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3AT'AJIBHA XAPAKTEPUCTHUKA POBOTH

AKTYaJbHICTh TeMH A0CTiIKeHHs1. BijjoMO, 1110 BJIaCTUBOCTI 3MIIIAHUX KPUCTAIB
BHU3HAYAIOTHCS HE JIMIIE KIJIBKICHUM CKJIaJI0M KOMITIOHEHTIB, ajie 1 PO3MOJILJIOM aTOMIB MO
By3JIaX KPHCTAIIYHOI IPAaTHHI." B3acMO/isi MiXk aTOMaMH Pi3HOTO COPTY B IPOLIECi pocTy
IPUBOJUTH J0 BIAXWIIIB BIJ 1X BHUIIAJKOBOTO PO3MOALTY 1 BAHUKHEHHIO OJIM3BKOT0 (KOope-
JA1is1) a00 JAJeKOro MOPSJKIB. 3MIHU CTYIEHS JOCKOHAJOCTH KPHUCTAIIYHOI IpaTHHIIL,
MOB’sI3aH1 3 MpollecaMu OJIM3BKOTO UM JTAJIEKOTO BHOPSAKYBaHb aTOMIB Y CTOIAX, IOMITHO
BIUTMBAIOTH Ha X BIACTUBOCTI: CTPYKTYPHI, MEXaHI4Hi, TETUIOBI, €IEKTPUYHI, MarHeTH1 i
ONITUYHI; TOMY MPU BIOPSIKYBaHHI MOXXHA OJIep»aTH HaOlp BIACTUBOCTEH, 110 ONTUMAa-
JBHO TIOEJHYE, HAMIPUKIIAA, HU3bKHUI €JIEKTPOOIIip, BUCOKY MIIHICTh, HEOOXITHI MarHeTH1
Ta ONTUYHI XapaKTePUCTUKHU. 3aCTOCYBAaHHS BIOPSAKOBAHUX CTOMIB y SIKOCTH (PyHKITIOHA-
JHHUX YU KOHCTPYKI[IHHUX MATEPISUIB € MPUBAOIUBUM TOMY, [0 3MIHOIO CTYIIEHS BIIOPSI-
JKOBAHOCTH (ITapameTpa aTOMOBOIO MOPAJIKY) MOYXHA PEryJIfoBaTH TUM HAOOPOM SIKOCTEU
MatepisutiB. JIJisi CTBOPEHHS X HEOOX1THUX (PIBHOBAKHHMX UM METAcCTaOlIbHUX a00 B3araii
HEPIBHOBAXXHUX) CTaHIB PO3IO/ALIY aTOMIB BUKOPUCTOBYIOTHCS Pi3HI BUJIU 0OpOOKM Mate-
pisUTIB Ta YNHHHMKH HA HHUX, 30KpeMa 30BHIIIHIN (Ha1)BUCOKUN THCK [1].

Tpanuuiiitno ¢a3oBi CHiBBIIHOIICHHS, MOBEAIHKA CTaHy Jiany (Oe3mamy) i KiHETHKa
BIIOPSAKYBAHHS CTOIY PO3TJISAAIOTHECA B SIKOCTI 3aJIEKHUX BiJl TEMIIEpaTypy W KOHIICHT-
paiii koMrnoHeHTiB. [IpoTe € qocniaKeHHs, 1110 BKa3ylOTh Ha CYTTEBY 3aJIEKHICTh MpOLie-
CIB BIOPSJKYBaHHsS B 0araTbOxX 3MIIIAHUX TBEPJUX TUIAX SIK BiJ TeMIepaTypH, CKIauy,
MarHeTHUX XapaKTEPUCTHUK, TaK 1 BiA TUCKY. L{11KOM npupoHO, 1€ CTOCYETHCS W TIIMONH-
HUX HaJp 3emJl, a caMe, ii BHYTPIIIHBOIO sIpa — HANUOUIBIIOrO KpUCTalTy Ha (B) 3emuli.
['0710BHUM KOMIIOHEHTOM Yy BHYTpIlIHIN yacTHHI siapa 3emil € cron Fe—Ni 3 koHueHTparii-
ero Ni 0mu3pko 5-15% [ii]. BtiMm 1 HasBHICTB B sIpi AUISHOK 3 1HIIMMU (HE 1HBApPHUMHU)
3aJ1130HIKJICBUMU KOHIICHTpAIlIsSIMU HE 3anepeuyeTbes. HatoMicTs 3a po3paxynkamu O. €.
Kpacoscekoro [lii], npuHaiiMHi, o1uH chepryHMIA MPOIIAPOK BHYTPINIHHOTO sapa 3eMili
Moxe MicTuTu Ni—Fe-cton nepmanioeBoro xemigdoro ckiaay tumy NizFe B ekctpemanbHO
CTUCHYTOMY CTaHi. BUBUEHHSI €IEKTPOHHUX 1 MAarHETHHUX, MPYXKHIX 1 TEPMIYHUX BIIACTH-
BOCTEH, a TaKOXX CTPYKTYpPHO-(Pa30BUX MEPETBOPEHb TUTY Jaa—0e3nas B ctomax Ni—Fe 3a
BHCOKHX THCKIB 1 TEMIIEPATYp € TAKOX BIAMPABHOIO TOYKOIO JJIsi JOCSTHEHHS PO3yMiHHS
npupou siapa 3emii Ta ii riMbuH B 1iioMy. ExcriepumenTaibHi naHi [1V, V] BKa3ylOTh Ha
Te, IO B IMIUPOKUX IHTEpBAJIAX TEMIIEpaTyp M THUCKIB, IO BIAMOBIJAIOTH €KCTPEMATHHUM
yMOBaM B sAJp1 3emill, CTpyKTypa 3emHoro sanapa ckiaaaerbes 3 K- 1 I'THIT-monudika-
uiii Fe—Ni-ctomis. Lle cnyryBano q0oJaTKOBOIO MOTHBAIIIEI PO3TIITHYTH TEPMOJIUHAMIKY
Ta KIHETHKY aToMoBOro mopsiaky ¢a3 tumy L1, i DO Ha ocHOBI mrinbHONakoBanux ['TIK-
1 ['II-rpatHuLb, BIATOBIAHO, NEPII 3a BCE, KPi3b NPU3MY MOXKJIMBOCTH iX YTBOPEHHS B
cronax Fe—Ni 3a BUCOKMX THUCKIB 1 Temneparyp. o Toro x ass OuIb1I01 CTPOTOCTH Ta KO-
PEKTHOCTH B TOOYJOBI CTaTUCTUYHO-TEPMOJMHAMIYHOTO 1 KIHETUYHOTO MOJENIB CIif
BpaxOBYBaTH B3aEMOJIII0 YCIX aTOMIB CHCTEMH, a HE JIMIIIE HAMOMMKUUX CYCIJHIX, K 1€
Oys0 3po0JieHO B MOHEPCHKUX TEOPETHUHHUX pobOoTax 3 ymopsakyBanHs ['T[K-da3 3ami-
menna ma tuckom O. K. Kantoku, B. 1. Pmwkkora, B. B. I'efiuenka 1 A. A. CMupHOBa.
KopekTHuii BUKIaa CTaTUCTUYHO-TepMoauHaMigHoro moaento st ['IIII-cromy 3 atomo-
BUM TiopsisikoM Tuy D0;g € HEOOX1THUM HE JIUIIIE 32 YMOBH TiepeOyBaHHS CTOITY ITiJl THC-
KOM, a i1 32 HyJIbOBOTO THUCKY, OCKUIBKH B JIITEpATypl OUEBUTHUMHU € MPOTATUHH Y JAHOMY

1 B aBTope(epari, sk i B AucepTaLi, 3ACTOCOBYEThCS TaK 3BAHMH «XapKiBChKHMiD» mpaBomuc: IIpaBomucHuii c1oBHUK: Bimssko 40000 ci. /
I'. K. I'onockeBuu (13-e Bua.). — Kuis: Vuis. Bug-so IIYJIbCAPU, 2006. — 464 c.; YkpaiHCbKO-aHTTIHChKO-HIMEIIBKO-POCIHCHKUI CIIOB-
HUK (isuynoi nekcuku: binsg 30000 nexcem / B. Kosupcerbkuit, B. Illenaeposchkuii. — Kuis: Bumasauiteo «Pamay», 1996. — 934 c.
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MUTaHHI: 71 OJep)KaHUX B po0OTI [Vi] PyHKIIH aTOMOBOIO PO3MOILTY AJIsS HAACTPYKTYP 3
['III-rparauiieto He OyJI0 OOUMCIEHO MapaMeTpH JAJeKOro NopsaKy, a GyHKIT MpocTo-
POBOIO PO3IOLIY aToMiB st HaACTPYKTYpH DOy, 110 MicTATBCS B poboTax [Vii—iX], sk i
300pakeHHsI 1i€1 HaJACTPYKTYpPH B KHM31 [X], € B3araji XMOHMMH, HE 3Ba)KArOYW Ha BIp-
HICTh BKazaHUX TaM (B [X]) KOOpAMHAT aTOMOBOTO PO3IOALITY BKa3zaHi BipHO. BB xe
THUCKY Ha KiHEeTUKY ganekoro mopsaky tuny ['TIK-L1, uu I'II1-D0;9 HE mocmimkyBaBcs
paHiiiie B3araii.

MOXIHBICTh yHpaBIiHHS MPOLIECOM YIOPSAKYBAaHHS 4M, MPUHANWMHI, KOpemsuii y
IIPOCTOPOBOMY PO3IMOALT JOMIMIKOBUX (a7)aToMiB (200 BakaHCIi) BiAKPUBA€E ITOIAATKOBI
MOJKJIMBOCTI ¥ JJI1 BUKOPUCTAHHS HAHOPO3MIPHHMX TBEPAHMX PO3UMHIB, 30KpeMa, Ha Ipa-
(dbeHOBII OCHOBI, SIKi Hapa31 BaOJIATh yBary (pi3ukiB, XeMIKiB, MaTEepisIIO3HABIIIB CBOEIO T1e-
PCHEKTUBHICTIO BUKOPUCTaHHA. BTiM Ha mepenikoi nosBi cepiiiHUX MpUiIaiB HaHOEIEKT-
POHIKH Ha rpad)eHOBIN OCHOBI, IO MOIJIM O y MEPCIEKTUBI MAaCOBO 3aMIHUTH KPEMHIHOBI,
CTOITh BIJICYTHICTh y YHCTOMY Tpad)eHl 3a00pOHEHOI 30HHW, IO POOUTH HOTO BOJIBT-
aMIIepHY XapaKTePUCTUKY CUMETPUYHOIO BIIHOCHO HYJIS HApyTH 1 YCKIIAJHIOE Ofep>KaH-
HS IBOX CTaHIB, CIIBBIAHECEHUX J0 JOT1YHOTO «0» 1 «1». 3a60poHeHy 30HYy B rpadeHi Ha-
MararoThCsl 1HIYKYBaTU Ha PI3HUN CIOCIO, HAMPUKIIAJ, BBOASYM KOHTPOJIbOBaHI Je(eKTH,
30KpemMa, JOMIIIKOBI (a/1)aToOMH, BaKaHCIi Ta iX KOMIUIEKCH. JlOCIIIKEHHS 5K BIUIUBY KOH-
dirypaiiit AedeKTiB Ha pO3CISTHHS PI3HOTO POy XBWIIb (30KpeMa, eJIEKTPOHHUX) OYyII0 MO-
TUBOBAHO HE JIUIIE TPATUIISMH, 3ao4aTkoBaHUMU A. A. CMHUPHOBHUM B PITHOMY IS TH-
cepTaHTa BIAALI Teopli TBepaoro Tina i npogorxkenumu B. b. Mononkinum. B Hemonas-
Hill eKCIepUMEeHTaIbHIN po0OoTi [Xi] 301IbIICHHS MPOBIIHOCTH TpadeHy, JOMOBAHOTO Ka-
Jiem, OyJIO MOACHEHO MIABUIICHHSIM KOPEJSIIi B MPOCTOPOBOMY PO3MOJLII a1copOOBaHUX
rioniB K. Ile Oyio0 Maiike CHHXPOHHO MIATBEPHKEHO B [Xii], a Takox B [Xii], aHATI THIHH-
MU pesyibpraTamMu B paMmkax bombsimannoBoro miaxoxy B bopHoBomy nHaOmmkeHHi. Tox,
nocTalia 3ajada MepeBipUTH Ta MOPIBHITH PE3yJAbTaTH HaIIBKJIACUYHUX aHATITUYHUX Ha-
ONMMKEeHb 3 BUCOKOTOUHMMH YMCENbHUMHU po3paxyHkamu. [Ipore, okpim Kopemsiii Touko-
BUX Ne(PeKTIB y AuMcCepTallii po3mIsSAalOThCS 1€ i BUMAAKK iX YIOPSAKYBaHHS, Opi€HTa-
IIHHOT Kopessii JMHIHHUX Je(]eKTiB, a TaKoK HalpeamiCTUYHIIIUN BUIAI0K OJHOYACHOT
HasiBHOCTH B rpad)eHi 000x TumiB AedekTiB. Sk moka3zaB yac, Take «TEOPETUYHE) 3aXOTl-
JICHHSI BUSBWJIOCSI HE TapeMHHUM. AJIKe, AKILO HasBHICTb KOPEJsLii B MPOCTOPOBOMY PO3-
noini agaromiB Kamiro B rpadeni Bnepie Oyiio BUsBIEHO ekcriepuMeHTaibHo B 2011 p.
[xi], kopensuito aromiB 3amimenHss Hitporeny O6aunnu B ekcriepumenTi B 2012 p. [Xiv],
OpIEHTALIMHY KOPEJSIII0 OJHOBUMIPHUX A€(PEKTIB, TAKUX K HAHOOPUK1, aTOMOBI CXOU-
HKU U TepacH, Brepiie crocrepiramu Tex y 2012 p. [XV, XVi], To BHOpsIIKOBaHI HAACTPYK-
Typy TOUKOBHUX Je(eKTiB (amaTtoMiB ['iIporeHy) Ha MoBEepXHi rpaeHy BUSIBUIU €KCIEPU-
MEHTAJILHO 30BCIM HeronaBHo — y 2015 p. [xvii].

He 3Bakatoun Ha OUIBII HIXK JACCATUIITHIN NEepioJ] BiA Yacy BIAKpUTTA rpadeny, iloro
NEPCHEKTUBHICTb, @ TOMY W CBITOBY MOMYJSPHICTh K 00’€KTa AOCIIIXEHb, B YKpaiHi
rpa)eHOBOIO TEMATHKOIO 3aMAaIOThCS TIOKHU 10 OAMHUII BYCHHX, BTIM iX BHECOK y Tpade-
HOBY (i3uKy € momitHui. Hampukinmi 1980-x pokiB B. I'. JIuToB4eHKOM 3 KOJIeraMu J10C-
JpKyBaacs mosiBa 3a00pOHEHOT 30HH B JIe(pOPMOBAHUX yIBTPATOHKUX TPadiTOBUX ILTiB-
Kax, SKUX TEenep MPUNHATO po3risiaatu sk OaratomapoBuit rpaden. Y 2005 p. B. I1. T'y-
cunin 1 C. . llapanoB nepenbauniam HE3BUYAWHUN IIJIOYUCIOBHA KBaHTOBUU [ 0B
edekt nus rpadeny. ExciepuMeHTanbHe MIATBEPIKEHHS IOTO €PEKTy CTANIO MPSIMUM
JI0OKa30M 0€3MacoBOIr0 XapakTepy €JIeKTpoHiB 1 Aipok y rpadeni. Takox B. I1. I'ycunin 1
C.T. llapanoB TeOpeTUYHO NepeadaymiIi HU3KY 1HIINX BaXKIMBUX €(PEKTIB, AKI 30KpeMa


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
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
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MOXKYTh MaTH 3aCTOCYBaHHS B ONTOEJIEKTPOHHUX MPHUCTPOSIX Ha OCHOBI rpadeny. B. M.
JlokteB 1 FO. B. Cxpunuuk, nociimpkyrodu aepextHuil (qomimkoBuil) rpadeH, nependa-
YWIM PEKOHCTPYKIIIIO MOT0 30HHOTO CIEKTPY Ta MOSIBY B HHOMY €HEPreTUYHOI HIUIMHH.
®. T. Bacsko ta M. B. Crpixa € (cmiB)aBTopamMu HU3KH POOIT 3 (13MKH HEPIBHOBAKHUX
HOCiiB y rpadeni. M. B. Ctpixa gociipKyBaB TakoXX SIBUINA, 10 BIAKPUBAIOTH MOMIIH-
BICTh CTBOPEHHS MIBUIKOJIMHOI €HEProHe3aeKHO1 maM’ sITh Ta 01CTaOUIPHUX ONTHYHUX
CHUCTEM 1 MOJYJSTOPIB BUIIPOMIHEHHS 1HPPAUYEPBOHOTO JiANIa30HY HA OCHOBI rpadeHy Ha
CETHETOCNEKTPUYHOMY M1I0%0KI. OCTaHHIM 4acoM pe3yiabTaTH JOCTIIKEHb €eKTPOHHOT
CTPYKTYpH ¥ Tpancropty B rpadeni 3 gomimkamu (Cr i N) 3HalIUIM CBOE BiT0OpaKEHHS B
pobotax C. I1. Penenpbkoro 3 y4Hs MU Ta KOJIETAMH.

OTxe, 3yCHILIS 171l BUBUCHHS IaHUX MTUTAHb € Hapa3i He JIUIIe aKTyalbHUMU, a i (Ha
AYMKY JHCEpTaHTa) B3arajii MOTpeOyIOTh Iie OiIbIIoi MOTYrH. 3aajs TOro 00 MOBHOO
MIpOI0 BUKOPHUCTOBYBATH BC1 MOKJIMBOCTI 3aCTOCYBaHHS TBEPAUX PO3UMHIB (B TOMY YHCIi
3 HAHOMACIITAaOHOIO CTPYKTYPOIO) B IpHiIaaax, HE0OX1IHO MaTH HAHOIbII MOBHY 1H(OP-
Malito gK Ipo e(eKTH BILUIMBY aTOMOBOIO BIOPSAKYBaHHS Ha iX BJIACTUBOCTI, TaK 1 MpO
BIUIMB HAa CaM€ BIOPSAJIKYBAaHHS 30BHINIHIX YUHHUKIB, 30Kpe€Ma 30BHIIIHBOTO (HAM)-
BHCOKOTO THCKY, SIK OyJio 3a3HaueHo Buile. CaMe Takui MigxXig cipusTEME Po3poOIll Me-
TOJIMK JTOJIaTKOBOTO PEIyJIOBAHHSI BIIACTUBOCTEN MaTEPIsLIIB.

3B’A30K Po0OTH 3 HAYKOBMMH NPOrpaMaMu, IJIaHaAMHU, TeMamu. Jlucepraiiito Bu-
KOHaHO Yy BIIAUI Teopii TBepaoro Tina IHctutyty metanodizuku iMm. I'. B. Kyparomoa
HAH Vkpainu sik yacTUHY HayKOBO-JOCHIAHOI poOoTH BiAUTY B paMmkax KomruiekcHoi
nporpamMu (pyHIaMEHTaNbHUX AOCHIKEeHb «HaHOCTPYKTYypHI CHUCTEMH, HaHOMAaTepiallH,
HaHotexHoJjori» HAH Ykpainu 3a Temoro Ne 29/05-H (06), a Takok HayKOBO-TOCIITHIX
poOIT 3 HACTYNHUX BIIOMYMX (TIOIIYKOBO-TIPUKIAJAHKUX) TeM BiLLy: «Edexktn nudys3Horo
PO3CIIHHSI B JUHAMIYHINA Judpakiii Ta JIarHOCTULIl HAHOPO3MIPHUX JAE(PEKTIB y KPUCTa-
JaxX Ta BUpoOaxX HAHOTEXHOJOTIW» (HOoMep aepxkpeectpamii 0105U000183, 2006—-2007
pp.), «@PI3UKO-TEXHOJIOTIUYHI OCHOBH CTBOPEHHS HOBHX METAJCBUX MaTepialiB 3 METOIO
[IJIECIPsIMOBAHOTO (popMyBaHHS iX (hi3UKO-MeXaHIYHUX BiactuBoctei» (eram 2008 po-
KY), «3aKOHOMIPHOCTI aTOMHOI 1 €JIEKTPOHHOT Oy/I0BH METaJIeBUX CUCTEM Ta iX BIUIUB Ha
dbopmyBaHHS (PI3UKO-XEMIYHUX Ta MEXaHIYHUX BIACTUBOCTEH MaTepialiB il MOTped Cy-
gacHoi TexHikm» (etarn 2009 poky), «HoBi migxoau, METOau Ta MPUHIUIN PATUKATIEHOTO
MIBUIIEHHS HAa OCHOBI €()eKTiB 0araToKpaTHOCT1 PO3CISIHHS YyTJIMBOCTI Ta 1HPOPMATHB-
HOCTI AU pakUiifHUX TOCHIIKEeHb QyHKIIOHATBHUX MaTepianiy (2013-2017 pp.). Ho To-
IO X PI3HI YACTHMHM JUCEPTALIHOI pOOOTH BUKOHYBAJIUCh TAKOXK B paMKaX pI3HUX HAyKO-
BO-JO0CTIAHUIBKUX POOIT, MPOEKTIB, I'paHTIB Ta ctuneHaid. Cepen Hux — PeinTerpariii-
Huii rpanT HATO (NATO RIG 981326, 2005-2007 pp.), ctunienist BececBiTHbo1 (penepa-
1ii Buenux (WFS) 3a manpsamom «I[1o6anbHuii MOHITOPHHI [I1aHeTH — 3eMJIETPYCH» LIS
Mosiogux HaykoBIiB (20062007 pp.), crunenis KuiBCbkoro MicbKoro rojioBu ajis o0ja-
poBanoi moJoai (cBimonrBo Ne 30 Bim 24.07.2007 p.), npoektu H/IP monoaux BueHHx
HAH Vxkpainu (noroopu NeNe 417/30.07, 41'/30.08, 61/30-09, 617/30-10, 20072010 pp.),
YKPaiHCHKO-TIOIBChKUM JTOCHITHALIBKUN TPOEKT B paMKkax criBpoOiTHUIITBa Mk HAH
VYkpainu Ta [lonbcbkoro akanemieto Hayk Ha 2015-2017 pp. (posmopsmxennas Ne 793 Bin
15.12.2004 p.). Yactuna pe3ynpTaTiB aucepTallii Oyio ojep>KaHO IiJ 4ac JOCIHIIKEHb
MPOBEICHNUX JAUCEPTAHTOM B J1abopatopii Gi3uKK Ta MaTepissio3HaBCTBA PyaHCHKOTO yHI-
BepcuteTy (M. Pyan, ®@panriis, 2003—2004 pp.) B pamKkax HaAyKOBOTO MPOEKTy «YucenbHi
po3paxyHKH (pa3zoBUX JisrpaM Ta KIHETUYHUX IMPOIIECIB y cucTemMax Ha ocHOBI Ti—Aly», y
I'eoincturyTi npu baiipoiitcbkomy yHiBepcuteTi (M. baifpoiit, HimeuunHa, KBITE€Hb—
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TpaBeHb 2008 p.), a TakoXX y BiAAUT TBEPJOTIIBHOI €JIEKTPOHIKM JIIHUEMIHIChKOTO yHI-
Bepcurety (M. Hoppueninr, Iseris, 2010-2012 pp.) B pamkax HayKOBOTro NMpoekTy «Bu-
BUYEHHS Ipa)€HOBUX EJIEKTPOHHUX 1 TPAHCHIOPTHUX BIACTUBOCTEM.

MeTo10 nociaiKeHb B paMKaxX JucepTalliiHoi poOoTH OyB PO3BUTOK TE€OPIi BIIOPSI-
KYBaHHS CTPYKTYPH KPHUCTaJiB 3 TOYKOBUMH Ta/a0b0 JHIMHUMHU AeEeKTaMU K OIOocepei-
KOBYIOUOTO MEXaHI3My BIUIMBY Ha iXHI BJIACTUBOCTI. MexXaHi3M BU3HAYEHO SIK OMOCEpe-
KOBYIOUMI TOMY, IO JOCTIKYBanucs, no-nepiie (1), BIUIMB MEBHOTO 30BHIIIHBOTO YHH-
HUKa Ha CTPYKTYpHHUU MOPSJIOK, a Mo-apyre (2), — BILUIUB OCTAaHHLOTO (CEOTO BIOPSIKY-
BaHHs) HAa TMEBHI BJIACTUBOCTI PO3IIAAYBAHMX MAaTepisuIiB. B sKOCTI TakWx 30BHINIHIX
YUHHUKIB B IUCEPTAIlii BUCTYNAIOTh MPUKJIAACHUI 330BHI TUCK 1 TEMIIepaTypa TepMOCTa-
Ta, @ B SIKOCT1 BJIACTUBOCTEH — €JIEKTPOTPAHCIIOPTHI Ta HEENEKTPOHHI TPAHCIOPTHI (MiK-
poaudysiitai). 3a101s IpUKIany y nepuomy BUnaaky (1) Takumu geeKTHUMHU KpucTaia-
MU ciyryBainu TpuBuMipHi (3D) kopotkomnepioaHi mapysari (Hag)ctpykrypu tumy ['IK-
L1, (NigFe) i T'TIII-D0yg (co-TisAl), a B spyromy (2) — tpusumipHi (3D) xoporkomnepio-
JH1 mapysaTi (HaJ)CTPYKTypHU TUIY OPIEHTALIMHO BHOPSAIKOBAHOTO PO3YHMHY BTUICHHS
Lu-H a6o mepmaioro I'lIK-L1, (NisFe) ta nBoBumipHi (2D) (Ham)cTpyKTypu Ha OCHOBI
rpageHoBOi IIIBHUKOBOI I'paTHUL. [li1 ynopsaIKyBaHHSM CTPYKTYpPH 3MIIIAHUX KPUCTa-
JIYHUX TUT B JUCEPTAIll PO3YMIETHCS BIIOPSIIKOBAHUI TPOCTOPOBUIA (II€pe)pO3MOILT IXHIX
CTPYKTYpPHUX OJWHUIIb, TIEPII 32 BCE, TOUKOBUX JE(PEKTIB: TOMIIIKOBUX aTOMIB 3aMiIlICH-
Hs M BTUleHHs y Bunaaxky OiHapuux ['LIK- 1 T'II{II-cTomniB, noMimkoBux (aa)aToMiB 3a-
MIIIEHHS a00 BTUICHHS Ta BaKaHCI IS MIUIBHUKOBUX CTPYKTYp Ha TpadeHOBIM OCHOBI.
OKpiM TOTO, JJI OCTAHHIX PO3TJISAAINACS i Kopemsiis (y BUNAAKY HElJIeallbHOTO JaIeKOTo
BIIOPSIKYBAHHSA) TOYKOBHUX JE(EKTIB 1 OpIEHTAIIMHOT KOPEJAIii JIHIMHUX (TIPOTSKHUX)
nedeKTiB, SKUMU MPOSIBIISIIOTH ce0e HAHOOPIIKI B OJICP’KAHOMY OCAJKEHHSIM XEMIYHOT Ta-
pu (CVD) rpadeni Ta aTOMOBI CXOJIMHKH ¥ T€paCH y €MITAKCISIILHOMY rpadeHi.

JIns1 qOCSATHEHHS MOCTaBJICHOI METH OYJIM BU3HAUYCHI TaKi 3aBJAaHHA.

(a) oensmymu Wi npoananizysamu HasiBHI TEOPETHYHI ¥ €KCIIEPUMEHTAJIBbHI JIiTEpaTy-
PHI J1aHi, OA0 BIUIMBY, HacaMIlepel, TUCKY Ha BIOPSIKYBaHHS CTOINIB Ta BIUIUBY PI3HUX
koH(irypariii y posnoaini toukoBux (0D) 1 miniinux (1D) medekTiB Ha eIEKTPOHHUMN
TpaHCHOPT B TpadeHi;

(6) 3 ’sicysamu poitb MIX>KATOMOBHUX B3a€MO/IiH Ta SK IIOYATKOBI YMOBH BILIMBAIOTh Ha Ki-
HIIEBE (PIBHOBAaYKHE) 3HAUYCHHSA TTapaMeTpa JIaJIeKoro MOPSAKY B pellakcalliiHiil KIHEeTHIIl Ja-
JIEKOTO BITOPSJIKYBAHHSI KOPOTKOTIEPI1OAHUX IIAPYyBaTUX (HA)CTPYKTYP 32 HYJIBOBOTO TUCKY;

(6) 3 ypaxyBaHHSIM MI>KaTOMOBHX B3a€MOJIiil B YCIiX (@ HE JIMIIIE B MEPIIii UM MEePIIUX
JIBOX, SIK OYyJIO JOTEeNep) KOOPAMHAINIMHUX cdepax dociioumu BIUTUB THCKY Ha MOTOYHE Ta
PIBHOBa)XKHE 3HAYCHHS ITapaMeTpa JaIeKoro MOPSIKY B CTOMAX i) THCKOM, 30KpeMa BILIKB
OCTaHHBOTO Ha TEMIIEPATYPY CTPYKTYPHOTO (Pa30BOTO MEPETBOPSHHSI THUITY JIaA—0e37a;

(2) nobyoysaswiu cTaTUCTUUHO-TEPMOJIUHAMIYHUN Ta KIHETUYHHHA MOJENI AaJIeKOTro
NOPSJIKY B TBEPAUX PO3UMHAX 3aMIIICHHS Ta BTUICHHS Ha OCHOBI IpadeHOBOI IPATHHUIII 3
ypaxyBaHHSM SIK JIUIIIE KOPOTKOCSHKHUX, TaK 1 JaJCKOCSHKHUX B3a€EMOJIN aTOMIB, GU3HA-
Yyyumuy yMOBH €HEPreTUYHOI CTa0UTbHOCTH TpadeHOBUX HAJCTPYKTYp B TEPMIHAX €HEpre-
TUYHUX IMapaMeTpiB MI>KATOMOBHUX B3a€MO/IIH;

(0) cmsopuswuu xomir’rotepanii C++-mporpaMHuii makeT i imniemenmysasuiu (BUCOKO-
TOYHY) YUCETHHY METOY PO3pPaxXyHKY €JIeKTPOTPAHCIIOPTHUX BIACTUBOCTEH IrpadeHy B paMm-
Kax KBaHTOBO-MeXaHigHoro gpopmanizmy Ky6o-IpinByna, docrioumu BIUIUB pi3HUX (BUIIA-
KOBUX, KOPEThOBAHMX 1 BIOPSIKOBAHUX) MPOCTOPOBUX KOHGITYpaIiii TOYKOBHUX Je(hEKTiB
(tomiIKOBHX (aJ1)aTOMIB, BAKaHC1# Ta IX KOMITJICKCIB) Ha €IEKTPOHHUHN TPAHCIIOPT Yy TpadeHi;
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(e) okpeMo Oocioumu BIUTAB JIHIKHUX (MIPOTHKHUX ) AePEKTIB (HAHOOPHIKIB, AaTOMO-
BUX CXOJMHOK 200 Tepac) Ha eJIeKTPOHHUN TPaHCHIOPT y rpadeHi, po3rIsIHYBIIN iX BUMA-
KOBE PO3TalllyBaHHS Ta OPIEHTAIIHHY KOPEJIAIII0, a TAKOX HAHO1IBII pealiCTUYHUN BUIIA-
oK ogHo4YacHoi HasiBHOCTH 000X (0D 1 1D) TumiB nedekTis.

06 ’exkmamu docniodcenHs B AUCEPTaIIiHIN poOOTI € CTPYKTYPHI CTaHU 1 X EPETBO-
PEeHHsI Ta BIAMOBIAHI (D13UYHI BJACTUBOCTI TBEPAUX PO3UMHIB, 1110 BIOPSIKOBYIOTHCS 32 HaI-
cTpykTypHuM THnoM L1, a6o D0y Ha ocHOBI mimpHOMakoBaHuX TpuBUMipHUX ['IIK- ab60
['MIII-rpaTHUIG BIAMOBITHO, a TaKOX AEPEKTOBMICHOTO IpadeHOBOTO IIapy Ha OCHOBI
IIUTPHUKOBOT 2D-rpaTHutii.

IIpeomemom Oocniddcenns B AUCEPTAIlil € CTATUCTUYHA TEpPMOJIMHAMIKA Ta di3uyHa
KIHETHKA JAJICKOTO aTOMOBOTO TIOPSIKY CTOTIB 3aMIlIeHHS W BTUICHHS, BIUIMBY 30BHIII-
HIX TEPMOJUHAMIYHHUX YMOB (THUCKY ¥ TeMIlepaTypH) Ha HbOTO, a TaKO>K KOMII IOTEpHE
MOJIETIIOBAHHS 3aJICKHOCTHU €JIEKTPOTPAHCTIOPTHUX BIACTHBOCTEH BiJl XapaKTepy B3a€MHO-
ro po3ramryBanHs 0D- Ta/a6o 1D-nedexTiB — HEBIOPSIAKOBAHOTO, OJIM3bKO BIOPSIAKOBA-
HOTO YM TO JAJIEKO BIIOPSAKOBAHOTO.

Bubip metéa nocaigaxenHs O0yino oOyMOBIEHO pO3B’sA3yBaHUMU 3adadyaMu. J{is Teo-
PETUYHOI aHaI3H CTATHCTHYHOI TEPMOJMHAMIKM Ta (i3M4HOT KiIHETHKHU JAJIeKOro MOpsi/-
Ky, 30KpeMa OMHUCY MPOCTOPOBOTO PO3MOALTY Je(hEeKTIB MO BY3JIaX UM MIXKBY3JIOBHHAX
JBOBUMIPHOT 1 TPUBUMIPHOI I'PATHUIlb, 3aCTOCOBYBAJIUCS METOJa CTATUYHUX KOHIIEHTpa-
HIAHUX ((ITFOKTYalIMHUX) XBUJIb, HAOJIMKEHHS CaMOY3TOXKEHOI0 MoJs (B TOMY YHCIII Ce-
PEAHBOr0), OOUMCITIOBAIBHI METOAN MATPUYHOI alnreOpu Ta po3B’si3yBaHHSA CUCTEM JIIHIN-
HUX, HEJIIHIMHKX 1 qudepeHIIiHNX piBHSAHb. YHcenbHa 00po0Ka yCiX eKCIEpUMEHTAIBHUX
JAHUX 3/1MCHIOBAIAcs HENIHIMHOI METO0I0 HAMEHIINX KBaApaTiB 3a airoputMoM Jle-
BeHOepra—MapkBapara. TeopeTuyHi MiAX0au B JOCHIIKEHHI €IEKTPOHHHUX Ta €JIEeKTPOT-
PAHCIIOPTHUX BJIACTUBOCTEN IpadeHy IPyHTYBAJIMCA HAa KBAHTOBO-MEXaHIYHOMY (popMalli-
3mi KyGo—IpinBysa B HaOJIMKEHHI CHIILHOTO 3B’A3Ky. JIJIst MPOBENEHHS PO3PaXyHKIB M-
CEpPTaHTOM OYJI0 BIACHOPYY MOOYI0OBAHO MPOTPaMHI KOJIU Ha MOBI mporpamyBaHHst C++.
B uncenpHUX po3paxyHkax BUkopuctaHo YeOuimoBy Metoay st po3s’s3yBanus [penu-
HI€POBOTO PIBHSHHS, METOAY HEMEepepBHUX JPOOIB 1 TpUAIATOHAII3aII0 ["aMiIbTOHISHO-
BOi MATpPUIl I OOYMCIIEHHS IEPIIOrO AiATOHAILHOIO €IEMEHTY MAaTpuuHOi IpiHOBOI
¢bynkuii. s onTumizaiiii po3paxyHKiB MPOBOJAWIIMCS YCEPETHEHHS MO peaizalfisx (KOH-
¢iryparisix) nedexTiB, a po3Mip MOYaTKOBOTO XBUILOBOTO MAKETa 31CTABIISIBCS 3 PO3MIpPOM
BHOPAHOIO JIOCTIKYBAHOTO 3pa3ka rpad)eHOBOT IPATHUIILI.

HaykoBa HOBH3HA OJlep)KaHUX y AWCEPTAIlil pe3yJbTaTiB mojsirae y snepute chop-
MYJIbOBaHHMX Ha iX OCHOBI BUCHOBKAX 1 HAYKOBHUX ITOJIOKEHHSX, SIKMX HABEJICHO HIDKYE.

|. IIpodemoncmposano, 10 penakcallis AaJIeKOTo aTOMOBOTO MOPSIKY B IIapyBaTUX
(mam)ctpykrypax tuny L1, 1 DOjg (Ha ocnoBi I'LIK- it ['IIII-rpaTHuils BIAMOBIIHO) OMUCY-
€THCS €IMHUM KIHETUIHUM PIBHSHHSM, B SKOMY BH3HAYaJIbHUM (DAKTOPOM HAJACTPYKTYP-
HOTO TUIY a3y € CHEePreTUYHUIN mapamMeTep MI>XKaTOMOBOT B3a€MO/IIi, 1[0 TIEBHUM YHHOM
BUPAXAETHCS Yepe3 EHeprii 3MIIIaHHs aTOMIB Ha 6Cix KOOpJWHAILIMHUX cdepax, a moyar-
KOB1 YMOBH peJiakcarlii BIUTMBAIOTh Ha KiHIIEBE (PIBHOBAKHE) 3HAUEHHS MapameTpa Jae-
KOTO MOPSAKY JIUIIE B OKOJII TOUYKHU (ha30BOTO MEPETBOPCHHS JIa—0e3al.

Il. Iloxazano, Mo BpaxyBaHHS MI>KATOMOBHUX B3a€EMO/IIN B ycix (a HE JIUIIE B TIEPIIii
abo mepiux ABOX, sIK OyJIO TOTenep) KOOpAUHAIIINHUX chepax y pO3BUHYTUX CTATUCTHY-
HO-TEpPMOJAMHAMIYHOMY Ta KIHETUYHOMY MOJEIAX JaJIeKOTO aTOMOBOTO MOPSAKY 3a THIIa-
mu L1, 1 DOy B cronax (Ha ocuosi I'IIK- # T'LLIII-rpaTHUIe BiAMOBIAHO) 1T TUCKOM Ja-
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YEHHSI H08020 6U0Y 3aJIEKHOCTEN MapameTpa JajeKoro MOpsAKy Bl Yacy, TUCKY Ta T€M-
nepaTypu: MiJBUIIEHHS YU MOHM)KEHHS CTYIEHS BIOPSIKOBAHOCTHU 31 301JIBIIEHHAM THCKY
Ta CIOPUSHHS YU MPUTHIYEHHS NEPEXOAYy CUCTEMHU 3 HEYNMOPSAKOBAHOTO CTaHy B YIOPSI-
KOBaHUM (YW HaBNaKH) ¥ MOBEPHEHHIO y BUXIJHUM CTaH, a BIAMOBIIHO, O MOXJIHUBOCTH
MPOSIBY IBOX TOYOK (ha30BOT0 MEPETBOPEHHS JIaa—0e3a/l.

III. B pamkax noOylOBaHUX CTATUCTUYHO-TEPMOAMHAMIYHOTO Ta KIHETUYHOIO
MOJIEITIB JAJIEKOTO aTOMOBOTO MOPSIAKY B TBEPJOMY PO3UMHI Ha OCHOBI TpadeHy, dosede-
HO, 110 BpaxyBaHHS JIUIIE KOPOTKOCSXKHUX B3a€EMOJIN aTOMIB YHEMOKIIUBIIOE OOTPYHTY-
BaTH JCsKI 13 nepeddoauenux HAACTPYKTYp 3aMIIIEHHS Ta BTUICHHS B IIIJILHUKOBIN Ipat-
HUIII, K1 Ha0yBaIOTh CTAOUTHHOCTH CaMe 3aBISKH JAICKOCSIKHOCTI MIXKaTOMOBUX B3a€EMO-
aiii. BriMm m1s ctabiiizaliii neBHOI HAJACTPYKTYpH MEpeBakaJbHUM Mae OyTH BHECOK Bif
B3a€EMOJIIi aTOMIB Ha THUX KOOPAMHAIINHUX «KOJAaX», Uil SKUX TMOHMKEHOI € Dyp’e-
KOMIIOHEHTa €Heprii 3MmitnanHs. 3 ’1co8ano, M0 HEMOHOTOHHICTh KIHETUKU peJlaKcallii mna-
paMeTpiB JaJEKOro MOPSAIKY COPUYMHEHO JOMIHYBAHHSIM MDKIIIIPATHUIIEBUX HAJl BHYT-
PIITHBOMIATPATHUIIEBUMH M1>KaTOMOBUMHM B3a€MOJIISIMU Y IXHIM KOHKYPEHIIIi MI>K COO010.

IV. 3 BukopucTaHHSM BJIACHOPYY pO3pOOJIEHOTO MporpaMHoro nakery (Ha C++) mis
PO3paxyHKy €JIeKTPOTPAHCIIOPTHUX BIACTUBOCTEH rpad)eHOBUX 3pa3KiB peasiCTUYHUX PO-
3MIPIB 6UABLEHO, IO TPOCTOPOBI PO3MOJUIN iXHIX TOYKOBUX ACHEKTIB (JOMIIIKOBUX
(am)aTomiB, BakaHCIil Ta iX KOMIUIEKCIB) MOXXYTh CIPUYHMHATH psiJl €dEeKTiB: 3MIHIOBATH
TUIl OCHOBHHUX HOCIiB CTpyMy, 1IHAyKyBaTH 3a00pOHEHY 30HY B IXHbOMY €HEPIeTUYHOMY
CHEKTpI1, ICTOTHO MOJM(DIKYBaTH BUIJISA] €IEKTPOHHO-KOHIEHTPALIITHOT 3aJI€)KHOCTH €JIeK-
TPOIPOBITHOCTH, MOJIMIIYBATH (PYHKIIIOHAJIBHICTh TPa)€HOBOrO 1Py, 3MIHIOIOYHU EJICK-
TPOINPOBITHICTh Y JECATKH pa3iB, MOCHIIOBATH YW IMOCIA0IIOBATH (M HABITh MOBHICTIO
MPUTHIYYBATH) aCUMETPII0 B €JEKTPOHHIM 1 IIPKOB1M MPOBIIHOCTSIX.

V. Ilpointocmposano, 10 B HAUOLIBII peaiCTUMHOMY BUIAJKy HasiBHOCTHU B rpade-
Hl, OKpIM TOYKOBUX J€(EKTIB, € W JIHIMHUX (HAHOOPUIKIB, aTOMOBHUX CXOAMHOK 1/a00 Te-
pac) Moxe, OKpIM 3MIHU BUTJIAY €JIEKTPOHHO-KOHIICHTPAIIMHOI 3aJIe’KHOCTH TTPOBIIHOC-
TH, BUSBIATUCS Pl HOBUX €(EKTIB: MiABUIYBATUCS €IEKTPOIMPOBIAHICTh Y JEKIJIbKA pa-
31B 32 OpIEHTAIIHHOT KOPENAIi JIHIMHUX e()EKTIB UM B COTHI pa3iB y BUMAJKY 1€ U yIIO-
PSAIKYBaHHSI TOUKOBHX, MOCHJIFOBATUCS aHI30TPOIIIS €JIEKTPOMPOBIAHOCTH Ta MPOTHIS UM,
HABIIAKH, CIIPUSHHS €JIEKTPOHHO-IIPKOB1H aCUMETPIi, IKY CIIPUYUHSAIOTH TOYKOBI Ie(HEKTH.

IIpakTU4YHe 3HAYEHHS OleP:KAHUX pe3yabTaTiB. OfepskaHi B poOOTI TEOPETUYHI pe-
3yJNbTATH MPO BIUIMB THCKY Ha aTOMOBHUH JaJICKH TOPSAAOK, KIHETUKY HOTO penakcarlii Ta
(dhazoBe NepeTBOPEHHS TUITY Jaa—0€371a/] B IIJIbHOMIAKOBAHUX CTOMAaX 3aMilEHHSI—BTIJICHHS
MO>KYTb CITYTYBATH JUIsl OLIIHIOBAHHS 3MiHU TOYKH (pa30BOr0 MEPEXOY JIaa—0e3mal i1 J1€0
MPUKIIAIEHOTO TUCKY (HaBaHTaXEHHS ), 110 BKA3y€ MUISX /10 MOMIMIICHHS CTPYKTYPHUX BJIa-
ctuBocTel TpuBUMIpHUX (3D) KpHCTATIUHUX CTPYKTYP: «CHPHUSHHS» BIOPSIKYBAaHHIO a00
IPUTHIYCHHS» MOT0, MOsIBa IBOX TOUOK (Pa30BOr0 MEPETBOPECHHS J1a—0e31a1, 3MiHa POy
($ha30BOTO MEPEXOy Ta CUMETPIi KPUCTATIIYHOT IPATHHUIII, TTOB’3aHa 3 IEPEX00M BiJ OAHIET
(Ham)CTPYKTYpH JI0 1HIIOI. A PI3HOMAHITHICTh MPOCTOPOBUX KOH(DIryparliii TOUKOBUX 1 Ji-
HiltHEX AedekTiB y aBoBuMipHuX (2D) rpadeHOBHX CTpyKTypax CIyrye A0AaTKOBUM iH-
CTPYMEHTOM HE MPOCTO BIUIMBY Ha IXHI €JIEKTPOTPAHCIIOPTHI BIACTHUBOCTI, a i IILJIECIIPSMO-
BaHOTO PEI'yIIOBaHHs HUX, & CaMe: BIIKpUBaHHS 3a00pOHEHOT 30HU B EHEPTETUYHOMY CIIEKT-
pi, T IBUINCHHS YM, HABIAKH, IIOHMKCHHS SJICKTPOIPOBIAHOCTH B JSCITKHA YU HABITh COTHI
pa3iB y BUMIAJKy CYMICHOI KOPEJISIIiT ¥ BIIOPSIIKYBaHHS TOYKOBHX 1 JIIHIHHUX 1ePEKTIB, 3Mi-
Ha €JIEKTPOHHO-KOHIIEHTPALIMHOI MOBEIIHKY MPOBIIHOCTU Ta MPUTHIYEHHS Y, HaBIAKH,
MOCUJICHHS aCUMETPI1 B €JIEKTPOHHIM 1 IIPKOB1M IPOBITHOCTSX.
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OcoOuctuii BHecOK 3mM00yBauya. Y auceprallii NpeacTaBICHO pe3yibTaTH HOCIHi-
JDKEHb, SIKUX aBTOp BUKOHYBAaB CaMOCTIMHO abo 31 CIiBaBTOpamu, MEpII 3a BCe, 3 HAYKO-
BUM KOHCYJbTaHTOM npod. B. A. Tarapenkom. ABTOp 3aiiMaBcs arnpoOyBaHHSM 11eH, po-
3po0IsB MaTeMaTH4Hl ¥ Pi3udHi MOJesl, Oy1yBaB aJlTOPUTMHU 1 IPOTPaMHi KOJU JJISI TIPO-
BEJICHHSI KOMIT IOTEPHUX PO3PAXYHKIB, SIKUX W MPOBOJAUB OCOOMCTO, @ TAKOXK MHUCAB CTATTI
[1-30], roTyBaB ycHi Ta CTCHIOBI JOMOBIII IJIs armpoOariii oJepKaHuX pe3y/IbTaTiB Ha ce-
MiHapax 1 KOH(QEpeHIisAX, Ha JIEBOBIM YacCTIIl SKUX JOMOBiaB 0cooucTo. BHecok 3100yBa-
ya B cTarTsax [13, 14], ne BiH oaMH aBTOp, € OYCBUIHUM, a HOTO OCOOMCTHI BHECOK B PO-
6otax [1-12, 15-30], omy0mikOBaHUX y CIIBaBTOPCTBI, TOTpeOye KOHKpeTu3alii. B po6oTi
[11] aBTOpOM pO3paxoBaHO €HEPTii OOMIHHOI B3a€MO/IIi Ta 3MIMIAHHS, KOHIICHTpAIliiiHi 3a-
JISKHOCTH HaMaruetoBaHoctu, Temmnepatyp Kropi ta KypnakoBa, ctpubka mapametpa na-
JICKOTO TIOPSAKY Ta HOro 4acoBoi 3ayexHocTd. B ormsani [16], okpim #Horo opopmiteHHS,
aBTOPOBI JUCEpTaIlii HAICKUTHh HamucaHHs po3autiB 1, 217 (mo ckimamae Outbmie 50%
00’emy craTTi) Ta BUCHOBKIB. [lo1aTOK B OrUIsioBiii cTaTTi [17] OyB 0COOMCTO HamMCaHUM
JUCEPTAHTOM, a ii pykonuc ohOpMIICHHI HUM BIJIIIOBITHO JO BUMOT XypHany. B crarti
[22] aBTOpOBI HaekKUTh MOOYAOBA CTATUCTUYHO-TEPMOTUHAMIYHOTO MOJICITIO, OIKC BITO-
PSAIKOBAHUX PO3MOJILIIB JOMIIIOK 3aMIIEHHS 10 By3Jax rpadeHOBOI IPAaTHHUIIL, PO3paxy-
HOK €HEpTii 3MIIIaHHS Ta JUISHOK €HEPreTUYHOI CTa0lIbHOCTH TpadeHOBUX HAICTPYK-
Typ. 3a y4acTtio 3700yBaya BijgOyBaBcs BUOIp 00’ €KTIB 1 MPEAMETIB AOCTIHKEHb Y pOOOTI
[24], oGrpyHTOBYBaNHCS ONEepKaHi B Hill pe3yIbTaTH PO3PaXyHKIB TYCTHHH €IIEKTPOHHHUX
CTaHIB 1 MEPCIEKTUBHU IIJIECTIPSIMOBAHOTO 3aCTOCYBAHHS PO3TIITHYTHX B POOOTI AOMIIIOK
i pyHkioHamzamii rpadeny. I[lepmoMmy aBTopy HaiexaTh ijei npanpb [26-30], B skux
BIH OyJlyBaB MO/, AJITOPUTMH W KOAM AJI1 PO3PAXyHKIB T'YCTUHU €JIEKTPOHHHUX CTAHIB 1
€JIEKTPOIPOBITHOCTH, & peali3yBaBIIIH iX, OCOOMCTO MUCAB CTATTI (OKPIM aHATITUYHOI Ya-
cTHHU B [26] 1 pe3ynbTaTiB po3paxyHKy 3a MeTO010 GyHKIioHaTy TycTuHu B [28]). BHe-
COK aBTOpa B pemty crateit [1-10, 12, 15, 18-21, 23, 25] € e Baromimmuii: yciaia HacCTaHO-
BaM CBOTO HAyKOBOT'O KOHCYJIbTaHTa, 3/j00yBay 3/IiliCHIOBAB IIONIYK if aHAII3Y JiTepaTypH,
CTaBMB 3a/1a4l Ta TeHEepyBaB i€l g iX po3B’si3aHHS, 0OpOOJISIB €KCIIEpUMEHTAJIbHI JaHi,
CTBOPIOBAaB M IMIUIEMEHTYBaB aHAJITUYHI W 4YMCENbHI MOnENi, BUBOAMB (opmynu Ta
PO3B’s3yBaB PIBHAHHS, Oy/1yBaB MPOrPaMHi KOJU Ta MMPOBOJIUB KOMIT FOTEPHI €KCIIEPUMEH-
TH, aHaJi3yBaB 1 OOTPYHTOBYBAB OJIepkKaH1 Pe3yNbTaTH, 0€3MOCepeHHO MUCaB 3a3HAYCH]
cTaTTi, OOPMIISIFOUH 1X Yy BIAMOBITHOCTH /0 BUMOT BITUU3HSHUX 1 3aKOPJAOHHUX HAYKOBUX
BHJIaBHUIITB, Ta BIATIOB1/1aB Ha CJIYILIHI 3ayBaXE€HHS, KOPEKII1i Ta 3alUTaHHS IX PELEH3EHTIB.

Anpobanis pe3yabTatiB Auceprauii. OCHOBHHUI 3MICT AMCEpTaLIiHOI POOOTH, ii pe-
3yJbTaTH T4 BUCHOBKH OYJIO BUCBITJIEHO i1 00OrOBOPEHO HA YMCIEHHUX HAYKOBUX KOH(pepeH-
misix, ceminapax, cummo3siymax. Cepen aux — VII-XI Mixxnapoani kondepentii ‘Hydro-
gen Materials Science and Chemistry of Carbon Nanomaterials’ — ICHMS’2003,
ICHMS’ 2005, ICHMS 2007, ICHMS’ 2009 (Cynak, CeBactomnons, Snta, Kpum, Ykpaina,
2003, 2005, 2007, 2009 pp.); HAuckyciitauit 3’131 3 TepmoanHamiku cronis — TOFA-2004
(Bimenn, ABctpis, 2004 p.); IV XapkiBchka KoH(DEpeHIIis MOJIOANX HayKOBIIiB «Pamiodizu-
ka Ta HBY enexrponika» (Xapkis, Ykpaina, 2004 p.); Mixuapoauaa koHpepeHilis 3 mudy3ii
B TBepAuX Tutax 1 piguHax — DSL-2005 1 2007 (Ageiipy #t Anrapse, [loptyramnis, 2005 i
2007 pp.); | i Il Mixuapoani koudepenii 3 ocuoB audysii ‘Diffusion Fundamentals’
(Jletimuur, Himegunna, 2005 p. i JI’Axsina, Iramis, 2007 p.); MixxHaponHa HayKOBO-
npakTuyHa KoHpepeHiis «CTpyKTypHa pernakcailis y TBepaux Tinax» (Binuung, Ykpaina,
2006 p.); XII MixnapoaHa koH(pepeHIis 3 XeMli BUCOKOTEMIIEPATYPHUX MaTepisiiiB —
HTMC-XII (Bigens, Abctpisi, 2006 p.); Mixknaponna koudepentis ‘Clusters and Nanos-
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tructured Materials’ (Yxropon, Ykpaina, 2006 p.); KuiBcbka KoH(pEpeHIIist MOJIOAMX BUSHUX
«HogiTHi maTepianu Ta TexHozorii» (Kuis, Ykpaina, 2006 p.); Il 1 IV Mixnaponi kondepe-
H1li «HaHnopasmepHbie cucTeMBbI: cTpoeHrne—cBoiicTBa—TexHoorunm» — HAHCHUC-2007 1
2013 (KuiB, Ykpaina, 2007 1 2013 pp.); a8i MixxHapoaHi KoHpepeHIii €Bpornenicbkoro Ma-
TepisiosHaB4yoro ToBapucta ‘E-MRS-2008, 2012, 2015° (Bapmaga, ITonsmia, 2008, 2015
pp.; CtpacOypr, @paniis, 2012 p.); Mixkaapoana koHpepeHiis «CydacHi mpodiemMu Gpi3uku
metaniB» (Kuis, Ykpaina, 2008 p.); Bceykpaincbka koHdpepeHiris Mmooanx BueHnx «Cydac-
HE MaTepiaJIO3HABCTBO: MaTepianu Ta TexHosori (Kuis, Ykpaina, 2008 p.; | 1 1l ykpaiacs-
Ko-(ppanIy3bki mkomm-ceminapu ‘Carbon Nanomaterials: Structure and Properties’ (bepe-
rose, Kpum, Ykpaina, 200912013 pp.); 11—V ykpaincbko-HIMELbKI CUMIIO31yMH 3 PI3UKH Ta
xeMmii HaHOCTPYKTYp 1 HaHoO10TexHoorii (beperose, Kpum, 2010, 2012 pp.; Kuis, Ykpaina,
2015 p.); Il Mixnaponna HaykoBa koH(pepeniis «Hanoctpykrypusie matepuaisl — 2010:
benapycs—Poccus—Yxkpauna» (Kuis, Ykpaina, 2010 p.); VI Mixuapoana koHdepeHIis 3
(byHIaMeHTaIbHOT HayKH IIpo rpad)eH i 3acToCyBaHb IpUiaaiB Ha iioro ocHoBi — ‘Graphene
Week 2012° (dendt, Hinepnanmu, 2012 p.); MixkaapoaHa KOH(MEPEHIlisA 3 eJICKTPOHHOT
CTPYKTYpPH Ta €JIEKTPOHHOI CIIEKTPOCKOTMI1, MpUCBsueHii mam’siTi akagemika HAH Ykpainu
B. B. Hemomkanenka (KuiB, Ykpaina, 2013 p.); | 1 Ill MikHapoiHi HayKOBO-TIpaKTUYHI1
koH(pepentii «Hanorexnonorii Ta HaHomarepiann» — HAHO-2013 1 2015 (bykoBens i
JIbBiB, Ykpaina, 20131 2015 pp.); IX TopyHbchkuii cummosiym 3 Kapoony ‘Carbon Materi-
als in Science and Technology’ (Topyns, [Tonbma, 2014 p.). Okpim TOT0, MaTEPIsSITA TUCEP-
TaIlii JOMOBIJAINCS HA ceMiHapax B yHiBepcuteTax M. Pyan (Opanris, 2003, 2004 pp.), baii-
poiit (Himewyuuna, 2008 p.), boxym (Himeuuuna, 2009 p.), Hoppueninr (IlIBeris, 2010—
2012 pp.), B IacTuTyTI Teopetrunoi ¢gizuku iMm. M. M. boromo6osa HAH Ykpaian (Kwuis,
2013 p.), a Takox B [HcTHTYTI MeTanodizuku iM. I'. B. KyparomoBa HAH Ykpainu, 30kpema
¥ Ha 3araJTbHOIHCTUTYTCHKIH 3BiTHIN KOHpepeniiy 2015 p.

IMyoaikauii. Pe3ynbraTi quceprailii HaAPYKOBAHO BITYM3HAHMUMH M 3aKOPJAOHHUMU
BugaBaunTBamu y 30 myomikamisx [1-30]. Cepen nux — 26 opurinanpaux [1-5, 7-15,
18-27, 29, 30] 1 3 ornmsanoBux [6, 16, 17, ] cTareii y perieH30BaHNX (paXxOBUX HAYKOBHX BH-
JAHHSX, a TAKOXK | o3l y KoJneKTuBHIA MoHorpadii [28]. Oxpim crareid, qucepraliitti
pe3ynbTaTH CTHCIIO MICTAThCA 1Ie W y 36 Te3ax, onmyOJiKoBaHUX B 30IpHUKAX MaTepisUliB
BHIIIE3a3HAYCHUX KOH(EpEHITIH.

Crpykrypa Ta o0csr auceprauii. Jluceprariiero € pyKonuc, CTpyKTypOBaHUHN KiIacHy-
HUM YHHOM: BCTYTI, 6 pO3/IiJ1iB, OCHOBHI pe3yJIbTaTH 1 BACHOBKH, 2 TOJIaTK! Ta CIIMCOK BHKO-
pucTaHux mpkepen. TekcT nucepTariii BUKIaaeHo Ha 216 cTopiHkax IpyKOBaHOTO TEKCTY, HE
BpaxoByt04H 12 cTOpiHOK M0MaTKiB 1 44 CTOPIHKHU JiTepaTypHuX nocuiaHs i3 405 HaiiMeny-
BaHb. [lucepramis mictuthb 14 Tabnuiik i 87 pucyHKiB, 6e3 ypaxyBaHHs 4 pUCYHKIB y TOJIaTKaX.

OCHOBHMUM 3MICT JUCEPTAIIII

VY Berymi 37100yBad OOTpYHTOBYE aKTyaJbHICTh AUCEPTAIIAHOI TEMH, MPUBOIUTH
3B’S130K poOOTH 3 HAYKOBMMH MpOTpaMaMu, TUTAHAMH 1 TeMaMH, BU3HAYA€ METY, 00 €KT 1
peIMEeT JOCIIPKEHHS Ta HOTo 3aBAaHHS, iK1 00yMOBWIM BUOIp METOA nociipkenHs. Ha-
YKOBY HOBH3HY OJICp)KaHUX PE3y/bTaTiB AUCEPTAHT BimoOpas3uB y Boepine chopMyIbOBa-
HUX Ha X OCHOBI BUCHOBKAaX 1 HAYKOBUX IOJIOKEHHSX, SIKHX BUHECEHO Ha 3aXWCT. 3a3Ha-
YEHO TAKOXX MPAKTUYHY IIHHICTh AWCEPTAIlIMHUX PE3YJIbTATIB 1 BKA3aHO OCOOMCTHI BHE-
COK y HUX 3/100yBava. Ha 3aBeplieHHs] BCTyIy BHCBITJIEHO CIIMCOK HAYKOBHUX KOH(EpEeH-
1{, CeMIHapiB 1 CUMIIO31yMIB, JIe PE3YJbTATIB OyJI0 0OroBOpeHo (ampoOOBaHO), Ta HaBe-
neHo iH(opMmaitito mpo myOJikalii 3a TEMOIO TUCepTallii.
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Hepmmii qucepranitauii po3ain «JlirepaTypHui orjsi» MICTUTh JBa MiAPO3ILIH.
VY mepmioMy OINISIHYTO JITEpaTypHI JaHl M0A0 KpucTamuHuX 3D CTPyKTyp 3a BHCOKHX
THCKIB 1 Temmeparyp (Ha IPUKIaAi YHCTOrO 3aji3a Ta 3alli30HIKIEBOro CTomy). AHami3a
JITEpaTypHUX JaHuX [IV, V] CBIQUHTH, 1110 3a BUCOKHMX THCKIB 1 Temmepatyp Fe—Ni-ctomu
MarTh HIIJILHOINIAKOBAHY KpUCTAMYHY CTpYKTYpy (Ha ocHoBi I'LLII- 1 I'IIK-rpaTHump), a
MIJBUIIEHHS TUCKY 1/a00 koHIeHTpalii Ni cpusie ctadimizamii I'TIK-da3u.

Y nmpyromy migposmim «JlitepaTypHoro orisay» po3risgaerbes 2D rpadenoBa
(WITPHUKOBA) TPATHUIS 31 CTPYKTYpHUMH JAePeKTaMH y HINA! TOYKOBUMHU (JOMIIIKOBI
aTOMH/aJaTOMH, BaKaHCI Ta iX KOMIUIEKCH) 1 JIHIHHUMU (TIPOTSKHI: HAHOOPHIKI, aTOMOBI
CXOAMHKH YH Tepacu). Y BUMAAKY AePEKTiB 3aMillieHHs y rpadeHi, Ha mpukiaal Hirpore-
HOBHX Je()eKTiB y HiM [XiV], BUIBICHO, 10 HOTO CJICKTPOHHI BJIACTUBOCTI 3aJICKATh BiJ
koHiryparniid gormoBanux aromiB (N): 3 moomguHOKUM (puc. 1, @) uu noaBiHUM (puc. 1,
6—e) 3aMileHHsIM, a00 y KOMITIEKcax 3 MOHO- (puc. 1, 9, e, orc) um nmiBakaucismu (puc. 1,
€). Y BuUnajKy ajacopOiitaux aedekrti y rpadeHi (puc. 2) yci MOKIMBI BY3JIH IS aJICOP-
O1ii aTOMiB MO’KHA MOIUIMTH Ha TpH TUIHU (Y TO3MINSIX BUCOKOI CHMETpii): aacopOIiiiHi
By3mu tuny H (hollow) — max nenTpamu mectukyTHHKIB (miiibHUKIB), THITy B (bridge)

Puc. 1. I'paditosi (a—e) i mipunuHOBi (0—oic) nedext y rpad)eHOBIN IpaTHUI 3 MOOAMHOKKUM (a) i
no/BiiHUM (6—2) 3amimieHHs M atoMamu N, a TaKOX 3 YTBOPEHHSIM KOMIUIEKCHUX JMMEPi30BaHUX
(0), TpuMepizoBanuXx (e), TeTpaMepizoBaHuX (€) Ta MOHOMEPI30BaHHX (/) NEPEKTIB 3 BAKAHCISIMU.
© arom C

O aJaToM

ajzcopOuiiinuii By301

< TIPOoEKIIis agaroMa

IpOeKUIsl aJicopOLiiiHOIo By3/a

Puc. 2. Tunosi no3uuii azaromiB Haja rpag)eHOM: BUIU 3BepXy (JTIBOPYY) Ta y MEPCHEKTHBI (TIpaBo-
py4) rpadenoBoi rpaTHwmIli 3 agcopOiiitaumu By3namu Tury H (hollow), B (bridge) i T (top), neh —
BHCOTa aJ1copOIii, a I (IB, IT) irt (rB, rT) — BI1/1aJTi BiJI IEBHOTO BY3J1a y IUTOIIHHI rpadeHy J10 ajico-
poOuiiinoro By3na H-tumy (B-, T-) Ta fioro npoexkiiii Ha miomuHy rpadeHy BiAmoBiIHO.
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— HaJ [eHTPaMH MICTKIB MIX CyCIIHIMU By3JiaMu, 1 Tumy T (tOp) — Oe3mocepeaHbo Haj
By3siamu (puc. 2). HasBHI B miTepaTypi po30DKHOCTI HIOJ0 €HEPreTUYHOI BUT1THOCTH
(cTab1IPHOCTH) 3a3HaYEHUX BY3JI1B aCOpOIii A pi3HUX (30KpeMa, KamniiioBux) amaTtoMiB
Ha PI3HUX aJICOPOIIMHUX BHCOTaX MOTHMBYBAJIM Ha JOCIIJKEHH 31 3’SICYBaHHS SIK pO3Ta-
ITyBaHHS aaTOMIB Y KO>kHOMY 3 TphoX (H, B, T) TumiB By351iB BIUIMBAE Ha €JIEKTPOTPaAHC-
MIOPTHI BJIACTUBOCTI I'padeHy B MOPIBHIHHI 3 1X PO3MIIIEHHSIM y JIBOX IHIIMX TUMaX. A BH-
siBIIeHA [XV, XVi] He 3aBKI¢ BUIaIKOBA (IHKOJIH MPAKTHYHO MapajelibHa) MPOCTOPOBA Opi-
€HTAILlls TPOTSHKHUX (JTiHINHUX) nedeKTiB y rpadeHi ciyryBaia J0JaTKOBOIO MOTHBAIIIEIO
JUISL TOCHIIKEHHS BIUTUBY iX OpPI€HTAIIHOI KOPEMSLii Ha eIeKTPOHHHUM TPAHCIIOPT Y HiM,
30KpeMa 1 3a ogHouacHoi HassBHOCTH 000X (0D 1 1D) tumiB nedexris.
Jpyruii po3aii aucepraliii IpUCBIYSHO BHOPSIAKYBAHHIO IIIJILHONIAKOBAHMUX CTOMIB.
3a MeTOI00 CTATUYHUX KOHIICHTPAIIIMHIX XBHJIb [XViii], BUBeIeHO HMOBIpHICHI (DyHKITIT
P(R) po3noxiny aromis mo By3nax R (aam)ctpykrypu ['TIIIT-A; B Ty DOyg, mo30yBmmch
HEOJHO3HAYHOCTH B JIITEPATypi MO0 X BUTIISATY, a B HAOJIMKEHHI CaMOY3TOKEHOTO OIS —
KoH]irypariitai BuibHY, AF, 1 BHyTpimHio, AU, eneprii 1 eHTpomito, AS, sk QyHKIIT Temmepa-
Typu T, KOHIIEHTpAIlii C i mapameTpa naiexoro nopsaky 1 € [0, 1] (sskuit MojkHA BU3HAYHTH SIK
[i, xviii] n = (P(1) — ¢)/(1 — cq), ne cTrexiomMmeTpuyHa KOHIIEHTpaIlist Cs = 1/4, a P(1) € iMoBip-
HICTB 3aMilIICHHS By3J1a 1-T0 THITY «3aKOHHHAM JIJISl HHOTO JIETYBAJTBHIM aTOMOM COpPTY B):
AF = AU +AS = ¢*1,(0)/2 + 30k, (k™) /32 + (kT /#)[(c + 3n/4) In(c + 3n/4) + )
+(1-c—3n/4)Inl—c-3n/4) +3(c—n/4)In(c—n/4) +3(L-c+n/4)Inl-c+n/4)];
TYT HapaMeTPH MiKaToMOBHX B3aeMoii Aqo(K) =W (K) * |Wio(K)| € BracHi 3HaueHHs mat-
pHIll eHeprii 3MIaHHs («BIOPSIKYBAHHS) (Vyﬂ(k) Vylz(k) j; Whq(K) = > W (r)e”*": xBu-
Wi, (K) W, (k) ) P
nmpoBuii Bextop K¥ = (1/2, 0, 0) y 1-iit Bpimmoerosiii 30mi TIIIT-KpHCTATY ONHCYE BIOPSIIKO-
BaHy HaJCTPYKTYPY; Wpq(r) = W’Sﬁ(r) + Wﬁﬁ(r) — 2W’S§(r) € CHEepTii 3MillIaHHS 3 TAPHUMH SHE-
prisiMu B3a€EMOJTIi Wﬁﬁ(r), Wﬁﬁ(r), Wﬁﬁ(r) nap atromiB A-A, B-B, A-B y miarparaunsax p,q=1, 2
B €JIEMCHTapHUX KOMipkax Ha Bigiam I = R — R’. YucensHo omineHo napametpu A 2(K) 1 pos-
paxoBaHo AUTAHKY (a3oBoi gisirpamu uist Ti—Al (puc. 3) — piBHOBa)KHHUH CKJIa]] CIIBICHYBaH-
HS HEBITOPSAKOBAHOI OL- 1 BIIOPSAKOBAHOI Olp-(ha3u y JTBOX Mozessix: HesanexkHocTH (A1(0) =
~ 462,41 ),(K) ~—555,9 meB/aTtoMm.) i 3a11€:KHOCTH €HEPTil MIX>KATOMOBHX B3a€MOJIi# BiJ T.
Jlg onucy KIHETUKU BHOPSAKYBaHHS aTOMIB Y (HEPIBHOBAKHUX) TBEPAUX PO3UMHAX

AR Trr T Trr T T Trrrrr T J
1300} -...o--- Mopens, oe A = const 5 800 - - 1,(0) /]
1200 ----=--- Mogenb, ne A = A7) = 700 —— (k) > ]

& L ’ i
1100 | =~ © " CKCIICPUMCHT M 600 ¥ ]
2 S00F » i

Q100()- = a0f _»——*"V

° 3 =

g 900 :‘2

800 | <
700 F €
- <
600 | o ]
SO0 —600 brrenn Loy Loveeiay Loy Loveieiens .
10 12 14 16 18 20 22 24 26 600 700 800 900 1000 1100
at. % Al T,°C

Puc. 3. Po3paxoBana it ekcriepuMenTanbHa [XiX] da3osi gisrpamu (JiBOpyd) Ta TeMIepaTypHa 3a-
JIOKHICTB TIapaMeTpPiB MiXKaTOMOBOT B3aeMoii (nmpaBopy4) st cromy [TITT-Ti—Al.
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1 T T T T T T T T 1 T T T T T T T T

— 4 a4 _ _ _ . _____
o .
7 A =const | r=MT) |
——700°C | ——700°C |
----- 800°C || ----- 800°C ||
— = 900°C — = 900°C

— - = 1000°C [ — - -1000°C ]

0 | 1 | | | [ | | 0 | 1 | | | 1 1 |

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

t t
Puc. 4. 3anexHicTh mapaMeTpa 1ajJeKoro MOpsIKY M Bija 3BeneHoro yacy t ans ¢asu tumy DOjg B

cromi Ti—Al 3a pi3sHuX TemmepaTyp T y Mojemsax 3 (a) Temneparypo-Hesanexaumu, A(K) = const,
i (6) remneparypo-3anexxaumu, A(K) = A(K,T), mapamerpamu Mi>KaTOMOBUX B3a€MO/IIH.

['IIT-A; B 3acTocoBano MikpockomiuHe qudy3itiHe piBHsSHHS OHCarepoBoro THiry [XViii]:

dPy (R,) /dt = Yk T, Z; > c.CL%(R-R)3AF/SPI(RL),  (2)
ne Kg € bonbiimannoBa crana, Pp(R) (Py(R)) — liMoBipHicTh 3HaxX0mxKeHHs aToMa B y eneme-
HTapHIi KOMipIli 3 ieHTpoM R p-i (Q-1) miarpaTHuIli, a KiHeTHYHI KOeDili€HTH ng(R -R")—
0OMiHHI WUMOBIPHOCTI €JIeMEeHTapHUuX AU(yY31MHUX CTpUOKIB mapu aToMiB o 1 3. PiBHsSHHSA
(2), ymoBa 30epexeHHs MOBHOTO 4rciia atoMiB 1 OHcarepoBi CIiBBITHOIICHHS B3aEMHOCTH
MOPOJIKYIOTh PIBHSHHS 3aJIEKHOCTH TTapaMeTpa ganekoro nopsaky DO;o-tumy Bing gacy t:

an o | Ak (c+3n/4)(1-c+n/4)
gt = o L) = I ) | ()

sIKe 3pydHO PO3B’A3yBaTH B TepMiHax 3BefeHoro dacy t” = L(k™)t i 3Bemenoi Temmeparypu
T = ke T/Pa(k™)l; Tyt C(K™) = c[C8 (k™) + 22 (K™)]/(L— ) ~[LA(K™) + CA(KM)]. Unce-
JBHUMHU PO3B’sI3KaMu PiBHIHHS (3) CIYTYIOTh KIHSTUYHI KpUBI Ha puc. 4. Y OPIBHSHHI 3 pHC.
4, a, Ha puc. 4, 6 3BMEHIITY€EThCS Yac pejiaKcarlii mapameTpa aajekoro mopsaky 3a Bumux (900 i

0,72 prrerreeree P Maasta P P e 1000°C) Temmepatyp, a KpHuBi po3TaIio-
0,70 F (@) . s G ° 1 BywTbcs muibHImeE. Lle o3Havae, mo 31
0.68 ¢ ,0'; o e o, ] 3MIHOI TemmepaTypu BpaxyBaHHIO ii
0,66 66 1 . —— T 1  BIUIMBY HAa MDKaTOMOBI B3a€MO/I11 BIJIO-
0.64F 7 2 1 Bimae mocabieHHs 11 BIUIMBY Oe3mocepe-
= 0.62F 1 JHBO Ha IOTOYHI Ta PIBHOBAXHI 3HAYEHHS
0.60 1 | mnapamerpis nopsKy.
0.58 ¢ L _ Oxkpim ouineHux audy3iiHUX Xapa-
0,564 e 0.2 —672 E— { KTEpPHCTHK YIOPSIKOBAHOTO IIE€PMAJIOI0
0,54 E e g :
g 5 0 L1 I'TIK-NisFe 3a HezanexxHuMu ekcrepu-
0,52 TA3K] P07 44 288 432 576 72 1 HK-Nis P

: MEHTAJILHUMU JIaHUMHU TIPO YaCOBY 3aJie-
0,00 072 144 216 288 360 : .
£10%. ¢ XKHICTh MOro mapamerpa IajieKoro aro-

Puc. 5. ExcniepumenTansHi (a) [XX] i reopetnuni () MOBOTO IIOPAIKY (puc. 5, a), TIOKa3aHo,
YacoBi 3aJIGKHOCTI MapameTpa Jajnekoro nopsaky B [0 CKCIICPUMCHTAJIbHO BU3HAYCH1 3Ha-

NizFe 3a nBox Temneparyp. ExcriepumenTtanphi Tou- YCHHS IIapaMeTpa MOPSAKY € HE 3aBKIH
KH (O, ®) 31718 PKCHO EKCITIOHCHIT THUMU KPUBHUMH. piBHOBaXKHI. Uepe3 HEMOCSIKHICTh TaKol
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PIBHOBAaru B eKCIIEPUMEHTI [XX] 3HAYCHHS apaMeTpa JIajJeKoTo MOPSAKY 3a HUXKUYOT TeMITe-
paTypH BUSBWIOCS HUKYKUM 3a BIANOBIAHE 3HAUEHHS [P BUIIIHN Temneparypi. Po3paxyHku
(puc. 5, 6) mokasaiu, 110 TaK BOHO 1 € 32 MaJIMX YaciB BiAMay JJIs MUTTEBUX IIC HEPIGHOBA-
JiCHUX 3HAYEHB 1. BTiM, TOBroTpuBaIinuii BiJmaa MPUBOIUTH A0 BUIIOTO (OJIM3BKOTO 10 Pi-
BHOB)KHOT0) ITapaMeTpa JaIeKoro NOops Ky 3a Hik4oi (673 K) remneparypu, aHixk 3a BUIIOT
(743 K). 3a po3paxynkamu ipu T = 743 K gac penakcauii t ~ 2,5-10* ¢ menmmii 3a t ~ 3,9-10°
crpu T =673 K. [IppunHOI0 MOBIJILHOTO POCTY €KCIIEPUMEHTAIBLHOTO ITapaMeTpa MOPSAKY Y
MePMaIONX 3a HUKIOT TEMIIEPATYPH € TE 10 B HUX CTaJis 30UTBIIEHHS PO3MIpiB TOMEHIB €
TPHUBATIIIOO 32 BCTAHOBJICHHS OJTM3BKOTO MOPSIKY B CAMUX IOMEHaX. A came po3pOCTaHHS
OTU3BKOTO TIOPSIKY M YTBOPIOE JAJICKUI B CTOTIAX 3aMIIIICHHS.

I3 aHAI3M KiHETHKM BIIOPSAAKYBaHHS aToMiB 3amimenHs y I'LIK- i TIIIT-rpaTaui, a
TaKOX OPIEHTAIIHHOTO MEPEPO3NOILTY (BIOPSAIKYBaHHS) aTOMIB (BTUICHHS ) TTIOMIXK BY3J11B
(tetpaeapuunux MibKBY3ioBUH) ['IIII-rpaTtHuni, Ha npukiaai aromiB BogHio B ['LIIII-
CTPYKTYp1 MeTaiy, 3’ iCOBAaHO POJIb MMOYAaTKOBOTO (HEPIBHOBAXKHOTO) 3HAYEHHS MapameTpa
JTAJIEKOr0 aTOMOBOTO TOPSIIKY B MOTo pelakcarlii 10 CBOT0 PiBHOBaKHOTO 3HAYEHHS. 3a
BIJIJTAJICHUX BiJ TOYKH (Ha30BOTO MEPETBOPEHHS Jaa—0e3iaj] TeMIiepaTyp KiHieBe (piBHO-
BaYKHE) 3HAUEHHS MapaMeTpa JaJIeKOTO MOPSIKY JIMIIAETHCS OJHAKOBUM 32 Oylb-sIKUX KO-
rO MOYAaTKOBUX 3HAYeHb. HaTOMICTh, B OKOJI TOYKHM ()a30BOTO MEPEXOy Jag—0e3aj] came
MTOYaTKOBE 3HAYEHHS MapaMeTpa MOPSAKY MOXKE BUSBUTHUCS BU3HAYAIBHUM Yy BHOOpPI CHC-
TEMOIO CIICHAPi0 CBOET €BOIOIIT — IMOMAJIBINE YITOPSAKYBAHHS YK PO3YTOPSIKYBAHHS.

Y TperboMy po3AlIi BIUIMB THCKY Ha (mepe)po3noiiyl aToMiB y IIUILHONAKOBA-
Hux (K- i T'II-) cromax po3risiiaeThesl B paMKax ABOX MOJEIIB: CJIA0KOI Ta i1CTOTHOT
3aJIEKHOCTH 00’emy cromy, V, BiJ mapaMeTpa JajieKoro NopsJIKy, 1.

B monento crabkoi 3anexnoctu 06’emy crony ['TIK-A—-B Big cTyneHs BHOpsaKyBaH-
HSI IPUITYCKAETHCS KBa,Z[paTI/I‘{Ha 3aJ'IC)KHiCTB eHepriﬁ NapHUX B3a€EMOJIIN Bi):[ Mi)KaTOMOBI/IX
BIHCTaHeH WAA(rZ) ~ WAA(rZeq) + OL [rZ rZeq] WBB(rZ) ~ WBB(rZeq) + OL [rZ I‘Ze ] .
WAB(rZ) WAB(r ) + océ [r, — rZeq] TyT Z — HOMEp KOOpAMHAIINHOI chepu; WAA(FZGq)

BB AB

W (rZeq) 1W (rZeq) CTaJll YaCTHHU €HEePTii B3aEMO/IIi, A]fo ):[oplBIBq}ome naBpHmX[A eHSE—

TisIM B3a€MOJIT TIPU PiIBHOBAXKHMX JUIA T1AP BIAIAIAX Iz =1F70q, 2= V704 1 1z =17¢q; 07 , 07 1
AB Ay . N

o.; — Koe(QILIEHTH, K1 He 3a1eKaTh (y MPUHHATOMY HAOIMKEHH1) B1J KOHIEHTpALlii 1 na-

pamMeTpa JaJeKoro MopsIKy. 3a BCEOIYHOTr0 TUCKY P BIIMIHHI BiJ] pIBHOBKHUX MI>)KaTOMOBI

BiJLIamii I, 3MiHIOIOTHCS. [Ipumyckaemo, 1o (mpuHaiiMHI, Ha TIEBHOMY 1HTEpBaJl P, AKUM 1
00MEKHMOCH) BOHHM JITHIHHO 3MIHIOIOTHCS 3 IPUKIIAAEHUM THCKOM: I, = I7(0) —yp (v >0), ne
r,(0) € sHauenns r, npu p=0. [Ipumyckaerbcs Takox, 1o yp << |rz(0)], a rz(0) i y (a Tomy i
V) He 3anexatpb Big 1. Toi, 3 ypaXyBaHHSIM 3allMCAHUX BHIIE KBAAPATHUYHUX 3aJI€IKHOC-
TeW eHepriil MapHUX B3a€MOIN BiJl MIXKaTOMOBHX BIJICTaHEH, JUIsl €HEprii 3MillaHHs B Z-i
KoopauHawiitHii cdepi, W(rz) =W (ry) + WP(r,) — 2W*°(r,), mosxHa 3amucary:
2.2
W(r, ) = Wo ()| 1+ B, 7P/ Wo(r,) + 07" p? /i (1) |, (4)
JIe CHepTisl 3MIIIaHHs B Z-i KOOPAMHALIHHIN C(1)epi 3a HyJIBOBOFO THCKY, Wo(I,), €
BB AB
Wy (1) =W ™ (1) +W ™ (1) — 2W ™ (1) +

+a§A(r (0) Zeq) +O(’Z (r (0) Zeq) ZG’EB (r (0) Zeq )21

B, :_2[a§*\(r (0)— )+ 02® (1, (0) — 28 ) — 201° (1, (0) — Py )], o, = +a% — 202, (6)
3 ypaxyBaHHSM B3a€MOJIi BCiX aToMiB cromy MiHiMyM [166c0BOro KoHdirypauiiHoro nore-

()
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HIisury OAG/0n = 0 3B0INTHCS 10 PIBHSHHS IS piBHOBa)KHOFO napameTtpa L1,-nmopaaky neq:

Il YD ol Y B ¥ (50 PO (p}z; -
(C+3neq/4)(1 C+Mne/4) 1 kgT o\ p
p =BT n =YY/ ®)

TyrWo(K) = Y aWo(r)exp(-ik*-r), G(K") = —4oy + 6o, — 8otz + 1204 + ... = Y ga(R)exp(-ik*R),
a P(K") =—4P1+6B,— 8B+ 12, +... = Yo B(R)exp(-ik™R).

Amnanoriuti MipKyBaHHs Ta HaOmmwkeHHs A HajacTpykrypu ['LIIT-D04g HpI/I3BOI($ITB
70 PIBHSAHHS aHaIorigHOTO (7) 13 3aMiHOO B HIM MOI[CJ'IBHI/IX HapaMeTpiB Wo(K*) = A,(KM),
a(k - Aow(kM), Bk — BBY(kM), e Kg(kM) W, 1(kM) + wlz(k ) € BJIacHE 3HAYCHHS MaTPH-
ui eneprii smimanss npu p=0, p’ = Ao(K™)/Bg,(K"Y), n=A5(K")Ag, (K™)/[Bg, (k)12 Bg,(KM) =
=~2PB1y1~ 2By2 + 6Bavs + 2Bava + ... = TeBR)Y(RIEXP(-IK"R), Aqy (k") = ~20u7; ~ 202, +
+ 6oc3y§ + 20(@@21 + .. = ZRa(R)[y(R)]Zexp(—ikM-R). OT1xe, BpaxyBaHHS THCKY B YITOPSIAKY-
BanHi (Tumy ['TIK-L1, a6o I'II1-D0yg) mposiBisieThes y 10siBi B piBHAHHI (7) 11 piBHOBaXK-
HOTO [TapaMeTpa MOPSLIKY JiHIHOTo, o P/p’, i KBagpaTH4HOro, o« (p/p’)’, wWieHiB.

['padiuni 3aexkHOCTI Ha puUC. 6 1 7 MOOYA0BaHO y IpUITYIIIeHH] B piBHsHHI (7) N =1 (y
BIJITIOBITHOCTH JI0 OI[IHEHUX MapaMeTpiB y [XXi]). 3a Bi’eMHOT Tapu MOICTBHHX ITApaMETPIB

a(K") i B(K) (puc. 6, a), a6o Aay(kM) i BBY(kM) THUCK TIiIBUIIYE PIBHOBOKHUH IMapameTep Ja-

1,0 1,0

0,9 0,9

0,81 (a) 0,8 1 (6)

0,71 . 0,7- .

061 1) T*=0,18 0.6 1) T*=0,06
g 2) T*=0,20 g 2) T*=0,09
= 0,51 3) T*=0,22 0,57\ 3) T*=0,12

0,4 4) T*=0,25 0,44 4) T*=0,15

0,31 5) T*=0,28 0,37 5) T*=0,18

0,2{ - 6) T*=0,32 0,24, 6) T*=0,20

0,14, 0,1

0,0 0,0

0,0 01 02 03 04 05 06 07 0,8

00 01 02 0.3 04 05 06 07 0.8

ps\

1,0 ' 1,04 :

0,9 ! (6) 5 0,9

8”;' 1) T=0,10 3’57" )

o1 210,15 | 0] 1) T*=0,10
o, 3) T°-0,20 | .Y 2) T*=0,13
€0.5 % 20,51 6 o
=0, | 4) T°=0,28 |= = g 3) T*=0,15

0,4] D 5)Tr =025 | 041 o _0,

| 8) T7=0, : C 404 ¢ ¢|| 4) T"=0,155375

0,3 ! 6) T=0,257 | 0,37 A g "

08 : o , . 5| 5) T*=0,16

2 ’ 2 || 6) T7=0,18

0,14 0,1 A

0.0 0,0 [

0,0 0,2 0,4 0,6 08 1,0 1,2 1,4 1,6

*

p

0,0 02 04 06 08 10 12 14 16

Puc. 6. 3aneXHICTh PIBHOBa)KHOTO NAapaMeTpa JAIEKOro MOPAAKY Meq Bl 3BEJICHOTO TUCKY P =

=p/p’ mnst crexiomerpuunux (C = 1/4) I'IIK-L1, a6o I'III1-D0yg cTomiB 3a pi3HUX 3BEICHUX TEM-
neparyp T i koMGiHawiii 3HakiB MoxensHux mapamerpis: (k) i P(K), a6o A(xy(kM) i BBy(kM).
Jlnst TLK-L1, crony T = kg T/po(K¥)|; (@) (k) <0, B(k*) < 0; (6) a(k™) >0, B(K*) > 0; () 6(k*) >0,
BK*) < 0; (2) (k") <0, P(K*) > 0. Mlns THII-DOsg cromy T~ = ksT/AS(KM)]; (2) A (kM) <O,
BBy(kM) <0;(0) Aow(kM) >0, BBv(kM) >0; (6) Aow(kM) >0, BBv(kM) <0;(2) Aow(kM) <0, BBv(kM) >0.
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0,8 ' ' ' ' ' JICKOTO TIOPSIIKY Meq, CIIPUSIOYN BHOPSIKYBaH-
0,71 HIO, 33 JOJAaTHUX MapaMeTpiB Moemo (puc. 6,
0,6 0) THCK HaBIIAKU MOHHXKYE TMeq, MPOTUAIIOUYH
0,51 BIOPSIIKYBAHHIO, @ 3@ PI3HUX 3HAKIB MOJEIb-
0,41 HUX TapaMeTpiB 3aJICKHICTD Teq = Neq(P) HEMO-
0,31 HOTOHHA 3 MOXKJIHBICTIO JBOX TOYOK (ha30BOI0O
0,21~ ~. nepexoy Jiai—0e3naa. B ocTaHHbOMY BUITAIKY
0,1 @)~ ~ . @) [ cHTyallia Haimikapima. /o meBHOTo 3HAUYCHHS

THUCKY CTOII € HEBIOPSIKOBAHUM, TIOTIM YIIOPSI-
JIKOBY€THCS ¥ IMIIAETHCS TAKUM Yy TIEBHIM 1HTe-
pBasi TUCKY, a TIOTIM 3HOBY CTa€ HEBIOPSIKO-
Ha (3BCTICHY) TeMmepaTypy, Tr, basosoro me- BAHHM (puc. 6, 6). MoK/IMBHI 1 3BOPOTHIN BH-
peTBOpeHHs an—6e3nan y crexiomerpuuniv  NAAOK, KOJIH 3 POCTOM THCKY BIOPAIKYBAHHA
(c = 1/4) T'LIK- a6o ['LL{[I-cTor, mo sriopsz- SHUKAE, CTOI JMIIAETLCS HEBIIOPAIKOBAHUM 10
KoByeTbes 3a Trom L1, (Te = keT/io(KY)) TEBHOTO 3Ha‘I€’HHSI THCKY, & II0TIM JalIeKuii 11o-
art DOy (To = ke T/[2(KM)]). 3uaxcu mogenprmx  PAAOK SHOBY 3’IBIETHCA i POCTE 3 POCTOM TH-
mapamerpis G(K) B, it A (k) i By, () CKY, IPAMYIOUH JIO OJIHHHIL (puc. 6, 2). .
Temnepartypa Tk 1 TUCK Po, 3@ IKUX BIIOY-

BaeThcA (pa3zoBuil nepexia 1-ro pony, BU3Haua-
FOTBCSA 3 1BOX yMOB piBHOBaru: AG(Aneg, Tk, Po) = AG(0, Tk, Po), OAG(Tk, Po)/ON|y=aneq = 0.
Po3B’s13yr0un 1110 CHCTEMY PIBHSIHB JUIS CTEXIOMETPUYHOTO cKiany (C = 1/4), onepxyemMo:

Aneq~ 0,464, ksTy/1o(K") ~ =0,205[1 + po/p’ + N(po/p')’], 9
ne Tk 1 po — temmneparypa (KypHakoBa) il TUCK BIAIOBIIHO y TOYIl (ha30BOTO MEPEXOIY
nan—6e3naz. Tox, TUCK HE BIUIMBAE HA BEJIMYMHY CTPUOKA mapameTpa JaJIEKOTo MOPSIKY
Aneq B TOULl (ha30BOr0 MEPETBOPEHHS TUILY Jaa—0e3nal, a JIMIIEe 3MIIly€e TeMIeparypy
uporo (azosoro neperBopeHHs (Tk) B OiK OIbIIMX a00 MEHIIMX 3HA4YEeHb (pHC. 7), 3aJIexK-
HO BiZ 3HAKiB mapametpis p' i n, a tounimre, G(K*) i P(K*) (a6o Aow(kM) i BBy(kM)).

B mMopento icmommuoi 3anexuoctu 06’emy I'lIK-cronmy Bix L1,-ymopsikoBaHOCTH,
KOJIM BiJIJIajll MK aTOMaMH CYTTEBO 3ajeXaTh BiJl CKJIaay W mapamMerpa MopsaKy, 3aaada
YCKJIQTHIOEThCA. SIKIIO BiAadh MK HAWOMMKYMMU aTOMaMH TPaTHUILl MPEACTaBUTH Y
Bursaai ;= ry(0) — Ary (me r1(0) — 3unavyenns ry npu =01 p=0, a Ar; — 3miHa I, pu
BIIOPSAKYBaHHI 1 BCEOIYHOMY CTHCKaHHI 3 P > 0, mpuuomy po3riisialoThCsl TUCKU KOJH
|Ary| << r1(0), To 0OMex)yIOUHCH JIIHIHHUM 3a Al] TOJIAHKOM, OJCPKYEMO BUPa3 ISl 00’ eMy
cromy Vi3 N atomamn, V =Nri/v2 = N{r5(0) — 3r5(0)Ar,}/2, i Bupas 11t eneprii 3Mimanms B
nepiii koopauHawiitHiit cdepi, W(ry) = Wo(r) + P1Ary + ou(Ary)?, e o i By BusHaueHi B (6)
npu Z = 1. PiBHOBaXH1 3Ha4Y€HHsI 3MiHU Bia1, Ary, M HAHOIMKYUMUA aTOMaMHU TPaTHUII
BH3HAYAIOTHCS 3 YMOBU MiHIMyMY TepPMOJIUHAMIYHOTO MoTeHIisury, 0AG/0r; =0, 3 sikoi oj1e-
pikyemo: Ary = (3p1M%/8 + aryip)/ (a1 — 3oun?/4), me ax = (1 — 2¢)ot” + 2ca” + 12¢%0u, ay, =
=3r3(0)/o1V2. Toxi, 3 ypaxyBasHSIM Ary, eHeprist 3mimanmst W(r;) BUpaKaeTbes SK:

B 11 1e2np/p )
WE) =W(6) 1 4n1+4n1(1—(3n2/4)(061/0§j ’ (19

* . 2 . .
Jie BBEJICHO mo3HaueHHs P; = Wo(r1)/B1y1 1 Ny = auWo(r1)/B;. BpaxoByrouu mixkaToMOBI B3a-
€MOJIiT Y BCIX KOOpAMHALIWHUX cepax, ymoBa piBHOBaru 0AG/on = 0 3BoAUTHCS IO PiB-
HSIHHSA JIJIs1 PIBHOBA)XHOTO MapaMeTpa JajleKkoro nopsiaky tumy L1,:

0,0 T T \I T T

0,0 0,2 04 0,6 0,8 1,0 1,2
*

p

Puc. 7. Biuius (3BeICHOT0) THCKY, p* =p/p’,

(a—2) ciBnaaroTh 31 3HAKAMH Ha pUc. 6, a—e.
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0,561 11,0 Puc. 8. Brums tHcky, p = p/py/, Ha
£0,521 (a) 10,81 (6) [ crpubok mapamerpa L1p-nopsxy,
<0 481 10,67 [ ANeq, B TouLli (ha30BOTO IMEpexomy

12 0,4 naa—0e3nan 1 TemnepaTypy Takoro
e 8 10,21 " mepexony, Tk = KgT/|4wq(ry)|, y cre-
St 0,11 - xiomeTpuuHiMm (C = 1/4) I'IK-cTomi

0 . , , 0.0 . . . | 3a 1BOX KOMOIHaLI# MOJIENbHUX Ia-
00 04 08 12 0,00 0,05 0,10 0,15 0,20 pamerpis: Ny =25, /a1 =0,013 (a);

P P Ny =—25, op/cis =—0,013 (6).

~ N 2
n (€M /A)(A—C =3,y /4) _ M W(K) L1 ZCZB§ L 1+2y50,p/B, (11)
(C+3n, /D(A-C+n,/4) ke T M(k*) S a, 1-3a,m?, /40,

ne pakropu3zariiini koedimientu C; =—4, C, =6, C3=-8, C4; =12, ... BIAMIOB11aI0Th XBUJIHO-
BOMY HaZCTPyKTypHOMY Bektopy K* y 1-it Bpinmoerosiit 3oui (BZ) I'LIK-rparuri [Xviii].

Tpu ymoBH piBHOBAru B Toulli ha30Boro neperBopenHs nag—oe3nan, AG(Aneg, Tk, Po) =
= AG(0, Tk, Po), OAG(Tk, Po)/OMln=aneq = 0, FAG(Tk, Po)/OAI 1]y-aneq = O HatOTH cCTEMY piB-
HSHB, BUKJIIOUAIOUH 3 K01 Ary(Po,ANeq), MAEMO ABa PiBHAHHS, IO OB’ A3YIOTh MK COO0I0
BEJINYMHU Po, Tk 1 ATeq B TOULI (pa30BOr0 Nepexory. 3HaYE€HHs ONHIET 3 HUX OHO3HAYHO BHU-
3Hayae /1Bl 1HOI1. Bennana Aneq He 000B’I3K0BO CTalla, SIK 'y MOJEIIO CIa0Ko1 3aj1eKHOCTH V
BIJI 1], @ MOXe€ 30UTbLITYBaTUCh YU 3MEHIIYBATHUCS 3 POCTOM | 3aJIE3KHO B1Jl TapaMeTPiB MO/Ie-
710 (puc. 8). 3aexHICTh XKe TeMIIepaTypH BIIOPSIKYBaHHS BiJ] TUCKY 3HOBY € HEJIIHIHHOIO.

Jist mociipKeHHs BIUIMBY TUCKY Ha KIHETHKY peJiakcallli mapamerpa J1ajJeKkoro nopsii-
Ky CJIi1 y BUpa3i JAJig €Heprii 3MilllaHHs BpaXOBYBATH ii 3aJIEXKHICTb B1JI TUCKY. TO/1 OCTaHHIH
CTa€ OJTHUM 3 TIapaMeTpPiB y KIHETUIHOMY piBHSIHHI TUITY (3). PO3B’3KH TaKUX PiBHSHB 3 Pi-
3HMX KOMO1HAIi}l 3HaKIB TapaMeTPiB B 000X MOJIEIISIX MO10H1 IO THX, 1110 Ha puc. 4 15. Tuck
MOJKE 3MIHIOBATH 3HAK MIBUIKOCTH 3MiHH TapaMmeTpa mopsaaky. Cucrema, mo BIOPSAKOBY-
€ThCA (PO3YNOPSIAKOBYETHCS) 32 HYJIbOBOTO (aTMOC(HEPHOT0) TUCKY, MOXKE 3a3HATH PO3YTO-
pAAKYyBaHHS (BIOPSAKYBaHHS) MiJ A1€0 TUCKY. BupilanbHOIO X y BUOOPI CLIEHAPIIO Hepe-
PO3MOJILITY aTOMIB € OUEBUIHA «KOHKYPEHIIS1» TEMIIEPATypH 1 TUCKY K YNHHUKIB. 30KpeMa,
3a TIEBHUX 3HAKIB TTApaMeTPiB MOJIEITIO MiABUIIICHHS TEMITEPaTypPH MOYKE KOMITCHCYBATHCS)
TIIBUIIEHHSM THCKY TaKUM YHHOM, 10 B MPOIIECI pelaKcallii mapamerep mopsaky oyae He
JuIIe He 7001ratu HyJis, a i B3araji He TOHU3UThCS.

Cepen HaBeIeHUX MOJIENIIB aTOMOBOTO BIOPSJIKYBaHHS HaWpEATICTUYHIIINM € TOH, B
SIKOMY THCK ITIJIBUIILY€ TEMIIEPATYpPy Mepexoay Jiaa—oe3mnas (puc. 9), THM caMUM «ITiICHITIO-
049 BIIOPSIKYBaHHS, a CTPUOOK PiIBHOBAXKHOTO MapaMeTpa JaJIEKOTO MOPSIAKY CTaauil abo
MOHOTOHHO T1BUIITY€THCS A0 EBHOTO TPAaHUYHOTO 3HAYSHHSI, 110 BIJIMOBIA€ BUIIAJIKY Clia-
oKoi (puc. 617, a) un icToTHOI (puc. 8, a) 3aIeKHOCTEH 00’ €My CTOITY Bij MTapameTpa mopsii-
Ky BiZIMOBiTHO. Takuii Mojiensb €, 30KpemMa, HaOUThIIT TPUAATHUAM JIjIs OTHCY (ha30BHUX MEpeT-

700 190- -1 Pue. 9_._ EKCHep_I/_I_MCHTaJ'IBHi
(@) (m [xxii], ® [xxiii]) i Teope-
6901 180 | THYHI 3aNEKHOCTI TeMIle-
%2680- parypu (a3oBoro mepexo-
&~ 370/ | oy nmap—0e3nman Big THCKY
670+ B CKCHCPHUMEHT ® CKCICPUMEHT s cromis TLIK-CusAu (@)
o0 — " | 3ol MR | i TII-MgCd; (0). Myni-
00 05 1,0 1,5 20 0,0 0,2 04 0,6 0,8 1,0 TupHl JIHII BKAa3yKOTh Ha
p,ITla p,1Tla BiIXMJIM BiJ{ JTIHIHHOCTH.
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BopeHb Tumy Jaa—6e3naa B I'TIK ta I'LLIT 3ani3oHikiIeBuX CTOMax 3a €KCTPEMAIbHUX YMOB
HAJIBUCOKUX THCKIB 1 TeMIeparyp, sk TO y siapi 3emiii. EkcnepuMeHTalibHI TOUKH Ha puc. 9
n00pe anpOKCUMYIOThCS TEOPETHYHOIO 3aIEKHICTIO Tk = Ty(P), 1110 0JIePIKY€EThCS HABITh Y
MIPOCTIMIOMY MOJIEIIO 31 CJIa0K0T0 3aNekHICTIO V Big 1. 3a po3paxyHKaMu B paMKax OIHCa-
HUX MOJIENIB IIPU EKCTPEMaIbHUX YMOBaX HAJIBUCOKOTO THUCKY B LIEHTP1 3EMHOTO sijipa, P~
~ 362,24 I'Tla, Temmeparypa (a30BOTO MEPETBOPEHHS JIaa—0e31a 1 JUisl CTOIB THITY TIepMa-
5010 i MgCds cranosmia 6 ~10°—10° K, T06TO BOHH JIHIIATHCS O i TaM yIIOPSAKOBAHIMI,
SIKHMU BOHH 1 € Ha IOBEPXH1 3eMJTi 32 KIMHATHOI TeMITepaTypH i aTMOC(EPHOTO TUCKY.
YeTBepTHii Po31aii MPUCBSIYCHO CTATHCTHYHO-TEPMOAUHAMIYHOMY, CHMeETpPiiiHO-
MYy i KiHETHYHOMY HiAXOXY 10 MepeadauyeHHs MOKJIMBUX BIOPSAKOBAHUX PO3MOALTIB
aToMiB 3aMilllEeHHs Ta BTUICHHS Ha BY3JlaX 1 MDKBY3JIOBHHAax (IIEHTpaxX IIUIbHUKIB) epa-
@enosoi (ninbHUKOBO1) TpatHUI (puc. 10, 11). 3a MeTOI00 CTaTUYHUX KOHIICHTPAIIHHIX
XBHJIb Ta Y HaOJIM)KEHHI CaMOy3To/KEHOTO 1moutst [XVili], rpadeHoBi (Haa)CTpyKTypH 3ami-
IIICHHS OMMCAHO OJHHUM, JBOMAa UM TPhOMa MapaMeTpaMHy JaJIEKOTO aTOMOBOTO IOPSIKY,

\

e
OROR N,

N\

Al

SN S\

2\

Puc. 10. IIpuMiTHBHI e1eMEeHTapH1 KOMIPKH HAACTPYKTYp 3aMILIeHHS Ha OCHOBI IpaTHUIII rpadeny
3i crexiomeTpismu (a)—(6) 1/2 (CA), (2)—(e) 1/4 (C3A), (¢) 1/8 C/A, (o), (3) 1/3 C,A, (1) 1/6 C5A.



O

(6) a, -~ nchlz @ X

na; \\ /

Puc. 11. [IpumiTuBHI eneMeHTapHI KOMIpKH TpadeHOBUX HAACTPYKTyp BTuteHHS (a) CoX (k = 1,
10010 ¢ =1/3), (6) C4X (k=1/2,c=1/5), (8) CeX (k=1/3,c=1/7)i(c) CeX (x=1/4,c=1/9), nex —
BIJIHOCHA KOHIICHTpAIIiS TOMIIIKHA BTIJICHHS X, TOOTO YacTKa JOCTYIMHUX MIKBY3JIOBUH, 3aHATHX
BTUICHUMH aTOMaMHU, a C — 710J1s1 came aToMiB X (X KOHIIEHTpaIlis ) BT 3araJIbHOI KITbKOCTH aTOMIB.
ATOMHU BYTJICIIIO TO3HAYCHI 3IpOYKaMH, a HE3aIIOBHEHI (B HAACTPYKTYpi) MiXkBY310BUHE — O.

0 YMOXUIMBIIIOE JIEKUJIbKa HEEKBIBAJIGHTHUX BIOPSIKOBAHUX PO3MOILIIB aroMiB 3aMi-
IICHHS 3a MEBHOTO cTexioMeTpuyHoro ckiany (puc. 10). Ha BiaMiny Big (Hamx)CTPyKTyp
3aMilieHHs, Bcl rpad)eHoBI (HAJ)CTPYKTYpPH BTUICHHS OMUCAHO JIMIIE OJTHUM IapaMeTpoM
MOPSAJIKY, @ 3@ IEBHOTO CTEXIOMETPUYHOIO CKJIaJy MOKJIMBUH JIMILE OJMH BIOPSAKOBaHUH
PO3MOIIT BTIJICHUX aTOMIB MO MiXKBY3J0BHHAaX rparHuii (puc. 11). I'padeHoBI HamCTPyK-
Typu Ha puc. 10 1 11 onmcyBamucs NMOCIIIOBHO CIIOYATKy BHUBEICHUMHU WMOBIPHICHUMH
GyHKIIsIMEA pO3MOALTY aToMiB 3aMineHHs—BTUIeHHS P(R), a moTiMm — Bupazamu it KOH-
¢irypamiifHO-3aJIe)KHUX YaCTHH BUTbHHUX eHeprid AF (3 MOKIMBICTIO BpaXyBaHHSI SIK JIUIIIC
KOPOTKOCSKHMX, TaK 1 pealiCTUYHININX JAJICKOCSHKHIX MIDKATOMOBHUX B3a€MO/IIH).

JIJist BU3HAYEHHS! YMOB HU3BKOTEMIEPATYPHOI CTaOITbHOCTH HAJCTPYKTYp, CTIMKHX
1010 TOAPIOHEHHS 1X Ha aHTU(a3H1 JOMEHH, 3aCTOCOBYBAJIach JOCTATHS YMOBA, — MiHi-
MaJIbHICTh KOH(QITypamiiHol BHYTpiHbOI eHeprii AU|r_ox — MOKIagar04u y BUpa3ax Jjis
AF T=0K, a1 = 1 mist BIAMOBIAHOTO CTEXIOMETPUYHOTO CKiIamLy [XViii], Ta HE0OXimHY
JUISL TIOSIBU OY[b-IKO1 (HAI)CTPYKTYPH YMOBY, — TO3UTHUBHICTh TEMIEPATYpH BTPATH
CTIHKOCTH HEBNOpPsAAKOBaHOTO cTaHy 2D «TBepmoro po3unny» Ha rpadeHoOBiii OCHOBI II0-
J10 YTBOPEHHSI JATEKOT0 MOPSAKY B aTOMOBOMY posmoimi: Ts = —Kg ¢(1 — ¢)minie(K) > 0,
110 BIJMOBIZA€ HE MPOCTO HEIaTUBHOCTI EHEPreTUYHOTO mapamerpa A,(K), a, Hacamriepen,
mini,(K) <0 (0w =1, 2; k e BZ) [xviii]. L1i yMmoBH peaini3yroThCs Ha IEBHUX JUISHKAX 3Ha-
YeHb MapaMeTpiB MI>KATOMOBHUX B3a€EMOJIiH, K1 BU3HAYAIOTHCS Yyepe3 €Heprii 3MilIaHHs (a
OCTaHHI — 4Yepe3 €HEeprii MapHUX MIXKATOMOBHUX B3a€MOJiM) 1 MICTATHCS y BHpa3ax AJis
KOH(DIrypariifHoi BiIbHOI (BHYTPIIITHBOT) €HEPT1i.

KopoTkocskHi Mi>kaTOMOBI1 B3a€EMOJIIT 3aBX A1 3a0€31eUyI0Th CTa0UIbHICTD «IIpUBLIIE-
HOBaHOTO» MOPSJIKY Y (Ha)CTPYKTYypax, i€ BCl aTOMU JISTyBaIbHOI JOMIIIIKH CYCIASTh 3 Ma-
tprunnmu (KapGonosumu). Hampukian, ananiza Mogemo st ckiany CsA cBimunth (pHc.
12, a), o, KO JeryBaibHi (I0MyBaibHi) aToMU A oToueHi cycimamu auiie copty C, Haj-
cTpykTypu Ty C3A eHepreTHYHO BUTIIHIIII 33 JOBUIBHUX 1 CTAOUIBHI 32 IEBHUX 3HAYEHb
€Heprii 3MilaHHs (3a BAHATKOM 00YMOBJIEHOTO CAMUM MOJEIBOM OKPEMOTO BUIAIKY MPU
Ws/W; =1/3, ko AU; = AU, < AUs3,). TIpoTe, K110 Xx04ua 0 OfMH 3 HAWOJIMKYUX CYCiJIiB aTo-
MIB JIOMIILIKH € T€XK JOMIIIKOBUM, TO HAACTPYKTypa TUIy C3A eHepreTUuHO CTa€ HEBUT1I-
HOIO 1 HECTaOUIBHOIO 32 OyIb-SIKUX 3HaYEHb €HEPT1i 3MIIIaHHS (32 BUHATKOM 3a3HAYEHOTO
BUTIAKY W3/W; = 1/3). A B paMKax MOJIEITIO, IKU BPaXOBYE B3a€MO/Iit0 ATOMIB JIUIIIE B TIEP-
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Puc. 12. JlinsgHku 3HaYeHb MapaMeTpiB MDKaTOMOBUX B3a€MOJIH, IO «3a0€3MeUyI0Th» HU3bKO-
TEMIIEpaTypHY CTaOLIbHICTh HAACTPYKTYp 3aMimienHs tuny CzA (a) i C,A (6), sKi ONMHCYIOTHCS
onuuM (1), aiBoma (2) um Tppoma (3) mapaMeTpamMu JajJeKOIo MOPSIKY 1), B MOJIEIIO i3 B3aEMOJIII0
aTOMIB JIMILIE Y MEPIINX TPhOX KOOPAMHALIMHUX «Koiax» rpadenoBoi rpatauii. Hezamrpuxosa-
HUM JUIsTHKaM (MeTacTabibHOCTH) BiAnoBigaoTs HaacTpyKTypu CsA (a) i C,A (6) (3), mo xapa-
KTEPU3YETHCS TPhOMA MapamMeTpaMu MOPSIKY, CHEPreTHUHIA BUTIAHOCTI SKUX «3aBaXkaey» BIIIO-
BimHO Ao(KM) >0 () i A,(K") >0 (6). 3a Bix’eMHOI eHeprii 3MillTaHHs TS CyciaHix aTomis, Wy <0,
JUISTHKY 3a3HAOTh IEPETBOPEHHS CUMETPIi (B1II3epKajIeHHs) BIIHOCHO BICI OpAMHAT.

IIOMY KOOPJIUHALIHHOMY «KOJIi», esKi 3 HaacTpykTyp (Hampukiaa, C,A i CsA) e B3arami
HEMOKJITMBUMH (HECTaO1TbHUMN) 32 Oy 1b-SKHX 3HAUYEHB EHEPTiil B3aeMOoiii aToMmiB (puc. 12,
0). B TakoMy MOzEII0 TeMIepaTypa BTpaTH CTIHKOCTH HeBHOpsaKoBaHOTO cTany Ts=0K,
OCKIJIbKH (HABITh 32 HEHYJILOBUX €HEPT1i B3a€EMOJI1H y TTapax aToMiB 3 PI3HUX IMIATPATHUIL Y
nux crpykrypax) wi,(k<) =0, cedto xondirypariiiita BinbHa eHepris, a ToMy i (He)cTabiab-
Feeeeleeiilitinnitenn HICTh, BUBHAYAETHCS JIMILE BHYTPIIIHBOIIIT-

, /'t pATHHIEBHMH CHEPTisIMH 3MimaHus (y 2-My,

4‘; N\ " 5-My, 6-my, 10-my i1 T.n1. KOOpAMHAITIHHUX
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«KoJax»; Wy, Ws, W, Wig 1 T.11.), aJI€ HE i MiXK-
.| migrpaTHUIIEBUMU eHeprisMu (Wi, Wz, Wy, Wy,
"B Wg, Wy, ...). HaTomicTb B MOZEITIO 3 JATIEKOCS -
[ OKHHMH B3a€MOJISIMH, KOJIM JO yBard IMpHid-
MalOThCsl B3a€EMOJII YCIX aTOMIB CHCTEMHU,
Oynp-sika 3 nependoadueHux rpadeHOBUX HaJ-
cTpykTyp Ha puc. 10, 11 moxe OyTu crabdiyib-
HOIO 3a MEBHUX 3HAYCHb €HEPTid Mi1KAaTOMO-
BuX B3aemoii (puc. 13). Lle o3Hauae, 30kpe-
B Ma, IO JTUIIE TANIeKOCSKHI B3aEMO/IIT MOXKYTh
e e COPMYUHATH YTBOPEHHS (HaI)CTPYKTYP 1 CTa-
(k) ;xz(kf‘l ) 30453 6iJ’IiBYBaTI/I. ix, AKIIO B HAX JIESIK1 JTOMIIIIKOBI

Puc. 13. Jlisrpama 3HaueHb apaMeTpiB Mixka- atomu C.y CLUATE MDI.< coboro. .
TOMOBUX B3aeMoJiHd, 3a skux (mpu T =0 K) Yl rpaQeHOBI (HAN)CTPYKTYPH BTLICHH
OTIMICAHO JIMIIIC OJHUM ITapaMeTPOM JAJEKOTO

cTabUIbHUMU € TpadeHOBl HAJICTPYKTYpH 3a- h
MiIJ.[CHH?I TUITY C3A, OIMcCaHi OTHUM (1), TIBO- IOpsAAKY T, a 3a IICBHOI'0 CTCX10MCTPHUYIHOIO

Ma (2) abo Tproma (3) mapamerpamu ganexoro CKIALy MOKIMBAW JUIIC OIWH BIIOPAIKOBA-
MOPSIKY. BSaCMOJIiIO aTOMIB BPaxOBaHO B YCiX HHH PO3MNOAUI BTUICHHUX aTOMIB I10 MIZKBY3JIO-
KoopﬂHHauif/iHI/Ix «KOJIax» l‘paTHI/IL[i. BHHAX TPATHUIIL. L[e YMOXIIMBIIOE€ pO3riraaga-

12(0)/2o(k™)




Puc. 14. KineTrnka 4acoBoi,
t" = [(k*)t, penakcamii ma-
paMeTpiB JalieKoro Mopsi-
Ky rpadeHoBux (Ham)cTpy-
KTYp 3aMIIIECHHS 3a EBHUX
3HA4Y€Hb (3BEJICHOI) TeMmIle-
parypu T =kgT/[ho(K )| =
=0,14 i mapameTpiB B3ae-
Moiit aromis Ap(0)/A,(K)=
£ =7/12 (Mi(K*) = 1o(K<) < 0).

| IR 1 R 1 N 1
nla 110 anl s 12

TH TIO3UTUBHICTh TEMIIEPATypH BTPATH CTIMKOCTH HEBMOPSAKOBAHUM CTaHOM I110/I0 BUHU-
KHEHHS JaJIEKOro MOpsAKY B po3noaii BruteHnx atoMiB (Ts > 0 K), sk HeoOXiaHy ¥ 10c-
TAaTHIO YMOBH TEPMOJIMHAMIYHOI CTAO1IBHOCTH.

JItst yeix HaACTPYKTYPHHUX TI/Il'IlB Ha puc. 10, 11 noGymoBaHO KpHBi 4aCOBOI €BOIOITIT
napaMeTpiB IaIeKoro MopsaKy 1's (HUKHiil i BepXHiil iHAEKCH T03HAYAIOTH BiMOBIIHO iX
HOMEP 1 KIJIbKICTh BJIACTHBI NIEBHIHM HAJACTPYKTYPI), AKUX OJCPIKAHO i3 PO3B’A3KIB MIKPOIHU-
¢y3ifinnx OHcarepoBUX PiBHAHB TUITY (2). 3’sCOBaHO, 110 BHECOK Bij B3aEMOJIiH aTOMIB Ha
MEBHIN BIAAAII CIIPUSE UM MPOTUJIE BIOPSIKYBAHHIO 3aJI€XKHO BiJ 3HAKy iX €HEprii 3wmi-
IIaHHS ¥ Y BIIMOBITHOCTI A0 CUMETPIi CTPYKTYpH. Y TBOPEHHIO KOKHOTO HAJICTPYKTYPHOTO
TUITY CIIPUSTIUBUMU € BHECKHU BiJ] B3a€EMOJIIi aTOMIB HE B KOXKHOMY KOOPJIMHALIITHOMY «KO-
Ji», a JIUIIE Ha MEBHUX BY3JIOBUX YW MDKBY3JIOBHX BIJIIaJsAX. SIKIIO BHECOK BiJ B3aEMOIL
aToOMIB Ha MIEBHOMY KOOPJMHALIIIHOMY «KOJI1» MOHMXKYE (3 YpaxXyBaHHSIM 3HAKy) 3HAYEHHs
@Dyp’e-KOMIMOHEHTH 1XHBOI €HEprii 3MIIIaHH, TO BiH CHpPHUSE BIOPAJIKYBAHHIO, a 1HAKIIIE
MPOTUIIE HOMY, BIUTMBAIOYM B 000X BHMAJKaxX Ha TeMIiepaTrypy (azoBOTO MEpPETBOPEHHS
naa—6e3naa. KoHKypeHIiis Mix co0010 JEeKUTbKOX HEEKBIBAJICHTHUX BIIOPSIKOBAHUX PO3IIO-
JIJTIB aTOMIB 3aMIiIIIEHHS 32 IIEBHOTO CTEX1I0METPUYHOTO CKJIaay BiJOOpaKaeThCs i y KIHETH-
YHIM TPOIIEeCi: HEMOHOTOHHICTh YaCOBOI 3aJIKHOCTH MapaMeTpiB nopsaky (puc. 14), cnpu-
YMHEHA HAsIBHICTIO ABOX IMIATPATHUIIb Y Tpa)€HOBIM IpaTHULI, a TOYHIIIE, HE TPOCTO Pi3HU-
L[EI0 KOHKYPYBaJIbHUX BHYTPIIIHBOIIAIPATHULIEBUX 1 MIKIIAIPATHULIEBUX €HEPT1i 3MIIIaH-
HS B3a€EMOJIMHUX aTOMIB, a IOMIHYBaHHSIM caMe OCTaHHIX Yy TaKiii KOHKYPEHIIi.

VY m’aromMy po3aisi po3riisiaeTbCs e1eKTPOHHUI (a He mudy3iitHui, SK y monepeaHix
po3/i1ax) TPAHCHOPT, 30KpeMa, BIUTMB HA HbOTO MPOCTOPOBUX KOHMDIryparii mouxkosux
nedexTiB Ha epageni. Ioro eneKTpOTPaHCIOPTHI BIACTUBOCTI PO3PAXOBYBAIKMCS HA OCHOBI
HECTAL[iOHAPHOI0 KBaHTOBO-MeXaHiuHOro mMoueno KyGo-IpiHByaa B mpsSMOMy IPOCTOPI,
KOJIU €JICKTPOIPOBIIHICTh YEPIAETHCS 3 YACOBOI TUHAMIKH XBHIJIBOBOTO MAKETY, MOIIUPEH-
Hs IKOTO Ha TpadeHOBIH TUIONIMHI 3 IJTMHOM Yacy BH3HAYAETHCS (KKEPYETHCS») 3aJICKHUM
Bix yacy lllpenunrepoBum piBHSAHHSIM. Taka METOIONOTISI OXOIUTIOE BC1 TpH (OaTiCTUIHUM,
G y31HHAN 1 TOKaTi3aliifHUI) TPAaHCTIOPTHI PEKUMU Ta € O0YUCITIOBAILHO-E(PEKTUBHOIO,
JI03BOJISIFOYM BUKOHYBATH KOMIT FOTEPHI pO3paxyHKH Ui rpa)eHOBUX CHCTEM, HAOIMKEHIX
710 pEaiCTUYHUX, CEOTO 3 MUIBHOHAMU aTOMIB (BY3I1iB). Y OUIBIIOCTH AUCEPTAIIHHUX PO3-
paxyHKiB Irpad)eHOBI mapy MicTuIM 1,7 MUTbIOHIB BY3J1iB, 1110 BimoBi1a€ ol ~ 210 x 210
HM’, 8 MaKCHMaITbHI po3Mipu csramm ~ 500 x 500 um” (10 10 MiTbiioHiB By3IIiB).

Po3paxyHOK €JIEKTPOIPOBiHOCTH NOYMHAETHCA 3 popmyan KyGo—IpinByaa [XXiv]:

o = (2rhe’ /) Tr[V,8(E — H)V,8(E — H)] (12)
Ie V, € X-KOMIIOHEHTa olleparopa MIBUIKOCTH, E — eHeprisa enekrpona, —€ < 0 — iioro
3apsn, € € moma rpadgeHoBOro 3pa3ka, 2 BpaxoBye CIiHOBE BUPOKEHHS, a TUHAMIKA He-
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3B’SI3aHUX HOCIIB 3apsAny B TpadeHi OmuCyeThCs CTaHIAPTHUM P-opOitambHuM [ amMinbTo-
HISTHOM Y HaOJIMDKEHHI CHIIBHOTO 3B’ SI3KYy [XXV]:

H= —uy" cle, + > Vicle, (13)
ne u=2,7 eB [XxV] e inTerpan nepeckoky s cycianix aromiB C Ha Bijgaii mapaMmeTpa rpat-
muii o= 1,42 A [xxv], ¢ (c,) € omepatop HapoKeHHS (3HULIEHHS), WO Ji€ Ha (KBa3M)-
YaCTUHKY-HOCIH 3apsiay y By3di i, V| € TOTSHIIIsUT po3CisiHHS Ha e eKTi y By3Ji |, CyMyBaHHS
BiZIOYBa€THCS 110 BCIX CyCiqHIX By3nax I, I' CepenHiil KBapaT po3MIMPEHHS XBHILOBOTO I1a-
KeTy (po3TamoBaHoro B MOMeHT yacy t =0 B 11eHTp1 ruionuHu rpadeHy) B3I0BXK BIC1 X 3 €He-
priero E BusHaunmo sx: (AX2(E, 1)) = ([X () — X (0)]?), me X (t) =UT(t)XU(t) € oneparop
nonoxeHHs B [aiizenGeproomy mpencrasienti, U (t) = R — OTIepaTop 4acoBOi €BO-
arorii. ToJil 3 MaTeMaTHYHUX TIEPETBOPEHD BUILIMBAE BUpa3 (AWHIITAHOBE CITIBBIIHOIICH-
H1) JUTS X-KOMITOHEHTH TEH30pa TUTOMOI €JIEKTPOITPOBITHOCTH [XXIV]:

6,4(E) =e%p(E)limD,,(E.1), (14)

ne P(E) =p/Q=Q7 Tr[8(E —H)] € rycruna (enexrpornnx) cranis (DOS) Ha OJUHHIIO
mromi (it Ha oauH crin), a (mudysiitaicts) Dy(E, t) BusHauaetses uepes AX 2(E,t):

D, (E. ) o (AX*(E, )/t = WH{TH(X (1) - X (0))*8(E ~ H))/Tr[8(E ~H)T.  (15)
Enexrponnuii TpancniopTHuid koedirieHT Dy (E, t) Mae po3mipHicTh 1udy3iitHOTO i TOMY B
JITEpaTypl YaCTO MO3HAYAETHCS AK KoePiieHT qudy3ii eIeKTPOHIB, SKUM BiH 1 € B TU]Y-
31THOMY peXUMI, SIKUI 1 PO3TIIAIAETHCS B IUCEPTAIlli, 1€ AJII CKOPOUCHHS 3aIKCY 1HEKCH
01151 TeH30piB G 1 D omyckaroThes Ta MPUKUMAIOTHCS MO3HAYEHHS Oy =G 1 Dy =D. Y n1u-
¢y3ifinomy pexxumi D(E,t) HaOyBae cBOro MakCUMaJbHOTO 3HAYCHHS, CSra€ HACHUCHHS 1
cTae He3aJIexKHUM Bijt yacy. Tomy micia 3aminm B (14) lim _ D(E,t) — Dpax(E) Hamibkia-

CUYHMI BUpPa3 ISl IEKTPONPOBITHOCTH HAOYBa€ BUTTISY:
(E) =€°p(E) D, (E).- (16)
Kom6iryroun o(E) i ryctumy HociiB 3apsiny (enexrponis) Ne(E) = [ EOC[S(E)dE — Nions, 1€ Nigns =
= 3,9-1015 oM 2 — TryCTHHA MO3UTUBHUX MOHIB, sIKI KOMIIEHCYIOTh HETAaTUBHUU 3apsi]] CJICKT-
POHIB MTPOBITHOCTH, OJIEPIKYEMO MIPSIHY B O1JIBIIIOCTH EKCIICPUMEHTIB 3aJIEKHICTh G = G(Ng).
VY nucepraiiitHiit poOOTI po3paxyHKH MPOBOAMIIKCS 32 PI3HUX PO3CIFOBAJILHUX MMOTEH-
1isUTiB: c1abKOTO i CHIIBHOTO, KOPOTKOCSKHOTO 1 nanekocskaoro ([ayccosoro, Kymonosoro,
d-moxioHOrO Ta iH.). Jlenpra-moaioHuit moreHiis, Vi= Z'jt”f’ Vjij (cmabxuit, Vj = [Vo| Su, i
CUIIbHHH, |Vo| >> U), IpuaaTHUl I MOJCITIOBAHHS HEHTpaabHUX (a71)aToMiB. A 3apspKeH1
HOoHM Ha TpadeHl UM MOBEPXHI 1eJIEKTPUYHOTO MIJIOXKS B JIITEPATypl 4aCTO MOJIEITIOIOTh
T'ayccoBuM norenuisiuom, V= 2’;';";" Uiexp[|Ri - Rj|2/ (2E9)], me Nimp BU3HAUa€ YUCIIO JOMIII-
KoBuX (am)aromis, R; (R;) — paniroc-Bexrop By3nai (j), & — epexkTHBHUIA pazitoc il TOTeH-
1isuty (€(peKTHBHA JOBKUHA €KpaHyBaHH:), a BUCOTA MOTeHU1suTy U; pIBHOPO3MOALIEHA B 1H-
tepBaii [-A, A] abo [0, A], sik1i0 BoHa BIAMOBIAHO 3HAKO3MiHHA 200 3HAKOCTAJIA 3 MAKCHMa-
JHbHUM 3HaueHHSIM A. Bapitorouun epextuBHuil paaiyc &, MOKHa MOUIMPIOBATH HOTO 110 Ha
BCIO rpad)eHOBY IUIOIINHY, BBAXKAKOYH HOT0 JajekournHHuM. [Ipore, Gpitysanus [ayccoBum i
KyrnoHoBMM MOTEHITISTIaMUA TOUYOK PO3CIFOBATBHUX MOTEHIIISUIIB, PO3PAXOBAHUX 3 MEPIITUX
TMPUHITUIIB TS TOMIMKOBUX (a1)aromiB Hitporeny Ta Kasito, CBITUUTB, 1O 111 TOTSHIISUTH
HE HaWJITIIIE TacyIOTh JJI ONMCY PO3CISTHHS Ha HUX. TOMY B pO3paxyHKax JUisl JOMyBaIbHUX
aromiB N 1 K kopucTanucs noTeHIisiaMu, 3aaistHuMHE 3 ab initio po3paxyHkis [xxvi], siki g0-
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® ab initio po3paxyHKHu

—0,5 - JIBOCKCIIOHEHTHA aIPOKCHUMAIIist [
—064/ Kynonosa aHpOKCI/IMaI.IISI
------ TayccoBa anpokcumaltis

_0,7 - - T T T T T T
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Puc. 15. Po3ciroBanpHu# moteHuisut ais agatomiB Kamito y rpadeni Ha ¢ikcoBaHiit BUCOTI ajco-
p6uii h = 2,4 A (a) Ta Ha pizanx Bucotax h (6). Ab initio po3paxynku (e) 3amomistai 3 [XXVi] i amn-
pokcuMoBaHi pisaumu QyHkuismu: [ayccosoro (V = Uexp[-r?/(2£?)] 3 npunacyBansHAMH mapa-
metpamu U =-0,37u i § = 2,21ay), Kymonosoro (V = Q/r 3 Q =-0,36ua,), Ta 1BOCKCIIOHEHTHOIO
(V = Usexp(—r/&;) + Usexp(—r?/&, 3 Uy = —0,45u, &; = 1,47a,, U, = —0,2u, &, = 2,73ay).

Ope 3MIaJKYIOThCS HaBITh JBOCKCIIOHEHTHOIO (hyHKITi€r0 (puc. 15, a), unm (3a motpedu) Mo-
’KHA KOPUCTATHUCS JIJIsl IPUCKOPEHHS pO3paxyHKiB. Y BUIAJIKY KOMILJIEKCHUX J1€(EKTIB, aTo-
MU 3aMillIeHHs + BaKaHCii, OCTaHHI MOJIE/IIOBaIacs K BiibHI (He3alHATI) By3/Id IPATHHIIL,
TOOTO HYJILOBUMHU iHTEIpajgamMu nepeckokiB. [leperBoprotoun morentisut V= V(r) y iioro 3a-
JICKHICTB BiJT Biai 6e3nocepentubo A0 anatoma, V=\V(l), 1e I>=r?+h? (puc. 2), Mmaemo Ho-
I'0 3aJISKHICTB BiJT ABOX 3MiHHUX, V = V(r, h), 110 ¥ npecraBneHo Ha puc. 15, 6.

Po3cistHHS eeKTPOHIB HAa TOYKOBUX JAePEKTaX PO3TIAIATOCS IS TPHOX MOKIIMBUX BHU-
najKiB IX B3a€EMHOTO pO3TalllyBaHHs: BUIIAAKOBOTO (puc. 16, a), kopenboBaHoro (puc. 16, 0)
1 BnopsiikoBaHoro (puc. 16, 6, 2). Y nepiuioMmy («TpUBISUIBHOMY») BUIIAJIKY CYMYBaHHS B V;
MIPOBOIUTHCS IO BUIMAIKOBUM YHMHOM PO3MOAIICHUX AedeKTax (AoMilikax). Y ApyromMy Bu-
najKy (kopenduii) BBoauThes napHa Gpyskuis posnoairy P(Ri—R;)=P(r): P(r) =0 (r <ry)
a6o P(r) =1 (r>ry), ne r =|R; — Rj| Bu3Ha4ae Bignamb Mix JBoMa AeeKTamMu, a Kopemsiiiia
TOBXKHUHA (paaitoc «OJIOKYBaHHS») o BU3HAYAE MIHIMAIBHY BiJab, 110 BiIas€e Oy Ib-SIKi
nBa 3 HuX. |11 BunaakoBux (HEKOpenboBaHUX ) AedekTiB o =0. MakcumanbHa KopensiiitHa
TOBXHHA I'gppay 38JI€KUTH Bl KOHUEHTpALi1l 1e(EKTIB 1 3alHATUX HUMU MO3UILIIHI. Y po3paxy-
HKaXx JJIS KOPEJISIii OepeThCs MaKCUMAaIbHUN PaIIFOC KOPESIIL Mo =lgypay. Y BUIAIKY BIO-
PSAIKYBaHHS pO3TIISAAIOTECSA HAICTPYKTYPH, YTBOPIOBaHI (a7)aToMaMu TOMIIIKK. Briops-
KOBaH1 JIOMIIIIKOBI aJaTOMH MPOSIBISIOTH ce0e SK HAJACTPYKTYPH 3aMIllIEHHs] YM BTUICHHS
3aJIe)KHO BiJl THITY OKYIIOBAaHUX HUMHM BY3J1iB aicopOitii (puc. 2).

Ha BinmMiHy Bij BUITaJIKOBOTO 1 KOPEILOBAHOTO PO3MOAiIiB aToMiB N, KOJIM BiJIHOCHO

* y = Taw @ ‘“ Vet “:" "-,"'. Y e rF T T T rEEFETTYT :U a, > 1,4,
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(@), xopenboBaHUX (0) 1 BIIOPsIIKOBAaHUX (8, 2) aToMiB 3amimienHs: Hitporeny. BriopsiikoBani atomMu
N (8) yTBOPIOIOTH HAJACTPYKTYPY 3 0 HKM N-aTOMOM y IPUMITHUBHI# eleMeHTapHii komipili (2).



22

400 1 1 1 1 180 1 1 1 - 1 1
@ 160 - - - BHNAJKOBI . i
— = KOpeJhOBaHi
300 - 140 BITOPSIIKOBaH1 [
1201 -
g = 100
% 2001 - - - BHMIIAJKOBI ' I E 0 (6) ]
—_ — = KOpeJIbOBaHI
a i 60 - -
Bopsnkosawi [ 601
100 - - 40 4 T~ 5
204 - - _ _ S 1
0 - - - - - T R _I — |_ I 0 T T B -I = - I_ ——
0 40 80 120 160 200 -0,06 -0,04 -0,02 0,00 0,02 0,04 0,06
t [dc] n, [atom™']

Puc. 17. Yacosa eposroris audysiiinoctu npu E =0,2U (a) 1 IpoBiAHICT VS. TYCTHHHU €JICKTPO-
HiB (0) y rpadeni 3 3,125% BUNIaIKOBUX, KOPEIHOBAHUX 1 BIOPSIKOBAHUX aTOMIB 3amileHHs N.

MIBUJIKO JOCATAETHCSA TUDY31MHUI peKUM, Y BUTIAJKY BIIOPSAKYBAHHS CUCTEMa JIOCTATHHO
TPUBAJIMIA Yac mepedyBae y KBa3uOamicTHIHOMY pexumi puc. 17, a). Kpasubanictuyna mo-
Beaiaka D(t) cBimuuTh npo qyxe ciabke po3CissHHS eNEKTPOHIB. 3a HeoCshKHOCTH AU y3iii-
HOTO PEIKUMY, B IIPUHITUII, HEMOKIMBO BU3HAYUTH G (14). BTiM, G OLIIHIOETHCS 3 BUKOPHC-
TaHHSIM MakcuManbHOTo MaxD(t), Koy KBa3uOATICTUYHHI PEKUM 3aMIHIOETHCS KBa3U 11~
dby3iitHuM 13 Maibke HacuueHuM koedinieaTom D(t) (puc. 17, a). KopenboBaHi Ta BIIOPSIKO-
BaHi aromMu N y rpadeHi miaBUIIyOTh HOTO MPOBIIHICTH BIAMOBIIHO Yy AeKiibka (= 3—6) Ta
necsatku (= 20—-30) paziB y nopiBHSHHI 3 X BUIIAIKOBUMU po3mofinamu (puc. 17, 6).

Sk excniepuMeHTaNbHO BUsiBIEH! KoHirypaiii HirporeHoBux nedekriB y rpadeni
(puc. 1) BILTMBAIOTh Ha CJICKTPOHHHI TPAHCIIOPT B HhOMY? OOUYHCIICHHS G JIJIsl HABSJICHUX Ha
puc. 1 N-kondirypauiii BusiBmiio (puc. 18), mo 3anexHicts 6 = 6(Ne) Moxke OyTH JIIHIHHOIO,
CyOIHIMHOIO UM HAJUTIHIMHOIO 3aJI€KHO Bl BIATHOCHUX KoHIIeHTparlii N 1 BakaHCiH, iX KOH-
¢irypairtiii i TUITY HOCITB (€eKTPOHIB U AipokK). s (HaimomupeHimmx ) rpadiTono ioHux
nedexTiB (0e3 BakaHCIii), HASBHICTh MapHUX (MOJBIMHKX ) Te(DEKTIB MOHWKYE TPOBIIHICTD Y
MOPIBHSIHHI 3 BUITAKOM iX OAUHOYHOTO 3aMimieHHs atomiB C (puc. 18, a). A HasBHICTb Baka-
HCIH y KOMIUIEKCHUX Jie(heKTax MPUTHIYYE BIIMIHHICTD B €IEKTPOHHIN Ta AIPKOBI MPOBI-
HoCTaX (puc. 18, 6), mo Oyio BUSBICHO 3a BiJICYTHOCTH BaKaHCIH, K PE3y/IbTaT Pi3HOTO
BILIMBY 3HAKOCTAJIOTO (BiJ1’€MHOTO0) pO3CiIOBAJILHOTO IMOTCHIIISUTY Ha €JICKTPOHU Ta JIIPKH.

20 1 1 I I I 20 L 1 L 1 L 1 N I . I
— — 0 — 0O,
=i =3% (n, = 0%) \ na=3% (n, % 0%)
16 IToonuHOKI 3aMileHHs | 167 MoHoMmepi3oBasi
\\\ I_T?IL_BWIIIP;I ?I’Jelliw;H:;HEﬂ . ‘\;\ - - - JlumepizoBaHi
= 1241 % N\ z[plslri cy}éi;l[/l = 12~ < _ . \\ ————— TpI/IMepl?,(')BaHl T
o, : i v, Yo T TerpamepizoBaHi
o 84 SREEE TpETI CyCiau o v
4 o L
(a) S T
O T T T T T T T T T T T 0 T T T T T
-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 ']

Puc. 18. 3anexHicTh eIEKTPONIPOBITHOCTH BiJl T'YCTHHH €JIEKTPOHIB y rpadeni 3 Ny = 3% Hitpore-
HOBUX IpadiToBuX (a) 1 mipuauHOBUX (6) nedekTiB (auB. puc. 1).
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1.0 PR PR TR TR |
) B
= = = BHIIAJKOBI1

=-=--KOpeJIbOBaH1
BHOPSIJIKO BAH1

0,0 : .

4 -0,50 -0,25 0,00 0,25 0,50
Elu E/u

Puc. 19. I'yctuna enextponnux craniB (DOS) rpadeny i3 3,125% BunaakoBux, KOpeIbOBAHUX 1

BIIOPSAKOBAaHUX aToMiB 3amimeHHs N (a) Ta 3 pi3sHMMH BMicTaMH (CTEXIOMETPiSIMH) BIIOPSIKO-

BAHUX PO3CiIOBaYiB, 3MOIEIbOBAHUX CUILHO KOPOTKOCSHKHUM [ayccoBum notenmisiioM (6).
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VY BiaMiHy Bija rpadgeHy 0e3 JTOMIMIOK Ta 3a X BUMAJKOBOTO PO3MOALTY B HIM, IPH iX
YHOOPSAKYBaHHI 32 KOPOTKOCSKHOTO TOTEHI[IATy HAa TYCTUHI €JIEKTPOHHUX CTaHIB BUHUKA-
I0Th TUCKPETHI eHepreTHyHi miku (puc. 19, a), sKi po3mIMproroThCs 31 301IBIIICHHSM BMICTY
JOMIILIOK 1 € HACTIAKOM CTPOroi MEepIOAMYHOCTH MOTEHIiany. Y BUIAIAKY BIOPSIKYBAHHS
3,125% Hirporeny Binkpusaethcst Hemupoka (30 meB) 3a6opoHeHa 30Ha (BcTaBKa Ha puC.
19, @). BTim mijMHA iCTOTHO MIMPIIAE 32 MOTSHIIISITY 3 yXKe MaJMM PaIiFocoM Jii, Hampu-
KJIaJ1, AKIIo cKopucrarucs Layccisnom 3 & < aq (puc. 19, 6). 3a60poHEHa 30Ha B €HEPreTHY-
HOMY CIEKTP1 BIAKPUBAETHCS JUIIE I TUX BIOPSAIKOBAHUX JIOMIIIKOBHX (aJ1)aTOMIB, SIKi
OMHUCYIOTHCS BEIbMU KOPOTKOCS)KHUM PO3CIFOBAIBHUM MOTEHITISIIOM 1 POSIBIISIIOTH ce0e SIK
nedextn 3amimieHHs. [1osBy 3a00pOHEHOI 30HM CIPUYMHEHO 3MIHOK CHUMETpIi IPATHHII
HAJICTPYKTYPH MOPIBHSIHO 3 CUMETPIEIO I'PATHULII HEYTIOPSAKOBAHOTO CTaHy (3aBISKH BIIO-
PAIKOBAHOMY pO3TAIlyBaHHIO TaKUX JAe()EKTIB MEPEBAXKHO JIUIIIE B OJTHIN MIATPATHUIL).

[Ipo cyTTeBe MonMinieHHs eIeKTPONPOBITHOCTH TpadeHy 3aBISKHU KOpEJALii i ynops-
JTKyBaHHIO JOMIIIKOBUX aJaTOMIB MTEPEKOHINBO CBiI4aTh U rpadiku, HaBeneHi Ha puc. 20
I BUMAJIKY AoMyBaHHs rpadeny agaromamu Kamiro. I'padiku va puc. 20 1eMOHCTPYIOTH SIK
TPHU TUIH aJCOPOIIIHUX BY3JIIB HA pUC. 2 BIUIMBAIOTh HA MPOBITHICTD Y KOXKHOMY 3 TPHOX
BUITAJIKIB PO3MOJILITY alaTOMIB. BUIIaJJKOBOMY, KOPEIHOBAHOMY i YIOpPsAKOBaHOMY. SKIIO
aJ1aTOMH PO3MIIIIEH1 BUTIAIKOBO M0 aICOPOIIIHHUX BYy3JIaX, TO €JIEKTPOIPOBITHICTD 3aJICKUTh
BiJ TuMy octaHHiX (puc. 20, a). SIKIIo agatoMu KopeaboBaHi, TO MPOBIIHICTh 3aJICKHUTh BiJl
TOTO SIK BOHU ce0e MPOSBISAIOTh: SIK aTOMU BTUICHHS, By3/u H- 1 B-Tumy, uu 3amimienss, By3-
au T-tumy (puc. 20, 6). SIKIO 5k a1aTOMK yTBOPIOIOTH BITOPSAIKOBaHI CTPYKTYPH (3 OHAKO-

200 : : . : : — : : : : — 7]
(a) Bumnagxosi (6) Kopenvonani ™\ (8) Boopsiakosani 4~
B /
160+ H-tionoxenus 1 H-1mo1o3xeHHs NN 7
—_ - - - - B-I0JIOJKEHHS - - - - B-1on0XeHHA = ----B /&~
§120' ————— T-n010KEHHS T - T-T10JIOKEHHS I NE T 7
Q
b

-0,050-0,025 0,000 0,025 0,050 -0,050-0,025 0,000 0,025 0,050 —0,050-0,025 0,000 0,025 0,050
n, [atom™!] n, [atom™'] n, [atom™!]
Puc. 20. [IpoBigHICTh K QYHKIIIS €IEKTPOHHOI I'ycTHHU Y TpadeHi 3 Nk =1/32 = 3,125% Bumaako-
BUX (@), kopenboBanux (0) 1 BopsinkoBanux (6) agaromis K y aaBysnax H-, B- 1 T-tuny (puc. 2).
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2007 - : - - : : — T : - - -
(a) Bunanakosi (6) KopenboBaHi NG h=3,6A 7
160] - h=3.6 ] 1IN 24 7
——h=2,4A (6) "\ ----h=12A ,
<1201 - ch=12A ] NXeh=0 7 e
NQ) "\'\ ./' 7
© ]
0 — BnopsmKOBaHl
-0, 050 -0, 025 O 000 O 025 O 050 -0, 050 -0, 025 0, 000 0, 025 0, 050 -0, 050 -0, 025 0, 000 0, 025 0, 050
[aTOM‘l] n, [aTOM 1 n, [aTOM 1

Puc. 21. EneKTpOHHO-KOHueHTpauiﬁHo-3ane>KHa MPOBIJIHICTh TpaeHy 3a pi3HUX ancopOLIHNHUX
sucor h € [0, 3,6] A 3,125% anaromis Kanito, po3noiieHux Haj IeHTpaMH IIiILHUKIB rpadeHo-
BOI I'paTHHUIII BUNIAAKOBO (a), KOpeaboBaHo (6) 4u BIOPSAKOBAHO (6).

BUM TIEPIOJIOM), TO MPOBIAHICTD MPAKTHUYHO HE 3aJEKUTH Bl TUITY aJCOPOLIMHUX BY3JiB,
0COOMHBO 32 (peaiCTUIHNX ) HU3bKUX T'YCTHH HOCI1B 3apsiny (puc. 20, 6).
301IbIIICHHS UM 3MEHIIIEHHS aCOPOIIIMHOT BUCOTH HaJl MIOBEPXHEIO IPpa)€HOBOTO MIapy
MPU3BOUTH J0 MOCTa0ICHHS YU MICUICHHS (aMIUTITY/1 ) pO3CIIOBAILHOTO MOTEHIISLTY, IO
BIJIMTOBIJIA€ MOCTA0IECHHIO YU MIJICUJICHHIO PEKUMY PO3CISIHHSI €JIEKTPOHIB Ha (3apsIKEHUX )
nominikoBux agaromax (K). Xouya 3a mitepatypHUMHU JaHUMU aicopOItiiiHa BiucoTa h 3MiHI0-
eThed B iHTepBaii 2-3 A, 331714 MoebHOT po3paxyHKoBOi 3aBepuieHocTy h BapiroBanocs B
IMPOKOMY iHTepBai 3HaYeHb (ax 10 h=3,6 A), Bkmouaroun ex3otrunuii Bunanox h=0, 3a
sakoro K-agatomu € atomamu BTineHHs. Ha pucynky 21 mpenctaBieHO e€NeKTPOHHO-
KOHIICHTPAII1iHI1 3aJIeKHOCTI IPOBITHOCTH JIJISI PI3HUX PO3MOJILIIB 1 BUCOT HaJl Tpad)eHOBOIO
IJIOIMHOK aiatomiB Kaiiro, siki MICTIThCS Y HAaWOLIbII €HEPTETUYHO BUTITHUX (CTaO1Ib-
HUX) aJIcOpOLIHHUX By3siax H-Tumy. 3a HeBIOPsIKOBaHUX (BUITAIKOBUX 00 KOPEITbOBAHHX )
azaToMiB Ha Manux (TOPIBHSHHUX 3 MapamMeTpoM IpaTHUI) BUCOTaxX HaJ TpadeHoM-
a7IcOPOEHTOM HOT0 eJIEKTPONPOBIAHICTh G TPUOJIU3HO JIHIAHO 3aJIEKUTh BiJl BUCOTH iX aj-
copoii h: o(h) = 6(0) + O(h), ne O(h) €
morauisa «O Bexukoro Bix hy. HatomicTh
3a BIIOPAJIKOBAHUX aJaTOMIB G MPaKTHU-
HO HE 3JIKUTH BiJ BUCOTU PO3TAIly-
BaHHS IIapy-ajcopOary (mpuHaiiMHi, 3a
peanicTiunnx 3HageHs (<0,01 atom ™)
T'YCTUHU BUIBHUX €JIEKTPOHIB).
Oco00MBOCTI YUCETBHO OJEPKAHUX
y I’SITOMY PO3/1I1 3aJIEKHOCTEH €IeKT-
PONPOBITHOCTH BiJl KOHIIEHTpAIlll HOCIiB
3apsay, 6=0(Ne), Y3rODKYIOThCS 3 CKC-
NEPUMEHTATHPHIUMH 1 TEOPETUIHUMH Pe-
ne 1072 [em™] syabTaTamu [Xi—Xiii, Xxvii] m1s gomosa-
Pnc."22. 3ane>KHocTi CKCHGE)I/II\{IGHTB.HB.HO'I' 1 PO3paxo- goro (30kpema, N a6o K) rpadeny (auB.
BaHOI €/IEKTPONPOBIAHOCTEH Bifl eaticTHIHOT eNeK- 1y 29Y * 3anewHoCTi 6= 0(Ne) MAFOTH

TPOHHOI TYCTHHHU 3a THUIOBHUX EKCIIEPUMEHTAIHHO . .

- ) XapakTepHi 0co0IMBOCTI: (a) pu I0My-
CIIOCTCPCIKCHUX BMICTIB agaTOMI1B K. EKCHepI/IMCH- BaHHi CIEKTDOL OBi HiCTL CcIIanac. a i
Tanbui nani A [Xxvii], A [xi], ¥ [xi], V [xxvii] sizro- 3aJIe>KHiCTBT§i pr . TI‘HHH e lf s
BizatoTs N =0,047%, 0,055%, 0,086% i 0,094% ix- AL ALY
noBiHO. Po3paxoBaHi cylifibHA 1 MyHKTUPHA KPHUBI (KOHTPOHBOB,aI,{?I HanperK? Hfl 3a1Bopl
BiamoBimaroTh Nk = 0,047% 10,094% BiamoBigHO. Vgoan) € niHilHolo (CYONiHiiHOI0) 33
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BUIIO1 (HI)KYOT) KOHIICHTPAIIli aTOMIB TOMIIIKH; (6) HassBHA €IEKTPOHHO-IIPKOBA aCHMETPIs
B IIPOBIIHOCTI MpH 3HaKocTasomy (Big emHomy st N i K) po3citoBaibHOMY HMOTEHITISLII
(sika, BTIM, BIICYTHSI IIPY 3HAKO3MIHHOMY MOTEHIIISUII Ta MOXKe OyTH mociabjieHa i HaBITh
MOBHICTIO TIPUTHIYEHA 3aBJSKH IPOCTOPOBIM KOpEJIii M, 0COOJMBO, YHOPSAKYBaHHIO
(am)aTomiB, a TaKOX Yepe3 30UIbIICHHS BUCOTH IIapy-aJcopOaTy HaJl rpadgeHoM-aacopOeH-
ToM); (8) MiHIMYM €IEKTPOIIPOBITHOCTH Gpin ~ 4€°/h (xuB. puc. 22) 3cyBaeThcst (B TOUL Heil-
TPANTBHOCTH 3apsay) B OIK TOAaTHUX eHeprii E, 1o 3a qucepTaritHuMuy MO3HAYCHHSIMH BiJl-
MIOBI1JIa€ 3apsKEHUM HOCIsIM N-Tutty (TOOTO, BiJl’€MHIN 3aTBOPHIH Hanpy3i); (e) mpu 3011b-
IICHHI CTYMNEHS KOpeNAlli y MPOCTOPOBOMY PO3MOJAUI PO3CIIOBAUYIB  €JIEKTPOHHO-
KOHIICHTpAIIfHO-3aJIe’KHA MPOBIAHICTh MOMITHO 3pOCTa€ 1 T030yBAETHCS JTIHIKHOCTH, HA0Y-
BarO4M CyOJIIHIHHOCTI (X /10 TOBHOTO 11 HACHYEHHS 32 BUCOKHUX €IEKTPOHHUX I'yCTHH). Exc-
NepUMEHTAIbHA Ta PO3pPax0BaHi €JIEKTPOIPOBIAHOCTI 32 TUIIOBUX I'YCTUH €JIEKTPOHIB 1 JI0-
MmimkoBux aaatoMiB K y rpadeni HaBegeHo Ha puc. 22. O0uaBi (€KCIIepuMEeHTalbH1 i po3-
paxoBaHi) 3aJIeKHOCTI 6 = 6(Ne) Ha puC. 22 IEMOHCTPYIOTH JiHIHHY (YM KBa3WUTIHIHHY) TIOBE-
JIHKY, BTIM P13HATHCS KIJIbKICHO. OCTaHHE MOKHA OB’ 3aTH 13 BHECKOM KBa3WJIOKaJI13all1ii-
HUX e(EKTIB uepe3 HeJOCTATHRO BEIUKUI po3Mip mapy rpadeny st JOCATHEHHS CTa0llb-
HOTO JJOBrOTPUBAJIOTO JU(DY31HOTO PEKUMY MPHU MOIIUPEHHI XBUILOBOTO MAKETY.

OcTaHH1{ MOCTHI PO3iJ IPUCBIYCHO BIIMBY OPi€HTAaLiiiHOT KOpeasuil JiHiiiHuX
nedeKTiB HA eJIEKTPOHHMI TPAHCIOPT Yy 2pageri, BKIIOUAIOUN BUTIAJ0K OJTHOYACHOT Hasl-
BHOCTH B HiM 000x (0D + 1D) tunis nedekriB. Posrisaarouu aiHiiHI 1eeKTH SK JiHIT peKo-
HCTPYWOBAHUX TOYKOBUX Jie(pekTiB, 1D-nedext MoaentoeThCs IK TOUKOBI 1e(DEKTH, OpI€H-
TOBaHI B3JI0BX ()IKCOBAaHOTO HAIPSIMKY B IIIJILHUKOBIH IpaTHHILI. PO3CISIHHS Ha 3apsIKEHUX
JTHIAHUX Ae(eKTaxX ONUCYBAIOCH OiepKaHuM y HabmmkeHH1 Tomaca—Pepmi OqHOMMEHHUM
€()eKTUBHUM MTOTEHIIISIJIOM, BUPAKEHUM Y€pEe3 IHTETPaIbHI CHHYC 1 KOCUHYC'

Vij (Xij) = ZE&S Uj [_COS(qTFXij )Ci(qTFXij) + Sin(qTFXij ) (n/2 - Si(qTFXij ))] , (17)
Zie Xij BU3HAUa€ BiAJanb MK BY3JIOM i Ta JiHi€lo J, XBuiiboBe uncio Tomaca—Depwmi g =
Zezkp/(TCSQSrhVF) BHU3HAYAETHCS CIIEKTPOHHOI0 DepmiitoBoro mBUaKICTIO Vi = 3Ude/(24) 1
DepMiiioBIM XBHIBOBIM drciIoM (iMmyibeom) |Ke| = (m]ne|)"/?, moB’s3aHmM 3 rycTHHO HO-
CliB 3apsy (€71EKTPOHIB), KOHTPOJbOBAHOIO HAMPYTO0 Ha 3aTBOpI1. [Ipu 3HaKO3MIHHOMY MO-
tentisuti (V 2 0) niHiiiHl qeeKTH 3apspKeH] MO3UTUBHO 1 HETATUBHO, a TIPU 3HAKOCTAIOMY
2 : : : (V> 0 abo V < 0) — mnuiire mo3uTUBHO YH

—— EdexuBuuii norenuis, V;/U HETaTUBHO. Y TEPIIOMY BUIAJKy MOTEH-
IsTbHA BUCOTA PIBHOPO3IOIICHA HA [li-

- - = - JlopenuistH-noteHuis, Vy /U

1.5 s U € [-A, A], a B npyromy — B iHTep-
. U A Baii U € [0, A], ne MmakcuMasbHa IOTEHITI-
LY Bax? _|  smwpHa Bucora A =0,25u=0,627 eB yepna-

€TBCS 3 eKcriepuMeHTIB [XXVill, XxiX]. ITo-

teniisn Tomaca—®epmi (17) mobOpe 3ra-

< JDKYETBCS JAICKOCSHKHUM JIopeHIisTHOM,
SIK TOKa3aHo Ha puc. 23.

Mopenoroun JTiHiHHI Je)EeKTH ajie-

40 60 g0 KOCSKHMM PO3CIHOBaJLHUM MOTEHIISIOM

Bincrans x [aq] (17), #ioro po3moisn (aKTHUHO Bi3yasi3ye

Puc. 23. Torenuisn Tomaca—®epmi (17) 3 grrag~ MONOKCHHS (3aPSAIKCHAX ) JIiHIH y rpade-

~0,1, anpokcumoBanuii JlopeHuisHom 3 npumacy- Hi (PHC. 24). Iinst onmcy OpieHTaniiHoi Ko-

BabHUMH rapamerpamu A= 33,57 1B =16,96. pensAnii JHIMHUX 1e(eKTiB, TOOTO BUII-

3BeIEHUI TTOTEHIIISIT
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Puc. 24. CymapHi po3noaiiau 3aako3MinHoro (V 2 0) (a—s) i 3nakoctanoro (V > 0) (e—e) po3ciroBa-
napHUX oTeHMisuiB (17) y rpadeHi, o Mictuth 50 opieHTaIi HHO KOPETbOBAHUX JIHIHHUX Ae()EKTiB
3 pI3HUMH KyTaM# KOPEIALi Omax: 0° (@, ), 45° (6, 0) 190° (8, €). KyTh 0imax = 0° 1 0imax = 90° Biamosi-
JAI0Th BUTIAJIKaM [apaJIeIbHOCTH 1 BUITAIKOBOCTH B PO3MOIUII M OpieHTaIli JTIiHIHN.

900 900 ottt GO0 e
BHTIATTKOBI MEPICHIUKYJISIPHI —e— E=0,0u
750 t 750q—=— E=-0,5u - > -E=0,lur
—+— F=-0,4u - <+ -E=02u
]——E=-0,3u - v -E=03uf
J—— E=-0.2u - o E=04ul

——E=-0,lu,_ - o -E=0,5u

v

0

mapanenbHi

00 30 60 % 130 130 180210 0 30 60 90 130150 180210 0 30 60 90 130 10 180 210
t [dpe] t [dpe] t [dhe]

Puc. 25. Kineruka enexrponnux audysiinocreit D(E, t) mns E € [-u/2, u/2] y rpadeni 3 50 miniii-

HUMU JeeKkTaMu, siKi MOACITIOIOThCS po3citoBaabHUM moTeHIismioM (17) i e (a) mapanenshi (Dy)),

(6) BunaixoBi (Drna) 4k (6) nepnienaukysipHi (D 1) 10 HanpsiMKy (X) €IEKTPOHHOTO TPAHCTIOPTY.

JICHOTO (JIOMIHYBAJIBHOTO) HAIIPSIMKY B X pO3TalllyBaHHI, BBOJUBCS KOPEISIIIMHUN KYT Olmax
— MaKCUMAaJIbHO MOXJIMBUN KyT M1k OyAb-sIKUMH JIBOMA JIHISAMU. SKIIO Olmax = 0, TO JiHIT
napajeNbHi, SKIIO Onax = 90°, TO BOHU MOBHICTIO BUMNAAKOBI (puc. 24). MakcuMallbHe 3Ha-
YEeHHsI B YaCOBI1i €BOJIOLIIT TPAHCIIOPTHOTO KOE(DILI€HTY NU(PY31HHOCTH B310BXK MPOTSKHUX
nedeKTIB CyTTEBO MEPEBUIILYE HOro 3HAUYCHHS B MEPHEHAUKYISIPHOMY J0 HUX HANpSMKY
(puc. 25). Lle siBHMIT HATSIK HAa aHI30TPOIIIIO 1 B €JIEKTPOITPOBITHOCTH.

Crpasi, 3a 060x (V 2 01V > 0) po3ciroBabHUX MOTCHIIISIIB 3MEHIIICHHST KOPEISIi-
HOTO KyTa MPU3BOJMTH 10 30UIBIICHHS SICKTPOIIPOBITHOCTU B pa3u (puc. 26). Y Bumaaky
napajienbHUX JiHIN 3apsiay NPOBIIHICTh B3JIOBXK HUX, G|, ICTOTHO MEPEeBaXkae G| BIOMEPEK
HUX 32 000X MOTEHIIIsIIB: 3 puc. 26 G| /0, csarae 3,5. BimHocHe %k 301IbIIEHHS MPOBITHOCTH
B3JIOBXX MapaJiebHUX JIIHIM y TOPIBHSAHHI 3 MTPOBIIHICTIO 3a BUIAKOBOIO X PO3MOALTY I1€-
peBUIILYE (32 MOIYJIEM) BIIHOCHE 3MEHIIIEHHS MMPOBIIHOCTH MOMEPEK MapayieIbHUX JiHIN y
MOPIBHSHHI 3 MPOBIIHICTIO 3@ TOTO % BUITAKOBOTO PO3MOILTY JiHiH (puc. 27, a).

Came ToMy y BUNIa/IKy 0aratbox pi3HUX MEepeBaXKHUX HAPSIMKIB B Opl€HTAIIIHII Kope-
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Puc. 26. EnekTpoHHO-KOHIIEHTpALiiHI 3aJ1€KHOCTi MPOBiqHOCTEH G, 3a 3HaKo3MiHHOTO (V S 0)
(@) Ta 3nakoctanoro (V > 0) (6) po3cifoBaIbHUX MOTCHIIISUIIB 1 pi3HUX KOoHDirypamii 50 giHiftHIX
nedekTiB y rpadeHi, e G| 1 6| — IPOBIIHOCTI y MapaieIbHOMY 1 IEPIEHIUKYIIIPHOMY JI0 Mapajie-
JTHHUX JiHIN HanpsMkax. Koxxay kpuBy ycepenneHo mo 50 pisHuxX peamizamisax AeQeKTiB 3 pisHUMH
BIJIJAJIIM MK JTIHISIMU Ta PI3HUMU IEPEBAKHUMHU OPIEHTALIISIMU B KOXKHIH peanizalii.
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Puc. 27. BingnomeHHs (6)| — Ging)/Omg 1 (Grng — 61)/Gng, 1110 BiI0OpaxkaroTh BiTHOCHI 301IbIIICHHS
(3MEHIIIeHHSI) TIPOBIIHOCTH B IMapajielbHOMY (HGPHGH,Z[I/IKyJIHpHOMy) no 50 mapanenbHUX JiHIN
HAMPAMKY HOPIBHAHO 3 TPOBIIHICTIO Gypg = O™ ~"" B310BXK Bici X 3a TAKOT'O % YNCJIA BUIAIKOBUX
JiHi# (@), Ta TPUPICT EJIEKTPOIPOBITHOCTH (B TepMmiHax %=~ /g%==") 3apnsgKy opieHTANIHHIN
kopensuii 10, 50 1 100 1D-nedexri (6) 3a 3nakoctanoro (V > 0) HOTGHHISIJIy PO3CISIHHS.

JSIT THIAHEX 1e()eKTiB (BUNAI0K Olyax = 0 Ha pHC. 26) €eKTPONPOBIIHICTh, YCepEIHEHA 10
yCix X KOH}Iryparisx, BUIa aH1K MPOBIIHICTh 3a Ti€1 %K KOHLIEHTPAII1l BUTIAIKOBO PO3MO/i-
JICHUX TaKUX JIe(PEKTIB (BUMAI0K Omax = 90°). [Ipudomy meit eexT migBUILECHHS SICKTPOII-
POBITHOCTH € 3HAYHIIIUM 32 YMOBH OUTBINOI KITLKOCTH KopenboBanux 1D-nedexris. Ha-
MIPUKJIIA], 32 3HAKOCTAJIOTO MOTEHITISLTY TIPOB1IHICTh OMIMIITY€EThes B 3 pa3u npu S0-TH JTiHI-
sx 1B 5 pas npu 100 ninisx (puc. 27, 6). [TigBuiieHHs TpOBIIHOCTH Ta 1T aCHMETPIIO0 BIZIHOCHO
JlipakoBOi TOYKHM 32 3HAKOCTAJIOTO MOTEHIIATy MIATBEPIKEHO EKCIIEPUMEHTAIbHUMU Mi-
PSHHSIMHU Y TOJIKPUCTAIIYHOMY U emiTakcisuibHOMY rpadeHi [XXX, XxXi]. OueBumHO, 110
aH130TpoI1isi 00YMOBJIEHA ICTOTHO CJIA0IIMM PO3CISTHHSAM B3J0BXK MPOTSHKHUX JE(EKTIB MO-
PIBHSIHO 3 TIONIEPEYHUM HATPSIMKOM.

Bunanok HasBHOCTH B rpadeHOBHX Mmapax 000X (TOYKOBUX 1 JIHIWHUX) AE€PEKTIB
(puc. 28) €, HaneBHe, HalpeamicTHUHIIIMM. JI0 TOTO K, 3a TAKOTO BUIAIKy MOYKHA OUiKY-
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Puc. 28. P03H0)1in CYMapHOTO IMOTEHITISLTY PO3CISTHHS 32 OJHOYACHOI HASSBHOCTH TOYKOBUX 1 JIiHIMH-
HUX pO3CifoBauiB y rpadeHi (a—a), siKi po3Io/iijieHi BUIaaKoBo (a, ) a00 KopeaboBaHo (6), mpuIomy
TOYKOBI PO3CitOBaui KOPOTKOUYHHHI (@, 6) a00 HanekountHi (8), a TiHiHI — MOBCIOAM JaIEKOYHHHI.

BaTU OUTBIIOrO e(eKTy BiJ MPOCTOPOBUX B3a€MHUX KOH(Irypaiiidi 000X THUIIB pO3CirOBa-
4iB y rpadeHi, a ToMy 3’SBISETHCS O1IbIIE MOXKIMBOCTEH AJIS LIIECIPSIMOBAHOTO BILTUBY
Ha HOT0 €JIEKTPOTPAHCTIOPTHI BJIACTUBOCTI.

[ToBeninka enextpornpoBigHocTH 3a HassBHOCTH 0D 11D po3scitoBauiB y rpadeni (aus.
puc. 29) BU3HAYAETHCS CIIBBITHOMICHHSIM PO3CIIOBAJIbHUX MOTEHIIISUTIB (1 TapaMeTpiB, 110
BXOJISITh JI0 1X BHPA3iB), AKUMH X MOJEIIOIOTH (3BICHO, OKPIM BiTHOCHOTO BMICTY KOXKHO-
ro tumy nedexris). [IpoananizyBaBuM KpuBi €IEKTPOHHO-KOHIICHTPAIIIHOI 3aJIeKHOCTH
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Puc. 29. EnexTponpoBigHIiCTb SIK (QYHKIIS KOHIICHTpaIlii HOCIiB 3apsaay B rpadeHi 3 OAHOYACHOIO
HAsBHICTIO JIHIAHUX 1 TOYKOBHUX nAedekTiB. OCTaHHI MOJETIOIOTHCS CHIBHHUM KOPOTKOCSKHUM
3HaKocTanuM (a), cIabKMM KOPOTKOCSKHMM 3HAKO3MiHHMM (6) Ta [aycCitHOBMMH PO3CiroBab-
HUMH MTOTEHIIsUIaMHU (8, 2) 3 pI3HUMH €PEKTUBHUMHU pajitocamu Ail & 1 aMILUTITyIaMH.
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Puc. 30. EnekTpoHHO-KOHIEHTpALIIHO-3aJIeKHa MPOBIAHICTh rpadeHy 3 TOYKOBUMHU KOPOTKO-
YUHHUMH (@) a00 MaJeKOYMHHUMH (6) Ta JIHIMHUMH JajJeKOYUHHUMH Jnedextamu (a, 6), onuca-
HUMHU DPI3HUMHU TOTEHIIsIaMu poscisHHsA: 1D-po3sciroBadi 3MozenboBaHo noteHmisuiom (17), a
OD-poscitoBaui — layccisiHoM 3 epekTuBHUM paairocoM il &imp = 0,580 (@) a60 &;mp =43, (0).

MPOBIAHOCTU Ha puc. 29, MOXKHA CTBEP/XKYBAaTH HACTYIMHE. SIKIIO PO3CIIOBANIBLHUM MOTEH-
1T TOYKOBUX Je(DEKTIB CUILHUMN 1/a00 MaeKOCSKHUM, TO X BHECOK € MepeBaKaTbHUM
(ToMiHyHOUYHMM) B 3aJIe)KHOCTI G = 6(Ne), miaTpuMytouH ii (kBas3u)miHiiHOMWO (puc. 29, a, 6,
2). HaTomicTh 3a 1HIIUX MOTEHIIsUIIB PO3CISIHHS JOMIHAHTHUM CTAa€ BHECOK JIIHIMHUX Jie-
(beKTiB, III0 IPU3BOJIUTH J0 CYOTIHIHHOCTH MPOBIAHOCTH (pHc. 29, 6).

3a moTeHLialy PO3CIIHHS OJHOTO 3HAKY TOYKOBI 1 JIIHIMHI Je(EeKTH TPU3BOAATH 10
MPOTUJIICKHOI EJIEKTPOHHO-AIPKOBOT acUMETpii BiTHOCHO HYIboBOI Hampyru (puc. 30). Ta-
Ka X «KOHKYPEHIIIsH» MOXE IMPUTHIYYBAaTH Ta HABITh MOBHICTIO HIBEJIOBATHU BIJIMIHHICTH B
€JICKTPOHHIN Ta JIPKOBiH MPOBIAHOCTSX, 110 MA€ MICIIE 3a HAABHOCTH JIe(PEKTIB JIHIIIE Of-
Horo Tuiy. HatoMicTh 3a pi3HUX 3HAKIB MOTEHINSIIIB PO3CISTHHS TOYKOBHX 1 JIIHIMHUX Je-
(eKTiB 3a3HaYeHA ACUMETPIs CTa€ I1Ie OUTBIIT TIPOMOBHUCTOIO.

VY nBOX AoaaTKax HaBeJACHO Teopdi3UUHI IE€Talll METOJO0JIOTI] Ta aJTOPUTMY YUCENTh-
HUX PO3PaxXyHKIB €JIEKTPOINpPOBIAHOCTU: (A) MeTdaa moniHOMIB YeOuioBa AJ1s1 BUCOKOTOY-
HOTO YMCEIBHOTO O3B’ sa3yBaHHs [lIpequHTrepoBOro piBHSIHHS, PO3PAaXyHOK MEPIIUX isST0-
HaJIbHUX eJIeMeHTIB [ piHOBUX (YHKIIIH 3a JTOMOMOTrOK 0OpMBaHHS HENEPEPBHOTO (JIAHILIO-
TOBOT0) Apo0y Ta MpOoLEaypH TpUIisiToHaI13a1li ['aMUTbTOHISTHOBOT MaTPHIIl, yCEPEeAHEHHS
0 peanizalisax KoHPirypauii n1edexris, BUO1p NOYaTKOBUX PO3MIPIB XBUILOBOTO MAKETA Ta
po3MipiB 0OuncIoBaHOro rpadeHoBoro 3paska; (b) BuBeaeHHs Bupasy aisi €(h)eKTUBHOTO
MOTEHIISJTY, CTBOPIOBAHOT'O HECKIHUEHHOIO 3apsKEHOI0 JIIHIEK, y Ha0mmkeHHl Tomaca—
®depmi Ta 0OTPYHTYBAHHS CAMOY3TOKEHOCTH PO3PaXyHKIB €JIEKTPOIIPOBITHOCTH.

3AT'AJIBHI PE3YJIBTATHU I BUCHOBKHA

|. IlIpooemoncmposano, mo penakcauisi 1aJ1eKOro aTOMOBOr0 NMOPSAAKY B IIaApy-
BaTux (Hag)cTtpykrypax tumy L1, i DOy (Ha ocnoBi I'IK- i I'IIII-rpaTHuns Bigmo-
Bi/IHO) ONMHUCYETHCH €IUHUM KiHETUYHMM PIBHSIHHAM, B IKOMY BH3HAYAJbHUM (ak-
TOPOM HAJCTPYKTYPHOro tumy a3y € eHepreTHYHUii mapamMerep MikaTroMoBoOi B3a-
€MO/iI, 1110 IEeBHUM YMHOM BHPAKAETHCS Yepe3 eHeprii 3MIlIaHHA aTOMIB Ha BCiX KO-
opauHaliiiHuX cdepax, a MOYATKOBI YMOBH peJsiakcalii BIVINBAIOTh HA KiHleBe (pPiB-
HOBA’KHE) 3HAYEHHS MapaMeTpa JaJIeKoro MopsiAKy Juile B 0K0Ji To4YkHu (a3oBoro
NepeTBOPEHHs Jaa—0e3aa.

3aniis 06rpynmyeanHs 1IbOTO TUCEPTALIHOTO MOJIO’KEHHS] BUKOHAHO HACTYITHE.
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1. TlocnigoBHO BHUBEAEHO OJHOYACTUHKOBI MMOBIPHICHI (DYHKIIT PO3MOJIIY aTOMIB Y
(mam)ctpykrypi Ty DO;g Ha ocHoBi I'IIII-rpaTHuMIl, 1110 YMOXKIUBHUIIO 1O30yTHCS HAsB-
HOI B JIITEpaTypi HEOAHOZHAYHOCTHU IIOJI0 TX BUTJISIAY.

2. YwucenpHO OIIHEHO MapaMeTpU MIKaTOMOBHUX B3a€MOJIIA (BJacCHI 3HAYEHHS MaTpHIl
CHEpIiil «3MIIIaHH» ) Ta CIPOrHO30BaHO YacTUHY (ha30Boi Aisirpamu it cromy Ti-Al, a ca-
Me, PIBHOBaXHUM CKJIaJ] CIIBICHYBAHHS BIIOPSIIKOBAHOI Olp-(pa3u Ta HEBIOPSAKOBAHOI O.-
¢da3u y IBOX MOJIEIISAX: HE3AISKHOCTH M 3aJIEKHOCTH €HEPTIi «3MIMaHHsD» (KA BU3HAYAETh-
Csl GHEPTISIMU TAPHUX MI>KATOMOBHX B3a€MO/I1i1 ) B1JI TEMITEpaTypH.

3. ns o6ox MOzeniB MOOYJ0BAaHO KPUBI 4aCOBOT €BOJIIONIT (HA1)CTPYKTYpPHOTO TapaMeT-
pa aganekoro nopsaky Ty D0jg um L1, 3a pi3HuX ckiajiB i Temmneparyp. BkitoueHHs Tem-
NEePaTypHOI 3aJIEKHOCTH CHEPrii MIKATOMOBUX B3a€MOJIN MPHUILBUIIIYE PETAKCAIIO MMa-
pameTpa IaJeKoro MOPsAKY Ta HocaabIioe BIUTMB TEMIIEpaTypH Ha Hel.

4. Ouineno mudysiiHi xapaktepucTuku (OHcarepoBi i MikpoaudysiiiHi KoedimieHTn)
ynopsimkoBanoro repmainoro ['I[K-NisFe 3a He3anexxHuMu ekcriepuMeHTaTbHUMH JTaHUMU
PO YaCOBY 3aJICKHICTh MOTO apaMeTpa JaJIeKoro aTOMOBOTO TOPSIKY.

5. 3’scoBaHO pOJb MOYATKOBOIO (HEPIBHOBAXHOTO) 3HAYCHHS MapameTpa JajieKoro
aTOMOBOTI'O MOPSJIKY B OT0 peliakcarlii 0 CBOr0 PiBHOBAKHOTO 3HAYEHHS. 3a BiIaJICHUX
BiJl TOUKK (Pa30BOTO MEPETBOPEHHS Jaa—0e3naj TeMIepaTyp KiHIeBe (pIBHOBa)KHE) 3Ha-
YeHHS MapaMeTpa JIajJeKoro MOPsAKY JUIIAETHCS OJTHAKOBUM 3a OyAb-sSKHX HOT0 MOYaTKO-
BUX 3HaueHb. HaToMicThb, B OKOJII TOUKHM (Pa3oBOro mepexody Jag—oOe3iaa came moYyaTKoBe
3HAYEHHS MapaMeTpa MOPsAKY MOXKE BUSBUTHUCS BU3HAYAIBHUM Y BUOOPI CUCTEMOIO CIle-
HapII0 CBOET €BOJIOIIT — MOJAJIbIIE YIIOPSAAKYBAHHS YU PO3YIIOPSIKYBaHHS.

1. Iloxazano, mo BpaxyBaHHS MizKaTOMOBHUX B3a€EMO/iil B ycix (a He Jinlle B Ie-
puuiii a00 mepmmMx ABOX, sIK 0YyJI0 JAoTenep) KOOPAUHALIMHUX chepax Y PO3BHHYTHX
CTATUCTUYHO-TEPMOIMHAMIYHOMY Ta KiHETHYHOMY MO/eJIsiX JaJIeKOr0 aTOMOBOIO
nopsiaky 3a tunamu L1, i DOjg B cromax (Ha ocHoBi I'lIK- if I'III-rpaTHuns Bigmo-
Teil i NPUBOIUTH /10 BUSHAYEHHS H08020 U0y 3aJI€KHOCTE MapaMeTpa JAaJIeKoro no-
PSIIKY BiJ 4yacy, THCKY Ta TeMIlepaTypH: MiIBUIIIEHHS] YU MOHUKEHHS CTYIEeHs BIO-
PSAIKOBAHOCTH 3i 30iJIbIIICHHSAM THCKY Ta CHPUSIHHA Y4 NMPUTHIiYeHHS Mepexoay CHc-
TeMH 3 HEYNOPSIKOBAHOI0 CTAHY B YNOPAIAKOBAHUI (UM HABNAKH) /i MOBEPHEHHIO Y
BUXIJIHUI CTaH, a BilMOBIAHO, 10 MOKJIMBOCTH MPOSABY ABOX TOYOK (pa3oBoro mepert-
BOPEHH Jaa—0e31a/.

30kpema, 3aBIIKH MOAM(DIKOBAHUM 1 PO3BUHYTUM aHATITHYHUM MOJCISIM B JHCEP-
Tallii 6cmanosieHo HACTYITHE.

6. 3a cmabkoi 3a1eKHOCTU 00’ €My CTOITY BiJl CTYIEHS YIOPSAKYBaHHS (TOOTO KOJU HEIO
MOJKHA 3HEXTYBATH) THCK HE BILUTUBAE HA BEJIUYHMHY CTPUOKA PIBHOBAYKHOTO IMapamMeTpa Jia-
JIEKOTO aTOMOBOTO TIOPAJIKY B TOYII (ha30BOT0 MEPETBOPEHHS JaA—0e3I1a, a JIUIIE 3MIITye
OCTaHHIO B 01K OLITBIIIMX 200 MEHIINX TEMIIEPATYP 3aJI€KHO BiJ] 3HAKIB IEBHUX MApPAMETPIB,
110 BU3HAYAIOTHCS Y CTATUCTUYHO-TEPMOAMHAMIYHOMY MOCIIO. SIKIIIO 3HAKW THX TTapaMeT-
piB OJTHAKOBI, TO 3aJICKHOCTI TEMIEPATypH (Ha30BOTO MEPETBOPEHHS 1 IMapaMeTpa JaJIeKOro
MOPSJIKY BiJl THCKY MOHOTOHHI, a 1HAaKIIIe — HEMOHOTOHHI, & OTXKE, BUSBJISIOTHCS JIBI TOUKH
($ha30BOTO MEPETBOPEHHS JIaI—0e31a/l.

7. SIKmio 3alIeXHICTh 00’€My CTOITY Bij] TapaMeTpa J1ajieKoro MopsiAKY € ICTOTHOO (i1 He
HEXTYETHCS ), TO 31 BMIHOIO TUCKY 3MIHIOETHCS HE JIMIIIE TEMIIepaTypa nepexoy Jaa—0oe3nan,
a i cTpuOOK MmapaMeTpa MopsAKy: BiH MOKe SIK 30UTbLIyBaTHCS (001ratour NeBHOTO rPaHu-
YHOTO 3HAYEHHS ), TAK 1 3SMEHIITYBATHUCS, 3AJICKHO BiJ] 3HAKIB MOJICTTHHUX TTAPAMETPIB.
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8. B 000x MOzensx TUCK MOKe 3MIHIOBaTH 3HAK IIBHUJIKOCTU 3MIHM NapameTpa JalieKo-
r0 aTOMOBOTO MOPSIIKY; TOMY CTOII, SIKMI BIOPSIIKOBY€ETHCA (PO3YHOPSAIKOBYETHCS) 32 HY-
JHOBOTO (aTMOC(EPHOIr0) TUCKY, MOXKE 3a3HATH PO3YNOPSIAKYBaHHS (BIOPSAKYBAHHS) 11T
Ji€0 TUCKY. BupimanbHOmO e y BUOOP1 CTOIIOM CIIEHApII0 aTOMOBOTO IMEPEPO3INOILIy B
HBOMY € OYEeBHUHA «KOHKYPEHI[is» TeMIlIepaTypy W TUCKY K YAUHHUKIB. 30KpeMa, 3a IeB-
HUX 3HAKIB MOJIETTbHUX MapaMeTpiB MiJBUILEHHS TEMIIEPATypyu MOXKE «KOMIIEHCYBATUCS
MIIBUIIEHHSAM TUCKY TaKUM YHMHOM, IO B MPOIIECI peakcallii mapamerep IajeKkoro mo-
psaAKy Oyne He nuiie He A00iratu HyJss, a i B3araial He MOHM3UTHCS. 3a TaKUX OOCTaBUH
TeMIeparypa i TUCK € KKOHKYPYBATbHUMI («B3a€EMHO MPOTHAIIOUNMN» ) YUHHUKAMHU.

9. Cepen HaBeaeHUX MOEINIB aTOMOBOTO BIIOPAIKYBAaHHS HalpealiCTUYHIIINM € TOH, B
SAKOMY THCK MIJBHUIIYE TEMIEpaTypy Mepexoay Jaa—0e3naa (TUM CaMUM «IT1ICHUITIOI0U)
BIIOPSJIKYBaHHS), @ CTPHOOK PIBHOBAXKHOTO MapaMeTpa JaJIeKoro MOPsIKy CTaluii abo Mo-
HOTOHHO MIJIBUIIYETHCS 0 IEBHOTO TPAHUYHOTO 3HAYEHHS, 1110 BIJNOBiIa€ BUMAAKY Ca0-
KOi YM 1ICTOTHOI 3aJI€KHOCTEH 00’€My CTOITy BiJ MapameTpa MOpsAKY BiAmoBiaHO. Takuii
MOJIETb €, 30KpeMa, HalOUIbII MPUIATHUM I ONUCY (Pa30BUX MEPETBOPEHb TUIY Jad—
oe3nan B ['IIK- ta I'II{IT-Fe—Ni 3a ekcTpeMaaIbHIX YMOB HAIBUCOKHX THCKIB 1 TEMIIEpaTyP.
10. 3a HaABHCOKHMX THUCKIB 1 TEMIIEpaTyp ICTOTHO 3MEHIIY€EThCA Yac pesaKcallli mapamerpa
JaJIEKOr0 aTOMOBOI'O MOPSAKY IO CBOIO PIBHOBaXXHOI'O 3HAa4YeHHs. TOMy, HaBITh B MeXax
3p00JIeHOT0 (PEaiCTUYHOr0) MPUITYIIEHHS PO ICTOTHY TIepeBary 3a MIBUAKICTIO MAarHETHO-
'O BIIOPSIKYBAaHHS Ha/l aTOMOBHM, YMOJIMBIIFOETHCS 3MiHA MOCIIJOBHOCTH CTPYKTYPHOTO
(Jtan—0e3naa) Ta MarHETHOro (MarHeTUK—apaMarHeTHK) EPETBOPEHB 1, 30KpeMa, iX OJTHO-
qacHiCTh. BpaxoByrouw, o nepexin cromy Fe—Ni, 1110 BIOpsIKOBYEThCS, 13 MATHETHOTO CTa-
HY B IapaMarHeTHU MOKe B110yBaTUCS 31 CTpHOKOINOAI0OHNM 3HUKHEHHSIM HaMarHeTOBAHO-
CTEeH KOXKHOI 3 IBOX IIJICHCTEM KOMITIOHEHTIB 11X pO3UHHY B IIIJIOMY, 1110 BIACTUBO ()a30BOMY
nepexoay 1-ro poay, KOJiu TakUil BUITAI0K MaTUME MICLI€ Y TOJIOBHOMY KOMITOHEHTI BHYTpI-
IIHBOT YyacTUHHM sapa 3emini, — iHBapi Fe—Ni 3a ekcTpeManbHUX YMOB HaJJBUCOKUX TUCKIB 1
TeMIepaTyp, — Lie IPOBOKYBAaTHME T0AaTKOBI BHECKU Y CIIPUUMHEHHS 36MJIETPYCIB.

1. B pamkax no0ya10BaHUX CTATUCTUYHO-TEPMOJUHAMIYHOIO Ta KiHETUYHOIO
MO/eJIiB 1aJIEKOT0 ATOMOBOI0 MOPSIAKY B TBEPAOMY PO34HHI HA OCHOBI rpadeny, do-
6€0eHo, 110 BPaxXyBaHHsl JIMIIe KOPOTKOCSIKHUX B3a€EMOJil aTOMIB YHEMOKJIUBJIIOE
OOTPpYHTYBATH JesIKIi i3 nepeddauenux HAACTPYKTYP 3aMillleHHA TA BTiJICHHS B IHiJIb-
HUKOBIil rpaTHHuIli, siki HA0yBalOTh CTA0OLILHOCTH caMe 3aBASAKH JAAJIEKOCHKHOCTI
Mi’KaTOMOBHX B3aeMojii. Brim, 3a1/1s cradimizanii meBHOI HAACTPYKTYPH NepeBaxa-
JIbHMM Ma€ O0yTH BHECOK BiJ B32€MO/II aTOMIB HA THX KOOPAMHALIHHHUX «KOJIAX», NI
SIKUX MOHMKEHOK € Dyp’e-KOMIIOHEHTA eHepril 3MillaHHA. 3’7c06aHo, 110 HEMOHO-
TOHHICTh KiHETHMKH peJiaKkcauil mapamMeTpiB JajJ1eKoro nopsiaKy Cipu4MHeHO A0MiHY-
BAHHAM MIKIIAIPATHULIEBUX HAA BHYTPIIIHbOMIAIPATHHLEBUMH MiKATOMOBUMM
B3a€EMOJISIMHU Y IXHil KOHKYpPeHUIl Mixk c00010.

J1st 0oeedenns IbOTO MOJOKEHHS B IUCEPTallli BAKOHAHO HACTYIIHE.

11. TloGymoBaHO CTATUCTUYHO-TEPMOAUHAMIYHHUN Ta KIHETUYHUN MOJIEI YIOPSIKYBaHHS
aTOMIB 3aMIIIEHHS Ta BTIJICHHS Y HIIJILHUKOBIN (Tpad)eHOBII) TpATHUII 3 YPaXyBaHHSIM SIK
JIUTIIE KOPOTKOCSKHUX, TAK 1 pealiCTUIHITINX JATCKOCSH KHIUX MI>KaTOMOBUX B3a€EMOJIIH.

12. Bwu3HayeHO MUISHKHA 3HAYCHb CHEPIETHYHHUX IapaMeTpiB, IO BiAMOBIIAIOTH CTA01Ib-
HUM (Hax)CTpyKTypaM Ha rpadeHoBiii ocHOBI. KOpOTKOCSKHI MI>KaTOMOBI B3a€MO/IIi 3aB-
KU 3a0€3MeUyIoTh CTaOUTbHICTh «IPUBUICHOBAHOTO» TOPSJIKY Y (HAT)CTPYKTypax, /e BCi
aTOMHU JIeTyBaJIbHOT TOMIIIIKH CYCIIATh 3 ByIienieBUMH. [IpoTe, uiie qanekocsyKHi B3aEMO-
Iii MOXKYTh COPUYMHUTH YTBOPEHHS (HA1)CTPYKTYp Ta CTaOLIi3yBaTH iX, SIKIIO B HUX JESKI
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JIOMIIIIKOB1 @aTOMU € HAHOIMKIMMU CYClJIaMHU.
13. TI'padenoni (Hax)CTPyKTypH 3aMIllIEHHs] OMTMCAHO OJHUM, IBOMA YM TPhOMa MapaMeT-
paMu J1alieKoro aTOMOBOIO MOPSAJIKY, IO YMOKJIMBIIIOE JEKIJIbKa HEEKBIBaJEHTHUX BIIO-
PSAIKOBAHUX PO3MOJLIIB aTOMIB 3aMIIIEHHS 32 TIEBHOTO CTEXIOMETPUYHOTO CKJany. Taka
iX KOHKYpEHIIsl MK CO00I0 BIJIOOPAKAETHCS M y KIHETHYHIM IpOIieci: HEMOHOTOHHICTh
4acoBOi 3aJIe)KHOCTU MapaMeTpiB MOPSAAKY, CIPUUYUHEHA HASBHICTIO ABOX MIATPATHUIL Y
rpadeHoBIi IpaTHHMIIL, a TOYHIIIE, HE MPOCTO PIKHUIICI0 KOHKYPYBaJIbHUX BHYTPIIIHbOIII-
JIPATHUIICBUX 1 MIKIIATPATHAIICBUX SHEPTIA «3MIMIAHH» B3a€EMOIINHUX aTOMIB, a IOMi-
HYBAaHHSIM CaMe€ OCTaHHIX Yy TaKiid KOHKYpEHIIii.
14. Ha BiamiHy BiA (Hax)CTPyKTyp 3aMileHHs, BCl rpadeHOB1 (Haa)CTPYKTypH BTUICHHS
OIMCAHO JIMIIE OAHUM IMapaMeTPOM JIaJeKOro MOPSIKY, a 3a TIEBHOTO CTEXIOMETPHUUHOTO
CKJIaJy MOKJIUBHM JIMIIIE OJWH BIIOPSAKOBAHUN PO3MOJILI BTUICHUX aTOMIB IO MiXkKBY3J10-
BUHAX IpaTHUI. Lle yMOXIUBIIOE pO3MISAIaTH MO3UTUBHICTH TEMIIEpATypH BTPATU CTiii-
KOCTH HEBIOPSIKOBAHUM CTAaHOM II0JI0 BUHUKHEHHS JAJIEKOT0 MOPSAKY B PO3MO/LIL BTi-
JICHUX aTOMIB, K HEOOX1HY ¥ JOCTaTHIO YMOBU T€PMOJIMHAMIYHOT CTaO1ILHOCTH.
15. AHami3050 KiHETHUHHUX KPUBHX (PO3)yHOPSAKYBAHHS IPOEMOHCTPOBAHO, [0 BHECOK
B1JI B3a€MO/II aTOMIB Ha IMEBHIM Bl CIPHUS€ YU MPOTHIIE AaTOMOBOMY BIOPSIAKYBaH-
HIO 3QJIC’KHO BIJl 3HAKy 1X €HEpriil «3MIMIaHHs» i Y BIAMOBIIHOCTI 0 CUMETPIi CTPYKTYPH.
YTBOpPEHHIO KOXKHOTO HAJICTPYKTYpPHOTO THITy CIPHUSTIMBHUMH € BHECKH BiJ B3a€MOJIl
aTOMIB HE B KO)KHOMY KOOPJUHAIIHHOMY «KOJI», a JIHUIIE HA MEBHUX MDKBY3JIOBUX (MIX-
BY3JIOBUHHUX) BIIJaIsAX. SIKIII0O BHECOK BiJl B3a€MO/IIi aTOMIB Ha MEBHOMY KOOpPAMHAIIM-
HOMY «KOJI» MOHIKYE (3 ypaxyBaHHIM 3HaKy) 3HaueHHS Dyp’e-KOMIOHEHTH iXHBOI €HE-
prii «3MIIIaHHA», TO BiH CIIPUSE BIOPSAKYBAHHIO, a IHAKIIIE MPOTUIIE HOMY, BIUTMBAIOYHU B
000X BHUIIaJKax Ha TeMIeparypy (pa3zoBoro nepeTBOPEHHs J1ag—0e3nau.
16. IlepenbaueHo, 1m0 3a CKIHUEHHUX TEMIEPATyp, KOJIU MapaMeTpu JajleKoro aToMOBO-
ro MOPSJKY Yy BUpa3zax s KOHGITypaliitHoi BITbHOT €HEpTii BKe HE JOPIBHIOIOTH OJIMHU-
111, OKpIM CUMETPIHHO-CHEPTreTUYHNX YMHHHUKIB, CTAHE BAXKJIIUBUM 1 EHTPOIIMHUI BHECOK.
[le cnpUYMHUTH COTBOPEHHS MEX MK BU3HAYCHUMU JUISTHKAMU €HEPreTUYHHX Aisirpam
CTAaOUIBHOCTHU y 1HII, BJKE TEMIIEPATYpHO- i KOHIIEHTPALIMHO3aJIeKHI, HATOMICTh HE TO-
PYLIUTh BUPIIAIBHICTh BIUIMBY JAJIEKOCSKHUX MI>KATOMOBUX B3a€MOJIIM Ha YyTBOPEHHS 1
CTaOUIBHICTh (HAT)CTPYKTYP.

IV. 3 BUKOpHCTAHHAM BJIACHOPYY PO3P00JICHOI0 MPOrpaMHOro nakery (Ha C++)
JMJIA PO3PAaXyHKY €JIeKTPOTPAHCIIOPTHUX BJIACTUBOCTEH rpadgeHoBHX 3pa3KiB peaJic-
TUYHHUX PO3MIPIB 6uUA6/1€HO, 0 NPOCTOPOBI PO3MOAIIM IXHIX TOYKOBHMX [e(eKTiB
(momimkoBHX (ax)aTOMIB, BAKAHCI TAa IX KOMILICKCIB) MOXKYTh CIPHUYMHATH PHAA
eexTiB: 3MIHIOBATH THII OCHOBHHUX HOCIIB CTPyMY, IHAYKYBATH 3200pPOHEHY 30HY B
iXHbOMY €HepPreTH4YHOMY CHEKTpi, icToTHO MoaudikyBaTH BUIJIAL €JeKTPOHHO-
KOHUEHTPAUINHOI 32JIe’KHOCTH €eJIEKTPONPOBITHOCTH, MOJINIIYBATH (PYHKIIOHAJIb-
HICTh Tpad)eHOBOr0 MIAPY, 3MIHIOIOYH €JEKTPONPOBIAHICTL Yy eCATKH pa3iB, MOCHU-
JIIOBATH YM MOC/JA0/110BaTH (il HABITH MOBHICTIO NMPUTHIYYBATH) ACUMETPIIO B €JIeKT-
POHHIii i JipKOBil NpoOBiTHOCTAX.

Hnst susienenns mux eQekTiB 0yJio 3p00JIEHO TaKe.
17. BnacHopyu nmo0yaoBaHO OJOK KOMIT IOTEPHUX MPOTrpaM Ha MOBI IiporpamyBaHHst C++
B paMKaX KBaHTOBO-MeXaHiuHoro ¢opmainismy Kybo-IpiHBya, 0 YMOKIMBIKOKTEL YH-
CEeJIbHO PO3PAXOBYBATH I'YCTUHY €JIEKTPOHHHUX CTaHiB, KOE(ILIEHT TpaHCHOPTY (Audy31ii-
HICTb) €JIEKTPOHIB Ta iX MPOBIAHICTh Y pealiCTUYHUX IpadeHoBHX 3pa3kax (0e3 0OMeKeHb
Ha PO3MIpH OCTaHHIX).
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Pe3ynbTaTy KOMIT IOTEPHUX PO3PAXYHKIB nPOOEeMOHCMPYSAiU HACTYITHE.

18. Jlns BUIMAIKOBOTO pO3TalllyBaHHS PO3CIIOBAJIBLHUX LIEHTPIB, JOMIHYBAJIbLHUM € Jalie-
KOYMHHE PO3CISIHHA HUMU HOCIiB 3apsiy; BOAHOYAC, JUIS 1IHIIUX TUIIB IPOCTOPOBOTO PO3-
MOy pO3CitoBaviB (KOPEJIbOBAHOTO Ta/4U BIIOPSAIKOBAHOTO) JOMIHYBAJILHUM € KOPOTKO-
YUHHE po3CisHHSA. Lle CBIIUNTh mpo pi3HI MEXaHI13MHU PO3CISHHS I PI3HUX TUITIB B3aEM-
HOTO PO3TalllyBaHHs PO3CIIOBAYiB HOCIIB 3aps1y (€JIEKTPOHIB).

19. 3abopoHeHa 30HA B €IEKTPOHHOMY €HEPreTUYHOMY CHEKTPi rpadeHy MoxKe BIIKpH-
BaTHCSl TPHU BIOPSJIKYBaHHI TOYKOBHX JAe(EKTIB 3aMIIIEHHA Ta aJCOPOLIMHMX, SKIIO
OCTaHHI PO3TaIllOBaHl HaJ By3JamMH rpadeHOBOI IPATHUIII 1 THM CaMUM MPOSBISIOTH cebe
Hade aTOMH 3aMIIICHHS Ta € KOPOTKOMiFounMu. Ynum Oinbiia (MEHINA) aMILTITyAa po3Ciro-
BaJILHOTO TMOTEHITISUTY Ta/49M KOHIICHTPAIlIS TaKUX BIOPSIKOBAHWX (a7)aTOMIB, THM O1lTb-
ma (MEHIIa) MupruHa 3a00POHEHOT 30HHU.

20. Kopensiis i gajeke ynopsAKyBaHHS pO3CiIOBaJIbHUX IIEHTPIB HE BIUIMBAIOTh HA MPO-
BIJIHICTH TpadeHy 3a Oy/Ib-IKOr0 KOPOTKOCSKHOTO UM JAJEKOCSKHOTO, CIAa0KOro YU CHIIb-
HOT'O 3HAKO3MIHHOTO PO3CIIOBaJIbHOIO MOTEHINsUTY. HaTomicTh 3a 3HaKOCTAJIOrO MOTEHITIS-
JIy PO3CISTHHSL KOPEJISIis 1 JaJeKui MOpsSAOK y po3TallyBaHHI PO3CIIOBAYiB MiABUILYIOThH
MPOBIIHICTH MOPIBHSAHO 3 1X BUIAIKOBHUM PO3IOJALIOM B JCKUJIbKA (UM JACCATKH) pas3iB Jis
MOTEHIIISUTY 3 MaJiol0 (BEJIMKOIO) aMILTITYIOI0 Ta BEJUKUM (MaauM) e(pEeKTUBHUM pPaito-
coM Jiii. A 3a 0-moJIOHOTO («TOYKOBOTO») MOTEHIISLTY €(hEeKT YIOPSIKYBAHHS MPOSIBISIETh-
csl, HaBITh SIKIIIO BIH 3HAKO3MIHHHIA.

21. Ha nmpukiagax momimkoBux HiTporeHoBux aromiB 3amimieHHs Ta KamiiioBux amato-
MiB y rpad)eHl BCTAHOBJICHO, 1110 B3a€MHA KOPEJIAIS Ta JaJIeKe BIOPSAKYBAaHHS MEPIINX
(N) MOXyTh MiJBHUILYBAaTH €JICKTPONPOBIIHICT Y JAeKiabka (= 3—60) Ta mecsatku (= 20-30)
pa3iB BIJMOBIJHO y MOPIBHSHHI 3 X BUMAJAKOBUM PO3MOAUIOM. A KOPEJSLIsA YU BIOPSAKY-
BaHHs Apyrux (K) MoxyTh 3017bIIYyBaTH €IEKTPONPOBIAHICTE ¥ = 2—7 abo = 3—15 pa3is
BIJINOBIJIHO, MPUYOMY €(hEeKTH KOpessIiii Ta BHOPAIKYBAHHS NAlOThCS B3HAKU CHJIBHIIIE
(crabuie) 1st TUX agaTOMIB, SIK1 MMPOSIBIISIIOTH ce0e Haue aTOMHU 3aMIIIeHHS (BTUICHHS).

22. HasBHICTh KOMIUIEKCHUX Je(hEKTIB (JOMIMIKH + BakaHCii) B rpadeHi TPUBOAUTH /10
KUIBKICHUX Ta SIKICHUX 3MIH Yy XapakTepl MPOBIAHOCTU: ii €IeKTPOHHO-KOHIIEHTpaIliitHa
3QJIEKHICTh MOXE OyTH JIIHINHOI, CYOIIHIMHOIO Ta CYNEPIIHINHOIO 3aJIEXKHO BIJ BMICTY
JIOTIAHTIB 1 BaKaHCIH, X KOH}ITypalliii Ta TUITy HOCIIB — €JIEKTpOHIB abo mipok. Sk 1 ymo-
PSAIKYBaHHSI, HASBHICTh BaKAHCINA MPUTHIYYE €JIEKTPOHHO-IIPKOBY aCUMETPII0 MTPOBIIHOC-
TU (BIIHOCHO HYJILOBO1 HAIIPYTH).

23. 3a HEeBMOPSIKOBAHOTO (BUITAJIKOBOTO YU KOPEIHOBAHOTO) PO3MOALTY aJaTOMIB Ha
Masux (MOPIBHSHHUX 3 TTapaMeTPOM I'PaTHHIN) BUCOTAX HaJ rpadeHOM-aacopOEeHTOM HOoro
CIICKTPOTIPOBIAHICTh G npubAuU3HO JHIAHO 3aJCKUTh BiJ 1X amcopOIiiiHoi BucOTH N
o(h) = o(0) + O(h). Ta 3a BOpsAKOBAHOTO PO3MOILTY aIaTOMIB HOTO €JIEKTPONPOBIIHICT
MPaKTUYHO HE 3aJICKUTh BiJ BUCOTH PO3TallyBaHHS IIapy-ajcopOaty (MpuUHAWMHI, IS
peanicTHunmX 3HaueHb (< 0,01 aTOM ") I'YCTHHH BiIbHHUX €IEKTPOHIB).

V. Ilpoinwocmposano, mo B HAHOLIBII pealiCTUMHOMY BHINAJIKY HASIBHOCTH B
rpadeHi, oKpiM TOYKOBHX JedeKTiB, mie il JiHIHHUX (HAHOOPU:IKIB, aTOMOBHX CXO/1U-
HOK i/a00 Tepac) Mo:Ke, OKPiM 3MiHU BHUIJISIY €J1eKTPOHHO-KOHIEHTPALIHOI 3aj1eK-
HOCTH MPOBITHOCTHU, BUSIBJIATHCS P HOBUX e(eKTiB: MiIBUIYBATHCS €J1eKTPOINPO-
BIIHICTH Yy JeKiJIbKA pa3iB 3a opicHTaNiiiHOI KopeJiAuil JiHIHHUX AedeKTiB YU B COTHI
pa3iB y BUNIAJKY 1lle i YNOPAJAKYBAaHHS TOYKOBHX, MOCUJIIOBATHCS aHI30TPOMiA ejleK-
TPONPOBITHOCTH TA MPOTH/IiA YU, HABNAKH, CIPUSHHS €JIEKTPOHHO-AipPKOBIiil acume-
TPil, IKY CIPUYUHAIOTH TOYKOBI AedeKTH.
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Pe3ynpTaTi KOMIT IOTEPHUX PO3PAXYHKIB npOOEMOHCMPY8AIU TaKe.
24. AHI30TpOITIs €JEKTPOHHOI'O TPAHCTIOPTY B rpad)eHi BUHHMKAE 3a HASBHOCTH B HHOMY
OpIEHTAIIIHHO CKOPENbOBaHUX (1 TUM Taye MOBHICTIO BIOPSJIKOBAHUX ) JIHIMHUX J1e(PEKTIB.
3aJie’kHO BIJ iX KUIBKOCTH Ta MPUPOJIA YTBOPEHHS, 1110 BU3HAYAE IXHIO PO3CIIOBAJIbHY 3]1a-
THICTh, TaKa KOPEJIALis JIHIHHUX PO3CIIOBa4YiB MOJKE ITiJIBUIIYBaTH MPOBIAHICT Y JEK1b-
Ka (= 4-5) pa3iB y IOPIBHSHHI 3 BUITAJKOM IX BHITaJKOBOT'O B3a€EMHOT'0 PO3IOILIY.
25. 3a oAHOYACHOI HasIBHOCTU TOYKOBHUX 1 JHIMHUX NedeKTiB y rpadeHi xapakTep ioro
eJIEKTPOTPOBIAHOCTH BU3HAYAETHCS HE JIMIIE BMICTOM Je(EeKTIB KOKHOTO THITY, a i CIIiB-
BIIHOIIICHHSIM BIAMOBITHUX 000M THUIaM Je(EeKTIB pO3CIIOBAIBHUX MOTEHIIISUTIB (30Kpema,
napaMeTpiB, 110 BXOJSATH JI0 iX BUpa3iB). SKIIIO MOTEHIIISUT pO3CISTHHS HAa TOYKOBUX JedeK-
Tax CUJIBHUHM 1/a00 NaNeKOCSIKHUM, TO TXHIA BHECOK € MPEBAIIOBAILHUM Y €JIEKTPOHHO-
KOHIICHTPAIIHHIN 3aJ€KHOCTI IPOBITHOCTH, MIATPUMYIOUH ii KBa3ujiHIMHOK. HatoMicTh
3a 1HIIMX MOTEHINSJIIB PO3CISHHS JOMIHYBAJIBHUM CTa€ BHECOK JIHIMHUX Ae(EKTIB, M0
MIPUBOJIUTH /10 CYyOJIIHIMHOCTH IIPOBITHOCTH.
26. ToukoBi Ta JiHINHI JedeKTH, SIKUX 3MOACIBOBAHO PO3CIIOBATHHUMHU MOTEHIIISTIAMH
OJIHOTO 3HAKY, MPOSIBISIOTHCS Y MPOTUICKHIN €IIEKTPOHHO-AIPKOBIM acCUMETpii BiITHOCHO
HyJIbOBO1 HanpyTH ([ipakoBoi Touku). ToMy 3a 0IHAKOBHUX 3HAKiB MOTEHIISIIIB PO3CISTHHS
HOCIIB 3apsily B3a€EMOUYMH TOYKOBHX 1 JIIHIMHUX PO3CIFOBAIBHUX LEHTPIB MOXKE IMPUTHIYY-
BaTU (M HaBITh MOBHICTIO HIBEJIIOBATH) E€JIEKTPOHHO-AIPKOBY ACHUMETPIIO B MPOBIAHOCTI
rpadeHy, BUSBIEHY 32 HasBHOCTU B HbOMY Je(ekTiB iuie ogHoro tunmy. Haromicts 3a
PI3HUX 3HAKIB MOTEHIISJIIB PO3CISIHHS TOYKOBHUX 1 JIHIMHUX Ne(PEKTIB 3a3HAUYECHA aCUMET-
pisi cTae BUPA3HIIIOIO.
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AHOTAILIA

Pagyenko T. M. BiuiuB ynopsiakyBaHHs JAe(eKTHOI CTPYKTYPH HA TPAHCIOPTHI BJia-
CTHUBOCTI 3MIIIAHNX KpHUCTAIiB. — Pykonuc.

Hucepraitiss Ha 3400yTTSI HAYKOBOTO CTYIEHS OKTOpa (i3MKO-MaTEMAaTUIHUX HAyK
31 crietisuibHOCTH 01.04.07 — (pizuka TBepaoro tuna. — [HcTuTyT Metanodizuku M. . B.
KyparomoBa HAH VYkpainu, Kuis, 2015.

3axXUIIA0ThCSl HAYKOBI MOJOKEHHS Ta BIAMOBIAHI pe3yJbTaTh 1 BACHOBKH, SIKUX C(ho-
pMyIBOBaHO Ha OCHOBI 30 HAYKOBHX Mpallb, ¢ TEOPETUIHO JOCIHIIKEHO BIOPSIKYBAHHS
CTPYKTYpPH 3MIIIaHUX KPUCTANIB (3 TOUKOBUMH a00/1 NIHIHHUMU JepeKTaMu) K onocepe-
JKOBYIOUOTO MEXaHI3My BIUIMBY Ha iXHI BIACTUBOCTI. MexaH13M BU3HAYA€ETHCS K OMOCEe-
peaKkoByroUuid uepe3 ABl npuurHU: (1) po3risgaBcs BIUIMB MEBHUX 30BHINIHIX YMHHUKIB
Ha CTPYKTYpPHUH MOPATIOK, (2) OCHiAKyBaBCs BIUIMB YIOPSAIKYBaHHS Ha MEBHI BIACTUBO-
CTl PO3TJISIAYBAHUX MATEPisUTiB. B SIKOCTI TaKMX 30BHIINIHIX YAHHHUKIB BUCTYNAIHM 30BHIIII-
HIA THCK 1 TEMIEpaTypa, a B SKOCTI BIACTHBOCTEH — EJIIEKTPOTPAHCIOPTHI Ta HEENEKT-
poHHI TpaHCHopTHI (Mikpoaudy3iitHi). ¥ mepmomy Bumanky (1) takumu neexTHUMU
Kpucrtajgamu Oynu tpuBuMipHi (3D) kopoTkomnepioaHi mapysati (Hax)cTpykTypu tumy L1,
(mepmaiioit) 1 DOyg (ot-TuTan-amoMiniit) Ha ocHoBi ['IK- Ta I'III-rpaTHMIb BiAMOBIAHO,
a B 1pyromy (2) — asoBuMipHi (2D) (Hax)cTpykTypu Ha 0CHOBI TpadeHOBOI UIIILHUKOBOT
rpaTHUIL. 30KpeMa, BUSIBICHO Psii HOBUX €(PEKTIB y TPAaHCIOPTHUX BJIACTUBOCTAX rpade-
HOBOTO IIAPY, SKUX MOXE CIPUYMHIOBATH PO3MAITTS KOHGIrypamiii (IpocTOpOBUX PO3Ta-
IIyBaHb Ta OPIEHTAIIII1) TOYKOBUX 1 IIHIMHUX JAehEKTIB.
Kuro4oBi ciioBa: cronu 3amiteHHs1, rpadeH, TOUKOBI Ta JiHIAHI 1eQEeKTH, CHepris 3MiIIaH-
H$1, BIIOPSIIKYBaHHS, HAACTPYKTYPH, €PEKTH TUCKY, MIKpOAU(Y3isl, EICKTPOIPOBITHICTS.
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ABSTRACT
Radchenko T. M. Influence of ordering of the defect structure on transport proper-
ties of the mixed crystals. — Manuscript.

The dissertation for the Doctor of Science degree in physics and mathematics accord-
ing to the specialty 01.04.07 — Solid State Physics. — G. V. Kurdyumov Institute for
Metal Physics, National Academy of Sciences of Ukraine, Kyiv, 2015.

The theoretical propositions as well as corresponding outputs and conclusions based
on 30 scientific works, where the theory of ordering of crystal structures with point or/and
line defects is developed, are presented to be defended. The defect-structure ordering is
considered as being intermediate mechanism in affecting the properties of mixed crystals.
The mechanism is defined as a mediating one due to two reasons: (1) the effects of some
external factors on the structural order are considered; (2) the ordering effects on some
properties of materials at issue are investigated. As examples of such external factors,
there are pressure and temperature, while non-electronic transport (microdiffusion) and
electronic transport are exhibited as examples of such properties. In the first case (1), the
role of such defect crystals is manifested in three-dimensional (3D) short-period layered
f.c.c.-based L1, (Permalloy) and h.c.p.-based D09 (0,-titanium-aluminium) type (super)-
structures, while in the second case (2), in two-dimensional (2D) graphene-lattice-based
(super)structures. In particular, new effects in the transport properties of graphene-based
materials are revealed because of the variety of configurations (namely, spatial distribu-
tions and orientations) of the point and line defects.

Keywords: substitutional alloys, graphene, point and line defects, mixing energy, order-
Ing, superstructures, pressure effects, microdiffusion, electronic conduction.

AHHOTAIUA
Paguenko T. M. Biusinue ynopsinoueHusi 1eeKTHON CTPYKTYPbl HA TPAHCIIOPTHbIE
CBOMCTBA CMELIAHHBIX KPUCTAIOB. — PyKOnuce.

Huccepranus Ha cOUCKaHUE YYEHOUW CTENEeHU JOKTopa (PU3UKO-MATeMaTHUYEeCKUX Ha-
yk 1o crenuanbHocT 01.04.07 — dusuka tBEpAOTO Tena. — MHCTUTYT METAIITOPUZUKU
uMm. I'. B. KypatomoBa HAH Ykpaunsl, Kues, 2015.

3aluIarTCs HayYHbIE MTOJIOKEHHS, @ TAKKE COOTBETCTBYIOIIUE PE3YIbTAThI U BBIBO-
11, KOTOpBIe chopMynrupoBaHbl Ha ocHOBe 30 HAYYHBIX Pa0OT, TIe TEOPETHUECKH UCCIIEI0-
BAHO YIOPSOUYCHUE CTPYKTYPhI CMEIIAHHBIX KPUCTAJIIOB (C TOUCUHBIMU WJIH/U TUTHEHHBIMU
nedexTaMu) Kak OCPEACTBYIONINNA MEXaHU3M BIIMSHUS Ha UX CBOMCTBA. MexaHu3M ompe-
JeISeTCS KaK MOCPEACTBYIOMIUH 1Mo 1ByM npuuuHaM: (1) paccMaTpuBaioch BIHSHUE ONpe-
JCIIEHHBIX BHEIIHUX (paKTOPOB HAa CTPYKTYPHBIH MOPSAAOK, (2) MCCIIeq0BalOCh BIIMSHUC
YIIOPSIIOYEHHS Ha OIPENEIIEHHBIE CBOMCTBA PACCMATPUBAEMBIX MarepuanoB. B kadecTse
TaKUX BHEIIHMX (PAKTOPOB BBICTYIAJIM BHEIITHEE JIABJICHUE U TEMIIEpaTypa, a B KauecCTBE
CBOMCTB — DJIGKTPOTPAHCIOPTHBIE U HEIJICKTPOHHBIE TPAHCIOPTHBIE (MUKpoaud-
¢by3uonnsie). B nepom ciayuae (1) Takumu 1eeKTHBIMU KpUCTAIIAMUA OBUTH TPEXMEPHBIC
(3D) kopoTkomeproaHbIe cioucThie (CBepX)CcTpyKTyphl Tuna L1, (mepmamnoit) u D0y (0lp-
tuTaH—amoMuuuii) Ha ocHoBe ['LIK- M ['TTY-pemiéTok cooTBETCTBEHHO, a BO BTOPOM (2) —
nsymepHsbie (2D) (cBepX)CTpyKTYpbI Ha OCHOBE rpad)eHOBOM COTOBOM PEIIETKH.

IIpooemoncmpuposaro, 4TO penakcauusi JAIBHET0 aTOMHOTO IMOPSJKAa B CIOHUCTBIX
(cBepx)cTpykrypax tTuna L1, u DOjg onuckiBaeTCs € AMHBIM KHHETUYECKUM YPaBHEHHUEM, B KO-
TOPOM pEIIAIOIIUM (PAaKTOPOM CBEPXCTPYKTYPHOIO THIA paccMaTpuUBaeMoin (a3bl sSBISETCS
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DHEPreTUYECKUHN TapaMETP MEXKATOMHBIX B3aUMOJICWCTBHUM, BBIPAKECHHBIN ONPEACIEHHBIM
00pa3oM uepe3 SHEPTruu CMEIICHHS aTOMOB Ha 8cex KOOPIMHAIMOHHBIX cpepax, a HayaJlbHbIE
YCIIOBUS peflaKcalliy BIMSIIOT Ha KOHEYHOE (PaBHOBECHOE) 3HAYCHHE MapamMeTpa JaJbHETro
MOPSIIKA JIUIIIb B OKPECTHOCTH TOUKH (PAa30BOI0 Mepexo/ia Mops0K—0ecnopsi oK.

Iloxazano, 94T0 YyYET MEKATOMHBIX B3aUMOJICUCTBUN BO 6cex (a HE TOJBKO B MEPBOM
WIN TIEPBBIX JBYX, KaK OBLJIO IO 3TOT0) KOOPAMHAIIMOHHBIX c(hepax B pa3BUBAEMBIX CTATH-
CTUKO-TEPMOJUHAMUYECKON M KUHETUYECKON MOJENSAX JAJIbHEr0 aTOMHOIO MOPSJIKa IO
tunty L1, wim DOyg B crimaBax (Ha ocHoBe ['LIK- #t ['TIY-pemérok coOTBETCTBEHHO) MO
JIABJICHUEM MPOSBIISIETCS B ONMUCAHUU HBOJIOLUHUU UX CTPYKTYPHBIX CBOWCTB M MPUBOJUT K
ONPENEIEHUI0 HO8020 6UOA 3aBUCUMOCTEN MapameTpa AAJbHEro MOpsIKa OT BPEMEHH,
JABJIEHUS U TEMIEPATYPHI: K MOBBILIEHUIO WA OHWKEHUIO CTENEHU YHOPAIOYEHHOCTH C
YBEJIMYECHHEM JIaBJICHUS, a TAaKK€ K €ro COACHCTBUIO WM MPOTUBOAECHCTBUIO MEPEXOTY
CHUCTEMBbI U3 HEYTIOPSAIOUEHHOT'O COCTOSIHUS B YIOPSAIOUEHHOE (MJIM HA000pOT) U BO3BpaTy
B UCXO/JHOE€ COCTOSIHME, @ COOTBETCTBEHHO, K BO3MOXHOCTH MPOSIBICHUS ABYX TOYEK (a-
30BOT'0 IPEBpAIICHUS TUIIA TOPSIA0K—OECTIOPSIIOK.

B paMkax mocTpOEHHBIX CTATUCTUKO-TEPMOJMHAMUYECKON U KUHETUYECKON MOJeIen
JTAJIbHETO aTOMHOTO TIOPsiIKA B TBEPJOM pacTBOpPE HAa OCHOBE rpadeHa, 00Ka3aHo, 9To0 yUET
JMIIb KOPOTKOACHUCTBYIOIIMX B3aUMOJIEUCTBHI aTOMOB JI€laeT HEBO3MOKHBIM O0OOCHOBa-
HUE HEKOTOPBIX U3 NpeosUOeHHbIX CBEPXCTPYKTYP 3aMELIEHUSI U BHEAPEHUSI B COTOBOM pe-
MIETKE, KOTOPbIE CTAHOBATCS CTAOMJIBHBIMA MMEHHO Oyiarojapsi NajibHOJACHCTBUIO MEX-
aTOMHBIX B3auMoOJEUCTBUU. OpHaKo Al CTaOWIM3ALMU OINpPENeIEHHON CBEPXCTPYKTYpPHI
pEIIAoIINM J0DKEH OBITh BKIJIAJ OT B3aMMOJEHCTBUS aTOMOB Ha T€X KOOPAMHAIIMOHHBIX
COKPYKHOCTSIX», JJIsl KOTOPBIX MOHMKEHHOU siBisieTcsi Dyphe-KOMIIOHEHTA SHEPTUHU CMeE-
HIeHUsl. BoisicHeno, 4TO HEMOHOTOHHOCTh KUHETHKH PEJIaKCallii MapaMeTpoB JAIBHETO I0-
psaka oOycloBlI€Ha JOMUHHUPOBAHMEM MEXIOJIPEIIETOUYHBIX MEKATOMHBIX B3aUMOACHUCT-
BUM HaJl BHYTPUIIOAPEIIETOYHBIMU B UX KOHKYPEHIIMA MEXITY COOOM.

C ucnonp30BaHWEM COOCTBEHHOPYYHO Pa3pa0OTaHHOTO MPOTPAMMHOTO Makera (Ha
C++) st pacuéra >JeKTpOTPAHCTIOPTHBIX CBOMCTB Ipa)€HOBBIX 00Pa3IIOB peaTUCTHUYECKIX
Pa3MepOB 6bi6/1€HO, YTO XapaAKTEP MPOCTPAHCTBEHHBIX PACIPEAECICHUN UX TOYEUHBIX JIe-
(heKTOB (MPUMECHBIX (a]1)aTOMOB, BAKAHCHI U MX KOMILIEKCOB) MOXKET OBITh IPUUMUHOM psiia
3¢ (HEKTOB: U3MEHSTH TUIT OCHOBHBIX HOCUTENICH TOKA, MHIYIIUPOBATH 3aMPEIIEHHYIO 30HY B
UX SHEPreTHYECKOM CIIEKTPE, CYIIECTBEHHO MOAU(UIMPOBATH BUJ AIEKTPOHHO-KOHLIEHTpa-
MOHHOW 3aBUCUMOCTH MPOBOJAUMOCTH, yIydliaTh (PyHKIMOHATBHOCTh IPa)€HOBOIO CIIOS,
U3MEHSISI 3JIEKTPOIIPOBOIHOCTD B JECATKU pa3, YCHIIMBATh WM OCHAONATh (M AaKe MOJHO-
CTBIO [TOJIABJIATH ) ACUMMETPHIO B JJIEKTPOHHOM U ABIPOYHOM MPOBOAUMOCTSIX.

lpounniocmpuposano, 4to B HauboJiee peaJuCTUUYHOM Cllydyae HaJIW4yusl B rpadeHe,
KpOME TOYEUHBIX Je(EKTOB, €II€ U JIUHEUHBIX, TPOTHKEHHBIX (HAHOPSIOW, aTOMHBIX CTYTIe-
HEK W/WJIK Teppac), KpoMe U3MEHEHHsI BUAA 3JIEKTPOHHO-KOHIEHTPALIMOHHOM 3aBUCUMOCTH
MIPOBOJUMOCTH, MOKET OOHAPYKUBATHCS €III¢ PsT HOBBIX A(D(PEKTOB: MOBHIIATHCS AIEKTPO-
MIPOBOJTHOCTH B HECKOJIBKO Pa3 MPH OPUEHTAITMOHHOW KOPPEIISIINH JIMHEWHBIX T1e(EKTOB MK
B COTHHU Pa3 B clIydae eIlé U yIopsI0UeHUS TOYCUHBIX 1e(DEKTOB, YCUITMBATHCS aHU30TPOTIHS
AJIEKTPOIIPOBOAMMOCTH W TNPOTHUBOACWUCTBUE WM, HA00OPOT, COACHCTBHUE 3JIEKTPOHHO-
JLIPOYHOM AaCUMMETPUHU, KOTOPYIO BBI3BIBAIOT TOUEYHBIC JEPEKTHI.

KJioueBble ci10Ba: CruiaBbl 3aMeleHus], rpad)eH, TOUeUHbIe U JTUHEHHBIC T1e(PEKThI, SHEP-
I'Usl CMEILEHUs, YIOpsAI0ueHHe, (CBEPX)CTPYKTYpa, (et gaBineHus, MUkpoauddysus,
AIEKTPONPOBOIUMOCTb.



