HaUeHHA 1. KoxHil 3 Ho-
TUPHOX KOHLEHTpAUN 1 KOXKHIN 3 TPhOX TEMIEPATyp BIANOBIAAE CBiil mpoQiab KpU-
BO1 I BUX1Jl Ha piBHOBAry. 30UIIICHHS] BMICTY BOJHIO MA€ PE3yJIbTATOM 301IbIICHHS
MIBUKOCTH 3MIHHU 1] 1, IK HACIIJOK, 3MEHIIECHHS PeJIaKCAIliiHOTO Yacy. 3MEHIICHHS
Mo 1HIIIIO€ 301TBIICHHS MIBUAKOCTH 3MIHU 1) 1, SIK BXXKE€ OYIKYBaJlOCs, HE BIUIMBAE HA
KIHIEBE (PIBHOBAKHE) 3HAYCHHS 1| = Teg, AK€ € OJHAKOBHUM 33 000X BEJIHMYMH Mo IIPH
¢ikcoBaniit Temmnepatypi. OueBHUIHO, IO 3POCTAHHS TEMIEPATYPH MOHIKYE IMOTOYHI

1 PIBHOBa)KHI 3HAYEHHS 1) 1 HABITh MIPU3BOJUTH 10 TOBHOTO PO3YMOPSIAKYBaHHS Y Pi-

T

T*=O,14I

0 | 1 1 L
0 04 08 12 16 24 32 40
1 t

a o 8
Pucynok 2.17 [1apamerep opieHTaIIITHOTO TaleKOro MOPSAKY M K (QYHKIIS 3BEICHOTO Yacy t pu

JIeAKHX BMiCTaxX BOXHIO B TBepaoMy posurai IIIIT-MeHa. 3a pisHux 3Beennx temmeparyp T .
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BHOBa)KHOMY cTaHi (puc. 2.17, 6 1 g). [Ipuuomy 3a HIKYMX KOHIICHTpAIid BOJHIO Te-
MIIEpaTypHUl e(PeKT € MOTY>KHIIINM, 1110, Ha Hally AYMKY, OOyMOBJIEHO MOMapHUM

PO3IIOIITIOM aTOMIB BOJIHIO, 30Kkpema, B I TI{I1-rpaTHuIli piiKiCHO3EMEIbHUX METaJIiB.

2.7 BUCHOBKHM 10 po31iiay 2

Po3ain 2 MiCTUTh pe3ynbTaT, SIKUX OMyOJiKOBaHO B psai mpaib [114-124]. B
HUX BUKOHAHO HACTYIIHE.
1. TTocimoBHO BHUBEIECHO OJHOYACTUHKOBI WMOBIpHICHI (DYHKIIIT pO3MOALTY aTOMIB Yy
(mam)ctpyktypl Ty D09 Ha ocHoi ['IIII-rpaTHuIl, 10 YMOXIUBUIO TO30yTUCS
HAsIBHOI B JIiITEpPaTypi HEOJAHO3HAYHOCTH IIIO/I0 X BUTIISAY.
2. UncenpHO OIIHEHO MapaMeTpH MI>KaTOMOBHUX B3a€MOIii (BJIaCHI 3HAYCHHS MATpPHIII
CHEPTiii «3MIIIaHH» ) Ta CIIPOrHO30BaHO YacTUHY (a30Boi aisrpamu s ctomy Ti1-Al,
a caMe, pIBHOBOKHUM CKJIaJ CIIBICHYBAaHHS BIOPSAKOBAHO1 Olo-(ha3u Ta HEBMOPSIKO-
BaHO1 a-(ha3u y IBOX MOJIEIISIX: HE3aJIEKHOCTH 1 3aJIEKHOCTH EHEPT11 «3MIIIaHHsD» (K
BU3HAYAETHCS CHEPTisIMU TAPHUX MI>KATOMOBHUX B3a€EMO/I11) Bl TEMIIEPATYPH.
3. [l 060x MOeniB moOyI0BaHO KPUBI YaCOBOT €BOJIOMIT (HAT)CTPYKTYPHOTO Tapa-
MeTpa ganexkoro nopsiaky tuny D0y um L1, 3a pisHux cknaniB 1 Temmneparyp. Bxiro-
YEHHSI TeMIIEPaTypHOI 3aJIKHOCTH €Heprid MI>KaTOMOBUX B3a€MOJIN MPHUIIBUIIYE
pelakcarliro mapameTpa JaleKoro MopsaKy Ta MocaadItoe BIUTUB TEMIIEpaTypH Ha Hel.
4. Omineno audysiiiHi xapakrepuctuku (OHcarepoBi W Mikpoaudy3iitHi koedirieH-
TH) ynopsakoBanoro rnepmanoro ['IIK-NisFe 3a He3anexxHMMU eKcriepuMeHTATbHUME
JaHUMH PO YaCOBY 3aJIEKHICTh HOro napameTpa J1ajJeKoro aToMOBOIO MOPSIKY.
5. 3’scoBaHO POJIb TIOYATKOBOTO (HEPIBHOBXKHOTO) 3HAYEHHS IMapaMeTpa JajieKoro
aTOMOBOIO MOPAJIKY B MOT0 pejakcallii 0 CBOro piBHOBRXHOI'O 3HAYEHHS. 3a Bijjia-
JIEHUX BiJ TOYKU (PA30BOTO MEPETBOPEHHS Jaa—0e3a TeMIeparyp KiHieBe (piBHO-
Ba)XHE) 3HAYCHHS MapaMeTpa JaJeKoro TMOPSAKY JHUIIAETbCS OJHAKOBUM 3a Oynb-
SKUX MOro MOYaTKOBUX 3HauyeHb. HaToMicTh, B OKOJII TOYKH (ha30BOTO TEPEXOy
naa—0e3naj caMe ToYaTKOBE 3HAYEHHS IMapaMeTpa MOpsIKy MOKe BUSBUTHCS BU3HA-
YJaJlbHUM Yy BUOOp1 CHCTEMOIO CIIEHAPiI0 CBOET €BOIIONIT — MOAATIBIINE YIOPSAIKYBaH-

HS Y4 PO3YyHOPSIAKYBAaHHS.
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PO3/11 3
BILJIMB TUCKY HA (ITEPE)PO3MOJL]I ATOMIB
Y IIUIBHOMAKOBAHUX (THK- I T'IIT-) CTOMAX

3a3Buuail mpu noOyA0B1 Teopii BHOPSAIKYBAHHS CTOIIB BBAXKAJIOCs, 110 €HEPrii
NapHOi B3a€MO/IIi aTOMIB € JAEIKMMH KOHCTaHTaMu, 00 B IIMX TEOPIsX HE BpaxOByBa-
Jacsi 3MiHa Biijani Mixk aromamu. BTiwm, 1l Bigaani (a ToMy il eHeprii B3aeMoii) 3mi-
HIOIOTHCS SIK TIPH 3MIHI TapaMeTpa MOPAJIKY U CKJIaay CTOIY, Tak 1 MijJ BIUIMBOM IpU-
KJIaJeHOro TUCKY [4, 44-52]. Tomy nipu OOy 10Bi Teopii BIOPSAKYBAHHS CTOIIIB, IO
BpPaxoBY€ BIUIMB TUCKY, NOTPIOHO OpaTu A0 yBard 3MiHM BiJajied MK aTOMamH.
BusiBunocs, mo xapaktep BIUIMBY THCKY Ha BIOPSAKYBAaHHS PI3HHUM JIJIsi CTOIIIB,
00’eM SIKMX cIa0KO 3aJ€KHUTh Bl MapaMeTpiB MOPSAKY 1 ckiIaay (L€ 3aJIEKHICTIO
MOXKHA HEXTYBaTH, BBAKAIOUW 00’ €M CTalMM), 1 JI CTOIIIB, JIe TaKa 3aJIe)KHICTh 1C-
TOTHA i Mae BpaxoByBatucs [44-52]. YV HacTymHUX ABOX miapo3ainax (i MyHKTax B
HUX) pO3MJISIHYTO 3rajiaHl Ba BUMAAKU Ta psl €()eKTIB, 1[0 BAHUKAIOTH 1] TUCKOM Y

I'IK- 1 I'IT-cTonax, siki BHOPSAAKOBYIOThCS 3a THHOM L1, un DO,g BinmoBimHO.
3.1 Cnabka 3ajexHicTh 00’€My CTONY Bijl 1aJIEKOT0 MOPSAKY

3.1.1 Ymoeu mepmoounamiunoi pienosazu ¢ L.1,-gpa3zi

Posrnsinemo Ginapumii cron ['IIK-A-B, mo mae crpykrypy Llo-tumy (ax y
NisFe). Bimnocna atomoBa konuentpaiist C=Ng/N (1 —C=Na/N); Na+Ng=N. Cry-
ninb (mapametep) aanexoro nopsaaky N =(P(1)—c)/(1—cy) =4(P(1)—c)/3, necy=1/4,
a P(1) — ¥#iMoBIpHICTh 3aMillleHHS By3Jia 1-r0 THIy «3aKOHHHM» JUIsl HbOro B-
aToMOM [4, 9, 10,].

[TpunyctrMo, 110 3aJIEKHICTh CHEPrid MapHUX B3aEMOJIIN WA WBB WAB gin
M1D>KaTOMOBOT BiJiali Iz € HaOIMKEHO KBaapaTu4Hoo [44-52]:

WA(,) ® WA + ol (1, —1n)?, (3.1a)

eq Zeq

W () » W () + 05" (r, —10)?, (3.16)

Zeq

W (r,) » W™ (1) + a7 (1 —Tig)*; (3.18)
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TYT Z 103HAYae HOMEP KOOPAMHALIMHOI chepr, W (), W (rie) 1 W8 (rs2) €

CTaJIl YaCTHMHHU €HEPrii B3aeMOil, 110 JIOPIBHIOIOTH MAPHUM €HEPrisiM B3aeMOJIIi IIpH

PIBHOB@XKHHUX JUIS IIAp BIAJANAX r, = rSh

BB ;
zeqr 1z =T 1

Zeq z Zeq ?
¢imieHTH, K1 HE 3aNeXaTh (y MPUAHATOMY HAOIMKEHH1) BiJ KOHIIGHTpAIIi] 1 mapame-
Tpa JajieKkoro nopsaxky. (B HactymHoMy mipo3maii Oyae mokazaHo, 1o Mepiii JBi 3

BEJINYUH rz’zg\, rZBei, rz’gs JOPIBHIOIOTH BifJajii MK aromMaMu B Z-ii KOOpAWHAITIHHIN

chepi B «aucTuX» KpucTaizax A i B BiAMOBIIHO, a TPETS — 3HAYCHHIO BiAJaIl MiX
aTOMaMH B IOBHICTIO BIIOPSAKOBAHOMY CTOIII CTEXIOMETPUYHOTO CKJIady.)

3a BCeOIYHOTO THUCKY P BIJIMIHHI Bij] pIBHOBRXHHX MI)KaTOMOBI Biajaii Iz 3mi-
HIOIOThCS. L[1IkoM peanbHO NpUIyCTUTH (MPpUHANMHI, HA IEBHOMY 1HTEpBAJIl TUCKY),
110 BOHHM JIIHIHO 3MiHIOETHCS 3 P [44-52]:

r, ~1,(0)(1-xp/3) =1, (0) - P, (3.2)
ne rz(0) e snauenns rz npu p = 0 I'Tla, y = —(1/V)(6V/Op) e ctuckanus cromy 00’ eMOM
V, vy € nogaTHa KOHCTaHTa (3a JaHoro ckiany). Ipunyctiumo Takox, mo yp << |rz(0)|,
a rz(0) 1y He 3ayexarh B MapaMeTpa NOpsAKY.

Bpaxosyroun Bupasu (3.1)—(3.2), eHeprii 3MmilanHs

W(rz)EWAA(rz)"‘WBB(rz)_Z\NAB(rz) (3.3)

MOJKHaA 3alluCaTu y BI/IFJ'IHI[i

_ B,vpP azyz p2
w(r,) = WO(I’Z)(1+ W () + e (5) } (3.4a)

e
Wo () =W A (1) +W ™ (120) = 2W ™ (g ) +

+a2? (1, (0) — A% + as® (1, (0) — r22)? — 2a2° (r, (0) — Zeq) (3.40)

Zeq Zeq

€ CHepris 3Mimands B Z-it koopauHaiiiHii cdepi mpu p = 0 I'Tla,
z = _Z[OLZAA(rz 0) - Zeq) + a (rz 0) - Zeq) 20( (r 0) - IZeq ):| (3.48)
o, = o +as” —2a5°. (3.4r)

PiBHOBa)kHU TapameTep MOPSIKY BU3HAYAETHCS 3 PiBHSHHSA piBHOBaru 0AG/on =0, ne
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KoHbirypauilinuii repmoaunaMigauii [166¢iB morennisn AG = AF + pV (B nepepaxys-

Ky Ha aTOM) JUIst HanCTpyKTypu L1,-tumy mae Burisizg [15, 119]:

AG = %(1—ZC)V\~/AA(O) +CcW*8(0) +%c2v~v(0) +3—32n2W(kX)+
cKeT [(c+3—njln(c+3—nj+(l—c—3—njln(1—c—3—nj+ (3.5)
4 4 4 4 4

Ao dnle- e nlioec o

PiBHsIHHS piBHOBaru y Mojeito HesanexxHocTH Iz(0) 1y (a Tomy # V) Bia 1 naroTh

(e
4 4 ) w(k*)

In - T]eq ' (36)

3
C+ Mg 1—(:+h KeT
4 4

BpaxoByroun B3aeMoIi10, HaIPUKIIAJ, JIMIIEC B MEPIIMX ABOX KOOPAWMHAIIMHUX

chepax (Z=1, Z=2), Ta B3sBIIH 10 yBaru Bupa3s (3.4a), oJepKy€eMO pPiBHIHHS

e
In 4 4 . —Aw, (1) + 6wy (1)
LI (PP "R kaT 3.7
4 4 (3.7)
X[“ (4B, +6B,)y (403 +60,)y" pz)
—4W0(I’1)+6W0(r2) —4WO(I‘1)+6WO(I‘2)

a00, yBIBIIIM TTO3HAYCHHS
,_ AW, (1) + 6w, (1)
(—4B, +6B,)Y
(—4oa, +60a.,)
(_4B1 + 6B2)2

(p’ Ma€e po3MipHICTh THCKY, N — 0e3po3MipHa BEJIMYHUHA), MAEMO:

(3.8a)

n = (—4w,(r) +6w,(r,)) (3.86)

3MNeq

e z
N> 4 —4Wo(n)+6Wo(r2)[1+ﬂ,+n££,j ] (3.86)

1/'leq
[c+ 3“qu[1—0+“qu KeT P P
4 4
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MoskHa CIIPOCTUTH OCTAHHE PIBHSIHHS, BPAXOBYIOUM MI)KaTOMOBY B3a€MOJIIO JIUIILIE B
1-# koopauHaiiHIi cdepi (K y podorax [44-52]); Toni y Bupasax (3.8a), (3.80) 1
piBHsHHI (3.8B) citin mokmactu Wo(rp) = o, =B, =0. AG0 HaBIaKH, MOXXKHA YCKJIaTHUTH

10ro, BpaxyBaBIIM MI)aTOMOBY B3a€MO/I110, HAIIPUKJIIAJ, B MEPIIUX YOTUPHOX KOOP-

3
4 4
In =

JTUHALIMHUX cdepax:

3N, Moy |
2
—4W0(r1)+6W0(r2)—8W0(r3)+12WO(I‘4) 1+£+n £
K Ky T P \p) |

ajie TYT BBEJICHI MMO3HAYCHHS
,_ AW, (1) + 6w, (1) — 8w, (1) + 12w, ()
(4B, +6B, —8B; +12B,)y
—4o, + 60, —8a, +12a,

(_4[31 + 6Bz _SB3 +12B4)2 .

3aJie’KHO B1Jl HASIBHOCTH JAHUX PO €Heprii B3aeMoil (3 €eKCIIEPUMEHTY UM TO 3

, (3.96)

N = (~4w, (1) + 6w (1,) B (1) + 12w, (1,)) (3.98)

TEOPETUYHUX PO3PAXYHKIB) MOXKHA BPaXxOBYBAaTH MI>KaTOMOBY B3a€MOJIII0 B JOBLIb-
HIM KUIBKOCTI KOoOpAWHalIMHUX cdep ado B3araii B ycix cdepax, BUKOPUCTOBYIOUU
@yp’e-KOMIIOHEHTH €Heprii 3MimanHsA. Toal piBHSHHS pIBHOBAru AJis mapamerpa aa-

JIEKOTO TOPSIIKY HaOyBa€ BUTIIALY:

(c—nzq)(l—c—gzﬂ o X 2
In oy, To(k ){up (p” (3.10a)

3 Ty T PR
(C+%](l_c+%j B p p
4 4
e
o= k™) g k) LKD) (3.11)
YB(k) T BA(KY)

~ X .
Tyt Wy(K") — ®yp’e-kommonenTa eneprii 3minianus 3a HyIb0BOro THCKy (P=0), a

a(k*) i (k) — dyp’e-xommnonentn semunn aR) i B(R),
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B(K*)=—4B, + 6B, — 8B, +128, +..= > B(R)e™ ®, (312
a(k*) = 4o, + 60, —8ot, +120, +...= . a(R)e ™ ®. (3.13)
OTxe, BpaXyBaHHS THCKY IIPH aTOMOBOMY BITOPSIIKYBaHHI MPOSIBISIETHCS Y TIOSI-
Bi niHiiiHOTO, oc P/p’, it KBagpaTHUHOTO, o< (P/p')?, WICHIB y PIBHSHHI PiBHOBArM s
nmapaMeTpa JaJeKoro MOPSAAKY B PaMKaxX CTaTHUCTUYHO-TEPMOJAMHAMIYHOTO MOJIEINIO,
III0 BpaxOBY€E B3a€MOJIIi yCIX aToMiB cucTeMu. [ moOy1oBu rpadiyHUX 3aJIeKHOC-
teit 3a piBHsHHAM (3.10a) (um (3.9a)) moxxna npunyctutd N=1 [44], mo Biamosigae
YHCEJIBHUM OIlIHKaM mapaMetpiB y pooorti [351]. Bizomo, mo y Bumaaky ¢aszoBoro
nepexoay 1-ro poay i3 HEBHOPSIKOBAHOTO CTaHY B YIOPSIIKOBAaHUHN HE BC1 PO3B’A3KU
piBasHHS (3.10a) (um (3.9a)) BiANOBIIAIOTH CTIHKOMY PIBHOB2XHOMY CTaHY.
3pocTaHHs MmapaMeTpa JajeKoro MOpsSAKY 31 3HHKEHHSIM TeMiiepaTypu (rpu ¢i-
KCOBaHOMY ) BiIOYBa€TbCS CIIOYATKY CTPHOKOMOMIOHO BIJ HYJS JIO JIESIKOTO CKiH-
YEHOI'0 3HAYEHHS ATlgq, @ HOTIM HENEPEPBHO 10 MAKCUMAIBHO MOKIIMBOIO B JaHOMY
cromi 3HaueHHs [9, 10, 44]. Temnepatypa i TUCK, 3a SIKUX BiOyBaeTbes (pa3oBuii me-
pexij Mepiioro poay, BUBHAYAIOTHCS 3 CUCTEMH PIBHSIHB
OAG (T, Po)

=0. 3.14
o (314

N=Ang,

AG(Aneq’TK’ po) = AG(O’TK’ po)f

Po3B’s13yr0un iX 4MCENBHO JJI CTEX1IOMETPUYHOTO ckiany (C = 1/4) ogepxkyemo:

2
KT 0,205 1+£‘:+n(&3j ; (3.15)

Wy (k™) p p

Aneq = 0,464;
TyT Tk 1 Po — Temneparypa (KypHakoBa) il TUCK BIANOBIIHO y ToYIll (pa3oBOro nepe-
xoay Jag—0e3naz, P’ i N BusHavaoThes 3 (3.11). Po3s’sa30k cucremu (3.14) mokasye,
110 THCK He 6nuéae Ha BEIMYUHY CTpHOKa mapamMeTpa JaleKoro MOPsAKY Amneq B TO-

yili (pa3zoBOro MmepeTBOpeHHs TUIy jdaa—0e3naj. Tuck Juile smiuye TeMieparypy

1poro ¢aszoporo neperBopeHHs (Tk) B Oik OLTBIIMX a00 MEHIIUX 3HAYCHbB, 3aJICKHO
. . . . . ~ X .5 X .

Bix 3HakiB mapamerpiB P’ i N, a Tounime, (K”) i B(K™) (aus. (3.11)). na cromis,

SK1 BIOPSIAKOBYIOTHCS, Dyp’e-KOMIOHEHTa €Heprii 3MillIaHHs 3a HYJIbOBOTO THUCKY

W, (k™) BBaxaeTses Bix’emnoro [119, 319].
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3.1.2 Pienannsa pienosazu ona napamempa nopaoxy D0yg-gpazu

Hacnigyroun po6otu [9, 10, 352—354], nocaianmo sk BUAO3MIHUTHCS CTaTHCTH-
KO-TepMOIMHAMIYHHIA MOEIh IPHU BpaxyBaHH1 30BHIITHKOTO TUCKY B [ LIII-rpaTaumIi
3 aTOMOBUM TOpsiiKoM TUIry DO01g.

Posrnsaemo GiHapHuii cton A-B, 110 BIOPSAIKOBYETHCS, MPUUOMY, BBOXKAEMO
MOXJIUBUM SIK BUTAIOK («imeanbHO» ['III-rpaTaMI) 1 =r;, Tak i («HEIACATHHOI»)
ri#r, (puc. 2.1, 2.3). Ckiax cromy, mo ckiagaetbes 3 N* atomis copry A it N® ato-
miB copty B (N*+ NP =N), xapakrepu3yeTscsi BiJHOCHIMI aTOMOBUMH KOHIICHTPALi-
smu ¢=N°/N i 1 —c=N?/N. Mmosiprocti 3arosuennst Bysmis [II{II-rpatHuii 1opis-
HIOIOTh PqA(R) = N(;A/Nq : PqB(R) = N(;B/Nq , 1e N (N;) € umcno atomiB cop-
Ty A (B) Ha g-#t miarpataui, g = 1, 2. [TapameTep (CTyIiHb) JAIEKOro HOPSAKY BBO-
IUTHCS 3BUYAHHUM YMHOM (SIK y rorniepeHiM myHKTi): 1 = 4(Py(R) — ¢)/3.

3aJIe)KHICTh CHEPTi apHUX B3a€EMOJIIN Wt WP, WP B1JI MI>)KaTOMOBOI BiJI-

JalTi Iz BpaXy€eMo B KBaJIpaTUIHOMY HaOymkeHHi [352]:

qu (r) qu (Zeq)+az (r ZAeQ)Zl (3163)
W (1) WP () + a5 (1, — 1), (3.166)
Wt (1) * WP (rae) + a5 (1, — e ) (3.168)

TYT WA (), Wt (as), WP (120 ) — eHepril B3aeMOJil BIANIOBIAHMX Tap 3a pis-

r, = r.®; koedilieHTH oy, o, ay®

HOBaXHHUX BII[I[aJ'IeI/I r, = =r2 Zeq

__ ..BB
Zeq? I‘-Z =T

Zeq?
MPOCTOTH BBAKAEMO HE3aJICKHUMU Bij C 1 1; Z — HOMEp KOOpAUHAIIMHOL chepH.
[IpuknageHuit 30BHILIHINA TUCK, P, TIPU3BOAUTH 10 3MIHM BiIAaJIeld MI>)K aTOMaMu
B CTOIIl, TOOTO Iz = rz(p). OOMEXMMOCH IHTEPBAJIOM THCKIB, 33 AKHX BiIaallb 7 MiX
aTOMaMH JIIHIHO 3MIHIOETHCS 3 P:
=1 (O)[l_lz p]:rz (O)_'Yz P, (3.17)
ne rz(0) e Bimmanp Mixk aToMaMu B Z-KOOpAuHaIIiHHIH cdepi 3a Hyab0Boro Tucky p=0, a
|, OB’ s13aHi 31 CTUCKAHHSM CTOITY Y BIAMOBIAHUX KpUcTanorpadiuHux HanpsMkax. Ta-

KO 00MeXHMOCh BUIIaJKOM, KoJii Iz(0) i |7 cmabko 3anexars Big 1 1 TOMY Ii€to 3a-
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JISKHICTIO MO’KHA HEXTYBATH.
Eneprito 3mimanns W, (r,) =w(r,) = W q (I )+W °(r,) - Z\N °(r,) sa-

MUCYEMO 3 ypaxyBaHHIM Bupasis (3.16)—(3.17):

_ By, P 0Lz’Yz p
w(r,) _Wo(rz)[1+ W (1, ) wi(r,) j (3.18a)

Jc
W (1) =Wig™ (1) + Wi (1) — 2W 7 (1) +
+OL/Z-\A(rZ(O) Zeq) +OL (r (O) Zeq) —2()( (r (O) Zeq) (3186)

€ SHeprii 3MIImaHHs I Biamaneu Iy, I, BignoBigHo (To6TO B 1-# Ta 2-it KOOpaMHA-

iAHUX cdepax) 3a HyJIbOBOT'O TUCKY,
B, =2 a*(r, (0) — 1) + a5 (1, (0) — 12) — 205° (1, (0) — i) | (3.188)
a, =0t +as’ —2a°. (3.18r)
B npuitHsiTomy HaOnvwkeHHi, konu V He 3aleXHUTh BiJl T, yMOBa pIBHOBaru

OAG/on=0AF/on=0 (quB. AF B (2.18), a A»(k™) — B (2.14)) 3BoANTBCS 10 PiBHSHHS

(e
4 4 ) (kM) (3.19)

= ']"l .
3 &
(c+ Mg J(l C+ Neq J KeT
4 4

BpaxoByroun B3a€MOJIiI0 aTOMIB JIMIIIE B MEPIIMX JBOX KOOPAMHALIMHUX cdepax 3

In

panitocamu Iy i Iy (auB. Bupasu (2.126) 1 (2.150) ta puc. 2.3), Mmaemo:

(c _neqj(l— C—Bneqj
4 4 ) _—2w(r)—-2w(r) (3.20)

T] .
3 *
c+—2 Mg 1- c+n KeT
4 4

bepyuu no yBaru (3.18a), nepenumiemo piusuHs (3.20):

In

) g
In oy, Z20(0) = 2Wo(5) g P (P g
3n n €q kT pr pr
(c+*"q)£l—c+eqj B
4 4
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Jc

p'= WO(rl)+W0(r2)’ n=(w0(r1)+wo(r2))

6() (1) (351
Biys +B2v2

By, + B2Y2)2

SIKo BpaxyBaTH aTOMOBY B3a€MOJIII0 B MEPIIUX YOTUPHOX KOOPIUHAIIMHHUX ce-

pax, TO PIBHSHHS PIBHOBArU JUIA Teq HAOy€ BUTIIANY:

3
4 4
In =

3neq neq B
£c+4j[1—c+4 (3.22a)
2
. —2W, (1) — 2w, (1,) + 6w, (r,) + 2w, (r,) 1.P P
o kBT p, p/ )

aJIC TYT BBCJICHO ITO3HAYCHHA

r_ _Zwo(rl) - 2Wo(r2) + 6Wo(r3) + 2W0(r4)
—2B,v, —2B,y, +6B3vs + 2B,

_2a1Y12 - 20L2Y22 + 60‘33(32 + 20‘43’;12 (3.228)
(=2B,y; — 2B,v, +6B5vs +2B,7,)

AHanoriuHi piBHSHHS PIBHOBAru JJis PIBHOBAXXHOTO MapaMmeTpa JaJIeKOro Io-

, (3.226)

n= (—ZWO(I’l) — 2w, (1) + 6w, (1) + 2W0(r4))

PSIKY, Teq, MOXKHA OJIEpKATH, OEPYUH 10 yBaru B3a€MOJIIO aTOMIB B JOBUIBHIN KiJIb-

KOCTI KoopauHaIliiaux cdep abo (HaipeanicThuHilIe) B yciX chepax:

) ety
In _q, LK ){1 P (p” (3.23a)

_]’l -
3 .
L PO keT
4 4

pf
ne Ay(kM) =W (kM) +Wo, (k™) — Bnacue 3nauenns marpuui (2.8) npu p=0, a

A, (k™)
[By, (K")I"

e Benmunny A, (K") MokHa BBaxkatH Bin’emHoro [117-122], a
B, (K™)==2B,7, =2B,y, +6Byys + 2By, +... = ZR B(R)y(R)e™ %, (3.238)

Aow(kM )=—=20,v,> —20,,y," + 60,7, + 20,7, +...= ZRa(R)[y(R)]Ze_"‘M'R. (3.23r)

0 M
pr: 7\‘2(k ) n:xg(kM)

, 3.236
B, (K") (3.230)
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e . . 2

Takum urHOM, JiHIAHWEA, o< P/p’, 1 kBagpatnuauid, o< (p/p’)”, WieHN 32 THCKOM
TOSIBJISIFOTHCST TAKOXK TP MOTO BpaxXyBaHHI B IIPOIIECi BUBEACHHS PIBHSIHHS PiIBHOBAru
IS apaMeTpa nanekoro nopsaky tumy DOjg y THIII-cromi (sik i B piBHsiHHI (3.10a)

s crormy I'IIK-L1,).

3.1.3 Xapaxkmepucmuku ¢hazo6020 nepemeopenus muny iao—oe3.1a0

Pigustaas (3.10) 1 (3.12) amsa 'HK-L1, Ta (3.23) s ['IIIT-D04g THTIB IOPSIKIB
IAI0Th MOJKJIMBICTh 3HAWTH BEIMYHHY PIBHOBAYKHOT'O JAJEKOIO HMOPSIKY Teq K QyH-
KI[II0 TEMIEpaTypH, TUCKY 1 KOHLIEHTpAaLli JeryBaJIbHOrO KOMIIOHEHTA B CTOIIl, & Ta-
KO BU3HAYUTH 3AJICKHICTh TEMIIEpATypy BIOPSIKYBaHHS HE JIUIIE BiJl CKIIATy CTO-
my, a ¥ B TUCKY. 3a3HAYUMO, IO MPHU ICTOTHO MaJIMX THUCKaX J0JaHKOM (p/p’)* B
THX PIBHSHHSIX MOHA HexTyBaTH. | HaBmaku, noxanok (p/p’)° Gyme BigirpaBati cyT-
TEBY pPOJIb MPH JOCTATHHO BEIHMKUX THUCKAX, a JOJaHKOM [P/pP’ MO)KHA HEXTyBaTH.
[Ipote, B mucepTaliiHuX po3paxyHKax HE HEXTY€EThCS JKOJCH 3 JI0JJaHKIB.

JlocmiauMo BIIMB TUCKY Ha MapaMeTep JAaJIEKOTo MOPSAKY IS CTOITY CTeXioMe-
TpuuHoro ckiamy. [Ipu moOymoBi rpadiuynux 3anexHocted B piBHAHHAIX (3.10a) 1
(3.12) (um (3.23a)) npunyckaemo, 1o N = 1 (Take IPUIYIICHHS HE CYIIEPEYUTh YUCe-
JBHUM po3paxyHkam B po0oTi [351]; nuB. Takox podoTu [44-52]).

HIs Neg > Aneg = 0,464 piBasaHs (3.10a) (sk 1 (3.23a)) npu C = 1/4 Bu3Ha4ae piB-
HOBa)KHE 3HAYEHHA M AK QyHKUII P 1 T. Ik B1ZOMO, 3HAUEHHS Teq < AT)eq MOXKYTb BiJ-
MOBIJIATH SIK METAaCTaO1IbHUM CTaHaM CTOIYy, TaK 1 CTaHaM, B SKUX TEPMOAUHAMIYHUMA
noTeHiisul (Sk GyHKiist 1) Mae makcumyM [9, 10, 44]. Jinsuku kpuBux Ha puc. 3.1 1
3.2, 110 BiAMOBIAI0Th TAKUM CTaHaM, MO3HAYEHO MITPUXOBOIO JiHi€0. ToOTO, MTpHU-
XOB1 AUITHKY KpuBHX (Ha puc. 3.1 1 3.2) BIANOBIAAIOTH 3HAYEHHSIM Teq < Amgq 1 30-
OpaXXyrOTh CTaHU CTOITY, 1110 HE PEATI30BYIOTHCS IPAKTUIHO.

Ha pucynkax 3.1 mpenactaBieHO 3aJIeKHICTh PIBHOBAKHOTO IMapaMeTpa JajaeKo-
r0 MOPSIKY Meq B 3BEJCHOI TEMIIEPATYPH NPH (PIKCOBAaHMX 3HAYEHHAX 3BEJCHOTO

tucky juist LK 1 TLIIT cromi 3 L1, 1 DO;g TUMMamMu mapaMeTpiB Jajiekoro mopsaKy. 3

PHCYHKIB BUIHO, IO IPH Bix eMHiit mapi napamerpis a(K™) i B(K* ) uu A, (k™)
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Prcysok 3.1 3anexHiCTh PiBHOBaXHOTO TapaMeTpa AaNeKoro MOPs/KY Biz 3BeeHoi Temmepatypu T
st crexiomerprannx (C = 1/4) TLK-L1, a6o T'IIII-D0sg cTOmiB 3a Pi3sHUX 3BEICHHX THCKIB P =
=p/p’ (nus. (3.10) i (3.23)) i 3HakiB MonenbHuX napamerpis. Jlasa THK-L1, pasu T =k, T / W, (K*)I;
(a) (k™) <0, B(k*)<0; (6) &(k™)>0, B(k*)>0; (6) G(k*)>0, B(k™)<0; () G(k™)<O,
B(k*)>0. A ams T'II-DOis dasu T =k, T/Ao(k"); (@) A, (k™)<0, B, (k™)<0; (6)

A, (K")>0, B, (K")>0; (6) A, (K")>0, B, (k")<0; (2) A, (kK")<0, By (k")>0.

i BBY(kM) THCK IIJBHIIYE TEMIIEPATYPy (a30BOro MepeTBOpeHHs ian—Oes3nan Tk.

[Ipu nomaTHUX — HaBMaKW MOHUXKYE [k. 3a pI3HUX 3HAKIB BKa3aHUX MapaMeTpiB 3a-
JEXKHICTB Tk BIJ P € HEMOHOTOHHOIO.

Ha pucynkax 3.2 HaBeI€HO 3aJIEKHOCTI Teq Bl P 1pu (iKCOBaHMX TeMIEpaTy-
pax. Ipu six’emunx a(k™) i B(k™) (Aw(kM) i BBY(kM)) THCK IIiJIBUIIYE I1a-

pamMeTtep Janekoro nopsaky (puc. 3.2, a). [cHye Takuil THCK, 3a SIKOTO HEBIOPSIKO-

BaHUH paHiie cromn (pH ¢GiKCoBaHIN TEMIEpaTypi) cTae ynopsAKoBaHUM. Bennuuna
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Pucynok 3.2 Te x came, 10 i Ha NONEPEIHLOMY PUCYHKY, ajl€ 3aJI€KHICTb T)eq Bil 3B€E€HOIO TUC-

Ky P =p/p’ 3a pi3Hux 3BegeHux Temmeparyp T .

IILOTO «TUCKY BIOPSIKYBAHHS Po BU3HaUa€eThes 3 piBHSIHHA (3.12) mna 'IK-cromy:

oy~ P8 10 ho1951 8K Kspo gy (3509)
2ya(k™) (k™)

a00 3 a”anoriunoro piBHsAHHA 175 ['THII-cTomy:

poz_ [B[iTVI(kM)] _ 1+ 1— 1951 ( M) B(T TK) ’
2B, (k")A,, (k") [B,, (K")I’

(3.246)

ne T~ 0,205|W0(kx)|/ kg a6o T, ~0,205 (k" )\/ ks — temneparypa (KypHakosa)
(ha30BOTO MEPETBOPEHHS TUITY JIaJl—0€3J1a]1 32 HYJIbOBOrO TUCKY (AuB. puc. 3.3 1 3.4).
[{ixaBo, 110 32 YMOBHU €KBIBaJEHTHOCTU BCIX KpHUCTAIOTpa(iuHUX HAMPSIMKIB IpaT-

HUIl (Y1 = Y2 = ... = Yz = ...) piBHsAHH: (3.240) nepeTBoproeThes y (3.24a). Ipu noxart-
anx a(k™) ta B(KX) (uu Aay(kM) Ta Bﬁy(k'\/I )) THCK NOHMKY€E MapaMeTep Jale-

KOTo mopsaky (puc. 3.2, 6). 3a eBHOI TeMIlEpaTypu MOXKIUBUI TaKWi THUCK Po 32
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Pucynok 3.3 3sesiena Temneparypa (Kypuakosa) T, ¢a3zoBoro nepexofy THIy Jaa-6e3nan sk dy-
HKILisl 3BEICHOTO THCKY P = p/p’ y crexiomerpuannx (C = 1/4) T'LIK i T cronax, sKi BIOPS/IKO-
Bytothest 3a tunom L1, (T, =k Ty /|Wo(kx)|) a6o D09 (T, =KkgT, /|Xg(kM)|) Hns THK-L1,-
basu: (a) a(k*)<0, B(k*)<0; (6) aUk*)>0, B(k*)>0; () ak*)>0, B(k*)<0; (o)
a(k*)<0, B(k*)>0. s TILIIM-DO0o-¢asu: (a) A, (k")<0, By (k")<0; (6) A, (k")>0,

B, (K")>0; (6) A, (k™)>0, B, (k™)<0; (2) A, (k™)<0, B, (kK")>0.

SIKOTO CTOTI, 110 3HAXOAMBCS B YIOPSAKOBAHOMY CTaHi, CTPHOKOM MEPEXOIUThH B HEY-
HOPAAKOBAaHMH CTaH 31 3HAYEHHAM I1apaMeTpa AaleKoro MOPAAKY MNeq = Aneq=0,464.

Slkmo napa mapamerpis o(K*) i B(k*) uu Aw(kM) i BBY(kM) MaroTh OJI-
HAKOBI 3HAK{, TO MOKJIMBE JIMIIIE OJHE AOJATHE 3HAYCHHS [y, 31 3HAKOM «ILTIOC)» Tie-
pen kopeHeM y Bupazax (3.24a) i (3.240). Y Bunaaky pi3HHX 3HAKiB 3a3HAYEHUX Tap
napameTpiB, (IIpHU NEBHIM TeMIepaTypl) MOXJIUBI IBa JOJATHUX 3HAYEHHS o, IO Bi-
ANOBINAIOTH IBOM TOYKAaM MEPEXOMy. 3aJ€KHICTb Teq BiA P B OCTAHHBOMY BUIIAJKY
HEMOHOTOHHA (puc. 3.2, 61 2).

OTxe, B paMKax JaHOTO MOJIEIIO, 3aJIeKHICTh TTapaMeTpa IaJeKoro MOPSIIKY Bif

TUCKY MPU CTAJIIA TEMIEPATypl Ma€ PI3HUI BUIJISA 32 pi3HUX KOMOIHAIIl 3HAKIB Ma-
. ~ XN M . M . 7
pu napamerpis, A(K™)i B(k™) un A, (K™) i By, (K™), sixi Bxomsts g0 Mozeo.

300paxkeHi Ha puc. 3.2 pi3HI TUNM TaKUX 3aJIEKHOCTEN MOKa3yl0Th, 110 3MiHA Mapa-

MeTpa MOPAJIKY 3 THCKOM MOXe OYyTH MOHOTOHHOIO 1 HEMOHOTOHHO: SIKIIIO BUIIIEBKa-
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Pucynok 3.4 Te x came, 110 ¥ Ha momepeaHIM PHUCYHKY, aine g Hecrexiomerpuunux ['LIK- i

I'III-cTomiB, ski BHOPSAKOBYIOThCS 3a TUNIOM L1, un D019 BiamoBiaHoO.

3aHI KOHCTAHTH MalOTh OJHAKOBHUI 3HAK, TO 3aJICXKHICTL M(P) € MOHOMOHKHOIO, & AKILO
PI3HHM, TO IS 3aJCKHICTh € HEMOHOMOHHOIO.

3a MOHOTOHHOT 3aJIEKHOCTH Teq(P) TUCK MOYXKE SIK CHPHUSTH BIIOPSIIKYBaHHIO (PHC.
3.2, a), Tak i npotuaiaTy iiomy (puc. 3.2, 6). Taka sk cuTyallis MOKJIHUBa i IPU HEMOHO-
TOHHIH 3aJIEKHOCTI, ajie 3 O1JIBIII I[IKaBOIO MOBEIIHKOO. [0 TEBHOT'O TUCKY CTOII € HEB-
TIOPSIIKOBAHUM, ITOTIM BIIOPSIKOBYETHCS 1 3QJTMINIAETHCS TAKUM BIIOPSAKOBAHUM Y Tie-
BHIM iIHTEpBaJIi TUCKY, a TOTIM 3HOBY CTa€ HEBHOPsAKOBaHUM (puc. 3.2, 8). Takok Mo-
YKJITMBUH BUTTAIOK, KOJIM 3 POCTOM THUCKY BIIOPSIKYBAaHHS 3HUKAE, ATl CTOIT 3aJTUIIA€Th-
Csl HeBIOPSIKOBAHKUM JI0 TICBHOTO 3HAYCHHS TUCKY, a MOTIM JAJIEKHH TOPSIOK 3HOBY

3’SIBJSIETHCS M pOCTE 3 POCTOM THUCKY, IPSIMYIOUH 10 ONUHUII (prc. 3.2, 2).
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OTmxe, B po3rsiayBaHiM MOzeto (mpu T = const) 3a 301IbIIEHHS THCKY MOYIIH-
Bl oAuH (K Ha puc. 3.2, a16) abo nBa (s Ha puc. 3.2, 612) Ga3oBUX MEPETBOPEHHS
naa—0e3naj npu JesSKUX 3HAYCHHSIX TUCKY (Po), KOTPi (32 aHAJIOTIEI0 3 TEMIIEPATYPOIO
BIIOPSIKYBaHHS 1) MOXKYTh OyTH Ha3BaHI «THUCKOM BITOPSIKYBaHHSD.

3anexHiCcTh TemrepaTrypu (a3oBOro mepeTBOpeHHs Tk BiJ TUCKY Y CTEX1OMET-

. . . .o . ~ 1. X .=

PUYHOMY CTONi 3a pi3HMX KoMbGiHamii 3HakiB map BemmumH G(K") i B(K*) um
My M :

A, (K™) i By (K™) 306paxkeno Ha puc. 3.3, a y HeCTeXiOMETPHYHHIX CTONAX — Ha

puc. 3.4.

B3zaraumi rpadiku Ha puc. 3.1-3.4 BiAmoBiga0Th MOJIEIIO, IO BPAXOBY€E MIKATO-
MOBY B3a€MOJI10 B JOBUIbHIN KUTBKOCTI KOOPAUHAIIINHUX cdep; 3aJIekKHO BiJ] KUTbKO-
CTH LHUX «3aJIIHUX» KOOpAWHAUIWHUX cep Oyae yuile Mo-pi3HOMY BHU3HAYATHCS
3BesieHa TemmepaTypa. 3okpeMma, skiio B I'IIK-L1,-cTomi B34TH 10 yBaru B3aeMoji0
JUIIe HAMOIMKYUX aTOMIB, MPUITYCKAIOUH, 1110 €HEPTisd 3MIIIaHHS B YCIX KOOpAUHA-
HIHHUX cdepax, KpiM 1-i, piBHA HYJIO, TO B KOCTH TaKOi 3BEACHOI TEMIIEpaTypu Ha

puc. 3.1-3.4 cuix BBaxatn BemunHy T =K, T /|4w, (1) (Tq =KgT, /14w, (K,))), npu-

yomy (a) og >0, B1>0; (6) a1 <0, B1<0; (8) oy <0, B1>0; (2) oy > 0, By < 0. S0
x B ['TIK-DO0;g-cTOMII B34TH 10 yBaru B3a€MOZIII0 JIUIIIE HAHOMMKINX aTOMIB M HACTY-
MHUX 33 HAMOMMKYMMH, TIPUITYCKAIOYH, 110 €HEPris 3MIIIaHHS B YCIX IHIIUX KOOP-
OUHALIAHUX cepax, KpIM NEPIIUX JBOX, JOPIBHIOE HYJIIO, TO B SIKOCTH 3BEAEHOI Te-
MIiepatypu Ha puc. 3.1-3.4 cmin oopatn Bemuuuny T  =KT /|2(Wo () + Wy (r,))l, a
Te =Kg T /12(W, (1) + W, (r,))]), mpudomy: (a) p'>0,n>0; (6) p' <0,n<0; () p' >0,
n<0;(c) p' <0, n>0, mo Bu3HaYaOTHCA 3 Bupasis (3.210).

Hagepeni Buie po3paxyHKd MOXYTh OyTH 3aCTOCOBaHi JIUIIE ISl TUX CTOIIIB,
JUTA IKAX KBaJApaTHYHHUEA wWieH y 3ainexHocTi r(p) (auB. Bupasu (3.2) 1 (3.17)) He3Hau-
HUM (TOOTO, HUM MOKHA 3HeXTyBaTH). OJIHAK, SIK 3aCBIJYMB JI0JJATKOBO MPOBEIACHUIN
po3paxyHOK [44], HaBITh JJI THX CTOIIB, B SIKUX 3aJI€XKHICTH F(P) iICTOTHO BiApi3Hs-
€THCS BiJI JTIHINHOI, Oiep>KaHi BHIIE SAKICHI BUCHOBKH PO MOKJIMBICTh HEMOHOTOHHOT
3MIHU TeMIiepaTypu (azoBOro NepeTBOPEHHS TUIY JaJA—0e37a 1 mapamerpa JajeKo-

'O MOPSIIKY 3 THCKOM 3aJTUIIAIOTHCS B CHJIL.
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3.2. IcToTHa 3aJie:kHiCTh 00’emy cromy Bix L1,-BnopsizkoBanocTn

3a3BHUuaii, B TeOpii BIOPSAIKYBAHHS BBKAETHCS, 110 CHEPTil B3a€MOJIIi MIXK aTo-
MaMU € CTaJIMMU, TOOTO HE 3aJIeKaTh BiJl CKIIAAy W MOPSIKY PO3TAIIyBaHHS aTOMIB.
[Ipote, B peasibHUX CTOMAX 31 3MIHOIO CKJIaJy W aTOMOBOTO MOPSAKY 3MIHIOETHCS Tia-
paMeTep IpaTHHIl, TOOTO 3MIHIOIOTBCS BiJai MDK aTOMaMu, a Iie O3Hadae, 110 3a
TaKuX 0OCTaBHH €HEPrii B3aeMO/I1i aTOMIB, Kl € QYHKIIISIMU IIUX BiJJalield, TeX Mo-
KYTbh 3MIHIOBATHCH 1 3aJIe)KaTH B CKJIaay W mapamMeTpiB MOPSAKY (SIKi B piBHOBa31 €
¢yukiismu T i ¢) [4, 10].

VY Bunajaky, KOJau BiAjalli MiXK aTOMaMHu CyTTEBO 3alie)KaTh BiJ CKJIaay ¥ mapa-
MeTpa HOPANIKY, 3a/Jada YCKIagHIOeTbed. [[1iCHO, B TaKOMY BHUIAJKy MIKaTOMOBa
BiAmanb I abo Bimjganl I, SKIIO HEOOXIIHO BBOJUTH IEKUIbKA TaKMX BIJIJajiel, HE €
BIIOMMMH, a, 5K 1 IapaMeTep JaJIeKoro Hopsiaky m (abo mapaMmeTpu 1), MalOTh BH-
3Ha4YaTUCS 3 YMOB PIBHOBaru, ToOTO 3 HACTYMHOIT CUCTEMH

OAG _ 0, OAG _ 0. (3.25)
or, on;
3aexHICTh I} (a TomMy 1 V) Bil CKIIaay 1 mapaMeTpiB MOPSIKY MPOSBISIETHCS Y HO-

BUX e()eKTax MPH JOCITIKCHHI BIUIMBY TUCKY Ha ITPOIIEC YIIOPSIKYBaHHs CTOMIB [4, 10].

3.2.1 PignoeascHi midxccamomosi 6i00ai 3a HyJ1b08020 MUCKY

[IpunycTumo, 110 TUCK JOPIBHIOE HYIIIO, @ BIAAANI MK aTOMaMH 3MIHIOIOTHCS 3
aTOMOBHM MOPSAKOM 1 ckiianom [4, 10, 355,] (kopensiisi B CTOIl, TEOMETPUYHI CIIO-
TBOPEHHS I'PATHULl Ta TEIUIOBE PO3IIMPEHHS HE BPaxoBYIOThCS). B TakoMy HaOmu-
YKE€HHI BIJJail [ MDK yciMa mapaMu HalOJIM)KYMX aTOMIB OJIHAKOBI B JIAHOMY CTaHI
cromy i eneprii B3aemoxnii mux map W™, W®® i W*® ¢ dynkmismu r; 3 minimymamu

BB 4 AB
g 1 Fiog - Posknangaroun

IPH JCAKUX PIBHOBAKHUX JUI KOXKHOI MApH BILIAIAX 127,
eHeprii WA WEB { WAB PSU TIO BIAXWJIAM BiIaii Iy Mi>K HAWOIMKUYUMHU CYClJIaMH,
00OMeKyeEMOCS KBaJpaTUUHUMU HaOmmxeHHsIMU (3.1).

Kongirypauiiina BinbHa enepris AF ctpykrypu tumy L1, Ha ocnoBi I'IK-
IpaTHUIN € (PYHKITIEIO JBOX 3MIHHUX — TapaMeTpa JaJeKOTo MOPSIKY M ¥ MiXKaTo-

MOBOI Bijij1asi Iy B cTomi. B 3B’53Ky 3 IMM Ma€eMO JB1 YMOBU PIBHOBAru:
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0AF o OAF o (3.26)
8n 6r

Ils cuctema mae MOKIMBICTh 3HAWTH PIBHOBaXKHI 3HaueHHS 1M 1 F. [lepma 3 ymoB
(3.26) mae 3BuYaiiHe 3a BUAOM PIBHSIHHS JI1 BU3HAYCHHS PIBHOBAKHUX 3HAYCHbD I1a-
pameTtpa paiekoro nopsaaky (mms. (3.6)—(3.10)). A apyra 3 ymos (3.26), 3 ypaxyBaH-
HsM HaOmkeHb (3.1), TpU3BOIUTE 0 BUPA3y AJS 3aJIEKHOCTH PIBHOBAXKHOI Bijaai

MDK HaMOJM)KYMMU aTOMaMH B CTOII BT CKJIaAy U MmapaMeTpa MopsIKy:

AB AB BB BB AB AB
(]7/2 C)U' 1eq +CU‘1 leq +6((X 1eq +U’1 1eq 1eq )(C - / )

(1/2—-c)a® +co® +6(a” +a; —2(11AB)(C —1?/16)

r1eq

. (3.27)

Ileit BUpa3 YMOXKJIUBIIIOE JTOCTITUTA OCOOJUBOCTI 3aJIeKHOCTH PIBHOBAXKHOT BiJIall

I1eq BLI C 11 B pI3HUX YaCTHMHHMX BHIIAJIKAX.

Jlerko 6auntu 3 (3.27), WO I1eq JOPIBHIOE r1 it I’lﬁf

eq e B YUCTOMY CTOIIl 4, B
YUCTOMY CTONi B 1 B MOBHICTIO BHNOPSAKOBaHOMY crtori A-B cTexioMeTpuyHOro

ckiany (C = 1/4) BiAMOBIAHO, OCKIIBKH

1eq,;11<1110c 0in=0;

f., = ko C=111n=0; (3.28)

leq 1eq !

r1eq ’

sikiio € =1/4,an=1.

Enepris 3Mirmanns («BHOPSIIKYBaHHS») y TIEpIIii kKoopauHamiiHii cdepi W(ry),
AK 1 €Heprisi 3MiIIaHHs B Oy/Ib-sKiil KoopAuHaIiitHii cdepi uun ii Dyp’e-KOMIOHEHTA,
€ CKJIaJHOI0 (PYHKITIEIO CKIIAly ¥ TapaMeTpa JajieKoro MopsaKy, a came, MiCTaBIIsio-
g (3.1) y (3.3) i BpaxoByrOUM 3aJICKHICTh PIBHOBAYKHOI BiIali MiXK aTOMaMH B CTOTI
BIJl KOHIIEHTpalli C i mapaMerpa MOpsiAKY T Yy BIAMOBIAHOCTI 3 (3.27), MaeMo Jyis
€Heprii BIOPSAKYBaHHS:

AB BB " 2

,2=c)otrir +co P +6a”(c - /16)

€q

(1/2-c)a” +co,® +6a,(C* — 2/16)

w(t) = W (5) + ' ~ 20

(1/2 - c)a 1eq+c(xf5 (% 1 60"(c? —12/16) )

leq

(/2 —c)a™ +cal® + 60, (c* —1?/16)

+0., : (3.29a)

A€ BBCACHO HaCTyrIHi IIO3HA4YCHHA.
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Wo (1) =W (o) +W ™ (r0) —2W (1) (3.296)
o' =0 (o) + o (e )* =204, (et )7, (3.298)
" =0y o + 0, ey — 20410 (3.29r)

a oy BU3Ha4aeThes 3 (3.4r). BemuunHa Wy € CTanoi 4acTUHOK €HEprii «BIIOPSIKY-
- : AA_ _BB_ _AB

BaHH:», 1110 HE 3aJIeKUTh Bl MapaMmeTpa nopaaky i cknany. [lpu oy =0y =ap =0,

TOOTO MPH HEXTYBAHHI 3aJICKHICTIO €HEPTiil MapHUX B3a€MOJIA aTOMIB BiI M i C,

CHEPTiI0 «BHOPSAKYBaHHSI» W, TaKOK BHpakaeMo 3a Gpopmyiioro (3.290).

3.2.2 Pignann:a pigHo6azU 3a HEHYIbOBO20 MUCKY

Bignans mixk HalOIMKYMMU aTOMaMU I'PATHUII IPEACTABISIEMO y BUTIISIAL
ri=ry(0) — Ary, (3.30)
ne r1(0) — snauenns rynpu n =01 p =0, Ar; — 3MmiHa I, Ipy BOOPSAKYBaHHI 1 Bee-
OiuHOMY cTHcKaHHI 3 P > 0. J{st THCKIB, 3a sikuX |Ary| < r1(0), y Bupasi s 06’emy

crony V oOMeKuMocs JIHIHHUM 3a Al; TOJTaHKOM:
V =Ni?/\2 = N (£(0) -3¢ (0)Ar ) /V2; (3.31)

BpaxyBaHHS 4YJIEHIB OLIbII BUCOKOTO MOPSAJKY 3a Al MpU3BeAe 10 MaJIMX MOMNPABOK,
1[0 € HECYTTEBUM y TOfanbIiii anamisi [356] (3a THCKIB, IO CIPUUMHIOIOTH 3MiHH
MDKaTOMOBHX BijIaJiei, 3HAYHO MEHII, HDK cami Il BiJai).
[MincraBnsroun (3.1) 1 (3.30) y Bupas (3.3) mis eHeprii 3MimIaHHS B TIEpIIiH KO-
OpJIMHAIINHINA cdepi, 0IePKYEMO:
W(ry) =Wo(ry) + B1Ary + oy (Ars)’, (3.32a)
7e (SIK 1 B TOTIEPETHBOMY TAPO3IL1)

Wy () =W A4 (Ra2) +W BB (128) — 2W A2 (128) +
, (3.326)
+a (500)— 12) + 0 (R(0)— 622 ) —20/® (1,(0) - %)

e 3HaueHHI W ipu N =0,p =0, a
B, = —2[ o (6(0)— 1) +a® (R(0) - 122 ) —20/% (r(O) -1 ) |, (3.328)

o, = +al® —2al®. (3.32r)
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PiBHOBa)kH1 3Ha4YE€HHS 3MIHM BiJjalli MK HAHOIMKYUMHU aTOMaMHM IpaTHUIIL Ary
1 mapameTpa MOpSAIKY T 3a IJaHUX 3HAYeHb THCKY 1 TeMmepatypu, P 1 T, BU3HAYAIOTh-
Csl 3 YMOBH MiHIMyMY TepMOAHHaMIYHOTO moTeHmisury AG (3.5):

MG _, 4G _, (3.33)
OA, 811

3 nepuioi 3 [UX YMOB OJIEPKYEMO:

1 ) 300
(z—c)al (r(O) 1eq)+ca1 (r(O) leq) 3[31( ) rzf/_)p

2
1—C o +cal® + 60, ¢z -1
2 16

VY BIAMOBIAHOCTI 3 TPUIHATUM BU3HaYeHHsAM BennuuHu I1(0) mpu p =011 =0 oxep-

Al = . (3.34)

xyemo Ar; = 0. Tomy 3 Bupazy (3.34) maemo:
1

3t enie o0t (e +olfef 2007
r,(0) 1 ,  (3.35)
(2 —~ C)afA +cal® +6c? (alAA +o® -2 )
110 30iraeTbes 3 BupaszoMm (3.27) mpu n = 0.
bepyuu 1o yBaru (3.35), Bupa3 (3.34) MOXKHA 3aMUCcaTy y BUTIIAII
3 * *
g Bmz + 0,7, P
Ar, = 3 , (3.36a)
o, — 4 Otmz
ae
. 3r’(0)
=(1-20)o™ +2ca’® +12c%q,, Y, =— 3.366
( ) 1 1 1 1 (11\/5 ( )
[TincranoBka Bupasy (3.36a) y Bupas (3.32a) nae
_ 1
1+2y, 2p
w(r) =w,(r)|1- A + i 161 (3.37)
17— "o\l ! '
4oy Wo()  dowy(r)| 3% n?
40}

a00, BBIBIIIH ITO3HAYCHHS
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plr — WO(E) ’ nl — 0,1W02(|’1) ’ (3388,)
ByYa By
_ -
L 1+2n1;’,
w(r)=w,(r)|1- + L 3.380
=00 - g 3w, (3.386)
4 a,

AHaJIOT14H1 BUpa3yd MOXKHA OJiep)KaTu ¥ 1 2-1 KoopauHaliiHoi cdepu, a Ta-
KOX JiJ1s1 OyAb-akuX 1HIHMX cdep. 30KkpeMa, I eHeprii 3MilaHHs B 2-i1 KoopInuHa-
L1KHIA cdepl MaeMo:

2

R 2n2§,
w(r,) =w,(r)|1-—+ silL 3.3%
(2) o( 2) 4n2 4n2 _§& ’ ( )
- az -
o= Woll) ) GaWo(B) (3.396)

By, B
O1xe, epexT TUCKY B YHNOPSAKYBaHHI MPOSBISETHCA HE MPOCTO y MOSBI JiHIN-
HOTO ¥ KBaJpaTHYHOTIO WICHIB MO THUCKY y BHUpa3l s €Heprii 3MimaHHa (SK y
MOJIEIIO 3 HE3aJICKHUM BIJl MapaMeTpa MOPSIIKY 1 CKiIagy 00’€MOM CTOITY), & CYTTEBO
YCKJIQHIOE PIBHSHHSL.
Hpyra 3 ymoB piBHOBar# (3.33) B pamKax MOJIENI0 B3a€MOIIN JIAIIE HAMOIIK-

YUX aTOMIB IMOPOJIXKY€E PIBHSIHHS

3 B 2
G R iy
In>— :_4nqu°(r1) |—— 4 . P (3.40)
(c+neqj(l—c+neqj KeT an, - 4n, 1—*&111;1
4 4 a,

4

ne N, i P, BusHauaroThes 3 (3.38a); a B pamMkax MOJIEN0 MiKATOMOBOI B3a€MOJII B

NepIInX 2-X KOOpAUHAIIHHUX chepax —

3
c—h 1—(:—h
4 4 ) —Awy(r)+6w,(r,) y

=1
3 *
ct a |[q gy e kaT
4 4

In




98
_ —4p; +@ —4p; 142y A 2
4a, 4o 4a ‘B
_ 1 2 + 1 1
—4W0(r1)+6w0(r2) —4W0(I’1)+6W0(I‘2) 1_3(11an
4o, °

+

(3.41)

2 2
b 1+2y; 22 p
" 4o, P,
—Aw, (1) + 6w () | 1 _3 % o
4a,

TaxuMm 4HOM, BpaxyBaHHS B3a€EMO/Ii1 BCIX aTOMIB Jae:

ofoet) [
W(k*)

4 4
In - e B e T M

3 eq ~ X
[c+ Zeqj(l—wrnjqj KeT (k)

i 2
« o
. 1+2y, =P
—n W(k*) 1— 1 ZCZB; n 1 ZCzBi " B, (3.42)
kT AWk )T a, AWK )T a, 1_§0Cz 2

€q

4 a,

ne (axropuzamiiiai koedimientu C; = -4, C, =6, C3=-8, C; =12, ... BIANOBIIAIOTH
xBHIboBoMy Bektopy K mmst TLIK-rpataumi [15].

Takum yMHOM, B paMKax AaHOTO MOJeNto (110 BPaxoBYeE 3a€KHICTh 00 €MY Bij
napamMeTpa J1aJieKoro MOpsAKY ¥ CKIIaay CTOIy), PIBHSHHS, 1110 BU3HAYA€ PIBHOBAXKHI
3HAUEHHS apaMeTpa HOPAIKY Meq € ICTOTHO CKJIAIHIIINM 3a T€, L0 B IONEPEAHOMY
HiPO3AUTT B MOJIENIO, 110 HE BPAaXOBYE 3aJIeKHICTh V BiJ 1 1 C, IPUUOMY HOTO HEMO-

KITUBO «3TOPHYTH», SIK 11€ OyJ10 3p00JeHO B MOMNEPEAHBOMY MiAPO3auIi. SIK BUIHO 3
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piBHsHB (3.40)—(3.42), BIUTUB TUCKY 3aJI€KUTHh HE JIMIIE BiJ 3HAKIB KOEQIllieHTa MPH
JTIHIAHOMY 1 KBaJpaTUYHOMY 32 TUCKOM WieHaX (K Yy MOJEIIO B MOMEPEeIHbOMY ITiI-

pO3/1i1), a ¥ BiJl 3HaKy Koe]illleHTa MMpU MapaMeTpl JajJeKoro MopsJIKy.

3.2.3 E¢pexkmu mucky npu ¢pazoeomy nepemeopenni nao—oe3nao

Jl7is CpOIIeHHS KUTbKICHUX MOJICIIBHUX PO3PaxyHKIB Bi3bMEMO JI0 YBardw B3ae-
MOJII1 JuIe HaOmmKuux atoMiB. B oOmacti ¢gazoBoro meperBopeHHs 1-ro poay 3a
«THCKY TIEPETBOPEHHS» P = Py TEMIIepaTypa BIOPSIKYBaHHS Tk i cTprOOK mapameT-

pa JalIeKoro Mopsaxy Areq B TOULI IEPEXOLY BU3HAYAIOTHCSA 13 PIBHSAHb

aAG (TK ! pO) — O aAG (TK ! po)
on ’ OAT,

N=Angq

AG(Aneq ’TK’ pO) = AG(O’TK’ po)’ = O (343)

N=Ang,
Buxitouaroun 3 1i€i cucremu piBHIHB Ar1(Pg,Aneg), K€ BU3HauUaeThes 3 (3.36a), oxe-
PKyeMO (3 ypaxyBaHHAM IONEPEHIX BHUPA3iB y MIAPO3/AUI) JABa PIBHSIHHS, LIO
OB’ SI3yI0Th MK COOO0 3HaU€HHA Po, Tk 1 AnNeq B TOUL1 ()a30BOT0 MEPETBOPEHHS TH-
ny jaa—0e3nan. 3HAYCHHs] OJHI€] 3 WX BEIWYHH OJHO3HAYHO BU3HAYAE 3HAYCHHS
BOX 1HIUX. TakuM YUHOM, TIEpeXij B YIOPSAIKOBAHHM CTaH BiIOYBAE€THCS MPU CTPO-
ro BU3HAUYEHIM Temmeparypl [k 1 mapamerep HaJeKOro MOPAIKY TMeq 3POCTAE IpH
IbOMY CTPUOKOM BiJl HyJIs JI0 TIEBHOTO 3HAYEHHS Teq = ANeq. UMCENBHUI PO3B A30K
cucteMu piBHsHB (3.43) mae MOKIIMBICTh TPOCIIKYBATH SIK TUCK BIJIUBA€E HA TEMIIe-
paTypy (a3oBOro nepeTBOpeHHs TUIY Jag—0e31aa Ta CTpUOOK mapameTpa JaJIeKoro
MOpSAKY B ToUIll (pa3oBOro nmepeTBopeHHs. JJis 11bOro Ciiiji 3HaTh 3HAYCHHS YU, NPU-
HaliMHI, 3HaKu TTapaMeTpiB Ny, ocl/a;, 10 BxoAsTh y (3.40).

B po6oTi [356] mpu mochimkeHH] BILTMBY THCKY Ha BriopsakyBanHs OLIK-cromis
TUIY B-JISATYHI aHAJIOTIYHI TapaMeTPpH Tex Oyiu HeBimomi. ABTopu podoTu [356] npu-
MyCTHJIH, 110 aHAJIOT1YHI TapamMeTpu JopiBHIOIOTH 1 11,2 BianoBigHO. B Hamomy Bumna-
IKY 3a TaKHX MOPSIKIB 3a3HaYCHUX MapameTpiB cucrema (3.43) He Mae po3B’s3KiB a00
Mae Hedi3uuHi po3B’s3ku. st MOnenbHO1 o0y 10BY TpadiyHUX 3aJIeKHOCTEH TeMIepa-
Typu KypHakoBa Ta cTpuOKa piBHOBaKHOTO MapameTpa JalIeKOTro MOPSJIKY BiJl TUCKY

IPUITYCKAEMO, III0 ITapaMeTpH Ny 1 ot/ oL B (3.40) Taki: n; =25, ay/ o, =0,013. PosruisiHeMo
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YJOTUPY MOKITUBUX BHITAJIKA KOMOIHAIIN 3HAKIB: a) Ny =25, ay/oy =0,013; 0) ny=-25,
/oy =-0,013; 8) Ny =25, aa/o; =—0,013; 2) Ny =—25, a1/ = 0,013.

BaneskHOCTi Ty 1 ANeq BiX p s crexiomerpuunoro (C = 1/4) cromy 3a pisHux

KOMOIHaIIi# 3HaKiB Ny 1 a1/ 300paxkeHo Ha puc. 3.5. A Ha pUCYHKY 3.6 IIi 5K 3aJIeK-
HOCTI TIPEJICTABJICHO Y TPUBUMIPHIN cHCTEMI KOOPAMHAT. SIK BHJIHO 3 TUX PUCYHKIB,
Aneq He 000B’s13k0BO piBHE 0,464, K B MONEPEIHbOMY MIIPO3ALIL B MOJEIIO, 1€

00’€eM He 3aJIeKUTh BiA 1 (Ta B3araal B MOAEIAX 3 HyJIbOBUMU THCKaMU). ATegq MOXKE

0 58 1 1’0 1 1 1 1 1
0,56 - 0,9 -
_0,54] L 0,8 g
£0,521 L £0,7] [
<0,50 L < 0,6
0,48 - 0,5
0,46 | 0,4 T T T T T
0,0 ,2 0 4 0 6 0 8 1, 0,00 0,04 0,08 0,12 0,16 0,20
12 0’25 1 1 1 1 1
10 - 0,20
84
0,151
3 N ] [ kM ’
&~ i_ F 50,10
9] F 0,05
0 0,00 T T T T T
0,0 0,2 0 6 0 8 1,0 0,00 0,04 0,08 0,12 0,16 0,20
p p
a o
0 5 0’5 1 1 1 1 1
0,4 - 0,4
o
;0 3 - :ﬂi 0,3 -
< 0,21 < 0,2+
0,1+ L 0,1
0,0 0,0 T T T T T
0,0 0,00 0,03 0,06 0,09 0,12 0,15
1’6 0’21_ 1 1 1 1 1
1 2 M0’18_
Eos] &, 15
0,4 - 0,124
0,0 0,09 T T T T T
0,0 0,1 0,2 0,3 0,4 0,5 0,00 0,03 0,06 . 0,09 0,12 0,15
p p
6 Pes

Pucynok 3.5 3anexnicts (3BemeHoi) Temmeparypu (a3oBOro IMEPETBOPEHHS THITY Jlaa—Oe3as,
TE: keT/|4wo(r1)|, i ctpubka mapamerpa manexoro mopsaky L1o-turmy, Aneg, B TOUII Iepexomy Bix
(3BezeHOro) THCKY P =p/p1’ B crexiomerpuunomy (€ = 1/4) TIK-cromi: (a) Ny =25, a1/oy =0,013;
(6) Ny =-25, a1/ =—0,013; (6) Ny =25, ar/o =—0,013; (2) Ny =—25, a1 /oiy = 0,013,
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6 cl

Pucynoxk 3.6 Te x came, mo i Ha puc. 3.5, ajge y TpPUKOOPAMHATHOMY TpeAcTaBieHH]. TOHKI Cy-

L1JIbH1 KPUB1 — MPOEKIIIT TPUBUMIPHOI (<OKUPHO1») KPUBOT Ha B1ANOBIHI MJIOIUHY.

K 30UIbIIYBAaTUCh, TaK 1 3MEHIIYBATHCS 3 POCTOM [, a 3aJEKHICTh TeMIlepaTypu
BIIOPSIIKYBAaHHS BiJl TUCKY € 3HOBY HEIIHIIHOIO.

Ha pucynkax 3.7 Ta 3.8 HaBeleH] JEsKI TUIIOBI 3aJI€KHOCTI Teq BiA T (T") mpu
P = const 1 Meq B P (p") mpu T = const, mo BusHauaroThes piBusamsM (3.40). [To3Ha-
YeH1 MITPUXOBOIO JIIHIEIO YACTUHHU KPUBUX BIINOBIJAOTH 3HAYEHHAM Teq < ATeq M Bi-
no0pakaroTh CTaHU CTOITY, 110 HE PeaTi30BYIOThCS MPAKTUYHO, OCKUTBKH TIPH TeMIIe-
paTypl BOOPSAKYBaHHS (pO3yHOPSAAKYBaHHs) a00 MpHU TUCKY BIOPSAIKYBAaHHS (pO3y-
NOPAJIKYBaHHS) 3HAUEHHS NapaMeTpa JajJeKoro NOpsSAKy 3MIHIOETbCS CTPUOKOIMOI10-

HO B1J HYJIA 10 ATeq (200 Big Aneq 10 HynsA). OCKUIBKM B TaHOMY MOJENIO CTPHOOK
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1’0 L | 1 1 1 1,0 | 1 1 1 1
0,9 L 0,94 L
0,8 L 0,8—\ L
0,7 0T L
0.6] | |2 3 | L 06— [
£0,5] | L Dp=00] L L gg51 i) p=0,00] _ i
I © 1 2)pr=0,2] 12)p=0,12]: : .
0,4 : . , . b 0,4 190P : : L
o3l i : 13 p=0,4] : 03] 19pr=0161: : :
S BRI Clop=06| ;[ T1 i9p-020]: -' 1}
02{ i i 2L Pbooey 2 i ;
0,1{ i : S b o01d: S F
0,0 —— —— . ¢ 0,0 ——— ———r - —
00 04 08 1,2 1,6 2,0 2,4 0,03 0,06 0,09 0,12 0,15 0,18 0,21
T:‘: T*
a 9]
1,0 1,04
0,9- L 0,9 [
0,8- L 0,8 i
0,7- L 0,7 i
0,6 L 0,6 i
o o *_
£0,5- L £0,5] 1)p* 0,00 _
2) p*=0,10
0,4- L 0,4 Vo i
0,3 0,3] | PP=012 - P :
] . : ol 1 14)p*=0,15 : . H
0,2 I S 0,2 ; F: A
01{ i S 0.1 S
0,0 e . . o 0,0 . ————
0,0 02 04 06 08 1,0 1,2 0,03 0,06 0,09 0,12 0,15 0,18 0,21
T* T~k
6 l

Prcynok 3.7. Temneparypra (T = kg T/|4Wo(r1)|) 3a1exkHiCTh pIBHOBaKHOTO IapaMeTpa AAIEKOTro I10-
psiaxy L1,-Tiny B crexiomerpraromy (€= 1/4) TIIK-cromi 3a pisanx trckiB (p =p/p1’): (a) n1=25,

ar/o1=0,013; (6) ny=—25, o/ =—0,013; (6) N1 =25, o /oy =—0,013; (2) ny =—25, aa/a; = 0,013.

napameTpa JajJeKkoro MopsaIKy y TOYLl Nepexoay TUIy Jlaa—Oe3iaa He € CTalIuM, TO
PiBHI NIEpeXoAy IITPUXOBUX YACTHH KPUBHX Yy CYLUIbHI (i1 HaBMaKu, CYUIJIbHUX — ¥
mTpuxoBi) Ha puc. 3.7 1 3.8 pi3Hi.

OnHak Bi3yaabHO 3aJIEXKHOCTI Meq = neq(T*) IIPU OJIHAKOBHX P HE BiAPi3HIIOTHCS
Ha puc. 3.7, a1 6 (k1 Ha puc. 3.7, 6 1 2), a 3aNEKHOCTI Neq = neq(p*) IIPU OJTHAKOBUX
T" BisyansHO He BimpisHsoTECS Ha puc. 3.8, a i 6 (sik 1 Ha puc. 3.8, 6 i 2), TO6TO Bi3y-
aJbHO HE BIJPI3HAIOTHCS KPHUBI 3 OJIHAKOBUMU Koedirientamu N;. I xo4a, Hacmpasi
HE3HAa4YHa BIAMIHHICT MIXK B1INOBIJHHMHU KPUBUMHM ICHY€ (BIAMOBIIHI 3HAYECHHS Teq
BIJIPI3HSIIOTHCA M1 CO0OI0 IpyruM abo HaBITh TPETIM 3HAKOM IMicCJid KOMH, 110 Mai-

K€ HEMOXKJIUBO MOMITHUTH «HE030pO€HUM» OKOM Ha puc. 3.7, 3.8), mpoTe, HEeMae Hi-
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1) 1°=0,20 |t ]
g 2) T*=0,21 = :
= 3) T*=0,30 :g’i' o {1y -o,10]|f
HT=040 | Y7 ' : oz I
5; 70,60 || 031 : : 3 ;*;3’12 [
6) T°=1,00 |f 0,21 ! ~ : o o0 IF
, I e : | 4) T*=0,20
0,14 , . . L
. 0,0 et — ;
00 01 02 03 04 05 06 0,00 0,05 0,10 0,15 0,20 0,25
pi p*
9]
1’0 1 L L 1 1 1’0 1 1 1 1
0,9 L 0,94 L
0,8 L 0,84 L
0,7 L 0,7 L
0,6 p L 0,64 L
o o
5_2-0,5' " B 5_3'0’5' . I
0.4 HT =020 = ) 1) T*=0,12 ||
0’3_ 2) T"=0,3 | 0’3_ : 2) T*=0,16 |{
0’2 3) T*=0,5 0’2 R 3) T*=0,18
0’1' 4) T°=0,9 || 0’1'_ o 4) T*=0,20 |[
0,0 T T T T T 0’0 T | I" T T
00 01 02 03 04 05 06 0,00 0,05 0,10 0,15 0,20 0,25
p’ p*
6 l

Pucynok 3.8. Te x came, 10 ¥ Ha ONEPeTHBOMY PUCYHKY, alle 3aJIEKHICTD Teq B1Jl 3B€AECHOTO THC-

Ky P =p/p’ 3a pi3Hux 3BegeHux Temmeparyp T .

4Oro IUBHOTO, ajike 3 piBHIHHA (3.40) merko 6aunTH, MO0 «BU3HAYAIBHY» POJIb Y T0-
BeJIiHIIi TapaMeTpa JaTeKoro MOPSIKY Bigirpae came koedimicHT Ny, a He oy/oy. Lleit
BHCHOBOK € OJHIE€IO 3 BIAMIHHOCTEH JAHOTO MOJIEIIO BIJI MOAEIIO, A¢ V He 3aJIe)KUTh
BIJI Neq (IUB. MOTIEPEAHIN I APO3ALI, 30KpeMa, piBHAHHA (3.10a).

TakuM yuHOM, B MOJEINIO, IO BPAaXOBYE 3aJ€KHICTh V BIX Mg, (HA BIIMIHY BiJ
MOJIEIIO, 1110 HE BPAaXOBYE TaKy 3aJICKHICTh) CTPUOOK MapamMeTpa JAJIEKOTO MOPSIIKY
ANeq (B TOUII (pa30BOT0 MEPETBOPEHHS MEPLIOTO POLY) 3AIEKUTH B P (IpH (ha30BUX
MEPETBOPEHHSX, CIIPUYMHEHUX 3MiHOIO T) 1 Bim T (mpu (ha3oBuUX NEPETBOPEHHSX,
CIPUYUHEHUX 3MIHOIO P). THCK MOXe SK MIJCUITIOBATH, TaK 1 TTOCIA0IIOBATH BIOPS/I-
KyBaHHSI B paMKax 000X MOJIEIIB.

Ha 3aBepmiensst 1150T0 MAPO3AUTY 3a3HAYMMO, 10 HA HAII MOTJIS, 3 HABEJCHUX
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Ha puc. 3.2-3.4, 3.5-3.8 4OTUPHOX BUMAAKIB HAUOLIBII PEANICTUYHUM (THUM, IO pea-
J30BY€THCA, 30KpEMa, B EKCTPEMAIbHUX YMOBaX HaJBHUCOKUX THCKIB 1 TeMIepaTyp),
€ BHIAJIOK d, KOJU TUCK «IIiICHIIIOE» BHOPSAKYBaHHS (TOOTO, CIIpUs€ MiJABUIICHHIO
TeMreparypu (a3oBOTro MepeTBOPEHHs Jaa—0e3nal), a CTpUOOK (piBHOBaXKHOTO) Ta-
pamMeTpa AajgeKoro NopsaKy abo cTaiuid, sK y MONepeaHiM miapo3aiti (Aneg = 0,464),
a00 MOHOTOHHO MIBUIIYETHCS J0 MEBHOTO TPAHUYHOTO 3HAUYCHHS, K Y JaHOMY Mij-
po3aun (BUMagku a Ha puc. 3.5 1 3.6, Ane = 0,571). Lle BinOyBaeTbes IpU JOAATHUX

3HAYEHHSX MapameTpiB Ny, oi;/0y y piBHsAHHI piBHOBaru (3.40).

3.3 Kinetuka (po3)ynopsiakyBanus ¢pa3 L1, i DOjg min TuCKOM

B poznini 2 (miapozainu 2.4 1 2.5) po3riissHyTO (13M4HY KIHETHUKY BIIOPSAKYBaH-
Hs HaACTPYKTyp L1,- 1 DOyg-Tumy 32 HynmboBOTO (aTMOC]EpHOTO) TUCKY. B manomy x
P03/ aHATI3YETHCS BIUIMB (HEHYJILOBOTO) TUCKY Ha KIHETHKY perakcalii jase-
koro aromoBoro mopsaky B Takux (I'LIK-L1, i T'II1-D0yg) dazax. Takuit MOmens
MOJKe OyTH KOPHUCHHUM JUTSI 3aCTOCYBaHH:, 30kpeMa, B crornax Fe—Ni 3a (ekcTpemalib-
HHUX) YMOB (Ha/J)BUCOKHMX THUCKIB P 1 Temmeparyp T, sk y sapi 3eMii, Je B 3aIi30HiK-
JIeBUX CTOMNax y MeBHUX iHTepBanax p—1I crabumizyerbes ['TIK- ab6o I'lIII-daza uu
HaBiTh ix cymiir [39-43] (auB. Takox orsia [119] 1 mocunanHs B HiM).

3acTocoByro4Yn MikpockomiuHe audysiitHe piBHsHHA OHcarepoBoro tumy [15,
332-338] #1 mpumyckarpuu, IO MIBHIKICTH MarHETHOTO BIOPSAKYBaHHS Habarato
MIEPEBUINYE aTOMOBE (CeO0TO HEXTYIOUHM YaCOBOKO 3QJICKHICTIO MAarHETHUX TOPSIKIB,
AK1 Maibke BiJpa3y CTal0Th MPAKTUYHO PIBHOBAKHUMU), MOXKHA OJIepkaTu audepeH-
I[IiHEe PIBHSHHS YacOBOI 3aJIEKHOCTH mapameTpa aaiekoro L1,- abo DOjg-opsiaky,
110 3a HYJhOBOTo (aTMocdepHOro) THCKy Mae BULsL (2.26) abo (2.31). Jlas oxep-
YKaHHSI aHAJIOT1YHOTO PIBHSHHS 332 HEHYJIHOBOTO (BUCOKOI'0) TUCKY BPaXy€eEMO 3aJICK-
HICTh BIJI TUCKY €HEPTEeTHYHOIO MapamMerpa (MI>KaTOMOBUX B3a€MO/Ii) B PIBHSIHHSIX
(2.26) 1 (2.31). Toxmi, B mpunymieHHI He3aJleKHOCTH (a00 CIaObKOI 3aJIe)KHOCTH)
00’eMy cTOMy BIiJl MapaMeTpa AaJEeKOro MOpsAJKy i ckiany, nudepeHuiiitne piBHIHHS
KIHETUKHU peJlakcarlii mapaMerpa JajJeKkoro MOpsIKY i CTOIY I BUCOKHM THCKOM

HaOyBa€e MpuBaOIMBOTO BUTIISIY:
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(3.44)
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Pucynox 3.9. 3anexHicTh mapaMmeTrpa JajieKoro MOPSIKY, 1, BiJl 3BEICHOTO Yacy t' B CTEX10METpH-
unnx (C = 1/4) THK-L1, T =k,T /W, (k*)| i [IIT-D0g T™ =k, T /AI(K™)| cromax mpu 3Bene-
HIl TemmepaTypi T=021 PI3HHX 3BEJEHHUX THCKaX p*:p/p' (muB. (3.10) 1 (3.23)). Ana 'IOK-L1,
crony: (a) a(k*)<0, B(k*)<0; (6) a(k*)>0, B(k*)>0; (¢) a(k*)>0, B(k*)<0; (o)
a(k*) <0, B(k*)>0. s TIII-D0yg cromy: (a) A, (k") <0, B, (k") <0; (6) A, (k")>0,

B, (k")>0;(e) A, (k")>0, B, (k")<0;() A, (k") <0, B, (k")>0.
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abo t"=L(k")t i T" =k, T/PS (k™) mus L1,- a6o DO;g-pasu BinmosigHo.

Kpugi Ha puc. 3.9 1 3.10 € yncenbHUMHU PO3B’SA3KaMU OCTAaHHBHOTO PIBHSIHHS 3a
Pi3HHX 3BEICHHX THCKIB, P =p/p’, Ta 3a ABOX 3BeAeHHX Temmeparyp T =0,2 (puc.
3.9)i T =0,25 (puc. 3.10). Sk moxasano Ha puc. 3.9 i 3.10, THCK iCTOTHO BILTHBA€E Ha
KIHETUKY pelaKcarlii Jajekoro mopsaky. Pi3Hi 3HaueHHs TUCKY U TemrepaTypH (Bi-
NaJTIOBaHHS) Ial0Th HE JIUIIE Pi3HI Mpodial KPUBUX peJaKcallii, ki CBiI4aTh Ipo dac
penakcariii, ajge i pi3Hi pIBHOBaXKHI 3HAUCHHS [MapaMeTpa JaJeKoro MOpsIKY.

Kinetnuni kpusi, 300paxeni Ha puc. 3.9 1 3.10, miaTBepAXKyIOTh BC1 BUCHOBKH,
KOTp1 CIIYIOTh 3 PIBHOBOXKHUX KPUBUX Ha puc. 3.1-3.4. 3a pi3HUX 3HAKIB MapameT-

piB a(k*) i B(k*) KkiHeTHYHI KPUBi MOXKYTb 30iraTHCs NpPH IEBHUX 3HAYEHHAX THC-

Ky, p =0,2ip =08Tap =0,4ip =0,6 (612 Ha puc. 3.9, 3.10), 5K i «piBHOBAKHI»
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Pucysok 3.10 Te x came, 1m0 it Ha puc. 3.9, aie 3a inmoi (3Bexenoi) Temmeparypu T = 0,25,
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KpuBi Ha puc. 3.1, 6 1 2. B 000X Bumaakax 11¢ CIpUYMHEHO JIMIIE MPUITYIIeHHsIM N=1
IIPU YUCEIBHUX PO3B’S3KaxX BIAMOBIAHUX PIBHSHb.

Sx BumHO 3 puc. 3.9, 6 12 ta puc. 3.10, a i 8, THCK MOX€E 3MIHIOBATH 3HAK IITBH/I-
KocTH 3MiHH 1. ToOTO, B TUX BHIIaJKax, KOJH 3a HyJOBOTO (aTMOC(EpPHOr0) THCKY
CHCTEeMa BIOPSAKOBYEThCS (puc. 3.9, 6 1 2) mpuKIIagaHHs TUCKY MPU3BOAUTH JI0 ii po-
3YMOpsIAKYBaHHs, a00 HABIAKH, B TUX BUMAJKaX, KOJIM 32 HYJIbOBOrO (aTMochepHO-
r0) TUCKY CHCTEMa pO3yNopsaakoByeTbes (puc. 3.10, a 1 ¢) mpHUKIaJaHHS TUCKY CIIPU-
YUHIOE ii BOOpsAAKyBaHHA. Lle MOosCHIOETHCS 3MIHOIO Temrepatypu (pa3oBOro nepert-
BOpEHHSI Jlag—0e3ma mija Jaiero (MpUKIaJaeHoro) TUCKyY (auB. puc. 3.3 1 3.4),

[Tpoananizysasmm puc. 3.9 i 3.10, Mo>kHa CTBEpIXKyBaTH, IO TUCK 1 TeMIepa-
Typa MOXYTh OJHAKOBO ¥ MO-PI3HOMY BIUTMBATH Ha IMPOIIEC BIOPSIAKYBaHHS B CTOII.
Hanpukiaz, miasumenss temmnepatypu (1o T =0,25 Ha puc. 3.10) «mpoTumie» Brio-
PAAKYBaHHIO, TOOTO, IOHMXKYE NapaMeTep NajieKoro Mmopsaky (30Kkpema, 10 HyJd 3a

HYJILOBOTO THCKY, K BUAHO Ha puc. 3.10). Ane, sxmo B(k*)<0 a6o B, (k") <0

(Bumagku a, ¢ Ha puc. 3.9, 3.10), To came 3aBISKH IPHKIAJCHOMY THCKOBI IIBH]I-
KICTh 3MIHHM TapaMmeTpa JaJeKoro MopsAKy (B MpoIleci BiAMady CTOIMY) MOXE CTaTu
He Bia emHoOI0, ik nipu P=0 (puc. 3.9, ai6), a 101aTHOI, i TOMY PIBHOBXHHIA TTapa-
METep JAJIEKOTo MOPSIAKY — HeHylnboBUM (auB. puc. 3.10, ai6). B nim Bumanky tem-
neparypa il THCK € «KKOHKYPYIOUUMI» («B3aEMHO MPOTHAITIOYUMEY) (haKTOPaAMHU.

[Ipote, sKI1O E(kx ) >0 (Bumagku 6, ¢ Ha puc. 3.9, 3.10), To NiABUIIEHHS THUC-
Ky, SIK i Temmeparypu (10 T = 0,25 Ha pruc. 3.10), «IpoTHzie» BIOPSAKYBAHHIO, 3Me-
HITYIOYH Yac peJlakcarlii mapaMerpa JajieKoro MOPsSAKy J0 HOro HyJIhOBOTO PiBHO-
BaYKHOTO 3HA4YCHHS. TOJ1 THUCK 1 TeMIepaTypa OJTHAKOBO BILTUBAIOTH Ha MPOIEC BIIO-
PAIKYBaHHS, IPOTHIIFOYH HOMY.

OckinbKH 32 HEBHCOKHX THUCKIB BHECOK Bij JIiHIitHOTO momaHky, p/p’, B (3.44) €
HA0AraTo «BaroMIIIMMY, HIK BiJ KBagpaTHaHOTo, oc (p/P')%, TO HEHYIBOBE 3HAUCHHS
PIBHOBa)KHOTO MapaMeTpa AAJIEKOro MOPSAIKY B CTOII MiJ TACKOM MOXJIMBE Yy BHUIA/]I-
Kax a i1 6 Ha puc. 3.9, ToOTO 3a JOJATHOTO 3HAKY Mepe JiHIHHUM 1oaaHkoM (oc p/p’)

B piBustuHi (3.44), B skomy W, (K*) 1 2%, (K" ) BBaxaroThCs Bil’€eMHUMH.
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3.4 IlopiBHSIHHSA TEOPETHYHHUX Pe3yJIbTATIB 3 eKCIIEPUMEHTAJIbHUMH

Po3BuHeH1 MOl BITTMBY TUCKY Ha aTOMOBHM TOPSAIOK Y CTOMAX, 3a pe3yibTa-
TaMU SKUX MOXJIMBUHN Psifi HOBUX €(EKTiB, 3BUYAHO MOTPEeOYIOTh CIIBCTaBICHHS 3
HAsSIBHUMU B JIITEpaTypi eKCIepUMEHTAIbHUMHU pe3yibTaTramu. HaBiTh mortemnep B Ji-
TepaTypi oOMasb €KCIIEPUMEHTAIbHUX JaHUX MPO BIUIMB JMCKY Ha BIOPSAKYBAaHHS
aTOMIB Yy CTOIaX, 30KpeMa Ha XapakTep 3MiHU 3 npukiagaeHuM tuckoM (KypHakoso-
BO1) TOUKH (ha30BOTO MEPETBOPEHHS B (PO3)ymopsiAKoBaHuM cTaH. ExcriepumenTanb-
H1 JIOCTIJKEHHS 3aJISKHOCTU TeMIiepaTypu (HazoBOro nepexoy jgaa—0e3maj Bij THUC-
Ky TpOBaJMIuCs juiie i Takux cromiB sk Cu—Au [357, 358], Mg-Cd [359], B-
mocsok (Cu—Zn) [357, 360] i a-Co—Fe [361]. 3ynuHMMOCh Ha €KCHEPUMEHTAIBHUX
pe3ynibTaTax Jjisl MEePIINX JBOX 3 HUX, OCKUIBKU caMe BOHHU BIIOPSAKOBYIOTHCS 32 TH-
nmamu L1, 1 D09 BiAMOBIAHO, 10 ¥ HAJEKUTH 10 00’ EKTY JOCHTIHKEHb B TUCEPTAIlil.

Pucynok 3.11 imroctpye MipsiHi 3anexxHocTi KypHaKoBOBOI TeMIiepaTypu BiJ
tucky mis CugAu 1 CdzMg. 3a moyaTkoBUX (HEBUCOKHMX) 3HAYEHBb TUCKY 3aJIEKHOCTI
Tk =Tk(p) 6mu3bKi 10 MiHIKHUX. Ha NMHIKHUX AUITHKAX KPUBUX 3MIIICHHS TEMIIepa-

TYpH BIOPSIKYBaHHS Mif Jieto BceOidHoro cruckanus dTyx/dp cranoButh 13 K/T'Tla

s CuzAu [358] 1 24,5 K/T'Tla qis CdzMg (33,7 K/T'Tla ans MgsCd) [359]. 31 36i-

7004 B eKCIEPUMEHT L ®  CKCIECPUMEHT
MOJIEJIb )

390+

MOJIEJTb

380+

S

&
370

660 . . . . 360 . . . . .
0,0 0,5 1,0 1,5 2,0 0,0 0,2 0,4 0,6 0,8 1,0
p,ITla p,I'lla
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Pucynok 3.11 ExcriepumenTansHi (m [358], @ [359]) it TeopeTnuni 3anexuocti temnepatypu (KypHa-
KoBa) (ha3oBoro neperBopeHHs aa—oe3nan Tk Bix tucky p as cromiB ['LIK-CusAu (@) i TIIT-MgCds

(6). ITynkTHpHI JiHIT BKa3yIOTh HA BIAXWIN 3aIeXKHOCTEH Tk = Tk(P) Bix TiHIHHUX.
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JBIICHHAM TUCKY CIIOCTEPIraloThCs BIIXHWIM BiJ JIHIMHOCTH: B OIK CyONIHIMHOCTH
s CuzAu (puc. 3.11, a) i B 6ik HammiHitHOCTH 111 CdsMg (puc. 3.11, 6).

3a3HaunMo, M0 Ha AUIAHIN Temrepatyp T < Tx 1 T > Tk Gapuuni koedimieHTH
enexrpooriopy p -dp/dp B cromax MgsCd (MgCds) MaroTs pi3Hi 3HAKK: B YHOPSIAKO-
BaHiM crani p “dp/dp Bin’emuwmii, a B HeymopstkoBaHiM crani p 'dp/dp mae momat-
Hul 3HaK [359]. 3a3Buuail 3MEHIIIEHHS €JICKTPUYHOTO OTIOPY METAJIIB MPH T1ApOCTa-
TUYHOMY CTHCKaHHI MOSICHIOIOTH 3MIiHOIO CHJI B3a€MOJIIi MIXK €IEKTPOHAMH U TIPYIXK-
HIMH KOJIMBAaHHSIMH KPUCTAIIYHOI IPATHUIl, 00YMOBJICHOO MiABUIIICHHAM J[ebaiioBoi
xapaktepuctTuuHoi Temrepatypu [359]. TliABuIIEeHHS & €IEKTPUYHOTIO ONOpPY MeTa-
JiB TpH 30UTBLIEHHI TUCKY IOB’SA3YIOTh 31 3MIHOIO iX €JIEKTPOHHOI €HEPreTUYHOi
CTPYKTYpH, sika OOyYMOBJICHA THM, 110 BCEOIYHE CTUCKAHHS MPU3BOAUTH /10 3MIHU B
HepeKpPUBaHHI PI3HUX CHePreTHUHUX 30H [359].

ExcnepumMenTanbH1 Touku Ha puc. 3.11 Oynu anpoKCMMOBaHI TEOPETUYHOIO 3a-
nexHicTIO Tk =Tk(P), AKa oJIepKyEThCS B paMKax MOJIEIIO 31 CIa0KOI0 (a TOMY 3HEX-

TYBaHOI0) 3JIEKHICTIO 00’ €My CTONY BiJ IapamMeTpa MOPSAKY 1 BUILUIMBAE 3 PIBHAHHS

(3.12) nns daszm L1,
2
T, ~-0, 205 (k") 1+£+n(ﬂj , (3.45)
K SN
i ananoriunoro pisnsuHus 115t hasu DO;e, B sikoMy eHepreTrunuii mapamerep Wo(K*) B
(3.45) 3amiHIOETHCS Ha lg(kM) (muB. Takox (3.10a) i (3.23a)). IlpunacyBajapbHUMH T1a-
paMeTpamMu B TaKMX TEOPETUYHUX (YHKIIAX CIYTyIOTh P’ 1 N, a mapameTpu eHeprii
MikaToMOBHX B3aemomiil, Wo(K*) ~ —0,279 eB i Ao(k™) ~ —0,154 B, pospaxosai 3
yMOB 3HaueHHs KypHakoBoBOi Temmeparypu 3a HysboBoro THCKY: T(p=0) =663 K
(390°C) mst CuzAu i 367 K (94°C mns MgCds). Ha pucynky 3.11, a npumnacyBaib-
Humu napametrpamu (st CuzAu) € p' = 29,39 I'Tla 1 6e3posmipue N =—2,47. [lpuna-
cyBaJIbHI mapametpu Ha puc. 3.11, 6 (mist MgCdy): p’ = 16,73 I'Tla, n = 3,66.
BusiBnenuit ekciepruMeHTaIbHO HETIHIWHUN XapakTep 3MiHH TeMmmeparypu ¢a-
30BOTO TIEPEXOy JIaJ—0e3J1ajl 3 TUCKOM, MOSICHIOEThCSI TEOPI€I0, HABEACHOIO BHIIE B

iM po3iii B pamkax 0060x monenis (y migposainax 3.1, 3.2). LikaBo, mo (B MO0
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31 3HEXTYBAHOIO 3aJICKHICTIO 00’€My CTOIy BiJ MapaMmerpa IajeKoro MOpSIKY i
CKJaay 1 3a 0OpaxOBaHUX BUIIEC NMPHUNACYBAJbHUX IMapaMETPiB) 3a €KCTPEMaTbHUX
YMOB HaJIBUCOKOTO THCKY B caMOMYy IIEHTpi 3eMHoro sijpa, p ~ 362,24 I'Tla [39], Te-
mueparypa ynopsakyBanus ['III1-ctonmy MgCds; B Hagctpyktypy triy DOy cTano-
Brta 6 Tk~ 6,38-10° K; a OCKiIbKH TeMIepaTypa B LEHTpI siapa 3eMili CTAHOBHTH
T ~ 4,8-10° K [39], To MgCds-cTom nuimaBcst 6 i TaM yIOpsIKOBAHKM, SIKHM BiH € Ha
il MOBEPXHi 3a KIMHATHOI TeMrepaTypu i aTMOoChEpHOTO THUCKY.

AHanoriuHe OIIHIOBaHHS TeMmIepaTypu (a30BOTO TEPETBOPEHHS J1aa—0e3ma
s 6mu3pkoro o ckiany NigFe mepmanoro 3a eKcTpeManbHOTO TUCKY (SK B IEHTPI

3emHOTO s1pa) mae Tk Takoro x mopsiaky ~10°-10° K.

3.5 BucHoBKkHM 10 po3aiay 3

PesynbraTu po3ainy 3 onyOsikoBaHo B ctartsax [119, 127] (3aranbHum 06’ eMoM
176 c.). 3aBasku MOAU(PIKOBAHUM 1 PO3BUHYTUM aHATITHYHUM MOJEISIM 6CMAHO8e-
HO HACTYIIHE.
1. 3a cnabkoi 3a1eXHOCTU 00’€My CTOITY BiJl CTyNEHs YHOPAJIKYBAaHHS (TOOTO KOJIU
HEI0 MO)KHA 3HEXTYBATH) THCK HE BIUIMBA€E HAa BEIMYMHY CTPHUOKA PiBHOBA)KHOTO TIa-
pamMeTpa JajJieKoro aToMOBOTO TMOPSIAKY B Toulll (a30BOTO TMEPETBOPEHHS Jiaa—
0e3raj, a JMue 3MIILy€e OCTaHHIO B OIK OUTbIIMX 200 MEHIIUX TEMIIepaTyp 3ajIeKHO
BiJI 3HAKIB IICBHUX IIapaMeTpiB, IO BH3HAYAIOTHCSI B CTAaTHCTHUYHO-TEPMOIMHA-
MIYHOMY MOJEI0. SIKI0 3HAKK TUX MapaMeTpiB OJIHAKOBI, TO 3aJEKHOCTI TeMIiepa-
Typu ($a3z0BOro MEPeTBOPEHHS 1 MapaMeTpa JaJIeKoro MOPSAKY Bil THCKY MOHOTOH-
Hi, a 1HaKIIe — HEMOHOTOHHI, a OT)KE, BUSABIISIOTHCS 1Bl TOYKH (ha30BOTO MEPETBO-
pPEeHHsI J1aI—0e3Ja.
2. Slkmio 3anmexHICTh 00’€My CTOITy BiJ MapaMerpa JaJIeKOTO aTOMOBOTO MOPSAKY €
ICTOTHOIO (¥ HE HEXTYETHCS), TO 31 3MIHOIO TUCKY 3MIHIOETHCS HE JIMIIIE TeMIIepaTypa
nepexony jJaa—0e3naj, a i CTpUOOK MmapaMeTpa JAJICKOTO MOPSKY: BIH MOXKE K 301-
JBITYBATHCS (00ITar0Yy MEBHOTO TPAHWUYHOTO 3HAYEHHS), TaK 1 3MEHIITYBAaTHCS, 3a-
JIEKHO BiJl 3HaKIB MOJIEIBHUX MMapaMeTpiB.

3. B 000x MOmensax TUCK MOKE 3MIHIOBATH 3HAK IIBUAKOCTH 3MIHM MapaMeTpa Jae-
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KOT'O aTOMOBOTO MOPSAIKY; TOMY CTOII, KU BIOPSAIKOBYETHCSA (PO3YMOPAIKOBYETh-
cs1) 3a HyJIbOBOTO (aTMOC(EPHOr0) TUCKY, MOXKE 3a3HATU PO3YIOPSAIKYBaHHS (BIOPSI-
JKYBaHHS) MiJ JII€I0 TUCKY. BupimanbHoIO ke Y BUOOP1 CTOMOM CIIEHAPil0 aTOMOBO-
ro Mepepo3noily B HOMY € OYEBHIHA «KOHKYPEHIlisS» TeMIIepaTypH W TUCKY SIK
YUHHUKIB. 30KpeMa, 3a MEBHUX 3HAKIB MOJEIbHUX MapaMeTpiB IiIBUILICHHS TeMIie-
paTypu MOKe «KOMIIEHCYBATHUCS» MIJIBUILIEHHAM TUCKY TAKUM YMHOM, I1I0 B MPOIIECi
penakcailii mapaMmerep JaJeKoro MopsAKy Oyzae He nuIie He 7o0iratu HyJss, a il B3a-
rajii He MOHU3UTHCA. 3a TaKUX OOCTABHH TeMIIEpaTypa il TUCK € «KOHKYPYBAIbHUMI)
(«B3a€MHO MPOTUAIIOYUMU» ) YNHHUKAMHU.

4. Cepen HaBeIeHHX MOJEIIB aTOMOBOI'O BIOPSAAKYBAaHHS HalpeaTiCTUYHIIINM € TOH,
B SIKOMY THCK MIJBUIIY€E TEMIIEpATypy Mepexoiy Jiag—Oe3nan (TUM CaMUM «IIIJCH-
JIO0YM» BIOPSAJAKYBAaHHS), a CTPUOOK PIBHOBAaXHOTO MapameTpa ajeKoro MopsaKy
cTaJiuii @00 MOHOTOHHO IMIJBULIYETHCS 1O MEBHOIO IPAHUYHOIO 3HAYEHHS, 10 Bif-
MOBIJIa€ BUMAAKY CIa0KOi YK 1CTOTHOI 3aJIe)KHOCTEH 00’e€My CTOMy BijJ Iapamerpa
nopsiAKy BiAMOBIAHO. Takuil MOnenb €, 30KpemMa, HauOUIbII MPUIATHUM JUJISI OITUCY
¢dazoBux neperBopeHs Tuny Jag—oe3nan B I'TIK- ta I'II{I1-Fe—Ni 3a ekcTpemanbHUX
YMOB HaJIBUCOKHUX THUCKIB 1 TEMIIEpATYp.

5. 3a HaIBUCOKHUX TUCKIB 1 TEMIEPATyp ICTOTHO 3MEHIIYEThCA Yac peliakcailii mapa-
MeTpa JaJIeKOro aTOMOBOTO MOPSAKY /10 CBOTO PIBHOBaXXHOrO 3HaueHHs. Tomy, Ha-
BITh B MeXaX 3p0O0JICHOr0 (peajiCTUYHOr0) MPUITYLIEHHS MPO ICTOTHY NEepeBary 3a
IIBHUJIKICTIO MAarHETHOT'O BIOPSAKYBaHHs HAJl aTOMOBUM, YMOKJIMBIIIOETHCS 3MIHA I10-
CIZIOBHOCTH CTPYKTYpPHOTO (J1aa—Oe3Jaj) Ta MarHeTHOro (MarHeTUK—TIapaMarHeTHK)
MIEPETBOPEHb 1, 30KpeMa, iX OJHOYACHICTh. BpaxoByrouwm, mo nepexin cromy Fe—Ni,
10 BIOPSAIKOBYETHCSA, 13 MAarHETHOTO CTaHy B MapaMarHeTHUI MO)ke BiIOyBaTucs 31
CTpUOKOMOAIOHUM 3HUKHEHHSIM HaMarHeTOBAaHOCTEH KOXKHOI 3 IBOX MIJICUCTEM KOM-
MOHEHTIB 1 IX PO3YMHY B LIJIOMY, IO BIACTUBO (ha30BOMY Inepexoay 1-ro poay, Koiau
TaKW{ BUIIAJOK MaTUME MICIE Yy TOJIOBHOMY KOMIIOHEHTI BHYTPIIIHbO1 YaCTUHU siipa
3emui, — iHBapi Fe—Ni 3a ekcTpeMallbHUX YMOB HaJBUCOKUX THCKIB 1 TEMIEpPATYyp,

— I1€ MPOBOKYBATUME J0JIATKOB1 BHECKU Y CIIPUUNHEHHS 36MJIETPYCIB.
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PO3JILI 4
MEPEPO3IO/ILJI ATOMIB Y TBEPJIUX PO3UNHAX
HA OCHOBI IT'PA®EHOBOI (INIJIbHUKOBOI) IPATHHUIII

Po3nin npucBsSiYeHO TEOPETUYHOMY (CTATUCTUYHO-TEPMOJIMHAMIYHOMY, CUMETPIHHO-
My Ta KIHETUHYHOMY) MIAXOAY JO MepeN0aueHHs] MOKIMBUX BIOPSIKOBAHUX PO3IO-
TTIB aTOMIB 3aMIIlIEHHS Ta BTIJICHHS IO BY3JIaX 1 MKBY3JI0BUHAX (IIEHTpax MIIJIbLHU-
KiB) TpadgeHoBOI (IIIILHUKOBOT) IPATHUIN, 30KpeMa, 13 3aCTOCYBaHHIM yMOB iX (HHU-
3bKOTEMIIEPATYPHOI) CTAOUTHLHOCTH, Ta KIHETUKH pejlakcallii JaaeKoro mopsiiKy ¢ mo-
YaTKy HEPIBHOBXHHUX CTPYKTYpP 3aMIILEHHA—BTUICHHS, Kl € CTINKUMHU II0JI0 BUHU-
KHEHHsI aHTU(ha3HUX 3CYBIB 1 MOAPIOHEHHS 1X HAa aHTH(a3HI JOMEHU. 3apPONOHOBAHI
HIDKYE MOJENI € TaKOXK aJeKBAaTHUMH MJisa aacopOOBaHUX aTOMIB, PO3TalllOBAaHUX
0e3rmocepeIHbO Ha/l By3JlaMU IPAaTHUIN a00 HaJ EHTpaMU HIUIbHUKIB, TOOTO KOJH

a7aTOMU TIPOSIBIISIIOTH ce0e K aTOMH 3aMIIICHHS UM BTUICHHS BIJMOBIIHO.
4.1 Po3uuH 3aMillleHHA

4.1.1 Misxcamomoegi e3aemodii ¢ cpaghenosiii ipamnuuui

Bzaemogii atomiB y rpatHunieBomy 2D-po3unnai C—A Ha OCHOBI HIUIBHUKOBOI
rpaTHUIl Ha puc. 1.3, @ BpaxyeMo 3a JOTOMOTOI0 €HEepTrii 3MillaHHs JOMIMKH A i
MaTtpuaHuX atoMiB rpadeny C [15]:

W, (R-R)=WE(R-R)+W*(R-R)-2W(R-R)); (4.1)

q q q

TYT 1HJAEKCH P,  HyMEpYIOTh MiAIPATHUILIl BY3JIiB, 1€ MOXKYTh PO3TaIlIOBYBaTUCS BiJI-

OB Hi aTOMI/I;WquC(R -R", ngA(R -R"), WF;A(R —R') — eneprii epexrTusHoOi B3a-

emonii atomiB y napax C—C, A—A, C—A BiANOBIIHO, 110 3HAXOATHCS Y By3Jax Mifr-
paTHuupb P, =1, 2 B eneMeHTapHUX KOMIpKax 3 «eHTpamu» y By3iax R i R’, Too6ro
Ha Bigaaiui R +hp,—R’"—hy| onun Bix inmoro (aus. puc. 1.3, a).

JJist CTaTUCTUYHO-TEPMOIMHAMIYHOTO BpaXyBaHHsI B3a€MO/Iii aTOMIB y BCIX (a HE
mutie y 1-i un HalOIMKUKX, SIK 9acTO € B JTITepaTypi) KOOPAMHAIIIHHUX «KOJIAX» 3pyd-

HO KOPUCTATHUCH 11 ONMMKCOM y TepMiHax MaTpuilb Oyp’e-KOMIIOHEHT eHepriil 3MilIaHHs
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Tabmuus 4.1 Bupasu 111 eHepreTHYHUX MapamMeTpiB «CcPepruuHO»-CUMETPUYHUX MI’KaTOMOBHX B3a-
emoniit, 1e W11(K®) i Wio(K®) € @yp’e-komMnonenTH (1711 HaACTPYKTYpHUX 3ipok S = I', M, K kBa3uxsu-
meoBux Bektopis K', k™, kX BinmoBinmo) BHYTpilIHBOMIArpaTHHIIEBHX | MIKITIATPATHHIIEBHX SHEPTiil

3MiMIaHHs aTOMiB (W1, Wa, ... B YCIX KOOPAMHAIIIHHHUX «KOJIaX») Ha By3J1aXx rpadeHOBOI I'PaTHHIII.

k® Wll(ks) Wi, (k%) Xl(ks) = Wll(ks)+|v~\/12(ks)‘ kz(ks) = Wn(ks)_|w12(ks)‘
bW+ 6.+ 3w, +3w, + | 6w, +6w, + 6w, +12w,, + | 6w, + 6w, + 6w, +12w,, —
r 2 5
= +6W, +6wW, + +3w, + 3w, + 6w, + —[3w; + 3w, + 6w, +
k=0 +BW, +12W, + .. N 30 +3u; + 6w, 3w +3W; =+ 6w,
+3W, +6Wy +... | +6W, +3W, + Wy t...[+... | +BW, + 3w, + 6w, +...|+ ...
o ow, — 2w, + W, —3W; + | —2W, —2W +6W; — 4w, + | —2W, —2W, + 6W; — 4w, —
k" =4=0 +2W, +2W, — +Hw, — 3w, + 2w, + —|w, —3w;, + 2w, +
2 +oW, — 4w, +...
—3Wy +2Wy +...| +2W, —3W, + 2Wo+..|+... | +2W, —3W, +2Wy+.. |+ ...
. 11| —2w, 2w + —W, +3W, — | =2W, —2W; + 6w, —4w,, + | —2W, —2W; +6W,; —4w,, —
k" =:0,= —2w, — 2w, + +w, — 3w, + 2w, + —|w, — 3w, + 2w, +
2] |+6w, —4w,, +...
F3W — 2Wy + ... | H2W, —3W, + 2W, Fo | | A2W, — 3w 4+ 2w,
o {_EH ow, — 2w, + W, —3W, + | —2W, —2W, +6W, —4w,, + | —2W, — 2W, + 6W, — 4w, —
22| 6w, — 4w, +.. +2W, + 2w, — +Hw, — 3w, + 2w, + —|w, — 3w + 2w, +
—3W, + 2Wy +... | +2W, —3W, + 2Wy Fo |+ | A2W, — 3w, 4+ 2w,
« {2 1} —3w, + 6w, — —3w, + 6w, — —3w, + 6w, —
K'=4—-,-= 0
3 3] | 3w, —6wW, +... —3w, — 6w, +... —3W, —6W,, +...
KK 11] ] —3w, +6w, — 0 —3w, + 6w, — —3w, + 6w, —
133/ |-3w, —6w, +... —3W, —6W,, +... —3W, — W, +...

IWpq(K)|| [15, 25]. 3arasbhi Bupasu aist (ux MaTpHilb, ix BiacHux 3Hadens Aq(K) i A1(K)
ta BiacHuX BekTopiB Vi(K) 1 vi(K) cmiBnamatots 3 Bupasamu (2.8), (2.9) misa I'LIII-
rpaTHUI, aje K € XBunpoBuid BEKTOp y 00epHeHOMY 2D-mipocropi (puc. 1.3, 6), koTpwuii
«TEHEPYE» BIAMOBIAHY IBOBUMIPHY BIIOPSIKOBaHY (HaX)CTPYKTYypy (1uB. Tabm. 4.1).

B HabmmxeHHI 1IEHTPaIbHO-CHMETPUYHHUX MI)KaTOMOBHX B3a€EMOJIIN MaeMO Taki
BUpA3U VIS €JIEMEHTIB MaTpHill eHeprii 3mimanss (2.8) 3a popmynoro (2.7):

Wll(k) ~ W2 |:621tk1i + e2nk2i + 6727tk1i + ef27tk2i + e27t(k1+k2)i + e72n(kl+k2)i :| +..., (423)

le (k) ~ Wl |:1+ eanzi + eZn(k1+k2)i :| + W3 [eZTtkli + efznkli + eZn(kl+2k2)i ] +..., (426)

e Wi, Wp, W3 — eHeprii 3MillIaHHs Ha BiaisaX, 0 JOPIBHIOIOTH pagitocam 1-i, 2-i,
3-1 KoOOpAMHAIIMHUX «K1D» BiAMOBIAHO. PucyHok 1.3, @ HarIsIIHO IEMOHCTPYE, 1110 B
1-My KOOPIMHAIIHHOMY «KOJIi» CTOCOBHO IO BHIIJICHOTO «IICHTPAJIBLHOTO» BYy3Ja 3
JIESKOI MIAIPATHUAII MICTSTBCS 3 BY3JU 1HIIOI MIATPATHUIN, ¥ 2-My «KOJ1» — 6 By3-

JIB Ti€T K MIATPATHUIN, B 3-My «KOJI1» — 3 BY3JIM 1HIIOT MiAIPATHUIN U T.1.
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4.1.2 Cmamucmuuno-mepmoouHamiuni Mooei HadCmpPyKmyp 3amiujeHHs

Ha pucynky 4.1 300pakeHO TMPHUMITHBHI €JI€MEHTapHI KOMIPKH HAACTPYKTYP
samimeHHss CA, Cs4, C74, «3reHepoBaHux» M-31pKor0 KBa3UXBHJIBOBOTO BEKTOpa KM

{M, M’, M"} i/a6o k' =0, Ta magctpykryp Ty Co4, Csd, «3reHepoBaHux» Jlipako-

g
A
»

A

N,

.v‘!

)

R

NN

N

Q3
A\

Al
AN

A\

Pucynoxk 4.1 IIpuMiTuBHI eleMeHTapHI KOMIpKH rpad)eHOBUX HAJCTPYKTYP 3aMIIIECHHS 31 CTeXioMe-

pistmu 1/2 (a)—(8), 1/4 (2)—(e), 1/8 (€), 1/3 (orc) i (3), 1/6 (u).
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Boto K-3ipkoro kBasuxasmisoBoro Bextopa K< {K, K’} i K' =0 (zuB. Tabum. 4.1).

OpneprkaHi 32 METOJI0I0 CTATUYHUX KOHIEHTpALIMHUX XBWIb (2.4) WMOBIpHICHI

¢ynkuii {Pp(R)}, mo xapakrepusyoTh BropsakoBaHi ¢azu pozuuny C;_A, (C — mo-

Ta6muns 4.2 VimoBipHicHi (yHKIiT po3nofiny y rpadeHOBHX (Hax)CTPyKTypax 3aMillieHHs, 1e Ny, Ny € Z:

£§1=86=8=1,6="5="8=1,-§=5=-5=1

—E1=—6=8=1111C3A1C/A; &1 =111& =21 ua CA.

Hanctpykrypa DyHKIIIS pO3MOILTY
P(R))_ (1) 1, (1 RR)Y_ (1) 1, (1
cA PZ(R)]_C(J-I-EEN [Jcos(nn ), (PZ(R)J_C(1J+2§m1£—1jcos(nn2)
.4.1,
(puc ) FP:EE; =C i +%§1n jSos(n(n -n,))
P(R ni1 (1 R(R 1. (1
A PZER; =c|, +E§2n2 [_Jcos(nnl), (PZER;]:C[JJ?Q“Z (Jcos(nnz)
(puc. 4.1,6) |(P(R) 1) 1 ,( 1J
=c| |+=&,m, cos(m(n, —n,))
P,(R) 1) 2 1
CA R(R) N1, (1
(puc. 4.1, 6) PZ(R)] B C£1J+E§2no [—1}
P(R 1 | 1 1
(pncc.:if\l, ) PZER;J=C[1J+%112 [é{ jcos(nn )+, (Jcos(nnz)Jrés[ jcos(n(n1 nz))}
F)l R 1 I}
PziR; =C i +% gm, G}cos(nnl)+§2n2 jSos(nnz)ﬂ“;ml G}cos(n(nl—nz))}
RI. R 1 I 1 1 1 1 I} 1
(pI/ICC.:Zi“l, 0) PZER; =C 1 +%_§1n1 (Jcos(nnl)Jij,znl [_Jcos(nn2)+§3n2 [_Jcos(n(nl—nz))}
RI. R I 1 1] 1
PZER; =C i +% &M, (_i}cos(nnl)Jr&znl (_ﬂcos(nnz)+§3nl ﬁjcos(n(nl—nz))}
Pl(R) 1 1 III[ 1J 1l [1J III( 1j:|
=c| |[+=| &M +&m +&M, COS(Tml)
P,(R) 1 4_ - -1
Pl R 1 1] 1 1 1] 1
(pI/Ic(.:?fl, o) Pz((R)) ~l4 +% S [— J%Zm [—J S (1]}05(“”2)
R(R 1 I m w1 m( 1
P((R)) =C 1 +% &Mo (_ j'*’ézm (J*’ésnz [_1J:|Cos(n(n1_nz))
PJ.(R) 1 1 1l
pR)) L) B ( j
C A 1l
(orc. Zl.l, 0 += §2n1 K jcos(nn ( jcos ( )cos(n(n -n ))}
+;§3nl2“ K_ ]cos mn, )+ jSos [ jcos(n(nl—nz))}
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Tabmuist 4.2 (MpoIOBKEHHS )

Hanctpykrypa CDYHKLIiH pO3nONILTY

CoA P(R))_ (1 11
(pic. j.l, ) {PZ(R)] (J ( {cos( n )j+cos(2n(§nl+§nzjﬂ

J
on  |roo)laE(a) W ()
(prc. 4.4,) {Co{zn jm{zn n+;nm
R ey I AR ]
(prc 4.1, 1) x[co{zn(gnl_gnzj}w{m@nﬁgnzm

7. aTOMIB JIOMIIIKH) HAJCTPYKTYpHUX THMIB Ha puc. 4.1, HaBeneno B Tabiu. 4.2, ae
Pp(R) — #iMOBipHICTb 3HaXOKEHHS JOIIOBAHOTO B LIIIBHUKOBY I'PATHHILIIO aToMa A 'y
BY3J1 P-i MIArpaTHULI B MPUMITUBHIN €JIEMEHTapHINA KOMIPI 3 «HYJIbOBUM)» BY3JIOM
R, % (6=0, 1, 2) — mapamMeTpH JaaeKkoro aroMoBoro mnopsaaky, a N =1, 11, 1II 3a-
3Hauae X KiNbKiCTh st gaHoro THIy (Ham)cTpykTypr (0 <n's<1). Yci dyHkuii B
Tabis. 4.2 3a0BOJILHAIOTH JBOM yMOBaM (KputepisiM, BcraHoBieHuM A. I'. Xauaty-
psiHoM [15]): mo-mepiiie, ONMUCYIOThH JIUIIIE HEEKBIBAJICHTHI PO3IMOALIA aTOMIB 1O BY3-
Jax; no-JIpyre, Ha0yBalOTh HA MHOKHMHI BCIX BY3JiB rpa)€HOBOI IPATHMII TaKy KUIb-
KICTh Pi3HUX 3HAa4€Hb, KOTPA HA OJMHUITIO OUIbIIA 32 3araJIbHY KUTBKICTh MapaMeTpiB
JAJIEKOTO MOPsAKY. Taki yMOBU «BIACISUTHY OUIBIIICTD 3 OAepKaHUX (PYHKITIH, 110 1X
He 3310BOJNBHSI0TE. (L{ikaBo, 110 0e3 ypaxyBaHHs BHUIIIE3a3HAUCHUX JIBOX KPHUTEPIiB
A.T. Xavarypsina [15], kigbKicTh Takux (QYHKIH Morja O 3poCTH, 30KpeMa, JJIs
(mag)ctpykrypu tuny CA ix morsio 6 Oytu 68, B TOMYy YMCIi 3 OJHUM MapamMeTpoM
nopsaaky — 12, 3 nsoma — 32, a 3 Tppoma — 24.)

Jns crexiometpiit 1/2 (CA) 1 1/4 (C3A) icHye mo TpH (€HEPreTUYHO) HECKBiBa-
JICHTHUX PO3IMOALIN aTOMIB, KOXKEH 3 SIKUX OMHUCYEThCS OJHUM MapaMeTPOM JAJIEKOTO
nopsaaky. Crexiometpis 1/3 (C,A) xapakTepu3yeThCsl ABOMA HECKBIBaJICHTHUMH PO3-
MOJILJIaMU, SIKI OMUCYIOThCS OJJHUM YM TphOMa MapaMeTpaMy MOPSAKY. A JUIsl PEITH,
1/6 (CsA) i 1/8 (C;A), cTexiomeTpiit iCHY€E MO OJJHOMY PO3MOALTY, SKi OMUCYIOTHCS

TpbOMa IMapaMeTpaMu MOPSJIKY.
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Tabmuus 4.3 Iluromi koHirypariliai BUIbHI eHeprii rpadeHOBUX (HAM)CTPYKTYp 3aMilllCHHS, i€

erepreruuni napamerpu A1(0), A2(0), A1(K), A2(K) MaroTh Bupasu, sikux HaBeaeHO B Ta0II. 4.1.

Hanctpykrypa Kondirypariiina BiibHa eHepris (Ha OMH BY30.1)
CA AF, = AU, =T AS, = ¢*A,(0)/2 +(n})* A, (K™) /8 + (kT /2)[(c +n;/2)In(c+n;/2)+
(puc. 4.1,4) |4 (1-c—n} /2)In(1-c—n}/2)+(c—ni/2)In(c—ni/2) +(1-c+ni/2)In(1-c+n}/2)]
CA AF, = AU, —TAS, = ¢4, (0)/2+(n))? A, (K" )/8+(kBT/2)[(c+n'2 /2)In(c+ny/2)+
(puc. 4.1, 0) +(1-c—ny/2)In(1-c—n3/2)+(c—ny /2)In(c—n} /2) +(1-c+ 13 /2) In (1-c+ ) /2)
CA AF, =AU, -TAS, = cle(O)/z+(ng)zxz(O)/s+(kBT/2)[(c+ng/z)1n(c +15/2)+
(puc. 4.1,6) . (1-c—n} /2)In(1-c—n5/2) + (c—n5/2)In(c—np/2) + (1-c+n5 /2) In (1-c+n) /2) |
CaA AF, = AU, —TAS, = ¢®,,(0)/2+3(ny)? A, (k™) /32 + (kT /4)[(c+3n'2 [4)In(c+3n, /4)+
(puc. 4.1, 2) +(1-c =30} /4)In(1-c—3n} /4)+3(c—n} /4)n (¢~} /4)+3(1-c-+ 1} /4)In (1-c+1} /4) ]
AF, = AU, =TAS, = c*A,(0)/2+ (2m) YAy (ki) + (m)) A, (k1)) 32+ (k, T /4) x
CoA X[ (c+@n' +n)/4)In(c+n! +n)/4)+(1-c—(2n +n})/4)In(1-c—(2n{ +n})/4)+
(pc. 4.1.0) |42(c—nj /4)In(c—n} /4)+2(1-c+n} /4)In(1-c+n} /4)+
+(c— (@0 —n)/4)n(c— 2} —n))/4)+ (1 —c+2n' =) /4 In(1-c+(2n;' -n3)/4) |
AF, = AU, =T AS; = ¢*4,(0)/2+((15")° 1,(0) + (") A (kM) + (3 )2, (k™)) /32 +
+(kBT/4)[(C+ (e’ +ny" +m3")/4)In(c+(ng' +my" +my'")/4)+
+(1-c—(ng' +n}" +n)/4)In(1-c—(ng' +n;" +m")/4) +
+(c+mg' =" —m)/4)In(c+ (' -y -ny')/4)+
(pnffl, 0 +(L-c—(ng' -y =) /4) I (1-c - (ng' —my" -n3")/4)+
e+ (g + " =gy /4)In(c+ (—mg' " -3 /4)+
+(L-c— (g + " —mp")/4)In(1-c—(-ng' + " —m}") /4) +
+(c+(ng' —ny" +m3")/4)In(c+ (g’ =" + 3" /4)+
+(1-c—(-ng' — " +my")/4)In(1-c—(-ng' -y +n'z”)/4)]
AF =AU -TAS = cle(O)/2+((ng,“)2x2(0)+3(n;“)2x1(k“”)+3(n'2“)2x2(k“” ))/128+
+(k,T /8)[(c+(n(')“ +3n," +3n3")/8)In(c+ (ng' +3n" +3n")/8) +
+(L-c—(mg' +3n" +303")/8) In(1-c— (ng' +3n;" +3n}")/8) +
+3(c+(mg' —ny" —ny")/8)In(c+(ng' —my" —m3")/8) +
(pﬂffl’ 0 +3(L-c—(ng' —ni" —my")/8)In(1—c—(mg" —my" —n;")/8) +

(e (ot 308 e (ot =3+ 302+
+(1-c—(-ng' —3n}" +3n;")/8)In(1-c—(-ng" —3n}" +3n;")/8) +
3 (ol )8 n(+ -+l 8)
(Lol ) /8)in(1-c— ottt )]
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Hancrpykrypa

Kondirypariiina BiibHa eHepris (Ha O1H BY30.1)

C,A
(puc. 4.1, orc)

AF, = AU, ~TAS; = ¢®A,(0)/2+ (1)1, (K*)/9 +
+(ksT/3)] (c+2n;/3)In(c+2n; /3)+ (1-c—2n{/3)In(1-c—2n; /3)+
+2(c—n;/3)In(c—n;/3)+2(1-c+n;/3)In(1-c+n;/3)]

C,A
(puc. 4.1, 3)

AF, = AU, ~TAS, = ¢4, (0)/2+ (g ) 1,(0)/18+ ((m")” +(my")? )2, (K*) /36 +

+(ksT/6)] (c+mg' /3—(n" +m3)/3)In(c+ng' [3- ()" +ny")/3) +
+(1—c—ng' 3+ (" +m")/3)In(1—c—ng' /3+(n)" +m;")/3) +
+2(c+ng' 3+ +my")/6)In(c+mng' 3+ ()" +my")/6)+
+2(1-c—ny' 3=(n;" +ny")/6)In(1-c—mg' 3—(n;" +m}")/6)+
+(c—mg' 3+ (" =) /3)In(c—mg' 3+ ()" —y")/3)+
+(L-c+ng' 3-()" =m3")/3)In(1-c+ng' 3—(n}" —m}")/3) +
+2(c—ng' 3-(ny" —mp")/6)In(c—mg' 3-(n;" —m3")/6)+
#2(1-c+ny' 3+ (" —ny")/6)In(1-c+ng' 3+ —n)/6) |

CsA
(puc. 4.1, u)

AF = AU —TAS = ¢*,(0)/2+(ng')*2,(0)/72+((m;")? +(n'2“)2)x2(k*<)/36+
+(kgT)/6| (c+ny' 6+ (" +1y")/3)In (c+ g [6+ (n" +n")/3) +
+(1-c-ng'fo-(nf" +m2)/3)In(1—c—ng' fo—(n" +n;")/3) +

#2(c+ny' /6- (" +n2)/6)In(c+ny' fo—(ni" +n;")/6) +

+2(L-c—ng' /6+(n" +my")/6)In(1-c—ng' /6+(nf" +m")/6) +

+(c—mg' 6+ —n3")/3)In(c—ny' f6+ (" —n3")/3)+

+(L-cang' fo- (" —ng)/3)In(1-c+ny' fo-(n)" —n;)/3)+
#2(c—ny' fo- (" —n;")/6)In(c—ng' /6 —(m" —m")/6) +
#2(1=c+ng' o+ (" —ny")/6)In(1-c+ng' /6+(n;" —n)/6) |

Jlnst onepxanHs B Tabn. 4.3 mutomMux (Ha OJUH BY30J1) KOH(ITYpallifHUX BUJTb-

HUX €HEpPrid pI3HUX HAACTPYKTYpPHHUX THUIIIB Ha IpadeHOBI OCHOBI 3aCTOCOBYEMO

HAOJIMKEHHS CaMOY3I0/DKEHOT0 ToJIs 1 3aranbHuil Bupa3s (2.1) mis koHdirypamiiHol

yactuau BUTbHOI (I'embMrombiroBoi) eneprii AF = AU — TAS (AU i AS e xondirypa-

ifHI BHYTPIIIHS eHepris i entporris) [15].

ITincranoska ¢ynkuiit {Py(R)} y dopmymy (2.1) 1 nae (Tabmn. 4.3) 3a LUKIIYHEX

KpaiioBux yMoB bopHa—Kapmana Bupasu anis koH]irypariiHo-3a1ekHIX YacTHH Bi-

JHHUX €Heprii (Ha OAMH BY30J1) HAACTPYKTYPHHUX THIMIB Ha puc. 4.1.
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4.1.3 Tepmoounamiuna cmadinbHicms HAOCMPYKMYpP 3aMilu4eHHA

ITpu T = 0 K, xonu BHecok eHTporii (AS) y BUlbHY eHeprito (AF) manuii, TepMo-
JUHAMIYHA CTaOlIBHICTh CTPYKTYpH BU3HAYAETHCA ii BHYTPINIHBOIO eHeprieio (AU)
[15, 17, 18, 25]. SIkiio HEXTyBaTH MOXKJIMBICTIO YTBOPCHHS MEXaHIYHOI CyMIIlll YKC-
TUX KOMIIOHEHTIB 1/a00 pi3HUX HAJACTPYKTYP, TO 32 HU3BKUX TEMIIEpPATyp CTaOlIbHOIO
Oyne ¢asa 3 HaliMeHIIOK (MOPIBHSAHO 3 1HIIKMMHU (a3aMy TOTO XK CKJIATy) BHYTPIII-
HBOIO eHepriero. ToMy Ui BU3HAUEHHS YMOB HHM3BKOTEMIIEpaTypHOI CTabiIbHOCTH
HAJICTPYKTYP, CTIMKUX IOJ0 MOJAPIOHEHHS iX Ha aHTH(a3HI JOMEHHU, 3aCTOCOBYBa-
TUMEMO JIOCTaTHIO YMOBY, — MIHIMaJIbHICTh KOH(ITYpaIiifHOT BHYTPIIIHbOI €HEPTii

AU| — mokJaaaroun y Bupazax B Taoin. 4.3 T=0K, a n:f =1 1A BIAIIOBIZHOTO

T=0K'
crexioMmerpuyHoro ckmamy [15, 17, 18, 25], Ta HeoOXimHY M TOSBU OYIb-SIKOI
(Ham)CTPYKTYypH YMOBY, — IMO3UTHBHICTH TEMIIEpATypu BTPATH CTIMKOCTH HEBIIOPS-
JIKOBAHOTO CTaHy «TBEPJOTO po34yMHY 3aMiieHHs» C—A MI0A0 yTBOPEHHS JaJIeKOTO
MOPSIKY B aToMoBoMy posmozini: Ts = —kg'c(1 —c)mini,(K) > 0, To6T0, Hacammepexn,
mini,(K) <0 (o =1, 2; ke BZ) [15]. Ili yMmoBH peai3yroThCsl Ha MEBHUX IUISHKAX
3HAUYE€Hb TUX MapameTpiB MIXKATOMOBUX B3a€EMOJIM, SKI MICTAThCS y BHUpaszax s
KOH(DIrypariiiHoi BUIbHOI (BHYTpIIIHBO1) eHeprii. B miM KOHTEKCTI BMCOKOJIETOBaHI
(BucokomomnoBani) 2D-cTpykTypH, 10 Hajekath 10 HaACTPYKTypHHX THIIB CA, C3A
a00 C,A, e HalimikaBimuMu, 00 3a KOXKHOI 31 crexiomerpii 1/2, 1/4 i 1/3 moxiuBi
JIEKUJTbKa HEEKBIBAJIGHTHUX BIIOPSAKOBAHUX PO3MOJLUIIB JETYBAIBHUX aTOMIB IO BY3-
Jax HUIBHUKOBOI IpatHull (puc. 4.1, a—e, o, 3).

PosrasHeMo crovaTtky BHITaI0K KOPOTKOCSKHUX MIXKATOMOBHX B3a€MOJIIH, B3sI-
BIITK JIO YBard €HEpTii 3MillIaHHA JIMIIE B MEPIINX TPHOX KOOPAHHAIINHUX «KOJIAX)»
(W1, Wy, W3), HEXTYFOUM B3a€MOJIIEI0 aTOMIB B 1HIIMX (OUIBII BiIJAICHUX) «KOJAaX».
BpaxoBytoun Buileza3HaueHy HEOOX1IHY YMOBY CTa01IbHOCTH, — MO3UTHBHICTH Te-
MIIepaTypy BTPATH CTIHKOCTH, IO BIAMOBIJA€ HETATUBHOCTI €HEPTETUYHOTO TTapamMe-
tpa Ay(K) (muB. puc. 4.2), — ninsgaku crabinbHocT HaaCcTpykTyp CA, C3A, C4 y
IIPOCTOPI mapameTpiB {Wp/Wi, Wa/W;} MIXKATOMOBHMX B3a€EMOiN MOXKHA 300pa3UTH

pucynkamu 4.3—4.5. Po3paxyHKku BUKOHYBAJIUCS JJIsl IBOX BUIAJKIB: TO3UTUBHOI Ta
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Pucynok 4.2 JlisrpaMu 3HaueHb MapaMeTpiB MiKaTOMOBUX B3a€MOJIINA Wo/W1 1 W3/Wq 3 HETaTUBHUMHU
eneprernarnmu mapamerpamu A2(0), A1(kM), Aa(k™) i A2(K"), a Tomy it mosuTHBHUME TeMiepaTypa-
MU BTPATH CTIHKOCTH HEBIIOPSIKOBAHOI'O CTAHY 111010 TIEPETBOPEHHS HOTO Y BiTIOBITHHI BIIOPSIIKO-

Bauuii Ts = —kg "¢(1 — c)Minke(K) (4 — minsiHKa, e HEraTHBHIMH € BCI YOTHPH IapaMeTPH).

HETaTUBHO1 €HEPrii 3MIIIaHHS B IEPIIOMY KOOPJIUHAIIHHOMY «KOJI1» W1.

Ha pucynkax 4.3-4.5 1UISHKY €HEPreTUYHOT BUT1THOCTH HAACTPYKTYP OJIEP>KaHO
HOPIBHSHHAM KOHQIrypaminaux BHyTpiniHix eHepriii (AU, AU, AUj) BiamoBiaHuX
BIIOPSIKOBaHUX (a3 ofHaKoBOI ctexiomerpii [15, 17, 18, 25]. [dinsuku, no3Ha4yeHi de-
pe3 1, 2, 3, BianmoBigaroTh TpbOM BuTaAKaM Ha puc. 4.3, 4.4, — AU; < AU, 1 AU; < AUs,
AU, <AU; 1 AU, < AU3, AUz <AU; 1 AUz <AU,, — Ta nBOoM Bumaakam Ha puc. 4.5, —
AU; < AUz a60 AUz < AU;,— e AUy, AU,, AUz ipeicTaBieHo y Bupasax B 1a0. 4.3 s
(mam)ctpykryp Ty CA, C3A, C,A. Ha rpanutsax ainsHok 1-2, 1-3, 2—-3 BHYyTpilHI eHe-
prii BignmoBigHux (a3 3piBHIOIOTECA: AU; =AU,, AU; =AUz, AU, =AUs.

AHai3a MOJIEIIO sl eKBIaTOMOBOTO CKiIany mokasye (puc. 4.3), 1o neBHi 3Ha-
YEeHHsI eHepriil MIXXaTOMOBUX B3a€MO/111i 3a0€3MeUyI0Th EHEPreTUUHY BUT1AHICTD 1 CTa-
OUIbHICTB He JuIIe 1Js cTaHiB ckiany CA, B IKUX JIeTyBaJIbHI aTOMU OTOYEH] JIHILIE CY-
ClJJaMu TOTO K COPTY, a il Ayt HaACTpyKTypu Tuy CA, B siKiii JOMIIIKOBI aTOMU 4 OTO-
4yeH1 oqHuM aToMoM A 1 1Boma atomamu C. OHak, SKIIO aTOM JTOMIIIKHA CYyCIAUTH JTU-

11€ 3 JIBOMa aTOMaMHM TOTO K COPTY, TO HaACTPYyKTypa CA € eHepreTH4HO HEBUT1IHOIO 1
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Pucynok 4.3 JlinsHKY 3HaU€Hb MapaMeTpiB MI>KATOMOBUX B3a€MOJIH, 110 «3a0€3MeUyI0Th» HU3bKO-
TEMIIEPATypHY CTaOUIbHICTh HAACTPYKTYp 3amimieHHs tuny CA, sSiKi OMUCYIOThCS OJHUM TapaMeT-
POM JTaJIEKOTO MOPSIIKY Ta MalOTh Pi3HI KOHDIrypamiiiHi BHyTpilHi eHeprii, ski, kpim A1(0), Bu3Ha-
YAIOTHCS JIIIE OXHUM mapamerpoM Mixaromosux B3aemoxiit: A1(KY) (1), A2(k™) (2) a6o 1(0) (3).

3ipouka «*» Mo3HAYae AUITHOUKY, SKif BiAmoBigae HaaACTpyKTypa (3), 10 BU3HAYAETHCS MapaMeT-

pom A2(0) i erepreTiyHiit BUTiAHOCTI K0T «3aBaxae» Az(0) > 0, ce6To Ts=—kg c(1—c)mini,(K) <O0.

HECTaOUTBHOIO 32 OY/Ib-SKNX 3HAYCHb CHEPIii B3a€EMO/I1/ aTOMIB (32 BUHSTKOM BHUIIE-
3a3Ha4YE€HOT0 OKPEMOTO BUIAJIKY, KO W3/W1 = 1/3).

Anaiza MOIENIO s ckiany CsA cBimuuth (puc. 4.4), 1110, SKIIO JIeTyBaJIbHI aTo-
mu A oToueHi cycigamu smite copty C, Haactpyktypu Ty CzA eHepreTHUHO BUT1THITI
3a JIOBUIbHUX 1 CTa01JIbHI 32 TIEBHUX 3HAYEHb €HEPTii 3MillIaHHs (32 BUHATKOM 00YyMOB-
JICHOT'O CaMHM MOJICIIbOM OKPEMOTo BUaaKy mpu Wa/Wy = 1/3, ko AU; = AU, < AU,).
ITpoTe, sikio xo4a O OJMH 3 HAUOIMIKYUX CYCIJIIB aTOMIB JOMIIIKH € TEX JTIOMIIIKO-
BUM, TO HaACTpyKTypa Tuny CsA eHepreTHyHO CTa€ HEBUTIAHOIO 1 HECTAOIBHOIO 3a
OyIb-sSIKMX 3Ha4€Hb €Heprii 3MmimaHHs (32 BUHATKOM BHUIIE3a3HAYEHOTO OKPEMOIO
BUTIAJIKY TTpU W3/Wy = 1/3).

Sx BuaHO 3 puc. 4.5, 061ABI 3 nependadeHnx HaaCTpyKTyp Tuny C,A eHepreru-
YHO BUTIJHI ¥ CTaOUThHI B paMKax OoOpaHOro MOJENI0 3a MEBHUX 3HAYEHb CHEPTii

MI)KaTOMOBHUX B3a€MOJIiH, B3arajii-T0 HEHYJIbOBUX Y MEXKax TPhOX KOOPAMHAIIHUX
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Pucynok 4.4 JlinsHku 3Ha4€HBb MMapaMeTpiB Mi>KATOMOBHX B3a€MOJIH, IO «3a0€3MeUyI0Th» HU3BKO-
TEeMIIEpPAaTypHY CTaOUIbHICTh HAACTPYKTYp 3amimieHHs Tuny Cs3A, ski onucyroThes ogauMm (1), nBo-
Ma (2) abo TppoMa (3) mapaMeTpaMu AAJIEKOTO MOPSIKY, B paMKax MOJEII0, 10 BPaXOBY€E B3a€EMO-
IO aTOMIB JIMIIE B MEPIINX TPHOX KOOPAUMHALIHHUX «KOJIax» rpadeHoBoi rpaTHumi. Hezamrpuxo-
BaHIW JUISHIN (METacTabiIbHOCTH) BIiAMOBINAE HAACTPYKTypa (3), M0 XapaKTepU3YEThCS TPhOMa

. . L M
napamMeTpamu MOpsAAKY 1 sika Oysia O HAWBHUTIAHINIOW €HEPreTUYHO, MpoTe, Ha Hik A(K™) > 0.

«K1». A B paMKax MOJIEII0, SKUH BPaXxOBY€ B3aEMOJIIF0 aTOMIB JIMIIIE B TIEPIIOMY KO-
OpIUHAIIHHOMY «KOJI1», K07Ha 3 HafaCcTPYKTYp C,A Ha puc. 4.1, o, 3 (K 1 HAICTPYK-
Typa CsA Ha puc. 4.1, u) He € MOKITUBOIO (CTa01IbHOI0) 32 OyAb-IKUX 3HAYEHb CHEP-
riii B3aemo/iiid atoMiB. B Takomy MOziento TemmnepaTypa BTpaTH CTIHKOCTH HEBIOPS/I-
xoBaHoro ctany [15] To=—kg c(1—c)mini, (k") =0, ockinbku W,,(k*) =0 (tabn. 4.1)
1 KoHIrypailiiiHa BUIbHa eHepris (a Tomy 1 (He)cTaOUIbHICTh) BU3HAYAETHCS JIUIIE
BHYTPIIIHbOMIATPATHUIIEBUMH (W, W5, W, W1g 1 T.J.), i€ HE ¥ MIKIIAIPATHULIEBUMU
(W1, W3, W4, W7, Wg, Wy, ...) CHEPIisIMH 3MillIaHHS, HABITh 32 HEHYJILOBUX CHEPriil B3ae-
MOJIi# y Tapax aToMiB 3 Pi3HUX MiATPATHUILH B IIUX CTPYKTypax.

OT1xe, BpaxyBaHHsI B3a€MO/I1i aTOMIB JIMILIE B MEPIIUX TPHOX KOOPAUHAIIHHUX
«KOJIax» «3abe3neuye» cTaOlIbHICTh HAACTPYKTYD (Ha puc. 4.1, 6, 2, e, 3), y SKUX Je-
I'yBaJIbHI aTOMU 3aMilieHHs1 A oToueHi1 HaiOmmxunumu cycigamu copty C. HaTtomicts
BpaxyBaHHS JIUIIEC TaKUX (HAATO KOPOTKOCSIKHUX) B3AEMOJIIA € HEaJeKBATHUM JIIS
BUSIBJICHHS ¥ OMTUCY caMme CTallIbHUX HaJACTPYKTYp (puc. 4.1, a 1 0), B SKUX AesKi 3

JIETyBaJIbHUX aTOMIB MICTSIThCS Y HAHOMMKYMX CYCIAHIX By3JIax IpaTHUIll. A MOIeIb
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Pucynok 4.5 Te x came, mjo i Ha MONEPETHIM PUCYHKY, ajie JJIsl HAJACTPYKTYpP 3aMilleHHS THITY
C.A, ski onmcyroTbest ogauM (1) abo Tproma (3) mapamerpaMu ganexoro nopsaxky. Heszamrpuxoa-
HIl aUtsHIn (MeTacTabiIbHOCTH) BiAMOBIAAa€ HAACTPYKTYpa (3), IO OMHUCYEThCS TPhOMA MapameT-

o - K
paMu JTAJIEKOTo TIOPSIKY, CHEPreTUYHIN BUTTHOCTI K0T «3aBaxae» Ap(K) > 0.

B3a€MO/IIT JIMIIIE HAMOIMKYMX CYCIJTHIX aTOMIB B3araji YHEMOXKIIMBIIIOE Tiepe10ayeH-
HS BIIOPSIIKYBaHHsI 3a ctexiomerpii 1/3 (sik i 1/6).

Hapas3i nopiBHsIEMO AUTSTHKA (MeTa)CcTablIbHOCTH, 300paXkeHi Ha puc. 4.3-4.5, 3
TIISTHKAaMA HaWMEHIIMX HETaTUBHHUX 3HAYECHBb IapaMeTpiB MI>KaTOMOBHX B3a€EMOIIM
12(0), Aa(KM) 1 Ao(KY) = A (KS) (10 XapaxTepusyoTh CTATHCTHYHY TEPMOIHHAMIKY
BriopsiiKyBaHHs [15]), skux 300pakeHo Ha puc. 4.6; MUITHKUA TEPIIOTo W APYroro
TUIIB TMOJIAaHO Yy TUIONMIMHI OJHAKOBUX KOOPJMHAT — EHEPreTUYHUX MapameTpiB
W,/W1 1 Wa/W;. JIerko Ga4mTH, 1Mo caMe «KOHKYPEHIIisD IUX MapaMeTpiB Mixk COOOK0
«3a0e3reuye» eHepreTUYHy BUTITHICTh (CTaOUTbHICTD) Ti€l un iHIIOl (ha3u, amKe ca-
Me X JIIHIHHI KOMOiHaIll1 BU3Ha4Yal0Th BHYTPIIIHIO, @ TOMY ¥ BUIbHY, €HEPIil0 CUCTe-
MH. 3 OpIBHIHHS XK pHc. 4.6 3 puc. 4.3 BUAHO, 10 AUISHKH, ¢ HaitMeHIIUMU € A,(0)
i Ap(k™), criBmamaroTh 3 HiMSHKAMM CTaGLIBHOCTH HAACTPYKTYD 3 CKBIaTOMOBUM
CKJ1aJIoM, KOH(Dirypaiiifina BiibHa eHepris skuX, okpiMm mapamerpa A;(0) (1o BXOUThH
y Bci Bupasu (4.3)—(4.7) Ta «xapakTepu3ye» HEBIOPSIAKOBAHUI CTaH 3MIIIAHOI CHC-
TEMU), 3aJISKHUThH 1€ JIHUIIE B OJHOTO 13 3a3HAYCHHUX MapameTpiB (TyT He OepeThCs

. .. K . . .
70 yBaru JAUISHKA MiHiMymy mapamerpa Ap(K") Ha puc. 4.6, OCKiIbKH €KBIaTOMOBI
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Pucynok 4.6 JlifssHKM 3HaYCHb BiHOIICHD €HEPTii 3mimants (Wy/Wy 1 W3/W1), 3a SKHX HaMEHIITUM

HETaTHBHHM € SKHICh OJIMH 3 TapaMeTpiB MixkaToMoBHX B3aeMoziit: A2(0), Aa(kM) wur Aa(K") = A1 (k).

HAJCTPYKTYPU HUM HE XapaKTEePU3YIOTHCS).

OTxe, 111 BUBHAYEHHS HAJICTPYKTYpH 3aMilIeHHs HA rpa)€HOB1N OCHOBI, EHEp-
TeTUYHO HAWBUTIIHINION Cepe]] TUX, 1[0 MAIOTh OJIHAKOBY (HAMPUKIIAJI, €KBIAaTOMOBY)
CTEX1OMETPIIO 1 OMHUCYIOTHCSI OJTHUM MMApaMeTPOM JAJIEKOro MOPSAKY, MIHIMyM I€B-
HOT'O TapaMeTpa MI>KaTOMOBHUX B3a€MOJIiH 13 3a3HaUYCHUX BHUILE MOXe OyTH HE0OXi-
HOIO 1 JIOCTaTHBOIO YMOBAaMH CTaOITRHOCTH BHU3HAYyBaHOI HAJCTPYKTypu (mpu
T~ 0 K). HaroMicTh MiHIMyM SIKOTOCh OJTHOTO €HEPreTHYHOIO MapaMmeTpa He € aHi
HEOOX1THOI0, aH1 JIOCTaTHHOK YMOBOIO JIJISS BUSHAYCHHS JUISTHOK CTaOlIBHOCTH HaJl-
CTPYKTYp, 110 MAlOTh OJHAKOBY CTEXIOMETPIiI0, aJie OMUCYIOTHCS PI3HUMHU KIJTBKOCTSI-
MU TTapaMeTPIB JAJIIEKOTO MOPSAKY.

i pe3yabTaTH JUIst TPaTHHULIL 3 OA3UCOM Y3TODKYIOTHCS 3 TBEPKEHHSIMHU aBTO-
piB [17, 18], axi Bka3anu Ha HEJAOCTATHICTh YMOBHU (HM3bKOTEMIIEPATypHOI) CTa01Ib-
HOCTH (HaJI)CTPYKTYP, 10 3ampornonyBaB aBTop [15]. [lopiBHIOIOUM YKCETEHO BU3HA-
YeH1 AUISIHKY peani3alli MiHIMyMiB Ta HalilMeHIIoro 3HadueHHst Oyp’e-00pasy eHepriit
3MINIaHHS 3 JUISTHKAMH CTa01IbHOCTH BIOPSIAKOBAHUX (Da3 Ha OCHOBI rpaTHUIlL bpa-
Be, aBTopu [17, 18] mokazanu, mo ®Dyp’e-o0pa3 eHeprii 3MillaHHS HE MOXKE MaTH

OJIHOYACHO CaM€ MIHIMYM y BCIX THX TOYKax OO€pHEHOIr0 MPOCTOPY, SK1 BIAMOBIAA-
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Pucynok 4.7 Jlisrpamu 3HaueHb MapaMeTpPiB MIXKATOMOBUX B3aeMo/iH, 3a skux (mpu T = 0 K) cra-
OitbHUME € HaACTpyKTypu 3amitierus tumy CA (a) i C3A (6). Hanctpykrypu CA-Tumy (a) onucy-
IOTHCSI OJTHAM TTapaMeTpOM MOPSAKY Ta MArOTh Pi3HI KOHGIrypauiiiHi BHYTPIIIHI €Heprii, siKi, KpiM
11(0), BU3HAYAKOTHCS L1IE JIMIIE OHUM IapameTpoM Mixaromoux B3aemomiit: A1(k™) (1), Aa(k™) (2)
a60 A2(0) (3). Haagctpykrypu C3A-tumny (6) onucytorsest ogauMm (1), nBoma (2) abo tproma (3) ma-

pameTpamu jaanekoro nopsaky. (Bzaemosairo aToMiB BpaxoBaHO B YCIX KOOPAMHAIINHUX «KOJaX)».)

I0Th KIHI[SIM HAJICTPYKTYPHUX BEKTOPIB, 1[0 YTBOPIOIOTH KaHal (ha30BOTO MEPETBO-
peHHs Tunmy Oe3naa—iaa, a HaBeaeHa B [15] yMoBa cTaOuUIbHOCTH (HAI)CTPYKTYp €
OJIHIEIO 3 HEOOX1THUX, aJIe HE JOCTATHLOIO.

PesynbpTaTi po3rismy OUIbII peariCTHIHOTO MOJICITIO, KOJIM BpaxoBaHa B3aeMOIT
aTOMIB y BCIX KOOPJMHALIMHUX «KOJIaXx» LIIJIbHUKOBOI IPATHHMII, MICTSTHCS Ha PUC.
4.7 14.8. dx 1 nnsa 3D-T' I I-rpatrui y po3aim 2, 1yist BIOPSAKYBaHHS 3HAK, TPUHANM-
Hi, 01HOTO 3 eHepreTuuHuX napametpis Ay(0), A1(K) 1 A,(K) (k= 0), sixi xapakTepu3yrTh
CTaTUCTUYHY TEPMOJIMHAMIKY BIOPSIKYBaHHS, Ma€ OyTH HETATUBHHUM, 1HAKIIIE PO3IIO-
JI1JT aTOMIB JIMIIIATUMETHCSI HEBMOPSIKOBAHUM 32 Oyb-skuX T 1 C. Po3paxyHKu BUKOHA-
HO 3a yMOBH Ay(K) <0, 1110 ¥ Hagae MOACITIO peaTiCTHYHOCTH; HETATUBHUM [TapaMeTPOM
A2(K) Bu3HaueHo 3Befeny Temnepatypy T =KgT/|A2(K)| i Touky BTpaTH cTiifkocTH 1m0-
1o BriopsiakyBanss [15] Ts=—kg '¢(1 - c)miniy(K), 1o Mae 6yTH HO3HTHBHOIO.

SIki1B paMKax M(’),ZleJ'IIO 3 KOPOTKOCA)KHUMH M1>KaTOMOBHMH B38,€MO,Z[i$IMI/I, KOJIN
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12(0)/2 (k") = 15(0)/3o(k")

Pucynok 4.8 Te x came, 1110 i Ha MONEpPEeTHLOMY PUCYHKY, aie A HaaAcTpyKTyp CoA, ski onucy-

to1best oHUM (1) abo Tproma (3) mapamerpamMu TajaeKoro MOPSAKY.

BPaXOBYIOThCS B3a€EMO/I1i aTOMIB JIUIIIE B TIEPIINX TPhOX KOOPAUHAIINHUX «KOJIAX», B
MOJIEIO 3 JAJEKOCSHKHUMU MIKATOMOBHMH B3a€EMOJISIMU JUISTHKHM HU3bKOTEMIIEpa-
TYpPHOI CTaOUTBHOCTH HAJICTPYKTYP OJEP’KaHO MOPIBHIHHAM KOHDIrypariiHuX BHYT-
pimHiX enepriit (AU;, AU,, AU3) BropsakoBanux (a3 oaHakoBoi crexiomeTpii. Ha
rpaHuIgx auistHok 1-2, 1-3, 2-3 koHdirypariiini BHYTpIITHI eHeprii BiATOBITHUX
da3 3piBHIOIOTHCS (AU; = AU,, AU, = AU3, AU, = AUj), a y «moTpiitHii» TodIll Ha
pHuc. 4.7 AUl = AUZ = AUg

3a3HauYUMO, 110 B MOJICIIO 3 MI’KaTOMOBHUMHM B3a€MOJIISIMH B yCiX KOOpIWHAIII M-
HUX «KOJIaX» CHEPreTUYHa BUTIAHICTh OMHIEI 3 TBOX MOMKIIWBUX HAJCTPYKTYpP THILY
C,A BH3HAYAECTHCS CIIBBIZHOLICHHSM MK gBoma mapamerpamir: Ao(KY) (= A1(K)) i
A2(0) (puc. 4.8). SIkmio A(0) < A,(K), To AU; < AU4, i TOMY BHTiAHILIOW € HAACTPY-
kTypa Ha puc. 4.1, 3. A skmo A(0) > Ax(K"), To AUz > AUy, i Burigniimoro € Hagctpy-
KTypa Ha puc. 4.1, orc.

Sx BuaHO 3 puc. 4.7 1 4.8, BpaXyBaHHS JANEKOCSKHUX MI)KATOMOBHUX B3a€MOJIIN
BIJIKpUBAE HOBI PE3yJIbTATU MOPIBHIHO 3 pe3yJbTaTaMU TMOMEpPeaHIX MOIeNiB 3 (KO-
POTKOCSDKHUMH) B3a€EMO/JIIIMM aTOMIB JIMIIE B Mepiuiid ad0 HaBiTh B MEPLIUX TPbOX
KOOPIMHAILIMHIX «KOJIaxX»: Oyb-sKa 3 epen0aueHnX HaACTPYKTyp Ha puc. 4.1 Moxe

OyTH cTaOlIbHOIO 32 MEBHUX («BIAMOBITHUX)») 3HAUYEHb €HEPriii MIXXKaTOMOBHUX B3ae-
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mopii. Jlerko mepecigunthcs, 1m0, ockimbku Ay(K) < 0, Bci 3a3Hadeni Ha puc. 4.7 i
4.8 ninsHKM cTabUIBHOCTH HAJCTPYKTYP 3aJ0BOJIBHAIOTH i1 HEOOX1IHIN YMOBI — MO-
3UTHBHOCTI TEMIIEPATypH BTPATH CTIMKOCTH HEBITOPSIKOBAHOTO CTaHy cucTemH [15]:
To=—kg c(1—c)mini,(K) > 0.

3a koXHOT 31 crexiomeTpiit 1/6 1 1/8 MoxIuBe JHIe O HE BiATOBIAHE BIIOPSI-
KOBaHE poO3TalllyBaHHS aTOMIB 3aMIIlICHHS Ha BY3JaX IIUIbHUKOBOI I'pAaTHHIN (pHC.
4.1, € 1 u). ToMy 3a HU3bKUX TeMIIepaTyp HU3bKOJIETOBaHI CTPYKTYPH HAJACTPYKTYP-
Hux TumiB CsA 1 C;A (Ha BiIMIHY Bi pO3TISHYTUX BUIE (Hax)cTpyKkTyp Ty C3A,
CA a6o C,A) He 3a3HAIOTh «EHEPreTUYHOI KOHKYPEHIIi» 3 OOKy CTPYKTYp I1HIIHMX
HAJICTPYKTYPHUX THIIIB TAKOrO K CKJaay 1 € CTAOUIbHUMHU Y BCbOMY IPOCTOP1 3HA-
YeHb CHEPreTUYHUX MapamMeTpiB MIXKAaTOMOBHUX B3a€MO/IIM, 110 3aJ0BOJIbHSIOTH BH-

Ie3a3Ha4YeHii HeoOXiaHI yMOBi cTabiapbHOCTH (pHC. 4.2).

4.1.4 Kinemuka penakcauii 0a1€K020 nOpAOKY 3amMilieHHA

OxapakTepu3yeMo KIHETHKY pejakcallli 1ajJeKoro aToMOBOIO MOPSIIKY, PO3IJs-
Jar04YM BUIAJ0K OOMIHHOTO MexaHi3My Mikpoaudysii [15, 332-338] npu Bnopsaky-
BaHHI aTOMIB y TBepAoMY po3uMHi 3aminieHHs: Ci_ A, HEXTYIOUH BAKAHCISIMU y BY3-

JaxX UIUTBHUKOBOT I'PaTHUIl. 3HOBY 3acTocyemMo Mikpoaudysiiine piBHsHHS OHcare-

poBoro tumy [15, 332-338]:

drr(R) 1 SAF
- ~ ¢l (R-R)———, (4.3)
dt KT B;qu;; il SP(R',t)
ae t — MOTOYHMIA Yac BiNaIOBaHHS, ||ng(R — R")|| — marpuns kinetnaHux xoedi-

I[IEHTIB, YU1 €JIEMEHTH MPEACTABIISAIOTh COO0I0 MMOBIPHOCTI €JIeMEHTApHUX OOMIHHO-
nandysiiiHux cTpuOKiB mapu aToMiB o i B 3 By3na I = R + hy, p-i miarpatauni i By3na
I'=R"+hy 0-i migrparHumi BiamoBimHO BHpomoBxk onxuHULI dacy (o, B=C,A;
p,q=1,2; ca=C, Cc =1 — ). Taki iMOBIpHOCTI /151 Map BY3JiB I 1 I’ iHBapisAHTHI I110-
110 TpaHCIIAMiH bpaBe 1 3amekath JuIe BiJI piyKHUIN TpaHCIMIHHUX BeKTopiB R — R,
BiamiTumo, 1mo kiHetuuHe piBHAHHA (4.3) MOXKHA 3aCTOCOBYBATH 1 JIJIsl OMUCY
Mikpoaudy3ii 3a IHIIMMHA MEXaH13MaMHU, OCKUIBKM BOHO € HaliB(EHOMEHOJOTIYHUM 1

B HbOMY SIBHO HE BIJOOpa)K€HO KOHKPETHHUN MexaHi3M Mikpoaudysii [15]. Posrmsa
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Oyab-sIKOTO MEXaHi3My He MOTpeOye 3MiHU BUIIISIAY piBHSAHHSA (4.3), ajie BpaxyBaHHS
1oro Oyje 3BOJUTUCS JO0 PO3KPHUTTS KOHKPETHOTO 3MICTY KOoe(]illieHTIB L%g(R -R),
TOOTO /10 BCTAHOBJICHHS 3B’SI3Ky MIXK ng(R —R’) Ta MIKPOCKOIIYHUMH XapaKTEePHUC-
THKaMHU PO3YMHY (BUCOTaMHU €HEPTreTUUHHUX Oap’epiB 11 aTOMOBHUX CTPHOKIB, 4acTO-
TaMU TEIJIOBUX KOJMBAaHb aTOMIB y By3J1aX, KOHLIEHTPAII€l0 BaKaHCIi) Ta 30BHIIIHI-
MU TEPMOJMHAMIYHUMU MapaMeTpamMu (TeMIIepaTyporo, TOIIO).

YacoBa €BOIOLIS MAPaMETPIB AATEKOro MOPAKY (1)) 3aMilleHHS IIPH YIOPS-
KyBaHH1 TpapeHOBUX (HAI)CTPYKTYP BijoOpaxaeTbes TudEpEeHIIIHHUME PiBHIHHAMU
B Tabm. 4.4. Ix BUBeneHO 32 yMOBH 30epe)eHHsS B CHCTEMi 4MCJa aTOMIB KOKHOTO
COpTY, 32 000B’SI3KOBOT'0 3HAXO/XKEHHS Y KOKHOMY By3J1i atoma C abo A, 13 BUKOPH-
ctanHsiM OHcarepoBUX CIIBBIIHOIIECHb B3a€EMHOCTH, 3 TIPECTABICHHAM TEPMOINHA-
miuHoi pymiitnoi cumu SAF/8P4(R’), six i Pp(R), y Burmsaai cynepnosuiii craTu4HuX
KOHLIEHTPAUIMHUX XBWIb, 1 3[1HCHUBIIN Dyp’e-niepeTBip 10 000X YACTUH PIBHIHHS
(4.3). PiBHsHHS B Ta0J1. 4.4 MOKHAa MHEMOHIYHO 3aIMCaTH K

d N ~ S N }\4 ks s N
Mo~ _c-o)i(e)| m 2ol L mziemtmim) |, (4.40)
dt kT

ne s =TI, Mun K, [(k®) — ®yp’e-KOMMOHEHTa NEBHOI 3aJIe)KHOI Bijl KOHIIEHTpAITii
koMOiHaIii KiHeTnaHnX OHCarepoBUX KOCPIII€HTIB {ng(R - R},

(LS C ~ s X s X s X s

L) = [ B+ L0 [ L)+ L) |, (446)

[0 (k*) = ;L‘;%(R ~R)exp(-ik* - (R-R), (4.48)

BHpa3H JIJIs Km(ks)) auB. B Ta0m. 4.1, a eaTponiiinuii BHecok Z=Z(C, n%, n?, nﬁ) BiJIIO-
BIJA€ MiJIOTApUTMIYHOMY BHpa3y 4u JOOYTKY iX IBOX B Ta0i. 4.4.

Kpusi Ha puc. 4.9 € ynicenlbHUMH PO3B’sI3KaMU piBHSHb TUMY (4.4a) B TepMiHaxX
senennx dacy t =L(K)t i temmeparypu T = KgT/|Ao(K®)| I BOpSIAKOBAHMX CHC-
TeM HaiacTpykTypHux TumiB, CA, C3A 1 C/A (SKi «T€HEepYIOThCS» HAACTPYKTYPHUMHU
xBHTboBUMH Bektopamu K M-sipkn; quB. Ta6u. 4.1) 3a meBHOT 3BeeHO] TeMIepary-
pu T i KOHKPETHHUX, 3a1aHHUX ISl IPUKTIAY, 3HAYEHb [TAPAMETPIiB Mi’>KATOMOBHX B3a-

emomiit {ho(K™)}. Lli 3nauenns {A,(K")} BimmoBigarors meHiit Touwi (5/6; —5/8) Ha
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aisirpamax crabinbHOCTH HAACTPYKTYyp CA 1 C3A Ha puc. 4.7, a 1 6 BIANOBITHO, SKA

yKa3ye Ha Te, fKa caMe HaJCTPYKTypa € EHepPreTUYHO HAaWBUTIHINION (CTaOUTFHOIO)

cepell TPhOX MOXKIIMBHX 32 JJAHOI CTEX10MeTii.

HesBaxarouu Ha Te, 1m0 gisirpamu ctabinbHOCTH (puc. 4.7) OAep>KaHO I TEM-

nepatypu abCONIOTHOTO HYJIA, a KIHETUYHI KpuBi (puc. 4.9) — 1 HEHyJIbOBOI TEM-

neparypu, Jerko 0auuTy BIAMOBIIHICTH MK pe3yibTaTaMU PO3TIISAY CTaTUCTHYHO-

Tabnmis 4.4 PiBHSAHHS KIHETHKH ITapaMeTPiB JAJIEKOTO MOPSIKY IpadeHOBUX (HAT)CTPYKTYP 3aMilICHHSL.

Crpykrypa

Hudepentiitne piBHIHHS

CA

(puc.4.1,a)| dt

ny

= —¢(1-c)L(k" )h MK" o (““1/2)(1—“111/2)}

kT (c-mi/2)(1-c-my/2)

! ( [
(C+nz/2;(1c+nz/2)}

CA |dn =y | o (KM
—==—c(1-c)L(k 1
(puc.4.1,6)| dt cd-al )[le kg T " n(c—n'z/Z (1—0—11'2/2)
CA |dn, g0) . (e+my/2)(1-c+mp/2)
—=—c(1-c)L(0 +1
(puc.4.1,6)| dt ~ei-e) ()[ kT n(c_ng/z)(1—c—ng/2)
C3A %:_C(l_c)l:(kM) A (kM) I (C+3n|2/4)(]_c+n|2/4)
(puc.4.1,2)| dt (1 c—3n/4)(c—mj/4)
I o) X(k"”) e (erm2mg 4)(1—cn) 2 -ng /4)
ca |0 (C ' /2+m5 /4)(1-c—ny' /2-n} /4)
(pHc'Af'l’a)dilzl:_c(l_c)li(k“")PZ(kM)n"+ln (c+nt'/2+ny /4)(c-ni'/2+n) /4)(1-c+n} /4)
dt keT % (1—c—nl [2=nl /4)(1—c+n!' 2= nl /4) (c—n! /4)’
%:_( )L(O){ SN (c+ (g’ +my" +my")/4)(c+(my' =" —m3")/4)
dt ~ kBT o (C+( n(l)ll_'_n:lLll “I)/4)(C+( T,I(|)|| nl”+n'2")/4)
(1—C—( né”+ni” |||)/4)(1 c—(- TI(I)” nl"+n£")/4)
+In
(1_0_(11:3“+rli”+rllz“)/4)(1 c— (nm ||| |||)/4)
' _ (1o (k" )Pl(kM ) +ln(C+(né" 0 +ny)/4) (e (g + " =np')/4)
caA |0 kT 7 (et —n" —n)/4) (c+ (o' ="+ ") /4)
(pI/IC.4.1,e) (1 c— (nlll ||| |||)/4)(1 c— (néu nl"+n'z")/4)
+In
(1—0—(115"“1{" +n|2||)/4)(1_c (- né"+ni” |||)/4)
N X R e L1
d = kBT M2 (C—i—(n'“ nlll_nlzll)/4)(c+( n(|)||+ni|| |||)/4)

+In

(1 c— (nm ||| |||)/4)(1 c— (n$||+nl|u |||)/4)
(1—0—(115”+nl"+n'2”)/4)(1 c— (-1 —my" +m;")/4)
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CrpykTypa JudepeHiiiitHe piBHIHHS
' _ - (1o )L(O){ 2O (c+ (i + 30" +30)/8) (c+ (i~ it )/8)° .
dt kBT (1 c— (né"+3n{”+3n'z" 8)(1 c— (né" ||| '")/8)
+|n(1 c— (TI(I)“ 3711“"'3“'2“)/8)(1 c— (rl:)“"‘n;“ I“)/S)
(C+( n:)u 3n1||+3n|2n)/8)(c+( ngl_i_niu '“)/8)
dn" - el )[(kM)Pl(kM) . ln(0+(n3'+3ni”+3n!' )/8)(c+(=ny +" —n )/8)+
C7A dt kBT L (C+( n(l)ll 3nin+3n;u)/8)(c+(n(|)u ||| '”)/8)
4.1, 1 i i 1 ||| n
(prc 9 +|I’](1 c—(-np —3n, +3n, )/8)(1 c-(mp — )/8)
(1—c— (" +3n]" +3n)/8) (1-c- <n::'+n;“ "')/8)
ﬂ:_c(l_c)i(khﬂ)[x LMY e (c+(m' +3m)" +3n3")/8) (c+ (- =3 + 3 )/8)+
d — kBT (C-I—(n(')“ nl"—n'z")/8)(c+( rl(l)u_l_nin '“)/8)
(1 c— (néu_ m I“)/S)(l c— (rltl)“"'rli“ I“)/S)
+In
(1-c—(ng" +3m" +3n")/8) (1=~ (=mg" ~3n;" +3n;")/8)
CA  ldnl Ik, (eran3)(1-cen/3)
(prc.4.2,00) gt - o OHK )[ ke T "1+1n(c—n;/3)(1—c—2n1/3)
o C)L(O){ OO G VGt 1) G et e L
dt kBT (C né“/3 (nm '”)/3)(0 rl|||/3_'_(n||| I")/6)
o (1 C+T|(I)“/3+(n“l |||)/3)(1 C+n"'/3 (nm |||)/6)
(1-c—mg' /3+ (" +n3")/3) (1-c =i /3= " + i) f6)'
dniu - o1 )L(k )[ kK)ni“ . (C+ngl/3+(nllll +T1I2” )/6)(0 n||| /3+(n||| ||| )/6)+
CzA dt kBT (C+Tl:)“/3 (nlu +n|2||)/3)(c n|||/3 (nm |||)/3)
4.1, i n n 1 Il i
(puc. 4.1,) +In(1 c-ng' 3+ (" +my")/3)(1-c+mg' 3+(ny" —m;")/3)
(1 c— n(l)”/?) (n1||+n|2||)/6)(1 C+n|l|/3 (nm “I)/6)
L )[ LK) e (c+mo' 3+ ()" +n3)/6)(c—my 3-(nf' - )/3)+
dt kBT (C+lel/3 (nlu +n|2||)/3)(c 1’]“'/3+(1’]“| |||)/6)
(1 c— né"/3+(nl" +n|2||)/3)(1 C+1‘|“|/3 (nlll ”I)/6)
+In
(1 c— rl(l)”/?’ (ni||+n|2||)/6)(1 C+n|l|/3+(nu| |||)/3)

TEPMOAUHAMIYHOTO 1 KIHETHIHOTO MOJICITIB.

Pe3ynbTaTi OCTaHHBOTO MIATBEPAXKYIOTh MONEPE/IHI; 30KpEeMa, Y BUILIEBKa3aH1l

TOYIIl JisiTpaM €HEePreTHYHO HAWBWTITHIIIOW € CTPYKTYpa, JJIA sIKOi rmapamerep aa-

JICKOT'O MOPpAAKY pClIakCyeE 10 CBOTO

PIBHOBa)XHOTO 3HAYECHHSI, SIKE€ € HAMBHUIIUM Ce-
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Tabmuus 4.4 (MpoIOBKEHHS )

CrpykTypa JudepeHiiitHe piBHIHHS
dny' ~ _c(l- )L(0)|: ,(0) o 1n(c"'rlo /6+(111 M )/3)((:‘“10 /6_(111 N )/6)
dt BT (C nE]||/6_'_(n||| ”')/3)(C n"'/6 (nm ”')/6)
o (1 C+T|(I)“/6 (nlll |||)/3)(1 C+n|||/6+(n||| “I)/6)
(L-c—ny' f6—(n}" +n2")/3) (1=c—nj! /6+ (" +my")/6)°
dL“I =~ —C(l—C)l:(kK){kl(kK)ni“ +In (C+n:|/6+(n|lu +n|2||)/3)(c_n?n/6+(nm |||)/3) +
CeA | dt ke T (c+mg' /6—(m" +m3")/6)(c—mg' 6-(n)" —m;")/6)
41, 1 n n 1 n n
(puc. 4.1,u) (e /6 O+ 6)(1—e g6+ (" —ng') 6)
(1 c— n(l)u/6_(nlu+n|2u)/3)(l C+n|l|/6_(niu_n|2u 3)
dT]”I =—c(l- )L(k )|:k (kK) ”I +1n(c+n‘|’”/6+(n1” -’-nlzll)/3)((:_11?"/6 (nm |||)/6)
dt ke T (c+mg' /6—(m" +m3")/6)(c—mg' /6+(n)" —m;")/3)
o (1 c— n(l)”/6+(n1“+n|2“)/6)(1 C+T|“'/6 (nm |||)/3)
(1 c— T](|)||/6_(rli|| +qu|2||)/3)(1 C+n'"/6+(n'" |||)/6)

pel IHIIUX PIBHOBAXXHUX, CTAI[IOHAPHUX 1 MOTOYHUX 3HAUEHb MapaMeTpiB MOPSIKY
CTPYKTYp JAHOTO CKIaLy: Ha PUCYHKY 4.9, a (6) HalGIIBIINM € T)p, BIAIOBIAHO B TO-
yrii (5/6; —5/8) Ha puc. 4.7, a (6) nvanctpykrypa CA Ha puc.4.1, 6 (C3A Ha puc. 4.1, 2),
SIKa XapPaKTEPU3YEThCS TAPAMETPOM HOPSAKY T)p, € HAHCTAGLIBHIMIOIO.

Amnanoriyna cutyairisi € TunoBoto i y st cucteM CoA 1 CsA (SIK1 «TeHepyIOTh-

cs» K-3ipKoro HaacTpyKTypHEX XBHIboBHX BekTopis K<). Ha pucynxy 4.10, a Haii6i-

1 T 1 l T T T T T
0.8f 1 =08t
=0.6r 06t
= Se
=04 1 =041
EE'EIT](II =E
0.2 e—e—@-r]'_ ﬁ02
i =
\n ﬁ—ﬁ—:&-r-llz
0 P ey e 0
0 3 6 9 12 15 18 0 3 6 9
t t
a 9] 8

Pucynoxk 4.9 YacoBa eBoIOIiS TapaMeTpiB JAIEKOT0 MOPSIKY CUCTEM THUITY JOMOBaHHX rpadeHo-
BHX 3a NMEBHHUX 3HadyeHb 3BejeHoi Temmeparypn, T = KaT/[ha(k™)|=0,1, i mapamerpis B3aemoiit

atomis: Ai(KM)/ha(kM) = 5/6, 1,(0)/Aa(kM) = =5/8 (Ao(k™) < 0).
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Pucynok 4.10 Texx came, 0 i Ha MOMEPEIHFOMY PHCYHKY, aJi€ JUISl 1HIIOTO THITY JOTIOBaHUX T'pa-

denosux cucrem, ne T = kgT/h2(K) = 0,14 (Aa(kS) = A1 (K¥) < 0), a A2(0)/11(KS) = 7/12.

JBIINM MapaMeTpoOM JAJEKOTO MOPANIKY € n'l, BiIOBiIHO B Touni 7/12 Ha puc. 4.8
HazacTpykrypa C,A Ha puc. 4.1, oc, Ka XapaKTepU3yeThCs MAPAMETPOM HOPSIKY M1, €
CTaOIIBHIIIONO 3a CBOIO 1HITY «KOHKYpeHTKY» — C,A Ha puc. 4.1, 3.

Croinsaum Ha puc. 4.9 1 4.10 € 1 Te, 10 MapaMeTpu IAJICKOTO MOPSIAKY IS TUX
CTPYKTYp 3aMillleHHSs, sIKI XapaKTepU3ylOThCsl TpbOMa MapamMeTpaMu, MOXKYTh pellaK-
CyBaTH JI0 CBOiX PIBHOB@XHUX 3HAYECHb HeMOHOMOHHO. [IpudoMy HEMOHOTOHHICTbH
MO>K€ MaTH Miclie sk 3a pi3HuX (puc. 4.9), Tak 1 3a onHakoBux (puc. 4.10) 3HakiB mna-
paMeTpiB MI>XKaTOMOBUX B3a€MOJIM. A penakcyBaTH HEMOHOTOHHO MOXKE KOXKHHH 3

TPHOX MAPAMETPiB JAJIEKOTO MOPSIAKY, 1, , M, i mn, .

Taky HEMOHOTOHHICTh NESIKWX KIHETUYHUX KPWUBHX CIPUYUHEHO HASBHICTIO
JIBOX MIJAIPaTHUIIb B rpad)eHOBIN (IIIJTLHUKOBIN) I'PaTHMUIIL, @ TOYHIIIE, KOHKYPEHIIIEIO
(3a 3HAYCHHSIMU €HEPTiN) 6HYMPIUHbONIOTPAMHUYeBUX 1 MIDCNIOTPAMHUYe8UX MIXKa-
TOMOBHUX B3a€MOJIM: MEPII JOMIHYIOTh JIMIIIE Ha TTOYaTKOBINA CTaJli peakcarllii, npo-
muoiroyy BIOPSIKYBAHHIO, HATOMICTh OCTaHHI JIOMIHYIOTh Ha OLIBII JaJeKUX Jacax
penakcaii i y piIBHOBaXXHOMY CTaHl, cnpusoyy BOOPsAAKYBaHHIO. Came TOMy JesiKi
KIHETUYH1 KPUBI, 1110 MICTAThCs Ha puc. 4.9 1 4.10, coyatky crajaarTh, a MOTIM 3pO-
CTal0Th, BUXOJIYN HA PIBEHb «HACHUYCHHS» — PIBHOBAKHOIO 3HAYCHHS Iapamerpa

AAJICKOT'O MOPAAKY.
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Pucynok 4.11 YacoBi 3a1eXHOCTI pIKHHUIIbL EHTPOIIHHUX BHECKIB Y €BOJIOLII0 JBOX (3 TPHOX) Ma-

pameTpiB janexoro nopsaky, AlnZ(c,my',m",my'), (@) Ta camux nux napamerpis, n,' —mn,', (6) B

rpaderoBiit cTpykrypi CsA-tumy, ne AInZ(c,my',m,",my') — PIKHHUIA JOrapUTMiYHUX YAaCTHH B

KIHCTHYHUX PIBHSHHSX JUISL JAHOT CTPYKTYpH (uB. Ta0I. 4.4).

BtiM, € ¥ BIAMIHHICTD MIX pe3yibTaTaMu, SIKUX MpeicTaBieHo Ha puc. 4.9 i

4.10. Sk BuaHO 3 puc. 4.10, KiHeTHYHI KPHBI JUTs TTApaMeTpiB mopsaKy n," i n) Ko-

#HO1 3 BOX cTpyKTyp C,A 1 CsA (mpakTtuyHO) criBnagarothk. Lle cnpuunHeHo tum,
mo, Ha BiaMiHy Bix (Ham)ctpykryp CA-, C3A- i C;A-Tumy, mmst sikux Aqy(KY) # Aa(kM),
st (Hag)cTpykTyp CoA- 1 CsA-Tuny ABa 3 TphOX MapameTpiB MIXKATOMOBUX B3a€EMO-
miit piBai, (K<) =Ao(K ), 3aBasiki qoMy € piBHUMHI BHECKH BiX BHYTpIIIHIX eHepriit
LUX CHCTEM.

OTxe BIIMIHHICTh KIHETHUHUX KPUBHX JUIsl IPUTAMAaHHUX Tpad)eHOBUM CHUCTe-

mam C,A i CsA mapameTpiB JaIekoro mopsiaky 1," i 1, BU3HAYAETHCS JIMIIE BiJMiH-

HICTIO CHTPOMIWHUX BHECKIB y KIHETUYHUH MPOIIEC, CE0TO PIKHUIICIO JIOTAPUTMIYHUX
YaCTHH Y BIJIMOBIIHUX KIHETUYHUX PIBHSIHHAX IJI TUX cucteM (B Tadi. 4.3). YHacoBy
3aJIeKHICTh TAKOT PIKHUIN, Hanmpukian, 1 cuctemu CsA nmofano Ha puc. 4.11, a. i

Maja BeJIMYMHA Ta PIBHICTh BHECKIB BiJl BHYTPIIIHIX €HEPrid CIPUUYMHIOIOTH 1IE Me-

HILY PLKHUIO MapaMeTpiB JAJeKoro Mopsaky m,' i m,' B NEBHUH MOMEHT 4acy i

IPOTATOM YChOT'O KIHETUYHOIO MpOILIECy, siKa, K nmokasye puc. 4.11, 6, B piBHOBax-

HOMY CTaH1 MPSAMYE 710 HYJIA.
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4.2 Po34uH BTLJICHHSA

4.2.1 Mixcey3nosunu zpaghenosoi ipamuuyi ma 63aEmooii amomie y Hux

[To3naurMo aTomMu BTiIEHHs y rpadeHoBii (IIIIbHUKOBIHN) rpaTHUI Yepe3 X, a
3aJIMIICH] BAKAHTHUMU TIO3UITIT JUTS [IKX aTOMIB Yy 11 MIXKBY3JI0BHHAX — 4epe3 O,

Ax BugHO 3 puc. 4.12, MoM0KEHHS I' KOKHOTO BTIJIEHOT'O Y MIDKBY3JIOBUHY aToMa
MOYKHa XapaKTepU3yBaTH CyMOIO TBOX BEeKTOpiB: I = R + h, ne R Bu3Hauae movarko-
BUU («HYJIbOBUI») BY30JI IPUMITHBHOI €JI€MEHTApHOI KOMIPKH, B SIKii 3HAXOAUTHCS

po3riiayBaHa Mi)I(BYBHOBHHa, a h — 11 monoxeHHs BiIIHOCHO «HYJIBOBOI'O» BY3Jjid

Pucynok 4.12 B3aeMHe po3TanryBaHHS BY3JIiB i Mi’KBY3JIOBUH (IIEHTPIB IIUTHPHUKIB) Y MIIJTBHAKOBIN
rpatHuti, 1e ABCD — nmpumMiTHBHA eleMeHTapHa KOMipKa, a1 1 82 — OCHOBHI BEKTOPU TPaHCIIALIT
IpaTHUII, & — i1 OCHOBHUII mapameTep, g — BiaNb MDX HaiOmmxuumu By3namu. Kona no3nava-
10Th niepiri 10 By310BUX (MyHKTUPHI) i 3 MIXKBY3JI0BUX (CYIIUTbHI) KOOPAMHAIIMHUX «cep» («Kim»)

BiTHOCHO mo4aTKy (y By3.1i A) KOCOKYTHBOI CHCTEMH KOOPIUHAT i MiKBY310BUHH E BimoBiIHO.
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KoMipku. Po3TairyBaHHsS KOMIOHEHTIB BTUIeHHS o (o0 =X, &) mo MiKBY3JI0BHHAX
IIIJIHUKOBOT I'paTHUII OyJIeMO OMUCYBATH 3a JIOIIOMOT'0K0 OJHOYACTHHKOBOI (hyHKIIIT
po3noaity P(R) — WMOBIpHICTh 3HaXO/DKEHHS aroMa BTIICHHS X y MIDKBY3JIOBHHI
MPUMITUBHOI €JIEeMEHTapHOI KOMIPKH 3 PaJilocOM-BEKTOpPOM R KpuCTaIidyHOI IpaTHHU-
111 po3unHHuKa (puc. 4.12). Pagitoc-BekTop R 1MoB’si3aHMil 3 OCHOBHUMH BEKTOpaMHU
TpaHCALIT @ 1 820 R=n;a; +Nyay, 1e Ny, N, — 111 YKca.

SIKI0 pamirocu MepIIuX MEeCATH BY3JI0BUX KOOPAUHAIIMHUAX «KUDY MITLHUKOBOI
rpaTHUII Ha puc. 4.12 cTaHoBIATH I, =a,, r,=+/3a, F,=23, I, = ﬁao, I, =3a,,
r,=23a, r,=+13a, I, =43, r,=19a, r,=+/21a, TO pajilocu mepmIuX TPHOX
MiXBY3JI0BUX KOOPJMHAIIHHUX «Kim» — I =1, =~[3a,, I, = =33, r, =r, =2/3a,,
i€ @g € BIAAANb MK HAHOIM>KYUMU By3J1aMU IPATHHIII.

[TinrpaTHuIst MIXKBY3710BUH (LIEHTPIB IIUIBHUKIB) T€OMETPUYHO E€KBIBAJICHTHA
KOXKHI 3 JIBOX B3a€EMHO MPOHUKHHUX (E€KBIBAJIEHTHUX MK CO0O0I0) T€KCaroHaJbHUX
HiIPaTHUIIb, 10 YTBOPIOIOTH CaMy HIUTbHUKOBY IpaTHUII0. CaMe TOMY pajaitocu Mi-
KBY3JIOBUX KOOPAUHAIIAHUX «KUD» (I}, Iy, [y, ...) CHIBIAJAI0Th 3 BHYTPIIIHBOIMIATPA-
THUILICBUMH PAJIit0OCaMH BY3JIOBUX KOOPJIWUHAIINHUX «K1D» (I, Is, I, ... BIIMOBIIHO).
OTtxe, pa3oM 3 By3JIaMH BTUICHHS Tpad)eHOBa IPaTHUILI CKJIAIa€ThCA 3 TPHOX (a HE 3
JBOX, SIK 0€3 HUX Y MOTEPEIHIM MiPO3iJii) B3aEMHO POHUKHUX T€OMETPHUYHO CKBI-
BaJICHTHUX T'€KCAaroHaJIbHUX MIATPATHUIL bpaBe, 3MIIIEeHUX OJHA BIJHOCHO 1HIIIOI Ha
neBHi BekTop (puc. 4.12).

Hexaii 3a o3HaueHHsAM K = Ny/Ny . — BITHOCHA KOHIIEHTPAILIisS AOMIIIKHA BTLICH-
Hs, TOOTO YacTKa JOCTYNMHUX MIXKBY3JOBUH, 3alHSATHUX BTIIEHUMH atoMamu, Ny —
KUIBKICTh BTIJIEHUX aTOMiB copTy X, a Ny, — YHCIO IPUMITUBHUX €JIEeMEHTapHUX
KOMIPOK Y IIUJIbHUKOBIN I'PaTHUIIL, 110 JOPIBHIOE YKCTY 3a3HAYEHUX MIXKBY3JIOBUH B
uiit; C=Ny/(Nx+ Nc) — aromoBa 10115 (KOHIEHTpAILis) caMe JOMIIIKOBUX aTOMIB BiJl
3arajgbHOI KITBKOCTH aToMiB, e Nc — kuibkicTh atromiB KapOony (abo >k By3JiB 3a
BIJICYTHOCTH BAaKaHCIN).

VY HabmmKeHHI CaMOY3TOKEHOT0 (30KpeMa, «cepeaHboroy) mous [15] ans dy-

HKITIOHATYy BUIBHOI (I'eIbMrosbIioBoi) eHeprii 6iHapHOTO TBEPAOTO PO3UHMHY BTLICH-
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HS HA OCHOBI NIUIbHUKOBOI (TpadeHOBOi) TpaTHUIN BHAUTUMO KOH(DIrypariiHo-
3aJIS)KHY YaCTUHY W TIpeIcTaBUMO i1 y BUTIIAAl [25, 362]:
1 !/ !
AF = AU —TAS = EZW(R ~-R)P(R)P(R") +

RR (4.5)
+ksTY [ P(R)INP(R) +(1-P(R))In(1-P(R)) |

AU — xoH}iryparliitHo-3ale)kHa BHYTPIIIHSA €HEepris po3unuHy, AS — KoH}Iryparii-
Ho-3anekHa eHrpoiist, P(R) — HMOBIPHICTh 3HaXOKEHHS aToMa BTUICHHS X y MiX-
BY3JIOBHHI NMPUMITHUBHOI €JIEMEHTapHOI KOMIPKH 3 paJitocoM-BeKTopoM R kpucraiy-
HOI rpaTHHIN po3unHHUKA (puc. 4.12), a
W(R-R)=W*(R-R)+W??(R-R)-2W"?(R-R’) (4.6)
— eHepris 3MilanHs KoMroHeHTiB X i & mizcucremu Brinenns, xe W(R - R') —
eHepris eeKTUBHO MapHOi B3aeMoii «aToMiB» copTiB o 1 B (o, B = X, &), mo 3a-
MMalOTh MIKBY3JIOBUHM y TMPUMITUBHUX €JIEMEHTapHUX KOMIpPKax 3 paJilocamu-
BekTopamu R 1 R’ BianosigHo. B pamkax xoHdirypaiiitHoro moaemnto [25] oOmexu-
MOCsI BpaxXyBaHHSIM e(peKTUBHHMX B3a€MO/Iiil uiire nap yactuHok o—f (o, B=X, J) Ha
MDKBY3JIOBHHAX 1, SIK BXKE 3a3HAYaN0OCs, BUKOPUCTAEMO HAOIMKEHHS CaMOY3roJIXke-
HOro moJis. CyTHICTh IUX HAONKEHB TMOJSTae€ B TOMY, IO «CyMapHE» BHYTPIITHE
moJie, SIKe JIl€ Ha «aToM» y MIKBY3J0BHHI R 3 OOKy IHIIUX aTOMiB (BTUICHHUX 1 MaT-
PUYHUX), 3aMIHIOETHCSI Ha «CaMOYCEpEIHEHE» (CaMOy3rojiKeHe) 1oJe, o Bigodpa-
Kae HAOUIbII WMOBIPHUN PE3yJIbTaT CyMapHOi B3a€MOJII1 BCIX aTOMIB 3 BUAIJICHUM
3a TaKOro iX PO3MOJiITY, AKUH OMUCYEThCS OAHOYACTHHKOBOIO (yHKIlieo P(R) 1 mum
ke (CaMOy3TOJIPKEHHUM) TIoJIeM CTBOproeThes [25]. e «camoycepennene» (camoysro-
JDKEHE) TI0JIe HEe MICTHTh BHECKY BiJ] (DITFOKTYAIliil B MPOCTOPOBOMY PO3IOIiII YacTH-
HOK, TOOTO SIK BiJ OJIM3BKHUX, TaK 1 BiJ JaJIEKUX MI)KaTOMOBUX KOpEJSALINHUX edek-
TiB, 1 MOYKE 3aJI€)KATH JIMIIE BiJl CTYMEHs KOOPAUHALIIIHOTO AaJIeKOro mopsaaky [25].
JIJIsl cTaTUCTUYHO-TEPMOANHAMIYHOTO BPaxXyBaHHS B3a€MOJIii aTOMIB (K MaT-
PUYHMX, TaK 1 BTIJIEHUX) y BCIX KOOPJAMHALIMHUX «KOJIAX» 3PYYHO KOPUCTATHCS il
orucoM y TepMinax @yp’e-o6pazie (Pyp’e-KOMIIOHEHT) eHeprii 3mitmanus [15, 25]:

W(k) =Y W(R-R")exp[-ik-(R-R], (4.7)
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Tabmuust 4.5 Bupasu s mapameTpiB «CPEPUIHO»-CUMETPUYHUX MIDKAaTOMOBUX B3a€EMOJINA —
®yp’e-xommonent W(K®) (s HagerpykrypHux 3ipok S =T, M, K kBazuxBuiboBrx Bekropis K' KM,

KK BIJINIOBI/THO) €HEPrii 3MIIIaHHS KOMITOHEHTIB (W), Wy, Wyyj, ...) Ha MIDXXKBY3JIOBHHAX II{IJTBHUKOBOI

I'PATHHUIII, Ta TUITH HAACTPYKTYP, IO MOKYTh «IeHepyBaTucs» I'-, M- a6o K-3ipkoro (puc. 1.3, 6).

. S ~ s MO>KIIHBI «3TE€HEPOBaHI»
3ipka K w(k®) HAJICTPYKTYPHI TUITH
r k" =0 6w, +6w, +6w,, +... CoX (Cs=1/3, kst=1)
k" :{%,0} —2W, —2W,, + 6w, +...
. 1 CaX (Cst =1/5, kg = 1/2)
M k" :{O’E} —2W, — 2w, + 6w, +...
CeX (Cst=1/9, kst=1/4)
KM :{—11} —2W, —2W,, + 6w, +...
22
k" :{g—%} —3W, + 6w, —3w,, +...
k" :{§§} —3W, + 6w, —3w,, +...

ne K — XBUJIbOBHUIT BEKTOp y ABOBHMIpHIM oOepHEHIM mpoctopi (puc. 1.3, 6), skuii
«TeHepye» BIAMOBIIHY ABOBUMIPHY (HAJ)CTPYKTYpY BTIIEHHS (y pasl JajieKkoro BIO-

psanakyBaHHs). Bynb-sikuil BeKTOp 00EpHEHOT0 MPOCTOPY, B TOMY YHCHI ¥ HAJICTPYK-
TypHi (Tabn. 4.5), mogamo sk k = (k,;k,)" = 2n(ka; +k,a3) = {k.,k,}, 1€ a i a, —
OCHOBHI TPaHCJIAIIMHI BEKTOpH 00epHEHOI rpaTHUIl (B310BXk Hampsamkis [10] 1 [0 1]
y Hilf BignoBinHO), a K; 1 K, — mesiki uncna. Bektopu a; 1 a, moB’s3aHi 3 OCHOBHUM
mapaMeTpoM TPaHCIAL|i TpaTHuI: |a;| = [a;| = 2/(~/3a).

3 o3HaueHHs (4.7) B HAOIMKEHHI LEHTPATbHO-CUMETPUUYHUX («130TPOITHUX))

MI)KaTOMOBHX B3a€MOJIil BTIJICHHX aTOMIB MAaeMO HacTymHui Bupas i K-i dyp’e-

KOMITOHCHTH €HEPTii 3MiIlIaHHS:
W(k) =W, |:ei2nk1 4ei2me 4 gi2ntkitk) | g-idnky | q-i2nky | o-i2n(kthy) ] n
W, |:ei27[(k1_k2) + ei2n(2k1+k2) + ei27r(k1+2k2) + e—izn(kl—kz) + e—izn(2k1+k2) + e—iZn(k1+2k2) } n
gy [ @147 g1t g2 g g gl [ (4.8)

ae Wy, Wy, Wy, ... — €Heprii 3MillIaHHs aToMiB X 1 IMyCTUX MIKBY3JIOBUH J Ha Bijmja-
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JSX, 10 JOPIBHIOKOTH pajirocam 1-ro, 2-ro, 3-T0 1 T.J. MIKBY3JI0BUX KOOpAUHAITIH-
HUX «KiJ1» BIAMOBIAHO (puc. 4.12).

Sk BugHO 3 puc. 1.4, 6, HeeKBIBAJIGHTHIM TOYKaM BHCOKoi cumetpii M (M’, M")
i K (K") BigmoBigarots mpomeni «3ipok» {Kju} i {Kjx}, koMIoHEHTH BEKTOPIB SIKUX Y

Gasuci 2may, 21a, € TAKAMH [25]:

k, =ma :{E,O}, K, =ma, :{O’E}’ Ky, :n(—a1+a2)={—5,5};

T :{3,_1},k2 PN {11}
‘ 3 3 “ 3 3 33

Came 11 (HaACTPYKTYpHI) XBHJIBOBI BEKTOPU M MOXKYTh «I€HEpyBaTw» (HaJ)CTPYyK-
Typu BTUICHHS [25] Ha rpadeHoBii OCHOBI, K1 € TEPMOJUHAMIYHO CTIHKUMH MO0
aHTu(a3HUX 3CyBIB (YU TO MOAPIOHEHHS HA aHTH(a3HI JoMeHn). Bupasu qis Oyp’e-
KOMITOHEHT eHepriii 3minranms 1t myasosoro (K =0) ta Hemymposux ({k™} i {K*})

HAJCTPYKTYPHHUX XBUJIBOBUX BEKTOPIB HaBEJCHO B Ta0. 4.5, 3 sIKOT BUIHO, 11O

W(klM )= W(kzM )= V~V(k3M ) =w(k"), W(le) = W(sz) =W(k").

4.2.2 Cmamucmuuna mepmoOuHaAmMiKa HAOCMPYKmMyp 6Mmi1eHHA

Ha pucynky 4.13 300pak€HO YOTHPHU 3 MOKJIUBUX BIIOPSIKOBAHUX PO3IOJLIIB
JOMIIIKOBUX aTOMIB X MO MDKBY3JIOBMHAX IIIJILHUKOBOI I'PAaTHMIN, — ILEHTpax i
U[UIbHUKIB, — y BUIJIAJI NPUMITUBHUX €JIEMEHTAPHUX KOMIPOK HAaJACTPYKTYp BTi-
JIEHHSI CTIMKUX 10 aHTU(da3zHuX 3cyBiB (a00 moapiOHEHHA Ha aHTH(A3HI JOMEHH).
KoxnHa mpuMiTHBHA elleMeHTapHa KoMipka Ha puc. 4.13 MICTUTH 1Ba BY31U i OJIHY
MDKBY3JIOBUHY — IIEHTp IIUThHUKA. OfepkaHi 32 METOA0I0 CTaTUYHHUX KOHIICHTpa-
IIHHUX XBUJIb Ta y HAOJIMKEHHI CaMOY3T0JIPKEHOTO OISl (DYHKITN pO3MOILTY TOMIIII-
KU Ta KOH(]IrypauiiiHi BUIbHI eHeprii (Ha OJHy MIKBY3JI0BUHY) JUIsl BCIX HAACTPYKTYP
Ha puc. 4.13 micTaTbes B Ta0m. 4.6.

[{ixaBo, 1110 AKIIO BC1 MI’)KBY3JIOBUHHU 3alIOBHUTH aTOMaMU JIOMIIIKU X, ceOTO 3a
il BITHOCHOI KOHIEHTpaIlll K = Kg =1, yTBOpuUThCA HaACTpykTypa-kiactep C,X 3
IPUMITUBHOIO €JIEMEHTAPHOIO KOMIPKOIO Ha puc. 4.13, a 1 MaKCUMaIbHOIO aTOMOBOIO

YaCTKOIO JISI'YBaJIbHOI (IOIMyBAIBHOT) JOMIIIKHM BTUICHHS: C = g = 1/3.
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a, /ngag ‘ X

nea,

a 9]
Nnods noa,
a;
D)
a ay
n;a, 121(
X
@)
*C
8 2

Pucynok 4.13 [lpumiTuBHI eneMeHTapHI KOMIpKU TpadeHOBHX HaACTPYKTyp BTUIeHHS (a) CpX
(kst=1, T00TO C5t =1/3), (6) CaX (kst=1/2, cst=1/5), (6) CeX (kst=1/3, cst=1/7) i (2) CgX
(kst=1/4, ¢t = 1/9) Ha MiKBY3JI0BHHAX IIUIBHUKOBOI IpaTHUI, A¢ aToMH KapOoHy Mmo3HaveHo 3i-

pOUYKaMH, a HE3aMOBHEH1 (B HAJCTPYKTYpP1) MIKBY3JIOBUHH — O.

4.2.3 Cmaoinvnicms Haocmpykmyp émijieHHA

[3 3HM)KEHHSIM TeMIepaTypu A0 MEBHOTO 3HA4Y€HHs (TaK 3BaHOI TeMIiepaTypu
a0COMIOTHOT BTpaTH CTiiikocTH [15]) HeBmopsiaKOBaHUN PO3MOJLT BTIJICHUX aTOMIB
CTa€ HECTIUKUM 11010 TOSBU MEBHOTO MOPSJIKY B X PO3MIIICHH] 110 MI>XKBY3JIOBUHAX
rpadeHoOBOi I'paTHUI, 1 YMOXKJIUBIIIOETHCSI YTBOPEHHSI CTPYKTYPH BTUICHHS, BIOPS/I-
KOBAHOI 3a MEBHHUM 13 3a3HAYCHHMX HAJCTPYKTYpHUM THUMOM. HeoOXimHOIO yMOBOIO
BIIOPSIIKYBaHHS (Ta ¥ KjacTepu3allii) JAOMIIIKOBUX aTOMIB X MO MIKBY3JI0BHHAaX

rpadeHOBOI IpaTHUII € MO3UTUBHICTH TEMIEPATypu BTPATH CTINKOCTH HEBIOPSIKO-
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Tabmuus 4.6 VmosipricHi byHKIil po3moainy JOMIMKOBHX aToMiB X Ta muToMi KOH(Irypariiai

BUIBHI eHeprii 11 rpadeHoBHUX (HAT)CTPYKTYP BTUICHHS, 7€ N1 1 N2 € 7, a EeHePreTHYHI MapaMeTpu

W(0), W(k") i W(k") mators Bipasy, IKHX HABELCHO B MOMEPEAHIiT TAGIHL.

HaHT;;I; i OyHKIIS PO3NOALTY Kondirypauiiina BizibHa eHeprist (Ha OMH BY3011)
CoX 1
(ke=1) [P(R)=1 AF = —Ww(0)
(puc.4.13, a) 2

AF = %KZW(O)+%n2W(kM )+
X 1 LT L e I
(kt=1/2) P(R)=K+Encos(nnl) okl | oI kEom | I=k=om jin Ik =2m +

(puc.4.13, 0)
+(K—lnjln(K—lnj+(1—1<+1njln(l—K+lnj
2 2 2 2

P(R) =+ AF = %KZVN\I(O)+én2W(kK)+
CeX 1 cos| 2m gn —ln + 1 2 2 2 2
(kst=1/3) 3n 3t 3° +§kBT[(KJrgnjln(K+§nj+(1—K—§njln[l—K—§nj+
nc.4.13,6
P ) +C0S| 2n £n1+£n2 1 1 1 1
3 3 +2 K—gn In K—én +2 1—K+§n In 1—K+§T|

1 3
AF = = 1*W(0) + —n*W(k" ) +
> 0) 3" (k™)

CeX sl
ey [T +%kBTKH%”)ln(K+§”j+(1—x—§”jln(l—1<—%“j+

(puc. 4.13,2) |+cos(mn, ) +cos(n(n, —nz))]
+3(K—%njln(1<—%n]+3(l—K+%njln(1—l<+%nﬂ

BaHUM cTaHOM po3unHy C—X 10710 BUHUKHEHHS JAJEKOTO MOPSAIKY AAHOTO THITY
(a0 x po3lIapyBaHHs) B PO3MOALII aTOMIB X, IO «T€HEPYETHCS» 31PKOI0 HAJICTPYK-
TYpHOTO (YU TO CTPYKTYPHOTO) XBMJIBOBOTO BekTopa K°eBZ (mmB. puc. 1.3, 6 i
1abm. 4.5): Ts=—c(1 — c)WK’)/ks > 0, ne M(K’) = minw(k’) < 0 (k € BZ) [15]. Lia ymo-
Ba peali3yeThCs sl IEBHUX JUISTHOK 3HAYCHB IMapaMeTpiB MIKATOMOBHUX B3a€MOIIN
Wi, Wy, Wy, ..., IKI MICTATBCS Y BUpa3ax JJis KOHQITypaliifHOi BUIBHOT (a came, BHYT-
PIITHBOT) eHeprii, HaBeJCHUX Y TOTePETHFOMY ITiIPO3ILITI.

Ak mokazaHO B MIONEPEAHIM MiAPO3AUI, JJIS BHCOKOJICTOBAHUX TIpadeHOBHUX
(Ha)cTpyKTYp 3aMillieHHs (30KpeMa, 3a meBHUX ctexiomeTpiil C3A, C,A, CA) € MoxkiTu-
BHMH JICK1JIbKa HECKBIBAJICHTHHUX BITOPSAAKOBAHUX PO3IOILTIB JIEIyBaJIbHUX aTOMIB (A)

I10 BYy3Jj1aX HIiJIBHI/IKOBOI rpaTHI/II_Ii. I[J'IH BHU3HAYCHHA YMOB BUHUKHCHHS 1 HU3BKOTEMIIE-
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paTypHOi CTablIbHOCTH TaKUX HAACTPYKTYP, CTIMKUX 1010 MOJAPIOHEHHS X HA aHTU-
¢a3Hi JOMEHH, 3aCTOCOBYBajacs Iie i JOCTaTHS yMOBa, — MiHIMaJIbHICTh KOH(DIrypa-
[iitHOT BHYTpimHbO1 eHeprii AU|r_g k, — sika 1o CyTi po3B’si3yBajia mpoodiiemy 1000py
HANUCTAOUIBHINIO! 3 KIJIBKOX HAJICTPYKTYpP OJHOTO CKJIaay B YMOBaX «EHEPreTUYHOL
KOHKYPEHITI1».

HaTtomicTh KOXHa 3 HAACTPYKTYPHUX CTEXIOMETPiil BTUIEHHS HA OCHOBI LIiTbHU-
koBoi rpaTHulll, — CoX, CyX, CgX, CgX (K 1 cTeX1OMETPii «HU3bKOJIETOBAHUX) HA/l-
cTpykTyp 3amimeHHs CsA 1 C;A), — repenbayvae Juiie oUH BIIOPSIKOBAHHNA PO3IOLT
BTIJICHUX Y MIXKBY3J10BHHHU aToMiB (X), sik mokaszano Ha puc. 4.13. Omxke, 3a hikcoBaHO-
r0 CTEXIOMETPUYHOTO CKIIJy «KOHKYPEHIIIs» 3 OOKY 1HIIMX 32 CUMETPIEI0 HAJICTPYK-
Typ TOTO X CKJIaAy (3 IHIIMMH HEEKBIBAJICHTHUMHU BIIOPSAKOBAHUMHU PO3MOJILIIAMU J10-
MIIIKOBUX aTOMIB BTIJICHHS IO MI>XKBY3JIOBHHAX, ITI0 IEHTPYIOTH IIIbHUKH ) BIZICYTHSL.

OTtxe, s peanizanli NeBHOI (Ha)CTPYKTYPH BTIJIEHHS 3aJ1aHO1 CTEXIOMETpIi Ha
rpadeHoBili ocHOBI gocTaTtHLO (i HeobXximHo) mo6 g Hei 6ymo W(k®) < 0, ne W(K)
MICTUTBCS Y BUPa31 Juisl KOH(DIrypaliiiHoi BUIbHOT eHeprii Tiel (Ham)cTpykTypu. Hins-
HKH Bim’eMHEX 3HaueHb eHepretrannx mapamerpis w(kK"), w(K ) i w(0) y Tepmimax
3HAa4YeHb BiJHOIICHBL EHEPrid 3Mirmranus W, /W, 1 Wy,,/W, moxano Ha puc. 4.14, a ninsaH-
KM, Ha SIKUX HaMEHILIUM B1J’€MHHUM Y MOPIBHAHHI 3 BOMA IHIIUMU € SIKUHCh OJUH 3
TUX TPHOX MapaMeTpiB, HaBeleHO Ha puc. 4.15. (Sk 1 B mepiiomy, B Ipyromy BUTaI-
Ky JI0 yBaru 0epyTbcs MI>KATOMOBI B3a€MOJII1 Ha BIAJAJAX, K1 HE TIEPEBUIILYIOTh pa-
JIFOCH MEPUINX TPHOX MIKBY3JIOBUX KOOPAMHAIIMHUX «K1I».)

3amTpuxoBaHi AUISHKY Ha puc. 4.15 BU3HAYaIOTh JOMYCTUMI 3HAYEHHS BiJTHO-
[ICHb CHEPTiK 3Mimmanas Wy /W 1 Wy, /W), 3a skux 3a0e3rmeuyeThesi HalOIbIa eHepre-
TUYHA BUTIJHICT (a TOMY i HU3BKOTEMIIEpaTypHa CTAOLIBHICT) BIAMOBIAHUX (CTiH-
KHUX I10/I0 BAHUKHEHHS aHTU(a3HUX 3CYBIB) CTaHIB MIJCUCTEMU BTIJICHHS 3 I[EHTpPa-
JTHHO-CUMETPUYHUMH Ta KOPOTKOCSHKHIUMH Mi>)KaTOMOBHMH B3a€MOJISIMH, KOJH JTOC-
TaTHHO BPAaxOBYBATU B3a€MOJIiI0 BTUICHUX aTOMIB JIMIIE B MEPIIUX TPHOX MIKBY3JIO-
BUHHUX KOOPAMHAIIIMHUX «KOJIaX», 3a3HAaYCHUX Ha puc. 4.12 B pO3UMHHUKY 31 HT1JTh-
HUKOBOIO I'PATHHUIICIO (TOOTO 3 Wyy =Wy = ... = 0).

Tak, minsHIN, Mo3HaYeHi Ha puc. 4.15 ymouo yepe3 « W(k™)» BigmoBimae
2 2 y
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Pucynok 4.14 JliissHKM 3Ha4Y€Hb BiJHOIICHb CHEPTid 3MitmanHs Wy/Wy 1 Wy /Wy, o «3a0e31euyroTh»
Big emuicTs eneprernunnx napamerpis W(0), W(k™) i W(k*), a Tomy it nosurusmicTs BimmoBiz-
HHUX TEMIIEPATyp BTPATH CTIHKOCTH HEBIOPSIKOBAHUM CTaHOM ITiJICHCTEMH BTLICHHS 100 MEpeT-
BOPEHHS HOTO y BHOpsAKOBaHMil (a0 ik kmactepusosanmii): T, =—c(1—c)W(k®)/k, >0. Hesamr-

pHXOBaHa JUISHKA BKa3ye Ha HEMOXKIIHMBICTh BHOPSIKOBAHOTO (Ta M KJIACTEPH30BAHOTO) CTaHY 3a
BIZMOBIIHUX Tl 3HAYECHb €HEPrii 3MIIIaHHS BTIJIEHUX aTOMIB X 1 MyCTHX MDKBY3JIOBHH & y TPhOX

MDXKBY3JIOBUHHUX KOOPAUHAIIHHUX «Konax» (Wy, Wy, Wyyj), OCKiIbKku Auis Hel Ts < 0.

CXWJIBHICTh MIJCUCTEMH BTUICHUX aTOMIB X 10 (POpPMyBaHHS CTaHy MOPAJIKY, 10 «I'e-
HepyeThes» M-3ipkoro (puc. 1.3, 6). Lle o3Havae, 110 3HaYCHHS eHEepriid MI>KaTOMOBHUX
B3a€EMO/IIN 3 TI€T UISTHKA MOXYTh «3a0€31euyBaTH» €HEPreTUYHY BUT1IHICTh 1 cTa0i-
apHICTE (Hax)cTpyKTyp THITY ChX 1 CgX (muB. puc. 4.13, 6 i e; Tabm. 4.5).

AHAIOriYHO ¥ BIiAMOBIAHO 0 ABOX iHmmMX AinsHOK «W(K)» i «W(0)» Ha puc.
4.15, B TBepAOMY po3uuHi BTUIEHHSI C—X MOXYTh YTBOPIOBATHCS BIIOPSIKOBAHUMN PO3-
Mo/ 200 K pO3IIapyBaHHS Ha KJIACTEPH aTOMIB X 3 «JIOMIHAHTHUMMY KOHIICHTpAIliii-
HUMH XBUJISIMH, TIOB si3aHuMu 3 K- uun I'-3ipkoro (puc. 1.3, 6) BiamosiaHo. To6To 3Ha-
YEHHs €HEPrili MDXXaTOMOBMX B3acMOil 3 HingHok « W(K" ) » i « W(0)» MOXKyTh «3a0€3-
neyyBaTW» €HEPreTUYHY BUTIAHICTH 1 CTaOUIBHICTH (Ham)cTpykTypu Tumy CgX abo

HaJICTpYKTypH-KiacTepa Tuity CoX BinnoinHo (auB. puc. 4.13, ai6; Tab:. 4.5).
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OcTaHHs HaACTPYKTypa-KjacTep B3arajii € I[IKaBOIO HE JIMIIE TOMY, IO BOHA
CYMOKJIMBITIOETHCS) €K30THYHUM BHIAJIKOM 3allOBHEHHS YCIX MIKBY3JIOBHH. SIK BU-
nHO 3 puc. 4.15, a, mpu W, > 0 17151 Hel XapaKTepHOIO € 00CTaBUHA, KOJIM €HEPTIS 3Mi-
[IaHHS y MEepPIIOMY MIKBY3J0BOMY KOOPAMHAIIITHOMY «KOJ1» W, MOCTYHNA€EThCS 3a
MOJyJIEM €HEprisiM 3MilllaHHS Ha IHIIUX, OUTBIN BIAJAICHUX «KOdax»: Wy, Wy, ...
(110 31a€THCA HepeanicTHIHUM ). SKI0 %k W, < 0, TO, K BUAHO 3 puc. 4.15, 6, came 1151
HAACTPYKTypa-kinactep Oyna 6 HaWBUTAHINIOW €HEPTeTUYHO CEepel 1HIIMX HAICTPY-
KTYp BTUICHHS Ti€l K cTeXioMeTpii. | 11e € ouikyBaHHMM, aJK€ came MPHU BiJl’€EMHOMY
3HAUEHHI €Heprii 3MIIIaHHSA B MEPIIOMY MDKBY3JIOBOMY KOOPAMHAIIHHOMY «KOJI1»
HalOIMKYMMU MIXKBY3JIOBUMH CYCIIAMH € «aTOMH» KOMIIOHEHTIB OJTHOTO COpPTYy: X
abo & [363]. Came ['-3ipKoI0 1 «TIeHEPYETHCS» HAACTPYKTypa-KJIaCTep TaKOrO THITY.
(Y Bunagky CTpyKTyp 3aMillleHHS Ha rpa€HOBIA OCHOBI (AWB. MOMEPEIHIN MIIPO3-
nin) I'-3ipka ogHa a6o pazoM 3 M- un K-31pkor0 MOXke «T€HEepyBaTH» OpIE€HTAIIHHO

BIIOPSAKOBaHI (HaI)CTPYKTYPH, B KUX JOMIIIKOBI aTOMH 3aMIlIeHHS 37e01JIblIe Mi-
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: / ! 11 5
, [ 1 Kk : ~
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] 5 ; [
_3- T :I T T [ -3 T |/ :I T T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
wy/wy wi/wy
a o

Pucynok 4.15 JlindHky 3HAY€Hb BIJHOIICHb €HEPrii 3MimanHs Wy /W, 1 Wy /W, 3a sSKkux Haii-
N .. o MY LK

MEHIIMM HEraTHBHHUM € SKHICh OJMH 3 IapaMeTpiB Mixxaromosux Biacmomin: W(K™ ), W(K™) a6o

W(0) . He3amrpuxoBaHa IiIsIHKa BKA3y€ HA HEMOKJIMBICTh BIIOPSIIKOBAHOTO (Ta ¥ KJIacTEpU30BaHO-

r0) CTaHy 3a BiJNOBIIHUX il 3HaU€Hb €HEPTil 3MIIIaHHS BTUIEHUX aTOMIB X 1 MyCTHUX MIKBY3JOBUH

) y TpbOX MIDXKBY3JIOBHX KOOPAMHALIMHUX «KOIax» (W, Wy, W), ockimbku uist Hel Ts < 0.
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CTSTHCSI HA BY3JIaX JIMILE OAHIET 3 IBOX rpad)eHOBUX MIATpaTHUIIb; 30KpeMa, B €KBia-
TOMOBIN HAJCTPYKTYpi, Ky [-3ipka «reHepye» caMOCTIHHO, MAaTpU4YHI aTOMHU TEX
3aiiMarOTh BY3JIM JIUIIE OJHIET I PaTHUIIL. )

Sxmro Opatu 10 yBaru Mi>KaTOMOBI B3a€MO/IIT JIMIIIE B IMEPIIOMY MiKBY3JIOBOMY
KOOPIUHALIMHOMY «KOJII» 1 mpuIryckard, mo W,#0, a W, =w,;=...=0, To nependa-
YeHHS YTBOPEHHS TEBHUX (HAI)CTPYKTYp B3arajl YHEMOXJIUBIIOETHCS (IIUB. PHC.
4.14), a came: skmo W, >0, TO «HEMOXIIMBOIO» CTAa€ HAJICTPYKTYypa-KJIacTep THUITY
CoX (puc. 4.13, a); saxmio x W, < 0, TO «yHEMOXJIUBIIOIOTHCS (HAT)CTPYKTYPH THITY

C4X, CeX'1 CgX (puc. 4.13, 6— BiTIOBIIHO).

4.2.4 Kinemuka penaxcauii 0a1€K020 nopaoKy 6mijieHHA

Sk 1 B momepeaHiM MiApOo3/IIi AJisg TBEPAOTO PO3UHMHY 3aMIIllCHHS, OITUC KIHETH-
KU peJakcallii JajieKoro nopsaKy mnpu (po3)ynopsjikyBaHH1 po3unHy BTUIeHHS Cy_ X,
0azyetbes Ha MikpoaudysiiHoMy piBHsHHI OHcarepoBoro tuny (4.3), B sKOMy KiHe-
tianmit koedimient L**(R-R’) (o, p = X, &) npexcrasisie co6010 HMOBIpHICTb eTe-
MEHTapHOTO OJJTHOYACHOTO CTpUOKa (0OMIHY MICIISIMHU) Mapu «aToOMiB» a—f3 (KoMIio-
HeHTIB X 1 (a00) &) 3 By3miB (TouHimie, MikBy3sioBuH) Fr=R+h i r'=R"+h (aus.
puc. 4.12) BiAMOBITHO BIPOJOBXK OAMHHMIN Yacy (Kx=K, Ky=1—«). Takuii miaxix €
NPUIATHUM H ISl OTIUCY perakcaiiiHoi nudy3ii He Juiie 32 0OMIHHOTO («KUIbIIEBO-
ro») MexaHi3My audy3ii KOMIOHEHTIB BTIICHHS X 1 & 10 MIKBY3JIOBHHAX MIIJILHU-
KOBOI I'paTHUIII, a ¥ 3a IHIIUX AU(Y31HHUX MEXaHI3MIB B CHITY HariBG)EHOMEHOJIOT14-
HOocTH OHCarepoBOro piBHSIHHS, B SIKOMY BpaxyBaHHS KOHKPETHOTO MEXaHI3MYy MIK-
poxudysii 3BoAUTHCS 10 PO3KPUTTH 3MicTy koedirmientis L*(R—R') uuisixom Beta-
HOBJICHHS 3B’SI3Ky MK HUMH W MIKPOCKOIIYHMMH XapaKTEPUCTUKAMH PO3YUHY Ta
30BHIIIHIMU TEPMOIMHAMIYHMMH TlapameTpamu [15].

B pamkax aHajoriyHMx J10 3aCTOCOBAaHUX B MOMEPEAHIM MiAPO3ALTL sl TBEPIO-
ro PO3YMHY 3aMillleHHs HaOJMXKEHb 1 MPUNYIIeHb ojaepkaHo (Tabn. 4.7) nudepes-
I1H1 PIBHSHHS YacOBOi €BOJIIOIII MapamMeTpa JajIeKoro MOPSAKY T BTUICHHS IS

HAJCTPYKTYp Ha puc. 4.13, 6— Texx HaOyBaIOTh MHEMOHIYHOTO BUTJISTY:
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Tabmuus 4.7 KinetnuH1 piBHSAHHS 17151 TapaMeTPiB MOPSJIKY Tpa@eHOBUX (HAI)CTPYKTYP BTIJICHHS.

Hanctpykrypa Judepentiiline piBHIHHS
CaX dn Cu W™y (km/2)(1-x+7/2)
«=1/2 — = (1-x)L(k") n+In

(p(;ct.4.13,)@ a0 =0 kT (k-m/2)(1-x-n/2)
CoX dn WS (ke 2n/3)(1-x+n/3)]
«=1/3 — =—x(1-%x)L(k") n+In

(If;ct. 4.13,)6) g =0 ksT (x=m/3)(1-x~2n/3)
CgX q M~ LM _ T

n = e Wk™) (k+3n/4)(1-x +1/4)

«=1/4 —z—xk(1-«x)L(k™) +1

(1)(1]/1(ct. 4_13’)2) dt ( ) kT (K—n/4)(1—1<—3n/4)_

3—? = —K(l—K)E(ks)(n V\II((BIfl') +1nZ(K,n)j, (4.9a)

ne s =T, M a6o K, Bupasu mas W(K*) momami B Tabim. 4.5, eHrpomiiiHuii BHECOK
Z =Z(k,m) Bigmosizae mimmoraputmiuHoMy Bupasy B Tabm. 4.7, a L(K®) € ®yp’e-
KOMITOHEeHTa KoMOiHalii Kinetnunux Oncareposux koedimientis {L” (R —R")},

(k) = 1L D% (k) - C9(k7), D (k) =D L*(R-R)e ™™ RR) (4.96)

JIJIst CTPYKTYp BTUICHHS 31 CTEXiIOMETPUYHOKO BiJTHOCHOIO KOHIIeHTpariero 1/2 i

1/4 (tumry C4X 1 CgX), 0 «TEeHEPYIOTHCS» XBUILOBUMHU BeKTOpaMu M-3ipku, BU3HAYH-

0 1 1 1 1 0 1 1 | |
0 2 _4 . b 8 10 0 2 _4 . 6 8 10
t" = L(kM)t t" = L(kM)t
Pucynok 4.16 YacoBa eBOIIOLis HapaMeTpiB 1adeKoro MOpsKY il CTPYKTYp BTineHHs Tuiry CgX,
CaX, CeX Ha ocHOBI rpad)eHOBOI IPAaTHHIII 3a 3BeieHOl Temnepatypu T, =T, =0,15 i aBoX pi3HuX

MIOYaTKOBUX YMOB. AOCOJIIOTHA TeMIEpaTypa BIAMANIOBaHHS 1 € OJHAKOBOIO JJI CTPYKTYpP THILY

C4X 1 CgX, HAaTOMICTD BOHA € 1HIIOO Ui CTPYKTYp THITY CeX.
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MO 3BejieHi Temnepartypy i uac sk T,, =k, T /\W(k")| i t" = L(k™)t, a mnst crpykTypH BTi-
JICHHS 31 CTEXIOMETPUYIHOIO BiTHOCHOIO KoHIIeHTpattiero 1/3 (tummy CgX), mo «renepy-
€ThCs» XBUIIBOBUMH BekTopamu K-3ipku, — stk Ty = kT /W(k)| 1 t" = L(k*)t.

VY KiHeTUYHUX PIBHAHHSIX B Ta0J. 4.7 BpaxOBaHO B3a€MOJIII0 BTUICHHX aTOMIB B
yCIX MIKBY3JIOBUX KOOPJAUHAIIMHUX «KoJax». PO3B’A3KK THX PiBHAHD, SIKUX IMOJIaHO
Ha puc. 4.16, TeMOHCTPYIOTh peJIaKcaIlito mapamMeTpiB JATCKOTO MOPSIAKY IS CTPYK-
Typ Brinennst tuy C4X, CgX, CeX 3a 3Bemenoi temmeparypu T,, =T, =0,15. (3Bic-
HO, BIJIMOBIHA a0COMIOTHA TeMIepaTypa BiANAIOBaHHS 1 A CTPYKTYp, IO «IeHEe-
pytoThecsi» pizHUMHU 3ipkamu (K 1 M) HaACTpYKTYpHHX XBUJIBOBHX BEKTOpPIB, TOOTO
g nap tamy CX 1 CeX, CgX 1 CgX, € pizHO10.) Pucynok 4.16 mokasye sik BIUTHBA€E
BMICT JIETyBaJIbHOI JJOMIIIKY BTIJIEHHS X Ha 4Yac pejakcallli Ta aCHMOTOTHYHO KiHIle-
Be («pIBHOBA)XHE») 3HAUCHHS MapaMeTpa JajJeKoro MOPSAKY: 3a OJHAKOBHUX 3BEJICHUX
temrepatyp (T, =T, ) OLIbII BUCOKOJEIOBaHI CTPYKTYPH BTUICHHS Ha rpad)eHOBIii
OCHOBI (SIK 1 CTPYKTYpH 3aMILIEHHS) MalOTh PEIAKCYBATH MIBU/IIE U O OLIbII BUCO-
KOT'0 3HAYCHHS MapameTpa JaJIeKoTo MOpsIKY, a oro noyatkoe 3HadeHHs 1(0) Hi-
SIKMM YMHOM HE BILUIMBAE Ha «PiBHOBaXKHE» M (f—>00).

JIist moOy10BM KIHETUYHUX KPUBUX (PO3)yMOPSIAKYBaHHS JJI BUILE3a3HAYEHUX
CTPYKTYp BTUICHHS Ha rpad)eHOBI OCHOBI 3a OJJHAKOBOI aOCOIIOTHOI TeMIiepaTypu
BimmamoBanHs T 3pyYHO KOPHUCTATHCS BiXHONICHHSM 3BEICHHX TeMIepaTyp Tw i Tk

ta Bupazamu gug W(K") i W(k*) 3 Ta6n. 4.7:

*

T _ WK 1 =3+6(w, /W) —3(w,, /w,)]
TK |W(kM)| |_2_2(WII/WI)+6(WIII/WI)| ’

(4.10)

ae Wy /Wy 1 Wy, /Wy, 30KkpemMa, BU3HAYal0Th IIJISHKA BiJl’€MHOCTH Ta MIiHIMyMIB eHepre-
Tnganx napamerpis W(0), W(k™) i W(k") ma puc. 4.14 i 4.15. Tlpunyctumo, mo W,
Wy, Wy € otHaKoBUMH i pi3HUX HaACTPYKTypHHX TUMIB: CuX, CeX 1 CgX. Tomi, 3a-
Jal04M TICBHI 3HAYCHHS BiIHOIICHb W) /W 1 W),;/W, (muB. puc. 4.14 i 4.15) ta 3HaueH-
Hsl 3BEJCHOI TEMIIEpATypH, HAIIPUKIAL, T Jist ctpykryp Ty C,X 1 CgX, 3 ocran-
HBOTO BHpA3y OIIHIOEMO 3BEACHY TEMIIEpaTypy Tx s ctpykrypu tuny CeX. Xoua

3a TAaKUX MPUITYIICHb OEPYThCS O yBaru M>KaTOMOBI B3a€MOJII1 Ha BIIAAISX, SIKI HE
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1 T T T T 1
’ 4 osf -
— ><__ 0-6_ —
]
-
— 0-4 —
02r —C.x] 02r .
----- CsX — CX
0 | | | | 0 | | | |
0 2 4 6 R 10 0 2 4 6 8 10
t* = L(kM)t t"=L(k¥)t

Pucynok 4.17 Te x came, 1o i Ha puc. 4.16, ane 3a pi3HUX 3BEJCHUX TEMIIEPaTyp T,:, =0,15 1
T, =0,1, mo Bianosinae Maiixe oHaKoBii Temmeparypi T BCiX TPOX CTPYKTYp B MOJIEIIO B3aEMO-

i ATOMIB JIMIIIE Y IEPUIOMY MI>KBY3JI0BOMY KOOPAMHAIIHHOMY «KOIi» (Wy/Wi =Wy /w, = 0).

NEPEBUNIYIOTh PAIIOCH TPHOX MEPUINX MIDKBY3JIOBUX KOOPAMHAIIMHUX «KLD», OJHA-
Yye, caM€ HaBEJIEHE BUIIE CITIBBIJHOIICHHS MK 3BEICHMMH TEMIIEpaTypaMH 1 103BO-
nsie moOyAyBaTH KIHETHUYHI KPHBI Ul BCIX TPbOX CTPYKTYp, BIOPSIIKOBAaHUX 32 TH-
oM CyX, CgX, CeX, mpubIn3HO 32 0JJHAKOBOI (hiKCOBAHOI aOCOIMIOTHOT TeMIlepaTypu
BignmamoBadHs 1. Taki kpuBi mogaHo Ha puc. 4.17-4.19.

Skio B3sATH A0 yBaru Mi>KaTOMOBI B3a€EMOJIIT JIUIIIE B nepuLom) MiKBY3IIOBOMY
KOOPAUHALIMHOMY «KOJII», TOOTO mpuitHATH, 1m0 W;#0, a W, =W =...=0, To pe-
3yJIBTATH TAKOTO KiHETHIHOro MOmento (mpu 3amanux Ty = 0,15 i T = 0,10) 306pa-
KYIOThCSl puc. 4.17. 3 HBOTO BUIHO, ITI0 32 TAKUX MapaMeTpiB BCi Tpu (a3u qoymopsi-
JKOBYIOTbCS, 10 HE cynepeuuTh puc.4.14,a, 3a skuM y HYJIbOBIA Touil (TIpH
wy/wy=wy/w;=0) wW(k")<0 i W(k)<0, a tomy T,, >0 i T, >0. Bianosigue piBao-
Ba)KHE 3HAYEHHS MapaMeTpa JAIEKOro MOopsAKy st cTpykTypu CeX BHINE 3a piBHO-
Ba)KH1 3HAYEHHS NapaMeTpiB MOPSAKY JBOX IHIIUX CTPYKTYyp. Llpomy cnpusie te, 1mo

came W(K"), — HaiiMeHIe Bix’eMHe, a TOMy HalbinblIe 32 MO/IyJIEM, 3a TaKMX 3Ha-
aeHb Wyi/W; i Wy, /w, (puc. 4.15, @), — 3abe3neuye Hikay temmeparypy (T, <T,,).

BpaxyBanHs1 MI>KaTOMOBHUX B3a€MOJIiH, KpPIM nepuioco, e U 'y opy2omy MI>KBY3-
JIOBOMY KOOPJMHAIIHHOMY «KOJI» MPU3BOAUTH J0 HOBUX PE3YyJbTaTIB, MPO IO CBIJI-

4yaTh KIHETUYHI KpuBi Ha puc. 4.18, moOyaoBaH1 115 Ti€l ) aOCOJIIOTHOT TeMrepaTypu
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Pucynox 4.18 Te x came, 10 i Ha puc. 4.17, i3 BpaxyBaHHsIM Temriepatypu 7, ajie npu BpaxyBaHHI MiKa-

TOMOBHX B3a€MO/I1H1, KpIM IIEPIIOTo, LIE i Y IPYyroMy MIXBY3JI0BOMY KOOPAUHAIIIMHOMY «KOJI1», TPUYO-

My TYT: Wy/Wi=0,15, T, =0,13, T, =0,143 (a, 6); Wy/wy=—0,15, T, =0,176, T, =0,077 (s,2).

Biamaiy 7, mo i puc. 4.17.

SIkmo Wy /w; >0, To B3aeMOIii aTOMIB y APYroOMy MiXKBY3JIOBOMY KOOPIMHAIIIM-
HOMY «KOJ1» cnpusioms BOOPAAKYBaHHIO CTPYKTYp TUIy Cy4X 1 CgX, MOHMXKYIOUH 1X
3BEJICHY TeMIIepaTypy, a TOMY IMABUIIYIOUYH IIBUJKICTh 3MIHU MapaMeTpa JajJeKoro
MOPSJKY 1 Oro piBHOBa)KHE 3HAYEHHS, Ta NPOMuUOiloms BIOPAIKYBAHHIO CTPYKTYPH
tuny CeX, MIABUILYIOUM ii 3BEJEHY TeMIIepaTypy, a TOMY MOHWKYIOUM HIBUIKICTb
3MIHU MapameTpa MOpSAIAKY 1 oro piBHOBakHE 3HaueHHA (puc. 4.18, a, 6). ko x
Wy /W, <0, To 00CTaBHHH 3MIHIOIOTHCS HABIAKW: MIKaTOMOBI B3a€MOJIii y APYyroMy

«KOJI» npomuditoms BOOPAAKYBaHHIO CTPYKTYp TUITy Cy4X 1 CgX Ta cnpusroms BIIO-
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psankyBaHHIO cTpyKkTypH THITy CeX (nuB. puc. 4.18, 6, 2). 3anani Ha puc. 4.18 3HaveH-
Hs W), /W, Hale)kaTh BIAMOBIAHIN AiasHI HA puc. 4.14, a y Bumaaky W,>0. Ile o3na-
qae, mo dodamua (8i0 emHa) eHepris 3MIMIaHHSI B Opy2oMy MIKBY3JIOBOMY KOOPIIH-
HAIIHHOMY «KOJI» W) cnpusie (npomudic) BiopsakyBanHo cTpykKTyp THiry C X 1 CgX
Ta npomuoic (cnpusie) BIOPSIAKYBaHHIO CTPYKTYpH TUITy CoX.

[opiBHIOIOYM KiHETHYH1 KpUBiI Ha puc. 4.19 3 Tumu, mo Ha puc. 4.18, 6auumo,
10 BpaxyBaHHs Mi)KaTOMOBHX B3a€MOJIN 1€ W Y mpembomy MiKBY3IOBOMY KOOp-
IUHALIITHOMY «KOJI1» (TOPpAJ 3 MEPIIMMH IBOMa) BIUIMBAE HA BIOPSAKYBaHHS aHAJIO-

TIYHUM YHHOM, SIK 1 iX BpaXyBaHHSI B IPYTOMY «KOJID».

1 | | \ | 1 T T T T
0.8 |
. 06f |
@]
o
0.4f |
0.2F |
—C.x
O | | | | 0 I I I I
o 2 4 _6 8 10 0 2 4 _ 6 8 10
ENY t"= L(k)t
a 6
1 | | | | 1 T T T i
..... X
| 3 0.81 |
2]
| | 1
bi"\
O 1
—
0 . R 0 I | I I
O 2 4 _6 8 10 0 2 4 _ 6 8 10
t*= L(kM)t t"= L(k")t
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Pucynox 4.19 Te x came, 1o i Ha puc. 4.18 (3a Tiei x Temnepatypu T), ajie i3 BpaxyBaHHSIM B3a€EMO/Tii
aTOMIB III¢ ¥ Y TPEThOMY MiXKBY3JIOBUHHOMY KOOpIUHALIHHOMY «KOJIi»: Wy /Wy =0,15, wy;/w;=0,11,

T, =0,183, T, =0,123 (a, 6); Wi/w; =—0,15, wy/w; =0,11, T, =0,288, T, =0,071 (s, 2).
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Pucynok 4.19 (npodosaicenns) wWylw,=0,15, wy,/w,;=-0,11, T,\; =0,101, T,: =0,169 (o, e); wy/w;=

:—0,15, W|||/W|:—0,11, T,\; :0,127, le :0,084 (€, DfC)

Sxmo Wy/w, >0, To Wiy npomudic BiopsakyBanHio cTpyktyp Tuiy C,X 1 CgX, mi-
JBUIITYIOYH X 3BEJICHY TEMIIepaTypy, a TOMY MOHIKYIOUH IIBUAKICTH 3MIHH ITapaMeT-
pa mopsi/IKy 1 Woro piBHOBaXkHe 3Ha4YeHHs (puc. 4.19, a, 6), Ta cnpusie BIOPSIKYBaHHIO
cTpykTypu Ty CeX, MOHMKYIOUH 11 3BEJICHY TEMIIEPATYPY U M1 IBUIIYIOUN IBUKICTh
3MiHH ITapaMeTpa TaIeKoro MOPSIIKY 1 HoTo piBHOBaXKHE 3HaueHHs (puc. 4.19, 6, 2).

Sxmio x Wy /W, <0, To, HaBImaku, Wy cnpuse BIOPSAAKYBAHHIO CTPYKTYP THITY
C4X 1 CgX (puc. 4.19, 0, €) Ta npomudie BopsAaKyBaHHIO CTpyKTypu TUIy CeX (pHC.
4.19, e, orc). Bamani Ha puc. 4.19 3nadyeHHs Wi /W, HaJaeKaTh BiAMOBIAHIA TUISHIN Ha

puc.4.14, a y sunaaxy w,; > 0.
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Takum gyuHOM, dodamna (8i0 ‘emHa) eHEpris 3MIIMaHHS B mMpembomMy MiKBY3JI0-
BOMY KOOPAHMHALIMHOMY «KOJi» Wi npomudic (cnpusic) BIOPSAKYBAaHHIO CTPYKTYP
tuny C4X 1 CgX Ta cnpusic (npomudie) BIOpSIaAKyBaHHIO cTPYKTypH TUITY CoX.

SIcHO, 110 BHECOK BiJl B3a€EMOIi1 JOMIIITKOBUX aTOMIB 1 B IHIIIKX (SIK B TIEPIIIi, TaK 1 B
O1TBIII BIATAJICHUX 32 TPETIO) MIXKBY3JIOBUX KOOPAMHAIIIMHUX «KOJIaX», IKUM BU3HAUaA-
€THCS] CHEPTISIMU 3MIIIaHHS W), W/, Wy/, Wy 1 T.JI., BIUIUBA€ HA AaTOMOBE BIIOPSIIKYBAHHSI
AQHAJIOTTYHUM YUHOM: CHPUSIOYU IA NPpOmMuoitouu oMy 3aJeKHO BiJ 3HaKy OCTAHHIX.
Tak, 0ooammna (6i0 ‘emna) eHepris 3MIIIAHHSA B nepuiomy MIXKBY3JI0BOMY KOOPIUHAIIH-
HOMY «KOJIi» cnpusie (npomuodic) BHOpsAAKyBaHHIO cTpyKTyp THITY CyX, CgX, CoX.

Takuil «BIJTMB» €HEPrii 3MIlIaHHS aTOMIB Ha PI3HUX BLLAAIAX (Bia HAHOIMK-
YuX CYCIIHIX JI0 HaWBIIMAJICHIIIMX OAWH BiJl OJHOTO) JIETKO 3PO3yMITH, SKIIO 3BEp-
HyTH yBary Ha Bupasu 1ius Gyaknii W(k") i W(k*) B ta6u. 4.5. Eneprii smimmanas w,
Wy, Wyyp, ... BXOASITB JO BUPA31B I TUX (DYHKIIH 3 pI3HUMHU 3HAKAMM, POTE JIHIIE Ti
3 BENUYUH W, Wy, Wy, ... «CHpUsiomsvy YIOPSAKYBAHHIO, SIKI NOHUMCYIOMb 3HAYCHHSI
TUX (B €MHUX) (QYHKIHM, 3a0e3nedyroun noriauoyieHHs ix miHiMymy [15], mo B
CBOIO Yepry CIpusie MiHIMI3alli KOH(DIrypamiiHoi BHYTPIIIHBOI €Heprii NeBHO1 (a3u
(muB. Bupasu ais AF B taour. 4.6).

OTxe, SKIIO BHECOK BiJ] B3aEMO/IIi aTOMIB BTIJIEHHSI Y TIEBHOMY KOOpAMHAITIH-
HOMY «KOJI1» TOHIKY€E 3HaueHHs Dyp’e-KOMIIOHEHTH 1X €Hepriil 3MillIaHHs, 3 ypaxy-
BaHHSAM 3HaKy Tepell HUM Y 1i BUpa3l (AuB. Taba. 4.5), TO BIH cnpuse aTOMOBOMY
BIIOPSJIKYBAaHHIO, a 1HAKIIE — npomudic ioMy, BIUTMBAIOYH BIJMOBIIHUM YHMHOM Ha
TeMrneparypu ¢Ga3oBUX IMEPETBOPEHb Oe3Naa—iiaj, sIKi 3a CUMETPIEI0 I PO3TIISIHY-
THX CTPYKTYP, IO «I€HEPYIOTHCSD HAACTPYKTYPHIMH XBHILOBHME BekTopamu K" un
KX, MaroTh 6yTH Pazosumu nepemeopennsmu nepuiozo pody. ToMy BpaxyBaHHS Mi-
’KaTOMOBHX B3a€MOJII 1 B OUTBII BiIJaICHUX KOOPJAMHAIIIMHUX «KOJIAX» € BarOMUM
JUTSI aJICKBATHOTO OIMHCY CTAaTUCTUYHOI TEPMOJIUHAMIKY 3a3HAYCHUX CTPYKTYP.

Ha 3akiHueHHS Tiapo3iidy 3a3HAYUMO, 110, OCKUIBKA KOXKHA 3 PO3TJSHYTHUX
CTPYKTYp BTUICHHSI OIMUCYETHCS OJHUM TapaMeTpOM IaJIeKOrO MOPSJKY, KIHETHYHI
KpuBi Ha puc. 4.16—4.19 MOHOTOHHI 1 HE 3a3HAIOTh BIUIMBY KOHKYPEHIIll pi3HUX Ka-

HAJTIB YIIOPSIKYBaHHS (K JIs1 CTPYKTYP 3aMillIeHHs y TTOTIePETHBOMY ITiIPO3IiIi).
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4.3 IlopiBHSIHHSI €eHEPTeTUYHOI BUTITHOCTH HAACTPYKTYP 3aMillleHHS Ta

BTiJIEHHSI OJJTHAKOBOI'0 CKJIAY

B nepmomy migpo3ain JaHOTO pO3AUTY JOCHIKYBAIUCSI MOXKIUBI HAACTPYKTY-
pHU 3aMIleHHS Ha OCHOBI rpadeHoBOl (LIIIBHUKOBOI) IpaTHUIl, a came, Tumy: CA
(crexiomerpist 1/2), C,A4 (crexiomerpis 1/3), Cz34 (crexiomerpis 1/4), CsA (cTexio-
metpist 1/6) 1 C74 (crexiomerpis 1/8), ne A — JyeryBaibHa (JOIMyBaJbHA) JTOMIIIKA
3aMileHHs. B apyromy s migpo3/iii bOro po3aiTy pO3IJITHYTO MOXKIIUBI HAJCTPYK-
TYpH BTUICHHS Ha OCHOBI Ti€l )X rpaTHHI, a came, Tumy: C,X (cTexiometpist 1/3, mo
BIIMOBIJ]Ja€ MAKCUMaJIbHO MOKJIMBIA aTOMOBIM KOHIIEHTpAIlli JOMIIIKH BTIJICHHS),
C4X (crexiomerpis 1/5), CeX (cTexiometpis 1/7) ta CgX (ctexiomerpis 1/9), ne X —
JonyBajbHA JOMIIIKa BTUICHHS. Hapasi moctae muTaHHS Mpo Te, KA HAJICTPYKTypa
(koH(pirypaiiisi atomiB) € eHepreTuuHo BuriHimorw (mpu 0 K) 3a ¢dikcoBanoi crexio-
METPUYHOI aTOMOBOi KOHIIEHTpAIlli JIEI'YBAJIbHOI JOMIIIKK Ta 1HIIUX PIBHUX YMOB:
3aMIIIEHHS YU BTUICHHS. [HIIMMU crioBaMu, sikuii atoMoBuil naja gomimku (pu 0 K)
€HEePreTUYHO BUTIIHIMIMN 32 MEBHOTO CKJIaMy Ta 3a IHIIMX PIBHUX YMOB: Ha By3Jax
Y1 Ha MDKBY3JIOBMHAX (LIEHTpaxX HIUILHUKIB) rpadeHoBOi rpaTHUIN? 3 BUIE3a3HAYE-
HUX CTEXIOMETPUYHHUX CKJIQIIB JIKIIC 3a cTexioMeTpii 1/3 MOXIHMBI HaICTPYKTypH
3amimieHHs 1 BTiieHHs (mpu 0 K); Tomy came 1ieii BUMIa 0K 1 PO3TISIAETHCA.

Ha pucynkax 4.1, o, 31 4.13, a mogaHo NpUMITHBHI €JIEMEHTapHI KOMIPKH HaJl-
cTpyktyp 3amimeHHs (tuny C,4) 1 Brinenns (tumy C,X) Ha By3JiaxX i Mi>KBY3JI0BUHAX
IIUTBHUKOBOT I'PATHHUII BIATOBIIHO 3 OJJHAKOBHMH aTOMOBUMHU J0sIMU (Cq=1/3) me-
I'YBaJIbHHX (OMyBaJIbHUX ) AOMIIIOK (A4 1 X).

3a Hu3pkux T (=0K), xomu Bci mapaMeTpu JaJIeKOro MOPSAKY JOPIBHIOIOTH
Maibke 1, koHpiryparliiini YaCTUHU MUTOMUX BHYTPINIHIX €HEPriii HaJICTPYKTYp 3a-

miteHHs C,A4 Tumy Ha puc. 4.1, orc 13 MarOTh BIIMOBIAHO BUTIISLA (1UB. Ta0m. 4.3):

U= ESA 4+ (1/18)[A1(0) + 2A5(K9)], (4.11)
Us = ESA  +(1/18)[A1(0) + A2(0) + Aa(K)], (4.12)
ne Eg2h  BKIIIOYAE MUTOMY BHYTPILIHIO eHeprito «po3unHy» N¢ aromis C i N¢/2 Ba-

KaHCIH Ha By3Jlax IIUIbHUKOBOI IpatHuIll npu 0 K, a Takoxx mutomy poOOTy 3 yBe-



153

nenHs B 11 BakaHcii Na = N¢/2 momimkoBux aTomiB 3amimieHHst A, a mapameTpu Mi-
sxatomoux B3aemomiii A1(0), A2(0), Ao(K") BupaxkaroTbcst depes Wi, Wy, Ws, ... —
IIEHTPaJIbHO-CUMETPUYHI (32 MPUIYIICHHSIM) SHEeprii 3MillIaHHS aTOMIB 3aMileHHs A
1 C Ha 1-my, 2-my, 3-My 1 T.JI. By3JIOBHX KOOPJIUHAIIMHUX «KOJIax» (AKHX 300pa>keHO

Ha puc. 4.12):

A, (0) = 6W, + 6W; + 6W + [3W, + 3w, +6W, +..|+..., (4.13a)
1,(0) = 6W, + 6W; + 6W, — 3w, +3W, +6W, +..|+..., (4.1306)
A, (KS) = 3w, + 6w, — 3w, +.... (4.138)

KoHn@irypauiiiHa nutomMa BHYTpILIHS €HEprig (Ha OJHY MDKBY3JIOBUHY) Hal-
CTpyKTypH-Kiactepa BTuteHHs CoX (puc. 4.13, a) —
Uz Eg2,. +W(0)/2, (4.14)

C,X

goqer BKIIIOUAE IIMTOMY BHYTPIIIHIO €HEprito rpadeHoBoi rpatHuni 3 N¢ aTomiB

ne E
C y By3nax nipu 0 K, a Tako nutomMy poOOTy 3 TIIOTETUYHOTO YBEICHHS B il MIXKBY-
3ns (neHTpu miibHUKIB) Ny = Nc/2 momimkoBux aTtoMiB BTUIEHHS X, a mapamerep

mixkaromoBux B3aemonii W(0) BupaxkaeTncs uepes HeHTPaIbHO-CUMETPHYHI (32 TIpH-

MYIICHHSIM) CHEprii «3MillaHHs» «aToMiB» BTineHHS X 1 & Ha [-i, 1I-i, III-i i 1.7,
MDKBY3JIOBHX KOOPAMHAIIMHUX «Komax» (puc. 4.12) Wy, Wy, Wy, ...:

W(0) = 6w, + 6w, +6wW,, +.... (4.15)

Otxe, skmo U<U; 1 U<U;, mo BinoBigae HEPIBHOCTI BUPaA3iB 13 €HEPreTHY-

aux mapamerpie W(0) < [A1(0) + 242(k)1/9 i W(0) < [A1(0) + A2(0) + Ax(K)1/9 (3a

C,A ~ ECZX

«T1IIOTETHYHOI» YMOBH, IO X04a 0 rpy0o E 2 . = E 2

), TO 32 CTEX1OMETPHUYHOT
aTOMOBOI JIoJIi JoMilku 1/3 HaICTpyKTypa BTIJICHHS € €HEPreTUYHO BHTIIHIIION,
aHDK 3a3HA4eHl HAJACTPYKTYpU 3aMIlIEHHS (3a IHIIMX PIBHUX YMOB): JOMIIIKOBUM
aTOMaM YMOBHO BUTIJHIIIE MOCIIaTH y MIKBY3JIOBUHU IpaTHULI. HatomicTh, SKIIO
nasnaku U>U; a6o U>U;, mo Bignosigae nepisroctsim W(0) > [A1(0) + 22,(K")]/9 i
W(0) > [A1(0) + A2(0) + Ax(K)]/9 (3a Tiei % «rimoOTeTMYHOI» YMOBH, IO MPUHANMHI

CA o ECX
disorder = "—disorder

rpyoo E ), TO €HEPTreTUYHO BUTIIHIMIO € BiJAMOBIAHA rpadeHOBa HaJ-

CTPYKTypa 3aMilIeHHs, aHXK 3a3Haue€Ha HAJCTPYKTypa BTUICHHS (3a IHIIMX PIBHHUX
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YMOB): JOMIIIKOBUM aTOMaM YMOBHO BHTIiJHIIIE 3aMIl[yBaTH BY3JU LIIJIbHUKOBOI
I'PATHULIL.

Tenep oOMex)xuMocCsi BpaxyBaHHSIM MIKaTOMOBHUX B3a€MOJIIM JIMILIE B TMEPIIUX
IIICTHOX BY3JOBHX KOOPAMHAININHUX «KOJax» 1 MEPIIUX TPhOX MIKBY3JIOBUX KOOp-
TUHAIIAHUX «KOJIaX», OI[IHIOIOYM €HEPreTUKY HAJICTPYKTYp 3aMIlICHHS Ta BTUICHHS
C2A4- 1 C2X-tuny BianosiaHo. Tol, 3a MEBHUX MPUNYIIEHb (HacaMIepel, HEXTYIOUH
pbkHuLero Mk ES2 . 1 EgY ., a Takok JeopMariiifHIMH B3a€EMOISIMH IOMILIKO-
BHUX aTOMIB), BUSBIISIETHCSI MOMIIMBUM TPyOO OI[IHUTH 3HAYCHHS BiJHOIICHB BIIOBI-
JTHUX €HEprii 3MilIaHHs Ha MEBHUX KOOPAMHAIIMHUX «KOJIaXx», 32 SIKUX JTOMIIIKOBUM
aToMaM €HEePreTHYHO BUT1JIHIIIE 3aMIIlyBaTH BY3JIM YU BTUIIOBATUCS Y M1KBY3JIOBU-
HU U{IJIbHUKOBOI I'paTHHI. BpaxoByrouu, 110 MI’KBY3JIOBUHHA MIATPATHULS 1 KOYKHA 3
JIBOX BY3JIOBUX MIJAIPATHUIIL HIUIBHUKOBOI I'PATHUIIl T'€OMETPUYHO OJHAKOBI (pHC.
4.12), a ToMy paaifocH MIKBY3JOBHX KOOPAMHAIIIMHKUX «KLD» CIIBIAJAIOTh 3a BEIIH-

YMHOIO 3 BIANOBIJHUMH PaJil0CAMH BHYTPIIIHBOMIATPATHULIEBUX BY3JIOBUX KOOP.IU-

HaIllTHUX «K1», a came, I = Iy, I =I5, I = I, TO B HaOJUKEHHI IIEHTPaJIbHO-

PRI (S S T N [ ST A TS

W2<O

1 3aMIlEHHST \_

I LR R Ry AN

Ws/wy = wy/wy Ws/wy = wy/wy

Pucynok 4.20 JlingHku 3Ha4eHb MapaMeTpiB MIKaTOMOBUX B3a€MOJIiM (BiIHOLIEHb €HEprii 3mi-
IIaHHS Ws/Wp = Wy /W 1 We/Wo = Wy /W), siki 3a Hu3bkux (=0 K) temmnepaTyp, MOKIHBO, «CIPHUSIIHA
0» eHepreTuuHii BUTiIHOCTI 0/HIH 13 BOX (C24 1 C2X) HAACTPYKTYp 3 0JHAKOBUM (Cst=1/3) BM™ic-

TOM JICTyBaJIbHOI JOMIIIIKH 3aMillieHHs (4) uu BTUICHHS (X).
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CUMETPUYHHX («I30TPOITHUX») MIKATOMOBUX B3a€EMOJIINA (IBHO HEXTYIOUH aHI30TPO-
nie€o aedopMaliiHUX B3a€MOIN JIOMIMIOK) YMOTJISHO MPUITYCTUMO, IO W = W,
W) = Ws, Wy = Wg, 1 TpY0O OILIIHUMO:

W(0) = 6W, + 6w, + 6W,.... (4.16)
3 BupasiB (4.12)—(4.14) 1 (4.16) BuAHO, 110 B pamMKax BHUIICHABEACHUX I'pyOHUX Ha-
ommkenb U 1 Uz BUpaxaloTbes JIMIIE Yepe3 BHYTPIITHBOIIATPATHUIEBI (I HaT-
CTpyKTypH 3amiiieHns tuny C,A4, Ky 300paxeHo Ha puc. 4.1, 3) eHeprii 3MillIaHHS
W, W5, Ws. A TOMY Ws/W, 1 Wg/W, MOXHa BUKOPHCTATH SIK TapaMeTpH, B TepMiHaX
AKUX 300pa)KeHO MiArpaMmy HU3bKOTeMIepaTypHoi ctabimpHoCcTH Ha puc. 4.20. Iles-
HUM JUISHKaM TakKoi JisrpaMd BIAMNOBITa€ €HEPreTUYHA BUTIIHICTH JOMINIKOBUM
aTomam 3aminryBati MatpudHi (C) 4M BTUTIOBATUCS Y MIXKBY3J10BUHH (LEHTPH LILIb-
HUKIB), TUM CaMUM CHPHUSIIOYM CTaOLIbHOCTI HAJICTPYKTYpH 3aMimieHHs tuny C,4 Ha

puc. 4.1, 3 uu Brisienns tumy C,X Ha puc. 4.13, a BiINOBITHO.

4.4 BucHOBKH 10 po3ainy 4

binbm getanpHO Martepisiiu po3auly 4 BiIOOpPaKEHO B psll OMyOIIKOBaHUX
npanb [125, 126, 128-135, 138, 141]. B HuX BUKOHAHO HACTYIIHE.
1. [ToOyqoBaHO CTaTUCTUYHO-TEPMOJMHAMIYHUNA Ta KIHETUYHUU MOJENl YHNOPSAKY-
BaHHS aTOMIB 3aMIIlIEHHS Ta BTUICHHS y IIIJILHUKOBIHN (TpadeHoBiil) rpaTHHII 3 ypa-
XYBaHHSM SIK JIMIIE KOPOTKOCSDKHUX, TaK 1 peaiCTUUHIIINX JaIeKOCSKHUX MIKATO-
MOBHX B3a€MOJIi.
2. BusznadeHo AiISHKYM 3HAYCHb CHEPTETHYHHMX ITapaMeTpiB, IO BIAMOBIAAIOTH CTa01-
JHHUM (HaJ)CTPYKTypam Ha rpadeHoBiii ocHOBI. KOpOTKOCSKHI M1>KaTOMOBI B3a€EMO-
T 3aBK1IM 3a0€3MeUy0Th CTA0UTBHICTh «IPUBLICHOBAHOTO» MOPSAKY Y (HAT)CTPYK-
Typax, Jie BCl aTOMU JIeTyBajdbHOI oMIIIKU cyciasaTs 3 Kapbonosumu. Ilpote, nurie
JANEKOCSHKHI B3a€MOJIIT MOKYTh CIIPUYMHUTH YTBOPEHHS (HAA)CTPYKTYp Ta CcTalLi-
3yBaTH iX, SIKIIO B HUX JIUIIIE JIESIKl JOMIIIKOBI aTOMH € HAHOMMKIYUMU CyC1TaMH.
3. I'pacdenoBi (Hax)CTPyKTypH 3aMILIEHHSI OMKMCAHO OJHHUM, JBOMAa YM TphOMa Mapa-
METpaMHU J1aJIeKOTO aTOMOBOTO MOPSIKY, 110 YMOXJIMBIIIOE JIEKIJIbKa HEeKBIBAJICHT-

HUX BIIOPSAKOBAHUX PO3IMOIIIIB aTOMIB 3aMIIIEHHS 3a MEBHOTO CTEX1OMETPUYHOTO
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ckiaay. Taka IX KOHKYpEHLIs Mk cO00I0 BIIOOPaXKAEThCS M y KIHETUYHIM MPOLIECI:
HEMOHOTOHHICTh YaCOBOI 3aJIeKHOCTH MapaMeTpiB MOPAIKY, CIPUUYUHEHA HASBHICTIO
JBOX IMATPATHHIIL Y TpadeHOBIN IpaTHUII, a TOYHIIIE, HE TPOCTO PIKHUICIO KOHKY-
PYBaJbHUX BHYTPIIIHBOMIATPATHUIIEBUX 1 MIKITIATPATHULIEBUX €HEPTiil «3MillIaHHS»
B3a€EMOJINHUX aTOMIB, a TOMIHYBaHHSIM CaMe OCTaHHIX y TaKii KOHKYPEHIIIi.

4. Ha Biaminy BiJ (HaI)CTPYKTyp 3aMillleHHS, BCi rpadeHoBl (HAI)CTPYKTypH BTi-
JICHHSI OMMCAHO JIMIIE OJHUM MapaMeTpoM JalieKOTo MOPSAKY, a 3a MEeBHOTO CTEXio-
METPUYHOTO CKJIaJy MOJIMBUN JIMIIE OAWH BIOPSAKOBAHUNA PO3MOJIN BTUICHUX
aTOMIB MO MDKBY3JOBUHAX IpaTHHII. Lle yMOXIHMBIIOE pO3IIIANaTh MO3UTUBHICTH
TEMIEpaTypy BTPATH CTIMKOCTH HEBMOPSIKOBAHUM CTAHOM IIIOJI0 BUHUKHEHHS Jlaje-
KOT'O TOPSIIKY B PO3MOJILII BTUIEHUX aTOMIB, SIK HEOOXIJHY ¥ JOCTaTHIO YMOBHU TEp-
MOJIMHAMIYHOI CTa0lJIBHOCTH.

5. AHanI3010 KiIHETHYHUX KPUBHX (PO3)yHOPSIKYBAHHS IIPOJEMOHCTPOBAHO, IO BHE-
COK B1Jl B3a€MO/I1i1 aTOMIB Ha TIEBHIN BIJ/1aJIl CIIPUSE YU IPOTUIIE AaTOMOBOMY BIIOPSI-
JKYBaHHIO 3aJI€KHO B1Jl 3HAKy iX €HEpriil «3MIIIaHHsI» i y BIANOBIAHOCTI 1O CUMETPIi
CTPYKTYpHU. YTBOPEHHIO KOKHOTO HAaJACTPYKTYPHOI'O TUITYy CHPUSTIMBUMH € BHECKU
B1Jl B3a€MO/IIi aTOMIB HE B KOKHOMY KOOPJMHAIITHOMY «KOJi», a JIUIIIE Ha TIEBHUX
MDKBY3JI0BUX (MDKBY3JIOBMHHHUX) Biggaisix. SIKIIIO BHECOK Bij B3a€MOJIii aTOMIB Ha
NIEBHOMY KOOPJMHAIIIMHOMY «KOJ1» TMOHWXY€E (3 ypaxyBaHHSIM 3HAKy) 3HAYCHHS
@yp’e-KOMIOHEHTH 1XHBOI €HEpPTii «3MIIIaHHA», TO BiH CIpPHUS€ BIOPSAIKYBAHHIO, a
1HaKIIIe TPOTHIIE MOMY, BIUTMBAIOYM B 000X BHUIAJIKaX Ha TeMmIeparypy (pazoBoro
NEepPEeTBOPEHHS Jaa—0e3a/l.

6. [lepenbaveno, 1m0 3a CKIHUCHHUX TEMIIEpaTyp, KOJIHM apaMeTpH JaJIEKOTO aTOMO-
BOT'O MOPSAJKY Y BUpa3ax AJjig KOH(DIrypamiiHoi BUIbHOI €HEprii BXKe He JOPIBHIOIOTH
OJIMHUIII, OKPIM CUMETPIMHO-EHEPTeTUUYHNX YNHHUKIB, CTAaHE BaXXJIMBUM 1 EHTPOIiHi-
HUI BHECOK. Lle CipUYMHUTH CIIOTBOPEHHS MEK MK BU3HAUEHUMU JiTSTHKAMHU €HEP-
TETUYHUX AISirpaM CTaOUTIbHOCTU Y 1HIII, BXXE TEMIIEpaTypHO- M KOHIICHTpaIliiHO3a-
JIeKHI, HATOMICTh HE MOPYIIUTH BUPIMIAIbHICTh BIUIMBY JNaJEKOCSHKHUX MIXKATOMO-

BHUX B3a€MOJIi{l Ha YTBOPEHHS 1 CTAOUIBHICTD (HAT)CTPYKTYP.
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PO3JILT 5
E®EKTH IPOCTOPOBUX KOH®ITYPAIII TOUKOBUX JIEPEKTIB
Y ETEKTPOHHOMY TPAHCIIOPTI B TPA®EHI

5.1 O0uncaoBaIbLHA peaji3alisi KBAHTOBO-MeXaHIYHOT0 hopMatizMy

Ky6o-IpinByna

JluHaMmiKy HE3B’s3aHMX HOCIIB 3apsiiy B rpadeHi OonucyBaTUMEMO CTaHJAPTHUM

p-opOiTambHuM ["aMiIbTOHISIHOM Y HAOJMKCHHI CHILHOTO 3B’ 13Ky [187—189]:

H :—ch VC* (5.1)

ne u=2,7 eB [187-189] e inTerpan nepeckoky /s cyciaHix atomiB C y By3iax I ta I’
Ha Bijytami mapameTpa rpatHmmi ao = 1,42 A [187-189], ¢’ (c,) € omepatop Hapo-
JDKEHHS (3HUIICHHS ), IO JIi€ Ha (KBa3W )YaCTHHKY-HOCIH 3apsay y By3ii | (CyMyBaHHS
BiIOyBa€eThCs MO BCiX By3iax I Ta mo cycimHix 3 Humu i'), V, € (on-site) morenmis

PO3CISIHHS Ha BY3JI I, IO OMKCY€E PO3CISIHHS HA HIM 4Yepe3 HasABHICTh TaAM TOYKOBOTO
nedeKTy — po3CIFOBAIBHOTO IIEHTPY.

PosrasgaTumMeMo KOPOTKOCSKHI Ta JANeKOCSKH1 po3citoBaibHI 1eHTpH. [lepr
(KOpOTKOCSIKHI) TIPEICTAaBIICH] HEUTpaTbHUMU (a7)aTOMaMU i MOJICITIOIOTHCS JIeThTa-

(GyHKIIOHATLHUM MTOTeHIIisIoM [187-189]:

|mp

V, = Zv 3, (5.2)

ne Nimp BU3Ha4Yae yncio pomimkosux (impurity) (ag)aTomiB Ha rpadeni. LlikaBo, mo

3a po3paxyHkamu ab initio Ta Metda0t0 T-MaTpuip (PO3MMUPEHUX TPAHUYHUX YMOB)

nist 6araTbox azatomiB (Hampukian, H, F, O) V; =V, € [10-80]u [302, 364-366].
JlanekocsokHI po3CiIOBalibHI IIEHTPH BIAMOBIIAIOTH 3apsKEHUM HOHAM Ha T0-

BepxHi rpadeHy 4M J1eIeKTPUIHOTO MIONOKs. B miteparypi X 94acTo MOJENIOIOTH

Tayccisa-norenuisnom [187-189, 301, 303, 367, 368]:

N R -R
Vi=>U, exp[g) (5.3)
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ne Ri (R;) — panitoc-Bextop By3na i (j) & — edexTuBHuUH pajiroc Aii MHOTEHLIATY
(edextuBHa nomxuHa ekpanyBanHs [301, 303]), a Bucora morenuisuty U; piBHOpPO3-
nojijacHa B iHTepBam [-A, A] ado [0, A], ski0 BoHa 3rako3minna ado 3Hakocmaid,
BIJIITOBITHO, 3 MAaKCUMAaJIbHUM 3HAYECHHSIM A.

Po3scissHHS HOCIIB 3apsiay (€IEKTpOHIB) HA TOYKOBUX JiedekTax (JOMIIIKOBUX
(aTomax 4m amaToMax) pO3TIIIAIOCS I TPHOX MOMIIMBHX BHITQJKIB 1X B3a€EMHOTO
po3TalnryBaHHs: BUTIAJKOBOTO, KOPETHOBAHOTO Ta BIOPSIKOBAHOTO.

VY nepuioMy («TpUBISULIBHOMY») BUNaAKy cyMyBaHHs B (5.2) 1 (5.3) npoBoauThCs
[0 BUMAJKOBUM YMHOM PO3MNOAUICHHX AePeKTax (JOMIMKax). Y ApyromMy BUIAIKY
(xopemswii) BBoAuThCS mapHa GyHkuis posnoniny [59, 60] P(R; — R;) = P(r):

0, r<r,

P(r)= Lrsr (5.4a)

e r=|R;— Rj| BHU3HAua€ BiJajb MK JIBoMa Je(exkTamu, a KOpessiiiHa JOBXKUHA
(pamiroc «0JI0KYBaHHS») Iy BU3HAYAE MIHIMAJIbHY Biaaaib, 0 Biagaise Oyab-saKki aBa
3 HuX. LlinkoM 3po3ymino, mo sl BUNAAKOBHUX (HEKOpENboBaHUX) nedekTiB I =0,
He 3Baxaroun Ha Te, 110 KOpEJIAliifHa JOBKHUHA € HEUYTJIMBOIO IO KOHIIEHTpaIii (Ty-

ctuHM) aedektiB [58], MakcuManbHa KOpelsliiHa IOBXUHA [,  3aJIEKUTh SK BLJ

max

KOHIICHTpAIlii Ae(eKTiB, TaK 1 B/l 3aHATUX HUMH ITO3HMIIIH, SK 11 BUAHO 3 Tabi. 5.1
Ha MPUKJIAJ JOMIIIKOBUX aAaTOMIB. Y MOJAIBIINX PO3PAXyHKAX y BUIAIKY KOpEs-

1ii 6epeThbesl MaKCUMAIIbHUM 11 paniroc («0IoKyBaHHA») I =1,  (puc. 5.1).

Hapemti y Bumagky BHOPSIKYBAaHHS PO3TISIAIOTHCS HAACTPYKTYPH, SIKI YTBO-
proroThest nedekramu. Hampukiaa, BOOPAIKOBaHI JOMIMIKOBI aAaTOMU MPOSBISIOTH

cebe K HaJICTPYKTYPH 3aMillleHHs UM BTIJICHHS 3aJIC)KHO BiJl TUIY aJcOpOIiHUX BY-

Tabnuis 5.1 CriiBBiTHOIIEHHS MIXK BITHOCHOIO KOHIICHTPAIII€I0 TOMIIIIKOBUX aIaTOMIB, 1110 MICTSITh-
cst B afcopOuiiHux By3nax H-, B- yu T-tuny (aus. puc. 1.7), Ta MAaKCUMaJIbHUM Pa/Iil0COM KOPEJISIii

(«OnokyBaHHS») I, , BUPaXXEHUM B OAMHUIIAX TapameTpa rpadeHoBoi IpaTHUL ag = 0,142 HM.

Tun By3na Nimp 0,5% 1% 2% 3% 4% 5%

H, B L [ad] 18 13 9 7 6 5
T r_ [ad] 13 9 6 5 4 3
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Pucynok 5.1 ®parMeHT po3moIiiy KOPOTKOCSHKHOTO (JIBOPYY) 1 JAIEKOCSHIKHOTO (TpaBoOpyd) MOTe-

HIUSTY PO3CigHHSA Ha 2% BUIIAAKOBUX (Bropi) 1 KOpeaboBaHUX (BHU3Y) HOMIIIKAX B rpadeHi.
y

3111B, sIKI BOHU MOC1Ia0Th (puc. 5.2). HaactpykTypu Ha puc. 5.2 BIANOBIIAIOTH CTEXi-
ometpii 1/32=3,125% nomimkoBHX agaToMiB. Takuil BIOPSIKOBAHUN PO3MOILT
(am)aTomiB MOHA ONMUCATH OJJHOYACTUHKOBOIO (DYHKITIETO:

P(R) = L n+n, =42, (5.46)
0, n, +n, #4%Z;

TYT Ny, N2 1 7 € 1Tl 9uciia, IpuaomMy Np 1 Ny BU3HAYAIOTh KOOPJWHATH BY3JIIB Y KOCO-
KYTHIHA CHCTEM1 KOOPJIMHAT 3 OCHOBHHUMH BEKTOPAMU TPAHCIIAIT 8; 1 8;, K MOKa3aHO
Ha puc. 5.2, a R BU3Hauae «mo4aTok» MPUMITUBHOI €JIEMEHTAPHOT KOMIPKHU, B KN

3HaXOAUTHCA pOSFJI}II[}IBaHI/Iﬁ BY30JI YA Mi)I(BYBJIOBI/IHa.

Pucynoxk 5.2 I'padenoBa rpaTHHILIA 3 YIIOPSIKOBAHUMU a/1aTOMaMH Ha Pi3HUX a/ICOPOLIHHUX By3/Iax.
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EnextpoTpancnopTHi Bi1acTUBOCTI TpadeHy po3paxoBYIOThCS Ha OCHOBI HecTa-
I[IOHAPHOT0 KBaHTOBO-MeXaHiuHOro Moaeno Kybo—IpinByma B mpsMoMy MpocTopi,
KOJIM €JIEKTPOIPOBIHICTh YEPHAETHCS 3 YACOBOI IMHAMIKU XBUJIHLOBOTO MaKeTa, IMo-
IIMPEHHS AKOTo Ha Tpad)eHOBIM IUIOMIMHI 3 TUIMHOM 4Yacy BHU3HAYAETHCA («KEPYETh-
Cs1») 3aJIeXKHUM BiJ yacy (ToOTO 3 ypaxyBaHHSM yacoBux (aktopis) IllpenunrepoBum
piBusHHAM [215, 297, 369-381]. Taka mMeTom00Tisl OXOILIIOE BCl TpH (OalliCTUYHHH,
IUQy31iHUN 1 JoKami3alliiiHuil) TPaHCIOPTHI PEXKUMU Ta € OOYHCIIOBAIBHO-
e(heKTUBHOIO, JO3BOJIIIOYM BUKOHYBATH KOMIT IOTEPHI PO3pPaXyHKH JJisi TpaeHOBUX
CUCTEM, HaOJMKCHHUX JI0 PEaliCTUYHHX, Ce0TO 3 MiJIbiiOHAMHU aToMiB (By3liB). Y 0i-
JBIIOCTH JUCEPTALINHUX PO3PAXYHKIB PO3MIpH IIapiB rpadeHy cTaHOBIATH 1,7 Mi-
NBHOHIB aTOMiB, T06TO ~210 x 210 HM?, a MakcuManbHi csramm ~ 500 x 500 aM>.

3a popmynor Kybo-IpinByna mis enekrponposignoctu [369]
o= (2he2n/Q)Tr[\7x8(E ~H).8(E-H )J, (5.5)
ne V, € X-KOMIIOHEHTa oreparopa mBuakoctu, E— enepris (Depwmi) enexrpona, —€ < 0

— ¥oro 3apsz, ) € momia rpadeHOBOTO 3pa3ka, a 2 BpaxOBY€ CITIHOBE BUPOKEHHSI.
BBenemo cepeHiil KBapat po3MIHMPEHHS XBUIIBOBOTO MakeTa (po3TalloBaHOro B ova-
TKOBHM MOMEHT yacy t B LEHTpi IJIOMHU TpadeHy) B3AOBXK Bici X 3 eHepriero E:
(AX2(E, 1)) = (X (t) = X (0))?), me X (t)=UT(t)XU(t) € oneparop nonoxenns B aii-

3enOeprosomy npesncrasienHi, a U (t) =e ™" e onepaTop wacosoi eBomonii. 3 mate-
MAaTUYHUX [IEPETBOPEHD BUILIMBAE BUpa3 (AMHINTaiHOBE CHIiBBiIHOLIEHHS) IUIS KOM-

MMOHEHTH X TeH30pa IMMTOMOI eJleKTporpoBiaHocTH [215, 297, 369-381]
0,,(E) = €%5(E)lim D, (E.t) (556)

e p(E) = p/Q = Tr[8(E — H)]/Q — rycTuna (enekTponnux) cranis (DOS) Ha oqunu-

mro Toroi (i Ha ofMH ciin), a (mudysiitHicTs) Dy (E, t) Bu3HauaeThes uepes AX 2(E, t):

(AX*(E,t)) _1TH{[X(t) - X (O)F3(E —H)}

PalE e t Tr[8(E—H)]

(5.7)

Enextponnuit Tpancnoptauii koedimieHT Dy (E,t) mMae po3mipHicTs audysiiiHOrO i

TOMY B JIITEPATYpPl YACTO MO3HAYAETHCSA SIK KOeiieHT qudy3ii eNeKTPOHIB, SKUM BIH
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1 € B quy3iiHOMY pexxuMi, aje He € B O6e3nudysiitHomy (0amicTHIHOMY) pEeKuMi 3a
BiJICYTHOCTH OyIIb-SIKUX PO3CisiHb. B momanbmomy (Ut CKOpOYEHHS 3aIKCy) 1HIEKCH
011t TeH30piB G 1 D omyckaroThes Ta MPUHMAIOTHCS TIO3HAYCHHS Gy = G 1 Dy =
Jletani yrcenbHUX METO/, SIKI 3aCTOCOBYBaIUCH 11 po3paxynky DOS, D(E, t) i o,
MicTsaThes B poooTi [136] 1 omaTky A, a came: MeTd1a mojiiHomiB UeOuImosa ajist BUCO-
KOTOYHOTO YHCEIHHOTO po3B’s3yBaHHs LIIpeanHrepoBoro piBHSIHHS, pO3paxyHOK Iie-
PILIKX JiArOHANBLHUX eeMeHTIB I piHoBHX (QyHKIIIH 3a JOIIOMOT0I0 OOpPHUBAHHS HETlEpe-
pBHOTO ApoOYy Ta MpoLeaypH TpUAIAroHai3amii ['aMiTbTOHITHOBOT MaTpHIli, yCepeI-
HEHHS M0 peanmi3alisax (KoH(irypauisx) AeekTiB, BUOIp MOYaTKOBOTO pO3MIpY XBH-
JHOBOI'O MAKeTa, KOMIT I0TEPHOro (rpa)€HOBOr0) 3pa3Kka Ta IPaHUYHUX YMOB, TOIIO.
JI1s iMIuieMeHTallii MEeTO0JIOTIT Ta MPOBEACHHS KOMIT IOTEPHUX PO3PaXyHKIB JAHUCEP-
TaHTOM OYJ10 BIaCHOPYY OOy T0BAHO ITPOrpaMHI KO Ha MOBI iporpamyBaHHs C++.
3a Bupazom (5.8) 3 ummHOM yacy D(E,t) moxe mepeOyBatu B pi3HUX TPaHCIIOPT-
HUX peXHumax: OalicTUYHOMY, TU(Y31iHOMY Ta peXKuMy JOKadi3allii, 00 UIIOCTPYeE
puc. 5.3, a. BinnoBigHi popmMu XBUILOBUX MAaKETIB, 1110 BIJIMOBIIAI0TH PI3HUM TPaHC-
MOPTHUM PEKUMaM, Bi3yalli30BaHO Ha puc. 5.3, 6—0 AJid IEBHOIO XapaKTEPHOIO 4acy
t=510" ¢ = 50 ¢c. B uncriit cucremi 6e3 nedexTiB (6e3 TOMIMIOK), eIEKTPOHH

MOIIMPIOIOTHCS 0aTICTUYHO, a XBUJIBOBUM MAKET pO3IJIMBAETHCA 13 CEpeHIM KBaIpa-

TOM «/(AXZ(E,t» =V.t, ne Vg — enekrpoHHa wmBuAKicTh Pepmi. B pesynbrati

D(E,t) pocte MiHIHHO 3 HAXHJIOM Vi. IIpu t = 50 ¢c 1 Nimp = 2% Ha puc. 5.3, a cucrema
nepeOyBae B nudysiiitHoMmy pexxumi, ko D(E,t) csarae HacuueHHS i cTae He3alex-
HUM BiJ 4acy. 3a OLIbIIOro >k BMicTy ZOMIMIKU (Nimp = 5%) peami3yeTbes pexum Jio-
kamizamii, ko D(E,t) cmagae 3 yacom i3-3a KBaHTOBUX iHTEp(EPCHIIIHHUX SEKTIB,
SIKI TIPU3BOJATH 70 CIaOKOi 4M CHJIbHOI Jokamizarii [224, 375-377]. Harosiocumo,
mo came I1ed (audy3iiHuil) pekuM 1 PO3TIISIAAETHCSA B YCIX MOJATBIINX PO3paxyH-
kax, koau D(E,t) csirae cBoro MakcuManabHOTO 3Ha4YeHHs. ToMy, HACHiyI0ud POOOTH
[376, 377], y Bupasi (5.7) 3nilicHioeTbest 3amina limy_,,D(E,t) — Dpax(E), a HamiBkI1a-
CUYHHI BUPA3 )i €IEKTPONPOBITHOCTH HAOyBa€ BUTTISLY:

(E) =€*p(E)D,u (E). (5.8)
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Pucynoxk 5.3 HacoBa 3aexxHicTh (HOPMOBaHO1) AM(Y31HHOCTH 32 pi3HUX TOMIIIKOBUX KOHIIEHTpaLii
(Vo~37u, E=0,2u) (@) i nommpeHHs XBUILOBOTO MakeTa Ha IpaTHUI rpadeny i3 m x n = 3400 x 2000
By31iB (6—0). [TouatkoBuit po3mip makera 1020 x 600 By3:miB (6); uepe3 50 de (6—0) itoro dpopma i po-

3MipH 3MIHIOIOTHCSI, BIATIOBIJal0UX IEBHOMY TPAHCIOPTHOMY PEXHUMY 3aJI€KHO BiJ] BMICTY JOMILIKH.

Crnin BiA3HAUUTH, IO 3 KIHETUYHOTO BOJIBIIMAHHOBOTO PIBHSHHS MOXKHA TEXK
OJIEpIKATH BHPA3 I TIPOBiTHOCTH: Gy, (E)=e’p(E)Vvit/2, ne T € yac poscisHHs.
Tomi 3 ypaxyBanHsM (5.9) BUIUIMBAE, 10 JOBXKHWHA MPYKHBOTO BUILHOTO MPoOIry
eneKTpOoHiB lg = VET = 2D may/VE.

VY OUIBIIOCTH €KCIIEPUMEHTIB 3 TpaQ)€HOM HOTO EJIEKTPOIPOBITHICTD MIPSIOTH SIK
(yHKIIi10 rycTHHH (KOHIIEHTpAIlil) HOCIiB 3apsy (eneKTpoHiB) Ne. [i MoskHA po3paxy-

BatH 3a popmyiioro Ng(E) = J ic, P(E)dE — Nigns, 1€ Nigns = 3,9-10% cm e T'YCTHHA TIO3UTH-
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BHHX HMOHIB, SIKI KOMIICHCYIOTh HETATHBHUH 3apsi P-elneKTpoHiB. Haramaemo, mo mis
yrictoro rpadeny B Jlipakosiii Tourli (HeiTpaabHOCcTH) Ne(E) = 0. KoMObinyroun po3pa-

xoBaHi Ne(E) 1 6(E), oepyeMo 1rykaHy eleKTpONpOBITHICTb K PyHKITIF0 G = G(Ng).

5.2 EnexTpoHHi cTaHu, 1u(y3isi eJIeKTPOHIB Ta iX NPOBiAHICTH

VY 1iM miIpo3aiii HaBeEHO Pe3yIbTaTH YNCEIbHUX PO3PAXYHKIB JIsI BUTIAAKOBO-
'O 1 KOPEIHOBAHOTO PO3MOILIIB PO3CIFOBAIBHUX IIEHTPIB (AOMIIIOK) 3 3-1moai0HNM (KO-

potkocsoxkauM) (5.2) i Tayccosum (nanexocsokanm) (5.3) moTeHLisIaMu pO3CisHHS.

5.2.1 /lenoma-noodionuii po3citoeanvHuii ROMeHYiAN: CUIbHUIL | CTAOKUIL

3a aHANITUYHUMH PO3PAXYHKAMU Yy BUIAJKY KOPOTKOCSKHOTO (O-T10/110HOTO)
PO3CIIOBaIbHOTO TOTEHIIISTY Ha €IEKTPOHHO-KOHIIEHTPALIHY MOBEIIHKY €JIEKTPOII-
POBIIHOCTHU rpadeHy, OKpIM KOHLEHTPALIl JOMIIIKHU Niyp, CYTTEBO BIIMBAE 1€ U pe-
UM PO3CISIHHS: cllabkuil un cuinbHui. Ctangaptauii bonbsimanHiB miaxia (cedto 3a
HOro KIHETUYHOTrO piBHSAHHA) Y bopHOBOMY HaO/MKEHHI nependadae HEe3aleKHICTh

MPOBIHOCTH BiJ TYCTHHH (UM KOHIICHTpAIlii) eleKTpoHiB N, [187-189, 302, 382]:

o) = (5.9)

imp~ 0
TyT V-h=3Ua,/2, a V, mogano Bupasom (5.2), ne Vj = V,. ITo3a BoproBum Habmu-
KEHHSIM TPOBIJIHICTD JIHINHO 3aJIeKUTh Bl KOHIIEHTpAIlli €IEKTPOHIB Ng 3 TOUHICTIO
710 JIOrapuTMIYHOI TonpaBku [382—-384]:

, )_4e2 n,
imp>"'e/ T
h Nimp

2
o(n ,

(1n n, Ro) (5.10)

ne Ry mo3Hawae panmiroc po3citoBadiB. 3a3HaYMMO, II0 OOTPYHTOBAHICTH (a/IeKBaT-

HicTh) bopHOBOTrO HaOMMKEHHS (HE30ypIOBaHHS XBHJIOBUX (YHKIIIM y HEJIeroBaHiil
. . : -1 .

cuctemi) y Bupasi (5.10) mae micue ipu ([V,|/u) & Jn, Inn_, mo 3a peamicTranmx

CJIIEKTPOHHMX TycThH, Ne S 0,01, Biamosizae ymoBi |Vo| S U, sika i OepeThcs 3a 03Ha-
YeHHsS c1aOKko2o po3cisiHHsg. YMoBa |Vo| > U (koim Bupas (5.11) € oOrpyHTOBaHUM)

BHU3HAUAE PEKUM CUIbHO20 PO3CISTHHS, 0 SIKOTO BITHOCATHCA 1 OLIBIIICTh rpadeHo-
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BHX aJIaTOMIB 3 €)eKTUBHUM PO3CiroBaIbHUM MoTeHIisuioM Vo/Uu = 10-80 [302].

Posrissaemo Bumanmok cunvnux (|Vo| > U) posciroBadiB 3 KOPOTKOCSHKHHM O-
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Pucynok 5.4 Enepreruuni (E) 3anexnocti ryctun enekrponHux cradiB (DOS) ta HOCIiB 3apsiny Ne
(uucio eekTpoHiB Ha atoM KapOony) mist cuiibHOTO (@, 0) Ta ciiabkoro (6, e) O-moAi0HUX MOTEHIII-
SUIB PO3CISHHSA, a TakoX s [ayccoBoro 3Hako3MiHHOTO (—A < U < A]) po3citoBaIbHOTO MOTEHILis-

1y (8) 3a BumagkoBux (Ip = 0), kopernboBaHuX (I = Fomax) 1 BHOPSAKOBAHKX (0, €) PO3CIIOBaYiB.
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noreHIisuioMm. Ha pucynkax 5.4, a, 2, 0 nogano ryctuHu enekTpoHHux crani (DOS)
1 eaexTpoHiB (Ne = Ne(E)) y rpadeni 3 cunpuaumu (Vo = 37U) posciroBauamu. Po3paxo-
BaHI KpUBI1 €JIEKTPOHHUX CTaHIB MPAKTUYHO 1ACHTUYHI JJIsl BUMIAJKOBUX 1 KOpEIbOBa-
HUX PO3CIIOBAIBLHUX LEHTPIB (puc. 5.4, a), mpoTe iICTOTHO PI3HATHCS IS BIOPSAIKY-
BaHHs (puc. 5.4, 0).

3a Bucokoro (s i rpadeHy) BmMicTy AoMimKkH (Nimp = 1/8 =12,5%) ta cuns-
HOTO po3citoBaJIbHOTO MOTeHIIsLTY (Vo=37U) eHepreTu4Hi MK, 110 BUHUKAIOTH IIIe
3a cmabkoro Vo=+U (puc. 5.4, e), po3LIMPIOIOTHCS, EPETBOPIOIOYUCH Y JUCKPETHI
eHepreTuyHi piBHI (puc. 5.4, 0), Ha KIITAIT eHepreTuuHux piBHiB Jlangay [260]. Le €
HACJIIJIKOM MEPI0JIMYHOCTH CyMapHOTO MOTEHIISUTY (SIK 1 JJIs1 MOACIBHOTO MOTEHIIS-
ny Kpownira—Ilenni), a «kBazuocuuiaiBHui» xapakrep DOS Ha puc. 5.4, 0 Haragye
KJIIOHYBaHHS TOAaTKOBUX [[ipakoBHUX TOYOK y Tpad)eHOBUX HAACTPYKTypax (Haarpart-
HuIiX) [385]. SckpaBo BupakeHuit mik mooim3y [ipakoBoi Toukn, —0,3 S E/u < 0,
CBITYUTH TIPO YTBOPEHHS MoMImIKoBoi 30HU [260]. ITik 3cyBa€eThCsl BITHOCHO TOUYKH
E =0, mo crnpuyuHEeHO 3HAKOCTATICTIO (JOJATHICTIO) PO3CIIOBAILHOIO MOTEHIIISITY,
Vo > 0. 3mimeHHst TOMIIIIKOBOT 30HU Ha pHC. 5.4, a BinoOpakaeTbes i Ha puc. 5.4, 2,
— B acuMeTpii 3anexHoCcTH Ng = Ng(E). s uncToro (6e310MiIIIKOBOTO) % rpadeHy,
MK B oKoJi J{ipakoBO1 TOUKH 13-3a JOMIIIOK, SIK 1 «KBa3WOCUUJIIBHI» MIKH 13-3a BIO-
PSAIKYBaHHSI, BIJICYTHI.

Pucynox 5.5, a moka3ye 4acoBy 3alie’kKHICTh €JIEKTPOHHO-TPAHCIIOPTHOTO KOE-
dimienTa (qudysiinoctr) D(t) mas pi3HUX KOHIEHTPAIiH BHITAJKOBUX JIOMIIIIKOBHX
(am)aTomiB. Yacosa esomomiss D = D(t) nemonctpye, mo mpu 1 1 2% JOMIIIKH CHC-
TeMa Jocsirae i nepedysae y audysiiitHoMy TpaHcnopTHoMy pexkumi nipu t = 70 1 30
¢dc BinnmosigHo. [Ipu 0,5% nomimku nudy3iitHUN PeKUM HACTAE 3a YaciB 1M03a THX,
110 300pakeHi Ha puc. 5.5, a (t = 130 ¢c), a mpu 5% HOMIIIKKH CHCTEMA Mailke Bif-
pa3y Jocsrae pexumy JoKali3aii.

Bamis aHajizu €JICKTPOHHO-KOHIICHTPAIIHOT 3aJIe)KHOCTU MPOBIAHOCTH, JISI
npukiany, Buopano 2% momimku i yac t =80 ¢c, komu D(t) csarae HacuueHHs, Bij-

HoBijaroun 100pe ycraaeHoMy AudysiiiHoMy pekumy (puc. 5.5, 6). 3a BUIIAAKOBOTO
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Pucynoxk 5.5 (a) YacoBa 3anexxHicTh AU(y31HHOCTH €JIEKTPOHIB 3a PI3HUX BMICTIB BHUITaJKOBUX PO-
3citoBauiB, 3mMoaenboBanux cunvhum (Vo=37u, E=0,2u) d-notentisuiom (5.2). (6) Enexrponposi-
HICTh K (YHKIIiSl TYCTUHH €JEKTPOHIB MpH 2% BHITAKOBHX 1 KOPEIbOBaHUX po3citoBayiB. Onep-
*any 3a popmynoro (5.10) mWTpUX-MYHKTUPHY KpUBY (6) 3MilIeHO B 01K TOUYKH HEHTPaIbHOCTH 3a-

psny Ha Ne = 0,02 aTom .

PO3MOLTY JOMIIIOK 3aJeKHICTh G = G(Ng) € KBa3WJIIHIHHOIO Ta q00pe 30iraeThes 3
YHCebHUMU pe3yibTaTamu podotu [260], me 3acTocoByBaBcs Mmiaxia, MOAIOHMIA 110
Ky60-metdau. TeopernyHa (aHaMITHYHA) KpUBA HA PUC. 5.5, 6 ICTOTHO BIIXWISIETHCS
BiJ1 JIIHIHHOCTHU 4epe3 JIorapuTMiuHy nonpasky y dhopmymi (5.10). Ilpudyomy Biaxui
3HAYHO TIEPEBUIYIOTh EKCIIEPUMEHTAIBHO crioctepexeri [188]. Lle mos’s13aH0 3 TUM,
10 eKCTIIEPUMEHTAJIbHI €JICKTPOHHI TYCTUHM HIDKY1 3a Haill po3paxyHkoBi. Came 3a
HIKIUX Ne Yy ¢dopmyni (5.10) 1 mposiBis€TbCd KBa3WIHIMHICT Y 3aJI€KHOCTI
o = o(ne).

VY 1M migpo3AiIi po3rIsIalThCS eleKTpoHHl ryctuau Ne < 0,06 (ne < 2,310
CM_Z), 10 TEPEBUIIYE TUIOBI €KCTIEPUMEHTAbHI no? < 1,810 aTom™* no? < 7-10*
cM ) [5, 51]. BinbLInMi 3a eKCIIePHMEHTaNbHI OepyThCS HE JINIIE TYCTHHHU eIeKTPO-
HiB, @ 1 BMICTH MOJGIBHUX AOMIIIOK, Nimp < 12,5% (Nigp < 5.10" CM_Z), X04a B eKcCIIe-

pumentax n;» <0,14% (ni> <$5,4-10% cm ) [5, 51]. Takuii Bubip 06yMOBICHO

THM, 1110 332 €KCTIEPUMEHTAIBLHO PEaiCTUYHUX JTOMIIIKOBUX KOHIIEHTpPAIlIA 3315 10-
CSATHEHHS CTa0IBHOTO IOBFOTPUBAIIOTO MU Y31MHOTO pexuMy ciiiji 0yso 6 mpoBoau-

TH PO3paxXyHKHU Ha 3pa3zkax 3 THCSUYaMU MIJIbHOHIB aTOMIB, 10 MEPEBUILYBAJIO HASBHI
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MEXK1 KOMIT F0TePHO-00YNCITIOBATLHUX (KJIACTEPHUX ) MTOTY>KHOCTEH.

B oxomi dipakoBoi Touku (Ha puc. 5.5, 6) MpoBiIHICTh BUPIBHIOETHCS (CTaOLTI-
3Y€ThCS), IO MOB’S3aHO 3 TPAHCIIOPTHUM PEKUMOM B CHUJITy YTBOPEHHS JOMIIIKOBOI
30HU. OueBHIHO, 110 Gopmyna (5.10) He BiATBOpPIOE 1€l TpaHCTOpTHUN pexkuM. [1pu
OUIBIIKMX TYCTUHAX MOOAAIb J[ipaKoBOi TOYKM YHUCENBHO PO3paxoBaHa KpHUBa MPOBI/I-
Hoctu (Ky0o) Bimpi3HseTbcs y =2 pa3u BiJl KPWUBOi MPOBIAHOCTH 3a (HOPMYIIO0
(5.10), sIKy 3MIIIEHO JIBOPYY BITHOCHO TOYKHU N = 0, 0 CIPUYMHEHO aCHMETPI€I0 B
3aJISKHOCTH N = Ng(E) 13-3a qoMinmkoBoi 300K (PO SKY WIILIOCS BHIIIE).

Ha pucynky 5.5, 6 Takox MiCTUTbCS KpHBa G = 6(Ne) ISl BUNIAAKY KOpPEIbOBa-
HOT'O PO3MOILIY AOMIIIOK 3a cepeaHboro (o=0,5rgmax) 1 MaKCUMAIBHOTO (o= Fomax)
pazitociB Kopensiii («01okyBaHHM»). Jlerko GaunTH, 10 KOPENSIlis MPaKTUYHO HE
BILJIUBAE HA €JICKTPOIPOBIIHICTH HABITh 32 MAaKCUMAIIBHOTO I = gmax-

Hapas3i nepeiinemo a0 pexumy ciabrkoeo (|Vo| S U) po3cissHHS 32 KOPOTKOCAKHO-
ro (5-10I0HOT0) MOTEHIIISLTY, po3riianaldu 2 BUnaaku: snaxosminnutl (Vo==U 3 oJ-
HAKOBUM, PiBHEM M x N/2, guciiom 3Ha4eHb Vo >0 1 Vo<0) Ta snakocmanuii (Vo=U)
noTeHIis. ErepreTryni 3anexxnocti DOS 1 enekTpoHHOT KOHIIEHTpaIil Ne TOIaHO
Ha puc. 5.4, 6, 2, e. SIk 1 3a CHIILHOTO PO3CISTHHS, KOpeusiis (puc. 5.4, 6) IpakKTHIHO
He BIUmBae Ha DOS, mpote (y mpoTUBary CHIILHOMY PO3CISIHHIO) JTOMIIITKOBAa 30HA
no6nu3y JlipakoBoi Touku mpakTruHO BiAcyTHS Ha DOS-kpuBux. BriopsinkyBaHHS X,
HaBMAaKH, icTOTHO BIutnBae Ha DOS (puc. 5.4, €), BTIM B CHITy CTAOKOCTH TOTEHIIISUTY
PO3CISIHHSI CJIa0IIatOTh 1 «KBa3MOCLMIIALIID MOPIBHSAHO 3 TUMHU, 1110 Ha puc. 5.4, 0.

Pucynku 5.6, a 1 6 nemoncTpyroth 3anexxnocti D = D(t) 3a pi3HuX KOHIIEHTpa-
Ui crabouunHux BUMAAKOBUX po3citoBayiB. Ha BIIMIHY BIiJl cuibHO20 PO3CIIOBAIIb-
HOTO TOTEHIIISUTY B JaHOMY BUMNaAKy D csrae makcumymy 3a OJTHOTO ¥ TOTO X 4Hacy
t~ 120 (¢ He3anexHO BiJ BMICTY AOMILIOK, Nimp. 3@ 3HAKO3MIHHO20 (CUMETPHUYHOIO
BIJTHOCHO HYJIbOBOT'O 3HAUY€HHs) MOTEHIISUTY pO3paxoBaHa W HaBeJeHa Ha puc. 5.6, 6
npoBiaHicTh (Ky0o0) He 3a1eXuTh BiJ T'YCTHHH HOCITB 3apsay (okpiM okoiry Ne=0),
HaBITh BIIPI3HIIOYUCH Y =3 pa3u Biag BoabIiMaHHOBOT MPOBITHOCTH, OJIEPKAHOI aHa-

JITUYHO 3a Gpopmyioro (5.9).
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Pucynok 5.6 (a—2) Te x came, 110 i Ha puc. 5.5, ane 3a crabkux snaxosminnoz2oNo = U (a, 6, 0—€), i
snaxocmano2o, Vo=U (6, 2), MOTEHIISUTIB PO3CISIHHS, @ TAKOK 32 PI3HUX CTEXIOMETPIi yITOPAAKOBAHUX

po3ciroBauiB (0—¢). llITpux-nyHKTUpHI KpHBI (8, 2) € pe3ynbTaT boibpimanHoBoro mozento (5.9).

Jlerko 6aunTH BUpa3HHii poBasl KpuBOi 6 = 6(Ne) mooau3y JlipakoBoi Touku. Li-
KaBoO, 110 MOOIKN3Y HEl COCTEPIraloThCs CHIIbHI HEOJHOPITHOCTI T'YCTHH €JIEKTPOHIB 1
JIPOK — EJICKTPOHHO-IIPKOBI «Karoxki» [386, 387]. Bonu moB’s3aHi 3 cCHiabHUMH (TI0-

piBHsAHHUME 3 DepMiilOBOIO €HEPri€l0) BapislisMU 3HaY€Hb MOTEHIISTY PO3CISTHHS,
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IO BIAMOBINAIOTH OKOIY /[ipakoBoi TOUkH. 3a TAKOTO PEeXUMY €IEeKTPOHHO-IIPKOBOI
HeotHopiHOCTH (hopmyita (5.9) B3araiti € HEIPUIATHOIO.

Ha pucynky 5.6, 6, Ik 1 y BUIAJKy CUJIBHOTO PO3CISIHHS, KOPEAIIHHOTO €(hEeKTy
HE crocTepiraerbca. HatomicTh, SICKpaBO MPOSBIAETHCS €(PEKT yMOpsiAKYBaHHS Ha-
BiTh MPH 3HAKO3MIHHOMY O-TIOTEHIIsUTI PO3CISHHS: MO-TIEpIIE, «KBa3WOCIMIIIBHUAN
xapaktep DOS Ha puc. 5.4, e 1 BOOPSAIKOBAHUX PO3CIFOBAYiB BiOOpaKaeThCs 1 HA
BIJIMOBIAHUX G-KPUBUX Ha puC. 5.6, 0—€, a Mo-Apyre, 3HAYCHHA G Ha IIMX KPUBUX B
JECSITKU pa3iB MEepPEeBUIIYIOTh 3HAUCHHS G JJI1 BUNAJAKOBHUX po3citoBauiB. [Ipuuomy
YUM OUIBLINHI iX BMICT, TUM OUIBIINI BIJTHOCHUN IPHUPICT NPOBIAHOCTH.

BanexHicTh G = o(Ne) 3a 3Hakocmanoco (ACHMETPUYHOTO BIJTHOCHO HYJIHOBOTO
3HAYCHHs) PO3CIIOBABHOMY HOTEHINSUT (IUB. pHC. 5.6, 2) BIAPI3HIETHCS Bijl BUITAIKY
HOr0 3HaKO3MIHHOCTH JBOMa ocoOnuBocTsIMU. [lo-niepie, mpu BiJ’eMHUX 3HAYCHHSIX
Ne, SIKI BIAIOBIIAIOTh B MO3HAYEHHAX Yy AucepTarii aipkam (—ne > 0), po3paxoBana ¢
HE 3aJIeKUTh BiJ] TYCTUHHU HOCIiB 3apsjy, SK Iie nependadae i bosbIMaHHIB IMiIX1
(bopmyma (5.9)). IlpoTe, nmpu AOJATHUX 3HAYEHHSX Ne B PO3paxOBaHIN 3aJICKHOCTH
o =o(ng) cmocrepiraeTbes i cyOminiiHicTh. [lo-gpyre, Ha minsgHImi N, <0 (koim
G =~ const) crnoctepiraerbecsi mpupict 6 (10 30%) 3aBAsiku Kopemsiii B Po3Moaiii
(am)aTomiB OMIIIKH, a ipu & > () Takuit (Kopemsiiiauii) e)eKT BIACYTHIM.

3aranom, 3a TEOPETUYHUMHU (AHATITUYHUMU) pe3yibTaTaMu bBoJIbLIMaHHOBOIO
MIXOy €JIEKTPOIPOBIIHICT HE 3aJICKUTh Bl 3HAKy PO3CIIOBAIILHOTO MOTEHITISITY,
6Boltz(Vo) = Ogoiz(—Vo), BTiM uncenbHi pe3ynbratu (Ky00) 4yTimBi 10 3HAaKY MOTEHIII-
STy PO3CISIHHSA, Gupo(Vo) # Okubo(—Vo). [Ipu 3MiHI 3HAKY MOTEHINSUTY Ha TPOTUIICK-
HUit (3 fogaTHOro, Vo = U, Ha Bia eMuui, Vo = —U), 3asexHocti 6 = o(Ne) Ha puc. 5.6,

2 3a3HAI0Th A3€PKaIbHOI CUMETPIi BIAHOCHO BICI OpJIMHAT.

5.2.2 Tayccié nomenyian po3cianna: 3HaKoIMIHHUIL [ 3HAKOCM AU

Posrnsmemo Bumanok (gacto 3actocoBaHoro B jiteparypi [187-189, 301, 303,
367, 368]) IayccoBoro posciroBambHOro moreHuisuty (5.3). Bapiroroun edexTuBHMIA
paniroc xii & y popmyuti (5.3), MoxkHa nommproBatu Airo Layccisna (5.3) Ha BCro rpa-

(I)CHOBy IJIOIIUHY, BBAXKa0O49 TUM CaMUM Horo JAJICKOCAKHHM.
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Bupas st enekTpornpoBiIHOCTH rpadeHy MOKHa OAEp)KaTd 13 CTaHIAPTHOTO
BbonprimanHoOBOTO Migx0y y bopHoBOMy HabmmkenHi [94, 301, 367]:

e’ n E2e™E ; const, |z| <1; (5.11a)
h Kl (an, &) |n% [zI>1; (5.116)

e

TyT Z = TNE? = 21E/A, |, — MomudikoBana Beccenesa pyHKis mepioro poxy, a K ~
~ 40,5nimp(A/u)2§/\@ao)4, ne A — nomxkuHa XBUIi depmi. 3aiekHO Bija CIIBBIIHO-
IIEHHS MK MmapaMeTpamu B (5.11) po3risiiatoTh ABa PeKUMH PO3CISIHHS €JIEKTPOHIB.
VYmoga |z| < 1 onmcye, Tak 3Banuit [94, 301, 367], keanmosuti pesxuM po3CisTHHS, KO-
1 JoBxuHa XBUiIl Depmi Ouibiia 3a €PeKTUBHUIN NOTEHLISUIIbHUEN pajaitoc (€eKTuB-
HY JIOBXXWHY €KpaHyBaHHs), A >> &. [IpoTunexxna ymoBa, |z| > 1, sinmosinae [94, 301,
367] kracuunomy pexumy poscisHus, A << &. OCKIIbKM HamiBKIacHYHUE bosbliMaH-
HIB MiX14 nepeadaydae aBa pi3Hl PEKUMU PO3CISTHHS, TO B AUCEPTAIIMHUX YUCETBHUX
pO3paxyHKax JOCTIHKYBAIUCH TakKl JUISHKU 3HAYEHb NapaMeTpiB, siki O BiAMOBIIAIN
LM JIBOM pexuMaM. TakuM pexumaM BIANOBIIAIOTE 3HaUYeHHs & = 48y 1 168y, ki (y
BUOpaHOMY MJIsi pO3PaxyHKIB IHTEpBall €IeKTPOHHUX rycTHH N < 0,06) BiamoBija-
10Th || S 2 1 |z| < 35 BignoBiaHo. EXclIepUMEHTAILHUM MIpSHHSAM BIiAMOBIJAE PEKUM
(ymoBa) |z| S 1 oCKiIBKM TPOTHIIC)KHA yMOBa, |Z| = 1, mepenbavyae 3aHAATO BHUCOKY
IUIsL TOCSITHEHHSI 11 B €KCIIEpUMEHTI TycTUHY HociiB 3apsiny [301, 303].

Kpugi aiist ryctuan enektpornux craniB (DOS) 1 3anexHicTh Ne = Ne(E) momano
Ha puc. 5.4, ¢ 1 2, W15t Nimp = 2% po3ciroBauiB, sKi ONHUCYIOTHCA 3HAKO3MIHHIM [aycci-
sHoM (5.3). TayccisH-OTEHIIIsT iCTOTHO PO3MHUBAE KPUBI T'YCTHHH CTaHIiB, OCOOJIMBO
B oOsiacti Ban-I'0BOBUX cuHHIyIpHOCTEH. SIK 1 y BUIAAKY KOPOTKOCSDKHOTO (O-
no/11I0HOT0) PO3CIIOBAJIBLHOTO MOTEHLIsUTY, Kopelsauiiauil egext y kpuBux DOS Ha
puc. 5.4, 6 He CIIOCTEPITAETHCSI.

Ha pucynky 5.7 MICTATbCS pe3yJbTaTH PO3PAXYHKIB TU(DPY31ITHOCTH €IEKTPOHIB
(muB. puc. 5.7, a, 6) 1 ix npoBigHOCTH (pHC. 5.7, 6—€) sk DyHKIIH yacy, D = D(t), ta
I'YCTHHHU €JIeKTPOHIB, 6 = 6(Ne), (BiAMOBIAHO) 3a pisHuX (puc. 5.7, a, 6) Ta (dikcoBa-
Hux (4%) (puc. 5.7, 6—e) IayccisHoBHX po3ciroBauiB (5.3), pO3MOAiIEHUX BUIIAIKOBO

a00 KOpeIbOBaHO.
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Pucynok 5.7 3anexxHocTti mudy31HHOCTH €JIEKTPOHIB BiJ 4acy (@, 6) Ta IPOBIAHOCTH BiJl iX T'YCTHHU
(6—e) 3a piznoro (a, 6) Ta pikcoBanoro, 4% (6—e), BMICTiB BUITaJKOBHUX 1 KOPEIHOBAHUX PO3CIIOBAYIB,
3MOJIENFOBAHMX 3HAKO3MIHHUM (a—2) i 3HakoctamumM (mogatauM) (0, e) Tayccisaom (5.3). Iltpux-

NYHKTHPHI KpUBI (6, 2) — pe3ynbrat bonpiiManHOBor0 HaOmmkeHHs (5.110).
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Ak 1 g1 cnmabkoro O-MOTEHIISUTY, TPAHCHOPTHO-IU(]Y31HHI KoedilieHTH csra-
I0Tb CBOI MAaKCUMYMIB D« 32 0JIHAKOBUI MPOMDKOK Yacy t aJisg BCIX PO3TIISIHYTHX
KoHIEeHTpauid 1% <Njy,, <5%: t~ 1301 110 ¢c nna € = 4a5 1 168, BiamoBiAHO.

3aeXkHICTh Okypo = Okubo(Ne) HA pHC. 5.7, 6 onepkano npu & = 4ay B iHTEpBaJi
EIIEKTPOHHKUX TYCTUH, 3aJJ0BOJIGHSIOYMX HEPIBHICTH |Z| S 2. JIiHIWHICTH OJep:KaHOi
3aJICKHOCTH TOIIUPIOETHCS 1 HA KIacHuHUi pexkuM |Z|> 1. Ile noOpe y3romkyerses 3
MoTepeHIMH YrceTbHUMU po3paxyHkamu [301, 388], me nmiHiliHy (Y KBa3WITIHIHHY)
3ANIEKHICT G = 6(Ne) OAEPXKAHO i3 BUKOPUCTAHHAM METOHOJIONT IpiHOBUX (PyHKIiM.
HaTtomicTh, omepkaHa YMCENIBHO JIHINMHA 3aJ€KHICTh Gkuyho = Okubo(Ne) CYIEPEUHUTH
pesynbratam (5.11) y BoasiiManHoBOMY miaxoi mpu |z| << 1, 3a SKUMH Ggoy, = CONSt.
[ls po301XKHICT, MOSICHIOETHCS HEBUIIPABAAHICTIO CTaHAAPTHOrO boJbIIMAaHHOBOTO
HiAXo/y (3a SIKMM Gpgo; = CONSt) yepe3 HelocTaTHIO 00IpyHTOBaHICTh bopHOBOTO Ha-
ommwkenns [301], 30kpeMa, y BUMaKy JaIeKOYMHHOCTH PO3CIIOBaYiB.

3aeKHICTD Gkuno = Okuno(Ne) HA puc. 5.7, 2 oxepkano mnpu & = 16ay B inTepBaii
CJIEKTPOHHMX TYCTHH, IO 3aJ0BOJIbHAIOTH HEepiBHICTH |Z| S 35. HaBith 3a Takoro Bu-
najKy po3paxoBaHa MPOBIAHICTh MPOSBIISE JIHIMHY 3aJ€KHICTh: Ggyho € Ne. Y BUTIA-
IKy |z| > 1 BoapimaHHIB TiaXig nepeadadae HaJIiHIHHY 3aICKHICTh G oC n§’2, 1110 Bi-
3yai30BaHO B JIOTAPUTMIYHIN IIKaJi y BKIAI Ha puc. 5.7, 2. BTiM, y BcTaBIll HE J10-
CSATHYTO HACTUIBKM BUCOKHUX T'YCTHH €JIEKTPOHIB, I00 BIJOOPA3UTH aCUMMTOTUYHY
TUIIHKY (PEKUM BHCOKHX €JICKTPOHHUX I'YCTHH MpOaHalizoBaHo B [367]).

Ak BUIHO 3 puc. 5.7, 6 1 2, HaBITh 32 MAKCUMAJILHOIO paJiitoca Kopessiiii («01o-
KYBaHHS») Iy = Fomax KOPEJISIIIS B PO3MOALUTI JOMIIMIKOBUX (a7)aTOMIB MPAKTUYHO HE
BILJIUBA€ HA EJIEKTPOIMPOBITHICTh 32 3HAKO3MIHHOTO PO3CIIOBAILHOIO MOTEHIISUTY.
[Ipote 3a 3HaKOCTanOro (HAMpPUKIIA, OJATHOTO) MOTEHITISLTY PO3CISTHHS KOPEISIIis

CTIPUYMHIOE TABUIIICHHS POBIAHOCTH B ~ 2 pasu (puc. 5.7, 0 i e).

5.3 Medexrn 3amimenns: gomimku (N) Ta ix KOMILUIEKCH 3 BAKaHCiIMH

Sx Oyno 3azHaueHo B po3aim 1 (myHkT 1.2.2), HaWOILIBII MIAX0XKUM KaHIAHUIA-
TOoM Juisl 3amileHHst KapOony Oe3nocepeanbo y By3nax rpatuuui (okpim bopy) € Hi-

TPOTEH Yepe3 MiHIMaJbHI CIIOTBOPEHHS MPU TAKOMY 3aMIIIeHHI 3-3a OJIM3BKOCTH PO-
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3mipiB atomiB C 3 aromamu N, 10 (sik 1 B) cycigsate 3 C no Ilepioguuniii TaGmuim.

[IpoBenena cepist eKCEPUMEHTIB 3 1onoBaHuM N-atomamu rpadeHom [61, 196
201] xkoHCcTaTyBala MOXJIMBICTh YTBOPEHHS B HIM PI3HOMAaHITHUX KOHpiryparii Hit-
poreHoBuX jaedekTiB: mooanHOKi (puc. 1.5, a) abo moxgiHi (puc. 1.5, 6—2) atomu
3aMIIIEHHS, a TaKOXK 1X KOMILJIEKCH 3 BakaHCisMu (puc. 1.5, 0—orc), BKIIOYAOYH MO-
HoBakaHcii (puc. 1.5, 0, e, orc) Ta aiBakancii (puc. 1.5, €). JlocmiaumMo BIUIMB IUX KOH-
¢irypariit Ha eneKTpOHHUHN TpaHCHOPT fonoBaHoro HitporeHoM rpadeny.

s po3paxyHKy eJNeKTPOINPOBIMHOCTH TpadeHy KOpPUCTAEMOCS KBAaHTOBO-
Mexaniuaum (opmaizmom Kybo-IpinByia, cxeMy iMIUIeMEHTALii IKOTO HABEIEHO B
miipo3aui 5.1, KirrouoBoro BETMUYMHOO B TAKOMY IMIAXO/1 € BUOIP PO3CIFOBAIBLHOIO MO-
teruisuy (Vi), skuii BXoauTh 10 Bupasy misa ['amineronisnoBoi matpuii (5.1), moze-
JIIO0YH TUM caMUM po3cisiHHA Ha N-aedexrax. 3ano/1ieMo Horo 3 pe3yibTaTiB caMoy3-
ropkeHux ab initio-pospaxynkis podotu 389, 1ie BiH eHepris y/Ha By3JiaX 3aJIe)KUTh BiJl
Bigmaii I 1o aroma N Ha By3mi i, V=V(r) <0, sk moka3ano Ha puc. 5.8, a. SIk moka3ymoTh
pe3yNbTaTH 3T1a/KyBaHHs, TPOod1Ib MOTEHIISUTY PO3CISIHHA Ha pUC. 5.8, a najieKuil Bijl
cxoxoctu 3 KyinonosuM uu [aycCOBUM, IKMX YaCTO BUKOPUCTOBYIOTh Y JIITEpATypi 1is
MOJICIIIOBAHHS 3apsPKEHUX JOMIMIOK B rpadeHi. HatoMicTh TBOEKCIIOHEHTHA ampoOK-
cuMaIlis BUCOKOTOYHO BIATBOPIOE 3aMOAISTHUHN MOTEHITISUT. TaKuil MOTEHITISIT TPOSIBIISIE
BJIACTHBOCTI KOPOTKOCSYKHOCTH T4, YaCTKOBO, JajiekocsokHocTH [215]. BakaHnciro y mie-
BHOMY BY3J1i (i) IpaTHHII MOKHA MOICITIOBATH HYJIbOBUM 1HTEIPAJIOM IIEPECKOKY B 1HIII
BYy3J11 200 yMoBO10 V; — o0 [260]. B manux po3paxyHkax BUOPaHO MEPIIHiA CIIOCiO.

Ha pucynky 5.8, 6 300paxxeH0 po3paxoBaHi KpUBI I'YCTUHU €JICKTPOHHUX CTaHIB
(DOS) i enekTponHoi rycTiHH (KoHIEHTparlii) Ne = Ng(E) B rpadeni 3 ny = 3,125%
JOMIIIKOBUX aToMiB 3amimieHHs N, 1is BUnajakiB ix po3noAuly Mo/Ha By3Jax Ipart-
HUI[l BUMAAKOBO (puc. 5.9, a), xopenboBaHo (puc. 5.9, 6) i BmopsikoBaHo (puc. 5.9, 2).
UYepes BiA’€MHICTh PO3CIIOBAIBHOrO MOTEHUIsTy depMi-piBeHb 3CYHYTHIl BIHOCHO
touku E = 0. Po3paxosani DOS-kpuBi 3a yMOBU BUIaKOBOTO po3noAiny N-aToMmiB,
X KOpeJsIIii Ta BIOPSIAKYBaHHS PI3HIATHCS JIMIIIE MIKAMU, SIK1 3’ IBIISTIOTHCS Y BUTIATKY
Kopesii B inTepBai —4 < E/U < —3, a y BUnajaky BIOPSAAKYBAaHHS MPOSBISIOTH Ce-

0e y BCiM 1HTepBaJll pO3IIIATyBaHUX €HEPrii. SIk 3a3Hayanocs B MOMEpeIHIM IiIpo3-
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Pucynox 5.8 Po3ciroBanbHui TOTEHITUT 11 atoMiB 3amiteHHst N y rpadeni (a) Ta rycTHHA €IeKT-
poHHuX craHiB y HiM ripu 3,125% N (6). Ab initio-po3paxynku () 3anoxisHi 3 [389] it anpokcumoBaHi
pizanmu GyHKIisME, a came: Tayccisaom (V = Uexp[—r?/(2£%)] 3 npumnacyBagbHIME TapaMeTpaMi
U=-1,27ui&=0,85ap), Kynonosomoaionor (V=Q/(q+r) 3 Q=-0,44uay i q=0,33ag) Ta 1BoeKcIIO-
nentHO (V =U1exp(—r?/&y) + Usexp(-r?/&; 3 Uy=—1,07u, £;=0,790, U,=—-0,25u, &,=2,72ap).

Bkianka (6) mictuts 30inbiieny aiissaky DOS no6mu3y JlipakoBoi TOYKH i eHEPreTUYHOT IIUTHHH.

I, 1 miKd (COpUYMHEHI MEePioAMYHICTIO PO3MOILTY PO3CIIOBAIBHOIO MOTEHIISITY,
SKWI B JIAHOMY BHITQJIKy OTHCY€E HAJCTPYKTYpy Ha pHcC. 5.9, 2) MOXKYTh IiJCHITIOBa-
TUCS ¥ HaBITh NIEPETBOPIOIOTHCS Y JTUCKPETHI €HEPreTUYH1 PiBHI, PO3IIUPIOIOYUCH 31
301JIBIIICHHSM BMICTY JIOMIIIIOK /200 MiBUIIICHHSIM MEePioJnIHOT0 oTeHmisuty [141].

Ha pucynky 5.8, 6 (y BKJIa/li) CIOCTEPIraeThCs HEBEIHMKA 3a00pOHEHA 30HA
(eHepreTuyHa 1IiaMHA). 1i cpyunHeHO MepioauuHuM noTeHmisnoM (puc. 5.9, 6), 3a
SAKOTO YTBOPIOETHCS BHOPAJIKOBaHUM po3noaut atoMiB N Mo Bysiax jumie ofHIel 3
JBOX MIATPATHULG IMIJIBHUKOBOT rpatHuill (puc. 5.9, 2), T00TO BiAOyBa€eTHCSA MOPY-
meHHs: cuMmetpii rpadeHoBoi rpatHuill. [Ipo BimkputTs Takoi 3a00pPOHEHOI 30HH
iiiiocst Takoxk B podotax [390-392], a B po6oTi [393] miiimHa 3’sBiIsIach HaBITH 3a
BUITAJIKOBOTO pO3MoALTy aToMmiB N, IpHUHAIEKHUX OJIHIN MiATPATHUIL.

Ha BigMiHy Bij BUIIAJIKiB BUTIAJIKOBOTO Ta KOPEIHLOBAHOT'O PO3MOILIIB aTOMIB N,
3a AKUX CHCTEMa BITHOCHO IIBHJIKO JOCATAE CTIMKOTO MU(y31HHOTO peXuMy, y BUIIa-
JKYy BIOPSAKYBaHHS TOCTaTHbO TPUBAJIMI yac BOHA nepedyBae y KBa3nOaliCTUUHOMY
peKHMI, SIK MTOKa3aHo Ha puc. 5.9, 0. Kpasubanictuuna nmoseginka D(t) cBiguuth mpo

ayxe ciaabke pO3CISIHHS eJIeKTPOHIB, 110 MOAI0He A0 BUMAJKY iX nmepedyBaHHS T0JIO0-
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Pucynox 5.9 (¢—6) Po3nozin noTeHIisy po3cisiHHsI, 4acoBa 3ajexHicTh qudysiitnoctu npu E=0,2u
(0) 1 eneKTPOHHO-KOHICHTpAIlIIHA 3aJISKHICTh MPOBiIHOCTH Y rpadeHni 3 Ny =3,125% BunaakoBux
(@), xopenpoBanux (0) i BiopsiaKoBaHuX (6, 2) aroMiB 3amimerns Hitporeny. BriopsiakoBani atomu N

(6) yTBOPIOIOTH HAICTPYKTYPY 3 0HUM N-aTOMOM y IPUMITHBHIHN eJIeMeHTapHii koMipii (2).

BHUM YHMHOM Y TiIIPATHUII, sIKa HE MICTUTh BropsiakoBanux aromiB N [393]. 3a we-
TOCSDKHOCTU TU(y31MHOTO pexuMy, B IPUHIUII, HEMOKJIMBO BU3HAYUTH HamiBKa-
CUYHY €JIEKTPONPOBIIHICTE (5.6). BTIM, ¢ 4yepmaeThcsi, KOPUCTAIOUUCh MaKCUMaJlb-
HUM MaxD(t) = Dyax, KOJMM KBa3uOATICTUYHA MOBEAIHKA 3MIHIOETHCS KBa3HIU(y3iii-
HUM PSKUMOM 3 Maike HacCHueHUM KoedirienTom audysiitnoctu D(t).

3 eJEeKTPOHHO-KOHUEHTPAI[IHHUX 3aJIeKHOCTEN €JIEKTPONPOBIIHOCTH TrpadeHy
Ha puc. 5.9, e BUAHO, 110 KOPEJALis Ta BIOPSAKYBaHHS N-TONaHTIB 3aMillICHHS B HIM
HOJINIIYIOTh G B JieKiabka (=3-6) Ta necsrku (=20-30) pa3iB BiAMOBIIHO y TOPiB-
HSIHHI 3 iX BUMAJKOBUM po3noauioM. [lepenbadaerbes, 10 Take MiBUIIEHHS €ICKT-
POIIPOBITHOCTH € XapaKTepHUM 3a Oyab-skoro 3Hakoctanoro (V >0 ado V < 0) pos-
CIIOBAJIBHOTO TIOTEHITISUTY, SIKUH MOJICIIOE BIIOPSIAKOBAHI 3apsiPKeHI MOHU 49U HEUT-
paneHi (am)atomu aomimikd. [IpoTe, HpOro He BIAOYBAETHCS MPU 3HAKO3MIHHOMY

(V 2 0) nmorenmisui [136]. BiamiTuMo, 1110 IPOAEMOHCTPOBAHUI pe3yIbTaTaMH YHCE-
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JBHUMH PO3pPaxXyHKIB €(eKT KOpEJsiii JOMIIIKOBUX aTOMIB Yy rpadeHi Oyjao Takox
BUSIBIICHO B €KCIIEPUMEHTI [58] i1 miATBEepIKEHO TeOpeTHYHNMH (aHATITHYHUMU) pe-
3ylbTaTaMy B paMKax HaliBKJIACUYHOro bosbliMaHHOBOro miaxony y bopHoBOomy
HaOmokeHHi [59, 60]. LlikaBuM € TakoxX crocTepexeHe Ha puc. 5.9 e MpUTHIYCHHS
(ax 10 TIOBHOT'O HIBEIIOBAHHS) aCUMETPIi B €ICKTPOHHIN Ta IPKOBINA MPOBITHOCTSX,
pUHAKWMHI, 32 HEBEJIUKHUX (a2 TOMY peaiCTUYHUX) TYCTUHAX HOCIIB 3apsay, CIpUYH-
HEHE BIOPSAKYBaHHIM JIOMIMIKOBHX aToMiB HiTporeny B rpadeHi.

Pucynox 5.10 micTHTh pe3ysibpTaTé pO3paxyHKIB 3aiexHocTel o = o(Ne) y rpa-
¢eni 3 HirporeHoBumu nedexramMmu, KOH(IITypoBaHUMHU Tak, K Ha puc. 1.5. 3amid

NOPIBHSHHS KpuBHX G = G(Ne) OyJI0 BUOPAHO JBI MOKA30BUX KOHIICHTPAIIil TOYKOBUX

60 I I I I I 60 L L L L L
ng=ny=1% (n,=0%) ny=1% (n,#0%)
50 Moomumoki samimerms | 07 MowomepizoBani
40%. }—[E),ZiBlileﬂ ;fiMCIHEH;IM: I 40+ ~ '\\\..\. --- III/IMepiii.OBaHi.
E \\i\ _____ p : y. A s ~ S TpI/IMGplB(.)BaHl .
g 30- X leyr} CYC}IIH - oy 304 &N SREEEE TerpamepizoBani |
° Q. - TpETi Cyciau o :
20 - 204
101 <110+
0 T T I-h—-r T T O T T T T T
-0,06 —0,04 -0,02 0,00 0,02 0,04 006 -006 -004 -0,02 0,00 002 004 0,06
n, [atom '] n [atom™]
a o
20 I I I I I 20 I I 1 I I
ng=ny=3% (n,=0%) n;=3% (n,#0%)
164 [ToonuHOKI 3aMillIeHHS | 164y Moromepisosani |
N ITongiiH1 SaMIIICHHA. '\\:\ - - - JlumepizoBaHi
= 124 % | :.-_.-_ Mep CyCiain 5 124~ _ :\\ ————— TpHMepi39BaHi T
N s ApyT1 Cyciin S ~ :‘:\ SRR TerpamepizoBani
5 8- SEEEEE TpETI CyClIU - -
4_ ‘‘‘‘‘ -
0 T T T T T 0 T T T T T
-0,06 -0,04 -0,02 0,00 0,02 0,04 006 -0,06 -0,04 —-0,02 0,00 0,02 0,04 0,06
n, [atom '] n, [atom™']
8 2

Pucynok 5.10 3anexHicTh eeKTPOITPOBITHOCTH Bijl KOHIICHTpAITii (T'YCTHHH) IEKTPOHIB y TpadeHi 3

1% (a, 6) 1 3% (6, 2) HirporenoBux rpagitoBux (a, 6) i mipuauHoBuX (6, 2) nedekris (aus. puc. 1.5).
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nedexTiB, nmoB’s3anux 3 Hirporenom: Ng=ny+n,=1% 1 ng= 3%, ae ny 1 N, — Bia-
HOCH1 KOHIIeHTpallii HiTporeny 1 BakaHCi{ BIAMIOBIIHO. Y BUNAAKY rpadiTONoII0HNX
nedextiB (puc. 1.5, a—2) n, =0, a TOMy KOHIIEHTpAIlisI TOYKOBUX NePEKTIB Ny JOPiB-
HIOE KOHIeHTpallli aromiB 3amimeHHs N Ny (Ng=nNy ). Y BUMagky mipuanHONOIIO-
HUX AedekTiB (puc. 1.5, 0—orc), KOaU KOHIEHTpalLlisd BakaHcii N, # 0, 11s MoHOMEPI-
30BaHUX JedekTiB Ny =N,=Ng/2, Id 7OUMEPi30BaHUX 1 TETpaMepizoBaHUX
NN = 2ng/3 1 N, = Ny/3, a s TpuMepizoBaHux nedekTiB Ny = 3Ng/4 i n, = ny/4.

Pucynok 5.10 HarmsamHoO AEMOHCTPYE K Pi3HI KoHGIrypaiii rpadiTonoaioHux i
nipuanHonogioHux N-nedexTiB y rpadeHi YMHATH SKICHI Ta KUIbKICHI 3MIHM y TIOBE-
JUHII MOT0 eJIEeKTPONPOBITHOCTH. 30KpeMa, OpiBHIOOUM Ha puc. 5.10, a 1 6 mpoBij-
HOCTI MPH MOOJIMHOKUX 1 MOABIHHUX 3aMilieHHs1x atomiB C atomamu N, yBaru 3aciy-
rOBY€ HACTyIHE. 3a MOABIMHUX 3aMillieHb piBeHb DepMi 3cyBaeThes nooganb Bia [i-
PaKoBOi TOYKH B OiK JOJATHUX eHeprid E, mo B aucepraniiaux mo3HadeHHsx (N <0,
—Ne > 0) BiAMNOBiga€ HOCIAM 3apsiny N-TUMy. 3aJCKHICTh 6 = 6(Ng), Oyaydn CyOITiHIN-
HOIO MpU MOOJAMHOKOMY 3aMIIIE€HHI, HA0yBa€ JIIHIMHOCTU MPHU MOABIMHUX 3aMilIeH-
Hsx. [loaBiifHI 3aMilICHHS CIIPUYMHIOIOTH MOHMKEHHS KPUBUX ITPOBITHOCTH . 30Kpe-
Ma, JUIsl eIEKTPOHHUX TYCTUH Ne >0 moonxans BiA ipakoBoi TOYKM 3MEHIIEHHS G Csi-
rae 10 =50% (puc. 5.10, ). HaromicTh, G IPaKTHYHO HE 3aJICKHUTH Bij TOTO SIK aTo-
MU N cyciiarh: sk HalOmmkul (mepii) cycinu (cedTo Ha Bigall pajiroca Mmepiioro
KOOPAMHAIIIMHOTO «KOJIa»), HACTYMHI 3a HaWOmmxyuMu (Apyri) cyciam (Ha Bimmani
pajitoca Ipyroro KOOPJAMHAIIIHOTO «KOJa») YU TPETi cyciau (Ha BIIaal pajiroca
TPETHOTO KOOPAMHAIIITHOTO «KOJIay).

3a HassBHOCTH B rpadeHi MipUIuHONOAI0HNX Ae(EeKTIB, — KOMILUICKCIB 3 aTOMIB
3amimeHHs N 1 BaKaHCi#, — MOBEIiHKA 3alIe)KHOCTEH 6 = 6(Ne) YCKIATHIOETHCS (pHC.
5.10, 6 1 2) y MOpIBHSIHHI 3 MOBEIIHKOI KPUBHUX ISl TpadiTonomiOHuX aedexTiB
(puc. 5.10, a i 6). YcKiIaaHEHHS ITOB’SI3aHE 3 THM, IO MOBEIIHKA KPUBUX G = 6(Ng)
MMOYMHAE 3aJICKATH HE JIUIIE Bij] KOHIEHTpAIil, KOHIrypamii Ta TUMY (JOMIIIKA YK
BakaHCi1) TOUYKOBHX ae(eKTiB, aine i Bif tumy (P abo N) HOCIIB 3apsay. byayuu, Ha-

MIPUKIIAJl, HAJUTIHIHHOIO JIIS eleKTpOoHHOT (Ne > 0) mpoBigHOCTH, 3aNIEKHICTh 6 = G(Ng)
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€ cyOmiHiHO It AipKOoBOi (—Ne>0) mpoBigHOCTH (200 HABIAKK) 3a IHIIUX PIBHUX
napameTpiB. Burbm Toro, xapakTep 3aiexHocTeld 6 = 6(Ng) MOXE 3MIHIOBATHCS 3i
3MIHOIO TYCTHHH HOCIiB 3apsnay. Taky MOBEAIHKY KpuBHX G = G(Ne) 0OYMOBIEHO
OUTBII CKIATHUM KOHGIrypamisMyd AePEKTiB 13-3a HASBHOCTH B HUX TMOOJMHOKHX
(MoHO-) ab0 moaBitHUX (A1-) BakaHCik. Sk BuaHO 3 puc. 5.10, 2, 1715 TIpKOBOT IIPOBI-
JTHOCTH, sSIKa JIOMIHY€ HaJ €JEKTPOHHOIO y BHIAJKY MiPUIWHOBOTO TUIY IC(PEKTIB
[196, 200, 201], 30inbiieHHs BMicTy BakaHcii (N,) TPU3BOAUTH J0 3MEHIICHHS © 3a
OJTHAKOBOI 3arajbHOI KOHIIGHTpaIlii TOUYKOBUX ne(pekTiB (Ng). AHANOTIYHHIA e(eKT
cnocrepiraetecss ¥ Ha puc. 5.10, 6, npuHaliMHI, 3a BEIMKUX AIPKOBUX rycTuH. Lli
e(eKTH OTOKYIOThCS 3 pe3yjIbTaTaMu PO3pPaxyHKIB €HEprii yTBOPEHHs (CTablIbHO-
ctu) Hitporenosux nedekriB y rpadeni [202]. 3a pospaxynkamu [202] rpadiTosi
KOH(Irypariii € HailcTabUIbHIMIUMU (€HEPTreTUYHO HAMBUTIAHIIIIMMHE), MEHII CTa01JIb-
HUMHU € TPUMEPI30BaHl i TeTpamepizoBaHi Ae(EKTH 3 OJU3bKOK €HEPri€ YTBOPEH-
Hsl, 1€ MEHII €HEPreTUYHO BUTIIHUMHU € TUMEpI30BaH1 1e(eKTH, a HailMEeHI eHepre-
TUYHO BUT1IHUMHU (CTaOUIBHUMHU) € MOHOMeEpi3oBaHi JedexkTu. EHepris yTBopeHHs
OCTAHHIX € HalOUIbIIA cepe]] EeHepridi YTBOPEHHs YCIX PO3rIAHyTHX TumiB Hitpore-
HOBHUX JiedekTiB y rpadeni [202].

Kpugi ¢ = 6(n,) Ha puc. 5.10 acumerpuyHi BigHOCHO [[ipakoBoi Touku (HeHTpa-
JTHHOCTH). Taka acCUMETpist Y POBIAHOCTAX €JIEKTPOHIB 1 JIPOK € HACIIIKOM MTPUPOIU
(xapakTepy) po3CIIOBaJIBHOTO MOTEHUISITY, SIKHH MO-PI3HOMY BIUIMBA€E HA €JIEKTPOHU
Ta JIIPKU Yepe3 3HaKocTamicTh (Bix eMHicTh), V < 0. HasBHicTh BakaHciii B rpadeHo-
BIi IPAaTHUILIl MPUTHIYYE €IEKTPOHHO-IAIPKOBY acMMeTpito mpoBinHocTH. Llei edekt
NPUTHIYEHHS HaWKpallle MPOsBISETHCSA y BUMAAKy MOHOMEpHHX AedekTie (puc. 5.10,
0 1 2), KO BMICT BakaHCii BiHOCHO BMicTy Hitporeny y rpadeni € HalO1IbIIMM

cepel pI3HOMaHITTS KOMIUIEKCHUX Je(heKTiB Ha puc. 1.5, 0-orc.

5.4 AncopOuiiiHi nedexTn: nonmyBanabui anaromu (K)

Sk Oyno 3aznayeHo B po3aui 1 (y myHkri 1.2.2), ancopOoBaHi aTOMH €, HAIEB-
HE, HalOLIBII BOKIMBUAM MPUKIAIOM TOYKOBUX JedeKTiB y rpadeHi 3ais Iiaec-

psMOBaHOI Moau(iKaIlil 1 KOHTPOJIIO HOro CTPYKTypH 1 BiactuBocteit [216]. Sk mo-
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Ka3aHo Ha puc. 1.7, MOXKJIMBUMH By3JIaMH ISl aJICOPOIIIl aTOMIB € aicOpOLiiiHI By3/I1
(hollow) H-Tummy — Hax meHTpamu 1mecTUKyTHHKIB (miibHUKIB), (bridge) B-tumy —
HaJ IECHTpaMU MICTKIB MK CycigHiMHU By3iamu, i (top) T-tunmy — Ge3mocepeaHnbo
HaJ By3JaMu. byy4du 107aTKOBO MOTHBOBAaHUMH PO30IKHOCTSAMU B JIITEPATYPi MO0
€HEPreTUYHOI BUT1IHOCTU MEBHUX aJlaTOMIB MOCIAATH SAKUNCh OJIMH 3 TPHOX THIIIB
a7IcCOpOLIIMHUX BY3J1B, JOCIIIMMO SK PO3TaIllyBaHHS aJaTOMIB Yy KokHOMY 3 H, B, T
THUIIIB BY3JiB a/1cOpOI11ii BINTUBAE HA rpad)eHOBI €IEKTPOTPAHCIOPTHI BIACTUBOCTI.
Jlns amaTtoMiB, IO MICTATHCS B aACOpOIIHHMX By3iax H-tumy (nuB. puc. 1.7),
MOTEHLISUT PO3CISIHHS Ha JOMINIKax (agaTtoMax), IKMil BXOJIUTh y BUpa3 JJisl ['amiinb-
toHisiHa (5.1), BBoguMo sk (on-site) eHepris Vi Ha/y By3Ii I, sIka 3MIHIOETBCS 3 BiJija-
0 I 710 1eHTpa (reKcaroHa) mijbHUKA, KyJIU MPOEKTYETHCS afICOPOIIHHUN BY307, €
MICTHTBCS aiaToM. Burisin po3citoBanbHOl moTeHIisuibHOT GyHkiii V =V(r) <0, no-
naHo Ha puc. S5.11, a, 3amomisBOIM 3 pe3yJbTaTiB caMOy3rojpkeHux ab initio-
po3paxyHkiB [389] mis anatomis Kamito Ha Bucoti h = 2,4 A Han rpadeHoBoro mio-

MHOK0. SIK oKa3ye anmpokcumMariis (mijaronka) Ha puc. 5.11, a, po3citoBaabHUi IOTEH-

0,0
-0,1-
—-0,21
-0,3
R
=044
] ® ab initio po3paxyHKHU
—0,5 - . JIBOEKCIIOHEHTHA alpOKCUMAILis [
~0,6- ----- Kymonosa anpOKCHMagiﬂ
y oo TayccoBa anpoxcuMallis
—037 T T T T T T T T T T T

o 1 2 3 4 5 6 7

r [ao]

a o

Pucynok 5.11 Po3sciroBanbHuii moTeHuisn i agaromiB Kamito y rpadeni Ha ¢ikcoBaHii BUCOTI
ancop6uii h=2,4 A (a) Ta na pisaux Bucotax h (6). Ab initio pospaxynku (e) sanozisni 3 [389] i
ampoKCHMOBaHi pisHnuME dyrkiismu: Tayccisom (V = Uexp[-r?/(28%)] 3 npumacyBaisHIMA mapa-
metpamu U =-0,37u i & =2,21ap), Kymonosow (V =Q/r 3 Q =-0,36uay) Ta TBOCKCIIOHEHTHOIO

(V = Urexp(—r?/&y) + Uxexp(—r?/&; 3 Uy = —0,45u, & = 1,47a0, U, = —0,2u, & = 2,73a0).
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1isi1 BizpisHseThes Bia [ayccisna un KyloHOBOTO, SKHMH 4acTO KOPUCTAKOTHCS B JIiTe-
paTypi s OIHCY 3apsiI>KEHUX JOMIIIOK Yy rpadeHi, HATOMICTh ABOCKCIIOHEHTHA (PyH-
KITisl BIATBOPIOE MOT0 MOBHICTIO. Takuii MOTEHIIISIT MPOSBIISIE BJIACTUBOCTI KOPOTKOCS-
’KHOCTH Ta, Y4aCTKOBO, TaJICKOCSHKHOCTH [215], mpraoMy XapaKTEpUCTHKH HOTO KOPOT-
KOCSPKHOCTH MPOSIBIISIOTHCS CUITBHIIIE JJIsl aJaTOMIB, SIK1 € HEBUIAJKOBUMH (KOPEIIbO-
BaHUMH YU BIIOPSAKOBAHUMH) Y iX TPOCTOPOBOMY PO3MO/ILII, 110 Bi3yasiszye puc. 5.12.
SAx BuAHO 3 puc. 5.12, pi3HI TUIHM TPOCTOPOBUX PO3IMOALUIIB aJaTOMIB 3yMOB-
JIOIOTH P13HI PO3MOAUIA CYMapHUX PO3CIIOBAIBHUX MOTEHIIsUIIB. Bunagkose po3ra-
IIyBaHHS a/JaTOMIB YMOJXJIUBJIIOE€ MiJIBUITUTH MaKCHUMalbHE 3HAUYEHHS CYMapHOTO

MOTEHITISTY PO3CISTHHS BTPHUI, 10 YHEMOKIIUBITIOETHCS 32 KOPEITHOBAHOTO PO3TAITy-
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Pucynok 5.12 Po3nozinu cyMapHUX po3CiIOBAIbHUX MOTEHLIIB (B OJMHULISAX U) 32 BUIAJKOBOTO
(BEepXHIH psAl PUCYHKIB), KOPEIHOBAHOTO (CEPEAHIN PsiT) Ta BIOPSAKOBAHOTO (HYDKHIN PsiT) TIpoOC-
TOpOBHUX po3noAuLTiB agaTtoMiB K, po3mimenux y H-monoxxeHHsx (Haj IEHTpaMH IMUIbHUKIB). Pu-

CYHKH CEPEIHBOT0 CTOBITUYMKA BITBOPIOIOTH 30UIBIIICHI JIJISTHKH PUCYHKIB JIIBOTO CTOBITYMKA.
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BaHHSI aJIaTOMIB 200 JTaJIEKOTO MOPSIKY B X B3aEMHOMY PO3TAIllyBaHHI.

[TeperBoproroun motenmisi V = V(r) y #ioro 3ajexHicTh Bia Bigmaii Oe3mocepe-
a0 10 agaroma, V = V(I), ne I>=r?+h? (muB. puc. 1.7), MOKHA OJepKaTH HOro 3a-
JICKHICTB BiJ 1BoX 3MiHHMX, V = V(r, h), mo # npencrasineno Ha puc. 5.11, 6. [Tokia-
B Ha puc. 5.11, 6, r=ay, a h=2,4 A =1,69a,, maemo V =—0,37U, 1m0 04iKyBaHO
30iraeTbes i3 3HaueHHIM V(I = ag) Ha puc. 5.11, a.

Jlnis anaToMiB Ha afacopOUiiHuX By3nax B- 1 T-tumy (puc. 1.7) BUKOPHCTOBY€ETh-
Csl TaKWH ke po3ciroBabHUN moTeHMisuT V = V(r) sk Ha puc. 5.11, @ 3 piKHUICIO B
TIM, 110 I' TTO3HAYa€ BiJaidb Bl IPaTHUIIEBOTO By3ia 10 cepenunn 3B’ 513Ky C—C (pe-
Opa 1IiabHMKa/TekcaroHa) Ta 10 By3na (atoma C) BimmoimHo. CTporo Kaxyuw,
V =V(r) nns anatomiB Ha H-, B- 1 T-mo3utisx (puc. 1.7) MycuTb OyTH pi3HHM, IIPOTE
caMe HaOJMXEHHS OJHOTO M TOro K CaMOro MOTEHLISUIBHOIO HpO(UII0 IS LHX
TPHOX THUITIB BY3JIIB aJCOPOIIlT YMOXKIIUBIIIOE BUSBJICHHS KOHDIrypamiiuux epexTiB y
TPAHCIIOPTHUX BJIACTUBOCTSX IpadeHy.

['ycTuHU enexkTpoHHHMX CTaHiB il ajgcopOuii aromiB y H-, B- 1 T-tumi ancop0-
IIHHUX BY3J1B CJIA0KO BIJIPI3HAIOTHCS; TOMY MOXKHA HABECTHU 11 JIMIIE JJIS BUITAJKY
po3TaiiryBaHHs afatoMiB y H-mosnoxenHsx (puc. 1.7), ax HailOUIbII TMOBIPHUX (ITUB.
tabn. 1.1) nna agatomiB K. Uepes nputaraibHuil XapakTep po3CilOBAIbHOIO MOTEH-
IisTy, KPUBI TYCTUHU eleKTpoHHHX cTaHiB (DOS) 3cyBatoThCs BIIHOCHO HYJIBOBOI
eHeprii E, mo BianoBinae N-tuiy mpoBigHOCTH. Sk BUAHO 3 puc. 5.13, a, ancopomii y
H-mono)keHHs BIMOBIIat0Th Maiike ekBiBasieHTHI kpuBl DOS 11 ycix (BUnagkoBo-
ro, KOPEJIbOBAHOTO i YIOPSAIKOBAHOTO) TUITIB PO3IMOALTY aJaTOMIB.

[HAMKATOPOM BHOPSIKOBAHOTO IMPOCTOPOBOTO PO3IMOALTY alaToMiB Hal rpade-
HOBUM IIIapoM € HaOyTTst KpuBUMHU DOS 1CTOTHOTO «KBa3UOCIMIIIBHOTO» XapaKTepy.
XapakTepHi U1 BIOPSIKOBAHOTO pO3TallyBaHHS aaaToMiB K «KBa3HOCIMUIIALII»
kpuBux DOS Habarato MeHII, aHDXK y BUNIAJKY JIOMyBaHHS aTOMamH 3aMminieHHs N.
3abopoHeHa 30Ha He BUHHKaE. BogHodac, moomm3y piBHs dDepmi KpHUBI TyCTHHH €ie-
KTPOHHUX CTaHIB JJII KOPEIHLOBAHOTO Ta BITOPSIKOBAHOTO MPOCTOPOBUX PO3MOIIIIB
MaiiKe JOTUKAIOThCS 0 HyJs K 1 kpul DOS ist uncroro rpadeHoBoro mapy.

Anaromu K y H- 1 B-monokeHHsIX HE MPU3BOJATH 10 BIAKPUTTSA 3a00pPOHEHOI
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Pucynok 5.13 (@) I'ycruna enextponnux crais (DOS) rpadeny i3 3,125% BumnaakoBux, KOpeIbOBa-
HUX 1 BIIOPsIIKOBaHKX ajatoMiB Kaito Haj rieHTpaMu miinebHuKiB. (6) DOS rpadeny i3 pisHumMu BMic-

Tamu (CTeXioMeTpisMu) BIOpsiKoBaHuX «I ayccisHOBUX» po3citoBauis (5.3) y By3lax rpaTHUIL.

30HHM, alie ajicopOoBani y T-monoxxeHHs: KaniiioBi atoMu nposiBisitOTh cede Mo 110HO
10 HiTporeHoBrX aTOMIB 3aMIIIEHHS, SKUX PO3TJISHYTO Y MOMEPEAHBOMY IT1IPO3ILII:
y OCTaHHbOMY BHUIIAJIKy MAa€ MiCII€ BIIKPUTTS 3a00poHEeHOi 30HU. [l onucy 3anex-
HOCTH IIMPUHU 3a00pOHEHOI 30HU Bl KOHILIEHTpALli JOMIIIKOBUX aJ1laTOMIB JOLIb-
HO CKOPUCTaTHCh MOTEHIISIIOM 3 MaJMM PailocoM Jii, HAIIPUKIaz, MOAENbHUM [ a-
yccoBuM (5.3) 3 &€ <ag (puc. 5.13, 6). BiamoBigHO 10 PO3MISHYTHX CTEXiOMETpiit
(1/32, 1/16, 1/8), amcopOrtisi JOMIIIKH, MOJEIBOBAHOT TAKUM TOTEHI[ISIIOM, ITPHUITYC-
Kayacs y T-By3nax ajacopOilii, mpuuoMy BHOPSAKOBaHI aJaTOMU HAJIEKAIU JIUIIIE OJ1-
Hi€T mMArpaTHUIll. 30UIbIIEHHS] KOHIIEHTpPAIlli aaTOMIB IPU3BOIUTH J0 OUIBII BUpaA3-
HOTO «KBa3WOCLMJIIBHOTO» XapakTepy KpuBux DOS 1 posmmproe 3a00poHEHY 30HY,
10 CIIPUYMHEHO TEePIOIUYHICTIO (CyMapHOT0) pO3CiIOBATIBHOTO MOTCHITISITY.
3a00poHeHa 30Ha B CHEPTETUIHOMY CITEKTP1 MOKE BIAKPUBATHUCS JIUIIE TSI TUX
BIIOPSIZIKOBAHUX PO3TAIllyBaHb JOMIIIKOBHUX (a/1)aTOMIB, 5Kl OMUCYIOTHCA BEJIbMHU KO-
POTKOCSDKHUM PO3CIIOBAIBLHUM MOTEHLISIIOM 1 MPOSBISIIOTH cede K aedeKTH 3ami-
meHHs. [1osBy 3a00poHeHO0T 30HU CIPUYMHEHO 3MIHOIO0 CUMETPIi IPaTHUII HAJCTPYK-
TYypU TOPIBHSHO 3 CUMETPIEI0 I'PaTHUIl HEYIOPSAKOBAHOTO TBEPJOr0 PO3UYMHY (3a-
BJISIKM BIIOPSIZIKOBAHOMY PO3TAlllyBaHHIO TaKUX JNE€(PEKTIB MEPEBAXKHO JIUIIEC B OJIHIN
nigrpatauii). Ha pucynky 5.13 6 mmpuna 3a60ponenoi 3001 ctanoBuTh 0,16, 0,32 1

0,67 eB s BimHOCHUX KOHIEeHTpaui y 3,125%, 6,25% 1 12,5% ancopOoBaHuX /10-
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MIIITKOBHX aTOMIB BiJIITOBITHO.

VY BuUmaaKy BIOPSAKYBAaHHS aJaTOMIB, SIKi HE MOCIIAIOTh BY3IU |-THIY U TUM
CaMUM He MPOSBIISIIOTH ceOe K AePEeKTH 3aMilleHHs, 3a00pOHEHa 30Ha B JJAHUX PO3-
paxyHKax He crioctepiraiacs (i3-3a BIICyTHOCTH B TaKOMY BUIIAJIKy MOPYIICHHS CH-
meTpii rpaTaumi). Hatomicts B [262, 263] eHepreTuyHa miiiMHa 3’ IBJISJIACS HABITh 3a
PO3MOILTIB BHOPSAAKOBAHUX a1aToMiB 110 By3iax H- [263] abo B-tuny [262].

Ha BigmiHy BiJ BUIAJKy BHUIAJKOBOTO PO3MOALTY aJaTOMIB, KOJU CTIMKHUM H-
(Gy31iHUI pexXUM TOCITae€ThCsA 3a BITHOCHO KOPOTKI YacH (puc. 5.14, a), y Bumaaky
a7aTOMOBOI KopeJsiii ¥ (0coOJMBO) yHOPSAAKYBaHHS, KBa3UOAIICTUYHUN PEXHUM €
CIIOCTEPEIKEHUM IPOTATOM TpuBajoro yacy (puc. 5.14, 6 i ). B Takomy BHITaaKy, siK
1 B TONIEPEIHIM T1APO3AUIL it aToMiB 3amitieHHs (N), 6 po3paxoBY€EThCs 3a MaKCH-
MasibHOTO 3HaYeHH MaXD(t) = Dyax, KOMH BiIOYBa€ThCS HACHUCHHS NU(Y31HHOCTH,
a KBa3nOAIICTUYHUNA PEXUM CTa€ KBa3UAU(PY31HHUM.

3anexxHocTi rpad)eHOBOI €JIEKTPONPOBITHOCTH BiJ] KOHIIEHTpAIlli HOCIIB 3apsy
32 YMOB Pi3HUX (BHIIaJIKOBOTO, KOPEIHLOBAHOIO, BIIOPSIIKOBAHOTO) POCTOPOBUX PO3-
noximiB 3,125% amaromiB no pizaux (H, B, T) amcopOmiifHuX By3/i1ax HaBEACHO Ha
puc. 5.15. 3aans BizyanbHOI 3pyYHOCTH OJIEPKaHi JIeB’ITh KPUBUX PO3MOIICHO Y JB1
rpynu: puc. 5.15, a—6 AeMOHCTpYE SIK KOpENALisa Ta BHOPAIKYBAHHS BIUIMBAIOTh HA G
JUIsl KOsKHOTO 3 H-, B- 1 T-moytokeHHs agaTomiB, B TOM 4dac sk puc. 5.15, e—e nmokasye
SK Il TPYU TUIHU TIOJIOKEHb BIUIMBAIOTh HA G 3a BUIIAJKOBOT'O, KOPEJIHOBAHOIO 1 BIO-

PSAIKOBAHOTO aaTOMOBUX pO3MOALUTIB. [Ipruomy y BUMaAKy agaTOMOBOI KOPEJSIIil
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Pucynok 5.14 YacoBa eBomronisi eneKTpoHHOI Audy3iiHocTH (5.7) y rpadeHi B iHTepBalli eHeprii
E € [-0,5u, 0,5u] mpu nk = 1/32 = 3,125% BunaakoBux (@), KOPEIbOBAaHUX (6) YK BIIOPSIKOBAHUX

(6) amaTomiB Kauito (po3ramoBaHux Haja HEHTPaMH NIUTBHUKIB).
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Pucynox 5.15. IIpoBiaHIicTb ik QyHKIis €IEKTPOHHOI I'yCTHHH Y rpadeHi 3 Nk = 1/32 = 3,125% Bu-
MaJIKOBHMX, KOPEJIbOBAHUX YU BHOPsAKOBaHUX aToMiB Kaiito, agcopboBanux y By3iau H- (a), B- (6)
abo T-tuny (), sikux 300paskeHO Ha puc. 1.7. HmwkHi KpuBi (e—e) IOBTOPIOIOTH BEpxHi (a—6), ane
3rpynoBaHi 1HIIUM YUHOM JUIs BIIOKPEMIIEHHS KOH(DIrypauiiHuX eeKTiB, CHIPUUNHEHUX KOpeIslli-

€10 YU YIIOPSIIKYBaHHSM, Bijl epeKTiB, 3yMOBJICHHX pi3HUMH afacopOuiitnumu By3namu (H, B, T).

OepeThCs MAKCUMyM KOPEJAILINHOT TOBXWHM, TOYHIIIE, pajaitoca «OJIOKYBaHHS»
I'o = MNomax, YW1 3HAUCHHS 32 PI3HUX BIJJTHOCHUX KOHIICHTpAI[IN JOMIIIKOBUX (a/1)aTOMiB
HaBeJeHo B Ta0m. 5.1.

3aie’KHO BiJ] TUITY TIPOCTOPOBOTO PO3IMOALTY aAaTOMIB MPOBIAHICTH JEMOHCTPYE
JTHIHHAN Y1 HeTHIHHUHN (TouHiIIe, cyOiHiiHMI) XapakTepu noBeMiHKH o(Ne). JIiHik-
HICTh 0 = 6(Ne) Ma€e Miclie 3a BUMAIKOBOT0 po3mnoaity agaromis K i € 03HaKO0 TOMIHY-
BaHHSI JAJICKOCSHKHOTO BHECKY B PO3CIFOBAILHUN MOTEHIIISUT, HATOMICTH CyOJIIHIMHICTD
Ma€e MicCIle 3a HEeBUIAIKOBUX (KOpEIbOBaHUX 1 BIOpsAKoBaHUX) amaToMiB K i ciyrye
O3HAKOI0 JOMIHYBaHHS KOPOTKOCSKHOT'O BHECKY B TOTEHLISLI po3cisiHH. Lle y3romxy-
€ThCs 3 OararbMa IHIIUMU JTOCIIPKEHHSIMHE (IUB., Hanpukiaaa, poooty [136] Ta mocu-
JIaHHS B Hiif), B AKUX SBHO BHpa)KeHa JIHINHICTD 4M CYOJIIHIAHICTD KPUBHX G = G(N)

CHOCTGpiI‘aHaCB 3a JAJICKOCAKHOI'O Y1 KOPOTKOCSKHOTO pOSCiIOBaJIBHI/IX HOTGHHiHJIiB
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Tabmuist 5.2 CriBBiAHOMIEHHS MiX €JIEKTPOIPOBITHOCTAMHU TpadeHOBOTO aJICOPOCHTY, JIe BEpXHI 1H-
JICKCH [TO3HAYAIOTh THII aIcopOiiHuX nojioxkeHb (H, B uu T), a HUXKHI BKa3ylOTh Ha THI PO3IOILTY

3,125% aromis agcopbary (K): Bunankosuii (rnd), kopenboBanwuii (COr) uu BriopsiakoBanuii (0rd).

Edext xopensmii y EdexT BopsiakyBaHHs Edekt tumy
B3aEMHOMY PO3TaIlyBaHH1 B3a€EMHOTO PO3TAlllyBaHHS aIcOpOIIHHOTO OCIIKY
2 < oby/omy < 5 3 < cha/oma <8 Gind < Grnd < O
2< G(|:3or/C7and <6 3< Ggrd/cﬁw <9 cfg-or < cchor = GCHOI’
2< GIor/ G-rrnd <7 4< G-(IJ-rd/ G-rrnd <15 cfgrd < cch);rd = c5|(;|rd

BiIMOBIAHO. Taki pe3ynbTaTu BiIOOPaXKarOTh MPOSIBICHHS KOHTPACTHUX PO3CIIOBAIIb-
HUX MEXaH13MiB 32 P13HUX POCTOPOBUX PO3IMOALTIB (HE)METAIEBUX aJaTOMIB.

AHaIi3yl0un pe3ysibTaTH, KUX HAaBEICHO Ha puc. 5.15, MoxHa 3poOUTH TIEBHI
BHCHOBKH Y BUTJISIZII CIIBBIJTHOIIEHD M1 €JIEKTPUYHUMHU MPOBIAHOCTSIMH, IO BIIO-
BIZIAFOTh PI3HUM PO3MOJIiaM aaToMiB (Tadi. 5.2). 30iIblIeHHs MTPOBIAHOCTH Bif0Y-
BaeTbes y =2—7 (=3-15) pasiB y BHIKy KOPEJIOBAHOTO (BIOPSAAKOBAHOTO) MPOC-
TOPOBOTO PO3NOJILTY anaroMiB. [TomoxkeHHs i IXHBOT aIcOpOIIii 1at0ThCsl B3HAKU Y
€JICKTPOIPOBIHOCTI JIUIIE JIJISi BUIAJKOBOTO MPOCTOPOBOIO PO3MOALTY (€JIEKTPOTI-
POBIIHICTH TpadeHOBOTO MIapy 3 agaTroMaMu B H-MONOXKEHHSAX MEpPEBUIIY€E MPOBiJI-
HICTh KOTO 3 aJaTOMaMH B 1HIIMX aJICOPOLIMHUX MOJIOXKEHHX). Y BUIAJKY aJaTOMIB,
IO BIOPSAKOBYIOTHCS, THUIT TOJIOKEHHS aJcOopOIli mepecTtae BimirpaBaTd 1CTOTHY
POJIb, OCKUIBKHU Pajitoc ii po3CitoBalIbHOTO MoTeHIisuTy Kaniro 0au3bkuii 10 mapa-
MeTpa rpad)eHOBOI IpaTHULII, 1 HOCISIMH ci1a0lle BiIYyBa€THCS BIAMIHHICTh MIXK aJICO-
POIITHUMU TOJIOKEHHSIMU 32 BIOPSIKOBAHOTO (Ta i KOPETbOBAHOTO) MPOCTOPOBOTO
PO3MOITY TAKUX aJaTOMIB.

Hageneni B TaGn. 5.2 CHiBBIAHOIIEHHS BUKOHYIOTBCS JJISI OY/b-SIKOTO PO3CIIO-
BaJIbHOTO MOTEHIIISUTY, SIKUM Ma€ mapameTpH, 1IEHTUYHI 10 TapaMeTpiB MOTEHIISTY,
300paxxeHoro Ha puc. 5.11, a. 3HayHy poJib HA KOPUCTH CITIBBIIHOIIEHb B TPETHOMY
CTOBITYMKY TaOJIMIII MAa€ PO3MOJITI CyMapHOTO PO3CIIOBAIBLHOTO MOTEHINSUTY B OKOJII
aTOMYy JIOMIIIKHU 10 HAaWOIMXKYMX CycCiiB. 3a afcopOiii y H-1onoXeHHsT Yiciio Haki-
OJIMKYMX CYCIJIIB TIO By3J1aX CKJIAJa€ IMIiCTh; BOJHOYAC, B-TIOI0KEHHIO Bi/IMOBIIAI0TH
7Ba, a T-TIOJIOKEHHIO — TPU HAUOIMKYIUX CYCIIM 1O By3nax. BiAmoBigHO 10 11b0TO,

MaKCHUMaJIbH1 3HAUYCHHS CyMapHOro pOSCiIOBaJIBHOI‘O HOTeHHiHJIy, 3aJIC)KHO BiI[ THUITY
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aZCOpPOIIITHOTO TOJIOKEHHSI, BPAaxOBYIOTh BiJ JBOX JO IMICThOX BY3mB. Y T-
MTOJIOKEHHSX aJCOpOIIii aJjaTOMH MIFOTh MOAIOHO 10 aTOMIB 3aMiIlCHHS, a/Ke, SK BU-
JTHO 3 puC. 5.15, MPOBITHICTD Y BUIMAJIKY KOPETHOBAHOTO PO3MOILTY JOMIIIKH MO IHX
MOJIOKEHHSX IMOCTYIAETHCS MPOBILTHOCTI 3a iHmUX (B 1 H) ancopOmiiHUX MOI0XKCHb
PO3CIIOBAIBHUX IMEHTPIB. TakoK CHIBBIIHOIIECHHS MK MMPOBITHOCTSIMHU Geors Ooor, v,
KOPEJOIOTh 31 3HAYCHHSIMH MaKCUMAJIbHO JOMYCTUMHUX PaJitoCiB «OJOKYBaHHS» IS
PI3HUX TIOJIOXKEHb ajacopOIlli. BriopsakoBaHi po3TalniyBaHHS aAaTOMIB 10 HMX YTBO-
PIOIOTH HAJIPATHHUIN 3 OJHAKOBUM IepiogoM. HacmigkoM mporo € maiike oJHaKoBa
MIPOBIAHICTh Tpa)€HOBOTO alCOPOCHTY HJsl YCIX TPbOX THUIIB aJCOPOLIMHHUX MOJIO-
*eHb (puc. 5.15, e).

OxpeMoro MpoOJIEMOIO € JTOCHIIKEHHS 3aJIEKHOCTH €JIEKTPOIPOBIIHOCTU G BiJ
BHCOTH h moyokeHHs amaTtomiB (puc. 5.16). B manomy mMojento 301IbIICHHS Y1 3Me-
HIIIEHHS aJcopOIiifHOT BUCOTH HaJl MOBEPXHEIO rpadEeHOBOrO MIapy MPU3BOAUTH 0
NOCJIa0eHHS YU MIACUICHHS (aMIUTITYIM) PO3CIIOBAIIBHOIO MOTEHIIISUTY, IO BIiAMO-
BijIa€ MOCJA0JIEHHIO YU MMIJCWICHHIO PEKUMY PO3CISIHHS €JIEKTPOHIB Ha (3apsKe-
HuX) goMimkoBux agaToMax (K). Xoua Beauunnu afacopOLiiHoi Bucotu, h, HaBemeHi
B JiTepatypi st Kamito, He pi3HATHCS HA CTUIBKH SIK 3HAYCHHS aJCOpOIliitHOT eHeprii
(muB. Taodm. 1.1), 3amis MOIEIBHOI PO3PaxXyHKOBOI 3aBEpIICHOCTH N BapitoeThbes B
IIMPOKOMY 1HTepBasi 3Ha4eHb (ax 10 h = 3,6 A), BkiIouaroun eK30THUHHMI BUMAIOK

h =0, 3a sxoro K-agaromu € atromamu BTijicHHS. (TyT po3risiiaeThcsi BUITAIOK I0O-

200 2004

Bumnankosi KopenpoBani N T h=3,6A Y
160 - h=3,6A L60] 0 - h=3,6A 160 N\ ——h=24A 7 1
——h=2,4A N ——h=24A .- N - - h=12R
~ . A . .
5\120- I h:l,ZA b 1204 R h:I,ZA/'/ F 1201 X_\ ..... h=0 /.-
c\lm N . T ./ /
S 80/ 80 \ /7
40 40
Bnopsiaxosani

n, [atom™'] n, [aTom™'] n, [aTom™']
a o 8
Pucynok 5.16 EnekTpoHHO-KOHIIEHTpaLiifHO-3a1eXHa TPOBIAHICTE rpadeny 3a pi3HUX ajacopOIii-
Hux BucoT (0<h<3,6 A) 3,125% anmaromis Kanito, po3nojineHnx Haj IEHTpaMH IIiILHUKIB Tpa-

(eHOBOT IpaTHUII BUMAIKOBO (@), KOpeIboBaHO (6) YU BIOPSIKOBAHO (8).
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noxenHs K-agaromiB y By3nax H-Tumy, He po3risaaroud iHIII JBa BUIAIKU IMOJIO-
’KEHHsI aTOMIB ajicopOaTy y By3nax B- 1 T-Tumy, OCKiIbKM BOHU MPU3BOASATH 0 fAKiC-
HO aHAJIOTIYHUX PE3YJIbTaTIB.)

3a pe3yabTaTaMu PO3paxyHKIiB MPOBITHOCTH 3aJ€KHO BiJ KOHIIEHTpAIl HOCIiB
3apsiTy JUISL PI3HUX BUCOT 1 TUIIIB MPOCTOPOBOTO po3mnoauly agaTomiB K, sskux HaBe-
JIeHO Ha puc. 5.16, nmiHiliHUN a00 HeTiHIHHMKN (CyONHINHNN) XapaKTepu KPUBUX IPO-
BITHOCTH 30€piraloTbcs y BChOMY ISIMA30HI PO3TIISIHYTHUX BHUCOT. 31 301IbIIEHHSAM
BHCOTH TOJIOKEHHS BUITAJIKOBUX 1 KOPEIThOBAHUX aJlaTOMIB HaJ rpadeHOBOIO IpaT-
HULEIO MPOBIIHICTh MIABUIIYETHCA, MPUYOMY L€ MIJBHUILIEHHS NPHUOIU3HO JIHIAHO
npornopiiiHe 30inbiieHHi0 agaromoBoi Bucotu: 6(h)=ao(0) + O(h), ne O(h) € HoTamis
«O Bemukoro Bix hy 3a Jlangay. 3a BopsakoBaHHX anaToMiB 3MiHa h ciaOko BIUTH-
Ba€ Ha MPOBIJHICTH AIPOK Y BCIM 1HTEpBaJl iX KOHIEHTpalli (—Ne>0), a 15 eneKT-
POHHOT MPOBITHOCTH 1i 3pOCTaHHS 31 30LIBIICHHAM N Makike BiICYyTHE JUIS pealliCTH-
qHnX 3Ha4eHb (Ne<0,01 aToM ) IyCTHHH BiNBHEX €ICKTPOHIB y rpad)eHOBOMY IIapi
(puc. 5.16, ). Ile MoxxHa OB s3aTH 3 JOMIHYBaHHSIM KOPOTKOCSDKHUX PO3CIIOBAUIB Y
BUIIQJIKY iX BIIOPSAKOBAHOIO CTaHy, 1110 3raxyBanocs suiie. Crpasi, [ayccoBa anpok-
cuMailig Ha puc. 5.11, a nae epextuBHuMii pagitoc noteHisny &= 2,21a, MOpiBHIHHMUI 3

PO3IIsAyBaHUME afcopOuiitnumu Bucotamu h (it Hasith £ <h=3,6 A).

5.5 IlopiBHSIHHA 3 EKCIIEPUMEHTOM I AHAJITHYHUMHU pPe3yJbTaTAMHU

[TopiBHAKMO onepKaHI HAMU YHCENIbHI PE3yJbTaTH, SIKUM IPUCBSYEHO JaHUI
PO3/11, 3 THIIMMHU HassBHUMU B JIITEpaTypl pe3yabTaTaMu €KCIIEPUMEHTAIbHUX 1 T€O-
peTUYHUX JOCHimKeHb. OCOOIUBOCTI YUCENBHO OJCPKAHUX B PO3JLIL 3aJIEKHOCTEN
CJICKTPOIPOBIIHOCTH BiJl KOHIEHTpaIli HOCIIB 3apsay, 6 = 6(Ne), Y3rOIKYIOThCS 3
OJIep’)KaHUMH EKCIIEPUMEHTAILHO YW TEOPETUYHO pe3yJbTaTaMH Jisi JOMOBAHOTO
(3oxpema, N abo K) rpadeny B poborax [58-60, 215, 219]. Jns 3amexHOCTEM
6 = 6(Ne) CHOCTEPIraroThes MEBHI XapaKTepHi 0COOMUBOCTI: (@) pH JeTyBaHHI €JIEKT-
POTIPOBITHICTH CHAfAE, a il 3aJIeKHICTh B/l TYCTUHU HOCIIB 3apsay (KOHTPOIHOBAHOT
Harpyroro Ha 3aTBopi Vyoc N, [188]) € niniliHOIO (CyOmiHIMHOI0) 32 BUIIOI (HIKYON)

KOHIICHTpAIlil aTOMIB JOMIIIKH; (6) HasiBHA €JICKTPOHHO-IIPKOBA aCUMETPIs B MPOBI-
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AHOCTI mpu 3HakoctanoMy (Big'emHomy 11t N 1 K) posciroBalbHOMY MOTEHINSI
(sixa, BTIM, BICYTHS IPW 3HAKO3MIHHOMY TOTEHIIisUTI Ta MOXKe OyTH mocialieHa i
HaBITh MMOBHICTIO MIPUTHIYEHA 3aB/ISIKA IIPOCTOPOBINA KOPEAIi i, 0COOIUBO, YIOPS/I-
KyBaHHIO (a71)aToMiB, a TaKOX 13-3a 30UIBIIEHHS BHCOTH IIapy-ajacopOary Haj Ipa-
deroM-ancopbenTom); (6) MiHIMYM EIEKTPONPOBITHOCTH Gmin ~4e°/h (muB. puc. 5.17,
@) 3CyBa€ThCs (B TOUI HEUTPAIBHOCTH 3apsiy) B O1K JoAaTHUX eHepriil E, mo 3a nu-
CepTalliiHUMHU ITIO3HAYEHHSMH BIJIIMOBIAA€ 3apsSKCHHMM HOCIAM N-thiy (T0oOTO,
BiJI'€EMHIH 3aTBOpHIN Hampy3i); () mpu 30UIBIIECHH] CTYIIEHS KOPEJAIii y MpoCcTOpo-
BOMY PO3IMOALI PO3CIIOBAYIB 3aJie’KHA BIJ €JIEKTPOHHOI KOHIEHTpAIlii MPOBIIHICTD
MIOMITHO 3pOCTa€ 1 M030yBAETHCS JIHIMHOCTH, HA0yBaKOun CyOIIHIHOCTH (aX 10 MO-
BHOTO ii HACHUEHHSI 32 BUCOKUX €JIEKTPOHHUX T'YCTHH).

[Tepmri Tv 0co6IUBOCTI (@—6) HE 3aliekaTh Bl TUIIB ajcopOuiiinux By3miB (H, B
1 T), a TOMy € OYEBUIHUMH 1 3@ BUITAJKOBOTO PO3MOJLITY aAcOpOOBAHUX aTOMIB I10/HA
BUIAJIKOBUX By3Jax anacopOitii (puc. 5.17, a). OctanHs 0COOIUBICT (2) MiaATBEPIKY-

€TbCs TeopeTuuHo [59, 60] 13 BHKOpPUCTAHHSIM HaIIBKJIACHYHOTO BOIBIIMAaHHOBOTO

16095  01% P40 ——n=1,8-10"cm >
1401 _———. 0,5% L 357 . ——ng=2,1-10"cm" r
AR 0% L7 % ——ng=33-107cw”
120 N 2500/0 2 - 307 \——71¢=3,6-10"cm ]
. \ - TrmaVU% 4 !

1009 '~ N 3.0% 7 F 257 ]
= o] ~. \ ’ ’ =] g
X80 N N ’ o 20
\21 ..'.~ .'\ \ / "." &

o 601 "._. '.\ \ / o [ © 157 3
. RETSRE 4 N

A0 T~ LT N e TR 107 3

20 . R o] 4

0 T T T T T T T T T T T T T T
-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06 0_5 4 -3 2 -1 0 1 2 3 4 5
n, [atom '] 7,107 [em?]

a o
Pucynok 5.17 (a) Po3paxoBaHa eineKTpornpoBigHicTh rpadeHy K GYHKIIS BITHOCHOTO BMICTY elleK-
TpoHiB 3a pi3HuX (0,1-3,0%) xoHueHTpaiil agaromiB K, siki BUIaAKOBUM YHHOM IOCIIal0Th a/1CO-
pOuiitHi By3iu rpadeHoBoi rpaTHUI. (6) 3aNeKHOCTI eKCIIEPUMEHTAIBHOI Ta pO3pax0BaHOi MPOBi-
JTHOCTEW BiJl peasliCTUYHOI €JIeKTPOHHOI T'YCTUHM 3a PI3HUX THIOBUX, €KCIIEPUMEHTAIBHO CIOCTe-
pekeHUX BMicTiB foMimkoBux anatomiB K. ExciepumenTanbHi nani A [219], A [58], ¥ [58] ta V
[219] BignoBigaroTh Nk = 0,047%, 0,055%, 0,086% i 0,094% BianosiaHo. Po3paxoBani cyIliibHa Ta

MyHKTUPHA KpuBi BianoBigaroTh Nk = 0,047% 1 0,094% BignosigHO.
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nigxony y bopuoBomy nabnmxenHsi. [Ipote, 3ayBaxkumo, 1110 3a JaHUMH YUCETbHUMHU
pO3paxyHKaMH KOpeNsamiiHui epext Mae Micie e 3a 3Hakoctainoro (V>0 abo
V < 0) po3citoBaJIbHOTO MOTEHITISLTY, a 3a 3Hako3MiHHOTO (V 2 0) moTeHmisuTy po3ci-
SIHHS KOPEJISIIisl pO3CIIOBAIBHUX IICHTPIB MPAKTUYHO HISKMM YAHOM HE BIUIMBA€E Ha
TPAHCIIOPT HOCIIB 3apsiny y rpad)eHOBUX HIapax.

Sk 1 st MOAeTbHUX (HEKOHKPETH30BAHMX ) JOMIIIOK (MMiapo3aii 5.2), y BunaaKy

agaToMiB K KOHIIEHTpaIIil iX Ta KOHIICHTPAIIii €JICKTPOHIB MPOBITHOCTH IEPEBUIIYIOTh
. —_ . . 14 -2
BIAIIOBIIHI €KCIEPUMEHTAIIbHI 3HAYEHHS: Nimp <3,125% abo Njnp<1,19-10™ cm 7, a

ngP $0,14%abo n%® <5,4-10% cm* [5,51]; e <6-10* atom " a6o N <2,3-10" cm %, a

imp
ne’ <1,810 arom * a6o ng’ < 7-10" em 2[5, 51]. OCKinbKH AOCSTHEHHS CTabiIBHO-
ro 1udy3iiHOro pexuMy 3a TUIIOBUX B €KCIIEPUMEHTAaX KOHIICHTpAIlii JOMIIIOK TO-
TpeOye MPOBENCHHS PO3PaXyHKIB i rpad)eHOBUX 3pa3KiB 3 HabaraTo OLIBIINM YHC-
JIOM aTOMIB/BY3JIiB, 110 BUMAarae Ha0araTto OUIBIIUX KOMIT IOTEPHUX MOTY>KHOCTEH 1
PO3pPaxyHKOBOI'O 4acy, TO 3 METOIO MOPIBHSIHHS PO3PAXyHKOBOI MPOBIHOCTH 3 €KC-
NEPUMEHTAIBHOIO PO3MIpU Irpad)eHOBOTO APy y KOMIT IOTEPHUX PO3paxyHKax 30i-
nemryBanucs 1o 10 minpioHIB By3iiB/aToMmiB, o Bianosimae miomt y =500 x 500
HM’, X04a i Taki PO3MIpH HE € IIJIKOM JIOCTATHIMH JJIsl BCTAHOBJICHHS JJOBIOTPUBAJION
cTabUIBbHOCTU MU (DY31IHOTO PEKUMY 3a Ty>KE MauX BMICTIB JOMIIOK. Excriepumen-
TaJdbHAa Ta PO3pPaxOBaHi €JIEKTPONPOBIIHOCTI 32 TUMIOBUX T'YCTHH €JIEKTPOHIB 1 JOMi-
mkoBux agatomiB K y rpadeni HaBeneno Ha puc. 5.17, 6. Oouasi (ekcriepuMeHTab-
HI i po3paxoBaHi) 3aJIeKHOCTI 6 =06(Ng) Ha puc. 5.17, 6 IEMOHCTPYIOTH JHINHY (4U
TO KBa3WIiHINHY) TOBEIIHKY, BTIM PI3HATHCS KUIbKICHO. (OCTaHHE MOXKHA
MOB’SI3yBaTH 13 BHECKOM KBAa3WJIOKATI3allIMHUX €PEKTIB Yepe3 HeTOCTATHLO BEIUKHIA
po3Mmip mapy rpad)eHy sIK il TOCATHEHHS CTa0lIbHOTO JOBTOTPUBAIIOTO NU(Y31iHO-
r0 PEKUMY MPU TOMIMPEHHI XBIJIHOBOTO MAKETa, TaK 1 JUIsl HEYMOKJIUBIICHHS BiOU-

BaHHS TaKUX XBWJIb HA GLIbHUX, & HE 3aKPIIICHUX, KIHIISX 3pa3ka (TUIBKU-HO TakKi €).

5.6 BucHoBKkM 10 po3aiay 5

[Tincymkom omyOmikoBanux B podorax [136, 137, 140, 141, 143] pe3ynbraris

I[OT'O PO3/ILITY CIYT'YIOTh BUSIBJICH] €eKTH 1 chopMyIbOBaHI HM)KUE BUCHOBKH.
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JI1st 6usiénenms MPOAEMOHCTPOBAHUX B o311 €eKTiB Oys10 3p00JICHO Take.
1. BriiacHopyd no0y10oBaHO KOMIT'IOTEpHY IIporpaMmy Ha MOBi nporpamyBanHs C++ B
paMKax KBaHTOBO-MeXaHiuHoro (¢opmanizmy Kybo-IpiHBynaa, 10 YMOXKIMBIIOC YH-
CEJIbHO PO3paxOBYBaTH T'YCTHHY €JEKTPOHHUX CTaHIB, KO€(IlieHT TpaHCHOPTY (Au-
(by31iHICTB) €JIEKTPOHIB Ta iX MPOBIIHICTh Y peaiCTUYHUX rpadeHOBUX 3pa3zkax (0e3
00MeKeHb Ha PO3MipU OCTaHHIX).

Pe3ynbrat KOMIT IOTEPHUX PO3PAXYHKIB NPOOEMOHCMPY8ay HACTYIIHE.
2. JIns BUNAQJKOBOTO PO3TAlllyBaHHS PO3CIIOBAIBHUX LIEHTPIB, JOMIHYBAJILHUM € Ja-
JIEKOYMHHE PO3CISSHHSA HUMH HOCIiB 3aps1y; BOJAHOYAC, JJIA 1HIIUX THUIIIB MPOCTOPO-
BOI'0 PO3MOALTY PO3CitOBadiB (KOPEJIbOBAHOTO Ta/4M BIOPSIKOBAHOTO) JOMIHYBaJlb-
HUM € KOPOTKOYMHHE pO3CisiHHS. Lle cBIAUMTh Mpo pi3HI MEXaHI3MHU PO3CISHHS IS
PI3HMX THUIIIB B3a€EMHOTO PO3TAIllyBaHHS PO3CIIOBAYiB HOCIIB 3apsay (€JIEKTPOHIB).
3. 3abopoHeHa 30Ha B €JIEKTPOHHOMY €HEPreTUYHOMY CIEKTpi rpadeHy MoxKe BiJK-
pPUBATHUCS TPU BIOPSAKYBAHHI TOUKOBUX JIe(PEKTIB 3aMIIlIEHHs Ta aJCOPOIINHUX, K-
[0 OCTaHHI PO3TAIIOBaH1 HaJ By3JIaMH Ipa)€HOBOI I'PaTHUIIl 1 TUM CAMHUM IPOSIBIIS-
I0Th ce0e Haue aTOMH 3aMIlICHHS Ta € KOPOTKOAitouMMH. YumM Ouibina (MEHIIa) amIi-
JITyAa PO3CIIOBAJILHOIO MOTEHIISUTY Ta/4M KOHIEHTpAIlls TaKUX BIOPSIAKOBAHUX
(am)atomiB, TUM OlnbIa (MEHIIIA) MIUPUHA 3200POHEHOT 30HH.
4. Kopensisg ¥ naneke yrnopsiiKyBaHHS pO3CIIOBAJIbHUX IIEHTPIB HE BIUIMBAIOTH Ha
MPOBIAHICTE TpadeHy 3a Oynb-sIKOTO KOPOTKOCSHKHOTO YU JAJIEKOCSKHOTO, CIIa0KOro
Y1 CHJIBHOTO 3HAKO3MIHHOTO PO3CIF0BAJIBLHOTO MOTEHITIsTY. HaToMicTh 3a 3HaKocTalio-
IO MOTEHIIISUTY PO3CISIHHSI KOPEJISIis 1 JaJeKuil OPSIOK y PO3TalllyBaHHI pO3CitOBa-
YiB MIJIBUIIYIOTh MPOBIAHICTh MOPIBHSIHO 3 iX BHUIIAJIKOBUM PO3IMOAIJIOM B JCKUJIbKa
(41 gecsATKH) pas3iB IS MOTEHIISTY 3 MaJiol0 (BEJIHMKOK) aMIUTITYIOI0 Ta BEIHKUAM
(maymM) edexTuBHUM paairocoMm 1ii. A 3a O-1momiOHOTO («TOYKOBOTO») MOTEHITISITY
e(eKT ynopsiKyBaHHs MPOSBISETHCS, HABITH SIKIIIO BIH 3HAKO3MIHHUM.
5. Ha npuknanax nomimkoBux HiTporeHoBux aroMiB 3aMiiieHHs Ta KaniifioBux ana-
TOMIB y TpadeHi BCTAHOBJICHO, 10 B3aEMHA KOPEJALisl Ta JajeKe BIOPSIKYBaHHS
nepmmx (N) MOXKyTh TIJBUIIYBAaTH €JIEKTPOTPOBIIHICTD Y NEKiIbKa (= 3—6) Ta aecs-

tku (= 20-30) pasiB BIANOBIAHO Y MOPIBHAHHI 3 TX BHUIAAKOBHUM PO3IMOIIIOM. A KO-
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peunsiist un BnopsiikyBanHs pyrux (K) MoxyTh 301IbIIyBaTH €1€KTPOIPOBIIHICTD Y
=~ 2-7 abo = 3—15 paziB BIANOBIIHO, IPUIOMY €(DEKTH KOpEJsllii Ta BIOPSAKYBaHHS
JAI0THCS B3HAKM CHJIBbHIMIE (CJTa0Ime) I THX afaToOMiB, SIKi MPOSBISIOTH ceOe Hade
aTOMHU 3aMilleHHS (BTUICHHS).

6. HasBHICTh KOMIUIEKCHUX Je(EKTIB (JIOMIIIKHK + BakaHCli) B rpad)eHl MPUBOAUTH 10
KUIBKICHUX Ta SKICHUX 3MIH Yy XapakTepli TMPOBIAHOCTH: 1i €IEeKTPOHHO-
KOHIICHTpAIliliHa 3aJIe)KHICTh MOXe OyTH JIIHINHOI0, CyOJIHIHHOIO Ta CYIEepIiHIMHOIO
3aJIeKHO B1Jl BMICTY JIONAHTIB 1 BaKaHCIH, iX KOH(Irypamiid Ta TUIy HOCIIB — €JIeKT-
pOHIB ab0 AipoK. SK 1 yHOpsAIKYBaHHS, HasABHICTh BAaKaHCII MPUTHIYYE €JIEKTPOHHO-
JIPKOBY aCUMETPII0 MPOBITHOCTH (BIAHOCHO HYJIHOBOI HAIIPYTH).

7. 3a HEBNOPSAJIKOBAHOTO (BUMAJKOBOTO YA KOPEIHOBAHOTO) PO3MOALIY a/1aTOMIB Ha
Maux (MOPIBHAHHUX 3 TTapaMeTPOM IPaTHUIN) BUCOTaX Haja rpadeHOM-aacopOeHTOM
HOTO €JIeKTPOIPOBIIHICTh G NpubIU3HO JIHIMHO 3aJIeKUTh BiJ X aJCOpOIIHHOI BU-
cotu h: o(h) =c(0) + O(h) (ne O(h) € HoTaris «O Benukoro Bix hy). HatomicTh 3a
BIIOPSAIKOBAHOTO PO3MOJUTY aJaTOMIB MOT0O €JIEKTPOIPOBIIHICTh NMPAKTUYHO HE 3a-
JIEKUTH Bl BUCOTH PO3TallyBaHHS LIapy-ajacopOaTy (IpUHANMHI, JUIsl peaiCTHYHUX

-1 . .
3HaueHb (< 0,01 aToM ) TYCTUHU BUTBHUX €JIEKTPOHIB).
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PO3/11 6
E®EKTHU OPICHTAILIITHOT KOPEJISILII JIHIMHUX JE®EKTIB
Y EJJEKTPOHHOMY TPAHCIIOPTI Y TPA®EHI

6.1 IloTeHWistJI po3CisIHHA HA 3aps/IKeHUX JiHiliHUX dedekTax

(y camoy3romkenomy Haoam:keHHi Tomaca—Depmi)

OcCKinpKY JTiHIMHI Je(EKTH MOXKHA PO3TIIAAATH SK JiHIT peKOHCTPYHOBaHUX TO-
ykoBuX aedekrtiB [186, 269-271], 1D-medekT MOACTIOEThCA K TOYKOBI Je(eKTH,
OpIEHTOBaHI B3J0BX (DIKCOBAHOTO HANpsIMKY (IO BIAMNOBIAA€ HANPAMKY JiHII) B
IIUIbHUKOBIN TpaTHULI. Briepuie po3cisHHS Ha 3apsKEHOMY JIHIHHOMY Je(eKTi y
rpadeni 0yno onucano (B [268]) ebexTuBHUM (aIeKOCSHKHUM) MOTEHITisUIOM ToMa-
ca—DepMi, 1110 BUPAKAETHCA Yepe3 3BUYANHI U 1IHTETPajbHI CUHYC 1 KOCUHYC U oJiep-

KYEThCS 3 OJTHOMMEeHHOT0 HaOmkeHHs (nuB. [139] i/abo Jomatok B):

A . . T .
0 =57 | eosa 0G0 +sino 3 -Sita || 6
2mE € 2
ne g (€) — mienmexkTpuyHa MPOHUKHICTh BaKyyMy (CepenoBHINA), A — TyCTHUHA Ji-

HIAHOTO 3apsay (3apsa]l Ha OJUHULIIO AOBXKUHHU), X — BIIJaNb A0 JIHII 1eEeKTy, XBU-
. 2

nboBe uncno Tomaca—®epmi Gy = ek, /(e e, /iVe) BU3HAYAETHCS ENEKTPOHHOKO

mBuakictio ®Pepmi Ve =3ua,/(27) 1 xBuwiaboBUM umciaoM (immynabcom) Depmi

ke | = /mtn, |, HOB’I3aHUM 3 I'YCTHHOIO HOCIiB 3apsiiy (€IEKTPOHIB), KOHTPOIBOBAHOK

HaIpyrolo Ha 3aTBOPI.

OyHkii (6.1) B1acTHBa aCHMITOTHYHA TTOBEIHKA:

A :
5 I (qTFX) 2’ OreX > L
TEHE
d(x) > (6.2)
A I - 1
n(qTFX) v OreX <L
2mE €

OuinuMo XBHJILOBE YuCciI0 Tomaca—depmi Ul THIOBHX B €KCIEPUMEHTAX 3HA-
. . . . -5 1
YeHb BIJHOCHOI I'yCTHHHM (KOHIIEHTpaLii) enekTponis y rpadeni, ng® =5-10" artom

(2-1011 CM_Z). BpaxoBytoun HaBe/eHi BHIle BUpa3u s (tr, Ve 1 Kk, @ Takoxk Ne=Ne/S,
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2 T T T
l:,‘ — EdexruBHuii notexuist, ®/U
= - - - - JJopenuisia-noteniisut, ®; /U
= 1.5k T
= 3
) .
= 0
o
= _
=
=
5
o
=t
= -
m
™

1

60 80
Biacransb x [a]

Pucynok 6.1 Tlorenuisn Tomaca—®epmi (6.1) 3 grrao = 0,1 (29 =0,142 HM — mapamerep rpaTHHIII),

anpokcumoBanuii JlopenitisitHom (6.3) 3 mpunacyBansHuMuU napamerpamu A = 33,57 i B = 16,96.

[MZ], JIe TII0IIIA, 10 MPHUIIAIa€ Ha OJIMH BY30J1 IIUIBHUKOBOI IPATHUII, S, = 3\@a§/4, afl
napamerep 8o = 0,142 um, maemo: gy ~10 [ag], To6T0 g1r ~ 0,1 [1/30] 260 Qrra ~ 0,1.
Bupas (6.1) nobpe amnpoxcumyethesi (miaranserscs) Jlopeniisinom (puc. 6.1),

10 MOXHA 3aCTOCOBYBAaTH B KOMIT IOTEPHUX pO3paxyHKax 3aJJsl iX IPUCKOPEHHS,

A

D, (x)=U ,
() B+ X2

(6.3)

ne amrnrityaa noteHuisry — U = A/(2nepe), a mpunacyBanbHi napameTpu A i B pos-
pPaxoBYIOThCS 3a airopuT™MoM JleBenOepra—Mapksapara [327-331].

Sxmo x rpadenoBa rpaTHUI MICTUTD Njines 3apsiikenux JiHii (1D-aedexrin),
TO e()eKTUBHHUI PO3CIFOBAILHUI MOTEHIISUT Yy BY3J1i | HA0OYBa€ BUIIISILY

Niines
V; (%) = z U, |:_COS(qTFXij )Ci(CreX;) +SiN(CreX; (g = Si(0eX; ﬂ , (6.4)

j=1
JI€ Xjj— BiLmab MiX By3JI0M | Ta JIiHI€I0 |. PO3rIsnatoThest ABa BUIAJKH: 3HAKO3MIHHHUI
notenmist (Vi 2 0), ko niHikHI 1edeKTH 3apsIKeH] MIO3UTHBHO i HETATUBHO, Ta 3HAa-
koctanuit (Vi > 0 abo V; < 0), kosu miHiiHI 1eheKTH 3apspKeH] JIUIIe MO3UTHBHO a0o
JIUIIIe HETaTUBHO. Y MEpIIOMY BUIAJKy MOTEHIISIbHA BUCOTA PIBHOPO3IMOA1IECHA B 1H-
tepBaini Uj € [-A, A], a B apyromy — B intepBani U; € [0, A]. 3HadeHHs MakcuManbHOT
MTOTEHIISUTFHOT BUCOTH A OepeMo OJIM3bKHM J0 3HAYCHb KOHTAKTHOI PIXKHUIII ITOTSHITI-
SJTIB HA JIIHIAHUX JedeKTax (CIPUYUHEHUMU aTOMOBUMHM CXOJUHKAMM TT1IOMAKAKS ) eITi-

TakcisuibHOro rpadeny [287, 290, 291]: A=0,25u=0,627 eB.
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Tunosi cymapHi po3noainu e(eKTUBHUX NOTEHLISIIIB PO3CISTHHS AJ1s1 000X BUMAI-

kiB (Vi 2 01V;> 0) po3noainy Bunaakoux 1D-nedexriB y rpadeHi 1uB. Ha puc. 6.2.

a 1000 6 1000

0 425 850 1275 1700 0 425 850 1275 1700

2
706
04
i 0.2
| 0
gl
i =0. =)
I 0.6 N
| =08 =
e 1000~
4\\»
750+
§ = 5004
250+
T T T T 0 T T T '"0
0 425 850 1275 1700 0 425 850 1275 1700
1.2 1
0.9 0.8
! 10.6
= 06 oy
BN = 102
034 | 02
1800 A . v ,.<-"'"§ﬁ00
750 g 127
500 ~~SYEES 850
250 425
0 0

Pucynok 6.2 2D- (a, 6, 0, ) i 3D-300paxkeHns (6, 2, €, o) pO3MOALTIB e(i)eKTI/IB_HI/IX MOTEHIIISUTIB PO-

3cistHHsA (6.4) B rpadeni (po3mipom =210 x 210 um) 3 10 (a, 6, 0, €) 1 50 (6, 2, e, o) 1D-nedexramu.
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6.2 Oco0.1MBOCTi €JIeKTPONPOBITHOCTH 32 BUMIAKOBOI opieHTAILil

NPOTSZKHUX JedeKTiB

EnextpoHHO-TpaHCTIOPTHI po3paxyHKHU MpoBoAsAThes mpu 10 1 50 miHIMHUX ge-
dekTax y rpadeHoBoMy («komi toTrepHoMy») 3pazky 3 1700 x 1000 atomamu (By3ma-
MH), MO BignoBigae po3Mmipy ~210x 210 am (puc. 6.2). Lle BiamoBigae HAIBHOCTH B
HhOMY NpuOIN3HO 1% 1 5% TOoukoBHX nedekTiB. Mojentoun po3CciioBaIbLHUN TO-
TEHITiSUT, MOKIaaaeMo (rrdp=0,1, 10 BiAMOBiIa€ TUTIOBUM €KCTICPUMEHTATBHUM 3Ha-
YeHHS eIeKTPOHHUX rycTHH [Ne®|=5.107° atom ™ (n&*?| = 2-10" cm?). Brim, XBHIbOBE
gyucio Tomaca—®Depmi (e HE € KOHCTAHTOIO, a CJIa0KO 3aJI€KUTh BiJl TYCTUHU HOCIIB
sapsiy: Ore oc V|n|. BpaxoByroun e, GyII0 JOAATKOBO MPOBEICHO PO3PAXYHKHU, KOPH-
CTAIOUUCh PI3HUMHU (7, IO BIAMOBIAAIOTH PI3HUM (XapaKTEPHHM) I'yCTHHAM €JICKT-
ponis, 1.107° S |ne $5-10™° arom " (merani mus. B Jomatky 1o [139]). B pesyasrarti
TaKHUX PO3paxyHKiB OyJIO BUSABJICHO, IO (HABITH 32 OJHOTO 3apsKCHOTO JIHIHHOTO
nedexTy B rpadeHi) po3paxoBaHi 3 BUKOPHCTAHHSIM BHUCOKOTOYHO HAOJIHKEHOIO ca-
MOY3ro/KeHOT0 (TOOTO Ne-3aj1ekHOT0) MmoTeHMisuty (6.4) kpuBi 6 = 6(Ne) € CyOMiHIMHI
Ta SIKICHO M KUTbKICHO OJIU3bKi 10 ojepxanux 3a (ikcoBanoro grr=0,1 [1/a¢] i 3 Bu-
KOPUCTaHHSAM anpokcumyBajibHoro JlopeniisiHa (6.3). Lle # miaTBepauiocs TaKUMH
X (camoy3romkeHuMn) po3paxynkamu npu 10 1 50 miHisx 3apsmy B rpadeHi.

KpuBi enexTponpoBIJHOCTH Ha pHUC. 6.3 1EMOHCTPYIOTh SIK €HEpreTU4Hi, TakK i
€JICKTPOHHO-KOHIICHTPAIIIMHI 3aJeKHOCTI €JIEKTPONPOBITHOCTH TrpadeHy, M0 Mic-
TaTh 10 1 50 miHiHUX HedEeKTIB, SKUX PO3MOAIICHO BUMAJKOBUM YHHOM 1 SIKI OIH-
CYIOThCSI 3HAKO3MIHHUM 1 3HAKOCTAJIMM PO3CiFOBaIbHUMHU moTeHIisiamMu (6.3). Po3s-
paxoBaHuM 3a1ekHOCTIM 6 = 6(E) 1 6 = 6(Ne) BiIacTHBI IEBHI 0COOJIMBOCTI.

[lo-mepiie, BiA3HAYMMO MPOMOBHUCTY CYONIHIMHICTD yCEPEAHEHUX KPUBUX Ha
puc. 6.3, 61 e, IO y3rOJKY€EThCS 3 EKCIIEPUMEHTAIBHUMU Pe3ysibTaTaMu i rpade-
ny, Bupoinenoro CVD-metdnoro [272, 394, 395], ne 3anexHocTi 6 = 6(Ne) TEX CyO-
niHidHI. e cBiauuTh mpo JOMIHYBaHHS PO3CISSHHS HOCIIB 3apsiiy came Ha JIHIHHUX
nedexrax y CVD-rpadeni [268, 272, 394]. Bigznaunmo, 110 cyOmiHIHHAN XapakTep

KpUBUX © = G(Ne) Y BUIAJKY JIHIHHUX PO3CIIOBAYiB iCTOTHO PI3HUTHCS 3 BHITAIKAMHU
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PO3CISTHHS Ha TOYKOBHUX (KOPOTKOYMHHHX 1 JAJIEKOYMHHHMX) PO3CitOBayax, KOJU 3a-
aexxHocTi 6 = 6(Ne) Oau3bki 1o miHidHuX [136, 260, 301, 302, 388].

[To-npyre, KpUBI €HEPTETUYHOI (YU €IIEKTPOHHO-KOHIICHTPAIIMHOT) 3aJIC)KHOCTH
€JIEKTPOIPOBITHOCTH JJISI OJTHAKOBUX 3a PO3MIpOM rpadeHOBUX 3pa3KiB 3 PI3HUMH
BUIMAJIKOBUMH KOHQITYpaIisIMH OHOT M TOT K KITBKOCTH JIHIMHUX AE(EKTIB 1CTOTHO
PI3HATBCS MK coOoto (uB. puc. 6.3, a, 6, 2, 0). Lle e ogHa BiAMIHHICTH BiJ] TOYKO-
BHUX PO3CiIOBayiB, Pi3HI BUIMAIKOB1 KOHDIrypalii SKux HE MPUBOJATH 10 CYTTEBOI pi-
XHHLI KpuBUX G = 6(Ne) [136]. Lle moB’s3aH0 3 THM, 1110, HA BiIMiHY BiJl TOYKOBHX
nedeKTiB, JHIMHI XapaKTepU3yIOThCA HE JIUIIE CBOIMU MO3UIIISIMU, a i HAIPSIMKaMH
(opieHTaLIsIMK) Ta IEPETUHAMH (TOYHIIIE, KyTaMHu NEepeTUHIB). Taki 10JaTKOBI Xapa-
KTEPUCTUKHN CIPUYUHIOIOTH OUIbIIE MOKIMBUX KapTHH CYMapHOTO PO3CIIOBAJIHLHOTO

MOTEHIISTY, IO ¥ MPUBOAMTH JI0 PI3HOMAaHITHOCTH KPUBUX €JIEKTPOIPOBITHOCTH.

200 N -t ]vlincs: 10 P
| 160 \'\. === = Niipes = 50 //
7 \ V's0 v

~ \ 7 P
41200 ~v N , 4
L 80 \\ \'\ /'/ ///

\\'\. /' 7z
L 40 N7 ,/
vy

0 . . . . .
—-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06

n, [aTom™]
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-200'\'\. - Minesz 10
N [ — j—
'160:\\ '\. ]\'flincs_50 '/-/
S \ V>0 7’
L \ 7
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- 80 N ./' L
L \\.\. K
40 RS
w7

I 0 T : : T :
~0.06-0.04—0.02 0,00 0,02 0,04 0,06
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F 0 e
Pucynox 6.3 Enepreruuna (a, 6, 2, 0) i €IeKTPOHHO-KOHIIEHTpAIliiiHa (8, €) 3aJIeKHOCTI eJIeKTPOII-
poBigHocTH rpadeny 3 10 i 50 BUMaAKOBO PO3MOAIIEHUMH JTiHIHHUMH AeeKTaMu B/Ha HiM, 3apsi-
JDKEHUMHU TIO3UTHUBHO 1 HETaTUBHO (a—6) abo nuiie MO3UTUBHO (e—e). KokHa 3 MBalsaTH KPUBUX
o =o(E) y xoxxHOMY 3 BUMajkiB (a, 6, e, 0) BianoBinae neHiid koHdirypauii 1D-nedexriB. Kpusi

o =o(Nne) (8, e) ycepemuiorots 20 Bimnmosinuux kpueux ¢ = 6(E) (a, 6, 2, 0).
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[To-TpeTe, 3a 3HAKO3MIHHOTO (CUMETPHUYHOTO BIJHOCHO HYJIHOBOT'O 3HAUCHHS)
PO3CIIOBATILHOTO MOTEHINISUTY KPUB1 €IEKTPONPOBIAHOCTH € CUMETPUYHUMHU BIAHOCHO
(ipakoBoi) Touku HeHTpanbHOCTH (puc. 6.3, 6), B TOM Yac K 3HAKOCTAINN (aCUMET-
PUYHUN BiTHOCHO HYJBOBOT'O 3HAUEHHS) MOTEHIIST CIPUIMHIOE aCUMETPII0 KPUBUX
npoBigHocTh (pHC. 6.3, e). Taky acuMeTpiro B MIPOBIIHOCTI €JIEKTPOHIB 1 AIPOK OYII0
BUSBJICHO B 0aratbox poOoTax, MPUCBSIUEHUX PO3paxyHKaM TPAHCIOPTY HOCIIB 3apsi-
ny B rpadeni 3 ToukoBumH jnedekramu, Hanpukian [136, 215, 302, 364, 365, 377].
3aams rIM0IIoro po3yMiHHS Takoro epeKTy eJIeKTPOHHO-AIPKOBOI acCUMETpii B Mpo-
BIJTHOCTI Ha puc. 6.4 MoOyA0BaHO KPHBI 3aJIEKHOCTH MPOBiIHOCTEHN G (puc. 6.4, a) Ta
ix BigHOCHUX pixkHHID [6(—E) —6(E)]/[0(-E) + 6(E)] (puc. 6.4, 6) Bix MakcUMaIbHOT
MOTEHITISILHOT BUCOTH (aMILTITyiM) A Jy1sl 1BOX 3HaYeHb eHeprii E = +0,5u. BigHoc-
Ha PULKHUI IPOBITHOCTEH JTEMOHCTPYE OJIM3bKY 10 JIHIMHOI 3aJICKHICTh BiJl CHIIH
(Benuunnn) noteHnisuty s A < 0,4U 3 MOCHIAYIOUMM HACUYECHHSM JUJIST OUTBIINX
3HaueHb A. Lle y3romkyeTbes i 3 aHaTiTHIHUMU pe3yabTatamu [139], onepikanumu y
npyromy bopHoBOMYy HaOMMKEHH1 111 PEKUMY CIIA0KOTO PO3CISIHHS.

Ha 3aBepmienns gaHoro mipo3auty (3ajy1s MOPIBHSHHS) 3BEPHIMO yBary Ha pe-
3yJIbTaTH PO3PaXyHKY €JIEKTPOIPOBIAHOCTH Y BEIMKOPO3IMIPHUX MOJIKPUCTATIYHUX
CVD-3pa3kax rpadeHy 3 HEBIOPSAIKOBAaHUMHU MexaMmu 3epeH [297], ae aBTopu Tex

Kopucranucs merogonoriero KyGo—IpinByna. Posrismaroum po3cisHHS Ha MexKax

240 1 1 1 1 1 1 1 1 1 0,5
_-.\ I\Ilines =1
200_\\ < l\.\ —s—FE=-0,5uf 0.4
-{E =0,5u :%? :,5:
S BN — S
= \ k) oo 031
o> 120 N N N
v N ~—~ |
© Colvso] 213 0.2
80 1 b ° . _ _ - B c|> c|>
N
Nlines:50 \b ~\~1 \b/\b’()1
401- o- E=— - <. i 19
*- E=-0,5U O--ooo ]
-o0- E=0,5u
0 T T T T T T T T T 0,0 T T T T T T T T T
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 0,0 0,1 0,2 0,3 0,4 05 0,6 0,7 0,8 09 1,0
Alu Alu
a o

Pucynok 6.4 3anexHoCTi eeKTponpoBigHocTel (a) Ta iX BiTHOCHUX PLKHUID (0) BiJl BETHUHUHH I10-

tentisury poscisaus V oc U € [0, A] s aBox cumetpuunux (BigHocHO Touku E = 0) 3HaueHs eHeprii.
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2D-3epeH (mOoMeH) 3 pI3HUMH KpucTanorpadiyHUMH OpIE€HTAIIsIMU, HAa BIIIMIHY BiJ
Hac, aBTopH [297] He KOpHCTANNCS HiSIKUM PO3CIFOBAIbHAM MOTEHITISUIOM, PUHHSB-
M Horo HysboBi (ON-Site) 3HadeHHs Ha By3yaxX. BTiMm, HaBiTh 3a Takux OOCTaBUH
oJleprKaHa 3aJIeKHICTh EIEKTPOMPOBITHOCTH TpadeHOBHUX 3pa3KiB MPUOIHU3HO JTIHIHHO
3ajIeKuTh Bija eHeprii @epmi [296], o Bianosigae i pe3yabTaraM Ha puc. 6.3 a, 0, 2,
0. TakuM ynHOM, MOKHA MPOTHO3YBATH, 1110 JiHIHHA €HepreTUYHa (a ToMy CyOJiHIM-
Ha eIeKTPOHHO-KOHIEHTparliiia, ockimbku E oc V|n,|) samexuicTs mposimHOCTH €
BJIACTHBOIO JIJIs MPOTsHKHUX NedekTiB y CVD Ta enmiTakcisiibHUX rpad)eHOBUX MIapax.
[Ipote, mis rauMOMIOro poO3yMiHHS JaHE MUTAHHS MOTpeOye OUTBII CHCTEMAaTHIHOTO

PO3TIIAY 13 3AIyYCHHSM PI3HUX PO3CIIOBAIBLHUX MOTEHIIISITIB.

6.3 AnizoTpomnisi Ta NOJINIIEHHS eJIEKTPOHHOI0 TPAHCIIOPTY BHACJIIIOK
OpieHTAIHHOI Kopesilil JiHiiHuX JedeKTiB
VY MonentoBaHHI JTIHIMHUX Je(EKTIB JATCKOCSHKHUM €(EKTUBHUM ITOTEHITISTIOM

(6.4) tioro cymapHuii po3moJIia Ha puc. 6.5 GakTHUHO BHIAE TOTOKEHHS JIIHIN 3apsi-
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Pucynok 6.5 CymapHi posnoginu 3uako3miaaoro (V 2 0) (a—6) i 3uakoctanoro (V > 0) (e—e) pos-
CiIOBATBHUX TOTEHIISUTIB (6.4) y Tpadeni, mo Mictuth 50 OpieHTAIIHO KOPEIbOBAHUX JIIHIMHUX
ne(eKTiB 3 PI3HUMHU KyTaMHU KOPENALli Omax — MAKCUMaJIbHO MOMJIMBHHA KyT MK OyAb-KMMHU
naBoMma ministmu): 0° (a, 2), 45° (6, 0) 1 90° (s, €). Kyt omax = 0° 1 omax = 90° BiamoBimaroTh BHIAI-

KaM TapaJIeIbHOCTH 1 BUMIAIKOBOCTH B PO3IOALII Ta OpieHTAIli] JIiH1H.
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Pucynok 6.6 Kinerrnka enextponuux audysiiinocreit (5.7) D(E)=D(E,t) mia E € [-u/2,u/2] y
rpadeni 3 50 niHiiHUME nedeKTaMu, sIKi MOACIIOIOTHCS 3HAKO3MIHHUM PO3CIFOBAIbHUM TOTEHIIISI-
aom V 2 0 (6.4) i € (a) mapanenshi (D)), (6) Bunankosi (Drnqa) um (6) neprenaukymspai (D) no Ha-

MPSAMKY (X) €IeKTPOHHOTO TPAHCHIOPTY.

ToKeHUX NedekTiB y rpadeni. s onucy opieHTamiiHOT KOpEsiii Takux Je(eKTiB,
TOOTO BUAUICHOTO (JIOMIHYBaJIbHOTO) HAMPSMKY B iX pO3TalllyBaHH1, BBEJIEMO KOpeJIsi-
HIAHUNA KYT Olmax — MAKCUMaJIbHO MOXJIMBHUN KyT MIXK OYyJb-SKUMHU JABOMA JIIHISIMU.
Tax, KO Oimax = 0°, TO TiHIT TapanenbHi, a AKIIO Omax = 90°, — MOBHICTIO BUITAIKOBI.

PucyHok 6.6 BimoOpaskae €BOJIIOIIIO B Yaci TPAHCIIOPTHOTO €JIEKTPOHHOTO KOe-
dimienta qudysiinoctu (5.7) B enepretuanomy intepam —0,5u0<E<0,5u mis 3uHa-
KO3MIHHOTO PO3CitoBaIbHOTO MoTeHIisuTy V 2 0 (6.4) 1 TphOX Pi3HUX BHIMAJKIB IMPOC-
TOpPOBO-OpieHTaIliitHOTO po3noaity 50 nmiHiHHUX AedeKTiB y rpadeHi. Y nepiuomy i
TpeThoMy Bumaakax (puc. 6.6, a i 8) nudysiitHocti D) i D] po3paxoBaHO B310BX Ta
Brionepek 50 nmapanenbHUX JIHIMHUX 1e(PEeKTIB 3 pI3HUMH (BUTIAIKOBUMHU) BIIJAISIMU
MK HUMH. Y IpyroMy BUNajaKy (puc. 6.6, 6) miHiitHI redexT posnoaiieHi (OpieHTo-
BaH1) BUIAJIKOBO, 110 poOUTH AU(y3iiHICTb 130TponHo0, Dy = Dy = D. Jlerko 0auu-
TH 3 puUC. 6.6, 1110 MaKCUMaJIbHI (Ta i MPOMIXKHI1) 3HAYEHHSI B 4aCOB1i eBOJIOIIT AU Y-
31{HOCTH B3J0BXK MPOTSKHUX IE€(PEKTIB MEPEBUILYIOTh HOro 3HAYEHHS B MEpHEHIU-
KyJISIpHOMY 10 HUX HanpsMKy: D| <Dyg < D).

Jlns 3’sicyBaHHS (MOKJIIMBOTO) €(PeKTy aH130TpoIii OyJI0 pO3paxoBaHO €IEKTPO-
MIPOBIAHOCTI JJISl 1T’ ATHOX PI3HUX BUMAJKIB TPOCTOPOBOI Opi€HTAIIT JIHIHHUX JAedeK-
TiB y/Ha mmapi rpadeny. EnexkrpomnpoBimHocTi G| 1 6 Ha puc. 6.7, po3paxoBaHi

B3JIOBX JIiHIN 3apsay, mapanensHux (||) ado nmepnenaukyaspaux (1) mo Bici 0X, iH-



200

20—t L D0
200+ I F 2009 ~ Al .
1804 E P 180 N Smoeart
160 . N\ e Ut F 160 it N\ e o .

M0 O N - ” -7 b 140 ""~\f;;\ _____ .

T209 7 0N N L © b 120 S\ s

2,100 - L 100 RN s

o 804 ~._ -7 L 80 !
60~ ~._ . g _--- | 60 !
40 - RV ) [ 40 VS ~L
20| V's0 B L 0] (V>0 N [

~0,06 0,04 0,02 0,00 002 004 006 —0,08 —0,06 —0,04 —0,02 000 0,02 0,04
n, [atom '] n, [atom ']
a o

Pucynok 6.7 EnexTpoHHO-KOHIIEHTpAIIKHI 3aJIe)KHOCTI MPOBIAHOCTEH G,™ NpH 3HAKO3MIHHOMY

(V= 0) (@) ta 3nakocranomy (V > 0) (6) po3ciroBaJIbHUX MOTEHIISIAX 33 Pi3HUX KOHOirypariit 50
NiHiiHUX nedexTiB y rpadeHi, e o) 1 6 — MPOBITHOCTI B MapajeIbHOMY Ta MEPIEeHAUKYIIPHOMY
710 apayeabHuX JiHiM HanpsiMkax. KoxkHa kpuBa ycepeanena o 50 pisHHX pearizamisx JeqeKTiB 3

PI3HUMU BiTATSIMU MIXK JIIHISIMU Ta PI3HUMH MEpEBaKaTbHUMH OPIEHTAIIIMU B KOXKHIHM peaizaitii.

IIMMU CJIOBAMHU € MPOBIAHOCTAMM B30BXK 1 BIONEPEK MapanebHO-OPIEHTOBAHUX JIi-

HiliHUX nedexTiB. OkpiM TOro, Ha puc. 6.7 MICTATHCS KPUBI MPOBIAHOCTH B3/I0OBXK X-

Olnax =0°
XX !

OLax =45°

BiCl 3a PI3HUX KOPESAIIMHUX KYTIB I JIHIMHUX JedeKTiB: © (ol i

A max =90
G x

" =0, (muB. Takox puc. 6.5). MiHiMaibHEe 3HAYCHHS Omax = O BiAMOBIAE BU-
MajJKy, KOJM BCl JIIHII napajieNbHI B KOKHIM 3 50 peanizaiiiii, ajge MaroTh pi3HI «IpU-
BiJIeHOBaH1» (JOMIHYBaJIbHI) HANpPsIMKA B KOXKHINM 3 peanizaiiil. 3a MakKCUMaJIbHOTO
3HAYCHHS Oax = 90° BCI JiHIT po3MoAiIeH] (OpIEHTOBAH1) BUMIAAKOBO B KOXKHIN peai-
3arii. (3a3HaunMo, 10 puc. 6.5 LIFOCTPYE JHIE OJHY 3 MOXIUBUX peanizaniid 1D-
ne(EeKTiB 3a MEBHUX 3HAYCHD Olmax 1 IOMIHYBAJIBHUX HANIPSMKIB Y Opi€HTAIIIT.)

VY Bumaaxky mapajieIbHUX JIiHIA 3apsAy MPOBIIHICTh B3JIOBXK HUX, Gj|, ICTOTHO
IepeBa)kae G| BIIONEPEK HUX 3a 000X PO3CIIOBANIBHUX IMOTEHIIISIIB: 3HAKO3MIHHOTO
(V=20) i 3nakocranoro (V>0). Ha pucynky 6.7 30iabIiieHHst MpoBigHOCTH (G)/G1)
csirae 3,5 pa3. O4eBUIHO, IO aH130TPOITIsI 00YMOBJIEHA ICTOTHO CJIA0IITNM PO3CISTHHSIM
B3JIOBXK MPOTSKHUX 1€(PEKTIB MOPIBHAHO 3 MOMEPEYHUM HANPSIMKOM. SIK 3a3Hadanocs

B po3/iii 1, Taky aHi30TpoIifo OyJ10 BUSBIICHO i eKcIiepuMeHTaIIBHO [63, 286].
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Pucynox 6.8 BigHotieHHs (G| — 6md)/0md 1 (Ormd — 61)/Omd, 1110 Bi10OpakarOTh BiTHOCHI 301IbIIICHHSI

(3MEHIIIEHHS) MPOBITHOCTU B MapayieIbHOMY (MEepHeHIuKynapHoMy) 1o 50 mapanenbHUx JiHIA Ha-

90

HPSIMKY TIOPIBHSHO 3 IPOBIHICTIO Gind = G~ B3/I0BXK BiCi X 32 TAKOT'0 X YMCIIAa BUIIAIKOBHX JiHIMH.

IToni6HO 10 MoBemiHKK MU(y31HHOCTH, 3a BUIIAIKOBOI Opl€HTAIll] JIHIHHUX Je-

Olax =90°
XX

(deKTiB BIAMOBITHA EIEKTPOIPOBIIHICTD Gy = © € TAKOK MEHILIOKO 32 G||, aJie

noctymnaerbes o). [{ikaBo, 1o, sik BUIHO 3 pHUC. 6.8, BIAHOIICHHS (G| — Gyng)/Omg TIe-
PEBHIIY€E BiTHOMICHHS (Gyng— O 1)/Omg HA BCIH pO3rIIsAAyBaHIN MIISHIN €ICKTPOHHUX
T'YCTHH. [HIIMMM cITOBaMH, 3a TTOBHOT BHUIIAJKOBOCTH B TIPOCTOPOBO-OPiEHTAIIIHHOMY
90°

po3NoAlIl JIHIAHUX Ae(EeKTIB, 3HAYECHHS BIANOBIAHOI NPOBIIHOCTU Gpg = Gy~

Onmux4e 10 61 Hik 10 o). (3BepHiMO yBary, mo |o)— o%™==*" |z || — c%==*"|.) Bu-

XX XX
SIBJICHA OCOOJIMBICTH EJIEKTPOIPOBIIHOCTH, |G||—Oyng|# |01 —Oma|, TOB’sI3yeThes 3
TUM, 10 32 BUITAJIKOBOCTU B TIPOCTOPOBO-OPIEHTAIIMHOMY PO3MOIII JTIHIHHUX nede-
KTiB JIOMiHYBaJIbHUI BHECOK Y PO3CISSHHSI YMHATH HAHOUIBII «CHUIIBHIY» pO3CitoBaul —
nepneHauKyJsapHi (a0o OU3bKI 10 HUX) A0 PO3IJIAIYBAaHOTO HANPSIMKY TPAaHCIOPTY
HOCI1B 3apsiy JiHiMHI Aedektu. [Ipu 3MeHIeHH] KOpesaIifHoTo KyTa BiJi MaKCHUMa-
JBHOTO 3HAYEHHS (Omax = 90°), yepe3 mpoMikHe (Omax = 45°), 10 MiHIMAIBLHOTO 3HA-
YeHHS (Omax = 0°), €JICKTPONMPOBIIHICTh TAKOX TOCTYMOBO 3MEHIIYETHCS 32 000X

(3HAKO3MIHHOTO ¥ 3HAKOCTAJIOT0) PO3CIFOBATLHUX MOTEHIIISUTIB (puUC. 6.7).
OT1xe, HE 3Ba)KalOuW Ha Te, 11O JIIHIMHI Je(EeKTH MOJETIOITHCS SIK «BUIIHUKYBa-

HI» B PSAJU TOYKOBi, HA BIAMIHY BiJl OCTAHHIX (JIMB. ONEpeAHiNd po3nui), (opieHTa-
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Pucynok 6.9 EnexkrponpoBinHocTi 6 =0,™ K (YHKIIi T'YyCTHHH HOCIIB 3apsity JUls 3HAKO3MIHHO-

ro (V2 0) (a—s) i 3uakocranoro (V> 0) (e—e) po3sciroBaIbHUX MOTEHI[SUTIB y rpadeHi 3 pisHUMH

gucnamu (10, 50 1 100) BumagkoBux (Oimax = 90°) 1 mapanenbHuX (Omax=0°) TiHIHHUX TedeKTiB

L1/HA) KOpPEeJIALs MEepIINX YMHUTh ICTOTHUIM BIUIMB Ha €JIEKTPOHHUI TpaHCHOPT, 30-
KpeMa, eJIEKTPOIPOBIAHICTD, Y TpadeHi.

3anns 3’sicyBaHHS SK TpadeHOBa €JIEKTPOIPOBIIHICTD 3aJ€KUTh BiJl BMICTY (Ki-
JBKOCTH) KOPEIhOBAHUX JIHIWHUX JePeKTiB, OyJIO MPOBEACHO KOMIT IOTEPHI po3pa-
XYHKHU 1J1s1 TpaderoBoro mapy 3 1,7 MipiioHaMu aTOMIB/BY3JIiB 1 PI3HUMH KUTBKOC-
TSAMHU JTIHIMHUX AeekTiB y HuX. Taki kimbkocTi O0yno BuOpaHo i3 Njines = 10, 50 1 100
1D-nedexktamu, OpieHTOBAHUMH BUIAIKOBO (1 3 PI3HUMH BIIIAISIMUA MK HUMH) Ta

napajiebHO B KOHIM 3 20 po3MISIHYTHUX peaiizaiisx. YCcepeaHeHl Mo peaizaiisax

Olax =90°
XX

(kondirypauisx) 3anexnocti 6 = o(Ne) Ha puc. 6.9 Ta BigHowenns o= /o

XX
Ha puc. 6.10 cBimuaTh, 110, 32 (PIKCOBAHOT €NEKTPOHHOI I'YCTUHM (KOHUEHTpaIlii), Bi-
JTHOCHHM TIPHUPICT €JIEKTPONPOBITHOCTH Y BUIAJKY OPIEHTAIIITHO-KOPEIbOBAHUX Ji-
HIHHUX Je(PEKTIB MOPIBHAHO 3 iX BUMAJAKOBUM PO3MOJIJIOM € BUIIUM 32 OUIBIIIOTO
BMmicty (1D) nedexris. Hanpukiaz, 3a 3HaK0O3MIHHOTO MOTEHIITY po3cistHHs it 10

ninii %" [ gm0 ~ 1,15, a s 100 miwiit 6" / gt 2,75 (puc. 6.10, a). 3a

XX XX
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Pucynok 6.10 IIpupict nposinaocTu (B Tepminax oo~ / o%m=%") sapnakm opienTaniiiHiil Kope-

mii 10, 50 1 100 1D-nedexTiB 3a 3HAKO3MIHHOTO (@) 1 3HAKOCTANIOTO (0) TOTSHIISIIIB PO3CISTHHS.

Olmax =90°
XX

3HAKOCTAJIOTO K PO3CIIOBAIBLHOIO HOTEHIITY BIIHOWEHHS ™" /G

o MOXYTb
csrati ~ 1,35 1i ~5 i 10 1 100 miniit BianosigHo (puc. 6.10, 6). Takuit pe3ynbrart € 11i-
JIKOM TIPOTHO30BAaHUM 1 OYIKYBaHHUM, aJ[Ke, YCIiJl 32 €(heKTOM yHOPSIKYBaHHS (JUB.
po3ainu 112), epekT mpoCcTOPOBOT KOPEIISIIii MPOSBISETHCS CHIIBHIIIIE 32 O1TBIIIOTO YH-
clia «00’eKTIBY ymopsaKyBaHHsI — npoTspkHUX (1D) nedexTiB B 1aHOMY BUTIAIKY .
Od4eBuHI TPOMOBHUCTI CYONIIHIMHOCTI €IEKTPOHHO-KOHIIEHTPALIIMHUX 3aJI€KHO-
CTEH E€JIEKTPONMPOBIIHOCTH MOB’S3aHI 3 MPOTSKHOK MPUPOJIOK OJHOMIPHHX 3apsi-
mxenux nedektiB [139, 142]. Onnave, npu 301IbIICHHI BMICTY MPOTHKHUX (JiHIM-
HUX) 1e(EeKTIB Takl aTUMOBI CyOIIHIHHOCTI MOCTYNOBO HAO0YBatOTh JIIHIMHOCTU (IUB.
puc. 6.9). IlpuyoMy npH 3HAKOCTAJIOMY PO3CIIOBaJIbHOMY MOTEHI[ISUT (HAPHUKIAI,
V > 0 Ha puc. 6.9, 2—¢), 6 = 6(N) 1 NuIIaeThes CyomiHiiHUM Tpu Ne < 0 (TOOTO 32 1i-
PKOBUX TYCTHH, KOJU €(EeKT KOpEJNsIlii MposSBIsSEThCS ciadine), mpore HabyBae Ji-
HiftHOCTH TIpU Ne > 0 (TOOTO 3a €NEKTPOHHMUX TYCTHH, KOJHM KOpEIAiiHMiA edekT

TPOSIBJISIETHCS CUJIBHIIIIE).

6.4 OqHOYaCHA HASIBHICTD | B3a€EMOYMH TOYKOBHUX i JIHIHUX He(eKTiB

Bunanok HasiBHOCTH B TpadeHOBHX miapax 000X (JIIHIMHMX 1 TOYKOBUX) THITIB
nedextiB (puc. 6.11) €, HaneBHe, HAUOIBIT peaTiCTUYHUM. [0 TOTO K, 3a TAKOTO BU-

NajKy MOXHa OYIKyBaTH OUIBLIOTO €(eKTy BiJ MPOCTOPOBUX B3aEMHUX KOHPIrypa-
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Pucynok 6.11 Po3moaisi cyMapHOTo MOTEHINISUTY PO3CISIHHS 332 OJIHOYACHOI HAsIBHOCTU TOYKOBHX 1
JiHIMHMUX po3citoBauiB (nedekTiB) y ¢pparmenTi rpagdeny (a—6) Ta ioro 3pasky 3 1700 x 1000 ato-
MaMmu (By3JlaMu), 110 BigmoBigae po3mipy ~210x 210 uMm (e, 0). ToukoBi Ta miHilHI AeQeKTH poO3-
MOJIUICH] BUTIAAKOBO (a, 8, 2, 0) a00 KOPEIhOBAHO (0), MPUIOMY TOYKOBI PO3CIFOBaYl € KOPOTKOUYNH-
Hi (a, 0, 2) a00 majnexounHHi (8, 0), a JIHIIHI — MOBCIOAM JAJICKOYNHHI. Y BHIAKax 210 y rpadeni

MicTHTBCS Nimp = 3% (Nimp = 51000) ToukoBHX 1 Njines =30 () a60 Njines =50 (0) miniitHuX nedexris.

iif 000X THIIB pO3CiOBaviB y rpadeHi, a TOMY 3’ SBISETHCS OiIbIIe MOKIUBOCTEH
JUTSI IIUJIECTIPSIMOBAHOTO BIUTMBY Ha HOTO €IEKTPOTPAHCIIOPTHI BIACTUBOCTI.

Ha pucynky 6.12 HaBeneHO pe3yabTaTH PO3PAXyHKY €IEKTPONPOBIIHOCTH Tpa-
(deHy 3 pi3HUMHU BMICTaMu 000X TUMIB JedekTiB. Po3cissHHS Ha JTiHIMHUX AedeKTax
MOJICITIOBAJIOCS 32 JOIIOMOTOI0 €(heKTHBHOTO JAJIEKOCSKHOTO MOTEHIsTY (6.4), a Ha
TOYKOBHUX — 3a JIOTIOMOT'0I0 PO3CIIOBAIbHUX MOTEHITISUTIB 1 MapaMeTpPiB, HABEACHUX Y
migpo3aim 5.2. CaMe CHiBBIAHOMIEHHSM PO3CIIOBABHUX MOTEHIISIIIB (1 TapaMeTpiB,
10 BXOJISATH JI0 X BUpPa3iB) JJI 000X THITIB Je(EKTIB 1 BU3HAYAETHCS MOBEIIHKA eJie-
KTPOIPOBITHOCTA B TaKOMY BHUIIQJIKy (3BICHO, OKPIM BIJJTHOCHOT'O BMICTY KOHOTO

tuny nedexris). [IpoananizyBaBim kpuBi ¢ = 6(Ne) Ha puc. 6.12, MOXKHA CTBEPIKY-
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Pucynok 6.12 EnexTponpoBiiHICTb SIK QYHKIIISI KOHIEHTpALli HOCIiB 3apsiiy B rpadeHi 3 oJHOYac-

HOIO HasIBHICTIO JIHINHUX (6.4) 1 ToukoBUX Je¢ekTiB. OcTaHHI MOJETIOIOTHCA CUIBHUM KOPOTKO-

CSOKHMM 3HAaKOCTANUM (@), CIabKUM KOPOTKOCSUKHUM 3HAKO3MIHHUM (6) Ta [ayccisHOBMME po3cito-

BaJIbHUMH MOTEHLIIsIaMU (8, 2) 3 pI3HUMH €(EeKTUBHUMU pajitocaMu Iii & 1 mapaMeTpamu BiJIOBI-

JTHO JI0 KBAaHTOBOTO (8) Ta KJIIACHYHOTO (2) peXKUMIB PO3CISTHHSL.

BaTH, IO AKIIO PO3CIFOBAJIbHUI MOTEHIIIsT TOUKOBUX Je(PEKTIB CHIIbHUH 1/a00 nase-

KOCSDKHHMI, TO TX BHECOK € MepeBaXKalbHUM (JOMIHYIOUHM) B 3aJI€KHOCTI G = &(N),

niaTpumMyroun ii (kBa3u)miHiliHOO (puc. 6.12, a, 6, 2). HaTromicTb 3a iHIIMX MOTEHIIis-

JIB PO3CISIHHS JOMIHAHTHUM CTa€ BHECOK JIIHIMHHUX Me(EKTIiB, 0 MPU3BOJAUTH JI0 CY-

OJTIHIHHOCTH MPOBITHOCTH (pHC. 6.

12, 6).

Hanani 3ocepenumMocst Ha edekTi eneKTPOHHO-IIPKOBOI aCUMETPii IPOBITHOCTH

P 3HAKOCTAIOMY (AOJATHOMY) MOTEHIISI PO3CITHHS JMiHIHHUME nedekTaMu (puc.



206

150 1 1 150 1 1 1 1 1

]vlmes_so nlm _0 _]vlines=50; nimp=O
...... ]Vlmes 50 nlmp_l A) Tttt ]vlines:SO; nlmp_3 /0: I/lmp>0 Ve
120 - - ]Vlines: 103 nlmp_3 % P ‘L 120 . - - Nlmes—SO 1mp—3 A), V,mp<0 o
=T LVines= U, lmp_3 Yo o RN O NViines= nlmp_3 %, Vlmp>0
T ]vlinesz 5 lmp_3% 7 . ’
= 90 %04 T 2 i
= N -
R . K NO . R
0 60 TLTT Ly : A7 604 el ;
- . . NN G -
° ~ . 7 e g
7 S L # .; -
30- Noi A e —a2) 0 R T A=l
V ines > 0 e imp:u7 imp:ao V ines > 0 N '> E.qm - aO
0 ! . . E . Vim;I)~ Uimp e. [OaAimp] 0 : | | I/1mp I[]1mp € [0 A1mp:| V[ A1mp:0:|
-0,06 -0,04 -0,02 0,00 0,02 0,04 0,06 -0,06 —0,04 -0,02 0,00 0,02 0,04 0,06
n, [aTom '] n, [atom™']
a o

Pucynok 6.13 EnekTpOoHHO-KOHIIEHTPAIIHHO-3aJIe)KHA SJIEKTPONPOBIAHICTh TpaPeHy 3 TOYKOBHMU
KOPOTKOYHMHHUMH (a) ab0 MaaeKOYMHHUMU () Ta JIHIHHUMH JaJIeKOYMHHUMH aedektamu (a, 0),
SK1 OTMCYIOTBCS PO3CIIOBATBPHUMU MOTEHLIsIaMu Ha puc. 6.11, 2 1 0, a came: 1D-po3citoBaui 3mo-
nenboBaHo eeKTUBHUM TIoTeHMisuoM (6.4), a 0D-posciroBaui — Tayccisaom (5.3) 3 edeKTUBHUM

HOTEHLISUTBHUM pafitocoM Aii Eimp= 0,589 (@) ab0 &Eimp =4ag (6).

6.13). ToukoBi mredexrn MoxemoBamucs [ayccistHoM Vimp = Zg imIDUimpexp[—rz/ (ZF,izmp)],
ne Uimp BuOMpanocs BunaakoBuM 3 iHTepsany [0, Ajyp]. A1 MogenoBaHHS KOPOTKO-
YUHHUX TOYKOBHUX PO3CIIOBAYiB, TAKUX SIK HEUTpabHi (a1)aTomMu, eheKTUBHUMN MMOTe-
HINSUTbHUE paziroc Opascs piBauM & = 0,58, (puc. 6.11, 2 i puc. 6.13, @), a a1 moje-
JFOBAHHS JAJICKOYMHHUX 3apsDKEHUX po3citoBadiB nokiaaaiocs & =4ay (puc. 6.11, 2
i puc. 6.13, 6).

Haragaemo, 1mo enekTponpoBigHICTh TpadeHy 3 TOYKOBUMH Je(eKTaMu, sKi
orucyrThes 3HakocTanuM (V > 0) MOTEHIISTIOM pO3CIsSTHHS, HE € CHMETPUYHOIO BiI-
HocHO JlipakoBoi Touku. Taka acumeTpist € OUIbII TPOMOBHUCTA y BUMAAKY KOPOTKO-
YMHHICTIO PO3CIIOBAYiB MOPIBHIHO 3 X JAJICKOYUHHICTIO (UB. IS MOPIBHSHHS KPHBI
(—-—) Ha puc. 6.13, a i 6).

PosrnsHemo BUNagoK HasIBHOCTHU JIIHIMHUX PO3CIIOBAYIB 13 KOPOMKOUUHHUMU TO-
ykoBUMH (puc. 6.13, a). 3BepHIMO yBary Ha €JICKTPOHHO-IIPKOBY aCUMETPIiI0 KPUBUX
MPOBIAHOCTU HA puc. 6.13, a 1y BUTIAIKIB HASBHOCTHU B TpadeHi AeeKTiB JIHIIE O
Horo (1D- a6o 2D-) tumy. Jlerko Gauutu (puc. 6.13, a), mo acumerpist KpuBoi (—)

npu  Niines =50, a Njmp =0 mnporunexna no acumerpii KpuBoi HpU Njines =0, a
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Nimp = 3% (—-—). Orxe, 1D- i 2D-po3ciroBadi NPUBOIATE 10 MPOTUICKHUX aCUMET-
Pl y IPOBITHOCTSX €JIEKTPOHIB 1 AipokK. OTKe, 3aJIe’)KHO Bl BITHOCHOT KOHIICHTpAITli
TOYKOBHX 1 JIHIMHUX Je(EKTIB, €NEKTPONPOBIAHICTh MOXKE OyTH 30UIBIICHOIO YH
3MEHIIIEHOO0 3aJIeKHO B1J 3HAKY HOCIIB 3apsay (€JIEeKTPOHIB YU JIPOK).

PosrnsHemMo BuUmAnoK JIHIMHUX PO3CIIOBAYIB 13 OAleKOYUHHUMU TOYKOBUMHU
(puc. 6.13, 6). Ha BiaMiHy Bij IONIEPEHHO PO3TIIIHYTOTO BUMAJIKY, XapaKTep €ICKT-
POHHO-TIPKOBOT aCUMETPii MPOBITHOCTH Y IIM BUMNAAKY 1HIINK. [3-3a c1abkoro BHeEC-
Ky B €JIEKTPOHHO-AIPKOBY aCUMETPII0 MPOBITHOCTU JAJIEKOYMHHUX TOYKOBUX PO3Ci-
I0BayiB acUMeTpis rpadeHOBOI MPOBIAHOCTH BU3HAYAETHCSA JIOMIHYIOUMM BHECKOM B
Hel JHIMHUX 1e(DEeKTIB 1 He 3aJIeKUTh BiJl 3HAKY MOTEHIIISLTY PO3CISSTHHA HAa TOYKOBUX

nedexrax.

6.5 BucHoBKM /10 po3aiiay 6

Marepisum 1aHOTO PO3IiTy omyoJikoBaHo B poboTax [139, 141, 142]. B nux 3a
pe3ynbTaTaMu KOMIT IOTEPHUX PO3PAXYHKIB #PO0EMOHCMPOBAHO HACTYITHE.
1. AHi30Tpomisi €JIEKTPOHHOTO TPAHCIIOPTY B Tpad)eHl BUHUKAE 32 HAIBHOCTU B HBHO-
My OpIEHTALIMHO CKOpENIbOBaHUX (1 TMM Maye MOBHICTIO BHOPSAKOBAHUX) JIHIMHUX
nedekTiB. 3aJIeKHO BiJl X KIJIBKOCTH Ta MPUPOJIU YTBOPEHHS, 1110 BU3HAYAE TXHIO PO-
3CIIOBAJIbHY 371aTHICTh, TaKa KOPEJIlis JIHIHHUX PO3CII0BAa4YiB MOXKE MiJABUIILYBATH
HPOBIIHICTD Y JACKiIbKa (= 4—5) pa3iB y HOPIBHSIHHI 3 BUITAKOM X BHITaJKOBOTO B3a-
€MHOTO PO3MOILITY.
2. 3a 0JTHOYACHOT HasIBHOCTH TOYKOBHUX 1 JIIHIMHKUX JIeDEKTIB y rpadeHi xapakrep ho-
r'0 €JICKTPOIPOBIAHOCTA BU3HAYAETHCS HE JIUIIE BMICTOM Je(EKTiB KOKHOTO THITY, a
I CIIBBIIHOIIICHHSIM BIAMOBIIHUX 000M THIaM Je(EKTIB PO3CIIOBAILHUX MOTEHIIIS-
7B (30KpemMa, mapameTpiB, 110 BXOIATH 10 iX BHPa3iB). SIKIO MOTEHISUT PO3CISTHHS
Ha TOYKOBUX Je(eKTax CUIbHUN 1/a00 MaIeKOCSIKHUM, TO IXHIM BHECOK € MpEeBaIio-
BaJIbHUM Y €JICKTPOHHO-KOHUEHTPALIIHIN 3aJIeKHOCTI MPOBITHOCTH, MIATPUMYIOUH ii
KBa3WIiHIMHOW. HaTOMICTh 3a IHIIWX MOTEHIISIIIB PO3CISHHS JTOMIHYBAaJbHUM CTa€
BHECOK JIIHIMHUX Je(EKTIB, 1110 TPUBOIUTH 10 CYOIIHIMHOCTH MPOBIIHOCTH.

3. TouxoBi Ta miHIIHI AePEKTH, IKUX 3MOICITHOBAHO PO3CIFOBAILHUMH ITOTEHIT1SUTAMH
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OJTHOTO 3HAKY, MPOSBISIIOTHCS y MPOTUIICKHIN €IeKTPOHHO-AIPKOBINA acuMeTpii Bif-
HOCHO HYJIbOBOi Hampyru (/[ipakoBoi Touku). ToMy 3a 0THAKOBUX 3HAKIB MOTEHIII -
JIB PO3CISHHSA HOCIIB 3apsjay B3aEMOYMH TOYKOBHX 1 JIHIHHHMX PO3CIOBaJIbLHUX
IIEHTPIB MOKE NPHUTHIYYBATH (1 HABITh MOBHICTIO HIBEJIIOBATH) €IIEKTPOHHO-IIPKOBY
aACHMETPIIO B MPOBIIHOCTI rpadeHy, BUSABICHY 32 HASBHOCTH B HbOMY Je(DEKTIB JIHIIIE
ojJHOro TUIy. HaTtomicTh 3a pi3HUX 3HAKIB MOTEHINSIIIB PO3CITHHS TOYKOBHX 1 JIIHIH-

HUX Je(EeKTIB 3a3HaUeHa aCUMETPIisl CTAE BUPAZHIIIOKO.
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3AT'AJIBHI PE3YJIBTATHU I BUCHOBKH

|. IIpooemoncmposano, mo pejakcaiisi 1ajJeKoro aroMOBOro NMOpPSAKY B
mwapyBatux (Hag)crpykrypax tuny L1, i DOy (Ha ocnoBi I'IK- i I'II{II-rpat-
HHUIb BiINIOBiIHO) ONMHUCYETHCHA €IUHUM KiHETMYHMM PIiBHAHHSIM, B SIKOMY BH-
3HAYAJIBbHUM (PAKTOPOM HAACTPYKTYPHOIO TUIY (Pa3u € eHepreTUYHUI mapame-
Tep MiXKATOMOBOI B3a€MO/lii, 0 MEBHUM YHHOM BHPAKAETHCSA 4Yepe3 eHeprii
3MIIIAHHS ATOMIB HA BCiX KOOPAUHALIIMHUX c(epax, a MOYATKOBI YMOBH pejiaK-
cauil BILIMBAIOTh HA KiHLeBe (PiBHOBAKHE) 3HAYCHHSA NapaMeTpa JAaJIeKoro 1mo-
PAAKY JIMIIE B OKOJIi TOUKH (pa30BOro nepeTBOpPeHH Jaa—0e31a1.

3annst 00rpyHmy8aHts bOTO JUCEPTALIITHOTO MOJ0KEHHSI BUKOHAHO HACTYITHE.
1. TlocnigoBHO BUBEAEHO OJJHOYACTHUHKOBI MMOBIPHICHI (PYHKIIIi PO3MOALTY aTOMIB
y (Hamg)ctpyktypi Ty D019 Ha ocHoBi I'LIII-rpaTHHMII, 10 YMOKIMBHIIO O30y THCS
HAsIBHOI B JIITEPATypl HEOJTHO3HAYHOCTH IO/I0 X BUTIISTY.

2. YwucenbHO OIIHEHO MapaMeTpH MI>KaTOMOBHX B3a€MO/I1i (BJIacHI 3HAYCHHS MaT-
PHIIl €HEePTil «3MIIIaHHM») Ta CIPOTHO30BAHO YaCTUHY (PAa30BOT AisirpaMu ISl CTOITY
Ti—Al, a came, piBHOBa)XHHUH CKJIaJ CITIBICHYBaHHS BIIOPSIKOBAHOT Olp-(ha3u Ta HEBIIO-
pPAAKOBaHOI 0-(ha3u y IBOX MOJENSAX: HE3aIEKHOCTU 1 3aJIEXKHOCTH €Heprii «3MilllaH-
HsD» (SIKa BU3HAYAETHCS CHEPTIsIMU MTapHUX MIXKATOMOBUX B3a€MO/I111) BiJ] TEMIIEPATYPH.
3. Jlng 060x MOmeniB moOy10BaHO KPUBI YaCOBOI €BOJIOMIT (HAT)CTPYKTYPHOTO T1a-
pametpa nanexoro nopsaxky tuiy DOjg un L1, 3a pizHux ckiamiB i Temmneparyp. Bxito-
YEHHSI TeMIIEPaTypHOi 3aJIKHOCTH €Heprid MI>KaTOMOBUX B3a€MOJIN MPHUIIBUIIYE
penakcalio napaMmeTpa JajieKoro mopsAKy Ta mociaadiitoe BIUIUB TEMIIEPATyPH HA HET.

4.  Omuineno nudysiitai xapaktepuctuku (OHcareposi it Mikpoanudy3iitHi kKoedirrie-
HTH) ynopsakoanoro nepmainorw ['TIK-NizFe 3a He3ane:xxHUME eKcliepruMeHTAIbHU-
MU JaHUMU PO YaCOBY 3aJICKHICTh HOTO apaMeTpa JajieKoro aTOMOBOIO MOPSAKY.

5.  3’4COBaHO POJb OYATKOBOTO (HEPIBHOBAKHOTO) 3HAUEHHS MapameTpa JajeKo-
ro aTOMOBOTO MOPSJKY B HOT0 peiakcallii 10 CBOro piBHOBaYKHOT'O 3HAYCHHs. 3a Bij-
JAJICHUX B TOYKHU (Da30BOTO MEPETBOPEHHS Jaa—0e3ya TeMiepaTyp KiHmese (piB-

HOBa)KHe) SHAYCHHS MapaMCcTpa AAJICKOr'o MOpAAKY JIMIHAETHCA OJHAKOBHUM 3a 6YIH:»'
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SKUX WOTO TIOYaTKOBHMX 3Ha4deHb. HaTtoMicTh, B OKOJII TOYKH (Da30BOTO MEPEXOTy
naa—0e3naj caMe TIOYaTKOBE 3HAYCHHS IMapaMeTpa MOPSIKYy MOKE BUSBUTHCS BU3HA-
YJaJIbHUM Y BUOOpI CHCTEMOIO CIIEHAPI0 CBOET €BOIIONIT — IMOAAJBIINE YIOPSIKYBaH-
HS YU PO3YIOPSIKYBaHHS.

I1. Iloxkazano, o BpaxyBaHHsI Mi>KaTOMOBHMX B3a€EMOJii B ycix (a He Julle B
nepuiiii a00 mepmmMx ABOX, K 0yJI0 10Tenep) KoOOpAUHANIiHHUX cdepax y po3BH-
HYTHX CTATHCTHYHO-TEPMOJAMHAMIYHOMY Ta KiHETHYHOMY MOJeJIsiX JaJIeKOro
aToMoBOro mopsiaky 3a tunamu L1, i DOy B cromax (Ha ocuoBi I'IK- # I'III-
CTPYKTYPHHUX BJIACTUBOCTEl i MPUBOAUTH 10 BU3HAYEHHS H06020 6U0Y 3AJI€KHO-
cTeil mapamMeTpa JajieKoro MOPsiAKY BiJ Yacy, THCKY Ta TeMIepaTypu: MiJBH-
IIEeHHs] YU TMOHUKEHHS CTYNeHsI BIOPAIKOBAHOCTH 3i 30LIbIIIEHHSIM THCKY Ta
CIIPUSIHHSI YU NPUTHIYEeHHS] MepPexoly CHCTeMHU 3 HeYNOPSJAKOBAHOIO CTaHY B
YHOPSIAKOBAHUI (4M HABNAKHM) M NMOBEPHEHHIO Y BUXIJIHUI CTaH, a BiANOBiIHO,
10 MOKJIMBOCTH MPOSIBY IBOX TOYOK (pa30BOro nepeTBopeHHs Jaja—oe3siau.

30kpemMa, 3aBISKH MOIU(DIKOBAHUM 1 PO3BUHYTHUM aHATITUYHUM MOJEISIM B JTU-
ceprartlii 6cmano6ieHo HaCTyITHE.

6. 3a cimabkoi 3aJe)KHOCTH 00’ €EMY CTOITY BiJl CTYIICHS YIIOPSJIKYBaHHS (TOOTO KOJIH
HEIO MOJKHA 3HEXTYBaTH) THCK HE BIUTMBAE HA BEJMUMHY CTPHOKA PIBHOBA)KHOTO TIapa-
MeTpa JIaJIeKOro aTOMOBOI'0 TOPSIIKY B TOYIll (pa30BOr0 MEPETBOPEHHS Jiai—0e3al, a
JUIIIE 3MIIIY€E OCTAaHHIO B O1K OUTBIIMX 200 MEHIIIMX TeMIIepaTyp 3aJIeKHO BiJl 3HAKIB
MIEBHHUX TapaMeTPiB, 0 BU3HAYAIOTHCS B CTATUCTUYHO-TEPMOIUHAMIYHOMY MOJIEITIO.
Sk1110 3HaKu THX TapaMeTPiB OJHAKOBI, TO 3JIEKHOCTI TeMIepaTypu (a3oBOro nepet-
BOPCHHS i TTapaMeTpa JaJIeKoTo MOPSAIKY BiJ] THCKY MOHOTOHHI, a iHaKIIIe — HEMOHO-
TOHHI, & 0T)KE, BUSBJISIFOTHCS IB1 TOUKHU (PA30BOT0 MEPETBOPEHHS J1ai—0e3a/l.

7.  Slkmio 3anexHICTh 00’ €My CTOMY Bij MapaMeTpa JaJIeKOro aTOMOBOTO MOPSIIKY €
ICTOTHOIO (¥ HE HEXTYETHCS), TO 31 3MIHOIO TUCKY 3MIHIOETHCS HE JIMIIE TEMIIepaTypa
nepexoy jJaa—0e3mnaj, a i CTpUOOK MmapaMeTpa JAJICKOTO MOPSKY: BiH MOXKe sIK 301-
JBITYBATHCS (100ITar0Y TIEBHOTO TPAHUYHOTO 3HAYEHHS), TaK 1 3MEHIITYBAaTHCS, 3a-

JIEXKHO BiJl 3HAKIB MOJIEIBHUX MTapaMeTpiB.
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8. B 000x mMOmensx TUCK MOKE 3MIHIOBATH 3HAK MIBUAKOCTH 3MIHH MapameTpa aa-
JIEKOTO aTOMOBOTO TOPSIAKY; TOMY CTOT, SIKUW BIIOPSAKOBYETHCS (PO3YMOPSIKOBY-
€ThCSI) 32 HYJNBOBOrO (aTMOC(HEPHOr0) THUCKY, MOXE 3a3HATU PO3YMOPSAKYBaHHS
(BmopsimKyBaHHS) i Ai€l0 TUCKY. BupimansHOIO ke y BHOOpPI CTOIOM CIIEHApPIIO
aTOMOBOI'O MEPEPO3IO/A1Ty B HhOMY € OUEBUIHA «KOHKYPEHIIISH» TeMIEepaTypH i TUC-
Ky SIK YUHHUKIB. 30KpeMa, 3a NMEBHUX 3HAKIB MOJEIbHUX MapaMeTpiB IiJIBUILICHHS
TEMITIEpAaTypU MOXKE «KOMIICHCYBATHUCS» MIABUIIECHHSAM THUCKY TaKUM YHUHOM, IO B
IpoIieci peslakcallli nmapameTep JajaeKoro MopsaKy Oy/ae He JIMiie He J00iratu Hys,
a i B3arajii He MOHU3HUTHCS. 3a TAKUX OOCTABUH TEMIEpaTypa M THCK € «KOHKypyBa-
JLHUMUY («B32€EMHO MPOTUAIIOUUMMY ) YUHHUKAMH.

9. Cepen HaBeneHUX MOJEINIB aTOMOBOTO BIOPSAJIKYBAHHS HaWpealiCTUYHIIINM €
TOH, B IKOMY THCK IIJIBUIIY€E TEMIIEpATypy Nepexoay Jaa—oe3naa (TUM caMuM «ITi/I-
CUJIIOIOUN» BIOPSJKYBaHHS), @ CTPUOOK PIBHOBKHOIO MapameTpa JaJeKOro Mmopsii-
Ky CTaJauii 800 MOHOTOHHO MIABUIILY€ETHCS 10 TIEBHOTO TPAHUYHOTO 3HAYCHHS, IO Bi-
JIMOBIJIa€ BUMAJKY CJIA0KOT YU ICTOTHOI 3aJie’KHOCTEH 00’e€My CTOIy BiJ mapamerpa
MOPSIAKY BiAMOBIAHO. Takuil MOIENb €, 30KpeMa, HAUOUIbII MPUAATHAM ISl OIIUCY
dazoBux neperBopeHs Tuny an—oesnan B ['TIK- ta I'II[I1-Fe—Ni 3a ekctpemanbHuX
YMOB HAJIBUCOKHX THCKIB 1 TeMIIEpaTyp.

10. 3a HaABUCOKUX THUCKIB 1 TeMIIEpaTyp ICTOTHO 3MEHIIYEThCS Yac peakcallli ma-
pameTpa JajJeKoro aTOMOBOTO MOPSAIKY 0 CBOTO PIBHOBAKHOTO 3HaYeHHs. ToMy, Ha-
BITb B MeXax 3p00JIeHOro (peasiicTUYHOr0) MPUMYIIEHHS MPO ICTOTHY IepeBary 3a
IIBUKICTIO MATHETHOTO BITOPSIIKYBaHHS HaJl aTOMOBUM, YMOYIJTHBITFOETHCS 3MiHA T10-
CIIZIOBHOCTH CTPYKTYpHOTO (J1an—Oe3faj) Ta MarHeTHOro (MarHeTUK—TIapaMarHeTHK)
MEPETBOPEHbD 1, 30KpeMa, iX OJHOYaCHICTh. BpaxoByrouwm, 1o nepexin cromy Fe—Ni,
IO BIOPSIAKOBYETHCS, 13 MArHETHOT'O CTaHy B MapaMarHETHUH MOXKe B1IOyBaTHUCS 31
CTPUOKOIOAIOHUM 3HUKHECHHSIM HaMarHEeTOBAHOCTEH KOXKHOI 3 JIBOX IIJCHCTEM KOM-
MOHEHTIB 1 IX PO34YMHY B LIJIOMY, IO BIACTUBO (ha30BOMY Iepexoay 1-ro poay, Koiau
TaKWK BUIIQJOK MaTUME MICIIE Y TOJJOBHOMY KOMIIOHEHTI BHYTPIIIIHbOI YaCTHHU sI/Ipa
3emuti, — iHBapi Fe—Ni 3a eKkcTpeMallbHIX YMOB HAJBUCOKUX THCKIB 1 TEMIEpaTyp,

— 11€ MPOBOKYBaTUME J0JIATKOB1 BHECKU Y CIIPUYMHEHHS 3€MJIETPYCIB.



212

1. B pamkax mo0yaoBaHHX CTATHCTUYHO-TEPMOJIMHAMIYHOIO Ta KiHETHY-
HOT0 MOJeJIB JaJIeKOr0 aTOMOBOIr0 NMOPSAKY B TBEpPAOMY PO3YMHI HA OCHOBI
rpadeny, 0ogedeno, M0 BPaXyBaHHS JMIIe KOPOTKOCS:KHMX B3a€EMOdil aToMiB
YHEMOKJIHBJIIOE OOIPYHTYBATH JesIKi i3 nepeddauenux HaACTPYKTYP 3aMillleHHSA
TAa BTUIEHHSl B IMIJIbHUKOBIM IpaTHUIli, iKi HA0yBalOTh CTAa0LILHOCTH caMe 3a-
BASIKH JAJEeKOCAKHOCTI MiZKaTOMOBHX B3acMoaiii. BTim 1 craodijgizamii meBHOI
HAJACTPYKTYPH NepeBakajJbLHUM Ma€ OyTH BHECOK BijJ B3aeMojii aToMiB Ha THX
KOOPAUHAMIHHMX «KOJIAX», VISl IKUX NMOHUKEHOI0 € Dyp’e-KOMIIOHEHTA eHepril
3MilIaHHA. 3’7c06aH0, 110 HEMOHOTOHHICTh KIHETHKH peJakcalii mapamMerpis
AAJIeKOr0 MOPSIAKY CIPHYMHEHO TOMiHYBAHHSM MiKIiATPATHUIIEBUX HAJ BHYT-
PILIHBOMIATPATHULEBUMH Mi’)KATOMOBMMH B3a€EMOMISAMU Yy iXHIli KOHKYpeHUil
MikK c00010.

J71st 0osedenHs 1IHOTO MOJIOKEHHS B TUCEPTAallli BAKOHAHO HACTYITHE.

11. TloOGymoBaHO CTAaTHCTUYHO-TEPMOJWHAMIYHUN Ta KIHETHUYHUM MOJENI YIIOPSI-
KyBaHHsI aTOMIB 3aMilllEHHS Ta BTUICHHS y IIUIbHUKOBIN (rpadeHoBiil) rpaTtHuUI 3
ypaxyBaHHSIM SIK JIMIIIE KOPOTKOCSKHUX, TaK 1 PEAICTUUHIIINX JATIEKOCSKHAX MIXKa-
TOMOBHUX B3a€MOJIIH.

12. Bwu3HauyeHO JIISHKU 3HAYEHb CHEPreTUYHMUX IMapaMeTpiB, IO BiMOBIIAIOTH CTa-
OUTbHUM (HaJ)CTPYKTypam Ha rpadeHoBiii ocHOBI. KOopoTKoCsSKHI MI>XKaTOMOBI B3ae-
MOAIT 3aBXkAM 3a0€3MeuyloTh CTAaOUIBHICTh «IPHUBIICHOBAHOT0» TMOPSAIAKY Y
(Ham)cTpyKTypax, Je BC1 aTOMHU JIETYBAJIbHO1 TOMIIIKH cyciaaTh 3 Kapoonosumu. IIpo-
T€, JUIIE JATIEKOCSKHI B3a€EMOJ1T MOXYTh COPUYUHUTHA YTBOPEHHS (HAI)CTPYKTYp Ta
CTab11i13yBaTH X, SIKIIO B HUX AESK1 JOMIIIKOBI aTOMH € HAMOJIM>KUYMMHU CYC1IaMHu.

13. T'padenoBi (Ham)CTPyKTypH 3aMIIlICHHS OMMCAHO OJHHMM, JBOMa YU TPhOMa Ia-
pamMeTpamu J1aJeKoro aTOMOBOIO MOPAJIKY, 110 YMOXKIIUBIIIOE JEKUJIbKa HEEKBIBAJICH-
THUX BIOPSJIKOBAaHUX PO3IOJIUIIB aTOMIB 3aMIIICHHS 32 TIEBHOTO CTEXIOMETPUIHOTO
ckiany. Taka 1X KOHKYpEHIIisl Mk cOO0I0 BiIOOpaKa€ThCA W Yy KIHETUYHIM TPOIIECi '
HEMOHOTOHHICTh YaCOBOI 3aJI€KHOCTH MMapaMeTpiB MOPAJIKY, CIIPUYMHEHA HASIBHICTIO
JIBOX MIAIPATHUIIh y TpadeHOBI IpaTHUIl, a TOYHIIIE, HE TIPOCTO PIKHUIICIO KOHKY-

PYBaJbHUX BHYTPIIIHBOMIATPATHUIIEBUX 1 MIKITIATPATHUIIEBUX €HEPrii «3MILIAHHS
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B3a€MOJIIITHUX aTOMIB, a IOMIHYBaHHSIM CaMe€ OCTaHHIX Y TaKiid KOHKYPEHILIIi.

14. Ha BiamiHy BiJ (HaJ)CTPYKTYp 3aMillleHHs, BCl rpadeHOB1 (Haa)CTPYKTypH BTi-
JICHHSI OMKCAHO JIMIIE OJHUM MapaMeTpOM JAJIEKOTO MOPSIKY, a 3a MEBHOTO CTEXi0-
METPUYHOTO CKJIaJy MOKJIUBUU JHIIE OJAWH BIOPSAKOBAHHM PO3MOALT BTUICHHX
aTOMIB MO MDKBY3JOBUHAaX IpaTHHIN. Lle yMOXIHUBIIOE pO3MIIsSIaTh MO3UTUBHICTDH
TEeMIIepaTypy BTPATU CTINKOCTH HEBIOPSIKOBAHUM CTaHOM II0JI0 BUHUKHEHHS Jlaje-
KOTO TIOPSAKY B PO3MOJLUT BTUICHMX aTOMIB, IK HEOOXIJHY I TOCTaTHIO YMOBH Tep-
MOJIMHAMIYHOI CTA01JIbHOCTH.

15. AHai3010 KiHeTHYHMX KPUBHX (PO3)YNOPSAKYBAHHS MPOAEMOHCTPOBAHO, IO
BHECOK BiJI B3a€MOJII aTOMIB Ha MEBHIA BiAjasll COPUSE YU MPOTUJIIE ATOMOBOMY
BIIOPSIIKYBAHHIO 3aJIE)KHO BIJ 3HAKY iX €HEpriil «3MilllaHHs» ¥ y BIIMOBITHOCTI 10
CUMETPIi CTPYKTYpH. Y TBOPEHHIO KOXKHOTO HAJCTPYKTYPHOTO THITY CIIPUSATIUBUMH €
BHECKH BiJl B3a€MOJIii aTOMIB HE B KOXXHOMY KOOPIMHAIIIHHOMY «KOJI1», a JIUIIEe Ha
MEBHUX MDKBY3JIOBUX (MIKBY3JOBUHHUX) BIAJANAX. SIKIIO BHECOK BIiJ B3a€MOJIIi
aTOMIB Ha NIEBHOMY KOOPAMHAIIHHOMY «KOJI1» MOHWXKYE (3 ypaxyBaHHSM 3HAaKy)
3HaueHHSI Dyp’€-KOMIOHEHTH iXHBOT €HEPTii «3MIIlIaHH, TO BiH CIPUSE BIOPSIKY-
BaHHIO, a 1HAKIIIC MPOTHU/II€ HOMY, BIUIMBAIOYM B 000X BUIAJKaX Ha TeMIepatypy ¢a-
30BOI0 NMEPETBOPEHHS Jiag—0e3a.

16. IlepenbadeHo, 1m0 3a CKIHUEHHUX TEMIIEpaTyp, KO IMapaMeTpH Iajiekoro aTo-
MOBOTO TIOPSAZIKY y BUpa3ax Jijisi KOH(IrypariitHoi BiJIbHOI €Heprii Bke HEe JOPiBHIO-
I0Th OJIMHULIl, OKPIM CUMETPIMHO-€HEPTeTUUHUX YMHHUKIB, CTAHE BAXKJIMBUM 1 €HT-
pormiifHui BHECOK. Lle CipHuMHUTE CIOTBOPEHHS MEX MK BUSHAYCHUMH JUTSTHKAMH
EHEPreTUYHUX JiSrpaM CTAOUTHPHOCTH y 1HIII, BXXKE€ TEMIIEpaTypHO- ¥ KOHIIEHTpaIliii-
HO3aJIeKH1, HATOMICTh HE MOPYIIUTh BUPIMIAJIBHICTh BIUIMBY JAJIEKOCSHKHHUX MiXkKa-
TOMOBHX B3a€MOJII HA YTBOPEHHSI 1 CTA0LIBHICTD (HAI)CTPYKTYP.

V. 3 BUKOpUCTAHHAM BJIACHOPYY PO3P00JI€eHOr0 MPOrpaMHOro nakera (Ha
C++) i1 po3paxyHKy eJIeKTPOTPAHCIOPTHHUX BJIACTUBOCTEH rpadeHoBHX 3pa3-
KIiB peajicCTUHYHUX PO3MIpiB 6usa6/1€H0, IO MPOCTOPOBI PO3NMOALIH IXHIX TOYKO-
BUX JedekTiB (IOMIIIKOBHX (a1)aTOMiB, BAKAHCIH Ta IX KOMIUIEKCIB) MOKYTh

CIPUYMHATH PsAl eeKTiB: 3MiHIOBATH THII OCHOBHHUX HOCIIiB CTpyMY, iHAyKyBa-
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TH 3200pPOHEHY 30HY B IXHbOMY €HEPreTHYHOMY CIIEeKTPi, icCTOTHO MOAH(IKYyBaTH
BULJISI €JeKTPOHHO-KOHIEHTPALiiiHOT 3a/1e5KHOCTH €JIeKTPONPOBIIHOCTH, IO-
JIiNyBaTH PyHKIiIOHAJBHICTH Pag)eHOBOI0 MIAPY, 3MIHIOIYH €JIEKTPONPOBiI-
HICTh y /IeCSITKM pa3iB, MOCHJIIOBATH 4YM MOC/JAa0a10BaTH (i HaBiTH NMOBHICTIO
NPUTHIYYyBaTH) ACUMETPII0 B eJIEKTPOHHIM i AIpKOBii NPOBiTHOCTAX.

s susienenms mux eQekTiB 0yJI0 3p00JICHO TaKe.
17. BnacHopyu noOy1oBaHO GJIOK KOMIT IOTEPHHUX IPOrpaM Ha MOBI ITPOrpaMyBaHHs
C++ B paMKax KBaHTOBO-MexaHiynoro ¢opmanizmy Kybo-IpiHByna, 10 yMOMKIUB-
JIIOKOTh YHMCEJIBHO PO3PAXOBYBATH I'YCTUHY €JIEKTPOHHHMX CTaHIB, KOE(ILIEHT TpaHC-
nopty (Iu(y31iHICTE) €IEKTPOHIB Ta iX MPOBIJIHICTh Y PEATICTUYHUX TpadeHOBUX
3pa3kax (0e3 0OMeKeHb Ha pO3MIpH OCTaHHIX).

Pe3ynbpratu KOMIT IOTEPHUX PO3PAXYHKIB POOEMOHCMPY8aiy HACTYIIHE.
18. [ns BUMAIKOBOrO PO3TAlTyBaHHS PO3CIIOBAIBHUX IIEHTPIB, TOMIHYBaJIbHUM €
JAJICKOYMHHE PO3CISSHHSA HUMH HOCIIB 3apsiy; BOJHOYAC, JJIsl IHIIMX THUIIIB MPOCTO-
POBOTO PO3MOJILTY PO3CIIOBaYIB (KOPEIHOBAHOTO Ta/4M BIOPSIKOBAHOTO) IOMIHYBa-
JBHUM € KOPOTKOYMHHE PO3CisiHHSA. [{e CBiIUuTh mpo pi3HI MEXaHI3MH PO3CISTHHS TS
PI3HMX THUIIIB B3a€EMHOTO PO3TAIllyBaHHS PO3CII0OBAYiB HOCIIB 3apsay (€JIEKTPOHIB).
19. 3aboponHeHa 30Ha B €JIEKTPOHHOMY €HEPTeTUYHOMY CIIEKTP1 rpadeHy MOXKe BiJi-
KPUBATUCS TPU BHOPSJIKYBaHHI TOYKOBUX AC(HEKTIB 3aMIIEHHS Ta aACcOpOIiHUX,
AKIIO OCTaHH1 pO3TalllOBaHi1 HAJl By3JaMH Ipa€HOBOI I'PaTHUILIl 1 TUM CaMUM HIPOSIB-
JSI0TH ce0e Haue aTOMHU 3aMilIeHHS Ta € KOPOTKoAitouuMu. YnM Oiibina (MeHIa)
aMILTITYJ1a PO3CIIOBAILHOTO MOTEHIISUTY Ta/4YM KOHIEHTPALISl TAKUX BIIOPSIKOBAHUX
(am)aTomiB, TUM Olbla (MEHINA) ITUPUHA 3a00POHEHOT 30HHU.
20. Kopemsis i naneke ynopsiiKyBaHHsI PO3CIIOBAIBHHUX IIEHTPIB HE BIUIMBAIOThH Ha
NPOBIAHICTH TpadeHy 3a Oy/Ib-IKOTO KOPOTKOCSHKHOTO YU JAJIEKOCSKHOTO, CIIa0KOTo
Y CUJIBHOTO 3HAKO3MIHHOTO PO3CIIOBaJIbHOTO MOTEHLIsUTy. HaTomicTh 3a 3HakocTano-
T'0 TIOTEHIISUTY PO3CISTHHST KOPETSIis 1 JAIeKUi TOPSAIOK Y pOo3TalTyBaHHI PO3CitOBa-
YiB MIJBUIIYIOTh MPOBIAHICTh MOPIBHSIHO 3 iX BHUIIAJIKOBUM PO3IMOAIIOM B JEKUJIbKa
(41 gecsATKH) pas3iB IS MOTEHIISTY 3 MaJiol0 (BEJIMKOK) aMIUTITYIOI0 Ta BEIHKUAM

(mamum) edexTuBHUM pagitocom 1ii. A 3a O-momiOHOTO («TOYKOBOTO») MOTEHITISITY
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e(eKT yrnopsiIKyBaHHS TIPOSIBISIETHCS, HABITH SKITIO BIH 3HAKO3MIHHUM.
21. Ha mpuknagax momimkoBux HitporeHoBux aTomiB 3amimieHHsS Ta KamiiioBux
azgaToMiB y TpadeHi BCTAaHOBJICHO, 1110 B3aEMHA KOPEJISIIis Ta JajieKe BIOPSIKYBaHHS
nepiux (N) MOXyYTh MABUIYBATH €ICKTPOIPOBIIHICTD Y JeKiIbKa (= 3—6) Ta aecs-
Tku (= 20-30) pa3iB BiAMOBIAHO y MOPIBHSIHHI 3 iX BHIIQIKOBHM PO3IOIIIOM. A KO-
penstis uu BropsakyBaHHs Apyrux (K) MoxxyTh 3011bITyBaTH €JIEKTPOIPOBIIHICTD Y
=~ 2—7 abo = 3—15 paziB BIANOBIIHO, TPUIOMY €(PEKTH KOPEJAILii Ta BIOPSAIKYBaAHHS
JAI0ThCSl B3HAKHU CHJIbHIIIE (caldIie) I TUX aaToMIB, SKI MPOSBIAIOTH ceOe Haue
aTOMU 3aMilleHHS (BTUICHHS).
22. HasBHICTh KOMIUIEKCHUX JIe(EeKTiB (JOMIIIKHK + BakaHcii) B rpadeH1 MPUBOIUTH
10 KUIBKICHUX Ta SKICHUX 3MIH Y XapakTepl MPOBIJHOCTH: Ii EJIEKTPOHHO-
KOHIIEHTpaIliiHa 3aJIe’KHICTh MOK€ OYTH JIIHIHHOIO, CYOJIIHIHHOIO Ta CYNEepJIiHIHHOIO
3aJIe’KHO BiJl BMICTY JIOMAHTIB 1 BaKaHCIH, iX KOH(ITypallii Ta TUITY HOCIiB — €JIEKT-
pOHIB ab0 AipoK. SIK 1 ynopsJIKyBaHHS, HasIBHICTh BaKaHCIi MPUTHIYYE €IEKTPOHHO-
JIPKOBY aCUMETPII0 MPOBITHOCTH (BIAHOCHO HYJIHOBOI HAIIPYTH).
23. 3a HEeBMOPAIKOBAHOTO (BUIAIKOBOTO UM KOPEIHOBAHOTO) PO3MOALTY adaTOMiB
Ha ManuXx (MOPIBHSHHUX 3 MapaMeTpOM I'PaTHULI1) BUCOTax Haj rpadeHoM-aacopOeH-
TOM HOTO €JEeKTPOIPOBIIHICTh G HpubAU3HO JIHIMHO 3aJeXKUTh Bl iX aJcOpOIiiHOI
Bucotu h: o(h) = c(0) + O(h). HatomicTs 3a BIOPSIKOBAHOTO PO3MOJILIY agaTOMIB
HOTO €JeKTPONPOBIIHICTh MPAKTUYHO HE 3aJI€KUTh BIJl BUCOTH PO3TallyBaHHS LIapy-
azcopOary (mpuHalMHi, 1Jis peagicTuuHux 3HadeHsb (< 0,01 aTOM_l) T'YCTHUHU BUIBHUX
€JICKTPOHIB).

V. Ilpoinrocmposano, mo B HAKOLIbII PealiCTHYIHOMY BHIIAAKY HASIBHOCTH
B rpadeHi, oKpiM TOYKOBHX AedeKTiB, 1ie i JiHIHHUX (HAHOOPHKIB, AaTOMOBHX
CXOJIMHOK i/a00 Tepac) MosKe, OKPIM 3MiHM BUIJISAY €J1eKTPOHHO-KOHIEHTPAaLiii-
HOI 32J1e’KHOCTH NMPOBITHOCTH, BUSIBJISATHUCH PSAJ HOBHUX e(eKTiB: MiABUILYBATH-
csl €JICKTPOINPOBIAHICTD y JIeKUIbKA pa3iB 32 OPi€cHTALINHOI KOpeJsuil JIHIHHUX
nedexTiB Y B COTHI pa3iB y BUNAAKY IIe il YNOPSAAKYBAHHA TOYKOBHMX, IIOCH-
JIIOBATHUCS AHI30TPOIiSA €JEeKTPONPOBIIHOCTH TAa NMPOTHUAISI YM, HABIAKHU, CIPHU-

SIHHSI €JICKTPOHHO-AIPKOBiil acuMeTpii, IKy CHPUHYHHAIOTH TOYKOBI 1e(peKTH.
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Pe3ynbrat KOMIT IOTEPHUX PO3PAXYHKIB POOEMOHCMPYBAIU TaKeE.

24. AHI30TpOIIisA €IEeKTPOHHOTO TPAHCIOPTY B rpadeHi BUHUKAE 3a HASBHOCTH B
HbOMY OPIEHTAIIHHO CKOPEIhOBAaHUX (1 TUM Iaye MOBHICTIO BIOPSIKOBAHUX ) JIIHIN-
HUX Je(eKTiB. 3a1eKHO B X KUTBKOCTH Ta MPUPOAHN YTBOPEHHS, 0 BU3HAYAE TXHIO
PO3CIIOBAJIBHY 3/IaTHICTh, TaKa KOPEJIALIS JIHIMHUX PO3CIFOBAYIB MOXKE ITiIBUIIYBATH
MPOBIAHICTB y JEeKiibKa (= 4-5) pa3iB y MOPIBHSHHI 3 BUMAIKOM IX BUIIAJIKOBOTO B3a-
€MHOTO PO3MOILTY.

25. 3a ogHOYAcCHOI HAasABHOCTH TOYKOBHUX 1 JIHIHHUX Ne(deKTiB y rpadeHi xapakrep
HOTO €JIEKTPONPOBITHOCTH BU3HAYAETHCA HE JIUILIE BMICTOM JIE(DEKTIB KOKHOTO THUILY,
a ¥ CHiBBIJHOIICHHSM BIAMOBITHUX 000M THIIaM JIe(PEKTIB pO3CitOBAILHUX MOTECHITI-
sUTIB (30KpeMa, MmapaMeTpiB, 10 BXOJATH J0 iX BUPa3iB). SAKIO MOTEHIIST PO3CISTHHS
Ha TOYKOBUX Je(eKTax CHUIbHUN 1/a00 MaIeKOCSIKHHUM, TO TXHIM BHECOK € MpEeBaio-
BAJIbHUM Y €JI€KTPOHHO-KOHLEHTPALIMHIN 3aJI€KHOCTI TPOBIAHOCTH, MIATPUMYIOUH il
KBa3WIIHIMHOW. HaTOMICTh 3a IHIIMX MOTEHLISJIIB PO3CISSHHS JTOMIHYBAJIbHUM CTa€
BHECOK JIHIMHUX JAE(PEKTIB, 110 MPUBOIUTH J0 CyOI1HIHHOCTH MTPOBIAHOCTH.

26. ToukoBi Ta JNiHIMHI ACPEKTH, SIKHUX 3MOJEITHOBAHO PO3CIFOBAILHUMHU TOTEHITis-
JIaMU OJTHOTO 3HAKY, MPOSBISIOTHCS Y MPOTHIICKHINA €IEKTPOHHO-IIPKOBIM acuMeTpii
BIZTHOCHO Hy/bOBOI Hanpyru ([lipakoBoi Touku). ToMy 3a OJIHAKOBUX 3HAKIB MOTCH-
LISUTIB PO3CISSHHSL HOCIIB 3apsily B3a€EMOYMH TOYKOBHUX 1 JIHIMHHUX PO3CIIOBAIBHUX
IIEHTPIB MO>KE MPUTHIYYBaTH (M HaBITh MOBHICTIO HIBETIOBATH) EJIEKTPOHHO-IIPKOBY
aCUMETPIIO B MPOBITHOCTI TpadeHy, BUSBICHY 32 HAABHOCTH B HbOMY JI€(DEKTIB JUIIIe
onHoro tumy. HaroMicTh 3a pi3HMX 3HAKIB MOTEHUISUIIB PO3CISIHHA TOYKOBHX 1 JIIHIH-

HUX Je(EeKTIB 3a3HaUeHa aCUMETPisl CTa€ 1Ie O1IbIIT BUPA3HOIO.
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JOJIATOK A
METO/IMKA YUCEJBLHUX PO3PAXYHKIB (HA C++)

A.1 Po3paxyHOK I'yCTHHHM eJIeKTPOHHHX CTAHIB i 32JIe2KHOTO0 BiJ yacy

koedimieHTa qudysiiiHoCTH

Metoposnoris [136] urcenpHOr0 po3paxyHKy €JIeKTPOIIPOBITHOCTH G BKIIIOUYAE B
cebe po3paxyHOK I'ycTHHHM enekTpoHHuX craniB (DOS) p(E) = Tr[8(E — H)] i 3aine-
HOTO Bijg yacy koedirienra nudysiinoctu enekrponiB D(E, t) (muB. (5.6) 1 (5.7)).
Po3nounimo 3 anroputmy po3paxynky DOS (nuB. Takox nonatku B [372] i/a6o [136]).

Bupasumo ryctuny enekrponnux ctaiB p(E) sik cymMy T'YCTHH JOKaJbHHX CTa-
HiB p(E) =Z:\Ipi(E), JIe CyMyBaHHS IIPOBOJUTHCS MO ycix N By3nax HIUIBHUKOBOI Ipa-
THUIl. B CBOO uepry jokajbHA T'YCTHHA CTaHIB BHPAXAEThCA Yepe3 YSBHY YaCTHHY

NiATOHANBHUX eJeMenTiB [pinoBoi dyukiii [396]:
p,(E) =—=ImG, [(E +ie)]. (A1)
T

ne mane € — 0 BBOAUTHCS 331 3TJ1a/KyBaHHS JENbTA-MIKIB, PO3AUICHUX 3a €HEPri-
€10 iHTepBajgamMu mupuHoI0 y AE oc 1/N.

IcHye edekTUBHUN YMCENBHUIN JTOPUTM PO3PAXyHKY JISTOHAIBHUX €JIEMEHTIB
Gii. CnouaTKy 3A1MCHIOETBCS TPOIIeIypa TPHUIIATOHAN a1l MaTpulll ['aMibTOHIsIHA
(IMB. HACTYNMHUHM MYHKT), 32 SIKOI BOHA Ha0yBa€ TPUIIATOHAJIBHOTO BUIJISAY 3 He-
3MIHHUM ITyKaHUM €JIEMEHTOM, Harpukiaj, Gi;. [ToTiM po3paxoByeThCs nepiiunii ii-
AroHaNbHUM eneMenT [pinoBoi Gpyukii Gy 3a METOI0I0 HEMEPEPBHUX (JTAHIIFOIOBHX)
npo0iB, MOAaHO HUXKYE. TpuBamicTh 000X MpoIeciB (TPUAISTOHATI3AIIT 1 pO3paxyH-
Ky Gi1) IpsMO nponopiiiHa KIIbKOCTI By3:1iB rpaTHulll N, a npoieaypa TpuisroHa-
mi3amii € HalOUIBII TOBrOTPUBAJIONO 32 YacoM. B mpuHIuMI, Malouu po3paxoBaHy JIO-
KaJbHY TYCTHHY CTaHiB y mepiiomy By3ii pi(E), MOXHa MOBTOPUTH pO3paxyHKH i
st iuiky By3niB N — 1 1 ogepskatu noBauit DOS, ane TpuBaiicTh Takoi MpoLeaypH
nporopuiiira N°. Tomy mominsHime Bu6paty Takuii croci6 pospaxysky p(E) 3a siko-

ro 30epiraeTbcs JiHIMHA 3aJ€XKHICTh 00’ €My KOMIT IOTEPHUX PO3paxyHKiB BiJ pO3Mi-
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piB cuctemu (oc N). Imes Takoro crmocoOy I'PyHTY€EThCSA Ha TOMY, IO ICTOTHO BEJIHKa
MiJICHCTeMa IMMOBHOI CUCTEMHU Ma€ TaKy K T'YCTHHY CTaHIB, SIK 1 BUXiJIHA (ITIOBHA) CHUC-
tema. Toai oouncienns p(E) 311iiCHIOETECS HACTYITHUM YHHOM.

Bubepemo niacucremy i3 AN By3iiB rpadgeHoBoi rpathutll. [1o0ynyemo XBUIbO-

BY (DYHKIIIIO [\Wyng) 13 BUnIaAKOBHM cTaHOM Ha AN By3jax:

2ima; ||> ’ (A2)

1
W img? = ﬁze
e o; — BumaakoBa dasa B inrepsaii [0,1], [i) =c|0), a cymyBaHHS MPOBOIUTHCS 110
BCIX BY3JIaX BMOpaHOl miacucrteMu. [IpuKiasioM Takoro BUIIAJKOBOIO CTAHY CIYTYe
XBUJILOBUHM MakeT Ha puc. 5.3, 6. IleperBopumo Buxinnuii ['amineronisH (5.1), Bu-
3Ha4YeHUH y 0asuci {X;}, mepexoaom 10 HoBoro Oasucy {Yyi}. Bubepemo nepumii Bek-
TOpP HOBOTO 0a3zucy |Y1) = |[Wmg), A€ XBUIbOBA (PYHKIIS [Wyng) MOJAETHCS BHPA30M
(A.2). Tpunisronamizyemo I'aMiIbTOHISH (K ONMKMCAaHO B HACTYITHOMY ITYHKTI) Ta po-
spaxyemo p1(E)=—m ' ImGy[(E +ig)] 3a MeTOm0M0 NaHIIOroBUX Apo6iB. [TOBTOPHMO
IO TPOLIEAYPY 32 HEOOXITHOCTH ISl PI3HUX PO3MOJIUIIB ACPEKTIB 1 YCepEeTHUMO 3a
ixHiMu peanizamismu. Po3paxoana BemuumHa pi(E) BiAmoBimae rycTuHi cTaHiB Ha
onuH atoM KapOoHy posrismyBaHoi rpadgeHoBoi cucteMu. Po3paxyHOK i JIMIIKY
(N — 1) marpuunaux enemeHtiB Gj He € HEOOXIIHUM, 1 TOMY MOBHUH 00’€M (TpHBa-
JICTh) KOMIT IOTEPHUX PO3PaxXyHKIB JIHINHO 3aJI€KUTh Bi po3MipiB cuctemu N.
V moni6Hnmi croci6 pospaxosyemo i crrig marpumi Tr{[X (t) — X (0)*8(E — H)}
y Bupasi (5.7) mis D(E, t). Moxxna nmoka3zatu [136], 1110 11e#t ci1iji MOXHA MpeIcTaBIie-
HUM SIK CyMy JIOKaJbHHX Tr'ycTH ctaHiB, Tr{[X (t)— X (0)*8(E—-H)} = pri(E, t),

s Gynakuin Wi(t), ski 3a10BOJIBHAIOTH YMOBaM:

p(E.) =" (¥ (DIB(E - F)¥, (1)), (A3)
¥, (1)) = XUy, —U (X]w,)), (A.4)
e X — OIlepaToOp MOJIOKEHHS, Uu— OIepaTop 4acoBOi €BOJIOMIT, a {\j} — MHO-

’KWHA OPTOTOHAJIBHUX 0a3uCiB (1110 BIAMOBIAE, HATIPUKJIIAJ, BIIACHUM 3HAYEHHSIM Ma-

Tpuili ['amibToHIsIHY (5.1)). Jlani nepexoaumMo A0 HOBOro 06a3ucy, MOKJIaIalodu Horo
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nepmum enementom |y1) = [Wi(t)), me |Wi(t)) momaerbcs Bupaszom (A.4), B sikomMy
[wi(t)) = |Wma(t)) BUOHpaeThCs y BUIIISIITI BHITAIKOBOTO cTaHy (A.2). HUacoBa eBOOIis
BUITQ/IKOBOT'O MOYATKOBOTO CTaHy B (A.4) oOuucioeTbess MeTO1010 YeOUIIoBHUX IM0-
JIIHOMIB, SIKY omnucaHo Hrkue. [lotim ['amMiabTOHISIH MPUBOJAUTHCS O TPUJIISITOHAII-
30BaHOTO BUTJIAY Ta BUKOPHUCTOBYETHCS METO/IA JIAHIIFOTOBUX JAPOOIB JIJIsT pO3paxyH-
Ky JIOKaJabHOI ryctuHu cTaHiB pi(E,t) y HoBomy Oa3uci. Sk 3a3Hadanocs BHIIE, IS
JIOCTaTHBhO BeNMKoi BuOpaHoi migcuctemu AN 3 BumankoBum ctaHoM (A.2) oOpaxo-
BaHa TaKUM YHMHOM JIOKaJIbHA TYCTHHA CTaHIB MPUOJU3HO JOPIBHIOE MOBHINA T'YCTHHI

CIICKTPOHHHX CTaHIB HiJ’IOi CHCTCMU.

A.2 Tpuaisironauaizauisa 'aMiJIbTOHISTHOBOI MaTpuUILi

VY 3arajJbHOMY aJTrOPUTMI PO3paxyHKY €JIEKTPOIPOBIIHOCTH MPOLIECAYpa TPUIisi-
roHajizarmii ['aMiJIbTOHIsSIHA TIepeaye 3aCTOCYBaHHIO METOJIM HEICPEPBHHX JPOOiB.
Tpunisronamizaris npoBoauThes (auB. Takox [136, 372, 397]) nuisxom nmoOy10BH i3

BUXITHOTO {X;} HOBoro optoroHaipHoro Oasucy {Yj}, 10 3a70BOJIbHSAE YMOBI

~

ly1) = |X1), B sskomy matpuns H mae Burisia

a b 0
bl aZ b2
0O b, a, b, O
H.=|: 0 b = (A.5)
L
bel
bN—l a‘N

[ToOynoBa Ga3ucy i BU3HAYCHHs eJieMeHTiB @; 1 by matpuni H,, mpoBoastbcs peky-

tri
PCHTHHUM YHMHOM.

[Tepmmii GazucHmil BekTOp 3amaHo. [lepeBakHO WOro BHU3HAYAIOTh YEPE3 XBU-

JbOBY (yHKIIIFO BHMaaKoBoro ctany Ha AN By3nax (A.2) — |Y1) = [Wma(t)). diroun Ha
nepiInii 0a3uCHUI BEKTOP MAaTPUIHUM OIIEPATOPOM H , maemo H ly1) =aslys) + by|y2),
3BIJIKM MOJKHA BH3HAYMTH a7 = (V1| H ly1). Jami obuncaroeTses bly,) = H ly1) —aglys) i

3 ypaxyBaHHSIM YMOBH HOPMYBaHHs 0a3zucy {Yi} 3HaXOAThCA eaeMeHT by = || H lye) —
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—aylypll= \f (Hly) —a,ly,)) - (Hly,) —a,ly,)) i apyruit 6asucruit sextop ly2) = (H |yy) -
— ayly1))/bs.

A

Jliroun omeparopom H Ha apyruii 6a3sucHUII BEKTOp, MAEMO H ly2) = baly1) +
+agly2) + bolys). 3Bimcn 3maxommmo @, = (Y, H ly2), b2=|| H ly2) = balyr) — azly2)|| =
= VAW, = buly) —3,ly)) - (RIY,) —Buly,) —ayly,)) i lys) = (H ly2) = balys) — aaly2))/bs.

Ha N-y kporii, Koiau Be po3paxoBaHO MaTPUYHI €JIEMEHTH aj, ay, ..., an_1, D1,

b,, ..., by_1, 13 cHiBBigHOIIIEHHS H IVn) = bnoalYnet) + anlyn) + DnlYni1) aHamorigamM

YUHOM OJICPXKYEMO eJeMEHTH ay = (Yn H lyny 1 by =] H IVn) — bnetlyn-r) — anlyn)|| =

= \/( |:| |yn> - bn—1|yn—1> —a, |yn >) ) (I:' |yn> - bn—1|yn—1> —a, |yn >) » 4 TAKOK OasucHuM BEKTOP

Yns1) = (|:| IYn) — Pn-1lyn-1) — anlyn))/bw.

A.3 MeT01a HenepepBHUX (JIAHIIOTOBUX) AP00OiB

VY 1bOMy MyHKTiI JOJATKy KOPOTKO OMHUCYETHCS PEKYpEHTHA MeTOlla Herepe-

PBHUX (JIAaHIFOTOBUX) APOOIB, siKa CAyrye e(PeKTUBHUM CIOCOOOM PO3paxyHKY Iep-

woro AisroHansHoro enementy Gip Ipinosoi ¢yukuii G = (Ef —H,.)™ 6e3 Heo6xiz-

ti
HOCTH pO3paxyHKy Bciei IpiHoBoi QyHKIIi Ta ycix ['aMigbTOHISHOBMX BJIaCHUX 3Ha-
4yeHb 1/a00 BracHUX (QyHKIIM. 3aCTOCYBaHHS Takoi MeTOIU y (i3ulll TBEPAOTO Tija i
THIINX TaTy3saX HAyKH OYJI0 3amoyaTkoBaHO B poboTax [398—404].

PosrasinemMo I'aMinbTOHISSHOBY MaTpuLi0 TpUAissroHanbHOT Gopmu (A.S). [1o3-
HAYMMO Yepe3 A MatpuuHi enement (V1| G |y): Ai = Gyi. 3 o3nauenus IpioBoi dyH-
KIIiT 0JIEPIKYEMO

(E —a)Ai — biiAig — biAi1 =0 (2<i<N-1). (A.6)
VY Bunanky marpuib ckinueHHOTo po3mipy N x N (A.5) ocranns pienicts (1= N) Oyne
matu Burisig (E —an)Ay — byoiAn-1 —bidiys =0, a mepmma (i=1) — (E—a))A —bid, =1,
Bupakarouu 13 peKypeHTHOTO CITiBBITHOMICHHS (A.6) TIOCIIIOBHO Ay Y€pe3 An_1, An_1
yepes An_p 1 TaK Jaji, OJepKyeEMO Il MATPUYHOTO ejeMeHTa I piHoBoi QyHKIT BU-

pa3 y BUIJISII JJAHIFOTOBOTO JIpO0Y:
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(A.7)

E-a, —b;Z(E)
ne BiacHa enepris X (E) miagcymoye Bci (N — M) HeBKITIOUeHi (00ipBaHi) 4ICHH JIaH-

LIOrOBOTO APOOY:

1 1
Y(E) = = A8
(E) o2 E_a, _b23(E) (A.8)
E_aM - b2
M

E-a, -

Ta BU3HAYAETHCS PO3B’s3yBaHHAM PiBHAHHS (A.8):

—a, —i/4b% —(E -a,,)?

E
2(E) = b2
M

, (A.9)

npudomy Eqin < E < Epax, 1€ Enin 1 Emax BU3Ha4aroTh criekTp ['aminbTOHIsSIHA.

Yucno wieHiB M, BKIIIOUEHHX Y JaHIIOTOBUH 1pibd (A.7), 3aeXKUTh Bl KOHKpE-
THO1 3a/a4ul Ta BU3HAYAETHCS YMOBOIO 30DKHOCTH Mpody Gi; (mepeBipkoro Ha 301%k-
HICTh BeaWuMH ay 1 by). Hanpuknan, B OUTbIIOCTI JUCEpTAIIHHUX PO3PAXYHKIB IS
TaminbToHisHOBOI MaTpui po3mipom NxN 3 N=1,7-10°i 6,8-10° nocrataso BuOH-

patu M =~ 2000 i 4000 BigmoBigHO.

A.4 BucokoTouHuii ynceJbHui po3B’sa30k llIpeaunrepoBoro piBHsIHHA

VY 1bOMY MyHKTI JOAATKY MPEACTaBISIEThCS (IMB. Takoxk goaatku B [136, 372])
edekTBHA MeTONa po3B’si3yBaHHs piBHsAHHA llpenunrepa ang eBomtouii y vaci, 1o
IPYHTYETHCS HA PO3BUHEHHI OMEPaTOPiB YaCOBOT €BOJIOIIIT B PSAJ] 32 OPTOTOHAITBHIUMHU
YeOuiroBMMHU MOJTIHOMAMH.

Posrnsaemo IpenunrepoBe piBHIHHS 3 TOYaTKOBUMH YMOBAMHU:
. 0
Hlw®) =i |w®).  |vt=0)=|w), (A.10)

ne laminsToHisHiB omeparop H (5.1) He 3amexuts Bix yacy. Moro dopmanbHuii

PO3B 30K BUPAXKAETHCS Uepe3 oneparop 4acoBoi eBostrorrii U (t):
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lw(1) =U®)|w,), G(t)=e " [y,). (A.11)

11106 posuryt U(t) B psaa 3a Yebmmopumu momiHoMaMu Tn(X), BU3HAUCHUMH

A

B iHTepBai X € [-1; 1], nepenopmoByeThbes [aminbToHissH H Takum duHOM, 1100
HOT0 CIIeKTep JIeXKaB y BKa3aHOMY BHUIIIE IHTEPBAIi:

] _ZI:I _(Emax+Emin)r

norm !
Emax - Emin

(A.12)

1€ Emin 1 Emax — HaMOLIbIIE H HAaIMEHIIIE BIACHI 3HAYEHHS BUX1AHOro I'aMJIbTOHIS-

ma H (5.1). (Emin 1 Emax OIIHIOIOTBCS JTOJIATKOBUMH PO3paxyHKaMH 0e3 IMOTpeOr BH-

3HAQYEHHS YCIX BJIACHUX 3HAYEHb OMEepaTopa.)

Posknanaroun U (t) B psig 3a YeGnmosnmu mominomamu T (H ) 3 Bukopwc-

norm

TaHHSM iXHIX OCHOBHHUX BJIaCTHBOCTEM, 3 (A.11) omepxxyemo:
W®)=Dc,®D,),  [D,)=T,(Fym)|wo), (A.13)
n=0

ne @yskuii (YeOuoBi cTaHm) |CI)n> BU3HAYAIOTHCSA 13 PEKYPEHTHOI'O CIIBBIJHOIIEH-
Hs U151 YeOUIIOBHUX MOJIIHOMIB!

[@nit) = Toa (Hoam) | Wo) = 2H o [ @) =@, ). (A.14)
npuaoMy nepumii Ye6umosis cran BusHadaeTbes K |Dg) =Ty (Hoom)|Wo) =|W,)» a

(UeOumioBi) koedimienT Cp(t), sSIKi BILTMBAIOTH HA IMIBUAKICTH 301’KHOCTH PO3BHHCHHS
B psiJl, BU3HA4arOThCs yepe3 becceneni ¢yHkiii N-ro poay J, 13 BUKOPUCTAHHSIM CITiB-

BIJIHOILIIEHHSI OPTOTOHAJIBHOCTH JiJ11 YeOUIIOBUX MOJIHOMIB:
_-(Emax"'Emin)t E _ E .
c(t)=2e 2 (—i)“Jn(wtj. (A.15)

3 mHOM Yacy t koediiieHTH po3BuHEeHHs Cy(t) eKkcroHeH iiHHO cnanaoTh. Le npu-
BOAUTH 1O MBUAKOI 30DKHOCTH psny (A.13) 1, Tum camuMm, pobuth YeOHUIIOBY
MeTOy po3B’s3aHHs [lIpenuHrepoBOro piBHAHHS AyKe e(HEKTHOI IS MOJICTFOBAHHSI
94acoOBOi JMHAMIKH XBHJIbOBOTO makeTa. Uucio itepariiii N y po3BUHEHHI Ma€ JUIIATH
dynxuio [y(t)) Hopmosaroro (Xilyi(t)] = 1) Ha BchOMY iHTepBam PO3IISIYBAHOTO

gacy. 30KkpeMa, B AUCepTALiitHuX pospaxyHkax N = 10* s 3-107% ¢ = 300 de.
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A.5 Po3Mmip nmo4aTkoBOro XBHJIbOBOT0 MAKETA TA YCepeIHEHHS 3a

peajizanisimu KoHpirypauiii 1edexrin

3a (hikcoBaHOi KOHILIEHTpaIlli 1eeKTiB (I0MIIIOK) Y rpadeHi Horo eaeKkTponpo-
r'0) PO3MOILITY 1 MOYKE 3MIHIOBAaTHCS MPHU IIEPEX0/Ii Bi 0aHO1 (BUIIAAKOBOI) peatizarii
PO3MOALTY JOMIIIOK 70 1HIIoi. CamMe TOMY eJIeKTPONPOBIAHICTD CHIJl yCepeIHIOBATH,
BUKOHYIOUH 0arato po3paxyHKIB JIJIs pi3HUX peastizaiiid pikcoBaHOTO yucia (BMICTY)
nedexris. B pamkax ¢opmanizmy Kybo-IpiHByna Take ycepeaHEHHsS IMIPOBiIHOCTH
MOYKHA 3/I1MCHIOBATU Ol €(DEKTUBHUM YMHOM, 30LIBIIYIOYH PO3MIpP MMOYATKOBOTO
BUITAJIKOBOTO CTaHy XBWJIBOBOI'O €JIEKTPOHHOIO Makera 0e3 moTpedu Oararbox pos-
PaxyHKIB IS PI3HUX peanizaiiid po3noauty aedexTiB (MPpUIoMy SIK TOYKOBHUX, TaK 1
JiHIHHUX ). B IbOMY MyHKTI 101aTKy AeMOHCTPYEThCs [136], ik MOXHa €pEKTUBHO i
YYTJIUBO YCEPEIHIOBATH €JIEKTPONMPOBITHICTh, 3MIHIOIOUM MOYATKOBHI pO3Mip XBH-
JHLOBOTO TaKeTa.

Pucynok A.l neMOHCTpy€e 4acOBY €BOJIOIIIO JBOX XBUJIHLOBHUX IAaKETIB, SIKI B

MOYaTKOBUH MOMEHT uacy (ko t~ 0) XxapakTepu3ylOThCsl CTAHOM |Wg) (A.2) 1 Ma-

0.0005x " 122 dhe 0.00018 -} 0.00018 -}
0.0004 170x100 0.00014 -, 1=40 ¢c 0.00014 - t=80 dc
=_0.0003 = o 0.00011 .. 000011 . —t
Zo0002 = 7.2e05 2 72005 | (a)
0.0001 = 3.6e-05 3.6e-05 =
1000 1000 1000
800 - - 800 800 -
600 600 600
= 400 e = 400 = 400~
200 ; PN 200 : o 200 - '
oA 1700 . ; 1700 1550
0 680 1020 1360 0 g0 1020 1360 0 g0 1020 1360
o 340 m o 340 g o 340
1.66-05 - Tr=02¢c 2.26.05- - 40 2.2¢-05
= i ] t= C -
13605 - 1020x600, o " b o t =80 the
o 9.8e-06 - | \ o 1.3e05 o 1.3e-05 |
Z 6.5¢-06 =1 = 48606 = e
3.3e-06 4.4e-06 = 4.30-06
1000 10002} 16ke
800 A\ 800 800
= 400 ' : = 400 . = 400- ! .
200 \ E = ; ;
1360 1700 - 1360 1700 - S 1700
340 680 1020 g0 1020 = 680 1020
0 m o 340 pou o 340 m

Pucynok A.1 Bizyani3aiist XBUJIbOBOTO IaKeTa B Pi3HI MOMEHTH 4acy Mij yac Horo momupeHHs no

rpadeny 3 1% momimok. [Touarkosi po3mipu xBuiboBoro makera: 170 x 100 (a—6) 1 1020 x 600 (c—e).
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Pucynok A.2 YacoBa eBosromis koedimienra audysiiHoctu D(t) B eHepreTmyHoMy iHTEpBai

—0,5 <E/u <0,5 mist XBUIILOBHX MMAKeTiB Ha puc. A.1.

I0Th pi3Hi po3mipu: Mx N =170 x 100 (puc. A.1, a) 1 1020 x 600 (puc. A.1, 2).

[TommpenHI0 XBUJILOBUX MakKeTiB Ha puc. A.l BIAMOBIZAIOTH YacOBI €BOJIIOLIL
koedimientiB audysinoctu D(1), skux po3paxoBaHO Ui Pi3HUX 3HAYCHb CHEPTIi
€JIEKTPOHIB 1 MOJaHOo Ha puc. A.2. J[J11 XBUJIOBOTO MMAKETa MEHILOT0 PO3MIpy Ha 4a-
coBux 3ayexHOCcTIX D(t) crocrepiraroThes (QIrOKTyalii, COpuYrHEH] iHTephepeHIli-
€10 B makeTi. HaTomMiCTh JUIsi XBHJIBOBOT'O MaKeTa OUIBIIOro po3Mipy Il (IIFOKTyarii
YCEePEIHIOITHCS, 10 MPUBOIUTH 10 TIIAJKAX MOHOTOHHUX 3anexxHocted D(t) mms
BCIX PO3TJISTHYTHX €HEPT1i.

BractuBoCTI camoycepelHeHHs y YacOBid JTWHAMILl XBUJILOBUX MAKETIB MPOSIB-

64 : ' 64 : : 64 ven
‘ Nimp = 1% Mimp = 1% Himp = 1%
431 XBUIBOBUI L 48] XBUNBOBHH [ 48] [TouaTkoBuii po3mip
—_ nakeT npu (=0: g naker npu t=0: XBHJIBOBOT'O IAKETY:
N 170x100 1020x600 170x100
g 327 321 32
5 - = = 1020x600
)
167 r 161 161
0+ - - - - 0+ - - - - 0+ - y - y
-04 -02 00 02 04 -04 -0,2 00 02 04 -04 -02 00 02 04
Efu Efu Elu
a o 6

Pucynok A.3 EneprernuHa 3al€XHICTh €JIEKTPONPOBiAHOCTH rpadeny 3 1% nominok npu noumpeH-
Hi Y HhOMY XBHJILOBOTO TTaKeTa, 300paxkeHoro Ha puc. A.1, mporsrom t = 80 ¢c. [TogaTtkosi po3mipu
xBuIboBoro nmakera: 170 x 100 (a, 6) 1 1020 x 600 (6, 6). KpuBi Ha (6) ycepeqHIOIOTb BiAIIOBIIHI KPHUBI

Ha (2) 1 (), AKi BIAMOBIIAIOTH ACCATHOM PI3HUM BHITaKOBUM PO3IOiIaM IePEKTIB (IOMIIIOK).
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JSFOTHCS 1 B EHEPreTUYHUX (2 TOMY U €JIEeKTPOHHO-KOHIICHTPAIIHHNX) 3a7eKHOCTIX
npoeigHocty 6 = 6(E) (6 = 6(ne)). Ha pucynkax A.3, a 1 6 moka3aHo TaKi 3aJIe)KHOCTI
IUIA IeCATHOX PI3HUX BHUIAJKOBUX PO3MOAUIB TOYKOBUX AC(PEKTIB (KOHIEHTpALlis
AKUX OJIHAKOBA B YCIX BHIMaJKax). Y BHUIAJIKy MEHIIOT0 XBUJIHLOBOTO MMAaKeTa HA KpH-
BUX CJICKTPONPOBIAHOCTH CIIOCTEPITalOThCs 1CTOTHI (himtoKTyallii (ocoOauBo s O1-
JBIIUX €HEPTiil), MPOTe Y BUIMAIKY OUIBIIOr0 XBUILOBOTO MaKeTa KPUBI €JIEKTPOIpPO-
BIJTHOCTH MPAKTUYHO 301raroThcsi. BayKIMBO 3a3HaYUTH, IO YCEPEAHEH] €JIEKTPOIPO-
BIJTHOCTI € OJTHAKOBUMH B 000X BUTaaKax (puc. A.3, 8).

TakuMm 4MHOM, B JICBOBIM YACTI[l TUCEPTALIHUX PO3PAXyHKIB MOYATKOBUH pO3-
Mip XBHJIBOBOTO ITaKeTa BHOWpPABCS JOCTaTHHO BelwkuM (mepeBakHo 1020 x 600)
00 mo30yTHUCS MOTPEOH J0IaTKOBOIO YCEPEIHEHHS 10 peamizamisax aedekrtiB. Og-
Ha4ye B TAKOMY BHUITAJIKy BXXJIMBO 3BEPHYTH yBary Ha O4eBHUIHUN (aKT. XBHIbOBUU
MakeT OUIBIIOT0 PO3MIpy 3BICHO paHille JOCSATHE MEX TpadeHOBOTO 3pa3ka, aHIK
MEHIITNI XBUJIBOBHUI MAKET, 110 JIETKO 0auuTH 3 puc. A. 1, 0 1 e. Tomy po3mip BuOpa-
HOTO JJIsI KOMIT' FOTEPHHUX PO3PAXyHKIB rpa)€HOBOrO 1apy Mae OyTH JIOCTaTHHO Be-
kUM, o6 koedimient mudysiiiHoctn D(t) (5.7) mocsiraB cBOro MakCHMMajibHOTO
3HAYCHHS PaHIIIe, aH)K XBUJILOBHH IMaKeT cATaB MEX BHOpaHOTO rpadeHoBOTO 3pas-
ka. B nucepramiiinux po3paxyHkKax TaKMMH 3pa3KaMmH CIyryBajiu rpadeHOBI LIapu
po3mipom Big 1700 x 1000 go 4000 x 2500 By3:iB (aTOMIB), 1110 BIAMOBIAA€E TJIOMIAM Y
210 %210 1 500 x 500 HM? BI/ITTIOBIIHO.
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TOJATOK B
NEPEHOPMOBAHHWN NOTEHIISAJ TOMACA-®EPMI
JIISI BAPSIIDKEHOI JITHIT Y TPA®EHI

b.1 EdpexTuBHMi MOTEHILisl1 HECKIHUEHHOT 3apsiXKeH Ol JiHiT

Le#i myHKT A0AATKy HpucBsueHO BuBeaeHHIO [139] edekTHBHOrO MOTEHIsTY,
CTBOPIOBAHOT'O HECKIHUEHHOIO 3apsKEHOIO0 JiHi€l0, y HabmmkeHHi Tomaca—Depwmi.
3a OCHOBHUM MPHUITYIICHHSIM JIOKAJIbHA €HEPrisl eJeKTPOHIB y MeTali (HaBKOJIO JIO-
Mimkn) Ejc(r) mos’s3ana 3 @epmilioBoro eHepriero Ep cmiBBigHomenHsm [405]:

Er = Ejoc(r) — edyp(r), (b.1)
ne @,p(r) € eekTHBHA MOTSHITISIbHA CHEPTis 3aps/HKEHOT AoMilKH. TyT poJib MeTay
BUKOHYE rpadeH (3a CKIHUEHHUX T'YCTHH €JIEKTPOHIB), a 3apsIKeHa JIiH1sl BUKOHYE POJIb
nomimky. ITo3HagynmMo gepes Neq EICKTPOHHY I'yCTUHY B YUUCTOMY IrpadeHi, ToAl

dEloc(r)
Ioc(r) E dn(r)

3 TOYHICTIO JI0 TIEPIIOTO MOPSIIKY B PO3BHHEHHI 3a creneHsamu oNn(r) = n(r) — Neq. Jani

[n(r)—n,, | (B.2)

n(r)_neq

0JIep>KY€EMO CIIBBIIHOLIEHHS MI>K TOTEHIIISIIbHOIO €HEPTI€R0 1 TYCTHHOO 3apsiLy:

dEIoc (r)

eCDZD(r) =T dn(r)

on(r), (B.3)

()= | =3 ,—
n(r)- Neq
e ‘E,OC(I’) =1/n(r), a «k=hv k. / ‘ fneq . OcTaHHE PIBHSIHHS CBIIYUTH MPO T€, IO JIJISA

30epexeHHs cranocTh PepmiiioBoro piBHsA HEOOXiAHA 3MiHA JOKAIbHOI €JIEKTPOHHOT

ryctuHu. E(deKkTuBHMI MOTEHLIAT MOXHA OAEpKaTH CaMOY3T0JKEHUM PO3B’sI3yBaH-

HsMm [TyacconoBoro piBHsHHS. BinnosinHo 1o HabmmwkenHs Tomaca—Depmi MaeMo:

Vi . 8 5.4
eff(riz)__ pimp(riz)+ p(r,Z) ' ( . )
8Ogr
ne € (&) € mieNekTpryHa MPOHUKHICTh BaKyyMy (cepeoBuina), a epeKTUBHUHN ToTe-
HITISUT 3aJICKUTh BiJI KOOpAWHAT y rpadeHoBid miomuHi = r(X, ) i KOOpAUHATH Z.

Po3srnsiaemMo opieHTOBaHUM B3/IOBK OC1 Y TIHIAHUM A€PEKT 13 TYCTHHOIO 3apsiay A,

pinp(12) = 13(X)3(2). (5.5)
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3actocoByroun piBHsHHS (b.4), a Takox Bupasu (b5) 1

2e’
op(r,z) =—edn(r)o(z) = s /neqCDZD(r)S(z) : (b.6)
0JIEP)KYEMO BaKJIMBHUM MPOMIKHUHN Pe3ybTaT:
, 1 | 2e?
Vi ()= 1@ () =380 3(2).  (B.7)

3ayBaxxumo, 1110 wieH dp(r) y piBusaHHI (b.4) € He e caMOy3TroKEHUM, alle i HaKIa-
J1a€ BOXKJIMBE TCOMETPHUUHE OOMEXKCHHS, 3MYIIYIOYH MIEPEPO3IOIiT 3apsiay B rpadeHo-

B1ii momuHi. ITyacconose piBHsHHSA (B.7) po3B’si3yemo yepes Dyp’e-niepeTsip,

A
(Cﬁ +q§)q)eff (qx’qz) :—_ZqTFCDZD(qx)’ (B-S)

€&,
: 2
ne epexruBHe uncno Tomaca—Depmi BU3HAYEHO K Q. =€ ,/neq / (gp&,x) = 4o ke .

[HTErpyBaHHA MO (; Ma€ PE3yIbTATOM 3AJICKHICTh

dg M (2g,¢,)
CD (qx) = _Zq)e (qx’qz) :A (Bg)
°P I 27[ § qTF+|qx|

VY npsiMomMy mipocTopi €(peKTUBHUM MOTEHIIIST HA0yBa€e BUTTISITY

A 7dg, cos(q,X)
DO(xX)=D X) = X X , b.10
) 20 (%) 28ogr'([ T O +0y ( )

a00, 110 eKBIBAJICHTHO,

CD(X) = 27? {_COS(qTFX)Ci(QTFX) +Sin(qTFX) |:g _Si(qTFX):‘}’ (B-l 1)

€€

ne Ci1 Si— iHTerpangbHl CHHYCOilalibHA Ta KOCUHYCOiajabHa (QyHKIII,

b.2 Camoy3romxeHicTb pO3paxyHKiB eJ1eKTPONPOBIIHOCTH

XBu1boBe uncio (a0o xBuIIboBUM BeKTOp Orr) Tomaca—DepMi Qrr, 1110 BXOIUTH
10 eeKTUBHOro po3citoBaibHOro noreHuisuty (b.11), 3anexurs Bi ryCTUHU HOCIIB
3apsiny (EJEKTPOHIB) Ne. Y IIbOMY MYHKTI IOJATKy NEPEBIPSIETHCS (IUB. TAKOX J0/1a-
Tok B [139]), sk 11 3aJI€XKHICTh BILUIMBAE HA MOBEAIHKY MPOBITHOCTH G Y MOPIBHSIHHI
3 pe3yJbTatamMu po3ainy 6 s pikcoBaHoro (re. Take BpaxyBaHHS 3aJI€KHOCTH BiJl

€JIEKTPOHHOI TYCTUHH ¥ pOOUTH €(PEKTUBHUIN MOTEHIIISIT «CaMOY3TOIKECHIM) .
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7= 0,01 g = 0,01 1, = 0,01; greatg = 0,01 | 2107
- - --0,02; 0,015 4 - ---0,02;0,015 7| 1801
----10,03; 0,018 - 0,03; 0,018
3001 === 0,04;0,021 - 300+ 1501
= » 0,05: 0,023 ]
% \ " 0,06; 0,026 7 120
[} A\ 90.
© 1501 - 1501 . " 60 -
1 mimis | minis -~ 0,04; 0,021 1 minis
V>0 V>0 0,05;0,023] 301 V>0
0 0 006; 0,026 ' ' '
210 205 00 05 10 -024 -012 000 012 024 -006 -003 000 003 0,06
Elu n, [atom™'] n, [atom™']
a 4] 8

Pucynok b.1 EnextponpoBigHicTh sIK GYHKIIisI eHeprii (&) 1 eneKTpoHHOI rycTuHH (6), (6) 32 Hecamoy-
sropkeHoro (a), (6) i camoysromkeHoro (6) eheKTHBHUX PO3CIOBAIBHHUX MOTEHIsUIB V~U=
=M (2neoe;) € [0, A] (A =0,25u), 1110 ONTUCYIOTH TOOAUHOKY 3apsypkeny JiHito (1D-ngedexr). Kpupy Ha
(6) mOOymOBaHO MUISIXOM KOMOIHAIIH BiAMOBIIHUX 3Ha4YeHb G Ui KpuBuX (6). Ha (@) 1 (6) naBeneHo

3HauYeHHS Ne Ta BIAMOBIAHI IM 3HAYEHHS (¢, IKMX BUKOPUCTAHO Yy CAMOY3TOJKEHOMY MOTEHIISIT.

3A1UCHIOEMO TIPOIIEAYPY PO3PAXYHKIB HACTYITHUM YHHOM. Y BUKOPHUCTOBYBaHIM
B Jauiit po6oti Metoni Ky6o-IpiHByna HeMae MOXKIMBOCTH 3MIHIOBATH MOTEHIiSLI
PO3CISIHHS B Tpoiieci 3MiHu eHeprii E (uu ryctunu Ng) enexktpoHiB. Tomy Oyio mpo-
BEJICHO HE3aJIeXKHI1 PO3PaXyHKH JJIsl IIICTHOX PI3HUX 3HAYEHb (1r ¥ OJIEPIKAHO IIICTh
pizHuX 3anexHoctel 6 = 6(E) 1 6 = 6(N,), AKKMX moka3zaHo Ha puc. b.1, a i 6 BiANOBII-
HO. Jlaii y KOkHiH 13 11icThOX 3ajexHocTel 6 = o(Ne) Ha puc. b.1, 6 mis koxHOro (N-
1 p-) TUIYy HOCIIB 3apsiy BUOMpaacs Juile OJHa TOYKa, — Iapa 3Ha4yeHb Ne 1 OtF, —
Ky B TIOJJILIIIOMY BUKOPHUCTOBYBAJIM B HOBUX PO3PAXyHKax IN€l K 3aJI€KHOCTH
6 = o(N,) (HAarazyemo, 1o Ot CIIBBiIHOCHTBCS 3 Ne Tak: Ore o [Ne|“?). KomGinyroun
IIICTh TOYOK Ha OJHOMY rpadiky, OJACpPKYEMO «CaMOY3rOJKCHY» KpHUBY G = o(Ne),
HaBeneHy Ha puc. b.1, 6. Pucynok B.1 sickpaBo nemoHcTpye, 1m0 6 = 6(E) i 6 = o(n,)
POSBIISIIOTH BIAMOBIIHO JiHIMHY Ta CyOJiHIAHY MoBeniHKU. Taka >k MmoBeJiHKa CIo-
CTEepIraeThcs U y BUMAJKY CTAJIOTO (r, 110 JIETKO Oa4uTH Ha puc. 6.3.

Ha 3aBepiiieHHs1 10aTKy CJIiJT 3a3HAYUTH CIAOKICTh €JIEKTPOHHO-IIPKOBOI acu-
MeTpii KpuBUX MPoBiAHOCTH HA puc. b.1. [le cnpuynHeHo THM, 110 JHKEPEIOM po3Ci-
SIHHSI B JIAaHOMY BUIIAJIKY € JIUIIIE OJUH JIIHIMHWHN AedekT. BB KiTbKOCTH THIHHUX
pPO3CII0BaviB HAa ACUMETPII0 Y MPOBIAHOCTSIX €EKTPOHIB 1 IIPOK SICKPABO JEMOHCTPYE

puc. 6.3 nis1 10 1 50 1D-gedexris.
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