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I'. 9. AdaoBera, B. A. IlImaTtko,
A. O. ®ynuk, H. M. HeB30opoBa
HanokoMno3uTbl Ha 0OCHOBe OKcna0B 3d-
MEeTAJLJIOB: HCcJaed0BaHus MOP(0JI0run
U CTPYKTYPbI MeTOAaMH JEKTPOHHOH
MHKPOCKOIINH U PEHTT€HOBCKOH
CIIEKTPOCKONIMHY MOHOTrpadusi

BBenenne

dyHKIMOHAIBHBIE HAHOMATEpUaJIbl C 33J]aHHBIMU CBOMCTBAMU, TEXHOJIOTMU UX CO3/IaHUS U
METOIMKH JUArHOCTHKH SIBJISIOTCS HanOosee HAyKOEMKHMMH U TIePCHEeKTHBHBIMU HalpaBIeHUSMU
coBpeMeHHOro MarepuasioBegeHus. C (pyHIaMEeHTaIbHONW TOYKHU 3peHHUsT OOJBIION MHTEpEC Ipej-
CTaBJIsIET MCCIIEJOBaHUE JIEKTPOHHON M aTOMHOM CTPYKTYp HaHOMAaTepUaJloB, & TaKkKe BbISIBJICHHE
3aKOHOMEPHOCTEH B3aMMOCBSI3U UX CTPYKTYPHBIX XapaKTEPUCTUK M (PU3UKO-XMMHUYECKUX CBOHCTB,
KOTOpBIE B OOJIBIIMHCTBE CIIy4aeB OTIMYHBI OT CBOMCTB OOBEMHBIX MarepuasioB. C MpHKIaIHON
TOYKM 3PEHUS — U3yUEeHHUE UX (PU3NUECKUX XaAPAKTEPUCTHK, O3BOJIAIOIIMX ONPEIETUTh 001aCTh BO3-
MOXHBIX IPUMEHEHUI CO3JaBaeMbIX HAHOMATEPUAJIOB.

OcobeHHOe MeCTO cpeAyd HaHOMAaTepUaJoB 3aHMMAIOT HAHOKOMIO3UTHL. B wactHOCTH, B
NOCJIeJHUE JECATUIETUS aKTUBHO CUHTE3UPYIOTCS U UCCIIEAYIOTCS] HAHOKOMITO3UThI HA OCHOBE OKCH-
10B 3d-nIepeXonHbIX METAJUIOB C pa3IMYHBIMM TUIIAMUA MaTpuLl. 11 HAHOKOMITO3UTOB TaKOro BUAA
MOXET ObITh peai30BaHa BO3MOKHOCTb aJalTAlMU UX (PU3UKO-XMMUYECKUX CBOMCTB B 3aBUCHUMO-
CTH OT MapaMeTPOB U YCJIOBUI CUHTE3a, KOTOpbIE OMPENeIAI0T COCTaB, MOP(MOJIOTHIO U CTPYKTYPY
COCTaBJISAIOLIMX KOMIOHEHT. HeoObIuHbIE (PU3MKO-XMMHUYECKIE CBOMCTBA TAKUX KOMIIO3UTOB JIENIAI0T
UX TPUBJIEKATEbHBIMUA C TOYKHU 3PEHUs] IPUMEHEHUS] B PA3JIMUHbIX YCTPOMCTBAX, TAKUX KaK COJI-
HeyHble 0aTapeu, ra30Bble CEHCOPbI, KaTaJlu3aTopbl, CyNEpKOHAEHCATOPbl, MUKPOCUCTEMBI MTOJHOTO
AHAJTMTUYECKOTO KOHTPOJIS, IPpeoOpa3oBaTe U3MyUeHUs 1 MHOTHX JPYTMX. DTO CBS3aHO C TEM,
YTO HAHOKOMITO3UTHI C TAKUM COCTABOM OOJIQJIAIOT PSJIOM YJIyULIEHHbIX XapaKTepUCTUK B CpaBHe-
HUM C YUCTO METAJJIOKCUAHBIMU MaTepuasiaMu. Hanpumep, 6osiee BbICOKOM ra304yBCTBUTEIBHOCTBIO,
TEPMUYECKOM, JIEKTPUUYECKON, ONTUYECKOM M MarHUTHOM aKTUBHOCTHIO. VccienoBaHue BIMSHUSA
rapaMeTpoB CUHTe3a Ha MOP(OJIOTHI0 MOBEPXHOCTH HAHOKOMIIO3UTA, €I0 aTOMHYIO U 3JIEKTPOHHYIO
CTPYKTYPY B KOMIUIEKCE C OIPe/Ie/IeHUEM ero (PU3NUECKUX XapaKTEPUCTUK B JaJIbHEHIIIEM IO3BOJISAET
MOJIy YU Th HEOOXOAMMYIO MH(OPMALIMIO [UIsI CHHTE3a MAaTepUAJIOB C 33/IaHHBIMU CBOWMCTBAMM.

[Mpn u3y4yeHnMr OCOOEHHOCTEH ATOMHOM W 2JIEKTPOHHOW CTPYKTYPhl MaTE€pHajioB BBICOKOMH
MH(POPMATUBHOCTBIO O0NA/IA0T SKCHEPUMEHTAIbHbIE PEHTIEHOBCKUE METOIbI, B TOM 4YHCIE U C
UCIIO/Ib30BAHUEM CUHXPOTPOHHOI'O U3JTyYeHHsl, TaKMe Kak METObl PEHTIEHOBCKOU (POTOIEKTPOH-
HOU CIIEKTPOCKONMY (MexayHapoaHbiii TepMuH X-ray Photoelecton Spectroscopy, XPS), peHTreHoB-
cKou audpakuuu (MexayHapoaHbslid TepmuH X-ray diffraction, XRD), peHTreHO(TyOpecieHTHOro
aHaJmM3a (MeXyHapOIHbIM TepMUH X-ray ssuorescence analysis, XRF), peHTreHOBCKO# CIEKTPOCKO-
1y noromenus (X-ray absorption spectroscopy, XAS). I1pu nzyuyennn Mopgoaoruy noBepxHOCTH
HAHOKOMITO3MTOB U IJIEHOK Ha X OCHOBE OJHUM M3 MH(OPMATUBHBIX METO/IOB SIBJISIETCS METOJ, pacT-
POBOM (CKaHMUPYIOLIEN) IEKTPOHHOM MHUKPOCKONMM (MexAyHaponHbel TepMuH Scanning Electron
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Microscopy, SEM), MO3BOMSIONINIA MOTYyYUTh N300pakeHNe MOBEPXHOCTA OOBEKTA C BHICOKMM pa3-
peleHreM, HH(POPMALMIO O CTPYKTYpE, COCTaBE M CTPOEHUHU MPUIIOBEPXHOCTHBIX CJIOEB Marepua-
noB. ClienyeT OTMETHUTh, YTO UCCIIelyeMble MaTepHaibl MPEACTABISIIOT COOOH CIIOKHbBIe, MHOTO(pa3-
Hble cucteMbl. Hanbosee MHTEpeCcHbIM sIBJISIETCS] BOMPOC O (Da30BOM COCTaBE KaK HAHOKOMIIO3UTA
B LIEJIOM, TaK M OTHEJBbHBIX €r0 CTPYKTYPHBIX KOMIIOHEHT, a TaKke MEXaHM3Max B3auMOJEICTBUS
Mexy HUMU. OIHaKO OTBETUTh Ha HETO JOCTATOYHO CJIOKHO AaKe P UCTIOJIb30BAHMUM HECKOJIBKUX
B3aUMOJOMOJHSIOIMX METOJOB IUArHOCTUKH.

B niporiecce BhIMOMHEHNSI pa0OT HaMH OBLIO MCTIOB30BAHO COBPEMEHHOE 00OPYIOBaHKE CTaH-
it RGL, KMC-2 u BM 26A ycranoBok MEI'A-kiiacca BepauHCKOro 1eHTpa CUHXPOTPOHHOTO
usnydenus (Bessy 1I, r. Bepnun, I'epmanust), EBponeiickoro cunxporponsoro nentpa (ESRF, r.
['peno6mb, Ppanims), a Tak:ke MHCTUTYTa HAHOMETPOBOW oNTHKU U TexHosnoruu (HZB, r. Bepnun,
I'epmanus), HEHTPOB KOJUIEKTUBHOIO Mosb30BaHus FOxkHOro (peepanbHOro yHUBEpCcUTeTa, CoTpya-
HUKaM KOTOPBIX MbI IPUHOCKUM MCKPEHHIOI OarogapHocTb. Kpome Toro, BelpakaeM O1aroqapHOCThb
HAIIIUM COABTOpaM U KoHcyJibTaHTaMm — mipodeccopy FODY Kozakoy A. T., mpodeccopy IOPITIY
Cvupnosort H. B., gonenram IO®Y Mscoenopoii T. H., [Tnyrorapenko H. K, Cemenucront T. B.,
[Momosy 0. B., Hanbannsiay B. B. 3a Tu1000TBOpHBIE COBMECTHBIE UCCTICOBAHMS.
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1. HanHokoMmo3uThI: KJaccu(uKanus, MeTaJJI00KCHIHbIe
HAHOCTPYKTYPbI U UX B3aUMO/IeliCTBHE C MAaTPHIIAMHU

HaHokomro3utamMy IpUHATO Ha3bIBaTh KOMIIO3UTHI, B COCTaB KOTOPBIX BXOIUT KAK MUHUMYM
ofiHa haza B HAHOMETpOBOM juanazoHe [1]. HaHokoMIio3uTHble MaTeprasibl MOSBUINCH B KAYeCTBE
aJIbTePHATUBbI PaHEe U3yYaeMbIM U UCTIOb3yeMbIM MUK POKOMIIO3UTHBIM Y MOHOJIUTUUECKUM Mate-
puaiam, MOCKOJIbKY OHM TO3BOJIMJIM IPEOJOJIETh PsiJl OTPaHUYEHHI, CBA3AHHBIX C CUHTE30M M KOH-
TPOJIEM 3a JIEMEHTHBIM COCTABOM U cTexroMeTpuert [2]. Pan nccnenopareneil cuuTaer MX OOHUM U3
OCHOBHBIX MaTepuaioB XXI B. ¢ TOUKM 3peHHs COUETaHUSI YHUKAJIBHBIX CBOMCTB, HEHAOMONAEMbIX
B OOBIYHBIX KOMIIO3UIIMOHHBIX MaTepuasax [3], mpu ToM, YTo mepBble MyOIMKALMY, NOCBSAILEHHBIE
JaHHOM MPOOIeMaTHKe, MOSBIIIHCH JUIIb B Hadasie 1992 1. [4]. Ctomb GOMbIIoN HHTEPEC K M3YUSHHUIO
HAHOKOMITO3UTOB OOBSCHAETCS KapAMHAJIbHBIM M3MEHEHHEM CBOICTBA BCEro KOMIIO3MTA B LIEJIOM
IIPY YMEHBILIEHUH pa3Mepa COCTAaBJIAIONIMX ero HaHovactull (Tadm. 1) [S].

Tabauya 1
B3anMocBs3b MeKy pa3MepaMu COCTaBJISIIONMIUX HAHOKOMIIO3UT 4YacTHIl U BcCel
CHCTEMbI B 11€JIOM

Pasamep vacrurr (am), mpu KOTOPOM CgoiicTBa
IIPOUCXOOAT U3MEHECHHUA CBOMICTB
Memnee 5 am Karammruueckass akTHBHOCTH
Menee 20 am Ilepexos oT TBEPABIX MATHUTHBIX MaTePHUAJIOB
K MATKHM
Memnee 50 um Hamenenune oxasaTesis IIpesoMIIeHH s
Menee 100 aM [Iposerenne ABIeHUI cymep-TapaMarHeTu3Ma

Niamenenue sxeCTKOCTH U ILTACTHYHOCTH

HanokoMITO3UTHBIE MaTepHUaibl B 3aBUCUMOCTH OT THIA OOpa3yoIlell MX MaTpUIlbl MOKHO
KJ1acCU(UITMPOBATH IO CJIETYIONIMM KaTerOpusim:

1. Metajummueckre HaHOKOMITO3HTHI.

2. Kepamuueckue HaHOKOMITO3UTHI.

3. I[onmMepHbIe HAHOKOMITO3UTHI.

4. CmermmanHble HAHOKOMIIO3HTHI.

C TOYKM 3peHus] MPUMEHEHHUs B CEHCOpax, KaTaju3aropax M CyNepKOH/EHCATOpax HaHO-
KOMITO3UTHBIE MaTepraJibl HA OCHOBE MOJIYIPOBOAHUKOBBIX OKCHJIOB MEPEXOJHBIX METAIJIOB SIBJISI-
I0TCS1 OHUMH U3 HamOoJjiee TePCIeKTUBHBIX, TaK KaK 00agaloT MCKITIOUMTEIBbHBIMU aJICOPOIMOH-
HBIMU CBOMICTBAMU, BHICOKOW KaTAJTMTUUECKOW AKTUBHOCTHIO M 3JIEKTPOITPOBOIUMOCTBIO, KPOME TOTO,
MMEIOT HU3KYI0 CTOMMOCTh [6— 8]. Takue cBoiicTBa MPOSBJISIOT KOMIIO3UTHI HA OCHOBE OKCUJIOB
0JIOBa, IIMHKA, MH/AMS, BOJIbgpaMa, TUTaHA, KPEMHU I, KOMIUIEKCH Ha OCHOBE Kaus U xpoma [9-11],
a Takke OMMEeTa/UINYECKUE OKCH/IBL.

BaxHoi1 3agaveii cuHTE3a ra3copOMpPYIONIHNX, KaTaTUTHUECKH aKTUBHBIX M 3JIEKTPOIPOBOIS-
IIMX HAHOKOMITO3UTOB, PEIIaeMOl B HACTOsIIIEE BpeMsl, SIBJISIETCS CO3/JaHie MaTepUasioB C BapbUpPYy-
€MOH TTPOBOMMOCTBIO, BBICOKOW PEaKTHMBHOM CITOCOOHOCTHIO M CeJIEKTUBHOCTHIO K Ta3aM U KUIKO-
ctsm [ 12-15]. OnuH 13 crmoco6oB pelieHrst IOIO0OHBIX 3314 — BBeACHUE B MAaTPUILY OIPEICICHHOTO
TUTA METaJIIa WIM OKCU/Ia METaJUla — HAIMlOJTHUTEIsA/IonanTa. Tyl HaroJTHUTENST BAUSET Ha Xapak-
Tep B3aMMOJICHCTBHS COCTABJISIIOIINX HAHOKOMIIO3UTA, HAOMIOAAIOTCS M3MEHEHHUS UX MOP(OIOTHUH,
aTOMHOM U JIEKTPOHHOW CTPYKTYPHI U, KaK CJIEICTBUE, CBOMCTB KOMITO3UTA B IIEJIOM. DJIEKTPOHHAS
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Y aTOMHasi CTPYKTYpa, TUIl XUMUUECKOM CBS3M, TOBEPXHOCTHAS SHEPIUsl U XUMUYECKasi aKTUBHOCTD
BCEX COCTABJISAIONIMX HAHOKOMIIO3UTA HENOCPEICTBEHHO CBA3AHBI C TEUEHUEM OKUCIUTEIBHO-BOC-
CTAHOBUTEJIbHBIX PEAKLIMI, OMPEIENSIONIMX €ro KaK KaTaIUTUYECKYI0, TaK U IEKTPUIECKYIO AKTHB-
HocTb. Clie1oBaTesIbHO, ONpeJesIeHNe B3aMMOCBS3U MEeXK Y CTPYKTYPHBIMU U (PUBNYECKUMU XapaK-
TEPUCTUKAMMU SIBJISIETCS] OAHUM U3 KJIIOUEBBIX MOMEHTOB B UCCJIE0OBAaHUY HAHOKOMITO3UTHBIX CUCTEM
Y BBISIBJICHUH TIEPCTICKTUBHBIX HATPABJICHUI UX IPUMEHEHUS] B Pa3IMYHBIX 00JACTSIX TPOMBIIILICH-
HOCTH, HAYKU U TEXHUKHU.
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1.1. MeTaan100KCcHIHbIE HAHOCTPYKTYPbI
KaK aKTUBHbIE IEHTPHI aICOPOIHI
HAHOKOMIIO3MTOB C Pa3JIMUYHbIMI MaTPUI[AMHI

B Ha"Hokommo3uTax Ha OcHOBE 3d-MeTaIoB WM MX OKCHJIOB POJIb IIEHTPOB aCOPOIIUH YacTo
UTPAIOT KPUCTAJUIUTHI/HAHOUACTHIIBI METAJIICOEPIKAIIIel KOMITIOHEHTHI, TIPH STOM MX CIIOCOOHOCTH K
asIcopOLIMK M 3IEKTPOIPOBOAMMOCTH 3aBUCHUT OT pa3mepa, (pOpMbI, CTPYKTYPBI U CTETIEHH OKHUCIIe-
Hus MeTasuia [ 16—18]. Mopdornorus u cTpykTypa METAJUIOKCUJHBIX aKTUBHBIX LIEHTPOB B pa3MEPHO
IIKaJie OT HAHO- JI0 MUK POYPOBHSI SIBJISIIOTCS] YPE3BBIYAIHO BaKHBIMU B PETYIMPOBAHUN XUMUUYECKUX
1 (PUBMUECKUX CBOMCTB MaTtepuasia. Tak, OHO U3 HaMpaBJIeHUI MUPOBOI HAYKH TI0 CHHTE3Y ra3cop-
OMPYIOIIMX HAHOKOMITO3UTOB CBSI3AHO C YBEJIMUEHUEM U Pa3BUTUEM NOBEPXHOCTH AKTUBHBIX a/ICOP-
oupylomux HeHTpoB [12—15, 19], koTopbie 3aBUCST OT pazMepa, (hOpMbI M CTPYKTYPbI KPUCTAIITUTOB
Y HaHOYACTHIl HeopraHuyeckou cocrapsiomneit [16—18, 20]. KpucraiuTbl/HaHOYACTUIIB OKCUIOB
METAJIJIOB B COCTABE HAHOKOMIIO3UTA MOTYT (DOPMHUPOBATHCS B BUJIE KPUCTAJUTMIECKUX arlIoOMEPaToB
(KOpaJIJIOBUIHbIE KPUCTAITUTHI ), [IBETKOOOPA3HBIE K PUCTAIUIATHI, HAHOYACTHUIIBI TPABUIIBHON (DOPMBI
(poMOOBUIHBIE, KyOOKTadApUUecKue, cheprueckue, Kyondeckue) ¢ OONBINON MJIOTHOCTHIO Ha €1~
HUIIE TUIONIAAM 1 OOJIBIION IJIOMIAIBI0 TIOKPHITHSA. B psige padoT Ha OCHOBE TEOPETUUECKUX pacue-
TOB OBLJIO MOKA3aHO, YTO B 3aBUCUMOCTH OT (DOPMbI METAJUIOKCHTHBIX HAHOYACTHI] BO-TIEPBBIX CYIIIe-
CTBYIOT MTOBEPXHOCTH CTEXMOMETPHUYECKH CTAOMIIbHBIE TIPU BBICOKMX TEMIIEpaTypax, BO-BTOPHIX Ha
MOBEPXHOCTSX C Pa3IMYHBIMU KPHUCTAILIOrpaprUecKMH TIOCKOCTSIMA UHTEHCUBHOCTD aICOPOLIUM
paznuuHa U Moxet gocturath 80 % [21-23]. Tak, ans MeTauioB, OOMAJAIONINX TPaHEEHTPUPO-
BanHO# kKyoudeckoit (I'LIK) pemieTkoii, papHOBecHasi (popMa HAHOUACTHI] — ITO KyOOOKTas/Ap, orpa-
HeHHbIH TiockocTsamu tuna (001) u (111) [24]. Oanako, kak cBueTenbctByioT DFT-pacuertst [26]
1 HEKOTOpbIE IKCIIEpUMEHTANIbHbIe UCCIIeOBaHUS, NP 00padoTke HaHo4yacTHil MeTayuioB ¢ ['TIK-
CTPYKTYPOM Pa3MuYHBIMM ra3aMy UX (pOpMa MOXKET CYIIECTBEHHO M3MEHAThCS. Takoe U3MEeHEeHHe
(opMBbI HaHOYACTHIT OOBSICHSIETCSI U3MEHEHNEM ITOBEPXHOCTHOM HEPTUH I'PaHel pacTyIiel HaHovYa-
CTHUIIbI TIPH aJICOPOMPOBAHMY Ha HUX MOJIEKYJI ra3a, a CJe/IoBaTeIbHO, M CTeleHb aJcOpOMpOBaHuUs
aTOMOB Ta3a Ha MOBEPXHOCTU TAKKe MOKET MEHSIThCS [JIsl HAHOYACTHUIIBI C MTPABMIILHOM (KyOOKTad1-
prueckor, cheprueckor, Kyomueckor) hopmoit. OcHOBHOE MpUMeHeHHe Takoro 3pdeKTa B HACTOSI-
1iee BpeMs — B Katanuse. [IpiMeHeHne B Ka4ecTBe acopOMpPYIONIHUX IIEHTPOB B CEHCOPAX €IUHUYIHO
1 uXx (pyH/IaMEHTaIbHbIe MEXaHU3Mbl 0OPAa30BaHMsI U B3AaMMOJCHCTBHS C MATPUIIAMHU MTPAKTHUECKH
HE U3yYEeHBI.

OpunMu U3 HambOoJIee MHTEPECHBIX M aKTMBHO CHHTE3MPYEMBIX B HACTOSIIEEe BpeMs Marte-
PUAJIOB SIBJISIIOTCS HAHOKOMITO3UTHI HA OCHOBE OKCHIOB Meau. JloOaBieHre B KOMIIO3UTHI OKCHJIOB
Me[IH, IMEIOIINX P-TUI TPOBOIUMOCTH U XMMUYECKYIO0 CTOMKOCTD, CIIOCOOCTBYET MOTYyUYESHUIO HOBBIX
CBOICTB Ta30UYBCTBUTEJILHBIX MaTepHATIOB M KaTaaM3aTOPOB, & UMEHHO, 00eCHeYnBaeT CTaOWIb-
HOCTb Ta304YBCTBUTENBHBIX U ANIEKTPOPU3MUECKUX XaPAKTEPUCTHK BO BPEMEHH, IIMPOKHUI JHara30H
padouMX TeMIIepaTyp, BHICOKYIO KATATUTUIECKYIO aKTHBHOCTB [26, 27]. DTO CBA3aHO C YHUKAJIbHBIMU
cBOMcTBaMHU MeJu. Bo-niepBbIX, HAHOCTPYKTYPUPOBAHHASI Melb 00JIa1aeT CBOMCTBAMHU, OTJIMYHBIMU
OT CBOICTB TBeproro Tena [28]. B wactHOCTH, IIpU nepexojie OT MeTaUIMYecKod MeOu K KjacTe-
paM MaJIoro pazmepa ee CBOMCTBA MEHSIOTCS] OT METAJUTMYECKHX JI0 MOTYyIPOBOAHUKOBBIX. Bo-BTO-
PBIX, OKCHJIBI MEIU MOTYT (pOPMHPOBATh HAHOCTPYKTYPHI C IIMPOKUM pazHooOpazueM (opm [29,
30]: B ¢popme 1BETKOB, HAHOKYOOB, HAHOOKTAAPOB, MOJMIIPOB, MUKpOc(hep, HAHOTPYOOK, HAHO-
cTepXkHel, KopaJutoBuaHble U MHOrHe apyrue [31-35]. upokuil Kpyr TeOpEeTUYECKUX UCCIIeI0Ba-
HUH TIOKa3aJl CIOCOOHOCTH K a[COPOLIMY pa3IMYHbIX a30B, MOJICKYJI, OaKTepuil Kpuctajuiorpapude-
ckumu mtockoctsamu (111), (110), (001), (100) okcupoB CuO u Cu,0 [36-39]. Kpome Toro, okcuibl
MeH KaK MOJTyIPOBOAHUKY P-TUMA UMEIOT 3HAYUTEIIbHYIO TIOBEPXHOCTHYIO PEAKTUBHOCTD B OKHCITH-
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TEJIbHO-BOCCTAHOBUTENIbHBIX peakiuax [40—43]. Oxcuupl Meau SBJIAIOTCS XOPOLIMMH KaTaJIuThye-
CKMMH J100aBKaMH ISl CO3/IaHUSI CEHCOPOB Ha TMOKCH] a30Ta, AaMMHAK M CEPOBOJOPO].

Elie o1HMM MHTEPECHBIM COEJUHEHMEM C TOUKM 3PEHMS Ta30UyBCTBUTEIbHBIX U KaTaIUTHYe-
CKHUX CBOWCTB SIBJISIIOTCSI OKCHIBI 0J10Ba. SnO) MMEET OrpaHUyYeHU s IIPY IPUMEHEHHH €T'0 J1s OIlpese-
JieHus1 030Ha [44], HO Mpu OIpeeIeHNH APYTUX Ia30B OH 0OECIIeYMBAET BBICOKYIO UyBCTBUTEILHOCTD
Y CTaOMIIBHOCTh TApaMeTpoB. Bo MHOTHX JIUTepaTypHBIX HICTOYHUKAX COOOIIAIOCh, YTO ABYXKOMIIO-
HEHTHbIE (B COCTaB KOTOPBIX BXOAST ABA THIA METAJUIOB MJIM MX OKCHUIbI) CUCTEMBI YaCTO 00IaIai0T
JIy4IUMMH CBOWCTBaMHU (T. €. KaTaJIUTUYECKOW aKTUBHOCTBIO, IEKTPOXUMHUYECKON PEAKTUBHOCTBIO
Y MEXaHUYECKOW CTAOMIIbHOCTBIO), YeM OTHOKOMIIOHEHTHBIE BCJIECTBIE MHTETPAIMHU B ABYXKOMIIO-
HEHTHOM KOMIIO3UTE JIByX TUIIOB (DyHKIIMOHAJIbHBIX MaTepuasoB [45— 47]. Tak, Harpumep, 4yBCTBU-
TEJILHOCTh HAHOKOMITO3UTHBIX IIJIEHOK OKCHJIA 0JIOBA K CEPOBOAOPOY MOBBIILIAETCS IIPY BBEICHUU B
UX CTPYKTYpY aTOMOB METAJUIOB, TAKMX KaK Me/lb, cepedpo, jKeJe30 WM UX OKcu1oB. Mopdosorus
U CTPYKTYpa HAaHOKOMITO3UTHBIX CHUCTEM, COAEpKAIMX KPUCTALIUTHI OKcuaa Menu [48] m okcuaa
osoBa [49], ObUTH TIpeIMETOM MHOTUX HcclienoBanuil. Ocoboe BHUMaHKe MPHUBJICKAIOT CMEIIaHHbIe
crnaBbl Sn-Cu n SnOy:CuOy coequHeHus, Tak Kak B 3aBucuMocTd oT Cu:Sn-B3auMOIECTBUSA BO3-
MOHO IPOM3BOAUTH MaTepUallbl C Pa3IMYHOM MOP(OJIOrver NOBEPXHOCTH, a TaKkKe CTPYKTypou
KPUCTAJUTUTOB W, KaK CJIECTBUE, MEKTPUUECKUX U aICOPOIMOHHBIX cBOUMCTB [50-53]. Tak, Hampu-
Mep, Toscteie mieHkn CuQ, nerupoBarHbie SnO,, 001a1a10T HEOOBIKHOBEHHON 1yBCTBUTEIBHOCTHIO
K H,S [54]. MuKpocTpyKTYypa 3TUX TOJICTBIX IUIEHOK COCTOUT U3 MEJIKUX YacTHll, AUCHIEPrUpOBaH-
HbiX CuO Ha noeepxHocTy SnOZ-yacTuil.

Cpenu okeuioB 3d-nepexoqueix MeTasuioB NiO npuBiekaeT 60Jb1110e BHUMAHUE KaK MepCeK-
TUBHBIA MaTepUasl AJisl CyNEPKOHIEHCATOPOB M3-3a €r0 BHICOKOM TEOPETUYECKON YAEIbHON EMKOCTH

2573 Fg'1 [55], mpupogHOro M300MIUS 1 FKOTOruIecKor Oe3ornacHocTi. OHAKO ero HU3Kas JeK-
TPOHHAs MPOBOAMMOCTb OI'PaHMYMBAET MpaKTHUYecKoe mpuMeHeHue [56]. Co3gaHrne HaHOKOMIIO3H-
TtoB NiOy/MYHT mno3BosisieT nosyuuTh NepCreKTUBHBIE MaTepHasibl Il Kataiausa [57], ycTponcTB
XpaHeHW I SHEPTUN OOJIBIIION MOIITHOCTH M C BBICOKO CKOPOCTHIO 3apsIIKU-Pa3PSAIKHU, BBICOKOH ITJIOT-
HOCTBIO TOKA, JUTUTEJIBHBIM ITMKJIOM XU3HM ¥ HU3KMMHM 3aTpataMu Ha oociyxkuBanue [58]. Kpome
Toro, okcu Hukesist NiO u3BecTeH Kak ra304yBCTBUTE bHBIN MaTepuast At NOy [59].
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1.2. Bzanmoaencreue MeTaJJI0O0KCHIHBIX
HAHOCTPYKTYP € MaTpPUIled B HAHOKOMIIO3HTeE

3anava (popMUPOBAHUS METALIMYECKUX U METAIOKCHUAHBIX KPUCTAJUIMTOB/HAHOYACTHIL C
pa3nuHON MOPGOJIOTHel U CTPYKTYpO B MaTpUIax Pa3iMYHOrO COCTaBa HE MPOCTa M JOJDKHA
pelaTbesl MPaBIJIbHBIM COUETAaHHWEM TMapaMeTPOB CHHTE3a W YCJIOBHI 00pabOTKH (COCTaB peareH-
TOB, TeMIlepaTypa U BpeMsl TepMUYecKou oO0paboTKu). Bridop Buma MaTpuipl (Wi MpeKypcopa
B MCXOIHOM PacTBOpE) KaKeTCs OJHUM M3 CaMbIX MPOCTBIX CIIOCOOOB YIpPaBJIEHUSI CTPYKTYPOM,
MopoJIoTHel U pacrpeneseHHeM HaroIHUTeNs, TaK KaK W3BECTHO, YTO TUI MATPHIIBI BIUSET Ha
HYKJICALMIO U JAJbHEHIIYI0 OpraHW3alui0 HAHOYACTULl U KpuctaumToB [60]. B 3aBucumoctu ot
METO/IOB ¥ MapaMeTPOB CUHTE3a, a TAKKe BUJA MATPHILIBI, MOKET KapAWHAJIBHO MEHSITHCS KaK MOp-
(bosorvst HAHOKOMIIO3UTA, TaK U CTPYKTYpa €ro COCTaBISIIOIMX KOMIIOHeHT. Ha puc. 1 mpuBeneHs!
MIpUMEPbl HAHOKOMITO3HWTOB C PAa3IUYHON MOP(OJIOTHEel, B 3aBUCUMOCTH OT BUjIa 00pa3yolei MaT-
PUIIBI ¥ METAIJIOOKCHIHOM cocTapJstiomeil. KoMmo3uimonHbie MaTepyuaibl Ha OCHOBE MeTaJUIOK-
CUIHBIX HAHO- ¥ MUKPOKPUCTAJUIOB C OPraHUYECKUMH, YIIIEPOJHBIMU M KPEMHHUEBBIMHA MaTpUIIAMU
MIPUBJIEKAIOT TIOBBIILIEHHOE BHUMAaHHe Oaroapsi BO3MOKHOCTH aJalTalli X XMMUKO-(PU3HUYECKUX
CBOWCTB B 3aBUCUMOCTHY OT MOP(OJIOTMH U CTPYKTYpPbI COCTABJISIOIIMX HAaHOKOMNO3UTa [61, 62].
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I'. 2. fdnosera, A. O. ®ynuk, B. A. HImatko... «HaHOKOMIO3UTHI HA OCHOBE OKCcU10B 3d-meTtayuios. MccnenoBanus
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200 nm

Puc. 1. [Ipumepbl HAHOKOMITO3UTOB ¥ HAHOYACTHUI] C Pa3IUYHON MOpPQOJIOrueit CHHTE3UPO-
BaHHBIX PAa3IMYHBIMU MeTofaMu: a — HaHoyacTuilbl Cu,yO, CUHTE3WPOBAHHbIE IEKTPOXUMUYECKUM
MeTtoioM; 6 — HaHoKomIo3uT Co/ITAH (monmak puioHUTpWIT), CHHTE3MpoBaHHbIN MeTonom MK mupo-
JN3a; B — HaHovyacTullbl Zr B HaHokomnosute Zr/ ITIAHUW (nmonuaHuivH), CHHTE3UPOBAHHOM 30JTh-
rejib MetofoM, T — HaHokomno3ut Cu/ ITAH, cunte3nposannsii MetonoM MK nuponusa; 1 — HaHO-
koMmo3uT Zr/ITAHU, cuHTe3upoBaHHBIN 30J1b-TeJIb METOAOM U € — HaHoKoMmo3uT Cu/ITAHU, cun-
TE3UPOBAHHBIN 30J1b-T€JIb METOIOM

OcHoBHas1 po0OIeMa COCTOUT B TOM, YTO CBOMCTBA KOHEYHOTO KOMITO3MIIMOHHOTO MaTtepuaa
3aBHCSAT OT MPUPOIBI B3AUMOJEHCTBUS MEX/1y ero (ha3aMu ¥ CTpOoeHHeM Mesk(a3HbIX 00acTeit, 00b-
€MHas /107151 KOTOPbIX YPEe3BbIYaiiHO BesIMKa. VI3BECTHO, UTO IIPU BBEIEHUM HEOPIraHMUYECKUX COCTaB-
JISIOIUX B 00pa3yIoIIyl0 MAaTPUILy IPOUCXOIAT CTPYKTYpPHBIE IPe0Opa30BaHMs, I3MEHSETCS OKCH-
HOE COCTOSIHME METAJUIOOKCUIHBIX IIEHTPOB.

CnepoBatenbHO, coctaB, MOp(OJIOTUs, CTPYKTYpa, B3aUMOAEHCTBHE HAIOIHUTEb-MATPULIA
UMeIOT OOJBINIOE BIMSIHUE HA JIEKTPUUECKUE M aCOPOLIMOHHBIE CBOMCTBA PE3Y/IbTUPYIOIIErO KOM-
MIO3UTA U TUIEHOK Ha ero ocHoBe. [103ToMy McCeI0BaHMI0 B3aMMOJENUCTBUI MEXAY pa3In4HbIMU
BUJIAaMM MaTpULl U METAIJIOKCUHBIX COCTAaBJSIONIMX B KPUCTAJUIMTAX B HACTOsIEe BpeMs MOCBS-
IIIEHO OIPOMHOE KOJIMYECTBO ITyOIMKAIUI.
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[Ivpokuii psii KCCIEIOBAHMIA MTOCBSAIIEH POJIH YIJIEPOAHBIX TPyOOK, MOJTMMEPOB U KpEeMHHe-
BBIX MaTpuIl B (POPMUPOBAHNH HAHOKOMITO3UTOB. [ MOpU/IHBIE METAJNIOKCHJHbIE HAHOMATEPHAJIBI, C
MaTpUIIAMU B BUJIE YTTIEPOJHBIX HAHOTPYOOK M IMOJTMMEPOB C MOJIMCONPSI)KEHHBIMU CUCTEMaMH, TIOKa-
3bIBAIOT MPEBOCXOIHbIE 3ICOPOIIMOHHBIE, AMEKTPUUECKUE U TIEKTPOXUMUYECKUE CBOMCTBA. AKTHBHO
BEAYTCSl UCCIIEIOBAHUS, NTOKA3bIBAIOIINE U3MEHEHUSI aTOMHOM, JIEKTPOHHOUM CTPYKTYpPbl U CBOKCTB
HAHOKOMITO3WTOB HA OCHOBE MHOTOCTEHHBIX YIJIEPOIHBIX HAHOTPYOOK M METAJIOKCUIAHBIX HAaHOYA-
crun CuO, Cuy0, Cu, ZnO, MnO,, Co304, NiO u Fe Oy , cHHTE3MpOBaHHBIX Pa3IMYHBIMA METO-
JaMU U TIPY Pa3iMYHBIX MapamMerpax cuHTe3a. Tak, B padore [63] Obuia Mmoka3zaHa BO3MOXKXHOCTb
yIpaBJIeHHs] KOMIIOHEHTHBIM cocTtaBoM U Mopdosorueit Cu/YHT HaHOKOMIIO3UTOB ITpy MOIU(ULM-
POBaHMU MHOTOCTEHHBIX yriiepoaHsix Tpyook (MYHT) nanouactramu CuO, Cu,0 u Cu B 3aBu-
CHMOCTH OT ITapaMeTPOB CUHTE3a (KOHLEHTpAllMU IIPEKypcopa, TEMIEpaTypbl U BpEMEHU TepMUYe-
ckoit o0padoTkm). [TpomumoctpupoBanbl 3¢ dekTsl KBaHTOBbIX orpanndyenuii B CuO/MYHT, Cu,0/
MVYHT u Cu/MYHT HaHokomMno3utax ¢ pasinyHoil Mopgosorvent. [Ipy BHEIpeHU HaHOYACTULL
Menu 1 okcuaa mHKa B YHT mManoro quameTpa ObUto OOHapykeHO, YTO OOJIbIlask YacTh TUIOMIAAN
AKTMBHOI IMOBEPXHOCTU HAaHOYACTUL] TEPSIETCSA U3-3a KOHTAKTA C APYTMMHU HAHOYACTUIIAMU, a TaKkKe
crenkamu YHT [64]. [Ipu co3maHuy HAHOKOMIIO3UTOB Ha OCHOBe HaHodacTwil Fe,O3 OblIo ycTa-
HOBJIEHO HajiMuue amopgHoro yriaepoaa Ha nosepxHoctd YHT B ciyuae pacnonoxeHuss HaHOYa-
CTUIIbI C BHEIIIHEW CTOPOHBI TPYOKH, B TO BpeMsl Kak /17151 HaHodactull Fe,O3, pacnookeHHbIX BHYTPH
VHT, nabmoaanack 4yucTast HOBEpPXHOCTb 0€3 YIJIEpOAHOIO MOKPHITUs. [JajbHenre SKCIepuMeHThI
MIOKa3aJIi HEOJHOPOJHOCTh paclpe/esieHus: NoBepXHOCTHOro okucienuss YHT npu pacnonoxeHun
HaHovactul Fe,O3 BHyTpH TpyOku [65]. Ilpu cuHTe3e psiia HAHOKOMIIO3UTOB HA OCHOBE OKCHUJIOB
3d-nepexoaubix MetawioB (MnO,, Co304, NiO, CuO, Fe,Oy) u JlernpoBaHHbIX a30TOM YIJIEPOJI-
HBIX HAHOTPYOOK, OKCH/Ibl METAJUIOB paccesiHbl Ha (pyHKIMOoHaMM3upoBaHHbIX YHT. KomOunuposa-
HUE MEeTaJIOKCUAHBIX HaHoyacTUll 1 YHT B koMIio3uTe Mo3BOISIET KOHTPOIMPOBATh MOP(OIOrHIo
(PyHKIIMOHAIM3UPOBAHHBIX HAHOTPYOOK, X JUaMeTp U IJIOIIA /b IOBEPXHOCTH [66].

OOMMpHBIA Kpyr padOT MOCBSIIEH BIMSHUIO TIOJIMMEPHOW MaTpHLbl HAa (hOpMY, CTPYKTYpY
Y CBOMCTBAa HAHOKOMIIO3UTOB [67]. MeTajutononumepHble HAHOKOMIIO3UTHI MPECTABIAIOT COOO0M
paBHOMepHO aucneprupoBaHHble HaHodacTUIbl (100-200 HM) HEOpPraHMYECKHUX BEILECTB (MeETas-
JIOB) M UX COEJUHEHUI B MoiumepHoil marpuiie. CTpyKTypa MeTaJUIOPraHU4eCKMX HAaHOKOMIIO3H-
TOB 00pa3yeTcsl MyTeM CBA3bIBAHKS METAJUIMYECKUX LEHTPOB U OPraHn4eCKUX MaTpULl C IOMOLIBIO
CUJIbHBIX KOBAJICHTHBIX CBsi3eil. B 3aBUCMMOCTH OT BHIOpPAaHHOTO METaJlIa ¥ OPraHNYeCcKOro JIMTaH/a,
HAHOKOMITO3HTHI C Pa3IMYHBIMU (DOPMaMHM M pa3MepaMy aKTUBHOTO LIEHTpa a/ICOPOLIK MOTYT OBITh
aJlalTUPOBaHbl K KOHKPETHBIM MOTPEOHOCTAM Mpouecca agcopouuu [68]. KommnosunmoHHsle mate-
puasbl, 0Opa30BaHHBIE COYETAHHEM OPraHUYECKHMX MOJMMEPOB M HEOPraHMYECKMX MATepUasiOB C
LIeJIbIO CO3JJaHUSI MATEPUAJIOB C BHICOKOW MPOU3BOAUTENBHOCTBIO U (DYHKIIMOHAIBHOCTBIO, HA3bIBAIOT
"OpraHo-HeOpraHMYeCKMM rMOPHIHBIM MaTepraioM"”, KOTOPBIi MO3BOJISIET IPeoOpa30OBaHMe OpraHu-
YEeCKMX MOHOOOMEHHBIX MaTepUasioB B TMOPUAHBIE MOHUTHI [69]. DIeKTPONpOBOASIITE TOJTUMEPH,
OTHOCSILMECS K TaK HAa3bIBAEMOMY KJIACCYy «CMHTETMYECKMX METAJUIOB», — 3TO MOJUCONPSKEHHbIE
MIOJIUMEPBI, KOTOpPblE O0AJAI0T NEKTPUUYECKUMHU, NEKTPOHHBIMUA, MArHUTHBIMUA U ONTUYECKUMHU
CBOICTBAMHU METAJUIOB, HO COXPAHSIOT MEXaHUYeCKHe CBOMCTBa OOBIYHBIX MOMMMepoB. Hekotopsie
TOJIMMEPHBIE TUNEKTPUKH W TOTYTPOBOAHUKY MOTYT OBITh IEPEBEICHBI B IPOBOJSIIEE COCTOSI-
HUE TOJIbKO B pe3yJibTaTe KapAWHAJIBHOIO U3MEHEHUs MX CTpoeHus. i npuiaHus NOJIMMEPHOMY
IWSJIEKTPUKY JOCTaTOYHO BHICOKOM JIEKTPOIPOBOIHOCTH MOTYT OBITh UCIIOJIb30BAHBI JBA BAPUAHTA:
760 CO31aHKE BHICOKOPA3BUTHIX 00JIACTel MONMMCOIIPSIKEHN S, TMOO BBE/IEHNE HEOOXOIMMOTO KOJIH-
YeCcTBa HAIOJHUTEIs/JONAHTa, B PO KOTOPBIX MOI'YT BBICTYNATh HAHOYACTHIIBl METAJJIOB WM UX
okcuI0B. Kak/1plil U3 3TUX BapMaHTOB MMeeT CBOU HepocTaTku. ClIMBaHue MaKpOMOJIEKYJ ¢ 0Opa-
30BaHMEM MPOCTPAHCTBEHHBIX CETOK MOKET COMMkKaTh LM MAaKPOMOJIEKYJ Ha PaccTOsHUE OT S5—
10 go 1-1,5 E (paccrosiHue BaJIEHTHBIX CBsI3€ii), YTO 0OJeryaer nepekpeiBaHue opouTasieil 1 oOMeH
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JIEKTPOHOB, HO B PE3YJIbTATE ITUX CIIMBOK MOXET HAPYUIMTHLCS €IUHAasi CUCTEMA MOJIMCOIPSIKEHUS.
C npyroil cTOpoHbl, BBEIEHUE B MTOJIMMEP COEIUHEHUI NEPEXOJHBIX METAJIJIOB OKa3bIBAET /IBA B3aU-
MOWCKJTIOYAIOIUX BIUSHUSA HA €r0 JIeKTPOoIpoBoAsiiye cBoiMcTBa. C OIHOM CTOPOHBI, IONAHT OCY-
LIECTBJISIET CBSI3b MEXK/1Y YUaCTKAMU MOJTUCOIIPSIKEHU S TIOJIMMEPA KaK JIEKTPOIPOBOIALINI MOCTHUK,
a ¢ Jpyroi CTOpPOHBI, HapyILIaeT HaIMOJIEKY/ISIPHYIO CTPYKTYpy noaumepa. B 3aBucumoctu ot BkJaza
3TUX JBYX IPOLIECCOB NPU (POPMUPOBAHUM CTPYKTYpPHI MOJMMEpPA MOTYYaIOT JIEKTPOIPOBOISAIINE
1 HerpoBopsiue KoMro3uthl [70]. [mOpumHble MaTepuasisl HA OCHOBE MPOBOSIINX MOJTMMEPOB
¥ HEOPraHWYECKUX IMOTYIPOBOAHUKOB OONA/IAI0T YIIPABISEMOU IEKTPOIPOBOAHOCTHIO U YHUKAIIb-
HBIMH OKHUCJIUTEIbHO-BOCCTAHOBUTEIbHBIMU CBOWCTBAMU 110 CPABHEHMIO C YUCTBIMU MOMMepaMu. B
3aBUCUMOCTH OT BHJA BBOJMMOIO B KOMIIO3UT METa/ula U OPraHMYeCcKOro JIMIaHAa, OpraHnyecKue
CEeTH C MEeTALTMUECKUMHU IIEHTPaMH pas3IMuHON (POPMBI, pa3Mepa U coCTaBa MOTYT OBITh aJaliTUPO-
BaHbl K KOHKPETHBIM (QYHKITMOHAIbHBIM CBOMCTBaM. CTPYKTypa METAJUIOPraHUYECKUX HAHOKOMITO-
3UTOB MOXET OBITh MOJIyYeHa IyTeM COOPKU METAITMYECKUX IEHTPOB U OPraHUYECKUX JIMHKEPOB KaK
Yyepe3 CHIIbHbIE KOBAJICHTHBIE CBSI3M, TaK U (pU3MUEcKoe B3aMMOJeNCTBIE Oe3 00pa3oBaHUs XUMHU-
yeckux cBsizeid [71]. Takum oOpa3oM, CTPYKTypHOE YIOpsiIoUueHre MOJIEKYJT B MOJIMMepax orpe/e-
JIileT UHTEHCUBHOCTh MEKMOJIEKY/ISIPHBIX B3aUMOJEWCTBUIM, KOTOPOE B CBOIO OYEpe]b OMNpeAesieT
YKCJI0 NEPEHOCUMBIX JIEKTPOHOB B HUX U, KaK CJIEACTBHE, IEKTPOIPOBOAHOCTb. VIOHBI IEPEXOIHBIX
METAJIJIOB MOTYT ObITh BBEIEHBI B IOJIMMEPHbIE HAHOKOMIIOZUTHI ITyTe€M T00ABJIEHHS UX XJIOPUIOB B
WCXOJHBIN PACTBOP Y MOJIMMEPH3ALIUsl MOXKET IMPOMCXOAUTH KaK BOKPYT HUX [72], Tak u 6e3 BKJIO-
YEeHUs MIOHOB MeTajljla B OpraHM4yecKylo Marpuily. M3yueHne XuMHUUecKuX peakivii B MPUCYTCTBUU
XJIOPUJIOB MEPEXOHBIX METAJUIOB MOKA3aJI0, YTO 3TH COSAUHEHUsI 00pa3yIoT HUTPUJIbHBIN TIOTMMEp
JOHOPHO-aKLIENTOPHBIX KOMILJIEKCOB. BBeieHue cosell MeTaljIoB B OpraHM4YeCKylo MaTpUlly Mo-pas-
HOMY BJIMSIET Ha MPOBOAMMOCTD TMOTYYEHHOTO KOMIIO3UIIMOHHOTO MaTepuaa u3-3a crocoda, KOTo-
PBIM METaJUT BKJIIOUEH B MOJIMMeEP: JIMOO0 3TO 0Opa3oBaHue XuMUIeckou cBsizu ¢ CN-rpymmoi, oo
3TO MEKMOJIEKY/ISIPHbIE B3aMMO/ICHCTBHUSI HAHOUACTHUI] MeTaslla (OKCHJa METAJIJIOB) U HE3aBUCHMbIE
OT METAJUTMYECKMX HAHOUYACTHII IIeNH ronumepa. Takum oO6pa3om, 3JIeKTPOITPOBOIHOCTh METAIIIOP-
raHUYECKMX HAHOKOMITO3UTOB MOXKET 3aBUCETh OT HECKOJIBKUX (PAKTOPOB: CTENIEHU MOIUCONPSIKEH-
HOCTU Y KOHLIEHTPAIMU JIONIAHTa, XMMUYECKOTO COCTOSIHUS U CIIOCOOA B3aMMOJIEHCTBUS JIOTIAHTA C
aTOMaM¥ OpPraHWYeCKON MaTpPHLIbI.

DNEeKTPUUYECKUE XAPAKTEPUCTUKU TOJIMMEPOB C CONPSIKEHHBIMU CBS3SMU MMEIOT IUIUPOKUI
AMana3oH 3HAUEHW: OT AMNIEKTPUYECKHUX JIO0 MOJYyMETAUIMYECKUX; YAEIbHAsA 3JEKTPOIPOBOIM-

MocTh Konebnercst or 107" JI0 eqUHUILL Om’! CM'1[73]. YyscrButenbHOCThIO K NO, 1 NH3 o6na-
naot mwieHku MePc (Pc — ¢ranommanun). [Tnenku CuPc, PbPc, TiPc, u CuTTBPc (terparpudy-
THJI3aMelIeHHbIN (PTATONMAHNH Me/In) 00JagaloT YyBCTBUTENBHOCTHIO K NOy, a MJIeHKH Ha OCHOBE
auxJopgTaIoNUaHuHa MeIi 00JIaJaloT YyBCTBUTEIBHOCTHIO K aMMHUaKy [74— 75]. UyBcTBUTEIBHO-
CTBIO K MOHOOKcHY a3ota NO olnamaer KoOaabT-coiepKalliii MeTaJIOpraHnIeCKUi MoJiuMep —
3,4- (muokcuatuiieH) TnogpeH-N,N’— nmporieHOrC (cauIInaeHIMaMiH) Kooasbta [76]. Kene3zo-
Y ATIOMUHUICOEpKaIlIYe TUIEHKY NOMMaHUIMHA SIBJISIIOTCS 31€KTPOIPOBOASAIIMMYU U YYBCTBUTEb-
HBIMH K MOHOOKCHy yriepoaa [77]. MeramioopraHuueckue IJIEHKHM C OKCHJIAMH Meau oOna-
JAI0T 3HAYUTESIbHBIMM KaTaJTMTUYECKUMU CBOWCTBAMMU [IJIs1 CO3/IaHUsI CEHCOPOB Ha TUOKCHU] a30Ta,
aMMHUaK M cepoBofopoid. Tak Hampumep, Uil ONpeaesieHUs] TapoB alleTOHa W MeTaHOoJa MCIOJb-
syercsi SAW-ceHcop (surface acoustic wave) Ha ocHOBe moivuHa TiatuHbl ( momu- [1,4-okcu-
rekcajeni-2,5-muatuHnioer3un-ouc (tpudenmngocdun) miatuasl (I1I)] ) [78]. Beicokyo razo-
YYBCTBUTEJILHOCTh TP KOMHATHOM TeMIIepaType K BOAOPOAY OOHAPYXMBAIOT IJIEHKM HA OCHOBE
MOJIMIApaKCWIWIIEHa U najutaaus [79].
Takue nomumepsl, kak nomvanuiuH (ITAHW) u nomuakpunonutpun (ITAH), BeI3bIBaIoT oco-
ObIll MHTEpEC B CBSI3M C WX SKOJIOTMYECKOH YCTOWYMBOCTBIO, KOHTPOJIMPYEMOM 3JIEKTPOIPOBOIHO-
CTBI0 U MHTEPECHBIMH OKMCJIMTEIbHO-BOCCTAHOBUTEIbHBIMU CBoWicTBamMH [80]. Mertamiopranuye-
CKMe HAHOKOMITO3UTHI, Takue Kak ZnOyx, CuOy, ZrOy, NIOy, CoO4/TIAH u ITAHW u 1.1., puznyueckun
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U XUMUYEeCKH CTaOWIbHBL [81]. PyHKIIMOHATM30BAaHHBIE METAJUIOOKCHIHBIE HAHOYACTHIIBI JIETKO
MPOHUKAIOT BHYTPh MOJMMEpa W MOJMMEPHU3aIUsl IPOUCXOAUT BOKPYTr HUX [82], UTO MPUBOIUT K
00pa30BaHMIO MEJIKOAUCIIEPCHOTO METAJIIONOIMMEPHOTO HAHOKOMITO3UTA.

K nmocrouHCTBaM CEHCOpPHBIX KOMIO3UTOB Ha OCHOBE IUIEHOK M3 OPraHMYEeCKUX MaTepuasioB
CJie/lyeT OTHECTA BO3MOKHOCTD OIpEJIeIeH!sI MaJIbIX (HAa YPOBHE ppm) KOHILIEHTPAIIMI aHATU3Upye-
MBIX Ta30B, BOBMOKHOCTb YIIPaBJIEHUSI CBOMCTBAMY OPraHMYECKUX TIOMYITPOBOJHUKOB B ITUPOKOM
JMana3oHe 3a CUeT U3MEHEHUs MX CTPYKTYPHI U COCTaBa, a Takxke OoJiee HU3KYIO, TI0 CPABHEHUIO C
HEOPraHMYEeCKMMHU TIOTYITPOBOTHUKAMHM, PadOUyi0 TeMIieparypy. B To ke Bpemsl CeJIeKTUBHOCTh U
YYBCTBHUTEJILHOCTh TIOJTYIIPOBOJHIUKOBBIX CEHCOPOB MOXET OBITh YITyUIlleHa ITyTeM BBE/ICHHS B KOM-
TMO3UIIMIO Ta309YBCTBUTEIHHOTO MaTeprasia J00aBOK, peryJTMpOBaHUEM TOJIIIMHBI M Pa3MEPOB TONTY-
MPOBOJIHMKOBBIX IJICHOK, HAPaBJIEHHbIM U3MEHEHHUEM MOP(dOIOruy MOBEPXHOCTU B MPOIECCe UX
TEXHOJIOTMYECKOTO M3TOTOBJICHUS ¥ TEMIIEPATyPHBIX YCJIOBUH MTOTYUYCHUS.

KpemHueBbie MaTpUITbl aKTHBHO UCTIONB3YIOTCS TaKKe IJIs CO3JaHUs] HAHOKOMTIO3UTOB. Tak,
KpeMHUI OBUT UCTONIb30BaH B cMemaHHbiX Si0)-MeOy (Me-Mmetan) cuctemax ajis odecredeHust
BBICOKOM YYBCTBUTEJIBHOCTH, CTAOWJILHOCTA M OOpaTUMOCTH B ceHcopax [83, 84]. CymecrtByer
Tpu criocoda MPUMEHEHUs] KPEMHHUEBBIX MaTepUasioB ISl CO3/IaHUSI Ta30YyBCTBHUTEIILHBIX CEHCO-
poB. C Touku 3peHust (pOPMHUPOBAHUS METAUTMUYECKUX U METAJUIOKCUAHBIX YaCTHIl HauOoIee u3y-
YeHbl ¥ NIEPCIEKTUBHBI 30J1b-Tes1b MaTpuLibl [85]. C 1pyroii CTOpoHbI, KPEMHHI TaKKe UCTIOIb3YeTCs
IUTSI TIOBBIIIIEHUsI Ta304yBCTBUTEIBHOCTH TUIEHOK. B [86] coolmmanock, 4To TONBKO OJHOBpEMEH-
Hoe jo0aByieHre B cocTaB MieHKH SnO;Si0; u Pt MOXeT MOBIMATh HA MX ra309yBCTBUTEILHOCTD.
Hakownerr, kpemuuii jo6assiercst K SnO; 17151 TOBBIIIEHU S TEPMUYECKON CTaOMIBHOCTH aMOP(OHOTO
COCTOSTHMSI MaTepuaia, KoTopas HeoOXoauMa JJis cTabuIn3aliiy ¥ pedoTBpalieHs: 00pa3oBaHus
kpuctayumtoB SnO, [20].

Takum 0Opa3zoMm, ISl CO3[aHMsI HAHOKOMITO3UTOB C 3a/IaHHBIMU CBOWCTBAMU HEOOXOIUMO
ornpeneneHre (PU3MKO-XUMUUECKUX MEXaHU3MOB B3aMMOJECHCTBUS MaTpuUlla — MeTaJlIcoAepKaiias
COCTaBJISIONIAS], TPUPOIBI XUMUYECKOU CBSI3M MEXKy MATPUIIAMU Y HAHOYACTUIIAMY OKCHJIOB METaJI-
JIOB C pa3JIMuHbIM COCTABOM U MOP(OJIOrrel, BIMsHUE MaTPULIbl HA MOP(OJIOTHIO, ATOMHYIO U 3JIEK-
TPOHHYIO CTPYKTYPY METAJUIOOKCUHBIX HAaHOYACTUII. BBUIY 3TOr0 M3ydeHue MOAXOIOB K CHHTE3Y
HOBBIX TMOPUIHBIX HAHOMATEPUAIOB HA OCHOBE METAJUIOKCUIHBIX HAHOCTPYKTYP M KPEMHHEBBIX,
YIJIEPOAHBIX U TIOIMMEPHBIX MATPHIL M CUCTEMATUIECKOE UCCIIeJOBAaHUE CTPYKTYPbI, MOP(OIOrun 1
(pUBUKO-XUMUYECKUX CBOWCTB MOTYYEHHBIX HAHOMATEPUATIOB B 3aBUCUMOCTU OT YCJIOBHI CHHTE3a
MMEIOT BaXKHOE 3HaYeHue B (DyHIAMEHTAIbHBIX U MPUKJIAJHBIX aCTIeKTaX.
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KoHen 03HaKOMHUTEJIBHOT0 (pparmMeHra.

Texkcr npenocrasieH OO0 «JIutPec».
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