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JOKTOPJIMK ITUCCEPTAIIUACHU AHHOTAIUACH

Juccepranus MaB3yCHHMHI 10/13ap0/iMru Ba 3apypusaTi. Cuiukar muia
olamjap KaAuMJAaH MIIATHO Kena€TraH »HHI KU3MKapiid MaTepuaiapiaH
oupugup. Illuma ¢an, TexHuka Ba KyHOAIMK Xa€Taa KeHr KyjJamja
WIUIATUIUIINTa  KapamacaaH, YHUHT (u3ukacujga Oup Kartop (QyHIaMeHTal
MyamMMoJIap MaBXyll. MacanaH, MOJJaHUHT TY3WIUIIH (CTPYKTypacH, SbHU
aTOMJIApHUHT ¢azoja y3apo KoMiallyBu) YHUHT (U3MKABUM Xoccainapura Ky4diu
TabCUp KypcaTUIIM (aHIa sIXIIM MabliyM. AMMO KYNTHMHa MoOAeIap TakiIud
KWJIMHTaHWTa KapaMmac/aH, MUIIAaHUHT TY3WIHILK Jespiu Oup acp JaBoMHIa JyHE
oNUMJIApH YpTacuaa Ku3FuH Oaxciapra cabab O0ynud KeaIMOKIa, YYHKH KPUCTAILT
MOJJAJIAPHUHT TY3WINIIWHU YPraHUIIIA KYJUIAHUIAUTaH ACOCUN SKCIIEPUMEHTAI
ycymiap (peHTreH HypJjapu, SJEKTPOHJIap Ba HEUTPOHJIAPHUHT TUPPAKIUICH)
MIMIIa TApKUOMHUHT MYypakkaOIWUTM Ba YHHMHT TY3WIHIIHAA Y30K Macodaiu
TapTUO UYKIWUTU YUyH €Tapiu camapa OepMaiiin. DHEpreTUK 30Hajiap MOJIETU Ba Y
OwiaH OOFJIMK TacaBBYpJapHHU (3apsii TallyBUMJIAPHUHT 3(PQEKTHB Maccacw,
XapakaTJIaHyBYaHJIUTH) IIMIIAara Kail Japaxana KyJjuiall MyMKHHIIATH XaM Xap Oup
MyailsiH Ba3UsAT/AA acOCHIAIlIHU Tajgad KUIau.

Keitunrun #unnmapna Typid SJeKTpoH acOoOiiapja KEeHr KyJlaHWJIaéTraH
KaJIMH MapJlajdyl Pe3UCTOPJIApHUHT acoCU OYIIraH, OpajiuK MeTajulap OKCHUIJIapu
(xycycan, RuQO,) Ousian nerupjaHraH CHJIMKAT IIMIIAHUHT DJIEKTP XOCCaJapyUHU
ypranum Kymum4a (U3uKaBuil MyamMMmoyiap OOpIWTHHHU KypcaTaw. Macainas,
MabJIyM OYJIUKH, COJUINTUPMA KApIIMIUTHHUHT Temreparypa OVitnabd y3rapuiiu
p(T) nact temneparypanapaa (7 < 50K) Ha kpucramin spuMyTKa3rdyjIapHUKHUIa
(axtmBarms KonyHH In p ~ T ') Ba Ha amopd Moamanapuukura (MOTT KOHYHH
In p ~ T*%) yxmaitan. p(T)HAHT OpAIMK TeMIlepaTypanapia Ky3aTHIaJuraH
MUHUMYMH MaBXyJ (pU3UKaBUN TacaBBypJapra MOC KeIMaiu, YHIaH KeHuH 3ca
IIMIIAHUHT TAKUKJIAHTaH 30HACU KEHTJUIH 3 3B 1aH OpTHKPOK AUAIIEKTPUK, — 1€0
KapaiiIuran TacaBBypra 3ux MetawicuMoH (p ~ T éku p ~ T °) YTKa3yBUAHIIHK
nanio 6ynamau.

Typnaun wMarepuamnap Ba CTpyKTypalapJard TEPMOSJIEKTPUK XOJucanap
bynnamenTtan Qu3uk skapa€Hiap HyKTad HaszapuJaH XaM, aMaluil HyKTau
HazapAaH xaMm (KaiiTa TUKJIaHyBYM MaHOalapAaH OdJEKTP SHEPTrUsiCH OJIMIIL,
HHEPreTUK YUKUHIWIapaaH ¢GoialaHuIl, COBYTHII Ba UCUTHUII THU3UMH YYYH
TEPMODJIEKTPUK  y3rapTruuiapaad  (Qoigamanumr)  IbTHOOpPTa  JTOUHKIUD.
TepMO3IeKTpUK XoJaucanap 3JIEKTPOHJIAD 3HEPreTHK XOJATIAPUHUHT 3UYINIH,
AUPUH  CTpyKTypa (daza) YTumapu, O3JEKTPOH THU3UMHHHMHT — XOJIaTH,
AJIEKTPOHJIAp Ba (DOHOHJAPHMHT ¥3ap0 TabCUPH XaKuJa MabIyMOT OepHIlu
MyMKHH. AManuér ydyH 3Ca MATEpUAJUIAPHUHT OJJIEKTP YTKA3yBUYAHJIUIU O,
UCCUKJIMK  YTKa3yBUAHJIUIM Kk Ba TepMOdtOK Kodpduuuentn (3eedek
ko3(punmentu) S 6unan Gornanrad TepMmosnekTpuk cuparmmmuru ZT = S oT/x
MYXUM axamusarra odra. byHma T — TEpPMOZIEKTPUK Y3TapTTUYHUHI MIIUIALI
TeMIneparypacu. TepMO3JIEKTPUK Yy3rapTrudjap KEHr KyulaHwiiimu yuyH 500-
1000 K temneparypa opanurunaa Z7 > 2 Tanad KuIuHaIH.



AMMO XxoO3Wpraya JIETMpJaHraH CHJMKAT IIUIIAHUHT TEPMO3JIEKTPUK
Xoccajapyu JIeApiad  YpraHujiMaraH, BaxOJaHKW YHUHT TACT  MCCHUKJIMUK
yTrazyBuannuru (x ~ 0,5-1 Bt/(m K)) Ba rokopu snektp yTraszyBuannuru (o = 400-
4000 Om™'m™") tokopy ZT HE TABMUHIIAIIN MyMKHH.

[y cababnu »SKcrepuMEHTal Ba Ha3apuil ycyulapHu OupiamTupuo,
TaIKUKOT YerapaJapuHy KEHrauTupuO, JIeTUpJIaHraH CUJIMKAT HIUIIaIapaa dJIEeKTp
YTKa3yBUaHJIMK Ba TEPMOIIOK XOCHIJI OVIMIIMHUHT (PU3MKABUN MEXaHWU3MIIAPUHHU,
Oy xoaucanap muIila TapKuOU Ba CTPYKTYPACHUHHUHT y3Wra XOC KUXaTjaapu OujiaH
KaHJgail OOFJIaHTaHJIMTMHU aHMKJAIl KOHJAEHCATIAHTaH XoJjaT (U3MKach Xamja
KeHI TapKajiraH XxaB(cu3 XoMmaméaaH ap30H, camapaJopiiurd  OKOpU
TEPMO3JIEKTPUK MaTepUaliap SpaTHUILI YUyH 3apYpJIMTH AUCCEPTALUs MAaB3yUHUHT
J0JI3apOJIMTUHY OeNTuIaiIu.

MycCTakWuIMK ~ HWwapyuaa  MamilaKaTUMHU3[a JHEPreTUK  XaB(CH3IMKHU
TabMUHJIAII, MyKOOWJ 3HEeprusi ManOanapuian QoiganaHuIl YUYyH XyKyKHi acoc
ApaTHiuO, Oy coxaja KaTop pekalap aMaira ONIMPWIIN. Y30ekHcToH Pec-
nyonukacu [Ipesnnentununr 2013 #iun 1 maptaaru “MykoOun sHeprus maHoOasa-
pUHU sIHaJla PUBOXKJIAHTUPUIN Yopa-Taadupnapu tyrpucuaa” [1D-4512-con dap-
MOHH, Y36ekucTon Pecmy6mmkacu Ilpesmnentunmar 2013 imn 1 mapraaru
“Xankapo Ky€m sHeprusick MHCTUTYTHHMU TallKuil Kuiauin tyrpucuaa’tu I1IK-
1929-con Kapopu, Y36ekucron Pecry6iukacu Basupmap Maxxamacunuur 2013
mun 25 centsOpnaru “Xankapo Ky€mr sHeprusick MHCTUTYTUHUHT (PaOJUSTUHU
TaITKUI KWIHII Yopa-Tanoupiapu tyrpucuna’ 265-con Kapopwu, “HaBowuit” spkun
UKTUCOJHMH XyIyauaa ssHru TexHojorusuiap acocuaa 100 MBT kyBBatra ara ¢oto-
AJIEKTPUK MaHeIUIap UIIa0 YMKapyBUYM KYIIMa KOPXOHA TAIIKHII KUJIHII XaKuaaru
“V36exsneprus” Ba Suntech Power (XXP) koMIaHUsIapH YpTacHAard GUTHM IIy-
Jap KyMIIaCHIaHIup.

Ym0y TaAKUKOT WIIM SHTH TEPMOAJIEKTPUK MaTepuajiap SpaTHII OpKaIH
“KaiiTa TMKIaHyBYaH dHEprHs Oyiinya Y30eKHCTOH PecryOiIMKACHHMHT MUILIHi
xoHnenuusicu”Hn (Y36exucron Pecny6nmkacu Onuit maxcmcn Cenatn 2008 iin
OKTSI0pHla MabKyJlJlaraH) aMajira OLIMpUIIra HyHantupwirad. MamiakaTumusaa
KaiiTa TUKIAHyBYaH »dHEprus MaHOajmapu Ba DHHEPreTUK YUKUHIWJIApJaH
doimananuim KypwIMaJIapUHUHT CaMapajopIiTUHU  OIIMPHUII Ba HAPXUHU
MacCaUTUPHIL YYyH SIHTM TEPMOAJIEKTPUK MaTepuauiap sSpaThIl YCTHA amalra
OLIMPUIIAETTaH TAAKUKOTJIApPHU SHAJa YyKypJalITUPUII JHCCEPTALUS MaB3yCU
3apypUSATUHHU U30XJI0BYM MYXUM OMUJ XUCOOIaHA N,

TanKNKOTHHHT Y36ekncToH PecmyGamkacn (aH Ba TeXHOJOTHsIAD
TAPAKKUETHHUHT YCTYBOpP HyHaquuuiapura mociauru. [luccepramms ¢an Ba
TEXHOJIOTUSJIAp PUBOXJIAHUIIMHUHT KYWHJArW YCTYBOp WMyHaIuUIapura Moc
paBuaa Oaxkapwirad: 2. 9HepreTHKa, 3Heprus Ba pecypc texxamkopiury; 3.Kaiira
TUKJIAaHYBYaH dHEprusi MaHOanapuaan (GpoiaanaHUIIHA PUBOKIAHTUPHILL

Jucceprauus MaB3ycH OyiM4ya XaJKapo MJIMHI TAAKUKOTJAp MIAPXH.
JlervpnaHran CWJIMKAT UIMIIAHWHT 3JIEKTP YTKAa3yBUAHJIWIH Ba y OujaH OOFIMK
xoccanapy (TeH30CE3TMpIUT, KUMEBUNA MOJAallapra Ce3rupiauru), 0y xoccanapra
TeMIepaTypaHUHT Ba MarHUT MaiaoHUHUHT Tabcupu AKILL, Anonusd, I'epmanus,
[setinapus, Wranus, byrok bputanus, Poccus, Xwurtoi, Xanyouit Kopes,
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VYxpauna, [lonpma Ba Oomka mMamiakariap OJUMIIAPHM TOMOHMJIAH YPraHuiuo,
MabJIyM IOTYKJIapra SpUIIHIIN.

Jlernprnanran CHUJIMKAT WIMINAJAaH PE3UCTOPIAp Ba PE3UCTHB CXEMaTapHU
OyHEHUHT KaTop KOMIIAHMUsJIapM OMMaBHMM Tap3ga wuunuiad 4ukapaau, Oy
Maxcyynotiap yuyH nactaiapuu 3ca DuPont, Heraeus-Cermalloy Inc, ESL, RCA
Corporation, OAX “HUUDMIT” (Ilenza, Poccus), MUK “Dnma-ITacter”
(3enenorpan, Poccust) kabu yHi1ab KoMIaHUsUIap Tau€pianu.

“Physical Review B”, “Journal of Applied Physics”, “Thin Solid Films”,
“Physica B”, “Physica Status Solidi (b)”, “Journal of Physics D: Applied Physics”,
“Advances in Physics Theories and Applications”, “XypnHan TtexHudeckoun
busukn”, “Ilucema B XKypHan Texauueckoi Gpu3uku’ Ba OoIIKa 11y kKadu Hyhy3mu
XallKapo WIMHN >KypHa/UlapAa YUKKaH MakoJiajap TaXJIWIU IIyHU KYpCaTIUKH,
Takaug KWIMHTaH Typiad MOJE/UIap Ba MEXaHU3MJap JIETHUpJaHTaH CHIMKAT
MIMIIAHUHT Takpubaga Ky3aTuna€TraH XOCCaJapUHU, XyCycCaH, KApIIMJIWUTH Ba
TEPMORIOK KOA(PGUIMECHTHHUHT TeMIiepatypa Oyina® Y3rapuilivHU, IIUIIA
TapkuOu xamjaa Tai€pnamn >xkapaéHUHUHT Oy Xoccajgapra TabCUPUHM H3YUIL,
KOHMUKAPJIM Japakajia TyIIyHTUpuO Oepa onmaiiau.

Jlerupnanradn MWUIIAHUHT TY3WJIUIIM (akaT MUKpoMaclTadbna (SpHU XOC
Yymuammap 1 MkM atpoduaa) Kypuirad Ba acocuil bTUOOp JUraTypa 3appadaiapu-
HUHT  KOJJIMKJapura  Kapatuiarad. Jlerupianran — CWJIMKAT — HIMIIAHUHT
TEPMODJIEKTPUK XOccalapu Aespiu ypranuiMarad. by BasusTHUHT acocuii cababu
IIUIIAHWHT TAapKUOW Ba TY3WIUIIMHHW, YHJIArd OJCKTPOH >Kapa&HJapHH, Iy
KymianaH, Jerupiam Tydainmm kenn® YMKaaWraH okapa€HIapHA —XucoOra
OJIMACITUK OJKAHJUTH aHUKIAHIW. Tax)imi KWIMHTaH WIMHA MakoJanap/a
JIETUpJIaHTaH IIHUIIAHUHT JJIEKTP YTKAa3yBUAHJIWTUA Ba TEPMODIOK XOCHII OVIHIIN
XKapa8HUHU SHAZA YyKyppOK TaJKHK KWIUII Ba Oy XOCCalapHUHT (pU3MKaBUI
MEXaHU3MIIAPUHH aHUKJIAITHUHT JI013apOJIUTy Ba SXTUEKH TabKUJIaHAH.

Bbynpan Tamkapu, Typau TapKuOIN OKCUA MaTepUaIAPHUHT TEPMOIICKTPUK
XOCcajlapy KEHMHI'M WWIIapJa KaxoH OJUMIIapUAa KaTTa KU3UKUII YUFOTMOKA,
qyHKH Oy MaTtepuajiap KeHI TapKairaH, aTpo-MyXHT Y4yH 3apapcu3 Ba ap30H
O0ynmu0, KalTa TUKIaHyBYaH MaHOanmapaaH 3JIEKTP YHEPTHSICH OJHII Ba YHEPTETHK
YUKUHIWIApAaH QoiianaHuaa WIUIATUIAIUTaH TEPMOIJIEKTPUK Y3rapTrudiap
yuyH Kynail. By aca, ¥3 HaBOaTuaa, SHEpreTHMK TaHKUCIMKKA Oapxam Oepuil Ba
aTpod-MyxuT Myxodaszacua MyXuM axaMusT KacO 3Taau.

MyaMMOHMHI YPraHWJITaHJIHUK Japaxacu. JKaxoH oimmiaapy TOMOHUIAH
JIETUpJIaHTaH CHJIMKAT MIMIIAHUHT 3JIEKTP YTKA3yBUAHIUTH XOCCATAPUHU YPTaHHUIII
OyiirJa KYI TaIKMKOTJIAp amMajira OIIMpHITaHUIa KapamaciaH, Oy coxamarua Oup
KaTtop pyHIaMEHTall MyaMMoJiap Y3 €UMMHUHH TONMMAaCaH KoiraH. SbHu:

ANIEKTP YTKAa3yBUAHJINTU Ba TEPMOIIOK KOIPPUIMECHTHHUHT IIUIIA TapKUOH
Ba JIMTaTypa TypH, JETUpPJIAIl MAapOUTH OWlaH KaHaal OOFJIaHTaHH HOMAbIIyM;

700 KpaH roKopu TemuepaTrypajiapia COJUIITUPMA KAPLIIWIMTUHUHT JAEIpiIu
10 maptaraua Ba TepModt0K KodhuimenTuauHr 100 mMapTaradya KeCKUH OILIWIIN
(muma Tapkubura Kapad) yprauuiMaras;



p(T)HUHT MUHUMYMH Ba YHJIAH KEMMHTY METAJUICUMOH KUucM  (p ~ T €ku  p
~ T°) nerupiaHraH UIMMA OSJICKTP YTKA3YBYAHINIH MEXaHW3MIAPUHHUHT XU
Oupura Moc KeJamanu.

Jlerupnanran mmmana p(7) HA TYLIYHTUPUIL YUYyH OMp KATOp MEXaHU3MIIap
(@pdexTuB Myxut, cu3ubd YTUI, cakpall, TYHHEI-TYCUK, aMmopd SpUMYyTKa3ruy,
VJIApHUHT KOMOMHAaIusiapu) Takiud KwinHrad. by wmonemtap Oup-Oupunan
cesunapiu (QapkianyBud (UMK Xoaucaiapra acociaHraH, OWpPOK YJIapHHUHT
Taxxprba OWIaH KaHOATIAHAPJIM MOCJIMIUTA SPULTUIIMAraH; JEerupjaHraH CUITUKAT
IMIMIIAHUHT TEPMOAJIEKTPUK XOCCalapy XaM eTapiu Japaxaaa TaJKUK dTHJIMaras,
dakar 190 K < T < 450 K temnepatypa opanuruja TepModac KodhOUIMEHTHHH
yiyamra OaruiuIaHral OMp Makosia MabiayMm OYIn0, y XaM YHHHT TE€PMOAJICKTPHUK
Martepuan cudartuaara aMmainii UMKOHUsATIapura 6axo 6epa oJMaiiu.

Onunran Taxpuba HaTIKajdapu TapKOK (KuiimMatu Oup Heda aapaxkarada
y3rapaau) Ba XarTto y3apo 3UIAUATIUAUDP. By 3ca Jerupiianran CUIMKAT IIHINA
acocHjla TEPMOIJIEKTPUK MaTepHaliap spaTUIl MaKCaJHu/la YHUHT JIEKTP YTKa3yB-
YAHJIMTUHUHT Ba TEPMOZIOK XOCWJ OYIMIIMHUHT (PU3MKABUH MEXaHU3MIIAPUHU
aHUKJAIl y4yH YyKyp WIMHH TaIKUKOTIAp YTKa3WIIHUA Tanald 3Tagu. ByHuHr
YCTUTa IUIIAHUHT TY3WJIUIIN XaKUJard Ha3apuid TacaBBYpJIapHHU TaCAUKJIALI EKU
paj KWIMII y4yH OMpOHTa eTapiiiya acOCJIaHTaH JKCIEPUMEHTaN YCyJ Takiug
KWJIMHMAarawiurd I[IUIIaCUMOH XOJaTHU YpraHulll HMMKOHUSTIAPUHU YeKI1al
KYyNMOK/IA.

Juccepraumus TAAKUKOTHHHHI WIMHMA-TaAKMKOT HILIAPH PpexaIapu
OMJIaH OOFJIMKJIUIH. V36ekucron PecryGmukacn anmap aKaaeMHsCH
dyHgamMeHTan TaIKUKOTIApHU KYyjuiad-KyBBatriam (GorauHUHT 55-08-pakamiu
“Temup Ba Maprader] OKCHJUIapyW OuWJaH JIETUpJIAHTaH CHJIMKAT —IIMINaja
TEPMOAJIEKTPUK XOJAUCAIAPHUHT KOHYHUATIapuHu Yprauumr” (2008-2009 iiit.),
27-10-pakamnu  “JlernpnaHran CHJIMKAT [IHMIIAJAa TEMHAP Ba MapraHeull
WOHJIAPUHUHT 3apsiylaHraH XojaTura 0ab3u OKCUJITIAPHUHT TabCUPUHU YpraHUIl’
(2010-2011), 14-12-pakamnu “TepMO3IIEKTPUK y3rapTradiap YUYyH
MYIDKaJUIAHTaH JIETUpJaHraH CUJIMKAT I[IWIIaja XoJlaTiap 3UYjurura 0ab3u
ANIEMEHTJIApHUHT TabcupuHu ypranumr” (2012-2013) rpant noiuxanapuna V3
AKCUHHM TONTAaH.

TagkukoTHUHT Makcaau 3d- Ba 4d-meTaUTapHUHT OKCHIJIapu OujiaH
JETUpJaHTaH CWJIMKAT MIMIIAHUHT D3JIEKTP YTKa3yBUAHIUTH Ba TEPMOIIOK
Kod b pUIMeHTHHH Oenrunaiuran buznkaBui MEXaHHU3MJIapHU, oy
XYCYCUSITJIAQpPHUHT IIWINA XaMJa Jurarypa TapkuOu, CHHTE3 IIApOUTH OWIIaH
KaHaai OOFJIaHraHWHYW aHUKJIAlIaH uoopar O0ynuo, Oy, ¥3 HaBOaThaa, camapaiu
Ba ap30H TEPMOSJIEKTPUK MaTE€pUallap CUHTE3MHUHI WIMHI acoClapuHU
SApaTUIIra KapaTUiraH.

Makcaara >puIunm yayH Kyuugaru TAAKMKOT Basuganapu KyUnuiras:

muratypanuar  (RuO,, BiRu,0; u  PbRuO;) mmmara muddysusicu
JIETUPJIAHTaH LIKIIAa YTKa3yBUYAHIMIUIa KaHAal TabCUP KYPCATUILIMHU YPraHHUILL,

JIErMpJIaHTaH MHIIAJAA 3apsa]l TAIIWIUIIMHUHT TapaMeTpiIapuHu (3pKUH 3apsij
TallyBUWJIADHUHT  KOHIIEHTPALMSCH, XapakaTjaHyBYaHIWTH Ba 3(pPexTun



Maccacu) Ba yHJIa SHEPreTUK 30HANIAp MOJEIMHUHI KYJUIAHWII UMKOHUSTIAPUHU
aHUKJIAIIL

JErUpJjaHraH CWJIMKAT UIMIIA 3JIEKTp YTKA3yBYAHIIUTHM Ba TEPMORIOKCHUTaA
TabCUp KWIUIIM MYMKUH OViaran acocuit Qusuk kapaéninap (qurartypa
aToMJIapuHUHT  1uddy3usacu,  KUpUIIMAa  30HAYACMHUHT  JIMHAMHUKACH,
HAHOKPHUCTAJJIAP XOCHJI KUJITaH MOTEHIMAal YyKypJiapaa 3aps]l TallyBUYMIapHUHT
JIOKAJJIALTyBH ) HU MOJIEIUIAIITUPHILL;

JETUpJaHTaH CUJIMKAT [IMIIAHUHT YTKA3yBUAHJIUTU Ba TEPMODJIEKTPUK
Xoccajapy MIMIIAHUHT TapKuOW Ba TY3WIMUIIM, JIETHUPJIAll JAaBOMUWIUTH Ba
TeMIiepaTypacy OWIaH KaHaai OOFJIaHTaHWHU YpraHUI,

JIETUpJIaHTaH CUJIMKAT IIHUIIAHUHT TEPMODJICKTPUK XOCCATApUHU (TEPMOIIOK
KOd(PUIMEHTH, AJIEKTP YTKA3yBUAHJIUTH, UCCUKIUK YTKA3yBUAHJINTHU) Ba YHJaH
scaJradH TEPMORJIEKTPHUK Y3rapTrUYHUHI CaMapaJopJIMIiHA OaxoJanl.

Taakukor o0bexkTH cudarnma wmeramn okcumiaapu (acocan RuQO,) Ouman
Typiiu pexumiapza jgerupiadrad 2510, PbO tapkubnu KyprommH-CHIIMKAT HIUIIA
TaHJIaHTaH.

TaakukoT mpeaMeTH — JIETUPJAHTAaH CWIMKAT [IWIIAHUHT  3JIEKTP
YTKa3yBUYaHJIUTH, UCCHUKJIUK YTKa3yBUYAHIUTH Ba TEPMOIJIEKTPUK
camMapaJIopJIMTUHU YHUHT TapKUOW Ba TY3WIHII XYCYCHUSATIApH XamJa JIETHpJIall
IIAPOUTH Ba Japa)kacu OusiaH OOFJI0BYM KOHYHHUATIApAaH HOopar.

Taakukor ycyssnapu. JlerupianraH CHJIMKAT — HIMIIAHUHT  DJIEKTP
YTKa3yBUaHJIUTU Ba TEPMOSIOKCH KEHI Temneparypanap opamuruaa (77-1223 K)
Yymuanau, ontuk Ba mHppakusun (MK) cnextpnapaan, auddepeHiuan TepmMo —
(ITA) Ba TtepmorpaBumeTpuk (TT'A), S7I€KTpOH MHUKPO3OHI aHaIU3IaApUIaH
doimananunan, IIUIIA Ba JUTATYpaHUHT TY3WIUIIM PEHTICH HypJapu
mu¢pakuuscu Ba EXAFS ycynnapu OuiiaH JierupiianryHra Kajgap Ba YHJIaH KeHHH
Ypranungy, Juratypa aTOMJIApUHUHT mumara AudQys3uscu xamaa TeMieparypa
y3rapuiiy xapa€Hu1a KUpUIIMa 30HaYaCUHUHT XapakaTh MOAEIIAIITHPUIIIN.

Jucceprauus TAAKUKOTHHMHI WJIMMHA SIHTMJIMIH  KyWujarwiapjaaH
ubopar:

CWJIMKAT IIMIIAjIap/a SSHrd GU3MKABUNA XO0JIMCa — COIMIITHPMA KAPUIMIIMK Ba
TepModtoK KodhdumentuauHr 7 > 1000 K na keckuH (mummma tapkuOura kapab
Moc pasuniga 10 Ba 100 mapraraya) omuiig — aHUKJIAHTaH;

CWIMKAT Ioumia Tapkubuga Yymuamu 1-2 HM OyiraH HaHOKpHUCTaIap
MaBXXYJIUTH Ba yJapJa IKOPH TeMIlepaTypaja CTPYKTypa YTULIUIapU 103 OepHIiu
TaxpuOaaa uCOOTIIaHTaH;

JIETUpJIaHTaH IUIaaa 3apsj cu3ubd yTuin catxjaapu (Myminapu) makiiaHu-
mUHUHT  Juddy3ussBuidl  MeXaHu3Mu Takiaud KAJUHTaH Ba  Taxpubana
UCOOTJIaHTaH;

JIETUpJIaHTaH IIMINAAa CH3UO YTWIN OYCaFaCHMHUHT Macaluiy €K yMyMaH
KypuHMai Koy uddy3us Ba cu3u0 YT KOHYHUSTIAPUHUHT OUpTraIuKaaru
(aonusITH HATHXKACH SKAHIIUTU KYPCATUIITaH;

mMIIa TapkuOu Ba JMratypa TypH, JIeTUpianl TeMmIepaTypacu Ba
JTABOMUMJIMTMHUHT CU3UO YTUIl Oycaracu Ba YTKAa3yBUAHJIMK KUWMAaTHUra TabCUPU
auraTtypa 3appadanapu arpoduna auddys3us 30HaCH XOCHJI OYIUIIMHUHT Ba Oy
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30HaJa MMIIAHKHT y3 yTKasyBuammurd o ~ 107'°Om'em” nan 40-400 Om™'em™
raya OLIUIINA OKUOATH SKaHJIUTH aCOCIaHTaH;

JerUpJjaHraH [IWIa J3JIEKTp YTKa3yBUAHJIWTUHUHT MEXaHU3MHU TakiIug
KWIMHTaH Ba TaxpubOaaa ucbotianrad, Oynaa yTkazyBuanaukHuHr 0,015-1123 K
opanufuja Temmeparypa OVinma0d Vy3rapuiim KupulIMa 30Ha4yacu OujiaH
HAHOKPUCTAUIAPHUHT OUpraivkaard (paoiausiTd HAaTHXKACH DKAHIUTH Xamjaa Oy
xapa€HJia HIeKTPOHIIap Ba POHOHIAP ¥3apO TAbCUPUHUHT aXaMUSITH aHUKJIAHTaH;

nerupianran mumana 77 = 77-700 K opanuruga COJUIITUPMA KAPIIHIMK
MUHUMYMU Taig0 OYIUIIM KUPHUIIMA 30HACHHUHT IIWIIA BaJeHT 30HAcH OwIiaH
Kyum0 KeTUIM, YHIAH KeHuH maiijgo Oymaauran “mertamn” xonatu (p~ T €ku
p~T) oca HIeKTpOHIApHUHr (GOHOHIAPHA EKH ¥3ap0 COUMIMIIM OKHOATH
HKAHJIUTY aCOCIIAHTaH;

snekp  yrkasyBuammurd  40-400 OM''cM',  MCCHKIMK — YTKa3yBUaHIIMIH
0,5-1 Br-m"'K' Ba 800-1000 K opanuruaa TepmMosiok kodddurmentu S = 1,1 MB/K
OYITraHJIWTH JIETUPJIAHTAH CWIMKAT LIMIIAHWUHT TEPMOZJIEKTPUK Ccamapaaopiiiru
IOKOPUJIUTHUTra 0JIUO KETUIIHN KYpCaTUiTraH.

TaagKMKOTHUHI aMaJMii HATHKAJIAPH KEHI TapKairan Ba xaBdcus
XOMAIIENAaH TauEpiaHaAUraH JICTUPJIAHTAH CUWJIMKAT [IHIIAa acocuaa KyEeml
HPHEPreTMKACH Ba DHEPreTUK YUKUHAWIApJAaH  QoijanaHuIra Kepakiu
TEPMODJICKTPUK  y3rapTruwjiap ydyH HCTUKOOIM, ap30H Ba camapaliu
TEPMODIJIEKTPUK MaTepuasiap spaTUIl MyMKUHJIUTAIAH HOOpaT.

ONuMHraH HATHKAJTAPHUHI UIIOHWIWJINIHM  Taxpuba IIapouTIapu
Oaradcuyn  TaxJWa KWIMHTAHW, 3aMOHABUW TAaJIKUKOT YyCyJjlapu Ba IOKOPHU
AHUKJIMKJIArd YI490B acOo0yapy TaHJIaHTAaHH, TaxkpuOa HATHKaJIapu CHHYKOBIIHK
OwiaH KailiTa WIOUIAHTaHW;, XyJiocaliap AaTOMIIAPHUHT KATTHK KUCMIIapja
auddysusicura, SHEPTeTUK  30HAJIAp  MOJAEIUIApUTa, 3aps  TallyBUMJIap
JOKaJUTallyBU Ba KpUCTaUIapAa CTPYKTypa yTULUIapura OaruIllJIaHTaH Ha3apui
WIUIAPHUHT aCOCHM  XOJaTjlapura MOC KEJHIIW, KOHJEHCATJIaHTraH XoJiaT
¢u3Mkacugary Ba TEPMODJIEKTPUK XOJUcanap XaKuaard MaBxkyJl TyllyH4anapra
3HJ1 SMACIUTH OWJIaH TaC/IMKJIaHTaH.

TaakuKOT HATHXKAJAPUHUHI Ha3apuid Ba amaaumii axamusaTu. [uma
TY3WJIUIIN TYFPUCHUIATH TacaBBYPJIApHUHT (1-2 HM YiIuaMiiu HAHOKPUCTAIIAPHUHT
MaBXXYJIUTH) TaXpuOaja TAaCIWKIAHUIIM Ba TAJKUKOT HATHXKACUIA SpaTHIIraH
buszukaBuii MexaHuzmiap (cu3ub Yyrum catxjiapuHuHT Auddys3us oxubaThaa
nano OyiuIIM, SJEKTp YTKAa3yBYAHIIMK) JICTUPJIAHTAH INuinaga o3 Oepaétran
AJIEKTPOH Kapa€Hjap Ba TYpJIM TEXHOJIOTHMK OMHIIJIAPHHUHT ymIiOy >kapaéHiapra
TabCUPU XAKUJATW TYUIyHYAJapUMHU3HA OOWUTAAM, JIETUPJIAHTaH CUJIMKAT
MIMIIAHUHT XOCCAJApUHM YpraHuil Oopacujiard WIMHNA TaAKUKOTIApPHHU sSHAza
YyKypJalITUpUII MMKOHMHU Oepanu. HWKkMHYM TOMOHJAH, Oy HaTWXamap
JETUpJaHraH IIMIIAHUHT [acT WCCUKJIMK YTKa3yBUaHJIMIMHU CakKjiaral XoJijia
AIIEKTP YTKA3yBUYAHIUTH Ba TEPMOIIOK KOI(D(PHUIMEHTHHU OIIMPHUII WHYIIIApUHU
éputranaury OWjaH caMapaid TEpPMOSJEKTPUK  MaTepuaiap  sSpaTHilja
MYXUMIHUDP.

Ymly TaAKMKOTIap HaTWXKAacuJa JIETUPJIAHTaH CWJIMKAT IIHIIA acoCHa
ApaTUJITaH Ba SpaTUIAAUTaH SHTM TEPMOAJIEKTPUK MaTepuaijiap KEHI TapKairaH,
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ap30H Ba 3apapcu3 xoMaménan TanéprnaHu6d, PecrnyOnmukaMHU3HHHT SHEPTETHK
AXTUEKIAPUHE KOHJIUPHUIITA KEHT My ounO OepuIlny JUCCepTAlUSTHUHT aMaui
axaMUATUHU KypcaTaau.

TaagKuKOT HATHKAJTAPUHUHT KOPUH KWJIMHMIIM. JlerupiaHran cuivkar
IIMIIAHUHT TPAHCIOPT XOCCAJIAPUHU YpraHuIil HaTwxkanapu JlaBimar WiIMHM-
TeXHUKa Jjactypiapu poupacuna A-10.17 “Sccu-napannen cTpykrypaiapia
CUTHAJUIAPHU Y3TapTUPHUII YCYJUIAPUHU TAIKUK KWJIHII Ba sipaTuil. DyHKIIMOHAT
AJIEKTPOHMKA aCOCIapUHM SpaTUII Ba Iy acocaa ymyam xamaa (QyHKIMOHAI
Y3rapTHpUII KyprIManapuuu Taiépnam” (2003-2005), A-13.185 “Viuanaérran
3aHKUPAAH TajJbBaHUK HW30JISIIUS KWIMHMAH WHTEIJIEKTyall AaT4YMKIIAp sSpaTwin’
(2006-2008) G6axkapunran noMnxanapuaa GongamaHuI .

NmauHr anpo6aumsicu. TaIKUKOTHUHT aCOCUM HaTW Kajlapu 16 Ta WIMU-
amManuii awXyMmaHiap, IIyHgaH 7 Ta Xankapo, xycycaH, MRS Fall Meeting
(Pittsburg, 1994; Boston, 1995), 1 Xankapo Amxymanu «SlHru marepuaniap Ba
acoo0map» (Tomkent, 1994), 7-ISAM (Islamabad, 2001), FAEM-2004 (Lahore,
2004), FAEM-2006 (Lahore, 2006), E-MRS Spring and Bilateral Meeting (Nice,
France, 2011) xamaa 9 ta Pecnnyonuka UzPEC-3 (Tashkent, 2002), «MaHOBa1us-
2009» (Tomkent, 2009), «uunoBamusa-2010» (Tomkent, 2010), «DuznkaHuHT
dbyugamentan Ba amanuii Myammodiapu» (Tomkent, 2003; 2006; 2010),
«V36exucronna dusuka» (Tomkent, 2005) wWiIMHI amKyMaHIapuaa Ba
Pecriybniika WHHOBallMOH FOsl, TEXHOJIOTMSl Ba Joduxamap Spmapkanapuaa
(Tommkent, 2011-2012) anpobanusigan yTKa3uiIraH.

HatukajJapHUHT 3bJ0H KWIMHTaHJIMIU. [{uccepramnus maB3ycu Oyiinga 43
Ta WIMUK Ull, IyHAad 19 Ta wiMuil Makoia WIMHI KypHauapaa, 9 ta uiMuii
MakKoJia XaJKapo KypHaJljiapAa YOIl STUJIraH.

JluccepTauMSHUHT TY3WJIMIIN Ba XamMHu. Jluccepraiusi KUpHI, OJTUTA
000, xynoca, Qoligananuiaran agabuérnap pyiixatu, 18 ta miosa Ba 185 caxuda
acocuil MatH, 89 ta pacm Ba 20 Ta kaJaBaJU1apAaH uoopar.

JIUCCEPTALIUSIHUHT ACOCU MA3MYHHU

Kupum kKucMuga TagkuKOT MaB3YyCHUHMHT JIOJI3apOJjUId Ba 3apypusiTU
acocllaHTaH, TaJKUKOT Makcaaud Ba Basudamapu Tabpudianrad, TaaKUKOT
00BEKTH, TNpPEAMETH Ba YCYIUIApH AHMKIAHTAH, TAJKHKOTHHHT Y306EKHCTOH
Pecniybnukacuma pan Ba TEXHOJOTHUSJIAD PUBOXKUHUHT YCTHUBOP HYHAIMIIaApUra
MOCJIUTA, WIMUWA SHTWJIWATA Ba aMajvdid HaTWXKalapu KypcaTWiraH, OJIMHIaH
HATHKAIAPHUHT WIMHM Ba aMaiuil axamusTd ouuO OepwiraH, yjlapaaH amalja
doiiananuarand, YOI STUITaHU Ba ampoOaIuscyd XakKujaa MabJIyMOTJIap Xamja
JTUCCEePTALUSIHUHT Ty3WJIUIIN KHCKaya 0a€H STUITaH.

HucceprauustHUHT OMpUHYM 000MAa JIETUPJIAHTAH CWJIMKAT [IUIIaHUHT
TPAHCHOPT XOCCAIApU TAJAKUKOTUHHUHI 3aMOHABUM XOJIATH Ba YHHUHI KYJUIAHUII
coxXaJjlapu TaxJ1vi (aHaJIu3) KUJIMHAIN.

Jlerupyianran  CWJIMKAT  I[IMIIAHWUHT  ACOCHM  y3Ura XOC  KHUXATH
KApUIWIMTMHUHT TeMIiiepaTypa Oyitmua y3rapumu (1-pacm) O0Ynaub, yHH wWapTid
paBUIIIa Y4 KUCMTa axpatuil MyMkuH: | — mact temneparypanap (0,015-100 K),
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IT — opatnaru Temneparypanap (100-600 K) Ba 1T — rokopu Temmneparypanap (600-
1200K). 1 «kucmpa JierdpiaHraH IIMiia Try€  IUAJAEKTPUKAAW, Ypra
temrneparypaiapaa (II  xkuem) wmerannra  Yxmadau, I kucmpa  sca
CErHETORNIEKTpUKIapra  yxXmad CTpyKTypa y3rapuuuiapura MyOTamoaup.
CrpykTypa y3rapuuuiapu Tyrarad y oJaTAaru spuMyTKasruuwiapra yxmad Kojaau
Ba TAKWKJIAHTaH 30HACMHUHI KEHIJIMTU IIMIIAHUHT Ba JUTAaTypaHUHT TapKuOHra,
Jerupiaml mapoutura O0rnIuK Oynaau. by xucmaa Tepmosiok kordduimeHtu S
HUHT oKopH KuiiMaTiapu (1,1 mB/K rava) ky3artunanu.

10F

R/Ry

0 77 300 500 1000
T.K

1-pacm. JlerupaaHrad CHIIMKAT IIMIIA KAPIIWIATHHUHT
TeMIepaTrypa Oyiiu4a y3rapuinm (CXeMaTHK Tap3/1a)

Jlerupnanran mummana R(7) HUHT wiaMUi anabuérnapiaH MabliyM Oyira
tagkukoTiaapu 7'< 573 K na (I Ba Il kucmnap) yTkazunras.

Yuunun KucMm ¢pakar ymoy guccepranus Myauiipu TOMOHUAH YpraHUIIH.

AnabuéTnapHu ypraHuil HaTHKacuia MabiayM Oynauku, | kucmaa KynuH4ya

R(T) = Aexp(BT), (1)

0,4 <¢<0,8. byana ¢, 4 Ba B - mIMIIaHUHT Ba JIMTaTypaHUHT TapKUOWTa
Xamjia Jerupiail gapakacd Ba TEXHOJIOTUsSl peKuMura OOFNMK OYyiraH y3rapmac
COHJIAp.

NkxnHYM KuCcMIa KyTuHYa “9KyMOOKCHMOH™ MUHUMYM Ky3aTHJIA]IH.

JlerupnaHnran CUJIMKAT IMUIIA TPAHCIOPT XOCCAIAPUHU YpraHum Oyiinda
9BJIOH KWIMHTaH HATWXKAJApHUHT acOCUM KAMYWIWIU [IWIIAHUHT JIUraTypa
3appavyaiapu OwiaH Oup KaropAa 3apsj Talluil >Kapa€HUAa TEHr XYKYKJIU
KAaTHAIlYM SKAHJIUTHMHU WHKOp Kuiaumaup. Jluratypa 3appauanapu IIAIIAHUHT
nunaa Oup-Oupuaan 1-2 MKkM opanukda (Jerupian aapaxacura kKypa) Aespiiu
TeKUC TakcumiiaHTad. byHpaa mumimara ¢akaT 1y 3appadajiapHu MEXaHUK Tap3ia
ynutad TypyBYM, H3OJISIIUS KWIYBUYM T[aCCHUB MaTpuUlla POJUA aXXpaTUJTaH.
Jluratypa 3appauanapu d3ca ry€ Oup-Oupura TeruO, TallKd KOHTaKTJIap/aH
OWpUJaH MKKUHYMCUTAYA Y3JIYKCH3 YTKAa3yBUaH 3aHXKUP XOCHJ KWiIaau (YeKCcH3
KJIACTEP) Ba JJIEKTP TOKH Iy 3aHXKHUP OpKaIM yTaau (cu3ul YTUI HA3apuUsiCH).
Jlexun Taxpubana cu3ubd yruim O0ycaracu Hazapuit O0ycarangan (16 xaxm %) aHua
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nactaa (1-10 xaxxm % €xkd yHIaH XaM MacTpOK) Ky3aTwiaau, Oab3aH yMyMaH
nanugo OyiManau.

Oxwubatna JerupsaaHTrad CHIIMKAT NIUIIAIard TPAaHCTIOPT KapaGHUHUHT (HU3HK
Mojenu OujlaH TaXpuOa HaTHXKajJapu opacujia HOMYyTaHOCHUOIMK Maijo Oynaau.
XycycaH, Iy Hapca aHUKJIaHIUKHA, YMYMIIAIITAPUITAH

o(T) = AT" exp[-(To/T)"] 2)

KYpuHUIIJArd MOTT KOHYHM aillHaH OWp SKCHEPUMEHTHHHI ¥y3rapMaraH
HaTwkanapu Ownan m Huar 0,2 man 0,55 raga OynaraH Xap KaHmaid KuiMartuia,
arap n HUHT KMMMaTtuHU -7,5 na” 2,75 radya opaliMKJa IIIyHra spaiia TaHJaHca,
SXIITM MOC KEJIUIITM MyMKHH dKaH, OyH/a:

— 0 — JIETUPJIAHTaH CWJIMKAT XA HAMYHACUHUHT YTKA3yBUYAHJINIH;

— T'— ya4dam teMneparypacy,

— Th— KaHIauIup y3rapMmac Xxoc Temuneparypa.

Illynucn xam Gopku, Gaxomam Hatmkanapura kypa T, ~ 10°%-10°K mw
TalKWI KWiaad Ba OyHJal TemmnepaTypaHnuHr (U3UMK MabHOCU KOpOHFY. byHnan
TalIKapy, cakpald YTl YTKa3yBUaHIUTHHUHT (2) dhopmyna OYiinya m = 1/4 yuyH
Oaxosanran 0ab3W MapameTpiiapu amanjgaru (peajn) KuiMaTiapJaH aHya Y30K
oynmu6 umkmu. Macanan, conumTupMa Kapmuaura  p=1,5 kOm-cMm  Oyiran
JIETUpJaHTaH CUJIMKAT IIMINAAA SJIEKTPOHJIAPHUHT JIOKAJUIANIYB paguycu ao (2)
Oyiinua 2 MKM Oynu0 YMKIu, XOJOYKH JIMTaTypa 3appadaiapyd opacuaard yprada
macoda 1,5 mxm. [llynra kypa, 3eKTpoHIap KaHAal JOKaJallral — HOaHUK. SHa
IIyHH aWtu0® YTUm J03UMKH, Oy Mojenna OycaracCUMOH KYpUHUIIAAru
YTKa3yBUaHIUK KUHUMATIAPUHUHT JIETUPJIAII Japakacura KaHjail OOFJIaHTaHIIH-
TMHH aHUKJIAITHAHT WIOXKH UYK.

Jlerupnadran CUJIMKAT MIUIIAHUHT TEPMOIJIEKTPUK XOCcalapu Xakuaa ¢akart
urmopacu mycoar Oymm0, opamuk Temmeparypaiapaa (100-400 K) xuiimatu
Metamapaukura skuHiuru (10-20 mxB/K) Tyfpucuaaru MabiyMoT KEJITUPUIITaH.

JluccepTallUsTHUHT MKKHHYM 000MIa IIWIla TY3WIUIIM XaKUJaru acocui
TacaBBypJap Ba JIETUPJAHTaH CHJIMKAT IIXIIA OJIMIIAA UIIJIATUIAIUTaH Ky PFOIINH-
CUJIMKAT IIHIIA TY3WIMIIMHUHT Y3rapuiuiapuHu JUCCEPTaHT TOMOHH/IAH YPraHUIII
HaTwKanapu kKeinrtupuirad. uia Ty3WIMIIMHUHT Y3TapUIIapUHU YpraHuiiaa
pentren Hypiaapu audpakiusicu, uHbpakuzuia (MK-) crnexkrpockonus, EXAFS,
NTA Ba TT'A ycynnapunan ¢oigananuiras.

[IIvma numupuIl )Xxapa€HUHUHT TEPMOIPAMMACH KYPCATAUKH, ACOCUM TOIIO-
KUMEBUN (SBHU IIUIIAHUHT TY3WIHIIUHA OENTHIOBYM KUMEBUI) peakiusiap
1000-1100 K rava tyrammaHagyd Ba YHJAH KEHWH WIMIIAHUHT TapKUOWHU
TEeKUCIOBYN Au(dy3us KapaCHUTHHA TABOM dTaIH.

Pentren audpaxkuuscu HaTHXajapura Kypa ypraHwiral IIUIIanap peHTIeH-
amopd OYnub, KPUCTAIUIMTIAPHUHT (HAHOKPUCTAIApHUHT) Yadammiapu 10-20 A
naH omMaiiau. ByHna acocmit ramonmHr okoitnmamysu (3,3 A ma) mmmana
KYPFOIIIMH CHJIMKATIapy Ba KBapll KOJAUKJIApU (KPUCTOOAIHUT) YCTUBOPIUTHUHU
Kypcartaau.
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Tapxkubu 2SiO,'PbO  6ymran sur oxmuit C71-K  KyprommH-cHUIuKat
IIMIIAHUHT KyO coHiar HamyHanapuHuHr MK-cnekrpnapu Pb-O Oornmanunuiapu
Y3yHJIUTHHUHT Ba Pb aTommapu KoopAuHAIMS KYIKUPPACHHUHT Y3rapUILIapUHA
XamJia TYpJId TapKUOIU KYPFOITUH CHIMKATIAPUHUHT XOCHUI OVIUITNHYI KYpCaTIu.

Jlernpnanrad CHJIMKAT UIMIIAHUHT CTPYKTYpPAacHHU YpraHuiiaa WIK Oop
myaud Tomonuaan Kyutanuwirad EXAFS ycynu Ounan mry Hapca aHUKIaHAUKA
(2-pacm), mMImIATArd KYpPFOIIMH aTOMJIAPY KOOPAMHAIUSICHHUHT OKTadJPUK
HIaKJIaH  apajall  TEeTPadApPUK-OKTAdIPUK IIAKIra Y3rapuiiy JIeTHpJIaHTaH
CUJIMKAT IIMINAJIa p HUHT Tacauimmura Ba dp/dl HUHT siHaga MaHQUAIaNTyBUra
oJu0 Kenaau, S’bHU JIETUPJIAHTaH CUJIMKAT HIMIIAHUHT XyCYCUATIapu EMOHIIAIIAIN
(KanuH mapjany pe3ucTopiiapra tanadiap HyKTau HazapuaaH, dp/dT = 0 Gynranu
MabKyJl).

—e e L T RAA 5
Db 1 2 3 4 5 6 7 D123456?R'

1 - “cudarim” mumra, 2 - “cudarcus” mmma

2-pacm. C71-K mumajga KyprommH aToMmiapu atpoguaaru paauali
TakcumJanul pyakuusiaapu (EXAFS cnekrpaapuaan Xuco0J1aHraH)

DnexkTpoH-30H1 MUKpoaHanu3u Si, Pb Ba Al atTomMnapuHUHT mMInaga TakKCUM-
JaHUIIA OUp TEKUC DMACIUTUHU Kypcatau. byHaa sneMeHTIapHUHT KOHIIEHTpa-
[IUSICH FOKOPHU OYNTraH COXaJapHUHT Yia4amMu | MKM J1aH KaTTa SMaciurd MabIyM
oynmu (Cameca MS-46 MHKpOaHATU3ATOPUHUHT a)XpaTa OJUII 4Yerapacu).
[Humara Al nummpuin sxapaéauja Tureapaad 1-2 macca % Muknopuaa yTaau.

KyprommH-cuiMkar muima CTPyKTYPaCMHHHI y3Ura XOC JKHXATJIapUuHU
aHam3 Kwium Hatwkacuga myamwmd C71-K mummaga MuHEManN CcTpykTypa
3JIeMEeHTIApUHUHT Mojennan Takmmd kuian. By mogens [SiO4]"-rerpasapnapaan
TalIKWJ TonraH OynuO, BajseHT OOFJIAaHUMIUIAPHUHT TYWHMHUIIM Tajabura >kaBoO
Oepagu. MuHHMMan CTpPyKTypa 3JIEMEHTIApH Mpu3Ma INaKiuga OupramiraH yd
TeTpadJpnu XankanapaaH ubopar (3-pacM) Ba 3-5 A muamerpnam kaHamu 6op.
Bynnaii npusmanusr ysyanury 10,56 A 6ymu6, P. H. Gaskell HunT HaTmkanapura
AXIIM MOC Kenmaau. byHpall kaHamiap JMrarypa aTOMJIAPUHUHT JIETUPJIAHTAH
KYpromMH-cuukar  mmma  guddysusicura  épgam  Oepaau,  CTpPYKTypa
AIIEMEHTIIADUHUHT ¥3U 3ca CTPYKTypa YTUIUIApUTra Iy4op OVIUIIM MYMKHH.
Xankanapjiara TeTpaj’Apiap COHM yMyMaH OJIFaH/a YEKJIaHMaraH — XaJKauap
TYpT, Gemr Ba ONTH TETPAdAPIH OYIHIIM MyMKHH. Y3 HaBOartuma Tacomuduit
OpUEHTAIUSIN OyHIa mpu3Manap 4yKKUard KUCIOpOo1 aToMJIapu OpKaJid ¥3apo
O0eBocuta €xku MoaudukaTop (MacanaH, KYpPFOUIMH) aTOMJIapyu OpKaJiu OOFJaHUO,
IIUIIAHUHT CUJIMKAT KAPKACUHU XOCHIT KUJIaIH.
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2,64x4=10,56 A

O Kucnopon

D Kpemnuit

3-pacm. KpeMHUii-KHCJI0PO TETPAIAPJIAPAAH TY3WITaH TPUTOHAJ MPU3Ma

JluccepTansiHUHT yYUHYM 000MIa pyTHII CTPYKTypacura isra Oyiaran SHT
OJIIUI Ba SHT KYII UILJIATUIAIUTaH JETUpIoBYr okcua RuO, HUHT Ty3WIUILIMHA Ba
XOCCaJapyHU YPTraHUIll HaTWKalap, IMyHUHTIIEK, 0ab3u OOIIKa OKCUJIApPHUHT
ANIEKTp Xoccanapu kentupwirad. RuO, HuUHT agaOuéTnapaa KeITUPUITaH JJIEKTP
xoccanapuia Kapama-KapuIiwinukiap MaBXyJ SKaH: alpuM TaJKUKOTYWIAPHUHT
MabIyMOTJIApUra Kypa Yy SpUMYTKA3rud XyCyCHsITUTa 73ra, OOLIKAJIApHUHT
(bukprya 3ca, YHUHT XOccajlapy METAJUTHUKUJAW. Jlernpianran cUIMKaT IIHILIA-
HUHT JJICKTP YTKA3yBUAHJIUK MEXAaHW3MUHUHT Jespiu Oapya TaJAKUKOTUYMWIIApU
RuO, yTKka3yBYaHIUTMHUHT METAJIJI XapaKTEepUra acoCIaHUIIaax.

Pentren nypnapu audpaxuusicu, UK-cnextpnap Ba o(7) Hu ypranui uryHu
KypcaTauku, pyTeHui ruapookcuxygopuan Ru(OH)Cl; HM TepMuMK mapyaaiil
HaTHXkacuaa oiauHran RuO, KykyHH 3appadanapu cTpykTypacu nedextiu 0ynuo,
YTKa3yBUaHIUTH spuMyTkasruura xocaup (4-pacm). Ru(OH)Cl; vu mapuanam
temriepatypacuauar 1273 K raua omupwmmmu amopd daszacu nespnu UVK
O0ynran, penrreHorpamMmmacu dtajoHHUKUTa (ASTM Hunr 21-1172 kaprodkacu)
OHT SIKUH KYKYHHU Oepajiu.

T.K
500 250 200 125

E,=0.45 3B

- E_=0.025 3B
-8 ° . -
- e

2 3 4 5 6 7 8 9

1031, k-1

4-pacm. RuQ, kykyHH1aH sficajirad TadjeTKka yTKa3yBYaHJIUTHHUHT
TeMIepaTrypa oyiinua y3rapuiu
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Ru(OH)Cl; mapuamaawmn

»KaJiBan).

TeMIIepaTypaCUHUHT
MIMIIAHUHT YTKa3yBYaHIUK xoccajapu p Ba dp/(pdT)ra tabcupu anukiaanaud (1-

JICTUPJIAHTaH

1-sxkaaBaa

Typsn Temneparypana cunTe3 KMJIMHIran RuQ, 6niian Jerupiaanran
CIJIMKAT IIHIIAHUHT 3JIEKTP X0ccanapu

Muma | RuO,  cuntes | Jlerupnam | Jlernpnanran | KapmminkHuHT
TEMIIEpaTypacH, | lapa)acu, | CUINKAT TeMIleparypa
°C Macca % | HIAIIAHWHT kodhpurreHTH

pecu,Omem | (KTK), 10° K

C71-K [500 16 62 -2776

C71-K | 830 16 12 -320

C75-K 500 16 0,54 +471

C75-K | 830 16 12 +282

CHJINKAT

H30x: JlerupnarHUHT OOIIKA MIAPOUTIIAPU OUP XUIL.

Kapmmnukaunar temneparypa kodbdumuenta KTK = (p; - p2)/(pi1(T - T2)), OyHna p) Ba p;
— Moc paBumiga 7 Ba 7, TemmepaTypajapia HaMyHaHUHI COJMIUTHpMa Kaprmiaurd. Opatna
T'=400K, 7, =213 K.

JluccepTaHT TOMOHHUJAH JHUrarypa Typd Ba JErupiail JapakaCUHUHT
JIETUpPJIaHTaH [IHIIA YTKAa3yBUAHJIWTUHUHT KUWMaTUTa, YHUHT TeMIepaTypa
Oyinua Yy3rapummra Ba cu3uO yTum Oycaracura TabCUPUHHU YPraHUII MIYHU
KYpCaTIMKH, JETUPJAHTaH CWJIMKAT IIUMIIAHUHT YTKA3yBUAHJIUTU JIUTaTypaHUHT
VYTKa3yBUAHJIUTUTa OOFNWK SMac. JlernpnaHran CHUIMKAT LIWIIAHUHT Has3apusia
KypcaTraH, YTKa3yBUaHJIMTMHHUHI JIETUPJIAII Japa)kacura OOFJIUKIUTUAArd CU3HO
yTum Oycaracu 3ca xap JAOUM maiino OynaBepmaiinu. bynunr cababu, 5-0001a
KypcaTWIraHuAeK, MUIIMPHUII KapaéHuJa JIMraTypaHuHr mumara auddysuscu-
IUp: TUIIMPUIN TeMIlepaTypacd KaH4a macT Oynca, cu3ub yTum Oycaracu
IIyHYAIUK KEeCKMH Hamo€H  OVmaau. Cranpmapt mapoutna (7 = 1123 K,
7=10 MUH) OUIIUPWITaHJa, KYIUHYa, HAMYHAHUHT OYTYH XQ)KMH JUTaTypaHUHT
mumara Audgdy3uscu  HaTwKacuga JAespid Oup TEKHC JerupiaHagd Ba
YyTKa3yBuaH OYnuO Koyaau, okubataa cu3ub yTuin Oycaracu Jerupianl Japakacu
Oyiinuya mactra — OMp Heda XaXKMHU (owusnapradya Ba yHAaH XaM KaMpoOKKada —
CHWDKUNIN.

RuO, «kykynununr sikun HWK-guanazoHugaru CHEKTpJIapd — TaxXJIWAIU
KypcaTuilipya, TEPMUK YyCYyJJla CUHTE3 KWIMHTaH KyKyHJIapJa SJECKTPOMAarHuT
TYJAKUHU SPKUH 3apsii TallyBUWiIapujaa OTWIaAW, KUMEBHM yCyjja OJIMHTaH
KyKyHJapaa 3ca aromiap TeOpaHulIUIapuia IOTWIUII Ce3ujapiu Japaxana
HaMOEH OYnaau.

JluccepTalUsIHUHT TYPTHHYM 000MAa muma TY3WIMIIUHUHLT JIETHUpPJIALl
xKapa€Huna y3rapumura, Oy Y3rapuIUIApHUHT JIETHUpPJAHTaH CUJIMKAT —IIHIIa
YyTKa3zyBUaHIUTUTra Tabcupura Oarunuianrad. [umanuar UK-cnektpnapu 6yiinua
YHIA CTPYKTypa THU3UMJIAPUHUHT (OpPOJICUMOH, TaCMacHMOH, XaJKAaCUMOH Ba
KapKaclii) HUCOMI MHKIOpU Yy3rapuilid Ba Oy Y3rapuIIapHUHT JeTUpJIaHTaH
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CWJIMKAT LIMIIA 3JIEKTP XOCcalapura TaAbCUPH Japakacu YpraHwian. XaJIKaCUMOH
CHJIMKATIap XOCWJ OYIHWINM JIETHpJIaHTaH CHJIMKAT IIWIIa YTKa3yBUAHIUTUHU
nacaitupuiiu Ba dp(7T)/dT vu Manpuilpok KuiiMatiaapra TOMOH CYpPHUIIN MabIiyM
oynau.

Jlermpnam >xapaéHuaa WMIIAAAard KYpFOIIMH Ba PYTEHUN aTOMJIADUHUHT
KOOPAWHAIIMACK Ba OOFJaHUIN y3yHAWUTHHUHT Yy3rapumu EXAFS ycynu Ounan
aHuKIaHau (5- Ba 6-pacmiap). Mawiaym OYiaauku, Oy xapakTepUCTHKAIap WKKU
XWJI muiaaa (2-pacMra Kapasr) XaM MUIIMPUIL HATHKacuaa Y3apo sSKUHIIAIIau,
AbHU Oy epla Xam juratrypa aromjapu JTudy3usiCHHUHT JIETUpJaHTaH CUJIUKAT
mumaga TPAaHCHOPT Xoccajapd MIAKUIAHUIIMAArd MYXHM pOJd  KylluMua

TaCAUKJIaHIHU.

III II|I a I,'I IlI E

[ / I'

[ I- £ M |II II"‘\.
B B VR WA VA W J S, .

i R R e wiide R§, A

01234567 012345 7

|"'I

||| " o o hr

il oy .'I I'-."II ||‘| II

| Pty i, p -;. ll_.-\. I.--\,_.-' I‘*—‘"‘nf'.x )
- il R, A s s R5, A
012345 7 012345467

Tr=1123 K, 1= 10 muH (a, B) Ba 20 muH (0, T)
a, 0 - “cucariu’; B, T - “cudaTcuz” mmina

S-pacm. JlerupiaaHrad CHIIMKAT HIMIIAAA aTOMJIAPHUHT KYPFOIUMH aTOMH
arpoduaa paguaj TAKCUMJIAHUII PYHKIUACH

JuccepranussHUHT OemIMHYM GOOMAA JIETUPJIAHTAaH CUJIMKAT IIUINAja CU3u0
YTUII caTXJapy MAK/UIAHUIIUHUHAT JUCCEPTaHT Takiud kwiran auddys3usBuii
MEXaHU3MHU TAJKUK KAJIUHTaH.

Jlerupnanrad CWJIMKAT MIMIIAHUHT TPAHCHOPT XOCCATAPUHHMHT TEPKOJISIIUS
(cu3ub yTHIN) Ha3apUsACUIATH SHT MyXUM MyaMMoJIapJaH OMpH, CU3U0 YTUII caTX-
JApUHUHT IMAK/UTAHUIOM MEeXaHM3MUAup. Mamxkya Hazapusuiap Oy caTXJapHU
OJIIMHJIaH (ampuopu) Oepwiral, JMrarypa Ba IIMIIAHUHT OOILIJIAHFUY XaXKMUU
HUCOaTU OpKaJiu OeNruiaHaguraH MabiyM mapT cudaruaa KaOyn kKuimumaad. by
aca JIETHpJAaHTaH CWJIMKAT IMUIIAHWHT TPAHCIOPT XOCCAJApUHM IIWIIAHWHT Ba
JUTaTypaHUHT TapkuOU Ba Jerupiail pexXuMu Ouiian Oofialira MMKOH OepMaiiu.

HMuccepranus myamnudu cu3ud YTUIN caTxXjapu IMIAKUTAaHUIIUHUHT AU dy-
3USIBUM MEXaHU3MHUHM Takiu@ Kuwiaau. by mexanusmra kypa IMiina Ba JIMraTypa
KyKYHJapy apajalliMaciHd TUIIMPUIN >KapaéHuJa Jurarypa aTroOMJIapUHHUHT
IOMIIIaraH mumara qudQys3uscu HaTKacula MUIIAHUHT YTKazyBUaHauru 16-18
napaxkara optaau. Cu3mb YTUII caTXJapu JUTaTypaHUHT alpuM 3appadanapu
atpodbuna xocwn Oymaguran nudQys3uss 30HATIAPUHUHT y3apo  TYTallyBU
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30HAJIAPUHHUHT XXMM  JIMTaTypa

okubatuga maiigo Oymamu. [duddysus
3appavalapuHUHT XQKMUJaH KYT MapTa KarTta OYIuId MyMKHUH.

i | )
Ilrl| [} (W] L
JII . . Illr‘-._l." '|_,'I III,.""'H.IF_,--__ ) .J_.I u I 1] II'-'ﬁ'\.-'.l:'-lllﬁ_ . )
. R-6. A . R-6. A
01234567 01234567
Ty=1123 K, 1= 10 muH (a, B) Ba 20 muH (0, T)
a, 0 - “cudaran’; B, T - “cudarcus” mmuiia

6-pacm. JlerupJiaHrad CMJIMKAT IIMIIAAA ATOMJIAPHUHT PYTeHHIl aTOMH
aTpoduaa paauaj TAKCUMIAHUII QYHKIUACH
Cu3ub yTum HazapuscuHuHr cu3ub ytum Oycaracu (V' = V.) arpoduna
AIIEKTP YTKa3yBUAHIMKHU U(POIATOBYN acocuil popMynacu
—t t
o(V)=V, o,V =V,) 3)

naH, auddysus y3ywnura [=+Dr Ba auddy3us KapaéHUHUHT aKTHBAIUS
xapakrepu D(T) = D, exp(-E,/kTf)nan kenubd yukkaH xoiaa aud@ys3us BakTu 7 Ba

TCMIICpaTypacu T f HH JICTUPJIAHTIaH CUJIMKAT MIHINAHWUHT SIITKaBYB‘{aHJII/II‘I/I Ouan

4

0of10BYM UDOa OJIMH/IH:
a
—2+Inl,,,

el v Vey  oa
I (o) gy r =

1 ( AR
T‘D(z;)[i/zm[(p/p(’) 3] r], (5)

oyuga o(V) = 1/p(V) — nurarypanunr xaxmuii ynymu C=V/V, Oynranna

HAaMYHAaHUHT COJMIITUPMA JJIEKTP YTKA3yBYAHJIUTH,
V' — naMmyHajia nuraTypaHuHT OUTTa 3appaydara TYFpHu KeJaJural XaxmH,

Vy— HaMyHaHMHT OMTTa JIMraTypa 3appadacura TYFpH KelaJural XaxmH,

t — yu ymuamiu ¢azona 1,7 ra TeHr OViAraH KpUTHUK UHIACKCH,
oo = 1/py — HaMyHaHUHT OyTYH Xa)XMH JIETUpJIAaHTaH IIuIa OujiaH OaHja

Oynranmaru COMUIITUPMA DJEKTP YTKAa3yBUAHIUTH,
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po — HAMyHaHUHT OyTyH XaXMHU JIETHpJIaHTaH Inuma OwinaH OaHn
Oynrangarvd COTUIITAPMA KapIIUINTH,

V. — cnu3ub yTum Ha3apusACUAOTH KPUTUK XaXM (OMPUHYM YEKCHU3 KIIacTep
nai10 6ynuimra Moc Kenasan),

p — HAMyHAHHUHT COJUINTHPMA KapIUIWIINTH,

¥ — JIATaTypa 3appadyajapuHuHT paauycu (Ypraya),

E,— muddy3us xkapaCHUHUHT aKTUBALIUS SHEPTUSICH,

k — boJiblIMaH JOMMUIICH,

T — yn4am TemIiieparypacu,

ly = \/D—OT .

(4) udbomanu typmu Ty ga myawudHuHr (7-pacM) Ba amgabuérnaru
Taxpubanapy HaTKajlapu OWJIaH TaKKOC/araHia yJapHUHT Oup-Oupura sXmu
MOCJIUTH MabJIiyM OYnau (8-pacM): JIETUpJIAHTaH CHIIMKAT IIWIIAHUHT 2-)KaJBalijia
KEJITUPWITaH TYpiau TapKuOiapu yuyH kypT koppemnsiuus kodpduimuentu 0,963
naHn 0,998 rasa. MyammmdbHuHT TaxpuOanapu HaTwkanapunan (4)-bopmyia
oyitnua xucobnanran auddysus koddpdunueHTa Dy HUHT, aKTUBALUS SHEPTHUsICH
E., munar Ba muddy3us macodacu [y HHHT KuUAMATIapu XaM 2-)KaJaBajjaa
KEJTUPUIITaH.

— . |
O _ L PR E
s = —14 -
= ® = LA ~.
o * \ll T \“‘4 . -
| . - —
g el e < -1 S
I%‘ 7 "'i-... '\\ = \\
= - " = .
T -18 -
8.2 86 9 9.4 8.6 9 9.4 98
1047, k! 1047, k7!

7= 10 MuH. UH3HKIapHUHT TapTHO COHIApPHHH 2-KaJBalia KapaHr

7-pacm. JlerupJiaHraH mMUa KapmuJIUTHHUHT JerdpJianl
TeMIepaTypacura 0OFJINKINIH

E, Ba Dy HUHI KUMMAaTiIapu TYypJIM Ta3JapHUHI CUIMKATIIApJA, KaJlud Ba
HATpUW MOHJIAPUHUHT KAIUNH-CHIIMKAT MHIaaa AudQys3uscu HaTHKagapura SKUH,
aexuH kucaopon aromnapuauar CaO na, Ba aitHukca, Cr,O3 na nuddysusicu yuyH
OJIMHTaH HaTHXXKaJlapJaH KECKUH (PapK KUJIaau.

JluraTtypa 3appauanapu opacujaaru yprada macoda

T T Ve, 1
L=d3— =ds/—=[1+24(——1 6
oc el Y (©)

g m

CTaHIapT ImapoutTna (2-KaABAIHUHT OXHUpPTH ycTyHH) RuO, nuraTypacHHHHT
b-17M2 mmmmanaru nuddysus macobacunan karra. bynna,
d - nmuraTypa 3appavaJapuHUHT TUAMETPH,
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Y4 - IMTaTypPaHUHT 3UYINATH,
Vg - INUIIAHUHT 3UYJIUTH,
Cpy - IMTaTypaHUHT Macca yJIyIlu.

d ¢akat OonuIaHFUY KYKYHHUHT CUHTE3 IIapOUTHUra OOFJIUK, X0JI0yku L xam
OOILIJTaHFUY KYKYHra, XamM YHUHT Xaxmuil yiaymu C ra, SbHUA JIerUpJiall
napaxacura Oofiuk. 3appadanapuHuHr ymdamu 0,5 mkm O6ynaran RuO, kykyHH

yuyH C =20 % 6ynranna L = 0,73 MKM.

Ig[(RIRo) ™+ )

oF

-02 r

-04 ¢

-0.6

9
10%T K

9.5

Ro=4xOwm, t=1,7, V.= 0,16. Tyrpu unzuk — (4)-popmyna rpapuru

8-pacm. Jlerup/jianran muma KapuuuJauruHUHT
JIETHPJIALI TEeMIIEPATypacura 00rTMKJINTH

2-KaaBaJl

Jlurarypa aToMJIapUHHMHT KYPFOIIUH-CHJINKAT nmana a1uggysus
K03 PUIMEeHTH, AKTUBALUSA JHEePrusick Ba 1ud¢y3us y3yHJIUra

Jlerupnanrax
Jlerup- [IAIIIA TAPDKUOU D la, cm,
nanrad | [Iuma 0 P > | Jurarypa | E,, 2B | _% Tr=
macca % cMm/c
[IMIIa 1123 K na
[IMIIa | JIUATAaT.
1 b-17M1 | 80 20 PbRuO; 1.08 |5.6:10° [2.2:107
2 B-17M1 | 90 10 RuO;, 0.624 [9.5:10° |3.0-10™
3 b-17M2 | 90 10 RuO, 0.194 |5.7-10* |0.13
4 B-17M2 | 80 20 RuO;, 0.212 | 4.1-10" |0.17
Hzox: lumanunr tapkudbu (Mmacca%): b-17M1 SiO;- 31, PbO - 67 Ba MnO; - 2;

[lynra kypa alTuil MyMKUHKH, RuQO, KUpUTWUITaH JETHpPJAHTaH CUIIUKAT
mmma auddysust tydaitnu 6up Texuc nerupianrad. Jlekun PbRuO; Ba BiRu,0,
kupuTHiragaa aug¢gysus 3oHanapy Tyramu6 ketumy yuyH 7= 1123 K na gespiau
200 GapaBap KYmpoK BakT Tajnad KWIMHAAW, Ba OKWOaTma OyHIail JerupiaHraH
IIMIIa HaMyHajdapu Oup Heya Japa)ka IOKOpPU COJUMIITHPMA KaplIMIUMKKa 3ra
oynaau. PbRuO; Ba Bi,Ru,O; kuputunranna nuddysus ko3QGuuueHTUHUHT NacT
Oynuiura acocuid cabad — 3apsj Tamuil xkapaéHuja KaTHamMaauran Pb Ba Bi

B-17M2 SiO; - 29, PbO - 67 Ba BaO - 4.
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aTOMJIapH IUIIAJaru KaHawapHu (Oymumkmapau, 3-pacm) Oann kuiaau Ba Ru
aTomiiapu nuddys3uscura XaaakuT Oepaiu.

Huddy3us xapaéuununr @Ouk TeHrinamacu acocujarv, (3) Ba (4)-
udoaanapHu xucoOra ojiraH MOJENIU KYpCcaTAUKH, JIUraTypa aTOMJIAPUHUHT UKKU
3appada opacujard ypra HyKTajard MUHUMan KoHueHTpauuscu N(t) nuddysus
JABOMUMJIMTH 7 Ta Ba 3appadajapHUHT yiIiyaMu » Ta Kywid OofiaHraHn (aifHuUKca
OolIIaHFUY KUCMUIA, SIbHU T KMUUK OYnranaa) (9-pacm).

Hamyna VTka3zyBuannuruau N(7) ra mporopiidoHan el XucoOJjgaHTaH7a
MOJIeNTb HaTHXKalapy TaxpuOa HaTHxkanapura sxiu mociaamau (10-pacm).

0,5 MrM
1 mEM

0.5 1o 1.5 2.0
\ D7 . mapTmH GHpIHK

a §)

d =1 Mkm™, L = 5 MKM; Yu3UKJIap EHUIaTH paKamyap JErupiaml JaBOMUUIATH T Ta TETUIILIN:
N<n<n<14<T;s

9-pacm. Jlurarypa atomyiapu KOHIEHTPALUACUHMHT MKKHUTA 3appavya
opacuaa TAKCUMJIAaHUIIM (2) Ba ypTa HyKTaaa (0) JerupJian :xkapaéHuaa
y3rapuimu (Moaejnb)

JluccepTallUsIHUHT  OJTHHYM 000MaAa JIETUPIIAHTaH CUJIMKAaT [IWIIa
TY3WIHIIUHUHT,  YTKa3yBUAHJIUTMHUHT  Ba  TEPMO3IOK  CHHUHI  IOKOpH
TeMIlepaTypajiapjara ysrapuinuiapu ypranwirad. by 6o6ma xam ontuk, K- Ba
EXAFS- cnekTpocKomusich, PEHTIe€H HYPJApUHUHI COYMIHILH YCYyJUIapUJaH
ot manaHuIIn.

Jlerupnanran cunukat mwmima Kapumurd R(7) Ba tepmostok cu S(7) HUHT
IOKOpY TeMmIeparypajiapiaru OWMpUHYH MapTa TOMWITAaH aHOMAJl Y3rapuluiapu
(keckun ommnapu) (11-pacMm) mummaga OUIIMPUIN Ba JIErUpJiail kapac¢Huia
Xocw1 OynaguraH HaHOKpUCTAJIApAard CTPYKTypa YTUILIAPUHUHT OKHUOATH
SKaHIUTH Kypcatuiarad. by y3rapummap R(7) HHMHT CETHETO3JIEKTPHKJIApAaru
V3rapunuiapura yxmam O0ynu0, ¢dakaT coH sxuxarnaH ¢dapk Kwiaau. [luima
TapkuOu €KW Jierupiai aapaxacu y3rapranna R(7) MakCUMyMH TeMIiepaTypacu
Ba Rw/R, Hucbatu ¥y3rapagu (Ry Ba Ry — HaMyHaHUHI MOC paBHIIJIA
MakcumyMmaard Ba 298 K maru xapmwmnukiapu). Ry/Ry HucO6aTH cu3uO YTHII
OYcaracu SIKMHHMJAQ DHI KaTTa KUHMarjiapra spumiand. by TaaKuKOTIapHUHT
HaTxkanapu crabwuiuru okopu PJIM Ba PJIC pycymumaru Oananj Ky4JIaHWII
OYITUUYNIapUHM SIPATUIIAA UIILTATHIIN.
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Ty (K): 1073 (1, 2); 1123 (3, 4)
Temneparypanunr yeum Te3nurd (1) Ba (3) unsukiiap yuyH (2) Ba (4) yu3uKiapaaH I0KOpU
Hyxkranap — Taxxpuba HaTuxanapu, TYFpu yu3ukiap — (4)-gopmyna rpapukiapu

10-pacm. Jlerup/iaHraH CWJIMKAT IIUIIA KAPIIHJIMTHHUHT
JIETHPJIALl BAKTUT A OOFJIMKJIUTH

140 \
»
z % o
= 120 A { \ E
Y [
100 20 J \
s0f=— ‘_\-v / \\, 0:-—__ T U
200 500 200 T000 S00 600 700  S00 900 1000 1100
K TE
a 0

11-pacM. JlerupJiaHral CHWJIMKAT IIHIIA KApIIXJIuru (a)
Ba TEPMOJIOK cH (0) HUHT TeMnepaTrypara OOFJIHMKJIUTH

Jlerupianran cuiauKaT mMIIa CTPYKTYPACHHHUHI IOKOPH TeMIleparypanapa
y3rapuiiyd XoHa TeMmIeparypacujaa Ba KapIIMJIUK OIIWIIY OONUIAHWIINTa, YHUHT
MaKCHMyMHTa Ba OONUIAHFUY KUMaTrada rmacaluimra MoC KeJyBUM TeMIIepaTy-
panapna (11la-pacm) onuHran peHTreHorpaMMaliap OujaH TacaUKJIaHAIH.

By penrrenorpamMmmanapaan RuO, snemeHTap sSUEWKaCMHUHI MapaMeTpiapu
xucobmanau. MabiayMm Oynauku, Oy MapaMeTpiapHUHT TeMmIiieparypa Oyiinua
Varapuiu RuO, HUHT ApKUH KYKYHHM Ba JIETUPJIAHTAH CUJIMKAT IIMIIA WIUAATH
KOJITUKJIApY YUYH Xap X dKkaH (12-pacMm, a — 3pKUH KYKYH, JIETUPJIAHTaH IIHIIA
napga: 6 — C71-K, B — C71-K1 xamaa r — B34E). lllynu aiitu® YyTMOK JTO3UMKH,
spkuH RuO, HUHT pyTHII CTpyKTypacura sra OyJraH sjJeMeHTap siuelKkacu a YKu
HyHamuImmaa KeHrasau, ¢ VKU uyHanummuaa sca topasau (12 a, 6-pacmiap).

RuO, HUHT HCCUKIMKAAH KEHTaHUI YU3UKIH KOd(PDUIIMEHTH a VKU HyHAaII1-
muaa C71-K mmmanukura kaparauja Aesipiid UKKU OapaBap KaTTa, ¢ YKU HyHaIIu-
IMIa 3ca JeIpiu MKKU OapaBap KWYMK. /[eMak, jerupiaHraH CHUJIMKAT IIMINaaa
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RuO, HuHT 3appavanapu TapaHIJIAITaH XoiAa Oynaau: yiapra a YKu WyHaIumaa
CUKYBYM, ¢ YKU WYHAIMIINAJA 3Ca 4y3yBUM Kyd Tabcup 3T1aau. bupoxk RuO, HUHT
AJIIEMEHTap SYEHMKAaCHUHUHI Yiyamiiapu Temmeparypa OVyilnad y3rapuim ymMyMaH
OJITaH/a, JIETUPJAHTaH CWJIMKAT [IMIIA KAPIUWIUTMHUHT Ba TEPMOSIOK CHUHHUHT
KECKUH y3rapuiiura Moc kenmaiau (11-pacm OunaH TaKKOCIaHT).

[Mumara SiO, ypuura o3 mukaopaa (4 Ba 2 macca %) BaO Ba MgO
OKCUJJIADUHUHT ~KUPUTWIMIIM IOWIIa KapKacMHU MyCTaxkamiad, acocuit
2S10,-PbO TapkuOiau MHUIIAHUHT CTPYKTYypa TY3WJIUIIMHU Ba YHIAru CTPYKTypa
yTummapuHd  xamaa mumaHuHr  RuO, Owian  y3apo  TabCUPUHM  KECKUH
yaraptupagu. byHma crpykTypa y3rapunuiapuHUHT  OOIUIAHWINHM, TETHIIUIN
TapKUONM JIeTUpJIaHraH ImumanapHuar R(7) cu  KypcaTuinm4da, HOKOPHPOK
TeMIeparypaiapra CUJDKANIN.

456 a ~ - /a2 457 . #1314
456 E 3.13
o B — o o
< 454 — 311 < 455 e 312<
453 [— 3.1 4.54 La—" 31
' ' 453 3.1
Q—/
400 600 800 1000 400 600 800 1000
T,K T, K
a o
459 1313 A
455 3.13
458 ——— ﬂ)\ 312 a
S 456 34 S 5 ==L ¢
455 a 3.00 453 ¢ 3.1
454 _——— 308
400 600 800 1000 400 600 800 1000
T, K T, K
B r

12-pacm. RuQ; 3appayanapu nan:xapa JIOMMUMCHUHMHT 4 Ba ¢ YKJIapu
HYHAJIMIIKMA TeMIiepaTtypa 0yiiu4a y3rapuimu

RuO, Ba nerupnanran cwiukar mumadHudar WK- Ba onTuk (3JI€KTpOH)
cnektpiapu (13-pacm) OVitmua yjapmard OSpKUH 3apsij]  TallyBYHUJIApPHUHT
KOHIIeHTpanusicu 7 xucoomanau. bynaaa RuO, nuar UK-cniekrpnapuaa (13 a-pacwm,
2-4M3UK) XOC FOTUII YM3UKJIApU UYKIUTH, JIETUPIIAHTaH CUIMKaT mumaHuar UK-
cnektpiapuaa (13 a-pacm, 4-um3mk) 3ca (paxaT MOJIEKYJsIp TeOpaHUIILTapra XOcC
IOTHIN Xyayajapuruaa oopauru xucoora omuaau. [lyaunr yayn 6u3 RuO, HuHT
XaM, JITUPJIAHTaH CUJIMKAT IIUIIAHUHT XaM ONTHUK CIEKTpiapuaaru (Moc paBHuiiia
13 6-pacmaaru 2- Ba 4-4yM3MKJIAp) 3HI MACT YACTOTAIM FOTUII XYAYIUHU SPKUH
3apsi/i TallyBUUJIAPHUHT

wp = (n€’/eoeimer) (7)
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4acTOTaJIM IUIa3Ma TeOpaHuIUIapyra TErUIUI, — 1e0 XUcoOJaHTaH.

bynpa e — anemenrap 3apsn,
€0 — DJIEKTP TOUMHUMICH,
€] — aTOM KOJITUKJIAPUHUHT JTUANIEKTPUK CUHTIUPYBYAHIUTY (HUCOMIA),
Mes — 3aPAJT TAUTYBUMIAPHUHT 3()PEKTUB MACCACH.

RuO, nunr UK-cnekrpu (13 a-pacm, 1-4u3MK) 3pKUH 3apsij TallyBUWJIapyIa
IOTWIMII HBa3ura XOocwi Oyiranura Kapamai, TaxpuOana oTUIUI KO3 ULIUEH-
TUHUHT TYJIKUH Y3yHJAMIH Oyihuua y3rapumu u(d) ~ A% knaccuk mmasma
TeOpaHMIIIapy Hazapusacuaard u(A) ~ A 1aH aH4a CEeKMH.

C71-K  mmmanuar Ba RuO, HuUHr MexaHuK (MHUIIWPUIMAraH)
apanmammMacuHuar UK- Ba ontuk crnektpiapu muimaHuHr Ba RuO, HuHr alipum
OJIMHTAH CHEKTPJAPUHUHT  ONIUN WuruHAMCH (cymneprno3uiusicu) Oynca (13-
pacMaa 3-umszukiiap), crangapT mapoutna (1123 K ma 10 muH) nummpuin
CHEKTPJIAPHUHT KYPUHUIIMHU KeCKHH y3raptupaau (13-pacmaa 4-uusuknap).
Sunn UK-crextpaa u() ~ A% Ba RuO, narura nuc6aran siHama CyCTPOK.

A, M A HM
100 20 10 3 4 2.5 1. 0OR 0.5 04 03

h, WEAPTIM GHpUHE
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2 3 4 10 15 20 25 30
v, 10t 7, w10 ot

a §)

1 — C71-K mmma, 2 — RuO, KyKyHH, yJIapHUHT apajaniMacy 3 — MUIIMpUiIMaraH,
4 — NUIIMpPWITaH

13-pacm. C71-K mmma, RuQ; KykyHu, yjaap apajamiMacCuHUHT
HK- (a) Ba 3Jj1eKTpoH (0) cnieKTpJaapu

DJNEeKTPOH CHEeKTpiapAa S3JCKTPOMArHUT TYJIKUHIAPUHHUHT YJIbTPaAUCIEpC
(YTa Mmaiima) 3appavaiapAa COUYWIMIIM XaKuAard Mu Hazapuscura Moc KHYHUK
aMIUTUTYAAH Te3-Te3 TeOpaHuIIap KypuHaIu.

V3rapmac Tokna yiYaHTaH CONHMINITHPMA KapUIMIMK KMHMATHIAH Ba SPKHH
3apsii TallyBYMJIAPHUHT FOKOpPHWJAA aHUKJIAHTaH KUHMaTUIaH Kenud YuKuo,
ynapHUHT 3¢ ¢dekTuB Maccacu xucoonanan. by addekTuB macca SpKuH 37EKTPOH
maccacugan 330 wmapra karra OynuO, JeTHpJaHTaH CHJIMKAT  IIIHINA
YTKa3yBUAHIIMTHHUHT TIOJSIPOH MEXaHW3MH XaKHJa TalupHuil UMKOHUHH Oepau.
By MexaHuW3M KYpFOIIMH aTOMJIAPUHUHT KyTOJIAHWIIW FOKOPH SKAHJIUTHHUHT
OKUOaTUIup.
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Omu6 OopwiraH TagKUKOTIAp HATHXKACUA JICTUPJIAHTAH CHJIMKAT IIHIIAja
DHEPreTUK 30HaNap Moaenu Takaud KwimHau (14-pacm, E, — IIMIIaHUHT
TaKUKJIaHTaH 30HacH, FEg — KHpHUIIMa 30HaYyacu OWIaH IIUIIAHUHT BaJIGHT 30HACH
opacuaard »HepreTuk Tupkuii, Erp — ®@epmu catxu). by Moaenga MIUIIAHUHT
BAJICHT 30HACH KHUCJOPOJHUHT 2p-OpOUTANIADUHUHT Ba KYPFOLIMHHUHT O6p-
OpOUTAJIAPUHUHT MapyajaHuiid Tydaiau Tmaigo Oynamu, YTKa3yBUaHIIUK
30HACHHUHT Taru 3ca KUCJIOPOJHUHT 3S-OpOUTAIIAPUHUHT Ba KYPFOIIMHHUHT 6d-
OpOUTAINIApUHUHT MapyalaHUIIWIAH Takgo Oymanu. HaTmxkana TakukiaHTaH
30Hacu TaxMuHaH 3,3 3B Oynran IusneKTpuK XOoCcuil Oyaaam.

Ksapiy mmmraauHr ¥3u 3ca TaKUKJIaHTaH 30HacH 7,76 3B OViaran IusiaeKTpuk
Oynm0, YHUHT YTKa3yBYAHJIMK Ba BAJCHT 30HAJapU MOC PaBHINJIA KUCIOPOJIHUHT
3s- Ba 2p-opOuTayuiapu mnapyajdaHuimu xucooOura maipo OYymanu. [umanu
jgerupnam  okuOatuaa Ru  arommapuHuHr  Ss-opOuTamiapu napyajaHUIIN
KMPHUIIMA 30HAYACU XOCWJI KWIaH. by 30Hauana sHEpreTuk catxJjiap 3uWInra Ny =
4,510 5B 'em™.

YTkasyBYaHNMK 30HACK YTka3yBYaHNMK 30HacH YTkasyB4aHNUK 30HacK
A A
E, c E,
— Kupuiuma 3oHacu ’ E Kvpuiuma oHacy
E npuwimMa 3oHacu E— 1
F . F
| BaneHT 3oHacu | E: ‘ BaneHT 3oHacu | | BarneHT 30Hacu |

a §) B

T(K): 0 (a), < 700 (6) Ba > 970 (8)
14-pacm. JlerupaaHrad cuJIMKAT IIMIIAJA IHEPTreTHK 30HAIAP

KyprommuuuHr 6p-catxu BakyyM catxugaH 7,415°B mnactoa (OupuHuun
HWOHJIAIITUPHIN TOTCHIMANIM), PYTEHUUHHHT Ss-catxu d3ca 7,36 3B mactna.
Jlerupiianran CWJIMKaT UIMIIAHUHT YTKa3yBYaHJIUIH KEHI TeMIleparypaniap
OpaluFulia JeSpiid Y3rapMaciuruHu, (QOTOYTKazyBUAHJIMK d3ca yibTpaOuHadina
Jara3oHrada (3J€KTPOHJIAPHUHI BAJEHT 30HACHIAH YTKA3yBUAHJIMK 30HACHIa
yTunuiapu OOIUIaHTyHYA) CE3WJIMACITUTHHH XHUCcOoOTa o0 aWTUIl MYMKHHKH,
PYTEHUWHHUHI KUpHUIIMA 30HAYacH XOHA TEMIIepaTypacujia IIWIIAHUHT BaJICHT
30Hacura Terud Typaau €ku y OwiaH KucMaH ycTMma-yct Oymamu (14 6-pacm). by
BazusaTAa Depmu catxu Ep BAJICHT 30HACMHUHT WYWJIA KOMIAIIaau, SPKUH 3apsij
TallyBYWJIAp Ta3W IOKOPH KOHILIEHTpalusara i3ra Ba ailHuran Oymamu. by ¢uxp
nerupiianran  cuiukat 1mmaHuHr  MK-  Ba  onTuk  cnekTtpiapu  OwiiaH
tacqukiaanagu (13-pacm). lllynra acocnanu®, XoHa Temmeparypacujia KUpHILIMa
30Hayacuaaru Aespiu 0apya carxjiap MOHJIAIITUPUWITaH, - IETaH XyJocara KeJuIil
Ba Oy 3oHayaHuHTr KeHriauruHu 0,026 3B atpoduna €xku kampok aed Oaxosiarl
MYMKUH.

[enuii TeMnepaTypanapuia KUpHIIIMa 30HaYacd OWJIaH BaJCHT 30HACHUHUHT
TEMacu OpaJIuFujla DHEPreTUK TUPKHUIN Mapxyn OYau6 (l14a-pacM), yHHHT
KEHIJIUTU TeMIiepaTypara OOFJIHK;
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E,(T) = Eq — & (ho)[cth((h)/ 2kT) 1], (8)

oynna Ego— TupkumHuHT 0 K 1aru xeHrmuru,
¢ — DNEeKTPOH-(POHOH OOFIIAHUITMHUHT OUPIUKCU3 TouMuUlicu (Oupra sSKUH),

<h0)> — (hOHOHIIAPHHUHT XOC SHEPTHscH, &(hw)~10™9B,
h=h/2x,h—Ilnank qOUMHUICH.

15-pacM. JlernpJiaHral CIWJIMKAT HIUIIAHWHT JHEPreTUK 30HaIapu (cxema). E,
Ba E, — Moc paBulia yTKa3yBYAHIMK Ba BAJEHT 30HAJAPUHHMHI YerapaJjiapu,
E; Ba E, — xkupumMa 30Ha4acH Ba cu3u0 yrum carxu. IlyHKTHp Yu3HK —
YYKYPJIAPHUHT TYTKHHJIMKIATH 3aps] TAIYBYUJIAPra TYJIUII CATXU

Jlerupnanran mMIIa HaMyHacuaa MOTEHIMAN YyKyp cudaTuigard Ba
7 deKTUB JoKanIu3anus MapKasu OyiaJuraH HaHOKPHUCTAJIAPHUHT MaBKYIJIUTH
(15-pacM) xamza HEpreTUK TUPKUIIHUHT KEHTJUTH TeMIiepaTypara OOFJIUKIUTU
(8) TepMoakTHBaIM Ba CaKpall MEXaHU3MJIAPUHUHI OMprajvkia WIUIAd y4yH
MMKOH sipaTaju:

o(T)=o,I" eXp[—é(EGO ~¢(ho) (Cthgc—? ~ 1+ o, exp[(T, / T)"] (9)

[y cababnan Taxkpubana kynuH4a (1) udona Kyzarunaiu.

(1) Ba (9) udomanapuu Takkocnamgan (l6-pacm) KYpuHUO TypuOIUKH,
TaxpuOaja yiapHu (apKiaml aH4a KHIHH.

(6) mdomama TUPKHUIIHUHT OONUIAHFUY KEHIIUTH FEgy KHYKUHA OYiica,
TeMIlepaTypa OIIMIIN OWJIaH THPKUII WYKonumu MyMKUH (Eg(7) = 0) Ba MyaiisiH
oup

_ (ho)
Tt = kin(1+2&(ho) | E,) (10)

TeMIlepaTypaja JIETUpJaHTaH IIWIIa HaMyHacH “METAJNICMMOH’ Xoccajlapra 3ra
Oynaau (KUCMaH TYJIAMpPUITAH BajeHT 3o0Hacu, 14 O-pacm). lllynpman keitnH
KApUIWIMKHUHT TeMIiepaTypa 0yinad y3rapummra acocuii cababd KOHIIEHTPAIUsCH
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KaTTa Ba y3rapMac S3pKUH 3apsj TallyBUWJIApPHUHT (OHOHNIapAa EKu ¥3apo
counmmmn O6ynamu. Hatmwkana R(T) ~ T éxu R(T) ~ T Gornauum naifno Gymamu
Ba ‘““KyMOOKIM~ MHHUMYM Ky3atuiaau (17-pacm). Temneparypa T Jierupiai
Japakacura Ba [IAPOUTHUra (S’bHM JIETUPJIAHTaH IIMIIAHUHT  COJUIITHPMA
Kapiuiaurura) OOFJIMK Ba Xap JOUM XaM Ky3aTHIaBepMaiiu.

h

wapt. Oup.
L +=

a(T).
(]

T. K
{=0,7,6=5, Ego=0,66 M3B, (hw)=22,5M3B Ba T; = 15000 K

16-pacm. (1) (y3ayken3 un3uk) Ba (10) (MyHKTHP YU3HK)
HPoaaTapHu TAKKOCJIALI

Oxopu temneparypanapga (77 > 700 K) mumagaru CuivkaT HAHOKpPHC-
TaJUIAPUHUHT CTPYKTYpacH y3rapuiiy cabadii KBapl PENUKTIAPUHUHT 3JIeMEHTap
AYCUKACHHUHT XaXMH 6 % ra omaau. HaTmkana 30HaNap KEHIVIMTH KaMasiu
(MacasiaH, KOOaJIbT MOHOCWIMIMAWIA TaHXkapa JoUMHUHCUHUHT 1 % Y3rapuim
3oHa keHrauruau 0,013 3B ra kamaiitupaau), KHpUIIMa 30HAYacCH BaJICHT
30HAaCMHUHT mudTuaaH axpanaau (14 B-pacm). CTpykTypa YTULIUIApU TyraranjiaH
keitnH (7> 950 K) BaneHT 30HacMHUHT MUGTH OMIIaH IPUMECh 30HAYacH Opacujia
Es = Eg sHepretuk Tupkui naigo Oynamu. lllynnan keuH 3apsn TanryBuuiap
KOHIIEHTPAIUSCH Tacaluiy Tyhaan 3apsj TallyBUMIap Ta3WHUHT alHUIIN YK
Oynajau, JierTpiaHraH CWIMKAT IIUIIa YTKa3yBUAHIUK aKTUBAIUACH SHEPrusicu Eg
Oynran oparmard spuMyTKaszruura aitmanaau  (18-pacm). E; nerupianrax
IIUITAHAHT TAPKUOU Ba JICTUPJIAII PEKUMHUTA OOFIUK OYIau.

Kupumva  30oHawacum  Topiuru  Tydalnwm — yHAArd  OPKUH  3apsn
TallyBUMJIAPHUHT 3(PPEeKTUB Maccacu KaTTa Oyiaau:

m*=1"/(Ja,), (11)
6YHI[3 J— KHpHUIIMa 30HAYaCUHUHT KCHI'JIUTH,

o - TTaHXKapa JOUMHUcH (OKCU/T IITUIIANap YYyH dog HU, TAXMUHAH, KaTHOHJIap
opacuaaru yprada Mmacodara TSHT €0 OJTUIIT MyMKHH ).
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17-pacm. B34E mmma acocuaaru 20 macca % RuQ, Kymun/ras jerupjaanrad
HIUIIA KAPIUWJIMTMHUHT TeMnepatypa 0yidiaad y3rapuimm

~1.6f
-1.7}
-1.8
-1.9
-2.0
~2.1f
-2.2f
~2.3L

lgV (mCwm)
In¥, (mCwm)

0.90 0.92 0.94 0.96 0.98 1.00 1.02 8.8 9.2 9.4
10/T, K1 104/T, K-

18-pacm. C71-K (a) Ba B34E (0) JierupJIaHradH CMJIMKAT HIMIIA
YTKa3yBYAHJIUTHHUHI MAKCUMYM/IAH KeHHUH TeMIepaTrypa 0yin4ya y3rapuim
(11-pacm O6msan Takkocaanr). Hykranap — skcnepuMeHT, YM3UK — perpeccust

Jlerupnanran cwivkaT WHUIIAHUHT R(7) OOFIAHWIIMHUHI MaKCHUMYMJIaH
keiiuuru (apau 7' > 950-970 K) xusiuru Oyitmya YTKa3yBUAHIUK aKTUBALUSICU
sHeprusician xucobsaranuga (18-pacm) ynunr kuiimatu 0,05-1,53B 6ynu0
YUKIY.

[umanunar Oab3u  TapkuOIapu Y4yyH JerupiaHranaan kedunru R(7)
OOFJIaHMILIMJA AaKTUBAIMS KOHYHUAAH OWpo3 YekuHu Ky3zatuiaau (18 a-pacm).
By dekuHwMIl, 03 MUKIOpAA XOCUJ OYIaaurad Ba CTpyKTypa yTunuiapu (€K 3puiIil)
TEMIEpaTypacu IOKOPUPOK OYiraH KaHAalaup CHUIMKATIApPHUHT CTPYKTypa
yTunuiapu ounad OOFIUKIUTUHU KYypcaTay.

JlerupnaHran CHUJIMKAT MIMIIAHUHT TakIu( KWIMHTAH SHEPreTUK 30Hanap
CTPYKTYpacu MOJEJIM, YHUHT KapIIWIUTHHUHT TemIepaTypara OOFJIMK Y3rapHii-
napunu (l-pacM) xamzaa Tepmodtokra xoc xycycusimiapuau (11-pacm) renwmii
temriepatypacugad To 1200 K raua OyTyH opanukaa cudar xKuxaraaH TyLIyHTHpa
OJIaH.
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HNioBanapaa  gparwirad  MaxCyJOTJIAPHUHT  aCOCUMM  MapameTpiapu,
JIETUPJIAHTaH CWIMKAT IIWIIa HaMyHaJapuHA Tauépiam TEXHOJOTHSICUHUHT
CXeMacH, YpraHWjraH [IMIIAJIAPHUHT TapKuOjgapu, IIWIIAa TapKuOura KUPYBUU
MOJIIAJTADHUHT Macca MHKJIOPUHHM XaXKM Ba MOJSIP MHUKIOpPUTa aljIaHTUPHUII
dbopmynanapu, RuO, KykKyHHMHH TaW€piallHUHT KUMEBUM TEXHOJOTHSICH, KBapIl
TypJApUHUHT KPHUCTAJI TaHXapacu, 0ab3u 3JIEeMEHTJIAPHUHT HWOHJIAIITUPHIIL
NOTEHIMAJIJIAPU Ba aTOM pajuyciiapy Xamja UIUIATUITaH YI40B acO00IapUHUHT
XapaKTEepUCTUKATIAPH, TAAKUKOT YCYJUIApU KENTUPHUIITAH.

XYJIOCA

1. JlernpnaHrad MHIIAHUHT YTKAa3yBYaH OYJIMIIM JIUraTypa 3appadyaliapuHAHT
Oup-Oupura GeBocHTa TETUO TYpHUITH OKMOATH 3Mac, Oaqku IOMINAraH IIHIIara
auratypa aroMmaapuHuHT 1udGy3uscu oKubaT 3KaHmura Kypcatuinau. Hatmxana
cu3nb YyTum Oycaracu Juratypa 3appadaiapu arpodupa Xocwsi OyiaauraH
muddy3us 30HATAPUHUHT Y3apo TyTallyBUra Moc kenaad. by nuddysus
30HAJAPUHUHT XAXMHU JIMraTypa 3appadyallapuHUHT OOIIJTaHFUY Xa)KMUJAH aHya
Karta Oynumm  MyMKuH Ba  auddy3us  KapaCHUHUHT  [apaMeTpliapu
(Temmeparypacu Ba JaBOMUIINIU), XaM/la IIXIIA Ba JTUTAaTypaHUHT TapKuOiIapura
oormuk. [lyHra moc paBumga cu3zu0 yTum Oycaracd >KyjAa MacT JIeTHUpJiamd
napaxacuna (Hazapusigaru 16 xaxm % ypuura ~ 1 % €ku yHAaH Xam KaMpoOK)
Ky3aTHJIMIIU MYyMKUH.

2. EXAFS ycynmuna my Hapca aHUKIAHAWKWA, JIETUPJIAHTAH CHJIMKAT
IIUIIAHWHT YTKAa3yBUYAHJIWTUTA YHUHT TUIIUPHIN >KapaéHuaa XOCwi Oyiaaurax
JIOKaJl CTPYKTYpacu, XyCycaH, KYpFOLUMH aTOMJIAPUHUHI JIErHpiall x)apaéHuaa
y3rapagural KOOpAWHALIMACH, KaTTa TabCUpP KypcaTaau. PyreHui aromiiapyuHHUHT
JETUpJaHTraH CWIMKAT I[IUMIIaJard KOOPAWHAUMACH IIWINAHUHT  OONIaHFUY
CTPYKTypacura Ba JIerupJianl >kapaéHUHUHT TaBOMUMIIUTUTA OOFIHUK.

3. JlerupnaHran CWIMKaT IIHIIA KAPIIWJIUTUHUHT Ba TEPMO3IOKCUHHUHT
700-1000 K Temneparypanapaa aHomai OIIMIIM Ky3aTWiaW. by aHomaiukiap
HIMIIAIa XOCHIT OYagurad KYprolMH CHIIMKATH Ba KBapIl KOJIAUKIApUIaH noopat
HAHOKPHUCTAJUIAPAAry CTPYKTYypa YTUIIIAPUHUHT OKUOATH €0 TyIIyHTHPHUIITaH.

4. Jlerupnanran CUJIMKAT mMuagaru 3apsin TalryBYnIap
KOHIIEHTPALMACHHUHr macTku uerapack (10*cm” arpoduma) Ba >bbdextusn
Maccacu Mep ~ 3.3-10 my aHukiganad. Okubaraa JerupiaaHral CHIIMKAT IIHIITaH|
HOJISIPOH YTKa3yBUaHJIMKIa 3ra TU3UM J1e0 XucoOaml UMKOHHU TYFUJIaIH.

5. Jlerupnanran cuiaukar muma (TakukiIaHrad 3oHacu 3,3 3B arpodunaru
JUAJIEKTPUK) Ja Jierupiaam okuOaruga keHrumru 0,026 3B €xku kaMpox Oyirax
KUpHUIIMa 30Ha4acl XOCWI Oynanuku, Oy 30HaUYaHW IIHWIIAHWUHT BAJCHT
3oHacMHUHT mmdTuaad kudkuHa (0,01-0,02 5B) Tupkum axpatub Typaau.
KOxopu TemmnepaTypanapia CUIMKAT HAHOKPUCTAJUIAPU CTPYKTYpacu Y3rapuilu
KUpUIIMa 30HAYaCHMHM BAJICHT 30HACHUJAH aXparaau Ba Oy y3rapuiuiap Tyraray
(temneparypa 950-1000 K nan omranna) HamMmyHa YTKa3yBUaHJIMKHUHI aKTUBAIIUs

29



sneprusicu E, = 0,095 5B nan 1,5 3B raua (mmaHuHT TapkuOura Ba Jerupiaml
napakacura Kapad) OyiraH spuMyTKa3rudra aijaaHaam.

6. Jlerupmanran cuwnmkar mumana reaud temneparypacunan 1200 K raga
opanukaa R(7) xupuiliMa 30HAYacHM XOCWJI OYJIMIIM Ba HaHOKpHUCTaJUIAp
MaBXYJIMTUHUHT  oKuOatunup. HaHokpucrammap camapanu — JIOKajulamryB
Mapkasyiapu BazudacuHu Oakapaqu Ba NacT TeMreparypajiapia Oup BaKTHUHT
Vy3uaa YTKa3yBUAHJIMKHUHI MKKH MEXaHU3MU — TEPMOAKTHBALMsS Ba Cakpaml —
unuiaigu. TUPKUITHUHT KEHIVIMTM  TeMIiepaTypara OOFNMHMKINTU — Tydailnu
JIETUpJaHTaH CUJIMKAT IIWIIA HAMyHAaCMHUHT KapIIWIUTH Temreparypa Oyiinad
Te3-te3 yupaiinuran R(T) = Aexp(BT*) makmuaa y3rapanm, 6ynma 0,4 <(<0,8 .

7. XoHa TeMIieparypacu sikhHUAa Ky3aTuiaagurad MeTaicuMoH p(7) ~ T éku
p(T) ~ T YTKa3yBUAHIUKHUHT (U3UKABUNM MEXaHU3MU aHUKIaHAu. Kupuiima
30HaUYacu OWjaH BAJCHT 30HACH OpacHUJaru TUPKHUII TeMIepaTypa OIITraHaa
UYKOJIMIIM MYMKHH, IIYHJAH KEWHH XOCHJI OyJIaauraH KUCMaH TYJIraH 30Haja
3aps TallyBUMJap KOHIEHTpanMscu Yyi3rapmac Oynmu0 (MeTammapaarumiail),
VTKa3yBUAHJIMKHUHI Temmeparypa OVinal® y3rapuiura 3apsii TaulyBUUJIAPHUHT
(dhoHoHIapaa €KU Y3apo COUMIUIIU cabadIup.

8. Jlernpnanran CUJIMKAT MIMIIAJIAp BaJE€HT 30HACUHUHT MU(THUra SIKUH KO-
JalraH KUpUIIMa 30Ha4acuJa 3JIEKTPOHIIAP XOJATIAPUHUHT 3UWINTH FOKOPUIUTH
Tybaliam  KailiTa TUKIAHYBYaH HHEprus  MaHOalapuja Ba  DHEPreTHK
YUKAHIWIapaaH ¢oiganaHuil y4yyH caMapaZop Ba ap30H, TEPMOIICKTPHUK
cubarmwmura Z7 2 Ta SKUH TEPMORJICKTPUK MaTepuan OYIuIM MyMKHHIATH
AHUKJIAHTaH.
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HAYYHBIN COBET no MPUCYKJIEHUIO YYEHON CTENIEHU _
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BECHIEJIOYHbBIX CBUHLHOBO-CHJIMKATHbBIX CTEKOJI,
JIETUPOBAHHbBIX OKCUAAMU METAJIJIOB
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AHHOTAILIUSI JOKTOPCKOM TUCCEPTALIUU

AKTYaJIbHOCTH M BOCTPE0OBAHHOCTH TeMbl Auccepranuu. CuimMkaTHOe
CTEKJIO SIBJISIETCSI OJIHUM M3 HamOOJee MHTEPECHBIX MATEPHAJIOB, UCIOJIb3yEMbIX
YeJIOBEKOM C JIpEBHEWIMX BpeMeH. HecMoTpsl Ha mKMpoOKoe NPUMEHEHHE B HAYyKE,
TEXHUKE M OBITY, B (pU3MKE CTeKjIa UMeeTcs psif (PyHIaMEHTaIbHBIX MPOOJIEM.
Hanpumep, kak M3BECTHO B HayKe, CTPOEHUE BEIIECTBA (CTPYKTypa, B3aUMHOE
pacroJioKeHHUEe aTOMOB B MPOCTPAHCTBE) OKAa3bIBAECT CYIIESCTBEHHOE BIUSHUE HA
ero (Qusuueckue cBoiicTBa. OJHAKO CTPOEHUE CTEKJIA, XOTSd U MPEIJIOKEHO
MHO>KECTBO MOJIENEH, B TEUEHHE MOYTH BEKA SIBISIETCS IPEAMETOM CIIOPOB YUEHBIX
BCEr0 MHpa B pe3yJbTaTe€ TOr0, YTO OCHOBHBIE 3KCIEPUMEHTAIBHBIE METOJIbI
U3YyYEHUS CTPOCHHUS KPUCTAUIMYECKUX BEIIEeCTB (AU(PPAKIHs PEHTTEHOBCKUX
Jy4eu, SJIEKTPOHOB W HEUTPOHOB) OKa3aluCh HEAOCTATOYHO ILIOAOTBOPHBIMU
BCJIEZICTBUE OTCYTCTBHS JAJIBHEr0 MOPSAJIKA U MHOTOKOMIIOHEHTHOCTH HamOoJiee
pacnupoCTpaHEHHBIX M MHTEPECHBIX THUMOB cTekna. CTeneHb NPUMEHHMOCTU
MOJIENIM DHEPreTHUECKUX 30H U CBSI3aHHBIX ¢ HEeW mpexactaBieHuil (3QdexkTuBHas
Macca, OJIBH>KHOCTh HOCUTEIIEH 3apsijia) B CTEKIIaX Takxke TpeOyeT 000CHOBaHUS B
KQ)KJIOM KOHKPETHOM CJIy4ae.

Uccnenosanue AIEKTPUUECKUX CBOMCTB CHJIMKATHOTO CTeKJIa,
JISTUPOBAHHOTO OKCHJAMH TEPEXOJHbIX MeTauioB (B 4acTHOCTH, RuO,), —
byHKUIHOHATBHON OCHOBBI TOJICTOIUICHOYHBIX ~ PE3UCTOPOB, HIUPOKO

UCIIOJIb3YeMbIX B TOCJCAHHE TOJbI B JJICKTPOHHBIX MPUOOpPAx, BBIIBUHYIIO
JIOTIOJTHUTENbHBIEC (pU3UdecKre MmpoOsaemMbl. B 4acTHOCTH, OBLIIO YCTAaHOBJICHO, YTO
TEMIIEpAaTypHasi 3aBUCUMOCTh YJI€IbHOrO comnpotuBieHust p(7) Tpu HU3KHUX
temmneparypax (I < 50 K) He moxoxka Ha HaOIIOgacMble 3aBHCUMOCTH HH B
KPUCTAIUTHYECKHX TONYIPOBOIHUKAX (aKTHBALMOHHBIN 3aK0H In p ~ T'), HU B
amMopdHBIX BemecTBax (3akoH Motra In p ~ T%). MunumyM p(7), HaGIOAaeMBbIi
OpU MPOMEXKYTOUHBIX TEMIEparypax, HE COOTBETCTBYET HH OJHOMY U3
CYLIECTBYIOIIUX  (PU3MYECKUX TMPEACTaBICHUN. 3a MUHUMYMOM  CJEAyeT
MeTa/UIHdecKass  mpoBoguMocth  (p~T  wmwm  p~T°),  mOpOTHBOpEdAIIas
MPEACTABICHUSM O CTEKJIE KaK O AMDJIEKTPUKE C IIMPUHOMN 3ampenieHHOW 30HbI
oozee 3 3B.

TepmosnekTpuueckuit 3¢pGeKT B pa3IMyHBIX MaTepHallax M CTPYKTypax
MPE/ICTaBIIAECT MHTEPEC KaK ¢ TOYKU (PYHJIAMEHTAIbHBIX (PU3MUECKUX MPOIECCOB,
TaKk U B TUTAHE MPAKTUYECKOTO MPUMEHEHHUs TEPMODJIEKTPUUYECKUX Mpeodpa3oBa-
TeeH (7151 MOTyYEHUS AIEKTPUIECKOM SHEPTUU OT BO30OHOBIISIEMBIX HCTOYHUKOB,
YTUIN3ALUN SHEPreTUYECKUX OTXOJO0B, OXJIAXKJEHUS W HarpeBa). Tepmosiek-
Tpudeckue AP EKTI MOTYT JaTh CBEACHHUS O IUIOTHOCTH SHEPreTUYECKHUX
COCTOSIHUM 3JIEKTPOHOB, O CKPBITBIX CTPYKTYpPHBIX ((ha30BBIX) HEpEexoaax,
COCTOSIHUU 3JIEKTPOHHOM MOJCHUCTEMBI, 3JIEKTPOH-(POHOHHBIX B3aWMOJICHCTBUSX.
JIist mpakTHYeCKUX LEeJed Ba)KHa TEPMOAJIEKTpHUYEcKas JOOPOTHOCTh MaTepHasa
ZT = S*oTlk, orpenensieMas dJIEKTPOIPOBOJIHOCTBIO ¢, TEIUIONPOBOIHOCTBIO K U
kodppunmentom tepmodac (koddpduuuent 3eedeka) S. 3aecs T — pabouas
TeMIiiepaTypa TepmornpeoOpaszoparens. JlJis MIMPOKOro NMPUMEHEHUS] TEPMODJIEK-
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TPUYECKUX MpeoOpas3oBaTenied TpeOyroTcs Mmarepuaibl ¢ Z1 >2 B HUHTEpBale
temneparyp 5S00—-1000 K.

Opnako B HacTOsILIEEe BpeMs TEPMOIJIEKTPUUECKHUE CBOMCTBA JIETMPOBAHHOTO
CWJIMKAaTHOTO CTEKJa MOYTH HE M3y4YeHbl, HECMOTpPA HAa TO, YTO €ro HHU3Kas
termwtonpoBoaHocth (k= 0,5-1 Bt1/(M'K)) u BbICOKasi 3JI€KTPOMPOBOHOCTH
(o~ 400-4000 Om™'-M™") MOryT OBECIIEUHTD CYIIeCTBEHHOE TTOBbILIeHHE ZT.

[ToaToMy BbIsICHEHHE (PU3WYECKUX MEXaHU3MOB TIEepeHoca 3apsajna u
reHepaluyM TEpPMO3AC B JIETHPOBAHHBIX CTEKJIaX HA OCHOBE COYETAHUS
DKCIEPUMEHTAJIBHBIX W TEOPETHYECKUX METOJOB U PACIIUPEHHS TpaHULl
UCCIIEIOBAaHUM, YCTAaHOBJIEHUE CBSI3U 3TUX SIBJICHUI C COCTAaBOM U OCOOEHHOCTSAMU
CTPYKTYpbl CTE€KJa B IIMPOKOM JUAIa30HE BHEIIHUX BO3JCUCTBUN SIBISIOTCS
aKTyaJbHOW HAy4YHOW mpoOiemMoil (PHU3UMKH CTEKIOOOpPA3HOTO COCTOSIHUSI U B
CO3/IaHUM MaTepuaroB C BBICOKOW TEPMOAJIEKTPUUYECKONW JOOPOTHOCTHIO W3
JOCTYITHOTO ¥ 0€30MacHOTO ChIPbSI.

3a rompl  He3aBucuMmocTH B PecmyOnmuke — Y30ekuctaH — co3gaHa
3aKOHOJaTeNnbHas 0a3za [y oOecreueHus SHEpPreTHYeckoi Oe30MacHOCTH U
UCIIOJIb30BAaHUSl AJIbTEPHATUBHBIX HCTOYHUKOB DSHEPrUHM, OCYILIECTBIEH Pl
npaktuyeckux Mep. B ux uucne — Yka3z Ilpesunenra PecnyOnuku Y30ekucran
VII-4512 «O mepax no AganbHEHIIEMY Pa3BUTHUIO aJbTEPHATUBHBIX MCTOYHUKOB
sHeprum» oT 1 maprta 2013 1. u IlocranoBnenue Ilpesmaenrta PecnyOnuku
V36ekucran III1-1929 or 1 mapra 2013 r. «O cosmanuu MexTyHapOIHOTO
WHCTUTYTa COJIHEUHOW »sHeprum», IlocranoBnenue Kabuneta MuHHCTPOB
PecriyOomuku  V36ekucran Ne265 ot 25 cenrsaops 2013 r. «O wMepax 1o
OpraHu3aluu AESITEIbHOCTH MeXAyHapOJHOTO MHCTUTYTa COJIHEUHOM SHEPTUM»,
JIOTOBOPEHHOCTh KoMImanuii «Y306exaHepro» u Suntech Power (KHP) o coznanuu B
CBOOOJHOM  MHAYCTpUAIbHO-3KOHOMUYECKOH 30He «HaBom» COBMECTHOro
MPEANPUATHS 110 BBITYCKY (POTOINEKTPUUECKUX MaHeneld MoiiHocTbhio 100 MBT Ha
OCHOB€ HOBEHIIMX TEXHOJIOTHM, HAMEUEHHOE CTPOUTENHCTBO B CaMapKaHIICKOU
00JaCTH CONIHEUHOM cTaHuu MOIIHOCTRI0 100 MBT ¢ npuBieueHneM KpeauTHBIX
pecypcoB A3MaTCKOTro OaHKa pa3BUTHSL.

Hacrosmee wuccienoBaHue HalpaBlIEHO HA pealu3aldio  MOJIOKEHUN
«HammonaneHoit koHnenuu PecnyOnuku VY30ekucTaH MO BO300HOBISIEMBIM
ucTOYHMKaM »sHeprum» (omoOpenHor Cenarom Omnuii Maxiuca Pecny6nuku
V30ekucran B okTsa0pe 2008 r.) myTeMm cO37aHUsi HOBBIX TEPMOIJIEKTPUUECKHUX
MaTepuaoB. YTIyOJIeHHE HCCIENOBAHMM IO CO3JAAHUI0 HOBBIX M JEIIEBBIX
TEPMODJIEKTPUYECKUX MaTEPUATIOB, TO3BOJIAIONINX TOBBICHTh 3()PEKTUBHOCTH
YCTPOMCTB  MpeoOpa3oBaHHUs HSHEPTrUU  BO30OOHOBISEMBIX HCTOYHHKOB, U
YTWIN3AIUU ~ DHEPIeTHYECKUX  OTXOJOB  SIBISAETCS  BAXKHBIM  (haKTOPOM,
ONPEIENSIOUUM BOCTPEOOBAHHOCTh TEMBI TUCCEPTALUH.

CooTBeTcTBHE HCCIET0BAHUSA NMPUOPUTETHBIM HANPABJEHUSAM Pa3BUTHA
HAYKH M TexHosoruil PecmyOumkm Y30ekucran. /{uccepranusi BBINOJIHEHA B
COOTBETCTBUH C MPUOPUTETHBIMU HAMPABICHUSIMH Pa3BUTHUS HAYKU U TEXHOJIOTHH:
2. DHepretuka, 3HEpPro- U pecypcocoepexxkenue; 3. Pa3Burue uCHoiab30BaHUs
BO300HOBJISIEMBIX UCTOUHUKOB SHEPTUU.
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0030p MeKTYHAPOAHBIX HAYYHBIX HCCJICAOBAHUI MO TeMe THCCePTALUM.
DNeKTpONpPOBOAHOCTh U CBSA3aHHBIE C HEIO CBOMCTBA JIESTUPOBAHHOI'O CHIIMKATHOTO
cTekiga  (T€H30YYBCTBUTEIBHOCTb,  YYBCTBUTEIBHOCTh K  XUMHYECKUM
BO3JICHCTBUSIM), BIMSIHUE TEMIIEpaTypbl U MAarHUTHOTO TOJII HAa 3TH CBOMCTBa
uccienoBanbl yueHbiMu u3 CIIA, SAnonuun, I'epmanum, IlIBeinapuu, Wrtanuw,
Benuko6purtanuu, Poccun, Kutas, FOxuoit Kopeun, Ykpaunsl, [Tonbimm u apyrux
CTpaH U JOCTUTHYTHI B 3TOM OIPECIICHHbIE YCIIEXU.

Pe3ucTopsl U pe3UCTUBHBIE CXEMBI U3 JIETUPOBAHHOTO CHJIMKATHOTO CTEKJIa
M3TOTABJIMBAIOTCS PSAJOM KOMIIAHMI BO BCEM MHpPE B MACCOBBIX KOJMYECTBaX, a
NacTbl ISl 3TUX HW3ACIHN MPOU3BOIATCS AECATKAMU KOMIIAHWM, TaKMMHU Kak
DuPont, Heracus-Cermalloy Inc, ESL, RCA Corporation, OAO «HUUSMII»
(ITensa, Poccus), OO0 «Dnma-ITacte» (3eneHorpan, Poccus).

AHaJIUTUYECKOE W3YYECHHE CTaTed, OMYyOJMKOBAHHBIX B aBTOPUTETHBIX
MEXIyHApOJHBIX XypHanax, Takux kak «Physical Review By, «Journal of Applied
Physics», «Thin Solid Filmsy», «Physica B», «Physica Status Solidi (b)», «Journal
of Physics D: Applied Physics», «Advances in Physics Theories and
Applications», <« Kypnan texHuueckon Qusuku», «llucema B KypHaI
TEXHUYECKON (PU3UKU» M Jp., MOKA3aJl0, YTO MNPEJIOKEHHbIE pPa3HOOOpa3HbIC
MOJIETM W MEXaHU3Mbl HE MOTYT TIOCIIEIOBATEIbHO U  YAOBIETBOPUTEIHHO
OOBSCHUTHh  OJKCIEPUMEHTAILHO  HaOJto/laeMble  CBOMCTBA  JISTUPOBAHHOTO
CUJIMKATHOTO CTEKJa, B YaCTHOCTH, TEMIIEPATYPHYIO 3aBUCUMOCTb COIIPOTUBJICHUS
1 ko3 (purmenTa TepModIc, BIMSHUE HA OTH CBOMCTBA MArHUTHOTO TOJIS, COCTaBa
CTeKJa M mpouecca u3roropieHus. CTpyKkTypa JErMPOBaHHOIO  CTEKJa
paccMaTpHUBaeTCsl TOJBKO B MHUKpoMmaciiTade (XapakTepHbIe pa3Mepbl OKojo |
MKM) M OCHOBHOE€ BHUMaHHUE VYJAEISIETCS OCTaTKaM 4YacTUL JIUTaTyphl.
TepMoaIeKTpUYeCKUEe CBOMCTBA JIETUPOBAHHOTO CUJIMKATHOIO CTEKJa MOYTH HE
u3ydyeHbsl. Kak ObUIO yCTaHOBJIEHO, OCHOBHAsl MPUYMHA TaKOTO IMOJIOXKEHUS
3aKJII0YAaeTcsl B TOM, YTO HE YUYUTBHIBAIOTCS COCTaB M CTPOCHHE CTEKIIa,
AJNIEKTPOHHBIE TIPOLIECCHI B HEM, B YaCTHOCTH, IMPOIECChl, OOYCIOBJICHHBIC
JIETUPOBAHUEM.

B aHanu3upoBaHHBIX CTaThsX MOJYEPKUBAIOTCS aKTyalbHOCTh U BOCTPEOO-
BAaHHOCTh UCCJIEIOBAHUSI DJEKTPONPOBOAHOCTH W TEHEpallud TEPMOdJC B
JIETUPOBAHHOM CTEKJIE, BBIACHEHHS (PU3MUECKIX MEXAaHU3MOB 3THUX CBOMCTB.

Hapsigy ¢ aTum B mocnegHue roJibl UCCIeI0BaTeI BO BCEM MUPE MPOSIBISIOT
YCUJIEHHBI MHTEpPEC K TEPMOABJIEKTPUUECKUM CBOMCTBAM OKCUAHBIX MAaTEpUATIOB
pa3HBIX COCTaBOB, TaK KaK 3TH MaTE€pUabl ITUPOKO PACTIPOCTPAHEHBI, O€30TaCHBI
JUISL  OKpY>Kalollled cpelbl, JACHIEBbl M SBIAIOTCA TMPUBJIEKATEIbHBIMHU IS
TEPMOAJIEKTPUUYECKUX IpeoOpazoBaTeiei, MCHOIb3yeMbIX MPH  IOJyYCHUU
AIEKTPUYECKOW BSHEPrUM OT BO30OHOBISEMBIX HCTOYHUKOB U YTHIM3ALUU
HPHEPreTUYECKUX OTXO0JI0B. B CBOI0O ouepenp, 3TO HUIrPaeT BaXHYK poOJib B
yCTpaHEHUHU JIePUIIMTA SHEPTUU U 3aIUTE OKPYKAIOIIEH CpPeIbl.

Crenenb u3y4eHHOCTH mpodaembl. HecmMoTps Ha TO, 4TO B MHPOBOM
Maciirade YYEHBIMH BBITOJIHEH 00110 00beM UCCIICIOBAaHUI
AJIEKTPOIPOBOIHOCTH JIETUPOBAHHBIX CTEKOJ, psii (PyHIAMEHTaJbHBIX MpPOOJIeM
OCTaJICSl HE PEILICHHBIM, B TOM YHUCJIE:

35



CBSI3b JIEKTPOIPOBOIHOCTH U KOA(PPUIIMEHTA TEPMOI/IC C COCTABOM CTEKJIa U
YCIIOBUSIMM JIETUPOBAHMS;

MpUPOJa aHOMAJIBHO PE3KOr0 pocTa YIENIbHOro conpoTuBieHus a0 10 pa3 u
kod(ppunuenta tepmosac A0 100 pa3 (B 3aBUCHUMOCTH OT COCTaBa CTEKJIA) MpHU
temneparypax Boie 700 K;

HecooTBeTcTBHE MUHUMYMa p(7T) W CIeAyIOImero 3a HUM METALNTUYECKOTO
yuactka (p ~ T wmn p ~ T7) HH OJHOMY M3 CYIICCTBYIOIIMX (DU3HIECKHX
MEXaHU3MOB 3JIEKTPONPOBOAHOCTH KOHJEHCUPOBAHHOM CPEIbl.

Crnegyer OTMETUTD, UYTO MPEIIOKEH P MEXAHU3MOB AJIEKTPOIPOBOJIHOCTH
(opdexTuBHOM cpeapl, NTPOTEKAHHUS, MPBDKKOBBIM, TYHHEIHHO-OAPhEPHBIH,
aMop(HOTO MONYIIPOBOIHUKA, UX KOMOMHAITNH) JIJIsi OOBSICHEHUS TeMIIepaTypHOI
3apucuMoct p(7) nerupoBaHHOro crtekiaa. M XoTd 3TH MOJENM OCHOBaHbI Ha
CYILLIECTBEHHO OTJINYAIOLIUXCS (du3HYEeCcKUX SABJICHUSIX, OJIHAKO
YAOBJIETBOPUTEIBHOIO COOTBETCTBHSI SKCIIEPUMEHTY HE OBUIO JOCTUTHYTO. B
HEJOCTAaTOYHOW CTENEHU HCCIEAOBAHBl W  TEPMOAJIEKTPUUYECKUE CBOMCTBA
JIETMPOBAHHOTO CHJIMKATHOTO CTEKJa: U3BECTHA JIMIIb OJHA CTAThs, MOCBAILLEHHAS
U3MEPEHUIO kordduiieHTa  TEPMOI/C B HHTEpBaJie  TeMIlepaTyp
I90K < T < 450K, 4yro HE MNO3BOJSIET JaTh OLIEHKY €ro MpPaKTHYECKHUX
BO3MOXHOCTEW KaK TEPMO3JIEKTPUYECKOIO MaTepuana.

PesynbraThl uccneoBaHUl HMMEIOT OOJbIION pa3dpoc (0 HECKOJbKHUX
NOPSAJIKOB  BEJIMYMHBI) B HAYYHOM UWHTEpHpETaldd MpoOJeMbl U Jlaxe
MPOTUBOPEYHBHI, YTO TpeOyeT Oosiee TIyOOKMX HAyYHBIX HCCICIOBAHUMA IS
BBISICHEHUS (U3MYECKUX MEXaHU3MOB AJICKTPOIPOBOJHOCTH U TEHEpaluu
TEPMO3/IC B JIETMPOBAHHOM CHJIMKAaTHOM CTEKJIE C LIEJbIO0 CO3JaHUs Ha €ro OCHOBE
TEPMO3JIEKTPUYECKUX MarepuaioB. K TOMy k€ OTCYTCTBYIOT JOCTAaTOYHO
00OCHOBaHHBIE  CIIOCOOBI ~ DKCIEPUMEHTAJIBHOTO  MNOATBEPXKACHUS  JHOO
ONPOBEPXKEHHSI TEOPETHUECKUX TNPEJCTABIECHUNA O CTPYKType CTEKJa, uTO
OTrpaHUYMBAET HAIIK BO3MOKHOCTH U3YUEHHS CTEKIO000PAa3HOr0 COCTOSHUU.

CBs3b  IMCCEPTALIMOHHOTO MCCJAEJOBAHUS ¢ IJIAHAMM  HAYYHO-
HCCJIeI0BATEILCKHUX PA0OT OTpakeHa B CJIEIYyIOUIUX MPOEKTaX:

rpantel DoHpga noanepKku (PyHIaMeHTanbHbIX ucciaeaoBanuii AH PVY3
No55-08 «HM3yueHne 3aKOHOMEPHOCTEH TEPMODJICKTPUUECKUX  SBJICHUM B
CWJIMKATHBIX CTEKJIaX, JITUPOBAaHHBIX OKCHAAMM >Keje3a u mapranua» (2008 —
2009), Ne 27-10 «M3yueHue BIMAHHUS HEKOTOPHIX OKCHUJOB Ha 3apsaoBOe
COCTOSIHUE HOHOB JK€Jie3a W MapraHia B JIETUPOBAHHBIX CHJIMKATHBIX CTEKJIAX»
(2010 — 2011), Ne 14-12 «WN3ydenuwe BIHUSHUA HEKOTOPBIX 3JIEMEHTOB Ha
IUIOTHOCTh ~ COCTOSIHUM B JIETUPOBAaHHBIX  CWJIMKATHBIX  CTEKJIAX IS
TEPMOIJIEKTPUIECKUX TIpeoOpazoBaTenein» (2012-2013).

Henbro wuccjieq0BaHUA SBISETCS BBIICHEHHE (PU3NYECKUX MEXaHU3MOB,
OTIPEAETSIOUINX ANEKTPONPOBOIHOCTD U KOAP(GUIIMEHT TEPMOIJIC B CHIIMKATHOM
CTEKJIe, JICTUPOBAHHOM OKcuJaMu 3d- u 4d-meTtanioB, CBA3UM 3THX CBOMCTB C
COCTaBOM CTEKJIA WM JIMTaTypbl, C YCJIOBHSMHU CHUHTE3a IJsl CO3JaHUS HAayYHBIX
OCHOB CHHTE3a 3QPEKTUBHBIX TEPMOIIEKTPUUECKUX MATEPUATIOB.

Jus  goctwkeHus — uend  copMysIMpoBaHbBl  CIEAYIOIIME  3aJa4vM
HCCJIeJ0BAHUA:
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u3yunth nupdysuro muratypsl (RuO,, Bi,Ru;0; u PbRuO;s) B crekno u
BIIHMSIHHE TTpoliecca AU Qy3ur Ha MTPOBOAUMOCTH JIESTUPOBAHHOTO CTEKJIA;

OLICHUTh NapaMeTpbl NepeHoca 3apsna (KOHLEHTPALUIO, MOJABUXKHOCTb U
3¢ (}eKTUBHYI0O Maccy CBOOOJHBIX HOCUTENEH 3apsija) U IPAaBOMEPHOCTh
MPUMEHEHUS MOJIENIM HYHEPTETUYECKUX 30H B JIETUPOBAHHOM CTEKIIE;

MOJIEIUPOBaTh OCHOBHBIE (PU3NYECKUE IMPOLECCHl B JETUPOBAHHOM CTEKIIE,
KOTOpBIE MOTYT OKa3aThb BIHMSHHE Ha JJIEKTPONPOBOJHOCT U TEPMODJIC
(mu¢pdy3nro aTOMOB JIUraTypsl, JUHAMUKY NPUMECHOM MOA30HBI, JIOKAIU3ALMIO
HOCHUTENEH 3apsJa B CO3/IaHHBIX HAHOKPUCTAJIJIAMHU MOTEHIIUAJIBHBIX IMaX );

W3YYUTh  CBA3b  M3MEHEHMH  cocTaBa U CTPYKTYphl  CTEKIA,
IPOJOJDKUTENBHOCTH W TEMIIEpaTypbl JIETUPOBAaHHUS C IPOBOJUMOCTBIO U
TEPMO3JIEKTPUYECKUMH CBOMCTBAMU JIETUPOBAHHOT'O CTEKIIA;

OLICHUTh TEPMODJICKTPHUUECKHE CBOICTBA (KOA(D(UIIMEHT TEPMOD/IC, INEKTPO-
IIPOBOJIHOCTb, TEILUIONPOBOJHOCTh) JIETMPOBAHHOIO CTEKJIA W IyTH MOBBIIIEHUS
3¢ (EKTUBHOCTH TEPMOIIEKTPUUIECKOTO TMpeodpa3oBareiss W3 JETHUPOBAHHOTO
CTEKJIa.

O0bekTOM HMCCIEIOBAHUSA  SBIISIETCS  CBUHLIOBO-CHJIMKAaTHOE  CTEKJIO
2S10,°PbO (C71-K), nerupoBanHoe okcugaMu MeTaJlioB (B ocHoBHOM, RuQ,), npu
M3MEHEHUU YpOBHS JiernpoBaHus oT 2 10 60 macc. %, Temneparypsl JETHPOBaHUs
— ot 723 no 1223 K u npoaomkuTenbHoCcTH nipouecca — ot 120 go 1800 c.

IIpenmer mccaenoBaHUsi — 3aKOHOMEPHOCTH, CBS3BIBAIOIINME DJIEKTPO-
IPOBOJAHOCTb, TEIJIONPOBOJHOCTh U TEPMODJIEKTPUUECKYI0 3()(PEKTUBHOCTH C
COCTaBOM M CTPYKTYPHBIMH OCOOEHHOCTSIMU CTEKJa, a TaKXKe C YCIOBUSMHU U
YPOBHEM JIETUPOBAHHSI.

Metoasbl uccienoBanus. MsMepeHue 3IeKTPOIPOBOIHOCTH HA MOCTOSHHOM
TOKE M TEPMO3/IC JETHPOBAHHOIO CTEKJIA B IIMPOKOM Auana3zoHe temiepatyp (77—
1273 K), wucnons3oBanue ontuueckux u uHPpakpacHsix (MK) cnekrpos,
muddepennnansHoro Tepmudeckoro (ATA) m tepmorpaBumerpuueckoro (TT'A)
aHAJIM30B, BJEKTPOHHOIO MHUKPO30OHJOBOIO aHANW3a, HU3YYEHUE CTPYKTYpbI
JUTATyphl U CTEKJIa MeTogaMu Audpakuuu peHTreHoBckux jdydeit u EXAFS no u
1ocJie JIETUPOBAaHUS, MOJAEIUPOBaHUE MpoIeccoB U Py3Ur aTOMOB JUTATYphl B
CTEKJIO M JIBUYKEHUS IPUMECHOM MOA30HbI PYU U3MEHEHUU TEMIIEPATYPBhl.

Hayuynasi HOBH3HAa JHMCCEPTAIMOHHOIO HCCJIEJOBAHMA 3aKIIOYAECTCS B
CIIEYIOILEM:

oOHapyeHO HOBOE (PU3UYECKOE SBJIEHUE B CUJIMKATHBIX CTEKJIaX — PE3KOE
BO3pacTaHue yACIbHOTO CONMPOTUBICHUS U Koddduimenta tepmosc (mo 10 u 100
pa3 COOTBETCTBEHHO B 3aBUCUMOCTH OT cocTaBa ctekia) npu 7 > 1000 K;

HKCIIEPUMEHTAJIBHO JI0KA3aHbl CYLIECTBOBAHNE HAHOKPUCTAIOB C pa3MepaMu
B 1-2 HM B CHJIMKAaTHOM CTEKJIE U CTPYKTYPHBIE MEPEXOJbl B HUX MPHU BBICOKHX

TeMIepaTypax;

npemiokeH AU y3MOHHBI MEXaHW3M O00pa3oBaHUS YpOBHEW (TyTeid)
NpOTeKaHWsl  3apsjga B JISTUPOBAHHOM CTEKJIE, MOATBEPKACHHBIN
AKCTIEPUMEHTAJILHO;
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MIOKa3aHO, YTO CHW)XEHHE IOpora MNpPOTEKAHHWs WM €ro HCYE3HOBEHUE B
JIETUPOBAHHOM CTEKJIE SBIISIETCSI PE3YJIbTATOM COBMECTHOI'O JIEMCTBHSI 3aKOHOB
muddy3un 1 npoTeKaHus;

000CHOBaHO BJIMSIHME COCTaBa CTEKJa M THUMA JIMTaTypbl, TEMIIEPaTypbl U
IPOJOJDKUTENBHOCTH  JIETUPOBAHUS HA TMOPOr MPOTEKaHUS W BEIUYUHY
AJIEKTPOIIPOBOJIHOCTH, KaK clieJIcTBUE 00pa3oBaHusi qudy3MOHHON 30HBI BOKPYT
YACTHI[ JIMTATypbl U TOBBIIMICHUS 3JIEKTPOIMPOBOJHOCTH CAMOIO CTEKJIa OT 0 =
10 oM -em™! 1o 40400 Om! -em™! B o0 30HE;

NPENJIOKeH M OKCIEPUMEHTaIbHO OOOCHOBAaH MEXaHHU3M [POBOJUMOCTH
JETUPOBAHHOTO  CTEKJa,  OOBSICHAIOMIMNA  TEMIEpPaTypHYlO  3aBUCHUMOCTH
npoBoauMocTu B uHTepBasie 0,015-1123 K coderanueM npuMecHOM MOI30HBI C
HAHOKPHUCTAJJIAaMU CHJIMKATOB B CTEKJIE; YCTAHOBJIEHA POJIb JIEKTPOH-(POHOHHOTO
B3aMMOJIEUCTBUS B ATUX IpoIleccax;

O00OCHOBAaHO TIOSBJICHHE MHUHUMYMa VYAEIBHOTO COIMPOTUBJICHHUS Kak
pe3yJIbTaT CIMSHHUS TPUMECHOM 30HBI C BAJCHTHOM 30HOM CTEKIa U
TOCIIE/TYIOIIEr0 «METAIUTHIECKOr0» COCTOSHUS p ~ T uin p ~ T B IErMPOBAHHOM
CTEKJIE TIPU T = 77-700 K kak cruenctsue mnpeoOsalaHus pacCestHUs
HOcHTelel 3apsaia Ha (POHOHAX WIIM IPYT Ha APYTE;

IOKA3aHO, YTO AJIEKTPOIPoBOgHOCTH 40400 OM"' -cM™, TEmIonpoBOIHOCTS
0,5-1 Brm'K' u kosdduument tepmodac 1,1 MB/K B o6mactu 800-1000 K
MPUBOJAST K MOBBIIIEHHOW TEPMOAIEKTpUUECKON 3((HEKTUBHOCTH JETMPOBAHHOTO
CTEKJIA.

IIpakTH4yeckue pe3yabTaThl HCCJIEI0BAHUSA 3aKIFOYAIOTCS B CIIEIYIOIIEM:

MOATOTOBIICHA Hay4YHas 0a3a JJig CO3JaHusl EPCIEKTUBHBIX d(DPEKTUBHBIX U
JIEIIEBBIX TEPMOIJIEKTPUYECKUX MATEPUAJIOB U3 JIETMPOBAHHOI'O CTEKJIA, KOTOPBIE
IPOU3BOJASTCS U3 JOCTYITHOIO, 0€30IIaCHOT'O ChIPhSl U MOT'YT OBITh UCIIOIb30BaHbI B
TEPMOIJIEKTPUUYECKUX MPeoOpa3oBaTeNaX ISl TeIHMOSHEPIeTUKU M YTUIM3aluu
HYHEPreTUYECKUX OTXOJIOB.

JIOCTOBEPHOCTh TMOJIYyYEHHBIX Pe3yJIbTATOB OOOCHOBBIBAETCS TEM, 4YTO
TUIATEJIBHO MPOAHAIM3UPOBAHbl YCIOBUS SKCIEPUMEHTA, BHIOpAHbI COBPEMEHHbBIE
METO/Ibl MCCIIEIOBAaHUSI U H3MEpPUTENIbHbIE NPHOOPHl C BBICOKOM TOYHOCTHIO,
THIATEJIBHO 00pabOTaHbl pPe3yJbTaThl AKCIEPUMEHTOB; BBIBOJIBI COTJACYIOTCS C
OCHOBHBIMHU TOJIO)KEHUSIMH TEOPETUYECKUX pabdoT, MOCBAMICHHBIX IudPy3un
aTOMOB B TBEPJbIX TeJIaX, MOJEIHN SHEPreTUUECKUX 30H, JIOKAIMU3AIIM HOCUTETIEH
3apsia U CTPYKTYpPHBIM MEpexojiaM B KpHUCTaUIax, CTEKJI000pa3HOMY COCTOSIHUIO,
U HE MPOTHUBOPEYAT CYUIECTBYIOIIUM MPEICTaBICHUAM (PU3MKU KOHACHCHPOBAH-
HOT'O COCTOSIHUS U TEPMOIJIEKTPUYECKUX SBJICHUM.

Teopernyeckass W  NpaKkTHYecKassh  3HAYUMOCTHL  Pe3yJIbTATOB
HCCJIeOBAHMUA. ODKCIHEPUMEHTAIIBHOE  IOATBEPXKJIECHUE IPEACTaBICHUH O
CTPYKType cTekia (CyIIeCTBOBAaHME HAHOKPHCTAJUIOB C pa3MepaMH B 1-2 HM) u
dusznyeckue MexXaHU3Mbl, pa3paOOTaHHBIE B  pe3ylbTaTe HCCIEAOBAHUMN
(popmupoBanue YPOBHEN IPOTEKAHMS BCJIEJICTBUE b dysum,
AJIEKTPOIPOBOIHOCTH), OOOramaloT Halle MOHUMAHUE MPUPOJbI SJIEKTPOHHBIX
MPOLIECCOB, TNPOUCXONAIIMX B JIETUPOBAHHOM CTEKJIE, a TakXKe BIUSHUSA
pPa3IUYHBIX TEXHOJOTMYECKUX (AKTOPOB HA OTU SBIEHHUA, CIOCOOCTBYS
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yTIyOJIEHWI0 HAYYHBIX UCCIEOBAaHUI CBONCTB JIETHPOBAHHOTO cTekia. Hapsiay ¢
OTUM OHM YKa3bIBAIOT NYTH TMOBBIIICHUS TPOBOIUMOCTH # Kod(duimenta
TEPMO3/IC JIETUPOBAHHOIO CTEKJa MPU COXPAHEHWU HHU3KOW TEIUIONPOBOIHOCTH,
YTO MPEJICTABIISIET WHTEpeC sl CO3MaHusl A(DPEKTUBHBIX TEPMOIICKTPUUECKUX
MaTepHaJioB.

[IpakTryeckass 3HAYMMOCTb JTUCCEPTAIlMU 3aKJII0YaeTcs B TOM, UYTO HOBBIC
TEPMODJIEKTPUYECKUE MaTepUaNbl U3 JETMPOBAHHOTO CTEKJa, KOTOPbIE CO3JaHbl U
OynyT co3daBaThCsi B pe3yjibTaTe ATUX MCCIEIOBAHUN, OCHOBBIBAIOTCS Ha
JOCTYITHOM, JIEHIEBOM M O€30MaCHOM ChIPhE M OTKPOIOT IIMPOKUE BO3MOXKHOCTHU
JUTSL YZIOBJIETBOPEHUS SHEPTETUUECKHUX MOTPEOHOCTEH Hallel pecmyOIuKH.

BHeapenue pe3yabTaToB HcciaeaoBaHusA. HayuHbele pe3ynbpTarel 110
TPAHCIIOPTHBIM W TEPMOAJIEKTPUYECKUM CBOMCTBAM JIETUPOBAHHOI'O CTEKJIA
WCIIOJIB30BaHbl B MPOEKTaX T'OCYJIapPCTBEHHBIX HAYYHO-TEXHUUYECKUX MpOorpamm
[1-10.17  «MccnemoBanme ®  pa3paboTka  crmocoboB  TpeoOpa3oBaHUs
ANEKTPUYECKUX CHUTHAJIOB B JIUCKPETHBIX ILJIOCKOIMAPAJUICIbHBIX CTPYKTypax.
Coznanve OCHOB (PYHKIIMOHAJIBHOM 3JIEKTPOHUKHU U pa3pabOTKa U3MEPUTENbHBIX U
(YHKIMOHANIBHO-TIPE0Opa3yeMbIX PpEIIAOIIUX YCTPOHUCTB Ha X ocHOBe» (2003—
2005), A-13.185 «Pa3paboTka MHTEIUIEKTyaJbHBIX JATYMKOB C TajJbBaHUYECKOU
pasBs3KoH 110 1ensaM u3Meperus» (2006—-2008).

Anpobamusi padéorbl. Pe3ynbpTaThl uccieqoBaHUM anpoOupoBaHbl Ha 16
HAyYHO-TIPAKTUYECKUX KOH(DEpeHUsX, B TOM uncie Ha 7 Mexaynapoansix: MRS
Fall Meeting (Pittsburg, 1994; Boston, 1995), I MexaynapoaHoi koHdepeHIun
«HoBbie Matepuansl U npudopel» (Tamkent, 1994), 7-ISAM (Islamabad, 2001),
FAEM-2004 (Lahore, 2004), FAEM-2006 (Lahore, 2006), E-MRS Spring and
Bilateral Meeting (Nice, France, 2011) u 9 Pecnybnukanckux: UzPEC-3
(Tashkent, 2002), «®yHaamMeHTaJIbHbIE W NPUKIAJHBIE BOMNPOCHl (UZHKN»
(Tamkent, 2003; 2006; 2010), «duszuka B Y3o6ekuctane» (Tamkent, 2005),
«nnoBanusa-2009» (Tamkent, 2009), «MunoBanusa-2010» (Tamkent, 2010), a
TaKKe TMpeJcTaBieHbl Ha PecrmyOiaukaHCKOW sipMapKe HMHHOBAIMOHHBIX WJICH,
TexHonoru u npoektoB (Tamkent, 2011-2012)

Ony0/MKOBaHHOCTH pe3yabTaroB. [lo TeMe nuccepranuu omyOJUKOBaHBI
43 mayuHble pabOThI, U3 HUX 19 Hay4yHBIX cTaTed B KypHalIaX, B TOM 4ucie 9 B
MEXIYHApPOJAHBIX JKypHaJIax.

CtpykTypa n 00beM auCCEePTANMOHHOI padoThl. /luccepraiys COCTOUT U3
BBEACHUS, IIECTH IJ1aB, 3aKJIFOYEHUS, CIUCKA HCIOJIb30BAaHHOW JIUTEpaTyphl, 18
npwioxkeHuii. Pabora comepxkutr 187 cTpaHuIl OCHOBHOTO TEKCTa, BKJIOYAET 89
pUCYHKOB U 20 TabuiI.

OCHOBHOE COJEP KXAHME JIMCCEPTALIMN

Bo BBeneHum 00OCHOBaHbI aKTyaJbHOCTb U BOCTPEOOBAHHOCTH TEMBI
auccepTalnu, cPOopMyIMPOBAHbI LEMH U 3aJlayM, BBISBICHBI OOBEKT U MPEIMET
WCCIIEIOBAHUS, ONPEAECIEHO COOTBETCTBHE  MCCIENOBAHUS  NPUOPUTETHBIM
HalpaBJICHUSIM pa3BUTHS HAayKu W TexHonorud B PecnyOnuke VY30ekucrad,
W3JI0)KEHbl Hay4yHas HOBHU3HA M NPAKTUYECKUE PE3YyJIbTAaThl HCCIIEIOBAHUS,
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000CHOBaHa JOCTOBEPHOCTh TIIOJTYUYEHHBIX pE3yJbTaTOB H PACKphITA WX
TEOpEeTHUYECKas ¥ MPAKTHIECKask 3HAYNMOCTb.

B mepBoii riaBe guccepTanuu NpyBEICH aHAINW3 COBPEMEHHOTO COCTOSIHHS
WCCJICIOBAHUIA TPAHCIIOPTHBIX M TEPMODJICKTPUUYECKUX CBOWCTB JICTHPOBAHHOTO
CTEKJIa U yKa3aHbl 00JIACTH €TO MPUMEHEHHUS.

BaxxHolt 0COOEHHOCTBIO JIETUPOBAHHOTO CTEKJIa SIBJIETCA TeMIlepaTypHas
3aBUCUMOCTh comnpotuBiieHuss R(7), B KOTOpPOWl YCIOBHO MOHO BBIIETUTH
cneayrorue Tpu obnactu (puc. 1): I — Huskoremneparypuyro (0,015-100 K), IT —
obnactb 00bryHBIX TemmnepaTyp (100-600 K) u III — BeicokoTemmnepatrypryto (600—
1200 K). B o6mactu I nerupoBanHOe CTEKIIO BeJET ce0s MOUYTH KaK AUDIEKTPHUK, B
obnmactu cpemHux Temmeparyp II  oHo Tmoxoxke Ha Merau, a B
BbICOKOTeMMeparypHoit obmactu Il mperepreBaer cTpyKTypHBIE TIEpPeXObl, Kak
cerHeTodieKTpuk. Ilocnme 3aBeprieHHs CTPYKTYpPHBIX MEPEXOJ0B JIETMPOBAHHOE
CTEKJIO BeAeT ce0si KaK TUINUYHBIA IMOJYNPOBOJHUK C IIMPUHON 3amperieHHON
30HBI, 3aBHUCSIIEH OT COCTaBa CTEKJA, JIMTaTyphl U pPeKuUMa JIETUpOBaHusA. B aToi
obnactu HaOJIOIAaeTCs BBICOKOE 3HaueHWe Koddduimenta tepmosac S (Ao
1,1 MmB/K).

Bce u3BecTHble U3 HayyHOU nuTepaTypbl ucciaeaoBanus R(7) 1erupoBaHHOTO
ctekiia nposenensl pu 7'< 573 K (o6nactu I u II).

Tpetbst 06macTh uccneaoBaHa TOIBLKO aBTOPOM HACTOSIICH TUCcepTaluu.

10F

RIRy

0 77 300 500 1000
T.K

Puc. 1. 3aBUCUMOCTB CONIPOTUBJICHUSI
JIETHPOBAHHOIO CTEKJIA OT TeMIEePaTyphbl (CXeMATHYHO)

Kak nokazan ananu3 aureparypsl, B o0iactu [ yacto
R(T) = A exp(BT") (1)
c 0,4 < ¢ <0,8. 3necb A U B — HEKOTOpPBIE MOCTOSIHHbIC, 3aBUCSIINE OT

COCTaBa CTEKJIa M JINTATypPhl, a TAK)KE OT YPOBHS JISTUPOBAHUS M TEXHOJIOTHICCKUX
napaMeTpoB. B o6iactu 11 HabIrOAaeTCS «3aralouHbIN MUHUMYM.
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['maBHBIM HEAOCTATKOM OMYOJIMKOBAHHBIX HCCICAOBAHUA TPaHCIOPTHBIX
CBOMCTB JIETMPOBAaHHOTO CTEKJa ObUIO WTHOPUPOBAHHME POJU CTEKJIAa Kak
PABHOIIPABHOIO y4YaCTHUKa IIPOIECCa IEPEHOca 3apsla Hapsay C 4YacTULUAMH
JUTaTypbl, JOCTATOYHO PABHOMEPHO PacHpe/eI€HHbIMU B CTEKJIE C PACCTOSTHUEM
Mexay HuMHA 1-2mkm. [Ipu 3TOM cCTekiny OTBOAWIIACH IACCUBHAS POJIb
M30JIUPYIOLIE MATpPHULIbl, MEXaHUYECKU CKPEIUIAIONIEH YacTULbl JINTAaTyphl.
[Tocnennue kak ObI CO3/[aBaJIM MPOBOJAIIME IIEMOYKH OT OJHOTO KOHTAaKTa J0
apyroro (OECKOHEUHBIH KiacTep), MO KOTOPHIM MPOTEKal JJIEKTPUUECKHH TOK
(teopust mporekanus). OIHAKO HKCIEPUMEHTAJBHBIM MOPOr  MPOTEKAHUS
(1-10 06.% wnm  HWXKE) 3a4acTyl0  OKa3bIBaJCS  CYIICCTBEHHO  HUXKE
Teopetndeckoro (16 06. %), a To 1 BOBCE OTCYTCTBOBAL.

[ToaToMy BO3HHMKAJIO pacXOXACHHE MEXIy (U3HUYECKOW  MOJENbIO
TPAHCIIOPTHBIX SIBIICHUI B JIETUPOBAHHOM CTEKJIE M HKCIEPUMEHTAIbHBIMU
pesynbraramMu. B yacTHOocTH, OBUIO BBISICHEHO, 4YTO 3akoH MoTra ams
AJEKTPOIPOBOIHOCTH B 000OILIEHHOM BH/JIE

o(T)=AT" exp[~(T, / T)"] 2)

JaeT XOpOIlee COBMAJECHHUE C OJHUMHM U TEMH K€ IKCIECPUMEHTAIbHBIMU
JAHHBIMU TPU Pa3HbIX 3HAUYCHUSAX M, B3ATHIX U3 uHTepBasia oT 0,2 go 0,55, ecnn
COOTBETCTBYIOIIMM 00pa3oM moao0paTh # U3 UHTEpBaIa OT -7,5 10 2,75.

351ech

0 — IPOBOAMMOCTb 00pa3iia JIETUPOBAHHOTO CTEKJIA;

T — TeMriepatypa U3MEpEHU,

Ty — HEKOTOpas XapakTepucTHUECKas TemIepaTypa.

K Tomy >xe oneHku marot mist 7 BEIUYUHY MOPSIKa 10%-10° K, ¢usznueckuii
CMBICJI KOTOPOM HE SICEH, & HEKOTOpbIE MapamMeTphbl MPBIKKOBOW MPOBOJUMOCTH,
OLIGHEHHBIE M3 DKCIIEPUMEHTAIBHBIX pe3ynbTaTtoB 1mo (opmyne (1) mpu m = 1/4,
OKa3aJucCh JAJEKU OT peajbHbIX 3HaueHW. Hampumep, pamumyc Jokanuzauuu
ANEKTPOHOB @y MJIsl JIeTUpPOBaHHOro crekna ¢ p=1,5 kOm-cMm, cormacHo (1),
OKa3aJICsl paBHBIM 2 MKM, TOTJla KaK JUaMeTp YaCTHI] JIMTaTyphbl ObLI HA MOPSIOK
MEHBIIIE, a CPEJIHEE PACCTOSIHUE MEXKIY YaCTUIIAMU JIUTraTypsl — 0koJio 1,5 MxMm. B
CBSI3M C OTUM HE€ SICHO, TJ€ M KaK JIOKAIM30BAaHbI 3JICKTPOHBI B JIETUPOBAHHOM
crekiie. Kpome TOoro, B 3TOM MOJIENM HEBO3MOYKHO YCTAHOBUTBH CBSI3b YPOBHS
JIETUPOBAHUS C BEJIMYUHOW MPOBOAUMOCTH, UMEIOIIEN TTOPOTOBBIN XapaKTep.

Uto KkacaeTcs TEPMOIIEKTPUUYECKHX CBOWCTB JIETUPOBAHHOIO CTEKJIa, TO O
HUX HW3BECTHO TOJIKO CIEAYyIoIee: 3HaK KOd(hdUIIMEHTa TePMOIIC TTOJI0KHUTEIICH
u npu npomexyrodnbix (100400 K) temmeparypax ero BenuumHa Onu3ka K
metaiam (10-20 mxB/K).

Bo Bropoii raaBe guccepranyi  OpHUBEACHBI  0030p  OCHOBHBIX
MPEACTABICHUN O CTPYKTYpE CHUIIMKATHOTO CTEKJIAa M PE3yJIbTaThl BBIIMOJHEHHBIX
JIUCCEPTAHTOM HCCIIEIOBAHUI CTPYKTYPHBIX U3MEHEHHUN B CBUHI[OBO-CHJIMKATHOM
CTEKJIE pAa3HbBIX COCTABOB, MCIIOJIb3YEMBIX B JIETMPOBAHHOM cTekie. Jlima
UCCIICIOBAaHUSI M3MEHEHHMI CTPYKTYphl CTEKJa HCIOJb30BAHbI PEHTTECHOBCKAA
mudpakuus, UK-cnexktpockonus, a Takke metoasl EXAFS, JITA u TT'A.
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CormacHo  TepMorpaMMaM  Ipoliecca  BapKH  CTEKJA,  OCHOBHBIE
Tonoxumuyeckue peakuuu 3asepmarorcsa g0 1000-1100 K, manee muper mpouece
11 y3MOHHOTO BEIPABHUBAHHUS COCTaBa CTEKJIA.

HccnenoBanHble CTEKJA SIBISAIOTCS  PEHTTeHOAMOpP(HBIMU, a pa3Mepbl
KPMCTAJJIUTOB (HAHOKPHCTAJIOB) He peBbimaoT 10-20 A. ITpu 5ToM nonosxenue
ocHoBHOTO rano (3,3 A) ykassiBaer Ha mpeo6iaaHue B CTEKJIE CUITMKATOB CBUHIIA
U PEIMKTOB KBapiia (KpUcToOaauT).

HUK-cniekTpsl  OosblIoro uuciaa oOpas3loB  MPOCTEHIIEro  CBUHIIOBO-
cunukarHoro crekima C71-K cocraBa 2Si10,-PbO obOHapykuiau Bapualuu JJTAH
cBszeil Pb-O M KOOpPAMHAIIMOHHOTO MHOTOTpaHHMKa aToMoB Pb, a Ttakxke
o0pa3oBaHME CUJIMKATOB CBHHIIA PA3JIMYHBIX COCTABOB.

Oynkuuu panuanbHoro pacnpeneneHust (OPP), BeruncieHHble U3 CIEKTPOB
EXAFS, nokazamu (puc. 2), 4TO HU3MEHEHHE KOOpAMHAIMM aTOMOB CBHUHIIA B
CTEKJIE OT OKTA3IPUYECKON K CMEIIAHHOM TETPa’pO-0KTa3APUIECKON TPUBOAUT K
CHIDKEHHUIO p JIETMPOBAHHOTO CTEKsa, a dp/d] CTaHOBUTCS OTpULIATENbHEE, T.C.
MPOUCXOJUT HEKOTOPOE YXYJIIEHHWE CBOWCTB JIETUPOBAHHOIO CTEKIa (C TOYKHU

3peHI/I$I Tpe6OBaHHf/’I K TOJCTOIIJIICHOYHBIM pC3I/ICTOpaM — JKeJIAaTCJIbHO HMCTH
dpldT = 0).
1 2
R-5,A R-6, A
0 1 2 3 4 ] 6 7 1] 1 2 3 4 4] 5] ¥

1 — «kaueCTBEHHOEC) CTCKIIO, 2 — KHEKa4eCTBECHHOC)» CTEKJIO

Puc. 2. ®yHK1MU paguajibHOrO pacnpe/ejeHnsi BOKPYr aTOMOB CBHHIIA B
crexyie C71-K, Bbrunciennnie u3 cnekrpoB EXAFS

DNeKTPOHHO-MHUKPO30HI0BBIM aHaJIN3 IOKas3all HEOJHOPOIHOE
pactupenenenue atomoB Si, Pb u Al ¢ pa3mepamu obGnacteil MOBBIIICHHOTO
COJEp)KaHUsSI  DJIEMEHTOB He ©Oonee | MKM  (mpelenbHOE  pa3peuieHue
mukpoananuzatopa CAMECA MS-46). Al mepexogut B CTEKJIO W3 THUIJS B
MIPOLIECCE BapKH B KOJIMYECTBE 2—3 Macc.% WM BBOJIWUTCS NMPEAHAMEPEHHO s
MpeI0TBPAIICHUS KPUCTAIUTU3ALIIH.

Ha ocHoBanum aHanmza OCOOEHHOCTEW CTPYKTYpbl CBHHIIOBO-CHJIMKATHBIX
CTEKOJI aBTOPOM ObLjIa MpeIokKeHa MOJIEIb MUHUMAIIBHBIX CTPYKTYPHBIX 00pa3o-
Barmii B crekne C71-K, cocraBiuennas u3 [SiO,]"-TeTpa’apoB u yaoBIETBOpSIS-
0111251 TP€OOBAHUIO HACHIIEHUS BAJICHTHBIX CBI3ed. DTO MUHUMAaIbHOE 00pa3oBa-
HEe (prc. 3) COCTOUT U3 TpeXwWIeHHbIX Kouel [SiO4] -TeTpasapoB, 06beIHHEHHBIX
B M0J00Ke MPU3MBI, B KOTOPOI MMeeTCs KaHal JUaMeTpoM okojo 3—5 A. Jlnuua
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Takol npusMbl paBHa 10,56 A, 4To XOpOmIO cormacyercs ¢ pe3yJbTaTaMH
P. H. Gaskell. Takue kanansl ciocoOCTBYIOT Au((Gy3un aTOMOB JIUTATypPhI B JICTH-
POBaHHOM CTEKJe, a caMH OO0pa3oBaHUSI MOTYT IIpeTepreBaTb CTPYKTYpHbIE
nepexonsl. B npuHIMIIE OrpaHUYEeHNn Ha YUCIIO TETPA3APOB B TAKOM KOJIbLE HET:
KOJIbI[a MOTYT OBITh YEThIpeX-, MATH- U LIECTUWICHHbIE. B CBOIO ouepenp Takue
MPU3MbI, OPUEHTUPOBAHHBIE CIIy4allHBIM OOpa3oM M CBSI3aHHBIE MEXIYy COOOM
BEPIIMHHBIMM aTOMaMHU KHUCJIOpPOJAa JUO0 HEMOCPEACTBEHHO, MO0 Yepe3 aTOMbI-
MOAU(PUKATOPHI (HATPUMEpP, CBUHIIA), CO3JAI0T CHIIMKATHBIN KapKac CTEKJIa.

B TpeTsbeii rnaBe quccepTalny U3JI0KEHBI PE3YIbTATHl U3YUYEHHUS CTPYKTYPbI
U CBOWCTB mpocTeiuero Jerupytomero okcuaa RuO, co crpykrypoil pyrtwia,
4aiie BCEro MCIOIb3YyEMOr0 B KAUECTBE JIMIaTyphl, a TAK)KE IPUBEACHBI CBEACHUS
00 DJJIEKTPUYECKUX CBOWCTBAX HEKOTOPBIX JAPYTUX OKCHAHBIX COEAMHEHUU.
Nwmeronuecss B HAy4YHOW JUTEpaType CBEACHUSI 00 SIEKTPUUECKUX CBOMCTBaX
RuO, noBonpHO mpoTuBOpeunBhbl. [l0 JaHHBIM OAHUX HCCIENOBATEIIEH,
IIPOBOAMMOCTBH ITOJIYIIPOBOJHUKOBAS, a II0 MHEHHIO APYTUX — MeTajuinueckas. [Ipu
ATOM IIOYTH BCE HUCCIIETOBAHUS MEXAHU3MA ITPOBOAUMOCTH JIETUPOBAHHOIO CTEKJIA
MCXOJWIHA U3 METAIUIMYECKOTO XapakTepa npoBoauMoct RuO;.

2,64x4=10,56 A

Q Kucnopon
D Kpemnuit
Puc. 3. TpuronajibHasi npu3sMa KPpeMHEKHUCJIOPOAHBIX TETPA3IPOB

N3yuenue penrtreHoBckoi nudpaxiuu, UK-cnexkrpoB u o(7) mokasano, 4To
gacTuil ~ mopomka RuQO,, moiyyaeMble  TEPMUYECKUM  PA3IOKEHUEM
ruapookcuxyopuaa pyreHus Ru(OH)Cl;, umeror aedexTHy CTPyKTypy U
MPOSIBIISIIOT MOJIYITPOBOAHUKOBBIN XapaKkTep MPOBOAUMOCTH (puc. 4).

[Tpudem noBeiienne temnepatypsl paznoxkenus Ru(OH)Cl; go 1273 K maer
MOPOIIKH, PEHTICHOrPaMMbl KOTOpPBIX HamOosiee ONM3KKM K TaKOBOM HTalloHA
(kaptouka 21-1172 ASTM), a amopdnas ¢a3za mnpakTUYECKH OTCYTCTBYET.
YcranoBneHo BnusHue TemmepaTypsl pasnokenus Ru(OH)Cl; va p u dp/(pdT)
JIETUPOBAHHOTO cTekna (Tadi. 1).
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500 250 200 125

103,71, k-1

Puc. 4. TemneparypHasi 3aBUCUMOCTb IIPOBOAMMOCTH
TadeToKk mopomka RuO,

Nzydenne BausHus tuna auratypsl (SnO,, CdO, Bi,Ru,O;, PbRuO;, YBCO
— BBICOKOTEMITEPATYPHBIN CBEPXIIPOBOIHUK) M YPOBHS JISTUPOBAHUS HA BETUYHHY
MIPOBOJIMMOCTH JISTUPOBAHHOTO CTEKJIA, €€ TEMIEPATYPHYIO 3aBUCUMOCTh U Ha TIO-
pOT MPOTEKaHUs MOKa3ajo ciexytomniee. BemnunHna mpoBOIUMOCTH JIETHPOBAHHOTO
CTeKJIa HE CBS3aHA C MPOBOJMMOCTBIO JIUTATYPhl, a MPEICKAa3bIBACMBIH TCOpUEH
MPOTEKAHUS TMOPOTOBBIM XapaKTep 3aBHCHUMOCTH IPOBOIUMOCTH JIETHPOBAHHOTO
CTCKJa OT YPOBHS JICTHPOBAHUS TMPOSBISAETCA HE BO BCEX Clydasx. ITO
00yCIJIOBIIEHO, KaK OyJeT MoKa3aHo B Tiase 5, nuddy3ueit 1uratypsl B CTEKIIO MIPU
CIICKaHUM: YeM HUXKE TeMIlepaTypa CIEKaHUs, TeM pe3ue MPOSBISETCS MOPOT
nporekaHus. Yare Bcero mpu CrekaHuu B cTaHnapTHBIX ycnoBusx (Tr= 1123 K|
=10 muH) B pesynbTaTe auddy3un IUraTypel B CTEKJIO BeCh 00beM o00pasia
MOJIBEPraeTcsi  JIOCTAaTOYHO  OJHOPOJAHOMY  JIETUPOBAHMIO W CTAHOBUTCS
MPOBOJSAIINM, M TOPOT TPOTEKAHHWS] CMEIIAaeTcs B 00JIaCTh OYE€Hb MaJIOTO
COJIEp)KaHUSI JUTATYphl (HU3KUX YpOBHEW JIETUPOBAHMS), BIUIOTh JO E€IUHUIY
00BEMHBIX MPOIICHTOB WM MEHBIIIE.
Tao6auma 1

JJIeKTPpUUYEeCKHEe CBOMCTBA CWJIMKATHOI0 CTEKJIA, JJeripoBaHHOro RuQ,
C Pa3Hoil TeMIIepaTypoil CHHTE3a

Crexno | Temmeparypa Ch, D, TKC,
cuate3a RuO,, | macc.% | Omcm 10°K!
K
C71-K 770 16 62 -276
C71-K 1100 16 12 -320
C75-K 770 16 0,54 +471
C75-K 1100 16 12 +282

Ipumeuanue: OcTanpbHBIC YCIOBUS JISTHPOBAHHS  OJWHAKOBHL. TemrepaTypHBIN
koadp¢uiment comporusnenuss TKC = (p1 - p)(pi(Th - T2)), Tme p1 u p, — yneiabHOE
conpoTuBIieHne 00pasia npu temrneparypax 77 u T,. O6srano 7 =400 K, 7,=213 K.
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AHanu3 criekTpoB nopomkoB RuO, B ommknem MK-auanazone mokaszani, 4yTo
B TEPMUYECKH CHUHTE3WPOBAHHBIX IMOPOIIKAX 3JEKTPOMArHUTHAsl BOJIHA IIOTJIO-
njaeTcsi cBOOOAHBIMU HOCHUTENISIMM 3apsiia, @ B XMMHUYECKH CHUHTE3UPOBAHHOM
MOPOIIKE UMEET MECTO 3aMETHOE MOTJIOLIEHUE KOIeOaHUSIMU aTOMOB.

B d4erBepToii riaBe auccepTaliid KCCIEIOBaHbl M3MEHEHHSI CTPYKTYpPbI
CTEKJIa, TPOUCXOJALINE TPU JIETUPOBAHUM, HX CBSI3b C IMPOBOJUMOCTBHIO
aerupoBaHHoro crekia. [lo HWK-cmekrpam crTekon HM3ydeHO H3MEHEHHE
OTHOCHUTEJILHOTO COJIEP)KaHUsl CTPYKTYpPHBIX OOpa30BaHUN B CTEKJE (OCTPOBHBIE,
KOJIBLIEBBIE, JICHTOYHBbIE M KapKAacHbIE CHUJIMKAThl) M CTENEHb MX BIMSIHMUS Ha
AJIEKTPUYECKHE CBOWCTBA JerHpoBaHHOro crekia. [lokasano, uro oGpas3oBaHue
KOJIBLEBBIX CHJIMKATOB MPUBOAUT K MOHMKEHHUIO MPOBOAUMOCTH JIETMPOBAHHOTO
ctekna, a dp(T)/dT ctaHOBUTCS OTpUIIATEIHLHEE.

Metonom EXAFS ycTaHOBIIEHO, YTO B IMPOLECCE JIETUPOBAHMS MEHSIOTCS
JUTMHBI CBSI3€H M KOOpAMHAIIUSI aTOMOB CBHUHIIA U PYTEHUS B cTekie (puc. 6,7: a, 6—
«Ka4EeCTBEHHOE» CTEKJIO; 8, 2 — «HEKAYECTBEHHOE» CTEKJIO), CTAHOBACH OJIM3KUMU
B 00oux oOpa3zuax (cp. ¢ puc. 2, a, 6), 4YTO JONOJHUTEIHHO TOJTBEPKIAET
CYLLIECTBEHHYIO pOJib AU(PGYy3un Jurarypsl B (GOPMHUPOBAHUU TPAHCIIOPTHBIX
CBOMWCTB JIETUPOBAHHOI'O CTEKJIA.

|l| I| a |II III E

| II II |

|I Lo ||I I'ﬁ.
__-I LY ! -'H"“._”_.-'" Wb . ) _."I M'-\. N "-.-L“'H. }
ettt R§, R e Rg, A
0123 50 7 01234507

|"'I

|I | ] ﬁ III 7. |IFI| r

I I|| AW

II " K"*-\_;».-L ."I Wl |I A .

P . J ) N .

otttz R, A ottt R, A
012345067 012345067

Tr=1123 K, 7: 10 muH (a, 6) u 20 MuH (6, 2)

Puc. 5. ®yHKuuu paguajbHOro pacnpeaejeHuss BOKPYr aTOMOB CBMHIIA B
JIETHPOBAHHOM CTeKJIe: d, 6 — «KKAYeCTBEHHOM»; 8, 2 — KHEKA4YeCTBEHHOM»
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Tr=1123 K, 7: 10 muH (a, ) u 20 muH (0, 2)

Puc. 6. ®yHKuMHU paguaibHOr0 pacnpe/ejeHnsi BOKPYr aTOMOB PyTeHHS B
JIETHPOBAHHOM CTeKJIe: d, 6 — KKAYeCTBEHHOM); 8, 2 — KHEKA4YeCTBEHHOM»

B nATOM riaBe nuccepTanuu UCCIENOBAaH MPEAJIOKEHHBIA TUCCEPTAHTOM
Tu(hPy3MOHHBIH MeXaHu3M (OPMHUPOBAHMS YpPOBHEW MPOTEKaHUs 3apsga B

JICTUPOBAHHOM CTCKIJIC.
O,Z[HI/IM N3 BAXHBIX BOIIPOCOB HGpKOJ’I’IHHOHHOfI TCOPHUN TPAHCIIOPTHBIX

CBOMCTB JIETUPOBAHHOTO CTEKJA SBJIAETCS MEXaHU3M (OPMUPOBAHUS YpPOBHEM
nportekanus. CyliecTByIOIME TEOPUN PAacCMAaTPUBAIOT 3TU YPOBHH Kak ampuopu
3aJJaHHbIE, ONpEeIsieMble TOJBKO HCXOJHBIM COOTHOIIEHHEM OOBEMOB CTEKJIa U
JUraTypbl, 4TO HE IMO3BOJISIET CBSA3AaTh TPAHCIOPTHBIE CBOWCTBA JIETMPOBAHHOTO
CTEKJIa C COCTAaBOM CTEKJIa U JINTATypPhl, @ TAKXKE C PEKUMOM JIETUPOBAHMUSL.
ABTOpOM  guccepranuu  mpenjoxkeH — TuGQGy3UOHHBIH  MEXaHH3M
dbopmupoBanus ypoBHeW mpoTekaHus. CoriacHo JTOMY MeEXaHHM3MYy, IpHU
TepMOOOpabOTKE CMeCH TMOPOIIKOB CTEKIAa M JIMTaTyphl MPOUCXOAUT auddy3us
aTOMOB JIMTAaTyphl B pPa3MITYEHHOE CTEKJIO, W TMPOBOJUMOCTH IOCIIETHETO
BO3pacTtaer Ha 16—18 mopsakoB. YPOBHM MNPOTEKAHHUS BO3HUKAKOT BCIIEICTBUE
nepekpbITist TuGGYy3UOHHBIX 30H, O0pa3yIOMIUXCSl BOKPYT OTIECNBHBIX YaCTHUIL
auratypsl. O6beM 1 Py3MOHHBIX 30H MOXKET BO MHOTO pa3 IPEBBICUTH 00beM V'

HaCTHII JINTaTYPBhI.
I/ICXOI[H N3 OCHOBHBLIX BI)Ipa)KeHI/Iﬁ I QJICKTPOIIPOBOIHOCTU B obmacTu

nopora (V= V,) B Teopuu NpoTeKaHUs

o(N=V"o,(V =), 3)

b Gy3noHHON IHHBL [ =+/D7 1 aKkTUBaUMOHHOTO Xapakrtepa auddysuun D(T) =
Dy exp(-E,/kTy), momy4yeHsl ClIeAyIONINEe BEIPAKECHNUS, CBA3bIBAIOIINE ATUTEIHHOCTD
T u Temneparypy 7t nporecca auddy3uu ¢ 31eKTPONPOBOAHOCTHIO JIETUPOBAHHOTO

CTEKJIA:
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3V0 e, Ve ol — E,
e (! oy 4 ) -y = sin, @
1 R1Z V ’
T= 3=L(p/ o)+l -1, S
DT\ 4z [(o/ py) Vo] (5)

rae Vo— o0beM oOpasia, NpUXOoJAUIUMiCs Ha OJIHY YaCTHILY JUTaTyphl;

00— JIEKTPOMPOBOIHOCTh 00pa3ia npu V= Vy;

VIVy= C— obbemMHas 10JIsl JINTATyPhI,

Ve — Kpuruueckuil oObeM TeOopuHM MpOTeKaHUsi  (COOTBETCTBYET
BO3HMKHOBEHHIO MEPBOT0 OECKOHEYHOTO KJIacTepa);

{ — KpUTUYECKUM UHJIEKC, paBHBIN 1,7 11 TpEXMEPHOTO Cyyas,

p — YAEIbHOE CONPOTHBIIEHNHE 00pa3La;

7 — paJinyC YacTHll JUTATyPhL;

po — YAETbHOE COMPOTHBIEHHE oOpa3la B CiIydae 3aloJHEHHUS BCETO €ro
o0beMa JIETUPOBAHHBIM CTEKJIOM (€IMHCTBEHHBIN MOJATOHOYHBIN MapamMeTp);

E,— sHeprus akTuBauuu nporecca nupdysuu;

k — nocrostHHas bonsMana;

L, = /Dyt — ninaa b dysun npu Ty —oo;

o(V) — aaeKTponpoBOHOCTE 00pasia mpu 00beMHOU foJe uratypsl V.

ConocraBneHue BbIpaxeHUs (4) C SKCIEPUMEHTAIbHBIMU JAHHBIMH U3
JUTEepaTyphl U aBTOpa JUCCEepTalMK MpU pasHbiX Tt (puc. 7, 8) mokasano xopoiiee
ux coryacue — ko uiuent napHot koppensiuu paseH 0,963-0,998 s pazHbix
COCTaBOB JIETHPOBAHHOTO CTEKJa, NMPHUBEICHHBIX B Tabm. 2. B aToit ke Tabmn.2
npuBeAeHbl 3HaueHus Koddduuuenta nuddysuun Dy, sHEpruu aktuBauu £, u
T Py3MOHHON TTUHBI /4, BBIUUCIECHHBIE U3 SKCIIEPUMEHTAJIbHBIX JAHHBIX aBTOPA

o ¢opmyie (5).

= = I
. ! ]
— 0 < — - # ¢ 3
= = —14 -
= el ~ L “\‘ T
G \5"\1‘ T \4 - =
-1 ~ T~
< e | € S -16 LN
= 5 g "~ = N
3 _, - . =
T 18 =
8.2 8.6 9 9.4 8.6 9 0.4 9.8
1047, k! 107, K71

Puc. 7. ConporuBiieHue JJerHPOBAHHOI0 CTEKJIA KaK pyHkuusa T
NPH NOCTOSAHHOM BpeMeHH T = 10 MuH (HoMepa JJUHMH cM. B Ta0J1. 2)
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8 8.5 9 9.5
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Ro=4 xOwm; =1,7; V.=0,16. Touku — nepecuntannblie 10 (5) 3KCIEpUMEHTAIIbHbIC JJAHHBIC

Puc. 8. 3aBucumMocTh CONMPOTUBJICHHS JIETHPOBAHHOIO CTEKJIA
OT TeMIlepaTypbl JerHpoBaHUs

Boeruucnenne Dy u E, o BelpaxkeHusiM (4) u (5) U3 pe3yapTaTOB U3MEPEHUN
CONPOTUBJICHUSI CTEKJIA, JICTHPOBAHHOIO MPHU Pa3HBIX TEMIIEpaTypax, SBIISIETCS
HOBBIM CIIOCOOOM OTIpeIeNICHUsI ATUX IMapaMeTPOB.

[Tonmyuyenubie BenmuuuHbl E, U D) HaXOmATCA B pPa3yMHOM COIJIaCUU C
aHAJIOTUYHBIMU JIAHHBIMU VISl PAa3JUYHBIX Ta30B B CHJIMKATaxX, MOHOB Kajus U
HATPHs B KAJTHEBO-CUJIMKATHOM CTEKJIE, HO CYHIECTBEHHO OTJIMYAIOTCS OT TAKOBBIX
1151 atoMoB kuciopoaa B CaO u, oco6enHo, B Cr,0s.

Jmuna nuddys3uu murarypel RuO, B cTangapTHBIX yCiIoBHUSAX (CM. Tabm. 2) B
ctekie b-17M2 6obiie, yeM cpeiHee PacCTOSTHUE MEX]Ty YaCTUIIAMU

T T Ve, 1
L=d3— =d;-[1+—=(—-1)], 6
\/6C el 7g(Cm )] (6)

rae d — IuaMeTp 4acTull JIUTraTyphl;

C — oObeMHas 1015 JIUTaTyphl;

Y4 — TUIOTHOCTD JIUTATYPhI;

¢ — IJIOTHOCTB CTEKJIA;

Ci, — MaccoBas JI0JIsl JINTATyPhI.

3neck d onpeensieTcsl yCIOBUSAMH CHHTE3a UCXOITHOTO MOPOIIIKa, TOTaa Kak L

3aJ1a€TCs U UCXOJHBIM TIOPOIIKOM JIUTaTyphl, U 00beMHBIM ee conepxkaHuem C,
T.€. ypoBHeM jerupoBanusi. s nopouika RuO; ¢ pazmepamu yactui 0,5 MKM npu
C = 20 % wumeem L = 0,73 mxm. IlosToMy MOXHO mojaratb, uTo OOpa3Ibl
JIETUPOBAHHOIO CTeKja, coaepxkamme RuO,, moaBeprarTcs paBHOMEPHOMY
nuddy3uonnomy JerupoBanuto. Omgnako B ciaydae PbRuO; u Bi,Ru,O; nns
nepekpbiTusa 30H nuddy3un tpedyercs moutu B 200 pa3 Oombiiee BpeMs MNpuU
T;=1123 K, BcencTsue 4ero oOpasibl JIETHPOBAHHOIO CTEKJIA MMEIOT YAENBHOE
COMPOTHUBJIEHUE, KOTOPOE OOJIbIIIE HA HECKOIBKO MOPSIKOB.
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Tao6auma 2

Ko3¢puuuenr, 3neprus akrusauuu 1updy3uu u 1upPpy3uoHHas
JJIMHA aTOMOB JIMTaTypbl B CBHHIOBO-CHJIMKATHBIX CTEKJIAX

CocraB
Obpa3zen JIETUPOBAHHOTO l4 ipu
nerupoBaH- | Ctekno | cTekia, macc.% Jlurarypa | E,, 3B | Dy, em?/c Ty= 1123 K,
HOTI'O CTEKJIa JUraTy-. cM
CTEKJIO pa
1 b-17M1 | 80 20 PbRuO; | 1.08 5.6:10° 2.2:107
2 B-17M1 |90 10 RuO, 0.624 |9.5:10°  [3.0-10”
3 B-17M2 | 90 10 RuO, 0.194 |5.7-10* 0.13
4 b-17M2 | 80 20 RuO, 0212 |4.1-10" 0.17
Ipumeuanue: CoctaBsl crekoin, Macc.%: b-17M1 —SiO,—-31,PbO — 67 u MnO, - 2;

Bb-17M2 - Si0, -29,  PbO — 67 nu BaO —4.

y, / —r = 0,5 MKM

—r = 1 uruM

12 N(7 )/ No)

|
—_
[=]
T

T 0s 1.0 15 2.0

Dr . yen en
a 0
L =5 kM, D = 1 MKkM; mU(pPBI Y KPHBBIX COOTBETCTBYIOT
MPOJOIKHUTENEHOCTU AUPDY3UU T: 71 < 7 < 73 < 74 <Ts

Puc. 9. Pacnipenenenne KOHIEHTPAUM ATOMOB JIMTAaTYPbI MEKAY ABYMHA
yacTuuamm (a) 1 ee MI3MeHeHHe B cpeHel Touke (0) B X0/1e JIerupoOBaHUs

[Tpuunnaa HU3KOTO KO3 dUnUenta nuddysuu B cnmydae PbRuO; u Bi,Ru,04
3aKJioyaeTcsi B ToM, uTto atoMbl Pb u Bi, He yuacTByromue B mepeHoce 3apsiia,
3aHMMAIOT KaHajbl (MOpBI) B CTEKJe (CM. puc. 3) W MOPEmATCTBYIOT auddy3un
aTomoB Ru.

MonenupoBanue mnpouecca Auddy3suun no ypaBHeHutro PDuka ¢ ydeTom
BeIpakeHU (4) u (5) mokazano, 4YTO MHUHUMAJbHAs KOHIICHTpAIUsl aTOMOB
JUTAaTypbl B CPEIHEN TOUKE MEXAY IBYMs yacTUUaMu N(T) CHJIBHO 3aBUCHUT OT
MPOJOJDKUTENBHOCTH 7 NUPPy3un (puc. 9), 0coOOCHHO Ha HayalbHOM y4YacTKe, a
TaKxe OT 7.

[Ipunumass mpoBOAMMOCTh OOpaslia MPOMOPLHOHATBHON N(7), pe3ynbTaThl
MOJICJIMPOBAHUSI COIMOCTABJICHBI C AKCIEPUMEHTAIBHBIMU JTAHHBIMU M TOJIYYEHO
xopoiiee corjacue (puc. 10).
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B mecrod riaBe gucceprauuMyM  H3y4YE€HBI HU3MEHEHMS  CTPYKTYPBI,
IIPOBOAMMOCTH U TEPMOJJIC JIESTUPOBAHHOI'O CTEKJIA IIPU BBICOKMX TEMIIEpaTypax.
31ech Takke  HMCHoJb30BaHbl  MeToabl  ontuueckou, MK- u EXAFS-
CIIEKTPOCKOIINH, PACCESHUSI PEHTTE€HOBCKUX JTy4EH.

0151
0141
013}
012
0. 1Lf
o1t
- 009}

0081

007+

0.06}

a1 | RN |

3
T
=

-»,'.'"-.T . [pom]

CkopocTh mogbemMa TeMNepaTyphl il IMHUK 1 1 3 BhIlIe, YeM 1J14 JTUHUKN 2 U 4
Touku — nepecunTaHHbIC 0 (3) SKCIIEPUMEHTAIbHBIC JAHHBIE

Ty (K): 1070 (7, 2) 1 1120 (3, 4)

Puc. 10. 3aBucuMoOCTh CONPOTHUBJICHUSA R JIETHPOBAHHOIO CTEKJIA
OT IPOAOJIKUTEJILHOCTH JIETHPOBAHUSA T

[lokazaHo, 4YTO OOHapyXEHHbIE AaHOMaJbHbIE W3MEHEHMs  (pe3Koe
Bo3pactanue) compotuBiaeHus R(7) wu kodpdumumenta Tepmodac  S(7)
JETMPOBAHHOIO CTEKJIa IPU BBICOKUX TeMmieparypax (puc. 11) oOycrnoBieHsl
CTPYKTYpPHBIMH TMPEBPAIICHUSIMU B HAHOKPUCTAIIAX CHIIMKATOB, 0Opa3yIONINXCS B
MPOLIECCE BAPKH CTEKJIA U €T0 JIETUPOBAHMUS.

BrisiBiieHHBIE U3MEHEHUS aHajornunbl  u3MeHeHusMm  R(7) B
CErHETOAIEKTPUKAX, OTIMYASICh TOJBKO BeluyuHOW. Ilpu M3MeHeHuu cocraBa
CTeKJIa WJIM YPOBHS JIETUPOBaHUS MEHSAIOTCS Temmeparypa makcumyma R(7T) u
otHoueHue Ry/Ry (Ry v Ry — BeIMuuHa CONMPOTUBIIEHUS 00pa3iia COOTBETCTBEHHO
B Makcumyme u npu 298 K). OtHomenue Ry/R, nocturaer HauOOIBIIETO
3HaueHUs BOJIM3M TOpOTa MPOTEKaHUs. Pe3ynbTarbl 3TUX HCCIENOBAaHUN ObLIN
MCITOJIb30BAHBI MPU Pa3padOTKE BHICOKOCTAOMIILHBIX BHICOKOBOJIBTHBIX JEIHUTENIEH
Hanpsbxkenus cepuit PIM u PJIC.

[lepecTtpoiika  CTPYKTyphl  JIETUPOBAaHHOTO  CTEKJIa IPU  BBICOKUX
TEeMIIepaTypax MOATBEPKICHA PEHTT€HOIPaMMaMH, CHATBIMH NIpPH KOMHATHOW
TEMIIepaType M IMpU TEeMIlepaTypax, COOTBETCTByromuX (cMm.puc. 11, a) Hauvamy
pOCTa CONPOTUBIIEHHUS, €F0 MAKCUMYMY H CIIay 10 HAYaJIbHOT'O 3HAYECHHS.

N3 »Tux peHTreHorpaMM OBUIM BBIYMCIEHBI MNapameTpbl 3JIEeMEHTapHOU
auerikn RuQO,. Oxa3asock, 4To TemmeparypHas 3aBUCHUMOCTb 3THX MapameTpoB
pasznuyHa A cBobogHoro nopomka RuO, u ansg ocratkoB RuO, B nerupoBaHHOM
crekiie (puc. 12).
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Puc. 11. TemneparypHasi 3aBUCMMOCTb CONIPOTHBJICHHS (@)
U KO3 PpuumeHTa TepMod/C (6) JeripoOBaAaHHOIO CTEKJIA

CrnemyeT OTMETUTh, YTO dJIEMEHTapHasl sueiika cBoboaHoi RuO,, nmeromias
CTPYKTYpY pyTWIa, TpHU TOBBIIIEHUW TEMIEpPaTypbl B HAIPaBICHUU OCU a
paciumpseTcs, a B HalpaBJIEHUU OCH ¢ — CKUMaeTcs (cM. puc. 12,a).

455 a " /1312 457 : 3.14
456 313
s —— ot ot bd
< 454 1 311< < 455 2 312<
453 [ 4 L >
' : 453 31
o]
400 600 800 1000 400 600 800 1000
T, K T, K
a 0
459 H313 455 el 313
458 I 312 ' a '
< 457—] : 3Ma <y 312
< 456 31 v 8§ [—ZL 5
a C
455 3.09 453 311
454 ——4—| 308
400 600 800 1000 400 600 800 1000
7K T,K

B

r

Puc. 12. TemnepaTrypHasi 3aBUCMMOCTb NOCTOSAHHBIX pemieTkd RuQ,
cB0O0OIHOI (@), B JIETHPOBAHHOM CTeKJIe HA ocHOBe cTekya C71-K (0),
C71-K1 (6) u B34E (2) B10JIb OCeli a U ¢

Koaddunuent auneitnoro remnoBoro pacmmpenuss RuO, Bnonb ocu a moyTH
BBoe Oombire, yem y crekina C71-K, Torma kak BAOJIb OCH ¢ — TMOYTH BIBOE
Menblie. [loaromy ocratku yactur, RuO, B JE€rMpoBaHHOM CTEKJIE HaXOIATCS B
HaIIpSKEHHOM COCTOSIHMM — BIIOJIb OCH @ JIEWCTBYIOT CKHMAIOIIWE CHJIbI, BAOJb
ocu ¢ - pacraruBarome. OgHako TeMIlepaTypHas 3aBUCHMOCTH I1apaMETpPOB
anemeHTapHou siueriku RuQO,, BooOmIe TOBOpS, HE COOTBETCTBYET pE3KUM
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U3MEHEHUSIM COMPOTHUBICHUS U KOd(PHIIMEHTa TEPMOdAC JErHPOBAHHOTO CTEKJIa
(cpaBnuTe ¢ puc. 11).

ITo UK- u ontuueckuM (37eKTpoHHBIM) criekTpaM RuO, u jerupoBaHHOTO
ctekisa (puc. 13) olieHeHa KOHIIGHTpAIUsl # CBOOOIHBIX HOCUTENEH 3apsia B HUX.
[Ipu stom M™bl yunu, yto Ha MWK-cnektpax RuO, (puc. 13,a, xpuBas 2)
OTCYTCTBYIOT  XapakTepHble JMHUM norjomenus, a Ha HWK-cnekrpax
jJerupoBaHHoro ctekia (puc. 13, a, kpuBas 4) HMMEIOTCS TOJBKO IOJIOCHI
MOTJIONIEHUS, 00YCIIOBJICHHBIE MOJIEKYJIIPHBIMHU KOJIEOAHUSIMH.

B cBs3u ¢ 3TUM OBLIO MPEANONIOKEHO, YTO caMas HHM3KOYacTOTHas I0J0ca
IIOTJIOIIECHHS] B ONTUYECKUX crekTpax Kak RuO,, Tak M JErmpoBaHHOIO CTEKJIA
(puc. 13, 6, xpuBbie 2 U 4) COOTBETCTBYET IUIA3MEHHOMY PE30HAHCY CBOOOIHBIX
HOCHUTEJICH 3apsia ¢ COOCTBEHHOM 9acTOTOM

W, = (ne*/eoeimen)'? , (7)

Ie &)— JIEKTPUUECKas OCTOSHHAS,
€/— AUDJIEKTPUYECKas MPOHUIAEMOCTh (OTHOCUTEbHAs) aTOMHOI'0 OCTOBA;
€ — DJIEMEHTapHbIN 3aps;

M — 2P PEKTUBHAS Macca HOCUTENEH 3apsiia.
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1 — crexno C71-K; 2 — RuO,; 3 — ux cMecu 10 cieKkaHus;, 4 — UX CMECH I10CJIe CIICKaHUs

Puc. 13. UK- (a) v onTuuyeckue (0) CieKTPbI MOPOIIKOB

B mnamem ciydae (paccesHue CBeTa Ha COBOKYIMHOCTHM YacCTHI[ MaJioro
paauyca) OTpaK€HUEM MOXKHO MpeHeOpeub, U KO3 GUIIMEHT OTIoIeHUs 00pa3iia
daktuyecku Oyner paBeH u~-In7, rae 7 — KOIPOUIMEHT MNPONMYyCKAHUS
(OTHOIIEHHE UHTEHCUBHOCTH TMPOIIEIIIEr0 CBETa K MHTEHCUBHOCTH I1aJIAI0IIIETO).

Breruucnenune no ¢opmyne (7) mokaszano, 4To ra3 CBOOOJHBIX HOCHUTEEH
3apsna kak B RuO,, Tak U B JIETHPOBAaHHOM CTEKJIE MPU KOMHATHOM TeMIiepaType
MMeeT BBICOKYI0 KoHmeHTpaumio (n =~ 1,36:10%cM™ u n = 1,01:10%cm
COOTBETCTBEHHO) U BBIPOKJICHHBIN.
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Xots UK-cnextp RuO, (puc. 13,a, kpuBast 2) 00yciaoBIeH MOIJIOMICHUEM Ha
CBOOOJHBIX HOCHTENSIX, OJHAKO, DKCIIEPUMEHTaJbHAs 3aBUCUMOCTH KO3(duIu-
CHTA TOTJIOMICHHS OT MTHHBI BolHb (d) ~ A" cymectBenHo crmabee, uem
(1) ~ A%, crenyromas u3 KIacCHIeCKOH TEOPUHN MIa3MEHHbIX KOICGaHHiL.

HK- n ontmueckuil crnekTpsl mexanmdeckon cmecu crekna C71-K u RuO,
(puc. 13, kpuBble 3) SBISIOTCA MPOCTOM CYIMEPHO3UIMENH COOTBETCTBYIOIIHUX
cnekTpoB crekina u RuO,, omHako, TepMOOOpabOTKa B CTAHAAPTHBIX YCIOBHUSAX
(10 mun nmpu 1123 K) pesko mensier Buja crnektpoB (puc. 13, kpusbie 4): B K-
obmactu u(2) ~ A% uro eme crmabee, yem g RuO,.

Ha »5ekTpoHHBIX crieKTpax HaOMI0Mal0TCsl YacThle KoJieOaHusi Majou
aMIUTUTYbI, OOYCJIOBIIGHHBIE MAaJILIMH pa3MepaMH dYacTull B oOpaslax, B
COOTBETCTBUM C Teopuer Mmu paccesHUs DSJIEKTPOMAarHUTHBIX BOJIH Ha
YABTPAAUCIEPCHBIX YaCTUIIAX.

N3 BenuuyuHbl yJIENBbHOTO COMPOTUBIICHHS, U3MEPEHHOTO HA MOCTOSHHOM
TOKE, U ONpPEACICHHON BbIIIE KOHIEHTPALUU HOCUTENEH 3apsiga BbIYUCIEHA HX
addexTrBHAS Macca, Kotopas cocTaBisier okoio 330 macchkl CBOOOJHOIO
anekTpoHa. llocimenHee OOCTOSTENBCTBO MO3BOJSET TOBOPUTH O MOJSPOHHOM
MEXaHU3M€ MPOBOJUMOCTH JIETMPOBAHHOIO CTEKJIa, OOYCJIOBJIEHHOM BBICOKOM
MOJIAPU3YEMOCThIO aTOMOB Pb.

Ha ocHOBaHMM TpOBEACHHBIX HCCIEIOBAHUN TMPEIJIOKEHAa MOJEIb
DHEPreTUYECKUX 30H JIETHPOBAHHOTO cTekna (puc. 14, rae E, — 3ampenieHHas 30Ha
CTeKJa, Eg — elb MEXy MPUMECHOW TTOJI30HOM Y BAJICHTHOW 30HOM CTEKNa, Lf —
ypoBenb depmu), B KOTOpO# BaJeHTHAs 30HAa CTEKJIa 00Opa3oBaHa pacileryieHueM
2p-opOuTaneit kucimopoaa u 6p-opOuTaneil CBUHIA, a JHO 30HBI MPOBOJIUMOCTHU
oOpasyeTtcs B pe3yJIbTaTe paciieruiecHus 3s-opouTtaiieit kuciopoa u 6d-opouraneit
CBUHILIA. B pe3ynbrare BO3HUKAET NUDIEKTPUK C 3aPELIEHHON 30H0U £, = 3,3 5B.

30Ha NpoBoOAMMOCTY 30Ha npoBogMMOCTH 30Ha NpoBOAMMOCTU
A A A
E, e E,
- MpumecHas 30Ha g E — MpumecHas 30Ha
G |-| G b Ll L Ll Ll L Ll e
F - i F
| BaneHTHas 30Ha EF BaneHTHas 30Ha | | BaneHTHas 3oHa |

a § B
T (K): 0 (a); 300 (6) u > 970 (6)

Puc. 14. Dueprernueckue 30HbI B JIETHPOBAHHOM CTEKJIe

Camo e KBapleBO€ CTEKJIO SBJSIETCS JUDJIEKTPUKOM C IIUPUHOMN
3anpeneHHon 30HbI 7,76 3B, B KOTOpOM 30HAa MPOBOJAMMOCTH M BAaJEHTHAs 30HA
o0pa3oBaHbl COOTBETCTBEHHO paclleryieHueM 3s- U 2p-opOuTaneil aroma
Kuciopoza. JlerupoBaHue CTeKiIa CO3/AaeT MPUMECHYIO MOJ30HY, 00pa3oBaHHYIO
pacuieryienueM  Ss-coctossHui atoma Ru (puc. 14, a). 6p-ypoBHM CBHUHIIAQ
HaXoJsATCsA Ha pacctossHuM 7,415 3B moj ypoBHeM BakyyMma (MepBbIA MOTEHIIMAI
MOHU3AIUN), a Ss-ypoBHH pyTeHus — Ha 7,36 3B Huxke.
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C y4eToM TOro, 4YTO MPOBOJAUMOCTH JIETHPOBAHHOTO CTEKJIAa C1a00 MEHSIETCS B
IIIUPOKOM HHTEPBAJIe TEMIIepaTyp, a (POTOMPOBOAUMOCTh OTCYTCTBYET BILIOTH JI0
yiabTpaduOIETOBOTO JHMana30Ha, KOTJa HA4YMHAIOTCS TEpPeXo/bl SJIEKTPOHOB U3
30HBl BAJEHTHOM B 30HY MPOBOJUMOCTH, MOXHO TMoOJlaraTh ClEAYIOIIEe:
MpUMECHasi TO/J30HAa PYTEHUS IPU KOMHATHOM TeMmIepaType IMpPUMBIKAeT K
MOTOJIKY BaJCHTHOW 30HBI CTEKJIa MJIM CIIerKa NepeKkpbiBaeTcs ¢ Hero (puc. 14, 0).
Torna ypoBenp depmu Er OKa3bpIBa€TCs BHYTPH BaJEHTHOW 30HBI CTEKJA, Ia3
CBOOOJHBIX HOCHUTENIE MMEET BBICOKYI0 KOHIEHTPAIMI0 U BBIPOXKIACHHBINA, YTO
noareepxkaaercs MK- u ontuueckumu crnekTpamu JIETUPOBAHHOTO CTEKJIa (CM.
puc. 13). Orcroga cieayer, 4TO MPAKTUUYECKU BCE COCTOSHUS B MPUMECHOM
MOA30HE IMPU KOMHATHOM TemIepaType HOHHM30BaHbl, U €€ IIUPUHY MOXKHO
OIleHUTh BennurHoM nopsizka 0,026 5B unu meHee.

IIpyn renmeBbIX TeMmeparypax MEXIy IPUMECHOW NOA30HOM M IOTOJIKOM
BAJICHTHOM 30HBI CYIIECTBYET SHepreTuyeckas menb (cm.puc. 14, a), mupuHa
KOTOPOU YMEHBIIAETCS C POCTOM TEMIIEPATYPhI [0 3aKOHY

E,(T) = Eq —&(ho)[cth(hw)/ 2kT) 1], (8)

rae Ego— mmpuna menu npu 7' =0 K;
¢ — 6e3pa3MepHasi KOHCTaHTa AJIEKTPOH-POHOHHON CBS3H MOPSJIKA SIMHUIIB;
(hw)— XapakTepucTUdecKas SHeprust GOHOHOB, &(hw)~ 10 5B;

h —nocrosnnas [lnanka.

CymiectBoBaHue B 00paslie HAHOKPUCTAIIIOB, 00pa3yoUuX MOTEHIIMAbHbBIE
AMBl M JIEUCTBYIOIIUX Kak d(PQPeKTuBHBIC HEHTPHI JoKanmu3aruu (puc. 15), u
TEeMIIEpaTypHas 3aBUCUMOCTb IIWPUHBI SHEpPreTudyeckor menu (8) co3paror
YCJIOBHSI JIJIsl TPBDKKOBO-AKTUBAIITMOHHOTO MEXaHU3Ma MPOBOJUMOCTH

o(l)=0o,T 03 exp[—ﬁ(EGO -& <ha)> (cth<2hk—c;>— W)]+o,T 03 exp[—(T, /T )*21. (9)

[ToaTomMy B 3KCIepUMEHTE yacTo HabmogaeTcst 3aBUcHMOCTh (1). CpaBHeHHE
Beipakenuii (1) u (10) (puc. 16) moka3pIiBaeT, 4TO OTIUYUTH UX 3aTPYTHUTEIBHO.

N3 Beipakerus (10) BUAHO, YTO TpU MaJIOW MIMPUHE enn Egy BO3SMOXKHO €
yYMEHBIIIEHUE 10 HyJsa ¢ poctom Temneparypsl (Eg = 0), u mpu Temrieparype
oOpaszell MpUOOpPETaeT «METAJIONOJO00HbBIE)» CBONCTBA (YACTUYHO 3allOJTHEHHAs
BaJICHTHAs 30HA U TIOCTOSIHHASI KOHIICHTpAaIHsi CBOOOHBIX HOCUTENEH):

<ha)>
T = . (10)
kn(l+ 2§<ha)> / Egp)

Torma mnpeobmagarOIMM MEXaHM3MOM HW3MEHEHHUS COMPOTUBIEHUS C
TEMIIEPATypoll CTaHET paccesHWe HOCUTeNeld Ha (OHOHAX, YTO MTPHUBOIUT K
«metammaeckoiy mposogumocti R(T) ~ T win R(T) ~ TP U «3arafodHoMy»
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MuHuMyMy R(T) (puc. 17). Temneparypa Tme 3aBUCUT OT YPOBHS JIETMPOBAaHUA U
TEXHOJIOTHYECKHX PEKUMOB (T. €. OT YAECIbHOTO COMPOTUBIIEHUS JIETUPOBAHHOIO
CTeKJ1a) U He Bceraa HabIrogaeTcs.

Puc. 15. 3oHHasi KAPTHUHA JIETUPOBAHHOIO CTeKJIa (cxemaTtu4Ho). E.u E, —

IrPAaHUIbI 30HbLI IPOBOAMMOCTH M BaJEHTHOM 30HbI, E n E, — npumecHas

MOJA30HA M YPOBEHb NMPOTEKAHUA COOTBETCTBEHHO. IlyHKTHpHAS TUHMSA —
YPOBEHb 3aM0JTHEHHUS IM 3aXBAYeHHBIMH HOCHUTEISIMH

o (T), yei. e

0 50

T.K
{=0,7, Ego= 0,66 M3B, =5, (hw)=22,5 M3B u T; = 15000 K

Puc. 16. CpaBHenue 3aBucumoctei (1) (cnjiomHas JMHUA)
4 (9) (MmyHKTHPHAS JTUHHS)

IIpu BeicOokux Temmepatypax (7' > 700 K) u3-3a CTpyKTypHBIX IpEBpALLEHUN
HAaHOKPHCTAJJIOB CHJIMKATOB B CTEKJIE OOBEM JJIEMEHTapHON SUYEHKH PEIUKTOB
KBapua ysenuuuBaercs Ha 6 %. Ilpu 3TOM mIMpPHUHBI 30H yMEHbIIAIOTCSA (HA
0,013 3B npu wu3MeHeHUH NOCTOSSHHOW pemeTku Ha 1 % 1 MoOHOcWIMIuUIa
KoOanbTa), MpUMECHas MOJ30HA OTUICIUIAETCS OT MOTOJKAa BaJEHTHON 30HBI
(cm.puc. 14,6). [1ocne 3aBepiieHus: CTpYKTYpHbIX npeBpaiieHuit (7>950 K) mexny
MOTOJIKOM BaJICHTHOM 30HBI M MPUMECHOM MOA30HOW 00pa3yercs dHepreTudeckas
mens E, = Eg. Tenepb u3-3a CHUKEHUS KOHLICHTPALMHA HOCUTENIEW BBIPOKJICHUE
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CHUMAETCsl, JIESTUPOBAHHOE CTEKJIO MPEBPATUTCS B HOPMAJIBHBIN MOJIYIIPOBOAHUK C
DHEPIUEN aKTHBALWH IPOBOAMMOCTH Fj;, 3aBUCAIIEH OT COCTaBa JIETMPOBAHHOIO

CTEKJIa U pexuMa JierupoBanus (puc. 18).
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Puc. 17. TemneparypHasi 3aBUCUMOCTb CONIPOTHBJICHUS
JerupoBaHHoro crekia B34E ¢ 20 macc.% RuO,
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Touku — 3KCIEpUMEHT, TUHUS — Perpeccus

Puc. 18. TemnepaTypHasi 3aBUCMMOCTb CONPOTHBJIEHHSI JIETHPOBAHHOT0
crexyia C71-K (a) u B34E (6) nocie makcumyma (cMm. puc. 12)

[Tockonpky mnpumecHas MOA30HA Yy3Kas, 3¢@deKTHBHasT Macca HOCHTEJCH

(11)

3apsia B Hel OyeT OObIION:
m*=n"/(Ja,’),

rae  J— mMpuHA TPUMECHOM MO30HBI;
dyp — TIOCTOSIHHAsE pemeTKu (B OKCHJIHBIX CTEKJIaX dy MOXKHO CYHUTATh

MIPUMEPHO PABHOM CPEAHEMY PACCTOSTHUIO MEXKAY KATUOHAMH).
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OneHka MHUPUHBI PUMECHON MOA30HBI MO 3ToH (popmyse ¢ 3PpPexkTuBHOIM
Maccol My = 3,3'102m0, ONPEAECIECHHOW W3 BEJIUYUHBI IPOBOJAUMOCTH
JETUPOBAHHOTO CTEKNA, JaeT J = 23 M3B. fIcHo, 4TO npu KOMHAaTHOW TemMIepaType
BCE COCTOSIHHMS B IIPUMECHOW ITOA30HE TAaKOW IIMPUHBI WMOHU30BAaHbI, €CIU
paccTosiHUE OT Hee 0 OymKaied 30Hbl He MpeBbIaeT k7.

DOHeprusi akTUBAIIMM TPOBOJUMOCTH JIETUPOBAHHOTO CTEKJIa MO HAaKJIOHY
TeMriepaTypHoit 3aBucuMoctd R(7T) NEerupoBaHHOrO CTEKJa TOcie MaKCUMyMa
(1. e. mpu 7> 950-970 K, puc. 18), oxazamnacs pasuoi 0,05-1,5 3B.

B ciydyae cTekon HEeKOTOphIX COCTaBOB Ha 3aBUCUMOCTHU R(T) IerupoBaHHOTO
CTeKkJa Habro1aeTcs HeOObIIOe OTKIOHEHHE OT aKTUBAIIMOHHOTO 3aKoHa (pucC.
18, a), koTopoe 00yCIOBICHO, BUANMO, CTPYKTYPHBIMU MPEBPAIICHUSIMHU KAKUX-TO
CUJIMKATOB, OOpa30BaBIIMUXCS B HEOONBIIUX KOJIMYECTBAX M HMEIOIIMX Ooliee
BBICOKYIO TEMIIEPATYPy CTPYKTYPHBIX MEPEX0I0B (WIIH TITIABICHUS).

[IpennokeHHass MOJIETh YPHEPTETUICCKON 30HHOU CTPYKTYPHI JIETUPOBAHHOTO
CTeKJa TO3BOJIICT OOBSICHUTh Ha KAUYeCTBEHHOM YypPOBHE HAOIOAACMYIO
TEMITEpaTypHYIO 3aBUCUMOCTH COIPOTHBIICHHS JICTUPOBAHHOTO CTEKJIa BO BCEM
nuaria3one ot reaueBbix Temmneparyp A0 1200 K (cm.puc. 1), a Takke 0coOEHHOCTH
TeMIepaTypHOH 3aBUCUMOCTH TepMod/ic (cM.puc. 11).

B npuioxkeHMsX TmpuBEIEHBl OCHOBHBIE TMapameTpbl pa3pabOTaHHBIX
U3JIeJINI, CXeMa TEXHOJIOTHU M3TOTOBJIEHUS OOpa3loB JIETUPOBAHHOIO CTEKJIA,
COCTaBbl HCCIEAOBAHHBIX CTEKOJ], (OPMYJbI MEPEBOJA MACCOBOTO COJEPIKAHMS
KOMITOHEHTOB CTEKJIa B 00BEMHOE U MOJISIPHOE, XUMUYECKasi TEXHOJIOTHSI CHHTE3a
nopomka RuQO,, kpucrammuyeckas  pemerka  MoAuduUKaMii  KBapIa,
AIIEKTPUUECKHE CBOMCTBA CTEKJA Pa3HBIX BAPOK, DJICKTPUUYECKUE CBOMCTBA CTEKIIA
c nob6aBkamu Al,Os3;, MOTeHIIMAIbl MOHU3AIMU U aTOMHBIE PAIUyChl HEKOTOPBIX
AJIEMEHTOB, XapaKTEPUCTUKU WCIOJB30BAHHBIX HM3MEPUTENBHBIX TMPHUOOPOB,
OTMCAHWE METOJUK UCCIICIOBAHUH.

3AKJIIOYEHUE

1. IToka3zaHo, YTO JIETUPOBAHHOE CTEKJIO CTAHOBHUTCS MPOBOJSAIIMM BCIENCT-
Bue nu(@dy3un aToMOB JIUTaTypbl B Pa3MATUYEHHOE CTEKJIO, U MOPOT MPOTEKaHUs
COOTBETCTBYET Hadally HNEPEKpbITUs 30H AU Py3un, oOpaszyrommxcs BOKpyr dac-
TUL Uratypsl. O0beM 3TUX 30H MOXKET OBITh CYIIECTBEHHO OOJblIE, YeEM 00BbEM
CaMUX YacCTHI] JUTaTypbl, U 3aBUCUT OT NapaMETPOB IPOLECcca JIETUPOBAHMS (TEM-
nepatypa U NpoAOJDKUTENIBHOCTD), @ TAKXKE OT COCTaBa CTeKJa W jurarypsl. [lo-
TOMY MOPOT MPOTEKaHUS MOXKET HaOJII0AaThCsl MPU OYEHb MAJIOM COJEp>KaHUU
muratypsl (~ 1 % wau, BO3MOXKHO, Jaxe MeHbIe, BMecTo 16 00. %, mpeackasbi-
BAaE€MbIX TEOPUEH IPOTEKAHMS).

2. Merogom EXAFS noxka3zaHo, 4To Ha NpOBOAMMOCTD JIETMPOBAHHOIO CTEK-
Jla OKa3bIBAET CYLIECTBEHHOE BIMSHHUE JIOKAJIbHAsI CTPYKTYpa CTEKIIA, CO3/1aBaeMast
B MPOLECCE BAPKH, a UMEHHO — KOOpJIMHALUSg aTOMOB CBMHIA, MEHSIONIAsCS B
npotecce Jierupopanusi. KoopauHanus aToMOB pyTeHHUS! B JISTUPOBAHHOM CTEKJIE
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3aBUCUT KaK OT CTPYKTYpPhl MCXOJHOIO CTEKJa, TaK M OT MPOJOKUTEIHLHOCTH
MpoI1iecca JErupoBaHusl.

3. O6HapyXeHO aHOMaJIbHOE BO3PACTaHUE COMPOTUBJICHUS U TEPMOI/IC B Jie-
rUpoBaHHOM cTekJie B oonactu Temreparyp 700-1000 K u mokazaHo, 4TO OHO SIB-
JISIETCSL  CJEACTBUEM CTPYKTYPHBIX IME€PEXO0JI0B B HAHOKPHUCTAIAX CHJIMKATOB
CBHHIIA U PEJINKTOB KPEMHE3EMaA B CTEKIIE.

4. OnpeneneHa HIHKHAA TPaHUIA KOHIEHTPALUA HOCUTENEN B JIETUPOBAHHOM
crekie (okomo 10°° cm®) wu oddexTuBHasS Macca HOCHTeIeH 3apsa:
Mep < 3.3-102m0. OTO JaeT OCHOBAHUE TOBOPUTH O JIETUPOBAHHOM CTEKJIE KaK O
CUCTEME C MOJSIPOHHOUN POBOIUMOCTHIO.

5. Tloka3zaHo, 4TO JIETUPOBAHHE CBUHIIOBO-CUJIMKATHOTO CTEKJIA (AUDIICKTPH-
KOM C IIMPUHOM 3alpellieHHON 30HbI 0K0JI0 3,3 3B) co3maeT npuMecHyo MOA30HY
mupuHoi 0,026 3B unm meHee, OTAEIECHHYIO OT IMOTOJKA BAJEHTHOW 30HBI HE-
oonbmioi (0,01-0,02 3B) menbro. [Tpu BEICOKMX TeMIlepaTypax U3MEHEHUE CTPYK-
Typbl HAHOKPHUCTAJIOB CHJIMKATOB OTOJBUTAET MPUMECHYIO MOJ30HY OT BaJICHT-
HOU 30HBI, U TIOCJIE€ 3aBeplieHus dTuX u3MeneHuut (mpu 7' > 950-1000 K) obpazerr
IpeBpalniaeTcs B TMOJYIPOBOJHUK C DJHEPTUEH aKTUBAIMU MPOBOAUMOCTH
E;=0,095 no 1,5 3B B 3aBUCMMOCTH OT COCTaBa JIETHPOBAHHOIO CTEKJIA U YPOBHS
JIETUPOBAHUSL.

6. YcranoBneHo, 4yto R(7T) nerupoBaHHOTO CTEKJa B MHTEPBAJIE OT T'eJIUEBBIX
temmneparyp 10 1200 K sBnsercs ciencrBueM oOpa3oBaHUsI IPUMECHOM MOJ30HbBI
U CYIIIECTBOBAaHMS HAHOKpHUCTAIIIOB. HaHOKpHCTAMIBI BRICTYHAOT KaK 3 (HEeKTUB-
HbIC IICHTPHI JIOKAJTW3AINK CBOOOIHBIX HOCHTENEH 3apsna, U B JETMPOBAHHOM
CTEKJIE MPU HHU3KUX TeMIlepaTypax OJHOBPEMEHHO JIEMCTBYIOT JIBa MEXaHU3Ma
MIPOBOAMMOCTH — aKTHBAIIMOHHBIN M MPBDKKOBBIA. YacTo HabmrogacMmas B KCIIe-
pumMente 3aBucumoctb R(T) = A exp(BT 9 ¢ 0,4 < < 0,8 sABISCTCS CICACTBHEM
AIEKTPOH-(HOHOHHOW CBSI3W, IPUBOMASAIICH K U3MCHCHHUIO IIMPUHBI MU C TEMIIe-
parypom.

7. BoisiBiieH puznueckuil MexaHu3M MeTajimdeckon npoBogumMoctu p(7) ~ T
wint p(T) ~ T° TernpoBaHHOTO CTEKIA BOIH3H KOMHATHON Temmepatypsl. [1okasa-
HO, YTO IIEJIb MAJIOW IIUPUHBI MEXAY NPUMECHOM IMOJ30HON M BAJIECHTHOW 30HOU
CTEKJIa MOKET UCUE3HYTh MPH MOBBILIEHUH TEMIIEPATYPBI, KOHLICHTPAIUs HOCUTE-
Jieil B BO3HUKAIOIIEH YaCTUYHO 3aMlOJIHEHHOW 30HE MOCTOsIHHA (KaK B METalllax), u
paccesinie Hocutenel OyJeT OCHOBHOM MPUYMHON TeMMEepaTypHOU 3aBHCHUMOCTU
MPOBOJAUMOCTH.

8. I[loka3zaHO, YTO JETMPOBAHHOE CUJIIMKATHOE CTEKJIO UMEET BBICOKYIO IJIOT-
HOCTbH 3JICKTPOHHBIX COCTOSIHHI B MIPUMECHOM MOA30HE U MOXKET OBITh 3P (HEKTHUB-
HBIM U JICHIEBBIM TEPMODJICKTPUUECKUM MATEPHAIOM C TEPMOAJIEKTPUIECKOM 100~
POTHOCTHIO ZT 0KOJI0 2 115t TpeoO0pa3oBaHUs SHEPTHUH BO30OHOBIISIEMBIX UCTOYHHU-
KOB M YTWJIN3AI[UU SHEPTETUYECKUX OTXOJI0B.

58



SCIENTIFIC COUNCIL on AWARD of SCIENTIFIC DEGREE of
DOCTOR of SCIENCES 16.07.2013.FM.11.01 at the INSTITUTE of
NUCLEAR PHYSICS and NATIONAL UNIVERSITY of UZBEKISTAN

INSTITUTE of NUCLEAR PHYSICS

ABDURAKHMANOV GULMURZA

PECULIARITIES OF THE STRUCTURE AND TRANSPORT
PROPERTIES OF ALKALINE-FREE LEAD-SILICATE GLASSES DOPED
BY METAL OXIDES

01.04.07 - Condensed state physics
(physics and mathematics sciences)

ABSTRACT OF DOCTORAL DISSERTATION

Tashkent — 2014



The subject of doctoral dissertation is registered under No 30.09.2014/B2014.5.FM154
at the Supreme Attestation Commission of the Cabinet of Ministers of the Republic of
Uzbekistan.

Doctoral dissertation is carried out at the Institute of Power Engineering and Automation of
Academy of Sciences of the Republic of Uzbekistan.

The full text of doctoral dissertation is placed on web page of Scientific Council on award of scien-
tific degree of doctor of sciences 16.07.2013.FM.11.01 at the Institute of Nuclear Physics of Academy of
Sciences of the Republic of Uzbekistan and National University of Uzbekistan at www.inp.uz.

Abstract of the dissertation in three languages (Uzbek, Russian, English) is placed on web page
www.inp.uz and Information-educational portal “ZIYONET” at www.ziyonet.uz

Official Muminov Ramizulla Abdullaevich
opponents: doctor of sciences in physics and mathematics, professor,
academician

Vlasov Sergey Igorevich
doctor of sciences in physics and mathematics, professor

Ibragimova Elvira Memetovna
doctor of sciences in physics and mathematics

Leading Tashkent State Technical University
organization:

Defense will take place 29 December 2014 at 10” at the meeting of scientific council
16.07.2013.FM.11.01 at Institute of Nuclear Physics of Academy of Sciences of the Republic of
Uzbekistan and National University of Uzbekistan. (Address: Ulugbek, Tashkent, tel.:
(99871)150-30-70; fax: (99871)150-30-80; e-mail: info@inp.uz).

Doctoral dissertation can be reviewed in Information-resource centre at Institute of Nuclear
Physics of Academy of Sciences of the Republic of Uzbekistan (registration number 01-14).
Address: 100214, Ulugbek, Tashkent, tel.: (99871) 289-31-18.

Abstract of dissertation sent out on 28 November 2014 year
(mailing report Ne 1 on 28 November 2014 year)

U.S.Salikhbaev

Chairman of scientific council on award of
scientific degree of doctor of sciences D.PhM.S.,
professor

R.Yarmukhamedov
Scientific secretary of scientific council on award of
scientific degree of doctor of sciences D.PhM.S., professor

L.Khidirov

Chairman of scientific seminar under scientific council
on award of scientific degree of doctor of sciences,
D.PhM.S., professor


mailto:info@inp.uz

ANNOTATION OF DOCTORAL DISSERTATION

Topicality and demand of the subject of dissertation. A silicate glass is one
of the most interesting materials used by human from ancient times. Despite the
wide scientific, technical and domestic use of glass, there are a number of
fundamental problems in the glass physics. For example, essential effect of
structure of matter (displacement of atoms in the space) on its properties is well
known. But the glass structure is the subject of disputes of scientists around the
world for about century although many models for it have been suggested. The
situation is caused by inefficiency of main experimental investigation methods for
crystal structure (diffraction of X-ray, electrons and neutrons) in the glass, which is
not long-range ordered and has multi-component character in most interesting and
widespread types of glasses. Applicability of the energy band models and
following conceptions (effective mass amd mobility of charge carriers) for the
glass must be justified in each specific situation as well.

The silicate glass doped with transition metals oxides (mainly RuQO,) is
functional material for thick film resistors, widely used in modern electronic
devices. Investigations of electrical properties of the doped glass have raised
additional physical problems. For example, temperature dependence of resistivity
p(T) of doped glass at low temperatures (7' < 50 K) is similar to that of neither
crystalline semiconductors (activation law In p ~ T'") nor amorphous materials
(Mott’s law In p ~ T°%). The minimum of p(7) is observed at intermediate
temperatures which does not correspond to any existing physical conceptions.
Metallic (p ~ T or p ~ T%) conductivity follows beyond the minimum on the
contrary to the glass conceptions as a dielectric with energy gap more than 3 eV.

The thermoelectric effect in various materials and structures is interesting
both in terms of fundamental study of physical processes and practical applications
of thermoelectric converters (to generate electric power from renewable sources, to
recover waste energy, to cool and to heat). Thermoelectric effects can give
information on the density of electrons energy states, on hidden structure (phase)
transitions, on a state of electronic subsystem, on electron-phonon interactions.
The thermoelectric figure of merit ZT'= S*6T/k is important for practical use, which
is determined by electrical conductivity of a material o, thermal conductivity x and
thermopower (Seebeck coefficient) S. Here 7T is working temperature of a
thermoelectric converter. Widespread applications of the thermoelectric converters
require materials with Z7 > 2 in the temperature range 500-1000 K.

But thermoelectric properties of the doped silicate glass are practically
unresearched in spite of its promising parameters (high electrical conductivity o =
400-4000 Ohm™'m™, low thermal conductivity x =~ 0.5-1 W/(m K)) that can
essentially improve Z7.

That is why an ascertainment of physical mechanisms which can effect charge
transport and thermo power generation in doped silicate glass in combination with
experimental and theoretical research methods as well as expansion of research
area, determination of the corerelations of these phenomena with glass composition
and peculiarities of its structure in a wide range of external exposure are actual
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problems of the glassy state physics and for design of thermoelectrics of high
thermoelectric figure of merit made from disposable and safe raw materials.

Legislative base to ensure energetic security and to use alternative energy
sources 1s generated and a number of practical solutions were done in the Republic
of Uzbekistan in years of Independence. These are “Agreement of Members States
of Commonwealth of Independent States on the field of Energy Efficiency and
Energy Saving” (Kishinev, October 7, 2003), Decree of the President of Republic
of Uzbekistan No UP-4512 “On the measures for further development of
alternative energy sources” (March 1, 2013) and Decision of the President of
Republic of Uzbekistan PP-1929 “On organization of the International Institute of
Solar Energy” (March 1, 2013), Decision of the Cabinet of Ministers of the
Republic of Uzbekistan No 265 “On the measures for organization of the
International Institute of Solar Energy” (September 25, 2013), arrangement of
companies “Uzbekenergo” and Suntech Power (PRC) on the foundation of joint
venture to produce photovoltaic panels of 100 MW output on the basis of newest
technologies at the Navoi exclusive economic zone, outlined formation of solar
power station of 100 MW output in the Samarkand region by obtaining funds of
Asian Development Bank.

This research work is oriented to realize regulations of the ‘“National
Conception of the Republic of Uzbekistan on Renewable Energy Sources”
(approved by the Senate of Oliy Majlis of the Republic of Uzbekistan, October
2008) by designing new thermoelectric materials. Intensification of the
investigations oriented to design new and cheap thermoelectric materials to
improve the efficiency of renewable sources energy conversion and waste energy
recovering is the main factor of needs for the dissertation theme.

Conformity of research to priority directions of development of
science and technologies of the Republic of Uzbekistan. The dissertation is
carried out according to priority directions of science and technology development:
2.Power engineering, power and resource saving; 3.Development of renewable
energy sources use.

Review of international scientific researches on dissertation subject.
Researchers in the USA, Germany, Switzerland, Italy, United Kingdom, Russia,
China, South Korea, Ukraine, Poland and other countries have investigated the
electrical conduction and correlated properties (gauge factor, chemical medium
sensitivity) of the doped silicate glass, effects of magnetic field and temperature on
these properties. Certain achievements were made in these researches.

Many companies all over the world produce resistors and resistor circuits
made of doped silicate glass at large scales. Dozens of manufacturers such as
DuPont, Heraeus-Cermalloy Inc, ESL, RCA Corporation, NIIEMP (Penza,
Russia), Elma-Pasti (Zelenograd, Russia) offer resistive inks for these products.

Analytical review of papers published in well-recognized peer-reviewed
international scientific journals such as Physical Review B, Journal of Applied
Physics, Thin Solid Films, Physica B, Physica Status Solidi (b), Journal of Physics

D: Applied Physics, Advances in Physics Theories and Applications, Journal
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of Technical Physics (Russia), Letters to the Journal of Technical Physics (Russia)
showed that various suggested models and mechanisms do not logically and
sufficiently explain the experimentally observed properties of doped silicate glass,
especially the temperature dependence of the resistance and the thermopower
coefficient, effect of magnetic field on these properties, glass and dopant
composition as well as manufacturing process.

Structure of doped glass was considered at microscale (at distances about
1 um) only and the main focus was on the residues of dopant only.

Thermoelectric properties of doped silicate glass were not investigated
sufficiently.

It was found out that this situation is a result of ignoring the structure and
composition of the glass, electronic processes, which take place in the glass,
particularly, during the doping process.

Actuality and needs for study of electrical conduction and thermopower
generation in doped glass, understanding of physical mechanisms of these
properties are underlined in the reviewed papers.

In addition, thermoelectric properties of oxide materials of various
compositions have been of considerable interest for researchers around the world
in last years since they are widespread, environmentally-friendly and cheap, which
makes them very attractive for thermoelectric converters used for renewable
energy conversion and to waste energy recovery. This, in turn, is important for
reducing the energy deficit and for environmental protection.

Degree of study of problem. Despite numerous studies of doped glasses
conductivity carried out by researchers around the world, a number of fundamental
topics remain unattended, including the following:

- Relation of conductivity and thermopower coefficient with glass composition
and doping conditions;

- Abnormally sharp growth of specific resistivity up to 10 times and thermopower
coefficient up to 100 times (depending on the type of glass) at temperatures
higher than 700 K;

- The minimum of p(7) and the next following metallic part (p ~ T or p ~ T*) does
not correspond to any existing physical conceptions of condensed matter electric
conductivity.

It is worth of mentioning, that a number of electric conductivity mechanisms
(effective media, variable range hopping, tunneling-barrier, thermal activation,
amorphous semiconductor, percolation as well as their combinations) have been
proposed to explain temperature dependence of conductivity p(7) of the doped
glasses. Although these models are based on essentially different physical
phenomena, satisfactory agreement with experiment is not yet achieved.
Thermoelectric properties of the doped glasses have been investigated
insufficiently — there is only one paper describing investigations for thermopower
coefficient measurement in the temperature interval 190 K < 7' < 450 K, which
does not allow researchers to estimate their thermoelectric characteristics.

The available experimental results are highly scattered (several orders of
magnitude) in scientific interpretation of the problem or even contradictory, and
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require more detailed studies to understand physical mechanisms of electric
conductivity and thermopower generation in doped silicate glass, and to
manufacture thermoelectric materials based on them. Besides, there is a lack of
sufficiently justified experimental methods to confirm or reject theoretical
conceptions on glass structure, which creates constraints our capabilities to study
glassy state.

Connection of dissertational research with the plans of scientific-research
works is reflected in following projects:

grants of the Fund for Support of Fundamental Researches of the Academy of
Sciences of the Republic of Uzbekistan number 55-08 “Investigation of regularities
of thermoelectric phenomena in silicate glasses doped by oxides of iron and
manganese” (2008-2009); 27-10 “Investigations of effect of some oxides on
charged state of iron and manganese ions in doped silicate glasses” (2010-2011);
14-12 “Investigation of effect of some elements on density of states in doped
silicate glasses for thermoelectric converters” (2012-2013).

Purpose of research is search for the physical mechanism determining the
electrical conductivity and the thermopower coefficient of the silicate glass doped
with oxides of 3d- and 4d-transition metals as well as correlations of these
properties with the glass and dopant composition, synthesis conditions to create the
scientific basis for designing the effective thermoelectric materials.

To achieve this goal the following tasks of research are formulated:

research for correlations of variations of the glass composition and structure
as well as doping duration and temperature with the conductivity and
thermoelectric properties of the doped glass;

research for effect of diffusion of the dopant (RuO,, Bi,Ru,0;, PbRuO;) on
the conductivity of doped glass;

estimate for parameters of the charge transport (concentration, mobility and
effective mass of the free charge carriers) as well as legitimacy of applying the
energy bands model to the doped glass;

simulate the basic physical processes in the doped glass which can effect the
electrical conductivity and thermopower (diffusion of the dopant atoms, dynamics
of the impurity subband, localization of charge carriers in the potential wells
generated by nanocrystals);

estimate thermoelectric parameters of the doped glass for justifying the
application prospects in thermoelectric converters.

Object of research is lead-silicate glass 2SiO,"PbO (S71-K), doped with
metal oxides (mainly RuQ,) for doping level 2-60 mass %, doping temperature is
from 723 up to 1223 K and process duration is from 120 up to 1800 s.

Subject of research - correlations of the electrical conductivity and
thermopower with the composition and peculiarities of the glass structure as well
as doping level and doping conditions.

Methods of research. The d. c. electrical conductivity and thermopower of
the doped glasses have been measured in the wide temperature range (77-1273 K),
the structure of the glass, dopant and doped glasses have been studied by the X-ray
diffraction method and method of extended X-ray absorption fine structure
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(EXAFS), optical and infrared (IR) spectra, differential thermal (DTA) and
thermogravimetric (TGA) analysis, the electronic microprobe analyzer has been
used, mathematical model of the diffusion process of dopant atoms into the glass
and dynamics of the impurity subband due to temperature variations have been
investigated to solve the assigned tasks.

Scientific novelty of dissertational research consists in the following:

New physical phenomenon is observed in silicate glasses — sharp growth of
specific resistance and thermopower coefficient (up to 10 and 100 times,
respectively, depending on composition of glass) at 7> 1000 K;

Existence of 1-2 nm large nanocrystals and structure transitions at high
tempetatures in silicate glass is experimentally proven;

Diffuse mechanism of charge percolation levels formation in doped glass is
proposed and experimentally justified;

It is demonstrated that the percolation threshold is reduced or even vanishes in
doped glass as the result of combination of diffusion and percolation laws;

Influence of glass composition and doping type, temperature and doping time
on percolation threshold and electric conductivity is proved to be a result of
diffusion zone formation around the doping particles and conductivity increase in
the glass itself from 6 ~ 107'® Ohm™cm™ to 40-400 Ohm™'cm in this zone;

The mechanism of doped glass conductivity is proposed and experimentally
justified to explain the temperature dependence of conductivity in the interval
0.015-1123 K as result of combination of impurity subband, formed in diffusion
process, with nanocrystals in the glass; effect of the electron-phonon interactions
on these processes is established;

The minimum observed in resistivity is explained as a result of merge of
impurity band with the valence band in glass and consequent “metallic” state p ~ T
or p~T° in doped glass at T = 77-700 K as a result of predominant scattering of
charge carriers on phonons and on each other;

It is demonstrated that electric conductivity of 40-400 Ohm'cm™, thermal
conductivity 0.5-1 W-m"'K"' and thermopower coefficient 1.1 mV/K in the range
800-1000 K can lead to increased thermoelectric efficiency of doped glasses.

Practical results of research consist in the following: scientific basis has
been tooled up to design new thermoelectrics on the basis of doped silicate glass,
which will be produced from disposable and safe raw materials. These
thermoelectrics will be used in thermoelectric converters for helioenergetics and
waste energy recovery.

Reliability of the obtained results is in conditions of experiments that
have been thoroughly analyzed, modern research methods and high accuracy
measuring instruments have been chosen, results of experiments have been handled
accurately; conclusions conform to main positions of theoretical investigations on
diffusion of atoms in solids, with models of energy bands, localization of charge
carriers and structure transitions in crystals, and do not contradict existing
conceptions of condensed state physics as well as thermoelectric phenomena.

Theoretical and practical value of results of research. Results of these
investigations enrich our understanding of the nature of electronic processes in the
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doped glass in wide temperature range (from helium up to 1200 K) as well as the
effect of various technological factors on these properties. On the other hand, these
results show the ways to improve conductivity and thermopower of the doped glass
with low thermal conductivity. This is interesting for development of the effective
thermoelectric materials.

Existence of nanocrystals in the silicate glass was experimentally argued for
the first time. Physical mechanisms for formation of percolation levels as well as to
describe a value and temperature dependence of conductivity and thermopower of
doped silicate glass have been developed. These results will support extensive
investigations in this area. Practical value of the dissertation is that the new
materials, which were created and will be created, generates wide possibilities to
keep up the energy requirements of our Republic.

Realization of results of research. Results of investigation of transport
properties of the doped silicate glass have been used in following projects of
National scientific and technical program: P-10.17 “Research and development of
methods to convert electrical signals in discrete plate-panel structures. Developing
the basis for functional electronics and design of devices of variable functionality
for measuring and calculating” (2006-2008), A-13.185 “Development of
intellectual sensors, isolated galvanically from measured circuits” (2006-2008).

Approbation of work. Results of research are approved at 16 scientifically-
practical conferences, including 7 International conferences, in particular, on:
MRS Fall Meeting (Pittsburg, 1994; Boston, 1995), I International Conference
«New materials and devices» (Tashkent, 1994), 7-ISAM (Islamabad, 2001),
FAEM-2004 (Lahore, 2004), FAEM-2006 (Lahore, 2006), E-MRS Spring and
Bilateral Meeting (Nice, France, 2011); at 9 Republican conferences: UzPEC-3
(Tashkent, 2002), "Innovation-2009" (Tashkent, 2009), "Innovation-2010"
(Tashkent, 2010), «Fundamental and applied problems of physics» (Tashkent,
2003; 2006; 2010), «Physics in Uzbekistan» (Tashkent, 2005), and also at annual
Republican Fairs of innovation ideas, technologies and projects (Tashkent, 2011 -
2012).

Publication of results. It is published in 43 proceedings, including 19
scientific papers, 9 papers of them in the international journals on a dissertation
subject.

Structure and volume of dissertation. The dissertation consists of
Introduction, six Chapters, Conclusion, References and 18 appendices, contains
185 pages of main text, 89 figures and 20 tables.

MAIN CONTENT of DISSERTATION

In the introduction the urgency and importance of the topic have been
justified, the purpose and problems have been formulated, the object, the subject
and methods of the investigations have been validated, correlation of investigation
with priority directions of scientific and technological development in the Republic
of Uzbekistan, scientific novelty and practical significance of the carried out
investigations as well as reliability of results are justified, publications, realized
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applications, the structure of the dissertation and the summary on chapters are
listed.

In the first chapter the current state of investigations of transport and
thermoelectric properties of the doped glasses has been analyzed and their
application fields have been specified.

It is mentioned that the main peculiarity of the doped glasses is the
temperature dependence of the resistance R(7) where the three regions can be
marked out for convenience (fig. 1): the low-temperature region I (0.015-100 K),
the region of middle temperatures II (100-600 K) and the high-temperature region
IIT (600-1200 K). The doped glasses behave almost as a dielectric in the region I,
as metal at middle temperatures and undergo the structure transitions as a
ferroelectric at high temperatures. R(7) of the doped glasses becomes as of a
typical semiconductor after completing structural transitions and its forbidden band
depends on the composition of the glass and dopant as well as on doping
conditions. High value of the thermopower (up to 1.1 mV/K) is observed in this
region.

10F

RIRy

0 77 300 500 1000
T K

Fig. 1. Temperature dependence of the doped glasses resistance (schematic)

All investigations of R (7) of doped glasses known from the scientific
literature were carried out at 7< 573 K (regions I and II).

The third region has been explored in this dissertation only.

The analysis of the literature has shown that in the region I dependence

R(T) = 4 exp(BT*) (1)

with 0.4 < { < 0.8 is often observed. Here 4 is some constant depending on the
composition of the glass and dopant, on the doping level and technological
parameters (temperature and duration of the doping process). The "mysterious"
minimum is observed in the second region.

Ignoring the active role of the glass in the charge transport process along with
the dopant particles distributed uniformly enough in the glass with distance
between them 1-2 micron is the main deficiency of the published investigations of
transport properties of the doped glasses. Thus, the glass is assumed to act as
passive isolating matrix in which dopant particles are fixed mechanically. These
particles form conductive chains from one contact to another (the infinite cluster)
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on which the electric current flows (the percolation theory). However the observed
percolation threshold (1-10 vol. percentage or lower) is frequently essentially
below than the theoretical one (16 vol. %), and even is absent at all.

Therefore, there is a discrepancy between the physical model of the transport
phenomena in doped glasses and the experimental results. In particular, it has been
found that the Mott’s law in the generalized form

o(T) =AT" exp[-(To/T)"] )

gives good fit to the same experimental data at different values of m in the interval
from 0.2 to 0.55, if the value of the # is chosen appropriately in the interval from —
7.5 to 2.75. Here o is conductivity of the doped glasses sample, 7 is measuring
temperature, T, is some characteristic temperature. Moreover, the estimated value
of T, has the order of 10°-10°K, and the physical meaning of such temperature is
not clear, and some parameters of the hopping conductance estimated from the
experimental results on the formula (1) at m = 1/4, occur to be far from actual
values. For example, localization radius of electrons a, for doped glasses with p =
1.5 kOhm-cm is equal to 2 pm in accordance with (1) whereas diameter of particles
of dopant are 10 times less, and main distance between dopant particles is about
1.5 um. Therefore, it is not clear, where electrons are localized in the doped
glasses. Besides, it is impossible in this model to establish relation of the doping
level with value of the conductance having threshold character.

On the thermoelectric properties of the doped glasses, it is known only that
the thermopower coefficient is positive and at intermediate temperatures (100-400
K) has value as in metals (10-20 pV/K).

In the second chapter the review of the basic conceptions on structure of a
silicate glass and the author’s results of experimental investigations of the structure
changes of the lead-silicate glass used in doped glasses are given. The methods of
EXAFS, DTA and TGA as well as X-ray diffraction and IR-spectroscopy have
been used to investigate the changes of glass structure.

The thermal analyses of melting process of the glass have shown that the
main topochemical reactions are completed to 1000-1100 K and the process of
diffusion alignment of the glass composition takes place later.

The X-ray diffraction experiments have shown the amorphous structure of the
investigated glasses, and the dimensions of crystal grains (nanocrystals) do not
exceed 10-20 A. Thus, the displacement of the basic halo (3.3 A) indicates the
prevalence of lead silicates and quartz residues (cristobalite) in the glass.

IR-spectra of the great number of samples of the lead-silicate glass S71-K of
the simplest composition 2Si0,-PbO showed variations of the bond length Pb-O
and the coordination polyhedron of Pb atoms, as well as formation of the lead
silicates of various compositions.

By the EXAFS method it had been established (fig. 2) that change of the lead
atoms coordination (radial distribution function - RDF) in the glass from
octahedral to the mixed tetrahedro-octahedral leads to decrease in p of the doped
glasses, and dp/dT becomes more negative, 1. . there is some deterioration of the
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doped glasses properties (on the point of view of thick-film resistors requirements,
dp/dT = 0 is wanted).

The sample 1 is the "good" glass, 2 is the "poor"

Fig. 2. Radial distribution function around the lead atoms
in the glass S71-K, evaluated from EXAFS spectra

The electron-microprobe analysis shows the nonuniform distribution of Si, Pb
and Al atoms with the sizes of regions containing higher concentration of them no
more than 1 micron (the limiting resolution of the CAMECA MS-46
microanalyzer). Atoms of Al of 2-3 mass. % are transferred into the glass from the
crucible in the melting process.

Based on the analysis of features of structure of lead-silicate glasses the
author has offered the model of the minimal structural formations in the silicate
glass S71-K, consisting of [SiO4]"-tetrahedrons and satisfying the requirement of
the valence bonds saturation. This minimal formation (fig. 3) consists of the
trinomial rings of [SiO4]"- tetrahedrons integrated in the prism having a channel of
about 3-5 A in diameter.

. 2,64x4=10,56 A _
S X __ T @ Oxygen

) Silicon

543 A

Fig. 3. Trigonal prism made by the silicon-oxigen tetrahedrons

The length of such prism (10.56 A) is in good agreement with results of P. H.
Gaskell et al. These channels promote the diffusion of dopant atoms in the doped
glasses, and formations can undergo structural transitions. There are no principle
restrictions for number of tetrahedrons in such rings — they can be of tetra-, penta-
and hexamerous. In turn such prisms can be oriented randomly and connected
among themselves by apical oxygen atoms directly or through the atoms of
modifiers (for example, Pb) to create a glass silicate skeleton.
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In the third chapter results of investigations of the structure and properties
of the simplest dopant oxide RuO, with the rutile structure are presented. This
oxide is often used as dopant. The information on the electrical properties of some
other oxides has also been presented there. Data on electrical properties of RuO,
from the literature have been found to be inconsistent: it is semiconductor
conductivity according to results of some researchers, and metal conductivity — of
another. Meanwhile, almost all investigations of the conduction mechanism of the
doped glasses are based on the metallic character of the RuO, conductance.

Examinations by X-ray diffraction, IR-spectra and o(7) have shown that
particles of the RuO, powder made by thermal decomposition of ruthenium
hydrooxichloride Ru(OH)CIl;, have the defect structure and are semiconductive
(fig. 4).

Increasing of the decomposition temperature of Ru(OH)Cl; up to 1273 K
produce the powders X-ray patterns in which are the closest to the standard (the
ASTM card 21-1172), and their amorphous phase almost disappears. Effect of
decomposition temperature of Ru(OH)Cl; on the electrical properties of the doped
glasses (tab. 1) is established.

Analysis of near IR-spectra of RuO, powders shows that the electromagnetic
wave is absorbed by free charge carriers on thermally synthesized powders, and
appreciable absorption by atomic vibrations takes place on the chemically
synthesized powder.

T.K
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Fig. 4. Conductivity vs temperature for tablets of the RuO, powder

Investigations of effects of the dopant type (SnO,, CdO, Bi,Ru,0;, PbRuOs,
YBCO - high-temperature superconductor) and doping level on the conductance of
the doped glasses, on the temperature dependence and on the percolation threshold
are carried out. It is shown that the conductance of doped glasses is not correlated
with the conductance of the dopant, and the percolation threshold predicted by the
theory for dependence of the doped glasses conductance on doping level does not
take place in all cases. It is caused, as shown in chapter 5, by diffusion of dopant
into the glass during the sintering: the lower 1s the sintering temperature, the lower
and sharper manifested percolation threshold becomes. The sintering in the
standard conditions (77 = 1123 K, 7 = 10 min) results more often in the dopant
atoms diffusion in whole volume of the sample, the glass is exposed to enough
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homogeneous doping and becomes conductive. Therefore, the percolation
threshold shifts to very small content of the dopant (low doping levels), up to
unities of volume percent or less.

Electrical properties of silicate glasses doped by RuQO,
of various synthesis temperature

Table 1

i The temperature
Synthesis :
Glass temperature of Con, P, cpefﬁment of
masses % | Ohm-cm | resistivity (TCR),
RllOz, K U]
10 K
S71-K 770 16 62 2276
S71-K 1100 16 12 -320
S75-K 770 16 0.54 +471
S75-K 1100 16 12 )

Note: Other doping conditions are identical.

The temperature coefficient of resistivity is TCR = (p; - p2)/(p1(T1 - T»)),
p1and p; are resistivity of the sample at temperatures 7 u 7, , respectively.
It is assumed that 77 =400 K, 7, =213 K.

The fourth chapter is dedicated to the changes of the glass structure
occurring in doping process, their correlation with conductance of the doped
glasses. Change of the relative content of structural formations in the glass (isle,
ring, banded and framework silicates) and their effect on the electrical properties of
the doped glasses have been studied by IR-spectra of glasses. It is shown that
formation of ring silicates decreases the conductance of the doped glasses and
shifts the dp(T)/dT to more negative values.

It has been shown by EXAFS that the coordination and bond length of lead
and ruthenium atoms in the glass change in the doping process (fig. 5 and 6),
become closer in both samples (see fig. 2). It is the additional confirmation of
essential role of dopant diffusion for formation of transport properties of the doped
glasses.

In the fifth chapter, the diffusion mechanism of formation of the charge
percolation levels in the doped glasses has been explored.

The mechanism of the percolation levels formation is one of the important
problems of the percolation theory of transport properties of the doped glasses.
Existing theories consider these levels as a priori given and determined by the
initial volume relation of the glass and the dopant only. Such approach does not
allow relation of transport properties of the doped glasses with the composition of
the glass and the dopant as well as with the doping conditions.
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Fig. 5. Radial distribution function around the lead atoms in the doped
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Fig. 6. Radial distribution function around the ruthenium atoms in the doped

glasses on the good-quality (a, b) and poor-quality (c, d) glasses basis

The diffusion mechanism of percolation levels formation in the doped glasses
has been offered. In compliance with this mechanism, the dopant atoms diffuse
into the softened glass in heat treatment of the mixture of the glass and the dopant
powders, and the glass conductivity increases by 16-18 digits of magnitude.
Percolation levels arise due to overlapping of the diffusion areas, which have been
formed around the separate dopant particles. The volume of diffusion areas can

exceed many times the volume of the dopant particles.

From the basic expressions of the percolation theory for the electrical

conductivity near the percolation threshold (V= V)

o(N=V"o,(V =),
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the diffusion length / =+/ Dz and activation character of the diffusion process D(T)
= D, exp(-E,/kT¢), expressions are obtained to connect the duration 7 and the
temperature 77 of the diffusion process with the electrical conductivity of the doped
glasses:

3 3VO -1/t E — —_£
I (! o) 4 ) =i, @
1 [ v 2
— 0 / —1/t+_c _ , 5
T D(Tf)[i/47r [(o/ py) Vo] Vj (%)

here ¥} is the volume of the sample per single dopant particle,

V. is the critical volume of the percolation theory, which corresponds to
formation of the first infinite cluster,

VIV, = C is the dopant volume fraction,

¢ s the critical exponent equal to 1.7 for a three-dimensional case,

p 1s the specific resistance of the sample,

po 1s the specific resistance of the sample in case of filling of all volume of the
sample by the doped glass (the single adjustable parameter),

r 1s the radius of the dopant particles,

E. s the activation energy of diffusion process,

k is the Boltzmann constant,

ldoz\/FJ'

a(V) is the electrical conductivity of the sample containing the dopant of
volume fraction V/V,,

oo = 1/ py 1s the electrical conductivity of the sample at V' = V.

Comparison of expression (4) with the experimental data of the author and
literature data at different 7% (fig. 7, 8) shows good agreement (the coefficient of
pair correlation is equal to 0.963 - 0.998 for different compositions of the doped
glasses listed in the tab. 2). The values of the diffusion constant D, activation
energy FE, and diffusion length /4, calculated from the experimental data of the
author via the formula (4) are given in the table as well.

The gain quantities of E, and D, are in the reasonable agreement with the
similar data for various gases in silicates, of potassium and sodium ions in the
potassium-silicate glass, but essentially differ from those for oxygen atoms in CaO
and, especially, in Cr,0;.

The diffusion length of the RuO, dopant in standard conditions (last column
of tab. 2) in the glass B-17M2 is longer than mean distance between particles

BN N LA A I
L—d\/; d\/6[1+7g(Cm D], (6)

here y4and y, are the density of the dopant and the glass, respectievely,
C and C,, are the volume and the mass fraction of the dopant, respectievely.

73



- T ~ ° 3
— 0 — . - 23
S ~ =14 P
= e = hd e ™
T ;‘ \]:‘ s \\4 - [
| ~ .y
2 e N S -16 AN
g R = N S ™
= _" - = 1.\ §
™ \7 -18 "
82 8.6 9 94 8.6 9 0.4 9.8
1047, k! 1047, k!

7= 10 min. Numbers of lines see in tab. 2.

Fig. 7. Resistance of the doped glasses as a function of doping temperature
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Fig. 8. Resistance of the doped glass vs doping temperature

Table 2

Diffusion coefficients, activation energies and
diffusion length of the dopant atoms in the lead-silicate glasses

Sample Doped glasses
of the composition, Dy, l4, cm, at
doped Glass mgss. % Dopant | £, eV cm’/s | Ir=1123 K
glasses glass dopant

1 B-17M1 80 20 PbRuO; | 1.08 5.6:10° |2.2:107

2 [B-17M1 | 90 10 |RuO, ]0.624 [9.5:10° |3.0-10”

3 B-17M2 90 10 RuO, 0.194 |5.7-10" |0.13

4  |B-17M2 | 80 20 |RuO, [0.212 [4.1:10" |0.17

Note: Glass compositions (masses %): B-17M1 SiO; - 31, PbO - 67 and MnO, - 2;
B-17M2 SiO;, -29, PbO - 67 and BaO -4.

d 1s determined by synthesis conditions of the initial powder, whereas L is the
function of both the initial dopant powder and its volume content C, i.e. doping
level. We have L=0.73 ym at C = 20 % for the RuO, powder of 0.5 um size.
Therefore, one can say that the samples of the doped glasses containing RuO, are
uniformly doped due to diffusion. However, in case of PbRuO; and Bi,Ru,0; time
required for overlapping of diffusion areas is almost 200 times higher at
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Tr=1123 K, so the specific resistance of samples of the doped glasses is some
orders higher. The reason for the low diffusion coefficient in case of PbRuO; and
Bi,Ru,05 is that the atoms of Pb and Bi do not participate in the charge transport,
but occupy channels (pores) in the glass (see fig. 3) and prevent diffusion of the Ru
atoms.

0
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{—_‘r =B / _;’f‘k_"" r =1 mum
Z_wf [/
~12t | {
I|
~14} |
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W D, arb. units
: b

L =15 um, dis 1 um; numbers at curves correspond to doping duration 7: 71 <7, <73 <74 < 75

Fig. 9. Distribution of the dopant atoms concentration between two
dopant particles (a) and its change at middle point in doping process (b)

Simulation of the diffusion process on basis of the Fick’s equation and taking into
account expressions (3) and (4) shows that the minimal concentration of dopant
atoms in the middle point between two particles N(r) strongly depends on the
diffusion duration 7 (fig. 9,10), especially on initial site, as well as on their size 7.

Simulation results have been compared with the experimental data
considering the sample conductance to be proportional to N(z), and good
agreement has been achieved (fig. 10).
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Fig. 10. Resistance of the doped glasses vs doping duration
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In the sixth chapter changes of the doped glasses structure, conductance and
thermopower are studied at high temperatures. Methods of optical, IR- and
EXAFS- spectroscopy, X-ray diffraction have been used here as well.

It 1s shown that the abnormal (sharply increasing) changes of the resistance
R(T) and the thermopower S(7) of the doped glasses at high temperatures is
discovered for the first time by the author (fig. 13) and are caused by structural
transitions of the silicate nanocrystals which are formed in the process of the glass
melting and doping. These changes are similar to changes of R(7) in ferroelectrics,
differing only by quantity. Change of the glass composition or the doping level
leads to variations of the temperature of a R(7) maximum and the relation Ry/R,
(Rv and R, are the values of the sample resistance in the maximum and at 298 K,
respectively). The relation Ry/R, reaches the highest value near the percolation
threshold. Results of these examinations have been used to design RDM and RDS
type highly stable high voltage dividers.

Rearrangement of the doped glasses structure at high temperatures is
confirmed by X-ray patterns taken at room temperature and at the temperatures
corresponding to the start of the resistance increase, its maximum and decreases to
the 1nitial value (fig. 11).

The parameters of the RuO, unit cell have been calculated from these X-ray
patterns. It appears that temperature dependence of these parameters are different
for the RuO, free powder and for its residues in the doped glasses (fig. 12). Let us
note that the unit cell of the free RuO, is the rutile structure, and it expands along
the a-axis while shrinking along the c- axis as temperature increases (fig. 12a, b).
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Fig. 11. Temperature dependence of resistance (a)
and thermopower coefficient (b) of the doped glass

The linear coefficient of thermal dilatation of RuO, along the a-axis is
approximately two times higher than that of the glass C71-K. Hence, particles of
RuQO,; in the doped glasses are in tension, and along the a-axis — compressive
thrust, and along the c-axis — stretch thrust. However, character of changes of the
unit cell sizes of the RuO, with temperature does not correspond to sharp increase
of resistance and thermopower of the doped glasses (fig. 11).
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Fig. 12. Temperature dependence of the lattice constants of RuO,
particles along the a-axis and the c-axis

One can also conclude from high-temperature X-ray diffraction patterns of
doped glasses of the different composition that introduction of the small amount of
BaO and MgO (4 and 2 masses %) into the glass instead of SiO, strains a skeleton
of the glass. This tension sharply changes structural motives in the glass of the
basic composition 2S10,-PbO and character of structural transitions in it, as well as
interaction of the glass with RuO,. Thus, the start of structural transitions is shifted
to higher temperatures as shown from the dependencies R(7) of the doped glasses
of corresponding compositions.

Temperature dependence of the relative intensity /(T) of the basic reflexes of
the RuO; residue crystals on the high-temperature X-ray patterns is determined by
the composition of the glass and could have opposite declinations that are reflected
on the transport properties of the doped glasses based on these glasses.

The concentration n of the free charge carriers in the RuO, and the doped
glasses has been estimated from its IR- and optical (electronic) spectra (fig. 13).
Thus, we have considered that the characteristic absorption lines are absent on IR-
spectra of the RuO, (fig. 13a, curve 2), and only the absorption bands caused by
the molecular oscillations are available on IR-spectra of the doped glasses (fig.
13a, curve 4). Therefore, we have guessed that the absorption band of lowest
frequency in the optical spectra as RuO, and the doped glasses (fig. 13b, curves 2
and 4, respectively) corresponds to a plasma resonance of the free charge carriers
with an eigenfrequency

W, = (nez/eoelmef)l/2 , (7)

here g is the permittivity of free space,

g1 1s the relative dielectric constant of glass skeleton,

e and m.s are the elemental charge and the effective mass of charge carriers,
respectively.
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Fig. 13. IR- (a) and optical (b) spectra of powders

Reflection can be neglected in our case (light scattering on an assembly of
small radii particles), and the absorption constant of the sample will be actually
equal u ~ - InT, where T is a transmittance (the relation of intensity of transmitted
light to intensity of incident one).

Evaluation on the formula (6) has shown that concentration n of the free
charge carriers is high both in the RuO, and in the doped glasses (n =
1.36:10°cm™ and n ~ 1.01-10°°cm™, respectively) at the room temperature, and
gas of free charge carriers is degenerated.

Though IR-spectrum of the RuO, (fig. 13a, curve 2) is formed by absorption
of free carriers, the observed dependence of the absorption constant on the wave
length (%) ~ 4~ %% is notably weaker, than u(}) ~ 27, followed from the classical
theory of plasma oscillations.

IR- and optical spectra of the mechanical composite of the glass S71-K and
RuO, are direct superposition (curves 3 in fig. 13) of the corresponding spectra of
the glass and RuO,, however, heat treatment in standard conditions (10 min at
1123 K) sharply changes the spectral form (curves 4 in fig. 13). Now in the IR-
range u(L) ~ 2% that is even weaker than for RuO,.

The frequent oscillations of small amplitude have been observed on the
electronic spectra in accordance with Mie's theory of electromagnetic waves
scattering on the ultra-disperse particles.

The effective mass of charge carriers calculated from the direct current
resistivity, and the determined above concentration, is about 330 free electron
masses. Last circumstance allows one to tell about the polaron mechanism of
conductance of the doped glasses caused by high polarizability of the lead atoms.

The model of doped glasses energy bands based on the performed
investigations (fig. 14) has been offered. According to this model, the valence band
of the glass is the result of splitting of oxygen 2p-orbitals and lead 6p-orbitals, and
the bottom of conduction band is splitted 3s-orbitals of oxygen and 6d-orbitals of
lead. As a result, there is the dielectric having the forbidden band nearby 3.3 eV.
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Fig. 14. Energy bands in the doped glass

The quartz glass is the dielectric with width of the forbidden band of 7.76 eV in
which splitted 3s- and 2p-orbitals of oxygen atoms form the conduction band and
the valence band, respectively. The doping of the glass creates the impurity
subband from split 5s-states of Ru atom. 6p-levels of lead are apart 7.415 eV under
the vacuum level (the first potential of ionization), and Ss-levels of ruthenium -
7.36 eV lower. Conductance of the doped glasses changes slowly in a wide interval
of temperatures, and the photoconduction misses up to an ultraviolet range when
transitions of electrons from the valence band into the conduction band begin. So,
one can say that the impurity subband of ruthenium at room temperature adjoins to
top of the valence band of glass or slightly overlaps with it (fig. 14b). Then the
Fermi level Er appears in the valence band of the glass, gas of the free carriers has
high concentration and is degenerated. IR- and optical spectra of the doped glasses
(fig. 13) prove this conclusion. It means that all electronic states in the impurity
subband are ionized at room temperature and its width can be estimated to be as
0.026 eV or less.

The energy gap between the impurity subband and the top of the valence band
decreases with increase of temperature as

E(T) = Egy— & (he)[cth((he)/ 2kT) 1], (8)

here Eg is the width of the gap at 7=0 K,

¢ 1s the dimensionless constant of the electron-phonon connection of the order
of unit,

(hw) is the characteristic energy of phonons. &(hw) ~ 10%eV.

7 1s the Plank’s constant.

Nanocrystals in the sample are energy wells and operate as effective
localization centers (fig. 15), and temperature dependence of the energy gap width
(9) creates favorable conditions for the thermal activation mechanism of
conductance

h
o(T)=0,T" exp[—% (B, —¢ (h a)> (cth % —D)]+ 0,7 exp[~(T,/T)**1. (9)
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Therefore, the dependence (1) is often observed in experiments.

Comparison of the expressions (1) and (9) shows that it is problematic to
distinguish them (fig. 16).

One can see from expression (8) that for small width Egy the gap can
disappear (Eg(T) = 0) as temperature increases and at the temperature

(7o)
T .= (10)
kin(1+2&(hw)/ Egy)

the sample acquires "metallic" properties (partially filled valence band and con-
stant concentration of free carriers). Then, carriers scattering on phonons becomes
the prevailing mechanism of temperature change of resistance of the doped glasses.
It leads to "metallic" conductance R(T) ~ T or R(T) ~ T* and the "mysterious"
minimum of R(7) (fig. 17). The temperature T}, depends on the doping level as
well as on technological conditions (i. e. on the resistivity of the doped glasses) so
it is not always observable.

Fig. 15. Energy bands in the doped glasses (schematically). E. and E, are
boundaries of the conduction and the valence bands, E and E;, are the
impurity subband and the percolation level, respectively. The dashed line is
the filling level of pockets by entrapped carriers

’/‘I

-

(T, arb units

£=0.7, Ego=0.66 meV, & =5, (hw)=22.5 meV and To = 15000 K

Fig. 16. Comparison of the dependencies (1) (solid line)
and (9) (dashed line)
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The unit cell volume of quartz residues in the glass increases by 6 % at high
temperatures (7 > 700 K) because of structural transitions of silicate nanocrystals.
Thus, width of the bands decrease (on 0.013 eV at 1 % change of a lattice constant
for cobalt monosilicide), the impurity subband splits off the top of the valence
band (fig. 14c). After the end of structural transitions (7 > 950 K) energy gap of
E,=Eg will be formed between the top of the valence band and the impurity
subband. Now the concentration of free carriers decreases and its degeneration is
eliminated so the doped glasses will turn into the normal semiconductor with
activation energy of conductance £, depending on the doped glasses composition
and the doping conditions (fig. 18).

: -
10F H "\ ]
1
3
35k t

30F ;!

R(T), Ohm

200 400 600 800 1(}.00
T, K
The dashed line is dependence R(T) = 6.0796 10~ T +20.093
Composition of the glass B34E (mass %): SiO; - 27; PbO - 67; BaO - 4; MgO - 2

Fig. 17. Resistance vs temperature of the glass B34E
doped by 20 mass % RuQO,

As the impurity subband narrows, effective mass of charge carriers will be
high:
m*=h’/(Ja,’), (11)
here J is the width of the impurity subband,

a 1s the lattice constant (it can be considered approximately equal to main
distance between the cations in the oxide glasses).
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Fig. 18. Conductance vs temperature of the doped glasses S71-K (a)
and B34E (b) beyond the maximum (see fig. 12). Points are experiment,
line is the regression
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The estimation of the impurity subband width with this formula with effective
mass mer = 3.3-10°m, and the conductance of the doped glasses gives J = 23 meV.
It 1s clear that all the states in the impurity subband of such width are ionized at
room temperature if the distance from it to the nearest band does not exceed 7.

In case of glasses of some compositions the small deviation from the
activation law takes place on the R(7) of the doped glasses (fig. 18a). These
deviations are caused, probably, by structural transitions of any silicates, formed in
small amounts and having higher temperature of structural transitions (or fusion).

The activation energy E, of conductance of the doped glasses (fig. 18) has
been estimated to be about 0.05-1.5eV from the slope of R(7) beyond the
maximum (i. . at 7> 950-970 K).

The proposed model of energy bands in the doped glasses allows one to
explain qualitatively the observed temperature dependence of the doped glasses
resistance in all temperature range from helium up to 1200 K (fig. 1) as well as
features of temperature dependence of the thermopower (fig. 11).

The parameters of designed thick film devices, layout of manufacturing
techniques for the doped glasses samples, compositions of the explored glasses,
transfer of the mass content of components of a glass into the volume content,
chemical technology of the RuO, powder synthesis, the crystalline lattice of quartz
polytypes, electrical properties of glasses with different glass melting, electrical
properties of the glass with added Al,Os, ionization potentials and nuclear radii of
some elements, transfer of the mass content of glass components into the molar
one have been given in appendices.

CONCLUSION

1. It is shown that the glass becomes conductive due to diffusion of dopant
atoms into the emolliated glass, and the percolation threshold corresponds to the
overlapping of the diffusion zones which are formed around the dopant particles.
The volume of these zones can be essentially higher than the volume of the dopant
particles, and is affected by parameters of the doping process (temperature and
duration) as well as the composition of the glass and the dopant, so the percolation
threshold can be observed at very low content of the dopant (about 1 mass % or,
probably, even less, instead of 16 mass % predicted by the percolation theory).

2. It has been shown by EXAFS method that the local glass structure, namely
coordination of the lead atoms, effects essentially the doped glasses conductivity.
Coordination of Ru atoms in the doped glass depends on structure of initial glass as
well as on doping duration.

3. The abnormal increase of the resistance and thermopower has been
revealed in the doped glasses in the temperature range 700-1000 K. These
anomalies have been shown to be the consequence of structural transitions in the
nanocrystals of lead silicates and the residues of silica, which have been formed in
the glass during the melting and doping.

4. The lower limit of carriers' concentration (about 10*° cm™) and effective
mass (mer~ 3.3-10% my) of charge carriers have been estimated in the doped glasses.
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One may conclude, therefore, that the doped glasses are the system of polaron
conductivity.

5.1t is shown that doping of the silicate glass being dielectric with the
forbidden band nearby 3.3 eV creates the impurity subband of width 0.026 eV or
less, separated from the top of the valence band by small (0.01-0.02 eV) gap. At
high temperatures, structural transitions of silicate nanocrystals separate the
impurity subband from the valence band, and beyond the maximum of resistance
(at temperatures above 950-1000 K) the sample becomes semiconductor with
activation energy E, of conductivity from 0.095 up to 1.5 eV depending on the
doped glasses' composition and the doping level.

6. It was determined that temperature dependence R(7) of the doped glass in
the range from helium up to 1200 K is the result of impurity subband formation
and presence of nanocrystals. Nanocrystals act as effective localization centers of
free charge carriers and two mechanisms of conductivity — thermal activation and
hopping - operate simultaneously at low temperatures. The dependence R(7T) =
A exp(BT*) with 0.4 < < 0.8 often observed in experiments is caused by electron-
phonon interactions leading to variations of the gap width with temperature.

7. The physical mechanism of metallic conductivity p(T) ~ T or p(T) ~ T* of
doped glass near room temperature is revealed. It is shown that narrow gap
between the impurity subband and the valence band of glass can vanish as
temperature increases, free carriers concentration becomes constant (like that in
metals) and carriers' scattering will be a major cause of temperature dependence on
conductivity.

8. The doped silicate glasses have high density of electronic states in the
impurity subband located close to the top of the valence band, so they can be an
effective and cheap thermoelectric material for renewable energy conversion and
the energy waste recovery.
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