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Benenne. OcCHOBHBIC ITOHSITHSI 0 HAHOCOCTOSIHII BEEeCTBA

HanomaTtepnasibl M HAaHOTeXHOJIOTHS KaK MEX/IUCHMIUIMHAPHBIE HaIpaBJICHUSL,
chopMHUpoOBaBIIMECss B MHUPOBOM HayKe M TeXHUKe B mociejnue 15 — 20 Jjer, u3zyuawor
00beKThl, pazMep KoTopbIX cocrtaBisier npumepro 0,1 + 100 um (1 M = 107 M) 4
crocoObl MX GoOpMHpPOBAHMS, 5TO TaK Ha3zblBaeMble MajlopazMmepHele 00bekThl. [loj
HAHOMATEPHUAILIMHU WIH HAaHOCTPYKTYPHBIMH (HAHOKPHUCTAJUIMYECKUMH,
HAHOKOMITO3UTHBIMH, HAHOBOJIOKHUCTHIMM M T.JI.) MaTepHajlaMd TPHUHATO IOHUMAaTh
MaTepHajbl, OCHOBHBIE CTPYKTYPHbIE 3JIEMEHTHI KOTOPHIX (KPHCTAJUIUTHI, BOJIOKHA, CJIOH,
nopel) He npespimaroT 100 HM, mo kpalHeH Mepe B OJJHOM HalpaBiieHHMH. B 3amauy
MaTepHaJIOBEeTYeCKMX HCCJIE/IOBAHUN BXOJUT YCTAaHOBJIEHHME MHOTrooOpa3HbIX CBs3el
MEXJY CBOMCTBAMHM M CTPYKTYpPO#d MaTepHaloB C BbISIBJIGHHEM ONTHMAJILHBIX
HAHOCTPYKTYpP, YTO OCYHIECTBJSETCS B TECHOM CBSAZM C TEXHOJOTHEH U3TOTOBJICHHS U
MOCJIEIYIOMEN DKCIUTyaTalldel HaHOCTPYKTYPHBIX MaTepHajioB. brarogapss cBouUM
YHUKAJIBHBIM CBOHCTBAM HAHOCTPYKTYPHBIE MaTepHAJIbl 3aHUMAIOT BeIylee MOJI0KEeHHE B
COBPEMEHHOM MaTepHAJIOBE/IeHUH.

TepMuH «HAHOTEXHOJIOTHMSD) BHEpBble ObLI HCIIOIBL30BAaH SIIIOHCKUM YYEHBIM
K. Taauryun B 1974 r. npu oOcyxaeHHH NpoOieM oOpabOTKH XPYIKHX MaTepHAJIOB.
[IpunnUNManbHOE 3HAYEHHE MalloOpa3MePHBIX 00BEKTOB OBLIIO MOAUYEPKHYTO HOOEIEBCKHM
naypeatoM P.®@eiinmanom B 1959 r. Ero nexuus ¢ auleroppueckuMm HazBaHueM «BHu3y
HOJIHBIM MOJIHO MecCTa: NpHUIJIAlIeHHe B HOBBLIH MHp (PM3HKW» aKIEHTHUPOBAJa BHUMAHUE
Ha BakHOCTH pabor B oOmacTH ckatusg HHGPOPMALMU, CO3JAHUS MHUHHATIOPHBIX
KOMIILIOTEPOB, JH3aiiHa MATEPUAJIOB H YCTPOMCTB MeTOJaMH MOJIEKYJIIPHON apXUTEKTYphI
C y4eToM ocoOeHHOCTeH OHOJIOTHYeCKHX OOBeKTOB. Bosbmmne Hajaek/Ibl BO3JIArajuch Ha
XMMHYECKHIA CHHTe3, NpHYeM OTMeYaJoch, 4YTO 3aKOHbI (DM3MKM He 3ampemjaroT
KOHCTPYHpPOBAHHE MaTePHAJIOB HA AaTOMHO-MOJIEKYJIIPHOM YPOBHE.

Hexoropeie ugen P. @eitnmana Obuiu pazeutel J. Jlpekciepom (MaccauyceTckuid
TexHojorudeckuit uHcTUTYT, CIITA). B 1986 1. BoIXOAUT ero KHura « MamuHbl CO3UaHUS:
[IPUINECTBHE DPbl HAHOTEXHOJIOTUM». OCHOBBIBASACH HA OHOJIOTHYECKHX MOJEJIAX, aBTOp
BBEJI IPEJCTABICHHA O MOJIEKYJLIPHBIX pOOOTOTeXHHUYSCKHX MAaIIHMHaX. B mpoTHBOBec
TPAIMIHOHHOMY TEXHOJOTHYECKOMY MOJXOJly «CBepXy — BHH3» (THUIIHYHBIH NpUMep —
U3MeJIbUeHHE) IPUMEHHTEIbHO K MHHHATIOPU3AIMU HHTETpaIbHBIX cXeM ObL10 oOpamieHo
BHMMAaHHE Ha CTPATErHI0 «CHH3Y — BBepX» (MMeeTcsl B BHUJY aTOMHAasi U MOJIEKYJISIpHAst
cOopka, o yem paHee ynomMuHai P.@eitnman).

B 1990 r. B xomnanuu IBM ¢ momMompo CKaHHPYIOIEr0 TYHHEJIBHOTO MHKPOCKOIIA
Obuta cioxeHa abOpeBuatypa IBM m3 35 KCeHOHOBBIX aTOMOB Ha TPaHH HHKEJICBOTO
MOHOKpHUCTa/LIa, YTO OJlecTsmie MOATBEpANIO pealbHOCTh H/1eH aTOMHON apXHUTEKTYphl U
IIPOJAEMOHCTPHUPOBAJIO BOZMOKHOCTH HAHOTEXHOJIOT HH.

[lapasutelbHO pa3BUBAIIMCH M KOHICNI[MH HAaHOMaTepHaloB. BriepBbie oHM ObUIH
copMyTHpOBaHbI IPUMEHHTEILHO K MeTa/UTHIeckuM MatepuaiaMm I'. I'neirepom (1981 1.);
AM ke ObUT BBeJeH TePMHH «HAHOKPHCTAUITHYECKHE» MaTepHajbl, II03XKe CTald
UCIOJIL30BATLCA TaKHe TEPMHUHBI, KAK «HAHOCTPYKTYPHBIE», «HAHOKOMIIOZHTHBIE» H T.J.
I'mapHast ponp coriiacHo 5TOM KOHIENIMM ObllIa OTBeJeHa IIOBEPXHOCTSIM paszjesa
(rpanunaM 3epeH) Kak (Qakropy, MO3BOJISIONIEMY CYIIECTBEHHO H3MEHHMTH CBOMCTBA
TBEP/IBIX TeJl MyTeM MOJU(PHUKAIIMH CTPYKTYPhI M 3JIEKTPOHHOTO CTPOCHHS, a TaKXKe 3a cHeT



JIETUPOBAHHUS XMMHYECKUMHU DJIEMEHTAMH HE3aBHCHMO OT Pa3MepoOB MX aTOMOB M THIIA
XUMHYecKkoi cBs3H. 1. D'nedirepom Oblnl  Takke NpesiokeH MeTOJ MOJyUSHHS
HAHOMATEPHAJIOB, 3aKIIOYAIOMIMICA B COYCTAHMM M3TOTOBJICHHSA YIIBTPAUCHEPCHBIX
HOPOIIKOB IIyTeM HCIApeHUsA-KOH/IeHCAIlMN C HUX TMOCIe/ylomei in situ BaKyyMHOM
KOHCOJIW/IalIMe | 1IPU BBICOKHX JIABJICHHSIX, YTO 00ecIeunuBasIo MoydeHne JJHCKoOOpa3HbIX
oOpasuoB quameTpom 10 10 — 20 MM u Tosumuuo# 10 0,1 — 0,5 mm.

Mertona I'. I'neiirepa GbLT B35T Ha BOOPY KEHHE BO MHOTHX CTpaHax, U pazHooOpa3Has
uHpoOpManuss 0 CBOHCTBAX HAHOMATEpPHAJIOB CTaja HaKalUIMBaThCs J1aBHHOOOpasHo. B
Hamed cTpaHe O/iHa W3 MEepBBIX paboT B 3TOM HamparieHHH Obula omyOJIMKOBaHA B
1983 r., T.e. mpakTHUeCKH OJiHOBpeMeHHO ¢ pabotamu I'. I'meiirepa. Mcnonb3yst Metoj
BBICOKHMX /JIABJICHUHM JUISl KOHCOJIMJAAIMH YJILTPAJUCIEPCHBIX IOPOIMIKOB HHUKEIs IpU
YMEpPEHHBIX TeMIlepaTypax Hay4dHo rpymme mnojJ pykoBogactBom B.H. Jlanoka wu
JLA. TpycoBa yAagoch MOMYYHTh HAHOKPHCTAUTMYECKHE oOpasIbl, TBEPJAOCTh KOTOPBIX
Oosee wWeM B [Ba paza NPEeBOCXOAMJIA TBEPJOCTh OOBIYHOTO MOJUKPHCTAILIMIECKOTO
HUKEJIS.

CreayeT OTMETUTh, WYTO HM3yYeHHEe MaJlOpa3MepHbIX O0OBEKTOB (HOPOIIKOB,
KOJUIOM/IOB, KATaJM3aTOPOB, IEOJIMTOB, IMMIMEHTOB, IUICHOK, KJIaCTEpOB M [Ip.) H
KBAHTOBBIX pa3MEpHBIX SBJICHHH Hadaloch 3a0Jro /o «HaHoOyma». boiee Toro,
apXeoJIOTMYECKHE  HAXOAKHM  CBHJETEIBCTBYIOT O  CYIIECTBOBAHHUHM  PEIENTYp
IPUTOTOBJICHUS KOJUIOMJHBIX CHCTeM emle B aHTHUYHOM Mmupe. «Kuraiickue uepHmia»
(npeacrapiisitonue co00M KOJUIOUWIHBIN pacTBOpP CaXki B BOJIe ¢ Jlo0aBKaMH Ir'yMMHapaOUKa;
HOCJIETHHE CIIOCOOCTBYIOT MPEIOTBPANICHHIO arJloMepaIiii TUCTIEPCHBIX YacTHIl CAXKH U MX
oceJjaHusl, CTaOWJIM3UPYsl CBOMCTBA YEpHWI BO BPEMEHH.), HallpUMep, NOSABHIHMCHL OoJiee
YeThIpeX ThicAY JieT Ha3aq B JlpeBHeMm Erumre, a Bo3pacT OHONOTHYECKHX HAHOOOBEKTORB
MOJKeT HCUHCIISITHCSI C MOMEHTA BOZHHKHOBEHUS JKU3HHU Ha 3eMIle.

Hayunple uccieoBanus HaHooObekTOB HauuHaroTesad B XIX B., korjga M. @apajeit
(18561857 rr.) mosydaeT © HMCCIEAYET CBOMCTBA KOJUIOMJHBIX PacTBOPOB
BBICOKO/IMCIIEPCHOTO 30JI0Ta U TOHKHUX IUIEHOK Ha ero ocHose. Otmeuennoe M. @apajeeM
W3MEHEHHe IIBeTa B 3aBHCHMOCTH OT pa3Mepa YacTHIl — €/Ba JIM He IEpBBIH NpHUMep
Ucclie/IoBaHUA pa3MepHbIX 3(dexToB B HaHooObekTax. IIIMpokuii mMHTepec, KOTOpBIH
IOposIBJIIETCSI K HHUM B IIocje/Hee BpeMsi, oOyCJIOB/IEH, IO KpaiHeH Mepe, Tpems
0o0CcTOSATEILCTBAMM.

Bo-nepBbiX, MeTOJbl HAHOTEXHOJIOTHMH IO3BOJIAIOT IOJIYYUTH HNPHUHIHITHAILHO
HOBBIE YCTPOMCTBA U MaTePHAJIBI C XapaKTePUCTUKAMHU, 3HAYUTEIILHO MPEBOCXOIANUMH HX
COBpPEeMEeHHBIH YpOBEeHb, UTO BeChbMa BaJKHO /UII MHTEHCHBHOIO Pa3BHTHS MHOTHX oOJacTei
TeXHUKH, OHOTeXHOJIOTMH, ME/IUITHHBI, OXPAHBI OKPYKaroImei cpe/ibl, 000POHBI H T./1.

Bo-prophiX, HaHOMaTepHalltl U HAHOTEXHOJIOI'MSl OKA3aJUCh BeChbMa IMHPOKUM
MEHIUCIUIUIMHAPHLIM ~ HallpaBjieHUeM, OOBeUHSAIONIMM CIEIUAIMCTOB B  0o0JIacTu
(GU3UKH, XHMUH, MaTepUAIOBeIeHHUs, OMOIOTHH, MEIUIHHBI, TEXHOJIOTHH, HayK O 3emie,
KOMIIBIOTePHOH TeXHHUKH, SKOHOMHKH, COIIHOJIOTHH H Jip. HakoHel, B-TpeThHX, pelIeHHe
npo0sieM HAHOTEXHOJIOTHH BBISBHIO MHOTO Ipo0OesioB Kak B (PYHAAMEHTAJIbHBIX, TaK H B
TEXHOJOTUYECKUX 3HAHMSIX, YTO OISITh-TAKH CIIOCOOCTBOBAJIO KOHIIEHTPAIIMM BHUMAHUS
HAYYHO-HHKEHEPHOT0 cOO0MIECTBAa B 3TOM HAIIPABJICHHUH.

Bo muorux crpanax (CHIA, OObeaunenHas Espona, SAnonus, Kurait u ap.)
NOPHHATHI HAIlHOHAJIbHbIE MPOTPAMMBI, MpeAyCMaTpPHBAIONMHEe HWHTEHCHBHOE pPa3BUTHE
HAHOTEXHOJIOTHYECKHX HCCiIe/IoOBAaHHH M pa3paboTok. Bosbmoe BHHMaHHE y/eiaseTcs H
HO/ITOTOBKE Ka/IPOB.



Jlanee nmepedMciieHbl JIMIObL  HEKOTOpbIE M3 NPHOPUTETHBIX  HAalpaBJIeHHH
HAHOTEXHOJIOTHH, pa3padaThIBalONMX HOBBIE IEPCIIEeKTUBHBIE METO/Ibl, MaTepHabl H
YCTPOHCTBA:

* MOJIEKYJIAPDHBIH JW3aiH MaTepHAJIOB M BEIIECTB C 3a/JaHHbIMH CBOMCTBaMH,
HAUUTEJILHO MPEBOCXO/ISIIUMH CBOMCTBA UX COBPEMEHHBIX AHAJIOTOB;

* HAHOIIPOI[ECCOPBI ¢ HU3KHUM YPOBHEM DHEPronoTped/IeHHs] U CYIlecTBeHHO OoJiee
BBICOKOM MPOU3BOAUTEILHOCTHIO,

* HeOobIIMEe 1O  pa3Mepy  3allOMHHAIONIME  YCTPOHCTBA C  OTPOMHBIM
(MyIpTHTEpaOUTHBIM) 00BEMOM ITAMSITH;

* HOBBIE JIEKAPCTBEHHbIE MPenapaTsl ¥ METO/bI UX BBEJICHUS B OpraHu3M (1poOsieMsl
CBEepXMAJIbIX /102 U UX a/IpeCHOM JI0CTABKHU);

* HOBbIE METO/bl MOHMTOPHMHIA OKpY)Kalomed cpejbl U OpraHusMa 4YelloBeKa ¢
HCIIOJIL30BAHUEM HAHOCEHCOPOB.

ITo onenkaM, oOOpPOT MHPOBOrO phIHKA INPOAYKIUH HaHoTexHojoruu B 2002 r.
coctaBisut okoo 300 mupa goswn. CIIA. ITo nmpornosam gepes 10 — 15 net ekerogHbIi
PBIHOK HPOJAYKIIMH HAHOTEXHOJIOTMHM cocTaBUT okoJjio 1 Tpin goswr. CHIA, Bxinodas
340 mipa goul. B cdepe HOBBLIX MaTepHaloB, KOTOpble HE MOTYT ObITh MOJTYYEHBI
TpaJMIMOHHBIMHA  MeTojgaMu; 300 wiapa ol B o0JacTH  MOJYNPOBOJHHUKOBOM
npombimieHHocTH; 180 Mapa gomwr. B obnactu dapmanestuku: 100 mapa gowt ais
KaTaau3aTopoB B HedTexumudeckod mnpomeimuieHHocTH, 100 Miapa jgomr B olmactu
OXpaHbl OKPY:KAIOUIEH cpe/ibl U COXPAHEHHUsI SHePreTHUECKUX pecypcoB: 70 Mip/1 A0JUL. B
00JIaCTH TPAHCIIOPTA.

3a npomeamue Oosee ABAAUATH JET UAEHM HAHOTEXHOJOTHMHM M CaMO COJIepKaHUE
MOHATHS «HAHOMATEPHAJILD) MOJIYYWIIH JaJIbHEHIIee pa3BUTHE.

Cpein HAaHOMATEPHAJIOB MOJXKHO BBIJCJIMTH HECKOJIBKO OCHOBHBIX Pa3HOBHIHOCTEI:
KOHCOJIM/IMPOBAHHbBIE HaHOMAaTEepHAJIbI, HaHOIIOJIYIIPOBO/THHUKH, HAHOTIIOJIUMEPHI,
HaHoOHOMaTepuaibl, QyiulepeHbl H  TYOVJISIpHBIE HAHOCTPYKTYpPbl (HAHOTPYTKH),
KaTaJM3aTophl, HAHOTIOPHCTBIE MATEPUAJIBI M CYIIPAMOJIEKYIISIPHBIE CTPYKTYPBI.

DTo pazjieieHHe BechbMa YCIOBHO, IMOCKOJIBKY CYIIECTBYIOT, HallpUMep, THOpUIHbIC
MeTAUIONIOIUMEpHbIe WM OHONoJMMepHble HaHOKOMMO3HMTHL. [lpuyemM B  Kiace
HAHOMATePHAJIOB BXO/JST KaK HOBBIe (HAaIpuMep, HAHOTPYOUaThIM MaTepHalaM BCETO
Jumb okojio 20 jieT), Tak M JOBOJILHO cTapble 0OBEKThl (HanpHUMep, KaTajlu3aTopbl U
HAHOIIOPHUCTBIE MAaTEPHAJIBI).

K xouconuouposannvim HanHoMaTepragaM OTHOCAT KOMIAKThI, IUIEHKA U MOKPBITHS
W3 METAJUIOB, CIUIABOB M COEMHEHMH, MoJIydaeMble METOJaMH IOPONIKOBOM TEXHOJIOTHH,
WHTEHCUBHOM IUIACTUYECKOM JepopMaliuu, KOHTPOJIUPYEeMOM KPHUCTAJUIM3AIUUA U3
aMopdHOTro COCTOSHUS U pa3HOOOpa3HBIMH IIPUEMAMH HAHECEHUs IUICHOK U MOKPLITHH.

HanozepHa (HaHOKPUCTAIUIUTEI) STHUX MATEPHAIOB HAXO/IATCS He B M30JIMPOBAHHOM (T.€. B
BH/IE OT/CJBHBIX 00pa3oBaHMI) WM CIA0OCBA3aHHOM (HAIpUMep, HAHOYACTHII C 3AlUTHHIMU
NOJIMMEPHBIMH ~ 000JI0YKaMH) BHIe, a B KOHCOJMIMPOBAHHOM COCTOSIHHH. [IpouHocTh
MesK3epPEeHHBIX IIPOCIIoeK B KOHCOJIMIMPOBAHHBIX HAHOMAaTepHA/IaX JJOBOJIBHO BbICOKA.

Hanononynposoowuxku, Hawononumepsl U HaHoouoMmamepuaibl MOTYT ObITh Kak B
U30JIMPOBAHHOM, TaK M YAaCTHYHO B KOHCOJIMMPOBAHHOM COCTOSIHMHM, oOpazysl Takxke
ruOpH/IHbIe (CMenIaHHbIE) MaTePHAIIBI.

DynnepeHvt U myoyiapHvie HAHOCTPYKTYPhI CTAJIM MNPeAMETOM MHOTOYHCIIEHHBIX
HccleJoBaHMH, HauuHas1 ¢ 1985 r., korja Oblia HACHTH(QHUIMPOBaAHA HOBAs AJUIOTPOIIHAs
(dopma yrieposa — kinactepsl Cgg u Crg, HazBaHHBIE (yUlepeHamMu (paboThl HOOEIEBCKUX
gaypearoB H. Kporo, P. Kepiny u P. Cmosun), u ocobenno ¢ 1991 r., xorja sinoHCKui



yuenblii C. Mmuma oOHapyKHII yIiIepo/iHble HAHOTPYOKH B NPOJIYKTax 3JIEKTPOYTOBOIO
ucrapeHus rpaduTa.

Harnonopucmuie MaTepHallbl XapaKTepH3YIOTCA pa3MepoM Iop, Kak MpaBHiIo, MeHee
100 am. Kamanuzamopvl — TakKe OJUH W3 NPUMEPOB JABHO HCCIIEYeMbIX H IIHPOKO
IpUMeHsieMbIX HaHooOwekTOB. Hakomneun, cynpavonexynapuvie CTpyKTYpel — 5TO
HAHOCTPYKTYPHL, NOJIy4aeMble B pe3yJibTaTe TaK Ha3bIBAEMOI0 HEKOBAJIEHTHOI'O CHHTE3A C
oOpazoBaHHeM caaObIX (BaH-/ep-BAaalbCOBBIX, BOJAOPOAHBIX H Jp.) CBA3eH Mexay
MOJIEKYJIaMH U HX aHCaMOIIAMH.

Takum oOpaszoM, nepedHciicHHbIe BH/IbI HAHOMATEPHAJIOB BeChbMa OTIMYAIOTCS KaK
[I0 TEXHOJIOTMM M3rOTOBJIEHUS, TaK U 10 (PYHKIIMOHAILHLIM MPU3HAKAM, UX 00bEIHHSIET
TOJILKO XapaKTepHbIM MaJjiblii pasMep 4acTHull, 3epeH, TpyOOK, Iop, OoIpeessonui
CTPYKTYPY M cBoHcTBa. MUHHUMAaNBHBIH pa3mep CTPYKTYPHBIX DJIEMEHTOB COCTABJISIET
(0,l+1,0)><10_9 HM, T.€. II0 CYIIECTBY OTBEYAET pa3zMepaM OT/Ie/IbHbIX aTOMOB M MOJIEKY.I,
MakcUMaJIbHBIN pazMep — 100 HM — yCTaHOBIIEH YCJIOBHO.

HMuorpga BeICKasbIBaeTCsl MHEHHE, 4YTO BEPXHHMHM mpefen (MakCHMaJbHBIH pa3zMep
37IEMEHTOB) HAHOKPHCTAJUIMYECKOTO COCTOSIHHSI JIOJDKEH OBITH CBSI3aH € KaKHUM-JIHOO
XapakTepHbIM (HU3UUYECKHM @apaMeTpoM — J/UIMHOM cBoOoHOro mnpobera HOCHUTEI,
auamerpom neri @panka-Puia /Ui ckojibKeHUs JUCIIOKAIMH, pazMepoM JIOMEHa WU
JIOMEHHOM CTEHKH M, HAKOHEIl, UTMHOM BOJIHBI 2JIeKTpoHa Jie bpoii. OaHako auana3zon
U3MEHEHHA STHX XapaKTepHbIX (GHU3HUECKUX MApaAMETPOB, ONPEISIIIONUX YICKTPUISCKHUE,
MarHUTHBIE, Je(opMallHOHHBIE W JIPyTHe CBOHCTBA NMPHUMEHHTEIBHO K pa3HOOOpasHBIM
TBEpAOTEILHBIM 00BbEKTaM, BeChbMa IHPOK M YCTAHOBHUTH KaKOH-JIMOO e IMHBbIN BepXHHM
1pe/ieJl He Ipe/ICTABIISIETCS. BO3MOXKHBIM.

Oco0o creryeT cKazaTh 0 HEKOTOPBIX TEPMUHOJIOTHUECKUX 0coOeHHOCTAX. boibioe
pacnpocTpaHeHHe  IOJIYYWIM  TaKMe TEepMHHBI €  IPUCTABKOM  «HAHO», Kak
«HAHOTEXHOJIOTHSA», «HAHOXJIEKTPOHHMKA», «HAHOXMMHA». B aMepHKaHCKOH JIHTepartype
[OHSITHE «HAHOTEXHOJIOTHMS» IPUHATO ONpee/ATh KaK yMeHHe IleJIeHallpaBIeHHO
€03/1aBaTh M UCIIOJIL30BATh MaTepHAJIbl, YCTPOHCTBA U CUCTEMBI, CTPYKTYpPHBIE 3JIEMEHTHI
KOTOPBIX MMeIOT pa3zmep npubausutenbHo 1+100 aM. Hayka o ManopasMepHbIX 00beKTax

(nanoscience) — 3TO0 COBOKYIIHOCTH 3HAHHH O CBOMCTBAx BCIICCTBE H SIBJICHUH B
HAHOMETPOBOM MaciTale.
Hanovwacmuyvt  (HaHonopowiku) — 5TO0 Majlopa3MepHble TBep/ble BeIIECTBa,

reOMeTpUYECKHI pa3Mep KOTOpbIX H3MeHsieTcs oT AecsaTtbiX Aojeit 1o 100 am. IHowsarus
«HAHOYACTHIBI» H «HAHOMOPOIIKH» BO MHOTOM IEPEKpPHIBAIOTCS, HO, KOHEYHO, CIIeyeT
HUMETh B BH/1y BO3MOJKHBIM H30JIMPOBAHHBIH XapaKTep NEepBLIX U 00s13aTe/IbHO COBOKYITHBIN
BU/l MOCJEeJAHUX (IIOPOINOK — BTO COBOKYIHOCTH HAXO/SIIUXCSI B CONPHUKOCHOBEHUH
UH/MBUAYAILHBIX TBEp/bIX wacTull HeOosbmux paszmepor (ot 0,001 go 10° MKM)).
Cuuraercd, 4YTO HAHOYACTHIBI C YMEHBIIEHHEM pa3Mepa IMepexoJdaT B KJIAacTepsl,
cojiepkamue oT 10 0 HeCKOJIBKHX ThICSY aTOMOB (IO pa3sHBIM JaHHBIM, MPHMEPHO 0
2000 + 10000). IlonararoT Takke, 4TO Ul KJIACTEPOB, B OTJIMYHE OT KPHUCTAILUIMYECKUX
YacTHIl, XapaKTepHa IoTepsl TPaHCIAIMOHHOM cumMmeTpud. K HanHoudacTHmiam cedvac
OTHOCSIT ¥ MOJYNPOBOHUKOBBIE KBAHTOBbIE TOUKH M MOJIHMEpPHbBIE JeHIAPHMEPHI — KjIacc
MIOJIMMEPHBIX COe/IMHEHUMN, MOJIEKYJIbI KOTOPBIX UMEIOT O0JIBIIOE YUCIIO Pa3BeTBICHUH.



I'masa 1. CBoiicTBa HAHOMATEPHUAJIOB

1.1. PasmepHsle 3pdekThI B HAHOMaTepHAIAX

BeisiBnieHreM B3aMMOCBS3M CBOMCTB MATEPHAIOB € XapaKTepHBIMH pa3MepaMH HX
CTPYKTYPHBIX SJIEMEHTOB pa3iHuyHble Hayku ((pU3MKa, XUMHsS, MaTepHaloBe/IeHHE,
GHOHOT‘HH) 3aHUMAIOTCA JaBHO. 3aBUCHMOCTD JaBJICHUSA HACBIIIEHHOTO Tapa KHJIKOCTH OT
KpHUBHU3HBI Karuii Obuta nipejyioskeHa Y. Tomconom (KensBunbim) eme B 1871 r. B Havase
XX B. mosBisgeTcs eme oJHa TeopeTHdeckas paGora B o0jacTé pazMepHbIX 3(]dexTos,
BeinosiHeHHast JI. TomcoHOM. DKcrepuMeHTanbHO HaOIIOJJaeMble BBLICOKHE 3HAUYEHUs
SJIEKTPOCONIPOTHBIICHHS] TOHKHX IUICHOK, IPEBBIMAIOIMHE  BJIEKTPOCONIPOTHRIICHHUE
KPYIHOKPUCTAJUTMYECKHX METAUTMUYeCKUX 0O0pa3IoB, CBS3BIBAIMCH € OTpaHHYEHHEM
JUMHBI  cBOOOJIHOrO 1podbera 9JIEKTpOHOB paszMmepoMm oOpazma. IlIpeaoxennas
J1. TomcoHoM opMmyia ©MeeT BH/

1 5 3
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Ile po — YACIbHOE 3JIeKTPOCONPOTHBICHHE KOMIIAKTHOTO KPYHMHOKPHUCTAJLIMUYECKOTO
MeTalia, p — YAEJIbHOE 3JeKTPOCONPOTHBIICHHE H3ydaeMoro obpasma (IwieHku), k = o//
(k<1). [ — nmuua cBoOogHOTO Mpodera HIEKTPOHOB; O — TOJIIHHA [UICHKH.

BriociteicTBUM 5TO BhIpaskeHHE HEOJHOKPATHO YTOUHSUIOCH (HAIpUMep, YUHTHIBAJICS
KO3 (PHUIHEHT OTpakeHHs 5SJEKTPOHOB OT TMOBEPXHOCTH paszjena H  T.J.), HO
[epBOHAYa/IbHAs W/iesl BIMSHHUS JUIMHBI cBOOO/IHOTO IpoOera ocTaBajlach NPAaKTHUYECKH
HEeM3MEHHOM.

OCHOBHBIE OCOOESHHOCTH NPOSIBJICHUSI pa3zMepHbIX 3(@deKToB B HaHOMaTepHasax
MOTYT OBITh C(OPMYITHUPOBAHBI CIIEYIONUAM 00pa3oM:

* C yMEHBIIEHHEM pa3Mepa 3epHa 3HAYMTE]HLHO BO3PACTAET POJIb NOBEPXHOCTEH
pazjena;

* CBOMICTBA IIOBEPXHOCTEH pasjiella B HAHOMETPOBOM MHTepBaJle MOTYT OBITh
OTJIMYHBIMH  OT TAaKOBBIX JUI1 OOBIYHBIX KPYINHOKPUCTAJUIMYECKUX MATEPHAIOB;
pazHOoOOpa3We  TMOBepXHOCTeH  pa3fesa B HAHOKOMIO3HMTAaX,  OOBeHHAIONIUX
HEOPraHHYECKHEe W OPraHHYEeCKHE KOMIIOHEHTHI WM OpraHHYecKHe W OHOJOIHMYecKue
KOMIIOHEHTHI H T.JI., TAKXKE BeChbMa 3HAUUTEIILHO;

* pa3Mep KpPHUCTAUIMTOB IO Mepe HMX YMEHBIIEHHS MOXKET ObITh COM3MEPHM C
XapaKTepHBIMH pa3MepaMH HEKOTOPbIX (U3HYECKUX SBIICHHHM (Hampumep, ¢ JUIMHOM
cBoOOJHOTO Mpobera HocUTelel B Mpoleccax MnepeHoca u T.1.),

* pasmepHble 5Q(PeKTh B HAaHOMaTepHAJIaX MOT'YT UMETh KBAHTOBBIH XapaKTep, Korja
pazMep 3epHa (WM pasMep 0OJAcTH JIOKAIM3AIIMH CBOOO/IHBIX HOCHTE/IeH) CTAaHOBHUTCA
COM3MEPHUMBIM C JIMHOM BOJIHBI /ie bpoits.

OtMeueHHBIe 0OCTOSTE/ILCTBA OKAZBIBAKOT BIIUSIHUE HA BO3MOJKHBIA HEMOHOTOHHBIN
X0/ 3aBUCHMOCTEH CBOWCTBO-pa3Mep 3epHa B HAHOMETPOBOM HHTEpBaje B CBS3H C
BO3MOXKHBIM HaJIMYUEM 0COOBIX TOUYeK Ha 3THX 3apucuMocTsiX. K Hacrosimemy BpeMeHH
HaKoIUIeHa oOmupHas HHpOpMalusa 0 CBOHCTBAX HaHOMAaTepHAJIOB, O/THAKO He BCer/a 3TH



JTAaHHBIC COIPOBOJK/IAIOTCSI TMOAPOOHOM CTPYKTYPHOM aTTecTalHed, 4YTO 3aTpy/AHSeT
CPaBHEHHUE pe3yJIbTATOB M HX HHTEPIPETALUIO H HE NO3BOJIAET B IIOJIHOH Mepe BbIABUTD
PoJib pa3mMepHbIX 3¢ PeKTOoB.

Tpyanocts wu3ydeHus pasmepHelX 5(QQeKkToB B HaHOMaTepuagax oOycJIoBJIeHA
MHOTrooOpa3HbIM BJIMSIHHEM pa3jIMUHbIX (akTopoB Ha cBoiicTBa mnociaegHux. llommumo
pasMepa KpHUCTA/UIMTOB 3HAYMTEIbHOE BIIMSAHME OKAa3bIBAKOT COCTaB M paclpe/ie/icHHe
OCHOBHBIX KOMIIOHEHTOB M IpPUMECEH, IOPUCTOCTh, cojepikaHHe [eeKToB M HaIuuue
OCTATOYHBIX HANpPSDKEHHH, NPHCYTCTBHE HEPABHOBECHBIX M , aMopdHBIX a3 U Jp.
Cretyer Takke pasauyarh pasMepHble dQQeKTbl Ha MOBEPXHOCTAX pas/iesia H B o0ObeMe
HAHOKPUCTAJUTHTOB. BBIsICHEeHHE NPHUPO/IBI pa3MepHBIX 3((eKToB — o/Ha U3 BayKHEHIIHX
npobiieM MaTepHaIoBe/IeHHs HAHOCTPYKTYPHBIX 00BEKTOB

1.2. Ilepuoj pemérkn

[lepexoq oOT MAacCHBHBIX KPHCTAJUIOB K HAHOYACTULAM  COIPOBOKIAETCS
HU3MEHEHHEM MEKATOMHBIX pPACCTOSHHH W TIEPHOJOB KPHCTAUIMYECKOH pEmETKH.
OCHOBHOH BOIIPOC COCTOMUT B TOM, YMEHBIIAKOTCA WM YBEJIMUUBAIOTCS MEPUO/IbI PEIIETKH
DY VMEHBIIEHUU pa3Mepa YacTULl M IIPH KAKOM pa3Mepe HAaHOYACTHI[ 9TO H3MEHeHHe
CTAaHOBMTCA 3aMeTHBIM. VIMeromuecsi o 5TOMY BONPOCY SKCIEPHMEHTAJIbHbIE JaHHBIE
JIOCTATOYHO IPOTUBOPEYHBBL.

AHamM3upysl HM3MEHCHHE IepHoja pemETKH HAaHOYACTHIL, CJIeJIyeT YUHTHIBATH
BO3MOJKHOCTB Iepexo/ia oT MeHee IUIOTHBIX OIIK u rekcaronajgsHO# CTPYKTYp K Ooliee
wiotHo I'IIK  cTpykType 1mnpm  yMeHbIIEHMH pasmepa dactun. Tak, 10
SNIeKTpOoHOTpadpUIeCKUM JTaHHBIM, TIPH YMeHbIIeHHH aAuaMeTpa D gactun Gd, Tb, Dy, Er,
Eu, Yb or 8 10 5 HM coxpaHsUIMCh reKcaroHajibHasi IUIOTHOYIIAKOBAHHAs CTPYKTYpa M
napaMeTpbl pPeIETKM, XapaKTepHble /11 MAacCHBHBIX METAJUIOB, IpH JaJdbHeHImeM
YMEHBbIIEHUH pa3Mepa 4acTHIl HaOJII01aIoch 3aMeTHOE YMeHbIIeHHe mapaMeTpoB. OqHako
O/THOBPEMEHHO C OSTHM H3MEHSUICSA BH/ DJICKTPOHOTpAMM, YTO CBHU/IETEILCTBYET O
CTPYKTYpHOM IipeBpamenun — nepexoge ot I'TIY k I'TIK ctpykType, a He 00 yMeHbIIEHUH
napameTpoB I'TIY pemérku. JledcTBUTEILHO, B HAHOYACTUIAX PEIKO3EMEIbHbIX METAILIOB
PEHTIeHOBCKAM MeTo/IoM oOHapy:keH cTpyKTypHbIH mepexoa oT I'TIY k I'ITK pemérke.
Takum oOpazoM, JUIA IOCTOBEPHOIO BbISIBJICHUSI pa3mepHoro s¢gekra Ha nepuojie
pemETKM HAHOYACTHUIl HeoOXOJUMO YUYHTHIBATHL TaKXKe BO3MOXKHOCTb CTPYKTYPHBIX
npespamenuid. HanGosiee Ha/le’KHO YCTAHOBHUTD BIMSIHHE pa3Mepa HAHOYACTHII HA TEPHO/
peméETKH MOXHO IyTeM HcciegoBaHusd BemecTB ¢ I'IK pemérkoil, U1 KoTOpbIX
BEPOATHOCTH CTPYKTYPHOTO epexo/ia 0ueHb MaJa.

OaHuM M3 METO/IOB OIlIpe/IesIeHUs] IapaMeTpOB pelmIETKH HAHOYACTHIl SIBJISIETCS
9NIeKTPOHHAS AUGpaKIus. AHAIA3 CUCTeMaTHUYECKHX OMIHOOK 3TOro MeTo/a MoKasas, 9To
JUISL TOYHOTO OINpe/iesieHusl Nepro/ia pPelEéTKH HAHOYACTHUIl NPUTO/IHbI JIMIIbL HEKOTOpPhIe
nudpaKIUOHHbIE JTHHUM: HAIpUMep. Uil KyOMYeCKMX HAHOKPUCTAIUIOB PEKOMEH/TyeTCst
HCIOJb30BaTh JUHHUIO (220). VdeT ymHpeHHS 5TOro JUPPaKIHOHHOTO OTpasKeHHSA
mmokaszajl, 4yro B vactumax Ag auamerpom 3,1 HM ¥ vactunax Pt amamerpom 3.8 HM
napaMmeTp peméTku ymeHbmaercss Ha 0.7% u 0.5% COOTBETCTBEHHO M0 CPaBHEHHIO C
MAacCCHBHBIMH cepeOpoM U IUIaTUHOM.



Metotom snekTpoHOrpadMM C HCHOIB30BAaHHEM KapTHH Myapa IIOKa3aHO, 4YTO
u3meHeHue auamerpa vactull Al or 20 go 6 HM NPUBOAMUT K YMEHBIIEHHIO MEPHO/IA
pemérku Ha 1,5% (puc.1.1), XoTs panee juiad yacTun Al JuameTpoM =3 HM COKpalieHUs
nepuojia He ObUIO HaijieHo. CHIbkeHue nepuojia pemérku or 0,405 HM JUISI MAaCCUBHOTO
obpazma Al go 0,402 aM A HaHogacTHII Al quameTpom 40 HM oOHapyKeHO METOJAOM
HelTpoHOoTrpaduu.
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Puc.1.1. 3aBUCHMOCTD IIEPHOJIA PEIIETKH g OT JHaMeTpa [ HAHOYAaCTHIL
amoMuHug Al

OTtcyTcTBHE pa3MepHON 3aBUCMMOCTH MapaMeTpa peméTKH OTMeUeHO /i yacTuil Pb
uBicD2>5wuD 2> 8 HM COOTBETCTBEHHO, JUIs1 9acTHIl Au guameTpoMm 6 — 23 HM, 114
kiactepoB Cu ¢ D 2 5 aM. OjiHako yMeHBIICHHE pa3Mepa KjacTepoB Meu j10 0,7 HM npHuBesio
K COKPAaIIeHHIO MapaMeTpa pemeéTKH Ha 2% M0 CPAaBHEHMIO ¢ MACCHBHBIM MeTa/lioM. YTo
KacaeTcsl 30JI0Ta, TO METO/IOM 3JIeKTPOHHOM Judpakiuu oOHapyxum HebGosbmoe (~0,3%)
YMEHBIIIEHHE TIapaMeTpa PeMETKH HAaHOYACTHIl Au AHaMeTPoM 2,5 - 14 Hm.

Cxxatme mnapamerpa pemérku Ha ~0,1% OBUIO YCTAaHOBJIEHO IPU HM3YUYSHUH
HaHOUyacTHIl Ag B Au jquameTpoM oT 40 10 10 am (puc.1.2).

Biusanue pazMepa HaHOYACTHIl Ha IapaMeTp PEIMETKH OTMEYEHO He TOJILKO [
METaJUIOB, HO WM JUIi  COeJAMHEHUH.  YMeHbHICHHE  MepHoja  PemeéTKH
CYOMHKPOKPHCTA/UTMYECKUX HHUTPUIOB THUTAHA, IIUPKOHUA U HUOOHWS B 3aBUCHMOCTH OT
pazmepa wactul omnucaHo B pabotax. Ilopomku HuTpUzOoB OBUIM HOJYYEHBI
IUIA3MOXHMHYECKUM MeTo/ioM. Ui cyOMHKpPOKPHCTAUIMYECKOTO MOpOIKAa HUTPHAA
TUTAHA [PUBE/EHA 3aBHCHUMOCTD II€PHO/1a PEMIETKH a OT pazMepa y/eJIbHONW MOBEPXHOCTH
S¢p mopomka: a (M) = 0,42413 — 0,384-10"33Sp (npu Sy OT 410" no 1-10° M>kr™). Bmecre
C TeM cjeJyeT OTMETHThb, UYTO YCTAHOBJIEHHAsl 3aBUCHMOCTh IIEpHO/Ia PEMmETKH OT
JIUCIIEPCHOCTH YACTHI[ HHTPHJAa THUTaHA He YUYHTHIBaeT TOTO, YTO TOPOIMKH pa3HOH
JIUCTIEPCHOCTH MMEJIH Pa3IM4HbIi COCTaB: YeM Mellbue ObLI IOPOMIOK, TéM MeHbIIe ObLIOo
B HEM cojiepskaHMe azoTa. K cokajeHMIO, aBTOpHI He IOIBITAIMCH pa3/Ie/IMTh BIHSHHE
COCTaBa HUTPH/Ia TUTAHA U pa3Mepa ero 4acTHUI[ Ha NePHOJ| PeIIETKH.
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Puc.1.2. OTHOCHTETFHOE H3MEHEHHE TIEPHO/IA PEMETKN Aa/a B 3aBUCHMOCTH OT JuaMeTpa D
HAHOYACTHII 30J10Ta Au H cepebpa Ag

VYMeHbIIeHHE MepHOa PpemETKH KyOMYecKOro HHUTPHAAa LUPKOHMA, OOBsCHAEMOE
YMEHBIIEHHEM pa3Mepa YacTHUI[ IIOPOUIKA, IIPOUCKOMIIO IIPH OJJHOBPEMEHHOM 3HAYUTEILHOM
U3MEHEHHMH cocTaBa HUTpUIA. Jiist HuTpuaa HuoOus ¢ pazmepom vactuil ~40 HM TakkKe ObLIO
oOHapy’KeHO 3HaYMTeIbHOE YMEHbIIeHHe Iiepuoja pemeéTrkn — oT 00,4395 um
MaccuBHOro oopasna 10 0,4382 HM JUIs IOpoIIKa.

[Tosryuaemsle IUIa3MOXHMHUYECKHM CTIOCOO0M CYOMUKPOKPHCTAIIHYECKHE HUTPH/IBI
cojiepkaT, Kak mpasuiio, Oosbmoe (0 7 ar.%!) KoJHYeCTBO NPUMECHOr0 KHCJIOpOJA.
Bueapenue kuciopoja B KapOM/bI M HUTPH/IBI 3aMETHO CHIDKACT NEPHOJ HX PEIIETKH.
Ilepuos peméTkH KyOHUeCKHX HHTPHIOB NepeXxoHbIX MeTa/uioB IV u V rpynm 3amMeTHO
YMEHBbINAeTCss IPH YMEHbIIEHHH cojepxkaHus azoTa. C yduéToM 5TOro BBIBOJLI O
COKpAaIeHHH MepHo/ia pemETKH KyOnYeCKHX HUTPUIAOB NIPH YMEHBIIEHHH pa3Mepa 9acTHIL
HEJIb3sl CUUTATh HAJIEKHBIMH.

B nexoTophIx ciryuasix HaOirofaeTcss He yMeHBIIGHHe, a yBeJIMUCHHE IapaMeTpa
PeMETKH HAHOYACTHUI. YMeHbIIeHHe pa3Mepa dacTurl Si oT 10 10 3 HM conpoBoXKaaeTCA
pocTom napamerpa peméTkd Ha 1,1%. bbuio oOHapyKeHO yBeJMYEeHHE epHro/ia peméTKU
okcua CeO, npu yMeHbIIEHHH pa3Mepa 9acTull oT 25 10 5 um (puc.1.3). BozmosxkHo, 4TO
VBEJIMUEHHE IEepUo/ia PeIIETKM OKCH/Ia Lepus oOycIIOB/IeHO ajicopOuueit Bo/Ibl, KaK HTO
HaOmo1anocs st MgO.

Takum oOpa3zom, SKCIIepHMEHTAIbHbIE JJaHHbIE N0 pazMepHoMY 3¢ ¢dekTy mapamerpa
PeHIETKH HAHOYACTHI[ HEO/IHOZHAYHLL. B mepByro ouepe/ib 3Ta HEOJHOZHAYHOCTh MOXKET
ObITH CBsI3aHA ¢ ajicopOmMel mpuMeced WM (B ciydyae COeIMHEHHH, HMEIOMUX o0sacTu
FOMOT€HHOCTH) € Ppa3IU4YHbIM XHMHYECKHM COCTABOM WYACTHIL, Jpyras BO3MOXKHas
IPUYHAHA HEO/IHO3HAYHOCTH pe3yJIbTAaTOB — CTPYKTYpHBIE NpeBpaIleHHs, BbI3bIBacMbIe
YMEHbIICHHEM pa3Mepa YacTHIl, elle OJHOHW NMPHYUHOW MOTYT ObITh CHCTeMaTHYECKHE
OMUOKH METO/IUK H3MEPEeHUs IapameTpa.
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Puc.1.3. 3aBHCHUMOCTE ITepHO/a PeIIETKH a oT JuaMerpa D HaHovacTHi| CeO,

HauGosiee HageKHbIC SKCIEPUMEHTHI He OOHApPY/KMBAIOT YMEHBIIECHHs IIEpHO/A
PEHIETKH MPH YMEHBIICHHH pa3zMepa dacTuil o 10 HM, Torja Kak /Uil 9acTHI] MEHbIIETo
pasMepa coKpanieHHe MeKaTOMHBIX PACCTOSHHH IO CPAaBHEHHUIO C MACCHBHBIM BEIIECTBOM
JIOCTATOMHO peasibHO. [ToATBEpIK/IEHHEM STOTO SIBJISIIOTCS SKCIIEPUMEHTAIbHBIC JIaHHBIE 110
MEXBS/IEPHBIM PACCTOSHHUAM B METAJUIMUECKUX JUMepax (Kj1acTepaXx M3 JBYX aTOMOB
MeTaula) — /Ui JIAMEPOB HTH PACCTOAHMS MEHbIIE, YeM JUII COOTBETCTBYIONIHX
MAacCHBHBIX MeTa/UloB. Tak, MexbsyjiepHble paccrosiHus st kiactepoB Cu, Nip, Fes
pasusl 0,222, 0,2305 u 0,187 HM. a Ul 5TUX METAJUIOB B MACCHBHOM cocTostHHH — 0,256,
0,249 u 0,248 um.

MHorue moiararT, YTO YMEHBIICHHE IapaMeTpPOB PemETKH HAHOYACTHII SIBJISAETCS
cieicTBHeM H30bITOUHOTO JaBieHus Jlamnaca Ap = 20/, co31aBaeMoro MoBepXHOCTHBIM
HaTspkeHueM . CorjlacHO TeOpUH YIPYTOCTH OTHOCUTE/IbHOE M3MeHeHue oObnéma AT
JacTHILI NpomopiuoHansHo Ap, T.e. AV/V = —y1(20/r), tAe Y1 — H30TepMHYECKas
cxkumaeMocTh. [lockonbky AV/V = 3(Aala), To Aa/a = kir, rne k — xoapdunment
HIPOMOPIUOHATBHOCTA. OHAKO 3HAYCHHUsI K /U OJIHOTO M TOTO JK€ BEMECTBA CHJILHO
pasMyalTcsA y pa3HbeIX aBTOpoB. Kpome TOro, B HEKOTOpHIX clydadx HaOII0Jaoch He
CKaTHe, a paclHpeHHe MaJIbIX YacTHl. Ecam Obl JamacoBcKoe JaBlICHHE CHKUMAJIO
HAHOYACTHIIBI, TO CJKaTHe ObLTO ObI UX YHUBEPCAILHBIM CBOHCTBOM.

VMeHbIIeHHe MepHo/ia PEIIETKH MeTAUIMISCKUX JacTHIl OOBSICHIN 00pa3oBaHHEM
BAKAHCHH THIIA TEPMHUUYECCKUX M YBEIMUCHHEM HX KOHIEHTPALMH IIPH YMEHBLIICHHUH
pa3mepa gactuil. [loBbImeHHas KOHIIEHTPAIUsA BaKaHCHI pacCMaTpHBaJIach KaK CJIeJICTBHE
BCECTOPOHHEr0 CKaTHsl 1o jekicTeueM gasienusi Ap = 2o/r. [lociaeanee yTBepxkiaecHue
BBI3BIBACT COMHeHHe. JIeHCTBUTENBbHO, OOIMEH3BeCTHHIM (PAaKTOM SABJIACTCA POCT
KOHIIEHTPAIlUM BaKaHCHI B MeTa/IaX IPH YBeJIMUYCHHH TeMIeparypsl. Temmepartypa u
JTaBJIeHHEe BXOAAT B (OopMYJy CBOOOJHOH 3Hepruu ¢ oOpaTHBIMH 3HAKaMH, MO3TOMY B
ofmeM cirydae MOBBINICHHE JIABJICHHUS JO/DKHO BJIMATH HAa KOHICHTPAIIMIO BAaKaHCHH Tak
’Ke, KaK YMeHBIIIeHHe TeMIIepaTyphl, T.e. JO/DKHO IPHBOUTE K YMEHBIIEHHUIO, a He K POCTY
qgycila BaKaHCHH. B CcBOIO odepeb, YMEHBbIICHHE KOHIEHTPAllMM BAKAHCHH HE MOXKET
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IPHUBOAUTE K YMEHBIICHHUIO Mepuoja peméTkH. Dusmdeckuii cMbica gaieHus Jlamiaca
[IPOAHAJIM3UPOBaH ['OpYAKOBBIM U KOJUIETAaMH, COIJIACHO YeMY OHO HE MOKET BBI3BATh
OJIHOpo/HOTO cxKaThs (pusmueckux Tesa. JledcTBuTenpHO, AaBieHue Jlammaca ctpeMuTCs
U3MeHHUTh popMy Tena TakuM 0Opa3zoM, 9ToObI 00eCIeYNTh MUHUMYM €r0 MOBEPXHOCTHOM
sHepruu E, B ciyuae XHIKOM KalUlM INPUHATO CUMTAaTh, 4TO K5 INpOnoplHHOHAILHA
IUIOMAIM MOBEPXHOCTH S, T.e. E; = G, I/l MOBEPXHOCTHOE HATSDKEHHE G CUYHTAeTCS
noctosiHHBIM. [lnomaas MOBepXHOCTH KAl MOJKHO YMEHBIIMTH JBYMSI crocoOaMu:
cnenatb e€ cepuueckoid Oe3 yMeHbHIeHHss 00bEMa WM CKATh €€, B pe3yJbTaTe 4ero
YMEHBIIMTCA  IUIOMAZh  IOBepXHOCTH  Jaxke  chepuueckod  kamd.  OpHako
(heHOMEHOJIOrHYECKOe COOTHOIEHHE £y = GS BepHO JIMIIbL B €JMHCTBEHHOM CIIydae, ecJIu
HW3MEHEHHE IUIOMAJ M IOBEPXHOCTH MPOMU3BOJUTCS IPH HEH3MeHHOM o00BéMe. DIT0
O3HayaeT, 4YTO I[IOBEPXHOCTHOE HATSIKEHHE G OlpeJeiisieT paBHOBECHYH (opmy
IIOBEPXHOCTH MaJIbIX YaCTHII, HO HE NPHBO/MUT K UX CXKATHIO.

CormacHo artopam japiieHde Jlarutaca — uYMcTO MareMaTHuecKoe IIOHSITHE,
no3possiomee  (popMaIlbHO TPeACTaBUTh XHUMHYECKHH MOTEHIMAT aTOMOB B Tele
KOHEYHBIX pPa3sMepoB MPH HUCTUHHOM /IaBJICHUH p KaK XMMHMYECKUH NOTEHIHAl B Telle
OeckoHeuHO OONBIMIMX pa3MepoB TpH JaBICHHH p + Ap, T.e. IPH JaBJICHHH, CIABHHYTOM
OTHOCHTEJIbHO MCTHHHOTO JaBJICHHs p Ha BeJIMYMHY JIAIUIAcOBCKOTO jaBieHus Ap. llpu
TEPMO/IMHAMHYECKOM paBHOBecHH (opMa Tella MAJbIX pa3sMepoB J0JDKHA oOecreduBaTh
MHHHMYM €ro NOBePXHOCTHOH SHEPTHH.

[Tycts wactumna ¢ pasmepoM D, UMeromasi IUIOMAAb TMOBEPXHOCTH S M IUIOTHOCTH
aToMoB 1, T.e. daza 1, HaxoauTCs B paBHOBecHH ¢ (pa3oii 2 1pH JIaB/IeHUHU p U Temueparype 7.
Uucno aTtoMOB B YACTHIE IPONOPIMOHAILHO MPOM3BEJAECHHIO IUIOMIA A MOBEPXHOCTH Ha
JIMHEHHBIA pasmep 4acTuipl, T.e. Ny ~ mDS = 2mrS. B stom citydae c¢BoGo/Hast SHepTrHst
I'uG0ca paccmatpuBaeMoit cucteMsl uMeeT Bua F = Fy(p,T) + Fy(p.T) + oS = Fi(p.T) +
+ Fy(p,T) + 20N1/nyr.

Juddepennupys F no Ny, NoIy4dM XHMHUECKHN MOTeHIMAI dacTuIp! WS, p, 7)
=wD, p, T) = w(ewe, p, T) + 26/mr, tae w(eo, p, ) — XUuMHUECKHI NOTeHIIMA oOpasia
OeckoHeunoro pasmepa. OTcroja, pacKiaJbpiBas [i B psJ W OTPAHUYHMBAACH WICHAMH
pa3jiokKeHus1 MepBOro mopsaka, moiaydeHo, uto w(S.p.7) = w(e.p + Ap,T). Takum
obpa3om, gapieHue Jlammaca Ap Mo3BOJIsIeT BBIPA3HTh XMMHUYECKHH INOTEHIHAT MaJoH
JACTHUIIB] Yepe3 XUMHUYEeCKUN MOTEeHIMal MacCHBHOTO oOpazna ¢ S—oo. Ilpu seHOM yuéTe
3aBUCUMOCTH XHMHUYECKOTO MOTEHIIHA/Ia MAJIOH YacTHIbI OT S BBOAMTH jAaBieHue Jlamiaca
BOOOIIE He TpebyeTes.

B 1menoM BBINOJHEHHBIH aHAIM3 MOKa3al, 4TO B paMKax (peHOMEHOIOTHUECKOTO
nojxo/1a napinenue Jlamaca He BBI3BIBAeT CKATHUSA TeJl U, CJIE/I0BATE/ILHO, HE MOXKET ObITh
NPUYMHOM YMEHBIICHUS NAPAMETPOB PEIETKH HAHOYACTHIIL.

HauGosiee BepossTHOM NPUYUHON YMEHBIIEHUs NIEPHO/A PEIIETKH MAJIBIX YacTHI] 110
CPAaBHECHHUIO ¢ MACCHBHBIM BELIECCTBOM SBJIACTCA HECKOMIICHCHPOBAHHOCTh MEKATOMHBIX
CBsI3€H aTOMOB IOBEPXHOCTH B OTVIMYHE OT aTOMOB, PACMOJIOKEeHHBIX BHYTPH YacTHIbI, H,
KaK CJIe/ICTBHE HTOr0, COKpalleHHe PACCTOSAHHUI MeX/1y aTOMHBIMU ILUIOCKOCTAMH BOIIM3H
[IOBEPXHOCTH YACTHIBI, T.e. IIOBepXHOCTHas pejakcanusa. JleHCTBUTelbHO, aToM B
HOBEPXHOCTHOM CJI0€ HMeeT MeHbIe coce/lei, ueM B 00bEMe, M Bce OHHM PacTOJIOKEHBI 110
O/IHY CTOPOHY OT Hero. To HapyIlaeT paBHOBECHE U CUMMETPHIO B paciipe/leIeHHH CUJI U
Macc ¥ NPHBOJMT K HM3MEHEHHUIO PABHOBECHBIX MEXKATOMHBLIX PACCTOAHMIH, CIBUIOBBIM
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nedopManusaM, CriiaKUBaHHIO BepIIuH U pebep. [loBepXHOCTHAs penakcanus 3aXBaThIBAET
HECKOJILKO MOBEPXHOCTHBIX CJIOEB U BBI3BIBAET MONPABKU K 00BEMY YACTHIIBI MOPSIKA D
(D — pa3zmep gactunpl). CoriacHO HEKOTOPHIM pabOTaM B HAHOYACTHUIIAX IMOBEPXHOCTHAS
pelakcarysi MakKCMMallbHa Ha NOBEPXHOCTH, YMEHBINAETCS OT IMOBEPXHOCTH K IEHTPY
YACTHIILI U IIPH HEKOTOPBIX YCJIOBUSIX MOKET ObITh OCHMUTAPYFOIIEH.

Du3puecku cnajampomas K INEHTPY 4YacTHIbl OCHHJUIMPYIOMAs IMOBEPXHOCTHAs
penakcarusi cBsizaHa ¢ (PHJIEJIEBCKUMH OCHWUBIIUSAMH IUIOTHOCTH BBIPOKIEHHOTO
aMeKTpoHHOro raza. Ocnwusinuun  @puienst  BI3BIBAOTCA  THOOBIMH  JlepekTamuy,
HAPYMIAIOMUMH TPAHC/IMOHHYIO CHMMETPHIO KPUCTaIa, B JIAHHOM CIIy4ae TaKuM
JIByMEpHBIM Jle(peKTOM SIBIIIeTCsl TIOBepXHOCTh. DpH/ieieBckre OCHMIUIAINN Tepe/IaroTCs
peméTKe 4epe3 HIEKTPOH-(OHOHHOE B3aMMOJCHCTBHE M NPUBOJAT K H3MEHEHHIO
MEJKIUIOCKOCTHBIX ~ paccTosiHMid. B Mojenu cBoOO/IHBIX  3JIEKTPOHOB — aMILIMTY/Ia
dpuaeeBCKAX OCHWUIAIMA YObIBAeT MO Mepe yAajJeHHs oT moBepxHocTH. HeobGxoaumo
3aMeTUTh, 4YTO B 3aBUCHMOCTH OT T[apaMeTpOB pEemETKH U pa3Mepa KpHCTalla
HOBEPXHOCTHAS PeJIaKCaIis MOJKET He TOJIBKO YMEHBIIATh, HO M YBEJIMIUBATE €r0 O0BEM.

XopomuM HSKCNEPUMEHTAIBHBIM MOATBEPKACHHEM INOBEPXHOCTHOM pellaKcallid B
HAHOYACTHIIAX SIBJISIFOTCS Pe3YyJIbTaThl paboT, I/le U3y4ay MapaMeTp pPemeETKU OT/Ae/IbHbIX
qacTUIl Al, BEIpameHHBIX SMUTAKCHAILHO Ha MOJIOXKKe U3 MOHOKpHcTaLTHIeckoro MgO.
CoxxaTHe pemI€TKH YJajoCh Pa3/IeliuTh Ha cikKaTHe 00bEMA PEemETKH NPH YMEHBIICHUU
pazMepa HaHodacTHI] Al W Ha MOBEPXHOCTHYIO pejlaKCalldi0 — YMeHBIIeHHe IepHo/Ia
PEMETKH MPH Mepexo/ie OT IEHTPa YaCTHIIbI K HOBEPXHOCTH.

ITo MHeHHIO aBTOPOB Apyroif paboThl OCHOBHOM MPUYHMHON U3MEHEHHS MEeKATOMHBIX
pPAcCTOSIHUN U MapaMeTpOB PEMETKH B HAHOYACTHUIIAX AUAMETPOM MeHee 5 HM SBIIsieTcs
YMEHbBIIIEHHE YHCIIa ATOMOB, COCTABIIIIONUX TH YacTUIlbl. J[efcTBUTEILHO, OTPAHUYECHHE
qHCJIa B3aUMOJIEHCTBYIONIMX aTOMOB NPHBONT K OTIMYHIO PaJHAIBHOTO paclpejie/IeHus
ATOMOB B HAHOYACTHIIAX OT TAKOBOT'O pacHpe/ie/IeHUsI B MACCUBHBIX KPUCTAILIAX.

Teopernueckuit aHa/IM3 WM3MEHEHHS IIepHO/Jla KPUCTAJUIMYECKOM  PemETKH
HAHOBEMIECTBA B 3aBHCHUMOCTH OT pa3Mepa HAaHOYACTHIl BBHINOJIHHWIIA aBTOPhI €me OJHOU
paGotel. OHM NpeUIOKWINA paccMaTPUBATh HAHOMATepHal KaK JIBYXKOMIIOHEHTHYIO
cucTeMy, 0Opa30BaHHYIO KOHEUHBIMH KPHCTAJUIMTAMH H OSCKOHEYHOH MaTpHIleH I'paHHIl
3épeH, cojepiKamied CWIbHO pasynopsyioueHHoe BemecTBo. CoriiacHoO pesylibTaTam
3JIEKTPOHHO-TIO3UTPOHHOM aHHUTHIIALIMM, TPAHHILI 3€PEH CO/IepsKaT JIBa THUIA CBOOO/IHBIX
00bEMOB, a MMEHHO OT/e/bHbIE BAKAHCHU M BaKaHCHOHHbIE KiacTepbl. IlosTomy
IUIOTHOCTh BeNIECTBA B TIPAaHUIAX 3EPEH 3aMETHO MEHbIIe IUIOTHOCTH COBEPIIEHHBIX
KPUCTAUTUTOB, He cojepkamux jgedexkroB. HM30bITouHBIH 00BEM rpaHul] 3EpeH
onpeaessiercss Kak Al” = (7 — Iy)/T, tae ' u Vy — moJisipHbie 00BbEMBI TpaHUI] 3EPEH U
COBEPINEHHBIX KPHCTAJUIMTOB, COOTBETCTBeHHO. JlepeKThl, cymecTBYIOMME B IpaHHIAX
3épeH, coz3jawT noje HamnpspkeHud.  [lox  jedicTBMeM  HanpsDKeHMH — aTOMBI
HAHOKPHUCTAJLUIUTOB OTKJIOHSIOTCSI OT HX HOPMAJILHOTO MOJIOKEHHUS B Y3/1aX PeMIETKH U HTO
HPUBOIMT K MCKAKEHHIO peméTKU. Eciim @ — cpe/iHMi napaMeTp peméTKH UCKAKEeHHOTO
KPHCTAJLIUTA, a dy — MapaMeTp PEemETKH COBEPIICHHOI0 KPUCTAUINTA, TO BeJIMUMHA & /dy
XapaKkTepu3yeT OTKJIOHEHHE MapaMeTpa pemETKH HAHOKPUCTAIUIUTA OT ero CTaHJapTHOIO
3HaueHWsl. BelMunmHa @ /ap HENOCPEJCTBEHHO OIpeJessieTcsl TaKUMH IlapaMeTpaMu
HAHOCTPYKTYPhI KaK W30bITOUHBIH 00BEM rpaHuil 3épeH Al cpe/Hsisi MHMPUHA T'PAHHUIL
3épeH & U cpe/IHUi pa3Mmep 3épeH D:
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7 £ 417
i=iM(J1+AV—1) (1.1)
a4, 2D g+

3/A€Cb I'p — PAacCTOJAHHE MERIY OIMKAUII UMK COCeC/JTHUMH aToMaMH B COBBp]I[BHHOﬁ
peméTke.

B obmem cirygae u30bITOYHBIH 00BEM TpaHull 3épeH Al saBigerca (yHKIHEH
pa3zmepa 3épeH D. U30bITouHBIH 00BbEM MOYTH JIMHEHHO YBEJIHUYHBACTCS C POCTOM pa3Mepa
3épeH. Mcxoada M3 JaHHBIX NpHHUH, 910 AV~D. B sToMm ciaydae u3 dopmynsl (1.1)
CIeAYET, YTO YMCHBIICHHE pa3Mepa 3€¢pHAa B HAHOKPHCTAIHYCCKOM BCIIECTBE [MOJDKHO
OPUBOJUTL K  VYBeJMYeHHIO 1epuoja pemétkd. OTMeueHo, UTO pacllupeHue
KPUCTA/UIMYECKON pPEMETKH CYNECTBYET B OCHOBHOM BOJIM3H IpaHMIl 3EpEH, B TOHKOM

CJIO€ TOJIIHHOM OKOJIO (iﬁ —1)§/2. Takum oOpa3zoMm, YMeHBIIEHHE pa3Mepa 3¢peH B
HaHOMaTepHalle [IOJDKHO COIPOBOJKIATHCS POCTOM Iepuoja peméTkd. OJHAKO TaKou
BBIBOJI ClIe/IyeT M3 NPeANOJOKEHUs, 4YTO M30OBITOYHBIH 00BEM rpaHull 3EpeH
YBEJIIMYMBACTCS C POCTOM pazMepa 3€peH, OCHOBAHHOTO Ha JIaHHBIX €JMHCTBEHHOH paboTHI.
Ho sto npeanonoxkenue coeceMm He oOs3arenbHo. M3BecTHO, UTO yMeHbIIeHHe pa3Mepa
3épeH COINPOBONK/AECTCS POCTOM OTHOCHTEJIBHOIO UHCIA ATOMOB, HAXO/ALIUXCS B
rpaHuIax 3EépeH, MOYTOMY MOXKHO II0JIaraTh, YTO YMEHbIIEHHE pazmepa 3épeH Oyjer
IPUBOJUTh K YBEJIHUCHUIO H30BITOYHOrO 00BEMA IpaHHIl 3EpeH, T.e. AV ~ D, Jlerko
BHU/IETh, UTO U B HTOM CJIyuae YMEHbBIIEHHE pa3Mepa 3epHa JJOJDKHO HPHUBOJAUTH K POCTY
napameTpa pemétkn. Ecmm ke AV ~ D wm AV ~ D™, To mapaMeTp peméTKH MOXKeT
OCTABaThCSl MOCTOSIHHBIM WIM YMEHBINATHCA HPU YMEHBIIEHHH pa3Mepa HAHOYACTHIL
Takum oOpa3zoM, TeopeTHYeCKHH aHAIU3 HE JAaeT OJHO3HAYHOIO OTBETAa Ha BOIPOC, KaK
JIOJKEH MEHAThCS NapaMeTp KpHCTAJUIMYeCKOH peméTKM HAaHOBEIECTBA B 3aBUCHMOCTH
OT pa3mepa HaHouacTull. [lo-BHIMMOMY, BO3MOKHO KaK yBeJIMYEHHE, TAK U YMEHbIIEHHUE
HapamMeTpa peméTKYU IpU YMEeHbIIeHHH pa3Mepa HaHOYACTHIL.

1.3. Onrnyeckne cBoOiicTBa

Paccessume 4 norjiomeHde  cBeTa  HAHOYACTHIIAMM 10  CPAaBHEHHIO C
MAaKpOCKOIMYECKUM TBEP/IBLIM TEJIOM HMeeT psaJ 0coOeHHOCTEH. DKCIIEpUMEHTAILHO 2TH
ocobeHHOCTH HauboJiee OTUCTIMBO MPOSIBILIIOTCS HMPH H3YYeHHH OOJIBIIOro YHcIa JacTHIL.
Tak, kosutoMjHBIE pAcTBOpPHI M TI'PAaHYJIHPOBaHHbIE IUIEHKH MOTYT OBITh HHTEHCHBHO
OKpalleHbl BCJIC/ICTBUE ClIeIU(PUIECKHX ONITUUECKUX CBOMCTB HaHouacTHll. Kilaccuueckum
00bEKTOM M3YYEHHUsI ONTHYECKUX CBOMCTB JIMCIEPCHBIX cpejl sBisieTcs: 3oJi0To. Eme
Qapajieit 0OpaTHI BHUMaHUE Ha M000Me 1BeTa KOJUIOHJHOTO pacTBOpa U IUIEHKH 30J10Ta
¥ BBICKA3aJI MPe/0JI0KEHHE O JUCIIEPCHOM CTPOSHHUH IOCIIE/THEH.

[Tpu morsomeHNuH cBeTa TOHKO3EPHUCTHIMH IUIEHKAMH META/UIOB B BHIMMOI YacTH
CIIeKTpa TMOSBJBIIOTCS IMMKH TOTJIONIEHHUS, OTCYTCTBYIONIME Y MACCHBHBIX METAUIOB (B
MeTajUlaX OINTHUYECKOEe IOTJIOMEHHE DJIEKTPOHAMU IPOBOJUMOCTH IPOUCXO/UT B HIMPOKOM
JManasoHe JUIMH BOJIH A). Hanpumep, rpany/IMpoBaHHbIC IUIEHKH M3 YaCTHII Au IHaMETPOM
4 HM MMEIOT SBHO BBIPAKEHHBIH MaKCHMyM MoIjomeHHus B obimactd A = 560 + 600 HM.
CuekTtpsl norsionmenust HaHouactur, Ag, Cu, Mg, In, Li, Na, K Takke uMer0T MaKCUMYMBbI
B ONTHYECKOM JIHAIIa30HE.

Eme o/HOH 0coOEHHOCTBHIO T'PaHYJIMPOBAHHBIX IUIEHOK SIBJIAETCS YMEHBIICHHE HX
MOIJIONIEHMS TIPH TIepeXo/ie U3 BUAUMOM B MH(PpaKpacHYI0 00J1acTh CIIEKTPa B OTJIMYHE OT
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CIUTONIHBIX METAJUTHYECKHX IUIEHOK, y KOTOPHIX MOIVIONMEHHEe H3IYUeHUs] pacTéT ¢
YBEJIMYSHUEM JUTHHBI BOJIHBI.

PazmepHeie aekThl ONTHIECKUX CBOMCTB CYNIECTBEHHBI JUI HAHOYACTHIL, Pa3Mep
KOTOPBIX 3aMETHO MEHBIIE JUIMHBI BOJIHBI U He npeBbimaet 10 + 15 um.

Pa3nuuusa croekTpoB  MOIJIOMIEHWSA HAHOYACTHII M  MACCHBHBIX  METaLUIOB
o0OyCIIOBJIeHBI pazIMuHeM HX JUSJIeKTPUUECKOM TIPOHHIIAEMOCTH € = g + i€
JlupnexkTpudeckas IPOHUIIAEMOCTh HAHOYACTHIl € JUCKPETHBIM DHEPreTHUECCKHUM
CHIEKTPOM 3aBHCHT KaK OT pa3Mepa YacCTHIl, TAK U OT 4acTOThl W3ayueHus. bosiee Toro,
3HaYeHHE [IHUIJICKTPUYECKOH IPOHMIIAEMOCTH 3aBHCHT OT YacTOThl HE MOHOTOHHO, a
OCIHIUIAPYET BCJIE/ICTBHE MEPEX0/I0B MEMK/TY FJICKTPOHHBIMH COCTOSTHUSIMH.

MuHHManbHOE  YHCIIO  YACTHI, HeoOXoJMMoe JUI  SKCHepUMEHTAIBHOTO
HUCCJIEJOBAHUS OINTUYECKHUX CBOMCTB, COCTABIISIET HE MEHEE 10", [Tonyuurs 10" = 10"
JAacTHIl OJHOTO pa3Mepa H (OpMbI HEBO3MOXKHO, TTO3TOMY B peaIbHOM HKCIIepHUMeHTe I
aHcaMOJIs1 MaCTHIl 5TH OCHWUBIIHH CIUIaKHBaIOTCsE. TeM He MeHee Jaxe yCpeaHEHHOe Mo
aHcaMOJII0 3HAUYEHHE € OTIMYAeTCA OT 3HAYSHHA AUICKTPHUUYESCKOH NPOHUIIAEMOCTH
MAacCCHBHOTO BemiecTBa. MHHMast 49acTh JIMRJICKTPHYECKOHW TIPOHHUIIAEMOCTH 0OpaTHO
NIPOTIOPIHOHAIIBHA PaJNyCy 7 YaCTHIIBI:

& (@)=¢,,(0)+ A@) (1.2)
-

I/1Ie €,2(M) — MHHMas 4YacTh MAJEKTPUYECKOW IPOHHUIAEMOCTH MAaKpOCKOIIHYECKOTO
Kpuctayia, A(®) — HekoTopass (PYHKIHA YacTOThl. DKCIEPHUMEHTAJIbHBbIE pe3yJIbTaThl,
MOJIYUeHHbIe Ha 4YacTunax 3ojiota ¢ r = 0.9 + 3,0 HM IpPU MOCTOSIHHOM /IJIMHE BOJIHBI
A = 510 HM, MOATBEPKAAIOT 3aBHCHMOCTD €3 ~ 1/r. OT pa3zMepa YacTHI] 3aBUCAT TaKiKe
IJ.IHpHHa IMOJIOCHI IIOIIOHMIEHHA H d)opma HH3KOYACTOTHOTIO Kpaﬂ MMOJIOCHEI IIOTJIOIIEHHA.
VindpeHue moJiochl NOTJIOIEHHS CBeTa HAaHOYACTHIIAMH Au U Ag NpPH YMEHBIIEHUH HX
pasMepa HaOII0/1a/Id ABTOPBL.

Jlpyrum  pasmepHbIM  3(ekTOM ABIAETCA CMENIEHHME PEe30HAHCHOTO MHKa
norjomenusi ceera. JimHa ¢Bo6o1HOro npobera 21eKTPOHA B METAUITMUECKUX YaCTHUIAX,
JHAMETp KOTOPLIX MeHbINe JUIHHBI CBOOOJHOTO Mpodera 3JeKTPOHOB A, B MAaCCHBHOM
MeTallie, paBHa pa,unycy JACTHIIBI 1. B OTOM CJIyuaec l'lpH IMOTJIOIIIEHHH CBETAa Sq)CbCKTHBHOC
BPEMsI PEJIAKCAITHH Tef MOJKHO MPE/ICTABUTEL B BH/IE

-1 1, Ve
re_?" =7 +—, (1‘3)

] 2
ramc T = ;\..W/VF — BpEMs pellakCcallHd B MaCCHBHOM MeETaJUIe, Vg — CKOPOCThb 3JIEKTPOHaA Ha
YPOBHE (DGPMH. B Hcheﬁpc}l{eHHH MCK30HHBIMH IICpPEXOJaMH H IIPH yIIéTe JABHUIKCHUA

TOJILKO CBOOOIHBIX DJIEKTPOHOB

o

— P
& =l=r—— (1.4)
a +1/z,,
2 * 4 *
e ®p, = 4nNe’/m — mwiazmeHHast dactora, N, e, m — KOHLEHTpalMs, 3apsj H
s dexTHBHasE Macca CBOOOJHBIX 3JeKTPOHOB. B Teopun MM MakCHMyM IMOTJIOIEHUs
CBeTa JIOCTUTAETCS NPHU YCIOBHH €, = —€1(®]); ¢ YIETOM 3TOr0 /I OU€Hb MAJILIX YACTHI] C

-1 w
Tef  ~ Ve/r 13 (1.4) ciieiyeT BhIpakeHHE U PE30HAHCHOMN YaCTOThI
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= ——-— . 1.5
5 1+2¢, r* 0=

]

Cornacno (1.5) pezonancHas 4YacToTa YMEHbIIAeTCs IPH YMEHBIIEHUHM pa3Mepa
YaCTHUIBL, T.€. I10JIOCA MOIJIOMIEHUs JIOJDKHA CMENaThes B HU3KOYACTOTHYIO 0O0JIACTh.
KpacHoe cmemeHne pe30HAHCHOTO MHKA IMOTJIONICHHS CBeTa IIPH YMEHBIIEHHH pa3Mepa
gacTul| npejckaspiBaeT Teopus. C Apyroil cTopoHbl, KBAHTOBOMEXAHMYECKHE pacueThbl
[IPE/ICKa’bIBAIOT IIOBLINIEHHE YacTOThl PE30HAHCHOIO IMHMKa, T.e. roiyboe (cuHee)
CMEMIEHHUE IT0JIOCHI MOTJIOMIEHUS ITPH YMEHBINEHHH pa3Mepa HAHOYACTHIL.

OKCIlepUMEHTAIbHBIE  Pe3y/bTaThl 10  CMENEHHI0 YacTOThl  Pe30HAHCHOTO
HOTJIONMICHHST B 3aBHCHMOCTH OT pa3Mepa HAHOYACTHIl TakkKe IMPOTHBOpeuuBhl. B pse
paboT npu ymeHbIeHHH pa3mepa yactuil Ag ot 10 1o 1 HM HaOII01a)IM CHILHOE KpacHoe
CMelIeHUe IHMKa IOIJIOMIEHHUs, TOI/la Kak B JIpyruX HaOJ0Jali, 4YTO IOJIOKEHHE IHKa
norjaomenus yactui Ag u Au guametpoM 2.5 - 10,0 HM He 3aBHCHT OT pa3Mepa YacTHII.
Eme B psige paGotr ycraHoBiieHo roiry0oe (CHHee) CMeNIeHHE IHMKA IOIJIOMIEHHS
HaHOYACTHI Ag NPH YMeHbIIEHUH UX pa3mepa 10 1 - 2 HM paboTam.

[Toka3aHo, 9TO B 3aBHCHMOCTH OT CTEIEHH Pa3MBITHA SJIEKTPOHHOro obJaka Io
[OBEPXHOCTH YACTHIBI MOXKeT HalmroiaThess Kak rojyboe (cuHee), Tak M KpacHoe
CMelleHHe; Ul Mepexoda oT ogHoro s¢dekTa K APyroMy J0CTATOYHO HE3HAYUTEILHOTO
U3MeHeHus1 pa3mepa oOsactu uddy3Horo pasmeiTus 3iekTpoHoB. [llupuua mnosiocet
HOTJIONEHHsT CBeTa ABJISAETCA CJIO0KHOM (YHKIMeH pasMepa YacTHII M JIOCTUTaeT
Makcumyma BOm3u D ~ 1,1 HM.

B mocneanue rojapl GoNbIIOW HMHTEpPEC BLI3BIBAIOT HCCJISIOBAHHMS pa3MEpPHBIX
5 deKTOB HAa ONTUYECKUX U JIFOMUHECIIEHTHBIX CBOMCTBAX IOJIYIIPOBO/IHUKOBBIX BEIlECTR,
TaK KaK ONTHYECKOE IOTJIONMEHHE — OJMH M3 OCHOBHBIX METOJOB M3yUYEeHHsS 30HHOM
CTPYKTYPBI IIOJIYIIPOBOHUKOB.

B nonynpoBogHUKAaxX SHeprus MEKMOJIEKYJSIPHBIX B3aHMOJCHCTBHII Besmka,
[I03TOMY IIPH OIMCAHUH HJIEKTPOHHBIX CBOMCTB MaKpOCKONMYECKUHM MOTYIIPOBOTHUKOBBIN
KPUCTAJUI MOJKHO paccMaTpHBaThb Kak OJHY OOJBIIYI0 MOJIEKYJIy. DIIEKTPOHHOE
BO30YyK/eHHE  MOJIYNPOBOJAHHMKOBBIX  KPHCTAUIOB  NPHBOJAMT K  0OpazoBaHMIO
c1a00CBI3aHHON DJIEKTPOHHO-ALIPOYHOM mapbl — SKcUTOHA. OO6/acTh JIe/I0KAIH3AIUU
HSKCHTOHA MOJKET BO MHOTO pa3 TPEeBOCXOAMTH IEepHO] KPHCTALUIHYECKOH pPemeéTKH
IOJIYIIPOBO/IHUKA.  YMEHBIIEHHE [OJIYINPOBOJHMUKOBOIO KpHCTAIa JO Pa3MEpPOB,
COIIOCTABUMBIX C pa3MepaMH SKCHTOHA, BJIMSET Ha €ro CBOHCTBA.

Takum oOpa3zom, crnerMduyeckHe CBOWCTBA MOJYNPOBOJAHUKOBBIX HAHOYACTHUI
00yCII0BJIEHBI TEM, UTO pa3Mep HAHOYACTHI] CPABHUM KaK C pa3MepaMH MOJIEKYJI, TaK U ¢
BOPOBCKHMM PaJHyCOM 5KCHUTOHOB B MAaKPOCKONHYECKOM KPHCTAILIE Fex ~ n’ne/texe’;
Uex = memy/(me + my,) — NpUBEIEHHAsT Macca HKCUTOHA, Me U My — S(P(PEeKTUBHBIE MACChI
9JIEKTpOHA M JIpIpkH; n = 1, 2, 3,...). [yt noaynpoBo/{HUKOB OOPOBCKHIH paJiHyc HKCHTOHA
MeHsieTcs: B mupokux npegenax — ot 0,7 am gaa CuCl go 10 um ama GaAs. DHeprus
3JIEKTPOHHOIO BO30OYMJIEHHUS! HW30JIMPOBAHHOH MOJIEKYJIbI OOBIYHO 3aMeTHO OoJiblne
SHEPrUM MeK30HHOTO Iepexoja (IHMPUHBI 3allpelleHHOM 30HBI) B MaKPOCKOMHUYECKOM
noJiynpoBoguuke. OTcrofa clie/lyeT, 4To IpPHU NepeXofe OT KpHCTaUla K MOJIeKYJIe, T.€.
IIPH YMEHBIIEHUH YaCTUIIbI JJOJDKHA CYIIECTBOBATh 00JIaCTh pa3MepoB, B KOTOPOU SHEPrust
3JIEKTPOHHOTO BO30YK/I€HMsA IUIABHO MEHsETCS OT MEHBIIero 3HaueHHs K Oosbmemy.
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Wnade roBopsi, yMeHBbIIEHHE pa3Mepa MOJIYHNPOBOJHHMKOBBIX HAHOYACTHI[ JOJDKHO
COTPOBOMKAATHCS CMEIEHUEM II0JI0ChI TOMVIOMIEHHS B BBICOKOYACTOTHYIO 00JIaCTh.
[Iposieiennem sToro s¢exra sipiisercs roayboe (CHHee) cMelleHHe SKCHTOHHOM TOJIOCHI
HOTJIONIEHHs] MOJIYNPOBOJHHKOBBIX HAHOYACTHIl NPH YMEHbHIEHHMH HMX pa3mepoB. B
Haubosiee wu3ydeHHOM mosynporojiHuke CdS roayboe (cuHee) cMemeHHE I10JIOCHI
rorJioneHus HadroaaeTes st HaHodacTuir ¢ D < 10 = 12uMm.

B makpockomuueckoM KpHCTaUle SHeprusi SKCHTOHA E COCTOMT W3 HIMPHHBI
3alpeleHHOM 30HbI Ey (Pa3sHOCTH SHEPrHHM MEKY 30HOH INPOBOAMMOCTH M BaJIEHTHOM
30HOM), VMEHBIICHHOM HA DHEPIHUIO CBSI3U DJIEKTPOHA M JBIPKUA (PPPEeKTUBHYIO SHEPrUI0
PunGepra Egry = pexe4.-”2n2n2), U KUHETUYECKON SHepruM LEeHTpa TKeCTU dKcuToHa. J{iis
T0JTyIPOBO/THHKOBOM HAHOYACTHIIBI PAJIHyCa I TIOCIIE/IHEE ClIATaeMOe PABHO 771/ 2 lex!”s
T.¢. 00paTHO MPONOPIMOHAILHO KBAJpaTy pajuyca. bosiee cTporuii aHajiv3 BIUSHHS
pa3MepoB HAHOYACTHIILI HA SHEPIHI0 SKCHTOHA M YYET KYJIOHOBCKOTO B3aUMO/ICHCTBHSA
SIIEKTPOHA U JIBIPKH JIAIOT CJIe/IYIONIee BhIPAKEHHUE!

'z’ 1,78

E=FE -0,248E, +
£ ¥ our er

) (1.6)

CyMmMa niepBoro u Tpethero ciaraeMsix B (1.6) npeacrapisier coboit 3¢ peKTUBHY IO
MIMPUHY 3amnpemeHHord 30HBL. M3 (1.6) cieayer, 9To yMeHBIIEHME pa3Mepa 4YacTHIL
JIOJUKHO COTIPOBOKIATHCS pPOCcTOM S(P(PeKTUBHON IMUPHUHBI 3anpenieHHoH 30HbI. MIMEeHHO
TakoH ¢ eKT ymupeHus orMeueH Ha HaHodacTHIax CdTe: npu nepexo/ie 0T MaCCHBHOTO
KpHCTa/Ia K HaHOYACTHIIaM JuameTpoM 4 U 2 HM 5(Q(deKTUBHAsL IMHUPUHA 3aNpelieHHOM
30HbI yBeJMumMiIach ¢ 1,5 5B 10 2,0 u 2,8 5B coorBeTcTBeHHO. POCT mupuHbl 3anpemeHHoi
30HbI TOHKOJHMCIIEPCHOTO mopomKka Si3N4 B CpPaBHEHHHM € MACCHBHBIM KPHCTALIOM
oOHapysxeH npu uzyueHun UK- u duryopectieHTHbIX SMHUCCHOHHBIX CHIEKTPOB.

[TockonbKy SHeprusi Bo30YXKIeHHS HKCUTOHa £ = Mo (® — YacToTa MaJaromero
cBeTa), To U3 ypaBHeHus (1.5) cieayeT, 9To ¢ yMeHbIICHHEM pa3Mepa HaHOYACTHI] JIMHUU
ONTHYECKOTO CHEeKTpa [JO/DKHBI CMemaThCsid B BHICOKOUYACTOTHYIO oOmacth. Takoe
cvmemenue (10 0,1 »B) mosnoc nmornomenust HaGmomanu B crnekrpax mHanodactui CuCl
(D =31, 10 u 2HM), IMCIEPTUPOBAHHBIX B CTEKIIE,.

Ha puc.1.4 B kagecTBe mpHMepa MOKa3aHbl ONTHYSCKHE CIIeKTphl HaHo9acTHIl CdSe:
OpH yMeHbIIeHHH uameTpa HaHouacTHIl CdSe mnosjoca norjomeHust cJBUTacTCs B
obnacTh Gojiee BBICOKMX JHEprui, T.e. HaOmrogaercs roiyboe (cuHee) cMemenue. B
[epBOM  NPHOJMKEHUM DHEprus MakCUMyMa [OJIOCHL  HorjomeHuss  obpaTHo
NpoNoOpIMOHATIbHA KBajpaTy paauyca dactunl CdSe. bonpmas mupuHa mosoc
norsiomenust (~0,15 3B uim 1200 CM_I) o0ycJloBJIeHa JUCIIEpCUEH pa3Mepa HAHOYACTHIL —
OTKJIOHCHHE JHaMeTpa YacTHIl OT CpeJHero 3HaueHus1 cocTaBisuio +£5%. JelicTBUTEIBHO,
Jake NPH W3YYEHUH CaMbIX MOHO/MCIEPCHBIX 0Opa3loB HaOMIOAAIOTCS VINUpPEHHbIE
CIEKTPhI MOTJION[EHMS, T.e. TaK HazblBaeMoe HeroMoreHHoe ymupeHue. [lostomy s
M3yUYEeHHs JMHAMHKH O5KCHTOHOB B HaHokpucTasuimyeckoM CdSe Obuta mpuMeHeHa
demrocexyHaHass (HOTOH-3X0 TEXHHKA. DTO IO3BOJIMIO HMCKIIOYHTH HETOMOICHHOE
YHOIUpEeHHEe M HaUTH «TOMOTE€HHYIO» IIHPHHY JIMHHH, TOYHO COOTBETCTBYIOMYIO JAHHOMY
pazmepy vactuil. B pesyasrare ObLIO ITOKa3aHO, YTO YMEHBIIEHHE JUAMETPa HAHOYACTHIL
MIPUBO/IUT K YBEJIUYCHHUIO IMUPHUHBI JIMHUHN TIoTyIoneHust (puc. 1.5, kpusas 4).
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Ornrryeckan moTHOCTE, OTH, €1,

36

E, 3B

Puc.1.4. OnTHyecKue CIEKTPsI noriomeHns Hanouactury CdSe quameTpom
or 2,1 no 4,0 um nipu 10 K (ykazaH cpefHHiT JHaMeTp HacTHI( D)

T S N N
24 2,8 3,2 36 <D> um

Puc.1.5. 3aBUCHMOCTh HMCTHHHOIT («TOMOTEHHOIT») IIMPHHBI A ONTHYECCKOH JIMHIH
MOTJIONICHHA M BKJIAJ0B B Hee OT auaMerpa HaHodacTHil CdSe mpu 15 K: 1 — Bkiafg,
00YyCIIOBJIEHHBII YIPYTHM paccesHHEM Ha MNpHUMecaX M Je(eKTax pemeérku;, 2 —
(hoHOHHOE YILHPEHHE, 00y CIIOBIIEHHOE CBA3BIBAHHEM HH3KOYaCTOTHBIX
KoJsieOaTeIbHBIX MOJ; 3 — BKJIaJ, YUMTHIBAIOIMIT BpeMd KU3HU SKcuToHa. McTHHHAg
(«roMoreHHas») ImmMpHHa JMHHM (4) sBiasgeTcds cyMMoil TpéX YKa3aHHBIX BKJA/I0B



ABTOpPBI BBIACIHIA B «TOMOTEHHOM» HIMpPHHE JIMHUM TOIVIOMIEHHsA TPH BKIaja.
HaunGonee cymectBeHHbld BKIaa (puc.l.5, kpupas 1) B IMHPUHY JIMHUH OOYCJIOBIICH
VIPYTHM paccesiHUeM H3JIyUeHHs Ha MPUMecsX H JedeKTax pemETKA. DTOT BKJIA/l 3aBUCHT
OT pazMepa HaHOYACTHIBI (TouHee — OT HPPEeKTHBHOMN IUIOMATH TOBEPXHOCTH PACCEHUS,
MPONOPIMOHAILHON OTHOmeHuI0 S/V, rae 5 — Iionajgs HOBEPXHOCTH M ' — 00béM
HAHOYACTHIBI) M HE 3aBHUCHT OT TeMmeparypel. Bropoii Bkmax (puc.l.5, kpuBas 2)
00yCJIOB/IEH CBSI?LIBAHMEM HU3KOUACTOTHBIX KOJeOaTelIbHBIX MOJI HaHOKpHCTAa/UIa. DTOT
BKJIAJ] CHUIBHO 3aBHCHT OT TeMIIEpaTyphl U BBI3BIBACT YIIUPEHHE JIMHUHU, KOTOpOe JIUHEHHO
pactér ¢ yBeiaudeHueM TemuepaTypbl. @DoHOHHOe ymHpeHHe, OOYCIIOBIEHHOE
CBSI3LIBAHUEM HHM3KOUYACTOTHBIX KoJIeOaHWi, /JaeT 3HauuTe bHBIH (710 20 - 35%) BKIag B
«TOMOTEHHYIO» IMIMPHUHY HE TOJILKO NPHU BBICOKUX, HO JaXke MPH HU3KUX TeMIlepaTypax.
Tpernii Bxi1aj B mupuny JuHuM (puc. 1.5, kpusast 3) siBisieTcss HauMeHbIMUM. OH CBSI3aH ¢
BpPEMEHEM JKH3HH, KOTOPOMY COOTBETCTBYET OBICTPBIH pacrnaj MCXOJHOr0 COCTOSIHHS B
OPYTYIO 3JIEKTPOHHYIO KOH(pHrypamuio, ciabo CBS3aHHYIO C OCHOBHBIM COCTOSIHHEM.
H3MeHeHHe COCTOSIHHS 3aMeTHO 3aBHCHT OT pa3Mepa YacTHIbI BCJIEJCTBHE 3axBaTa
HKCUTOHA JIOKAJIM30BAHHBIMU IIOBEPXHOCTHHIMM COCTOSIHUSIMH. Ecim 3axpaT cBsA3aH ¢
IPOCTBIM  HEPEeKPLITHEM BHYTPEHHUX BOJIHOBBIX (YHKIMH C JIOKAJIM30BAHHBIMHU
MOBePXHOCTHBIMH  COCTOSIHHSIMH, TOIJla CKOPOCTh 3axXBaTa JOJ/DKHa  MEHATHCA
MPOTNOPIIHOHAILHO OTHOIIEHHIO ILUIONIA/{ ITIOBEPXHOCTH YaCTHIIbI K ee 00bEMY, T.e. S/V.

PexoMOuHanus reHepUpoOBaHHBIX CBETOM 3apsi/ioB HNPHUBOAUT K JIIOMHHECIIEHIMH
HaHovacTHI. M3ydeHHe CIEKTPOB JIOMHHECHEHIIMH HaHodacThll ZnO, ZnS, CdS, CdSe
TaKke oOHapy: k10 roiryboe (CHHee) cMeleHue, T.€. C/IBUI CIIEKTPOB B KOPOTKOBOJIHOBYIO
001acTh MPH YMEHbIIEHHH pa3Mepa YacTHII.

[Ipu 3ajanHOM pa3mepe HAHOYACTHUIILI BpeMsl 3aTYXaHHS JIFOMHHECHEHIIUU 3aBUCUT
OT JUIMHBI BOJIHBI M TeM MeHbIIe, 4eM OoJsiblle SHEeprHsl W MeHbINe UTHHA BOJIHBI
UCITyCKAaeMOro KBaHTa CBeTa. 3aBUCUMOCTL BPEMEHH JKU3HU BO30OYHKIEHHOIO COCTOSIHUA OT
JUTHHBI BOJTHBI A JTIOMHHECIIEHIIMHM 00YyCJIOB/IeHA BKJIAIOM KYJIOHOBCKOIO B3aUMOICHCTBHSA
HIIEKTPOHA U JABIPKH B DHEPIHI0 H3Iy4aeMOIro CBETOBOIO KBaHTA, N® = 27n/A:

2
250 =B~ D (1.7)
A ET

eh

r7e Enin — MEHUMaJIbHAS SHEPTHA BO30YKASHHS JTIOMHUHECIIEHITMM HAHOYACTHIILI pajuyca 7,
Dy, D — ri1yOUHBI JIOBYIIEK JBIPKH U DJICKTPOHA, I'pj, — PACCTOSHHE MEXK/Y DJIEKTPOHOM U
JBIPKOM. DIIEKTPOHHO-/IBIPOYHBIE MAphl C MAJBIMH PACCTOSIHUSIMH Iy NPH TYHHEIBHON
PeKOMOMHAIIHHA JBIPOK M JIEKTPOHOB H3JIYYalOT CBeT ObICTpee M C MEHbBINEH THHOM
BOJIHBL, 9€M Maphl ¢ GOJIBITHMH 7).
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1.4. KBanToBble pazMepHbIe YpdeKThI

KBanToBBIE pa3MepHble H(QeKThl MPOSBIMIOTCS, KOrja pa3Mepbl o01acTu
JIOKaJIM3aItiH ¢cBOOO/IHBIX HOCHTENIeH 3aps/ia CTAHOBATCS COM3MEPHUMBIMH ¢ JUTHHOM BOJIHBI
ne bpoitns

27h
AB =_;—*
\;2??? E

rae m - s¢pPexTHBHASA Macca HOCHTeNeH 3apsaa; £ — sHeprus @epmu.

KsanroBsie pazmepnbie s¢dekrsl Hauboiee npocto HaOMI0/1aTh B MOJyMETALIAX U
V3KO30HHBIX TOJYNPOBOAHHKAX, HAaNpUMep B BHCMyTe H aHTHMOHHW/IE HH/IHSL
D¢ dexTuBHas Macca HocuTeleH B HHX cocTaBsieT nopsyika 0,01mp, sHeprus @epmu —
IopsiIKa 1072 5B. CrepoBatesibHO JUIMHA BOJIHBI Jie bpoinsa coctaBut npuMepHo 100 HM,
T.e. KBAHTOBBbIE pa3MmepHble 5>Q(PeKThl B 3TUX MaTepHanax OyayT HaOmoaaThecsl Jake B
wieHkax TojmuHoi 100 — 200 M.

JIBMkeHHe HOCHTeIeH 3apsjga B TOHKOM KpHCTAJLIe 10 OCH Z OTPAaHHYEHO YCIIOBHEM
oOpa3zoBaHMs CTOSTYUX BOJIH Jie bpois

nai,

d= ,rmen=1.2,...

[TockoyIbKY Ap M COCTaBJISIFOIASE KBAa3MMMITYJIbCa CBOOOHOIO HOCHTENS 110 OCH Z
CBA3AaHBI COOTHONIEHHUEM

_2m
Py

InojayvdacM, 4TO BCJ/IIHYHMHBI p- H COOTBGTCTBy}OIILeﬁ KHHETHYCCKOH DOHEPIruu HOCHTEJICH
3apsaaa E. «KBAHTYHOTCs» — T.€. MOI'YT IIPpHHUMATD TOJIBKO JHUCKPETHbLIC 3HAYCHH

A

E

(1.8)

2 2
p"”=@ E® =Pz - (nah) : (1.9)

- d’ ¢ 2m:, 2m;a’1

3nech m. — s(}pdexTHBHAS Macca HOCHTENEH 10 HOPMAJIM K MOBEPXHOCTH IUICHKH.
DHepruM HOCHTENEH 3apsaa E-") _ HaspIBarOTCS «YPOBHSAME Pa3sMEPHOTO KBAHTOBAHHMSDY.
Hwxuuii ypoBeHL pasMepHOro KBaHTOBaHHA (7 = 1) COOTBETCTBYET MHMHHMAILHOM
SHEPTHU CBOOOJHOIO HOCHTENA 3apsja B TOHKOM KpHcTaute. OJHO M3 NpOSIBJICHHMH
pa3MepHOro KBaHTOBAHMA — YBEJIMYCHHE NIHPUHBI 3aNPENIeHHOM 30HbI TOHKOTO KPHCTALIA
IpH YMEHBHIEHHH €ro TOJIUHBI 3a CYET TOro, YTO HWKHHH pa3pelleHHbIH YpPOBEHb
SHEPTrHU B 30HE IPOBOJUMOCTH HOJHMMAaeTCs HaJl K¢, a BepXHHH YpPOBeHb B BAaJICHTHOM
30He — ONyCKaeTcs HWKe Ky, JUIs KPHCTAUIOB MM IUIEHOK TOJIIMHOW B HECKOJIBKO HM
BEJIMYMHA TOT0 KBAHTOBOTO d(dekTa MOXKET JOCTUraTh HECKOJIBKUX JIECATHIX J10JIeH 9B.
B TOHKMX KBaHTOBBIX HUTSAX HJIM NIPOBOJIOKAX YBEIMUEHUE IMHUPHHBI 3aNIPEIIeHHON 30HbI B
JBa pasa GoJipllle, YeM B IJICHKAX, IIOCKOJIbKY IIPOHCXOAUT KBAHTOBAHHE DHEPTETHYECKOTO
CIIEKTpa HOCHTe/lell 1O ABYM ocsiM. B 4YacTHOCTH, pacueTshl IOKa3bIBaKOT HYTO JUIA
KPEMHHEBBIX KBAHTOBBIX HUTeH qruaMeTpoM d = 1 HM ¢ (eKTHBHASA IIMPHHA 3anpemeHHOH
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30HBI JOJDKHA BO3PAacTH II0 CPpaBHEHHIO ¢ MACCHBHBIM MaTCpHaIOM Ha BEJIHYHHY AEg =11B.
I/IMBHHO TaKHe II0 BEJIHYHHE CABHI'H II0JIOCHI COGCTBGHHOI‘O IOTJIOIMIEHHA B CTOpOHy
OOJILIINAX 3Heprm‘i KBAHTOB CBETa Haﬁﬂmﬂa}(}TCﬂ SKCIIEPUMEHTAJIbHO B IIOPHCTOM
KpcMHHH, Hpeﬂ,CTaBJIﬁI-OH_lf:M 0060171 CHCTeMy TOHKHX KBAHTOBBIX l'IpOBOJ'iOK.

Jlpyroii pasmepHbIif 5¢QeKT — HEeMOHOTOHHAs 3aBHCHMOCTh SJIGKTPHUYCCKHUX
XapaKTepUCTHK TOHKOHW IUICHKH IMOJyMETaUla WJIM MOJIYIPOBOJHMKA OT TOJIIHHBL. JIjis
IMMOHHUMaHHUA HquHH 3TOT0 JOCTATOYHO paCCMOT‘peTb BOl’lpOC O IINTOTHOCTH BHEKTpOHHLIX
COCTOSIHHUH B JABYMEPHOM rase CBOﬁOﬂHLIX HOCHTEJIEH 3apsia.

HOCKOJ’ILKy HOCHTCIIH ?.apﬂ,ua, HaxoJAIIHECA Ha HEKOTOPOM ypOBHB pazmepHoro
KBAHTOBAHHA. yqaCTBy}OT B CBOGOHHOM JBHKEHHH B IIJIOCKOCTH IIUVIEHKH., BMECTO
,B;PICerTHOI‘O Cl'lel(Tpa nony*xa}orcﬂ TaK Ha3bIBacMbIC IT0/30HEBI paSMepHor 0 KBAaHTOBaAHHA,
KaKdada U3 KOTOPBIX COOTBETCTBYET OIIPEJCJIEHHOMY 3HAYEHHIO 11 B COOTHOIICHHH (1.9).
Hs yCJIOBHﬁ MNEPHOIHYIHOCTH KBasHHMIIYJIbCa KapmaHa-BopHa Ha OJHO COCTOSAHHE B
I{BYMepHOM HpOC’I’paHCTBe KBaBHHMHyJ'ILCOB HPHXO,E{HTCH IIomniajgxKa

27h)
AS, = (@) S) ;
rge § — reoMeTpHUYECKasd IUIomaab IIOBEPXHOCTH IIJICHKH. KonuyecTBO COCTOﬂHHﬁ,
MPUXO/ISIIUXCS HAa HHTEPBAJI KBa3UMMILYJILCOB OT p J10 p + dp, paBHO
dN(p, p+dp)=g(p)dp = o L _ap, (1.10)
AS,  27h

P

rae g(p) — IWIOTHOCTb COCTOSIHUM B IPOCTPAHCTBE KBA3UUMIIYJILCOB. Y UHTBIBAs, YTO
*
p=.2mE

HOJIYYaeM, 9TO IUIOTHOCTH COCTOsIHUEM 10 sHepruu g(E) B AByMepHO# 10/[30He NOCTOSIHHA
¥ paBHA B pacyeTe HA eJMHHILY MOBEPXHOCTH IUIEHKA

Ey="
g(E)= ;
27

* wr
rae m, - 5(pdeKTHBHAas Macca CBOOOAHBIX HOCHTeseH B IUIOCKOCTH IUIEHKH. IIIOTHOCTH
COCTOHHHH B ,HBYMepHOﬁ IIOJ30HE B pac qeTe Ha eﬂﬂﬂﬂuy Oﬁ'beMa IIJIEHKHA paBHa

(1.11)

Ey m, 1
gy(h“)=—giif ):—"M;Z h (1.12)

B kBaHTOBOM HHTH Ha OJHO COCTOSHHE B OJHOMEPHOM IIPOCTPAHCTBE
KBa3HMMIIYJIbCOB IIPUXOUTCS «/IJIHHA»
27h
AL iy FR—y
[
rjae [ — pmHa HUTH. COOTBEeTCTBYIOMAs IIOTHOCTH COCTOSIHHM B OJTHOMEPHOM IMO/130HE Ha
e/IMHUITY JUTMHBI HUTH
1 (m h

g(E)=% r EA. (1.13)
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N3 cooTtHomenus (1.12) craeayer, 94T0 IpH HEM3MEHHOM KOJIMYECTBE 3alOJIHEHHBIX
IO/I30H Pa3MEPHOT0 KBAHTOBAHUS IUIOTHOCThH COCTOSIHUM B TOHKOM IUIEHKE YMEHBIIAETCS C
yBeJIHMUeHHeM ee TomuHbl. Ho ofHOBpeMeHHO ¢ pocToM d yMeHbIIaeTCs SHEPreTHIeCKoe
pacineIuieHue YpoBHe#H pa3MepHOro KBantoaHus (cM. ypaBHeHue (1.9)) m Bce Gosbiiee
KOJIMUECTBO IOJI30H «IIOrpykaeTcs» 1noj1 yposeHb Oepmu. Kaxk/ioe nepeceueHue ypoBHeM
@epMH TpaHUIbl  CIHEAYIOIMEH MOJ30HBI  CONPOBOKIAETCSH CKAYKOM  IUIOTHOCTH
3aI0JIHEHHBIX COCTOSIHMM, M B HMTOre [OJIy4aeTcsl XapaKTepHas Iepuo/iuvecKasi
3aBHCHMOCTh Y/IeJIbHOTO COIIPOTHBIICHHS TOHKOH IUIGHKH OT ee ToiamuHbl. M3 mepumoja
U3MEHEHUH DJIEKTPUYECKUX CBOMCTB TOHKOM IUICHKHM B 3aBHCHUMOCTH OT d MOKHO HalTH
BEJIUTHHY p- HA YPOBHE ®epmu («(pepMHEeBCKHIT» KBA3HUMITYJIBC), a TakkKe dPeKkTHBHYIO
Maccy HOCHTeJeH m. .

1.5. ®oHOHHBIIT CHEKTP H TEILI0EMKOCTh

N3 o6mux coobpakeHui cie/yeT, 4T0 HaJuuue GONBIIOTo KOJMYeCTBa aTOMOB Ha
HOBEPXHOCTAX paz/iesia JJODKHO OKa3bIBaTh 3HAUMUTEJILHOE BJIIMSHHE HAa (DOHOHHBIN CIIEKTp
U CBSI3aHHBIE C HUM TepMHYECKHe CBOMCTBA (TEILUIOEMKOCTh, TEIUIOBOE pacIIMpeHHE,
TeMIlepaTypa IUIABJICHHS, pENIeTOYHAsl COCTABJISION[As TeIUIONPOBOJHOCTH M JIp.).
CorsacHO ONBITHBIM JIAHHBIM, TOJIYYEHHBIM IPH MCCIIEIOBAHHU HEYINPYTOTo paccesHus
HEUTPOHOB, U TeopeTUUYeCKUM pacuetaM QYHKIMH pacrpe/ieieHus KoieOaTeIbHbIX YaCcTOT
g(®) oObIYHBIX MaTepHAIOB U HAHOOOBLEKTOB 3aMeTHO oT/In4atoTcs. B poHoHHOM criekTpe
HAHOMATEPHAJIOB  MOSIBJSIIOTCS  JONOJIHMTE/IbHbIE KAaK  HH3KOYACTOTHBIE, TaK H
BBICOKOYACTOTHbIE MO/bl. M3MeHeHMe [MHAMHKHM KPHUCTAJUIMYECKOM pEIEeTKH IpH
nepexo/jie 0T MAaKPOCKONMYECKHX MOHOKPHCTA/UIOB K HAHOKPHCTA/UIAM TaKOBO, 4YTO
HPOHUCXO/IUT YBeIMUCHHE aMIUTATY/IbI KosteOaHui aToOMOB, a ()OHOHHBIH CIIEKTp B IeJIOM
Kak Obl cMmsargaercsa (puc.1.6). MHOrUMH HccleoBaTesIMH  ObUIO  OOHApyKeHO
HOBBIIICHHE TEIUIOEMKOCTH JUIi HaHOMaTepuasioB, B TabGin. 1.1 mpuBe/eHb! JaHHBIE IS
Pa3INIHBIX OOBEKTOR.

W3menenust Buja ¥ rpaHunl (OHOHHOTO CHEKTpa, T.e. H3MeHeHHe (YHKIIHU
pacripe/ieJieHds1 9acTOT aTOMHBIX KoJieOaHu# ([anee /uid KpaTKoCTH OyJeM HMCIOJIb30BaTh
TepMHH «(QYHKIMS pacrpe/iejeHus YacTOT») SIBJISIIOTCSA OCHOBHOM NPUYHMHON W3MEHEHMs
TEPMO/IMHAMHYECKHX XapaKTePUCTHK HAHOKPUCTAJUIOB B CpPAaBHEHHH C MAaCCHUBHBIM
BEMIECTBOM. 910 HOJTBEPIKIAIOT pe3yabTaThl M3y YeHUA MacCHBHOTO
MOHOKPHCTAJUTHYECKOro S1 M MOPOIIKa TOro e Si MEeTOJOM HEYNPYroro paccesiHusi
Me/VIEHHBIX HeHTpoHOB. DYHKIMH paclpe/iesieHus 9acToT g(®) ISl MEJIKOTO MOpOoIIKa U
MACCHMBHOTO KpPE€MHHUSI 3aMeTHO OTIMYAINCh. MeTo/] paccesiHHSI HEHTPOHOB ObL1
UCIOJBL30BAaH TaKke JUI MOJdydeHHs (POHOHHBIX crekTpoB udacTtHi MgO (D~11, 16 u
23 um) u TiN (D~30 M) u maccuBHbIX 00pa3znoB MgO u TiN.
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Puc.1.6. OyHKIMA pactipejie/ieHHs SHepruii (a) 1 4acToT (6) (POHOHHBIX CHEKTPOB: a — OIBITHHIE

JaHHBIE HEYIIPYIoro paccedHHs HelTpoHOB Ha d4acTtHiax ZrO,-Y,0; (16 Mom%) pazmepoMm

300 mxM (/) 1 19 HM (2); 6 — pacueTHBIEC JaHHBIC JUIg MakpooOpasua MgO (/) u HaHOKpHCcTalLIA
MgO (2) (900 atomoB)

B (oHOHHOM crHekTpe MaibIX 4YacTHI[ MOSABISIOTCS HH3KOYACTOTHBIE MO/Ib,
OTCYTCTBYIONIHE B CIIEKTPAX MACCHBHBIX KPUCTAUIOB. B HaHOUACTHIIAaX MOTYT BO3HHUKATh
BOJIHBI, /UIMHA KOTOPBIX HE TMPEBBINIACT Y/ABOCHHbLIH HauOOIbIIMH pa3zMep dYacTHIbI D,
HOSTOMY CO CTOPOHBI HH3KOYACTOTHBIX KojieGaHHit (OHOHHBIH CHEKTp OrpaHHYCH
HEKOTOPOH MHHHUMAJIBHOH YaCTOTOM: ®min ~ ¢/2D Tie ¢ — CKOPOCTh 3BYKa, B MACCHUBHBIX
o0pasnax Takoro orpaHHYeHHUs HeT. 3HAUeHUE Mpyin 3ABUCHT OT CBOMCTB BelIeCTBa, (POPMBI
U pa3sMepoB HacTHIbl. MOXKHO OXKH/IaTh, YTO YMEHBIICHHE pa3Mepa HacTHI[ OJDKHO
cMmemaTh (OHOHHBIH CIIeKTp B 00JacTh BBICOKUX YacTOT. OcoOeHHOCTH KoJiebaTeIbHOTo
CHEKTpa HAHOYACTHIL B IIEPBYIO OUepe/ib OY/yT OTPAKATHCS HA TEIUIOEMKOCTH.

Tabnuya 1.1

JHAYEeHHSA TeILI0EMKOCTH LIS MaTepHaJI0B B pas/IMYIHLIX COCTOHHHHX

Hanoxpucraumueckoe Amoppmnoe KpylHOKpHC- :
Marepuain TaJUIMYECKOE LK
COCTOJHHC COCTOSAHHEC
COCTOsIHHE
Merox | L, Cp: Cps G
nosydenus |HM | Jlx/(monexK) | Jx/(MmonexK) | Jlx/(MonexK)
Pd Metox | ¢ 370 (48.0)* 27,0 250 250
I'nieiirepa
Cu To xe 8 26,0 (8.3) - 24,0 250
Ra | MPMeme |5 | 9g0(21,7) = 23,0 250
HHE
NiggPoz | XPECTLE | o | 23 400,9) 23.4 23,2 250
JIA3aIus
Se » 10 24,5(1,7) 24,7 24,1 245

23




B cKoOKax NIPHBE/ICHO OTHONICHHE Pa3HOCTH TeIIOEMKOCTEe |
HAHOKPUCTAJUIMYECKOTO W KPYNHOKPUCTAUIMYECKOro oOpa3sloB K  TeIJIOEMKOCTH
KPYIMHOKPHCTALUTMYECKOro 00pasija, BhIpakeHHOE B NPOIIEHTAX.

Pacnpenenenue coOGcTBeHHBIX KoJIeOaHUM IPU HAJIMYUU OTPaAHUYEHHH CO CTOPOHBI
HU3KUX YaCTOT 00CYK/IaIu aBTOpHEI JIBYX paboT. OHH Npe/IoKUIN CXO/HbIE BhIPAKEHUS,
OIIMCBHIBAIONME YUCJIO COOCTBEHHBIX KOJIeOaHUH 1(®) NPAMOYTOJbHOM YACTHUIBI ¢ YIETOM
eé¢ reoMeTpHuecKuX XapakrepucTuk. Ilosrygennoe BeIpakeHue Ui 1(®) B HECKOJIBKO
MOAU(DUITUPOBAHHOM BHJie ObUIO NPUMEHEHO Uil onucaHusi pazMmepHoro spdekra Ha
HH3KOTEMIIEPAaTypHOU TeIIOEMKOCTH. DYHKIHUA pacnpeiesieHus: 4acToT g(®) GOHOHHOTO
CIIEKTpa MAJIOH YaCTHUIIbI IPMOYT0JILHOM popMmel ¢ peOpamu Ly, L,, L ©MeeT BUJL

IV a* Sw L
g(®)=—F—+ -+ s
2n°c, l67c,

(1.14)

8rc,

rae V = LJL,L., S = 2(L.L, + L L-+L,L.), L = L, + L, + L.) — o0BéM, ILIOmagb
NOBEPXHOCTH M oOmasi JiuuHa pedep. ¢, ¢; — CKOPOCTH MPOJOJIbHBIX H IONEPEUHbIX
YIPYTHX KojieOaHuUi; c_j'l = ¢ + 2¢7 - s¢deKTUBHAST CKOPOCTH (3/1ech /UIA Iepexo/ia oT
¢yuknuu g(v) kK pyskiuu g(m) Mcnosib30BaHo BeipakeHue g(m) = (1/2n)g (v = o/2n)).
Cnenyer 3aMeTHTh, YTO B TEOPHH VIPYTocTH (PU3HYECKH TOYHO OIpe/iesieHa TOJBKO
BeIMUMHA C3" = ¢ + ¢, cooTBeTCTBYIOMAs 3(QPeKTUBHON CKOPOCTH 3BYKa B TeJe
Oombmoro o6béma, J—»oo, KOrjga TpaHMUYHbIE YCIOBHsA, OOYCIIOBJIECHHBIE HATHUIUEM
IOBEPXHOCTH, HECYIIeCTBEHHbI. KOppeKTHOE BBIpaKeHHE JUIS BEIMUHHBI 3 C YUETOM
TOYHBIX TPAHUYHBIX YCIIOBUH

> [6.(A-B)divu+B(@u, +d,u)]=0

12 _ 1/2 _
(A+B)' " =c, m B~ =¢,
HUMEET BHJI

4 2¢' =3¢’ +3¢
¢ ==

c:cf(cf—c:) (12
B Beipaxxenun (1.15) yuren sddekT B3aumMonepeMemuBaHus MoJ1, 00yCIOBIeHHBINR
KOHEUYHBIMH pazMepaMH HacTullbl. [IpaBriibHOE BhIpasKeHHUE TSI BEJTHINHBI a1’ o cux nop
HEHU3BECTHO.
Haiineno nogoGuoe (1.14), Ho GoJiee ToUHOE CHeKTpalbHOe pacnpeaencuue. Odmee
YHCJI0 HOPMAJIBHBIX MO/ [UUIsl YaCTHIBL, cojiepakarieil N aTOMOB, paBHO

o,

3N= | g(@)do, (1.16)
Boin
oTkyaa ¢ yuétom (1.15)
2 13 2 2/3
Oy~ O + 18?£'VN6‘3 1— 144)7;: 7 187; Gy +A(N-zu) , (1.17)
2
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2/ 2/
rae AN 3) ~ IOIPaBOYHbIE WIeHbI MopsKa N i [TockobKY ® = 27V, TO MPH Opyin = 0
BhIpaskeHHe (1.17) MoJHOCTBIO COBIAJAeT C AHAJIOTHYHBIM BBIPAKEHHEM UIA Omax. C
y4ETOM IpaHul] (JOHOHHOTO CHEKTPa TeIUIOEMKOCTh MAJIOHM YaCTHIbI MOJKHO HAUTH KaK

“= de(w, T
CV=_[ (o,T)

-

g(w)dw, (1.18)

B

rie g(0,]) = (ho/2)cth(ho/2kgT) — cpeansst sHeprus ocumwumitopa. llpu 7—0,
TEIUIOEMKOCTh MAJIOH YacTHIbI B IPUOIMIKEHUH O pin = 0 MOIKHO MpPE/ICTABUTH B BU/IE

4kﬁ l'/r(ol‘:mx kBT kﬁ' Swlil ax kﬂ T kEL a)max k BT

8re ho,

= P
ey heo 2re ho,,

max 2

I+

3

C,(r) = 7,. (1.19)

rae I, =(4mY 2" )Z N~ =(4m!/ 2" (m); &(m) — nzeta-dynkuus Pumana (I; = n*/30;

N=1
2
L = 1,8031; I, = nzr’G). Eciu npuHATH, 9T0 Omax = (lSﬂ'NC;z’V)m, T.€. COBNAJAET C
MaKCHMaJIbHOM 9acTOTOM MacCHBHOTO KpucTayLia, To B (1.19) nepBeiii wieH npeacTaBisieT

coboi neOaeBCKMH BKJIAJ B TEIUIOEMKOCTH (121t4NkB,r’5)(vaD)3, rne vp = holks —
Temnepatypa Jlebas MmaccuBHOro kpucraua. Beipaxenue (1.19) MokHO 3anucath Kak
C,(N=aVT’+a,ST* +alLT, (1.20)

rjie aj 23 — NoJIoKUTENbHbIE nocTostHHbIe. M3 (1.19) 1 (1.20) cieayer, 4To B cilydae MajibIX
JacTHIl B TEIUIOEMKOCTH NPHUCYTCTBYeT BKJIaJ, o0OyCIOBIeHHBIH uX Ooipmion
MIOBEPXHOCTBIO, M IO3TOMY MOJKHO OJKHM/JaTh YBEJMYEHHs HHU3KOTeMIIepaTypHOH
TEIUIOEMKOCTH M, COOTBETCTBEHHO, YMEHBIIeHUsI TeMIiepaTypsl J{eGast.

BbinonHeHHBIH aHaMM3 pa3sMepHBIX 3P QeKkToB (POHOHHOTO CIEeKTpa OCHOBaH Ha
KBa3UKOHTHHYAJIbHOM NpHOMMKeHUH. KBaHTOBBHIH MOAXOJ K BBIYHCICHHIO (DYHKIIMH
pacnpejiesieHHsl 4acToT g(®) MaJlod 4YacTHIBl paJHycoM 7, cojepkamei N aToMoB,
BasupyeTcs Ha BHIPAKECHUU

gl@)=Y d(w-a,), (1.21)

rjie 0 — DHEPreTHUYSCKUH HMHTEpBA MEX/IY COCEAHHMMH pPa3pEHICHHBIMU COCTOSIHHSIMH,
w, =k c=ca /r., kjy — BOIHOBOH BEKTOp. C; — CKOPOCTh IONEPEYHbIX YNPYIHX

KoJiebanuit;, a'j; — s-# HYJIb IPOU3BOJHOM OT chepuueckoi pyHKIMU beccesst nopsyika A;
BBIPOJK/IeHHUE K s (WiH a'ls) paBHO (24 + 1).

Jlna cepuyueckodl HacTHIbl pajJMycoM 7, cojiepiamed N aToMoB, B IIpe/IeIbHOM
cnyqae GOJTBIII[PIX BOJIHOBBIX BEKTOPOB 06]]188 THCJIO MO]T paBHO

2 1 2
N==rk+—r+=rk_, (1.22)
n n n
Or 4 3r
rjie k, — TPAHUYHBIA BOJIHOBOM BEKTOP, COOTBETCTBYIOHMIUNH MaKCHUMaJILHOM YacTOTe

KoJIeOaHUN ®y,,y Majol wacTuikl. Ciaraemble B npaBoid dactd (1.22) yuuThIBaloT
00BbEMHBIN, TOBEPXHOCTHBIN U JIMHEUHBIM BKJIA/IBI.
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MOJIFI‘pH&H TEIUIOEMKOCTh KOHEYHOTO KpHCTaJlJla pasMepoM I HMECT BH/T

3V (hew 1 k.TY exo(io | k.T
CV(")=3NAkBZ(WJ 1) exp(ho /k,T)

- (2.23)
J=1 I:exp(#“:w_J 1k, T)— 1:]

r€ 4YacToThl ®;, ¢ Yy4éroM ypaBHeHHs1 (1.22), 3aBHCAT OT pasMepa YaCTHIbI.
AcuMmnroruueckoe pazjiokeHue Ttermtoémkoctd (1.23) ¢ wucnosp3oBanueM Gopmylis
[TyaccoHna juis 001acTi TeMIepaTyp NOpin/kp<<T<Vp = NOpa/kp IPUBOJIUT K BEIPAKEHUIO

= 32 2
C,(r)=C, +v e EE,T +v iz

. 3 1.24
" 4xhkictr " 6hcor? (B2

e v, — MoJsipHbIi 006BéM; £(3) = 1,20206. IIpu r—<c BTOpOH U TpeTHH wWieHsl B (1.24)
oOpamaroTcss B HyJb, a NepBbIH WISH IpeJcTaBisgeT cobod BelpakeHue Jlebas ma
TEIUIOEMKOCTH

ol =9R(£] j M=9R(£J D(x), (1.25)
vy, ) o (exp{x}-1) v

n
IIpu BbICOKHMX TemmepaTypax 7->>vp BepXHHM mpejell HHTerpupoBanus B (1.25)
1>>vp/T—0, wuHTerpan D(x)—)(vDa"T)3f3 U Temioémkocth Cp—3R, T.e. cTpeMHTCS K
1pe/IeIbHOMY 3HAYeHHUI0, olpeiessieMoMy 3akoHoM Jroimonra-ITTu.
CorslacHO TOYHOMY pENICHHIO CyMMa BTOpPOro M TpeThero wieHoB B (1.24), T.e.
HOpUPOCT KoJjiebaTeIbHOH YacTH TEIUIOEMKOCTH MAJOH YacTHII € YUETOM KBAHTOBBIX
pasmepHbIX 3G deKToB UMeeT BUJT

: 321+ 1)k exp{<}
AC =C,(r)-C, = vmzz — 2 2t (exp{g}i > (1.26)

e & =thica; | k,rT . cymmupoBanue B (1.26) BeJeTcs 10 BCEM § U A BIUIOTH /IO Amax.

OoIpeacrieMoro U3 yCcJjioBH:A

I

max

2(23 -1)<N.
i=0
N3 Buipaxenwmit (1.24) u (1.26) tak ke, kak u3 ¢popmyisli (1.19), caenyer, uro npu
NOmin/kp<<T<vp TemIoéMKocTh Maod dwacTHIbl Cp(r) Oospme Temtoémkoctn Cy
MACCHMBHOTO KpHCTallITa M C YBeJIHUEHHEM pa3Mepa 4YacTHIbI (r—»o0) pasHOCTb
teroémkocTel AC = Cp(r) — Cp—>0.
B o6mactu Huzkux temmnepatyp (7—0) Ttemtoémkocts (1.23) acuMOTOTHYECKH
MOJKHO TpeICTaBUTh KaK

2

heo heo

CV(r)m3NAkB( . “?’f"] exp {—ﬁ} (1.27)
B

B

I[Ipu 7—0 Temnoémkocte Ci(r) (1.27) yOwiaeT ObicTpee, 4em jebaeBckas
TeroéMkocth Cy (1.25), mostomy B obmactu Hu3kux temreparyp AC = Ci(r) — Cp < 0.
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DTO0 3HAYMT, YTO CYMECTBYET HeKoTOpas Temmepatypa T, Huke kotopod AC < 0, a npu
T > T sta pazHoctb AC > 0 (puc.1.7).

B psge paGor paccmarpuBasicsi pasmepHbiid ¢ dekt kosiebatebHOM (penméToYHOM)
9acTH TeIUIOEMKOCTH. JIJI MacCHBHBIX METAJUIOB 3JIEKTPOHHAs MOJCHCTEMAa B HHU3KO- U
BBICOKOTEMIIEPATYPHON 0OJIACTSX BHOCHT B TEIUIOEMKOCTb CYIIECTBEHHBIH HJICKTPOHHBIMH
BkIag Cg=7.7. OneHka 5JIeKTPOHHOH TeIUIOEMKOCTH HAHOYACTHIl 3aTpy/IHEHa
JUCKPETHOCTBIO  OJIGKTPOHHBIX  SHEPreTHYECKUX YPOBHEH, BO3HHKalOmed uU3-3a
OrpaHMYEHHOTO YHCJIa aTOMOB. B ciydae MasbIxX HacTHIl M HH3KHX TEMIepaTyp, Koria
CpejlHEE PACCTOSHHE MEXIAV VPOBHAMH O = Npp/2m D > kT (pr — umyiec ®epmu, D —
pI;.'iMep lFaCTHu},I, m —}K;::;)(I)};I:{THBHM Maccjf 2JIeKTpPOHA HpgiO,IIHMOCi‘JH), BJIellz'IpOHHaﬂ
TeIoéMKOCTh (', MOJKET CWIBHO OTJHMYaThCsl OT TakoBou uisi MaccuHoro (bulk)
metaia. Bua QynknuonanbHoi 3aBucumoctH Co(7) ompejensieTcss pacrnpesiefieHHEM
HHEPreTUYECKUX YpoBHeH. B npe/inosioxkeHun o ciiydalHOM pacipe/ieJIeHUU 3JIeKTPOHHBIX
ypoBHe#l Obula TOJTy4YeHAa JIMHEHHAs 3aBUCHUMOCTBH HJIEKTPOHHOHW TeIUIOEMKOCTH OT
TeMmIepaTypbl ¢ Ko3gduiueHToM ye* = (2/3)7.. TeopeTrnveckuii aHaJIU3 TEILIOEMKOCTH B
JIBYMEpPHBIX CHCTeMax [oKa3ajd, 9YTO 53JeKTPOHHAas 4YacTh TEIUIOEMKOCTH OCTaeTCs
JIMHeHHOM (YHKIUMEH TeMiepaTypbl, a KkoJieOaresibHasi 4acTh SIBJSIETCS KBaJpaTUYHOU
¢yHKIHeH TeMmepaTypbl. DTO corjlacyeTcss ¢ BBIBOJIAMH, COIVIACHO KOTOPLIM B
TEMIEPATYPHOH 3aBHCHMOCTH TEILUIOEMKOCTH MAJIBIX YACTHI[ MOSBIIAETCA KBAJPaTHYHBIN
wien hT°, 06yCIOBICHHBIH TOBEPXHOCTHBIM BKJIAIOM.

G

== = e e o o e e e e — o e

Ty /z?D T/ Yp

Puc.1.7. TemriepaTypHas 3aBHCHMOCTb TEIUIOEMKOCTH C CIUIONIHASA THHUSA — Teopusa J[eba;
TOPH30HTaJIBHBII ITYHKTHP — nipeen J{romoHra-ITTi; myHKTHPHAs KpHBasg — CBA3aHHOE C
KBAHTOBBIM pa3MepHBIM 3(p(eKToM OTKIOHEHHE TEIUIOEMKOCTH OoT TeopuH Jlebas

JIisi MacCMBHOTO KPUCTA/UIa ¢ TPAHUYHLIM BOJHOBBIM BEKTOPOM K TOCJIE MPOCTBHIX
npeobpazoBanuii  BelpaxkeHust (1.22) Obuta  moslydeHa  pa3MepHast  3aBHCHMOCTH

2 v i
temmnepartypsl JeGas. Ecim k = (61|:‘s”v)”3 — I'PAHMYHBIA BOJIHOBOW BEKTOP B MAaCCHBHOM

. . . 3 5
Tene U v = /N — aToMHBlI# 00BEM, TO N = (2;“911)2{3?' . C yuétoMm atoro Boipakenue (1.22)
MOZKHO 3aIIiCaThb B BH/IC

It = +9§1'ka +3k (1.28)
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WIH ¢ TOYHOCTHIO JI0 WICHOB IepBOro nopsnka k, = k(1 + Ak/k,),

. 2.2 o
Ezvb(?);U 3; ;,k +Ox /8)rk . (1.29)
k Vs 3rk+On/ Hrk+3

B npeneOpesxkeHun mocleHUM ciaraeMeiM 7k, B (1.22) MOXKHO NOJXY4YdTH OoJiee
IPOCTYHO pa3MepHYI0 3aBHCHMOCTD TemuepaTtypsl Jlebast:
k, v,(r) 1+Q@xn/8)rk

L= ~ ; (1.30)
k v, 1+Q@x/4)yk

C neboubmoi norepei TouHocTd Bbipaxkenue (1.30) MokHO 3anMcaTh B BHJIE
vy (7) 1 3z
8rk

(1.31)

Vp

JLnst oneHKH vp(r) Majold YacTUII NMPOH3BOJILHON ¢GopMel, HMeromel 00béM I 1
wiomaap nosepxHoctu S, ¢opmyisl (1.30) wim (1.31) MOKHO IPHMEHATH ¢ YYETOM
npuOIKenus r =~ 317/S:

v,(r) 1+ (xS/8Vk)
o 1+(3xS/4Vk)

(1.32)
\%

ﬂDHOHHHT@HbeIﬁ yl'léT MOBEPXHOCTHOTO HATKECHHA G IO3BOJIMII HpCOGPaBOBaTL
cootHomenue (1.31) k Buay

v, (1) 2Koy 3«
vy r 8ry,
rje y — nocrosiuHas ['pronaiizena; yr — U30TepMUYECKast CIKUMAEMOCTD.

3aBucuMocTh Temnepatypsl Jlebas vp(r) oT 3¢ dpeKTHBHOI CKOPOCTH 3BYKA ¢ MOIKHO
TaKKe HAMTH, HCIOJIb3Ys BRIpAXKEHHE JUIsI MAKCHMaJIbHOM YacTOThl KoJieOaHMH 4acTHIbI

Omax = @ 'maxc(7)/7:

(1.33)

(,, ) - umx - qa‘m“C(F)
kB k.r

[Tockonbky B OoJjibMHCTBE ciiyyaeB TeMmreparypa JleGast vp(r) HaHOouacTHLl
MEHBbIIlE, YeM Vp COOTBETCTBYIOIHMX MACCHBHBIX MaTepHasIoB, To u3 (1.34) ciexyert, 9to
s dexTuBHas cxopoc*rl, 3BYKA B HAHOYACTULAX YMEHbIAeTCs NPH YMEHBIIEHHH pa3Mmepa
IponopuHoHabHO 1, tae m > 1.

H3meneHuss GOHOHHOTO CHEKTpa MaJbIX YacTHI[ JOJUKHBI CKa3bIBaThCs TaKiKe Ha
BeJIMUMHE CPe/IHEKBAIPATHUCCKUX THHAMUYECKHX ATOMHBIX CMEICHUI:

Bpue
W)= : I 6 g(w)dw . (1.35)
Nm . @

TemtoéMKkocTh — 0/HO W3 HauboJiee M3YUYCHHBIX CBOMCTB HaHodacTHI. OuYeHb
UHTEPECHBI Pe3yJIbTaThl HCCIIE/IOBAHUS TEIUIOEMKOCTH KOJUIOM/IHBIX HaHOYacTHIl cepebpa
Ag u 30m0Ta Au B o6nacTu oueHb HM3KUX Temnepatyp 0,05 — 10,0 K B marHuTHOM 1071€ C©
IUTIOTHOCTBLIO MarHuTHOTro 1otoka B ot 0 go 6Tu. Ilpu 7 > 1 K Termo€MKocTh HAHOYACTHIL
Ag(D=10uam)u Au (D =4, 6 u 18 um) B 3 — 10 pa3 Gosiblne TEII0EMKOCTH MAaCCHBHBIX

(1.34)
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o0pasioB cepebpa u 3070Ta. TeII0EMKOCTh caMbIX KPYMHBIX "acTHIl Au (D = 18 uM) B
obmactu 0,2 — 1,0 K mouytu coBmajaer ¢ TeIUIOEMKOCTBIO MaccuBHoro obOpasma. C
YMeHBIIEHHEM pa3Mmepa 4acTull Au oT 18 g0 6 HM JIONOJHUTENBHBIN I10JI0KHTEIbHBIN
BKJIAJl B TEIUIOEMKOCThH CHauajla PacTeéT, a NpH JajibHedneM yMeHbIIeHHH JuaMeTpa 10
4 HM HECKOJ/IbKO YMEHBINAETCs, HO He HMCYUe3aeT M OCTAeTCs IOJIOKUTEILHBIM Jlake JUIs
KiaactepoB Auss pazmepoM 1,5 HM. M3MepeHHSA TeIIOEMKOCTH HaHOYACTHI[ cepebpa Ag
pazmepom 10 HM B mMarHuTHOM Mojie ¢ B = 6 Tin oOHapykWiIu KBAHTOBBIM pa3MepHBIN
s¢dekt: mpu 7 < 1 K TemmoéMmkocTs HaHodacTHI Ag Oblita Menbme, a npu 7' > 1 K —
Oosibllle  TEIUIOEMKOCTH MAcCHBHOro cepeOpa; B OTCYTCTBHE MArHMTHOTO — TOJIS
TeIUIOEMKOCTh KOJUIOM/IHBIX HAHOYACTHUI| cepeOpa BO BCeM H3YUCHHOM TeMIIepaTypHOM
UHTepBasle OoMbIIe TEMI0EMKOCTH MaccHBHOTO Ag (puc.1.8). DTOT sKCnepUMeHTATIbHBIH
pe3yibTaT XOPOHIO COIJIACYETCs] ¢ TEOPEeTHYECKUMH BBIBOJIAMH O KBAHTOBOM pa3MepHOM
a¢ppeKTe TEIIOEMKOCTH HAHOYACTHIl. AHAJOTHYHBIN >PQeKT Ha KOUIOMIHBIX YacTHIAX
Au HaOmrofaTh He CMOIJIM, TaK KaK UX TEIUIOEMKOCTh C POCTOM IUIOTHOCTH MarHUTHOIO
MIOTOKA CTAHOBHTCSI HEH3MEPHMO MaJIOH.

1072 L nano -Ag
-1 g
07 F  p=10um ]
F B=0 ]
e - B=6T J 1
1074 / 4
1 / 3
- -
_sE / Ag ]
LA (xpynHo- 3
- 3EPHHUCTHIN)
107¢ b
s
L/
L
1077k
0,1 1 10
T.K

Puc.1.8. Y aenpHas TerIoéMKoCTh C' KOJUIOHTHBIX HAHOYACTHI] Ag
JguamerpoMm D = 10 um nipu 7" < 10 K: m3MepeHHs BHIITOTHEHB B OTCYTCTBHE
MAarHHTHOTO I10JI1 M B MAaTHUTHOM 1oJie B = 6 T, IYHKTHP COOTBETCTBYET
YAEIbHOI TETUIOEMKOCTH KPYITHO3EPHUCTOrO cepedpa
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H3MepeHus TeIIOEMKOCTH HaHOYAcTHIl cBHHIA Pb quametpom 2.2, 3,7 1 6,6 HM H
HaHovyacTHl UHMs In JuamerpoMm 2.2 uM  nokaszaid, yro npu 7 < 10 K TeroémkocTh
Ci(r) manouwactunm Ha 25 - 75% OGoapme TemoémMkocTH (' MACCHUBHBIX METAJUIOB.
MaxkcumaiibHoe oTk/I0HeHHe AC = Ci(r) — Cp nabmogamu B obimactu temneparyp 3 — 5 K.
Peskmit cnag Ci(r) mpu 7 < 2 K o0yciIoB/IeH HU3KOYACTOTHRIM oOpe3aHueM (pOHOHHOTO
CIIEKTpa Bclie/cTBHEe pazMmepHoro s¢gdexra. Pesyiabrarsl ObUIM 0OBSCHEHBI € MOMOIIBIO
dopmyisr (1.26) W ¢ HCHOIB30BAaHMEM B TEOPETHUECKHX pacdeTax Mo/IeIbHOH
HAaHOUYACTHUIBI pazMepoM 2,2 HM, cocrtosmed u3 184 aromon. Arropbl u3mepwin AC
HaHOYACTHI[ BaHaaus V gquaMetpoM 3.8 u 6,5 HM M HaHOUYacTHIl nayutaausa Pd auameTpom
3.0 u 6,6 HM, MOJIYYEHHBIX KOH/IeHCaIluel nmapoB. TerwoéMKoCTh YacTUll BaHa/usi J npu
T< 10 K omnpegensieTcs, B OCHOBHOM, OJCKTPOHHBIM BKIaoM, H BeauuuHa AC,
o0ycioBiieHHast pa3MepHbIM 3(¢deKkToM peméToYHOH TEeIUIOEMKOCTH, CPaBHHTEIILHO Majla.
VBenudeHHe TeIIOEMKOCTH HaHodyacTHIl Pd Mo cpaBHEHHIO ¢ MACCHBHBIM NaJUTaJiMEM MpPH
1.4< T < 30,0 K (puc.1.9) nonHocteio 00YCJIOBJIEHO JONOJHUTEIbHBIM PEIETOUHBIM
BKJIQJIOM, TaK KaK OJIEKTPOHHAs TEIUIOEMKOCTh HE3aBHCHMO OT pa3Mepa YacTHI]
ONHCHIBATACH OOBIYHBIM JIMHEHHBIM 3aKOHOM Y,/ mpudeM Kod(QHIMEHT 3/1eKTPOHHOH
TEIUIOEMKOCTH 7, ObLI TAKOM ke, KaK JUIsi MACCUBHOT'O NAaJLIa/IHsL.

200 400 600 800 1000
’ il i

Puc.1.9. TemnepatypHas 3aBUCHMOCTH TEIUIOEMKOCTH HAHOYACTHI]
Pd muameTrpom 3,0 HM (1) 1 6,6 HM (2) H MACCHBHOTO ITaLIaaus (3)

AHanorMuHeli  pasmepHeli  3¢ddexT  HabOmogann Ha  TeIUIOEMKOCTH
HaHOKpUCTa/UIMUeckoro nopomka Pd co cpeaHum jaumamerpom wactuly 8  HM.
TemmnepaTypHy0 3aBUCHUMOCTh TeIUIOEMKOCTH HAHOKPHUCTAILIMYECKOro nauiaaus n-Pd npu
1 K <7 < 20 K onucanu crenennou ¢pyukuueit C(T) = aT + bT* + cT°, amanormuHoi
dopmyne (5.7) npu QuxcupoBaHHOM 3HaueHHH r. B 3aBucumoctu C(7) MacCHBHOTO
najulajids KBaJpaTUYHBIA WIEH bT* orcyrcTBoBall.  KoaduuHeHT 2IeKTPOHHOU
TEIIOEMKOCTH @ = Y, HAHOKPHCTAJLUTHYECKOTO Masiaaus n-Pd okazancs HEMHOTO MEHBIIE,
a TeMrepaTypHblid KO3 PUIHEHT pemEéTOYHOM TeIUI0EMKOCTH ¢ ObLT B JIBa pasza OoJiblie,
geM Te ke Ko3(pHIHEeHTHI a W ¢ i1 MaccuBHoro nawiagusa (Ta6m.1.2). JlanHble
pe3yIbTaThl HAXO/SMTCS B XOPOIIEM COIVIACHH C /JAaHHBIMU 110 TeIUI0EMKOCTH n-Pd.
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TennoéMKOCT, MacCUBHOM MeJM M HaHOKpHUCTa/uIHYecKuX nopomkor Cu u CuO ¢
pazmepoMm bactudll ~50 HM ObUla WccienoBaHa B MHTepBaiax temueparyp 1 - 20 K u
300 — 800 K. Jlns onmcanusa TtemtoéMkoctd npu 77 < 20 K ucnons3oBaiM HOJMHOM
C(T) = aT + bT* + ¢T*® (3nauenus K02 QHUIMEHTOB MOJUHOMA MpHBeJeHbI B Ta0I. 1.2).
KpajpaTuusbiii wieH b7° NPHCYTCTBOBAI TOJBKO B TeMIIEPATYPHOH 3aBHCHMOCTH
TeroéMkocTd HaHowacTHll Cu. 3ameTuM, dYTO0 KO3(pHUIMEHTHI NpH JHHEHHOM H
KyOHuecKoM wieHax Tel1oéMKocTH 1-Cu 0oJible COOTBETCTBYIOMUX KO PUIIUEHTOB [T
MaccuBHOro obpasia meau (tabma. 1.2). Ilpu Becex u3yueHHbIX Temneparypax (ot 1 g0 20 K
u or 300 mo 800 K) wnaubGoapmyro TemioéMKkocTh uMea HaHomopomok CuO, a
HAaUMEHBIIYI0 — MacCHUBHAas Me/lb. TertoémkocTs HaHoUacTULl Cu Gostblie TerI0éMKOCTH
MaccuBHOM Meaum B 1,2 — 2,0 pasa Bmwiote g0 450 K. Ilpum jganpHeidmeM NOBBIIEHHH
TeMIIepaTyphbl IPOUCXOJAUT MHTEHCHBHBIH pocT HaHouacTUll Cu M 0OYyCJIOBJIEHHOE HTHM
YMEHbIIEHHE TeIUIOEMKOCTH JI0 3HAU€HUH, COOTBETCTBYIOIUX MACCUBHON Me/IH.

Tabauuya 1.2
Koy dmpmenrs: nmommmoma C(T) = aTl + bT? + ¢T°, oINCBHIBAIOLIEr0 TEILIOEMKOCTE
O6pazsen % b, %
P M}I}l{-Mom:.'1 K2 MZ[)K-MOHI:.'] X3 MJI}K-MOHb'l X*
e 9.7+ 0,2 0 0,10 + 0,03
(MacCHBHBIN)
Hano-Pd "
(D ~ 8 mv) 8,5+0,2 0,10 + 0,03 0,20 + 0,03
al 0.68 0.01 0.051
(MaccHBHBIN)
HaHO-Cu
(D~ 50 1m) 1,03 0,32 0,066
Hano-CuO
(D ~ 50 1) 0 0 0.410

TemnoéMKkocTh HaHOYAcTHIl HUKedst Ni JMameTpoM 22 HM NpHUMepHO B 2 pasa
Oouibie TersioéMkocT MaccuBHoro Huke st npu 300 — 800 K. Ha zasucumoctu C(T) n-Ni
Habmo1ar0Tes c1abblil pa3MeIThIH sKk30TepMuuecKui ¢ ekt npu 380 — 480 K, cBsa3aHHbIN
¢ coOMpaTeIbHOW KPUCTAIUIM3AIMEN JacTUI] HUKeIA, U GOJIBIION YHI0TEPMUYESCKHI THK C
MakcumymoM 1pu 560 K, oOycioBieHHbIH MarHMTHBIM (a3oBbIM Ilepexojiom. B
MACCHBHOM HHKele cJaObli SHIOTePMHUYSCKHH MUK, COOTBETCTBYIOIIHUH MarHHTHOMY
npeppameHuio, Habmogancs npu 630 K.

Mertogom neynpyroro paccesnuss 20 nHeitponor npu 100 — 300 K wusyuwim
(DOHOHHYIO IUIOTHOCTh COCTOSIHMH KPYMHO3EPHUCTOTO MOJMKpUCTALIHYeckoro Ni H
HAHOKPUCTA/UIMUECKOTO HHKelsi ¢ pazmepoM uactull ~10 HM B BHJe MNOpomka H
CIPECCOBAHHOTO KOMIAKTHOro oOpa3iia ¢ OTHOCHTEIbHOH IUToTHOCThIO 80%. HauGonee
3aMETHBIM  pa3MepHbIM 3(QEeKTOM SBISIETCS YBEIMYECHHE IUIOTHOCTH (HOHOHHBIX
cocTosiHUHM 00pa31oB »-Ni B CpaBHEHHH ¢ KPYIHO3epHUCTHIM Ni B 00J1aCTH SHEepIruil HIDKE
15 m»B (puc.1.10). Hsmenenwe ¢dononnoro cunekrpa #n-Ni 0OYCIOBJICHO MaJIoH
IUIOTHOCTBIO BeIIeCTBa Ha 'PAHHULIAX 3EPEH.
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Puc.1.10. DoHOHHAL IUIOTHOCTH COCTOSHUIT g(d) HAHOKPHCTAIIIYCCKOTO
HukeJs Ni B KOMIIAKTHPOBAHHOM (@) 1 moponikoodpaszHoM (6) BHE
H KPYITHO3E€PHHUCTOTO HUKENA (B)

Tabauua 1.3

3aBucHMocTh TemmepaTtypbl [ledas vp(D) MaIbIX YACTHI OT MX pasMepa D

(vp — Temmieparypa /ledasi MACCHBHOI0 MeTAJLIA)

Mertamn D (am) vp(D)/ vp MeTain D (am) vp(D)/ vp
Ag ~20 0,75 Pb 2,2 0,87
Ag 10-20 0.75-0,83 Pb 3.7 0,90
Ag 15 0,735 Pb 6,0 0,92
Al 15-20 0,50-0,67 Pb 20,0 0.84
An 2,0 0,69 Pd 3.0 0,64-0,83
An 1.0 0,92 Pd 6.6 0.67-0,89
An 10,0 0,995 V 3.8 0.83
In 2.2 0,80 \'A 6.5 0.86
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[Tonwxkenue Temmepatypsl leGast vp, cBA3aHHOE ¢ YMEHBIICHHEM pa3Mepa YacTHIL,
HaOmoanu MHorue ucciegoBarean (Tadm 1.3). OTHOCHTENBHYI BeJIHYHHY Vvp(r)/vp
OTIpeJIeJ ST KaJIOPUMETPUYECKHM H JH(PPaKIMOHHBIMEA MeToJaMu. OJHaKO W3yueHHe
MassIX yactul Au u Fe (D =5 + 7 um) ¢ nomombio 3¢ dexra Meccbayspa nokazasio, 4ro
5TH 4YacTUIBl HMEIOT Ty ke Temmepatypy JleGas, kak M MacCHBHbIE KpPHUCTAIUIbI.
ComnocrapieHde MmapameTpa peméTkd Maiabix uactuip Au u Fe ¢ orTHocutenbHOM
WHTEHCHBHOCTBIO PACCESTHHOTO MMM PEHTTEHOBCKOTO H3IYYeHHS Takke IO0Ka3alo, 4To
HaGmotaemble  d(QQeKTbl Hemb3sd OOBACHUTH TOJBKO yMeHbIIeHHeM JebaeBcKoii
Temneparypel. OTMedeHHass NPOTHBOPEUYHBOCTH HSKCIEPHMEHTAIBHBIX JAHHBIX IO
Temneparype JleGasi MaJbIX YacTHI[ YKa3bIBaeT Ha HeOOXOJHMOCTh YU€Ta KoJeOaHWIi
KIacTepoB (MeTacTaOWIBHBIX ATOMHBIX TIPYIIIMPOBOK C IOBBIIMIEHHOW JIOKAJILHOM
YCTOHYHMBOCTBIO), 00pa3yIOMUX HAHOYACTHIY W HMMEIOMHUX HHYI0O CHMMETPHIO, YeM
kpuctawl. Crheayer YYMTBIBATL TakKe aHrapMoHudeckue 5(Q@eKTsl, KOTOpble B
HAHOYACTHIAX JIOJDKHBI OBITh JJOCTATOMHO BETHKH.
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I'naBa 2. TepmoanmnaMika amncnepCcHbIX CHCTEM

2.1. IloBepxHOCTHO® IIAB/IeHHE

PekoHCTpyKIIMs MOBEPXHOCTHOH (ha3pl, OONbIINE aMIUTHTY/AbI KoJleOaHUH aTOMOB U
3aTpy/HeHHbIH oOMeH KosieGaTesIbHOM sHepruei ¢ oObeMOM co37al0T OJ1aronpHsITHHIC
YCJIOBHA Ul Pa3jIMYHBIX CTPYKTYPHBIX mepecTpoek. C pocToM TeMmepaTypbl MOXKET
PCaIi30BBIBATHLCS IIEPEXO/T ﬂOpﬂﬂOK-ﬁﬂCHOpMOK, T.C. IUIABJICHHUC, KOTOPOC HAYHHACTCI C
nosepxuocta (7, < T,', T, — Temmeparypa miaBiaenus). Jlas rpyGoil oleHKH Hadasa
NO/IBHKHOCTH CTPYKTYPHBIX DJIEMEHTOB pEMETKH 4YacTO MCIONb3YIOT TeMIEpaTypy
Tammana 77 = 0,3 + 0,57,. Ha 9acTHYHO pa3ynops/I09€HHON MOBEPXHOCTH OHA MOKET
OBITEH ellle HUKE.

B 1910 r. JlungeMan npeanosioxKui, 49To _KpHCTALT HAMMHAET IUIABUTHCS, KOT/A
CPe/IHEeKBA/IPATUUHOE CMEIIEHHE ero aTOMOB <X > JJOCTHIaeT HEKOTOPOH KPUTHUECKOU

BEJIMUMHBI
} 2
<x">=cd,,

rje Kod3(gUIUEeHT ¢, B 3aBUCUMOCTH OT THIIA pEIIeTKH, MpuHUMaeT 3HauyeHus ot 0,1 g0
0,2, dy — nepuoj pemeTku. B 1ebaeBckom npuOIMKEHHH W3 BhIpAKEHHsA

) kT 3h?
<X = T e
Mo, Mk}
clleyeT, 4To
T, =(cd, ) @Jl (2.1)
342

CpeanekBajpaTHUHOE CMEMICHHE aTOMa Ha TMOBEPXHOCTH MOJKET OBITH Pa3ioKeHO
Ha NEPpHEHAHKYIPHYH) H TAHTCHIHAJILBHYH) KOMIIOHCHTHI. B JUTEpaAType OH)’GJIHKOB«'.!HO
JIOCTATOYHO GOJIBIIOE YHUCIIO JIAHHBIX [0 3THM BeJHUUHaM u Op. YCTaHOBIEHO, 4TO JUIS
OIUPOKOIo KJIacca MOHOKPHCTAUIOB MCETAIVIOB H IIOJYHPOBOJAHHKOB TaHI'€HIIHAJIbHbIC
cocTaBiislonie B 2 — 4 pa3sa npeBblmaeT oObeMHbIE CMENIeHUs, epIeHIUKYIAPHbIE — B
1.5 paza, a Temnepatypa Jlebast moBepXHOCTHOH (pa3bl COCTAB/ISICT IPUMEPHO IOJOBHHY
BEJIMYMHBI. XapaKTepHOH a1 oOveMHOM (pa3pl. Takum oOpazoM corjacHO ypaBHEHHIO
(2.1) TeMmmepaTypa IUIABJICHHSI IOBEPXHOCTHOH ¢ha3bl Bcerja HWKE TeMIepaTypbl
IINIABJICHHA 06‘LeMHOFO MaTepHaJa. CJ'IB)]OB&TGJ’IBHO ITaBJICHHE BCerja Ha4YHHAacTCA C
NOBEPXHOCTH, U (PPOHT paciiaBa JABHIKETCS BHYTPbh KpUCTa/LIa. 3aBUCHMOCTDH TOJIMIHHBI
PACIUIaBJIEHHOTO ¢JI0si d OT TeMIEepaTypbl OMUCHIBACTCS /111 METAJUIOB COOTHOIICHHEM

d— ln(Tm = T)_l

JJIA MOJIEKYJIPHBIX KPHCTAJJIOB

-1/2

d—In(r. =TV,

{3
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IToaxoa Tammana n JInpgemMana K 0ObACHEHHIO CHIDKEHHA TEMIEPATYPhI IUIABICHUS
Ha IIOBEPXHOCTH, OCHOBAHHBIM Ha YBE/IMYEHHH aMIUIMTY/bl KoJicOaHHMH aTOMOB H
MeHbInel TemmepaTypbl JleGas, He YuHTBIBaeT /IMHAMHYECKHX IapaMeTpoB o00eHx
conpukacaromuxcst ga3 — TBepAOe TeJNO — KHMIKOCTb, YTO IPHBOAUT K HEKOTOPBIM
PACXO0K/IEHHEM € SKCIIEPUMEHTAIbHBIMH [JaHHBIMH.

2.2. llmaBienne Kak npomecc pa3synopsaaodeHns NoBepXHOCTH

BI{CHBPHMBHTBI IMOKA3bIBAKOT, YTO IIPH HpHGHH}I{EHHH K TeMIeparype IIIaBJICHHA
paciuIaBJICHHas HJIH KBasHIKHM/IKas IVICHKa 06pa3yeTc3 Ha IMOBEPXHOCTH. B zaBucumocTH

OT THIIA XMMHYECKOH CBS3M TOJIIMHA IUIEHKH MeHsieTcst 110 3akony h~ (T, =T, )" . Jls

m

METAUIMYECKUX KPUCTAIUIOB 3Ta 3aBUCUMOCTD IpUoOpeTaeT Buj /1 ~ Iln(Tm ] ] I

m
C TepMO,H,HHaMH‘IBCKOﬁ TOYKH 3pEeHHA 5TO HABJICHHC MOKET OBITH OIIHCAHO
caeayromuMm obpaszom. Ilyctes AF(N) oTpakaet u3MeHeHHe CBOOO,THOM SHEPTHUH CUCTEMbI B
pe3yiabTaTte pasynopsipodeHusi N aTOMOB HMCXOJHOH YNOPSAOYEHHOMW IOBEPXHOCTH
Kkpuctayuia. OYeBHIHO, YTO KOJIUYECTBO PA3YIOPSI0UEHHBIX AaTOMOB ONpe/IeisieT TOIMHHY
PacIUIaBIEHHOTO CJIOS

AF(N)=-NH,, i AR 1-exp L Ay™| 1- L)
T, N,

rne Ny u C KOHCTaHTHI, AYSR H AYLR BKJIaJbl KOPOTKOJEHCTBYIOIHUX H
JATbHOACHCTBYIOMHUX  COCTABJSIIONIMX —MOBEPXHOCTHOro HaTspkeHus. lIpomsBojnas
oF /6N npeJicTaBisieT co0oi CUily JISHCTBYIONIYIO HA IPAHUIIAX TBep;10€/KBa3HIKHIKOCTh
H rasz/KBazHKHIKOCTD.

Ileppoe ciaraemoe B  ypaBHEHMH  IpeJCTaBsIeT CBOOOJHYI  DHEPIrHIO
NEPEOXJIAK/ICHHON  KBa3H)KMJAKOCTH M  ONMCBIBAET CHIY  «BTATHBAHUA» AaTOMOB
MOBEPXHOCTH B 00beM JXWJIKOCTH. BTopoe ciraraemoe OMHMCHIBAET KOPOTKO/IEHUCTBYIOMIEE
B3aMMoOJIecTBHe. [l MeTa/uloB — 3TO KYJIOHOBCKOe B3aumojeicTBHe. Kpome Toro,
BTOpPOE cJlaraeMoe YUYHUTHIBAET IMOBBLINIEHHOE 3HAYEHHE BHYTPEHHETO /IaBJIEHHUS 3a CYET
nepeoxyakaeHusA. IIpu noJIoKUATEILHBIX 3HAYEHHAX YS 5 HaOII0/1aeTcsl HKCMOHSHITHAIILHO
cHa/jlalolee OTTAJIKUBaHUE Ha HHTepdeiice TBep0e/KBa3HKH/IKOE.

JlanbHOACHCTBYIONHE  B3aMMOJECHCTBHA  BBI3BAaHBI HECHOCOOHOCTBIO  IUIa3MBI
cBOOO/IHBIX DJIEKTPOHOB IIOJIHOCTBIO SKPAHUPOBATEL (IIYKTYAllMU NOTEHIMAIa HOHOB. DTO
IPUBOJUT K PpOCTY MNOTEHIMATBHOM SHEPrUM JAUIOJIBHOTO B3aHMMOJEHCTBHA. ITO

. —6 o
B3aUMOJCHCTBHE MPOIIOPIHHOHAIBHO —8(7'/7\,) ,Irle € H A €CThb SHEPIHs JaJIbHOJCHCTBHE

B3auMo/IeiicTBHA. Bkiaa JaibHo e HCTBYIOMMX (PaKTOPOB B H3OBITOYHYIO OBEPXHOCTHYIO
SHEPIHIO 3a1aC€TCH YPaBHCHHEM

Ay*CIN* =Wp, I N?,
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rae W xonctanTta ["Tamakepa, paBHast

w =P (ps 1_2 P )‘5"{'6

rjie ps ¥ p) IVIOTHOCTh ATOMOB B TBEPJIOM M JKMAKOcTH. Hampumep /Ui cBuHIA ps = pi,
ciepoBatesibHO W > 0, B pe3yibTaTe JAIBHO/JCHCTBYIONIHE B3aUMO/ICHCTBHE SIBIISCTCS
aTTAJIKUBAIOIIHM.
B 3aBucumocTH 0T npeobi1a/iaHus 1aIbHO/IEHCTBYIONIUX WIH KOPOTKO/IeHCTBYIOIMIHX
CHJI TIOJIYYAIOTCS Pa3JIMYHbIE 3aBUCUMOCTH TOJIIHHBI PACIUIABIIEHHOTO OT TEMIIEPATYPBL.
PapHOBEeCHYIO TOJIMHY pAaCIUIABIEHHOTO CJI0 Ny (7) ompeessiior u3 YCIIOBHs
OF[0N =0. OGo3nauuM depe3 N, TONNMHY CJIOS, TNPH KOTOPOH JaibHO- H

KOPOTKO/JIEHCTBYIONIHE B3aUMOAECHCTBHUs KOMIIEHCHPYIO JIpyT Apyra. Ilpu N, < N, MOXKHO
npeneOpeus JlasibHO/IeHCTBYIOMIEH cocTaBisitomied. Torjga OamaHc cwil NPUBOJMUT K
3aBUCUMOCTH

T, A7

E1 T)‘ME}H na

N,,(I)=N,In

?

(T

m

rae N, = p¢, / 2, | — KoppeJAHOHHASA JUTHHA XKUIKOH (paspl (cocTaiseT 0,5 — 1 HM)

st Tonethix (Ngy > N.) KBa3HXKHIKHX ILIEHOK NPeo0aaloT AalbHOAEHCTBYIONHE
B3auMo/ieiicTeus. Torna

(T T T)Hm [==

m

2T, Wp,

m

N, (@)=

I“IGKOTOPLIQ Apyruc ypaBHEHH:A, JalollHUe 3aBHCHMOCTL TOJIIHHBI pacIlIaBJICHHOTO
CJIOA OT TEMIIEPATYPhbI.

VnensHass cBoOoHAs TMOBEPXHOCTHAsA BHEPFHﬁ Ha ¢€/JHHHIY IIOBEPXHOCTH
OIIpEHACIIACTCS BhIPAXKECHHUEM

G.(D=vy,+v,+H, l—1 [ + Ayexp| —% +WI2. (2.2)
m
VMHOXKEHHE Ha [ B TPEThEM CJIATa¢MOM YKa3bIBAeT Ha POCT BKJIaJa 00beMa JKHJIKOTO
CJIOSL.
YeTBepToe cilaraeéMoe YYUTHIBAeT H30OBITOK MOBEPXHOCTHOH OSHEPrHHM TI'PAHHIILI
MEXAY KpHCTAJLIOM H cmalmna}omcﬁ KHIKOCTBIO.

Aty:ysv _(IVSJ' +y{v)
2] E
Ayexp| —— | oTpaxkaeT 3¢ PeKTHBHYIO SHEpTUIO B3aUMO/ICHCTBHSA Ha TpaHUIAX pasjera
5
TBep/0e/KBaZMKUIKOCTh U KBa3MXKHUIKOCTH/IIap. DTO — KOPOTKO/IEHCTBYONIUH OTEHIIHAIL
2 w
Cnaraemoe W[~ orpaxkaet sHepruto Ban-iep-BaanbcoBa B3aMMOJSHCTBHS MENKTY JABYMS

rpaHHIlaMH  pas/elia. IlomoxxuTenbHOE 3HaueHue W OGYCJTaBHHBaET CTPEMJICHHE
KBa3HIKH/IKOCTH BTATIHBATHCH MEHKY ABYMA I'PaHHIIAMH pas/iciia.
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CoryacHo ypaBHeHHIO (2.2) BO3MOJKHBI YeThIpe pa3/IMUHble CHTYAI[MU B MOBEJICHUH
KBaswxuakoro ciosd. JUis ciaywas Ay > 0 m 7 > 0 OCHOBHOH BKJIaJl OKa3bIBalOT
KOPOTKOJEUCTBYIONME B3aUMOJIEHCTBHA, KOTOpble HMMEIOT OTTAJIKHBAIOIMHA XapakTep
MKy JBYMSI TpaHUIlaMH paszjeia. B pesyiabrare TOJNIMIMHA PacIUIaBJICHHOIO CJIOS
yBeJMuHMBaeTcA. PaBHOBecHas TOJIMHMHA pacIulaBjJeHHOro ciost [ = [* ompegemnsieTcs
MHUHUMAaJIbHBIM 3HaueHueM (/). PaznuuaroT Taxke 3HaYeHHE TOJINUHBI paciUlaBa, IpH
KOTOPOM JajIbHO- M KOPOTKO/eHCTBYIOmMUe BKJIaAbl B 3HaueHHe dG([)/dl oxazpiBaroTcs
PaBHBIMH. DTY TOJIIHHY HAa3bIBAIOT TOJIIHHON MepekpbITHA U 0003HavaroT /.. [Tpu [ <)
JATBHO/CHCTBYIOMUM BKJIAIOM MOJKHO IpeHeOpeub. B sToM ciywae TosmuHaA paciuiaBa
oIpe/IesIsieTCsl YypaBHEHUEM I z-g-ln % .

W mC.A
B ciyuae npeoGiajgaHusi JajbHOAEHUCTBYIOMMUX B3aUMOICUCTBUM 3*>>EC TOJIIIIAHA

1/3
20T,

o

*
paciviaBa 3aacTcs BhIPpAKEHHEM | =) ——=—
(TU'J = T)HH_"I

2.3. ILli1aB/1eHie HAHOYACTHI, 3AK/IFOYEHHBIX B MATPHILY APYI'Oro MaTepHaJ/ia

Hsmenenue ouHeprum ['ub0ca mnpu  miaBjieHun  cepuyeckoro  Kiacrepa,
3aKJIFOYEHHOTO B TYTOIUIABKYI MATPHUILY OIHUCHIBAETCS YPABHEHHEM

AG = .;17::'3 %{Tm =T,)+AE |+4mr (v, — Vo )s

- =]

IJI€ Yin Ysm — DHEpTUH Mek(a3HOM IpaHHIB! pacIUlaB/MaTpPHIIa U HAHOKPUCTALL/ MAaTpHIIA.
Benuuuna AE  onpejeinsiercs MeXaHHYECKHMH HAaNpsUKCHHUsMH, O0OYCIIOBJICHHBIMH
pazauuMeM TepMHUYeCKHX KO3 (HIHeHTOB JHMHEHHOro pacmupeHus. TemmepaTypy
IUIABJIEHUS] TAKOTO KJIACTEPa MOYKHO OIPE/IE/IUTh 110 YPAaBHEHHUIO

T;N_Tm =L[AE+ 2('YI'M_T&M))
4 H r

o nn

D710 ypaBHEeHHE Npe/ICKa3bIBaeT BO3MOKHOCTD MOBBINICHUS TeMIIEPATypPhl ILIaBICHUA
HAHOYACTHUIIBI 110 CPABHEHHIO ¢ 0OBEMHBIM MaTePUAIOM.

JIa W30IMpPOBAHHOTO KJIacTepa BHE MAaTpHILI 3TO YpaBHEHHe mpeoOpasyeTcsl K
U3BeCTHOMY BWay ypaBHenusi Tomcona-KenbBuna. B 5ToM cilyuae OTCYTCTBYIOT

MEXaAHUYCCKHE HATIPSDKEHUS Iy —T, = 2(7,' _Ys)_
T H”Jlr

o
Ecmm KJIaCTEep HAXOIUTCA B MaTpHIIE coOCTBEHHOTO MaTepHualia, To

ot 1, )

n
!

T H

o na
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2.4. TepmoanHaAMHYeCKHe OCHOBBI TOMOI'€HHOI' 0 32 PO/IbIIIe00Pa30BaAHISA
(o I'nd66cy-Porbmepy)

Paccmotpum oOpazoBanne B oObeme cTapoil (McxoaHoH) daspl, Haxo/dmeics B
MeTacTaOWIBHOM COCTOSIHHMH, 3apo/iblla HOBOM Ooliee cTabmiabHO# ¢asel. IlycTs 3apoibim
umeeT chepuueckyro (GopMy M COCTOMT H3 OJIHOTO KOMIIOHEHTa, MOJIAPHBIH 00beM
KOTOPOTO I,

[Ipu oGpazopaHuM wacTHIBI (3apo/iblIa) PAJUYCOM I BO3HHUKAET IOBEPXHOCTH
paszena a3, paBHass 4m°, ¢ KOTOpoii cBsi3aHa MOBepXHOCTHas sHeprus 4m°c . Kpome
TOTO, MPOUCXOIUT CHIKECHHE XUMHUYECKOro MOTEHIMAIA OT 3HAYeHUs B CTapoH (daze
J10 DoJlee HU3KOTO 3HAYSHHA |y B HOBOM (paze. Pa3HOCTD er — My XapaKTepH3yeT CTeleHb
OTKJIOHEHMSI MCXO0,IHOM a3kl OT cTadWILHOrO cocTosiHUA. [l0CKOJIBKY YacTHIA COAEPIKUT

4m"/3Vm MOJIeH BemecTBa HOBOHM (a3bl, oOmee ymeHbIIeHHE CBOOO/IHOM SHEpruu

CHCTEMBI MpH nepexo/e B Oosiee cTaOUILHOE COCTOSIHME PABHO 47n'3(,um - U, )/31",._, ,
PaGora oOGpazoBanus 3apo/ibinia HOBOH (azel I/ MokeT ObITh 3allCaHa B BUJIE:

W= 4m-2c—%m--‘%. (2.3)

m

Hetpyauo nokazate, 9To 3aBHCHMOCTE (1) MMeeT MakcHMyM. Paszmep gacTHIb! 7,
OTBEYAIOMMUH MAaKCHMyMy Ha 3aBHCHMOCTH W(r), onpejenseTcss H3  yCIIOBHUA

dW(r)/a’r =0, opu 5TOM aflinV(av')/a'af'2 < 0. Otcroaa r, paBHo:

20V, ‘ (2.4)

PLC]'H' - ”H

[TopcranoBka (2.4) B (2.3) mo3BOJSIET ONPEACIUTL BLICOTY MaKCHMyMa Ha KPHBOM
W(r) — paboty oOpa3oBaHHs KpUTHUIECKOTO 3apo/IbIIIa B BHIE:

Te

161‘t03ff’:3

W, =——mn_
3(!"'.-:"1 -y )2

[

(2.5)

Ha puc.2.1 wu3oOpaxkeHa ¢opma bsHepreTHdyeckoro Oapbepa MNpH  PazIAIHBIX
nepecellieHusAX. B OTCYTCTBHE NepechIlleHUs paJUuyC KPUTHYECKOIO 3apojbllia H
BeJMuMHA Oaphepa cTpemATcss K OeckoHewyHocTH. IIpm BHeJpeHHMM B MeTacTaOMIIBHYIO

001acTh Ha 3aBHCHMOCTH W(}) MOABJIACTCA MaKCHMYM, IIPH 5TOM Wen re VYMEHBIIAIOTCA
110 ME€PE YBEJIMICHUA IIEPECHINIIECHUS.
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Puc.2.1. Bimaxye cTENeHN MeTacTaOMIBHOCTH L, — L, Ha ()OPMY DHEPTETHIECKOrO

Gapbepa, paguyc r. i padoty ¥, 06pa3oBaHIs KPHTHYECKOTO 3apO/IbIIIIA.

Paﬁmy 06p£l30B&HH5[ KPHTHYECKOI'O 3apo/blllla MOKHO pacCMaTpHBATh KaK BBICOTY
SHEepreTHUeCKoro ©Oapbepa, KOTOPHIH HEOOXOAMMO TMPeojoJieTh IS JlajdbHelmero
CaMOIIPOU3BOJILHOI'O POCTA 3apo/iblliei HOBOM a3kl

Ecnu u3 BeipakeHus (2.5) HCKIIOYHTH BEJTMUMHY MEePECHIEHUS, TO HMEEM:

W, =

c

oA, (2.6)

C

W | =

rjae A. — MOBEPXHOCTh KPUTHUYECKOTO 3apojbima. Takum oOpasom, pabGora oOpa3oBaHust
KPUTHYECKOTO 3apo/bllia paBHA O{HOM TPeTH MOBEPXHOCTHOH SHepruu. OcTalbHbIC JBE
TPeTH KOMIIEHCHPYIOTCs paboToi nepexosa BemecTsa B 6oJiee cTaGMIbHOE COCTOSHHUE.

Yr100BI MNOJIYYHUTL CBA3b I’Vc C HEIIOCPEACTBCHHO 3aJlaBa€MbIMH HJIH H3MEPICMbIMH
MaKpOCKONIMYECKMMH TapaMeTpaMu HeoOXOAMMO BBIPa3UTh UYepe3 HHUX BEJIUUHHY
HEePEeChIEHHUs, UCIIOJIB3YS Pa3/INUHbIe YPABHEHHUS COCTOSIHUS B 3aBUCUMOCTHU OT (pa30BOTO
COCTOSIHHSI CTApOH M HOBOH (ha3.

JI1s1 KOH/IeHCAITHH TIEPECHIIEHHOT0 Tapa cje/IyeT UCIOJIb30BaTh

Bew —Hy = RT]_[lp—
Po

JI KpUcTa/UTM3aIuu U3 pacTBopa
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[Ipu kpHcTaUIM3alMH U3 paciUlaBa BO3HHUKAIONMAS M MCXOAHAs (azbl HECKUMAEMBIL.
[Tosromy mepechilieHHe JAOCTUraeTCs HM3MEHEHHEM TeMIepaTypbl (IepeoXsIakIeHHeM).
Kak crmegyer w3 jamarpamMMbl paBHoBecHsa (puc.2.2), cpaBHHTE/IbHO HeOoJbIIOMY
U3MEHEHHI0 TeMIlepaTypbl paciUlaBa COOTBETCTBYET CVYIECTBEHHOE HW3MEHEHUe
PABHOBECHOTO JIaBJICHHA /UIA TBepJod W kuakoi ¢as. Ilpumenss ypasuenue ['ub6Gca-
IepMrosbna

AG = AH +T(5A—G]
or ),

MOXKHO 3aIIMCaTh UIA IpOoLecCa KPHCTAJUIH3allHH-IUIABIICHUA CIICAVIONICC YPABHCHHC!

p
Ap T K
I
AT T

Puc.2.2, B3auMOCBA3b H3MEHEHHIT TeMITepaTypsl AT M JaBiIeHUS Ap BI0JIbL KPHBOIT
paBHOBECHS ITPH KPHCTAUIM3aLUH (TUIABJICHHH).

6(p. - )]
—u =AH +T| 28m ™~ "u)
PCHI uﬂ na + [ 6T

HJIH

0 (!"I'C‘M_“'H)=_AHJM )

T\ T T2

Ecmn NEpeoxJIaKACHHE HEBEJIHKO, TO MOXKHO CHHTaTh TEIUIOTY IUIABJICHHA,
He3aBHUCsIMER oT TeMuepaTypbl. [Io3ToMy Hociie HHTErpUpOBaHUs OT Ty, 10 7 mosTydaeM

40



AT
nn T

nn

?
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B pe3zyaprate pabGora o0pazoBaHMs KPUTHYECKOTO 3apo/ibllla B  paciUlaBe
OTIPEJIENACTCS BBIPAKEHHEM
16 4 VT

m= nn

W, =—nmo| ——"—|,
3 AH AT

7

rje 1, — MoJIIpHBIA 00beM TBep10it a3kl

2.5. I'eTeporennoe odpa3oBaHne HOBOIl (pa3bl

['omorennoe 3apojbimeoOpa3oBanue HaO/II0/1aeTCsl TOJILKO TOT/1a, KOIJIa B CHCTEME
HET TOBEPXHOCTeH, Ha KOTOPHIX C JOCTATOYHOM CKOPOCTBIO MOJKET IPOMCXOJAUTH
oOpazoBaHue M poOCT 3apojblieil HOBOM (a3bl. B npoTtuBHoOM cityyae OoJiee BepOSITHbIM
CTAHOBUTCS TeTeporeHHoe oOpazoBaHHWe 3apojblmied. B ciyuae HeKpHCTALIMYECKHX
3apo/iplieid (Tap WK JKUJAKOCTb) UX opMa ompeielisieTcsi KpaeBbIM YIJIOM cMavYuBaHHsI 0.
CornacHo ypagHenuro IOnra

G;3—0C
cosf=—13—2

El

G2

IJle¢ O13, CG23 H Oj2 — y/elbHble CBOOO/IHbIC IIOBEPXHOCTHBIE HSHEPIHUH IOBEpXHOCTEH
pazaena coorBercTByromux ¢as (1 — mexoanas dasza, 2 — 3apoapim HOBOH (asel, 3 —
BKJIIOUYEHHe). YTon O m3MmepseTcs, He3aBUCHMMO OT arperaTHOro cocTosHus (a3, BHYTpH
HOBO (ha3bl.

Beicota 3apojapima H u paguyc 7, JUHMM KOHTaKTa BceX TpeX a3 CBs3aHBI C
paguycoM 3apo/Jibllia 7 H KpacBbIM YIJIOM 0 cooTHOMIEHUSIMHU

H=r(l-cosf); r,=rsin6.
ITockoapKy 00beM MmapoBOro cerMeHTa paBeH
V= %;IHZ(%-H)
U1t 00beMa IeTepOreHHOTO 3apo/IbIIiia CIIPABE/JIMBO BHIPAKEHHE
V(r)= %m'j (1-cos@) (2+cosO)= gm'jf(ﬁ) ,

I
= Z(l —Cos 0)1(2 +cos 0) - OTHONIeHHE OOBEMOB YCEUEHHOro ceprvecKoro u

e J (0)

[NOJIHOTO C(]Jepuqecxoro 3ap0,tu>1meﬁ C OJAHMHAKOBBIMH paJHyYCaMH KPHBHU3HBI IOBEPXHOCTH.
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Paguychl KpHUBH3HBI TOMOTEHHOTO M TeTepOTeHHOTO 3apojbllmied JOLKHbI ObITh
O/IMHAKOBBI, TaK KaK YCJIOBHE PABHOBECHs YacTel MOBEPXHOCTH, VAIECHHBIX OT 00JIaCTH
KOHTaKTa C TBEp/10# MOBEPXHOCTEIO, HE 3aBHCUT OT €€ HAJIWIUA WIH OTCYTCTBHUS.

[Ipu uckiroueHnu G U3 ypapHeHus (2.5) nosiyyaeTcs:

< e =8V
2V,

Cre/toBaTtesbHO paGoTa TeTepOreHHOTo 3apobimeodpasoBanus W, pasna paGoTte
rOreHHOTO 3apo/bimeobpasosanus W™, yMHOKEHHOH Ha OTHOIIEHHE HUX 0OBEMOB, T.C.
Ha BeJtHuuHy f(0):

W = floy.

[Tockonbky kospdunmuent f(0) B 3aBUCMMOCTH OT yrja CMauUBaHUS MOIKET
mMeHAThbess oT 1 go 0, pabGoTta rereporeHHOro 3apo/iplmeoOpa3oBaHus yOBIBaeT OT ee
MaKCHMAaJIbHOTO 3HAYeHWUs IIPH MOJTHOM HECMAaYUBAHUH JI0 HYJISI IPH TOJIHOM CMaYMBAHHH.
Cre/toBaTeIbHO TIPH XOPOIIEM CMAaYMBAHHU NMOBEPXHOCTH HOBOH (pa30il BOZHHKHOBEHHE
9TOW HOBOM (ha3hl IPOMUCXOUT JIaXKe NPU MAJIBIX MEPECHIEHUAX — TAKUX, IPH KOTOPBIX B
TOMOTEHHOM CHCTEME 3TOT MPOIIECC HEBO3MOKEH.

Ha mepoxoBaroif moBepxHocTH paboTa 0Opa30BaHUsA KPUTHIECKOTO 3apObImia ele
Oospllle CHMKAeTCs 3a CHUET JIONOJIHUTEILHOTO YMEHBbIIeHHSI 00beMa KPUTHUECKOIO
3apo/iplla, Bo3HHUKaromero B yriyonenusx. Ilo sroit npuunne. Hanpumep, obierdaercs
KHMIIEHHE JKUJKOCTEH IIPM BHECEHHWH B Hee KANMUISIPOB WM KYCOYKOB IIOPHCTBIX
MaTepHaJIoB.

Takum oOpa3oM, HaTMYMe MOBEPXHOCTeH, 0COOEHHO MEpPOXOBaTHIX, H3OMpaTeIbHO
CMaYMBaeMbIX HOBOH (pa30ii, CYMIECTBEHHO CIIOCOOCTBYET €e BBIJEJICHUIO, CHIKast paboTy
o0Opa3oBaHUsl KPUTHYECKHX 3apojbllied, W TeM Oojblme, 4YeM Jydlle CMadHBaHHE.
[TosToMy HaOIIOCHHE YHCTO TOMOTEHHOTO 3apo/IbIMeo0pa30BaHUsl BOBMOXKHO JIHINb IPH
OTCYTCTBUH B CHCTeME IOCTOPOHHUX BKJIHOUEHHUI U MOJIHOM H30HpaTeIbHOM CMaYUBAHUH
CTEHOK cocy/ia.

PaccmoTtpum Gonee JleTalIbHO TeTeporeHHoe 3apo/blimieoOpazoBaHue. Y BeJIMUeHHE
cBOOOAHONH TMOBEpPXHOCTHOM DHEPrHM CHCTEeMbl TIPH TeTeporeHHOM O0O0pa30BaHHUH
3apo/Ipllia coriacHo ypaBHeHuto FOHra paBHo:

AF, =8§,,01, + S, (O-zs — 0O )= Uu(Su —Sy COSQ)!

rae Sz m S»3 — IUIOMaZM TOBEPXHOCTH pasjeiia 3apojblll — cpefJa M 3apoablm —
BKJIFOUEHHE COOTBETCTBEHHO.
[ToBepxHOCTD MIApOBOrO cerMeHTa S1; paBHa

S, =2mH = fr(HZ +rf).

2
[lomaas KOHTaKTa 3apofbllia ¢ BKJIIOUEHHEM Sy cocTapiaser 77 . Otcioga ¢
Y4eTOM BbIpaKeHUH Ut [ ¥ 7] moJaydaeM:
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AF, =06,,(S,, = S,, cos0) = Ji'cs'u(Hz +r-n} cos@)=
=irrey, [(l—cos 0)* +sin* O(1-cos 6‘)]=
=mr'c, [(l—cos t(;’)+(1—c:os2 9)]= m*o, (1-cos@) (2+cosf)=
=4m’o, [(0)

Takum oOpazom, kosdpduuuent f(0) onuceiBaeT Kak OTHOHmIEHHE OOBEMOB
3apo/IbIleil PAaBHOTO pajiMyca MpH rereporeHHoM /" u romorenHom ™ o6GpaszoBanum,

TaK U OTHOIICHHE CBOOO/THBIX MOBEPXHOCTHBIX dHeprui AF.“" m AF, ™ ux oGpa3oBaHusL.

CnenoBartesbHo, paboTa reTeporeHHOro 0Opa3oBaHUs 3apojbliia JIo0oro paMepa (a He
TONBLKO KpHTHUeckoro) W''(r) moxeT ObITh TOJTydeHa yMHOXeHHeM paGoter 177°%(r)
rOMOTE€HHOro oO0Opa3oBaHMsl 3apo/ibllla TOro ke pajauyca Ha Koddduimenr f(0), He
3aBUCSMIUYM OT pajnyca:

cem cen I.’:em 2OM I/:OM 2OM
W (r)y = AR 4 Au=sme = [(O) A + Au=2 | = [0 ().

m m

2.6. KuHeTnKa BO3HHKHOBeHHA 3apo/blieii HoOBoii (a3l
B MeTacTa0N/ILHOII crcTeme

Jina  pa3nuuHbIX  (pa3oBBIX  MepexoJ0B M OPH  pa3HbIX  YCJIOBHAX
3apo/iplneoOpa3oBaHusi  CYHMIECTBYET HDHEpPreTHUYecKHd  Oapbep., NPensITCTBYIOMMI
nosiBIeHUIo 3apojabimei. Kak 11 mo0bIX aKTHBAIMOHHBIX IPOIECCOB  YacTOTa
BO3HHKHOBEHHS 3apojbleldl HOBOH (a3bl J ODKCHOHEHIHAIBLHO 3aBUCHT OT BBICOTBI
Oapbepa, T.e. oT paboTsl 00pa30BaHUsA KPUTHUECKOTO 3apo/bima IWe:

J=J, exp[— %) (2.7)

Kak Opu1o mokaszaHo Bblmle, BbICOTa Oapbepa CHHJKAeTCsl 10 Mepe BHEJIPEHHs B
MeTacTaOHIbHYI0 00JIacTh, a TaK:Ke IPU BBEJCHUH IIOBEPXHOCTEH, CMauMBaeMbIX HOBOI
¢azoi. IlpedKcNOHEHITMATIBHBIH MHOKHTEb HE 3aBUCHT WM cJ1ab0 3aBHCHUT OT IITyOHHBI
BHE/JPEHHs] B MeTAacTaOHIbHYIO 00JacTh M OIpeJelsieTcss MEXaHH3MOM IPEO0JIeHHs
SHepreTUUecKoro Gapbepa.

2.7. Knnernka dopvMupoBanns ¥ pocTa HAHOBOJIOKOH
10 cXeMe «IaP-KHAKOCTh-TBep/10e)

l—IpOH?.BO,E[CTBO HaAaHOKBOJIOKOH IPEACTaBIIICT coboi OJHY H3 aKTYaJIbHBIX 3ajJga4u
COBpeMeHHOﬁ TexHoJorHH. Bo MHOrux METOJax IIOJYYEHHA BOJIOKOH HCIIOJB3YETCA
COBOKYITHOCTb (pa30BBIX IIEPEXOI0B «IIap-KHIKOCTh-TBEPOE TEJIO».

Ha puc.2.3 cxemaTH4HO moka3aHa paboTa COBOKYITHOCTH (ha30BBIX NEPexXo/10B «Iap-
JKMIIKOCTB-TBEp/loe  Tejlo». B HaHOMeTpoBOM Kalule BemecTBa B pagdycoM R,
paCHOHO}KeHHOﬁ Ha IMOJJIOKKE, CO31acTCi Hepe(.‘bll]_lf.‘ﬂhlﬁ pacTBOp BeH_leCTBaA. BCIJ.IGCTBO
A mocTynaeT B Kalullo B OCHOBHOM M3 ra3oBoi ¢aszpl. Kamis BbICTyNaeT Kak HaKOMUTEIb,
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oGecnieynBaronuil pOpMHPOBAHUE MEPECHINEHHOTO pacTBOpa. BHYTPH KarliM NPOUCXOIUT
oOpa3oBaHHe U POCT KJIACTEPOB BEIIECTBA A, UX CIMSHUE M POCT BOJIOKHA yiKE BHE KaILIu.

CKkopocTh pocTa BOJIOKHA ompejessieTcs: AU(GQy3HOHHBIM ITOTOKOM BHYTPH KaIUIH,
CTENEHbIO MEPECHIMEHHs] PACTBOPA BHYTPH KAaILIW, IUIOTHOCTBIO M CTPYKTYPO#H BOJIOKHA U
ero paguycom. llepechlmenne pacTBopa S 23aBHCHT OT MeXaHU3Ma IO/IIepIKAHUS
HEpaBHOBECHOTO COCTOSIHMA B Karule. B OoJbmMHCTBE ciydaeB 3TO obecreduBaeTcst
HEIpEephIBHOM JIoCTaBKOM BemecTBa A W3 ra3zoBod ¢azel. Ilpu Maiblx naprumaibHbIX
JTABJICHHSAX Taza HauWHAaeT cKaszbiBaThesl AudPyzmusa. Kpome Toro cieayer yuuTeIBaThH
TEIUIOBBIE MPOIECCHI, CBA3AHHBIC C BBISJICHUEM TEIIOTHI (Pa30BOro Mepexo/ia Ha rpaHuIle
KHM/IKOCTh-KPUCTAILIL

b
/
/

55855809 988859
§65550880860560§
SE5E880950089
§566885869986869

Puc.2.3. OcHOBHBIE 3IEMEHTHI ()OPMHUPOBAHISA BOJIOKHA B COBOKYITHOCTH (pa30BBIX IEPEX0/10B
«@1ap-KUIKOCTH-TBEPAOE TEM0»: 1 — BOTOKHO; 2 — Karuid; 3 — Mo/I7I0KKa

Ilepecbimenue pacTeopa B Karuie S onpejieisercs Kak

__n
n(T)’

rje n — IWIOTHOCTh MOJIeKYJI copTa A B pacTBope; n1(7) — 4Mc/ioBast INIOTHOCTL MOJIEKYIL,
OTBEUAIONIasi paBHOBECHOH pacTBOpUMOCTH BemecTBa A npu temueparype 1. Hampumep,
JULs yriepoja B Hukesie ny(873 K) ~ 1,9-10% at/’.

lIepBHquIC KJIIACTCPhI OGpa'SYI-OTCFI 3a CHET TICTECPOrcHHOI0 3apoK/JCHHA Ha
IIO/IJIOJKKE. B 9ToM cllydae CylecTBEHHYIO poJib UIPalOT CBOMCTBA MaTepHalia MO/JI0KKH,
a He TOJILKO cBoicTBa camoil kamm. CeoGojHast sHeprus AF'(g) Kiactepa U3 g MOJIEKYJI
IIPUMECH Ha TpaHUlle KalUld U IOJUIOKKH HMeeT BUJA (s noiaycdepudeckoi GpopMmsl
KJ1acTepa)

AF(g)=—-gkTInS + 27”'27'.43 * m'l(yAs _yss)n (2.8)

rje k — noctosiHHag boiblMaHa; r — pajiyc KJacTepa; Y4z — MOBEPXHOCTHOE HATSDKEHHE
Mex1y KiractepoM U dazoit B B Kaiwie, Y45, Yas — COOTBETCTBEHHO IIOBEPXHOCTHOE
HATSDKEHHE MeX/Iy KJIacTepOM M MaTepHasIoM IOJIOKKH M MeXKy MaTepHaioM MO/I0OKKH
u dazoii B (puc.2.4).
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Puc.2.4. Hykneauus kinactepos (1) BHYTpH Karum (2); 1o/110xkKa (3)

[Tocieqnee ciaraemoe B ypaBHeHHHM (2.8) yuMThIBaeT BIIMSIHHE IIO/UIOKKH Ha
CcBOOO/IHYIO MTOBEPXHOCTHYIO HEprui0. B GOJILIIUHCTBE ONMUCHIBAEMBIX CIIYUAEB Y45 < YBs.
Ecimm nojanmokka COCTOMT M3 TOrO JKe MarTepHajla, 4TO H pacTymee BOJIOKHO, TO
YMEHBIICHHE SHEPTUUH MAKCUMAIIBHO. .

KpuTnueckuii pasmep KiacTepa M3 g aTOMOB OIpe/IesIseTCsl PaBeHCTBOM HYJIIO
IIPOM3BO/THOM

0AF(g) _
og

Yuciio aTOMOB B KPHTHYCCKOM KJIaCTEpPE paBHO

0.

* 2
= (Z'Y,w + (YAS ~Yss ))3 '

g = —_—
3(kTInSY
HOJICT&HOBK& IOCJIETHETO 3HAYCHHA B YpaBHEHHC [TA CB06OJIHOﬁ HOBerHOCTHOﬁ
3
SHEPTHH ITO3BOJICT OIIPEACIIHTD AF AT KPHTHYECKOI'O KJlacTepa.
CI{OpOCTB HYKJICallHH I cormacHo KiIaccHYeCcKOM TEOPHH 3ap0,[u,1me06pa303a}m51
paBHa

*

I =n*22Dr" exp AF :
kT

rae D — xospdunuent quddys3un BemectBa 4 B karwie BemectBa B. Ecim AF'/kT ~ 20,
TO Ul HYKJIealuH Vriepoia B kamwie mHukems (D ~ 107 mc, n ~ 1077 art/’, pajauyc
KPUTHYECKOI0 3apo/iblnia ~1 HM) CKOPOCTh HYKJIEAIMH COCTABHUT [ ~ 2:10% maCTepa’(M3c).
Jlna Havaza pocTa BOJIOKHa HeoOX0auMo, 4TOOBI B KalUle HAKOIHJIOCH JIOCTATOYHOE
KOJIMYECTBO aTOMOB yIjlepojia. XapakKTepHOe BpeMsi OKHMIaHUsSI 3apoK[eHusl Kiacrtepa

1
COCTaBIIAET T M(IRZd} , Tne R — paguyc Kamwid, d — TOJIIHHA 0 B KOTOPOM
IIPOMCXOIMT HyKJIeanus (mopsjaka 1 Hm).
CkopocTb pocTa BoJIOKHA onpe/iessieTcst ypasHeHueM Credana

-DV, =vn_,
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IJIe L - CKOPOCTh JIBHXKeHHSI MeK(a3HON IPaHUIBI OTHOCHTENILHO IOJUIOKKH. Hcnoab3ys
KBa3HCTAIlTHOHAPHOE HpHﬁHH}KeHHB, IOCJIE HHTETPHPOBAHHA IMTOJIYYACTCH BBIPAKEHHE [
JUTMHBI BOJIOKHA L KaK (PyHKIIMH BpeMeHH

Dt

L ~—.
Rn,

EcmR =10 um, aD ~ 10" m¥e npu 1000 K u ecrm n/n; ~ 1072, 1o Torma v~107 m/c.
[lo anamorum oOpazoBaHMe BOJIOKOH ¢ TpyO4aTOM CTPYKTYPOH OIMCHIBAETCS
YpaBHEHHEM

DtRSn (T')
L= 2 7))’
nJR -R 5
rje R; — BHYTpeHHHUH pajuyc TpyOUaToi CTpYKTYphl; R — BHEIIHUHN paJuyc.

O‘IBBHJ:[HO, UTO A NOoAACpiKaHHA MMOCTOSTHHOM CKOpOCTH poOCTa IIOTOK aToMOB
BellecTBa A Ha CAHHHIY IUTOMAaAH KalllIH JOJKEH OBITH

D
J > —n‘.
2R
IIOTOK rasa onpez[emeTcsl HpOCTbIM Bblp&}KeHHCM

p

JmT ’

rae p — JaBJICHHE Tra3a; m — MOJIEKYJIIpHas Macca rasa, IepeHOCAIEro IpHMECh K Kalljle.
Takum oOpa3oMm, NMPH YMEHBIIEHHH pajuyca Kameidb /Ui COXpaHeHHs] TOH JKe CKOPOCTH
pocTa BOJIOKHa HQOGXOJJ,HMO IMOBBIMIATH MApIHaIbHOC JaBJICHHE ras3a.

2.8. Poct KpeMHHEBBIX HAHOCTPYKTYP

PaccMoTpuM HUTEBMIHBIH HAHOKPHCTAUT B JII0OOH MOMEHT €ro pocta B
CTAlJMOHAPHBIX YCJIOBHSX. YBEJHWYEHHE [UIMHbI HAHOKpHCTAJUIAa Ha SJIEMEHTapHYIO
BEJIMUUHY /o IPUBOJIUT K U3MeHeHHUI0 sHeprun ['ub6c¢ca

: kT

3 =-ml, I—;lm;e +2ml,y s
rjie r — paguyc HUTH, 7 — oObeM aTroma KpeMHUs B TBep/oi ¢ase; 1 - nepechleHHe
PSifpeqSi-

To xe camoe wu3MeHeHue HHepruu ['mOOca MOKHO BBIPA3UThL KAK CYMMY
5(PeKTHBHBIX TOBEPXHOCTHOTO HATSKEHHUS U JIMHEHHOTO HATSHKEHHUS

3 kT
Sg=m'y . +2mr, =-m’l, ?lnr;+ 2mrlyy .

OueBH/IHO, UTO



kT
,V;:T =-l,—Inn.

;/'
rngﬂyfT_

Tak Kkak pacTymud KpeMHHEBBIH CJIOH sBJIAETCS TPEeXMEpPHBIM, He0OX0AHMO
YUHTBIBATL H JIPYIYIO CTeNEHb CBOOO/BI ONpe/e/IeHHss XHMHYECKOH COCTaBJIIIOMIEH
HOBEPXHOCTHOTO HATSKEHHS: HOPMAJIbHYIO II0 OTHOLICHHIO K IOBEPXHOCTH pocTa. DTa
COCTaBJIAFOMIAs OTNPe/IE/IAETCS KakK

yc =y;§_‘r +r_0=_£u};/_?lnq+l_
r

Jliig npoBeieHus npoue/ypbl MUHUMHU3alMU sHepruu ['uG6ca yao6Ho paccmoTpeTh
ypaBHeHue IOnra. PaccmoTpuMm oOpa3oBaHHe 5DJIeMEHTapHOTO CJIOsl KpeMHHS [o,
oOpasyrolerocs U3 Kalulk 3BTeKTHYecKoro paciviasa Au-Si (puc.2.5)

le{ OﬁpaBOBaHHH H3 KaIUIM S5BTCKTHKH IIEPBOro MOHOCIIOA KpBMHHeBOﬁ HHTH
u3MeHeHHe dHepruu ['ub0ca onpeensieTcsi BIpakeHHEM

" kT
AG =y 1 27R, hy + 1,08, +(?’)fcr +7rr )mbz +[2mbzu?/rr =1 ?ln??J 5

rae Ry u hy — paamyc W BbICOTa Kaimuid cepudyeckod (opMbl, g, Pa3HOCTh SHEPTHH

I'nG6ca aroma Si B KHIKOM U razoo0pazHoit pazax npu miockoi ¢popMe rpaHuIb paszena,
Ny — YHCIO aTOMOB KPeMHHMsI B Kaluie, 1o — paguyc oOpasyromeiics HUTH. B yciaoBusix
JUHAMHYECKOIO PaBHOBECHs 19 M Og, MOXKHO CUMTAaTh HocTosHHbIMH. Ilocneanue Ba

cjlaracMbIX OITHCBIBAKOT H3MCHCHHC DHEPI'HHU I'uG6ca B pe3yijibTare pocTa HUTH, IIPH 5TOM
IIEPBOE H3 HHX OIIHCHIBAECT YBEJIHUCHHE ODHEPrHH 3a CUET H3MEHEHHS IIOBEPXHOCTH
KOHTAKTa HUTH C Ta30BOM (1)330ﬁ, BTOPOE€ — U3MCHCHHE 00BbeMHOM COCTaBJISIIONICH 3a cUeT
poCTa HHTH.

OvL
lo
Bo
Gy
| I EEE VS
e
o
.S ro

Puc.2.5. Cxema Karm Au-Si Ha MOBEPXHOCTH IEPBOTO KPUCTAILIHYECKOTO clI0d Si
Ha IIOBEPXHOCTH I'JIa/IKOIT ITO/I0KKH

a2 i
B cooTBeTcTBHE C BHIDAXKCHHUSIMH Ul T U ¥, IHOCIEJHEE BhIPAKEHHUE NIPUBOUTCS
K BH/TY
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AG = 75\1{2’:Ruh0 + nudgv + (/V)KT +Vrr )mbz * (2727;]1:‘0 . mbzy)i;"r)-

MuHUMYM 3TON (PYHKIHUH JIOCTUTACTCS NIPU VCIIOBUHU

oG -0
oh,
T.e. npu ycnoBuun
dR, dr, dr,
yr;fc(d_;%ho +R0]+(y)f{]' ~Yrr +}';:T}bﬁ+rc‘i= 0.
W3 reoMeTpuH Karuiy cieyer, 9To
n=VR-R—h) -
CnengoBateibHO
dry _ (dR, [k + Ry =y _ (dR /by by + R, — by
dhy 'JRUZ - (Ru a ho )2 o
B pesynbTaTe nosyuaem, 94To
T T
{ym‘: +YVuwr —Vrr +y§rcr +-g']{ﬁho +RUJ=[yKT —Yrr +y§cr +'_C"]ho :
%, N\ dhy o
Wi, 4T0 SKBUBAJIEHTHO
(dRm’}dho)ho"*’Ro = V)KT‘?’;T“'"V?&T'*‘Z'C/"U
h, }/F)K+y)KTWyIT+y§{T+TC/rO

VuureiBasg cdepuueckyro (opMy KHIKOH KaIUM, KOTOpasi HMeeT IOCTOSIHHBIN
00beM, HO MOXKET H3MEHSATh PaJInyC R;, MOKHO 3alUcaTh CJIEAYIONHE YCIOBH:
1. YenoBue nmoctosiHcTBa 00beMa

4 1
— R} ==l (3R, — h,).
3 3
OTKy,ua ClIeAVET, UTO
4R + I
R=Llh
n
H
dR, _ hg - 8R;‘
dh, 3

IlogcTanoBka 3HaYeHUs NPOU3BOJAHOM B MpeblAyINHE YpaBHEHUA NPHBOJHT K
BBIPAKEHUIO
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(2h§_4R:)/f3h(f:1_£: 7)5:T_7rr+7§:r+fc/?h .
ho ho 7r)$:+7’.&"r_yrr+7’§:r+fc‘/?b
DTO ypaBHEeHHE YIPOIIAeTCs /10 CJIEIYIOMEro BH/1a

cogﬂo=1_h_0=_7’)ﬁ”r_yrr+yfﬁ'r+rc/"b ‘

R, ¥ o

Wnu B Oonee yaoOno#t ¢opme ycinoBHe MHHHMyMa sSHepruum I'mGbca 3amaetcs
COOTHOLICHHUEM

c
o T

b A e R _‘}__1
0
rjae BO — YIroJi cMaiuBaHHA SBTEKTHUECKOM KaruieH KuaKou MOBEPXHOCTH KPpEMHHA.

Ciegyer OTMETHTD, YTO 7;7 U 7, eCTh yOBIBAIOIIHE BEJIMYHHBLI B 3aBUHCHUMOCTH OT
lo. B OTCYTCTBUH XHMHYSCKOH ABHKYIEeH ciuel /o = 0. B aToM ciiydae

Vi COB L, = ¥ o — Vigs

Yto cooTBeTCTBYeT 0OBIYHOMY ypaBHeHHIO IOHTa /ua (opMBI KAl Ha IUIOCKOH
HOBEPXHOCTH.

O6o6menHoe ypaBHeHHMe FOHra 11s pacTymeid HUTH MOXKeT ObITh NpeJACTaBIEeHO B
BHUJIE

c
Vg COSP =y COSA—Yyr — ¥

OTO ypaBHEHHE YUHUTHIBACT M3MEHEHHE JHaMeTpa HHMTH, IJe O - YroJd Mexay
(pOHTOM KpUCTAIIM3AIMK HUTH M KacaTeJbHOH K OOKOBOM MOBEpPXHOCTH HUTH (pHC.2.6).
D70 ypaBHeHHe ONHUCHIBAaeT OaaHC MeXk/1y BceMH (PAaKTOpaMH, TAKUMH KaK OBEPXHOCTHAS
SHEPTIHA, MOBEPXHOCTHOC HATAKCHHE H IHHAMHYCCKHMH d)&KTOpaMH pocTa.

Puc.2.6. Cxema Ha4aJIbHOIT cTaJHH 00pa30BaHHA BHICTYIIA
Ha IUIOCKOH IMOBEPXHOCTH

B mepBeIii MOMEHT, MOKa He NMPOMCXOJAMT POCT HMUTH, T.e. IpH yciaoBuu [y = 0,
XHMHYECKOH COCTABJIAIOMEN PaBHOBECHS MOXKHO npeHeOpeus. ClieloBaTeIbHO

Yrx COS!BD =Yrr — Yxr-

Kpome Toro
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b S5 o
4 V

e N =P /P;q C y4eToM Toro, uto P,  mNpeJCTaB/IsieT MHHHMAIbHOE JIaBJIeHHE

apoB KpeMHUS [T Ha4aJIbHOH cTaOHILHOM (PopMBI Karuiy.
B Moienu mMHeHHOTo HATSDKEHUS JKHAKOM KaIUId ee 00BbeM OCTaeTCs IIOCTOSHHBIM [

3
r 1 B
3\ sn g, (1-cos B,f (2 +cos 3,).

B peasibHBIX YyCIIOBUSIX SKCIIEpUMEHTA 3HAYEHHUE NEpPeChINeHHs 1 0ObIYHO OCTaeTcs
[OCTOSIHHBIM, HO C H3MEHEHHeM pajuyca KalUlh oOA3aTesIbHO IMPOMUCXOJUT H3MEHEHHE
KOHIIEHTpallMM KpeMHus B Kaivie. T.e. KoHIeHTpamusi Au B Karuie He MEHSIETCsl, Torja Kak
KoHIeHTpanusa Si Mensercs. CrefoBaTebHO H3MeHseTcsi M oObem Kammm. Hosoe
3HaYeHHEe 00beMa 3a/1aeTCs COOTHONMIEHHEM

1= WC;}. E:Xp(~ 2V, 7 e SIn ﬂo/"bk:‘r)
1-7C% exp(= 2V, 7 . sin B/1kT)

rae C°Y paBHOBecHas KOHIIEHTpalMs Si KHUIKOCTH IPH JAHHOM JaBJIEHMH Si B razoBoi
M

tba’;e B YCIIOBHAX IUIOCKOM IpaHHIIBI pa3/ciia.
MosxHo IIoKa3aThb, UTO

. [ 31-’]"’“‘ (1+cos )"
Az (1-cos [)’)Mﬁ(2+cos ﬂ)m '

CornacHo noctpoeHmuio (puc.2.6)

p=W

taI]CZ:-*M;
dr
h=—jtanadr.

0

HPHMBHEHHG MOJYYEHHBIX MO/JEJIbHBIX ypaBHEHHf‘i TMO3BOJIIET PACCMOTPETL YCIIOBHA
PoCTa HUTCBH/AHBLIX KPHCTAJUIOB 110 MEXaHHU3MY Hap-KHAKOCTb-TBEP10€ TCII0.

2.9. YciioBue papHosecns B nponecce IIZKK

MHUHHMAJIBLHO JI0CTHAKUMBIN paguyc HHTH MOXKHO OIIPEJIC/IMTh KaK

i
- I/r.ryFT

r. .
mm kT ln f?

Jlnst 5TOro ciydas B YCJIOBHSX CTalMoHapHOro pocra o =90°, a paBHoBecHas
tbopma KaIlJIn 6}/,[{61" OIIACBIBATHLCH BBIPAKCHHEM

yn)fccosﬁ:_y)ﬁ?"
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OTKyza clleIyer, uTo ¥, 2 ¥ = 0, a yroia } u3sMeHsieTcst B IMaIa30He OT 180° 1pu

T 90° npu 7, =0.

[Ipn HaIM4YMK METAUITMYECKUX 3apo/iblIIed pa3HOro paszMepa HMeEeM pas3jInvHbIe
pa3Mepsl Karesiab SBTeKTHUecKoro paciuiaBa. CrieloBaTelbHO, BO3MOXKHBIM CTAaHOBHTCSH
pocT HUTeH pasHoro auametpa. CTaOHIBHBIH pocT HATH TpeOyeT BHLIMOJIHEHHUS YCIOBHA

r>r 1 a=90". Jls 5THX YCIOBHH paBHOBECHE ONMCHIBAETCS BBIPAKEHHEM

min

C

VY COSB=—Y 0~V
CorsacHo ypaBHEHHIO

T kT [
75 = Vier 5=l —lnp+ 2L
: r 1% r
JIst HUTE# pa3IMYHOTO pajgMyca r, pacTymMX B MIACHTHYHBIX YCJIOBHSX, T.€. TPH

o]
OTHHAKOBOM IICPECBINICHHH T], 3HAYCHHEC ) ﬁy,E[BT Pa3HbIM. HOBTOMY HHUTH pPa3sHOIo

JIMaMeTpa MOTYT PacTH CTaGHILHO TOJILKO IPH ONpe/esleHHOM 3HaueHuH [ mpu o = 90° .
B 5ToM cllydae 0YeBHIHBIM JOJKHO OBITH BBINOJHEHHE yeiloBus ¥ <0 . PaBeHCTBO HYIIIO
B 5TOM CJIy4ae ofpe/iesisieT MUHUMAIbHO JJOCTHKUMBIH 7iin.

Just 7°<0 wu npu GONBMMX 3HAYEHHMAX 7 HATSDKEHHE JIOCTHTAeT CBOETO
TpeesIbHOTO 3HAYeHUS

¥° =~I'}}:’T Inz.

m

CnenoBarenbHo, HabGmrofaeTcss CHUKEHHe S(@QEKTHUBHOM BeIMYHHBI )., C

0
noceyIOMUM yMeHbIeHueM 3 10 BeuuuHbl 907 10 JOCTHXKEHHA YCIOBUSA R = 7.

2.10. ®a3soBbIe AHarpaMMbl IBYXKOMIIOHEHTHBIX HAHOpasMepHBLIX CHCTeM

3amaya omnpejaeseHUss YCIOBHH ()a30BOro paBHOBECHS MIPaeT BaXKHYIO poOJIb B
PACCMOTPEHHH TpoleccoB 00pa30BaHUs HAHOKPUCTAUIOB B MHOTOKOMIIOHEHTHBIX
cucteMax. Takum npuMepoM MOXKeT CIyKHMTh Hpolecc oOpa3oBaHMs YTJIEPO/IHBIX
HAHOTPYOOK IPH PACTBOPEHHUH YTJIEPO/ia B HAHOPA3MEPHBIX YaCTHIAX METAJLIOB.

Tepwbie wacTunpl Juametrpom 1 — 100 HM 3aHMMAIOT IPOMEKYTOUHOE MOJIOKEHHE
MEXAY TBEPABIM M MOJEKY/SIPHHIM COCTOSHMAMH  BelecTBa. TaKkue YacTHIIbI
XapaKTepPByIOTCﬂ AOCTATOYHO BBICOKHM 3HAYCHHCM OTHOINCHHA IIOINAH ITOBEPXHOCTH K
oovemy. Tak i gacTHBI pagumycoMm 7 = 2 HM, cojepxkamei 4000 aTomMoB, 5TO
orHomeHue cocraBisier 0,3, D10 NPHBOAMT K  CYHECTBEHHOMY  HM3MEHEHHIO
TEPMO/JMHAMHYECKUX CBOWCTB. B cilygae MHOTOKOMIIOHEHTHBIX CHCTEM pa3MepHbIC
5 deKThl BIMSAIOT KaK HAa YCJIOBHS paBHOBeCHS B o0ObeMe, TaK M Ha Cerperaiui Ha
MOBEPXHOCTH.

PaccmMoTpenne yciIoBHH paBHOBeCHsA IIPOBOJAT Ha OCHOBe pacdeTa H300apHO-
U30TepMHUYECKOro moTeHnuaia. llpeacTaBieHHbIM 1OAX0/1 CIIpaBe/UIMB JUISI YaCTHII,
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paaMyc KOTOpBIX TMpeBblmaeT 3 HM. JlId d9acTHIl Takoro pasmepa NPHMEHHMbI
TEPMO/IMHAMHYECKHUE TIAPAMETPhI H BO3MOJKHO OIIPE/ICIHTh MIOBEPXHOCTHOE HATSKEHHE.

Dueprusti ['mG6ca JIBYXKOMIIOHEHTHOM MeXaHMYEeCKOM CMeCH OIpe/ieseTcs
BBIPAJKEHUEM:

g, =x5h +x,h, — T(.x;sl + xlsz)_._

IJI€ X1 M X — aTOMHbIE J10J14 1 1 2 KOMIOHEHTOB; /; H §; COOTBETCTBYIOIIHE SHTAJIBIIUSA H
SHTPOIIHS, OTHECEHHBIE K YHCITy aTOMOB.

OGpasoBaHHe CMeCH IPHBOJAMT K YBEJIMYEHHIO OSHTPOIIMH CHCTEMBI COIJIACHO
YPaBHEHHIO /Ul KOHPHUTYPAITHOHHON SHTPOIIHH CMEIIeHHUs

As,, =—k(x Inx, +x,Inx,).
JI1s1 uj1easIbHOTO PACTBOPA BBIOIHSIOTCS CJIe/IyIOMIME COOTHOMEHHA:
8 = 8&n —TAs,
8a =Xt + X, 1,
u=h—-Ts —kTlnx

Jlna Toro, uroObl ydecTh BIIMSHHE IOBEPXHOCTH YA0OHO mpeoOpazoBaTh Bce
BEJIMYHHBI 110 OTHOIIEHHIO K MEKATOMHOMY pacCTOSHHIO. [l mpOCTOTBI paccMOTPHM
cepudeckue gacTunbl. Tak Kak KOHQUIYypalHOHHAs SHTPOIHS CMEMICHHUs OIpe/ieIaeTcs
B OCHOBHOM COOTHONIEHHEM aTOMOB OOOHMX COPTOB, TO NOBEPXHOCTHBIE d(p]eKTsI He
BiauA0T Ha As, . CllejoBaTe/IbHO, MOBEPXHOCTh BIHMSET TOJIBKO Ha SHTEIbIHIO ;. Ecin

npeHeOpeub MOBEPXHOCTHOHM cerperanued, TO I HAHOKPHCTAIUIA, MpPeJCTaBIIAIONIETO
co00# uleaIbHBIN PacTBOP, MOKHO 3aIMCATh:

gur = gm’ =t xlgs.l + xlgs.l :
gnc = xlfuuf.l + xllum“z :’

ﬂm’.! = iuj + gs.r 3

[Ipeanosnoxum, uto obIiee YUCIO aATOMOB B COCTaBE HAHOKPUCTA/UIa cocTaBiisieT N.
ITycts x1 = x 1 x2 = (1 —X), Toraa

Ng, = x(N,ul + fN”"‘yl)+ (1- x)(}\f,u2 - meyz)
rae f— reomeTpudeckuii ¢pakrop. PackpbiBasg ckoOKH, HETPYAHO MOKA3aTh, YTO
Ng, =Ng, + N*’I'(x); (2.9)
rx)y=xy+1-x)y,. (2.10)

OTH ypaBHEHHs B BHOM BH/I¢ YKa3bIBaIOT Ha TO, YTO SHEPIHsl HAHOYACTHIIBI BCer/ja
Goubie, YeM dHeprus 00BEMHOTO MaTepHaIa.

IIpuMeHHM MOJTyueHHbIC YPABHEHHS K HEOPraHMYECKHM MaTepHaiaM. M3BecTHo, 9TO
MOBEPXHOCTHOE HATsDKEHHME 3aBHCHT ciabo oT Ttemmepartypbl. Toraa cormacHo (2.9) u
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(2.10) mpu PpUKCHPOBAHHOM 3HAYCHHH X SHEPTHsA HAHOYACTHIIBI Beer/ia Oosbine 00beMHOM
SHEPTUH NPH JTIOObIX TeMIepaTypax.

2.11. Il.1aB/1eHne IBYXKOMIIOHEHTHOI'0 HAHOKPHCTAJLIA

PaCCMOTpHM YCIIOBHE ILTaBJICHHA ﬂByXKOMHOHGHTHOi:I HaHOYaCTHIIBIL.
HpeﬂHOHOI}KHM, YTO IIpH TEMIIEpATypeE ILIaBJICHHA YACJbHaA TEINIOEMKOCTh TBEPAOIo Tejla
H3MCHACTCS HPEHeﬁpe}KHMO Maito. Torjga MOKHO 3amucaTh

(G -G.),=C-BT, (2.11)

rae C M B — KOHCTaHTBI /i KOHKpPEeTHOro BemecTBa. IIpoBoas aHajIoOrHio ¢
O/THOKOMIIOHEHTHBIMH CHCTEMaMHM MOXHO THokazath, 4ro (C/B) ecTb Temmeparypa
1aBiaeHus, a C — TeIIoTa IiaBIeHHs.

[IpoBejis ananoruto mexkay (2.9) u (2.10), MOKHO IOJIYIUTh

Ng,..=8.,)=Ng,.— 8., )+ N (I.(x)- I,(x)). (2.12)
Ioacraeass (2.11) B (2.12). noay4aem
N8y = &ue,s)= N[*(C, = BT)+(1- x)C, - B,T)]+
+ fNZB[x{Yu - Ym)"‘ (1 = XX'Yz.z = “{2,3)]
Mowi-g. )= Ve, -2 ) - e )] @19

rocne,uHee YPaBHCHHE VKa3bIBACT Ha TO, 4YTO [JId HJACAJIbHOI'O pacTBOpa, pasHHIA
SHepruil JKMAKOH W TBepAaod (a3 B OWHapHOH cHcTeMe SBIsAeTCA CYMMOMH
COOTBETCTBYIOIUX PA3HOCTEN COCTABIAIONIUX CHCTEMY KOMIIOHEHTOB.

J171s1 OTHOKOMITOHEHTHBIX CHCTEM TeMITepaTypa IUIaBICHHA OIpe/IesisieTCs YCIOBHEM

N(grlf.{ B gr:f.s)= 0 )

Toraa TemmepaTypa nuaBJIeHHs HAHOYACTHITHI PaBHA

(2.13)

b -7.) a
T,(r)=T,,+ = | 1 : 2.15
m( ) e BN'IB o 2’_ ( )
rae Ty. - TeMmepaTypa IUIaBjleHMs oOBeMHOro Mmarepuana. Bennumna ()‘FNIB)

[MpAMOIIPOIIOPHHOHA/IbHA OTHOIMICHHIO YMHC/IA IMOBEPXHOCTHBIX aTOMOB K YHCIIY aTOMOB B

o6peme. KoadpuuueHT o 111 HeopraHuIeCKHX MaTepHAIOB ABJISICTCS MOJIOKUATEILHBIM H
coctasiszeT oT 0.4 1o 3.3 uMm.

2.12. VpaBHeHHs JINHUIT JITUKBIIYCa U COTHIYCA

B 6HHapH])IX CHCTCMAX IIEpEexo]] TBEPHAOC-KHIAKOCTh OIpeac/BICTCd JIMHHAMH
JIMKBHAYCa H COJIHYCa Ha JHarpaMmax T - x ypaBHeHHH 3THX JIHHUH OIIpeac/IAOTCA
PABE€HCTBOM XHMHYCCKHX IMOTCHIHHAIOB KaX/J0ro M3 KOMIIOHCHTOB B COCYHICCTBYHROIIHX
¢333X H OITHCBIBAKOTCH CIIEAYIOUIHMH BBIPAKCHHAMH.
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o i
kT In St = C f 1 — — (2.16a)
xn'r."-a.'m'r-_r Tm,l
kT In " Feae 11T | (2.166)
) xf}qraidus n,2

Koraa pasmep gacTuil yMeHbIIAETCA, CHUKAKOTCS 1)1 M 75,2 COTTIACHO YPaBHEHHIO
(2.15). Ecmu mnpeneGpeub H3MEHEHHEM TeIUIOTHI IUIABJICHHS C H3MEHEHHEM I, TO,
koMOuuupys (2.15) u (2.16), MOKHO OCTPOUTEL KPHBLIE JIMKBUAYCA U cosmayca (puc.2.7).

Tabauuya 2.1

Tepmo,mmam{qecmle ImapaMeTpsl Gewun Si, HCITO/Ib30BaHHBIE IIH ITOCTPOCHMH
(daszoBoii marpamMmbl

[Tapametp Si Ge
Temnora miasnenus, kJx/mones | 50,6 36,94
Temneparypa mwiasinenus, K 1685 1210.4
o, HM 4.0 6.8

1700

1600 +

1500 4

1400 +

T

1300 +

1200 +

1100 -

1000 A R

o N @ WmON® O -

o
c o c o o o o oo

X

Puc.2.7. ®azoBas muarpaMma TBepaoro pactsopa Si-Ge. BepxHas quarpamMMa — o0 beMHBIH
MaTepHall, HIGKHAA — HAHOYacTUIIa, cofepskamtas N = 2-10" aromoB
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I'nasa 3. Yriiepoanbie HAHOMATEPHAJIbI

3.1. OcHoBHBIe YIJ/IepOJHbIe MaTePHAJIBI

I'pacpervl - MIOCKHE CETKH M3 aTOMOB YIJIEPO/a, PACHOJIOKEHHBIX B YIJax
IPAaBHJIbHBIX INEeCTUYTroJbHUKOB Ha paccrostHud 0,1418 vM (puc.3.1). Kaxapiii atom
yriepoja coe/IiHeH B rpadeHax ¢ Tpems coceJHUMH aToMaMu. ['padenbl oOpas3yIoT cjion B
kpuctauiax rpadura (puc.3.2), a Takke Oosiee cioxkHbie (opmbl (cMm. jganee). B
pacmpocTpaHeHHOM TrpauTe ¢ TeKCaroHaJbHOW  KPHCTAJUTMUECKOH  CTPYKTYpOH
MeJKCJI0eBbIe paccTosIHUA cocTaBisitoT 0,3354 HM.

Puc.3.1. Tpaden

Kpomku rpadeHOB MOryT MMeTh OJHY M3 JIBYX OCHOBHBIX (opM: THIA KpecJia
(puc.3.3,a) n 3ur3ara (puc.3.3,0). AToMBI yIJIepoJa B cepe/uHe rpadeHOBBIX JUCTOB, Ha
KPOMKaX THIIOB Kpecjia ¥ 3Mr3ara OTJIMYaroTcs JAPYT OT JIpyra SHepreTHIeckKu U MOTYT I10-
pazHomy BecTH cebst IpH aicopOIUH U B XHMHYECKHX PeaKIHsIX.

B 2004 r. nyrem pacmervieHus rpadgura yiajaochk HOJYUYHTh OT/Ie/IbHbIE IIOCKHE
rpadenoBeie THCTKH (MHCTHTYT mpobiieM TeXHOJOTMH MHKPO3JIEKTPOHHKH H 0c000
YHCTBIX MaTepuayioB B moc. YepHorosorka, Poccusi, u yHuBepcuter Manuecrtepa,
BenukoOpuranusi) — Marepuai, KoTopblid o0najaer AByMepHOM Oa/uIMCTHUYECKOU
IPOBOJUMOCTBIO METAJUIMYECKOTO XapaKTepa M BBIAEPKHBAET IUIOTHOCTH TOKa
10 10% A/em?.
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Puc.3.2. PactionokeHne rpadeHOB B CTpYKTYpe Ipadura

Puc.3.3. I'padpeHoBBIC THCTH ¢ KPOMKaMH THITa Kpecia (a) M THITa 3ur3ara (6)

Dynnepenamu Ha3bIBAIOT KJIACC MOJIEKYJL cocTosmux U3 atoMoB C u obpazyromux
0007109KH ¢ 12 DATHYTOJbHBIMM KOJBIIAMH W JABYMsA WIH Oojiee MIECTHYTOJIbHBIMH
konenaMu. Kaxaeit atom C B (QysuiepeHax coeJlMHEH ¢ TpeMsl COCEJIHHMMH aTOMAaMH,
oOmee uuciao aToMoB Bcerja deTtHoe. Kaxawrid ¢ymrepen coaepxut 2(10 + n) aToMoB
yriepoja, rje »n — YHUCI0 HIECTHYTOJILHUKOB (7 He MOXeT OBITh PaBHO e/JUHULE).
[Istuyronsuuku B KiaccmueckoM ¢yiuiepene Cg (puc.3.4,a) aApyr ¢ JApyrom He
COWISHSIOTCS ¥ OT/EJIeHbl OJMH OT Jpyroro He OoJiee 4eM OJHHM IIECTHYTOJLHHKOM
(TIpaBUIIO M30JIMPOBAHHBIX IIITHYTOJIBHUKOB). Y (yJ/UIEpeHOB ¢ YHCIOM aToMoB Oosee
60 NATHYTOILHUKH MOTYT OBITH pa3/ie/ieHbl OOJIBITHM YMCIIOM MECTHYTOILHUKOB (puc.3.4.0).
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Puc.3.4. ®yinepenst Cq (a) 1 Cqg (6)

DynnepeHonoO0oOHvle  BemlecTBAa — HEOPraHWYEeCKHE COeJMHEHHs B  Qopme
3aMKHYTBIX Cd)CpH‘ICCKHX MOJIEKYJ]T HIIA C(l)BpH‘ICCKHX MHOT'OCJIOHHBIX JacCTHII.
JIyxosuunvre yenepoonule CMPYKMYypol (MHOTOCIIOMHBIE dyuiepensl,

runepdyiuiepensl) oGpa3oBaHbl BJIOKEHHBIMH OJUH B JIpyroi ¢yiuiepeHamu (puc.3.5) u
MOTYT cofepkath Oostee 10 KoHIeHTpHUecKHX cioeB. VX ¢opma gacTo oTiIMHaeTcss OT
[IPABUJILHOM mapooOpazHOi U SBJISIETCS MEPEXOHON K MHO2COCNOUHBIM NONUIOPUHECKUM
Haxnouacmuyam. ITH dacTHIb! (puc.3.6) MOTYT HMETh B CEUeHHMH CTpoeHHe, OJIH3Koe K
TPEYTOJIbHUKY HJIM INECTHYTOJBHHUKY CO CIVIAKEHHBIMH YIJIAMH, BEJIWYHHA KOTOPBIX
6m3ka k 60°. Y HeKOTOPBIX CTPYKTYP TaKHe YIJIbI COCTaBILAIOT okojo 120°. Mexkcioepoe
paccTosgHHe B JIYKOBHYHBIX W THOJHDAPHYECKHX CTPYKTypaxX OJH3KO K MEKCIOeBOMY
paccrosinuio B rpadgure MM HECKOJILKO IpeBblmaeT ero. BeTpeuarorest noimspuieckue
HAHOYACTHIBI, COJIepJKaIMe BO BHYTPEHHEH IOJOCTH /IpyTHE BellecTBA — MeETaJlIbl,
KapOH/IbI | Jp.

@.nﬂ
\_/

Puc.3.5. CxemaTHueckoe H300pakeHHE JIyKOBHYHOI YaCTHIIBI
(m—rm=rm—-rn=..=r—rm=0335 M)



Puc.3.6. MHorocnoiisie rommapuueckue yacTuipl. Cuaresupopasl 8 PXTY

um. JI.W. Menpaeneesa (1. A. I'prmmn, FO.B. I'aBpiuios), m300paskeHHS Oy YSHbI

B ['ocymapcTBeHHOM TeXHHUeCKOM YHHBepcHTeTe Drrumrmm (A.I'. HacnOy i,
X. Jixuan, D.M. KayrmmiHeH)

H AHOKOH)YCbl (HaHOBOPOHKI‘I_1 HaHOPO}KI{H) — KOHHYECKHE HJIH ITHJIHHIAPOKOHHYCCKHE
JACTHIIBL, 06paaonaHHL1e CBEPHYTBIMH I‘pa(l)eHOBI:IMH JIHCTKaMH, OOBIYHO OeCHIOBHBIMH.
HpH 5TOM Haubollee YCTOI'UI"IHBBIG CTPYKTYPHI 06pa3yIOTC§I_., Korjga IATHYTOJIBHHKH HE
COWICHAKTCA Opyr ¢ ApyroM H pa3s[eliIceHbl OJHH OT JIpyroro He DoJslee YeM OJHHM
MECTHYTIOJIbBHUKOM, T.C. ,Elei:ICTByeT I[IpaBUJIO HU30JIMPOBAHHBIX IIATHYTI'OJIBHHKOB. Vroua B
BEPIIHHE KOHYCA Olg B OTHX CJIYHasX ONpeacsIACTCs YHC/IOM TOITOJIOTHYECKHX ,[Ie(ileKTOB =
IIATAYTOJIBHBIX ITUKJIOB, COCPEOTOUEHHBIX B BEPIIHHE (H)Z

sin(a, /2)=1-(n/6).

OnuH BHeAPeHHBIA B rpad)eHOBYIO CeTKY MATHYTOJIBHHK COOTBETCTBYeT yriay 112,9°
(puc.3.7), nea — 83,6° 1pu — 60,0°, wetnipe — 38,9°, nare — 19,2°. BueapeHue mectu
[SITHYTOJILHHKOB COOTBETCTBYET 3HaueHHUI0 sin(o/2) = 1 u ax = 0, T.e. popmMupoBaHuio
TpYOKH.

Hanokonycbl MOryr ObITH MHOTOCJIOMHBIMH M HMMETh CTPYKTYPY «OyMaKHOTO
KyJIbKa», a IIpUA HapyIIeHHH NpPaBHJIa U30JIHPOBAHHBIX IIATHYTOILHUKOB HMEIOT OTJIMYHbIC
OT IPHUBEJECHHBLIX BbINIEe 3HAYEHHs YIJla KOHYCHOCTH. IlepBBIii cHHTe3 HaHOKOHYCOB
npose/ieH B 1994 r. (Xappuc, 1994).

HumeguoruiMu B MaTepHAJIOBEICHHHM YCIOBHO TPHHATO Ha3bIBaTh 0Opa3oBaHHA,
JUIMHA KOTOpBIX npeBbimaeT guameTp B 100 pas u Gosee. K HUM oTHOCSATCS HAaHOTPYOKH
(HT), nanoonokna (HB), HaHocTep:kHH, ra3odasHble yIiiepo/iHble BOJOKHA, rPpa)UTOBbIC
yCbI M OOBIYHBIE YIJIEPO/IHBIE BOJOKHA.
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Puc.3.7. CxeMaTH4eCKOE H300paKeHIE CTPOSHIA HAHOKOHYCA C OJJHHM
TSTHYTOJTBHUKOM, BHE/IPEHHBIM B TPa()€HOBYIO CETKY

CornacHo oOmenpHHATOMY (XOTs TaKKe YCIOBHOMY) ONpejesIieHHIO Hanouyacmiy
(HAHOKPHUCTAJLIOB) KaK YacTHIl, XOTs Obl O/JHO H3MEpEeHUE KOTOPBIX He npesbimaeT 100 HM,
k HT u HB ciegyer oTHocuTs HHUTH ¢ JMaMeTpoM He Oosiee 5TOH BesMuHHBL B
OTHOINIEHUHU HAHOKOHYCOB 5TO O3HAYAET, YTO JHAMETP MX OCHOBAHMSA WJIM BBICOTA TaKKe
He J10JKHBI OBITE Oosee 100 HM.

Hanompyoxku — HHUTEBHHbIE HAHOYACTHILI M3 aTOMOB VyIJIepoJa WM JPYIHX
DJIEMEHTOB, CO/lepXKalllie IPOTSHKEHHYI0 BHYTpeHHIOW 1ostocTh. [lo xumuueckomy
cocraBy HT MoOryT oTHOCHTBhCA K NpPOCTBIM BemecTBaM, OMHApHBIM, TPOWHBIM H Oollee
CJIOJKHBIM COEJIMHEHHUSM, a TaK)Ke MMeTh CJIOMCTOE CTPOEHHE U3 JABYX M OoJiee BElleCTB.
HauGonee pacnpoctpanennble u u3ydeHssle yriepojansie HT (VHT) obpasyrores npu
CBOpAYMBaHUU I'paeHOBBIX IUIOCKOCTEH.

B cewenun HT ObiBatoT KpyIJILIMM, OBAJIBHBIMHU, VIUIOIEHHBIMU WU
TOJTHDIPHIECKHMH.

VYHT moryTt GbITh HOCTPOCHBI HE TOJIBKO W3 rpadeHOB, HO M U3 JIPYIHX IUIOCKHX
YIJIEPO/IHBIX CETOK — NeHmazenmuma, X3Keaimos, cpaguHos.

[Inockasi CTPYKTypa CETKH COXpaHSETCs, €C/IM INeCTHYToJIbHble IHKIbI rpadeHoB
3aMEHUTh HA NAMU- U CeMUY20IbHbIe YUKIb, HO TaK, YTOOBI KaK/ble [IBa COWICHEHHBIX
CEMHYTOJIBHHUKA COCEICTBOBAJIN C JIBYMS IATHYTOJIBHUKAMH, pa3/iesiss IMATHYTOJIbHUAKH, a
Ka)K/IbIH IATUYTOJLHUK ObLII OKPYIKEH IIECTHhI0 ceMHUyroJibHUKaMH. Takasi ceTka HazBaHa
neHmazenmumom.

Xokenumoeas ceTka CTPOUTCSA TaK, YTO COJAEPIKMT IATH-, MECTU- U CeMHUYICHHbIE
UKkl OHa MOMKET co/iepKaTh IOBTOPSIIOMIMECS COUCTAHMS M3 TPEX CEMHYTOJbHHMKOB B
OKPYKE€HHMH YepeVIOMMXCS MATH- W IMECTHYTOJLHUKOB MM ISATH- W CEMHYTOJIbHUKH,
CBSI3aHHBIC MIECTHYTOJbHUKAMH. TeOopeTHUECKH JOMYCTUMO CYIIECTBOBAHUE cpaAduHOE —
[IECTHYTOJIBHBIX IIUKJIOB, COWICHEHHBIX JTMHEHHBIMH KapOHHOBBLIMH [IEITOYKAMH.

Hanosonokna (HB) Ttaxke mnpuHajiekar K HUTEBHIHLIM HAHOYACTHIIAM, HO
ornuyarorcss oT MHorociaoHelx HT (MHT) orcyrcTBHMeM MpoOTszKeHHOHM BHYTpPeHHEH
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nosocTi. Yriaepoansle HB (VHB) BecbMa pazHooOpasHBI O CTPYKType H MOp(OJIOTHH,
MHOTHE U3 HUX CO/IepiKaT rpadeHOBbIE TUIOCKOCTH.

B nayuHno# muTepaTtype HeT eiuHOro omnpejaesnenus Y HB. OaHu aBTOpbI OTHOCAT BCe
VYHB x muorocioitueim YHT, gpyrue cuuraror Kpurepuem npuHaiexkHocty k YHB
KOHHYecKoe pacnojiokeHue rpadenor B creHkax YHT. TpeTbu u ueTBepThie IOJIAraror,
qro YHB — st10 MHOrocioiitnple YHT auametpom Oosiee 20 HM wmiam OGonee 50 HM.
Berpeuaercs onpejesienue YHB kak cuibHO edekTHBIX MHOTOCTOMHBIX YHT.

HarnocmepoicHu (HAHONPOBOJIOKM) — HHTEBH/IHbIE YACTHIBI JHaMeTpoM He Oosee
100 HM, He HUMelOmHe BHYTPEHHEH II0JOCTH M INpeJcTaBsgromue coOOM MOHO- WIH
HOJINKPUCTALIBI.

Paznmume mexay HB 1 HaHOCTEpIKHSAMM 9acTO OKa3bIBAETCs Pa3MBITBIM.

OyuiepeHsl, JIYKOBHYHBIE YVIJIEPOAHBIE CTPYKTYPhI, YIJIEPO/IHbIe HAaHOKOHYChI, YHT
u YHB oTHocATcA K HaHOMaTepHaiaMm. Hanomamepuan — MaTepHall, COCTOSIMHH W3
HAHOYACTHI] WIM BK/IIOUaromuil B cebs HanouacTuipl. Hanomatepualiel oTimvarorcs oT
OOBITHBIX MAaTEPHAJIOB HE CTOJIBKO pa3MepaMH OT/EJIbHBIX YaCTHII, CKOJILKO CBOHCTBAMHU.

Mamepuan — oGbIMHO TBep/10€ BemecTBO B (popMe, MPHUTOJHOM IS CTPOUTEIHCTBA
(cTpouTebHBIE MaTepPHAJIbI), CO3/IaHUA Pa3HOOOPA3HBIX KOHCTPYKIMH (KOHCTPYKITHOHHbIE
MaTepHalibl), a TakKe HM3TOTOBJCHHS pabovMX 571eMeHTOB NPUOOPOB ((PYHKIHOHAILHBIE
Matepuaibl). YrIepo/iHble HAHOMATepHAbl BXOJAT B IPYIIBI KOHCTPYKIMOHHBIX U
(pyHKIIMOHAILHBIX MaTepHaIoB. B KadecTBe (PYHKIMOHAIBHBIX MaTepHAIOB HX OOBIYHO
UCIIOJIL3YIOT B BUJIE TeX WIM MHBIX CTPYKTYP Ha IO/JI0OKKAX.

I'asogpasnvie yenepoonvle 6010KHaG — MaTepHaIIbL, TIOJIydaeMble IHPOJIN30M pPacTBOpa
NpeIeCTBeHHUKA KaTaJu3aTopa B OPraHUYeCKUX pPacTBOPUTE/IAX B IIpollecce ¢ JIeTyUuM
katasmzatopoMm. llociie BeicOKOTEMIEPATYPHOrO OTKHMIa HUX CTPOEHHE HAIIOMHUHAET
mHorocsoinapie YHT (MYHT), HO OHH OT/IMYarOTCS 3HAYUTEILHO OOJBIIUM JTHAMETPOM —
go 1 — 15 Mm.

I'pagumosvie ycvbi cocTosT U3 TpadeHOBBIX JIMCTOB, CBEPHYTHIX B PYJOHBI C
HeGOoNMbIHUM yIJIoM KoHycHocTH. Onm oOHapyxkensl B CIIIA (Bokon, 1960) mpu
3JIEKTPOIYTOBOM CHHTE3e ¢ IpadUTOBBIMH 3JIEKTPOAaMH B aTMocdepe Ar npu JaBiIeHHH
9,3 MIla (92 atm.). X quameTp AOCTHTaeT 5 MKM, a JUTHHA — 3 CM.

B nocieaee Bpemst coOOIeHHIA 0 MOJYYSHHBIX TAKMM METO0M rpaMTOBBIX ycax
He ObLITO.

Caoica (TeXHHYeCKMH YIiaepoj) — MPOAYKT MHPOIW3a WIH TEPMOOKHCIUTETHHOTO
pasinoxkeHus yrieBoaopoaoB. CoctouT H3 cdepHUECKHX 4YacTHI, OObEMHEHHBIX B
TPO3JACBH/IHBIE arperartbl, COACPKHUT YIJIEPO/HbIE MOJMMEpHbIE CJIOH Pa3IHIHON CTeleHH
VIHOPSIOUEHHOCTUH (OT JIByYMEPHBIX MNOJULMKIMYECKUX COEJUHEHMH /10 HeOoJIbIIUX IO
pa3mepy rpadguTonoJo6HbIX KpHCTAIOB). B cocTaB caku moMHMO yriepoja (He MeHee
90%) BxoaaT XxeMmocopOupoBauHblH O> (10 5%), H» (mo 0.8%), S (mo 1,1%) u
MHHepaIbHbIe IPUMECH.

Amopguwiii  yenepoo  mpeactaBiaseT  coboi, mo  ompegenenuio  [UPAC
(MekayHapo/IHbli COKO3 [0 YUCTOM M NPHUKIAJHOW XHMHH), VIJIEPO/IHbIH MaTepHasl, He
AMEIOIHUH JajbHero mopsgka. BIwKHHHA MOpsSI0K YKIAJAKH aTOMOB 37eCh CYIIECTBYeET,
O/IHAKO MeXKATOMHbIE PACCTOSIHUS U BAJICHTHBIE YIJIbI OTIMYAIOTCS OT NPUCYIIHUX rpaduTy
Ooutee uem Ha 5%. CTpyKkTypa XapaKTepu3yeTcsi OTHOCHTEILHO OOJIbINOM J10J1eH /1e(peKToB,
KJIacTepoB [Ie(eKTOB W HEHACHINICHHBIX (BHCAYMX) CBs3ed. AMOpQHBIH yIiiepoa
obpa3zyercst B pe3yjIbTaTe HHTEHCHBHOTO 00IydeHHs ApyTUX GopM yriepoja (B TOM 4HCIIE
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aiMaza W (QYUIEPeHOB) 5JEKTPOHAMH MM 3apsUKeHHBIMH UYacTHIIAMH, a TakKike
XHMHYECKUX PpeaklMi M CABUIOBBLIX HalpspkeHUH. OH COJEpHKUT IPEUMYIIECTBEHHO
YITIEpO/1 CO CBSI3SIMH THIIA 5p° M 5p° ¥ 06/1a/1aeT MOBBIMEHHOM XHMHUECKOH AKTHBHOCTBIO.

Venepoonvie eonoxna — TpOAYKTHI MHPOJH3a, KapOOHM3alMH H rpaduTH3aAIUH
XUMHYECKHUX U MPUPO/IHBIX BOJIOKOH (IMAPATIEIUIIOJIO03b], COIOJIUMEPOR AaKPUIOHUTPUIIA,
He(pTAHBIX M KaMEHHOYTOJIbHBIX MeKoB). [IMpoim3 HpoBOAWTCS B HECKOJBKO CTauii:
kapOoHM3anus — 1npu temnepatypax okojo 1000 °C, rpaduruzanus — npu TeMieparypax
Berme 1500 — 2000 °C. Onm coaepxxat 10 99,5 mac.% yriaepoga, uMmerotT GpubpmuIsipHOEe
ctpoenue (puc.3.8) u quameTp A0 JeCATKOB MHUKPOH. PUOpWLUIBI (06JaCTH M3 JICHTOYHBIX
rpag)eHOB) BBITAHYTHI NPEUMYINECTBEHHO B/J0JIb OCH BOJIOKHA H YepeayloTcs ¢
aMOp(HBIMH yHIaCTKAMH.

CpaBHenue o0OOOHIEHHBIX pa3MEPOB HEKOTOPBIX VIOMSHYTHIX BbIIIE YaCTHI
IIPUBEIEHO Ha pHUc.3.9.

Mexcaoeoe paccrosaue B MYHT, YHB u razodasHbix BOJOKHAX OTJIHYAETCS
(puc.3.10): y MYHT ono ymeHpmaercs ¢ poctoM auamerpa, y YHB npunumaer
pa3MYHbIe 3HAYSHHSI, HECKOJIBKO MPEBLIMAIONIHE PACCTOSIHUA B rpadure.
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Puc.3.8. CtpoeHHE VIIEPOIHBIX BOJIOKOH
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Puc.3.9. llIkana pa3MepoB YIIepo/HBIX MaTepHaloB: 1 — HAHOTPYOKH; 2 — rpa)MTOBBIE VCHI;
3 — yIIepoaHbie BOJIOKHA; 4 — razoda3Hble HAHOBOJIOKHA; 5 — (Y UIepEHBI

HejaBHO B MHKpOKaBepHax, COJAepiKaIIUXCs B CTEKIOYTJIepo/ie, Obuti 0OHapyKeHbI
HOBbIE M HEOJKH/AHHBIE BeIIeCTBA, pOJCTBeHHble rpadury, — cpadumossie
nonusopuveckue kpucmannvt (I'oromm, 2000; Potkmn, 2002). DOtH orpaHeHHbIC
CyOMHKpPOHHBIE YACTHIILI HATOMUHAIOT OTpaHeHHbIE KPHCTAILIBI aMeTUCTa B kKeodax. OHH
COCTOSIT M3 HENpPEepPbIBHLIX I'pa()eHOBLIX CJIOEB ¢ paccTossHHeM Mexay ciaosimu 0,336 HM,
MOTYT HMeTh (opMy OTpaHEeHHBIX MIOJIOK, CTepiKHeH, Kosen, Godek W Ounmpamuj
(puc.3.11), pazMep 10 HECKOJILKHX MHKPOH H 00J1a1aTh HeOOBIYHOH OCEBOH CHMMeTpHeH
(ceapmoro u aepsroro mopsiaka). C VHT ux oOvepuHsieT TO, 4TO W3 BepUIMH MHOTHX
CTepKHEBUAHBIX KpUCcTaLIOB BhIX0AAT MYHT auametpom 5 — 20 HM, KOTOpBIE BBITJISAIAT
KaK CTepiKeHb, HA KOTOPOM JIepKHUTCS Besi CTpYKTypa. KpoMmku rpad)eHOBBIX ILUIOCKOCTEH,
BBIXO/ISIIAX HA TOBEPXHOCTh, COEJHHEHBI APYT C JPYTOM CBOSOOPa3HBIMH TNETIAMH,
KOTOpPbIE 3aMBIKAIOT HEHACBINEHHbIE (BUCS4YHME) cBsi3U. [leTim MOryT COCTOSITH M3 O/IHOTO,
JIBYX, TpeX MJIM 4YeThIpeX clIoeB. Takue KpPHCTAIUIBI SIBJIAIOTCS HPOMEKYTOUHBIM 3BEHOM
mexay rpagutom 1 YHT.

0’32 i I 1 1 1

Puc.3.10. MeKClI0eBOE pacCTOSHHUE B MHOTOCJIOIHBIX YIJIEPOIHBIX
HAHOTPYOKax B 3aBHCHMOCTH OT HX /IHAMETPA
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Puc.3.11. TumdHBII rpaUTOBKII MOIHYAPHYECKUIT KpUCTALI ()
U CXEMa eT0 CTPOEHHUS (6)

Vraepoansie HT, B oTimune oT ysuiepeHOB, He SIBIAIOTCA MOJIEKYJIAMH B TOJHOM
3HAYeHHH 5Toro ciiopa. Yacto BeTpeuaromieecs: ompe/ieieHHe HAHOTPYOOK KaK MOJIEKYJI
HeJIb3s IPU3HATE BIIOJIHE TOYHBIM. OHH He MMEIOT CTPOrO OIpe/IeIeHHOH MOJICKYJIAPHOM
Macchl, Kaxkaas TpyOka coJiepkUT cBoe uucio atomoB C. MIX Heslb3si OTHECTH K OOBIYHBIM
nonuMepaMm. HesicHo, 4WTO Haj0 NPHHHUMATh 3a MOHOMEpHYH Mollekynay: atom C,
mecTAyTroJbHUK Cg MM KOJIBIO M3 mecTHyroibHUKoB. MamuBuayansnasie YHT Ttpyaxo
OTOX/IECTBUTh C OT/e/IbHOM MojupuKanueit yriepojia, MOCKOJIBKY OHH He SBISIIOTCS
KpHCTaJUIaMH. DTO M He KIaccHYecKHe KiacTeps! (rpyIbl OIM3KO pacioIoKeHHBIX, TECHO
CBSI3aHHBIX JIPYT C JIPYTOM aTOMOB, MHOT/A — YJbTPaJUCHEepPCHbIEe YaCTHUIbI; CBS3aHHbIE
MeXJIy co0OW aToMBl MeTallla, OKPY)KeHHbIe JIMTaH/IaMH), CKOpee MX MOJKHO CUMTATh
Kkaacmepami 0coboco 6uoa.

Takue ojHOMepHbIE KIAacTepbl MOTYT 00pa30BbIBATH KPHCTAUIBIL, HO KPHCTAJUILI
TOKe 0co00ro THMA — ¢ AByMepHbIM yrnopsagodeHueM. Oanocnoiinsie YHT (OYHT, OHT)
HAIlOMHHAIOT MOJMMEpPHBIE MOJIEKYJIbI IMPOCTHIX BemecTB, MHOrocoiusie YHT (MVYHT,
MHT) 6nmxe K CTPYKTYpPHPOBAHHBIM YaCTHIIAM.

3.2. Oomas k1accupuKannsa yriiepoHbIX MaTepHaI0B

JUIsl yIiieposia XapakTepHo oGpasoBaHMe CBs3eil TpeX OCHOBHBIX THIIOB: Sp, Sp° M Sp°
(puc.3.12). I'padur umeeT IUIOCKYIO CTPYKTYPY € spz-mGpH,umauﬂeﬁ JUIS G-CBSI3¢H M Sp- JUIA M-
cespei. Jlns rpadmra, kak Ui OeH30J1a, CBOMCTBEHHO, YTO G-CBSI3U JIOKAJIM30BAHBL, a To-
3JIEKTPOHBI 00Pa3yIOT AeJI0KaTH30BaHHY0 cucTeMy. Kaxtas csi3b B rpadure Ha 1/3 sBisieTcs
JIBOMHON U Ha 2/3 oguHapHoi. Oyiuiepensl 1 YHT xapakrepusyrorcs HaMuueM THOpUIHBIX
opOuTasiell, MPOMEKYTOUHBIX MEXK/ITY sz U sp, OpUUeM Yy Kax/Io0ro (yJulepeHa cBos CTpOro
olpe/ie/IeHHast 1011 sp3-caﬂseﬁ. Yraepoausie HT B 5ToM oTHOmEeHHH Oivoke K rpaduTy.

B Hayuno#t u nomnyssipHoM smTepartype  (QyJulepeHBl  CUMTAIOT  HOBOH
AJUIOTPONMYECKON MM MOoauMOppHOH (opMOH yriepoja, uMes B BHJY, YTO CTapbIMH
dopmamu siBIistroTest rpaduT M anMas wid rpadut, anmas u oTKpeITeI A.M. CiiaIKOBBIM B
1960 r. xap6un (byneiue, Yaoa, 1995). Oxnako Tako# MOAXOA CIHIIKOM VIPOINEH H
IIPOTHBOPEYUB.

Annomponus — cyujecmsoeaniie 0OOHO20 XUMUYECKO20 SNleMeHma 6 6ude O6yX Ul
HeckonobKux npocmuix 6ewjecmes. Ilonumopusm — cywecmeosanie meepooco mena
00HO20 cocmaga 6 O6YX UM HECKONLKUX KPUCMANNULECKUX CMPYKMYPaXx.
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Puc.3.12. OCHOBHBIE THITHI XUMIYECKOIT CBA3U YTIaepoa: KapOouH (a), rpadur (6), anmas (6)

Bo-niepBbIX, ecii cYMTATh MOHATHS AJUIOTPOIHH M HOJTHMOpP(H3Ma IPUMEHHUTETHHO
K KPHCTAJUTHYECKUM TeJlaM PaBHO3HAYHBIMH, TO HAJ0 YYHTBIBATh, 4TO M rpaduT, U aaMas
UMEIOT 10 MEHBIIeH Mepe Mo JBe KpHCTa/uInueckue Moaudukaruu. Bo-BTopeIX, KapOHH
TaK)Ke MOJKET BBIIIAThCA B HECKOIBKHX KPHUCTAUTHUECKUX MOJTMTHIIHBIX MOIH(PUKAIUAX
(0/1Ha U3 KOTOPBIX - Yaoum, WK «OeJbId yIiiepo,1», oOHapyxkeHa B npupo/ie B 1968 r.). B
1995 r. cuHTe3MpoBaHBI emie /Be MOJU(PHUKAIMH, COJepIKaIUe NOMUUHOGLIE YeNnOYKU —
C=C-C=C- wu HazBamHble Kapboiurom ([peccenxays, 1997). Jlomyckaercs
CYIIECTBOBAHUE CTPYKTYP C JIMHEHHBIMH noauxymynenosvimu yenouxamiu =C=C=C=C=,
B-tpetbux, mump anmaz u rpadur umeror Ha p-T-auarpamme yriepoja oOsactu
TepMOJAMHAMHUecKoH cTabmiabHOCcTH (pHc.3.13), a cama /uarpaMMa He MOJKeT
OIMCHIBATLCS KaK OJTHOKOMIIOHEHTHas. B-ueTBepThIX, QysUiepeHsl - 5T0 0OMMUPHBIN Kilace
COeIMHEHHUH, 00pasyoIMUX B KPUCTAJUIMIECKOM COCTOSTHUH MHOJKECTBO KPUCTAJUIMYECKHX
¢dopm. Kak Gyzaer nokazano ke, Gpyuiepur Cg KpUCTAIUIH3YETCS ¢ 00pa3oBaHHEM Tpex
moaupukanuii, a pyuiepur C;p — no MeHbIed Mepe uetTbipex Moaudukanui. Hakownen,
eCJIH BCe JKe paccMaTpHBaTh Bce (YJUIEpHUTHI B KadecTBe €HHOM KpPHCTAIMUYECKOH
Moau(pUKaIMU (YTO SIBHO HEBEPHO), TO HeACHO, Ky/1a oTHecTd YHT.
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Puc.3.13. luarpaMMma cOCTOSHUA YIJIEpoO/a
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K HOBBIM KpHCTALTHYeCKHM MOAM(UKAIMAM  yIJIepoja MOXKHO OTHECTH
MHTepKaJIaThl Ha OCHOBe TpaduTa U PysUiepeHOB (X MOJIEKYJIbI BHEJIPEHbI B MEXKCIIOEBbIE
IPOCTPAHCTBA).

[ToMuMO OTMEUeHHBIX BemecTB, ObLIO 3asBIeHO 00 OTKphITHH yriepoda (VI) (1972)
u yriaepozaa( VIII)-(XII).

Hetpyaso cpaenaTe BBIBOA, YTO B JIeHCTBHUTEILHOCTH CYMIECTBYET JIOBOJILHO
OosbIIoe W MOKa elle HEHM3BECTHOE YUCIIO AJUIOTPOMHBIX (MOJIAMOP(PHBIX) MOIUPUKAINI
yriieposa.

bosiee mio0TBOpHOHM /U1 KiIacCH(PUKALMKM OKa3ajach HAes HEMEIKOTo Y4YeHOTO
P.b. Xaimanna (Xaimann, 1997. Xaiimann, EscrokoB, 2003) mpeacTaBuTh pa3ivuyHble
(dopMBI yrilepoia B BHAE mpey2oivHoll ouazpammosl, OTpaxaromeld BO3MOKHOCTh aToMa
yriaepojla HaXOJUThCS B OJHOM W3 TpeX TMOpPHIM30BAHHBIX COCTOSHHIMA: spl, sp?‘ U sp3
(puc.3.14). Ha Takoii quarpaMMme MOIyT HAHTH CBOE MECTO M YAOUT, U TeTpayrJepoj,
(moo6HO KapOMHY, OH COCTOMT M3 aTOMOB YIJIEPO/a, PACIOJIOKEHHBIX B JIMHEHHBIX
nenoukax Ha pacctossuuu 0,119 — 0,138 HM), U MHOTHE enie He OTKPBIThIe (GOPMBL.

[Ipu 5TOM Ha CTOPOHAX TPEYroJbHUKA HAXOJATCS (OpMBI C JBYMS CMeIIaHHBIMU
THIIAMH THOPHAM3AIlHK, a B TPEYTOJIBLHOM I0Jie — (POPMBI C TPeMsi CMENMIAHHBIMH THIIAMH
rubpuausanuu. OyiuiepeHsl, UMEIONHE CTPOro Ompe/ie/ieHHbIe 0JH «TpadHUTOBBIX» H
«aJIMa3HBIX» CBSI3¢H, 3aHAMAIOT TO3HIIHK HA CTOpOHe sp” — sp°. HaHOTpYOKH HaxomsTcs
TaM jke, HO ropasao Omwke kK rpadury (Mecto YHT ¢ OTKpBITBIMH KOHYMKaMH BOOOIIE
COBNAZAeT C BEPUIMHON TpeyroibHWKa sp°). TpeyrojpHas JMarpaMMa MOCTOSHHO
HOMOJIHACTCA U MOAHDHUIUPYETCA.

Anmaz
NoHcpewdnuTt

3

sp

YHT
sp' sp*
Kap6uH MpaduHel Mpaput

Puc.3.14. TpeyronsHas quarpaMma ¢ pa3IHMHBIMH (popMaMHU yriaepoJa
o THITy cBf3eil: 1 — obmacts amopdHoOro yriepoja; 2 — 06JIacTh CTEKJIOYTIIEPO/Ia
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CrnexyeT ymoMsHyTh emie O JBYX VIJIEPOJHBIX MaTepHajaX, HCIOIb3YEMBIX B
TeXHHKE, — CTEKJIOYTJIEpo/ie ¥ aJIMa3010/,J00HOM YIiIepo/e.

Cmexknoyenepoo — TBepAbIA NPOAYKT MHPOIH3a M KapOOHH3AIMH TOJIHMEPHBIX
IpeAMecTBEeHHHKOB B 0COOBIX YCIOBHAX — ObLT BIepBbIe NOMyUYeH B Hadaie 1960-x roj1os.
ITo BHemHeMy BH/y HamoMHHaeT uepHoe cTekso. Ilpeamonaraercs, dYro CTpyKTypa
CTEKJIOYTJIepO/ia HAIOMUHAET CaXy M3 3JIEKTPOAYTOBBIX I'eHepaTopoB (pyJIepeHOB, HO C
MEHBIIUM HYHCJIOM Tpa(eHOBBIX CJI0OEB M COCTOMT H3 XaOTHYHO TeperieTeHHbIX
rpagenoBbIx JeHT. OH He mojaBepraercs rpadputuzanuu (rpaduranuu) go 3000 °C,
COJIEPIKHT sz_ 17} SpS-CBHBH, XMMHYECKH BECbMAa YCTOMYMB, JIETKO IOJIMPYETCsA, MOKET
OBbITh MMOJIyYeH B BU/E IJIACTHH, CTepKHEH, TpyOOK, Ham H Jp.

Anmazonodoonulil yenepoo — MeTacTaOMIIBLHBIA aMop(HBIH MaTepHal, MoJIydaeMbIi B
BH/I€ IUIEHOK OBICTPBIM 3aKaJMBaHMEM MPOIYKTOB PasoOKeHHs YTIeBOA0poaoB. MoskeT
ObITh MOJHOCTHIO aMOP(HBIM HIIM CO/AEPIKATH KPHUCTAUIATHI ajMaza M o0laJaTh OYEHb
BBICOKOH TBEpJOCTbIO, NpeBbIMAKOMEd TBepJocTh KyOWueckoro Hutpuaa Gopa.
Paznoxenue yriesogoponoB (CHy, CH,, CsHg) npoBogdaT B mia3me Wi noji JeicTBHEM
MOHHBIX ITy4KOB. MeToJ cHHTe3a mpejamnojaraeT HajJddue B HeM OOJIbIIMX KOJMYeCTB
CBsI3aHHOTO Bojopoja (Oosee 25 ar.%), mosTOMYy YHpOomeHHYIO (HOpMYITy 3allHCBIBAIOT B
Buae a-C:H. OGmacTh cymecTBoBaHHA MoKa3aHa Ha puc.3.135.

3

sp

H

Puc.3.15. Xumudeckue cBg3u aMopdHOTO YIIIEpoa U aliMa30nogo0Horo yriepoja: 1 — obnacts
amop¢Horo yriepoaa; 2 — 00J1acTh TeTpadApHUSCKIX aMop(HBIX «cIu1asoB» C:H; 3 — obmacTs
amop(HeIX «criagos» C:H; 4 — o01acTh omMepoB; 5 — 001aCTh OTCYTCTBHA 0CaJKOB
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Kak u TeTparoHaipHbIH amopdubIi yriaepoa (fa-C), aiaMas3onooO0HBIH yIiIepos
COJICPIKHT Sp°- U SP°-CBSA3M C TIPeolIalaHAeM MOCIeTHUX (10 88%).

Beigenen amopHBIH yIJIepoHBIH MaTepHal ¢ Npeodi1aganneM spz-cnmeﬁ (a-C), a
TakKe THOpH/IHBIe MaTepHualIbl ta-C-moaumep.

3.3. Vriiepoanbie KiacTepsbl

KnacTepsl yriiepoja 0OTHOCSTCS Y KATETOPHH KJIACTEPOB C CUIBHOM ATOMHOM CBSI3BIO.
ATtoMsI yriepojia (POpMHPYIOT KJIACTEPHI JIerde, 4eM KaKo#-In00 3JeMeHT NepHoIHIeCKOM
CHUCTEMbI, 4TO I0/ITBEPIH/IaeTCs, HapUMep, MOBceMeCTHhIM oOpazoBaHueM caxu. Kpome
HIMPOKOTO IPUMEHEHHs B Ipoleccax TOpeHMs, VIrjaepoj OAMH u3 Haubolee
pPacHpOCTPAHEHHBIX BO BCEJICHHON 5JIEMEHTOB IOCJEe BOJAOPO/A, TeJIMsi U KHUCIOPOJA.
Kpome TOro, sTro mnepBblii cTaOWIbHBIH HJIEMEHT, KOTOPbIH BO3HUKAaeT B Ipolecce
TEPMOSIEPHOTO CHUHTE3a, BOBJICKAIONIET0 BOJIOPOJ M rejimil mocie «50abIIoro B3phIBay,
H0JIOJKUBIIETro Havasio Beenennoit. M3BecTHO, 4TO 3Be3/Ibl KPACHBIE THTAHTHI UCITYCKAIOT B
Me3K3Be3/IHOe IPOCTPAHCTBO OTPOMHOE KOJIMYECTBO YIJIEPO/a U, BEPOSITHO, 3Be3/IHas NbLIb
COCTOMT W3 YIJepoAHbIX KiacTepoB. OJIHAKO KpPOMe TeXHOJOTHYECKHX AacIeKTOB H
3Be3/IHBIX ACHEKTOB YIJIEPO/IHbIE KJIACTEpPhl MPEJCTABSIIOT €000 IMUPOKOEe II0JIe
JesitesibHOCTH B oOsact pu3umku v xumuu. Kiacteper yriepoja B JiaGopaTOopHbIX
YCJIOBHSIX IIOJTYHAIOTCS JIa3ePHBIM WIH {yTOBBIM MCIIAPEHHEM M PA3/IeISIOTCS 10 MaccaMm ¢
noMompr0  Macc-cuektpometpa. [lonmywaromuii 1mpH  3TOM  Macc-CHEKTP  HOCHT
OMMO/IaJILHBIA XapakTep C YUCJIOM aTOMOB 1 < 24 — Maible YIJIEPO/IHble KJIAacTephl M
n > 24 — pyJuiepeHsl.

3.4. Mauible yr/iepojHble KiacTephbl

ITepBble yriepojHple KiaacTepbl ObUIH MOJdydYeHbI B Hauaige 40-X IT. IPONIIOTO
CTOJIETHSA € IIOMOIIBIO pa3ps/ia MeKAY YIOJIbHBIMH 2JIEKTPOJAMH.

Ha puc.3.16.a npejcraBieHbl OTHOCHTEJIbHbIE HHTEHCHUBHOCTH IIOJIOJKUTEILHO
3apsUKeHHBIX HOHOB B HKCIIEpHMEHTE.

CnekTp nposiBiseT OTYETJIMBYK IIEPHOJMYHOCTH B 4 aToma yriepoja ¢ 4YeTHO-
HeUYeTHBIM KojieOaHHEeM MHTCHCHBHOCTH CHHTe3HpPOBAHHBIX aToOMOB. Takas ke
NepHOMYHOCTh HaOMoJaeTcss W /UIA  KJacTepoB, MOJYYeHHBIX MyTeM JIa3epHOTO
ucnapenusa (puc.3.16,0). Boiee coBepmieHHass TeXHHKAa ¢ TPHMEHEHHEM JIa3epHOTO
UCMapeHHss W MHEPTHOTO ra3a B KadecTBe OXJIAXK/AIOMEro HOCHTENS JaeT yxke Oolee
YeTKOE paclpe/ie/IeHHe 10 MaccaM, I/le OTYETIIMBO ONpe/IeIAI0TC MarHyecKue Yucia st
MaJbIX KnactepoB yriepojga C,: n = 7,11, 15,19 u 23 (puc.3.16,6). IlogoOubie Macc-
CIIEKTPBI MOJIYYAIOTCS MOCJe HOHU3AIMH B VJIBTPa(QUOJETOBOM M3JIYUYEeHHH HEHTPAIbHBIX
KJIaCTEpOB, MOy Y€ HHBIX JIazepHbIM UCIIapeHUeEM. Hzyuenue nporecca
dorodparMeHTallMM TMOKA3a7d0, YTO OCHOBHBIM (PParMEHTOM SBISIIOTCA HEWTpabHbIE
Kkiractepbl Cs, a s Gojlee KpYHHBIX KJIACTepoB Bo3MoxKHa (parmentanuss u Ha Cs
KJIacTepbl. DTO XapaKTepusyeT ocobyio cTabmibHocTh C3 pparMeHTOB.
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Puc.3.16. UIHTEeHCHBHOCTH IOJIOKUTEIBHO 3apA’KEHHBIX KJIACTEPOB YIIEPO/a, ITOJIYUCHHBIX: a -
B JyTOBOM pazps/ie; 6 - I0CIIe J1a3ePHOTO UCIIAPEHHS YTICPOHOI IIaCTHHBI, 0€3 NPUMEHEHHS
ra3za HOCHUTEIA; 6 - [TOCJIE JIa3€pHOr0 HCITapeHHd rpadura ¢ mpHMEHEHHEM ra3a HOCHTEIIA

KBaHTOBOXMMHYECKHE  pacueThl JUISI  HEHTPAIbHBIX  KJIACTEpOB  yrjepoja
Hpe/cKa3bIBaloT, uT0 (opMa KIacTepoB JOJDKHA OBITh B BHJE IENOYKH BIUIOTH 10
9 aToMOB B KJIacTepe, a 3aTeM INpeBpamaThcs B KOJIbIEeBYIO dopmy. DTo MOKHO cebe
HpeJCTAaBUTh HA OCHOBAHHH TOTO, 4TO KJIacTep, oOpa30BaHHBIM 3a CUET KOBAJIEHTHBIX
CBS3eH, CTPEMHTCS K COKpamleHHIO CBOOOJHBIX CBs3ed. B aToit cBs3m dopma Kiactepa
Oy/eT oNpe/IessIThesl ONTUMU3AIMEH MEX/Ty YBEIMUCHHEM YHCIIa CBsI3ei aTOMOB yrjepo/ia
B KjacTepe, XOTS Kaaas TMoOCeAyiomas CBsa3p ciabee, dYeM TMpeaplAyINasi, W
BO3HHKHOBEHHEM CBOOOJHBIX cBsi3eit. J[ms kimacrepa C; nmpuHUMaeTcs JuHeHHas ¢opMa.
OGpazoBaHue W3 aTOMOB YIJIEPOAA KOJIbI[A MPHUBOJUT K HCUYE3HOBEHHIO CBOOOHBIX
VIJIEPOJHBIX CBSA3€H, HO 3aTO CO3/aeT JOMOJIHUTEIbHbIE HANIPSUKEHUS B KJIacTepe.
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B pesyabrare KoaplieBas Gopma XapakTepHa JUIA Oojlee KPYMHBIX KiacTepoB. Takoi
epPexXo] OT NHEMOYKH K KOJIBIY JIOJDKEH NMPOMCXOAUTL A n = 10, XOoTs KiIacTepsl ¢
YEeTHBIM YHCJIOM AaTOMOB HMEIT TeHJCHIUI0 00paz0BBIBATH KOJIBIA TPH HHU3KUX
teMmneparypax. Ilpocroe paccMoTpeHHE Ha OCHOBE ATOMHBIX CBSI3€H M MOJIEKYJIAPHBIX
opOuTasieii 1O3BOJISIET JlaTh OICHOYHBIC BBIPDAXKECHHS JUI HHCIAa aTOMOB YIJepoja,
00pa3yromux cTabuiIbHbIE KIacTephl B IENIOUYSYHOH U KOJIbIEBOH CTpYKTYype [6].

C1aGWILHOCTE, a ClIe/oBaTeIbHO, U 0OJIbIasi HHTEHCHBHOCTh B MACC-CHEKTpax /Ui
IIENOYECUHBIX KJIACTEPOB ¢ HEUETHBIM YHCIIOM aTOMOB CBs3aHa ¢ YUcCiIoM (n-1) o-cBs3el U
(2n-2) omekTpoHaMH M 2(n-1) DJIGKTPOHAMH Ha T-CBA3AX, T-OpOMTAIM JIBAXKIBI
BBIPOJKJACHBI M MOTYT OBITh 3aHATBI 4 HJICKTPOHAMH H, CJIC/IOBATEILHO, KJIACTEephbl C
HIOJTHOCTBIO 3aIIOJTHEHHBIMH BBICHIMMH MOJIEKYJIIPHBIMH opOuTaisiMu OyayT HauOolee
CTaOWJIBHBL. DTOMY COOTBETCTBYIOT KJIACTEPHI C HEUSTHBHIM YHCIIOM aTOMOB YIJIEpo/ia.

JInst KoabIeoOpasHbIX CTPYKTYP HMeeTCs 21 G-3JIeKTPOHOB 21 T-3JIeKTPOHOB, 9TO
JlaeT MOJIHOCTBIO 3all0JIHEHHbIEC BBICIIIAE MOJICKYJISIpHbIE opOuTam Ui n = 4k + 2, rae k —
11eJI0e IHCIIO.

[Tpenckazanuble  pacdeTHble CTAOMIBHOCTH  OTAEIBHBIX GOpM  YIVIEpPOJAHBIX
KJIACTEPOB M HMX IIepexo/bl W3 IenovYeyHOW K KOJIbIIeBOH CTpPYKType HaOJro/1ajMch B
OMBITAX C HCIOJIb30BaHHEM (DOTOAIEKTPOHHBIX CIIEKTPOB IS OTPHULATEIILHO 3apsKEHHBIX
KJIaCTEPOB. DTO MO3BOJISIET OIPE/EsIsiTh CPOJACTBO K DJIEKTPOHY JUISL COOTBETCTBYIONUX
HeHTpasIbHbIX KiacTepoB. Ha puc.3.17 mpeacraBieHbl SHEPTHHM CPOJCTBA K 3JIEKTPOHY,
nosryueHHsle it C ¢ n =24 — 29.
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Puc.3.17. DHepTHH CPOACTBA K JICKTPOHY JIA HEHTPaIbHBIX KIACTEPOB YTIJICpo/a,
TIOJIYYEHHBIX IT0cIie (DOTOHOHH3ALIMH OTPHI[ATEIbHO 3aPSKeHHBIX KIIACTEPHBIX HOHOB
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31ech nenodedHble KiaacTepsl ¢ n = 3, 5, 7, 9 obmagaroT 3aMKHYTOH 3JI€KTPOHHOM
000/I0YKOH, YTO COOTBETCTBYeT MHHHUMAJIBHOMY CPOJICTBY K 3JIEKTPOHY, a KIIAcTephl C
YeTHBIM YHCJIOM aTOMOB M HE3allOJIHEHHOH 3JIeKTPOHHOH 000s10ukod HMMeroT Oosblnue
SHEPIHH CPO/ICTBA K AJIeKTpoHY. [/ KjlacTepoB ¢ KOJIbIeBOH opMOI H ¢ YeTHBIM YHUCIIOM
aToMoB n = 4k + 2 HaOmroa10TCA HU3KHE 3HAYEHMS SHEPrHU CPOJCTBA K DJICKTPOHY IpPH
COXpaHEHUH Yepe/I0BAHHUS MAKCUMYMOB U MUHUMYMOB.

OHeprud MOHU3AIMH KJIACTEPOB TAKXKe OIpe/IesIIIOTCS OCTPOSHHEM B3JIeKTPOHHOM
000/I0UYKHM W HaxoJsTCsi B COOTBETCTBHM C IIOSIBJIEHMEM MAruvecKuX YHcesl IS
MOJIOKUTEIILHO 3apsDKEHHBIX KIAaCTepOB C KOJIbIEBOH CTpyKTypoil (puc.3.17). Ilpexe
BCEro, SHeprus MOHMU3AIMH HeHTpaibHBIX KiacTepoB ¢ n = 4k + 3 (n = 11, 15, 19, 23)
Oy/JeT MeHbIle, YeM SHEPrUsi HOHH3AI[MH, COOTBETCTBYIOMIAs HEHTPAIbHBIM MarHdecKHUM
gqucnaMm ¢ # = 10, 14 ¥ T.1. ¢ 3aM0JHEHHOH AJIEKTPOHHON 0G0J0UKON, MOCKOIBKY JIHITHSA
mapa T-3JIEKTPOHOB, COOTBETCTBYIOMIAsl HEYETHBIM UUCJIAM  aTOMOB, 3aHUMAaeT
paspeIxJsitomy opoutais. Jlanee GporodparmeHTaIms KIiacTepoB ¢ YeTHLIM YHCJIOM aTOMOB
yrjepoja 3a cyeT HUCIycKaHusl kiactepoB C; NPUBOAUT K BO3HHKHOBEHUIO KJIACTEPOB C
HEYSTHBIM 4YHCcIOM atoMoB n = 4k + 3. O0a sddexra NpUBOIAT K BOZHHUKHOBEHHIO
MarvyecKux 4Yucesl Ui IOJIOKUTEILHO 3apsDKEHHBIX KJIACTEPOBR YIVIEPOJa C KOJIBLIEBOM
CTpYKTYpo# (puc.3.16).

Knacteper C3 Haxomar B cmekTpax KoMmeT, kiactepbl C; u Cs B OKOJIO3BE3IHOM
IPOCTPAHCTBE VYIJIEPOAHBIX 3Be3j, TNpHYEeM /IaHHbIe KojeOaTeIbHOH CIEeKTPOCKOIIHH
HOATBEPIK/IAIOT IENOYeUHY 0 (pOpMYy TaKHX KJIACTEpOB.

@opma Oostee KPYIHBIX YIIEPOIHBIX KJIACTEPOB PACCUUTHIBAETCS HA OCHOBE TOH MIIH
MHOM KBAHTOBO-MEXaHMUYECKOH Mojienu, Hampumep Mmojend XapTtpu-Qoka HIH MOJEIH
IUIOTHOCTHU COCTOSIHHM.

JLnst knactepa Cyp pacdeTsl HO3BOJIAIOT CYIECTBOBATH TPEM H30MepaM: KOJIBIIEBOMY,
qameoOpaszHoMmy U ¢ysuiepeHonogooHoMy (puc.3.18).

B npunnune pojexasap, Bximowaromuit 12 nenraroHoB u 20 atroMoB yriepoja,
npejcTaBsieT co00i caMblif Masiblii BO3MOKHBIN Qyiuieped. OHAKO B OINBITAX C JIazepHOH
abssiMed noJiyyarTesi TOJIBKO KiacTepbl kouiblieBoi (opmbl. Kpome Toro, kiacrep,
oOpasyromuil yameoOpazHyro Gopmy, KOTOPbIi MUHUMH3HUPYET YUCIIO CBOOO/HBIX CBsI3el
B rpaMTOnoJ00HOM CTPYKTYpE, TaKKe SHEPreTHIECKH BO3MOKEH.

Eme oana ctabuinbHas cTpyKTypa 171 Kiactepa Cag peacTaBieHa Ha puc.3.19.

D710 TeTpadApuuecKass CTPYKTypa, BKIoUaromas 28 UIeHTHYHBIX aToMOB. Pacdertsl
MOKa3bIBalOT, 4T0 Crg BBIMISAUT KaK CYNEPaTOM C BaJ€HTHOCTBHIO paBHOH 4 U BBICOKOH
pPeaKIHOHHON CcITOCOOHOCTHIO KaK /I BXOJK/ACHHS aToOMa MeTallla BHYTPh KJacTepa, Tak H
NpHUCOeTMHEHHA N0 MepHpepuH. DKCIepUMeHTaIbHO 0OHApYKeHO, 4TO BO BHYTPEHHIOIO
[I0JIOCTh 3TOTO KjacTepa MO)KeT ObITh MOMEIIeH aTOM YypaHa, 4To 0003HadaeTcsl B BH/IC
U@Cys. Kpome Toro, Takue MeTaulbl, KaK CKaHIWH, TUTaH, HAPKOHWH, ragHUN Tarxxke
MoOryT ObITh 3akiroueHbl B mojocTh Cig. llpeackaspiBaroTess Takke M 5KCOD/pajibHbIC
nosuMepsl Tuna CogHy.
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Puc.3.18. U3006paxeHue konplieBoro (R), yameobpazHoro (5)

u ¢y mrepeHonogooHoro (F) momepon Cyy

Puc.3.19. IIpoekums TeTpasApuiecKoil CTpyKTYphI Csg



3.5. ®ysuiepennbl. KpaTtkas ucropusi OTKpbITHA

B03MOXKHOCTb CYIIECTBOBAHUSL C(PepUUECKUX BBICOKOCHMMETPHUYHBIX MOJIEKYJI
yriepoaa Obuta mpejackazana B 1970 r. smonckumu yuenbiMH OcaBa u Homwupa.
Heckonbko mo3zxke poccuiickue yueHsle (bousap, T'amenepn, 1973) TeopeTHueckHMH
pacueTaMu JI0Ka3aJid cTaOMJIBHOCTh TAKUX MOJIEKYJL

ITepBpIMH, KTO HOJIYTHI SKCIIePUMEHTAIIBLHBIC CBU/ECTEILCTBA HAINIHA (YIUIEPEHOB
B MPOJYKTaX 3JeKTPOAYroBoi Bo3roHku rpadura, oput J[.P. Xypdman ¢ coasropamu. B
1983 r. sTa rpynna onyOiaMKoBama «IBYTropOBIi CHEKTP», MPOHMCX0XK/IEHHE KOTOPOro He
cmoriia oObsicHuTh. Eme uepes rog E.A. Poiaduur ¢ coTpy/iHUKaMH 0OHApYKWJI B Macc-
cnektpax maccbl Cgg 1 C79, HO B CBOEH CTaThe HE CBSI3AJI HX C KJIACTepaMH yIIepoja.

ABTOpaMH OTKpbITHSA QyuiepeHoB (1985) apisores anrmmganus I'. KpoTto u rpynmna
aMepukaHieB 1oj pykopojacteoM P.E. CMosum, KoTopble MbITAIMCH ONPEI/IUTh
XHUMHYECKYI0 (OpMY MEeXK3Be3/THOTO YIJIepOAa, MOJEJHpYsS YCIOBHA B aTtMoc(epe
KpacHbIX TUraHToB. OHH HCCIIEAOBAIM NPOAYKThI Ja3zepHOi BO3rOHKH rpapura u
npeUtoKWIM  cepuueckyro (GoOpMy MOJICKYJIBI, Ha3BaB ee OakMuHcmep@yuiepeHoM
(cokpameHHOe Ha3BaHMe - Oakumboia) B dYecTh apxuTekTopa Puuapma bakMmuHCcTepa
Oyiuiepa. (em. Kepi, 1998; Kporo, 1985, 1998, Cmosuu, 1985, 1998).

HHTeHCHBHBIE HCCIIeIOBaHHS CBOMCTB (pysuiepeHOB Havaiauch aumb B 1991 r., mocie
toro kak B. Kperumepy, JI.P. Xyddmany m HX coaBTopaMm yaajJoch paspaboTarh
CPAaBHHTEIILHO TIPOU3BOJIMTENIBHBIH CIIoco0 MoiTydeHUs: 3THX BemecTB. Torga sto Owuia
BO3rOHKa rpadura B 5JeKTPHYECKOH Jyre, OMbIBAEMOM MOTOKOM rejus: B coOUpaeMoi
cake obHapykuBasoch /10 15% Cgp (cm. Kpetu-mep, 1990). B 1991 r. 6bu10 00HapyxeHo,
gyro coeaunenne K3Cgo cranourcs ceepxnposojguukom npu 18 K. Bekope mocne sToro
ObL1 mostydeH RbCs,Cg ¢ kpuTHueckoi Temieparypoit 35 K.

3a otkpeiTHe ¢ysepenoB I'. Kporo, P.E. Cmomu u P.®. Kepa B 1996 r. 6bu1n
yaoctoeHsl HoGesteBecKoi nmpeMumn.

3.6. CTpoeHne, HOMEHK.IaTypa

B cooTBeTcTBUM ¢ npasunom uzonuposarHHvix nAMUY2oNbHUKOE HauboJllee YCTOMUUBDI
(dyiepeHsl, Y KOTOPBIX NSTHYTOJbHHKH HE COeJMHEHBI Apyr ¢ jApyrom. Hammenbmmuii
BO3MOXKHBIH (QyJUIepeH JoJDKeH cojlepkaTh 32 aToMa yriepoaa. Oysuiepensl, coaepkanue
MeHee 60 aToMoOB yriepoja, HeycToiuuBel, B To BpeMs Kak Cgo (6axMuHCTEpQYILICpEH,
OaxuboIT) ABISIETCS CaMBIM YCTOHUUBBIM U3 pysutepeHoB. Kaxkapiit aToM B 5TOH MoJjiekyie
[IPUHAUISKUT JBYM HIECTUYTOJILHUKAM M OJHOMY MSTHYTOJBHUKY. DTO JIMIIL OJUH W3
1812 maTeMaTH4eCKH BEpOSITHBIX HM30MEPOB 3aMKHYTOH KIeTOYHOH (OpMbI, KOTOPYIO
MoryT o6pa3oBaTh 60 aTOMOB yriepoja.

O6osoueunsie GopMbl yrilepoaa MOryT cojiepkaTh MeHbIe 60 u 6osbime 70 aToMOB.
OOHapy:keHsbl, B yacTHOCTH, pyarepenst C, ¢ n = 28, 42, 52, 58, 70, 76, 82, 84, 90, 92, 98,
100, 180, 190, 240, 540 u paxe 960 aroMoB yriepo/ia. B MakpoCKONMYECKUX KOJIMYECTBAX
noMuMo Cgp BeIIeIeHBI MOJIeKYJIBI ¢ 70, 76, 78, 82, 84, 90, 94 u 96 atomamu.

HauGonee uzyuennl ctpoeHue U cpoictBa dysuiepeHa Cgp, YCTOHUMBBIN H30MeEp
KOTOporo coctouT w3z 20 mecTUYrojbHBIX M 12 MSTHYro/IbHBIX LUKIOB. Mosekyia
cozepkuT 90 pedep. I'eomeTpudecku oHa mpejcTaBisieT coOOM yCedeHHBIH HMKOCadIp
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(puc.3.20) u no Homenkiatype IUPAC o6oznavaetcst cumBoioM (Ceo-11)[5.6]. B kpyrimix
CKOOKax JIaloTCsi XMMHYECKHH COCTaB M TIPYIIa CHMMETPHH, B KBAJIPATHBIX — YHUCIIO
aTOMOB B KOJIBIIAX.

Paguyc monekynsl Cgo paBen 0,3512 uwm, jamHa KopoTkoi cBszu C-C (oOmei y
ISITHYTOJILHUKOB U MIeCTUYToJIbHUKORB) — 0,1391 um, pmHa aApyroi ceszu C-C (oOmei y
mecTHYTOIBHUKOBR) — 0,1455 um. [IATHYTOIBHHKH MeXKIY cOO0H He COWICHAIOTCS.

Oyuiepen Cyp («msiu U1t perOm», «IbIHs») siBisiercs: cieayromuMm nociie Cep
¢dyeperom, oauH U3 8149 W30MepoB KOTOPOTO COOTBETCTBYET MPABHIIY M30JIMPOBAHHBIX
IATHYTOJILHUKOB. OH COJIEP/KUT 25 MECTHYTOJIbHBIX U Te ke 12 NATHYTOJILHBLIX IUKIIOB,
ero pekoMeHzoBaHo o6o3Hadath (Cro — Dsp) [35, 6].

o
S

a 6 éa

Puc.3.20. Ilpospaunsiii nukocadap (a), HKocadap ¢ THHUAMHI YCSUSHIA
€ro BepIIHH (6) U (yepeH (6)

[TomobHO MHOTHM HCTHHHBIM  MOJIEKYJIaM, HKocayApudecKud  60-aToOMHBIH
VIJIepOJHBIA KiacTep crnocoOeH oOpa3oBbIBaTH MOJIEKYISAPHbIE KPUCTALIBI CO CIabbIMH
BaH-EP-BaaJIbCOBBIMH CBA3AMH MEKIY MOJICKYJIAMH.

DyuiepeHbl B KPUCTAUTNIECKOM COCTOSIHUM NIPUHATO Ha3bIBaTh @yanepumamu. Ilpu
temnepatrype 300 K ¢ymwiepur Csp oOpazyer rpaHelieHTPUPOBAHHYIO KYOMUYECKYIO
KPHCTAJUTHUECKYIO0 PelIeTKY ¢ apaMeTpoM pemeTkH okoio 1,415 HM; uuciio (popMyIbHBIX
eauHul Z = 4, cuMMeTpHs [j,, IPOCTPAHCTBEHHAs rpynma [ m3m (puc.3.21). Moexyibl
Cs0, pacrosIoKeHHBIE B Y3J1aX pelleTKH, IpH TemnepaTypax Beime 255 K MoryT cBoGoaHO
BpaIaThCs ¢ 4aCTOTOM 101 ¢.

Puc.3.21. DneMeHTapHas sueiika Qyuiepura
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Haumenbmee paccrosinne mexay neHTpamu Mojiekyl Cgy paBao 1,002 Hm, 9TO
MeHbine Ban-gep-BaanscoBa quamerpa moliekyibl Cgo € Y4€TOM pa3sMepOB dJI€KTPOHHOIO
obnaka. Ban-gep-BaanscoB paamyc yriepojaa 3aeck paBeH 0,294 um (B rpadure o
coctapisieT 0,335 um).

Kpucrammueckas penieTka JJOBOJILHO MSTKast © MOJKET, 110/100H0 pemeTke rpadura,
CKMMATBCS.

Hwxe Ttemneparypet 260 K npoMcXoguT OpHEHTAIIMOHHOE VIIOPSIOYEHHE
CTPYKTYpbI, CBOOO/JHOE BpalleHHe MOJIeKYJI IepeXOAuT B OrpaHHUYeHHOe (YTpauHBaeTcs

OTHA W3 TpexX CTemeHell CBOGOBI), CHMMETpHs TOHIKaeTcsad 10 Pa3 | obpazyercs
npocTtas KyOudeckas pemetka. IIpu Temmepatype 86 K ummeercs eme oauH (a3oBbiid
[Iepexo/1, BpameHue MOJIHOCTLIO 3aTOPMaKHBACTCS, KPUCTAILI CO/ICPIKUT CMECh MOJIEKYJI B
JIBYX OPHEHTAIHAX, COCTOSTHHE KpHCTal/Ia CTAHOBUTCS CTEKJI0NO100HBIM.

CTpyKTypy MOMKHO IIPeJCTABUTHL KaK CJIOHCTYH) C 4YepeJOBAHUEM pPAaCIOJIOKEHUs
atoMoB B ciosx THna .. ABCABCABC... boibmue (110 cpaBHeHHIO ¢ HOHAMH METaJUIOB
WIM aTOMHBIMH rpynmamu Ttuna NO;, NHy', S042') pasMepbl MOJIEKYJI OIpeessioT
3HAYMTEIbHBIC IapaMeTpbl KPUCTAUIMYECKOM pemeTKH M IMycToT (IolocTed) B HeH
(Hepetun, Cnosoxotos, 2004).

B oco0bwix ycioBusix Obuta nostyueHa meractadbuibHas Mo iuduxanus Cgq, B KOTOPOM
MOJIEKYJIbI YJIOKEHBI 110 THITY JIBYXCJIOWHOM IUTIOTHEHIIEeH YIIaKOBKH.

Cnenyromuit mo pasmepy Oonbmoi ¢yuiepen C;yp UMeeT MoJeKyady B (dopwme
SJUIMIICOH/1A BPAIIEHMs, YTO 3aTPY/IHACT BpallleHHe B KPUCTAUIMIECKOH pemeTke, KOTopoe
IIPOUCXO/IMT JIMIIbL IIPH BBICOKHX TeMiieparypaX. CumMmerpusa moliekyisl Ds, Cama
peleTka rekcaroHajibHas, mnapametpel a = 1,063um, ¢ = 1,739am. Ilocie ouuctku
IeperoHKod oOpaszyeTcss BLICOKOTEMIIepaTypHas TpaHEIeHTPHUpPOBaHHasA KyOWueckas
pemerka ¢ napamerpom a = 1,496 um.

(dasoBeie nmepexoanl 37ech Oosee cioxknble. Ilpu Temmeparype 340 K kyOuueckast
(dasa mepexoJUT B TPUTOHAIBHYIO (poMO03ApHYecKy10), a npu 277 K — B MOHOKITHHHYIO
(ee mapameTpsl OJIM3KM K TapaMeTpaM TpHUTOHaJbHOH ¢asel: a = ¢, B = 120°). Ilpu
KOMHATHOM TeMIepaType MOJIEKYJIbl BpamiarTcs: u3orporHo, Hiwke 340 K ux jummHHBIE
ocH (pHUKCHUPOBaHBI B/10JIb KpHCTA/UIOrpaduyecKoi ocu 3 M BpalieHHE IMPOUCXO/UT JIHINb
BOKpyr HHX. IIpu oOpa3oBaHuM MOHOKIMHHOW a3bl MOJIEKYJIHI OKOHYATEeIbHO
YIOPSA/I0UUBAIOTCSL.

CymecTByer MeTacTabuiabHas (aza ¢ rexcaroHaJbHOM IUIOTHEHINEH YIaKOBKOH,
KOTopasi IIpeTeplieBaeT /[Ba AaHAJOTMYHBIX (a30BBIX @epexojla ¢ YHOpsI0YeHHEM
BpamIeHHUsl, MOSTOMY HEKOTOpble MCCIIE/0BATE]N BBIACAIOT MATh KPHCTAUIMYECKHX
moaudukarmit Cp.

Y MHorux BeicHIUX (QyiUIepeHOB, HMelmHuX chepuieckyio (opMy MOJIEKYII,
3a(pUKCHpOBaHA BHICOKOTEMIIEpATypHas rpaHelleHTpHpPOBaHHas KyOHuecKkas ¢aza, XoTs He
UCKJTIOUEHO Hajnm4uHe (az0BBIX IIepexo/10B.

TI'unepgpynnepenui (ruranTckue (yuiepeHsl, TYKOBUIHBIE CTPYKTYPHI), COCTOSIIIHE 13
GIOJMCEHHBIX OOHa 6 oOpyaylo ooOonoyex, Kak ObUIO I0KAa3aHO pacueTaMu, SBIISIIOTCS
Hamboslee CTaOWIBHBIMH CTPYKTYpPaMH YIJIepoja, eclIH YHCJIO aTOMOB B KiacTepe
cocrapiasier 10° - 10”. Hammensmas oGosouka ranepdyuiepeHoB cooTBeTCTBYET Cgo,
cienyromast 3a Helt — Cagp, HanipuMmep Ceo(@C240(@Cs40(@Cos0@Crs00. PazHuna paguycos
Takux oOpazoBaHWH TNPUMEPHO COOTBETCTBYET PpACCTOSHUIO MEXKIY IUIOCKHMMH
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VIJICSPOAHBIMH clIosiMH TpaduTa. ['urantckue Qysuiepensl ¢ unciaoMm atomos 240, 540, 960
1 1500 mMmeror WKoOcadApHUECKYI0 cuMMeTpuio. OOpa3zoBaHue JIYKOBHYHBIX CTPYKTYP
MOJKeT HPOMCXOAWTH MOJ JACHCTBHEM MHTEHCHBHOTO ITyYKa 3JIeKTPOHOB HA YaCTHIIBI
amopdHOro yriepoja, MOJUdIPUYECKHE TIpadUTH3HPOBAHHBIE YACTHILI YIJIEpojJa HIH
MVHT.

Eme oauH KjJacc coeMHeHHH, Ha KOTOPBIH MOCje OTKPHITHA (PyUIEpeHOB CTaIH
obpamaTte ocoboe BHHMaHHe, — OTO cepuieckue 00pa306aHuUs ¢  HACMUYHO
3aMeljeHHuIMU  amomMamu  yenepooa. VX HasbBawT cemepoghynneperamiu. TaKomwl,
Hanpumep, CsoB, (CsoN)2 (puc.3.22), CsgBi, Cs7B3, CssBN, CeoB, CgoN, monyuaembie
BO3roHKOH rpaduta ¢ gobaBkamu Oopa wim B atMocdepe, cogepxamei Ny, CH3NH, u
Jpyrue azoTcojepskamue BemecTsa. 13 (CsoN); moayuen CsoNH. Coobmasnoch o cuHTE3e
Cs0B10. Coeobpaznbie qumepsl CsoB:Cgo u CsoB-CsoN uMeroT BBICOKYIO CTaOMIBHOCTS.
[Tonyuenst TBepabie pacTtBopbl pagukana CsoN B Cg. B 2002 r. Obul cHHTE3MpOBaH
JYKOBUYHBIA (yluiepeH ¢ Mousiekynoi azadyiepera CygNiz BHYTpH. ATOMBI a30Ta, Kak
NPeANojaraeTcsi, PacrojgoKeHbl IO OJHOMY B KaXKJIOM M3 MSATHYTOJBHBIX KOJIEIL

Beitesiens! npojiykTsl 3amMenieHust aroMoB C B cTpyKType (yiuiepeHa arToMaMu METaJUIOB:
CsoM, rie M = Pt, Ir.

Puc.3.22. T'erepodymnepen CsoN

3aMemenue aToMOB VYIJIepoJa Ha JpYrHe OJIEMEHTbl BBI3BIBAET HMCKa)KEHUE
UKOCad/IPUUECKOM CHMMETPHH MOJIEKYJIbl  (yjUlepeHa, H3MEHEHHMe SJICKTPOHHOM
CTPYKTYPBI M YBeJIHUEHHE PEaKIIMOHHON CIIOCOOHOCTH.

[Tomumo coOCcTBeHHO (YJUIEPEHOB H3BECTHBI (DYILIEPOUILL — NOOOOHbIE YIIepeHam
geuyecmea (KBazU(yJUIepeHbl), CTPOSHHE KOTOPHIX HEe OTBeYaeT MPHUBEACHHOMY BBIIIC
onpeesieHuro QpysuiepeHoB. OHU 00pa3yIOTCs IIPH BBEJACHUU B CTPYKTYPHbBIA VIJIEpOHBII
KapKac «KJIaCCHUECKHX» (YJUICPEHOB [ONOIHHUTE/IBLHBIX aTOMOB, YAAJICHHH H3 3TOrO
Kapkaca aTOMOB WJIH pa3pblBe CBs3eil B Kapkace. Ilpejamonaraercss HaJn4ue MoJ00HBIX
(dysuiepeHaM MOJIEKYJL, B KOTOPBIX MECTHYTOJILHUKH OTCYTCTBYIOT. Tak, B 1982 r. ObLi
CHHTe3HpoBaH JojekasipaH CyoHjo, KOTOphiii B IpHHIMIE MOXeT ObITH HpeBpaiieH B
3aMKHYTYI0 MoOJiekyiy ¢ysuteponaa ¢ 20 aromamu yriepoga. [logoOuble ¢yuiepeHam
MOJIEKYJIbl MOMHMO IIECTH- H IATHYTOJBHBIX VIJIEPOAHBIX KOJIEIl MOTYT COJepiKaTh
4eThIpeX- U BOCbMUATOMHBIE.
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Ilpu samewgenuu ceasu C-C memuneno6oii cpynnoti oOpa3yroTcst coMoQyniepenot,
npu yoanenuu amoma C oe3 pazpviea cyujecmeosasuiell c6a3i — HOpgynniepeHbl.

ITox neficTBHMeM IMIpocTaTHYECKOro JaBjieHHs, (OTOXMMHUECKOro BO3OYKIeHUSA H
HEKOTOPBIX JIPYTHX (GakTOpoB MOJIEKYJIbI (Py/UIepeHOB 00pa3yIoT KOBAJIEHTHBIE CBSI3H JIPYT
¢ apyrom u noxumepusyiorea. M3sectunl aumepbl (Ceo)2 (puc.2.23), (Cro)2, CeoCro,
TpuMep (Cg)s, HlenoyeyHblie U KapkacHsle nosumepsl Cgqou Cog.

Puc.3.23. Tumep C,z

ITomumo ynomsiHyTOoro BeIme (CsoN)y BbIIeJ€HBI JUMepbl reTepodyliepeHOB
C1200,, Ci2oHy (puc.3.24), coaepKuT iBAa METHJIEHOBBIX MOCTHKA) H Jip. M3BecTHBI Takke
Cia1, Ci22, C1200, Ci2008.

I('_I:z

&
H,

Puc.3.24. lumep ¢ AByMS METHJICHOBBIMH MOCTHKAMU

3.7. DmznuecKne N TepMOANHaAaMIYeCKHe CBoOiiCTBa

HaunGonee wuccnenoBannwii Qymiepen Cgy HMeeT 4YepHBIH IBET, YCTOWYHB B
HHepTHOM cpesie 10 TeMmiepatyp okoio 1200 K (mo apyrum ganseiMm — jgo 1700 K).
PaBHOBecHOe naBneHue napa Cgo OMCHIBAETCS YPABHEHUAMM:

In p (ITa) = 10,85 - 8738/T (560 < T < 990 K),
In p (xIIa) = 19,07 - 21080/T (730 < 7' < 990 K).
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Temnepartypa rnaBnenus ¢pywiepuraCyy onenupaerca B 1180 °C. Ero mioTHocTh
IIPY HOPMAJILHBIX YCJIOBHSX paBHa 1,69 r/eM’, 4To CYIIECTBEHHO MEHBIIE IUIOTHOCTH
rpajura (2,3 r;’CMZ’) u anmaza (3.5 r.f’CMZ’). OH sBIsieTCA MOJIYIIPOBOJHUKOM C INHPHHOM
3anpeneHHo# 3o0usl 1,5 2B.

Dneprust nonuszanuu ¢yiuiepena Cgp coctapisier 7,58 3B, cpojicTBO K 3JIEKTPOHY —
2,67 5B.

CranjaptHas sHTaubnus obpazopanusi Cg, ollpejiesieHHas] KAJIOPUMETPUUECKH I10
TeIUIOTaM cropaHusi, paBHa 2346 + 5 xJx/mons s kpuctasuia v 2530+13 kJx/moins auis
raza, wm 39,1 u 42,2 xJ[x/moms C. Duransnus cyoaumaruu npu 298,15 K cocrasiser
183,7 + 5,1 xJx/momnb.

Temnoemkocts Cgp mpu 298,15 K pasna 525,6 Jlx/(monb-K), sHrponus
4271 JIx/(monn-K).

Bes yuera ¢azoBoro mepexoaa mpu 99,66 — 309,98 K TemoeMKocTh BhIpaXKaeTcst
YPaBHEHHEM

Cp=-250,64 + 3,16 T —0,0190 7> JTx/(Moib-K).

DHranbnus gazoporo nepexoja pasHa 5,9 kJx/Moub.

DnekTponpoBoHOCTE Cgy OJIM3Ka K 3JIGKTPONPOBOIHOCTU rpadura BJOJIL OCH C,
T.. MNEPHeHJAUKYJSIPHO TIpaUTOBBIM IUIOCKOCTAM. DIEKTPOCONPOTHBJICHHE pPaBHO
1014 Om-Mm.

@Oymepur Cgp 0obnagaeT cBoiicTBaMH (GoTonpoBoaHHKaA. IlokazaTens mpeaoMiIeHHA
coctapisieT 2.2 (JumHa BoJiHbl 600 HM). Y eibHas noBepXHocTh HeBesmka (10 - 20 Mg.fr).
Temmonporoanocts npu teMnepatype 300 K ogens mana u pasna 0,4 Br/(m-K).

@yiulepeHsl HepacTBOPHUMBI B Bojle. BMmecTe ¢ TeM IpM KOHTaKTe OpPraHUYECKUX
pacTBOpPOB ¢ BOJIOH B YCIOBHAX Y 3-BO3/IEHCTBHS OHH CMOCOOHBI 0Opa3oBBIBATH
YCTOHYMBBLIE B BOJI€ arperathbl, KOHIEHTpalus KOTopeiX joxogur jo 100 m.a. (100 mr/m,
WITH ~10"2%).

IIpeanonaraercs, uro mouiekyya Cgp, reOMETpUYECKH HJI€AIbHO YKIAJbIBaeTcs B
HKOCAd/IpHUECKHI KJIacTep BOJAbIL, M3 KOTOpOro yjajeH goaekasap. Ha BHyTpeHHei
HOBEPXHOCTH KiacTepa 20 MOJIEKY.T BOJBI PACIOIOKEHbI TaK, 4TO 00pa3yIoT BOAOPOIAHbIE
cBs3H -OH...m ¢ KaXKapIM M3 MIECTHYTOJIBHBIX Koiell MoJeKyJbl Cgo, Kak/1ast U3 MOJEKYJ
pacnoiaraerc TOYHO Haj KojsloM. HMMenHo stu 20 MoOJEKyJ BOJBLI OKa3bIBAKOTCS
CBSI3aHHBIMH CO CJICYIOIIMM CJIOEM HKOcad/pHueckoro kiactepa. Ilokazano Taxxe, uro B
BogHOM pacTBope 13 monekyn Cgp MOryT oOpa3oBbIBaTh HMKOCAdApHYECKUE KJIACTephbl
auameTpoM 3.4 HM, B KOTOpbIX Kak/1ass Mojekyia Cgy OT[esieHa OT JIpYruX BOJHOM
000JIOYKOH.

OTHoIIeHHe YHCIa MOJIEKYJI BO/IbI BO BHYTpeHHeH 000J10UKe K YUCITY MOJIEKYJI BO/IbI
BO BHeIHe# o0oJiouke Juisi oJJMHOYHOM MoJiekyibl Cgp coctaBnsier 1:3, juisi KiacTepor
Ceo — 2:3. DHeprusi MOJIEKYJSIPHOTO B3aUMOJIEHCTBUA B BOJHBIX PACTBOpPax BO3PacTaeT ¢
nopelimenueM paarieHus or 0.1 go 10° MlIla, temneparyper ot 295 no 360 K u
KoHneHTpanuu Ceo — ot 0,05 10 0,28 mr/mir

Bee atomer C B dyiuepene Cgp DKBUBAJICGHTHBI, 103TOMY criektp SIMP BC umeer
e/IMHCTBEHHBIM curHan npu 1427 s (puc.3.25), kak M CIeA0BaJ0 OXKHAATh JUIS
BBICOKOCUMMETPUYHOTO yceueHHoro ukocasapa. B UK-cnexkrpe Cgo copepkarcsa deTsipe
I10JIOCHL.
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BeptukanpHoe cpoactBo ¢yiepena C;9 K 2JIeKTpoHY paBHo 2,68 5B.
CranmapTHas sHTaIbNHA oOpazoBanus Qysuiepura Cr paBHa 2555 + 22 kJ[x/Moub,
¢ymrepena Cyo B razoBoit ¢aze — 2755 £+ 23 x/[x/mons. B pacuere Ha atom C (36,5 u
39.3 k/[x/moan) sT0 MeHbme, 9eM s Cgo. DHTanbnus cybaumanuu npu 298,15 K
cocrapjsgeT 200,3 + 6,1 xJx/MOIIb.

CGO

| C'm
5 145 135 125

ppm

Puc.3.25. SIMP Cﬁ(} H C70

15

Eciu uckmounth 0o61acTH (azoBBIX MEepexo/J0B, TO B HHTEpBaje TeMIepaTyp
100 - 1000 K temnoeMkocTh Crg (Kak u TeruioeMkocTh Cgo) B pacuete Ha 1 atom C Gummska
K TEIJIOEMKOCTH rpaduTa.

PaBHoBecHOe 1aBiieHue mapa Crg BeIpaKkaeTcsl ypaBHEHUSMHU:

Ig p (I1a) = 11,23 - 9768/T (650<7<904 K),
In p (xITa) = 19,30 - 22835/T (783<T<904 K).

TenaeHUsl K YMEHBIIEHUIO BEJIMUMHBI DHTAILIIMA 00pa30BaHUs B pacyeTe Ha aToM
C npu yBeJMUeHHH 4YHMCIa aTOMOB o cpaBHeHHIO ¢ Cgo, BHMMO, CBOMCTBEHHa BCceMy
ceMeHcTBY (yJIepeHOB.

B cnekrpe SAMP B¢ ¢ymiepena Cyp cofiepKUTCs MATh CUTHAJIOB, HHTEHCUBHOCTh
KOTOpBIX noJuuHsieTcss cooTHomeHuto 10 : O : 20 : 20 : 10 (puc.3.25). 510 cooTHONMEHHE
XapaKTepH3yeT JI0JII0 DHEPreTHYECKU pazIMuHbIX aToMoB C.

PaBnoBecHoe gaBienue napa ¢ysuiepura Cq ONHUCAHO YPABHEHHSIMH:

In p (ITa) = 24,5 - 22800/T (637<T<911 K),
Ig p (TTa) = 10,94 - 10027/T (637<T<1069 K),

YTO COOTBETCTBYET Cpe/IHeH sHTaIbnuu cyOmumanuu 192 kJ[x/moib. [t Cgs ypaBHEHHS
3AIMUACBIBAKOTCA B BH/IC!

In p (TTa) = 25,1 - 24300/T (658<T<980 K),
Ig p (ITa) = 10,92 - 10760/T (658<T<1190 K),

YTO OTBEYAeT cpeJHel sHTabIuu cyoumanuu 206 kJ[#/MoJts.
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CpaBHeHHe 3aBHCHMOCTEH JaBJIeHHs Hapa oT TemiepaTypsl (puc.3.26) noKa3bpIBaeT,
4TO YBE/IWYECHHE pazMepa MOJIEKYJT (Y/UIEPEHOB MPHBOAUT K 3aMETHOMY CHHIKCHHIO

JIaBJICHHUS Tapa M pOCTy CpeHei SHTAJILNUH BO3roHKH oT 167 k/[x/moms ama Cgp 110
206 kJx/Mounb st Cgy.

lgp
2112 3 4
ot
2t
4}
1.Iﬂ 1:2 : ?,Iﬁ 1:3

14
7107 K
Puc.3.26. 3aBUCMMOCTS paBHOBECHOTO JIaBICHHS TTapa (yIEpeHOB
ot TeMIrepaTypbl: Cgy (1); Cr6 (2); Cro (3) 1 Cop (4)

PesynbTaThl pacueTa 3aBUCHMOCTEH SHTAJIBIIMHA BO3TOHKH Pa3IMYHBIX (QYIUIEPEHOB
OT TeMIIepaTyphbl HPHUBE/IeHbI Ha puc.3.27.

)

Hyosp, xJDK/MONL
- j/
b@
o

—y
[~
o
1
[=>]

0 500 1000 1500 2000 2500 . g

Puc.3.27. U3MeHeHHE PHTaIBIINN BO3TOHKH (DY JUISPEHOB OT TEMIIEPaTyPHI:
Cos(1): Csa(2); Cr6(3): Cr0(4): Coo(35); Cs0(6) 1 C36(7)

MaruutHas BocnpuuMuuBOcTh Cgyp HeBelHKa (0,35-10_9 A-M). ODyiuepeHsl
00J12/1aF0T HEeJTMHEMHO-ONITUYECKUMH CBOUCTBAMHU.

Muenne o TOM, uTO (yJUlepeHBl SBIAIOTCA W/AealbHOW TBEPAOH CMasKoH,
HKCHEPUMEHTAIbHO He noaTsepawiock. Koadduuuentor tperus mwieHku Cep Ha KpEMHHUH
oKazaimch A0BoJbHO Oombmumu (0,55 - 0,80). Menpmue 3HageHus kospdunuenta (0,25)
cpoiicTBeHHbI coibBaTy Cg0-4CsHg M aHAIIOTHYHBIM COETUHEHUSIM.

Jlns cpaBHeHus: kodpduiment TpeHus ayba mo aydy Ommzok k 0,4, kenesa mo
Jaryuu — 0,2.



3.8. Vriiepoanbie HaHOTPYOKH. VicTOpHSI OTKPBITHS M 3Tallbl PAa3BHTHS

Hcropust HUTEBHIHBIX MHKPO- U HAaHOPA3MEpHBIX 4YacTHI[ VIJepoJa HaCUUTHIBAET
Oouiee cornu sieT. B 1889 r. ObL1 BbI/IaH aMEepPUKAHCKUI MMATEHT HA IOJIyYEeHHE TPYOUATHIX
dopm yraepoja, obpazyrommuxcs npu nupoimse cmecd CHy m Hy B kene3HoM THIe.
[Tocaeayromast uctopus npociieskeHa B MoHorpaduu OeHesroHoBa.

«IlepBast HayuHasl myOJHMKaIys, - TOBOPHUTCS B MOHOTpadMHu, - MPUHAIICIKHT, TO-
suuMomy, Illynasm3enGeprepy (1890 r.), 3arem @umep (1928 r.) u F'opman (1931 r.)
omucaau oOpa3oBaHME KaTaJIMTHYeCKOro BoJsokHHcCTOro yriepoga (KBY) B peakuun
aucnponopruuorupoanuss CO Ha Fe npu 673 - 973 K, conpoBoxkaaeMoil HHTEHCHBHBIM
JIUCIIEPTUPOBAHUEM KaTajm3aTopa U oOpa3oBaHHEM yriiepoja, nmojo0Horo rpadury. Unei
U Pait 1 B 1948 1. oOHapy WM yriiepojaHble BostokHa mpu nuponuse CHy, CoHg u CoHy
Ha Kpapuepoi mnojyuiokke npu 1473 K, a Illeid, JIpBuc u ap. OOBACHWIM MeXaHU3M
paspymeHus JAbIMOX0/10B AHCIEprHpOBaHHEM jkeJjie3a pu odpazopanuu KBY u3 CO» (cm.
QenesnoHos, 1995).

B xonme 1940-x - nauaie 1950-x rojoB B MockoBckoM HHcTHTYTE (pu3Hueckoi
xumun AH CCCP Gbuta npoBe/ieHa cepus paboT 10 MOTYyYSHHIO U H3YUSHHIO MPOTYKTOB
TEPMHUYECKOT0 Pa3/IOKEeHHs] MOHOOKCH/Ia YIJIEpO/ia Ha JKeJIe3HbIX Karainuzaropax. Jlis
Ucclie/IoBaHus  00pa3yromMXcss YacTHIl BIIEPBble HCIOJIb30Bajach INPOCBEYHBAIOMIAS
aJIeKTpoHHast MuKpockonua (Pagymkesud, Jlykbsinouu, 1952). Pazpemaromast cuia
MHKpOCKOIIa ObL1a 110 COBPEMEHHBIM MepKaM HEBLICOKOHW M JIOCTHraja JHIMb 5 - 6 HM,
O/THAKO TMO3BOJIMJIA C/IeJIaTh BasKHbIE HAOIIOICHU.

ABTOpPBl  OTMETH/IM, 4YTO  «ODOJBIIMHCTBO  YACTUIl HUMeeT  XapaKTepHYIO
«gepBeobpa3Hyto Gopmy», 1uamMeTp Hauboslee TOHKUX M3 HUX Obl1 Om30k Kk 30 HM, B TO
BpeMsi Kak JUiMHa jJocturajia 7 mxM. Ha pactymux konuukax YHT u VHB Obuin BuiHBI
JacTHIbI KaTaau3aTopa - «M30BITOK jKejle3a, MepeHeCeHHbIN BIepes] B IpOIecce pocTay.
Ha cHmMkax oOHapy’KeHO «HAJHYHe CBETJIOW IOJIOCHI, MPOXOoJsAmeld OOBIYHO MO BCe
JUIMHE 4YaCcTHIbI W HAllOMUHAaKMmed ToHkuH KkaHa». «Cozjlaercs BrevaT/IeHHe, -
OCTOPOKHO IMHCAIM ABTOPHI MCCIIEJOBAHUS, - UTO BHYTPH YaCTHUIBI IIPOXO/UT KaHAJ U 4TO
caMa 4acTHIa SBJISIeTCS IMyCcToTe 10y, JleHcTBUTEILHO, H300paXKeHHYIO B CTaThe YaCTUILY
CEeroJHsA MOKHO yBepeHHo oTHecTH K Y HT.

[Tokazano, urto «Oojiee WMIMPOKHE YacTHIBI CHaOKeHBbI KJIeMHeoOpa3HbIMU
OKOHYaHUSIMU», KOTOpBIE MOSIBIIAIOTCS MOCIIe YaJeHusl 0cTaTKOB Katanuzaropa. [Tomumo
npsamblx YHT u uckpupienusix YHB Obumi oOHapyskeHsl (eme Gosiee moiyBeka Hazan!)
crupasieBuHbie YHB U jiBoMHBIE crnivpaiid («HeperuleTeHHbIE JIBOMHBIE YacTHIBD»). ITO
TaKJ)Ke HAIJIo MO3/Hee CBOe MOATBEePIKICHHE.

B sr1oit ke pabGorte Obu1o BuepBble IpoBeeHO paspeszanue YHB moj aedicrBuem
CMECH CepHOM M a30THOM KHCJIOT (TakoM croco0 cero/iHs BechMa momnyJiipeH). Brepseie
ObliIa M3MepeHa y/leJIbHasl [IOBEPXHOCTh HUTEBUHOTO HAaHOMaTepuasa, KoTopas oKa3ajach
Gimskoit k 100 M/ 1 COOTBETCTBYET pesy/ibTaTaM OoJiee Mo3JHUX u3MepeHui s YHB.

[Tpogomxum nuTUpoBanue OeHeI0HOBA:

«Jlanee Poiten c¢ coaBT. (1957 r.) MeTO/IOM 2JIEKTPOHHOM MHKPOCKOIIMH BBICOKOTO
paspemieHusi  JIONOJHHUTEIbHO  BBIABHJ  OpPHEHTAIHIO  TpaUTONOAOOHBIX  CIIOEB
OTHOCHTEJILHO OcH BoJIokHa (moja yriaom -45° mqua KBY w3z CO na Fe) m kamain,
PACIIOJIOKEHHBIA 10 OCH BOJIOKHA. YOTcoH ¢ coaBT. (1950 r.) omucan MHOrooOpaszue
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MOp(OJOTHH TPOIYKTOB pa3IoKeHHs alleTWIEHa, pe3yabTaThl MOJOOHBIX paHHUX paboT
0000mens1 Balikepom u Xappucom B 1978 r.».

HuTepecHo, uto B 1958 r. B ctathe ¢ onucanueMm Mopgosorun MYHT nuamerpom
10 — 80 uM manmcano: «HureBuansle oOpazoBaHus rpadura... HeJJaBHO OBLTH OTKPBITHI
CHOBaY.

Bekope Oblila omyOiIMKoBaHA cTaThsl C OMMCAHUEM CHHTE3a B HJIEKTPHUECKOH JIyTe
no/1 Beicokum (9,3 MlIla) qarnenueM aproHa «IoJibIX yrjiepoJAHbIX HAHOPA3MEpPHBIX YCOBY,
HMEIONUX PYJIOHHYIO CTpYKTYpY(bakoH, 1960).

B 1970-x romax M. DHJI0 MeTOJOM IIHPOJIM3a C JIETYYHUM KaTaJIu3aTOpoOM
cuHTe3upoBan YHB aunameTpoM okos1o 7 HM, 0/THAKO JIMIIb 3HAYUTEIBHO MO3Ke CBS3all HX
ctpoenue ¢ yriepoansiMua YHT. IlepBast myOnmkanus o npojaykTe MOsIBHIACh MOCIE €ro
3JIEKTPOHHO-MUKPOCKOIIUYECKOTI'0 HCCIIE/JOBAHUSL.

B 1982 r. nosBuioch coodbmenue, B koTopoMm ctpoenne YHT npesacrtasieHo B BHIe
CBEPHYTBHIX B IWIHHJIP MOHOATOMHBIX JBYMepHBIX ceTok rpadura (Hecrepenko, 1982).
Kax Bugmo w3 puc.3.28, aBTOpHl MNONUIM [Jajbllle W TIPEANOJIOXKHIM BEpOATHOCTD
obOpazoBanusl axupaibHbIX U XHpadbHeIX YHT. Cyad mo npuBeJeHHBIM 5JCKTPOHHO-
MHUKPOCKOIIHYECKHM CHHMKaM, IIyTeM TepMHueckoro paszioxkenus: CO Ha Ni-kataimzatope
npu 550 °C b1 mosyuenst MYHT.

Jlump nepsite JieT cuycTs B jtabopatopuu sioHckod ¢upmbl « NEC» B mpojykrax
JAYToBOro cHHTe3a (yiuiepeHoB Oblau oOHapyxkeHbl MYHT, BbI3BaBmHe HeoObIYaifHO
Oonbmoit uaTepec (Muasuma, 1991).

Iloutn B TO Xe BpeMs HEKOTOPHIMH MOCKOBCKHMH YUeHLIMH ObLI BBEJCH TePMHH
«Gappenens» — MYHT, kotopble, 0OJHAKO, UMeJIH 3HAYUTE]ILHO MeHbIee OTHOINEHHE
JUIMHBI K IMaMeTpy, ueM HaOmogaeMble Uu3uMoi.

a ]

Puc.3.28. CxemaTHUeCKoe H300pakeHIE BapHAHTOB 3aMBIKAHHSI MOHOATOMHBIX Te€KCaroHAIbHBIX

ceTok rpadura (002) mpu oOpa30BaHHH IFIMHAPHMECKIX TPYOUYATHIX KPHCTAIIOB: a - KPYroBoe

3aMBIKaHHE IUTOCKOI CETKH; 6 - 3aMBIKaHHE ¢ oOpa3oBaHHEM O/HO3aXOJHOIT crmpamm (Imar
CIIHpAJU PaBeH NEPUOJTY a PelIeTKU rpadura).
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OtkpeitTe ¢ysuiepeHoB, nyOmukamus HWua3uMel M 1OCIIYIONHE pacyeTHbIE
pabotel 1o cpoiictBaM YHT mo3BosMiam mepecMOTpeTh OTHONIeHHe K HHM M Kk YHB,
KOTOpBIE /10 ATOr0 CUMTAIMCH MPOYKTOM OTpaBieHHs KaTaiuszatopoB. Ecim B TeueHue
JUTHTEJILHOTO BpeMeHH oOpa3oBaHHEe HUTCBHIHBIX YIJIEPOJIHBIX HAHOYACTHIl CTPEMHIIHCH
I10/IABUTH, TO 3aTeM UX CTaJIM IeJICHANPABICHHO NOJIY4aTh U U3YYaTh.

Vixe Bckope MYHT Obuin nmostyueHsl B PoccHM 3JIEKTPOHHO-IYYEBBIM HCIIAPEHHEM
rpagura (KocakoBckas, 1992), a 51eKTpoIyTOBBIM MeTOI0M OBLIIH BbICJICHBI TPAMMOBBIC
konugectBa MYHT (D66ecen n ApkasH, 1992).

1993 r. o3HaMeHOBaJICs HOBBIM JlocTHKeHHeM: oTKpeiTHeM OVHT. ITyGaukanun o6
9TOM MOSIBWIKUChL B OJIHOM HoMepe skypHajia «Nature», o/Ha 3a MOJAIMMCIMH SIOHCKUX
uccnegoBatesie (Muazuma, HMumxamwu), Bropas - cnempayucToB w3 komrmanuu «ABM»
(betbrone). UMeHHO 5TH CTaThH BBI3BAJIM Oeclipelie/IeHTHBIN pocT uucia ucenegopannii YHT.

B nepssie roap! nociae oTkpbiTHa OYHT uX HasbiBanu (ysuiepeHOBLIMH TpyOKaMu
(TyGynenamu), rpadputoBsiMU (TpadeHOBEIMHU) TpyOKamu, TpyOkaMu Ha ocHOBe Ceo.

B 1994 r. cunTe3upoBaHb! yIjIepo/iHble HAHOKOHYCHI (Xappuc).

B 1995 u 1996 rr. Obumm onyOJIMKOBaHbI Pe3yJibTaThl HMCIHOJIL30BAHUS JIa3epHO-
TepMudeckoro crnocoba noayuenuss OVHT, BnepBbie MO3BOJUBIIET0 CHHTE3UpOBATH 10 10
I' CPAaBHHTEJILHO YHCTOTO MaTepHalia 3a SKclepuMeHT. Elne uepe3 HeKoTopoe Bpems Oblia
omybaukoBaHa nepBas ctaThsi P.E. Cmomn, nocesamenHas nponeccy noiaydeHus OYHT
m3 CO c xkataimsatopoM B Buze napoB Fe(CO)s ([ait, 1996). Ilponecc, nazpannerit HiPco
(high pressure CO-CO mnpu BBLICOKOM [IaBJICHMH), MHTEHCHUBHO pPa3BUBAETCS H, 110
YTBEPKACHHAM pa3paboTUMKOB, BCKOpE CTaHET OCHOBOHM IEpPBOro KPYyMHOMACIITaGHOTO
npoussojctea OYHT.

B konme 2002 r. B Poccuu (PXTY umm. J[.HU. MenjeneeBa) 3apaboTaia mepBas
nabopaTopHast HelIpephIBHO JAeHCTBYIOMast ycTaHOBKa 1o cuHTesy MYHT.

3.9. Ctpoenne npocTeillinx HAHOTPYOOK H HAHOKOHYCOB

BeznedexTHble yriiepogHele HAaHOTPYOKH NpECTABISIIOT COOOW IWIMH/IPpHUECKUE
YaCTHUIIBI U3 CBEPHYTHIX Ipa)eHOB - JUCTKOB M3 aTOMOB YIJIePO/ia, PACIOJI0XKEHHBIX M0
yIJIaM COWIEHEHHBIX MIEeCTUYTOJIbHUKOB. OHH MOryT ObITh OSCIIOBHBIMH, B H/I€aIbHOM
cilydae CTpPOro IHJIMHAPUYECKMMH WU TPEJICTaB/IAThL coOoi pynoH. B 3aBHcHMOCTH OT
cnocoba cBepThIBaHMA TpadeHOB CYMecTBYIOT Tpu (opmbl nuauHApudeckux YHT:
axupanbHvle muna Kpecia (06e CmopoHbl KANCO020 WEeCmUYCONbHUKA OPUEHMUPOCAHb
nepnenoukynapio ocu YHT), axupanvhble muna 3uc3aca (06e CMOPOHLL KANCOO20
wecmuyeolvHUKa opueHmupoeansl napamiieivio ocu YHT) u xupanvhuvie (nwooas napa
CMOPOH Kadlcooco wecmuy2onvHika pacnonocena Kk ocu YHT noo yenom, omiudHuiM om
0 unu 90°). Paznuuusa Buausl Ha puc.3.29 - 3.31.

Puc.3.29. YraepoaHas HaHOTpyOKa THITA Kpeciia
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Puc.3.31. XupanbHad yIiIepo/fHasg HaHOTpyOKa

JIBymepHasa cTpykrypa mnopepxHoctH YHT nepemaercsi BeKTOpoM CBEpPTKH
(xupasibHOCTH) Cj, KOTOPBIH OIpe/IesIAeTCs] YPaBHECHHEM

C, = na,+ma,,

rle a; U ay — eJUHHYHBIE BEKTOpbl IeKCArOHAJILHOW CETKH: W ¥ m — Iielible YHucia
(xupasibHbIe HHJIeKChI). OG03HaUeHU UH/IEKCOB WLTIOCTpHpYeET puc.3.32.

Puc.3.32. UIHACKCH H BEKTOPHI A1 0003HA4YCHHUS OJHOCIOMHBIX
YIJIEPOAHBIX HAHOTPYOOK
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WHIeKChI 77 B M OTHO3HAYHO CBS3aHBI C IHAMETPOM HAHOTPYOKH d
0.5
d= (afﬁ)[B(nz +m’ +mn] :

B KOTOPOM @ — MeKAaTOMHOE paccTosiHue B IUIOCKOM yriepoauoi cetke (0,1421 um), u

XHpaIBLHBIM YIJIoM 0 (XapakTepu3yeT OTKJIOHEHHE OT KOH(HUIYpAIlHH 3Ur3ara U MeHsAeTcs
B npe/iesiax ot 0 o 30°):

0 = arctg I:—\/?_m 2n+ m):l win 6 = arctg [—ﬂf’(2m+n):| .

Axupansueie YHT THna xpeciia uMeroT Huekcsl (n,n) 1 0 = 30°, Tuna 3ur3ara — (n,0)
WIH, 9TO MOJTHOCTHIO SKBUBAJICHTHO, (0, m) 1 0 = 0°, xupamsupie YHT — (n,m), 0 > m > 30°.

Paguyc YHT (n, 0) onpeanensiercst ypapaenueM r = 0,0392n um, paguyc YHT (n, n) —
ypasHeHHeM 7 = 0,0678n HMm.

Hcnosib3yst 5TH ypaBHEHHS,, MOXKHO OIIpPe/1eJIMThL 3HauYeHus quametpa Y HT:

mnm |33 |60 635 |a0o |ac1o |as50 | 3515
dum |0,4068 |0.4704 |0,6780 |0.7830 [1356 |1.176 |2.034

Haumenpmuii 1 HanOoapmui quameTpsl OYHT cocTaBIsIOT COOTBETCTBEHHO OKOJIO
0.3 u 5 um. Camas Tonkass OYHT umeeT ckopee Bcero KOH(pUrypaiuioo Kpecjia U MOKET
cymecTBoBaTh ToJbKO BHYTpH MYHT. TpyOku ¢ pa3jiM4yHBIM CTPOEHHEM MOTYT HMETh
OyM3KMe 3HaAUYEeHUS JUaMeTpa.

HzmepeHne auameTpa M XHPAJIBLHOIO YIJIa HPOBOJIST C IIOMOIIBI) TYHHENIBHBIX U
NPOCBEYUBAIONIUX AJIEKTPOHHBIX MHUKPOCKOIIOB BLICOKOTO pa3pemieHHsL.

CunresupoBanble 0o0buHbIMEH MeTogaMu OVYHT sapistorcst 3akpbITbIMH M 110
MeHBIIeH Mepe Ha OJHOM KOHIE cojepikaT «mamodky». «lIllamoukw» MOryT HMeTh
chepuueckyro, KoOHHYECKYI0O WM Oosiee cioxkHyio ¢dopmy. Chepuueckue «Imanoukum»
npeACcTaBIsitoT co0oi kak Obl  paspesaHHble TIONMOJIAaM  MOJIEKYJBI  (pyJulepeHOB ¢
ISATUYTOJILHBIMHM IIMKJIAMH, He collpukacaromumucs apyr ¢ gpyrom. Tak, YHT (10,10)
MOTYT HMETh «INANOYKI» U3 MOJIOBUHOK Cagp.

JlnameTp 0,5 HM cooTBeTCTBYeT MoJjekyse ¢ysuiepena Csg, aumamerp 0.4 HM —
MoJsieKyJle HauMmeHbmero ¢ysuiepeHa Cyp. OuweBujano, yro OVHT guamerpom ~0,3 HM
nub0 He UMEIOT «IHano4ex», JIH00 OKAaHYMBAIOTCA KOHHYECKUMH «INANOYKaMu».

[Tockonbky chepuueckue «manoukw» v OVHT saBisirorcsi ckopee HCKIHOUEHHEM,
qeM mpaBwioM, Obuto Obl HekoppekTHbIM HasbiBaTh Bce OVHT mnpoponrosatsimMu
dynnepenaMu.

Konunueckue «manoykuw» oOpasyloTcsi NPH BBEJCHHM TOTO WJIH HHOTO 4YHCIIA
IATHYTOJbHBIX IHKJIOB B CETKY M3 IIECTHYTOJbHHUKOB. YT0J KOHYCHOCTH OIIpe/esaeTcs
YMCIIOM BBE/IEHHBIX ISITHYTOJILHUKOB (CM. BBEJICHHE).

JByxcnoiiaele YHT (JIVHT) Ttakke oTHOCATCS K 9MCIy Y CTOHYMBBIX HMUTEBH/IHBIX
obpaszoBanuit. OHH 00pa3ylOT 3HAYUTEIHLHO OOJIbIIE CTPYKTYPHBIX BAPHAHTOB M MOTYT
ObITH 1OJpa3/ie/IeHbl Ha YeThIPpe OCHOBHBIX THIIA: 3HI3Aar(@3uUriar, Kpeclo(@Kpeco,
3ur3ar(@xpecyio u kpecio@3sursar. Ilo pacuetam, paauycel TpyOOK HEpBBIX JBYX THIIOB
ONPeeIISIIOTCS BHIPAKEHUSIMHU:
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Voore = 0.1730,,.., +0,878 HM
Vepeeno = 0,0578n, ... +0,507 HMm.
[Ipeanonaraercs, uyro BHemuue cioun JIYHT npexacrapieHsl npeMmymecTBEHHO
MOJIYIIPOBO/IHUKOBLIMM ~ TpyOKaMHM, a  BHYTPEHHME —  METAUIMYECKUMH  WIH
HOJTyTIPOBO/THUKOBBIMH.

Crpoenne MVYHT Gonee paszHooOpazHo: OHM MOTYT OBITH COCTaBJICHBI W3
KOAKCHAJIBHBIX IWIHHAPOB («pyccKas MaTpelika»), HMeTh BH/I PYJIOHOB WM «IIallbe-
mamnie» (puc.3.33). B mobom citydae MeKciIoeBoe paccTosiHHE (BaH-/ep-BaaibcoBa IIeIh)
B MVHT 6umm3ko k paccrosiHuio Mexay ciaosMmu rpagura (0,34 HM), a y AedeKTHBIX
MVYHT wmoxetr gocturath 0.4 — 0.5 aMm. B sTtom oTtHomenunun MVYHT nHanmomuHaroT
bymiepenst ¢ JykoBuuHOM cTpykTypod. Yumcio cioes MYHT wMoxker pocrurath
HECKOJIBKUX JlecATKOB. MeskcioeBoe pacctosine B OesfedextHrix MYHT 3aBucur ot
auamerpa TpyObok D m ymesbmaetrcsa ¢ poctoM D ot 0,39 go 0,34 HM, NOJYUHSISCH
YPABHEHHIO:

d,, =0,344+0,1¢"

A

a 0 8

Puc.3.33. Cxema cTpOCHUS OCHOBHBIX TUITOB MHOTOCIIOIHBIX YTIEPO/IHBIX HAHOTPYDOK:
a — «pycCcKafg MaTpeIlKa»,; 6 — PYJIOH; 6 — «I1allbE-MaIlllc»

D¢ dext Hauboee BeIpaxkeH mpu D < 10 HM ¥ XOpomIo MpOoCIeKUBaeTCs Takke Ha
JAIVHT (cm. taxoke puc.3.10). IloBeimenue napinenust jo 8 — 10 I'lla npuBoaur k
JHHSHHOMY YMEHBIICHHIO BEJIHIUHBI dop;.

Otnenbubie YHT, cocrapsniomue oany MVYHT, oObluHO oTiMyaroTcs: 10
XHPAJILHOCTH, HHaYe ObLJI0 ObI TPY/HO BBIAEPIKATH OIHHAKOBON BEJTMUHHY ME’KCIIOCBOTO
PACCTOSTHHUA.
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Kak npasuiio, MYHT Takike SIBISIFOTCS 3aKPBITHIMM M Ha KOHIIE UMEIOT «INAloYKhy.
Qopma «manodek» 37ech Oosiee ciaoxkuasg, yeM y OVHT, u MoKeT HanoMHHATL pOCTp
OesleMHHUTA («IepTOBa MaJbIa» ), KaK IIOKa3aHO Ha pHc.3.34.

Pacuersl mokaspiBaror, uro MYHT, cojepikamue BcTaBjeHHbIE OJHA B JPYIYIO
TpyOKHM ¢ pa3HbIM XapaKTepoM IPOBOJMMOCTH, CTaOWIbHBL. DTO OTKPBIBAET €lie O/IHY
BO3MOKHOCTH CO3/1aHUSI HAHOMETPOBBIX 3JIEKTPOHHBIX YCTPOMUCTB.

Buyrtpennue TpyOku Moryr mnepememarbcsi BHYTpU BHemHHUX. ConpoTUBlIeHHe
cKosbkeHHIo BHyTpeHHeld YHT nquameTpom 5 HM, BRITATHBaeMOH U3 pacKphITOH BHEIIHEH
VYHT, He 3aBUCHT OT UX B3aMMHOTO PACIIOJIOKEHHUs], [IOCTOSIHHO HAa BCEM ITYTH CKOJIbKEHUs
u O;mm3ko k ~4 HH.

Puc.3.34. «Illamouxay THIIA «HepTOBa Maablay. CuHTe3 npoBeaeH B PXTY
um. JI.K. Mengeneesa (J.A. I'pumn, 10.B. T'agpuios)

ITepexonnoit popmoit mexary OYHT u MYHT sapmsrores JIVHT. HUx reomerpuio
MOKHO TepeaaTh MHAeKCaMU (1, M )guyr(@(1, M )puem. BHemumit quametp JIVHT Bapbupyer
ot 1.8 1o 7.1 um ¢ npeobiaganuem Tpydok auamerpoM 4.5 = 0,5 am. OT GosbIMIMHCTBA
OYHT onm oTiIM4aroTcs YBeJIMYEHHBIM BHYTPEHHUM JAuaMeTpoM (oT 1 g0 6 HM).

VienbHas NOBEPXHOCTh BHEIHEH cTOpoHbI MHAUBHAYAIbHBIX JIYHT, paccunrannas
pH ngHHOHO}KeHHH, HTO MEKCIOEBOE PAcCTOSHHE PABHO 0.34 BM, MeHseTcs ot
~800 M”/T mpn BHemHeM JHaMeTpe 2 HM Jo ~700 M7/ npu auameTpe 6 HM U ~680 M7/T
opu auametrpe 10 mm (puc.3.35). Eme Oosiee pe3ko mnajaeT cyMMapHas y/ejbHas
[IOBEPXHOCTh (BHeIHeH M BHYTpeHHeH cTopoH) MYHT, KoTopas i JAeCATHCIOMHBIX
VYHT na nopsimok Mmensine, yeMm 4t OYHT. Bee 3TH BeJIMYMHBI NOJIYYEHBI PACYETHBIM
MyTeM W MOTYT MeHAThcs B 00e CTOPOHBI B 3aBHCHMOCTH OT KOJIMYECTBA M Pa3MepoB
cpoctkoB HT, a taxxke ot gedexrnoctn YHT. [t YVHB yjenbHast moepXHocTh OJIM3Ka K
TakoBO# /11 MHorocioiHeIX YHT u Taxke CHIBHO 3aBUCHT OT [1e()eKTHOCTH (XapakTepa H
CTeNIeHH aKTUBHPOBAHHS).
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Puc.3.35. 3aBHCHUMOCTH pacCYHTAHHOI Y/ICIBHOI ITOBEPXHOCTH YIJIEPOIHBIX HAHOTPYOOK
OT 4mMcla cloeB U guamerpa:a—1;6—-2;6-3;2—4;0—-5.e—10; 01— 20

Jlonss momepxHocTHhIX aromMoB C ¢ pocrom wuuciaa cioes YHT 3ameTHo
ymenbmaercs: s JIYHT ona paBHa 66,7%, nua aecarucnoinbix YHT — Becero 18,2%
(puc.3.36).
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Puc.3.36. 1o MOBEpXHOCTHBIX aTOMOB C B 3aBHCHMOCTH OT YHCJIa CJIOEB
YIJIEpO/IHBIX HAHOTPYOOK

B 1994 r. cHagasa pacdeTHBIM, a 3aTeM H OSKCHEPHMEHTAILHBIM MyTeM ObLIO
[IOKA3aHO CYIIECTBOBAHUE YIJIEPOJAHBIX HAHOKOHYCOB (HaHOBOPOHOK). Ilareio rogamm
no3xe OBLIH IOJyYeHbI HAHOPOXKKH, KOTOpPbIE MPEeACTABISAIOT co00H KOHHYECKHEe WM
HUIUHIPOKOHHYeCKHe YacTullbl. KOHUMK THIMYHBIX HAHOPOKEK IOKa3aH Ha puc.3.37.
Cpenuii yrosl KOHyCHOCTH HaHOpOKeK O30k k 20°.
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Puc.3.37. KOHYHK HAHOPOKEK

YraepojiHbie HaHOpOXKH, B orTiauude o OYHT, nonydarorcst jazepHbIM MeTO/I10M
6e3 KaTaIM3aTopoB C BBIX0I0M GoJiee 90% M He HYXK/IAIOTCS B OUHCTKE.

Hegpexmul yenepoonvix nanompyoox. B YHT oTmedeHo TpH Kacca Je()eKTOB:

" mononocuyeckue,

= CBs3aHHBIC C pecudpuousayueir,

" ¥ CBSI3AHHBIE C HEHACLIUJEHHBIMU CEAZAMU.

Ilepebie U3 HUX BO3HUKAIOT NpH BBeJAeHUH B cTeHKH Y HT 5-unu 7-uiieHHBIX HUKIOB
BMeCTO 6-wieHHBIX. YacTo HabImoaeTcst MOsIBJICHHE CTIAPEHHBIX 5- M 7-WIEHHBIX IUKIIOB,
YTO Be/JIeT K U3MEHEHUIO JinameTpa, uckpusiieHuto u usrudy YHT. CaBoennsie jieeKTnl
Tna 5-7 u 7-5 HaszpBawT degpexmamu CmoyHa-Ysneca. Cuurtaercs, 94To BO MHOTHX
nporneccax cuHre3a YHT Bo3HMKHOBeHMEe TakMX Jie()eKTOB SIB/ISIeTCS HeH30ekKHBIM H3-3a
BBICOKHX CKOpoOcTedl oOpa3zoBanusi TpyOOK, a KOHIEHTpanus [JIe(eKTOB COCTABIIACT
HECKOJIBKO ATOMHBIX IMPOIIEHTOB.

OOpazoBaHMe H30THYTBIX, Pa3BETBICHHBIX, KOJbIEOOPA3HbIX, 3MEEBUIHBIX,
cnupaimpHbIx OVHT, a Takke TpyOok mepemeHHoro amamerpa (cowreHeHHBIX YHT ¢
Pa3IUYHBIMH HMH/JEKCAMH) MOKET NMPOUCXO/IMTh TOJHKO MPH HAIMYHU TOMOJOTHYECKHX
nedexror. Konuueckwe uwacTHIBI Takke 00pasyroTcs  BCIEJCTBHE  BHEApPEHHS
TOIMOJIOTHYECKUX 1e(DeKTOB, B YACTHOCTH HSATHYTOJILHUKOB.

JledekTsl APYrux KIacCOB MNpPOSBISIIOTCS B TOSIBICHHHM BAKAHCHI, 3aMeI[eHHBIX
ATOMOB YTJIEpO/ia, JMCIOKAUNA U JIp., OHH MOTYT ObITh TOYSHHBIMH H IPOTSHKEHHBIMH
(puc.3.38). KoHienTpaius atoMOB yIjepojia, 3aMelieHHbIX aTOMaMU JPYTHX 3JIEMEHTOB,
OOBIYHO peJIKO IMPEBBIMAET J0JH NpoleHTa. KoHIeHTpanuss BaKaHCHH, CYIs MO JaHHBIM
DITP-CIIeKTPOCKONIMA, TOXE dYallle BCEro HEBENMKA M HAXOMHMTCH Ha ypoBHe 107'%.
JlucoKkanuy BO3HMKAIOT MPH 00pa30BaHUM CTPYKTYP THIIA PYJIOHA WIH «Ialbe-Malie» H
WU3MEHEeHHMH uucia cioeB muauHapudeckux MYHT. JledekTaMu MOKHO CUMTaTh M aTOMBI
C, K KOTOpPBIM NPUBUTHI (QYHKIMOHAIbHBIE IPyIIbL. JledeKThl BOZHUKAIOT NIpU 00/Iy4eHUH
SJIEKTPOHAMH.

a 6

Puc.3.38. Tunsl JUCTOKALHIT B CTEHKAaX YIISPOIHBIX HAHOTPYOOK, KaK OHH BBITJAAAT Ha
HIECKTPOHHO-MHKPOCKOIIMYECKUX CHUMKAX BBICOKOI'O Pa3peIlICHHS: @ — C YMEHbIICHHEM YHCIIa
CIIOCE, 6—c COXpaHCHHEM 'YHCJIa CJIOEB
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YeMm Bbllle TeMIlepaTypa CHHTe3a, TeM, Kak MpaBuio, MeHbmie jaedexkTHocTts YHT.
Tononorugeckue JedeKThl MOTYT «3ajeuuBaThes» npu Harpesanuu YHT mo 2500 °C u
BBIIIE B MHEPTHOM cpejie.

Vraepoausie HT (OYHT u MYHT ¢ HeGOJBIIMM YHCIOM CJIO€B) CKJIOHHBI K
00pa3’oBaHUIO CPOCMKOG, COJIEPKANHUX OT HECKOJBKHX eJMHMI] /10 HECKOJILKMX COTeH
YHT (puc.3.39 u 3.40). Otnensasie YHT B cpocTkax JOBOIBHO MPOYHO VAEPKHBAKOTCSA
BaH-/IeP-BAAILCOBBIMU CHJIAMH, 00pa3zysl [BYMEPHYIO KPUCTALIMYECKYIO pemIeTKy. OTH
MEXKMOJICKYJPIPHBIE CHIIBI, KaK IIpeArojiaractcsa 3HAYUTC/IbHBIM OOJIBIIIMHCTBOM ABTOPOB
nyGmKanuid (HO HeKOTOPHIMU OTBEPraeTcsi), OCHOBAHbI HA MEXaHU3Me Ti-T-B3aUMO/ICHCTBUSL
BepositHO Taxoke s1eKTpocTaTHdeckoe B3auMo/ielicTere. I1ockoIbKy Ha IPUMBIKAIOMMX JIPYT
K Apyry YHT moryTt ObITh 110 MeHBIIEH Mepe ThICSYU LIEHTPOB TAKOTO B3aUMO/ICHCTBUS,
MEKMOJIEKYJIAPHbIE CHIIBI 3/1eCh BHOCAT OoJiee 3HAYMTEIbHBIN BKJIAJ, 4eM, Hampumep, y
JIBYX OTHOCHTEJIbHO HeGOIBIIMX MOJICKYJI YTIIEBOAOPOIOB.

Puc.3.39. Uaeam3supoBaHHag cX€Ma CTPOSHHA CPOCTKOB

O/THOCIIOIHBIX YTJIEPO/IHBIX HAHOTPYOOK

2000 mm

Puc.3.40. CpocTku IBYX- H TPEXCIOITHBIX YTIASPO/THBIX HAHOTPYOOK. CHHTE3
nposejicH B PXTY um. J1.A. Mengeneera (JI.A. I'punni 1O.B. T"aspiios)
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Ban-/iep-BaaibcoBbl CHIIbI SIBISAIOTCA CIHAOBIMM: SHEprHsi CBS3M HE MpeBbIMAaeT
5 k/lxw/mons. B cayuwae OYHT, y KOTOpeIX OTHOIEHHWE [UIMHBI K JUAMETPY MOJKET
poctarats 10* = 107, JHEprus BaH-Jiep-BaajbcoBa cBs3bIBaHUA cocTaBsieT 500 5B Ha
KaK/Iblii MUKPOH KOoHTakTa TpyOka-TpyOka. ITo apyrum nauueim, jist OVHT (10,10) ona
paBHa Jaxe 950 5B. BmecTe ¢ TeM CONPOTHBIIEHHE CKOJIbKEHHIO TPYOOK OTHOCHTEIILHO
JpYT Jpyra BJ0JIb OCH CPOCTKAa ropa3/lo MEeHbIe, YeM Yy CIIYTAaHHBIX MOJIEKYJI JIMHEeHHBIX
HIOJIAIMEPOB.

[TocTostnuas rekcaroHajbHOM (TPeyroJIbHOM) pelmeTKH CPOCTKOB paBHa CTOPOHE
TpeyroJlbHUKA M OINpejessieTcsi BhIpaKeHHeM ag = d + O, TJe d — JuaMeTp OT/IeIbHBIX
YHT; 6 — MmunuManbHoe MeXTpyOHOe paccTostHue. Bennunna 8 (—~0,31 am) y YHT masoro
JIHAMETPa 3aMEeTHO HHJKE MEKCIIOEBOr0 paccTOsAHUA B KpucTaviax rpagura (0,335 Hm) u3-
3a HMCKpHBIIEHHOro XapakTepa mnoBepxHocTH YHT u mpuGmikaercss K pacCTOsHHIO B
rpadure no Mepe ypeauueHus guametpa YHT.

Benmnuuna nocrosinHo#t pemerku cpoctkoB YHT (10,10) pana 1,678 HM, ux
mwiotHocTs — 1,33 r/em’; y cpocTkoB (17,0) 5TH BeIMUMHBI COCTARIIAKT COOTBETCTBEHHO
1,652 um u 1,34 rICMS, ay cpoctkoB (12,6) — 1,652 um u 1,40 r/cm’. CBoMcTBa GIM3KHX MO
quametpy YHT (okoso 1,07 HM) pazinudarotes, HO He3HauuTebHO. [locTosiHHAs pemeTkH
OVYHT aunametpom 1,1 um paBHa 1,42 Hm.

[locTostHHast pemeTku MeHsieTCs IIPH M3MeHEeHMHM TeMmnepatypbl. C IOBbIIIEHUEM
TeMIepaTypbl OT KOMHaTHOH /0 673 K MexaTomMHoe paccTosiHHe B rpadeHOBOH ceTke
yMeHbInaeTcs (TosibKo Oaroaps sromy auamerp Y HT posokeH crats Menbuie Ha 0,2%), ¢
JaJdbHeHImuUM pocToM yBeluuuBaeTcs. OpHako Omarojapsi JeHCTBHIO JOINOJHHUTEIBHBIX
dakTopoB o0mMuUA KOdPPHIMEHT TEPMUUECKOTO PACHIMPEHHS B HMHTEpBAJE TeMIepaTyp
290 — 1600 K cpoctkoB YHT otpunareies.

IIpu Bo3pactamum ruapocTaTHuecKoro jJaBieHus cpoctkn OYHT cxkumarores, a
COCTABJISIIONIUE UX TPYOKU UBMEHSIIOT CBOIO (hopmy.

Moayns m3ruba cpoctkoB YHT (BenMuumHA ero UId OJHOPOJHBIX CTepKHEH
coBnagaer ¢ MoxayJeM IOHra) yMeHbmaercs: ¢ yBeJIMYeHHEM JUaMeTpa CpocTKa. ITo
CBSI3aHO C TeM, YTO TPYOKH B CPOCTKAX MOIYT CMEIaThCsd OTHOCHTEILHO JIPYT Jpyra,
IIPOCKAJIL3bIBas BJOJIb CBOMX OCeH, HO CcOXpaHssl CTPYKTYpy cpocTkoB. IlogobGnoe
HaOo/1aeTcss M Y MakpOCKONMYECKHUX BOJIOKOH, oOpazoBanHeix YHT. OGayuenue
2JIEKTPOHAMH HIIH HOHAMHM OIIpe/IeJIeHHON SHepTrHH WHHIIHUPYET «CITHBAHHE» OT/ICJIBbHBIX
VHT B cpocTkax W NOBBIIEHHE MEXaHWYECKUX CBOWCTB CpPOCTKOB. Bpicokue [103b1
00J1yueHHs BBI3BIBAIOT aMopdu3anuio uuAuBuyaibHeIX Y HT, HO yIpouHsAIOT CPOCTKH.

CpocTku MOryT oOpa3oBBIBATLCS KaK HENOCPEJICTBEHHO IPH CHHTe3e, TaK H IpHU
qanbHedmux omepanusax ¢ YHT (oumerka, pasgesnenue u ap.). Ilpu stom guametp
CPOCTKOB MOXKeT MeHAThca. Kpome Toro, mepeBejieHHble B KOJUIOMIHBIH pacTBOp ¢
nomomeo  auMmetwipopmamuga OVYHT npu  duibtpanuum  oOpaszyioT  /I0BOJILHO
OJ/IHOPOJIHBIE TI0 JHAMETPY arperatsl, KOTOpble B CKAaHHPYIOIEM MHKPOCKOIE BBITJISUIAT
KaK BapeHbIe CIIareTTH.

OGeryno OYHT B cpocTkax mapa/uiesibHbI JIPYT JIPYry, HO MOIyT OBITh H
COIJIACOBAHHO 3aKPYUYEHHBIMH OTHOCUTEJILHO OCH CPOCTKA.

PacueTsl mokazmIBarOT, YTO CPOCTKU ¢ TPYOKaMH, OCH KOTOPBIX HapaUlejIbHbI OCH
CPOCTKA, YCTOWUYHMBEI, €CJTH OHU HEBEJIHKH Mo pazMepy. CpaBHHTEIbHO OOJIBIINE CPOCTKH
BCer/la cojiepKaT 3aKkpyueHHble TpyOku. PaBHOBeCHBIH yroJl 3aKpy4MBaHMsI 3aBHCUT OT
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JHamMeTpa cpocTKa (yuciaa Tpyook B cpoctke) M i HT aquameTpom 7.0 HM U3MeHsieTes OT
0 rpaa./aM nipu auameTtpe cpoctka 84 HM 10 2,5 rpaj/um npu guametpe cpoctka 108 Hm.
VBenuuenue guameTpa UHAMBHAYAIbHBIX HT B cpocTke moBbImaeT 3HAYCHUS] TPAHUIHOH
TOJIMHLI M YBEJWYUBAET /IMANa30H [HAMETPOB, B KOTOPHIX 3aKpY4YeHHbIE CPOCTKHU
ycroiuuBel. [IpeBpimenne pazmMepor cpocTka CBepX IPAHUYHBIX IPUBOJIUT K OTIIEILICEHUIO
OT «TOJICTOTO» CPOCTKA «TOHKHMX» BTOPHUHBIX CPOCTKOB.

Cpoctkn  MoryT ObITh IWIMHJPUYECKUMH M JieHTooOpasHbIiMU. Jluametp
[WIMHPUYECKUX CPOCTKOB OOBIYHO HaxoauTcs: B mpefenax or 10 go 20 HM, oJHaKo
MOJKET CYHIECTBEHHO OTIMYATHLCS OT ATHX 3HaueHUH. JIMHA CPOCTKOB NPEBLIMNAET JUIUHY
camux YHT wm joctHraer JecsiTKOB M COTeH MHKPOH, a B OT/AEJIBHBIX CIydasdx -
MHJUTAMETPOB M CaHTHMETPOB. B To ke Bpemsi CPOCTKHM HEOJHOPOJHBI M COCTOAT M3
BBITSHYTHIX 3epeH (KpuctauidroB) pazmMepoM orT 10 go 100 um. Tunmunoe oTHOmEeHHe
MHUPHHBI M BBICOTHI JIEHTOOOPA3HBIX CPOCTKOB, MOJIYYaeMbIX JIa3epHO-TePMHUECKUM
METO/IOM, COCTABJISIET OKOJIO 3, XOTS MOKeT gocturats 20.

«IlepBuuHbIe» CPOCTKM ¢ NpaBWIbHOM yKiIaakoH oT1aenbHblx YHT  wacrto
oObeuHsOTCST B Oollee KpyHHbIE HUTH: W3 JUCHEPCHH B TMOJSPHBIX PACTBOPUTEIX
BbIJIeJICHBI «cynepcpocTku» auaMetpoM 0,4 — 1,0 MKkM, y KOTOpbIX OoJjbIIasi 4acTh Oce
VHT opueHTHpOBaHa NapaUle]bHO ¢ OTKJIOHeHMSAMM Jumb Ao 10°. Ilpu ¢uastpanumn
koJutouaneiX Jucnepcuit OYHT B MarHuTHOM mnoJie BblLjIeJIEHBbI JIEHTHI M3 CPOCTKOB
IIAPUHOM B COTHH MHUKPOH.

«IIporycku» B IBYMEPHOH TPeyroJibHOM KpUCTAJUTHYECKOM pemeTke cpocTkoB YHT —
TOKE JAeeKThI.

IIpu omnpe/ie/IeHHBIX YCIOBHUSAX CPOCTKH CaAMONPOM3BOJILHO 3aMBIKAIOTC B KOJIBIA,
He SBJISIIONMECS] NPaBWILHBIMH (OecmioBHbIMH) «OvOinukamuy». JlMameTp Takux Koselq
coctapigeT 250 — 550 HM, TOJIMHA CPOCTKOB B KOJIbIIAX — OOBIYHO 5 — 15 HM.

I'pynne yuensix u3 IllBeitnapuun u Aurimu yaainochk cunresupoats OYHT B Bujte
CTep;KHEBU/IHBIX MOHOKpHCTAILIOB AuaMeTpoM 40-900 uM u aummHo# A0 2 MM (IIlmutrep,
2001). Kaxaplii Tako#l cTepikeHb coaepxkan OesgedexTHble TPYOKH OJHOTO JUaMeTpa,
XOT$1 B pa3HbIX CTEPIKHAX AHaMeTp MeHsuics oT 1,4 10 2.3 HMm.

Cunres Besn nmocaoiHbIM HamblleHHEM N1 U Cgo (Tostmuna ciosa 10 — 20 HM) B BujIe
«cronbuka MoHeT» uepe3 orBepcrHe JuameTpoM 300 HM H MOCJEYIONUM OTKUIOM
cTosibuka B riryookoM BakyyMme mipu 950 °C.

MoskHO roBOpUTH 0 epBUYIHOH (cobcTBeHHO OYHT), Bropuunoii (cpoctkn OYHT ¢
JIBYMEPHOH reKCcaroHaJIbHOM HJIM TPEYTroJIbHOM KPUCTAJUIMYCCKOH PEIIETKOM) U TPETUIHOM
(HMTH, JIEHTBI M KoJblla U3 cpocTKoB) cTpykType YHT. IIpu aTOM ueMm cinoxkHee cTpyKTypa
CPOCTKOB, TEM OHA MEHEee YIIOps/I0oUYeHa.

O ToM, YTO CBs3bIBAaHHE B CPOCTKHM MpoTeKaeT mocje oOpasoBanus camux YHT,
CBHU/IETEJILCTBYET CTPOEHHE HEKOTOPLIX cpocTkoB: YHT Gosbmero quamerpa, y KOTOPHIX
cinabee nposBisAoTes cHibl Ban-ep-Baanbca, yacto cocpeoTounBaroTes: Ha nepudepuu
cpocTka. B To e BpeMsi BaH-/Iep-BaalbCOBBI CHIIbI HACTOJILKO BEJHMKH, 4YTO pa3/ielIeHHe
CPOCTKOB MEXaHMYECKMM IIyTeM 3aTpyAHUTENbHO, Juist dToro Tpebyercsa Jsmbo
¢yaxknuammzanusas YHT, guGo pgelicTBHe pacKIMHHBAIONIUX ITOBEPXHOCTHO-aKTHBHBIX
BEIICCTB WK 0OBOJIAKHUBAIOMUX TPYOKH THHEHHBIX MOJIMMEPOB.

ObpazoBanme cpoctkoB ormedeHo i1 JIYHT. 3gece Takke MNpoOHCXOIUT
KoHneHTpupoBanre YHT Gosbinero fuaMerpa Ha niepudepun CpoCTKOB, OIHAKO HaOIIOAATNCEH
HeOosbmue cpoctku ¢ YHT o/iMHaKOBOTO IHaMeTpa ¥ O/IMHAKOBOM XMPATLHOCTH.
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XOTs CPOCTKH, CoJiepsKalllie TOIbKO TpeX- WJIM TOJbKO dYeThipexcioinbie YHT, ne
BBIJIEJIEHbI, OHU TaKJKe MOTYT CYIIECTBOBaTh, BO BesikoM ciyuae YHT Takoro crpoenus
BXOJAT B COCTaB «CMCIHIAHHBIX» CPOCTKOB, 06pa3013aHm.1x NMPEHMYIIECTBEHHO JIYHT

3.10. Mopdgotornyeckne popmMbl HHTeBHIHBIX YIJIePOIHBIX HAHOYACTHI]

OtkpbiTHe  (YJUIEPEHOB TMO3BOJIMIO [O-HOBOMY B3TJIHYTh HA  YIJIepOIHBIE
HUTEBH/IHbIC HAHOYACTHILI M KaK Obl 3aHOBO MX OTKpBITH. 3aciyra WwI3uMel cOCTOUT
npeskie Bcero B ToM, 4To oH cBs3an crtpoenne OYHT He Tosbko ¢ rpadurom, HO H C
¢yanepenamu. OjiHako nepeele npejactarieHuss 00 YHT kak o6 yumHeHHBIX (ysuiepeHax
BCKOpe ObLIIM OCTaB/IeHbI M3-3a IMUPOYANIIEro MHOTO0Opas3 s UX Mopgostoruueckux gopm.

«Apxurektypa» YHB Becsma paznooOpaszna (puc.3.41). I'padeHoBbie ciloM B HUX
MOTYT OBITh pPAacoJIOJKeHbl MEepHEeHIUKYIIPHO OCH BOJOKHA WJIH IO YIJIOM K Hel
(«eouHast CTPYKTYpa», «pblObs KOCTh»). Tummunas OamOykooOpaszHas CTPYKTypa,
npeAcTaBisitomasi  co0oM  mojble  TPYOKH € NEepHOJMYECKHMH  BHYTPEHHUMH
1eperopo/ikamMu, n3o0pakeHa Ha puc.3.41.0.

Opunoit w3 ¢GopM HHUTEBM/HBIX YIJIEPO/JIHBIX HAHOYACTHIL, IOJYUEHHBIX IIpH
UcIapeHuH TpaduTa MOJ BBHICOKOM JIaBJieHMM rasa, smisnorcs YHB co  cdepuyeckumu
(pparmenramu (biank, 2000). CxemaTuuecku 51¥ MHorocoiHbie YHB nokazanst Ha puc.3.41, e.
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Puc.3.41. Mopdomormyeckne  pasHOBHIHOCTH  VIJIEPOAHBIX  HAHOTPYOOK M

HAHOBOJIOKOH: @ — HAHOBOJIOKHO «CTOJOHK MOHET», 6 — HAHOBOJOKHO «EJIOYHOI

CTPYKTYPBI» (CTOIKA KOHYCOB, «pPbIOBbS KOCTB»), 6 — HAHOTYOKA «CTOIKA YAIICK»

(«ramrioBsle abaxypsl»); 2 — HAHOTPYOKa «pyccKas MaTpenikay»; o — 6amMOykoobpasHoe

HAHOBOJIOKHO, € — HAHOBOJIOKHO €O C(epHMUECKHMMH CEeKIMAMU; o — HAHOBOIJIOKHO
C TIOJIHMDAPHUYSCKHMH CEKIMAMU

H3BecTHRI nepexo/iHbie CTPYKTYPhI (BCTaBJICHHbIE JPYT B JIPyra yceueHHbIe KOHYChI
WIH HECKOJIbKo Oojlee CIIOKHBIE Tela, TaK Ha3bIBaeMble «JIAMIIOBbIE abaxyphl»),
OyiasoobOpasubie YHB, a takke amopdusie YHB. [Tociieiaue nposiBisitoT HOBBIMICHHYIO
a/IcOpOITMOHHYI0 CIIOCOOHOCTB, Jlerde JUCHEeprHpPYIOTCsA B MoJMMepax H oOpa3syroT Oojee
ycTolumBble aucnepcud. OTe/IbHYI0 HUIIY 3aHUMAIOT YIJIEPO/IHbIe HAHOBOPOHKH WIIH
HAHOKOHYCBI (HAHOPOIKKH ), KOTOPBIE TAKXKe MOTYT ObITh O/THO- HJIM MHOTOCJIOMHBIMH.

CBoeoOpa3HyI0 CTPYKTYPY HMMEIOT HUTEBH/HBIE CTPYKTYPbl «CKEJIeTHOTO» THIIA,
IIOJIVUCHHBIC TIPH OTKHIC CMCCH rpad)HTa H HUTpHOa 60pa ocJIe mMmapoBoro 1noMo.Jia.
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OmucaHpl  MHOTOYMCJIEHHBIE CTPYKTYpPhl BTOPOIO M TPEThEr0  IOPSIKOB,
oOpazoBannbie u3 nepBuuHblx YHT u YHB: cpocTkH (KryThl), KOJbIIa M3 CPOCTKOB,
aromepatsl u3 otT/enasHbIX YHT mam ux cpoctkoB, H-, T-, Y-oOpa3Hble, jeHTOUHEIE,
CHOHpajbHbIE, JPEeBOBH/HBIC, crpyrooOpasHele, OycooOpasHele u Jp. (puc.3.42).
OOGpazoBaHue VYIJIEPO/IHBIX MHKDPO- M HAHOYACTHI[ CHHPAIbHOM (opMbl ObLIO 3aMedeHO
eme B 1950-x rogax, ux noaygaiau u3 CO, C,H,, CHy, CoHy, C3Hs, C3Hg, C4Hg, C4Hsg. K
MaTepualaM MaKpOMAacIITaOHBIX pPa3MEpOB OTHOCATCH ViK€ YIOMSHYTbIE BOJIOKHA U
HanoOymara uz YHT.

Puc.3.42. Mop¢omorudeckue pasHOBHIHOCTH BTOPOTO MOPSIKA YIISPOIHBIX HAHOTPYOOK U
HAHOBOJIOKOH: a — 0y 1aBo0Opa3Hble HAHOBOJIOKHA C TIEPHO/IMMECKUM H3MEHEHHEM TOJIIHHBI
CTEHOK; & — Pa3BETBIICHHBIC HAHOBOJIOKHA, 6 — HAHOTPYOKI, TIOKPBITHIE ClI0eM aMOp(HOTO
VIIEpoa; 2 — HAHOBOJIOKHA, TIOKPBITBIE IPA()UTOBBIMH eIy iKaMHI

Pasmuuapie mo ¢opme YHT u VHB ormmmuarotess no ycroduumBocTH. Tak,
Y-o0pa3uble TpyOku npu HarpeBanuu Beime 400 °C koajnecHUpYIOT: pacXo/IsIIUecs BETBU
«CHIMBAKOTCSD).

Hackonbko MHOrooGpasHa MopQoJioruss M CTPYKTypa HHTEBHHBIX YIJIEPOJIHBIX
HAHOMAaTepPHAaJIOB, MOKHO CY/IMTh [0 JIaHHBIM, NIpHUBe/IeHHBIM B Ta0n.3.1. CreryeT umeTs B
BHJIY, 4TO TaOJMIla COMEP/KHT JaJleKO He BCE H3BECTHBIE CETO/Hs Pa3sHOBHIHOCTH (He
yUTeHbl, HAllpUMep, MHOTIOCIOHHBIE KOHHMUYECKHEe 00pa3zoBaHHs, «HAHOIHMIETKHY,
«HAHOKOJIOKOJIbYMKH», MMEIOIHE OJMH OTKPBITHIM KOHEI, a TaKKe TaKWe TPEeTHYHbIE
o0pa3oBaHus, KaK «ITHYBE THE3/0», «OTKPBITas CeTKa», «4ecaHas IpsKa» H [Jp.).
M3BecTHBI HUTEBH/IHBIE YACTHIILI, BHYTPEHHHE CTEHKH KOTOPHIX MMEIOT YIOPSI0YeHHBIH
XapaKTep, a BHEIIHHE CJIOU cocToAT H3 amopduoro yriepozaa. Ilogasinsromast wacThb
Pa3HOBM/IHOCTEH IOJIyueHa MUPOJIUTHIECCKAM METO/IOM.
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Tabauya 3.1

HeKOT()pBIe MO]’I(IIOJ[OI‘H‘{(!CI{HQ BHIbBI HUITEBHIHBIX YIVIEPOJAHLIX HAHOYACTHIX

» By yactuimst
w8
25
= OpHociolHbIE
g = OYHT A MVHT VHB
= HAHOKOHYCBI
[&]
«CTonKa MOHETY,
6aMOyKo0OpasHbIe,
AXupasbHbIe: Y P
o «pBIOBS KOCTBY,
o «KpEeCIIo», «Pycckas
OycooOpasHble,
5 «3Ur3arm, MaTpemniKay,
= Hanopoxku OynaBoobpazHeIe,
8 XHpaJIbHBIE, PYJIOH, «Tafbe-
- 3IMeeBU/IHbIE,
= HOJIMTOHHU3HD, Marmie»
CIUpaJIbHbIE,
CIUTFOIIeHHBIE
«JIaMIIOBBbIE CTEKJIa»,
amop(Hbie
YuopsijjoueHHbIe
CPOCTKH,
pa3BeTBJIEHHbIE, JlenTs1, 1BOHHBIE
o | YoopsiioueHHbIe
Z o CpocTku: THIA COUJICHEHHBIE, CIIHpAJIH,
= p ; «TIOYKH», JAPEBOBHIHBIE, | HaHOOYMara, «pbiObs
S | pa3BeTBJICHHBIE,
e «IIBETKA cripyTooOpasHbie, qenysh, «KI1yook
2 COWICHEHHEIE, ] i
o) I XpH3aHTEMBI» «TpyOKa B YepBeit», «BapeHble
y TpyOKe», CIIAreTTI, IPaHyJIbI
HaHoOyMara,
IpaHyJibl
JKryTel, KoIbIa U
y AKryTsl, Koibla u
HaHoOymara uz3
o HaHoOymara u3
Z | ymopsytodeHHBIX
i YHOPS/I0OYEHHBIX
& CPOCTKOB M HanoOymara u3
S CPOCTKOB H
5 JApYTUX BTOPHYHBIX YaCTHI]
e, ApPYTHX
= BTOPHUYHBIX
BTOPUYHBIX
yacTull «baku-
JaCTHI]
KEMUYT»

K VHT u VHB 6au3ku yriepojHble BOJOKHA, IoJIydaeMble U3 razoBoit ¢assl, XoTs
STMOHCKHE MCCIIe0BATEIH NPEANOYUTAIOT BBIJIE/IATE UX B OT/ICIBHYIO TPYIIY YIJIEPOAHBIX
HUTEBH/IHBIX MAaTEPUAJIOB.

Ko propmuneiM YHT wmoxkno otHectn OVHT m MVYHT, mnokpseiteie ciioeM
aMop¢HOTo yriepoja.

Koumnbma (Topsl, «0y6auku») uz cpoctkoB OYHT umeror quametp okosio 270 Hm, a u3
MYHT ~ okomo 500 ©m. CBoUM IPOHMCXOXK/IEHHEM IIPH  YILTPa3BYKOBOM
JUCIIEPIUPOBAHUM OHU 00s3aHbI BaH-/IeP-BaaIbCOBLIM CUJIAM, HO MeXaHU3M o0pa3zoBaHus
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MOXKeT ObITh pazauuHbiM. Komblla J0BOJBHO YCTOWYHMBBI K JACHCTBHIO XHMHYECKHX
peareHTOB ¥ MeXaHHYECKHM BO3/I€UCTBUSIM.

Ceuyenne VYHT B cpocTkax MoXeT OTIMYATECS OT  IHJIMHIPHYECKOTO.
[Tommronuzanusa tpy6ok HaGmogaeTcst NpH NPHUJIOKEHUU BHEIIHETO JIaBJIEHUS B CPOCTKAX
MVHT (puc.3.43), a taxke B TpyOKax, HOJIVUEHHbIX B KaHaJlaX IOPHCTOrO OKCHJIa
ATFOMHHHSL.

Puc.3.43. Tlommronmsais HAHOTPYOOK B CPOCTKAX

Cnupansueie YHT npejcrasisitor coboit peryssipHble CTPYKTYPhI € JHAMETPOM H
maroM BuHTa oT 10 HM 70 1 MkM. OHH NTOJIMTOHU3HPOBAHBL, 3aKPYUYeHBI BIIPABO H BJICBO U
COCTOSIT M3 KOPOTKHMX JIMHEHHBIX cermeHToB. OOpazoBaHMe cHUpasieil CBS3aHO C
[epPHOAMUECKUM BHEJpeHHEM 1ap Je(eKToB.

OnHoM U3 BepOATHBIX NMPHUIHH PETYJISIPHOTO paclpe/eIeHHs STHX MMap MOKeT ObITh
pa3/iMuHasi aKTUBHOCTH JIBYX CTOPOH (IpaHei) yacTULbl KaTalu3aTopa, YTO IPUBOIUT K
pa3HO# CKOPOCTH PoCTa JIBYX YUACTKOB CBEPHYTHIX Ipa)eHOBBIX CETOK.

«Baku-)xeMuyr» — Matepuai, coctosmuid w3 OYHT um mpeacraBisromuii coboit
rpaHyJibl JHaMeTpoM 2 — 4 MM ¢ HachIMHOM IUIOTHOCTHIO, B 40 pa3 mpeBblmarome
HACBIIMHYIO IUIOTHOCTS JApyTHX Gpopm OYHT.

I'uporepmanbabiM MeTo10M ObLii nOSTy4eHsl MYHT u VHB auametpom 50 — 200 am
¢ rpad)eHOBBLIMH CJIOSIMHM, PACHOJIOKECHHBIMH MOjA yriiom 4 + 8° k ocu wactunpl. OHH
HMEIOT CBOeOOpa3HOe CTPOCHHE TUIIA CBEPHYTOro OYMa)KHOTO KyJibKa (pHc.3.44).

CunresupoBansl MYHT, copepkamue Bo BHyTpeHHed mosoctn OVYHT ¢
JHaMeTpPOM, B HECKOJIbKO pa3 MeHBIIMM /jHaMeTpa BHyTpeHHed mnosioctu MVHT.
Ilonyuensl Takke MVYHT, copepxammue yriaepojHble HAHOIPOBOJIOKH — JUTHHHBIC
YIJIEpO/IHbIE IETIOUKH.

Mop¢onorusa u crpykrypa YHT MOryT MeHATbCA NOJ JeHCTBHEM BHENIHHMX
yeaoBui. Tak, omkur amopgueix YHT muametpom 10 — 60 aM B uHepTHOH cpejte npu 1700 —
2000 °C npuBOJIMT K UX KpPHUCTA/LUIH3AIUU ¢ oOpazoBaHueM rpadeHorrsix cioer. IIponece
npoTekaeT B ABe cTaguu (puc.3.45): Ha mepBoil oOpasyiorcs HeGosbmue rpadUTOBBIC
KPHUCTAJUIMTBL, a4 HA BTOPOM KPUCTAJUIMTHI PEOPHEHTHPYIOTCS, VKPYIHSIOTCS U 00pasyroT
JaCTUYHO YHOPSAOYEHHYIO TPeXMEpHYI0 CTPYKTYpPY, MOA00HYI0 TypOOCTpaTHYecKOMY
rpadury.
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Puc.3.45. U3meHeHHe cTpoeHH MPH OT/KHUTE aMOP(HBIX YIJIEPO/HBIX HAHOTPYOOK.
CTpenKa MoKa3bIBa€T HAIIPAaBJICHHE MOBBIIIEHHA TEMITEPATY PBI

BoicokoTemneparypueiit oTkur YHB, uMeromux cTpyKTypy BJIOKEHHBIX JIpYI B
Jpyra KOHyCOB HJIH BJIOJK€HHBIX YCeUeHHBIX KOHYCOB, IPUBOAUT K oOpa3zoBanuio MYHT ¢
nUIMHApUYecKUMU cTeHKkaMd. Ha npomexxkyrouHod ctajuu oOpasyerTcsi CTpYKTypa,
HMEIOIasi BHEIIHHUE IWIMH/PUYCCKHE CTCHKH M BHYTPEHHHUE CJIOM C LUWIHHAPHYECKHM
pacnoJiokeHHeM rpadeHoB (puc.3.46).

Ha onpenenennnix craausix orxkura Y HB npoucxoaut oGpazoBanue netesb Mexay
COCe/THUMH KPOMKaMH CJIOEB KaK BHYTPH, Tak u cHapy:ku Y HB (puc.3.47).

VYeennuenue auamerpa OYHT npu omxkure, HaOmojaeMoe HKCHEPUMEHTAIBHO
(puc.3.48), NpOMCXOUT NMPH OTHOCHTEIBHO HU3KHUX TeMIepaTypax U MOKET ObITh CBA3AaHO
C MEXaHU3MOM «3aCTEKKU-MOJIHUMY». DTOT MeXaHU3M «ciutapiaeHus» AByX OYVHT ocnoBan
Ha 0000menHoM MexanuzMe CtoyHa-YaJbca.
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Puc.3.46. ObpazoBaHHe IIUIMHAPHYECKIX Tpa)eHOBEIX CI0EB MPU OTKHUTE YTIEPOJHBIX
HAHOBOJIOKOH CO CTPYKTYPOIl «CTOIKH JTaMIIOBBIX a0aKypos». CTpellka [OKa3bIBacT
HAIIPaBJICHHE ITOBBIIIICHUS TEMIIEPATY Phl

Puc.3.47. YriepoaHoe HAHOBOJIOKHO IOCIE OT/KUIa B BakyyMe ripu 1400 °C u B atmocdepe
aprona nipu 2800 °C. Buansl ogHocoitHbIe (1) i MHOTOCTOIHBIE (2) meTm; uudgpamu 3
0003HaYEHBI Ha4ala O/HOI1 3 BHY TPEHHHUX IEPEMBIMEK B KAHAIIE BOJIOKHA
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Puc.3.48. U3menenne auametpa HaHoTpy60oK HiPco npm oxure (5 4, Bakyym ~10° ITa).
IIpu 2000 °C TpyOUaThIX cTpYKTYp MeTo0M KP-cniekTpoMeTpHH He 0OHApYKEHO

ITopucThiif yriepoisslif MaTepuall, onMcaHHbIM B KkHure @eHeloHOBa, SBISCTCS
TaKXe CTPYKTYPOH TpeThero mnopsiika.

B 1998 r. OGbuia oOHapykeHa o/lHA M3 MHTEPECHBIX (OpM HUTEBHIHOTO TpyOUaTOro
yriepojaa — HaHocTpydkH (JIynmm, Cmut, 2000). Cxema cTpoeHHs1 HAHOCTPYUKa MOKa3aHa
Ha puc.3.49. Monekyibl Cgp crocoOHbl ajcopOMpOBATBCS HAa BHEINHEH MOBEPXHOCTH
HAaHOTPYOKHM, MHIPHpPOBATh 110 MOBEPXHOCTH M 3allOJIHATH €€ BHYTPEHHIOIO IOJIOCTS,
nonajgas Tyaa 4epe3 Aedekrtsl. IlpeamosaraeTcs, 4To NpH TaKOM MeXaHH3Me IPOIECce
3allOJIHeHUs NPOTeKaeT MPH TeMIIepaTypax, UMEIOMUX HIDKHIOK H BEPXHIOK I'PaHHUIbL
OTH TpaHHUIBI  OMNpPEJeJIAIOTCS  COOTBETCTBEHHO  HEOOXOAMMOCThIO  obecredeHUs
JocratouHoit  ckopoctd  Auddy3MM M JJOCTATOMHOrO BpPeMEHH MpeObIBaHHUs Ha
nosepxHocTd. Kpome Toro, ects rpanuipl guametpos Y HT. Huknsasa rpanuna quamMeTpos
npu 3anoaHenun YHT monexynamu Cgy cocrapasier okosto 1,37 uMm, mosiekyinamu Crs 1
Cqg — 1,45 uMm, a mosniekystamu Cgg - 1,54 am.

Piuc.3.49. Cxema CTpOCHHS HAHOCTPYUKa

Pacnonoxenne monexyn Cgo B mosoctn OVHT moxer ObITh paznuuneiM. Kpome
IPABUJILHBIX LEINOYeK MOJIEKYJIbI MOryT oOpa3oBbIBaTh HeOOJIbIIME TIPYIIbI, Hapbl U
HaXOJUTBCS B HM30JJHPOBAHHOM COCTOSIHHH, TIpHYeM TPYIIBI W Tapbl CIOCOOHBI
niepeMenmaThest BHYTpH TpyOok. OGiyueHHe >JIeKTpOHAMHU YCHIIMBaeT oOpa3oBaHHe Tap, a
[IPO/IOJDKUTEILHOE WM HHTEHCUBHOE O0JIyUeHHe Be/IeT K CIMSIHUIO MOJICKYJ (hyIUIEepeHOB.
Omxur npu 1200 °C npUBOAUT K NOJTHOMY CIUAHHMIO B oOpaszoBanuto JIYHT, mexcioeBoe
paccTosiHue Y KOTOpbIX HaxoauTes B Auanaszone 0,35 — 0,38 um.
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Ctpoenne HaHOCTPYYKOB ¢ MoJjekyiaamu C;p cioxHee crTpydkoB ¢ Cgp M3-3a
BBITAHYTOH (OPMBI  MOJIEKYJI, KOTOpbIE MOIYT IO-Pa3HOMY OPHEHTHPOBATHCA BO
BHyTpeHHed mosnoctw YHT. Tak, pacuetHbiM myTem mnokaszano, uro B OVHT (11,11),
uMmeromux guametp 1,49 uMm, jumHHbIE ocH C79 OpUEHTHPOBAHBI NEPIEHUKYIISIPHO OCU
Tpyokn, a B OYHT (10,10) ¢ jaumamerpom 1,36 HM — mnapaule/ibHO 5TOH OCH.
DKcrnepuMeHTalbHbIE HCCIIEJOBAHUS MTOITBEP/IMIIN TAKOE CTPOEHHE HAHOCTPYUKOB.

Cunresupopans! aumepHsle HaHOCTPYUKH (Ce0,Cr0)@AYHT, (Cgo-O-Cr0)@OVYHT,
(N@Cs0)@OVHT, a Taxxke (Sc@Cs)@OVYHT, (ErsN@Cso)@OVHT u nogoGuble UM
COE/IMHEHUSL.

Monekyasl (yJUlepeHOB B IIOJIOCTH HAHOTPYOKHM N0/ JeHCTBHEM HarpeBaHHs
NOJMMEpH3YIOTcsl M ciauBaioTess (mo Mmexanumsmy CroyHa-Yoanbea), oOpasys cHadala
auMepbl, «HaHoOautoHbDy Cjap, 3aTeM Oosice JUIMHHBIE «HAHOOAUIOHBDY M, HAKOHEIl,
BHYTpeHHHe TpyOKku. TemmepaTypa Havaja MOJMMEpPHU3AlMM OTHOCHTEILHO HEBBICOKA H
coctapsieT 1100 °C, mpomecc mnporekaeT ¢ BbleJeHHMeM Terwia. B sTtom mpounecce
HaHOTPYOKa BBICTYIIAeT KaK HaHOpeakmop.

CpamuBanue «HaHOGAIOHOB» IMOKA3bIBAET, 4TO MeXaHU3M CTOyHa-Y5JIbca MOKET
IIPUBO/IUTH K coe/iuHeHUI0 oTaebHbIX OVHT no tuny «rosioBa K XBoCTy», a TaKiKe JBYX
OVHT no Tumy «rojoBa K TroJIOBe», XOTS B DKCIEPUMEHTaX TaKHe IIPOIeCChl He
HaOJII0/1aJIUCE.

Opnocroiineie HaHOKOHYCHI, Kak © OYHT, cnnocoGubl 06pa30oBbIBaTH CPOCTKH, XOTS
B HEKOTOpPBIX paboTaX HMX Majlasg CKJIOHHOCTH K 5DTOMY CUMTaeTCs JIOCTOMHCTBOM.
PacyeTHpIM myTeM mokazaHa BepOSITHOCTh 0Opa30BaHMSI W3 HAHOKOHYCOB HPOTSDKEHHBIX
JIBYMEPHBIX CTPYKTYP, HMEIOIHUX OCH CHMMETPHH IATOTO MOPSIKA.

K nuimHApOKOHMYECKUM OJHOCJIONMHBIM HAHOYACTHUIAM OTHOCATCHS HAHOPOIMKKH.
OHM HMMEHT KOHMYECKYI0 «IIAmo4yky» ¢ YIJOM pacKpbITHA KoHyca —19° m
HWIMHAPHYECKYI0 4YacTh JuametpoM 2 — 4 HM. HemocpejacTBeHHO Iociie CHHTEe3a
(ob6myuenne rpadura ¢ mnomompio COs-ytazepa NpH  KOMHATHOH TeMmIieparype)
HUIMHIPUYECKUH KOHel| ObIBaeT 3aKpbIT, OJHAKO NPU OKUCIACHUH Or B MATKHUX YCIIOBHUAX
HAHOPOIKKH PACKPBIBAKOTCSL.

HaHoposxku MoryT OBITH He TOJBKO OJTHOCIOHHBIMH: B OIpe/e/IeHHBIX YCIOBHAX
JazepHbIM 00JyueHHEM rpaduTa MOIYYaOT HIIMHAPOKOHUUECKHE YACTHIbI, HMEIOIIHE
3 — 6 rpadenoBrIX cioes, JmuHY 50 — 100 HM, qUameTp B ocHOBaHuUM 2 — 10 HM | yroi
KOHYCHOCTH 0KoJ10 20°.

Hanopoxku 00pa3yloT BTOPHUYHYIO CTPYKTYpPY, KOTOpas HAaIOMHMHAaeT I[BETOK
xpu3aHTeMbl (puc.3.50). MekcaoeBoe paccTOsHHE B CpOCTKax ropasjao Oosibine, 4eM Y
rpadura u cpoctkoB OYHT. Ilociie KoHTpoOIMpyeMOTro OKUCIEHUS V/ie/IbHas MIOBEPXHOCTh
cpocTkoB yBesuuuBaercsa ot 300 — 400 go 1000 M’/T, UTO JenaeT CPOCTKH YHHKAJIbHBIM
MaTepHajioM i aacopOuuu raso. OO6beM MHKpomop B cpocTkax paseH 0.1 miu/r, a
KaKymasicsa IUIOTHOCTE — 1,25 r/cM’, TOCIe OKHCIHTEIBHOrO AKTUBHPOBaHUSA 00BEM
MHKpornop yeeauausaetcs 10 0,45 MiUr.
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Puc.3.50. CpocTOK HAHOPOIKEK THIIA «1[BETKA XPH3AHTEMED)

CTpyKTypoO# TpeThero mopsiika MoKHO CHMTaTh TPaHYJIbl, COCTOSIIAE M3 YacTHI] CO
CPEeJHMM JuaMeTpoM OKoJo 80 HM, KOTOpbIE COJAEpKAT «IBETKH XpH3aHTEMB» U
amop(HbIH YIiIepos.

Eme oana BropuuHas ¢opma HaHOpOXKeK — moukooOpasHble arperatsl. Ecim
«IBETKH XpU3aHTeMbD» 00pazyrorcs IpU aTMoc(epHOM JaBJIeHUH, TO «IIOUKH» — B IIOTOKE
reJIvs WM aproHa MpH PasIngHbIX JaBieHUsIX. CpeTHHHA pazMep Mop B «IOYKax» OIH30K K
1.0 aMm.

JByxcnoiapie YHT Takike oOpasyroT cpocTku. IIpu sTtoM HeGosbmue o pazmepy
cpocTkH coctoaT u3 JIVHT ogunakoBoro crpoeHus.

Onucanbl ruOpuaHble TpeTHUHbIEe OOpa30BaHMS, coOjepikalmiie OJUHOYHYIO
HaHo4acTHIy KaTanm3atopa (Ni) amametpoM 5 — 20 HM, OKpPYKEHHYIO IUIOTHOMH
rpadeHOBOM 000JI0OUKOH M 1MOBepX 00OJOYKH — CPOCTKOM M3 HaHOpokeK. OHU HMerT
cepuueckyro Gpopmy auamerpom 50-100 Hm.

I[To wmopdosorun MVYHT suaumrennbHo pasHooOpazuee OVHT. Boijgesnenst
crunomenssle no Beed jummHe MVYHT. W3smepenus, npoBejeHHble Ha IATH oOpasiax,
MOKa3aJIk, YTO IIHPHHA TaKUX TpyOok cocTapigeT 20 — 22 HM, BbIcoTa — OT 4 10 6 HM, a
mIMpUHA BHYTpeHHeH mojoctH — oT 15 g0 16 M. TeopernueckuMu pacyeTaMu
YCTaHOBJICHO, YTO Ui HAOJIOaeMbIX pa3sMepoB IIOJHOCTHIO CIUTIOIEHHBIE TPYOKH
SHEpPreTHYECKH ycToWuuBee HWIMHApUUecKUX. OOpa3oBaHMe CPOCTKOB ¢ Iapasule/ibHON
ykinaakoi oraeabHbIx MYHT menee xapaktepno, wem g OVHT m JIVHT, 3aro
pa3BeTBIEHHBbIE CTPYKTYPhI BechbMa pa3HooOpa3Hbl. PacnpocTpaHeHHBIMH CTPYKTYpaMu
TPEThEro MOpsAKA 3/1eCh SIBJIAIOTCS I'PAaHYJIbl M3 CIIyTAHHBIX HAHOTPYOOK, pa3Mep TaKHX
IpaHyJ MOKET JJOCTHTaTh 2 — 3 MM.

MVYHT ¢ koHMYeCKMM pacIiojioiKeHUeM rpa)eHOBBIX CJIOEB U IOJIOCTHIO B LEHTpE
(«mammoBble abakypsl») cieayeT oTH4aTh oT YHB, mocTpoeHHBIX M3 KOHYCOB M He
MUMEIOIMUX LEHTPAJILHOM IOJIOCTH («eJIOYHAsl CTPYKTYpa», «pblOuil ckeier»). CrpoeHue
MVHT tuna «iamnoBbix abaxypoB» MoxkeT ObITh OXapaKTepH30BAHO TpeMs
napaMeTpaMH: BHEIIHUM paJUyCcOM, PaJHyCOM BHYTPEHHEH MOJIOCTH U VIJIOM MEXIY
rpapeHOBBIMH  COSIMH M ochto  TpyOku. Ha  mpoMexkyTouHBIX — cTajusx
BeICOKOTeMIepaTypHoro omxkura takux MYHT oOpa3syroTest cTpyKTyphl H3 BJIOKEHHBIX
JpYT B Apyra yCeYeHHbIX KOHYCOB, «CTOIKA» KOTOPLIX HAXOAUTCS BHYTPH TPYOKH.

Pazpetrienne MYHT MokeT IpoHUCXOAUTH ¢ 00pa3oBaHHEM He TOJBKO JABYMEpHBIX,

HO ¥ TPEXMEPHBIX CTPYKTYP.
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[Tupommszom CH; B cmecu ¢ H, (oOnemHOoe oTHomeHue 1:4) Ha KaTaamsaTope
Co-MgO mnpu 1000 °C nosydeHsl JpeBOBUAHBIE YAaCTHIIBI CO «CTBOJIOM» AuaMmeTpoMm 30 +
40 aM u Oojee TOHKHMH «BeTBAMH». [Ipeamosaraercs, 9To TaKHe YacTHIBI JIydine
IOAXO/IST IS CO3JaHUsI KOMIIO3ZUTOB, ueM o0brunbpie MYHT.

Crpoenne cpoctkoB MVYHT, mnoaydennsix mmpoimszom cmecu CHy (5%)-Hy ¢
[OMOIbIO ropsued npoBosoku Ha Ni-Mo-karaauzatope U Ha3BaHHBIX «KeJIPOBBIN Jiecy,
nokazaHo Ha puc.3.51. Ilpm 3amemenuu gactu atomMoB C artomamu N moigydeHbI
CTPYKTYPBI THIIA «KAKTYC» € «KOJIOYKAMMU» HA BHENIHEH NTOBEPXHOCTH.

Puc.3.51. CtpyKTypa THIIa «KEJAPOBLII jIcc»

Mopdonorus MYHT 3ameTHO H3MeHSETCS MPH HEKOTOPHIX BH/IAX MeXaHHYSCKOTO
Bo3jekcTBus. Tak, /UIMTeIbHBIH MOMOJI B HIAPOBBIX MEJIbHMIIAX BbI3BIBAET YKOPOYEHHE,
HCKpHUBJICHHE H pacKpbITHe TpYOOK (yajleHHe «IIaroYyek»), YTO MPHUBOJIUT K YBEITHUSHHUIO
yJ1eJIbHOM 1TOBEPXHOCTH M COPOIIMOHHOM eMKocTH 110 razaM. Buemuue ciiou MYHT moryT
OTHICJIYIIHBATBECA, a pasMEp arperaToB yMEHbIIATLCA.

3.11. ®u3nueckne cBOICTBA YI/IePOHBIX HAHOTPYOOK

Mexanudeckue M  TepMuUueckue cBodcrBa miaeanbHbix  OVYHT  smisrorcs
BBIJTAIONAMHCS M OTIPe/IeIII0TCS HECKOIBKHUMHE (pakTopamu:

® HeOOBIYHO BBICOKOH IMPOYHOCTHIO spz-cnmeﬁ C-C;

= peKop/IHO OOJIBIION IVIOTHOCTHIO YIIAKOBKH aTOMOR B rpadeHax;

® OTCYTCTBHEM WM MAaJlOW IUIOTHOCTHIO JAe(PeKTOB CTPYKTYPhI (MMEHHO HATHYUE
Heu30exkHO oOpasyromuxcst JAeeKToB JiejlaeT peajbHyI0 IPOYHOCTh, HAIpUMeEp, CTAJIU B
50-100 pa3 HHKe paccUUTaHHOH TeopeTHYECKH /1 Oe3/lepeKTHOro MaTepHasia).

[lo mexanuveckuM cBOHCTBAM HAHOTPYOKH HpeBOCXoAAT OOJLHIMHCTBO JIPYTHX
marepuasioB. Moayas HOunra (moayis ynpyroctu) OVHT zaBucuT oT MX JHaMeTpa,
XHpaILHOCTH M JedekTHoCTH M gocturaet 1,25 TIla; aa tpy6ok (10,10) uzmepennas u
paccuuranHasi BequuuHa Ormmszka Kk 640 ['Mla. ¥V cpoctkoB OYHT mojynas FOnra mosxker
OBITH 3HAYUTEJILHO HIDKE (TIPH HaMeTpe cpocTKoB oT 15 10 20 HM Beero okoso 100 I'TIa).

Cpoctku OYHT umeror npejen npouHoctd npu pactsbkenud 15 — 52 I'Tla (uro
COOTBETCTBYET AepopManiuu npH pacTskeHHH 70 5,3%), MYHT - ot 11 10 63 I'Tla (12%).
PacTsokenne MoxkeT compoBoxaaThesi oOpasoBanueM jedektoB CroyHa-Yaibca, BO
BCSIKOM cJiTyuae Inpu Jieopmainuu Ha 4% dHepreTHUeckuii Oapbep /i1 0Opa3oBaHMs TAKHUX
nedextoB cHmkaetcs ot 10,4 g0 7,6 5B, a npu aedopmanuu Ha 11% - g0 4,1 5B.
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Pacuets! qim MYHT nokazanu, gto Moayns OHra gocturaer 3nadenus 1.8 Tlla,
U3MepeHHas BeJImyuHa cocTapisaeT okoso 1,3 TIla (y oObIYHBIX YIJIepOoJAHBIX BOJOKOH OHA
6mm3ka k 800 I'Tla) (Tpecu, 1996).

CnaGoe B3aMMOJICHCTBHE MeXIy TpyOKaMH B CPOCTKAaX ONpeAe/isieT HU3KOe
3HAYEHHUE MOJIVJISI CJIBMra, KOTOpbIH OJIM30K K XapaktepHomy /Ui rpadwura. OGinyuenue
3JIEKTPOHAMM, BbI3bIBarolee 0Opa30BaHHe MOMEPEUHbIX CBsA3eH Mexay oTjaeabHbiMA YHT
B CpPOCTKaxX, pe3Ko MOBLIMAET MOJAYJIb CJBHUIa M HEKOTOpble /Jpyrue MeXaHHYeCcKue
XapaKTepHCTHKH (MO/IyJIb H3ruba cpocTKOB yBeauuuBaercs B 30 pa3s).

[Ipu onpeaesieHHH HEKOTOPLIX (U3UYECKUX CBOMCTB HEOOXOAMMO MPUHHUMATh TO
WM HHOE 3HaueHHe ToamuHel cteHok OHT, uTo mpe/icTaBisieT HeMasible TPY/HOCTH.

HaunGosiee BeposiTHOe 3HaYeHHE TOJIMMHBI, pekoMeHAoBaHHOe B 2003 r., GiM3Ko K
0,06 um (cocrapisier 0,0617 um, uwim 43,8% rTeoperuueckoro auamerpa aroma C). Ecim
3TO TaK, TO 3HaueHWe Moy HOHra, BEIYMCIIEHHOE MPH NPEANOoI0KEeHHH, YTO TOJIHHA
coctapiisieT 0,34 HM, JO/BDKHO OBITH 3HAYUTEILHO OOJIBIIE.

O6wemuasn cxxumaeMocts OVHT moBonsHO Benuka u coctasistetT 0,024 I'lla’. IIpu
cxatun OYHT B cpocTkKaX NOJMIOHU3ZHPYIOTCS WM CIUIIOIIMBAIOTCS, HO IIPH CHSITHH
HArpy3Kd BOCCTaHABJIMBAIOT CBOIO hopmy. OTHOIEHUE JUIMHHON U KOPOTKOM /IMaroHaiei
B ceueHnn OYHT mensercs ot 0,991 npu Hynesom pgapienud o0 0,982 npu naBiieHMH
1,5 I'lTa. CymecTByeT onpe/ie/ieHHOE KPUTHYECKOE JIaBJICHUE, IIPH KOTOPOM HMPOUCXO/IUT
CTPYKTYpHBIH azosslii nepexoa. Dto aasienue st OYHT (10,10) cocraBiser ~2,1 I'Tla.
Xapakrep U3MeHeHUH reOMETPHUH I0Ka3aH Ha puc.3.52.

EPCT I 7O

JO00F ASSY
9 vz
Q%OOOO%' NN

NONONONTT '?‘4)",;‘7/2’

Puc.3.52. U3MeHEHHE r€OMETPHH OJTHOCIIOIHBIX YIJICPO/JHBIX HAHOTPYOOK 1101 JaBJICHHEM:
a-P=0,11TIa; T=298K;6—-P=311la, T-298 K

Besmmuuna kpuruueckoro jgapiieHust 3apucHT ot Auamerpa OVHT u yBenmuupaercs ¢
ymMeHbImeHHeM uametpa (puc.3.53). Ilosegenne OVYHT ¢ oTHocuTenpbHO OOJIBIIMM
JMaMeTPOM HECKOJIbKO OTIHdYaeTcss oT noBefeHHs Manmbix OYHT: yxe mpu oGbraHOM
JIaBJICHUH OHHU WJIH TOJIUTOHU3UPOBAHBI, WIH JIaXKe YACTHYHO CILUTIONICHBI.

CpocTKM HaHOCTPYYKOB IIpH HArpeBaHHU II0J JABJIEHUEM [peBpamialorcss B
reKCaroHaJIbHbIH  ajiMa3s. 3aMeTHble HM3MEHEHHMS! IIPOMCXOJSAT IIPU  YVBeJIUYEHUU
ruipocTatudeckoro jJgasinenus u y MYHT.

N3menenue popmel otaensubiX YHT B cpocTKax MeHSET UX JIEKTPOHHbIE CBOMCTBA.

Hutn guamerpom 3 — 20 HM u jumHONH — 10 MM M3 VIOPSIOYEHHO YJIOJKEHHBIX
apyxciaoduplx YHT umeror sgydmme MexaHudeckwe cBodcTBa, 4yeM HUTH M3 OVHT: ux
1pe/ies1 IPOYHOCTH Ha pacTsbkeHue paseH 1,2 I'lla, a moayis FOnra - 16 I'lla.
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Puc.3.53. Kpuspie wmn3MeHeHHS o00BEMa CpPOCTKOB OJHOCIIOIHBIX VIJIEPO/IHBIX
HaHOTPYOOK IpH yBelmueHHH AaBieHHA: 1 - HanotpyOxu (7,0), 4 = 0,54 HM,
nioporosoe gapierue 11 I'Tla; 2 — (6,6), d = 0,8 HM, roporoBoe gapiaenue 7 I'Tla; 3 —
(13,0), d - 1 um, noporosoe gasicHue 4,5 I'Tla; 4 — (10,10), d = 1,39 HM, noporoBoe
npasneHue 2 I'Tla; 5 — (19,0), d = 1,47 uM, opororoe gapncHue 1,5 I'Tla

IIpu wm3ruGanum YHT Ttakke NpOSABIAIOT HCKIIOYATEIBHYIO 53JIaCTUYHOCTD,
00pa3yloT cBoeoOpasHble Y3JIbl, KOTOpbIE CIIOCOOHBI PACHPSMIIATBCSA. ITO CBOMCTBO
ormmuaer HT or OonesmuHCTBA APYIrux MaTepHaloB, HMCHIHX COIIOCTABHMYH
HIPOYHOCTh, HO SIBJISIIONIMXCS BeChbMa XPYIIKUMHU.

BoicTpoeHHble nepHeHIUKYJISIPHO TIoBepXHOocTH mouiokku YHT («wiec») mnoa
Harpy3Kol BJOJIb OCeH CKJIA/bIBAlOTCA, KaK MexXa TapMONIKH, NpHYeM TMpejeibHas
BeJIMUMHA cKatusi cocraBisier 85%. llpu cHsaTMM Harpy3kd HaHOTPYOKHM ObicTpo
BBITIPAMIBAKOTCA H BO3BPAIIalOTCA K CBOEM HavYaJIbHOH JJIHHE. JInme nmocne coreH IMHUKIIOB
HATPY)KEHHUs M CHATUS HArpy3KU BHIIPSIMJIEHHE NPOHMCXOJUT HE [0 HAYAJIbHOM JUIMHBI
prGDK. Taxoe IIOBEJACHHUE [IeJIacT «JIec» CaMbIM VIIpYTHM H3 H3BCECTHBIX CCI'O/IHA
MaTepHaJioB.

OKCllepUMeHTaIbHO nokazaHo, yto MVYHT pguamerpom 20 HM MoOryt ymnpyro
u3rudartebes ¢ paguycoM usruda g0 80 Hm.

CpaBHeHue HeKoTopbIX XapakTepucTuk HT co cBoMcTBAMH = APYIHX MaTepHAJIOB
npuBe/ieHo B Tab1.3.2.

Tabauya 3.2
MexaHuyeckHe CBOMCTBa MAaTepHAJIOB
Yraepoa-
XapakTepHCTHKA I'padpur | weie Bo- | MYHT | OVHT |Crans
JIOKHA

[Tpounocts Ha pacTsikenue, I'Tla 100 3-7 300-600 | 300-1500 | 0.4
Mojayns ynpyroctu, I'lla 1000 200-800 |500-1000(1000-5000( 2000
VY ensHas npoy”ocTts, I'Tla 50 2-4 200-300 | 150-750 | 0,05
Vnenbubiit moayiis yupyroctu, ['Tlal 500 100-400 | 250-500 | 500-2500 [ 26
IIpenensHoe pacTsokenue, %o 10 1-3 20-40 20-40 26
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Oco0oe 3HaueHne uMmeet To, 4TO 1A Y HT XapakrepHa HU3Kas mIoTHOCTL: 1.4 r/em’
i OVHT, 1,8 r/em’ st MYHT u —1.2 r/eM™ it ogHOCIIOMHBIX HaHopoxkek. Ilo
YAeIbHO, OTHECEHHOHN K IUIOTHOCTH, MPOYHOCTH HAHOTPYOKH 3aMeTHO IPEBOCXOIST BCe
ocTajbHble MaTepuaibl. IIpumenenwe xommnozutoB ¢ HT nozosMrt, Kak oxkujgaercs,
CHHM3UTh MAcCy KOCMHYEeCKHX KopalJieil BJIBOEe IIPU COXPAHEHUH UX IIPOYHOCTH.

Mexannueckne coiictBa MYHT, kak BHIHO W3 JaHHBIX TaOJMIBI, OTIAYAIOTCA OT
cpoiicte OYHT. Paspymenue npu pacrsokenun MYHT naumnHaeTcsi ¢ BHeHIHEro cJios.
Mexanuveckue cBoiicTBa (B uacTHocTH, Mojayias HOura) MVYHT Ttuma «iammoBeIx
a0axypoB» NPH UX MAJIOH UIMHE ¥ MAJIOH BeJIMYMHE YIJIa KOHYCHOCTH II0 pacdeTaM MOIYT
npeBocxoauTh TakoBble 1 OVHT m MVHT c¢ nuwmmngpudeckumu creHkamu. Ilpu
YBEJIMUECHHH JUTHHBI U YTJ1a KOHYCHOCTH CHTYaI[Us CTAHOBUTCS 0OpaTHOM.

Tepmuueckue cpoiictea YHT omimuarorcsi oT CBOHCTB JBYMEPHBIX Ipad)eHOBBIX
JUCTKOB M TPeXMepHOTo rpaduTa, 0JJHAKO OTIIHIHS MPOSBIAIOTCA PH HU3KUX TeMIlepaTypax,
KOT/Ia ©IMeeT MeCTO O/THOMEpHOE KBaHTOBaHUE (DOHOHHOM CTPYKTYpHI (puc.3.54).

H3mepeHust  yJeidpbHOM  TEIUIOEMKOCTH  HoKazamM  ciaboe  MexTpyOHOE
B3aMMO/IEHCTBUE B CPOCTKAX.
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Puc.3.54. TemnepatypHasd 3aBHCHMOCTB TEILIOEMKOCTH rpadena (1), yriepoaHsix
HaHOTpYOOK (2) u rpadura (3)

3.12. Tens10o1poBOIHOCTH

Termmonporognocts unuBuAyaibHEIX OVYHT ouens Beicoka (bepOep, 2000).
PacueTHast BenmumHa Kod((HUIMEHTAa TEIUIONPOBOJIHOCTH OJHOCIOWHBIX HAHOTPYOOK
makcuMaipHa mpu 100 K u gocturaer 37 kB1/(M-K), uro Omm3ko k abcomoTHOMY
MaKCHMyMy, HaljlecHHOMY U1 ajiMasza U coctappitomeMy 41 kB1/(m-K) npu 104 K. 1lpu
KOMHATHOH TeMIepaType TeIUIONPOBOTHOCTh HAHOTPYOOK HWJKE THX BeJMYHH, HO 3aTO
IPEeBbINAET IOKa3aTeld aiMa3za Hu cocTtaBisieT 6.6 kBT/(M-K). Ilpsmbie wu3mepeHus
TEIUIONPOBOJAHOCTH ~ MHOTOCJIOMHBIX  VIJICPOJHBIX  HAHOTPYOOK MpH  KOMHATHOM
TemIepaType Jajdd BeJWYuHy, npeBblmaromyro 3 kBr/(m-K). Otu  3HavdeHus
COOTBETCTBYIOT TEILIONPOBOHOCTH aJIMa3a HIIH MPEBOCXO/AT €€, HO OTJIIMYAIOTCS TEM, YTO
IIPOSIBJISIOTCS JIMIIEL B HANIPaBJIeHUH B0JIL ocu YHT.
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[ToaToMy ecy BBIAEIUTH MAKPOCKOIIMYECKHH KPHCTALT C MapajUIeIbHON YKJIaJKON
oraensHblx HT, To Ha oIIynb OJHH MOBEPXHOCTH HTOr0 KpUCTa/U1a OYAYyT HAIOMHHATH
JIepeBo, a Ipyrue — MeTaJll

H3Mmepennble 13HauyeHMs: TerulonpoBogHocTd MaccupoB YHT 3amernHo Huke
PacCUUTAaHHBIX 3HAUYCHHHA H IIpH KOMHATHOH TeMIICpaType BAOJIbB OCH IMapaUICJIBHO
yiaoxkenuslx OHT npeppimaror 200 Br/(m-K), 9T0 comocTaBUMO ¢ TEIUIONPOBOIHOCTHIO
METAJUIOB. Y XAaO0THYHO VJI0KEHHBIX VYHT TEIUIOIIPOBOJAHOCTE Ha NOPANOK HHIKE. Tem ne
MeHee BBeJeHue YHT B momumepbl 3aMeTHO YBeJIMUHBAET HX TEIUIONPOBOJIHOCTL U
TEIUIOCTOMKOCTD. [TomydyeHpl  KOMIIO3HTBI,  COJeprKaliue YHT wu wumerwomue
TemtonporogHocTh Oosiee 1000 Br/(m-K).

3.13. Di1eKTPOLPOBOIHOCTH

['padeHoBbIe IUIOCKOCTH SBJISIOTCS TMOJYHNPOBOJHUKAMHM C HYJIEBOM INHUPHHOM
3allpeIeHHOM 30HbI; DHEPIeTUYECKUE YPOBHHU M-3JIEKTPOHOB IIEpeceKaloT ypoBeHb PepMu
Ha KOHIaX 30HbI bpuiumosHa, co3jaBas nosepxHocth @epmu u3 mectH Touek. I'padensl
HUMEIOT METAJUIMYECKHH XapaKTep IpH KOMHATHOM TeMIepaType, MOCKOJIBKY 9JIEKTPOHbI
MOTYT JIETKO NEepPeXO/UTh M3 BAJICHTHOH 30HBI B 30HY NpoBoAUMOCTH. O/IHAKO OHH BeAyT
ce0s KaK MoJIyMeTaJUThl U3-3a HU3KOH 3IIeKTPOHHOH IUIOTHOCTH Ha ypoBHe ®epMH (Ha TpH
nopsi/ika HWKe CBOHUCTBeHHOM MertaviaM). CpopauuBaHue rpadeHoB B OecHIOBHBbIE
WIMHPEL CO3/IaeT NEpPHOAMYECKHe TPAaHUYHBIE YCJIOBHS B/I0JIb OKPYKHOCTH, IO3BOJISASA
MMETh OlPAHMYEHHOE YHCJO BOJHOBBIX BEKTOPOB B pPaJHaJlbHOM  HallpaBJIeHHH
(nepnenaukysipHo ocu YHT). Ecomm 5TH BekTOpHI nepecekaroT Kpait 30HbI bpuiutiosHa u,
clie/loBareibHO, nmoBepXxHocTh Pepmu, YHT sBisroresa «MeTa/LIMYECKUMEAY.

CpopauuBanue JaByMepHbIX rpadenoB B kBazuojiHoMepHble OYHT BoI3biBaeT
oOpazoBanHue ocobenHocmell (cunzynaprocmeit) Ban Xoea — sHepeemuyeckux ypoeHeti co
SHA4YUMeNLHO NOGbIUEHHON niomHocmeulo  cocmosHuil, OCOOEHHOCTH 3JIEKTPOHHOTO
ctpoenusi OYHT onpenensitores TeM, 9TO 3JI€KTPOHBI MOTYT IEpPeMeN[aThesl TOJILKO BJIOJIb
OocH TpyOKHM, IOSTOMY HMX BOJHOBBIE BEKTOPbHI OpPHUEHTHUPOBAHBI BJOJIL OSTOH OCH.
OnextponHoe ctpoeHue YHT ompenensercss ux xupanbHOCThIO (puc.3.55). Vike mepBbie
pacueTsl NOKa3aJM, YTo npuMepHO oaHa TpeTh YHT pasHoro crpoeHus wumeer

Memanaudeckuil, B TO BpeMs KaK OCTajJbHblE — HNOAYNPOGOOHUKOEDINL Xapakmep
NPOBOOUMOCTIU.
Etk)h, EleJ)/vo
| T
. S E,
AN /AR
a 1]

Puc.3.55. CeyeHne pacrpeeIeHHS DHEPTHH H COOTBETCTBYIOMICH IMIIOTHOCTU COCTOSHMIA 71
METaJLIHYECKHX (a) U MOTYIIPOBOHHUKOBBIX (6) YTASPOTHBIX HAHOTPYOOK. £ 7 — ypoBeHb DepMu
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«Metammueckue» YHT xapakrepusyrorcsa uHaekcamu (n — m) = 3g, e g — HYJIb
wm 1enoe gucio. Bee YHT ¢ kondurypammeir kpecia (¢ = 0, n = m) uMelor
MeTaJUIMIeCKHi XapakTep. Y OOBIUHBIX META/UIOB 3aBHCHMOCTH IUIOTHOCTH COCTOSHHIM
IUIaBHAast, B TO BpeMms Kak /it Mmetaumueckux YHT cpoiictBeHHO HaimMuue psija
CHHTYJBSIDHOCTEHM, KaX/Ibli IHK OTBEYAeT OIpe/IeIeHHOMY KBAaHTOBOMY COCTOSIHHUIO.
[MupuHa 3ampemeHHOH 30HBI oOOpaTHO mponopuuoHadbHa auameTpy YHT d u
npuOIMKaeTcss MO0 Mepe YBelM4YeHHs] d K Hy/Mo (HyJIeBoe 3HAueHHe CBOMCTBEHHO
rpadury): E; = 0,9/d (um) 3B. IIpunsito cunrate, uTo 3HaUeHHUA £, HAXOAATCS B Ipe/lesax
0,4 - 1.0 5B.

Ve mpu dx~3 HM MHpPHHA 3alpemIeHHOW 30HbI CTAHOBHMTCS CONOCTaBHMOH ¢
TepMaJIbHOM HHepruei 1pu KOMHATHON TeMIleparype.

BrepBele  TeopeTHUecKHe  pacuyeThl DJCKTPOHHBIX  cBoiicte  YHT  Opuam
HKCIIEPUMEHTAJILHO MOATBEPK/IeHbI TOJbKO B 1994 r. OHako MHOIHE Ipe/icKa3aHus ellle
HPeJCTOUT MO TBEP/UTb.

JlanbHeiinue TeopeTHYECKHE M DKCIIEPUMEHTAJILHbIE UCCIIEIOBAHUS DJIEKTPHIECKHUX
U MAarHUTHBIX CBOMCTB HAaHOTPYOOK OOHapy WM psi/l 2(pPeKTOB, KOTOPbIE YKa3bIBAIOT Ha
KBAHTOBYIO TPHPO/IY TepeHoca 3apsja B 3THX MOJIEKYJAPHBIX MPOBOJAX M MOTYT OBITh
UCIOJIb30BAHBI B SJIEKTPOHHBIX YCTPOUCTBAX.

B 1998 r. npu usmepenuu siekTpuueckoi nposogumoctd MYHT npu obbrunbix
YCJIOBHAX DKCIIEPUMEHTAILHO ObLII YCTaHOBJIEH OAJUIMCTHYECKHH NEpeHOC DJIEKTPOHOB B
HAHOTPYOKax, T.e. mepeHoc Oe3 paccesiHHs DIEKTPOHOB M TOTeph 3Hepruu. J[ns storo
HAHOTPYOKY 3aKpeIUBLIM Ha KOHYMKE 30HJa CKAHUPYIOMETro MHKPOCKONAa TakK, YTOOBI
HAHOTPYOKY ¢ IIOMOIIBIO 30H/1a MOJKHO ObUIO IO/IHUMAaTh U OIyCKaTh ¢ vactoroit 0.1 —
10 I'y B HarpeBaeMelii Me/IHBIN pe3epByap C JISTKOIUIABKHUM METaJIJIOM, HalIpUMeEp, € KHUKOH
pTYThIO Ha rayouny 0,1 — 7 MM (puc.3.56). 30H1 MUKPOCKOIIA U JKHAKHH METaJLT CITY KHIA
B KayecTBE HJIEKTPOJOB, K KOTOPHIM IPUKIAbIBAIM Hanpsbkenue 7 = 10 — 50 mMB nu
H3MEPSUTH TPOXO/IAMMH Yepe3 HAaHOTPYOKY DJIeKTPUUECKUH TOK B CepHUsX DKCIIEPHMEHTOB,
pronroyaBmux ot 200 g0 1000 norpykeHH HAHOTPYOKH B JKH/IKUMA MeTaJLL

HanoTpybkin

HarpesaTteno

Puc.3.56. Cxema sKcIiepuMeHTa JJIs OIpe/IeIeHHS IIPOBOUMOCTH HAHOTPYOOK: MaccHB
HaHOTPYOOK C TOPYAIHMH H3 HETO OTAEIBHBIMU HAHOTPY OKaMH IOTPY7KaIOT B JKH/IKHIT METAILIL.
K cucteMe NMpHIOKEHO HAPAKECHIE

PeaynpTaTtel H3MepeHHH NPOBOAMMOCTH HaHOTPYOOK mpuBedeHs! Ha puc.3.57. Ilpu
KOHTaKTe HAHOTPYOKH C JKHIKOH PTYThIO NPOBOAMMOCTh B IIENIM CKaYKOM BO3PACTaeT
(puc.3.57.a) Ha OAHY M Ty K€ BEJMYMHY, PaBHYK KBaHTY IPOBOJHMMOCTH
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Gy = 2% h = (12,9 KOM)'l. Cyas mo Haau4MIo IUTaTo Ha BbicoTe (Gp, MPOBOJUMOCTH HE
MEHSIETCS NPH JaIbHEHIIeM MOTPYKEHUH HAHOTPYOKH Ha IITyOUHY ~2 MKM U e¢ JIBHJKCHUH
B 06paTHOM HaHpaBJ'[eHHH H0 TEX l'lOp, IMOKa OoCTaceTCA KOHTAKT C pTyTbI—O B HHTepBa.l'le
HanpspkeHud ot 0,1 1o 2 B 3aBMCHMOCTH TOKAa OT HANpPsDKEHMs JIMHEMHAs ¢ HAKJIOHOM

dG/dlV = 0,5Gy. llpu oObluHOM TeMmIiiepaType HaOtojlaeMoe 3HaYeHHUE IUIOTHOCTH TOKa

7 -2 i
(100 A-cM™) Ha jJBa MOpsJIKa HPEBOCXOJMT JOCTUTHYTYIO celdac IUIOTHOCTh TOKa B
CBEPXIIPOBOJHHKAX.
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Puc.3.57. (A) 3aBUCHMOCTD TIPOBOIUMOCTH HAHOTPYOKH OT BPeMEHH IS TPEX ITOCIe0BATEIHHBIX

norpy:keHmit (201-203) mipu BO3BPaTHO-TIOCTYIATEIBHOM JIBIDKEHHH HAHOTPYOKHU ¢ MOTPYKEHHEM

B KUJKYIO pTyTh Ha riyouny jgo 2,5 mxMm. (B) I'mctorpaMma rpoBoMMOCTH JUIsS cepuu u3 250

norpy:keHmii. (B) Kaxaprii ckauok npoBoguMocTH Ha Gy VKasbplBaeT Ha TO, YTO €HIE OJHA

HaHOTpYOKa morpy3minack B MeTaml (I') CkayoK MpoOBOAMMOCTH Ha BEIIMMHHY He KpaTHYI0 G
oTpakaeT HammMue AeekTa BOIM3H KOHYIKA HAHOTPY OKH

Takum oGpazom, B TO BpeMsi KaK HPOBOJAMMOCTh OOBIMHOTO MPOBOjAa 0OpaTHO
NPONOPIMOHATBHA €ro JUIMHE W NPsMO TMPOIMOPIHMOHAIbLHA MOMEPEeYHOMY CEUSHHIO, B
cilydae HaHOTPYOKM OHA He 3aBHUCHT HU OT ee JUIMHBL, HU OT ee TOJIIUHLI ¥ paBHA KBAHTY
IPOBOTUMOCTH — IIpe/1eJIbHOMY 3HAYSHHIO TPOBOIMMOCTH, KOTOPOe OTBedYaeT cBOOOTHOMY
HEePEHOCY IEKTPOHOB, JISJIOKAIN30BAHHBIX 110 BCEH JUIMHE MPOBO/IHHUKA.

CoriacHO TeOpeTHYECKHM TpeACTaBICHUSIM, OAUTHCTHIECKHI TEPEHOC 3JIEKTPOHOB
B CHCTEMe BO3MOXKEH, €CJIM JUIMHA cBOOOAHOTO npobera 31eKTpoHa B MPOBOHUKE Oobine
JUIMHBI TIPOBOJIHHMKA. M3-3a OrpaHWveHWil, HAKIAbIBAEMBIX 3aKOHAMH KBaHTOBOM
MEXaHUKH, IPOBOJMMOCTh TAKOTO MPOBOIHUKA, OJ{HAKO, He OyJeT GeckoHeunon. Kax/ipiii
HPOBO/SINUNA KaHAL, T.e. KakI0€ HJIEKTPOHHOE cocTosiHMe Ha ypoBHe ®epmu, Oyjer
BHOCHTH B IOJIHYIO POBOUMOCTE 00pasiia BKJIa/1, paBHbIM KBaHTY mpoBoumMocTh Gy.

PacueTsl 30HHOW CTPYKTYpbl HAHOTPYOOK IIOKa3ajdd, YTO B METAUIMYECKHX
YIJIepoHBIX HAaHOTPYOKax ypoBeHb DPepMH mepecekaloT aBe m-opOutanu. [Tostomy mis
KBAHTOBOM MPOBOMMOCTH METAJUIMIECKHX HAHOTPYOOK MOKHO ObLIO OB 0XHIATH
BeJIMIUHBI 2(G) HE3aBUCHMO OT AMAMETPA U JUTHHBI.

107



Takum oOpaszoMm, IpH HU3KUX TeMIepaTypax Ha Metauimdeckux YHT nabmogaercs
CTYNEeHYaToe YBeJIUYeHUe TOKa (KBAHTOBAHHE IPOBOAUMOCTH) HPH POCTE NPHIIOKEHHOTO
HanpspkeHUA. KBaHT NpoBOIUMOCTH ompe/iesisieTcsi YpaBHEeHHEM:

G, =4 /h
rje e — 3apsi asekTpoHa; /i — nocrosiHHas [lnanka. Ilpu sToM KoaduIHEHT KBAaHTOBOH
HNPOBOUMOCTH MOKeT OBbITh IeJIOUHCICHHBIM W HelleJodMciIeHHbIM, Hampumep 0,5G.
Onexrpuueckoe conporusieHue OHT He 3aBucur ot ee /UMHBI U paBHO 6,5 kOm. IIpu
KOMHATHOH TeMrepaType OasTmcTHYeCcKHi TpaHcnopT siekTpoHoB B OYHT nHabmogasncs
HA PACCTOSIHUSX, NIPEBBIMAIONINX 1 MKM.

@Oyukuuu wiotHoeTd coctostHUi st MYHT ¢ 20 u Gonee ciosimu u rpadura
npakTudecku cosnanaroT (Koroconor, Arpaxes, 2000).

DlleKTpuyeckue cBoucTBa mnoaynpoBojHuKoBeIx OVYHT, B ormimume ot
METAJJTMYECKHX, CHJIBHO MEHSAIOTCS 3a CYeT IepeHoca 3apsaja NpU B3aMMOJICUCTBHH C
ajcopOMpoBaHHLIMU  MoJieKyJIaMu. Axnentopsl (Hanpumep, NO,, O;) U J1I0OHOPBI
snextpoHoB (NHiz, R-NH;) moBbpimaroT HMIH HNOHMKAKOT IUIOTHOCTH JIBIPOK M TaKUM
00pa3oM BIMAIOT Ha TPAHCTIOPTHBIE CBOMCTBA. DTO CBOMCTBO MCIOIB3YETCS IS CO3/IaHHS
ra3oBbIX CeHCOPOB. AzcopOrus Ha TpyOKax ¢ MeTa/UIMYeCKOH IIPOBOIUMOCTBIO HE BIIUSET
Ha WX 3JIEKTPOIIPOBOJHOCTD.

[notHocts Toka vy OYHT Teopernuecku MoKeT JOCTHIraTh 10° (110 HEKOTOPLIM
maHHBIM — ke 10') A/eM®, 9TO Ha MHOTO HOPSIKOB BBIIIE, UeM Y M3BECTHBIX TPOBOTHHKOB
U cBepXIpoBoAHUKOB. BesedexTapie MYHT, kak noka3aHo 5KCIIEpUMEHTAIILHO, JTOITYCKAKOT
IUIOTHOCTL TOKa [0 10’ AfCMZ, a IpH HCIOJIb30BaHMM KOHTakTOB M3 AuM u Ga — 10
2x10% Alem®. OnexrtponpoBojHocts MYHT, pake eciim oHM uMmeroT MaojleekTHyIO
CTPYKTYpY, ONpe/iesisieTCss B OCHOBHOM CBOWMCTBAMH MX BHEIIHETO CIIOS.

MeaHbli TIPOBOJHUK JAUAMETPOM OKOJIO 3 MM IPOBOAMT 2 MIH. JJEKTPOHOB B
CeKyHj1y, B To BpeMs kak YHT nquametpom 3 HM — Ha 6 nopsiikoB OoJibIe.

Hurepecnoit  ocobennocthro MVYHT  sBisgeTcss HenmHeiHast 3aBHCHMOCTD
SJIEKTPUYECKOTO  CONPOTHBJICHUSI TPYOKH, TEJECKONHYECKH  YIMHSAEMOH  IyTeM
BRITATMBAHUs €€ BHYTpeHHHMX udacTed. Cxema w3mepenu#t, mnpopejgeHHbIXx B CIITA
(Kamusnre, 3ermin, 2002), 4 nojyueHHbIe pe3yibTaTbl NIpUBE/IeHbI Ha puc.3.58 u 3.59.

Puc.3.58. Cxema m3MepeHHS DIEKTPOITPOBOJTHOCTH TEIECKOMIMECKIX MHOTOCIOITHBIX
VIJIEPOAHBIX HAHOTPYOOK
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Puc.3.59. DIEKTpOIPOBOTHOCTH TEIECKOIMIMECKHX MHOTOCIOITHBIX
YTIEpPOHBIX HAHOTPYOOK

BeiTaruBanue BHYTpeHHeH TpyOKM M3 BHENIHEH MOJHOCThIO 0OpaTHMO: BaH-Jep-
BAQJILCOBBI CHJIbI, KOTOPBIMHU OHa Y/EPKUBAETCS BHYTPH, YMEHBIIAIOTCSA II0 Mepe
BBITSITUBAHHS U3-32 YMEHBIICHHS IIOBEPXHOCTH KOHTAKTa BHEIIHeH H BHYTpeHHeH TpyOoK,
NOSTOMY BHYTPEeHHsii TpyOKa CaMONPOHM3BOJIBHO CTPEMHTCS BTSHYTHCSA B IOJOCTb
BHemHeH. CucTeMa MOXKET pacCMaTPHUBATLCS KaK MPYKHUHA C MOCTOSHHOM YIPYroi CHIIOH.
CraTuueckuil M JUHAMHYeCKHH KO3(p(HIIMEHTsI TpeHHsA MexTy TpyOKamMH B pacueTe Ha
atoM C OLeHHBAIOTCs BeJIMUMHAMH, HE INPEBBIMAIONIUMH COOTBETCTBEHHO 2,3-1{)"14 Hu
1,510 H.

3.14. Ilepenoc 31eKTPOHHOT O CIIHHA

B 0OBIYHBIX 5JIEKTPOHHBIX YCTPOMCTBAX HMCIOJIB3YETCA TOJIBKO MEPEHOC 3apsia
5JIEKTPOHAMH TIPOBOAUMOCTH. OJIHAKO BO3pAcTaeT MHTEPEC K «CHHUH-3JIEKTPOHHBIM))
ycTpoiicTBaM, paboTa KOTOPBIX 3aBHCHT JIONOJIHHUTE/IBHO M OT 3JICEKTPOHHOIO CIIHHA.
ChuH-1noJIsApH30BaHHbIE  SJICKTPOHbI MOXKHO HMHKEKTHPOBATh U3  ()eppPOMArHUTHBIX
BEIIECTB, B  KOTOPBIX OHHM IPHCYTCTBYIOT B  €CTECTBEHHOM  COCTOSIHMH, B
HedeppomarHuTHeie MaTepHajbl. CKOPOCTb pacCesiHHs SJIEKTPOHOB Ha IPaHHLE MEXKIY
(dbeppoMarHuTHLIM U HeeppOMATHUTHBIM MAaTePHAIAMH 3aBHCHT OT IOJIIPHOCTH CIIMHA, H
5TO CBOMCTBO HCIOJIB3YETCS B CIHH-DJIEKTPOHHBIX YCTpoHcTBaX. 3aMedaresibHble
DJIEKTPUYECKHE CBOMCTBA YIJIEPOJHBIX HAHOTPYOOK JalOT OCHOBAaHMSA OXKHMJIaTh, 4YTO
HAHOTPYOKH MOTYT C YCIIEXOM HCIIOJIb30BATLCS B TAKHX YCTPOHCTBAX.

JInst mpoBepKM OSTHX TNPEANOJIOKEeHHH ObLIO H3y4eHO HHKEKTUPOBAHHE CITMH-
NOJIIPU30BAHHBIX DJIEKTPOHOB U3  (DepPOMATHMTHBIX DJIEKTPOJIOB B MHOTOCTEHHBIE
HaHOTPYOKM auameTpom 10 — 40 HM ¢ cONmpOTHBIEHHWEM INPH KOMHATHOH TeMmmepaType
10 — 150 xOm (puc.3.60). B kauecTBe 5BJIEKTPOAOB HCIOJB30BAIH IUICHKH
nogukpuctammueckoro Co TtommuHoM 65 HM. JUIMHA NpPOBOJAINErO KaHala, T.€.
paccTosiHuE MeK/Ty 2JIeKTPOAaMH, COCTaBIsIa 0Koso 250 HM.
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Puc.3.60. MHOTOCTEHHAS HAHOTPYOKa Ha 110/y103kKe Si/S10, B KOHTaKTe
¢ (peppOMarHUTHBIMU HJIEKTPOAAMH H3 KOOaIbTa

MarnurocornpoTupiieHue u3Mepstid npu temneparype 4.2 K. MaruutHoe moute,
OPHMEHTHPOBAHHOE TapauleJIbHO IIO/UI0KKE, BapbUpOBaIM B MHTepBajie oT — 100 mTn 1o
100 mTa (crutomuas auHuA) 1 o6paTHo 0 -100 MTn (myHKkTHpHAas TuHUAA Ha puc.3.61) co
ckopocThio MeHee 10 MT/mum.
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Puc.3.61. 3aBUCHMOCTD COMPOTHBIICHHH I TPEX Pa3JIMMHBIX HAHOTPYOOK, HAXOIAIIMXCS B
KOHTAKTe ¢ (peppOMarHUTHBIMH K0OaTbTOBBIMH DIICKTPOJAMH, OT BEJIUMUHBI H HAIPABICHIIS
MarHUTHOTO TOJIS; CTPEIKaMU 0003HAUeHbI OPUEHTAIINI HAMarHHYEeHHOCTH KOHTaKTOB

[Ipy KaxJ0M NpOroHe CONPOTHBJICHHE BO3pACTaeT MOCJe MPOXOXKIACHHS TOUYKH
B =0 Tn. upuna nuka conporusienus pasHa 50 mTn. HaGmomaeMbiil 3HaUYHTE ILHBIN
TACTEPE3UC IIOJIOKCHHUA IMHKOB CBA3BIBAKOT C BJIIMAHHCM KOHTaKTHOH HaMaroHu4cHHOCTH,
NPHBO/SINIEH K pa3IM4yHON IUIOTHOCTH COCTOSIHMM JUISI DJIEKTPOHOB CO CIHHOM BBEpPX U
BHH3 Ha YPOBHEC (DEPMH. B OTCYTCTBHC CIIHHOBOI'O pacCesidHH:A COIIPOTHUBJIICHHEC 3aBHCHT OT
B3aUMHOM OpHEHTAllUM CIIMHOB 3JIEKTPOHOB JIBYX KOHTakKkTOB. [Ipm aHTHIapasuiebHON
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OPHMEHTAllUH  CONMpPOTHBIeHHMEe Ooibmie, YeM NpH mnapawienbHod. KoHTakTHBIE
HAMArHHYEHHOCTH OPHEHTUPYIOTCs Iapajule/IbHO BHENIHEMY MAarHUTHOMY IIOJIIO IIpH
B = £100 mTn. Ilpy ymMeHBIIEHMHM MarHMTHOIO IIOJII HAMATHMYEHHOCTh HAa KaXkJAOM
KOHTAKTe MEHSETCS HE3aBHCHMO M IPOHMCXOJHUT MX paclapauleiupanue. MakcumalibHas
BEJIMYHHA IPUPAIIECHHS CONPOTHBRIICHHs 110/] ACHCTBUEM MAarHUTHOTO IOJIS JocTHraeT 9%
", 110 OLIEHKaM, /UTHHA IPOJIETA CIIHH-TIOJIIPH30BAHHBIX DJIEKTPOHOB O€3 U3MEHEHHS CIIMHA
cocTtaBiisieT He MeHee 130 HM, UTO CUHMTAETCs HEIUIOXHM Pe3yJIbTAaTOM M CBHACTEIbCTBYET
0 MEepPCNeKTHBHOCTH MCIOJIb30BAHMSA HAHOTPYOOK B CIIMH-3JIEKTPOHHBIX YCTPOHCTBAX.

3.15. DddexT Aaponosa-boma 1 MaranToCONpoOTHBIICHIIE

HanotpyOku  o0i1ajaoT  ApKO  BBIPAKEHHBIM  MarHMTOCONPOTHBIICHHEM:
HIIEKTPOIPOBO/IHOCTh CHJIBHO 3aBUCHUT OT MHJIYKIIMM MarHUTHOTrO moJisi. Eciiu npuioxkuTs
BHENIHEE TIoJle B HANpaBJIeHHH OCH HaHOTPYOKW, HaOmMIoJalTCs  MOYJIAIUH
3JIEKTPONPOBOAHOCTH (prc.3.62): KoJieOaTe/IbHbIH XapaKTep 3aBHCUMOCTH IIOCJEIHEH OT
IMOTOKA MAarHHTHOH HHIAVKIHA (o)) qepes HaHOT‘py6Ky 00BsICHSIETCS KBAHTOBOMEXAHHIECKHAM
s PpexTom Aaponosa-boma (3aBHCHMOCTBIO (pasbl 2JIeKTPOHHOM BoJHBEI oT D). B ciyyae
MHOTOCTEHHBIX HAHOTPYOOK SKCIIEPUMEHTAJIbHBbIE JIAHHBIE XOPOIIO YKJIA/ILIBAIOTCS B
TeopeTHYecKkHe mpeAcKazaHua i1 dpdexta AapoHoBa-boma Ha MOJOM NMIMHIApE C
PaJiiyCcoM IMJIMH/IPA, PABHBIM Pa/IMyCy BHEIIHe#H 000JI0UKH.

L Gl LR T TR S BEL L DR L R R T

81(Tn)

Puc.3.62. OcluuILMH  JIEKTPOCOMPOTHBICHHA MHOTOCTEHHOH HAaHOTPYOKHM, KOorjJa IIoJie

HAalpaBJICHO BJOIh €€ OCH. DOKCIEPHUMEHT M pe3yJbTaThl pacueTa i IUIMHAPHYECKOTO

IIPOBOHUKA JuaMeTpoM 8,6 HM U JumHoil 170 HM JuId ciryyasi, KOTr/ia YIoll MEK/Iy OChIO LIIMH/pPa

u nosieM paseH 4,4°. B orcyTcTBHE moid cornpotuieHue pasHo 30,6, 30,1, 29,8, 25 u 21,4 xOm
rpu Temreparypax ot 0,3 1o 70 K
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AMIUTATY/Ia BapHaldii CONPOTHUBJICHUSI cOoCTaBsieT okosio 30% ero BeJMYHHBI U
CpaBHMMA C KBAHTOM COTIPOTHBJICHUS /1/2¢”. Xopolee corache MeskIy SKCIHepHMEHTOM H
TeopHeH JOCTHTAeTCsl B MPEINOI0KEHHH O TOM, UTO TOK HJIET TOJBKO IO OJHOMY HITH
JIBYM BHENIHHUM CJIOSIM MHOTOCJIOWHOW HaHOTPYOKH.

B choyuae mnepneHIUKYJSIPHON OpHEHTAlMHM 1OJisi HaOJIo/1aeTcsi BO3pACTaHHE
DJIEKTPONPOBOJHOCTH, KOTOPOE OTPaKaeT MOJU(PHUKAIMIO HHEPreTHUYECKOTO CHEeKTpa —
oOpasoBanue ypoBHsa JlaHgay B TouKe TIiepecedeHHs] BaJIEHTHOH 30HBI W 30HBI
HPOBOUMOCTH, 4TO JjaeT POCT IJIOTHOCTH COCTOSIHHMN Ha ypoBHe DepMu.

3.16. HaxynupoBaHHas CBepPXIPOBOANMOCTh

Vriepo/iHble HaHOTPYOKH OKa3ajMCh CBepXNpoBoHHKaMHU. IlepBoHauaibHO OBLIO
YCTaHOBIICHO, YTO JKI'YT INPUMEPHO W3 COTHH OJIHOCTEHHBIX HAHOTPYOOK HIIHM Jaxe
0JIHOCTEHHAs] HAHOTPYOKa, KOTOpbIe HaXOATCs IpU TeMiiepaTypax okoso 1 K B koHTakTte
C  JIByMSI  CBEpXIpPOBO/SIIMMH  SJEKTPOJaMH,  MOIYT  CaMH  CTAHOBHUTLCS
CBEPXNPOBOAHUKAMH. DTOT 3(dekT (MHIYIMPOBAHHOW CBEPXIPOBOJMMOCTH) CBS3aH C
TeM, YTO KYNEpOBCKHE OHJIEKTPOHHBIE Mapbl, oOpazyiomuecss B CBEpXIPOBOIANINX
5IIEKTPO/Iax, He pacnaaroTcs MPU MPOX0XKICHHH Yepes HaHOTPYOKY.

B kadecTBe 51eKTpo/10B HcIoIb30BaHbI Ouciion Re/Au wm Ta/Au ¢ Temnepatypamu
nepexojia B cpepxmnpoojsmee coctosinue T, okono 1,1 u 0.4 K. (UroObl m3bexarh
BO3MYIIAIONEr0 BJUSHUA IO/UIOKKH, HAHOTPYOKY MOJABEIIHMBAIA MEXAY JBYMS
DJIEKTPOJaMH.) B  3aBHCHMOCTH OT KadecTBa KOHTAKTOB MEXKY OJIEKTpPOJAaMUu U
HAaHOTPYOKAMH M OT CTPYKTYpPhl HAHOTPYOOK, CONPOTHBICHHE JKI'YTOB IIPH KOMHATHOM
Temnepartype Ry BappupoBajoch B uHTepBaiie oT mMeHee 0,1 g0 100 xOm. Kak BugHO u3
puc.3.63.A, sdpdekr MHAYHUPOBAHHON CBEPXIPOBOJIMMOCTH HaOII0/1aeTCsl TOJBLKO Ha
JKIYTaX C CaMbIM HHUZKUM collpoTuBieHueM R, UuaynuporaHHast CBepXIIPOBOJIUMOCTH
oOHapy’KeHa TakKe Ha OJJHOCTeHHOH HaHOTpyOke ST ¢ compoTHBiIeHHeM Ry = 27 xOM
GIM3KMM K 0GpaTHO# BeTMYHHE KBAHTA MPOBOMMOCTH //e” = 25,8 kOM (puc.3.63,B). TTox
JIeHCTBHEM MArHUTHOTO I0JIS, OPHEHTHPOBAHHOTO IAapaJUIC/IbHO IVIOCKOCTH KOHTAKTOB H
HepIeH/IUKY/SIPHO HaHOTPYOKe, KpHTHUECKas TemIepaTypa noHwkaeTcs. Kpuruueckuit
TOK ic = 2,5 1 0,104 MKA 1151 06pasioB Ro3 u ST coorBercTBeHHO, 1pu 7' ~ 0 K.

3.17. CobGcTBeHHas CBEPXIPOBOANMOCTD

[lo3Hee u 1pU HCHOJIL30BAHUM HECBEPXIPOBOSAIUX METALIMYECKUX KOHTAKTOB
Obula 3apuKcHpoBaHa cOOCTBEHHAS CBEPXIPOBOUMOCThL HA JKI'YTe M3 HECKOJIBKHX COTEH
HapajuiesIbHbIX OJIHOCTEHHBIX HAHOTPYOOK. [lepBoHAYAILHO NIPH OXJIAKACHUHA HAHOTPYOOK
1o 10 K mabmogancs creneHHOH pocT conpoTusieHus, Ho npu 0,55 K — peskoe (Ha jBa
nopsi/ika) najgeHue conpoturieHus. B marautHoM mone ¢ H = 1 Tin u npu yBenuueHUn
TOKa 10 2.5 MA nTa aHOMAJIHS HcYe3aJia.

CorslacHo pacueTaMm, 9SJIEKTpOH-(DOHOHHOE B3aUMOJEHCTBHE M TeMmIepaTypa
repexoja B CBEpPXIPOBOJAINEE COCTOSIHUE JOJDKHBI BO3pacTaTh IIPH YMeHBLIIEHUH
JuaMeTpa HaHOTpYOkH. M3yueHHMe MAarHWTHBIX H TPAHCHOPTHHIX CBOMCTB YIJICPOJIHBIX
O/IHOCTEHHBIX HaHOTPYOOok ¢ jamamerpoM 0.4 HM, [OJYyYEeHHBIX ITHPOJIH3OM
TPUNPONKUIAMHHA B KAaHAJIAX KPHUCTAJUIOB I€OJIMTA, OOHAPYIKHIIO CBEepXIpPOBOJSIINE
cBoiicTBa HaHOTPYOOK, BK/ItoUast addekt Meiccuepa, npu Temneparypax muxke 20 K.
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Puc.3.63. (A) TemmeparypHas 3aBUCHMOCTb COIPOTHUBICHUS TPEX KIYTOB H3 HAHOTPYOOK Ry Ry 1
Ry3, Haxoagmuxcs B KOHTAKTE CO CBEPXIIPOBOJAAIIMM 3IIeKTpojaoM Auw/Re; crpeikoil rokasana
TeMIlepaTypa II€pexo/ja B CBEpXIIPOBOJAINEE COCTOfAHHE /I8 2ekrpoda. (b) 3aBHCHMOCTD
COTIPOTHBJIEHHSA OJJHOCTEHHOIT HAHOTPYOKU S7; B KoHTakTe ¢ Au/Ta oT TeMmepaTypbl H BEJIMUHHEL
MarHHTHOTO ToJIA (YKa3aHa B eaquHmax Tecaa psgoM ¢ KpUBHIMH TEMIIEPATypPHBIX 3aBHCHMOCTELT)

Takum oOpazom, OJJHOCTEHHBIE YIJIEpO/JHBbIE HAHOTPYOKH IIpe/ICTaBIIAIOT coOOH
VHUKQJIBHYIO OJIHOMEPHYIO CHCTEMY B3aUMOJICHCTBYIONIMX 9JCKTPOHOB. Pacuersi
[IOKa3bIBAIOT, UTO 3all0JIHEHHBbIE HAHOTPYOKH MOTYT ObITh CBEpXIIPOBOJHHKAMHU ¢ Oosiee
BLICOKOM KPUTUYECKOM TeMIlepaTypou.

[TogswxHOCcTh HOCcUTeNeH v OVHT nonynpoBo/ITHUKOBOIO THIIA MOJKET JIOCTHTATh
10 000 u gaxe 20 000 CMEK(B—C), YTO 3aMETHO BbIIIE, YeM Yy HPUOOPOB ¢ KPEMHHEM.
H3smepenus, nposejiensie B 2004 r., nokasanu, uto B TpaHsuctopax ¢ YHT, umeromux
JUTHHY KaHaga Oonee 300 MKM, MOABHIKHOCTH IPH KOMHATHOH TeMIlepaType B YCIOBHSX
nosieBoro s¢dexra gocturaet 79 000 em’/(B-c).

Tpybuarass ¢dopma VYHT oOGecneunBaer Takke Oa/UIMCTHYECKUH XapakTep
POBOTUMOCTH (POHOHOB.
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Marnutasle cBoiictBa YHT 3aMeTHO oT/IMUaroTCs OT CBOMCTB ajiMasza M rpaduTa.
Vike nepBble M3MEepEeHHsI MArHUTHON BOCTIpUMMYHMBOCTH (1994) nokasanu, 4To OHA CHIILHO
najgaer ¢ ymeHemenueM Ttemieparypel oT 300 K. YHT nposiBisitoT aHM30TPOIIHOCTH
MarHuTHBIX cBOMCTB. JluamaruutHasd BocupuumunBocts MYHT Bioss oceit npakTuuecku
COBHAJaeT ¢ AaTOMHOH BOCHPHMMMYMBOCTBIO YIJIepoja, a HuX OosbmoN cpeaHUi
JIMaMarHeTH3M CBs3aH C HOPMAJIbHOM K  YIJIEPOJHBIM  CIIOSIM  COCTABJIAIONIEN
pocripuumuuBocTH (KoToconos, 1999).

ITo onrruueckuM cBOMCTBAM HAHOTPYOKH OTJIMYAIOTCS MPOSIBIICHHEM HEJIMHEHHOCTH.
OTH cBo#McTBa 3aBHCAT OT auameTpa M crpoeHus YHT. Onruueckas aKTHBHOCTH
xupanbHbIX YHT HcuesaeT npu yBeIMUeHUH HX THAMETpA.

Cgpoiictea HanocTpyukoB Cgo@VYHT, T.e. TpyOoK, 3amOIHEHHBIX MOJIEKYJIaMH
(dy/UIepeHOB, 3aMETHO OTIMYAIOTCS OT CBOMCTB OOBIMHBIX, «IIVCTBIX» HaHOTPYOOK. Tak,
3JIEKTPUYECKOe CONPOTHRICHHE HAHOCTPYYKOB B BHje HaHOOYMaru MeHbIe MPUMEPHO B
cemb pa3 npu 1,5 K u B 1,5 paza — npu 300 K, yro npeanosaraeT MUHUMaJILHBIN IepeHOC
zapsiia oT Ceo K YHT. TemmonpoBoiHOCTh HAHOCTPYUKOB, HANIPOTUB, Ha ~20% BblIIe, YeM
He3anoJHeHHbIX KOHTpoJibHBIX YHT, mnockonbky MoJiekyisl Cgy BHOCAT B CHCTEMY
JonosHuTebHble  GoHOHBL. bosee cioxkHbIM - 00pazoM  Mensitorest  TepmodJIC  m
K03 punmenT 3eeGeka, KOTOPHINA HUKE, YeM /Ul KOHTPOJIBHBIX 00pa3IoB.
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