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KU ATBIMAYY IIVIASMATPOHIYH KAPJIAMbI MEHEH KbIPI'BI3CTAH/IAI'BI
MHUHEPAJIJIBIK HYYYUY CYYJIAPT A CIIEKTPAJIABIK AHAJIN3 ) KYPI'Y3YY

Hopxyesa I'. XK.

akagemuk. XK. KeenOaeB atbiHnarsl pusznka HHCTUTYTY, KbIprei3 PecyOnukachiHbIH YIIYTTYK
Wmumaep Axanemusicel 720071, Bumnkek mr., Yyl npocnektucu, 265°, Ten.: (312) 642699.
E-mail: Gulbara.D @mail.ru

AHHOTanus: DKM areIMJIyy IIJIa3MaTpoOHAYH JKapaaMbl MeHeH KeIprelscrangars
MHHEPAJIABIK UUYYUYY CYYJApAblH KypaMbIHAArbl OOP METAJUIAApra CAHIBIK CIEKTPAIAbIK AHAIIN3
Kyprysysany. Muyydyy MuHepanablk CyyJlapAblH KypamblHIArbl OOp OJJIEMEHTEp ap KaHzaau
KaThlllITa SKEHIWTH TabnuuanaHn kepyHyn Ttypar. bymn oswmrek »skxm  areimayy  JAI'TI-50
IUIA3MaTPOHYHYH JKapAaMbl MEHEH MMHEpAIAbIK HYYydy CYyJapblHa aTOMIYK-IMHUCCHSIIBIK
CIEKTPAJAbIK AHAIM300HYH MYMKYHUYJIYKTOPYH U3UJI106T6 apHAJITaH.

Aukbiy  €O300p: AMOMYK-IMUCCANObIK CHEKMPOCKONUs, IKU a2bIMOYY HAA3MAMPOH,
MUKpO3IeMenmmep, 00p Memanioapoblt Kypamol, MUHEPAl CYyIapbl.

IMPOBEJAEHUE CIIEKTPAJIBHOI'O AHAJIN3A MUHEPAJIBHBIX IIUTBEBBIX BO/]
KBIPTBI3CTAHA C UCHOJIb30BAHUEM JIBYXCTPYHHOI'O IIJIABMATPOHA

WucturyT ¢usuku uMm. akagemuka JK.J)KeenOaera Hanmonansnoit Akagemun Hayk
Keipreisckoit Pecniyomuku 72007 1,r. Bumkek, npocnext Yyi, 265°, ten.: (312) 642699.
E-mail: Gulbara.D @mail.ru

AHHoTanus: KOJIMYECTBEHHBIM CIHEKTPAJbHBIA aAHANW3 TSKEIbIX METaUIOB B
MHUHEpaJIbHOM NHUThEBOM Boje KbIprel3craHa MNPOBOAWIM C  IMOMOILIBIO  JBYXCTPYHHOTO
1a3MOTpoHa. M3 TaOnuIbl BHIHO, YTO TSXKENbIE AJIEMEHTHl B THTHEBOW MHHEpAIbHOW BOJE
HaxoIsiTCsl B pa3HbIX IIpoleHTax. Hacrosmas paGoTa MOCBSIIEHA HW3YYCHHIO W Pa3BUTHIO
BO3MOXHOCTE  aTOMHO-’MHUCCUOHHOIO  CIIEKTPaJbHOIO  aHaJIM3a [HUTbEBOM  BOABI  HA
MHUKPO3JIEMEHTHI C UCIIOIB30BAaHUEM JIBYXCTpyiHOTrO mazmoTpona JII'TI-50.

Knrwoueevie cnosa: amomuo-sMuCCUOHHASL CHEKMPOCKONUSL, O8YXCMPYUHbLL NAA3MAMPOH,
MUKDOIIEMEHMBL, COCMAB MAHCENbIX MEMANN08, MUHEPATIO8.

SPECTRAL ANALYSIS OF MINERAL DRINKING WATERS IN KYRGYZSTAN USING A
TWO-JET PLASMATRON

Institute of physics academician J.Jeenbaev. National Academy of Sciences of the Kyrgyz
Republic. Bishkek, Chui prospect 265" . tel: (312) 642699.
E-mail: Gulbara.D @mail.ru

Annotation: Quantitative spectral analysis of heavy metals in the mineral drinking water
of Kyrgyzstan was carried out using a two-jet plasma torch. The table shows that heavy elements in
drinking mineral water are in different percentages. This work is devoted to the study and
development of the possibilities of atomic emission spectral analysis of drinking water for trace
elements using a DGP-50 two-jet plasma torch.

Key words: atomic-emission spectroscopy, two-jet plasmatron, microelements,
composition of heavy metals, minerals.
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ATOMIYK-3MHUCCHANIBIK CIEKTPAIJIBIK BIKMa, KAPATBUIBII CYyJlapblHA, MHHEPAJJIbIK
cyynapra, ouocgepanblk 00beKTUIIEPre aHAINU3 KYPIrY3YYle, XUMUSUIBIK 3JIEMEHTTEPANH KypaMbIH
KOTOPKY TaKTBIKTa aHBIKTOO Y4YYH Od¢ddexTuBayy konaonynaT. bya blkma, 5KH arsiMayy
MJIa3MaTPOHAYH >KapJaMbl MEHEH IOPOIIOK J>KaHa CYIOK VATYJIepre aHaiu3 >XKYPry3yy Y4YH
[IapTTalraH.

[T1azma arsiMblHAa KUPTU3WITEH YATYIOPAYH TOJIYK OyylIaHyycCy, SJ€MEHTTEPANH KypaMbIH
KOTOPKY TaKTBIKTA KaHa Ce3TMYTUTMHUH TOMOHKY YeTH MEHEH aHBIKTOOTO MYMKYHAYK OeperT.

Nuyyay MuHEpannplk CyyHY Ty3CY3 CyylaH aWbIpMajlOOHYH >KaHa JapbUIBIK KaCHUETHH
AQHBIKTOOHYH HETU3TU KpUTEPHLiepr OOy, alapslH MUHEPAJIANIyyCy jKaHa XUMUSIIBIK KypaMbl
caHajaT. Ajap KeNTereH TaOWTHIA CyyJapAblH TeMIlepaTypachl >KaHa KypaMbIHAArbl Ta3lapsbl
MeHeH aiipipmananar. KeIprei3cTanapiH aiiMarsigga 2500eH amryyH TaOWrslid xkaHa Oyprynoo
KO30HOT'Y MEHEH YbITapbUIraH MUHEPAJIYy cyyJap oap.

Anap xeHeKed HOHAOpP K€ 3pUOereH Ty3aap TYPYHAe Ooyml, KOHIEHTpalusiapblHAH
aiipipmananat. KeOyHue HaTpwii, Kauuii, KaJIbIIWA, MarHui xKaHa XJiop, cyiabdat, OukapOoHaT x.0.

byn MukposneMeHTTepIuH (Maprasel, *e3, [IUHK, MOJIHOIEH, MBIIIbSIK TEMHUP, KOOAIBT,
HUKEJb, XpOM, KOProIlyH X.0.) HMOHIOPY MHUHEPAJIBbIK Cyylapia MaKpoeIueMae KaMThbLITaH,
alaMIIbIH OpPTraHU3MHHJIE KOMYYJIYK (epMEHTTepANH HOPMAJAYyy HWINTEIINHUH ©3repyldec
KOMIIOHEHTTEpH OOJyn caHajaT »aHa OpraHu3MIeru TYpAyY 3aT ajMallyycyHa aKTHUBIYY
xeuaemayy [1-3].

KbIprei3cTaniblH MUHEpAJAbIK CYYJapblHBIH aHAIM3M OOIOHYA MaanbIMaT aaalbusTTa
T3pIHK KOK, AK-CyyHYH KOMYp KBIYKBUITYY MHHEPAJIBIK CYYJIaphIHBIH aHAIu3u OOIOHYA OUp
MakanafaH Oamkacel. byl cyyna MHKpO3JIeMEHTTEp 3JEKTp KaachIHAArbl Kyprak KaJJIbIKThIH
CHEKTPAJABbIK BIKMAachl MEHEH aHa aHOMAJJIyy KOTOpyJIaThUIraH KOHIEHTpauusuiapaa (Kyprak
KaJIJBIKTBIH caliMarblHaH) HUKEIIb, Ke3, KOProlllyH, Kajlai, kaHa 6apuit TaObuIraH.

Omonnyktan KbIpreI3cTaHblH  MUHEPAABIK  CyyJapblHAArbl 00p MeETauap/AblH
KaMTBUIBIIIBIH aHBIKTOO MAcEJIECHH YeuyY YUYH >KOTOPKY TeMIepaTypajarsl AYYJIYKTYpyydy Oymnak
— 9ku areimayy tuiazmarpon JI'TI-50 maiinananbuinbl. AHaATW3ACHYYYY CYIOKTYKTY IUia3ma
arbIMBIHBIH OPTOCYHA KOIOJITAaH MHHE apKbULYy a’po30Jib TYPYHI® YHIOTYY KOy MEeHEeH Oepuiiuil,
AQHBIKTOOHYH TOMOHKY YETd >KaHa MKOTOPKY METPOJOTHUSUIBIK MYHO316Mejepy MEHEH 3KcIpecc-
TaJ00 KYPry3yyre MyMKyHAYK OepeT. byn marel Oup xomy aBTopiopy [2] TapaOblHaH KaKIIbl
TACTHIKTAJITaH.

Yary anyy kaHa aHbl 1asipaoo. MuHepanablk HUyY4dy CYYHYH CIEKTPAJIbIK aHAIU3UH KYPry3YY
YUYH OUp JUTPIAUK OOTeNKeNepAery >KeTU MHUHEpANAbIK Cyy TaHJAJIbII ajblHraH (coojaa
JTYKOHOPYHOH albIHTaH), alap/IbIH MUHEpAJAIyyCy ap TYPAYY.

Anpabin kenred AkBaneHT, Jlerenna, baittuk, blceik-Ata, Apresuan, bumkek, Xanan-
Aban muHepanabik cyynapeiH 10qon 20 scere uelnH MeIIKe KOION KalHATHai, Taza COpry4TyH
acThiHAA OyyJIaHTYy OJy MEHEH JasipJaJiblll, aTailblH 6J74eMIYY ailHeK Kojidara Kyrojiar.

CaHIBIK CHEKTPANABIK aHaTU3 KYPTY3YY YUYH CHHTETHKAJIBIK CTAaHAAPT KOJJIOHYJNAT.
Anapapl OKCUIEp/CH JKaHa e3reue Ta3a, XxuMusuibik Taza (OT, XT) ty3napaan anaObi3. XUMUSIIBIK
TUELIENYY KHUCIOTajlap MEHEH JpUTYY KONy MeHeH aaspaanaT [4-6]. bamikel craHaapTThIK
sputMenu 200Mi1 keneM 1o analdbl3, aHBIH KypaMbIHArbl SpUTMEIEPUHEH 1T/71 KOHIIEHTpaIusiaa, al
9MU 3T/11 T4OMYHA6 HATPUH, KAIbIIHIA dKaHa MAarHUN SPUTYYUIYHY KOIITYy MEHEH Jasipaniar.
N3uagee maprrapel. Jlagpaganran MHHEpPANABIK Cyy VITYJIOpAY KaHa CHUHTETHUKAJIBIK
CTAaHIAPTTBIK YATYJIOPAY, OSKH arbIMAyy IUIa3MaTpOHAYH KapJambl apKbUlyy, ONTHMAJIJIBIK
peXUMJIE KYPry3YJIAy. DKU arbIMyy IUIa3MaTpoHAOry TOK I= 60A, >KyMylIdy ras/blH YbII'bIMBI
G=2,5n1/mun., yoOakteichl t=30cek., ['OCT-6 OupauruauH cesruuturd MeHeH [IDC-0.1
(boTomIacCTUHKAChIHA CTAHAAPTTHIK YATYJIOP KaHa MUHEPAJIBIK CYYJIapJbIH YITYJIOPY TapTHUIIBL.
TapTbuiblll anblHraH MiaacTUHKaHbIH criektpiaepud JICII-1 cnekTponpekTopyH »kapaamMbl MEHEH
aTIacThl  KOJIOHYN,  VATYIOry  DJIEMEHTTEpIWH  chekTtpiepu  TaObuimpl. Md-100
MUKPO(POTOMETPINH >KapJaMbl MEHEH TaObulraH ap Oup SIEMEHTTHH CHEKTPHUHHUH KapabITbl
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(TTouepHEeHNE) OTYOHYI ANBIHABL. Ap OMp aHATUTHKAJBIK CHI3BIK YUYH CAJBIIITHIPMA CTaHIAPTTHIK
YATyIepayH skapaamel MeHeH 1gli/ly koopanHaTackiHIa TpaIynpoBKaibIK rpaduk Typry3yiny. bymn
xepre 1 sxama Iy - aHBIKTalyydy ODJIEMEHTTHH AHAJIMTKAJIBIK CBI3BITBIHBIH JKaHa (OHYHYH
UHTEHCUBAYYIYTY; C—aHBIKTalIyydy 3JE€MEHTTHH INPOLEHTTUK KypaMbl. Ap OHp Tpaduk >XOK
JIETeH/IE TOPTTOH KEM 5MEC CaJBIUTBIPMa YJIATYHYH JXapAambl MEHEH Typrysyniar. YJAryaery
aHBIKTAJIMAH 00P METAJIIAPbIH KypaMbl IpalynpOBKaJbIK Ipaduk O0r0HYA TaObLIAaT.

O./1460HYH KbIHBIHTBIKTAPbI.

JKBIMBIHTBIKTApABIH TaK MAaHWCUH AJIBIII YYYH 3KHAEH a3 3MEC aHBIKTOO XYPIy3yJy, alapiblH
oprocyHaarsl axelpeiM Heru3ru 'OCT 16263 GoroHYa KaTaJdbIKThIH 6TKOPYMIYYJIYK MaaHUCHUHEH
xoropy Oomymy kepek. JKymymidy sKypHaiblHa OapibIK KYPry3YJIreH eJI4eesep >Ka3bUIIb,
OITY60JIOPYH aKBIPKbl JKBIMBIHTBIKTAPBIHBIH OPTOYO apU(PMETHKAIbIK MaaHUCH aJbIHAaT.
XKypry3yJireH aHanu3IuH KbIHBIHTHITB! TA0IMIIA A KOPCOTYILY.

Nuayyuy MUHEpaIIIBIK CYyIap/IblH CaHJIbIK CIIEKTPAJIBIK aHAIH3H

TalauIa
MT/J1

No | Mun.cyynap Mn Cr V Fe Zn Sr Mo Cu
1 AKBaJeHT 0.012 |0.022 |0.140 |0.090 |0.22 0.04 0.06 0.01
2 Jlerenna 0.012 |0.022 |0.031 |0.088 |0.22 0.08 0.06 0.01
3 baiituk 0.012 |0.024 |0.025 |0.093 |0.25 0.07 0.06 0.01
4 blcpik-ATa 0.015 |0.024 |0.033 | 0.100 | 0.28 0.12 0.08 0.02
5 Apte3uan 0.012 |0.020 |0.029 |0.091 |0.17 0.09 0.09 0.02
6 bumkex 0.035 |0.033 |0.072 |0.091 |0.35 0.50 0.07 0.03
7 Kanam-aban 0.36 0.021 |0.033 |0.096 | 0.29 0.23 0.06 0.01

KKY (TT/IK) 0.1 0.05 0.1 0.3 5.0 7.0 0.5 1.0

KpliiplHTBIrbl: Tabnuuaga pecrnyONMKAaHBIH DPHIHOTYHA 5H KEHUPU TapajiraH MHHEPaJIbIK
WYYY4y CYyJapJblH aHAJIU3WHUH HETU3THU KbIMBIHTHIKTAPhl KENTUPUITeH. MUHEpaNIbIK CyyIapabl
aHAJU3I00HYH KBIUBIHTHITBI KOPCOTKOHAOH, 00p METAUAAPABIH PUTEeH (POpPMaapbIHBIH Kb
Kypambl, Oyn aneMeHTTepAuH canutapablk HopMmaaan (IIJIK, kypamabia kapmanyy ueru ) Oup Heue
3ce a3 SKEeHAWrH TacThIkTanabl. JKaman-AOaj CyyCyHYH KypaMbIHJIArbl MapraHelTeH Oallkachl,
aHbIH KypaMbl CaHUTapAbIK HOpMaaaH 3,6 3ce Koropy. byn JKBIMBIHTBIKTBI TaCTBIKTOO YYYH
KOIIyM4Ya 3KCIIEPUMEHTTHUK aHBIKTOOJIOP KEPEK.

OwmeHTHn, aWpbpIM CYyJaplblH MUHepajgamyycyHa skapama 10mon 20 »scere yeinH
OyylnaHyyCyHa HETH3JICITE€H AaTOMJIYK OSMHUCCHSUIBIK aHAJIW3 BIKMAChl HWINTEJNWI  YBIKTHI.
KbIprei3cTan/iblH HUYYdy MHHEPAJABIK CYyJapbIHJIa 7 3JEMEHTTH aHBIKTOOTO MYMKYHIYK Oepau.
ATOMIYK-3DMHMCCHAIABIK CIEKTPAJAbIK AHAJIM3 bIKMachbl MEHEH IKYPIY3YJIreH MHHEpaJIbIK
cyyJapJarbl 3J€MEHTTEpPAN AaHBIKTOOHYH CalbIUThIpMaNyy cTaHaapTrelk uerreecy 0,05-0,1
MaNBI3bIH TY31Y.
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PAIUAIHUOHHO-PETNCTPUPYIOIHUE TOJYITPOBOAHUKOBBIE KPUCTAJIJIbI
HA OCHOBE BPOMHUJA TAJIJIUA

Ky3nenos M.C., 3apamenckux K.C., Mopozos M.B.,
ITnmromko C. M., JIucunkmii U.C.

AO «"ocymapCTBEHHBIM HAYYHO-UCCICA0BATCILCKUM M MTPOSKTHBIA HHCTUTYT
peakoMeramunueckoit npomseinuieHHOCTH «I upenmer» umenu H.I1. Caxuna, r. Mocksa, PO
e-mail: MSeKuznetsov@rosatom.ru

AnHoTtanus: Vcnonap3oBanue OpoMua TajulHsl MO3BOJISIET MOJIy4aTh MOIYIPOBOAHUKOBBIE
KPUCTAJIJIbI C BBICOKUM YJEIbHBIM CONPOTUBIEHUEM U PaJMALIMOHHONW CTOMKOCTBIO, @ I€TEKTOpaM
MOHM3UPYIONINX M3JIY4eHUH HAa MX OCHOBE — pabOTaTh C BBICOKOHM pa3pelaroleil cnocoOHOCThIO
BOJIM3M KOMHATHOH Temrieparypsl. Pa3paboTaHa MeTOMKa MONTYy4eHHs BBICOKOYHCTBIX KPUCTAIUIOB
OpomMHuaa TauMd M M3y4YEHbl HMX OJJIEKTPOPU3UYECKHE U JIETEKTOPHBIE CBOWMCTBA, a TaK¥Ke
MIPOBEICHBI PaOOTHI 110 CO3AAHUIO AETEKTOPHBIX COOPOK.

Knroueswie cnoea: bpomud mannus, Kpucmaii, noAyNpOGOOHUK, 0eMeKMop UOHUSUDYIOUUX
U3NyYeHuUll, 8bICOKOYUCIbIE BeUecmed

B nmnocnennue roapl pe3Ko BO3pOC HHTEPEC K LIMPOKO30HHBIM IOJYNPOBOJHUKOBBIM
COEJIMHEHUSIM B IUIAHE BO3MOXKHOCTU IOJYYEHHS HAa UX OCHOBE JETEKTOPOB HOHM3HPYIOLIETO
M3TY4YEeHHUs, KOTOPbIE MMEIOT HEOOJbIIOW 00beM, He TPeOyIOT OXJIaXIEHHUS XHJIKHM a30TOM U
o0ecrieunBalOT BBICOKYIO 3((QEKTHUBHOCTH PErucTpalid PEHTIC€HOBCKOTO M TaMMa H3JIy4eHHH.
DHepreTuyecKkuil 11ana3ol JeTEKTUPYEMOI0 UMU HOHU3UPYIOIIETO U3IYUEHHUS JIEKUT B UHTEpPBaje
oT 5 ¥3B 50 Heckonbkux M»>B, nuanason paGouux temmneparyp — B uHTepBaie oT muHyc 40 °C
BIIOTH 70 36,6 °C.

Hcnonb3oBanne OpoMuja TauIus, UMEIOIIEr0 BBICOKHE aTOMHBbIE HOMEpPA COCTABISIOLIMX
kommonerToB (Tl — 81, Br — 35), Gomblnyio MIOTHOCTE 7,56 T/cM°, yBETHUYHBAIOIIYIO AHATIA30H
PETUCTPUPYEMBIX HHEPIUH M, COOTBETCTBEHHO, BBICOKYIO IMOIJIOIMIAIOUIYI0 CHOCOOHOCTH
MOHU3HUPYIONINX U3JTYUYCHUMN, a TAaK)Ke MIUPOKYIO 3alpeIIeHHYIO 30HY 2,68 5B, mo3BosieT moiy4arhb
MOJTYIIPOBOTHUKOBBIE KPUCTAJUIBI C BBICOKUM YJEJIbHBIM COINpPOTHBIEHHUEM U paJMallMOHHON
CTOMKOCTBIO, a JIETEKTOpaM Ha MX OCHOBE — paboTaTh C BBICOKOW pa3pelaromieil criocoOHOCTbIO
BOJIM3M KOMHATHOW Temmeparypsl. HeBbicokas Temmeparypa ruiaBineHus 460 °C u orcyTcTBHE
(a30BbIX TMEPEXOJ0B MPHU OXJAKIECHUU MO3BOJIAIOT HA CPABHUTEIBHO IMPOCTOM OOOpYIOBaHUHU
BbIpAIlMBaTh W3 pacCIulaBa CTPYKTYPHO OJHOPOIHBIE MOHOKPHCTAJIBI JuameTpoM 10 90 mm.
Ilomumo ykazanHoro Bbimie, TIBr HerurpockonmumyeH, 4YTo JIOMYCKaeT €ro HCHOjb30BaHUE Oe3
JIOTIOJTHUTEBHBIX 3aIIUTHBIX MTOKPHITHH.

Takum 00pa3oM, IO COBOKYIHOCTH CBOUX (DU3MUECKHX XapaKTEPUCTHK (BBICOKOIO
YIEIbHOIO COIPOTHUBIIEHUS, XOPOILIMX CBOWMCTB IEpEeHOcAa 3apsAa U [1p.), TEXHOJIOTMYHOCTH M
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ce0ecTOMMOCTH OpOMHI TaJUIHs TPEATNOYTUTEIbHEE HBIHE HCIIOIB3YEMbIX AaHaJOTOB, a IIPH
ONTUMAJIBHBIX YCIIOBUSIX MEXaHWYECKOH OOpaOOTKM M MEeTaJIM3allud MOKET IOJIHOCTBIO HX
IIPEBOCXOUTB.

B noxmnane npuBOIATCS CBellEHUS O pa3paOOTaHHON METOAMKE MOJIyYeHHs BBICOKOUHMCTBIX
KpUCTAJIJIOB OpoMH/ia TaluIis U 00 MX U3YYEHHBIX 3JEKTPO(PU3NUECKUX U IETEKTOPHBIX CBOMCTBAX,
a TaKXe JlaHHble 0 padoTax MO CO3AAHUIO0 COOPOK C LIEIbI0 MPUMEHEHUS JAHHOTO MaTepHuaia JUls
J€TEKTOPOB MOHU3UPYIOLIETO U3ITyYEHUSI.

YJIK 616-089.843
BUOKEPAMMNYECKUE MATEPHUAJIBI B COBPEMEHHOE BPEMS
Jlacanxy K. A., KacmambrToB H. K.
HNuctutyt dusuku um. akagemuka JK.)KeenOaeBa Harnmonansaoit Akagemun Hayk

Keipresckoit Pecriyonuku, 720071,r. buiukek, npocnekr Uyii, 265°
e-mail: MegaComl7@mail.ru

AHHoTanus. B craThe paccMaTpuBaeTCs BCe BOCMOXHE OMOKEpaMHUYECKHE MaTepHalibl Ha
ocHoBe [-rpukansuueBoro ¢ocdara Caz(PO,),, oxcuaa amomunns Al,Os, okcrnga mupkonus ZrO,,
rugpokcuanaruta  Kanbiust  Cajo(PO4)s(OH),.  TumpokcumanaTuT — ABISCTCS — HAMITYYIIAM
KOMIIOHCHTOM BXOJSIIHI B COCTaB OWoMarepwaga B COBPEMEHHOE BpPEMSI 3TO CBSI3aHO C €ro
OMOAKTUBHOCTHIO ¥ CXOJTHOCTBIO C KOCTHOU CTPYKTYPOIl.

Kniwouesvie crosa: 6uoxepamuxa, 2uOpoKCUAnamum Kaivyus, HAHOMAmMepuai, B-mpukaivyul
Gocgham, buomamepuarnul.

BIOCERAMIC MATERIALS IN MODERN TIMES
Lasankhu K. A., Kasmamytov N. K.
Institute of physics academician J.Jeenbaev. National Academy of Sciences of the Kyrgyz

Republic, Bishkek, Chui prospect 265*
e-mail: MegaComl7@mail.ru

Annotation. The article considers all possible bioceramic materials based on B-tricalcium
phosphate Ca3(POy),, aluminum oxide Al,Os3, zirconium oxide ZrO,, calcium hydroxyapatite
Cay0(PO4)s(OH),. Hydroxyapatite is the best component of the biomaterial in modern times, this is
due to its bioactivity and similarity with the bone structure.

Key words: bioceramics, calcium hydroxyapatite, nanomaterial, p-tricalcium phosphate,
biomaterials.

BBenenue. B coBpeMeHHOE BpeMsl BaXHEHIIEH 3aJadyell MaTepUAIOBEICHUS SIBISAETCS
pa3paboTKa W TEXHOJOTHUS TOJYYCHHUS! KEPaMHUECKHUX MAaTepUajiOB C Pa3IMYHBIM XUMHUYECKUM H
¢azoBbIM cocTaBoM. CyIIeCTBYIOT MHOKECTBO BHJIOB U MX COYETAHUN KepaMHUYECKHX MATEpPHAIIOB,
KOTOpBIE MTPUMEHSFOTCS BO BCEX YrOJIKaX YEJIOBEYECKOM AEATEIbHOCTH M XU3HH. Ho B yacTHOCTH
OyneT UATH pedb O OMOJOTMYECKH COBMECTHMBIX MATEPHAJIOB, BBHITIOJHSIEMbIC M3 Pa3IWIHOM
KepaMUKH  (OMOJIOTHYECKHM  aKTHMBHOE  CTEKJIO, CTEKIIOKEPaMUKYy, OKCHJ  QJTIOMHHUSI,
paccachIBarommiics Gocdar KambLus, THAPOKCHAIIATUT, CUIIMKAT KaJblUSd M JTHOKCHUI IIUPKOHHMS)
Y PUMeHsieMble B CTOMATOJIOTHYECKUX W MEAUIIMHCKUX IEJIIX UX HA3bIBAIOT OMOKEPAMUUYECKHE
MaTepHalbl KOTOPhIE TIOMYYaloT KakK in Situ, Tak U in vivo pa3IUYHbIMH XUMHUYECKUMU MPOLIECCaMU
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[1]. Buokepamuueckue MaTepuasibl NPU ONTHMAIBHBIX YCIOBHUSX MOTYT HCIOIB30BATHCS IS
3aMEHbI MIOBPEKIECHHBIX KOCTEH, HO B YaCTHOCTU HYXXHO OOpaTUTh BHUMaHHE HA THAPOKCUATIATHT,
TaK KaK OH SBJSICTCS OCHOBHBIX COCTaBIISIONIUM COCIMHEHHWEM B KOCTaX. C MOMOMIBIO
OMOKepaMUYEeCKUX MaTepHalloB HA OCHOBE THApPOKCHANaTHTa ObUIo 3aMeHeHo Oomee 40 pa3HuHbIX
JacTe YeJIOBEYECKOIO Tejla — MBIIICYHYI0 TKaHb, KOXKHBIC TOKPOBBI, KPOBEHOCHBIC COCYJIBI,
HEpBHBIC BOJOKHA, KOCTHYIO TKaHb U T.N. bUokepamuka U MyJabTH3aMEIICHHBIN THAPOKCHATIATUT
WJIM aHAJIOTUYHBIC COCTUHEHUS 00JIaIal0T CIIOCOOHOCTBIO BBI3BIBATH PETCHEPATHBHYIO PEAKITUIO B
opranusme. [IpaBuibHBIl TION00p OMOKEpaMUYECKUX MAaTepUalioB SBISETCS OCHOBOM ycrexa
3aMEeCTUTCIILHON Tepanuu [3].

Lenp uccnenoBaHUe MOMYyYUTh HOBYH) OHMOKEPAMHUYECKYI) HAHOKEPAMHKY COCTOSINAs W3
HaHOCTPYKTypHp. Kak W3BECTHO dYalle BCEr0 HAHOKEPAMHKA COCTOMT W3  [-TPHKAIBIIHEBOTO
dochara Caz(POy),, okcuna amomunust Al,O3, okcnaa nupkonus: ZrO,, ruipoKCHanaTuTa KajibIus
Ca10(PO4)s(OH),. Takme CTPYKTYpbl COCTOST W3 CIUIONMIHBIX KOHTAKTUPYIOIIUX IPYT C JPYroM
3epeH C pa3MepOM OT OJHOTO J0 HECKOJIBKMX COTEH HAHOMETPOB.

Kepamuka B O0mbIIei cTerneHn OMOJOTHYECKH WHEPTHA W HE BBI3BIBAET HU KaKUX MOOOYHBIX
KIIMHUYECKUX TMPOSIBICHUN — BOCHAJCHHUS WJIM OTTOPKCHHS MMIUIAHTaTa, W3-32 9TOTO
HAHOKEPAMUKY HCHOJIb3YIOT B KauyeCTBE IOKPHITUS HMMIUIAHTUPYEMbIX MarepuaynoB. Tak ke
Omarojapst CBOCH TBEpAOCTH OHA TIOBBHIIIAET M3HOCOCTOHMKOCTH, JErpajgaluio U oOpa3oBaHUs Ha
UMITIAHTATaX PA3IUYHBIX HMMYHOTCHHBIX MUKPOYACTHUI] U TIPOJIYKTOB KOppo3uu [4-6].

N3 Bcex HaHOKEpaMUK OTIEIBHO CTOMT OTMETUTh Trujpokcuanatut Kaiblus (I'A)
Cay9(PO4)6(OH),, ¢ Toukn 3peHnst 6HOCOBMECTUMOCTH. I'A OHOJIOTHYECKH aKTHBHBI, 338 CUET ITOTO
JIaHHBII HAHO MaTepHuaj XOpPOIIO B3aMMOJIECUCTBYET C KOCTHOW TKAaHBIO U YIIYUIIAET PEr€HEPALIHIO
KOCTH C UMILIAHTATOM [6].

B Tabnuue 1 moka3aHsl OCHOBHBIE BUABI (pocaTa KaTbIIHs.

Tabmuna 1. @ochaTel KambIUs U KX CBOMCTBA (OTIEIBHBIC YePTOW B HIDKHEH 4acTh
TabauIel pocdaThl KATBIKS HE CYIIECTBYIONIUE B BOAHBIX PACTBOPAX)

Xumuueckast hopmymna Hassanue Ornowenne Ca/P | Hurepsan pH | IIP' (37°C)
Ca(H,PO,), MonoxkanbimeBsbiit pocdat (muruapocdocdat kambiims) 0,5 <1 pacTB.
CaHPO, - 2H,0 Jlukanbuuesslii gpocdar auruapar 1 <1 10-6:63
CaHPO, Jukansumessiii pocdar (ruapodocdar Kanbims) 1 2—4 107792
Ca,(HPO,),(PO,), - 5SH,0 | Oxrakambiueshlit pocdar 1,33 6—7 107959
Ca,(PO,),(OH), lnpoxkcuamaTur 1,5-1,67 >5 10172
AMmophHBIi AmopdHbrit hocdar kambiius 1,33—1,67 >5 ?
Ca,(PO,), Tpukansimessiii hocdat (oprodocdat Kambirust) 1,5 — —
Ca,P,0, Tetpakansuuessiii pochar 2 - -

! Mpoussenenue pacteopumoctu (ITP) npecTasisieT coboil IpoM3BeNCHHE KOHLEHTPALMIE (B COOTBETCTBYIOLMX CTEMEHSIX) HOHOB B PACTBOPE HAll 0Call-
KOM; TaK, i ruapokcuanarura Ca ,(PO,),(OH), P = [Calz*]IO[PO?(](’[OH‘]2 =107""72,

Metoasl mosyuyenuss ruapoxcuanarura. [lomydenune mopomka ['A mpoBomsat nubdo
PACmeopHbiMU Memooamu, TH00 B X0JI€ meepiopazno2o cunmesad.

[Ipu ocaxneHun W3 BOAHBIX pacTBOpoB mpu pH > 6 momydaroT MeTKOKPUCTAJUIMYECKUN
nopomok. M3 kinaccuyeckux pacTBOPHBIX METOAOB CHMHTe3a ['A XuMuueckas peakuus IpoTeKkaeT 1o
YpaBHEHHIO:

10Ca(NOs), + 6(NH,)2HPO, + 8H,0 = Ca,o(P0,)6(0H), ! +20NH,NO, 1)
10Ca(OH), + 6H;P0, = Ca,((P0,)6(0H), { +18H,0 )

[To peakmuu (1) BO3MOXXHO HCIIONIB30BaTh M JPYyrue coiu (XJopuj Kanbluss u docdar
Hatpus). Ha HawanbHOM cTaguu peakiiny 4acTo o0pa3yroTcst aMopdHbie ocanku GochaToB KaTbIUs
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¢ otnomenuem Ca/P, HeoOs3aTEILHO COBHANAOIIMM C HACAIBLHBEIM COOTHOIICHUEM 1,67, U JNHIIbL
3aTeM B TEUEHHE [UIMTEJIBHOTO IE€pHo/la BPEMEHH, YacTO 3aHUMAIOIIEro HECKOJIBKO JHEH,
MIPOUCXOJUT KpUCTaIM3auuss coOcTBeHHO camoro ['A. @opma KpUCTaIOB, MOJy4aeMbIX
OCaX/IEHUEM, MOXXET ObITh pa3IMYHOW, B BHJE: CTEP)KHHU, MTOJIKM, OKPYTJIble YacCTUIbl, TOHKUE
IUTACTUHBI M TOMY Io100HOe. Pasmepsl 1 popMa KpUCTAIITIOB IOMUMO BPEMEHH KPUCTAJUIM3ALUN U
KOHIIGHTPALMU PAaCTBOPOB PEAreHTOB OMPEIEINAIOTCS MPUCYTCTBYIOIIMMU B PACTBOPE MPUMECSIMHU.
Ot pa3smepa u (opmbl KpHCTaUIMYeCKOoro mnopoimika ['’A 3aBUCHUT ero OHMOAaKTHBEHOCTH [7].
CpaBHUTENBHO PENIKO M3-3a OUEHb HU3KUX CKOpPOCTEH IMpOIECcCOB s CHHTe3a MmopomkoB ['A
UCIONIB3YIOT peakuuu Tujapoinsa ¢ocdartoB Kaiblusi, Hampumep ruapodocdara Kaablus B
LIEJIOYHOM cpefie 0 XUMUYECKOH peakuuu (3):

10CaHPO,, | +8NaOH = Ca,((P0,)s(OH), | +4 Na,HPO, + 6H,0 ?3)

[Ipu TBepmodazHoM cuHTE3e 1O peakuuu (4) u  (5) TMO3BOJIAET  TOJYdYaTh
KPYIMHOKPUCTAJUIMYECKHI HAaHO MaTepHal ¢ 3aJlaHHbIM oTHomeHueM Ca/P, nmpu temneparype 1000—
1300°C npu ompeneeHHOM BBIAEPKKE Temieparypbl. OTKUTHM TpPU BBICOKOW TeMIiepaType
NPUMEHSIOTCS W JUIsL CHEKaHWS NpPeABApUTENbHO TONYYEHHBIX (HAampuMep, pPacTBOPHBIMHU
METO/1aMH1 ) TIOPOLIKOB MpHU co3AaHUU (HocPaTHBIX KEpaMUK.

6CaHPO4 * 2H20 + 4Ca0 = Calo(PO4)6(OH)2 + 4H20 T (I/ICH.) (4)
10CaCO; + 6(NH,)2HPO, = Cayo(PO,)s(OH), + 10C0, T +12NH; T + 8H,0 1 (ucr.)  (5)

3akiiouenne. i1 momydeHuss OMOKEPAMUYECKMX MAaTE€pHalOB CleQyeT 3HaTb, IZI€ €ro
OyayT uWCHOJB30BaTh W B KadecTBe uero. ONTUMalbHBIA HCIONB3YeMbIl B KauecTBe
OMOKepaMUYeCcKOro MaTepuasa SBISETCS TUApOKcuanaTuT Kaiupiuil. ['A oOnamaer Haubosee
ONTUMANBHBIMU  (DU3MKO-XUMUYECKUMU M  (U3UKO-MEXAaHWYECKHMMU CBOWCTBAMM M XOpPOIIEH
OHMOJIOTHYECKOH AKTUBHOCTBIO, YTO ACJIACT €T0 NMEPCIECKTUBHBIM MAaTCPHUATIOB IJI UCIIOJB30BaHUA B
oMuuu OT Jpyrux. Ho ciemgyer ydectb, BbIOOp OmomMarepuana 3aBHCHT KaK OT MEIHMKO-
OMOJIOTrMYECKUX XapaKTePUCTUK TpeOyeMoro OMOKepaMHYECKOro MaTepraa, Tak U OT KOHKPETHOTO
KJIMHU4eckoro ciy4das. ClieoBaTenpbHO, PELIEHUS YKa3aHHOM 3aJadd BO3MOXHO JIMIIb IIpU
HaJIMYUU LEJOro CIeKTpa OMOKepaMHUYecKMX MaTepuaioB Ha ocHoBe ['A M BbIOOp W3 HHX
MaTcpuaia, MaKCUMaJIbHO YOOBJICTBOPAIOMICTO Tpe6OBaHI/I$IM KOHKPCTHOT'O ClIydas, 4TO ABJIACTCA
OCHOBHBIM YCIIEXOM HCIIOJI30BAaHHUE MTOJyUYEHHBIX HAHO OMOMATEpHAJIOB.
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POPMUPOBAHUE PAAUAIIMOHHBIX JE®EKTOB B KPEMHHUEBBIX
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2 Tawxenmexuii VHUBepcumem uHGOPMAYUOHHBIX MEXHON02UL UMeHU alb-Xope3mu, 2. Tawkenm,
e-mail: makhkamov@inp.uz, e-mail: muzaffarerdonov1978@yandex.ru

BO3MOXXHOCTH ~ WCHONB30BAaHUS  PAJAMANMOHHONW  TEXHOJOTHUH IS MOAM(UKAIUU
ANEKTPOPU3NYECKUX MapaMeTPOB IMOTYIPOBOJAHUKOBBIX MaTepUaioB U MPUOOPOB HAa UX OCHOBE
CBOJIUTCS K YIPaBJIEHHUE COCTaBOM Je(EKTHBIX LEHTPOB KPUCTAUIMYECKOH pemieTku. B stom
HalpaBJieHWE HaKOIUIeHa oOmupHas uHpopMmanus o0 oO0pa3oBaHUU PATUANMOHHBIX JTE()EKTOB B
MOHOKPHUCTAJJINYECKOM KPEMHUHM B 3aBUCHUMOCTH OT BO3JAEHCTBYIOIIMX SIAEPHBIX vacTu [l],
pexumMoB oOmydeHus [1,2], mpumecHoro coctaBa warepuana [1,3-4], KOHCTPYKIIMOHHBIX
0COOEHHOCTSIX M3TrOTABIMBAEMBIX M3ICTUH [5-7] M CTENEHM COBEPIICHCTBA MCXOJHOI'O KpUCTAJIIa
[3,8]. Ha mpaktuke BBeaeHHbie PJl B KpeMHUU SBISIOTCS PEKOMOWHAIIMOHHBIMH IIEHTPAMH,
3¢ GeKTUBHOCTH (HOPMUPOBAHHE KOTOPBIX OMPEACISAETCS BBILIE W3JI0KEHHBIMU BO3JIEHCTBYIOIIUMHU
¢dakTopamu. HaBenennpie P/ B 3ampenieHHON 30HE KPEMHUS CO3/1Al0T TUIYOOKHE YHEPTreTUYECKHMA
YPOBHH Kak JOHOPHOTO TaK M aKUEHTOPHOTO XapaKTepa, NPUBOJS K H3MEHEHUIO BEIUYHHY
MIPOBOAMMOCTH MaTepuana u OblcTpozelicTBue npubopoB. M3BecTHO, uTto (QopmupoBanHbie PJ]
LEHTPBI MEHEE CTAOMIIBHBI K TEPMUUECKOMY BO3/ICHUCTBHIO M B 3aBUCUMOCTHU OT Tuma PJ[ neHTpa nx
OTHT TIPOUCXOAUT B MHTepBane T=180+420 C.

OnHako TemmepaTypy pacraja MOXHO HM3MEHUTh NPUMEHHB COIPSDKEHHOE BO3JEHCTBHE
MPUBOIALINKI K popmMupoBanuto 6onee ctabunbHbix P/I. B cBsi3u ¢ moctaBneHHON 3aaueid, LEeIbio
HaCTOsIIeH padoTHI SIBISIIOCH UccieaoBanme 3 dexTnBHOCTH (HOPMUPOBAHHS PEKOMONHAIIMOHHBIX
nedextHbix (P/]) meHTpoB MpH BBICOKO TEMIIEPaTYpHOM OOJIyueHHE SJIEKTPOHAMHU KPEMHHUEBBIX
T PY3MOHHBIX THOIOB.

Jns wuzroroBineHus MU y3UOHHBIX [HOAOB OBbUT HCIOJIB30BaH MOHOKPUCTANIMYECKUIN
KpeMHUH N-THMNa ¢ yneiabHbIM compoTuBieHueM oT 0,5 nol0 Q-cm ¢ coxepxaHueM yriepoaa u
kuciopona >10" em®, pfon nepexosl Gpopmuposanuch guddysueii Al, a cuIbHONETHPOBAHHEIE P
u N’ obnactu nuddysueit B u P mpu temneparypax 1100-1200 ‘C. Tonmusa 6a3sl cocTaBnsn 350
mm. O6iyueHue p*-n-n* CTPYKTYp NMPOBOJMIOCH 3JIEKTpOHAMU ¢ sHeprueil ~4 meB B uHTEpBaie
T=250 -500 'C droeHcoM 10%4-5.10% CM'Z, a KOHIICHTPAIMIO 00pa30BaBIINXCS PaIUAIMOHHBIX
ne(eKTOB KOHTPOJIMPOBAIIOCH METOIOM eMKOCTHOU criektpockonuu (DLTS). M3Mepenue criektpa
DLTS oOnydyenHsix auoioB, Oe3 HarpeBa B YKa3aHHOM MHTepBaje (IIOCHCOB, MOKa3alo
oOpasoBanue yeThipex u3BecTHBIX PJ] nentpos ¢ ypopusimu E.—0.17 eV, E.—0.23 eV, E.-0.39 eV
u E.—0.44 eV (puc 1). KonneHTpaius KOTOPHIX C BO3pacTaHUEM J103bI 00JTyUYE€HHUsI MOBBIIIAIOCH
nuHeiHo. M3 pucynka 1 BuaHO, 4To B N —Si OCHOBHYIO J0it0 oOpasyrommxcs PJ] cocrammser
yposeHb E.~0.17 eV (A-uentp). IloBbimenne TemmepaTyphl o0nyderns >325 'C mpuBOAMT K
pacnany nentpa E.—0.39 eV u nosasiaenuto gonomuutensHoro PJI mentpa ¢ yposuem E —0.20
eV. KoHIeHTpa1us KOTOporo BO3pacTaeT u JocTuraeT Makcumyma 1pu T s, = 375 'C (xpuBas 3
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puc 2). JlanpHeiimee yBenudenue TeMmnepatypsl obmydenns 10 450 ‘C IpHBOANT K yMEHBIIEHHIO
koHneHTpanuio ypoBHs E.—0.20 eV u ucuesnosenne nuka DLTS ot nentpa E.—0.17 eV, E.—0.23
eV (xpuBbie 1,2 puc 2) ¥ MOSBICHUIO HOBOTO pekomMOMHAIMoHHOro PJ| meHTpa ¢ ypoBHEM
E~0.13 eV (xpussie 4 puc 2), IposBasomuii TepMcTabuibocTs 10 T>500 'C. Konnenrpanus
yKa3aHHOTO LIEHTpa C J030H 0OJydyeHHus MOBBbIIIAeTCA U MpH (uiroeHcax 5 10" cm? nmoxommT 10

o 1 -
suauenuit 2-10%% em,
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Puc 1. Cnexrp DLTS nuddy3noHHbIX 11010B U3 N-Si 001y4eHHBIX 3JIEKTPOHAMHU (IIFOCHCOM 10
em ipu T=40 °C (a).
VYposens! pagrannonusix negpekros (0); 1. E—0.17 eV (A-uentp), 2. E.—0.23 eV (nuBakancus),
3. E.—0.39 eV (nuBakancus), 4. E.—0.44 eV (E-uentp).
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1 1 1
300 350 T,K 400 450

Puc 2. U3meHenus koHuenTpamuu PJ] B p*-n-n" muomax ot Temmepatypsl 06:1ydeHNs IpH (IIroeHCce
10" cm?: 1. E~0.39 eV, 2. E.~0.17 eV, 3. E—0.20 eV, 4. E.~0.13 eV (a). VpoBHbI
tepmoctabunbubix P/l (6) - E.—0.13 eV, E.-0.20 eV.

Jliist onipeienieHnst BKIIaa TeMrepaTyphl Ha nporecc oopazoBanuu P/l nentpos E.—0.20 eV u
E~0.13 eV, omxury B unTeppane T=300-450 'C, moasepraauch 06pasibl 0OJTydeHHBbIE TPH
11
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KOMHATHOW Temreparypbl. CormocTaBieHre KOHIICHTPAUU OOJy4eHHBIX OOpa3lloB IMPHU BBICOKHUX
TemmepaTyp ¢ oOpa3uamMu OOJY4YEHHBIX IPH KOMHATHOM TeMIleparypbl C IOCIEyIoIen
TepMooOpaboTkol mokazaiu, yto PJI mentp ¢ ypoBuelr E.—0.23 eV u E.—0.44 eV B o0Opa3max
00JIyd4eHHBIX TIpU TemmepaTypax T>275 ‘C ykasaHHbIE YPOBEHH OTCYTCTBYIO a 3((eKTHBHOCTE
¢dopmupoBaHHBIX Apyrux P/l eHTpOB mpH MICHTUYHBIX (IFOeHCax OOJIydeHHs ropa3[o BbIIIE, a
s pekomOuHanuoHHoro ypoHs E.~0.20 eV u E.~0.13 eV mpu Tos = 375 'C pashuna
JOCTUTaeT 10 oJHOro mnopsaka (puc 2, kpussle 3,4). [ns onpeneneHus Bkiaga GOPMHUPOBAHHBIX
PJ1 neHTpoB Ha ObICTpOJCHCTBUE KPEMHHMEBBIX TMOJI0B U3yYEHO BIUSHHE PEXKUMOB paJHallMOHHO-
TEPMHUUYECKOH OOpaOOTKM Ha BPEMEHH BOCCTAHOBJICHHUS OOPAaTHOTO COIPOTUBICHHS (Tyoc)
muddy3uoHHBIX P° -N -N* cTpykTyp. TToNydeHHbIE 3aBUCHMOCTH H3MEHEHNH 3HAYEHHUH Tyoe OT JO3BI
00JTydeHus 3JIeKTPOHAaMU ¢ SHeprueil 4 meV Ipu pa3IngHbIX TEMIIEpaTypax MpOBeIEHbl Ha pHC 3.

nc

BOC

I I | I
10" 10 210"
®.cMm

Puc 3. 3aBHUCHUMOCTb 3HAUEHHUS Tgo OT (PIIFOCHCA FIEKTPOHHOT'O OOJTYUEHMSI IPU PA3TINUHbBIX
temnepaTypax; Tosq: 1- 375 'C, 2- 450 'C, 3- 500 'C.

15 17

10

AHanmu3 BIMSHUS BBICOKOTEMIIEPATYPHOTO OOJTYYEHHUS Ha 3HAUCHHE Tpoe. 11OKA3BIBAET, UTO
ocHOBHBIM P11 dopmupoBaBmmxcs B auonax u3 N-Si B o6mactu Temmepatyp >300 'C sBusroTCs
ypoBuu E.~0.13 eV u E.~0.20 €V koHLeHTpanusi KOTOPBIX MOBbILIAETCS U mpu Tog, = 375 'C
JOCTUTAaeT MaKCUMAJIBHOTO 3HAYCHHS, YTO NMPUBOANT K YMEHBUICHHE 3HAYCHUE Tyo, OOJIEE OTHOTO
MopsAKa MO CPaBHEHHIO C OOpa3lamMu OOJYYEHHBIX IpPU KOMHATHOW TeMIlepaTypbl MpOSBIIL
TEPMUYECKYIO0 CTaOMIBHOCTH 10 TemmepaTyp 450 'C. Heo6X0aMMO OTMETUTD, YTO TIPH yKa3aHHOI
temneparype ocHoBHOU PLI cBsi3annblil ¢ ypoBHelr E.—0.17 eV orxuraercs u nmpakTHYECKH HE
BIIUSIET HAa U3MEHEHUE Tgoc IUOIOB.

Takum 00pa3oM Ha OCHOBAaHHE WCCIICJAOBAHHS BIUSHHUS TEMIIEpaTypbl OOJydeHHsS Ha
appexTuBHOCTS (popmupoBanus PJ] nentpoB aud@y3uoHHBIX AMOAOB, Ha OCHOBe N-Si,
BHISIBJICHBl PEKUMBI PaMAIHOHHO-TEPMHYECKOH 06pabOTKM KpeMHHEBBIX P’ -N -N* cTpyKTyp.
Ycranosneno, uro PIl ¢ ypoBusimu E.—0.13 eV u E.—0.20 eV npu oOiayuyeHHH 3JIEKTPOHAMHU C
sHeprueii 4 wmeV QopMmupyloTcs B UHTepBane Temmeparyp obmydenus ~325-400 C ¢
MaKCUMaJIbHOU KOHIeHTpaueit npu Ty, = 375 Cc MPOSIBIICHUEM TEPMUUYECKON CTOMKOCTBIO 10
450 'C. Tloka3aHo, 4TO obicTpoaeiicTBre AU(PPY3MOHHBIX TUOJOB MOKHO MOBBICHTH Ha MOPSIOK
M3MEHEHHE 3HAYCHUH Tpoc BRICOKOTEMIIEPATYPHBIM O0JTyICHHEM.

12
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MEXAHM3MbI TOKOINEPEHOCA B ITPEJIPOBOMHOM OBJIACTH BAX
KPEMHEBBIX JIIIJ

AGnapeiitmoB A.A. , Taraes M.b., [llapubaes M.b.

Kapakannakckuii Tocy1apCTBEHHBIN YHUBEPCUTET UMEHU bepaaxa
prof.tagaev@mail.ru

AHHoTauusi: B panHOil pabore mpeamonaraeM 4YTO TMoJeBass MNPUPOAA aHOMAJIbHOTO
peanpoOOHOro TOKa CBf3aHa C TaK Ha3bIBAEMbIM MHOTOCTYIEHYAThIM, (MHOTOIIATOBBIM)
TYHEJIBHO PeKOMOMHAIIMOHHBIM MEXaHU3MOM IPOX0XKJIEHUS] 0OpAaTHOTO TOKA, YaCTO HAOJII01aeMOT0
B rereponepexonax auoo B Auoaax LLIoTTky 1 MaloM3y4eHHOT0 B JJABUHHBIX p-N IEPEeXoaax.

Kniouegvle cnoevl: 2nyounHvie ypoeHu, NABUHHO20 NPOOOU, GbICOMbL NOMEHYUATLHO2O
bapvepa.

[Tpupoae M30BITOYHBIX OOPATHBIX TOKOB B KpPeMHHEBBIX AUG(Y3HOHHBIX P-N mepexoiax
MOCBAIIIEHO MHOTO paboOT, B KOTOPBIX YTEUKH CBS3BIBAIOTCA C HAJMYMEM TIYOOKHX YpPOBHEU U
pPa3IMYHBIX MPEIUNUTATOB, AUCIOKammi [1-3], W JApyrux TPUMECHBIX U CTPYKTYPHBIX
HeogHOpoaHocTe. Kak mpaBmiio, Takue aeekTsl 00YCIaBIMBAIOT HW30BITOYHBIE TOKHU
TEPMOTCHEPALIMOHHON TMPUPOABI, a B PpsE ClydyaeB, HampuMep, NPHU OCAKICHUM MpHUMeceit
CO3JAIONIMX TJyOOKHE YPOBHHM, Ha JUCIOKALUUAX, OPUBOAIT K ~MsArkomy’ mpoborw [1,4].
[lonnmanue npUPOIBl AHOMANBHBIX MPEANPOOOHHBIX TOKOB OCOOCHHO Ba)KHO MJIs JIABUHHO-
nposieTHbIX AuoAoB (JIII/]), B KOTOPBIX OT BEIMYMHBI 3THX TOKOB 3aBHCHUATH 3()(PEeKTUBHOCTS,
BBIXOJTHAsE MOIIHOCTb M HAJEXKHOCTh [5-7] mpubopoB. B manHO#l pabore OyaeT paccMoTpeHa
TIPEPO/IA AHOMATBHEIX MPEANPOGOIMHEIX TOKOB B KpeMHHEBBIX auddy3unonnsx JITTJ. B takux p*-n-
n"  cTIpykTypax HapsAgy ¢ oOpa3lamMy, MMEIOIMMH pAcUETHBIE TapaMeTpsl Ha psfe JHOJIOB,
HaOII0aeTcsl aHOMaJbHBIE TpeAnpoOoitHpie Toku. Crnabas TemmeparypHas W CHIIbHAs I10JIeBast
3aBUCHMOCTH 3THUX TOKOB YKa3bIBAIOT Ha IMOJIEBYIO MPUPOIY TOKomepeHoca. Takol MoJeBO TOK
XapakTepeH 0o IUIs JUO0A0B 3WHEpa, C JIOKAIM3alMed B Y3KHX MECTax 1o Bcemy (QpoHTy P-N
nepexonaa, Tub0 B OTHENBHBIX y4acTkax P-N mepexona. Ilpu 3ToM xapakTepHble MHKPOILIA3MBI

13


mailto:prof.tagaev@mail.ru

Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

(MII) B obmacTi aHOMAJIBHBIX TOKOB HE HAOJIIOACTCS, TMOCKOIBKY 3(PPEKT MUKPOIIIA3MEHHOTO
po6ost MackupyeTcsi Ha (poHe OOJBIINX aHOMAJIbHBIX TOKOB. MBI B TaHHOM paboTe MpearnoaraemM,
YTO TI0JieBas IMpPHUPOJAa AHOMAJIBHOIO MpPeANnpoOOHHOr0 TOKa CBfi3aHa C TaK Ha3bIBA€MbIM
MHOI'OCTYNE€HYaThIM,  (MHOTOLIAroBbIM)  TYHEIBHO  PEKOMOMHAIIMOHHBIM  MEXaHHU3MOM
MIPOXOXkKACHUSI 0OPaTHOTO TOKA, YacTO HaOJI01aeMOoro B rereporepexoax auoo B quonax HloTtku
[8,9] m ManmousyueHHOro B JIaBUHHBIX P-N mepexonax. [loatomy pacuer BAX K]ljeMHI/IeBOFO
nudPy3MOHHOTO IHMOJA C KOHIIEHTpamuew mnpumeceit B 0azoBoi obmactu 2,5-3-10 Sem™, Ml
MPUBOJWIM C Y4eToM pe3ynbTaTtoB pabor [9,10] a Takke MHOTOCTYNEHYaTOW TYHHEIbHO —
pekoMOuHanmonHou moaenu [7]. U3 [7] cnexyeT, 9To 3Ta MOJAEIB XOPOIIIO OOBSICHAET 3aBUCUMOCTH
TOKa OT NPWJIOKEHHOTO HAIPSIKEHUS U TEMIEPATyphbl U MPEACTABIAET 3aBUCUMOCTb BEPOSTHOCTU
TYHHEJIUPOBAaHUS MEX]Y YPOBHSMHU JIaBYIIEK B 00JIaCTU MPOCTPAHCTBEHHOrO 3apsja OT 4Hclia
BEPTUKAJIbHBIX IIAaroB (CTyMeHel), B pe3yIbTaTe KOTOPBIX 3JEKTPOH TEPSET SHEPTUI0 IIPU Iepexoie
c omgHoro ypoBHs Ha Apyrou. Kak ciemyer m3 paboT, mpoaHaM3uUpOBaHHBIX B [7,8] momens
MHOTOCTYIIEHBYATOT0 TYHHEIMPOBAHMUS MMEET MECTO, Korzna KoHuUeHTpauus JsoBymek B OII3
BEJIMKAa, a PACCTOSHHE KOTOPOE 3JIEKTPOH JIOJDKEH NPEOAOJeTh pe3yibTaTe TYyHHEJIWPOBAHMUS,
JOCTAaTO4YHO OOJbIIOe (HECKOJNbKO ThICAY aHrectpem). s pacueta BAX ucnonb3yer Mopaenb
TE€PMOIIOJIEBOIO TOKAa aBTO3JEKTPOHHOM 3MHUCCHM U3 IOJIYIPOBOJHUKA M YYTEM BO3MOXKHOCTH
MHOT'O CTYIEHYAaTOT0 TyHHEJIHpoBaHUs Hocuteneil yepe3 OII3 B y3koii JokanbHOI obmactu P-n
nepexojia. 30HHAs TUarpamMma 3TOM JIOKaIM30BaHHOM 001acTH MoKa3aHa Ha puc 1.

I[Mpeanonoxum, uto B obmactu temmeparyp 300°K TOK onpenesisercs TyHHEIMPOBAHUEM
HOCUTENIeH BOJU3U PHEPreTHUecKoro ypoBHs Ep, KOTOpBIH BhINIE JHA 30HBI MPOBOAMUMOCTH, HO
HIDKE BBICOTHI NMOTEHLMalbHOrO Oapwepa (eV + ek) T.e. cuuTaeM, 4TO 3aBHUCHMOCTb TOKa j OT
MIPWJIOKEHHOTO CMEIIEHMsI OIpPEAEseTCs] MOJEIbI0 TEPMOIIOJIEBOIO 3MHUCCHOHHOIO TOKa [7],
COIJIaCHO KOTOPOi

En _Em En _Em
. 4mm(koT) ekoTe koTe=bm 1 ekoTeg koTg=bm
= 3 =—eNJ
h 4 f (1)
2Ek,T |L 2Ek,T |L
T T
P _-.-1-:_ L]
Ehcn==n==a R = ™ -
S eroero e O |©6 & @ Cerher o
gerafetofETe’e © e @ @ e g .
=d = %% % == CEPE T -

Puc 1. 3onHas quarpamMmma 00paTHO CMEIICHHOTO KPEMHHEBOTO P-N Iepexo/ia B 001acTr
JIOKaIU3alys aHOMAJIBHOIO TOKA.
I'me b, ¢, f — kosddurrents! pasnoxenus B psaa Tewnopa GyHKIMM:
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Ex

kO_T} = explby + cm + Em + fin(&x — )] )

I'me cBoro ogyepeab

exp {—B(Ex) —

4NZm (¥ — B)(¥ — B

3)

31ech &y, &n,-0€3pa3MepHble BeMUUnHbI d3HEpTUuid E,, E;),, ¥ -IOTeHIIMAbHAS SHEPTUs
anektpona. [lapameTpsi b, € u f MoryT ObITH 3amucaHbl B BUJE:

b=§ﬁF*W%@l (4)
¢ = 2V2F1W2 lﬁ(y) - dfi—;y)y , )
.3 9(y)

3nece F, W, g, oT - Oe3pa3MepHbIe BETMYMHBI SJICKTPUUECKOTO OISl K SHEPIHs,
BBIPQ)KCHHBIC B aTOMHBIX SAMHHIIAX XaPTpH:

Fe F _ F B/cM @
" m2e5h™*  5.15-1098B/cM
llun - Emn llun - Emn
= = 8
w me*h—2 27,2 ®)
_ keT  2,4-107%38 ©)
kol = eh—2 27298
V+
F=—— 2k (10)

B naHHbBIX 0003HaueHusX F-3IeKTpUUECKOE IoJie B 00JacTH MPOCTPAHCTBEHHOTO 3apsija
noJiynpoBoaHuka, |-mupuna O3, ¥, — E,,p,-

Bapwep nis TyHHenMpoBaHMS SJEKTPOHOB M3 MONYNPOBOJHUKA N-Tuma B P-tum. s
pacueroB ¢yHkuuu Y(y) monoraeM paBHOM €IUHUIE U CUMTAEM, 4TO, (OpMa MOTCHIMATHHOTO
Oapbepa He oKasbiBaeT BiausHus Ha BAX ctpykTyp. CanTaeM, 4T0 TOK CTPYKTYPBI j = jnp + jpn.

'€ jpp - TOK DIEKTPOHOB W3 IOJYNPOBOAHMKA N-THIA B P-TUNA BOJM3U SHEPrETHYECKOTO
ypoBHS Ejpy, @ fpn -TOK JIBIPOK M3 IOJIYNPOBOJHUKA P-THIA B N-THIA BOJW3M SHEPTrETHYECKOTO
YPOBHS Epypy.

Paccmotpum B Hayane TOK Jp,, KOTOPBIM B COOTBETCTBMH € MOJIEJIBIO TEPMOIOJIEBOTO
OMUCCHOHHOTO TOKa ompezensercs dopmynoit (1), rme N=2,5+3-10"cm™, ¢ =058, 9, =
107cm/c , Eyy = Epyp. Jdna pacuera E,,, by, T, Cm Heo6Xoaumo 3nath Benuuunsl F u W. Ilupuny
OI13 |, HeoOxoaumyto, 11 pacueTa, onpeaenseM ypaBaenus [lyaccona.

d?w _ ame?N(t EnkyT
~ = © rax uro | = 0 .20, (11)
dx EnkoT 4me<N
e(V+
rae Wy = w = 40(V + 0,5) — 3naueHue Ge3pa3MepHOro MOTEHIMAa B Tockoctd X = 0.
nkoT

PesynbraTel pacyera usmenenuss mupunbl OI13 npu yBeamdeHUH NMPUIOKEHHOTO CMEILICHUS
npuBeqeHsl B Tabnune la. [Ipu pacuere cuurtanoch, 4To Bce MPUIIOKEHHOE HANpPsDKEHUE MaJaeT B
MOJIYIIPOBOIHUKE N -TUTA.

Tab6anna 1. 3aBucumocts mupussl OI13 ot Temneparypsl T 1 npUI0KEHHOTO CMELLIEHUS.
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TK 300 340 380 405 25
T MKM MKM MKM MKM MKM
15B 0,25 0,26 0,28 0,29 0,3
20B 0,28 0,30 0,32 0,336 0,34
22B 0,29 0,315 0,336 0,353 0,38
KoT-104 4,14 4,7 5,2 5,6 5,8
KoT,, 107 2.4 2,82 3,12 3,36 3,43
d, mxm 7107 7-10° 7,5-107 8-10° 84107 8,5-107

O0paboTKka TakUX JUOIHBIX CTPYKTYp B BaKyyme ~10" Topp MpoOBOAMIA K HCYE3HOBEHHIO
rucrepesuca, npu 3toM Ha BAX BmioTh 10 HampspKeHUs JJaBUHHOTO MPOOOsi yTeYKH O0OpaTHOTO
Toka He npeBbimany Bexuanasr 107 A. TakuM 06pasom, npeanonaraemas o6padboTKa MOKET OBITh
MCIIOJIb30BaHa JJIs yAy4yeHUs] XapaKTepUCTUK JU0J1a B IPeAnpo0oiiHoil 0biacTu.
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WCCJIEJOBAHUE KOHIIEHTPAIIMM IPUMECEM SI<Rh> W UX
IJIEKTPHYECKOI'O COCTOAHUA

Sh.A. Makhmudov, A.A. Sulaimonov, A.K. Rafikov

Institute of Nuclear Physics of the AS Uz, 100214, Uzbekistan, e-mail: rafikov@inp.uz

AnHoTanus. B 3ToM paboTe mMccieqoBaHne MOHOKPUCTAUIMYECKHE o0pasisl Si N- u P-THIa
JIETUPOBAHHOTO PACTBOPUMOCTH poaueM. B 3ToM paboTe H3ydeH MpoIecc JEerupOBaHHOTO
00pa310B MOHOKPHUCTAINIMYECKOTO KpeMHHUS (Si) N- M P-TUIIOB pacTBOPOM POJHS, KOHIIEHTPAIHH
npuMecel Ha aKIEenTOPHOM U JIOHOPHOM YPOBHSX, OOpa3ylOIIUXCS B KPEeMHHH, H UX
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JNICKTPOAKTUBHOE COCTOSSHME. B MeTole aKTUBAallMOHHOTO aHaJIM3a  paccMaTpPUBACTCS
TeMIepaTypHass 3aBHCUMOCTh KOHIICHTPAllMU POAMEBOM cMecu. [1o MOTy4YeHHBIM pe3ylibTaTaM
ObLIa OIpEe/IeIICHa 3aBUCHMOCTD YICJIEHOTO COIMPOTUBIICHUS OT KOHIICHTPAITUH PUMECEH pOJIHS.

Kniouesvie cnoea: monoxpucmann xpemuuti, ¢omopesucmop, oug@ysus, npumecs,
MUKPOHEOOHOPOOHOCMYb, deqhopmayuu, KOMNEHCUPOBAHHO20 KPEMHULL, PACMBOPUMOCTb, OedeKm,
POoOuLl, OOHOPHbBIIL YPOBEH.

B nocnegnue Bpems s moydeHHs (POTOPE3UCTOPOB TMpejaracTcsi HCMOIb30BaTh
KOMIICHCUPOBAHHBIH KPEMHH C TPUMECHBIMH Je(PEKTaMH, CO3MAOIIMMH TIyOOKHE SHepre-
tuueckue ypoBHH (I'DVY) [1]. OnHako, monydeHre OOIBIIOTO KOJIMYECTBA KOMIICHCHPOBAHHOTO
Marepuaia ¢ UACHTUIHBIM (POTOIIEKTPUICCKUMH U DJICKTPODU3NICCKUMU XapaKTEPUCTUKAMU IS
M3TOTOBJICHUS (OTOPE3UCTOPOB TEPMOAU(PHY3HOHHBIM CIIOCOOOM SBISIETCS CIIOKHBIM.

M3BecTHO, YTO KpPEeMHUN NPUHAMICKHUT K UYHUCITY TMOTYNPOBOJHUKOBBIX MAaTEpHUANIOB, B
KOTOpPBIX HaumOoliee TMOJHO U [JIeTAIbHO W3YYEHBl TMPOLECCHl, HAyIIHE TMpU OOIyueHUHU
MMPOHUKAIOINMH paguanusIMHi B TocieayromneM tepmoorkure [1-5]. Tlokasano, 9to B pe3ynbTare
Bo3aeiCcTBUSL (D (]y3Us-TeTHPOBAHHOTO, HE TOJIILKO B KPEMHHH, HO U BO BCEX TBEPJbIX Telax
HE3aBHCHMO OT THIA UX CTPYKTYPbl UMEET MECTO CMEIEHUE aTOMOB ¢ 00pa30BaHUEM BaKaHTHBIX
y3JI0B V M COOCTBEHHBIX MEXI0Yy3eNbHBIX aToMOB I, T.e. map ®penkens. Orcioma CieayeT, 4To
BBEJICHUE TaKUX TNIYOOKHUX LIEHTPOB B KPEMHUU IPU OMPEIEIICHHBIX YCIOBHSIX Ja€T BO3MOXKHOCTh
IIMPOKO BapbUPOBATh BPEMsl JKU3HHM HOCHUTENEH TOKa (T) U MPOBOAMMOCTh MaTepuaia, KOTopbie, B
CBOIO 0YEPE/Ib, OMPENEAIOT (OTOUYBCTBUTENBHOCTh, OBICTPOICHCTBUE MaTepHUaIa.

B nmanHOil pabore Ui MCCIeNOBaHUS AIIEKTPOPUINIECKUX CBOWCTB MPHUMECHBIX Je(hEKTOB
HCIIOIh30BAJIMCh OOBIYHBIC METOJIBl M3MEPEHUU YIEIBbHOTO COMpOTUBICHUs (p), KoddduimeHTa
XoJna.

JIist poBeICHUS MCCIICIOBAHUsI ObLIH MCIIOIb30BaHbl MOHOKPHCTAIUIMYECKHE 00pa3iibl Si N-
U p-TUna, JerupoBaHHbie GochopoM U 6OPOM, BEIpAIICHHBIE METOI0M HOXpallbCKOTO (CoAepKaHUEe
Kuciopoga ~ 5- 10" CM'3) 1 METOJIOM O€3TUTeIbHOM 30HHOM IUIaBKH (COJIepyKaHMe KHCIOpoaa ~10%°
CM'3). JlerupoBanue Rh ocymecTrisiiock TepMoandHy3HOHHBIM METOZOM, B OTKPBITOM 00bEeME U3
HAHECEHHOTO Ha MOBEPXHOCTh KpeMHHUEBBbIX miactuH (2-10)% wHoro Bomnoro pactBopa RhCI, B
unrepBaie temrepatyp 1050-1300 °C. JlerupoBaHue KpeMHHUsS POJAMEM Ha TOM K€ YPOBHE B
HacTosIlee BpeMms akTyalnbHO. [loToMy 4YTO poauii SBISETCS OJHUM U3 TPYIHOIUIABKUX
MaTepuasoB, BXOJSIIUX B COCTAaB IpyIa IUIAaTHHBL PelieHue 3TOW 3a1ayu OCYIIECTBIISLIOCH 2
cnocobamu (Mmeto HambUieHUST Ha yctaHoBke BVYII-4 u HaHeceHue ponus Ha yCTaHOBKE (B
CHeIMaIbHOM OOKce)) B KpeMHHeBOH nuddy3un poameBol XUIKOCTH mpu Temreparypax 1050-
1300 °C. OO6mas pacTBOPHUMOCTh POJAWS B KPEMHHH Iepeaessiach METOJAOM HEHTPOHHO-
AKTHBALIMOHHOTO aHaIM3a. YCTAHOBJICHO, YTO IpeenbHas obmas pactBopumocts Rh (NS9) B Si
npu Ttemmeparype ~1280°C cocraBiaseT mopsaka ~10Y" oM, [Ipu »TOM TemmepaTypHas
3aBUCUMOCTS (puc.l, kpuBas 2) yJOBIETBOPUTEIBHO OMUCHIBAETCS CIEAYIOLUIUM BBIPAKECHHEM.

N}gg =9. 1023 ] exp[— 2.15+K0,|.,15 38]1 CM_3 (1)

JluteparypHbix aaHHbIX [1-5] mokaszamu, yro mpumech <Rh> B Si sBisercs amdorepHoit
NPUMECHIO, T.€. B 3alpelIcHHYI0 30Hy <Rh> BBOIUT Kak akIenTOpHbIC, TaK U IOHOPHBIC YPOBHHU.
[TosToMy ¢ TOMOIIBIO METOJA TOJTHOW KOMIIEHCAIIMM HaMH OBLIM OIpeIeieHbl KOHIICHTPAIIHS
AKIENTOPHBIX M JOHOPHBIX ypoBHeH <Rh> B n-Si m p-Si. Ha puc.l npuBeneHbI 3aBHCHMOCTH
KOHIICHTPALlUU JOHOPHBIX (kpuBas 2) nentpoB <Rh> B Si oT Temneparypsr nuddy3uun. Kak BugHO
u3 pucyHnka, 3asucumocts N~f(T) HOcuT perporpamueiii xapakrep ¢ Makcumymom mpu 1280°C.
[IpsiMoNMHEWHBIE YYaCTKU TEMIIEPaTypHOW 3aBUCUMOCTH PACTBOPUMOCTH JIOHOPHBIX IIEHTPOB
OIHCHIBAIOTCS CJIEIYIOIIUM BbIpaKEHHEM
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Puc.1. PactBopumocTts poaus (kp.1,2) B kpemHuH: 1, 2- mogHas pacCTBOPUMOCTb, U3MEPECHHAS
METOAOM AKTHUBAIITMOHHOI'O aHaJIn3a.

2.15+0.153B

— .1022 .
Ngp = 3,5-10%% - exp[ -

], om? 0)

CremoBaTeabHO, KOHIIEHTPAIUS AJIEKTPHUCCKH aKTHBHBIX TOHOPHBIX 1IeHTpoB Rh (Ng) B Si B
HCCJIEIOBAHHOM MHTEPBAJIE TEMIIEPATYP U3MEHSAETCS OT 10* g0 4-10% em.

Pe3ynbraThl 1MOKa3bIBAIOT, YTO MCCICAOBAHHUS PACTBOPHUMOCTH BIUIOTH JIO TEMIIEPATyp
auddysun ~1320 °C mo3BOJIWIN YCTAHOBUTH MHTEPECHYIO 0cOOeHHOCTH pacTBopuMoctu Rh B Si-
e€ peTporpajHOCTh, B OTJIIMYKE OT padoTHI [4], TIe TOKA3aHO, YTO MaKCHUMajbHas KOHIICHTPAIUs
JIEKTpUYECKH aKTHBHBIX aToMoB Rh B kpemuum cocrasiser Nrp=(Na+Ng) ~5-10" om’ npu
temrieparype 1ud@dy3unu. ITo CTAHOBUTCS MOHATHBIM, T.€. aBTOPHI [4] HE MOCTHUTAIA TEMIIEPATYP
Beimie 1250°C. Tloka3zaHo, 4TO 3aTpara PHEPrHWM Ha OOpa3OBaHHWE BAKAHCHUW B 3HAYUTEIHHOM
CTCTICHH KOMITICHCUPYETCS BBIIICJICHHEM €€ 3a CUeT SHTEIUICPOBCKOH jaedopmarm, oOpa3oBaHUsS
komruiekca [V+II] m yrayOnenus sHeprerudeckoro ypoBHsA. Ilpu stom npumecu I1 moryr
HaxOJHUTCSI B JIBYX COCTOSHUSX: TEPBOE-Y3JIOBOE€ COCTOSTHME C CAaMOKOMIICHCAIlMed 3a CYeT
o0pa3oBaHUS B COCEJAHEM Y3Jie BaKaHCHUU, BTOPOE-MEXKAOY3EIbHOE, KOTJa MPUMECh 00paszyeT
KOMIUIEKC C BAaKaHCHEH, HaXOIACh BOJIM3U HEE B MEXKI0Y3€IbHOM cocTosiHuu [111].

3aBUCHUMOCTH YACIBHOTO CONMpPOTHBICHHS oOpasna Si<Rh> oT KoOHIEHTpaluu BBEIACHHOM
poausi 4TO B 00pas3lax P-TUIAa PE3KO BO3PACTACT YACIHHOE CONPOTHUBICHHE, MPHYEM IOPOT
BO3pACTaHMSI 3aBBICUTH OT BEJIMYUHBI UCXOAHOTO p. IIpu ganbpHeieM yBeIu4eHNH KOHIIEHTPALUU
aToMoB <S> u <Rh> kpucramisl p-tuna nepekommnencupyiores. Korma npumecs <Rh> cranosurcs
JOMUHHPYIOIIEH, mojioskeHre ypoBHsi Depmu B P-Si<Rh> onpenernsercs B OCHOBHOM MOJIOKEHHEM
ypoBus 1ieHrpa <Rh> E. - 0,55 3B u yaenpHOE CONPOTUBJIEHHE JOCTUTAET CBOETO IPENEIBHOIO
sHadeHns ~ 10°> OM-cM. MakcuManbHoe npeaensHoe 3HadeHue p ~ 700 Om-cM qocturaeTcs Toria,
KOIJla KOHIIEHTpAIMs aKIEeNTOPHBIX IeHTpoB <Rh> cpaBHuMa win Oonblie KOHIECHTpAIMK
OCHOBHBIX HOCUTEJIEH TOKa B MCXOJHOM MaTtepuaie [167].

B paGore [4] OblIM TOJYYEHBI pacueTHBIC 3aBHCHMOCTH KOMIICHCAIIMM MaTepuaia IIo
MIPOBOAMMOCTH (PE3yJIbTaThl MAITMHHOTO PEIICHUs YpaBHEeHUS dnekTpoHeiTpatbHocTu npu 300 K).
[Tonydennble pe3ysbTaThl MO3BOJIWIM CAENaTh BBIBOA, YTO HEHTP E.-0,3 3B umeer moHOpHBIH, a
ueHtp E¢- 0,55 3B -akuenTopHslil Xxapakrep.

CormocTaBieHrue pe3yJbTaTOB AaKTUBALIMOHHOTO aHalM3a M OSJEKTPUYECKUX HW3MEPCHHM
MOKA3bIBAET, YTO AJICKTPUUYECKM AKTUBHAs HMCXOJHOIO0 KPEeMHHUI NPUMEPHO Ha JBa MOpsAKa, a
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atombl Rh Ha ~1,5 mopsijika Hibke, yeM o0Iiee coep)kaHie pacTBOPEHHBIX aToMOB Rh B kpeMHHMH.
D70, OYEBUIHO, CBSI3aHO C TEM, YTO OCHOBHAas 4acTh aToMoB Rh, mogo0HO aToMaM HEKOTOPBIX
MpuUMecei, HaXOJIUTCS B DJIEKTPUYECKH HEAKTHBHOM COCTOSHUM B BHJIE CKOIUIGHUW BOKPYT
JMCIIOKAIMA U JIPYTrHX HCKaKEHHBIX YYACTKOB KPHCTAUITMYECKOW peIeTKH Si, KaK BKIIOYCHUSI
BTOpOH (pa3bl.
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OBPA30OBAHME JE®EKTHBIX KOMILIEKCOB ITPA B3BAUMOJENCTBAHA ATOMA
MNPUMECH C MEXYIO3EJbHBIM ATOMOM KPEMHHMSA U BAKAHCHUEN B
KPEMHHUEBBIX KJJACTEPAX

Maxkamos I11I., Tammeros M.1O., CynaiimanoB H.T., Opnonos M.H.

Hnemumym soepnoti pusuxu AH PY3, Tawxenm, Y36exucman, sulaymon@inp.uz

W3BecTHO, 4TO B HACTOsIIEE BpEMsl CaMbIM BOCTPEOOBAHHBIM MAaTEpUATIOM MHKpPO- M HaHO-
ANEKTPOHUKH SIBJISIETCS MOHOKPUCTAJNIMYECKUI KpeMHHI. B psie ciyuyaeB, crocoObl ynpaBieHHUs
CBOMCTBAaMHM KpPEMHHS OCHOBBIBAIOTCSI Ha JIETUPOBaHME aTOMaMH Pa3HBIX 3JIEMEHTOB, KOTOpbIE
00pa3ytoT nedeKThl U NeeKTHBIE KOMIUIEKCH. Hanmpumep, BBeIeHHEM PUMECHBIX, paJIHalHOHHBIX
U TEePMHUYECKHX Je(PEKTOB B KPUCTAUIMUECKUH KPEMHHMH MOXHO YIIPaBIATh CTPYKTYPHBIMU
rapaMeTpaMu HHU3KO-pa3MEpPHBIX COCTOSIHMM, (opmupyomuxcs B o0ObeMe MaTepuana u
MOJUGUIMPOBATE UX (YHAAMEHTAIbHbIE CBOWCTBA.

JlanHast paboTa MOCBSIIIIEHA M3YyYEHUIO B3aUMOJEHCTBUM aTomMa MPUMECH C COOCTBEHHBIMU
negexTaMu B KPEMHMEBBIX KJIacTepaxX M ONPEJCNICHHIO CTPYKTYPHBIX U SHEPreTHYECKUX 30HHBIX
[apaMeTpoB KJIACTEPOB C NPUMEHEHHEM METOJ0B KOMIIBIOTEpPHOrO MojenupoBanus. Jlus
OIIPEACIICHUS] CTPYKTYpPHBIX IIapaMETPOB M OCHOBHBIX JHEPIeTUYECKUX XapPaKTEPUCTUK HAHO-
kiacrepa SipgHss TpU BHEIPEHUH MPUMECHOTO aTOMa M €ro B3aUMOJICHCTBHU C MEKI0Y3EIbHBIM
aTOMOM KpeMHHMs U BakaHcuel Mbl npuMeHmu naket nporpaMmm ORCA [1]. McxoaHble CTPYKTYpPbI
ObUIM CO3/1aHbl C UCHOJb30BaHMEM ImporpamMmbl pacuetoB ChemBio3D 11.0, korma ueHtp
KOOpJUHAT COBIAAAET C LIEHTpalIbHbIM Ty y3i10M.

BzaumogpeiictBue  coOctBeHHbix gedexktoB  (Msi um  Sij) ¢ aromamu  mpuMecei
TEXHOJIOTUYECKOro 3Tana (T.e., Ha 3Tale BbIPAIMBAHUS MOHOKPHUCTAJUIA KPEMHHUS M CO3JaHUS
HAHO-KJIACTEPOB KPEMHMsI) NPEICTABISAET COOOM KOMIUIEKC OYEHb CIIOXKHBIX IIPOLIECCOB C
U3MEHEHHEM DSJIEKTPOPHU3NUECKUX CBOMCTB KpeMHHus. B nmaHHON paboTe u3yueHbl HEKOTOpbIE
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CTOPOHBI B3aUMOCBSI3aHHBIX IPOIECCOB OOpa30BaHHS KOMILIEKCOB [COOCTBEHHBIN nedeKT+aTom
npUMecH|, TAe B KadecTBe aToMa mpumecu paccMmotpensl O, C, P, B. Onrtummuzamus cTpyKTyp
KJIaCTepOB C JAedeKkTamMu (CM. TaOJIHILY) MOKA3bIBA€T CHWKEHUE TPYII CUMMETPUU OT KyOWUYeCcKOu
00BeMHO-TIEeHTpUpOBaHHOH ¢ Ty-monoxkeHueM B IeHTpe Kiactepa q0 Co-monoxeHus B LEHTpeE, C
BeITeCHeHHEM artoMoM O IEHTpaibHOrO atomMa Si, B pe3yibTare KOTOPOrO B HaHO-KJIAcTepe
obpasyetcs ananor A-yenmpa B MOHOKpHUCTasuie kpeMuus — [Vsi-Oi], aToM yriepo/ia npu Takux sk
YCIIOBHSX 3aHMUMAET MEKI0Y3€IbHOE TTOJI0KEHHUE.

Ta6auna. OnTUMH3UPOBAHHBIE CTPYKTYPHI KIACTEPOB € Je(EKTHBIMU KOMIUIEKCAaMU

Ha B3aumopeiictBue aroma C npu BHEAPCHUH B HAHO-KJIACTep KpeMHUs ¢ Vs U Sij CHIBHO
BIIMSIOT pa3MepHbie d3PPEKThI, B pe3ynbTaTe KOTOPOro 3Heprus odpazoBanus komiuiekca [Vsi-Ci,
CTAaHOBUTCS 3HAYUTEIILHO MEHbIIIE 3HAYCHUU ITON BETMUYMHBI B MOHOKPUCTAILIIE KPEMHHS.

Harmmm pe3yibTaThl KOMITBIOTEPHOTO MOICIIMPOBAHHMS IIOKA3BIBAIOT, YTO aTOM B Murpupyer Ha
MOBEPXHOCTh HaHO-KJIACTepa pa3phiBas 10 MyTH TeTpadapuueckue Si-Si cBs3u, a atom P 3aHuMaeT
ueHTpasbHoe Ty-monoxeHue.

CpaBHHTENIBbHBIN aHATIN3 PE3YJIBTATOB ONMTUMH3AIMIA CTPYKTYP KIAcTepoB SixgHsgs, SigSiiHss,
SizgSiiOHgs, SizgSiiCiH%, SizgSiiPH%, SizgSiiBng IIOKa3bIBA€T, 4YTO B oOJactu 06p330BaHI/I$I
nedeKTHOTO KOMIUIEKCa CTPYKTYpHBIE TMapaMeTpbl U DHEPreTUYECKHEe XapaKTepUCTUKU
KapJAWHAIGHO OTJIMYAIOTCS OT AQHAJIOTUYHBIX BEJIMYMH B MOHOKPHUCTAJUTHYECKOM KPEMHHHU.
W3MeHeHne Tpymnm CHUMMETPHM M MEKAaTOMHBIX PAacCTOSHHUN B Je(eKTHON 00JacTH KJIacTepoB
3aBHUCSAT HE TOJIBKO OT HAJIMYHSI COOCTBEHHOTO JAe(eKTa, HO U OT SHEPIreTHUYESCKH CaMOTO BBITOTHOTO
MOJIO’KEHUS aTOMAa MMPUMECH B MaTPHUIIE aTOMOB KPEMHHUSI.

KapTuHbl SHEpreTHYeCKNX YPOBHEH B 00JIACTH 3aMpEIIeHHON 30HBI IPH HAJTHYUHU OTJEITHBHOTO
MPUMECHOTO aToMa, B3aMMOJCHCTBYIOIIET0 C COOCTBEHHBIMH JedekTaMu B KiacTepe SixgHsg
MpeICTaBIeHbI Ha pucC.1.
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Puc.1. 3aBucuMocTy MIIOTHOCTEHN 3JEKTPOHHBIX YPOBHEH BOJIM3M 3aIlpEIieHHOM 30HBI
kiactepa SixgHsg

[Ipu >TOM BIUSHUE HA HHEPrEeTHYECKHE XAPAKTEPUCTUKHU BBEACHHS OTICIBHBIX MpPUMECEH
OTJIMYAETCs OT OAHOBPEMEHHOI'O BBEJCHHUS TAaKUX Map aTOMOB KaK KUCIOpoA-yriaepod u ¢ocdop-
00p, a Tak)Ke MX B3aUMOJCHCTBHUS C aTOMaMHU BOJOPOJia Ha MOBEPXHOCTH KiacTtepa (Pe3ymbrarh
HAIUX HKCCIIEOBAaHUN B3auMojeicTByomux npumeceit P-B B SiypgHss HamMu omy0iaukoBaHbI B
pabote [2], a mo omHoBpeMeHHOMY BBeneHHIO aToMOB O-C B SiygHszs OyayT omyOJMKOBaHBI B
OTIENbHON CTaThe B TEKylleM rony). [lns mpumecu yriepoa paBHOBECHOE COCTOSIHUE MOXKET
JOCTUTaThCSI 3aXBATOM aToMa BOJIOpPOJIa U3 COCEIHUX KOOpAMHAUMOHHBIX cdep [3]. ATom P mpu
B3aMMO/JICHCTBUY C MEXKA0Y3EIbHBIM aTOMOM Si; U BakaHcHel oOpa3yeT OMCTaOUIIbHBIN 1eQeKTHBIN
KOMIUIEKC C dHEepreTndeckuMu ypoBHsamu E;,=E-3.26eV Ep=E.-2.26 eV npu E4=-5.54 eV, npu
sToM Gochop 3axionbiBacT BakaHcuio Vsj, a Sij METpUPYET 3a mpeaeanl 001acTH 0O0pa3oBaHMs
nedekra 3amemnieHuss. ATom 6opa, u3-3a crnenuuueckoro xapakrepa B3auMOJICHCTBUS C aTOMaMHu
KpEeMHUSl JaeT TiyOOKuil ypoBeHb B 3alpelleHHOW 30He, W MpUBOAUTH K SH-TennepoBckomy
MCKa)XEHUIO AJIEKTPOHHOHN HoacucTeMbl AedekTHol o0nactu. [Ipu Hannynu BakaHCuH B 1e(EKTHON
obnactu SH-TennepoBckoe UCKaXKEHHE CHUMAETCs, a TIIyOOKHMH YpPOBEHb HE3HAUUTEIBHO
CMETIACTCA.

Takue 3aBUCMMOCTH CBOWCTB HAHO-KJIACTEPOB, COAEpKAIIUX ACPEKTHBIE KOMILICKCHI
Sig[StitArmpumecn] Has 11 Sizg[VsitAmpuvecu] Has OT pazmepoB gaeT BO3MOXKHOCTB II€JI€HATIPABIECHHO
YIOPaBIATH ANEKTPOPU3NUECKUMU CBOMCTBAMHU KPEMHUS, 33/1aBaTh HEOOXOIMMBIE MapaMeTphl IJis
KOHKPETHOT'O BHJIA TIOTYITPOBOAHHUKOBOT'O H3/ICITHSI.

Takum 00pa3oM, pe3yabTaThl KOMITBIOTEPHOTO MOJEIMPOBAHUS MOKA3alld, YTO BHEAPEHUS
atoma npumecH (paccmotpenst O, C, P, B) mpu Hanumuum MexI0y3€IbHOTO KPEMHUSI U BAKAHCUU B
HAHO-KJacTep KpeMHHUsS SipgHszs MPUBOIUT K CTPYKTYPHBIM H3MEHEHHUSIM B 00JIACTH 0Opa3oBaHHUS
nedekra U 00pa30BaHUIO AJICKTPOHHBIX JIOBYIIEK B 3aIPEIIEHHOW 30HE, JAIONINX BO3MOXKHOCTH
[[eJICHANPABICHHO YIIPABIATDH MNEKTPOPU3ZNUECKUMU XapaKTePUCTUKAMH MaTepHaa.
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WCCJEJOBAHUE ONITUYECKNX XAPAKTEPUCTHUK POCCUMCKHNX
KPHUCTAJLJIOB LSO-Ce JJI51 IO3UTPOHHO-OYMUCCHOHHON TOMOI'PA®UHA

Usanosa A.B.»2, EpmouenkoB UM KOpacosa 0.B. TaBpyHOB I[.A.Z,
benoycos M.II. 2 [Tynun A.AZ, VBanos B.10.% Usaunosckux K.B. 1

'AO «['upenmer» (r. Mocksa, Poccus)
ZYpanLCKHﬁ denepanpubiii yHUBepcuTeT (T. EkarepunOypr, Poccus)

AnHotanusi: VccienoBaHbl ONTUYECKHE CBOWCTBA OOPa3OB  CHUHTWLISIITHOHHOTO
kpuctamia LSO:Ce, Bepamennoro merogoM Yoxpanbckoro B AO «['upeamer» (I'K «PocaTomy).
Ha ocHOBaHMM aHanmu3a CIEKTPOB MOTJOMICHUS, (OTO-, PEHTICHO- U TEPMOCTUMYITHPOBAHHON
JIIOMUHECIICHITUN, KHHETUKN 3aTyXaHHUs CBEUCHHUS M PE3yJIbTaTOB OINMpPEICICHUS SHEPreTHYECKOro
paspelieHuss  CAENaHO  3aKJIIOUYEHHE O  BO3MOXKHOCTH  WCTOJB30BAaHUS  POCCHICKOTO
CIMHTHUIIIMOHHOro  Kpuctawia LSO:Ce miis  1eTeKTOpOB  BPEMS-TIPOJICTHBIX — TTO3MTPOH-
OMUCCUOHHBIX TOMOTPa(OB.

Kniouesvte cnoea: cyunmunnisyuonnvie xpucmainwl, epemsanpoiemuvie I13T cranepul,
LSO:Ce, memoo Yoxpanvckozo, iromMunecyenmuas CReKmpoCKonusl.

CUMHTHIUIAMOHHBIE KPUCTAJUTBI IPUMEHSIOTCS 111 IEPBUYHOTO NTPpeoOpa30BaHusl YHEPTUU B
JNETeKTOpaX HWOHM3UPYIOIIMX H3JIYYCHHUU, HCIONb3yeMbIX B (HU3UKE BBICOKHX OJHEPTHIA,
panuomerpud, Treopu3Mke W MeAumnuHEe. Tak, MO3UTPOHHO-dMHUcCHOHHass Tomorpadus (I19T)
SBIIAETCA OAHUM M3 Hanbosee HHPOPMATUBHBIX METOIOB, IPUMEHSIEMBIX B ACPHON MEAUIIMHE IS
JTMAarHOCTUKU OHKOJIOTMYECKUX, HEBPOJIOTUYECKUX M KapAHOJIIOTHIECKUX MaToyoruii. B wactHocTH,
[I2T obnagaeT Ha ABa mopsaKa Ooliee BHICOKOW MO CPAaBHEHHIO C IPYTMMU METOAaMH ToMOTpaduu
YYBCTBUTEIHHOCTHIO ITPH OOHAPYKEHUU MAJIBIX OHKOJIOTHYECKUX HOBOOOPAa30BaHUH Pa3MEPHOCTHIO
ot 0.5 mm. B nocnennee BpeMs 10 COBOKYITHOCTH TEXHOJIOTMUECKUX MMOKa3aTeNlel MpeAnouYTeHIE B
coBpemMeHHBIX [IDT ckaHepax oTmaeTcs KpPUCTAUTy OpPTOCHJIMKATA JIFOTEIHS, JAOMUPOBAHHOTO
uepueM (LSO:Ce). O6nanas 10cTaTOYHO BBICOKUM 3Ha4eHHEM 3((EKTUBHOIO aTOMHOTO HOMEpA U
BBICOKOW TUIOTHOCTBIO, YTO BaXXHO I PETHCTPAllMM TaMMa-H3JIydeHHs, OH JIEMOHCTPHUPYET
Jydlee coueTaHhe BPEMEHHU 3aTyxXaHus JoMUHeceHIH (40 HC) U BBICOKOTO KBAHTOBOTO BBIXOAA.
[TomMumo 3TOTO, BKIJIAJ BTOPHYHBIX (MEIJICHHBIX) KOMIIOHEHT MOCJIECBEUCHHS HE3HAYUTEICH. DTH
(bakTopsl 00YCIOBINBAIOT BO3MOKHOCTh MOIyYeHHs 00jiee KaueCTBEHHOI'O M300paKEeHUs, a TaKKe
YMEHBIICHHE BPEMEHH OSKCIO3UIMU 00BbekTa. [lo cBOMM XapaKTepHCTHKaM CHWHTHIUIAIMOHHBINA
kpuctamn LSO:Ce mnoaxomut st mpuMeHeHUst Bo BpemsnpoieTHelx [I9T-ckanepax, rae
M300payKeHUe CTPOUTCS HE TOJIBKO Ha OCHOBE OIpE/IeNICHUs COBIA/ICHUH, HO U aHaIu3a BPEMEHHON
KOppEeJSIMN COBIAJACHUN, 4YTO TO3BOJISIET 3HAYUTEIBHO CHHU3UTH IIyMbl HAa HM300paXKEHUU U
MOBBICUTH TOYHOCTH JIOKAJIU3ALUH.

HecmoTpss Ha TO, YTO TEXHOJOTHs BBIPALIMBAHUS KPUCTAIJIOB OPTOCHIIMKATA JIFOTELUS IS
[I9T onmnoit M3 mepBbIX ObLIa pa3zpaborana B Poccum, B mpoMBIIUIEHHOM MaciiTabe oHa Oblia
peanuzoBana B koHile 1990-x ronos B Kanane u CHIA, u nanee B Kurae u 3anannoit Espore. B PO
MIPOMBIIIJIEHHOE MPOMU3BOJICTBO CLUHTWILIATOPOB Ha 0a3e OpTOCHIMKATA JIIOTELUS OTCYTCTBYET,
Tak)Ke, Kak U OoTCyTCTBYeT Ipou3BoAcTBO [IDT-ckanepoB. Cripoc Ha 100 % ymoBieTBopsieTcs 3a
cyeTr umnoprta. OcHOBHbIE TOCTaBIIMKUA TOTOBBIX [IDT-ckanepoB — kommanuu GE Healthcare,
Siemens wu Philips, camblii M3BECTHBI MPOU3BOIUTENH CIMHTUUISIUOHHBIX KPUCTAIUIOB IS
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nerekropoB I1DT-ckanepoB — Saint-Gobain Crystals. B memsix co3mgaHus JIETEKTOPOB st
poccuiickux I[I9T-tromorpagos B AO «l'mpenmer» (I'K «Pocatom») Handa)k€eHO  OIBITHO-
naboparopHoe npou3BoAcTBO KpuctaiuioB LSO:Ce.

Henp Hacrosimiedt paboTbl — oOMNpeneiaeHHe ONTHYECKUX XapaKTePUCTUK POCCHHCKUX
CUMHTWUINMOHHBIX KpucTayioB LSO:Ce u aHanmu3 BO3MOXHOCTH HUX HCIHOJB30BaHUS IS
nerekropa [I9T-Tomorpada.

Oo0vexTnl HccaenoBanus. Monokpucramn LSO:Ce Bblpanien merogoM Yoxpaiabckoro B
atMocepe uHepTHOTro raza B AO «'upeamer». V3 pa3nu4HbBIX y4aCTKOB KPUCTAIITUYECKONU Oyiu
nmHOM 200 MM U guamMeTpoM 75 MM OB U3TOTOBJICHBI 00PA3IIbl ONITHYECKOTO KauecTBa B Gopme
NPSMOYTOJIBHBIX MapaiienenunenoB pasmepom 3x3x20+0,7 MmM. Pazmepsl 00pa3ioB BHIOpaHBI B
COOTBETCTBUM C pa3MepaMu 3JEMEHTOB (MUKceNei) MaTPUYHOTO CUUHTHIIISIIMOHHOTO JETEKTOpa
MPOMBIIIJICHHO BBITycKaeMbIX BpemsinpoieTHbix [19T Ttomorpados. Onrtudeckue cBoiicTBa
00BEKTOB MCCIICIOBAHMS CPABHUBAJIN CO XapaKTEePUCTHUKAMU MUKCeENel mpon3BoacTBa Saint Gobain
Crystals (Opannus).

Metonuka skcnepuMenTa. Crnektpel (oromomubecueHnuu (DJI) u Bo3OyxaeHus DJI
PETHCTPUPOBATH JBOWHBIM MPU3MEHHBIM MOHOXpomaropom JIMP-4 ¢ oOpaTHOW IWMHEHHOM
nucrniepcueit 10 A/Mm B obnactu 5 3B m ¢dotosnekrponHoro ymuoxwurens (®3Y) Hamamatsu
R6359-10, pabotaroimeM B OJHOIIEKTPOHHOM peXuMe. B kadecTBe HCTOYHHMKA BO30YXKICHUS
HCTOJIb30BANIM JEUTEPUEBYIO JlaMily MOITHOCTHI0O 400 BT CO CIUIOMIHBIM CHEKTPOM H3JIYyYEHHS B
Y®-o6mactu. KuHeTuky 3aTyxaHHs KaTOJOJIOMHUHECIICHIIMM HCCIIEOBAJIHM IOCIe BO30YXKICHUS
00pa3IoB UMITYJILCOM DJIEKTPOHOB reHepatopa turna MUPA-2]] (nnmurenbHOCTh uMmmyiabca 20 HC,
sHeprus 150 3B, wactora — enumHuusl I'm). CrnekTpbl peHTTEHO- M TEPMOCTHUMYIMPOBAHHOMN
JIFOMUHECIEHIIMM U3Mepssii  MoHOoXpoMatopoM MJIP-23 u ®BV-106, ucnonb3ys B KayecTBe
MCTOYHMKA BO30YKAeHUs1 peHTreHoBckuit anmmapat YPC-55 A (U = 55 kB, I = 6 MA). Cnextpsl
MIOTJIOLIEHUS perucTpupoBan Ha crekTpodoTomerpe Helios Alpha. DHepreTudeckoe pa3peiieHne
(FWHM) o0pa3noB wucciaeaoBaHUs W CPaBHEHUS OMNPEACISUIA TyTeM aHain3a aMIUIUTYIHBIX
CIEKTPOB CHMHTWISALUNA MPH BO30YXKICHHH Y-KBAHTaMU OT PaJMOAKTUBHOTO TaMMa-MCTOYHUKA
B (dboTomuk 662 k3B). Bee nuccnenoranus Beimosens! npu T = 300 K.

Pe3yjabTaThl 3KcHepuMeHTAa. TUNWYHBIE CHOEKTPbI  BO3OYXKIEHUS M W3IyYCHHUS
(boToMIOMUHECIICHIIMY 00bEKTOB UCCIIEIOBAHUS U 00pa3Ll0B CpaBHEHUS IIPEICTaBICHbI Ha puc. 1.
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Puc.1. Cnextpsl @JI (cneBa) u ciektpsl Bo3Oyxkaenus ®JI (cnpasa) obpasuos kpucramios LSO:Ce
npousBojcTBa AO «['mpenmeT» u Saint Gobain Crystals

W3 puc.1 caenyet, uro crektpel @JI KpUCTAIIOB NPAKTHUECKA UACHTUYHBI U TIPECTABICHBI
IIUPOKOH 1Mos10coi B nuana3one JuH BojH 380-600 M (2-3.5 3B) ¢ makcumymom BOM3u 420 HM.
JlanHast moyioca JIFOMHHECHEHIIMU OOYCIOBIIEHA W3Iy4aTeIbHBIMA MEKKOH(DHUTYpalMOHHBIMU
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4f%5d! — 4f* nepexoJjaMu ¢ HIbKaiero coctosiuusa Sd-0007109Kku Ha MYJIBTUTIIIETHBIE YPOBHU 2F5/2
u *Fyj, ocHoBHON 4f* KOH(QUTYpalliid B MOHAX ce®. Crnektpsl Bo3Oyxkaenust ®JI mpencraBieHb
IpYNIoN HIMPOKUX MOJI0C C MaKCUMyMaMH B paiioHe 260, 295 u 360 M. JlaHHbBIE NOJIOCHI CBSA3aHbI
C MEXKOH(UTYypallMOHHBIMU 4f — 4f°5d" nepexoJaMu TOTJIOEHUS B MOHAX Ce®* u wacTHuHO
OTPaXAIOT CTPYKTYPY YPOBHEH IMSTHKPATHO BBIPOKIECHHON 5d-0005104KM MOHA Ce*". Hexotopsie
OTINYUA CIEeKTpoB Bo30YyxkneHuss @JI kpucrtamnos mpousBoactBa AO «l'upenmer» oT 00pasIoB
CPaBHEHMsI B YacTU OTHOCHUTEIBHONM HWHTEHCHUBHOCTU IoJIoc B paiioHe 260 um 295 HM (puc.l)
OOYCIIOBJIGHBI PA3IMYHOM TPUPOJON U pacIlpelelieHHEM €CTECTBEHHBIX HEKOHTPOJIUPYEMBIX
ne(eKTOB KPUCTAIIIMYECKOW CTPYKTYpPbl. KOTOPbIE MOTYT BBI3bIBATH HAJIWYHE JIOMOJHUTEIHLHOTO
(KOHKYpEHTHOT0) KaHajla MOIJIOIIEHHUs B JAHHOW CIEKTpaJbHOM o0nacTu. POCT MHTEHCHMBHOCTH
BO30yxneHus B nuama3one A < 230 HM CBsi3aH C HayaJloM COOCTBEHHOTO ((hyHAaMEHTaJIHLHOTO)
nornomeHus Matpuibl LSO (mmpuna 3anpemEénoil 30Hb1 KpUcTaiia coCTaBisieT 0kojo 7 3B).

s cpaBHeHUs 001Iel 3(pPEKTUBHOCTH NEpeayll SHEPruu MOHU3UPYIOLIEro M3IYYeHHS K
LIEHTpaM CBeYeHUs (MOHaM Iiepusi) ObUTM M3y4YeHBI CHEKTPbI JIOMUHECLUEHIIMU MPH BO30YKICHUN
PEHTT€HOBCKUM H3i1ydeHueM (puc.2). Hamuume wnm orcyrcTBHE CHEIU(PUYECKHX 1e(PEKTOB B
Kpuctamiax  mpousBoactBa  AO  «['wpenMer»  THpoBepsIM  M3YYEHHEM  CIEKTPOB
TEPMOCTUMYJIUPOBAHHOM JIFOMUHECIIEHIINH (pHC.2).

Pesynbrathl, nmpeacTaBieHHbIE HA PUC.2, CBUACTEIBCTBYIOT O BBICOKOW CTETIEHU CXOXKECTH
ONITHYECKUX CBOMCTB KpHCTayUia, BeIpameHHoro B AO «['mpeamer» m o0pasiia CpaBHEHHS, YTO
TOBOPUT O OJIM3KOH CTPYKType YpOBHEH IIyOOKHX 3JEKTPOHHBIX JIOBYIIEK U COOTBETCTBYIOLIHX
nedexToB. BaxkHO oTMeTHUTB, 4TO 00a 0Opa3iia He OOHAPYKHBAJIH CKOJBKO-HUOYIbL BBIPAKCHHOU
dbocdopecreHIHH.
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Puc.2. CiekTpsl peHTI€HOTIOMUHECIICHITUH (CJIEBA) U TEPMOCTUMYJIMPOBAHHOHN JIFOMUHECIICHIINT
(cmpaBa) o6pasnoB kpuctamioB LSO:Ce npousBoactea AO «'upenmer» u Saint

Gobain Crystals

OpnHuMmu M3 Haumbosiee Ba)KHBIX XapaKTEPUCTHK CUUHTWUIALMOHHBIX KpuctayioB ans 19T
CKaHEpPOB C BPEMSAINPOJIETHOW TEXHOJOTUEH SBJISIOTCS BpEMEHa pa3rOpaHus M 3aTyXaHMs
UMITYJIbCHOU JIOMUHECLEHIUH. Ha puc.3 IIPUBEICHBI KHHETUKU 3aTyXaHus
KaTOAOJIIOMUHECHIEHIIMM 00pa3uoB mnpousBoactBa AO «l'mpeameT», BBIPE3aHHBIX M3 Pa3HbIX
qyacTel KpucTayuimyeckoi Oyu, u oOpasia cCpaBHEHUs.

Jlis Bo30y»KAeHHs KaTOAOIIOMUHECIEHIIMHY UCTIOIB30BAJICS UMITYJILC IIUTENbHOCTHIO 20 HC,
4T0 OJU3KO K OKUAAEMOMY HM3BECTHOMY BpeMeHHM 3aryxaHusa momuHecueHiuu LSO:Ce [1], To
3amMcaTth KOPPEKTHYIO KUHETHKY 3aTyXaHUs HE MpEACTaBISETCS BO3MOXKHBIM, TakXke KaK U
OLICHUTb TOYHOE 3HAYCHHE BpPEMEHU 3aTyxaHus. 1 HM3MEPEHHBIX CIEKTPOB HMITYJIBCHOM
PaAMOIIOMUHECIICHIIMY TPUHIUIHAIBHO BA)KHBIM SIBJISIETCS HaJWMYME€ WM OTCYTCTBUE JIMHHBIX
KOMIIOHEHTOB B KHHETHKE 3aTyXaHUsl CBEUEHHUs, KOTOPbIE CBUJIETEIbCTBYIOT O 00JIee HHEPIIMOHHBIX
(He)xenu MpsIMOE BHYTPUIIEHTPOBOE BO30YXKIEHHE) Mpoleccax NEepeHoca SHEpPruu K ILeHTpam
cBedeHus. CpaBHEHUE KMHETUK 3aTyXaHHs JIIOMUHECIICHIIMU 00Pa3lioB UCCIENYeMOro KprcTauia U
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pedepeHcHOro oOpasiia MO3BOJISET 3aKJIFOYUTh, UYTO IMOKA3aTeId BPEMEHH 3aTyXaHHsI CPAaBHUMBI H
cocTaBIII0T 0KoJ10 40 He.
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Puc.3. Kunetuku 3aTyxaHusi KaTOIOJIIOMUHECIICHIIUY (CJIeBa) U CIIEKTPhI MOTJIOIEHUs (CripaBa)
o6pasios kpuctauioB LSO:Ce nmpoussoacrea AO «I'upeamer» u Saint Gobain Crystals

B nmpexncraBneHHplx Ha puc.3  cHekTpax IMOMNIOMEHHs Yy pedepeHcHoro obpasia
IIPOCJIEKNUBAIOTCS NMOJOCKH! norjomeHus 234, 262, 290 u 356 HM. [/laHHBIE TUKHM COBHAAAIOT I10
3HA4YEeHUSIM C MPUBEICHHBIMU B JIUTepaType [2] 1 COOTBETCTBYIOT 3/1eKTpoHHBIM 4f-5d nepexonam B
IIPUMECHOM HOHE Ce**. st 06pasioB kpuctaimia, BeipamienHoro AO «'upeamer» B obmactu 230-
320 HM NHUKM TOMVIOIIEHWs HE paspemarTcs. OTO MOXKET OBbITh CBA3aHO C HATUYUEM
KOHKYPEHTHOTO KaHaja IMOTJIOMIEHUsI (JOTOHOB 3TOTO BOJHOBOIO JHMAINa3oHa IPYTUMHU MPUMECIMU
unu nepexramu. Bmecte ¢ TemM, OCHOBHAs IoJioca MOMIOIIEeHUs B 061act 360 HM sIpKO BbIpaXkeHa
y Bcex 00pas3IoB, YTO MO3BOJSET JENaTh 3aKIIOYCHHE O CXOXKECTH XapaKTEPHUCTHK O00pas3IoB
uccienoBaHus u cpaBHeHus. B auamasone anuH BoiH oT 400 no 800 HM He HabmOgaeTCS OPYTrUx
BBIPQKEHHBIX I0JIOC WM JIMHUN TOIJIOLIEHUS, YTO JOKA3bIBAET BHICOKYIO XMMHMUYECKYIO YHUCTOTY
nosrydyeHHoro kpucramia LSO:Ce.

Ha pucynke 4 npencraBieHbl TUIUYHbBIE aMIUIUTYIHbIE CIEKTPbl CUUHTHILISIUN KPUCTAIIIOB
Opu HMX BO30YXKIEHUM pPATUOAKTUBHBIM y-ucTouyHHMKOM 137Cs. Pe3ynbrartel 00paboTKH
aMIUTUTY/AHBIX CIIEKTPOB IPUBEEHBI B Tabsuue 1.

Pric.4. AMIUIHTYIHBIE CTIEKTPBI CLMHTHIIISIAI 06pasia mponssozacTa AO «upeamery (K ' Cs
onpenensiercs B 509-m kanaie, pa3zpenieHue oreHeHo B 9,11%) (cieBa) u odpasia cpaBHeHUS (TTHK
BCs ompeenseTcs B 663-M kaHaine, pasperieHue 7,9%) (crpasa)

Omnwmpasich Ha pe3ynbTaThl Ta0d. 1 U XapakTEpPUCTHKH 00pa3IOB CPaBHEHUS, IPUBEICHHBIC HA
caiite Saint Gobain Crystals [3] mo cBetoBbixony poToHOB B 33200 poToHOB/M1B, MOKHO cenath
NpUOJIM3UTENBHYIO OIICGHKY CBeTOBBIXOAa oOpasmoB kpuctaiuia LSO:Ce mpomsBoactea AO
«I'mpenmer» - 25500 ¢oronoB/M>B. JlaHHBIN MOKa3aTellb HECKOJIBKO HMXKE, 4YeM OOBIYHO
NpUBOANTCS B auTeparype. OQHAKO, YIUTHIBAS, YTO TI0 OCTAIHLHBIM TTOKA3aTEISIM XapaKTePUCTUKA
o0bexToB uccnenoBanus LSO:Ce cpaBHuMBI ¢ pedepeHCHBIMH, TO TNpHYMHA O0Jiee HU3KOTO
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CBETOBBIXOJ]a MOKET 3aK/II0YaThCs B HECOBEPILIEHHOW 00paboTKe 00pa3loB — HATUYUEM MHKPO
TPELIHH, CKOJIOB, epoxoBaTocTell. OTINYMS MOT'YT OBITh TakKe 00OCHOBaHBI pa3HUIIEH COCTABOB
pedepeHcHbIX 00pa3ioB W 00pa3lioB KpucTawia, BeIpamieHHOTO B AO «l'mpeamer», a Takxke
BBICOKOM CKOPOCTBIO BBIpAllIMBaHUs KpUCTaula (pocT ocymiecTBisiics B 1,5 pasa OwicTpee, uem
TPaIUIMOHHO TpHUHATO il KpuctaiwioB LSO:Ce), 4ro MOTIO JOMOJHUTENHHO TPHBECTH K
00pa30oBaHUIO 1e(PEKTOB.

Ta6auna 1 — Pe3ynbraTel aHaIM3a aMIUITUTYIHBIX CIIEKTPOB MPHU UX BO30YKICHUH PaIUOAKTUBHBIM
137
Y-MCTOYHUKOM ¥1Cs.

DHepreTuyeckoe .
Llentp TsxecTH OTHOCHUTENBHBIMH
Ob6pa3zen 137 paspelieHue o JTUHUH
muka ' CS, KaHaIbl 6616 keV. % CBETOBBIXOJT, %
O6pa3zen cpaBHeHus 1 655,3 8,08 98,5
Obpazenr AO «['upenmet» 1 496,1 12,3 75,7
Oo6pazernr AO «'upeamet» 2 509,1 9,11 77,7
O6pazen; AO «I'upeameT» 3 476,7+529,4 - -
Ob6pazen AO «'upeamer» 4 456,3 10,5 69,6
Ob6pazen AO «I'upeamer» 5 504,7 9,24 77
O6pa3zern cpaBHEHUS 2 663,2 79 100

3akiroyenue. B pe3ynbraTe NpoBEAEHHOIO UCCIIEOBAHMSI YCTAHOBJIEHO, YTO BhIPALIICHHBIN B
AO «I'mpenmer» kpuctamn LSO:Ce coorBercTByeT TpeOOBaHUSM, TMPEABIBISIEMBIM K
CIMHTWIIISITOPAM, HCIIOJIb3YeMbIM BO BpemsanpoieTHeix [IDT ckaHepax, W MOXeT OBITH
PEKOMEH/IOBaH K JaJbHEHIIEMY HPOMBIIUICHHOMY MPOU3BOJACTBY B paMKax MpOrpaMMbl
H3TOTOBJICHUS [I3T-cxkanepoB POCCHUICKOrO [IPOU3BOACTBA c OJIHOBPEMEHHBIM
COBEPILEHCTBOBAHUEM U YCTPAHEHHEM HEJOCTATKOB TEXHOJIOTMYECKOI'O MPOIECCA, BHIABICHHBIX B
X0/I€ HACTOSIIIETO UCCIIEI0BAHUS.

HccnenoBanue BBINMOJHEHO NpU (prHAHCOBOW mojajepkke MUHHMCTEPCTBA HAYKU U BBICIIETO
obpazoBanus Poccuiickoit denepanyu B pamkax [Iporpammsl pa3Butust Y paibCKoro ¢genepaibHOro
yHuBepcutera uMeHu nepsoro IIpesunenra Poccun b. H. EnbliiHa B COOTBETCTBUM € MpOrpaMMOi
CTpaTeruyeckoro akajgemuueckoro aujaepcrsa «lIpuopurer-2030»
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METAL/SUPERCONDUCTOR-INSULATOR TRANSITIONS AND THEIR EFFECTS ON
HIGH-T: SUPERCONDUCTIVITY IN UNDERDOPED AND OPTIMALLY DOPED
CUPRATES
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Annotation: The most profound effect of strong electron-phonon interaction resulting in the
polaron formation in doped copper oxides (cuprates) is the localization of the doped charge carriers
(holes) transforming a metallic system into an insulator. If the cuprate system is a superconductor,
then the strong polaronic effect can induce a transition from a superconducting into an insulating
state. We show that the metal/superconductor-insulator transitions in doped high-T. cuprates occur
in a wide doping range from underdoped to overdoped regime and are accompanied by the
multiphase separation. We examine the possibility of the coexistence of competing superconducting
and insulating phases in underdoped and optimally doped high-T. cuprates. We reveal the possible
detrimental and beneficial effects of the polaron (or charge-density-wave) transition and the
evolution of the competing superconducting and insulating phases from underdoped to overdoped
regime on the superconducting properties (i.e. critical values of the superconducting transition
temperature T¢) of high-T. cuprates and find that the radiation defects (e.g. anion vacancies) in the
cuprates may strongly affect on T, and enhance high-T. superconductivity. We argue that the
superconducting transition temperature T, in these materials is determined properly according to the
theory of Bose-liquid superconductivity, since the BCS-like theories of Fermi-liquid
superconductivity are incapable of predicting the actual T, in high-T, cuprates.

Keywords: Underdoped and optimally doped cuprates, Strong electron-phonon interaction,
Polarons, Charge density waves, Bosonic Cooper pairs, Radiation defects, Metal/superconductor-
insulator transition, Suppression and enhancement of high-T. superconductivity.

The parent undoped copper oxides (cuprates) are charge-transfer (CT)-type Mott-Hubbard
insulators [1,2]. Therefore, the Mott-Hubbard model is believed to be suitable for describing the
metal-insulator transition in undoped cuprates but not in doped cuprates [2,3]. Because the doped
cuprates are much more complex systems [1,2,4], than the Mott-Hubbard insulators and are the
unusual insulators, metals and superconductors in the intermediate doping regime. For example,
underdoped and optimally doped cuprates share the intriguing insulating, metallic and
superconducting properties, which cannot be understood in terms of the theories of metal-insulator
transitions based on the Mott-Hubbard and Anderson models (see Ref.[3]) and the Bardeen-Cooper-
Schrieffer (BCS) theory of superconductivity [5]. Therefore, interest in metal-insulator and
superconductor-insulator transitions in doped high-T. cuprates has increased with the development
of the physics of these new superconducting materials [1,2,6-8]. One can anticipate that many
anomalies in the superconducting properties of high-T. cuprates observed in underdoped and
optimally doped regimes are closely related to metal/superconductor-insulator transitions, phase
separation and coexisting superconducting and insulating phases [6-11]. Despite considerable
theoretical effort (see Refs. [1,2,4,6-8,12]), our understanding of the metal/superconductor-insulator
transitions in doped cuprates and unusual behaviors of the underdoped and optimally doped
cuprates in their superconducting state is still far from satisfactory. In particular, the evolution of
the metallic/superconducting and insulating phases and the reasons of the suppression and
enhancement of high-T. superconductivity in these materials remain yet open questions.
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In this work, we study the metal/superconductor-insulator transitions in doped cuprates
driven by the strong electron-phonon interaction resulting in the localization of charge carriers and
the formation of polarons. We show that such metal/superconductor-insulator transitions in doped
high-T. cuprates occur in a wide doping range from underdoped to overdoped regime and are
accompanied by the multiscale phase separation. We then examine the possibility of the coexistence
of superconducting and insulating phases in doped cuprates and find that the competing
superconducting and insulating phase can coexist in underdoped and optimally doped high-T,
cuprates. We reveal the possible detrimental and beneficial effects of the polaron (or charge-
density-wave (CDW)) transition and the evolution of the coexisting superconducting and insulating
phases from underdoped to overdoped regime, on the superconducting properties (i.e. critical values
of the superconducting transition temperatures T.) of high-T. cuprates and find that the radiation-
induced defects (e.g. anion vacancies) in these materials may strongly affect on T. and enhance
superconductivity. We argue that the critical temperature of the superconducting transition T, in
these unconventional superconductors is determined properly according to the theory of Bose-liquid
superconductivity, since the well-known BCS-like theories of Fermi-liquid superconductivity are
incapable of predicting the actual T, in high-T, cuprates.

Upon hole doping of cuprates, quasi-free holes appear first in the oxygen valence band and
they will subsequently interact with lattice vibrations (phonons) [13] and are self-trapped in a
deformable lattice just like self-trapping holes in ionic crystals of alkali halides [14,15]. The
cuprates are typical polar materials, where the doped hole carriers are dressed by the local lattice
distortions and become polarons with effective masses m,, ~ (2 — 3)m, [16,17] (where m, is the
free electron mass). Therefore, the binding energy E, of a polaron is associated with the energy
lowering resulted from carriers adjusting to ionic vibrations.

As the doping level increases, the specific ordering of polarons results in the formation of
their superlattice and energy band. When the width of the polaronic band reaches some critical
value, the polaron transport becomes metallic and a doped cuprate material undergoes a phase
transition from an insulator to a metallic state. Below T, such a metal-insulator transition occurs as a
superconductor-insulator transition. The criterion for the given type of metal-insulator transition is
defined as [3]

Ep ap

= > 0.5 R, 1)
where a, is the lattice constant of large polarons, R, is the radius of such polaron, & =
h?(3m?n)?/3 /2m,, is the Fermi energy of large polarons.

For a certain critical doping n = n, (where n is the density of polaronic carriers), the expression (1)
can be rewritten as

x:xczz_;[wrﬂ, @

ng  3m?ng| h2ap
where n, = 1/V, is the density of host lattice atoms, and V, is the volume per CuO, formula unit in
the cuprates.

It is natural to assume that the ordering of polarons with increasing doping occurs just like
the ordering of atoms in solids and results in the formation of simple cubic superlattice with the
coordination number z = 6 and lattice constant a,, = 2R,,. Now the criterion for metal-insulator

transition (above T.) or superconductor-insulator transition (below T.) can be written as

Xe = —— [ZmpEp]3/2. (3)

3m2h3n,
We now estimate x. for La- and Y-based cuprate superconductors La,SryCuO, (LSCO) and
YBa,Cus07.5 (YBCO) by taking the observed values of m, = (2 — 3)m, and E}, = 0.06 — 0.20 eV
[18]. The values of V, can be determined approximately as V, =~ 190 A®in LSCO and V,, =~ 100 A®
in YBCO. The values of n, are equal roughly to 0.53 - 10%2¢cm™3 (in LSCO) and 10%2cm™3 (in
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YBCO). Using the values of parameters m,, = (2.2 — 2.7)m,, E, = 0.06 —0.12 eV and n, =
0.53-10%2cm™3, we find the values of critical doping for metal/superconductor-insulating
transitions x. = 0.041 — 0.157 in LSCO. If we use the other values of parameters m, =
(28 -3.2)m,, E, =0.08—10.15eV and n, = 10*2cm=3 for YBCO, we obtain the values of
critical doping for metal/superconductor-insulating transitions x, = 0.048 — 0.15 in YBCO. These
obtained results for metal/superconductor-insulator transitions are in fair agreement with the
experimental data on the metal/superconductor-to-insulator crossover in underdoped and optimally
doped cuprates [6-9,11,19-21]. Thus, in LSCO and YBCO the metal/superconductor-insulator
transitions and multiscale phase separation into carrier-rich (metallic/superconducting) and carrier-
poor (insulating) regions occur in a wide doping range 0.05 < x < 0.15.

In doped high-T, cuprates the attractive hole-lattice interaction is strong enough to overcome
the Coulomb repulsion between two polaronic carriers [22] and Cooper pairing of these carriers
results in the formation of tightly-bound Cooper pairs. The treatment of such Copper pairs as
composite bosons with the mass mg = 2m,, has been justified and the issue of the validity of the
theory of Bose-liquid superconductivity proposed as a description of superconducting transition is
now well established [22]. According this theory, the critical temperature of the superconducting
transition T, in the weak interboson coupling is determinated from the relation

T, = Tggc [1 + Cyp ’kBTBEC/§BA|' (4)

where yg is the interboson coupling constant, Tgge = 3.31h2p§/3/2k3mp is the Bose-Einstein
condensation temperature of an ideal Bose gas of polaronic Cooper pairs, kg is the Boltzmann
constant, &, is the characteristic thickness of the condensation layer including all attracting
bosonic Cooper pairs, c = w3/2/3.918, yp < 1.

From the above considerations, it follows that in underdoped and even in optimally doped
cuprates below T, the superconducting and non-superconducting (i.e. localized) charge carriers
reside in carrier-rich (superconducting) and carrier-poor (insulating) regions, respectively and the
competing superconducting and insulating phases would coexist beginning from deeply underdoped
(x < 0.04 —0.05) to slightly overdoped (x = 0.16) regime. According to our proposed
microscopic picture of the phase separation and the evolution of coexisting superconducting and
insulating phases, the insulating regions (or stripes) in underdoped cuprates are gradually narrowed
with increasing doping and persist even as small islands in optimally cuprates and finally disappear
in slightly overdoped cuprates. In this more realistic picture, only Cooper pairs residing in metallic
regions condense in a Bose superfluid below T, and are involved in high-T. superconductivity,
while the other Cooper pairs progressively become localized in carrier-poor regions due to
transition from a superconducting phase to an insulating phase (see Ref.[22]) and therefore, they do
not make the contribution to superconductivity. In high-T. cuprates, the critical superconducting
transition temperature determined from the expression (4) reaches the maximum T/*%* at some
optimal doping close to overdoped (OD) regime when the insulating regions disappear at this
doping level. However, with decreasing doping (x < 0.15) the critical temperature T, becomes less
than T,*%* and is determined from the relation

Vs 1
T — Tmax= Tmax 5
€ vHvs € 14, ¢ 7 (%)

where f; = V;/Vs is the insulating volume fraction, V; is the volume of the insulating regions of
high-T, cuprates, Vs is the volume of the superconducting regions of these materials.

The variation of the ratio T, /T"** in high-T, cuprates with insulating volume fraction f; is shown
in Fig.1.
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Fig. 1. Variation of T,./T/™** in high-T. cuprates with insulating volume fraction f;

Using the expression (4) for T, we can estimate the value of T./T/™** in optimally doped
YBCO. If we use the values of parameters mp = 4m,, yp = 0.25, kpTppc/&y, = 0.15 and

pg = 6-10%cm™3, we find Tggc = 112.3 K and T/"** ~ 92 K for optimally doped YBCO. For
the underdoped (UD) system YBCO (x = 0.13), we can take f; = 0.25. Then we obtain T, =
T"* /1.25 ~ 74 K, which is consistent with the experimental data for YBCO [23]. In YBCO the
insulating volume fraction f; is small enough at x > 0.14 and T changes little between x;p =~
0.14 and x,p = 0.16. This predicted behavior of T, is also observed experimentally in YBCO [23].
In underdoped and optimally doped cuprates, the part of metallic/superconducting regions goes over
to insulating state at the doping level x < 0.15. Therefore, a marked suppression of
superconductivity will occur in underdoped cuprates due to a more stronger polaronic effect and an
increase of the insulating volume fraction at the expense of the superconducting volume fraction.
The results presented in Ref. [22] give evidence that the polaronic effect weakens with increasing
doping towards overdoped regime. Hence, superconductivity is strongly enhanced in optimally
doped regime.

The strong electron-phonon interactions in the cuprates also give rise to the CDWs which
hinder high-T. superconductivity in underdoped cuprates. Since the formation of CDWs is also
accompanied by a lattice distortion [24] and is similar to the polaron formation. Further, the
irradiation-induced disorders (i.e. lattice defects) in the cuprates may strongly affect on T, and
enhance superconductivity, since the anion vacancy-enhanced Coulomb repulsion hinders the
polaron formation. Actually, it has been found experimentally that disorder created in the cuprate
superconductor La; g7sBag1,5CuO, by proton irradiation increases the superconducting critical
temperature T, by 50 % while suppressing the CDW state [24].
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SIGNATURES OF ROOM-TEMPERATURE SUPERCONDUCTIVITY EMERGING IN
TWO-DIMENSIONAL DOMAINS WITHIN THE NEW Bi/Pb-BASED CERAMIC
CUPRATE SUPERCONDUCTORS
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Abstract. In this work, we predict the possibility of realizing room-temperature
superconductivity in two-dimensional (2D) domains within the specific ceramic high-T, cuprate
superconductors and experimentally confirm this prediction of 2D room-temperature
superconductivity in the newly derived Bi/Pb—based ceramic cuprate superconductors containing
many 2D domains (grain boundaries, interfaces and multiplate blocks). We report signatures of
room-temperature superconductivity emerging at different grain boundaries and interfaces and in
multiplate blocks within the new ceramic superconductors Bi,; ,Pb, ;S7,Cay_,Cu,0,, synthesized
by using the new melt technology in a large solar furnace.

Keywors: Bi/Pb-based ceramic cuprate superconductors, Three-dimensional (3D) and two-
dimensional (2D) superconducting domains, Bosonic Cooper pairs, 3D and 2D Bose superfluids,
The new melt technology, A large solar furnace, Grain boundaries, Interfaces, Multiplate blocks,
the 3D-2D crossover region, Bulk superconductivity, 2D room-temperature superconductivity.

31



Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

The discovery of superconductivity in the La —based ceramic copper oxide (cuprate)
material at a temperature of about 35 K [1] and the dramatic increase of the critical temperature T,
of the superconducting transition in other discovered Y —, Bi— and Hg —based cuprate
superconductors to above 90 K [2], 110 K [3] and 130 K [4] ushered in the era of high-T,
superconductivity, changing completely the view point of many researchers on superconductivity,
which was before considered as a low-temperature phenomenon. These important discoveries
inspired researchers to search room-temperature superconductivity. First, there has been
considerable interest in the increase of T, in some families of cuprate superconductors to a
maximum value at different applied pressures [5-7] and the record values of T, =~ 153 — 164 K
reported for these materials are remained still unchanged. So far, room-temperature
superconductivity was not observed in high-T,. cuprate materials even under pressures. Recently,
there has been growing interest in the discovery of room-temperature superconductivity in other
class of materials, and the new so-called high-T, hydrides have been synthesized at high pressures
[8,9]. However, room temperature superconductors discovered at high pressures will not have a
wide-range practicle applications. Therefore, in the last decade, new attempts were made to
synthesize the promising ceramic cuprate superconductors with the highest critical superconducting
transition temperatures T, = 180 K at ambient (atmospheric) pressure by using more advanced
technology [10,11]. These ceramic high-T, materials may present an alternative path to realizing
room-temperature superconductivity at atmospheric pressure.

Still, most researchers trying to find the new high-T, superconductors make predictions on
the basic of the Bardeen-Cooper-Schrieffer (BCS)-like and Migdal-Eliashberg theories of Fermi-
liquid superconductivity regarding the possibility of increasing the critical temperature up to room
temperature (see Ref.[8]). However, the high-T, cuprates undergoing a A —like superconducting
transition at 7. [12] just like A —transition in liquid *He can be in the regime of Bose-liquid
superconductivity [13] and the BCS-like theories are incapable of predicting the actual T, in such
unconventional superconductors.

In this work, we study the possibility of realizing room-temperature superconductivity in the
two-dimensional (2D) domains within the newly derived Bi/Pb—based ceramic cuprate
superconductors, which consist of three-dimensional (3D) and 2D superconducting domains. We
argue that the relevant charge carriers in doped cuprates are large polarons and their Cooper pairing
results in the formation of tightly-bound (bosonic) pairs. We show that such unconventional Cooper
pairs in the ceramic cuprate superconductors condense below certain critical temperatures into 3D
and 2D superfluids in 3D and 2D domains. In so doing, we can determine the actual
superconducting transition temperatures in 3D and 2D systems from the integral equations of 3D
and 2D Bose superfluids presented in Ref.[14]. For 3D systems, the approximate analytical
solutions of the integral equations of a 3D Bose superfluid can be obtained at the intermediate
interboson coupling and the bulk T, in high-T, cuprates is given by

T. = Tgrc ll + CVB\/\/EkBTgEc/fBA| 1)

where Tgge = 3.31h2p§/3/k3mg is the renormalized Bose-Einstein condensation temperature, pg

is the density of attracting (superfluid) bosons, mg is the renormalized mass of interacting bosons
defined similarly in Ref.[15], v is the interboson coupling constant, ¢ = w3/2/3.918, &g, is the
cutoff parameter for an attractive part of the interboson interaction potential, y5 = 0.3.

For 2D systems, the analytical solutions of the integral equations of a 2D Bose superfluid
are obtained at arbitrary yz and the critical temperature superconducting transition temperature in
2D domains within the ceramic cuprate materials is determined from the relation [14]
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where Ty = 2mh?pg /kyms.

We have used the expressions for T, = T3P and T2P to examine the possibility of the
existence of distinct 3D and 2D superconducting phases in ceramic cuprate superconductors and to
predict the existence of two distinctly different regimes of high-T, superconductivity and the
possibility of 2D room-temperature superconductivity emerging in the 3D-2D crossover region
within these high-T, materials. For ceramic high-T, cuprate superconductors, we estimate T, and
TZP by assuming that the mass m,, of polaronic carriers in 3D domains is of the order of 2m, [16]
(where m,, is the free electron mass) and in 2D domains will be larger than 2m,. In these materials,
noninteracting bosonic Cooper pairs have the mass mg = 2m,, and only the interacting bosons with
the renormalized mass my > mg [14] can condense into Bose superfluids at T < T, (in 3D
domains) and T < TZ? (in 2D domains). By taking m, = 2m,, mp =~ 1.05-mp and pp = 4-
10%9cm~3 for 3D superconducting domains, we find T3z, =~ 81.7 K. Using Eq.(1), we estimate the
bulk T, assuming that {z4, = hw, (wWhere w, is the frequency of the optical phonons in high-T,
cuprates) and two bosonic Cooper pairs interact with each other by means of the exchange of
optical phonons having relatively low energy Aw, =~ 0.03 eV/. Then, at yz = 0.7 the expression (1)
predicts the value of T, = 1.508Tgg, =~ 123 K. We can now estimate the superconducting
transition temperature in 2D domains by assuming that m, = 3m,, mg = 2m,, mp = 1.05 - mg

and pg =~ 2 - 1013cm™2. Under these assumptions, we obtain Ty =~ 176 K. If we take the same value
of y5 = 0.7 for a 2D Bose superfluid, then the expression (2) predicts the value of T2P ~
1.105T; =~ 195 K.

From the above considerations, it follows that the expected value of T2P in the 3D-2D
crossover region is much higher than the bulk T, value. Therefore, the 3D superconductivity is
destroyed above the bulk T, but the 2D superconductivity persists in 2D domains in ceramic
cuprate materials well above the bulk T,. Such a remnant 2D superconductivity persisting at
different grain boundaries and interfaces and in multiplate blocks within the high-T, cuprates might
be encouraging in achieving room-temperature superconductivity at atmospheric pressure. It is
natural to believe that many grain boundaries parallel each other, interfaces and parallel multiplate
blocks within the ceramic cuprate superconductors synthesized by using advanced technologies
represent the alternating 3D non-superconducting/2D superconducting sandwich layers above the
bulk T.. The critical superconducting transition temperature in 2D layers of such new sandwiches
can reach room temperature at certain values of pg and yp. If we take pg ~ 3-10%3cm~2 and
ys = 0.75 for 2D layers of the above sandwiches, we obtain Ty ~ 265 K and T2P ~ 1.15T§ =~
306 K at given values of m,, = 3m,, mp = 2m,, mp =~ 1.05 - mp.

We confirm experimentally the above predictions of the theory of Bose-liquid
superconductivity regarding the possibility of emerging 2D room-temperature superconductivity
within the ceramic high-T,. cuprate superconductors. We have succeeded in synthesizing
Bi/Pb—based ceramic cuprate superconductors Bi; ;Pbg;S1,Cay_1Cu,0, (Where n =2 —30)
using the new melt technology in a large solar furnace (in Parkent) with the highest critical
temperatures of superconducting transitions reaching 395 — 310 K. Samples of these new
Bi/Pb—based cuprate superconductors contain many grain boundaries parallel to each other, twin
boundaries and interfaces in multiplate blocks and twinned domains.

The critical superconducting transition temperatures in the studied samples were determined
by the resistance-temperature measurements carried out using the standard four-probe technique
with silver past contacts. The contact resistance was far less than 1Q in each case. The
superconducting transition temperature in a series of the studied samples was defined by the
maximum slope of the resistive transition in the resistance-temperature curves. Our experimental
results show that, in Bi/Pb—based ceramic cuprate superconductors, besides bulk 3D
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superconductivity there is also strongly enhanced 2D superconductivity emerging in the 3D-2D
crossover region well above the bulk T.. We report experimental evidence of room-temperature
superconductivity emerging in 2D domains within the new Bi/Pb—based ceramic cuprate
superconductors. The superconducting transition in these materials synthesized by using the
advanced melt technology exhibits a step-like resistive transition in the resistance-temperature
curve at around room temperature. We assume that such a resistive transition is indicative of the
signature of 2D room-temperature superconductivity occurring in different 2D domains (e.g., at
grain boundaries and interfaces and in multiplate blocks) within the synthesized ceramic high-T,
materials Biy ;Pbg 7S1,Cay,_1 Cuy 0,

Fig. 1. Lamellar microstructure of high-T, cuprate superconductor Bi/Pb (2:2:19:20) with the stack
of many blocks [11].

Another key signature of room-temperature superconductivity in the newly derived
Bi/Pb—based cuprate superconductors is the detection of the presence of a pronounced partial
Meissner effect below a characteristic temperature of the step-like resistive transition, which occurs
at around 300 K. We detected such an incomplete Meissner effect in the most samples of the
synthesized Bi/Pb—based ceramic cuprate superconductors at T = 300 K. Thus, signatures of bulk
superconductivity in different samples of these materials are observed below T, =~ 100 — 130 K,
while the possible room-temperature superconductivity emerging in different 2D domains within
the studied Bi/Pb—based ceramic cuprate materials is evidenced by the observations of a sharp step-
like drop in the resistance and a well-detectable partial Meissner effect at T, ~ 395 — 310 K.
Finally, we succeeded in finding the new class of high-T, materials Bi; ;Pb, ;S1;Cay_1Cuy,0,,
which are synthesized by using the new melt technology in a large solar furnace, relevant to room-
temperature superconductivity.

This work was supported by the Foundation of Fundamental research, Grant Ne F-FA-2021-
433.
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Abstract. In this work, we present theoretical results on the unusual temperature dependences
of the superfluid density p(T) and related magnetic field penetration depth A,(T) in high-T,
cuprate superconductors YBa,Cu3;0,_s and compare predictions of the theory of Bose-liquid
superconductivity for p,(T) and A,(T) with the experimental data on temperature dependences of
A,(T) and ps(T)~1/A2(T) in YBa,Cu30, and YBa,Cu304,. In particular, we show that the
distinctive exponential temperature dependence of A,(T) at temperatures somewhat below the
superconducting transition temperature T, and power-law temperature dependence of A, (T) at low
temperatures in these high-T,. materials are direct consequences of the theory of three-dimensional
Bose-liquid superconductivity.

Keywords: High-T, cuprate superconductors, Bosonic Cooper pairs, Three-dimensional Bose
superfluid, Bose-liquid superconductivity, Temperature-dependent magnetic field penetration depth
and superfluid density, Unusual exponential and power-law temperature dependences.

In conventional metals with weak electron-phonon coupling, the Cooper pairing of electrons
and Fermi-liquid superconductivity occur simultaneously at the critical temperature T, of the
superconducting transition and these phenomena are well described by the Bardeen-Cooper-
Schrieffer (BCS) theory [1]. In contrast, in doped copper oxide (cuprate) superconductors, the
electron-phonon interaction is strong enough and the origin of high-T, superconductivity in these
polar materials remains still controversial [2, 3]. The temperature-dependent superconducting
proporties (in particular, the temperature dependences of superfluid density and related magnetic
field penetration depth) of high-T, cuprates are fundamentally different from those of conventional
superconductors and cannot be understood within the existing theories based on the BCS-type
condensation of weakly-bound (fermionic) Cooper pairs into a superfluid Fermi-liquid and on the
usual Bose-Einstein condensation (BEC) of tightly-bound (bosonic) Cooper pairs. The magnetic
field penetration depth in superconductors is usually called the London penetration depth 4, [4] and
temperature-dependent because, it depends on the density p, of superfluid carriers [3], which
decreases with increasing temperature T. The superfluid density ps and related London penetration
depth A, are the intrinsic parameters closely connected with the mechanism of superconductivity in
the system. The temperature dependences of pg and A, in the superconductor are sensitive to the
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form of the quasipartical excitation spectrum, which depends on the fermionic or bosonic nature of
superfluid carriers (e.g. Cooper pairs). In particular, the London penetration depth A, has an
exponential temperature dependence in the superconductor if the quasiparticle excitation spectrum
has a finite energy gap, while it has a power-law temperature dependence if the excitation spectrum
of quasiparticles is gapless in the superconductor.

For a long time, the different BCS-like theories of Fermi-liquid superconductivity are often
used to describe the phenomenon of high-T, superconductivity in the cuprates. However, the origins
of many anomalies in the superconducting properties in high-T,. cuprates have not been well
understood yet within the existing theories based on the BCS-like models or the usual BEC models
of an ideal Bose gas [3]. Actually, it is found experimentally that the temperature dependences of 1,
in high-T, cuprates at law temperatures T < 0,4T, and relatively high temperatures 0,47, < T < T,
do not follow the predictions of BCS-like theories (see, e.g., Ref. [5]). Some other experimental
results for A, in single-crystal cuprate superconductor Ya — Ba — Cu — O (see Fig. 3 in Ref. [6])
are also essentially at variance with the exponential temperature dependence of A, (T) predicted by
the BCS theory. The doped high-T, cuprates exhibiting a A-like anomaly in the specific heat near T,
and other anomalies (e. g., pronounced anomalies in ps(T) and A, (T) at a temperature somewhat
below T, or far below T.) in the superconducting state are believed to be unconventional (bosonic)
superconductors and superfluid Bose systems. Therefore, the BCS-like theories of Fermi-liquid
superconductivity and the usual BEC model of an ideal Bose gas are incapable of describing the
anomalous temperature dependences of the superfluid density p¢(T) and the London penetration
depth A, (T) in these unconventional superconductors.

In this work, we study the unusual temperature dependences of the superfluid density ps(T)
and related magnetic field penetration depth A,(T) in high-T, cuprate superconductors
YBa,Cu;0,_s . We examine the validity of an alternative theory of high-T, superconductivity in
these materials based on the new types of condensation of bosonic Cooper pairs into a Bose
superfluid and find out the origins of anomalies in the temperature dependences of p4(T) and A, (T)
in YBa,Cu3049, and YBa,Cu;0,. In particular, we show that the distinctive exponential
temperature dependence of A, (T) at temperatures somewhat below T, and power-law temperature
dependence of A, (T) at low temperatures in the cuprate superconductors are direct consequences of
the theory of three-dimensional (3D) Bose-liquid superconductivity. We argue that the doped hole
carriers in a polar crystal of the cuprates interact with lattice vibrations (phonons) [7, 8] and they are
self-trapped just like self-trapping holes in ionic crystals of alkali halides [9, 10]. In doped high-T,
cuprates the attractive hole-lattice interaction is strong enough to overcome the Coulomb repulsion
between two self-trapped (polaronic) carriers [11] and the Cooper pairing of such carriers results in
the formation of tightly-bound Cooper pairs [12], which behave like bosons just like He* atoms and
condense into a 3D Bose superfluid [11, 13]. Therefore, the Bose-liquid superconductivity is
realized in high-T, cuprates in which the quasiparticle excitations characteristic of a superfluid
Bose-liquid result into the distinctive non-BCS temperature dependences of p,(T) and A, (T).

The pair Hamiltonian of the interacting Bose gas is diagonalized by using Bogoliubov
transformations of Bose operators and the excitation spectrum of a Bose superfluid has the form [3,
11]

Eg(k, T) =/ (e5(K) + fip(T))? — A3(T), (1)

where, e5(k) = h%k?/2mg, my is the mass of free (noninteracting bosons), fiz(T) is the
renermalized chemical potential of an interacting Bose gas, Az (T) is the coherence parameter (i.e.
superconducting order parameter).

At T = 0 the quasiparticle excitation spectrum Eg(k,T) has a finite energy gap A, (T) =

JﬁB (T) — A%(T) when the interboson coupling constant y; is larger than a certain critical value yj;
[11]. At y5 < yg the energy gap in Eg(k, T) vanishes below a characteristic temperature T/, which
iscloseto T, (i.e. T < T,) at yg « 1 and is much lower than T, at yz < 1 [11]. The gapped and
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gapless excitation spectra Eg(k,T) of a 3D superfluid Bose-liquid result in the distinctive
exponential and power-law temperature dependences of the superfluid density pg(T) and related
magnetic field penetration depth A, (T) high-T, cuprates, which will be discussed below.

In unconventional cuprate superconductors the key superconducting parameters p,(T) and
A, (T) are determined using the theory of the Bose superfluid. According to the phenomenological
London theory of superconductors, the magnetic field penetration depth in any superconductor is
determined from the expression [4]

W) = Jm e /ampy(De”?, 2)

where, m* and e* are the effective mass and charge of a superfluid carrier, c is the light
velocity.

The temperature-dependent London penetration depth A, (T) in bosonic superconductors is
determined using the two Bose-liquid model [3]. According to this model, the density of interacting
bosons, which condense into a Bose superfluid, is determined from the relation pg = p,(T) +
pn(T), where, p,,(T) is the normal component of a 3D Bose-liquid. The density of the superfluid
component of this Bose-liquid is determined from the expression.

ps(T) =pPp — pn(T)- (3)
Now, the expression for A, (T) in the two Bose-liquid model can be written as

-1/
1) = 2,0) [1 - 220

: 4)
where, 1,(0) = (mgc?/4mpge*?)1/?, e* = 2e is the charge of Cooper pairs.

Taking into account that at T = 0, p,(0) =0 and p,(0) = pg, we can write [ps(T)/ps(0)] =
[(p5s — Pn(T))/ps] = 22(0)/22(T). The density of the normal component of a 3D Bose-liquid is
determined from the expression [14]

_ 1 (adng(p)4np®dp
pn(T) = 3me dEp(p) (2mh)? ®)
where, ng(p) = [exp(Eg(p)/kgT) —1]7 is the Bose distribution function, Eg(p) =
J(E®) +fig)? — A% |, (p) = p?/2my is the kinetic energy of bosons of momentum p. After
performing the integration in Eq. (5), we can write the above expression for ps(T)/ps(0) as

.
/J(e + (M) - A,@(T)/
kT

e3/2 exp |

ps(T)  22(0) 2my/? f

ps(0)  A2(T) |~ 3m2hipghkyT ) / \ S der (6
I J(e +ii(M)* - A,ZB(T)/
| kT
I B

[—1

'\ N

where &g 4 is the cutoff energy for an attractive part of the interboson interaction potential.
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Fig. 1. Temperature dependence of A,(T)/
A, (0) as a function of the reduced temperature
T /T, for YBa,Cu30, (*) [15]. The solid line
corresponds to the temperature dependence of
A.(T)/2,(0) calculated by using Eqg. (6) with
the fitting parameters pg = 0.8+ 101 cm™3,

D|D T 1 T T 1
0,0 0.2 0.4 0.6 0,8 1.0
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Fig. 2. Temperature dependence of [ps(T)/
ps(0)] = A2(0)/2%(T) (solid line) calculated
by using Eq. (6) with the fitting parameters
pp=14-10cm™3, my=52m, , &gu=
0.05 eV and compared with the experimental
data (e) for YBa,Cu304 o7 [16].

mp = 5.2m, and 4 = 0.08 eV.

In Figs. (1) and (2), we compare the numerical results for A,(T)/1,(0) and for [ps(T)/
ps(0)] = 22(0)/22(T) obtained using Eq.(6) with the experimental data for A,(T)/A,(0) and for
A2(0)/2%(T) in high-T, cuprate superconductors Y Ba,Cu3 0, [15] and Y Ba, Cu304 o7 [16].

As can be seen in Figs. (1) and (2), the fits of the theoretical expression (6) to experimental
data are quite good. We have shown that the theory of a 3D Bose-liquid superconductivity in high-
T, cuprates is better consistent with the experimental data on the magnetic field penetration depth
and the superfluid density and predicts the distinctive exponential and power-law temperature

dependences of A,(T)~1/,/ps(T) in the temperature ranges T, <T <T, and 0 <T < T/,
respectively. Thus, various experiments on the London penetration depth A, (T) and the superfluid

density ps(T)~ 1/4/A2(T) in Y-based high-T, cuprate superconductors lend support for the validity
of the theory of 3D Bose-liquid superconductivity.
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Abstract. A YBa,Cu,Og cuprate is considered within the framework of extended Holstein-
Hubbard model and bipolaronic mechanism of high-T. superconductivity. A possibility of existence
of light (bi)polarons in YBa,Cu,Og cuprate with masses (3+4)m is shown. The calculated values of
polaron masses are in agreement with the experimental data.

Key words: YBa,Cu,Og cuprate, (bi)polaron, polaron mass, superconductivity, Bose-Einstein
condensation

The nature of the high temperature superconductivity (HTSC) of copper oxide materials
(cuprates) is still not entirely clear. There are a sufficient number of models claiming the HTSC
theory. Each model is required to explain all aspects of the properties of cuprates in the normal and
superconducting states. This concerns the transport properties of cuprates in the normal state, in
particular the mass of the charge carrier. As it is believed that the path to understanding the
mechanism of HTSC in cuprates lies through the understanding of all properties of cuprates in the
normal state.

Here, we report on the estimation of the charge carriers’ mass in YBa,Cu,Og cuprate within the
(bi)polaron point of view. While doing that we rely on the Extended Holstein-Hubbard model (or
Frohlich-Coulomb) [1] and bipolaronic mechanism of HTSC [2] which implies Bose-Einstein
condensation (BEC) of a gas or liquid of the intersite bipolarons.

The main idea of our approach was given in the works [3-6]. In the work [3], the values of T, of
La; g5Sr0.15CUO, and Lajg oSrp1CuOy thin films, which were grown on LSAO and STO substrates,
were satisfactorily explained. The work [4] extends our approach to RBa,CuszO7.; cuprates. The
recent works are devoted to the explanation of doping dependencies of T, of La,«SrCuO, thin
films [5] and the uniaxial pressure (strain) derivatives of T, of La,Sr«CuQO,4 bulk samples [6].
According to the bipolaron model of superconductivity, HTSC cuprates are due to the BEC of a gas
(or liquid) of the intersite bipolarons [2]. Accepting simple assumptions such as: (i) the intersite
bipolarons form an ideal gas; (ii) mass of bipolaron is twice of polaron’s mass i.e. m,, = 2m, and
that the cuprates are (iii) in strong electron-phonon interaction (EPI) limit and (iv) on nonadiabatic

regime, one can estimate the BEC, Ty, Of the ideal gas of the intersite bipolarons [3, 4]
T = 3.3102n%/3 _ 2 1
BEC = ~prom e, 1)
where f (kp) is Planck’s (Boltzmann’s) constant, m* is the bare band mass (is set equal to mass of
free electron), n is density of the intersite bipolarons and g2 is the mass renormalization factor of

polaronic system. The above reasonings can be justified by the facts that (i) concentration of charge
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carriers in the cuprates is relatively small (dilute limit); (ii) the Coulomb repulsion between
bipolarons is significantly reduced in the cuprate oxides by the ionic screening (page 132 of Ref.
[7]). The mass renormalization factor g2 is defined as [8]

E.
9’ =v (2)
where
1 _ Xm fm (M) fm(n+a)

r=1 S F, (1) )

is a numerical coefficient,

1

Ep = 57— 2m frn () (4)

is a polaron shift, M is apical oxygen ion’s mass and f;,(n) is the density-displacement type EPI
force defined by analytical formula

_ Kho
I () = ieammyp g7 ©)

Here x is some coefficient, |n — m| is the distance measured in units of the lattice constant a,
ho is Cu(1)-O(2) bond length. For numerical results we rely on the model lattice of chain model of
cuprates (Fig. 1) and calculate g2 for that lattice. The density-displacement type force Eq. (5) was
introduced by Alexandrov and Kornilovitch in Ref. [1] in order to mimic an interaction of a hole on
CuO , plane with the vibrations of apical oxygen ions in the cuprates. Convincing evidence for a
such coupling of in-plane holes with the c- axis polarized vibrations of apical oxygen ions comes
from many experiments (for example [9]). Therefore, here we consider only that component of the
electron-lattice force which represents an interaction of a hole on CuO , plane with the c- axis
polarized apical oxygen vibrations and for the sake of simplicity, we assume that apical oxygen
ions are dispersionless Einstein oscillators with the vibration frequency w. In addition, we estimate
the mass renormalization factor g2 within extended Holstein model (which is consistent with the
ideality of Bose gas of intersite bipolarons).

Now, we apply the above formalism to YBa,Cu,Og cuprate. To do this, consider quasi two
dimensional lattice consisting of CuOs pyramids as in YBa,Cu,Og. A copper-oxygen (CuO,) plane
of the CuOs pyramids we assume as square lattice with the lattice constant a=0.193 nm which
mimics planar Cu(2)-O(2) and/or Cu(2)-O(3) distances in YBa,Cu4Og[10]. Cu(2)-O(1) bond length
of YBa,Cu,Og which is equal to 0.2276 nm we associate with ho. All these lattice parameters are
measured at 85 K. In addition, for phonon frequency we accept Aw =75 meV which common for
cuprates, and for the mass of apical oxygen we put M=16 a.m.u.. First of all, we choose the value of
the polaron energy, E, =0.75 eV, in such a way that the value of the intersite bipolaron BEC
temperature, Tggc, coincides with the experimental value of the critical temperature of
superconductivity, T.=80 K, of YBa,Cu,Og. Then, accepting Tgec=T. , we calculate polaron
parameters according to the above assumptions and formulas Eq.(1)-Eq.(5). Calculated mass of a
polaron corresponding to the chosen polaron energy (shift) E,=0.75 eV is equal to m,=18.3m.. The
latter mass should be interpreted as three-dimensional mass of polaron in bulk YBa,Cu4Og.

Table 1. The calculated parameters of YBa,Cu;Og HTSC.

Compound | BEC temperature of | polaron three- the mass mass of
the ideal gas of the | energy, dimensional anisotropy | polaron within
intersite bipolarons, E,, eV | mass of polaron, ratio, CuO,-plane,

Teec ( Tc)y K Mp, Me Ym,cab Mpab, Me

144 [11] 3.489
YBa,Cu,Og 80 0.75 18.3 225 [12] 3.00673
81 [13] 4.22663

182 [14] 3.227
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Now, we do an estimation of in-plane mass of polaron i.e. mass of polaron within CuO,-
plane, mya. In order to calculate in-plane polaron mass m,a, one uses the following formulas

my, = m2ls, - my's and Yym,cap = My /My, qp. The latter coefficient y,, characterizes anisotropy of
transport properties of YBa,Cu,Og along CuO,-plane and along c-direction. The experimental value

of the coefficient y,, .4, Can be found in works [11-13]. Zech et al., experimentally determined the

mass anisotropy ratio ¥, cap = +/ms/m;,;,=12.3 [11]. Using the latter value of the mass anisotropy
ratio one easily calculates charge carrier’s (polaron’s) mass in CuO-plane m, ,,=3.489m, .
According to Hussey et al., [12] and Taylor et al., [13] the mass anisotropy ratio y,,., =

Jme/my=15 and  ypcp = /mi/m;=9+0.3. If one assumes Y cq = Ymep then one obtains
My qp=3.00673m, and m,, ,,=4.22663m, for the above ratios of Hussey et al., [12] and Taylor et

al., [13], respectively. The last two results correspond to the case when ¥y, cq = ¥Ymcp. IN reality,
there is a slight difference between them: y,,, .o # ¥m cp- Kagawa et al., in ref. [14] gives the mass
anisotropy ratios for y,, . = m./mgq and y,,, ., = m./my, in YBa,CusOs . So, according to ref. [14]
Ymca=13 and v, ., =14. From the latter ratios one obtains

Mo __ me /ﬂ. /ﬁ_ : _ 182
Vm,cab Mab (ma'mb)l/z mg mp Vm,ca Vm,cb .

Then, using the above mass anisotropy ratio for charge carrier’s (polaron’s) mass in CuO»-
plane one gets my, ,,=3.227m, . The obtained results are summarised in Table 1. One can notice
that the charge carrier’s (polaron’s) mass in CuO,-plane is not strongly renormalized as one would
expect within ordinary Holstein model. The possibility of existence of light and mobile (bi)polarons
in cuprates was pointed out by Alexandrov [15]. From experimental side there are works of
Bangura et al., [16] and Yelland et al., [17] reporting on the mass of quasiparticles in YBa,CusOg
equal to (2.7+0.3)me and (3.0+0.3)m, respectively. It is seen that our results for the polaron’s mass
in CuO,-plane are in good quantitative agreement with the results of experimental measurements on
the mass of quasiparticles reported in the works [16,17]. Our findings clearly show relevance of
intersite bipolarons and their BEC to cuprates and might overcome existing prejudices with respect
to any relevance of (bi)polarons to real oxides.

In conclusion, we demonstrated within the framework of extended Holstein-Hubbard model
and bipolaronic mechanism of high-T. superconductivity the possibility of existence of light
(bi)polarons in YBa,CusOg cuprate with masses (3+4)m, which is compatible with both the
experimental value of T,=80 K and the experimental values of quasiparticle masses reported in the
works [16,17].
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Abstract. Superconductivity (SC) of the single-layered cuprates is considered within the
concept of the preformed pairs (bipolarons). It is shown that calculated values of the temperature of
Bose-Einstein condensation (BEC) of the intersite bipolarons in the single-layered cuprates (SLC)
correlate with (in direct ratio to) the distance between planar Cu and apical oxygen O(2) of the
SLC. Using reasonable experimental values of the phonon frequencies and the lattice parameters of
SLC we found both quantitative and qualitative agreement between theoretical Tzgc and
experimental T, of the studying systems.

Key words: single layered cuprates, (bi)polaron, in-plane copper-apex oxygen distance,
superconductivity, Bose-Einstein condensation

Copper-oxide (cuprate) high-temperature superconductors (HTSC) can currently be divided
into several families: La-, Y-, Bi-, Tl- and Hg-based cuprates. It was established that SC properties
of the cuprates strongly depend on the positions of the ions that are out of CuO , plane. In
particular, apex oxygen has profound effect on the SC properties of the cuprates [1]. Namely, it
turns out that T, of the cuprates is directly proportional to the distance from the in-plane Cu ion to
the apex O(2) ion, h, i.e. the longer the h,, the higher T,. The latter effect is more pronounced in
SLC like La ,_,Sr ,CuO 4, Bi,Sr,CuO 4,5, Tl2Ba,CuO¢ and HgBa,CuO, with the T, equal to 36
K, 40 K, 85 K and 90 K, respectively. There are a few works in the literature that discuss the issue
within the different models [2-6]. Though, the above theoretical works (models) give some ideas on
and discuss why the value of T, differs from one cuprate to another one cannot say that the models
are able to take into account all and/or essential features of the phenomenon under consideration.
The above theoretical models don’t consider the influence of strong electron-phonon interaction
(EPI) in cuprates [7,8], and consequently ignore the possibility of polaron and/or bipolaron
formation [9,10]. They ignore, in particular, the interaction of in-plane (CuO ,) charge carriers with
the c- polarized vibrations of the apex oxygen atoms [11]. The experimental data obtained so far
and tested models for different cuprates suggest that the phenomenon of HTSC is complex and
differ for various compounds. Nevertheless, there are common features, too. As a consequence, at
present, one experiences a need of a model that able to explain all experimental data, in particular,
the differences among the values of T, from universal points of view.

Here we report on establishment of relation between T, with lattice parameters of cuprate that
will give in both qualitative and quantitative explanation of the value of T, with respect to Cu-Oapex
distance in SLC. While doing this, we rely on the extended Holstein-Hubbard (or Frohlich-
Coulomb) model of HTSC which assumes formation of intersite bipolarons and consequently their
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BEC giving rise to SC. Thus, here we associate T, with the BEC temperature, Ty, Of intersite
bipolarons.

According to the bipolaron model of SC, HTSC of the cuprates are due to the BEC of a gas
(or liquid) of the intersite bipolarons [10]. Accepting simple assumptions such as: (i) the intersite
bipolarons form an ideal gas; (ii) mass of bipolaron is twice of polaron’s mass i.e. m,, = 2m, and
that the cuprates are (iii) in strong EPI limit and (iv) on nonadiabatic regime, one can estimate Tggc
of the ideal gas of the intersite bipolarons [12]

3.314%2n2/3 _ 2

7, 1)

Tgec = 2kgm*
where # (kp) is Planck’s (Boltzmann’s) constant, m* is the bare band mass (is set equal to mass of
free electron), n is density of the intersite bipolarons and g2 is the mass renormalization factor of
polaronic system,

E S fon (1) fn (n+0) 1
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M is apical oxygen ion’s mass and f,,(n) is the density-displacement type EPI force defined by
analytical formula
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Here k is some coefficient, |n — m] is the distance measured in units of the lattice constant a, h, is
Cu(1)-O(2) bond length. For numerical results we rely on the model lattice of chain model of
cuprates (Fig. 1) and calculate g for that lattice. The density-displacement type force Eq. (5) was
introduced by Alexandrov and Kornilovitch in Ref. [13] in order to mimic an interaction of a hole
on CuO , plane with the vibrations of apical oxygen ions in the cuprates. Convincing evidence for
a such coupling of in-plane holes with the c- axis polarized vibrations of apical oxygen ions comes
from many experiments (for example [14]). Therefore, here we consider only that component of the
electron-lattice force which represents an interaction of a hole on CuO , plane with the c- axis
polarized apical oxygen vibrations and for the sake of simplicity, we assume that apical oxygen
ions are dispersionless Einstein oscillators with the vibration frequency w. In addition, we estimate
the mass renormalization factor g2 within extended Holstein model (which is consistent with the
ideality of Bose gas of intersite bipolarons).

0(Q2) 0Q) 0(2) 0(2) 0(2)

O. ] O. 0 . om O
B I a

o o o —o -0

Cu(l) Cu(l) t cun Cu(l) Cu(l)

Figure 1. Chain model of cuprates is represented by the extended Holstein model in which an
electron performs hopping motion in an one-dimensional chain of Cu(1) ions (a chain of black circles)
and interacts with all apex oxygen O(2) ions via a density-displacement type force f,,,(n). The
distance between the copper Cu(1) ions of the lower chain a is set equal to CuO , in-plane lattice
period of cuprates. The distance between the Cu(1) ion and the apical O(2) ion is assumed equal to h,
which is Cu(1)-O(2) bond length of cuprates.
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With the help of the above equations, one can study the dependence of Tggc on the lattices
parameters a and h,. In our formulas, we use the numerical values of physical quantities in natural
units, that is, in SI units, in order to easily compare the theoretically calculated results with the
available experimental data. As in our study, the essential role is given to the electron-phonon
interaction of CuO , in-plane charge carriers with the c-axis polarized vibrations of apical oxygen
ions (i) we put M=16 a.m.u. (2.6565032- 10~2¢ kg); (ii) and for the bipolaron concentration, we
accept the value ng = 1-10%* cm =3 which is common for all cuprates. Furthermore, we will
associate the distance between the ions of lower chain a in Fig.1 with the CuO ,-plane lattice period
a of tetragonal phase of cuprates. And the distance between the ions of lower chain and the ions of
upper chain h, in Fig.1 we will associate with the Cu(1)-O(2) bond length of cuprate.

A starting point of our numerical analysis is setting up a values of E, =0.4 eV and apical
oxygen ion’s vibration frequency Aw=0.075 eV (1.2016324237- 10729 J) for La ; g5Sr ,5CUO ,
single-layered cuprate. The latter choices provide a coincidence of our Tgg¢, calculated using the
lattice parameters of La 4 g5Sr15CuO 4, with the experimental value of T, =36 K of the above
cuprate. Then, we proceed with the calculation of Tgzg. for other SLC using the well-known
experimental values of their lattice periods. Our Tggc are in satisfactorily agreement with the
experimental values of T, of SLC when one uses the certain values of apical oxygen ion’s vibration
frequency. Namely, we put Aw equal to 80 meV, 58 meV and 55 meV in our calculations for
Bi ,Sr,CuO ¢,s, Tl,Ba,CuO, and HgBa,CuO , SLC, respectively. These values of apical
oxygen ion’s vibration frequency lie in the range of the experimentally found frequencies between
40 meV and 75 meV [15]. The calculated values of Tggc for considering cuprates are are given in
Fig.2.

2,35 2,50 2,65 2,80 35 4,0 4,5 5,0 55
100 rrrrrrrrrrrerrereeEEEErrerers) 00 —oreerereer T rrrrTYrTYT T 100
1 HgBa CuO 1 HgBa CuO
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o ] | 4
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Figure 2. The values of experimental T, (filled black circles ) and theoretically calculated
Tgrc (X) versus hy (Fig.2A) and lattice period a (Fig.2B) for single-layered cuprates.

In the same Fig.2 the experimental values of T, of silgle-layered La;gsSr15CuO 4,
Bi ,Sr,CuO 4,4, Tl,Ba,CuO, and HgBa,CuO, cuprates are presented for a purpose of
comparison. As one can see from Fig.2 the theoretically calculated values of Ty are close to the
experimental values of T, of SLC. Furthermore, in agreement with the experimental observations, in
our model the high value of Tgg corresponds to the longer Cu-O 4., distance and the shorter in-
plane lattice period (Cu-O distance). A note should be done on the value of Tgzg: (and T,) of
Bi ,Sr ,CuO 4,5 Which is smaller than that of La , gsSr,5CuO , despite the fact that the former
has longer h, distance than the latter. This case can also be explained within our model. The fact is
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that Bi ,Sr ,CuO ¢, s compound has a larger lattice period along the copper-oxygen plane than
La ; g55r o15CuUO , compound. The relative absolute value of the difference between the copper-
oxygen in-plane lattice periods of the compounds as great as 43% while that for h, is relatively
small, 2%. CuO ,-plane of Bi ,Sr ,CuO 4, is severely expanded compared to the CuO ,-plane of
La ; g5sSr 515CuO 4. Our calculations clearly show that with such an arrangement of lattice ions, the
value of Tggc (and T;) decreases despite the fact that the lengthening of the Cu-O )., distance

slightly increases Tggc (and T,).

We considered the single-layered La ; gsSr ¢ 15CuO 4, Bi,Sr,CuO ¢,s, Tl,Ba,CuO ¢ and
HgBa ,CuO , cuprates within the framework of the extended Holstein-Hubbard (or Frohlich-
Coulomb) model. Namely, we were interested with the values of T, of the above cuprates. We
accepted the bipolaronic mechanism of SC for cuprates in which T, is associated with the BEC
temperature Ty Of the ideal gas of the intersite bipolarons. In our model, we defined Tgg- from
Eq.(1) where both mass of (bi)polaron and concentration of bipolarons depend on the crystal lattice
structure through the lattice constants. So, Tgzgc depends on the lattice parameters of the cuprate.
Then, we calculated Tz of the ideal gas of intersite bipolarons in the studying cuprates. While
doing this, we take into account the real values of apex ion’s vibration frequency and the lattice
constants of the SLC. The calculated values of Tzg- Of the ideal gas of intersite bipolarons are in
satisfactory agreement with the values of T, of the considering cuprates. Our approach presented
here can be applied to other cuprates, too.
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VJIK 538.9 (075.8)

O®OPMUPOBAHUE JJIEKTPOHHO-ABIPOYHBIX IEHTPOB 3AXBATA U IIEPEJIAYA
SHEPI'MUA TIPUMECSAM B OBJIYYEHHbBIX CYJIB®ATAX HEJTOYHO3EMEJIBHBIX
METAJIJIOB

Hypaxmeros T.H., Kokerait T.O., Onibait T.T., Tenekos [I.A., llamuesa P.K., Hypneucos A.C.,
Kabmynkak A.A., Mekeb6aii K.

EBpazuiickuii HanmoHanbHbI yHUBEpcuTeT M. JI.H. I'ymunena, r. Actana, Kazaxcran.
t.nurakhmetov@yandex.kz

AnHotanusi: Ha ocHOBe wu3MepeHHs] CHEKTPOB BO3OYKICHHS PEKOMOWHAIMOHHBIX
M3JIYYCHU Ha IIEHTpax 3axBaTa, CHEKTPOCKONMUYECKHMH METOJaMH, MOKa3aHO, 4YTO Iepeaadya
SHEPTUU OT MATPHIIBI K IPUMECSIM OCYILECTBIISETCS B MOMEHT MepeHoca 3apsiaa OT BO30YKICHHOTO
AHMOHHOTO KOMILJIEKCA B TMpeapacragHoe M3aydaTenabHoe coctosiHue 2,95-3,15 sB. OGpasyrorcs
9JEKTPOHHBIE IIEHTPHl 3axBaTa KOMIUIEMEHTapHble C JbIPOYHBIMM IEHTpaMu 3axBaTa,
JIOKaJIM30BaHHBIX BOIM3H OCHOBHOTO COCTOSHMS Mn?t.

Knrwouegvle cnosa: nromunecyeryusi, 31eKMpPoH, IEKMPOHHO-0bIPOUHAS napa, cyigamol,
YeHmpbl 3aX8amd, MexXaHUu3Mbl HAKONJIeHUs, PeKOMOUHAYUS.

Cynbdatsl IEI0YHO3EMETBHBIX METAJIOB, aKTUBUPOBAHHBIC PEIKO3EMEIbHBIMA HOHAMH,
IIMPOKO MPUMEHSIOTCS B TNPOU3BOJCTBE M B HAYYHBIX YUPEKICHUAX B KayecTBE J103UMETPOB,
CIMHTHJISITOPOB M JETEKTOPOB PA3IMYHOTO Ha3HAYCHUs. PenKo3eMeNbHbIe WOHBI, BBEIACHHBIC B
cynbdaThl, CTUMYIHUPYIOT 00pazoBaHue neeKTOB 3aXBaTa C OJHON CTOPOHBI, a C APYTrOM CTOPOHBI
SBJITFOTCSI M3ITy4aTeIISIMH, JAOIIMMHA HHQOPMAIUIO O Tporeccax MpeoOpO30BaHUS IHEPTHUH B
moMuHOpopax. MHOrue CcoequHeHHs, paloTalIiiue TO03UMETPaMU WU CUUHTHIATOPAMU,
SIBJITFOTCSI HOHHO-MOJICKYJISIPHBIMH MJTH OKCHOHUOHHBIMH. K HUM OTHOCSATCS - cynbdaTsl, pocharsr,
CWJIMKATHI, BOJIb(PpOMATHI, aTIOMUHATHI, TPAHATHI U ApYyrHe. B 9TUX cOeMMHEHUSX aHUOHBI COCTOSIT
U3 CJIOXHBIX MOJEKYISpHBIX 0oOpazoBanuil. Hampumep, SOZ‘, PO,, P,0, SiO,, WOf", AOs.
OOpasoBaHre ACPEKTOB B ITUX COCAMHCHHUSX WJIH JJICKTPOHHO-IABIPOYHBIX IICHTPOB 3axBaTa, BO
BpeMsi 00Iy4deHHs, CBSI3aHO C pachagoM BO30YKICHHBIX aHHMOHHBIX KOMIUIEKCOB. B HacTosiiem
JOKJIaJIe PACCMOTPEHBI MEXaHU3MBI (POPMUPOBAHUS W PEIIAKCAIIMOHHBIA M3ITydaTeTbHBIN pacray
HABEJICHHBIX 3JIEKTPOHHO-BIPOYHBIX IICHTPOB 3aXBaTa.

B nmtepaTtype mpeanosioraroTcs pa3iMdHbIe MEXaHWU3MBI 3aIaceHUs SHEPTHH (OTOHOB BO
BpeMsi OOJIydeHHUsT HHU3KOIHEPIeTHUECKUMU M BBICOKOIHEPTETUYECKHUMH JIIEKTPOMArHUTHBIMU
M3ITydeHUsIMU. B 103uMeTpax 3Heprus OOJydeHHBIX (OTOHOB 3aracacTcs B BHUAC TOUYCYHBIX
nedeKTOB BaKaHCHHM U MEXKIOY3eIbHBIX MOHOB U aTOMOB WJIM B BHJIE AJIEKTPOHHBIX U JBIPOYHBIX
IIEHTPOB 3axBaTa. B cyib(aTax 3JIEKTPOHHO-IBIPOYHBIC IICHTPHI 3aXBaTa MOTYT 00pa30BaThCS MpHU
o0nydeHrHn (OTOHAMH C DHETHEH MPUBBIMIAIONINE YHEPTUI0 LIMPUHBI 3alpelieHHol 30HbI. [Ipu
3TOM CO3/AIOTCSl CBOOOMHBIC 3JIEKTPOHHO-IBIPOYHBIC TAPhl, KOTOPHIE 3aXBATHIBAIOTCS AaHHOHHBIMU
KoMIuekcaMn SOZ~, NBIpOdYHas KOMIIAHEHTa 3JIeKTPOHHO-IBIPOUYHBIX Tap JIOKATMU3YeTCs B BHJC
pagukanos SO, . Takum o6pasoM no peakuuu SOZ~ + e~ = SOF~ 06pasyloTcs dIEKTPOHHBIE
IIEHTPHI 3aXBaTa, B IMOCJICAYIOIIEM CO3Jal0TCS 3JIEKTPOHHO-IBIPOYHBIC Taphl IEHTPOB 3aXBaTa
S0;7- S50,

[Mocnennue roasl B pocharax [1,2] mpeamnonorarTcs co3qaHue MEHTPOB 3aXBaTa BO BPEMSs
BO30YKACHUsI aHHOHHOTO Komruiekca P,O; wmm PO, B pesyibTare mepeHoca 3apsaa 0% - Me™ k
MpUMecsiM WM K coceqHeMy aHuMOHY. llocienHuit BapuaHT cO3[aHUS 3JIEKTPOHHO-IBIPOYHBIX
IIEHTPOB 3aXBaTa MOXET PEATM30BAThCS BO MHOTUX COSAMHCHHUSX, T/Ie B BEPXHSS YaCTh BAJICHTHOMN
30HBI 00pa3oBaHa U3 2p COCTOSHUIN KUCIOPOAa, OTKY/a OCYIIECTBISETCS SJIEKTPOHHBIHN Mepexo..

Bo MHoOrux cynsdarax, 001ydeHHbIX Y® GoTOHAMHU, COOCTBEHHBIM 3JIEKTPOHHO-ABIPOYHBIM
[IEHTPaM 3aXBaTa COOTBETCBYIOT peKOMOMHAIIMOHHBIE M3NTy4eHUs] Ha LIEHTpax 3axsata mpu 3,0-3,1
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3B, 2,6-2,7 B u 2,3-2,4 »B. IlpakTuueckoe NpUMEHEHHE O3TUX COCIUHEHUNU CBS3aHO C
HAaKOIUICHHEM B HHUX COOCTBEHHBIX U TPHMECHBIX IIEHTPOB 3axBaTa. Jlns yBenuueHUs
YYBCTBUTEIBHOCTH K BHEIIHUM BO3JICUCTBHSIM Ha O5TU COEAWMHEHUS BBOJATCS CIEIUATbHBIC
MIPUMECH PEAKO3EMEIIbHBIX U MEPEXOIHBIX HOHOB.

B nacrosimeit paboTe B COOTBETCTBMM C 3a/ladeil MpeJICTaBICHHOIO JOKJIaJa MPOBOJIUTCS
HCCIIeJ0OBaHUE MEXAaHM3MOB HAKOIUIEHUA M nepeaada sHepruu oT Matpuubl CaSO4s-Mn u BaSOy-
Mn k npumecsam Mn?*,

Ha pucynke 1 npexncrasien cnektp uziydeHus: kpuctawioB CaSO4-Mn u BaSO4-Mn npu
BO30yKAeHUH GpoToHamu ¢ dHeprueit 5,6 3B mpu 80 K. [{ns s dexTtuBHOrO co3Manus dIEKTPOHHO-
JBIPOYHBIX IIEHTPOB 3aXBaTa, COEJIEHHENE MpeABapUTEIbHO 00aydanoch npu 80 K peHTreHoBCKUMU
nydamu B TedyeHud 10 MUHYT, 3aTeM Bo30Yyxaancs (oToHamu ¢ sHeprueit 5,6 5B npu 80 K.

T T T T ; ! J T T T T T T T . T T
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Pucynok 1 — CnekTp u3iny4eHus: KpUCTaJlJIoB Ipu Bo30yxaenuu 5,6 3B, 80 K.
Hnst BaS0O4, — Mnu CaSO, — Mn (kpuBasi 2 1 3, COOTBETCTBEHHO) U MPEBAPUTEIBHO
00JrydeHHBIE PEHTTeHOBCKUMU JTydaMu 10 muH (kpuBasi 1 u 4, COOTBETCTBEHHO)

U3 pucyska 1 BUIHO, 9TO B 00pa3lax MOsABIAETCS M3TyueHHs CBSI3aHHbIE ¢ mpuMechio Mn?t
nipu 2,3-2,4 3B 1 HOBBIE MOJIOCKH U3nyuyeHus npu 2,95 3B u 3,1 3B. I[onoca uznyuenus 2,95-3,1 5B
OTHOCHUTCS K COOCTBEHHBIM U TTPUECHBIM JIEKTPOHHO-IBIPOYHBIM IICHTPAM 3aXBaTa.

Jlanee ucciaenoBaHbl CHEKTPI BO30YKIEHUS BHYTPUIIEHTPOBBIX M3ITydeHHil npumecn Mn?*
s nosnocsl 2,3 3B mpu 80 K B CaSO,—Mn u BaSO, — Mn. DOkcnepumMeHTaIbHBIMU
pe3ynbTaTaMH MOKa3aHo, YTO BO30YXKACHHE MIPOUCXOANUT B TPEX CIEKTpadbHBIX MHTepBanax ~3,35
3B, ~4,03B, ~4,5 3B u 5,0-6,2 »B. Oo6nacts 5,0-6,2 3B oTHOocHTCS K (yHIAMCHTAIBLHOM
CHEKTPAILHOW 00ylacTh MaTpuibl. B 3Toi o6mactu GOpMUPYIOTCS HOBBIC 3JIEKTPOHHO-IBIPOYHBIC
LIEHTPHI 3aXBaTa.

Takxke IKCIEPUMEHTATBHO IMOKA3aHbI, YTO CIEKTPHI BO30YXKICHHUS PEKOMOWHAIMOHHOTO
m3nydenus 3,1 3B u 2,75 3B mis nopomka BaSO, — Mn HaxonsTcst B criekTpanbHOH obmacta ~4,0
3B u ~4,5 3B.
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OKCHEepUMEHTAIbHO OBLJIO TOKAa3aHO, YTO BO30YXKIEHHE PEKOMOMHALMOHHOTO H3IY4YEHUS
3JIEKTPOHHO-ABIpOYHOTO HeHTpa 3axBata mpu 4,0 3B u 4,5 3B B CaSO, u BaSO, coBmanaer c
SHEPTHAMH BO30YKIeHUs nmpumeck Mn?t B 3Tux MaTpumax.

M3MepeHre TeMIepaTypHOH 3aBUCHMOCTHM CIIEKTpa m3dydenus 2,3 5B npumecu Mn?* u
pexoMOMHaMoHHOTro M3nydeHus 2,95 u 3,1 3B npu Bo3OyxaeHun (oToHamMu ¢ 3HEprusiMu B 4,5
3B u 5,6-5,9 3B g1 CaSO, — Mn u BaSO, — Mn nokasanu:

a) m3nydenus: ~3,1 3B u 2,95 »B crabunsuer 1o 200-220 K B kpucramiax CaSO, — Mn u
BaSO, — Mn. Haumnas c¢ Ttemneparypsl 200-220 K HMHTEHCHBHOCTH IIOJIOCHI HAYMHAET
ymeHblnatecs. [Ipeanonoraercs, 4To HauMHas C 3TOM TeMIIEpaTypbl IPOUCXOAUT JEIOKAIU3aLUs
3JIEKTPOHA OT LEHTPOB 3axBaTa Mn*, a MHTEHCHBHOCTBL MOJNIOCH PEKOMOMHAIIMOHHOTO HM3JTy4EHUs
YMEHBIIAETCS 3KCIONOTEHIIMAIBHO JO MUHUMAJIbHOIO 3HAUEHUS.

0) OT LIeHTpOB 3axBaTa Mn' — SO, 51IeKTPOH HOHHU3YeTCs 110 peakuu: Mn* — e~ —» Mn?* ;
BOCCTaHaBJIMBAETCA NpuMech Mn?*, yBenMuMBaeTCs MHTEHCHBHOCTB II0JIOCH M3JIydeHus ~2,3 5B,
COOTBETCTBYIOIIAs M3mydeHHio Mn?t. VBenuuenue MHTEHCHBHOCTH M3IydeHHs IpuMmecd Mn?'s
obnactu Temnepatyp 350-360 K cssana ¢ menokanmsanueil apipok SO; or Mn3t —nentpos
(Mn2* — S0;).

Ha ocHOBe mOIy4YyeHHBIX pE3yJlbTaTOB Ha COEAMHEHMAX, MOXKHO IPOAHAIU3UPOBATh
MEXaHU3Mbl CO3[aHMs 3JIEKTPOHHO-IBIPOYHBIX ILIEHTPOB 3axBaTa B IPHUMECHBIX KpHCTaIax
CaSO4 — Mn u BaSO, — Mn.

B o6nydyennsix kpucramiax CaSO, —Mn um BaSO, — Mn B cnekrpanbHOil obsnactu 2,9-
3,17 5B, CcOOTBETCBYIOIIEH MOSBICHHIO PEKOMOWHAIIMOHHBIX H3JIYYCHHH, OOHAPYKHUBAIOTCS JIBE
MIOJIOCHI PEKOMOMHAITMOHHOTO U3MydeHHs npu ~2,95 3B u ~3,1 3B. D1H nccienoBanus mokasanm,
YTO pPEeKOMOMHAIIMOHHBIE MOJOCH M3nmyueHus ~3,13B u ~2,95 3B cBsizanel ¢ 00pazoBaHHEM
COOCTBEHHBIX M TPHUMECHBIX  JJEKTPOHHO-IBIPOYHBIX  IEHTpoB 3axBata SO3~ — SOj.
IIpeanonoraercs, 4to, BO BpeMs BO30yXAeHUS B (PyHIAMEHTAIbHOW 00JIACTH CHEKTpa, CO3/laHHbIE
JIEKTPOHBI 3aXBaThIBalOTCs MpuMecamu Mn?t, npipka nokanmsyercs B Buje paaukana SOy. Ilpu
5toM no peakuun Mn?t + e~ - Mn* 06pasyroTcsi HpUMECHBIE SIEKTPOHHO-IBIPOYHbIE HEHTPHI
saxBata Mn" — SO;. DKCIEPUMEHTAILHO ONpPEACIEHHAs OJHEPTUS MEXIAY JIOKAJbHBIMH
COCTOSIHMAMHU 1IeHTpOB 3axBara Mn* — SO, pashas ~4,0 5B u ~4,5 5B, xapakrepHa s
COOCTEHHBIX PIEKTPOHHO-IBIPOYHBIX IIEHTPOB 3axBata SO3~ — SO, . OTCI0/1a BHITEKAET BBIBOJI, UTO
B JI03UMETPUUYECKUX KpHCTalaX W JIIOMUHO(Opax ¢ NMPUMECHIO, COOCTBEHHbBIE IEKTPOHHBIE U
JBIPOYHBIE IIEHTPHI 3aXBaTa 00pa3yrTCsl BOJIU3HU IPUMECH.

13 nosyueHHBIX pPe3ylbTaTOB CIEAYET, YTO BO30Y)KJCHHbIE COCTOSIHUS PEKOMOWHAIIMOHHOTO
W3JTydeHns MaTpuiisl npu 3,1 3B u 2,75 3B u usinydenns npumecu Mn?t Bo3Oyxknarorcs noutu npu
omuHakoBbIX 3Heprusix 4,0 3B u 4,5 3B. Bo Bpemsi TepMUYECKON WM ONTHYECKOH CTUMYIISIIUU
Mn*t nm SO3™ mOHM3yIOTCSH, T.e. 2MEKTPOH PeKOMOMHMpYeT ¢ AbIpKoii (SOZ) JTOKATH30BAHHOTO
BOMM3M HoHa Mn?", sHeprus pekOMOMHAIIMOHHOTO MPOIECCA MEPETAETCS TPHMECIM.

DKCIepUMEHTAIFHO MOKAa3aHo, YTO MPUMeECh 2,3 3B mim pekoMOnHaIMoHHOe u3imydenue ~3,1
5B u ~2,95 3B B030yXIal0TCs MpHU OJMHAKOBBIX dHeprusx ~4,0 o8 u ~4,5 3B. 3akoHOMEpHOCTH
0o0pa30BaHUs D3JEKTPOHHBIX M JBIPOYHBIX ILIEHTPOB 3axBaTa C TAaKUMM pAaclOJIOKEHUSIMH B
JIOKAJbHBIX COCTOSIHMAX B OOJIACTH TPO3PAavyHOCTH MATPHIBI JIOJDKHBI OBITh XapaKTepHOU
0COOEHHOCTBIO CYJb(ATOB LIETOYHBIX U IIETOYHO3EMENbHBIX MeTalIoB. DOPMHUPOBAaHUE, B YUCTHIX
cynbharax u B Cynb(aTax ¢ MPUMECHIO, JMEKTPOHHBIX HeHTpos 3axsata T1°, Cu’, SO}~ u Mn*
MPUOJIM3UTENHHO HA OJUHAKOBBIX YHEPTETUUECKHUX JIOKAIBHBIX COCTOSIHUAX 2,95-3,17 5B aBnseTcs
cnenrn(ruIeckoit 0COOEHHOCTBIO IS ATUX MATPUILL.
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Conduction band e
803~
TI°[15] Cu[16] Mn*
3,9-4,0¢V 4,5-4,6eV
SO, - . SO,
Valence band F—
Ie+

Pucynok 2 - 30HHast cxemMa MPUMECHBIX U COOCTBEHHBIX AIEKTPOHHBIX U JBIPOYHBIX
LIEHTPOB 3aXBaTa.

3akarouenue. [lokazano, uto B CaSO, u BaSO, snexTpoHHBIE W ABIPOYHBIC IEHTPHI 3aXBaTa
SO3~ — SO; cosnaroTcs BO BpeMsi BO30YXKIEHMS aHHOHHOTO Kommiekca SO%~ B pesynbTaTe
nepenoca 3apana 0%~ — SO3™ unu npu 3axBaTe >1EKTPOHOB AHHOHHBIMU KOMILIEKCAMH.
1. Briepeeie mokasano, uro B CaSO4-Mn u BaSO4-Mn mepempaun sHEpruum ot
MaTpHLbl K MPUMECSIM OCYIIECTBISIOTCS B MOMEHT IEpeHoca 3apsijia OT BO30YKIEHHOTO
AHUOHHOIO KOMIUIEKCa K TubOpuaHoMmy cocrosuuio 3,0-3,15 5B mpumecu Mn*. Onum
00pa3yloT 3JIEKTPOHHBIE IEHTPHI 3axBaTa KOMIUIMMEHTApHBIX C JBIPOYHBIMU LIEHTPAMHU
3aXBara, JOKAIM30BAHHBIX BOIM3U OCHOBHOTO cocTosHMs Mn?t,
2. BrrsicHeHo, 4To Bo Bpemsi 00iay4deHHs Cylb(haToB BO30YKIACHHbIE aHUOHHBIE
KOMIUIEKCBI B pe3ylbTaTe MEpeHoca 3apsaa OT MaTpPUIlbl K BBEACHHBIM IPHUMECIM
T1*, Cut, Mn?*, Bo3HUKAIOMUX Y HUX THOPUIHBIX U3IydaTeNbHBIX cocTosHuit 3,0-3,15 5B
3aHMMAIOT TaKUE K€ HHEPreTHUECKHe YPOBHU KaK U y COOCTBEHHOTO AJIEKTPOHHOIO IIEHTpa
3axBata SO~ marpuiel npu 3,0-3,1 5B.

JINTEPATYPA
1. Lecointre A. et al. Red long-lasting luminescence in clinoenstatite //Journal of
Luminescence. — 2009. — T. 129. — Ne. 12. — C. 1527-1530.
2. Zhou R. et al. Site Occupancies, VUV-UV-vis photoluminescence, and X-ray
radioluminescence of Eu2+-doped RbBaPO, //Inorganic Chemistry. — 2020. — T. 59. —
Ne. 23. — C. 17421-17429.

49



Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

UDK: 538.945

CHARGE CARRIER’S MASS AND CRITICAL TEMPERATURE OF
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It is experimentally established that the value of the critical temperature of superconductivity
(SC), T, of LayxSrCuQ4 (LSCO) films (LSCO-F) differ from that of bulk counterparts and it
depends on several factors such as doping level (x), the thickness of the film (h;) and type of
substrate [1]. For the LSCO-F there are few theoretical works in the literature that qualitatively
discuss correlation of T with h; (at constant x) [2,3] in which T, was determined by the standard
BCS equation. Meanwhile, a huge amount of experimental evidences has been accumulated,
showing that the SC state of cuprates “cannot be described by the standard BCS theory, anywhere
in the phase diagram” [4]. In addition, the existing theoretical works on LSCO-F ignore the role
apex oxygen atoms whose vibrations has a profound effect on T, of LSCO-F [5].

Here, we would like to announce an alternative approach (model) for the interpretation of “hs-
T relation in LSCO-F. The approach is based on bipolaronic mechanism of superconductivity and
takes into account influence of apex ions to T, considering LCSO-F within the framework of
extended Holstein-extended Hubbard model (EHEHM). The approach was successfully applied for
the explanation of doping dependencies of T, and the uniaxial pressure derivatives of T, of LSCO-F
[6,7]. The EHEHM assumes formation of intersite bipolarons, their Bose-Einstein condensation
(BEC) at certain temperature Tgec and T, =Tgec. Our model convincingly predicts the existence of
correlation between Tgec and ht. In order to show this explicitly we consider LSCO-F, grown on
LaSrAlO, (LSAO) and SrTiO3 (STO) substrates, and calculated the value of Tgec as a function of hg
(Fig. 1).

Besides, it is well known that polarons are important ingredients of superconductivity (SC) of
cuprates and pnictides [8]. There are also overwhelming experimental evidences on polaronic
nature of charge carriers in cuprates. That is why the study of the properties of polarons is
important, in particular, in Lay4SrCuO, (LSCO) cuprate’s films in order to understand the
differences in SC properties of bulk and thin films of LSCO [1].

According to preliminary results of our study, if one assumes a polaronic nature of charge
carrier in cuprates, a mass of charge carrier in LSCO film should have film’s thickness dependence.
Then, one can easily interpret the LSCO-F film’s thickness dependencies of SC and normal
properties of LSCO films, in particular, the above effects of film thickness and strain on the value
of T, of SC of optimally doped LSCO-F [3]. Within our model one can show how the polaron
features of the system will evolve depending on the film thickness. Knowledge of the latter features
is especially important as it allows one to establish the basic parameters of the system that govern
the film thickness dependence of Tgec. As the doping level is fixed at x=0.15 and contribution from
the change of n with the thickness is small. Thus, the basic parameter is the mass of polaron (or
intersite bipolaron). We calculated mass of a small polaron in both LSCO/LSAQO and LSCO/STO
systems for the films with the different thicknesses. In doing that, we chose the value of polaron
shift E, in such a way that the calculated value of Tgec in the unstrained bulk La;gsSro15CuQy is
equal to the experimental value of T, of bulk LSCO i.e. Tgec = T¢p= 36 K. Actually, in our
calculations we model the bulk sample of LSCO with a sufficiently thick film with the thickness of
0.1 mm at which E,=0.40eV and consequently m,=40.8m. and mjy .,=7.5me. The latter value of in-
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plane polaron mass myap is calculated by using the formulas m =m

=160 for LSCO [9].
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Fig. 1: The dependence of the Tz of the ideal gas of the intersite bipolarons on the film critical
thickness, 4. Bold solid and dashed lines are the theoretical values of Tjzc for LSCO/LSAO and
LSCO/STO systems, respectively. Thin solid and dashed lines are the theoretical values of T, of refs.
[2,3] for the LSCO/LSAO and LSCO/STO systems, respectively. To make comparison easier, the
curves of refs. [2,3] are modified for the case of 7., = 36 K.
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Fig. 2: Changes in the value of the in-plane (CuO2) polaron mass m,, ,, with the film critical thickness
h;. in LSCO/LSAO (solid line) and LSCO/STO (dashed line) systems. The mass of in-plane polaron
for a very thick film with #,= 0.1 mm (almost bulk) is chosen in such a way that our T, at ;= 0.1
mm equals to the experimental 7. ,= 36 K. The filled circle mark () with error bar is the value of
cyclotron mass of a hole in 53-nm-thick La; g6Srq14CuQOy, film of Post et al., [10].
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These values of polaron parameters are consistent with the results of another our study on doping
dependence of T, of 50-nm-thick LSCO-F [6]. The calculated values of in-plane polaron masses in
both LSCO/LSAO and LSCO/STO systems are visualized in Fig. 2. It can be seen from Fig.2 that
the polaron mass increases (decreases) in LSCO/STO (LSCO/LSAO) system as the film thickness
decreases. And for a given film thickness, the polaron mass in the LSCO/LSAO system is always
less than the polaron mass in the LSCO/STO system. As a consequence, Tgec Of the ideal gas of the
intersite bipolarons in LSCO/STO system is always less than that in LSCO/LSAQO system
regardless of the film thickness. Similar to the case in LSCO/STO system, the increase in the mass
of a polaron with decreasing film thickness has long been known for the case of a large-radius
polaron [10]. Here, we deal with a small polaron with the long-range density-displacement type EPI
and we have two branches: LSCO/LSAO and LSCO/STO. The behaviour of mya, with the
thickness in LSCO/STO films is qualitatively similar to that of large polarons while the situation is
contrary in LSCO/LSAQO films. In LSCO/LSAO films m, ., becomes smaller than that for bulk
sample as the films thickness is reduced. The last circumstance leads to an increase in the value of
Tgec Of films. The validity of the judgment about the polaron mass in LSCO/LSAO films is
confirmed by the result of a recent experiment by Post et al., [11] on measuring the cyclotron mass
of a hole in 53-nm-thick Laj geSro14CuO4/LSAO film. According to Post et al., cyclotron mass a
hole is m,=(4.9+0.8)me [11]. Our result for the in-plane polaron mass in 53nm-thick
La g5Sr0.15CUO4/LSAO film is 5.7m, which is close to the above experimental result.

Our findings might be useful in explanation of thickness and strain related phenomena in
LSCO and other cuprates.

References
. M. Naito et al., Physica C 546, 84 (2018).
.H. Q. Linetal., Physica C 341-348, 445 (2000).
. X. J. Chen et al., Phys. Rev. B 61, 9782 (2000).
. 1. Bozovi¢, Proc. of 7" ICSM-2021, Oct 21-27, Milas-Bodrum Turkey, 2021, p. 2.
. H. Zhou et al., PNAS 107, 8103 (2010).
. A. S. Jalekeshov et al., J. Supercond. Nov. Mag. 35, 3529 (2022).
. A. S. Jalekeshov, B. Ya. Yavidov, Physica C 604, 1354177 (2023).
. H. Oyanagi, C.J.Zhang, Adv. Condens. Mat. Phys. 2010, Article ID 484578 (2010).
9. AS. Alexandrov, V.V. Kabanov, Phys. Rev. B 59, 13628 (1999).
10. A.V. Sherman, Physica Status Solidi (b) 108 (1), 71 (1981).
11. KW.Post et al., Phys. Rev. B 103, 134515 (2021).

ONO O, WN B

YK 538.9; 535.337

JE®OPMAILIMOHHO-CTUMYJIMPOBAHHASI JIOMMUHECHEHIIUA
B KPUCTAJIJIAX KBr u KBr-Na

K. [lynakees, A. Tunemn, [II CarumbaeBa, XK. Y0aes

AXTIOOMHCKHIA pernoHanbHblid yHuBepcuteT nmenn K. XXyb6anosa, p. A. Monnarymnosoit, 34,
030000, Aktobe, Kazaxcran, sshynar.2021@gmail.com

AHHOTaNUsA. DKCIIEPUMEHTAILHBIM METOJIOM HuskotemneparypHoir (85 K) omHOOCHOM
nedopManuu 1o kpuctamorpaduueckum HanpaieHusM <100> u <110> pemerkun KBr u KBr-Na
YCTaHOBJICHBI 3KCUTOHHBIM M 3JEKTPOHHO-IBIPOYHBIM MEXaHU3MBI, MPUBOMASIINE K YCHICHUIO
JIIOMUHECUEHIIUN aBTOJIOKAJIM30BAaHHOIO SKCUTOHA U HKCUTOHONOJOOHOrO 0Opa3oBaHMs B IOJIE
JIETKOTO MOHA HATPHsI, COOTBETCTBEHHO.
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Knrwoueevie cnosa. Illenounoecanouonviti xpucmann (LI'K), penmeenontomunecyenyus,
00HOOCHasi  Oeghopmayus, IKCUMOH,  INEKMPOHHO-ObIPOUHASL  COOPKA,  IKCUMOHONOOOOHAS
JIIOMUHECYEHYUS.

Beenenne

B pe3ynbrare MHOTOJIETHUX HCCIEIOBAHUN CUCTEMATH3UPOBAHBI PETAKCAIIIOHHBIE MPOLIECCHI
ANEKTPOHHBIX BO30YKIEHUI, BKJIIOYAIOIIME B ce0s MUTPALIMIO, aBTOJOKAIU3AIMIO/JIOKATN3ALHUIO,
M3ITy4aTeNbHYI0 aHHUTWISINIO, a TaKXKe MX pachaj Ha MEepBUYHBIC paJualuoHHble nedekTsl. B
MOCJIETHUE TOJAbl aKTUBHO BENYTCS KCCIEJOBAHMS C TNPUMEHEHHEM OIHOOCHOIO CXaTHusl B
MaTpuIax IenoyHoragonanbx kpucramwios (ILTK)[1-3]

B wHacrosmieit cratbe  uccienoBaH — AeQOpPMAIMOHHO-CTUMYJIMPOBAHHBIM 3¢ ¢eKT,
MPUBOAIINN K YCUIICHHIO YKCUTOHOTOJOOHBIX JTIOMUHECIICHIIHNIA 32 CUET YBETUUYCHUS BEPOSITHOCTU
aBTOJIOKAIM3AIMK CBOOOJHBIX SKCUTOHOB B DPETYJSPHBIX Y3JaX PEUIETKH U PEKOMOMHAIIMOHHOMN
COOpPKM JJIEKTPOHHO-IIBIPOYHBIX Tap B TOJIe JIOKANbHOW JedopMallui, BBHI3BAHHON IJIETKUMU
KaTHOHaMHU-TOMOJIOraMH B Kpuctauindeckoit Matpuie KBr.

Annaparypa 4 00beKTbI HCCICAOBAHNUS

B kadectBe sTanmonHOro obpasia nmpuHUMaIUCh KpucTauibl KBr ¢ Hu3Ko#M KOHIIEHTpanuen
npumecHbIX MoHOB HaTpust (0.01-1.0 ppm), BeIpaleHHBIC HA 3aBEPLIAIOLIEM JTale 30HHOW IIaBKH
Ha OCHOBE CbIpbs, MPOMIEAUIETO MPEABAPUTEIIBHYI0 OYHUCTKY B TOKe rajoredHoB [1, 2].
Konnenrpanus nonos Hatpust B oopasuax KBr:Na cocrasnser 100 ppm ¢ yuerom ko3dduunenta
BcTpoiiku Hatpus B pernetky KBr (0,25).

Jns uccnenoBanusi CHEKTpoB peHTreHomomuHecuenuun (PJI) kpucrtamioB B kadecTBe
WOHU3UPYIOUIEH paguallid MPUMEHSIOCh TOPMO3HOE H3NydeHue oT yctaHoBku PVYII-120 ¢ W-
aHTHUKaTOJIOM, paboTatomieii B pexume 3 MA u 100 kB.

JedbopMainoHHO-CTUMYIIMPOBAHHAS JIIOMUHECLICHIINS KPUCTANIOB UCCIIEI0BAaHA C TOMOIIbIO
CrieuasbHOTO Kpuoctata [4], koTopbiii mno3BosisieT npu 85 K ocylecTBisiT OJHOOCHYIO
nedopmalyoo o oJHOMY HampasiaeHuio u3 AByx (<100>, <110>) u perucTpupoBaTh H3Iy4EHUS,
KaK IpU IOCTOSIHHOM J€HCTBUM HAIIPSDKEHUS, TaK U IOCJIE €€ CHATHUS Ha KPUCTAJLIL.

CkaHMpoBaHUE CHEKTPOB M3JIY4YEHHs] KPUCTAIJIOB OCYIIECTBISJIOCH C  MOMOUIBIO
cBeTocwiibHOrO MoHOXpomaropa MC/-2 u dorosnexkrponnoro ymuoxutens turna H 8259-01
(«Hamamatsu»), paboraromero B pexkume cuera (oroHoB B uHTepBaie 6.0-1.5 5B, koTopsie
YIIPaBJsLTUCH CIICIUABHBIMU TIporpamMmmamMu SpectraScan u ThermoScan [1-3].

JKCNepUMEeHTAIbHbIE Pe3yJIbTaThl

Jns uncteix kpuctamwioB KBr ¢yHmnameHTanbHbIM (COOCTBEHHBIM) H3JIyUYE€HHEM SIBISIETCS
JIOMUHECIHEHIUS aBTOJOKAIU30BaHHOTO 3KcuToHa (AJID) ¢ makcumymamu mpu 4,42 3B (o-
nmojsipu3oBanHast) u 2,28 5B (n - momsApu3oBaHHAs), 3apErMCTPUPOBAHHBIC TPU HU3KHX
temmeparypax (4,2 K).

C mOBbIIIIEHHEM TeMIIepaTypbl 3TH JIOMUHECICHIIMM JOCTATOYHO OBICTPO TYyIIATCA, U B
pesynbTate npu 80 K HHTEHCHBHOCTD G- JTIOMUHECHICHINH criagaeT B 30 pas, a 7 - TIOMHHECIICHITUN
- B 300 pa3. Tem He MeHee, BRICOKOUYBCTBUTENbHAS JIIOMUHECIIEHTHAS ammaparypa, paboTaromnias B
pexuMe cyeta (OTOHOB CO CBETOCHJIBHBIM MOHOXPOMAaTOPOM, IO3BOJIIET PETUCTPUPOBATH 00€
nosnockl unydenusa npu 0K (puc. 1, kp. 1) B KauecTBe OMOPHOrO CUTHANA ISl MCCIEAOBAHUS
BIIMSIHHSL 1€ (pOPMAIIUH.

DKCIIEpUMEHTAJIbHBIE PE3YJbTaThl, MPEACTaBICHHbIE HAa PUC. | MO perucrpanuu CIEKTPOB
pentrenomomunectieniuu (PJI) mokassiBaroT, 4TO ¢ pOCTOM CTENEHU OTHOCHTEIBHON OJHOOCHOM
nepopmanuu (<100>, <110>) B kpuctamiax KBr HabmogaeTcss pocT HHTEHCUBHOCTH COOCTBEHHBIX
G - U T - JroMUHecUeHIuU AJID 1 HOBOM MOJOCHI JIOMUHECIICHIIMA ¢ MaKCUMyMamu Tipu 3,6 3B.
[Ipu >TOM 3aperucTpupoBaHO, YTO MAKCHUMAJIbHOE YCHUJIEHME WHTEHCUBHOCTU H3JIy4YEHHs IpHU
OJIMHAKOBOH cTeneHu oJHOOCHOM aedopmanuu (¢ = 1,0 %) nmpoucxoaut B ciydyae BO3AECUCTBUS
BII0JIb KpucTauiorpaguyeckoro HanpasiaeHus <110> no cpaBuenuto ¢ <100> (puc. 1, cpaBH. Kp. 2
u 3).
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Pucynox 1. CiekTpsl peHTI€HOIIOMHUHECIIEHIIMY 30HHOOounIeHHoro kpuctaiuta KBr npu 85 K 1o
nedopmaryn (1) u mpu moctostHHOM Bo3zeiicTBuH npH 85 K ogroocHO# nedopmarmu (g = 1,0 %) Boons
Kpuctawiorpaduyeckoro HanpasieHus <100> (2) u <110> (3), a Takxke nociue caarue gepopmanun(4) u
IpY IOBTOPHOM Je(opMalnyy 10 IEPBOHAYATIBHOTO YPOBHS CKaTHA. DJIEMEHTapHbIE rayCCHaHbl,
MOJTyYEeHHBIE TIPH Pa3NoxKeHuH criekTpoB PJI, ykasanel myHKTHpHBIMY TrHUSME. Ha BcTaBke: a -
3aBUCHUMOCTh HHTEHCUBHOCTH 6(1)- 1 (2)— momunaecuennmn AJID (4,4 3B u 2,3 3B, COOTBETCTBEHHO) 1
F,Vk (3) - momunecuenmumu (3,6 9B) 0T cTenenu o HOOCHO# nedopManum; 6 — TeMIepaTypHas 3aBUCHMOCTb
F',VK - momuHectieHun (3,6 3B).

AHanu3 HanpaBJIECHHOTO BO3/EMCTBUS HU3KOTEMIIEpaTypHOU ogHOoOCHOH nedopmanmu (85 K,
<100>, <110>) na cnektpsl PJI kpucramna KBr noka3piBaeT, 4YTO MHTEHCUBHOCTb G- U T -
JIOMUHECLEHIIMH JTUHEHHO pacTeT npuonm3utensHo 10 1% nedopmaryu (puc. 1, BctaBka a, kp. 1 u
2), 1mocJie Yero MOCTENEeHHO NePEeXOIUT K HACBIIEHUIO, & UHTEHCUBHOCTD JIFOMUHECIIEHIIMU 1pu 3,6
5B nuneitHo pacter no 2% nedopmammu 6e3 HaceimieHus (puc. 1, BcTaBka a, kp. 3), 0 ueM
CBHUJIETEJILCTBYET O HAKOIUIEHWH paJUalMOHHBIX 1e(eKkToB, BeposTHO, F' u Vk — nentpos. U3
rpaduka 3aBucumoctu |=f(¢) BumHO, 4TO 3(h(deKT NMHEWHOro pocTta MHTEHCUBHOCTU G- H T-
mroMHUHECTIeHITMH AJID mpoucXoauT B ympyroi dacTu OJHOOCHOW aedopmarmu kpuctamia KBr
(puc. 1, BcTaBka a, kp. 1 1 2). DTOMY TaKke CBUAETEIbCTBYET TOT AKCIIEPUMEHTAIbHBINA (PAKT, 4TO
IOCJIE CHATHS JEUCTBYIOIIETO HA KPUCTAJUT HANPSKEHUs BCJIEH 32 HUM HaOJI0/1aeTcsl MTHOBEHHOE
ocnabmenue (Mo 90%) WHTEHCHMBHOCTH G- H T-TIOMUHecHeHImn AJID u wucue3HoBeHHe
0OHapy)XCHHOW HOBOHM TOJIOCHI JFOMHHECIIEHIIMM ¢ MakcuMymoM mipu 3,6 3B (kp. 4 Ha puc. 1).
WMHTEHCUBHOCTHU BBIIENIEPEYMCIIEHHBIX M10J0C JIIOMUHECIIEHIIMN BOCCTAHABIMBAIOTCS NPAKTUYECKU
MIOJTHOCTBIO NP MOBTOPHOM IPUIJIOKEHUU HAa KPUCTAT OJHOOCHOH Nedopmariyeil B TOM CTENeHH
Kak B MpeAbIymuii pa3 (kp. 5 puc. 1).

TemneparypHast 3aBUCUMOCTb clIeKTpoB PJI mokasbIBaeT, 4TO OTKUT JFOMHUHECLEHIMH TpU
3,6 3B mpoucxomautr B obOmactu temreparyp (110+120K), cooTBeTcTBYyIOIIEH MaKCHUMAaIbHOMY
paspymennio F —uentpoB B kpucrammax KBr (ma BcraBke 6, puc. 1). ITo O3HAdaeT, 9To
JIOMUHECLEHIUSI ¢ MakcuMyMmMoM Inipu 3,6 3B sBisercs pe3yabTaTOM TYHHEJIBHBIX IPOLIECCOB
MEXy OCHOBHBIMH COCTOSIHUSIMH, B NIEPBYIO ouepenb, F' u Vk neHTpos.

DKCIepUMEHTAIbHO  OOHApy)KeHO eIle OJHa peadyaimas OCOOCHHOCTh IMOCTOSTHHO
JeHCTBYIOLIEH OJHOOCHOH ympyroi nedopmanuu s oOHApYKEHUS HEKOHTPOJIUPYEMBIX JIETKHX
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npuMeceil  kaTHoHOB-ToMonoros (mampumep, Na', Li%), kotopas memoHcTpupyercs s
MOHOKpHUCTaTnYeckoil MaTpuiibl KBr.

Ha puc. 2 npencrasnensl cnektpsl PJI «HomuHansHO ynctoro» kpucramia KBr, umeromero
KOHLIEHTpauuio Hatpuss B npexaenax 50+100 ppm. Cnenyer OTMETHTb, YTO B OTCYTCTBHH
nedopmaiui KpoMe COOCTBEHHOW o©,- W s-IoMUHEcHeHInu AJID, JOMOJTHUTENBHBIX TIOJIOC
U3Iy4YeHus: He ObuIo 3apeructpupoBaHo (puc. 2, kp. 1). OnHako, ¢ pocTOM CTENEHU OJHOOCHOU
nedopmainu  BAOIb KpucTawtorpaduueckoro HampasiaeHuss <100> mpu 85 K mosBistorcs
JIOMUHECHEHIMU ¢ MakcuMymamu npu 3.1 3B u 2.8 3B, KOTOpble CTaHOBATCS MHTEHCUBHBIMH B
npeaenbHbIX 3HaueHusax aedopmaruu (2— 0,2%, 3 — 0,6%, 4— 1,0%). Ilocne cHATHS TIEHCTBYIOIIETO
Ha KPHUCTAJUT HANIPSDKEHUS, IPOUCXOIUT OCIa0JICHIEe WHTEHCUBHOCTH BBIIIETICPEYHCIEHHBIX TTOJI0C
JIFOMHUHECIIEHITNH, KaK B cimydae KBr (puc.1, xp. 4).
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Pucynoxk 2. CriekTpsl penTreHomomMunectiennuu kpucramia KBr-Na(100ppm), m3mepennsie mpu 85 K
1o nedopmaru (1) 1 TP MOCTOSTHHOM BO3ACHCTBUH BO3PACTAIONIETO 3HAYCHUS OJTHOOCHOU AeopManuy
(2-0,2%, 3 -0,6%, 4— 1,0%) Bnoap kpuctamiorpaduueckoro Hampasierus <100> mpu 85 K, a tarxke
oCIie CHATHUS yrpyroro Hanpsbkerus (5) mpu 85K.

Ha BcraBke: 3aBUCMMOCTHP HWHTEHCUBHOCTH G — JoMuHecueHiuu AJID (1) wu
SKCHTOHOMOA00HBIX MoMuHecueHu okono Na“ (2) wam Na'-Na“ (3) or crenmeHu omHOOCHOI
nedopmarmu — 1=f(g).

3aBUCHMOCTh HMHTCHCHUBHOCTH ©- W 7 — JomuHecueHuuu AJID (4,4 »B u 2,3 3B,
COOTBETCTBEHHO) U IIOMHHECIIEHIINH 0K0J10 oxuHouHbX Na™ (2.85 3B) n mapueix Na*, Na* (3.1 5B)
OT CTENEHH OJIHOOCHOH nedopMaliy mokasbiBaeT, 4to B kKpucramiax KBr-Na npumepno mo 1.0%
COXpaHsieTcs JIMHEWHas 3aBUCUMOCTb MHTEHCHUBHOCTH JIA BCEX MOJIOC JIIOMHUHECUEHIUH, MOCIe
KOTOpPOTO HACTYIMAaeT HACHIIICHHE, MPU KOTOPOM MOTYT CO3/1aBaThCs BAaKAHCHUOHHBIE e(EKTHI
MJIACTUYECKOM AedopManuu (Ha BCTaBKE pHC. 2).

H3BecTHO [S5], 4TO ¢ pOCTOM CTENEHH OAHOOCHOH ynpyroi aedopmarmu B kpuctawiax KI-TI
IPOUCXOAUT TepepacnpeneneHue uHTeHcuBHOCTH T1'- mromumuecuennuu (2,85 3B) B momb3y
uateHcuBHoctu o (4.1 3B),- u m (3.3 3B) - mromunecuennuu AJID 3a cueT cokpalleHus ITHHBI
cBOOOIHOTO ITpo0era SKCUTOHA JI0 aBTOJIOKAIM3ALUH.

B kpucranmnax KBr-Na s¢dekra koppennpoBaHHOro pocta MHTEHCUBHOCTH 6(4.42 »3B),- u
(2.3 5B) - momunecuenimu AJID ¢ poctom crenenu nedopmaiuu (puc. 2, kp. 2-4) BIOJNHE
MOXKHO OOBSCHHTH, 1O aHamoruu ¢ kpuctammiom KI-Tl [5], ¢ yBenmuueHHeM BEpOSTHOCTH
ABTOJIOKAIM3AIMN CBOOOJHBIX SKCHUTOHOB B PETYISPHBIX y37axX pemieTku. llpuumHa ycuneHus
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WHTCHCUBHOCTH COOCTBeHHOU ItoMuHectieHmu kpuctauioB KBr u KBr-Na mo 1% nedopmanmm
MOXKET OBITh CBsI3aHA C YBEJIMUYEHUEM BEPOSITHOCTH aBTOJOKAIM3AIMH CBOOOJIHBIX SKCUTOHOB B
PETYIISIPHBIX y3JIaX PEIISTKH 33 CYET COKpANICHHS JTMHBI CBOOOJHOTO mpobera SKCUTOHOB JIO
aBTOJIOKAITM3ALIMH, KaK 3TO ObL10 00HapyxeHo s kpuctawios Kl [5].

B xkpucramnax KBr-Na oOnapyxen Takxke 3¢Q(eKT Koppelsiluud pocTa HHTEHCUBHOCTHU
HKCUTOHOMOI00HOH MoMuHectieHnn okono Na (2.85 3B), koTopslif He moa1aeTcsi O0BICHEHUIO TIO
SKCHUTOHHOMY MEXaHH3My TMepefaud DSHEePTHH K TMPUMECSAM, MPHUBOIANINN K OCIabJIeHUIO
WHTEHCUBHOCTU TMPUMECHBIX JTIOMUHECIEHIIMH C POCTOM CTENEHH OJHOOCHOH nedopmanuu [5].
Ckopee Bcero Mbl HMEEM [0 C PEKOMOMHAIMOHHBIM MeXaHu3MaM  (hopMHupoBaHUS
HKCUTOHOMOI00HOTO 00pa3oBaHUs B Toje mnpuMmecHoro uoHa Hatpus (Na), kak B ciydae B
kpuctauiax KCI-Na [1, 2]. 3aBucumocts |=f(¢) mokaspiBaer, uto OOHapyKeHHBIH 3P heKT
YCUJICHUS MHTEHCUBHOCTH W3Ty4YEHHs MPOHMCXOIUT B YIPYroil 4acTH OJHOOCHOHM nedopmanuu,
KOTOPBI YCTaHOBIICH M IS APYTMX aHAJOTHYHBIX KpUCTA/LTOB [1-3].

BriBoa

Hns xpucramnoB KBr u KBr-Na myrem peructpanuu CleKTpOB PEHTI€HOIIOMUHECLIEHIH
npu BozjaeicTBUM Hu3KotemmeparypHou (85 K) omnoocHor nedopmammm (<100>, <100>)
YCTaHOBJICHO:

1. >KCUTOHHBI MEXaHM3M H3IY4aTelIbHON peJakcaluyu 3JIEKTPOHHBIX BO30YXAEHHH - IO
YCHJICHHIO MHTEHCHBHOCTH cOOCTBeHHBIX G(4,42 3B) - u m(2,3 3B) - momunecuenuun AJID
(KBr u KBr-Na).

2. peKOMOMHAIIMOHHBI ~ MEXaHW3M  H3JIYYaTeNIbHOW  pellakcallid  AKCUTOHOMOJO0OHOTO
o0pa3oBaHus, GOPMHUPYEMOI0O ITyTeM COOPKH JIEKTPOHHO-ABIPOYHBIX MAp B T0JI€ HOHA HATPUS
- 10 YCHJIEHUIO MHTEHCUBHOCTH JIFOMMHECLEHIIMU 0K0JI0 oauHo4uHbXx Na'™ (2.85 3B) n mapHbIx
nonos Na*, Na* (3.1 aB) (KBr-Na).

JIUTEPATYPA

1. Shunkeyev, A. Tilep, Sh. Sagimbayeva, Z. Ubaev, A. Lushchik, Crystals 13 (2), 364 (2023).
DOI:10.3390/cryst13020364

2. Shunkeyev K., Tilep A., Sagimbayeva Sh., Lushchik A., Ubaev Z., Myasnikova L.,
Zhanturina N., Aimaganbetova Z. Nucl. Instrum. Meth. B. 2022, 528, 20-26. DOI:
10.1016/j.nimb.2022.08.002.

3. Shunkeyev K., Aimaganbetova Z., Myasnikova L., Maratova A., Ubaev Z. Nucl. Instrum.
Meth. B. 2021, 509, 7-11. DOI:10.1016/j.nimb.2021.10.010

4. Shunkeyev K., Sarmukhanov E., Bekeshev A., Sagimbaeva S., Bizhanova K. Journal of
Physics: Conference Series 2012, 400(5). DOI:10.1088/1742-6596/400/5/052032.

5. Shunkeyev K., Zhanturina N., Aimaganbetova Z., Barmina A., Myasnikova L., Sagymbaeva
Sh., Sergeyev D. Low Temp. Phys. 2016, 42(7), 580-583. DOI:10.1063/1.4960008
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NCCIEJOBAHMUME 3ATYXAHUA PAIMOCUTI'HAJIA B ATMOC®EPHBIX
I'A3AX BBICOKOT'OPbs

AmeivkanoB K.III., [11acaes XK. A.

Nuctutyr ®uzuku M. akagemuka K. Keenbaesa HAH KP, nip. Uyii 265 a, r.bumkex,
KeIpreiscran

AHHoTanusi: B noknaze mpencTtaBieHbl HOBEUIIHME pPE3yNbTaThl HCCIEJOBAHHMMA 3aTyXaHUS
paguocursaia B armocepe B YCIOBHSX BBICOKOTOpPbs. OOCYXAalOTCA BPEMEHHBIC HW3MEHEHUS
MOTJIONIEHUST aTMOc(epbl Ha BOJHE 8MM [IJIs YCIOBHM XojogHOro mnepuoaa roxa. llomydensr
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YUCJIEHHBIE IapaMeTphbl B3aUMHOW KOPpEISIMM MEXKAY IOIVIOIMIEHUEM CUTHaJla M BIIAXKHOCTU
atMocdepst Ha BeicoTax 3800 u 1660 MeTpoB Hal ypOBHEM MODSI.

Knwuesvie cnosa: muniumemposvie 601Hbl, NO2NOWjEHUE amMocgepsl, O0aNbHOCMb CE53U,
INEKMPOMACHUMHASL COBMECMUMOCIb CPEOCmE CEA3U.

AKTUBHOE OCBOCHHME MUJJTUMETPOBBIX BOJIH HAMETUBLIEECS B MTOCIEAHNE TObI, 00YCIOBIECHO
LEeNbIM psAIoM (aKTOPOB, BBITOJHO OTIMYAIOIIMX ATy 00JacTh paJuOBOIH OT CAaHTUMETPOBOIO U
JEUMETPOBOrO AMANAa30HOB. MUJIIMMETPOBBIN JUana3oH HE NEPErpYKEH U CPEACTBA CBA3H ATOIO
JIMAIla30Ha UMEIOT XOPOILIYIO AJIEKTPOMATHUTHYKO COBMECTHMOCTB CO CPEICTBAMHU CBS3U APYTHX
nuana3oHoB. Pamumorexnmueckue cpeactsa (PTC) mummumerpoBoro amamazona (MMJI) menee
BOCIIPUMMYMBBI K NPEIHAMEPEHHBIM IOMEXaM CO CTOPOHBI NPOTHUBHUKA, TAK KaK BO3MOXHOCTb
paboTaTh B IMPOKOM MOJOCE YAaCTOT MO3BOJSET MYTEM HCIIOJIb30BaHMS IIKMpOKononocHod UM u
KOJMPOBAaHUSl CHUTHAJA MOBBICUTH MOMEXO3AIIUIIEHHOCTh U CKOPOCTb OOpaOOTKM MPUHUMAaEeMOM
uHpopmanuu. PTC MMJ] 00nanaroT TOYHOCTBIO OJM3KOW K TOYHOCTH 3JEKTPOHHO-ONTUYECKHX
CHCTEM M B TOXE BpeMsi 00CCIECUMBAIOT BCEIMOTOJHOCTh M KPYIJIOCYTOYHOCTh NpuMeHeHus [1-4].
Ha panbHOCTH CBA3M B MWUIMMETPOBOM JIMAla30HE 3HAYUTENIBHOE BIMSHHUE OKAa3bIBAET
aTMOC(EepHOE 3aTyXaHUe, CBA3aHHOE C MOMJIOIEHUEM SHEPIUU PAIMOBOJIH MOJIEKYIaMH PA3JINYHbIX
BEIIECTB, B NEPBYIO OYepelb BOJSHOIO Hapa M Kuciopona. ['paduk 3aBUCHMOCTH 3aTyXaHUs
curasa MMB ot yacToTsl B TorapudgmuueckoM Maciiradbe npeacTasieH Ha Puc. 1.
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Puc. 1. I'paduk 3aBucuMoctu armocdepHoro 3aTyxanust curiaia MMB quanasoHa oT 4acToThl U
temmneparype +20 °C
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Puc. 2 Tomoroii xox morioimienus armochepsl Ha PPC «BocTtounasy

Kak BunHO 13 rpaduka 3aryxaHue curraiga Ha BosHe 8MM (34 'mrarepir) He MpEBbIMIACT —
0,13 nb/xM. CrnenumanucTbl Ha3bIBAIOT ATOT MOKa3aTellb OKHOM MPO3pavyHOCTH. J[1s1 BBIMOTHEHUS
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pacueToB 3aTyXaHUs paJMOCHTHaja B aTMOC(EPHBIX razax o0pabOTaHbl METEOIaHHBIE I TOPOIa
bansikusl 1 PPC «Bocrounas». Ilpu 3ToM B mporpamMmy pacdeToB MOTIJIOLIEHHUS HE0O0XOIUMO
BBECTU CJIEYIOIIME JaHHble : 1) NAJMUHY BOJIHBI, 2) BBICOTY HaOMIOJAeHUs, 3) JaBICHHE B
MuIHOapax, TeMneparypy B rpagycax Llenabcus U OTHOCHTENbHYIO BIaKHOCTh B %. B kauecTBe
npumepa Ha Puc. 2 moka3an ro1oBoit xox noriomiexus [5].

Kak BuaHO, B XOJOJHBIA MEpPHOA TOAA YHUCICHHOE 3HAYEHHUE IOTJIOUIeHUs (C HOsOps Mo
(dheBpanb) uMEOT MUHUMAaJbHBIE 3HaueHus: — oT 0,751b 10 0,91b. OTH 3HaUYEeHHST MOKHO OOBSICHUTD
MaJIOCThIO 3HAYEHUH BIAXHOCTU 3UMOM. MakcuMallbHblE 3HauY€HMs BapbupyroT — oT 1,351b no
1,55nb. [1ns onieHKH BAMSIHUSL METEOYCIOBUI HAa YPOBEHb CUTHaa B IPUEMHHUKE OBbLIN OIpeieIeHbI
KO3 PHUIHUEHTH! TAPHOM KOPPETSILMUA MEXAY BapHallUsMU MOTJIOIIEHUS U BIAKHOCTU BO3yXa JJIs
3UMHHUX YyciaoBui moroabl. Tak Ha BbicoTe 3800 MeTpoB KOI(DPUIMEHT KOPPETSIUH MEXKIY
MIOTJIOIIEHUEM M a0COIIOTHOM BIaKHOCTH aTMocdepbl paBeH-0,48, a Ha BricoTe 1660 MeTpoB-0,64.
Ha Puc.3 npencraBieHbl M3MEHEHMS 3aTyXaHHs M BJIQXKHOCTH Ul sSTHBapsa Mecsna Ha BeicoTe3800
METPOB HaJl YpPOBHEM MOPSI.
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Jlann

Puc.3 Bapwumanuu BIa)kHOCTH BO3ayXa U MOTJIOIIeHHs curHaia Ha «PPC
Bocrounas» nns sHBaps.

3
Buano, 4Tro abGcomoTHast BIaXXHOCTh BO31yXa m3MeHsieTcs oT 1,72 r/m” mo 2,64 equnwui, a
noryomenune ot 0,22 nb no 1,4 enuaunn ayis 3eHuTHOrO yria 80 rpagycoB. Bapuanum yka3zaHHBIX
napamMeTpoB JJisi ropoja banbikubl moka3zaHsl Ha puc. 4.
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Jlan

Puc.4 BapI/IaHI/II/I BJIA’JKHOCTU BO31yXa U NMOTJIOIICHU CUT'HAJIa B TOPOAC Bbanbik4er AJIs1 THBapA.

58



Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

Kax Bu1HO, Bapualyu BJIa)KHOCTH HE UMEIOT CKAUKOOOpPa3HbIX M3MEHEHUH : MUHUMYM=1,1, a
3
Makcumym=1,42 t/m" . IlornomeHre B 3TOM MyHKT€ HECMOTPs Ha Majble BapHalldM BIaKHOCTHU
WCIIBITBIBAET pe3kue u3menenus : ot 0,63 o 3,8 nb.
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YK 538.913
PACYET CTABUJIBHBIX ®A3 CUCTEMBI Cu-Se

bukkynosa H.H. ! Axmanosa I'.P.?% Kyp6anrymnos A.P. '
Cadapramues JI.1. !, Kyros A.X. s

'Crepuramakckuit putnan BalKupeKOro rocyaapCTBEHHOTO YHHBEPCHTETA,
r. Crepnutamaxk, Poccus
zyq)HMCKHﬁ YHHUBEPCHUTET HaYKH U TEXHOJOTHH, T. Y da, Poccus
3 Hedranoii nuactutyT (prmman) KOropckoro rocyaapcTBEHHOTO YHUBEPCUTETA,
r. Hmwkuesaprosck, Poccust e-mail:bickulova@mail.ru

AHHOTanus: B mpencTaBieHHON paboTe MPOBENCHBI MOJACIBHBICE KOMITBIOTEPHBIE PACUYCThHI
(dazoBoit guarpammsl cructembl Cu—Se ¢ momonsto porpammbl USPEX [1], yTOUHEHBI CTPYKTYPBI
CCJICHHJIOB MEIMW TPH HHU3KUX TEMIlepaTypax ¥ BBICOKMX JaBIEHHUSX. bbUIO caemaHo
MPEANoNIOKEeHHe, YTO TaKOH MOJEIbHBI pacyeT TO3BOJUT TOJYYUTh TEOPETHUECKYIO
CTPYKTYpPHYIO MOJI€Nb, KOTOpas jajnee OyJIeT HCIIOJIb30BaHA JJIsl pacuera 30HHOW CTPYKTYpBI U
¢ononnoro cnekrpa. B anroputme USPEX wucrnonb3yercst Teopus (pyHKIIMOHANIA TUIOTHOCTH, €€
OCHOBHAs II€TIb 3aKJIOYAeTCsl B YIPOIICHHH PACUYETOB DJIEKTPOHHON CTPYKTYphI MOJICKYNT H
KpPHUCTAJIJIOB.

Knwoueevie cnosa: cenenuo medu, ¢pasosas ouaspamma, dlemeHmapHas — AYelKd,
KpUCALIUYeCcKas CMmpyKmypa, Mooeauposanue.

CeneHuzipl MeAM  SBISIOTCS  CTPYKTYPHO-Pa3yNopsOYEHHBIMH  COEIMHEHHUSMU B
cynepuoHHOM coctosiHuu [2]. CyTh moucka HambOojee yCTOMUMBOM CTPYKTYpbl CBOJUTCS K
BBIYUCIIEHUIO TAKOTO COCTOSIHMS BEILECTBa, KOTOpoe 00ja/laeT HauMEHbIIeH dHeprueil. DHeprus B
JTAHHOM CJIy4ae 3aBUCHUT OT AJIEKTPOMArHUTHOTO B3aWMOJICHCTBHSA siZiep M JJIEKTPOHOB aTOMOB, W3
KOTOPBIX COCTOMT HCCIeAyeMbli KpucTami. Ee MOXXHO OLEHUTh C IOMOIIBIO KBaHTOBO-
MEXaHWYECKHX pacueToB, OCHOBAHHBIX Ha ympomeHHOM YypaBHeHun Illpemnmnrepa. Tak B
anroputMe USPEX wucnoneiyercst Teopust GyHKIMOHANA IUIOTHOCTH, KOTOpasi MOJIy4YHia pa3BUTHE
BO BTOPOH NOJIOBHHE NPOIIIOro Beka. Ee OCHOBHas IeNb 3aKII0YaeTCs B YNPOIIEHHH PacueToB
JIEKTPOHHOM  CTPYKTYphl ~ MOJIEKYJT M KpUCTAJUIOB. Teopuss  MNO3BOJSET  3aMEHHTH
MHOTOJICKTPOHHYIO BOJHOBYIO ()YHKIIHIO JJIEKTPOHHOW IUIOTHOCTHIO, TPU OSTOM OCTaBasiCh
¢dopmanbHO TOYHOH. Ha mpakTHuke 3TO NPUBOAUT K YMEHBLICHHUIO CI0KHOCTU BBIYMCICHHH U, KaK
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CIIC/ICTBHE, BPEMEHHU, KOTOPOE HAa HUX OyzeT 3aTpayeHo. Takum o0pa3oM, KBAHTOBO-MEXaHHUIECKHE
pacueTsl COYETAIOTCS C IBOITIOLMOHHBIM anroputmMoM B USPEX. Tlouck Takux cTpyKTyp B CUCTEME
Cu-Se npu paznuunsix gaBieHusx oT 0 1o 5 GPa mokasan, yTo npu aGCONIOTHOM HyJIE U JJaBICHUN
0.1 GPa crabunbHbM siBisieTcss cocTaB CUgS€s. DKcrmepuMeHTanbHas (a3oBas JuarpamMma Mpu
HOPMAJIbHBIX YCJIOBHSIX COJEPKHUT TETparoHaibHyto Gasy P42,m c mapamerpamu sueiiku a=6.40 A,

c=4.28 A. [3].

[Ipu HU3KKMX TeMIepaTypax M BBICOKUX JABJICHUSAX CTAOMJIBLHOW OKa3bIBaeTcs (a3za cocTaBa
CugSes. CTpyKTyphl U mapameTpbl CTaOWIbHBIX (ha3 MOJYYEHHBIX NPHU pacueTe MpeCTaBICHbI B

Tabn.1, puc.l.

Taba. 1. IlapameTpsl s;uelKY IPHU pa3INYHBIX JaBICHUIX

Ne |Dop- | Hasrne- [TapameTpsbl TYEHKHU

MyJla  |HHE a A b, A c, A ao,rpan B, rpan Y, Tpan
1 [CusSe, |0.1GPa [6.15602 |6.14684 4.71314 90.0284 89.7724 89.9525
2 |CueSes |1 GPa 6.12349 |4.68574 4.68574 90.0427 89.9822 90.0039
3 |CusSes |5 GPa 6.00227 |6.01214 4.66337 90.1078 90.0815 89.9745

U3 pe3ynbTaToB TEOPETHUECKOTO pacueTra CiAeAyeT, YTO TeTparoHajabHas CHHTOHUS MTPU HU3KUX
TEeMIlepaTypax MepexXOoAUT B TPUTOHANbHYIO. lloBbIlIeHHE AaBlieHUs TPUBOAUT K YMEHBUICHHUIO
MapaMeTpoB DJIEMEHTAPHO SYEMKM W TPUTOHAIbHAS CUHTOHHUSA TMEPEXOJUT B MOHOKIMHHYIO.

JanpHeimmee

MOHOKIMHHASA CHHTOHUS COXPAHACTCA.

MOBBIIEHUE  JIaBJICHUS IPUBOJAUT K  YMEHBILIECHUIO
No ®opmyna | JlaBieHue CtpykTypa
1 CusSe, 0.1 GPa Q
%)
Qs -0,
2 CusSe, 1 GPa
3 CugSe, 5GPa

Puc.1. Paccuurannsie ctpykTypbl CUgSe, pu pa3imuHbIX JaBICHHAX

napameTpoB

STUEUKH.

Jlisg yrouHeHUs] CTaOUIBHOCTH TEOPETUUECKU MOJMyYeHHBIX (a3 BeayTcsl pacueThl (POHOHHBIX
CIEKTPOB U OYAET MPOBEIEH pacyeT SHTANBIINU U SHTPOIIUH.

60



Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

JIMTEPATYPA
1. USPEX (Universal Structure Predictor: Evolutionary Xtallography) [Dmnexrponnsiii pecypc]. -
Pexxum noctyna: https://uspex-team.org
2. bukkynosa H.H., 'op6ynoB B.A., Akmanosa I'.P., Kyp6aurynos A.P., bukkynosa JI.B.,
Cadapranees JI.1., Hurmatymnuna I'.P., AixsimoB M.U. // [lokmaasr Poccuiickoii akagemun
Hayk. ®u3uka, Texunueckue Hayku. 2020. T. 493. Ne 1. C. 11-14.

VJIK:543:423:575.2(04)

HCIOJb30BAHUE HU3KOTEMITEPATYPHOM IIJIA3MBI
JJIsA PEHIEHUSA S9KOJIOTHYECKHUX 3AJIAY.

A.M.Hypceurona, I'.XX.[{lopxyeBa, P.A.Tamranos, H.XK.)Keen6aes.

Hnemumym ¢usuxu um.akaoemura K. )Keenbaesa
HAH KP,720071, 2. Buwkex, Koipavizcman, np. 9yt 265

AnHoTanusi: [lokazaHbl BO3MOXKHOCTH MCIIOJIb30BaHMS HM3KOTEMIEPAaTYypHOH IuIa3Mbl IS
pelieHns sKosornueckux 3anad. CopepiaHHue TAKENIbIX METAIIIOB B INOYBEHHOM IOKPOBE WIH B
IPUPOIHBIX BOJAX H3MEPSIOTCS METOIOM AaTOMHO-DMHUCCHOHHOTO CIIEKTPAJbHOIO aHaJIN3a.
HccnenoBanne mnpoO, coJeplKaluX TsDKEJIble METalulbl, IPOBOAMTCS B IIOTOKE IJa3Me
IBYXCTpYHHOro IuiazmMarpoHa. Otéop npo0 mpeanaraercst MpOBOAUTh Ha OCHOBE PaliOHMPOBAHUS
uccueayeMomn (TopoJzickoil) Tepputopuu ¢ ydetoM BbIOpocoB TOLI, aBTOTpaHcmopra, 4acTHOTO
cektopa. /I mpoBedeHHs Hay4YHO-HCCIIEOBATENbCKUX pabOT MO BOMPOCAM 3KOJIOTMYECKON
0€30MacCHOCTH MPEAIaraeTcsi OpraHu30BaTh KOMIUIEKCHYIO J1a00paTopHuIo.

Knrouesvie cnosa: amomMHO-2MUCCUOHHBIU CHEKMPATbHBIN AHAIU3, NIA3MA, O8YXCMPYUHbIL
NAA3MAMPOH, AMOMHAS CNEeKMPOCKONUS, NOYBEHHbIU NOKPOB, NPUPOOHblEe G00bl, KOHYEHMPAayus
MANCENbIX MEMANI08, MUKPOITNEMEHMbL.

CerogHsi HU3KOTEMIEpATypHasT HEPABHOBECHAs IJJa3Ma IIMPOKO HMCHOJB3YETCS B
MJIA3MOXUMUYECKON TMPOMBIIUICHHOCTH, B IUIa3MEHHOM 00paboTKe MaTepuasioB, B IJIa3MEHHOU
METaJUTypTud M BO MHOTHX JPYIHX OTpacisfx. XOpOIIO HW3BECTHHI IJIA3MEHHBIC JABUTATENH,
pa3InyHbIe BHIBI Ta30pa3psAIHBIX YCTPONCTB M UX MCIOIB30BAHHE JJIsi KBAHTOBBIX T'€HEPATOPOB,
IIMPOKOE NPUMEHEHHUE MOIYYHIIA 1YTOBbIE T€HEPATOPHI IJIa3Mbl U, 3TO JHIIb HEKOTOPHIE IPUMEPHI
WCIIOIB30BAHUS HU3KOTEMIepaTypHO 11a3Mbl. OJHAKO PACHIMPSIONIMICSA KPYr MPUPOIHBIX
SIBJICHUI ¥ TEXHUYECKUX YCTPOUCTB, B KOTOPBIX BCTPEUAETCS] HU3KOTEMIIEpaTypHasi HEpaBHOBECHAs
I1a3Ma, HACTOSTENIbHO TpeOyeT yrilyOJieHUsI Hay4yHO-HUCCIIEI0BaTENbCKUX PabOT M CTaBUT MeEpen
yu4€HBIMH MHOKECTBO 3aJ[a4, pEIIEHHWE KOTOPhIX, B TEPBYIO oOuepelb, AOHKHO OOeCledHTh
noyrydeHue 00see MOJHBIX 3HAHUW O TaKOW CII0KHOU TIJIa3MEHHOU CHCTEME.

B Keipreicrane ciiokunach IMIMPOKO HM3BECTHAas B CTpaHe M 3a PyOEkKoM IMIKOJa IO
UCCJIEIOBAaHUIO M NMPUMEHEHHIO HU3KOTEMIIepaTypHOH IJIa3Mbl Ha MPUMeEpPEe AYTOBBIX '€HEpaTOPOB
mwia3mel (JI'TI) — mmazmaTtpoHoB, obnanatomux OonbiMuU BO3MOKHOCTSMH [1]. CoBpemeHHOe
pa3BUTHE STOM HAay4HOH IWIKOJBI, a MMEHHO, pacUIMpEHHE AHara3oHa CIEKTPAIbHBIX METO/IOB
WCCIEIOBAaHUS M WX YCOBEPIICHCTBOBAHHE, CO3/IaHHE MOIU(MUIIUPOBAHHBIX BEPCHUU JYTOBBIX
reHepaToOpoB IUIa3Mbl IO3BOJSET OoJjiee IIMpPEe M PAUUOHAILHO HCIOJB30BaTh BO3MOXKHOCTHU
IJIa3MAaTPOHOB B Pa3IMYHBIX MPUKIAIHBIX OpuUMEeHEHUsX. OJIHUM U3 TaKUX M[PAKTHUYECKUX
MPUMEHEHUN ABIAIOTCS HAay4YHO-HCCIIEOBAaTEIbCKUE pabOThl, CBA3aHHBIE C OOECleYeHHeM
HKOJIOTUYECKOI 0e30MacHOCTH.

B Hacrosimee Bpemsl HccleIOBaTEIbCKUE pPadOThl 1O BBISIBICHUIO TEXHOT'C€HHOIO
3arps3HEHUs] B OKPYXKAIOWICH cpejie ABISIIOTCA OJHUMM W3 Ba)KHEWIIUX HAYYHBIX HAINpaBIICHUN
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NeATeTbHOCTH, CBSI3aHHBIMU C OOECIeUeHHUEM HKoJorudeckor OeszomacHocTH. [Ipu 3TOM criemyer
BBIICNIUTH MPOOJEMy OINpeAeNeHUs] CTeTICHH 3arpsI3HEHHOCTH TMOYBEHHOTO IMOKPOBa B KPYITHBIX
ropojlax ¥ MeEramojucax, B OCOOCHHOCTH, WCCJIEAOBAaHNS HaIlpaBICHHbIE Ha W3MEpPEHUs
JIOCTOBEPHOTO COJAEpkKAHMA B II0YBE MHMKPOIEMEHTOB, U IPEXKIE BCEro, TSKENIBIX METAIIIOB.
W3BecTHO, UTO TMpEBBbINIEHHE COACPKAHUA  TKENBIX METaUIOB  MOXKET IPHUBECTH K
MHOTOYHCTICHHBIM (DPU3UYECKHM, XUMHUYECKHM M OHMOJOTHYECKHM H3MEHEHUSM B OKpYKalolel
cpelle, a XapaKTep M CTENeHb U3MEHEHUI 3aBUCAT OT COJAEpKaHUS M (POPM HAXOKIEHUS TSKEIIBIX
METaJJIOB B MPUPOIAHBIX 00beKTax [2].

W3ydeHne cocTaBa MOYBEHHBIX OOpa30BaHUil, CIOKHUBIIMXCA B PE3yJbTaTe 3arpsA3HEHUS
OKpY’Kaloliel cpeabl crnenupruuecKo MUrpalnuel TSKeNbIX METaJIOB, MOMAaBIIUX TEXHOTEHHBIM
MyTeM B pa3MYHble Yy4YacTKH Ouocdepbl BaXKHO M C TOYKM 3pPEHUS MOHMMAHHUS IPOLIECCOB
3arps3HEHUs], MPOUCXOASIIUX B aTMOC(hEpHOM cioe. P MeTaioB, HOCTynasi ¢ IpOMBIIIJICHHBIM U
aBTOMOOWJIBHBIM JIBIMOM U JIPYTUMU NYTAMH B aTMOc(epy, ObICTPO MEPEXOJAT B MOYBY, PACTCHHUS
U JIpyrue NpUpOJHbIE OOBEKTHI, YTO MO3BOJISET, MYCTh U KOCBEHHO, OLIEHUTh 3JIEMEHTHBIA COCTaB
MHUKPO3JIEMEHTOB B BO3JIYILIHOM Cpe/ie 10 UX OCAXICHUS.

M3MeHeHus1 B OKPYKAIOIIEH Cpelle, CBSI3aHHbIE C TIOHMKEHUEM WJIM MOBBIILIEHUEM YPOBHEN
3arpsi3HEHUs, UICYE3HOBEHUEM €r0 HCTOYHHUKOB WM MOSBIEHUEM HOBBIX 3KOJOTHYECKUX (PaKTOPOB
MOTYT MPOXOJUTh AOCTATOYHO OBICTPO, OCOOEHHO B ropojax, I/I€ COCPEIOTOUYCHBI MPEIIpPUATHSI
pa3JIMYHBIX OTpacieil MPOMBINIUIEHHOCTH M OKPYKAWIas cpeAa 3arpsA3HeHa 3HAYNUTEIbHBIM
KOJIMYECTBOM XHUMHUYECKHX BemecTtB [3,4]. B wyacTHOCTH, »SKoJOrmueckas mpoOiieMaTruka
MEranojucoB 00YyCJIOBJI€HA HEraTUBHBIM BO3JEHCTBHEM Ha OKPYKAIOIIYIO cpedy psaa (akTopos,
CBSA3aHHBIX C OTONUTENIBHBIM CE30HOM, pOCTOM KOJIMYECTBA AaBTOTPAHCIIOPTA, XAOTUYHOMN
3aCTPOMKON, YTO YCWIIMBAET 3arps3HEHHE BOJHBIX OOBEKTOB MU 3€Mejb, HalpuMep, OTXOJaMu
HE(PTENPOIYKTOB, MOWKH TPAHCIIOPTHBIX CPEJICTB, NPEANPHUATHIA TPAHCIIOPTA; BelET K M3MEHEHUIO
XMMHUYECKOTO COCTaBa TMOYB U  MHUKpPOGMJIOpB, a TakkKe yBeJIMYMBaeT oOpa3oBaHUE
IIPOU3BOJCTBEHHBIX OTXOJOB, B TOM YMCJIE 32 CUET TOKCUYHBIX U DPAJUOAKTHUBHBIX OTXO/OB,
[UTAMOB, 3aMa3y4€HHOI'0 T'PYHTA, KOTEJbHBIX LIIAKOB, 30J1bI 1 MyCOpa.

Hapsiny ¢ ucnosbp3oBaHMEM HU3KOTEMIEPATYPHOM IUIa3Mbl JUIsl MCCIEAOBAHUS I10YB,
aHAJIOTMYHBIE pabOThl MOTYT OBITH 3()PEKTUBHO peanu30BaHbl YISl ONPENETCHHS TSKEIbIX
METaJJIOB B IPUPOJHBIX Bojaax. Ocobas poib B M3yUYEHUHU MPOLIECCOB, CBSI3AHHBIX C 3arpsi3HEHUEM
BOJbI, NPUHAJUICKUT MHUKPOIJIEMEHTaM, TIJIaBHbIM 00pa3oM MeTaiaM, KOTOpPbIE SIBISIOTCS
OJTHOBPEMEHHO M KOMIIOHEHTAMHU XHM3HEHHO BAXKHBIX OHOJOTHYECKUX CHUCTEM, M TPOIYyKTaMHU
TEXHOTCHHOI'O0 TMPOUCXOXKIEHHUSA, TMONAJAIOIMMUA B OKPYXAIOLIyl0 Cpeay B pe3yJbTare
WHIYCTPUAJIbHOW M  CEJIbCKOXO3AMCTBEHHOW JAEATENbHOCTH. Kpyr BpeaHbIX KOMIIOHEHTOB
HACUYMTHIBAET JO ThICAYM M Ooyiee MoOKazaTesiei, BKIIOYAIOIUX OpraHuYecKHue COeTUHEHUE,
HEOPraHMYECKHUE BEIIECTBA, JIEMEHTHI, UX HOHHBIC U MOJICKYJIApHbIE GOpMBI [5,6].

ATOMHO-3MHCCUOHHAS] CHEKTPOCKONMS IMPUPOJIHBIX BOJ C HCIOJB30BAHUEM Pa3IMYHBIX
WUCTOYHUKAMU BO30YXKIEHHUS CHEKTPOB (jayra, MOCTOSHHOTO TOKa, WHAYKTHUBHAs IUIa3Ma,
JIBYXCTPYHHBIN IMJa3MaTpPOH U JIPYrUe), KAK MHOTOAJIEMEHTHBI METO MO3BOJIET OJHOBPEMEHHO
MOJTYYUTh UHPOPMALIUIO TIO MIUPOKOMY KPYT'y UCCIIEAYEMBIX JIEMEHTOB M XapaKTepu3yeTcs ciadon
3aBHCHUMOCTBIO AHAIMTHYECKOTO CHUTHAJA OT XUMHUYECKOH (OopMBbl aHATU3UPYEMbIX NMPo0. AHanu3
MPUPOJIHBIX BOJ 1I€JIECOO0Pa3HO MPOBOJAUTH C MCHOJIb30BAHUEM HCTOYHUKOB BO30OYKICHUS
CIIEKTPOB AJIEMEHTOB, COCTaB IIa3Mbl KOTOPBIX B MEHBIIEH MepEe 3aBUCHUT OT CIOKHOCTH COCTaBa
MPUPOJIHBIX BoA. B 3TOM oTHOMmEHUH ABYyXCcTpyHHBIN mnazMatpos AI'TI-50 BeironHo otinnyaercs ot
IPYTHX HCTOYHUKOB CBeTa. B aTOMHO-3MHMCCHOHHOM CHEKTPaJbHOM AaHAIU3€ MPHUPOAHBIX BOJ
yCTpaHEHUE BJIMSHUS BAJIOBOI'O COCTaBa HA Pe3yJIbTaThl aHAJIN3A, T0-BUAUMOMY, CBSI3aHO C MOJIHBIM
UCIIapEeHHEM Kalelb a’po30Jisi, a TaKKe C OCOOCHHOCTSAMM MeXaHu3Ma BO30YXKIEHHS B CTpye
I1a3Mbl JBYXCTpYIHOTO maa3MartpoHa [7,8].

B or1oif cBA3M HaydyHOoe oOecreueHHE MEpPONPUATHH, CBSI3aHHBIX C JOCTH)KEHUEM
9KOJIOTMYECKON 0e30MacHOCTH JIOJDKHO OBITh HaNpaBlI€HO HAa OOOCHOBAaHUE TEOPETUYECKUX U
TEXHOJIOTHYECKUX OCHOB IEpexoa K yCTOWYMBOMY M 0€30MacCHOMY COCTOSIHHIO OKpYXaroei
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Cpellbl M B YaCTHOCTH TEPPUTOPHH MPOKUBaHUA HaceneHus. HeoOxoaum perynasipHblii MOHUTOPUHT
HKOJIOTUYECKOI YUCTOTHI, 00€CIEUNBAIOIINN TOTYYEHUE TOCTOBEPHBIX JTaHHBIX O 3arpsA3HEHHOCTU
MIOKPOBA MOYBHI TSKEIBIMU MeTaJUIaMH.  PernieHne  mpoOsieMbl  KOHTPOJSL — 3arpsi3HEHHOCTH
OKpy’Karoliel cpefibpl, TpeOyeT MCIOJIb30BaHUS SKCIIPECCHBIX METO/I0B OIPEENICHHs 3JIEMEHTHOTO
COCTaBa, CpeAr KOTOPBIX Hanbojiee YHMBEPCAJIbHBIM, SKCIIPECCHBIM, UMEIOIIUM HHU3KUE MPEIeIIbl
oOHapy>KeHHUs, ABISIETCS aTOMHO-3MUCCUOHHBIN crieKTpasibHbIN aHanu3 (ADCA).

Wuctutyr ¢usukun uM. akajgemuka JK.KeenOaea HBiuoHanbHONH akageMuu Hayk
Keipreizckoit PecmyOnmku HEOJHOKpPaTHO MOJHMMAET BONPOC 00 OpraHu3alid KOMILJIEKCHOM
IKOJIOTMYECKOH JIadopaTOpuM i1 MOHHUTOPHUHIA 3KOJOTMYECKON O€30macHOCTH TeppUTOpUi
Keipreizckoit  PecriyOnuku. 'ocymapcTBeHHBIM 3aka3 MM LEJIEBOM MPOEKT, JOJKEH ObITh
HampaBJIeH Ha Hay4yHOe OOecleueHUe BBIMOJHEHUS MOoJIoKeHUH «KoHIenuuu 3KOoI0rudecKon
6e3omacHocty Keipreickoit Pecnyomuku» (VII KP Ne506 ot 23.11.07) myrem pa3paboTku
HAay4YHBIX OCHOB OIIPEAENEHUSI HKOJIOIMYECKUX PHCKOB, a HMEHHO: HCCJIEJOBAaHUE BIUSHUS
U3MEHEHHS COCTOSIHMSL OKpPY)KAIOIEW Cpelpl Ha 3740pOBbE HACENEHUs, NPOBEIACHUE aHAIN3a
OTPHUIATENbHBIX TEHACHIUNA N3MEHEHUH O0OBEKTOB OKpY’KaIOLIEH cpelibl (OL[EHKA HKOJIOTHYECKOTO
pHUCKa HAaKOIUIEHHUS TSKENIBIX METaJUIOB B IOYBE, BOJE), BIMSHHUE NPUPOAHOHN (€CTECTBEHHOM) U
TEXHOICHHOU PAaJMOAKTUBHOCTH Ha >KM3HEACATEIBHOCTh 4esoBeKa. HaydHo-mccnenoBaTelbeKue
paboThl TaKke IOJKHBI OBITh COCPEJOTOYCHBI Ha MPOBEACHUU TINATEIFHOIO aHANIM3a TEKYyILeH
cutyanuu (POHOBOE COCTOSTHHE OKPYKAIOIIEH CpPeibl, OIEeHKAa BO3ACHCTBUS Pa3IUYHBIX (PaKTOPOB
Ha OKpYXKAIOIIyI0 Cpeay) U pa3paboTKe MPAaKTHUYECKHUX MeEp MO JOCTHIKEHUIO HKOJOTHYECKU
YCTOMUUBOIO  COCTOSIHMA TOPOJACKOM  TeppuUTOpHM  (BBLAEIEHHE JKOJOIMYECKHUX PHUCKOB,
palloOHMpPOBAaHME U T.O. W INPUHATHE MEpP A0 YPOBHS OTBEYAIOUIETO MPUHATBIM SKOJIOIMYECKUM
HOpMam).

B nacrosmee Bpems B UHctutyte dusuku uM. akagemuka K. )KeenOaeBa Hayatel paboThI
10 Pa3BUTHIO 3KCIIEPUMEHTAJILHOIO cTeHJa Ha 0a3e yctaHoBkU «HYP» nis nposenenust HayuHo-
HCCIIEIOBATENILCKUX PAa0OT IO OIIEHKE 3KOJIOrMYecKoid Oe30MacHOCTH NPHUPOIHBIX OOBEKTOB.
ITonroroButenpHble paboThI (MOAOOP CTaHAAPTOB, HOCTPOEHHUE IPAyUPOUYHBIX IPa(UKOB, 3aKyIKa
HEJIOCTAIOMIETO HAY4YHOrOo OOOPYAOBaHUS W T.A.) W peamu3alus psga MEpONPHUSITHH, TaKUX Kak
MOJIEpHU3aLUsl HUMEIoIIeNcss 1abopaTOpHO 0a3bl, ycTaHOBJIEHHE (DOHOBOTO YpPOBHS, IO3BOJIAT
00ecTeuyuTh MPOBEACHNE HAYYHO-UCCIIEA0BATENBCKUX PA0OT MO CIIEAYIOIIMM HalpaBICHUAM:

1. OneHka 7K0JIOrMYeCKOro PUCKA HAKOIJICHHS TSKEJBIX METaJIOB B II0YBE, BOJE.
2. BnusiHue npupoIHOi (€CTECTBEHHON) M TEXHOTEHHOW PaJIMOaKTUBHOCTH Ha JKU3HEAEATEIbHOCTD
4eJI0BEKA.

[IpakTHueckue pe3ynbTarhl:

. Bbinenenue 3KOJOTMYECKUX PHUCKOB, CBSI3aHHBIX C HAKOIUIEHHEM TSDKENBIX METAJUIOB U
MPEBBIIICHUEM PaJAHMOAKTUBHOTO (OHA, pallOHUPOBAHUE.
. [IpoBeneHue M3MEPEHHUI COAEPMKAHUS TSDKEIBIX METAIOB B MOYBE W IMPUPOJIHBIX BOJAX

METO/IOM aTOMHO-3MHCCHOHHOI'O CHEKTPAJIbHOI0 aHAJIM3a (B MOTOKE IJIa3Mbl JIBYXCTPYHHOIO
wiazmatpoHa (JAI'TI-50 u I'TI-50M) u ypoBHS IpUPOAHON M TEXHOTEHHOW pajnalliy.

[lpumeHeHne NaHHOrO CcTeHJa OO0ECHEeYMBAIOT IPOCTOTY M YHUBEPCAIbHOCTb, HU3KHIM
npejes 0OHapyKeHHsI, SKCIIPECCHOCTb U BO3MOXKHOCTh OJHOBPEMEHHOIO ONpEAEICHUs OOJIBILEro
qHcaa XUMUYECKUX 3JIeMeHTOB. O01as cxema U3MepeHni npeicTaBieHa Ha puc. 1.

JIByXCTpyHHBIM IUIa3MaTpPOH  SBISIETCS OJHUM W3 IIEPCIEKTUBHBIX TI'€HEPATOPOB
HU3KOTEMIIEPAaTYpHON IUIa3Mbl JUIA PELIEHUS NPAKTHUYECKHUX 3aJad IPU  HUCIOJIb30BAaHUU
Pa3BHUBAIOIIMXCS TJIa3MEHHBIX TEXHOJIOTUN M MPUMEHEHUS B KAauyeCTBE MCTOYHUKA BO3OYKIACHMS
CIIEKTpa INPU NMPOBEACHUU CIEKTPAJIBHOTO aHAJIM3a pa3iIUuYHbIX BellecTB. boibinas MOLIHOCTH U
OpsAMON crmoco® NoJauM aHaIM3MpPYyeMOro MaTepualla HEMOCPEACTBEHHO MEXKAY CTPYSIMH
o0ecreuynBaloT yCTOMUMBYIO M BOCIPOM3BOJUMYIO palbOTy IUIa3MaTpoHa B TEUEHHE COTEH YacoB
KaK C HMHEPTHBIM, TaK U XMMHMYECKH aKTHUBHBIM IUIa3MooOpaszyrommmM razoM [1]. OueBuIHBIMU
IIPEUMYIIECTBAMU  SIBIIIFOTCSL  BBICOKAs TEMIlepaTypa M IPOTSIKEHHOCTh IOTOKA IUIa3Mbl
JIBYXCTPYHHOrO IJJa3MaTpoHa, KOTOpble OOECHe4YMBarOT TMOJHOTY HCHApeHHUs BBOJUMBIX
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MCJIKOAUCIICPCHBIX BCHICCTB, 4 TAKKC OOCTUIaCTCA BBLICOKAA CcTaOMIILHOCTh IUIA3MEHHOTO IMOTOKA
IJ1a3MBbl, ABJIAIOMIAACA TApaHTOM XOpOIHCI}’I BOCIIPOU3BOAUMOCTH U TOYHOCTH aHAJIN3a.

@
CnekTporpad 3
aoec13 K
MnazmaTpoH
ej— Cucrema MepcoHansHbIA
EECOA KOMMNEHTER
Brnok nutaHua npook! PC
H NyneT
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Pucynok 1. O6mas cxema U3MepeHHii KOHIIEHTPAIITH MUKPO3JIEMEHTOB.

HcTouHnKoM BO30YKICHUS CIIEKTPOB CIY>KUT OpUTHHANBHAS ycTaHOBKa «Hyp», co3nanHas
Ha 0a3e BBICOKOCTAOMIILHOTO, 00JIa/Taf0IIEeTO BEICOKOM AJIEKTPUIECKON MOIITHOCTBIO ABYXCTPYWHOTO
mwiazmatpona JI'TI-50. WM3mepenuss mnposoastcs mnpu cuie Toka I=55-100A u pacxoxe
maszmMoooOpasyromero raza G=4.6 n/muH. Hecymmii ra3 — aprod. Yroyi HakJIOHa KaTOJHOTO U
aHOJHOI'O TOJOBOK IUIa3MaTrpoHa cocTaBisin P=115° W3mepenus mnpoBoasTcs B 00IacTH
MPOTSKEHHOT'O MOTOKA I1a3Mbl. JIaHHBIN y4acTOK MOTOKA IJIa3Mbl BHIOPAH C TOUKHU 3pEHUS aHalIn3a
MPOUCXOIANINX (PU3NKO-XMMHUYECKUX MPOLECCOB B Hanbojee OIaronpusATHOM IS MCCIIeI0BaHUMA
JTAMUHApHOM TOTOKE IU1a3Mbl. M3iaydeHre oT MpHOCEBbIX YYaCTKOB pa3psijaa depe3 OJHOIUH30BYIO
CUCTEMY OCBelIeHHs (OKYCHPOBANOCh Ha BCIO BhicoTy (H=15 MM) menu criekrporpada mupuHoi
20 mMxm. @oTorpaduyeckas perucTpaims CIeKTpoB MPoBOaUTCS Ha 6aze cnekTporpada JPC-13 ¢
nuppakIMOHHBIME  pemetkamu 600 u 1200 mrp./mMm (mucmepcus mopsaka 4 um 2 A/mm
cootBeTcTBeHHO) [9]. IlpemnoskeHHass KOHCTPYKIMS B TIOJHOH Mepe OTBEYaeT TPeOOBAHHUSIM
MIOJTHOTO MICTIAPEHUS aHATM3UPYEMO POObI U HAJEKHOTO W3MEPEHUS] MHTEHCUBHOCTU H3JIy4CHHUS
CHEKTPAJIbHBIX JHUHHUMA, HEOOXOIUMBIX JUIsl YCIEIIHOTO MPOBEIEHUS CIIEKTPAIbHBIX UCCIIEI0BaHUN
KJIACCUYECKUMH METO/IaMH aTOMHO-3MHCCHUOHHON CIIEKTPOCKOIINH.
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AHHOTanusi. B pabore mpoBeieH aHaIM3 O BIAMSHUU J100ABOUHBIX KOMIIOHEHT B LIMXTY
rasypeil ¢ Lenplo  yIydlieHus: (U3MKO-TEXHOJIOTUYECKHX CBOWCTB Tiasypu. OmnpeneneHs
OCHOBHBIE JJ0OABOYHBIE KOMIIOHEHTHI, [TO3BOJISIONINE CHU3UTh TEMIIEPATYPy 00pa30BaHUs KUIKOH
CTEKJIOBUIHOM MacChl B IN1a3ypsiX, IpeIHA3HAYEHHBIX JIJIS 3JIEKTPO-(haphOpOBBIX KEPAMUK.

Knrwoueewvie cnoea: cvipve, KOMNOHEHMbl, COCMAGLL 2NA3YPU, NIAGHU, 2IYVUWUMENU,
anekmpogapghop, ceoticmea anazypu.

['ma3zypsm mocBsIeHbl MHOTO cTaTeil u MoHorpadwuii (Hampumep, [1-22]), rie B 4acTHOCTH
OIHCAHbI COCTaBbl, OCHOBBI TEXHOJOIMH MOITYYEHHUS KEPaMUYECKOM Macchl U HaHECEHMs Ii1a3ypei
Ha TOBEPXHOCTh YEpEerKa KepaMHUYECKUX MaTepHalloB, METOJaM HCCIeOBaHUs, (OPMHUPOBAHUIO
MUKPOCTPYKTYpPBI IJIa3ypH, €€ (U3NKO-XMMHMUYECKUM M TEXHOJOTMYECKUM CBOMCTBAM, a TaKxke
MHOTHUM JIpyruM acrnekram. COorylacHO JUTepaTypHbIM JaHHBIM KOMIIOHEHTHBIN U KOJIMYECTBEHHBIN
COCTaB TJla3ypel B TIOJABIISAIONIEM OOJBIIMHCTBE COCTOAT W3 CTEKJIOOOPA3HBIX CHIIMKATOB.
CylecTByIOT pa3iavyuHble METOABI HaHEeCceHHUs riasypeil [1,2,4] Ha NOBEpXHOCTh KEPAMHUKH IOCIE
4Yero Ux OOKMTaloT B MEYM NPU Pa3IMYHBIX TEMIEpaTypax U pekumax crekaHus. B pesynprate
00XMra HaHECEHHbIE HA IOBEPXHOCTh 4Yepenka KEepPaMHUKHU CTEKJIOOOpa3Hble CHJIMKAThl pac-
IJIABJISTIOTCS. U PACTEKAIOTCS 110 €€ TTOBEPXHOCTH TOHKUM CJI0eM. B 3aBHCUMOCTH OT TpeOoBaHUM U
TEXHOJIOTMM HAHECEHUs IJ1a3ypd Ha NOBEPXHOCTh YEPENKa KEPaMHUKHU TONIIMHY IUIEHKU IJIa3ypu
ITOKPBIBAIOT KaK MpaBwiIo B MHTepBasne 3HadeHud or 0,15 mm no 0,4 mMMm. B 3aBucumoctn ot
KOMIIOHEHTHOT'O COCTaBa KEPAMMUYECKOM Macchl INIa3ypu M COCTaBa KEPaMHUYECKOTO YepenKa
KepaMUKH, TeMIlepaTypa pacIUIaBlIEeHUsl I1a3ypeil U e€ pacTekaHHe IO MOBEPXHOCTH uepenka
KEepaMHKH MOKET OBITh pa3IM4YHbIM. AHAIU3 JIUTEPATYPHBIX U COOCTBEHHBIX 3KCIIEPUMEHTATbHBIX
nauHbIX [1-7, 12, 14-22] moka3piBaeT, 4TO OT BHJIa U COCTaBa MCXOJHOW TJIa3ypyd M UYeperka
bapdopoBoii KepaMUKU TeMIIepaTypy 00XKHra OCYIIECTBIISIOT B IOCTATOYHO IIMPOKOM MHTEpBaje
temneparyp or 900 mo 1400 °C, npuueM ¢ pasIMYHBIMM BPEMEHAMH BBIIEPKEK C YYETOM
TeMIIepaTyphl pacIjIaBlIeHUs IJ1a3ypu pU pabodeil Temreparype CrieKaHusl.

N3BectHo [2,5,10,16-18], yTo rina3ypu HaHOCATCA PA3IMYHBIMH METOJIAMHU HA TTOBEPXHOCTH
bapdopoBoii kKepaMHUKH B KaUe€CTBE 3AIIUTHBIX MOKPHITUH. [lociie OKOHYaTENbHOTO 00KUra IIa3yphb
IIPUKPBIBAET, UMEIOLIYIOCS OCTATOYHYIO MOBEPXHOCTHYIO IOPHUCTOCTh B KEPaAMHUYECKOM YEpEIKe
KEepaMMKH, IUIOTHBIM CTEKJIOBHJHBIM CJ0eM U IpuaaeT (GpappopoBbIM KEpaMUUYECKUM H3IAECIUIM
MOBBIIIEHHYI0 MEXaHWYECKYI0 INPOYHOCTh M TOBAapHbI BHEIIHMH BHJ (TJIaJKOCTh MOBEPXHOCTH,
rIIsiHel] U OJIeCK, MAaTOBOCTD JINOO IIEPOXOBATYIO0 TOBEPXHOCTH). bonee Toro riasypHoe mokpeITue
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bapdpopoBoli KEPaMHUKHU MOBBIMIACT €€ YCTOWYMBOCTH OT BHEIIHETO0 XMMHYECKOTO BO3JICUCTBUS U
rapaHTUPYeT COXpaHEHHUE IIEKTPUUECKUX CBOUCTB ANEeKTPOoPophopoBOil KEpaMUKH.

Ha mpaktuke B kKepaMHYeCKOM IMPOU3BOJICTBE HAMOOJEE MIUPOKO MPUMEHSIOTCS Tia3ypu
CIEAYIOIIUX CTEKJIOBUIAHBIX COCTABOB - 3TO PA3HOBUIHOCTH IIEIOYHBIX, ATIFOMOCHIMKATHBIX WU
ATIOMOOOPOCWIIMKATHRIX CcTekon [1-4]. B 3aBucuMocTH OT TeX WIM HWHBIX TpeOOBaHWN U
MOCTABIEHHBIX 3aJad B COCTaB BBIIICTIEPEUYHUCICHHBIX PA3HOBUIHOCTEH Tlazypeld BBOIAT
ompeieNieHHbIe J100aBKU ((IFOCHI) B BHUJE PA3IUYHBIX OKCHUIHBIX COEJUHEHUN C 3aJaHHBIMU
MOKAa3aTeIsIMU TPEIOMIICHUS CBETa, HO OTIMYAIOIIUMHCS OT OCHOBHOM KEpaMHUYECKOW Macchl
rma3ypu. B pesynbTate BBENECHHS B KEPAMUYECKYIO MIMXTY TJIa3ypH CIEIHAIBHO MOJ00paHHBIX
(IIOCOB TONYYAIOT TMOMYMPO3pAavYHbIE WM HEMPO3pavyHbIE TJIa3ypoBaHHbIE MOKpHITHSA. B crmyuae
ecnu TpedyeTcsl MOJy4UTh Iia3yphb C ONpEAeSIeHHOW OKpacKoM, TO B COCTaB IJIa3ypu 00aBISIOT
CIeLHaJIbHbIE OKCHIHBIE COCIMHEHHS] METAJIOB. /[ OKpaliMBaHUs CTEKJIOBUAHBIX MPO3PAYHBIX
riasypeil B e€ KepaMHU4ecKuil cocTaB JOOABJISIOT OKCHIbI PA3JIMYHBIX METAUIOB C Pa3IMYHBbIM
KOJMYECTBEHHBIM conepkanueM oT 0,2 no 8 % mo Macce o OTHONICHUIO K OOIIeH Macce MIUXThI
rina3ypu. VM3BEeCTHBI CIICAYIONIHE ChIPhEBBIC OKCHIBI METAJUIOB, Hampumep, okcua meau (CuO)
MpUIACT IIIa3ypy 3elIeHbIN 1BeT, okcu xkene3a (FeO) — oxpa, okcun mapranna (MnO) — po30Bblii,
okcu kobanbra (CoO) — cunuii u T.11.

[IpencraBisio HHTEPEC MPOAHATU3UPOBATH JINTEPATYPHBIE TaHHBIC 10 OCHOBHBIM (PH3UKO-
XUMHUYECKUM CBOMCTBaM Tllazypeil M KakuM O0pa3oM Ha HUX BIUSIOT pa3IUYHbIEe OKCUIHbBIE
N00aBKH B COCTaB TUIOBBIX IIa3ypei, mpeaHa3HaYeHHbIX it (aphOopOBBIX IIEKTPOTEXHUUECKHIX
kepaMuk. K OCHOBHBIM CBOMCTBaM TIJ1a3ypeil OTHOCAT: TEMIIEPATypy IUIABJICHUS, HO MPU ITOM
BAXHOE 3HAUYEHHME HMMEET TaK Ha3blBa€Mbli MHTEpBAJ IJIABJICHUs ria3ypu. B 3aBucumocTH OT
KOJMYECTBEHHOTO0  COJEp>KaHUS KOMIIOHEHTHOTO COCTaBa OBIBaIOT TJla3ypu C  MajbIM
TEMIIEPATYPHBIM MHTEPBAJIOM PacIUIaBIEHUsI, KOTopas cocTaBisieT nopsiaka A7= + 10 °C, a Takxe
¢ OonpmmMM HMHTEpBAJIOM pactuiaBieHus riaazypu 10 AT= £+ 30 °C. CTekJIIOBUIHBIE TIa3ypH ¢
OOJBIIMM TEMIIEPATYPHBIM HHTEPBAJIOM PACIUIABICHUS IJIABSATCS MEUICHHEE M COOTBETCTBEHHO
MEJUICHHEE pAcTeKaloTcsl IO TMOBEPXHOCTU Yepenka KepaMUKH. MeasieHHO IUIaBsmascs
KepaMH4ecKasi Macca Iiaa3ypu SBJISIETCS CTEKIOBUIHO-aMOP(GHBIM U MPOLIECC PACIUIABICHHS KaK ObI
CTaHOBUTCSI OoJiee MHEPTHBIM, IOATOMY IpU pabouell TeMiieparype 00ura riazypu ¢ OOJIBLIINM
TeMIIepaTypHBIM HHTEPBAJIOM paciuiaBienus omauskoit 47= + 30 °C tpeOyercst nmpoBeneHus 6osee
JUTUTEIHHON BBIIEPHKKH, JUIsl TOTO YTOOBI I1a3yph NOJTHOCTHIO PACILUIABHIIIACK.

B mpousBoactBe ¢aphopoBBIX DSIEKTPOKEPAMHUK, Kak MPaBHIO, HA CTAJAUMA IIOMOJIA
KepaMUYECKOM MacChl I1a3ypeil MPOBOST BBECHUE 100aBOYHBIX KOMIIOHEHTOB B BHJIE€ Pa3IMUHBIX
OKCHJIHBIX COEIMHEHUN WM pa3IW4HbIX COJIEH METAJIJIOB, IOJyYMBUIME Ha3BaHUE (IIIOCOB.
®mrockl 10OABISIOT B IN1a3yph CTPOTO B OMPEIEICHHBIX MPOMOPIHSIX 110 Macce, MOCKOJIbKY OIMBITHI
MOKa3bIBAIOT, YTO OHM BIUSIOT HA TeMIepaTypy oOxkura riazypu. B cBszu ¢ 3TuM 100aBOYHBIC
(barocel, BBEJCHHBIC B IIMXTY KEPAMUYECKOM MAcCChl TJIa3ypH, MOAPA3ACSIOTCS HA JBa THUIA: HA
MOBBIIIAIONINE W TOHWXKAIOIIKME Temreparypy oOxkura. Takum o0pa3om, Ha MpaKTUKE MyTEeM
N00aBIEHUs] TOTO WJIM MHOTO (iIoca B COCTaB IIMXTHI TJa3ypu MPU OOXKUTE€ MOKHO IOOUTHCS
TAKOTO COCTOSIHMSI TJa3ypH, KOTJIa OHAa HAYMHAET CTAaHOBUTHCA Oosiee OBICTPO-TUIABKOW JHOO
Hao0OpOT, T.€. APYTMMHU CIIOBaMHU J100aBlieHHE (IIIOCOB B COCTaB Tlazypeill MO3BOJSET U3MEHHUTH
CBOMCTBA MJIABKOCTH U BA3KOCTH IJ1a3ypei.

B TexHonorum mony4deHus KadyeCTBEHHOM TJIa3ypOBAaHHOW KepaMUKH B Tpollecce O0Kura
TpeOyeTcs JTOCTATOYHO BBICOKAs TEKY4YeCThb TJIa3ypu IO MOBEpXHOCTH (aphopoBON KEpaMHKH B
mporecce o0XwWra, TMOJyYMBIIEE Ha3BaHWE TOTEYHOCTH B TEXHOJOTHU KEPAMHUYECKOTO
npousBozcTBa. Crneayer oTMETUTH [5-9,11], uTo ueM BhIIIE MOKa3aTeab MOTEYHOCTH TIa3ypH, TEM
Jierye W BBIIIE BEPOSTHOCTH O0pa30BaHUS MUKPOKPUCTAIIOB B CHOPMHUPOBABIIEHCS KHUAKOU
crekinodaze rmimazypu. OTCrola CTAaHOBUTHCS OUYEBHMJIHBIM, UYTO YE€M BBIIIE MOTEYHOCTD
KepaMHUYECKOU MacChl IN1a3ypH, COOTBETCTBEHHO TEM HUKE 3HAUEHHUS €€ BI3KOCTH.

OmnbIT MOKa3bIBaeT, YTO B IMPOILECCE 00KUTa IIa3yph ¢ XOopolleld NOTEYHOCTHI0 (hOPMUPYET B
crexinodaze rinazypu Kak OOJbIIMe IO BeIMYWHE MHKPOKPUCTAIUIBI, TaK M MeNbYaiiiue

66



Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

MUKpOKpHcTasuibl. Eciu B poniecce o0kura B cTekinodase ria3ypu B HOJABISIONIEM OONbIINHCTBE
00pa3yroTcsl Menbyaiilline MUKPOKPUCTAIIIBI, TO IJ1a3ypb HA MOBEPXHOCTH KEPaAaMMKHU KaK MPABHUIIO
(dbopMupyeTcst IpO3pavyHoOi.

B nHacrosiniee Bpems B IIPOM3BOJCTBE IJ1a3ypOBAHHBIX KEPAaMHUK NPUMEHSIOT  pa3IMYHbIE
N00aBOYHbIE KOMIIOHEHTHI B COCTaB IJIa3ypel, MOJy4YUBIIME Ha3BaHue rirymutened. OnHU BUIBI
[IIYIIATENEH MOTYT YCHUJIMBAaTh POCT MHUKPOKPUCTAJUIOB B TIJIAa3ypsX, a JAPYrHe CYLIECTBEHHO
CAEpXHUBaTh MX pocT B mporecce oOxura. ONBIT MOKAa3bIBAET, YTO MAKCUMAJbHOE TIIyILIEHUE
ria3ypeil gocturaercs TOoraa, Korjga B cTekiodasze (GopMHUPYIOTCS MEIKO3EpHHUCTbIE KPUCTAIUIBI B
CoueTaHMM ¢ OOJIBIIMMH JIMKBALIMOHHBIMU KpUCTATMUYecKUMH  (a3zamMu. OJIHOBpEMEHHOE
¢dbopMHpOBaHHE B MHUKPOCTPYKTYpPE TJa3ypu MEJIKO3EPHUCTBIX KPUCTAJUIOB U  OOJBIIMX
JIUKBALIMOHHBIX KPUCTAJUIOB MPUBOAUT K TaK Ha3bIBAEMOMY MAaKCHUMaJbHOMY TIIYHICHHUIO TJla3ypu
32 CYET CYIUECTBEHHBIX pa3IMuMil B I0Ka3aTeNIIX CBETOPACCEMBAIOIIMX CBOWCTB MEXIY
MUKPOKpPHCTAJUIaMU U OOJIBIIMMU JINKBAIIMOHHBIMH KPUCTAIITNYECKUMHU (Pa3aMu.

HexoTtopble okcuIbI 1€7al0T Ta3ypb Oojee OJecTAel U IIagKoi, Ipyrue 3ariymanT eé,
T.€. JAENal0T €€ HeNpo3payHol, B-TPETbUX MPUIAIOT IVIa3ypH MaTOBOCTb, T.€. JAEJAIT OBEPXHOCTh
IJ1a3ypu MUKPOLIEPOXO0BaTOM 1100 OoJjiee mepIiaBoii.

B cBs3u ¢ TeM, 4TO B COCTaB IJ1a3ypel 3a4acTyro BBOJAAT JOOABOYHbBIE IPUMECHBIE KOMIIOHEHTHI
B Buie (GuocoB, TaymuTened W Apyrux a3, yaydmaiomme (QU3NKO-XUMHUYECKHE H
9KCIUTyaTallMOHHBIE CBOWCTBA Ia3ypeil KepaMucTamMu ObLJIO BBEJEHO MOHATHE CHJIA PACTBOPEHHUS
CTEKJIOBHJIHOW (ha3bl rinasypu. [lox cuimoil pacTBOpeHHs CTEKJIOBHUIAHOM (ha3bl Iiiazypu cienyer
MIOHUMAaTh HACKOJIbKO MHTEHCUBHO CTEKJIOBUIHBII paciuiaB ria3ypu crocoOeH pacTBOPUTH B cebe
BBEACHHBIE B COCTaB IJIa3ypy TBEPJABIC YACTULIBI B BUJE INIYLIMTENICH WU APYTUMX cOoequHeHuil. B
tabnune Nel mpezacraBieHbl HauboJiee pacHpOCTPAHEHHBbIE B IMPAKTUKE OKCHIHBIE COEIMHEHUS,
MIO3BOJIAIOIINE yIy4dllaTh IJIaBKOCTh U JPYTHe CBOMCTBA IJIa3ypHu.

OTMeTruMm, 4TO IIa3ypu B KOTOPBIX BBEIECHbI 100ABOUHbIE KOMIIOHEHTHI B IIpOLIECCe 00XKHra,
yAYYIIAIOT CHUIIY PACTBOPUMOCTH TBEPIBIX KPHCTALUIMUECKUX (a3 B JKUAKOW CTEKIOBUAHON (aze
IJIa3ypH, HO OJHOBPEMEHHO C 3TUM OHM 3aTPYIHSIOT IPOTEKAHMIO MPOLECCA IIYIIEHHS, TIOCKOJIBKY
paHee BBEICHHBIE INIYIIUTENIN B COCTAaB IVIa3ypH, TAKKE MOLAAIOTCA PACTBOPEHUIO U TEPSIOT CBOIO
CHUILY.

OnbIT NOKa3bIBA€T, YTO, €CJIM CUJIBI PACTBOPEHMS IJ1a3ypH JOCTUTAIOT BBHICOKMX 3HAYEHUH,
TO HMMEIIMECs B IJa3ypsAX TBEpAble KpUCTaJUIMYeckue (a3bl B IIpoLEecce OOXKUra 3a4acTyro
pacIIaBIAIOTCS M IMOMHMO 3TO B Tpolecce 00XXHUra MOTYT HaOJNIOAAThCS PAaCTBOPEHUS BEPXHUUN
CJIOEB IIOBEPXHOCTH KEPAaMUYECKOrO 4Yepenka, YTOo B CBOI OdYepelb 3TO CIIOCOOCTBYET
00pa30BaHUIO MEXIY YEpENKOM U IJa3yphl0 MPOMEKYTOYHOTO COEAMHHUTEIBHOTO CBSI3YIOILETO
CJIOSI, KOTOpasi CWJIBHO CKPEIUIAET MOKPBITHE TJIa3ypu C KEPAaMUYECKUM YEPENKOM C BBICOKON
aare3ueil. DKCIEpPUMEHTAIbHBIE MCCIIEOBAHUS IIOKA3bIBAIOT, YTO dYeM Jydme (opMmupyercs
IIPOMEXYTOYHBIM CJIOM MEXKAY IVIa3yphl0 M YEPENKOM, TEM JIydlle CBOMCTBA aAre3uU IiIa3ypH, U

COOTBETCTBEHHO TJIa3yph Oojiee Kpemye CBS3bIBACTCS C uepenkoM ¢aphopoBoil KepamMHKH
[17,18,22].

Taoauna Nel. OcHoBHBIE 100aBOYHbIE KOMIIOHEHTHI, YJIy4YIlIAKIIHe CBOMCTBA IJ1a3ypH

Ne | HammenoBanue Xumuueckas HoseBoe Bausinue Ha cBOMCTBA IJ1a3ypH.
ChIPbEBOro ¢popmyaa coJep:KaHue
KOMIIOHEHTA ChIPbEBOr0 KOMIIOHEHTA
KOMIIOHEHTAa B HIMXTe
rJjaasypu , %
1 Tanbk (6esbIit) . 4-6 [InaBens. Crnoco6¢cTByeT
MgsSi4010(OH),
MIPOYHOCTH u 31aCTUYHOCTH
rJa3ypu

67




Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

9-12 [ImaBens. YMeHbIIAET CKIOHHOCTH
2 JlomomuTt CaCO3MgCOs3 K IIEKY.
3 Ans0uT NaAlSi3;Og 10-25 CunbpHBIA  MJIaBEHb, YMEHbBINACT
BSI3KOCTh, IToBhImaeT KTJIP.
4 | lluakoBoe Oenmiio Xopomuii  TUTaBeHb, YMEHBINIAET
WAJIU OKCHUJI IIUHKA ZnO 2-35 KTJIP. IloBblmiaer »i1acTUYHOCTD
rJ1a3ypH.
5 LHupkoHOBBII [mymuT  rnasypb,  THOBBIIIAET
KOHIIEHTPAT XUMHYECKYIO CTOHKOCTh u
(Cunukar ZrSi0, 8-15 IUIABKOCTb.
LIUPKOHMSI)
6 | Men ocakIeHHBIH, CaCO3 5-10 [TnaBeHb B TYrOIUIaBKHX TJa3ypsiX.
oOoraleHHbIH CyxaeT UHTepBaJl  IUIABICHUS
TJIa3ypH.
7 | bapwuil yraexucisiit BaCOs; 5-9 Xopommuii miaBeHb. CriocoOCTByeT
pa3nIuBy TIIa3ypH.
8 Optokias K[AISi30g] 10-15 Ouenn CUJIBHBIN JIAaBEHb.
IloBeimaer Bsa3kocts u KTJIP
9 Ksapi Sio, VBeanuuBaer BSI3KOCTb,
XUMHUUYECKYIO CTOMKOCTb.
INonmxkaer KTJIP.
10 Kaomuaut Al,O3+ 2Si0; 2-4% CriocoOCTBYeT pa3IMBy MPHU MAJIBIX
*2H,0O no6askax. [loBbIIIaeT XMMUYECKYIO
CTOMKOCTB TJIa3ypH.

Jpyroii He MaJIOBaKHOM XapaKTEPUCTUKOM IIa3ypel SIBISETCS MIOBEPXHOCTHOE HATSIKEHHE.
N3BecTHO, YTO MOBEPXHOCTHOE HATSIKEHUE KUAKOCTEU MPOSBIIIOTCS B TOM, UYTO KUIAKOCTh UMEET
CBOMCTBO 0€3 BHEIIIHUX BO3JICUCTBHI CTATHBATHCS B Karuiu. M3 ¢dusuku, Hanmpumep, 00IIIEn3BECTHO,
YTO BOJIa MMEET JIOCTATOYHO OOJBIIIOE TTOBEPXHOCTHOE HATSHXKEHUE U MIOATOMY OHA TOJI ICHCTBUEM
MMOBEPXHOCTHOTO HATSDKCHHS BCETJa COOMpaeTcs B KameslbKHu. AHAJIOTHYHO B Tporecce o0XKura y
o0pa3oBaBIIeiicS JKUAKOW CTEKIOBHIHOW TJIa3ypu TMPOSIBISIIOTCS CBOWCTBA MOBEPXHOCTHOTO
HaTsKeHHs. Ecliu y ONMBITHOTO cocTaBa Tiazypu (opmupyromascs xuakas ctekiaodasza obnanaer
9pe3MEepHO OOJBIINM IMOBEPXHOCTHBIM HATSDKEHHEM, TO TJa3yph COOMpaThCcsl Ha TMOBEPXHOCTH
YepenKa KepaMHMKHU B BUJIE Kalellb U HE TOKPBIBAET IOBEPXHOCTh YEPENKA KEPAMUKH.

Takxe 3amMeTuM, 4TO TIa3ypb MOXKET cCOOpaThCs Ha MOBEPXHOCTH HYEpEeNKa KEpaMUKH B
KaleabKH, €ClU IMpolecc 00XHra ria3ypu MpPOBOIUTH MO PEXKHUMY C 3aHWKEHHON TeMIiepaTypoin
o0Xxura Mo CpaBHCHHIO C TpeOyemoil. Hapsimy ¢ »TuM OBUIO BBISIBICHA Jpyrass 0COOCHHOCTD,
KOTOpasi 3aKJI4YaeTcs B TOM, YTO BEJIMYMHA MOBEPXHOCTHOTO HATSKEHHS TJIA3ypH 3aMETHO
CHIDKAETCS C MOBBIIICHUEM TEMIIEPATyphl 00kHra. OMBITHBIM ITyTEM YCTaHOBIIEHO, YTO HEKOTOPHIE
OTIENbHBIE OKCHUJIHBIE COEIUHEHHUs, [100aBIEHHbIE B COCTAaB TJIa3ypH 3aMETHO IOBBIIIAIOT
ITOBEPXHOCTHOE HATSKEHUE TIIA3YpPH.

OpaHuM W3 TUIABHBIX XapakKTepUCTUK Tryasypu (aphopoBoil KepaMUKU SIBISIETCS
KodpduuueHT auHelHOTO TemmeparypHoro pacmupenus (KJITP). Oto xapakrepuctuka KJITP B
npouecce o0kura (COrjJacHO pexHMa HarpeBa, BBIICPKKH U OXJIAXACHHS) B MEPBYIO Odepeidb
MpeIONpe/eNsieT TMOSBICHHE Ha TJIa3ypOBAHHOM TOKPHITHH Je()EeKTOB B BHJE CETOK TPYOBIX
MUKPOTpPEIINH, TIOJYyYUBIIET0 Ha3BaHUE lLieKa rasypu. Ecinu mocne o6kura KepaMuKd MOKPBITON
r1a3ypbl0 BAPYr B MUKPOCTPYKTYpPE TJIa3ypu BO3HHMKAET CETOYHBIA LIEK, TO 3TO O3HAYAET, YTO
3Hauenne KJITP rma3zypu cymecrBeHHo omiunuaercss oT 3HadeHuss KJITP uyepenka kepamukw.
CrnenoBatenbHO, HA TPAKTHKE HEOOXOAWMO MPOBOIUTH PAOOTHI MO KOPPEKTHPOBAHHIO COCTaBa
rJ1a3ypu TakuM 00pa3oM, 4TOOBI MCKIIOYUTH SIBJICHHE IIEKOBOTO PAacTpPeCKMBaHUs rinasypu. s

68




Hayunvuii orcypnan gusuxa 2023, Nel, ISSN 1694-6634

TOTO 4TOOBI B MUKPOCTPYKTYpE TJla3ypu OTCYTCTBOBAJI LI€K, HY’)KHO COCTaB IJIa3ypu NOAOMpaTh
TakuM 00pa3oM, utooOsl 3HaueHust KJITP rmasypu u uepenka kepamMuku ObIITH OJU3KH K APYT APYTY.
DKCIEPUMEHTATIBFHO BBISIBICHO, 4YTO pasznnuue B kKoddduimumentax KIITP mexny rnazyppio u
YepernKkoM KepaMuku NOKHO ObiTh MeHee 10 %. Ecnu 3nauenus KJITP rnasypu u depenxa
ornuyaroTcss 6onee yeM Ha 10%, TO B MUKpOCTpYKType ria3zypu (opmupyercs 1eK. OnbIThl
MOKA3bIBAIOT, YTO 4eM Oomnblie pasHuina B 3HaueHusx KJITP mexnay riazypbio U depenkom
KEepaMUKH, TEM Irpydee U CUIIbHEE MPOSBIISETCS 1IEK.

WzBectHo [1,2,7], 4TO HEKOTOpBIE MPUMECHBIE OKCHAHBIC 100aBKH, BBEJICHHBIE B COCTaB
rnazypu noBbimaroT KJITP rmasypu mo otHomenuto k KJITP uyepenka kepamuku B mporecce
TEMIIEpaTypHOrOo OOXKHUra, a JIpyrue OKCHIBbl HAOOOPOT CHMXKAIOT pasHHULy B Kod(p(uIMeHTe
TEIUIOBOTO DPACIIUPEHUS MEXAY IJIa3ypbl0 W YEpernKoM KEepaMHMKU M JIeNaloT Iasypb Ooiee
«3IACTUYHBIMY.

B pab6ortax [2,7] moka3zaHo, yTo yeMm Oombiie 3HaueHue KJITP rmazypu mo cpaBHEHHIO C
KJITP uepenka kepaMUKH, TEM CHIIbHEE HECOTIACOBAHHOCTD CYXEeHHUs (C)KaTHe) IIIa3ypH U Yyepernka
KepaMUKU B IIpOLECCE HarpeBa W OCThIBaHMS (OXJaXIEHUs)) B pe3yiabTaTe TaKou
HECOIJIaCOBAaHHOCTH MPOMCXOJAT pa3pbiBbl B IOKPBITUM IJ1a3ypH, T.€. IN1a3ypb pacTPECKUBAETCS C
oOpasoBanueMm 1ieka. B ciiydae, ecniu 3Hauenune KJITP rna3zypu meHsle, 4yem y 4epenka KepamMHuKu,
TO YEPENOK CKMMAETCA CUJIbHEE YEM IUIEHKA IJIa3ypu U B PE3yJbTaTe 3TOI'0 BO3HUKAIOT OTKOJIBI
IJIa3ypy OT YEPENKa KEPAMUKHU.

Ilpu pa3paboTke HOBBIX COCTaBOB IJIa3ypeld K HUM TaKkKe MNPEIbSBISAIOT Tpedyemble
CBOMCTBA K XMMHMYECKOH YCTOMYMBOCTH K IIEJI0OYaM W KHCIOTaM, OCOOEHHO HJisi KepaMHUYeCKHX
bapdopoBbIX H3IEIMIA, KOTOpBIE NpeIHa3HAYeHB! JUIsi pabOThl B arpecCHBHBIX cpelax JIHOo B
OTKPBITOM BO3/lyX€, IJI¢ UMEET MECTO BO3JICHCTBHE CO CTOPOHBI OKpyKaromieh cpeanl. Hapsany c
3THM Y TJIa3ypeil 1okHa ObITh TpeOyemasi TBepAOCTh U YCTOHYMBOCTD K HCTHUPAHMIO U IIapallaHHUIoO.

B 3akiroyeHwe OTMETHM, YTO B TeUeHHE HOcCieNHUX JeT B MHcTuUTyTe (GU3HKH UM.
akagemuka K. Keenbaeea HAH KP B nabGopatopum «IlopomkoBble MaTepHaibl» HpPOBOISTCS
HCCIIeIOBaHUsl 10 pa3paboTKe BBICOKOBOJILTHOUW dapdopoBori kepamuku (B®K) Ha ocHOBe
MECTHOTO ChIpbsi MecTopokaeHuil Koipreisckoit PecrmyOmuku. [lo  pesynmpraraM  HaydHBIX
UCCIeIOBaHUI COTpyAHUKaMU JlabopaTopuu onmyonukoBanu 6onee 10 HaAydHBIX cTAaTel, TaKkKe IO
MaTepHually UCCIICOBaHUH 3allUIleHa KaHIUAATCKas JUCCEPTALsl COTPYAHUKOM Jlaboparopuu [13-
22]. B pe3ynbrate HaydyHOTO MOMCKA MO pa3paboTKe HOBBIX cocTaBoB BADK Ha ocHOBE MeCTHOrO
CBIPbs OBUTM MOJYYEHBI Pa3IMYHBIC MO COCTaBY M AKCIUIyaTAal[HOHHBIM CBOMCTBAM KEpaMHUYECKHUE
MaTepHanbl, BBINOJHAIOMNUE GYHKIMA AUDIEKTPUKA Ha OTKPHITOM BO3AyXe Ha JIMHHIX
anextponepenad (JISII) u va apyrux y3nax u annaparax sHeprocuctemsl. [lomydeHHble u3nenus u3
B®K Ha ocHOBe MECTHOTO ChIphSl BIOJHE MOTYT obOecreunBaTh OecrepeboiiHyto paboTy BO
BJIQ)KHBIX KJIMMATUYECKUX YCIOBHSX, @ TAaKXKE B MbUIbHBIX 3aCyLUIMBBIX pEruoHax cTpaHbl. s
MOBBILICHUS JJIEKTPOPHU3NUECKUX U MEXaHHMUECKHX XapaKTepUCTHK, riazypoBaHHeix B®DOK Ha
OCHOBE MECTHOI'O ChIpbsl, ONBITHBIE Kepamuueckue n3osaropsl BOK nmokpeiBanuce coOCTBEHHBIMU
pa3zpaboTaHHBIMU TJ1a3ypsIMH Ha OCHOBE MECTHOTO W NMPHUBO3HOTO ChIphs M3 Poccuu u YKpauHbl.
[TockoiibKy HernazypoBaHHble kKepamuueckue uznaenns BOK Ha 0CHOBE MECTHOTO ChIPbSi UMENU HA
MIOBEPXHOCTU YEPEIKa OCTATOYHYI MOPUCTOCTh, TO IIOCIIE HAHECEHMs IJa3ypu Ha IMOBEPXHOCTh
yepennka B®K wumeromumecss ocTtaTouHble MOPbI HA MOBEPXHOCTH Yeperka KepaMUKHU Obuin
IIOJIHOCTBIO NEPEKPBITHI IN1a3yPhI0, UCKIHYAIOIINAE TPOHUKHOBEHHUE BJIary.

Takum 00pa3zom, Halll ONBIT KUCCIENOBAaHUM MO pa3paboTKe U TMOTYYEHHUIO ONTHUMAaJIbHbBIX
coctraBoB BOK wu3nenuii Ha OCHOBE MECTHOIO ChIpbS M TIJla3yped K HHMM IIOKa3aj, 4TO IpH
MIPOEKTUPOBAHUU M pa3pabOTKe HOBBIX cOCTaBOB kepamuyeckux macc BOK u rmasypeit ciaemyer
OpaTbh BO BHUMaHHME U YUUTHIBATh MH(OPMAIIUIO O 3aKOHOMEPHOCTSIX BIMSHUS OKCHIOCOAEPIKAIINX
KOMITOHEHTOB Yepernka KepaMUKHU U IJ1a3ypy Ha (PU3UKO-TEXHOJOTUYECKHE CBOWCTBA CTEKJIOBHIHOM
¢a3bl pacmiaBoB U GOPMHUPOBAHUIO HKCILTyaTAIIMOHHBIX CBOWCTB ria3ypH. [I0CKOibKY MOCTOIBKY
JKCHEPUMEHTAIBHOE MTOJIy4YEHUE HOBBIX COCTaBOB kepamuku BOK u rimasypeit Ha 0CHOBE MECTHOTO
CHIpbSl C ONTHUMAJIBHBIMU CBOWCTBaAMH TpeOyeT 3HAUMTENbHBIX 3aTPAaT BPEMEHH M CHIPHEBBIX
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MaTepuaJoB Ha TMpoBeJeHHE cepuil sKkcnepuMeHToB. C 1ebl0  YMEHbIIEHHS 00bema
AKCIIEPUMEHTANIFHBIX HCCIEOBAHUIA CIeAyeT MNPUMEHSATh HAyYHO-OOOCHOBAHHBIA MOAXOJ IO
pacyeTHBIM METOJIaM, MO3BOJISIONIUX OIICHUTH BIUSHUE KOMIIOHEHTHOTO cocTaBa uepernka BOK u
ria3ypeii Ha uX (PU3UKO-TEXHOJIOTHYECKHE CBONCTBRA.
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[Ipunoxxenne

HAMATKA /UL ABTOPOB
Jloxymenmuwt
e ComnpoBOAUTENIbHOE MUCHMO Ha UM [VIABHOTO PEIaKTOpa KypHalla eyaTtaercs: Ha OaHKe
YUpEeXKACHUS, IPEICTABISIIOUIETO CTAThIO;
e Penenzus.

CocTaBHbBIE YACTH CTATbU U IMOPAAOK HUX CJI¢A0BAHUA

1. O6wem marepuana ot 4 g0 10 crpanun HabpaHHOroO TeKcTa O(POPMIECHHOTO B TEKCTOBOM
penakrope Microsoft Word, daiin B ¢opmare .doc wimm .docx (mpudt 14, Times New Roman,
untepBai 1). [lons: BepxHee, HIbKHee-20MM, J1eBoe-2,5MM, npaBoe-15mm. ['padudeckuit MmaTepuan
JOJIKEeH OBITh YeTKUM, pa3pelieHre He meHee 300 nukcene;

2. B BepxHEM JIEBOM YTy yKa3bIBaeTCsl yHUBepcaslbHas necsiTuyHas kinaccudurarms (Y /1K),

3. Cnenyromuii ab3all — Ha3BaHHUE CTaTbU yKa3bIBaeTcs MO HEeHTPY (mpudt 14 momykupHbIi
3AI'JTABHBIMU BYKBAMMN);

4. Bo BTOpOM psiny haMHUIIKsE UMsI OTYECTBO aBTOPa(OB);

5. B TpeTheM psiy yKas3bIBAaeTCs MOJIHOE HA3BaHHME y4eOHOTO 3aBeeHHs (MECTO pabOThI WU
y4eObl), TOPOJI ¥ CTPaHa;

6. lanbmie yepes ctpoky (mpudt 12, Times New Roman, unrepsan 1).:

o AnHoTanust He MeHee 50 CIIOB Ha s3bIKE CTAaThH (HA PYCCKOM M aHTIIHICKOM
SI3bIKAX);
o Kniouesvie crosa om 3 0o 5 cnos u croeocouemanuii, kypcue (Ha PycCKOM W

aHIJIMICKOM SI3BbIKAX);

7. lanp1ie yepe3 CTPOKY UAET U3JI0KeHHEe MaTepuana (pudr 14):

® Bgeoenue (coctosHuE NMPOOIEMBI, 3a71a4l UCCIIEJOBAHU);

e OcHno6Hnasa uacms — Ha3BaHUE B TEKCT HE BHOCUTCS. OCHOBHYIO YacTh PEKOMEHYETCS
pa3buBaTh Ha pazlesibl C HA3BaHUSAMH, OTPAKAIOIIMMU MX COJAEp)KaHHE: IMOCTaHOBKA 3aJauH,
METOIBI HCCIIEIOBAHMS, MAaTEMaTHYECKasi MOJIEIb, 00OCYX/IEHUE Pe3yIbTaTOB U T.1.,

® 3akniouenue (BbIBOJIBI).

8. Ilocnme OCHOBHOTO TEKCTa YyKas3bIBaeTCs CIHCOK JuTeparypbl (CIMUCOK HCIIOIB30BAaHHON
muteparypsl). CHUCOK JuTepaTypsl opopmiseTcss He Mo andaBUTy, a MO Mepe TOro, Kak OHa
BCTpEYaeTCs B TEKCTE cTaThi. CXema CIucKa JUTepPaTyphl:

ABTOpPBI (0ObIYHBIA MIPU(PT) — Ha3BaHHe CTATbM (OOBIUHBIA MWIPUDT) — BBIXOAHBIE
AaHHBbIe (FOpOJI, U3/1aTeIbCTBO) — HM(POBBIe AaHHbIe (rof, cTpanulbl). (OctpeiikoBekuii B. A.,
KapmanoB @. W. Cratuctuueckue MeTOAbl OOpPaOOTKM SKCIEPUMEHTAJbHBIX JaHHBIX C
ucnons3zoBanueM makera MathCAD. M.: UH®PA-M, 2015. 207 ¢.);

9. Pucynku u Ttabmunsl Habupatorcss mpugpTom Times New Roman 12 ¢ oauHapHbIM
MEXTyCTPOYHBIM MHTEPBAJIOM. PUCYHKH, qTUarpamMMbl W TaOJMIBI CO3MAIOTCS C HMCIIOJIb30BaHHEM
yepHO-Oesoii ramMbl. Mcnonb3oBaHue 1BeTa U 3aJIMBOK He Jomnyckaercsi! Bece pucyHku U TabiunIs!
JOJDKHBI UMETh Ha3zBaHue — Puc. 1. Ha3zBanue (Touka), Tabmuna 1 — Ha3Banue (Touka HEe CTaBUTCH);

10. ®opmynsl cregyer Habuparh ¢ MoMoIlbl0 penaktopa ¢opmyn Microsoft Equation u
HYMEPOBATh B KPYIJIBIX CKOOKax (2).

11. OtaenbHBIM (aiiiom mogaroTcs cBeaeHus 00 aBTope:

e KoHTakTHBIN Tenedon, Viber, WhatsApp, Telegram, Mail.Ru ArenT u 1. 11.;

e Dnektponas mouta e-mail — @mail.ru, gmail.com, @yandex.ru u T. 1.;

12. ABTOpBI U pELIEH3EHTHl HECYT MOJHYI0 OTBETCTBEHHOCTh 32 aKTyaJlbHOCTb, COJIEP)KaHHUE,

CTHJIb U Ka4eCTBO 0()OPMIICHUE CTAaThH, a TAK XKE 33 €€ aKTYaJIbHOCTb.
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