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Mpeancnosue asTopa

HaHOTEXHONOTHS B TIOCTEAHHE FOMIbl CTANIA ORHO 13 HaGosee BAKHBIX I 3aXBaThIba-
jouniX 06NacTell 3HAHMIl HA TICPEHEM Kpae (BHINKI, XHMIH, GHONOTHH, TEXHHTICCKHX
nayk. OHa nonaer Gonbiune HaleXIsl Ha CKOpbe MPOPBIBLI M HOBbIC HANPaRICHUSA
B TEXHOJOTHUECKOM Da3BHTHH BO MHOTHX cdepax nestensHocTH. st obneryeHus
M YCKOpEHHS IIHPOKOMACIITAGHOro MCIONL30OBAHMS ITOTO HOBOTO MOAXOAAa BaXHO
HMeTh oblLe NMPEeACTABICHHA H HEKOTOphIE KOHKpPETHbIE 3HaHHsA, KOTOpLIE C OnHOI
CTOpOHbI GbUTH Gbl JOCTATOYHO NOAPOOHBIMH H rTy6OKHMHM JUISt OBGCTOATEILHOrO OXBa-
Ta TeMBI, H B TO X€ BpeMsi JOCTaTO4YHO AOCTYIHBIMH H 3aKOHYCHHBIMH, yTo6b! 6BITH M10-
NIe3HBIMH LIHPOKOMY KPYTY YHTaTeseit, Xealouux Gonbiie y3HaTh O CyLIeCTBE BONpo-
ca M nmepcrexTHBax B 31oif o6nacTi. HacTosias KHHra NbITacTcs pelnTh obe 31H 3a-
JaqyH. . : . : .

Texymumii 1HPOKUiT HHTEPEC K HAHOTEXHOJIOTHH BOCXOAHT K 1996 - 1998 roaam,
KOTAa NpaBHTEILCTBEHHAA KOMHCCHs npu coneicteun Lientpa Ouenku MupoBbIx
Texuonoruit (World Technology Evaluation Center) (WTEC), dpunancipyemas Hauwmo-
nansHeM @ongom Hayku CIUIA n apyrumu defiepanbHBIMH areHTCTBaMH, NPEANpH-
HsUIa H3ydeHHE MHPOBOTO ONBITA HCCACAOBaHHIL 1 pa3paboTok B 061acTH HAHOTEXHO-
JIOTHH € Le/bIO OLEHKH MX TEXHONOTHYECKOro HHHOBALMOHHOTO noTeHuMana. Hano-
TexHoMOrMs GasupyeTcss Ha MOHMMAHMM TOTO, YTO YacTHUBI pa3mepom MeHee 100
HaHOMETPOB (HAaHOMETP 3TO OAHA MIUUTHAPAHAA A0S METPA) NPHAAIOT CACNAHHBIM H3
HMX MaTepHanaM HOBbie CBOIICTBA i MOBEAEHHE. DTO NPOHCXOAUT BCIEACTBHE TOTO, YTO
00BEKTHI C pa3MepaMH MEHEE XapaKTepHOil JUIMHBL (KoTopast 06ycoBieHa NPHPOOH
KOHKDETHOTO ABICHHS) YacTo ACMOHCTPHPYIOT APYTYIO (PH3HKY H XHMHIO, YTO NPHBO-
JUMT K TaK Ha3blBacMbIM pasMepHbIM 3ddekTaM - HOBOMY NOBEACHHIO, 3aBHCALLEMY OT
pasmepa yacTuiL Tak, HanpuMep, HabmoJaNMCh H3MEHCHHS NEKTPOHHOI CTPYKTYPHI,
NPOBOAMMOCTH, PEAKIIHOHHOIt CIOCOGHOCTH, TeMMepaTyphl IUIABJICHHSA M MEXaHHYeC-
KHX XapaKTepHCTHK NPH pa3Mepax YacTH1l MeHEee KPHTHYECKHX. 3aBHCHMOCTD NoBeAe-
HHSI OT pa3MEpOB YaCTHLL N03BOJISICT KOHCTPYHPOBATh MATEPHAILI C HOBLIMH CBOiCTBA-
MH M3 TeX X HCXOIHbIX AaTOMOB,

IMo 3akmouennio WTEC 31a TeXHONOrHSI MMEET POMAIHBI MOTCHUMAN ISl HC-
Nosb30BaHKs B Upe3BbluaiiHo 601bLIOM M Pa3HOOGPa3HOM MHOXCECTBE MPAKTHYECKHUX
obnacreit - oT npou3sozacTBa 6once NPOUHBIX M JIETKHX KOHCTPYKUMOHHBIX MATCPHAIOB
A0 YMEHBIICHHS BPCMEHH A0CTABKH HAHOCTPYKTYPHPOBAHHbIX JIEKAPCTB B KPOBEHOC-
HYIO CHCTEMY, YBE/IHYECHNA CMKOCTH MarHHTHBIX HOCHTEJIEH H CO3aHUsI TPUITEPOB IS
GbICTPLIX KOMNBIOTEPOB. PekoMeHAALIH, JaHHBIE 3THM W TNOCHEAYIOIMHI KOMHTETA-
MH, NIPHBE/IH K aCCHIHOBAaHHIO 0MCHD 6OJIBIIMX CPEACTB Ha Pa3BHTHE HAHOHAYKH H Ha-
HOTCXHONIOTHH B MOCACAHHE TOAbl. MEXAUCUMIUIMHADHBIC MCCNCAOBAHNS OXBATHIIH
WHPOKMIL KPYr TEM - OT XMMHM KaTanu3a HaHOYACTHLAMM A0 (M3NKM Na3epoB Ha
KBaHTOBLIX TOUKaX. B pesynbrare anst Toro, uTo6st oueHuTh Hanbonee obuime nepeneK-
THBbI H NOCJICACTBHS PA3BHTHS HAHOTEXHONOTHH M CACAATH CBOIT BK/IAJ Ha TOM HOBOM
3aXBaTLIBAIOWICM F10/IC ACATENBHOCTH GBLJIO OCO3HAHO, YTO HCCACAOBATENSIM HEOBX0H-

Hpeducnogue agmopa 'Q

MO NMEPHOAHCCKH BLIXOAMTD 3a MpPEAEbl X y3KonpodeccHoHambHOI obnacT 3Ha-
Huii. TexHHYECKHE MCHEIDKEPBI, SKCTIEPTEI M Te, KTO NMPHHUMAIOT (DMHAHCOBLIC pellic-
HHS, JO/DKHDI Pa35"pa‘fb¢8 B OYCHb LIHPOKOM Kpyre AMCUMIUIHH. XOTs 3Ta KHHUra nep-
BOHaYaJIbHO IJIAHHPOBANACH KaK BBEACHHE B HAHOTEXHOMOTHIO, H3-32 CAMO#{ IIPHPOMLI
9TOif HayKH OHa NpPEBPaTHIACh BO BBCACHHE B OT/C/bHBIE 06aCTH HAHOTEXHONOTHH,
KOTOpbIC, 10-BHAMMOMY, ABIAIOTCH ¢¢ THMHYHLIMU npeactaBuTensiMu. M3-3a Beico-
KO#f CKOPOCTH Pa3BHTHS M MCKIMCUMIUTHHAPHO# NPHPONBL! HEBO3MOXHO JaTh AEHCT-
BHTEIBHO BceoGbemmioliee uanoxenue npeamera. IIpeacrapieHHbe TeMbsl OTOHpa-
JIKCh HCXOAS M3 AOCTHTHYTOI ITyOMHBI MOHMMaHUA BONPOca, 06beMa HX MOTEHLMATb-
HBIX WIH YXe ‘CYMIECTBYIOIMX TNPHMEHEHHIt B Texuuke. Bo MHOrMX riaBax
obCcyXaaloTcs HblHElHKe 1 Gyaymme BO3MOXHOCTH. [N TeX, KTO XeNnaeT y3Harhb
GONMBIIE O KOHKDETHBIX OGNACTAX, B KOTOPHIX PA3BMBACTCS 3Ta TEXHOJNOTMS, AAHBI
CCBUIKM Ha JINTEPaTypy. ' ' = '

MBI NOMBITATHCH AaTh BBCACHHE B NPEAMET HAHOTEXHOMOTHH, HAMMCAHHBI Ha Ta-
KOM YPOBHE, YTOGbI HCC/ICIOBATE/H B Pa3HBIX 06aCTAX CMOIJIK OLEHHTD pasBuTHE 06-
JIACTH BHE MPEACNOB HX NMPOGECCHOHANBHBIX HHTEPECOB, a TEXHHYECKHE PYKOBOIMTE-
JIH M MCHEUKEPHI - MOMYYHTb 0630p NpeaMeTa. Bo3MOXHO, 3Ty KHHIY MOKHO HCIIONb-
30BaTh KAK OCHOBY U1l YHHBEPCHTETCKOrO Kypca 1o HaHOTeXHONOrHH. MHor1e riaBst
COZIEpXAT BBEACHHS B (PUIMUECKHE H XHMHUECKHE PHHLIITBL, JIEKAIIHCE B OCHOBE 06-
CyXnaeMEIx obnacreit. TAKHM 06Pa3oM, MHOTHE [aBB! CAMOJOCTATOHBI H MOTYT H3y-
yaThCH HE3aBHCHMO ApYT OT Apyra. Tak, rnaBa 2 HAYMHAETCSl C KPaTKOro o630pa
CBOICTB 06BEMHBIX MaTEPHANOB, HEOGXOAUMOrO ISl MOHHMAHHSA TOT0, KaK H NOYeMy
MEHSIIOTCS! CBOCTBA MaTePHAJIOB NPH NPHGMIDKEHUH Pa3MEPOB HX CTPYKTYPHBIX €~
HHL K HAHOMETpY. BaXXHBIM CTHMYJIOM K CTOJIb GBICTPOMY Pa3BHTHIO HaHorexuonomu:
SBHJIOCH CO3AAHHE HOBBIX HHCTPYMCHTOB (TAKHMX KaK CKaHHPYIOLUHi wﬂncnyguﬁ MH-
KDOCKOI1), KOTOpBIE TIO3BOJIIIN YBHACTh OCOGEHHOCTH HAHOMETPOBBIX Pa3MCpPOB Ha
NOBepXHOCTH MaTepKanos. [T03TOMY B IMaBe 3 OMMCAHB! BaXHEiLIHe MHCTPYMCHTA/Ib-
HBIC CHCTEMBI M JAHBI WUTIOCTPALIHH H3MEPCHHIT B HAHOMAaTCpHA/IAX. OcraznbHbie r1a-
BBl PACCMATPHBAIOT APYTHE aCMEKTHI NTPOGACMBI. 7 g el

Onus u3 Hac (Y.I1. ITyn) Beipaxaer 61aroapHOCTb CBOEMY ChIHY Muweno 3a He-
CKOJMBKO JICCATKOB PHCYHKOB, BCTPEYAIOLIMXCS B 3TOH KHUTE, H BHYKY Moxyny lokexco-
HY 3a NOMOIb C HECKOJILKHMH PHCYHKAMH. MBI NpH3HATENBHBI npc_xbcccopy OcTtuH
Xbio3 3a o6cyxaeHue rassl o Guonorsy. Ham okasanach 04eHb none3xoit HHdopma-
uus w3 naturomHoro Tpysa "Handbook of Nanostructured Materials and
Nanotechnology” non penakuueii X.C. Hansa (Nalwa) u xuuru "Advanced Catalysis
and Nanostructured Materials" nox pcnaxuugi& B.P. Mosepa (Moser), 06¢ BBIMYILCHB
u3natenscToM Academic Press.




Mpeancnoeue peaakTopa pycckoro nepesoaa

B noc/ieHHe HECKOIBKO JIET HRHOTEXHONOTHA CTajIa paCCMAaTPHUBATHCA HE TONBKO KaK
olHa M3 HanGonee MHOroo6emaloLHX BeTBEH BEICOKOIT TEXHONOTHH, HO M KaK CHCTC-
Moo6pasyiowuii haxTop SKOHOMHKH 2] BeKa - SKOHOMHKH, OCHOBAHHO# Ha 3HAHMSX,
a He HCTONB3OBAHMH MPHPOMHBIX PECYPCOB I MX MepepaboTke. TomuMo Toro, 4o
HAHOTEXHONOTHS CTHMY/IHDYET Pa3BHTHE HOBOIi MAPAXUIMBI BCeif NMPOH3BOACTBEHHOIH
JEATENbHOCTH (¢CHH3Y-BBEPX» - OT OTAC/bHBIX aTOMOB — K M3JC/IHIO, 3 HE «CBEpXy-
BHH3», KaK TPAAHIIHOHHBIE TEXHONOTHH, B KOTOPHIX H3JE/IHE NOTY4aloT MyTeM OTCeye-
HHS HATHLIHEro MaTepHana ot 6ojiee MacCHBHOI 3aroTOBKH), OHa CaMa SIBJISIETCS HC-
TOYHHKOM HOBBIX MOJXOJOB K NOBBILICHHIO KA4ECTBA XKH3HH M PCLICHHIO MHOTHX CO-
LHANBHBIX Tpo6ieM B MOCTHHAYCTPHaIbHOM obwecrse. ITo MHeHHIO GONBIIMHCTBA
3KCnepToB B 00/1aCTH HayYHO-TEXHWYECKOI MONMTHKH M MHBECTHPOBAHHS CPCACTB,
HaYaBLIAsCS HAHOTEXHOJIOTHYECKas PEBOIOLIHS OXBATHT BCE XH3HCHHO BaXHble Cde-
Pbl AEATELHOCTH YEI0BEKa (OT OCBOSHHS KOCMOCA — A0 MEAMLIMHBI, OT HALIHOHANLHOI
Ge30macHOCTH — 10 3KOJIOTHH M CENICKOro X03siiCTBa), a ee mocieAcTBHA GyayT 06-
uIMpHee H rIyGXe, YeM KOMNLIOTEPHOI peBooLK nocaeaxeii tpet 20 sexa. Bee aTo
CTaBHT 3a1a4H H BONPOCHI HE TONLKO B HAYYHO-TEXHHYECKOI chepe, HO M nepex aqMu-
HHCTPaTOpaMH pa3iyHOIo YpOBHH, NOTCHUHANBHBIMH HHBECTOpaMH, cdepoii obpa-
30BaHMHA, OpraHaMH IrocyAapCTBEHHOTO YIIPaBIEeHHA U T.A. :

B 370it cBA3M BO3HMKNA NOTPeGHOCTH B JIHTEPAType, MOKPHIBAIOLLICHT LIHPOKHit
(1 noxa eue He YCTOSIBIUMIICA) CMEKTP TeM M 0GBEKTOB Ha PasIHYHLIX YPOBHSAX CTPO-
TOCTH if 0GCTOATENLHOCTH — OT Hay4HO-TIOMY/SPHOTO — JI0 MOHorpaduyeckoro. Heo6-
XOAUMBI TaKKe yueOHbIe NocoGHs M aHaNHTHYECKHE 0630PhI NOCHEAHMX JOCTHXCHHIA,
HEpCLICHHBIX nIpobieM M nepenexTus. [Toxa Takoit iMTepaTyphbl B MI060M H3 nepeyuc-
JIEHHBIX CCMCHTOB IBHO HEIOCTATOYHO. A Ha PYCCKOM SI3BIKE €€ NMPAKTHYECKH BOBCE
HCT, XOTA CYIECTBYET Psi 0630POB 1O KOHKPETHBIM NMPOGNEMaM HAHOHAYKH M HaHO-
TexHonorny. Ipeanaraemas poccuiickomy unraremo kuura Y. I1. IMyna u ®, Ix. Oy-
3Hca GyaeT oTyacTH cnocob6CTBOBaTh YMEHBIICHHIO AehuumTa TUTEPATYpPHI 110 HAHO-
TexHoMoruy. CaMu aBTOpPHI NPH3HAIOT B TIPEAMCIIOBHH, YTO 3ATPYAHSIOTCS B TOYHOCTH
:2(:::::& ;;a:p:{ ;a::m H Ha3Bathb ec anpec. D10 U HE Y4eOHUK B TPATHLHMOHHOM T1O-

-y 1 CTEMaTH3HPOBaHHbII 0630p NepHOaKKYH, 3TO M He nonyasipHoe
n M€ UL MCHEKCPOB M OpraHoB ynpasnexus. Ho Bcex aTux NMOTCHLUMANBHBIX YK~
TaTesieit aBTOPbI IBHO MMeJH B BUY, paGoTas Haj PYKONHKCBIO.

Knura cHabxena AByMs BBOAHBIMH TJlaBaMH, KOTOPBIE 3HAKOMST YUTATE/ISI C (bli-
::{uﬂl::cxuuu OCHOBaMH MOBEACHUS MATEPHANIOB Ha aTOMapHO-3JIEKTPOHHOM YPOBHE
maB:J::u‘; zzﬂil::mmb; g)muqccxuu HWIH XMMHYeCKMM oBpaszoBaHMeM 3TH

) HUCro HOBOIO MO CPaBHEHHIO C TPAXMUHOHHBIMH

Y4eGHHKAMH, HO OHM BAXHBI JIsI NOHUMaHHUs (yHAaMeHTANbHOTO Gasuca HAHOTEXHO
JIOTHH THUAMH, HC HMEIOIMMH CTICLHAILHOIO 6a3oBoro o6pa3zosanms. B KHHU
“CH BeCbMa LUKPOKMIT KpYr TeM H npoGnem: addexrsi, : - 2 s

CBS3aHHBIE C pa3MepaMH M pa3-
Me 2
PHOCTBIO OGBEKTOB HAHOHAyKH M HAHOTEXHONOIHH, MarHMTHBIE, 3eKTpHUCCKHE
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M ONTHYECKHE CBOMCTBA HAHOCTPYKTYPHPOBAHHBIX MaTePHAIOB, METO/BI HX MOyYe-
HHMsl M MCCeNoBaHKs, CaMOCOOpKa M KaTalH3 B HAHOCTPYKTYpax, HaHOGMOTEXHOJIO-
s, UHTErPHPOBAaHHbLIC HAHO3/IEKTPOMEXaHUUECKKE YCTpoifcTBa, Qy/UIepHTbI, HAHOT-
pyOKH ¥ MHOrOe apyroe. OnucaH psj COBpEMEHHBIX METOJIOB HCCIIeIOBAHHS H aTTec-
TaUHM HAHOCTPYKTYP H HAHOOOLEKTOB: 3JICKTPOHHAsA M MOHHO-NONCBAs
MHKPOCKOIHS, ONTHYECKAsl, PCHTICHOBCKAs H MarHHTHAs CMEKTPOCKOIHMS,

BmecTe ¢ TeM o4eBHAHBI M NPOGEJIbl B CTPYKTYPE M COAEPXAHHM OTACBHBIX pa3ie-
JioB. Tak, MOYTH NOJHOCTBIO OTCYTCTBYIOT CBEAEHHS O HAHO3/IEKTPOHHKE, CTHHTPOHH-
K€, HOBBIX MAEAX B OTHOLUCHHH KBAHTOBBIX BBIYMCJICHHIT M KoMmbioTepoB. O Gosb-
LIHHCTBE M3 HHX HET Jlaxe ynoMiHaHus. COBEpPLICHHO HEAOCTAaTOYHO Y/e/IeHO BHHMAa-
HHEC Ype3BbIYaifHO MOLIHBIM W PacNpPOCTPAaHCHHBIM 30HAOBHIM CKaHMPYIOLIMM
METO/1aM MCCJICNOBaHHs, aTTeCTalMH, IHTOrpaHH U aTOMHO-MOJIEKYISPHOIO JAM3aii-
Ha. Kpouleynslit naparpad, nocBsilueHHbIH 3THM BOMPOCaM, COBEPLICHHO He NPOMnop-
IHOHAICH POJIM M MCCTY 30HN0BOI HaHOTEXHONOrMH. BecbMa CKpOMHOE MECTO OTBE-
JicHOo cnaboit cBEPXNPOBOAMMOCTH M OYeHb NEPCNEKTHBHBIM YCTPOHCTBAM Ha €€ OCHO-
Be. CKyno npeicraBjieHbl TUIEHKM H TeTEPOCTPYKTYPHI, MIPAIOIME BaXHYI0 POib
B COBPEMEHHOI IUIaHAPHOM 3ICKTPOHHMKE, CBEPXTBEPABIC H H3HOCOCTOHKHE MOKPHITHA
u ap. Kak cnencrsue, OTCYTCTBYIOT MaTepHabl, OCBELIAIOMME CMIOCOOH! aTTeCTALHH
3THX CTPYKTYP, B YaCTHOCTH, XapaKTCPH3ALMIO MEXaHHYECKHX CBOHCTB TOHKHX CJIOCB
H HaHOOGBEMOB METOAMM JIOKAIBHOTO CHIOBOTO HAHOTECTHHIA (HAHOWHIEHTHPOBA-
HHe, HaHoCKpabupoBaHHe K T.I.).

- OTMETHM TaKKe, YTO HMI/E HE NPHBOANTCS CHCTEMATH3alMsA 00BEKTOB M MpoLiec-
COB HAHOTEXHOJIOTHH, BC/ICACTBHEC Y€ro HCHCKYLICHHOMY . UMTaTe/NIl0 OCTacTCs Hesc-
HBIM, C KaKOil e YacThio MPEAMETa eMY YAACTCS NO3HAKOMMTBLCH, POYHTAB 3TY KHHTY.

B wenoM, KHHTY MOXHO NPH3HATH FMOJE3HOM Ui WHMPOKOTro Kpyra uuTatenei,
BKJIIOYAs! CTYACHTOB DM3HYCCKHX, XHMHYECKHX H MATEPHAIOBEIYECKHX CTICLHANTBHOC-
reii. [MocnenHee TeM Gonee akTyanbHo, YTO y4eOHas JIHTEpaTypa Mo HAHOTEXHONOTHH
Ha PYCCKOM $3BIKE MPAKTHYECKH NOJHOCTBIO OTCYTCTBYET, @ NNOTPEGHOCTD B HEit — Be-
JIMKa B CBSI3M ¢ Hayasueiica ¢ 2003 roga NOAroToBKOH CICLHATHCTOB 10 HAHOMATCPH-
anam ¥ HaHO3NCKTPOHMKe B 12 poccuiickux BY3ax.

He co Bcemu npecTaBICHHAMH 1 MHTCPNPETALHAMH aBTOPOB MOXHO COIJIACHTD-
cs GesorosopouHo. Oanaxo, YTo6bl HE 3arpOMOXAATH TCKCT GONBIINM KOJIHYECTBOM
KOMMEHTAPHEB, HOTIONHEHMI M KDHTHUECKUX 3aMEYaHHit, IPH NMEPEBOAC M PCRAKTH-
POBAHMH YCTPAHCHBI JIHLIb OYEBHAHbIE OLIHOKH, HECOOTBETCTBHS H ONCYATKH.

3a BpeMs HAMMCAHMST KHHUTH H €€ MEPCHIIAHKA Ha PYCCKOM S3BIKE BBILLIO MHOTO
MONE3HbIX KHHUT, YacTh 3 KOTOPBIX MEPEYHCICHa HIXC. TTo HHM 3aHHTEPECOBaHHBII
YHTATENb MOXET O3HAKOMHMTBCA C OTACABHBIMH pasiciaMi | NaHOpaMoif HAHOTEXHO-

noruM B uesioM Gonee ray6oxo.
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NMABA 1.
BBEAEHUE

Ipucraska HaHO- BooG1wie o3HavaeT oy MuLHapaHyio (107°) vero-nu6o. Hanorexwo-
JIOTH MMCCT JICNIO C Pa3sHOOOPasHBIMM CTPYKTypaMM Bel(ecTBa, XapaKTepHblil pasMep
KOTODBIX — NOpsAKa MUUTHAPAHBIX Joneit MeTpa. XOTs CI0BO HAHOTEXHOJIOTHS SABJISET-
€Sl OTHOCHTEJILHO HOBBIM, YCTPOICTBA M CTPYKTYPbl HAHOMETPOBBIX Pa3MEPOB HE HOBbI.
Ha camom zeie oHm cyiuecTBylor Ha 3eMiie CTONBKO e, CKONBKO CYLICCTBYET caMma
XH3Hb. MOJUTIOCK MOPCKOE YLIKO BIPAUMBAET OYCHB NPOYHYIO, TIEPEIHBAIOLLYIOCH M3~
HYTPH PaKOBHHY, CKNCHBasi TPOYHBIC HAHOYACTHYKH MeJlia 0coboit cMechio 6e1KoB ¢ yr-
Jiesogamy. TpenuHe!, NOSBNAIONIMECS CHAPYKH, HE MOTYT PaCNPOCTPAHATLCS B PAKOBH-
HC H3-32 HAHOCTPYKTYPHPOBAHHBIX KHPMHYHUKOB. PAKOBHHBI ABNAIOTCA MPHPOAHOIT Ae-
MOHCTpaUMeil TOro, YT0 CTPYKTYphl, C(hOPMHPOBAHHBIC M3 HAHOYACTHLL, MOTYT GBITH
HaAMHOTO NMPoYHEee MaTepHaia, OXHOPOAHOTrO B 06beme. Kak M noueMy HAaHOCTPYKTYpH-
poBaHHe MOXeT AaTh 6onee npouHblie MaTepHanbl, GyaeT o6cykaaTecsa B riase 6.

B TouHOCTH HEM3BECTHO, KOTJA YeNOBEK BMEPBbIC HAYl MCMO/B30BATH NPEHMY-

1ecTsa HaHOPa3MCPHLIX MaTCPHANTOB. Ectb CBEIECHHS, UTO B YETBEPTOM BEKE Hauleit

3pbl PHMCKHE CTEKIOBAapBI ACAAIH CTEKIO, CoAepXalliee HaHOUaCTHIBI METAUIOB, U3-
Jienne 3Toil 3MOoXH, Ha3biBaeMoe- yaiueit JInkypra, Haxoautcs B bputanckom Myzee.
Yawa, n3zobpaxaiouas cMepth Koponst JIMKypra, cneiaHa u3 CTeKJIa Ha OCHOBE HAaTpO-
BOii H3BECTH, ColepkKallero HaHouacTHubl cepebpa i 3onota. Liser yaum mexseTcs
C 3eJICHOrO Ha TEMHO-KPACHBIIf NMpH NOMELIEHHH B Hee UCTOMHHKA cBeTta, OrpoMHoe
pa3Hoobpa3ue NpeKpacHbIX IBETOB BHTPaXeii B cpeHEBEKOBLIX XpaMaXx 00bACHAETCS
MPHCYTCTBHEM MCTAUITHYECKHX HRHOYACTHLL B CTCKJIE,

TMorenuuanbHas BAXXHOCTb MaJICHBKHX YacTHYEK — KJlacTepoB 6bU1a 0CO3HaHA Mp-
JnaHAcKuM (no poxaeHuio) xumikom Pobeprom Boitnem 1 obcyxkaena B ero tpyae «Xu-
MHK-cKenTHK» B 1661 rogy. B Hem Boiub KpHTHKYET BO33peHHst ADHCTOTENIS Ha Mare-
PHIO, COCTOMILYIO M3 YETBIPEX MEPBOOCHOB: 3€MJIM, OTHS, BOALI M Bo3lyxa. Bmecro 3ro-
ro OH NpPEAoNaraeT, YTo KPOLICYHbIE YACTHYKH BCLICCTBA COCAMHSAIOTCS PA3HBIMH
cnocobamu 1 06pa3yloT TaKHM 06pa3oM TO, UTO OH Ha3biBAT KOpNycKynamH. OH onucei-
BACT MX KAK «KPOLIEYHBIEC MACCHI, WIH KJIACTEPbl, KOTOPLIM TSXEN0 GbICTPO Pa3ioKHThb-
€51 Ha COCTaBJISIOIHE HX YaCTHLIBI».

~ Mororpadus, 3penas ¥ NPOABHHYTas TexHonorus, passutas B XVIII-XIX Bs., oc-
HoBbIBaeTcA Ha 06pa3oBaHMK HaHOYaCTHIL cepeGpa noa AeiicTBieM ceeta. PoTonIEHKA —
3TO 3MY/ILCHA ranoreHuaa cepebpa, Hanpumep, 6pomiaa cepebpa B XenaTHHe, HaHe-
CeHHast Ha OCHOBY M3 NPO3PauHOTrO alleTaTa Ue/UTIoN03bl. CBET padniaraeT raloreHHA ce-
pe6pa ¢ 06pa3oBaHHEM HAHOYACTHLL YHCTOrO cepebpa, KOTOphIC i SIBNAIOTCS MHKCeNs -

MU M306paxemm. B KOH11¢ BOCEMHAALIATOrO BeKa aHIIHICKHE yueHbIe Tomac Y31DKB)’IL

1 cap Xamndpu J3BH CMOMIH NOMYYHTb H30OpaXKEHHE, HCIIONB3Ys HHTPAT H XJI0pHA
cepeGpa, HO 3TH M306paxeHHs HEe GbUTH JONTOBPEMCHHBIMH. MHOXeCTBO (paHLys-
CKHMX M aHIIMICKMX yuyeHBIX paGorano Haj 3Toii npobaeMoii B AEBATHAALATOM BeEKe,
B Tom uncie Jarep, Heenc, Ton6ot, Apuep, Kenuer. MntepecHo, uto [ikeiime Knepk
1861 rony nep-
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MicTMaH, OCHOBABLINIE BIOCAEACTBIHH Kopriopauiio «Kogak», Caena MICHKY W3 JUIHH-
HOit 6yMaXHOIi OJOCKH, MOKPBITOH raJloreHHAOM cepebpa. [ToroM OH YCOBEPLICHCTBO-
BaN IUIEHKY, caenas ee rH6Koit. BO3MOXHOCTb CKpY4HBaTh IUICHKY B PYJIOH CAC/Aa to-
Torpauio UIMPOKOAOCTYTIHOI. TakuMm 06pa3oM, TEXHOAOTHA, OCHOBAHHAsA HA HCNOJb-
30BAHHM HAHOPA3MEPHBIX MAaTCPHAJIOB, HA CAMOM JieJie He TaK YX HOBa. _
B 1857 roay Maiixn ®apaneit ony6nskosan crarbio B «@unocodekmx Tpynax Kopo-
nesckoro O6luecTsa», B KOTOPOii OH NPEANPHHSU NONBITKY 00BACHHTH, KAK METALTHYCC-
KHE BK/IIOUYCHHS! B BHTPOKHOM CTEKJIE BIHSIOT Ha ero LIBET, HO NepBhiM 06bsICHEHHE 3aBi-
CHMOCTH LIBETA CTEK/Ia OT BEILECTBA MCTAUIHYECKHX BKTIOYCHHIT H X pasMepa CMOr aTh
Tycras Mu B paGote, onyGnukoBaHHoil B 1908 roy B «AnHanax ®@usuku» B Jleiinuure.
Puuapa Peitman 6b1 HarpaxaeH Hobenesckoit npemueii B 1965 rony 3a coznanie
TEOPHH KBAHTOBOIt 3NIEKTPOAHHAMHKH, NPEAMETA BECHMA AANECKOr0 OT HAHOTCXHOJIOTHH,
®citnMan GbUI TAKOKE YPE3BLIYAIHO ONAPEHHBIM M APKHM YUHTECM i JektopoM. OH
CUMTACTCA OMHMM H3 BEJIHUAiiMX (PH3IHKOB-TEOPETHKOB cBoero BpemeHu. Ero nurtepe-
bl MPOCTHPATHCH OYCHb UIMPOKO, OT HIpbl Ha GapaGaHax GOHIO A0 MOMBITOK paciuHd-
POBKH TIHCBMEHHOCTH Maiis. MOXHO COCTaBHTb CBOC MPEACTaBACHHE O LWIHPOTE €ro HH-
TEPecoB M OCTPOYMMH, IIPOYHTAB €ro 3aMeyaTe/ibHyIo aBTobHorpadiueckyio KHUry «Bel,
KOHeYHo, wytHTe, MucTep Peitiman». B 1960 roay Ha cobpaHun AmeprkaHckoro ®u-
3uyeckoro OBuiecTBa OH NMPOYHTANT MPOBUAYECKYIO H MPOPOYECKYIO ACKLIHIO MOJX Ha3Ba-
HHeM «TaM BHU3Y e1Le OYeHb MHOTO MeCTa», rjie ()aHTa3upoBa Ha TeMY BEPOSITHOCTH CO-
37aHHA M NOTCHUMAIbHBIX BO3MOXHOCTEIl HaHOpa3MepHBIX MaTepuanos. OH npeacras-
aan cebe rpaBupoBaHHE JIMHMIT IIMPHHOI B HECKONBLKO aTOMOB NOCPEICTBOM
3NCKTPOHHOrO My4Ka, MPeICKa3aB TakKuM 06pa3oM OCYILECTBICHHE 3/ICKTPOHHOMY4EBO#
JuTorpaduu, HCNONL3YeMOit CEroaHs ANs H3rOTOBNEHUS KPEMHHEBBIX yunos. OH npesi-
Jlarat MaHUMYAMPOBAHHE OTACABLHBLIMK aTOMaMM JUISl CO3/IaHHSA HOBBIX MaNbIX CTPYKTYP
C OueHb pasHbIMK cBoiicTBaMH. U 310 B camoM Jiesie GbUTO peann3oBaHO NOCPEACTBOM
CKaHHPYIOLLETO TYHHEJBHOrO MUKpocKona, 4yTo 6yaer obeyxnarses B ase 3. OH Mbic-
JICHHO BHIEJ CO30AHHE JIEKTPHYECKHX Lieneii HAHOMETPOBLIX MAcIITAG0B ISl HCIIONb-
30BaHHs X B 6oiee MOLIHBIX KoMNbloTepax. Kak # MHOTUE COBPEMEHHBIC HCCICAOBATE -
711 B 3T0it 0611aCTH, OH OCO3HABAN CYIIECTBOBAHHE HAHOCTPYKTYD B GHONOTHYECKHX CHC-
TeMax. MHOXecTBO (heifHMAHOBCKMX M3MBILUICHHIT CTano PCaNbHOCTBIO, OHAKO €ro
HJEH HC HALLTH OTKNMKA Y YYCHBIX TOrO BpeMeHH. Bo3aMoXHO 13-3a ¢ro penyraimu Jio-
OuTesst NOWYTHTH, PEakUMIO MHOTHX CAyIUaTe/eit Ha YC/IBIIAHHOE JIYYILe BCETo MOKHO
ONHcaTh CIOBAMM 3araBus Toi caMoil KHHUrH, «Bbl, KOHeuHo, wyTTe, MucTep MeiiH-
Man», Ceifyac cpeau uccenoBateneii B 06/1aCTH HaHOTEXHONOTHH 3Ta JIEKIHA, pasyMe-
CTCA, ABNACTCA JICTCHAAPHOI, HO, KaK CKA3a1 OMH Y4YeHBIii, «0Ha 6bUIa CTOND npoBUaYyc-
CKOi, 4TO He OXOMINIA JIO JIOJICH, MTOKa 10 Hee He JOLUIA TEXHOOTHS», :
Bouti u apyrie nposuausl. ¥V Panbda Jlasnoepa, paGorasuwero B 1957 rogy Ha
IBM, 6bu11 uaeu o HanomacluTabHoi 3NCKTpOHHKE. OH NOHMMAN BAXHYIO POJib, KO-
TOPYIO MOTYT HrpaTh KBaHTOBO-MeXaHHYCCKHE 3EKTDI B TAKHX YCTpoliCTBaX.
Xots ®eitHMan npeacTaBua CBOIO Jiekunio-npensuacHue 8 1960 roay, u B 50-x,
s oo A it
et b gt » A2 W HE SBNANOCH €10 MO GoNbIIOMY Cye-
;c st < PBOM HabJIIOACHHH MOPHCTOro KpeMHus B 1956 roay, Ho uHTC-
0/IbKO nocne Toro, kak B 1990 roay B a1omM Matepuaie o6Hapy-
KUITH (DRIOOPECLICHLIMIO NPH KOMHATHO Temneparype. CBoiicTsa opHcToro KpeMHmst
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obcyxnaiorcs B rnase 6. [pyrast pa6ora Toro BpemeHH GbUia CBA3aHa C CO3NaHHEM Ha-
HOYACTHL IETOYHBIX MCTAUIOB MOCPEACTBOM MCMApeHHs HaTPUs WIM KaIHs C nocse-
AYI0IIMM ocaxacHueM Ha Gosee xonoaHolt momioxke. B 60-x rogax 66U1H NONYyYCHbI
(heppoMarHHTHbIE XXKMAKOCTH, COCTOSIME H3 HAHOYAcTHL (heppoMarHeTHKa, AuCIep-
THPOBaHHBIX B XWAKOCTH. YacTHUB! CO3aBANTHChL MOMOJIOM B IAPOBOI MEIbHHLE
€ XHAKOCTBIO B PHCYTCTBHH NMOBEPXHOCTHO aKTHBHOTO BelecTsa. MHOXeCTBO HHTE-
PECHBIX CBOJICTB H NpHUMeHeHMIT TAKKX XHuAKocTeit 6yaer o6cyxknarbes B rnane 7. Jpy-
rMM aKTHBHO pa3BuBaBLiMMcs B 60-¢ roasl HanpasneHueM GbUT 3NEKTPOHHBII Napa-
MarHnTHbI pesoHaHc (STTP) anekTpoHOB NPOBOAMMOCTH B METAUTHYECKHUX YaCcTHIIAX
HaHOPa3MEepOB, Ha3bIBAEMBbIX B TO BpeMst KOJTOHAaMH. YacTHLBI CO3AaBAIHCh NOCPeN-
CTBOM TEIUIOBOTO Pa3NoXKeHUs M 06/1ydeHHs TBEPABIX TE C MONOXHTENBLHBIMH HOHAMH
METJLNIOB M OTPHUATCABHBIMM MONEKY/ISIPHBIMH HOHAMH, TAKUMH KaK a3uibl HATPHS
M Kanusi. B camoM ziene, TensioBoe pasnioxeHHe TAKHX BELIECTB SIBISETCA ONHHM H3 Me-
TOAOB MONy4eHMs1 HaHouacTul, uto Oymer obcyxnathesa B mase 4. OcoGeHHOCTH
CTPYKTYpPbl META/UTHYCCKHX HAHOYACTHIL, TAKHE KaK CYILECCTBOBAHHE MAarHYECKHX YH-
cel, Obin o6HapyKeHb! B 70-X rogax npM Macc-CrieKTPOCKOMHH B HATPHEBBIX My4KaXx.
XepMaH ¢ COABTOPaMH M3MCPHIN MOHH3ALMOHHbLIH NOTCHUHAN K/IacTEpPOB HATPHsA
B 1978 roay u nponabnionany ero 3aBHCHMOCTb OT pa3Mepa KJ1acTepa, YTO NPHBENO
K CO3IaHHIO MOZEH XeJie VISl KNacTepoB, obcykaaeMylo B rnase 4.

Ipynnet B Bell Laboratories n IBM B nauane 70-X ronos co3fany nepsbic AByMep-
HbIC KBAHTOBBIE AMBI NMOCPEACTBOM BhIPALIMBAHMS TOHKHMX (IMUTAKCHATbHBLIX) TUiE-
HOK, YTO T03BOJIsIeT JOPMHPOBATH ONHOATOMHBIC CJIOH MONYNPOBOAHHKA. DTa paboTa
MIONOXKIA HAYAIO Pa3BHUTHIO NMPOMBILUIEHHBIX MCTOROB NOAYYEHMHS] HYAb-MEPHBIX
KBAHTOBBIX TOYEK, KOTOPLIC B HACTOSILICC BPEMST Pa3BHJIHCh B KOMMEPUECKYIO TEXHO-
nornio. KBaHTOBBIE TOUKH H MX MPIIOXKEHHS 00CYXAAIOTCSA B rnase 9. ;

OnHAKO TONBKO C NMOSBICHHEM COOTBETCTBYIOLIHX METOAOB (DOPMHPOBAHHSA HAHOCT-
PYKTYp B 80-X roJax akTHBHOCTb Ha 3TOM MOTNpHILE CYILCCTBEHHO BO3POCAR, YTO H MpH-
BEJIO K MONY4EHHIO MHOXECTBa BAXKHBIX peaynbraToB. B 1981 roay 6but peann3soBaH cro-
c06 NMOJIyuYCHHS MAIBIX METAUTHYCCKHX KIaCTEPOB, HCMOML3YIOLIMIT BLICOKOIHEPreTHY -
HBIiT c(POKYCHPOBAHHBII JIa3ePHbIt IyY V15l CO3alMsl rOPAYCH IIa3Mbl NPH HCMapeHHH
Merauia. On obeyxnaercst B rase 4. [TOTOK remsi OX1KAaeT Nap, KOHACHCHPYS aTOMb
META/UIA B KAACTEphl pasHBIX pasmepos. B 1985 roay arot MeToa 6bu1 HCNOAB30BAH LIS
nonyuctus dpynepena Cgo. B 1982 rony asoe poccuiickix yueHsiX, EkiMoB i OxyiueH-
KO, cooBuuLIM O NepBOM HaGMIOACHHM KBAHTOBOI JIOKANTH3ALMK, MTO oGCYXaaeTcs
B rnase 9. B atom xe aecarinersin LK. Bunnurom u X.Poepom 6bu1 co3naH CKaHHpYIO-
Uit TYHHETBHBIE MHKPOCKOT, 32 4To B 1986 roay um 6bu1a Bpyucta HoGenesckast npe-
must. M306peTenie ckaHupyiolero TyHHeabHoro mukpockona (CTM) u atomHo-ciuio-
Boro Mukpockona (ACM), ONMCaHHBIX B IN1aBe 3, JaJio HOBbIE BAKHBIC CPEACTBA Hab/I0-
JEHHsI, M3yYCHHST M ATOMHOTO MaHHMMYIHPOBaHUSA B HaHooObekTtax. B 1987 roay
B.Jx. Ban Buc u H. san Xyrex 13 Hunepnannos HabaonatH CTyrieHH Ha BOJIBTaMICp-
HBIX XapaKTePHCTHKAX Toue4HbIX KOHTaKTOB. [Tofo6Hble cTynenn Habmonanu u 1. Ba-
pam u M. Tennep B Kem6pumke. D10 Gbu1n nepsbie HabNIONCHHS KBAHTOBAHHS NPOBO-
aumocti. B ato xe Bpems T.A. ®@ynron u IJIx. Jlonau u3 Bell Laboratories coanani nep-
BBl OHOZNICKTPOHHBIIE TPaH3HCTOP M Habmogani KyJIOHOBCKYlO Gnokany, 4rto
obcyxaaercs B miase 9. DTOT NEpHOA OTMEUEH Pa3BHTHEM MCTONOB CO3MAHMA MalbIX
CTPYKTYP, TaKHX KaK 3JIEKTPOHHO-/yueBast AMTOrpadis, Aaioliias BOIMOXHOCTb JIeNaTh
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10-HaHOMETPOBbIE CTPYKTYpbL. Taioke B 3TOM AeCATICTHH GBUIH NONYYEHbl MHOTOC/OF-
HBbIC MaTEPHANBI € YEPEAYIOUIMMHCS MATHUTHLIMH H HEMATHHTHBIMH CJIOSIMH, ICMOHCTPH-
pyIOLlie YIHBHTEIbHbIE CBOHCTBA HTAHTCKONO MarHETOCONPOTHBIEHIHA. STH MaTepHANbI
CO C/IOAIMH HAHOMETPOBO# TOMUTHBI HMEIOT BAXXHOE NPUMEHEHHE IS CO3MaHHs1 HOBBIX
3aMOMMHAIOLIHX YCTPOIICTB HA MATHHTHOIH 0CHOBC. DTOT Bonpoc obcyxnaercs B rase 7.

XoTs KoHuenuMs (POTOHHBIX KPHCTALIOB BO3HMKIA Y TEOPETHKOB B KoHLE 80-x
ronoB, NEPBLI TPEXMCPHO NEPHOANYECKHIT POTOHHBIH KpHCTALI € COBEpUICHHOIT 11e-
nb10 661 H3roTORNEH S16n0HOBHYEeM B 1991 roay. DoToHHbIe KpHCTALIL 06CYXKAAIOTCA
B rnase 6. B 90-x rogax Mxuma nonyuun yraepoausie HaHoTpy6ku, B dymnepeHax Ce
GbUTH OTKPBITEI CBEPXNPOBOAMMOCTb M (heppOMArHETH3M, HauaThl NMOMBITKH CO3MaHHS
MOJIEKYNSIPHBIX MepeKTiouareNeii H M3MCPCHHUS 31EKTPONPOBOAHOCTH OTAC/ILHBIX MO-
JIEKy/l, NPOAEMOHCTPHPOBAH TOJEBOI TPAH3UCTOP Ha yriepoaHoii HaHoTpyOKe. Bcee
BbiLIIENIEPEYHCICHHbBIC OTKPLITHSA 06CYKAal0TCA B 3TOi KHHre, MUHTeHCHbHUMPOBaIoCh
H3yYeHHE NPOLECCOB caMOCOOPKH MOJIEKY/T Ha MeTanuecKoit mosepxHocTH. Camo-
cOopKoif HasbiBaeTCsi CaMONMPOM3BONBLHOE O0pa3oBaHME CBA3CH MEXAY MOJEKYIaMH
H METAUTHYECKOIi NOIIOKKOIH ¢ 006pa3oBaHHEM YNOPANOYEHHBIX CTPYKTYDP MOJIEKYJ Ha
ee nosepxHocti. Hanbonee wmpoko ncenepoBaniack caMocOopKa THOMOBBIX H AHCYNb-
(duaHbIX coeHHEHHIT Ha 30/10Te, 3TH PE3YLTAThl NPeACTaBAeHb B rase 10, '

B 1996 roay rpynna npaBUTENbCTBEHHbIX YupexXaeHMit moa HayaioM HaumonansHo-
ro ®oxna Haykst opraHu3oBaia H3y4yeHHE TCKYILErO MHPOBONO COCTOSHHS HAHOHAyKH
W HAHOTEXHOJIOTHH, HANpPaBJCHHIT H NEPCNEKTHB ee pa3BHTHA. Pe3ynbraToM aeaTebHoC-
TH IPYNINbI ABWIMCH ACTANLHO pa3paboTaHHbIe PEKOMEHAALMM MO Pa3BUTHIO 2TOl obnac-
TH 3HaHuit. ITpuHIMan Bo BHMMaHKe 3TH peKkoMeHaaumu, npasutenscteo CLIA Hauano
meapo ¢uHancupoBath TakHe paGoThl M CHOPMHMPOBANO  AOATOBPEMEHHYIO
TOCYZapCTBCHHYIO MporpamMMy noA HassaHueM «HalumonanbHas HaHOTEXHOMOTHYeCKast
HHHUMaTHBa». Puc. 1.1 nokasbiBacT yBeinyeHue (GHHAHCHPOBAHNS HAHOTEXHOMOIHI]
npasuteabcroM CIIIA 1 nnanupyembiit poct cornacio niany Haumonanshoit Hanorex-
Honoryeckoii MHuumatupel. 310 HecaeioBaHKe NO3BOAWIO CACNATH ABA 0606IIECHUS.

epsbiM siBnsieTCS TO, YTO NPH HAHOCTPYKTYPHPOBAHUH MATEPHANLI MOTYT NoJy4arh
HOBbIE CBOICTBA M HEOOBIYHbIC XaPAKTEPHCTHKK. B OCHOBE TAKOro NOBEACHHS! JICKHT TOT
(axT, 4To ¢ KaXABIM CBOJCTBOM BELLIECTBA CBA3aHA XapaKTepUCTHYCCKast, HIH KPHTHYC-
cKast innHa, Hanpimep, 31eKTpoconpoTuBieHie BelecTBa BO3HHKACT B pe3ynsrare pac-
CCAHHA IEKTPOHOB NPOBOAMMOCTH Ha KoJeOmouxcst aToMax WK npumecsx. OHo xa-
PaKTepu3yeTCs AnuHoit cBOG0AHOTrO Npobera, To eCTh CPEAHNUM PACCTOSHHEM, nponerae-
MBIM 3/ICKTPOHOM MCXIY ABYMSI OTKJIOHCHMSAIMH OT NPAMONMHCITHOI TPaCKTOPHH.
OcHoBHblC hH3MYECKHE K XMMHYCCKHE CBOJCTBA MEHAIOTCSA, KOT1a pa3Mepbl TBEPABIX
TG CTAHOBATCS! CPABHHMBIMH C XapaKTEPUCTHYCCKHMH UTHHAMH, GONBIIMHCTBO M3 KO-
TOPBIX JICKHT B HAHOMCTPOBOM iHana3oHe. OauH U3 HauGonee BAXHBIX MPHMEPOB TaKO-~
TO NOBCACHHS ICMOHCTPHPYIOT 4YaCTHILbI NIONYNPOBOAHMKA C pa3MepaMH NopsiaKa KBaH-
TOBOI JUIMHBI BOIHBI 3NCKTPOHA WM ABIPKH B 30He TIPOBOAMMOCTH. DTO OCHOBA KBAHTO-
::1: u:'.;:::;( o:;r:z:x u::‘ :g::: ;;::::’;2[: HaHOTCXHOJIOIHIA, JieXalleit B ocCHoBe Jla3epoB Ha

; ceifyac 1is YTeHHst KOMNAKT-AHCKOB (CD). Kak

Oyaer noxasano B rase 9, aneKTpoHHas CTPYKTYpa CHJILHO 3aBHCHT OT YMC/Ia M3Mepe-
HHi, 0 KoTOpbIM 06pa3ell HMeeT HAHOMETPOBBIE Pa3Mephl.

) CTPYKTYp2 Ha3blBacTCA KBaHTOBLIM KonoaueM. Ero ajex-

TPOHHAs! CTPYKTYpa CHABLHO OTINYACTCS

OT TaKoBoii y 06pa3lioB, HMEIOWMNX Ha-
HOMETPOBBIC Pa3Mepbl MO ABYM M3Mepe-
HHAM M- Ha3bIBAIOLIMXCA HAHOMPOBOJIO-

KamH. KBaHTOBbIE TOUKH MMEIOT HaHO- .

METPOBbIE pa3Mepsl IO  BCEM TpeM
u3MepeHHsM. B rnase 9 B meranax o6-
CyXIaeTcs BAMSHHE KONHYECTBA H3Me-
peHuHil y HaHOCTPYKTYpHI Ha ee 3JieK-
TPOHHBIE CBOJCTBA. 3aBHCHMOCTD 3JIEK-
TPOHHBIX CBOMHCTB OT pa3Mepa NPHBOINT
K CYLIECTBEHHBIM M3MCHEHHSAM OMNTHYE-

Munnuons ponnapos
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Puc. 1.1. ®uuancnuposanue HecaeaoBaHHii no
HaHOTCXHONOrHK No rogaM. BepxHsast nunus
OTPaXaeT 3aTpaTbl NPABMTENLCTB JAPYTHX
CTpaH, HMXHA — npaBuTenscrpa CILIA..

e 5 ey N TTyHKTHDHAA TMHKA NOKA3LIBACT MPCANONArae
o6cyxaactes B riane 8 Hapsny © BAUSHI- lec 3a1pparu B 2002 roay (1a ocuogl?gpmbuu?
€M YMCHBLICHHSI pa3Mepa Ha Koneba-  r ceyara CLIIA no HaHoTexHONOMMM OT 24 Mast
TC/IbHBIC CBOJCTBA MATCPHAIIOB. - 2001 roga u Haumonanskoro ®onna Haykm).
. Bropoe HabniofieHue npaBMTENLCT- ' : it :

BEHHOI KOMHCCHH KacaeTcsl Toro (pakra, 4To 3THM MOJIEM AeATEIbHOCTH 3aHUMaeTcs
MHOXECTBO pa3HbiX oTpacneii 3HaHuit. PaGoThl N0 HAHOTEXHOJOTHH MOXHO HaTH KaK
Ha YHHBCPCHTCTCKMX OTAENCHMAX (DH3MKH, XHMHH, 3KOJIOTHH, TaK M Ha OTAENIEHHAX
MHKEHEPHBIX THCUMIUIMH, TAKHX KaK 2MCKTPOTCXHHKA, MEXaHHKa, XMMHYECKas TeX-
Honorus. MexaucuunanHapHas npHpoaa 37oit o6nactH MccicaoBaHHIT HECKONBKO
OCJIOXHSIET MOHUMaHKE H HCITONBL30BaHHE MCCIEA0BATEISIMH B OTHOM M3 Pa3lesioB Ha-
HOHAYKH Pe3yAbTaToB, MONYUCHHBIX B ApyroM pa3aene. Kak sepHo 3ametiut Deiinman,
OHOMOrHYECKHE CHCTEMBI IIPOM3BOAST (PYHKIIHOHMPYIOLIHE HAHOYCTPOIiCTBa HAYKHAas
C CaMOro BOZHMKHOBCHHS XKH3HH, H MBI MOXXEM NOYEPNHYTH M3 6HONOTHH MHOrO HO-
BbIX Haeii 06 nx cosganuu. Ho Kak MoXeT (M3HK-TBEPAOTC/IBUIHK, 3aHHMAIOLHIiCS
CO3/IaHHECM HAHOYCTPOICTB, HO HE BHAALIMI pa3HHLIBI MeXIy G6€JIKOM H aMHHOKHCNO-
TOif, HCKaTh MaeH B OGMonoruyeckux cucremax? Takue mpobaeMbi M nobyawin Hac
K HanHcaHuIo 310 KHNrH. KHura npeacTapnser OTAe/bHbIC BAXXHbIC TEMBI B HAHOTEX-
HOJIOTHH, KacalolHecs pasiIHuHbIX AHCUMIUIMH, TaKUM 00pa3oM, yTo6sl paboTaonue
Hall ONHHM H3 Pa3/esoB MOI/IM NMOHATh PAa3BUTHE APYTHX pa3nenoB. Jns atoro Kaxnaas
riiasa npeasapeHa BBoaHoit nigopmauueii. Tak, rmasa 7 0 BAMSHHH HAHOCTPYKTYpH-
poBaHHs Ha heppOMArHETHKH HAYHHACTCS C KPATKOrO BBEACHHSA B TEOPHIO H CBOIiCT-
Ba (heppomarteTHkoB, Kak yxe ynoMHHaIOCh BblllIe, ABHXYILCH CHIION HAHOTEXHONO-
MM SABASICTCS NMOHMMAHHE TOro, MTO HAHOCTPYKTYPMPOBaHHBIC MaTepHaJIbl MOTYT
MMETb (PM3HKY M XHMHIO, OTJIHYAIOLLYIOC OT 00LEMHBIX MaTepianos. [aBHas ueab
3TO0it KHHIH COCTOMT B OOBACHEHHH 3THX OTVIHYMIT H X npuuiH. [ 3THX ueneit Ha-
[0 3HaTh OCHOBB! (H3HKH M XHMHH OOBLEMHBIX MaTepnanos. [1asa 2 jaer BBencHHE
B (pu3nky TBepaoro Teia. Nasa 3 onuchiBaeT pa3HoOGpasHbIe IKCNEPHMEHTATBHBIC
METOAMKH HCCACAOBaHHS HAHOCTPYKTYP. MHOTIHE OnmHChbiBaeMble METObI, HANPHMED,
CKaHHpYIOllas TYHHEJIbHasi MHKDOCKOIHSA, KaK paHee ynoMHHanock, 66Ut paspabo-
TaHbl COBCEM HEAABHO, H €3 3THX MCTONOB HAHOTEXHOJIOTHS HE cMoraa Obl JOGHTHCS
TakuxX pe3ynsTatoB. OCTalbHbIE [aBhl HMEIOT [EJIO0 C OTAENbLHBIMH HaNpaBIEHHAMHN
HaHoTexHonoruu. O61acTh HAHOTEXHOMOMHH CAHIIKOM BEIHKA, KacaeTcsl CIMIIKOM
MHOrMX AMCUMIUVIMH ¥ CIHIIKOM OBICTPO MEHACTCA IS TOro, YTobb MOXHO OblNO
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(I@ Tnasa 1. Bsedenue

HacaTh HCUEPTBIBaIOlLyi0 KHHTY. Takitm 06pa3oM, Mbl BbIGpaH st 06CyxXaCHIs! He-
KOTOpOE KOJIHYCCTBO OTACHbHLIX TEM. Kputepusamu BbIGOpa TEMbI ABIANHCH €€ Pa3BH-
TOCTb, CTENEHb NOHMMAHHS SIBICHHS, 2 TAKXKC CYLIECTBYIOIIMC NOTEHUHANBLHBIC IPH-
NOXKEHHS. A TIOTOMY BOLUIMHCTBO [/1aB ONHCHIRACT CYLIECTBYIOUIHE NMOTCHUHANbHO
HOBbIC MPHMEHEHHA HaHoTexHonorny. IToTeHUMAN NPAKTHUECKOTO HCIIONb30BAHHS
HAHOCTPYKTYPHPOBAHHBIX MATCPHANIOB GE3YCNOBHO ABIACTCS raBHOM NPHYKHOIT MO-
BBILICHHOTrO MHTEPECa K MpeAMETY. YKe CyLIecTBYCT MHOXKECTBO KOMMCPUCCKHX NpH-
MeHeHwit paspaboTok B 3Toii o6nacti. Hauaro KOMMEPYCCKOE HCTIO/b30BAHHE THIaHT-
CKOTO MAarHCTOCONMPOTHBIECHHS HAHOCTPYKTYPHPOBAHHBLIX MAaTCPHANOB. Hexoropréle
npuMepbl TOro AaHsl B raase 7. HaHOCTPYKTYpHpPOBaHHE HOCHTE/S 1Sl YBEIHUCHHS
TUTOTHOCTH 3aMicH Ha MATHMTHYIO JICHTY B HacTOsICC BpeMA aKTHBHO H3y1acTcs, YTo
oTpakeHo B rase 7. Euie oiHa 0611acTh NOBLILLEHHO# aKTHBHOCTH — 3TO NPHIOKCHHC
HAHOTEXHOJIOTHH K YMEHBIIECHHIO Pa3MCPOB TPHITCPOB, SBNKIOUMXCA Ga30BLIMH JJ1E-
MeHTaMH KoMnbioTepa. [ToTeHUNaTbHOE HCTOL30BAHHE YIICPOAHBIX HAHOTPYGOK Kak
OCHOBHOTO /IEMCHTa KOMIBIOTEPHOTrO TPHITepa onKchiBactcs B rase 5. B rnase 13
NIPHBOAATCS AAaHHbIE MCCAEAOBAHMIl, HAMPABACHHLIX HA TOAYYEHHE MOJICKY/ISAPHBIX
TPUrTEpoB HaHopa3MepoB. JIpyras noreHuMaibHas o61acTh MPUMEHEHHS OTKPLIBAcT-
Cs NpPH MCNONB30BAaHMM HAHOCTPYKTYPHPOBAHMSA JUIS M3MECHEHHS MCXaHHYECKHX
cBoiicTs MaTepuaiioB. B riase 6 oGcyxnalorcs MaTepHanbl, NOMTYUCHHbIC KOMMAKTHPO-
BaHHEM HaHoOpa3MepHbIX 3epeH. MX MexaHHuecKue CBOICTBA CYILIECTBEHHO OTIMYAIOT-
sl OT OHOPOAHOrO 06pasiia, HanpuMep, NOBLIILIAETCS Npeae TeKyyecTH. B GonbiimuH-
CTBE IVIaB TAKXKE ONHCLIBAIOTCA METOABI NMONYYCHHA 00CYKIaeMbIX HAHOCTPYKTYPHPO-
BaHHBIX MaTepuanos. Co3aaHue 1WHPOKOMACIITaGHbIX HEOPOTHX MCTOOB NMONYYeHHS
HAHOCTPYKTYPHPOBAHHBIX MaTepHANIOB — 3TO O/tHA M3 HanGoee CIOXHBIX KITIOUEBBIX
3aj1ay, CTOSILKX MEpe; HAaHOHAYKOI, TAK KaK ee pelieHHe HeoBXOoaMMO U TEXHONOTH-
YCCKOro MCIOo/b30BaHMs NoMyYeHHbIX pesyibraToB. Kak Gyner o6cyxnarses B rnase 5,
ORHOC/IOIHBIC YI/ICPOAHbIE HAHOTPYOKH MMEIOT OrPOMHOE KOMMUECTBO MOTCHUHANb-
HBIX TPHMEHCHHIT, NPOCTHPAIOLMXCS OT AaTYHKOB KOHUEHTPALIHK Fa30B 0 TPHITEPOB
B ObICTPBIX KOoMMbioTepax. OQHAKO A1 TEXHONOTHUYCCKOrO BOTUIOILCHMS THX MACit
eLe HeobXoaUMO NPHAYMATh METOM NPOM3BO/ICTBA HAHOTPYGOK B GOBLINX KOJIHUECT-
Bax. Muxaens Pykc, paGotaiommii B 06/1acT HAHOINEKTPOMEXAHHUECKHX yCTpOiicTs,
cd)op!nynupoaan clle HECKOJbKO npobnem B ceHTAGPbCKOM Bhimycke Scientific
American. Ona Gonbiuasi 1poGJieMa OTHOCHTCA K B3aHMOJCHCTBIIO Makpo- 4 HaHoyC-

TpojicTs. Hanpumep, cobeTeHHast yacToTa KoneGamit XECTKOrO CTEPXKHSI yBeIHUMBa-

CTCA NpH YMEHbUICHHH PasMepOB CTepXHsl. [N HaHOPa3MEpOB YacTOThI MOTYT JAOCTH-
ratb 10 I'Ti, a amnnnTyna xoneGanmii nexars B AManasoHe MTHKOMETPOB ( 10"2) W (pem-
Tomerpon(107"%). Cencop nonxeH 6biTh CMOCOGHBIM obHapyxuBaTh TakHe Maibie
CMeLICHHA M PaboTaTh HA TAKHX BLICOKHX YacToTax. ONTHUECKHE OTKIOHSIOLIHE CHCTe-
MBI, TIOZIOGHBIE HCTIONBL3YEMBIM B CKAHHPYIOUICM TYHHEILHOM MHKpoOcKorne, obcyxnae-
MoM B riase 3, He GyayT paGorars H3-3a AM(PaKLHONHOrO npeacsa, CTAHOBALLETocs Npo-
Gaemoii npu npuGniskeHun pasmepa OTpakaTesisl K JVIHHE BOJTHBI OTPAXXaeMOro CBeTa
Hpyroe cyuiecTsenHoe npensTcreime, Kotopoe Heobxomumo Gyaer npeosnoneTs, cocrom:
BO BIHSTHHH NOBCPXHOCTH HAa HAHOCTPYKTYPHI. Y KPeMHHEBOro CTepXKHA AnKHOi 100 HM
u ToMHHOI 10 M nouti 10% aTomoB HaxoasiTes B NPHIOBEPXHOCTHOM ciioe. Takoe Ko-
JHYECTBO NPUNOBCPXHOCTHLIX ATOMOB CYIICCTBEHHO MTOBNHSIET HA MEXAHHYCCKHE CBOiicCT-
Ba CTEPXHS (NPOUHOCTD, TMBKOCTL M T.AL.), XOTA M HE BONHE NOHATHBIM HbIHE 06pa3oM. -

FMABA 2.

- BBEAEHME B ®U3UKY
 TBEPAOTO TENA

B a710it KHure GyayT 06CyXaaThCs pasIHUHBIC THIIB HAHOCTPYKTYp. OGBbEMHBIC CBOIE-
CTBa MaTepHaIOB; HCMOAb3YEMbIX LISl CO3NAHHS TAKHX CTPYKTYP, OOBIMHO M3MEHSIOT-
CA MPH YMECHbLICHHH MX Pa3MEpoB JI0 HAHOMETPOBLIX MacwiTaGoB. JlaHHas raBa gaer
npeacTasicHue 06 3THX 06BEMHBIX CBOjiCTBaX. BOABUIMHCTBO TOrO, 4TO 316Ch 06CYXK-
JAeTCs, MOXHO HallTH B CTAHAAPTHBIX KHUTAX N0 (PM3UKE TBEPIOTO TeNa (nanpn.\tép;
JUK. Bepic (1986), Y. Kutrens (1996), cm. Taioke I1. 1O 1 M. Kapnowa (2001)).

2.1. AromapHas cTpyKTypa
2.1.1. Pazmepnuoie 3¢phexmot

MHor#e cBOICTBa TBEPABIX T/ 3aBUCST OT MX XapaKTepHBIX pa3mepos. [Tpu nayueHuu
06BEMHBIX MATEPHATOB MHKPOCKOMHYECKHE AETANH YCPEAHSIOTCS. B TpaXMLMOHHBIX
obnacTsxX GH3NKH — MEXaHHKe, NEKTPOMATHETH3ME, ONTHKE, HMEIOLIMX AENO0 C MaK-
pomacuutabamu, H3y4aiorcst 06pasiibl ¢ pa3MepaMi OT MHJUTHMETPOB 0 KWJIOMETPOB,
CBoiiCTBA TAKMX MATEPHANOB — 3TO YCPEAHCHHbIE XapaKTEPHCTHKH — TUIOTHOCTb H MO-
aynb OHra B MexaHHKe, 3IEKTPHYCCKOE COMNPOTHRACHHE H HAMArHHYEHHOCTD B 3MEK-
TPOMArHETH3ME, AHANEKTPHUECKAs IPOHHIAeMOCTh B onThKe. Koraa namepeHus npo-
BOAATCS B MHKPOHHOM HIH HAHOMETPOBOM JHana3oHe, MHOrHe CBOHCTBA MaTepHana,
HATPHMep, MEXaHHYECKHE, CETHETOIEKTPHUECKHE qxppomimm'um:, M3MEHSIIOT-
ca1. Llesbio naHHO# KHHIH ABNAETCA ONMCAHHE XapaKTCPHCTHK TBEPILIX TEJ B CJICAYIO-
weM, Gonee HU3KOM, AHANa30He pa3MepoB — oT | 1o 100 HaHomeTpoB. Hixe Hero ne-
XHT aTOMHbII MaciuTab nopsaka 0.1 HM, elie HIXe — SAepHbii, nopsaka peMToMeT-
pa (107" m). Jins noHMMaHMsi CBOJNCTB Ha HaHOMacCWITaGHOM ypoBHE HEOGXOAMMO
HMETb IPEACTABICHHE O COOTBETCTBYIOLIHX CBOJCTBAX HA MAKPOCKONHYECKOM 1 ME30-
cKonu4yeckoM yposHe. Llenb 1aHHOI raBbl — AaTh TaKOe TpeCTaBNeHHE.

MHoOrHe BaXHble HAHOCTPYKTYpPBI IIPHIOTABIMBAIOTCSA W3 3neMeHTOB IV Tpynmsl —
Si u Ge, nonynposoxuukossix coemuuennii A™B', Hanpumep, GaAs, wm A'B"
(CdS). Tak uto H3meHeHHe 0GBEMHBIX CBOMHCTB MONYNPOBOAHHKOB NMpPH MX BKJIOYE-
HUM B HAHOCTDPYKTYPHI GYET AEMOHCTPHPOBATBCS Ha 3THX MaTepuanax. Pumckue M-
hput 11, IV, V oTHOCATCA K CTONGLAM NEPHOAMIECKOI CHCTEMBI, Ha3bIBACMbBIM IPYM-
namy. Ta6auUBl PAATHYHBIX CBOICTB STHX MOMYNPOBOAHMKOB MOXHO Haiiti B ITpu-

noxeHuu B.
. 2.1.2. Kpucmaaauueckue pememxu

BoABUMIHHCTBO TBEPAIX TCN HMEIOT KPHCTALIHUCCKYIO CTPYKTYPY € aTOMaMH, pacnono-
XECHHBIMH YNOpALOYCHHLIM 00pa3oM. Y HHX NMPHCYTCTBYET TaK Ha3biBaeMblii NaNbHHIT
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Puc. 2.1. Mats pewerok Bpasa wis AByMepHOro ciyuas ¢ BLIACACHHON 3NEMEHTapHOI . 5

aueiikoit: xsanparhasn (a), npocras npsimoyronshas (6), UEHTPHpPOBaHHAsA

npamMoyrojibHas (B), rekcaroHanbHast (r) M Kocoyronbnas (a). Puc. 2.2. Cxema AByMCPHOI KpUCTALTHYECKOIT CTPYKTYPBI, OCHOBAHHO# Ha MPOCTOlt

NpAMOYIONbHOI pelleTKe, coluepxXalueii ABC NBYXaTOMHBIC MOJCKYJb

i ; 3JIEMEHTapHOI Avciike.
[ TNOPANOK, TAK KaK YNOPAA0YEHHOCTb PACMPOCTPaHSIETCs Ha Bech KpHCTaLT. B npotuso- B MENIERRION. _

i MONOXHOCTh 3TOMY, aMOP(HbIE MaTepHaIbl, TAKHE KaK CTEKJIO WIH BOCK, HE MMEIOT
X JaJIbHEro NMopsaKa, 3aT0 MMEIOT ONMMAKHMIT MOpsnoK, TaK KaK JIOKAIbHOE OKPYXCHHE
KaX0ro atoMa Mofo6HO OKPYXEHHIO APYTHX TAKHX X€ aTOMOB, HO 3TOT NMOPSIOK He
COXPAHSIETCS Ha CKOJMbKO-HHOYAb 3HAYMTENBHBLIX PacCTOAHHAX. B XHAKOCTAX TakKe
HabmozaaeTcs GnHXHHI NOPAAOK NMPH OTCYTCTBHM JATBHErO. Y ra30B HET HH JAIBHETO,

Ka3aHo Ha puc. 2.3B.

i HH G/IHXHEro nopsKa. _
i Pc. 2.1 nokasbiBaeT naTh BO3MOKHBIX CTIOCOGOB YNOPSAOYEHHS B ABYMEDHOM : ~
} 1 cnyyae: KBampatHblii (a), npocToii mpsAMoyroibHblii (6), UEHTPHPOBaHHBI NpSMO- : . - (a) - (6) (s ol
| yronsHbiii (B), reKcaroHa/ibHblii (r) i KOCOyronbHbiii (1). DTH KOMIOHOBKH HA3bIBAIOT ' 3 poast o oy
It pewerkamy Bpasa. Jlns o6iweit, win kocoyronsHoit pemetkn Bpass mapaMmerp pe- P fg:;‘:ﬁf;:;;;:fj;;;g* (o"yﬂ’;‘)’c"’(';)pci:’”‘;'p;ggi’;?l‘gm?":"fﬁ)ﬁ
| LETKH @ 1 b He paBHBI IPYT APYTY M YION ¢ MEXIY HUMH IPON3BOBHLIIL, B ciyuae nep- =5 (TLK) (8). ! '
NEHAHKYIAPHOCTH CTOpOH ¢ = 90°, nonyuaercss pelueTka MPAMOYrONILHOTO THMA.
Hi Ilpu ¢ = 60° u a = b pewerka craHOBHTCA rekcaroHabHoI, cocTosLIeif U3 paBHOCTO- . Jns nyx usmepeHuii Hanbonee 3pdexTHBHBIM COco6OM YNaKoBKH OJMHAKOBbIX
i POHHHX TPEYrONLHHKOB. Y KaXA0ii PEMICTKH €CTh CBOS IEMEHTAPHAs S4eiiKa, TTOKa- KPYTOB AABJISICTCS! YTIOPSA0UMBAHKE 110 BEPLIHHAM PABHOCTOPOHHHX TPEYTO/IbHHKOB, NO-
‘ * ) . 3aHHaA Ha PHCYHKE, KOTOpas NMOBTOPSIETCA B TUIOCKOCTH, o6pa3yst pewerky. Kpucrai- Ka3aHHoE Ha puc. 2.4a, COOTBCTCTBYIOLLCE I'eKCaroHanbHoii pewerke bpasa Ha puc. 2.1n
H TMYECKas CTPYKTYpa MONY4AeTCA OpraHu3auMeii aTOMOB HAH MOJIEKY/ B yNOPAZOYCH- Jns nonyuenus HanGonee pQeKxTHBHOIT ABYXCN0iTHOI YIIAKOBKI BTOPOIT ICKCAroHalb-
f : HYIO CHCTEMY, COOTBETCTBYIOILYIO PElLETKE, : HBIii croit 13 cdep MOXHO pacnofoXKHThL NIOBEPX NEPBOro, Kak NoKa3aHo Ha pHC. 2.46.
i Ha puc. 2.2 nokasana asymepuas Kpucranumuyeckas CTPYKTYpa, OCHOBaHHast Ha Jinst ahpexTHBHOIT YNAaKOBKM TPETHIT CIOIT MOXKHO PACroIOXHTb TG0 Hal MEPBBIM CIIO-
i ] [ TPOCTOi NPSIMOYTO/BHOI PeleTKe, HMEIOMLIEH ABE ABYXAaTOMHBIX Morniekyast A-B B ane- €M C aTOMOM B MOJIOKCHHH, OTMEUCHHOM OyKBOii T, 1160 TPCTBHM BO3MOXHBIM CTIOCO-
Fild MEHTapHoi Auciike. Ofta aneMeHTapHas sueiika ONpenenser Beio PelICTKY. GOM C aTOMOM B NO3HLIMH, OTMEYeHHOIT GyKpoit X. B mepsoM cryuac nomyuacTcsi rekca-
! ; B TpexmepHoM cnyyae peierka OnNpeneseTCst TPCMS NapaMeTpamMi pPelleTKH a, b, FOHAIbHAs PELIETKa C TeKCaroHanbHoif nnm‘uoynaxoaaunoﬁ crpykrypoit (I'T1Y), a Bo
N | i C M TPCM3A yriaMu: @ Mexny b v ¢, f Mexay a u ¢ uy Mexay a u b, Cywiectyer 14 pe- BTOPOM C/Tyuac — FpaHcLeHTpHpoBaHHas Ky6iueckast pewerka (ILIK). ITepsyio ysinets
.t ‘ weTok Bpasa: ot HalMeHee CHMMCTPHYHOIi TPHKIMHHOI1, B KOTOpOIf BCE TPH NOCTOSH- JIErKO, HO BTOPYIO HE TaK MPOCTO MOKAa3aTh HA PHCYHKE.
R i HBIC PCLICTKH M BCE TPH yra B o6LueM cyyae oTaHyaloTcs APYT OT 2ipyra, 10 Hanbosee B TpexmepHOM ciyyae IJIOTHOYNAKOBAHHBIX C(hep MEXAYy HHMH OCTalOTCsl Nyc-
f ‘ CHMMETPHYHOIT KyGiueckoii pewerku, B KOTOpOIf BCE TPH MOCTOAHHBIE PeLIeTKH paB- Tbi¢ TPOCTPAHCTBA, FAC MOIYT HAXOAMTHCA MEHBIINC ATOMBI. T_oqxa, OTMeyeHHas
- e% ‘ HBI JIDYT ApYry H BCE TPH yria npamsie. Ecte Tpu pemerkn Bpasa ky6uuecxkoii cucre- 6ykBoii X Ha puc. 2.46, ;{asl;macman.Omaajlpl_mccmm no:lo:i(cmlcy, papuo‘ynz;ncga
: ; q MBI, a HMEHHO: pocTas KyGuueckast, B KOTOPOit aTOMbI 3aHHMAIOT BOCEMb BEPLUHH Ky- or Tpex ciep, ncxaulu"x HMXKE HEe, M TPEX, JIEKAUHX Bbille. ATOM, Haanamlmcg
h i Guueckoit ANCMEHTapHOI A4eitKi, KaK MoKa3aHo Ha pHc. 2.3a, Oﬁ’bCMHOHCH‘rpnpoBaH- B 3TOM MNOJIOKCHHHK, HMEET KOOPAMHAUHOHHOE YHCNIO 6._ Pamryc Qmanpx;tlecxoﬂ no-
Pl Had kybuueckas (OLIK) c aTomamm, maxomsummucs s BEPUIMHAX M UCHTpe 4 UMK G PABEH R At Moy S AL '
] ) KyGuueckoit sueliku, Kak nokasaHo Ha puc. 2.36, u rpaHeLeHTPHPOBaHHAs iaoc- : | £ i e | | A . g P b
| kas (FLK), B xoTopoit atomst pacnonaraiores B BEPLIHHAX M LEHTPaX IpaHeii, Kak no- ‘ ; _ Aoy = Z(2 - \2)a = (42 - Da, = 0,41421a, @
| : 2 ;
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Pugc. 2.4. Mnotnas ynakoska cdep Ha rockoctH: (a) s Monocnos, (6) s asycnoii-
HOi1 cTpyKTyphl. Cepsl BTOPOro c/ios HApHCOBAHBI MCHBLUMMHK JUISl HATJISLIHO-
crin. Ha pucynke (6) oxrasgpuueckan nosuums ormetueHa Gyksoii X, Terpasn-
puyeckas - 6yxksofi T.

TA€ @ — NOCTOAIHHAs PEILETKH, ay — paauyc cep. KonnuecTBo oKTasApHyecKnx no3m-
uMit paBHoO Konnyectsy cep. CyllecTBYIOT TakKe M MPOMEXYTKH MEHLUIMX pa3Mme-
POB, Ha3bIBaEMblE TETPAIAPHUCCKHMH MONOXCHHAMH, OTMEUCHHbIC Ha pHC. 2.46 Oyk-
Boii T. ATOM B 3TOM NMONOXCHHWH PaBHOYOANCH OT 4eThipeX cep — ONHON CHHM3Y
H TPEX CBEPXY, TaK YTO KOOPAHHALMOHHOE YHCAO B HeM paBHo 4. Ee panuyc a; MeHb-
1€, M paBeH

| s ;
gl %(4' g . [(%J - 1]a0 = 0,2247 g, 22)

Terpasppuyeckix nosuumii Basoe 6onbiie, uem cdep B CTpyKTYpe. Y MHOTHX AByxa-
TOMHBIX OKCHIIOB H CybdHIOB, TakuX Kak MgO, MgS, MnO u MnS, 6onblume no pas-
M€paMm aHHOHBI KHCJIOPOAA WIIH Cepbl pacnionaralorcs B coBepiueHHoii 'K pemerke,
a MEHBIUINE — METAJUIHYECKHE KATHOHBI — 3aHHMAIOT OKTAa3APHYCCKHE no3numy. Takue
PCLICTKH Ha3biBaloTCs peweTkamii THna NaCl, rae Tepmun aHHOH HCNONL3yeTCs TS OT-
pHuaresibHOro noHa (Hanpumep Cl7), a KaTHOH — IS TONIOXHTEILHOTO (Hanpumep Na').
B MuHepane wnuHens MgAL,0, nByxBaneHTHBI KHCHOpOR O (pammyc 0.132 mm) na-
xomutcs B yanax FLIK pewerku, nonnt Al** (pamuyc 0.051 HM) 3aHHMAIOT NONOBHHY OK-

Ta3PHYCCKHUX NO3NLMIT, a HoHL Mg?* (panuyc 0.066 1m) onHy BochMylo TeTpasapHye-
CKHX NO3HLMIT B NpaBHILHOM NOPAJKE. g

2.1.3. Hanouwacmuyw: ¢ 2paneyenmpupoeannoil peuemxoii

MEHBIUYIO M3 TCOPETHYECKH BO3MOXHBIX .-
HaHouacTHl - ana  THK  pewerkyu. -
Ha puc. 2.6 nokasau ueTbipHanuaTrpan-. -

HHK ¢ MHHHMaNbHBIM 00BEMOM, 06pa3y-
EMbIi COEIMHEHHEM 3THX aTOMOB TUIOC-
Kumu rpanamu. CyraHo u Kousymu
B 1998 rony nassanu ator MHOTOTPaHHHK

Ky6okTasapoM. Tpi nycThie OKPYXHOCTH

B NpaBoii BepxHeil YacTH PHCYHKA COOT-
BETCTBYIOT TPCM aToMaM BepxHero (6nu-
Xaifwero) cnos Ha puc. 10.18 u3 rna-
Bbi 10, LIeCTb 3aTeMHEHHBIX OKPYXHOC-
Teif W HEBMAMMBIH LEHTPanbHbIH aToM
COCTaBASIOT CPEAHMIt C/Oi TOro pHCYH-

Ka, a nycTasi OKpPY>XXHOCTb C/IeBa BHH3Y —

OAHH U3 TPEX HEBUAMMBIX aTOMOB B HHX-~
Heit nnockoct puc. 10.18. Y atoro
14-rpaHHuKa — LIECTh KBAAPATHHIX Ipa-
Heii u 8 rpaHeit B hopme paBHOCTOPOH-
HEro TPEYroNbHHKA. A

 Ecau HapacTHTh HAa YacTHUy elie
OAMH CNoif, TO ecTb A0O6aBHTL K 3THUM

13-Ti aToMaM euie 42, TO NOAYYHTCH Yac-

THUA TOil Xe AeKareccapa’lpHyccKoif
¢opmbl M3 55 atomoB. [loGamnsisi cioH
K TaKoit YacTHLe, MOXEM TMONYUHTD elle
Gonblune HaHoyacTHubl. OHM obpasyior
PAA KAACTEPOB C CYMMAapHBIM KOJIHYECT-

pomaromoB N= 1, 13, 55, 147, 309, 561, ..., -

KOTOpbIC Ha3bIBAlOT CTPYKTYPHBIMH Ma-
rudeckuMu uucnamu (Tabauua 2.1).
Jlnst n cnoes KoaH4YecTBo aToMoB N B Ta-
koii I'lIK HanouacTHiie onpeaeasercs no

¢opmyne
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Puc. 2.5. dnemeHTapHan siveiika rpaHeLieHT-
pupoBanHoit KyGuueckoit peterku, nocrpo-
CHHas BOKPYT LCHTPAIBHOTO aTtoMa (3aTeM-
HeH) Bmiovaet 12 ero 6mikaiiwmx cocencit.,

Puc. 2.6. 13-tn atomnas I'LIK HaHoyacTHna,
umeioutan ¢opmy 14-rpannuxa. Tpu nycruie
OKPYXXHOCTH B BepXHejt npanoit yacTH pucyH-
Ka COOTBETCTBYIOT TPEM aTOMaM - BEPXHEro
(6moxaituwiero) cnos Ha puc. 10.18 rnasst 10,

. LIECTD 3ATEMHEHHBIX OKPYXHOCTEHi H HEBMAH-
. MBlil, LCHTPANbHBI ATOM COCTARAAIOT Cpea-

Huii c0it TOrO pHCYHKa, a2 MycTas OKpyX-

“HOCTb CJICBA BHH3Y - OTHH H3 TPCX HEBHANMBIX

aToOMOB B HIKHeit rutockocTi puc. 10,18,

‘ 1 3 2 N G

BonblnHcTBO METaJLIOoB xpuaannhaymcu B IUIOTHOYNaKOBaHHbIe pelueTky. Tak, Ag, e 5 [;0" . 15"' + . 3] | ' (2.3?
i Al, Au, Co, Cu, Pb, Pt u Rh, kak u Gnaropoausie rasst Ne, Ar, Kr, Xe, KPHCTA/LUTH3YIOT-
if cs B 'K pewetky, a Mg, Nd, Os, Re, Ru, Y, Zn — B I'TTY. Hekoropsie apyrue metamnbt
' ;;;_‘- KPHCTALIH3YIOTCA B HE CTOMIb IUIOTHO ynakosaknyio OLIK peluerky, a takue xaK Cr, Li,
e Sr MOryT Kpucrannu3oBarthest BO Bee TPH BLILICYMOMSIHYTBIX THNA PELIETOK B 3aBUCH-
S MOCTH oT ycnosuii. Kaxnuiit atom B o6enx TJIOTHOYNAKOBAHHBIX PELIETKAX HMeEET

: 12 coceneit. Ha puc. 2.5 nokasansr 12 cocefieit aToMa, HaxoAserocs B LeHTpe Kyba
g ] | (BbIAENEH TEMHBIM userom) anst THK pewerkn. Takue 13 atomos COCTaBNIAIOT HaH-

B
§
i

a YMCJIO aTOMOB Ha NOBEPXHOCTH N,,— 10 opmyne

)

Nyy = 10n* - 20n + 12 T (2.4)

Jlns xaxnoro 3naueHus n B TaGauue 2.1 gaeTcs KONHYECTBO aTOMOB Ha NMOBEPXHOCTH
M MX MPOLCHT OT BCEX aTOMOB HAHOYACTHILLI, d TAKKE AHAMCTP TaKOi HAHOYACTHUL,

3 e —
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<@ I1aea 2. Beedenue 6 gusuxy maeepdozo meaa

BeIpaXalowuiicss hopmynoit (2n — 1)d, rae d — MEXUCHTPOBOE pacCTosHKE Gmxaii-
wnx coceaeit n d = a/-/2, e @ — nocTosHHas peweTkH. Ecu HCMONB30BaTh Ty Xe
npoueaypy ans nocrpoenusi I'TTY HaHouacTHl, ofcyXaaeMbiX B NPEAbLAYIIEM Tapa-
rpade, TO MONYYHM HECKONBKO OTNHYHBIH OT NMPEABIAYUIEro PAA MarkuecKux vucen,
a umenHo: 1,13, 57, 153, 321, 581, .... £5

Tabanua 2.1. Konnuectso atomoB (c-rpymypﬁuc MaruuecKHe YHCaa) U HaHOYACTHLL
METAIOB WIH PEAKHX 1308 C rPAHCLCHTPHPOBAHHO# KyGHuecKoil crpyx‘rypoﬁ.

Konuuecrso aromos 8 MUK nanovactmue

Homep obonouxu  [Ouamerp®

Beero Ha nosepxkoctn % Ha nosepxHOCTH

1 o . 1 1 100

- 3d : 13 12 92,3
3 5d 55 42 76,4
4 7d 147 92 - 62,6
5 od 309 162 . 52,4
6 1d 561 252 44,9
7 13d 923 362 39,2
E 15d 1415 492 34,8
9 C17d © 2057 S 642 31,2
10 - 19d 2869 812-. . 28,3
1 [\ 2\ .3871 1002 . 259
12 23d 5083 1212 23,8
25 : 4% 4.09%104 5.76X103 1n,7
50 © . 99d 4.04%X105 2.40X104" 59

75 1494 1.38X106 5.48%104 4,0
100 199d - 3.28%106 9.80x104 3,0

*Onamerp d s wanomerpax ana wexoropuix [LIK avomos: Al 0,286, Ar 0,376, Av 0,288, Cu 0
0,248, Kr 0,400, Pb 0,350, Pd 0,275 e oot .F°

FUK — HaHouacTHub! 13 YHCTBIX METAJIOB, TaKHE KaK Augg, 06BIYHO OYEHD peak-
ugonuocnocoﬁuu H HMEIOT Majioe BpeMs Xu3Hu. MUx MoxHo CTaGHAM3KPOBATH IHraH-~
AaMH, N0GABNSIsS aTOMHBIE IPYNNBl MEKIY aTOMaMH Knactepa M Ha €ro noBepXHOCTb.
Hanouactnua Augg usyvanacs s JIHraHA-CTaOMIN3MPOBAHHOM BHIE Augs(PPh;),,Cl,
C AMaMeTpoM f-l,4 HM, rae PPh; — oprannyeckas rpynna. B xauectse npumepos 60ss-
LWIKX KJIACTEPOB C MAarHYeCKMMM YHMCIAMM MOXHO | NPHUBECTH COCAMHCHMS
Ptm(l,IO-Q)eHaHmonuu)“O,o " Pd“,(l,lo-(beﬂau'rponuu)xom. o AU {241 N

OG6cyxnaemble Mariueckue uica Ha3bIBAIOTCH CTPYKTYPHBLIMM M3-3a TOTO, YTO
OHH NONYYAIOTCS NPH MHHHMH3aLUMK 06beMa 1 MaKCHMH3AaLHK NJIOTHOCTH HaHOYac-
THUBI ¢ Popmoit, Ganskoit K chepuueckoit, u TUIOTHOYNAKOBaHHOI CTPYKTYpoii, Xa-
PaKTepHOIt st 06BEMHBIX TN, DTH MarnyecKie 1HC/Ia HC MMCIOT HHKAKOTO omt;mc-
HHA K SNEKTPOHHOI CTPYKTYpe CocTaBnsiomx HaHo4acTuuy atomos. MHoraa dakro-
POM, ONPCACIAIOWMM IHEPreTHYeCKHil MHHHMYM CTPYKTYPBI Manojt
ABIACTCA B3aMMOICHCTBUE BAJICHTHBIX SNIEKTPOHOB, COCTABISIONHX Y
C YCPEAHCHHLIM MOJICKYASPHBIM TIOTCHLUHAJIOM, TaK YTO 3/EKTPOHBI H.
GHTANBLHBIX: YPOBHSIX, ONpENEAsicMbIX HMEHHO 3THM TIOTEHLIHATIOM,
aTOMHBIX K/IaCTEPOB, B KOTOPHIX TaKHe AJICKTPOHBI 06pa3yioT 3anonue

HaHOYaCTHLLI,
acTHILy aToMOB
axoAsATCs Ha op-
Kondurypagu
HHbIE 060/104KH,

0COGEHHO YCTOIYMBLI H NTOPOXNAIOT eK-
TPOHHBIC Maruueckue yucna. Yx aromusie
CTPYKTYpHI ornyalores ot I'LIK, xak Gy-
ner obcyxnarbesi B maparpadax 4.2.1
n4.2.2. tnaBbi 4. i s CRNTTES
Korpa ObuiM monyyeHsl MaccoBble

CNCKTPBl HaHOYacTHL HaTpus Nay,

B MaccoBOM pacnpefesicHHH 6buin o6Ha-
PYXCHbI THKM, COOTBETCTBYIOLME nep-
BbIM 15-TH 31CKTPOHHBIM MarM4eCKHM
yucnam N=3,9, 20, 36, 61, ... BiuioTs g0
N = 1220 npu n =15 u TUK crpykTyp-

2.1. Amomapnas cmpyxmypa @

Marnueckue uicna naHoyacti Nay

Bncnponuu;:" ~ Crpyktyphsic
I L] 3 5 ] n i » 12 " " I

5 1] " » 3

Puc. 2.7. 3aBucHMOCTS HabmIonaeMBIX THHHI
B Macc-CneKTpe HaHoyacTHL Nay oT KyGuye-
CKOTO KOpHs M3 4mcna aromos N'. Jluuun
NOMEYCHB! HHAEKCAMH N B COOTBETCTBHH C MX
MICKTPOHHBIMK M CTPYKTYDHBIMH Maruuec-
KHMH YHCTAMH, B3ATHIMK 3 KHUrH MapTiia
(1990). “we., e

HbIE MarHyecKHe YHcna wis 6oMbIIMX KIacTepos, HaunHas ¢ N = 1415 uis n = 8 [Map-
THH ¢ coaBTopamu(1990); cm. Taxke Cyrano 1 Kousymu (1998) crp. 90). Ha puc. 2.7
JaHbl Macc-CNCKTPOMETPHYECKHE IaHHbIE B 3aBHCHMOCTH OT KyGHYECKOTO KODHSI M3
uncna aromos N'. BuaiHo, uto nnHMM 060MX HaGOPOB MArHUECKHX YHCEN paBHOYAa-
JIEHBI APYT OT ApYra, C pacCTOstHHEM MEXIY CTPYKTYPHBIMH MarMyeCKHMM YHClIaMH
npuMepHO B 2.6 pasza GONBbIINM, YCM MEXAY 3NCKTPOHHBIMH. DTOT PUCYHOK CBHIE-
Tenbé'rsyer B TNOJB3Y TOrO, YTO MEHbIUHE KJIAaCTephl ONpPENENIAIOTCS 3JIEKTPOHHOM
CTPYKTYpOit, a GONBILHE — CTPYKTYPOif KPUCTALTHYECKOH PELIeTKH. .

" 2.1.4. Tempasdpiunueckue nosynpoeoonuKoesie CmpyKmypot

B nonynposonHukossix coemnxenmsx tvna A"BY u A"BY', taxux kax GaAs u ZnS co-
OTBETCTBCHHO, aTOMbI OZHOTO THNA KpucTaUH3ylores B I'LIK noapewerky B NO3ULH-
ax [000], [0v2'72), ['20'2] m ['/2'/20], a atoMBl BTOpOrO THNAa — B aHanornunyio I'lIK
NOAPELIETKY, CABHHYTYIO OTHOCHTENLHO NepBoit Ha [Y/4'4'/4] no anaronanu xyba, xax
nokasaHo Ha puc. 2.86. Takas peierka Ha3biBaeTcs canepHToM, LHHKOBOIH o6MaH-
Koit wau peurerxoii Tuna ZnS. Ha pucylke BHEHO, YTO KaxX/blif aTOM IIMHKa (CBET/bII
KPYXOK) HAXOAMTCA B LIEHTPE TETPas/ipa H3 aTOMOB Cepbl (TEMHBIE KPYXKH) i HaoGo-
POT, KaXXblii aToM cepbl HMEET B KayecTse G/ixkaiilumx coceneii YeToIpe aToMa UMHKA.
KpeMmHuit. u repManmit KpHCTALIM3YIOTCS B TAKYIO X€ PELICTKY, NIPHYEM aTOMbI
STHX BElEeCTB 3aHHMAIOT YaNbl. 06eHX MOAPEIIETOK, TaK YTO B 3/IEMEHTAPHOI Ayeiike
OKa3bIBAIOTCS BOCEMb OIWHAKOBBIX aTOMOB, Takoe pacroioXeHHe aTOMOB, NOKa3aH-
Hoe Ha puc. 2.8a, Ha3biBaeTCs anMa3Hoil peweTkoil. M kpemHuit, i repMaHmii MMelOT
BAJICHTHOCTb, PABHYIO YCTBIPEM, TaK YTO C TOYKHM 3PCHHUS 06Pa30BaHMA XHMHYECKHX
cBs3eil, yeTsipe cocena B BEpLIMHAX MPaBHIIBHOTO Te'ipaagpa ABAACTCA ONTHMANBHOI

KOH(purypaumeit. - ‘ L B FY% S rY3em o
. B INpunoxennu B ectb Tabnuua B.1 co crinckoM 3HaYeHHI TOCTOSHHOI PEILETKH
IUISl pa3HBIX coeanHeHuit ¢ pewerkoit canepura u Tabnuua B.2 ¢ HaGopoM panuycos
HeHTpaNbHBIX aTOMOB M MX HOHOB. M3 Tabmuust B.2 BHAHO, YTO paiHyc OTPHUATENHLHO
3apsDKEHHBIX aHHOHOB CYMICCTBEHHO GO/iblUe pamuyca MONOKHTCIBHO 3apSKEHHBIX
KaTHOHOB, KaK M MOKa3aHO Ha CXeME IEMEHTapHO# sueliku Ha puc. 2.9, M 3TH pa3HH-
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Puc. 2.8. DnemenTapHas auciika co CTpyKTy-
poii anMasa (a), cocToNILAs TONBKO H3 O/HOTO
THNa aTOMOB, M COOTBETCTBYIOWAS J/ICMEH-~
TapHas suciixa co cTpykTypoii uiHKoBoit 06-
MaHku (canepura) (6), cocrosiias u3 asyx
THNOB aTOMOB. CTEPXHAMH NoKa3aHsl TeTpa-
ApHYCCKHE CBA3M Mexay OnuxaifimumMu co-
ceaamu. MeHblumii Ky6, nokasaHHslit nmyHK-
THPHOIL uHKelt Ha pucyHke (6), orpaniun-
BACT O/IHH TeTpasap. .

Puc. 2.9. Ynakoska Gonbumx atomon cephl
M MCHBLIMX ATOMOB LMHKA B CTPYKTYPE UMH-

KoBoii o6Mmanke ZnS. Kaxauit atom pacno-

la B pasMepax Ansi COCAMHCHMH THMA
A"BY Gonbue, yem wis A"BY. Omnaxo
9TH M3MCHCHHS KOMNCHCHPYIOT ApYyr
Zpyra, TaK YTO JUANA30H MOCTOSHHLIX pe-
nietox o6oKX THMOB COCAWHCHHIl IMpH-
MEPHO OAMHAKOB, MPHYCM NapaMETpbl
KPEMHHSI W TEPMaHMsi TaKXe Jiexar
B 3ToM auanasone. B Tabnuue B.4 maHbl
MONEKy/spHbie Macchl, a B Tabnuue B.S —
TUIOTHOCTH 3THX coeamHeHuii. Tpu Ta6-
auust B.1, B.4 u B.5 aemonctpupyior no-
CNCAOBaTE/NbHbIE M3MCHCHHA 3HAYCHMIt
c/ieBa HanpaBo B KAXIOM PARY M CBEPXY
BHH3 B KaxaoMm cronbue. 1o npoucxo-
OUT BCICACTBHE CHCTEMATHUECKOro yBe-
JIMMEHHA pasMepa aToMOB B Kaxmoi
TpyNMne ¢ yBEAHYCHHUCM aTOMHOrO HOMe-
pa, Kak noka3aHo B Tabnuue B.2.
CyuecTsyloT ABC NPOCTHIE MOAEHH
npeacTaBneHus Takux AB 6uHapHbIX co-
cauHeHuit. B woHHoIt Moaenu pemerka
C™A"™ coctout 13 GoNblIKX MO pa3Mepy
anuonoB A", pacnonoxennnix B LK
CTPYKTYpe, M MEHbWMX KaTHonos C,
HaXOAAUIMXCA B TETPAAPHUCCKHX MO3H-
unax anuoHHoit I'IK pewerku. Ecnu
aHHOHBI KaCaIOTCA APYr APYra, HX paauy-
Chl @y BBIPAXAIOTCA Yepe3 IMOCTOAHHYIO
PCIICTKH a cheayiomuM obpasom a; =
a/2-/2, a panuychl TeTpaspHUCCKHX MO~
3uunit ar = 0,2247a, no dopmyne (2.2).
Takas cutyauus umeer mecto B cnyyae
OYeHb MaJicHbKMX Katuonos Al’* B co-
eauHeHuu AlSb. Ins Bcex apyrux katio-
HOB 13 Ta6bauust B.2 ux panuycsl camu-
KOM BE/IHKH, 4TOObI yMECTHTLCS B TETpa-
SAPHYCCKHX MNO3MUMAX, TAK YTO OHMU
Pa3/BHralOT NOAPEIIETKY AHHOHOB, H NO-

MoM A B Touke 0 0 0 1 ero 6mukaitwmnm cocenom C B Touke 1/4 1/4 1/4 coctasnsier
1/4 .:3a. CpaBium KpucTaniorpadM4ecKue pacCToAHHS ¢ CyMMaMH PaliiHyCOB HOHOB
C" + A" 15t HOHHBII MOAETH M C CYMMaMK PAIHYCOB HEHTPANBHBIX ATOMOB JUls KO-
BAICHTHOI1, B3ATHIX N3 Tabanupt B.2. PeaynsraTl TakKuX OLECHOK npeacTasacHsl B Tab-:
auue B.3, u3 KoTopoit BUAHO, 4TO HK OfiHA 13 MOJC/IEl HEe COTIACYeTCsl C peanbHoC-
TBIO JUISI BCEX MPEACTABJICHHBIX BELIECTB, HO KOBAICHTHAS MOACIb € HEHTPaNbHBIMU
aTromamu Gmike K aeiicTBUTENbHOCTH. [Lnst cpaBHEH S NPENCTaBIeHbl COOTBETCTBYIO-
uMe AAHHbIC ISt HECKONBKHX LIEOYHO-TUUIOMAHBIX H ILC/I0YHO3CMENbHO-XANbKO-:
rCHMAHBIX HOHHBIX KPHUCTA/JIOB, MMEIOLIHX pelleTKy THNa KameHHolt com (NaCl).
BuaHo, uTo BCC 3TH COCAMHCHMSA O4YEHb XOPOLIO OMHCHLIBAIOTCA HOHHOIH MOENLIO,
B KOTOPOI aTOMBI KaXXIoro THna pacnonoxeHs! B csoeii LUK noapeuwerke, npuyem
aTOMBl OAHO} MOAPEIIETKH HAXOMATCS B OKTAdAPHYECKHX no3uumsx apyroii. Kax
cneayet u3 hopmyast (2.1), okTasapuuecKas no3uuMsA UMeeT paauyc a,., = 0,41411ay
Gonbluuii, ueM TeTpasapHUecKas no3uums u3 hopmyist (2.2). 06,6
Honnan Moziesib XOPOIIO OMHCHLIBACT AAHHBIC MNS LICAOYHO-TAIOMIHBIX M 1le-
NIOYHO3CMEBLHO-XANBKOTCHHAHBIX COeMHEHHH . OHAKO HIt OHA 3 YIIOMSHYTHIX Bbl-
e Moneneil He JacT yAOBNCTBOPHTEILHOTO COOTBETCTBHS UTSL NMOMYNPOBOAHHKOBBIX
coeanHeHHit. Bonpoc o ToM, B KaKoii CTCNEHM CBSI3K B NOMYNPOBOAHNKOBBIX KPHCT-
NIaxX ABASIOTCS HOHHBIMH, a B KaKOii KOBAICHTHBIMM, HE MOXET ObiTb PCLUCH Ha OCHO-
BaHHM XpHcTa/uiorpaduyeckux faHHbIX. Ec/iu BOTHOBYIO (DYHKLIMIO, OMHCIBAIOLIYIO
CBSi3b, 3aIHCATh B BHAC
e acov'pcov » aion'piom ; (25)
rae Ko3(pHUMEHTH HOHHON M KOBAICHTHOH KOMIMOHCHT YAORJICTBOPSIOT YCIOBHIO
HOPMHPOBKH ‘ b2
a?ov i alfm =1, -
TO a’,, ONpEACASIET KOBAICHTHYIO, a al, MOHHYIO J0JII0 B TAKOI CMELIAHHO CBA3M.
B rnase ([Tyn n ®apax) kuurn Kapna Boapa (2001) npuseneHs! 3Ha4eHHA addex-
ThBHoro 3apana e* ws pasnnunsix A"B” u A''BY nonynposomuukosrix coenune-
Huit. DroT adpeKTHBHBI 3apsA CBA3AH C A01€l KOBAICHTHOCTH CBSA3H CNCAYIOLUHM
oGpa3om : ‘ ‘ ,

k. N+e 1o RT)
fnc N=2ms A"B" u N =3 it A"BY coennennit. List Bcex paccMaTpHBAEMBbIX CO--
eAMHeHnit oH exXuT B Ananasone ot 0,43 1o 0,49. Ucnonb3ys TabniiHble 3HayeHus e*
13 Boepa 1 opmyny (2.7), moyyacM 3HaYCHHE KOBAICHTHOI 1071 a’,,~0.81 s Beex

JOXEH B LEHTPE TeTPAsNipa 3 ATOMOB APyTO-
B ' A"B" 4t a2, ~ 0.68 s neex A"'B coenmnennit, nepeunciernbix 5 TaGmiuax B.1, B4,

B.5 1 T.A. DTH BEANYHHBI HAXOAATCA B COOTBETCTBHH C TCM, YTO KOBAICHTHASI MOCIL
JUISl TAKMX BELLECTB JIYHIIE ONHCBIBACT KPHCTALIOrPagHUYCCKHE JaHHbIE.

B saxmioucHHe naparpada cneayeT OTMETHTD CIICAYIOLHE HabGnioneHs1, KOTOpLIE Oy-
JIyT TIOJIC3HBIMH TPH YTCHHK CICAYIOLHX TJaB. W3 Tabmuust B.1 BuaHo, uT0 THOIHYHOE

B e T R

gl ro THNa. creanme Gosnee He KacaloTcs Apyr apyra,

; ‘ ¥ 1 - .. KaK nokasaHo Ha puc. 2.9, B xosaneHT-
¥ ;oﬁ Mozenn atomsl A u C ajiekTpuuecku HEHTPATBHBI, a MX pa3Mephl, KaK BUAHO U3
| { abnuusl B.2, conocrasumsl. B aTom cnyyae obpasyercs CTpyKTypa THNa KPEMHHEBOIH
5 Hu repMaHieBoit. Ins ouenku atx moaeneit 3aMCTHM, TO PACCTOAHHE MEXIY aTo-

RN
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coennHenne GaAs HMEET NOCTOAHHYIO peteTku @ = 0.565 HM, TaK uTO 06beM aneMeH-
TapHoii syeiiku paseH 0.180 HM’, YTO COOTBETCTBYET IPUMEPHO 22 aTOMaM KaXI0To TH-
na Ha KybHueckuit HaHomeTp. MexmnockoctHoe paccroanune wis GaAs B Hanpasiic-
uuax [100], [110] 1 [111] cocrasaser coorsercTeHHo 0,565, 0,400 1 0,326 HM. Paznuy-
nue obcyknaemsie A™'BY nonynposoannkossie coemuHenns, Tak xe Kak u A"BY,
MOTyT 06pa30BbIBaTh CMCLIAHHBIC KPHCTA/UIB! B IUMPOKOM JHaNa30He KOHLIEHTPaLuii.
MoxHo cuuTath, yTo B KpHcTamax THna In,Ga,_ As BenmonHsiercs 3akoH Berapaa,
13 KOTOPOrO CJIEAYET JIHHeiiHast 3aBHCHMOCTD NMOCTOSIHHOI PEIIETKH @ OT KOHLIEHTpa-
uuK x. B pesynsrare nonyyaercs ypaBHeHue

a(x) = a(GaAs) + [a(InSb) - a(GaAs)]x = 0.565 + 0.041x (2.8)

rae 0 < x <1. B cooreTcTBylontem ypasterun mist AL Ga,_ As wnen 0,04 1x samensiercs
Ha 0,001, TaK 4TO HECOOTBETCTBHE Pa3MEPOB PEILIETOK 2ayins — Agaad/(Apas + Agans) =
=0,0018 =0,18% B 3TOM BewecTBE MaJIO 110 CPABHEHMIO € 2d;, 4 — AGaad/(@1as + GGond) =
=0,070 = 7,0% ans In,Ga,_,As (cM. Takxe ¢opmyny (10.3)). B Tabnuue B.1 npusese-
Hbl nocTosHHEIe pewerku a wns pasibix A"B" u A"BY coemmmennii co crpykrypoit
LHHKOBOI{ 06MaHKH.

2.1.5. Koaebanus pememsu

Bo Bcex paccMotperHbix CIy4asaX Mbl CYHTaJIH, YTO aTOMBI HAXOMSTCS B onpeaeneH-
HbIX MCCTax peLICTKH, HO B ACHCTBHUTENLHOCTH OHM HENPEPLIBHO ABUXYTCS OKOJIO
CBOMX TOJIOXKEHHS PaBHOBECHS. DTH (hAyKTyaunu Bo3HHKAIOT H3-32 TEIJIOBLIX KOJie-~
Ganuii peweTky 1 craHoBaTCs CHJIBHCC NPH YBCIMYCHHH TeMneparypsl. Tak Kak aTo-
MBI CBAI3aHBI JIPYF C ApYromM TNIOCPELCTBOM TeX Wi MHBIX CBAi3eil, CMelleH e OfHOro
aToMa M3 NMONOXEHHS PaBHOBECHS BbI3bIBACT CMCLIeHHe coceneii. XHMHYCeCKHE CBS3H
AeiicTBYIOT Kak TIPYXHHKH, KOTOPbIE NOCTOAHHO CKHMAIOTCS U PacTAruBaloTCs NpH

TaKHX ocumAuMAX. B pesynstate MHOXecTBO aToMoB Konebsercst B yHucon, u 3ro -

KOJICKTHBHOE ABHXEHHE PACTIPOCTPAHSAETCS Ha Beck Kpucrann. Kaxawiii Tun pewer-
KH obnanaer cBoumu XapaKTePHLIMH MOAAMM MJIH YACTOTAMM KonebGaumii, Haspiac-
MBIMH HOPMANTBHBLIMK Mozamu. BceoGuiee KOJUICKTHBHOC KoJieGaTeNbHOE ABHXKEH e
PCLUCTKH ABNACTCA KoMGMHaLmeil, win cyneprosuumei MHOTHX HOPMaNbHBIX MO,
Y nByxatomHoii PCLICTKH, Takoif Kak GaAs, ecTh HH3KOYACTOTHLIC MOJBI Haaunae-.
MBIC aKYCTHYCCKHMH, B KOTOPBIX TSXe/ble JIETKHE aTOMBI KoneGmoTes ,B YHMCOH,

caenyiomuM obpazom: 1o : '

& ~meM~m~M~m~M~m~ M-~ . -

0

ne;él::; OAHA M3 NPYXMH CXara MK PacTANyTa Ha BenMuMHy Ax, Ha COCCAHHE Macchl
YET cina BenuuuHoit CAx, rae C — KECTKOCTb NPY:XHHEI. Tax Kax NIPYXXHHBI pac-

2.1. Amomapuas cmpyxmypa 3\3)

TATHBAIOTCS W CKMMAIOTCS TOC/eN0Ba-
TEJIbHO APYT C IPYTOM, HMEET MECTO Npo-

JonbHast KonebGarenbHass Moja, B KOTO- o1 et :
via, m OnTuycckan

poit aToMbI ABHXYTCH BAOMb HanpasJe- . ;

Hus NpyxkuH. Kaxnas HopmanbHas Mmoga L

XapaKTepH3YeTCsl CBOEit 4acToToit w, Boi-
HOBBIM YHCIOM k = 2/A, rae A — aninna '
BOJIHBI, M 3Heprueii E, cBsa3aHHOill ¢ Heit
nocpeactsoM E = fiw. Cymecrsyior 1 no-

nepeyHsle HOPMaTbHbIE MOABI, B KOTO- Y2eru - s

PBIX aTOMBI KONEGMIOTCA MepneHAuKy- . AxycTiryeckas
NSpHO JIMHMK ux ceaseit. Ha puc. 2.10 : 49 B

NOKa3aHa 3aBHCHMOCTb @ OT k Uil HH3- ¥ 3 -

KOYACTOTHBIX aKyCTHYECKHX H BBICOKO-
YacTOTHBIX ONTHYCCKHX NpoaoabHbiXx  Puc. 2.10. 3anixcuuo_m KpYroBoii YacTOThl W
MoA. Buamo, 4To yacToTa aKycTHueckoii ~ MPORONbHOMN KonCGaTENbHOI MO OT BOTHO-

BETBH MOHOTOHHO YBE/JIMUMBACTCS C yBe-  BOTO uHCaa k' = 27/A Aist LENOYKH aTOMOB
; HEM BOTHOBOTO YHCNIA,  ONTiyec- Y% THNOB C UCpCyIOLIMHCA Maccami m < M
JIN4CH ’ © HA PacCTOSHHH @, CBAI3AHHBIX NPYXHHAMH
KOil — MOHOTOHHO majaer. OTH ABE BETBH xecTkocThio C. : ;

MMEIOT npeaenbHbie YacToThl (2C/M)" n 4
(2C/m)'* ¢ sHepreTHyeckoii WEbI0 MEXIY HUMH Ha IpaHHlle 30Hb BpiuuiiosHa
k,,;ax =x/a, e a — paBHOBECHOE PAcCTOsIHME MexXay aromami M i m. 3oxa Bpuunio-
3Ha — 3TO EMEHTapHas suciiKa B MPOCTPAHCTBE BONHOBBIX YHCE/, AN OGPAaTHOM
NpPOCTPaHCTBE, uTo GyACeT M3anaraTsest fanee B 370it rmase. OnTHyeckas Kp’ncﬁarenmax
BeTBh HAXOMMTCA B MH(PAKPacCHOM AMamazoHe, o6braHO Ha wactotax or 10" 1o
3% 10" Tt XapaKTepHbie 4acTOThl AKYCTHYECKOI BETBI MHOTO Hitke. B TpexMepHOM
cyuac cutyauus Gosee cloxHua, M CleayeT pacCMaTpHBaTh NPOLONBLHYIO aKyCTHYeC-
KYIO, IPOAOALHYIO ONTHYECKYIO, MONEPEYHYIO aKYCTHUECKYIO H NONEPEYHYIO ONTHYe-
CKYIO BETBH. ' : 2 — - A
ATOMBI B MOJIEKYJIAX TAKXKE 10ABEPXEHbI TCIUIOBbIM konebauusam. Monexyna ns N
aTomos obnagaet 3N-6 KoneGaTeHbIMH CTENeHsIMH cB0GOMBI. KOHKpETHBIC MONICKY-
JISIpHbIE TPYMMbl, TAKHE KakK ruapokcivisHas —OH, amuno- —NH,, HHTPO- -NO,,
MMEIOT CBOM XapaKTCPHbIC HOPMATbHbIE MO, KOTOpbIC MO3BOAAIOT OGHAPYKHBATh
MPHCYTCTBHE TAKMX TPYNIl B MOJICKYaX M TBEpABIX TeNAX.
OG6cyxnaeMbic KoneGaHHsi aTOMOB OTHOCAITCA K THITY CTOSMMX BOJH. BriBalor i Ge-
IYI{E BOJIHBI, KOTIA JIOKAIM30BaHHas 06/1acTb KOEOMOUMNXCS aTOMOB nepeMeLaeT-
cs1 o kpuctauty. [Tpumepamit TakHX GEryuIHX BOIH ABASIOTCA 3BYK, PACTIPOCTPaHsiio-
LEMiiCs B BO3AYXE MM CelicMUUecKie KosieGaHHs TOUBLE, PACXONALIMECS OT SMHLEHT-
pa 3eMIETPACEHMS HAa THICAYM KHJIOMETPOB M MO3BOJFIOLIE ceiicmorpadam
3épcrlicrpiipouan 3eMJICTPACEHHE CITYCTS MHOTHE MHHYTEL JloKani3osaHHble Geryuie
BOJIHBI KO/eGaH it aTOMOB B KPHCTA/LIE HA3biBalOTCS (poHoHaMu. X aHeprus KBauTy-
etcsi Kak E = fiw = hv, tie v = /2w — vacrora Konebanuii B TaKoii BonKe. (DOHOHbI.

HIPRIOT BAXHYIO POJb B (DH3HKE TBEPAOTO TeNa.
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2.2. CrpyKTypbl 3HEpPreTM4ecKnX 30H
2.2.1. Jusaexmpuxu, NOAYNpoGoOHUKY U NPOGOOHUKU

[Mpu cesA3bIBaHMM aTOMOB M (DOPMHPOBAHHH TBEP/OTO TeNa SHCPreTHYECKHE YPOBHH
OTAENLHBIX ATOMOB PACUIMPAIOTCS M 06Pa3yIOT 30HBI C LENSAMH MEXAy HUMH. DJeK-
TPOHBI MOTYT HMETh 3HaUEHHsI SHEPTHH TONBLKO JieXKalue BHYTPH KaKoii-1u60 30HbI,
a He MPUXOAsIIMECS Ha MPOMEXYTKH MexXay HuMu. Huxenexauiue 30Hbl, COOTBETCT-
BYIOIL[HE BHYTPCHHHM 3JICKTPOHHBIM YPOBHSIM aToMOB, Gonee y3kue M 3amnoJHEHBI
3/ICKTPOHAMH JI0 KOHLIA, TAaK YTO OHH HE OKa3bIBAIOT BNHAHHA Ha SNEKTPOHHbIE CBOIi-
cTBa MaTepHana. OHM He NoKa3aHbl Ha pUCYHKaxX. BHeluHMe, HAH BaICHTHBIE 3/1EK-
TPOHBI, KOTOPHIC H CBA3LIBAIOT KPHCTA/UI B €IMHOC LIeNIoe, 3aHHMAIOT TaK Ha3biBaeMyIo
BAICHTHYIO 30HY. Y IU3/CKTPHKOB BaIEHTHAs 30HA 3aNONIHEHA 3NEKTPOHAMM, KOTO-
pBi€ HE MOTYT NEpPEMELIaThCS, TaK KaK HX MOJNIOXCHMs 3a(HKCHPOBaHBI B XHMHYECKHX
cBA3X. MaTepHan ABNAETCA AM3NEKTPUKOM, TaK KaK He CYLIeCTBYET AeNOKATH30BaH-
HBIX ANCKTPOHOB, CIOCOBHBIX ABMATHCA HOCHTESAMH TOKA, 30Ha IPOBOAMMOCTH Pac-
TIONIOXCHA M0 3HEPrHAM HAMHOIO BhILUC BAICHTHON 30HBI, KaK MOKAa3aHO Ha pHC.
2.11a, TaK YTO OHa HEAOCTYITHA TEIUIOBbIM (AYKTYaUHAM, M OCTAeTCS NPAKTHYECKH
nycroii. [ipyrumu cnosamu, npu KomHatHoit Temneparype 7= 300 K TennoBoit aHep-
THH HEJOCTaTOMHO U1 NEPeGPOCKH CKOABKO-HUOYAb 3HAYNTENLHOI YaCTH NEKTPO-
HOB M3 BJICHTHOIH 30HBI B 30HY NPOBOAMMOCTH, TaK YTO MX KOJIMYECTBO B NOCAEAHE
npeHe6pexumo Maso. Eue onMH BapHaHT H3NOXEHHS 3TOrO (aKTa TaKOB: LIMpHHA
SHepreTHYeckoii wean E, MHOro GoMblue BeHYHHbI TENAOBO SHEPrHH kpT, rae ky—
nocrosiiHas Bonbumana. '

Y nonynpoBoAHMKOB L1e/ib MEXY Ba/IEHTHOI! 30HOH H 30HOI NPOBOAKMOCTH MHOTO
MEHBIlIE, KaK NOKa3aHo Ha puc. 2.116, Tak yro E, Gmke K TenoBoii aHeprum kgT.
Ipu KOMHaTHOIf TCMICpaType TerIoBoe Bo3Gy:KAeHHE MOXET 3a6pPOCHTB YacThb 2NEKTPO-
HOB H3 BAICHTHOI 30HbI B 30HY npqnommocm, TAIC OHHM MPHHHMAIOT YUACTHE B NEPEHO-
CC 3apsna, To CCThb B INCKTPHYCCKOM TOKe. I1NOTHOCTD 3/IEKTPOHOB, AOCTHIAIONIMX 30HLI
MPOBOAMMOCTH B NpOLIECCE TEIVIOBOrO BO3GYKACHMUSI, OTHOCHTE/ILHO Mana, HO eif yXe
HeJb3s npeHebpeyb, TaK YTO BO3HMKACT HEGONbILAsS NPOBOAMMOCTS, OTCIONA ¥ TEPMHH —
1oynpoBOAHKK. Matepnanibl TAKOTO THNA HA3LIBAIOT COBCTBEHHBIMM NONYNpPOBOAHHKA-
mu. Tlonynposoanuk Moxer GbiTh Neruposan JIOHOpaMH, KOTOPBIC JIETKO OTAAIOT 3/IeK-
TPOHBI B 30HY NPOBOAMMOCTH, Ii€ T€ NEPEHOCST TOK. MaTepuan Moxer GbiTh JierHpoBaH
H aKLENTOpaMH, 3aXBaThIBAIOLMMH SJICKTPOHBI 3 BAIEHTHOI 30HBI OCTaBR/ISIIOLIHMH
B Heil 3 peKTHBHbIE NONOXHTEIbHbIC 3apaabl, Ha3biBacMbIe ABIPKAMH, xmopbie TaKkxXe
ABNSIOTCA HOCHTESIMH TOKa. DHEPreTHYECKHE YPOBHH TaKHX JIOHOPOB H aKUEATOPOB Jie-
Kar BHYTPH 3aNpeUICHHO 30HBI, KaK NMOKa3aHo Ha puc. 2.12. B TIEPBOM CiTyae roBopsT
o TIPOBOIMMOCTH n-THNA, TAK KAK OCHOBHBIMH HOCHTEJISIMM TOKA SIBISIIOTCS OTpHLATEIb-
:;i"ﬁzﬁmﬁ*:}!;;m;g:;; :(; :mpou — P-THINa, TaK KaK OCHOBHBIC HOCH-

HbIC AbIPKH. B naparpade 2.3.1 310 Gyaer nano-
XeHo Gonee noapo6Ho. O6a THNa npuMecHoi (H BEHHOI1) NPOBOAMMOCTH B nony-
NPOBOIHHKAX TOXE 3aBUCHT OT TeMIepaTyphl, KaK H €ro coGCTBEHHas! IPOBOANMOCTb.

2.2. Cmpyxkmyps snepeemuyeckux 30K 39

[TpoBoAHMKH — 3TO MaTepHaiIbI C.3aMoJIHEHHO T BaJICHTHOIt 30HOM 1 30HOI! Npo-
BOAMMOCTH, YaCTHYHO 3aMOTHEHHOI! ACNOKANH30BAHHBIMH 3/IEKTPOHAMH, BBICTYTIAI0-
MM 9 DEKTHBHBIMHK HOCHTENSIMH MEKTPHUYECKOTO ToKa. TT0N0XHTENBHO 3apsKeH-
HbIe HOHBI MCTLIOB, pachonpxeuuue B Y3/lax KPHCTAUTHYECKOIH pememu,'omalolf
CBOM BHCLIHHE NIEKTPOHBI B 30HY NPOBOAMMOCTH H OCTAIOTCA MOJIOXHTENBHO 3apsi-
XEeHHOI OCHOBOIt 1 06061LECTRIEHHBIX 271eKTPOHOB, Ha pqc.'z.l 1B moka3aHa 30H-
Hasi CTPYKTypa JUIsl 9TOro ciyuas. . & ' : INK,

"B peanbHbIX KPHCTALIAX 30HHAs CTPYKTypa ropasio ‘c‘:noxmce, yeM MOKa3aHo Ha
CXeMaTHYCCKOM PHC. 2.11, Tak KaK BUI ;om;l 3aBHCHT or‘xpuci‘amorbaquecxbro, Ha-
TpaBieHUs B petieTke. Do Gyaer o6cy>iman»ca jaanee. B i

// o e

Ll L Ll L Ll

)

.'Puc. 2.11, DHepreTiueckue 30HbI B THINEKTPHKE (a), COBCTBEHHOM MOYNPOBOIHMKE
- .. (6) n nposoanuke (B). Hanuuue 3neKTpoHOB B 30HC 00O3HAYCHO KOCO

~ IUTPHXOBKOIA. - . DY
Wiy, =
l/ o 7 £
ABp e Honopibic ypoBHEt
T.__..__...__-__......._.._-_ ______________ TnyGoxue yporu 4
l -----——~--—---;;—;----—-—-—---"-— AKUEMTTOPHBIC YPOBHH

14 WW

. Puc. 2.12. DHepreTHueckas CXeMa JIOKAIbHLIX YPOBHEH B 3anpelcHHol 30He
NONYNPOBOAHMKA. AKLIENTOPHLIE YPOBHH PACMONOXEHB! BhIllIE NOTOAKA
paneHTHOI 30HHl Ha AE,. JIOHOpDHbIC YPOBHHM JICXAT HIOKE JHA 30HBI

: " nposoaumocTit Ha AE, YpoBHH rayGOKMX NOBYWCK JieXaT BOAM3N
CepeAMHBI 3aNpPEIICHHO# 30HBI. Cnpasa BBepXxy st MacwiTaba nokasaxa
THOHYMHAA BEANYHHA TENNOBOI SHepriy kyT. :
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2.2.2. O6pamuoe npocmpancmeo u peemxa

B naparpacax 2.1.2 n 2.1.3 paccMaTpuBanach CTpYKTypa Pa3NHYHBIX THIOB KPHCTALIOB |

B 00LIYHOM, WIH KOOPAMHATHOM NPOCTPAHCTBE, TaK KaK peyb Lia O MOJI0OXCHHUAX aTo-
MOB B peiierke. J1s H3ydeHHs ABHXEHHS JICKTPOHOB MPOBOANMOCTH YAO6HO HCMoNb-
30BaTh APYroit THN NPOCTPAHCTBA, HA3bIBACMBII B MATEMATHKE AYANbHBIM, HIH COnpsi-
XCHHBIM, KOOPAHHATHOMY NPOCTPAHCTBY. DTO AyanbHOE MPOCTPAHCTBO (TaKXKe Ha3bl-
BacMoc OGpaTHbIM JIH OGpaleHHBIM) BOSHMKACT B KBAHTOBOI MexaHuke. 3gech
MPEACTaB/ICHO Ero KpaTKoe Ka4yeCTBEHHOE OMHCaHHE. e
OCHOBHast 3aBHCHMOCTD MEX/Y YacTOTOl f = /27T, KO BOMHBI A K CKOPOCTBIO
v 3T0it BO/IHBI BBIIJIAAMT KaK Af = v. Y06HO BBECTH BOJIHOBOE YHCO k = 27/, noyyas
JS= (k/2x)v. ina ynpyroit BOIHBI, WK WISl BOAHbI, CBA3AHHOIT C NEKTPOHAMM NPOBO-
AMMOCTH, HMITYILC p = mv 3/IEKTPOHA C Maccoii m 3anucuiBaercs Kak p = (h/2rn)k, rae
h — nocrosrHas Inanka, oHa H3 YHHBEPCATLHBIX KOHCTAHT (PH3NKH, a k — BOJTHOBOIA
BEKTOp, MOAy/b KOTOPOro paBeH BOJMHOBOMY umcay. Yacto Mcnonab3yercs BeaMUMHa
h = h/2x, Taxxe HasbiBaemas nocroauHoit IMnanka. Toraa p = Ak. Takum obpasom,
B 3TOM NPOCTOM CJIy4ae, HMNYIbC MPONOPLUHOHANCH BOTHOBOMY BEKTOpY K, a k obpar-
HO NpONOPUHOHANEH JUTHHE BOJIHBI M BhIpaXxaeTcs B o6paTHbIX MeTpax. [lns onucaHus
ABHXCHUA 3NICKTPOHOB MOXHO BBECTH 06PaTHOE NPOCTPAHCTBO, Ha3BIBAEMOE K-NPOCT-
PaHCTBOM.
Ecn onHomepHbIit KpHCTAUT MMEET NOCTOSHHYIO pelueTky a i IUTUHY, TIONIOXHM,
L = 10a, To atomb GyayT pacnonoxens Ha TIpAMOIi B TOYKaxX ¢ KoopauHatamu 0, a, 2a, ...,
10a = L. CooTBeTcTBYIOMMIT BOAHOBO BexTOp k Gyner mpuHuMath 3Havenus 2r/L,
4x/L, ..., 20n/L = 2n/a. BuaHo, 4To HauMeHbLICE 3HaycHue k paBHo 2n/L, a Hau-
Gonbiuee — 2r/a. DnemenTapHas sueitka B 3TOM OHOMEPHOM KOOPAMHATHOM TPOCT-
PAHCTBC MMCCT JUIHHY a, 2 BaXHasA XapaKTePHUCTHKA SYCHKH B obpaTHOM mpocTpaHcT-
Ec, Ha3bIBACMOit 30HOI BpumiosHa, pasna 27r/a. MonoxeHusMu NIEKTPOHOB B 30HE
ns::r‘;;r:};: :::::::ﬂ::;::: "l; =; 2:n1/L23 oﬁpalr(l;uou NIPOCTPAHCTBE, Te N B HAlLCM
P - g » 45 -y 1U, W Ha rpannue 3ounl Bpuimosna
Jnst npoctoit npsiMoyronbHoii peter-
| . KH B IBYX H3MCPEHMSIX C KOOPAHHATAMM X
b ’ H Y  NOCTOAHHBIMK peleTky a u b o6pat-
2n HOC NPOCTPAHCTBO TaK Xe ABYMEPHO C BOJI-
b HOBBIMH BeKTOpaMH k, 1 k,. To ananoruu
p o K CO cysaeM npocroit pewerku 3omna Bpu-
¢ 3 JIIO3HA B 3TOM iBYMEPHOM 0GpaTHOM npo-
W@ : ©) CTPaHCTBE MMCCT ANMHY 27T/a M WIKPUHY
Puc. 2.13. Cxema SNEMEHTApHOI AuciiKu . (a) '?_Jr/b, e s . 243 Otetun-
B ABYMCPHOM KOOPAMHATHOM MpOCTpatCTBe R 1A TPH HaMepeHiA ovesro. Crenyer
X, y M COOTBETCTBYIOWAs 30Ha Bpumoona (6)  NOMHHTB, 4TO k, nponopumonanen co-
B w;:::;;ou NPOCTPAKCTBE Ky, k, st npsmo-  CTABIAIONICH HMMY/IbCa 3MEKTpoHa P, 1o
yron pewerky Bpapa. - . KOOpAMHATE X, RHAIOTHYHO M Jyist ky Hp,

¥ 4 k,

2.2. Cmpykmyps 3nepzemuseckux 304 3D

2.2.3. Duepzemunecxue 30n61 u weau 6 NOAYNPOGOIHUKAX
DneKTPHYECKHE, ONTHUCCKHE U APYTHE CBOJCTBA NONYPOBOAHHKOB CHIIBHO 3aBHCAT
OT TOTO, KaK CBA3aHa IHEPrisi 00061ECTRACHHBIX 3/IEKTPOHOB C MX BOJIHOBBIM BEK-
TOPOM k B 0GPAaTHOM MPOCTPAHCTBE, 3, COOTBETCTBEHHO BhILIENPHBEACHHOI hOpMY-
ne p=mv=thk, u c ux umnyabcom. Ml GyeM paccMaTpHBaTh TPEXMEPHBIE KPHCTAN-
nbl, o6paias 0co6oe BHHMaHKE Ha MONYNMPOBOAHHKOBbIC coeauHeHus Thna A™MBY
i A"B"". TTockobKy OHU MMEIOT KYGHYECKYIO CTPYKTYPY, TPH NOCTOAHHBIE PELIETKH
COBNANAIOT: @ = b = ¢. JIBUXCHHE 3MeK- ' ;

TPOHA B KOOPAMHATAX K., k,; k, 06paTHO- © ik
ro NPOCTPaHCTBA NPOHCXOAMT B IPaHH- )
uax 3oHbel Bpuuniosna, opma Kotopoii
ISl 3THX KYGHYECKHX PElIeTOK MoKasa-
Ha Ha puc. 2.14. Touxm HauGonbuueit
CHMMETPHH 0603HAYEHbI Ha PHCYHKE 3a-
MAaBHBIMM JIATHHCKMMM M TPEYECKHMH
OyKkBaMH. - ) -

DHepPreTHYECKHE 30HBI 3aBHCAT ‘OT
pPaccMaTpUBAEMOTrO HafpasicHHA B 30-
He Bpunmiosna. Ha puc. 2.15 npencras-
NieHa 30HHas CTPYKTYpa COGCTBEHHOTO,
T.C. HEJICTHPOBAHHOTO MONYNPOBOAHK-

ka tuna A"BY, a ‘umenno, GaAs.
Ha pucyHke noka3aHa 3aBUCHMOCTb

9HEPrHH OT BOJIHOBOTO YMcna k ns’

CNCAYIOUINX HampaBleHHil B 30He
Bpwumoana: no Aot 'k X, mo Aor T

K L, no = or I' K K ¥ no HanpasieHHIo:

or X Kk K. DTH TOYKM M HanpabicHus
0603HaueHB! Ha cXeMe 30HbI Bpumos-

Ha Ha puc. 2.14. U3 ananu3a puc. 2.15 .

BHAHO, YTO B pa3HbIX HarpasBJEeHHAX

B LEHTpaJIbHOI TouKe 30HbI I' HMeloTes

3aMETHBIC MaKCHMyMbl M MMHHMYMBI.

DHepreTHueckas weab, WIK obnacth

SHepruii, rae H| no Qnuouy Hanpasje-
HHIO HET COOTBETCTBYIOLIMX 3HAYCHMIA,

npocrupaercs ot 0 B Touke I'y 1o Toukn
¢ — HenmocpeACTBEHHO Hall LIEAbIO

C 9Heprucii NPUMEPHO E,=135 :}B. O6na-
cTit Hixe Iy cocr‘amgmb;_‘ BJIEHTHYIO 30HY,
a setie I’y = 304y niposomimocti. Cieno-

BaTeNbHO, TOYKA ['g — 370 TOUKA C HAMHM3-
weif 3Heprueil ' 30HBl NPOBOAHMOCTH, |

" cummetpii A, A, Z, 0, - -

] Bﬂcbmu, $B 3

Puc. 2.14. 3oma Bpiuunioana apceHitia rauius
M WHHKOBO# 06maHKu. [Toka3aHk! TOYKH Bhl-
coxoit cummerpun T, K, L, U, W, X u ocu

t

-
. x,<.

X5

Y TR RO S R
Bonuosoc 4ncno k

Puc. 2.15. 30uHas mpy;:ryﬁa apcemuia_ ran-

Jum, BLIYHCICHHAA METONOM NCEBAOMNOTCH-
1HANOB. vt el dicl ‘
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Puc. 2.16. Cxema pacrionoXeHus BANCHTHOR - 10'® 10' 10" 107 100 10° 10°

30HB! (BHH3Y) H 30HBI POBOANMOCTH (BBEp- s s

Xy) B NONYNpOBOAHMKE, ANNPOKCHMIpOBaH-  Puc. 2.17. TemnepatypHas 3aBHCHMOCTDb KOH-
Hbix napaGonamu. OGNacTb BANCHTHOMN 30HBl,  LICHTPaLHK COBCTBEHHBLIX HOCHTENEI B KpeMm-
COACPXAlUan ALIPKH, i 0GNACTb 30HBI POBO- MMM, FEPMAHMK 1 apcenuae raunsa, Hebonb-
AMMOCTH, COAEPXKAUIAA INCKTPOHBI, 3ATPH- 1A HEAMHCHHOCTD NPH HU3KNX TeMIepary-
xoBaHa. IMokasana Takke NPAMOIOHHAS WM~  paX BOIHMKAET MH3-3a comuoxurens . T
pHHa wenu Ex’ B ypaBHeHHH 2.15.

a Touka Iy — ¢ nausbicwedt sueprueit ; . '
BancHTHOI 30Hbl. TIpH aGconoTHOM Hyne TeMMepaTyp BCE 30HbI HIXE LIEIH 3anon-
HCHBI SICKTPOHAMH, a BCE 30HBI BBILUE WENH NYCTHI, Tak 4T0 Npo 0 K BCLICCTBO SIB-
Asercs usonatopoM. Ipu koMHaTHOI TeMnepaType wieab KOCTATONHO y3Ka Al To-
ro, 4To6ul NPOHCXOAMKJIO TEMAOBOE waﬁyxméﬂuc 3JICKTPOHOB C YPOBHEI{ BaNCHTHOI{
SOHBI HA YPOBHH B 30HE NPOBOAMMOCTH. DTO IOCTATOYHO MAJIOE KONHYECTBO B/EK-
TPOHOB 06LIYHO coBupaeTcs B 061aCTH 30HbI NPOBOAMMOCTH HEMOCPEACTBEHHO Hag
MHHHMYMOM T, KoTOpYIO 0GbIYHO HA3BLIBAIOT AOANHOMN. DTH JNEKTPOHBI MOFYT NpoO-
BOAHTb HCKOTOPBII TOK, TaK 4TO BCIUCCTBO ABMSICTCS MONYNPOBOAHKKOM. i
ADCEHMA raiius Ha3LIBACTCS NPAMO3OHHBIMK NONYNpOBOAHMKOM H3-3a Tord,
TO IHO 30HLI NPOBOAMMOCTH M MOTONOK BAICHTHON 30HLI HaxouaTcss B OAHOI
H TOi Xe ueHTpanbHolt Touke I' 30Hbl Bpuaniosna, kak summo u3 puc. 2.15. dnek-
TPOHBI BAJICHTHOI 30HBI B TOYKE I'g MoryT 6biThH nepeGpolcHbLI TENIOBLIMK ¢daykry-
auUMAMH B ToUKY ' 30HBI NpoBoaMMOCTH Ge3 HaMeHeHHs BOJIHOBOrO YHcha k. Co-

caunehust GaAs, GaSb, InP, InAs, InSb u Bee coemnenns Tuna A"B"

: » nepeuic-
Aeunsic B TaGauue B.6, — npsamosonusie, Ho B _HEKOTOPBIX MONYNPOBOAHMKAX,

Takux kax Si u Ge, NOTOI0K BANEHTHOM 30HBI ¥ AHO 30K NpOBOAMMOCTH HAXOAAT-
CS1 B pasHbIX TOMKax 30nbl Bpuanioana. Takue non

: Teuncpaﬁrpa, K

2.2. Cmpykmypui IJ5epzemuteckux 3on JD

nocie cebs nycToie MecTa OKOJIO NOTON-
Ka BAICHTHOI 30HBI. DTH MyCTHIE MecTa
BBLICTYNAIOT MOJOXHTEABHBIMI 3apsja-
MH, Ha3bIBAIOIWMMHUCA AbipKamu. Tak
Kak Juisi cOOCTBEHHOr0, MK HE JIeTHpo-
BAHHOTO TOJYNPOBOAHKKA KOJMHYECTBO
JbIPOK B BAIEHTHOI{ 30HE PaBHO KOJIHYE-
CTBY JICKTPOHOB B 30HC NPOBOAMMOCTH,
COOTBETCTBYIOLIME OOLEMBI, 3aMOJIHEH-
HBIC 2/ICKTPOHAMM M AbIPKaMH B K-npo-
CTpaHCTBC paBHbI Apyr Apyry. Takue ane-
KTPOHBI H JIIPKH SABAAIOTCS HOCHTENAMHM
2/ICKTPHUCCKOTO TOKA B 110/1YNPOBOAHH-
Kax, a TCMMCPATYpHLIC 3aBUCHMOCTH MX
konueHrtpauun n 8 GaAs, Si u Ge npu-
BeicHBl Ha puc. 2,17,

Y Bcex nosynpoBOAHUKOB, NEPEYHC-
newnwix B Ta6bnuue B.6, sxunouas Si
1 Ge, NOTONOK BANCHTHOI 30HbI JIEXHT
B LICHTPE 30HB! Bpianosna, Ho y Henpsi-
MO30HHBIX nonynposoauukos Si, Ge,
AlAs, AISb u GaP ano aonMHBI 30HbI
NPOBOAMMOCTH B kK-NPOCTPAHCTBE HAX0-,
ANTCS B TOUKaX, oTinynblx oT ['. 910 no-
Ka3aHo Ha puc. 2.18 juia HenpAMO30H-
mbix Si u Ge. M3 puc. 2.186 suaHo, uro
y FepMaHns SHCPreTHUCCKHIT MHHHMYM
30HBI NPOBOAMMOCTH HAXOAHTCS B TOUKE
L, nexaiueii B LEHTPE WICCTHYTONBLHOM

et e e A nbix nonynposoatnkos Si i Ge. M3 pucynka
Sy i————"" {1 13} ooty BHAHO, YTO HAKHH3LIAS TOUKA, HJIH THO 30HbI
Kak A na puc. 2.14. 3ona Bpuimosna HIPOBOUHMOCTH B TEpNAINI HAXONITCA B TON-
MMECT BOCEMb TAKMX TpaHei, MPHYCM o cyyverpin L (oTMeueno kak Lg) ¢ anep-
Kaxkaast Touka L — oOuiast uisi ABYX I'pa-  rueii 0.6 3B, a B KpeMHUH OHA HAXONTCS HA
Heil, TaK YTO 30HA COACPXMT JNHIIb YC-  paccTOAHNH 85% ot uenrpa I'; no nanpanne-

Dueprus, 3B

e

L A B VY X UK b A r
Bonnonoe umncno k

Puc. 2.18. 3onnas CTPYKTYpa HCNPAMO3OH-.

NPAMO3OHHBIMH,

YNPOBOAHHKH HA3bLIBAIOTCA He-

pomnka GaAs HAXOMMTCA B LEHTPC CHMMET-

poXicHNe. V' KpeMHMS JIHO 30HE BP0 pun Tg 3sonwm Bpuamosna. Bepmmna
BOAMMOCTH PAacrnosioXcHO 10 ocH [001]  Lonenmoit 30HM HAXORHTCA B LEHTPE J0HH I’
(ormeueno Gykpoit A) Ha PaccTOSHHH - nng 0GOMX BEUICCTB.
OHBI.

oKkono 85% ot 1ICHTPa /10 FPaHHILLL 3 o

B dhocine anioMiHis, HE NOKAIAHHOM Ha PHCYHKAX, NO/IMHA TaK XK€ JICXKHT Ha OCH
[001] na paccrosHHi OKONO 92% ot ucurpa. U3 puc. 2.14 BuaAHO, YTO CYLICCTBYCT.

<

i Ha puc. 2.16 B yBCIHYCHHOM MacuTa6e mokasan Y4acToK okono Touku I' B ciy-

Hac NPAMO3OHHOrO MONYNPOBORHKK NpH TEMNEPaType, OTIHUHOI OT AGCONIOTHOrG
HYS (30HbI annpoxcuMiposansl napaGonamu). lonnua 3o NPOBOAMMOCTH NOKa-
3aHa YaCTHYHO 3aNONHEHHOI 3NEKTPOHaMM, Bo3GyxacHHbie NCKTPOHBLI OCTABNSAIOT

Y
i
}
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Puc. 2.19. Danunconpansinie TIOBCPXHOCTH PaBHBIX IHEPIHit B 30HC NPOBOAMMOCTH
repmakusi (cniesa) M Kpemuus (cnpasa). B TEPMAHHK OHM PACMONOKECHL

BRO/Ib OCCH CHMMETPHI A C LIEHTPOM B CHMMETPHUHOI Touke L. B pesyasra-
TC ONK JICKAT HANONOBHHY BHYTPHK 30N BpiwTIoaHA (cruommsie anumuu),
4 HanoNOBUHY -~ CHapYXH ce (IIPEPBIBHCTHIC IMKIK), TAK YTO J0HA COJICPXKHT
SKBHBA/ICHT YCTHLIPEX NONHBIX /UTHIICONIOB. MosepxiocTs B kpemuun nexkar

110 LICCTH CHMMCTPH'HLIM HaNpaBAcHusM A (T.¢. BLOAb tky, £k, k) c uen-
TPAM3t Ha paccTosHIm 85% OT LeHTPANBLHOI TOuKI — K Toukam X, Kak BHAHO
W3 PHCYHK, BCC LIECTh INNNTICOMIION NIEKAT UEAHKOM BHYTPH 301Kt Bpuimio-

oHa. Ha puc. 2.14 nokasamst nojnoxeius CHMMETPIYNBIX Touek T, L, X,
& TAKKC OCeii CHMMETPHI A 1 A,

ICCTh HAaMPaBICHHIT, IKBHBANCHTHBIX [001], Tak uTo BLIDOKACHME 30HbI IIECTHKpPAT-
noe. C kaxuoit 1011Hoit, B TOuKax [ B repMaHiH M 1o HaNpaBicHuAM A B KpeMHuH,
CBA3AHA IUNCOMAANBLHAS MOBEPXHOCTD NOCTOAHHOI 3Heprun B k-npocrpancrae,
OXBATLIBAIOWIAS NCKTPOHLI NPOBOAMMOCTH B coorsercTyloueit noaune. Coorserct-

Byloule cxemariueckue usoGpaxers fipuBeacHb Ha puc. 2.19a st repmanus
u 2.196 anst Kpemuus,

- Anst onpenenenns Koudurypawi smix
PECHBIX 3KCIIEPUMEHTOB, B YacTHOCTH,

NCKTPONLI NPOBOAMMOCTH ABMXKYTCS N

oBCpxHocTeii Gl nocrasnen PsiL MuTE-

MCTOOM UHMKJIOTPOHHOTO pe3onanica. B HUX
O 9KBHIOTCHUHANLHBIM NoBepxHOCTAM Beerya
THHTHOMY nonio. ITo pasnomy OPHCHTHPYsI Mar-

» JICKTPOH I BLIHYXKNAIOT IBHraTLCs 1o pa3HbIM

TPAacKTOpHAM B k-npocTpancrse, Hamepas NapaMeTphl TpacKTOpHIl, MoXIHO NOCTPOUTD
SKBHNOTEHUHA/ILHBIE TIOBEPXHOCTH,

B TaGnuue B.6 npusenena IHPHHA Wwenn .E‘mm A"BY y AMBY nonynboaonunxoa
Hns nenpamosonmbix NOIYNPOBOAHMKOB BeaHyNHa HENpsAMoit 1wenun naua p ckobkax.

B Ta6nuue B.7 TIPHBEACHDI BEIMMHHDL 1
POM3BOLHBIX LIMPHHBI ey no TeMInepatype
dEx/dT M JaBncHuio dE/dP TpH HOPMATLHBIX ycroBHSX, ;

. 2.2. Cmpyxkmypui anepzemuneckux 301 4D

2.2.4. Ddghexmuenvie maccot

B npocroit oaHomepoit Mosenn aneprus E 31eKTPOHA NPOBOAMMOCTH 3aBHCHT OT
BOJIHOBOTO YHCJIA kK KBaAPaTHYHO; : :

2,2 A
Bowc L ‘ 2.9)
2m :
Mepsas MPOM3BO/LHAST STOFO BLIPAKEHHS JACT CKOPOCTH
A e AR 2.10)
R .
a BTOpasi NPON3BOAHAS — Maccy 4
L & _ 1 @.11)

W dk?  om

KoTopast, B ob1ueM ciy4ae, OTIHYACTCH OT MacChl cnoﬁpnuoro 3/ICKTPOHA. St ypasHe-
HHSl TPHBHATBHBI [T TIPOCTOIH napa(_iommccxoﬁ 3aBHCHMOCTH Eor k, no n3 puc. 2.17
u 2.18 BiaHO, uTO peanbias 3aBHCHMOCTL TOPa3fo CIOXHEE, HeM npcni:mnncuo
B ypaBHeHuu 2.9. Ypasuenue 2.11 naer obuiee onpeaencuue 3¢ heKTHBHOIT Maccl,
obo3nayaemoii Kak m*. 3aBHCHMOCTDb /1* OT BONTHOBOTO umcaa k MOXeT GbiTh momyye-
Ha U3 kpuBbix £ ot k nyrem anddepenunposanus. U3 cpasteHms HaKIOHOB nﬁnuassl
AHA 30HL!I MPOBOAHMMOCTH M MOTONKA BancHTHOIT 30Hb B GaAs B Touke I’ pnc.' 2.1
(cM. TaKxke puc. 2.16) BHAHO, UTO KPHBbIC VIS BEPXIHX 30H KpyUe, UCM AIst HIDKHHX,
CJ/ICAOBATE/NLHO, IPMEKTHBHBIC MACCHI TAM MEHBLLIC.

8:4.5. Hoaepxnocm:( Depmu

Ipu HyneBoii TeMnepaType B MCTAJLIE SNIEKTPOH B! 3AMOMHAIOT aucprcrﬁuqccxne E:.;o::j
10 3HEPTHH, HasbiBaeMoit aHeprueit @epmu Er, a 30HbI € auepmah;:u konlx:uxe 0‘:,;[ 4
TaloTCs NycToiMi. B TpexMEpHOM k-NPOCTPaHCTBE HAGOP BeMNYMH Ky, K, K, YA :
2+ k2 + k?)/2m = Ep, 06pa3yeT NOBEPXHOCTB, HA3BIBA

TBOpsIOLIMX ypasHennio A2(k, + ky + k;)/ F il cam
eMmyio nosepxHocTbio ®epmu. Bee coctosnus ¢ &y, &), k,, u;'l;(onﬂm;a sy
MOBCPXHOCTH, 3aMOJNIHCHBI, a BbILIC — MYCTHI. ﬂoncpxuqcn. epMH v st ok
6¢ Bce IEKTPOHBI 30HbLI POBOAHMOCTH, NEPCHOCALUIHE INCKTPHYCCKHI : O.Bon““o_
LIMX MPOBOJAHHKAX, TAKHX KaK Mellb cgpcﬁpo, nnomoc153:—>nex'rpouone"l:{o . n. oy
ctH coctasasier 8,5 X 107 u 5,86 x 10 anekTpoHoB B CM cooTBeTCTBEH Ho. H::-n,
roit Touku 3peHusa nosepxxocth depmu xopome;:ﬂ::ﬁzzzng::: hsl?)ké: ;ZIL:.J; s

Hy Bpunnioana. B coGcTBeHHBIX NONAYNpO vty Ge ech
;i.co‘:n?rocn)c,ﬁ I[:pl! KOMHATHOIt TeMIepaType COCTaBascT nplme;‘mo th;clT(z)w:;: 0rI :::y :
COOTBETCTBCHHO, UTO -HA MHOTO NOPSAKOB BCJIH‘HII,HbI mm«:; ::::c::“ aron {;;mem_
NPOBOAHHKH PEAKO NETHPYIOT 60/bLIE, YCM 110 10” aTomoB np. R
Has 30Ha co6CTBCHHOrO NMONYNPOBOAHHKA NPH aﬁcomoruo.\'( HY. - Twméawpc
Ha nposoaumMocTy nycra. Kak 6bU10 noKa3aHo patee, NpH KOMH o
HEKOTOpbIC 3JIEKTPOHB! BO30YXAAIOTCH B COCTOAHHA HA ZHC 30 p
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H OCTaB/SIOT TAKOE XK€ KONHYCCTBO AbIPOK OKOJIO MOTO/IKA BAICHTHOI 30Hbl. D70 03-
HAYyaeT, uyTo AMUIb HeGoabllas yacTb 30Hb Bpuanioana 3anoiHeHa ANCKTPOHAMH U3
30HbI TPOBOAMMOCTH, H KOMUCCTBO ALIPOK B BAJICHTHOI! 30HE COOTBETCTBCHHO HEBe-
JHKO. 3anoAHCHME 30H JCKTPOHAMH H ALIPKAMI B ONHOMEPHOM CIyuac OTPaKCHO
Ha puc. 2.16.

Ecau MuHHMYM 30HbI NPOBOAMMOCTH HaxoaMTCs B Touke I' B ueHTpe 3oubl bpun-
JII03Ha, KaK, HanpHMep, B ciyyae apceHu/ia rajulis, To, BCICACTBHE KyOHUCCKOIl CHM-
MCTpPHH, 3Ta NOBEPXHOCTD GyaeT 6/113Ka K cepHuecKoil, H MOXHO C Xopoueii TOHHO-
CTbIO CYHTATh 3ABHCHMOCTb IHEPTHH OT BOJIHOBOI'O YHCJIA KBAAPATHYHOIL B COOTBETCT-
BHH C ypasHcHueM 2.9. Takim oGpasoM, 3anonHeHHas 3CKTPOHAMH POBOAHMOCTH
obnacts B k-npocTpaHcTse — 370 Hebosbluas cepa, 3anasacMmast OOLIYHBIM YpaBHCHH -
eM Juisi chepbl

B i + X aBais ok + 2 @.12)
2m 4 3 i L

rae E, — MaKCHMaJIbHasi 9HEPrHsl NCKTPOHOB M MX Macca m*, HOPMHpOBAHHas Ha
Ma’ccy‘ pno60n|ioro SNICKTPOHA m,, NPUBEACHAS IS Pa3NTHYHBIX npnmoaolmux nony-
nposoaxukos B Tabnuue B.8. Ypasuenue 2.12 cnpaseannso ans NPAMO30HHBIX NOJNY-
NpOBOAHMKOB, FAC AHO 30HL! NPOBOANMOCTH HaxoauTcst B Touke I'. ¥ Beex pacematpi-
BacMBIX MONIYNPOBOAHHKOB MAKCHMYM BANCHTHOI 30HbI HAXOAUTCS B TouKe I — LenT-
pe 30Hb! Bpiniosxa. '

Bix 3anonueHHOIl 31eKTPOHaMH POBOAMMOCTH 06NacTH B k-npoctpascTse mix
HEMPAMO3OHHBIX MOYNpoBoAHIKOB Gonee croxen. Kak yxe ynomunanoch paHee,
AHO 30HBI npoBoauMocTH y Si u GaP naxoautcs B HanpasaeHuy A B 30He Bpunnio-
aHa. lllecTh COOTBETCTBYIOIMX UIHNCOMAATBHBIX NOBEpPXHOCTElH MOKa3aHbl Ha
puc. 2.196. Mpononbhsie 1 nonepeynsie 3GdHeKTHBHbIC MAacchbl, m; W My COOTBETCT-

BEHHO, HMCIOT CICAYIOUIHC 3HAUCHHSA LI DTHX ABYX HCNPSAMO30OHHBIX nonynposoj-
HHKOB. ‘ ‘

—L =09 Lo -

o m, - 01 wmsi (2.13a)
my m |
—% = J.28 : L = 0

my my 2l g GaP M ddai e (2.13b)

JlHO 30HbI NpoBOAMMOCTH TCPMAHUSA NIEXHUT B Touke L puc. 2.14, u ero ®epmu-nopepx-
HOCTb npeacraBaset co6oit Habop AMTMNCOMIOB ¢ LUCHTPaMM B TOMKAX, SKBHBANICHTHBIX
L, v Gonblwnmu ocsiMu, nexammmy B HanpaBneHun A, win [111] .
puc. 2.19a. IMpononsHbie 1 nonepeynsbie ApGHeKTHBHLIE Macchl wis ;
B repMaHuu coctaBasior my/my, = 1,58 u mqfmg
UHKITOTPOHHOTrO PE30HAHCA C OAHOBPEMEHHBIM N
KOro HanpaxeHus MO3BOMSCT ONPEACTHTD HTH
HBIX NONYNPOBOIHHKOB,

KaK NnokKaszaHo Ha
THX 3JUIHIICOMAOB
= 0,081 coorsercTenHO. Mertomika
PUIOKCHHEM K 06pa3uy anekTpuyec-
pdexTHBHBIE MacCh Ais HenpsAMO30H-

2.3. Toxaauszoeannsie wacmuyst u K6auyacmuiybi 49

2.3. Jlokanu3osaxHbie 4ACTMLbl U KBA3UHACTULbI

2.3.1. [lonoput, axuenmopot u 2ayboxosexcauue ypoenu

Koraa aromst V rpynmnisl, MMeiowse nsits 31EKTPOHOB Ha BHelHeii oBonouke (T.¢. Ba-
NECHTHBIX NEKTPOHOB), TAKHE Kak (ochop, MBILIBAK HIH CYpbMa NMONAAAIOT B KPEM-
HHil B KaYeCTBE NPHMECH 3aMCUICHUS, UETBIPE MX BNEKTPOHA YUacTByIOT B 0Gpa3oBa-
HHH BAICHTHBIX CBsI3eii ¢ coccm{mm aToMaMM KPEeMHHS, a OIMH — ocTaercsa cnabo-
CBSI3AHHBIM. ATOM JIEKO OTZAET 3TOT JNCKTPOH B BANCHTHYIO 30HY, TAaK YTO OH
HA3LIBACTCS IOHOPOM, a 3MCKTPOH — JOHOPHBLIM 3NEKTPOHOM. DTO MPOMCXOMMT
BC/ICACTBHE TOTO, YTO SHECPTETHYECKHIT YPOBCHb LOHOPA JIEKHT B 3aNpeLUICHHOIT 30He
Ha MAJIOM (110 CPABHEHMIO C TEMIOBOIt aHeprueit k;T) paccTosinuu AEp OT rpaHHLBl
30Hb! POBOAMMOCTH, KaK NOKA3aHO Ha pic. 2.12. ATOM KpeMHsl, 3a.\|cuialou1u§i ran-
nuit B GaAs, ATIOMHHHSI BMECTO LMHKA B ZnSe M T.I1. TaKKe UIPAIOT poJib JIOHOPOB.
Atomst 111 rpynnei, Takue kak Al win Ga, umeior TPH 3/ICKTPOHA Ha BHEWIHEH
o6onouke u MOryr GbITh NPUMECHIO 3aMCIUCHHS B KPECMHHH, TOTAA MM HEOOXOAHMBbI
YETBIpE MEKTPOHA UIS 06PA30BAHMNS BAICHTHBIX CBA3CH ¢ GMILKAUMMK COCCAMM.
Takue aToMbl Ha3bLIBAIOTCS AKUECMTOPAMH, TAK KaK OHH BbITATHBAIOT Ha ce6st 3NEKTPOH
M3 BAICHTHOIl 30HBI, OCTABNSIS ABIPKY pxoﬁo ee BepxHeit rpanuubl. Takoit npouecc
MPOMCXOMNT JIETKO BCAEACTBHE TOTO, UTO SHEPreTHYCCKHE YPOBHH AKLCNTOPHBIX aro-
MOB JIEXKAT B 3aNMpPCIEHHOIl 30HE BbILUC BCPXHEif rpaHMLLI BANCHTHON 30HBI Ha He-
Gonbiuyio (1o cpapHenuio ¢ k,7) Bennunny AE,, Kak nokasaHo Ha puc. 2.12. Apyru-
M CTIOBAMM, SHEPTHsi BO3GYAKACHNS, HeoGXOMMMas U1t HOHH3ALHH JOHOPOB K 106aB-
NICHMS DNICKTPOHOB K AKLENTOPaM, MEHbLIC TETUIOBOii SHCPrHH FPH KOMHATHOI
temnepatype T = 300 K i conocraBuma c Heit, T.¢. AEp, AE, < kgT, TaK YTO NpH
KOMHATHOI1 TeMnepaType NPakTHYCCKH BCE JOHOPHI 3apSKCHBE MONOKHTENBHO, 4 aK-
ENTOPB! — OTPHLATENILHO. ; ¥
JIOHOpBI 1 AKUENTOPbI, OMHCAKHBIC BbILIE, OOBIMHO HA3BIBAIOT MEJKHMI LCHTpa-
MH, MOCKOJIbKY OHI SIBASIIOTCSI HETYGOKMMH MOTCHUMANBHBLIMH AMAMH LISl AICKTPO-
HOB WAM ABIPOK M MX DHEPris BO3OYKICHHSI MHOIO MCHBUIC WHPHHbI menu (AEp,
AE,; < E/). CymecTByioT H ApYrie LUCHTPLI C 3HEPreTHUCCKHMH YPOBHAMH, J€XKalH-
MH [Iy6OKO BHYTPH 3aNpeLIcHHOIT 30HbI, 4aCTO G/IHXKE K € UEHTPY, YCM K KpasM. Tak
KaK B obuiem cayuae E, > kgT u aueprum rayGoKnx ypOBHeii HE MBI, OHH ocraiotest
cnaGonolmsuponaimmm. ThyGoKonexatue LEHTPbI CO30aI0TCA nedmmz&m, CBSI3aH-
HBIMI C PA30PBAHHBIMI CBI3SIMH HIH GONBIIHMI CMCLUCHHSAMI aTOMOB, BRI3BAHHBIMH
MexaHnueckuMi Hanpskenusami. B Tnase 8 Oyxer obcyKnathest BansHue rnybokone-
Kaugux uem*po.n Ha XapaKTep ONTHYECKHX CMICKTPOCKOMMYCCKHX a(dexTos.

2.3.2. ITodeuxcnocm

JIpyruM BaXHBIM N1apaMeTPOM MOJYNPOBOIHNKOB SIBNSIETCA MOABXKHOCTD ¢, WM OT-
HOLEHHE CKOPOCTH apeiida HocHTesIel TOKa vV K HaNpsKCHHOCTH NPHJIOKEHHOrO

3NEKTPHYECKOTO NOJIst E (“ = M/E) Jrot ﬂﬂpﬂl\lC’l’P MOJIOXKHTCIICH IO ONPEAC/ICHHIO KaK




‘:

i
).
|

g E— e o

- R

@ I1aea 2. Beedenue 8 uauxy meepdozo meaa

IS NIEKTPOHOB, TaK i Juist AbipoK. B TaGnuue B.9 npuseacHbl SHaUYCHHA NoABHXHOCTEH
3NEKTPOHOB /¢, M ABIPOK t;, B PACCMATPHBAEMBIX MONYNPOBOAHIKaX. B anekTponposoa-
HOCTb 0 BXOJMT CYMMa BKJIAZIOB JICKTPOHOB M ALIPOK B COOTBCTCTBHH C YPaBHCHHEM

o = (nep, + pety) (2.14)
Fe n M p — KOHLEHTPAUHH NEKTPOHOB H ABIPOK COOTBETCTBEHHO, @ € — 3apAl 3NCK-
TpoHa, [ToaBHXHOCTL MMeeT cnabylo CTENCHHYIO TEMINEPATYPHYIO 3aBHCHMOCTD T,
a pe3kasi 3aBHCHMOCTb NMPOBOAMMOCTH OT TEMMEPaTYphl ONPEACIACTCH NMPECHMYLLECT-
BCHHO TEMMEPATYPHOI 3aBHCHMOCTBIO KOHLCHTpalUuy Hocuteneit. B nermposannbix
NONYNPOBOAHHKAX MOCACAHSASA BO3HHKAET, B OCHOBHOM, BCACACTBHE 60bLMAHOBCKOIO
MHoxutens exp(—E;/kgT), cBA3aHHOrO ¢ HOHH3ALMOHHBIM MOTEHUKANOM NpHMecH £,
TunHyHbIe 3HAYCHHS SHCPrHil 1S JOHOPOB M AKUENTOPOB B KPEMHHH M FepMaHMH,
npuseacHuble B Tabmuue B.10, nexar B ananasone or 0,0096 no 0,16 3B, uto MHoro
MEHbILIC WHPHHBI Weau, coctasasioweit 1,11 3B ans Si u 0,66 3B mna Ge. Ha puc. 2.12
NOKa3aHbl MOJOXCHHSI AOHOPHBIX M aKIECNTOPHLIX YPOBHEIt B 30HHOI CTPYKTYpE, rie
BHIHO, YTO COOTBETCTBYIOLIHEC MOHM3AUMOHHBIC MOTCHUMANL MaJibl 110 CPaBHEHHIO
¢ E,. Tennosas aneprus k7= 0,026 3B npu komuaTHoit Temneparype (300K) uacro co-
nocraBiMa ¢ IHeprueit HoHu3awuK. B coGeTBEHHBIX, WIN HENErHPOBaHHbIX HOAYNPO-
BOJHHMKaX OCHOBHOI{ BK/Ia/ B TEMIICPATYPHYIO 3aBMCHMOCTb NPOBOANMOCTH JaCT IKC-
NOHEHUHATLHDI COMHOXHTENb eXp(—E,/2kpT) B 3aK0oHe ACHiCTBYIOLIMX Mace

3/2 b
mo=p o= 2(557—;) (mm)* !t exp 5 (2.15)
27y 2k gT
rac cOGCTBEHHbIC KOHLEHTPALMH NEKTPOHOB M, M ALIPOK P; PaBHBL ApYr Apyry u3-3a
TOro, YTO TETUIOBOC BO3BY:KACHHE 1; INCKTPOHOB B 30HY NPOBOAMMOCTH OCTABASCT Ta-
KOE K¢ KOJIHYCCTBO p; ALIPOK B BANICHTHOI 30He, T.¢. 1; = p;. YpaBHEHHE COACPKHT Npo-
H3IBCACHHE M, W my, IPDEKTHBHBIX MACcC CKTPOHOB M, 1 JBIPOK ny,, 3HAUCHHSI KOTO-
PbIX, HOPMHPOBAHHLIC Ha Maccy cBOGOAHOrO NEKTPOHA My, NPEACTABICH! B Ta6/n-
ue B.8. 3t addexTuBHbIe Macchbl CHIBHO BJIMSIIOT Ha CBOIICTBA IKCHTOHOB,
paccMaTpHBacMbIX B ClicAyloleM naparpade.

2.3.3. Ixcumonst

OGbratibiit, OTPHUATELHO IAPSKCHHBII SNCKTPOH H NIONOXHTENBHO 3APSKEHII e~
KTPOH, Ha3biBACMLIIi NIOIHTPOHOM, PACTIONOKEHHbIC HA PACCTOSHMN F APYr OT Apyra
B YCTOTE NPUTATHBAIOTCA APYF K APYTY € KYJIOHOBCKOM CiLnoli ¢'/4ze,?, rae e — sapsi
SNICKTPOHA H €9 ~ AMINEKTPHYCCKas NIPOHHMLIACMOCTh BaKyyMa. KBaHTOBOMEXaHuec-
KOE paccMoTpeHie 3T0if 3a1a\H NOKAIBIBACT, 4TO INEKTPOH M [103HTPOH 0BPA3YIOT CBsi-
SAHHYIO CHCTCMY, HASbIBACMYIO TIOSHTPOHHEM, C SHEPTETHUCCKHMH YPOBHSMM, onpese-

NseMBIMK opMynoit Punbepra, sBeaenHoil Hunscom Bopom B 1913 roay Juist onuca-
HHS aTOMa Bojiopoaa

i . (2.16)

=
2.3. Jlokaauszoeannsie wacmuysl u K6asuuacmuybl 42)»

rae a, — GopoBckuit paguyc, 3amasaemblii 1M2B — oo searer-yoy
dopmynoit ay = dnegh’/mge’ = 0,0529 um, wv—and
My — Macca nokost cBOGOAHOrO 3MEKTPOHa s
(¥ MO3KTPOHA), @ KBAHTOBOE YHC/IO /1 MOXKET b 8 1

NPHHHUMATDH 3HaYCHMst n = 1, 2, 3, ..., oo, St

Jna HauMeHblci SHeprun, WM OCHOBHO- , ,
ro COCTOSIHUS, V1Sl KOTOPOro n = |, 3Heprus 2 ! . TMomtponndt
cesian cocrapnsier 6,8 3B, Te. monosuny § Bozopoa

SHEPrHH OCHOBHOIO COCTOSIHMSI aTOMa BO- nes
J0pona, TaK KaK 3(hdeKTHsHas Macca s R ETE:
CBA3aHHOM 3/IEKTPOH-TNIO3UTPOHHOI Maphbl
COCTaBJISICT NMONOBHHY 3 (eKTHBHOIT Mac-
Chl JUIs 2/ICKTPOH-TIPOTOHHOIT naphb! B aTOMe
sozopona. Ha puc. 2.20 nokasausl ypos-

HH DHEPrHH MO3HUTPOHHMS KakK KL :
» byn pusix PuaGepra juis atoma Bosoposa (cnesa),

KBaHTOBOrO wMcAa n. Takue uaﬁopg TIO3UTPOHMS (1O UCHTPY) M THIHYHOIO 3KCH-
SHEPreTHUCCKHX YPOBHEI! HacTO Ha3blBa-  topa (cnpasa).

1ot cepuamu Puabepra. Ilpn nonoxu-
TEJIbHBIX SHEPrisX TAKOif CHCTEMbI BOZHHKACT HENpPEPLIBHBINH CNEKTP, COOTBETCTBYIO-
LHii cyydalio, KOraa JeKTPOoH M MO3MTPOH HaXOOATCS TaK JajieKo ApYr OT Apyra, YTo
KYJIOHOBCKOE B3aUMOJEIHCTBHE HE OKAa3bIBACT CYLCCTBCHHOIO BIIHAHMA Ha MX ABIDKC-
HHE, a BHCPrusi HacTHLl ONPEAC/ISICTC MX KHHETHYECKOit SHeprueit mv'/2 = p*/2m,
WIH 3Heprueii ABHXEHHS, I Vv — CKOPOCTD, @ p = mv — HMINYJILC. »
AHANIOroM NMO3UTPOHMS B TBEPALIX TEAAX, TAKMX KaK NOJYNPOBOAHHKH, SIBASCTCA
CBSI3AHHOE COCTOSIHME Napbl 3/IEKTPOH-ABIPKA, Ha3biBacMoe 3KcHTOHOM. [lna noay-
IPOBOMMKA NEKTPOH HAXOAUTCS B 30HC MPOBOAHMOCTH, a ALIPKA — B BAICHTHOI 30-
He. DPPeKTHBHBIC MACCHI M DJICKTPOHA M, H ALIPKH M1, B FIONYNPOBOAHHKAX MCHbBIIC
Macchbl cBOGOIHOTrO NCKTPOHA My, a A(dexTHBHAA Macca JUTSl Napbl COCTABNACT m* =
man,/(m, + m;). Korna addexTHBHAs Macca 3NEKTPOHA CYLICCTBCHHO MEHblIE 3¢-
(dexTHBHOIt Macchl ABIPKH, m, < my, 3Ty hopmyay yaobHee 3anucaTh Kak

e m,
e l '*'(mc/mh),

g
z
&

 mmnd 11 ]
n=d
neld -

nw=2

1038 N

Puc. 2.20. Tlepaie HECKONLKO ypoBHEii B ce-

(2.17)

OTKy/ia BMAHO, YTO B 3TOM CJ1yyae m* CTAHOBHTCS CPABHHMOI B MAccoii 3MCKTPOHa.
Hanpumep, ecan m,/m;, = 0.2, 1o m* = 0.83 m,. U3yucHue 1aHHbIX TaGnnuwt B.8 noka-
3BIBAET, YTO 3TO THIHYHAA CHTYaLsl [Uis nonynposoaHikos THna GaAs. U3 Tabnnust
B.11 BHAHO, YTO OTHOCHTE/BHAS AHINCKTPHUCCKAS IPOHHLACMOCTD £ JICKHT B AHana-
30He ot 7.2 1o 17.7 ans npencrasieHHBIX BewecTs. OGa aTHX (HaKTOpa yMEHbWAIOT
SHEPTHIO CBA3M FKCHTOHA E, 110 CPABHEHHIO C TAKOBOI U151 MO3HTPOHHS. B pesynbra-
Te SHeprus aaercs opmyok

m/my e’ _ 13.6m [/mg

E = = 2.2
s e?  dempagn’ en

(2.18)
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KaK mokasaHo Ha puc. 2.20. Te xe asa ¢axropa yBeanunsaior 3 pekTusHbIi Gopos-
CKHit pzumyc 9/ICKTPOHHOIT OPOHTBHI, 1 OH CTAHOBHTCS panHuM

¥ e/eo g 00529::/:30

2.1
% ogr 2.19)

m /mg
Moncrasnss 3¢exTHBHBIE MACCHI AMIEKTPOHOB H TSLKEABIX ALIPOK B GaAs u3 TaGauub
B.8 B ypasnenue (2.17) nonyunm 3nayenne m*/my = 0,059. C nomoubio ypaBHeHHii
(2.18) u (2.19) u B3aTbix 3 Tabauuet B.11 3uauennii ¢ nomyunm s GaAs -

Ey=4,6 M3B; a ;= 11,8 nu, (2.20)

rae £y — 0CHOBHOE SHEpreTHYECKoe cocTostiue (npH 2 = 1), DT0 BLIYHCIEHHE MOKA3bl-
BacT, YTO pa3Mep IKCHTOHA COCTAB/SACT HECKONILKO MapaMeTpoB pewtetku. Ero paauyc
B apCCHMC TA/UTHA CPABHHM C THIHYHBIMH PasMEpaMH HAHOCTPYKTYP. DKCHTOH MMe-
CT CBOHCTBA YaCTHLbI, OH CMIOCOGEH NMepeMeliaTLCs MO KPHCTATY H MMEET XapaKTep-
Hbiif onTiueckuit cnextp. Puc. 2.20 noka3ssiBacT 3HEPreTHYECKHE YPOBHH DKCHTOHA
C 3Heprieii ocHoBHOro cocrosums £y = 18 MaB. :
®opManbHO roBopsi, OMHCLIBACMBIC IKCHTOHBI SIBNSIOTCH CNAGOCBA3AHHBIMHU 3J1eK-
TPOHHO-ABIPOUHBIMH NAapaMH, Ha3bLIBACMBIMH 3KCHTOHaMH Banbe-Motra. CHabHOC-
BASAHHBIC WM TCCHOCBSI3AHHBIC 3KCHTOHBI, Ha3biBacMbic dKCHTOHaMu (DpeHkens,
AHANOTH'THBI LONTOXHUBYIUM BO3GYKACHHLIM COCTOAHMSIM ATOMOB WM MONEKyl. OHu
TOXKC NOABHXKHBI i MOTYT NEPCMELIATECS NOCPECTBOM NeEpeiatii BO3GYKACHHA MEXIY
COCCAHIMMIT aTOMaMK HAH MoneKyami. TTouTH Bce 9KCHTOMBI, BCTpevalouMecs B 1o-

JIyNPOBOAHHMKAX M HAHOCTPYKTYPAX, OTHOCATCS K THNY 9KCHTOHOB Morra-Banbe TaK
YTO B 3TOii KHHTE PacCMATPHBAIOTCS TONLKO OHH.
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[J1ABA 3. R
METOAbI NU3MEPEHUM

3.1. Beepenne

Peponiouus, npoucxoasuias B HaHOHayKe, 6bUIa MHHLIMIPOBAHA HECKONBKUMH CO-
NYTCTBYIOWHMH JOCTHXCHHAMH B TexHonornH. OAHHUM M3 HHX GbUIAa BO3MOXHOCTD
MOJIy4aTh BCE MCHbILHE H MEHBIIHE CTPYKTYPbI, APYTHM — CTAJIO NOCTOSHHOE YBEJIH-
YCHHE TOUHOCTH, C KOTOPOIi TaKHe CTPYKTYPhl MOXHO npurotarinsars. LLInpoko pac-
NPOCTPAHCHHBIH METOA M3rOTOBACHHMSI HAHOCTPYKTYP — JHTOrpadus — HCnoabsyer
ana (opMHpOBaHMA 3alaHHBIX KOH(MMUrypauMii Ha NOBEPXHOCTH YYBCTBHTENbHBIIl
K obnyueHuio cnoii. JpyruM XOopoumo OTAaXeHHBIM CrocofOoM NOMYYEHHS TaKHX
CTPYKTYP fABJISICTCS MOJICKY/ISIDHO-JIyeBast SNHTAKCHSI, TO CCTh BbIPALLHBAHKE OIHOTO
KPUCTALTHYECKOro MaTepHana Ha MoBepXHOCTH apyroro. KpoMme Toro, pa3suThl pa3Ho-
obpa3Hble METOALI XHMHUECKOr0 OCAXKUCHMSA, @ TAKKE CTHMYJISILIMA CaMOCGOPKH, T.e.
CMOHTAHHOIO arperupoOBaHHs MOJICKYAPHbIX Ipynm.

HenpepbiBHOE MPOABHXCHHE TEXHONOTHH € Hayana 70-X FOJOB CEAOBATO 3aKOHY
Mypa, coriacHo KOTOPOMY KOJTHYECTBO TPAH3UCTOPOB Ha YHIIe AMHAMMYCCKOI NaMATH
YABaWBAJIOCH KaXAble MOATOPA roja. J10 ofecrneunBano Kak NocTosHHOE yayqieHHe
3(peKTUBHOCTH B3aMMOCBS3CiT B CXEME, TAK H HEYK/IOHHOE YMEHbLICHHE €€ Pa3MEpOB.
Heo6xonumocTh Bo Bee GoNblICH eMKOCTH 3anOMHHAIOUINX YCTPOICTB M BO Bee 6once
GbICTPOM M LIMPOKOM PAacnpocTpaHeHHH HHGOPMALHH MO CCTAM CBA3H CTaNa IKOHO-
MHYECKOit noponexoii 31oii pesomouny. Eue onHUM KTioueBbIM (haKTOpOM, OTBETCT-
BCHHBIM 32 HAHOTEXHOJIOTHYECKYIO PEBOJNIOLIHIO, SIBIJIOCH YCOBEPLICHCTBOBAHHE CTa-
PBIX H CO3AHHE HOBBIX HHCTPYMEHTAIBHBIX CPEACTB JUISl ONPE/CNCHHS NIAPAMETPOB Ha-
HOCTPYKTYp. MHOTHE TaKHe CHCTEMbI 10K BECbMa FPOMO3/KH, I0POrH (CTOMMOCTBIO
TOpSIKa MIWUTHOHA JI0/U1APOB) M YacTo TpeGyIoT i paboThl Ha HHX BHICOKOKBANH(pHK-
UMPOBAHHBIX crielnanucTos. Liesb AalHO# raBL COCTOMT B OGBACHEHHH NMPHHLUIOB
ACHCTBHS HEKOTOPbIX NPHGOPOB i METOOB M OMHCAHHH MX BO3MOXHOCTEIL.

B cneayiomux naparpadax GyayT onucaHbl YCTAHOBKH JUIS ONPEC/ICHUSA NONOXe-
HMiT aTOMOB 06bEME M H3YUCHHs] HAaHOMacIITaOHBIX CTPYKTYP Ha MOBCPXHOCTH, A TaK-
Xe PamTHYHbIC CIEKTPOCKOMMYECKHE NPHOOPLI LISt H3YUCHUS CBOICTB HAHOCTPYKTYP

[em. R. Whan (1986)).

. 3.2. Crpykrypa
3.2.1. Amomuvie cmpyKmypbi

JUIst NOHMMaHHA HAHOMATEPHATIOB HALO B MEPBYIO OYCPCAb 3HATH MX aTOMapHyio
CTPYKTYPY, TO €CTh ONPEACHTD THITbI ATOMOB, SABAAIOUHXCS CTPOHTEIBHBIMM 6noxamu,
M MX B3aHMHOC PACTONIOXKEHHE B MPOCTPAHCTBC. BoNbIIMHCTBO HAHOCTPYKTYP MMeeT
KpHCTA/IMYCCKHIl XapaKTep, T.C. THICAMH COCTABAIOUIMX MX ATOMOB YNOPSIOUEHbL
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KyGHYECKOIt PEILIETKH OHM SBASIOTCS OTHOLICHHSIMH OTPE3KOB, OTCEKACMBIX MJIOCKO-
CTHIO Ha ACKAPTOBBIX KOOPAMHATHBIX OCAX X, ¥, Z. PaccTosHme d MEXiy COCCAHRMMH
KpHCTALIOrpadMuecKHMH NIOCKOCTAMK ¢ HAekcoM (A k /) ans npocToii KyGuteckoii
PCUICTKH C NapaMETPOM PELLETKH @ BbIPAXACTCS BECbMa NPOCTO: ;
: : : ”
T + k2 4+ 1)

TaK 4TO0, YeM Gonblle HHAEKCH TIOCKOCTH, TeM Gonblue Gparrosckuit yron augpak-
uun 0. Ha puc. 3.2 nokasansr paccrosinus s nnockocreit (110) 1 (120), rae uuaekc /
COOTBCTCTBYET IUIOCKOCTSIM, Aapa/UIeNibHBLIM HanparacHHIo ock z. U3 cootHouteHus (3.3)
M pHC. 3.2 SICHO, YTO IUIOCKOCTH C GONBIUMMH HHACKCAMH PacnoNoXeHbl Oiixe apyr
K JIpyry, @ COIMIacHO ypaBHeHHIO (3.2) GparroBckuit yroj st HUX — Gonblue. SIpKocTu
pediekcoB OT pasHbIX KpHCTa/UIOrpadHuecKHX MIOCKOCTEI TAKKE 3aBHCAT OT HHICK-
coB (4 k {). inst HEKOTOPBIX NIOCKOCTEH aMIUIMTYAa OTPaXXCHHOrO Jiyya paBHa HYyJIO.
OrtHowenus ApKocTeii MOMOTaloT ONpPEACANTb THIT KPHCTAUTHYECKOIt pemeTku. Ha-
npuMmep, B onHoatoMHoit OLIK pelserke

k=G nuppakuHOHHble NMUKH HabmopaloTcs

Kl TONBKO OT TaKHX TUIOCKOCTEH, ISl KOTO-

PBIX BbINONHAETCA yenoBue h + k+ [ = n,
e n — yeTHoe 4yucno, a s LUK peurer-
KH — TOJIBKO OT TUIOCKOCTE}, Y KOTOpBIX
100 BCce HHAEKCH HeTHIC, Jubo BCC —

(3.3)

'HCYCTHBIC.

I :
§ Jina nonyuenmst mosnoif MHQopma-
s : ., UMM O KPHCTAJLTHYCCKOI CTPYKTYpE peHT-
dsin®. ' _ TEHOrpaMMa 3amMCHIBACTCSl MpPH BpaLle-

Puc. 3.1, OTpaxenite peHTTEHOBCKONO nwm, HHM 06pa3Lia OTHOCHTENLHO TPEX B3AHM-

¢
i
g,
'

najaiouiero noa yraoMm ¢ K AByM napajnesis-
HBLIM TUIOCKOCTSAM, pasae/ieHHLIM PacCTOSHH-
eM d. TTokasana pasHOCTD UTHHEL nyreit 2dsing
MPH OTPAXCHHH OT 3THX ABYX JUIOCKOCTEIH,

10
TUIOCKOCTH

. « 1200 . ' I

Pnc 3.2, Mna nsyucpuon Kybuueckoit  pe-

LUCTKK NOKA3aHLI Napbl NIOCKOCTEH (110) u
(120), NEPNCHANKYAAPHBIX K - MIOBEPXHOCTH,
PacCToOAHMS d MeXny Himu,

HO TepNEHAMKYNSAPHbIX oceil. Do
obecricunBacT NoMHOTY HHGOPMALHK TIO
Pa3IHYHBIM  KpHCTaJIOrpadhHuecKHM
nockocTsaM peweTk. CreayiommmM wa-
TOM aHanu3a ssasicrcss oBpaGoTka 3THX

AAHHBIX V1S BBISIBNCHMHSI NONIOXCHMI aTO-

MOB B 3/IECMCHTapHOi uqcnxc nocpeact-

~ BOM Maremamqecxoﬁ onepauuu, Ha3bl-

BaeMoit npcoGpaaoBauucM tbypbe 3ro
npeoGpa3oBaHue no3sosseT ONPEACTHTD,
K Kakoif HMMEHHO NPOCTPaHCTBEHHOI

_rpynne u3 230-tu NPHHAVICKHT nalmbm

o6pasew, a Takxe napaMchu pechxu a,

b, c v yrnui @, B, y Mexay Hum, Kpome

TOro, MOIYT GbITh BLIMHC/EHBI I NONIOXe-
HHS! aTOMOB B 3/ICMEHTAPHOI siueiike,

‘B KauecTBe npumepa onpenescHus
CTPYKTYpPbl - TOCPEACTBOM  AM(ppaKLUH
PCHTTCHOBCKHX JIyueif pacCMOTPHM pPCHT-
rCHOrpaMMy HaHOKPHCTALUTHUCCKOrO HH-
TPHAA THTaHa, NMOMYYCHHOrO MyTEM XH-
MHYECKOro OCRKACHHMS U3 ra3oBoif (asst,
C pacnpezieieHHeM pa3MepoB 3epeH, Nno-
Ka3aHHLIM Ha puc. 3.3. Peaynbrar penr-
FeHOBCKOro AM(ppaKUHOHHOTO CKAHHPO-
BaHHS NOKa3aH Ha puc. 3.4, THHUHK 10~
MEUYEHbl MHICKCAMH COOTBETCTBYIOLMX
HM KpucTaanorpadgmuueckux njaockKo-
cteit. Tot ¢akT, YTo BCE JIMHHM MMEIOT
anbo Bce ucTHbIE, JIMGO BCe HEUETHBIE
MHIAEKCHI, MO3BOAAET ONPCACNHTL THII
pemetk Kak TLIK. W3 atux paHHbIX
BHAHO, yTo TiN Kpuctauuayerca s 'LIK
peutetky THna NaCl, orciona Takxe MoX-
HO NONY4YHTh 3HAUYEHHE NOCTOSHHOI pe-
werku a = 0,42417 um.

[upuHa Gp3rroBCKMX NMMKOB Ha yr-
JIOBOIf 3aBHCHMMOCTH AMIUIMTYAbI, NpeEa-
CTaB/lIcHHOM Ha puc. 3.4, CONCPXHUT MH-
(hopmaumio 0 cpeaHeM pa3Mepe 3epHa
B obpasue TiN. Tak Kak wHMpHHAa NHKOB
ONpEACAACTCA HE TONLKO Pa3MepoM 3ep-

Ha, HO M BHYTPCHHHUMH HaNpSKCHUAMH, .-
HHCTPYMCHTANILHBIM YLIHPEHHEM JIMHMIL -

M ip., TO ISl KOPPEKTHOrO M3BNCYCHMS

M3 PCHTTCHOCTPYKTYPHbIX JAaHHBIX pPa3-.

MepoB 3¢peH HeoOXOAHMO Y1eCTb HHCT-
PYMCHTaNbHOE YIUWPCHHE M BbLIMCCTDb
BKJaJ  BHYTPEHHMX  HampsKCHHMIA.
B npeanonoxexun chepuuHOCTH 3CPEH,
ux auametp D 3aBucHT oT o6bema ¥ Kak

1/3 s
o [6?”) , (3.4)

Pasubie cnocoGbt xoppcxlum nammx
O WIMPHHE NKHHIL JAIOT BENHYHHY CPEA-

3.2. Cmpyxmypa SD
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Puc. 3.3. TicTorpaMma pacnpeacieHus pas-
MCPOB 3epeH HanokpucTauueckoro TiN no
pe3yaALTaTaM NpocBEeYHBAIONIEHR SNCKTPOHHOI
mukpockonuu (TEM). Mapamerprt norapud-
MHYCCKH-HOPMAILHOI annpokcuMupyoweit
wTpuxonoit miuun Dy = 5,8 um, 0= 1,71 nm.

g
El ] ¢
E :
=
g =
g 2
S 8
T - Y g0
20 0 40 50
20, rpan

Puc. 3.4. Jlanubic peHTreHOBCKOIt Andpak-
UMK Ha HaHokpucTavyeckom TiN ¢ pasme-
POM 3epHa, MOKa3aHHBIM Ha puc. 3.3. OGay-
YyeHKe npoussoaunoch auuneit K, monnbae-
Ha ¢ aamnodi soanwt A = 0.07093 mum.
'PeHTICHOBCKME NHHUK NOMCUCHBI COOTBETCT-

* BYIOUIMMH MM HHACKCAMK KpHCTaUiorpadu-

yeckux mnockocteit (h k /). OrmeTnM, 4TO 3TH
nHAexcs anbo Bee ueTHbLIe, NGO BCe HeweT-
Huie, KaK i oxuaanocs st FLK crpykrypht.
Heormeuentas cnaGast nuuns npu 20 = 15°
BO3HHKNA ' N3-32 HEMACHTHPHUKPOBAHHOI
np;mccu. ; v

Hero pa3mepa sepxa Mexay 10 u 12 uM, uto uccxom»xo Gonwie, ueM pc:synmar npea-
cTaB/IeHHBIi Ha puc. 3.3, Mony4CHHBII ITYTEM NPOCBCYHBAIOLLCH ANCKTPOHHOI MHKpO-

ckonuu. Taknm o6pa3oM, PEHTTCHOBCKas AlGPAKLUMA NMO3BONSACT OUCHHTL CPEaHMiL

|
E
!A
|
i
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'
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pasmep 3epHa, HO /ISt Onipe/ie/ICHHs AcH-
CTBHTE/ILHOTO pacnpeleiacHsi pa3Mepos
3epeH HeoOX0AUM 3NEKTPOHHBII MHKPO-
CKOI. ¥

 Jlpyroit moaxon K ONpEACNECHHIO yr-

Konye audy-

pariposan-
: wmx ayueit 708 AndPaKLMH, YAOBIETBOPAIOLINX YC-
ITI{T ()] nosmo ‘Bparra-Bynspa, cocTouT B M-

MOJL30BAHKHH TMOPONIKA M Ha3bIBACTCS
MeronoM [ebasi. Cxema MeToa nokasaHa
Ha puc. 3.5. MoHOXpoMaTHUCCKHIT peHT-
reHOBCKHMit Jiyd mamaer Ha obpascl no-
' poiliKa, oOBIMHO HAXOASIUIHIICA B TOHKO-
CTeHHOit crexusiiHoit KonGe. Konby nHo-
Ta BpawaioT IS IYYUIero CriaaKiuBaHHS
JudpakunonHoit kaprunsl. Konmnuecku
pacxosumiics myvox jyueit obpasyercs
Ans Kaxmoro yraa 20, npu xoropom 0
yaosneTBopsier yenosuio Bparra-Bynbda, 1 nonanaer Ha nonocy ¢otonnesku, pacro-
JIOKCHHYIO 110 Ayre OKPYXHOCTH. M3 picyHKa BHAHO, uTo Gparrosekuit yron = S/4R,
rae S — paccTosHNE MEXY ABYM$l COOTBETCTBYIOLUMMH pedhieKcaMit Ha rieHKe, a R —
panyc OKpYXHOCTH, oGpa3yemoii ruieHkoit. Takum 06pa3oM MOXHO MONYYHTh Bee
GparroBcKue YrIbl 32 OAHO O6NYuEHNE PEHTTCHOBCKHM nyykoMm. Meron le6as yacro
HCNOAB3YIOT s HACHTH(UKaKK 06pa3uos. [ins o6aeryenus npouecca HIaeHTH(HKa-
uum acbacrpammbl Gosree 20000 BetecTs HaxoanTes B obwenoctynHoii 6ase JaHHBIX.
STOT MeTOA YaCTO HCMONL3OBACH JUTsl PACTIO3HABAHNS CTPYKTYpbl HAHOYACTH1L, NONY-
YCHHBIX B NOPOLIKE. k ;

- Penrrenosckas KpHCTALIOrpahusi momoraer U3yuars pan H30MOP(HLIX KpHCTAT-~
710B, TO €CTb KPUCTA/LIOB C ORHOI M TOIt XK€ CTPYKTYPOIl, HO PA3HBLIMH NOCTOSHHLIMK
PCILCTKH, TAKHE KaK CepuK TBEPALIX pacTBopos Ga,_ In,As uin GaAs,_,Sb,, rae x mo-
KCT NpUHKMATh 3HaueHus ot 0 1o 1. [Ins 3THX KYGHYECKHX KPHCTALIOB NOCTOSHHas
PCLICTKH @ 3aBUCHT OT X, TaK KaK aTOM HHAMS Goblie raJuins, a aToM CypbMbI 6osnblile
MBILIBAKA, KaK MOXHO YBUACTH B Tabnuue B.1. B atom cayuae 3akon Berapaa (ypasie-
Hue (2.8)) u3 naparpada 2.1.4 snsiercs Xopolleit annpoKCHMaLMeit I OLEHKH BeH-
IHHbI @ 1O H3BECTHOMY X, WIH X TIPH H3BECTHOM 4. : - ‘

Puc. 3.5. Mcrox [ebasn-1leppepa andpax-
1y Ha nopouuke. Tlokasana cxema ycranos-
K# (BBEPXY), TPACKTOPMSI PCHTTCHOBCKOro
nyuKa juia GparroBekoro yraa 6 (BHu3y cnesa)
# H3o0paxeHHs IN(PaKUHOHHBIX KOJel Ha
doTonneHKe OT KOHHYECKH PAcXOAALICrocs
nyuka (BHH3Y crnipaBa). FIIRR

3.2.3. Onpede.uun pazmepoe wacmuy

B npeasiaymenm naparpade obcyxaanach MCTOIHKA ONpeAC/ICHHS Pa3MEepOB 3epHa Mo-
JHKPHCTALTHYECKOTO MaTepHana ¢ NOMOLIBIO PEHTICHOBCKOM Audpakunn. Dt 3epHa
MOTYT HMCTb Pa3Mepbl OT THITHYHBIX IS HAHOYAcCTHLL 10 MHOTO GONBILMX YaCTHIL MH-
KPOHHBIX MacwTa6os, TCCHO CBA3AHHBIX B MONMKPHCTALIHYCCKMI Matepuan. D1o —
O0BLCMHBI, HIH KiacTepHIoBaHHBI, npeaenbHbiil cayyaii. Tporusononoxuwiit npe-
Aenbiibili Cryyaii — 310 3¢PHa WM HAHOYACTHLIEL, HAXORAIMECS B HeKoeM cyGerpare,

3.2. Cmpyxmypa SD

Puic. 3.6. Mikpohotorpachhst ONHAHIIMHOBLIX HAHOYACTHLL B NIOTMMEPHOI MaTpHLE,
C/IC/IAHNHAS HA IPOCBEYHBAIOLIEM NCKTPOHHOM MHKPOCKOIIC.

TaK YTO PACCTOAHHSA MEXAY HUMH GOoMbILIC MX XapaKTepHbIX pa3Mepos. [Tone3no 3HaTs,
KaK MOXHO M3MEPATH PasMEphl IWIH AHANA30HBI Pa3MEPOB TAKHX AHCNECPIrHPOBAHHBIX
4acTHll. oF : ' ;
Camslit npsaMoit cnoco6 onpeieaeHHs pasMepoB MHKPOHHBIX YacTHLL ~ 3TO MO~
CMOTPETh Ha HMX B MHKpocKon. Jlns HaHOYACTHI 3Ty (PYHKUMIO BHIMONHACT NPOCBeE-
ynBaloUHil ANEKTPOHHbII MHKpOCKOMN, o6cyxaaemblii B naparpade 3.3.1. Ha puc. 3.6
nokasaHa MukpodoTrorpadus YyacTHL MONHAHKINHA C AMamMeTpoM okono 100 KM, mic-
NepripoBaHHbIX B MOMHMEPHOIT MaTpHLE, CACNAHHAS HA TAKOM MHKpPOCKoIe.

Ilpyroit croco6 onpeaeeHNs pa3MCpPOB YaCTHLL 3aKTIOHACTCA B H3YYCHHH pacce-
SHMSA Ha HUX cBeTa. PaccesHie 3aBHCHT OT COOTHOLICHHS Pa3MEpOB YacTHU 4 ¥ ANH-

" Hbl BOJIHB! NAAIONIETO CBETa A , @ TAKXKE OT ero nonspu3awin. Hanpumep, paccesHue

6en10ro cBeTa ¢ ATHHAMK BOJIH B AuanasoHe ot 400 HM (cuuero) no 750 M (kpacHo-
ro) Ha MOJNEKy/ax a30Ta M Kuciopoaa ¢ pasmepamu 0,11 u 0,12 HM COOTBETCTBECHHO
0GBLACHSET, MoueMy AHEM HeBO KaXeTcs ronyGbiM, a CONHLEC Ha PacCBETE M 3aKaTe —
KPacHBIM.

pu onpenencHiy pasMepoB HYaCTHLL HCMONB3YETC MOHOXpOMaTHYECKHit (¢ oa-
HO#t AnNHOIL BOAHBI) Na3epPHBIit Y4, KOTOPHIN PacCEHBACTCA HAa ONPEACCHHBIR yron
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ponyckanse coera, % Hons qacru:. %
100.0
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0.0100 0.1000 1.000 10.00
Paamep, Mxym

Puc. 3.7. Mamepenua pacnpenenchis pasmMepos YacTHLl NPOBOASLLETO nonuMepa, auc-
NCPrHPOBAHHOrO B OPraHMYECKOIl KMAKOCTH, NPH OCBELICHUH IA3EPHBIM J1y-
yoM. Pasmepst niexar B imanasoxe ot 9 10 30 HM ¢ MAKCHMYMOM npu 12 uM.

(o6br4HO 90°) mpyu nmapannensHolt K NCPNEHANKYSIPHOI nonspu3auun. Uameperue
MHTEHCHBHOCTEI paccessHMs AaeT pa3Mep YacTHI, MX KOHUEHTPALMIO M MOKa3aTelb
npenomiaeHust. JUisi HHTEPNpPETaLHK AAHHBIX O PACCCHMH HA YaCTHULAX C pasMepaMH
d < 0,14, 4T0 MMeeT MECTO NPH paccestHUH BUANMOTO CBETa HaHOYacTHYaMH, UCTOJb-
3yercsi Teopusi Panesi. Ilpumep onpenencuus pasmepos HaHOYaCTHIL OpraHuyeckoif cy-
CMCH3NH C pasMepamu oT 9 10 30 HM M MakCHMyMOM TIpH 12 HM MeTonOM paccesiHus
J1a3CPHOTO Jiy4a MoKa3aH Ha puc. 3.7. MeToa NpMMEHUM K HAHOYACTHYaM C pa3Mepamu
bonee 2 HM. Jlna MCHBILHX YaCTHLL CICAYET HCIIONBb30BATH JApyrue MeToambl.

YacTuusl ¢ pazmepamu Menee 2 HM YAOGHO H3MepATH Macc-crieKTpoMeTpoM. Cxe-
Ma THITH'HOTO ra30BOro Macc-CrieKTPOMETpa NokasaHa Ha phc. 3.8. HanouacTiust mo-
Hu3upyloT 6oMbapapoBKoii S/ICKTPOHAMH, HCITYCKAEMBIMHM Pa30rPeThbiM KaTOLOM 6]
B HOHH3auHoHHO#i kamepe (I). DTi nonoXHTENBHBIE HOHBI YCKODSIIOTCS pPa3HOCTBIO
NOTCHUHANOB V MeXAy BHITANKHBAIOLICH (R) 1 ycxopsuioueit (A) NacTHHAMH, 3aTeM
doKycHpyloTCS CHCTeMOI K3 L, nnadpparmupyiores wensio S u 3atem NMOCTynaior
B Macc-aHanu3atop. MaruutHoe none B AHAIH3aTOpa, OPHEHTHPOBAHHOE MEPICHAM-

KyN1ipHO TUIOCKOCTH PHCYHKa, ACHCTBYeT Ha acTHUbI ¢ cunoit F = gvB, kotopast uc-

KpuBaseT nydok Ha 90° ¢ paauycom r, nociie yero o nonagaer ua KOJUICKTOP HOHOB.
OtHowenHe Macchl YacTHLL 11 K ee 3apsiny g JaeTcs BLIPAXCHHEM

y_
Ay | (3.4)

B xaxnoit KoHkpeTHoii YCTaHOBKE pannyc KpMBH3HbI 7 06LIYHO ¢uKcHpoBaH, Tak uTo
ans (hOKyCHpPOBKM Ha ACTCKTOPE HOHOB Pa3HBIX MACC U3MEHSIIOT 160 MarHuTHOE nosne

3.2. Cmpyxmypa 59

MaruutHoe none

R , i ' ; Komnekrop
' . HOHOB
Hcrounuk " . .
HOHOB

Puc. 3.8. Cxema Macc-cnexTpoMeTpa, Henoassyiouero 90° MarHuTHBIf Macc-aHanu3arop.
TMokasanbl ACTANM HCTOYHHKA HOHOB: A — YCKOPAIOIIAA TUTACTHHA, WM 3KC-
TpaxTop, E — anextponHas nosyuika, f — HUTh HakanuBauus, | — HOHH3ALHOH-~
Has Kamepa, L — doxycupyloue aun3sl, R — orpaxarens yacmiu, S — wenu.
MaruuTHoOC NoJic B MACC-AHATM3ATOPE TMEPNCHANKYAAPHO IUIOCKOCTH PHCYHKA.

B, nn6o yckopsiolee HanpsokeHue V. 3apan HaHOpa3MEpHbIX HOHOB OBBIYHO H3BEC-
TeH, TaK YTO MPAKTHYCCKH onpc.;xcjlﬂercn ux macca. Tak xax mMatepuan HilHO"l&CTlilI
TaKXe M3BECTCH, TO ONpe/esieHa H HX MJIOTHOCTb p = m/V, a, cnenona'rcnfr;uo, mmelg-
HBIIt Pa3MEP MOXHO OLICHHTE KaK KyGHuecKuii KopeHb u3 o6beMa: d = V2 = (m/p)'".

OnucaHHblit MACC-CNEKTPOMETP HMCTIOB3YET CTAHAAPTHYIO KOH(MIypauuio Mar-
HHTHOrO MoJst Macc-aHanu3atopa. CoBpeMCHHbIE Macc-CreKTPOMETPBI MOTYT HMETh
Apyrue KOH(UIypauun nosi, HanpiMep KBaapynoabHYIO, ITH MacC-CNIEKTPOMETP Ha
OCHOBE H3MEPCHHS BPEMCHH NPOJNETA, Y KOTOPOrO KaXablii HOH Nojydaer Smxmaxo—
Bylo KMHETHYCCKYIO SHEPTrHIO mv'/2 BO BpeMst YCKOPEHMs B HOHH3ALMOKHOI Kamepe,
TaK uTo GoNee erkue HoHbI ABIXKyTCS GBICTPEE M AOCTHIAIOT ACTEKTOPA PaHblle, YeM
Gonee TAXeNble HOHBI, 06GecrednBast TaKiM CrocoGoM paspellieH e o Macce.

Ha pic. 3.9 noka3aH Takoii BpeMA-NPOCTHbII MaCC-CMEKTP JUIsl CaxH, nmcuﬂoﬁ
Na3epHbIM HCMapeHHeM MHLIEHH, COCTOsIICH U3 IaHTaHA W yriepona. Bepxuuit macc-
cnexTp (a) Ha pUCYHKE, NONYUEHHBIIl Ha NEPBOHAYANBHOM HEOUHILICHHOM SKCTpAKTE Ca-
XM, CONEPAKUT THHHU HeckonbKix (ynepenos: Cgy, Cry, Crg, Crg, Cg, Cgy 1t LaCyy. To-
cAieaHHMit COOTBETCTRYET SHAOIAPHUECKOMY dy/utepeHy, a uMenHO: Cgy C aTOMOM NaHTaHa
BHYTPH. Bropoit (6) 1 TpeTuii (B) Macc-CEKTPbI NONYYCHb Ha NOC/ICOBATEILHBIX CTaIH -
ax peiaeneHust LaCg, 3 cMecH ApYrHX (bymcpeuon METOIOM, uasunacupm BbICOKOIpO-
M3BOAMTENLHOI XHAKOCTHOI XpoMaTorpadueit.
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3.2.4. Cmpyxmypa noeepxnocmu

Ins nonyyenus xpucraworpaduueckoif nHdopMauHH 0 NPHNOBEPXHOCTHBIX CIOAX
MaTepHaia UCMoONb3YeTCA METOAMKA ANM(PaKUHH HH3KOIHEPTETHYCCKHX 3JICKTPOHOB.
Taxk KaK 3/1exTpoHbl Manbix 3nepruii (10-100 3B) nponKkaioT B 0Opa3ell IHLb O4YCHb

(a)
[Cs0 |Cro

Cgs LaCyy

Hurencusrocts (oTH. ea.)

(8)

LaCe,

it cao b oo i 2

35 40 45
Bpems nponera (mxc)

Puc. 3.9. Bpems-nponerumii Macc-cnekrp
caxu, o6pa3osanHoli npu nasepHom ucnape-
HUM NAHTAHO-YINICPOAHON MMWIEHH, AEMOH-
CTpHpYIowHit Hanuumue Qyineperos Ceor Cop

6» Caas Cyas Cgy ¥ LaCy,y. Criekrpit oTHOCHT-
Cfl K NCPBOHAYANLHOMY 3KCTPAKTY Caxm (a),
(bpakumy, BbiaeaeHHON Ha Xpomarorpacuvc-
ckoit konomke (6), sropoit tpaxunu, nony-
"eHHOM 13 nepsoil nocae pasnencums B npy-
TOit KOMONKE C 1eNBIO BhACACHMS 3HA03pE-
ueckoro ynnepena LaCy, ().

Herny6oko, AudpakUHOHHAsA KapTHHa
OTpaxaeTr NMONOXCHHE aTOMOB B MOBEPX-
HocTHOM cnoe. Eciu B o6pasoBanuy nu-
dbpakumoHHOil KapTHHBI  Y4acTBYIOT
W ApyTHE CNOM aTOMOB, BKJIAJ IyGxe Jjie-
KalMX CNOCB MMECT MEHBLUIYIO HHTCH-
CHBHOCTb. DJICKTPOHHBLIN NMy4OK BEACT
cebsi KaK BOJIHA M OTPAXACTCS OT KPHC-
TANIOrpaHUCCKUX TWIOCKOCTEH aHaio-
THYHO PCHTTEHOBCKOMY myuKy. Ero man-
Ha BOJIHBI A , HA3bIBacMast JUTHHOI BOJHbI
ne Bpoitns, 3aBucut ot aHepruu E, Buipa-
KCHHOM B 3/ICKTPOHBONBTAX, CCAYIONIHM
o0pa3om:

1.226
- *J—-E-,— (3.6)

UTO oTIHYaeTCA OT ypasHenus (3.1) mis
PeHTreHoBCKMX nyucif. Tak, anektpou
¢ 3Heprueii 25.2 3B umeer miHHY BOAHBI
Ac bBpoiins A , pasnyio anmne cmssu
Ga — As B apcennne ramms (3'2a/4 =
0,2442 um), rae noctossHan peweTky g =
0,565 nM. Buano, 4To 5MCKTPOHBI HU3KHX
JHEPrit XoOpoLo noaXoasT st Audpax-
LUHOHHBIX MCTOAOB M3mepeHusi. dpyrum

A

'cnocoGoM onpeneseH s NOCTONHHOM pe-

IICTKH NPHNOBEPXHOCTHOTO CNOS SBISI-
eTC ANMPAKUMA BLICOKOIHEPrHUHBIX
S/ICKTPOHOB 1O CKOML3AUIMMH YrIaMi,
NpH KOTOPBIX NMPOHUKHOBECHME Jyya 1101
TIOBEPXHOCTL MHHHMAIBHO. Korza 0 B yc-
nosun Bporra-Bynasda man, A Tak xe
AonxHa GLITh Manoit, a aueprus E, B co-
oTseTcTBiM € (3.6), — Gosboii, oTciona
H HCOGXOAHMOCTb B BLICOKODHEPTHUHBIX

SNICKTPOHAX NPH AM(PaKLMK oA MATbI-
MH yraamu,

3.3. Mukpockonus S\'Q)

3.3. Mukpockonus

3.3.1. Ipoceenusarowan saexmponnan Muxpocxonus

DNEeKTPOHHBII MYYOK MOKHO MCMIONL3OBATH HE TOMBKO JUISI TIONYYCHHS KPHCTALIO-
rpaciueckoii MH(pOpMaLKK O MOBEPXHOCTH HAHOMACTHLBI, HO M NS CO3ARHMS H30-
Gpaxenus nosepXHocTH. Takyio posib OH M HTPacT B NCKTPOHHOM MUKpocKone. Ja-

" niee Oyaet obeykaaTbCs HECKONBKO cnocoGoB MCIONb30BAHHS 3JIEKTPOHHBIX NMYYKOB

ISt TIONY4eHKs 306paxkeHuit ¢ HCNOJIb30BAHHEM PA3HOTO THIA IEKTPOHHBIX MHK-
POCKOIOB. ;

B npocpeunbalomieM 3/1CKTPOHHOM MHKPOCKOIIE 37ICKTPOHbBI M3 HEKOTOPOTO HC-
TOUHHKA, HaNPHMEP, JNCKTPOHHOIH NYyIIKH, NONaNaoT Ha 06pasell, pacceHBAIOTCH NPH
NPOXOXACHHH CKBO3b HEro, (POKycHpyloTcsi OOBEKTHBHOI AMH30i, NPOXOAAT uepe3
YBCTHUNTENBHYIO (NPOEKTOPHYIO) JIMH3Y M, HAKOHEL, CO3AAIOT HCKOMoOe H3oGpaxe-
Hue. Ty NoCieN0BaTeILHOCTS MOXKHO YBIACTH Ha puc. 3.10 npi paccMOTpeHIH cicBa
Hanpaso.. JUINHA BOJIMBI 3NCKTPOHOB B NajaloweM nyyxe Bbipaxactcsi Gopmynoii
(3.6), koropyio yno6Hee HCno/b30BaTh B BUAC : *

_ oo
s ¢

I/C IHEPrusi, nonyueHHas 3MeKTpoHaMu, £ = eV, a V — yckopsioliee HanpsikcHue,
BbIPAXXCHHOE B KMA0BOALTaX. ECiiM NPHCYTCTBYIOT yAaNeHHbIC APYT OT APYra TSXeNblc
aTOMBbI, TO OHH JAIOT OCHOBHOI BKJIAL B paccesHHE CO CPEAHUM YIJIOM paccestus 0,
BbipaxalouieMcst Kak 0 ~ A/d, rae d — cpennmit anamerp TakuX aromos. [ns yckopsiio-
wero Hanpspkenmst 100 kB u cpeanero anamerpa aromos 0,15 M nonyuaem 6 ~ 0,026
panmana, win 1,5°. Usobpaxenue (hpopMupyercs BCJACACTBHE TOO, YTO PA3HbLIC ATOMBI
PAcCEeHBAIOT M NMOIMIOWAIOT GHICTPhIC INEKTPOHDL C pa3Hoii adpexTHBHOCTLIO. Korna
OT/IC/IbHBIC ATOMBI TAXCJBIX JICMCHTOB HAXOUNTCS Ha. pacCTOAHMM, GonblieM He-
CKOJIBKHX MAPAMETPOB PEIICTKH, HX MOXHO B HEKOTOPBIX C/Iy4asX Pa3pelnTs 3Toit
MCTOAMKOI.

OneKTPOHDBI TOPa3No CHJbHEE B3AHMOACHCTBYIOT C BCILICCTBOM, UCM PCHTICHOB-
CKHE JIy"H WIH HEIlTPOHBI CO CPABHIMMOIK FHEprueit Wi AHoit Bonsl. st oGuiuHO-
ro YNpyroro paccesiist 3NcKTpoHos ¢ aHeprueii ~ 100 k3B cpeariee paccrosnimne, npo-
XOLMMOC /ICKTPOHOM MCXKJLY ABYMSI aKTAMH PacCEAHHS B BCLICCTBE, HA3LIBAIOICECSH
JUIMHOIt cBoGoanoro npobera, COCTABASET OT HCCKOJILKHMX ACCITKOB HAHOMETPOB A
JICTKHX aTOMOB /10 JICCATKOB, IJIH, BO3MOXHO, COTCH HAHOMCTPOB VISt TAXEABIX aTO-
MoB. JIyuune peayaLTaThl /CKTPOHHAA MHKPOCKOMMSA IACT IS TICHOK C TONILINHOI,
cpaBHuMoii ¢ annnoii ceoGonnoro npoGera. CymiecTseHHO Gonee TOHKHE MICHKH pac-
CCHBAIOT C/MILKOM Mano IS MOAYyYCHMs MOJC3HBIX H300paxeHNil, B TO BpeMs Kak
B Gonee TONCTHIX MICHKAX NpeoGAaIacT MHOMOKPATHOE PaccesHue, pasMbiBaioulce
1306PKEHNE M ICNAIOWEE CTO TPYAHO HHTCPNIPETHPYEMBIM. : ;

Ha npocseunBalonieM 31CKTPOHHOM MHKPOCKOINE MOXHO nonyuars HioGpaxe-
HHS M C MOMOIUbIO ICKTPOHHOIt Andpakumnn ot orpanndcHHol obnacti (SAED),

A 3.7
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TpaauuoHnas NPOCHECYHBAOILAR INCKTPOHHAR MHKPOCKONIA

Obj 4
Lens Proj HaoGpaxkcine
| b AN SAED gnt -
O6uekT :
Hetexrop :
» Cond
-~ Ap pag &% A Lens OGuexr .
. Obj
Lens

CxaHMpylouas 3MCKTPOHHAA MHKPOCKONIS

Puc. 3.10. Cxema npoxoxacHust nyyeit B TPARHUHOKHOIN NPOCBEUHBAIOWICH 3/IEKTPOH-
HOit MMKPOCKONMH (NyTb CBEPXY) M CKaHMPYIOIIEH NPOCBEYNBAIONICHT ANICK-
TPOHHOI MHKPOCKONMH (nyTh cHu3y). [TokasaHbl NONOXEHHS anepTyp NpH
Aundpakumun 3MEKTPOHOB OT orpaHmuycHHoil oGnacti ob6pasua (SAED) (Ap)
u obpasua (Spec), a Takke obvektupHoit (Obj) u npoextopnoit (Proj),
nnn kouaeucopnoit (Cond), nun3.

noMmeluas anepTypy B Ny4OK MeXay 0ObEKTHBHOIT M MPOEKTOPHOI AHH3aMH, NOKa-
3aHHbIMK Ha pHC, 3.10. OcHOBHas YacThb NCKTPOHHOrO My4Ka, MPOLICAIIEro uepes
obpasel, COCTOHT M3 3NIEKTPOHOB, BOOGIIE HE MpEeTEPreBIIHX paccessiHusi. B aToMm
TIYUKe TakXe NPHCYTCTBYIOT /ICKTPOHbI, NOTEPABLINE YACTb IHEPTHH H3-3a HEynpy-

: roro paccesiHus 6¢3 U3MEHCHMS Hanpas-

¢

Ciaistel - JICHHSL MIOJIETa, H JNCKTPOHBI, OTPAXCH-
ok, Mcmt:(uuﬂ HbI€ OT Pa3NTHYHBIX KpHCTANorpaduye-

""““’PH* CKHX NAOCKOCTEI (h k D).
,,,cm,o’,.o. Rerexrop Hnsa nmonydyeHus: Toro, 4TO Ha3LIBACTCH

H306pakeHHEM Ha CBET/IOM nojne, ancp-

3";::::;: Typa BBOAMTCA TaK, uTOGLI MPOXOMM

Obpasews el vt TOJIBKO OCHOBHOI He OTKJIOHEHHBII ny-

- YOK, KaK nokasaHo Ha puc. 3.11. U306-

PaxeHHe Ha CBeTIOM nose HabmonaeTes

Ha nerekrope win akpaue. Jderanu uso-

= e OpaxeHHs B TEMHOM MoOJi¢ 3aBMCAT OT
S !«" cn nm.;,gﬂp:. npoxops-  KOHKPETHOTO Jiyya (KoHKpeTHod (4 k /)
it okpan s [— ’nmw';m&l;%n TNJI0CKOCTH), BLIGPAHHOrO ANs monyue-
dororicnxa ] wcsernom (Clynone ~ HMA M306paxenns. Ha puc. 3.11 noxa-

Eﬁm Jerexrop
noTephL :mepruu
INEKTPOHOB

Puc. 3.11. Pacnonoxenne JACTEKTOPOB CHrHa-

/12 B KOIOHHC 3/1IEKTPOHHOINO MHKpOCKOmna. -

3aHbl MNOJIOXEHUS anepTyp cCBETJIOTO

M TeMHoOro nonas. Jlns wumocTpauuu

3TOi TEXHUKU NONYuCHUS H300pakeHH
Ha puc. 3.12 npusenensl u3oGpaxenus
Cnnasa xenesa c¢ aycrenuroit I'LIK

1(a) " : ‘ 1(6) (8)

Puc. 3.12. CHUMKH y'-NPCUHNHTATOB Niy(Ti,Al) nnameTpom 2-3 HM B Cynepcniase Ha
OCHOBE XeJe3a, MOAYYEHHBIC Ha NPOCBCYMBAIOLLICM JJICKTPOHHOM MHKpockone: (a) —
B 30one audpakunm ot [100] FLK nabnionalorcs 6oabiine spKite NATHA OT CYNEpPCiaBa
H cnabbie TOYKM OT NPELHNHTATOB, (6) — CHMMOK B CBETJIOM I10/1¢, MOKA3bIBAIOLINIT 110-
JIS1 yNpYrux Hanpsa:keHHit pa3MepoM OKO0JI0 25 HM BOKPYT €/1Ba BHANMBIX YacTHU y¥'-¢a-
3bl, (B) — CHHMOK B TCMHOM NOJIE, MOAYYCHHBII C AOMONHITEABHOI anepTypOit METONOM
2MEKTPOHHOI Andpakuun ot orpannyucHHoit obaacti obpasua (SAED), nponyckaio-
wieit AM(PAKLIMOHHBIE YUl OT y'-YaCTHLL, OTMENCHHBIC Ha (a) cTpenkoit. Ha nocneauem
" M306PAXCHIM ACHO BHAHBI Y'~-NPELHITHTATEL,

CTPYKTYpOil, conepxaiueii 2-3 HaHoMerposbie y'-npeunnutatel Nij(Ti,Al) ¢ THK
cTpyKTypoit. AudpakunoHHas KapTiiHa Ha puc. 3.12a, monyyeHHas 6e3 npHMeEHe-
HUA GUNBTPOB, COCTONT 13 GOMBIIMX IPKHX pedIIEKCOB OT CIUIaBa H OYeHb MAJICHb-
KMX TyCKJIbIX pechicKcoB oT y'-HaHoyacTHl. Ha u3oGpaxeHuu B cBeT/IOM noje, no-
Ka3aHHOM Ha puc. 3.126, y'-yacTHUB! eaBa BHAHBI, HO CO3XAHHBIC MMM MOJA YTIPY-
IMX HanpsXeHMil pa3MepaMH OKOJMO 25 HM BHAHB oTyeTauBo. Ecau s
aneKkTpoHHoi Audpakuun oT orpaHHyeHHoit obnactu BLIGpaTh anepTypy Tak, uro-
6bl IPOXOAMI TONBKO JIyY, YKasaHHbIit Ha puc. 3.12a cTpenkoii, TO Ha MONYYHBILEM-
¢ H306paxxeHMH TEMHOro Moisd,. npencrawxcuﬂom Ha puc. 3.12B, X0opolIO BHIHBI
NOJIOXCHHS ¥'-NPELHITUTATOB.

Jlnst yBennyeHns KonndecTsa HHOOpMaunH, MoayyaeMoii 3 CHHMKA, H H3yYeHHs
aetaineit, HHTEHCHBHOCTb KOTOPBIX 6/113Ka K LIyMY, MOXHO MCIIO/Ib30BATh CMEUHATb-
Hble npuembl oGpabGoTku u3obpaxenuit. Ecin nposectit 06pabotky H300paxxeHHs BbI-
COKO(D(PEeKTHBHBIM METOAOM GHICTPOTO npeoGpa3oBaHus Dypbe, MOXHO NONYYHTH
HH(pOpMaLIHIO, RHAIOTHYHYIO PE3Y/ILTaTy TaKOro npeoﬁpaaonamm obbiuHoit audpax-
uHoHHO# kapruHbl. [IpuMep npenmyuecTsa obpaboTki H306paxeHnii MOKa3aH Ha
psage n3o6paxennit nanouactiubt Ni B SiO, cyGerpare Ha puc. 3.13. Ha puc. 3.13a no-
Ka3aHO OpUrHHANbHOE H306paxeHue, Ha 3.136 — pesynsrar GuicTporo npeobpasosa-
Hust Dypbe MPEABUIYLIEr0 CHUMKA, HaNOMMHAIOWMIT AM(PAKUHOHHYIO KapTHHY,
Ha puc. 3.138-3.131 — nocienoBaTeNibHbIC cramn o6paGoTku M306paxenus, a Ha
3.13¢ — n3o6paxenne cybeTpara, NMOAYUCHHOE BHIMHTAHHEM H306paXeHHs YaCTHUbI.
Haxonen, Ha puc. 3.13X noka3aHa PCKOHCTPYKLMS HAHOYACTHLBI H2 OCHOBE MOny-

YCHHBIX IAaHHBIX.
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(x)

Puc. 3.13. O6paGorka nsobpaxkenus 4acTiu
Ni na SiO, cyGerpare ¢ npocseunsalouiero
SNICKTPOHHOTO MMKpOCKoNa, (a) — nepsoHa-
uaneHoe u3obpakeuue, (6) — mpocrpancr-
BeiHoe ObicTpoe npeoGpasosanne Pyprne
CiuMKa (a), () — naobpaxenne, nonyyernoe
C ancpTYpHLIM (IIBTPOM, NOKA3aHHLIM Ha
Bpe3ke, (r) — nanbheitwas o6paGotka H306-

PLKCHUS C IPYTHM aNEPTYPHLIM (GUALTPOM,’

NOKA3aHHLIM Ha Bpeske, (1) — OKOHYATENb-
HoC 1306paxcuue, (¢) — n3obpaxeHue Sio,
cyGeTpara, MonyueHHOE BLIMHTAHMEM H306-
POXCHHS HaCTHLBL, (X) — MOAENL HAHOYACTH-

Lbl, BOCCO3AaHHAs! HA OCHOBC NOAYYCHHBIX

AaHHBIX,

Kpome npoumefltnx  HackKBo3b
1 npoaudparupoBaBIHX JICKTPOHOB
B MydyKe NPHCYTCTBYIOT M 3JCKTPOHHI,
HcnbiTaBlike B obpasue Heynpyrue co-
yaapeHHsi M MoTepsABIlNe 3HEPruio, no-
TpaueHHYI0 Ha co3faHHe BO30yXicHMi
B obpasue. D10 MOXET MPOMH30ITH MpH
Bo36yxaeHuH xoysebanuii aToMOB, HaXo-
OUBILMXCS OKOJIO TPAcKTOPHM MNpoJeTa
3JICKTPOHA, M, ClEAOBaTeNbHO, BO30YX-
AcHuK (GOHOHOB, PaCMPOCTPAHSIOMLHXCS
no xpucranny. Ecnu obpasen merannu-
YECKHil, BNIEKTPOH MOXET MCMLITATh He-
YApYroe paccesiHue 13-3a BO30yxacHHs
TUIa3MOHA, TO €CTh KOJUIEKTHBHOTO BO3-
OyXACHHsSI B NICKTPOHHOM Fa3¢ B 30HE
nposoauMocTh. TpeTbuM OUCHD BAXHBIM
HCTOYHHKOM HEYNpYroro paccesiHus
CYXMT TeHEpalisi ONHOIEKTPOHHBIX
BO30yXIeHHIT aTOMOB. DTOT mpouece
MOXCT 3aTparuBaTh BHYTPCHHME 9JIeK-
TPOHHbBIC OBONIOYKH ATOMOB, HaNpHUMep,
MOXCT NPou30iiTH nepebpoc aneKTpoHa
¢ K(n=1)wunn L (n=2) yposus Ha 6o-
Jice BBICOKHIi KBAHTOBBIIf YpOBCHL aTO-
Ma, B 30HY NPOBOAMMOCTH MJIH BoOOLIC

~ BbIGUBaH e 3TOro ICKTPOHA U3 obpa3iia

(vonuzaumus). Meuslune norepu auep-
FHH MOTYT npou3oiitn npu nepeGpoce
JICKTPOHA M3 BAICHTHOI 30HLI MOJYy-
TIPOBOAHMKA B 30HY nposoaumocTH. Ta-
Koc BO36YKINCHHE MOXKET PelaKCHPOBATH
TIOCPEACTBOM NEpexoja 3JICKTPoOHa B Oc-

. HOBHOC COCTOSIHHC C MCNYCKAHHEM CBeC-

Ta. XapakTePHCTHKH ITOr0 BTOPHYHOTO
H3JIYUCHHs YaCTO MOIYT AaTh MOJIE3HYIO
nHpopmaunio o6 obpasue. DToT THI Ne-
PCXO/I0B MCTIONBL3YETCA BO MHOTMX pas-
ACNaX INCKTPOHHOI CMEKTPOCKOMMH.
JaHHyi0 METOAMKY MOXHO MCMOJNb30-
BaTb JUIsi MCCJICAOBAHUSI TIOBEPXHOCTH,
TaK KaK riy61Ha NpOHKHKHOBCHMS 3J1eK-
TPOHOB B 0Gpa3sel; Mana.

3.3. Muxpockonus @

,[Ipyran TEXHHKa, nalomas paspcmcrme npnﬁmwmomcccsl K MEKATOMHBIM paccrosi-
HHUSIM, 3TO uouuo-noncaan Muxpocxomm B uomlo-noncnow Muxpocxonc Ha MeTal-
JIMYECKYIO HIY C OCprIM KOHYHKOM, HaXOJm[l.IYIOCﬂ B Kamepe c BBICOKHM BaKyyMOM,
noaaercs nonomm:nbuun noresuuai. M 3ncmpuqecmc 1one, 1 ero rpagHenT B6/-
31 OCTpHsI BECbMa ncmnm TaK 4To ocraToqnuc MOJICKlebl rasa npu NpHGIIKCHHH
K HEMY HOHH3MDYIOTCSI, NepeaaBast 3ncx1pouu urne, a camu 3apAKaACh NONOKHTEb-
HO. DTH ra3006pa3HbIC KATHOHBI OTTAIKHBAIOTCS MITIOi M JIETAT OT Hee BAOMb NMHMIL
NEKTPOCTATHHECKOIO NOJIS Ha pacnonoxcuuyxo BONM3H ([)o'ronnacnmxy, Ha KOTopoit
npH coynapcmmx CO3/12I0TCS 3aCBEUCHHBIC 'roqxu . Kaxxnast Touka Ha rutacTHHKe CooT-
BETCTBYET aTOMY Ha KOHYMKC 30HIA, TAK uTOo pacnpenencHue TOYCK Ha d)O'ronnacnm-
Ke MpeAcTaBisiet coboii CHIBHO yBenHucHHOE H306pakeHHe pacnpc.ucncmm aToMOB
Ha BepiuHe urbi. Ha puc. 3. 14 noka3aH HOHHO-TI0/IEBO}i MHKPOCHHMOK BOb(pamo-
BOit Mrbl, Ha puc. 3.15 — crepeorpadnmecxax NPoeKLMA KyGHYECKOro KpHCTauia
C OpHeHTalHeit, coomcrcmylomeﬁ MHKPOCHHMKY pHc. 3.14. "MexayHaponHsic Ta6-
JHLBL Kpummmorpa(blm nox pcnaxuncﬁ T. Xana (Xau 1996) conepzar crcpcorpaqm—
YecKHEe MPOCKLHHK ISt pa:mux TOYEUHBIX TPYNI M K/IACCOB KPHCTALIOB.

3.3.2. Honno-noseean muxpocxkonus :

3 3.3. Cxauupymu(an Jnuxpocxonwi

Stlxbcx'mnuuu cnocoboM nonyueHus uaoﬁpaxemm noBepXHOCTH o0pa3ua ssnseTcst
CKAHHPOBAHHKE TOBEPXHOCTH JICKTPOHHLIM NMYYKOM C 06pa30BAHHEM PacTpa aHano-
rHYHO TOMY, KaK 3/ICKTPOHHAs MyIIKa CKAHUPYET 3KpaH B TesieBu3ope. UHdopmauns

Puc. 3.14. Wouno-monenoii Mukpocuumoxk  Pue. 3.15. Crepeorpaduucckas npoekuus
konumnka ponbdpamosoit uraer (TJx. Toa-  KyGu4ecKOro -KpHCTAINIA B HANPABNCHHMN
¢dhpy), pacundpoBaHHbIii ¢ MOMOUIBIO CTC- [011], cooTseTcTBYIOIIAR CHUMKY BOnbghpama
peorpaduueckoil NPOCKUNH HA pHC. 3.15 - B MOHHO-TIOJICBOM MMKPOCKOIE Ha puc. 3.14
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0 NOBEPXHOCTH MOXET OBITh NONYUEHA H C MOMOLIBIO CKAHHPYIOWICro TBEPAOTENBLHOIO
30HJ, TPACKTOPHSA KOTOPOrO MPOXOIMT MO OTACAbHBIM 06/1aCTAM NOBEPXHOCTH, BBI3bI-
BaloIMM ocobblif HHTEpec. CKaHHpPOBaHHE MOXET TAKXKE BBINONHATLCA 30H/IOM, H3MC-
PAIOLIMM TOK, KOTOPBbIit cO3AacTCA 3ncxrp9namu, TYHHETHDPYIOLUMMH MEXAY NOBEpX-
HOCTBIO 06pa3iia H KOHYHKOM 30HA, HIH 30HAO0M, HIMCPAIOLIHM CHy B3auMoaeiicT-
BHS MEXAY MOBEPXHOCTBIO H KoHuMKOM Mrbl Janee GyayT 1o ouepeAM OMHMCaHbl

© YCTAHOBKH, MpeAHA3HAYEHHbIC NS KAXKIOTO M3 3THX TPEX METOAOB: qxauupylomun
NPOCBCYMBAIOLINIT 3NEKTPOHHBINH MMKPOCKON, CKAHHPYIOIHH TYHHENbHbIH MHKPO-
ckon (STM) u atomHo-cioBoit Mukpockon (AFM). '

Peanbunlit pacxoasumiics
INCKTPOHHBIH NY4OK

Kax yxe ynoMHHanoch paHee, EKTPOHHAS ONTHKA CKAHHPYIOUIETO 3/IEKTPOHHO- O l
ro MHKPOCKOINA aHANOTHYHA NoKa3aHHOI Ha puc. 3.10 g o6BIMHOrO NpocBeYHBaio- / I
HIEro 3/7IEKTPOHHOTO MHKPOCKONA 3a MCKJIIOYEHHEM TOTNO, YTO NPH NPOCBEYHBAHHH "-‘9 CKaHMPYIOLIMX O6MOTOK
3NEKTPOHBI ICTAT C/IEBA HANPABO, & NPH CKAHHPOBAHHH — CNIPABa HAIEBO Ha NOKA3aH-~ .
Hoii cxeme ycranoskH. O paboTe 3/IeKTPOHHOTO MMKPOCKONa yxe ObUIO paccKa3aHo Omax
N0BOJIBHO NOAPOGHO, TaK YTO OMHILEM TONILKO OTKJIOHSIIOLIYIO CHCTEMY CKAHHPYIOLIE-

ro 3/ICKTPOHHOTO MMKPOCKONA, NMOKa3aHHyIo Ha pHC. 3.16. OTKIOHEHHE OCYLIEeCTRIS - _ Hanpsxenne na reneparope - ]
eTCSl MarHUTHBIM MOJIEM, CO3/1aBACMbIM DJIEKTPHYECKHM TOKOM B KaTylIKaX, 1O TOMY R o0 o h(- 1] ) TMnockocTs —
K€ NMPHHLHMY, YTO U B GONBIIHHCTBE OOLIYHBIX TECBH3HOHHBIX NMPHEMHMKOB. Mar- fa e
HHTHOEC NoJe, CO3/IaBacMOE KaTYLIKOii, MPONOPIHOHANBLHO NMPHIOXKEHHOMY K Heil Ha-
npskennio V. Ha sepxueit Bpeske B eBoit yact puc. 3.16 noxasano miwoo6pasHoe
HanpsKeHHUe, nofasacMoe Ha napst Karywex Iy, I, u I, I,. MaruutHoe none kartymex
CO31acT CiNly, OTKJIOHSAIOLLYIO 3IEKTPOHHDIi MYYOK C/IEBa HaNpaBo MO HaNPaBJCHUIO,
YyKasaHHOMY NHHHeit Ha oGpa3ue. [TepeMeHHBIC MATHUTHBIC OISt KaTylLeK f), f; 1 f, £,
BBI3BIBAIOT MEHBIIHE OTKIOHEHHS (0T TOuKH 1 K 1' 1 fastee K 1"), nokasaHHble Ha Bpes-
ke A. Taknm 06pa3oM, 3MeKTPOHHBII MyMOK BCE BpeMst nepemeuaercs no obpasuy cie-
Ba HanpaBo i 0GPaTHO MOCTENEHHO CMEAsACh BHU3 i 06pa3ys pacTp, co BpPEMEHEM 1o- s ol
KphIBaIOLIHii BCIO IUTOMIanb Kaapa r X r. Ha puc. 3.17 nokasaHs! 3010Tbie YaCTHLBI pas- L——Bpeaxa A——!
MCPOM 3 HM Ha YrIepoxHOIl TOLIOXKE, cororpadupoBaHHbie ¢ NOMOLIBIO ; ' O6pazen
CKaHHPYIOWIErO 3ICKTPOHHOTO MHKPOCKONA.

Cxanupyloumii TyHHe/IbHbI MHKPOCKON B KayecTse 30HJa HCIONL3YET HITTy C MC-

@okuIbLHAA IUTOCKOCTh
’ obbeKTHBa

7/ /szp

JInuns

Puc. 3.16. [IBoitHas OTKJIOHSIONIAA CHCTEMa CKAHMPYIOLUCTO 3/ICKTPOHHOTO MHKPOCKO-

IITIOYHTEIHO TOHKHM KOHYHKOM. DTOT KOHYHK NMOAKIIOYAIOT K NONOKHTENLHOMY TO- 12, BepXHHe KATyKit |, — 1, OTKONSIOT y4 Ha yron 0, HIOKHME KATYIKi 1,
JIOCY HCTOUHHKA HANPKEHUA  NPHOTIKAIOT K H3yyaeMoit MOBEPXHOCTH Ha PaccTo- — 1, OTKJIOHSIIOT €10 HA3aZl HA YTON 20, TAK 4TO ANEKTPOHE! NOC/EA0BATENLHO
AIHHE NopsAaKa 1 HM. DNEKTPOHEBI, NpHHALIEXAIIHE KOHKPETHBIM aTOMaM Ha NoBepx- ; nonazaloT Ha oGpasel BAOAbL MoKasaHHoIt aunin. Ha Bpeske cnesa BBepxy
) § HOCTH o6pasua, npPHTATHBAIOTCA MOMOXHTENBLHO 3apAKEHHBIM  KOHYMKOM ' NPHBEACHO MI006PA3HOE HANPAXEHHE, 3AAIOLIEE TOK B CKAHKPYIOLLIMX Ka-
) it W NEpenphIrHBaior (TYHHeNMPYIOT) Ha Hero, o6pasys TeM caMbIM c1abhiik aNeKTpHYeC- Tywkax 1. Ha Hikneil nesoii Bpeake nox?::rz:) nmc;xo;a;cﬂbxslo;:kmq;.:

b Kitii TOK. 30HA NepeMeIIaeTCs N0 NOBEPXHOCTH 06 06pasia, COOTCTCTBYIOMLAA PATIIHBIN TPAEKTODHAN 1, 2,3, 4, S ssekpor
¥ ! ’ ; KaK M 3/1e i » Pa3lia 1Al Noy4eHHs pacTpa Tak Xe, . HOFO NyKa, WAYLIETO BHH3 10 OCH MMKPOCKONa. CKaHWPYIOUIME KaTyuIKh
i : KTPOHHLII Iyl b npebinyiuem cryqae. OGBIMHO HCMONB3yeTCs NGO NEpeme- f, — , ¥ f, — f, 0GeCTIEYHBAIOT CMEILICHIE JIyHa MO TIOCNEA0BATENLHOCTH TOYCK

] ] LICHHE Ha NIOCTOAHHO BBICOTE, MHGO Tak, 4ToGbI NOCTOSHHBLIM GbuT TYHHENIbHBIH TOK, 1 = 1' = 1", noKa3aHHBLIX HA HILKHEI BPE3Ke.

| ; | j; ’ii ’ KaK rokasaHo Ha puc. 3.18. B pexume nocrosiioro toka uenb o6patHoit cBs3M nox- b . b
"1 i ACPXKHUBACT MOCTOSHHOE PACCTOSHHE MEX/Y 30HAOM M NOBEPXHOCTBIO, @ M3y4aeMbIM HSIETCS, YTO OTPAXAETCs B HIMCHEHMSIX H3IMEPAEMOro TYHHEJIBHOTO TOKa B mpolecce
i i CHTHA/IOM AABNSETCA BEPTHKANLHOE CMelleHMe 30Haa. Takoit PeXuM paboTsl noagep- ckaHmuposaHus. Liens 06paTHOit CBA3M HCTOAB3YETCA /LIS YCTAHOBKH NePBOHAYANBHOI
! KUBACT TYHHEbHLII Gapbep MPH ABIKCHMUM BIIONb TIOBEPXHOCTH ONHHM ¥ TEM 3Xo. BBICOTB! HaJl OBEPXHOCTBIO, 4 3aTeM OTKIoYaeTes. CKaHHPYIOWIMiT 30HA NOKa3bIBaCT

[ ‘
: & o B pexume noctosiHoit BIcOTH paccTosthte ot 30HAa 10 MOBEPXHOCTH BCE BPeMS Me- KapTHHY pacnpeiecHHs aTOMOB Ha MOBEPXHOCTH.
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Puc. 3.17. MUKPOCHHMOK 4aCTH1I 30/10Ta AH~-
ametpos 3 1m (30 A) Ha yraepoasoii momnox-
Ke, MONyYCHHLIH Ha CKAHMDYIOIIEM 3J]ieK-
TPOHHOM MHKpPOCKOTIE. :

Pexum nocrosuuoit Buicorst
) T— (6e3 oGparnoi caaan)

S T,

K £ R3S - -
- Vowes FRL VY T ANl T .

Puc. 3.18. Pexumsi nocrommmoii BbICOTHI
(BBCpXY) M HEH3MEHHOIO TOKa (BHu3Y) cka-
HHPYIOLIErO TyHHeAbHOrO MHKpOCKona.

B STM-MuKpOCKone 4acTo mcnopy.-
3yeT NbE30/ICKTPHYECKHIT TPEXTOYCY My
ckanuep. Ero mepsoHavanbHas komcr-
PYKLHS, CO3laHHas Bunnurom u Pope-
poM, NnokasaHa Ha puc. 3.19. IMse3o0anek-
TPHK — 3TO MaTepHaJl, B KOTOPOM Npio-
XCHHOC 3NIEKTPHYCCKOE HaNpsaxXeHue
BBI3BIBACT MEXaHHYECKYIO Aechopmayio,
1 HaoGopot. Hanpsixenue, npuknanpipa-
€MOE K MbE30aKTyaTopy, BBI3LIBACT Nepe-
MCILUCHHE CKAaHHPYIOILICrO 30Haa (Win 06-
pasiia) ¢ HAHOMETPOBLIMH NPHPALLCHHS-
MH BAONb HANpaBJieHHit X, y WM z,
MOKa3aHHLIX Ha CcToiiKax (3) ckaHHepa.
[epsoHayanbHast I0CTHPOBKA OCYLICCTB-
JISIETCS MOC/E YCTaHOBKH 0o6pasia ¢ rno-
MOLUBIO LIarOBOr0 ABUIATe s H MHKPOMe-
TPHYCCKHX BUHTOB. TYHHENBHBDII TOK, H3-
MEHSIOIMICS OT LUMPHHBI 3330pa MEXITy
30HAOM M 06pa3LOM -3KCMOHEHLMANLHO,
3aBHCHT OT COCTOSIHMSI TMOBECPXHOCTH
¥ KOHUMKA 30HAA. g !

Tpetbum wHpoko McmONb3yeMBIM
METONIOM ANS M3YYEeHHS NOBEPXHOCTH
HAHOCTPYKTYp ABASIETCS aTOMHO-CHJIO-
Bast Mukpockonus. Ha puc. 3.20 nokasa-
Ha KOHCTPYKIMS THIHYHOIO aTOMHO-CH-
J10BOro Mukpockona (AFM). dynaamex-
TanbHoe pasnuuue Mexny STM u AFM
COCTOMT B TOM, 4TO nepBblii M3MepseT
TYHHEIBHBI TOK MEXIy 30HIOM M TO-
BEPXHOCTBIO, a BTOPOIi — CHJIy B3aHMO-
Aeitctsus mexay mumn. AFM TaK xe,
kak it STM, nmeer na pexuma paboTsl.
AFM moxer paGoTaTh B KOHTaKTHOM pe-
KUME C IOBEPXHOCTBLIO, PH KOTOPOM 0C-

1 t

AnanuTnyeckuii Tok o 300

KomneHxcarop 3apsga ; w \__' e
Paspewetue 0,6 Hm e ' Sl

BcTpoeHHas cuctema nnasMeHHON QYUCTKY kamepsi 1 obpa 3ua "
UyBCTBUTENbHOCT BCTPOGHHOIO A€ M OTPaXEHHBIX 3¢

axaueanen/n" 0,00001;07 CPEeAHero aToMHOro Homepa
YcosepuieHCTBOBaKHag konokHa GEMINL Il
CBepxMolLHas CucTeMa neTekTUpoBaHus

YcTaHoBKa 11060i aHanuTiky

* We make it visible.
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We make it visible.

Puc. 3.19. Cxanupyioumuit MexaHH3M TyH-
HeabHoro Mukpockona. [Tokasanst nuesoane-
KTpHUecKoe ocHoBanue (1), Tpu HOXKH Oc-
HoBaHMs (2) # NbE30NEKTPHUECKHIT CKAHHEP
Ha TpeHore (3), yaepxubalouwwii 3oua, na-
npaBieHHbI K 06pasuy.

YBCAHWYCHHOM BHIOC KOHYHKa 30HIA

B HIDKHE# yacTH pucyHka. AFM uyser- -
BHTEJEH K BCPTHKANbHON KOMIOHEHTC

MOBEPXHOCTHLIX CHJI. Bnmskas k onu-
caHHbIM, HO Gonee rubkas moma AFM
Ha3bIBACTCA JIATCPANbHO-CHIOBOI MHK-
pockonueit (FFM) i pearitpyeT Ha 6oko-

BbIC CHJIBI TPCHMSI MEXAY 30HAOM M CKa-

HHUpyeMoii nosepxHocTbio. [1py aToMm ox-
HOBpPEMEHHO MOXeT- GbITh H3MepeHa

W HOpManbHas, M Kacare/ibHasi COCTaBsl-
JOlIass CHAbl BO3ACHCTBHA NMOBEPXHOCTH -

Ha 30HA.

Bce TpH onmMcaHHBIX CKaHHPYIOLIMX
MHKpPOCKONA MpeAOCTaBAAIoT HH(opMa-
umio o Tornorpadun 1 Acexrax CTpyKTy-
PBI TIOBEPXHOCTH C pa3peLieHien, 6nu3-
KHM K aTomHoMy. Ha puc. 3.21 nokasato
TpexmepHoe npeacrasicHie AFM-n306-

PaXeHHst HAHOCTPYKTYpHI, 00pasoBaH-

HOIf aromMaM¥ XpoMa Ha MOBEPXHOCTH
Si0,. OGpa3ewt GbUT H3rOTORNCH MCTOZIOM

. 3.3. Muxpockonus @i}

Unrepdepenimonnas

@oTonHoTHLI RATHK
nepeMelleHuit nysa
Jlazepusiit ayd

= o

Puc. 3.20. Cxema aTOMHO-CHIOBOTO MHKPO-
ckona. [Tokazan KauTinescp, CHaGXeHHBII
30HAMPYIOUM KOHYHKOM, KOTOPbI nepeme-
1aeTcs BAOAb MOBEPXHOCTH o0pa3sua ¢ noMo-
WbI0  NBE303NEKTPHYECKOTO  CKaHHEpa.
Ha BepxHeM pHCYHKC NokalaH uHtepdepen-
LHMOHHBI AaTunK cMmewennit. Ha yseanuen-
HOM BHIC KaHTWICBCPa C 30HAOM BHH3Y —
JATYHMK, OCHOBaAHHbIIT Ha OTKJIOHCHHH Nasep-
HOro Jiyya. DTH JaTYHKH H3MEPAIOT BEPTH-
KaIbHOE MM TOPH3OHTAIBHOC CMCILCHHC
30Ha B NPOLIECCE CKAHMPOBAHNA,

J1236PHOTO HATIBLICHIHS ATOMOB XPOMa B MPHCYTCTBHI TaycCOBOil CTOSEI BONHE HA
TOBEPXHOCTH, YTO MPHBENO K HAG/IONAcMOil YTIOPAOUCHHOI NOC/EN0BATENLHOCTH
IIMKOB 1 IONHH Ha noBepxHocTH. Kora ocaxzeHue Xpoma choKycHpOBaHHbIM J1asep-
HBIM JIyHOM NIPOH3BOMWIOCH NIPH HAIWYHK ABYX MEPNCHAMKY.IAPHEIX IDYT APYTY 110~
CKHX BO/H Ha MOBEPXHOCTH, TOMYIaach AByMepHast CTpyKTypa, AFM-u3obpaxenite
KoTOpOif MoKa3ano Ha puc. 3.22. CneyeT OTMETHTD, HTO PACCTOSHHE MEXAY MHKAMH,
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Puc. 3.21. Tpexmepuast pusyamnsauns AFM  Puc. 3.22. AFM-n3o6paxeHne HaHOCTpyK-
u306paxeHns HAHOCTPYKTYPH, copMUpo-  Typhl, CHOPMHPOBAHHOI NA3CPHBIM OCaXac-
BaHHOI Ta3ePHBIM OCAKMEHHEM aTOMOBXpO-  HHEM aTOMOB XpOMa B TPHCYTCTBHM ABYX
Ma Ha SiO, NOANOXKKY B MPHCYTCTBHH rayc-  B3aHMHO MNEPNCHAMKYNSAPHBIX TaycCOBbIX

COBOit CTOSYCH BOMHLL. CTOSYHX BOJIH.

paBHoe 212,78 HM, OIHHaKoBO B 060MX cryyasx. BeicoTa NMKOB B AByMEPHOM cnyqae
(13 nm) Gonblue, yem B ofHOMEPHOM (8 HM).

3.4. Cnextpockonus

3.4.1. Hughpaxpacunasn u pamanoecxasn cnexmpockonus

KoneGatenbHasi cCneKTpOCKONHS HMEET A€o ¢ (oToHamMK, CBA3AHHBIMM C IEPEXOAAMH
MeXny KoNnebaTeNbHLIMMU YPOBHSMH 3HEPTHH MONEKYJ! H TBEPABIX Tes, OOBIYHO JIeXa-
umi B HHpakpacHoM (MK) ananasoue yacror or 2 go 12+ 10° Tt. B maparpacge 2.1.5
obcyxaanuch HOpMabHBIE MOIBI KONe6aHHit MOJIEKY/1 M TBEPABIX Tej. DHepreTHuec-
Kaj westb MHOTHX NOYNPOBOAHHKOB ICKHT B 3TOM K¢ AMANA30HE YACTOT M MOXKET HC-
CnenoBarbest HHGPaKPaCHBIMK METONAMH. B

» B UK-cnekrpockonuu norjiouieHue GoToHa hv BbI3BIBACT NEPEXO MEKIY ABYMS
KoJie6aTeNbHBIMM YPOBHSAMK E mE, e ; ! :

En = (n + i)hvo 1 - (3.8)

Ko;n;ﬁa‘renmoe KBaHTOBOE wHCno n =0, 1, 2, ... — nonoxuTensHoE UENOE, 2 Vo — Xa-
ga i f'l‘c;"qccm 1acTora KOHKpeTHOl Monel. B cooTseTcTsim ¢ npaswiom ot6opa

n = 21, uHdpakpaciiie nepexonst Habmionaiotes Tonbko MEXIy coceqHHMH KosieGa-
TC/IBHBINH YPOBHSIMIH i, C/ICIOBATEBHO, HMEIOT YaCTOTY ¥4, B paMaHOBCKOli e

CKOMMH KoJiebaTesbHbie YPOBHU BO36
YXKIAI0TCSA NPH NOOWEHHH
Vine 1 TIEPEHINYYCHHH IPYTOTO (oTONa ¢ g Ly ¢doToHa ¢ yacroToii
14CTOTOM AV oy

M3 ypasrennit 3.8 u 3.9 cnenyer, yro Pa3’HOCTD y

acTor |y, — = ;—n"v=v TaK
KaK BINOMHSACTCS! TO e CAMOE NPaBILIO 0T6opa An = = H;MGI;II lonI:mrcg[n:a cn(;‘l -

- 3.4. Cnexmpocxonus GD

1) Vine > V oy COOTBETCTBYET CTOKCOBCKHM JUHUAM, U 2) v}, <V, — AHTHCTOKCOBCKHM.
Axrtusnbie B UK-ananasone kone6atensHoie MOIB! BO3HMKAIOT BCICACTBHE H3MEHE-
HHsl ANCKTPHIECKOrO AMMONIBHOTO MOMEHTA /¢ MOJICKY/Ibi, B TO BPEMsl KAK paMaHOBCKH
AKTHBHbIE KONIEGATE/bHbIE MObI CBA3AHDI C H3MCHEHHEM NONAPH3yeMocTH P =i, ,/E,
KOrAa BCKTOP HaNpsAXCHHOCTH NEKTPHYECKOrO M0/ nanawouiero cseta E BuisbiBaet
H3MCHCHHE AMMONLHOIO MOMEHTA K, B o6pasiie. Hekoropeie KonebaTensHbie MOIBI
UK-akTHBHBI, TO ecTh BUAHBI B 06bI4HBIX MK-CleKTpax, HEKOTOpbIE — PAMaHOBCKH
aKTHBHBI. '

Ontuueckas u MK-cnekTpockonus yacto npoM3BOAHTCA B OTPAKCHHOM CBCTE,
M NIPH H3MEPEHNH Ha HAHOCTPYKTYPAX NONYYAIOT OTPAXATEIbHYIO CIIOCOGHOCTB R, Xa-
PaKTePU3YIOLLLYIO OO OTPAXKEHHOTO cBera. st HOpMaTbHOTO NaAeHHS HMEEM:

S _|«fe-‘_—1| |
R = .If = —-|Jg+ 1|, (3.10)

TAe € — AMAMIEKTpHUecKas NMPOHHLAEMOCTD BeliecTBa. JIuaneKTpHuecKkas npoHKLae-
MOCTB (V) — KOMIUICKCHAs BENHYKHA, ACHCTBHTENbHAS YaCTh KOTOpOil £'(v) BIMSET Ha
yactotel UK-nonoc, a Muuman —e"(v) oTBeTCTBCHHA 32 NOr/OLEHNE SHEpPruH (noTe-
pu). s nonyyeHus ABHBIX YaCTOTHBLIX 3aBHCHMoOCTel £'(V) M £"(V) U3 H3MEPEHHBIX
UK-cnekTpoB oTpaXeHHs! HCTIOJIb3YeTCA METOAMKA, HasbiBaeMas aHanu3oM Kpamep-
ca-Kponura. \

Kiaccuuecknm criocobom perucrpauny UK-cnekrpa sasnsercs CKaHHpOBaHHE Ya-
CTOTHI MAAAIOLIETO CBETA, YTO MO3BOJSIET ACTEKTOPY H3MEPATH H3IMEHEHHS HHTEHCHB-
HOCTH OTPaXEHHS sl TEX YacTOT, Ha KOTOpbIX oGpasell NoryowaeT sHepruio. OcHoB-
HBIM HELOCTATKOM TAKOTO I0/IX0a ABNSAETCS TO, YTO ACTEKTOP AACT MOoNE3HYI0 HHOOP-
MalUMIO TOABKO NPH MONaJAHHH YacTOTH HA JIMHHIO TMOIMOLIEHHS, B TO BpeMs KaK
GONBLIMHCTBO BPEMCHH YacTOTa CKAHHPOBAHMA JICXKHT BIATH OT TAKHX JIMHHI, a ne-
TexTop npocrausaet. JIns n3basneHHs OT 3TOro HexocTaTka cospemeHbie MK-cnex-
TpoMeTphbl 06yyaloT 06pasel] IHPOKHM IHATIa30HOM YaCTOT OHOBPEMCHHO. IMony-
YEHHbIE PE3YNBTATH 3aTeM 06pabaThiBAIOTCS € MOMOLIBIO NMPeOGpasoBaHus Dypse s
NpHBEAEHHs K KiaccuueckoMy Biay cniektpa. [lomyueHHbiil Takim o6pasoM cHrHan

. Ha3siBaercsi Dypbe-npeobpasosanubiM MK-cnektpou. IIpeobpasosane ®Dypre Tax-

Xe IIMPOKO HCTIONB3YETCS B METOAAX SACPHOTO MArHHTHOTO PE3OHAHCA, OMHCAHHBIX
janee,  Apyrux o6nacTax CleKTPOCKOMHH.

Ha puc. 3.23 nokasaH TaKoif CeKTP HAHOMOPOILUKA HHUTPHAA KPEMHHA (SizNy)
¢ 3aMETHBIMM JIMHHAMH TOIVIOMIEHHS, COOTBETCTBYIOLMMH HANTHYHIO MHAPOKCHIIb-
ubix Si — OH, amuno— Si — NH;, u amuno— Si — NH — Si rpynn Ha noBepXHOCTH.
Ha puc. 3.24 noka3aH AHAIOrHYHBII CMIEKTP HAHOMOPOIUKa KapGOHHTPHAA KPEMHHS
(SiCN), IeMOHCTPHPYIOLIHii MPHCYTCTBHE HECKONBKHX XHMHYECKHX COCAMHCHHIT Ha
MOBEPXHOCTH NOC/E aKTHBALHH NPH 873 K M ux yaaneHHe YaCOBBIM HarpeBaHHEM NPH
773 K B atMoc(epe CyXoro KHcaopoza. :

Ha puc. 3.25 noka3aHO YWIHPECHHE AMHHIT paMaHOBCKOTO CMCKTPa HAHOYACTHLL
repMaHus, BBEACHHBIX B TOHKOIUICHOYHYIO MOMIOKKY H3 Si0,, npu yMEHBILCHHH HX
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TMoraoucHue, OTH. ea.

Puc. 3.23. ®ypue-npeobpazosanusiit UK-criekTp HaHONOPOMIKA HMTPHAA KPEMHHSA
TP} KOMHATHO}! TEMNIEPAType B YCIOBHAX BAKYYM
paunn npn 773 K (kpuBast 6). . - - "

3000 2500 © 2000 1500
BonHoBoe 4Heno, M

a (KpuBas a) H 1MOCJIC aKTH-

Si-OH

|, Si-OH

IMorsomenne, oTH. ¢i.

TPCXBUICHTHBIC

3.24. ®ypre-npeoGpasosanii MK CNEKTP HAHOMOPOILIKA KapGOHMTPHAA KPEMHIS

n
ocne akTiBaumm npu 873 K (kpusas a) 1 nocheyIouIero HarpeBaHus B aTMO-

cdepe cyxoro kuen

pasmepa Hixe ~ 20 HuM.
ANl HAHOKPHCTAJUIOB T
CpeAHee 3HAYCHHE OKONO 6,5 M,

T T -
3000 2500 . 2000 1500
Boxsosoe umeno, ey '

opona npi 773 K B Teuenme 1 yaca (xpusas 6).

e;{:a;:::’c. 3.26 npusenen pamanosckuii CrexTp, nonyqélmuﬁ
€ pacnpenenenieM pasmepos YacTHL, MMEIOLIHM

Hast IyTeM NIpOCBeYMBaIONMIe]] ' MNCTOTpaMya pacripeneneiis pasmepos, mony4eH-
tiieit aneKTponHoii Mitkpockomu. Dri Harok

FOTaBIHBATHCD C MOMOMNIBIO XHM
HYECKOro BOCCTaHOBN
CHHS H ocaxneH

PHCTAIBI NPH-
Hs1 C ocseaylo-

T T T T T T T - T 5‘ .
Hc-Ge Z
B §j : 1 4
Sloz Cpenuuit §
paMep <]
HIMB 4acTHL (HM) g
’ 2
3 y:
E i E . - a a - g
> bU‘k Ge 270 280 290 300 310 320
E Pamanopcxnit capur, cM™'
g '
o
: E 0
= =
i ]
‘g
1004
510
Q4

2 .8 4 8 &7 '8 .9 1011
. Pammyc R, um

R

7260 280 300 320 340

PamanoBckuit cur, eM™'

o

Puec. 3.26. liscTorpaMma pacnpeacncHus pas-
MCpDOB HaHOMACTHIL TepMaHHs (BHH3Y) €O
CPEAHUM 3HAUCHHEM OKOJO 6.5 HM, HCToNL-
30BaHHast WIS BBIYMCACHHA PaMaHOBCKOrO
cnekTpa (CnoliHasi KpMBasi BBEPXY), H 3KC-
. MEPHMEHTAILHO M3MCPCHHBI paMaHOBCKHI
cnexTp (MpepLIBHCTAs JMHMS BBEPXY). Pac-
TpeAEicHHE N0 Pa3MEpaM NOAYICHO Ha Npo-
" CBEYHBAIONIEM INCKTPOHHOM MHKPOCKOIIC.

Puc. 3.25. 3aBHCHMOCTb PAMAHOBCKOTO CIICK-

Tpa MHMKpOKpHcTauioB repManna (uo—Ge),

BHCAPCHHLIX B TOHKYIO MieHKy Si0,, or pa3-

MEpOB KpHCTAUIOB. Ha KPHBBIX NPHBCACHBL .
cpemHuii pasMep yacTHU M WHPHHA NHKa Ha

nonyssicote (LITTB) s kaxnoro obpasua.

wimM orkurom daswl 8i,Ge,0,. Nanbueiiue HMCCIICZIOBAHHS METOLOM PAMaHOBCKOIt
CMEKTPOCKOMNH NMOKA3bIBAIOT YBEHUYCHHC PA3MEPOB NOJYAIOLUHXCA HAHO4aCTHL NTPH
YBEHUCHMH BPEMCHH H TEMIICPATYPBI OTKHIA. 2N '

Boiiuie 06eyXaanoch T0, UTO TPAUHIHOHHO Ha3bIBaCTC paMaHOBCKIIM PacCesTHHEM
cBeTa, KOMGHHALMOHHBIM pa'cccmiilcn, paccesuem PamaHa, Wil pamaHoOBCKoii cre-
KTpOCi(onucﬁ. D70 — CNEKTPOCKOMHS, NPH KOTOPOit (hOHOHHBIC KoneGaHusl pelIeTKH
(opmyna 3.8)‘coomc1'cmylor pasHHIIE aHepriii (dopmyra 3.9) onTHuecKHX (OHO-
HOB, OMHCAHHBIX B npcnmeuxcM naparpade, a HMEHHO QOHOHQB@"!ZICTOT:L\(H Kone-
Gaunii, nexaunmu B UK obnactit cnekTpa, UTo COOTBETCTBYCT TpHMEPHO 400 cm™
Wi yacToTaM okoso 1.2+ 10" Tix. Koraa B paccesinme, omichipacmoe popmynoit 3.9,
BOBJIEKAIOTCS HH3KOYACTOTHBIE aKYCTHUCCKHE (POHOHBI, MPOLCCC HAIBIBACTCSA pacces-
HueM Bpuuniosna. AKYCTHYCCKHC (hOHOHBI MOTYT MMETh YacTOThl KoneOGaHuii Wi
sxeprus B 1000 pa3 MeHbE;, ueM onTHueckie GoHoHbl. THIHYHBIC 3HAYEHNS COCTaB-
nsmor 1,5+ 10" Tig wan 0,5 cM™'. BpiuumiodHOBCKas CMEKTPOCKOMIIS, HCMOAL3ylowad,
KaK M paMaHOBCKas, M CTOKCTOBCKHC, M AHTHCTOKCOBCKHE JIMHHH, obcyxnaercs

V

B Ihase 8.
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Puc. 3.28. 3aBHCHMOCTh IWHPHHBI IHEPreTH-
YeCKOil 1MeNH NOYNPOBOAHHKOBBLIX HAHO-
kpucraios CdSe Ha CTEKNAHHOI NOMLNOXK-
Tl AR LI e ke () u B xonnoune (@) or cpeaHero pami-
1B 28, SR 88 BB AN 88 yca uwactHu., CnekTpaibHble JAaHHBIE
Bnepria potonios, 3B 0 KOMIOWAC HAHOKPHCTA/IOB MPEACTABNC-
Puc. 3.27. Onmveckue cnextpht nornoumie-  Hut Ha puc. 3.27. Cnnownas Kpusas an-
HHS KojtoHaa HaHoKpuctaanos CdSe cO  NpPOKCHMHpPYET NPEACTABACHHBIC AAHHBIC
cpeanuM paauycom ot 1.2 10 4.1 HMNIpH KOM- ¢ MOMOMIbIO MapabonanyecKkoit MOAENN To-
HaTHoIl TeMmepartype. TEHUHaANA KoeGaHMil.

Bes Inasa 8 nocesiuena uHdpakpacHoit 1 onTHuecKoit CIEKTPOCKONHH HaHOMa-
TEPHAIOB, TaK YTO B HACTOALUCH I1aBC Mbl OTPAHHYMMCS OBCYXKACHHEM mnuquord
ONTHYCCKOro CNEKTpa, NpeACTaBACHHOro Ha puc. 3.27. OH nonyyeH ans Kouionaa
HaHouacTHU nonynposoannka CdSe, npospautioro ans doroHos ¢ JHEeprueil Huxe
LIHPHHE! WEAH W NOTNOWAIOIETO GOTOHBI C BHEPTHAMMU Bbille Hee. CHHTE3 HAHO-
KPHCTALTHYECKHX KOJUIOMI0B ofecrieunBaet y3koe pacnpeaeneHse YacTHIL o pas-
MCpaM, TaK YTO MO ONTHYCCKMM CMEKTPaM THNA NOKA3aHHOrO Ha puc. 3.27 MOXHO
AOBONLHO TOYHO ONPCACAHTD 3ABHCHMOCTH WIMPHHBI LLEJH OT pa3mepoB yactuul. Ilo-
NyMCHHas TakMM 06pa3oM 3aBMCHMOCTb st CelicHKAa KaaMmus noxaaau;l Ha
pHuc. 3.28, Ha KoTopom BHAHO, YTO JaHHBIC JUIS KOJUIOH/Ia HAXOAATCS B XOPOLLEM CO-
z;;l:::g«:sc PE3YABTaTaMH OUCHKH WMPHHBI LIEIH 1O ONTHYECKOMY CMIEKTPY HaHO-
sl Tcoc :Ta CTCKNSAHHOM NOMIOKKe. Henpepbishas kpusas Ha PUCYHKE npell-
T Mgpxo::;:::nlomz::nucuuom NpH HCMONb30BaHKK NapaGonuyecKoil Moae-
A S TO notexuuana. MamepenHas sHeprust acHMNTOTHUECKH

MY 3Ha4CHKIO NpH yBeNHYeHUK pa3Mepa yacTuu. YBeJiHyeHHE

3.4.2. Domoamuccus u penmeenosckan cnemexonu

PoTo3aMuccHoHHas cn |
ekTpockonus (PIC) uamepser pacnipeiencHue 3Hepruit anek-

TPOHOB, BLUICTAIOMIMX H
YECKHX ,Cocrommux B e;;zomf“ W MOZICKY C PA3HEIM 3apAIOM M B pasHbIX 9HEpPreTH-
. T8O, o6nyyaemoe yastpaduonerosbimi (YP) wam pentre-

3.4. Cnexmpockonus 'ID

HOBCKHMH (DOTOHAMM, MOXET HCNYCKATb NCKTPOHBI, Ha3bIBACMBblE (POTOIMMCCHOH-
HbIMH. OHHM MOT/IH HAXOAKTBLCS HA Pa3HbIX FHEPreTHUCCKHX YPOBHSIX B aTOME M NONY-
YNTb KHHETHYCCKYIO 9HCPTHIO £}, paBHYIO pa3HOCTH MeXIy 3Heprueii nagasouiero ¢o-
TOHa /vy, 1 HOHM3AUHOHHOI 3Heprueil E,, COOTBETCTBYIOLIETO ATOMHOIO YPOBHS,
TO €CTh 3Heprieit, HeoGxoaHMOit Anst ynaneHs 3NCKTPOHA M3 CBOETro aToMa Ha 6ecko-
HEYHOCTb. '

gk = Mpn— Eion. : (3.11)

Cxema (hOTO3NEKTPOHHOrO CIICKTPOMETPA NpeAcTasieHa Ha puc. 3.29. PenTreHoBCKMit
ny4yoK nagact Ha obpasew (JieBast HHXHAA YacTh PUCYHKA) U BbIGHBaeT HOTOIMHCCH-
OHHBIC NCKTPOHBI, NPOXO/SIIHE YePe3 AHAIM3ATOP CKOPOCTelt, B KOTOPOM 3NEKTPO-
Hbl, TIONABILKC B HETO Ycpe3 JIEBYIO (BXOAHYIO) 1Heb, TONLKO HMESl CKOPOCTh B OYEHD
Y3KOM AHMANa3oHe MOTYT HaXOAUTCS Ha TPACKTOPHSAX, 3aKaHUMBAIOILMXCA HA MPaBOii
(BBIXOAHOIK) LIE/IH M NONAAATH B ACTEKTOP, Haxoasumiics 3a neit. Takum obpa3som, ae-
TEKTOP M3MEPACT KOJHUCCTBO MCMYLICHHLIX 3/IEKTPOHOB, MOJYYHBIUIHX OMpEACNCH-
HYIO. KHHETHYECKYIO aHepruio. [Uist aHepruii, yIoBNeTBOPAIOWMX yenosiio 3.11, aTo
KOJIMUECTBO MOXET GbITb BECbMa 3HAYUTENbHBIM. - f , ]2
. BeAMuMHbl MOTCHUMAIOB HOHM3ALMH IHEPreTHYECKHX YPOBHEH aTtoMOB MM
MOJICKYASIPHBIX HOHOB B BaJICHTHOI 30HE OTPAXalOT BOMYLUEHHE YPOBHEIi OTACAb-
HbIX ATOMOB OKpYXaloleit peLeTKoit (KpHCTALTHYECKHM NOJIEM), TaK YTO JaHHbIC
(oToamuccHn HecyT HHbopMaunio 06 3tom nosne. [Ipyrie poaCTBEHHbIC METOAHKH,
TaKue Kak obpauieHHas horoaMucciHoHHas cnektpockonust (IPS), nsoxpomatiuc-
ckasi cnektpockonus Bpemwrtpaunynra (BIS), cnekTpockonmus MOTEpb IHCPrii
anexrponamu (EELS), cnexktpockonus Oxe 97EKTPOHOB, NMPEAOCTABAAIOT MOXO-
XKyI0 HH(popMaLHIO. b , _ :

B KauecTBC MpHMEpPa HCTOIB30OBAHMS PEHTICHOBCKOI (HOTOIMHCCHOHHOI CNEKT-
POCKOMHH MOXHO NPHBECTH H3MEPEHNC OTHOLICHHS KONHUCCTB rajulis 1 a30Ta B 06-
pasue GaN 1o H3MEpPECHHIO MHTCHCHBHO-
cti nukos 3d B.Ga c aueprueit 1,1185
k3B 1 1s B N ¢ aneprueii 0,3975 k3B, uro
nano cpennuii cocra Gag gsN. Uccneno-
BaHHE pPEHTreHoBCKOil (GOTOIMHCCHH
10-nanomerpoBbix yactul InP nokasano
acHMMCTPHYHYIO JiHHMIO. 3dsp, MpHBE- LY
AeHHylo Ha puc. 3.30a, aHanu3 KOTOpOit  po
M03BOJIM OGHAPYXHUTb CYNMEPMNO3HUHIO  nobckas

ABYX nuuumit, OcHOBHas JNHMHMA Ha pybKa

444,6 5B otHocuTes K Miamio B InP, aGo-  Puc. 3.29. Pcmrcu&n:mm (bo-mhv INCKTPOH-
- B OKCHIE HbIit CIIEKTPOMCTP. TOHB! /1y, TIOPOXACH-
Saacuaon i A43,cn B S - Hblc PEHTreHOBCKOII TPyOKOIl, NanaloT Ha 00-

In,O;. Jlnnms 2p pocopa Ha pic. 3.306 pasely  BHIGHBAIOT H3 HErO (OTONEKTPOHBI
ACMOHCTPHPYET JBA XOPOLIO Pa3pelliac- o~ popanaioulie 3aTeM B AHATH3IATOP CKOPO-
MBbIX ¥Ka, onuH — ot InP, a BTOpOii — OT  creii. TTpowenmune Yepe3 HEro JNCKTPOHBL

pa3sHbIX okcHoB pocdopa. (OKYCHPYIOTCA Ha AICTCKTOPE.

PenTresonckuil pOTOINCKTPOHHSI CNCKTPOMETP

he

OGpasent wﬂmmp

{4 anekTpoHoB
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. Tlepexons! BHYTPEHHUX F1yGOKONEXALMX NCKTPOHOB C YPOBHA /1y HA 113 NIAIOT Ya-
CTOTHI, KOTOPBIE MOXHO OLIEHHTS [T X0poitio i3pecTHO# popMyse PunGepra (cM. dop-

myny 2.16):

W= i \n shmass
rae Z — aTOMHOC YHCNO, APYTHE CHMBO/IBI HMCIOT CBOE OObIYHOE 3HAaYeHHe. 3aBHCH-
MOCTb YaCTOThI ¥ OT aTOMHOrO 4icaa ans nuHuN K, caMoOro HHXXHEro pCHTTEHOBCKO-
ro nepexona ¢ #; =1 Hany =2 . OGN £

W = alZ - ) ; ! gasre 43:.42)
Ha3blBacTcsi 3akoHOM Moz, Muoxwurens (Z~ 1) TOABHJICA B YHCIHTENE BMECTO Z H3-
3a 9KpaHMPOBAHHA 3apsAa ANPa OAHUM OCTABIIHMCS B COCTOSIHHM 21, = | SICKTPOHOM;
yTo NoHMXaeT 3¢(peKTHBHBI 3apaa aupa 10 Z — 1. AHATIOrHYHOE COOTHOLUEHHE
MOXHO HCTIONB30BATh M VISl CAICAYIOWEHi IO SHEPrHH NMHUK L,, COOTBETCTBYIOLIE
nepexony mMexay n, = 2 u n, = 3. Ha puc. 3.31 npuseacH rpadpmx 3aBHCHMOCTH i
V OT aTOMHOTO YHea Z 3KCNEPHMEHTANLHO HIMEPEHHBIX TiHMIT K, u L, ans pasHbix
SMEMCHTOB nepHoanyeckoii cucremsl ¢ Z = 15 no Z = 60. MUamepenns Ha oCHOBE 3aKo-
Ha Moanu mMoryT oGecneunTs HHbOpMaLHIo 06 aTOMapHOM cocTase HaHOMAaTepHaJIOB
TIOYTH NSl BCEX, 33 HCKIIOYCHHEM CAMBIX JITKHX 3/ICMEHTOB. DHEPruM HOHM3AIMH
BHCLIHHX 3NICKTPOHHBIX 000/104eK aTOMOB B GONbILEH CTCNEHH 3aBHCAT OT KONMMYECTBa
] - 3JICKTPOHOB Ha HE3aNOMHEHHbIX 060J104-
Kax, 4eM OT aTOMHOTO HOMepa, KaK MOX-
HO BHAETb Ha puC. 3.32. DTH 3Hepruu Je-
at B BHAWMOM WiH 6moKkHeM yasTpadu-
4000} OJIETOBOM AMAMNa3oHe. O BRLY
Bricokoauepreriueckuit otoH crio-

8000 (a)

6000 - InP

2000E 1 1 1 I .
R APl i g cobeH ynanuTh 3NEKTPOH ¢ M060ro ypoB-
S Hfl aTOMa, 3HEPrUs HOHM3aLMK KOTOPOTO
MEHbLIC 3HEPruy ‘najaiouero (GhoroHa.
1400l © Korna aneprus ¢orona cramosutcs
MCHbIIE MaKCHMAIbLHOrO MOTEHUHANA
1200} i nP::_ g HOHM3auuK, coorsercrByiomero, K-o6o-
i | 0 4 \ JI04Ke, IMEKTPOHLI ¢ n = | Gonee He MOTYT
‘ TR . OLITh yanenst, n koappuument noro-
o S rr R A LUCHHS PEHTTCHOBCKOTO HAMYYeHHs Pe3-

125, 130 135 140

Aneprus caasu (3B)

Puc. 3.30. Penrrenonckuii ¢oroanexrpon-

HBlit cnekTp
pupyer 3d,
docopa (6).

HaHokpucrannos InP aemoncr-
JHHHIO WHAMA (3) W 2p MHHUK

Ko nanaer. OH, ognaxo, He nanaer 210 Hy-
7151, TaK KaK 3Hepruu (hoTOHOB BCe elle
AOCTATOYHO st BO3GYXKAEHHS 3NEKTPO-
HOB C 7 = | Ha BepXHHe He3aHATHIE ypoB-
HHU, TaKue Kak 3d unu 4p, wiu wis BLIGH-
BaHus snekrporos ¢ L (n = 2), M (n = 3)

vy, oti. en

i

" Pue.3.32.

3.4. Cnexmpockonus 7@
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Puc. 3.31. 3aBHCHMOCTb YacTOTHI PEHTICHOBCKHX JnHRit K; M L, OT aTOMHOro HOMEpa,
- uunocTpHpylolas 3akoH Mo, (Basro u3 W.IL Myn Ma., XA. ®apax,
POx. KpecBux "Cncpxnponommoq'rp", Axaneumk Ilpece, Bocron,

1995, cp. 515)
25 e He
| Ne
L ]
20}
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VloHH3aLMOHHBIH TOTCHLMAT BHEUIHETO SNIEKTPOHA PA3HBIX XHMHUCCKHX

3/IEMCHTOB, onpeucneuublﬁ IKCNEPHMEHTANBHO.
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Puc. 3.33. Cxema 3HepreTHYECKHX yPoBHEit atoma monubacHa. IMokasansl PEHTreHOB-
ckue nepexoant K'u L cepuit.

1 apyrux obonoyek. Peskoe naaenne xoda(pdHuUHEHTa MOMOUIEHHS HAa3bIBAIOT KpaeM
nornoueHua. B nanxom ciydae — 310 Kpait K-nornowmenus. U3 ananusa oTHOCHTENb-
HBIX PACCTOSTHHIT MEXKAY SHEPreTHYECKHMH YPOBHAMH, MOKa3aHHBIMK Ha puc. 3.33, sic-
HO, YTO MEPEXOAbl 3TOTO THMA MO SHEPrHAM ONU3KH K SHEPrHM HOHM3ALMH, TaK YTO
OHM OTIPE/ICNSAIOT TO, YTO HA3BIBAETCS "TOHKOIl CTPYKTYpOii kpas nornowenusa”. OHa
AaeT MHGOPMaLIO O COCTOAHHM CBS3EH paccMaTpHBaeMoro atoma. PaspeleHue oT-
JERLHBIX TEPCXO/IOB B 3TOi TOHKOI CTPYKTYpe MOXeT GbITh Y/IyuIlIEHO NPH HCMOMb30-
BaHHH NOJAPH30BAHHOTO PEHTIEHOBCKOro HanyyeHus. JIns u3yyeHus TOHKOI CTPyK-
TYPbl HMEETCA €IIE HECKONBKO POJACTBEHHBIX METOAMK CMEKTPOCKONMHH MOMIOLIEHHS
PCHTTEHOBCKOTO HTy4YeHMUS.

Jpyrim cnocoGom nonydeHnst HHGOPMAUWH O rPaHMUE MOTNOWCHHS SBIAETCS
CTEKTPOCKOMHS NEKTPOHHBIX SHEPIETHYECKHX MoTepsb. OHa 3aKiiouaercs B o6ayHe-
HHH TOHKOI{ IICHKH HCC/IEAYEMOTO BEILICCTBA MOHOSHEPIEeTHIECKHM Ty4KOM 3JIEKTPO-
HOB ¢ 3Heprueii, ckaxeM, 170 k3B. ITpu npoxoxaeHHny cKBo3b TUICHKY 3JIEKTPOHBI 06-
MEHHBAIOTCA MMMY/IBCOM C PEIIETKOIl H TEPAIOT SHEPTHIO NpPH BO36YXICHHM HIIH HO-
::g::)x;:; ;gzzz;g;?(gugl;:z :{:ggﬂoﬂ E,, u;:«:z:ercn c nqmoiuuo aHanu3aropa
puC. 3.33, M paBHa PasHOCTH KHMHETHYECKHX JHepruii ﬁeazznna:;r? lz‘a T:‘OKaMHHHx -
T o H PaccessHHOro

Far= b=y B e mer oS 519)

:li::ﬁu: l;:{a:::c::{oﬁ HHTCHCHBHOCTH KaK (YHKIMH NOINIOEHHOf SHEPIHM CONEPKHT

PriAX CBA3H PAINHYHBIX NEKTPOHOB B 06pasiie. AHaOroM ONTHYECKHX
W PCHTICHOBCKHX SKCTIEPHMEHTOB C MONAPHI0BAHHKIM H3IYdeHHEM 3[eCh ABIAETCS
CNIEKTPOCKOMHS Ha Pa3HBIX HANPaBICHHAX HIMEHEHHS HMNYNIbCa Ap pacCestHHBIX e~

KTPOHOB 110 OTHOLLCHHIO K KpHCTa/L1

3.4. Cnexmpockonus 79»

L 4000
b
+ 5000
+ 6000
@—@cd
- @Dbc L
O—ma,b

150 140 b
e
Puc. 3.34. IMP-cnekrp ¢yanepena Cqg, oborauieHsoro BC. Matb AMP-nuuuit (cnexTp
CBEpXy) OT aTOMOB YI/icpoia, 0GO3HAYCHHDIX 3, b, ¢, d, e Ha cXeMe MOJIEKYIbl
B TpaBoil HIKHEH YacTH PHCYHKa, MMCIOT OTHOUICHHC HHTEHCHBHOCTCI
10:10:20:20: 10, 4TO COOTBETCTBYET KONHYECTBY ATOMOB TAKHX THNOB B MONICKY-
ne ¢pynnepena. Tak naswiBacMblit aBymepHbiit AMP-criekTp B HICKHET 1€BOit
YacTH PHCYHKA, ABNSIOUIMIICA AHArPAMMOi 3ABHCHMOCTH KOHCTAHTH CTIHH-
CMIMHOBOTO B3AMMOACHCTBHS B EMHMUAX YACTOTH! OT XHMH4ECKOro CABHIA,
BLIPAXEHHOTO B MMJUTHOHHbIX 01X (ppm), coaepxuT Ay6NeETHI, COOTBETCTBY-
JOLIHE YKa3aHHBIM YINEPOA-YTACPOAHBIM CBA3AM. [lIxana XMMHUECKOTO CBH-
ra B ppm (CHH3Y) OTHOCHTCH H K obbunoMy SIMP-criexTpy (BBEpXY), H K €10
JByMEPHOMY MPCACTABICHHIO (cun3y). Onua 3 AMP-nunuii nogsunacsk U3-3a

NPHCYTCTBIA NpHMecH yanepeta Ceo-

orpapHueCKHM OCSM KpHCTALIA. Drot BekTOp Ap
MIpaeT po/ib MEKTPHYECKOrO NOAsSpH3AUHOHHOTO pextopa £ B pOTOHHOI CrieKTpo-
cxommu. Takas METOAMKA TO3BONISICT YYUILIHTb PaspelcHHCE THKOB MOTOLIECHHS.

3.4.3. Maznumubsiii pe3oRanc

k:pockonmi,'npenocrannmbmeﬁ HHQOPMALMIO O HAHOCTPYKTY-
pax, SIBNSeTCA MarHHTHBIH PE3OHAHC, pKIOYaloluii B cebs uccnc“nonamtc MHKpOBOII-
HOBBIX ¥ PaIHOYACTOTHBIX NEPEXONOB. BO/BIIHHCTBO H3MCPCHIti Mar{HHTHOTO pe3o-
HaHca NPOM3BOAMTCS B JIOBOJILHO CHJIbHBIX MArHHTHBIX NONAX, o6bryno B = 0,33 Tn
(3300 It) wist SNCKTPOHHOrO napaMarHMTHOTO pe3oHaHca (E)HP)';l{ B = 1-10 Tn mn

Jlpyroii BeTBBIO CME




o e e A ———

@ Tnaea 3. Memods uamepenuii

i

T=220K P

Puc. 3.35. CrickTp 3/1¢KTPOHHOTO NIAPAMArHMTHOIO PE30HAHCA SHA03APANbHOrO (hye-
pena LaCy,, pactnopennoro B Tonyone npu 220 K. Hecnapennuiii anekrpon,
RENOKANH3OBAHKLIL 1O YIACPOAHOIT KIETKE, B3aHMOACIICTBYCT C SIACPHBIM
cnutom I = 7/2 nanrana, HaxoAAILErocs BHYTPH 3TOit KNETKH, YTO M NPHBO-
ANT K Ha0/10aCMOMY CBEPXTOHKOMY MYJALTHIUIETY H3 BOCBMM JIMHHIA,

AACPHOro MarHWTHOrO pe3onanca (AMP). lanee paccmaTpiBaeTcsi HECKOBLKO THIIOB

MarHMTHOIO pe3oHalca.
SIMP-p3aumoneiicTBHE AAPa ¢ HEHYNEBBIM CIHHOM / M MarHMTHOTO Monst B,,, npu-
BOANT K paciLerICHHIO KaX/0ro ypoBH sipa Ha 2/ + | noaypoBHA ¢ SHEPrusIMH

Ey = tiyByym. (3.15)

TACy — THPOMArHHTHOC OTHOMICHIC, XapaKTepH3yIolLiee PO, 4 M NPHHUMACT LIC/bIC
WIK NOAyUEAbic 3HAUCHNA B AManasoHe —/ < m < +] B 3aBHCHMOCTH OT TOTO, ABSICT-
CA 1 NMONHbII CMIMH A1pa uenbiM 6o nonyuensim. Bemuuna Y YYBCTBHTEJILHA K JIO-
KanbHOMY XHMHUCCKOMY OKpYXcHHIO sinpa. Takoii Xumuueckuii casur y oGbuHO npi-
zﬁtﬂz :B‘:::::)c;:;?:"::n x;un: 6; H(-J;H— YR)/Y&: 1A Y5 — GasoBas Bennunna. XuMuvec-
R s O NPHBOAATCA B MMINMOHMBIX AOJsAX (ppm).

PAMH 1151 H3YuEHHs ABNAIOTCA SIPa CO CuHOM = | /2, Takue

xak H, “F, *'P u “’C; nocnean
’ Wil npuBeACHHBII H30TON 1
Meer -
NPOCTpaHeHHOCTL Beero 1,1%. SONSRTOELAYI0 pac

Monekynsi dbyanepenos, Takue kak Ceo 11 Cyg
H3yucHHas monekyna Cgy uMeer hopmy (bylﬁonbm;
THYTONILHUKAMH ¥ 20-10 IECTHYrONLHIKAMS, To
Oblno HeaBycMLICHEHHO 3aduKcHpoBaKo ¢ nom;
pyloLucro oaHy y3akyio anunio. B nporisonono
i (bop)w MAYA st perbu 1 cocrostuumii u3 |
BHABHBIX) M 25-Ti
RO A C‘*‘;mﬁ :’;m:n, BKJIOYacT nath THIIOB aTOMOB yrJiepoaa, 4To
mh o s 8 \ npcnc'ranncnuym Ha puc. 3.34, Mars AMP-nu-

» 0, C, POAa, nokasanubie Ha BepxHeM rpaduke, HMEIOT OTHOLUCHHA

MHTEHCHBHOCTeit 1:1:2:2; CTBY
2:2:1, 40 coor OJIHYECTBY aTOMOB KaX/I0r0 THINA B MO-

Jekyne. Takum 06 M RETCTRIE R
‘ paioM, P obec : /
STHX Z1BYX dlynncpcuop. ; NEYnn HeszasucHMOe NOATBEPXACHHE CTPYKTYPI

obcyxnatores B Inase 5. Xopoluo

YTO BCE aTOMBI B HEif 3KBHBAICHTHHI,
wpio SIMP-cnektpa °C, nemonctpu-
KHOCTD 3TOMY, (hyanepeH C,y, HMEIO-
2-TH NATUYTONBHUKOB (3 Hux 2 npa-

w0 3.4, Cnexmpockonus @

* DNEKTPOHHBIN MApaMarHHTHLIL Pe3oHAHC, HHOrIA HA3LIBACMBIiL 3/ICKTPOHHO-
CNHHOBBIM PC30HAHCOM, MO3BONSICT OGHAPYKHUTH HECMAPCHHBIC 2JICKTPOHBI B HOHAX
TMICPCXOAHLIX 3/ICMCHTOB, OCOGEHHO C HEYETHBIM KOJHUYECTBOM 3/CKTPOHOB, TAKHX
2+ 410 T

kak Cu™ (3d") u Gd™ (4f"), a Takxe cBoGoaHbBIC PAIMKANBI, CBA3AHHBIC, HANPHMED,
¢ Ae)CKTaMH MK PANLHALMOHHBIMM MOBPCKACHHAMH. DHEPrHH H PC3OHAHCHBIC Ya-
crotst B DI1P na Tpu nopsiaka Gonbuue, uem st AMP npu TOM XK€ MarHiTHOM foJie.
gnu SHEPFHH HCNONb3YCTCS Apyrast 3annch £, = gu ,,B,,,',pm, rac i 5 — MarnetoH Bopa,
a g — Oe3pasmepublit MHOXHTENb, pasHbiii 2.0023 mns cBoGOAHOrO 31EKTPOHA.
Anst HCCMapCHHOTO 3JICKTPoHa, uMmelowero e § = 1/2, DTTP uamepsier pa3nocTs
aHepruii AE = Ey ), - 1 ,2 MCKLY YPOBHAMH ¢ m = £1/2, nasas OllHY JIMHMIO Ha
LIKIC IHCPTHH

Em - g[‘BBapﬁ ‘ (3. 16)

Ypasnenust 3.15 u 3.16 cBsi3aibl MOCPEACTBOM BbIpaXCHMS gu p = hiy. Ecnu necnapen-
Hblit 97ICKTPOH B3aHMOCHCTBYCT C siZIEPHBIM CNHHOM BEIHUYHHOIT /, BO3HHKACT CBEPX-
TOHKOE paclierieHHe IMHNK Ha 2/+ 1 nuuuii ¢ sHeprusMu

AE(m)) = gugB,,, + Am; (3.17)

rae A — NocTossHHas CBEPXTOHKOIO B3aMMOACIHCTBHS, a m; npuHuMacet 21+1 3Hauenuit
B amanasone —I < my < +I. Ha puc. 3.35 nokasan npumep DI1P-cnekTpa wist 911001~
puueckoro (Qymnepena LaCg,, o6HapyXeHHOrO Ha MacC-CAEKTPE, MOKA3AHHOM Ha
puc. 3.9. ATom nanrtana BHyTpH KieTkn Cg, oGnanaer snepubim cnimnom I = 7/2. He-
CNapeHHBLIT NEKTPOH, AejoKam3oBaHublil no kieTke Cg, dynnepena, B3anMonciict-
BYET C STHM CITHHOM ¢ 06pa30BAHHEM CBEPXTOHKOTO MYABTHILIETA M3 BOCHMH JIMHMIT
(oKTera), MoKa3aHHOro Ha PHCYHKE.

DITP-cnexTpoCKOMis NMPHUMEHSCTCS ISl H3YYCHHS 3/CKTPOHOB NMPOBOAMMOCTH
B METAUTHYECKHX HAHOYACTHLAX, OGHAPYXCHHA NEKTPOHOB NMPOBOAHMOCTH B HAHOT-
py6Kax M OnpeacncHKs TOro, ARIACTCA K TpyOKa METALIHUCCKOI WM MOAYNpOBoa-
HHKOBOI{ C 0UCHb Y3KOit LE/bI0, BLIABACHHA KHCIOPOAHBIX BakaHcHii B KOJUIOHAE No-
NYNpOBOAHHKOBBIX HaHoknactepos TiO,  T.4. MeToasl SITP noMorau NposiCHHTS Me-
PEXOZbl C PE3OHAHCHBLIM NCPEBOPauHBAHHEM CNHHOB H YPOBHH Jlanaay B KBaHTOBBIX
TOYKax. ,

Jlnst coagammsi HOBBIX HAHOCTPYKTYPHPOBAHHBIX OHOMATEPHANOB MCCICAYCTCHA
crpykwpa M OpraHu3als CynpaMoNcKyasApHBIX aHcamOreit myTeM H3YYCHHS B3aKHMO-
neitcTis 6enKoB ¢ POCGONMMIMAHBIMI ABOIHBIMH COAMH. DTO MOXHO yro0Ho npo-
AeNaTh MPUKPENUB CIMHOBYIO MCTKY (HanmpHMep, NapaMarHUTHYIO HHTPOKCHAHYIO
rpynny) K AMAKAY a 3aTeM, nenonb3ys TP, oTcneanTs OrpaHHCHIS ABIXCHUA CITH-
HOBOM METKHM, BO3HHKalouHe 13-3a PoChOMHMIAOB, CBAAHHBIX C COINANHLIMIL HA
MeMOpaHax GeKOBLIMH YHACTKAMH.

MHKpPOBONHBI TAKXKE MOTYT HECTH HMO/C3HYIO nHdopMalHIO O MATEPHANIC NPH HC-
[10J1b30BAHMM HX B HCPE3OHAHCHBIX YCIOBHSIX 6€3 NMPUIOKCHHOTO MArHUTHOTO NONA.
Hanpumep, 2HepreTHuecKHe LICAH, MOABAAIOUMMCCA B MHKpoOBONHOBOil obnacTH,
MOXHO OLCHHTB 110 YaCTOTHOI 3aBHCHMOCTH MOTOWEHHA MHKPOBOJHOBOTO CHIHANA.
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MiKpOBOJIHBI HCTIOAB3YIOTCA 1 1S H3YUCHHS BANSHHS (OTOHOB HA OHOAJICKTPOHHOE

e . O 1 s e

: “,’""f""”“"‘““°“"?"°“°"°"”° (T A S PN S - g - _ iy CBOMCTBA Hg
JNureparypa ok o0 1 ("B ’ AO0RE 1. X8, P ETIBTY, {40 WHHMB“HYAHBHHX
el J. M. Cowley and J. C. H. Spence, “Nanodiffraction” , in Nalwa (2000), Vol. 2, Chaptcrl " ' & " S | R P HAHOL‘IACTMU, -

T. Hahn, ed., International Tables for Crystallography, 4th ed., Kluwer, Dordrecht, 1996

M. Josc-Yacaman and J. A, Ascencio, “Electron Mlcroscopy Study of Nanostmcturcd and Ancient
Materials”, in Nalwa (2000), Vol. 2, Chapter 8

o C. E.Krill, R. Haberkom and R. Birringer, “Speclf cation of Mlcroslruclum and Chamclcnzauon by 4, y. B'eﬂel““e
g; _ Scattering Techniques”, in Nalwa (2000), Vol. 2, Chapter 3

G. E. Moore, JEEE IEDM Tech. Digest. 11-13 (1975)

H. S. Nalwa, ed., Handbook on Nanostructured Materials and Nanotechnology, Yols. 1-5, Academic Press,

Llenblo JAHHOMN rnaBbl ABNSETCA ONHCAHHE YHHKAIBHBIX CBOﬁCTB HHllHBlﬂIyaJleHX
HaHovacTHU. U3-3a TOro, YTO HAHOYACTHLIBI COCTOAT H3 106 WJIH ClI€ MEHBLUECTO KOJIH-
Boston, 2000 YecTBA ATOMOB, MX CBOJICTBA OTIMYAIOTCS OT CBOJCTB TEX XK€ ATOMOB, CBSI3aHHBIX
R. E Whan, Materials Characlerizanon, Vol, 10of Melal Handbook American Society for Metals, Metals Park S e R - SRRSO Suladhn et oo
OH, 1986 _ pasymeBaeM moj HaHoyacTHueif. Cnosa HaHOYacTHLIA H HAHOTEXHOJIOTHA ABRISIOTCH
OTHOCHUTEJIbHO HOBBIMHM, OIHAKO CaMH HaHOYaCTHLBI NMOSBHINCH BOKPYT HAC M H3y4a-
JIMCh HAMHOrO paHblie, yeM chopmupoBalich 3TH cnosa. Hanpumep, MHorue npe-
KpacHbIC 1{BETA BUTPAXKHOTIO CTEKA SABAAIOTCS PE3Y/LTaTOM NMPHCYTCTBHS B HEM Men-

| . : v ; KMX KJIaCTEPOB OKCHIOB METAUIOB C pa3MepaMi, COMOCTABHMBIMH C JUIHHOI BONHBI
li 1 BUAMMOTO cBeTa. YacTHIbI Pa3HBIX Pa3MEPOB PACCEHBAIOT CBET PA3NIHYHBIX UIHH BOJH,
NpuAaBas pasHble LBETa CTeKIy. MaleHbKHE KOUIOHAHBIC YaCTHLIbI ‘cepebpa riosBNs-
joTcs B npouecce o6paboTku (orocHuMKa. Bosia npi KOMHaTHOIH TeMNepaType cocTo-
WMT M3 KJIACTEPOB MOJIEKYJ1 BOAbI, CBA3aHHbIX BOXOPONMHBIMH cBA3AMH. HaHouacTHLIAMK
06LIYHO CUMTAIOTC 06PA30BaHHSA M3 CBA3AHHBIX ATOMOB WIH MOJEKY/ C pasMepaMi
< 100 nanomerpoB (Hm). Hanomerp pa- y ‘ o sowlie ‘

it ' . . ; ; sen 10~ merpa wn 10 A, Tak uto yacti- % 14
| upt ¢ pauycom < 1000 A mMoryT cunTaTh- ' Monekynst
cs1 Hanouactuuamu. Ha puc. 4.1 nmpea- ez 9 ¥
| CTaBjieHA JI0 HEKOTOpOil CTEemeHH 38 | :
i : S ycnoBHas KiacCHGHKAIH aTOMHBIX K/1a- 100
I R U MOSHERNE : , 2 CTEpOB Ha OCHOBAHMHM MX Pa3MCpoB M :
’.l e e . CBS3b MEXIY Pa3MepaMi HacTHLBI M KO- ' 49 »
i JIHYECTBOM COCTAB/SIIOLIMX €€ aTOMOB. : e .
i A Hanpumep, Ki1acTep paisycoM OAHMH Ha- o s
11 ™ . A ' HOMETp COACPXHT NPHMEPHO 25 aTOMOB, 10
by ' npuueM G0ABLIMHCTBO H3 HHX HAXOAUTCA i
Ha TOBEPXHOCTH Kjiactepa. To onpee- ;
! JICHKHEe Ha OCHOBE PA3MEpOB HE COBCEM - ;
| YAOBNETBOPHTE/IBHO, NMOCKONBKY OHO HE l O6BeMHBIT MATEPHAT -

YUHTHIBACT PAIHUMsA MCKIY MOJEKyaa-

11! ' b L : : MM M HAHOYACTHLAMH. MHOXECTBO MO-  pyc. 4.1. Paanuume MeX1y HCOPraHMHCCKOil
" e ' g ‘ : - ’ JeKy/l COCTOMT M3 Gosee YeM 25 aTOMOB,  monekyoi, HaHoYacTHUEH 1 OGLEMHBIM Te-
‘ ‘s : ' A . ; 0COGEHHO MOJIEKY/Ibl GHONOTHYECKOro  JIOM HA OCHOBE KOTHUECTBA ATOMOB B KNACTEpe.
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npoucxoxaennsi. Hanpumep, rem-monekyna, FeCyyHyO4Ny, ABIAIOWAAICH OCHOBO
remMorIo6HHa YeI0BeYecKoii KpOBH I MEPEHOCALIAA KHCIOPOA K KIIETKaM, COCTOMT M3
75 aTomoB. B CaMOM Jie/ie, MEX/Y HHMH HEBO3MOXHO NPOBECTH UCTKO#H rpaHu. Ouu
MOTYT GBITh MOCTPOEHBI KaK nocpeacTsoM c6OPKH OTAENbHBIX aTOMOB, TaK 1 Apobie-
HHeM oGbeMHOro MartepHana., Pa3mephl HaHOYACTHL, MCHBIIHE, YEM KPHTHYECKHC
JUTHHBI, XapaKTePH3YIOU{ie MHOTHE (PH3MYECKHE SIBNCHHS, H NPHAAIOT UM YHHKa/IbHbIC
cBOiiCcTBa, Jenas MX TAKHMH MHTEPECHBIMH ULl PalHYHbIX npuwioxeHui. Boobuue,
MHorHe (dHu3HUecKHe CBOHCTBA ONMpPEACAfIOTCA HEKOTOpOii KpHTHYCCKOM UIHHOI, Ha-
NIpHMEP, XapaKTEPHBIM PAcCTOSHHEM TerIoBoit A YU, HIN JUTHHO# paccesHus.
DNeKTponpOBOAHOCTL MeTALIA B 6ONIBILOI CTENEHH 3aBHCHT OT PaccTosiHMsl, KOTOpOoe
3MEKTPOH MPOXOAMT MEXIY ABYMS COYAAPEHMAMH C KONEOMOWHMHCS aToMaMH Wik
aTOMaMH NIPHMECH B TBEPIOM Tejie. DTO PaCCTOSTHHE Ha3bIBAETCs CPEAHEH UTHHOI CBO-
Gonuoro npobera, WK XapakTepHOit THHOIt paccessHus. Eci pa3Mep 4acTHLIbI MEHb-
111€ KaKoit-1160 XapaKTepHO#i JUINHBI, BO3MOXHO NOABICHHE HOBBIX (PH3HYCCKHX M XH-
MHYECKHX CBOMCTB. .. Y e 2 R ' £ .

MoxHo npuHATH 3a pabouce caenyouee onpeieneHHe; HaHoUacTHLIa — 3TO arpe-
rat aToMoB ¢ pa3mepamu ot 1 no 100 HM, paccMmaTpuBaeMblii Kak yacTb 06BEMHOIO Ma-
TepHana, HO C pa3MepaMH MEHbILC XapaKTePHBIX JUIMH HEKOTOPBIX ABICHHIA.

4.2. Metannuyeckue HaHOKnACTEPbI

4.2.1. Mazuuecxue wucaa

Ha puc. 4.2 nokasana ycraHoBKa st nony4eHus KJIaCTEPOB METATHYECKHX aTOMOB.
JlasepHblit 1yy BLICOKOIt HHTEHCHBHOCTH NaaeT Ha METALTHYECKHI CTEPXEHb, BbI3bI-

Jlasepumii  TToTOK

Teamit nys  KAacTepos ~ Cenaparop
. 4
: : //.
| /
ﬁ 1
i
l l
RN o <)
A «
i
]
i
1 p
} . : !
. 7
Merannuyecxutt auck : _ !
] : 1’
: { ,’
]
! Macc-cnektpomerp

aa Bsenenumit ras
s :z;a';o:;(:c“"x’; TIONYNCHHA HAHOYACTHLL MCTA/LIOB NA3EPHBIM HCTIAPEHHEM aTO-
e rasaul;: BO°°'"- st wsyuenns xummyeckoro B3aHMOJCHCTBHA HaHOYAC-
SMOXHO BBEACHHE PAMTHYHBIX FA30B, HANPHMED KHcnopoaa.

Basi UCMapeHHE aTOMOB C NOBEPXHOCTH
METajl1a, KOTOPbIE 3aTEM YHOCATCS NTOTO-
KOM renus yepes comno. Pacmupenue
9TOro NoTOKa B BaKyyM NMPHBOIMT K €ro
OXJIAXICHHIO H 06pa3oBaHMIO KIACTepoB
aToOMOB METAUIA. DTH K/1aCTepbl HOHU3H-

pyiorca yastpaduonerossiM (YOP) nany-

yeHHWEeM M TIONajaloT B Macc-CIEKTpo-
METp, M3MEpAIOLINIT OTHOIEHHE MacChl

K 3apsaay. Ha puc. 4.3 nokaszaHsl jaHHble

Macc-CNeKTPOCKONMMH KAacTepoB CBMH-
11a, MONYYEHHBIX B TAKOM 3KCTIEPHMEHTE.
Konuuectso HOHOB faHHOI Macchl
MPEACTaBICHO KaK QYHKUHSA KOIHYECTBa
aToMoB B kKiaactepe. (O6bHIYHO Macc-
CHEKTp NPEACTABIAIOT B BHE 3aBHCHMO-
CTH KOJIHYECTBA YACTHI] OT OTHOLUECHHA
Macchl K 3apany) M3 aTHX AaHHBIX BUI-
HO, 4TO KiacTepsl 3 7 u 10 aromoB 6o-
Jiee BEPOATHBI, YeM Jpyrue. 1o 03Haya-
€T, UTO TakHe KjacTephl Gosnee cTabuib-
HBI, YeM KJacTephl Apyrux pasmepos. Ha
puc. 4.4a nokasaH rpadMx noreHLHana
MOHM3ALMH aTOMOB KaK (QYyHKLHS HX
aTOMHOTO HOMepa Z, paBHOTO KOJIMYECT-
BY NPOTOHOB B aToMe. MoHH3aLHOHHBIH
MOTCHUHAN ~ 3TO IHEPrHs, KOTOPYIO He-
06X0aHMO NepesaTh aToMY A1 yAaNEHHA
M3 HEero BHEWHEro 3/leKTpoHa. Makcu-
MaJIbHBIM MOTEHIHAIOM HOHM3aLMH 06-
NanaloT aToMbl 6naropoaHsIX rason He,
"®Ne 1 "®Ar, TaK KaK y HUX BHEUIHHE S H p
op6uranu 3anonHenst. Ha puc. 4.46 no-
Ka3aHa 3aBHCHMOCTb NOTEHLIHANA HOHH-
3allMK KacTepa HaTpusi B 3aBUCHMOCTH
OT KOJIHYECTBA HaXOASLIHXCS B HEM aTo-
moB. ITuku nHabmopalorcss Wis Kinacre-
POB, MMEIONIMX [Ba M BOCEMb aTOMOB.
DTH YHCa Ha3bIBalOT 3JIEKTPOHHBIMH
Mmaruyeckumu umcnamu. Mx Hanmume
MO3BOJISIET PACCMaTPHBATh - KNACTEPhl
KaK CynepaToMbl, 4To H 06YC/IOBHIIO TO-
ABEHHE A1 KIAacTepoB "MOIENH Xene”.

4—2087

IMoTeHUMAN HOHN3AUKH, 3B
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Puc. 4.4. (a) — 3aBHCHMOCTL SHEPrHH HOHH-
3aUMH HIOAHPOBAHHLIX aTOMOB OT ATOMHOIO
HoMepa. DHeprus HOHH3ALMKH ATOMA HATPHS
(aromusiit Homep — 11) cocrannser 5.14 3B.
(6) — 3aBHCHMOCTb 3HEPIHH HOHH3ALMH Ha-
HOYACTHIL HaTPHA OT KONHYCCTBA arOMOB B
Knacrepe.

TMoreHuman HoHK3aUNHK, 2B
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B cayuae 6onbuIMX KAacTCpoB, Kak 6U10 moka3saHo B [nase 2, cTabHIBLHOCTB onpene-
nsieTcs aTOMHOIt CTPYKTYpOit, @ MarHyeCKHe YHC/Ia Ha3bIBAIOTCA CTPYKTYPHBIMH Maru-

YECKHMH YHCIAMH.

4.2.2. Teopemuueckoe M0oOeAupoSaNUe HAKOHACMUK

B Mozie/H Xesie KacTep aTOMOB PacCMaTpHBAacTCs KaK ONMH Gonbiuoit aroM. ITonoxu-
TenbHBL 3PS SAPA KAXKIOTO aTOMA KJIACTepa CYMTAETCs PABHOMEPHO pacripeieeH-
HBIM 110 APy ¢ 0GBEMOM, paBHBIM 0GBeMy KiacTepa. Takast chepHICCKH CHMMETPHY-
Hasl NOTCHUMANBHAA AMa MOJETHPYET NOTCHIHAN B3AHMOACHCTBHA /CKTPOHOB C A1~
pamu. Takum obpa3soM, 3HEpreTHYecKHe YpOBHHM KJAcTepa MOTyT OBITh MONYYEHBI
nytem peuicHus ypasHeHus [lpeauHrepa s OIMHCAHHOIt CHCTEMBI, AHAJIOTHYHO TOMY,
KaK 3To ieiaeTcs s atoMa sogoposa. Ha puc. 4.5 noKasaHbl CXeMbl 3HEPIeTHUCCKHX
ypOBHeii aToMa BOJOPO/a H CHCTEMBI CO ChepHYECKH CHMMETPHYHBIM PACTIPEACICHH-
€M IONIOKHTENLHOrO 3apsaia. BepXHie HHACKChI OTHOCATCS K KOJIMYCCTBY 3/IEKTPOHOB,
3aNONHAIOLMX AAHHBIH SHEPreTHYCCKMiT ypOBeHb. DACKTPOHHBIE MArHUECKHE YHCa
COOTBETCTBYIOT NONHOMY KOJIHYECTBY 3/ICKTPOHOB CYNepaToMa, NpH KOTOPBIX BEPXHHii
3HEPreTHYECKHil YpOBEHb 3aNONHEH A0 KOHLA. 3aMETHM, YTO NOPSAAOK YPOBHEI B MO-
JIeTH KeJie OTAMYAETCA OT TAaKOBOro B aroMe Bojopona. B aroit Moaenu marmueckue
YHCJa COOTBETCTBYIOT KJIACTCPaM C TAKHMH Pa3MepaMH, NMPH KOTOPBIX BCE YPOBHH, Ha

KOTOPBIX €CTh JICKTPOHBI, 3aII0JIHCHBI 10
Monens xene a1s K1acrepos KOHLA b

0 AnbTepHaTHBHAs MOAENb, MCIONbL3Y-
eMast IS BbIMMCIEHUA CBOMCTB Kiacre-
pOB, pacCMaTpMBaeT MX KaK MOJICKY/LI H
NPUMEHSET VIS BHIYMCIICHHI CYI(CCTBY-
IOlLIHE TEOPHH MONEKYJISAPHLIX - OpOHTa-

Atomut - Knacrepu neif, TakHe Kak Teopusi (PYHKLHMOHAIOB
‘ o TIOTHOCTH. DTOT MOAXOA MOXHO -MC-

33:: 11+ TIONb30BaTh ISl BHIYMCNICHHS PCILHOI

2 reoMeTpPHYCCKOIl M 3MEKTPOHHOI CTPYK-

2 - 1g¢  TYPBI MAICHBKHX MCTAJUIMYECKUX KI1acTe-

252 1p°  pos. B KBalTOBOII TEOpHY aTOMA BOZOPO-

Ja 3MEKTPOH, BpalaloWuiicss BOKpYr sii-

- = pa, ' paccMatpMBaeTcsi KaK: BOJIHA.

Marematnueckas (ynkums. ans 3Toit
BOJIHBI, Ha3bIBAIOILASACA BONHOBOIT (hyHK-
uuest y, a

Heil aToMa - BOAOpPOaa M MANOATOMHOrO Kiac- | 35 SRS a— ypaxtu et
Tepa’ B MOJIE/IH Kee. DACKTPOHHBIC Mariyec- e A
ke umena aromos He, Ne, Ar, Krcocrapnsior ~ MEKAY 3NCKTPOHOM M MOJIOXKHTENLHO 33~
2, 10, 18, 36 coorsercTBenHO (yposuu Krna  PKCHHBIM siapom. Ksazpar aMminTyas!
PHCYHKE HC nokasauut), u 2, 18, 40 una knac-  BOJNHOBOIY (DyHKUMH HMMeeT.CMBICT BEpo-
TEpoB,

po SITHOCTH . HAXOX/IECHHS BNEeKTpoHa B 3a-

(@ (©)

Puc. 4.5. Cpanenste auepreriueckux ypba;

4.2. Memanauveckue nanokiracmepol 8\33

AaHHO# TOYKE OTHOCHTE/IBHO siapa. BonHoBast (hyHKIUMA HU3ILEro ypOBHS aTOMa BOAO-
poxna, o6o3HayaeMoro ls, uMeeT By _ e

p(ls) = Aexp (- ’—] e 4.1)
TAe 7 — PACCTOAHHE MEXNY /ICKTPOHOM H SIPOM, a p — pagHyc nepsoit 6opoBCcKoit op-
6uThl. OT1a QyHKUMA HaxoauTcs pelieHueM ypasHeHus Lpeaunrepa ana cnyyas sine-
KTPOCTaTHYECKOro MOTCHUMANA B3aUMOJICIHCTBHA C SAPOM, 3aNaHHBIM KaK e/r. Ypas-
HCHHC U1l aTOMA BOJOPO/A — O\HA M3 HEMHOTHX TOMHO peluaeMbIX 3a1a4 B Gpu3mke, a
caMm OH — oiHa U3 HanGonee rIy6oKo NOHATHIX cicTeM Bo BeenenHoii. B ciyuae Mone-
Ky/bl, HanpuMep, HoHa H; Teopis MoneKynapHbix opbuTaneii npeanoaraer, 4To Boi-
HoBas (PyHKUHSA CHCTEMBI MOXeT ObITh ONKMCaHa KaK JiHelHas KoMOuHauMs BOJIHO-
BbIX (hyHKIHIT H30JIHPOBAHHBIX aTOMOB. TakuM 00pa3oM, BONTHOBasH (HPYHKLHS OCHOB-
HOTO COCTOSIHHSI 3JIEKTPOHA B HOHE H§ Gyaer 3anucaHa B BHIE MO "

WGish © g ¥ = ap(l)y + bp(2),, ‘ 4 (4.2)
Ypasnenue llpenunrepa uist MONCKY/IAPHOTO HOHA UMEET BHA —
—52 grang? e? :
e - — = B
e T “3)

Cumson V2 0603HauaeT onepaumnio AByKpaTHoro A depeHUHPOBaHH N0 KOOpPAKHHA-
TaM. J{Ba mocneqHHX WieHa B KBaIpaTHBIX CKOOKax ONMHCBIBAIOT JIEKTPOCTATHYCCKOE
NPUTSKCHHE 3JICKTPOHA K ABYM MOJOXHTEILHO 3aPAXCHHBIM SIAPAM, HaXoMAIUMCA
Ha PacCTOSHUM 7, U Iy, OT NEKTPoHA. Jlist MOJIEKY/IBI BOAOPOZA, B KOTOPOIf NPHCYTCT-
BYIOT /IBa 2JIEKTPOHA, Halo H06ABHTD WICH, OTBETCTBEHHBII 32 NEKTPOCTATHYCCKOE
OTTAIKMBaHME Mexay HuMH. YpasHenue LlpeauHrepa peiieHo s TaKoi JHHEITHO
KoMGuHauuH BonHOBBIX (yHKumit (dopmyna 4.2). Koraa Moniexysia COCTOHT H3 MHO-
HX aTOMOB M COACPXKHT MHOTO 3/IEKTPOHOB, 331243 CTAHOBHTCS BECbMA CIIOXKHOI, 1
VISl €€ PELICHMS NPHMEHSIOT MHOXECTBO NPHOIMXEHHbIX MCTOAOB. Teopusa dyHkum-
OHAJIOB MJIOTHOCTH ABJISICTCS OAHHM M3 TAKMX MOAXOAOB. YBCIHYEHHC BHIYHCIHTCIb-
HBIX MOIIHOCTEl KOMNBIOTEPOB M pa3paboTKa HOBBIX TEOpEeTHYECKHX MOIXOAOB CIc-
JIAJIM BO3MOXHBIM OMPCACICHHE reOMETPHUCCKOI H 3NEKTPOHHOI CTPYKTYpbI Gone-
LIHX MOJIEKYJI METOAaMH TEOpHH MOJIEKY/IIPHBIX opGHTaNeit C BBICOKOiT TOYHOCTDIO.
CTpyKTypy ¢ HauMeHblleii JHeprueil MOXHO HaIiTH BHIYHCAMTENLHBIMH METOAAMH,
YTO H ONpCAENACT PAaBHOBECHYIO FCOMCTPHIO MOJICKYJIbL. Takue METOABl MOJICKYJISIP-
HbIX OpGUTANCH C HEKOTOPBIMH H3MEHEHHAMM MPHMEHHMBI H K MCTALTHUCCKHM Ha-

HOYacTHUAM.

i

4.2.3. Ieomempuneckan cmpj’xrilypa,

O6bI4HO KPHCTALTHYECKAs! CTPYKTYPa HAaHOUACTHLIBI TaKast XKe, KaK iy 06BEMHOTO Ma-~
TepHaIa, HO C HECKOJBKO OTIHUAIOUUMCS NapaMCTPOM PELICTKI. PeHTreHOBCKas A~
bpaKims TSt HACTHLILI AMIOMHHHS PA3MEPOM 80 HM MOKa3bIBACT NCMCHTAPHYIO SMEHKY
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FLK-pemerkH, ~H300PaXEHHYI0 . Ha

puc. 4.6a, TaKyio Xe, KaK H y 06beMHOro

amoMuHna. OIHAKO B HEKOTOPBIX CAyya-

X Mable YacTHLBI ¢ pasMepaMy < 5 HM

MOTYT HMETb ApYryio CTpykTypy. Hanpu-

- { W Mep, NOKa3aHO, UTO YaCTHLIbI 30/I0Ta pa3-
MepaMi 3-5 HM HMEIOT MKOCasipHyec-
 Kylo CTPYKTypy, X0t B 00BEME 3050TO
D .. xpucrawmsyercs B 'IK-pewerky.: Un-
-rcpecf{o' paccMOTpeTh ANIOMHHHEBBI
Kiacrep u3 13 aToMOB, TaK KakK 3T0 — Ma-
ruyeckoe yucno. Ha puc. 4.66 mokasanst
TPH BO3MOXHBIX PACTIOIOXEHHS aTOMOB B
knacrepe. Ha ocHoBe KpHTEpPHUsI MaKCH-
MHM3aLHH KONHYECTBA CBA3CH NMPH MMHH-

(6) -

Puc. 4.6. (a) — DnemeHTapHas suciika 00beM-
Horo amoMuHuA. (6) — Tpu BO3MOXHBIX
ctpykTypst knactepa Aly: LK, I'TTY 1 nxo-

R — Mu3auMK ofbeMa, a TakKke Toro (axa,
1.0 ™ Y4TO B 00BEME CTPYKTYPOIi AIIOMHUHHSA AB-
s " aserca 'K, MOXHO oOXMAaTh, 4TO

CTPYKTypa TaKOii HaHOYAaCTHLBI TaKXe
1.04 5 6yner I'LIK. OmHako BBIMHCIIEHHSA MoJe-
Vi KynspHbIX opburaneit mo merony ¢yHK-
LIHOHANIOB IJIOTHOCTH MpEACKa3LIBAIOT,

S 1024 - YTO HaMMEHBILUYIO SHEPIHI0 HMEET HKO-

Lo1 ] casqipuyeckas GopMa, TO €CTb BEPOSATHO

- H3MEHEHHe CTPYKTYphl. [Toka He cyuiecT-
19 =N . BYCT 3KCMEPHMEHTANBLHBIX HAHHBIX O
G CTPYKType Al)3 YaCTHLIBI, MIOATBEPXKAAIO-
M IHX TaKOe MNPEANONOXEHHE. DKCrepH-
0.98 e e e —— MEHTAIbHOE - OMpEeAeNicHUE CTPYKTYPHI

el il o R T

Huamerp, uu ManbiX METAUIHYECKHX HaHOYaCTHILL

BECbMa CJIOXHO, TaK YTO KOJIMYECTBO Ta-
KHX JaHHbIX HeBesqHKo. B koHue 70-x M

- Havane 80-x rogos I'JI. IlITeiin cMmor on-
PEACAHTL CTPYKTYpbl HaHouacTuy Biy,
. Pby, Iny u Agy. YacTuust coanasanuch

MTEM HCapCHUs MCTA/UIa B NCYH, a B pe3ysTate NOC/AEAYIOMIEN0 BEHHOCA YacTHI No-
TOKOM MHEPTHOIO ra3a H €ro CBEPX3BYKOBOTO PaciMpeHus HHHLHHpOBanoch 06pa3o-
BaHMe KknacTepos. [lna Knactepos MeHee 8 HM B AuHaMeTpe Habmonanuch OTKIOHEHHS
or I'IK-ctpykrypsi. Minmessie knactepst npetepnesaior CTPYKTYPHBIC M3MEHEHUS
NpH YMCHLIICHHH Pa3MepoB Hitke 5,5 HM. Buiwe 6,5 HM, 4TO COOTBETCTBYET NMPHMEP-
Ho 6000 aTomoB, Knacrep imeer TeTparoHanshyio I'LIK-cTpykrypy ¢ otHOweHueEM c/a,
paBHbIM 1,075. B TerparonanbHoii NIEMCHTapHOIt siyeiike Bee pebpa mepneHaNKYAAp-
HBI ApYT ApYry, AMHHHAA och 0603HayaeTCs Kak ¢, IBe KOPOTKMX KaK a. Hiuxe 6,5 HM

Puc. 4.7. Otiowenue paun oceit ¢/a B Tetpa-
TOHNBHOI JNEMEHTApHOIt siyeiike HaHOYac-
THULl HDHIMA B 3aBHCHMOCTH OT AHaMeTpa
HaHOYaCTHLIBL

4.2. Memaaauuecxue nanoxaacmepu 89

OTHOWICHUE ¢/a YMCHBILAETCS U IPH 5 HM
AOCTHIaeT eAMHHUBLI, TO €CTh CTPYKTYpa -
CTaHOBHTCA Kybuyeckoii. Ha puc. 4.7 no- .
Ka3aHa 3aBHCHMOCTb ¢/a OT AnaMeTpa ya--
CTHLBI HHOMA. - - CINPRRY : r o
- Cnenyetr OTMETHTB, YTO CTPYKTypa
HM30JIMPOBAHHONH HAHOYACTHLIBI. MOXET.
OTJIMYATBCS OT NIHraHA-CTAGHIN3HPOBaH-
HoI cTpyKTypbl. JInrana-crabuwinsauneit
Ha3bIBaCTCA NMPHCOCAMHEHHE HEMETALIH- -
YECKHX MOHHBIX IPYNN K METAUTHYECKHM
aroMaM unu HoHam. HaHoctpykrypupo-
BaHHBIC MaTepHabl TAKOrO THNA o6Cyx-
naiorcs B [nase 10. M3meHenne cTpykry-
PBl MOXET OTPA3HThCA Ha MHOTHX CBOI{-
CTBaX, B YaCTHOCTH — Ha 3/IEKTPOHHOI
crpyktype. B Tabnuue 4.1 npuseneHm!
PE3YNBTAaThl BHIYMCNEHMH TI0 . METORY
(YHKUHOHANIOB INIOTHOCTH HEKOTOPBIX
SNEKTPOHHBIX CBOMCTB YacTHLHI Al ;5. 3a-
METHM, YTO 3HEPrus CBA3M, MPUXOAALIA-
fICSl Ha OXMH aToM B Al , MEHblIIE, YeM B
obveMHOM KpHcTamwie. Y knacrepa Alj;
ONMH 3JIEKTPOH Ha BHelIHel obonouke
He cnapeH. JloGaBneHne 3/MEKTPOHA 3a-
NoNHSET 060JIOUKY, YTO NMPHBOAMT K 3a-
METHOMY YBEJTHYEHHIO SHEPTHH CBS3H B : ‘
uoHe Al,;(-). MeTon Monekyspubix opbuTaieit cnocobeH Takke OGBIACHHTS 3aBHCH-
MOCTb SHEPIHH CBA3M H HOHH3ALIMOHHOIO NMOTEHIUMANIA OT KOJIYECTBA aTOMOB B K/1ac-
Tepe. Ha p'uc.' 4.8 nokasaHsl ch_oropuq NpUMEPEI CTPYKTYP HaHOYacTHL 60pa pa3HBIX
pa3MepoB, BHIYMCACHHBIC TaAKHM criocobom. Puc. 4.6 1 4.8 WLTIOCTPHPYIOT K Apyroe
BAXHOE CBOMCTBO HAHOYACTHIL: JUI MENIKHX KJIACTEPOB BCE aTOMbI, COCTAR/ISIOLIHE Ya-
CTHILY, HAXOJATCA HA €€ NOBEPXHOCTH, YTO OKA3BIBACT CHIILHOE BAHSHHE HA MHOTHE HX
cBoiicTBa; KonebaTebHbIe YPOBHH, CTaOHIBHOCTD, PEAKLIHOHHYIO CnocoGHOCTb.

XoTs B 3TOil I/1aBE METAILTHYECKHE HAHOYACTHLIBI PaccMaTpHBAIOTCA KaK H30JIHPO-
BaHHbIe 0GBEKTbI, 970 HE BCErMIa UMEET MECTO B AeHCTBHTENbHOCTH. HekoTopsie HaHo-
YACTHILL, TAKHE KAK ATIOMMHHUI, MMEIOT BHICOKYIO PEaKLHOHHYIO crioco6HocTs. Ecnn
61 MOXHO BBLTO TOMECTHTb B BO3AYXe H3OIHPOBAHHYIO HAHOYACTHILY ATIOMHHHSA, OHa
HeMeIeHHO OKHC/TIIAch Gbl KHCJIOPOZIOM BO3/yXa M MOKPUIACK CioeM oKcnaa AlLOs.
PentreHoBckast d)O'rosJiéKrpOHHasi cnexrpockonusi 80-HAHOMETPOBAIX YaCTHL| aNio-
MMHMS, naccusupbbahﬁuk’xuénoponbu, noxz_iag.xsacr, yto cnoit Al,O; Ha Hx nosepx-
HOCTH cocTapnsier 3-5 HM. HaHoyacTHub! MOTYT GbITh MOMYYCHBI TAKXKE H B XHAKHX
Cpeliax, YTO MCKMIoYaeT KOHTAKT ¢ Bo3yxoM. Hanpuep. HAHOMACTHUE! ATIOMHHHSA

Puc. 4.8. IIpuMep HEKOTOPBHIX PacCYHTaH-
HBIX CTPYKTYP MaJIbiX HaHoyacTi Gopa.
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MOXHO MOJNYYHTb PARIOKCHHEM THApPHAA ANMOMMHHA B HEKOTOPHIX HArpeThiX pacTBo-
pax. B TakoM ClTyyae C NOBCPXHOCTbIO HAHOUACTHLIBI MOTYT CBA3LIBATBCS! MOJICKYJIB
PacTBOPHTENS, WM MOXeT GbiTh 100aBNeHO MOBCPXHOCTHO aKTHBHOE BELICCTBO
(TTAB), TaKoe KaK oJieHHOBas KHC/I0Ta. [1AB noxpbiBaeT HAHOYACTHLB! H TIPETATCTBY-
er Mx arperipoaniio. Takue MCTAIHUECKHE YACTHLLI HA3LIBAIOT NAaCCHBHPOBAHHBI-
MM, TIOCKONIbKY OHH MOKPBITBI CJIOEM HEKOTOPOro ApPYroro BEIUCCTBA. XuMuueckas
NPHPOJA 3TOTO CJI0S OKA3BIBACT CYLIECCTBCHHOE BIHAHNE Ha CBOICTBa HAHOYACTHLBI,
CamocoGupaioliiecss MOHOCJION TOXe MOTYT OBITh HCTIONL3OBAHb! /ISl MOKPBITHS Ha-
HouacTiu. Konuenuus camocGopks 6yaer noapoGHee o6CyKaaTbest B MOCNCAYIOLINX
rnaBax. HaHOYACTHLE! 30/10T2 MOXHO NAcCHBHPOBATH CaMOCOOPaHHBIM CIOEM, HC-
nons3ys okrazewwrrion (CgH3,S — Au). 3aech HHHAA YIIEBONOPOAHAA LETOUKa
TIpUBSA3LIBACTCA 3 OJMH KOHell THoMoBoit rpynnoii SH k nanoyacTHue 30/10Ta ¢ o6pa-
30BaHMEM CHILHOI cBA3K S — Au. ITpuTsDXKeHHE MeXAy MOJNEKYJIaMH MPHBOIHT K MX
CHMMETPHYHO YNOPSANOYCHHOMY PACTIONOXEHHIO BOKPYT yacTHibl. Takoe CHMMETpHY-
HOC PacnooXCHHE MONEKY/ BOKPYr YacTHLUBI XapaKTepHO AN CaMOCGOPHBIX MOHO-
CNoes. :

TaGanua 4.1. BeiyscacHHBIC SHCPIHH CBA3H HA OMH aTOM M MCXKATOMHBIE PACCTOSHHA
A HCKOTOPBLIX HAHOYACTHL AMOMMHUA B CPABHCHMM CO 3HAYECHMSIMM L1 06BbEMHOTO

obpa3ua : :
Knacrep Sueprus cesam (2B) Paccrosnue (A)
Al, ] 2,77 2,814 -
Al : 3,10 -y
O6vemuuii Al 3,39 2,86

4.2.4. Daexmponnan cmpyxmypa

Korzna atomsl ¢opMupyIOT peweTky, HX IMCKpeTHBIE 9HEPTeTHYECKHE YPOBHH pa-
WENI0TCA B SHEPreTHYCCKHE 30Hbl. TepMHH IIOTHOCTL COCTOAHMIT 03HAYAET KO-
JMYCCTBO IHEPrCTHYECKHX YPOBHEH B 3aNaHHOM MHTepBase 3Hcpmﬁ. B meramne
BCPXHAR SHCPrETH'ICCKAsA 30Ha 3aNONHCHA He 10 KOHUA. B cayuae nonynposoanuka
BCPXHAA 3aHATasA 30HA, HA3bIBACMAs BANICHTHOI, 3aMONHEHA A0 KOHLA M OTACNACTCS
OT caenylouei, n_ycroii 30HB! HeGONbIIMM npoueixyrxou, Ha3BIBAEMbIM IILEJIBIO.
Korza yactuua meranna ymensiaercs pa3Mepax 0 HECKONIBKHX COTEH aTOMOB,
TIOTHOCTb COCTORHMI B 30HE NPOBOAMMOCTH — BepXHeii 30He, colepxatieil 1eK-
TPOHBI — panuKaIbHO MeHsACTCS. HenpepsiBHas mIOTHOCTL COCTOSHMIL B 30HE 3aMe-
HACTCA HAGOPOM AHCKPETHBIX YPOBHEIi, MHTEDBANLI MEXIy KOTOPLIMH MOTYT OKa-
3aTbcs Gonbliie, YeM Temnopas 3ueprus kpT, uTo npuBOAMT K o6pa3oBaHHIO LEIH.
Ha.\{guc}ma JNICKTPOHHOI CTPYKTYpHl npu nepexoae or obnemHoOro Kpucranina
K bonblioMmy knactepy, a 3aTem — K MTICHbKOMY KJIacTepy ¢ pa3mepamy Mehbie 15
aToMOB, NMOKa3aHbl Ha pHc. 4.9. Manenskuii K/IacTep aHanoruyeH MojeKyse ¢ ee
AHCKPETHBIM uaﬁopw SHEPrETHYCCKHX YPOBHEIH, CBA3LIBAIOLINMH  aHTHCBA3bIBA-
ouMu opbutanamu. B konue KOHLIOB, MOXHO YMEHBIUINTD xhacfcp o pasnchB,
TNIPH KOTOPLIX PAacCTOAHHE MEXAY IMPOTHBOMOMOXHLIMH TPaHAMH NpHGIM3NTCS

- Mameunenne yponueit aveprin metamna
TP} HIMCHEHKH pa3Mepa oGpa3iia

Boasuoit

OGuemintit  meranmmeckut _ Manutit
fhann Hit MeTaUIHuecKui
MCTU Kjuacrep Knactep

@ © (®

Puc. 4.9. NMpumep nameHeHNs ypoBHeit anep-
THH METAINA NMPH YMCHBILUCHMH KONIHYCCTBA
aromoB: (a) — BaneHTHas 30Ha OGLCMHOIO
merana; (6) — B GonblwoMm Knactepe M3
100 aromMOB BO3HHMKACT 3anpeuicHHas 30Ha;
(B) — maneHbkuit knactep, cocrosumit u3
TpPeX aTOMOB. -

K. JUIMHC BOJMHBI 2JIeKTpoHa. B Takom
Cjiyyac SHCPreTHYCCKHE YPOBHH MOryT

ObITb MOJAYYEHBl NMYTEM PacCMOTPEHHUSA -
KBAHTOBOW 3aia4H O YAacTHUE B MOTEH- .

LHaNbHOM filiiKe. DTO Ha3bIBaeTCs
KBAaHTOBBIM pasMepHbIM 3(hGEKTOM.
IMosiBneHHe  HOBHLIX  3MEKTPOHHBIX
CBOMCTB MOXHO NOHATH B TCPMHHAaX
npuHLKNa HeonpeaencHHocTH leiisen-

Gepra, yTBepXKIalolUIero, YTo 4eM Jiyutle .
3/ICKTPOH NIOKAJIM30BAH B NMPOCTPAHCT- -
BC, TeM wupe OyAeT AHAMa3oH €ro HM- .
nyabca. Cpeanas aHeprust 6yaer onpe- -

JCNATLCSI HE CTOILKO XHMUYECKOI NpH-
pooii aToMOB, CKOJBbKO pa3McpoOM
yacTHubl, MHTEpECHO OTMETHTh, YTO
KBaHTOBbINi pasMmepHblit 3¢ dexr noas-
JsieTcsl B MOJYMPOBOAHMKAX = MpH
Go’aBIINX pa3Mepax, uYeM B MeETaujax,
H3-3a Gonbuicii JTHHBI BOJHBI 3JICKTPO-
HOB M JbIpOK B MNOJYNPOBOAHHKAX.
B nonynpososHHKax ANMHA BOJHBI MO-
KCT JOCTHraTh MHKpPOHA, B TO BpCMA
KaK B METaJI/1aX OHa COCTaBiseT Nopsaa-
Ka 0.5 um. | Ferrt g
- Liser MaTepnana o

- 4.2, Memaanuueckue nanoxaacmeps BD
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Puc. 4.10. BoruncneHus 2HEpruM Bo30yxacH-
HBIX cocTosHMit HaHovacTHI By, By u B, no
Merony hyHKUHOHANOB IOTHOCTH. MHayusu-
PYEMbIC CBETOM NEPEXOABI MEXAY HMKHHM M
BBILUCACKAWMMH  YPOBHAMH ONPEACHAAIOT

UBET HAHOYACTHLIbL.
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- Puc. 4.11. YO $oT0o3/1eKTPOHHBLT CNEKTp Ba-

neHTHONM 30MBl HanouacTHi Meau u3 20 W
40 aToMOB.

nbcﬁenucma IHHOIL CBETOBBIX BOJH, KOTOpbIC OH Morsouia-

er. IMornouecHue NPOHCXOANT BCACACTBHC BO3GYXICHHUSI INCKTPOHOB (hoToHAMH
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najgaolero ¢BeTa ¢ HHXHHX, 3aMnOMHCH-

0 :: - s . ‘ HBIX IHEPreTHYECKHX YPOBHEH MaTepua-
T atE 71a Ha He3anolHeHHble BepxHue. Knacre-
g 29 - PBI Pa3HBIX Pa3MEPOB HMEIOT Pa3HYIO dNe-
g 27 — KTPOHHYIO CTPYKTYPY H, COOTBETCTBEHHO,
g :: : pasHle PACCTORHIS MEXIY YPOBHAMH.
g 2:1 _ Ha puc. 4.10 noxa3aHo CpaBHEHME BhI-
e | YHCNCHHBIX JHEPreTHYECKHX YPOBHeif
& 17E HEKOTOPBIX BO30YXAEHHBIX COCTOSIHMIL

N SIS TR P R e mamponﬁopaBﬁf Bg u B),, rae Buana

- 10 15 20 25 30

Y1e0 aTOMOB B KIACTEPE pa3HHL2 B PAaCCTOAHHAX MEXAY YPOBHSI-

MH. MHAyLUMPOBaHHBIE CBETOM NEPEXOAbI
Puc. 4.12. 3aBHCHMOCTb H3MEPEHHBIX 3HAuE- MEXIy 3THMH YDOBHSMM ONpeICisioT
HMii 3CKTPOHHOTO CPOICTBA MEIH OT pasme-
s aosannid _ LBET MaTepHana. D10 03HayaeT, YTo Kjac-
. - Tepbl Pa3HBIX Pa3MEPOB MOTYT OTJIHYATh-
Cs 110 LIBETY, M pa3Mep KJIAcTepa MOXHO HCTIONB30BATh NPH MPOEKTHPOBAHUM LIBETA Ma-
TepHanos. 31ot Bonpoc Gyaer nanee o6CyXaaTbCs MPH PaCCMOTPEHHH KIACTEPOB N0-
AYNPOBOAHMKOB, ' i
OnHMM M3 METOOB H3Y4YEHHS NEKTPOHHOI CTPYKTYpH! HaHOYACTHLL aBasieTcs YO
3NIEKTPOHHAsA CNIEKTPOCKONHMs, noapobHo onncanHas B Diase 3. IManaomme YO ¢o-
TOHBI BLIGHBAIOT 3/IEKTPOHEI C BHELIHHUX BANICHTHLIX YPOBHEI! aTOMa, a asiee HaMeps-
€TCA KONHYCCTBO M IHEPrHsi TAKHX 3JIEKTPOHOB. PesynbrataMu 3THX H3MepeHMIT gB-
NAETCS 3aBHCHMOCTDb KOJIHYECTBA BHIGMTHIX 3/IEKTPOHOB C JaHHOI 3Heprueit ot 3Ha-
YeHHMs 3HepruM. Tak Kak KnacTepsl HMEIOT AMCKPETHBI CNMEKTp YpOBHEIf,
3aBHCHMOCTb GyACT HMETb BHA MHKOB, PA3ENCHHBIX MYCTHIMH Y4aCTKaMH, COOTBET-
CTBYIOLIHMH MPOMEXYTKAM MEXIY 3IHEPreTHYECKMMM YPOBHAMM Kiacrepos. Ha
puc. 4.11 npeacrasaeH YO GoTo31eKTPOHHBIH CNEKTP BHELIHNX YPOBHE# MEIHBIX
Kknactepos 13 20 1 40 atomoB. SIcHO BHAHO, YTO 3NEKTPOHHas CTPYKTYpa BepXHeii 30-
HBI 3aBHCHT OT pa3Mepa KiacTepa. DHEPris CaMoro HU3KOro MHKa ABJISETCS Mepoit
SNIEKTPOHHOTO CPOACTBA KiacTepa. CpoACTBO K NEKTPOHY omnpeaensiercs Kak yMeHb-
HIEHHC ANEKTPOHHOM SHEPIHH KNacTepa npy K06aBNeHHH K HEMY OHOTO 3/ICKTPOHA.
Ha puc. 4.12 nokasan rpadux 3asucumocTs S/IEKTPOHHOIO CPOACTBA KJIACTEPOB Me-

AH OT €ro pa3Mepa, TakK Xe ACMOHCTPHPYIOLIHit KK NpH onpeneieHHBIX pazMepax
KJIacTepoB. ‘ :

4.2.5. Peaxyuonnan cnocobuocms

U3-3a roro, yTo 3nekTponHasn CTPYKTYpa HaHOYACTHLIbI 3aBHCHT OT ee pa3mMepoB, CIio-
COBGHOCTb pearupoBarh ¢ Apyrumu BEICCTBAMH TaKXe 10MKHA 3aBHCETh OT ee pasMe-
poB. JT10T haKT uMmeeT 6oMibluoe SHa4YCHHE 1S NPOEKTHPOBAHMUSA KaTaJu3aTopoB.
CyutecTBYiOT MHOrOYHCIEHHEIE 9KCNCPHMCHTANbHBIE CBHACTENLCTBA BIMSHMS
Pa3MepoB Ha PeaKUHOHHYIO COCOGHOCTS HaHoyacTHU. XuMHyecKoe B3auMoaeicTBHE
; MEJIKHX YaCTHYEK C Pa3HYHBIMM ra3aMK MOXHO H3y4aTh Ha YCTaHOBKe, NMOKa3aHHOI

4.2. Memanauuecxue nanoxaacmepu

—
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~ Puc. 4.13. Macc crieKTpB! HAHOYACTHL AMOMKHHS 10 (C/1eBa) 1 nocne (Cnpasa) Bo3Aeii-
4 CTBHsA ra3o00pa3Horo KHCAOpoaa. £ { % Al e

Q-
]

Ha puc. 4.2, ecnu BBOAWTBH ra3bl, TaKue 5 L B B B B
KaK KHCJIOpOJ, B o6/1acTs IOTOKA KjacTe- =,

poB. JlazepHblit JIyy, HalleIeHHbIH Ha Me- §10 & o
TAIHYECKHI ANCK, CO3aeT METALIHYEC- gm,_ 3 °e®’ .
KM€ YaCTHIbI, YHOCHMBIC 3aT€M NOTOKOM .§ e i

reinst K Macc-cnextpomerpy. Huxe no . 82| a? e i
NOTOKY YaCTHLl Tepe BXOAOM B: Macc- g : ”
CNEKTPOMETP BBOIATCS Pa3NIMYHBIE ra3bl, = 1o9'L R
Kak nokasaHo Ha cxeMme. Ha puc. 4.13 no- § :

Ka3aHbl JaHHbIE, TOMYYEHHBIC TMPH . H3Y- ;_3. 90. A é i ,110, = 1115, o .210.4 o

YCHUMU B3aUMOACHCTBHSA -HAHOYACTHU

ATIOMHHHA C KHUCIopoaoM. BepxHuii pu- R 7 _
CYHOK — 3TO Macc crr:: qac‘rfm 1o Bzo- Puc. 4.14. CxopocTs peakuui razoo6pastoro
y S, 'BOZIOPO/Ia ¢ HAHOYACTHUAMM Xeje3a B 3aBH-

Aa kucnopoa. Hukuuit CHeKTp OTHO- .\ ocry ot pasmepos vacTiu.
CHTCSL K YacTHLaM, MONYYUBLIMMCS T0-

Yucno aToMOB B KAacTepe

‘C/Ic BBEACHHMS KHCJIOpOZa B KaMmcpy. M3 3THX HaHHBIX BHAHO, YTO JABa MHKa

CYLLECTBEHHO BBIPOCHH, B TO BpeMsl KaK Hexoropbie nukH (12, 14, 19 u 20) ncueam.
TTiku Al;; 1 Aly; CylECTBCHHO YCHIMIHCD, @ THKH C Alys 110 Al ocnaGan. ?

Takue pe3y/nsraTsl ABISIOTCH SBHBIM CBHAETCABCTBOM 3aBHCHMOCTH PEaKLHOHHOH
COcOBHOCTH AMOMMHHEBBIX KJIACTEPOB OT KOMHYECTBA ATOMOB B HHX. AHANIOTHYHasl 3a-
BHCHMOCTb OT pa3Mepa HaG/ioaeTcst M Uil PEaKUMOHHOI CoCOGHOCTH IPYTHX MeTal-
noB. Ha puc. 4.14 npuseaeH rpagux 3aBHCHMOCTH CKOPOCTH PEaKUHH JKeIe3a ¢ BOAOpO-
JIOM OT Pa3sMepPOB HaHOMACTHLL XeJe3a, OTKYAa BHAHO, YTO HaCTHLIbI, COCTORIIHE M3 10
aToMoB U Gosiee ueM 18 aToMOB, pearupyloT ¢ BOLOPOIOM Jierye, 4YeM OCTAIbHBIC. Ipynna
B HaumonansHoM VcciieoBatessekoM Hucruryre B Ocake (SInouus) oGHapyxmna no-
SIB/ICHHE BHICOKOIT KATATHTHYECKO# aKTHBHOCTH Y HRHOYACTHIL 30J10Ta C pa3MEPOM MCHEE
3-5 HM, uMmelolux, B oraiyme ot FIK-pemerku 06BEMHOI0 MaTepHana, HKocasipHyec-
KYIO CTPYKTYpY. DTa pabora npise/a K CO3JaHHIO OCBEXHTeJIeH BO3IyXa Ha OCHOBE 30J10-

ThIX HaHOYacTHU Ha Fe,0; nomoxxke.

G
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4.2.6. Dayxmyauuu

Y oyeHb MAICHBKHX HAHOYACTHLL BCE
TH, KaK BHIHO H3 CXCM Ha PHC. 46n4.

yeHB! coceisiMi cnabee, yeM KoneGanus BHYTpe ;
KJIOHATBCS OT CBOMX PaBHOBECHBIX 0/I0XeHHil. DTO NMPHBOAMT K H3IMEHCHHAM B

cTpykType YacTHub!l. C NOMOLLbIO SNCKTPOHHOTO MHMKpPOCKONa HabnioauCh H3IMEHE-
HUSI TCOMETPHH KJIACTEPOB 30J10T4 CO BPEMCHEM. Knactepsl 30710Ta paniycoM 10-100 A
COINABATHCH B BAKYYME H OCAXIATHCH Ha KDEMHHEBYIO MOIOXKY, KOTopas 3aTeM T10-
KpbiBanach nnenxoit SiO,. IocnenoBarenbHOCTH n3o6paxcHMit HAHOYACTHLIBI 30710Ta,
MOJyueHHBIX Ha 37EKTPOHHOM MHKDOCKOIE, IOKA3aHA Ha PHC. 4.15, Ha KOTOPOM BHA-
Ha cepus TpaHcopMalMii CTPYKTYPBI, BhI3BAHHBIX dnyxryaunamu. IIpH NOBBILICHHH
TemmepaTyphl 3Ti (bAYKTyaly MOTYT NPHBECTH K HCUE3HOBCHHIO MOPSANKA H dbopmu-
POBaHMIO arperaTa aTOMOB, MIOXOXErO Ha KaIUo XHAKOCTH. :

JUTH [OYTH BCE aTOMBbI HAXOASATCSA Ha MOBEPXHOC-
8. Kone6aHus NOBEPXHOCTHBIX aTOMOB OFPaHH-
HHHX, TAK YTO OHH MOTYT CIUIbHEE OT-

4.2.7. Maznumnsie xaacmepoi

DNeKTPOH B aTOME MOXHO PACCMATPHBATb KAK TOUCYHBIi 3apsl, BPALUAIOLIMIICA BOKPYT
SUPa, XOTs, CTPOTO TOBOPS, 3TO YTBEPXICHHE HE BEPHO H MOXKET NPHBECTH K OLIHGOUHBIM

4.2. Memasauyecxue nanoxaacmepu QD

OMTaNbHBII MArHUTHBI MOMCHTBI. ITOMHBI MarHHTHBI MOMEHT aTOMa noayyaercs BeK-
TOPHBIM CYMMHPOBAHHEM MOMEHTOB BCEX €0 3/IEKTPOHOB M s1pa. B nepsom npubimxe-
HHH 5/ICPHBIM MArHHTHBIM MOMEHTOM MOXXHO NpeHeGpeyb BBUAY ero ManoctH. Ha sHep-
FETHYECKUX YPOBHAX, 3aHSTHIX YETHBIM KOJIIMYECTBOM 3/ICKTPOHOB, MATHHTHbIC MOMEHTHI
TNOC/ICAHHX NONAPHO NMPOTHBONONOXHBI, TAaK YTO MOJHbII MOMEHT aToMa paBeH HYJIO.
Taxum 06pa3oM, GONBIIMHCTBO aTOMOB B TBEPABIX Te/IaX HE HMEIOT MATHUTHOTO MOMEH-
Ta, OHAKO CYLIECTBYIOT HOHbI IEPEXOAHBIX 3/IEMEHTOB, TAKMX KaK XeJe30, MapraHeL 1
KOBAJILT, Y KOTOPBIX BHYTpEHHHE d OPOMTAIH 3aMONHCHBI JIHIIb YaCTHYHO, a, ClleoBa-
TEJIHO, 3TH HOHBI 06/1AA10T HEHY/IEBLIM MArHHTHBIM MoMmeHToM. Kpucramist 13 Takux
aToMOB MOTYT 6bITh (DePPOMArHHTHBIMH, CC/IM MATHUTHBIC MOMEHTBHI BCEX aTOMOB Ha-
nipaB/ieHB! OHaKoBO. B aToM naparpade 6yayT 06¢yKaaThesi MarHMTHBIE CBOJICTBA Ha-

HOKJIACTEPOB H3 aTOMOB MCTA/LIOB, MMEIOLIX MATHHTHbII MOMEHT. B KnacTepe MarHur- -

HBlif MOMEHT KAXIOTO aTOMa B3aUMOJICHCTBYET C MOMEHTAMH JAPYFHX ATOMOB, YTO MOXET
BbICTPOMTB BCE MOMEHTBI B OIHOM HATIPAB/ICHHH 10 OTHOWIEHHIO K KAKOH-THG0 OCH CHM-
MeTpuM Kinacrepa. Takoit xnacrep obnazaeT cyMMapHbIM HEHYNEBbLIM MarHMTHBIM MO-
MCHTOM; TOBOPST, YTO OH HaMarHH4yeH. MarHMTHbI MOMEHT TaKHX K/IACTEPOB MOXHO
H3MepuTh B onbite [llTepHa-Iepnaxa, npo- :

WUTIOCTPHpOBaHHOM Ha puc. 4.16. Knac- 3

TEpPHbIE YaCTHLIB! HanpamuIioT B 061acTh Hmy i ¢nyopec-

NPeACcKa3aHHAM HEKOTOPHIX CBOCTB. DIEKTPOH NPH TAKOM ABHXCHHH 0ONajaer yrio- LEHTHBI

e o T AT e e

BBIM, JUTH BPAILIATENLHEIM, MOMEHTOM H CO3IACT MATHHTHOE MoJie (33 HCKIIOYEHHEM 5-CO-
crosuuii). KapriHa MarduTHOIO 1noJisi IPH TaKOM ABIDKCHHH CXO[HA C NOJICM CTEpXHE-
Boro MarHuTa. [oBopsT, UTO 2/1eKTPOH obnanaer OpOMTANBHBIM MArHMTHBIM MOMEHTOM.
Cy1iecTByeT M ApYTOit BKIaA B MATHHTHBII MOMCHT, BO3HHKAIOWIHi BCACACTBHE TOrO, YTO
JNEKTPOH MMeeT CMHH. B KnaccuueckoM pacCMOTPEHMH 3MEKTPOH MOXHO IPEACTaBUTh
cebe KaK cepiueckuit 3aps, Bpaw@IoWMiics BOKpyr Hekoeii ocH. Takum obpa3som, ans
MOMY4CHHSA TOJTHOrO MarHHTHOTO MOMEHTA /IEKTPOHA CJICYET CIOKHMTh CIIMHOBLIH H Op-

Puc. 4.15. INocacnobarensiocts CHHMKOB HAHOYACTHLUBI 30J10Ta, COCTOsIIIEIT 13 MPH-
McpHO 460 atoMOB, caenaHHbIX Ha AMEKTPOHHOM MHKPOCKOME B PAadIHUHbIC
MOMCHTE! BpeMeHM. Bits ykTyaunonusie wamMeneHms crpykrypsl.

HEOIHOPOJHONO MarHUTHOTO MOJS, pasac-
JIAIOLLIETO YACTHIIbl B COOTBETCTBHH C NPO-
exiMei MX MarHWTHoro MomeHra. Mc-
NOJIB3Yst H3BECTHBIE BETHYHHBI HATIPSKEH -
HOCTH ¥ TPAAMCHTa MOAs 10 pe3y/kraTaM
TAKOTO pasfie/ICHUs] MOXHO ONpeAeTHTb
MarHuTHBIH MOMEHT uacTill. OaHako, u3-
MCPEHHBIIii MArHWTHBIII MOMEHT MarHHMT-
HBIX YaCTHL, OOBLIMHO OKA3bIBACTCA MCHBILIE,
YeM OXKMAACTCS TPH NOMHOCTBIO COHANpaB-
JICHHOM TIOJIOKEHHH 3MEMEHTapHBIX MO-
MEHTOB B KJ1acTepe. ATOMBI B KJiacTepe Ko-
ne6moTCs, NpHYeM SHeprus KoseGaHmit
YBEJIMYMBACTCA C POCTOM TEMIEPaTyphl.
D11 KoneGaHHs BHI3BIBAIOT HEKOTOPOE pa-
3yTIOPSIIOYHBAHHE MArHMTHBIX MOMCHTOB
OTJENBHBIX aTOMOB KNacrepa, TaK uTo ero
NONHBII MArHUTHBI MOMCHT CTaHOBHTCS
MeHbllle, YeM OH Gbul OBl B Cayyac CTporo
Napa/UIEJILHOTO MOJNOXKCEHHS BCCX aTOMOB.
MarsuTHBII MOMEHT OTAIBHOIO KilacTepa
B3aHMOZCIICTBYET C MPHIOKEHHBIM NIOCTO-
SHHBIM TIONIEM TakMM 00pasoM, 4TO €T0
PacroyioXeHHe MO TMONI0 CTaHOBHTCH

- DKpaH

MCTOYHHK KJIACTEpPOB /

HEOHOPOHOE
MArHMTHOE mone

Puc. 4.16. Unmocrpauus M3MEpeHMA Mar-
HHTHOrO MOMEHTa HAHOMACTHLLI B OMBITE
Iltepua-Tepnaxa. ITyuyox METUMIHYECKHX
K/IaCTEpOB H3 HCTOUHHKA HANPABRNACTCSA MCXK-
Jly NOTIOCAMH MOCTOSHHBIX MarHHTOB, opma
KOTOpHIX BhIGpaHa TaK, uTobsl NoAyYHTE N0~
CTOSIHHBII TPAIMEHT MArHHTHOTO NOAs, B KO-
TOPOM HA MATHMTHBIH AMINONBHBI MOMEHT
YaCTHLbI ACHCTBYET CHIA, OTKIOHSIONIAS My-
yoK. ITo 3TOMY OTKIOHEHHIO, M3MEPACMOMY
Ha OTOMNACTHHKE WK (MIIOOPCCLCHTHOM
3KpaHe, MOXKHO ONPEACTNTh MATHHTHBI MO-
MEHT YacTHIL L) :




 —————————
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g 12T  Gonee BEPOATHBIM, 4YEM TNPOTHB NONL.

Z : 1. TMombtii MATHMTHBI MOMCHT MOHIDKACT-

g § 'F 1 - cflpH NOBLILLICHHH TEMIEPATYPBI, TOUHEE

E2 o8 ». 1  on obparso npornopuKOHATEH TeMnepary-

2 E-os:- " 4 pe. Dror 3deKkT Ha3bIBAIOT Cymepnapa-

= E 3 ]  maruerusmom. Korma sHeprus B3auMo-
E E oy 8 ""_ 1  neifcTBHS MarHHTHOrO MOMEHTA KJacTepa
Be a2k 0% " o, 7 CnpHIOKEHHBIM MATHHTHBIM TIO/IEM 607b-

2 001'02'03'0‘;5'0&,;0;09‘0 ule 3HepruM KoneGaHuil, yCpeHeHHs H3-
. 3a OCLWUIALIHIE HE TPOMCXOJUT, 3aTO Npo-

Yucnio aTOMOB B KAacTepe
: 'MCXOAMT YCPENHCHHE H3-3a BpALICHUA

Puc. 4.17. 3aBHCHMOCTb MATHHTHOTO MOMCH~ KnacTepa Kak uenoro. Taxast CHTauust Ha-

Ta ATOMOB B HAHOYACTHLAX PEHHSA OT KOMHYE-
' eTC MarHeTH3MOM BMOPOXEHHBIX
CTB aTOMOB B HIIX. 3BIBACTCA M PO
MOMEHTOB.

O.uuo H3 Hauﬁonee HHTepeCHBIX HabMoAaBIIHXCA CBOHCTB HAHOYACTHL — 3TO Ha-
JIMYHE TIOTHOTO MarHWTHOTO MOMEHTa y KJlacTepa, COCTOSIILEro 3 HEMarHHTHBIX aTo-
moB. Hanpumep, KnacTeps! peHNst AEMOHCTPHPYIOT OTYCT/IHBOC YBENHYEHHE MarHHT-
HOTO MOMEHTa, eci B HMX MeHbiue 20 aromoB. Ha puc. 4.17 nokasaHa 3aBHCHMOCTb
MarHHTHOTO MOMEHTA OT pa3Mepa PeHHeBOro kinacrepa. MarHMTHbIH MOMEHT BEJHK
npH n MeHblue 15. :

4.2.8. Ilepexod om .mtpr— K HaHo-.

ITpn xakoM KONHYECTBE aTOMOB KJacTep HAYHHAET BeCTH cebs Kak 06beMHOE BellecT-
Bo? Jinst xnacrepa mexee 100 aTOMOB HEPris HOHH3ALMHK, T.€. SHEPrHsl, HeoOXoAUMast
I yoaleHHs H3 xnacTcpa OIHOI'0 3NIEKTPOHA, OTAHYaeTcs oT paboTsl Beixoza. PaGo-

TOif BBIXOJA HA3bIBACTCA IHEPrus, Heol-

13)0 ,Il!ll'll'llli-ll-I-‘l_-I"lLlllHJ- Xon"Maﬁ m ynanenuﬂ anex'rpoua “3
1250 // obvemuoro Bemecrsa. TemnepaTypa
1200 /

TUIABNICHMSI KJIACTEPOB 30JI0Ta CTAHOBMT-
Csl TaKoii ke, Kak H y 06beMHOro 30510Ta,
NpH pa3Mepax knacrepa Gonee 1000 aTo-
MoB. Ha puc. 4.18 noka3sana 3aBHCHMOCTD
TEMICPATYpPLl TUIABJIEHHSI HaHOYacTHLL
30/10Ta B 3aBUCHMOCTH OT MX AMaMETpa.

1150
1100

g

M LA A LRA AN EE Rl LALAS RARRS RALRERRALS LRLS
-~
-
Seo

Temneparypa, K

g
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900F Cpentee paccrosiHie Mexay aToMaMy B
8s0f Knacrepe Meau npubamxaercs K 3Haue-
mo: b tassslesgsdzarslaseats I,le HHIO B mMROM MaTCpHaJlC "p}( paSMc-

oA 1210»«3;:;, ioo 20 300 pax knacrepa okono 100 aromoB. Boo61ue
e : ; OKas3bIBACTCA, YTO pasHble (U3MUECKHE
Puc. 4.18. Temneparypa nnascuus wanoya-  CBOHCTBA KJIAacTepoB NOCTHraioT 3Haue-

CTHL 30JI0TA OT AHAMETpa uauowacruuu HHIi, XapaKTepHbIX 1Nsi 06BEMHBIX MaTe--

(10A =1nwm) PHaJIOB, NPH pa3HBIX pa3Mepax KJIacTepa.

--4.3. IToaynpoeodnuxoswe nanoxacmuys 9\33

Pa3Mepel kiacTepa, npi KOTOPLIX NPOMCXOAUT TEpexos K NOBEACHHIO Oﬁ‘bCMHOI‘O Ma-
'repua.na OKa3bIBaeTCH wancnmuu or uamepxemoﬁ XapaKTepHCTHKH.

Y &
o i % ]
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4'37 nonynpogonnuxosue HaHOYACTULbI
' 4 3 1. Omnuuecxue ccoucmca = '. O
Hauoqacmuu BELUECTB, SBAAIOMIMXCA B OGBIMHBIX ycnommx TNONYNPOBOIHHKAMH,
H3YYaIHCh OCOOEHHO MHTEHCHBHO. MHOXECTBO HCCNCNOBAHMI KacaeTcss MX aneK-
TPOHHBIX CBOCTB, YTO OOBACHAETCA HCTIONB3OBAHMEM TAKKX YAaCTHLL B KayecTse KBaH-
TOBBbIX ToueK. Hassanue 9TOTrO pa3jie/ia — MONYNPOBOAHHKOBbIE HAHOYACTHLL — HE-
CKONBKO 06MaHuMBo. HaHouacTHLb TepMaHHA WIH KPEMHHS CaMH N0 cebe He apns-
IoTCs nonynposoaHHkamMu. Hanouactiua Si, Moxer 06pa3oBhiBaThCA NpH Na3epPHOM
HCMapeHHH KPEMHKEBO# MOMIOXKKH B IOTOKE TejHs. Hpu d)o-ronme nyuKa HefiTpab-
HBIX KJIaCTEPOB YIETPabHONETOBBIM JIA36POM K/IaCTepb HOHH3HPYIOTCS, M HX OTHOILE-
HHE MacCChl K 3apsy MOXET ObITb H3IMCPEHO MacC-CIIEKTPOMETPOM. 3aMeyaTebHbIM
CBOICTBOM HAHOYACTHII NIOAYNPOBOASAIINX MATEPHAIOB SIBISAETCS PE3KO BHIPAKEHHOE
OT/IHYHE HX ONTHYECKHX CBOICTB OT CBOICTB 006beMHOro Marepuana. OnTHyecKue
CIMEKTPHI ITOIOLIECHHA : CYILECTBEHHO CIOBHMIAlOTCS B ronybyio CTOPOHY (B CTODOHY
YMEHBIUEHHS UTHH BOJH) NPH YMEHBLICHHH Pa3MepoB YacTHII
CBs3aHHAs 3/IEKTPOH-ALIPOYHAS T1apa, HA3BIBACMast SKCHTOHOM, B OGBEMHOM 110~
JIYIPOBOOHHKE MOXeT 00pa3oBaThes nox AeiicrBHeM GoToHA ¢ 3Heprieii Goblle K-

PHHBI IICJIH JJIS1 AAHHOTO BCLICCTBA. Mens — 310 WHTEPBAT HEPrHit MEXIY BEPXHHM

3aMOJIHEHHBIM SHEPTreTHYECKMM YPOBHEM BAJICHTHOM 30HBI M GMiXaiiliMM Hal HHUM
HE3anoJHEHHBIM YPOBHEM 30HbI TPOBOAHUMOCTH. POTOH BO30YXIACT /ICKTPOH M3 3a-
MOJTHEHHOI1 30HBI B BHILIC/ICKALIYIO HE3alONHEHHYI0. B pesynsraTe obpasyercs Abipka
B paHee 3aMo/THEHHOM BaICHTHOI 30He, YTO COOTBETCTBYET EKTPOHY C MOJOXHTENb-
HBIM 3(dexTHBHBIM 3apaaoM. M3-3a KyNOHOBCKOrO MpPHTKCHHA MEXIY MONOXKH-
TEABLHOM! ALIPKOI M OTPHUATEILHBIM 3EKTPOHOM 06pa3yeTcs CBA3aHHas napa, Hasbl-
BacMast 3KCHTOHOM, KOTOpasi MOXET NMEPEMELLATRCS 10 KPHCTALTY. DNECKTPOH H AbIpKa
HAXOIATCA Ha PacCTOAHHM MHOTHX MapaMeTpoB peineTku. IIpucyrcTsie 3KCHTOHOB
OKa3biBAET CHILHOE BIMSHUE Ha 3NEKTPOHHBIE CBOMCTBA MOJIYNPOBOAHHKOB H HX OI1-
THYECKOE TOMIOMEHHE. DKCHTOH MOXHO PaccMarpHBaTh KaK BOJOPOAONOAOGHBII
aTOM, CTPYKTYpa ypOBHE#i 3HEPIHH KOTOPOTO aHANOTHYHA aTOMY BOJOPO/a, HO C MEHb-
UMM MaciuTaGoM 1o PHeprusM, Kak o6bscHeHo B naparpade 2.3.3. BuispaHHbBIC CBe-
TOM Tepexoibl MEXAY 3THMH BOAOPOAONOAOGHBIMH YPOBHSAMH NPHBOAST K CCPHAM
JMHHIL B CNEKTPE NOITIOLICHHS, KOTOPbIE MOXHO HYMEPOBAT 110 IIaBHBIM KBAHTOBBIM
yMcnaM ypoBHeit aroma Bogoposia. Ha pic. 4.19 noKa3aH ONTHYECKHIl CIIEKTP MOTJIO-
wenns okcyupa Meau (Cu,0), Ha KOTOPOM BHACH CMEKTP MOMMOWEHHA IKCHTOHOB.

Oco6eHHO HHTEpECHBIM OKa3biBaeTCA TO, YTO MPOHCXOMMT MPH YMEHBIICHHH Mac-
1Ta60B HAHOUACTHLL 10 PA3MEPOB, MEHBLINX HIH CPaBHHMBIX C PAIHYCOM NICKTPOH-
AbIPO4HOIT napel. BO3MOXHbI BE CHTYaLIHH, 'Ha3bIBacMble peXHMaMH c1aboit M CHIb-
HO# ToKanu3aumu. B pexxume cnaboit IOKAMH3aLHH panHyC HaCTHLb 6onblue paauyca
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3.5 r——r—r——T ] 3KCHTOHA, HO 061aCTh NCPEMELLECHHS 3K-
.1  curoHa orpaHM4eHa, YTO NMPHBOAMT K
CMELEHHIO CMIEKTPa MOIJIOLIEH s B rojy-
. Gyilo cropoHy. Koraa pamuyc YacTHUbL
MeHbIlE PAXHYCA OPOUTHI SNEKTPOH-Ibi-
poYHOit napbl, ABHXEHHC 3JIECKTPOHA U
JIBIPKH CTAHOBATCS HE3ABMCHMBIMH H K-
CHTOH MeEpecTaeT CyLIeCTBOBATh. Dnek-
TPOH M ABIPKa HMEIOT COOCTBEHHbIE Ha-
. Gopsl SHEPTETHYECKHUX YPOBHEii. 31O Tak-
Xe NPHBOIMT K rofyboMy CMEILIEHHIO H K
. BO3HHWKHOBEHHIO HOBOro Habopa nHHHIT
- normomexnua. Ha puc. 4.20 nokasau
crexTp nortowieHus HaHovactui CdSe
ABYX pa3HbIX pa3MepoB, M3MEPEHHBIil
npu Temneparype 10 K. BuaHo, uto Hau-
MEHbllas 3HePrus NOMOLICHHS , Ha3biBa-
eMasi rpaHULEelf MOINOILEeHUs, CABUracTCs
. B CTOPOHY OGNBILHX SHEPrHii MPH YMEHb-
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Puc. 4. 19 CneKTp ONTHYCCKOTO NOTIOLIECHHS
BOZIOPOAONOAOGHBIX MEPEXONOB IKCHTOHA B
CuZO
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& /f".' 'LICHHH pa3MepoB HAHOYACTHLBI. Tak Kak
3] s allls rpaHMlia NOMOWICHHA BO3HHMKAaeT M3-3a
"3 ’:’ ’," . HQIMYMA WIEAH, 3TO 03HAYaeT, YTOo LIeIb
$ YBEJIHYHBACTCA C YMCHBUICHHEM YacTH-

ubl. OTMETHM TaKKe yBeJIHUEHHE HHTEH-
CHBHOCTH TMOIJIOIEHUA NpPH YMCHbIlE-
HHH pa3MepoB HaHouyacTHubl. ITMKH Ha
- G6MBLINX 3HEPrHsX CBA3AHBI C IKCUTOHA-
MH, H OHH C/IBHTalOTCA B roybyio cTopo-
HY NPH YMEHBILEHHH Pa3MEPOB YaCTHLIBL.
O1i addexTs 0GBACHAIOTCH BHILLICONH-
CaHHOIl nokanusauueii sxcuroHos. [lo
CYLICCTBY, NPH YMEHBLICHWH pa3McpoB
HacTHLBI 3MEKTPOH M AbIpKA NMpubIIKa-
I0TCA Apyr K npyry, HTO BCACT K M3MCHCHHIO PAacCTOAHMIL MEXAY SHEPreTHYECKMMH
ypoBHsMH. Bonee noapo6Ho 3tor npeamer 6yner o6cyma'rbcﬂ B [ase 9.

~
4
‘\ w?

~
c e

£
..ol........
S‘~ £
d -~
1
L)
N

~

’

\
~,

Seeeens

[}
]
1
[}
. ; CdSe
5 2 _22 24 28 28 3 33 22 36
Aueprus Goronos, 3B

Onmiieckas MIOTHOCTL, OTH. €.

Puc. 4.20. CnexTp onTiueckoro norowmenus
Hanoyactuy CdSe pasmepon 20 A 1 40 A.

4.3.2. ¢omo¢paz.ueumauu =

Npm OGHWCH"" JIy4OM 1123¢pa C MORYIHDYEMOii TOGPOTHOCTbIO Ha MTTPHI-aMIOMH-
HHCBOM rpaHare, JOMHPOBaHHOM HeonnMmoM, HaGmopanace ¢dparmenTauusa HaHOYa-
CTHLl KpeMHUs M repManua. Ipoaykret 3asueat ot pasmepa Kiacrepa, HHTEHCHBHO-
CTH CBCTOBOTO Ny'Ka H INMMHGL BonueL. Ha puc. 4.21 nokasana 3aBHCHMOCTb CeueHHS
¢dorodparmenTaun (Mepsl BEPOATHOCTH Pa3Bajia Knacrepa) noa neifctaueM mnyqe-

4.3. IToaynpogodnuxosse nHanovacmuyw

G,

HHA 532 HM Jasepa oT pasmepa cpar-
MEHTOB KpeMHHsA. M3 3toro pucynxa
BHAHO, YTO AHCCOLHALHS YACTHLL OOHHX -
pa3MepoB Gonee BEpOsITHA, YeM NPYTHX.
IIpuBeneM HekoTopbie M3 Habnonas- -
IMXCcs peaxuuﬁ BeJieHHs

Sipp + v > Sig+ Sig  (4.4)
Slzo g hv i Sllo vk SI|0 (4.5)
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rae /v — (hOoTOH CBETOBOI 3HEPrHH. AHa-
JIOTHYHBIC PE3YNBTATHI GbUIH NONYYCHB H
Ans HaHovacTHu repmanus. Ilpu pasme-
pax yacTuy Gonee 30 aTomMoB Habmona- -
nach (parMeHTauus, NPOHCXONIILIAS
B3pLIBHBIM 06pa3oM. '
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Konuuecrso atomos Si

" Puc. 4.21. Ceuenue (bm'omlccouuauuu HAHO-
YaCTHIL KPEMHHS B 3aBHCHMOCTH OT KOJTHYECT-
Ba ATOMOB B 4aCTHLE,

4 3.3. Kyaonoeckuii capue

MHOroKpaTHas HOHH3aLHUsI K/IACTepa BhI3BIBAET €T0 HCC‘l‘aﬁwleOC’l‘b YTO MPHBOIMT K
0yYeHb GbICTPOIl BHICOKOIHEPTHYHOI AMCCOLMALIMM, WK B3phiBY. CKOpOCTh paanera
¢&parMeHTOB B 3TOM MpoLecce 0YeHb Bbicoka. Takoe sIBNCHIE HA3bIBACTCA KYJIOHOB-
CKHMM B3pBIBOM. MHOroKparHas Honuaaulm KJIACTEPA BBI3bIBAET 6uc1poc nepepac-
npeneneuue 3apsnoB Ha ero aToMax, Jealoliee Kaxublii aToM Gonee MOJIOXHTEABHO
Mpﬂ)KeHHblM. Ecnun suHeprus ancmpocmchcxoro OTTA/IKHBAHMS MCXIY aTOMaMH
CTaHOBMTCS GOJbLIIE FHEPTHH CBA3M, ATOMbI BBICTPO pasne‘ramcn ApYr OT Japyra ¢
GONBUIMMH cxopocmml. MuHHMAIBHOE KONHYCCTBO aTOMOB N, HeoGXonMMoe ISt
CTaGHJIbHOCTH Knactepa ¢ 3apsuioM Q, 3aBHCHT OT THIA ATOMOB M IIPHPOJIBI CBA3M MEX-
1y aTOMaMH Kiactepa. B Tabnnue 4.2 npuBeACHB! HAHMEHBIIHE Pa3Mephl JABKABL HO-
HHU3MPOBAHHbBIX x.nac'rcpos pa3HBIX THIIOB aTOMOB M MOJNEKy)1. M3 Hee Takxke BHIHO,
yTo 60’JIbILIME KIIACTEPBI JIETYe cTaGIIH3NPYIOTCS NIPH BHICOKHX CTYTICHSX nomnamm.
Knacrepu MHEpPTHBIX ra3’oB B cpeaHeM Gonbiue, Tak KaK COCTaB/SIOMIHE HX aTOMBI
HMCIOT 3aMKHYTbie 060/I04KH M CBA3BIBAIOTCH namnoro Sonee cnaﬁuMu c;mamu Ha-

3bIBaEMBIMM CHJIAMH Bau aep Baanbca. "

TaGanua 4.2. HekoTophie NPHMEPB! HAHMEHBIINX MHOTOKDaTHO uonmsuposauaux Kia-
CTEPOB Pa3HbIX THIIOB (MCHBLIHCE KIACTCPhL pa3pbIBAIOTCS) ; :
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BaHKA MOFYT MpPeB30HTH CHIBI MPHTAXCHHA

MEXIy ATOMaMH KJ1acTepa pH noyucH1H KJIaCTEPOM 3apAfa B PC3y/IbTaTe ¢oTononn-
sauuu. OnHO M3 Hanbonee SPKUX npoABAEHHiIt KyNOHOBCKOTO B3pbiBa OTHKCAHO B Xyp-
nane Nature. D1o HabnioaeHKHE CTHAHNA AACP B neitTepHeBOM xnac_rgpc, oﬁnyqeunoy
Q)émocc'xylmuum Na3ePHBIM HMITYILCOM (bemrocexyHaa paBHa 10™" cexyHnnst). Kna-
crep no:iyqancn OGBIYHBIM OMHCAHHBIM BbiLe 06pa3oM H 3aTCM o6nyuancsi BLICOKOMH-
TEHCHBHBIM (HEMTOCEKYHAHBIM nasepHBIM MMIynbcoM. (PparMeHThl AHCCOUMALMM
HMEJTH HEPTHH 10 OAHOTO MiwUTHOHa anextporBonsT (MaB). ITpu coynapeHni naeiite-
pHEBbIX (PparMCHTOB HX IHCPrHA 6bl1a JOCTATOYHON AN HHHIHALHH TEPMOANEPHOI

Cunpl VSJICKTpOCTaTH‘ICCKOI‘O OTTAJIKH

peakuuH 4 g : v B
D+ D= ’He + HeifrpoH v . (4.6)
TMpu TaKoit peaximy BbICBOGOXKIAETCS HEHTPOH C auc_pmcﬁ 2,54 MéB. Hpusuaxon, no
KoTOpOMY GbLi1a 0GHapyXeHa peakus CHAHNA, GbU10 ACTEKTHPOBAHHME TAKHX HelTpo-
HOB Ha CLIMHTUIALMOHHOM ACTEKTOPE B Nape ¢ GOTOYMHOXKHTCICM. 2

4.4. Knacreps! aToMOB peikuX rasos
¥ MOneKynsapHbie Knacrepbl

44 1. Kaacmepst unepmnui am

B Ta6nmue 4.2 npHBEACHO HECKONBKO PasHbIX THIOB HaHouacTHiL. Kpome aToMoB Me-
TAUIOB M N0AYNPOBOAHHKOB HAHOYACTHLIB MOTYT COCTOATH M H3 aTOMOB G/IarOpPOAHBIX
ra3oB, TAKHX KaK KPHIITOH H KCCHOH, I M3 MOJICKYJ, Hanpumep, Boabl. Knacteps! kce-
HOHa MOMYYaloTCA annabaTHYECKUM paclUMpeHHeM CBEPX3BYKOBOI CTpYH ra3a uepes
TOHKHil Kamwuisp B BakyyM. [a3 3atem cobupaercst B Macc-CreKTpoOMETp, Iie 1nocie
MOHH3ALHK IMEKTPOHHBIM NMYYKOM H3MEDSIETCS OTHOMIEHHME 3aps/ia K Macce YaCTHLL.
Kak u B ciyuae META/UIOB, CYLIECTBYIOT MarHuecKHe YHC/Ia, 03HaYaloLLHe YTo KJacTe-
pbl, COCTOSILIME M3 ONpEEeNCHHOTO KONMYECTBA aTOMOB, Gonee c'i'aﬁmlbuu, 4yeMm apy-
THe. Hauﬁo;lec cTaGMIbHEIE KNIACTEPBI KCEHOHa cocToAT 13 13, 19, 25, 55, 71, 87 u 147
aToMoB. [ln KNacTepoB aproHa XapakTepeH TOT Xe HaGop CTPYKTYPHBIX MarH4ecKHX
uncet. Tak Kak y aTOMOB HHEPTHBIX 1308 3/1EKTPOHHBIC 0GOIOUKH 3aMONHEHBI, HX Ma-
THYECKHE YHCIA — ITO CTPYKTYPHbIC MarHYECKHE YHCIa, obcyxnaemsie B Mase 2. Cu-
Jibl, CBA3bIBAIOLLHE ATOMbI HHEPTHBIX Ia30B B KiacTepe, cnabee, yeM B METANUIE WM 110-
NynpoBOAHHKE. XOTS 3/EKTPOHHBIC 0GONOYKH aTOMOB MHEPTHBIX Ta30B 3aIONHEHBI,
13-32 IBHKCHHS ICKTPOHOB OKOJIO ATOMOB OHM MOTYT MMETh HEHY/IEBOE MTHOBCHHOE
3HAYCHHC AMTIONBHOTO MOMEHTa Py, DNIeKTPHYECKHit AMMONBHBIIT MOMEHT MOSB/SETCH,
KOT/1a MONOXHTENbHbII M OTPHLIATE/bHBII 3apANLI AANCHB! HA HEKOTOPOE PACCTOSHHE
Apyr oT Apyra. TaKoit AMMONb CO3ACT INEKTPHYECKOE NOJIE HANIPAKEHHOCTBIO 2P /Ry B
ApyroM aToMe, HaxoAAleMes Ha paccTosiHiK R ot nepsoro. B cBolo ouepeanb, 3TO HH-
AYUHPYCT AHMONbHBIH MOMEHT P, BO BTOpOM aToMe, paBHbiit 2a.P,/R;, Tiie @ Ha3biBaeT-
CAl INEKTPOHHOI nonspusyeMocTbio. Takum o6pasom, asa atoma }mepméro rasa co-
30aI0T MPUTATHBAIOUMI HX APYT K APYTY NOTCHUMAN

4.4. Knacmeps amomos pedxux 2a306 u MOAEKYAAPHYE Kaacmepyl 9D

PP,  -4aP?
i
3TOT NOTCHLHAN M3BECTEH KaK noTeHUMan Ban aep Baanbca M NpUMEHUM Ha OTHOCK-
TENBHO GONBIINX PACCTOAHMSAX MEXy atoMaMi. [TpH TecHOM cOMMxXeHMH JIBYX aTOMOB
BOSHHMKACT OTTAIKHBAHHE MCXIY NEPEKPBLIBAIOLIMMHICA DNCKTPOHHBIMH OG/aKaMH.
DKCMepUMEHTANBHO TOKA3aHO, YTO 3TOT MOTeHUMan uMeeT BiA B/R'. Takum obpa-

30M, MOJIHBIA MOTCHIHAN B3aHMOACHCTBHS JBYX AaTOMOB MHEPTHBIX 1A30B HMEET B

T
R? RS
DTOT NOTCHUWAJI, HIBECTHBII KaK NOTCHUHAT JlenHapaa-J)x0Hca, HCTONb3YeTCs NPK
BBIYMC/IEHHH CTPYKTYPbI KNaCTEPOB MHEPTHBIX ra3oB. Ciuia B3aHMOACHCTBHS, BLI3bIBA-
eMast 3TUM NMOTEHUMHAIOM, paBHa HYJIIO HA PaBHOBECHOM PAacCTOSHUH R, = (ZB/C)"‘.
Ha GonplueM paccTOSIHHM OHA NMPHTATHBACT aTOMbI, HA MEHBIIEM — OTTAIKHBACT.
O6o6was BhilIeCKa3aHHOE, 3aMETHM, 4TO 9Ta ciula ciabee Cil, CBA3LIBAIOILIMX B Kia-
CTepbl aTOMbl MCTAJUIOB M NONYTIPOBOAHHKOB.

UR) =

4.7)

UR) = (4.8)

4.4.2. Caepxmexywe Kaacmepot

Knacrepsi atomon ‘He n ’He, o6pa3yioumecst npi cBOGOIHOM CBEPX3BYKOBOM PacIIH-
PEHMH CTPYM ra3006pa3HOro re/isi, M3y4alHCh Macc-CrIEKTPOMETPHEi, B peaynibrare.
yero GbUTH 0GHAPYKEHb MATHYECKHE YHCA NpH pa3mepax knactepa N =7, 10, 14,23,
30 st ‘He u N=17, 10, 14, 21, 30 mst He. OaHo n3 Hanbonee HeOOLIYHBIX CBOMCTB,
JIEMOHCTPHPYEMBIX KIACTCPAMH, — 3TO CBEPXTCKYYeCTb. KIAcTepoB reaus u3 64 u
128 aToMoB. CBEpXTEKy4eCTb HMECT MECTO BCJIEACTBHE Pa3HOTO MOBEACHHS aTOMHBIX
YacTHIL C MOJYLICNbIM CTIHHOM, Ha3biBac- -

MbIX (hepMHOHAMH, W YAaCTHL C UCIBIM
CIMHOM, Ha3biBacMbiX Go30HaMH. PasHu-
Ua MeXAy HMMM 3aKIio4aeTcsi B MpaBH-
Jlax, 10 KOTOPBIM 3TH YaCcTHILbI pacnpee-
NAOTCA MO IHEPreTHUECKUM YPOBHAM
cHcTeMbl. PepMHOHBI, HAPHMED, J/ICK-
TPOHBI MOTYT HaXOAMTBCH HAa ONHOM ik
ypoBHE B KoauuecTse He Gonee ABYyX, -
NpPUYEM WX CTIMHBI PH TOM Harpasie- s
HBI MPOTHBOIMONOXHO APYT APYTY. Bo3so- ceaoseacsd
Hbl, HAMPOTHB, HE MMCIOT TAKHX OrpaHH- T>0 T=0 T>0 T=0
YeHHil. DTo 03HayaeT, UTO NPH MOHIXKE- DepMIOHN " Bo3oHn

- | -
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HMM TeMMmepaTypbl, KOIZa YacTHLbI
CTPeMATCS 3aHATh YPOBHH BCC C MeHbLIEI
M MeHblueit aHeprieii, Bce G030HB MOTYT

0Ka3aTbCsl Ha HIDKHCM SHEPreTHYCCKOM |

Puc. 4.22. VnmocTpauus Toro, Kak 6030Hb! i
(epMHOHBI PACTIPEACNSIOTCS NO SHEPreTHYE-
CKHM YPOBHSIM MPH HH3KHX H BBICOKMX TCM-

NepaTypax.
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Puc. 4.23. 3aBHCHMOCTD YACALHON TEMIOEM- : : “y

KOCTH JXIIKOrO Te/InA M XKHAKOCTH, cocron-  Puc. 4.24. Knacrep M3 naTH MOJCKYJ BOAB,

weit u3 kiacrepos Heg, (TeMHBIC KPYKKH), OT  YACPXMBACMbiil  BOAOPOAHBLIMH  CBA3AMMH.

Temnepatypsl. ITiK cootsercTByer nepexony — Bonbiune cdepbl NPEACTARNAIOT ATOMBI KHC-

B CBCPXTEKYy4ee COCTOSHHE, Nopoja, MUICHLKHE — BORAOPOAA.

=]
o

YPOBHE, B TO BpeMs KaK (pepMHOHBI MONAPHO 3aHHMAIOT YPOBHM CHH3Y BBepX. Miutioc-
TPaLMIO K BbILLIECK23aHHOMY MOXHO YBHAETb Ha puc. 4.22, Curyauus, xoraa sce 6030-
HBI HAXONATCSl HA HHKHEM YPOBHE CHCTEMbl Ha3sbiBaeTcs Bose-konaeHcaumeit. Ilpu
3TOM J/IHHA BOMHBI KaX0ro 6030Ha TOYHO TaKas Xe, Kak M y mo6oro aApyroro, H Bce
3TH BOJMHbI HaxoasTcs B (ase. Korna npoucxoaut xonaeHcauns 6030HOB B XHAKOM re-
Auu-4 npn remnepartype 2,2 K (A-Touka), reamii CTaHOBHTCSI CBEPXTEKYUHM, TO €CTh €T0
BA3KOCTh nanacr no Hyas. [Ipu nponyckaHuu HOPMAIBbHOM XHAKOCTH MO AIHHHOIMN
TOHKOI TPYOKe OHa ABIKETCS MCAIEHHO H3-32 TPEHHS O CTEHKH, a YBeIMUCHHE JaBe-
HHA HA OZIHOM KOHLE TPYOKH NPHBOAMT K YBEIIMUCHHIO CKOPOCTH NoToKa. B ceepxte-
KyYeM COCTOAHMH KHAKOCTL OLICTPO ABIKETCA O TPYOKE, NIPHUEM YBETHUCHHE JaBJic-
HHS HA OJTHOM KOHLE TPYOKH HE yBETHYMBACT CKOPOCTH KMAKOCTH B Heif. ITepexon B
CBEPXTCKY'ce cocTosHue npy 2,2 K conpoBoXaaeTcs: pacXoaMMOCThIO YACABHOI Tern-=
JIOCMKOCTH M H3BCCTCH Kak IAaMbla-nepexoll. YaenbHas TenI0eMKOCTb — 3TO KOJMHYe-
CTBO Tema, HeOGXOAMMOE /TSl HarpeBa OJHOTO rPAMMa BEILIECTBA HA OAHH rpanyc. Ha
puc. 4.23 nokasan rpadMK TeMnepaTypHoOii 3aBHCHMOCTH YACNBLHOMN TEMI0eMKOCTH
00BLEMHOTO KHAKOTO re/iHs M JUISl KMAKOCTH, COCTOSEH 13 KJIacTepoB, coiepXKalinx
64 aToma renns. U3 PHCYHKa BUIHO, 4YTO KJIACTCPH3OBAHHbIN Te/Mit CTAHOBUTCS CBEpX-~
TCKYYHM IpH MEHbLUCH TeMnepaType, ueM obbiyHas xuakocts ‘He. '

4.4.3. 'Moaexynxpnue Kaacmepuot

Hexotopsie Monekynni Toxe MoryT obpasoBuiBath knactepbl. OnuH M3 HanGonee pacrnpo-
CTPaHCHHLIX NPHMEPOB TaKoii Cpeibl — KiacTepusoBatHast poga. C Hawana 70-x rofloB, TO
CCTb 310/TO 20 HOARICHIS CIOBA HAHOYACTHLA, GBUIO H3BECTHO, YTO BOA COCTONT HE M3
n3onuposakHbIX Monekyn H,0. Bruto nokasawo, uro LIHPOKKIt paMaHOBCKMIt CIICKTP
pactauyroiit O—H cBasu B Monekyne Boab! B KuaKoi thase Ha yactorax 3200 — 3600 cm™
COCTOHT 13 MHOXCCTBA NEPCKPLIBAIOLIMXCS NHKOB, KaK OT W30IHPOBAHHBIX MOJIEKYJ1 BO-

. 4.5, Memodwu cunmesa @»

Abl, TAK H OT MOJICKYJI, CBA3AHHBIX B KNIACTEPhI MOCPEACTBOM BOJOPOAHBIX CBA3CH. ATOM
BOZOPO/Ia OAHOI MOJIEKYJIbI 06GpasyeT cBAi3b ¢ aTOMOM KHcnopoaa apyroii. Ha puc. 4.24
noKa3aHa CTPYKTYpa OQHOIO H3 TAKHX BOAHBIX KAacTepoB. [TpH HOPMANBHBIX YCIIOBHSIX
809 MosIeKy. BO/IbI CBAI3aHO B KIACTEPBI, @ NPH MOBBILIEHHH TEMMEPaTYPhl 3TH KI1acTephi
AMCCOLMMPYIOT Ha OTAC/IbHBIE MONICKYAbI. B KOMMeKce, MOKa3aHHOM Ha PUCYHKE, aTOM
BOJIOPOJA YAAJICH OT AABYX aTOMOB KHCJIOPO/Ia, CBA3AHHBIX C HHUM, Ha Pa3HbIC PACCTOSHHSL.
HuTepecHo npeackasalie, YTo npH AaBieHHH B yaapHoii Boxe 9 ITla moxer cyuiecrso-
BaTh HOBast (JOpMa BOABI, Ha3biBaCMast BONOH C CHMMCTPHYHBIMH BOAOPOAHLIMH CBA3S~
MM, B KOTOPOIi aTOM BOJIOPOJA PaBHOYAAICH OT JBYX ATOMOB KHMCJIOPOZa, T.C. CBA3M MG~
puau3npylorcsi. BoaMoxo, uTo cBojicTBa Takoit BoABl GyAyT OTAMYATECA OT CBOHCTB
06b1yHOI - BoAbI. M3BeCTHBI M Apyrie NpHMEphbl MOJICKYNSPHBIX KNAacTCpoB, TaKHE Kak
(NH;)p, (COy)44 1 (CyHg)s. On e " S

4.5. Meroab cunTtesa

PaHee B 3T0if raBe YK€ OMHCHIBAICS OMH METOJ CO3AHMSA HAHOYACTHI[ C TOMOLIBIO
NA3EPHOrO HCMAPEHHSI, MPH KOTOPOM J1a3epHblii 1y4 BBICOKO# HHTEHCHBHOCTH, nanas
Ha METAJUTHUECKHIT CTEPXKEHD, BLI3bIBACT HCMAPEHHE aTOMOB C €ro nosepxHocTH. ITpn
OXJIAXKIOEHHM OTH aTOMbl KOHJICHCHDYIOTCS B HaHouacTHIbL CyleCTBYIOT W ApyrHe

cnoco6sl 06pa3oBaHus HAHOYACTHL, HEKOTOPLIE W3 HUX GyAyT ONMMCAHBI Aanee B 3TOM
pasaene. » } ; '

f

4.5.1. Buicoxouacmomuviii undyKuuonnsiii nazpee

Puc. 4.25 WUNIOCTPUPYET MCTOA CHHTE3a HAHOYACTHIE C MOMOLULIO TIA3MBI, CO3AABAC-
MOIi paiMO4acTOTHBIMH HArpeBaTe/bHbI-
MM KaTylmkamu, M3nauaipHo METALT Ha-

XONHTCS B BHAC NPYTKA B oTKauaHHoii Ka-
Mcpe. B npouecce ITOT MeETaI

Crepkenb
Koinektopa

pasorpesacTcsi Bbillie TOUKH HCMAapCHHA l:ug)::

a ‘-
BbICOKOBOJILTHBIMHM panHo4yacTOTHBIMH o 2
KaTyuxkaMmiu, oGMOTKH KOTOPbIX HAXOAAT- e . Tyuu

Sl CHApY:KH BaKYyMHPOBAaHHOI KaMephl
BOAM3M MecTHKa, 3aTeM B CHCTCMY BITyC-
Kaercs renuil, YTO MPHBOAMT K 06pa3o-

C MCTUIOM ===l

BaHMIO K 06NacTH KaTyLICK BLICOKOTCM- &?&6“ I .
nepaTypHoii mia3mMbl. ATOMbL ICIHA Bbl-’ L v o ,?::;Z,}
CTYNaioT B  KauccTBC 3apoablicit tnonnnd
KOHICHCALMM IS aToMOB MeTauia, H

YHAHPYIOT K XO- .
J——— eH ‘;’s’,;agy,om Puc. 4.25. Cxema YCTaHOBKH [UIsi MIOXYHCHUA
g s——— naccH- HAHOYACTHLL C MOMOILBIO TUTA3MBL, pajorpena-
HaHoyacTHLb!, YacTHib! 06bITHO ¢MOil BHICOKOUYACTOTHBIM NOCM.

BHPYIOT BBCIACHHEM . Kakoro-nubo rasa, :
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HampuMep KHC/IOPOLa. B ciiyyae HaHOACTHL ATIOMHHMS KHCIOPOX $OPMUpYET crioit
OKCHa aTIOMHHHS Ha NIOBEPXHOCTH YaCTHUBI. - 2NN ;

4.5.2. anéeque Mmemodst

BeposiTHO, caMbIMM O/1€3HBIMH METOAMH CHHTE3a, B CMBIC/IC MOTEHUHANA KPYNMHO-
MacIITaGHOro NPHMEHCHHNS, ABIRIOTCS XHMHUECKHe MeTolbl. CyLuecTBYeT MHOTO pa3-
HBIX XHMHYCECKHX METOJ0B, KOTOPHIC MOXHO HCMO/Ib30BaTh ISl MONYYEHHS HaHOvac-
THLL METa/L1a, HIKe GyayT NpHBeACHB! HEKOTOpHIe NpHMephl. [l MoNy4eHHs HaHOYa-~
CTHL{ MOTYT NPHMEHATLCA HECKO/IBKO THIOB BoccTaHoBHTeNel, Hanpyimep NaBEt,H,
LiBEt;H u NaBH,, rae Et — atunossiit pannkan (—C,H;). Hanpumep, HaHOYacTHLbI
monubaeHa (Mo) MOXHO pHIOTOBHTb BoccTaHOBNeHHeM ¢ nomoueio NaBEt;H pac-
TBOPEHHOIi B TONyosne conu MonubaeHa. JT1a peakius AaeT XOpoUIMii BBIX0OJ HaHOYac-
THI MonnGacHa ¢ pasMepaMi 1-5 HM. YpaBHeHue PeaKIliH 3amHCHIBACTCSA KaK

MoCl, + 3NaBEt3H = Mo » 3BEt3 + (3/2)H, 4.9)

Hauoqacmuu IIOMHHHS MOXHO mony4arh panoxexuem Me,EtNAIH, B Tonyone ¢
nocneaylowiM HarpesoM 110 105°C B Teuenne aByx yacos (Me o3HavaeT memiur, ~CH 3)-
B kayecTBe KaTanu3aropa 3Toii peakiiH HCNOMB3YeTCS H3ONPONOKCHA THTaHA. BbiGop
KaTanu3aropa onpeaensicT pasmep obpasyiomuxcs HaHoyactul. Hanpumep, 80-HaHo-
MCTPOBbIE YaCTHLILI MOXHO NOJIYYHTDb IPH HCIIONBL3OBAHKWH THTaHA. [{ns npenoTBpauie-

HHS CIMNAHUA HAHOYACTHLL B PaCTBOP TaKXKe MOIYT GbITh 106aBjeHbl MOBEPXHOCTHO
AKTHBHBIC BEWICCTBA, HANPUMED OICHHOBAs KUCJIOTA.

4.5.3. Tepmoaus

HanovacTius Moryt o6pa3oBbiBaTbes B PE3yNLTaTe Pa3IOKEHUS NPH BLICOKOIT TeMrie-
Mews  Baxypomsh  Tuddpysnomuas P2YPE TBEPIBIX BEIIECTB, COMEPXAUIHX

\ MaHOMCTp | Hacoc KaTHOHBI METAJLIOB, MOJICKY/ISIPHBIC aHH-

/ OHbI WJIH METAVIOPraHHYCCKHUE COCHHE-

i Hus. Takoit npouecc HaswiBaeTcst TepMO-
:,' Jm3som. Hanpumep, manbie yactuisr nu-

[}
1
A
1
)
\
)

d THA MOXHO NOAYYHTb pa3NOXKCHHEM
asuna nutnst LiN;. Bewecrso nomewaer-
S 7 Ci B OTKaYaHHYIO KBapUEByi0 Tpy6Ky M

’l \ : 7
Orxauyannans  OGpascu s
kBapucsas  onsre 3 Ta
Tpybxa

Harpesaetcsi 10 400°C B ycraHoBKe, noKa-
PBAKYYMHEI  3aHHOI

— m} puc. 4.26. ITpu Temneparype
» oxono 370°C a3ua pasnaraercs ¢ Buuiene-
Puc. 4.26. Ycranoska qns TIONYYEHHS HaHO- - Pastoro Ny, 470 MoxHo on-
HACTHIL MCTAMIA MYTEM TEPMIiECKoro pas-  POACIHTE M0 YBENHYCHUIO AaBICHHA B Ba-

JIOXKCHIS TBEPIOrO BEWIECTBa, conepxamero  KYYMHPOBaHHOM npoctpaxcTee. Yepes
KaTHOHBI MCTajLNa, MONCKYNAPHBIE aHiONK  HECKOIBLKO MHHYT JaBjicHME Majgaer o

HIH MCTA/UTOPTaHHYCCKHE COCAHHCH M. NEpBOHAYANbHOrO YPOBHS#, . MOKa3biBas,

y10 Bech N, yaaneH. OcTaslinecs aToMbl
IUTHS OGBEAUHSIOTCS B MAJIEHBKHE KOI-

JIOMAHBIC Me‘raxmmecxue vacTHusl. Ta-

KHM MCTOIIOM MOXHO nonytmn, qacmuu
¢ paaucpamn MeHce 5 HM. ‘Iacnmu MOX-

HO naccusuponarb BBOJS B xamepy co- {

OTBCTCTBYIOILIHH ras.

Hannuue Takux Hauoqacmu nercx-
THPYETCA METOZAMH 3JIEKTPOHHOTO Napa-
MarHuTHoro pesonaHca (OI1P) anexrpo-
HOB TPOBOAMMOCTH METAUIMYECKHX Hac-
THU. MeTtozom OIIP, Gonee mompobHO

OnHCaHHHM B Ihase 3, namepsior norno-

mexme SHEPrHH Muxpononnonoro Hany-
YeHuUsl, UTO npoucxonm‘ BCICZCTBHE HH-

,uyuupyemux usnyqenneu TIEPEXOIOB

MC)KJIY CHHHOBHMH COC’I‘ORHHﬂMH ms,
paClllCl'UlCHHblMH I'IOCTOSIHHHM ‘MarHuT-
HblM noncu. _06b|‘lH0 B 3xcnepumemax
HSMCPHCTCH Hp0H3BOIIHaSl HOTJIOIIICHHSI
no IUIaBHO H3MCH5I!OU.ICMYC$I Mal"HHTHO-

My nomo Hs-3a Manoﬁ r.nyﬁmlu npo-
HHKHOBEHMS BOJH MHKDOBOJTHOBOTO JMa-

na3oHa B MeTaul O6BIYHO HEBO3MOXHO
Habmiogats DITP Ha aneKTpoHax NpoBo-
auMocT. OfHaKo B 06pasiie, COCTOSLIEM
M3 HAHOYACTHII, TUIOLIAAL NMOBEPXHOCTH
MHoro Gosbllue, a pasMepbl YacTHLL Tlo-

pAaKa riyGHHbI TPOHHKHOBCHHSA, HTO A€~
NacT BO3MOXKHBIM PErMCTPHpOBaTh CHI-

Han OT 3JICKTPOHOB TPOBOAWMOCTH.

O6biutio MPOH3IBOAHAA. DIP curHana

BCCbMa cuume'rpuqua, HOB cnytiac 3JICK-

TPOHOB NPOBOAMMOCTH peaaKCalHOHHBIC

ABNEHMUS JCNAIOT THHHH CHIBHO aCCHMCT-
puuHpIMi. CTeneHb 3TOi aCCHMETPHH
Onpesie/IAeTCs MAIOCTLIO PasMEpPoB qac-
‘i, Kak nokasano Ha puc. 4.27, Ha KoTo-
pom npuseneHsl DITP-crieKTpsl NpHTO-
TOBJIEHHBIX TEPMONM30OM YaCTHLL JIHTHA,
nonyuennsie npy 300 K n 70 K, accumer
DS 3aMETHO 3aBHCHT OT TEMMEPATYphl.
KTpa MOXHO OLIEHHTb pa3mep JacTHLl.

4.5. Memodu cunmesa IOD
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Puc. 4.27. Cnex'rpu 3nex'rpounoro napauar—
HHUTHOTO PE30HAHCA AIEKTPOHOB NPOBOAHMO-
CTH B HAHOYACTHLIAX AMTHS, MONYYCHHBIX

“paanoxenueM LiN,, npu Temneparypax (a)
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Bpamaomuitca AcpXaTeab

Puc. 4.28. YcraHOBKa JUtsl NOMYHCHIA HAHO4A-~
cTiit cepeGpa MMMYIBHBIM JIA3CPOM, C TOMO-
LL1bIO KOTOPOTO MPOH3BOAMTCS JIOKANbHBI pa-
30rpeB NOBEPXHOCTH BPALIAIOWCIOCS MCKA.
(M3 Jx. Cunx, Mater. Today 2, 10 (2001))

Ho caury g—baKTopa M IWHPHHE IHHHK cnie-
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4.5.4. Ilmnyxbcriue Aaseprbie Memoodst

Jlns nonydcHust HaHOUACTHL cepe6pa HCMOMBL30BATH uuﬁyqbcﬂuﬁ_{lascp (pulc. 4.28).
PacTBop HuTpaTa cepeGpa 1 BOCCTAHOBHTE/SA NMPOTEKAN Yepe3 CMECHTENb, TpEACTaB-
asioumit coboit auck, spawalomuiics B pactsope. Hutpar cepebpa peariposan ¢
BOCCTRHOBMTEJICM B ropsA4HX o61acTax ¢ o6pa3oBaHueM HaHOYacTHLL cepebpa, Bbine-
NISICMBIX BIOCAEACTBHH M3 pacTBopa B ueHTpHdyre. Ha pasmep yacTHIl MOXHO BIIMATH
3Heprueii 1a3epHOro Jiyya M CKOPOCTHIO BPaLLCHHA AHcKa. DTOT METOA 00nanaeT Bbl-
COKOIt NPOKM3BOAHTENLHOCTBIO, COCTaBNsAIoNICH 2-3 r/mm. '

4.6. 3axaouenue

B 570ii rnape GbUI0 NPEACTARICHO MHOXECTBO NPHMEPOB, ICMOHCTPHPYIOILIHX, UTO ¢u-
3MYECKHE, XHMHYCCKHE M 3/IEKTPOHHbIE CBOIICTBA HAHOYACTHIL CHIBHO 3aBHCST OT KO-
JIHYCCTBA M THNA aTOMOB, COCTABNAIOMINX HaHoYacTHLY. Hanpuwmep, uBeT, peakuHOHHasA
Croco6HOCTb, CTAGHILHOCTL H MATHHMTHBIE CBOIHCTBA 3aBHCAT OT pasuepa KJIaCTepOB.
B HeKoTOpBIX CyyasX HAHOYACTHIUbI ACMOHCTPHPYIOT HOBBIE CBOICTBA, OTCYTCTBYIO-
LUHE y TOro ke MaTcpHana B 06beMe, HanpUMEpP MarHeTH3M KJ1acTepoB, COCTOALIMX M3
HEMarHHTHLIX aTOMOB. [TOMMMO NOCTAHOBKH NepeN YUEHBIMH HOBBIX 3a/1a4, CBA3AHHbBIX
C OOBACHEHHEM NPHPO/ILI HOBOrO MOBEACHHSI, STH PE3YILTATHI HMEIOT ONPOMHBIH 1O~
TCHUHAN HCMO/Ib30BAHHSA HA NPAKTHKE, TI03B0/IAA BbIGHPATh CBOICTBA MaTepHaa ImyTeM
BapbHpPOBaHHs pasMepaMi 4acTHu. OYEBHAHO, YTO HAHOPA3MEPHbIE MATEPHATBLI MOTYT
GLITL OCHOBOIE JUIA 11EIOTO HOBOTO KNIACCA ATOMAPHO CKOHCTPYHPOBAHHBIX MATEPUANOB,
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MMABA 5.
5o YIMMEPOJAHbLIE
HAHOCTPYKTYPbI

-+ 5.1. Beepenue

MaBa MOCBsALLECHA PACCMOTPEHHIO Pa3HOOGPa3HBIX HAHOCTPYKTYP yIiepoa. OToT Ma-
TEPHAT BbIZIC/ICH B OTACALHYIO TJIaBY M3-32 YHHKAIbHOI NPHPOAB! YINICPORHOMH CBA3K
W ec BaXHOIT ponu B HOPMHPOBAHNK OpraHHYecKHX Monekya (cM. Takke Dnasy 12).
Muoroo6pa3Hast IpHPOJa 3ToH CBA3M NO3BOJSET Yraepoay 06pa3oBeIBaTh OHH H3 Ha-
uGosIee MHTEPECHBIX HAHOCTPYKTYP, a HMECHHO YIJlepoaHble HaHOTPYGkH. BeposTHo,
MOTEHUHAX MCMONb30BAHMS YIIEPOAHBIX HAHOTPYOOK MPEBOCXOAMT MOTCHUMAN JIO-
ObIX JAPYr¥X HAHOCTPYKTYP, UTO Takke GyneT obcyXnaTees anee.

; 52 Yrnepogtsie MongkYnH

© 521 Hpépoaa yenepodnoii a_m:m: Yoy

Has: TIOHUMAHHS NIPHPOMbI YIJIEPOAHOI cmu_ HeoGXOANMO PacCMOTPETDh JJEKTPOH-
HYIO CTPYKTYPY aTOMa YIJiepojia. B HeM HMEeTCst LICCTh /ICKTPOHOB, KOTPLIE B HEBO3-
GyKACHHOM ATOME HAXOAATCS Ha HU3LINX IHEPTETHUCCKHX YPOBHSX. Koraa atoMm yrme-
pOZa CBSA3AH B MOJIEKYJIE C IPYTHMH ATOMAMH, €r0 J/ICKTPOHHAA CTPYKTYPa num;uim
TaK: (ls)z, (2s), (2p,), (2py), (2p,). Ha HixHeM ypoBHE 15 C KBaHTOBBIM yuciioM n = 1
HaXOMATCA JBa SACKTPOHA C POTHBOMONOXHO HaNPaB/ICHHBIMI CIIHHAMH. Pacnpene-
JieHHe 3apsijia NCKTPOHA B S-COCTOAHHH cepHuCCKH CHMMETPHYHO. DTH 15-31€KTPO-
HBI HE NPHHMMAIOT YYacTHs B 06pa30BaHHH XHMHYCCKHX cpaseii. OcranbHble tlc‘mp?
9NEKTPOHA HAXOAATCA HA YPOBHSIX C 1 = 2: omMH — Ha cepHUECKH CHMMCTPHYHON
S-opOuTANIN, TPH — HA Py=, Py~ H P-OpOHTAIAX. PacnipencnieHs 3apsiaa Ha p-opouransix
MMEIOT CHILHO YUIHHEHHYIO B OAHOM HanpaBJICHHH ¢opMy M HX OCH B3aHMHO Tep-
HbI, KK ITOKa3aHO Ha puc.
:egﬁsxj;;?m y;nmmccxnc CBSI3H ATOMA YI/IepoAa C APYTHMH aTOMaMiL. ﬁ?f,?ﬁff;:
HMsI 3apsi10B, CBA3AHHBIX C ITHMH OpGHTAISIMH, CMCIIHBAIOTCS, WK npyc ! e
MM — NICPEKPHIBAIOTCSA C PACMPEACIICHISIMH 3apanon xworo cnnaamxoroq L{:mp nn!.’"
atoma. B CylIHOCTH MOXHO paccMaTpHBaTh 06/1aK0 3/IEKTPOHHOrO 3apsi K')l:x ;
Msl CBA3aHHBIMH ATOMaMH KaK Kieil, cuenistioumit 3T atomsl. Ha ocuom:) :::uum){:ﬁ
POLLEHHBIX PacCyXACHMIT MONIEKY/IA merana (CH,) mMornia 65t lmc'rx(,) m::;( 2 ey
Ha puc. 5.16, rae sce casis H — C nepneHaRKY/spHbL APYF APYTY. '_11 i 1 ”
b1 METAHA HE TaKasl, & TETPAdAPHUCCKAs, C YIIAMIL MEX

- Mo::e:zgrannmomnm( 109°28', KaK nokasaHo Ha puc. 5.18. 1ot
?ai?i%ﬁéﬁﬁg c:::’:::n;um ru6puansaunu. B atome yriepona Pa3HOCTb IHCPrHil

5.1a. BuewiHsst s-op6HTAIb M TPH p-OpOHTATH.
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Yucno aromon B knacrepe, N

Puc. 5.3. Macc-cnextp knacrepos yraepoga.  Puc. 5.4. Hekotopbie npHMeEpbI CTPYKTYp Ma-
Buinensorces NHKH tyanepenos Cgy it Cyy, JIbIX YIACPOAHBIX KINACTCPOB,

IHYHBIE Macc-CNeKTp, nony4yeHHelt B nogo6HoMm akcnepumenre. [Ipu KonuyecTse
atoMoB N meHee 30 oGpasyloTcst KiacTeph! €O BCCMH 3HaYeHHAMH N, XOTs HEKOTOphIe
MHKH 3aMCTHee ApYrHX. BbluncaeHus CTPyKTyph! MalbiX K1acTepoB METOZIOM MoJIe-
KYAAPHBIX OPOHTANIC]H NOKA3bIBAIOT, YTO TAKHE KNACTEPhl HMEIOT IHHEIHYIO WIH 3a-
MKHYTYIO HCIUIOCKYIO MOHOLMK/THYHYIO TEOMETPHIO, MTOKA3aHHYIO Ha pHC. 5.4. Jluneit-
Hasl CTPYKTYpa ¢ sp-rubpuansanueit Habmogaercs npu HeveTHBIX 3HaYeHUAX N, LUK-
Juueckas — npu yetHoX. OTKphITBIE CTPYKTYpH M3 3, 11,715, 19 u 23 aTOMOB CO
CTaHAAPTHLIMH YrAaMK HanGonee 3aMeTHB! Ha CreKTpe H, CIeAoBaTeNbHO, Gonee cra-
GunbHbI. 3auxuyme CTPYKTYpbI MMEIOT YIJIbl MEXIY YINCPOXHBIMH CBA3SIMH, OT/H-
HalowWHecs oT NpeAcKasaHuit o6biuHOl Teopuu rubGpuan3ain, OTMETHM OYEHb Bbi-
COKHMIi UK Ha Macc-CneKTpe Ha pic. 5.3 npu pasmepe Knactepa N = 60. O6bsicHeHHE

STOTO NHKA M CTPYKTYPhl COOTBETCTBYIOwICH MONeKyasl npuHecno HoGenesckyio
NpEeMHIO. 2 4 Y-S,

5.3.2. Omxpuimue gyasepena C,,

OTKpbITHE MONEKYBI, TOXOXeEit Ha ¢dyrGonbHEIt May 1 coéwbamcﬁ 13 60 aro»{dn yr-
71epoaa, ABUIOCH B HEKOTOPOIl CTEMEHM CyYailHBIM PE3yNBTATOM MCCIeNOBAHMIL
NPHPOALI MATCPHH B MCX3BEIAHOM NPOCTpaKcTse. OHM GBUTH NOCBSLEHDI H3YUCHHIO
MOT/IOLICHHSA CBETA MEK3BEIHOI MBUIBIO, T.C. MANLIMH YaCTHLAMH BEWICCTBA, HAXO-
AAUIMHCS B MEXKIBEIAHOM I MEXTaJIAKTHYECKOM NPOCTPAHCTBE. Mpn npoxox:ncmm
CBCTA YAANCHHOIT 3BC3bI YEPE3 KOCMMYECKOE MPOCTPAHCTBO €r0 WHTEHCUBHOCTb
YMEHBUIACTCS. 3TO ABNCHHE HA3BIBACTCA ONTHUCCKHM NOIJIOLICHHEM H NPOMCXOAHT

BCACACTBHC MOrNOWCHMUS M PACCEAHMS CBETA HA MEX3BE3LHOIN nblIH, Haxoasweiics
Ha NyTH pacnpoCTPaHEHHs CBETa OT 3BE3bI K 3eMle

i Yyenbie H3yyalor 3TO noraoLIE-
]

. c::.\wpm WHTCHCHBHOCTb NPHXOAALIETO OT 3BE3M CBETA HA PA3HBIX UIHHAX BOMH,
HHJIOC s HMTOB'.B PC3ylibTaTe MpoBCACHMS NOAOGHBIX MCCIeA0BaAHMIT BLISIC-
b, 4TO B yIKTPadhi01eTOBOM AHANAIONE NOINOLICHHE YBENHIMBACTCS TPH TH-

5.3 Yenepoonsie xknacmepwt IOD

Hax BOJIH OKOJIO 220 HM (4TO COOTBETCT- . § Frrrrrrrrrer T
BYET 3HEPriH KBaHTOB 5,6 3B). D10 NoO-
[JIOLLEHHE NPHITHCHIBANIOCH PACCESTHHUIO
CBCTAa Ha FMITOTETHYECKHX MAJIbIX YaCTH-
nax rpauTa, HaXOAAWMXCA B MEXK3BeC-
anHoit cpene. Ha puc. 5.5 nokaszau rpa-
(MK MHTCHCUBHOCTH NOIJIOILEHHS CBETA
OT 3HEpruu (HoToHOB. D10 OOBSICHEHKE
ONTHYCCKOTO ToOrIouweHus B obnacti
220 HM cpeaH acTPOHOMOB CHHTAJIOCH
OOLUIENPHHSATBIM. . RIS
Hounansa Xaddman u3 Yuusepcurera
Apu3sonb! ¥ Bonbgraur Kparumep u3 Un-
crutyta SlaepHoit ®u3uku umenn Maxkca .
Inamuka B Ieitnenwbepre He ObUIH ynoBREe- . .
TBOpEHB! 3THM OObsiCHeHMEeM M peuntin  Puc. 5.5. OnTiyeckuii CNEKTp 38e3HOrO CBE-
TNPOIOJIKUTH H3yueHHe Bonpoca. C nomo- .‘ll:la' npouicacro ‘l¢P°536M°;GB°311HYl° cpeny.
CHH .0 9 BO3HHUKACT H3-3a
T e T n(:{rl;l::g::zil d’l‘y;llej:cuaw‘ Cgor NPHCYTCTBY-
TPaQMTOBLIMH HMCKTPOLAMH BATMOCDEPE * o1y p meskapeamnoft moumt,
relMsl OHM CO3AQIM Menbyaiflime yacTH- - © - i L 0
1bI CAKHM ¥ OCAMIIN MX Ha TUIACTHHKY H3 KBapuesoro crekia. Jins necieaoBaHns ocax-
ACHHOTO -rpadMTa MPHMEHSINCh PAVTHYHBIC METORUKH, TaKHC KaK nHppakpacHas
¥ PAaMaHOBCKAs! CMIEKTPOCKOMHSI, KOTOPbIE CIOCOGHBI HIMCPATH KosebaTe/IbHbIC 4acTo-
Tbl MONIEKYJT. OHH ACHCTBUTENBHO OOHAPYXILTH M3BCCTHBIE CMIEKTPAILHBIE JIMHIH rpa-
(uTa, HO TAKKC M YCTHIPE AOMOHHTEAbHBIC IHHIH B W K-nuana3oHe, NPOHCXOXIACHHE
KOTOPBIX HE CBA3aHO C TPa(hMTOM, YTO Ka3aioCh OYEHb CTPAHHBIM. .+~~~
- Xotst noxoxylo Ha (yTOONbHbII MAY MOJICKYITY H3 60 aTOMOB yrJiepoja ¢ XHMHue-
ckoit popmyoit Cgy XMMHKI-TEOPETHKH 1 NPEACKAILIBATH YXC MHOTO JICT Ha3all, HH-
KaKHX 0KA3aTe/ICTB €¢ CyLICCTBOBaHHs OOHapyXcHO He 6bu10. MHOrHe CBOICTBA
3TOM MOJIEKY/IB! GBUIH BBIMHC/ICHB! TCOPETHKAMH, B TOM HHCIIC NPEACKasaH W BHI HH-
(hpakpacHOro crieKTpa NoraoueHH. K yausnensnio Xahdmana u Kparumepa, uetsipe
Ha6noAaeMbiX MONOCH! NOTOLIEHHS OCAXKICHHOTO «rpah)MTOBOTO» BELIECTBA XOPOLIO
COOTBETCTBOBAH TIPEACKA3AHHBIM IS MOJICKYIbI Cgo- MOXeET 1 NOIOLICHHE CBCTA

3Be3 B yIuTpad)HoneToBoOM AHanasoHe peiabiBaThes Monekynamu Cg? st nansHeit-
1IEro MOATBEPXKACHHS YUCHBIC HCCIICAOBATH

M K-cnexTp NorIoweH s yacTiu, obpa-
0’ -
30BaHHBIX B AyTe Ha MCKTPOAAX H3 H3oTONA B¢, cocrasnsiotuero 1% npupoaxoro yr
JIepoza, ¥ CPABHMJIM €ro C NEPBOHAYAILHO nonyueH

HBIM CTIEKTPOM YacTHL| OGLIMHOrO
2C yraepona. Xopouwo H3BECTHO, YTO

TaKoe H3MEHEHHe H30TONa NPHBCACT K CABHTY
HK cnextpa Ha KBaZpATHBII KOPEHb H3 OTHOLLICHHS Macc, YTO B JaHHOM cayyac co-
cTaBnscT ! MG L

TMornouieHie, OTH. .
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T, czinur JO/DKEH coCTaBHTh 4.1%. D10 B TOYHOCTH COOTBETCTBOBAIO NAHHLIM, MOy~
YeHHBIM NPH BHINMONHEHHH 3KcnepHMeHTa. TakiM 06pa3oM; HCCICAOBATEH MOAYHIIH
HaZEeXHOE JOKA3aTeNbLCTBO CYILECTBOBAHMS HOBOIi, HHTpHIyIoLeit BOoGpaxeHHe Mo-
JeKynbl, cocTosuieit u3 60 aToMoB yricpoja, CBA3aHHBIX B ¢dopme chepol. dnst nox-
TBEPXKICHHS 3TOTO BHIBOJA GBUIM HCMO/L30BAHb! H APYTHE IKCIIEPHMEHTATBHBIE METO/BI,
TaKMe KaK MAacc-CNIEKTPOCKOMHA, M pe3yisTaThl GbUTH OMyGAMKOBaHBl B XypHane
Nature B 1990 roay. : ! : JAMRRS -
K otkpsiTHio MoneKkynbl Cgy NpHOIIXATHCh W APYrHe TPYNNbl HCCACAOBaTeeil,
HCnoNb3ya pasHbie MeTo/bl. [To MpoHHM cyabGBI 3TH HCCACAOBAHHA TAKXKE ObUIH CBSI-
3aHBI ¢ KOcMosIorHyeckuMu npo6aemamu. Xaponsa Kpoto, XHMHK H3 YHHBEpCHTeTa
Cyccexca B AHIIMH, GbUT YWICHOM KOJUICKTHBA, H3yyaBLIero JIHHHbIE TIMHEHHbIC yr-
JIepofiHbIe MOJIEKY/bI, TAKHE KaK MOKa3aHHBI Ha PHC. 5.4, B KOCMHYECKOM NPOCTpaH-
crBe. Ero MHTEpecoBaio MPOMCXOXACHHE TAKHX MOJIEKYN, H OH MPEATONOXHI, YTO
oHM 06pa3yloTcs BO BHELIHHX aTMOcdepax 3Be3ll, Ha3bIBAEMbIX KPaCHBIMM THTaHTa-
MH. JIns npoBepKH 3TOj r’HMOTE3bI OH XOTEN BOCCO3AATh YCA0BHS BO BHEILHHX 4YacTAX
aTMocdepbl 38e3/1bl B 1a60PaTOPHBIX YCIOBHSAX C LEAbIO YCTAHOBICHHS BO3MOXHOCTH
obpasoBaHus B Heil JIHHEHHBIX YIACPOAHbIX uenoyeK. OH 3HAM, YTO JIA3CPHbIE UM-
NyNbCH BBICOKON 3HEPTHH MOTYT MMHTHDOBAaTh YCNIOBHSI, B KOTOPBIX MOIYT Haxo-
JAMTHCA rop’smn.e napbl yriaepoja BO BHEWIHMX CNOsAX KpacHBIX ruraHToB. X. Kporo
casancs ¢ npodeccopom Puuapnom Cmosnun u3 Paiicosckoro Yuusepcutera (Rice
University) B XblocToHe, KOTOpHIii cO6pai YCTaHOBKY, NMOKA3aHHYIO Ha puc. 4.2,
ANs MONYYEHHs ManbiX KJIAaCTEPOB aTOMOB NMPH NOMOLYM BBICOKOIHEPIeTUYHBIX Jia-
3epHBIX HMNYNBCOB. B aTOM 3KCnepuMenTe rpaduTOBBIi AKCK pasorpeBasicst nasep-
HBIM JIy4OM BBICOKO}t MHTEHCHBHOCTH, YTO NPHBOJWIO K MCTapeHuIo yriaepona. [To-
TOK ra30006pa3HOro re/ius nOAXBATHIBAM 3TH NAaphl K YHOCH HX U3 KaMephl yepes He-
Gonblioe oTBepcTHe. PaciinpeHne rasa oxnaxnano napsi, 1 oHu KOHAEHCHPOBAHCH
B BHIC MAIOATOMHbIX KNacTepoB. DTOT OXNaXAEHHbIH MOTOK KIACTEpOB 3aTeM Cy-
XKancA KO/IHMATOPOM M HaMpaB/IsuiCs B Macc-CrIeKTPOMETp — Npu6op, npeiHa3Ha-
YEHHBII UIA H3MEPEHHSA MACCHl MOJIEKYA WM KJIAaCTEPOB. BLIMONHEHHE 3TOTO IKCNe-
PHMEHT2 € rpadHTOBLIM IHCKOM MPHBENO K HEOXHAAHHBIM pesynsTaTtaM: Macc-crie-
KTPOMCTP 3apErHCTPHPOBA YACTHLIBI C MAaCCOBBIM YHCIOM 720, To ecTh YacTHLBL,
cocrosiite U3 60 aroMoB yriepona ¢ Maccoit 12 aToMuBIX €AMHHUI Kaxabiii. Buuto
Hali/IeHO 10KA3ATENLCTBO CYIECTBOBAHHA MOJIEKY/TbI Ceo! Xorst nanHsie 3T0TO 3KCNE-
PHMCHTA He JaioT HHOPMALMK O CTPYKTYpE YIepORHOrO KJacrepa, aBTopbi npen-

TONIOXILIH, UTO MO/IEKY/Ia MOXET ObITh chepuyeckoit M NOCTPOHNHK ee reomesuyec-
KYIO MOJIENb, : :

- 5.3.3. Cmpyxmypa Cyo u €20 kpucmanaoe

Monekyna Cg, 6bina HasBana dbyanepeHom no umenu apxuTeKkTopa M usobperarens
P. Bakmuncrepa @ymnepa, CKOHCTPYHPOBaBIIETO reOIC3UYECKHIt CBOMI, HAMIOMMHAIO-
umit ctpykrypy Cgp. INepBonauansio MOnCKyny Hassaiu GakMUHCTEpdysIepeHOM,
HO 3TO Ha3BaHHC HECKOJIBKO HEYA0GHO, TaK YTO OHO GBUIO COKpallieHo a0 dynepe-

.5.3 Yenepoonvie xnacmepu l@»

Oxrasnpuycckas W
NO3HUMA

Tcrpaanpmecm_

NO3HLUHA
Puc. 5.7. DnemeHTapHas siycitka KpHCTA/LIH-
yeckoit pewerku ¢ymnepesa Cg, (Gonbiumne
IIaphl), NErHPOBAHHOTO LIETOYHBIMH aToMa-
MH (TEMHBIC KPYXKH). %

Puc. 5.6. Crpympa M@)ch.xy}i‘u dymncpena Cg.

Ha. CxeMa Mohexynu fOKa3aHa Ha puc. 5.6. OHa umeeT 12 neHTaroHaAbHLIX (MATH-
yrbnbﬂux) " 20 reKCaroHaNbHbIX (11eCTHYTONBHBIX) CHMMETPHYIHO PAaCMONOXEHHBIX
rpaﬁc'.ﬁ,'oﬁpaaylomux dopmy, 6nu3kyio k wapy. Ha camoM aesne, reoMeTpHs MOJIEKY-
nbi dynnepesa Gmixe K dpopme PyT6ONABHOrO MsYa, TAKKE COCTOLIETO M3 MATH-
M LIECTHUIPaHHBIX daceToK. DTH 1apoo6pasHbie MOMCKY/IBI MOTYT COCAHHATLCS APYT
C ApyroM B 'rnépnom Tene ¢ obpazoBanueM rpaHeueHTpuposanHoii (TLIK) xpucran-
JIMYECKON peLUETKH, noKa3aHHoO# Ha pHc. 5.7. PaccTosHHe MeXAy UeHTpaMH Giru-
Kaiuux Monclcyki~ B rpaHELIEHTPHPOBAHHO PELIETKE, YIEPXHBAEMBIX cnabeiMu Ban
aep BaasbCOBBIMM CHIAMH, coc_rzianné'r okono 1 HMm. TMockonsky Cgy pacTBOPHM
B Gensone, ero MOHOKPHCTUI MOXHO BBIDACTHTb MNpPH ME[UICHHOM BBIapHBAHUH

pactBopa Cg, B Gensone.

. 5.3.4. Cy,, se2uposannblii Wea0UHLIMU MEMAAIAMU

B T'LIK-cTpykType cpynn.épcuon_ 26% o6beMa NEMEHTApHOI AYEHKH MYyCTyeT, TaK
YTO ILENIOYHbIE ATOMBI MOTYT JIErKO Pa3MECTHTBCA B NMYCTOTaX MEXAy chepHICCKH-
MH Monexynauﬁ pewecrsa. Ecm kpuctauibl Ceo H MeTa/NTHYECKHit Kanuii momec-
THTb B OTKAYaHHYIO TPYOKY H HarpeTh 0 400°C, napsi kanus A yHaupyIoT B Iy-
cTOTH ¢ 06pasosanen coemutenns K;Cgo. Kpuctann Coy — AMINEKTPHK, a i Je-
FMPOBAHMM WIENOYHBIMM aTOMaMM CTaHOBMTCA qpononuuxou. Ha puc. 5.7
[1OK23aHO MONOXEHHE LE/IOUHBIX ATOMOB B PELICTKE, IA€ OHM 3aHHMAIOT 1Ba CBO-
601HbIX Terpaanbuqccxux ,n‘onoxeuna ¥ GonbuIyI0 OKTa3ApHYECKYI0 MYCTOTY
(8 pacyere Ha oay Monekyny Cep). B TeTpa’pHUECKOil MO3MIMH LIETOYHOIt aTOM
MMeeT ueThipe GaMXaifliX COCena H3 MONEKY Cég» @ B OKTa3/IPHUECKOIT — LIECTD.
TMpu neruposanmm Cgy KaTHEM 10 06pa3OBaHHI K;Cgo aTOMBI KaJiHst HOHH3HPYIOTCH
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1o K+, a nx anexTpousi caizbiBaiorcs ¢ Cgg, KOTOPBIH CTAHOBHTCS OTPHUATENLHBIM
HOHOM ng. Takum o6pa3om, Kaxaas Monekyna Cgo noayyaeT TPH TMIUHHX 3EKTPO-
Ha, c1a60 CBA3AHHBIX C MOJIEKYJIOH H COCOGHBIX MIEPEABHTATLCS 1O KPHCTAMLNY, UTO
nenaet Cgy aneKTponpoBoaHLIM. B TakoM cyyae roBopAr, uT0 Cgy IOMHPOBAH JICK-
TPOHAMM. .

5.3.5. Ceepxnposodumocms ¢ Cy,

CBepxnpoBOAMMOCTb — 3TO COCTOSHHC BELLCCTBA, NPH KOTOPOM 3JIEKTPHYECKOE CO-
npotuBicHKHe obpasla CTAaHOBHUTCSI paB-

R s M g LA L

§ oosf 3 HbIM HYmO, 2 MarHMTHOE MOJE B HEro
§ 0025 F Lottt 3  npowuxars He MoxeT. ITocneanee nposis-
E— _0075;_ W ' ] ametcs KaK yMeHbUICHHE MarHuTHOI
- B ] " F BOCIPHHMYHBOCTH ¥ obpa3ua 1o 3Haue-
§ ~0.125F i 4  uHusay=-1. B 1991 roay, koraa A.®D. Xe-
g ST 2 " _ Gapa c rpynnoit B Bell Telephone
35: -02255. R e ot Laboratory 3aneruposan kpuctamn Cg,
- - 05 19 . 195 20 KQIMCM IO BLILICOMMCAHHON METORMKE

Temneparypa, K M MpoBepHT nonyqeuuoe raxuM croco-
GoM BeuiecTBO Ha cacpxnpononumom,
TO K nceoﬁmeMy YAMBIICHHIO GuuTH Haii-
JACHBI CBUICTENLCTBA NEPEXOaa B CBEPX-
NPOBOAALICE COCTOSHME MPH TeMNEpaTy-

Puc. 5.8. Kpusas namarumnuennocr K,Cor
TEMACPATyPhl ~ ACMOHCTPHPYET  TEpexoa
B CBCPXNPOBOASALUEE COCTORHME.

s TBATEG S S, o 5 ~pe 18 K. Ha puc. 5.8 nokasano naeume
g HaMarHHYCHHOCTH, 'oauaqalomcé npH-
_ . cyTcTBHE CBEpPXNpoBOAsLLCi (pasu. 06-

- . .Hap)’)KHJlOCb 4yTO uoabm xnacc cncpx-
° NPOBOJSILUMX Bemecm HMEET MpOCTYIO

- ° KyOHUECKYIO pelileTKy u CONEPXHT BCEro

ABa XHMHYECKHX 3jieMeHTa. Bekope no-
cie nepsoro coobiueHns Geu10 06Hapy-
XKEHO, UTO PEUICTKY MOXHO JIeripoBarh
MHOTMMH menoquumu aToMamu, a 'reM-
neparypa CBEPXNPOBO/SLLETO nepexona
MOXeT O6biTh MOMHATA JIO 33 K s
CsszCm. l'[pu YBCIHYEHUY panuyca
ek L MOAEREoRous 23 aTOMa npuMecH napameTp xyﬁuqecxoi't
141 . 142 143 144 pewerkn Cg, ynenuqunaercﬂ a C HUM

Mapavietp pewersat, A . YBETHYHBACTCH W KPUTHYECKAs 'remncpa-
P“c 5.9, 3aBHCHMOCTB TeMEpaTYPH CBEpX- _'rypa cncpxnpononﬂmero nepexoza.
MPOBOAAICTO nepexona coeanuenms A,Ce, Ha puc. 5.9 nokasauna 335“°"M°°T5 TCM-

OT NapaMeTpa pelicTKM, e A — wenoynoii  NEPaTypel Ie
arom (10 A = 1 um). = :r Kﬁ’p pexona oT napamerpa pe-
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“10

Kputiueckan Temncparypa, K

TrT
'Tlllllll!"‘l'l!'llll'lll'lllil

-
S se 2 s b oo 0 3 byl s sl aa s iz st®, .,
n )

S—

5.4. Yeaepoouwe nanompybru | ID

Bslwie yxe ynoMHHanoch, 4To rpaut COCTOMT M3 TUIOCKONAPANEAbHBIX CI0CH
aTtoMoB yrieposia. MexXay STHMH CIOSMH BO3MOXHO MOMECTHTb APYrHE aTOMbI, 4TO
Ha3blBacTCs MHTEpKo/nAuueit. [Ipu uHTEpKOANMPOBaHMM rpadMTa aTOMAMH KAIHA
KpHCTLN rpaMTa CTAHOBUTCA CBEPXNPOBOAALLKM MPH lipcanuqauuo HHM3KHX TCMMC-

. paTypax, COCTaBAAIOLUIHX HECKOJILKO AECATBIX KEJILBHHA.

5 3. 6. d)y.mepeuu c lmc./wm amwuoa, 60AbIMUM UAU MEHBULUM 60

B macc-cniektpax 6bun oﬁuapyxceuu " d)ymcpeuonuc Moncxynu C YHMCJIOM aToMOB
Gonsbuie, ueMm 60, Takue Kak Cyg, Cqg, Cgo 1 Cgy. [onekaanpuueckas MONEKya yriepo-
na C,, 6bu1a cHTE3MpoBaHa npy auccounaunin CHBr); B razosoit pase. Monekyna
CysH, 6blna nonyyeHa myrem ucnapenusi rpaduta nox AeicTsueM MMAYALCHOTO Jlase-
pa. Buina o6HapyxeHa TBepaasi (paza Cy,, B KoTOpOii MoneKysibl Cyy CBSI3aHbI POMe-
KYTOUHBIM aTOMOM yriepoaa. MHTepecHbIM acrnekToM CYLIECTBOBAHHS TaKHX MCHb-
mux (yuIepeHoB ABseTCs NPeAcKa3aHHe TOro, YTO NPH COOTBETCTBYIOLIEM JICTHPO-
BaHHM OHH MOTYT MMETh BBICOKHE TEMIEPaTyphl CBEPXNPOBOASLICIO Nepexosia.

¢ 3 7. Heyzaepodnvie mapoo6pa3nue Moaexyabi ‘ s

Bo:moxuo JIX CYILECTBOBAHHE. mapooﬁpa:mux MOJICKYJl U3 npymx aromon nanpu-
Mep, KpeMuus wiu asora? Mccnenosarenu B SnoHiH CyMENH CO3aaTh KOp3nHoobpa3-
Hble CTPYKTYpPHI 13 KpeMHHSA. OHAKO B OT/IHYHE OT YIJICPOAA OANH JIHIIb KpeMHHii He
MOXeT 06pa3oBhIBaTh 3aAMKHYThIE CTPYKTYpbl. MccnenoBare/i MoKasau, UT0 KpeM-
HHiT MOXeT (OpPMHPOBATh. 3AMKHYTYIO CTPYKTYPY BOKDYr aToMa ponib(hpama B BHIC
rekcaroHaibHoit kneTku. [loTreHunaib- -
HBIMH TIPUMEHEHHMAMH TaKHX CTPYKTYP
ABNSAIOTCS KOMITOHEHThI KBAHTOBBIX KOM-
NbIOTEPOB, XHMHYCCKHE KaTanH3aTOpbI
M HOBbIC CBEpXNPoBOAHHKH. CylIeCTBYET
MHOXECTBO MpPEACKa3aHHbIX Ha OCHOBC
BBIMMC/IEHHIT MOJIEKY/IAPHBIX opBuTaicit
cTabMJIbHBIX 3aMKHYTBIX CTPYKTYpP M3
apyrux atomos. Hanpumep, METOAOM
({yHKUMOHANA MUIOTHOCTH NMOKa3aHo, UTO
xnactep Njy ROMKEH GbITh CTAGHIBHBIM
M MMETh AOACKA3APHYECKYIO CTPYKTYPY,
noxasaxnyio Ha pc. 5.10. Beruncnenis
TaKKe NOKa3aH, YTo 3ToT Kiactep Oyaer
O4YEeHb MOLLHBLIM B3PbIBYATBIM  BCLUCCT-
BOM, NPUMEPHO B 3 pa3a MOLLHEE Haubo-
Jiee IHEPrOEMKHX COBPEMEHHBIX MaTEpH-=
anos. OnHako cuHTe3 Njy MOXCT OKa-
3aThCH OYEHb CIIOXKHbBIM. :

Puc. 5.10. I'ng:;icxaaamlaﬂ mympa Mone-
Kynbl N,g, BHIYHCIEHHAS HA OCHOBE TCOPMH
(hyHKUHOHANA MJIOTHOCTH. .
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5.4. YrnepopHbie HaHOTPY6KM

Bo3MoxHO, 6o1ee MHTEPECHBIMH HAHOCTPYKTYPaMH € IMHPOKHM TOTCHLHAIOM NpHMe-
HCHMS SIBASIOTCA YTIEPOAHBIC HAHOTPYOKH. YIVIEPOIHYIO HAHOTPYGKY MOXHO NpeicTa-
BUTB ce6e Kak JincT rpadmTa, cBepHyTHIit B wiwmHap. Ha puc. 5.11 nokasaHo Hecko/b-
KO BO3MOXHBIX CTPYKTYp, 06pa3oBaHHBIX CBOpPauHBaHHEM IpapMTOBOrO JIMCTa BOKpYr
pasHbiX oceii. OnHocnoiiHas HaHOTPY6Ka MOXCT HMEThb AMaMeTp 2 HM M THHY 100 Mu-
KPOH, YTO ANaeT ¢ KBA3HONHOMEPHOIT CTPYKTYpOii, ClIoCOGHOI CYXHTh HAHONPOBO-
JIOKOI. ' B ‘ : :

5.4.1. Memoow _nmy-ieyud

Yrneponbie HAHOTPYOKH MOXHO NOMYYHTD JIa3ePHBIM HCMapEeHKEM, YINIEPOAHOIt Ayroit
H XHMHYECKHM ocaxaeHHeM napoB. Ha puc. 5.12 nokasaHa ycTaHOBKa 1Sl TPOM3BOACT-
Ba HaHOTPYOOK JasepHbIM HenapeHneM. Ksapuesas Tpy6a, coaepxatias ra3o06pasHatii
aproH M MHLleHs u3 rpadura, Harpesaercs 1o 1200°C. BHyrpu TpyGKH, HO 3a npeaenaMu
Neyu HaXOAMTCA OXIaXaaeMblit BoAoit MeaHBIit KoekTop. IpaduToBas MuiLeHs conep-
XHT HebonblHe KONHYeCTBa KobankTa H HHKEJIS, BHICTYTIAIONIHE B KAYECTBE KATAIMTH-
YeCKHX 3apoabliueit o6pasoBanms HaHOTPYGOK. TTpH NOMATaHUK BHICOKOMHTEHCHBHOTO
' : - TIy4Ka MMIYJABCHOTO Jiasepa Ha MHILEHD
rpaduT ucnapsercsi. [Torox aproHa BelHO-
CHMT aTOMBI YI7IEpOfia M3 BICOKOTEMIIEpa-
TYPHO# 30HBI K OXJIAXIaEMOMY MEIHOMY
KOJUICKTOpY, Ha KOTOPOM M TPOHCXOOHT
obpasoBanne HaHOTpy6oK. TakuM MeTo-
JIOM MOXHO NOJYYHTb TPYOKH IHaMETPOM
10 - 20 1M 1 wnuHOI 100 MUKpOH.
HanotpyGku MOXHO CHHTE3MpOBaTh,
HCnonb3yst ¥ yraeponHyio ayry. K anekr-
ponaMm M3 yriepozia JuamMeTpoM 5 - 20 MM,
Pa3HECEHHBIM Ha PacCTOSTHHE OKOJIO 1 MM,
B notoke reaus npu pasnenuun 500 Topp
TIpHKNanbiBaeTcsi HanpsokeHue 20 - 25 B.
ATOMBI YIJIepoia BBUIETAIOT M3 MOJIOXH-
TEJIBHOTO 3NeKTpona ¥ obpa3yloT HaHOT-
PYOKH Ha OTPHLIATE/ILHOM, TIPH 3TOM UIH-
Ha TMOJIOXHTENIBHOTO 3/IEKTPO/ia YMEHbllIa-

Puc. 5.11. Ipumepst HEKOTOPBIX H3 BO3MOX- ::Z:ﬂti mpuuaTeJle:M e
HBIX CTPYKTYP YINICPOAHBIX HaHOTPYGoK, 3a- oo i SEp——"
BHCALMX OT crioco6a cBOpayMBaHus rpatu- Hns nomyuenist ogHOCHOMHBIX ——y-
TOBOTO mMCTa: (a) — KpecenbHas cTpyktypa, GOK B LICHTPAILHYIO 06NACTb NONOXHUTETb-
(6) — 3ursarooGpasnas crpyktypa, () — xu-  HOIO 3MeKTpoaa A06aBnAoT HeGoNblIHe
panbHas CTpyKTypa. KOIHYeCTBa KOGAIBTa, HHKENST WK Xese3a

AR P G~ I S B E T P EIIND
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B KayccTBe KatanusatopoB. Eciu He Mc-.  Tews
NONL30BaTh KaTalM3aToOphbl, MOAYYAIOTCA V
BNIOXEHHBIC WIH MHOTOCHOIHbIE HAHOT- Jlazep
pyOKH, TO €CTb HAHOTPYOKA BHYTPH HaHO- i
TPYOKH, Kak NoKa3aHo Ha puc. 5.13. Jly- !
FOBBIM METOAOM MOXHO MOJNYUMTh OIHO- !
!
|
:

: g
! Menanmiit Konnexrop,
| oxnaxaaeMuiit Bogolt
= &
I 1
1 /
i

1
!
!
I

CJI0IHBIC HRHOTPYOKH AHaMeTpoM 1 - 5 HM
M ANHHOI nopsaaka 1 MKM.

-
P

- METOA XMMMYECKOTO OCAKICHWS M3 . H — ==
napoBoii (a3l 3aKniouaeTcs B paznoxe- . . \\
HHH ra30006pa3HOro yraesogopopa, Ha- ',' . \
1
npumep, metana (CH,), npu Temnepartype d ! \‘
1100°C. ITpu paznoxeHnH rasa obpasyior- ' ! > etk
e P o Ta3oo6pa3uit \ X
Cst CBOGOAHLIC aTOMBI YINIEPOAA, KOHACH- anroy 1 \
cupylolLiecs 3aTeM Ha Gosee XONOAHOI ‘ Ipajurosan  Ksapuesas
MULICHD Tpyba

TOJUIOXKE, KOTOpas MOXET COJIepXKaTb
pa3HOOGpasHbic KATAIH3aTOPhl, TaKHE
KaK XkeJ1e30. DTOT NpoLecc Mo3BoNsAeT 1o-
JIy4aTh NPOAYKT HEMpPEPbIBHO H, BO3MOX-
HO, siBsieTCsl Hanbonee MpeanouTHTE N b-
HBIM JUISL YBEJIMYEHHs1 MaclutaGoB npu
NPOMBILUICHHOM NMPOH3BO/CTBE.
MexaHu3M pocTa HAHOTPYGOK JI0 CHX
nop HesiceH. Tak Kak mwisi pocTa OIHO-
CNIOITHBIX TPYOOK HCOOXOAHM METALUTHYE-
CKMif KaTaJu3aTop, MEXaHH3M MOKCH
OGBSACHATL PONb ATOMOB Kobanbra WiH
HuKenst. OaHO M3 NPEIOXKEHMIT, Ha3bIBa-
CMOE «MCXaHHW3MOM CKYTepa», COCTOMT .
s AR Puc. 5.13. CxeMa WIOKCHHBIX HaHOTPYGOK,
MM3ATOPA MPHCOEAMHSIOTCS K OOOPBAH- | o onuia tov6Ka HAXODMTCS BHYTPH ApY-
HBIM CBA3SIM HAa OTKPBLITOM KOHLE TPYOKH 1o
u oberas ee no xpaio, CrocobCTBYIOT 3a- 1154 v
XBaTy aTOMOB YI/iepoaa 3 n1apoBoit (ha3bl 1 HX BCTPAHBAHHIO B CTCHKY TPYOKH.

Puc. 5.12. DxcnepHMEHTANIbHAS YCTAHOBKA
IS CHHTE3a YIAepOAHbIX HAHOTPYOOK nasep-
HBIM MCApEHHEM.

OGBLIUHO MPH CHHTE3E NIONY4AETCA CMECh HAHOTPYGOK Pa3HBIX THIOB C PANTHIHBIM

XapaKTepoM M BEJIHYHHON 3/IEKTPONPOBOAHOCTH. Ipynna u3 IBM pa3spaGorana meTon
OT/C/ICHHS! IOYTIPOBOMSLIHX HAHOTPYOOK OT METATHYCCKHX. Jia pa3neneHus cMe-
IIAHHbIC MYYKH HAHOTPYOOK OCAXAAIOT HAa KPCMHHCBYIO NOMIOKKY, a 3aTeM Ha 3TH
MyYKH HaNbUIAIOT METAUTHYCCKHE JNEKTPOABL. Hcnonb3ysi MOMIOXKKY KaK 3/1EKTPOI,
Ha HEro MoAaloT HeGONBLIOE HAMPSKEHHE CMEILICHHS!, 3aNHPAIOLLICE MONYTIPOBOHH-
KOBbIe TpyGKH 1 (PPEKTHBHO NPEBPALIAIOLICE HX B HIOAATOPDI. 3arem Mexay MeTan-
NMYCCKHMH 3/IEKTPOAAMH NPHKIAALIBACTCS BLICOKOC HANPSKCHIE, CO3NAIONICE 6onb-

5—2087
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Puc. 5.14. Ha rpaduToBOM JIHCTEC MOKA3aHb! " .
Ga3ucHbIC BEKTOpa @, M @, AByMEpHOIli ane- 02fF e
MEHTapHOit AYCiiKH, HaNPaBICHHE OCH T, Bo- [ .
prrxoropoﬁcpopalmgaercgnucrnpuwpa- 0 Cresaloaaatennelooaalonasdangy]
0 Yo 3 4 s 6

30BaHHIE HAHOTPYOKH KPECCIbHOI CTPYKTYPbI, ‘ i
nokasanwoil Ha puc. 5.11a, H mepmeHAMKY- : 100/D, A~
napuoe sekropy T Hanpasnenue C, BIOMb OK- .

pyxHocTi TpyOoku. [Tpi Apyrix opHEHTaLMAX Puc. 5.15. 3aBHCHMOCTD LUMPHHBI 3aNPEUICH-
pextopa T o6pasyloTcs 3Ur3aroBbic M XHpaib-  HOM 30HbI nonynpoBoasuicii XHpaIbHOIl Ha-
Hblc TpyGKM, mokasauHsie Ha puc. 5.116  HOTpyGKM or obparHoro anamerpa Tpyoku (10

1 5.1 1B COOTBETCTBEHHO. A=1nm). :

110§t TOK B METAUTHYECKHX HAHOTPYOKAX, YTO NPHBOAMT K HX MCMAPEHHIO, NOCJIC Yero
Ha TMOIOKKE OCTAIOTCA TONBKO MONYNPOBOAHHKOBLIC HAHOTPYOKH. ‘

5.4.2. Cmpyxmypa

VYriiepoaHbie HAHOTPYGKH MOTYT HMETb Pa3THYHYIO AaTOMHYIO CTPYKTYPY, NpHueM Tpyo-
KM pa3Hoii CTPYKTYPhl HMCIOT pa3Hsie CBOHCTBa. XOTA yIiepofHbIe HAHOTPYOKH B Aei-
CTBHTE/LHOCTH M He 06pa3yloTesi myTeM CBOpauMBAHUSA rpadHTOBBIX IUIOCKOCTEIH, pas-
Hble CTPYKTYPbl TPYGOK MOXHO Pa3bCHHTD, PACCMATPHBask MBICACHHBIE CIIOCOOBI CBO-
pauiBanis rpaduToBoro icra B wwuiHAp. Tak, Hampumep, HaHOTPYOKY MOXHO
Nony4HTh cCBOpaynBas rpadMTOBbI MMCT BOKpyr ocH T, nokazaHHoi Ha puc. 5.14. Bek-
top C,, nepnenaukynspen T W HanpaBAcH BAONb OKPYXHOCTH TpyOku. Tpu npumepa
CTPYKTYpb! HAHOTPYOOK, MOJNyyalouXcs NpH CBOpaYMBaHMK rpadMTOBOrO NHCTA BO-
Kpyr BexTopa T, no pa3HoMy OPHECHTHPOBAHHOIO OTHOCHTENLHO Ga3UCHBIX Hanpasie-
HMit rpaHTOBOI NIOCKOCTH, NMOKa3aHb! Ha puc. 5.11. Koraa sexrop T nepneHAMKyIis-
ped C — C cBa3aM B YIIePOAHBIX IECTHYTONLHHKAX, 06pasyeTcs CTPYKTYpa, NMoKa3aH-
Has Ha pHc. 5.11a u HasbiBaemas KpecenbHoil, TpyOKkM, nokasaHHble Ha puc. 5.116
u 5.11B, Ha3LIBAIOT COOTBETCTBEHHO TPYGKAMI 3Ur3aroBoil M XMpPANTLHOI CTPYKTYPBI.
Onu o6pa3syioTcst CBOPaUHBAHMEM BOKpYT APYTHX OpHEHTaumit BekTopa T OTHOCHTEb-
Ho rpauroBoro Jincta. PaccMaTpisast Tpy6Ky XHpanbHOi CTPYKTYPhI, MOXHO YBHIETD
crypabHblil paa aToMOoB yriicpoaa. OGbIYHO HAHOTPYOKH 3aKPHITH ¢ 060X KOHIIOB,
yTO TPeOYET BBEACHHA MATHYTONBHBIX TOMOJOrHYECKHX CTPYKTYP Ha KaXIOM KOHLC
uwnwmnapa. IMo cyuectsy, Tpy6ka siBnsieTest LWTHHAPOM, KAXABIH KOHEL, KOTOPOTO 3a-
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KpBIT NOJIOBHHKOI Gonbuwoii dywiepeHonono6Hoil cTpykTyphl. B ciyyae omHocTen-
HO# HaHOTPYOKM Ha ee KOHLAX MOXHO OOHApYXHTh METALUIHYECKHE YaCTHLbl, YTO
CBMACTE/ILCTBYCT B NOJIb3Y KATATUTHYECKOH poiy aTOMOB MeTauia B HOPMHPOBAHHH
CTPYKTYpHI TPYOKH. THEL ! -

5.4.3. Daexmpunecxue ceoiicmea

Hau6onee uHTepecHOe CBOICTBO YIJICPOAHBIX HAHOTPYOOK 3aKJIIO4acTCs B TOM, UTO
OHH MOTYT OBITb METALTHYECKHMH WIIH MOAYNPOBOAAIIMMH B 3aBHCHMOCTH OT MX AH-
aMmeTpa ¥ XHpanbHOCTH. TepMHH XHPATbHOCTh OTHOCHTCSA K HanpasjieHHio T cBopaum-
BaHHA TPYOKH OTHOCHTENbHO rpacduTo- - ol auros )

BOTO JIMCTA, KaK ONMHCaHO Bbilue. B pe-
3yNbTaTe 'CHMHTE3a OGBIMHO noJiyyaeTcs
cMech TPYOOK, ABE TPETH KOTOPBIX HMEIOT
MONYNpPOBOAsLLME CBOICTBa, ' M OJHA
TpeTh — MeTaJUIHYecKue. Metaumiyec-
Kie TpyOKH 0OBIYHO MMEIOT KpEeCebHYIO
CTPYKTYpY, MOKa3aHHYIO ‘Ha puc. 5.1la.
Ha puc. 5.15 npuseseHa 3aBMCHMOCTS -
IIMPHHBI LIENH MONYNPOBOAALLNX HAHO- -
Tpy6OK OT MX o6paTHOro AHamerpa, no- -
Ka3blBalowlas, uTo NMpH YBENTHYCHHH A1a-
Merpa TpyOKHM -IueNb YMEHBIUAETCH.
JInga uccnenoBaHust ANEKTPOHHOIM CTPYK- -
TYpHI - YIJICPOAHBIX HAHOTPYOOK HCHOJNb-
30Bajach CKAHMPYIOLLAA TYHHEIbHAsA MH-
kpockonus (CTM) B pexume JIOKanbHOI
MEKTPOHHOI CrieKTpocKonuu. B arx
M3MepeHHsIX MOJIOXKeHHe 30HAa (HKCH-
poBaNIOCh HAll HAHOTPYOKOIH, H PErHCTPH-
poBajiach 3aBHCHMOCTb TYHHEJIbHOTO TO-
Ka ] or HanpsKeHust V, NpWIOXCHHOro
MeXay 30HAOM H HaHoTpYOKoii. Haitnen-
Hast TakuM o6pa3oM NpoBoaMMOCTb G =
I/V nanpsmylo cBsi3aHa C JIOKaIbHOI 0
IJIOTHOCTHIO 3MEKTPOHHBIX COCTOSIHMI = Hanpsxenne, B

(cM. Thasy 2). Ona siBsieTcst Mepoit To- , ; -

[0, HACKONIBKO GIH3KO YPOBHH SHEPIHH - Puc. 5.16. 3aBHCHMOCTb HOPMAIH3OBAHHO!
nexat apyr K apyry. Ha puc. 5.16 noka- ?:g’g’;)‘/”(’;‘/‘;};aﬁ“:gmom“:;’r‘:’“‘:{‘;':lzmj
saubl ganHsie CTM-CIEKTPOCKOMMM o’ uenian B XOAC CKAHHPOBAHMS MO
B BIJIE 3aBHCHMOCTH HOPMAIM30BAHHOM  qyypennioMy TOKY Ha CKAHMPYIOUIEM TYH-
nuddepeHumanbHoii  MPOBOAHMOCTH  HenbHOM MMKpOCKONE MeTaHYecKoit (a)
(dI/dV)/(I/V) oT MpHAOKEHHOro MEXmy - M nosnynposojsiweit (6) HaHOTPYGOK.

HuddepeHunposannas
nposoaumocTs (OTH. ea.)

HMWpemepoaanuaa
NPOBOAHMOCTD (OTH. €A1.)

1 1
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TpyOKOit ¥ 30HIOM HANpPAKCHHUA V. ina BEpXHETO CTCKTPa (dl/dv)/(i/V) = | B umpo-
Koit o6nactit V¥, 4To 03HAYacT BHIMOJIHCHHE 32KOHA Oma. U3 HuxHero rpaduka scHO
cnieyeT HATHYHe SHEPTCTHYCCKOI LENH B MaTephane. Ona pacnionoxcHHoii B obnac-
TH 3HEPTHil, KOTOpasi COOTBCTCTBYCT MAILIM npupaiueHnam Toka. lHinpuxa aroit obna-
CTH 110 HANPSLKEHHIO ABINCTCS MCPOIt BEJIHYHHDI IICITH. Jinst nonynpoBoIHKKA, NOKa-
3aHHOTO Ha HILKHEM rpaduKe pc. 5.16, oHa cocTaBaseT Q,7 3B.

TTpu GonbLiMX HANPAKCHHAX V HaGmionaloTcst ocTphbie MHKH B IUIOTHOCTH COCTOs-

"HMil, Ha3LIBAIOLIHECS! CHHTYIAPHOCTAMH BaH Xodpa M XapaKTepH3YIOLLHE NIPOBOMSI-

1Me MaTepHaIbl HH3KOit paamepHOCTH. TTHKM NOABNSIOTCS Ha HE H MOTOJIKE MHOXe-
crBa noasoH. Kax yxe o6cyxaanoch BblIC, 3/ICKTPOHBI B KBAHTOBOI TCOPUH MOXHO
paccMaTpBaTh KaK BOJHbI. Ecni jUIiHA BOJHBI 3NIEKTPOHA HE YKAaIbIBaeTCsS LIEJI0C
YKC/IO a3 Ha JUTHHE OKPYXHOCTH TPYOKH, OHa nHTepdepupyer cama ¢ coboif ¢ mora-
LIeHHEM, TaK UTO Pa3pelieHbl TONBKO TAKHE JUIHHBI BOJIH 3/IEKTPOHOB, KOTOPLIC yKJIa-
AbIBAIOTCA LE0E YHCIIO Pa3 Ha EPHMETPE TPYOKH. DTO CHJTBHO OrpaHM4HBACT KOJHYC-
CTBO COCTOSIHMI1, MPHIOAHBIX JUISl MPOBOAHMOCTH BOKPYT LIHIHHApA. JOMHHHPYIOLIHM
HanpasJeHHeM MPOBOAWMOCTH OCTACTCSl HaNpaBJICHHC BIOMb TpyOKH, 4TO HYHKUHO-
HAILHO AENACT YIICPOAHYIO HAHOTPYGKY ONHOMEPHOI KBAHTOBO npoBosokoii. bonee
noapo6GHoe o6CyKaeHIe KBAHTOBBIX NPOBOJIOK GyACT NPOBEACHO MO3AHEE, B Inase 9.
DICKTPOHHBIE COCTOAHMSA TPYGKH He 06Pa3yloT OAHOI LHPOKOIT HenpepbIBHOI 3HEp-
reTHYEeCKOil 30HbI, a pa3GMBAIOTCA Ha OZHOMEPHBIC MOA3OHLI, HabaloAacMbIC Ha
puc. 5.16. Kak 6yaet nokasano aanee, Takue COCTOSIHHS MOXHO MOJAENIHPOBATH KBaH-
TOBOI1 SIMOI1 B BHE KONOALA ¢ INyOHHOI, paBHOIT ANMHE HAHOTPYOKH.

VicciienoBaHust TPaHCNIOPTa JIEKTPOHOB HA OTAEMNBHBIX OAHOCOMHBIX HaHOTpYyO-
Kax aanu caeayioume pesynsratsl. Mamepenus npu T =0.001 K Ha Metauueckoii Ha-
HOTpYOKe, NiexKalleit MEXIY ABYMst METAUTHYCCKHMH 3NIEKTPOAAMH, AEMOHCTPHPYIOT
0coBEeHHOCTH B BHAC CTYNCHEK HA BONLTAMIMEPHOI XapaKTepHCTHKE, MOKAa3aHHbIC Ha
puc. 5.17. CtyneHbKH MOABNAIOTCA NMPH HANPSKCHMSIX, 3aBUCALLUX OT HaMpPAKCHUSI,
NPHIOXKEHHOTO K TPETHEMY NEKTPOAY, JMCKTPOCTATHYECKH CBAZAHHOMY C HAHOTPYO-
Koii. 9T0 HaNOMMHACT MOJICBOIT TPAH3KUCTOP HA YICPOAHOI HaHOTPYOKe, obecyxnae-
MBblii Jance 1 noxkasaHHblii Ha puc. 5.21. CTyneHbKH Ha BONBT-aMIICPHOI XapaKTepHc-
THKC ABASAIOTCA CJCACTBHCM OAHOACKTPOHHOIO TYHHENWPOBAaHHS M PC30HAHCHOIO
TYHHC/IHPOBAHHSA YEPC3 OTACBHBIC MONEKY/sApHbIC opOuTaNH. OAHO3IEKTPOHHOE TY-
HEAMPOBaHHE MPOHCXOAUT KOTrZa eMKOCTh TPYOKH HAcTONBLKO Mania, uTo AobaBiacHHE
OJIHOTO 3/IEKTPOHA BbI3bIBACT M3MCHEHME DJICKTPOCTATHYECKON 3HepruM, Gonbliee,
yeM TenuioBas IHeprua k7. DNeKTpoHHBII NepeHoC GIOKUPYETCs MPH HU3KMX Hanps-
KEHMAX, YTO Ha3bIBACTCA KYNOHOBCKOI Giokanoit n moapobHee obcyxnaercs B Inase 9
(maparpad 9.5). ITpit nocrenenHoM yBeMUCHHH HANPSIXKCHHS HA 3aTBOPE MEKTPOHDI
no OHOMY MOIYT NpoHHKaTh B TPYOKy. [lepeHoc anexkTpoHoB B TpyGKe NMPOMCXOAHT
NOCPCACTBOM TYHHCJINPOBAHMS MEKAY AMCKPCTHBIMH 3/CKTPOHHBIMH COCTOSTHMSMM.
M3meHcHHE TOKa Ha KaXnoii cTyneHbKe (cM. pHe. 5.17) casizano ¢ noGasneHneM OfHOI
MOJICKYIApHOii opbuTani. D10 03HauaeT, YTO 3MEKTPOHLI B HAHOTPYOKE HE ABAAIOTCS
CHJIbHO JIOKAIH30BAaHHLIMH, @ pa3Ma3albl Ha GONbILOM PACCTOSAHMM BAOAL TPYOKH.
OGbIYHO NPHCYTCTBHE AC(EKTa B OAHOMEPHOIT CHCTEME BbI3BIBACT JIOKATH3ALHIO 3J1C-
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KTPOHOB, 0AHAKO JAedeKT B HaHOTPYGKe
HE TIPHBOMT K JIOKATH3ALKK M3-3a TOTO,
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T
4
21

YTO €ro BIAMSIHHC YCpeAHSeTCA no Bcemy . 095
nepuMeTpy Tpyoku. OTo npoucxoaut _
BC/CACTBUC TOPOMAANLHON (OPMBI BOJI- .t

HOBOIf (PYHKUMM, HANMOMKHAIOWICIH TTOH-
YHK. : ' in - g ne

B MerannuueckoM COCTOAHMH mpo-
BOAMMOCTb HAHOTPYGOK OYEHb BLICOKA.
O11eHOYHO OHH MOTYT MPOMYCKaTh M- -0.25
JMap aMnep Ha KBaapaTHbiii CAHTHMETD.
MenHblit NPOBOA BLIXOZKT M3 CTPOS NP
MWUTHOHE aMriep Ha KBaApaTHbIi CaHTH-

METp HM3-3a TOro, 4TO IKOYJCB Harpen :
NPHUBOANT K IIABACHHIO IPoBoaa. OnHoi Puc. 5.18. BausiHue nocTrosHHOro MarHHTHO-
M3 NMPUYHH BLICOKO# MPOBOAKMOCTH Yr- :z\::?:ﬁ PESNDITE . Sewgyoun g
mneparypax 0,35 1 2.3 K.
JIEpoAHLIX TPYOOK sABAsETCS OUEHb MaJoe
KonuuecTBo He(eKTOB, BLI3BIBAIOUIMX PACCCAHHE 3J/IEKTPOHOB, a CJCAOBATENBHO
H oueHb HH3Koe conpotipieHue. [Toaromy Gonblloii TOK He HarpeBaeT TPYOKy Tak,
KaK OH pa30orpeBacT MEAHbII MPOBOA. DTOMY TaKXKe CIIOCOOCTBYET BHICOKas TEILIONPO-
BOJAHOCTh HAaHOTPYGOK. OHa MOYUTH BABOE NPEBLILIAET TEILUTIONPOBOAHOCTD AIMa3a, 4TO
03HavuaeT — TPYOKH SIBJISIIOTCA OUCHb XOPOIIUMH NPOBOAHMKAMM Tea. A
MarsuToconpoTHBACHHEM HA3LIBACTCS SIBJICHIE, B KOTOPOM 3JICKTPOCONPOTHRIE-
HHE BELUECTBA MEHSICTCA NPH HAMOXKEHHH MOCTOAHHOIO MarHUHTHOrO nons. Yraepon-
HblC HAHOTPYGKHN NMPH HM3KHX TEMICPATYPax AeMOHCTPHPYIOT MAarHHTOPE3HCTHBHbII
addexr. Ha puc. 5.18 nokasaH rpadux 3aBHCHMOCTH H3MEHCHHS OTHOCHTENILHOTO CO-
NPOTHBACHUA HAHOTPYOKH OT TMPHIOKEHHOr0 MArHHTHOTO MOJA  NpH
2,3 K1 0,35 K. 910 — OTpHUATEbHBI MATHHTOPE3NCTHBHBII 3(peKT, TaK Kak conpo-
THBACHHE YMEHBLIACTCS NPH YBENHUYCHHH MarHUTHOrO noxns, a ofparHas BeIHYHHA —
nposoaumocts G = 1/R — ysennuupaercst. Takoii 3(pexT ABsAeTCs CICACTBHEM TOrO,
YTO NPUNOXKECHHOE K TPYyOKe MArHHTHOE MOJIC MPHBOAKT K NMOSIBICHHIO HOBBIX SHCpre-
THYECKHMX YPOBHCi 2/EKTPOHOB, CBA3AHHBIX C MX CAHPATBHLIM ABHXKCHHCM B MOJC.
Oka3siBaeTcs, 4To Uil HAHOTPYOOK 3TH YPOBHH, HA3bIBACMBIC YPOBHAMH Jlannay, Ha-
XOZATCS OuMeHb GAH3KO K HaMBbICUICMY H3 3aMOJHECHHBIX yposHeit (yposHio ®epmu).
Jpyrumu cnosamu, nosipasiercsi Gosbiuee KOMHYCCTBO BOIMOXHBIX COCTOSIHMIT Ansi
YBETMUESHUS SHEPrHH 3ICKTPOHOB, UTO MOBLIILIACT MPOBOAHMOCTD Marepuana.
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5.4.4. Koaebameavnvie ceoiicmea

ATtoMbl B MOJICKYJIC HJIH HaHOoYacTHIIC YYacTBYIOT B HenpepbIBHOM TCTIJIOBOM ABHXKC-

uun. Kaxnas monekysna obnanaer cneuwnuaeckM HaGopom KonebaTeNbHBIX ABH-
JIBHBIMH MOZAMH, ONPCACIISIOMHMHCS

KeHMit, Ha3bIBaCMbIX HOPMATBLHBIMH Konebare
cumMerpueil Monekynbl. Tak, MOJICKY/a ABYOKHCH yrJiepona CO, co crpykTypoii




0 = C = O umeeT 4YEThIpe HOPMAILHBIC
Mofbl. JIse MOJIbI CBSI3aHBI C n3rubom mo-
NeKy/bl B ABYX B3aHMHO NCPEHAHKYASD-
HBIX TUIOCKOCTSIX, €1LE OIHA, Ha3biBacMasi
CHMMCTPHYHBIM PACTSDKEHHCM, 3aKiTioua-
etcs B cundastom ywmuennn C = O
cBsizeil. ACHMMETPHYHOC PacTAXEHHE,
saKoyaioleecs B MpoTHBodasHoM u3-
smenennn winH C = O cpa3eii, NpH KOTO-
pOM OfiHa CBs3b PacTArHBACTCA, B TO Bpe-
Ms1 KaK ApyTast CKHMACTCsl, ABJISICTCS 4eT-
BepTOil Mozoif. AHaJIOTHYHO,
yrnepoaybsle HaHOTPYOKH HMMCIOT CBOM
HopManbHble KonebaTenbHbie MOABI, IBE
H3. KOTOpBLIX MPOMJUTIOCTPHPOBAHBl Ha
puc. 5.19. Onxa Moz, obo3Havyaemas A,
COCTOMT B OCHWUISILLMH AHaMeTpa Tpyb-
xu. Jpyras moa, oGosHavaemas £, co-
CTOMT B CIUTIOIIKBAHHH TPYOKH, NMPYU KO-
TOPOM OHa CXHMaeTCcsl B OfIHOM Hamnpas-
Puc. 5.19. M3obpaxcHne ABYX HOPMATBHBIX - peyyy, OXHOBPEMCHHO —PacIUMPSsCh
MoA xoneBanuii yraepoaHoii HaHOTPYOKH. B MEPrICHIHKYAPHOM €My, TIO cylecTsy,
OCUIWUTHPYS MEXIY OKPYXKHOCTBIO M 31~
nnnicoM. YacToTsl 3THX ABYX MOJ PAMAHOBCKH aKTHBHBI M 3aBHCAT OT paguyca TPYOKH.
Ha puc. 5.20 nokasaHa 3aBHCHMOCTb YaCTOTBI MOAIbI A, OT pajuyca TPyOoKH, 0ObIMHO
MCTO/Ib3yeMasi B HAcTos1lee BpeMst JUISL H3MEPEHHST panHyca HaHOTPYOOK.

Ayg 165cm™

5.4.5. Mexanuueckue ceoiicmea

Yrneponusie HAaHOTPYOKM O4CHb NpouHbl. Eciu K KOHIY TOHKOIf 1MpOBOOKH, MPH-
KpEIUIeHHOJ K NOTOAKY KOMHAThl, IPHCOEAHHUTH Bec W, TO NpoBOJIOKA pacTSIHETCS.
Mexannyeckie HanpsLKCHUS S B TPOBOJIOKE ONPENeNIOTCsl KaK OTHOLICHHE Harpy3KH,
WIIH Beca, K NONepeyHOMY CEYCHHIO A NPOBOIOKH:

/4

0 = 7 . (5.3)

OrHocuTenbHan fAedopMaliis £ onpeneaseTcs Kak OTHoLIEHUE yunHHeHus: AL nposo-
JIOKH K ee JUIHHe L: 3
_ AL
L

rae L — anina npoBoNOKH nepes HarpykeHueM. 3akon [yKa yTBepKaaeT, 4To yBeanye-
HHE UTHHB! IPOBOJIOKK NPONOPLHOHANLHO CHIE, NPHIOKEHHO K KOHILLY IIPOBOJIOKH.

(5.4)
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B Gonee obuieMm Buge rosopat, uTo Ha- T —————
NnpsAKeHHE O NPONOPLUHOHANILHO OTHOCH- 1 Foell
TeabHoil aepopmaunmne: - - asok 3
o=Ee o e ;

_ L magal r

KoagdpuuneHnt nponopunonansnoctu Pr g .
E = LW/A AL nasmiBacrcs MomyneM ¢ 2503_ j
[OHra u aBasieTcst CBOMCTBOM KOHKpET- § C ]
HOTO MaTepHANa, XapaKTCpPHaYIoLMUM ero & . :
ynpyrocts. Uem Gonblue 3HaueHHe Mo- 200:— ' P
ayns IOuHra,; TeM MaTepuas MeHee noaaT- ST & d
qus. Moaynb IOHra cranu’ npumepHo 15°E 3
B 30000 pa3 Gonbuie, yeM pe3nHnl. Mo- - "100 E...,...,1...,......'....h...n.mnm’.n...x.-..:

aynb IOHra yrnepoaHsix HaHOTPYGOK Ko-
ne6nercs ot 1,28 no 1,8 TITa. OguH Tepa-
nackans (TI1a) npumepso B 107 pa3 6onb-
ure ‘atMocdepHoro nasncHus. Moayns
IOnra cranu cocrapaser 0,21 TITa, yto
o3HauaeT — Moayiab IOHra yrrepoxHoit
HAHOTPYOKHM MOYTH B AECATH pa3 Gonblie, YeM y CTaIH. DTO NOAPa3yMEBaeT, uTo yiJie-
ponHasi HaHOTPYGKa OueHb XeCTKasi M TPyAHO cribaemas. OAHAKO 3TO HE COBCEM TaK
13-32 TOTO, 4TO TpY6Ka 0ueHb TOHKA. OTKJIOHCHHE NYCTOrO HHWIHHAPHYCCKOTO CTEPX-
HSI JUIMHOI L, BHYTPEHHHM PAIHYCOM 7; M BHCIIHHM PaJMyCOM 7, NOA ASHCTBHEM CHIBI
F, npunoxeHHoii K €ro KOHLly HOPMaJIbHO K OCH, a€TCsl BLIPRKCHHEM :

2 25 3 35 4 45 5 55 6 65.7
Pamuyc, A

Puc. 5.20. 3aBHCHMOCTbL YacTOTHl PaMaHOB-
ckoif xoncGarenbHoOi MOibl A, OT pammyca
HAHOTPYOKH. '

3
p= L. (5.6)
3EI
rae / — MOMEHT HHCPLIMM CEUCHHSA CTCPKHA, paBHBIit B JaHHOM cJyyae ;-r'(r: - r,-‘)/4.
Tak Kak ToJILIMHA CTCHKH OJHOC/OIHO HAHOTPYOKH COCTAaBNAET NPHMEPHO 0.34 uMm,
3HaueHHe r,‘,‘ - r,‘ OUeHb MJIO, YTO OTUACTH KOMIIEHCHPYeT 6osibloe 3HaYeHHE E.
Yrneponnas HaHOTPYOKa oucHbL ynpyra npH u3rnbe. OHa rHeTcst KaK COIOMMHHKA,
HO He JIOMaeTCsl M MOXKCT pacnpsAMHTBCS 6e3 nospexneHmit. boabuIKHHCTBO MaTCpHa-
JIOB JioMaloTcsl npH n3rube 13-3a NpHCYTCTBHA Ae(EKTOB, TaKHX KaK AMCIOKaLHH
M rpaHuiel 3epeH. Tak KaK CTCHKH YMICPOAHBIX HAHOTPYOOK MMEIOT MAJIO CTPYKTYp-
HBIX AeeKToB, 3TOr0 HE NPOHCXOAHT. Jipyras npHYKHa TOTO, YTO OHH HE JIOMAIOTCH,
COCTOMT B TOM, YTO YIJICPOAHbIC KO/blIa CTCHOK B BHAC MOUTH MPaBHJBHLIX HICCTH-
YIONbHHUKOB NpH H3rHGe MCHAIOT CBOIO CTPYKTYPY, HO HC pBYTCSI. :E)ro2 ABNACTCS YHH-
KAIBHBIM CICACTBHEM TOrO (haKTa, YTo YIJIEPOA-YIICPOAHBIC CBAIMN 5P rubpuan3upo-
BaHbI i MOTYT NMeperHopHAN3HPOBATHCS NPH u3rn6e. CreneHb H3MCHCHHA W K03(pdu-
LMEHTBI 5-p CMELLIMBAaHIS 3aBHCAT OT TOr'O, HACKOJIbKO H3OTHYThI CBA3M.
.. Pasymeercst, npoOMHOCTD H XKECTKOCTb — HC OHO W To xe. Moayns IOHra ssnsercs
MEpoif XXECTKOCTH IWIH YNPYrocTH MaTepiania. Ipenen npo4YHOCTH x'apalcrcpnaycT nc‘-
o6xoaimMoe Uist paspbiBa HAMPSXKCHHE. [Tpeaen MpoYHOCTH ofHOCNOIHOI1 yrnepoaHoit




QZQZO T1cea 5. Yzrepoduse HGHOCMPYKMYPY

HaHoTpyOxut cocrasaseT 45 [Tla, B 10 BpeMa KaKk CTabHbBIE CIUIaBhbl pa3pylialoTCcsd NpH
2 T'Tla. Taxus 06pasoM, VTACPOIHEE HAHOTPYOKH NPHMEPHO B 20 pa3 npoyHee CTaln.
MHOroOCI0MHNE HAHOTPYOKH TOXE HMEIOT JIYYLIKE, YeM Yy CTAIH, MexaHHYeCcKHe Xa-
PaxTePHCTHKH, HO OHI HE TAK BHICOKH, KaK ¥ oaHocnoitHbIx HaHoTpyOoK. Hanpuwmep,
MHOroCI0itHas HaHoTpyOxa auaveTpoM 200 HM HMeeT npeaen NpoyHOCTH 0,007 TIa
(7 I'Ma) u Moxyas Oura 0,6 TTla.

5.5. Mpumenenuns yrnepogHsIX nquorpy60x

HeoGuuHbpe CBOfICTEA VIIEPOIHBIX HAHOTPYOOK NONYCKAIOT MHOXECTBO BO3MOXKHBIX
APHMEHEHMIL OT ATeKTPO10B farapeeK 10 AICKTPOHHBIX YCTPOICTB M apMHPYIOLIX
BOOXOH 118 NQTYYcHHS Galee NPoYHLIX KOMMO3KTOB. B aT0M pasnenc 6yayT onuca-
HH HCXOTOpHE MOTCHUMATHHHE NPHMEHEHIs, Hal KOTOPbIMH YK€ BCACTCH pabora.
OaHaX0 118 PeATH3AUHK 3TOTO NOTEHUHaNa HEoGXOMMMO pa3paboTaTh TEXHONOMHIO
KPNTHOM2CIITaGHOTO NMPOH3B01CTBA OAHOCIONHBIX HaHoTpyGoK. CyuiecTBylolHe Me-
TOIM CHHTE32 0D2CNEeYHBAIOT JTHIIbL HEGOAbIION BIXOA KOHEYHOTO NPOAYKTa, CTOMH-
MOCTH KOTODOTO Ha Ceroausi cocTannser okono | 5008 3a rpamm (680 0008 3a dywT).
C apy1oit CTOpOHH, pa3paboTaHbl OCHOBAHHLIC HA XHMHYECKOM OCAKACHHH METOIB!
KPYTIHOM2CIIT20HOT0 IPOM3BOICTBA MHOTOCOIHBIX HAHOTPYGOK CTOMMOCTBIO 60S 3a
YHT, IpiHyeM NpH YBETIYEHHH CPOCA OXHIAETCS JaibHeiillee CYIEeCTBeHHOE nane-
Hie 3T0i 1idpul. MeToan!, HCNoaAb3yeMble s yBeANYeHHs MaciuTaboB Npon3BoaACT-
Ba MHOTOC10{IHBIX HAHOTPYOOK, JO/LKHBI JIeYb B OCHOBY LUIHPOKOMACIUTaGHOrO Npon3-
BOICTBA H OIHOCIONHBIX HAaHOTPYOOK. MOXHO HaleaThesl, YTO H3-3a MX rPOMATHOIO
noTeHLHATa MCNOb30BaHHA OyayT paspaboTaHbl TEXHONOTHIO KPYMHOTOHHAXHOrO
CHHTE3a, YTO MpHBE1eT K NaleHuio leH a0 undp nopsaaxa 108 3a hyut.

3.5.1. Iloaesan 3muccus u 3xpdnupoaanue

TNpu npiackeHnH HeGOIBLIONO 3AEKTPHUECKOTO NOMS BAOAL OCH HAHOTPYOKH C ee
KOHLIOB POHCXOAMT OYEHb MHTEHCHBHAs AMHCCHA ANeKTpoHOB. [Tono6Hble asleHNS
Ha3LIBAIOT NOJEBOil aMiccHeil. Aror addext nerko Habmonarb, NpUKIAALIBAA He-
601b110¢ HANPSAKCHHE MEXAY ABYMS NAPUVICALHBIMHE MCTAUIHYECKHMH 3/eKTpoia-
MH, Ha OI1H 13 KOTOPbIX HAHECCHA KOMIO3NTHas NacTa U3 HaHoTpyOoK. JlocTaTouHoe
KOH4YeCTBO TPYOOK OKaXyTcA NEPNEHAMKYAAPHBIMHE 3NCKTPOAY, UTO NMO3BOJIAET Ha-
6moaats noaesylo IMuccHo. OnHO M3 npUMEHeHNit 3Toro 3¢eKTa COCTOHT B YCO-
BEpUICHCTBOBAHHH TUIOCKHMX NaHEAbHBIX AucnaceB. MOHHTOPLI TEIEBH30POB H KOM-
MBIOTEPOB HCNOAB3YIOT YNPABAACMYIO NCKTPOHHYIO NYWIKY JUIA OONYYEHUS NIOMH-
HECLUCHTHOTO 3KpaHa, ucmyckawouiero cserT Tpebyembix useroB. Kopeiickas
Kopropauus Samsung pa3pabaTbiBacT MIOCKHIt AUCILIEH, HCMONBL3YIOWMIL 3NEKTPOH-
HYI0 3MHCCHIO YIJICPOAHBIX HaHOTPYOOK. ToHKas naeHKka HaHOTPYBOK NoMeaeTcs Ha
cJ10ii ¢ ynpasasiomeii 31EKTPOHNKOI{ H MOKPBIBACTCS CBEPXY CTEKISAHHOI MIacTHHOI,
NOKpHITOii croeM JoMiHOMopa. OaHa AnoHcKas KOMNaHKs HCNOAL3yeT 3 deKT 371e-
KTPOHHOIl 3MHCCHH B OCBETHTC/BHBIX BaKYYMHBIX JlamMnax, TaKHMX Xe siPKHX, KaK

=
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M OOBIMHBIE JIAMITBI HakanuBaHuA, HO 6onee 3QdHeKTHBHBIX H JOATOBEYHBIX. Hpyrue
HCCIEN0BATENH HCNONB3YIOT 3 deKT npu pa3paboTKe HOBBLIX CriocoGOB reHepauuu
MHKPOBOJTHOBOTO M3NTyUeHHA.

BhicoKkas aeKTpHYeCKas NpoBOAMMOCTD Yr1epoaAHBIX HAHOTPYOOK O3HaYaeT, YyTo
OHM OYAyT NIOXO MPONYCKATh AEKTPOMArHHTHbBIE BOAHEL. KOMMO3NTHBI I12CTHK
C HaHOTPYOKaMH MOXET OKa3aThCsH JIETKHM MaTepHaioM, 3KPaHHpYIOMIHM 3/IEKTPO-
MArHHTHOE MITY4YeHHE. DTO OYEHb BAXHbI BONPOC WIS BOCHHBIX, Pa3BHBAIOLINX
HacH UHQPOBOro NpeACTaBNeHUs NO/s 6OS B CHCTEMAX YNPARTEHHS, KOHTPOS I CBS-
3u. KoMNbIoTepHl 1 31EKTPOHHBIE YCTPOIiCTBA, SBASIOLIHECS YACTAMM TaKoil CHCTe-

MBI, AO/EKHB! GbITh 3aLHILEHDI OT OPYXHS, TEHEPHPYIOUIETO NEKTPOMATHHTHBIE HM-
My/ALCHI.

5.5.2. Komnsiomepot

HenasHo 6blna nokasaHa BO3MOXHOCTb KOHCTPYMPOBAaHMS MOJIEBBIX TPaH3HCTOPOB,
ARISIONMXCA NEPEKIOYaloMMH 3IEMEHTaMH B KOMMNBIOTEPE, Ha OCHOBE MOIYTIPO-
BOIHHKOBBIX YIJICPOZHLIX HAHOTPYOOK, COSAMHSIIOMIMX ABA 300THIX 31eKTpoaa. Cxe-
MaTH4YeCKH TaKOe YCTPOiiCTBO noxasaHo Ha puc. 3.21. Ilpyu npuaoxeHn HeGoIbHIOTO
HamNpsKEHHS K 3aTBOPY, KOTOPHIM ARISAETCA KPEeMHHEBas NMOAIOKKaA, 0 HAHOTPYOKe
MEXIY HCTOXOM M CTOKOM TeyeT TOK. Ecii TOK Teyer, 3j1eMEHT HaxoaHTCs B COCTOSA-
HHH «BKJIIOYCHO», H B COCTOSSHHM <BBIK/TIOYEHO» — B MPOTHBHOM ciyyae. OOHapyxe-
HO, YTO HeOOoJbllIOE HANPSKEHHE Ha 3aTBOPE MOXET H3MEHHTH ITPOBOAHMOCTb HaHOT-
pybku Gonee uem B 10° pa3, 4TO CpPaBHMMO CO 3HAYCHMAMH 1A KPEMHHEBBIX T10/1EBIX
TPaH3KCTOPOB. Bpemsi nepeKiloueHNs Takoro ycTpoiicTsa Oyner oueHb MaNeHbKHM,
a BO3MOXHasi TAKTOBas 4acTOTa OLEHOYHO MOXET cocTaBHTh Teparepll, yto B 1000 pa3
GLICTpEE CYIIECTBYIOLIMX IPOLECCOPOB. 30/10ThIC HCTOK H CTOK MOXHO C(HOPMHPOBATH
MeTofaMH HaHonuTorpadui, a AHaMeTp coeaMHAoNIeli X HAHOTPYOKH cocTamnsdeT
nopaaka oaHoro HaHoMerpa. Takie Masbic pa3Mephl NO3BONAT B NEPCNEKTHBE OMeC-
THTH Ha unn GoJblliee KONHuECTBO mepexmoyarencii. Creayer 0cobo OTMETHTH, 4TO
MOKa TakHe YCTpoiicTBa ACAAIOTCH B Ja-'
GoparopHBIX YCOBHSIX MOWITYYHO, @ 1S
HCNOJNbL30BaHKS B MPIJIOKCHHAX, TaKHX ’
KaK KOMMbIOTEPHbIE YHITBI, €LIC NPEACTO-
UT paspabotaTs Hemoporue cnocoGsl
MaccoBOro Co3aaHus MOAOGHbIX ANEMEH-
TOB Ha YHIIE.

OcHOBHOIT 1enbl0 Pa3paboTYHKOB
KOMNBIOTEPHOIT TEXHHWKH ABIACTCA yBE-
JHYEHME KONHYecTBa Mnepekuovareneii
Ha ynune. [Moaxon k aToit npobneme 3a-
KJII0YaeTcss B HCHO/L30BaHHH NEPCKIIO-
yareneii MeHbluero pasmepa, 6osee ToH-  Puc. 5.21. Cxema noncsoro TpaH3icTopa Ha
KHMX COCOMHSIOWHMX MX NPOBOAHHKOB  OCHOBC yIrnepoaHoit HaHOTPYOKH.

VYraepoaxas HaHoTpyOKa

Usaaipyrouit cioit (OKCHI KPEMHMR)

33TBOP (KPEMHHEBAS TIOLT0KKA)

RIS
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Yrnepoanas HaHoTpy6Ka Anextpon 1 B 60/1cC MJIOTHOI YIAKOBKE 2JICMCHTOB

romind ¢ ¥36 108 . Ha uumne. OnHAKO TPH HCIONL3OBAHHH
CYILCCTBYIOLMX MepekiioyaTeneii 1 co-
CANMHSIOWMX MX MCTALTHYECKHX MPOBO-
JIOB Ha 3TOM MYTH BO3HHKAIOT HEKOTOPLIC
tpyaHoctH. TIpy yMEHbUICHHH MOnepey-
HOTO CCYEHHS METAUIMYECKOro, Hanpu-
Mep, MEHOTO NMPOBOAHHKA YBEIHYHBAET-
csl €ro COMpOTHBIEHHE, 4, CAEAOBaTEe/b-

|
1
1
\
1
]
L}
|
|

,." ] s HO, M BBUIC/SIOLICECS TIPH TPOTEKAHMM
,' ! \ ToKa Teruo. Harpes MOXeT IOCTHTaTh Ta-
syt aMkuymeit - Jlyonek-  gyx 3uaueHMif, NPH KOTOPBIX BO3HHKACT

fepeKodaTeab  MNEpEKmovaTenb  qpyk
OMacHOCTb INIAaBJICHHA WIH HCNapeHHsa

npoBoaHHKOB. OAHAKO YrNEepOAHbIE Ha-
HOTPYOKH AMAMETPOM 2 HM MMEIOT Ype3-
BbIYAifHO HM3KOC COMpPOTHBJICHHE, 4TO
No3BOAAET NPOMYCKaTh N0 HMM GobLINE TOKH 6e3 CyLIECTBEHHOTO HarpeBsa. DTo Hena-
€T MX NPUTOJHBIMH B KaYyeCTBE COCAMHMTENbHbIX NPoBOAOB. OueHb BLICOKAs! TEILIO-
NPOBOAHOCTb HAHOTPYOOK 03HAYACT, YTO MX MOXHO HCIIONB30BATh H B KAYECTBE TEILIO-
OTBOJOB, NO3BOJIAIOIMX OBICTPO YHOCHTb C YHMA H30BITOYHOE TEILIO. |

- Jlpyroit akTHBHO pa3BHBacMOit Hieeii ABASCTCS CO3NAHNE KOMIbIOTEPA U3 HAHOT-
py6ok. Komnbiotep 6bL1 661 MacCHBOM MapauleNbHbIX- HAHOTPYGOK Ha MOJIOXKKE.
Han numu ¢ He6GonblunM NPoMEXYTKOM pacnonarancst 661 MacCcHB HaHOTPYOOK, nep-
NEHAMKYAAPHBIX HIKHIM. Kaxnaa Tpy6ka coeanHsnach 651 ¢ METALIHYECKHM JIEKT-
ponoM. 3Ta HAes CXeMaTHYECKH NPOWLTIOCTPHPOBaHa Ha puc. 5.22. Touku nepeceuc-
HHA SBAsUIHCH Obl NepexmoyaTensaMi Komnblotepa. Koraa TpyGku He KacaloTcst B TOY-
Ke NnepecedcHus, Mepexmioyarelib BuIKAIOYCH, TaK KaK CONPOTHBACHHE MEXIY HUMH
BeHKO. Bo BKIIoueHHOM cocTOAHMM TPYOKH KacaloTcst ApYT APYra, a CONPOTHRICHHE
COCAMHEHHSI MANIO. YNPABNCHHE COCTOSIHHEM BKJTIOYCHO/BBIKTIOYEHO MOXET OCYyIlC-
CTBAATBLCA TOKAMH, TEKYWIHMH 1o TpyGkam. ITo ouenkam uccneposareneit Ha Kpaapar-
HOM CaHTHMETPC YHNa MOXHO pa3mecTuTh 10" Takux anemenTos. Ha COBpPEMEHHBIX
npoueccopax IMentym pacnonoxeno oxkono 10° nepexmovareneii. CKkopocTh nepe-
KIHOYCHHS TaKHX YCTPOICTB OLEHOMHO AOJKHA 6bITh B 100 pa3 Bbile, YeM Ha HbIHEI-
HEM MOKOICHHH HHTCIOBCKHX YHNOB. B nneane xorenocs 6u1 MMETH NONYNPOBOASILYIO
TPYOKY BHH3Y H META/LTHUCCKYIO HABEPXY, TOTIA PH KOHTAKTe obpasyercs nepexoa Me-

TAJLT-NIONYNPOBOAHHK, NPONYCKAIONIHIL TOK TONBKO B OAHOM HANpPaBICHHH, Taxoii ne-
pexox 6611 Gbl BHIPAMHTENEM.

Puc. 5.22. UnniocTpauns KOHUENLIH BbIYHC-
JIMTEABHOTO MEPEKNIOYaloWero ycrpoiicTsa
Ha OCHOBC YINICPOAHBIX HAHOTPYOOK.

5.5.3. Tonauenwie 3aemenmot

Yrnepouibie HAHOTPYGKH MOTYT GbITh HCTIONB3OBAHbI B MaroToRNeHuM Gatapeek. Ji-
THi, ABISIOWMHACA HOCHTENICM 3apsiia B HEKOTOPLIX Gatapeiikax, MOXHO MOMELIATh
BHYTPb HaHOTPYGOK. o ouerkaM, B TPYGKE MOKHO Pa3MECTHTD OMHH ATOM JINTHS Ha

eSS

3.5. Ipumenenus yenepodnwx nanompyGox

KaXIBIC LIECTb aTOMOB yraepoaa. Jpyrium
BO3MOXHbIM MCMO/L30BAHHEM HaHOTPY-
OoK sIBNISIETCA XPAHEHHE B HMX BOAOpOJA,
YTO MOXET ObITh HCTIONB30BAHO NPH KOH-
CTPYHPOBAHHH TOIUIMBHBIX 3JIEMCHTOB
KaK u'c'ro‘lmmos MEKTPHYECKOIT 3Hep-
riu B Gyaywmx asromoGmisx. Torums-
HBIl 3/IEMCHT COCTOMT M3 JIBYX 3EKTpO-
DOB M CNEUMANBHOrO 3NEKTPONMTA, MpO-
NYCKAIOLICTO HMOHbI BOLOPOAA MEXAY
HMMH, HO He NMpPOMYCKAIOUIEro 3MeKTpo-
bl. Boiopon Hanpasnsiercs Ha anon, rae

oH MoHu3upyercsi. CBOGOAHBIE 7EKTPO-

HBI ABWXYTCSI K KaToMy MO BHELLUHEH Le-
N1, a HOHBI Bofopoaa AupyHAuUpYIOT
K KaTolly Yepe3 3JMIeKTPONIHT, I U3 3THX

MOHOB, 3IEKTPOHOB H KHC/IOPOJia 06pasy-

10TCsL MoJieKy/nbl BoAbl. Takoit cucreme
HEobX0AMM HCTOUHHK Bogopoaa. OaHa u3
BO3MOXHOCTEH COCTONT B XPAaHEHHH BO-
JI0pO/a BHYTPH YIJIEPOIHBIX HAHOTPYOOK.
IMo cymecTByiomMM oLEHKaM, st 3h-
(EKTHBHOrO MCMONbL3OBaHHs B 3TOM Ka-
yecTse TpyO6Ka AoMKHA norowars 6,5%
Bojopona rio Becy. B Hacrosuee Bpems
B TPYOKY yAQI0CH MOMECTHTB TONLKO 4%
BOZOPOJA 11O BeCy. : \
Bncramnuﬁ 'METOR 3arionnemm yr-
nepommx HAHOTPYGOK BOJOPONOM CO-
CTOMT B MCMOJB30BAHMH LIS 3TOTO JJEK-
TPOXHMHYCCKOIT siueiiKi, MoKa3aHHOI Ha
puc. 5.23. OaHocTeHHble HAHOTPYOKH
B ¢opMe nHCTa 6yn§am COCTaBJBIIOT OT-
pHUAeTeNbHBI 3NEKTPOA B PacTBOpC
KOH, sBnsowmeMcss 3/CKTPOJHTOM.
Jpyroit 271€KTPOA COCTOMT M3 Ni(OH),.
Bona 3nex'rpomna pasmmcrcn ¢ 06paso-
BaHHEM TOJIOXKHTCbHBIX HOHOB BOAOPO-
na (H"), aBiokyusxcst K OTpHUATELHOMY
JICKTPORY M3 HaHOprGOK.. Hannuue
CBA3aHHOTrO B TpY6Kax BOJIOPOAA ONpEAc-
NSIETCA 1O NaZeHNIo HHTEHCHBHOCTH pa-
MaHOBCKOrO paccesiis, KakK MOKa3aHo

Hcrounnk nutanus

\ .
\

=l .

&
@
@
@
@
&
g @
! A = \
II A 1
, \ 1
! \ WEZ
i \ i
]
Snextpon, NOKPHTLA Y [onoxarensimit
YIICPORHBIM \ anexTpox

HanoTpyGKaMu ‘\

Anextponut (Boauslii pacteop KOH
€ KOHLUCHTpauuci 6 Monb/autp)

Puc. 5.23. Dnextpoxumutieckas sueiika, Hc-
NONbL3yeMas Ui BBEACHMS BOAOpPOAa B yrie-
PoAHBIe HAaHOTPYOKH. Suciika coaepxuT a/eK-
TpoauT Ha ocHoBe KOH, a orpuuarenshbtit
3JICKTPOA COCTOMT M3 AKCTA YIIEPOAHBIX HAHO-
Tpybok. Mpu nonaye Ha 3EKTPOALI HANPsIXe-
nus wonst H ABIOKYTCA K OTpHUaTensHOMY
3/ICKTPOAY.

450 3

400 3
3
3

HurtencusHoCTL
E§ 8 8 8B 8

NONCHRLEC
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Aasaslas

2500 2600 200 2800
Bontosoc uncno, cM

Puc. 5.24. PaMaHOBCKHIt CNEKTP YINCPOAHBIX
HAaHOTPYOOK C MAKCHMYMOM umcucunuocru,
npuxoaAuMcs Ha 2667 oM™ |, nonyucHnbl
10 o6paGoTk (mycThic HaHOTPYOKH) 1t nocne

06pa6oTKH (32MONHEHHBIC BOZOPOAOM HaHo-
TpyGKH) B 3NCKTPOXMMMHECKOI Atciike, rno-
KaszanHoit na puc. 5.23.
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Ha puc. 5.24, Ha KOTOPOM NPEACTABICHB! PAMAHOBCKHE CIEKTPBI MaTepHaia 110 M no-
CJIC TOrO, KaK OH GbUT MOABEPrHYT BhILICONHCAHHOI 2IEKTPOXHMHUECKOIT 06paboTke.

5.5.4. Xumuuecxue cencopor

YCTaHOBACHO, YTO NO/CBOH TPAHINCTOP, AHANOMHYHbLIIL NOKA3AHHOMY HA puc. 5.21 u cacnau-
Helit Ha nonynposoaswLeii XMPanbHOIL HAHOTPYOKE, ARNACTCS YYBCTBHTENBLHBIM NCTCKTOPOM pa3-
JnuHbX rasos. Ionepoit Tpansncrop nomemaics 8 cocyn eMKOCTBIO 500 M C BBLIBOAAMH N1EKT-
POTUTAHMS M ABYMA K1anaHaMu /Ul BBOAA H BLIBOJIA ra3a, oMblBatoliero Tpansuctop. Mporeka-
HH¢ rasa, coaepxauuero ot 2 2o 200 ppm NO,, co ckopoctsio 700 M1/MHH Ha nPoOTAAKeHI 10
MHHYT PHBCJIO K TPEXKPATHOMY NOBLIILICHKIO NPOBOAHMOCTH HaHOTPYGKH. Ha pHC. 5.25 noka-
3aHa BONLTAMITCPHASA XaPAKTEPHCTHKA TPAH3IHCTOPa A0 M noc/ie KoHTakTa ¢ NO,, AeMOHCTpHpy-
iomas ewe 60abiunit apdext. It nannbie noAYICHb NP HaNPSAKCHHUHK 3aTBOPA, COCTABNABILICM
4 B. Taxoit apeKT 06ycioBneH TeM, UTO NPH CBAZLIBAHMK NO, ¢ nanotpyGkoii 3apsa nepeno-
CHTCA ¢ HaHOTPYOKH Ha rpynny NO,, yBennunsas KOHUCHTPALIIO ABbIPOK B HAHOTPYOKE M ec
11POBOAMMOCTb. ;

Yacrora onHolt H3 HOpMaNbHBIX MOX KoneGanuii, UMCIOLINX 0YECHb CHIILHYIO JH-
HHIO B PAMaHOBCKOM CIICKTPE, TAKKE OYEHb YYBCTBHTEIbHA K NPHCYTCTBHIO NOCTOPOH-
HHX MOJICKY.1 Ha NOBEpXHOCTH HaHOTPYOkH. Hanpasnenue u Benmunna cMelenns 3a-
BHCAT OT THNA MOJICKY/Ibl Ha NMOBEPXHOCTH. DTOT 3P(EKT TaKXKe MOKET Jieyh B OCHOBY

HOBBIX XHMHYECKHX ra30BbIX CCHCOPOB Ha OCHOBE YINEPONHBIX HAHOTPYGOK,

5.5.5. Kamaaus

Karanusaropom nassiBaercs BCLUCCTBO, OOBIYHO MCTA/I MM CIUIaB, YBEHUHBAIOLLCE
CKOPOCTb NPOTEKAHMsI XHMMHUYECKOii pe-

°-3:- L TR Tl TN T ] aKuuH. l1s HEKOTOPBIX XHMHYECKHX pe-

o i © . aKUHit yraepoanbie HaHOTPYGKH SIBNSTIOT-

3 1 ¢4 Katanusaropamu. Hanpumep, nokasa-

- s ] HO, YTO MHOrOC/OiiHble HAHOTPYGKH €O

< : ]  CBA3AHHBIMK C HMMM CHapyXH aToMaMu
S Gyt o PYTCHHSI HMCIOT CMABHBII KaTAIMTHYCC-
é' 5 - Kuit apext na peakiyio rHApOreHH3a-
47 4 3 LMK KOpHUHOro anpaernia

s ] (GsHsCH=CHCHO) B xuakoit dase o

02} q  CcpaBHeHHio ¢ a(pexTom Toro xe pyre-

[ : HUA, HAXOMSILUCTOCS HA APYTMX Yriaepon-

'°'5'oj1' - :ofos' T -o':)s- " HBIX cyﬁcmamx. Takxe NPOBOAMIHCD XH-

MHYECKHE PCAKUMH M BHYTPH Yriiepon-
HBIX - HaHOTpYGOK,

- Hanpsixewune, B

Puc. 5.25. 3asucumocts Toka or HaANPAKCHUS
JU1s TONICBONO TPAH3HCTOPA Ha OTACALHOI Ha-
Hotpy6Ke n10 (a) 1t nocne (6) Bo3neitcTois ra-
3006pastoro NO,. 3t aaunsie nosyuens ans
HANPSLKCHKA 3aTBOPA, cocTarnsIouero 4 B,

Hanpumep
BOoccTaHOB/ICHHE OKCcHAa Hukens NiO no

METaIecKoro Hikens u AlCl, no anio-
Munus. orok rasooGpassoro BOAOpOAa
H, npu 475°C yacruuno soccranannupa-

5.5. Mpumenenusn yanepoduwix nanompybox l@

er MoO; no MoO, ¢ conyrerayiom 00pa3oBaHHEM NapoB BoAb! BHYTPH MHOTOC/O -
HbIX HaHOTPYGOK. Kpuctannnt cynnduna kaamus CdS obpasylorcs BHYTpH HaHOTpY-

BOK MpH peakumin KPHCTALTHYECKOTO OKCHia Kaamus CdO ¢ ceposonoposiom (H,S)
npu 400°C.. ; ¢

5.5.6. Mexanuuecxoe ynpounenue

Hcnonbiobatue IIMHHBIX YIACPOAHBIX BOJIOKOH, TaKHX KaK MOJHAKPHAHHTPIUL, SIB-
AAETCA OTPAGOTAHHOIT TEXHONOTHEI YBENHUCHHS POYHOCTH MNACTHKOBBIX KOMIIO3H-
TOB. [TONNMAKPHAHUTPHA HMEET NPOYHOCTD HA Paspbip nopsinka 7 I'la u anametp 1 -
10 Mukpon. Mcnosib3oBaHue 3THX BOJIOKOH ISl yIPOYHEHMs TpeGyeT pa3paboTKit Me-
TOAOB PABHOMCPHOTO PaCNpEAC/ICHHS H OPHEHTHPOBAHMS HX B HYXHOM HaNpaBAeHHH
B MaTepHaie. BOOKHO 10/KHO BbLICPKHBATD YCIOBHSI, BOHUKAIOLIHE npu o6pabot-
Ke. BaxHbIMM napaMeTpaMu, onpeaensiomnMH 3(hGEKTHBHOCTb YIIPOUHEHMS KOMIO-
3HTa TaKHMH BOJIOKHAMH, ABJIAIOTCS POYHOCTD BOJIOKHA Ha PA3phiB H OTHOLIEHHE €T0
JUIMHBI K IMaMETPY, 2 TaKXe CNOCOGHOCTb BONOKHA K Ae)OPMHPOBAHHIO B MaTpHue.
W3-3a BLICOKOt IPOMHOCTH Ha Pa3phiB it GONBIIOTO OTHOLICHHS JUTHHA/AHAMETP YIC-
PoZHbIe HAHOTPYOKH JOMKHBI OKA3ATHCS OYEHB XOPOLUHM MaTCPHATIOM TSl YIPOUHE-
HUst KOMNo3uToB. B a10it 06nacTH yXe NpoBeacHa HEKOTOpas NpeaBapHTENbHas paGo-
Ta. Tak, B HCCneaOBATENLCKOM LEHTpe Koprnopauun Jxenepan Morops, nokasaHo,
yTo A06aBKa 11,5 BECOBBIX NPOLIEHTOB MHOTOCJIONHBIX YINICPOAHBIX HAHOTPYGOK AHa- -
MeTpoM 0,2 MHKpPOHA K MONHNPOMHICHY NPHBOANT K YABOEHHIO €r0 NMPOYHOCTH HA
paspbis. Mccnenosanus B TokuiickoMm YHuBepcutere mokasanu, uto pobasneHue 5
00BEMHBLIX MPOLICHTOB HAHOTPYGOK K ATIOMHHMIO TAKXKC YBEIHYHBAET IPOYHOCTh Ma-
TEpHANA HA Pa3phiB BABOC 10 CPABHCHHIO € TAK e 06paGOTAHHLIM anIOMHHHEM, HO 63
apmupoBanusi. KoMno3uTsl nony4yanm ropayuM rnpeccoBaHHEM H ropsucii 3KCTpy3u-
cit. AmoMuHKeBas nyapa H yriepoaHble HAHOTPYGKH CMELIHMBAIHCH H HATPEBAJINCH 0
Temnepatyp soiie 800 K B Bakyyme W 3aTeM CXHMAINCD CTANMbHBIMK wWTamMnamu. [To-
CJie ITOro M3 paciiaBa 3KCTpy3ueit monyuany crepxuu. 9ta pabora oucHb BaXHa TeM,
4TO B Hell NOKa3aHo — YIJICPOAHbIC HAHOTPYOKH MOXHO BBECTH B aTIOMHHMIL, H NIpH
nocaeayioueit 06paboTke OHM OCTAIOTCS XHMHUYECKH YCTOHYMBBIMM. Uccnenosarenn
TONIAraloT, YTo ronyyas Gojicc OAHOPONHOC PACTIPENCICHHE M NyLICe YIOPAO B~
HHE MO HanpaBieHHAM YIJICPOXHBIX HAHOTPYGOK B MaTEPHANIC MOXKHO AOCTHYD CyLIC-
CTBCHHOTO YBEJIHYEHHSI IPOYHOCTH HA pa3pbiB. TeOpETHYECKHE OLIEHKH NOKa3bIBAIOT,
YTO NMpH ONTHMAILHOIL one TPYOOK B MaTepuane oxono 10 oﬁwm_mx NPOLICHTOB €ro
NPOYHOCTL Ha Pa3pbiB AOMXKHA YBEIHUNTLCA B IUCCTL Pas. _ N
OZnHaKo, BO3MOXHOCTb MPOCKAIb3bIBAHHA CTCHOK ONHA OTHOCHTENLHO NpYroi
B MHOTOC/IOHHBIX HAHOTPYGKAX 1 MPOCKAIb3BIBAHIS! OTACIBHBIX ONHOCNOIHBIX HAHO-
TPYGOK B MyyKe MOXET YMEHBIIMTh PEAIbHO AOCTHXHMBIC 3HAUCHHA NMPOYHOCTH.
ATOMHO TIaKHe TMOBEPXHOCTH HAHOTPYOOK MOIYT MPHBECTH K MX cnabomy cuenne-
HHIO ¢ ynpouHsieMbiM MatepuaioM. C Apyroii CTOPOHb, NMOKA3aHO, YTO YIICPOAHLIC
HaHOTPYGKH MOTYT 0GPa30BLIBATH POUHBIC CBSA3H C KEICIOM, ARMTIOUIMMCS OCHOBHLIM
KOMIOHEHTOM CTAIH. DTO MO3BOMSAET HCKATh BO3MOXHOCTH YBEIHYCHHA NPOIHOCTH Ha
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Puc. 5.26. Pacuetnuiii npenen npouHoCTH
CTaNM Ha Pa3phiB B 3aBHCHMOCTH OT 06bEM-
HOIt 1osIM yrAepoaHbIX HaHOTPYOOK, BbIYKC-
nennwiit no gopmyne Kesunn-Taitcona: Anuna

paspsiB cTaicit ¢ MOMOILBIO YINICPOAHBIX
HaHotpy6ok. Ha puc. 5.26 noxasanst pe-
3YALTATH! BHIYHCICHHUS MPOYHOCTH CTaNN
Ha pa3pbiB B 3aBHCHMOCTH OT 00BEMHOI|
JONH ONHOCHOMHBIX YIICPOAHBIX HAHOT-
pyGok amamerpom 10 HM M anauHoit 100
MHKpOH 1o (opMmyne, Ha3bIBaEMOit ypaB-
nenneM Kemnn-TaitcoHa. OTH BhIuMCHE-
HHA a10T YBENHYCHHE NPOYHOCTH CTAIH
B ceMb pa3 npH 30-MpouECHTHOM conep-
XKaHHH OPHCHTHPOBAHHBIX YIMIEPOXHBIX
HaHoTpyGok. HecMmoTpsi Ha TO, UTO BCE
3TH PE3y/LTaThl BHIVISAAT O4CHb MHOTO-
obelaoUuMy, NPEACTONT CHeNaTh elle
oucHb MHOroe, ocobeHHo B o6nacTi pas-
paGoTKH MCTOAOB BBEACHHS HaHOTPYOOK

'B MCTa//IbI M FUIACTHKH, 31O KOHKPCTHOC

NPUMEHCHHE, KaK M HEKOTOpbIE ApYrue

HaHOTPYOOK npuHHManach pasHoit 100 MKM,

13 06CyXnaeMbiX Bbillle, OYEBMAHO Tpe-
a auamerp — 10 M.

-Gyer macmtabHoro Hemopororo crnioco6a
MPOM3BOACTBA HAHOTPYGOK. -
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FNABA 6.

OB'bEMHbIE

HAHOCTPYKTYPMPOBAHHbIE
MATEPMATbI

O6nbeMHbIC HAHOCTPYKTYPHPOBAHHBIC MATEPHANBI — 3TO TBEPABIE TENA C HaHopa3Mep-
HOIi MHKpPOCTPYKTYpOil. X OCHOBHBIMH 3NEMEHTAMH SBAAIOTCH HaHOMacluTaGHble
CTPYKTYPHBIC CIAHHHLIBI HIIH HAHOYACTHIbL. DTH EMEHTHI CTPYKTYPbI MOTYT GLITh pa-
3yrnopsAnAoYCHBI APYT MO OTHOLEHHIO K ApYTY, HHA4C roBOPA, HX OCH CHMMETPHH OpH-
CHTHPOBaHBI CNY4aiHO, a NMONOKEHHE B MPOCTPAHCTBE He 06N1anaeT HHKAKOI CHMMeT~
pueit. Yactuupl Takke MOryT GbITh H YNOPAAOUEHHBIMH, CO3/1aBasi PelICTKY, 061analo-
myio cummerpueii. Ha puc. 6.1a mokasaHa rMnoTeTHuccKas NBYMepHas pelleTKa

HaHouacTl Al)y, a Ha puc. 6.16 — — ABYMEPHAA HEYTOPSUIOUCHHAs CTPYKTYPA H3 TeX XKe
uanoqacmu

6.1, Paaynopmoqenuue‘ TBEpAOTeNbHbIE CTPYKTYPbI

6.1.1. Memoowt cunmesa

B arom naparpadie GyayT o6cyKnaThes HEKOTOpbIE CMOCco6bl H3rOTOB/ICHHS! Pa3ynopsuio-
YCHHBIX HAHOCTPYKTYPHPOBAHHBIX TBEPALIX T¢/1. OHH H3 MCTOROB HA3bIBACTCSA KOMIAK-
THPOBaHHEM. B kauecrse npiumepa TAKOTO TpOLIECCa PACCMOTPHM C110co6 M3roToBne-
HHS HaHOCprKTypllponallllOI‘O criasa Cu—Fe. CMech MeJHOTO M KeJIE3HOTO NMopoll-
KoB ¢ coctaBoM FegsCu,s nepeMabiBacTCs B IIAPOBOIi MEBHHLC B TCUCHHE 15 vacos
NpH KOMHATHOI TEMMEpaType, 3aTCM MATCPHAN YIUIOTHSCTCS B LITAMNAX M3 Kap6uaa
ponb(ppama npu pasnenuu 1 ITla B Teuenne 24 yacos. Jta Npeccopka aajce oGpaba-
TBHIBAETCS rOpstHM 00XHMOM B teuenme 30 MuuyT npu Temnepatype B6an3u 400°C

(@)

Pnc 6.1. (a) Cxema’ mnomuqccxoii JIBYMCPHOIl KBANPATHOI PCIICTKN HAHOYACTHU
Al;,, u (6) aBymepHoro oGLEMHOrO Tea 13 Kaactepos Al|;, B KOTOPOM HaHOYA-
CTHIUB! YNOPSUIOMCHL APYT 1O OTHOWICHHIO K JpyrY. -

e
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Puc. 6.2. PacnipeaencHue pa3MepoB HaHOYac-
I Fe-Cu, noayueHHBIX METOJOM ropsa4ero
KOMMAaKTHPOBaHHSA, OMHCAHHOIO B TEKCTE,
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Puc. 6.3. Kpusas narpyxenns oGnbeMHOro
KOMMNaKTHPOBAHHOTO HAHOCTPYKTYPHPOBaH-
Horo Fe-Cu cnnasa, paspymenue xortoporo
TIPOMCXOAMT NpH HanpsxkeHuu 2.8 IMa.

u pasnenuu 870 MITa. OxoHuarenbHas
TUIOTHOCTH cocTasnsna 99,2% or Makc-
MaJbHO BO3MOXHOI s MatepHana Ge3
nop: Ha puc. 6.2 npeacrasncHo pacnpe-
AeNeHHe pa3MepoB 3CPEH B TAKOM Mare-
pHaze, MoKa3blBaiollee, YT0 OH COCTOMT
M3 yacTHI( ¢ pasMepamu oT 20 xo 70 Hm
C MAKCHMYMOM B pacnpeaeneHHH BOIH3u
40 uM. Ha puc. 6.3 npuBeieHa aHarpamMma
HarpyxeHus Takoro mMarepuana. Ero mo-
ayns [Onra, nonyyaemsiii u3 3TOrO Ipa-
¢HKa KaK HaKJIOH KPHBOi B HAYaIbHOI

- nuHelHoi obnacTi, 6/IM30K K 3HAYCHMIO

s o6bluHOro xenesa. OTKIOHEHHE OT
JMHEHHOCTH KDHBOI HanpsKeHHe-yi-
NMHHEHHE NOKA3BIBACT HAMHYKE o6nacTH
TUIacTHYecKoit aegopmauuy nepen pas-
PYLIEHHEM, B KOTOPOIt MaTePHAN BLITATH-

- aercsi. [IpuBencHHbIE AaHHbIE CBHIE-

TENALCTBYIOT, YTO pa3pyllieHHE MPOMCXO-
aut npu 2,8 I'Tla, yro npumepHo B 5 pa3s
NPEeBLIIACT Npeaesa NPOYHOCTH XKenesa
C 06bIYHBIM pa3mMepoM 3epeH 50 — 150 mu-
KpoH. CymIeCTBEHHOC M3MEHEHHE Mexa-
HHYECKHX CBOJCTB Pa3ynopsaoYeHHBIX
NOJMKPHCTAUIOB C HaHOPa3MEPHBIMM

‘3epHaMH SIBASICTCA OZHMM M3 HauGonee

BAXHBIX CBOJICTB TaKHX MaTepuaoB.
[Tpou3BoacTBO HaHOKPHCTANIHYECKHX
METAJUIOB M CIUIaBOB MOXeET obecneunTsb
CYIICCTBEHHOC YBC/IHYCHHE TpeseNna Te-
KY4ECTH M HMEET MHOXECTBO INOJE3HBIX
NpHMeHeHuit, HanpuMep, TaKHX, Kak 60-
Jiee NpoYHble MATCPHANIBI JUISl H3FOTOBJIE-

HHS KY30BOB asromobmneif. [TpuynHa H3IMEHEHHUS MEXaHHYECKHX CBOICTB obcyxnaer-

Csl jance.

HaHocTpyKTypipoBaHHBIE MaTepHanbl MOXHO NONYYHTH npH 6eICTPOM OTBEpIEBa-
Hiti. OIMH M3 MCTONOB, NMOKA3aHHLII Ha PHC. 6.4, HA3LIBACTCA OXITAKICHHEM pacrna-
Ba CIIHHMHIOBaHHEM. MET/LT pacinaBiseTcs ¢ MOMOMIBIO PAAHOYACTOTHBIX HarpeBa-
TEALHBIX KaTyLICK H BbIAABNUBACTCA Yepe3 GopcyHKyY ¢ 06pa3oBaHieM NOTOKA XHAKO-
CTH. DTOT NOTOK HENpPEPLIBHO HaOpLI3rMBaeTCs Ha OXJIaXIacMblii H3HYTpH
Metamdeckuit 6apaban, Bpawaloumiicst B atMochepe HHepTHOrO raza. B Takom npo-
uecce 06pa3yloTCs MOOCH MM JICHTHI TONLIMHOIE oT 10 g0 100 MuKpoH. Ha ctpykrypy

6.1. Pasynopadouennsie meepdomensnuie cmpykmyput 123);)

MaTcpHasa BAMSIOT pasMep dopcyHku,
paccrosHue or dopcyHku 10 Gapabana,
AaBleHHe pacnnasa B GOPCYHKE M CKO-

POCTb BPAWCHHA METALTHYECKOrO Gapa-

6aHa. TToTPeGHOCTD B NETKHMX BBICOKO-
NPOYHBLIX MaTepHaIax NpHUBENa K co3aa-
HHIO = TAKMM  cnoco6oM  cruiasos,
cocrosiix u3 85 — 94 % amomumnus
M 106aBOK JPYIHX META/UIOB, HanpuMep,
Y, Ni u Fe. Monyuennsiit cnuxmurosa-
HueM crnaB Al-Y-Ni-Fe, cocrosiumii
u3 10 — 30 HaHOMETPOBBIX HacTHI anio-
MHHHSI, BCTPOCHHBIX B aMOpdHYyI0 Mat-
pHLLY, MOXET HMETh HAMPSKCHUE Ha pas-
pbiB, npesbitiaiouiee 1,2 I'TTa, Takoe BbI-
COKOE 3HaUCHHE OGBACHACTCS HATHUHEM

GeaneeKTHBIX HAHOYACTHL ATIOMMHMS.

Hpyroit cnioco6 mnonyueHns HaHOCTPYK-

TYPHPOBAHHBIX MaTCpPHAIOB, Ha3biBae-

MBIii Ta30BOIl aToMM3aLMell, COCTOMT

B OXJIQXKICHHH paciuiaBa MeTauia c fo-

MOILBIO BBLICOKOCKOPOCTHOTO MOTOKa
MHEPTHOrO ra3a. YCTaHOBKa JUisi €ro ocy-
LWIECTBIEHUs MoOKa3aHa Ha pHc. 6.5.
[Ipn B3auMmoaeiicTBHH CTpyH rasa
C METANIOM KMHETHYECKAs SHEprHs rasa
nepeaaercsi pacnnaBy, M obpasyiorcs
TOHKOAMCIIEPCHbIE KaMaH. DTOT METOX
MOXHO MWCMO/MbL30BaTh JUISL KPYIMHOMAC-
wTaGHOro NpPOM3BOACTBA HAHOCTPYKTY-
PHPOBAHHbLIX MNMOPOIIKOB, M3 KOTOPBIX
BIOC/ICACTBHH MCTOAOM ropsAYero KoM-
MaKTHPOBAHHSI MOXHO MONYYHTh 00BEM-
Hble 06pa3ibl. ‘
HamnocTpyKTypHpoBaHHbie MaTepH-
bl MOXHO MONYYMTh M ralbBaHHYEC-
KMM cniocoGoM. Hanpumep, THCT HaHO-

Ta3 nox namrenmnem

Harpesa-
TeabHbE

KATYWKH AcHTA

" Puc. 6.4. Cxema yCTAHOBKH Ul NOAYYEHHS

HaHOCTPYKTYPHPOBAHHOTO MarepHana no-
CpeACTBOM GBICTPOTO OXNAXKACHHSA 1 OTBEpC-
BAHMA PacIUIaBa Ha XOJNOHOM BPaLlAIOIEMCS
Gapabatie. :

- Pacriias

D T L T Ty

Turenn

—_— - ——

\/

Menkite xaneasKit o:o
Meraria © o®

Puc. 6.5. Cxema YCTAHOBKH JUls TTOMYYCHHS
Kaneib METWLIHYECKIX HAHOYACTHIL Fa30BOil

aToMu3auneit.

CTPYKTYpHPOBaHHOI MEAH MOXHO MOJYYHTh, MOMEILAS ABA ICKTPOAA B SNCKTPO-
ANT u3 MeaHoro Kymopoca CuSO, ¥ TNPHKIaAbIBas HAMPAKEHHC MCEKILY
NEKTPOJAMM. Meni,, BHUICAIOUIASCS Ha OTPHLATENbHOM S/CKTPOJC i3 THTAHa, 00-
pasyer HaHOCTpYKTypHpoBaHHblit cioif. Takum cnocoboM MOXHO MONYYHTb JIMCT
MEZH TONLINHOI 2 MM CO CPEIHHM Pa3MEpOM 3¢pHa 27 HM H MPEACTIOM TCKYUECTH

119 MITa.
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6.1.2. Mexanusmot paspyuwenus mpaouyuoRHbix
NOAUKPUCAAAUHECKUX MAMEPUAN06

Jinst Toro, yTo6LI MOHATH NMPHUMHDI BAMSHMNS nauomacmmﬁnpcm 3epeH Ha 06beMHYyI0
CTPYKTYpY H CBOIICTBAa MAaTepHAIOB, HEOOXOAMMO PACCMOTPECTh MEXaHHW3MBI paspyllie-
HHSL MATCPHAIOB C TPAOHLHOHHBIM pa3MepoM 3cpeH. XpymnKHe MaTepHaATbl IOMAIOTCS
1O NosIBCHHS B HUX Heynpyroii aedopmaunn. Paspymenne npoucxoaut 13-3a obpa-
3oBaHust TpewmH B Matepuane. Ha puc. 6.6 nokasaH npuMmep TpelMHBI B AByMEPHOIi
pewerke. Tpewua — 310, NO-CylIecTsy, Takast 061acTh B MaTepHae, B KOTOPOIT MEX-
Ay COCCAHMMM aTOMAMH PEIETKH HET cBa3n. Ecam Takoit MaTepuan noaseprats Harpy-
KCHHIO, TPCLUHHBI HC TIO3BONAIOT PA3BHBATLCS MIACTHYCCKOIT Aedopmaumn. TIpuno-
KCHHbIC HANPSAXKCHHA KOHUCHTPHPYIOTCS Ha KOHLE TPELHHB!, JOCTHTast OYEHb 6OJb-
WHX 3HaYEHHil, BO3MOXHO, NpPEBOCXOAALINX MPOYHOCTh MaTepHana. STo NMPHBOANT
K Pa3pbiBy MEXATOMHOI1 CBA3M Ha KOHLIC TPCLIMHBI, TO €CTh K €€ YIUTHHHEHMIO. 3aTeM
HANPsKCHHS BO3PAcTAIOT Ha CAEAYIOLICH CBA3M, H OHA TAKXe paspniBaetcs. Takoe npo-
ABHAKCHHC TPCIUHHDI TIPOAOJIKACTCS 10 TEX NOP, NOKa MaTepHal HE Pa3Ne/UTCS! Ha JBe
yactH. Tpewmnbt oGecneynBaloT MEXaHH3M, TNOCPCACTBOM KOTOPOro c/iabasi BHELIHsIs
CHJIa MOXCT pa3pbiBaTh NPOYHbIC CBA3H MO OAHOI. D10 00BACHSET, MOYeMy Hanpske-
Hsl, BLIBIBAIOWINE PACTPECKHBAHHE, B ACHCTBHTE/ILHOCTH MEHbIUE, YeM NPOYHOCTD
CBA3CIH, YACPXKMBAIOLNX aTOMBI METALIa BMecTe. JIPYrHM THIOM MEXaHHYeCKOro pas-
PYWICHHS SRNSCTCS NMEPEXOA OT XPYNMKOCTH K IUIACTHYHOCTH, NMPH KOTOPOM 3aBHCH-
MOCTb HanpsaxXeHHit oT medopmain OTKJIOHSICTCA OT JIMHCHHOMN, Kak BUAHO W3
puc. 6.3. B aroit o6nact Matepnan HeobpaTmo YUIHHHSIETCS NEepes paspyuieHHEM.
Koraa Hanpsixenns cHUMAIOTCS noc/e HOCTHXEHMS nepexosia OT XpynKoOCTH K fUac-
THYHOCTH, UTHHa o6pa3ua He Bo3Bpallia-
CTCSl K MCPBOHAYaILHOMY 3HaueHH1o. [le-
PEXO[ K NJIaCTHYHOCTH NPOHCXOAMT M3-32
Apyroro THna Ae)eKTOB, Ha3bIBACMBIX
Iucinokauusami. Ha puc. 6.7 nokasaua
Kpaepas IMCNIOKauUMs B ABYMEpPHOI pe-
wertke. Cyuecrsyior u Apyrue THIbI JHC-
JIOKauuii, TakHe Kak BHHTOBLIC M CMe-
WaHHele. Aucnokauun — 310 oﬁnacm
B KOTOPLIX OTKIOHCHHSI OT PeryJspHoil
CTPYKTYPbl NpPOCTHPAIOTCSI HA PaccTos-
HHsl, MHOTO GonblNe napamerpa peuer-
Kn. B ommume or tpewun, aToMbl B siApe
JMCTOKALMH CBA3AHBI Apyr ¢ apyrom,
HO 9TH cBA3K cnabee, yeM B GeanedekT-
HBIX obnactax. Tpu nnacTHueckoii ne-
(opmaumn nexotopas uacts peuIeTKH
CNOco6Ha CKOJMb3HTh OTHOCHTEIBHO npu-
JexXaweit K Heit apyroii yactu peuIeTKH

eHHMmd],

Puc. 6.6. Tpemuna s nnymcpuoil npsaMo-
YronsHoii peluerxe,

Puec. 6.7. Kpacsas aucnokauus s JABYMCpPHOI
NpAMOYronbHoit peulerke.

6.1. Pasynopsdouennwe meepdomensnsie cmpykmypsl I3Di)

Gnarofaps ABHXCHMIO AMCNOKALMI MO KpucTaany. OXHHM U3 METOXOB yBEIHYCHHS
HaMpsDKCHUA, TIPH KOTOPOM NPOHCXOAMT MEPEXO/l K MIaCTHYHOCTH, SIBASAETCS CO3ia-
HHC TIOMCX CKONBXCHHIO NIMCNOKALIHIT MyTEM BBEACHMS B PEIIETKY Mebuaifuix yac-
THIL Apyroro marephana. Takoit mpouecc HCMONBL3YETCA JUISt YNIPOYHCHMS CcTancil.
B HCM B CTab BBOAATCS NPEUHNHTATHBIC YaCTHLbI Kap6m1a XeJnesa, Koropblie 6J10KH-
PYIOT ABHXCHHE m«cnoxauuﬂ :

6.1.3. Mexanuueckue ceoiicmea

BuyTpeHHUIt MOAY/L YNIPYrocTH HAHOCTPYKTYPHPOBAHHOIO MaTepHana, o CyTH, TOT
Xe, 4TO H Y 06BEMHOTO ¢ MHKPOHHBIMH Pa3MEpaMH 3¢peH, OIHAKO TOIBKO 0 TeX NOp,
MOKa pa3Mepbl HAHOYACTHIL HE CTAHOBATCSI OYEHb MATBIMH, CKaXeM, MeHee 5 HM, Kak
Obi10 MOKa3aHo B rnase 5, Moaynb IOHra — 310 KO3hOHUUHEHT MEXAY HANPSKECHUAMK
¥ OTHOCHTE/IbHOI ichopMaLieit, TO eCTh HAKNOH KPHBOIT HArPYKCHHA B ¢€ NTHHEIHHOI
obnacti. YeM meHbiue moayib IOnra, Tem Matepuan Gonee anactiyex. Ha puc. 6.8 no-
KasaHa KpuBas 3aBHcMMocTH Moaynst IOHra £ ns xenesa ¢ HaHOPa3MEPHLIMH 3CPHa-
MH, HODMHPOBAHHOTO Ha 3HauyeHue Ey wist Xene3a ¢ 06bIYHBIMH 3CPHAMH, OT pasMepa
HaHo3epHa. M3 3T0ro pucyHka BHAHO, YTO NpH pa3mepe 3epeH MeHee 20 HM Moaynb
[OHra HaurHaeT GLICTPO Nanath.

Tpenen TeKy4ecTH 0, TPAOHLIMOHHBIX MATEPHAIOB CBA3AH C Pa3MEPOM 3¢pHa Mo~
cpeacTBoM ypaBHeHus Xomna-ITerua

o
0,=0,+ Kd"?,

(6.1)

T/IE 0 — HAMPSDKCHUE CHJI BA3KOTO TPCHHS, TOPMO3ALIX AMCOKALHIO, K — KOHCTaH-
Ta, d — pa3mep 3epHa. TBepAOCTb TAKXKE MOXHO ONHCATh AHAIOTHYHBIM YPABHCHHCM.
Ha puc. 6.9 nokasaHa 3aBHCHMOCTb H3-

Mepennoro npenena tekydecth Fe—Co 1
crmasa ot d“?, pemouctpupylouas
npeackasaHHoe ypaBHeHHeM 6.1 nuHeii-
Hoe moseucHue. [Tpennonaras, 4To 3TO0

TI[TIT
LASRRRZEAAZAZ RARRASARAS RARAYRLALE RARLE AARASS

1.05
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YPaBHEHHE CMNPaBEUTHBO H B HAHOMET- ossf -~ :
poBoit 06nacTH pasMepoB 3¢peH, pH d = P I ;
50 um monyumm npenen Tekyuect 4.14 @ / 3
I'Ma. MMpuunna Takoro yBeAHueHHs 0, - 085 H
npH yMeHbLUCHHH d COCTOMT B TOM, YTO - osf 3
y MaTepuana ¢ MCHBUWIHMHK 3CPHAMH 0.755 } -

B

Gonbiie rpaHuy 3epeH, ONOKHPYIOLIHX Rl S
ABIXEHHE AMcIOKaLuil. OTKIOHEHMNE OT - 07 fussdaasaas 05050 10
nosescHus 1o 3akony Xonna-flerya Ha- PasMep 3epha, MAC

‘Gmiopaercs npu d < 20 HM. OHO -MOXCT  p..' 68 3aBMCHMOCTL OTHOMICHMS MOAYAS
3aKNI0MATLCS B OTCYTCTBHH 3aBHCHMOCTH [Onra nanoscpHucTOro xenesa £ ‘1\ ;;o&::n;;‘o
oT pasMepa 3cpHa (HysIeBoi HaK/IOH), - [OHra Kene3a ¢ OGHITHEIM Pa3MCPOM 3epe &

3CpHa.
TaK | B NaJCHHH O, C YMCHBUICHHEM d  OTpa3Mecpa scp
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1300 Cr T T T T T T T T T T (orpuuarenbHblit HakiaoH). CuMraercs,
Wi A uto Tpanmumonnan nedopMatms o AHC-
: . 1  NoKaUMOHHOMY MeXaHH3My B Marepua-
1100 F 4  naxcpa3mepoM 3epHa MeHbiile 30 HM He-
g 10005_ _ BO3MOXHA BBHAY MajoOi BEpPOSATHOCTH
: - 1  noABNCHMS TMOABMXHBIX RHCIOKALMii.
E 900 - ;- HUccnenoBanusa o6beMHBIX HAHOMaTepH-
2 aoo- _ a10B C MILIMH pa3MepaMH 3epeH cpel-
; - i . CTBaMM mpoCBEYMBaIOLICHt 3IEKTPOHHOI
d 700F 3 MHKPOCKOIMM He BBISIBJSIIOT HHKaKHX
= _ _ NPH3HAKOB HANTHYNS NOABHXHBIX THCJIO-
o - E Kauuii B npouecce aechopmaunn. Cnego-
500 = BaTeJIbHO, NMAACTHYHOCTb B HHX obecne-
pre T Ty Y i YHBACTCA APYTMMH, HEAHCIOKALHOHHDI-
0 02 04 06 0.8 1 MH MCXaHM3MaMH. d y

1/3 (Mrm)™? BonbmnHCTBO 06BEMHBIX HAHOCT-
Puc. 6.9. Ipenen Texyuectn Fe-Co cnnapaor ~ PYKTYPHPOBAHHBIX MaTepHaloB BecbMa
1/d'"?, tae d — pasmep 3epen. - T XPYNIKH H JCMOHCTPHPYIOT HEBLICOKYIO
TUIaCTHYHOCTh MOJ ‘Harpyskoit. Tunmy-
FT 4 3 ons HbIC MaKCHMaJIbHBIE 3HAYEHHS! OTHOCH-

200 - -

TeNbHOI aeopmaunn npu d < 30 HM co-
CTaBNSIIOT HECKOJILKO TNpoleHToB. Ha-
npuMep, o6bIYHAsE KpyNHO3epHMCTas
OTOXKCHHAs  NMOJNHKPHCTANIHYECKAs
MEIb OYCHDb MIACTHYHA H MOXET YIUIHH-
HATLCs1 Ha 60%. TTpu uenbiTanmu o6pas-
UOB MEIM C pa3MepaMi 3epHa MeHee 30

HM YIIHHHEHHE cocTaBiseT He Gonee
e e 5%. BONBUIMHCTBO TaKMX M3MepeHHii
BBINOMHANIOCH HAa 00Opasuax M3 KOMMak-
THPOBAHHOrO NMOPOLLUKA, B KOTOPLIX HME-
MUCh BONLLIME OCTATOMHBIC HampsiKe-
HUsA. M3-32 BBICOKHMX BHYTpeHHHX Ha-
NPSKCHHI M Hanuuus nedeKTOB B CBA3AX MCXKIY OTACAbHBLIMM HaHO3EpPHaMH,
PACTPCCKHBaHIE HAYHHANOCH paHblle, YeM BO3HMKANA AMCIOKALMOHHAS I1acTHY-
HOCTDb BHYTPH 3cpeH. OQHaKo, HAHOCTPYKTYpHpOBaHHas Mec/ib, MOJIyYCHHAs rajibBa-
HHYECKHM NyTeM, IOYTH He HMECT OCTATOYHbIX HANPSIXCHMIL, H ee YUTMHHEHHE MO-
xeT nocturarb 30%, KaK nokasaHo Ha puc. 6.10. Du Pe3yabTaThl NOAYEPKHBAIOT BaX-
HOCTb BbIGOpa TexHonOrHM 06paGoTKy 1 BAHAHME Ae(CKTOB M MHKPOCTPYKTYPHI Ha
MexaHuueckne cpoiictBa. BooGuie rosops, PE3YNLTaThl H3MEPEHMH IIaCTHMYHOCTH
06BeMHBIX HAHOCTPYKTYPHPOBAHHBIX MaTepHaoB BeCbMa pa3HOPOAHLI BCIEACTBHE MX

YYBCTBHTCIIBHOCTH K JICd)eKTilM H NOPHCTOCTH, 3aBUCALLIHX B CBOIO o4cpeab OT TEXHO-
JIOTHH H3rOTOBJICHHS, §

-
8

g

Hernuuntie nanpsikenns, MMa
8

TR I
L] 10

Hedopmauns, %

o

o

Puc. 6.10. Kpusast uarpyxenus HaHOCTpPYK-
TYPHPOBRHHOIN MEAH, momydyeHHoii myrtem
INEKTPOXHMHYCCKOTO OCAKICHHS.

6.1. Pasynopadouennsie meepdomenvuse cmpykmypul I3§D

. 6.1.4.. Hanocmpyxmypuposannsie MHO20CA0liHbIEe Mamepuaabt

HApyroit THn o6beMHBIX HAHOCTPYKTYpP COCTOMT M3 nepnommécxu baénonoxcctiﬂbix
C/IOCB PA3NTHIHLIX MATCPHANIOB HAHOMETPOBOI TONILUMHEL, HANPHMeEP, Yepenyloumxcs
cnoes TiN 1 NbN. Taxkue cnoucrie MaTepHaIbl H3rOTABIMBAIOTCS Pa3HOOGPa3HBLIMH
ra3ohasHbIMK METOZaMH, TAKMMH KaK OCaXICHHE HANBUICHHEM H XHMIYECKOE ocax-
zicHye napoB. OHM TAKXKE MOTYT H3TOTABNMBATHCS 1 FANBBAHHYCCKIM cnoco6om, yro-
MSAHYTBIM B naparpace 6.1.1. DTi MaTepuanbl HMEIOT 0ueHb GOMbLLIE 3HAYCHHS yaeNb-
HBIX TUIOIUAACH MOBEPXHOCTE! pasniena. Hanpumep, KBanpaTHbIii caHTHMETD MHOTO-
CHOMHOJ TIEHKH TOMWMHOM 1 MKM C TOMUMHOM CNOEB 2 HM MMeeT miomams
roepxHocTeit paszena 1000 cM’. Tak Kak TUIOTHOCTh MaTepHaNa COCTABISET OKOJIO
6,5 r/cM’, ero yaeNbHas IIoIAnL NOBEPXHOCTH paBHa 154 M’/r, 4T0 CpaBHUMO CO 3Ha-
YEHHSAMH LIS THIHYHBIX TETEPOTEHHBIX Katanusaropos (cM. Dasy 10). OGnac‘ru pas-
aena OKa3bIBAIOT CHNILHOE BAMAHHC Ha CBONCTBA TAKMX MATEPHANOB. DTH CIIOHCTHIE
MaTepHabl HMEIOT OYEHb BHICOKYIO TBEPAOCTD, 3aBHCALLYIO OT TONIUMHBI CIOEB, i XO-
POLLYIO H3HOCOCTOMHKOCTD. ToepaocTs u3MepsieTCst ¢ IOMOLLIBIO KOMMEpUeCKH JOCTYI-
HOIf yérauoaxn, Ha3blBaloWeiics HaHOMHACHTOMETPOM M PErHCTPHPYIOMIEit ryGuHny
TOTPYXEHHS M Harpy3Ky NpH BIABTHBAHHH B MarepHail aIMasHOro HHICHTOPa B BiIe
nnpammu. ITpu 3TOM perucTpHpyIoT HaHHble 0 Harpy3ske L(/) n cueuiqmm h ungen-
Topa. Teepaocts onpefensiercs kak L(h)/A(h), rne A(h) — naowmans oTneyarka nocie
CHSTHS Harpy3KH. OBBIMHO H3IMEPEHHS NIPOBOMATCS C MOCTOSAHHOI cxopomlo' Harpy-
Xe'Hﬂﬂ, cocTassioweii ~20 mMH/c. Ha puc. 6.11 nokasaHa 3aBHCHMOCTb TBEPAOCTH
TiN/NbN MHOroC10§iHOit HAHOCTPYKTYpbI OT NepHOaa CJIOMCTOCTH (TO €CTh cymMMap-
HO# TONLIMHBI JBYX C/I0CB), OTKYAA BHAHO, YTO NPH YMEHbIUEHHH TOMUUMHBI C/IOEB JI0
NpUMEpHO 30 HM TBEPAOCTb CYIIECTBEHHO yBETHUHBaeTCs, a aanee CTabIH3HpYeTCs
M OCTACTCS IMOCTOSIHHOI. BBIACHHAOCE, STV

4TO TBEPAOCTD YBEIMUHBACTCSA 3a CUET HE- M

COBNafiCHHs KPHCTAJUTHYECKHX CTPYKTYD 29

cocegHMX cnoeB. M HHTpMI THTaHa, :

H HUTpHA HHOGHST MMEIOT OfIMH M TOT K¢ 7

THI PELIETKH, 2 MMEHHO — KaMCHHOIT Co- E’: 35 _

2, unu NaCl-cTpykTypy, ¢ mapaMeTpaMH ; i

pewerku 0,4235 1 0,5151 1M cooTBeTCT- g 33 .

BEHHO, TaK YUTO HCCOOTBETCTBHE PEIIETOK & 4 _

HOCTATOMHO BENKO, KaK M TRepiocTb o- = : -
ayqalomerocs mMarepiana. O6HapyXeHo, 29'

uyto Gonee TBepAbie MaTepHalbl HMEIOT a7k

6o’nbluyio pazHocTb Moaysneit _c.z1uBHra a AR Lo
cnoes. MHTepecHo, 4T0 MHOTOCHOMHBIE 2357755 100 150 200 250 300

Marepuansl, yepeayiouHecs cion KOTO- | [Tepuon GucnoitHoil CTPYKTYPH, HM

PBIX MMEIOT Pa3Hylo KPHCTAIMUCCKYIO  pye 6,11, Tpaduk 3aBHCHMOCTH TBEPAOCTH
CTPYKTYpy, oOKa3biBalorcsi ciue Gomee  TiN/NbN MuorocnoiiHoro Marepuana or
’ *

TBEpABIMH. B 3TOM Clyyac QMCHOKALMAM  TOMLUIH C/IOCB.
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C/IOXHee NnepeMeLaThesi MEXIY COSIMM, H OHH, 110 CYTH, JIOKATH3YIOTCA B CBOMX CJIO-
AX, YTO H NMPHBOAMUT K YBCJIHYCHHIO TBCPAOCTH.

6.1.5. Daexmpuueckue ceoiicmea

Jnst Toro 4To6b MHOXECTBO HaHOYACTHLL 06Pa30BaIo NPOBOAALLYIO CPENy, Heobxo-
IHUMO YTOGBI OHM MMEIH :mexrpnqecxuii KOHTaKT apyr c apyroM. Oaua u3 dopMm
obbeMHOroO HaHOCTpYKTypHpOBaHHOI‘O MaTepuana, obnajgaiolero NpoBOAHMOCTDIO,
COCTOMT 3 uauoqacmu 30/10Ta, COCAMHEHHBIX APYT C APYroM JIMHHBIMH MOJIEKyJia-
Mu. Takas ceth o6pa3syeTcst npH B3aHMOZACHCTBHH a3PO30JIs YACTHIL 30JI0Ta C adpo-
301eM 'rouxo pacnsicHHoro THona RSH, HanpuMep, noaexanTiona, B KoTopoM R —
310 C,’szs. Takue anKUI0BbIC THOMBI COAEPXaT rpynny —SH, KoTopast MOXeT npH-
coemnHnATbes K MeTiny —CH;, u napad)uuonylo LEeNnoYKy JUIHHO 8-12 aneMeHTOB,
o6ecneynBalonlyio cTepHICcKoe OTTANKHBAHKE MeXAY uenoykamu. Lienusie Mone-
KYAbl PACNONAraloTcs 10 paaHycaM BOKPYr. Kax/0ii HAHOYaCTHIIBI. Wukancynnpo-
BaHHBIC YaCTHIIbI 30710Ta CTAGIIbHEL B anndaTHyecKux PacTBOpax, TaKHX, KaK rek-
CaH. Ozmaxo n06aBicHHE K PacTBOpY HeGOMBILOrO KOAHYCCTBA JUTHONA BBI3bIBAET
(hopMHpOBaHHE TPEXMEPHBIX KJIACTEPHBIX CETEll, BHINMANAIOLIMX W3 PacTBOpPa B OCa-
noK. Kiactepsl 4acTi MOXHO TaKXE MONYYHTh OCAXICHHEM Ha TUIOCKYIO MOBEpX-
HOCTb, €CIIH yKe cOPMHPOBANACh KOMIOHAHAS B3BECh HHKATICYIHPOBAHHBIX HAHO-
YacTHL. DJICKTPOHHAA MPOBOAMMOCTb B IIOCKOCTH 6bUIa M3MeEpeHa Ha ABYMEPHbBIX
Maccypax 500-HaHOMETPOBBIX 30JI0TLIX YACTHLL, ONAPHO CBA3AHHBIX APYT C APYTOM
opraHuyecKuMH Monekyramu. Ha puc. 6.12 n3oGpaxeHo noayueHHoe nurorpadu-
YCCKHM NYTEM YCTPOICTBO, MO3BOASIOLICE NPOBOAKTD JACKTPHUYECKHE H3IMEPEHHS
Ha Takux mMaccuBax. CoOTBETCTBYIOLLHE BONILT-aMIEPHbIE XapaKTEPHCTHKH JUIA Lie-
NOYCK B OTCYTCTBHE CBA3YIOIMX MOJICKY (a) M nmpH MX Hanuuuy (6) npeacTaBiCHbI

Ha6op

Meraunnueckuit KJlacTepoB

KOHTaKT \

Oxouiko u3 $i0, , npospaunoe ans
npocseansaoesi
INCKTPOHHO Muxpocxomm

Puc. 6. 12 Co3nannoe mtrorpatb:mccmm €nocobom yCTpoiicTBO MUISt HIMEPCHHS DNEKT-

pOnpoBOAHOCTH ABYMCPHOTO KJIAacTepa HAHOYACTHIL 30/10Ta, CBA3AHHLIX OPrAHHMYECKH-
MH MOACKYJIAaMH, MTOKa3aHo B pa3pese.
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Ha puc. 6.13, a uX 3aBHCHMOCTb OT TeM-
nepatypel — Ha puc. 6.14. Tposoau-
MOCTb G, onpeacisieMast KaK OTHoue-

HHE TOKa / K HanpsDKeHHIo V, ecTb Ben-

yuHa, obpaTHas conpoTueneHHio R =

= V/I = 1/G. lanusic Ha puc. 6.13 no-
Ka3blBalOT, YTO.CBS3BIBAHHE 30JIOTHIX
HaHOYACTHIL CYIIECTBEHHO YBEJIHUHBACT
nposoaMMoOCTb. TeMnepatypHast 3aBu-
CHMOCTb HH3KOBOJILTHOIT NPOBOAMMOC-
TH 3aJaCTCA BbIPaXEHHEM

- __lg L
G =G, exp [ﬁ)' (5.2)
B J

rae E — akruBaumoHHas 3Heprus. [Ipo-

Lecc INpoBOAMMOCTH B TaKoOif cHCTEMe
MOXHO NMPOMOACIIHPOBATH rekcaroHanb-

HOIi pelueTKOi M3 MOHOKpHCTaUIHYEC- |

KMX KJIAaCTEpOB ' 30J10Ta, COCHAMHEHHBIX
PE3UCTOPAMH, KOTOPHIMM SIBISIOTCS
CBA3YIOUIME OpraHHYECKHE MONEKYJBI,
KaK nokasaHo Ha puc. 6.15. MexaHus-
MOM MpPOBOAMMOCTH BBICTYMACT 3JeK-
TPOHHOE TYHHENIHPOBAHHE C ONHOrO
Kiacrepa Ha apyroii. B maparpade 9.5
hasbl 9 ofcyxaaeTcs aHAOrHYHBII ME-
XaHuaMm st 6onee MENKMX HAHOMACTHLL
30JI0Ta.

Mpouecc 'rym{cm:ponamm — 3T0
KBAHTOBOMCXaHHYECKOE IBNCHHE, IIPH KO-
TOPOM JCKTPOH MOXET MPOHUKHYTH Ye-
pe3 aHepreTHueckuii Gapbep Gonmbuueii
BBICOTBI, YEM KHHCTHYCCKAsA IHCPrus
anekTpoHa. Tak, ecni H3roTOBHTb CIHA-
BUY 113 ABYX MPOBOMSILLMX CIOCB H3 OflM-
HaKOBOro METAI1a, Pa3C/CHHBIX H30MH-

50

T

AR R R R LA AR LR RS LA RARAE AR A LR

. 40
- 30
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lassateesadassslesay

10
0

Tok, HA

-10
=20
‘%

~40
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-50 Duaalosesleeselonoabonpabozoadonealaanadusealons
-5 -4 -3-2-10 1 2 3 4
Hanpaxcnue, B

n Datalessslesastonsstasnzlaag

Puc. 6.13. BonsramMnepHelC XapaKTepHCTHKH
JBYMCPHOIO KJIacTepa HaHOMAacTHII NPH KOM-
HaTHOIt TeMnepatype: a) — Ge3 cesiseii u 6) —

c Monexyna\m (CN),C,sH,, B xauectse cpa3cit.

A R G B G it A S

aaleaaadaraalans

Tok, HA

poagdsneqtoanalaanslensy

3% oSty Qi gt i
0 [ J—— 3
Hanpaxcuue, B

E

Puc. 6.14. U3mepeHibic BOJIBTAMIICPHBIC Xa-
PAKTEPHCTHKH ABYMEPHOIO CBA3AHHOIO Kna-
cTepa HaHOYaCTHIL IPH TEMNCPATypax 85, 140
n 180 K.

PYIOLUMM MATCPHAJIOM, KaK TOKa3aHO Ha PHC. 6.16a, TO NP HEKOTOPBIX YCIOBHMSAX 3N1¢~
KTPOHB! MOTYT ICPEXOMNTh H3 OJHOr0 MCTAUTHYECKOro Cnost B apyroit. [ns Toro,

4TOGBI JICKTPOH MOT TYHHENHPOBATh C OfHO

it CTOpOHBI NICpexo/ia Ha ApYTYIo, Heobxo-

MO HANHYME HE3AHATHIX MEKTPOHHBIX COCTOSHII Ha JIPYToii CTOPOHE. HAnst aByx

OlMHaKoBbIX MeTaios npi Temnepatype 7= 0 K ypostint ®epmu 6yayT HMETb OAHHA-
KOBBIC 3HAueHMsI, M, KAK BHAHO 13 puc. 6.166, Ha Apyroit cTopoHe He Gyaet cBo6oa-

HBIX COCTOsIHMI C Toil e dHeprueit,

yTO AejiaeT TYHHCIHPOBAHHE HCBO3MOXHBIM.
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(111) rpauu

Puc. 6.15. Mumoctpauss Moaenn o6bacHeHHS 3/ICKTPONPOBOAHOCTH HACAILHOTO I'eK-
CaroHaILHOrO MaccHBa MOHOKPHCTATHYECKHX KNACTEPOB 30/10Ta C OQHHA-
KOBBIM MCXKK/IACTCPHBIM CONPOTHBICHHEM, 3a/laBAEMbIM COCAMHSIOLMMH
KJIaCTEPhl PE3HCTOPaMIH.

Ipunoxennoe K nepexony HanpAKEHHE YBCAHYHBACT SHEPTHIO INEKTPOHOB C ONHOM
CTOpOHbI Gapbepa Mo CpaBHEHHIO ¢ APYroif CTOPOHOI#A, CABHTast ONMH ypoBeHb Pepmu
OTHOCHTENLHO ApYroro. KosiuecTso 31¢KTpoHOB, KOTOpLIE MOTYT ABHIaThCS yepes ne-
pexol cnesa Hanpaso (puc. 6.168), B uuTepsane snepruit dE NpONOPLUHOHAILHO KOJH-

YCCTBY 3aHATLIX CJICBA COCTOSAHHKIT B 3TOM HHTE
PBAJIC SHEPIHii M HE3aHATLIX COCTON
cnpasa, TO eCTh e

Ny(E- eV~ eNNBY1 - B, | (6.3)

ra¢ Ny — naotHocTb cocTostHmit B MeTaie |, N, — mnotHocTb cocrosumit B MeTaie 2
= * ]
af{E) — pacnpeaenchue ®epmi-[lupaxa, onpeaensiowee 3anonHeHKe COCTOSIHHIf C 2HEp-

rieii £u noxkasanHoe Ha puc. 9.8. Monwbiit Tox / YICpE3 NCPEXOM ONPEACNSETCS Pa3sHOCTHIO

MCZKILY TOKAMH, TEKYLUMMH CJICBa HANPABO ¥ CMPaBa HA/ICBO, TO eCTb

I=K[N(E~ eV)N(EYRE-eV) -ADAE, (6.4)

rie K — MaTpiUHBIit 9/IEMCHT, ONpEAENSTIOUIIIT BEPOSTHOCTD TYHHEIMPOBAHHS CKBO3b
Gapsep. Tok, TeKymumit yepes nepexon, MMHelHO 3aBHCHT OT HanpskeHus. Ecau cun-

- B To BpeMst KaK B NpeAbULYLLCN
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85

SHa ) o
NyE) - Ny(E) - Ni(E) o NoE)

: ;E/ b
B O

. 3ziz§ b v 5ol
T=0 T=0
V=0 - i » V>0

. ()

(9
- NE) M)

- Puc. 6.16. a) — TMepexon Metami-n3onsTop-metant. 6) — [norHocTs cocTosHuit Ha 3a-
HATHIX YPOBHAX H YPOBCHb (DEPMH B YCTIOBHSIX OTCYTCTBHS Ha NICPEXOAC NPH-

~ JIOXCHHOTO HATIPSUKCHIA. B) — [110THOCTB COCTOsHMIT H YypoBeHb (DepMu npu

noaaHHoM Hanpskenn, Ha cxemax 6) 1 B) no BepTHKANLHOI OCH OT/IOXEHA

IHEpPris, @ 110 FOPHIOHTAILHOI — IUIOTHOCTB COCTOsIHMIT, KAK NOKa3aHO Ha

HICKHEM picyHKe. HesanonueHisie YPOBHH, JIEKAINUE BLILLC SHEPrHu Dep-

‘MH, HC MOKa3aHbl,

TaTh MJIOTHOCTHL COCTOSIHMIT NOCTOAHHOIT B pacCMaTPpHBacMOM HHTCPBANIC 3Hepriii eV,
TO st ManbiX ¥ 1 Hu3Koit T nonyunm : ; ;

1= KN(E)N(EpeV, (69
4To Mdiuo ncpénnczm; B BHIC |
1=G,V, . (6.6)
rae - : | l !
Gyn= KN(EDNEpeV - 6.7

10 TIePEXO BEACT ceOst oMHUCCKUM 06-
u G,,,, MMeeT CMBIC/I IPOBOAHMOCTH. DpeKTHBHO MEPEXOA BEACT C

Pa3oM, TO €CTb TOK NMpONOPUHOHANCH HanpsAKCHHIO.

6.1.6. Hpyzue ceoiicmea ,
' 1 OBCYKICHHH YIIOP ACAICS HA OMHCAHHE BIHAHNUA

HAHOPA3MEPHOIl MIKPOCTPYKTYPhI HA MEXaHHYCCKHC I IMEKTPHHCCKIC —




7= :
@8 Traea 6. Obsemnsie HAHOCMPYKMYPUPOBAKHLIE MAMEPUanb

MHOTHE 2Ipyrite CBOJCTBA O0BEMHBIX HRHOCTPYKTYPHPOBAHHBIX MATEPHAIOB TAKCKE 32~
BHCAT OT XapakTepa i pa3MepoB HaHoCTpykTyphl. Hanpumep, Maruutioe nosenene
00BEMHBIX (PEPPOMATHHTHBIX MATEPHANOB, COCTOSILIIMX M3 HAHOPA3MEPHLIX 3€peH, 3a-
MCTHO OTTHYACTCA OT CBOIICTB TOro Xe MaTepHana ¢ OGLIYHLIM Pa3MepoM 3epeH. Bait-
Ay BaXHOCTH 3TOro Bonpoca npu pazpaboTKe H COBEPLICHCTBOBAHHMU XapaKTePHCTHK
YCTPOICTB XpaHeHHs uudopmaLmn, ol Gosee noapobxo obcyxnaercs B Mase 7.
B Ihase 4 6bu10 nokasano, yro coberseHHas PCaKUHOHHAA crocoOHOCTh HaHOYAC-
THL 3aBHCHT OT KOJHYCCTBA ATOMOB B KnacTepe. MOXHO 0XHIATh, YTO TaKoe NOBeacHHe
OyayT ieMOHCTPHPOBATH H OGBEMHBIC MATEPHANBI C HaHOPa3MCPHBIMH 3CPHaMH, YTO Aa-
CT BO3MOXHOCTb €O31aBaTh 3ALINTY OT KOPPO3HH M Pa3pyLIMTEILHOTO BO3ACHCTBHSI
OKHCJICHHNS, TaKylo KaK Npy 06pa3oBaHiH IUICHKH YEPHOTO OKCHAA Ha MOBEPXHOCTH ce-
pebpa. U aeiicrsutensHo, B a10it 06nacTi YXKE HMECTCA HEeKOTOpbIit nporpece. Tak, 06-
HApYXCHO, YTO HAHOCTPYKTYpHpoBaHHbiii cria Fe,;B, 35ig obnazaer noBblEHHOI
CTOIKOCTBIO K OKHCACHHIO MPH Temnepatypax mexay 200 u 400 °C. Martepuan cocrout
13 emecu 30 um vactiy Fe(Si) Fe,B. ¥Benuuenue croiikocti NIPHNHCLIBACTCH GOMbLIO-
MY KOMIfYECTBY rpaHMIL 3epeH H ToMy (aKTy, uto Andpy3ns aTOMOB NMPH BBICOKHX TeM-
NCpaTypax B HAHOCTPYKTYPHPOBAHHBIX MATEPHANAX MPOHCXOAHT GuicTpee. B aTom Mate-
pHafic aToMbl KpeMHIs B ase FeSi Bbunensiiores a rpannuax 3CPCH, TIe OHH MOTYT A -
(GyHAHPOBATL K NOBEPXHOCTH obpasua. Ha nosepxHocty onn PearupyioT ¢ KHCIOpOAOM
Bo31yxa, o0pasys IUIeHKy n3 Si0,, kotopas NPENATCTBYET ANIbHEITIIIEMY OKHCICHHIO.
Temneparypa nnasnenus HaHOCTPYKTYPHPOBAHHbLIX MATCPHANOB TAKKE 3aBUCHT OT
pa3mepa sepeH. [okasano, yto nnamii B Buge 4-HaHOMCTPOBBIX YaCTHL NIABHTCS npH
Temnepatype Ha 110 K Hinke, yem o6biuno., ;
B cBepxnpoBomsmeii (hase MakcHMANbHBIH TOK, KOTOPblii MOXET Nponyckarh Ma-
TEPHAJL, HA3bIBACTCH KPHTHYCCKHM TokoM /¢ TIpu npesbitennm 3Toit BeH MBI MaTe-
PHAT NEPEXOAUT B OBLIYHOE COCTOSHIE ¢ KOHEUHOI npoBoauMocTbio. O6HapyxeHo,
UTO B 06BLEMHOM IPaHyAHPOBAHHOM cbepxnpoBoaHyKe NiySn ymeHbleHHe pa3mMepa
3CPHA NPHBOANT K YBE/THUEHUIO KPHTHYECKOTO TOKA,
B Inase 4 Gbuto TIOKa3aHO, YTO ONTHYECKOE MOMIOLIEHHE HaHOYaCTHLL,
foleecs NEPEXoNaMi MEXIY BO3GYKACHHBIMK COCTOSIHHSAMH,
H cTpykTypel. CrienoBatensHo, B npuHwme BO3MOXHO KOH
CBOIICTBA OGBEMHBIX HAHOCTPYKTYPHPOBAHHbLIX MaTepHano
NPOYHBbIi METaNN MMen 651 MHoOro BO3MOKHBIX NPUMEHCHH
(e GyayT obcyxnarses HEKOTOpBIC NPHMEPLI TOrO, Kak HaH
THYCCKHE CBOIiCTBa MaTepHana.

onpeaens-
3aBHCHT OT HX pazMmepa
CTPYHMPOBaTh ONTHYCCKHE
B. Ipospaumnsiii BbicoKoO-
it. B caenyiowem naparpa-
OCTPYKTypa BAHMSCT Ha OIl-

6.1.7. Memaaauuecrue Hanoxaacmeput ¢ onmuvecxux cmeraax

Onuum u3 crapeifiux NpHMEPOB HCNONBL3OBaHMS HAHOTCXHONOIUH ABNSIETCS LBCTHOC

BHTPaXHOC CTEKI0 CPEAHEBEKOBLIX COGOPOB, npencTasnsioutee coGoii npospaynoe Te-
710 € BKILIOYCHHAMH B BIAC HAHOPAIMEPHBIX METALTHYECKIX yactiu. Crekna, copepxa-
e HebonbLIoe KONHYECTBO AMCTICPTHPOBAHHBIX HAHOKNACTEPOB, JAECMOHCTPHPYIOT
Pa31006pa3iic HEOBLIMHBIX ONTHYECKHX CBOICTS ¢ LIMPOKHMH BO3MOXHOCTAMH NpHMe-

- 6.1. Pasynopadoyennsie meepdomenshvie cmpyxmypul I3D

HeHMa. JInMHA BOJMIHBI MakCHManbHOro
ONTHYECKOTO NOMMOWEHHUS, B CYLIECTBEH-
HOIl CTEMEHH ONpeaensiomas BeT CreK-
Na, 3aBHCHUT OT pa3Mepa M TUINa MEeTAUIH-
yeckux uactuu.- Ha puc. 6.17 nokaszan
NPHMEP BAHSHHUSL PasMepa HaHOYACTHLL
30/10Ta Ha ONTHYCCKHIT CNEKTp norioue-
Hus SiO,-cTekna B BHAMMOM QHanasoHe.
OTH JaHHbIC NOATBEPXAAIOT CMELICHHE
NHKa ONTHYECKOIo MOMNIOLIEHHs K Gonee
KOPOTKHM [UIMHAM BOJH NPH yMEHblle-
HHH pa3MepoB HaHoyacTHIL ¢ 80 10 20 HM.
Takoii CNEKTP BbI3LIBACTCS MIa3MEHHBIM
NOMIOLIEHHEM B META/UTHUECKHX HaHOYa-
cruax. Ilpu ouyeHb BBICOKHX YacToTax
3NIEKTPOHBI NPOBOAMMOCTH B MCTa/LIE Be- Aéoscl:oséoetl)oo;om
Iyt ceOs KaK IiasMa, To ecTh 3ne1cr;3mc- B g Soglin
QR S Puc. 6.17. CnexTp ONTHYCCKOTO MOTMOLICHHS
P . HAHOMETPOBBLIX HAHOYACTHIL 30JI0Ta,
ABNSIOTCS NOABHXHDIC MNEKTPOHbI, @ MO~ proneroy o erexo.

JIOXKMTENBHBIN 3apsj OCTacTcsl Ha HEmno-

HIBHXHBIX aTOMaxX peurerkd. Ecau KiacTepsl HMEIOT pa3Mephl MEHBLIE UTHHBI BOJTHBI
NajaIoLIEero CBETa M XOPOLLO PacCesHbl, TaK YTO MOTYT PacCMaTpHBATLCS KaK HEB3au-
Mo/ieifCTBYIOLIME APYT C APYTOM, TO 3MCKTPOMArHHTHAs BOJIHA BbI3bIBaeT KoneGaHus
MEKTPOHHOIT MJ1a3Mbl, NPHBOASILHE K €¢ NOIOUICHIIO. JIIst BBIYHCICHHS 3aBHCHMOC-
TH K03()pHLHEHTA MOIJIOWEHMS OT UTHHBLI BOMHBI MOXHO HCTIONB30BaTh TCOPHIO, pa3-
BuTyIo Maitem (Mie). KoadduuueHT norouteHus a Manellbxoﬁ cepHueckoii yacTH-
LBl MeTaJU1a, HaxoasLLeiics B Henomomalomgii cpene, 3aaeTcs Kak

v 3
182N Vnge, 14 . sg,
dionl 2,2
[e, + 2ng]
rxie N, — xonuenTpauus cdep o6bemMoM V, &) 1 &, — NEHCTBUTEILHAL 1 MHHMAS HacTH

a-
JMBJNIEKTPHYUECKOIT POHHLIAEMOCTH cep, /g — IOKA3aTeIb MPEAOMICHHS HCTOINIOLL

aloLLEro CBETa.
Iouieit cpeasl M A — UTHHA BOJTHBI Mk,
JipyriM BaKHBIM JUTS TEXHOJIOTHM CBOFCTBOM KOMIOSHTHBIX MCTA/LTHIHPOBAHHBIX

CTEKOJI SIBJISICTCA ONTHYCCKAsA HeNHHEeHHOCTD, TO €CThb MBIICI(LIOCT§ no_lgasa'rgneﬁ [:pcx;
JIOMJICHHSI OT MHTCHCHBHOCTH NaaloLero CBeTa. Takue cTeKsIa HMEIOT cymcc:[:::c}:’g'o-
BOCNPHHMYHBOCTb TPETLETO nopsaaka, uTo MPHBOAMT K CNeAYIOWEMY B;UI)’ 38 !
CTH IoKasareJisi NpeaoMICHHs 11 OT HMHTEHCHBHOCTH NAaJalomero Cscra .
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Hemuneitnpie onmiieckue 3 deKTsl MOTYT HCMONL30BATECH NPi COSNAHIH OMITHNCCKIX
KJMIoUei, KOTOPHIC MOFH Gbl CTATH OCHOBHBIMI 3MIEMCHTAMI (POTOHHOTO KOMTIBIOTEPa.
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Herounnk nuranna

+ P -
pacmnas
\ COJMH

NONOKMTCABHBI
ANEKTPOa
OTPHUATCALHBI
aNeKTpOn

NoAN0OKKA

Puc. 6.18. MonHooGMmennan ycTaHOBKa, HC-
NONB3YIOWAsA NCKTPHYECKOE MOJIC NS AOMH-
POBAHMKA CTCKSIHHOI MOUTOXKKH HOHAMH M-
Tanna, Hanpumep Ag’.
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Puc. 6.19. UsoGpaxenue NOBEPXHOCTH Npo-

TPaBJICHHOrO KpeMHMA N-THNA, MOMYyYeHHOE
B CKAHHPYIOUICM 3NEKTPOHHOM MHKPOCKONE.
Moput MiKpoMeTpoBLIX Pa3MepoB BHIMAAAT
KaK TeMHbIC obnacTi. :

Koraa pasmeps! uacTHLl yMEHBLIAIOTCS 10
10 HM, HAYHHAIOT UIPaTh BAXHYIO poJib
a¢dexTsl KBAHTOBOI JNOKANM3AUMH, H3-
MCHSAIOLLHE ONTHYCCKHE XapaKTePHCTHKH
marepuana. Ksanrosas jokanmusauus o6-
cyxnaerca B [nase 9. M)
Camslit crapslit MeTon MoJIy4eHHs
KOMIMO3HTHBIX MCTATH3HPOBAHHBIX CTe-
KOJI COCTOHT B 100aBNEHHH MeTaTHYyeC-
KMX 4acTHU K pacnnasy. OmHako npu
3TOM CJIOXHO YNPaBIATh CBOIMCTBAMH
CTCK/Ia, 3aBHCSLMMH OT CTENEHH arper-
POBaHHOCTH yacTHL. [ToaTomy Gbin pas-
paboranbl Gonee ynpasnsiembie npouec-
Cbl, TaKH€ KaK HMOHHAs HMIUIAHTALHSI.
Crexno o6pabarTbiBacTcsi HOHHBIM nyy-
KOM, COCTOSILIMM M3 aTOMOB MMILIAHTH-
PYEMOro MeTajlia ¢ 3HepruaMu ot 10 k3B
Ao 10 MaB. s BHeapeHns MeTa MY eC-
KHX YaCTHLI B CTEKJIO HCNIONB3YETCS TAKXKE
HOHHBIf 06MeH. Ha puc. 6.18 nokazana
3KCMEPHMEHTANbHASA YCTAHOBKA JUIS BBE-
ACHUA vacTHIl cepebpa B CTEKIO myTeM
HOHHOro 06MeHa. ONHOBAIEHTHEIE NPH-
MOBCPXHOCTHBIC ~ aTOMbI, HanpHMep,
HaTpHii, NPHCYTCTBYIOWMIT B IPHNOBEpPX-
HOCTHBIX CJIOSIX BO BCEX CTEKJIaX, 3aMellia-
CTCsl IPYTHMH HOHAMH, HanpUMep cepe6-
poMm. [lnst 3TOro CrekisHHas OCHOBa MNo-
MCUIACTCs B pacnas COMH, HaXxoasLuiuiics

MEXIy S/ICKTPOJAMH, K KOTOPLIM NPHAOKEHO HanpsKeHHe yKa3aHHo# Ha puc. 6.18

noasapHocti. Houwl Hatpus B crexne AndebyHanpyior x orpuuatenbHOMy 3JIEKTPOLY,

a cepebpo nuddynanpyer u3 cepebpocoaepkallero anekTpoanTa Ha MOBEPXHOCTh

CTCKna.

‘6. 1.8. Mopucmuii kpemnui

IMpu anekrpoxummueckonm TPaBNCHHH KPCMHHEBOH MAACTHHbI obpa3syiotcst mopsl.
Ha piic. 6.19 nokasano u3o6paxere Tnockocti (100) kpemuust, nonyuenHoe Ha cka-
HHPYIOWICM TYHHCALHOM MHKPOCKOIIE NOC/C TpaBieHis. Buanst nopst (Temubic 0651a-
CTH) MHKPOHHBIX pa3mepos. Takoit MaTCpHA HA3LIBAIOT OPHCTHIM KPEMHHEM (PoSi).
Mensas ycnosust o6paGoTki, MoxHo IOOHTLCS HAHOMETPOBBIX Pa3sMepoB TakuX 1op.
HMurepec K uccnenosanusm nopucroro Kpemtus Bospoc B 1990 rony, koraa 6si1a 06-

'6.1. Pasynopadouennne meepdomensnse cmpyxmypul I4D
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Annna sonnu, MKM Kuit KonutakT > NIacTHHKA

Puc. 6.20. Cnektpbl (OTONOMHWHECUCHLIMH

MOPHCTOrO KPEMHMSI NPH KOMHATHO# TeMme- : ,
patype s AByx spemeH Tpannenus. Cneayer  Pue. 6.21, Slueitka ans TPABNCHMSI KPEMHiie-
o6paTHTL BHMMAHMC Ha pasHblii MaclTal  poil NNACTHHKM B PACTBOPE IUIABHKOBOIT Kic-
ITHX JIBYX KPHBBIX. ; aotst (HF) ¢ ueanio o6pasosatits nop.

HapyxeHa ero (MTI0OpPECUCHILHS NP KOMHATHOI Temnepatype. JlioMunecueHumeit Ha-
3LIBACTCS TOIJIOIICHHE 3HEPIHH BCIUCCTBOM C TMOCHEAYIOWMM €¢ MEPeH3TyueHHEeM
B BHMMOM i GH3KOM K BHAMMOMY Auanasone, Ecnn aMuCCHA NPOKCXOANT 3a Bpe-
ms Menee 107 ¢, npouecc nasbiBaeTcst pmoopecueHumeit, a ecan uaﬁmonavcrc'n 3a-
AepxKa nepeuanyueHus, To — Qocdopecuenuncii. O6bIMHBIH I(uc AOPHCTHIIT) KpeM-
lmﬁ'oﬁnanacT cna6oit moopecucHieit mexay 0,96 u 1,20 3B, To ectb Ha IHEPrisX,
GJM3KHX K LIMPHHE 3aNPELICHHOI 30HBI, COCTABASIOLICHt NIPH KOMHATHOIT TeMnepaTy-
pe 1,125 3B. Takast pn100pecUCHLHSA B KPEMHHH SIBASETCA CNCACTBHEM nc[;c)ztg,uon ane-
KTPOHOB uepe3 3anpelicHiylo 30Hy. OfHaKO, KaK MOXHO BHACTb Ha puc. 0.20, r;:){pn::;
Thllt KpeMHHIT JEMOHCTPHPYCT CHIbHYIO HHAYLHPYCMYIO CBETOM ]{IIli“'w}':::c :mm
¢ aHeprusiMu 3ametHo Gonbuie 1,4 9B npu Temnepatype 300 K. on;:c -
B DMHCCHOHHOM CMEKTPE ONPERE/IsiCTCs BpEMEHEM TpasieHis oGpasua. 910 orxpl.:oro
nonyunno Gonbiuoii Pe30HAHC M3-32 BO3MOXHOCTH HCMONBLIOBAHMS (boroax'ruléz:l;l e
KPEMHHSI B XOPOIIO OTPAGOTAHHBIX TCXHONOTHSIX C UCALIO CO3NAHNA uonu;; il -
WM ONTOJEKTPOHHBIX Nnap. Kpemuuii — camast ﬁ:::;(ﬂpauexman OCHOB2 TP

HXCSI IEPCKIIIOUATE/IAMI B KOMITb ;
mpol;’;:!::‘:'zg 1 noxasap: OMH K3 crioco0oB TPARICHHSI KPEMHHA. Oﬁp;:?:: :g:oz;u;:;
JOT Ha METAUTHYCCKOE, HAPHMED, ANOMIHHEBOC HO KONTeitHepa, cTe
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CACNAHBI M3 NMONHITIUICHA WM TedIoHa, He pearHpylolHX ¢ TUIaBHKOBOI KHCIIOTOI
(HF),xoropas ucrnionb3yercs B KauecTse TpaBHTeNs. MeXiy NIaTHHOBLIM 3JIEKTPOAOM
H KpeMHHEBOI IUIaCTHHOI NOAACTCA HANpsXXEHHE, NPHYeM KPeMHHIt BLICTYNaeT noso-
XKHTEJTLHBIM 3J1eKTpoaoM. ITapamMeTpaMy, BAMSIOIIMMH Ha XapaKTEPUCTHKH TIOp, SABJIS-
1oTcst KoHueHTpaunst HF B anekTponure, cuia Toka, NpHCYTCTBHE NOBEPXHOCTHO-AK-
THBHbIX BCUIECTB H MONSPHOCT NPHIOKCHHOTO HANPSLKEHMA. ATOMBI KPEMHHST HMEIOT
YEThIPEe BAJICHTHLIX NIEKTPOHA M 00pa3yIoT CBA3M B KPHCTAJLIE C YETHIPbMS Giokaiiium-
MH cocensiMu. Ecan 3aMeHnTb oniH 13 HHX atoMoM ¢ocdopa, MMEIOIIHM NATH BAIEHT-
HBIX 3JICKTPOHOB, TO YETLIPE €ro JMEKTPoHa GyayT yuacTBoBaTh B 06pa3oBaHHH CBAA3Eil
C YETLIPbMs OIHKAI LMK aTOMAMH KPEMHHSI, OCTaB/IsAA OAMH 3/IEKTPOH HE CBA3aHHBIM
H CrIocCOGHBIM y4acTBOBaTh B NIEPEHOCE 3apAa, BHOCS BKJal B TPOBOAUMOCTb. DTO CO-
34acT B 3aNpeICHHOI 30HE YPOBHH, JcxKaune G/H3KO K AHY 30HbI MPOBOAHMOCTH.
KpeMHHii ¢ npuMechio Takoro poaa HasbiBaeTcs nonynposoaHukoM n-tina. Ecam atom
NPHMECH — ANIOMHHMIT, HMEIOLLIIi TPH BAICHTHBIX 3/ICKTPOHA, TO /ISt 06Pa30BaHUSA Ye-
THIpeX CBAA3eil ¢ GmxaiiLMMI aTOMaMH OZIHOTO 3/IEKTPOHA He xBaTaeT. CTpyKTypa, BO3-
HHKalOWWas B TAKOM CJIy4ac, HaskiBacTCs ALIPKOIL. JbipKu TOXE MOTYT Y4acTBOBATh B e~
PEHOCE 3apsna 1 yBeIMYHBaTh NpoBOAMMOCTb, KpeMmuuit, ernpoBanublii Takum o6pa-
30M, Ha3bIBACTCHA MONYMPOBOAHMKOM p-THNA. Okxa3plBacTcsi, YTO pasmep Top,
06pasyIomuxcst B KpeMHIH, 3aBHCHT OT TOTO, KAKOT0 OH THNA, N~ WIH P-. ITpu TpaBne-
HHH KPEMHHS P-THNA 06pa3yeTcst 04eHb TOHKas! CeTh NMOP ¢ pa3Mepamy MeHee 10 HM.
Jnsa o6bACHEHHSI MPOMCXOXKACHHS JIIOMMHECLICHLIMH NOPHCTOr0 KpeMHHUA ObUIO
NPEINIOKECHO MHOKECTBO TEOPHi, OCHOBAHHBIX HA Pa3HBIX FHTIOTE3aX, B KOTOPIX YUHThI-
BAIMC CNEAYIOUIE (haKTOPBI: NPUCYTCTBHE OKCHIOB Ha NOBEPXHOCTH TOP; BAMAHME CO-
CTOSIHNS NIe(DCKTOB NMOBEPXHOCTH; 06Pa30BaHie KBAHTOBBIX MIPOBOJIOK, KBAHTOBBIX TOUEK
1 oBycIOBNIEHHAS KMH KBAHTOBASI JIOKANTH3ALNSA; TIOBEPXHOCTHBIE COCTOSHHS KBAHTOBBIX
Touek. ITopucTslit KpemHHit TaKXKe AEMOHCTPHpYeET SNEKTPOMIOMHHECLICHLIHIO, TIPH KO-
TOpOii CBCYCHHE BLI3LIBACTCA HEGONBIUHM HANPIKEHHEM, NPHIOKEHHBIM K o0pas3y,
1 KaTOROMOMHHECLICHUHIO, BEI3bIBACMYIO GoMGapaMpylonuMK o6pasel] 31eKTPOHAMH.

6.2. HanoctpykrypuposanHsie kpucrannsi

B a10M pazniene o6cyxaaloTcs KpHCTAMLIBI, NOCTPOEHHBIE 13 YNOpAA0YEHHOrO MAacCH-
BAa HAHOYACTHLL : v

~6.2.1 Hpupoanue Hanoxpucmanast

Cy1uecTByIoT HeKOTOPBIC 0GBEKTHI, KOTOPHIE MOXHO Ha3BaTh NPUPOAHBIMH HAHOKPH-
crajyiamu. PaccMoTpHM ABeHanuaTHATOMHBII Knactep 6opa HKOCa3ApHYECKOit CTPYK-
Typb! ¢ 20-10 rpansami. CylecTByeT HeCKONBbKO KpHCTaUTH4eCKHX a3 TBepaoro 6opa,
B KOTOpbIX Knactep B, BLICTYNAeT CTPOMTEAbHBIM 3/EMEHTOM. Onnxa n3 Takux ¢as
C TETParoHaNbHOI CHMMETPHElt conepxuT 50 aToMOB B 9JICMEHTapHOIt siueiike, BKIIIO-
Has HCTLIPE MKOCA3APHUCCKUX KnacTepa B,,, CBA3aHHBIX APYT C APYroM ¢ MOMOLLIBIO
NpOMEXYTOYHBIX aToMOB Gopa. [lpyras (a3a, cocrosiiuas H3 reKcaroHalbHO ynopsino-

6.2. Hanocmpyxmypupoeanusie xpucmaann I4g

Puc. 6.22. Ukocasap1ueckas CTPYKTypa Kia- : ,
crepa Gopa, conepxkawero 12 atomos. 3ror  Puec. 6.23. Boamoxunas OLK crpyktypa pe-
KJacTep SBNACTCA OCHOBHBIM J/ICMCHTOM He-  LUCTKM, 06pa3’oBaHHOlN KamueM M Kiacrepa-
CKONLKMX peieTok fopa. - - MH Al,;. j

YeHHBIX Kactepos B,, nokasana Ha puc. 6.22. KoxeuHo, CyLICCTBYIOT H ApYTHE aHa-
JIOTHYHBIE HAHOKPHCTAUIBI, HaNpHMep, (Y/ICPCHOBLIC, KOTOPbIE 06pa3yloT peLIETKY,
nokasaHHylo Ha puc. 5.7 (Ihasa 5). ; 1574

1 6.2.2. Teopemuuecikoe npedckasanue cyuecmeosanus
| KpUCMAAAUMECKUX PeUlemOoK U3 HaHOKAacmepos

PaccMaTpuBasi KJacTepbl KaK CynepaToMbl, MOXHO MPHIATH K MHTpHrYIOLLEil BO3-
MOXHOCTH MOCTPOCHHS TBEPABIX MATEPHAIOB HOBOTO THMA, CTPYKTYPHBIMH JNICMCHTA-
MM KOTOpBIX SIBJISHIOTCSL HE aTOMBI HJIH HOHbI,  KNIACTCPLI aTOMOB. Teepabie 'Eena, no-
CTPOEHHBIC U3 TAKHX KJIACTEPOB, MOTYT 06/1a1aTh HOBBLIMM KHTEPECHLIMH CBOHCTBAMH.
Cienaibl HEKOTOPbIE TEOPETHYECKHE NPECKA3aHHsA OTHOCHTE/IBHO CBOMCTB TBEPABIX
TeN, TOCTPOCHHBIX M3 TAKHX K1acTepoB Kak Alj,C. AToM yraepona BKIOYEH B CTPYK-
TYpY MUist AOCTHXCHUS KOMHUECTBOM BaNCHTHBIX SJICKTPOHOB HHCNA 40, npu KOTOpPOM
MPOMCXOANT 3aMBIKAHHC MCKTPOHHBIX 0GONOYCK KNACTEpa, UTO MOBLILIACT €ro CTa-
GHILHOCTD. DTO — HeoGXOMHMOE YCIIOBHE ISt TOCTPOCHHS TBEPAbIX TEN, TAK KaK Kia-
CTephl ¢ He3aMKHYTBIMH 060/I0UKaMH MOTYT XHMHYECKH B3aHMOZEIHCTBOBATH C COCE/IsA~
MH, 4YTO npuBeeT K 06pa3oBaHiio Gosee KPYMHbBIX KIaCTEPOB. C no“.\:ommo BbIUHCNC-
HMii npenckasauo, uto F'K-crpyktypa Al,,C o6nanaet oueHb MO IUHPHHOIT LienH,
cocrasnsiomeit nopsaaka 0,05 3B, To ecTb MaTepHan Gyaer nomaynpopoasium. Paccma-
'mlinanacb 1 BO3MOXHOCTb IOCTPOCHHS HOHHBIX TBEPABIX TN M3 KiacTepoB KAl,;. Tax
KaK CPOJICTBO K 3JIEKTPOHAM Yy Kiactepa Al;; 6113KO K TAKOBOMY JUIsl XJIOpa, BO3MOX-
HO, YTO 3TO BEWEeCTBO Gyaer MMETb CTPYKTYpY, aHANOTHUHYIO crpykrype KCl.
Ha puc. 6.23 nokazaHa BO3MOXHasI OLIK cTpykTypa Takoro Marepuana. Beiuucneno,
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YTO 3HEprHsi CBA3N TAKOTO MaTepHaia cocTapnser 5,2 3B, uTo cpaBHHMO C SHEprucii
cesisu KCJ, cocrapnsomeit 7,19 3B. Takoe kiacTepHOe TBEpAOE TENO BEChbMa CTabnIb-
HO. DTH BHLIYMC/IEHHS TOKA3bIBAIOT, YTO BOMOXHBI HOBbIE TBEPABIE TE/A C KIacTepaMH
B KaueCTBC CTPYKTYPHBIX CAMHHIL, M YTO Takue Tena 6yayT obnagars HOBBIMH HHTEpeC-
HBIMH CBOJfCTBaMH. MOXHO NPEANONOXHTE JaXe MOSBICHHE HOBBIX BRICOKOTEMIIEpa-
TYPHBIX CBEPXMPOBOIHHKOB C NOAOGHOI CTPYKTYpOit. B03MOXHO, YTO H3 KIacTepoB,
06NANAIONINX MATHHTHEIM MOMEHTOM, MOXHO TIOCTPOHTB M HOBbI¢ (hepPPOMATHHUTHbIC
MaTepHABI. : Y

6.2.3. Ynopadouennvie cmpykmypsi HGHOUACMUY, 6 UEOAUMAX

Jpyroit noaxoxn, JAIOMMIT BO3MOXHOCTL (JOPMHPOBAHHSA NMOXOXHX Ha PEHIETKY CTPYK-
TYP HaHOYacCTHLl, COCTOHT BO BBEACHHH MX B LIeONMThI. LI€0NHTHI, TAKHE KaK MHHEpa
boxa3uT (Na,,Ca)(Al,Siy)O,, * 8H,0 c kybuueckoit CTPyKTYpOii, SABJISIOTCA MOPHCTHI-
MH MaTepHaJlaMH, TIOPH! KOTOPBIX PACTIONIOKEHH! B IPOCTPAHCTBE PEry/ISIPHO. DTH NO-
Pbl JIOCTATOYHO BEJIMKH Ui TOro, 4ToObl B HHX NOMELIANTHCh HEGOMBIIKE KIacTepHI,
KOTOpbIC YAEPXHBAIOTCS B nopax cnaﬁbmu BaH-JIep-BanIbCOBHMH CHJIAMH.
Ha puc. 6.24 cxemMaTHyecK# OKa3aHO pacnonoxcuuc KJIaCTEpOB B ueomne ITopsi 3a-

TIONHSAIOTCSA BBEACHHEM A00aB/ISIeMOro BELECTBA B PAciUIaBIEHHOM COCTORHHH. ECJIH

HCMONb30BaTh TaKHE LEOJHTHI KaK MOPAEHMT, CTPYKTypa KOTOpPOro IoKa3aHa -Ha
puc. 6.25, TO TAKHM IyTEM MOXHO MOJYYHTb MAJIOMEPHbIE HAHOCTPYKTYPHPOBAHHBIE
Tena. MOpIEHHT NPOHM3aH JUTHHHBIMH NapaUIeTbHBIMK KaHanamy auamerpom 0.6 HM.
B 3T KaHanbl MOXHO BBECTH cenieH, hopMHUpYsT TaKHM 06pa3oM OIHOATOMHBIE LIETNOY-
KH. B TPHTOHAIbHBIX KPUCTALIAX CEJIEHA TAKXKE MPHCYTCTBYIOT NapajUIebHBIE LENoY-
Kif aTOMOB, HO OHHM Pacno/I0XKEHb! GJH3KO APYT K APYTY, TAK YTO MEXAY HUMH NPOHC-
XOIHT B3aHMOACHCTBIE. B MOpAEHHTE 3TO B3auMozeHCTBHE CYILIECTBEHHO ocnabnser-
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6.2. Hanocmpyxmypupoaannug Kpucmannu I4§>

C1, U SNCKTPOHHAsI CTPYKTYpa OT/IHYALTCS OT TAKOBOIt B KPHCTA/LTAX YHCTOTO CeNeHa.

310 TMPHBOAMT K MOKA3aHHBIM Ha PHC. 6.26 pa3TMyHAM CNEKTPOB ONTHYECKOTO MOII0-
LEHHS B KPUCTANIAX CENIEHA M CelIEHE B MOpAEHHTE.

6.2.4. Kpucmaaavt us memansuuecxux Hanonwacmuy

AByxaranHoe BoccraHosneHHe AuCl; 60pruapHIOM HaTPHs B BOXHOM PacTBOPE TOMY-
ona B npucyrcTauy ankautnona (C,,H,sSH) npusoant k 06pa3oBaHHI0 NOKPHITHIX TH-
0JIOM HaHOYaCTHLL 30/10Ta Au,,, BXOASILLMX B COCTAB OPraHHYecKoro coeauHeHus. O6-
11ast CXeMa peakLH BHITISANT TaK:

AuCl4(aq) + N(C8H|7)4 2 (CsHsMe) - N(CsH 17)4 * AUCl4(C6H5Me) (6.10)

MAUCI4 (C6H5Me) * n(CnHstH)(C6H5Me) + 3me” - bl W B
4m(CI"(aq) + (Au)(C oHysSH)(CgHgMe) 6.11)

ITo cym peaynbra'rou cumesa AIBNSAETCS coenuHeHne 0603HayaeMoe KaK c-Au.SR rae
SR —(C|,HysSH), (C6H5Mc), a Me — MeTunbHblit panukan —CH;. Mpu MCCIICNOBAHUM
MaTepHana MOCpPeACTBOM PEHTIEHOBCKOIH AHGpPaKuMM KpoMe pa3MBITBIX fTHKOB OT
aTOMHBIX MJIOCKOCTE HAHOYACTHLL 30/10Ta O6HAPY)KHBAETCS CEPHA OCTPhIX ITHKOB Ha
MaJIbIX YIJIaX paccestHHsl, Hanu4YMe KOTOPOii 03HAYaeT, UTO HARHOYACTHLILI B MAaTPHLIE U3
SR copmMupoBany rHraHTCKYIO TPEXMEPHYIO PELIETKY. YCTaHOBEHO, YTO €€ KpHCTa-
JMyecKas CTPYKTYpa coornercfnyer' OLIK. Xopoiuo ynopsioyeHHoe CHMMETPHYHOE
pacriosioXeHHe GONbIINX HAHOMACTHL] 30/10Ta NOSIBIJIOCH B pcsynbrarc camocbopKH
B NpoLiecce XHMHYECKOi PeaKUHH.

Cnepxpemeﬂ(u HaHOYaCTHL( cepeﬁpa' ol ’. — iy ———y
MOTYT (JOPMHMPOBATHCA H3 asposons. Ta- ' ‘
KHe PeLLCTKH — 3T0 :mex'rpnqecxu HelT- E 20
panbHbie YNOpsAAOYCHHbIE CTPYKTYPbl Ha- 5
HOYacTHL cepebpa B nnomoﬁ MaTpHLE M3 g b
noneprocTHo-alcmBHoro aIKMATHONMA — &
JIMHEHHOI MONEKYIbl n—CH,(CHz)mSH (8% g ,
l'lpouccc ee NoyYeHHs BKJIIOYAET ema- g 10
penue cepeGpa npu 'remneparype BhlliE g :
1200 °C B npo*ro‘moﬁ Harpcroﬁ aT™MO- E osh
cq)epe BbICOKOOYMILEHHOrO rensi. 3ateM  ©
MOTOK GHICTPO oxnaxmalor o NPUMEPHO Wk T
400 K, urto npunomn‘ K Kmmeucaunu ce- °'°1 2 3 4 5

pebpa B HaHOKDHCTLTbI. POCT xnacrcpon'» " , Bnepria potonos, sB
MOXHO pe3Ko npexpa'mrb pacmupemiem’ Puc. 6.26. Cncx‘rpu om'wlecxoro nor.nomc—

’ TOMOB CCJICHA B MOPllCHl‘ch
re.nml NpH NpOnycKaHHH NOTOKa uepe3 HUSL USTIOYKH &
P PPN (cruowHas nuHuA, Se-M) M KpHcTaLHyec-

K

4

Puc. 6.24. Cxema pacrioioXeHHsi KNacTepos

B 110pax LICOJIMTOB.

Puc. 6.25. Wnmoctpaums JMKHHLIX napan-
JICNIBHBIX KaHAIOB B KPHCTALIAX MOPACHHTA,
opTOpoMOHteCKOil pa3HOBHIHOCTH ueonnTa
(Ca,Na,,K,)(Al,Si )0, * 7H,0.

KOHUYECKYIO Bopouxy cero ONHOBPEMEH-
HbIM CMEILIHBAHHEM C xonommm reHeM.
Haxo.u.xumecﬂ B noToke nauoxpucrannu

6—-2087

KOro cencHa (MyHKTHPHas JuHus, t-Se), ae-
MOHCTPHPYIOIIME CABHI MAKCHMyMa TOLJ0-

| WCHHA H H3MCH€HHC Cl’O dJOp\iH
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KOHCHCHPYIOTCS B PaCTBOpE MOJIEKYJ a/IKHATHONA. Marepuai, MOMYy4YEHHBIA TaKUM
cnoco6oM, HMEET CTPYKTYPY CBCPXPEUICTKH HaHouacTH1 cepebpa ¢ I'IK-ynopsnouun-
BaHMEM M PACCTOSHHAMM Mexay yacTHuamu < 3 uM. HaHouacTHIp! METa/LIa HHTCpEC-
Hbl TEM, YTO BCJIEACTBHC KBAHTOBO JIOKATH3ALHH U KBAHTOBAHHA YPOBHeii 3/1eKTpo-

HOB MX ONTHYCCKHE cnoﬁc‘rsa  TPOBOAMMOCTb MOTYT GbITh Monmbnuuponanu npo-

CTBIM H3MEHCHHEM Pa3MEpOB.

Korzaa pa3Mepst KpHCTALIA 10 NOPARKY BEHYHHBI npuGIHXAIOTCS K JTHHE BOJIHBI
ne Bpoiins 37eKTpoHOB NPOBOAKMOCTH, KJIACTCPbl METAJUIOB MOTYT AEMOHCTPHPOBATD
HOBBIC 2MEKTPOHHBIC CBOJCTBA. OHM XapaKTEPH3YIOTCS OYEHb BBICOKON ONTHYCCKOl
NONAPH3YEMOCTBIO W HENHHEIHOM 3/IEKTPONPOBOAHOCTBIO C MAIBIMH 3HAYCHHAMH
3HEPTHH TCPMOAKTHBALIHH. HaGniopatorca Ky/lIOHOBCKast 6;10Kana H KyJIOHOBCKHE CTy-
NEHbKH Ha BONBTAMIICPHO# XapaKTepHCTHKE. SIBIeHHE xynononcxoﬁ 6nokansl 06CyX-
naetcst B Tnase 9. O6beKTb HH3KOi pa3MEPHOCTH, TAKHE KAK KBAHTOBBIC TOYKH M KBAH-
TOBbIE TIPOBOJIOKH, CO3AAIOTCA IO MPHHLMITY OTCEYEHUS BCETO JIMILHETO, TO €CTh YAa-
neHus O6BEMHBIX yacTell BElIECTBA, NOCAE KOTOPOTO OCTAlOTCS HAHOPAa3MEPHLIC
npononoxu  ToukH. Takue HaHOCTPYKTYPbI TAKXe o6cyxnamcu B [nase 9.

6. 2.-5 Ynopadouennvie pewsemxu nanouacmuy
- 8 KOAAOUOHBIX cycnenauax »

Ko.rmounuan CYCNEH3HS COCTOMT M3 MaJlebeux c(bepuqccxux qacmu pasmepou 10 -
100 1M, B3BEINEHHBIX B XKHAKOCTH. Baauuoneﬁc'rsue MEXAy YaCTHUAMH HOCHT Xapax-
Tep OTTAIKHUBAHMUSA XECTKHX cep, TO ecTh LEHTPH YaCTHIL HE MOTYT npuﬁnmxarbcx
ApYT K ApYTY Ha PAaCCTOSIHMS, MCHBUIME MAMETPa YacTHLL. OnHako BO3MO)KHO yBeJm-
YEHHE PAaCCTOAHHSI, Ha KOTOPOM €lLie NPOMCXORUT OTTATKHBAHHE YacTHLL, C LEJBIO npe-
NATCTBOBAHHMSA MX arperHpoBaHHIO. DTOTO MOXHO JIOGHTBCR cOOBIMB YaCTHLIAM 3JIeK-
TpoCTaTHYECKHit 3apan. JIpyroit cnoco6 COCTOMT B NMPHKPEIUIEHNH K HAHOMACTHIIAM
MOJICKYJT PaCTBOPHMOTO NOJIMMEPa, KOTOPbIE oﬁpasylor Ha He# nono6ue TUIOTHOI LIeT-
K1 ¢ rMOGkumu BonokHamu. Koraa yacTuusl B TaKuX «myﬁax» npuﬁnmxamca Apyr
K ApYry, WIETKH CXHUMAIOTCS, H MEXIy YacTHLAMH no:nmxacr orraikuBanue. U B cny-
yae 3apsA0B, K B CIyUae NOTHMEPHBIX LETOK orranxm;aﬂue ncﬁcmye'r Ha paccromm-
SIX, CPABHMMBIX C Pa3sMEPOM YacTHIl. DTO Ha3bIBaETCS MSATKHM OTTAIKHBaAHHUEM. Ecau
yacTHLbl 3aHHMaloT 6onee 50% obbeMa MatepHana, ux npocrpchmeHHoe pacnonoxe-
HME YNOPSI0YMBAETCA B pewetky. CTpykTypa Taxux pcchox 06BIYHO TITY, TLIK wu
OLIK. Ha puc. 6.27 noxka3aHsl pe3y/sTaThl peHTreHoncxoro usuepeuuﬂ NNIOTHOCTH B 3
MMOJIb/IHTP PacTBOPE COMH, conepkaueM 720 HM ccbepu NOJIHCTHPONIA. I'lpepuauc-
Thi€ IHHHH COOTBETCTBYIOT YPaBHEHHIO COCTOSAHMS Ma'repnana. Ilanneune P Hopmanu-
30BaHO Ha TEIUIOBYIO 3HEpriio kyT, a 1o ocu a6cuucc OTJIOXEHA JIONS YACTHILL B XKHJI-
KocTH. C ee pocToM HaGnionaeTcst NocTeneHHBbII (baaonun nepexo ot Heynopsuxoqeu-
HOTO PacroJIOKEHHS YACTHIL B XKUAKOCTH K 06PasoBaHRIO HMH PELIETKH. Mexay HHMH
HaXOQUTCA CMelIaHHas 06acTb, B KOTOPO#t PUCYTCTBYIOT H Xuakas, u KpHCTAUIHYE-
ckasn ¢asbl. Takoit npouecc Ha3bIBACTCSA NCPEXOAOM Kupxayna AJmepa MM MOXHO yn-
PaBATH NOCPEACTBOM H3MEHEHHS KOHLCHTPALWH YaCTHL WIH MX 3apsga. TIpu Bbico-
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v e ] Puc. 6.28. Qazopas AuarpaMMma CYCNEH3HH
Py ST VEIPRIDY SUPRRP P R MATKHX CEPHUCCKHX YACTHL, Ha KOTOPOIt OT-
045 | 05 . 055, 0.6  meyeHbl 06AacCTH CYLIECTBOBAHMA OGLEMHO-

OGvemuan aons .

Puc. 6.27. Ypauenus coctosuit (uTpHxo-

BblE TMHMK) Kak dynxiwmn gonun 720 um chep’

CTHPONA B PACTBOPE CONM € KOHUCHTpauMest

3 mmons/nuTp, .IlocTosxHas N0 ‘= 4HCIIO,

Aporaapo. .

uenTpuposatHoii (OLIK) u rpaHeueHTpipo-

“saunoit (I'IK) das. INo seprikanbHoit ocH OT-

JIOXEH 00BeM, HEAOCTYNHBIH yacTHLE M3-3a

- HaTHYMsA Apyrux yactu, Mckniouaemsiit 06b-
* eM MacwrabupoBat Ha Ky6 sebaesckoro pany-

yca 9KpaHHpOBaHMA, xapaxrcpuzy;omcm pac-

. CTOSIHHE B3aMOJCHCTBHA.

KHX xouuempauunx Wik B ciydae xopomoneﬁcrnylomero OTTA/IKMBAHMsI BO3HHKAET
CTPYKTypa I"I.lK—pemerxu VBeJHYEHHE PACCTOAHMA OTTA/IKMBAHUS HIH TMOHIXKEHHE
KOHLIEHTPallHK NPHBOIUT K oGpa:;onaumo OLIK pewerku ¢ Hccxonbxo MeHbLIeii
TUIOTHOCTbIO ynaxomm Ha puc. 6.28 noxasaua dJasosax IMarpaMMa CHCTEMBI MSITKHX
cd;epnqecxux YaCTHIL. I/chmoqaeMHu 06beM — 3T0 06BeM, HeI0CTYMHBI JaHHOIi ya-
cmue M3-3a NPHCYTCTBHS .upymx qacmu Bapbupys nomo obbema, 3aHHMaeMoro
Tncpnoﬁ q>paxuuei’( MOXHO BbI3BaTh crpylcrypﬂuﬁ (baaoabm TIEPEXOA MEXIY rpate-
LIEHTPHPOBAHHOMN H oﬁwmnouenmuponauuoﬁ peleTKaMH. MoxXHO H3MCHHTD ycsio0-
BHS TaKHM oﬁpasom, ‘lTOﬁbl MeXIly 4acTHUaMH BO3HHMK norenuuan TNIPHTSOKCHUA.
B cnyyae 3apmxenuux qac'rnu B BO.D.HOM pacTBope 3Toro MOXHO JOBHTHCS noﬁamtem{-
eM B pac'mop anelcrponma. B TaKoM Cy4ae npoucxonm' CKa‘lKOOGIJaSHaﬂ arperaulm

. 6.2.6. Hanocmpykmypupoeanusie Kpucmaaast 048 ;pomonuxu
B xpucraite s cbmomnm mianelcrpwlecxue YaCTHLLBI oGpasyior pcmency c paccro-
SAHMAMM MEXIy YacTHUAMH, CPABHHMBIMH C JUIKHOI BONHBI BHAMMOTrO CBETa. Taxue
KPHCTa/UIBI 06/1a1al0T HHTEPECHBIMH ONTHYECKHMHU CBOHCTBAMH. TMepexn Hauanom 06-

CYXIEHHs! 3THX CBOHCTB cncnye'r HEMHOTO paccKasath 06 omaxemm BOJH 3nex'rpo

HOB B OOBIYHBIX xpucmnmwccxux PelLICTKAX MCTA/LIOB.
BOJIHOBYIO byHxumIo 3/IEKTPOHA B Mcramlc B npuﬁmuxeumi caoﬁomiux 3JICKTp0 _

HOB MO)KHO 33!1"08’!'1; KaK
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" € rae ¥ — o6beM TBEPIOTO Tena, p = fk —

paspecuieH-
WamjoMa '\ igia a /  umnynsc. BonHoBoe uMCNO k CBA3aHO
“aons 1B ""'"-"}'"'1’»"7 ""}E‘ ¢ JUIMHOIT BOAHBI A MOCPeACTBOM Bbipa-
XeHus k = 2x/A. B MoaeaH novTH CBO-

-

e ——t - -—— -

o .

Mepias 1A A ‘

- paspewsen- | l GOMHbIX 3MEKTPOHOB BANECHTHBIE JMCK-
M |, TPOHb i OCKTPOHbI MPOBOAMMOCTH
-3 £ paccMaTpMBAIOTCS KaK HeB3auMoxeicr-

Puc. 6.29. 3aBucimocTh dHeprik EoT BoaHo-  BylouHe Mexay coboil csoGoatbie uac-
BOTO uMcna k Juis OAHOBlelIOﬁ HENnoOYKH ato- THLBI, Haxonsduuecs B ncpHO,ml'-lchOM
gt R i R B . MOTEHLMaje, CO3aBacMOM MOJNIOXKHTEb-

fia e HO 3apSKEHHbIMH HOHHBIMH OCTOBAMH
aTOMOB. Ha puc. 6. 29 noxasaua 3aBHCHMOCTb 3HEPTHH OT BOJIHOBOTIO YHca Ulsi OIHO-
MEPHOIi peLETKH U3 ONHHAKOBBIX HOHOB. DHeprusi NPONoOpLUHOHANbHA KBAIPATY BOJ-
HOBoOro uucna £ = h’kz/SJrzm BE3/1¢, 32 HCKIIOUYCHHEM oﬁnacm Bﬁnuau rPaHHLUbI 30HBI,
Ha KOTOpoit k = _:r/a. BaxHbIM PE3y/ILTATOM 3TOi MOJC/TH SBNSETCS MOABNCHHE Lue-
nu wHpHHOii E,, 03Havalolwee, 4T0 ONpe/eCHHbIC JUTHHBI BOJIH HIH BOTHBI C HEKOTO-
PbIMH BOJHOBBIMH YHC/IaMH B PEILIETKE PacnpoCTpaHsaThCA He MOryT. Takas cutyauus
BO3HMKAET BCAEACTBHE GP3rroBcKkoro otrpaxenusi. Paccmorpum HaGop napaunenb-
HBIX nnocxoc'reti PELICTKM, COACPXALMX aTOMbl M HAXOMALIMXCS Ha paccrosiiuu d
ApYT OT Apyra. PasHocTb xona ABYX BOJH, mpasm;muxcsl oT cocemmx nnocxocreﬁ
cocrasasier 2d sin 9 rae © — yron maneHus, TO ecTh YroJ Mexmy BOJ!HOBblM Bex'ro-
POM H TUTOCKOCTSIMH. Ecnu pasuocrb X0/1a paBHa MOJIOBHHE IUTHHBI BOJIHBI, TO B pe-
3ynbTaTe uHTcpd)epeHuuu OTPaXEHHbIX BOIH OHH racaTcsi M, TAKHM 06pa3oM, He Mo-
YT pacnpoCTPaHATLCA B pewieTke, YTO M MPHBOIUT K BO3HHKHOBEHHIO 3HepreTHYeC-
Ko wenu. Wens asasercs cncncmucu nepuonuquocm PEIIETKH M Bonuoaoﬁ
NpHPOMBI anexrpouon.

B 1987 rony HGnouosuq H II)KOH NPEAIOKHIH HACIO co:uxaHml pemc'rxu C TAKHMH
PacCTOAHUAMK B Heli, npu Koropux CBET npeTepresan 6bl BparroBckoe oTpaxeHHe.
Jnst BUAMMOTO CBETa 3TO NPHBOAMT K PacCTOSHUAM MEXIy YaCTHLIAMH B TaKo# peLueT-
ke okoso 0,5 MM uau 500 HM, To ectb B 1000 pa3 GoNbIIMM, YEM MEXIY aTOMaMM
B KpHcTajuie, Ho Bee eule B 100 pa3 MeHbUIMM TOJILLMHBI YeJoBeyeckoro Bosoca. Takue
KPHCTAJUTBl NPHXOAHTCS CO3AaBaTh MCKYCCTBEHHO C. MOMOILBIO 3JIEKTPOHHO-AY4YEBO
HJIH PEHTT¢HOBCKOIH .nwrorpadmu Mo CYLLECTBY, — 3TO NEPHOANYCCKAs CTPYKTYPa K-
ANEKTPHUYCCKHX YACTHLL C paccroummmu MEXIY HUMH nopﬂnxa 300 Hm. OcHonﬂoﬁ HX
0COGEHHOCTBIO ABNSAETCS CHMMeTpHﬂ H nepuonuqnoc'rb M3MCHEHHi nuanex'rpuqecxoﬁ
npouuuaeuoc'ru Hcpnuﬁ Taxoii Tpexuepuuﬁ KpKC‘l‘aJUI GbUT CO3aH Hﬁnonoauqem
JUisi MUKPOBOJIHOBOTO uanyqenuu CeayIOLHM cnocoﬁou. Ha 6pycok AW3/IEKTPHKA Ha-
KJIaablBanach Macka ¢ ynopsmoqcﬂno PacroioXeHHBIMH OTBEPCTHSIMH, H 110 3T0ii Ma-
CKE MaTepHal NPOCBEPAHBAICA B TPEX B3AHMHO NMEPMCHAMKYAPHbIX HanpaB/ieHHsX.
C6opka MHKpoOGpaboTaHHBIX KDEMHHEBBIX TUIACTHH B NAKEThl C 3aNaHHBIM PaccTos-
HHEM MeXIy HHMH saBaseT coboii apyroii meTon nony4eHust NMOOGHBIX KPHCTAILIOB.
Eltie onuH NOAXOA 3aKJTIOYACTCA B CO3AaHHH PELICTKH M3 OTACNbHBIX HECOMpPHKACalo-

=
'6.2. Hanocmpyxmypupoeannsie xpucmanin I4D

WHXCSA - AUDNEKTPHYECKUX DJICMEHTOB;
Ha puc. 6.30 nokasan npumep asymep-
HOro KpHcraiia, o6pa3oBaHHOTO yrniopsi-
JCMCHHBIMH B KBaIPATHYIO PCILETKY AN~
JIEKTPHUCCKHUMH CTEPXKEHbKAMH.

- OnucaHue NoBeaeHHs CBETa B TAKMX
KpHCTanaax Tpebyer peuleHHs ypaBHe-
HuA Makcsenana ¢ nepHonHYecKH MeHs-
IOWEHCA AMBNEKTPHYECKOI MpoHHLac-
MOCTBIO. CBSi3aHHOE C HHMM YpaBHeHMe
[enbMronslia B OTCYTCTBHE BHEIIHMX TO-
KOB 3aNMCbIBACTCS B BHIE

2H(r) + &

-—]H(r) =0, (6 13)

rae H — MarHuTHOe mone B :mcx‘rpomar—
HUTHOI BOJIHE H € — OTHOCHTEJIbHAs AH-
3JIEKTPHYECKAast TPOHHULIACMOCTD 3/IEMEH-
TOB, COCTaBJISIIOLNX KpHCTALL. s cBeTa

B MOAOOHBIX KPHUCTA/IAX yAaeTcst HaifTH: .

TOYHOE pELLEHHE 3TOr0 YpaBHEHMS H MO~
JIYYUTh 3aKOH AMCNEPCHH, TO ECTh 3aBH-
CHMOCTb YaCTOThl M/TH SHEPTHH OT IUTHHBI
BOJIHBI WJIM BOJIHOBOrO 4Mcna. Takoe pe-
HICHHE CTAHOBMTCSH BO3MOXHBIM H3-3a
TOro, 4T0 (hOTOHBI B 3TOli cHCTEME cnabo
B3aUMOAEHCTBYIOT: OPYr - C - APYIoM.
Ha puc. 6.31 npuBeacH 3aKOH AHCIIEPCHH

MoNepeYHbIX MArHUTHBIX MOJL LTS CTEPX- - - .
Heii u3 Al,O; (¢ = 8.9) pamuycom 0,37 mm . .0

- anuHoit 100 MM, pacrnoloXeHHbIX Kak
noka3saHo Ha puc. 6.30.-91o cooTBeTCTBY-
eT. NepHOAMYECKHM M3MEHEHHAM Mar-
HHTHOTO ncxrgpa: H 3meKTpOMarHHTHOI
BOJIHBL. PaccTosiHME . MEXAY LEHTpaMH
crepxkHeit cocrasnsier 1,87 mm. Ora pe-
MIETKA CKOHCTPYMPOBaHa Julsl MHKPOBOJI-
HOBOTrO JMana3soHa, HO ee CBOMCTBA aHa-’

JIOTMYHBI CBOiicTBaM Gonee MIOTHBIX pe-

Puc. 6.30. [symepnniit kpuctann ans doro-
HIKH, CO3AHNBII YIOPAAOUEHHBIM PACTIONO-
KCHHEM UTHHHBIX LUUTHHIPOB 3 AMANEKTPH-
YECKOTO MaTepHana B y3fax KBalIpaTHOll pe-
WETKH. -, -

3anpeueHHas 30Ha
18 nonepevHoli Moasl

TMpuBencHHas YacToTa, fa/c -,

asqalaaaatesdoddesateqadtennatodaalany

%

*: Bonxosoe uncno K -

Ty =

Puc 6.31. Yactp AMCNepCHOHHOI . KpHBOIt

AN NONEPEUHBIX MATHUTHBIX MOJ KPHCTA/LTA
s q>oromnm oGpaayeuoro xaanpamon pe-

" WETKOIt CTEPXHEIH W3 OKCHAA ATIOMHHMS.

IMo ocH OPAMHAT OTIOXEHA YACTOTa f, YMHO-

" XeHHas Ha MapaMeTp PEIIeTKH a H AeNcHHast

Ha CKOpOC‘l'b CBCTa €.

WIETOK M3  MEHBIUHX CTEPXKHEH, npennasuaqcunux JUIsl BONH BHIAWMOTO nuanasona.
3uaku I 1 X OTHOCATCA K TOYKaM BbICOKOI CHMMETPHH B K-NPOCTPAHCTBE KBaZpaTHOIi
peleTKH. DTH Pe3yNbTaThl NOKA3BIBAIOT HATHIHE 3anpelteHHOM st GOTOHOB 30HbI,
TO €CTb [IMATIA30HA YAaCTOT, B KOTOPOM 3/IEKTPOMarHHTHAs SHEPTHs HE MOXET pacnpo-
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CTPaHATLCA MO TaKoil pelieTKe. Huxe
leAX MHTEHCHBHOCTh CBeTa Golbluas,
M MO AHAJIOTMH C TEPMHHAMH BICHTHas
30Ha W 30Ha NMPOBOAHMOCTH 3Ta 06/1acTh
Ha3bIBACTCS AMINIEKTPUUECKOI 30HOIN.
Belite wiead WHTEHCHBHOCTb CBETa HU3-
e st e 8 Ka, W 3Ta 061acTh Ha3bIBaeTCs BOJIHOBOMH
% o1 02 03 04 05  30HOI.
~ Bonnonoe uncno, Ka/21 - Teneph pacCMOTPHM, 4TO NPOM30¥i-
Puc. 6.32. BAuAHMC YIancHust oHoro paga  ACT NIPH BBEACHNH B TaKylO PEIIETKY JIii-
CTepXKHEIl 13 KBAAPATHOI PEIICTKH KPHCTAN-  HEI{HOro nedexrta, 3aKaOYaloUIerocs
N, KOTOPOE MPUBOJMT K MOABICHHIO YPOBHS B OTCYTCTBHHM OXHOFO pfila CTEPXHCIL.
B 3anpelIcHHOIi 30HE CO CBOMCTBAMH BOAHO- O6nacTh, Tae CTEPKHH YAANCHBI, yzer
pona. [To oc OpAMHAT OTAOXKCHA YacToTa f,
YMHOXEHHA Ha NAPAMETD PELIETKH @ W Jie- paboTaTh KaK BOJIHOBOI KaHaJ, B KOTO-
JeHHAS Ha CKOPOCTb CBETA C. pOM paspellieHa 4acToTa, paHee Haxo-
: : £ % N OMBIIAsCSl B 3aNnpelieHHON 30HE, Kak
NokasaHo Ha puc. 6.32. 1o AeiiCTBHE AHANOTHYHO BBEACHHIO NpUMeceii n- WK p-
THNA B MONYNPOBONHMK JUISi CO3RAHMS JIOKAIBHBIX YPOBHElt B 3anpelieHHOI 30He.
Bonuosox nofo6eH Tpy6Ke, NpOoCTPaHCTBEHHO OrPaHUYHBAIOILEN PACIPOCTPaHEHHE
3NIEKTPOMarHKTHOI SHEPrHH M MO3BOJIAIOLIEH €if Teub TONLKO B OAHOM Hanpasie-
Huu. VHTepecHoit 0COGEHHOCTBIO TAKOTO BONHOBOAA SBAAETCS TO, YTO CBET B HEM
MOXET PacrpOCTPAHATLCS M MPH PE3KUX MOBOPOTaX KaHasia, B OTIHYHE OT ONTOBO-
JIOKOHHOTO Kabens. M3-3a TOro, YTO 4acTOTa CBETA B KaHaJIE JIEXKHUT B 3anpelieHHOH
30He, CBET HE MOXET BHIITH M3 Hero B Kpuctaui. To ecTh OH Oy/eT cneaosaTh Ha-
npaB/cHHIO KaHala axe B Cyyae pe3koro rosopora. Pacnpocrpanenue caera 6e3
NOTEpb B ONITOBOJIOKOHHOM Kabene OCHOBAHO Ha SIBNICHHH TIOJHOTO BHYTPEHHEro OT-
paXeHHsl Ha BHYTPEHHell MOBEPXHOCTH Kabens. Eciv BOJIOKHO M30THYTH C/IHUIKOM
CM/IbHO, YTOJ NaAeHKs CTAHOBHTCS CMIIKOM BEAMK IS MOJHOrO BHYTPECHHCTO OT-
paXXeHHs M CBCT B MIOBOPOTE BBIXOAMT M3 BOJIOKHA, BBI3bIBAs NOTEPH SHEPTHH.
TMyTem ynaneHusi ONHOIO CTEPXHS MM H3MEHEHHS! Ero pauyca B TaKOM KpHCTa-
JIc MOXHO CO3[aTh PE30HAHCHYIO NMONOCTb. DTO TAKXKE CO3AAET YPOBCHb B 3aNpelleH-
Hoit 30He. OKa3bIBaeTcs, YTO YacTOTa 3TOr0 YPOBHSA 3aBHCHT OT paliuyca CTEPXHs, Kak
BHAHO U3 puc. 6.33. Ha HeM Takoke MoKa3aHbl ONMCAHHBIC BBILIE BONHOBasK M AU3NIEKT-
pHYeCKas 30HBI. Takast 3aBHCHMOCTB JIaeT C1ocol HaCTPOMKK YacToThl MoaocTH. Bos-
MOXHOCTB ynpanmm; MHTEHCHBHOCTBIO CBETa M COOMpATh €10 B MAJIbIX obnactax co-
30a€T NEePCNEKTHBY KCTONB30BaHMS TAKMX KPUCTAIUIOB B Ka4yecTe (DUILTPOB M CBS3Y-
IOLLMX YCTPOJCTB B JIa3epHBIX cucTeMax. CIIOHTaHHAs SMUCCHS — 3TO IMMCCHS CBETA,
NPOMCXOASALIAA NMPH PeslakCauMH Bo30YXAEHHOrO COCTOSHHS B COCTOSIHHE C MEHbILEIH
aHeprieit. Cioco6HOCTb YNPaBAsTh CrIOHTAHHOI 3IMHCCHEl — HeoOXoauMoe yCoBHe

0.2

0.1

-TIpnBencHHas 4acrora, fa/c

HOpManbHOIi paboTsl 1asepa. CKOPOCTb peslaKcatlii aTOMHBIX BO3GYXKOEHHIt 3aBUCHT

oT K03()()HLUHEHTA CBA3M MEXIY aTOMOM H POTOHOM M IUIOTHOCTH JIOCTYIHBIX VISl W3-
Jnydaemoro GpOTOHA MO MEKTPOMATHHUTHBIX Kose6anHuit. OmyucaHHbie BhIIIE crpyx'ry
Pl IO3BONIAIOT YNPABIATH STHMH NapaMeTPaMH HE3aBHCHMO.
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Puc. 6.33. 3aBHCHMOCTb YacCTOTHI JIOKATH30BAHHBIX COCTOAHMI{ B 3anpeleHHOI 30He
B 3aBHCHMOCTH OT paaKyca OJHOTO CTEPXKHS 1 B KBanpatHoit pewerxe. [To ocu
OpPAMHAT OTJIOXEHA YaCTOTR f, YMHOXCHHAs! Ha NapaMeTp PEUIETKH a M IENICH-
Has Ha CKOPOCTb CBETA €.

ITonynpoBoAHMKOBBIE TEXHONOTHH COCTABJISIOT OCHOBY HHTETPHPOBAHHOI aneK-
TPOHHKH. 3amaua pasmelieHHs 6oblIero KONHYECTBA TPAH3HCTOPOB HA OJHOM YHIIE
Tpebyer AanbHeiilueit MHHHATIOPH3ALMH 3NeMEHTOB. K COXANCHHIO, 3TO MPHBOANT
K POCTY COMpOTHBIeHHs i Gobiueit uccHnauii 3Heprun. OXHO U3 BOIMOXHBIX Ha-
NpaBaeHHit pa3BUTHS MHKPOCXEMHOI TEXHHKH B GyAYILUEM COCTOHT B HCTMONL3OBAHHH
cBeta ¥ (oroHuK. CBET B AM3EKTPHUECKOI CPEAC ABHXETCS ropasno 6bicTpee, ueM
3NICKTPOH B NMPOBOJIE, ¥ MOXCT NepeAasath Gonbliee KOMHYECTBO HHGOOPMALIUH B €IH-
HuLy BpemenH. [Tosoca nponycKaHis ONTHYECKHX CHCTEM, TAKHX KaK ONTOBOIOKOH-
Hble Kabeny, JIEKUT B AHATA30He Teparepl, a 3NCKTPOHHAIX CHCTEM (c TOKOM, TeKy-
MM IO MPOBO/AM) — HECKONIbKO rHrarepl, T.¢. Ha 3 nopsinxa Hipke. Poronnka obna-
JaeT GONBUIMM MOTCHUMAIOM Aisl TOro, YTOGHI CTaTh B 6y11ymeM OCHOBOIl s
HHTErpHPOBAHHBIX ONTHYECKHX Leneil.
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MABA7.

®EPPOMATHETU3M
B HAHOCTPYKTYPAX

7.1, Ocu_o,nu. q;epppmang_emsmo

B 3roii rnase G6yaet 06CyKnaThCsl BIMAHUE HAHOCTPYKTYPH! Ha padIHYHBIE XapaKTepH-

CTHKH d)eppomame'mxon, a HMEHHO, BIHsAAHHE HA HHX pa3MepoB HAHO3CPCH, COCTaB- -

nsoLMX 06BEMHbIE MaTHUTHBIE MaTepHaibl. Byaer paccMoTpeH Bonpoc KOHCTPYHpO-
BaHUS CBOICTB MarHMTHBIX MaTepHasoB, HCMONb3YIOLMXCHA B pa3HbiX 06nacTsax nes-
TEJILHOCTH, 1OCPEACTBOM M3MCHEHMsl pa3MepoB 3epHa. [l Jyyilero MoHMMaHMs
PONIH HRHOCTPYKTYPbI B (heppoMarHeTHaMe Aanee GyneT npeacTabieH KpaTkHit 063op
cBoiicTB ¢eppomarHeTnkoB. B Ilase 4 66110 NMOKa3aHO, YTO HEKOTOPHIE ATOMBI, HMe-
IolMe He 10 KOHLA 3aMOJIHEHHbIE /ICKTPOHHbIE 060/104KH, 061a1a10T COGCTBEHHBIM
MarHMTHBIM MOMEHTOM M, B CYLLIHOCTH, BEAYT ce6s KaK MaleHbKHE NOCTOSHHbIC Mar-
HUTBI. CTeneHs HAMarHWYeHHOCTH MaKPOCKOIHYECKOTO TeNla ONpeAcnserTcsl BeHYH-
HO# CyMMapHOTr0 MarHMTHOTO MOMEHTA, SIBSIOLUErocs BEKTOPHOI CyMoii aTOMapHBIX
MArHHTHBIX MOMCHTOB. ATOMBI Pa3THYHBIX MEPEXOAHBLIX MOATPYNN MEPHONAHYECKOIT
Tabnuubl. Meunpeneesa Moryt obnanarb COOCTBEHHBIM MarHHTHBIM MOMEHTOM, Mo-
CKOJILKY COIEPXAT HE TMOJIHOCTBIO 3aM0/IHCHHbIC BHYTPEHHHE SNEKTPOHHBIME 060104~
KM, Ha KOTOPbIX MPHCYTCTBYIOT MEKTPOHbI C HECTIAPEHHBIM CTHHOM. B atome xere3a
BOKPYT sLIpa ABIKYTCA 26 31EKTPOHOB. BoceMHaaLaTh H3 HHX 3aMOJHAIOT BHYTPEHHHE
060JI0UKH TaK Xe, KaK B aroMme aproHa. Ha d YPOBHE C # = 3 IIPHCYTCTBYIOT TONIBKO 6
13 BO3MOXHBIX 10 2/1eKTPOHOB, TaK YTO OH HE 3aNOJNHEH, H Ha HeM ocTaeTcs 4 csobon-
HBIX MeCTa, DTa He3anoAHEHHOCTb ICKTPOHHOI d-060M04KH NPHBOANT K HATHYHIO
y atoMa xene3a 60/1b110ro MarHHTHOrO MOMEHTA.

" Tlpu obpa3oBaHMH KPHCTA/IA M3 AaTOMOB, OONANAIOLNX MATHHTHBIMH MOMEHTa-
MM, HAMPHMeP, XeJIe3a, MOXET PEAIH30BATHCH OAHH H3 HCCKONBKHX PaITHYHBIX CNIO-
co60B PacnonoXeHHsi MATHHTHBIX MOMEHTOB OTAENbHBIX aTOMOB 110 OTHOLICHHIO APYT
K apyry. Ha puc. 7.1 noka3aHbl HEKOTOpbIC BO3MOXHbIC THIIbI YTIOPANOUCHHS B ABY-
MepHOM cayudae. OcTpue CTpeKH 0603HauaeT CeBEPHBIi NOMIOC KPOUICYHOrOo Mar-
Ta, CBSI3aHHOTrO ¢ aTOMOM. ECit MAarHHTHBIC MOMCHTBI OpHEHTHPOBAHB! CIIYMAITHO, KaK
NOKa3aHo Ha pHc. 7.1a, nonHbIi MarHHTHBII MOMEHT KpHCTa/lIa paBcH HYJI0, H TaKoe
COCTOSIHME HA3LIBAETCSl NapaMarHUTHBIM. [1pH NPHIOKEHHH MOCTOAHHOTO MarHHTHO-
IO MOASt K TAKOMY KPHCTA/UTY TIPOMCXOAMT HCKOTOPOE YMOPSIOMHBAHHE MATHUTHBIX
MOMEHTOB C NPeHMYLIECTBEHHOIT X OPHEHTaLEl MO MO0, 4TO cO37aeT B KpHCTaie
HeGONbUION CyMMapHbIit MArHHTHBII MOMeHT.'B‘ ¢heppoMarHMTHOM KPHCTA/LIE B Npe-
HeNax HeKoToporo o6beMa BCE ATOMHBIC MOMCHTB! OPHEHTHPOBANE! ONHHAKOBO AaXe
B OTCYTCTBHE BHEILHCIO MArHHTHOIO 1011, KaK NOKa3aHo Ha pHC. 7.16, TaK 4To KpH-
CTAMN Kak lLenoe o06nanaeT MarHHTHBLIM MOMCHTOM M BEACT ceba KaK CTepXHeBoit

i s 3% A SR ——
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MArHHT, CO3/1aBas BOKPYT ce6s NOCTOAH-
Hoe MarHMTHOe rosie. Ecan KpucTaui co-
CTOMT M3 JiBYX THIIOB aTOMOB C pa3Hoii Be-
AMYMHON MarHMTHOTO MOMCHTA, MOXET
BO3HMKHYTh COCTOSIHHE, Ha3blBacMoe
(dbeppMMarHWTHBIM, YTO MOKa3aHO Ha
puc. 7.18, roe ANHHA CTPEJIKH COOTBCTCT-
ByeT BGIMYMHE MOMeHTa atoma. Takue
KPHMCTA/LIBI TaKxke BeayT cebst Kak nocTo-
siHHble MarHuTHl. B anTHdeppoMarHeTn-
Ke COCelHHE MOMCHTHl OPHEHTHPOBAHLI
-aHTMMApaJUIe/ibHO, KaK IM0Ka3aHO Ha
puc. 7.1r, u Takoit MaTepuan He obnanaer
MarHMTHHIM MoMeHTOM. B naHHoit raase
OymeT paccMaTpMBaTBCS NMpPEHMYLIECT-
BEHHO (heppOMarHMTHOE YIOPAZOUYCHHE.
Teneph paccCMOTPHUM NMPHYHHBI TOTO,
YTO B HEKOTOPBIX MarepHajax MOMEHTBI
OTAEC/NbHBIX aTOMOB YMOPSAOYMBAIOTCS,
a B HEKOTOphIX — HeT. Koraa mocTosiHHbLi
MarHMT TOMEUIAIOT B MOCTOSHHOE Mar-
. ; HHTHOE TNoJie, MArHUTHBI MOMEHT CTpe-
Puc. 7.1, CxeMbl paanHyHbIX THIIOB YNOPANO-  MuTCsl 3aHATD MOJIOKEHHE 10 Hanpasie-
MBAHMS MATHHTHBIX MOMCHTOB OTACABHBIX  yuno nona. B KpuCTAJIE KAXIBLA aToM,
aTOMOB, COCTABNAIOWMX (a) MapaMarHeTHK,
(6) deppomarneTik, (B) (beppuMarHeTHK obnanaiouwiii MarHUTHLIM MOMCHTOM,
1 (r) aHTH(EPPOMATHETHK. GG co3gaeT BOKpyr ce6ss MarHMTHOE Toje.
e s T . Ecnu MarHUTHBIIE MOMEHT AOCTATOYHO
BEJIMK, CO3/1aBaeMOe MM NMOCTOSHHOE MAarHUTHOE MOJIC MOXET BHIHYAUTh MArHUTHBIC
MOMEHTBI GIMXKAILINX coceeit COPMEHTHPOBATLCS TaK Xe, KaK U OH caM. DT0 MOXeT
NPOM30ITH B TOM CHy4ae, eClH SHEPrHs B3auMoAciicTBua Gonblue, YeM aHeprust kzT
TEIIOBLIX KonebGaHuit aroMoB pelueTkn. B3anmoneiicTBiue Mexay MarHMTHHIMM MO-
MEHTaMH aTOMOB MOXCT GbiTb ABYX THIIOB: 0GMEHHOE U AnMnonbHoe. O6MeHHOE B3a-
MMOJCICTBHE ABNSACTCS YHCTO KBAHTOBBIM 3D(DEKTOM M OGBLIYHO CHIIbHEE, YeM JH-
NONLHOE. » lRROL] RIS G, £6) 1o
B cnyuae Mansix yacTiu, o61afalolMX MarHUTHBIM MOMEHTOM (TaKMX, Hanpu-
MEp, KaK 3JICKTPOHbI), HAUIOKEHHE MATHUTHOTO NOJIsl MPUBOIAMUT K TOMY, YTO MPOEK-
LISl BEKTOPA CIHHA HA HanpaB/ieHHe MAarHUHTHOTO MOJISl MOXET NPHHHUMATD JIMILb JB2a
3HaveHus: £1/2 up, rAe yt g ~ eAMHNYHBIE MATHUTHBIA MOMEHT, Ha3bIBaeMblii MarHe-
ToHoM Bopa. Bonnosas dyHkums cocrosuus +1/2ug o603HayaeTcs @, COCTOSAHMS
—1/2up — B. Uncna *1/2 Ha3bIBAIOTCS CMMHOBBIMM KBAHTOBBLIMM YHCIAMM M.
Jist ABYX3/IEKTPOHHOI CHCTEMbI HEBO3MOXHO YKa3aTh, KaKoii 3/IEKTPOH B KAKOM CO-
crossHuu Haxogutcs. [IpuHunn 3anpera IMaynu 3anpewaer AByM 3/1€KTPOHAM, HaXxo-
JALIHMCS Ha OHOM SHEPreTHYECKOM YPOBHE, HMETh OJIHHAKOBbIE CIIMHOBBIE KBaH-

-

(a) napamMarHeTHK

— e s
——— — ———
—_— e ——p

(6) deppoMarHeTHK

- e e
— — —

(8) deppumarucTHK

e —_— e
e e e

(r) aurncheppomarteTik

7.1. Ocnoewt gheppomaznemusma ISQ»

TOBbIC YHCNA m;. B KBAHTOBOI MeXaHHKe 3TO yYHTHIBACTCS TMOCPEACTBOM BBEACHHE
TpeGOBaHMsI AHTHCHMMETPHYHOCTH BOJHOBOI byHKuMY, TO ecTh, €CH MOMEHATh
/iBa 3JIEKTPOHA MCCTAMH, X BOJNIHOBast QYHKIIHS MeHsieT 3HaK. BonHoBas d)ynxmm,
YAOBJICTBODAIOWIAS 3TOMY YCNOBHIO, BHILAZMT Tak: (1/2)7"7 [W,(1)Wg(2) —
— WA(2)Wg(1)]. DHeprus ux 3/MeKTPOCTATHYECKOTO B3aHMOAEHCTBHS B 3TOM ciyyae
JIaeTCSl HHTErpaIoM: : :

: 2 A : ; '
E= f—][‘PA(I)‘I’,(Z)—‘PA(2)‘P5(1)]2dV1de @
2 , _ gt A
PackpsiBasi ckoOKM, nonyyaeMm: »
2 VAF ‘ . 2 :
- [ :—I[‘I‘A(l)‘l‘B(Z)]de‘de " J —fe][‘la(1)‘PB(1)‘PA(2)‘I‘B(2)]dV.de
enorpbdind an v oo S Lha : ‘

(7.2)
[Nepsslii WieH cOOTBETCTBYET OOLIMHOMY Ky/JIOHOBCKOMY B3aHMOMIEHCTBHIO ABYX 3apsi-
XCHHBIX YacTHLL. BTopoil wieH, Ha3biBaeMblit OGMEHHDBIM B3aHMONCHCTBHEM, OMHCHI-
BACT PasHMILY KYJOHOBCKOI SHEPrHH MEXIY CAYYasMH NapauieibHbIX W aHTHNapa-
JIeNIbHBIX CTMHOB. MOXHO 10Ka3aTh, YTO NPH HEKOTOPLIX JONYIICHHAX OOMEeHHOE B3a-
HMOJIe#iCTBHE MOXHO 3ammucath B ropasno Gonee npocroii ¢opMme, a HMEHHO, Kak
JS\S,, rae J Ha3pIBaloT O6GMEHHBIM HHTEIPAIOM WIH KOHCTaHTOH 0OOMEHHOrO B3anMo-
neitcraus. Jns deppoMarHeTHKOB J MMEET OTPHLIATEIbHBII 3HAK, IS aHTH(eppoMar-
HETHKOB — MONOXHUTENbHBIT. M3-32 TOro, uto 06MEHHOE B3aHMOICICTBHE HMEET Mec-
TO Aisl TIEPEKPHIBAIOIINXCS OpOHTaNeit, 3T0 — NPEMMYLIECTBCHHO B3aHMOACHCTBHE
Mexay 6aMxaiiuMH COCeAsMH, NpHYEM 00BIMHO TaKOE B3aHMOACIHCTBHE JNOMHHHpY-
et. [ipyroe B3aMMOZeiCTBIE, HMCIOWIEE MECTO B PEIICTKE MAarHHTHLIX HOHOB, Ha3biBa-
€TCsl AMITOJb-AHNONBHBIM U 3aMUCHIBACTCA B BUAC :

[T e il b '
%—1—3(».- o 7 17 (7.3)

Tl # — NPOCTPAHCTBEHHBIIT BEKTOP MEXAY MATHHTHBIMH MOMCHTAMM oy M L), 2 7 —
MOZAYJIb 3TOTO BEKTOpA. " g
HamaruuuenHocTs M 06beMHOro 06pastia onpeaesercs KaK NOTHbIH MarHHTHBI
MOMEHT eXMHHIBI 06beMa. OHa ABNAETCSA BEKTOPHOI CyMMOI MarHUTHBIX MOMCHTOB
BCEX afouon, JAeeHHOIt Ha 06beM o6pasua. IIpH oX1aXACHHH OT BBICOKHX TCMNCPATyp
HaMarHH4YCHHOCTb BO3PAcTacT, 0COGEHHO CHIBHO MPH TeMrepaType Kiopnt 7., xoraa
Martepuan CTaHOBUTCA (DepPOMArHHTHBIM, H 'npononxacf pacTH NpH RambHeHweM
YMEHBIIEHHH TEMIEpaTyphl M Hibke Touki Kiopi. DMnupHYecKas 3aBHCHMOCTD Ha-
MarHMYeHHOCTH OT TeMNEpPaTyphl IPH TEMIEPATYPax CYLIECTBEHHO HIKE TOUKH Kiopn

BBITNIAANUT TaK: : , ‘ ;
| MDEMO( -, (7.4)

rae M(0) — HaMarHHueHHOCTb MPH Hy”C KenbBHH, a ¢ — KOHCTaHTa. MaruuTHas Boc-

NPHUMYHBOCTD X obpasua onpeaenacTes KaK OTHOIICHHC HaMarHWYCHHOCTH Npu
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1Y

HavanbHan Bpawmenne . Pocr {
CTPYKTYypa . .. JIOMCHOB ... JIOMCHOB.
®) .

Puc. 7.2. (a) — Hexoropué NpUMEPDI noueui-
Hoii CTPYKTYpHI (heppoMarHeTHKoB. (6) —

H3MCHCHHS NYTEM BanICHHﬁ HIH pocTa IlO- 1

MEHOB HOD. IICVICTBHCM Mal’HHTHOI'O HOJ!SI.

H, /

Puc. 7.3. 3aBHCHMOCTb HAMarHKWUCHHOCTH M

OT NpHIOKEHHOTO MarHuTHoro mons H ans
MarHuToTBepROro Matephana. Ha nemne ruc-
Tepe3ica OTMEUCHb KOIPUHTHBHas Ciuia H,

OCTaToYHaA HaMarHH'I€HHOCTb M H uauar— 3

HHYCHHOCTb HachlCHKHHA M.

onpe/ie/icHHOI TeMmepaType K Hamnps-

;. XXEHHOCTH. MPHJAOXECHHOT0O MAarHHTHOIro

nons H, 1o ectb x = M/H.

O6BIYHO MATHUTHBIIT MOMEHT 06BEM-
HbIX (heppPOMArHHTHBIX MATEPHAJIOB HHXE
toukn Kiopu MeHbllue, YeM TCOpEeTHYEC-
Kuil mpenes, pacCuMTbIBaEMBlil s Cly-
yasi, KOrza BCE aTOMHbIE MOMEHTHI Ha-
npasneHbl OAMHAKOBO. DT0 OGbACHSETCS
o6pa3oBaHueM AOMCHOB. JIOMEHAMH Ha-

. 3piBaloTca 0671acTH, B KOTOPhIX BCE Mar-
. HUTHBIE MOMEHTBI aTOMOB HamNpaB/CHbI
- OAMHAKOBO, TaK YTO B Mpenenax OXHOro

JOoMeHa HaMarHM4YeHHOCTb AOCTHUTAET Ha-
CBHILLIEHUS, TO €CThb NMPUHHMACT. MaKCH-

* MalbHO BO3MOXHOE 3HauyeHue. OaHako

Y PpasHbiX JOMEHOB B o0pa3sue BEKTOphI
HaMarHHYeHHOCTH He Mapasie/NbHbl ApYr

.- apyry. Takum o6pa3oM, nNonHast HaMarHM-

YEeHHOCTb Bcero obpasia MeHblle, 4YeM
NpY NOJHOM YNOpsAAOYHBAHHM OPHEHTa-
LUMH BCEX aTOMHBIX MarHMTHBIX MOMCH-
toB. Hekotopble nmpumepsl AOMEHHOMH
CTPYKTYphl MOKa3aHbl Ha puc. 7.2a. Takas
CTpyKTYpa nossisicrcsi B obpa3sue 6naro-
Iapsi YMEHBIUCHHIO MarHWTHOI BHEPruu
obpa3ua npu GopMHPOBAHUH AOMEHOB,
HanoxeHue MarHHTHOrO Nojis MOXET
YBEJIMYHTh MATHUTHBIH MOMEHT obpa3ia.
310 NpPOMCXOOMT ABYMSI CrnocobaMu.
B cnabpix BHEUIHMX nojisix o6beM Jome-
HOB, OPHEHTHDOBaHHBIX BIONbL. FONS,
YBETHYMBACTCA 3a CUET COCCAHHMX AOMeE-
HOB. B cHJIBHBIX MONAX UMEET MECTO APy~

. TOit MEXaHM3M HaMarHuymMBaHus oGpa3-

La, a HMEHHO TOBOPOT BEKTOPOB HaMmar-
HHYEHHOCTH [JOMEHOB B = CTOPOHY
HanpaB/leHus1 BHewHero noas. O6a atu

npouecca npounmocrpuponaﬂu Ha pHC. 7 26. Ha puc. 7.3 npuse/ieHa KpuBasi Hamar-
HHYUBAHHA (HEPPOMArHHTHOIO MaTephaia, TO eCTh 3aBHCHMOCTb NMONHOH HaMarHu-
yeHHOCTH M 06pa3iia OT HapsSKEHHOCTH NPUIIOKEHHOTO BHELIHEr0 MOCTOSIHHOTO Mar-
uutHoro nonst H. B cucreme CU v H, u M namepsiotcs B aMnepax Ha METp, B CHCTEME
CI'C enunnueii M sinsieTcs 31EKTPOMarHUTHasi eIMHULIA Ha rpaMM, a eauHuLein H —

v.. 7.2, Bausnue na maznumnvie ceoiicmea ISD

apcren. [Tpu nepsonavanbHoM noswienn H HaMarHM4eHHOCTb M pacTeT A0 AOCTH-
XEHHS TOUKH Hackiienust M,. Tpu ymeHbieHnn-H oT Touku Hachuuenusi M He
YMEHBILIAETCS 10 TEX Xe 3HAUCHWH, KOTopbie GbUIM B MpOLECCE YBETHUYEHHS MONs.
KpuBast npy yMCHBILEHUH NONSA NEKHUT Bhile. TaKoe IBNEHHE HA3bIBACTCS rucTepe3u-
COM M NPOHCXOLMT BC/IEACTBHE TOTO, YTO JOMEHBI, YNOPSAAOYEHHBIE NIPH BO3PACTAHHH
NoNsi, HE BO3BPalAlOTCsl K nepnouaqanbuouy COCTOSIHMIO NPH TIOHHXKEHHH IOJSA.
Korna BHCILIHCC 110/1€ IOCTUTaeT HY/IEBOTO 3HaYeHHs!, 06pa3ell BCe elle COXpaHsAeT Ha-
MArHWYEHHOCTb, Ha3bIBAEMYIO OCTATOYHON HAMArHMYCHHOCTDHIO M, Ins obHyneHus
3TOH HaMarHMYCHHOCTH TpeGyeTCs: NPUIOXHTH nosne H, B 06paTHOM HanpamleHHH,
Kak MOKa3aHo Ha puC. 7.3. 310 none, Ha3biBAEMOE KO3PLIMTHBHBIM, BLIHYXAAET JOMe-
Hbl BEPHYTBHCS K NMEPBOHAYANTBHOMY COCTOAHMIO. XapaKTep KpHBOH HaMarHHYHBaHMUSI
(eppoMarHeTHKa BaXEH MPH MCMONb30BAHHH ' MarHMTHbIX MAaTepHaJIoB, TaK YTO MC-
cienoBaHUA B 3TOit obnacTu ¢ nenbio CO3MaHKA MaTepHaloB.c pasnbmu dopmamu
KPHBO# HAMarHUYMBaHHSA nponomxalorcﬂ.

7 2. BansHne HaHOCTPYKTYpUPOBAHUS
o6vemHoro MaTepuana Ha MarHuTHbie csoicTBG

Pa:muquue npnuenenmx MATHUTHBIX MaTepHaJIoB TPeGYIOT pa3HBIX THIIOB xpmaoi‘( Ha-
MarHMuHMBaHMs ¥ €e XapaKTepHcTHK. MaTepuansl, MCNonb3yeMble B TpaHcdopMaTopax
¥ BPALLAIOIMXCS SNEKTPHYECKHX MaLIMHAX, TIOABEPraloTCs BO3AEHCTBHIO GLICTPO Me-
HSAIOLLEroCs MArHUTHOTO MO/iA, TAK UTO MM NPUXONMTCS NMEPEMArHHMMBATLCA MHOIO
pa3 n cexynny DTO NPUBOMNT K notepe atbcbcx'mauocm  HarpeBy MaTepuana. Harpes
nnnne'rcs cne,uc'rnneM BHYTPEHHEro TPCHHS, BOSHUKAIOWIETO FIPH HenpepbIBHOI nepe-
OPHMEHTALIMH MarHUTHBIX nomenoa Benwmua rotepb :mepnm B KQXAOM LHKNE, Bbl-
Aensiiolueiicss B BUAE TeMJa, nponopuuouanbua TUIONIanH, OTPaAHHYMBAEMOl netseit
rucTepesuca. Ina non06Horo MCMO/IB30BaHHs HeobXxoaHMbl MAaTEPHATLI ¢ MAJIOH MK
6nu3Koit K Hyncnon xoapumnsuon CHJIOH, YTO YMEHbLIACT IUIOWanb NETIH. Takue
Marepuabl Ha3biBaIOT Marmnomrxlmu. C npyroit cropoma NOCTOSIHHBIE MAaTHHUTBI,
HCMONb3YeMble ISt CO3NAHMA GOMBLIMX. CJIBHBIX MarHUTHBIX MoJieil, NO/DKHBI 06na-
Jatb Oonbuoit xoapum'uunoﬁ cmlou 'ro eCThb Junpoxon nemiei rucrcpc:mca Takue
MaTepHaibl Ha3biBAIOT Mammoxecrxumu Dns HHX TaKxke Tpeﬁ)'lOTCﬂ Gonbmue 3Ha-
YeHHSI uacumeuuu HaMarHHYeHHOCTH.

Hauoc-rpyxrypuposauue 06bEMHBIX MArHHTHBIX Marepnanon MOXeET np;memm,-
cs1 st C03D.aHH$l MaTepuanon C 3aaHHBIM BHIOM KPHBOIl Hamarmmusamm ‘JIeHTH
amMop(Horo cniasa ¢ cocraBoM Fe;3 sCu Nb;Siy;. 539, nonyueHHbIe MCTOJIOM 6uc1poro
OXJIAXAEHHS HAa XOJIOAHOM Gapaﬁanc H oroxoxcnﬂue npu TeMnepatypax ot 673 xo
923 K B TeyeH¥ie OHOTo Yaca B atMocepe nuepmoro rasa, COCTOSIT H3 TBEPJOTO pac-
TBOpa 10 HM HaHOYACTHL Xene3a. Takoil CMIaB AOCTHTAeT MHAYKUMH HACBILCHHS
1,24 Tn, ero ocraTouHas MHAYKUKA COCTABNACT 0,67 Tn, a KOIPUHTHBHAA CHAA O4EHD
Mana — 0,53 A/m. Tiscepesic. neTix }{amar}mquaamm HaHOPA3MEPHBIX TIOPOLIKOB
aMOpd)Hblx CILIaBOB C COCTABOM FegoNigCO, 1t pasmepon 3epe 10 - 15 nu, NOTYYEHHBIX
niyrem paioxeHus pacteopos Fe(CO)s, Ni(CO), 1 Co(NO)(Co0); B YI7/IEBOIOPONHOM
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Pue. 7.7. 3aBHCHMOCTE HaMarHHYEHHOCTH
HachiteHHa Mg uMHKOBOro eppHTa OT pas-
Mepa yacTuu d, OTHECEHHONl K 3HaYeHHIO

Bpcren=10"Teecna . peH 90 HMm.

pac-rnopu'renc ncxa.nuuc (CyoHyg) B a‘moccbepe uuepfmoro rasa, InouTH orcyrcmye*r
Ha puc. 7.4 nokasaHa KpuBasi HAMarHMYUBAHHA 3TOrO MaTepana. MarHuTHbic Mare-
pHaNBl, B K&XKIOM 3€PHE KOTOPHIX CYLIECTBYET TONBKO OAMH HOMEH, ,ucuoucrpupyloT
OTCYTCTBHE FHCTEpE3NCa i Ha3plBalOTCA cynepnapauamemxauu.
CaMble CHIbHBIC TOCTOSHHBIE MATHUTHI H3rOTARTHBAIOT M3 HEONMMa, Xene3a i Go-
- pa. Ux ocraTtoyHas u}myxuus cocrasnsier a0 1,3 T, a Ko3puuTHBHas cmla - 0,95 IO6
A/M. Hccnenosanoch BAMAHHE pa3Mepa HaHOMACIITAGHBIX 3epeH Ha cBoiicTBa
Nd,Fe,,B. Pesynbratsl, TNPUBEACHHbIC Ha puC. 7.5 1 7. 6, NOKa3bIBaIoT, YTO s 3’]‘01‘0
Matepuana xoapumnuaa cuna CYIIECTBEHHO YMEHBILAETCA PH pa3mepe 3epHa Meﬂee
40 1M, a ocTaTOuHAs HaMarHHYEeHHOCTh yBenunsaercs. JIpyroit Moaxon K M3MEHEHHIO
NapaMeTpoB KpHBOil HAMarHHYMBAHMS 3TOrO Marepuana COCTOMT B CO3RAHMH HaHO-
MacuitaGHO# cMecH MarHuTOTBepabX YacTHl, Nd,Fe, B u Mamwromrxoﬁ a-(asbt
Xenesa. Hmepcnm BAMSHUS MATHHTOMATKMX YacTHIL KeJe3a, CMELIAHHBIX ¢ MarHH-
TOTBEPABIM BELIECTBOM, TOATBEPX/ACT, YTO OCTATOYHOE TIOJIE TAKMM MyTeM MOXHO
ysemuntb. Ionaraior, 4yto 310 nponcxonwr BCNEACTBUE OGMEHHOTO B3aHMOZEHCTBHS
MCXKIY TBEPABIMH M MATKHMH Haﬂoqac'muaun, KOTOpOE OPHEHTHPYET BEKTOPa HaMar-
HIMEHHOCTH YaCTHIL Marxoﬁ (basu B HanpaB/IcHUM HAMArHHYEHHOCTH YacTHL, TBEPAOH
dJaau. _ :
ITokasaHo, 4To paamep MarHUTHBIX HAHOYACTHL| TAKKe BIIMSIET U Ha Benmiauny M,
InpH KOTOPOii MarHeTHK Hacbiwaercs. Ha puc. 7.7 nokasaHo BiHsiHHe pa3mMepa 4acTHLL
Ha M0/1¢ HaCHILIEHHS LHHKOBOrO ()eppHTa, OTKYAA BUIHO, YTO HAMATHHYEHHOCTb Ha-

ro MarHHWTa. M(90) nnst 3epen pasmepom 90 HM.
CHILEHHA CYLLIECTBEHHO boapaéraer anst 3epeH ¢ pasmepamu MeHbiue 20 HM. Takum 06-
Pa3oM, yMeHbIlIask pa3Mep HaHOYaCTHLL 3ePHHCTOrO MarHMTHOTO MaTepHaia, MOXHO
cymecTBeHHo ynytnnurb KayecTBO MPOH3BOAHMBIX H3 HHX MarHHMTOB.

Il

7.3.11uu6uuxa HOHOMArHUTOB

M3yyeHue MarHHTHBIX MaTEpUANIOB, NPEHMYLIECTBEHHO JUIEHOK H3 HaHOPa3MEPHBIX
MarHWTHBIX YaCTHLI, HHOT/JA Ha3biBaeMOE ME30CKOMHYECKHM MarHETH3MOM, NOJorpe-
BAeTCS XKeNAHHEM YBEIMYMTh EMKOCTh MATHHTHBIX HaKonHTesieli HHOpMALTH, TAKHX
KaK XEecTKHe MMCKH KOMMbloTepoB. OCHOBHOM MEXaHH3M XpaHCHHA HHbOpMaLHH
BKIIOYAET B cebst HAMATHHUMBAHHE B ONPENEICHHOM HaMpaBNeHHH 0YeHb Maoit 06-
JIACTH MAFHHTHOrO HOCHTENs!, Ha3biBaeMoit 61ToM. JIis AOCTIKEHHS UIOTHOCTH Xpa-
Henus 10 Tura6ur (10" 6uT) Ha KBanpaTHbIi L10MIM OT/AeNbHbII GUT NO/DKEH 3aHUMAaTh
MecTo HHod 70 HM 1 mupuHoit 1. MM, TonuiHa MICHKH A0IKHA COCTABRNATE OKO-
70 30 HMm. CYIIICCTB)'lOU.lHe MarHHTHbIE YCTPOMHCTBA xpaHeHHs: HHOpMaLMH, TaKHe
KaK JXEeCTKME AMCKH, OCHOBAHBI HA KPOLIEYHBIX KPHCTAILIAX CILIABA XpoMa u Kobab-
Ta. OHa U3 c.noxuocTen BO3HMKAIOLMX TpH pa3Mepax bura MeHee 10 1M, cocTonT
B TOM, 4TO BEKTOp HAMArHHYCHHOCTH MOXET MOMEHSATb HAMPABICHHE TOL ACHCTBHEM
TEMNOBBIX (IYKTyalmii, 110 CYTH, CTHpas NAMATD. OO M3 peleHit 3Toi npobnemsl
COCTOMT B MCIIO/Nb30BAHHH HAHOPa3MEPHBIX 3epeH ¢ GOMBIIMMH 3HAUYCHWUAMK HaMar-
HHYEHHOCTH Hacumeﬂux, H, cnenosarenbﬂo, ¢ Gonee CHIBHBIM Bsanmonenc'rsnem
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Mexay 3epHamu. Ipynna B IBM nonyyuna MarHUTHbIC HAHO3CPHA FePt ¢ HaMHOrO
GOUIBIIMM 3HAYEHHEM HAMarHWYEHHOCTH. YacTHLbI FePt mony4anuch NpH Harpese
pacTBOpa aLCTHNALETOHATA MIATHHBL H KapGoHHNa Xenesa ¢ nobGasieHHeM BOCCTaHO-
puTeNis. B KauecTBe MOBEPXHOCTHO-AKTHBHOIO BELUECTBA TAKXKE HCMOoNb30BaNach oje-
JHHOBAs KMCJIOTA, TOKPHIBAIOLIAs YACTHLbI H MPENATCTBYIOWAd ux arperaunu. Ilocne
"pacnbUIeHHs PacTBOPa Ha MOUIOXKY OH HCTIapsancs, ocTaBnsis Ha Heil NaCCHBUPOBAH-
Hble yacTHUbL. TTonyumBuIascs B pe3ynbraTe 3T0H omepauui TOHKasl TUIEHKA 3aTeM
B TeyeHHe 30 MHHYT BbIACPXHBANIACh NPH TEMNEPaType 560 °C, uTo NPHBOAJIO K 06pa-
30BaHHIO TBEPAOrO YIIEPOAHOro Cjod, ‘copepxaulero 3-X HaHOMETPOBbIC “HACTHLLbI
FePt. Takoii pa3mMep MarHUTHbIX HAHOYACTHIL MOXET MPHBECTH K [UIOTHOCTH 3aITHCH
B 150 Ntra6aiiT Ha KBaAPaTHBII AH0iiM, TO €CTh NTPHMEPHO B 10 pa3 nnoTHEE, YEM B HbI-
HE CYLIECTBYIOIMX KOMMEPYECKH AOCTYMHBIX HOCHTENAX. ‘ :
Koraa pa3mepbl MarHHTHBIX HAHOYACTHL CTAHOBATCA CTO/Ib MABLIMH, MarHUTHbIE
BEKTOpa aTOMOB B MPUCYTCTBHH BHEUIHETO MarHUTHOTO NOJA OpHEHTUPYIOTCS OAMHA-
KOBO B NpeAesax 3epHa, YCTPaHsis CIIOXHOCTH, BOSHHKAIOWHE M3-32 HAIHYHS AOMEH-
HBIX CTEHOK M COCEACTBYIOUIMX 06/1acTeil ¢ pasHbIMH HaNpPaBICHHAMH HaMarHHYeHHO-
cTi. PaccMOTPHM AHHAMMKY TOBEJEHHS CHCTEMbI BBITAHYTBIX HAHOPa3MEPHBIX Mmar-
HUTHBIX YacTHL B pamkax mozxenb CroyHa-Bonbdapra. O6bIYHO B MAarHWTHBIX
HOCHTEJISIX HCIONB3YIOTCS HMEHHO BBITAHYTHIE 3epHa. B 310ii Mozenu npeanonaraer-
Csl, YTO B OTCYTCTBHE MarHMTHOTO MO SJUTHNCOMAAIBHBIC 3EPHA MMEIOT TOJILKO /ABa
BO3MOXHBIX YCTOIUMBBIX HANPABNCHHS MArHHTHOTO MOMCHTA: BBEPX WJIH BHU3 M0 OT-
HOWIEHHIO K JUIHHHOI OCH MAarHUTHOI YaCTHLIB!, KaK NMOKa3aHo Ha puc. 7.8. 3aBucH-
MOCTb MArHHTHOI SHEPTHU OT OPHEHTALHK BEKTOpa MarHUTHOTO MOMEHTA NpeAcTaB-
nseT coboil CHMMETPHYHYIO NMOTCHLIMANBHYIO MY C ABYMS MMHHMYMaMH, paseneH-
HBIMH TOTeHUMATLHBIM Gapbepom. [Ton aeiicTBueM TenIoBo# dnyKTyaunu yacTiua
MOXET MOMEHATH OPHEHTALMIO MATHUTHOTO BEKTOPA B COOTBETCTBHH C TCPMOAKTHBA-
LIMOHHBIM ypaBHEHHEM ADPEeHHyca, U3 KOTOPOro CCAYET, YTO BEPOATHOCTH NMEpeopH-
eHTauuHu P nponopuHoHalbHa

P~ex '
P pk,T

rae E — BbICOTa SHEPreTHUEeCKOoro Gapbepa, OTAE/NMIOUEro ABe opueHTauuu. Yacruua
TaKKe MOXET C FOpa3fio MeHbIlEH BEPOATHOCTBIO MOMEHATH CBOK OPHEHTALMIO MO~
CPEACTBOM KBAHTOBOMEXaHHYECKOTO TYHHEJ MPOBAHMA. DTO MOXET HabMoNaThCA, KOr-
1a TerioBast 3Heprust kT MHOTO MEHbIlE BLICOTHI Gapbepa. TyHHENUPOBAHHE — YUCTO
KBaHTOBOMeXaHHYecKHii 2 deKT, BO3HUKAIOLHIi BCIEACTBHE TOTO, YTO pPElIeHHE BO-

: g : (1.5)

HOBOFO YPaBHCHHs 3TOfi CHCTEMBI aeT HeGONbLLIYIO BCPOATHOCTb M3MEHEHMUS] MarHHUT-

HOTO COCTOAHMSI C HAMPABNEHHSI «BBEPX> HA HAMPABNCHHE «BHK3». Bo BHewHeM Mar-
HHUTHOM F10/E MOTEHLIMA! MEHAETCS, KaK NMoKa3aHo Ha PUC. 7.8 nyHKTHpPHOM NHHKEI,
} TIPH AOCTHXCHHHU TOJIEM 3HAYCHHS, PABHOTO KOIPLMTHBHO! CHIe, OAHH U3 ypOBHEil
CTAHOBHMTCS HEYCTOMYMBBIM. : e ; ;

D4 MOJENb IAET MPOCTOE OGBACHEHHE MHOTHM MATHHTHBIM CBOMCTBAM MalleHb-
KHX MAaTHHTHBIX YacTHL, Hanpumep dopme neTin ructepesnca. OnHaKo y Takoit Te-

OPHH €CTb M CBOM OrpaHuyenus. Oua °

NEPEOLEHHBACT BEJHYHHY ' KOIPLUTHB-
HOroO MoJsl, TaK KaK B Heil BO3MOXeH
TONBKO OAMH Croco6 nepeopHeHTaLHH.
MarHuTHasi 3HEPrus YacTHL B MOMC/IH
apngercss OQYHKUHEH KOMNeKTHBHOI

OPHCHTAUHH CIIMHOB MArHUTHBIX aTo- -

MOB, COCTaBMSIIOLUHX YACTHLY, W BHEUI-
HEro MarHUTHOro mnoias. B.onucaHHoIf
MoJienH NPHHHUMaeTCst npocTeifwas (u-
HeitHas) 3aBHCHMOCTb MarHUTHOM 3Hep-
IMH YacTHL OT HX o6beMa. O,zmaxd, Kor-
Jda pa3Mep - YyacTHU npuOsHxKaeTrcs K
6 HM, GOJILUIMHCTBO ATOMOB HaXOAKTCS
Ha MOBEPXHOCTH. DTO O3HAYAET, YTO OHH
MOTYT ‘MMEeTb MarHMUTHBIC CBOICTBa,
CHJIBHO OTJIMYAlOLHeCs] OT MapaMeTpoB
66npinx yactHy. ITokasaHo, yto obpa-

2
7.4. Maznumnsie yacmuyw & nanonopax “D
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Puc. 7.8. Cxema norenunana ABOMHOMN MBI,
Ha KOTOpOﬁ noxqaaua 3aBHCHMOCTDL 3HEPIrHH
OT OpHCHTAUMH MarHMTHOrO MOMECHTaA B OT-
CYTCTBHC (Cl‘UlOll.lHaﬂ Jlllmlﬂ) M MPpH HATHYHH
(npepuiBiCTasn THHHA) BHELWIHETO MArHMTHO-
o nojs.

60oTKa MOBEPXHOCTH HAHOYACTHL @-Xene3a WiHHOi 600 HM i wnpuHoii 100 HM pa3-
JIMYHBIMU XMMHYECKHMH BelleCTBAMH NMPUBOAUT K H3MEHEHHIO KOIPLUMTHBHOI CHIbI
10 50%, YTO NOAYCPKHBAET BAXHYIO POJIb NOBEPXHOCTH HAHOPA3MEPHBIX MATHHTHBIX
yacTuil B GOPMHPOBAHHH MAarHMTHLIX CBOICTB 3epHa. TakuM oGpa3oM, AHHAMHYEC-
KO€ MoBeJeHHE OYEHb MaNbiX MArHHTHBIX YaCTHLl HECKOJIbLKO Gonee CIOXKHO, HeM
cneayeT U3 paccMoTpeHHoit Mmoaenn Croyna-BosbgapTa, 1 0CTaeTCs NPEAMETOM HC-

cJieIOBaHH.

, 74 MarHuTHbIe 4YacTULbl B HOHONOPAX

JIpyroit 06/1acTbIO MPOXO/IKAIOLIMXCS MCCEA0BAHHIT B HAHOMArHETH3ME ABNACTCA CO-
30aHHE MATCPHANIOB MyYTEM 3aONHEHHS MOPUCTBIX CYOCTAHUMIT MATHHTHBIMH HAHOYA-
cTiuami. B nmpupone AeiicTBUTENBHO CYIIECTBYIOT MAaTEPHANIBI C MONIEKYJIIPHLIMH NO-
JIOCTSIMH, 3aMOAHEHHBIMIH HAHOPa3MEPHBIMH MAaTHHTHBIMI HaCTHUAMM. PeppHTHH —
510 GHOMOrHUECcKas MOJEKyaa, coaepxalas 25% xenesa Mo Macce, coctosiuas u3
CHMMeTpHYHOI GeKoBoit 06010uKH B opme nonoii cepbl ¢ BHYTPEHHHM AHAMET-
poM 7,5 HM M BHEIHWUM AnameTpoM 12.5 HM. Dra MoneKy/a B GHONOrHYECKHX CHCTe-
Max: Mrpaer poJib XpaHHIHLIA Fe’* B opranuame. OHa YeTBEPTD XKe/e3a, NPHCYTCTBY-
IOLIETO B TeJie YeNOBEKa, HAXOANTCS B MOJIEKYAX depputhHa, a 70% — B reMornobu-
He. TMonocTs deppuTHHA B HOPMAIBHBIX YCJIOBHAX 3ArONHCHA KPHCTA/THYECKHM
okcuaoM xenesa SFe,05+9H,0. Okcua xenesa i3 OKpYXalOLlEero pacTBopa MOXeET
NOMALaTh B MOJNOCTs MOJEKY/bl, B KOTOPOii KOMHUECTBO ATOMOB Keneza MOXET Me-

" HATBHCS OT HECKONBKMX WITYK A0 HECKOJIBKHX THICAY. MarsHTHbIE CBOICTBA MOJIEKYJIBI

3ABHCAT OT KONWYECTBA 1 THNA YACTHIL B MONOCTH. OHA MOXET GLITb KaK (eppomar-
HMTHOI, TaK U amuq)eppouamuruoﬁ. Temnepatypa 6noknpoBatusi T — 370 Temne-

.
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Puc. 7.10. Pesonanchas yactora epputina f

Kaxk d)YHKllHH KOJTHYCCTBa aTOMOB B IONIOCTH

MONIEKY/IBL.

paTypa, HHXe KOTOpOii TepMOAKTHBHPO-
BaHHBIE MEPEXOIbl MEXAY PaMTMUHBIMH
MarHUTHBIMH OpHEHTALMAMH 3aMOpOXe-
Hbl. U3 puc. 7.9 BUIHO, YTO TEMNEPATYpa
6NOKHPOBAHHS MOHHXAETCA NPH YMEHb-
[IEHUM KOJMMYECTBa aTOMOB B TOJIOCTH.
Tpu oueHb HU3KHX TEMIEpaTypax B tep-
pHTHHE Hab/I0AaNIoCh H KBAHTOBOC TYH-
HenMpoBaHHe. B Hy/1€BOM MarHMTHOM
none npu Temneparype 0.2 K Hamaruu-
YeHHOCTb KOTepPEHTHO TYHHEHPYET MEX-
Ay ABYMS MHHHMyMamu. 3T10T 3dekr
NPOABASETCS PE3OHAHCHOM JIMHMUEIH B Ya-
CTOTHOlt 3aBUCHMOCTH MArHHTHOH BOC-
npuumunBocty. Ha puc. 7.10 nokasaHsl
pesy/LTaThl H3MEPEHHs Pe30HaHCHOI Ya-
CTOTHI MATHUTHOI BOCIPHHMYHMBOCTH
B 3aBUCMMOCTH OT KOJNMYECTBa aToOMOB
XKene3a B Kaxnoit monekyne. BuaHo, 4To

‘yacrora ymenbaercs ¢ 3 + 10° i st 800

aromos mo 10° Tu mans 4600 atomoB.
Tpx BKIIOYEHHH BHELIHErO MArHMTHOTO
NOJSA PE30HAHC MCYE3AET, TaK KaK CHMMe-
TpHsi ABOIHOI MOTEHUMAIBHOM SIMBI Ha-
pyliaercs.

LleonuTsl — 3TO KPHUCTAUIHYECKHE
CHJIMKAThl C BHYTPEHHHMH NOPaMH XOpO-
IO OTPEENCHHBIX pa3MepoB U (opMbl.
Puc. 6.24 Tassl 6 maerT cxeMaTHYeckoe
npeAcTaBleHHe O CTPYKTYpe LEOJIHTA.
DTH MaTepHalbl MOXHO MCNONb30BaTh
KaK MaTpHLly JUIsi TIOMELIEHHMS B Hee Mar-
HUTHBIX HaHoYacTHL. M3MepeHus Temne-
paTypHOit 3aBUCHMOCTH MAarHHTHOIi BOC-
NPUUMYMBOCTH YACTHIL XKeJe3a, BBCACH-
HBIX B MOPHI LICOJIUTA, AEMOHCTPHPYIOT HX
napaMarHMTHOE ToOBeJieHHEe C 3aBHCHMO-

CTbIO BOCIIPUMMUYHMBOCTH ) OT TCMIIEpPaTy-

phl, nopunHsowleiica 3akoHy Kiopu: y =
C/T, rne C — xowcranta. [IpusHaxoB
¢dheppomarseTHamMa B TAKOM MaTepHae He
Habmiopaercs.

7.5. Hanoyaaepoduwe peppomaznemuxu IGD

7.5. Honoyrnepoguue ¢eppomame'mxu

Kak yxe o6¢yx11ano<:b B Dase 5, 1151 GOPMHPOBAHMS M POCTA YINIEPOAHBIX HAHOTPY-
6ok B npolecce NMUPONU3a HeOGXONMMO NPUCYTCTBUE YaCTHIL Xee3a WiH KobassTa.
IMoka3aHo, YTO B 06pa30BaHHH COHANPABJIEHHBIX YIIEPOAHBIX HAHOTPYGOK MPH MHPO-
muse dranoumanuna xenesa (II) (FePc) npunnmalor yyacTie ABe YacTHLbI JKene3a.

- ManeHbKas 4acTHLA XeJle3a CHYXHT 3apoAblllieM, Ha KOTopoM obpasyercs Tpybka,

a ¢ pyroro KoHua TpyOku 60'biIas yacTHLia Xene3a ycKopsieT ee pocT. CoHanpasieH-
Hble HAHOTPYOKH NONYYaloT Ha xnapuenou CTEK/IE THPOTHIOM FePcB aprou BOZOpOII-
Hoit atMocdepe.

Ha puc. 7.11 noka3saxo uao6paxcuue YaCTHIL XeJe3a Ha KOHUAxX couanpanneuaux
HaHOTPYOOK, MONYYEHHOE B CKAHMPYIOLLEM 3/IEKTPOHHOM MuKpockone. Ha puc. 7.12
NpUBENEHBI KpUBble HaMarHuuuBanus npu 5 u 300 K B nanpasneHuy B10b TpyGoK,
M3 KOTOPOTO BHAHO, uTo 1ipu 5 K rucrepesuc 6onbue. Ha puc. 7.13 u 7.14 npe/CTaB-
nieHbl TpadUKH TEMIIEPaTyPHOl 3aBHCHMOCTH KO3PUMTUBHOI CHIIBI H ¥ OTHOLICHHA
OCTATOMHOI HAMArHHYEHHOCTH M, K HAMATHHYCHHOCTH HachllleHns M. BuaHo, uTO
NpH yMEHbILEHNH TEMIIEPATyphl OT KOMHATHOI (300 K) no xuakoro reaus (4 K) xo-
SPUMTUBHAS CWIA yBeIHuKBaeTca Gosiee ueM B TPH pasa. DTH YacTHIIBI XeJie3a Ha KOH-
11aX COHANPABJIEHHBIX HAHOTPYOOK MOTYT CTaTh OCHOBO#I JUISl YCTPOMCTB MarHHTHOM
3anMCcU BbICOKOM TUIOTHOCTH. CTeHKH HaHOTPYGOK MOTYT 06ecreynTh HEMarHHTHBIE

_ pa3fe/IMTeNbHBIE JIEMEHTH MEXY HaHOYaCTHLAMH XeJesa, (YHKLMS KOTOPBIX CO-

CTOMT B YMEHBIIICHHHM MarHUTHOTO B3aMMOEHCTBHS MEXIY COCEAHUMI HAHOYACTHLA-
MM 10 mpHemieMbix 3HaucHuif. [Ipn ciMuIKoM CHILHOM B3aMMOJICHCTBHH MEXIY

s o A 1y 4:: 4 - » L .‘.:-». I‘J‘:v;'
CcBeT/IBIC TOUKI) HA KOHIUAX OPHCHTHPOBAH-

wacTi xene3a (¢
P-c 711 Plsoﬁpaxeﬂﬂe CKAHMpYIOLLIEM NCKTPOHHOM MHKPOCKONC.

HBIX yrncponuux HaHOTpYGOK B
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, dpTTTTTTYTTTTYTTT T VY ¢deppOMarHMTHBIMH YaCTHUAMH U1 Me-
s 3f ey ,ﬁ: - " pEOPHEHTALMH HX MATHHTHOTO MOMEHTa
E 2F STt 3 Gyner TpeGoBaTbCsl CAMUIKOM - Gonbiuoe
§ 1E S R e R :
£ of o Ss e E [oBbIlIEHH DI WHTEPEC K CHHTE3M-
é “E .,..’ i,,"..' WK 1 POBAHMIO HETONMMEPHBIX OPraHHYECKUX
5 -2 - K ug'ig.' A - (beppoMarHeTHKOB 06YC/IOB/IEH NEPCNEK-
R ST ' 3 THBOI MO/IYYeHHsI TAKHX BELIECTB, KOTO-

qEaiaaataaaadaaaatasaad o pble B pe3ybTaTe XHMHYECKOi MOAH(U-
-8000 4000 0 4000 8000

KaluMy MONEKY/ CHCTEMbI MOTYT OKa3aTh-
; _ ' - CA JMINEKTPHKAMH M HMETb MEHbILIYIO

Puc. 7.12. Tetas rucrepe3nca Kpusoit Hamar-  TUIOTHOCTD. ONeKTPOHHOE CPOACTBO MO-
HHYHBAHHA HAHOYACTHL XKeje3a Ha KOHLAx JIEKYJIbL Cm',-OHHCGHHOﬁ.B Inase 5, OUEeHb
comeprm—, e 3, S S ———
npw Temneparypax 4 u 320K, - . CBA3BIBATH MEKTPOHBI. C Apyroi cTopo-
Y : - Hbl, Monekynia C;N,(CHj)g, win numeTH-
; : . JJAaMWHO3THJIEH, SBIAETCH AaKTHBHBIM

3NEKTPOHHBIM JOHOPOM, TO €CTb JIErKO OTAACT 3/IEKTPOH APYToi MOMEKYJIe. Ilpu pac-
tBOpeHuH Cgy M AMMETHIAMHHOITIIIEHA B CMeCH GEH30/1a K TONTYONa KOMILIEKCHOE CO-
eannenne Cgy i C;N,(CH,)g BeINazaet B 0cafok. ITOT KOMILIEKC HMEET COOTHOLUCHHE
KOMMOHEHTOB 1:1 M KPHCTAJUIH3YeTCs B MOHOKJIMHHYIO pelueTky. [lisi 3Toro BeliecTsa
o6HapyxeHO 60/blIOe YBENIHYEHHE MArHUTHO! BOCTIPHHMYHBOCTH MNPH TEMNEPAType

MaruuTHoe nonae, 3
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Puc. 7.13. 3aBHCHMOCTb KO3PUHTHBHOI CH-
abt H HaHO4ACTHIL XKeNe3a Ha KOHUAX opH-
CHTHPOBAHHBIX HaHOTPYGOK. OT Temnepa-
Tyl Eogeiw s '

Puc. 7.14. 3aBHCHMOCTb OTHOIUCHHA OCTa-
TOYHOI HaMarBMuYeHHOCTH M, K HaMarHu-
YEHHOCTH HAChILCHHSA Mg HAHOYACTHLL XeJie-
32 H2 KOHLIAX OPHEHTHPOBAHHBIX HAHOTPYGOK

- oT TeMneparypsi 7.

7.6. Tuzanmcxoe u xonoccaasnoe mazuumoconpomueaenue | 69

16 K, uto ABASCTCS. NPH3HAKOM BO3HHKHOBCHHS (PEPPOMATHMTHOTO COCTOSIHMS.
Jlo nocenHero BpeMeHH 310 6buia camast BhicoKasi TeMnepatypa Kiopu ans opraHiye-
ckux (hbeppoOMarHeTHKoB, ., .. - - b o v -

- .. MNon nanenuem 6 I'Tla npu remnepatype 1000 K dpopmupyercsa HoBas KPHCTALIH-
yeckasi cTpyKTypa Cg,. B 210ii CTpYKTYpe MONeKy/bl (hy/uiepeHa iexar B napaue/ib-
HBIX TUIOCKOCTSIX M CBSI3aHbl B 3THX MUIOCKOCTSX APYT C APYTOM TaK, YTo 06pa3yloT rex-
caroHanbHyI0 petieTky. CTpyKTypa OueHb MoXoXa Ha c-rpyx-rypy rpacdura, B KOTOpOit
poJib aTOMOB yrjepoaa urpaiot Monekynsl Cg. Xors 31a CTpYKTYpa M opMupyeTCs
NpH BHICOKOM JIaBJECHNH, OHA OKa3bIBAETCA CTAGH/IbHOI M NPH HOPMAILHBIX YCJIOBHSX.
Hi3yucHHe MATHHUTHBIX CBOJCTB 3TOr0 MaTepHasia NoKa3aio, YTo nepexost B heppomar-
HHMTHOE COCTOSIHHE Y HEero MPOMCXOAMT NPH NOPa3UTENBHO BBICOKOH TeMmeparype,
a uMeHHo oko10 500 K. OnHako, 3T0T pe3y/bTar BhI3bIBaeT B Hay4HOM COOOLIECTBE He-
KOTOpBIH CKENTHUM3M, TAK KaK B reKcaroHanbHoii cTpyktype Cgy HET HeCNapeHHBIX
3/IEKTPOHOB, HEOOXOAHMBIX VISt BOSHHKHOBEHHS (beppoMarHeTH3Ma. WccnenoBareny,
MONYUMBIIME ITOT PE3YNBTAT, NPEANONAraloT, YTO B MaTepHaie NPHCYTCTBYIOT nedex-
Thl, TAKME KaK Pa30PBAHHBIC XHMHYECKHE CBA3H MEXIY COCEAHNUMH MOJIEKY/IaMH Ceo-
Takue 0GOpPBaHHBIE CBA3H MOTYT GbITh HCTOUHHKOM 3/IEKTPOHOB NPOBOAHMOCTH, KO-
Topbie MOIIH Gbl BHI3BATh 30HHbIH (HEPPOMArHETHIM. TakoBbIM Ha3blBaeTCs deppo-
MarHeTH3M CITMHOB, HOCHTE/IH KOTOPBIX MOTYT NepeABHraTbCAl Mo kpuctamny. Hesasu-
CHMBIX TIOATBEPXKAEHHI 3TOTO Pe3y/IbTaTa 10K HET. s XV

_-7.6. TuranTckoe u KonoccanbHoe
MArHuTOCONpOTUBNEHNE

MarH1TOCONpPOTHBACHHEM Ha3bIBACTCA .3q)cbcicr, .dnomumiicsi K H3MEHEHHIO DIEKTPH-
YecKoit pOBOAMMOCTH MATCPHANA MPH MOMELUCHHUH €ro B MarHUTHoE none. JTo sABje-
HHE B OGBIYHBIX META/L1AX U3BECTHO YXE MHOTHC TOAbl H 0OBACHACTCH TEM, 4TO 3JIEK-
TPOHBI MPOBOAMMOCTH B MArHHTHOM MOJIC AOJDKHbI JBUTATLCS 110 CIMPANLHBIM TPACK-
TopusiM. DdEKT .CTaHOBUTCS 3aMETHBIM TONLKO B JIOCTATOYHO CHIIBHBIX MoNsX,
fIpH KOTODBIX TPAEKTOPHS NEKTPOHA CYLIECTBEHHO MCKPHBASETCA Ha anKHe cBobon-
Horo npo6era. JnuHa cBOGOAHOrO npo6era — 9TO CPEAHee PACCTONHNE, HA KOTOPOE
CMELaeTCsl /IEKTPOH B METAUIE MOA ACHCTBHEM 3/IEKTPHYECKOTO NOJISE MEXIY ABYMsI
COyIapeHHsAMHM C aTOMaMH PEUICTKH, nedexTaMi WK a1jomam;‘_r}pumecn.-Conpqmn-
JIeHHe MaTepUaa BbI3HIBACTCS PACCESIHUEM SJIEKTPOHOB BTAKHX coyaapeHHsX, TaK KaK
HX HanpasieHue ABWXEHHs Nocae coynapeHHs H3MEHACTCH. MarHuTOCONpPOTHRACHHE
B METAJLIAX HAGTIOAAETCS TOMNBKO B O4CHb CHIBHBIX MOJAX MpY HU3KHX TEMNepaTypax.
Hanpumep, B uscToit Mean mpu 4 K 1 MHAYKUHH nonst 10T nponognmocn MEHSAETCH
B10pa3. .- : : S SRS ;

H3-3a Heo6X0AMMOCTH BBICOKHX nosieil ¥ HHU3KOH TEMNEpaTypbl MAarHHTOCOMNpo-
TURJIEHHE B METAUIAX NEPBOHAYATBHO HMEIIO MaJIO BO3MOXHOCTEI HCTONAB3OBAHNUS HA
npaxktuke. OHAKO, CUTYaLus u3meHiiach B 1988 roay ¢ OTKpBITHEM TOFO, YTO TENEPh
Ha3bIBAIOT FMFAHTCKHUM Mam“TOCOHPOTHBﬂCHHeM B MaTepHanax, HCKYCCT BEHHO CO-
3MAHHBIX TlyTEM OCAXKIEHHA HA IOANOXKY 4epeayiouHxca cnoeB (peppoOMarHHTHOTO
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Puc. 7.15. Tpu CTPYKTYPbI, B KOTOPbIX Habio-

JAeTCS THIAHCKOE MarHHTOCOTMPOTHBICHHE:
(a) — uepenyloLIeECcH CIOH HEMArHWTHOTO Ma-
Tepuaia ¢ (peppOMATHHTHBLIMH CIOAMH, Ha-
MarHMyYeHHBIMH B TIPOTHBOMOJOXHBLIX Ha-
MpPaBICHUAX (HanpaBncHHE HaMarHHYEHHOCTH
yKka3aHo cTpenkamu); (6) — cayyaiiHo opHeR-

THPOBAHHLIC d)eppo.uanmmuc HaHOYACTHLBI

kobansra (6onbluKe KPYAKKH) B HEMArHHTHOM
MeaHoit MaTpHile (MaNeHbKHE KPYXKH); (B) —
CMEILIaHHas CHCTEMa, cocTosLast 3 cepebps-
HBIX CJI0EB € HAHOYacTHLIAMK KobankTa 4 Mar-
HMTHBIX cloeB 13 crutasa Ni-Fe ¢ yepeyIoL-
MICS HanpaBlCHHAMH HaMarHWYEHHOCTH,
YKA3aHHBIMM CTPEAKAMM.

M HedepPOMArHHTHOTO METAUIOB HAHO-
MeTpoBoit TonmuHbl. Cxema 3T0if CoMC-
TONl CTPYKTYphl M 4YepeaylolHecs Ha-
npaBieHHsl BEKTOpPa HaMarHWiCHHOCTH
deppoMarHUTHLIX CJIOCB TOKa3aHbl Ha
puc. 7.15a. DddexT Bnepsbie Habmonan-
CSl Ha TUIEHKAaX, B KOTOPBIX YePEAOBAIUCH
CJIOH XeJe3a M XpoMa, Ho 3aTeM 6butH 06-
HapyXeHbI U IpyrHe BO3MOXHBIC KOMOH-
HaUMH CJO0EB, COCTaBAAIOLIMX TUICHKY.

- TaK, B MaTepHane 13 Yepeaylouunxcs cio-

eB KoBaibra M MeIu MarHUTOCOIIPOTHB-
nenne HamHoro Gonbuwe. Ha puc. 7.16
[MOKa3aHO' BIHSHHE NOCTOAHHOIO Mar-

. _HHMTHOTO I0JIs1 Ha CONMPOTHBJIEHHE MHOTO-

CIIOITHOI CHCTEMBI XeJe30-Meab. Bennun-
Ha M3MEHEHHs COMpPOTHBJICHMS - 3aBUCHUT
OT TONIIMHBI CI0EB Xeje3a M JOCTHraer
MaKCHMyMa TIpH TONIMHE 7 HM, KaK To-
Ka3aHo Ha puc. 7.17.
DddexT BOHUKAET U3-32 3aBUCUMO-
CTH PacCesTHis NIEKTPOHOB OT Hanpase-

- HHA HX CNIHHA N0 OTHOLUCHHIO K BEKTOPY

'HaAMarHHYEHHOCTH. I-)Jlex'rponu CIIUH

"KOTOpPBIX HanpasJICH NPOTUBOIOJIOXKHO

HATPaBNEHHIO HaMarHuYeHHoOCTH M,
pacceHBaloTCs CHIbHEE, YeM T¢, CTIHH KO-
TOpBIX coHampasiieH ¢ M. IIpuioxeHue
FIOCTOSSHHOTO MAarHMTHOro nojsi BAOJb
CNOCB OPMEHTHPYET BEKTOpbl HaMarHH-
YEHHOCTH BO BCEX CJIOSIX B ONHOM Ha-

. TpaBleHHH. DNEKTPOHBI TIPOBOJUMOCTH,

CMHH KOTOPBIX HANpaBieH B .CTOPOHY,
NPOTHBONOJIOXKHYIO HaMarHHYCHHOCTH,
paccenBaloOTCs Ha rpaHMLax MetTaun-gep-
POMarHeTUK CHMJIbHEE, YeM CO. CITHHOM
B HanpasjJeHHH HamarHuueHHocTH. Tak

7.6. Tuzanmexoe u K010cCanbHOE MAZHUMOCONPOMUGACHUE I6D

MONb30BAM MHAYKUHOHHBIE OOMOTKH,
¥ U1 HAMATHWYMBAHUSA Manoii obnacTu
HOCHTEJIS B ONPEAC/ICHHOM HaNpaBICHUH
(peXuM 3amKCcH), W IS TOCNENYIoIero
onpeneneHHs HampaB/ICHUst HaMarHu-
yeHHOCTH (PEeXHMM CYHTbiBaHuA). Mar-
HUTOPE3NUCTHBHBIC CUMTHIBAIOLIME roJIO-
BKM CYILECTBEHHO UYBCTBHTEJibHEE, YeM
WHAYKLHOHHBIC. \

Marepuanbl, COCTOSAIIHE H3 OAHOMO-
MeHHbIX (EpPOMarHUTHBIX HAaHOYACTHLL
€O CNyyaitHO OPHEHTHPOBAHHLIM BEKTO-
pOM HaMarHWYEHHOCTH, HAXOMALIMXCHA
B HEMAarHMTHOM MaTpHLe, Takke obnaxa-
JOT THFAHTCKMM MarHMTOCONPOTHBJICHH-
em. Ha puc. 7.156 nokasana cxema Takoii
cHCTEMBI. B OT/IMUKE OT CIOMCTBIX CTPYK-
TYP Mammoconpomaneune B 3TO# CHC-
teme u3oTponHo. ITpH nomeuieHuH ee

B MAarHUTHOE I10Ji€ BEKTOpa HaMarHu4cH-

HOCTH (eppOMAarHUTHBIX HAHOYACTHIL

OPHEHTHPYIOTCS 11O TIONIO, YTO YMEHbILIA-
eT NEKTPIYECKOE CONPOTHRICHHE. Ban-
SHHE MArHUTHOTO TOJISI HA COMPOTHBAC-

HHC yBEJIHYHNBACTCA npu yBEJHYCHHH Ha-
Hpﬁ)KBHHOCTH TIO)ISI H )'MCHblllCHHH
pa3MepoB MaI’HHTHle 4acTHIL.

Ha puc. 7.18 NOKa3aHbl TUMHYHBIE pe- -

3y/bTaThl H3M¢p€ll"ﬁ Ha ILICHKE, cocTof-

1eit 3 HaHOYacTULL KoGanbTa B MEHOM
MatpuLe, npH 100 K. TuGpuanbie cHere- '

Mbl, COCTOAILLLME M3 HAHOYACTHLL B MeTan-
JIHYecKoit Marpuue, pacnonoxeuuoi‘t
MeXny AByMs (eppoMarHHTHBIMH CTOA=

MM, IEMOHCTPHPYIOT aHAJIOTHUHBIC Mar-

HUTOPE3UCTUBHbIE CBOMCTBA.
O6HapyXeHbl MaTepHatbl, HMelo-
utue Gonbluee 3HAUCHHE MAarHMTOCONpo-

1.6 Gk RAsl EEE L SRAd REAS ik Eadd
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Puc. 7.16. 3aBHCHMOCTD NEKTPHYECKOTO CO-
npotuBneHua R(B), HOPMHPOBAHHOTO Ha
anauenme npu Hynesom none R(0), mHoro-
choiinoit Fe-Cr cHCTeMBl OT MarHHTHOTO MO-
151, MPWIOXKCHHOTO apaJUIENbHO NMOBEPXHOC-
TH CJIO€B. y
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Puc. 7.17. 3aBHCHMOCTb H3IMCHCHHS Mar’u-

TOCONPOTHRICHHS AR OT TORUIMHEL MATHHT-
HOTO C/I0S KENE3a B MHOTOCNOiiHOI CTPYKTY-
pe Fe-Cr B NOCTOSHHOM MArHHTHOM nose.

KaK 06a KaHaia paGoTaloT NapauieNbHO, KaHal ¢ MEHbIUHM conpomnneuucu onpcnc-
JISICT MOJTHOE CONMPOTHBICHHE MaTepHana. v

DdpexT MarHUTOCONPOTHBIIEHHUA B ITHX C/IOHCTHIX MATEPHANAX CIYXHT 1yBCTBH-
TeIbHBIM ACTEKTOPOM NOCTOSHHONO MArHHTHOTO MOJIA M SIBAETCS OCHOBO# [ co3/ia-
HHMSI HOBBIX BBICOKOYYBCTBHMTENBHBIX CUHTHIBAIOLIMX FOJIOBOK MarHMTHBIX AMCKOB.
Jlo OTKpbITHA 3T0ro 3¢deKTa YCTpoicTBA MArHUTHOTO XPARHEHUA HHpOPMalMK HC-

THBACHISI, YeM CAOUCTHIE CHCTEMBI, 1 TAKOC ABCHIIC B X HA3BAHO KONOCCANBHBIM
MarHuToCONpoTHBICHHEM. T MaTepHATEL TAKXKE HMEIOT MHOKECTBO BOSMOXHOC-
Teit JU1sT TIpHMEHEHHS, HATIPHMED B SaniCHIBAIONIX MATHITHBIX TOZIOBKAX JWIH B uyB-
CTBUTEIBHBIX DIICMEHTAX marnuTomerpos. B Marepiapes Tina neposckuta LaMnO,
‘Maprael HmeeT BANCHTHOCTb Tpi. ECHH La®* yacTi4HO 3aMEHNTS ABYXBATCHTHEIL
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Puc. 7.18. 3aBHCHMOCTb HIMEHEHMS MarHi-
ToconpotusacHuss AR oT mpHAOKEHHOTO

O (La.Ca S1)

® . (Mn) .

0.. (0

Puc. 7.19. Kpucrannmyeckas crpykrypa
LaMnO,, B kotopoii npu neruposanun Ca

MarHHUTHOIO NOAIA V1A TOHKOM IICHKHM HaHo- WK Sr, 3amewalomnx La, naGnionaercs ko-
JacTHU KobansTa B MeAHOI MarpHue. JIOCCA/IbHOE MarHHTOCOMPOTHRICHHE,

HoHaMH, Hanpumep Ca, Ba, Sr, Pb iau Cd, s COXpaHeHHs 3neK1'p6Hem‘pan$HocTﬁ
HEKOTOPbIC HOHBI MapraHua U3MEHAT cocTosiHue ¢ Mn’* Ha Mn**. B pésynb'rare 06-
pasyeTcsi CHCTeMa CO CMelIaHHOI BaIeHTHOCTBIO Mn"’/Mn“, B KOTOPOif NPHCYTCT-
BYET 3HaUHTECIbHOE KONHYECTBO MOABHXHBIX HOCHUTENEIH 3apsza. O6HapyxeHo, uTo

Takas CHCTeMa IEMOHCTPHPYET O4eHb GOJBIIOE MATHHTOCOTIPOTHBEHHE. AneMeHTap-

Hasl A4eiiKa 3TOro KpHCTa/UIa NOKa3aHa Ha puc. 7.19. Hanpumep, conporusnenne cuc-
Tembl Lag 6;Cay 33Mn0, B noctosunom none 6 T uamensiercs Gonee, ueM B ThiCAYY
pa3. Ha puc. 7.20 nokasaHa 3aBHCHMOCTS YACIBHOTO CONMPOTHBICHHSA TOHKOIT NyeH-
KM 3TOro MaTepHana oT NpHAOXEHHOro TIOCTOSIHHOTO MarHHTHOTO FOJI. Tcthpa-
TYpHast 3aBHCMMOCTb YAEJbHOTO COMPOTHBAEHMHS NMpH TEMNEpaTypax HMXE TOYKH
Kiopu takxe AEMOHCTPHPYET HeOGbIYHOE NOBEACHMHE, hoxaaauuoe Ha puc. 7.21. Xo-
TA BIWAHHE HAHOCTPYKTYPMPOBAHHA HA TaKHe MaTepHaIbl ele He H3YueHO rionpoﬁ-

HO, OXHAAETCSA €ro APKO BHIPAXEHHOE AeifcT
BHE Ha BENHYMHY 3¢deKTa MarHHTOCO-
NPOTHRICHUA. i : '

7.7. DeppomariutHsie XUgKocTu

DeppoMarHUTHBIE XHAKOCTH — 3T0 KOJIIOMAbI, 06BIYHO cocTOALIME H3 10-HanoMeTpO-

BPIX MrHHTHBIX HacTHL, NOKPLITEIX MOBEPXHOCTHO-aKTHBHBIM BEILECTBOM Anst mpe-

J}::Ti]{)::::i:;ﬂﬂ HX arperauuu u B3BEUIEHHbIX B .KCPOCHHC HIH Tpchd)opMa'ropHoM Mac-
. He CTHLIbI IPEACTABASIOT COGOIt OnHONOMEHHbIE MarHHTbI, OPHEHTALIHSI Mar-

HHTHBIX MOMEHTOB KOTOPBIX B OTCYTCTBHI ' .

_ _ Mar{uTHOrO MoJs ciyyaitHa B Kaxablit
MOMCHT BPEMCHH, TaK 'TO NIO/HAS HAMATHHYEHHOCTS XAKOCTH pasHa Hymio, IpH Ha-

- 7.7. ®eppomaznumnse mudxocmu lég

0.12 AR R LA RS RS SR

\

12ﬁl!llltlllllvlllilllcllllth

o
-

=)
8

1
1
i
B
1
1
1
1
1
\
)
v
A

IS R e T

\
\
\
A}

A}

¢
i
1
1
|
1
)
t
1
1
1
1
1
1
1
1
I
1
1 \
[}

[}

i

" VaensHoe conpoTHnacHue, OM cM
L]
o Cav l Y o l B L l T - ' ¥ T 1 ‘ 1] T
YaensHoe conporuBaeHue, Om oM
o
&
I T A A

a8l e b s 2 b b s i

!
. 0.04 ‘A
. Y
/ 4
’I
.2 4 B
i 0.02 ’ -
l" <
0 o Wil el e e el P! g7 A L \ \ 1
0 o5 1 15 .2 25 3 % 50 100 150 200 250 300 350
Marunrnoe none, Tn Temnepatypa, K

Puc. 7.20. 3aBHCHMOCTb YAENLHOTO CONpO-
THBneHus 06pasuos La-Ca-Mn-O or npuno-

Puc. 7.21. TemneparypHasi 3aBMCHMMOCTb
YAENBHOTO CONPOTHRACHNS OTOACKEHHBIX 06-

JKEHHOro MarHMTHOroO noJis B paiioHe Touky  pas3uos La-Ca-Mn-O B Hyn1eBOM MarHHTHOM
Kiopu (250 K)... .. = . : none. 3

JNOXEHUH MArHUTHOTO NO/ISt MOMEHTBI OTZIENBHBIX YACTHLL BHICTPAHBAIOTCS 1O HANpaB-
JIEHMIO TIOJIsL, H KMAKOCTb HaMarHHumBaetcst. OGbIMHO B TAKHX XHAKOCTAX HCMOAB3Y-
10TCsl yacTHLbl MarHetnta Fe;0, Ha puc. 7.22 mokasaHa KpHBas HaMarHH4YMBaHHs
(ePPOXMAKOCTH ¢ 6-HAHOMETPOBBIMH YaCTHLAMM MarHETHTA, FHCTEPE3UC KOTOPOl
NMpaKTHYecKH oTcyTcTRYeT. TakiM 06pa3oM, (epPOMAaTHHTHbIE XHAKOCTH — Cyrepra-
paMarHMTHbIE MATHHTOMSITKHE MaTepHanbl. MIHTEpeCHO, YTO CYCTIEH3HMH MarHHWTHBIX
YACTHLL B XHAKOCTAX MCIONB30BATHCD B MATHUTHBIX BAKyYMHbIX 3aTBOpPAX HauMHas
¢ 1940-X ronoB, HO GPATHCH YacTHIIB 6O IBLIMX, MHKPOHHBIX, pa3MepoB. [TomeleHue
TAKOIi CYCMEH3HM B NOCTOSHHOE MATHUTHOE T10/1e NPHBO/IHT K €€ 3aryllieHHIO A0 TBEp-
JIOTO COCTOSIHMS, TAK YTO B HAMATHHYEHHOM COCTOSIHHH 3TOT MATEPHAN XHIKOCTBIO He
sBnsiercsi. HaHoMeTpOBbiii MACIITab pa3sMepoB YacTHIL ABNSAETCS HEOGXOMMMBIM yCIl0-
BHEM [UISi CyLIECTBOBAHMA (DEPPOMArHHTHOM XHAKOCTH. STH XHAKOCTH obnanaior
Maccoii HHTEpECHBIX CBOJICTB, TAKHX KaK 3aBUCHMOCTb OT MarHHTHOTO MO aHH3OT-
PONHH ONTHYECKHX CBOHCTB. : st S e
AHaJIOrHYHBIEe CBOMCTBA HAGMIONAIOTCA Y XHAKHX KPHCTAIOB, COCTOALIMX M3
JUTMHHBIX MOJICKY/1, 06/IAAIONIMX SNCKTPHIECKHM AHIONbHLIM MOMEHTOM, Ha OpH-
EHTALMIO KOTOPBIX B XHMKOI (pase MOXHO BAATS C MIOMOILLbIO SNCKTPHIECKOTO NO-
s, YnpapaseMoe NCKTPHYECKHM TOEM ABYYHCTIPETIOMICHHE XHAKHX KpHCTan-
JIOB LUIMPOKO HCITIONB3YETCS B ONTHUECKHX YCTPOIiCTBAX, HAMPHMEDP XHAKOKpHCTaN-
HMQGCKHX AUCTIIEAX }{apyq}{b!x. 4yacos P!HH NepeHOCHBIX KOMMNBIOTEPOB. 3710
NOJCKA3bIBACT NOTCHIMATbHbIE NPUMEHEHHS (EpPOMArHHTHBIX XHIKocreit Ha oc-
HOBE X ABY/Ty4enpeIOMIEHHS, 3ABHCALLIETO OT MaTHHTHOTO nons. ina Habmonenns
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Puc. 7.22. Kpupas namarnuuuBanms ¢eppo-

MaTrHHTHOI XHAKOCTH HA OCHOBC HaHOYac-

THU Marnetuta, Fe,0,, aeMoncTpupyer mar-

HHTOMSATKOE NMOBEAEHHE (OTCYTCTBHE THCTC-
P —4

pesnca). |- Opcrep = 10~ Tecna.
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Puc. 7.24. (a) — 3asucumocts PaccTosiHus
'MEXIY UEMOYKAMH MATHHTHBIX HAHOYACTHLL OT
MHAYKLHMH MAarHHTHOTO MO, NapaUIeNbHOIO
NOBCPXHOCTH IIEHKH; () —~3aBHCHMOCTD TOJ-
HIHHbI LIENOYEK OT MATHHTHOIO NOJSI.
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Puc. 7.23. Qororpadus uenoyex MarHHTHBIX
HaHOYACTHL B IUICHKE (deppoMaryuTHOll
XKHAKOCTH NPH HANOXEHMH NapaieNbHOrO
TUICHKE MarHUTHOTO MOJIS, NOJNYuEeHHas Yepe3
ONTHYECKHIT MHKPOCKOIT.

3TOro SIBJCHMS XHMAKOCTb NOMEILAIOT
B 3aKPHITYIO CTEKJISHHYIO UEHKY CloeM
TONMHON  HECKOJIBKO  MHKpOH.
Ipu HanoxeHun MarHuTHOrO MONA Ma-

PAJUIEIBHO NOBEPXHOCTH C NMOMOILUBIO

ONTHYECKOro MMKPOCKONAa MOXHO Ha-
Gmoparb, Kak HEKOTOpbIE MarHUTHBIE
YaCTHLBI B XKHAKOCTH COGHPAIOTCS B Hr-
nooGpasHuc LEMNOYKH, OPHEHTHPOBaH-
HbIE BIOMD nons. Ha puc. 7.23 uzo6pa-
KEHbI TAKHE LIEMOYKH npu Ha6moaeunn
B MHMKpocKon. C pocTOM MarHMTHOrO
nons Bce Gosbluee KOAMYECTBO YacTHL
NPUCOEAUHSACTCS K 3TUM LIeNoYKaM, KO-
TOpbIE CTAHOBATCA U TOJILLE, M JUTHHHEe.
Pacc'roxuue MEXIy LIeMouKaMM TaKxke
yMeHbmac'rca Ha puc. 7. 24a u 7.246
NIPHBEACHBI JaHHbIE 0 PacCTOSIHUM MeX-
Ay uenoYKaMH M HX TONUIHHE B 3aBUCH-
MOCTH OT HaNPSAXEHHOCTH Manmmoro
nons. Ipu HanoxeHuu nons nepnexau-
KYJIAPHO NOBEPXHOCTH IMJICHKY LEMOYKH

YNOPANOYHBAIOTCS B CTPYKTYPY, CHHMOK

xoropoﬁ qepes onmqecmm MHMKpOCKON NoKa3aH Ha puc. 7.25. ITepBonauansHo,
TIpH HH3KHX MOJISIX, KOHIBI LEMOYEK PACoNaraloTcs Ha TUIOCKOCTH cayyaiiHo. Kor-
23 NPH yBENHYCHHH 'HanNpPSXXEHHOCTH NONA JOCTHraeTes KPHTHYECKOE 3HaYeHHe, Lie-
NOYKH YNOPAKOYHBAIOTCS B TNOKa3aHHYIO Ha PHCYHKe TeKCaroHaJbHyio CTPYKTYpY.

- 7.7. Peppomaznumusie ncudxocmu I7D

Takoe noBeseHHe aHANOTHYHO obpaso-
BaHMIO PEMIETKH BHXpeli B cBepxmpo-
BOAHHKE BTOPOTO poja.

- O6pasoBanue uenouex B Bheppoxu-
KOCTH B MarHMTHOM IOJIE AENaeT e¢ Of-
THYECKH aHH30TpOINHOiA. [Tpu pacnpoct-
PaHEHHM cBeTa Wiu, B obliem cnyuyae,
3JIEKTPOMarHMTHOM BOJIHBI, BEKTOpA Ha-
NPSKEHHOCTEH ' 3/IEKTPUYECKOro M Mar-
HHUTHOTO TOAs KoneGJNIoTCS B IUIOCKO-
CTAX, NEPIICHAUKYISPHBIX HAaNPaBIEHHIO
pacnpocTpaHeHHs BONHbI. CBeT Ha3biBa-
€TCA JIMHEHHO TIONSPH30BAaHHBIM B TOM
ciy4ae, eCJii KonebaHHsl BEKTOpa OfHOro
THIA NIPOUCXOMAT.B ORHOIN NeprneHAHKY-
Jmpuoﬁ Jy4y TUIOCKOCTH, @ HE B chyuaii-
HOM noncpetmom HanpasneHny. Korza \
JmHeﬁHo nonapusonaﬂuuﬁ CBET majaer
Ha rmeuxy d)eppomampmxoﬁ xmxxocm :
Haxowuuylocx B MarHMUTHOM nione, OH
BBIXO,&HT c npyroi& croponu TUIEHKH -
nun’mqecxu nonapnsoBaHHuM. 910 Ha-
3HBaIOT 3<b¢ex'r0M Konona-Myrona aneplmeumwaﬂ YCTaHOBKa 1ist Haﬁmone-
Hml 3TOro 9(bd>el<'ra nokasaHa Ha puc. 7.26. JIuHeiHO NoNApU30BaHHbII JHOMONHH-
TENbHBIM  TOSIPOHIOM nyq remm -HEOHOBOrO Jiaepa TMajaeT Ha IUIEHKY
d)eppomaruumoi‘( XuaKocTH. s MCCENOBAHUS TMONAPH3ALUMH BBIXOMSILICTO M3

Puc. 7.25. H3obpakcHue KOHLOB Lenoyex
'MarHMTHBIX HAHOYACTHI B (PEPPOMATHHTHO
" XKHAKOCTH B TNEPNEHAMKYNAPHOM TIUICHKE

MAarHUTHOM NOJNE, NONYYEHHOE B ONMTHUCCKOM
-~ MMKpockone. HanpskeHHoOCTb mosns nocTa-

TOYHA ANl HOPMUPOBAHHA TEKCATOHANLHOM
 PELICTKH M3 LIEMOYeK.

" IUICHKHM CBETa ucnonwyeTcn npyroﬁ ToNApOUA, Ha3elBaeMblif aHanu3zaropoM. OH pas-

Memae'rcn Mexay mlcm(on u ne'rex'ropou CBETa, B Ka4yecTBe KOTOPOro BICTymnaer ¢o-
TOYMHOXHUTEJIb. Idmencuauom NpOILEAILIEro My4YKa CBETa H3MEPSAETCA KaK (hyHKLs
YI/Ia OPUCHTAUMH HANpaBieH s MONAPH3ALIMH aHAH3ATOpa, 0GO3HAYEHHOTO Ha pH-
cynke Gyksoit 7. 3 puc.-7.27 BUIHO, YTO HHTCHCHBHOCTb IPOXOASALIETO CBETA CHITLHO
3aBMCHT OT yrJa 7). DTOT 3 PEKT MOXeET GLITh MONOXEH B OCHOBY ONTTHYECKHX Nepe-
xmoqareneﬁ B xo'ropux HHTEHCHBHOCTb IPOMYCKAEMOro CBETa MeHseTCs nocpencT-
BOM M3MEHEHHsI MAarHWTHOTO TIOJIst HJIH HaNpaBIeHHs! NONSPONIA. ;

C noMouwpio (eppOMATHHTHOIH KHAKOCTH MOXHO TaKXe CO31aTh HACTpaHBae-
Mbl€ MATHHUTHBIM T0JIEM AH(PAKUHOHHBIC PELICTKH. Jdudpakuus BO3HHKAET B pe-
3ynsTare Hanoxenun ABYX HIIH GOJIBLLIET0 KOJIHYECTBA CBETOBBIX BOJIH C OIHAKOBOI
IUTHHOM BOJIHBI, npuxonnumx Ha JETEKTOp, HanpHMep, (OTOMIEHKY, MO MyTSM
Cnerka pasHoii JUIMHBI. Eciit AUTHHA MyTeil OT/IHYACTCA Ha MONOBHHY JUTHHBL nog}m
TaKHe BOJNHBI TracAT npyr Apyra, a Ha IUieHKe ofpasyeTcs TeMHas obnacts. Ecau

JUTHHA nyrcﬁ OTAMYACTCA HA JUIMHY BOHbI, HHTCHCHBHOCTH BONH CKNajbiBaloTCH,

obpasys xpxyio oﬁnacrb Ha ncTeKTope. AudpakuHOHHAA PELIETKA COCTOMT H3 TOH-
KMX weneit, paaueceHHux ApYT OT Apyra Ha PacCTOSIHHs NMOPANKA JUTHHBI BOJIHBI
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Tenuit-neonontit nasep Ock nponycxanns

Ocsb nponycknumt

Yron Mexany nonsipusaropas

llcrcx'rop ,

Puc. 7.26. Okcnepumentansias YCTaHOBKa U1 u3mepeHus addexra ontiueckoit nossi-
PH3ALIH Ha NICHKE hJePPOMArHHTHOI KHAKOCTH B MarHHTHOM nose, napan-

JICILHOM NMOBEPXHOCTH.

nanaiouero caeta. Buiwe 6510 MoKa3aHo, 4TO NpH NOMeIIEHMHU MACHKH deppomar-
Hnmo;‘i'mmmcru B I0CTATOYHO CHJIBHOE nocrbmmpc MarHuTHOE mose, Hanpas-
JICHHOC NEPNEHANKYNAPHO N/IEHKE, aTPErHpOBaHHbIE B UEMOYKH (heppoOMarHuTHbIe
HAHOYACTHLILI 06Pa3yIoT paBHOBECHYIO ABYMEPHYIO TeKCaroHaNIbHyIo peuseTky. Ta-
Kas CTPKTypa MOXET BBICTYNaTh B KaYecTBe IBYMePHOI ONTHYECKOii AHpPaKLUHOH-
HOH pelIETKH, HAa KOTOpOW najmalowmii Ha Hee cBer Gyaer audparuposats.
Ha puc. 7.28 nokasano 4epHo-6en10e H306paxkeHHe LBETHBIX AU(PaKLHOHHBIX KO-
Jieu, BHIMANSWMX KaK YepeNoBaHHE CBETNBIX M TEMHBIX YYacTKOB. DTa CTPYKTYpa
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Puc. 7.27. Untencusocrs nyuKa csera, npo-
XONALICTO HCPE3 AHATH3ATOP, NOKAZAHNBII Ha

pHc. 7.26, B 3aBHcHMOCTH OT Yraan B HysncsoM
MaruuTHoM none u B none 200 3 (0.02 Tn).

8 9@ 91 9 8 g g

obpasyercs B pesynbTate AMppakuuu
NapaneNbHOro nyyka GEoro cseta Ha
nAeHKe (beppoMarHuTHON XuakocTH,
MOMCLICHHOI B MarHuTHOe mone. [u-

_d)paxuuo'nnga KapTHHa onpeaensieTcs

ypaBHeHHeM £ .
dsin@=p1 = (7.6)
rae d ~ pacCTOsHHME MeXay LenouKaMHu
HaHoyacTHU, © — yron Mexay Hopma-
JIbIO K MOBEPXHOCTH NICHKH M BHIXOAS -
LM M3 Hee myuykoMm cpera, # — uenoe

YHCNIO, @ A — JUIMHA CBETOBOI BOHLL
Panee 6bu10 MOKa3aHoO, YTO paccTosHHE

 d Mexay uenoukamu 3ascut ot Hanpsi-
KEHHOCTH NPHUAOKEHHOTO MArHHTHOrO

nonsi. Takum o6pazom MoxHO NoAy4YHTh

nepecTpauBaeMyio Andpakuionnyio pe-

LICTKY, KOTOPYIO MOXHO MmoAcTpauBaTh

Ha TpeOYeMyIo JTHHY BONHBI, H3MeHSS
HanpsXeHHOCTb MArHHTHOIO Mo,

DeppoMarHiTHLIe XHAKOCTH yxe -

KOMMEPUECKH HCMONL3YIOTCS B He-
CKOJIbKHX NPHJIOXEHUsIX. OHM BbICTYMa-

IOT B KaYECTBE rEPMETHKA, MPENSTCTRY-

IOWIEr0 MPOHHKHOBEHHIO MLUTH BHYTPH
KOpMyca 3KECTKHX IHCKOB MEpPCOHANb-
HBIX KOMbIOTCPOB, M BAKYYMHbBIX Y-

JIOTHHTENEH, HEOOXOAMMBIX LIS BBEgC-

HUsA GBICTPO BpALIAIOMIMXCS OCEit B Bbi-
COKOBaKYYMHPOBaHHYIO 30HY.
B nocneaHeM cayuae XuaKOCTb HCNOMb-

3yeTcsl JUISl TEPMETH3ALMH WeH MeXay

BPALLAIOMMMCS BATHKOM M NOAAEPXKH-
Baloulei €ro onopoii, Kak NOKa3aHo Ha
puc. 7.29. YnnoTHEHHE COCTOMT M3 He-
CKOJBKHX Kamneib ¢eppoMaruuTHoil
XKHAKOCTH B MPOMEXYTKE MEXAY OChIO
M BTYJIKO#i, B KauecTBe KOTOPOii MCMONb-
3yeTcAd UMIAMHAPHYECKHI MOCTOSIHHBI
MarHut. XKuaxkocts o6pa3yet BOKpyr oc
HENPOHULIAEMOE KOJIbIIO, HE BLI3bIBAIO-
uiee, OQHAKO, 3aMETHOTrO TpeHus. Y-
JIOTHEHHsA TAaKOro THMA MCMOJb3YIOTCA
BO MHOTMX npumcHeHusix. Peppomar-
HHTHbIC XXHAKOCTH MCMOJIb3YIOTCA B aKy-
CTHUECKHX AMHAMMKaX g gemndupo-
BaHMA MeMOpaHbl, [laxe npupoma uc-
nosnb3yeT (heppOMarHUTHBIE XHAKOCTH.
Hanpumep, cumraercs, uro ¢eppomar-
HUTHas XWAKOCTb MIPacT OMpenaeseH-
HYIO posib B CHCTEMe OpHeHTaLuH dope-
Jm. Tonaraiot, yto B Hocy openn cy-
LWECTBYIOT  KJECTKHM,  COAepXallue
CYCMICH3WM HAHOYACTHL MarHETHTa.

Koraa priba MeHsieT cBoio OPHCHTALUHIO

MO OTHOWIEHHIO K MarHUTHOMY MONIO
3emau, HampasjieHHe HaMarHHYEHHOC-
TH (heppOMarHHTHOI XHIKOCTH B KJICT-
Kax MeHsiercs. Dto uaMeHeHue obpaba-
ThIBaeTCsi Mo3roM ¢opeii Uist noayye-
HHs MH(DOPMALIHH O ¢ OPHEHTALHH.

7.7. Qeppomaznumnsie :xcm_)xocmu I@

Puc. 7.28. Yepuo-Genoe H300paxeHue
UBETHLIX ANGPaKUHOHHBIX Konel, o6pa3y-
IOIKXCA NpH MPOXOXACHHH CBECTa uepes
NACHKY (EePPOMArHHTHOI KXHAKOCTH B nep-
NEHAUKYNAPHOM K €€ MIOBEPXHOCTH MArHHT-
HOM noJe.

DCppOMArHHTHBIC AMCKH
PN Deppoxua-

~
~

/

1 \
1 A
A}

®eppoMarHuTHbIi \
BRINK

\

AY
Linannapiseckmit
NOCTOAHHKI MarHuT

Puc. 7.29. HUamoctpauus Mcnonb3oBaHns
(heppOMArHHTHON XHAKOCTH B KauecTae Ba-
KYYMHOTO 3aTBOPa MEXAYy BpallalomuMmcs
BAJIOM M3 MaTepHANA C BLICOKOI MAarHHTHOI
MPOHHUACMOCTBIO M HCNOABIDKHLIMI TONIO-
CAMH NOCTOAHHOIO MarHmTa.
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ITTABA 8.

ONTHUYECKAS
U KONEBATEJIbHAS
CNEKTPOCKONUS

8.1. Bneneuue

CrieKTpoCKONHA ABNSAETCA ONHUM M3 OCHOBHbIX CIIOCO60B HCCIEeN0BAHMS HAHOYACTHLL.
B nayane atToit massl npeacTaBneHsbl HEKOTOPBIE BBOAHBIE KOMMEHTapHH O CYTH Clie-
KTPOCKOINHH, a 3aTeM OOGCYXHAIOTCS pa3Hble METOABI, C MOMOLIb KOTOPBIX MOXHO
YAYYUIUTD Halle NOHKMaHKe NPUPOALI HAHOYACTHIL.

- CyLuecTByeT HeCKONbKO THIOB CIEKTpOcKon K. CBeT Wi H3NTyYEHHE C HHTEHCHB-
HOCTBIO [y MpH MajeHUH Ha MaTepHa MOXET NPOXOANTD (I7), nornowarscs (I,) win
OTpaXaThCst OT Hero (/), Kak MoKa3aHo Ha pHC. 8.1, MpHUEM 3TH HHTEHCHBHOCTH CBSi-
3aHbl Bupaxcunem ONHCBIBAIOLIMM HX Ganauc ~

b= IT+1A+IR sk (31)

B axcnepumemax o6wmo MEJIEHHO MEHSIOT 4acToTy v = a)/2:r HWIH JUIHHY BOJIHBI
Av=c, tae c=2,9979+ 10° = 3+ 10° M/c — ckopocTs cBeTa B BaKyyMme. B THITHUHBIX Chy-
yasx nanaioluii GoToH ¢ sueprueit E = fiw (f — nocrosnHas [T1aHKa) BLI3BIBAET BO3- -
GyxneHue Kakoro-Jin6o 3/1eKTPOHHOTO YPOBHS, YTO H NPHBOAMT K MOTJIOLIECHHIO CBe-
Ta. B npocseynBaioieit CNEKTPOCKONHH HHTEHCHBHOCTHIO OTPAXEHHOTO My4Ka 06bIY-
HO NMpeHeOperaloT ¥ ONpeaeNsIoT 3aBUCHMOCTD NMOTMOLIEHHS OT YacToThl @ (1K A) no
YMEHBILUEHHIO HHTEHCUBHOCTH npouueauero csera /. B cnexrpocxomm OTPaXEeHHS
npeHeGperaloT HHTEHCHBHOCTEIO TTPOXO- 4 2
JSILIEro Mmy4Ka M ONpefensioT Norouie-
HHEe no orpaxeHHoMy csety (/p). Ipo- -
3payHble 00pa3ibl 00BIYHO H3YYaloT Ha.

NPOCBET, & HEMpO3payHble — B OTPAXEH- -~ lo—»
HbIX nyyax. Takum obpasom, cnexkrpo- - !

CKONUYECKHE M3MEPEeHHsI MPOU3BOIATCH J951 rASgI —>ty
NyTeM MEUIEHHOr0 M3MEHEHHs (CKaHM-

posanus) E, @ unu A Najaiowiero cBeTa - i <

M H3MEPEHHS BIUSTHHSA 3TOr0 U3MEHEHHs
Ha I'y (unu Ip), MHTEHCHBHOCTH KOTOPOTO

HEeNnpepbIBHO 3anuchiBacTCAd TPH TaKOM

cKaHupoBaHuH. Bosee COBpEMEHHBIC yC- .

TAHOBKH B KayecTBe JCTEKTOPOB CBCTAa
HCTONB3YIOT MPHOOPHI € 3apAnoBoil CBA-
ssio (I1C3), npeactapnsiomue coGoit

Puc 8.1 Cxe\ua pacnpcncncmm HHTCHCHB-
HOCTH na.ua:omen a.ne)crpouamlfmoﬁ BOHBI
1, MeXIy YaCTHYHBIM moroutenmem I, vac-

“THYHBIM OTPAXCHHEM [p M HACTHYHBIM NpO-
xoxaeHueM Iruepes obpaseu.
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Eoxc
‘ Beananyuarenb-
Manaoummit ; '_ £ j H_Hi'l "CPCXOJI
iy £2 JhioMHHecUCHTHas
¢ amucens hw,,,
Egra :

Puc. 8.2. lnarpamma 3HepreTHYecKuX ypos-
Heit, Ha KOTopoii nokKasaHo, Kak manaoumii
¢oron fiw, nepeGpacsiBacT NEKTPOH M3 OC-
HOBHOrO coctosiums £,,, B Bo36yxnenHoe co-
croanue E, ., Geausnyvarenphslit mepexon

exc? '
ATOro 3/CKTPOHA B JONTOXHBYLUCE MeTacTa-

Ha6op METaLI-OKCHA-NOMYNPOBOAHUKO-
Bbix (MOII) crpyktyp, cocroswmux us
CJIOSi JISTHPOBAHHOTO KPEMHMA p-THna
H CJI0S1 OKCHIA KPEMHHS Ha MeTaJUlHyec-
Koit noanoxke. INapaionne GoToHb No-
POXJAIOT HEOCHOBHLIC HOCHTEJH, TaK YTO
TOK MPONOPUHOHANIEH HHTEHCUBHOCTH.
Takue yCTaHOBKH NPOM3BOAST HECKOBKO
GBICTPBIX MPOXONOB MO YaCTOTHOMY AMa-
TIa30HY, JaHHbIE O KOTOPbLIX 06pabarsiBa-
I0TCs1 Ha KOMIBIOTEPE, YTO NMO3BOJISET MO~

Gunstoe cocroanme E,, i ero penakcaunio - J1Y4HTb MONHBII CNIEKTP 32 CPABHHTENBHO

nyTeM JIOMHHECUCHTHOI 3MMccnM (oToHa . KODOTKOE BpeMsl. ’

- i B 310it rnaBe Hapsay ¢ onTHYECKO#H
' ' CMIEKTPOCKONMEH B BUAHMOM M yJBTpa-

cbHONeTOBOM AManasoHax (vacTotst ot 4+ 10" n0 1,5+ 10" Iy, 2 ot 0,8 10 0,2 MKM) 06-°

CYXKAAIOTCS MCC/ICA0BaHUS HAHOMATEPHANIOB METOJaMH MHGPAKPacHOH M PaMaHOB-
cKoit cniekTpockonmi (wactorst ot 10”10 4+ 10" T, ansna Bosks! ot 300 10 1 MKM).
B 3MHCCHOHHBIX BHIaX CMIEKTPOCKONMY Nanaouuii GoToH Bo3byxuaeT 3MEKTPOH
H3 OCHOBHOIO COCTOSTHMS Eg,,,, B HEKOTOpOE BO30YXKIEHHOE C E,., 43 KOTOpOro oH co-

* BEpIacT Ge3M3NTyyaTe/IbHBIN NEPEXOA B NPOMEXYTOUHOE BO30YXIEHHOE COCTOIHHE
4 3aTeM BO3BpaLLAeTCs B OCHOBHOE McnycKast GOTOH ¢ 3Heprueii iy, DTH MCTIYILEH-
Hble (OTOHBI peTHCTPUPYIOTCS M AHAIM3HPYIOTCSA, KaK MOKAa3aHO Ha puc. 8.2. Ecan
9MHCCHs NPOHCXOAMT Cpa3y Xke, OHa Ha3siBaeTcs (moopecueHumeii. Ecau oHa NpOKC-
XOMMT C 3aNePXKOii, BEI3BAHHOI GOJIBLLINM BpeMEHEM XH3HH MIPOMEXYTOYHOTO MeTa-
cTabubHoro coctrosnms E,,,, To — dochopecuenumeii. O6a BUIA IMUCCHH HA3BIBAIOT
JIIOMMHECLICHIHEH, a BeCh NPOLECC NMOMTOLIEHHS CBETA C NocnenyIownM HaNyYeHH-
eM — (oToamuccHeit. DMHCCHOHHAS CMEKTPOCKOMMSI MOXET NMPOBOAMTLCS MyTEM H3-
MCHEHHS YaCTOTbI NANAIOLIETO CBETA, MAH — W3YYeHMUS YaCTOTHOTO pacnpeaeneHus u3-
JIY4CHHOTO CBeTa, a TaKXe KOMGHHauueit 06oux aTHx cnoco6os. B PSIZAE CIy4yaeB SMHC-
CHIO CBETa BBI3LIBAIOT MOCTENEHHBIM HarpeBoM oGpasua, B npouecce KOToporo
B HEKOTOPOM 1Hana3oHe TeMNepaTyp HabNIoAAETCA TePMOMTIOMHHECLIEHIIHS. Hanee 6y-
AYT PaCCMOTPEHBI CNIEKTPbI IOMUHECLICHLIMN BO BCEX 3TUX BAPHAHTAX.

8.2. Undpakpacusiit guanason ;

8.2.1. Cnexmpocxonun noAYNPoBoOHUK06, IKCUMONDI

BbluienpueaeHHble 3aMeyanus o CMCKTPOCKOMHH HOCAT o6L1Mit XapaKTep M KacaioT-
Cs1 BCeX ee pa3sHOBHAHOCTE! — yAsTPaHONETOBOI, B BUAMMOM CBeTe, HHbpakKpacHoif,
PaMaHOBCKO#, TIOMHHECLIEHTHOIH. [Monynposonxnkossie MaTepHanbl MMEIOT orpene-
JICHHYIO CIeLUHPHKY NPOUECCOB, NPOMCXOAALIMX NIPH NOIJIOLUEHHUH WIN IMHCCHM CBe-

Ta. IMagalommuit ceer ¢ 3Heprueit gportona
MEHEE IMPHHBI 3aNPEIEHHON 30HLI E,
NPOXOAMT 4epe3 obpasel; Ge3 nornome-
HUA, a GoTOHBI Gonbiuel sHepruu MoryT
BO36YXIaTh 3/IEKTPOHB BANCHTHOMN -30-
HBl, NepebpackiBas MX B 30HY MPOBOAM-
MOCTH M OCTaB/sIs B BICHTHOI 30He
Awipku. Ha puc. 8.3 nokasan rpamk cre-
KTPaTBHOM 3aBHCUMOCTH KO3ddHLMeHTa
ONTHYECKOro TOINOLIEHHS 00beMHOro
GaAs, 13 KOTOPOro BUIHO, YTO NOrIONe-
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- Puec. 8.3. Cﬂel('l‘pl;l nornomweHns B GaAs

BO/IM3M 3HEPrHM, paBHOIt WIMPHHE wen,
NpH pasnMYHbIX Temnepatypax. [Ipusesenst
IKCMEPHMCHTATBHBIE TOYKH M TEMHBIE JIHHHK

HUC HAUMHACTCSA NMPH JIHEPIUH (POTOHA  ANNPOKCHMHPYIOLINX KPHBBIX. g
fiw, 6nu3KoM K wWMpUHe wenH E, Enowor: pm

W3 panubx, npuseaeHHbix B Tabnuue B.7, cnenyer, uto TeMIepaTypHblit Ko3ddui-
CHT WHPHHEI wenn dE/dT ans Becex nonynposonsukos A™BY u A"B" OTpHLATENIEH,
TO ECTb NIpH NOHMKCHHH TEMNIEPATYPHI NOTNOLICHHE HAYHHAETCA NPH G6BIINX Hep-
THSIX, KaK H TIOKa3aHO Ha PHCYHKeE. DTO Ha3bIBAIOT roly6eiM cMeLeHHeM. JToHIDKeH e
TEMIICPATyphI BLI3BIBACT TAKKE M YBENHUCHHE KOI(DDHLMEHTA MTONIOLEHNMS.

- Jpyroii BaxHBIit BKNal B CIIEKTPOCKOIHIO NOMYNPOBOAHHKOB BHOCHT NPHCYTCT-
B¢ B MaTepHane cnabOCBA3aHHBIX COCTOSIHMI, Ha3bIBAEMBIX BKCHMTOHaMH BaHbe-
Morra. OHu npeacrasasior co6oit napsl, o6pasyembie 37€KTPOHOM IPOBOAHMOCTH
H IBIDKO# M3 BAJICHTHOI 30HBI, KOTOPbIE IPHUTATHBAOTCS APYT K APYTY KYJIOHOBCKHMH
cunamu e’/4neey”. DkeuToHB Banbe-MoTTa MOXHO YNIono6uTh BOZAOPONONOAOGHOMY
aToMy C CHCTEMOI YPOBHe#i 3HEPIHH, Ha3bIBacMoii cepHsiMu Punbepra, Kak omucaHo
B naparpace 2.3.3. D deKTHBHBIC MACChI ANEKTPOHA M, H ABIPKH my, B IOJIYTIPOBOS-
1eif LHHKOBOH 06GMaHKe MHOTO MEHBILE Macchl CBOGOAHOTO MEKTPOHA mg, KaK MOX-
HO yBuaeTh W3 TaGnuuel' B.8. B pesynerare 3dpdexkTiBHas Macca 3KCHTOHa m* =
mgn,/(m, + my) TOXe CyLIECTBEHHO MEHbILE my. JHANeKTpHUeCcKast IPOHHLIAEMOCTD
MaTepHaia €, KOTOPYIO MOXHO B3aTb W3 Tabmuusl B.11, 3amMeTHO Gonblue eXHHKLIBI,
TaK YTO B PE3YNLTaTEé YPOBHH 3HEPrHH CHCTEMBI COOTHOCSATCS C OCHOBHBIM YPOBHEM
aToMa Bofopofia ¢ sHeprueit 13.6 3B nocpencTsoM ypaBHeHHs

SAGEIRTRIN, £ 13.6m [/ my

e

E = (8.2)
IZie KBaHTOBOE YHCJIO N MPHHUMAaeT 3HauYeHus n = 1,2, 3, ..., an = 1 cooTBETCTBYET OC-
HOBHOMY COCTOSIHHIO. M3 ypaBHeHHS 8.2 BHAHO, YTO W OTHOLUEHHE Macc m*/my, 1 OT-
HOCHTe/IbHAs AH3NEKTPHYECKask NMPOHHLIAEMOCTDb BELIECTBA £ BHOCAT CyLIECTBEHHBIIT
BKJIaZl B YMEHbIIIEHHE SHEPTHH CBA3H 9KCHTOHA IO CPABHCHHIO C 3/IEKTPOHOM B aTOME
BOJIOPO/IA,  COMOCTABJCHHE IHEPreTHYECKHX CTPYKTYP KOTOPHIX NPHBEAECHO Ha
puc. 2.20. B 06beMHBIX MOJYNPOBOAHHKAX IKCHTOHHBIE CMIEKTPhI NOTJIOWEHHS CITHLL-
KOM c/1a6s! [uia HabnmofeHHUs NPH KOMHATHOMH TeMInepaType, HoO OHH 00HapyXHBaIOTCS
TIDH HH3KUX Temneparypax. CyllecTBeHHass HOHH3aLHA SKCHTOHOB NPH KOMHATHOI
TeMIepaType ocnabisier noraoueHHe UMK ceeta. Ilonyyaloulasics: B pesyasrare 310ro

7—2087
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TEMINEPaTypHas 3aBHCHMOCTE NPOWLTIOCTPHPOBAHA HA PHC. 8.3 HaGopoM CNEKTpPOB,
Ha KOTOPBIX 9KCHTOHHOE TOIMOUICHHE HaG/IONAeTCs OKONO rpammu LIEJIH ¥ CTaHO-
BHTCS GOJiee 3aMETHBIM MPH MOHHXEHUH TEMIIEPATYPBI. . :

. J1o cHx nop 06CyKAANOCH ONTHYECKOE MOIOIEHHE B oﬁwunom apCeHHAe raJutus.
CleKTPOCKONHYECKHE HCCef0BaHHs ApyriX nonynposomaukos Thna A"'BY nokassi-
BAIOT, YTO HX ONTHYECKHE CIICKTPHI NOMMOUICHHS B LIENIOM UMEIOT TOT Xe B, OnTiue-
cKas CMEKTPOCKONHSI HAHOYACTHLL OOHApYXKHBAET, YTO YMEHbIUICHHE HX Pa3MEPOB NpH-
BOJMT K CMELLIEHHIO CMIEKTPOB B CTOPOHY 66/bINX 3Hepruii. Takoe ronyboe cMemeHHe
COMPOBOXAAETCS YBENHYEHHEM WHTCHCHBHOCTH MOMIONICHHS, @ 9KCHTOHHOE MOTJIo-
LeHHe CTaHOBHTCH Gonee 3aM_e‘muM. OnTiyeckue crnextpsl CdSe, nokasaHHbie Ha
puc. 4.20, WUIOCTPHPYIOT 3TY TCHACHIIMIO JUISl YaCTHIL ¢ pa3mepamu 4 u 2 HM. Takum
o6pa3oM, MOHHXEHHE TEMNIEPATYphbl H YMEHbLIEHHE paauepon YaCTHII BAUSIOT Ha Clie-
K'Ipbl nomomemw OYEHb MOXOXHM 00pa3oM. : T

8 2 2, an‘)paxpacnax cnexmpocxonux nooepxnocmu

Oﬁume npmmmm uHopaxpacHoii (UK) cnekrpockonuu, BKio4as PIK-cnex‘rpocxo-
nuio ¢ npeobpazosaHusamu Pypee (FTIR), 6bin uanoxexsl B naparpade 3.4.1. Otu
CMEKTPOCKONMHYECKHE METOAbl M3MEPSIOT MOMIOLEHHE U3NYYEHHS BbICOKOYACTOTHBI-
Mu- GOHOHaMH (T.e. POHOHAMH ONMTHYECKOI BETBH) M SBISIOTCS YYBCTBHMTEIBHBIMK
K HaIHYHIO OTAEJBLHBIX XHMHYECKMX IPYII, TakuxX Kak ruapokcun- (-OH), merun-
(-CHj), umuno- (-NH) n amuno- (-NH,). Kaxaas u3 3tux rpynn nornouaer undpa-
KpacHOE H3JTyYeHHE Ha XapaKTepHBIX YacTOTaX, a peajibHasi YacTOTa IOIJIOMIEHHs He-
CKOJIBKO MeHsieTCs NoJ, AeiicTBUEM OKpyxeHus. lanee 6yayT o6cyxaaTbes nexoropuc
peaynb'ram u3 pa6ots! Baparona (2000). . :

- B xavectse npumepa Ha puc. 8.4 nokasaH FI'IR CTIEKTp OKCHJAa THUTaHa ('1'102), |

Ha kotopoM BuaHbel UK nuunu nornomenns rpynn —OH, CO u CO,. Oxcun TnTaHa
SIBNSIETCA MPAKTHYECKHU BOXHBIM KaTAIH3aTOPOM, M CIIEKTPOCKOMUYECKHE HCCIEN0Ba-
HHA NMO3BOJAIOT NPOSCHUTDL KAaTATHTHYECKHE MEXaHU3MBI MPOLIECCOB, NPOHCXOMALIMX
Ha €ro NoBepXHOCTH. DTOT MaTepHal NPH KOMHATHOM TeMMNepaType UMEET KPHCTAUIH-
YECKYIO CTPYKTYPY aHarasa, ero MoBepXHOCTb JUISl MCTIONB30BAHMUSA B KaYeCTBe KaTaiu-
3aTopa MOXeT ObITh CHIBHO Da3BMTa. AKTHBMPOBaTh NOBEPXHOCTh KATAIM3ATOPOB
C NOMOLIBIO €€ OYHCTKH U NMOABEPraTh BO3AEHCTBUIO OKMCITHUTENBHOMN WX BOCCTAHOBH-
TeIbHOM arMocdepsl NPH BHICOKHMX TEMMEPATypax Uik CO3MaHHSA LIEHTPOB, Ha KOTOPBIX
GyneT MATH KaTaluTHYECKas peakuus, sBaseTcs obuwenpuHATol npakTukoii. Criektp
Ha pHc. 8.4 GbUT MoNyYeH BBIYHTAHHEM CNIEKTPa aKTMBMPOBAHHOIO. HAHONOPOLIKA OK-
CHJA THTaHa M3 CIIEKTPa TOro MaTepHaia Nocje ancop6UpPOBaHMs MM MOHOKCHA YT-
aepoza (CO) npu remnepartype 500 °C. Cunbhbic UK-THHMK NOINOIEHNS YIIEKUCTO-
O ra3a B CIIEKTPe CBUIACTENLCTBYIOT 06 OKHCAEHHH aicop6HPOBaHHOIO Ha MOBEPXHOC-
T4 yrapHoro rasa (CO) ao yrnexkucnoro rasa (CO,). OT™MeTHM, uTO CMrHan oT
noroweHus —~OH uMeer oTpULaTeNbHEIi 3HaK. DTO 03HAYAET, YTO Ha U3HAYANBHOMN
aKTHBHPOBAHHOM NMOBEPXHOCTH OKCHAA THTAHA, CIEKTP KOTOPO# BHIYMTAJICSA, NPHCYT-
CTBOBAJIO HaMHOro 6onblIee KomyecTBo rpynn —OH, yeM Ha Toif Xe NoBepXHOCTH Mo-
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BonHoBoe YMco, cM ™

Puc 8 4 <bypbe npeo6paaoaauuuﬁ mubpaxpacnuﬁ (FTIR) cnex'rp aKTHBHPOBAHHOTO
' HAHOTIOPOIIKA OKCH/A THTaHA C ancopGHpOBaHHBIMH MOICKYNaMH MOHOKCH-
""" pa yriepoaa (CO) Ha MOBEPXHOCTH 3a BLIYETOM MEPBOHAYANLHOTO CREKTPA
' aKTHBHPOBaHHOro HaHonopouwka. OTpuuaTenbHoe noraoueHHe B obnacTu
. OH o3HayaeT 3aMelEeHHE THAPOKCHIBHBIX TPYNN Ha Monekyabl CO, Ha no-
. BEPXHOCTH. 4

cne a,ncopﬁuuu yrapHoro ra3a Oqenunuo YacTh WMEBIUINXCA Ha MOBEPXHOCTH IPYIIN

OH Gbma 3aMeHeHa rpynnaMH CO,. Ha CIMEKTpE TAKKE BHAHBI HEKOTOPhie 0COGEHHO-
CTH B nuanasoue oT 2400 o 2100 cM™', nosiBuBLIMECS OT Koneﬁarenbﬂo-npama'renb-
HBIX Moz Monexyn co " COz. Kpome TOTO, TOCTENCHHOE YBENHYEHHE, nomomenun
c )’MCHBUICHMCM Bonuonoro uucna, 3aMETHOE B NpaBoif YacTH rpadyuKa, COOTBETCTBY-
eT LHPOKOik cnex'rpanbuoﬁ Tnosioce, BO3HMKAIOWIEH BC/IEACTBHE EKTPOHHBIX Nepe-
XONOB MEXIY Bancmuoﬁ 30HO# M 3onoﬁ NPOBOAMMOCTH B nemposamxom nonynpo-
BOAHMKE N-THNA, KOTOpblM CTaN OKCHJ THTaHa.

JUist TyqLIero NOHMMaH!s I/IK-cnempon MOJHO HCIIONB30BaTh METOAUKY uimcne-‘
HUS H30TOMHOTO cocTaa. M3 anemeHTapHOM pH3nKi M3BECTHO, YTO YaCTOTa IPOCTOrO
rapuonuqecxoro ocuwmm'opa @ Maccoif m M XeCTKOCTbIO NpyXuHbl C nponopuuo-
nanbHa (C/m)"”. 310 03HauaeT, 4TO YacTora ® 1 sHeprusa E = fiwy ymeHsIAIOTCH NpH
YBEJAHYCHHH MACCHI m. B pe3ynerate, H3IMEHEHHE M30TOMHOTO COCTABA, TO €CTh H3MEHE-
Hue MAcc siep BXOISLHX B cocnuHeHuc aTOMOB, MPHBOAKT K W3meHeHnio UK-vacror
nornouxemm xuuuqccxux rpynmn. Tak, BO3MOXHbI 3aMeHbI 0OBIYHOrO Bofiopona 'H 6o-
JNiee TSDKE/IBIM JeiTepHeM D, MIMCIOIIMM OTHOCHTENbHOE PACMIPOCTPAHCHHE B npupone
0,015%, o6bturoro yriepoaa "°C Ha uoTon BC (pacnpoctpanennocts 1,11%), 06br4-
Horo asora "N na N (0,37%), 06bruHOro KHCIOpOAa %0 na "0 (0,047%). Bce 3mH 3a-

lMCHbI ynenuqunam Maccy aTOMOB, 8, cncnonarenwo, TIOHHXAIOT HK—‘!&CTOTY norio-

weHus. Takoe yMewaeHuc 0coGEHHO 3aMETHO B CITy4ae 3aMEHBI BOZOpORA neitrepueM:
TaK Kak OTHOLICHHE Macc mD/m,, = 2, To YacTOTa yMeHblnaercs B 2 = 1,414 pas.
Ha FI'IR-cnempe HaHonopomxa Hutpnzaa 6opa BN, npeacraBnennoM Ha puc. 8.5,
BHIICH 3TOT CUBHT B ~ /2 pa3 nocne 3aMeHBl JIETKOTO BOAOPOAA AeHTepHEM. Ha pucynke
rnoxasas nepnonaqanbnuﬁ cnex'rp Hanonopowka BN nocne akrusaunu npu 875K
(xpuBas a), cnexTp TMOpOLIKa Nocc HACHILIEHHS AeiiTepieM (KpuBast 6) H pas’HOCTh
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3THX JBYX CMEKTPOB (KpHBas B). BuaHo, 4To Npu AeiTepHPOBAHHH NEPBOHAYAIBHbIC ; i s an s
rpynnst B-OH, B-NH,, B,-NH usmeHmm cocras Ha B-OD, B-ND,, B,-ND coorser- H H

CTBEHHO, 2 H3MEHEHHE BOJTHOBOIO YMCNA, TO €CTb YACTOTHI, B KAXJAOM: Clydae 6bU10 / / | |

61M3K0 K oxunacMoMy -/ 2. ITonoca 06epTOHOB, HCYE3HYBLIAS TIOCHE BRIYMTAHUS Crie- . | o |
KTPOB, OTHOCHTCA K FrapMOHHKaM OCHOBHOIt pemeTk BN, no:meﬂc'mux Ha KOTOpbhle : P

W
I;
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3ameHa H/D He okasbiBaer.

TwarensHoe cpaBHeHne FT [R-cnelcrpon HaHOYACTHIL HHTPHJIA FAJUTHA  GaN, npu-

- Iornowewse

BonHOBOE 4HCNO, CM ™

Puc. 8.5. FTI R-éncmp MOBEPXHOCTH TO-
poiuxa HUTpHaa Gopa nocie aKTHBALMK NPH

875 K (xpuBas a), nocieaylowero Acirepu-

posanusi (Kpusasi 6) M pasHOCTb 3THX ABYX
CNEeKTPOB (KpHBas B).

" INornowenwue

4000 3500 3000 2500 2ooo-15'oo 1000
Bonuonocqucno,cu

Puc. 8 6. FTIR-cnekTp oTpaxeHMus nosepx- -

HOCTH HaHOMOPOIIKA HHTPHAA FA/UTHA Nnocse
axtuBauuu npu 500°C (xpusas a), nocneanyio-
wero aefitepupoBanns (kpusas 6) u pa3-
HOCTb 3THX JIBYX CITCKTPOB (KpMBas B).

BeJEHHBIX Ha PUC. 8.6, M CNIEKTPOB HUT-
puna Gopa (puc. 8.5) mMoKa3wlBaeT, 4TO
rpynnst -OH, -NH,, -NH u ux neiirepu-

'pOBaHHBIe aHaNorH 061analoT 6IM3KMMH,

HO HE B TOYHOCTH COBNAJAIOLIHMHU KOJIC~

‘GatenbHBIMK Yactoramu. Hanpumep, ua-
‘CTOTa CheKTpanbHoi auHuu B-ND, Ha
" PHC. 8.5 HECKONIBKO HIXE YaCTOTHI IMHUH

Ga-ND, Ha puc. 8.6. Otor HeGonbLoi
CABHT OGBACHSETCS PARTHYHEM XHMHYEC-
KOro okpyxeHust rpynnsi. M3 pesynsra-

0B 3ameHsl H Ha D BHJIHO, 4TO BCE Py~

nst Ga-OH u Ga-NH, Haxoparcs Ha ro-

"BepxHOCTH, a B rpymnax —NH 3ameHa

MpoH30LLIa Tom:xo B Hexdropux ciyya-
ax OTMeTHM, 4TO CuibHas nonoca rno-

: r.nomeuml GaH okono 2100 cM™' B pe-

synb'ra're 'raxoﬁ SaMCHbl CYI.I.lCCTBeHHO HE

" M3MeHWnach. D10 .uac-r OCHOBaHMe Moja-
~ IaTh, YTO OHA CBsI32Ha C aTOMaMM Bonopo-
~ Ha, HaXOLAWMMHCH B o6beMe oGpasua

B KauecTse npumepa, AeMOHCTPHPY-

' JOHIEro no:moxnocm UK-cnekrpocko-

MUU B BHISIBJICHUHU oco6enuocreﬁ no-
Bcpxnoc'm Hauomarepuanon, npUBeaeM
pe3y/bTaThl - uccnenonaunn y-OKcHIa
amomunus (AL,0;) - xamnuaa'ropa
¢ GONBIIOH YACABHOl TIOBEPXHOCTHIO (10

200 — 300 M?/r), obycnosneHHol ero
- CHJILHO MOPHCTO# CTPYKTYpOit. DTOT Ma-
~ TepHaN HMeeT LNnHeneobpasHyio CTpyK-

Typy, 6OMbIIKE ATOMBI KHC/IOposa B KoTO-
poit (bOPMHDYIOT TETPArOHANbHO HCKA-
XEHHYIO . TPaHELIEHTPHPOBAHHYIO

- pewerky (cm. naparpad 2.1.2). Ha kax-
JIblit aTOM KMCJIOPOAA B Heil MPHXOAMTCS *

&A‘s’ AR wAR AR AR AR AR AR, AP
Tunla . Tunlb Tunlla  Tunlib © Ten W
v(OH) >'3750 cm'f' 3720 em™' < v(OH) <3750 cm!  v(OH) ~ 3700 cm"

Puc 8.7. TIsTb BO3MOXHEIX cnocoﬁon pacnonoxcuml a.ucopﬁngoaa}moﬂ THAPOKCHIIb-
. Hoif rpynnu, CBA3aHHOI B 're‘rpaanpuqecxoﬁ (IV“I ‘) M. OKTa3mpHyecKoii
I\ ) No3HLKK TNOBEPXHOCTH y-OKCHIA ATIOMHHMA,

OZtHa OKTadApHyeCKast (Vl) M iBE TETPa3APHICCKHE (v TIO3HLIMH, a uouu amomtmm
HaXOMSUIHECS B 3THX MO3MUIHAX, HA PHC. 8.7 0603HAYEHBI KaK VI"l u I COOTBET~
CTBEHHO. Bcero cymiecTsyeT nath NokasaHHBIX Ha PUCYHKe KOH(HIypauuit pacnojo-
XEHHUSA THIPOKCHIBHON IPYNNbI, CBA3AHHON C MOHOM AIIOMHHHS Ha TOBEPXHOCTH.
Hee nepseie, Tunos la u Ib, aensiorcs npocTeivu crydasiMu c8s13u panukana OH c uo-
HOM aNMOMMHHSA, HAXONAMMCS B TETPA3APHIECKOI WIH OKTa3APHYECKON MO3MLHH.
OcraBuumecs: TpH cilyyast BKITIOHAIOT CBA3bIBAHHE PAIMKaNa ONHOBPEMEHHO C JBYMS
VUM TPeMsL COCEIHHMHK MOHAMH aMOMHHHsI. CABUIH YaCTOT B 3THX NATH CITy4asix npH-
BEACHBI Ha PUCYHKE (qacm'ra o6o3HayeHa Kak v(OH)) U JIETKO paannqnuu UK-cnek-
TPOCKONUEH, :

FTIR-cnexTpb axmnupoaaﬂuoro npu 'reMnepa‘rype 600 °C Hauonopomxa y-0K-
CHJa aIOMHHHUA 0 H NOC/e AcHTepHpOBaHHs, NMOKa3aHHbIE Ha pUC. 8.8, neMOHCTPH-
PYIOT IMpoKue nosocs! nortouenus rpynn -OH u -OD. Ha puc. 8.9 (xpusas a) 06-
JIacTh CMEKTPa, OTBeyalowas nornowenuio rpynnst OD i y-okcuaa amoMuHKA, ak-
THBUPOBaHHOrO Npu_Temneparype 500.°C, n3o6paxeHa ¢ GOIBIIMM YBETHYCHHEM.
AHaTH3 MOJIOXKEHHIT H OTHOCHTENILHBIX aMILIUTY KOMITIOHEHTOB JIMHHIT 3THX CIEKTPOB
Aaet MHGOPMALMIO O pacTpefie/eHHH HOHOB ANIOMHHHS NO OKTa3IPHYECKUM M TeTpa-
AAPHYECKUM MO3HLMAM B NOBEPXHOCTHOM aTOMHOM CJIOE. Paxmiuue cniektpos y- n ©-
MoxHbUKaLMif Ha pHuc. 8. 9 noKa3bIBaEeT, YTO pacnpeleneHue HOHOB JIOMHHMA TIO OK-
Ta3APUYECKHM M TETPa3ApHYECKUM NMO3HLMAM B HHX oTinyaercs. Bonee neransHoe
H3yYeHHE TNOIJIOLICHHUS TeTEPOLMKIMYHOrO WECTHWIEHHOrO KOJbLA MHPHAMHA
(CsHgN) Ha y-oxkcuae amomuHis aano FTIR-cniekTpsl nupuanta, CBI3aHHOIO C pas-
HbIMi AL’ KuCHOTHBIMH ‘uentpamu JIvionca. 3ti pesynsrathl UK-cnexrpockonim
MOMOIIU NPOSICHHTH KOOPAHHALMOHHOE COCTOSHHE HOHOB JIOMHHHS B NIOBEPXHOCT-
HOM CJI0€, Iie KHCIOTHBIE ucmpam« JIbiouca urpaior BaJKHYIO pom: B KAaTUIHTHYECKOIT
aKTHBHOCTH: : - iy :

8.2.3. I’amanoacxax cnexmpockonus

OG6uwme npHHUMALI pamauoncxoﬁ cnexmocxonnn H3JIOXEHBI B naparpa(bc 3 41
B paMaHOBCKOM PACCEAHHM H3MEPSIOT PASHOCTb AW = @ phorign = [@jne — Wsead MEXITY Yac-
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© 7 " Bomosoe uncno, cM~

.. Puc. 8.8, FTIR-cnexTp noBepxHOCTH HAHOTIOPOILKA y-OKCHIA ATIOMHHHA MOCNE aKTH-
_ Baumu npx 600°C (xpun;m amu TOC/EAYIOLIETO neﬁnpupq_na:mx (xpusau 6). '

[Mornomenue

()

' @

300029002800270026002500240023(!)2200

BonHosoe uucno, cM™!

Puc '8.9. leranu FTIR-cnexTpa noncpxuoc'm nopouu(on y—Ale_1 (xpuBas a) u G-Alzo3
"~ (xpuBan 6) nocne akrusauyy npu 500°Cu ncﬁrepnponauuﬂ B oﬁnacru norio-
uieHus aeiirepupoBaHHoro ruapokcuaa (OD).

TOTaMH NAJAIOLIETO @, H PACCESHHOTO W5, CBETA, TIE Wpi5i0, — YACTOTA KONCOAHMIH HeE-
Koeit ¢hoHOHHOIT MoAbI onTHyeckoii BeTeu. Koraa @ pjonon CBA3AHA C AKYCTHYECKUM (O-
HOHOM, NpOLECC Ha3biBaeTCsl OPHILTIOIHOBCKUM paccesiHueM. OH Gyzer obcyxaaThes
B ceayioweM naparpage. M3 puc. 2.10 BugHO, YTO ONTHYECKast BETBb COOTBECTBYET
BBICOKOYaCTOTHLIM KOJIeOaHHM PEIICTKH, a aKyCTHYECKasi — CyILECTBEHHO Goiee HU3-
KHM 4acTOTaM, T.€. Wy, < Wyy. 3HAYEHHE YACTOTHI PACCEHUS COCTABNSIET W,y = Wiye
@phonons TAE, KaK 06BbsACHsETCH B Maparpade 3.4.1, OTPHLATE/bHbII 3HAK COOTBETCTBYET
CTOKCOBKHM JIHHHAM, a NOJIOXHTE/IbHBII — aHTHCTOKCOBCKMM. DTH ABa THNa pacces-
HMS1, TPH KOTOPBIX MPOUCXOANT H3MEHEHHE YacTOTHI H3NyyaeMoro JOToHa, Ha3bIBAIOT-
cs HeynpyrumH. Koraa 4acToTa HCXOXHOI! BONHBI HE U3MEHAETCA, TO ecTh Aw = 0, npo-

MCXOAMT YNPYroe peneeBCcKOe paccesi-
HHE, MUMEIoLIee MECTO NpH AudpaKUuy
pemreuoscxnx'jiyqel‘i B s1oMm u creny-
loeM - naparpadax . paMaHOBCKHE
1 GPWIIOIHOBCKHE CMIEKTPhI OMHMCHIBA-
I0TCS IO pa60're Munarm 7 Borrapu
(2000). _

B pamanoncxou CHEKTpe oﬁbem{o‘ro
KPHCTAUIHYECKOTO TEPMAHUS MMEETCH
y3Kas JIMHHA MOIOWEHHA (WHPHHOM
okono 3 cM™") Ha yacrore 300 cm~'; cpa-
3aHHAas C ONTHYECKOIt OHOHHOI BETBBIO
I'y5. OHa noka3ana Ha Bpe3ke K pic. 8.10.
Ecnu - repMaHuit ocaxaeH ‘Ha IUICHKY
Si0,, TO 32 HCKITIOYEHHEM IUIABHOTO Cria-
na B obnacti okono 270 cM™' Ha pama-
HOBCKOM CMeKTpe ocobeHHOCTeli He Ha-
Gmonaercs, Kak MOXHO BHAETh Ha HUX-~
Heit kpuBoii puc. 8.10. IMocne orxura
3TOT CNaj HCYe3aeT, a Ha yactore 300 cm™
TMOABNACTCA MUK OT KPHCTALIHYECKOTO
okcuaa KpeMuus. Ha puc. 8.11 nokasano
YIIHPEHHE ITOrO MHKA K ero CABMT B CTO-
poHy Gonee, HM3KHMX YacTOT MpH YMEHb-
ueHnH pasmepos vactuu. [wupusa pa-
MAaHOBCKOrO MHKa YMEHbLIAETCA NpH
YBETHUCHHH TeMAEPaTyphl H BPEMEHH OT-
XHra, KaK nokasaHo Ha .puc. 8.12.-3t10
NO3BOJISIET CAENATH OLEHKY Pa3MEpoB Ya-
cruu. Onu Moryt cocrasasts ot 6 a0 13
HM M PacTH NpH yBeMYEHHH TCMIIepaTy-
Pbl WIH BPEMEHH OTXKHIa, KaK noxasauo
Ha puc. 8.13. «

erMHneBue HAHOYAaCTHLbl B OTHO-
IIEHHH ONTHYECKOit (POHOHHOM MOJBI rzs
BeAyT ces Tak ke, KaK repMaHueBble.

Kak noxasauo Ha puc. 8.14, ‘COOTBETCT-
Byloulasi 3Toit Moze mmml HAXONMTCS

B OKpecTHOCTH 521 cM™ ' Ha 3TOM PHMCYH-

Ke Ha6mo)1aercx }'I.UHDCHHC H CHABMI

. 8.2. Hughparpacnuii 0u_ana30u l@

cpasy nociie
ocaxacHus |

" MHTEHCHBHOCTD, OTH. €1

-, 4acTOTHBH cABHT, M~

Puc. 8.10. PamaHOBCKHE ClEKTPHI repMaHue-
BOii IUICHKHM Ha NMOBEPXHOCTH MOMIOKKH. M3
Si0; cpasy nocne ocaxaeHUs M NOCe OKMC-
JieHus kucaopoaom npu-800 i 1000°C.

PaMaHOBCKAs WHHTCHCHBHOCTD, OTH.€.

Grinding d=-~6000A
me-1
1 1 2 : 9

PamanoBckmit casir, oM

Puc. 8.11. PamanoBcKutit CNEKTp HAHOKpHCTA-
JIOB repPMAHMA, MOMYYEHHBIX OCAKACHHEM W3 ra-

30Boit assl, ACMOHCTPHDYET YLIHPCHHE M CABHE

B C’IOPOHY MEHBIIHX BOJHOBBIX “MHCEN’ npH

‘yMEHBUIEHHH pa3mepoB yacTHit. CaMblit HILK-
- HHif cnclcrp nomy4eH Ha 0GBEMHOM repMaHiH.

K MCHBLIMM BOTHOBBIM WHCIaM PaMaHOBCKOIt nmum MeJlxosepHucToro nomﬂ(puc-
TaJLTHYECKOro KPEMHHS 110 CPABHEHHIO CO CMIEKTPOM 0GBEMHOrO KpHCTANLIA. Hopwma-
NU30BaHHBIE CNEKTPHI Ha puc. 8.15 JEMOHCTPHPYIOT H3MCHEHHE PaMaHOBCKOI THHUH
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IllupiHa NHK2 Ha NONYBLICOTE, CM™ - -

W eweT v 1
40 60 80 100 120 140
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Puc. 8.12. 3asucumocts mmpHHE Ha nony-
BBICOTE JUIA' INHMH PaMaHOBCKOIO cnekTpa
repuaumt OT BPEMCHM OTXHra.

14 W M T e R e
. [® ss0°c 1
i 12 E o
2t -
g 800°C
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g8 .
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4 1 P Scdiza i ot

1 ! 23
0---20 -40 -60 -80 100 120 140

Puc. 8.13. 3aBucumocTs oueHouHoro pasmepa
YacCTHL OT LUMPHHAI PaMaHOBCKOI uHun Ge
Ha €€ MNONyBBICOTC OT BPEMEHH OTXKHra npu
Pex TeMncpawpax.

‘!(QM :Inaea 8. Onmuueckas u xoseGameavuas cnexmpockonus

 UuTeHcuBHOCTD, OTH. ex.

M 1 X I 4 1 J
300 505 - 310 C O8I w520 523 $30

Bonnosoe YHeno, cu

Puc. 8.14. CpaBHeHHe paMaHOBCKHX ONTHYC-
CKHX KoJiebaTeIbHbIX IMHHIT B MOHOKPHCTAI-
JHyeckoM Kpemuuu. (C-Si) u MEJIKO3EPHHC-
TOM nonuxpncra.vme (uC~S|)

 UuTeHcHBHOCTD, OTH. €1,

. e 1 :
.SW 510 520 530
- BonHopoe 'mcno, em™’ '

Puc. 8. 15. CIBHT K MEHBLINM BOJIHOBHM unc-
JlaM M YIIKPCHHE pauauoncxoﬁ JIHHHK I‘,,
Anst cHEPHYECKHUX YaCTHIL YMEHBILAIOLIHXCS
Pa3mepoB (Cnipasa HaJieBo): 06BEMHbIIH KpHC-
Tau, 10, 6 u 3 HM. :

c(pcpuqccxnx HaHO‘laCTHll Si npu YMCHBILICHUH HX paauepon oT 6ecxoueqﬂocm (ans
06BeMHOr0 MaTepHana) 1o 3 HM. 3aBUCHMOCTD NIOJIOXEHHS] NIHKA TIOMIOWEHHS OT pas-
MEpOB MHKPOKPHCT/UIOB NOKa3aHa Ha puc. 8.16 s OTOXCKEHHBIX 06pa3uoB Si. Ymu-
peHue 1 casur nunuit Si n Ge B CTOPOHyY Gonee HU3KHX YacToT npu YMEHBILUEHHH pa3-
MEPOB 4YacTHLl 06BACHAETCS 3¢ heKToM NoKaTH3aLMK d)onouon B HAHOKPHCTAJLIax.

- PamanoBcKas cnexTpockonus LIMPOKO MCTIO/BL3YeTCH IS H3YYEHUS] yrJiepozia B pas-
JlM‘lelX cro xpucmmmqecxux M QJUTOTPOINHBIX Monudmxauunx AnMas3 ¢ ero TeTpasapu-

- w g

o
=
=

YacToTa paMaHOBCKOTO MiKa, oM™

$12 llnlllllllillll
50 10 . 150

Pasmep kpucraumxos a, A

Puc. 8.16. 3aBHCHMOCTb YaCTOTEI paMaHOB-
CKOro MHKa ONTHYECKOit (HOHOHHOI AHHNH
I';5 OTOXOKEHHBIX (TEMHBlE KPYXXKH) H HE 0TO-
JOKEHHBIX (CBET/IBIE KPYXKH) MHKDOKDHCTAJ-
s0B xpeMHust. [Tpepsisucras i TyHKTHpHas

KPHBBIC COOTBBTCTBYIOT BBIYHCIICHHBIM qac- et

TOTaM Uil IUTacTHH Si, opucﬂmposauuux
NEPNEeHAUKYJIAPHO M napannenbHo (111).
Kpusas, n3oGpaxennas Touxamu, BHINCITE-
Ha 151 CAY4AitHOrO pacnpeneNeH s OPHEHTa-

LMK MHKPOKPHCTAUIOB OTHOCHTENbHO (111),

a CIUIOUIHBIC KPHBBIC MOCTPOCHb! MO IKCMe-

PHMCHTAIBHBIM TO‘lKaM H l'lp"BCJlCHbl IUI’I

nar.ruumocm iy e i
qeqccxoﬁ KpHCTAUTHYeCKOIi CTPYKTYPOi,
NoKa3aHHOl Ha pHc. 2.8a, u rpagur,

crpyx‘rypa KOTOpOl"O COCTOHT H3 ncxaumx’

ZpyT Ha upyre IUIOCKOCTCH c rexcarouanb-

HOIt pemerxou, coc'rannmo'r nBe pacnpo- 3
c'rpaneuuux a:morpommx cbopuu yme-.
pona. HepmaBHO OTKDBITHIE dynsiepens,
Takue Kak Cgp, U HaHOprﬁKH oﬁcyxnae-‘:
MblE B l‘nane 5, npencramm coboit anb-

Tepuamsuuc amxmponﬂue Momnbuxa-

i ] i 1 ] |}
(a)
=
157 »
:
=
g (O,
E
3
§ & e g
4 4
at i
1 (n_) .
) ] g 1 ! i

'8.2. Hugppakpacnwii duanazon lﬂg

500 ‘800 1100 1400 1700 2000
Pamanosckuit caswur, oM™

. Puc. 8.17. PamanoBckue crniekTpst ajimasa (a),

rpadiura (6) 1 MHKPOKPHCTULTHYECKOTO Ipa-
¢ura (B). B nocnennem caIyuae NpHCYTCTBYeT
u D-nonoca Ha 1355 cM™, u G-nonoca Ha

. 1580cM”.

-. : I loo§
g (@) Je S
£k W A
88 6 A |
85 L
T 2

, B

Puc. 8.18. MudpakpacHbiii (a) M paManoBeKit

.:-(6) cnextpsi TBEpAOTO Cgy, HAa KOTOPBIX INHUKH

MOMEYECHBI HX BOJIHOBHMH UHCNaMH.

UMK ymepona PaMaHoacxuu cnemp anMasa cocrou'r ns y:ncoit numm 1332 CM ,a rpa-
Q)ma ~ u3 nsyx I/IK-ammHux JMHMI HA 867 u 1588 cm” "u PaMaHOBCKH-aKTHBHBIX
xoneﬁarenbuux Mon Ha 42 1581 H 2710 CM Ha pamaﬂoncxnx CTeKTpax anMmasa
(pnc 8. 17a) BHIHA oqem, y3Kas Jmmm na 1332cm, amns rpacbma (puc. 8.176) — — ysxas
JMHHUA OT NPONONBHON KoneGatebHoi Mombl Ha 1581 cM™', HaswiBaemass G-Tionocoit.
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1343

Amopcuntit yraepona
1591

Ipadurononobuntit
yraepon
1580

‘Monukpucramnuucckuit
rpagmr

Crexnosuansiit yriepon

1357 e |

AnMa30nonoGHbi
yraepon

1576
Bucoxoopncmponanuun
nupoanTHyeckuit rpadmr

2719

OTHOCHTENILHAS HHTEHCHBHOCTD
OTHOCHTC/IBHAA HHTEHCHBHOCTL

1580

TMpuponnuiit
xpncm:rmulxecxun rpaur

2724

Kamennsiit yrons

. 500 1000 1500 2000 2500 3000 . 50010001500200025003000
. BonsoBoe uncio, oM~ A Bouuouoc uncno, e~

0 s suonenQ wonsnaniie. .

Puc. 8.19. PamaHOBCKHE CIICKTPh xpuc’rmnllcc'kofo rpadmra (a) u ncxpuc-réumuqec-_
Koro (6), no Gonbiueit yacti rpaduToobpasuoro yrnepoaa. D-nosoca nabiio-
naercs B obnacti okono 1355 cm™', a G-nonoca — oKOJIO 1580 cm~".

Muxkpokpucraniueckuii rpacur (puc. 8.17s) neMOi{émxipyer }laM_uord Gosnee wHpokue
paMaHOBCHE JTHHHH, yTo obcyxnaercs Hike. Ha puc. 8.18 nokasaust UK u pamanos-
CKHe cneKTpbl TBepioro (ysuiepena Cgp, KaXuas IMHHs HA KOTOPBIX NIOMEYCHA e¢ BOJI-
HOBBIM YHCJIOM B CM ™. DTOT PHCYHOK MOXET CITYXUTb npuMcpou TOrO, YTO HEKOTOPLIC
HopManbHble KoniebarenbHble Moabl asnsioress MK-akrnBHbIMu, Apyrie — PaMaHOBCKH-
aKTHBHBIMH. ‘

PamaHoBckas CHCKTpOCKOHH}I qyncrnu‘rcnwa K OTKJIOHEHHSIM or Bucoxoynopﬂ-
JIOUEHHO# CTPYKTYpB! anMa3a uiau rpadmra, ome'rcmeunon 32 TIOAIBJICHME Y3KHX nu-
Huit Ha puc. 8.17a u 8.176 coorsercraenHo. Ha puc. 8.178 Buauo, uto Muxpoxpucran-
JnYeckuii rpagut ncmoucrpnpycr yumpeuuyno G-nonocy Ha 1580 cM™' u aHAIOrHYHO
YIIHPCHHYIO nonocy noraoiucHus Ha 1355 em™ Hasusaemyno D- nonocoﬁ D-nonoca
cBsizaHa ¢ (JOHOHAMH, PAMAHOBCKAs AKTHBHOCTb KOTOPHIX OGBSICHSETCS KOHEYHBIM
pasMepoM MHKpokpHcTaios. Ha puc. 8.19 nokasansi paMaHOBCKHE CIEKTPLI pasiiny-

. COIVIAcyeTCsl C MOAY/ICM YNpPYToCTH yrie- 1000

© 8.2, Hugppaxpacnuii duanason IBD

HbIX (POPM KPHCTAIHYECKOrO rpaq)m‘a 4 TaKXKe YeThIpex 06pa3uos amopgHoro yrie-
pozia, MMEIOLMX HEKOTOPBIC XapaKTepHbie YepThl rpacyiTa, DTH CMEKTPbI MOXHO HC-
nonBL30BaTh WIS NOMYICHHS HHDOPMALMH O CTENEHH pasynopsaaouuBaHUsA M NPHPOALI
JOKANbHBIX XUMHUECKuX cBaseit. Ha puc. 8.20 npusenena 3aBucuMocTs COOTHOLIEHHSA
MHTCHCUBHOCTEH ID/IG D- u G-nonoc or pasmepos HaHOKpHCTaLI0B L, (onpenens-
JIUCH MO NAHHBIM PACCCAHMS PEHTICHOBCKMX Jyucit) B ABOHHBIX' norapidmiyeckix

KoopauHarax. O6Gnactb AMHEHHOCTH npocmpac'ncn .Ha- JiBa TOpANKA BC/IHYHHBI,
o-rL -BrmnoL —300HM. i A

8.2.4. Bpuaarosnoeckas cnexmpockonus

Bpunmosuoscxoc pacceauue — 370 BHA pamaﬂoncxoro paccemmn npn KOTOPOM H3-
MCHEHHE YacToThl |Aw| = = @ phonon = Iw,,,,_. Wyeql coomc'rcrnyer aKycTHuecKoit BeTsH (o-
HOHHOTO CIEKTpa ¢ YacToTaMy B rurarepuosom (10° Ii i) AMana3oHe, KaK HNaranoch
panee B naparpade 3.4.1. Aw B BhILICNPHBEACHHOM BHIPOKEHHH MOXET HMETh I OTPH-
LaTeNbHbIA, H NMONOXUTEALHBIN 3HAK, UTO COOTBETCTBYET CTOKCOBCKHM M aHTHCTOK-
COBCKHM JIHHHAM COOTBETCTBEHHO. ‘ : ; :
BpHLTIO3HOBCKOE paccesiHie MCIOL3oBANOCH A usyticmm 'ymepomiux'nne-
Hok. To rpachukam, npuBeaeHHBIM Ha PUC. 8.21, MOXHO CPaBHHTb CTIEKTPbI TOHKOI
M TOJICTO# MIEHKH. }laHHue, TNOJYYEHHbIC HA TOJICTO ILUIEHKE (a), COOTBETCTBYIOT OT-
KJIAKY 05‘beMHOI‘0 Matepuana. B HeM umeetcs CHIIbHBIIT. UEHTPANbHBII NMHK Ha Hyne-
BOif YacTOTE C WIHPHHOI oxono 10 TTix o
M IWMPOKHIt MUK Ha 4acToTe okono 17
I'Tu, oTHOCSWMITCA K MTPOAOABHBIM akyc-
THYECKHM (POHOHaM. DTa BTOPAs YacToTa

1

T v vy Ty ooy T Tt
4 : 1

a7 e
L.x“(':'g')‘

pona. Ha xpusoil M3 OTACABHLIX TOYEK
BBepxy rpaduka (6), nocrpoeHHoit no
3KCMEPUMCHTANLHBIM JaHHBIM, MONY-
YCHHBIM Ha TUieHKe 100 HM TONUNHHEI,
HaGMIOAAIOTCA TPH NHKA HA 4acToTax,
GIH3KMX K TAKOBBIM B TCOPCTHUECKH pac-
CUMTAHHOM  CMEKTpE, MOKA3aHHOM
CIUIOUIHO# TOHKOI nuHMEH B HUXHe o appreis s g
uacTH rpapmka (6). Ofmako mukM Ha LTI : 1
3xcncpumemanbuou cncx'me HaMHOro _ W RAE : v' :‘"’_G
LIMpE H3-3a LEPOXOBATOCTH M CTPYKTYP-  Puc. 8.20. [paduk 3aBHCHMOCTH MEXAY pa3d-
HOIt HEOHOPOXHOCTH TIOBEPXHOCTH. MEPaMIt HAHOMACTHLL IPADWTA H OTHOLICHHEM

D- u G- no-
! oyac-  WHTCHCHBHOCTCH PAMAHOBCKHMX
e gt noc 1/ I; B nBOIHBIX JOTapUMHUICCKIX KOOP-

THUAX BBI3LIBAIOT GPJUTIOIHOBKOC PAC~ o, ooy Tipamas i nonydeHa anNpoKcH-
CesiHME, 3aBHCALICE OT Pa3MEpa HaCTHU. '~ yayyeit MeTOAOM HAMMEHBUINX KBAAPATOB
Jinst HaHouacTHL cepe6pa 3TO MPOACMOH= 1t COOTRETCTBYET dhyHKLIIN L‘,,. = 43;4 _IG/I,,,' rae
cTpuposano ma puc.’ 8.22. Ha rpaduke L, suipaxacrest B Hanometpax (10A = 1 1w).

2= 0.“

YT
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LA

100

TV
2 g aaanal

~T
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tn
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MIOJIHCHHASI HAa KOPAMEPUTOBOM CTEeK/ie
(Mg,Al,850,3) ¢ 3apoasimamu kpucran-
Jugeckoit dassl, Take NPOAEMOHCTPH-
poBaJia IMHEHYIO 3aBHCHMOCTD nonoxe-
HUS NHKOB- GPHILTIO3HOBCKOIO pacces-
HU . OT. .obpartHoro.. ‘AuaMeTpa
(oGo3HaueHHOro Ha' pucyHke Kak 1/d)
B AMana3soHe ot 15 no 40 um (puc. 8. 23).

Pa3Mepsl 4acTHLl OIPENCNsNIHUCH 110 AaH-

HBIM Manoyrnonoro Heﬁ'rpouuoro pacce-
SIHUSL. : = ,

.. Taxnm obpasom, 13 namiux no 6pm1—
moaﬂoncxouy PACCEAHHUIO BHMAHO, YTO
NUKH aKyCTHYECKHX MOJ NpU yMeHblle-
HHUM Pa3MEPOB YaCTHLL CABUIalOTCSA B CTO-
POHY OGNBLIMX YaCTOT, @ H3 JaHHBIX 1O
PaMaHOBCKOMY . PACCESIHMIO CJIEAYeT, YT

: 8.'3..Jhouunecucuuu§ 1 @

TR

: "
1 1

0 4x107 to8x107
1/d, m~" ‘
Puc. 8.23. 3aBucuMocTb nonoxeHus rmxos
OpILII09HOBCKOTO CNEKTPa CTEKNOBHIHBLIX
HaHOYaCTHLl KODAMEPHTA OT MX oGpaTHOro
Iuametpa (N0 AAHHBIM. MaJloyr/ioBoro Heit-
rpom{om paccenmm)

o e y ™.
ot g o fin
x -
= g
E- : .2
g £
b ‘
; "0 ll
BpwuniosHosckuit cnnur, I'Ta Bpunmoauoacxun caBAT, ITu
(a) .(6) R
Puc. 8.21. BpunniosHobckuit cnexTp (a) -mncron YENICPOAHOI TUICHKH C JIOPEHUEBCKON
annpokcHMauueit naHHbIX 1 (6) yriepoaHoit ruieHKH 'ronumuon 100 1m. Toy-
" KH NMOAYYCHBI axgnepnuemnbuo a HHXHAS KpHBas SIBHRCTCSI pe3yasratoM
- ' BIYMCJICHHSA, NPH KOTOPOM HC YYHTHIBAIOCH PACCCAHHE HAa IMOBCPXHOCTH
" . ¥ APYTHX CTPYKTYPHBIX AiehexTax, NpHBoOAsiLee K YUIMPEHHIO IMHMIL. .
V'f"l"v‘l"‘lt"ll""‘l'
I .
L B Si0, : ; Cpenmm nuaucrpd HM

=100~5.0~.. 2.5
T T L2 ?
uc-Agin SiOy .

Cpemmmit 20
pasmep . - .
YacTHLL (HM)

-

-
o

l=1—>
/

WO C¢cpmccxﬁc MoaLt ¢
e KpYTHIBLHBIC MOJIBI |

" Pamanosciotit capmr (cm™!)
gy
=

AATVPPET AT P O Y IS W S —

0 :
5§ 10 15 20 25 30 00 01 02 0.3 04 05

Bpuaniososckuit canur, oM™ 1/d, HM"
¢ ? S

Pnc 8.22. a) — Hu3ko4yacTOTHBIiT CABHI B GPHLUTIOSHOBCKHX CNICKTPaX HAHOYACTHIL ce-
pebpa B Marpuue 13 Si0,, nonyyeHHBIX 15 pa3mepos yactiu 2,7, 4,1 u 5,2
HM, 6) — NONOXCHHE MAKCHMYMa B 3aBHCHMOCTH OT 06paTHOro JZIHaMeTpa ya-
criil. IToka3aHbl pe3ynbTaThl TEOPETHYECKHX BBIYMCAEHMI Ans cepuyeckux
(CIUIOIIHBIE THHUH) W KPYTHIBHBIX (nyux’mpnue JIMHUH) MOJ, C ymonuml
MoMeHTaMu /=0, I u 2, :

8.22a nokasaHsl qnex'rpu' IS yacTHL ¢ auametpom d = 2,7, 4,1 u 5,2 uM, a Ha rpaduxe
8.226 npuBeacHa 3aBHCHMOCTb BOJHOBOTO YMCia oT obpaTHoro anametpa 1/d. Ha sro-
POM rpaMKe Takxe PHBEAEHA TEOPETHYECKAsS 3aBUCHMOCTB TOPCHOHHBIX 1 Chepiye-
CKHX KosiebaTe/IbHbIX MOJ C YIIIOBBIMH MoMeHTamu [ = 1, 2, 3. TToxoxas pa6ora, BbI-

NMHKH - OHTH‘ICCKHX MOJ " CMelaloTcs

B c'ropouy MEHBILHX YacToT.

' :8.3.. ﬂbmuuecﬁéﬁqugi_ -
8.3.1. d)ommmmdnecuenuux

Mertonuka Bo3GyXIeHHS q>orromomuﬂecueuuuu C LIENIBIO TONYYCHHS JOMONHHTENb-
HO#t MHGOpPMaUMK O TaKHX HaHOCTPYKTYpaX KaK KBAaHTOBBIC TOYKH, obcyxmaembie
B Clleaylolweli IIaBe, CTaNa CTAHAAPTHOI. B 0GBEMHBIX MaTepHaax CrIEKTDHI JIOMH-
HECLUEHLMH YacTo MOXOXH Ha o6bIYHbIE CIIEKTPHI TOIVIONIEHNS, TAK YTO M3YyYEHHE Jie-
Tajeit 06OUX THMOB CMEKTPOB JAET MAIO AONONHHTENBHBIX MpenMyliecTs. Bo3byxae-
Hue hoToHaMH GONBIIKX SHEPruii (6OMbIIE MUPHHBI SHEPTETHYECKOI! IETH) MOXET
6bITH HanGonee 3((eXTHBHBIM NPH HCCIENOBAHHH JIOMHHECUEHIIHH 0GBEMHBIX MaTe-
PHAJIOB, OHAKO B Cyyac HaHOMATepHaloB ObUIO OGHAPYXEHO, YTO MpH GonblIHX
SHEPrHsX Nanalolkx GoToHOB IPHEKTHBHOCTL NOMHHECUEHLIMH NajaeT. B atoM ciy-
Yae HaYMHAIOT AOMHHMPOBaTh Ge3uanyyaTesIbHbie NYTH PeNlakcalu BO3GYXneHHit,
M NPE/ICTABNAETCS] HHTEPECHBIM H3YYEHHE PHPOMIbI STHX KAHATIOB PENaKCaLIMH. Hanee
06CyXKnaloTcs pasIHYHbIe acnexm momnﬂecue}mmﬁ cnex'rpocxomm, OXBaYEHHBIE
B 0630pe Yena (2000). : ;
Meroauka Bo36GyXaeHus cboromomuﬂecueuunu MOXET COCTOSITb B cxauupona-
HMH 110 YacToTe BO36YXAAIOMUIETO CBETA H PETHCTPALMH SMHCCHH B O4CHD Y3KOM CieK-
TpaIbHOM AuanasoHe. Takue na!mue Ha3bIBAIOTCA CNIEKTPAMH BO30YXACHNA. 3T1a Tex-
HHKa NpOWUTIOCTPHPOBaHa Ha puc. 8.24 ana ciyyast KBaHTOBBIX TOYEK B BHIE 4aCTHLL
CdSe pasmepom 5,6 HM. CrutowHast THHHA Ha PHC. 8.24a NIOKa3bIBACT CMIEKTP MO0~
ueHus B Auanasone ot 2,0 1o 3,1 3B, a HanoXeHHas Ha Hee NyHKTHPHas THHKA — do-
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Puc. 8.24. Cnextphl KBAHTOBBIX TOYEK M3
CdSe amameTpoM 5.6 HM NpH Temmepatype
10 K: a) ~ cnexTp noroueHus (CruiomHas
nuHKA) ¥ GoTONIOMHHECLEHUNH (MYHKTHP-
Hasl IMHMA), NONYYCHHBLI NPH BO3BYKIACHUH
Ha 2,655 3B (467 um); 6) — cniexTp Bo3Gyxuae-
HMs, NONYUCHHBI Ha YacToTe IMUCCHH, MO~
Ka3aHHOI CTpeNKOff BHH3 Ha BCPXHEM Ipa-
duke.

DMuccHs
"“--‘___ l, 538
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HHrencuBHOCTD, OTH. el

L

Silcpmu dotonos, 3B _

Puc. 8.25. Cnexfpu HaHOYaCTHL CdSe JHa-
meTpom 3,2 HM. [Tokasan cnexkrp norouse-
HHA (CrUloIHAas KpHBas), CNEKTp Bo30yxuae-

HHS ANS OMHCCHH C aHeprieit 2,175 3B, coor- -

BETCTBYIOMICH MAaKCHMYMy O9MMCCHHK - Ha
rpaHMue WeaH (KHPHAA NPEphIBHCTasA -

HHS) M CNEKTP BO3DYXICHMA I SMHCCHM
¢ aneprueii 1,65 3B, To ecTh aMuccHH 1y6o-

Konexatuux ypoHeit (cBemias nyHKTHpHas
JIHHHA).
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«« 190 [1aea 8. Onmuvecxas u kose6ameabnas cnexmpockonus

TOMIOMHHECLICHTHBII OTKJIHK B Y3KOik 1o-
noce B6m3u 2,05 3B, BO3HUKAIOWMI NIPH
BO36Y)KIEHHM KBAHTAMM C JHeEpruei
2,655 aB. 3arem obpasew o6ayyanu poro-
HaMu ¢ sHepruamH 2,13 — 3,5 3B, 1 Ha
puc. 8.246 moka3aHa 3aBHCHMOCTb HH-
TCHCHMBHOCTH JIIOMHHECUEHLHH C' 3HEp-
rueit ucnyckaeMsix goroxos 2,13 3B or
aHeprun  Bo3byxaalomux (HOToHOB.
Crpenka, HanpaBleHHas BHH3, OTMEYACT
SHEpPrHio, Ha KOTOPOii pErHCTPHPOBaNach
JoMHHecueHIMs. V3 cpaBHEHHsI CHCKT-
poB BO3GYXICHHUA H NOMOIIEHHS, MOKa-
3aHHBIX HAa 3TOM PHCYHKE, BUIHO, YTO pe-
THCTpauus nepsbix obecrieuuBaer Gonee
BBICOKOE paspeleHue. - - = .

Cnexrpsl BO30yXXIeHHA HAHOUACTHI]
CdSe nuamerpoM 3,2 HM JEMOHCTPHUPY-
10T OXHAAeMYI0 3MMCCHIO Ha TpaHule
3anpelleHHON 30HBI ¢ 3Heprueit 2,176
3B npu Temmepatype. 77 K, a Takxe
3MHCCHOHHBIH curHan Ha 1,65 3B, Bo3-
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Puc. 8.26. Hopmanu3oBaHHbie crieKTpbl BO3-
OyxaeHHs (HOTONOMHHECUEHIIMH JUISl CCMU
CdSe KBaHTOBBIX TOUEK € pasMepamy ot ~1,5
HM (BepXHHit cnekTp) a0 ~4,3 uM (HIKHMI
CICKTP). ’ ' ¥ o
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Puc. 8.277-Cncx1'pu GbmioopecueHumn Hanokpuctaios CdSe anametpom 3.2 HM NpH paanHy-
HBIX SHCPIHsAX BO3GYKACHHSA, yKasaHHbIX Ha rpaduke, npn 77 K: a) — 3kcnepuMeHTAIbHBIE
# 6) — NpoMoAENHPOBAHHEBIC CTIEKTPBL. JIIst CPABHEHNS NOJ SKCNEPHMEHTANLHLIMH CICKTPaMt
NPHBEACH CMEKTP MOJIOLEHNA, PR B - ‘ RaA : .

HUKAIOLIHIT H3-3a HANHYHA MIYOOKHX YpOBHEit, Kak 00BbsiCHsI0CH B naparpade 2.3.1.
Ha puc. 8.25 npuBeneHo cpaBHEHHE 3THX CIEKTPOB BO3GYXAEHHA Ha rPAHHLIC LIE/TH
M riyboKoNeXalHX YPOBHEil C COOTBETCTBYIOIUMMH CIEKTPaMi TMOIJIOIIEHUS.
M3 aToro pucyHka BHAHO, 4TO CEKTP IS SHEPTHH, PABHOI LUIMPHHE LIENH, ropasfio
UH(OPMATHBHEE. DTO NPOMCXOIUT M3-32 TOTO, YTO NMPH KAXIOM PasMepe 4acTHLA
M3ny4aeT Ha cpoeil coGcTBeHHON XapakTtepHoit yactore (cM. puc. 4.20). Tak uto
CNEKTp BO36YXACHHS (HOTONIOMHHCCUCHIIHH OTPAXAET IMHCCHIO THIIb HeGonbLIO!
IONH U3 o6Iero ynca pacnpeaeeHHBIX 10 pa3MepaM yacTuil. HernyGokue ypoBHH,
KOTOpBIE MOTYT OTBEYATh 32 SMHCCHIO Ha FPAHHLE WIE/H, HMCIOT OAHHAKOBYIO 3aBH-
CHMOCTb CIIEKTPOB OT pa3Mepa YacTHL. DTO CYIUECTBEHHO YMEHbILACT HEroMOTeHHOE
YIIHpPEHHE,; B PE3yAbTaTe Yero BO3HUKAET CYXCHHbIi, MOYTH FOMOTCHHBIIt CREKTP.
OMHCCHS, BO3HHKAIOLIAS Ha ITyGOKONEKAINX YPOBHSX, He NPosABsET TaKoro cyxe-
HHSA, YTO U OOBACHSACT TUIOXOE PA3pelICHHE NMPH SHEPrHH 1.65 3B B cmexTpe Ha
B S81.0 L3 B3 w B0 o . ¥ :
Kax yxe ynoMHHaIOCh BBILLIE, CYLICCTBYET roJiyGoe CMELIEHHE, TO ECTh CABHT Crie-
KTPAIBHbIX IHHMI B CTOPOHY GO/BIINX IHEPTHil IPH YMEHBIICHHH Pa3MEPOB HaHO4a-
cTuil. Aror apdheKT ApKo TIPOSIBAETCS HA CTIEKTPaX (hOTOMOMHHECLICHTHOM 3MHCCHH,
TNOKA3aHHBIX Ha PHC. 8.26 1 MOMYYCHHBIX HA CCMH KBAHTOBBIX TOUKAX € Pa3MCPaMit OT
1,5 M ana BepXHero crieKTpa A0 4,3 HM LISl HIDKHETO. BiaHO, 4TO MPH YMEHBLICHIN
Pa3MepoB YacTHMLl IPaHNLA LETH TIOCTENCHHO CABUracTCs B CTOPOHY 66nbLMX
3HEPruit, a paccTOAHKE MEXKAY OTACTbHBIMH JTHHHAMH MOCTENEHHO YBEINUHBACTCH.
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13@2 T1asa 8. Onmuueckan u Kone6ameasnas CNEKMpPOCKONUR

JHpyroit cnocob H3MEHEHHs NapaMeTpoB CNCKTpa COCTOMT B Bo36yxxaeHuu obpasua
GOTOHaMH Pa3HbIX SHEPTHil i PErHCTPALHH crexTpoB GNIOOPECLEHIIHH, Takum obpa-
30M noJiyuyeH HabGop CMEKTPOB, npuBencHHbIk Ha puc. 8.27. Ha 2TOM PHCYHKE IMHK
B CTIEKTPE JIOMHHECLUICHIIHH cABKTaeTCs B CTOPOHY G6NIBIIHX 3HEpruit NpH yBeIHYEHHH
3HepruH Bo36YXNaloLIHX d)ororioa. W3 cnekTpa NOrouIeH s, MOKa3aHHOTO Ha PUCYH-
Ke (HIDKHSS KpHBas Ha JIEBOM rpacuke) Aist CpaBHEHHs], BUAHO, YTO NMPH BCEX 3HA'C-
HHSX SHEPTHH BO3GYxKaaomHX GOTOHOB MAKCHMYM ¢moopecueHUMH MPUXOAUTCS HA
MEHbBIUHE SHEPTHH, qg»‘i MaKCHMYM TOIJIOLICHHS. '

8.3.2. ITosepxnocmubie COCMOANUR

Ecnu Gpatb Bce Mqubmue M MEHBLIHE HAHOYACTHLIb], MPOLICHT HAXOMSIIMXCA Ha 110~
BEPXHOCTH aTOMOB cTaHOBHTCA Bee Gonblue M Gosnblue. Hanpumep, u3 Tabnauust 2.1
BuaHo, uTo y I'IK-HaHO4YacTHIB! C AMAMCTPOM 5,7 uM, cocTosLIei U3 ATOMOB C Xa-
pakTtepHsiM pasmepoM 0,3 HM (T.c. HMeIoLeH 10 o6onoyeK), 28 NPOLEHTOB H3 €€ 2869
ATOMOB HAXONATCSA HA TOBEPXHOCTH, @ Y ellie MEeHblIei HaHOYaCTHUBI Pa3MEpOM
2,1 HM (Melouwmit 4 06010uKH) — 68 NPOLIEHTOB 13 ee 147 atomoB. [Ip1 oNTHYECKOM
BO36YXIEHMH Ha HEOAHOPONHOCTAX TONOIOTHH NOBEPXHOCTH MOTYT BO3HHKHYTb LIEH-
TPl 32XBaTa H/IEKTPOHOB H Abipok. TTpUCyTCTBHE IOKANH3OBAHHBIX 3IEKTPOH-ABIPOY-
HbIX N1ap YMEHBIIACT 3KCHTOHHOE TOTMIOLICHHE, OIHAKO 3TO NOMJIOLEHHE BOCCTaHaB-
JMBaeTCA NOC/E pacTiala TAKMX JIOKAIH30BaHHBIX nap. [laee GyneT on1caHo, Kak 31oT
CIIOXKHBII TIPOLIECC H3YYaICs C MOMOUIBIO Ja3ePHOI CMIEKTPOCKONHH € PaspelICHHEM
» ionado * 1O BpeMEHH. DTOT METOA AaJl NOAPOGHYI0

. MHMpOPMALMIO O LEMOYKE MPOMEXKYTOU-
HBIX BO3GYXAEHHBIX COCTOSHHI MeXIy
NepBOHAYILHBIM BO30YXICHHEM M €ro
[IONIHOM penakcauuei. . TR TP

. C moMoI11pI0 JIIOMHHECLIEHTHOI crie-

* KTPOCKOMHMH M3Y4aTHCh MOBEPXHOCTHbIC
cocTosHus AByX HaHoyacTui CdS ¢ pa3-
mepamu 3,4 u 4,3 HM. Ha nonyumsiunxcs
CIIeKTpaXx, NpeACTaBAEHHBIX  Ha
puc. 8.28, BiaHa ocTpas JIMHHSA, BO3HH-
Kaiolas OT SKCHMTOHOB, Ha JJIMHAX BOJIH

. 435 1 480 HM COOTBETCTBEHHO, ¥ IIHPO-

HnrencupHocTs (i1l00pecLICHUMY, OTH.CA.

7 L
’ :
) 109 MeH N0, SN\ Kasl 10JI0Ca IMHCCHH Ha fonee JMUHHBIX
e p—— . - - poniHax. M3 3Toro pucyHka Takxe BMA-

400 600 800 1000

JinuHa BOAHB, HM " HO, - 4UTO nobGaBieHHE HUTpPOMETaHa

Puc. 8.28. Crnektphl (MIOOPECUEHLMH ABYX (CH;NO,) nonassieT G1100pecueHIHIO.
o6pasuos HanoyacTiil CdS, nonyuenHsie ne- - OHo - CylICCTBEHHO YMEHBILIACT MHTCH-
pen (CTUIOWHbIC MtHINH) H MOCKC (NYHKTUP-  CHBHOCTS LIMPOKOIi MOJIOCH ¥ BHI3BIBAET
HBIC IMHHH) Jlﬁa'g'c““" 107 MONB/MUTP HU- . ee CABMT B CTOPOHY Gonee MNHHHBIX
pomerania CH;NO,. BOJIH, a TAKXe TIPAKTHYECKH MONHOCTHIO
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8.3. liomunecyenyus I99

HINTEHCHBHOCTS, OTH.CR.,

HHTECHCHBHOCTD, OTH.CA.
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qu;_' 8.29. CrieKTpb! (ITI0OPECLEHLIHH HAHO-
yactuu CdS (oGpasua I1-Ha puc. 8.28), nony- - :
YeHHBIC TIPH PalIMYHLIX Temnepatypax or'4  Pue. 8.30. K :
. 8.30. KpuBble 3atyxaHusa 3KCHTOHHOI
;;20 253_ K u Bo3GykaeHuu Ha anuHe BONHBI  hmoopecueHUH B HaHoyacTHuax CdS (06-
TR T . - paset 11 1a puc. 8.28).

TACHT OCTPYIO JIHHHMIO 3KCHTOHHOI
amuccuu. TemneparypHas 3aBHCHMOCTb
1 SKCHTOHHBIX TIONIOC PEKOMOMHALIMOH-
HOIt pIoOpecIeH i, H TIONOC Ha Ho-
CHTENISX, 3aXBAYCHHBIX B JNIOByIIKaX,
B HaHouactHuax CdS JAEMOHCTpHpYeT
YMEHBILCHHE WHTCHCHBHOCTH M Kpac-
HOC CMELEHHE CTIEKTPOB MPH YBEAHYC-
HuM Temnepatypsl ot 4 no 259 K, xak
nokKa3aHo Ha puc. 8.29. DTH cnekTpanb-
HbIC JAHHLIC FOBOPAT O TOM, YTO JIOKa-
NM30BAHHBIC ABIPOUHBIC YPOBHK JIEXaT 0 100 200 300
HAMHOTO J1y6Xe NEKTPOHHBIX. - .

sl BbISABJICHMS] M MCCICHOBAHMA
Mexil:muon 3KCHTOHHOI penlellxcamm PO e Spyuie Gnwepssion-

. MM Ha JIoByIIKax B HaHouacTuuax CdS (06-
M BO36YXHEHMS B/EKTPOHOB C JNOKami- . paseu II na puc. 8.28).
30BaHHBIX YPOBHEi Onpeaensuch Bpe-
MEHHBIC 32aBMCHMMOCTH 3KCHTOHHOIl M JIOBYLIEYHOI _(bmoopecucuuim NpH pa3nHy-
HBIX TeMmepaTypax ot 4 o 269 K. Pesynbrarsi nokasanst Ha puc. 8.30 u 8.31 coor-
BETCTBEHHO. OGHapyXeHo, 4TO 06a THNA BHICBEYHBAHMT XapaKTCPH3YIOTCA
CHOXHBIM MHOTOSKCIIOHEHTHBIM TIOBEICHHEM, @ CKOPOCTh PElaKCcalMi Bo3byxae-
HMIi B poliecce BLICBCYHBAHNSA HIMEHSCTCH. Camoe KOpOTKOe BpEMS XH3HH Habnio-
HaeTcst y 3KCUTOHHOM SMHCCHH TMPH TNPOMEXYTOYHBIX TEMMEPATypax. Hanpumep,
npu Temneparype 121 K HHTEHCHBHOCTb CBEYCHNS MAZACT BABOC 32 BPEMA T/, <10

a2

HC. B oTaMume OT 3TOro, (MIOOPECUCHIIMSA JOKANH30BAHHbIX YpPOBHeii 3aTyxaeT ro-
Pa3no MemneHHee, 0COOEHHO TPH NPOMEXYTOUHBIX TEMIEPATYPAX: Ty ~ 100 uc npu

MUHTeHCHBHOCTD, OTH.CA.
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8.3. lomunecyenyus I9§DD
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Puc. 8.32. Cupur aunun 556 um na 75 cm™
B CTOpPOHY GOMbUINX WIMH BOJIH BO BpeMs-
pa3pelialonHX CNEKTpax JIOMHHECUCHUMH
CdS B Teuenue nepBoii HAHOCEKYHIBI BO3-
HHUKHOBCHUA 3MHCcCHM. Bo3byxaenne npous-
BOMMJIOCH HA JUIHHC BOAHB A = 549 uM.
Ilnst obneruenus cpaBHeHus popM CrCKTPOB
MX MHTCHCHBHOCTH BbIPOBHCHBI.

70 K. HesaBucumbiMu cnocobamu ornpe-
ZICJICHO, UTO JICKTPOHEI B CdS Ou€eHb ObI-
CTpO, 3a BpEMEHa OKONO 10 ¢ CBAI3bIBA-
JOTCS Ha JIOKAIM30BAHHBLIX YPOBHAX, TaK
YTO BCE MEKTPOHBI OKa3bIBAIOTCSA JIOKa-
JIM30BAHHBIMM €llle A0 Havasia same'moﬁ
¢noopecueHIHH,

-Jlns M3ydeHUs: H3MEHEHHH cnex'rpos
B TCYEHHE NMEPBOHAYANTBHOTO YPE3BbIyaii-
HO KOPOTKOrO WHTEpBaia MHKOCEKYAHBIX
macwra6os (1000 nkc = 1 He, unu 1 nkc =
107 C) NPOBOAMNACH PEKOHCTPYKUMS
CNEKTPOB JIIOMHHECUCHLIMH Ha PaHHHX
9Tanax 3MHCCHMH Ha OCHOBE JaHHBIX
O KPHBBIX BLICBEYHBAHMS THMA MOKa3aH-
HeIX Ha puc. 8.30 u 8.31. Pesynsrarsl Ta-
Koit PEKOHCTPYKLIMH JUIsl pasTH4HbIX BPC-
MeH NpEeACTaB/IeHbI Ha PHC. 8.32. Yernipe
Bepxuux CMIeKTpa Ha pucym(e OXBaTbIBa-
10T BpeMCHHOPI npomexytok ot 0,05 1o 1
Hc. M3 ux cpaBHEHHs BHAHO, YTO MMK
cnex'lpanbnoﬁ JHHHUU Ha JUTHHE BOJleI
oxono 556 HM B TeueHHe NepBOit Hauoce-

400 1y DNCKTPOHHO-ALIPOUHBIC
NSNS apLl
Jlasep -

CB060/IHbIE HIKCHTOHbI

~ Brictpoe Buictpoe -
BLICBCYUMBAHHC BBICBCYHBaHIC
~1,873B ~1,853B

[ A

. Buictpmiit nepexon

Jloxanu3osanHble
' 3KCHTOHB! M ABIPKH

Jlokanu3oBaHHbIC NCKTPOHBI

Meancunas Beananyyarenbuntit

NIOMHHECLEHIMS ~ nepexon
©1,77-1,833B : ?
Ocuobnoe |
COCTOAHMC

Puc. 8.33. Cxema, NOACHAIOWANA JIOMHHECLEHTHYIO SMHCCHIO 3/IEKTPOHHO-ABIPOYHBIX
nap B HaHoKpucTannax CdS cpeaunx paamepos, oGpasyiouxcs noa aeitcr-

BHCM J1a3CPHOro Jiy4a.

KYHABI MMOCTEINIEHHO CABUracTCA B CTOPOHY GOMBLIMX IIHH BOJH K OCTACTCA HAa MecTe
npu AanbHeifueit aMuccuu. TlepBonayanshan upessslvaitio KOPOTKOXHMBYLIAA KOM~
MIOHEHTA 'BLICBCYMBAHUSA C XapaKTepHbIMM BpeMeHaMK MeHee 0,05 HC BO3HMKaeT
BCNICACTBHE pesouaﬂcuoﬁ SMHCCHH, a Noc/eayIolas KOPOTKOXMBYIIAsK KOMITOHEHTA,
B KOTOPO#t IPOHCXOMHT MOKA3aHHOE Ha PHC. 8.32 CMelIeHMe MMM Ha AL ~ 2 HM, NpH-
NUCBHIBAETCS NPOAONBHBIM ONTHYECKHM (POHOHAM. '
Jnsa oObACHEHUS 3THX Pe3ynsTaToB Gbla NpeanoxeHa cxeMa, npeAcTaBieHHas
Ha puc. 8.33. TNepBoHayansHoE BOSGy)KneHHc Na3epoM Ha JIHHe BoaHb! 400 HM co-
3[aBaJlo NICKTPOH-AbIPOYHBIE NAphl, KOTOPbIE IH60 CTAHOBMIHCH CBOGOTHBIMH 3K~
CHTOHaMH, IM60 OKa3bIBANIHCH CBA3AHHLIMM Ha MOBEPXHOCTHBIX SHEPreTHUCCKHX
ypoBHAX. YacTh CBOGOAHBIX 3KCHTOHOB GLICTPO PENaKCHPOBANIA C BLICBEUHBAHHEM:
r-l,87 3B ¢oToHa, a Apyras yacTb GHICTPO NONanaia B IOKANH30OBAHHBIC COCTOSHHA
H peslakcuposana ¢ uanyueHueM 1,85 3B doToHa nouTH Tak xe 6bICTPO. DAEKTPOH-
ABIPOTHBIC NMAPBI, IOKANH3OBAHHEIC HA IOBEPXHOCTHBIX COCTONHHUSAX, PENAKCHPYIOT
ropasjio MeieHHee, 1160 Hanyyast GoToH B AnanasoHe sHepruit 1,77.— 1,83 3B,
nnbo Ge3uanyyatenbHbiM 006pa3oM: BricTpoe BhICBEUHBaHHE MPOMCXOAHT B Teye-
HME NMUKOCEKYHAHBIX BPEMEHHBIX MHTEPBANOB. Taxas MOAENb JAaeT MPHEMAEMOE
0OBsICHEHHE Haﬁmonaemoﬁ AHHAMHKE JIOMHHECUCHUHH HAHOYACTHLI, ONHCaHHOI
Bblllle i 2 : - o

©8.3.3. Tepmomomunecuenuux

TepMOMOMHHECUECHLINS, TO €CTh HCIYCKAHHE CBETA, BbI3BAHHOE HArPEBOM, ABnseTCA
elle OfHO# CIIEKTPOCKOMHYECKOI METOAMKOH NONyueHH s MHG)OPMALIHH O TIOBEPXHO-
CTHBIX COCTOSTHHSX, ACNOKATH3ALMH M APYTHX MPOLIECCAX, CBA3AHHBIX C HCMYCKAHHEM
cBeTa HaHoyacTHLaMH. MHoraa 3/1eKTPOHHO-AbIPOYHbIE MAPH, 06pa3oBaBLIHeCs TiPH
o6nyyenn obpasia, MONaAoT B METACTAGHIbHBIC COCTOAHHA € GonbIIMMH BpeMEHa-
MM XH3HH, He ycrieasi GbICTPO PeKOMGHHHPOBATD. Hannuue Takux NOBY1IEK 0COGEH-
HO BBHIPAXKEHO JUIS MAIBIX HAHOYACTHLL, Y KOTOPBIX BE/HKA 0N aTOMOB, HAXOALIHX-
CSl HA MOBEPXHOCTH, DTH aTOMBI 3a4aCTyi0 HMCIOT HEHACHILLCHHBIE XMMHUYECKHE CBSI3H
M HecnapeHHbIe 3/ieKTpoHbl, Harpesanne obpa3ua Bo30yxnaer xone6aHHsA peleTKH,
KOTOpbIE MOTYT, TICPEAaB SHEPIHIO CBA3AHHBIM B JIOKATHIOBAHBIX COCTOSIHHMSIX JJIEK-
TPOHAM M JIbIpKaM, OCBOOGOAUTH HX H3 JIOBYILIEK, 4TO CONPOBOXAACTCA H3NYIEHHEM O~
THYECKHX (DOTOHOB NpH MOCIEAYIOLICIi peNaKCcalti noanyuemm. 310 1 cocTaBaseT
B O6IIMX YepTax MEXaHH3M TEPMOMIOMHHECUCHIIMH. .

DHeprusi, HeOGXOMUMast JU1si OCBOGOXICHHA 9NEKTPOHOB [ ABIPOK M3 JIOBYLLIEK,
oBecrieynBaeTCst OCTENEHHBIM HarpeBanKeM obpasua. OGbIYHO B IPOLIECCE H3YUCHHUS
TEPMOMIOMHHECLEHIMH PETHCTPHPYIOT 3aBHCHMOCTD MHTCHCHBHOCTH HIYUCHUA CBE-
Ta OT TeMnepaTypbi, TIPHMEpP KOTOpOii A1 HAHOKPHCTALIOB 'CdS, uaxonamuxca
B iueiikax 1eonuTa-Y, MpHBEACH Ha pHC. 8.34. Suepmﬁ, coomcrcmylouma MaKCHMY-
My aMHCCHH (MHKY CBeueHMs); COBNanacT aucpmcii ncoﬁxommoﬁ st ocBoGoxae-

HUSI HOCUTESA U3 JIOBYLLUKH. OHa MOXET paccua'rpusarbcﬁ KaK Mepa TJI)’GHHH JIOBYLICK.

DToit SHEprHM, OTHAKO, OBBIYHO HENOCTATOUHO AT BO36YXACHHSA NCKTPOHOB M3 OC-
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HOBHOTO cocTostHus. Hanpimep, npu xomHaTHoii Temnepatype (300 K) Teriosas aHep-
rust kT = 25,85 M3B MHOro MeHbIIE THITHYHBIX 3HaYeHHIl ITHPHUHBI 1ERH E‘, HO 3Ta
BEJIMYMHA CPaBHHMA C SHEPTHAMH HOHM3ALMK MHOTMX JOHOPOB H aKLENTOPOB B NOJTy-
nposoanukax (cm Ta6auuy B.10). OGbHble 3HAYCHHS DIYGHHBI JIOBYLIEK TAKXe Jie-
Kar B 06/1aCTH TETUIOBLIX SHEPTHIA. - ’ ‘ P TN RO OX &

8.4, HaHOCTPYKTYPSI B L{€ONMTOBLIX SuEHKaX

TIpuMepoM TOro; HAacKONbKO 3(h(PEKTHBHO HCIONBL30BAHHE TEPMONIOMHHHCUCHLHH

| 1A oNy4yeHUst HHMOPMALMH O HAHOCTPYKTYpax, ABMIACTCS H3y4EeHHE KJIaCTepOB CYJlb-

¢duna xanmua CdS B siueiikax ueonura-Y. Lieonur-Y, BcTpeyalouiumiics B IpHpoe B BH-
ne MuHepana doxasura (Najy,Ca)(Al,Siy)0,;°8H,0, umeer KyOHYECKYIO CTPYKTYPY
C MOCTOsIHHOI peleTKH a = 2,474 M. Ero nopucrast ctpykTypa obecneunBaeTcst CeTbio
TeTpa3apoB cUAKKaTHBIX (Si0,) u amoMuHaTHBIX (AlO;) rpynn, hopMupyloUHX Ky6o-
OKTas3pHyecKue nopsl auamerpom 0,5 HM. DTH TOPH! Ha3bIBAIOT CONATHTOBBIMH AYEHi-
KaMM, TaK KaK OHM TOXOXH Ha 1opsl B-MuHepane copamure NayAl;Si;0,,Cl. AroMbl
aIOMHHHSA H KPEMHUS PaCrpelesioTcs 0 CBOWM MECTaM B PEILIETKE MOYTH Ciydaii-
Ho. JlMaMeTp BXoja B CONATHTOBYIO siueiiky cocramiser 0,25 HM. CyllecTBYIOT Takxke
cynepsiyeiiku auaMeTpoM ~1,3 HM u pasmepom Bxoza ~0,75 M. Ha puc. 8.35 nokasa-
Ha cXeMa CTPYKTYDHI C TETpasipHYeCKM CBA3AHHBIMU KyOuueckumu xnacrepamu Cd,S,
B CONANIMTOBLIX fYeifkax M IycToit cyme-
pAYeHKOM B ieHTpe. '
ITpu BBeaeHun CdS B LLEONHUT OH CHa-

yajna CTPEMHMTCS 3aHATh CONATUTHBIE

.- AYeiKH,’ MoKa3aHHble Ha puc.  8.35,
- HO MOXeT Takke (hopMupoBaTh U KJacre-
" pHI B cymepsyeitkax, ocobeHHO npu 607b-
- wo# npoueHTHoit aone CdS. Kpome To-
* . ro, knactepsl CdS B cocefHHX nmopax Mo-
IyT coeAuHAThCA ¢ oOpasoBaHHeM

. yacTul, 3¢p@deKTUBHbIE pa3Mephl KOTO-
poix Gonbuie. Takum o6pa3om, npH yse-
JnyeHHH KoHueHtpauun CdS cpeaHmit
pa3smep KJacTepa Takke BospacrtaeT. Kak

", ¥ OXHIAAETCA, TIPH YBEJIMYCHHH CPEAHETrO
pasMepa KJIacTepOB, BbI3BAHHBIX POCTOM
Temneparypa, K - KoHueHTpauuu CdS B neomure-Y ¢ 1 o
: ' FrviKd : 5 MpoLEeHTOB, B CneKTpax ONTHYECKOro
Puc. 8.34. KpuBbic CBCUCHUA KaCTepoB Cd§ NOIJIOEHUs! HaGTIONAEeTCA KPacHOe cMe-
D o o, e (. puc. 836). Tl Komera-
oTBeTCTBeHHO. KpHpasi § noctpoena mst 06~ LM 20% cnexTp COBNAJAaeT Co CMEKTPOM
emuoro CdS, a kpupast 6 — ans Mexaumyec- O6bemHoro CdS, uto sBnseTcs npu3Ha-
xoit cMeci nopowkos CdS u ueonura-Y., - KoM obpa3oBaHus 06beMHOI (hassl Cy/b-

ket PR e vy
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HHTCHCHBHOCTS ,OTH. €.
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8.4. Hanocmpyxmypw @ yeoaumossix aueiixax I@

Puc. 8.35. Cxema CTpYKTyphI LICONHTa-Y, Ha KOTOPOil BUAHO 6 CONATHTOBBIX YCEK ANa-
meTpom ~0.5 HM, 3aN0THEHHBIX TETPAAPHUCCKUMH KIaCTepaMH Cd,S,, non-
Ha Gobluas cynepsyeiika B LEHTPE C AHaMETPOM ~1.3 HM.

duna xanMust BHE LIEONUTOBBIX AueeK. IHTEHCHBHOCTD (HOTOMOMHHECLIEHLIHH HH3Ka
NpH MasbIX KoHueHTpauusax CdS i 0 HEKOTOPBIX NOp YBEHHBACTCA C €¢ POCTOM,
a 3aTeM OMATH CajaeT MpH GONBUIMX KOHUEHTPALHAX, KaK MOKa3aHO Ha pHC. 8.37.
B NpOTHBONONOXHOCTH 3TOMY, TEPMOIOMHHECLEHTHOE CBEICHHE MaKCHMAIbHO NpH
MaJI0#i KOHLEHTpaUuK 1 yObIBaeT NpH ee yBeJIHYEHHH, KaK MOXHO BHIETb Ha PHC. 8.34
1 8.37. D10 06BACHSAETCA TOKATH3aLMEH HocHTeselt, 06pa3yIollHXCsl B KJIacTepax CdS
npu obpaGoTke 66pa3ua. HarpeB CTHMYJIHpYET 0CBOGOXAEHHE HocHTeNelt M3 3aXBaThl-
BAIOIIMX LIEHTPOB TIPH TEMIIEPATYpe OKOMO 375 K, 4T0 BLI3bIBAET NOABICHHE NTHKa Tep-
MomoMuHecueHumy (puc. 8.34). ITpn a1oit TeMnepaType TeroBas SHEprua kT paBHa
rIyGuHe JoBylIeK. Y MEHBIIHX KIacTepoB, o6pasylolLXca npH Gonee HUIKHX KOH-
uenTpaumsx CdS, KonMuecTBo MOBEPXHOCTHBIX ypoBHeit 6onblue, a, cncm;ammo,
¥ JCNOKATM3YIOLIMXCS M JAIOLIHX BKIAl B CcBeueHHe NCKTPOHOB Gonbllie. YCIeHHe
KBAHTOBOM JIOKA/NM3ALMI B MEHBIIHX KIACcTepax TAKkKe BHOCHT BKJall B YBEJIHYCHHE
BEPOATHOCTH peKOMGMHALIH, YTO PHBOLHT K YCHJICHHIO TEPMOMIOMHHHCLCHIHA.
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JnuHa BOAKBI, HM
Puc. »8.'36. Cncmp NOTIOLICHHA KNacTepoB
CdS B sueitkax uconurta-Y Jis KOHUCHTpa-

wmit 1, 3, 51 20 BecoBbix % Ha KpuBsix 1, 2, 3
M 4 COOTBETCTBEHHO. e My

J'Iurepaiypd

TepMOMOMMHCCUEHLINA

‘E(Q” Traea 8. Onmuveckasn u xosebameabHas cCneKmpoCKonus

TepMORIOMHHECLICHIIHA

. - o

DoTONOMBHCCUCHIHS
° "'"./- | ] T

7 5 10 15 20
f ; DOTONIOMIHECLICHLMS

Puc. 8.37. 3aBHCHMOCTb HHTCHCHBHOCTH Tep-
MonioMMHecueHnH M docopecucHUHN
knacrepos CdS B ueonure-Y OT KOHUEHTpa-

- umu CdS. - -
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Nalwa (2000), Vol. 4, Chapter 5, p. 325.

P. Milani and C.E. Bottary “Vibrational Spectroscopy of Mesoscopic 'Slmclﬁ:és”, in Nalwa (2000), Vol. 2,
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~ KBAHTOBBIE SMbl,

" NIPOBOJTOKM
MTOYKM

z 9.1. Beepenve

Mpu niaBHOM YMEHbILIEHHH pa3MepoB ofpasua oT GoNbLIHX (MAKPOCKOMMYCCKHX)
3HAYCHUIT, HaNpPKUMep, METPa WK CAHTHMETPa, 10 OYCHb MAICHBKKX CBOIICTBA CHavya-
J1a OCTAIOTCH HEH3MEHHBIMH, 3aTEM HAYMHAIOT MEIJIEHHO MEHSAThLCA, a PH pa3mepax
meHee 100 HM MOryT M3MEHHTBLCS pagnKanbHo. Ecnu pazmepsl o6pasiia B ONHOM H3Me-
PEHMM JIEKAT B HAHOMCTPOBOM JManas’oHe, a B ABYX APYIHX OCTAIOTCS GONBIUNMH,
TO TIONYYHBIIASICS CTPYKTYPa Ha3bIBACTCS KBaHTOBOI AAMOit. Eciiu oGpa3ell man B ABYX
M3MEPEHHsX ¥ HMeeT GoNbluKe pa3Mepbl B TPCThEM, TO TaKO#H 0GBEKT Ha3bIBAIOT KBAH-
ToBoit npoBonokoit. ITpeaenbHbliil cnyyait 3TOro mpotecca yMEHbIIEHHA pa3MepoB,
TPH KOTOPOM Pa3MepBl BO BCEX TPEX H3IMEPEHHSIX JIEXAT B HIDKHEH YaCTH HAHOMCTPO-
BOTO JMAarna3oHa, Ha3blBACTCS KBAHTOBOM TOYKOM. DNHUTET «KBAHTOBbII{» B HA3BAHHAX
STHX TPEX THIIOB HAHOCTPYKTYD HCTIONB3YIOT IOTOMY, YTO B obnacTH y/sTpaMabix Mac-
1Ta6oB BO3HMKAET M3MEHEHHE CBOIHCTB KBAHTOBOMEXaHHYECKOit npuponsi. Puc. 9.1
WINIOCTPHPYET 3TOT NPOLECC YMEHbILICHHS Pa3MCpPOB JUlst NPAMOYTOJbHO# FCOMETPHH.
Ha puc: 9.2 nokasaH TOT X¢ npouecc Wi KpHBONMKHeitHOI reoMeTpiu. B HacToseli
riase GyayT pacCMOTPEHbI BCE 9TH BAPHAHTH YMEHBLICHHSA PasMCPOB. Hpyrumu cno-
Bamu, GyeT ONMCAHO BAMSHHE Pa3MCPHOCTH Ha cBoiicTa ofpasua B ciyuasx, Koraa
OJTHO, ABA WJIH BCC TPH H3MCPEHHS MATIBL. Oco6eHHO HHTEPECHBIM SIBISETCA Bo3aeicT-
BHE TAKHMX M3MEHEHHUIT HA NEKTPOHHBIE CBOHCTBA. 0630p nocTixeHHit B obnacTi Ma-
JIOPa3MEPHBIX KBAHTOBBIX HAHOCTPYKTYP MOXHO HaitTi B pabote Jacak ¢ coasTopaMi

(1998). AP _

O6beM sima [lposonoxa Touxa

O6rem - sima Tipoponoxa Touka
. Puec. 9.2. MocaeaopatenbHOCTh KPYIALIX Ha-

.91 HOCTH MPAMOYTOb-
Puc. 9.1. [Nocnenosarenb PA o ocTpyKTYP. -

HBIX HAHOCTPYKTYP. -
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9.2, l'lpuroronneuue KBQHTOBbIX Hanocrpylcryp

OnHa M3 KOHLEMUMIl CO3NAHWA HAHOCTPYKTYP, MOJNY4YMBIIAA HA3BAHHE <«CHM3Y —
BBCPX», COCTOMT B TOM, 4T0GbI HaGpaTh, COCAMHUTE H BLICTPOHTD OTACTBHEIC aTOMbI
M MOJIEKY/IbI B YTIOPSUIOUCHHYIO CTPYKTYPY. DTOT NOAXOA MOXHO OCYLUECTBHTH C NTOMO-
111610 CAMOCGOPKH WJIH HEKOTOPOi NIOCIIEAOBATEIBHOCTH KaTAIHTHYECKHX XHMHYIECKHX
peaxkumit. Takie npolLecch WHPOKO PacnpoCTpaHEHs! B 6HONIOTMYECKUX CHCTEMAX,
FJ¢, HanpUMep, KATAIH3ATOPbI, Ha3biBacMble PepPMEHTaMH, cobupast aMHHOKHCJIOTHI,
dbopMHpPYIOT XHBBIC TKaHU, 06pasylolmne 1 nonnepxusaloume Oprasl Tena. B cneny-
joueii rase oGbACHsAETCA, KaK B npuponc BO3HHKAET TaKoe paanooﬁpasue Bapualrroa
caMOCOOpKH. ; . HY
I'Ipomaononoxuaa xonuenuun (bopunposaﬂun HaHocmyxTyp oﬁosnaqac‘rca
«cBepxy — BHuU3». IIpH TakoM noaxo/e npouecc HAYMHAECTCH C 00paboTKH Makpo-
MaciiTabHoro o6beKTa WM CTPYKTYPbl H COCTOMT B MTOCTENCHHOM YMCHBUIEHHH HX
pasmepoB. OQHH M3 LIHPOKO PacNpOCTPaHEHHLIX MPOLIECCOB 3TOTO Kilacca Ha3biBa-
10T auTorpacdueit. OH cocTOMT B 06nyueHHH 00pasLa, MOKPHITOro CIOEM, YYBCTBH-
TeNbHBIM K TAKOMY BO3JEHCTBHIO, Yepe3 HEKOTOPbIii WabnoH. 3aTeM TOT WwWabnoH
yAQNAETCS, a Ha MIOBEPXHOCTH € MOMOLLbIO XHMUYECKOit 06paboTKi GpopMHPYIOT Ha-
HOCTPYKTYpY. O6bI4HO B Ka4eCTBE BEUIECTBA TAKOTO YYBCTBHTEBHOrO CI0S MCIOJb-
3yloT monumep — nonumernamerakpunar [Cs0,Hgl, ¢ MonekynsipHoit Maccoii ot 10°
no 10° r/mons. Ha puc. 9.3 npouecc torpadui NPOMLTIOCTPHPOBAH Ha NPHMEPE
TMONYYEHHA KBAHTOBOI TIPOBOIOKH WJIH TOYKH M3 KBAHTOBO IMBI (HanpHMep, cJios
GaAs), pacroNoXeHHOI Ha MOAIOXKE KaK Nnoka3aHo puc. 9.3a. OCHOBHbIE CTalMH
3TOTO Mpolecca H306paxeHsl Ha puc. 9.4. CHayana noBepxHOCTH 06pa3sLa MOKpLIBa-
10T PaIMaLHOHHO-YYBCTBHTENLHBIM CIOEM, Ha3bIBAIOIMMCA pe3ucToM (puc. 9.4a).
3ateM ero o6ayyaioT B 00JIaCTH XeIaeMOro pacrnojoXeHHsi HAHOCTPYKTYPBI 3JCK-
TPOHHBIM MYYKOM. DTO MOXET OCYIIECTBAATLCA NGO yepes Macky (puc. 9.46), coot-

BETCTBYIOILYI0O HeOOXOAMMOl HaHOCTPYKTYpE, JMGO myTeM CKaHHPOBaHHA 3€K-

Tposonoka
Touka

Momnoxxa ' ' . Moanoxxa

(@) & (6)

“Puc. 9.3. a) — KBaHToBast iMa M3 apCCHHIA FUUTHS Ha NOAJIOXKe; 6) — KBaHTOBas npo-
BOJIOKA H KBAHTOBAsl TOYKA, NOJYYCHHbIC METONOM JHTOrpadun. ;

9.2. Mpuzomosnenue keanmoavix Hanocmpyxmyp ZOD»

Macxa obnyuesns O6ayucuue
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Puc. 9.4. Srans! GopMHPOBAHHA xnamoaoﬁ TIPOBOJIOKH HJTH TOUKH METOZOM 3NEeKTPOH-
- HO-JIy4eBOil nuTorpadMu: a) — MIHAYAILHAA TOKPHITAS 3alUMTHBIM CNIOEM
. ' KBaHTOBas IMa Ha NOUIOXKE; 6) — oﬁnyqeuue obpa3ua uepes Macky; B) — KOH-
: (Urypaius nocNe pacTBOPEHILS NPOsIBITE/IEM 0BAyYCHHOI YacTH paTHauHOH-
HO-YYBCTBUTE/ILHOIO 3aLIHTHOTO CJIOA; T) — (OPMHPOBAHIE MACKH ISt NOCAe-
AYIOWIETO TPABNCHHS; /1) — COCTOSHHE TIOC/IE YAANCHHS OCTABILICHCS YacTH YyB-
CTBUTE/TBHOTO 3ALIMTHOIO CJIOfT; €) — COCTOSIHHE MOCEe CTPABRIMBAHMS YacTeit
 MaTepHana KBAHTOBOIt MBI, X) — oxouqa'nenwuﬁ BHJI HAHOCTPYKTYPEI noc/ie

| ypaneHus Macku manneum. e

TPOHHBIM nyqxom; [10MAAIOLHM Ha TIOBEPXHOCTB TONIBKO B TPEGYEMBIX MECTaX. 06-
JIydeHHe XMMHYECKH MOAU(UUHMPYET HE3AUHILEHHBIC OT HETO HacTH YyBCTBHTENb-
HOTO CJIOSI TAKMM 06Pa30M, YTO BEWIECTBO ITOTO CJOA CTAHOBHTCH PACTBOPHMBIM
B CMELHANbHO NOJ06paHHOM NPOABHTEIIC. TakuM 06pa3oM, TPEThA CTagHsA Npouec-
ca (puc. 9.4B) COCTOMT B yAaneHUH 0G/yIEHHBIX YIaCTKOB CJIOS C IOMOILIBIO XHMH-.
Yeckoro TpaBacHHs. YeTBepTas CTaHs (puc. 9.4r) 3aKnioyaeTCs B HAHECEHHH Mac-
KM ISl TpaBNieHus B 06Pa30BaBIIHECs HA NMPEABIAYLICM aTtane yriyGleHHs B YyBCT-
BHTeNbHOM cnoe. Ha nstroit craann (puc. 9. 4n) ynansieTcs OCTaBIIasncs 4acTb 3TOTO
cnos. Ha mectoit cramnu (puc. 9.4€) XMMHYCCKHM TpaBfieHHEM YAISIOTCA HE 3a-
KpBITHIE MACKO# YJacTKH C/0sl, COCTaBABLICTO M3HAYAIBHO KBAHTOBYIO fIMY, H-0C-
TaeTcsl KBAHTOBAasA CTPYKTYpa, MOKpbITasd Mackoit uist Tpanenns. M HakoHew, ecin
3T0 HeoOGXOAMMO, YAANAETCS Macka TpaBICHHA 1 ocrtaercsl TpebyeMasi KBaHTOBas
cTpyKTypa (puc. 9.4X), KoTopas MOXCT 6ITh KBAHTOBOI TOYKOI WJIH TIPOBONIOKOIH,

nokasaHHoit Ha puc. 9.36. B Inase 1 ynoMHHAIach MEKTPOHHO-yueBast IHTOTpa=
dus, B xoTopoit Juist 06IyICHHA MCNONB3YETCs MyHOK 371eKTPOHOB. B Apyrux THNax
auTorpadMM MOryT HCTIONB30BATHCA TYKH HETPANBHEIX atomos (Hampumep, Li,

Na, K, Rb, Cs), ny4Ki HOHOB (HanpHMED, Ga') HiH 3NEKTPOMATHHTHOE HITYUCHHUE
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Puc. 9.5. Yersipexcnoitnas KOHCTPYKLMSI M3 KBAHTOBBIX M Ha MOUIOXKE, NOKphITan
YyBCTBUTENBLHBIM cioeM. CBepxy nokasaHa Macka st obyueHHs NpH JIKTO-

rpadun. :

Ksantonbie .

TOUKH \

Puc. 9.6. MacciB KBaHTOBBIX TOUEK, NOMYYCHHBII C OMOLIBIO IUTOrpadMi U3 Nepso-
HavabHolt KoH(KIypawuH, nokasanHoif Ha puc. 9.5. 24 KBaHTOBbIE TOYKH
PACIIONOXEHbI B LICCTH CTONGHKAX MO YETHIPE IUTYKH B KAXKIOM.

BUAMMOTO, YILTPadHONETOBOrO MK PEHTTEHOBCKOTO AKana3oHa. ITpu ucnonn3osa-
HHUM J1a3CPHOrO H3NYYCHHUS C MOMOUILIO YABOCHHA M YYCTBEPCHHS YaCTOTHI YAACTCA
JOCTHYb JUIMH’ BONH, yOGHBIX ansi (hOpMHPOBAHUSI KBAHTOBLIX TOUEK (Hampumep,
A ~-150 num). Mpu nazepHoM 06NydeHHH MOXHO MCMOJbL30BaTh (POTOXMMHYECKOE
TpaBicHME. - - oo Ake (HE T ong) RasTH ReTgsarhl  aMeSIEAQT 010X
.. C nomoubio aMTOrpahuu MOXHO noJiy4ath i 60/1ee CIOXKHBIC KBaHTOBBIC CTPYKTY-
pBl, UM NpeACTaBicHHbIC Ha puc. 9.36 KBaHTOBLIC MPOBOJIOKH M KBAHTOBLIE TOUKH.
Hanpumep, MOXHO HauaTh C MHOTOC/IOMNHOI CTPYKTYPbl KBAHTOBBIX IM, MOKa3aHHOM
Ha puc. 9.5, MOKPHITL ¢ YYBCTBUTEJAbHBIM CI0EM M OBMYYHTH Yepe3 MAcKy C MICCThIO
KPYT/ILIMH OTBEPCTHSIMH, H306paxeHHyIo Ha pucyHKe cepxy. Ilocne cepuu npouenyp,
MOKa3aHHLIX HAa pHC. 9.4, MOAYUNTCSA CTPYKTYpa U3 24 KBAHTOBBIX TOUCK, PACMONOXKCH-
HbIX B 6 cron6ukax (cM. puc. 9.6). B xaxaoM 13 HHX pYT Ha ApYra YJIOXEHbI 4 KBaHTO-
Bble TOYKH. B KauecTBe MpUMepa MPEHMYILECTB H3rOTOBICHHS MACCHBOB KBAHTOBbIX
TOYEK MPUBEACM TAKOi SKCTICPHMEHTAIHBIH Pe3y/IbTaT: HHTCHCHBHOCTD (OTOJIOMH-
HeCLICHLIMH MaccHBa KBAHTOBBIX TOYEK, CIIEKTp KOTOpOii noka3aH Ha puc. 9.7, 6onee
yem B 100 pa3 Bbilie, YeM Ul NEPBOHAYAIBHOI MHOIrOC/IOHHON CTPYKTYPhl KBAHTOBBIX

9.3. ddhexmu, 06ycaoenennwie pamepamu u pazmeprocmsio RanooGseKmos 20\)»

M. ﬂpumumu, Jiexauue B ocHOBE OTONMOMHHECLIEHLIMH, HATOXEHB! B naparpade
8.3.1. OcHoBHOIi MUK B CrieKTpe Ha pHC. 9.7 OTHOCHTCA K JIOKATH3OBAHHBIM IKCHTO-
HaM, KaK oObAcHeHo B naparpade 9.4. Yse/nuenue HHTEHCHBHOCTH, TOKA3aHHOE Ha
PHCYHKE, MoJy4eHOo Ha obpasue, TNepBOHAYAILHO COCTOSBLLEM H3 15 NEPHOAOB CBEPX-
peICTKH U3 Yepenylonmxcs cnoes Si u Siy ,Ge, 3 Tpex-HaHOMETPOBO# TOMUMHEL 3a-
TeM OHM 6bLTH 06paboTansl TaK, YTOGH! CHOPMHPOBATHCH MACCHBLI KBRHTOBbIX TOYEK,
YNIOXEHHBIX B cToN6HKH BoicoTOl 300 HM M IMameTpoM 60 HM, HaXonALIMECS Ha pac-

crostimu 200 HM ApYT OT Apyra.

BRREE

9.3. Dppexrl, 0bycnosneHHsie pasmepamu .
¥ pasMepHOCTbIO HaHoOGbekToB

9.3.1. Pasmepnvie sppexmoi
TMoce M3NOXeHHs CocoBoB CO3NAHMA HAHOCTPYKTYP CTOMT PAcCKa3aTh O BAMSHMH
Pa3MepoB Ha PAVIHYHBIC TAPAMETPBI TAKHX CHCTEM. B3sB B KaueCTBe THIHYHOTO Ma~
Tepuana GaAs — nonynposoaunk tina A"'BY, naitnem B Ta6muue B.1 ero napametp

pELIETKH @, KOTopblit coctamnsier 0,565 HM, M nonyuuM 06BEM INEMCHTAPHOMH aveli-
xu 0,565° = 0,180 HM’; DieMeHTapHas AUCitKa COACPKHT YETHIPE ATOMA FAUTHS M He-

ThIpe aToma.Mbllbsika. Kaxnsiii Thn
aromoB obpasyer csoio I'lIK noapewer-
Ky; TIOKa3aHHYIO Ha pHC. 2.3, a 3TH noA-
peLIETKH CABHHYTHI OAHA OTHOCHTENILHO
Apyroit Ha BeKTOp [/4'/4'/4] no auaroHanu
Ky6a, Kax roka3aHo Ha puc. 2.8. B Takoii
CTPYKTYpe KaXablil aToM Tauiusi Haxo-
RUTCA B LEHTpE TETpaspa M3 aTOMOB
MBILIBAIKA, YTO COOTBETCTBYET KOHHIY-
pauyn GaAs,, a KaXablit aTOM MBILIBIKA
— B LEHTpE cooTBeTCTBYIOLICi KOHDHTY-
pauuu AsGa,. Peerka cofepXuT OK0/I0
22 atoMoB Ha KyOHuECKHii HAHOMCTP,
a KBaHTOBasi TOUKa KyOuueckoil Gpopmbl

co cTopoHoit 10 1M cocTonT 13 5,56 - 10°

3NEMEHTAPHBIX A4CCK. -

~Jlns oTBeTa Ha BO3HMKAIOWMIE BO-
MPOC O KONHYECTBE ATOMOB, HAXOAs-
LIUXCS HA MOBEPXHOCTH YACTHLIbI, yno6-
HO TONB30BATHCS creaylouleii Gopmy-
nodk - st KyGuueckoit vacTHUB €O
CTPYKTYpO#l LMHKOBOH OGMaHKH, npH-
cymeit GaAs. Ecnu B34Tb 3NIeMEHTap-
Hyl0 siyeiiky B. BHIAC, fIOKa3aHHOM

U HTCHCHBHOCTD, OTH. €.
£ y =4 .
anad
“in

T=4K

’ . 60-nanomeTpo-
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Puc. 9.7. Cniextp (OTONOMHHECUCHLMH Mac-
cHBa KBAHTOBHIX TOuEK amamerpom 60 HM,
MOJNY4CHHBIX C FOMOL{BIO nurorpadmum,
B CPaBHEHHH C MCPBOHAYANTBHBIM CTICKTPOM
MHOTOCAO{HOI CTPYKTYPbl KBAHTOBBIX SM.
Bupaxenusii nuk Ha 0,7654 3B posuikact
W3-3a NOKAAM30BaHHBIX Kcntonos (LE)
p caepxpewerke (SL). CnekTpsl CHUMATHCD

_npu remneparype 4 K.
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Ha puc. 2.6,.a HAaHOCTPYKTYPY NPCACTaBHTD cocTosmeil 3 #° TAKUX SueeK, TO MOXHO
NoKa3aTh, 4TO YHC/IO ATOMOB Ha MOBEPXHOCTH Ns, MOJHOE YHCAO aTOMOB NT H cropo-
Ha xyﬁa d 3anucunalo1'cx Kax . : 3K A0

No=12a T 6D

 Np=8 4G +3m et '.-(92)
d=na=056s, ' 03

rae a = 0,565 HM — NOCTOAHHAs PEUIETKH GaAs. l'Ioc'roaHbec pcme‘rox npyrux nony-
TNPOBOJHHKOB CO CTPYKTYpOit LMHKOBOIi OGMaHKH TaKXe MOXHO Haiitn B Tabnuue
B.1. B Ta6muue 9.1 npuseaeHs 3HaueHus Ny, Ny, d v posx aTOMOB Ha TOBEPXHOCTH
Ng/Nyans pasnbix n. Bonbuwoit NPOLIEHT aTOMOB, HAXOALIMXCA Ha TIOBEPXHOCTH TpH
MaJbiX #, ABAAETCS OAHHM W3 MPHHUMMHAIBHO BAXHBIX ¢axTOpOB, NMPHBOAALIMX
K Pa3jIiyHIO CBOMHCTB HAHOCTPYKTYP H 06BeMHBIX MATEPHAIIOB. Jlerko cocTaBuTh aHa-
JOTHUHYIO Tabnuuy st uunmmpuqcclmx KBaHTOBbIX c'rpyx'ryp “TUMAa MOKa3aHHBIX Ha
puc. 9.2 u9.6. . \ '
Cpasuusas Tabnuuy 9.1, oTHOCAILYIOCH K xyﬁnqecmm HaHoqacmuaM CO CTPYK-
Typoit anma3a, ¢ Tabnuueit 2.1, orHocsWerCa K 'K HaHoYacTHLIaM NPUONM3NTEND-
HO cepuuecKoit GOpMbI, MOXHO YBHAETD, YTO KaYECTBEHHO PE3Y/ILTAThl HE OTIUYA-
torcs. U3 Takoro conocrasnenus caeayert, yto y I'IK HaHO4YacTHIL 0N aTOMOB Ha
MOBEPXHOCTH, MPH TOM Xe MX MOJHOM KOIHYECTBE B 4acTHIIC, 6onplie, TO — OXHU-
JaeMBlil pe3y/ILTaT, TAK KaK NPH BHILIENPUBEACHHOM crocobe BLIYHCJIEHHIT B KadecT-
BE MOBEPXHOCTHBIX Y4HTBIBAETCS TOJIKO OJMH U3 JIBYX THIIOB aTOMOB B CTPYKTYPC ap-
CEHMA TALTHS. " : - )4 g fiorer

~ TaGanua 9.1. KonnyecTso aToMOB Ha NoBepxHOCTH N, B o6beme Ny, u npouent Ng/N,
'aTOMOB Ha MOBEPXHOCTH KyOHYeCKOi HaHOYACTHLIBI CO CTPYKTYpOit anmasa

n Paamep na(um)”  [MonHoe xon-so Kon-so atomos  [pouenr aTomos
atomos HO NOBEPXHOCTH  Ha noupxuocm

2 1,13 - 94 ; e y 51,1 13

3 1,70 279 ROHGR TR E T T i

T sl - 620 X0 IORGYN T AT PO

P nis Gk 2 0 1165 Saoaid a2 W

6| 3,39 1962 o 432 22,0

10~ o 5,65 e 8630 Loy 1200 13,9,

15 ; 8,48 2,84-10° 2700 9,5

25 14,1 1,29 - 10° 7500 sl

50 T 28,3 ©1,02-10° 3,0-10 2,9

100 - - 56,5 8,06-10° 21,2 400 ok
" Flpmeneuu 3uaueHns ana GoAs (a=0565 HM) ' ; -

,[Inmxcuue Hocme.ncﬁ 3apsana B NPOBOAHHKAX Y nonynpononﬂuxax ()i} neﬁcr-
nuen IPHJIOXEHHOTO 3NIEKTPHYECKOro MOoJisi HHOTAA MPEPhIBACTCA paccesaHUEM Ha
(hoHOHAX WM MPHMECAX. DIEKTPOH WIH ABIPKA, ABUXYLUHECS C Ipeitdosoii ckopo-
CTbIO V, NpETEPNEBAIOT PacCesIHNE B CPEAHEM KaX/ble T CEKYHA, U Ha PacCTOSHHE l,

9.3. Igpexmui, o6ycnoesennsie pazmepamu u pasmepnocmoro nanoobsexmos 205 »»

Ha3bIBACMOE CPENIHEH LTMHOM °3°5°11"°f0 ﬂpoﬁera B'm Benwmuu CBA3aHbI BhIpa-
KEHUEM

o d=w = qowse’ s (94)
D10 Ha3LIBACTCA BHYTPU3OHHBIM PaccesiHMEM, TaK KaK HOCHMTENb 3apsaja ocraercs
B pe3y/bTaTe PaccesHMs! B TOif Xe 30He, HalpuMep, B BAICHTHOI B Cilyyae ABIPOK.
Cpensis AjuHa csoboaHoro mpoGera B METa1aX CHIBHO 3aBHCHMT OT CONCPXaHMSA
npumMecelt, ¥ B OGBIYHBIX METAIAX €e TUIIHYHOE 3HAYEHHE NIEXHT B AMANA3OHe ellH-
HULL-NECATKOB HAHOMETPOB. B oueHb YKCTHIX 06pa3Lax OHa, KOHEUHO, GyaeT HAMHOTO
6onpie. CONPOTUBACHHE NMONUKPHCTAIMYECKOrO NMPOBOAHMKA MM NOMYIIPOBOLHH-

 Ka, COCTOAIIEro H3 MUKPOKPHCTA/LUTOB C pa3MepaMH, HAMHOIO GonbIIMMK JJTHHBL CBO-

Gonuoro npobera, MOX0Xe Ha CONPOTHBICHHE CETH COCAMHEHHBIX MEXILY coboit pe3u-
CTOpPOB, HO Koraa pasmepsl MHKPOKPHCT/LIOB npusnuxalo‘rca WIH C‘I‘aHOBﬂTCH MeHb-
e wmuu csoﬁonuoro npoGem, conpomnncuue npeuuymec-rncuno onpcne.nacrcx
pacceuuuem Ha rpannuax SCPCH Pacnpocrpaueuu 06a THNA Mcmmuqecxux uauocr—
PYK'WP
" Pa:mwmue mnu ncdwmos peleTKH Moryr TipepBaTh nocrynarenmoc JBIKEHHE
:mex'rpoua npono,uuMocm H orpauwum TaKHUM oGpasoM n.mmy cno60nuoro npoGera
HpuMepaMH Hy.nb-MepHux AehekToB MOTYT cnyxm'b OT‘CYICTB)’IOIIIHC aTOMbl WIH Ba-
KaHCHH, U ,uononumenbnue aToMbl, pacuonoxeﬂﬂue MexXay oGu-muuu nonoxenu-
SIMH B pemerxe  Ha3blBacMbie Mcxnoysenmuuu l'Iapa nc(bex'ros BaKaHCHA-MEXI0Y3-
nue HasuBaerca netbelcrom d)peﬂxcm Kpacnaa zmcnoxamm smmwrcs{ npuMepOM on-
Homepuoro ,ue(bex'ra xoropbm MOXHO npcnc'rasmb ' KaK xpaﬁ mmmei’t
no.nymlocxoc'm "aTOMOB B pcmerxe Pacupocmanennue ABYMEpHbIE neq)ercru — 3710
rparmuu 3epeH, nnomnu(on nc(bex'ru ynaxonxu, cnoﬁom{uc noacpxuocm I'lyc'roe
npoc‘rpancmo, Haaunaemoe nopoﬁ Knactep naxancnﬁ 3aponuu1 Ipyroit ¢a3sl, MHK-
pOTpcumHa MOTyT cnyxmb npnuepamu Tpexmcpuuxnecbemn Bce atit ,ued>exm MO-
IYT BbI3bIBaTh paccesmue 3ne|crponon H, CIICJIOBaTeJleO numu'mposarb 3ne|<rponpo-
BOJIHOCTb. choropue HaHocmyx'rypu CTMUIKOM Manu JIJlﬂ TOrO, 4TOGBI y an npu-
CYTCTBOBAIH Buymeunue ne(bex'ru i

Ewe onuu pa:mepnuﬁ appekr noa'mxxaer H3-3a nemponarmu nonynposonmmon

JUist 06BbIYHBIX KOHLEHTPALHit nouopon ot 10" 1o 10" cm™> B kBaHTOBO TOUKE pa3Me-

pom 100 HM B CpEHEM 6yner oT 10™ no 10° 3MEKTPOHOB NPOBOAMMOCTH. Hioknuit npe-
pens 10™ 3IEKTPOHOB Ha TOYKY 03HAYaeT, YTO JIHILb B ONHO# KBAHTOBO# TOYKE M3 e~
caTH 6yayT HAXOAUTHCA TAKHE anexTpoHsl. Elle MCHbILIE KBAHTOBbIC TOUKH CO cTopo-
Hoit Kyﬁa 10 HM 6yayT UMETb OUHH 3ne|<'rpou B CpEAHEM NpPH KOHLEHTPAUHSAX PHMECH
10" eM~, a ana KOHLEHTPALMK 10" cM~> npuCyTCTBHE IMEKTPOHA GyaeT OuYeHb MaJo-
BEPOATHBIM. AHAJOTHYHBIH aHATIH3 MOXHO [pOBECTH Ui KBaHTOBBIX MPOBOJIOK
M KBaHTOBBIX 5IM, Pe3y/IbTaThbl KOTOPOro npeacTaBicHB! B Tabmnue 9.2. Y3 Hee BUAHO,

YTO TAKNE KBAHTOBLIE CTPYKTYPEI 00BIMHO XapaKTEpH3YIOTCS OUCHb MAIBIMHU 3HAYCH M-
AAMH KOHUEHTPaLHH 3NIEKTPOHOB, KOTOpBIC MOFIH Gl y4acTBOBATE B niepeHoce TOKa.

310 npuBORMT K ARICHHAM onuoanempomloro Tyuuennposamm " xynononcxoﬁ

Gnoxansl, o6cyxu1aeMbm panee.
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Ta6anua 9.2. ConepxaHue MCKTPOHOB NPOBOAHMOCTH B uenuuux (c;:.lesa): H 66nbIUX
(cnpaBa) KBAHTOBbIX CTPYKTYPaX C KOHIleHTpalueit JOHOpOoB 10" — 10" cM™

Keaxrosas ¥ . Konuuecrso Konuuecreo
cTpyxTypQ Paamep 3NeKTPOHOB Paamep 3NEKTPOHOB
O6vemHbiin ‘ _
matepwon’ < = 0% 10%en? - SR [ 0"cM'
KesanxTosas sama tonupka 10w 1 - 10* mem™? tonumna 100 um -+ 10— 10° mim™?
Keantoson . . W ANE 4 ‘ © ceYeHue g

NPOBONOKA cevenve 'IOXIO Hm 107 ’- 102 .100%100mm 1= 10‘ _
KsowTosos Touxa . cropowa 10wm 107 cropona 100 wm 107! - 'IO?

9 3 2 Pamepnocma obsexma u uexmponu npoao&wocmu

Mu anBbIKJlH u3yyarh Tpexuepuue 3nex'rpouuue cucrcuu Maxpocxonuqecxux pas-
MepoB. B 2TOM Cllyyae 3JIEKTPOHBI TPOBOAHMOCTH nenoxannsonauu u cBoGoHo ABH-
xyrcsl no nceﬁ nposo,cmmeﬁ cpene, TaKoii KaK MefHas nposonoxa }lcuo, YTO BCE pas-
Mepbl IPOBOJIOKH MHOTO Gosblie paccroamm Mexay aromamu. TIpu YMEHBLICHUH Ofl-
HOTO MJIM HCCKONBKHX pa3MepoB MEAHOTro ofpasua 10 BEMMMH, BCEro JHIUb
B HECKOJIBKO pa3 NPEBbILAIOLIMX paccToAHuA MEXKIy aTOMaMH, nonoxeuue nen xapnu-
HAIBHO MEHSAETCS: AENIOKANTH3ALMSA CTAHOBHMTCSI HEBO3MOXHOIA, H ‘NIEKTPOHBI OCTaIoTCS
JIOKA/IH30BAaHHBIMH. PaccuorrpnM, HanpuMep, rmocxlm JIUCT MEH JUTHHOI 10 cM, mn-
piHoit 10 cM 1 TonmuuHoi 3,6 HM, KoTOpast coormcmycr 10 37MeMEHTapHBIM meﬁxam.
20% aromon B TAKOM JIHCTE HaXOAATCSA B ‘3NEMCHTApHBIX siYeiiKax, pacnonoxeuuux Ha
nonepxuocm. f—)nexmonu NpOBOAHMOCTH 6y11y'r AeNOKANH30BAHBI B IUIOCKOCTH JIHCTa,
HO Gy/yT IOKQJIM30BaHbl 1O Meubmcmy M3MEPCHHIO. Taxoit 00BeKT Haausac'rcn xBamo-
Boit siMoii. KsaHToBas npono.noxa 3T0 c‘xpymypa THNa MEJHOTO npoBoJa — JUTHHHas
B OZIHOM Hanpannenuu, HO C IHaMCTPOM, COCTAB/SIOMMM HAHOMETPBI. DNeKTPOHBI Ae-
noxanuaosauu 1 cBOGOAHO NBHXYTCA BAOMD MPOBOJIOKH, HO OKA3bIBAIOTCS JIOK/IN30-
BaHHHMH B nonepeyHbIX HanpasneHusx. M, HakoHell, B KBAHTOBOM 'roqxe, KoTOpast Mo-
XeT mmsme'rb KaK xpouxetmuﬁ Ky0, xopon(uﬁ uwmwlp WIH map c pasmepaMH B He-
CKOJIBKO HAHOMETPOB, 3JICKTPOHBI NIOKATH30BAHBI no BCEM TPEM npoc'manc'memlbm
HanNpaBleHHAM, TaK YTO AENIOKATH3ALHH BOOGIUE HE IPOHCXOAMT. Wrorosas uHdopma-
umst 060 BCeX 3'mx cnyqaax MpeACTaB/eHa Ha puc 9.1 1 9.2, a Takxe B Tabnuue 9.3.

'Ihﬁ.nmn 9.3. PasmepHOCTH ndxannaauuu " AETOKANH3ALMH B KBAHTOBBIX c'rpym'ypax

KeaHToBOR CTPYKTYPa PaamepHocTn aenokanusaunn  PaamepHocTH nokanusaumm
O6vemnwii nposoghuk -~ 3(x, Y, 2) i O 0 ' 1
Keaktosas sma. - 20y T,

KsaHtoBas nposonoka 12 \ o3 : 2(x, y)

KsauTosas Touka £xiy 0 - ] 3x,y,.2)

9.3. 3 tbepmn-aas u naomuocme cocmoanui

MHorue CBOHCTBA xopoumx nposonuuxon 3nex'rpuqcc'rsa oﬁmcumo'rcﬂ B MoneJm,
B xoropoii BAICHTHBIC NEKTPOHBI B METAJUIE omenmorcﬂ oT csoux arouon M CTaHO-

9.3. ppexmu, obycaosaennsie pasmepamu u pazmeprocmsio HanoobseKMOs 201)

BATCA AC/NOKAIH30BAHHBIMHM 3JICKTPOHAMH TPOBOAHMOCTH, CIOCOGHBIMH - CBOGOAHO
MepeABUIaThCst 10 OCTOBY M3 MOJIOKHTENBHBIX MOHOB, Takux Kak Na* unn Ag’. B cpen-
HEM MEXAY COyapeHHAMH OHM NPOXOMAT PacCTosHKE /, Ha3biBaeMoe HHOIT cBobos-
Horo npobera, Kak yxe ynoMuHanoch B naparpade 9.3.1. M3-3a cnocoGHOCTH ABHTaTh-
cfl B METa/Ie NOYTH Ge3. moMex Takue 3/IeKTPOHbI BeAyT cebsl Kak ras, Ha3blBacMblii
depMu-rasom. Id_xxuucmqecxaa aueprus pasHa E = mv’/2 = p*/2m, rae m — Macca
3/IEKTPOHA, ¥ — €ro CKOPOCTb, a p = my — UMNyAbC. Takas MofeNb XOpoLuo o6BbACHAET
3akoH OMa, COrIacHO KOTOPOMY HanpsxeHue Vi Tox / nponopuHOHaNbHLI APYT ApY-
ry ¢ ko3 buuneHToM R, Ha3bIBaeMBIM CONPOTHBJIEHHEM, TO ecTh V= IR.

B KBaHTOBOMEXaHHUECCKOM OMMCAHHH MPOCKLMS p, MMITY/ICA 3NICKTPOHA Ha Ha-
TIPARNEHUE X COCTABNSACT p, = fik,, TA€ i = h/2w — yHHBEpCAIbHAs KOHCTAHTA npnpd-
b1, Ha3biBaeMast nocTosiHoi [Tnanka, a k, — NPOEKLs BONHOBOrO BEKTOPa k Ha Ha-
npasieHue x. Kaxabiii 91eKTpoH ofnaaeT yHUKaIbHBIMH 3HAUCHUAMH Ky, Ié, Hk,
B naparpade 2.2.2. 0Ka3aHo, YTO 3HaYEHUs K, k,, k, pa3IYHBIX INCKTPOHOB obpa3y-
JOT pElIETKY B A-MPOCTPAHCTBE, Ha3bIBAEMOM TaKXe oﬁpﬁmum NPOCTPAHCTBOM.
[pu TeMnepatype, paBHOil abCOMOTHOMY HYJIO, NICKTPOHBI ®epmu-rasa 3aHHMAIOT
BCE Ya/1bl peLIeTKH B 0OpallleHHOM NPOCTPAHCTBE BIUIOTH IO PACCTOSHHA kgoT Havanb-
HOro 3HayeHus k = 0, 4TO COOTBETCTBYET 3HAYCHUIO DHEPTHH, HA3bIBAEMOMY SHCPIH-
eit @epmu Ef, M paBHOMY / ‘ R s g

| Wk}

F_2m

9.5)

B npeanonoxexuu, uto obpasel umeer Gopmy Kyba co c'roponoii L, ero obbeM
B 0OBIYHOM KOOPAMHATHOM MPOCTPAHCTBE COCTABNACT V= L’ PaccTosHiE MEXAY ABY-
MSI COCETHUMM 3JICKTPOHAMH B k-npocrpancTse cocrapasiet 2/L, v npH abCcoNOTHOM
HyJie BCE DJICKTPOHBI POBOAHMOCTH B HEM pannoynaneﬂu JApYT OT Apyra, pacrnionara-
sich BHYTPH cepbl paanycoM kg H 0GBEMOM 4:rk,-/3 KaK OGBACHSUIOCH B Naparpa-
de 2.2.2. Dra cutyauus ¢ MOCTOSIHHOI} TUIOTHOCTBIO 3ne1crponon B L-npompaucme
npu Temneparype 0 K orpaxena Ha puc. 9.8a. Ha puc. 9.86 MOXHO YBHACTb OTKJIOHE-
HHS OT paBHOMEPHO# l'l)lOTHOCTH, BO3HHKAIOWHE 0K0/10 3ueprnu Mepmit npi Gonee
BBICOKMX TeMnepaTypax.

- KonuuecTso 3/1eKTPOHOB nponozmuocm C 3alaHHOI{ 3Hcpmeﬁ 3aBHCHT OT BENH-
YHHBI 3TOft SHEPTHH, a TAKXE OT Pa3MEPHOCTH NPOCTPAHCTEA. D10 NPOHCXOMMT H3-32
TOrO, YTO B OAHOM H3MEPEHHH 06aCTb, B KOTOPOit HAXOAATCA 3ne1crpouu HMeCT BHI
oTpe3Ka mmuoﬁ 2kg, B msyx M3MepeHHsAX — Kpyra IUIOWANbIo ak} F» & B TPEX H3MEPEHH-
sIX — wapa 06BEMOM 4:rk,-/3 DTH BLIPAKEHHS MPHBECHBI B TPETHEM cron6ue Tabnu-
ust A.1 Mpunoxenus A. Ecni pasienuts o6beMbl 3THX 06acTeit Ha 06beM eMEH-
’I‘apuoﬁ queitku B k-POCTPAHCTBE, NpHBEACHHbII BO BTOPOM cronbue Toif xe Tabnu-
Ubl, ¥ MCMONB30BaTh BHIPAKCHHE (9.5) ansi MCKIIOUCHHA kg w3 opmynsl, MOXHO
MONYYHTb 3aBHCHMOCTD xonuqecma ‘anexTpoHoB N ¢ sHeprueit E, MpUBEAEHHYIO
B MEPBOM cronbue Ta61muu 9.4 " naoﬁpaxcﬂnyro Ha puc. 9.9. HaknoHbl KPHBBIX N(E),
noxasaunux Ha puc. 9.9, AalOT MIOTHOCTD cocrosHuit D(E), Gonee CTporo onpenense-
MyIO Kak npoussoaHas D(E) = dN/dE. 310 03Ha4aeT, TO KOMHHIECTBO anexTpoHoB dN
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Puc. 9.8. ®ynxuus pacnpeaencuus Gepmu-
Jupaka fE), obGnanaomas NOCTOAHHO#H
[IOTHOCTBIO  3aCCACHHOCTH  COCTOAHMI
B k-npoCTpaHCTBE, MOKA3aHHA NpH T=0(a)

n0<T<TF(6).
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Puc. 9.9. 3aBMCHMOCTI KONMYCCTBA IJICK-

TPOHOB NPOBOAHMOCTH _N(E) OT JHCPruM E
B CAyyasx JACJOKanW3aUMK MO OAHOMY

(KBaHTOBBIC NIPOBOJIOKH), ABYM (xBanTOBBIE

AMBI) M TPCM M3MCPCHHAM (oGbemubIit Ma-
Tephan). - : ' YIS

G@ T'iaga 9. Keanmoguie Ambt, NPOGOAOKU U MOHKU

¢ sHeprisami E, nexauuMu B Y3KOM HH-
tepsane dE = E, — Ey, NpoNOpUHOHAILHO
NJIOTHOCTH COCTOSIHMIt MpPH JAHHOM 3Ha-

‘yenuu duepruu. Ilonyuaommecs npH

pa3sHbIX 3HAYCHHSIX PASMEPHOCTH obbekTa
dopmynst anst D(E) NpHBEACHBI B CPea-
neMm cron6ue Ta6nuust 9.4, a COOTBETCT-
pylomue rpaguku’ MOKasaHbi = HA
puc. 9.10. Buauo, 4TO B OAHOMCPHBIX
06BEKTaX TUIOTHOCTh COCTOSIHMIT YMCHb-
IaeTcsi ¢ POCTOM IHEpriH, B ABYMCp-
HBIX — MOCTOSAIHHA, & B TPEXMEPHBIX —
pacTeT C YBEIMYCHHEM DHCPTHH. “TakuM

- obpa3oM, roBeAcHHE D(E) B 3THX TpeX

ciyyasx CYIIECTBCHHO pafiHyacTes, UTo
OUCHb BAXHO Il TIOHHUMAHMUS JICKTPH-
YECKHX, TCIUIOBBIX M APYTHX CBOHCTB Me-
Ta/UI0B M moaympoBoaHuKos. [Tpumepsl
TOro, KaK pasHbie CBOJCTBA MaTCpHAIOB
3aBHCAT OT TJIOTHOCTH COCTOSIHMM, MpH-

penensl B naparpade 9.3.6.
3 T T
2 -
ot 3 Dim
M)
a -
1 2 Dim
1 Dim
] ree
RS | s _3
" Dueprus ‘

Puc. 9.10.. l’lnaruocrﬁ éocroﬁnuﬁ D(E) ‘,_—'=
dN(E)/dE xax gpynkuns suepruu E jus anex-

" TPOHOB NPOBOJAMMOCTH B CAyUasNX JenoKann-

3aUMK 110 OAHOMY (KBAHTOBbIC NPOBONOKH),
- ABYM (KBAHTOBBIC SIMBI) M TPEM HIMCPCHIM
(o6uemublit MaTepuan). - -

9.3. dippexmui, o6ycaosaennsie pasmepamu u pasmepnocmoio nanooGsexmos @
=

Ta6anua 9.4. Konuuectso anekrponos N i 1110THOCTL cocronmﬁi D(E)=dN(E)/dE xax

(dynkumus aneprun E 11 3MCKTPOHOB NPOBOAMMOCTH, ACAOKLTHIOBARHLIX B OIHOM,
JIBYX M TPEX H3MCPCHHAX

Konunuectso anoxtponos N IMnorxocte cocrosnmii D(E)

= Henoxanusosankuie pasmepHocTn
pene Rl - o el :
N= KE” e :

2 DIE) = 3/2K,E 3

9.3.4. Homenuuaaimue AMbl

B npenbinynieM naparpad)c paccMaTpHBajiach ACNHOKANH3ALKA NCKTPOHOB NPOBOAH-
MOCTH B 00BeMHBLIX MeTannax. Takue 3/71eKTpoHbl Ha3biBaiNCh CBOGOMHBIMH, HO, BO3-
MOXHO, TCPMHH «HCIOKANIN30BAHHBIC ANCKTPOHLI» Gbin Gl TouHee. TouHee H3-3a To-
ro, UTO NpH YMCHLLICHHH PA3MEPOB NPOBOAHMKA 110 HaHOMAacITaboB 3TH B/CKTPOHbL
HCNBITHIBAIOT 3(deKT JIOKUIH3ALMH, TO €CTh MX ABIXCHHC JIMMUTHPYETCS (DH3MueC-
KHMH pa3MepaMy oGnacTi, B KOTOpOii OHH MOTYT HaxoAMThLCA. Banstue aekTpocra-
THYCCKHMX CHJI CTAHOBUTCA GoJice BBIPAXCHHBIM, H DJICKTPOHLI OrpaHHUHBAIOTCS MO~
TCHLHAILHBIM 6apbepoM, KOTOPLIH OTAENSET HX OT 06NacTH, B KOTOPOit OHM MOrH Obl
ABUraThest cBoGoano. JpyrisMu CIOBaMH, 37IEKTPOHLI OKA3bIBAIOTCS B MOTCHUHAILHOMN
sIME, TO €CTb OTPAHMUCHHOI 06racTH ¢ oTpuuaTensHoii aueprueii. Mpocras Monens,
HaMISIAHO JCMOHCTPHpYIOLIasn ocuonglbic XapaKTEpPUCTHKH TaKol NoTCHUMANLHOI
AIMbl, — 3TO MPAMOYrobHLIH KONOACH € O4CHb KPYTHIMH CTCHKAMM. IMpamoyronbHas

* IMa MOXeT ObITh OIHOMEPHOI, ABYMEPHOIt, TpexMc;mon Wi UMETB etite Gonbliiee Ko-

JuecTBO Mamepenuit. Jlns npocToTsl GyAeT paccMaTPUBATLCA ORHOMEPHLII Cyvaii.

B J11060M yueGHHKE 110 KBAHTOBOI MEXaHHKE 110Ka3aHO, YTO YPOBHH DHCPriuy oll-
HOMEPHOI NPSAMOYroALHOI NOTCHUMAILHOM MBI LIKPHHOIL a C GECKOHEUHO BLICOKH-
MM CTCHKAMM 3aJa10TCA YPAaBHCHHEM . g

=Ep*. . REMEOT T - (9.66)

taie Ey = 7*h%/2ma* — SHepritst OCHOBHOIO COCTORMIIS, & KBANTOBOC UHC/O /1 MPHHUMA-

et 3nauenus 1,2,3,... . DTH ypOBHH NOKA3aHbl HA PHC. 9_:.1 1 M 3aNONHSAIOTCSA INEKTPOHA-
MU CHH3Y — BBepX. BeckoHeuno ryGokas aMa HMeeT 6eCKOHCMHOC KONHYCCTBO YPOB-.
Heil C IPOrPECCHBHO YBEMUYMBAIOLIMMCS PACCTONHICM MCXAY HUMH NpH YBETHUCHUN
KBANTOBOTO ustc/a 1. ECii ryGia MBI KOHCUHa, TO c¢ YPOBHH E, NeXaT HIKe COOT-
BETCTBYIOMIMX ypoBHCiH GCCKOHCUHO rayGokoit fIMBl, @ HX KOJMMCCTBO KOHCUHO.
Ha puc. 9.12 nokazau cayuait NOTCHUMANILHOI AMbI C xoeunoit rnybunoit ¥y = 7E,,
B KOTOPOIi CyLIECTBYCT TOJIbKO TPH YPOBHSL. He3aBicuMo OT TyGHHBI SIMBL B HEit
HMeeTcst 110 KpaltHeit Mepe OiHO CBA3ANHOC COCTOAHNC E,. DNCKTPOHbI, HAXOAAIN-
¢Csl B CBI3AHNBIX COCTOSIHMAX B OLHOMEPHOI noTeHUHANbHOIL AIME, XapAKTCPH3YIOT-
cst BoiHOBOI pyHKUMEH 1,(x). BepoaTHOCTD CTO oGuapyXcHus B 3a1aHHOI TOUKE X

2
BLIMMC/ISIETCS KAK KBAAPAT BONHOBO#H (hyHKLMH [, (I, rac. n — xBanTOBOC “KMCIO,

8--2087 : 2
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16E, HeucTHAs

27X 4Ey mHeuerHast
AL F i (S

Puc. 9.11. U3obpaxeHne BONHOBBIX yHKuHit 1 YeTHIPEX HUXKHUX YPOBHEH IHEPTHH
n=12734) ONHOMEPHO#t NPAMOYTONILHOI AMBI C 6eCKOHEYHO BHICOKHMU
crenkamu. JUis Kaxaoit pyHKuUMH CieBa MPHBEACHO ypaBHeHHe, a Crnpasa —
€e YETHOCTD. L :

COOTBETCTBYIOILIEE COCTORHHIO, B KOTOPOM HAXORUTCA 3/eKTpOH. B onHOMEpHO#t nps-
MOYTOJIbHOI SIME YEPEAYIOTCS HETHRIC H HeueTHbIe gonuonue{d)yﬂxmm Y, (x). Anst AMBI
GecKOHEeYHO# IyGHHBI HeHOPMHPOBaHHbIE BONHOBBIC hyHKLMH HMEIOT BUAL

¥, = sin(nnx/a) n=1,3,5K uernsic yHkummu - e

g, =sin(nrx/a) n=2,4,6K HeueTHbe QKW ~(9‘;8)

DTH BONHOBbIE GYHKLHH MOKa3aHbl HA PHC. 9.11. YeTHOCTH BOJIHOBO# (PYHKLIMH Onpe-
nelisieTcs CeAYyIoUMM 00pasoM: eciu Y (x +a/2) =P, (—x +'a/2) GyHKUMA Ha3bIBACT-
cs1 YeTHoIt, a ecu Y, (x + a/2) == —4,(=x + a/2) — HeueTHOH. IS NoQoro s o

JIpyroit BaXHO# pa3HOBUIHOCTBIO ABNAIOTCH MOTEeHLUANbHbIE AMBI KpUBONMHEHA-
Horo nonepeyHoro ceyeHus. s ABYMEpHOIt SIMBI KPYTJIOrO CEYEHHs C pajiiycoM a
U MOTEHLMAIOM, 3aIaHHBIM B puzie V=0 npu 0 <p <au V=V, cHapyxu 970t 06/1a-
cru, raep = (& + ) utgp = x/y — nonspHbie KoopauHaThl. KOHKpeTHas KOHEHas

. 6B [ . - 52 E,=E,
T ————
i ] 25€,-¢
2Eq e p— Eo 2
E‘=E° ‘—7'——-;-—-—--—--——'— -;-- o m @ S—
- 0.6 Ey=E,
L SR ST e

‘Puc. 9.12. Cxema YPOBHEit OIHOMEPHOI NPAMOYTONLHOf AMBI, HA KOTOpOii noKalasl
YPOBHH MBI C 6eCcKOHEYHO BLICOKHMM CTEHKaMH (cneBa, MyHKTHPHBIE JIH-
HHMM) M JIEXAWME HIDKE YPOBHM SMbl C KOHEYHBIMH CTCHKAMM' (cnipasa,

CIVIOIIHBIE IMHHHK).

siMa, NoKa3aHHast Ha puc. 9.13, umeer TONBKO i'pu ypbn’iin'é énebm»in E,';‘Ez; E,. Cy-
IECTBYET M TPEXMEPHbIH aHAJIOT PACCMOTPEHHOI BBILIE MBI, JUISl KOTOPOTO NMOTEH-

HMan paBeH HYJIO NpY 3HAYCHHUsX paau-

anbHOlt KoopauHathl 0 < r<au ¥y —

g

cuapyxu,.tae r = (& + y-+ )" Eme .

OAAMH 4YaCToO HMCNOAb3yeMblit MOTEHUHAN —

V) = 172k, Vip) = 1/2kp” w V() =

1/2k nns napaGonuyeckoit IMOTEHMM-. :

. JIbHOI SIMBI B O{HO- IBY- H TPEXMEPHOM

cnysae coorserctseHHo. Ha puc. 9.14 -
I0KA3aHa CXeMa TaKoil MOTCHLMANbHOM -

SIMbl B OTHOMEDHOM Ciyyac.

.. Jlpyroit XapaKTepMCTHKOI 3a1aHHOIO .
SHepreTHyeckoro yposHs E, sBafercs
YHC/IO . /IEKTPOHOB, KOTOphIC MOIYT Ha -

HeM HaxOAMTHCS onHOBpeMeHHO. OHO 3a-

BHCHT OT KOJMYECTBA PA3HYHBIX KOMOH- . -
HauMii KBAHTOBBIX YHCEJ, COOTBETCTBYIO-

LLMX 3TOMY YPOBHIO 2Hepruu. M3 ypastie-
Husa (9.6) BuaHO, YTO WA OHOMEPHOI
NPSIMOYTONBHOM  IMbl KAXAOMY YPOBHIO'
3HEepruH COOTBETCTBYET TONIBKO OAHO 3Ha-
YeHHe KBAHTOBOTO uMcna n. DNEKTPOH
TAKKe HMeeT CTHHOBOE KBAHTOBOE YHCIIO

V=V,

V=0

: oot i S
- Pue. 9.13. Cxema nsyMepHOIt KOHEUHOIt T0-
TCHLHANBHOM AMBI IWIHHAPHYCCKOIT reoMeT-
PHM C TPEMS YPOBHSIMH. P
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A m,, NPRHUMAIOLIEE TONBKO OtHO M3 HBYX
: apavenmit, m, = +1/2 w m; = —1/2.
e Jins oxHOMEPHOIt NPAMOYTOJIbHON SIMBI

e 06a CRMMHOBBIX COCTOSIHHA obnagaior

! J onuuaxondiﬁ sHeprueil. B COOTBETCTBUH
\Y Esf ¢ npunumnom 3anpera Mayim, Hukakue

JBa 2/IEKTPOHA B CHCTEME HE MOTYT HMETh

ONMH M TOT Xe Habop KBAHTOBBIX THCE,

. TaK YTO Ha K&XIOM YPOBHE JHEPrHH E,

ONHOMEPHOIH _MPAMOYTONbHOM MOTEHLIH-

aJIbHOM MBI MOTYT HAXOAUTLCA HE Gonee

x ~ ABYX 3N€KTPOHOB C MPOTMBOMOJIOXKHO Ha-

5 "7 npapnenHsiMu cruHamu. KomuuecTso

Puc. 9.14. Cxema onuoucp}ion AMBI C MaPa-  Loeo pdi KBAHTOBBIX YHCEN, COOTBETCTBY-

OONHYECKHM MOTEHLIHANIOM H YEThIPE €¢ Hau-

HU3LIKX YPOBHS IHEPIHM. IOUIMX KAXIOMY YPOBHIO SHEPTHIH, il

g Ao albegast v ~ BaeTcs ero BHIDOXIEHHEM, TaK 4TO BbI-
pOXK/EHHE BCEX YPOBHEIt OHOMEPHOIt TIPAMOYTONBHOI MBI PABHO JIBYM.

9.3.5. Yacmuunan A0KAAUIAUUA

B npeasutyiieM naparpade paccMarpHBanach JIOKATH3aLMS EKTPOHOB B 00BEKTaX
pa3Hoil pa3MEPHOCTH H GbLIO YCTAHOBIICHO, UTO 3TO BCEraa NMPUBOAMT K Ka4eCTBEHHO
TIOXOXHM HaGopaM IUCKPETHBIX SHEPrHit. ITO BEPHO 1A LIMPOKOTO KAacca NMOTeHUH-
aIbHBIX AM 030THOCHTENIBHO K HX dopMme U KOHYECTBY namepenuii. B maparpa-
de 9.3.3 Takxe GbUIO NTOKA3aHO, YTO MOJEND Mepmu-rasa s SNEKTPOHOB, ACJIOKATH-
30BAHHBIX BIOJIb PA3HOTO KONMYECTBA H3MEPEHMUIH, IPHBOMIHT K CYILIECTBEHHO OT/INYa-
JOLMMCA ApYr_OT Apyra pesyabrataM. 370 03HAYyaeT, YTO MHOIHE 3/ICKTPOHHbIC
M ZIpyrHe CBOJCTBA METAUIOB 1 NMONYMPOBOAHHUKOB PaIMKILHO W3MEHSIOTCA TIpH me-
pexone OT TPEXMEPHBIX K Malopa3MCpHBIM crpykTypam. HexoTopbie MHTEPECHBIE
C MPaKTHYECKOI TOUKH 3penui; HAHOCTPYKTYPHI 06/1afIaloT CBOMCTBAMH JIOKaTu3auuu
3/ICKTPOHOB B OJHOM WIH ABYX W3MEPECHHAX H OIHOBPEMEHHOM MX JAENOKaTU3aLUH
B ABYX WIK OJIHOM ocTaBuIeMcs. IHTEpEeCHO pacCMOTPETh, KaK COCYIIECTBYIOT 3TH 1Ba
PAIMKAJIBHO OTHYHBIX THIA MOBEACHHS NCKTPOHOB. ' SRS
B tpexmepHoit cdepe depMu SHEpPrHs 3/IEKTPOHOB MOXeT HENMPEPLIBHO M3MEHSATh-
cs1 ot E = 0 no E = EHa nosepxsocTH ®epMu. [Tpy HATUYMH JIOKATU3ALIMH TIO OLHO-
MY WIH JABYM H3MEDCHHSAM /IEKTPOHBL NPOBOAMMOCTH B OTPAHHUYCHHBIX HaNpaB/ieH!-
$IX PacMpEAENAIOTCA MO COOTBETCTBYIOUIMM YPOBHAM MOTCHUMAILHBIX AIM, JIEXaLHM
Huxe ypoBHa DepMi, C YUETOM MX BHIPOXKACHHUA d;, ¥ Ha KaX/I0M TaKOM yPOBHE B Ji¢-
JIOKANHU3YIOUIMXCS HAMpaBJICHHSX OHHM 3aMONHAIOT YPOBHH oHepruu Pepmu-rasa
B k-npocrpaucrse. B Tabnuue 9.5 npuBeaCHbI BHIPAXECHHNS VIS 3aBHCHMOCTH KoJnuye-
CTBa 3JIEKTPOHOB N(E) or aHepruu E pnst KBaHTOBBIX TOYeK (MoNHast NOKaNM3aLms),
KBaHTOBBIX POBOJIOK M SIM (YacTH4HAA NoKanM3auMs) ¥ o6beMHOro MaTepuana (Jioka-
JIH3aLMH He BO3HHKAET), @ TAKXKE BHIPAXKCHHA VIS [utoTHOCTH cocrosiHuit D(E) mnst

9.3. Ippexmut, 06ycaoenennsie pasmepamu u pazmeprocmoio Hanoobsexmos 2]3)

STHX HCTHIPEX CITy4aeB. DT BHIPAXCHHUSA CEAYCT CYMMH

: ; POBATh NO Pa3HBIM JIOKATH30-
BaHHBIM COCTOSIHMAM i B KBaHTOBBIX OObexTax.. . .. . T

'(I;Gmuu 9.5. Konmuectso anextpokos N u niotHocTs coctoanmit D(E) = dN(E)/dE xak
YHKUMSA SHEPritn E ans ppmy_;omuux/nmomusdnéuuux 3/EKTPOHOB B KBAHTO-
BbIX TOYKAX, [IPOBOJIOKAX, AMAX H 06BEMHOM MaTepHane .

Tun’ " Konuyectso * " NnotHocts .
e £ o 3l?ef(7pquoaN "~ coctommwit DIE) ol ﬂenomn::M epHC}lC;:an“-
. | — ' 3osammue -
TQ‘I_KCI e N(E)‘Kozd‘elf— Elw) Dif) ’Kon'é(E_ E'w)z - HHue ;oucunue
Mposonoka N(E)- le.d,(f-' E.wlm D(E) =,)/2K,Zdi(E— E.W)-W 1 9
fwa . NIE=KZd(E-E,) DIE=KZd fadon. . 1
O6uemusiii  N(E)= K,(E)*? D(E) = 3/2K,(£)"/2 3 b\ o

- Ha pmuc. 9.15 npuseneHs! rpaduku uancuuoﬁcﬁ KONHYECTBa 3:ie1crponos‘ N(E)
M TUTOTHOCTH cocTostHHit D(E) ot anepruu E s qe’tupéx nepeyucieHHbIX B Tabnuue
9.5 crpyxTyp. OnHaKo onpeaensiowrM GakTopoM BIHSHHA Ha pafmmnue 3MEKTPOH-
HbIE ¥ MHblE CBOICTBa 06nanaeT mIoOTHOCTH cocTosiHmii D(E), a OHa B paccMaTpHBae-
MBIX CJIy4asiX TpeX HAHOCTPYKTYP PalMKaNbHO padiuyaeTcs. STO 03HaYaeT, 4To MPHPO-
Ja pa3MEPHOCTH H JIOKAJIN3aLIMH, CBA3aHHOMN C KOHKPETHOH HAHOCTPYKTYPOii, oKa3bi-
BaeT SBHO BLIDAKEHHOE BIMAHME Ha ee cBojicTBa. Takoe PacCMOTPEHHE  MOXHO
MCTIONIL30BATH MUIst MPECKA3aHHS! XapaTepHCTHK HAHOCTPYKTYP, a Takke ISt MAEHTH-
(UKALHK THINA CTPYKTYPSI 110 €€ CBOMCTBAM. E :

.. 9.3.6. Ceoiicmea, 3aeucauue Om NAOMHOCII cocmonnui
Paree paccMaTpHBanach NUIOTHOCTb. COCTOSIHMI 3/1EKTPOHOB nponbnunbém D(E)
¥ GBUTIO TTOKA3aHO, YTO Ha Hee CIWIBHO BIMSET. Pa3MEPHOCTb 0GBEKTA. Ilnst poHoHOB
(KBaHTOBaHHEIX KoJNeGaHMil PEUIeTKH), TaKKe BBOIMTCS IUIOTHOCTh COCTOSIHMiE
Dp;(E), 3aBHCALIAA OT Pa3MEPHOCTH. Owa, KaK } MeKTPOHHAs, TAIOKE OKa3biBacT BIIH-
SIHHE HA HEKOTOpHIE CBOMCTBA TBEPABIX TEN, HO B OCHOBHOM 6ymeT paccMaTpHBaThCH
3/IEKTPOHHAs TUIOTHOCTb COCTOSIHMIT D(E). B arom naparpacde chyxnald'rcx HEKOTO-
phiC. CBOIACTBA TBEPAbIX TEJ, 3aBHCALIME OT IUIOTHOCTH cocTosHuil, 1 Croco6H ee 13-
B Sos BT WHDOOOTT — o 4 B :
TernoeMKocTb TBepAbIX Tel C — 310 KOMMYECTBO TEIUIOTHI, KoTOpOe HeoGXomu-
MO nepeaarhb Teay IS MOBbIEHUA €ro TeMMeparypbl Ha OAHH rpanyc. OcHoBHOIt
BKJIaJl B TCIIOEMKOCTH BHOCHT SHEPIHd, Tpebyemast s BO3OYXIACHHA KonebGaHuit
peLIeTKH, a OHa 3aBUCUT OT (YOHOHHOIT TUIOTHOCTH cocrosumit Dpy(E). B meTainax
NPH HU3KHX TEMIEPATYpax CTAHOBHTCH CYMIECTBEHHBIM H BKJAX 3/IEKTPOHHOI1 Ten-
noemkoctu C,;, XOTOpast 3aBHCHT OT [IOTHOCTH cOCTORHUit Ha nosepxHocTH Dep-
mit: C, = a*D(EpkzT/3, rae kp — NoCTOAHHAA BonsumaHa. . .
MaruTHast BOCHpUHMUMBOCT X = M/H apnsiercs Mepoit HaMarHHYeHHOCTH M,
WIH MarHHTHOTO MOMEHTA, BO3HHKAIOLIEro noa _JeiicTBieM MarHuTHoro mons H -
B ennHMLE o6beMa obpasua. Braan 3/ICKTPOHOB MPOBOAMMOCTH B ¥ Ha3LIBACTCA BOC-
npuitMumBocTsio Tlaynu 1 3aacTCs BHIPAKCHHCM X = p3D(Ep), TRE jty — MATHETOH
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TnotHoCTS .
COCTOAHMIL

- Konunuectso -
3MNEKTPOHOB

N© - om®

Ksau-
ToBas
TOuKA

Knan-

aMa

NE) ‘ Die)
Obbem- :
HBlt
TIpoOBOA~
HHK

Puc. 9.15. Komuuecrso anekrpoHoB N(E)

(cnesa) 1 naotHocTs coctosumit D(E) (cnpa-

Ba) B 3aBUCHMOCTH OT SHEPTHH JUIA HETHIPEX

THIIOB KBAHTOBbIX CTPYKTYP B NPHOMIDKEHHH

npsAMOYronbHbIX AM U Pepmu-rasa.

9.4. 3Kcm'onu

- Bopa. BennumHa X, MPONOpUHOHAIbLHA

TUIOTHOCTH COCTOSIHMit Ha TNOBEPXHOCTH
MepMu M HE 3aBHCHT OT TEMMEPATYPHI.
“Tlpn 06NYYCHHH XOPOLUETO NMPOBOL-

" HHMKa, HanpuMep, amOMHHHS GHICTPBIMH
* 3JIEKTPOHAMH, 3HEprus KOTOPBIX JOCTa-

TOYHa JUISi BLIOHBAHMSA 3IEKTPOHA C HEKO-
TOPOTO BHYTPEHHETO YPOBHs aToMa, ocC-

* rapumiicsi MYCTHIM YpOBeHb obpasyeT

ABIPKY BO BHYTPEHHeif 30He. DJIEKTPOH U3
30HBI TPOBOAUMOCTH MOXET pcxomﬁuuu-
pOBaTh C TaKOii ABIPKOit C MCITYCKAHHEM
KBaHTa ManydeHusi. MHTEHCHBHOCTb M3-

_IydeHMs: TIPOMOPUMOHAIbHA TJIOTHOCTH

COCTOSIHHII 3JICKTPOHOB TPOBOAHMOCTH,
TAaK. KaK BEPOSITHOCTb 3aXBaTa JABIPKOM

 3JIEKTPOHA C 3alaHHOil 3Heprueil mpo-
. mopunonansHa  D(E). Taxum obGpasom,
CMEKTP MCIYCKAaeMOro M3ayyeHMs oTpa-
KaeT . FHEpreTHYECKyl0. 3aBUCHMOCTb

MJIOTHOCTH COCTOSIHMIA. ]
HUccnenoBaHus q;oroaunccuounux

~ CMEKTPOB TCPMO3/ICKTPHYECKOTO abdek-
" Ta, KOHLUEHTPALHH 3NEKTPOHOB M ABIPOK

B TONYNpPOBOAHMKAX, AHINCKTPUIECKON

* MIPOHHLIACMOCTH 110 ONTHYECKOMY IIOIJIO-

LIEHKIO, AJCPHOr0 MarHUTHOIO PC30HaH-

- ca, appexra BaH AnbpBeHa — I Taa3sa,

DHEPreTHYECKOli e B CBEPXNpOBOA-

'HMKaX, AX03¢()COHOBCKMX MEPEexoaoB

M TYHHENHPOBaHMs B CBEPXMPOBOAHHKAX
crnocobHbl JaTh B3aHMOJOTIONHSIOLIKE
CBEJCHMA O MJIOTHOCTH COCTOSIHMIL, B Ya-

_ CTHOCTH, onpeaeanTs ¢Gopmy KpHBOW

nIoTHOCTH cocrosinuii D(E) Kak Ha ypoB-
He Mepmu, TaK U B Gonee umpoxom Iua-
na3oHe :mepruﬁ

~ DKCHTOHBI, yXe 06CyXaaBiIMecs paHee B naparpacbc 2 3.3, — 310 OOBEKTHI, mupoxo
pacnpocTpaHCHHbIE B MOJYNPOBOAHHKAX. Korza aToM pelleTKH TepsieT JMCKTPOH,
OH npHoGpETaCT NONOXHTENbHBIH 3apsa. Takoit AedexT HA3BIBACTCA ALIPKOI. Ecan

9.5. (_)dnoanexmponnoe mynneaupoeanue 21 Q

ABIPKA' OCTAeTCAA JIOKANH3OBAHHOI Ha ya/ie PeUICTKH, a OTOPBAHHBIH 3/EKTPOH HeE
YXOIMT OT Hee C/IULIKOM JaNeKO, TO OH NMPUTATHBAETCSA K MONOXKHTENLHO 3apsKeH-
HOit ABIPKE 3MEKTPOCTATHUECKHMH CHIAMH M MOXET OKA3aThCs CBA3AHHLIM, 06pa-
3yst 3KcUTOH Banbe-Motra, noxoxuit Ha arom Bosiopoza. Ciiia Ky/IOHOBCKOFO npu-
TSKEHUS MeXMy ABYMs 3apsifamu O, = —e u Q, = +e, HAXONAUWMMUCA Ha PaccTos-
HUM T, TIOMYMHACTCS COOTHOICHUIO F = ke */er, rne e — 3apan anexTpoHa, k —
YHUBEPCANbHAs TIOCTOSHHAA U € — omocu-renbuaa AM3NEKTpHYECKast npommae-
MOCTb CPE/Ibl. DHepreTHYECKHE YPOBHU SKCHTOHA COCTABASIOT cepuK Puabepra, mio-
KasaHHble Ha puc. 2.20, a ero panuyc, 3anaBaeMelit popmynoit (2.19), pasex a4, =
0,0529¢/(m*/mg), m*/my — oTHomerue 3bdexTHBHON MACCH IKCHTOHA K Macce
csoGoznHoro anekrpoHa. Ucnonw3ys AM3NEKTPHYECKHE TIOCTOAHHBIE H IDDEKTHB-

HbIE Macchl 3NCKTPOHOB M3 Taﬁnuuu B.11 u B.8 cooTBeTcTBEHHO, JUIS apceHHAA
TaJlIust nonyqnm

E 52M3B ay= 10,4 HM, 0 (9.10)

OTKYZa CIICAYET, Y4TO panuyc 3KCHTOHA CpaBHHM C THITHYHBIMH paaMcpaMu 'HaHOCT-
PYKTYP. . :

*+ Paguyc 3KCHTOHA MOXHO paccuarpunarb KaK Mepy JIOKaNH3alW| 3NEKTPOHA
B Hanouactrue. Ha 6ase cpaBHeHMs! pa3MEPOB HAHOYACTHLB d € PaIHyCOM 3KCHTO-
Ha G,y MOXHO BBIIC/IMTD 1BA PEXHMA JIOKATH3AUUH, 2 HMEHHO: cnabyio noxanusa-
LHI0, KOraa d > @,z (HO He d > a,p) ¥ CWIBHYIO, IPH xotopoit d < a 5 Ilpu d > a,
JIOKANM3aLMH He NMPOMCXOAMT. B ycnoBuax cnaboii JIOKaNH3aUHH IKCHTOHBI, KaK
¥ B 06BEMHBIX MaTepHanax, MOTyT NepemMeLaThes Mo peueTKe, a B cnyyae CHAbHOI
JIOKATH3ALUMH TaKoe ABHXCHHE HEBO3MOXHO. YBENHUMBaloLleeCs NPH YMEHBLICHIH
pa3MepoB HAHOYACTHLIBI FIPOCTPAHCTBCHHOE MEPEKPHITHE BOTHOBAIX dbyHKuumit anex-
TPOHA ¥ ABIPKH NPHBOAMT K YCHICHHIO HX B3aHMOACHCTBHS. B pe3yasTaTe paccros-
HHE MEXAY H3NydyaTebHbIM H GeananyyaTeNbHbIM SHEPICTHYECKHMH yponmmu 3K-
CUTOHA YBENHYWBACTCHA, 4TO MPUBOAKT K ronyﬁouy caBury (casury B cropouy
GOMBIIMX DHEPrHil) Kpasi ONTHYECKOTO TNOIIOWIEHHS. D10 - ABAAETCA ONTHYECKHM
NPH3HAKOM JIOKaNH3aLHH. llpyrum pe3yNbTaToOM JIOKATH3AUHH ABAACTCA NOABNCHHE
npu KOMHATHO# TeMIepaType CBA3AHHBIX C DKCHTOHAMM 0COBEHHOCTEI Ha CIIeKTpax
nornolen s, HabnioaaMuXcs B 00BEMHBIX obpa3uax Jnub NPH HU3KHX TEMIepa-
Typax. Bonee noapobHoe oﬁcyxnclmc 3IKCHTOHHBIX CIICKTPOB MOXHO HAilTH B Mapa-

rpadax 2.3.3 1 8.2.1.

~ 9.5. OpnoanexTpoHHOe 'rynnenupomnue

llml nanncqcﬂux xaxoit-nufio nom»au u3 oﬁcyxulanmuxcx ‘BhILe monuponauuux
KBaHTOBBIX TOUEK, npononox M AIM HeoGxonHMo conpmxeuue MX JPYT C APYIOM, C HX
OKpYXEHHEM WK C 3ncmponamu CIOCOBHBIMH noﬁanmu'b WIn 'OTOHPATh Y HUX 371e-
krpoust. Ha puc. 9. 16 nokasaHa 30NHPOBAHHAS KBAHTOBAA TOUKA, WM OCTPOBOK,
CBSi3aHHasl MOCPEACTBOM -rynnenuponamm ¢ AByMs Toxonpononaun' HCTOMHHKOM
3NICKTPOHOB M CTOKOM, KOTopuc MOryT o6mennna'rbca 3/IEKTPOHAMH C aucume;‘t



T

ri KsanTosas
Hcerox TOuKA Crox

Puc, 9.16. KsanToBasi TouKa, NOAKMOYCHHAA
K BHCWIHEI LENK ¢ NOMOLIBIO nnyx 3nc|crpo

J1I0B — MCTOKA H CTOKA. :

KsanToBas
TOYKA - K

Puc. 9.17. TpexaneKTpoaHOe yNpamisieMoe yc- -
TpoitcTBO Ha ocHoBe KBaHTOBOI ToukH. Iloa- .
KITIOYEHHE K BHCUIHEH LIy ocyuecTsasercs . .

C HOMOlllblO 3}!0K1'p0)108 S4HCTOK» H <«CTOKb»,

Ha KoTOpbi¢ Nofaetcst Hanpsokehue Vi, Toma-

Basi HA TPETHil NCKTPOR — +3aTBOP», EMKOCT-

HO CBA3aHMbIl ¢ KBAHTOBOIT TOYKO!, Hanpsi- -
XeHue ¥, , MOXHO YNPaR/ATh CONPOTHRICHH-

eM anex'rpuqecxu aKTHBHOI obnacTH.

QM, Tnaea 9. Keanmoguie aMbi, npoGCAOKYU U MOYKU

uensio. ITpunoxenne Hanpsaxexus Vy,

puisbiBaeT Tok /. OCHOBHO# BKJIaj B CO-

MPOTHBJIEHHE . BHOCHT Ipolecc SJIQK-

TPOHHOTI'O TyHHEJIHPOBaHHs C HCTOKA Ha

KBAHTOBYIO TOYKY H C TOYKH Ha CTOK.

‘Ha puc. 9.17: noka3ana MoauduUHpO-

BaHHas uenb ¢ €MKOCTHO# CBA3bIO;

noaBefeHHON K- KBaHTOBOI - TOUKe.
.- IpunoxeHue HanpsxeHns V; K 3aTBopy

NO3BONSIET PETyAHpPOBaTh: COMPOTHBIE-
Hue R axTHBHOii 06/1acTH KBaHTOBOI
TOYKM, a, C/efOBATENbHO, BAMATL Ha
tox J, TeKyLHii MEeXAy HCTOKOM H CTO-
koM. Takoe yctpoiicTBo paboraer Kak

'ynpaBnsAeMblit HanpsKCHHEM T0N€BO
- Tpansuctop. IIpH MaKpOCKOMHYECKHX

pasMepax npHGOpa TOK HEMpEpPbIBEH,

- .-a. AMCKPETHOCTh MOTOKA 3JIEKTPOHOB

- mposBAsieTca -Bo (QUIYKTyauusx TOKa

_ (npo6osoM wyme). - UnTepecHoii oco-

. GEHHOCTBIO ONMMCAHHOrO YCTPOIiCTBa

SIBNSIETCS BO3MOXHOCTh . NIPOXOXKIACHHUS
3IEKTPOHOB N0 HAHOCTPYKTYpe, MokKa-
3aHHOI Ha puc. 9.17, nomryqno %.e.

110 OIHOMY. - 1

Jlns onucaHHOIA Hauoc'rpyx'rypu TH-

; la TOJIEBOro TpaH3MCTOpa:- pa3Mephl

KBAHTOBOM TOUKH JIeXaT B 06GNacTH ean-
HML| . HAHOMCTPOB, a TNoOMNepeiHoe ceve-
‘HHe TMOABOASALLMX JIEKTPO/IOB CPABHUMO
.C pa3MepaMH KBaHTOBO# TO4KH. st To-

; ¥ ; .. ... ., 4eK B (hopme ;mcxa WK cd)cpu panuy-
COM 7 EMKOCTb nupaxacrcx cnenylomuu oﬁpaaow

C = 8eper
C 4ne°£r

(mmcK) B 05 SN

(map), o o a (9.12)

raec £ — nuancmpuqccxaﬂ npormuaeMoc'rb oxpyxalomcﬁ cpenu, B8 ™

=8, 8542 1077 ®/m — nuancx‘rpuqecxaa nocTosiHHas Bakyyma. [ns 'THIIHYHOTO
Ma'repuana nouoﬁﬂux Hanocrpyx'ryp GaAs — & cocrapnset 13,2, uTo maer oqub
Mainoe 3HaquHc C=1,47-10"r (Dapan ans cq)epuqecxoﬁ dbopMmbI, r,ue r— panuyc
B Haﬂomerpax Snex'rpocra'mqecxan 3HEPTHA cd;epuqecxoﬁ €MKOCTH C 3apsu10M Q
npu noﬁannenun mm orﬁope 3ncx’rp0Ha u:memle'rcx Ha AE eQ/C qTo COOTBCT-

- 9.5. Odnoanexmponnoe mynneaupoeanue 2ID ]

CTBYeT M3MCHCHMIO TOTEHIMANa Ha
AV AE/Q :

AV= e/C 0, 109/r BOJH:T ’ (9 13)

rae r nupaxeuo B HaHoMeTpax. st Ha-
HOCTPYKTYPBI pamuycoM 10 HM 310 npH-
BOAMT K M3MCHCHHIO MOTeHUMana Ha 11
MB, uTO JIETKO NOARAETCA UIMEPCHHIO.
DTO M3MEHEHHE JOCTATOYHO . BEJIHKO
W IS TOro, YTOOBI BOCMPENATCTBOBATD
TYHHETHPOBAHHIO cnenyxomero ek~
TpOHA. . 2
HOna HabmoneHus nucxpemoif( npu-
POAbl OAHOJNICKTPOHHOIO MepeHoca 3a- |
psiia Ha KBAHTOBYIO TOYKY AONXKHBI GBITH '
BBITIOJIHEHBI ABa ycnoBus. B cootBerct-  © © 2 - (l) » 0.2
BUM C TIEpBBIM, 3NEKTpOCTaTHYecKas  ° g wonogro B
SHEPrusl KBAHTOBOI TOUKH B MPHCYTCT- Pyc, 9.18. KynoHoBCKast IECTHHUA HA BOMb-
BMM - OOHOTO 3JICKTPOHa € /2C JOJDKHA  TaMOCPHOIt XapaKTePHCTHKE OJHOINEKTPOH-
NPEBOCXOAMTb TEIUIOBYIO 3HEPTHIO kpl  HOTO TYHHCIHPOBAHWA Ha HPHANCBYIO KATLTIO
cnyuaitHEIX KoseGanuii atomo. Bropoe pa3mepom 10 HM. DKcnepUMEHTaIbHasT KPH-
COCTOHT B YIOBNCTBODCHIH MPHHIMMA Bast A NOAyuCHa Ha CKAHHPYIOUIEM TYHHCb-
HOM Mnxpocxonc Kpmmc BucC arpaxaror
HeonpenenenHocty leiizenbepra, xoro- -rcopcmqecmc pacqcm 3 BT
pBlif B pacCMAaTPHBAEMOM CJTydac MOXHO ¥ :
C(bopmym{ponarb CIICAYIOLIUM 06pa30M° NpOM3BeicHHe SHEPTHH ‘ KOHAEHCATOpa
¢*/2C u XapaKTepHOro npemcﬂu ero 3apsux|<u T= R,C nonxmo npenocxomm, NoCTO-
SAHHYIO l'lJlaHKa » ‘ ' ~ ‘ ;

T=42°K

Tox

V,=22u8 :

rae Ry — TyHHEAbHOE conpomnnemlc MOTEHUHAIHOTO Gapbepa. Sm nBa yc.nomm
MOXHO ncpenuca'rb B mulc o ¥ 90 ¥ :

3 ;T : i 48 g . e §)
v > kgl M) ) © - (9.15a)
Rr ® oy ; (9.156)
e - -~
rae h/e = 25,813 kOMm — XapaKTepHasi BENHYHHA KBaHTOBOTO conponmncmm.

TIpH BLINOAHEHWM STHX YCIOBHIl MEUIEHHOC H3MEHEHNE HAMPAXCHIA ) BBI3BIBACT CTY-
NCHYATHIN POCT TOKA KaXAbIIf pa3, Koraa HaTIpSKCHHE H3MEHAETCS Ha Be/TMUHHY, 3a13-
BaeMylo ypasHeHneM (9.13), Kak MOXHO Ha6IoaTh Ha NPHBEACHHO T Ha puc. 9.18 3aBu-
cuMOoCTH Toka ] 0T HanpsukeHus V. Dror addexT HaskBacTed KYJIOHOBCKOIt G10Kaz0if,
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patrsocﬁon

Puc. 9.19. JInHeitnas 1eNoyKa JHraHa-cTa-
GHIH3NPOBAHHBIX KNIACTCPOB Allgs C MCXKIA-
CTEPHBIM CONPOTHBIEHHEM Ry, MEXKIACTEP-
Hoit eMkocTbI0 C,,.,, H COGCTBEHHOIT EMKOC-
510 C,. OAHOSNEKTPOHHBIH TYHMHENbHBII
TOK NJIOTHOCTBIO jy MEPEeTeKaeT Mo LenouKe
GICBA HATPABO, TYHHCMPYS C YACTHUS! Ha
yacTHuy. -

@IB Tnasa 9. Keanmoauvie ambi, npogosoKu 1 mosxu

-o—o- Lo—o- = ‘|00 ‘' }-o—0
(@) B CARERARY | )RR (r)

Puc. 9.20. Cxematueckoe H3obpaxeHue 30-
HbI npoBoaKMocTH (3awrrpuxosana) B UK do-
TOACTEKTOpPE HA KBAHTOBOI SIME M CTPYKTYpbI
37IEKTPOHHBLIX TMEpeXonos (BEpTHKANbHbIC
CTPEJIKH) CNIEAYIOLIHX THIIOB: a) — MEXIY ABY-
Ml JIOKTH3OBAHHBIMH COCTOAHHAMM; 6) — H3
JIOKQTH30BAHHOTO COCTOSIHNSA B 30HY; B) — M3
CBSI3aHHOTO B KBA3HCBSI3aHHOC; I) — M3 CBS-

3aHHOIO B MUHH30HY.

TaK KaK nocJie TYHHEIHPOBaHUA GUKCHPOBAHHOTO (IS JAHHOTO HATpPSDKEHHS) KOJH-
YeCTBa ANEKTPOHOB Ha OCTPOBOK JalibHEIlce TYHHEIHPOBaHHE ANEKTPOHOB GJI0KMpY-
ercsi. CryneHuaras CTPYKTypa BOJLTaMIEpHOIi xapax‘repncmxu, NpHBEAEHHOIT Ha
pHc. 9.18, u3-3a H3MEHEHHS xynononcxou 3Hepriu Ha e’/2C Ha3biBaeTcs xynouoncxoﬁ
JICCTHHLIECIH. : g

IMpuMepoM cHCTEMBI, B xoropoﬁ OCYLLIECTBASETCH onnoanelcrponnoe TYHHEJIMPO-
BaHMe, ABNAETCS LENOYKA JINFaHA-CTaGHIH3NPOBaHBIX HaHoUacTHL Augs. KonuyecTso
aTOMOB 30/10T2 B 3THX YaCTHLIAX COBNAAAET C OAHHM M3 TaK Ha3bIBAEMbIX MarMyeckux
CTPYKTYPHBIX uHceN A iotHoynakosaHHoro I'LIK-xnacrepa, noapo6Ho onucaHHbIX
B naparpage 2.3.1. Ux dopma 6113Ka K chepe panuycom 1,4 um. Knacrep u3 55 aromon
30/10Ta MOKPHIT H3OJHMPYIOLIMM CJIOCM, HAa3bIBAEMBIM JIMraHa-060J104KOit, TONMUHHA
KOTOpOif MOXET MEeHAThCA M 0ObIMHO coctaBasieT okoso 0,7 HM. OfHO3IEKTPOHHOE
TYHHEJIHPOBaHME NMPOMCXOAHT MEXAY ABYMSI COCCAHMMHM JIHraHA-CTabHIH3HPOBaHHbI~
MM KJacTepaMi, a 060/I04Ka BBICTYNAeT B Ka4yecTse NMOTCHLMaNnbHoro 6apsepa, uepes
KOTOPbIif H MPOHCXOAMT TaKOE TYHHENHPOBAHHE, DKCMEPHMCHTbI BHINONHUIHCH HA I~
HeifHbIX LienoyKax Takux Auss Kinacrepos (puc. 9.19). Oxka3biBaeTcst, 4T0 ANEKTPOH, MO-
MaBUIMit B LIEMOYKY Ha OAHOM €€ KOHIIE, MPOXOAUT €€ CONMTOHONOAOOHBIM 06pa3oM.
OueHKH EMKOCTH MexXnay YacTHuiaMy aaiot C = 10‘“ @, a CONPOTHBIACHHUS MEXAY HH-
MH — Ry = 100 MOM (cm. V. Gasparian et al. 2000). B maparpace 6.1.5 ormuchiBanocs
9JICKTPOHHOE TYHHEJHPOBaHKE BAOJL IMHEHHOI LIENOUKH CyIIeCTBEHHO O6/IbIIMX Ha-
HouacTHll 30710Ta (pa3mepoM 500 HM), COCAMHEHHBIX OPraHUYCCKHMH MOJICKYJIAMH.

9.6. NMpunoxexus

9 6.1. Hu¢paxpacnue aemexmopu

Hcpexonu MEXIY SHEPreTHUECKUMM YPOBHSMH KBAHTOBBIX TOYEK, JIEXKALIME B umppa-
KpacHoit 06/1aCTH CreKTpa, TakHe Kak nokasanbl Ha puc. 9.12 u 9.13, ucnonssyiorcst

LIS, LA BNLA B i e e R

A
ﬂgg&:n HOBOTHOBOFO HHdPAKpacHono

g

T10THOCTS TEMHOBOTO TOKa, A/CM
) -

3
©
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e B A B BT TF e ey

Hanpaxenue cmemenns, B

Puc. 9.21. 3aBHCHMOCTD IIOTHOCTH TEMHOBO-
ro TOKa OT NOAAHHOIO HANPAXEHUA Wi HOTO-
JIeTeKTopa JanbHero MH(GpakpacHoro auana-
30Ha Ha KBaHTOBbIX TOYKax GaAs/AlGaAs, 13-
MCPEHHAs! NIPH TPEX YKA3aHHBIX TEMIIEPATypax.

[ToxaszaHa Takke (pOHOBas XapaKTepHCTHKA

npi 300 K (BG, nyumpuan JIHHHA),

B MH(PaKpacHBIX cbOToné'rex'ropax. Cxe-
MBI YeThIpex 'mnon TaKHX JETEKTOPOB
u306paxeuu Ha puc. 9.20, 30Ha npoBo-
nuuoc‘m ToKa3aHa B Bcpxucﬁ YacTH 3THX
pncyuxon. 3aHATHIC M HE3aHATHIE JIOKa-
JIM30BaHHBIE COCTOSHHMSA JIEXaT B sMax,

a uHdpaKpacHble nepexobl 0603HAuEHBl

BepTHKaNBHBIMK cTpenkamu. [Manaiowee
uHdpakpacHoe HanyueHue nepeGpacki-

BAET 3/IEKTPOHBI B 30HY MPOBOAMMOCTH,

a BO3HMKAIOLIMI{ M3-32 3TOTO AJIEKTpHYE-
CKHil TOK SIBIISIETCS MepOi MHTEHCHBHOC-
™ umbpaxpacuoro  M3NY4CHHS.
Ha puc. 9. 20a nokasaH ne'pexon MeXay
ABYMS CBA3IAHHBIMH COCTOSIHMSAMH KBaH-
TOBOIt MBI, 2 Ha puc. 9.206 — . nepexof M3
CBSI3AHHOTO COCTOSIHHS B xo;mmyym.

qynm;numnbuom, NBT

9.6. llpwwxcénux ZID
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- JIHHA BOMHEL, MKM

Puc. 9.22. 3aBHCHMOCT mnconon qynm'an- :
TEALHOCTH OT AUTHHBI BOHEI npi 77 K 1214 Ha-

‘mpsikeHus 2 B mpe HopMaibHOM nageHuH

CBETA M MAJICHUH NOA yrioM 45°,

R A, R Bl
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A Cwmewenne, B

" Puc. 9.23. 3aBHCHMOCTb NMHKOBOJN YYBCTBH-

TENBHOCTH OT HANPSXCHHA CMEIUCHHMA NPH
77 K nipit HOPMIBHOM NAACHHH CBETA M nane-

. HMM 1071 YoM 45°. YKa3ana UMHA BOTHBI 2,
. .NUKOBOIt YYBCTBHTENLHOCTH.

Ha puic. 9.208 KOHTHHYYM | Haqunaercn Ha BepXHeit rpaHuLe nuu TaK 4TO NEPEXOA CO-

BEpLIAETCH MEX/y CBA3AHHBIM M KBa3HCBA3AHHBIM cocrommsmn U, Hakoueu,
Ha pHC. 9.20r HenpepbiBHAA 30Ha JIEXHT mee ncpxueﬁ TPaHHLbI smu TaK 4TO mepe-
Xon TIPOMCXOIHT MEXILY CBAI3AHHBIM cocro;umeu M MMHM3OHOM.
‘Iynmummocrb zieTeKTOpa BHIPKAETCS B CIUIE TOKA (B amnepax, A) Ha OIHH BaTT
(B’l‘) na.ualomero HITYYCHHS. Ha puc. 9.21 noxas:m rpadmk SaBHClNOC‘l'H TCMHOBOI
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Q k " ‘U U moyKu :
QZO Traea 9. Keanmoswie amvi, npososoku u | | | ' RS 22L3>>

IVIOTHOCTH Toka oT Hampskenusi s GaAs/AlGaAs ¢otoneTekTopa Ha mepexojax ] . o

«CBA3AHHOE COCTOSHHC — HCMPEPLIBHAS 30Ha», @ Ha puc. 9.22 NpeACTABICHA 3aBHCH- . ey ~ oY _ ' : m— .
MOCTb HYBCTBUTC/ILHOCTH TAKOTO JICTCKTOPA OT WTHHBI BOJIHBI V15 HOPMAILHOFO Naje- e ROROS o
HHSL M MaZicHusl oA yrioM 45°, YyBCTBHTE/ILHOCTh IOCTHIACT MAKCHMYMa Ha JVIWHE : e ahueanid. . Ji L
sonnst 9,4 MxM. Ha puc. 9.23 nokasana 3aBHCHMOCTD 3T0if NHKOBO# UYBCTBUTE/ILHOC- , :

TH OT NPWIOKCHHOTO HANPSXCHMA cMeiucHus. PaGouce HanpskeHUE CMELUCHMS q - WNHEG
B 2 B nput nonyyeHHH 3KCICPHMEHTANBHLIX KPUBBIX Ha puc. 9.22 6o BuiGpano n3-3a j

TOTO, YTO, KaK XOPOII0 BHAHO Ha pHC. 9.23, YyBCTBHTEALHOCTD NPH 3TOM HANPSIKCHUM : . .

JIOCTHTAeT MAKCHMYMa, a, CJICAOBATENLHO, c1abo 3aBHCHT oT Hanpsxenus. PaGouwnit ‘ WD RITRAY — _ Lt $i0
i - | 2 um Alg gsGtg 15As :

o BT motal .G abe

JMANa30M JUIMH BOJIH TAKOTO ICTEKTOpAa HaxoauTest Mexay 8,5 1 10 Mxm., = 00
. . . ‘ ‘ ud 2 um Al g5Gag 15AS T

9.6.2. Jlazeput na Keanmoeuvix mo4Kax oy AL iy x
Hudpakpactibie JICTCKTOPbI, OMHCAHHBIC B NPCABIIYLICM naparpa(l)c, OCHOBAHHI HA cy- ; , MR BOVIRGTS | “ . 1900A
LICCTBOBAHMH AMCKPETHOTO CNEKTPA IHEPTETHUCCKMX YPOBHCIi KBAHTOBBIX SIM, MEXLY ' - ST v ANogsGag ysAsS - — “ ok o
KOTOPLIMH H NIPOHCXOAAT HHAYLHPYEMBIC HH(PAKPACHbIM HINYUCHHEM niepexoab!. Pa- : . SHosEnan u yuesole Agiicad | Ve
GoTa nazcpa TAKXKC OCHOBAHA HA HAIMMHM JMCKPCTHOTO CMCKTPAa YPOBHEI, TO ¢CThb . foos %é“::s L
YPOBHEIt, MEXAY KOTOPBIMM MOTYT NIPOMCXOAHTb HHAYLMPOBAKHLIC IA3CPHLIC NEPEXO- j .
awl. Cnoo nasep (laser) sensiercst aG6Gpesuatypoit ot light amplification by stimulated i' o
emission, TO €CTb «yCHIEHHE CBCTA NPH BLIHYXACHHOM Manyuchim». Cpet, nanyyac- ‘ ENDQO TS #1340 ¢ ‘ |ﬂosG°o sAS QD}‘
MBIii JIa3CPOM, MOHOXPOMATHYCH H KOTCPEHTCH. CKOHCWY“POMHO MHOXCCTBO HAHO- ‘ : Puc. 9.24. CxeMaTHUECKOE HIOOPAKCHHE NA3CPi HA KBAHTOBLIX TOUKAX B ﬁmmuw HK
MaciuTaGHbIX JIa3¢POB HA KBAHTOBBIX AMAX M KBAHTOBLIX MpoBoJioKax. B wux anexrpo- » - puanasone. Bpeaka CHIY NOKAILIBACT ICTAIN CTPYKTYpHt o6nactit 190-nano-
HBI TPOBOAMMOCTH JIOKIM3OBAHB HA IMCKPETHLIX IHEPICTHUCCKHX YPOBHSAX B OJIHOM . .. - .. METDOBOTO BOMHOBOJN, HAXOMICTOCA MCXILY cnoMi AlggsGag sAs 1t co-

J' ’ .. Repxamero 12 monocnoen lnosGa(, §AS KBAHTOBLIX TOMCK (oGoaum:unu.lx

g %R '
HIH ABYX H3IMCPCHHAX COOTBCTCTBCHHO. FIIGDMIIHNC JIA3CPhI OCHOBAHBLI HA «TOYMKaX QD), ruup“pymm“‘ Jl.l:n.puoc “m’"lc““c.

B SIMC», HANpMMEpP, KBAHTOBBIX TOUKaX InAs, HaxojsiuMxcst B KBaHTOBOI siMe M3 : Py - : -
InGaAs. [lpyrasi KOHCTPYKUHSI MCTIONIBL3YET TO, YTO Hasbipactcsi InAs KBAHTOBBLIMK : ok 1 suevae sm ow . , g g ggeiE BALIEER
MITPHXAMH, TO €CTh OYCHb KOPOTKHMH KBAHTOBBIMH MPOBOIOKAMI, HIIH, ¢ sipyroit Tou- 9 mKM X 1020 MKM
Ki 3pCHMSA, BHITSHYTLIMH B OXHOM Hanpas/icHUH KBAHTOBLIMM TOUKAMM. dror napa-
rpad nocesiieH 06CYKACHMIO JIA3CPOB HA KBAHTOBLIX TOUKaX, B KOTOPBIX JIOKQJIM3AILISE
MMCCT MCCTO N0 BCEM TPEM M3MCPEHMSAM,
Jinst paGoThl OGBINHOTO Na3epa HEOGXOAMMO HAIHUME CPE/IbI, CONCPHKAIICH ATOMDI
C AMCKPETHBIMH YPOBHSAMM SHEPIriHH, MCXY KOTOPBLIMH MOIIH GBI IPOHCXOMNTD JIA3ep-
HbIC NCPEXOlbl, @ TAKKC MCXAHM3Ma CO3/IaHMsS MHBCPCHOI 3aCCICHHOCTH YpOBHE,
np# KOTopoil Ha GoJice BLICOKOIHEPIETHYHOM YPOBHE HAKATLIMBACTCS GONbIIICE KONH-
YECTBO ICKTPOHOB, YEM HAXOIMTCS Ha AiexKalleM Hixe. B resuii- HCOHOBOM JIa3cpe aK-
THBHBIMH SIBASIOTCS ATOMB! HCOHA B NPUCYTCTBHK aToMoB resnsi, B Nd-YAG TBEPAO-
TEABLHOM Jladepe ammmmc aTOMBI — 9TO 3aMCILIAIONIME ATOMBI HEOAUMA (C KOHLICHTpA- N . 2
umel oKoJIo 10"’ oM™ s Kpuc'rannc MTTpHii- ANOMHHHEBOTO rpamm B onucunacmom ’ -  GRIGOW : 1.0 o N .40
HHXe nasepe Knamonuc TOMKH HIPAIOT POJIb AKTHBHBIX aTOMOB, . : 1 o f hn gt Tox, MA i e i
Ha puc. 9.24 noxaa‘ma CXeMa KOHCTPYKLIHK .nascpa Ha xmmouux TOMKAX Ha OC- OB S0MTR ; f 4 Gmmnm MK /analone ot ToKa 4
HOBE MO/IA, BLIPALICHHOTO HA HE NOKA3AHHON Ha PHCYHKE NOWIOKKE 13 GaAs n-Ti- j o Pu. 9.25. aicunocts buxontiofl .:ﬂ;m:g\;nuuoro 1t puc. 9.24, b pEXIME Henpe-
na. Bepxuuit METATHYCCKIH C/10ii KOHTAKTHPYET C NEKalMM 0]l HUM CJIOEM apce- : DS W8 KRNTOSE 20 L

PuIBHOI FEHEpALLII 1 n:my'lcuuu wpes Goxopyto rpalik npH kO\'"'\THO“ TeM-
HI/IA TLTHS., MEXy 2THM BEPXHMM KOHTAKTOM M HE NOKASAHHOMN CHU3Y MOJUIOKKOI T :

160} T =295K, i :

120 b Iy = 4.1 WA

80

HHTCHCHBHOCTDL

OTmHOCHTEIbHAR

wf

1.26 1.30 1.34 1.38

; (é) . : JUiHa pomisl, MXM
‘ : p 4 '

BLIXO:IHAsA CBCTOBAR MOMIHOCTS (MKBT)
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HaxoOMTCA napa oOKJIaNOK TOJIIMHOMN
- 2 MKM U3 Ay 3sGag 15AS, @ MEXIY HHMH
/ pacroioXeH BONHOBO# KaHaJl TONMLUHOM
F - 190 1M 3 Al gsGag gs5As. DTOT BONTHOBOA
, WrpaeT pofib NMPOBOAHMKA H3IMYyYaeMoOro
4 CBETa K BBIXOAHBIM OKHaM Ha rpaHHuax
Sl - ~ crpykrypst. ITocpenuue BonHoBoaa (TeM-
- ==~ - Hasi FOPH30HTAJIbHASA TI0JI0CA HA PHCYHKE,
nomeycHHas QD) Haxoautes cnoit GaAs
TONMHOI 30 HM, B KOTOPOM Jiexar 12 Mo-
200 300 HOCJIOEB KBAHTOBBIX ToueK 3 Ing sGag sAs
Temnepatypa, K ‘ ¢ konuentpaumeit 1,5 - 10'° e, Ha nux-
Puc. 9.26. 3aBHCHMOCTb KpHTHYeckoit rior-  Heif BPE3Ke K PHCYHKY Gosnee noapobHO
HOCTH TOKA OT TEMNEpaTypsl A Naepa HA  MOKa3aHa CTPYKTypa BoiiHOBoja. [nnHa
KBaHTOBBIX TOYKAX, IOKa3aHHOIO Ha PHC. 9,24, a2 LC M WIMpHHA W MOXeT MEHATBCH OT 00-
B MMIYILCHOM PEXHME HATyueHus yepe3 Go- pasua K obpasuy B AManasoHe ot 1 1o
. e : 5 MM, a W—or 5 no 60 mxm. Topup! na-
; 3epa TMOKPLITHI BBICOKOOTPAXalOWHM
(> 95 %) cnoem u3 ZnSe/MgF,, Bo3BpawaiomuM GONbLIYIO YaCTh MINYIEHUS 15
YCHJIEHHS BHIHYXICHHOI reHepauuu. CBeT MOKHIACT Na3ep Yepes 60KOBbIE CTOPOHBI
CTPYKTYPBI. . . 1 50 e
3aBHCHMMOCTb BLIXOJHOIT MOLIIHOCTH Jia3epa OT MPOTEKAIOLIEro ToKa B HEMPEPhIB-
HOM pEXHMeE HITy4YCHUS TPH KOMHATHOI TeMnepaType nokas3aHa Ha pHC. 9.25 (mnst 06-
pasua pasmepamu Lo = 1,02 MM u W=9 mkm). Ilpu ciuie Toka HEMHOTO Bbille IIOpo-
roporo 3Ha4yeHus 4,1 MA, OTMEYCHHOTO Ha PUCYHKE CTPENKOit (a), HITydeHHE NEXKUT
B 6mnkneit UK o6nacTu Ha anuHe BoHbl 1,32 MKM, 4TO TNOKa3aHo Ha Bpe3ke. [Toporo-
Basi IUIOTHOCTb TOKA Pe3Ko Bo3pactaeT npu Temneparypax suiwe 200 K, uto nokasano
Ha puc. 9.26 Wi UMIYALCHOTO PEXHMa.

2

L = 5040 MxM
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9.7. Clepxnpo-onuﬁocrb

HekoTopbie CBOICTBA CBEPXIPOBOAHHKOB aHAJIOTMYHBI CBOMCTBAM KBAHTOBbIX TOYCK,
NPOBOJIOK U SIM. 3TO NPOMCXOMKT, B YacTHOCTH, M3-3a TOFO, YTO MacluTab MX Xapakrep-
HeIX Wil A ¥ £, nepeuncneHnbix B Tabauue 9.6, NeXuT B HAHOMETPOBOIE 06/NACTH.
B 370it TabNKuE TAKKE MPUBEACHBI 3HAYCHHUST KPHTHYECKOI TeMIIepaTyphl T¢, HUXeE KO-
TOPOIi MaTEPHANI MEPEXOAHT B CBEPXMPOBO/ALLCE COCTOSHME, TO CCTh €TI0 ANEKTPHYEC-
KOC CONMPOTHBICHHE CTAHOBHTCA PaBHLIM HY/IO. BONBLUHHCTBO NEPEUHCACHHBIX B Tab-

e 3HadeHnit A u & nexut B obnacti 200 HM M MEHEE, a HEKOTOPbIE COCTAB/ISIOT M MC-

Hee 6 HM. Thy6uHa NPOHMKHOBEHMSI 4 — 3TO PacCTOAHME, Ha KOTOpPOC BHCLIHEE
MarHuTtHoe none B,,, MOXET NPOHUKATH B CBEPXNPOBOAHHK I pona. MarduTHOE noJsie He
NpPOHUKAET B 06BEM CBCPXNPOBOAHMKA NEPBOTo poaa, a rosie Gonbluee KPHTHIECKOTO
3HaYCHMSA B BHI3bIBACT o6paTHbIit Nepexoi CBEPXINpPOBOAHMKA B HOPMAILHOE COCTOS-
Hue. CBEpXMPOBOMMMOCTb B MaTEpHANIC BOHHKACT NpH 06pa3oBaHKH CBA3AHHBIX 3MEK-

9.7. Ceepxnpogodumocms 2@

Tpou:}:); c:cronmm, Ha3bIBAEMBIX KYTICPOBCKHMH NapaMH, pa3mep KOTOPBIX CPaBHHM
c OrepeHTHOCTH &. Takum 06pa3oM, 3Ti KyriepoBCKie Napel, SRISIOLHECS
Hocmenubfu CBEPXTPOBOAALIETO TOKA, MOXHO PacCMaTPHBATh KaK HAHOYACTHLIBL.

Ta6anua 9.6 Tcuhepafypu ﬁcpcxo l ' v ., ¥ ]
b na T, umiHa KorepeHTHOCTH £ M I1y6iHa npoH -
BCHMS [ A5 HEKOTOPLIX THIHYHLIX CBEPXTIPOBOAHHKOB. & 3 v O

; .Tun ceepx- . R
Bewecrso nposogumoctn * T (K) \ & (um) o Afum)
QT ooy 0,56 760 110
In . 33 § s e ol v 360 \a 40
| ——— e, 82 39
Pb-In cnnas [ "7.0 30 : 150
Nb-Ncnnas- - ll- - 16 5 ) 200
PMoS; - I . W > 2 200
il MRS SR 60
Nb,Ge N 23 Ry 90
K:Cm l 19 2,6 240

o Jinst cBEpXIPOBOAHHKOB BTOPOrO POJa CYIIECTBYIOT IBA KPHTHUECKHX 3HAUYCHHSI
MarHuTHOro nonsi, Bey < Bg,, 1 Tp 06/1acTH B NPOCTPAHCTBE 3HaYeHHIt MarHHTHOTO
10151 C PAATHYHBIM NOBEACHHEM. B MANIbIX MArHHTHBIX nonsx By, < B¢y MaTepuan Be-
Aer cebsl KaK CBEPXMPOBOAHHK TEPBOrO POJA M NOJIHOCTbIO BLHITANKHBACT MArHHTHOC
nose, a B GOMBIINX MATHHTHBIX NONSX B,,, > B, MaTepHan Bo3BpalacTcsi B HOPManb-

Hoe coc10ﬂulié;_ B npomexyroutbix nonsix By < B,,, < Be, none NPoHUKaeT B 06beM

obpasua B BUE TPYGOK MartHuTHOTO 110/1s1, MATHHTHEIH NOTOK B KaXO0it H3 KOTOPHIX
paBeH KBaHTY MAarHUTHOTO MOTOKA

R ®, = % = 2.0678 x 1071 T+ 2 B AT

VY KaXI0ro BHXPS CYLIECTBYET BHYTPEHHSS YacTb, panmyc Koropoit cocrannsier £, Mar-
HUTHOE T10JIC B Heil PAKTHYECKH MOCToRHHO. Bo BHEwHElt 061acTH paiycoM A none
NMAJaceT ¢ PACCTOSIHHEM OT LieHTpa BHXps. Ha Go/blioM pacCTOAHHH TIONC CIAtacT no
9KCTIOHEHLMANBHOMY 3aKoHy exp(—r/A). AnuHa BHXpA paBHa TOMUIMHC obpasua,
06bIYHO MMeloLLeH MOPAAOK CAHTHMETPOB. BHxpH, HabniofiacMblc € TOpua, 06pasyior
ABYMEPHYIO FeKCArOHAIBHYIO PELICTKY, CXCMaTHYECKH MOKA3aHHYIO0 Ha PHC. 9.27. Uen-
TPBI BHYTpEeHHUX obnacteii BUXpeil HAXOMATCS ApYT OT Jpyra Ha pacCTOsHHM d, BEH-
YMHa KOTOpOro B none, 61m3koM K By, GaM3Ka K IyGHHE NPOHHKHOBEHHS 4, a B 0~
ne By, — x anuHe Korcpeu'mocm &. BuxpH MOXHO paccMaTpHBaTh Kak MarHUTHBI
AHAJIOT KBAHTOBBIX MPOBOJIOK B TOM CMBICIIC, YITO OHH OTpaHH4YHBAIOT OMMH KBAHT Mar-
HHUTHOrO NMOTOKA B MONEPCYHOM HANPABICHHH, HO HE IMMHTHPYIOT JUTHHY. l’lqnepeq-
HbIC pa3Mepbl BHYTpeHHeilt 06/1acTit BHXPS JICXAT B HAHOMCTPOBOM AHANA30HE, a JUTH-
Ha, KaK MpaBuJI0, B MAKPOCKOMHYECKOM. pwia . : pampe ik 3 ;
JlBe 06/1aCTH CBEPXNPOBOAHHKA, PAIACACHHBIC TOHKHM CJI0CM H3OHPYIOLICTO MaTe-
puana, o6pasyioT Juko3e)COHOBCKHIL NEPEXOL. Adpcpext xo3ecOHa COCTONT B TOM,
YTO MEKTPHUCCKHIL TOK Yepe3 fepexoil MOXCT Tedb i B OTCYTCTBHE BNEKTPHYCCKOrO
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Puc 9.28. Crpymypa KY/IOHOBCKOI{ JIECTHHLbI
Ha rpaduke 3aBcHMOcTH ToKa I 1 andbepen-
uHanbHoit nposoauMmocti dl/dV ot Hanpsxe-
HMA CMCIEHMs Ha 3¢PHHUCTOI CBHHLOBOI
ieHKe ko3¢ coHOBCKOrO nepexoza. Biano,
YTO nepsas MPoM3BoaHast obecneyMBacT Ha-
MHOIO JyNIlIee Pa3peLICHHE CKAYKOB TOKA.

| ]'Imepdrypa
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W MarHuTHoro noneii. EMKocTbh cBepxMa-

" JIoro mKo3e()COHOBCKOrO Mepexosa- rio-

wamsio 0,01 MM u TomumHoil 0,1 HM
MOXHO OLIEHUTb BelumnHoit C = gpd/d =
= 10" @, a u3MeHeHNe MOTEHLUHANA NIPH

" TYHHEIUPOBAHU OJHOTO 3MEKTPOHA Yepe3

6apwep — AV=¢/C=0,16 MB, uto cocras-
JIleT CYWIECTBEHHYIO MAOJIO THIHYHBIX
3HAYCHHIT HAMPSDKEHHS Ha JUKO3e(COHOB-
CKOM niepexojie. DT0 MOXET OKas3aThCs 10-
CTATOYHBIM VIS 3aMHpaHus JaTbHelHIero
TYHHEJHPOBAHMS 3JICKTPOHOB Yepes nepe-
XOfl, TO €CTb I BO3HHKHOBEHHsSI KyJO-
HoBckojt 6rokanst. Ha puc. 9.28 noxasaxa

" KyJIOHOBCKasl JieCTHMLa, obpasyioascs

Ha noanaMnepHoﬂ XapaKTePHCTHKE JDKO-
3c¢)couoncxoro Tepexoia Ha OCHOBE 3ep-
HMUCTOI TLIEHKH cBHHLA. 3 9T0r0 pHCYH-
Ka BHIHO, 4TO OCOGEHHOCTH TIECTHHLIB!

 BHAHBL [TOpasfio Jyyiue, ecin paccma‘rpu-

BaTh rpaduk npouanonnoﬁ TOKa MO Ha-

 IIpSKEHMIO, a He caMoro Toka. Takas Ky-

JIOHOBCKasl JIECTHMLIA JUISL CBEPXITPOBOJA-
HHKAa aHanormyHa ropasgo OGonee

 BBIDAKCHHOI! JiecTHHLE Ha puc. 9.18 wia

OJTHO3JIEKTPOHHOIO TYHHCJIMPOBAHHS Ha
'KBAHTOBBIX TOYKaX.
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FMABA 10. |
o CAMOCBOPKA;H KATAJ'M3
10.1. Cauoc_éq.)ka
1 0, ' N ﬁpouébc camocGopru

Benxu — Gonbuime Monexyns ¢ MOJICKYASPHBIMH BECAMH, cocrannmomuuu TIECATKH
THICSY, HAIICHBI MIPAKTHYCCKH BO BCEX KJIETKAX M TKAHSIX TeNa M HIPAIoT IS XKH3HK

‘ KJIIOYEBYIO pons. OHK. o6paay10'rca NOCNEN0BATEAbHBIM COEAMHEHHEM COTEH aMMHO-

KHCJIOT, KaXZast U3 KOTOPBIX OABOAMTCS K MECTY CBOEIo NPHCOEAHHCHMS MONEKY0iT
TPaHCMOPTHOIT puGOHYKIeHHOBOI KucnoTs (PHK) B nopsiiKe, NPeANHCaHHOM MOJiC-
Kynoit uugopmaunonHoit PHK. Io npubsrriu na mMecto Kaxnas aMHHOKHCJIOTA Jier-.
KO CBfI3bIBACTCA C npeabiayuieii. Takum o6pa3oM MocaeaoBaTeIbHOCTH aMHHOKHCIOT
COGHPAIOTCS B MONKMNENTHIHYIO LeMb, KOTOPAs HENpPepLIBHO YBENHYHBASACH B JUTHHE,
B KOHLIE 3TOTO NPOLIECCa CTAHOBHTCA GEKOM. DTOT THI caMOCGOPKH, €CTECTBEHHBIM
06pa3oM TpoTeKalouMit BO BCEX XKHBBIX CHCTEMAX, HMEET CBOil AHAJIOT B HaHOHayKe.
3neck TaKkKe HCIONB3YIOT CAMONPOH3BONLHYIO OPraHH3ALIHIO MAJILIX MOJIEKYN B 60MIb-
LIHe, CTPOTO OMPEACICHHbIE, CTAOWILHBIE MOJICKYNSIPHBIE KOMIUIEKCHI MJIH arperarsl
M OCAXAEHHE aTOMOB MJIH MOJIEKYJT Ha NOUTOXKY C NMOC/EAYIOUIHM CaMOYTIOPAAOYECHH-
€M B NOJIC3HBIC JUIST PA3HBIX MPUJIOXKEHHIT HAHOCTPYKTYPBI. 3auacTyio cnabeie o6paTh-
MbI€ B3aMMOJCHCTBHSA MEXIY YacTAMH MOJIEKY/ MO3BOJIAIOT MOMYYaTh PaBHOBECHBIE
CTPYKTYpbl 6€3 KaKoro-n1160 LEHTPaTH30BaHHOTO YNpaBieHHs nipoueccoM. ITpoueny-
Pa aBTOMATHYECKH MCTpPaB/seT OWHOKH, TO €CTh OIIHGOYHO JUIH HENPABHJILHO MPH-
KPEMIEHHBIE 3/ICMCHTBL MOTYT GLITh 3aMECHEHBI BO BpEMS pOCTa.

- TpanMUMOHHBIH OpraHMYecKHii CHHTE3 OYEHb GOJBUIMX MOJIEKYN, HA3LIBAEMbIX
MaKpOMOJICKy/IaMH, COCTOMT H3 MHOXECTBA 1L1aroB, KOTOPBIC BKJIIOYAIOT B cebst paspy-
HIEHHE W NepecTPOIKY CHIIbHBIX KOBaNIEHTHLIX CBsiseil. KoneuHblit pesynbrar i mpous-
BOAWTENBLHOCTD B LIE/IOM KOHTPOIHPYIOTCS HOMEHKJIATYPOil H KHHETHKOI1 OTAC/NBHBIX
cragmit. Beixon Takoro cHHTE3a 0OBIYHO HEBENHK, a OMIHOKM HE SBIAIOTCS . GBICTPO
Pacno3HaBaeMbIMH IWIH HCMPABRISCMBIMH. B IIPOTHBOTIONOXHOCTH 3TOMY, pa3HooGpas-
HBIE POoLIECChl caMOCHOPKH HCIOMB3YIOT C1abble, HEKOBAICHTHLIC CBA3LIBAIOLINE B3a-
MUMOJCHCTBHS, HanipUMep, BOJOPORHbIE CBA3H WA CHIbI Ban-nep-Baansca, KoTopbie
TNO3BOJIAIOT PeaKUMsAM MATH TOJ TEPMOXHHAMHYCCKIHM KOHTPOJICM € HEMPEPhIBHbIM
MCTIpaBieHueM omu60K. THIOB HCXOAHBIX MONEKY/ OGBIYHO HEMHOTO, OHH HebGOoMb-
lIMe ¥ JIErKO CHHTE3HpYEMBbIe, 2 KOHEUHbII TPOJYKT MONYYAETCS B TCPMOAHHAMHYCC-
KH PaBHOBECHOM COCTOSHHH. : : '

10.1.2. Hoaynpo«oanuxoeue ocmposw

~OnuH THI caMocGOpKH KacaeTcst 06pa3oBaHHs nonynpoaonmtxomx OCTPOBKOB,
YTO OCYLIECTBISETCS COCOGOM, HA3bIBACMBIM rerepoanuTakcueil. OH 3akmoyaercs



@}6 I'naea 10. Camocbopxa u kamaaus

B OCAXACHIH MaTepHana, 0Gpasyiowero oCTPOBOK Ha MOUIOXKe, COCTOsLIEH U3 Apyro-
ro Matepyana ¢ 613Koii CTPYKTYpOit # 3HAUCHHUCM NMApaMETPa PELLICTKH. Ierepoanuraxk-
CHst LIMPOKO HCMONB3YETCS KaK MpPH MPOBEACHHH MCCICAOBAHMIT, TAK H IIPH NPOMbILL-
JICHHOM W3TOTOBJICHHH MHOFMX TNOJYNPOBOAHMKOBLIX YCTPOMHCTB, NPEBPATHBILHCD,
110 CYLLIECTBY, B XOPOIIO PA3BHTYIO TeXHONOrHI0. OHa BKAIOYACT B CeOs JOCTABKY aTOMOB
HAH MOJICKY/ K MOBEPXHOCTH TMOAJIOXKH, IIC OHI MOTYT NPHHUMATD YYACTHE B OJIHOM
3 TPeX npolieccos: a) ancopGumn 1 1uddy3un no NOBEPXHOCTH ¢ 00pa3oBaHKEM 3apo-
JbIILIA OCTPOBKA NYTEM COCAMHEHHMSI C APYTHMH aaToMaMH, 6) MPHCOEAHHCHHUH K cylile-
CTBYIOLIEMY OCTPOBKY, B) icCOPOLIMH C HCTIAPEHHEM B OKpYXaloLuee NpoCTPaHCTBO. Ma-
JIEHbKHE OCTPOBKHM MOTYT NPOROKATH PACTH, MHTPHPOBATEL HA APYrOC MECTO WX HCMa-
paTeca. CyuiecTByeT KPHTHYCCKMIi pa3Mep, TpH KOTOPOM OHM CTaHOBATCA
YCTOIfUMBBLIMH 1 GONIbLLE HE HCMBITHIBAIOT CYLIECTBEHHOrO HenapeHus. TakiM oGpasoM,
¢CTh HaYIbHas cTazms (OPMHPOBAHHSA OCTPOBKOB, KOTZAa HX YHCJIO C 06aB/ieHHEM HO-
BbIX MOPLUMiT MaTepHana yseJunBaetcst. 3a Heli ciiefiyer BTopast, B TeYEHHE KOTOPOit KO-
JIMYCCTBO OCTPOBKOB CTAGHIH3MPYETCA, a CYLIECTBYIOIME PacTyT B pasmepe. Hakoneu,
€CTb CTAIHS CAMAHNSA, KOIJIA INIABHBIMH COOBITHAMM SIBSIOTCA OOBEAHHCHHS CYLLECTBY-
JOLIMX OCTPOBKOB JIPYT C APYroM ¢ ob6pa3oBanieM GOJIBIIMX K1ACTCPOB.

PaanuuHble CTaIUH MOTYT GBITh ONMKHCAHBI RHATUTHYCCKH B TEPMHHAX CKOPOCTH U3-
MEHEHUs dn,/dt KOHUEHTPALUIT HHAMBUAYANBHBIX a7ICOPOGOATOMOB /1y, HX Map /1,, Kiac-
TEPOB M3 TPEX aTOMOB /13 M TaK Aance. IIpuMepoM KHHETHUECKOTO ypaBHEHHsI, IpHMe-
HHMOrO B HaYaibHOIl cTagui (CTAAMM HYKIeaLHH) MOXET CAYXHTD ClICAyloLIee Bbipa-
KeHue st H3oaupoBaHHbIX aromoB (Weinberg et al. 2000)

ﬂ'ﬂ_ :

i =(Ryg + Rig + 2R) = (Ryyp + Rmp + 2R)) ; (10.1)

rae R,4 — ckopocTb ancopbumu, Ry, — CKOPOCTb OTACNEHMS aTOMOB OT KJIAacTCPOB
66/bLINX, YEM Napbl, W R; — CKOPOCTDb pa3pbiba nap anaToMoB. OTPHLATEABHBIC WICHD
COOTBETCTBYIOT CKOPOCTH HCNAPEHUS R, CKOPOCTH 3aXBaTa HHAMBHAYAIBHLIX A11aTO-
MOB KJacTepami R ., M CKopocTH 0Gpa3oBaHust nap ancop6oatomoB 2R;. Koadduuu-
ent 2 nepea R, M R] obycnosacH yyacTieM ABYX aTOMOB B KaXIOM Npouecce napbl.
AHaNOrHYHble BLIPOKCHHSA MOTYT ObITh HANMMCaHbl WIS CKOPOCTH M3MCHEHMS 4HCIa
nap dn,/dt, v T.i. HeKoTopbIe M3 YICHOB /ISl Pa3NIn4HBIX CKOpoCTeii R, 3aBHCAT OT KO-
JIMYECTBA BELIECTBA HA NMOBEPXHOCTH, Mo3ToMy ypasHenue (10.1) npuMenuMo, raas-
HbIM 00pa3oM, B TCUCHHE CTAOHH HYKJI€aUMH, =~ YA ; :
Ha sropoit cragum (arperauuy) NpoueHT W30NHPOBAHHBIX allaTOMOB CTARHOBHTCS
HE3HAYMTEAbHBLIM, U PACCMOTpPEHHE B TCpPMHHaX cBoGOaHOM 3Heprun Moxer obecne-
yHTB HEKOTOPOE MOHKMaHHKe npoliecca GopMipoBatis ocTpoBka. PaccMoTpuM msiot-
HocTh cBo6oaHOI aHeprin [166ca g, .0 MEXKAY OTKPLITONH IMOBEPXHOCTLIO MOMLIOXKH
M BaKyyMOM, TUIOTHOCTb CBOGOAHO# SHEPrHH gy, i, MEXKIY MOBEPXHOCTBIO M CNOSMH
aJlaTOMOB H TUIOTHOCTb CBOGOAHOM SHEPIHH £yy)..,qc MCXKILY ITHMH CTIOAMM H BAKYYMOM.
OHH CBSA3aHBI ¢ NOJHOIT IVTOTHOCTBIO cBOGOAHOI aHeprin [bG6ca cooTHOWCHNHEM

e gl""9;€(l “— E) + (g.mr'-lay + Iglay-wc)sa. ST ¢ (102)

10.1 Camocbopra 22\)»

TAe £ — JIONS 32KPLITOl NOBEPXHOCTH. TTpH OPMHPOBAHIH H POCTE OCTPOBKOB OTHOCH-
TENBHBIC BIIANBI STHX 'WICHOB NMOCTENCHHO HIMEHSIOTCS, H NIPOLICCC POCTA Pa3BHBACTCS
TakiM 06paloM, 4TOGk! 0Becne T MHHIMH3ALIO CBOGOHOM SHEpriH. DTOT NOIXOL
MOXCT HCITO/Ib30BATLCSI M MIA ONpEAcCHHA JaBleHUs Pe=g o — (& +g )
sur-vac sur-lay sur-vac’»

KOTOPOC BOIHHKACT H3-3a pasnuumns Mexay cBoGoHoit sHepruei OTKpbLITOif noBepx-
HOCTH &yy.yac M CNOCB (g,,,,_,,y + 8urvac) M ABNACTCS ABMXYLICH CHION NpoLiecca, KOH-
TPOJHMPYIOIICTO MOTOKH ANaTOMOB Ha MOBEPXHOCTH. [TIpH BHIMONHEHMH YCHOBMS
sur-vac > Bsur-tay  Esur-vac) AOGABNCHHE ANATOMOB YBEIHUMBACT & W, CIICOBATEALHO, Bbl-
3BIBACT YMCHBILUCHHE caoﬁonnqﬁ sHepriu. Takum o6pa3zom, aacopGupyrowmecss azaro-
MBI MMCIOT TCHACHLIMIO OCTABATLCS HEMOCPEACTBEHHO Ha OTKPLITON MOBEPXHOCTH, HTO
NPHBOJMT K FOPH3OHTAIBHOMY POCTY OCTPOBKOB M BO3MOXHOMY 0Gpa30oBaHHIO MOHO-
cniosi. PaccenBaloluee nasneHue PgB 3TOM ciiyyae NONOXHTEABHO M BHOCHT BK/IAX B Pac-
NpPOCTPaHEHHE aZIaTOMOB MO NMOBEPXHOCTH (pexuM pocta Ppanka-Bau nep Mepsa).

ITpu BBINONHEHHN NPOTHBOMONIOXHOTO YCHIOBHA g,y < Bsur-tay * sur-vac) POCT 1O-
JIX MOKPBITHSA MOBEPXHOCTH £ YBEIHYHBACT CBOOOJHYIO HEPTHIO, TaK YTO GLITH TOH-
KM H TUTOCKHM ISt aCOPGHPYEMOTO C/10si CTAHOBHTCS TEPMOIHHAMHYECKH HEBBITOM-
HbiM. BHOBbL no6GaBnsieMble aTOMBI FIOAACPXHBAIOT CBOGOIHYIO 3HEPTHIO Ha HH3KOM
YPOBHE NYTEM NPHCOCAWHEHMS K BEPLUIHHAM CYILECTBYIOIHX OCTPOBKOB, UTO NPHBOIHT
K HX BEPTHKAILHOMY, @ HE TOPH3OHTAIBHOMY pocTy (pexiM pocra Bonmepa-BeGepa).

Bsile yxe yMOMHHANOCE, YTO TeTePO3NHTAKCHST MCITOJIb3YeTCsl IS BHIPAIHBAHIS
OCTPOBKOB M NJIEHOK, aTOMapHasi CTPYKTypa KOTOpbIX GJIH3Ka K CTPYKTYPE NMOMIOXKKH.
Hons f HecooTBeTCTBHSA MEXIY KPHCTULTHYECKHMH PELICTKaMH OCTPOBKOB i cy6CTpa-
Ta 3a4a€TCA BHIPAXCHHEM

f= M«l, : (10.3)
a.l

TAC @ — MOCTOSHHAs PELIETKH OCTPOBKA Wt TUICHKH, a; — NOCTOAHHAA PEILETKH
nomioxky, s MaeHbKHX HecooTseTcTBHit (f < 2%) npi pocTe IICHKH, COCTOs-
el U3 MHOTHX MOCJICAOBATENbHbIX CI0EB APYr Ha Apyre, BO3HHKaloWas nedopma-
s HeBenuka. ECM HecoOTBETCTBHE NPEBBILIACT 3%, To nepBHlit COIT 3aMETHO Ae-
dhopmupoBaH, a npu fobasNcHHH CEAYIOUINX CIOCB nedopmauus pacrer. B koneu-
HOM cueTe, BHE MepexofHoii obnacth aedopMalLMs CNAAaeT, M TONACTHIC TUICHKH
OKa3bIBaIoTCs Ae)OPMHPOBAHHBIMH TONBKO B MOrpaHH4HOM obnactu B6AM3M NOX-
JIOXKH. DTO HECOOTBETCTBHE GNAronpHATCTBYET POCTY TPEXMEPHBIX OCTPOBKOB, “TO

- OTYACTH KOMIICHCHPYET . HANPXCHHS H crniocoOCTBYET MOHHXCHHIO cBoboaHOI

3Hepruu (pexXuM pocra Crpaticku-Kpacranosa). 3a4acTyio B 3TOM PEKHME CHauana
obpa3syercs MOHOCJIOII, crocoGeTBYIONIMIt TTOHHXCHHIO BHYTPCHHHX HanpaXcHuii,
a 3aTeM Ha HeM (OPMHPYIOTCS TPEXMCPHBIC OCTPOBKH. Jipyrast BO3MOXHOCTb — 00-
Pa3oBaHie MOHOC/HONMHBIX OCTPOBKOB ONTHMAIBHOTO pasMcpa, 06ecneyNBaIOLTIX
NYHI1YIO pelaKCaLHio HANPSKEHHT, BOSHHKAIOUUIX }3-32 HCCOOTBECTCTBHSA PELUCTOK.
3aTeM MOXCT OC/IeNOBaTh N06aBIeHHE K ITHM OCTPOBKAM caeayommx cnoes. Ti-
NUYHBL pa3Mep TAKOTO MOHOC/IOHHOTO OCTPOBKA MoxeT GbITb 5 HM, YTO COCTaBAACT

12 aneMeHTapHBIX AYCEK.



@ I'nasa 10. Camocbopxa u kamaaus

Pnc. 10.1. Mao(ipaxcmm nocncnonarcnmoro pOCTa OCTPOBKOB InAs na GaAs (001)
NOAIOKKE MU1St AONH NOKPhITHS MOHOCHOeM a) — 0.1, 6)—-0.3,8)—0.6ur) -
1.0, nonyuenusie B NPOCBCYHBAIONIEM BNICKTPOHHOM MUKpockorne. Pasmepl
n306pakeHus cocrapnsior 50x50 1m s a) u 40x40 um s 6) — r). Ha Bpe3-
K€ K PHCYHKY a) NOKa3aHO yncnnqcuuoe usoﬁpaxcuue GaAs NOJUIOXKKH,

Pasymeercsi, A1 KOPPEKTHOTO ONMCAHHS 3Toﬁ cmyauuﬂ B ypaBHeHue (10 2) He-
06X0nHMO H06aBHTh HOBBIC YWICHbI, YUHTHIBAIOIHE BHYTPEHHHE HAMPSXEHHUSA B OCT-
POBKax M NOUIOKKE, NOBEPXHOCTHYIO 3HEPriio GOKOBLIX rpaHeii ocTpoBKOB M Ap. Te-
TEPOANHTAKCHANBHBII POCT NMPH NMOCTENEHHO YBENHYMBAIOIEMCS OT HYJIsl 10 HECKOIb-
KHX aTOMHBIX CJIOEB KOJIHYECTBE BEIIECTBA, OCAKAAIOUEMCS Ha NOBEPXHOCTH, XOPOLLIO
HCCIeN0BaH 3KCIepHMeHTaIbHO. B kauecTse npumepa Ha puc. 10.1 nokasaH nocneno-
BaTeJIbHBIH pocT ocTpoBKOB InAs Ha GaAs (001) nomnoxke st HECKOABKMX CTENeHeit
NoKphITHA MOHOCK0eM. U3 naHHbix B Tabnuue B.1 u dpopmynst (10.3) BuaHo, yTO NpH
NocTosIHHbLIX peietkH @ = 0,606 HM ang InAs n a =.0,565 um s GaAs BennyMHa He-
COOTBETCTBHSA f=17,0% nns 310it CTPYKTYpHI BECbMa BEJIHKA.,

| 10.1 Camocbopra 2@

MonenLHast CHCTEMa, KOTOPas XOPOLIO WLTIOCTPHPYET NPHHLMMBL  TIPEHMYLLECTBA
mpouecca CamMocGopKH, —-camocobpanHiig ‘MoHocnoit (Wilber u Whitesides 1999).
Meron Heurmmpa-Bnonxerr KOTOpHIif uc'ropuqecxn NpeAlIecTBOBAN MOJXO1ly CaMo-
C6OPKH, LIHPOKO MCTIONB3OBAICS B MPOLLTOM A71si NOATOTOBKH M M3ydeHUs onTiyec-
KX MOKPLITHI, GHOCCHCOPOB, IMraHA-CTaGHIH3HPOBAHHBIX KIACTEPOB Allgs, ZHTHTEN
M (pepMenTOB. B aTOM MeToze Ha rpaHmue pasnena BO3/yX-Boia (hOPMUPYIOT MOHO-
CJIOit KJIACTEPOB, a 3aTCM B BUMIC TOTO, YTO HA3BIBAIOT TUIEHKOM  Jlenrmiopa-Bnomxerr,
NepEHOCHAT €10 Ha NMOTOXKY. OIHAKO TAKHE [UICHKH CIIOKHEL B npurotosneHny. Ca-
MOCOGPaHHBIC MOHOC/IOH NpoYHee, nerye B mrmon.ucunu M MoryT 6BITH noNy4eHB! H3
Gonee IHPOKOro K/Iacca BELecTs. s

CamocoﬁpaHHue MOHOCIOH H My.anHCJIOH TIDUTOTABNIMBANN Ha Pa3NHYHBIX
MeTannuqccxux H Hcoprauuqccxnx MOIOXKAX, HampHMep Ha Ag, Au, Cu, Ge, Pt,
Si, GaAs 8102 " ApYTHX MaTepuanax. 1o GbUI0 CAENAHO NIPH MOMOILM CBA3YIOIINX
MOJIEKYN WJIH JIMFaHOB, TAKHX KaKk ankautions RSH, cynsduast RSR’, mucyns-
dunst RSSR', kucnors RCOOH, u cunokcanst RSiOR;, rae cumsons R 1 R’ 060-
3HAYAIOT OPTaHWYECKHE MOJICKY/ISIPHBIE IPYNITLI, IPHCOCAMHAIOUMECS, HATIPHMED,
K pajMKany THona —SH wm kucnotHomy paaukany —COOH. CesispiBanue ¢ mo-
BerHOCTHO n.rm ‘THOJIOB, cynbhHIOB H AMCYNL(HIOB OCYIIECTBAAETCS NOCPEACT-
BOM aToMa cepsl, 'TO ecTh Ha 3071070t MojoXKe o6pasyercsi 06beKT RS—Au, a npu
CBA3BIBAHUM KMCJIOTH — RCOZ (MO),,, rae MO ofo3xa4yaeT MOH MOMUIOKKH M3
OKCHJIa METaIa. ATOM BOAOPOAA NPH (POPMHPOBAHMI CBA3H NOKHAAET MOJIEKYIY.
Amcamnonu RSH — nanGonee LIKPOKO MCMONB3YEMBIC JIMTaHABI H3-32 HX 6OJTb-
moﬁ pacrnommoc‘ru, 'COBMCCTHMOCTH CO MHOTHMH - OPTaHHYCCKHMH (yHKuHO-
HaJlebIMH rpynnamu It nouxonﬁmcﬁ cKOpOCTH peakimy. OHU CIIOHTAHHO ancop-
6pr10'l‘(:ﬂ Ha nonepxuocm a ‘cnefloBaTeIbHO NMPHMEHHM TEPMHH camocGopka.
B aTOM pasncne ‘paccMOTpeHa camocﬁopm JMrauja THona X(CH,),SH, rae koHue-
Bast rpynna X — METH (CH3) THmmHoc :maqeuuc n panno 9 (nexamnon), YTO CO-
OTBETCTBYET C,DHzl maR. .

INpu cozpanuu 3onoroﬁ nomloxxu, npem{aauaucuuou zum nocnenylomeh camo-
c6OpKHM Ha Heil, IPHMCHSIOT ncnapeuuc 30/10TA C OMOLIBIO BICKTPOHHOTO My4Ka WK
BBLICOKOTEMIIEPATYPHOrO HATPEBATEILHOTO IEMCHTA 1 MOC/ICAYIOIIEE €0 OCAKACHHE
B BHIIC nomlxpuc*rmmnuecxoro CII0st TONIHHOI OT 5 no 300 HM Ha NIO/IMPOBAHHOC OC-
HOBaHMe, HAMpPHMEp, HA CTCKISHHYIO TLTACTHHKY, KPCMHHEBYIO WAiHBY W JHCTOK
cmioabl. ‘BHewHuit aTOMHBbII c/I0it 30710Ta, HCCMOTPS HA nomlxpucrmmmccxylo
CTPYKTYpY, 0Gpasyer )IOKanb}{blc OBNACTH C TUIOCKOIi TeKCATOHANIBHOM IUIOTHOYNAKo-
BaHHOI pcmcn(oii KaK noxasauo na puc. 10.2 1 10.3. Paamiyusic cBoifCcTBa MaTepHa-
JIOB — MPOBOAMMOCTb, cTencHb NPO3PaYHOCTH, PasMep AOMCHOB, NOBCPXHOCTHAR e~
POXOBATOCTb H JIp. 3aBHCAT OT TOMLMHDI MUICHKH. Ancop6LHOHHBIC TO3HIHHK Haxown'-'
C B MONBIX BLIEMKAX MEXIy TPHIUIETAMH aTOMOB 30/10Ta Ha MOBEPXHOCTH.
Konuuecrso TAKUX MECT PaBHO KOJIHYECTBY aTOMOB 3o0Ta Ha nosepxHocti. HHorna
st oGnerquun anrcslm noﬁannmor aromst Cr 1um Ti. Korna MOJICKYbI M3 XHAKOI

10.1.3. Monocaou
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(unu napoBoit) ¢a3bl BXOAAT B KOHTAKT C NOLIOXKKO#, OHH CIIOHTAHHO ancopOupyIoT-
sl ynopsaaoueHHbIM 06pa3oM, TO eCTb caMOCOGHpaloTCs. _

B npouecce ancop6uuu NPOHCXOAUT MOTepPst BOAOPOAA CYIb(hrHAPHILHOI rpynmbI
HS— xaxnoit monekynoit ankantnona CH;(CH,),SH, npuobpetcHue oTpHUaTeNnbHO-
TO 3apsifia ¥ CBA3bIBAHKME C TOBEPXHOCTHIO B BUAE THOJIATA NMOCPEACTBOM BHEAPCHHUS €ro
KOHLICBOIO aToMa CEphl B MOJOCTh MEXIY TPHMILIETOM aTOMOB Au, KaK NOKa3aHO Ha
puc. 10.3. Peaxuust Ha nOBEPXHOCTH MOXET OBITH 3anKcaHa B BUJC:

2

CH{(CH,),SH + Au, = CH,(CH,),S (Au}) - Aup_; + L H,,  (104)

rae Au,, 0603HauaeT BHCMIHKIE CNOI 30/10TOI TUIEHKH, KOTOPbIH CONEPXHUT m aTOMOB.

Puc, 10.2. HlectuyronvHas nAOTHOYNAaKo-
BaHHaA PEILCTKA aacopOHPOBaHHBIX MOJICKY
n-anKaHTHoMATA (MAICHBKHE TEMHBLIC KPYyX-
KHM), 3AaHHMAIOUIHX OAHY LIECTYIO TPHIUICTHBIX
MOJIOKEHHIHT Ha pCLICTKE IUIOTHOYIAKOBaH-
HBIX aTOMOB 30J10Ta (GonbLUKe KPYTH).

Puc. 10.3. Mnioctpauns caMoc60pki MOHO-
c/I0A n-ankaHTHoMaTa Ha 3onore. KoHuesoit
aToM CCpbl HAXOMTCS B BBIEMKC MCXIY TPEMS
IVIOTHOYNAKOBAHHBIMM ATOMAaMH 30/10Ta, KaK
noka3sano Ha puc. 10.2, KoHuesbie MeTHOBBIC
rpynIbl NOMeYeHb! 3HauKoM X.

Tpynna (Au3) — NONOXMTENbHO 3apsi-
XEeHHas TPoifKa aTOMOB 30/10Ta, KOTOpbIC
06pa3yioT MoNyI0 BRIEMKY B TOBEpPXHOC-
TH, Ha KOTOPOit KOHLIeBOit HOH cepbl (S7)
ofpasyer CBA3b C MOHOM 30/0Ta Auj.
Puc. 10.3 gaer cxeMaTHyecKoe npeacTaB-
JIEHHE pe3yNbTaToB 3TOT0 aACOPOLMOH-
Horo npouecca. CBs3b cepa-30/10To, KO-
TOpasi YAEPXHBAeT AIKAHTHOJI Ha MeCTe,
JOBOJILHO cHiIbHas (~44 KKan/MOnb), uTo
ofecneyuBaeT YCTOMUMBOE NPHINNAHKE.
IpucoennHeHue K NOBEPXHOCTH NPOMC-
XOOWUT Ha ONHOIl HIECTOi Y4acTKOB Ha
(111) nnOTHOYNaKOBaHHOM CNOE, U 3TH
YYACTKH 3amoNHSAIOTCA pEeryasapHbIM 06-
pa3oM, TaK YTO NpH 3TOM (POpPMHpYeETCs
WIECTHYTOJIbHBI NJIOTHOYNAaKOBaHHBIH
CN10it ¢ TOCTORHHO# PELIETKH PaBHOI ~/
3ay = 0,865 uM, rae gy = 0,4995 M —
paccTosiHHe MeXIy aToMaMH Au Ha no-
BEDXHOCTH.

Monekysst ankantiona RS—, casizan-
Hble Mexay coboit ciiabuivMu ciunamu Baw-

- Iep-Baansca ¢ aneprueii ~ 1,75 kkan/monb,

pacrosiaraiorcs og yriom ~30° K HopMa-
JIH TIOBEPXHOCTH 30JI0Ta, KAaK NOKa3aHO
Ha puc. 10.4. AnxunbHblie nend R Tanyr-

- €A Ha ~2,2 HM ¥ 06pa3yIoT C/IOi yH/eKaH-

tHona CH;(CH,),,S-. Ha koHue ankub-
HBIX LIENCii BMECTO METHJILHOI rpynnbl
MOTYT HaXOZMTbCS  pa3HOOOpa3HbIC
GyHKUHOHANBHBIE TPYNNbLI, TaKHe KakK

KMCJIOTbl, CIMPTHI, AMHHbI, CAOXHBIC
a¢upsl, propyrneponst ¥ HUTpHALL ToH-
KHE CJIOM aJIKAHTHONOB.C 1 < 6 MMeloT
TCHACHUMIO K 3HaYUTELHOMY Gecropsn-
Ky, B TO BpeMs Kak 0osee Tonctoie — ¢ 1 >
6 — Gonee npaBMAbLHbLIC, HO TOJHKPHC--
TANIMYCCKHE, C JOMEHAMH, PaTHyalo-. -
B T Puc. 10.4. Cxema MONIGKYN N-ATKaHTHONATA,
YBenHYCHHE TEMMCPATyphl MOXCT MpH- ‘ancopbHpOBaHHBIX HA NMOBEPXHOCTH 30710TA
BECTH K H3MCHCHHIO PasMepoB i OpMBI - nopyrom 30° k Hopmany. L
TaKuX IOMEHOB. T o0 ig - o

Jlist HCTIONB30BAHHSA CAMOCOBPAHHBIX MOHOCIOEB B KOMMEPYECKHX MHKPOCTPYK-
TYpax HX MOXHO PacrONOKHTh Ha CTPYKTYPHPOBAHHBIX OAXOASLLMM 06pa3oM yuacT-
Kax rioncpxuocm HIH B HCOOXORMMBIX 06N1aCTSX, NOJB3YACH 11aGNOHOM. AJIKAHTHONO-
BBIMM «4€PHHIAMM» MOXHO THCATh WIH PHCOBaTh Y30pbl Ha 30J10TOl MOBEPXHOCTH.
«YepHuna», 06pasyiouIe MOHOCIOH, MOXHO HAHOCHTb Ha TIOBEPXHOCTE C MOMOLIbIO
fipoliecca, Ha3LIBAEMOTO MHKPOKOHTAKTHOI MeuaThio, NP KOTOPOit WS repeHoca
1306PKEHHA B KAYECTBE LITAMIIA HCTIONB3YETCS 3MACTOMEp — MaTepHal o CBOCTBA-
MM, NOAOGHBIMH KayuyKy. 3Ta TEXHOJOTHS MPHMCHHMA JUIS MONYUCHHS TOHKHX paai-
ALMOHHO-YBCTBHTENBHEIX CIOEB B HAHOPa3MepHOI iuTorpaduH, kak 06Cyxaanoch
B naparpage 9.2. CaMu MOHOCTION MOTYT CIIYXHTb B Ka4€CTBE NaCCHBATOPOB, 3alilH-
1Ast OCHOBHYIO TTOBEPXHOCTb OT KOPPO3HH. AJIKAHTHONBI MOTYT NOMOYb NPH MOATo-
TOBKE KOJUIOMZA, YNPaBJ/isisi pPa3MEPOM M CBOHCTBAMI HacTHIL, H 3TO MPHMCHEHHE MO~
XKeT GbITh OUCHb MONE3HBIM MU NMOBBILICHHS 3(P(EKTHBHOCTH KaTaIH3aTOPOB.

10.2. Karqnus e

10.2.1. ITpupoda xamaausa

KaTann3s XHMHYECKOIT peaKiLuH COCTONT B YBEIHUCHIHN CC CKOpOCTH MOCPEACTBOM 10-
GaB/ieHMs! BElICCTBA, HA3BIBACMOTO KATANH3ATOPOM, KOTOPOC HE PacXOAyeTcs B npo-
uecce peakuyy. OBLIMHO KATAIH3ATOP yHacTBYCT B pCaKLIHH, COENMHASACH C ONHMM HIH
HECKOJIbKHMH peareHTaMi, a B KOHLE npouecca Ol BOCCTAHAB/IMBACTCS O NEPBOHA-
YANLHOPO COCTOsHMA. Koraa ase Win GonbLIe XHMIYECKHUX PEaKLHH YT nocnenox’sa-
TEABHO MAN MAPAUICIBHO, KATANM3ATOP MOXCT HIPaTh CENEKTHPYIOLLYIO POJib, YCKO-
OTHOCHTEJIBHO APYTHX. .g e P

e gl;}lgezz;(:;ﬁa OCHOBHBIX THMA KaTAIH3aTOPOB. [oMoreHHbIE xara.r_lli?iaropu nal-
XonsTcs B Toil Xe (pase, YTO H PEarcHTEl, o6s1uHO NpebHIBAIOIILHE B [a30B0} d)asg :;J:, ;
B XHAKOM pacTBope. TeTeporcHHbIC KATANH3ATOPb! HAXOAATCS B chase, oTmHYHOI

PEareHToB, M OTACACHbI OT HHX (asoBoii rpaHHLei. TeTeporeHHbIC KaTATHTHUCCKHE
’

DEAKLIH OBBITHO HMCIOT MECTO Ha TIOBEPXHOCTH TREPALIX xaramtsampog\,i s
CHIIOB KDEMHHS ILTH AMIOMHHIS, HMCIOLUIX 13-33 IOPRCTOR XY FYORNION CHLY-

Dbl OYeHb BHICOKYIO YACTbHYIO TIOBEPXHOCT. TTOBEPXHOCTB . 3THX KATAIH3aTOPOB
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HAcblllleHa KHCAOTHBIMH LEHTPaMH WIH NMOKPLITa KATATHTHYCCKH aKTHBHbLIM MaTEpHU-

aNoM THNA IUIaTHHBL, @ CKOPOCTb PeaKuii 06bIMHO NPONOPUHOHANLHA MIOWAAH 1O~ .

KPBITO} FUIATHHOI AOCTYNHOIt noBepxHocTH. MHOXECTBO peakuuit B GHONOTHH KaTa-
AU3UpYIOTC GHONOTHYCCKMMM KaTani3aTopaMH, Ha3biBaeMbIMM (epmeHTamu. Ha-
NIpHMep, cneuu(buqecxue (bepueum MOryT pasjiaraTh GonbliMe MOJEKYJNbl Ha
HECKOJIbKO MEHBLLIHX, A06aBAATh GYHKIMOHANBHBIE IPYINbI K MOJIEKY/IaM HAN MHHLIM-
MpOBaTh OKHCJIMTENbHO-BOCCTAHOBHUTENbHBIC peaKan. ¢cpmem'u OOBIYHO CreuM-
GMYHBI U1 KOHKPETHOI peakuum. : i)

~ Karanus MO>XXET MrpaTh ABE OCHOBHBIX POJIH B HAHOHayKe: 1) — KaTaIu3aTophl MO-
ry-r HCNONB30BATLCA B HEKOTOPBIX METOAHKAX MOJIYYEHHA KBAHTOBbLIX TOYEK, HAHOTPY-
60K 1 MHOXECTBA APYTHX HAHOCTPYKTYD; 2) — HEKOTOPbIE HAHOCTPYKTYPhI CaMH MOTYT
CTYXHTb KAaTaTH3aToOpaMH U1 OTAENbHBIX XUMHYECKHX peakuuit. O6cyxaenue ponu
HaHOCTPYKTYPHPOBAHHLIX MATEPHANOB B KaTa/H3¢ MOXHO HaiiTi B KHure «[Tepcnex-
THBHbIE KAaTAIM3aTOPb M HAHOCTPYKTYpHpoBaHHbIe MaTepuanbl» (W. R. Moser, 1996).

10.2.2. Hnomaab noeepxn'oc'_mu kquoudémuu ‘

3HauuTeabHAS A0/ aTOMOB B HAHOYACTHLIAX HAXOOMTCSI HA MOBEPXHOCTH, KaK BUAHO
M3 JaHHBIX, TpuBeaeHHbIX B Tabnuuax 2.1, 9.1. MHorue cBoiicTsa MaTepHaioB, COCTO-
SILIMX U3 3epeH MUKPOMETPOBBIX (M B elle 6o/ibileii CTeneHH — HAHOMETPOBLIX) pa3Me-
POB CHJIBHO 3aBHCST OT HX ynenbuon nosepxHocTH. Hanpumep, MOXHO OXuaaTh, YTO

' yAenbHOE 3MCKTPHYECKOE COMpPOTHBIE-

CTH, 4TO obecrieynBaeT HaHOYacTHLAM
: © XOpOILUYIO NCPCNEKTHBY HCMOJIL30BaHHA

L 1 /1
00 1000 10000 . »10000 g KayecTBe Ih(DEKTHBHBIX KaTaau3aTo-
Cpearec KONHYCCTBO aTOMOB B OCTPOBKC

e
o

, poB. OHAKO M3 3TOTO HE CJICAYET, YTO Ka-
Puc. 10.5. Biusinue pasMepa KaTAIHTHYCCKON . TaMTHYeCKass aKTHBHOCTb 0Bs3aTeABLHO

HACTHULI HA CKOPOCTb JMCCOLMALMM MOHO- . hnononiOHATBHA IUIOLALM TOBEPXHOC-
KCIAR JEMPOAA. KERCTOPR: PORRN PRINIUINX TH B AWanasoHe MEpOB HaHOMACTH
Pa3MepoB, XapaKTePH3YIOIHECs KONTHIECTBOM R PR—— »

g 50 T T 7 . HHe cnabocBsA3aHHOTO IPaHyJIHpPOBaHHO-
§ | ro marepuana OGyaeT onpeaenaTrhcs Moja-
- -y . HOH KOHTaKTHOM IIOWAALIO OTAEHbHBIX
- 3epeH. XMMMYECKasi aKTHBHOCTb OObIu-
g - T HOTO reTeporeHHOro KaTaiu3aTopa npo-
8 _—— Ocaxaenne npu 90 K i

8 >/ NOPUMOHAIBHA €r0 YACAbHOM NOBEPXHO-
g 2F Ocaxaenue npu 300 K 4 ; ’

g.

1

Q.

aromoB Rh B arperate, ocaxnanu Ha naeHkax
okcuaa amomuHus (Al,O,). Poauii nokpsisa-

a1 MoHokcHmoM yrnepoaa (CO) o Hachiwe-

HHSA, OCIE Yero MaTepHa Harpesany or 90 1o
500 K (xpyxxu) win ot 300 no 500 K (ksanpa-
m) U3MepeHHe KONHIeCTBa aTOMapHOTO yr-

népona, oGpa3oBaBLIerocs Ha POAMH, SIRIA-

JI0CH MepOii CKOPOCTH AHCCOLHALIMM ,wm Kax-
JI0TO pa3mepa Kaacrepa (OCTpOBKa). -

‘Ha puc. 4.14, xotopblif AeMOHCTPHPYET
-3aBMCHMOCTb CKOpocTH peakuuu H, ¢ ya-
‘criiaMd Fe or pasmepa 9THX YacTHl,

He HabGniogaeTcsi HMKAKO O4YeBHOHOIM
TEHACHUMH K pasMepHOMY 3GdeKTy.

'He BuaHo ee ¥ Ha puc. 10.5, Ha KOTOPOM

NoKa3aHa CKOpOCTb JHCCOLIHALUMU MOHO-

~ OKCHMIA yriepojia Ha KjacTepax poAaus,

. Rh onpcnemmca BblGOpOM Konxperuoro"'

-10.2. Kamaau3s BZ\SD

OCAXNCHHBIX Ha TJIEHKAX OKCHA ATIOMH-~ 38 ——1—r— VIR
HUSI, €C/IH KOJIMYECTBO aTOMOB B KJlacTe- 2 ta -
pe TIPEBHIUACT HECKONBKO ThicAu, '© | O 26wk -
Puc. 10.6 noxasuisaet, uTo akTHBHOCTS, as|- fSenm
WIH KONHYECTBO IHKIIOB B CAMHHLY Bpe- G '} 3 ek g
. w%
MEHH peaKLyu l‘lmporcmlsaum[ wko- 8 o e |
rekceHa (cxopoc‘n. npeoﬁpasonanun‘ g ‘5 [ | "’.“g"‘“ :
LMKJIOreKceHa C(,Hm B IMKIOTEKCaH S r : ks ]
CgH)), HOpMUDOBAHHAA Ha KOHLEHTPa- E wf i 3wiin| 4
LMIO aTOMOB DOIMS HA MOBEPXHOCTH, gt . BCENE
yMEHbILIAETCS C yBenMueHHeM pasmepon"-" 2 st T -
. 12 B -
wacTull ot 1,5 110 3,5 Hm, a 3atem nepe- b gAY R

c'rae'rm'uceaasucm PaaMepl!acmuu (e MBS0 T8 CIRTIYTTTY
{1 1 + Cpeauuil pamep YacTil, HM .
tina cnupra C HZ,H.,OH (Bpeska na ~ Pue. 10.6. AxTiBHOCTS: -ruaporeHu3aLH

pHc. 10. 6)’ MCIO/b30BaHHOTO NPH NOATO- LHKIOrCKCCHA, H3MEpPEHHas 110 YacToTe LMK~

JIOB MIH CKOPOCTH Npeobpa3oBaHHs LMKIO-
TOBKE xa'ranuaaropa Taca = 1 ans METa~ . rexcena.B LMKIOreKcaH, NOCTPOCHHAS KaK

HOMa, # = 2 JUIA 3TaHONa, n = 3 s (hYHKLUSA pa3MEpOB YaCTHLL POAMS Ha NOBEPX-
l-l'lponal-lo.naun 4J.'uml 6yrauona .. HocTH., Ha Bpeske npHBeaeHbl Ha3BaHHA

VaenbHas NOBEPXHOCTD xa’ra.nusaropa - CNHMPTOB, HCMOJNIL3OBABIIMXCS A8 NPHIOTOB-
OGH‘IHO YKa3bIBaeTCHA B EIMHHLIAX KBa.[[ JICHHA YaCTHLl KaXInoro pa3mepa.
PaTHBbIX METPOB Ha FPaMM H o6o3HayaeTcs ’
cuMBosioM S. THITHYHBIE ee 3HAYEHHS IS xommepqccxux KaTa/113aTOPOB JIEKaT B I1a-
nasoHe o1 100 zo 400 M /r. OGuiee BhIpaXeHHE ISl YAENbHOM NOBEPXHOCTH HA IPaMM -

o e 105
Ak g (“)

ri¢ A — riowaap MOBEPXHOCTH YacTHLBL, ¥ — ee 06beM, p — rioTHOCTb. Cepa AuaMe-
TpoM d MMeeT ruiolans A = = nd® 1 o6veM V= nd’/6, uto naer A/V = 6/d. Lwamuap ana-
MeTpoM d W Aol L-uMeeT obbeM V= nd*L/4. Npenen L < d cootsetcrayer dopme
AMCKa ¢ iowamsio A ~ 71d’/2 (yauTbiBas o6e CTOPOHB), uTo Aact A/V ~ 2/d. Ananori-
HbIM 06pa3oM, WIMHHBLH WHIHHIP WIH NPOBOJIOKA AHAMETPOM d v kot L > d ume-
et A ~ 2nrL n A/V ~ 4/d. Ha puc. 9.2 NOKa3aHbl 3CKH3bI THX q)myp Jna SBM /ramx o

xoudmrypauun noJjiyyaeM nupaxcnml seok FIONN ANMITSD OH

S(d) - od cpepa nmamerpomd .- (10.6a)
o e .
S(a) = R : Ky cTopoHoit a : (10.66)
a ;
o Uiag 3 ol i y il oy b T3
: S(D = r ... . - tonkmit mict, L<d (10.6B)
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: = . IUTHHHBII LWWAWHAD 30
4 x10° . .wnn mposonoka,d<< L (10.6r)
rie a, d v L BHIpaXeHb! B HAHOMETPAX, a IVIOTHOCTh 0 — B r/cu’. B suipaxenuu (10.68)
npene6peraioT rowansio 60koBoit noncpxubcm nucka, a B (10.6r) — ruiowansamu
IBYX KOHLIOB NpoBoja. [Tono6HbIe COOTHOLIEHHS MOXHO HAMHCATh VISt KBAHTOBBIX SIM
1 TIPOBONIOK MPAMOYTONbHBIX KoHdurypaumii (ssipaxerne (10. 66)), noxasanuux Ha
puc. 9.1.

- MNnotHocTn TIONYNPOBORKHKOB una A"B" u A"BY 13 Ta6nuupt B.5 HAXOMTCA
B ManasoHe ot 2,42 10 8,25 r/cM’, ¢ THNHYHBIM 3HAYEHHEM p = 5,32 r/cM’ ans GaAs.
Hcnons3ys 3Ty MJIOTHOCT, MOXHO MONYYHTh XapaKTePHbIC 3HAYCHHS YACTBHBIX mno-
BEPXHOCTEil HAHOCTPYKTYp, ONMChIBaeMbIX BhipaxeHnaMu (10.6a), (10.68) u (10.6r),
JUIA paTHYHBIX 3Hauenuit d u L. Onu npeacrasnenst B Tabmuue 10.1. YaenbHbie mio-
1Ay JUI HAWMEHBUIMX CTPYKTYP JIEXAT B MpefeNiax AuanasoHa, THITHYHOTO ISt KOM-
MEpYECKHX xamuaa'ropon

Sd) =

Tabauua 10.1. Ynenbuuc MOBEPXHOCTH crpyx'ryp u3 GaAs B (opme cep, nnmmux un-
JIMHAPOB (npononox) M TOHKHX IHCKOB B 3ABHCHMOCTH OT HX pasMepa

Pasmep (Hm) Ynenstas nosepxxocts (mM>/r)

it C¢epo : ; MNposonoxa [Oucx
4 281 o i 187 .94
6 187 188 i e S
10 FABSARINT | - . Pl 37
20 57 e 4 19
30 ' IR R R hasd |
40 29 19 10
60 .. 19 13 6
100 11 8 4

200 6 & r

- Mannble, cegeHHble B TaGmuuy 10.1, npeacTaBAsioT MHHUMAIBHBIE YACHBHBIE
TUTOLIAAM TIOBEPXHOCTH B TOM CMBICIE, YTO VISl KOHKPETHOM MacChl WM Ut KOHKPET-
Horo o6beMa cepuyeckast opMa umeer HaUMEHBINYIO TUIOIAND. Hdna duxcupoBaH-
HOI MOTOHHOM (IMHEMHOI) TUIOTHOCTH, WIM MacChl Ha €AWHMILY JUTMHBI, TIPOBOJIOKA
KpYIJIOrO CeYeHHs] HMeeT MHHMMAIBHO BO3MOXHYIO NOBepXHOCThb. [TpoaHanuanpyem,
KakK ylenbHas NOBEPXHOCTb 3aBUCHT OT hopMbl. Paccmotpum xy6 co cropouoﬂ acTeM
XKe caMbIM 06BeMOM, 4YTO U cepa paauyca r

4 ‘ ; :
—ar} = a, i - (10.7)

3
Taxk yto a = (4x/3)""r. Npn nououm coorHoweHui (10.6a) 1 (10.66) monyuum s 3To-
ro cnyyas S, = 1,24.5',,,,,. CnenosatensHo, Ky6 uMeeT Ha 24% GONbIIYIO YAENbHYIO NO-

BEPXHOCTB, YeM cepa C TeM Xe 06beMOoM.

10.2. Kamasuz 235 )

- Jnsa - nonyuenus Gonee o6WIEro BHIPAKCHHMS 3ABMCHMOCTH OTHOLICHMS IUIO-
manb/oﬁuu OT OpMBI TEN1a pacCMOTPHM LHIMHAP AnaMeTpoM D  uTHHOI L ¢ TaKuM
Xe 06LEMOM, uTO M cepa panuyca r, a uMenHo 47r°/3 = xDPL/4, uto paet ans r =
1 /2(3D’L/2)" *, Jlerko niokasats, uto yAenbHast oA, nosepxHocty S(L/D) u3 Bbi-
paerHﬁ(lOS)uMee'rnnn A i e e i

: S(I‘)‘ .7rDL+-i-nfD2 : AL 5 "D 273.]. {2

®lp) = —_hpirDzL/ a 0.382 S,ﬂ, 2(-1-)-] f + [Z) . v (10.8)
Tpadmx aToi 3aBHCHMOCTH S(L/D), uMeloumn MHHUMYM S, = 1,1465,,, npu oTHo-
wenun (L/D) = 1, nocrpoex Ha puc. 10.7 ¢ HOPMHPOOBKOIi Ha S,p,, (Hopmuposka Ha
Sspn IPHHATA TIOTOMY, YTO NMOBEPXHOCTH CHephl MMEET HAHMCHBILIYIO TUIOLIANb CPelH
001eKTOB ¢ HHKCHpoBaHHBIM 06beMom). U3 puc. 10.7 Buano, uto npu nedopmaimy
chepsbl BIUIOT [0 AMCKA C 3aaHHBIM oTHOWEeHHeM L/D 1 TeM Xe 06BbEMOM TIomaah
NOBEPXHOCTH YBETHYHBACTCSH. DTOT PHCYHOK JIEMOHCTPHPYET, YTO HaHOCTPYKTYPBI 3a-
AaHHO# Macchl WK 06beMa HMEIOT HaMHOTO 6oJiee BLICOKHE ynenmuc NOBEPXHOCTH,
KOT/Ia OHH SBASIOTCA TUIOCKHMM WIH YIUIHHEHHBIMU TI0 hOpMe, a nanmenmue HCKa-
KEHUsI npanmlbnoﬁ (opMbI yBENHYMBAIOT IUIOWIAND eLLle Sonbme

% 0 2 3 Hopucmue mamepmmu

B npenbmymem naparpacbc 6s10 noxasano 410 3d)d)emauuﬁ cnocob yBenHyeHHs
YAEJTBHOI TTOBEPXHOCTH MaTepHala COCTOHT B TOM, YTOGB! YMEHBLIMTB Pa3Mep €ro 3e-
pen. Jlpyroit cnoco6 ysenuyeHus: S COCTOMT B TOM, YTO6bI BBECTH B 06BEMHBIIT MaTe-
pHan MenKue mycroThl. Hekotopbie BeuecTsa THNA LEONUTOB, 06CYXKAABIIKXCS B Na-
parpacdax 6.2.3 u 8.4, KpHCTA/VIH3YIOTCA B CTPYKTYpBI C PETY/ISIPHO PACTIONIOXEHHBIMM
TIONIOCTSAIMH, B KOTOPBIX MOTYT HAXOAUTBCA aTOMBI WJIH _Hgﬁonbmue Mongxynu.‘Ogu
MOTYT 1 BBOJMTLCA M BBIBONMTBCSA M3 Ta : ;

KMX TOp NpH H3MECHCHHH YCIOBHI OKpY-
Xaiowieit . cpeaibl. MonexkynsipHoe CHTO,
KOTOpOE ABNAETCA NOAXOAAMM HHCTPY-
MEHTOM A1 TOro, YTOObl OTQWIETPOBBI- =
BaTh MOJIEKY/BI CrEUH(pHUIECKHX pasMe- % &
pOB, OGBIMHO UMEET YNpaBseMblit y3kuil
AMana3oH auamerpoB nop. CyuiecTsyioT

W Jpyr¥e Marepuaisl, KaK, HarpHmep, .
CMJIMKATHI M [JIHHO3EMBI, KOTOPBIE MOIYT g9 oy
GbITh TOArOTOBNEHBI TaKWM oOpasoM, : sty ¥ 54 ¥
uTOGE! OHM MMENH TIOPHCTYIO CTRYKIYPY  py 19,7, SamucitmocTs yaensolt muiomazm
Gonee ,MJI'H MCHEE Cﬂy‘!aﬁHOI‘O THNA; TIOBEPXHOCTH S(L/D) unnuHapa oT OTHOle-
TO €CTh OHM MOTYT CIYXHTh IyOKaMH Ha s muHazauametp L/D. Tinowans nosepx-
ME30CKOMMYECKOM WM MHKDOMETPOBOM ~ HOCTH HOPMAMH3OBAHA HA TUIOWALL chepnt
Maciurabe. [11s TAKHX MaTepHanoB MOPEI S,p=3/pr Taxoro Xe ofrema.
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C IMAMeTPaMH B HAHOMETPOBOM AHAMNA30HE BECHMA OGbIYHBI. [Mnowaau nosepxHocTH
TOp HHOIMIA ONPEACNAIOTCS METONIOM U3oTepMHuecKoii ancopbumun Bpionayepa-Omer-
'ra-Temepa (BET), B Kompom muepnma noriolieHKe ra3a THna asora (N,).

Hexoanuit MCM-41
3044

N

# Hacuuwtennuit
Kpemnyes MCM-41
d 304A

Jluaue'rp nop, A

Pllc. 10.8. Pacnpenencuuc nuaue‘mon nopv.

B IBYX MOJICKY/ISPHBIX CHTAX CO CPEAHMMH

auametpamu nop 3,04 u 3,94 um, onpene-
NEHHBIX METoaoM aacop6uum rasobpasHoro

aproma.

LB o S S e e e e e e e B B B d s oo e
00 -80.0 -160.0
ppm

Puc. 10.9. Atombl xpemuus *Si na cnektpe
SIACPHOr0O MarHMTHOro pesoHanca (AMP)
KPCMHUITOPraHHYECKOTO MONCKYJISPHOTO CH-
Ta g0 (HuXHuWil cnexkTp) M nocne (BepXHuii
CIEKTP) BBEACHUS Gonbuux | TPHMCETIICHINA-
rpynn (CH,),Si-, 3aMeIaio1ux npoToHbI cH-
nawonos SiH,OH B mopax. CurHan cnesa
C XMMHYCCKHM casuroMm +12ppm (ppm —
1 yacTh Ha MWUTHOH) BO3HMKAET oT “Si Tpu-
MCTHICMAIMAA, a CHABHBLI CHrHAN chpasa
(B o6nactu —124ppm) npoucxoaut or *Si
B cinanone SiH,OH. -

BONBIIMHCTBO KOMMEDYECKHX - TeTe-
POFeHHBIX KAaTAIM3aTOPOB MMCET CHIILHO
MOPHCTYIO CTPYKTYPY C TUIOLIAAbIO Mo-
BEPXHOCTH HECKOJIBKMX COTEH KBajlpar-

* HBIX METPOB Ha rpaMM. OGBIYHO reTepo-

ICHHBII KaTaiM3aTop COCTOMUT U3 MaTepH-
aja ¢ BLICOKOI IUIOIanbio MOBEPXHOCTH,

'KOTOPBIit CYXXHT IS KaTalH3aTopa cy6-

CTPaToOM MJIM INOIIOXKOIA, ¥ MOKPBIBAIO-

" IIEr0 €¢ MOBEPXHOCTb €O COBCTBEHHO
* KaTanu3aTopa, CONEPXallero aKTHBHBIC
“obnacTH THMMa KHCJIOTHBIX. LCHTPOB WM
'aTOMOB IUIATHHBI, KOTOPhIE H BBI3bIBAIOT

(WM YCKOpSAIOT) KATANHTHYECKYIO PEaK-

* umio. IpuMepaMu NOLIOXEK MOTYT GbITH

okcua kpeMHusa (SiO,), ramma-oxkcun

 ALOMHHMUS (y-ALO;), - okcun .THTaHa

(1‘102 B €ro TETparoHaIbHON MoAMdHKa-

‘UMM aHaTa3a) M OKCHA LUMpKoHMUs (Zr0,).
- YacTo MCMONB3YIOTCS TAKKE CMECH OKCH-

[0B, HAMIPHUMEP CMECh INIHHO3EMAa U KBap-
a2 ¢ CHIBHO Pa3BUTOil MOBEPXHOCTBHIO,
O06b1yHO pa3Mepsbl NOP B NOPUCTOM Mare-

- 'PHaANC JICXaT B HEKOTOPOM AHAra3oHe.

B kavectBe npumepa Ha puc. 10.8 nokasa-
HBl pacnpefiecHUs TIop 1Mo pasMepam
B MaTepHaie KpeMHHIOPraHHYecKoro
MoJsiekyaspHoro cuta MCM-41. Bsene-
HHE B ITOPbI OTHOCUTENBHO OONBIINX TPH-
metwacunun-rpynn (CH;),Si- st 3ame-
leHHs npoToHoB cunaHonos SiH;OH
YMEHbBILAET UX 06BbeM U CABHracT pacrpe-
JeNieHHe NMop K MEHbIUMM pa3Mepam. 06-
HapyXeHHe CHTHaJIa SIACPHOTO 'MarHMT-
Horo pesouanca (SIMP) or usorona *Si

TPHMCTWICHAUA-TPYNIT B 3THUX MOJIEKY-

JIAPHBIX CHUTAaX CO 3HAYCHHCM XHMMUECKO-

ro casura +12ppm, NOKa3aHHOrO Ha

puc. 10.9, noarsepxnaer ero npucyrcrnuc
B nopax noce Taxkoit obpaborku. - :

- UHTEHCHBHOCTD, OTH. €Al

B8R 8

'.*1.'|.‘I.f-.l.l..r1

% 20 30 40 5 6 70 80
Ymnnmbpaxuuuzorpau

Puc 10 10. PenTreHoBCKHe nu@paxuuouuuc
KapTHHB! OT Katanusatopa f-Bi,Mo,0,, no--
Ny4CHHBIC C uumpaa.nou B 100°Cs npouecce

- MPOKANMBAHUA Ha noanyxc B AManasoHe

l 00—500'C

v

10.2. Kamanus 23@

. -

~N
8

g

8

 YaeibHas NOBEPXHOCT, M/T
&

sol i g . .
.. 100 - 200 300 . 400 _ 500 600
Temnepatypa, °C

Puc. 10.11. Temneparypuas 3aBHCHMOCTb
YACABHOM TOBEPXHOCTH TMAPATHPOBAHHOIO
OKCHAA LIMPKOHHA, JEMOHCTpHpYIowas ¢a3o-
BPm nepexon npu 450°C.

. AKTHBHBIM KOMITOHEHTOM FeTEPOTeHHOrO KaTaIH3aTopa MOXET GbITh HOH fepe-
XOIHOTro 3NieMeHTa. TpagHLIMOHHO MHOTHE Trofibl Haubosee BaAXHBIM AKTHBHBIM KOM-
TOHEHTOM KaTalu3aTopoB GbUia IUIaTHHA, pacnpefeneHHas no nosepxHoctH. Heko-
TOPBIE OKCHIbI METAJUIOB TAKXKE MOTYT GBITh KATAM3aTOPaMH CaMK No cebe ik B Ha-
HECEHHOM Ha nomnoxky Buae (NiO, Cr,0;, Fe,0;, Fe;0,, Co304, 8-Bi;M0,04 1 ap.)
IMoaroroBka KaTATHTHYECKHX MATEPHANIOB K MCMONb30BaHHIO OOBIYHO BKIIIOYAET NPO-

KaIHBaHHE MPU TEMMEPaType B HECKOMb-
KO coteH rpaaycoB Llenscus.; Ora obpa-
60TKa MOXET HM3MEHHTb M 00BEMHYIO,
M. TIOBEPXHOCTHYIO . ' CTPYKTYpY.
Ha puc. 10,10 noxa3aHo, YTO NpH NpoKa-
JMBAHHK Ha BO3/lyXe KaTATMTHYECKH aK-
THBHOrO Beutectsa f-Bi;Mo,04 pazmepsl
aepha GbicTpo pactyT mexay 300 1 350°C,
Jocturas =20 HM, M Aanee NpH.Harpese
Io 500°C meHAIOTCS HE3HAYMTENIBLHO.
WHoraa temneparypHas: 06pa6oTKa ‘BbI-
3bIBaeT B KaTanusarope (asoBbic MpeBpa-
LIEHHUS, KaK B ciyyae THAPaTHPOBAHOI
AByoKucH Lupkouus (ZrO,), B KoTopoii
amopHast (aza ¢ BHICOKO YAENbHOI
nosepxHocThio npH 450°C npespatiaeTcs
B TCTParOHAILHYIO C HH3KHM 3HAYEHHEM

S (puc. 10.11). [Tepexon cONpoBOXAACTCH -

BbIACNICHHEM TEIUIa, YTO BIAHO N0 3K30-
TEPMHUYCCKOMY NMHKY NpH 450'C Ha KpH-

Curnan DTA, MxB

20 220 420 620
Temneparypa, °C

Puc. 10.12. Kpusas nuddepeHunansoro

~ TCNNOBOrO AHATNH3A F’APATHPOBAHHOTO OKCH-
“"'pa umpxouus. MK TENAOBBUIENCHNUS NPH

-450°C ABNAETCA PE3YNLTATOM 3K30TCPMHUCC-

*xoro ¢a3osoro ncpexona noxas:umom Ha

puc. 10.11.
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Puc. 10.13. CynnsdarHas rpynna Ha NOBEpX-~
HOCTH LIMPKOHHEBO-CYAb(ATHOrO Karanu3a-
TOpa, Co3aloNas KHCIOTHBI ueHTp JIbionca
Zr (cnesa), M KMCNOTHBIIT ueHTp BpeHcrena
H (cnpasa).

_g

A orkayxkanpu 298 K I
¢ orkayka npu 373K

lx >

14

3

o

a 2,320

g .

= :

2 2310

5 o .

g;

& 2300} _
8

E < i

B 10 20 /1 100

Koﬂ"‘lm ZrOz B Zl’Oz-AI203, Bec. %

Puc. 10.14. UK yacrora npononbHbx Kone6a-
Huit unannga (-CN) 8 CD,CN, ancopGupo-
BAHHOTO Ha KaTaIM3aTope M3 IJIHHO3CMa
M ABYOKHCH LIMPKOHHS, B 3aBHCHMOCTH OT CO-
JICPXAHHS - ZrO2 nocsie oTkauku npu 25 °C
(Bepxusis kpusas) ¥ npu 100 °C (HuXHas
kpugas). [IpononbHas c06c1'aeuuan yacTora
SABJISICTCA MEpoit CHJIBI xucnomoro ucu'rpa
JIbionca. -

10.2. 4._C’mm6-mmu_e 2AUNbL

BOi IH(PEPEHUHATLHOIO TEMIOBOrO
aHannu3a (DTA) Ha puc. 10.12.

sl HEKOTOPBIX peakuUHWil KaTaluTH-
yeckasi aKTHBHOCTb SIBJISIETCSI pe3yjibTa-
TOM MPUCYTCTBHA KHCIOTHBIX LIEHTPOB Ha
TIOBEPXHOCTH. BTH yYacTKH MOTYT COOT-
BETCTBOBATb JIN60O KUCIOTHBIM LEHTpaM
Bpenc‘rena — JIOHOpaM TIPOTOHOB, JHGO
KHCJIOTHBIM leHTpaM JIblonca — akuernTo-
paM 371eKTpoHHBIX nap. Ha puc. 10.13 no-
Ka3aHa CXeMa CTPYKTYpH KHCJIOTHOTO
LeHTpa JIpionca (cnesa) M KMCIOTHOFO
uem'pa BpeHc'rena (cnpana), pacnono-
XEHHBIX Ha TIOBEPXHOCTH KaTaln3aropa
cynbgara ABYOKHCH LIMPKOHMSI, BO3MOX-
HO coaepxauiero ruiatuny (Pt/ZrO,-S0O,).
Ha pucyHke noka3aHa nOBEpXHOCTHast

. rpynna cynsara SO, cBA3aHHas C NpHU-

JNexammMu atoMamu Zr crocoboM, co-

- _-3JAIOLUM KHMCIOTHBIE LEHTpH. B -cMme-
.- IHAHHO-OKCHAHBIX KaTtaju3aropax Ilo-

BEPXHOCTHAsA KHCJIOTHOCTb 3aBHCHT OT

- OTHOIUEHHMSA KOHLCHTPAaUHH KOMITIOHCH-

ToB cMecH. Hanpumep, pobasnenune 20
BECOBbIX NpoleHToB ZrO, K raMma-Iim-
Ho3eMy (y-Al,O;) u3MeHsier culy Kuc-
JIOTHBIX LieHTpoB BpeHcrena Hecyuiect-
BEHHO, HO CH/JIBHO YMEHbBIUAET aKTHB-
HOCTb - KHCJIOTHBIX 1leHTpoB JlbloKca.
Yacrora nponponeHbix konebauuii —CN
ancopbuposaiHoro Ha CD,CN B uH(pa-
KpacHoOit obnacTi ABNsETCA MEPOit CHIBI
KHCJIOTHOTO yuactka . Jlblouca.
Ha puc. 10.14 noka3aHo nporpeccMBHOE

YMEHBILIEHHE 3TOii YacTOTHI C YBEJIMYCHH- :

eM cogepxauus ZrO, B y-Al,0;.

Dnuubt — 370 THIT CJIOMCTBIX MHHEPAJIOB C NIPOMEXYTKAMH MEXAY CJIOSIMH, KOTOpBIE MO-
ryT ancopGHpOBaTh MOJIEKYIBl' BOAbI WIH MOJOXHTEABHBIE M OTPHLATE/ILHLIC MOHbI,

TO €CTb KATHOHBI M aHHOHBL. B HHX MOXET NPOMCXOANUTH HOHHBII 06MeH ¢ BHellHeii cpe-
noit. OnucaHHbIe HHXE IIHHBI MOTYT pa3byxaTh ¥ TaKMM 00pa3oM yBEIHYHBATH MPOCT-
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Puc. 10.15. Cnou canonu'moﬁ IIMHBI, NoKa3aHHbIC 10 aucop&uml (a), nocne a.ucopG-
l.um KAaTHOHOB (6) u nocne noﬁanneﬂux cron6uxos (B)

PaHCTBO MEXNY C/OAMH, B KOTOPOM pas-
MEIAIOTC  aacopBHpyeMbie YaCTHLLBI.
Ha puc. 10. 156 moka3aHbl KaTHOHBI
MEXILY CIIOSIMH, a Ha pHC. 10. 16 npusene-
Ha Gonee nonpoﬁuax CXeMa MIean3npo-
BaHHOH CTPYKTYpBI rmmu C XuMHyec-

Koit ~ (opmyJoit YHCTOTO  TaibKa S

Mg;Squ(OH)z Ha puc. 10.16 moﬁpa-
KeH OOMH Uebli H YyacTb BTOpOl‘O, TaK

nasunacuoro CHJIMKATHOTO CJIOfT, MEXIY
xoropmm pacnonoxeuu TMApAaTHPO-
BaHHBIe KaTHOHBI M ™*(H,0),, cnocob-

HblE K oﬁueHy Huu Mory'r 6bITh, HANpPH-

Mep, MOHBI menoquux WIH MEPEXONHBIX *

METAUIOB C 3apsaoM +q U runpa'moﬁ
060n0uKoit H3 x MoneKyn Boasl. B 31O
MICATH3HPOBAHHOI chyxrype yeThipe
TJIOCKOCTH KHC/IOpOAa B CHJTMKATHOM
clloe ABJIAIOTCS COBEPUICHHO nnocxmm,
a Jise TPETH KMCNIOPOAA B ABYX pacnono—
XEHHBIX B uem'pc TUIOCKOCTSX 3aMEHEHBI
rmxpoxcwlmuuu (OH)- rpynnam{ Bce
'rc'rpaanpuqccxue MO3ULWH 3AHSATHI aro-
mamu Si, a BCE OKTad[ApHUCCKHE — Mg,
TO €CTh, oﬁpasy:o‘rcx Koopnuuauuonuuc
rpynnsl SiO4 u MgOs co crpyncrypamu,
H3006paxeHHbBIMH ~ Ha puc 10. 17a
u 10.176 coOTBETCTBEHHO.

Jlanee Gyayr obcyxaaTbcs mnuu,
OTHOCHILIMECS K Kiaccy MOHTMOPHIJLIO-
HUTOB, MpHYEM peyb Gyaer MATH npe-
MMYLIECTBEHHO O xomcpemoﬁ rmme

Puc. 10.16. CTpyKrypa CanoHHTHOI TIHHBI
¢ hopmynoit JaeanbHOTO TabKa
Mg,5i;0,o(OH),.

Puc. 10.17. Ctpyxrypa SiO,, nokasuiBaiouas
aToM KpEMHHS, PAacTIONOXEHHBIt B LEHTPE
NPasWILHOTO TETPa3apa H3 aTOMOB KHCNOPO-
na (a), ¥ MgOy, nokasspalowas ATOM MarHus,
pPACNONOXEHHBIIt B LIEHTPE NPABIILHONO OK-
Ta3pa M3 aTOMOB KICNOpoAa (6).
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C THINHYHBIM comaom. (Nao.3Ca0'0, 5)(Mgz_gFef,:’,)(SiMAlo,‘)O,o(OH)2- 4H20; Ha3biBa-

€Moii canoHHTOM. B Heif yacTh HOHOB KPEMHHSI B TETPa3APHYECKHX NO3HLUHAX 3amMela- ;

€TCsl HOHAMH ATIOMMHHS AI**, a 4acTb HOHOB Marumus B OKTa3/IPHYECKNX MOHLMAX —
HOHAMH IBYXBAJICHTHOTO XeJie3a (Fe). Kaxpiit cioit umeer 'ronumHy 0,94 uM, Ta-
KHM 06pa3omM yaeabHas Nolaas noBepXHOCTH cnioes pasHa 660 M*/r. Oxasanocs Bo3-
MOXHBIM HHTEPKAJUTHPOBATh (pa3MCCTHTb MEXITY ¢ c.uosmu) Gonbliue HOHBI, HOPMUDPY-

—e—ta.

et Ll |

_cror, rae MoryT pa3MelaTbest pa:mwmue He60nmuue Monexynu. Paamepu nop,
~ 0Bpa3yIOLIHXCs B PE3IBTATE Tipoiiecea PACCIIOEH S, JIEXaT B 0BJIACTH HECKONIBKHX Ha-
HoMeTpoB. Takue MaTepHabl Ha3bIBAIOT CTONGYATHIMK HEOPrAHHYECKHMH CIIOHCTHIMH
coepuHeHusMH (PILCs).
®opMHPOBaHHE CTONGHKOB YacTO OCYLIECTBISETCH C TIOMOILIBIO TIOJIOKHTEABHO
3apsAXCHHOro: HOHa Kermna HMEIOLLErO cbopMley [All304(0H)24(H20)|2]"
WIH B npyroﬁ 3aMHCH — [A104[AI(OH)2H20],2] Amomuuuenuc aTOMHbIC TPYTIIBI,
u306pa>erHuc ccbepamu PacroiioXeHsl B rmo*moynaxosanuoﬁ CTPYKTYpe, NoKa3aH-
Hoii Ha puc. 10. 18 Ha KOTOPOM BHAHO WIECTh nepucbepuﬁﬂux W €lle OfiHA MOYTH 3a-
KpbiTasi 'pynna B UeHTpe B meﬂeﬁ rmocxocm H 'rpu TPYNNbI BBILUE HHX. Tou rpynnu
nexaue CHMMETPHYHO emc HHXe, He noxa3aHu. B 3TOM HOHE pacnonoxeuuuﬁ
B LICHTPE aNIOMMUHMIt cxoopnnﬂupoaau 're'rpaanpanbuo a ocTanbHble 12 MOHOB amomu-
HMSI — OKTa3/pajibHO, KaK M0Ka3aHO Ha pnc. 10 19. Hon Kermua HHOTAa no.nyqaloT
B pacmope AICl;, nyrem npeoﬁpaaonaumr naphst 'rpexnane}m{ux mecmsonﬂux uouoa
Al(H20) ¢ B AHMEPH Alz(OH)z(HZO)s , KOTOpbIE BIOC/EACTBUH arperupylo'r c o6pa-
30BaHHEM uoua Kerrusa. ITpucyrcTsre 31010 HOHa MOXET GbITh OIHO3HAYHO YCTaHOB-
: » : JICHO MO OTKJIUKY SIAEPHOTO MarHUTHOTO
pe30Hcha (HMP) ot 7Al, Tak Kak ero
uen‘rpanbuuﬁ TETPasApNuECKHU cxoopnu-
HupoaaHHun MOH JacT ysxylo JIMHHIO
-SIMP ¢ xnmmecxuu CMelueHHCM 62,8
pPpm OTHOCHUTEBLHO mec‘runonnoro anio-
MHHUS Al(Hzo);,+6 JiBeHanuaTh OKTasa-
PHMYECKH cxoopnuuuponauunx aTOMOB
anoMuHus oHa KerrnHa He NpoABAS-
JoTCA B cnextpe SIMP, noromy uto oHu
Gucrpo penaxcnpym Baauuoneﬁcmyﬂ
c uempanbnbm aToOMOM aJIOMHHMS,
7 WA SNEPHBII CMH Kotoporo / = 5/2. Takum

Puc. 10.18. [InoTHoynaxkosaHHbl KiacTep
Aly;. BuzeH onuH atoM (MOYTH 3aKpHIThIif)
B LIEHTPE, LIECTh ATOMOB B IVIOCKOCTH BOKPYT
HEro M TPH aTOMa B IJIOTHOYNAKOBaHHLIX 110-
JIOXEHHAX Bbllle Hero. Eule Tpu aToMa B cHM-
MCTPHYHBIX TIOTHOYNAKOBaHHBIX NONOXeE-
HHMAIX B JUIOCKOCTH, Nexalueil HUXe Nepporo
CJI0S1, HE TMOKAa3aHbl, ,

06pa30M HX H MP-cncx'rpaanue Jmmm
YUHPSIOTCA HACTO/ILKO, 4TO aMILIHTYAA
CTRHOBHTCA HiXe npenena qync-mmcnb-
HOCTH. :
OZMH M3 METOZIOB MOMy4eHHs CTONG-
YaThIX [IHH HCTIONB3YET CYCTIEH3MIO TIH-
HBI B pacTBOpe, cofiepxalleM HoHbl Ker-

pos BpeHcrena.
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THHa, ¢ KOHTPOIMpYEMOit KicoTHoCTsI0 pH 1 otHOWweHnem OH-/Al Yactb Hayanb-
HOTO 3apsiiia HoHa (+7) KoMNeHCHpyeTcs npH 06pa3oBaHHH CTONGHKOB M cBA3eli ¢ CH-
NMKATHBIMH COAMHA. CaMut CTONGHKH MOTYT paccMaTpHBATCS KaK LUTHHAPHL AMaMe-
tpoM 1,1 HM. Ha kaxamiit cron6uk npuxonutes: npubmmautensHo 6,5 aneMeHTapHBIX
siyecK canouun, coaepxamux Kucnopon B koauyecrse O,o(OH),. Bepst 3Hauenne
A= 3,15 uM’ s niowanm 6,5 3IEMEHTAPHBIX YK CHIMKATHOTO COSI, MOXKHO OLie-
HHTb PacCTOAHNE MEXIY COCCAHHMH ctonbukamu. Ecnu cumrats, yTo cron6uku obpa-
3yIOT KBaAIpaTHYIO PELIETKY, TO PACCTOSHHE MEXAYy UEHTpaMH Gamxaiiuimx cronGos
(4)'2 = 1,77 1M, a ecnv OHH PaCIIONOXEHHI Ha NPaBUILHO# TPEYTONbHOM MIH LIECTH-
YTONBHO-PelleTKe, TO PaccTosHMe Mexay HuMH (24/+/3)7 = 1,90 um. Bass cpentee
3THX ABYX 3HaY€HMi, MOXHO NMONYYHTb BEIHYMHY CBOGOIHOTO NMPOCTPAHCTBA MEXIY
cron6ukamu ~0,74 HM. DKCnepHMEHTANIbHBIC H3MEePEHHS NOKA3bIBAIOT, YTO B NOJyya-
joleiicst CTONGYaTOH IMHHE PACCTOSIHHE MEXY COSIMH COCTARNSAET 1,85 HM, yaenbHas
MOBEPXHOCTL — 250 M */r u o6bemM nop — 0,2 eM’/r. &

BaxHoit 0c06eHHOCTBIO CTONOYATEIX INIHH, BHOCSLIEH Bx.nan B HX KaTAHTHYECKHE
CBOMCTBa, SBJISETCA NMPUCYTCTBUE KUCIOTHBIX LieHTpoB JIvionca wnu Bpexcrena, kak
00OBACHSNOCH B NpeasinyitieM naparpade. Ipu Harpese CTONGYATON IIMHBL VISl KOM-
MEHCALWH OTPHLIATEIBHBIX 3apSIOB CJIOEB OT MOJICKYJT BOJIbI ¥ THAPOKCHILHBIX IPynIl
OTIIEN/AIOTCS MPOTOHbI, @ CTONOMKM CTPEMSITCA K 3MEKTPHYCCKOH HEHTPanbHOCTH,
YTO W TIPMBOJMT K TEHEPHPOBAHMIO KMCIOTHBIX LeHTpoB Bpencrena. KucnotHeie
ueHTphl JIbiouca o6pa3yloTcs Ha ClosX 5
npu opmupoBaHuK aedexra ¥ Ha CTON-
6uxax mnpu ymanenuu OH rpynm.
Anist MOATBEPXKACHHA TIPHCYTCTBMS 3THX
LIEHTPOB Ha nosepxnocm cronibuaroi
[JIMHBI Ha Hee afcopOHupYIOT reTepOLIHK-
JIMYECKOEe - COCAMHEHHE  MHPHAHH
(CsHsN) ' perucTpupyloT HHpakpac-
HBI# cnexTp. DTOT CNEKTp noxa:;unae'r
CHJIBHYIO TIONIOCY Ha 1453 cM™', Bo3HMKa:
IOIIYI0 OT KHCIOTHBIX ucm'poa JIviouca,
u Gonee cnabyio — Ha 1550 cm~! ot uent-

O6cyxeHre A0 CHX Top cocpenm‘a-
YHBAJIOCH BOKPYT CANOHUTOBOI IIHHBI CO
cronbuxamu, copMUpOBAHHBIMH HOHA-

mu Kerrmna. Mcnonb3oBalIHCh W OPYTHE
THIB MOHTMOPHUIOHHTHBIX INIHH, @ B Ka-
YyecTBe MAaTepHAIOB CTONGHKOB 6panuch
OpYrHe .- METAJUVIOKCHAHbIC - TTONHMEPBI.
B xauecTBe aNbTEPHATHBBI ATIOMOCOACP-
XalMx cToNGUKOB Npeaiaranich CoeaH-
HCHHUS L{HPKOHHS Zr;304(OH)35(S0)14s

92087

Puc. 10.19. Cxema cTpykTyps! HoHa Kerruna
[AIO,[AI(OH),H,0),,]"* ¢ onnoit TeTpasnpu-
yeckoit rpynmnoit AlO, B UCHTPUTLHOM NONO-
weHun pic. 10.18, okpyxenruoit 12 rpynnamu
AlQg B OCTANIBHBIX OKTA3APHYCCKHX MO3MLM-
six puc. 10.18, rae xucnopon O; B oXTa’apax
NIPHHALNEXKAT FAPOKCIWIBHBIM IPYNNaM in
MOJIEKY/IaM BOJIBL.
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itana [Ti(CH;CO0)g 4(OH), 4Cl, 5]C1- 11Hy, mecTHBANCHTHbIIH XpOM, obpa3sylomuit
oktasnpiueckie noubl [Cry(OH)4(H,0),,1* 1 [Cr,0(0H)4(H,0)10]*", xoMBunaums
OKCH/IOB KpeMHHA M anmoMuHKsA Al,0,-Si0,, kBapi SiO, ¢ no6aBneHHEM HEKOTOPOro
KonuyecTsa okcuia TuraHa Ti0,. CyliecTBOBaHMC TaKHX HE COACPXAIIHX ATIOMHHUS
CTONGMKOB, OTIMYAIOUMXCA TTO CBOMM pa3MepaM, MO3BOJMJIO CO3AaTh KaTaIN3aTopbl
C LIMPOKMM AMANa30HOM pa3MepoB nop. M3yyanach aKTHBHOCT 3THX KaTaM3aTOPOB
B Pa3TMYHbIX XMMHYECKHX PCAKLHAX, HATIPUMED, B KPEKHHTE, NIPH KOTOPOM YI/IeBOO-
POIIBI WIM IPYTHE MOJIEKY/IBl Pa3pyLIaloTcs, a MX PparMeHThl NIEPecoeaNHSIOTCS C 06-
pasoBaHKeM TpeGyeMbix MoneKy. [TpHMepoM TaKoro npolecca ABAETCs KPEKHHT Chl-
poit HedTH C LebIO nonyYeHUst GeH3HHA. OmMH U3 HelOCTATKOB KaTaJu3aToOpOB Ha

cron64aThiX [IMHAX — CKIOHHOCTh K KOKCOBaHHIO, NIPH KOTOPOM TOBEPXHOCTH IO- -

KDBIBAETCSA YIICPOAOM, @ KMCJIOTHBIE UEHTPHI AC3aKTHBHPYIOTCS.

10.2.5. Koaaouost
HaHopa3smepHble YaCTHLIbI METLI0B OGBIYHO HEPaCTBOPUMBI B HEOPTAHHYECKUX MK
OpraHMYeCKHX PaCTBOPUTENSAX, HO €C/IM OHM MOJIY4EHBI B KOJUIOWAHOI (opme, OHM
MOTYT NpOsABAATh GONBILYIO KATAIHTHYCCKYIO aKTHBHOCTB. Ko/ona — B3Bech yac-
THI ¢ pasmepamu oT 1 o 1000 HM, TO ecTb 66MBIUMMH, YeM GONBIIMHCTBO OOBIYHBIX

: ; : ' MOJIEKYJI, HO BCE €LUe CIMIIKOM MaJICHb-
KHMMH, YTOGBI GBITH BUIHMBIMH HEBOODY-
XEHHBIM T71a30M. MHOTHE KOJUIOMIHBIE
YacTHIBI MOTYT, OfHaKO, ObiTh OOHapy-
XEHBI N0 PacCesiHUIO CBETa, KaK YacTH-

foki ot ol

H-C . C~-H BsCe. C~H

C— S ‘ H-f(lz'-—f(l:'—H LbI NBIIK B BO3AYXE. DTH MEJIKHE YacTH-
/ - C\ . . }ll l‘-l : bl BCe BpeMS XaOTHYECKH ABUXYTCH,
| AR SR YTQ Ha3biBaeTcsi OPOYHOBCKHMM - JABHXE-
HueM.. OHO sABAsETCA PE3yABTATOM

Oypan ~ Terparuapogypak
e ’ CTOJIKHOBEHHII C MOJIEKYNaMH pPacTBO-
e = pHTeNs, KOTOpbIE CAMM HaXOAATCA B He-

‘ S
X E H\ / \ /H npepeIBHOM ABMXeHHMH, CTaGMabHOCTH

H-C C—H H-C- C-H B3BECH CMOCOOCTBYIOT OTTAJKMBAIOLLKE
] | b 3/IEKTPOCTATHYECKHE CHJIBI MEXAY vac-
C e H- C b o C -H
/ C\ _ » e tHUaMu. Jlo6aBieHHE CONMM K KOJUIOUAY -
H H - H MOXET OCIabUTh 3TH CHJIBI M BBI3BATh ar-
perHpoBaHue B3BELICHHBIX YacTHLl M,
Tuodex Tcrpanmpomoq?eu ;

B KOHEYHOM CYeTe, BhIMaJeHHE HX B Oca-
JIOK. DTOT NpOoLIECC 0CAXKAECHUA KOJUIOH-
Ja HasbiBaloT hnokynsauueit. Hexoroprie
obcyxnaeMble KOJUIOMAHBIE CHCTEMBI OT-

Puc. 10.20. CxeMbI CTPYKTYp reTepOoLMKINYE-
CKHMX coemHHeHMil: dypaH, ero ruapatHpo-
BaHHMit aHanor Tterparuapodypan (THF), -

H COOTBETCTBYIOLIHME CEpOCOACPXaLIHEe CO-
enMHeHus THodeH M TerparuapotHodeH
(THT).

HOCSITCS K KOJUIOMAHBIM B3BECAM Hepac-
TBOPUMBIX MaTepHaIOB (Hanpumep, Ha-
HOYAacTHL) B OPraHUYEeCKMUX XHUAKOCTAX,
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M UX Ha3bIBAIOT OPraHO30JISIMH. AHAIOTMYHbIE KOJUIOMAHbIE B3BECH B BOAEC Ha3blBa-
IOT THAPO3OMAMM. %

B pasnene 2.1.3 obcyxaanoch 06pa3oBaHue rPaHENCHTPHPOBAHHBIX KYGHUECKHX
HAHOYACTHL, HANPUMEpP Algs, C MAarMYeCKMMM CTPYKTYPHBIMH YHCHaMH aTOMOB,
B YaCTHOCTH, ¢ n = 55, C LeNbI0 yMEHBIIEHHS MX PEaKLIMOHHOI CIIOCOGHOCTH, TO €CTh
crabunnsauun, oHu 6sUIH JuraHa-crabunusuposanbl B hopme Augs(PPh;),Clg. OTa
YCTOHYMBOCTL ObecreunBaeTcs A06aBleHHEM ATOMHBIX WIM OPraHMYECKHX Tpynmn
MEXITYy aTOMaMH KJIacTepa WIN Ha ero NMoBepXHOCTH. DTH metannnyeckue I'IK-Hano-
YacTHLBI MOTYT OBITh CTAGIIM3MPOBAHb! B BUAE KOJUIOHAOB IIPH MOMOLLH NOBEPXHOCT-
HO-aKTHBHBIX BemecTs (ITAB), OHIXAIOIMX NOBEPXHOCTHOE HaTskeHHe. JUis cTa-
GHIN3aLIMH KOJUIOMAOB META/UTMYECKHX HAHOYACTHIL HCTTO/Ib30BAIMCH apOMaTHYECKHe
coeauHeHus Tetparuapodypat (THF) u TerparunpotiodeH co cTpyKTypamu, n3o6pa-
XeHHBIMH Ha puc. 10.20. Ha puc. 10.21 nokasaH HaHOKnacTep Ti,3, cBA3aHHBIH ¢ aTO-
Mamu Kucnopona wectd THF-monekyn B OKTa3pHuecKoi KoHdurypauun. B atom
xnactepe paccrosume Ti-Ti (0,2804 HM) HECKONIBKO MeHblLE, YeM B 0GBbEMHOM MeTal-
ne (0,289 ). D2 tionmig son PRSRON Wit ot

Crnioco6 momydeHHsi KOMTOWAHOM B3BECH B OPraHMYECKMX XHMAKOCTAX COCTOMT
B TOM, YTOGBI CTAGIIM3UPOBATh META/UIHYECKYIO YACTHLLY, HCTIONB3Ys JHMOGHILHOE
[1AB — ranuz rerpaankiwiammonus NR X, rae X — ranorex, Hanpumep xiiop (Cl) wan
6poM (Br), a R npexacrasnser atkiwioBylo rpynny C,H,,,. O1a rpynna ssnsercs yrie-
BOJOPOAHBIM PAZHKAIOM, 06pa30BaHHEIM YIAIEHHEM aTOMa BOJOPO/A OT KOHLIEBOTO
aToMa YIJIepoia IMHENHOI LeTnouKy, Win oObYHON aJIKaHOBOMH MOJIEKYIHE C 71, OOBIY-
HO JeXalMM B AuanasoHe ot 6 a0 20. - 4L g 2 . %) BHE 25T
Hanpumep, rexcHnoBsit pagukai ¢ n = 6

soEs w8 0 i e
H-C—¢—C-C-g=¢e
] e U LRl R B
: }I{ l!l HHHH
ABNAETCS MPOH3BOJHOM reKcaHa

HHHHHH
| é é (j: I L
L i s s o o
HHHHHH
TONyYeHHOl yaaneHHeM KpaitHero mpa-
BOro aToMa BOAOpPOAa, Ile TOYKA «*» Ha 7
KpaiiHeM NpaBoM YIJIEPOAE reKciia 03- - - s
HayaeT NPUCYTCTBHE B aTOME HECMApeH- O
KTpPO 0, yToGB! CTAbH- - L L
1 He.raa' MM e HaHOYaCTH- Puc. 10.21. Heittpanshblii MeTaAIHYECKHIt
T — . e al X xnacrep THTaHa Ti;, CBA3aHHBIL C aTOMaMK
my Koanonja, MOJICKYJIH+ NR, KHCIOPOZA OKTA3APHYECKH CKOOPAMHHDOBAH-
pacuieruisiior Ha Kationsl NRy M aHHO-  yyux mosexyn Tetparnnpodypana (C,H;0).
Hel X~ Ha META/UTHYECKO# MOBEPXHOCTH, B monexynax THF noxajanbl TOAbKO atroMsl

KaK NoKa3aHo Ha puc. 10.22. Metannuye-  KHCIOpoAa.




11@44 I'nasa 10. Camocbopka u xama)ma 2 &

A FMABA 11.

: OPTAHUYECKHUE
COEAUHEHUSA
U NOJSIUMEPHI

11.1. Beepenue

HanouacTHLBI MOXHO MOAYYHTD 13 GONLIIMX OPFraHMYMECKUX MOJICKYJT Pa3THYHBIX TH-
¢ B . 1 Ot o e MOB, a TAKXC M3 NMONUMEPOB, COCTOSLMX H3 OpraHMuccKux 61OKOB, H B 3TOi IMase
. Pue. 10.23. Metannnueckas KO/UIOHAHAA Ya- OMHCaHbl HEKOTOPLIC TAKHEC HAHOCTPYKTYphl. OpraHHYeCKHMMH Ha3bIBAIOT COCAMHE-

Puc. 10.22 Mc@uuwm RRORN A4) CTHUA, CTAGHIMINPOBAHHAS MONCKyNAMi HuA, copepxaume atom yrepoaa (C). HeMHOrHMM MCKNIOUEHHAMH SBIAIOTCH yrap-

cm.a <':ra'6mm3u BaHHAS MOJIEKVAAMH Ta- cynbdoGeranna, ‘ponctacuunimMu NRX, Hbtit ra3 (CO), yrnekucasiif ra3 (CO,) u kapbonars (Hanpumep, CaCO;), xotopuie
i, po ¥ HO ¢ rpynnoit SO; Ha KoHue oxmoﬂ M3 AIKKH- - . I :

auna rerpaankinammonns NRX.  SosR ene B , 5 KacCHUUMPYIOTCS KaK HEOpraHuyeckie coeanHenis. Ilouti Bce oprauteckue co-

CAMHEHHS TAKXKE CONPKaT aToMbl Bosopona (H), a e, xompuc COCTOSAIT TOLKO M3 yr-

l CKHE sul a MH‘!H;IX nuaM‘c'rpo. B ;)T 1,3 no 10 um Mc')xmo‘no.n HTb, BLIOH aﬁ a:m‘ue‘ JlepOzia H BOIOPOAA, HAIHIBAIOTCS YIICBOLOPONAMH., :
| — : i i v Tpexie ueM nepeiiT K 0GCYXACHUIO OPraHHUECKHX HAHOUACTHLL CAEAYET pac-

?; ;;c::z;u:: 8 0 “M;l:g: ((8133:53);].1516?0“:3,) R;;ﬁi::g";gé;i;:ﬂ;ﬁ:'g: o CMOTpeTh HEGONbIION BBOAHBIN MaTEpHAN O HEKOTOPHIX OCHOBHBIX KOHUCHLMAX
y y , ’ v . P ol XHMHH, KOTOpbi¢ GYAYT HCONB3OBATLCS B JAibHEiEM. YIaepon MMCET BAJICHT-

” S S .23, anas- HOCTb 4, a BOJOPOA — BAJICHTHOCTh 1, TAKMM 0GPa3oM, MX MOXHO 3aMHCHIBATH
107TCA NUNOGHABHBIMH, TO €CTh OHHM NPHTATHBAIOTCA K OPraHHYCCKHM MOJICKY/IaM pac- g

TBOpUTEJIS, 06Pa3yst YCTONUYMBYIO B3BECh B OPraHHYECKUX XKHAKOCTAX. AHAIOTHYHAS
KOJUTOH/IHAs! B3BECh B BOJIC MOXET ObITh MoNyucHa TIPHKPCILICHHEM SOj rpynnbl K KoH- : : _(':_ H— ‘ (1L.1)
Ly OIHOM M3 YIJIEBOAOPOAHBIX Lienotek Kaxaoro NRy MOHA, 4TO JIENACT ¢ THAPODUID- I

HO#t, WM NIPUTATHBAIOILCH BOAY, KaK NMoKa3aHo B puc. 10.23. DTo KOHKpeTHOE MeTa- '

: oy 1 I/1C FOPH3OHTAIBHBIC (—) 1 BepTHKANbHBIE (|) YePTOUKH 03HAYAIOT XMMHUECKHE CBA3M.
crabin3ipoBaiHoe ruapoUIbHbHOE COCIMHEHME Ha3biBaeTCs Cynb(hobeTauH. !

Coenunenne mera, CH,, crpylcrypnau ¢opmyna Kotoporo MO)KCT Gmb 3anucaHa
IByMs ciocofamu: '

| ‘E A. Clearfield, «Preparation of Pillared Clays and Their Catalytic Properties,» in Moser (1996), Chapter 14, p. 345. " H_(‘l:“H WK HﬁH (“ 2)
l : . : A. Lerf, Imcrcalalion Compounds in Layered Host Lattices: Supramolecular Chcmxstry in Nanodimensions, : v sischtiny Gainr e 3 : HRR FTODGHN T i

in Nal 3 t

e, s e _ - onuo u3 npocreﬁumx oprauwlecxux cocaunenuit, Ha' puc. 11.1° npcncramcuu
o e Adm“dcmlym""dNa'm’"mmd Ma"ﬂak mmk P fon D’c'o' 19%6. ! NpHMEpbI crpyx'rypuux dopmyn Apyrux Ymeaonoponon ‘B mmcmioﬁ MOchl\lec
H. S. Nalwa, cd.,. llandbook of Nanoslructured Materials and Nanolechnolog Vols. 1-5, Academic Press, & I cm‘au a Csle Bcc CBSI3H onuuapnuc asp 5y~mn"c"e C4H6, cocmmcmm c:z CBfl-

A ’ ’ 3bi0, onuuapnuc i IBOMHBIC CBA3N HepeayioTcs. I'Ipocrcnmcc apomaruqccmc
S. Sugano and H. Kolzumi, Microclusler Physis, Springer, Berlin, 1998, WM TIO-APYTOMY IHKAWYECKOE COCMMHCHNE C T-CBAISMH, TO €CTh MOJEKYAA € e~ |

W. H. Weinberg, C. M. Reaves, B. Z. Nosho, R. 1. Pelzel, and S. P. DenBaars, Strained-Layer Hclemepilaxy 1 PEAYIOUIMMHCS ONMHAPHBIMH It BOMHHBIMI CBAIAMM — ITO 6enson CgHg. Puc. 11.1
b ————— MOKa3bIBACT /IBA cnocoﬁa, KOTOPBIMH OH MOXeT Gbrrb moﬁpaxcn (Dopmy.fm Genso-
J. L. Wilberand G. M. Whitcsndes in Nanotcchnology, G. Tnmp, cd. Spnnger-\&:rlag, Berlin, l999 Chapter 8 - JI a2 MOXET GHITh 3anucaua B BHAC H¢, l'.llc (bcmmb“ag rpynna -¢ 3TO 63;;30"5“0@‘ :

KOJIBIIO B KOTOPOM orcyrcmycr aToM nonopona ‘Taxum 06pa3om, 3HAYOK ¢ 3ame-
nsier —CgHg, a uepra o6o3nauacT HE3ABEPIICHHYIO XHMUYECKYIO CBA3b. Had)mun

el e S

P feman e St UL R . : o

T
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HHHHH
- HC-C-C-C-CH
' HHHHH

Jiuneitupiit yrnesoxopox (NCHTaH)

HHHH
C=C-C=C
T : &

| H’ Coenugcu'ue c x-énguuu (6yranuen) i
vy, 2
&N o
H(I:./. C|3|H.
HC gy it
H 5% A
"' Bemsos : -u,‘-- i _ _,- - f . HaQn?nuH
APOMATHUECKHE COCAHHCHMS

HC=CH HC=C-C=CH

Auennen ~ Juauerwnen

Puc. 11.1. Tipumepsr opranuyeckux MOJNEKy/l. AUETHACH M AMALCTHICH BBICTYNAOT
B Ka4eCTBE MOHOMEPOB I1pH 06Pa30BaHMK MONHMEPOB.

(CyoHg) — 310 mpocreitmee conpsaxenHoe apoMaTHueckoe coeTMHEHHE, TO €CT
MOJICKYJIa C HECKONLKHMH CBA3AHHBIMK GeH30NbHBIMU KoMbuamu. Ha HuxHeit ya-
CTH pHC. 11.1 npeacTaBneHb! coeAMHENNs ¢ TPOIHOM CBAIBIO — ALECTHICH H AHALE-
TieH. ToMimo yriiepona u Bogopona apoMaTuueckme coequHeHUs MOTYT COAEP-
Xatb apyrie atoMi: xop (Cl), asor (N), xucnopoz (0), cepy (S), a TAKXKeE aTOMHBIC
:p::nu WIH panvkansl: aMuHo- (—NH,) Hutpo- (—NO,), kucnorusie (—COOH)
. Ocoboc BHUMAaHHC HACTOAWIAA [M1aBA YleNseT Pe3yiLTATAM SKCIIEPHMEHTATBHOMO
HCC/ICNOBAHKA TOTUMCPHBIX HanoyacTHU. TToHmMaHMe Mpupoas MX CBOKCTB MOXCT
GLITD YAIYULICHO C TOMOLUBIO KOMITBIOTEPHOrO Mofenuposanusi. B crarse Sumper et al.
(2000) NPHBCACHB HEKOTOPBIE NOAPOGHOCTH KAHHOTO noaxona . e

11.2. O6pasosanue u onucanue noaumepos MD

. 'I 1.2. O6pasosanue n onucanme nonumepos

[Monumep — 370 coennnenme ¢ BLICOKOI MONEKYASPHOI Maccoit, obpasyloleecs no-
BTOPCHHEM CTPYKTYPHbLIX €AWHHL], Ha3bIBACMBIX MOHOMEpaMH. MOHOMEp MMeeT, KaK
NPaBUJIO, HCXOQHOE COCAWHEHHE C ABOHHOI XMMHUYECKOIi CBA3BIO, KOTOpasi pacKphiBa-
¢TCsl 110 OMHAPHOIt BO BpeMsi peakiLiMy NOJMMEPH3aLHH, B Npoliecce KOTopoit M o6pa-
ayer nonumep. Hanpimep, paccMoTpim XuMiyeckoe ctpoetie crupona ¢CH=CH,,
KOTOPBIif HMEET CTPYKTYpHYIO dhopMyny © o o

~TH= N
: JC=C
.. ¢ H
PackpeiTie aBOiiHOI cBsI3u 06pa3yeT MOHOMED
g el ) 2
T2 s
- | »¢ H“
a MOCNeNoBaTe/IbHOCTb U3 601ibmoro’ YHCa TAaKHX MOHOMEPOB o6pa3syer JIHHEHHBbII
MOJUMEP ' : ‘ ‘ g5 n

(11.3)

(11.4)

HHHHHHHHHHHHHHUHH
. RC-CC-CCCCHL8EC€CCCCX, (11.5)
¢ Ho¢ Ho Ho Ho Ho Ho Ho H
KOTOpbIit MOXET GbITh MPEACTABNEH B COKPALIEHHOM BHIE
Vi v i ', e |
Rl-c—c—| R, . (11.6)
¢ H In

rae B CTpyKTypHOit dhopmyne (11.6) nraekc # = 8. Ipynnst R u R’ no6amieHb! K KOH-
LIaM JUISL HACHILEHHS XHMHYCCKHX CBA3eil KOHLUCBBIX aTOMOB YI/IEPOAa. DTO KOHKpET-
Hoe coeauHenue (11.6) Ha3bIBaETCA MONMCTHPONOM H OTHOCHTCS K IHHEIHBIM TOH -
MepaM, XOTs B ACHCTBUTEIHOCTH YTOJ MEXIY €70 XHMHUYCCKHMH CBA3AMH B yIIEPOI-
Hoit uenouke C—C—C TeTpasapHuCcCcKHit, T.c. 6 = 109°128".

Bonee clOXHBIIF MOHOMED, : :

oo St P ——n
H B i 10

obpa3yeT nojiMMep '
H A :

ol s |
‘H B In < Sk "
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Ecam A — 570 MeTHIoBBI panukan —CH, a B — ato panukan —COOCHj, To 06pasy-
eTcsl MoNMMeEp — MONUMETHIMETAKPHIAT, KOTOpbIH ynommuHaercs B raasax 9 u 12.
OB6BLIYHO OH HMEET MONICKY/IAPHYIO MAccy oT 10° o 10° r/Mon. TToCKONbKY MOJICKYISIp-
Hasi Macca moHomepa CH,=C(CH;)CO,CHj cocrasasier 100 r/MoJib, MOXHO CACHATh
BLIBOJ, YTO B nonumepe Haxoautes oT 1000 no 10 000 MOHOMEPHBIX 3BCHLEB. Tlonume-
pbl 06pa3yIoTCst U3 MHOXCCTBA APYFHX PAAHKAIOB: a/UTHIA (CH,;=CHCH;,—) u BHH#u-
na (CHz-CH—) H Ip. Harypanbuuﬁ Kayqyx ato no.nnmep, ocHona}muﬂ Ha Monexy-
Jie U30MpeHa: '
H H CH

H-C=C-C=CH, (11.9)

KOTOpasi UMCCT ABC ABOHHBIX CBA3M. BTopau ,unoﬁnau CBSI3b HCTIONB3YeTCS Wist hopMuU-
POBaHMS CLIMBOK MEXAY COCCAHHMH IHHCHHBLIMH NMOMHMEPHBIMH LETIOUKAMH.

11.2.2 Pazmepst noauMepnsix cmpyKmyp

IMonumepbt 06BIYHO KIACCHOUUMPYIOT MO UX MonekynsipHoit Macce. ViMest B BHAY
TO, YTO OHM MOTYT 00pa30BLIBATH HAHOYACTHLIbI, OTIHILEM CrOCOOLI MepeBosa Mo-
neKkynsipHoit Macchl. B pa3mep monumepa d. O6beM V' B KyGHueCKMX HaHOMETpax
(HM’) BElLeCTBA C MOJIEKY/IApHOI Maccoil My, M NMIOTHOCTBIO P BBHIYMCHAETCA MO

dopmyne
VV=0,001661%!' BByl e

rae My, BuipaxacTcs B I/MOJb, ap — B r/cm’. Ecnn hopma HaHouacTHLb! 6/1H3Ka K ce-
PHUECKOl, TO MPHGIH3NTENbHAS OLICHKA € Pa3Mepa, KOTOpast Ha3bIBACTCS PA3MEPHLIM
napaMeTpoM d, — 310 KyGHUECKHiA KOPEHb H3 Buipaxenus (11.10):

¢ 1/3 '
d= o,ns4(‘%j HM (11.11)

. D70 BHIPAXKCHHE ABNAETCA TOYHBIM NS KyGHuecKoii hopMbI, HO OHO MOXET GBITD
ucnonbaonauo W JUISl OLIEHKH CPEAHETO MAMETPa NOMMEPOB paanuquon q)opmu Ec-
JIH MOJIEKYNa SABISIETCS ccbepon ¢ unamerpom Dy, TO, KaK H3BECTHO H3 CTEPEOMETPHH,
ee o6beM BLIYMCISETCS Kak V = :zDo/6 u, noncranmm 310 3HaYeHHE B YpaBHCHHE
(11.10), nonyuaem dgpy = Dy = 0.1469(Myy/p)"” 1m. JUnst MOSIEKYJIBI LTHHAPHHECKOi
¢dopmel tuameTpoM D v MHHO#M L ¢ TakuM Xe 06beMOM Kak y cd)epu IuamerpoM D,
uMeeM Buipaxenne 7Dy/6 = nD’L/4, xotopoe nact

1/3 173 1/3 173 2/3 :
ne (1)l e ——

DTH 3KBHBAICHTHBIC COOTHOLICHHS MO3BOJIAIOT 3aNHMCATh BBHIPAKCHUS LIS AMAMETPA
M JUTHHBI LJIKHADA B TEPMHHAX COOTHOMICHHS WIMHa/ANaMeTP M MOJICKYNISIpHOit Mac-
Cbl MOJICKYJIbI

. 1000

Iuamerp D, um

R i e 27 e

¥ 3 10 30 100 300 1000

Puc. 11.2. 3aBHCHMOCTS nuauﬁpa Dwwmnn-

PpHYECKOro nonumepa ot otHowekns D/L ana
Monexynsipubix Macc ot 10 o 10’ r/mons, kak
yKasaHo Ha xpusbix. [Ipu mocTpoeHmn 3THX

" Inwma L, um

11.3. Hanoxpucmaaaw 2@»

1 TN :
=S i 10 30 100 300 1000

Puc. 11.3. 3aBHCHMOCTD UTHHB L LILTHHADH-
| 4ECKOrO NMOJMMEPA OT OTHOLLICHHS! UTHHA//Ma-
merp (L/D) st MONEKY/APHBIX Mace OT 10 no

10’ r/monb, KaK yKa3aHo Ha Kpubbix. [Tpu nocr-

KpHBBIX B BeIpaxeHuH (11.13) GbU10 NpUHATO ~ POCHHH THX KPHBLIX B YPABHCHHH (11.14) 6u1-
3HAYCHHE IUIOTHOCTH o = 1 /M’ JI0 TIPHHATO 3HAYCHHE TUVIOTHOCTH p = l r/ex.

' 173 1/3 : i
M,
D = 0,128 (p’”) (%] B ints 1)) s
. \1/73 ' 2/3. : i
L =0128 (%L"], (%) ~ L (114)

rae D H L unmeior pa:mepuocrb HaHOMETPOB. : DTH Bupaxenuu oro0paXeHbl Ha
puc. 11.2u 11.3 anst D> L u L > D, COOTBETCTBEHHO. -DTH PUCYHKH MOXHO HCII0/1b30~-
BaTh MPH OLCHKE Pa3MEPOB MUIOCKHMX HIH BBITAHYTHIX MONKMEPOB, EC/H HIBCCTHBI HX
MOJICKYJIApHasi Macca, IUIOTHOCTD } COOTHOLIEHHE Mlma/nuaue'rp KpuBble Ha 3THX
rpapukax GbUIH NOCTPOCHBI JUISl TUIOTHOCTH p = 1 r/cu HO MONpaBKy Ha IJIOTHOCTD’
CHENATH JIErKO, TAK KaK IUVIOTHOCTH GOJIBIIMHCTBA NOTHMEPOB 6an3ka k 1. TumauHsle
MOJIMMEPbI HMEIOT Monexympuylo Maccy B nuanasoue oT 10‘ x0 107 l‘/\lQJ'lb

1 ].3. choxpuc'ranng

11.3.1. Apimémuuecxue coedunenus

Boaboe KOJ'[H‘ICCT BO pa60 T TOCBSILICHO NMOJY4EHHIO, HCIIBITAHHIO M l'lpHMCHCHHIO He-

* OpraHMYECKHX HAHOKPHCTALIOB, 0co6eHHO MONYTPOBOAHHKOBOTO THIA, TAKHX KaK
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CdS, CdSe u GaAs, a TaKKe CTCKOJI C NPUMECAMH Ag 1 Au. Ha usyuenue opraHuyec-
KHX HAaHOKPHCTA/UIOB GBUIO 3aTPaYeHO ropasjio MEHbLIE ycunuit. IIpuMepsI HexoTopeix
OpraHHYeCKHUX COCAMHEHHIH, ucnonb3osanHbIX Kasai et al. (2000) ans nonyyeHus Ha-
HOKDHCTAIUIOB, IPHBEACHB! Ha piC. 11.4. CoeHEHNS, NCPCIHCIICHHEIC B BEPXHEH ya-
cry TaGmumst 11.1, 6UTH MOTYYCHb! PENPEUHITHTATHEIM cnocoGoM, 3aKTIOYalomIMey
B pa3BeeH)H 0GOralLEHHOTO PACTBOPA C/IabbiM PACTBOPUTENIEM, KOTOPBIM OOLIYHO 51B-
JISIeTCSl BOJA, BO BPEMS HHTEHCHBHOTO NEPEMEIIHBaHHs, HANPUMEP, YJITPa3BYKOBOTO,
Cpasy nociie pa36a/ieHHs B PacTBOPE NPHCYTCTBYIOT OYCHb MEJIKHE KAaILIH, cobupaio-
lMecs 3aTeM B AHCMEPCHBIE KAcTEPhI, B KOTOPBIX MPOHCXOAAT MPOLIECCH 3apofbiie-
06pa30BaHis H POCTa, TIOKa B KOHLIE KOHLIOB HE oﬁpaaymcsl HaHoxpuqmnnu.»:

Tabauna 11.1. Ha&ioxpti'mwu, NOMYYCHHBIE pexpuc’rannmauuqﬁ'qempcx_ COCMlHHe-
HUit ¢ 7-CBA3AMM, NOKa3aHHBIX Ha pHC. 11.4, 1 YCTHIPEX AHALICTHICHOBLIX MOMHMEPOB
¢ GOKOBBIMH LICTISIMH, OKA3aHHBIX Ha puc. 11.7 T

Bewecrao Tun Paamep kpucrannos

Autpauen C14H10 - -~ - - CoepuHenue ¢ T-CBAIRMM - - 150 um = 1 mxm

PIC o' Coenuuenme ¢ T-CBA3RMHU 200 - 300 um

MNepuner C20H12 Coepuenve cr-conssmu 50 - 200 um

Qynnepen C60 » _ Coepunenve ct-cesssmu . 200mm _

4-BCMU - : ~ Monugmauetmnen 200 um - T Mkm

DCHD - : Monuauauernnen T5um=1mem

o R g NonuauaueTunen BONOKHO ANKHOM | MKM °
; - e u avametpom 60 M

14-8ADA - ; _Monuguauerunen -15-200um -

TNocne 06pa3oBaHus KPHCTAIUTHKOB OHH HAYMHAIOT PACCEMBATD CBET, M €T0 MHTEH-
CHBHOCTb /((f), OTHECEHHas K HHTEHCHBHOCTH MMANAIONIEro HTydeHust Jy, MOXET GbiTh
MCMONb30BaHA JUIt KOHTPOASl CKOPOCTH POCTA HAHOKPHCTA/IOB BO BPEMEHH /.
Ha puc. 11.5 u3o6paxena 3aBHCHMOCTb HOPMHPOBAHHOIT HHTEHCHBHOCTH PACCESHHO-
ro cseta /,(f)/], or BpemeHu, KoTopas :noxaaun'ae'r,' YTO POCT NMPOMUCXOAMT TeM ObicTpee,
ueM BbILUE TeMnepaTypa. STa BpeMeHHas 3aBHCHMOCTD J(f)/], mopuuHsieTcs: Buipaxe-
Huo [1 — exp(a,,,)]2, rae nocrosHHas cKopocTH pocTa @,y 3ABUCHT OT TCMIICPATYPBI

KaK 1oKa3aHo Ha pic. 11.6. Jiuneiinblii xapakTep appeHuycoBCKOit 3aBHCHMOCTH JacT
BO3MOXHOCTb ONPEACHTD aKTHBALHOHHYIO SHEPTHIO NpoLiEcca pocTa KPUCTA/LIOB, CO-
CTaB/IAIOILYIO U1l HAHOKPHCTA/UIOB nepiieHa 68 kI[x/Monb. PasMepoM KpHCTALITHTOB
MOXHO YTpaB/ATh, H3MEHAS. KOHUEHTPALIMIO, TEMIIEpPaTypy M MPOLEAYPY CMeLIHBa-
HHS, @ TAKXKE HCMOMB3Ys MOBEPXHOCTHO-aKTHBHBIE BELIECTBA, KOTOPbIC BUIOM3MEHS-
IOT ITOBEPXHOCTb “AaCTHL WM YMEHBIIAIOT NOBEPXHOCTHOE HATSXKEHME PacTBOPA.
B cniyuae nepiiena pasmep o6pasyiolmxcs HaHOKPHCTALIOB MOYTH OMH H TOT K¢ LI
poCTa 1pH Pa3THYHBIX TEMNepaTypax. L R

MHorue opraHHYecCKHE COEAMHEHMS C 7-CBS3bIO B MOHoxpuci‘annax H TOHKHX
TUIEHKAaX MPOSABISAIOT HENMHHEHHbIE ONITHYECKHE CBOIICTBA TpeThEro nopsiaka, Yro AacT
BO3MOXHOCTD HCTIONB3OBAT MX A5 NPe06PA3OBAHHS BUIUMOTO CBETA B Y/ILTpadHOIE-
TOBOE HaTyyeHHe. KpoMe Toro, oHM HMEIOT 0ueHs MateHsKoe BpEMsi OTKJIMKa Ha H3Me-
HEHHE MHTCHCHBHOCTH CBETa. DTO MO3BONSET MpPHMEHATb WX JUIA TIEPEKTIOYEHHS

NH(CHyrCHy .

H21C100( .

W P T rea Eeog "0

Yy ' @

‘ ' 1l C 77-CBA3BIO, HCMOMBIYEMBIX VIS
¢ CTPYKTYPbI OPraHHYECKHX coCMHHERNIl C %
B 156 Xmrmc S8 i: 1) — N-oKraneunn-4-HHTPOAHIIHH, 2) — nuze-

raHHM4YecKHX HaHOKPHCTALIOB -
3ﬂﬁc:$:&clmuawman 3) — nadranuy, 4) — anTpaues, 5) — fICeBAOLIHAHMHOBLI poaa
Huuor;un’xpacnms (PIC), 6) — MepOoLHaHHHOBbIf POARHHHOBBIIT KPaCHTCNb, 7) — nepiieH
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——70C 20+ -
—— 50 °C
—— 50 *C
—a——40°C
—a—35°C - 10} -
—e—230°C < .
—rpan 285 G é
Bk 2 § oof .
. 5 D
. -1.0 .
P 1
o ) ) P 4T 2810% - 3107 3.2110° 3410
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Bpema, vacst b
& > i . Pue. 11.6. TemMnepaTypHas 3aBHCHMOCTD Jio-
rapn¢Ma KOHCTaHTBI CKOPOCTH POCTa @ app TIC-

" PWICHOBBIX HAHOKPHCTLTOB B apPEeHHYCOB-
CKHX KOOpAMHaTax. YroJl HaKJIoHa 370it nps-
MOii N03BOJIAET ONPEACTHTL AKTHBALHOHHYIO
SHEPrHio VISl POCTa KPHCTAUIOB MpH penpe-
LUMIKTaHOM mpolecce..

Puc. 11.5. PocT HHTCHCHBHOCTH PACCEAHHOO
ceeta J(1)/1, or yacTuu nepuieHa, BIBEUICH-
HBIX B BOAE, NMPH PaMTHYHLIX TeMIIEPaTypax
B mpouecce o6pa3oBaHMs HaHOKPHCTAJLIOB
TNO PCNPHUMITHTATHOMY MEXaHH3My, rae J, —
MHTCHCHBHOCTb NANAIONUIETO CBETA .

CBETOBOTO JTy4a MEXIY COCTOSHHAMH «BKJTIOYEHO» H «BbIKJTIOYCHO» B 3MEKTPOONTHYE-
CKoM 3aTBope (sueiike Keppa), B KoTopoM mpunoxeHue CHJIBHOTO 3JIEKTPHYECKOro
ToJisi aKTHBHPYeT ABYNyYenpenomieHne. MOHOKPHCTALIBI, CONEpPXKALUME CBA3AHHBIE
TNIOJIHMCPHBIC LENH, PaCTAHYTHIC BAOD BCEH UIMHBI KDHCTALIA, MOTYT GBITH YAOGHBIM
MaTepHANIOM LIS pa3pabOTKH MOJIEKY/ISPHBIX YCTPONHCTB, DKCUTOHHAS CTIEKTPOCKO-
TIHA HAHOKPHCTA/LIOB NEPWICHA, NMHPCHa M aHTpaLeHa o6HapyxuBaeT 3 deKT KpaH-
TOBOI JIoKanu3auuH, obecyxnaemslit B mase 9. B 06beMHBIX KpHCTaJIaX TMepHaeHa
MOXHO BO30yAUTh aBTONOKANH3HPOBAHHbIE 9KCHTOHBI, KOTOpbIe 0GECIICUMBAIOT JIIO-
MHMHECUCHLMIO Ha JUIMHE BONHbI A = 560 HM. OHaKO B HAHOKPUCTALIAX JIOMHMHEC-
LEHUHS CBOOOIHBIX IKCHTOHOB HabMIIOAAETCA CO CABHIOM JUTHHBI BOJIHLI B 06J1aCTh OT
A =470 1o 482 HM NIpH H3MEHEHMU HX Pa3MepoB oT 50 7o 200 HM.

11.3.2. Moauduauemuaenoewie coedunenus

Hanokpucramnsl, nouMeHoBaHHbIC BHI3Y Tabnuuet 11.1, 6BUIH nonylxcm;l peKpHcTa-
JM3aumeit NOTHAHAUMTHICHOBOTO NoNuMepa. Ero OCHOBOI! ABNICTCH ANAUMTHICHOBAS
MONEKYNa, KOTOpast HMEET CTPYKTYPpY, NOKa3aHHYIO B HIXKHElt yacTu puc. 11.1. Ucxon-

Hast cTpykTypa RC=C—C=CR' 1 npumepsi rpynn R 1 R' nanst a puc. 11.7. MoHomep

AL CHHTE3a nonuMepa obpasyetcst nocpeacTsoM o6MeHa TPOMHBIX M OIMHAPHBIX CBA-
3eit cneaylowmM o6pa3om: '
R R R R'

A€ NOMY4alOLAACA OTKPHITast CBA3b (=) Ha KOHLAX CTDYKTYpPhI HCTIONB3YETCS JU1st TIPH-
COCAMHEHHS NOC/ICAYIOUIX MOHOMEPOB APYT K APYTY BO BpeMst nonumepusauuu. Ipo-
LiecC MOMHMEPH3ALMH B TBCPIOM COCTONHMM MOXHO MHIYUMPOBATH HArpEBAHMEM,

+ 11.3. Hanoxpucmanaw ZSQ

Motiomep Tonsumep _ o

il

"' 4BCMU: R=R’=—(CHy)—0—CO—NH—CH,CO0—CH,

DCHD: R=R’= —CH,—N

14-8ADA R= —(CH2)13“¢H3 P (g 00C

- - Pue. 11,7, Xumuueckue CTPYKTYphl AHALMTHIECHOBLIX MOHOMCPOB, HCMO/IL3YEMBIX MU
... TIONYYCHHS MONHALUMTHICHOBBIX HAHOKPHCTA/LIOB. '

YABTPA(DHONETOBBIM . HATYYCHHEM, .y-HITyYEHHEM, YTO OGO3HAUCHO CHMBOJIOM hv
B ypasHesuu (11.15). OcHoBHas uens nonuMepa 06pa3oBaHa H NOMNEPXKHBACTCA CHC-
TeMO#t YepeayIOLUXCA ONMHAPHBIX, ABOHHLIX 1 TPOiiHbIX cBA3eil. Kak B TBEpaOM cO-
CTOSIHHM, TaK M B PacTBOPE, MOMHMEPbl AHALETIICHA IEMOHCTPHPYIOT MHOTHE APKHE
uBETA: KPACHBIIf, XKENThIi, 3e/CHbIH, CHHUI I 30/IOTHCTHIIf,

JlnaueTHNeHOBBIC YIOMMMEPBl MOIYT OOpa3oBHIBATH COBEPIICHHBIC KPHCTALIH
B TBEP/IOM COCTOSTHHH, TIPHYEM KaX/1as MOJIHMEPHast LIENoyKa MPOHH3BIBACT KpHCTALT
OT OJIHOTO €ro KOHLA JI0 APYroro. DTo NMPOMCXOAMT B TOM ClIyyae, KOraa pasmep Kphc-
Ta/1a MeHbLle XapaKTepHO# JUIHHBI NNONHMEPA B 0GBEMHOM MaTCpHaIE, TO H ARNSET-
sl NpUYHHOI 3aBHCHMOCTH MOJIEKYJIIPHOIT MacChl no:smuepa OT pa3Mepa HaHOKpHC-
tamna. THHuHAS MONEKY/IApHas Macca cocTasasier 10 r/M_o.nb. Ha puc. 11.8 u3o6pa-
XeH. 130-HaHOMETPOBbIit  PAMOYTONbHBI MOHOKPHCTALT NONHMEpa 4-_B(;MU,
XMMHYECKasi CTPYKTYpa KOTOPOro NoKa3aHa Ha pHC. 11.7. O6HapyXeHO, YTO COCANHE~
nue DCHD (cM. puc. 11.7) o6pasyeT KaK HaHOKDHCTA/UIBI, THMA H;gtipaxcuuoro Ha
puc. 11.8, Tak H HaHOBOJIOKHA JUTHHO# OKONO 7 MKM H AHaMeTPOM ~00 HM. - :
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DTH MaTepHAILl HMEIOT PAMl BAXHbIX npuMeHeHHit, HanpUMep, B HEIMHEHHO# onTy-
Ke. MaieHbKHe HaHOKPUCTALTH NoHanaueTiwieHosoro coeqHens DCHD aemorcr-
PHMPYIOT KBaHTOBbIC pa3MepHbie 3P(EKTHI, B YACTHOCTH, IKCHTOHHBIC TTMKM NOMIOLIEH NS
HaGIONAIOTCA Ha THHAX BojH 640, 656 u 662 uM wist 70-, 100- u 150-HaHOMeTpOBBIX
KPHCTUIOB COOTBETCTBEHHO. C YBEIHYEHHEM PasMepa YacTHLIbI NMPOABIAETCS OXHaae-
MO€E CMELLEHHE THKOB B cTopoHy Go/iee HH3KHMX 3Hepruit (T.e. 60J1ee WIMHHBIX BOJH),

11.4. Monumeps!

11.4.1. Ilpoeodauue nosumepot

MHorH1e HaHOYaCTHIBI, HANPUMeEP, YaCTHLIbE 30J10Ta AuS5, MPUIOTaBIMBAIOTCA U3 Me-
TALIOB, KOTOphie B 00bEMHOM BHE ABIAIOTCA XOPOLIMMH NMPOBOAHUKAMH JIEKTpHYE-
crBa. CylIecTBYIOT H NOJMHMEPBI, KOTOPBIE XOPOLLO NIPOBOMAT JIEKTPUYECTBO, HAaNpH-
Mep, nonuaueriwieH. VX Ha3biBaloT NPOBOAALMMMU NMOJMMEPaMH WIH 06pa3Ho — opra-
HHYECKHMM MeTalaMH. MHorume noiuMmepsl, OCHOBAHHbIE Ha IOJIMaHHWIHMHE,
NO TOJIOXKEHHIO B 3IEKTPOXHMHYECKOM Psly, KOTOPBIi pacro/iaraeT BelllecTsa B IO-
PAIKE HX 3MIEKTPOXHMHYECKHX MOTCHUMANOB WIH CKNOHHOCTH K OKHCJIEHHIO, GIH3KU
K cepebpy.
Auermneny HC=CH coormc'rcmycr MOHOMcpHOC 3BEHO

H H

o= (11.16)

obpasyiolee B pesy/sTaTe MOJIMMepH3a-
unn [—CH=CH-],. Opyrue npumepsl
coelMHeHUIt, o6pa3yIolIMX TIPOBOASILIHE
NOAMMEpBI, — 3TO NMPOU3BOAHAsA GeH3ona
anmwninH CgHgNH,, xotopslit Takxe Mo-
XeT GbITh 3amucaH B Buge $NH,, u 1sa
COCAMHEHHS C MATHWIEHHBIMH KOJbLIA-
mu — nuppon (C,H,NH) u TtrodeH
(C4H,S). Crpykrypa THOdEHA noKa3aHa
'Ha puc. 10.20, a nuppon uMeer aHalo-

11.4. Hommepu 25@

COOCTBYET NMOBLILIEHHIO EKTPHUECKOIT IPOBOIUMOCTH OTICBHBIX NOAMMEPHBIX Ha-
HouacTuu. [Tonspous (oxpyxenuuc (oHOHHBIMH 06N1aKAMY NEKTPOHDI) MOFYT TaK-
Xe BHOCHTB BKJIAJ B MX nponommocrb OnHako Makpockonuyeckoe conpomanenne'
cpenbl 3aBucwr He TOJIbKO or TIPOBOJAMMOCTH OTAC/NbHBIX 06/1acTeil, HO M OT CTPYKTY-
pbi MaTcpnana B uenom B  Pe3yJibTaTe JUIst IOMMEPHBIX TIPOBOAHHKOB 3 deKTHBHAs
NPOBOAMMOCTD. 3Haqmen bHO ycTynaer no Bemm HHE IPOBOAHMOCTH omenmblx xopo— :
1110 NPOBOASLIHX Y4ACTKOB. ‘
Wessling (2000) npennoxun oG'bﬂcucHue nucoxoﬁ 3nex'rponpononuoc'm npono- :
n;mmx nommepon TaKHX, xax nommucmneu ¥ TIONHAHWIHH, HCTIONb3YS HaHHbIC
3NEKTPOHHOI cKaHprlomeﬁ Mmcpocxomm 06 nx Hauocrpyx'rype. Ocuom{ue ane-
MEHTBI TOM CTPYKTYDHI — IIEpPBHYHBIE YACTHLbI C BBICOKOTIPOBOASLIHM SIIDOM [Ha-
METPOM = 8 HM, OKpYXEHHbIE aMOP(HLIM HENPOBOASIMM CIOEM-TOIINHOG 0,8 HM
Takoro xe cocrasa [C,H,], (puc. 11.9). Otaenshbie yacTHUB! OGBEANHEHB! B CETH,
conepxaiuue 30-50 yactuu, ¢ Pa3BETBNEHUAMH NPHMEPHO Yepe3 KaKibie 10 yactuu.
Hecko1bK0 HaHOYaCTH I moGpaeru C YAQNeHHBIMH BEPXHHMH NOIOBHHAMH, yTO-
OBl 110Ka3aTh BHYTPEHHEE NPOBOASLIEE AAPO H oxpyxalomnﬁ ero amopdHblit cnoit.
BAeKTPONPOBOAHOCT BHYTPH KaX/I0it YaCTHLLBI MMEET KBa3HMETALTHYECKHIT XapaK-
Tep, a Mexmy HHMH ocymecmnucrca 'ryHHenupoaaHneM 3NIEKTPOHOB Y€pe3 BHEII-
HUI aMopd)Hbm cioit oT onHoifl qacmuu Knpyroﬁ Takum oGpasow 061:CMHHC npo-
BOZALLIME nonmtepu nenc'rmrrenbﬂo smnmorcn nauouarepuanamu, noToMy uTO
XapaKTepHbIe Pa3MePbl HX MHKPOCTPYK- : '
TYpbl, COCTaB/IAIOT =10 uM: Bo MHOrux
cnyqanx 0Ka3bIBACTCA MPOILE H3FOTO-
BUTH MPOBOASILIME MOJHMEPHI C pa3Me-
paMM YacTHIl B OGNAcTH  HAHOMETPOB,
ueM OGBIYHBIC MCTAJUIYECKHE YacTHLIb
TaKMX pa3MepoB. J
IMonuauunuu " ero auanom TIpH
NPHIOKEHHH ONPEACJIEHHOTO Hanpsxe- ’
HUS WIM BO3ACHCTBHH COOTBETCTBYIOUMX
XHMHKATOB MCHSIOT LBET; TO €CTb OHM
ABASIOTCS  JIEKTPOXPOMATHYECKHMH
M XeMOXpOMaTHYECKHMMH. DTO JAenaer.

Puc. 11.8. M3oGpaxenme noau(4-BCMU)

MOHOKPHCTAJUIOB Pa3MepoM 0Kkono 200 Hm,

NOAYYCHHOE MCTOAOM CKaHHMpYIOWe snexk- -

TPOHHOI MHKPOCKONHH.

" THYHYIO CTPYKTYPY, B KOTOPOIi aTOM CEpbl
- 3aMellaeTcsi aTOMOM a30Ta, CBA3AHHBIM

¢ Bonoponom. Bo Bcex aTHX MONEKynax

- ABOMHBIE XHMHYECKUE CBS3U YepeayloTes
'C ONMMHApHBIMM, U, CAENOBATEJIBHO, OHH
- CMOCOOHBI 06pa3oBbiBaTh MOMUMEPH
' C T-CBA3BIO. YTepoaHbIe 7-CBA3N B OPH-

C€HTHPOBAHHBIX = ITOJMMEPHBIX . LEMAX
obecneyuBaloT KaHan WIS ABHUXCHHS
3JICKTPOHOB NPOBOAMMOCTH, YTO CIO-

BO3MOXHBIM MX HCTIONb30BAHHE B CBETO-
auonax. Jlpyrue nepcneKTHBHbIE NPHME-
HeHMs: OKOHuaTeNbHasi obpaGoTka mo-
BEPXHOCTH TEYaTHBIX IUIaT, aHTHKOPPO-
3HOHHAsi  3aWWTa  METALTHYECKHX

TOBEPXHOCTEH, MONYNpPO3payHbie aHTH-

CTaTUYeCKHe IIOKpblTPlSI st 3NEKTPOH-

. Hblx usnemm MOJHMEpPHBIC ralbBaHH'e-

CKHe 3/IEMEHTBI H JIEKTPOMArHHTHOE 3K~
PaHHpPOBaHHE.

Puc. 11.9.- Cxema CTpyKTyphl NMpPOBOASILIETNO

MONMMEPHOrO MaTepHana, CoaepXaulero no-
AMAUMTIICHOBBIE HAHOYACTHUE! AHAMETPOM

= 9.6 uMm. BepxHHe nOjOBHHBI HECKOJBKHX
HAHOYACTHLL YAAICHBL LISt TOTO, YTOBHI MOKa-
3aTh BLICOKOMPOBOAAILEE AAPO AHAMETPOM =
8 HM C KBA3HMCTAULTHYECKOIl TPOBOANMOC-
THIO M ILIOXO NPOBOASALLYIO aMOPOHYIO obo-
nouky TomumHoii = 0.8 nm. I1a wumnocTpa-
LS PEKOHCTPYHPOBaHA HA OCHOBE AAHHBIX
CKaHHpyIoLcii 3NEKTPOHHOI MHKPOCKOMHH.
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11.4.2. Baox-conoaumepbt

rlommcp 3TO OYeHb 6onuuau MoJeKy/1a, COCTOsIIas U3 LEMTOYKH MOHOMepOB 06-
e[IMHEHHBIX B ONPE/Ie/ICHHYIO MOC/CA0BaTEIbHOCTE. Cononumep - 3T0 MaKpOMOJleKy_

na, cofiepXauast ABa WiH 6osee THIIOB MOHOMEPOB, 2 6nox—cononnmep COZICPXHT 3TH
OCHOBHBIE THITBI 3/ICMCHTOB B BHAC UIHHHBIX nocnenonarcnbuomﬁ OJIHHAKOBBIX MO-
HOMepOB, HasbiBacMbIX Gnokamu (Liu 2000). Oco6o HHTEpeCeH nu6noxosuﬁ cono:m-
mep (A),(B),, KOTOpBIi CONCPXHT JTHHEHHYIO nocncnonarenbuoc'rb H3 m MOHOMEpOB
THMNA A oObeIHHEHHBIX Yepe3 nepcxonuuﬁ CErMEHT € nuuenuoﬁ ToC/IeNOBATENbHOC-
TBIO M3 1 MOHOMepOB THna B. ITpumepoM AH6OKOBOTO nonuMepa xnnﬂercg nonuxane-
'rwxcn ncpcxommn CCTMEHT — TIOJIKCTPOJ CO cneny!ouxeﬁ crpylcrypoﬁ

[xonucnan rpynna]—[nonuaucmncn] [ncpexomloe 3BCHO] [nonucrpon]—-
[xoHueBas rpynna) . - (1L17)

B yacTHOM ciryyae oH MOXET ObITh npcncmnneua B Gonee nonpoﬁnou Bunc xax
2H5—[—CH—CH—],,,—CHZ—C¢2—[-C¢H—CHz—],,-CH3, (11. 18)

Ifie KOHLEBBIMH Tpymmamy GbuH BoIGpaHbl pamukanst 3twia —CyHg 1t MeTHa —CHJ,
2 NePEXONHBIM 3BCHOM, COCAMHSIOLIMM ABE MOJTMMEPHBIX nocngnonafenbuomu, — XH-
muueckast rpynna —CH,—Cg,—. Jlnsi IpaKTHUECKOTO NMPUMEHCHHsI BaxHee Gonee
C/IOXHBIE COMONHMEPBI, COTlEpXalllHe Hcckonbxo W} MHOTO MOHOMEDHBIX N10C/IE/10Ba-
TENBHOCTEIA.

IIpy MOAXOAALMX YCTIOBHSX OTACHbHbIC NMOIMMEpPBI Moryr cauocﬁopxoﬁ obpa3o-
BbIBaTh CONOJIMMEpPEL. Bo MHOTMX C/lyyasix OIMH KOMMOHEHT IOJIMMEpPa pacTBOpAETCH
B BoJie, a Apyroif — Het. HekoTopsle 06pa3iisl HAHOCTPYKTYP, CO34aHHBIX U3 COMOHME-
POB, — «BOJIOCaThle HaHoChEepLI», 3Be31006pa3HbIe NOMMMEPSI ¥ NONTMMEPHBIE LIETKH —
noxasassl Ha puc. 11.10. Hanocdeps! MOryT 6bITh OCTPOEHB! M3 OMHOIO IMHHOFO 110~
nnMepa (A),,, KOTOpHIii CBOpauuBaeTcsi ¢ 06pa3oBaHHeM MOMEPeYHbIX CBA3CH MeXIy
coceaHMMH (parMeHTaMu, npKaasas cdepe XecTKOCTb. BhICTyNbI Ha NOBEPXHOCTH Ha-
Hocdepsl cocToaT K3 Apyroro cononumepa (B),, npukpervieHHoro K cdepuueckoit no-
BEPXHOCTH 3 momimepa (A),,. Ecnm wimnel BricTYNOB, 06pasoBaHHBIX (B),, MaIBI 1O
CPaBHCHMIO C IHaMeTpoM cepbl, HAHOCTPYKTYpa Ha3biBaeTCa «BojiocaTasi HaHocde-
pa», a ecnu cepa Mana, a BHICTYNAIOLIHE YaCTH zmu_m{ue'— 3Be31006pa3HBIM MOTHMeE-
pom. Ecnit HaHochepa nonast, 7o HUTH nonumepa (B), MOTYT TaKOKe BHICTYNATh U3 BHY-
TpeHHeil mosepxHocTH chepuyeckoit obonouku. M3 cononumepoB MOXHO CO31aTh
CTPYKTYPbl, HATIOMKHAIOLIME MULEIUTLI, 06CyXaaeMbie B naparpade 12.4.2.

3Be371006pa3HEIC NONHMEPL! HCMIONB3YIOTCH B NPOMBILLIEHHOCTH VIS TOTO, ‘IT°6“
YAYYLIHTh MEXaHHYECKHE CBOJCTBA pacIUIaBNEHHBIX IUIacTMace. «BosocaTsie HaHO-
Ccoepbl» HAYAIH HCMONB30BATh KaK B IMCIIEPCHOI hopMe, Tak 1 B GopMeE TBEPABIX MH-

KpOYacTHL JUISl YIAICHUS M3 BOIbI OPraHMYECKUX mpuMeceit,. [TonumepHbie WETKH
3¢ dexTHBHBI IPY AMCTIEPTHPOBAHKH JlaTeKca U NUrMEHTHBIX YaCTHL{ KPaCKH. Hauocrt-
PYKTYPpBI, cocrosiiume 13 61I0K-cononumepos, BHICTYMAIOT B KAuecTBe KaTaIM3aTopoB
TIpH MPOH3BOACTBE HAHOPA3MEPHBIX 3/IEKTPOHHBIX YCTPOMCTB M HAXOAAT NPHMEHEHHE

e~ .
o o

B e R S

- 11.5. Cynpamonexyaapnue cmpyxmypu BDD

3Beanoobpasumtii
nonumep

cBonoam HaHochepas:

/ Pactpopumsie 6noks

v/ // Hc;;aanopnuuc ;

Gaoku

7 777 -

L4319 ; - IMonumepnan werka

Puc. 11.10. H3o6paxenue 3ne3n06pasuoro nonuMepa (BBEpXy clicBa), csonoca-roﬁ nauocqxpu»
(BBEpXY CnIpaBa) H NONMMEPHOI mc'rxu (BHu3Y).

B npouec’cax O4MCTKH Boasl, Otsuka et al. (2001) noxasanu, yro 610K-COMONMMEpHI,
ancopOupyloLMecs: Ha TIOBEPXHOCTH B BHJE WETKH WIH MULE/LT, 06eCIeYHBaIOT MOLL-
HbIif HHCTPYMEHT YNpaB/ieHUs XapaKTePHCTHKAMM TOBEPXHOCTE!t ¥ rPaHMLL pasfena.
IIpumep u3 aTol cTaThi onucaH B naparpacde 11.5.4. OXUAAIOTCS HOBBIE IPHMEHEHHS
6110kcononumepos, 0co6eHHO GHOMEAMIMHCKOTO Ha3HAYEHHS.

11.5. CynpamonexynspHbie CTpyKTypbl

11.5.1. Cmpyxmyput ¢ nepexoa;mmu Memasramu

CynpaMosieKyApHBIE CTPYKTYPhI — 3TO 60/bLINE MONEKYJIB, 06Pa30BaHHbIC IPYNIIK-
POBKOI WJIH CBSI3BIBAHHEM HECKONBKUX MEHBLINX MOJieKy1. B aToM pasnene 6yaer 06-
cyxnarbcst pabota Stang 1 Olenyuk (2000), kacaloumascst CGOPKH CympamoneKynsp-
HBIX CTPYKTYP C BBICOKOI CTENCHBIO CHMMETPHH B BHIC MOJCKY/ISPHBIX KBAIPaTOB,
KOTOpBIE CONEPXAT NMePeXOAHbLIC METALIBL. AHanoruuHeIe KOHCTPYKUMM GbUTH CHHTe-
3UpOBaHBI B hopme panuocropoum«x TPEYTOJILHHKOB, NIATHYTONbHHKOB, NICCTHYTOb-
HHKOB M JaXe TPEXMEPHOro oKTas/ipa. 3a4acTyio 3TH xoudmrypaulm MoryT o6paso-
BHIBAaTBCSI B pe3yjbTare npouecca caMOCcOOpKH. Hcnonb30BaHKE MPOLEYPH! CaMO-
cﬁopxn B TPOMBILLIEHHOCTH Moxe-r NPHBECTH K NIOHIKEHHIO ce6ccro:mocm
XMMHYECKHX NPOAYKTOB.

, KBa.upa'mue cynpamonexymipuue c1py1crypu MOIYT ObITh nonyqeuu nyreM CHHTe-
32 YIJIOBBIX MOATPYN € MOCNERYIOLHM HX TIPHCOEAMHEHHEM K THHEITHBIM nom‘pynna\(
WIH K JPYTHM YF/IOBLIM TIOArPYNNaM, KaK 310 H306PaXEHO Ha pHC. 11. ll Hepnuu
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JInuettnnit Yranosoit Yraonoit
AN 3NEMEHT SNEMEHT
Camoc6opka

/ 3 n-1 !
3aMKHYTHIT MHOTOYFONBHHK
Puc. 11.11. 3aMKHYTbIC MHOTOYTOJLHHKH (BHH3Y), noﬁpoeuﬂue H3 KOHCTPYKTHBHBIX

6110k0B (BBEpXY) C HCTIONL3OBAHHEM JMHEITHBIX M YITIOBBIX NEMEHTOB (BHH-
' '3y cnieBa), ¥ ABYX THIOB YIJIOBbIX 3/ICMCHTOB (BHH3Y cnpana) .

x H

X
M=Pd, Pt ey & L—Ill— —PIJ—L
X="OTY, H,0, NOy’ . | |
L=Et;P, 1/2 dppp, L L
mH;N(CH;)zNHz s ' 4 o

- Puc. 1L12. TTporpammupyemas caMoc60pKa HETIPEX THHEHHBIX 1 yeTbipex 90° yrnoBsix
_ 3/IEMCHTOB B MOJICKY/ISIPHBIIT KBAApAT. _ :

npouecc usoﬁpaxeuuuﬁ Ha puc. 11.12, ucnonbaonancx s HOJIWCHHR xonc-rpyxmm,
noxasaHHoi Ha puc. 11.13, B koTopoit MePEXOAHBIMH METaIaMH SIBJISIIOTCS Nasuiaguit
(Pd) wnn mnatuHa (Pt) Bocemb Gnuanexatumx OIMHO3APSNHBIX NPOTHBOMOHOB ~
OSOZCFJ KOMTCHCHPYIOT 182 nonoxmenbnux 3/IeMEHTapHbIX 3apsna (+2) Kaxaoro u3
YETHIPEX HOHOB MeTalia M?*. Bropoii npoliecc o6pa3oBaHns MoneKynbl, GaH3KOM
K xsanpa‘moi’t npoxumroc‘rpupoaan Ha puc. 11.14, a crpyxTypa nonyqunmeﬁcn KBai-

paTHoit Mostekynbl H3o6paxena Ha puc. 11.15. Ha stom pucnye TPHUBE/IEHbI UTHHBI
H YIJIBI CBA3EH U NOKa3aHo, uTo paccrosiiust Pd—Pd u Pt—Pt cocrasnsior 1 4113 HM
COOTBETCTBEHHO. U onats, aBa TIOJIOXHUTENIbHBIX 3apsiia HOHOB Pd KOMIIEHCHPYIOTCS
‘lCTblprﬂ ‘nporuBonoHamu ~OSO,CF;. Obuwas TeOMETPHsl LIEHTPATbHOTO KBaApaTa
NMPaKTHYECKH IUIOCKAsA, C HE3HAYHTENbHBIMH OTKJIOHEHHSIMH OT MICATbHOM TUIOCKOCTH.

11.5. Cynpamonexyaspuse cmpyxmypst 259;)

M-Pd, 1%
M=Pt, 79%

Puc. 11.13. MonexynspHbiit KBaapart, co3nanHbii camocGopkoit (M. puc. 11.11) anemen-
TOB M3 auHKIHYeckoro Guctocdana (sBepxy cnesa) u 2,9-nuasobensolcd,
Imnepinena (ssepxy cnpasa). Et o603Hayaer rpynmy atina —C,Hg, a M mo-
%eT o3HayaTh atoM Pd uan Pt. O6uit 3apsn (+8) CTPYKTYpB! CKOMIIEHCHPO-
BaH BoceMbio nporiBonoHamMi —0S0,CF;, kak noka3aHo Ha PHCYHKE.

Phy _
( : =N ox
/ ;h - ;

M=Pd, Pt &
X =-0Tf, H,0 . | | PPh, L
L =Et,P, 1/2 dppp
Puc. 11.14. ITporpamMmupyemas camoc6opKa ABYX THNOB YIIOBBIX J/IEMEHTOB, MPHBOAA-
1{ast K CO3AAHMIO MOJCKY/ISPHOrO KBaapara.

U3obpaxeHnHas Ha puc. 11. 16 TpexmepHas MOAEIb noucme'r, KaK COCEIHHE MOJIEKY.Ib

COGZMHSIIOTCS APYT C APYTOM B NPOCTPAHCTBE.
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11.5.2. [lendpumnsie MoaeKyant

Bce 3HaKOMbI ¢ BETBAILLEHCS CTPYKTYpOIi Iiepesa, xorna oT ocuosnoro CTBOJI2 OTXOAAT
HECKOJILKO GOMBLIKX BETOK, Kaxnas U3 KOTOpBIX oﬁpaaycr MCHBLIKE BETKH M T. . Kop-
HH 1epeBa AEMOHCTPHPYIOT aHANIOTHYHEL BETBHCTHIN -mn pocrTa. Taxoit THN CTPYKTY-
PbI ABNACTCA PPAKTANLHEIM, a CBA3AHHAS C HUM Pa3MEPHOCTb HMECT He uenoqucncu-'
HOE 3HaueHue, Hanpnucp, 2wm3,a apo6Hoe. CyLIecTBYIOT MONEKYIIBI, uaaunaeubtc
AEHAPHTaMH WK KaCKaTHBIMH MOJIEKYNIAMH TIOTOMY, 4TO OHH 06pa3yloTCs B KaCKAll-
HOM mipoliecce (CMOTPH NoApo6HOCTH y Archut u Vogtle (2000)).

Cxema NOJTy4eHHS ICHAPHTOB, NPUBEACHHAs HA puc. 11.17, Haaunaercs ¢ Tpex pas-
JIMYHBIX COEAMHEHMIt IUaAMKHA; -CaMOro AMaMuHa (HzN—NH2), m-d)eﬂmxexmnauuua,
¥ 2,6-auamuHONMpHINHA. CHayana MCXONHOE COSMMHEHUE H,N—X—NH, Bctynaer
B PEaKUMIO C BMHWILMAHHAOM (HzC—CH—CN), 3aMeILAIOLIMM aTOMbl BOZOpOJa
B amuHo-rpynnax (NH,) Ha uuano-rpynnst CN, B Pe3yJibTarTe 4ero oﬁpasycrcx IMLHaH-
NPOU3BOIHOE (CN),N—X—N(CN), 310 COCAMHEHHE 3aTeM BCTYMAcT B PEaKuio

Puc. 11.15. Moncxy.mlpnuﬁ KBajIpar, oﬁpa:olanunﬂ TipolieccoM caMocBOpKH, KOTOpHIit r['x‘]\l HQC“CH-CN ,/[' "1\l
. NoKasaH Ha puc. 11.14, ITpusenens! HHE CBA3€H, YIIbI MEXIY HUMH H Me- HoN ~ NHg - :
J KATOMHbIC PAaCCTOSHHA, BLIPAXCHHbIE B AHICTPEMaX, NAHHbIE O KOTOpBIX GbI- { i g J/ j ( \L
: 7 NONYYCHBI TYTEM PEHTICHOBCKO# AMdpPaKiH Ha MOHOKPHCTALIAX. CHM- i T ST NRS. WS
' Bon Et o6o3navaer rpynny amna —C,H,, Ph — rpynny geniuna —C¢H;. 06- . Dt 9k I ST N
IMit 3apAx CTPYKTYphl +4 cxounencuponau qempmx npomnououauu X & NoBHa
-.-oso,CF, oo Tt R S 4110 o o i

ph) C"\ Eomerion

o
- G
MJC(

f

chch ( \L iCN

(x £ e ) :
(=) .
Puc. 11.17. Cxema nowaroBoit ‘camocGopKit ROTHMHHOBHIX ACHIPITOB RIOCPEACTBOM

3TAN0B 3aMeHbI aTOMOB BOJOPOA B AMHHOTPYTINAX Ha rPyT-
:;p;muull‘l‘: ((:iN H,= —N(CN),) ¥ 3TanoB noGannenml aToMOB nonOpona

Puc. 11.16. IMpocrpancrpennas MOZENb MOMIEKyAsipHOTO KBazpara, NpeiCcTaBieHHOro Ha
puc. 11.15, noctpoennas Ha ochope nanmmix PCHTIeHOBCKO# AubpaKLIHH.

DT s T T —

o e,
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- YTO COOTBETCTBYET 71 = 7 W faeT WIMHY 0,96 nm. Maru6 B Touxax 6udypkatmu (BeTane-
ey T i T o . . HMA) YBEIUYHBaAET Paliityc npuMepHo Ha 1,3 HM ¢ KaxabiM MOKOJICHHEM, 4YTO AaeT
B uTOre 13 HM 11st 10 nokonenwit. Takum obpasom, ACHAPHUTHI 3TOTO THNA MMEIOT Xa-
PAKTEPHBIC VISt HAHOYACTHI pa3Mephl. £ Mg o

Hennputsl, o6cyxnasiumecst 1o chx nop, 6uuiu crpymypa.\zu, Yy KOTOpLIX noce
KaKOTo BETBICHHSA HCNO KOHLEBBIX rpynn yasausaercst. ITonuamuH, n306paxeHHbIf
Ha puc. 11.17, pacrer cornacHo nocnenosarensHoCTH 2,4, 8, 16, ..., a noﬁuammamm,
npencragneuuuﬁ Ha puc. 11.18, — cornacHo nocnenopatensHocTH 3, 6, li; 24, .... 910
HENpEepLIBHOE YMHOXCHHE Ha3blBacTCH AMBCPICHTHBIM POCTOM, @ NpoUecc — AHBEp-
0. 1 o ¥ S _ *TEHTHBIM CHHTE30M. Kaxnstii rnaBHblit BeTBALIICS KOMIUIEKC, BLIXOAAIMI M3 sApa,
W " <5 ey HA3bIBACTCS KIHHOM, TO ECTb ACHAPHT NONMAMHHA HMEET IBa KIHHA, a NTONHAMMA0A-
0‘1 ,\,ol Sk W _ SN ¢ MHMHA — TpH KAKHa. Takum 06pasoM, THIMHYHBI ACHAPHT COCTOMT M3 LICHTPAIBHOTO
s .t B ‘L’o : ™ B> CTBOJIA TUTIOC /1B, TPH WIH Golee KIIMHBEB, KAX/bIH H3 KOTOPBIX 3aKAHYMBAETCS BHELLI-

...ro : ,"1 J ,(\i#f\,mx | Heit osﬁ‘aCTblo, wiu nepudepueii, cqqroaméﬁ W3 KOHUEBBIX FPYNI. - a4 »
TTockobKy 3Tansl CHHTE3a ICHAPHMEPA NIOBTOPSIOTCA (KaK 3TO POMCXOIHT B CITy-
H 5 _ yac AMaMMHa, C YePeayIOLHMHCS BHHIWILMAHHAHBIMM/HATPHI-GOPOrHIPHAHBIMU pe-
)‘\_,(V' . HIDgH : aKUMAMM, MOKA3aHHBIMHE Ha pHc. 11.17), mpouecc pocta, NPHBOASIMIL K OKOHYATENb-
"i' " ﬁg —y HOMY PacrioJyIOXKEHHIO KOHLEBBIX rpynm, nonpﬁeu npoueccaM camMoc6opku, 06cyxnas-
mnmMes B miase 10. Yro6sl nonyunts GYHKIMOHANLHO MONE3HYIO MOJIEKYJTy, npoLiece

~ ‘ BETBJIEHHS WM GitypKalmy MoxeT GbITh 3aBEpLIEH NOC/E HECKOMbKHX HTepalHii ¢ Ta-

NHz KHM PacyeToM, 4ToGbl Hamepe/l 3alaHHble KOHUEBbIC TPYNNbI obecneynBani onpese-
é u,u«,:,sz_\,u piiok g L‘ - ' ] NeHHbIC CBOMCTBA. BNIOCENCTBIN OHM MOTYT. CYXHTb MECTAMIH /LIS MIPHCOCAHHCHIS
" ' ApYTHX (PYHKIMOHANBHBIX TPYIIM, HAMPHUMED KATATH3ATOPOB, MONEKY/IAPHBIX TIEPEKTIO-
R \ yaTe/eii HAH CBETOYYBCTBHTEILHBIX XpoMohopoB. (XpoModopbl — 3T0 COCNHHEHHS, KO-

’d’ ' TOpbIE OKPALIKBAIOTCS TIPH O6/TyYEHHI BHANMBIM WIH YAETPahHONCTOBBIM CBETOM.)
KOHLEeBbIE IPYNMb! ACHAPHTOB MOTYT COAEPKATb KATUTHTHYECKHE YUaCTKH H CaMH
1o ce6e. TTpHMEpOM MOXET CAIYKHTb ACHAPHT Ha Kap6GoCHIaHOBOI OCHOBE, TOCTPOEH-

Puc. 11.18. Iaroe NoKoeHHE NonHaMHHAMIHOBOTO AcHApHTa (PAMAM).

4 -: : ¢ Goprunpinom Hatpis (NaBH,), KaTanu3npyeMylo oHami Co®*, ¢ 66paaonalmeM co- HOIt 13 Monekyn cunana SiH, nyTem 3amelueHns aToMoB Bofoposa B SiH, aTomaymu yr-
eaunenmst (H;N),N—X—N(NH,), — BToporo noxonenus neHapHTHOI HTepaLHOHHOI JCPOAA YINCBOAOPONHEX MONEKYN CyHyyyy. ST AMHHHAIE UERHAIC YINCBONOPOLHLE
nocneaoBareNbHOCTH. [lanee UMK noBropsiercs. [Tpunsaro HasbiBaTh NoONMMEp, NONY- MOJICKY/Ibl MOKa3aHb! Ha pHC. [1.19 31ur3arooGpasHbIMH IHHHAMM. KonueBsiMH rpyTi-

NaMK TAKOTO ACHAPHTA ARIAIOTCS apIUI-HIKEEBbIC KOMIUIEKCHI (apOMATHYECKHE CO-
enMHeHus, conepxauie Ni), HaxozsiuHecs Ha nepud»cgml xap60cxmanopoﬁ OCHOBBI.
OH MOXeT, HANpHMep, KaTATH3HPOBATh XHMHYECKYIO Pakuiio A06aBNEHNS TeTpax--
nopmerasa (CCly) x MOHOMEpY Mermmc'raxplma'ry (CH,=C(CH;)CO,CHy), na3biBa-

HYEHHBbIit 32 IBe HTEPALHH, COEAMHEHUEM TPETHErO MIOKONEHHS. XHMHUECKHE CTPYKTY-
pel X B m_-tbeuwlcu M 2,6-NUPHANH PA3HOBHAHOCTSIX NMepBOHAYAIbHOIO AHAMHHOBOIO
coenunenus H,N—X—NH, TIOKa3aHB! B ICBOI HUXHe# yacTu puc. 11.17.

Puc. 11.18 naer ewe oauu npuMep nonMaMuHaMHHOBOrO mexnpumepa (PAMAM).

Ans oueHK pa3mepa IeHNPHMEPA, IOIOGHOTO STOMY, MOXHO HCTIONH30BATS KPHCTAT- ewtyio peakuyeii Kapaiua. B1aronaps GoMbUIOMY pasMepy “°"”p"T,?“¢-“3ﬁ”"$Z‘L‘?Z~I
norpaduyeckue aanusie Wyckoff (1966) wis TpeX OGBIKHOBEHHBIX (T.c. Hepa3BeTRICH- nooGHbIe H30GPXKCHHOMY Ha pHC. 11.19, Jierko pugenx’xgygx u3 poPe po DRI

) sberrecs e T - : CMeCH 1O OKOHYAHHIO PeaKLH. B Clyuae pasMellieHis KaTATHTHYCCKHX YIacTKOB Ha

— ati2n42, THE 0 = 8, 18, 36. Cpenuue nonepeuHbie : - < WII TBEPABIX TIONHMEPHBIX MOAIOKKAX OCYIIECT-

Pa3MCpBI 3NEMEHTAPHOI SUCHKH cOCTABNSIOT gy = 0,415 1M 1 b, = 0,496 HM, 4TO COOT- ' CYWICCTBCHHO MCHBUINX MOJICKYJIAX I SIBMAACh, 110 CYMIECTBY, FETEPOTEHHBIMH KATa-

, BETCTBYeT IUIOWIALH NIOMICPCYHOTO CeueHust ay by = 0,206 nm’, [Lnuna onHoii suelK ¢y BTS00 FEAQBNTCS TR0 cno;c mg;a:f :sll)acr’fadpax H KaK TOMOREHHBIE KaTaii3a-

i ‘ 3 : : A 5 B b . - ’

TPONOPLHOHANLHA YHCITY aTOMOB YINIEPOA 1 M MMeeT cpeakee 3Hauenue 0, 137 HM Ha JM3ATOPAMH, ACHAPHTS! MOTYTACHCTBASH 2 - = MOTYT HaXOJHMTBCA M B SAPE

: ONMN ST0M YTRODORS. D0 ; ! Topst (cM. maparpad 10.2.1). OYHKUHOHATBHBIC IPYNML! MOTYT el

i YIIEpona. JTO COrNacyeTcs ¢ pacCTOAHMAMM ~2,2 HM B caMOCOGPaHHOM U A Do wae OKpyxalouas 6idypKaLOHHas 061acTb CIYKHT 3auiH-

MoHocnoe yraexkanTHona [CHy(CH,)10S—], o6cyxnasmerocst  maparpage 10.1.3. - Aennpimepa. B aToM criyuae OKpyXal isasmentl o —

Kaxasiit MoHomep PAMAM coznepXut nats atomon yriiepona u JBa aToMa BOLOpPOAa, Ol AKTHBHOH! rPYMITL! B AXPC:

SRRSO sesia U L L
e i i . Ky
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- Pne. 11,19, ‘ |
fi Aennputubiit katanu3arop ¢ apoy i3 KPEMHHS M KaTANHTHYECKH AKTHB-

HBIMH aDHJI-HHKeNEBBIM
H
ROMTEeMX (pyan. DYHKUHOHANLHBLIMI KOMIUTEKCAMI B KauecTBe

11.5.3. Cynpamosexyanpusie dendpumeps:

X 3

KEHHBIIT B J1eBOit BepxHeii wacTut puc. 11,20, Ero SUIPO COCTOMT M3 LeHTpanbHOro GeH
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Puc. 11.20. U3o6pakeniue WECTHWIEHHOTO (FEKCAMEPHOI0) CYNIPaMONEKY/ISPHOrO ACH-
JPUTHOTO KOMIUIEKCA, TIOKA3bIBAIONIEE CTPYKTYPHYIO dopMmyny HHAMBIITY-
@IbHBIX KOMITOHCHTOB ACHAPHTA (BBEpXY CICBa), CHMBONHYECKOE obo3xaue-
HHE 3TOTO e KOMIOHEHTA (BBEPXY CIIpaBa) H OKOHYATEIbHYIO camoco6paH-

HYI0 KOHHIYpalHio H3 MIECTH KOMIIOHEHT (BHH3Y).

BONOPOMIHBIX CBA3CI H3 LIECTH TAKHX ACHIPHTOB, 06pasyioutix ero kmiibs. Cynpamo-
JIEKyNSIpHBIE ACHAPHTHBIC CTPYKTYPBI C GONBLLIOI MOJIEKYIAPHOI Maccoii GbUIH TaKke
MONYYEHB! ¢ WCMONBIOBAHHEM METALTHYECKOTO KOOPAHHHPOBAHMA H BOIOPORHOM
CBA3M. casaanakd B 3 LY
MHOTHe JCHADHT! TIPOUHO CBA3BIBAIOT HEKOTOPHIE PACTBOPHTEMH, 3 HEKOTOphIE
MOTYT 3aXBATHIBATH TAKHE OGBEKTHI, KaK MOJICKY/IbI; PAMMKAIE, 3APAKCHHEIC YaCTH MO-
nexyn, kpackTenn, TIpi pasHOM pasMepe 3AXBAUECHHBIX MOTICKYL HX MOXHO CClICKTHBHO
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Puic. 11.21 Manensiate 1 Gonsiuine HHOPOMHbIE MONEKYTH!, MonaBiIHe Bo BHYTPEHHHE 110~ HOC coH
JIOCTH NOTHAMHHOBOTO AEHAPHTA. HO.C
- "ozc H
0CBOGOXAATH NOCTENEHHBIM TAPONHIOM BHEUTHUX M NPOMEXYTOYHBIX C/I0EB JACHAPH- g =
Mepa. Ha puc. 11.21 usoGpaxen nennpur, saxsarupumit apa BHJIa MOJIEKY/L. JIeHAPUTHI
STOTO THN2 MOXHO HCMONB3OBAT LIS YBENHUCHMS BPEMEHH XH3HH HEYCTOHYMBBIX XH-
MHYECKHX MOJIEKYN, ; « : .
: 1;0192;113"""3" MOJIeKyna f-uMKIoneKcTpuHa co CTPYKTYpOii, NoKa3aHHOH Ha tisis ot R ‘ ‘ V Co
PHC. 11.22, uMeeT rapodoGHYIo LieHTpanbHyio TOJIOCTb, BHYTPEHHHMI paiuyc KOTOPOit "oz l '
JICHHT B AnanasoHe ot 0,5 10 0,8 M (B 3aBUCHMOCTH oT KomMyecTsa anemenTos D-rm- HO CoH
KOCHNIa B KPYTOBOI NONHMEPHOIT L€MH). B-UHKIIONEKCTPUH COCOGEeH 3axBaThIBATh aK- = 1 e ¢ =
;"BHHO A s, TPHHHTPOASEPHAKH H yAQNATL MX M3 CTOYHBIX BOJ, YTO- ) o X . : it
Bl or‘m He 3aTpASHSIH ogpyxanomy,o cpeny. a3t o Hoze : : - oot

11.5.4. Mn_qg.uu . 11.23. JlenapTHas MHLEA ¢ BHYTPEHHEik CTPYKTYPOIt H3 APOGOGHEIX YT eB0-

Mnu ; ! x ' i ¥ _ ‘ Poe. 11.23. o"‘?“ux neneii, H306paKEHHBIX BOMHHCTRIMM JIHHAMH, H rapodunb-
LieJTbI, OMUCHIBAEMbIE B Maparpage 12.4.2 Gonee nonpo6Ho, — 10 wapoobpassie A b ﬁup:“ xucnorHbiMu rpynnasu —COOH no nepimerpy.

arperaTsl 'MOJICKYJ, COACPXaWMX ruAPOdOGHLIe (w3beralonme Bomy) XBOCTH, ,
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Bsaumonciicteue
co cneunduyeckuMi
GenkaMy K KAeTKaMu

MoneKynbl-NHraHmb:
\ caxapa u ONHIONENTHAM

Cnoit PEG, npennmyloﬁmﬁ
Hecneunduyeckoit ancopGumu Genkon

Bitopaanaraemas nosepxuocts ‘

Cxema npiaaHis GyHKUHOHANBHEIX CBOICTB
MOIMNAKTHAHOM NMOBEPXHOCTH

TiunpoduunbHasn yacTs

: b (PEG
: /él@ ;
@ynxunonanbHas rpynna: ~— TipoditbHas yacTs

aucrans (PLA)

TMonumepusyesman / %\/_9

ABOitHAR CBA3bL

AucranbHag rpynna

AnnernaHas rpynna

Mituenna ¢ nonmmepH3oBanHbIM AIPOM
M IBACTHAHBIMH TPYTINAMIL Ha TTOBEPXHOCTH

Puc. 11.24, ::::: :;onuquauuu TIOBEPXHOCTH arperatamu 6/10K-CONONMMepa Ha OC-
. Ku:::;uaa (PLA)/nonuatunenrankons (PEG). BepxHsst yacTh pH-

- “ccencnacr, KaK 3Ti cononumepsl 06pasyior PEG cnoit, npenATcTBy-

e KTHBHOIi ancop6uuu Genkos. B LCHTPAIbHOIT YacTH PHCYHKA

PXCHA CTPYKTYpa MOeKyn Grok-cononumepa PLA/PEG. Buusy no-

Ka3aHo, KaK 3TH COMoIKUMEpL! 06
Pa3yloT MHLEUIBI -
_buumpyiowme nosepxmocts. : sty

oBpalleHHEIE BHYTDb, 1 THAPOGHIbHEE (u

Luylue Boay) rosioBbl, BBITS
Ha K OK 2a gy
PYXY K OKpyXalowemy BoAHOMY pacTsopy. Brum NOMyYeHBI JCHAPUMEpHI, 3KBUBA-

JIEHTH

eM cobc':ob;oi%MonexynMngmuﬁMv MHLCIIaM, € BHYTpeHHEl! YacTbio, B GOBLIMHCTBE CBO-

(Du:nbm,xx Kfuue;;;;ux{lpynﬁ ;;Hx )’l‘m;l;oénopo MHEIX uenedt, u nepudepueit 13 ruapo-
- e : - Ha puc. 11.23 nokazana

JIOTHOrO ACHADHUMCPA, TO €CThb CHHTETHYec CTPYKTypa MHUEJUIAPHOrO KHC-

KO MHUELIBI, B KO B
KOHLEBbI g ; A JIbI, TOPOii B KayecTse
UEBLIX THAPO(IIBHEIX BhICTYNaloT Tpynnst opranuyeckux, kucinor (—COOH).

11.5. Cynpamonexyaspusie cmpyxmyput 26@
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Puc. 11.25. CneKTpbl 2/EKTPOHHONO napamMarHuTHoro pesoxatica PEG-PLA nosepxHo-
CTH, COAepXallieit AUCTANBHBIE WIH ATHAETHAHBIC TPYIITLI, TIONTy4eHHBIE B pe-
synsrate Benenns cnuxosoif Metkn TEMPO, xoropast aaer xapaxtepHblit
tpuruiet auumit B STP-cnextpe. CnekTpsl NOKa3aHbl VIS TPEX Cy4acs: a)—
'KOTAa aNbCrHIHAs NOBEPXHOCTH BIAHMMOCHCTBYET C 4-amuno-TEMPO, 6) —
KOrAa ALUCTANbHAS OBEPXHOCTB BIAHMOACHCTBYeT ¢ 4-amitHo-TEMPO 1 5) —
KOra ANBAETHANAA OBEPXHOCTS Bianmoaeiictyer ¢ TEMPO, B xoTopom or-
cyrctsyer amunorpynna —NH,. MHTEHCHBHbE THHKH Ha PACCTORHHH
90 MTn apyr ot apyra no kpasm SITP-cneKTpoB BO3HMKAIOT H3-32 HATHYHSA
HOHOB Mn*, CieuHansHo BBOAMMBIX VISl KANHGPOBKH FOPH3IOHTANILHOI OCH.

Taicke GbUIH CHHTE3HPOBAHBI M 00PAILEHHbIC ICHAPHTHBIC MHLIC/UILL C ruapodunbHoIt
BHYTpCHHeiIl yacTsio ¥ ruapodobHoit nepudepueil. o et o ks

D1y I1asy CCAYET 3aKOHUYHTH NPHUMEPOM 6M0K-COMONMMepa, H3 KOTOPOTo MOXHO
cpopMHpPOBATH MOKPLITHE, HIMCHSIOLICE XMMHUECKHE CBOICTBA MOMIOXKH. BloK-co-
nonumep obpasyeTcs H3 ABYX CBA3AHHBIX IPYT C ApyroM cerMeHToB. OIHH U3 HUX — 3T0
nomunaktuasbii (PLA) monumep ¢ ABOitHO nonm(epx_myemoﬂ KOHLEBOIT CBA3bIO,
a mpoﬁ — nonuarunenrnkonessiit (PEG) nomimep ¢ aueTanbHoit GyHKUHOHANBHOI
rpynnoi [CH3CH(OCZH5)2] Ha €ro BHEIIHEM KOHIE, KaK TMOKa3aHO B LICHTPAIbHOI
yactu puc. 11.24. TMonunakTHAHBIC KOMITOHCHTBHI B3aHMOACHCTBYIOT C MOLIOXKOI1,
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a TONMITHIECHIIHKONEBbIE CErMeHThl 06pasyloT HapyXHBlil Cnoi (BepxHss yacrs
puc. 11.24). Tlocne Takoit MOZMGUKALMM MOMIOKKH KOHLEBbIE (YHKUMOHANbHBIE
TPYNIBI NIONUITHICHITHKOAEBBIX CETMEHTOB MOTYT cneukdiyeckuM o6pa3om peary-
poBath C onpeaeaeHHBIMH NpOTEHHaMH. HipkHas 4acTh PHCYHKA NOKA3bIBAET KakK Ay~
aIM3, WIH pa3jencHHe Ha MeMGpaHe B BOJHOI cpenie, Henosb3yeTcs Uist o6pa3oBanus
cdepuIecKuX MHLELT H3 GNOK-COMONMMEPa C AUETANBHBIMU WK AILACTHAHBIMK
(—CHO) dyHKUMOHANLHBIMHI IPYTINAMH Ha TIOBEPXHOCTH. 3aTeM MHLIE/UTHI MOXHO Hc-
NOJIb30BaTh it MOAMGHKALKH NOBEPXHOCTH, KaK NOKA3aHO HA' PHUCYHKeE.

Jinst nsydenns anpaernanbix (—CHO) rpynn Ha MOBEpXHOCTH comonMMepa mc-
TMIO/Ib30BAJICS 3/IEKTPOHHBIH NMapaMarHUTHBI pe3oHaHC. B KauecTBe CMHOBOI MeTky
Gpanu coeaunenme Ha ocHose 2,2,6,6-Tetpamerin nunepuauHoxcuia (TEMPO), co-
KpalleHHas hopMyJia KOTOPOro npuBe/ieHa Ha puc. 11.25. CnexTpanbHas Xapakrepuc-
THKa CIIHHOBOM METKHM, CocTosLas U3 Tpex xapakrepHbix SITP-muuuit (cnextp (a) Ha
PHCYHKe), TOKa3biBaeT mpucoeanHeHne cnuHoBoii MeTku TEMPO k anbmermmuoii
Tpynne Ha KoHue nonuatiiaeHrankonsHoro (PEG) cermenra Ha nosepxsocty. B cny-
Yasix, Koraa aleraibHas noBepxHoCTh 6b1a obpaborana TEMPO 1o 3amenienus aue-
TAIbHBIX IPYNN anbaeruaHbiMu, DITP-Tpunnerst 6bu11 oueHb cnabbiMu (cnexTp 6), Be-
POSITHO, BCNEACTBHE NPAMOI husnyeckoit ancopbumu monexyn TEMPO Ha nopepxHo-
cTi. Puc. 11.258 nokassiBaer, yro DITP-curHan cnuHOBOM METKH He TIOSIBJISIETCS, €CIIH
TLACTMAHYIO NOBEPXHOCTh 0OpabarsiBath pasHoBHAHOCTEIO TEMPO, B KoTOpOIf OT-
CYTCTBYET aMMHOIDYNna (—NH,). Ha BepxHeii yacTi pucyHKa MOXHO BHMIETh, KaK Mo-
nekyna TEMPO casassiBaetcst ¢ anbaeruaHoit (—CHO) rpynnoit, pacrnonoxeHHoi Ha
KOHILI€ 3THWIEHINIUKOIHOIO COMONMMEPHOTO CErMEHTa.
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[MABA 12.

BMOJIOTMYECKME
MATEPUATBI ‘

12.1. Beepenue

TpanHuUMOHHO HAHOYACTHIIBl I HAHOCTPYKTYPHI ONPEACASIOT KaK OGBEKTH B AM-
anasoHe pasmepoB oT 1 no 100 M. Takum oGpa3oM, MHOTHe GHONOrHYECKHE MaTe-
pHabl KIacCHOUUMPYIOTCS KaK HAHOYacTHLBL. BaKTepu#, HHTEpBaI pa3MepoB KO-
TOPBIX HaXOAUTCA MeXay 1 i 10 MKM, MPHHAMIEXUT MUPY ME30OCKONMMYECKHX Mac-
mTaboB, B TO BpeMs Kak BHpYycChl ¢ pasmepamu or 10 mo 200 HM HaxoasTcs
B BEPXHEH YacTH AMana3oHa HaHoyacTHU. Benku, pasmepsl KOTOPBIX 06LIYHO Ne-
xaT Mexay 4 u 50 HM, HaxoaATCS BHM3Y HAHOMETPOBOrO AMana3oHa. CTpOHTEb-
Hble 6710kH 6€1K0B —~ 20 aMHHOKMCIIOT, HMEIOT pa3Mephl OKOJIO OHOTO HM KaXias,
YTO HaXOAMTCSH BOMH3H HHXHEH opHUHANBHOI rPaHHLIBI HAHOCTPYKTYP. B npupo-
Ie BcTpeyaetcs Gonee 100 aMMHOKHCIOT, HO TOABKO 20 M3 HHX HCNONIBL3YIOTCS Op-
raHM3MaMH npH cuHTese 6ekos. ITpu GpopmupoBanuu MoNeKynsl 6eiKka aTH ABax-
HaTh AMMHOKMCIIOT MOC/ENOBATENBHO COEAMHAIOTCA APYT C APYTOM TIPOYHBIMH
AENTUAHBIMU XUMHYECKHMH CBA3AMHK M 06pa3yioT THHHbIE MOMHIENTUAHbIE Le-
M, coaepXallie COTHH, 3 B HEKOTOPBIX CIy4asX — THICAYH aMHHOKHCJIIOT. B Heko-
TOPOM CMBIC/IE HMX MOXHO yNmoaoGuTh HaHOMpoBoNoKaM. B pesynsrate M3rn6os
¥ CBOPauMBAaHMSA MOJHNENTHAHBIC HAHOLENH YIIaKOBBIBAIOTCS B CPaBHHTENBHO He-
Gonbiuoil 06BbeM, COOTBETCTBYIOWIMIT MOMHNENTHAHON HAHOYACTHLE C THIHYHBIM
IAuMaMerpoM B ananasoHe 4 — 50 HM. Takum obpa3oM, G6enok — 3T0 HaHOYacTHUA,
KOTOpasi mpeacTapaser co6oil ynakoBaHHYIO OMNpefeNeHHbIM 06pasoM nonumnen-
THAHYIO HaHouenb, [eHeTHYECKHUIt MaTepHaN — 1e30KCHPHOOHYKICHHOBAs KHCIO-
ta (IHK) TakXe MMeeT CTPYKTypy ynakoBaHHOit HaHouend. Ee cTpomrenbHbie
6/10KH — 4 HYK/ICOTHA, KOTOPbIE CBA3bIBAIOTCS B JUIMHHbIC IBOHHBIE CNIHPANbHEIE
HaHouenu. B cnyuae yenosexa JHK cozepxar mocieaoBaTeibHOCTH OKONO
140 x 10° HykneoruaoB. Takum oGpa3oM, MOJeKyna JHK — aBoitHas HaHoOUenNb,
ABE HYKJIEOTHIHBIE HRHOLETH 3aKPYYCHBl APYT BOKPYT Apyra ¢ NEpHONOM 3,4 HM
M IMaMeTpoM 2 HM. YNIaKoBbIBasiCh B XpOMOCOMY OKOJIO 6 MKM AnuHOI M 1,4 MKM
wnpuHoit JJHK BbiHYXAeHa MHOTOKaTHO CKPY4HBaThCA H CKJI/IBIBATHCS. Cama no
cebe XxpoMocoMa He HaCTOJIBKO MaJia, yTO6BI CYMTATHCA Hauoqacmucﬁ, MOCKONBKY
ee pa3Mephl JIEXAT B ME30CKOMHYECKOM AHAMA30HE. & Laitans o :
Jlnst 6osiee NOTHOTO OXBATA TEMBL YACTHLl HAHOMETPOBLIX pa3MepoB, BOBICYEHHBIX
B TIOCTPOCHHE GHONIOTMIECKHX CTPYKTYP, PACCMOTPHM KaK THIHHBIit 0GLeKT uenose-
YeCKOe CYXOXITHE, YKa3blBas B CKOOKaX XapaKTEpHBIC pa3Mephl CTPYKTYPHBIX €JHHHLL
(Tirell 1994). HazHaueHHEe CYXOXHWIHA — TpHKPEIUIEHHEe MYCKY/ia K KOCTH. C TouKH

3pEHMS GHOJMOTHH, OCHOBHAS CTPOMTENBHAS EAMHMUA CYXOXMIHI — COBOKYNMOCTS
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amuHokucaor (0,6 HM), 06pa3yIOLIMX XENAaTHHOMONOGHbIH OCNOK, Ha3biBaeMuii
xomnaresom (1 HM), KOTOpBIii CBIBaeTCS B TPOtHYIO Cpaib (2 HM). 3atem crenyer
TpoitHast NOCAEAOBATEILHOCTb BOJIOKHUCTBIX MM QHOPHIIAPHBIX HAHOCTPYKTYD: Mi-
kpoubpwmnst (3,5 um), cybdubpwusl (10-20 HM), M cOGCTBEHHO (GHOPUANL
(50500 1m). MaciuTa6hbi ABYX MOC/AEAHKX CTPYKTYPHBIX YPOBHEIH, 2 HMEHHO Ipynn Bo-
JIOKOH, Ha3biBacMbIX cBA3KOit (50-300 MKM) H COGCTBEHHO CAHTHMETPOBBIX CYXOXHMi}
JIeXaT JajicKo 3a npeaenamMy HaHOMCTpPOBOTO JHAINas’oHa pasMCpoB. Pasmep cBasku
CYHTAETCsl ME30CKOMHYECKHM, 8 CYXOXHIHA — MaKpocKomnnueckuM. Iockonbky Hau-
MEHbIIAs AaMHHOKMCIOTA, IIHIUHH, iMeeT pa3mep ~0,42 HM, a HEKOTOPbIC BHPYCH 10-
cruraior 200 HM, NMO-BHAHMOMY, YMCCTHO HOMHHAIBHO ONPENEAHTL GHONOrHYecKHe
HAHOCTPYKTYPhI KaK HaxofsiLgecs B 37oM Ananasoxe. Hacrosuas rnasa okycupyer-
€Sl Ha HAHOpa3MEpPHLIX KOMIOHEHTaX GHONOrHYeCKHX MaTepHaIOB. JlononHHTe bHO
TaKXe 06CYXIAI0TCA HEKOTOPbIC 0COGBIC Cyual HCKYCCTBEHHO CO3/IaHHBIX HAHOCT-
PYKTYp, SABASIOWMXCA BAKHBIMH B GHonoriu. JlonoauuTensHoe ob6cyxiueHHe 61ono-
FHYECKHX HAHOCTPYKTYP MOXHO HaiiTH B KHure «[lyTemiecTBnst B HaHOMMp»,
M. Gross (1999). TR - : i K 29

" 122 Buonoruueckue crpoutenshsie 6noku

_ 12.2. 1. 'Paxbcepu cmﬁodhiqpnux 6a0x06 u nafubcmpykm_);ﬁbi. | 3

CyuuecTByer MHOXECTBO CIOCOGOB ONpeAeNeHNs WIH OLEHKH Pa3sMEPHBIX NTapaMeTpoB
d OCHOBHBIX GHOIOTHYECKUX CTPOUTENBLHBIX GIOKOB, TO €CTh AMHHOKMCIIOT ISl GE/IKOB
u Hyxkneotunos wist JHK. Ecnu n3secTHa KpHCTaLTHYeCKasi CTPYKTYpa CTPOHTENIBHO-
ro 610ka, M KpucTa/IorpaduuccKas 3NeMeHTapHas ueiKa CONCPKUT 1 MONIEKYJ, TOT-
A3 MOXHO pa3fie/IUTh 0GbeM AYEHKH Ha 11 M B3ATh KyGHuecKuil KopeHb OT pe3y/IkTata
ANs NONYYEHHs CPERHEro pasmepa: i pidg - Lilve
o 173 » : ' ' :

Ecnu xpucrannnueckas crpykrypa opropombuueckas (cMm. naparpad 3.3), Toraa ane-
MCHTapHas fueiika — NpsMoyrobHBIA Napamienenumnes WIHHO a, WHPHHOIT b M BbI-
coToit ¢ ¢ obbemom Vy; = a - b - ¢, uto maer ans CpeHero pasmepa MoOJICKybl d =
(a-b-c/n)'”, rae n — uncno monekyn B suelike. B THmIMHOM cyyae n paBHo 2 uan 4.
Jnst BEICOKOCHMMETPHYHOIO TETPAaroHANBHOrO Clydyast B 3TOM BhIpaXeHMH a = b,
a B KyGHuCeCKOM cayuae NpH 1 = | HMeeT MecTo 0cobLtit pesynrrar: a = b =¢=d. Mox-
HO TaKXe NoAy4HTb pa3Mep MONCKYNLI NyTeM e PEKOHCTPYKIIMH Ha OCHOBE W3BECTHO-
'O aTOMHOI'0 COCTaBa, a TaAKXe JUIHH | YIJI0B MeXay XMMHMYECKHMH CBA3SIMH cOCTaBs-
JOLIHX ee aATOMOB. Seinl Ko : bt :

Apyroii pacnpocTpanenHslii NyTs onpenenenus pa3mepa Guonoruyeckoit Mosec-
KYAIBl 3aKJTIOMACTCSA B €€ HAaGMIOACHUH B 3NEKTPOHHMII MMKPOCKOIT, KOTOPbIi MOXCT
obecrieynBaTh H300paXeHHs, MONYYEHHBIC NPH pa3IHYHBIX OPHEHTALIHAX MOJICKYJIbl.
OTOT NOAXOA B 0COGEHHOCTH NMONC3CH W15t GOMbLIMX HaHOpa3MepHbIX 00BLEKTOB, Ta~

Puc. 12.1. Mukpodororpadus supyca no-

12.2, Buonozunecxue cmpoumenvivie 6aoxu 279

JHOMHENINTA C yBeanucHueM 74000 pas, — P — S—
= . : Puc. 12.2. Mukpodororpadus Gavcrqpliodxa-
K"x KakKk Oeaku u B"pyéu_ Puc. 12.1 roB, aTaxkylouHx 6al<'rcpmo, C YBCAHUCHHEM

npe/cTaBiseT co6oit MMKPOCHHMOK BH- " 41580 pas. ,

pyca NONHOMHENHTA C YBEAHUCHHEM TeMoroGHH

B 74000 pa3, a puc. 12.2 — 6akrepiocpa- 235";/";”“ -
roB, aTakyiouux 6akrepHio, npu yseau- - ' g
ueHHH 41580 pa3. Bakrepuodar — TR J——

BUpyCa, KOTOpPbIif aTakyeT M 3apaxaer 1300 xr/mons

Gaktepun. BakTtepHodar, nokasaHHbIi W=

Ha puc. 12.2, numeer 40 HaHOMETPOBYIO e e

roJioBYy, NPHKPEIUIEHHYIO K XBOCTY UTH- 90 kr/Monb

Hoit 100 uM M 13 HM wmpunoit. Jnuna 4,3 % 26 i ———

GakTepuu Ha pucyHke — 1600 M, wH- ;’&6&‘;;“:2‘:’

puHa — 360 HM. DTH DHCYHKH NMOA- 4 X 76 um

TBEPXAAIOT NPHBCACHHOE BbILIC YT- —  l

BOJUKRGHIC O TOM, YTO BEpYOM, = STO Puc. 12.3. ITpuGausnrenstbie pasMepsl H MO-

HAHOMACTHLBI, & GAKTEPHH — MPEACTA-  nexynapubie Beca YeTHPeX GenKkoB. - .

BHUTENIH ME30CKOMUYECKHX CTPYKTYp, _ :

MOCKOJIbKY HX Pa3MEpBbl JIeXaT BILIC AHANA30Ha HAHOYACTHIL. Ha puc. 12.3 nokasa-

HbI cxeMbl (HOPM YETHIPEX XOPOLIO HIBECTHBIX GEJIKOB C pasMepaMit B IHANa3oHe OT

4 10 76 HM. 4 : " L
Kak GbUI0 110Ka3aHo B naparpace 11.2.2, pasmep d MONCKY/IbI HWIK HaHOYaCTHULI

CBA3aH C ce _Moﬁcxympuoﬁ Maccoil My, M TUIOTHOCTBIO COOTHOLICHHEM

173
i (ﬁ) (12.2)

n

rae My, Boipaxaetcs B r/Monb, ap — B r/cm’. B aroit ¢opmyne noapasymesacres, UTo
dopma HanouacTHUb! 61H3Ka K CHEPHUCCKOI, I PACTSKCHHA WM CXATHA B noGom
HaTpaB/ICHHH OucHb HeBEJNKH. ECIH MOICKyNa IUIocKast WIH npojionroparas, nono6-
HO y—roGyauHy 1w GuGpHHOrCHY, ¢hopMa KOTOPbIX nqxaaana Ha pHc. |2'3.f TO ANA
ﬁonyqeuml pa3Mepa MOXHO HCTIONb30BATH PHC. 11.2 w113,

10—2087 i
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Jinst BHIMMCTEHHS MIIOTHOCTH AMHHOKHCIIOT H 6enKOB MOTYT GbITh HCIIONb30pg.
HBI KpUcTaUIorpagHyeckue AaHHBIC. HM alaHHHA, TTHLMHA, BATHHA M BOAKI opy
cocrapsior 1,43, 1, 607, 1,316 u 1 r/cM’ COOTBETCTBCHHO. CrpykTtypa 6enkop MCHege
KOMNAKTHA, CNEAOBATENLHO, VISl HHX XapAKTEPHbl MCHBIIME SHAUCHUS p, YeM g co.
CTAaBNAIOWMX MX aMHHOKHCNOT. Ha ocHOBaHHH 3THX cooﬁpaxeﬂuﬂ MOXHO mosyyyry,

ciaenylolee npuﬁnmxeﬂuoe BBIDAXKEHHE
sl A X 2

KoTopoe Gy/eT Aanee HCNoNb30BATHCSA VISl OLEHKH Pa3MEPOB GHOIOTHYECKHX MaKpoMo-
nexyn. Hanpumep, 6ok reMoro6uH ¢ MONeKYIspHoit Maccoit My, = 68 000 r/mon
MMeeT XapakTepHblit pasmep d = 4,8 HM, HaXOAAIMIICS B PEJENaX AHANA30Ha pasMe-
POB HAHOYACTHLL. - : '

~ CKpyueHHast CHCTeMa NONHTIENTHAHBIX HAHOLENEl B KOMNAKTHOM CTPYKType 6esi-
Ka yJIEpXHBACTCA CaGBIMH BOAOPOAHBIMA H IUCYAbDUAHBIMU (—S—S—) CBSI3IMH, KO-
TOpbIE MOTYT GbITh YacTHYHO 0GopBaHHBIMK. Mexay TNONMMENTHAHBIMM CETMEHTaMH
HaHouerneit 0cTaeTcs MyCToe NMPOCTPAHCTBO, TaK YTO IIOTHOCTD Genka MEHbLIE, YeMm
TUIOTHOCTb COCTABISIOLIHX €T0 aMHHOKHCIIOT B KPHCTAJUTHYECKOM COCTOSHHH. B'ro Mo-
XKET NPUBECTH K HENOOLIEHKE pa3mepa Genka, MoNyYeHHOrO 110 YPaBHEHHUIO. 12 3. Ecnu
M3BECTEH MOJIEKY/IAPHBIi BeC Gesika H 06beM, onpcnenenuuu no naHHuM 3ncmpon-
HOIf MMKPOCKOIHH, TOrAa l’UlOTHOC‘l'b p (B t/cM’) Moxer Gm onpezesieHa 1o d)opMy-
Jie, ToJy4YeHHOI 13 ypaBHeHHS 11. 10

Ny

= 0.001661 —~ '
2 24

rae MojieKyaspHas Macca My, 6cpeTcn B r/Mom,, a 061>eM V-3 Kyﬁuqecxux Hauo-
MeTpax. -

B TaG.nuue 12.1 npuBenex cricok MOJIEKY/ISIPHBIX MACC M XapAKTCPHBIX PA3MepoB
HEKOTOpbIX GHoMOrHYecKuX HaHoyacTuL, Ha puc. 12.3 naHst npnﬁnnamenbuuc Mone-
KYNIpHbIC MacCh! M pa3Mephl YeThipex GeNKoB, a B TaGJmuc 12.2 — pasmepsl 6uonoru-
HECKIX CTPYKTYD M QGBCKTOB, pasMephl KOTOPBIX JIEXaT B 0671acTH MUKPOMETPOB, TC.
C/IMILKOM BENHKH JUISl OTHECCHHS! MX K KJIacCy HAHOYACTHL. Bce AMMHOKHCJIOTHI HMe-
i0T OG1L1Y10 CTPYKTYpY, H30GpaXeHRYIO Ha pic. 12, 4, C KUCAOTHOM WM KapBOKCILTBHOI
rpynnoit (~COOH) Ha ontom Kone, COCEAHMM aTOMOM YI/IEPOJia, CBA3AHHLIM C aT0-
MOM BOZOpOAa, amnuorpynnoﬁ ~NHy, u rpynnoﬁ R, onpenenmomcﬁ ' KOHKpETHYI0

aMHMHOKHCAOTY. Puc. 12.5 mpeacTaBifer

g d Kucnor CTPYKTYPhI IHECTM aMMHOKMCJIOT, BKIIO-

rpynna Hasg . : :

Xapaktepuctiuee- l pynna Yasi caMyl0 MaleHbKylo, — IHLHH,

Kas rpynna _ % .
: \ NH, O / ) - . Ana xoropoii rpynna R — aro mpoc

R'—-c':—g-on ~ atom sogoposa H u camyxo 6onbiyio —

N . : TpunTodaH, B KotopoM R — conpﬁer'

. Hoe aBoiiHOe KonbL0. CTPYKTYPHI. HyKIE-

Puc. 12 4 XuMiueckas Cprx'rypa ammo-

KHCIOTHI,
&

OTHIHBIX CTDOWTENBHBIX GNIOKOB JHK
1 PHK npencrasnenst  pasaene 12.3.1-
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Tabanua 12.1. TunuuHbie pasMeps! pasTHUHBIX GHONOTHYECKHX OGBEKTOB B HaHOMETpO-

BOM JIHanasoHe :
Tun Bewecrso " 192 M, Paamep d,
: r/monb HM
AMHHOKMCNOTEI uunn (Houmenslwas amuKokucnota) 75 0,42
Tpuntodan (HauBonswas amunokucnora) - - 246 0,67
Hykneotmau Uurosun dpocdar (Haumenswas amunokucnora fIHK) 309 0,81
Tyanun docdar (Haubonswan amunoxucnora AHK) 361 0,86
Anenoann tpudocdar (AT, HCTOMHMK suepruu) 499 0,95
Dpyrve monexynbi Creopunosas kucnora CjHyCOH -~ 284 0,87
Xnopogunn pacrenmit : 720 11
Benku Wucynun, nonunentugHeii rOPMOK 6000 2.2
femornoBun, nepexocumx kucnopoaa 68000 7,0
Aanyuuu, Genok auy, - - 3 69000 2,0
INacTUH, KOHCTPYKUMOHHOE BeWwecTso xnetox ~ 72000 5,0
: Dubpunorey, caepruiBaloWMit KPOBL 400000 50
. Jlunonpoteun, neperocumk xonecrepura (chepuy.) 1300000 20
PuGocoma (8 xoropoi npoucxoaut cutes Genxa) 30
O [pamnynsl rankoreHa B neueny - C v 150
Bupycst _Bupyc rpunna 00 ; e . 60
Bupyc 1abauHoii Moaouxu p.nuua 120
Baxrepuodar T, 140

’Ihﬁmma 12.2. TunuuHbie pa3Meps! B MHKpOMETpax pa:muqnux ﬁnononmecxnx obnek-
TOB B ME30CKOIHYECKOM JHANa3oHe

Tun : Obvexr Paamep d (mxm)
Oprauenns {ctpyktypsl  Mutoxounpus, rae npyu asixanuu obpasyerca AT® 0,5x0,9x3
B KNETKOX, HOXORAWKecs  XAOpONNOCT, rae NPOMCXOAKT $OTOCHHTES, ATMHO 4
sHe sapa) " Jiusocoma (nyssipex c pepmertamn’ b : 0,7
. B7M nepesapuBanus maxpomonekyn) 3
Bakyons ame6ui 10
Knerku Bakrepus Escheterichia coli (E. coli), annna 8
TpomBoumt xposy yenoseka . eaty 3 &
 Neiixouw (6enoe xposanoe Teno), c¢epnu 5 i 8-15
3pmpoum’ (xpacHoe kpossHoe reno} Aucx. : 1,5x8
Pa3uoe ' Xpomocoma yenoseka g
50 - 300

CBA3KQ 8 CyXOXHAMAX

12.2.2. Hoaunenmudnas nanouens u 6eaxoevie HAHOHACMULbL

Ha puc. 12.6 nponumiocTpupoBaH crnocot coeAHHEHHsI aMHHOKHCIOT B LIETIOUKH No-
CpeACTBOM (hopMHpOBaHHUS NENTHIHBIX casizeit. s (hopMHPOBaHHA 3TOI CBA3M, IH-
apokcorpynna (—OH) Kap6oKCHAbHOI IPYNIbl OAHOI AMHHOKHCIIOTH! CBA3BIBACTCS
C aToMoM Bojopoaa H aMHHOTpYnnbl ClIEAYIOWICH aMHHOKHCIIOTE C YCTAHOBICHHCM
C — N nentuaHoili CBA3H H ocBoGoXAEHHEM MOAeKyIbt Boxbl. Ha puc. 12.6 nokasaxo
o6pazoBaHue TPHNENTHAHON MONEKYIbI. Tunuunblit 6eNOK COCTOMT M3 ONHOI K
HECKOJBKHX OUCHD UTHHHBIX TIOMRNENTHAHBIX MOJIEKY/1. Manbie NENTHIB Ha3biBAIOT-
5l ONMFONENTHAAMH, 2 AMHHOKHCJIOTBI, BKIOYCHHBIC B MIOMHNCNTHAHbIC LCTIH, Yac-
TO Ha3bIBAIOT AMHHOKHCIOTHBIMH OCTaTKaMH Jis TOTO, yTo6bl OTIHYATH HX OT CBO-
GOIHBIX MIM HECBA3AHHBIX aMHHOKICIOT. Benok re\(omoﬁrm uanpu\(cp, HMeeT
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Haspauue O6o3nauchme My, PHK-cnoBa . Crpyktypa
r/Mons; (xonoHb) ; 2
pa3Mmep, HM
: 7507Da - GGU GGA st g
p T Gly o s GGC GGG - NH,—-CH,~ COOH
89.09Da GCU GCA B
Auit A& o47ame GCC GCG MiP—000M
H
$504 117.12Da  GUU GUA CH’\T. e
- Vil os4nm  GUC GUG s COON
, ciy |
; " H NH,
Tpeonmn Tor 119.12Da ACU ACA CHa—é—&-—COOH
0.54 nm ACC ACG T b L
H
- NH,
‘moramar ([ora- ; : :
MitHoBast kiiciora)  GIUN ;'47761:"0- " GAA GAG Hooc—m,_cgrl_cooﬂ
H
S NH,
c/c\c—‘——c—cnz—l:

et s - - CIC Ul
>
> -

Puc. 12.5. Ha3sanus, 0003HayeHUs, MONEKYAAPHBIE MACCH My, paamepei d, TpexGyk-
BenHbie PHK - renetuueckie konoeie ctoa (KORoHbI), 1 CTPYKTYpBI 6 avi-
HOKHCJIOT, BK/TIOYast HAMMEHBLIYIO AMHHOKMCIIOTY — IIMLUMH (CBEpXY) M Hal-
Gonbuyio - TpNTODAH (CHMIY).
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; Puc 12.6. O6pasoBanue TpunenTiaolf uenu (nnﬁsy) NyTEM YCTaHOBNEHHS MenTHANbX
CBA3CH MEXAY TPEMS AMHHOKHCIOTaMMU (BBepxy).

12.2. Buonozuyeckxue cmpoumensnuie 610xu 2@»

4 TONMNENTHAHBIX LCNIOYKH, KaXias U3 KOTOPbIX COAEPKHUT 0K0/10 300 aMHHOKHC-
JIOTHBIX OCTATKOB. & - e
Bmﬂm TOJMNENTHAHAS LieNb, THIIA OKA3aHHO# BBEPXY pHC. 12.7, HasbiBaeT-
Csl NIePBUYHOI CTPYKTYDOii. Crauongqb Goice KOMMNAKTHBIMK IOKAIBHO, LIETH WIH CBH-
BAIOTCS B TaK HasblBacMble a-CrIMPaJIH, WIK YKNAbIBAIOTCA B IUIOCKOCTH, Ha3bIBaeMbie

BOJIOPOJHASN CBA3b
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U (6) BTopuynas crpykTypa

aucynbhunnas

(1) 4eTBCPTHYHAR CTPYKTYpa

" (B) TpeTHYMAK CTPYKTYPE

Puc. 12.7. Yerbipe ypoBHA CTPYKTYpht Gesika: (a) — MEpBiYHas CTPYKTYpa BRITAHYTOIO

nonunenThaa, (6) — BTOpHYHAsA CTPYKTypa a-cnupanu (cnresa) u f-nucra
(cnipaBa), (B) — TPETHYHAA CTPYKTYPa MONHMNENTILIA, NOMICPXHBACMAR M-
cynbduHbIMK cBA3AMH (— S — S =), (r) — yeTBepTHYHAR CTPYKTYPa, o6paso-
BaHHas ABYMA MONHNCNTHAAMH.
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B-nictams, KOTOpHIE YACPXHBAIOTCS BOIOPOTHBIMH CBA3AMH (DiC. 12.76). Jluerst po-
YT TAKXKE Ha3bIBaThCA HAHOIUICHKAMH. STV! Ape ISOHQHFYDallHK COCTaBJISIIOT TO, yto
Ha3blBaeTCsi BTOPHuHOIT CTPyKTypoit. [oGanbHask yNakoBKa NOCTHRACTCA TPeTHyHojf
CTPYKTYpOil, coCTosIiEil 13 MOC/EAOBATENLHOCTH CKPYYHBAHHit M TIOBOPOTOB OTaEN-
HBIX CETMEHTOB, YAEPXHBACMBbIX ANCYIbOHAHBIMH CBA3SAMH (puc. 12.78). Ecnu npHcyT-
cTByeT 60Jiee ONHOrO MOAMMENTHAA, OHH PACMIONArAlOTCA APYT OTHOCHTENLHO Jpyra
B UETBEPTHUHOI! CTPYKTYpE KaK N0Ka3aHo Ha puc. 12.7r. Dror THI YNaKOBKH THNHyex
s ToByaspHbIX (cepuueckux) Genkos. Hekotopsie GenkH HMEIOT mo6ynsiphyio,
apyrie — GpubpiLIsipHylo (npogonropatyio) dopmy (puc. 12.3). W3 ABYX HIXKHHX cxem
puc. 12.7 BUAHO, YTO TPETHYHAA H YETBEPTHYHAA CTPYKTYPhI HE O4EHD IUIOTHO ynaKo-
BaHBbI, IO3TOMY IIOTHOCTH 6€/IKOB HIKE, YeM TUIOTHOCTb aMHHOKHCIIOT B KPHCTaH-
YeCKOM COCTOSIHHM, KaK yXe YNOMHHaNOCh Boillie. B elicTBHTEILHOCTH YacTh npoct-
PaHCTBAa BHYTPH MOJIEKY/Bl GenKa, HaxXOAsLIEerocss B UMTOIUIA3ME KJICTKH, CONEPXKHT
MEXIY CKpPYYMBaHMAMH M NOBOPOTaMM T'MIPaTHbIE MOJEKY/Ibl Boabl. Ha ocHoBarmu
3TOro o6CYKACHHS MOXHO CAENaTh 3aKIIOYCHHE O CJIOKHOMH CTPYKTYpe OeNKOBbIX Ha-
HOYACTHLL, -

12.3. HykneuHoBble Kucnorsl

12.3.1. Jeoiinan nanoyens JHK

OcHoBHoit crpoutennhblit 610k JHK, asnsiommiics HYKICOTHIOM C XHMHUECKOit
CTPYKTYpOI#i, NoKa3aHHOIt Ha puc. 12.8, Gonee cnoxeH, yem amuHokHcnora. OH cosiep-
XHUT MATHWIEHHOE J1e30KCHPHO03HOE KOMBLO caxapa B LEHTpe, (ocdarHyio rpynny
(—PO4H,), npuxpennenHyio ¢ OIHOI CTOPOHBI KOJbLIA, H OCHOBAHHE HYKICHHOBO
xuenotsl R, nprkpensienHoe ¢ apyroro croponsi. CTpenkami ¢ JieBoit CTOPOHBI Ha pH-
CYHKC NOKa3aHbl TOUKH NPHKPEIICHHs APYTHX HYKJIEOTHAOB NpH 06pa3oBaHHH caxa-
po3Ho-docarHoii ocHosst i JHK. Ha puc. 12.9 n306paxeHnt cTpyKTyphl YETHIPEX
HYKJICHHOBBIX OCHOB, KOTOPbIE MOTYT NPHKPEMIATLCSA K Caxapo3e ¢ BepxHeii nmpapoil
CTOPOHBI, KaK NMOKa3aHo Ha puc. 12.8. U3 cpasrenus puc. 12.5 1 12.9 BHAHO, YTO MO-
JICKYJibl OCHOBAHHS HYKIEHHOBBIX KHCIOT H MONEKY/IbI AaMHHOKHCJIOT MMEIOT NpHOH-
SUTENILHO OMHAKOBLIC pa3Mepbl. TOYKH NPHKpPENsICHHA OCHOBAHHIA K CaXapHLIM KOJb-
LaM Ha pic. 12.9 noka3ans! BepTHKaNLHBIMU cTpeKanu. TOpH3OHTALHBIMH CTPENKA-
M TIOKa3aHbl TOYKH 0BPa30BaHMs CBS3EH MEKILY OCHOBAHMSIMH Tipu 06pa3oBaHii
asoiinoit cnupami JHK. Lutosun (L) MoXeT coefMHSTLCS TONBKO © ryauusoM (D),
a M (T) — ¢ anesnHoM (A) nokasannsiv Ha puc. 12.10 o6pa3om. M3 aToro pHcyH-
Ka BHOHO, 4YTO KHCJIOTHO-Q)OC(D&THHC H caxapo3Hbie [PYNNbl COCEAHMX HyKJICOTHIIOB

PHK) mnn perumkaunn (ay6auposauns
ce6s). Tonuumna otaenbHOI HUTH cocTas-
nsier 0,34 uM, AMameTp ABotHOI crinpa-
nu — 2 HM, ce war — 3,4 uM. OnuH nepu-
Ol CUPATH COAEPXKHUT 10 HyKICOTHAHBIX

nap. Ipusenenusic B Tabnuue 12.1 pas-

Mepbl Hykneotuaos (oxono 0,84 um)
Gonbiue paccrosnus 0,34 HM Mexay na-
paMH OCHOBaHMIA, TaK KaK, B COOTBETCT-
BHH C puc. 12.8, paccTosnuie Mexay apy-
Ms TOYKAMH KpEIUICHHS B HYK/ICOTHAC
HaMHOTO MCHBLIC MOJHOM IHHBI MoJe-
Kyasl. M3 puc. 2.10 BugHo, yto mapsl

HYKNCOTHAOB BBICTPAHBAIOTCS B JUIHHY i

MeX1y ABYMSI caxapos3Ho-cochaTHbIMH

ocHosHbiMH uensamu JHK, uro 3amaer

paccTosiHie 2 HM Mexay HuMH. ®ukcH-
POBAaHHOE DACCTOSIHHE MeEX1y ABYMS

’ ' TIpHMHAMHOBOE OCHOBaHHE
NH,
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Touxa npuxpennexus cacay- \H, 3aMcHsc-
towieii pocparnoit rpynnnt Ml Ha

HesokeupuGosa —OH B PHK

Puc. 12.8. CtpykTypa MONEKy/Ibl HYKAEOTIAR,
MIOKA3bIBAIOIAA TOYKH NPHKPEIUIEHKHA Cleay-
louiefi caxapo3Hoit rpynnsl Ae30KCHpHGO3bI
(BBEpXy cneBa) M caemyioweit docdarTHoit’
Tpynnsl (BHM3Y CICBa), @ TAKKE Pacnonoxe-
HHe OCHOBLI HYKNCOTHIA (BBCpPXY Crpasa)
W atoM Bosopoaa H, sameHsioumiicst riapo-
KkeunsHoit rpynnoii —OH B PHK.
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i’uc. 12.9. CxeMa CTPYKTYP ABYX NHPHMHAMHOBBIX OCHOBAHHIT HYKNCOTHAOB: LIMTO3MHA
(1) » Tummna (T) 1 ABYX NYPHHOBLIX ocxosaunii: ryaunxa () u anenuHa
(A). TouKH NPHKPETUICHIA xz;caogccuip;iﬁox, NMOMCUCHHBIC Ha PHC. 12.8, no-
Ka3aHbl BEPTHKANBHBIMI CTPEAKAMK (NpH 3TOM neaoxcupuﬁosa 3ameuiaer
aToM poaoposa). TopH3OHTANbHbIE CTPEIKH YKASBIBAIOT KOMIUIEMCHTAPHBIC
napsl aMHHOKHCJIOT. . SOSREIGERS Bl ? PRI T

06pasylor caxaposro-ocdariiyio ocrony nuti JHK, iMeioweit BHa MaKpoCKOTIIC-

CKH JUIHHHO#t 1BojiHOM cimpany. Kak Buano u3 atoro PHCYHKA, KOMILUIEMEHTapHBIC Ror. >
napsl ocHoBaHmii LI-T" u T-A pacnonaraiorcs MEXAY ABYMS HUTAMH OCHOBBI H CBA3bI '

BAIOTCA BOAOPOAHBIMH CBA3AMM. CnabocTs aTix Bonopomubix cpsieii mo3sonsieT ABOH-

HOH CIMpami JIETKO Pa3NCNATLCA HA ABE HUTH C LeNbIO TPaHCKPUTILMH (0Gpa3oBaHits

e
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) caxapo-(ocdatan uens

“ BOJOPOAHBIC CBA3N

caxap

Puc. 12.10. Moznens asoitnoit cimpanu AHK. Caxaposno-gocdarnas ocHopa uem,
pacnonoxctue Hykneotinos (C, T, G, A) u ueTnipe ciyyast CBA3bIBAHHSA OC-
HOB HYK/ICOTHAOB NPOILTIOCTPHPOBAHLI BHU3Y CrIpaBa.

LensiMu TpedyeT, YTo6b! MACHbKOE TUPHMHIMHOBOE OCHOBAHME (omuHapHoe Kolb-
110) BCeraa COeaHHSNOCH ¢ GONBUIMM TYPHHOBBIM OCHOBaHMEM (nBoitHOE KONBLIO),
4 HMCHHO: LIMTO3MH — C ryaHHHOM, 2 THMHMH — C afleHMHOM, KaK [1OKa3aHO Ha
puc. 12,10, :

JUTHHa uenH Ha MHOTO NOPSIAKOB BEMYHHED Gonbine, yem guameTp sapa yenoseye-
CKO¥ KJIeTKH, cocTaBnstiowit 6 MxM. Jins Toro, yTo6b NIOMECTHTBLCA BHYTPH AApa, MO~
nexyna IHK BiHyXIeHa CKNansiBaTsesi HecKombkumu cnocoGamu - OXHOBPEMEHHO
(puc. 12.11). Ha puc. 12.11a u306paxeHa BHITARYTAs ABOfiHAS crupans JIHK. Cneny-
IoLLas CTanus CBOPAYHBAHMS COCTOMT M3 3aKPyIHBaHHS orpe3skos JJHK, conepxalix

~140 nap ocHos, Boxpyr rpynnsi MONEKY GeNKOB, Ha3kIBaEMBIX THCTOHAMH. B peayib-

~ Tate 06pa3syeTcs TO, YTO MHOTAA Ha3BIBAIOT «Gycunamu» (puc. 12.116). Tiucronossie 6Y-

12.3. Hykaeunogwie kucaomut ZSD»
(2) asoitias cnupans W o & .
JOHK i taa : i 1 .

(6) xpouirruu (eOycHHbl
Ha HHTKC»)

(B) ynakosanusic
HYKICOCOMB

(r) BuiTaHyTan obnacts
XPOMOCOMBI

“ () ynnomcn’ua_ﬁ bﬁn'am. ‘ %ggg
XPOMOCOMM - 0. (3.
e TR

(¢) merapasuan E ;EE :% . 55 .
XpOMOCOMa L iy IMOOnm

Puc. 12.11. IMocnenoBarenbHble CKPYYHMBAHHA W cBopaumBaHust npx ynakoske JHK
B XPOMOCOMAX MJICKOMHMTAlOWMX. Jinsi KaXAOTrO MEPapXHYECKOro YpOBHA
CTPYKTYpHI MIPHBEJCHL! PA3MEPEl B HAHOMETPAXx. :

CHHBI HMEIOT iMaMeTp 11 HM M COCTMHSIOTCS MeXay co6oit oTpe3kaMit ABOIHOIL CIH-
panu JIHK. TicToHosas GycuHa ¢ HAMOTaHHOI Ha Hee crmpanbio JJTHK Ha3blBaeTCH
HYKJIEOCOMOI, @ BMECTE CO CBS3yIOIMM JHeitHbIM oTpeskom JTHK —~ XPOMATHHOM.
Casiyiomne o6nacti JJHK o6ecneunBaior Gonbiuyio rHOKOCTb MOCHEA0BATENBHOCTH
nyneycou, HeoBXOoAMMYIO JUIS JabHEHIINX cmmm YNaKOBKH. : -

Ha cnenyiomenm MEepapXHueCKOM YPOBHE YNAaKOBKH HYKIEOCOME! YKIANBIBAIOTCS
O/IHA Ha APYIYIO, HO TaK, YTO COCEAHHE NPHHALIEXAT ABYM Pa3HbIM CBHTBIM MEXIy
co6oii KOJIOHKaM, COENHHEHHBIM OTpe3KaMi 3BCHBEB. AHK (puc. 12.118). Teneps
OHH 06pa3yioT CTPYKTYpPY XpOMaTHHOBBIX BOJIOKOH auametpoM 30 HM — KoHHUrypa-
LMIO, HA3BAHHYIO «yT1aKOBAHHBIMH HYKJIEOCOMaMHD. XpoMaTHHOBBIC BOJIOKHA 3aTeM
MOABEPraloTcs CNEAYIOUEMY YPOBHIO YKNAIKil B CTPYKTYPY TonmuHoit 300 HM
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(puc. 12.11r), KoTopas 3atem CKNaabIBacTcs B runepykaanky ronuntoit 700 Hm cnoco-
6oM, noKasaHHLIM Ha puc. 12.11x. Ha Bcex ypoBHAIX ynaKOBKH OTACALHbBIC 3/EMEHTbI
YACPXKHBAIOTCS, 1O GoNbLueit YaCTH, OTHOCHTE/ILHO CIAGLIMI BOXOPOXHBIMH CBA3SIMH,
UTO MO3BOJISICT BCEii CTPYKTYPE YaCTHYHO MJIH NMONIHOCTBIO PA3BOPAYMBATLCS AUISL peri-
JIMKaLMH BO BPCMsI ACTICHHS KNCTKH MM JUISl TPAHCKPHTILIMM BO BpeMsi o6pa3oBanus
MoJiekyn puGoHykaenHoBoit kucnotel (PHK), HanNpaBAsIOLHX H OCYLUECTBASIOUIHX

- cuHTe3 GenkoB. OKOHUaTENbHO YNAKOBAHHAS CTPYKTYpa MeTadasHoil XPOMOCOMBI,
u3o6paxenHasn Ha puc. 12.11e, ROCTATOUHO Masia ISt TOrO, YTOGBI YMECTHTLCA BHYTpPH
Aapa KICTKH.

TeHoM — nonHbA HaGop 2/1EMCHTOB HACNEACTBEHHOCTH, Ha3bIBaeMbIX IeHaMH,
Kaxablii u3 xorom,lx OTBETCTBEHEH 32 MHAMBHAYAILHYIO CTPYKTYDY, NMPM3HAK MM
GyHKUMIO B Tene (Hanpumep, user ra3). TeHOM uenoBeka cocTouT M3 46 XPOMOCOM
(aBa rannounHbix Habopa M3 23 XpoMOCOM), KaXaas H3 KOTOPBIX B CPEAHEM COACPKHT
okono 1600 pacnonoxeHHsix B Heit reHos. YenoBeueckuii rarmommuﬁ reHOM coaep-
XHT okono 6 x 10° nap ocuonamm T.¢.B cpcmch okono 150 x 10° nap OCHOBaHHii Ha
OZIHY XpOMOCOMY.

12.3.2. Ienemuuecuii xoa u canme3 beaxa

BriiieonucanHas mMonekyna IHK ‘conepxut B cebe uudopmaumio NO yNpasJICHUIO
CHHTC30M GeJika MyTeM NPUCBOCHHS KOJOBBIX CJIOB, Ha3bIBACMBIX KOAOHAMH, OT/Cb-
HBIM aMHHOKHCJIOTAM, KOTOPBIC CBA3BIBAIOTCS BMECTE TIPH (POPMHPOBAHHH GenKa.
Onna u3 ueneit IHK, naswiBacmas KOAMPYIOWEH, XpaHHT 3Ty MHGOPMALIHIO, B TO
BpCMs KaK Apyras uenb napbl, Ha3piBacMasi NONMOAHHTENABHOM, HE HECET MONE3HOI
nudopMmaumn, HWHpopmauus s cHHTE3a COREPKUTCS B NIOCACAOBATEILHOCTH Tpex-
OYKBEHHBIX CJIOB, HCnonb3ylounX eTbipexbyksenublii andasut A, LI, T u T, ocHo-
BaHHbIIf Ha YETBIPEX OCHOBAHMSAX HYKICHHOBLIX KHCIOT aNCHHHA (A), unrosuna (L),
ryanuna (T), Tumuna (T), CTPYKTYpbl KOTOPBIX MOKa3aHbl Ha puc. 12.9. Tak kak
B cjlone TpH GyKBbI, a Beero GyKBbl YeThIpe, B anaBHTE BO3MOXHEI 4° = 64 pasnuny-
HBIX €/10B, 61 M3 KOTOPBIX HCMONB3YIOTCS KaK KOJIOBBIC C/I0Ba, COOTBC’I‘CTBYIOllch on-
PeACCHHBIM AMHHOKHCIOTAM.
AHK - nocutens nacaeactsennit nudopMaumu UeIOBEUCCKOM Tesie. DTa ABOii-
Has cnupanbuax MOJICKYIA MMCET COMYTCTBYIOLLYIO OAHOHHTEBYIO MoJieKyy, puGo-
Hyknennosyio kucnory (PHK), kotopast Bosneuena s cunres Gesnka no nporpamme, re-
penucaunoii B nee u3 IHK. Mpu o6paszopannu PHK lIHK Pa3MaThIBaeTCsl, ¥ CErMCH-
T uenu PHK nocneaosarenbHo cobupaloTcst, onuH uyx.nconm 3a Jpyrum,
B npouecce, Ha3biBacMOM 'rpaucxpunuucﬁ C'rpyKTypbl uenn PHK u oauoii nutu
OHK oramvaiorest TeM, uro arom Boaoposa (H) B MOJICKYJIC caxapa 3aMCHCH I'iapo-
KCHJIbHOI rpynnoi‘i (~OH), kaK yka3aHo B HHXHE#H npaBoii yacTH puc. 12.8. Takoii ca-
Xap, B OTIHYME OT AC30KCHPHOO3BI, HAILIBAIOT puﬁosoﬁ PHK Ttakxke ucnonbayer HYyK-
NICOTHJIHYIO OCHOBY YPAUMa co CTPYKTYPOi, NOKa3aHHoll Ha puc. 12.12, Bmecro ocho-
BaHus THMHHA, O6e 3TH MaKPOMONEKYNLI HYKIEHHOBBIX KHCIOT — IIHK u PHK -
MOryT Gmb KAacCH(HLMPOBAHDI KaK HaHOMPOBOJIOKH, MOCKOJILKY HX JUIMHA B BBITS-

12.3. Hykaeunoevie xucaomo 283)})

HYTOM COCTOSSHHM HaMHOro Gonbiue aua- 0

MCTpa, H3MCPSIOLIErocs eAMHULAMM Ha- ALY s Il

HOMETPOB, : HN/C\CH
Ipu cuHTe3e KOHKpeETHOro Geika on- A S ey il

peaencHHbIi cerMeHT Monekynst JHK M 28\ CH'

PacKpy4yHBaeTCA M YUacTOK ABOIHOI cnK- ‘g 9 e ﬁ

pani, KOTOpblif XPaHWT KOZOBbIC COBA AL

Juist atoro 6enka, BbICTYyNaer 1aGNOHOM - oo R TTTIOe T

Ul CHHTEe3a ONHOHMTCBOK. MOJIEKYJbI - : , 5 :
PHK-nocpenuuka (mPHK), comepxa- - Pue.12.12. Crpyxtypa NHPHMIIHHOBOI uyx‘;
e o Xononwe crom. Tip packpn- il cctont ypaur, saueiamieh
GupoBaHiit Kolla KaxXaas HyKNCOTHHAS K pubo3e, H306paxenHoit Ha pic. 12.8, noka-
ocHoBa IHK 3amenseTcs KoMmieMeH- ;o4 aepruxanbuon c-,-pc,,xon_

TapHbiM ocHoBaHMeM B PHK, ¢ 3ameHoit -

B PHK TiMuHa Ha ypauun. Takum o6pa3oM, B COOTBETCTBHH C pnc 12.10, npn 'rpauc-

KPHMLMH IPOMCXOAMT [EPe3anich KONOBbIX CJIOB C 3aMEHAMM 10 CXCME
wip S A->Y
U-T.
T»A v (12.5)
TaK YTO Kax/o€ coBo, iiu konoH, B mPHK cocrout u3 tpex 6yks u3 Habopa A, 11, T,
V. Kaxapiit KOJIOH COOTBETCTBYET ONpEAC/ICHHOH! aMHHOKHCIOTE, H MOCACAOBATE/b-
Hoctb kopoHos mPHK 3azaer nocnenosateibHOCTb, B KOTOPOii COOTBETCTBYIOLIHE
aMHHOKHCIOTH! 06beannaTes B cuuTesnpyemblit Genok. Tak kak JIHK coaepxut ko-
JOBbIE CI0Ba 151 ThICAY 6enxos, a mPHK — Tonbko wist oaHoro, Monexyna mPHK ma-
na no cpasrenmio ¢ JHK u sisnsiercs KopoTKoit HaHonpoBsonokoii. mPHK NEPeHOCHT
coobuienue o nocncnona'renbuocm AMMHOKMCJIOT M3 SIIpa KICTKH, TAC HMCET MECTO
tpanckpunuus ¢ JHK, K HAHOYaCTHLAM, Ha3bIBaeMbIM pHGOCOMaMH H HAXOAALIMMM-
CSl B LIMTOILIa3ME BHE 5pa, Ie H npoucxonm cHHTe3 GenkoB. MHOXECTBO 10NONHM-
TeNbHBIX GETKOBbIX HAHOYACTHLL, uasuaaemux d)cpMCI!T‘lMH, nucnmator KaTa/H3aro-
1HTE3A.
paM# npouecco 6eaKOBOTO Ci
JIBYM 13 ABAALATH AMHHOKHCIIOT COOTBETCTBYET AHHCTBEHHOE CIOBO, HITH KOJIOH.
.HJHI TpunTod)aHa 370 CIOBO B PHK - UGG, kak oTMeueHO Ha puc. 12.5. ipyrue amu-
HOKHCJIOTbI HMEIOT OT JIBYX 10 LCCTH BBUICCHHBIX HM CJIOB, HEKOTOPBIC NPHMEPHI KO-
TOPBIX MOKa3aHu! Ha puc. 12.5. B nuurmac'rwlccxon -rcpmmonorun BCC CJIOBA, COOT-
BETCTBYIOLIME KOHKpETHO{t aMiHOKHCOTE — ' CHHOHHMBbI, @ HA HAYMHOM A3bIKE H3 32
HATHYMSI CHHOHKMOB TaKO# KO Ha3bBacTCA BbIpoOXAcHHbIM. TpH clioBa, a uuumo’;
UAA, UAG 1 UGA sABISIOTCS CTOMOBBIMH KONOHAMM, KOTOPhIC HCnonL3yioTes A
yKa3aHHsi KOHLA crieLiuKaum naGopa amunoxucnor. Hanpumep, nocm.noaarcnb-
HOCTb KOJOHOB ACU GCA GGC UAG coomcrcmycr crenylouieMy nommcnp}gx_y us

l\‘
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Tpex amuuokucaor Thr-Ala—Gly, rac 0603HaueHHS aMHHOKMCIOT MPUBCAEHB Ha
puc. 12.5, a 3asepmatommii konoH UAG 03HayaeT KOHEL TPHINIENTHAA. v

12.4. Buonornyeckue Hanocrpylcrypu

12.4.1. IIpwnepu beaxoe

Cyu1eCTBYeT MHOTO Pa3sHOBHAHOCTE! 6eKOB, BHIMOHAIOUMX Pa3HOOGpasHbie dyHk-
LMH B oprammiax XHMBOTHBIX M pacteHuit. Hanprimep, 6HONOrHYECKHE KaTaTH3aTOPH,
Ha3blBaeMble q)epme}rraun 'OCHOBY KOTOPBIX oﬁulmo coctaBiisioT 6enku. B atom pa3.
mene GyaeT OnMCaHO HECKOMBKO THITHYHBIX 6e/IKOB. pF.2 4id »

. Benok reMorIo6HH € MOJEKYNIAPHOIT Maccoi 68000 I/MOJb COCTOHT M3 qerupex Tno-
JIMNENTHAOB, KAXAbIi H3 KOTOPbIX COOEPXHT NOC/EA0BATEILHOCTL 0K0J10 300 aMHHOKHC-
not 1 rem-monekyny (CyyH;,04N,Fe). AToM Xxene3a B reMe — 370 MECTO NPHCOCAMHEHMS
Mosekynbl O, K reMoro6iHy, nepeHocsuIeMy KHCIOPOA K TKaHsM Tena. KpacHoe Kpoesi-
Hoe Tes10 (3PUTPOLIMT) COIEPXMT 0KOJO 250 MIUTHOHOB MOJIEKYJT FeMOrIo0MHa, TaK YTo
Kax[ast TaKasl KJeTka criocoGHa NepeHOCHTh OKOJIO MHJUTHAP/a MOJIEKYJT KHCJIOPOJ.

Konnaren cocrasnsier 21 — 50% Bcex 6e/IKOB B TeJie MIEKONMMTAIOLMUX. DTO I/1aB-
HBblif KOMITOHEHT COCAMHHUTENbHON TKaHK, Hecyluit Harpy3Ky. OH o6GHapyXeH B xps-
11ax, KOCTAX, CYXOXWIMAX, CBA3KAX, KOXKE ¥ POroBHile mia3a. BosokHa Koiarena o6-
PasyloTcsi TPOHHBIMK CIMpansiMu GeNKOB, COAEPXKALHX MOBTOPEHMSI TPHMENTHIHBIX
nocnenosarensHocreit —Gly-Pro-Xxx-, rie aMmuHokHicnora, 0603HayeHHasn Xxx, 06b14-
HO — MNpOJHH (Pro) WIH THAPOKCHNPONHH (Hpro) Kon.nareu OT/IHYAETCA OT APYrHX
6eIKoB BBICOKHM npouemuuu conepxaHueM amuuoxucnm' NpoNHHA (12%) ¥ rHapo-
KCHIpOJHHA (10%), a mxxc CORCPKHT Go.m,ume KOJIHUECTBa muuuua (34%) M aNnaHH-
Ha (10%) OcTaTku NponMHA M runpoxcunponnna HMeIoT xccrxue nmutmemme
xonbua, conepxaume a30T, TaK YTO KOJUIareH He MO)KCT 06pa3OBblBaTb a-cnnpam,,
HO 3TH OCTATKH CO3AAI0T M3rHOBI B nonunemunﬂux ucnoqxax obneryaoume bopMH-
POBAHME CTPYKTYPhI, ycwmnalomcﬁ 'raxylo 'I‘meJICTHle CITHPaNh. Ocrzmm IIMUMHA,
KOTOphIC MMEIOT HAUMEHBIUHE pasMephl, obneryaior nnomyxo YMaKOBKY LICMOYEK,
y,nepxumaemux BOJOPOAHBIMK cBA3AMH. Buuin nomyuenst MCKYCCTBEHHbIC FeHBI C Be-
camu ot 40 1o 70 KI/MOJIb, KOIl"PYlOluHe Tpunenmnnue nocnenoaarenbuocm Taxue
Kak —Gly-Pro-Pro-, HanoMuHaloume NPHPOAHBI Ko/areH.

MHorue cpoiicTsa Genka anactuna aHAJIOTHYHBI cnoiicmau xo:mareua. OH obec-
TNEeYHBACT yNPYrocTb KOXKH, .nerxux CYXOXHWIHIT 1 apTepuii Mnexonnmromux. Snacﬂm
UMeeT 6enox-npenmechcHHuK Ha3LIBACMBIi TPONO3NACTHHOM C MOJICKYNAPHOI mac-
coit 72 kr/monb. Ero cTpykTypa cocTont u3 MOBTOPSIOIMXCS ONMTONIENTHIOB — KOPOT-
KHX HOH"HCHTMOB, conepxamux OT YeTbIpex 10 ACBATH aAMMHOKHCJIOTHBIX OC‘l'aTKOB~
BbUI cum"csuposau aHaNOT TaKoii LICMOYKH, cocTosI et M3 NeHTANeNTHAHOI nocneao-
BaTebHOCTH —Val-Pro-Gly-Val-Gly- ¢ o6patubim NOPSZIKOM aMMHOKHMCIIOT B AHren-

tuae Pro-Gly. JlOnoHHTENbHBIE OCTATKH aMMHOKHCOT MOTYT 3aHUMaTh NIPOCTPAHCT-
BO MEXIY BUTKAMH, MCIONb3Ysi BLICOKYIO ru6xoc'rb paanenwrenn — DIMUMHA. BUTKH
06LEAHHAIOTCA B npyXuHonono6Hyio C’rpyx'rypy, KOTOpasi MOXeT PacTAruBaThCs 6o-

12.4. Buonoeuuecxue nanocmpyxmyput ZB\SD

- iee, 4eM B 3 pa:sa H BO3BPALLIATLCA B NIEPBOHAYAIBHOE cocTonHHe 6e3 Kaxoii-1160 oc-

TaTOYHO#H Aedopmauuu.

Tycennua wenkonpsua Bombyx mori NIPOU3BOTHT HATYPANbHIH TENK, 06pasye-
Mblif M3 BOAOPOAO-CBA3AHHBIX S-1MCTOB Gesika uGpomHa. Bonokua nucros nnotHo-
ynaKoBaHbl H XOPOLLIO OPHEHTHPOBAHLI, YTO NPHAAET WIEKY GOJbLUIYIO NPOYHOCTD Ha
pa3pbiB. OCHOBHOJt NIOBTOPAIOIMICS INEMEHT CTPYKTYpPbl BOJIOKOH 1lieJIKa — rekca-
nentig —Gly-Ala-Gly-Ala-Gly-Ser-, a ocTaTKit aMMHOKHC/IOT NPEACTABICHB! TIHLH-
HOM (46% ), ananunom (26%) u cepunom (Ser) (12%). Ha ocHose 9TOi rekcanenTHa-
HOii NOCNCA0BATENLHOCTH ObUTH MOMY4EHbI HCKYCCTBCHHbIE BOJIOKHA CO cBOMCTBAMH
wenka. s cuuTe3a GeNKOB TAKOro THNA ¢ MOJEKYNSPHBIMH Maccamu Mexay 40
u 100 Kkr/mMonb ucnons3osanu Gakrepun Escherichia coli. TlonunenTnaHble MOCNCI0Ba-
TenbHoCTH —Arg-Gly-Asp-Ser- 6enka ¢pubporexTHa u —Val-Pro- Gly-Val Gly- anac-
THHA BKJIIOYAJTHCh B MCKYCCTBEHHBIE LIEIKOBBIC no:muepu IlepBHiii | Bucrynan cy6er-
PaTOM AJIsl KJICTOMHOI KYJIETYpHI, @ BTOPOIi AeNa 3ToT nommep Gonee PacTBOPHMBIM
¥ IPOCTHIM B 06paboTke. JIHUMHKa KOMApPOB-MOThLIEH Chlronomus tentans nponsnomrr
IENKOBHIHOE BOJIOKHO C MOJIEKY/IAPHBIM BECOM TTOPSAKA MHJUTHOHA T/MOJIb.

- JInst OUEHKH OCYLIECTBUMOCTH CO3MAHUS HOBbIX NMONE3HBIX GEIKOB M ONpEneNCHHs
CTENeHU, 0 KOTOpOii CBOpayHBaHHE LIEMOYeK M KpynmHoMaciuTabHas (CynmpaMoneKy-
JISIpHas) OpraHM3alUKs MOXET KOHTPOJIMPOBATLCS Ha MOJNEKY/ISIPHOM YPOBHE, JIeMHHT
¢ coasrT. (1999) pa3paGoTtan HOBbIE METOAb! CHHTE3a XOPOLLO ONpeAECHHBIX MIOTHNEN-
THOOB.. Mcronib3yst ecTeCTBEHHbIE MEXaHH3Mbl CHHTE32 Oesika B KJIETKE, OHM BBEJIH
B MCKYCCTBEHHBIE Oe/IKH HEMPHPOAHbIC AMHHOKHCIOTSL. [Tof «HeecTeCTBEHHBIMMY 110~
HUMAIOTCS T¢ AMMHOKHC/IOTBI, KOTOPbIC HE BXOIST B Haﬁop u3 20, HMCIOLI.lHﬁ KOZIOHBI
JHK. D11 nckyceTseHHbie G6enKH 06pasyloT CKIAIYaTO-LeNHBIE, CIOHCTHIE WIH Ye-
lIyityaThle KPHCTAUIB ¢ KOHTPOIUPYEMOil CTPYKTYPOii MOBEPXHOCTH M TONILKHOI.
OZMH M3 TAKHX KPHCTA/UIOB GbUT NOJIYYEH MyTeM KPHCTALTH3ALHH C KOHTPOJIHPYEMOi
NOC/IEAOBATEIBHOCTBIO TYTEM HCIIONB30BAHMSI TeHa, CONEPXKAILEro ICHETHYECKHE KO-

* joBbie cnosa wis 36 nosropenuit okranentiaa —(Gly-Ala);-Gly-Glu-, koTopstit MOX-

HO BBECTH B 6akTepuio E. coli.

12 4.2. Muqmu u oeauxy.w

ﬂonepxuoc*mo axtnsHoe Beutectso ([TAB) — ambuduibHoe XMMHYECKOE coenHHE~.
HHeE, Ha3biBaeMOE TaK NOTOMY, YTO OHO COACPXKHT THAPOMMIBHYIO, MPHTATHBAIOLLYIO-
s K BOJIE rOJIOBHYIO Ipynmy Ha ONHOM KOHLIC H ruapogobnylo, WiK H3beraoulyio Bo-
Ay (t.e. nUNodIbHYI0 HIH NPHTATHBAIOLIYIOCA 'K XHMpaMm) XBOCTOBYIO Ipynmy —
Ha apyrom (puc. 12.13). lisapogunbHas 4acTs - NoApHas, ¢ 3apANOM, AENAIOLIMM c€
AHMOHOM (—), KATHOHOM (), aM(OTCPHBIM HOHOM (%) unn rpynnoit HeHOHHOI NpH-
poisl, a MnoduabHas YacTh COCTONT M3 OHOS M MHOTAA ABYX Henonnpﬂux ‘yrne-
Bonoponuux neneii. [TAB nerko aacop6upyloTcs Ha rpaHHIE pasjieNia Maco-Boja MK
BO3/yX-BOJa H YMEHBLIAIOT Ha Heit TOBEPXHOCTHOE HATSDKEHHC. ancaonoponnaa ucm,
MOXET COCTOSITh M3 MOHOMEPA, xompuii cnocofeH NMPHHHMATh Y4acTHE B PeaKlHK

NMONHMEpPH3aLHH.
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Monsapuan
ronosa

. Yraeponopoasniit
XBOCT

Puc. 12.13. Moneckyna ampudmisHoro ho-
BCPXHOCTHO-aKTHBHOTO BElLECTBA C MONAp-
HOIt ronoBoit M HenoNAPHBLIM rHAPOdOGHBIM

YrNICBOAOPOAHBIM XBOCTOM.
BOZa
PR/ S
i 1 OBATLHAA MK
) g(??v 3<p<ie UMIHHApHYCC-
: . é Kan Muueana
o !
(s) '._%‘ ‘MR<p<i.  BEaUKyna
I ! N ik )
BO3AYX
TUTOCKHit oau-
M = HapHBlit WK
O Z===2 P*'  1solinoii caoi
Bona
Macsio

0 L

Puc. 12.14. Cxema CTPYKTYp, 00pa3oBaHHbIx
aMOHPUABHBIMM MONEKYNaMM Ha rpaHuLe
pasacna Boja—Macio WIH BOa—BO3AYX s
PAMTH'HbIX 3HAYCHUIT NApAMETPa ynaKoBKH p
13 ypaBHeHus (12.6) Fhas]

Monexyna [1AB XapaKTepusyercy
6e3pa3MCpHBIM NapaMeTPOM yNaKoBKy P,
- onpeaeNsieMbIM KakK ;

i (o .
o A (12.6)
- e Ay — nowiank NoNspHoit roossl, a Vy
¥ Ly — obveM ¥ KA yrieBonopoauoro
xBocTa coorBeTcTBeHHO (E. Nakache et al.,
2000). Ecan cpemuss 1ioans ceuchus
XBOCTa 3aMETHO MEHBLUE, YeM TroJIOBH
(ckaxem, p < 1/3), To XBoCTHI cBOGOIHO
YNaKOBBIBAIOTCS BHYTPH Cepbl pamuycom
r > Ly, oKpyxXaiouweit Kanensky XHpa,
B3BEUICHHYIO B BOOHOI  cpeme
(puc. 12.14a). Takas cTpyKTypa Ha3biBaer-
ca Muuewtoit. IMpomonrosaras wmm uu-
JUHOpHYECKas MHUE/LNa Ha puc. 12.146
BO3HMKaeT B Auamnasone 1/3 < p < 1/2.
Bénbiume npoGHble 3HaueHus napamerpa
ynakosku, 1/2 < p < 1, npusozar x o6pa-
30BaHHIO BE3UKYJN, B CTPYKTYpE KOTOPBIX
IPHCYTCTBYET ABYXCJIOHHAS MOBEPXHOCTD,
KakK nokasaHo Ha puc 12.148. Hanpumep,
HaTpHii au-2-atwiarekcuiadocdar moxer
00pa30BLIBaTh HAHOPa3MEPHBIC BE3UKYJIbI

CVp~0.5uM’, L;~0.9 uM u Ay~ 0.7

YTO cooTBeTCTBYCT p ~ 0,8, NIEeXKaLieM B AH-
anasoHe obpasoBbiBaHMA Be3uKya. Ecau
NIapaMeTp ynakoBKH paBeH eauHue, p= 1,
TO CpenHsis monepeyHas rUioLiaib Ceyc-
HHS XBOCTa Oy/ieT Takoif e, Kak IUioLanb
Ay TONOBBI, TaK YTO XBOCTHI JIETKO YNaKo-
BBIBAIOTCA Ha IUIOCKO¥ rpaHulie pa3jiena,
KaK nokasaHo Ha puc. 12.14r uan gopmu-
PYIOT ABoiiHO#t cnoif. [TpoTMBONONOX-
HOCTb O6BIYHOI MHLICJUIBI, Ha3BaHHas 00-
PalUCHHON Muue/Iol, BCTpeyaeTcs NpH
P > | ana IAB Ha noBepxHOCTH 111apoo6-
Pa3Hoif Karu Boak! B Macae (puc. 12.140).

OMyNbCHsST — MyTHast KOJUTOMAHAs CHC-
TeMa Kaneb MUKPOHHBIX Pa3MepOB OJIHOI
HECMEIMBAIOLIEICS XXUIKOCTH, AUCIICPIH-

12.4. Buonoeuneckue nanocmpyxmypuo 28\7:)

POBaHHOI B ApYroit (Kak, HanpHMep, Macio B Bozie). Ee MoxkHO co3narth 3HepruuHbIM
B3GATHIBAHHCM HIIH TIEPEMELINBAHHCM. DMYLCHS SBIACTCS TEPMOAHHAMUYECKY HepaB-
HOBECHOH CHCTEMOIH, MOTOMY YTO KalUIi MMEIOT TeHACHIMIO K KOAryNsUHM M POCTY CO
BpemeHeM. B npucyrersun [TAB HacTHLb! ¢ pa3mepamu 10 100 HM MOTyT caMONpOM3BOIbL-
HO 006pa3oBLIBATH TCPMOIMHAMHYCCKH PABHOBECHYIO PO3PAYHYI0 MHKPOIMYILCHIO, KO-
Topast cnocoGna CYLICCTBOBATD JMTENILHOE Bpemsi. Moniekysist [TAB B pacTBopuTesnsix Mo-
IYT YNOPAAOUMBATECA Da3IMYUHBIMH TNYTSAMM, 3aBHCALMMH OT HX KOHLCHTPALIMIL.
TIpi HUIKHX KOHLICHTPALMSIX OHH MOTYT ancopGHpoBaThCs Ha NOBEPXHOCTH pa3aesia Bo3-
HyX-Bofia. Bbillie onpeaeieHHO i KOHLEHTPALMH, Ha3biBACMOI KPHTHYECKOI MHLIE/LIAD-
HO#t, MOXeT OGPa3OBLIBATLCS AMHAMHYECKOC PABHOBECHE MEXY CBOGOIHBIMH MOJEKYNa-
mut TIAB u Munesnamu ¢ pasmepamu ot 2 10 10 HM, KOTOpbie HENMpepLIBHO coBHpaloTCs
M PacnajaloTcs C XapaKTePHLIMH BPEMCHAMH KHM3HH OT MUKPOCEKYHA 10 CeKyH. CHHTe-
yeckue ITAB ¢ _60.r|ee 00BbEeMHCTBIMH THAPO(OGHBIMH TpynnaMH, 03HaYaIoLIHMH G60b-
LIKE NapaMeTphl YNaKoBKH, 06PasyioT NPOTXKCHHBIC BOHBIC CJIOH, KOTOPHIC MOTYT 3a-
MBIKaThCS Ha ce6s ¢ o6pasoBanneM Be3UKYJ (06BIMHO cchepyecKix). DTH CTPYKTYpbl BO3-
HMKAIOT NPH KOHLICHTPALHSIX BBILIC KPHTHYECKOI BE3UKYJAPHOIL. BpeMst XXH3HH Be3uKys
0OBIYHO W3MEPAETCS HEAEIAMH HWIN MeCALIaMH, TaK YTO OHH ropasao cTaGiibHee MHLICIUTL.
-+ EcyIW Be3uKy/bl 06pa3yioTcsi PHPOAHBIMK WIH CHHTeTHYeCKHMMU (hoconunuaams,
OHM HA3BIBAIOTCA ONHOCOMHBIMH JIHIIOCOMAMH, TO €CTh TaKME JIMIIOCOMBI COACPXKAT
TONBKO OfHMH GHcnoit. @ochommua — 310 XHPONoxobHOE BEIIECTBO, coaepxaliee ¢oc-
¢op B hopme PocdopHOit KHCAOTHI, KoTOPast (GYHKIHOHHPYET KaK CTPYKTYPHbIIf KOMIIO-
HeHT MeMGpansl. DiasHast yacTs munuaa ruapogo6bHa, a pocdarHas rpyrma ruapodpivib-
Ha. Tiaparauus BBI3LIBAET MX caMOCGOPKY B ONMHOCOIHBIC IHMOCOMBI. MexaHyecKoe
BO3MYLLIEHHE STHX OHOCIOHHBIX JIMMIOCOM MOXET Npeobpa3oBaTh HX B MHOTOC/IOHHbIE,
COCTOSIILIHE M3 KOHLUECHTPHUECKHX ABOIHBIX cI0eB. ONHOCIONHBIC TMIOCOMbI HMEIOT JIH-
aMeTp OT HAHOMETPOB IO MHKDOH C IBOIHBIM CJIOSIMIH TONLLIMHOM 5-10 1M, B onHocnoif- -
Hble JIMMOCOMbI MOXXHO BBECTH OeIKH U1sl H3yueHHs MX (PYHKIHI B Cpe/ie, HaloMIHaI0-
wieii TakoByIo B hOCONHITMIHBIX ABOHHBIX CTIOSIX B XHBOIT KIETKE. 5t
Ecau npuMensiiorcst nonuMephusyemsie ITAB, Hanpumep, conepxXailie akpiiar-
Hble, akpwiamiansie, aunwisisie (CH,=CHCH,—), auaumuibHele, MCTAKDHIATHEIC
win BuHwibhbie rpynnsl (CH,=CH—), To BO3MOXHA NMOTHMEPH3ALHA. XapakrepHoe
BPEMS! HX MONMMEPH3ALIEH OGBIYHO MEHBILE, YEM BPEMS KH3HH BEIHKYJIL, B PE3yib-
Tate 06pasyeTcs TOT Xe MONHMEP, KOTOPBIit 0BBINHO MONYHAETCS 13 MOHOMEPOB, CO-
crapnsiommx [TAB. Hanporus, BpeMeHa XH3HH MHLEJUT, KaK NpaBiio, Kopoce, yeMm
XapaKTepHble BPEMEHA TIPOLECCOB NONHMEPH3ALHH, 1 B pe3yabTaTe KOHEUHblit npo-
AYKT MOXET 3HaUHTENbHO OTIHYATHCS OT OXKHAACMOTO [ TaKHX HCXOAHBIX MaTepHa-
1108, O6HapyxeHo, 4To [TAB ¢ XMMH4ECKH BLICOKOAKTHBHLIMH rpynnamy, TaKMMH Kak
AKpHJAMMIL WIH CTHPOJ, 00pasyloT NMOMHMEPLL C MOJICKY/ISIPHBIMH MacCaMH, NpEBbl-

JLAIOLIMMH MWLTHOHBI I/MOJB, a [TAB ¢ MONHMEPH3YEMBIMI rpynnaMs HH3KOi XHMH-

4ecKolt aKTHBHOCTH, TAKHMH KaK /LTI, 06pasyloT MHOTO MCHBILIIE HACTHLIEL, pasMe-

Dbl KOTOPBIX MOFYT GbITh GITH3KH K AHAMA3OHY pa3MepOoB MHLEUT 40 NMOTHMCPH3ALHH.
Muue/nst H GHCNOIHBIE JTHMOCOMB HMEIOT MHOXCCTBO NMPHMEHCHHI B XHMHH
W Guosnormi. MHUELIE MOTyT crioco6cTBoBaTh AMCMCPTHPOBAHUIO HEPACTBOPHMBIX



! !
i
.
b
%
‘
.
)
t
ﬁ
s
i
4

@ Tnaea 12. Buosozuyeckue-mamepuanyl

GokoBast caxaposmas iens

BHewHuit 6enok
y BHYTpCHHMUIT Genoxk

I ”"."..,'"".‘...'." 2 e
! ﬁ (AR E [}'"f",')'r o
; ..' {{’I TR .j‘...‘N.Hl’h’"“j‘_;'i~

rpynna (b"{locb(}i{)gun

XonecTepi
~ hochHONMMIIHBIE LM XHPHBIX KHCTOT

Puc. 12.15. Cxema CTpYKTYpHI I1a3MaTiueckoit MemGpatsl. Docdomumuast ynopsnoynsa-

i 8 10TCSA B ABOITHOI IMMIAHBII Cnoii ¢ rapodiibHBIMH (ocdo-Tpynnamu cHapy-
KM M THNOGIIBHBIMK LIEMsIMH XHPHBIX KHCoT BHYTPH. Taroke npucyrersyior
napajuieNbHbIe CIOAM BKITIOYeHHUs xonecTepuHa. Kpome Toro, memGpaHa coaep-

XHT CHILHO CBA3AHHEIE COBCTBEHHBIE GEIKH, KOTOPbIE NPOXOMAT YEpes ABoji-

HOI IMmIIHbII c1oit 1 ¢1a60 ca3aHHble GeKi Ha BHewHedt cropowe. Ha no-

" BEPXHOCTH TAKXKE HAXO/SITCS CAXAPO3HBIC LIETTH HEKOTOPBIX BHYTPEHHHX Ge/IKOB.

HaoB

OpraHMYeCKHX COeAMHEHUI B MBUIbHBIX PacTBOPaX M 06/Ieryarh MX yAIeHKeE C ITOBEpX-
HOCTeif. AHaNIOTHYHYIO POJIb MHLIEJUIBL UTPAIOT B MUILEBAPEHMH, IE/Iast XKUPOBBIE KHC-
J0TeI, ocomunumsl, XonecTepuH U HekoTopeie BuTaMuHHl (A, D, E u K) Bonopac-
TBOPHMBIMH, 4TO NO3BONIAET Ierye nepepabarsiBaTh M YyCBaWBATh HX MHILIEBAPHUTEILHOI
CHCTEeMOji. JIMMOCOMBI MOTYT 3aKJTI0YaTh B ce6e (hepMEHTBI M B COOTBETCTBYIOLLEE Bpe-
M# pacnanarbCcsi, 0cBO6OXIas X VIS BBINIONHEHHUS CBOMX (DYHKIMI{, HarpUMep, KaTa-
JIK3a IMTHILEBAPHTENBHBIX TIPOLIECCOB. ~
MHorue 6nonorinueckue MeM6paHbl, TAKHE KaK I1a3MaTHUCCKas MemOpaHa Kpac-
HOIf KPOBSIHOH KNETKH (3PUTPOLIHTA) COCTOAT U3 GENKOB M IMNMAOB. MHOro JTHIHA-
HOro MaTepHana npezacTasieHo Goconununamu u xonecrepuroM. Iocneanuii o6pa-
3yeT ABOIHOI Cofi ¢ mapaMeTpoM ynakoBkH p ~ 1. O6luas crpyKTypa nia3matiyec-
KOif MeMGpaHbl ~ NBOIHOMN JHMHAHBIIH CIOH, 00pa3oBaHHbI# caMOCGOPKOIt MONEKY
JIMTIHAOB, THIA NOKa3aHHOrO Ha puc. 12.15. C BHew el CTOPOHBI ABOHHOTO C/IOS Ha-
xopstest ruapodubHsie hocdo-rpynmns POY (bochonunmnnos, KoTopsie KOHTAKTHPY-
10T C BOLHLIM PaCTBOPOM MJIa3Mbl KPOBH, OKPYXKAIOUIMM KPACHYIO KPOBSIHYIO KJIETKY.
JIunogubHbIE IPYIIBI HAXORATCS BHYTPH U HanpasJIeHBI K B3BECH MOJIEKYJI [EMOIJIO-
6uHa, 3anoNHAIoWElH KpacHbIe KPOBsHBIE KieTky. W3 PHCYHKa BHAHO, yTO 66/bLIasA
49aCTb MEMOPaHBI COCTOMT M3 LIEMOYeK XKHPHBIX KHCJIOT dochonunuaos U BKpare-
HHii xonecrepuHa. PucyHOK Takxe NOKa3bIBaCT, YTO IIa3MaTHYecKas MeMOpaHa co-
HACPXHUT BHELIHHE OeNKH, exaliie Ha NOBEPXHOCTH, MHTErpaNbHble 6eKH, MPOHHKA-
IoLHe Yepe3 ABOIiHOI CI0it, M caxapHbie 60KOBBIe LICMH, NPUKpeIIeHHbIE CHApYXH.

12. 43 Muozocaoiinste naenxu

BHOMHUMETpHKa 32KITIOYACTCS B MCC/IEA0BAHMI MCKYCCTBEHHBIX CTPYKTyp, UMHTHDYIO-
LMX HaieHHbIe B GHONOrHYCCKX cHctemax (cum. Kynep 2000). Sro Bkm0YaeT Kpyn-

12.4. Buonozuueckue Hanocmpykmypusl @

HoMaclTabHyIo K CYNPaMONEKYNAPHYIO CaMOCGOPKY JUIsl NOCTPOEHMS Hepapxuyec-
KHX CTPYKTYp, NOAOGHBIX TeM, KOTOpbIe 06HapyXiBalOTCS B npHpoae. JTOT NOIXON
ObUT IPUMEHEH B PaspaboTKe TeXHONOrUIt CO3[aHHS TUIEHOK criocoboM, noapaxaio-
LLHM MOC/ICNOBATENBHOMY a/ICOPGMPOBAHMIO MaTEPHANOB B NpHpoZE, C MOMOIIBIO KO-
TOPOro OCYLIECTBACTCS GHOMHHEpanu3aLus nosepxxocreit. [pouece 6uomuHepanu-
3aLHH COCTOUT BO BKITIOMCHUH HEOPTaHHYECKHMX COEAMHEHHIT, HanpHMep, Kansuuiico-
ACpXalluX, B MATKHE XKHBbIC TKAHH JUISt UX Npeobpa3osanus B Gonee TBEpAYIO (opmy.
Kocri comepxar, Hanpumep, Mnoxg‘mo Nano4YKko06pasHbIX HEOPraHUYECKMX KPHC-
TAJUIOB C XapaKTCPHBIMU AHAMETPaMK 5 HM 1 JTHHAMH B nipeaenax ot 20 10 200 Ha.
Kunerika camoc60opku MHOrHX 'raxnx TUICHOK, y4acTBYIOLUMX B GMOMMHepaiH3a-
1M, MOXET ObITb NPUGIH3UTENLHO CMOIETHPOBaHA NEPBOHAYATBHBIM OGbEIMHENHEM
(mumepH3aumeit) ABYX MOHOMEPOB ¢ HM3KOI KOHCTaHTOl pasHoBecust Ky = Cp/(Cp)’

R+R=R, (12.7)

C TOC/ICAYIOLIMM NOITANHLIM 106aB/IEHHEM CICIYIOMIMX MOHOMEPOB C TOPa3ao 60/b-
Leit KoHcTanTol pasHosecus K = C,,,/CC,.

R,+R=>R,, oriene (12.8)

DTH JIBe KOHCTAHTBL H ONPEENSIOT CKOPOCTb peakui. Jis paccMaTpHBAEMOro city-
uast K < K, ¥ KOHUEHTpauust CBOGOAHBIX HIH HECBS3aHHEIX MOHOMePOB Cr BCeraa oc-
TaeTCA HIKe KpHTHYeCKoil Konuentpaumn C, = 1/K, 10 ectb Cp < Cy. Koraa obuas
KOHL{EHTpaLMsi CBOGOAHBIX M MONMHMEPH3IOBAHHBIX k{onomepon Cr ynoBnetsopser yc-
noBuio Cr < C), KOHLEHTpaums cBoGOAHEIX MOHOMEepOB C YBETHYHBAETCS C POCTOM
Cr. Korza ocTiraeTcst A0CTaToqHO Bhicokas KoHuentpauus (Cp > Cp), 06pasylores
M PacTyT arperathl, YT0 NMPHBOAMUT K JaibHEHleMy YBETHYEHHIO 'Cp Mo ananormu
C 3TOi MOZIENBIO KHHETHKA caMocGOpKH YacTo BKITIOYaeT 31_‘ari MeJUIeHHOro o6pa3oBa-
HUS AMMEpA € MOCTEAYIOIHMH _:irﬁnam: ObIcTpOro pocTa, Kxorna Kp<K. *

MHorocnoiiHble TOHKHE TUIEHKH 4acTo BCTPEYaloTcst B GHOMOrHYecKuX obbeKTax,
HanpUMep, CTPYKTYPHBIE LIBETA Y HACEKOMBIX, H3MEHAIOUHECS NPH CXATHH, BHIChIXa-
HMH WIH pa3byxaHuH TieHKH. Tak, KIeTKH Yeuryek HeKoTopbix 6abo4ek MOryT HMETh
panyXHslii MHOroLBeTHbIH BHA Gnarojaps onTHYECKOil HHTeP(EpPEeHUMH B TOHKHX
M/IEHKaX, WIH JaMesx, 06pa30BaHHbIX H3 CEKPETa BOJIOKOH, OCAXAAIOLLErocs Ha Kiie-
TOYHBIX CTEHKaX. 51

BHOMHHEpATH3aLMsA KJIETOK MOJUTIOCKOB HAYHHAETCS C OTIOXCHHSA COCB OpraHiye-
CKOTO MaTepHasia C TeM, YTOBI 3aTeM Ha HETO H B €T NOPbl MOXHO GbUIO OCXIAT Kap-
GoHar Kanbumsi 1 Hapaumsats con CaCO;. Benkit pakOBHHBI MOJUTIOCKA, COACpXAUME
BBICOKME KOHLICHTPALHH OTACTbHBIX AMHHOKHCJIOTHBIX OCTATKOB, KOHTPONHMPYIOT 06pa-
30BAHME MOKPHITHSA 13 KAPOOHATA KAJTbLUHSI, H ITH GEJTKH 1Sl H3MCHCHIS MopQ)ononm Ha-
CIIOCHHIT MOXHO H3MEHSTh. MHOXECTBEHHBIE CJIOH COGHPAIOTCS B ONpeesieHHOI noce-
ZoBareibHoCTH. OHM MOTyT HMETh OPraHHYECKYI0 NPHPOIY WK COACPXATh KPHCTAUIL
KA/IBLHTA POMGOIAPHUECKOIT PASHOBHIHOCTH HJIH KPHCTAILIB! aparoHHTa opropomGiyec-
KOif pasHOBHAHOCTH, M3roTOBNEHHE HCKYCCTBCHHBIX MHOIOC/IOIHBIX TOHKHX IUIEHOK Ja-
€T BO3MOXHOCTb NOMOJEIHPOBATH HCKOTOPHIC ACMEKTBI 3THX NPHPOIHBIX ITPOLIECCOB
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Puc. 12.16. Cxema nocnenonarenmoro npotuecca ancop6u|m npH oﬁpaaoaamm MONHK-
OHHOIt NneHKH, BepxHuit pUCYHOK MOKA3BIBACT NOJOXHTENLHO 3apAXeH-
HBlii cy6eTpar (cnesa), ancop0ypoBaBUIHil OTPULATEIBHO 3aPSKCHHBIN Mo-
JIM3NCKTPONUT NPH TOIPY:KEHUH B PacTBOP OTPHLATENBHO 3apSKEHHOIO
" '3NEKTPOJINTA (B LEHTPE), H 3aTeM aNcOPOHPOBABILINIT MOMOKHTENBHO 3aps-
XKEHHBI CNOi M3 pacTBOpa NONOXHTENLHO 3apAXEHHOro 3JIEKTPONHTA
(cnpasa). HinxHuit pHCYHOK NMOKa3bIBaeT elile ABa JOMOIHHTEbHBIX 1Iara
B NIPOLECCE NOCAEA0BATE/ILHOI ancopOLImH.

GHOMHHEpAIM3aUMH, XOTA NOJyYalolMecss TaKiWM o6pa3oM IUIEHKHM, caMu no cebe,
He MMeIoT G/IM3KOro CXOACTBA € MICHKAMH MOJUTIOCKOB. PaccMOTpHM, HanpyMep, Tono-
XKHTEJIBHO 3apsKCHHBIIT CYGCTpaT, NOMELIEHHBIH B 3/IEKTPOJIMT, COAEPXKALMIE OTPHLIATE -
HbIE HOHBI, KOTOPbIE MOIYT MEPEHOCHTD AMEKTpHYeCKHit TOK. TToNOXHUTENBHO 3apsaxXeH-
Hblif CyGCTpaT NPUTATHBAET OTPHLATENLHBIC HOHBI, KOTOPbIE MoryT aucopﬁnponafbca Ha
€ro NOBEPXHOCTH, 00pasysi CTPYKTYpY, Ha3bIBACMYIO TNOMHHOHHbIM ciloeM (puc. 12.16).
10T C10ii POMBIBACTCS M BLICYLIHBACTCS, A 3aTeM TIOMELIAETCS B Jpyroit PacTBOp 3JIEKT-
POJIHTa, M3 KOTOPOTO Ha HEro OCAXAACTCA BTOPOA, MONOXHTENBHbIH CIIOM. l'lpouccc mno-
CIEOBATE/IbHOM anCOPOLIH /st 06Pa30BaHHsT MHOTOC/OHHBIX nepeMeXaloMXCa 1oJo-
JKHTEIBHO M OTPHLATEILHO 3aPSHKEHHBIX MOMHMOHHBIX CJIOEB MOXHO MOBTOPSATD, KaK I10-
Ka3aHo Ha puc. 12.16. Hacnoenuem MoxuHo YNPaBAATL U3MEHEHHEM THIOB 2JIEKTPOJIUTOB.
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[NABA 13.
HAHOMALLMHbI
M HAHOMPUBOP

B npenpiaymumx rnasax GuUTH OnucaHbi HEKOTOpbIC BO3MOXHbIE NpUMEHEHKA HaHO-
TexHonoruu. B 31oit, 3akmountensHoit, rase 6yayr obcyxnarscs MCCJIEI0BaHHA, Ha-
npaBieHHBIE Ha pa3paboTKy Apyrux, 6oJee CAOXKHBIX NPOAYKTOB: O4YEHb ua.ueubxux
MaLIMH, YCTPOHCTB 3aMHCH/CYHTHIBAHUS MHGOPMALMH, NEKTPOMEXaHUYCCKHX xmo-
yeif, CEHCOPOB M JIPYTMX KOMIOHEHTOB xomnbmepon, poGoros, npuﬁopon cnenylo-
1IMX MOKOJICHHIt, CKOHCTPYHPOBAHHBIX M3 OTAEbHEIX MOJIEKYJT WIIH IEMEHTOB HaHO-

METPOBBIX pa3MepoB. Kpome Toro, paccMOTpeHB! HeKoTOpbie npoﬁncuu CBA3aHHBIE
C H3TOTOBJIEHHEM TAKHX MaJIeHbKHX YCTpOHCTB. ;

| 1'3.‘1 : Mupréhenpomexauuqecxue cuctemsl (MEMSs)

Xorst Muxposnelcrpoucxauuqecxne CHCTEMBI ¢opmanbHO HE MOANANAIOT MOA NPEAMET
HaHOTEXHOJIOTHH, TO/IE3HO KPaTKO 0GCYAMTH X B Hayasie raBbl, MOTOMY 4TO OHH Ja-
0T npcncrannenue 0 BechbMa paanmon -rexuonomu xoropast 3aqacrylo MOXeT npitme-
HATBCA W B HAHOWIKANE, ' '

- O6mMpHas UHPPACTPYKTYpa, coanaumih ans npomnoncma xpemmenux MHTEr-
panu{ux cXeM, clieNana BOSMOXHBIM paapaﬁorxy MaLUMH H YCTPOICTB, MMEIOILIHX KOM-
MOHEHTH! HAHOMETPOBBIX pa:mepon Hns cosnanus MEMS ucrionbayiorcst imrorpadu-
YeCKME METOMIBI, ONMCAHHBIC B NPEABLAYIIMX [N1aBaxX, 2 TAKKE MPOLECCh GU3HIECKOro
¥ XMMHYECKOTO OCAXACHHS merauios. ITo onpeeNeHII0 MHKPO3ICKTPOMEXaHHYECKHE

CHCTEMBI JOJIXKHBI HMCTDh JieNno ¢ MCX&HH‘!CCKHMH OTKNHKAaMH Ha 3MEKTPHYECKHE BO3-

ACHCTBHUS WK, HANPOTHB, C BNEKTPHUCCKHMH OTK/IMKAMH Ha MCXAHHYECKYIO nedopma-
1110, OZHAKO B AEHCTBUTENLHOCTH HX BO3MOXHOCTH Topa3fio LHpe. ;

hasHsle npeumymectsa MEMS- YCTPOItCTB — 3T0 MHHHaTIOpHOC’l'b, NPOCTOTA H3-
TOTOBJIEHHS M Pa3MCLICHHA B GOJBIIMX KOMHYECTBAX HA OJHOM YHIIE, 3 TAKKE BO3-
MOXHOCTb MX MHTErpalMi B MHKPO3/ICKTPOHHKY. IMpocroTa H HEBLICOKasA ceﬁccrou-
MOCTb MPH KPYNHOCEPHiHOM MPOH3BOACTBE, K MpHMepY, NO3BONIIA CO3AATH JATYHKH
HaHOMETPOBBIX Pa3MEPOB VIS aKTHBALMH Bosnymuux nofyiek 6e30MacHOCTH B Ma-
wuHax. Panee cOOTBETCTBYIOLIEE AEKTPOMCXAHHIECKOC YCTPOIiCTBO GbLIO pa3MepoM
HNIO HCCKOJleO (bym‘on 1 cTouno oxono 15 nomna-
pos. Ucnonb3yeMbie B HACTOSILIEE BPEMS JHATYMKH, ocHoBaHHbe Ha MEMS-ycTpoiict-
Bax, UMEIOT pa3Mephbl C NECATHLECHTOBYIO MOHETY H CTOAT HECKOJIBKO AO/LTapOB. Pa3me-
pbl ¥ crioco6st usrotomieHms MEMS-yCTpoiCTB NO3BONAIOT WHTCrPHPOBATH HX HENO-
CPEACTBEHHO B MHKDO3JICKTPOHHBII HHIT. B cnenylomnx naparpadax Gyzer naHo
HecKobKo npimepos MEMS-ycTpoiicTs i omucana nx pabora. Ho mpexne uem ne-
peiiTi K 3TOMY, paCCMOTPHM, YTO H3BECTHO 06 ormmmn( MEKIY MEXaHHUECKHM TNOBe-

JACHMEM MallMH B MaKpO- H HilHOMHpC.



@2 Inaea 13. Hanomawuns: u nanonpuboput

B HaHoMacuiTaGHbIX 06BbEKTAaX OTHOLLEHHE TUIOLIANH NOBEPXHOCTH K 06BEMY JeTa-
NH MHOTO GoJiblue, YeM Y YCTPOHCTB OGBIMHAIX Pa3MEPOB. DTO MOBLILUIAET POJIb TPEHUSA
TI0 CpaBHEHMIO ¢ HHepuweil. B MakpoMHpe OMNbAPAHBIIL 1Iap NMPOROIXKACT KaTHTLCS
nocne ynapa, NoToMy UTO TPEHHE MEXIY LIAPOM H CTOJIOM MEHEE CYLICCTBEHHO, YeM
HHEPLMs €ro JBHXCHHSI. B HaHOKOMITOHEHTAX OTHOIICHHE TUIOIANH TOBEPXHOCTH
K 06BbeMy MOXeET ObITh HACTONBKO BEJIHKO, YTO H YHCTO NMOBEPXHOCTHBIE 3(h(EKTHI cTa-
HOBATCS OYCHD 3HAYHTEILHBIMH.

. B MlleO- ¥ HAaHOMHpE Ha Mexammecxoe nonenenue neTaJm MOXHO cymecrseuno
NOBTHATS, M3MEHHB TOHKHIH CIOi MaTepHana Ha ce nosepxuocru Ilanee Oyayr onuca-
HbI MEMS -CCHCOPHI, ocuonauuue Ha 9ToM npuHuKne. Ewe oaxa OCOﬁCHHOCTb MHpa
MHKpO- H HaHOMAILNH COCTOMT B TOM, YTO MOJIEKY/ISIPHBIC CHIBI TIPUTSKCHHST MEXAY
HaHOMaCIHTaGHbIMH oﬁwmmu mm obnacTsaMu MOryT TpEBLILIATE YIPYTHE CHIILL OT-
Tanmmanmx B pcsynbrare, Hanpuuep, 30HJ aTOMHO-CHJIOBOrO MHKPOCKONa MOXeT
3aXBaTHIBATLCA M TNPHIKNATh K NOBEPXHOCTH B NpoLiecce COMIKEHNS, YTO BIOCNCACT-
BHM nOTpebyeT 3HaUMTENbHBIX YCHIIHIL JUISt OTPBIBA 30H/a NPH YAANCHUH OT Hee. Yto-
OBl MPeAOTBPATHTS 370, HA HEKOTOPbIC NIEMEHTH! MUKPOMALLIHH, BOIMOXHO, NPHAETCS

~ HAHOCHTD CIELMATbHBIE IOKPLITHA, NIPENATCTBYIOLIHE MPWIHNAHHIO, -

. B cayyae Gonmblumx asurarenei ¥ MallKH MCTIOJB3YIOTCS MEKTPOMArHUTHBIE CH-
Jibl, @ ancxcrpocramqecxuc CHJTBI umelor Masioe 3HaueHHe. B poTHBONONOXHOCTS 3T0-
MY, 3/IEKTPOMAarHHTHBIE CHJIBI cmuosmca CHMUIKOM MaJICHbKHMH, KOria 3ncMcmu
MOTOpa NpHOGPETAIOT MHKPOHHBIC PA3MEPhI, B TO BPEMS KaK anelcrpocTanwecxuc cu-
JIbI CTAHOBATCSA CYLIECTBCHHBIMH. TT03TOMY 3/1EKTpOCTATHYECKHE CHITBI YaCTO HMCTIOND-
3YIOT ISl PUBEACHHUA B ACHCTBHE MUKPOMALINH, Bnusxopacnonoxeuuum ANEMEHTaM
COOGLIAIOT OHOMMEHHbIC 3apsAAbI, H OTTANKHBAIOLLAs 9JIEKTPOCTAaTHECKasI cwla MeX-
Ry HUMM 3acTaBsicT MX ABHraThest. Huxe Gyaer onucaH npuBoz, KOTOpbIit ucnonbayer
3/IEKTPOCTATHYECKOC Bsanmonci‘tcmuc MEXIY - 3apAXCHHBIMU YIJICPOAHBIMH HAHOT-
pybkamu. C yMeHblLICHHEM Pa3MEpOB Pa3/yHs MEXIY MHKPO-/HaHOMAIIHHAMM U Ma-
KPOMAIIMHAMH CTaHOBATCS Bce Gonee 3HauKTeNbHBIMH. Paspa6orano MHOrOo yer-
POJCTB M MAWIMH C ACTANAMH MHKPOHHbIX H JaXe HAHOMETPOBBIX pa3Mepos. Tak Kak
3Ta KHHra nocnnmeua, Tpexae BCEro, HAHOTCXHOMOTHSM, HIKE MPUBOAMTCS TONBKO
uecxo.nbxo NpPHMEPOB MHKPOMAaCIITaGHBIX aHaJoros, a 3ateM Gonee. noapo6Ho obeyx-
nanorcu nocmxcuua npoGneMsl u ncpcncx'mnu B o6nacm CO3MaHMA HAHOYCTPOICTB
M MAIMH. | NP : . .

Puc. 13.1 wimoctpupyer npuHumn MEMS~11awuxa, HMCTIONB3YEMOTO VISl aKTHBA-
HHH noanymubrx noayuiek '6€30MacCHOCTH B ABTOMOGHJISIX. Ha puc. 13.1a mo6paero

HCXooHOE COCTOsIHME ycrpoﬁc‘rna KOTOpOE COCTOMT M3 ropuaomanbuou xpemuuenoii
6anoqxu zmuHHoﬁ HECKOJIBKO MMKDOH, npuxpermeuuon K JBYM BEPTHKAILHBIM 110~
JIBIM CTOHKaM, MMeIowmM rubKie creHky. Korna aBToMo6mID, [IBHXYLUMICS CNieBa Ha-
TpaBo, PE3KO 3aMe/UISETCs H3-3a CTOJIKHOBEHMSI, TOPH3OHTANIbHAS GasouKa npojoxXa-
€T M0 MHEPLIMH ABHTATHCA BIPABO, YTO BLI3BIBACT M3MEHCHHE 3a30pa MeXAy njiacTHHa-
MH KOHACHCaTOpa, KaK IokKa3aHo Ha puc. 13.16. Bro NPHBOAUT K usMchHmo
QNICKTPOEMKOCTH KOHAECHCATOPa, KOTOPHIii, B CBOIO ouepenn, ¢ MOMOUIBIO JICKTPOHH-
KH HHHLIMHPYET HMIYJIBC 3JICKTPHUECKOTO 'roxa uepe3 HarpeBaTesibHYIO CIMpab, no-

D
13.1. Mukpossexmpomexanunecxue cucmesm (MEMSs) ”i))

MCIUCHHYIO B Karicy/i¢ ¢ a3sulioM HaTpus
(NaN;). MrHosexHoe Harpesanme npu-
BOIMT K B3pLIBOOGPa3HOMY pasnoxeHuio
COJICPXKUMOIO KalCy/bl COMIaCHO peak-
uun 2NaN; - 2Na + 3N,. Buuensio-
LHiicst Npu 3ToM ra3oo6pa3Hblii a30T Ha-
AyBacT MOAYLIKY 6e30nacHOCTH.

KauThieBepsl ¢ PasiMuHBIMK NO-

KPBITUAMH ABJISIIOTCS OCHOBOI s psia
JAaTYHKOB, BXomsuux B coctas MEMS.
KanTtunesep — 3To 3aKperuieHHast Ha of-

HOM KOHILIE KOHCONbHasi 6afiouka MMK--

POHHBIX WJIH CyOMHMKDOHHBIX Pa3MepoB,
cnocoOHas u3rHbarbes mox AeiicTBHEM

pasnuuHbIX ¢axropos. HauGonee mpo- . .
CTOE M3 TaKMX YCTPOIICTB COCTOMT M3 Ha- -

Oopa 3aKpErUICHHBIX KPEMHHEBBIX KaH-

THJICBCPOB, HMEIOLIMX PA3THYHBIE OTHO- .
WEHUsl MIHHB K wHpuHe. Banoukw .

YCTAQHOBJICHBI ' TAKHM ' 06pa3oM, 4TOOL
OHH MOTJIM OCL{H/UTHPOBATh NOA ACHCTBH-

€M MCXaHHYCCKOro, NCKTPHYCCKOTrO HIH .

TerIoBoro Bo36GyxnmeHus. s mamepe-

HMS YaCTOTBl M AMIUIMTYAB! KoneGaHmii

MOTYT WCIOJIb30BaTLCS * ONTHUYCCKHE

u apyrue Meroasl. Kak nokasano Ha

puc. 13.2, yactora KonebaHuii OUEHb UyB-
cTBHTEABHA K mHe Ganouku. Ha aroit -

ocHoBe OblIH pa3paboTaHbl TEPMHYCCKHE
HATYMKH, IPH H3rOTOBNIEHHH KOTOPBIX HA
KaHTHIeBEp HAHOCHACA CJIOi MaTepHana

¢ K03()pHIUMEHTOM TEIIOBOTO pacliupe- -

HHsl, CYLIECTBEHHO OTJIHYAIOWIUMCS OT
3HAYCHHUSA IS MaTepHana caMoro KaHTi-

nesepa (06biyHO — Kpemuua).: Ilpu Ha- 5

rpese 6anouKu H3-3a pasnyns Koaphu-
UMECHTOB  pacUIMpeHHs
M KpeMHua oHa' u3rnbacrcs, a €¢ pe3o- -
HaHCHas vacTora naMeHsiercst, UyBCTBH-
TEJILHOCTh TAKOTO YCTPOICTBA HAXOAMTCS
B MHKPOTrpaZyCHOM AHAMA30HC,
pa HH(PaKpacHOTO HIMYUCHHS.
M3TOTOBJICHHS YYBCTBHTEABHOIO ACTCKTO

" MIOKPBITHA "

Banoyka.

|

\I/

TinacTumut Konaencatopa Touku
. () KperuieHia
Cwna F —o

|

(©) -

“Pue. 13.1. Cxema MEMS-ycrpoiictsa (a), nc-
.MONL3YeMOTO JUIS MpPHBEACHMSA B AeiicTBite

noaywku Ge3onacHOCTH B aBToMOGMAE mpH

€ro CTOIKHOBCHHH € MPCIATCTBHEM. ABTOMO-

Gunb nBKXeTCs cnesa Hanpapo. B Moment
CTONKHOBCHMS TOpH3OHTanbHas Ganouka

TIPOAOMIXKACT - ABHIATLCA MO HHCPUHH BNpPaBo

(6) ¥ M3MCHACT 3a30p MEXAY MAACTHHAMH

- KOHAEHCATOpa, HHHUMHDYA HMIYABC 3NCKT-
) pnqccxoro TOKA, KOTOPLIii NPHBOAUT B nCﬁCT s
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Puc 13 2 I‘paq)m. 3aBHCHMOCTH pcsouauc-
‘Hoit yactorst MEMS-kanTineBepa OT Ksan-

para ofparHoit AHB Ganki.

TaK Y4TO €ro MOXHO HCMOJIL30BATh B KAYCCTBC NCTCKTO-

[Tono6HYIO KOHCTPYKLIHIO MOXHO HCMONB30BATH M ANS
pa NMOCTOSHHBIX MArHUTHBIX Toneit. B stoMm
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Clyyae OIHa U3 NOBEPXHOCTEI GATOYKH NOKPBIBAETCS MATEPHAIOM C XOPOLIMMH Mar-
HHUTOCTPHKUOHHBIMU cBOHCTBaMH. [TpH noMeLIeHHH B MarHHTHOE NOJIE MaTepHa No-
KPbITHS H3MEHSIET CBOM Pa3MEphl, YTO MPHBOAMT K H3ru0y KaHTIUIEBEPA H H3MEHCHHIO
PE30HaHCHOI YacToTH ero KoneGaumii. Takue ycTpoiicTBa MOryT OGHapyXHBaTh Mar-

HuTHBIe onst Beero 107° Te (107° Tn).

13.2 Hdnoanempdmexaumecxne cucTeMbl (NEM_Ss) o

13.2.1. H3zomoeaenue

HaHoMexaHn4ecKne MalHHB! 1 YCTPOIACTBA HAXOAATCA HAa PAHHHX CTAAMSIX paspabor-
KH, @ MHOTHE — BCe ellé npe6biBaloT Ha CTalHsAX BbIpaGoTKH KoHuenuyuu. Bouiu npen-
JIOXEHBI MHOTOMHCJICHHBIE KOMMNBIOTEPHBIE MOJIEIH BO3MOXHBIX MPHHLIMIIOB M CAMMX
HaHoMawnH. CreayeT NpH3HaTh, YTO MPHPOAA NMOKA JANEKO BrEpeAM HAc Mo CBOeil
CNOCOGHOCTH CO3/aBaTh MallIMHbI HaHOpa3MepoB. HanoaBuratenn (Hanpumep, XryT-
KOBBIA JBUraTe/b 6akTepHit) IaBHO CyIIECTBYIOT B GHOMOrHYECKHX cHCTeMax. JKryTu-
KH —3TO JUIMHHHbIE, TOHKHE 00pa3oBaHMs, KOTOpPble OAHWM KOHLIOM NMpPHKPEIUICHBI
K KJeTke. JIBIXEeHHE XTYTHKOB NPHBOAUT 6aKTEPUIO B ABMXEHHE B BOAHOM cpene. DT
KHYTOBHIHBIE CTPYKTYPBl — 4acTb GHONOrHYECKOro HaHoasurarens. Jpyras yacts —
XOPOWIO CTPYKTYPHDOBAHHBIIT KOHIJIOMEPAT GEKOBBIX MOJNEKY/, 3aKpelUIeHHBIiH Ha
MeMOGpaHe 6aktepun. JIBuraTens MMeeT oA06He Bajia M CTPYKTYpY BOKDYT HEro, Noxo-
Xylo Ha apMaTypy. OnHaKo OH NPHBOAMTCS B ACHCTBHE HE 3NCKTPOMArHHTHBIMH CHIa-
MH AMriepa, Kak o6bIYHBII NeKTPOABHraTelb, 2 XMMHYECKOit TpaHchopMameit Gora-
' TBIX 3HEPTHeit MoNeKyn aneHo3uH Tpudocdara (ATD). Mepenaya 3Hepruu ot ATO®
K XpanoBHKY No3possieT GeIKOBOMY Basty BpawaThesi. Bo3aMoXHO, H3yueHne 6HONOrH-
JECKMX HAaHOMALUMH MOACKAXET HaM HOBbIE HACH, KOTOPBIE MOMOTYT Y/y4YLIMTh KOHCT-
PYKLHIO MEXaHHYECKHX HAHOMALLIUH. . :
OnTiyeckas nuTorpadus sBnseTcs BaxHeiweit TexHonorueit B WHAYCTPUH nojay-
NPOBOAHHKOB. OIHAKO WISl H3TOTOBNECHHS TOYNPOBOAHHKOBLIX NEMEHTOB C pa3Me-
pamn Menbwe 100 uM TpeGyetcs ynbTpadmoneroBoe uanyuenue ¢ Gonee KOpoTKoil
ANMHBI BOMHBL. 1o pAsy NpHYMH ocyliecTRIEHHE TAKOTO CNOCo6a BHI3bIBACT GOMbLINE
3aTpYyAHEHHS. 3nex‘rpouuo-nyqenag W PEHTIeHOBCKasl auTorpacdus, Kotopsie 06CyX-
AQTHCD B NPEABITYIUHX I1aBAX, MOTYT GbITh HCTIONBL30BAHBI AIST TOMYYCHHS HAHOCTPYK-
TYP, HO C TOMOLLbIO 3THX MPOLIECCOB HE YAACTCS IOCTHYD BLICOKOI MPOM3BOAMTEABLHO-
CTH, HEOOXOAMMOI AN KPYMHOMACIITAGHOrO NPOH3BOACTBA. - DJIeKTPOHHO-/TyueBast
JuTorpadus HCNonb3yeT XOpowo choKyCHpOBaHHBIIT 3NEKTPOHHBII ITYYOK, KOTOPbIM
HaHOCAT 3a/laHHBII PHCYHOK Ha MOBEPXHOCTH MaTepnana. C ee MOMOILBIO MOXHO CO-
3[aBaTh Ha MOBEPXHOCTH PalIHYHbIE CTPYKTYPhI ¢ 10-HAHOMETPOBLIM Pa3peLICHHEM.
Tax Kax Jlyqy npH 3TOM NPHXOAMTCS AEHCTBOBATL HA MOBEPXHOCTH MOCICAOBATENBHO,
OT TOYKH K TOYKE, OH HE MOXET CO3AaBaTh CTPYKTYPHI C BBICOKOIi CKOPOCTBIO, Tpelye-
MOIf NpH KOHBEHEPHOM NpOM3BOACTBE. PeHTreHOBCKas nMTOrpadbs AaeT BO3IMOX-
HOCTb NOJTyuaTh PUCYHKH Ha MOBEPXHOCTH C paspeuicHueM 20 HM, HO €€ TeXHOJIOTHH,
HCIONb3YIOLIHE BBICOKOTOUHbLIC MAaCKH — TpadapeTsl i 06/yualoume CHCTEMbE, CTIOX-
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HbI ¥ IOPOTH TS IPAKTHYECKOTO NpHMe-
HEHNs,

CosnceM HenaBHo Gbina paspaGorana
MCTOIMKA, Ha3blBacMasi HAHOJMTOrpa-
(ucit, KOTOpast MOXKET JicYb B OCHOBY fie-
11€BOJi, BLICOKOIIPOM3BOANUTENBHOIL npo-
M3BOACTBCHHOM TexHONMorHH, OHa dhop-
MHpPYET PHCYHOK Ha pE3HCTe ero
MexaHHYeCKHM JedopMupoBaHueM ¢ no-
Mollbio Tpadapera, Hecyuwiero msobpa-
XEHHE HAHOCTPYKTYPHI, 2 He MOAH(IKa-
uuell NMOBEPXHOCTH. M3NY4YEHHEM, Kak
B TpPagMUMOHHON nuTorpadun.  Takoit
PE3HCT — 3TO MOKPBITHE, AOCTATOYHO
MSTKOE IJIsl° TOTO, YTOOBI MOXHO ObLIO
HAHECTH Ha Hero ornevarok Gonee Taep-
IbIM TaMnoM. Cxema npouecca n3obpa-
xeHa Ha puc. 13.3. Tpadaper ¢ u3obpa-
XKEHHEM HAHOCTPYKTYPHI BAABIHBACTCS
B TOHKHIT CJIOi pe3ncTa, MOKPHIBAIOILETO
noutoxKy (puc. - 13.3a),  co3nabasi KOH-
TpacTHoe M3o0paxeHue Ha cioe. Iocne
Toro Kak Tpacdaper yopan (puc. 13.36),

Baannupanue
Tpaapera Tp2-

T
pe3uer

Yaanenue ; (@) R —
Tpadapera

Tlepenccennmii (©)
PHCYHOK .
-

Pue. 13.3. Cxematyeckoe H306paxeHue 3ta-
noB npouecca JiTorpapuueckoii HaHoneya-
TH: a) — TpadapeT M3 TBEPAOro Marepuana,
H3rOTORJICHHBIIT METONOM 3/IEKTPOHHO-JIyYe-
Boii IuTorpacdun, Bnannusaerca B Gonec mar-
KHIl PE3HCT U1 NONYYEHHA oTneyarka; 6) —
nocne atoro Tpacdaper ybipaercs; B) — ocTas-
1miics Ha IHC KaHaBOK CWIBHO fponedop-
MHPOBaHHbLI MATKHIt MaTcpuan ynansercs
XHMHYCCKHM TPABICHHEM. ‘

CJIOS B CXATBIX 06/1IACTAX HCMOMB3YETCH XHMHUECKoe TpaBieHue (puc. 13.38). Peancr —
TEPMOILTACTHYHbIIT MONMMED, Pa3MSTYAIOILMIICA NPH HarpeBaHuH. JUtsl pasmMarucHus
€ro oGIMHO HAFPEBAIOT BbILIE TEMIEPATYPbl CTEKNOBAHHS B ripoviecce GopMHPOBaHHS
M306paxkeHus1, o6Neruast TOYHOE: BOCTIPOM3BEACHHE LIabnoHa. Tpadaperom MOXeT
ObITD IITAMIT, H3TOTOBNCHHBI H3 METALIA, AN3NCKTPHKA IWIH NMONYNPOBONHIKA METO-
JaMM BHICOKOTOUHOit Torpadun. HaHomurorpaus MOXeT co31aBaTh H300paXeHHS
Ha MOBEPXHOCTH ¢ paspeieHueM 10 HM N0 HU3KOIH LEHE H C BLICOKO#t CKOPOCTIO, 110-
CKOJBKY OHa He TpeGyeT HCIONb30BaHMNS! CIOKHOTO 06NyHaIoIETo oGopynoBaHHs.
Ckanupyiomasi TYHHeAbHAsT MHKPOCKONHSA (STM), noapo6Ho onucaHHast B na-
BE 3, WIMPOKO HCMOJL3YETCs VISt HCCIICA0BAHHA 9NEKTPOHHOI H aTOMHO-MOJNEKY/SP-
HOIi CTPYKTYpbl MOBEPXHOCTH ‘TIPOBOLAIINX MATCPHATOB. OnHaKo ee’ BO3MOXHOCTH
3THM He McuepnbiBaloTcst. [ToYTH cpa3y Xe nocie u;oﬁpeTcHun STM Gsuno npenoxe-
HO M PEaNN30BAHO HECKONBKO CMOCOGOB MAHHIYIHPOBAHIL OTACNbHBIMH ATOMaMH
M MOJIEKY/IaMH Ha TIOBEPXHOCTH. DTO M03BO/ISIET KOHCTPYHPOBATE Tpcﬁwx:;gxe HaHOCT-
PYKTYpbI MOATOMHO, 1Iar 3a 1IaroM npnGapsisisi HEOGXOMMMBIC aTOMBI K COOHPACMOMY
o6bexTy. PaccMOTPHM 3TOT MPOLECC HCCKOIBKO noapoGHee. JlomycTiM, 4To Ha no-
HHBIIi aTOM, YAEPXHBacMblil B onpeae-
BEPXHOCTH MaTepHaia HMeETCsl ancopoupoBa - o
NICHHO ! MO3MIMM TEMH WIN HHBIMI CBA3SMI € aTOMaMHt TIOJUTOKKH. Ofna B np;l:)
CE CKAHMPOBAHHS B PEXHME HEHIMEHHOTO TYHHENLHOTO TOKa 30H TOAXOAHT K 3TOMY

Anst yoaJicHHs1 OCTaBLUErocs MartepHana ’
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agcopOHpOBaHHOMY aTOMY, €r0 TPaeKTo-
pus uckaxaercs (puc. 13.4), yro u cny-
XHT HCTOYHHKOM HH(pOpPMALMH O Tono-
JIOrMH noBepxHOCcTH. PaccTosnme mexay
ocTpHeM M ancopOHMPOBAHHBIM aTOMOM
TakoBO, YTO JIOObIe CHJIBL MEAIY HHMM
Majbl 10 CPAaBHEHHIO C CHJIAMH, CBA3BIBa-
IOLLMMH aTOM C MOBEPXHOCTBIO, TaK YTO
m = ancopOupoBaHHBIH aTOM NPH NPOXOXie-
@) ) HHH Hal HHM OCTPHS OCTa€TCs Ha MecTe.

Ecau octpue nomxoamt Gaike K ancop-

GuposanHoMy aTomy (puc. 13.46) Tak,

970 B3aHMOJCHCTBHE OCTPHSA C aTOMOM

- camm CTAaHOBHTCA CIUTbHEE B3aWMOACHCTBHSA

- MEXCIY HHM M MOBEPXHOCTBIO, OCTPHE MO-
XET NOTAHYTHL aTOM 3a c000if. 3axBayeH-
HBlIT aTOM MOXHO OCTaBHTb B j11060it T09-
® K€ MOBEPXHOCTH MYTEM YBETHIEHMS pac-

Pac. 13.4. HxmocTpanes Tpaskropiss ocTpits CTOSHHA MEXIY OCTPHEM H NMOAIOXKKOIN.
ITpoueccs 3axBara i c6poca aToma ¢ Mr-

JB MOXHO CaeqaTh Oojiee HAIEXKHBIMH,
MEHAA NPILTOXCHHOE K Hell HanpsokeHue
B TV IUTH HHYIO CTOPOHY. A1copOHpOBaH-
HBIE Ha MOBEPXHOCTH MaTepHajla aToMBbI
MOXHO TaKHM Coco0OM NeperpynmnHpo-
BBIBaTh M NOATOMHO CTPOHTH Ha NOBEPX-
HOCTH pa3nH4Hble HaHOCTPYKTYpHl. C Le-
JbI0 YMEHBILICHHS TEILTOBBLIX KO 1eGaHHil,

CK2MIDVIOMSIO TYHHOILHOIO MIKPOCKON2
(STM) k23 2zcopSirposasnsLiv B2 N0BEPXHO-
CT3 M2TCPHIT2 JTOMOM: 2) — PRAMM H300pa-
ECHMS, KOTI2 OCTPHE He KOHTAKTHDPYET € NO-
BSPXHOCTRIO, HO P2CMQIZrasTes IOCTATOYHO
Qm¢3K0, STOON NATVYHTS K300paxeHne; 6) —
PSEMM M2HMNVISIGGE, B KOTOPOM OCTpHE
pacnonarasTes Tax QI3K0 K MOBEPXHOCTH,
YTO MEATY HHM H 23COP0iPOBAHHEIM aTOMOM

KOTOpBI€ MOIYT BbI3bIBaTh TepMOaANGDY-
3HIO aTOMOS N0 NOBEPXHOCTH H PA3PYLIHTE CO3ABAEMBIE CTPYKTYPHL, €€ OXIAKIAIOT 10
TEMNIEPATYP AKIHIKOIO remita. [l1st cOXpaHEeHHs YHCTOTH NOBEPXHOCTH TAKHE MAHHMY-
-IRLIHI NPHXOIMTCA OCYIIECTRIATH B YCJI0BHSAX CBEPXBLICOKOIO BAKYyMa.
Ha pitc. 13.5 u3obpaxena HAHOCTPYKTYpPa H3 aTOMOB Xejle32 Ha MOBEPXHOCTH Me-
i, Ha3HBAacMas <KBAHTOBEIM 3arOHOMs, coGpaHHast mocpeacTsoM STM-MaHumyas-
. BotHosas cTpykTypa BHYTPH 3aroua — 310 MOBEPXHOCTHOE pacnpeieneHHe 31eK-
TPOHHOIt ILTOTHOCTH B KBAHTOBOIT sime. OHo COOTBETCTBYET TPEM KBAHTOBLIM COCTOS-
HHAM 3TOil IBYMEDHOIN KpYTIOil MOTeHUMATbHOI AIMBI, YTO JaeT BH3yaJlbHOE
TIOATBEPAICHIE PACTIPEICIEHHUA ATEKTPOHHOI ILTOTHOCTH, NPEACKA3AHHOTO KBAHTO-
BOit Teopieil. 310 H300pakeHue noTyyeHo B STM TIPH TAKOM PAaCCTOSHHH MEXIy OC-
TPHEM H NTOBEPXHOCTEIO, MIPH KOTOPOM HH OIMH ATOM YXe HE MOXCT GBITh NepeMeileH.
AJCOpPOHPOBaHHHE 3TOMH B 3TOdt CTPYKTYPE NPAaKTHYECKH HE CBA3AHEI AP)T C APNTOM.
H3-32 HI3K0il MPOH3BOINTEIBHOCTH, TPYAHOCTH TIOCTPOSHHSA TPEXMEPHBIX CTPYKTYP,
3 TAKKE HCOOXOIHMOCTH OXTRAICHHS MOLTOXKH KILIKHM IeTHeM o NOATePXAHIS Bbl-

13.2. Hanosnexmpomexanuneckue cucmens (NEMSs) ”DD

Orpuita- o © 7 TNonoxu-

- ‘ : TENBHOE stk 7 Hower - TeAbHOC
Puc. 13.5. Konblio 13 aTOMOB Xesie3a Ha no-  HanpsixeHwue . Hanpaxenmus 'HANpAKXCHHE

BEPXHOCTH MeaH, obpasyioutee '«KBaHTOBBIT _

3aron», cobpano nocpeactsom STM-octpns, -~ Pue. 13.6. Cxema axTyaropa, COCTOSIIETO 13
KaK OMHCaHO B TeKcTe. Bonuopas cTpyKTypa - nByX NMCTOB OZHOCOMHBIX HaHOTpYyOOK,
BHYTPH 3aroHa npeactapisiet coboii nopepx-  yaepXHBAEMBIX BMECTE ABYCTOPOHHMM CKOT-
HOCTHOE pacnpefie/ieHe 3/IEKTPOHHOIt ioT-  yeM. Ha pucyHKe NnokasaHo cOCTOAHHE NpH
HOCTH, BO3HHKAaIOUlEe H3-3a HANHYMA HE-  IOJIOXHTENLHOM HanpsXeHHH (crpasa),

/GONIBIIOrO YMC/IA QMCKPETHBIX KBAHTOBOME-  HEfiTpanbHOE COCTOSHME (B LEHTPE) 1 COCTO-

XaHHYECKHX  JHECPreTHYECKHX YpOBHEit  sHME NpH OTPHUATEALHOM HANPAXKCHHH
B KpyIJ10it ABYMEPHOIt MOTCHUHANBHOM AIME. ~ (cnesa).

cokoro Bakyyma, STM-MaHUnynsuus He MOXET NOKa CYMTAThCs TEXHONOTHEl, NpH-
FOJIHOI IS KPYMHOMACIITaGHOTO MPOH3BOACTBA HAHOCTPYKTYP. BaxHo, oaHaKo, TO,
YTO OHA JEMOHCTPHPYET BO3MOXHOCTD NIOATOMHOTO KOHCTPYHPOBAHHS CJIOKHbBIX 06b-
GKTOB ¥ MOXeT GBITh HCTIONIB30BAHA VIS CO3AHHs CTPYKTYp THIIa KBAHTOBOTO 3aroHa,
HWHTEPECHBIX ¢ (hH3H4ECKOI TOUKH 3PEHMS. : i ' '

13.2.2. HanonpuGopbs: u HGHOMAUUNS! . ‘

AKTyaTopbl — 3TO YCTPOICTBA, NPeoGpasyIoLIHe MEKTPHYECKYIO SHEPIHIO B MEXaHH-
4ecKylo, Win HaoGopot. M3BecTHO, 4TO ONHOCJIOHHBIC YI/IEPOIHbIE HAHOTPYOKH MPH
COOBIICHHH MM 3MIEKTPHYECKOTO 3apana AeopMHpYIOTCS. Co3aH OCHOBaHHBI Ha
3TOM CBOJCTBE aKTyaTop, MCTIONB3YIOLLHIT IHCT H3 OIIHOCIIOHHBIX YI/IEPOAHBIX HAHOT-
py6OK, NpOAO/BHBIE OCH KOTOPBIX JIEXAT B IUIOCKOCTH JIMCTA, HO chyyaifHBIM 00pasoM
Pa30pHEHTHPOBAHbI APYT OTHOCHTENBHO APYTa. AKTyaTop COCTOSUT M3 TOJIOC Pa3MEPOM
3%20 MM 1 TONLMHOM 25 — 50 MKM. JIBE MOJIOCKH COEMMHSUTHCE APYT C APYTOM C NIOMO-
IIBIO ABYCTOPOHHETO CKOTYA, KaK M0KAa3aHO Ha PHC. 13.6. Uzonupyroumit nnacjrlmxo-
BbIii 30KMM CKPETUISUT JIHCTHI CBEPXY H (PHKCHPOBAT 3NEKTPHYECKNE KOHTAKTHI. JIHCTHI
TIOMEILANH B JIEKTPOIHT H3 ONHOMOJSPHOTO PacTsopa NaCl. Heckonbko BONET npu-A
JIOXEHHOTrO HaNpSXKEHHS BbI3bIBACT OTKJIOHEHHE Ha KOHLE aKTyaTopa 0 camuema_,
KOTOpOE MEHSCT HaNpamIcHHE Ha [POTHBOTIONIOKHOE MPH H3MCHEHIH “W::O:fx:::x
NpsSOKEHMsI, KaK MOKa3aHO Ha PHC. 13.6. MoaxmoyeHHe NEPEMEHHOTO 2 p! ~
BbI3BIBACT KONEOAHMs KaHTHeBepa. DTOT THI aKTYaTopa Ha3biBaeTcA GHMOPHHBI
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NbC30KAHTHIICBEPHBIM, NIOTOMY YTO OTKJIHK YCTPOICTBA 3aBHCHT OT AehopMaLiiy npo-
THBOIIONIOXHBIX 3/IEKTPOI0B. CTPOTo roBops, TOT aKTyaTop He Apasietcst Hu NEMS-,
Hit MEMS-npi6opowm, 13-3a Gonblunx pa3MepoB 3/1eKTpofoB. OHAKO OH paGoraer
Gnaronaps ahexty 3apsKaHust OTAC/bHBIX YIIEPOAHBIX HAHOTPYGOK M NOKa3kIBaet,
TO BO3MOXHO CO3aHHC HAHOPa3MEPHbIX aKTYaTOPOB, HCMONB3YIOUIMX BCErO TPH 0ff-
HOCJIOi{HBIE YIIepoaHble HAaHOTPYOKH. JIBe BHEWHKE TPYOKH AOMXKHBI GbITh METaIH-
YECKHMH, & BHYTPCHHSS — M3omupyloleif. OHi AOMKHBI GbITh BLICTABNEHH Napa-
JIEIBHO OCAM M HAXOAMTHCH B IUTOTHOM KOHTAKTe.

XoTs 3/1EKTPOHHO-/Ty4eBYIO IMTOrPadHIo MOXHO MCMONBL30OBATh VIS MOAYYEHHS
KPCMHHEBBIX CTPYKTYp pa3mepoM ~I10 HM M MeHee, NMPOM3BOACTBO HAaHOMAINH
B CKO/ILKO-HHOY/b 3HAYHTENbHBIX KONHYECTBAX MOKa He opraHusosano. IMpexae
4eM OyIeT NOCTHIHYT CYIICCTBEHHBIIT niporpecc B TEXHOJNIOTHH, Heo6X0aHMO npedno-
neTh pan TpyaHocTeii. [lepsas npo6aema — 310 CBA3B C HaHOYCTPOICTBOM M onpese-
JICHHE €r0 NoIOXeHHs. BTOpas CNOXHOCTb COCTOMT B CKYAHOCTH HMEIOLIHXCS CBe-
ACHUI{ 0 MEXaHHYECKOM TMOBEACHHH 0GBEKTOB, Y KOTOPBIX 10 10% atoMoB HaxoaAT-
€l Ha WIH OKO/I0 NOBEPXHOCTH. PacCMOTPHM HEKOTOpHIE BONPOCH HAHOMEXaHUKH
nogpobHee. : ' : Bk

Pesonanchas 4acTora f GaKit, 3aKperIeHHOl ONHUM KOHLIOM, ONpENENAeTCs Bhi-
paXeHHeM : v . TN .

f " E 172 b 3 : y ; a "

0 [;] 25 - (13.1)

rae E — monyns IOHra, p — nnotHocTs, b — ToNuHa 6anku, a L — ee muHa, s 6a-
JI0K M3 NOJIMKPHCTATTHYECKOrO KPEMHHS MHKPOMETPOBOTO pa3Mepa PE3yJILTaThl 3KC-
NEPUMEHTANTLHOI NPOBEPKM 3aBHCHMOCTH YacTOTHI OT | /L? nokasaHbl Ha puc.13.2. 3a-
METHM, YTO B MHKDOMETPOBOM AHANA30HE YacTOTH! COCTABNAIOT COTHH Kunorepu. Tor-
na Gasmxa, uMeiowas iy 10 HM 1 TonwmHy 1 HM, Gyaer umers PE30HAHCHYIO YacTOTy
B 10° pa3 Gonbuse, To ecTh nopsiaka 20 — 30 I'Tu. C ymeHblueHueM pasmepoB 1 pocToM
HacTOTHI aMILTHTYAa KoieGaHMit NaKaeT, TaK YTo B 3TOM YaCTOTHOM JIManasoHe cMelle-
HHS CBOGOAHOrO KOHIA GANKH MOTYT JIeXaTh B MHTepBaJie oT nuKkoMeTpos (1072 M) a0
demTomeTpos (107" M), , it - o

Cronb Masibie aMmumMTy bt KoneGanuit na CLUC Ha TAKHX BBLICOKHMX YaCTOTaX ACTEK-
THPOBATb BECbMa COXHO. OnTHyeckue METOILI, MCMOJNb3yCMble B MHKPOMETPOBOM
AHANA30HE IS PErHCTPalMH CMEILCHHS KOHYHKa KaHTHJeBEpa B CKaHHpyloLLeli 30H-
A0BOJ MHKPOCKONHH, He NPHMEHUMBI H3-3a RudpaxunoHHoro npeaena. OH HacTyna-
€T, Koria pasmep 00beKTa, OT KOTOPOro oTpaxaercs CBET, CTAHOBWUTCS MECHblIC, YeM
ATHHA BONHBI CBeTa. J1nst perucTpaunn nepememenus s MEMS-yctpoiicTsax 06b14HO
HCTONL3YIOT CeUHaNbHbIN NEpBHYHBII Npeobpasopatens (cM. HanpuMep cxeMy akce-
JiepoMeTpa Ha pic. 13.1). B ynomanyrom npuGope nedopMaums yrnpyrux 31eMEHTOB
ACTCKTHPYETCSl MO H3MEHEHUIO EMKOCTH, H3MepseMoMy anekTpHueckoit cxemoit. He-
ACHO, BO3MOXHO JIH NOCTPOHTD npcoGpazosarens, KOTOPBIi CMOXET OnpeaensiTh CMe-

—15 -12
twerme seero 107 — 107 m Ha yactorax 10 30 [T, D1i npo6iems! NpeACTARIAIOT CY-
LLECTBEHHBIE NPENATCTBUS IS Pa3BUTHs NEMS-yctpoiicts.

A
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CyuecTByeT, OHAKO, HECKOMbLKO 3aCNYXHMBAIOIMX BHHMAHHA TNPEHMYLIECTB
NEMS-ycTpofcTs, KOTOpbie CO312I0T XOPOLYIO NIEpCreKTHBY HX ATbHEHWIEro passu-
Thsl. Manast apdekTHBHAs Macca HaHOMETPOBOI Ganky JIC/IaeT €¢ Pe30HAHCHYIO Yac-
TOTY YPE3BLIYAHHO YYBCTBHTENBHOM K HE3HAMMTENBHBIM H3MEHEHHSM Macchl. Buuio
NMoKa3aHo, HanpHMep, YTo coGCTBEHHAast YacToTa MMKPOKAHTHICBEPOB MOXET pearu-
poBaTh Ha afcop6LMIO HEGOMBUIOTO YHCAA ATOMOB WA EAMHWYHBIX MOJICKY/1 Ha To-
BEPXHOCTH. DTO CTAJI0 NPHHUKNHAIBLHOI OCHOBO U1 MHOKECTBA OYCHb BBICOKOYYB-
CTBHUTE/IbHBIX JATYHKOB. - Fad L ‘ ‘

B oTcyTCTBHE TPEHUS IPY3 Ha NPYXMHE Konebancst 651 GECKOHEHO OO € OCTO-
SIHHOI aMIUINTYAO#. OnHako u3-3a 'conpomnnc’riun BO3/lyXa M BHYTPEHHEro TPeHHs
B NPYKMHE 3TOrO He NPOHCXOAUT. OGBINHO Cciuta TpeHus (aeMndupyomwas cina) npo-
MOpUMOHANbHA CKOPOCTH dx/dt ocLwuMpylowei Macchl M. YpaBHeHHE ABHKEHMS
NPYXHHBI 3aMHCbIBAETCS KaK: !

2
e S S
rae K — XEeCTKOCTb NMPYKHHBI,

Mpyu Manbix KoaddHuLMEHTaX 3aTyXaHHS b pelICHHEM 3TOTO YpaBHEHHS SBIAETCS

BBIpaXeHHE:
— bt

Mo) = Aexp —

cos(wt +9), | (13.3)

rjc @ — YacToTa 3aTyXalowux KoneGanuii, onpenensemas Gopmynoii:

0 = (5) L [_b_)z ~|/2 \

|\M 2M
Ypasuenue (13.3) onuéi,waef CHCTEMY, OCLH/LTHPYIOILYIO C ONpeAeNecHHOIT JacTo-
TOil @ M AMIUIMTY/OH, SKCNOHEHUHANLHO YMCHBILIAIOWICTCS CO BPEMCHEM. CmelieHne
KaK (pyHKUMSI BpEMEHH TMOKa3aHO Ha pHC. 13.7a. [ina xonebniowieiics 3aKperUieHHOI
GIKH MIWUIMMETPOBOTO pa3Mepa MIABHBIM HCTOYHHKOM neMndUpOBaHHA ABRNIAETCH

CONMPOTHBJEHHE BO3AYXA, NPONOPLHOHATBHOE TUTOLIANH Banku. Ins cnyyas HaHOMET-
yICT OYeHb MANCHBKOI, UTO 3HAYUTC/BHO MOHH-

(13.4)

POBOro KaHTHJIeBepa 3Ta romaib 5

*aet KoahduumeHT 3aTyXaHus b.
Ec/n K rapMOHMYECKOMY OCUMUISTOPY MPHIOKCHA BHELLHAS  OCLIUIHpYIOLIast

cina Fycos(w't), TO NpH PABEHCTBE YACTOT BHHYXIAIOMICH CILTH! @' 1 COBCTBEHHOIH Ya-
CTOTHI wb o (K/M)“’2 OCUMJIIITOPA NPOHCXORMT OUCHb GonblLIOE YBENHUYEHHE aMILTH-
TyABl. DTO ABICHHE HA3BIBACTCA PEIOHAHCOM. PocT aMILTHTYABI 3aBHCHT OT Beml‘umu'
b B ypasrenuu (13.2). Puc. 13.76 noKa3sbiBacT, KaK BeNMYHHA b BAMAET HA aMIINTYLY
pe3oHaHca: ueM MeHbLe b, TeM YXC PE30HAHCHBIIT MAKCHMYM H Ei’onbme ync';nuqcz:)c
aMmnTyabt. Jo6poTHoCTb Q AU1st pe3oHaHca onpezenseTcst Bipaxenuem Q = @/ c-,
re Aw — 5TO LIHPHHA PCIOHAHCHOTO KA HA TO/YBLICOTE, a Wy — pcaor;;mcua;xl :?33
T0Ta. JJoGpPOTHOCTH — 9TO 3aaceHHast IHEPrHd, OTHECCHHAA K paccc:uuon 3};2”“"“
UMK, TAaK uTO O6paTHas BEJHYNHA noBpotHocTit 1/Q smnAeTCs MEpoH p ‘
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7. ﬁnu 3aTYXAIOUEIO rapMOHUYECKOTO OCLIWIATOPA MOKA3AHbI: a) — 3aBHCH-
Hoc'rb ;:)Memcuuu cBo6onHo Konebmowerocs OCLIWLIATOPA OT BPEMEHH (BbI-
n) }u'mn tiast CiLa oTCyTCTBYeT), 6) — 3aBHCHMOCTD AMMMHTYB! OCLILLIATOPA

PH HAHYHH BHIHYXAAIOWEl CHABL OT OTHOMWIEHMS BBIHYXXIAIOLEH 4acTOTbl

o' K yacTore coberpe
UHCHTA 32 « HHBIX KOneGaHit w ns pasnuuHEIX 3HauCHMI KOIDDH-
Tyxatis b. Fy — avnantyna punyxnatoueii ciuns.

N
e
n

Puc. 13.

::g;;uﬂ Hanopa;:lepnue KaHTHWICBEPb HMEIOT OYEHBb BLICOKHE :mziqemm no6poTHO-
a7 '2)1:1 KoJse Bmmx PacceHBaloT Mano axeprumy, IMpubGopet Ha ux ocHoBe obnazna-

- HYBCTBHTE/IBHOCTBIO K BHEWIHeMy AeMnHPOBAHHIO, YTO CyLIECTBEHHO
AUt HX NPHMEHEHHA B KaueCTBe NaTuikos, Kpome TOrO, OHH 06NanalOT HH3KHM YPOB-

13.2. Hanoasexmpomexanuuecxue cucmemst (NEMSs) 30\!;)

HEM TEPMOMEXaHHMYECKHX UIYMOB, 4TO
03Ha4acT BO3MOXHOCTb JOCTIDKCHHS Bbi-
COKOIi peabHO# YYBCTBHTE/IBHOCTH NpK-
Gopa. B OGBIYHBIX 3/EKTPHYECKHX YCT-
poiicTBax AOGPOTHOCTH mnoOpsaKa He-
CKOJIBKHX COTEH CUMTAcTCs BBICOKOIi,
toraa kxak NEMS-ocuwmsaropst moryr
umets Q B 1000 pa3 Gonsiue. [pyroe npe-
umyuiectBo NEMS-npu6opos. — oyenn
MaJIeHbKOE . HepronoTpebnenue. Mou-
Hocti B nukosarT (107 Br) nocratouno
st paborst NEMS-npu6opa ¢ Huskum
OTHOLIEHHEM CHIHAT/IIYM. AL
Jnst OLEHKH NOTEHLMANA PaaTHYHBIX
BapMaHTOB HAHOMAIIMH WCIONL30BAIOCH
KOMITBIOTEPHOE MoAeupoBaHue. Puc. 13.8
JIEeMOHCTPHPYET HACIO U3TOTORJEHHS lile-
CTEPEHOK M3 HaHOTPYOOK. 3yObsAMM L1ec-
TepeHKU MOryT ObITb MONEKY/bl GeH300a,
NIPHCOEANMHEHHbIE C BHEIIHEH CTOPOHBI
HaHOTpyOku. Bemyiuee 3ybuatoe Koneco
B JIEBO#f YaCTH PHCYHKa 3apSDKCHO TaKHM
o6pa3omM, 4TOOBI AMMONBHBIE MOMEHT
6bUT OpHEHTUPOBAH NONEPEK OCH TPYOKH.
TpunoxeHne nepeMeHHOrO 3EKTPHYEC-
KOTO ITONST MOXET 3aCTAaBUTh 3TY LUECTe-
peHKy Bpamathca. Kiiouesoif 4acTbio
mo6oit HaHOMAIIMHEL ABNSETC CNocod
NPHBEACHHA  BEAYLICH ~WIECTEPEHKH
B ABiKeHHe. Tak, Iy nepeKaTbiBaHHsA

Puc. 13.8. Mumoctpaums npeanoxeHHoro Me-
TOA2 M3OTOR/NCHMA IUECTEPEHOK TyTeM MpH-
KpCMAeHHA MoJeKyn GeH30/a K BHEILHEl cTo-
POHE YIJIEPOAHBIX HAHOTPYOOK.

Hanpasneuue anextpiueckoro nons
i

e
P

POPO® POPO® ©OOOO

cnaﬁonunnpi’(aﬁ TIOMVTOXKA
(@) -(6) )

Puc. 13.9. Cxema nepexaTthiBaHHS ancopbu-
poBaHHoit Monekyiibl Cg, (6onbluHe OKpyxXHO-
CTH) 110 TIOBEPXHOCTH HOHHOIO KpHCTaLIa €O
3HAKOMEPEMEHHBIMH 3apsnaMK aToMoB (Ma-
JIEHbKHE OKPYXHOCTH) BHELIHHM BPalIo-
LIHMCS NEKTPHYECKHM MaaeM (CTPesKH).

Monexynst Cgy o nosepxHocti (puc. 13.9) HAEILHO TUIOCKOTO HOHHOTO KpHCTAa/LIa
(Hanpumep Xopnaa Kanus) GbUI0 NPEMIOKEHO HCMONB3OBATE NEKTPHUIECKOE NOJC,
KoTopoe He Tpebyer KOHTaKTa ¢ HaHOCTPYKTYpoil. ITpHIoXeHHE 3NEKTPHIECKOTO Nno-
15 Gyner nonsipu3osath Monexyiy Cgg, epeMellias NONOKXHTEILHBIC I OTPHLATENbHBIC
3apabl Ha TPOTHBONOJIOXHBIEC CTOPOHBI cdepbl, KaK MOKa3aHO Ha PHCYHKE. IMockons-
Ky MOJIeKy/na uMeeT GObluyIo MosApH3yeMoCTb 1 GonbLuoif AMaMeTp, HHIYLHPYETCS
GONBIION 3NEKTPUUYCCKHIl AUMONBHBI MOMCHT. Ecni B3auMofeiicTeHe MeXay OH-
NOMBHEIM MOMEHTOM H TIPHJIOKEHHBIM SEKTPHYECKHM TOJIEM Gosnblue, YeM B3aHMO-
ZAeiicTBUE MeXAY MOJEKY/IO H NOBEPXHOCTBIO MATEHATa, BpallCcHHE BEKTOPA KT~
PHYECKOTO MO BHI30BET NEPEKaThIBAHNE MOJICKYIb! Cgo IO MOBEPXHOCTH.

AToMuas cunopast Mukpockonust (AFM), onicaiHas B [hase 3, Hcnonb3yeT ocT-
PYIO M1y, YCTAHOBJICHHYIO Ha KOHYHKE KaHTWICBEPa, KOTOPBIM CKaHHPYIOT NMOBCpPX-
HOCTB MaTepHaia Ha HeGONBILIOI BEICOTE, HIMEPSA nporu6 kanTivieBepa. KanTiesepsl



3
;
x
i
3
!
i
i

7

Kanmitiesep
- .

\

Yr:;cpo:man HaHoTpyGKa

Puc. 13.10. Cxema pasmeienus oxmocnoii-
HOIl yTIepOaHOI HAHOTPYOKH Ha KAHTHICBE-
P€ aTOMHOTO CHJIOBOTO MHKPOCKONA.

I.luc-md.wcp

Tpauc-n3omep
(@)

365 HMm cBeTt —=-

<— 420 uM cBeT

®)
Puc. 13.11. a) — wnayunposannas ynsrpadu-
O;1CTOBBIM CBETOM UHC-TPAHC H30MEPH3ALIMA
asobensona; 6) — monexynspHas MaumHa,
OCHOBAHHAA Ha WHAYUHPOBAHHBIX CBETOM
H30MEPHHKIX NpPeBPaLICHMAX a306eH30/1bHOrO
nomiMepa, KOTOpHIii COKpainaeTcs npu nepe-
Xoae B uHc- GopMy, BHI3KBAS H3rNG KaHTILIe-
Bepa. -

3yemas B KayecTBe 30Haa s AFM, o6nana

@2 liasa 13. Hanomawuns u nanonpubopsi

npou3BoAAT QoTonHTOrpadMuecKuMy
METOZAMH M3 KPEMHHS, IMOKCHAA KpeM-
HHs M HUTpHAA KpeMHHA. YX THnHunpe
pasmepsl — 100 MKM B JUTHHY M OKoJio ]
MKM B TONILUHHY, & XeCTKOCTb — o1 0,1 1o
1,0 H/M.. BbicoKoii 4yBCTBHTENbHOCTH
M paspeLeHHs MOXHO N06HThCs, paboTas

. B pEXKHMC KBa3HKOHTAKTa HIVIBI C OBEpX-

HocTbio. [1pH 3TOM H3MEPSIOT H3MeHeHIe
aMIUTHTYABl CMELLEHHIT KOHYHKA KaHTH-
JieBepa, OCLHJUIHPYIOLIEro BOIM3H yacTo-
Thbl Pe30HaHCa, NPH JIETKOM KACaHMH Mo-
BEPXHOCTH 30HAOM. EnuHcrBeHHas
CJIOKHOCTb COCTOMT B TOM, YTO €C/IH TO-
BEPXHOCTb CIMIUKOM TBepHasl, KacaHHe
MoxeT caomats urny. Ipynnma u3 Rice
University nokasana, 4To HCMOJIL30BaHe,
B Ka4eCTBE MaTepHaia MBI YIJIEPOAHbIX
HaHOTPYOOK MOXET CTaTh peLIeHHeM
AaHHoit npobnemel. HaHotpybka npu-
Kperusuiach K HrJle o6bIMHOro KpemHie-
BOro KaHTHIEBepa cO6OKy C MOMOIIBIO
MSATKOro aKpHJIOBOTO KJiesl, KaK II0Ka3aHo
Ha puc. 13.10. Ecim npu ynape HanoTpy6-
KH O TMOBEPXHOCTh BO3HHKaeT CHJa
O6nbluas, yeM KpHTHUYECKas civia Tpo-
AONBHOrO H3rKba, BOIHHKACT HEYCTOl M-
BoCcTh Diinepa; HaHoTpybGka M3arnbaercs,
a HC JIOMaeTcs M 3aTeM BO3BpalllacTcs
B HCXonHOe cocTtosHMe. CKIOHHOCTD Ha-
HOTPYGOK K CKIalibiBaHHIO BMECTO paspy-
UWICHHA OenaeT MoBpeXAeHHWE KOHYHKA
ManoBepoaTHLIM. Hanotpy6ka, mcnonb-

CT CLIC ONHHM NOJNE3HBIM CBOJICTBOM: OHA

CIYKHT B KauecTse nemmndepa, KOTopslii cMaryaer yaap NPH KaXO0M KacaHHH NMOBEpX-
HOCTH. 'Iv‘axoii 30HA MOKET ObITb NPHMEHEH H B KOHTAKTHBIX PeXHMaxX H3MEpCHHUS HOp-
MATBHOH M 1aTePANbHOIT KOMIIOHEHTBI CHJT B3ANMONCHCTBIS ¢ noBepxHocThio, bnaro-
Aaps MATOMy NONCPCHHOMY CEYEHHIO H GONBIIOMY OTHOWICHHIO ITHHLI K AMaMeTpy Ta-
KOIO 30HIa, OH MOXET NMPOHHKaTh B rayboxue KaHaBKH Ha NMOBEPXHOCTH, KOTOPHIE
HEIOCTYTIHBI U151 OOBLIYHBIX 30HAO0B. DNEKTPONPOBOAHbIE HAHOTPYOKH MOFYT MCIOJb-
30BaThCA M KaK 30HAbI LISt CKAHHPYIOLIEHt TYHHENbHOI MHKDPOCKOMHH.
Mozaekyna aszobensona, u3obpaxenHas Ha puc. 13.11a, npu obayueHnn cBETOM
ZTHHOIT BOAHBI 313 HM MOXET H3MEHMTB CBOIO KoH(opmaumio ¢ Tpauc'-mo.\lepuoii Ha

13.2. Hanoanexmpomexanuueckue cucmess: (NEMSs) JOD

UMC-M30MEPHYIO.- U30MEpBl — 3TO MONEKY/bI, COCTOSIME M3 OJMHAKOBLIX ATOMOB
H HMCIOLLIHE TO XK€ CaMOE KOHUCCTBO CBA3EH, HO PaIIHYHYIO PABHOBECHYIO KOH(HIY-
pawmio. O6ayuas unc-H30Mep CBETOM C JUTHHHOI BO/HBI Gonee 380 HM, MOXHO Bep-
HYTb LKC-(hOpMY B NepBOHAYANBbHYIO TpaHC-(OpMY. DTH 1BE HOPMBI pa:mnllamcn on-
THYECKHM CMCKTPOM NMOMOWCHUA. 3aMETHM, YTO LMC-H30MEpP KOpoue, YeM TpaHC-
u3oMep. A306€H30/1 MOXHO TONMMCPH30BaTh, H B MOAMMEPHOI (JOPME OH TAKKe
MOXCT TOABCPraThCs TPAHC-LHC NPEBPALLCHKIO NoA AciicTBHEM 365-HaHOMETPOBOTO
uanydeHust. Korma 310 mpoMcXomwT, DNHHA MOAMMEPHOMN LEMOYKHM yMEHbBIIACTCH.
Ipynna u3 MioHXeHCKOro YHHBEPCHTETa MOCTPOK/IA MOEKY/ISPHYIO MAILHHY, OCHO-
BaHHYIO Ha (pOTOM3OMEPH3aLMH a306eH30ILHOrO NoMuMepa. OHYM NPHKPEMIUTH Morne-
KyJ1y nosMMepa B TpaHC-(GopMe K KaHTHIEBEPY B aTOMHOM CHJIOBOM MHKPOCKONE, KaK
nokasaHo Ha puc. 13.11b, a noTom o6ny4mIH ero CBETOM ¢ IHHOI BoNHbE 365 HM, 3a-
CTaBHB MOJMMMEP CXAaThCsl M M30THYTh Ganky. OGnyueHue CBETOM ¢ MIHHHOI BONHLL
420 HM BO3BpalLACT NOAUMEP B TpaHC-(HOpPMY, NO3BONAS GanKe BEPHYTLCS B HCXORHOE
nonoxcHue. Ilpu nonepemeHHoM 06MyYeHMHM MoAMMepa MMMyabcamu cBera 420
u 365 HM Ganka Gyaer coBepiuath Koje6aHusA, DTO — nepsas AEMOHCTPALH HCKYCCT-
BEHHOM OAHOMONEKYIAPHOI MAIIHHBI, KOTOpas npeobpasyeT SHEPruio CBeTa B GH3K-
yecKylo paborty. ‘ e

13.3. MonexynspHsie u CynpamonekynspHsie
' nepeksioyarenu 5

Metons!l aiTorpaduu, 0GbIMHO MCNONB3YEMBbIE NPH M3rOTOBNCHHH KPEMHHMEBBIX YH-
NOB JUISl KOMITLIOTEPOB, MPHOMIKAIOTCSA K CBOHM MNpeAeaaM B IUIaHE YMCHBIICHHA pa3-
MEPOB 3/IEMEHTOB cxeMbl. HaHOpasMepHast apXHTEKTypa CTaHOBHTCS Gosiee COXKHO#
B M3rOTOBJEHHH W Gosee A0poroif. 3T0 MOTHBHPOBAIO YCHJIHS 1O CHHTE3Y MOJIEKYI,
CMOCOGHBIX CYXHTh NepexmoyaTensiMiy. MonexkynsipHble NEPEKNIoUaTeni MONIH 6l
CTaTh OCHOBOI! YCTPOIHCTB XpaHeHH s HH(OPMALMH 1 JIOTHYECKHX CXEM B KOMIMbIOTE-
pax, MCTO/IB3YIOLIMX ABOMYHYIO CHCTCMY. Mornekyna A, XoTOpasi MOXET HaXONHThCA
B JIBYX PATHYHBIX COCTOSIHHAX, CKaXeM, B (hopmax A 1 B u o6paTHMO NEPEBOAHTECS
BHCLIHMMH BO3AeHCTBHSAMH, (CBET, HANPSDKEHHE) M3 OJTHOTO COCTOAHKS B APYToe, Mo-
XeT ObITh HCMOIBL30BAHA IS sanoMHHaHKsa HHdopMmaiuiu. s Toro, YTo6El paccCMaTpH-
BaTh MOJIEKYJTy B KaueCTBE XpaHHIHILA HYJIA WIH CAHHHLEL, ucoﬁxonfxmux JUISE IBOMY-
HOIT JIOTHKM, MepeKIToueHNHe BHELIHHMH
BO3ACHCTBUAMM MeXay ABYMSI COCTOSIHH-

Ry R2 e~
SIMM JIOKHO GbITh GBICTPBIM M oGpat- 1' s, l ﬁuszmuumm J
MbIM. O6a COCTOAHHS JOMKHBI 6bITh TEP- A B lA = _.]
MOYCTOMYHBBIMH H crocoGHBIMH TiCpe- S

KiouaTtbcsi B 06¢ CTOpPOHBI MHOro pas.
Bonee Toro, 3TH 1Ba COCTOAHMHST A0/KHEI
GbITH PARTHYHMBIMH JUISI HCKOTOPOTO 30H-~
aa R. Takoe 30HAMPOBAHHE HA3bIBACTCA
pexxmMom ureHus. Ha puc. 13.12 npen-

Puc. 13.12. CxemaTHuecKoe NPEACTABNCHIE
 3IEMEHTOB MOJICKYASIPHOTO MEpeKniovaTes.
Biewnee BO3ACHCTBHE §; H3MEHACT COCTOR-
* Hue Monexkyast 13 0 B 1, a S, Bo3Bpalact Mo-
nexyay B cocrosninue 0. -
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Puc. 13.13. Cxema ynparieHHs DPOLECCOM
TIEpEKIIOUEHNs a300eH30a IIOCPEACTBOM
thoTou3OMEPH3ALEH (BEPX PHCYHKA) M 37MEKT-

((@ Trosa 13. Haroxauwunw u #aronpubopul

CTaRNeHa CXEMa OCHOBHLIX 3AEMEHTO g,
JEKY1ZPHOTO NepeKloyaTens, p
BO3IeHiCTBIE ) BuIznIBaeT DEPEKTiogenye
13 cocToams 0 B cocToanpe 1, a Boej;.
CTBHE .S, MHAYIMDYET 0Bparios Nepe-
xmoyexne. Cywecrsyer MHOXECTBO pa3.
JIMYHEX BUOOB MOJNEKYIADHLIX nepekayp-
yareneil.

IlpumepoM Takoro MOJeXyaspHony
TIEPEKIIIOYATeNs] MOXET CIIYXKHTS YCTpOii-
CTBO Ha OCHOBE MOJEKYJH a300eH30ma,

POXIMItH (I3 HCYHKa), nO3BONRIOMIas pea-  KOTOPad HMEET IBE M3OMEPHEIX (hopuy,
JIM30BaTh IBYXPEAHMHBII NEPEKTIOYaTe D, H30bpaxeHHsle Ha puc. 13.11a. K COXa-

: o - JieHMIo, uuc-popma a3obeH3ona ne SIBJIS-
CTCS TEPMOYCTOIfYHBOM, H HE3HAYMTENbHOE HAaTPEeBAHME MOXKET BEPHYTH €€ B TpaH(c-
dopwmy, uTo mpensTCTBYET NpaKTHYECKOMY NPHUMEHEHHIO ONTHYECKHMX METONOB niepe-
KIIOYCHHA B BBIYMCICHHUTENbHOIN TexHHKe. Mcnonb3oBamme 3JIEKTPOXUMHYECKOrD
OKHCNICHHS 1 BOCCTAHORNCHHS MOXET NPEOJONETH Ty TEPMHYECKYIO HEYCTOHYHBOCTS
asobensona. Ha puc. 13.13 TI0Ka3aHO, KaK LIHC-M30MEpP BOCCTAHABIMBAETCSH [0 THApO-
a306CH3071a B 3/IEKTPOXHMHYECKOM Tpouecce myrem 106aBIEHHS IBYX aTOMOB BOJOPO-
Za non aeiicTeieM Gosiee OTpHLATENBLHOTO NoTeHUMAana, a 3aTeM BO3BpalLAETCSA K TPaHC-
H30MEpY IyTeM OKHCIEHUS, YAANSIOLIErO aTOMEI BOZOpoma. '

XupanbHslit onTHyeckuii MONCKYIAPHBI NepekmioyaTenb, H306paKeHHbIl Ha

puc. 13.14, s unnyumposanus nepexonon MEXIy H30MEpaMH HCTIONb3YET CBET C Kpy-

| | » i

Yrenue

3anmcs Crupanue

AMH, 0603Hay KOTOpyIo MoXHO mepexmiouaTs Mexy ABYMS COCTOHH-
(CPL). o CHHLIMU M 3t P, ncnonsays caer ¢ kpyrosoii nonspusauel
s no’;“pun“?m""c MOZICKyNsIpHOro nepekmioyatens cunTsisaercs Hel-
€T ¢ nomo PaHHbIM cetom (LPL). Crupanue undopmauii ocymiecTsi-
HLI0 HenonspHIoBanKoro caeta (UPL). v

- Pue. 13.14, Cxema MOJeKynl,

13.3. Hanosnexmpomexanuuecxue cucmemes (NEMSs) 309

o-

‘ : Me .

Puc. 13.15. Qotoxumuyeckoe TICPEKITIOYCHHE CIHpONKpaHa (cnéna) ‘B MEPOLMAHNH
(cnpasa) ynstpaduoneTossim obayueHneM ¢ sHeprueit KBaHTOB hv,. Kpac-
HBIdi CBET (3HEPrus KBaHTOB hw,) wnu Terio (A) uasiBact o6paTHOE KOH-
(bopMaLHOHHOE H3MEHEHHE MONIEKYIIBI.

N
I
Me

rosoii nonsipusaumeit (CPL). OGnyyenne Monexynst B M-¢opwme cBetom ¢ nesocro-
PpOHHeii KpyroBoii nonsipusaumeii (—)—CPL, nokasanHoii B 1eBoii yacTu PHCYHKA, Bbl-
3bIBACT BPALCHHE BEPXHEH YETHIPEXKOMBUEBON IPYMIBI OT CTPYKTYPHI NPABOCTOPOH-
Hell cnupanu K nesocTopoHHeit (P-dop- :

Ma), KaK MoKa3aHO Ha pucyHke. Cer :

C NMpaBOCTOPOHHEH KPYroBoii MonsApHaa- OI_\V\\

uueii (+)-CPL Bei3biBaeT o6patHoe npe- . I—,-E*(©—|
BpatueHue. JIis YTeHMs COCTOSHUS Mepe- ° N = N
KJTIOYATe/I MOXHO HCTIONb30BATh IHHEl- - @ Q I' Q
i : : ‘ (@) @ :

HO monapu3oBaHHbit ceer (LPL),

PETUCTPHPYS H3MEHEHHE TLUIOCKOCTH 110~ 0 O b 5 (N)
napusauuu. UHbopMmaumio MOXHO cre- Q_. *|_?_©_|*
peTh Henosipu3oBaHHbIM cBeToM (UPL). ‘ c‘\/oLf\/ e

KoHdopMaUHOHHBEIE WIMEHEHHS,
BKJIIOYAIOLHE NIEPETPYNIHPOBKY CBA3eH wu-r

@

O

B MOJIEKYJI€, TAKXK€E MOTYT ObITh OCHOBOI
AN MOJIEKYJISIPHOTO MEPEKIoYaTeNs. _ - _
Korzia GecuserHbiit CiMponupa, noka- - o(\ v °,\\n_'\$©_‘ ‘
3aHHBI# B JNeBoit yacth puc. 13.15, 06- e ¢
' 50 L O
- sUs

MH hv,, yIIepOAHO-KHCIOPOAHBIE CBA3H  (5) g : _
pacKpbiBaloTCsl H 06pasyeTcs MepoLHa- 8 O
HHH, N306GpaXeHHHI B MpaBoil YacTH tJ 3 7
puc. 13.15. Koraa MepousaHuH obnyya- . B 03‘ © :
IOT BHANMBIM (KPaCHBIM) CBETOM (KBaH- k/o\‘_,o\)
NPOMCXOANT OGpaTHas mepecTpoiika PEKITIOYCHHIO KATEHAH, H3MEHSIOLIETO KOH-
WIS OSPAIJUTCK CHiMposwe - (OpMALHIO TIPH NMPIIOKEHHH HANPSOKEHMS,

- Jinst M3rOTOBNEHHS MONEKYMAPHOTO o orop0e prisuipacT oKucacHe (—€7) OT Bepx-
NepeKmoyaresis HCnoJb30BaIH H KaTeHa-  yerg (- -) H30MEPHOTO cocnzmmﬂ K HIDKHEMY
HOBBIE MOJICKY/Ibl, COCTOSIHHE KOTOpBIX (-), n BoccTaHoBNeHKe (+e7) s o6;>amoro,

Jyyaercs ynabTpad)HONeTOBBIMH KBaHTa-

THI C SHeprHeit hv,) win HarpesaioT (A), -
Puc. 13.16. Unmoctpauus cnocoGHOro X ne-

MEHSIETCS NpPH MOABOAC HAMPSKCHHA. NpeBpaALLCHHA.

- 11—2087
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KareHaHOBLIMH Ha3bIBAIOTCS Monekyny
?

ta s AN RARN

& 40 i "'ll"”..l‘n]nl]l 3
T 3 B KOTOPBIX OXHO MONEKYISPHOE Komyyg
wf / MEXaHHYCCKH CLCIUIEHO C APYTHM Kopy.
2 f 3 LiOM, KaK NMOKA3aHO Ha pHC. 13.16, Jig
g Wb 9 pasNiM4HBIX COCTOSIHHS TepeKmoyareny
s ’ ] JUTMHO# 1 HM W IUMPHHOI 0,5 HM nokas,.
E 0 4 Hbl Ha puc. 13.16a u 13.166. [ns Takory
g 0 1]  npUMeHeHMS MOHOCNOM KaTeHaHa, 3.
§-2° . KpeIUIeHHbIH aMPUOWIBHBIME docdo-
g _ 3 NUNHAHBIMH TIPOTHBOMOHAMH, TIOMelma-
L nnd 1T MeXy ABYMs aiekTponamu. Crpykry-
—40 bl AL PETEENEENSARRRRAS NS NN :

) -08-06-04-02 0 02 04 06 08 1 pa, nokasaHHas Ha puc. 13.16a, - 3no
. . Pa3OMKHYTOE COCTOSIHHE MepeKmoyare-
Puc. 13.17. BonsTamnepHbie XapakTepHCTHKH 110 ray gk Takast KOH(HIYPALMS Nposo-

OKTAHTHONOBOTO MOHOC/IOS Ha 30/10TOl MOA- ] _
MT 2NEKTPHYECTBO XyXe, YeM
JIOXKE, TIONY4EHHBIE C MOMOLLBIO TIOKPHITOTO A =P Xyxe, CTPYKTYpa,

sonotom STM-octpus. B neficreutensiiocrn  M300paXeHHas Ha puc. 13.166. Ko
GBUTH TONYYeHB! MIATH KPHBBIX, HO MOKa3aHL!l  MOJIEKYJIa OKMCJIEHA MPWJIOXCHHBIM Ha-
TONBKO JIBE M3 HHX: CAMast HIDKHAA (---) HC3-  mipKXEHHEM, KOTOPOE YAAISAET 3/EKTPOH,
mas pepxisia (=). CriomHas KpUBas COOT-  rormamyadybBaMHOBAs TPYTINA, CONEP-
BETCTEYET HCTHIPEXKPATHOMY YBCHWICHMIO o »iiast cepy, CTAHOBHMTCS MOJOXHTENHHO
TOKa M0 CPaBHEHHIO C ITPHXOBOH Oa3HCHOIM 2
KpHBOI. nouusuponannoﬁ H, TaKHM _o6pa30u,
3NMEKTPOCTATHYECKH OTTAIKMBAETCA 0T
LMKNOGhaHOBOI TPYNIBI, KOABLUO KOTOPO CONECPXMT aTOMbl a30Ta. DTO NPHBOMHT
K H3MCHEHHIO CTPYKTYpHI, KOTOPOE TO CYLIECTBY 3aK/TIOYaeTCsl B TIOBOPOTE KOMbIA,
PacnosioXeHHOro B JIEBOi YacTH MoeKysl (cM. puc. 13.16). ' v
Wnrepechbiit acnekT 3710it npoLeayps! COCTOMT B 06HAPYXEHHH JIEKTPONPOBOL-
HOCTH HEKOTOPbIX MOJIEKYJI, XOTS M He O4YeHb BBICOKOM. 1 u3MepeHH MpPOBOAHMOC-
TH JUIMHHBIX LEMHBIX MOJieKyN ucnonb3osani STM. Ha noBepxHOCTH 30/10Ta MOCPEA-
cTBOM caMoc6opKu opMupoBani MOHOCHO okTaHTHONA. [pynna cepbl Ha KOHLE MO
JICKYIB! CBSI3aHA C TOBEPXHOCTBIO CrIocoGOM, MoKa3aHHbIM Ha puc. 10.2 — 10.4 (Fasa
10). 3atem yacTs MonieKyn 6bU1a ynaneHa pacTBOPEHHEM 1 3aMeHEHa 1,8-OKTaHIMTHO-
JIOM, Y KOTOPOTO CEpHEIE FPYNIB! PaCNONOXeHb Ha 060MX KOHLAX LienoukH. MeroloM
STM MoHOC/0/f CKAHHPOBANH OCTPHEM, TIOKPHITHIM 30JI0TOM, JI0 OGHApYKEHHS MOC-
Kynbt 1,8-0KTaHonUTHONA. 3aTeM OCTPHE IPHBOLWIH B KOHTAKT C KOHLIOM MOJICKYAH,
4YTOGb! 06pa30BaTh JNEKTPHYECKYIO Lemb MEXJIy OCTpHEM M TIOJIOXKOIf H3 30710T3.
Monexynl okTanTHONa, CBA3aHHBIE TONBKO ¢ HIDKHUM 307I0TBIM JIEKTPOIOM, CTYXIH-
JIH MOJIEKYIADHBIMU HIONATOPAMH, MEKTPHYCCKH H30MPYs OKTAHAMTHONOBBIE IPO”
BoIoKH. ITocne 3T0ro HanpsxeHme MEXLy OCTPHEM M HIKHMM 30/IOTIM MEKTPOAON
YBETHUHBANH U UIMEPSH TOK. B pesynsTate nonyumiocs nath SCHO pavHYHMBIX C&°
MEHCTB KpHBBIX, KAXII0€ M3 KOTODBIX NOMyuaeTCs U3 GasucHoj KpuBol, H3o0paxel
Hoit Ha puc. 13.17 MyHKTHPHOM MuHMel, myTeM yMHOXeHHS Ha HeGOMBLIOE HEN0C
uncno. Ha pucynke npusenenst tonsko BEPXHSSl M HIDKHSS KpHBbie. BasHCHal KpH-
Bas COOTBETCTBYCT NPOBOAUMOCTH OHO} Monexynu nim«ona; ApyrHe KpHUBBIC co0T-

13.3. Hanossexmpomexanuueciue cucmens (NEMSs) MD

BETCTBYIOT IPOBOMMOCTH HECKOBbKHMX
TakKX Monekyn. Cneayer orMeTnts, uto
TOK JOCTATOYHO MaJ, a OUCHKA CONpo-
THBICHMS MOJIEKY/bl HAeT BEAHUHHY
okono 900 MOm. @ i

Pa3paboTaB METOMMKY M3MepeHHs

3MEKTPONPOBONHOCTH ORHON wuenHO#

MOJICKY/Ibl, MCCNEAOBATENM CTANH 3aja-
BATBCSL BOMPOCOM, MOXHO JIM CO34aTh
MOJIEKYAY, MPOBOAUMOCTb KOTOPOI MOX-
HO ObUIO OBl M3MEHATH CKAUKOM KakK
B BuIKiIovyatesne. OHM HCMONb30BaAJIK OT-
HOCHTEJIHO MPOCTYIO MONEKYJTY, H306pa-
XEHHYIO Ha pHC. 13.18 u conepxauyio
THonoByl0 rpynny (SH-), xoropasi mo-
XeT TPHUKPEIUISITLCA K 30JI0TY, MOTEpSB
aTtoM Boaopoa. Morekyna 2-aMHHO-4-
STHAHUADEHUN-4-3THAHHADEeHHADE -
HMUJI-5-HUTpO-1-6eH30onTHONATa, COCTOHT
M3 TpeX OEH30JBHBIX KOJELl, MOCIen0Ba-
TENIbHO CBSI3AHHBIX aTOMaMM Yrjiepoja
¢ TPOifHBIMHU cBsi3AMH. K cpeqHeMy Konb-
1ly TIpMKpEIieH AOHOpP 3/IEKTPOHOB —
amuHorpynna (NH,-), BbiTankusaiomas
3JIEKTPOHBI Ha Konbuo. Ha apyroit cro-
POHE KOJIbLIA HAXOAMTCS aKLeNnTop 3/eK-
TPOHOB — HuTporpynna (NO,—), oTTsru-
BAIOWIAs NEKTPOHBI C KOJNblia. B pesysib-
TaTé 3TOr0 LEHTPAIbHOE KOJbLO
obnamaer GONMBIIMM BJEKTPHUYECKHM AH-
nonsHBIM MoMeHToM. Ha puc. 13.19 no-
Ka3aHb! - BOJILTAMITEPHBIC XapaKTepHCTH-
KH 3TOil MOJEKy/bl, NMPHKpPEIUIEHHOI
060MMH KOHLAMH K 30/I0THIM 3JIEKTPO-
aaM. Tok no Heit HauMHaeT HATH NPH Ha-

3onoroit anexTpon

kv/ : ]
Puc. 13.18. Cxema an1eKTpoHHOrO nepexmo-
Yaresis, BHINOJIHEHHOIO Ha MpoBoAsALIEii Mo-
JIEKyNe, NPHKPEIUICHHON KOHUAMH K 30/10-

ThIM 3nekTpoaaM. IlepeoHayansio Mosexyna
SIBNSICTCA HEMpOBOAsIIEH, HO NPH AOCTHXe-

_HHH HanpsXXCHHEM 3HAYCHHA, JOCTATOYHOIO

ans fo0aBieHUs K MONEKyae 3N1eKTPOHA
C 3/IeKTPOAa, OHAa CTAHOBHTCA NMpoBoOAsALLEii.
JanbHeiiee ysennyeHne HaNPSKEHHUA ONATH
Jenaer e¢ HenmposoasiLeit 13-3a nobapneHus
BTOPOTO 3/ICKTPOHA.
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Puc. 13.19. BonstaMnepHbie XapaKTepHCTHKH

2MIEKTPOHHOIO MepeKiioyareis, H306paxeH-
Horo Ha puc. 13.18. e

npsokenuu 1,6 B, 3aTeM GHICTPO YBENMYHBACTCA M PE3KO MAjacT NPH HANPAXKCHIMI
2,1 B. Takast XapaKTepHCTHKa C OTPHLATENbHBIM AHbepeHIHATLHEIM CONpOTHRC-
HueM HaGmonaeTcst npu Temneparype 60 K, a npi KOMHATHO# TeMMepaType 3aBHCH-
MOCTb MMeeT 00bruHblil B, ITpeanoxXeHHBIH MEXaHH3IM JUISt a¢ddexTa COCTOMT B TOM,

YTO MOJIEKYJIa H3HAYa/lIbHO ABJIA

eTCsl HenPOBOAALLEH, a NIPH HANPSDKEHHH, HA KOTOPOM

HaGniomaeTcs MUK TOKa, OHA TOJYYaeT ICKTPOH, obpa3ys panHKaibHBli{ HOH, H CTa-
HoBuTCs npososiueii. ITpu JanbHeitleM YBETHUCHHH HANPSOKCHHA K MONICKYAC 110~
GaBJisieTcst BTOpOii 3/IEKTPOH H OHA CTAHOBHTCA HENpPOBOAALIMM JHAHHOHOM.
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Puc. 13.20. Monekyna poKcaTaHa, HCNOJIb3yeMasi B IEPEKITIOUaTesie, CXeMaTH4HO H306-
PAXEHHOM Ha pHc. 13.21, s cO3NAHHSA JIOTHYCCKHX DNIEMEHTOB Ha MOJICKY-

JiApHO# OCHOBE.

Al
Ti

Monocnoft pokcataHa <V>

A0,
Al
SiO,/Si nopnoxka

Puc. 13.21. ITonepeyHoe ceueHHE MOJCKY-
JIIPHOTO TMEPEKIIOYATENsl, M3rOTOBICHHOIO
METOROM JNTorpacui Ha OCHOBE poKcaTaHa,
MOJICKyJIa KOTOPOro noxasaHa Ha puc. 13.20.
MoHocnoii pokcataHa NOMEIAeTCs MEXIy
IOMMHHEBBIMH 3/ICKTPOJAMM, HAXOMALIM-
MHCS Ha noautoxke. Bepxuuit anektpon no-
KPBIT CJIOCM THTaHA, a HIDKHMIT — CJIoeM OK-
CH/Ia AMOMHHMA.

Pasymeercs, REMOHCTPALHU TOTO,
YTO MOJIEKY/Ia MOXET NMPOBOAUTDL 3JMEKT-
PMYECTBO H TOrO, YTO 3TOM NMPOBOAUMOC-
TBIO MOXHO YTNpaBJATh, HEAOCTAaTOYHO
Juis paspaboTki Komnsiotepa. st dop-
MHPOBAHHA JIOTHYECKHX 3NICMEHTOB (BEH-
THNEH) MONEKyNSpHbIE MNEepeKIoYaTe/i
Heo6XOAMMO COCOVUHHMTH MeXay coboif.
Mornekyna pokcaraHa, Noka3aHHas Ha
puc. 13.20, moxeT MeHATb KoHpopMa-
LUHIO MpPH MONYYCHUM WU MOTEPE MEK-
TPOHA NMOCPEICTBOM BpalUCHHA KHCIO-
POOHOrO KOJblla B JICBOH 4acTH
puc. 13.20, nogo6Ho TOMY, KaK 3TO NMpo-
HCXOAMT B KareHaHe (puc. 13.16). 3ro
OBUIO HCMIONIB30BaHO s pa3paboTKy me-
PEKITIOYAIOIKUX YCTPOMHCTB, KOTOPBIC

MOXHO COCQUHATD APYr ¢ ApyroM. CxemMaTHyecKoe H306paxeHHe NonepeyHoro ceye-
HHS OTACNBHOTO NEpEKNIoyaTeNs nokasaHo Ha puc. 13.21. Kaxnoe ycrpoiictso cocrto-

HT W3 MOHOCJIONl MOJIEKY]l POKCATaHa, TIOMEILEHHOrO MeXIy ABYMS NapauiebHbIMH
JJICKTPOAAMH, MU3TOTOBJICHHBLIMH U3 amoMuHus (Al). Bepxuuit anexrpon Ha pHCYHKE
nokpsIT cioeM ThTaHa (Ti), a Hiknuit — crioem oxcuna amomuums (Al O5), xo-ropuﬁ

obpa3yeT TYHHEJIbHBLI Gapbep.

Jist MpOM3BOACTBA 3TOrO NEPEKIIOYATENS HUXHUIL 3NEKTPOA GbLT HW3roTOBICH
NUTOrpapuueCKHM HAHECEHHEM aNOMHHHEBBIX TIPOBOIOK auamerpoM 0,6 MKM Ha
KPEMHHEBYIO TMOVTOXKY. 3aTeM 3TOT 3/IEKTPOJ OKHCIISUIH C o6pazosanmem cinosi ALOs
M Ha HEro OoCaXaanH MOHOC/ION MONEKYN pokcaraHa, moka3aHHmix Ha puc. 13.20,

13.3. Hanoasexmpomexanuueckue cucmems (NEMSs) @i}

B BMJAC MACHKHM JleHrmiopa-Bnomxerr
(cm. Thasy 10). 3arem yepes KoHTaKT-
HYIO MAacKy OCaXAaJlu C/I0i TUTaHa TOJ-
IHHOM 5 MKM u Gojiee ToncTwIil coi
ATIOMHHHUSL.

Ha puc. '13.22 nokazansl BoNbTaM-
NEPHBIC XapaKTEPUCTHKHU TaKOTo YCT-
poiictBa. [lpunoxenue HanpsXeHHs
—2 B B peX#uMe YTCHHS BBI3BIBACT PE3KOE
yBenuueHue Toka. Ilepexmouarens Mo-
KT ObITh OTKPHIT NPIIOKEHHEM Hanps-
xeuust 0,7 B. Tox B OTKpHITOM COCTOSI-
HUH OTJIMYAICS OT TOKA B 3aKPHITOM CO-

crosHuu B 60-80 pas. nsa cosmanus

MaTpHLBl JIOTHYECKHX JICMEHTOB, HMe-
IOLIMX MEPCTIEKTHBY NPHMEHCHHS B KOM-
MbIOTEPAX, MHOXECTBO TaKHX NEpPeKIIio-
yaresieit NOKHBE ObITH COOpaHBl B Mac-

cuBbl. JIBa nepexmiouarens (A u B),

COeZHHEHHBIE, KaK NMOKa3aHO B BepXHeif
yactu puc. 13.23, moryr GyHKUMOHHPO-
BaTh KakK Jioruueckuit snement H. lnsa
MOJIY4EHHA HANpPSKEHHS Ha €ro BBIXOAE
oba nepekiioyarens AO/DKHBI HAXOAUTh-
csl BO BKJIIOYEHHOM COCTOSIHMM. Bbixoa-
HOIl CHUrHaJl JOJKEH OLITh MalbIM HIH
ero Boobiue He JoMKHO 6biTh, Koraa oba
nepexIoyaTess BBIKJIIOUEHBI,
MAM BKJIIOMEH TOJNIBKO OOWH H3 HHX.
Ha puc. 13.23 mokasaH BBIXOAHO# CHI-
HaJI 2/IeMEHTa VIS Pa3IHYHBIX NOJoXe-
Huii nepexmouareneit A u B, HasbiBae-
MbIX azpecHbIMM ypoBHsmH. Koraa oba
TepexIoyaTes BHIKIIOYEHbI (4 = B=0)
TOKA HET, KOraa BKIIOYEH TOJNBKO ONHH
u3 nepexmouareneif (4 =0 un B = 1,
win A= 1 u B=0) ToK oueHb Ma. Tonp-
Ko coueranne A = 1 u B =1 st oGoux
nepexiioyareneii obecrieyHBacT 3HadH-
TeIbHBIIT BBIXOAHO# TOK, MOKa3bIBasd, uTo
YCTPOICTBO ACHCTBHTEILHO MOXCT pabo-
TaTh KaK Jnoruyeckuit anement H.Otn
pe3y/TaThl AEMOHCTPHPYIOT MOTCHIMAT

0-7:Illl'll""[llllll'r]i"Tl]ll‘llll'|ll"l:
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~ Puec. 13.22. Bonsrammneptibie xapalcrepuc'mxu‘
' MOJIEKY/ISSPHOTO TepeKiouarens, n3obpa-
KeHHOro Ha puc. 13.21. '
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A0 0 AT
B 0 1 0 1
-10 : 1
Anpecinie ypoBHy snemcnTa H

Puc. 13.23. PecansHo noayuehHas Tabnmua
HCTHHHOCTH JoTHYecKoro aneMenTa M, usro-
TOBJIEHHOTO M3 ABYX MOJEKYISPHHX Tnepe-
Kmoyareneit A 1 B, coeIMHCHHBIX KaK NOKa-
3an0 cBepxy. [padiK IEMOHCTPHPYET, UTO Bbi-
xoiHoil curnan (60bILOI TOK) MOABAACTCSH
TONBLKO B TOM Ciyuae, Koraa oba mepexioya-
TeAs HAXOAATCA BO BKJIIOYEHHOM COCTOSHHH
(A =1 u B =1). Anpecusic YPOBHH, nome-
HIEHHBE BHU3Y rpadka, NOKA3KBAIOT BO3-
MOXHBIE COCTOSHMSA nepexnovarencit 4 u B:
pxmoyeno (1) 1 suiknioueto (0).
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HCTIONb30BAHMA MONEKYNAPHBIX MEPEKIIOYaIoMHX YCTPOMHCTB JUISl - KOMIIBIOTEPHBIX
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NPUNOXEHME A. e -
i DOPMYIbI A1 PA3HbIX
PA3MEPHOCTEM -
A.1. Beepenue |
B Ilmase 9, nocBs1EeHHOI KBAHTOBLIM TOUKAM, npononokﬁu u uuﬁu; 6bU10 noxé.sauo,
YTO Pa3sMEPHOCTb CHCTEMbI CHJIBHO BJIMSET Ha €€ CBOICTBA. DTO ONMH M3 HOBBIX CyIle-
CTBEHHLIX (haKTOPOB, ACNAIOIUMX HAHOHAYKY TaKol HHTepecHO#. B aToM TNIPHIOKEHHH

coGpaHbl HEKOTOPBIE BakHbIE HOPMYNE!, 0606IAI0IIME POJIb PAIMEPHOCTH B CBOJCT-
Bax 00BEKTOB. e ' :

A.2. ﬂenoxdnu;auuu

O6nacTh, 3aHMMaeMasi MOACHCTEMOI 3/EKTPOHOB TPOBOJMMOCTH B C/Ty4asiX OMHO-
ABY~- M TPEXMEPHOTO NPOCTPAHCTBA, — 3TO JUIHHA, TUTOLIANb ¥ 06BEM B IIEPBOM CTONG-
ue Tabnuusl A.1. Bo BropoM cronGlie npHBeACHbl pa3Mephl EMEHTApHOI AYCHKH
B k-TIpOCTpaHCTBE, a B TPETheM — pa3Mepsl obacTi Depmu (onpeaensioLeiics Hepa-
BeHcTBOM E < Ep), 3aHMMaeMOil AENOKaTH30BAaHHBIMH J/ICKTPOHAMH, rae Ep =
#%k}/2m. B ueTBepTOM CTONGLE NMPHBEACHE! BHIPAXEHHS ISt K B 3THX Tpex ciryuasx.
KONHYecTBO 3/1EKTPOHOB N,’uaxozmmuxcn B :}ammaemoﬁ obnactu u3 cronbua 3 npu
TeMIeparype, paBHOIi a6COMOTHOMY HYJIIO, M TUIOTHOCTB coctosinmit D(E), onpenens-
emyio xak D(E) = dN(E)/dE, npuseneHa B Tabmiue A.2.- M3 Hee BHAHO, YTO C POCTOM
SHEPrHH IUIOTHOCTb COCTOSHHIT YMEHBIIAETCS B CJIy4ae OIHOTO M3MEPEHHUsl, OCTaeTCA
TIOCTOSIHHOI B IBYX M pacTeT B TpeX HamepeHusiX. Taxim 06pa3oM, KOHYECTBO MEKTPO-
HOB M IUIOTHOCTh COCTOSTHII KaK (DYHKLIHH SHEPTHM B STHX TPEX CIy4asx BEAyT ceOs Cy-
ILECTBEHHO ornuqa;oumuca 06pa3oM, KaK MOXHO BHIETb Ha PHCYHKaX 9.9,9. 10 1 9.15.

© A.3. Yacrnunas nokanusduua

DIeKTPOHb! POBOAMMOCTH B HAHOCTPYKTYPAX MOTYT GbITh YACTHYHO JIOKATHIOBAHH!,
a YACTHYHO JEJOKATM30BAHE! B 3aBHCHMOCTH OT (JOPMbI M Pa3MEPHOCTH CTPYKTYPhI.
OnHMM Npefe/IbHBIM CITy4aeM SIB/SETCA KBAHTOBAs TOUKa, B KOTOPOit OHH TMONHOCTBIO
JIOKATM30BaHBI, APYTHM — OOBEMHOE TENIO, B KOTOPOM HaGniofiaeTCst NOJHAA JieIoKa-
u3aust. TIPOMEXYTOUHBIE CTydal BKITIOYAIOT KBAKTOBHIC MPOBOJIOKI, JUHHHEIC B 01~
HOM H3MEpEHIH 1 OYeHb MAICHBKHE B NOTIEPETHHKE, 1 KBAHTOBBIC MBI B dopwme cno-
¢B HAHOMETPOBO# TOMLMHBI H 3HAYHTEILHO Gonblueii JTHHBL i WHPHHBL. B XBaHTO-
BO#i POBOJIOKE 3/MEKTPOHBI JIOKATHIOBAHEI M0 JABYM HIMEPCHHAM I JACTIOKATH3OBAHBI
110 TPETHEMY, a B KBaHTOBOI siMeE HaGmonaetcs oGparHoe cooTHowenie. B rabnuue A.3
NpHBEACHBI KONHYCCTBA NCKTPOHOB H IUIOTHOCTL COCTOSIHHIt B 9THX YeTBIPEX Cyya-



<@2 Tpunoxcenue A. Popmyas 023 pasnbix pa3smeprocmeii

9.10 X 3aBHCHMOCTH OT DHCPIHH NOKa3aHsl rpadumyeck,
DHepreTHYECKHE YPOBHH KBAHTOBOI MBI MOTYT GbITh BHIPOXKICHBI. Bonee noxpo6uo
310t Bonpoc HoxeH B L. Jacak, P. Hawrylak and A. Wojs, Quantum dots, Springer,
Berlin, 1998, Section 3.1. -

dopmyisl, NpeCTaBNCHHbIC B 3TOM TIPIIOKEHHH, OTHOCATCS K HACAILHOMY City-
4210 H3OTPOIHAIX CHCTEM, B KOTOPBIX ®epMH-TIOBEPXHOCTb B ABYMCPHOM Cllyyae sBisi-
CTCA KPYTOM, @ B TPEXMCPHOM — cdepoit. PopMyJisl Wist OGBEMHOTO TeJia B NOC/ea e
cTpoke TabHibl A.3 NPHBEICHbI B TIPEANONOKXEHHH O CYIIECTBOBAHHH €/IHHCTBEHHOI
30HH NPOBOAMMOCTH. Ha NpakTHKE TAKHE 30HBI CNOXHEE M HX Gosnblie, HO 3TH ynpo-
LLCHHEIE BHPAXEHNS CYKAT JUIS OSICHEHHS! POJIH, KOTOPYIO SEKTH! SMEKTPOHHON
JTOKIH3ALIMH M AEJOKATH3aLHH HIPAIOT B HAHOCTPYKTYpaX. - '

X, a Ha pucyHKax 9.9 M

Ta6mma A.1. CpoiicTsa xoobnuumom 1 k-IPOCTPAHCTBA B OXHOM, ABYX M TPEX HaMe-

peHHAX
Snement DnemeHTapPHAR AHEHKa
npoctpanctea 8 k-npoctpancrae ®epmu-obnacts  3uauenme k2 PaamepHocTs
Dowmna L 2x/1 2k, ookl Onmu
Mnowams A= (21/1) A kp kZ+ ko S——
Obvem V=1 (27/1) Antki/3 K+k+k Tpu

Ta6muua A.2. Komeuecrso anextporos N(E) u niotHocts cocroauuit D(E) = dN(E)/dE
KaK yskius sneprii E 31€KTPOHOB, JCIOKATH30BAHHBIX 110 OJTHOMY, ABYM M TPCM H3-
mepernam. A= L, V=101’ ‘ : :

. R & 2 ; Jlenoxa{msélo-
Konusecrso anexrporos N MnomHocts cocrosnmi D(E) HHbIX M3MEPEHHH
NIE) = 4ky/(27/1) = (21/7)(2m/A7) 2EV*  D(E) = (L/7)(2m/B")"E/? ol
NIE) = 22K /(22/1) = (A/27)2m/K)E  DIE) = (A/27)(2m/A%) &)

N(E) = 2(4xk}/3)/(2a /1) = , e »
(V/3x%)(2m/R) 7B DIE) = {vV/2p2)(2m/#%)3/2E1 /2 3

TaGmma A.3. Komuuectso anexrpoos N(E) u nioTHocTs coctostmuit D(E) = dN(E)/dE
KaK GyHKIs SHEpriH E 3/1eKTPOHOB, ACNOKANM30BAHHBIX/NOKATH3IOBAHHBIX B KBAHTO
BbIX TOYKAax, MPOBONIOKAX, AMax H OOBEMHEIX Telax

Konunuecteo Mnomocts - . PaamepHOCTH
Tun anextponos N cocrosmmii D(E) Denoxanu- Jloxanu-
' ; _ . 30BOHHbIE - 30BOHHBE
Towa . NE)=2ZdO(E-E,)  DIE)=22d (E-E,) : 0 . 3.
Nposonoka  NIE) = (2L/x)(2m/#°)'*  D(E) = (L/x)(2m/A%)*Sd(E - E,)/? 1 1@
fima N(E) = (A/27)(2m/5%) X D(E) = (A/27)(2m/h?) % MNTRGR, biiisu0)
X Zd{E-E,) X ZdZd(E - E, )2 PR -
Obrem N(Lf)=(V/3:r’}x ~ D{E) = (V/27%) x PN HERRIY ;
X 2m/BYE2 X (2m/RYRER ' -

Buipoxaenve noxanu3osanHux yposweit sueprum obosnaveno kax d, Gynkuus Xesucarino Q(x) pasHe
Onpux<0 ;‘ 1 npu x> 0, aensta-¢yuxums dix) pasna O npu x 0, Gecxoneuna npu x = 0, 0 ee HHTE"
rpan pasen 1. S A p——

NMPUNOXEHMUE B. o £ om0
' TABJIULbl CBOMCTB
NONYNPOBOAHUKOB

B sto0it KHHre 06CYXIAI0TCSt PA3NHYHBIE THITbI HAHOCTPYKTYD, MHOTHE H3 KOTOPBIX CO-
CTOAT M3 NOMYNpoBogkKKoB IV rpynmst wnw coemumeruii Titna A"™BY, nanpumep
GaAs, i A"B", Takux xax CdS co cTpyKTypoii uMHKOBO# 06MaHKH, WK chanepu-
Ta, NOKA3aHHO# Ha pucyHke 2.8. B HaHOMETPOBEIX Macurrabax CBOMCTBA 3THX MaTepH- -
aJI0B 3a4acTylo H3MeHsorcs. [TonesHo cobparb B npunoxeHnu Habop Tabnuil ¢ BesK-
YMHAMH, XapaKTepPU3YIOUMMH PaTHYHbIE CBOHCTBA STHX BELECTB B OGBEMHOM COCTO-
SIHMM, TaK 4YTOOBI Ha HMX NpH HeoOXOAUMOCTH MOXHO OGBUIO CCHUIATHCS B TekcTe
KHHTH. | . A _ !

B rabnuuax B.1 — B.5 conepxarcs kpucrawiorpaduueckue 1 GAM3KHE K HUM JaH-
Hble. MHopMauus o6 3/MeKTpPOHHOM CTPYKType, TaKasi Kak LIMpHHa wwenH, addek-
THBHBIE MaCcChl, OABUXHOCTH, HOHH3ALMOHHBIC IIOTCHUMANEI IOHOPOB U aKUENTOPOB
¥ AM3JIEKTPHYECKHE MPOHHLIACMOCTH npeactamicHa B Tabmiuax B.6 - B.11. 3i Ta6-
JIMLIB! HCTIONB3YIOTCS B KHUre HanGonee yacto. s yao6ersa B rabanuax B.12 - B.21
co6paHbl JOMONHHTENbHBIC CBECHHS, KOTOPBIE MOTYT NMPEACTARNATE HHTEPEC IS HH-
rateneit. Ciofla OTHOCATCA TMoKasaTenu npeiomwicHust (Tabmuua B.12), Temnepatypbt
IUIaBJIEHHS M TerUloThl o6pasoBanus (tabanust B.13 u B.14), HekoTopbie 'repmonnna-"
MHUYECKHE XapaKTEePHCTHKH, TAKHe KaK Temnepatypst [lebas, YACHABHBIE TETUIOEMKOCTH
1 TerUIONpOBONHOCTH (Tabmuust B.15 - B.17). [lanee NpeACTAB/ICHb MCXaHMYECKHE
CBOICTBa, BKIOYast KOIMOHUHEHTHI TEMUIOBOrO IMHEITHOMO PaCIUHPCHHA, 06BeMHOTO
CXaTHsi M MHKpOTBepaocTh (Tabmuusl B.18 - B.20). U, HakoHew, B tabnuue B.21 npu-
BeJCHBI 3HAYCHHS MATHHTHOM BOCIPHIMYHBOCTH COCAMHEHIt THRA A"BY.

Ta6mua B.1. TTocTosHHbIC pewicTKH @ (B HAHOMETPAX) /1A NONYNPOBOAHIKOB THIA

AUBY ;1 A"BY
P As Sb S Se Te
Al 0,545 0,566 0,614 In 0,541 - 0,567 0,610
Ga 0,545 0,565 0,610 Cd 0,583 . 0,605 0,648
In ; 0,587 0,606 0,648 Hg . 0585 0,608 0,646

3uayenun ans Si u Ge cocrasnsior 0,543 " 0,566 coorsercraeHo. ’
Ucrounmk: R, W. G. Wyckoff, Crystal siructure, Wiley, New York, 1963, Vol. 1, p. 110
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TaGauua B.2, ATOMHME PaMycht i ONIORTOMMNIAY, SPACTENLLN, % HOHFELES PRILYTH BEXD- . Tabamua B.S. InotHoctn coenmuenuit Tuna A"BY u A"BV s 1 Joa®
TOPLIX JICMENTON, BCIPEHAIONIIXCH B HORYNPORISAYES, ; . g = 92 = As Sb 3 Se —
fpynno Atowuih omop _ Inowent Tapas s S G 4 - e R 4,08 5,42 6,34
1l 30 zﬂ o"as Z.'l, A 74 ] a () 3 5,32 5'62 Cd 4'82 5,8] 6,20
I 80 Hg 0,151 Heg" C,i10 : MnovHocTH kpemuun 1 repmanms cocrasnaior 2,3283 1 5,3234 coorsercrsenso. :
i 13 Al 0,143 A?'_ 0,251 . Ucrounnk: Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, 2002
- -~
1 : 3 Go 0,122 G;a"_ 2.:6?2 i ¥
0l 49 b 0,163 In C.o0%% TaGauua B.6. Ilupuna wenn E, nonynposomnkos tuna A" BY 1 A"B" 8 anexrponsonsrax.
o v wi ; Si 0,118 P As Sb ; < 5o T
v 32 Ge e 4 > A (245)/326 (2,151/3,14 1,63)/2,22 Zn 3,68 27 . 229
v 15 T 0,110 PN e Ga (2,27)/2,78 1,43 0,70 cd 249 1,75 1,43
v A Aoy o o @IBRes s g B 036 . 018 Hp - 0,061  -0,30 (4,4 K)
v 51 ; Sb 0,145 s 4265 LLIupuHa Henpamoi wenu npuseaena 8 ckobkax. 3nasenus ans Si n Ge coctasnmior (1,11)/3,48
v 16 - ~ o101 ST "s = 1 {0,66)/0,81 coorsercreento. : . ,
vi o Se 8.1 }g Se” 191 Wcrounuk: P. Y. Yu and M. Cardona, Fundamentals of Semiconductors, Springer, Berlin, 2001
vi 52 Te ,1 T 0211 } ’
Vicrousmc: Hondbook of Chomistry ond Physics, CRC le, Boco Reten, F":. 200z m B.7. 3aBHCHMOCTDL WIKPHHBL LETH OT TEMIICPATYPhl dE‘/dT(M3B/°C) W napne-
. s . nust dE,/dP (MaB/I'Tla) ,
Ta6mma B.3. Paccroanna MEXKAY OmkaiitiiMif COCEIRME 354 1ms SITOTODRX DOTY- » P As Sb S Se Te
NIPOBOIHHKOB THNA AYBY 11 A"BY, cymMBI COOTBETCTEYIORIIX ROSERI PETRITIS 2 T~ ' TemneparypHas 308MCHMOCTS dE,/dT
ME P2IHYCOB aTOMOB B OIHOATOMHOI peuieTKe Al » (-0,4)/-0,51 (-3,5) ' 1ZIn -0,47 -0,45 -0,52
v o) = Ga (-0,52)/-0,65 -0,395 -0,37+. Cd -0,41 -0,36
: o | -0,29 0,35 --0,29
SewecTso ' Poccromm*arao/ 4 cymma Cywnz CoETvme " ek - =03 - A
Z=s 0,234 0,258 0,231 Campcsasc L o I gl Ge -0,37)/-0,4
A 0'23 i 0'2 63 0' 253 et 30BMCMMOCTS OT AABNEHNR dfg/ dP ;
Gea 4 ' . : S Al . - {-5,1)/102 (-15) Zn 57 70 83
per gggg x g'gg: g'gjg o P A Ga (-14)/105 115 140 Cd 45 50 80
' 7 : o 98 157
Figle 0,279 0321 0,294 o mcasse » . © 1 oorw:
@ g‘gg; e s : = - Werourmx: P.Y. Yo and M. Cardona, Fundamentals of Semiconductors, Springer, Berlin, 2001
G 0'353 glggg g'iﬁ Lm-ro-':r M C. Taxxe Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, 2002
i"::o AR g Ase W Ta6anua B.8. DheKTHBHBIC MACCH! FJICKTPOHOB NPOBOMHMOCTH m*® 1 TPEX THNOB ALIPOK
Mg 021 0.198 0.232 EDm——— B BAICHTHO# 30HE B CAMHMLAX MACCHI CBOGOHONO NCKTPOHA M, '
Ces 0,285 0,283 0,299 - Ddextnanan  Ddextunas Sgpoxmenan  Oppexmonan  Crun-opbutans-
, SRR LIS g
' ' B— macca macca macca Macca paclien-  Hoe pacuien-
TS ; DSO (38B)
S TTP— 3NeKTPOHOB TAXENHX AMPOK  MOIKMX APOK  NEWMMX AMPOK  newie
=" PP 4 e e g Y B ) "k BV A S T % Sb
Tt Cootmeuws RPHIERENN RON = -y G 0067 0047 057 053 08 018 008 005 025 015 012 008 034 075
e R T P o0 073 0026 014 058 04 042 012 0026 0016 012 014 043 011 038 081
LOrE~masX KPUCTCRN08. POCCTORHMA KON 8 HONOMRTPAX. - ; ; 4 : 0,23 0,044
: - oy i 000 0,295
’ WipV o a4 G 041 0,34 0,043 0, : )
Tafnnza B.4. Manekyaspiie Macen cocammennit Tana A™B u A"V s 220 T:xxe npuBeaeH napamerp CMH-OPBMTONBHOTO PACIIENNCHHA. DPPEKTHBHOR MACCT PACIUENNCHHbIX Abi-
P As Sb e Seve POK onpepenseTcs CNUH-OpEMTONbHEM BICHMOACHCTBHEM, HE npu'umoeumf BO BHMMONKE B 3TOH KHHrE.
~ 37,93 101,90 14873  2n 97,43 14232 19299 Ucrousmew: P. Y. Yo and M. Cardona, Fundamentals of Semiconductors, Springer, Berlin, 2001
'Ga lgg.gz :;“?';: ;:l';; g: 444 WL % 2‘3"?2 u G. Burns, Solid State Physics, Academic Press, New York :
. X : 0 232,83 279.55 32819 :

ATOMNNE MOCCN KPEMRKR W repMaNKs coctannaot 28,088 w 72,39 cootsercressd,
Vcrowanc Handbook of Chemistry and Physics, CRC Press, Boca Raton, FLL 2002
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“TaGamsa B.9. TloAMANOCTL NGCWTRACH B (OFFIpOROEEAIEY ZHiZ 22w At

B oo /BC npst KOMHATHON TEMIIEPATYE
= hs <h 5 e =
NopauanGeTs SA6HIMRGHGE 53
A £90 1200 200 ~ 400 Zn 126 4 Z47
e 300 2400 4000 cd 12
i 4400 23000 78000  Hg 256 20000 25000
NoARMANGETE AUEOE »
A - 420 550 Zn 5 (40T, 2% 00
== 150 400 1400 Cd 30
In 150 - 460 750 M. 15 50

u

i3
4

E 3 » G= nozawxmocs anextponos cocraenmor 1900 u 3809, 6 rogamxeome Zuzoe— S0
w 1220 ow’/Ec cooTeercrzento,
WAcrowmmc Hendbook of Chemistry and Physics, CRC Press, Bocs Roter, 7, 2002

Tafamma B.10. Sueprin sommaatmy axuermropos [l iz zcerps v m—=i: 52 G

SnemerT leymna Tun S Ge
] 1 Axuentop 45 @
Al Iit Axvermrop &7 L}
Ge I Axuentop 71  §
k= il Axuentop 158 2
? v Llonop 45 B
Az v Lowop 54 T4
s v Donop 43 i
B \4 Loxop 71 i3

Werzwsmc G. Bumns, Sclid State Physics, Academic Press, New Yark

Tadumma B.11. OTHOCHTEABHAN AMATEKTPUNSCKAS MPOEAIMIMCCTS & ICIVTEUBCLEIXIE
Tunz AB" u A"B"

F As 33 S S =
al 109 n Zn 3] $2 A
Ge 1 13,2 15,7 cd 72
i 12.4 14,6 7.7 '

Siscuesns aas Siw Ge cocteansior 11,8 n 16 cootsercraasno.

b » :
Ta@uama B.12. noﬁa%atma. UPIOMICHIS 0 (owtnseekit psaacess, 2= g% muryTEe-
poaaxes T2 AR n AR

- 3 As Sh S S e
A 3.2 Zn 236 Z88 336
Ge 32 3,30 a8 ad - e 2
i a 3.5 3.96 =

Sz 2 S v Ge coctonnaor 3,49 1 3,89 coateercreenne,
Wt Herdhaok of Chemivy ond Physics, CRC Bress, Boce Reten, B 2002

“J;!g_l_,_!ﬁ!?{l’\“%"_\‘1‘_‘,‘3’\?‘“‘*«\_\_&\;}!& (Ketmnd voaytpinsitsmseis e ALNS i A
—

g Ay Sk\ K S S
o ———— o T Pt ’ =
= A B I S | —
Ge 8 W ege G VRN M2 S
I 13 NS o8 b P e ua
he. W e v RS

Secapwins ot & G coctearany 183 0 1231 K centeeninania >
icreaman: ook of Chemivny wid Fhyriy, CRC Breay, Boce Reten, 5 2002

Tabauyw ceoiicme noaynpoeoduuxos 3 ID

Tabanua B.14. Tennora 96pasoaaunx (xﬂ,;x/uons) npx 300 K nonynposonnitkos Tuna

AlllBVl'(AllBVl ,
> 4 As Sb S
. Se Te
Al 627 585 In ;
Ga 635 “°535 493 Cd = o g;g
In 7560 . 477 . 447 Mg 247 242

3navenms ans Si u Ge cocrasnmor 324 u 291 kflx/mons coo )
Ucrounmx: Handbook of Chemistry and Physics, CRC Press, Bomm':“:l, 2002

TaGmuua B.15. Temneparypa [ie6ast © ,, (Kenssun) nomynposoanuxos tuna AVBY i AVBY

P As Sb i S Se Te
Al 588 417 292 Zn 530 400 223
Ga 446 344 265 Cd 219 181 200

In 321 249 202 Hg 151 242
3uauenun gna Si n Ge cocraensior 645 u 374 K coorsercreenno. :
Wcrounmx: Handbook of Chemisiry and Physics, CRC Press, Boca Raton, FL, 2002

'Mnlunlll;v B.lfl. }”‘nchwax TeroeMKkocTh Cp (I.bx/xr K) npu 300 K nonynposoHuKoB TH- '
naA"B"'uA'B

P As Sb S Se Te
Al Zn 472 339 264
Ga 320 Cd 330 255 205
In 268 144 Hg 210 178 164

3uavenus ans Si u Ge cocrasasor 702 u 332 [x/xr K coorsercraento.
Ucrounnk: Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, 2002

Ta6mma B.17. Ternonposoauocts (MBt/cu, K) npu 300 K nomynposoanikos Tina
AI]IBV H AIIBVI

P As b SRR Te
Al 920 840 600 Zn 251 140 108
Ga 752 560 270 cd 200 90 59
In 800 290 160 Hg 10 20

3nauenns ana Si u Ge cocrasasior 1240 1 640 mB1/cm K cootsercreenHo.
Mcrounmk: Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL, 2002

TaGamua B.18. KodhdHUMEHT THHEHHOMO TCIUIOBOTO PACLUINPCHHA (10 K™) nput 300 K
nonynposoaukos Tuna A"B" u A"B"

P As Sb S Se Te
Al 3.9 4,2 Zn 6,4 7,2 8,2
Ga 53 54 6,1 Cd 4,7 3,8 4,9
In 4,6 4,7 4,7 Hg 535 4,6

K™ coorsercraenno.

. . 2'49.10"M6,1-10"
3nauenun pna Si u Ge cocrasnaior Boca Raton, FL, 2002

Ucrounmk: Handbook of Chemisiry and Physics, CRC Press,

octs (10°° IMa™") nonynpoBoAHKKOB THNA A"BY

Tabanua B.19. O6beMHAA CKHMACM
P As Sb
Al 0,571
0,110 0,771 0,457
ﬁo 0735 - - 0,549 0,442

040,768 - 107" Na™' cootserctaenno.

0,306 -1
3nauenmn ana Siu Ge coctasnmior CRC Press, Boca Raton, FL, 2002

Wcrounmx: Handbook of Chemistry and Physics,

-
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Tamua B.20. Mukpornepiocts, (H/us’) NOAYUpOwORIEKT FAZ2 A x ATE"
P T S

OONOJNIHEHME

<

= - S
Al 5500 5000 4000 Zn 1786 5253 G0 ; . ‘
9450 7500 4480 Cd 1256 1300 AT ‘ ‘ |

v s i Go coctanmmr 11270 w 7644 H/w' commpsrcrssnee. _ N CTAHOAPTUSALUMOHHDBIE
Yicromne: Hondbook mistry o ics, ress, Boco Fioton, Fi, 2002
e R OCHOBbI HAHOTEXHOSIOI U

Tabauua B.21. AToMHas MarHuTHad BOCAPUHUYHBOCTD (157 ez. CIC) sammposomm-
xos Tuma A" B"

P s < . ,
Gz 13,8 -16,2 ~i4,2
I -22,8 -7 -32.% , MN.A. TOOYA
Secenne oBNAeT ~ .107¢ - L 30 %u-01 _7_—-4 :
e i 1 M e - i - 1 Hayuno-uccnedosamenvckuii yenmp no usyenuio
COCTEZTCTESHHO, ~ :
Yeoreume: Hondbook of Chemistry and Physics, CRC Press, Boca Roton, F1, 2002 . ceoiicme noeepxrocmu u eaxyyma (HHIIIB), Mocxea;

Mockoeckuii usuxo-mexnuveckui uncmumym (MO®TH), Mockea
e-mail: fgupnicpv@mail.ru

WcTopys pa3BHTHSI HAYKH H TEXHHKH HEPA3PBIBHO CBA3aHA C PA3BHTHEM CHCTEMBI,
METOOB H CPEACTB H3MepeHHit, HaHOTEXHONOrHH NOCTaBHIIH PAA HOBBIX cncuu(bui
YecKMX 3a/1ay, 06YCNOBNEHHBIX MaJbIMH pa3MepaMH 3NEMEHTOB H CTPYKTYP, € KO-
. TOPBIMM TIPHXOAMTCA MMETh €O B AaHHOI obnacTH. 3nech, KaK HUTAE, aKTyaleH
; Te3uc: «Eciu Heb3st NPaBUIBHO H3MEPHTB, TO HEBO3MOXHO co3aaTh». Bce CTpaHH,
| BCTYNHBUINE B HAHOTEXHONIOrHYECKH It NPOPHIB, PEKPACHO NPENCTABAAIOT HEOOXO-
JIMMOCTbH OTEPEXAIOLIEro PasBUTHs METPOIOTHH B 370it GypHO pasBuBaloleics 06-
JIACTH 3HAHHS, NOCKOJNBKY HMEHHO YPOBEHb TOYHOCTH H JOCTOBEPHOCTH H3MepeHHMil
criocoGeH TM60 CTHMY/IHPOBATh Pa3BHTHE COOTBCTCTBYIOLIMX orpacieii SKOHOMHKI1,
7160 CIYXKHTb CACPXHBAIOLUIHM (PaKTOPOM. Oco60 3T0 NoaYepKHBaeTcs TeM 06¢TOs-
TEJILCTBOM, YTO B HAHOTCXHOJIOTHAX npnGOpHO-aHANHTHYECKAR i TEXHONIOrHYECKas
COCTABIAIOLIHE paﬁqiamf Ha npezese CBOHX BO3MOXHOCTEI{, 4TO yBETHYHBACT BEPO-
. ; SITHOCTDb oumﬁxu,' TeM Gonee CBA3aHHOI C YeNoBEUECKHM tbaxmpo.u. g
: '~ OpnHa M3 mepBoOoYepeHbIX 3alay CTaH[apTH3alHi B HAHOTEXHONOTHAX —
CTaHAapTH3alLKsA NapaMeTpoB H CBOJICTB MATEPHAJIOB, 06BEKTOB, IEMCHTOB
¥ CTPYKTYP HaHOTEXHOJNOTHi, MOANEXAUHX H3IMCPEHHAM. TIpH MEXOTPacneBoM
H MEXIMCLMIIMHAPHOM XapakTepe HAHOTEXHONOTHIl, pa3nuyHoil Tepusif{ono-
FUHM M pa3HBIX HCCENOBATEIBCKHX H M3MEPHTEBHBIX NPHEMAX H MCTOlAX — 3TO
HenpocTas, T1OCJIEAOBATEBHO pemaemas 3afaya, Hecyluas B cebGe obbennHAoWEee
nayano. K Heil BIJOTHYIO MPHMBIKAET Apyras 3ajaya — HEOOXONHMOCTb CTaH-
iy Yeoands ¥ onpenencHuii B Hanq'rcxﬂononmx, HanpaBncHHas H-a,
pelieH e npobaeM o6LIeH s M B3AHMOTIOHHMAHHA pasfMUHBIX IPYNN HCCNEA0BA-
Teneit He TOJILKO BHYTPH OHOI OTAEABHO p3ATOIt CTPAHBI, HO H B PAMKAX MEXAHC-
WHILIHHAPHOTO OGMEHa nHopMaLteit MEXIY crpanami. OTCI01a 3aKOHOMCPHOC
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CNCACTBHE — HEOGXONMMOCTh ATTECTOBAHHBIX H CTAHIAPTHIOBAHHBIX METONMK
BBINOJHEHHA H3McchHifl METOAMK xanuﬁponxu M NIOBCPKH CPEACTB H3MEpeHHuit,
MPHMEHAEMBIX B HAHOTEXHONOTHSIX, H MHoOroe Zpyroe, 4To onpeaessieTcs noTpes-
HOCTSIMM Pa3BHTHS MHPacTPYKTYphl HaHOMHAYCTPHH.

Oco6biit acnexkT CTaHAapTH3AUMH — peLueHue 3anay oBECreYeHUs 30POBbS
1 6e30MacHOCTH ONEPaTOPOB’ TEXHONOrHYECKHX MPOLECCOB H nnu, B3aUMOIEHCTBYIO-
WIHX C MPOAYKUHE Hauorexﬂonomﬁ Ha BCeX 3Tamnax e npouasoncma HCMBITaHHUI,
HCCNCOOBAHMIL H MPHMEHEHUI, a TAKXE KONOrHYeCKO#H 6e30MacHOCTH OKpyXalo-
LLeit cpeasl.

JIorHuecku cieayer, YyTo «HauGonbiumii CTAaTHCTHYECKHI BEC» NMPHXONMT-
€Al Ha METPOJIOTHIO, TIOCKONbKY HMEHHO OHA fIBJIAETCA KOJNHYCCTBCHHBIM 6asu-
COM CTaHAApTH3aLHH H cepmdmxauuu. Crneundnka Hanorexﬂonoruﬁ npuBena
K Pa3BUTHIO HOBOTO HanpasJecHHUs B METPOJIOTHH — Hauomcrponorun ¢ KOTOpOik
CBfI3aHBI BCE TEOPETHYECKUE U MPAKTHYECKHE aCMCKTBI METPOJIOrHY€eCcKoro obe-
CrieYeHNs CAMHCTBA M3MEpeHMil B HaHoTexHONorMaAX. W3 camoro onpeneneHus
HaHOTEXHOJIOTHH, O onepupyoLeii ¢ 06beKTaMH HAHOMETPOBO NpOTAXEHHOCTH,
eCTeCTBEHHBIM 06pa3oM cnenyer nepnooqepenuaﬂ 3aja4ya U3MEpEeHM i reomerpu-
qecxnx napaMeTpoB o6be|<'ra YTO, B CBOIO OYEpelb, oﬁycnaammaeT HeoOXxoau-
MOCTb o6ecneyeHns eAMHCTBA Jmﬂemmx H3MEpeHHH B Hanomerponom JIuanaso-
He. Ho aTHM 06CTOATENLCTBOM posb HaHOMETPOJIOrHH JNMHEHHBIX H3MEPCHHIT HE
HCUCPNIBIBACTCA. Ona npuCYTCTBYET B HEAIBHOM BHJC B nonamm jouieM GoMbIIHH-
CTBE METOJIOB K CPEACTB obecrneyeHus eIHHCTBA nsucpcuuﬁ du3u KO-XMMUYCCKHX
napaMeTpoB M CBOHCTB OGBEKTOB HAHOTEXHONOTHt, TAKHX KaK MCXaHHYCECKHE,
ONTHYECKHE, NCKTPHYCCKHE, MATHUTHBIE, AKYCTHYECKHE H T. XL Yacro Heobxo-
OHMO OCYMIECTBAATh NpPELU3HOHHOE TNPOCTPAHCTBEHHOE MO3HLMOHHPOBaHHE
30HAa M3MEPHTENBHOTO YCTpOJCTBa B MECTO TpebyeMoro chema mMepwrcnbuoﬁ
mul)opuamm. Hpu 3TOM AHaMNa3oH nuucﬁuoro-cxamiponauuﬂ o Kaxaoii Koop-
IMHATE MOXET MpPOCTHPATLCSA OT emmnu HRHOMETPOB IO COTEH M Gonee MHKPO-
MeTpoB, a Tpebyemas TOYHOCTD nucranneﬂm xoopnnuaru coCTaBNATh nccu'rble
JONM HAHOMETpA.

ToueMy B HAHOMETPONOTHH CTONb GONbIIOE BHHMAHHE ynenmoT npoﬁneMe pea-
JIM3aUMH TMHEHOM WKaNs! B HAaHOMETPOBOM H npuncralomeM K HeMy AnanasoHax?
Bo- -TIepPBBIX, NTOTOMY YTO PelLICHHE NepBOOYEPERHOI 3a1aUH MCTpOJIOI‘HH B HAHOTEX-
HONOTHAX — oBecneyeHue eAHHCTBA HIMEPEH Ml reoMeTpHYECKHX napaMeTpoB Ha-
HOOOBEKTa — ONMHPAETCS HA METPOJIOTHIO NUHEHHBIX M3MepeHHit. Bo-BTOPBIX, KaK
YKa3aHO BHILIC, H3MCPCHHSA MEXaHHYCCKHX, INEKTPHYCCKHX, Marmmmx, om*uqc-
CKHX 1 MHOTHX IDYTHX lapaMeTPOB U CBOMHCTB 06BEKTOB HAHOTEXHOJIOrHH cBA3AHbI

¢ HeoBXOLHMOCTBIO nosuuuonnponauux 30HAa uamcpmcnbnoro ycrpoiicma B 32~
JAHHOE MECTO C HauBbICLUEH TO4HOCTBIO [1 2.
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Puc. J.1.

O6GecneyeHHe CAMHCTBZ M3MEPEHHit (DH3HKO-XMMHYECKHX TNapaMeTpoB
M CBOMCTB 06BEKTa M3MEPEHHS TPeGYeT NPUBA3KHM COOTBETCTBYIOUIETO CPEACTBA
M3MEPEHHIt K 3TaJIOHY, BOCTIPOH3BOAALIEMY eAHHHILY JaHHOI BH3NUECKOit Ben-
YHHBI (HanpHMep, NPOBOAHMOCTH — K 3TANOHHOMY COMPOTHBIEHHIO), @ B HAHO-
TEXHOJNIOTHAX B GONBLIMHCTBE CyyaeB — ewe i 06s3aTenbHOil NPHBA3KH K 6a3uc-
HOMY 3TaJIOHY €AMHHUbI JNTHHbI (puc. [.1) ans «TOYHOCTH MONANAHMSA B LEAbY.
DTHM Ayaau3MOM HC OrpaHHYMBAETCS YHHKANBHOCTh GA3HCHOrO ITaNOHA. Ecnu
oGpaTHTh BHMMAHHE HA NapaMeTPBhl, TO BHAHO, YTO A1HANA30H H3MEPCHHIT ANHHBI
OT CAMHH1 HAHOMETPOB 10 COTCH 1 60JIee MHKPOMCTPOB NIEPCKPLIBACT Gonee naTH
NOpsAAKOB 3HAYCH Wi H3MepsieMOit BETHYHHBI IPH TOYHOCTH H3MEpEHHil B ACCATHIE-
CAMHHMLBI HAHOMETPA BO BCCM JHAMA30HE. s

CnekTp 06BEKTOB HAHOTEXHOJNOTHIT H cOGCTBEHHO HAHOMHAYCTPHI YPC3BbI-
4aifHO LMPOK, OH MPOCTHpaeTCs OT YABTPAAHCNCPCHBIX CPEll 10 HAHOCTPYKTYpPHPpO-
BAHHBIX MHOTOC/IOMHBIX MATEPHAJIOB H KPHCTAJ/IOB, BKJII04as KBaHTOBOPa3MEPHbIE
CTPYKTYPbI C Pa3MEPHOCTAMH JIOKaIH3aLHH: ONHH — TAK HA3bIBACMbIC KBAHTOBLIC
AIMBI (CBEPXTOHKHE CJIOH), ABA — KBAHTOBLIC NPOBOJIOKH HJIM HHTH, TPH — KBaHTO-
Bhle TOuKH. [TposBasioutiecs 0cOGeHHOCTH du3nueckux aGphexTos i npoTeKaloUIHX
MPH 3TOM NMPOLIECCOB, B TOM YHCIIC ONTHUECKHX, TIOMHHCCUCHTHBIX, 3NCKTPHYCCKHX,
MArHMTHBIX, MeXaHHYECKHX H MHOTHX APYTHX, OnpeAcsIoTCA XapaKTCPHBIM paw?-
POM, TIPHUEM B OXHOM H TOM XK€ MaTCpHANE Pas/IHEIC i e ———
MCPOM, NpPOSABJSIOTCS NO-Pa3HOMY, HATIPHMCP, ocosenuocry ONTHYECKUX ct}oxi@frn
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MaTepHana B yJIbTPagHCIICPCHOM BHAC MOXCT NpOABAATHCA npn OAHHX pa3Mepax Ha-
HOYACTHL, a TeNIOGU3HUCCKHX — NPH ApPYTHX.

BONBUIMHCTBO METONOB MCCACAOBaHMI M M3MEpPEHHI CBOHCTB HaHOOOBek-
TOB — MPOCBEYMBAIOMIAs ¥ PacTPOBas CKTPOHHAS MHKPOCKONHH, CKaHHDYIo-

@St 30HA0Basi MHKPOCKOMHS, HOHHONONEBass MHKPOCKOMH, dhoroamuccHoHHas
H pcmrcnoacxén CMEKTPOMETPHH H PEHTTCHOBCKAs AN(PAKTOMETPHS U ApyTHe —
IHPOKO NPHMEHSIOLIHECA B TCXHHKE H3MepeHHii CBOHCTB MaTepHasioB M 06bek-
TOB HAHOMHAYCTPHH, TPeOYIOT KaNHOPOBKH CPEACTB H3MepEeHH It MO CTAHAAPTHBIM
ofpa3uaM cocTaBa, CTPYKTYphl, CBOHCTB C M3BECTHBIMH Pa3MCPHBIMH (To ecTp,
reoMeTpHuecKMMH) XxapaktepiucTHkamu. Hanpumep, OAHH U3 H3BECTHBIX CMOCO-
GOB ONpEACNCHHSA Pa3MEPOB YILTPaAHCTICPCHBIX YACTHLL 3aKJI0YACTCA B H3YUCHHH
paccesiHMs CBETa Ha HUX. PaccestHue 3aBUCHT OT COOTHOLICHHS Pa3MCPOB YacTHL,
JUTMHBI BOJIHBI Nafaiouero HanyyeHus u nonsipusaumuu. Ipu onpeaenennu paame-
POB YacTHIL, KaK NPAaBHJIO, HCIIONb3YeTCA Ia3ePHOE H3JIyYCHHE, HO IS Kannbpos-
KM TaKOro CpeicTBa M3MepeHMit HeobGxoauM HabGoOp yJbLTPafHMCIIEPCHBLIX YaCTHL
C AMCKPETHBIM PSAAOM TOYHO 3alaHHBIX Pa3MEPOB.

[py DOBEACHHM LIMPOKO3OHHBIX MONYNPOBOXHHKOBBIX COEAMHEHHH rpynmsl
A, By 110 yN15TPaANCIIEPCHOTO COCTOSHHA MPOHCXOAHT «FoNy60€ CMELIEHME TT0NIOCHI
JIOMHHCCLICHLIHH, N0 KOTOPOMY MOXHO CYMTh O Pa3Mepax y/lbTPaiHCIePCHBIX Ha-
cruuiioMiHodopa. Ho B KaX10M KOHKPETHOM C/ly4ae HCMOJIb3YeMOro NnoJjynpoBo-
AHHKOBOTO MaTepHana Jist KanuGpoBKH HeoGxoaHM HaGop cTaHAApPTHBIX 06pa3LIoB
M3 TOro Xe MaTcpHaJa c UeabIM PAAOM Pa3MepoB.

Tlpn KOHTpOJE TEXHONOTHYECKHX NMPOLECCOB CO3NaHMS Muorocnoﬁuux TOH-
KOMJICHOYHBIX CTPYKTYP, B TOM YHCJie H MHOrOCAOHHBIX FeTEPOCTPYKTYP, Heobxo-
LHMO NPHBJICYCHHE PCHTICHOAHATHOCTHYECKHX METOAOB KOHTPOJSI CKPBITHIX CJIO-
B H, COOTBETCTBCHHO, HAJIMYHNE MHOrOCOMHBIX CTAHAAPTHBIX 06pa3LOB COCTaBA
M CTPYKTYPHI 1151 KaNTNOpOBKH coorne'rcnylduxux CPEACTB H3MEPEHHUIA. ‘

®DyHaaMEHTaNbHLIC MCCNCAOBAHMS, CBA3AHHBIE C NMPAMBIMH M3MCPCHHAMH
(bHM3HKO-XHUMHYCCKHX NapaMEeTPOB BELIECTB M MATEPHAJIOB HAHOTEXHOJIOTHH, -
MCHTOB M YCTPOJHCTB HAHOTEXHMKH, TPEOYIOT MOHHMAaHHA 3aKOHOMEPHOCTEH B3a-
MMOACHCTBUSA 30HAA HIMCPHTENBHOTO CPEACTBA C 06BEKTOM U3MEPEHHSL. Ocobyio
BAXHOCTb NIPHOGPETAIOT BONPOCH! MECTPONOIMM M CTAHAAPTH3ALIMN TAKHX U3MEpE-
HMii, MeTpoJIOrHYuecKoro obecneyeHus, nepeaayn pamMepa eAMHULbE HGU3HYCCKOI
BeJIMYMHbBI B HAHOMETPOBLLI ANana3oH [3], xapakTepusylouuiics cneuuduuecKu-
MH 0COBCHHOCTAMM.

MepnocTenchHol 3anaueil ONEPEXAIOLIEro PAIBUTHA HAHOMETPOJIOTHH CHHTAIOT
HCO6XOAMMOCTD PEANTH3ALNH HAHOUIKA/IL! B HAHOMCTPOBOM ¥ NIPHJICTAIOMIEM K HEMY

auanasonax. MMcHHO 370l nepsocTenchueiimeii 3anaue HAHOMETPONOrHH NOCBS-
1AIOTCSA MHOTHE KOH(EPEHLUMH 1 MHOTOYHCICH HBIC nyﬁnnxéum{. 3nech HesB3s HE
OTMCTHTD CYLCCTBEHHBIH BKNan Poccui B pewene aoit dyHnaameHTanbHol HIME-
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putenbHOM npobnemsl. JocTHxenue NPEACNBLHBIX BO3MOKHOCTEH NPH H3MEPCHHAX
ANHHbl B HAHOMCTPOBOM IMANA30HE CBA3AHO C MCOJIB30BAHEM BbICOKOpa3peLualo-
WHX METOAOB paprposoﬁ 3NEKTPOHHOI 1 CKanMpyiowelt 30H10BOI MMKPOCKOMHH
B COUCTAHHH C JIa3epHOll HHTepdhepomeTpueit 1 PEHTICHOBCKOI AudpakTOMETpHEit
ripH cOXpaHEeHHH aBGCONIOTHOI NPHBA3KY K NEPBHYHOMY STAJIOHY METpa.

B pesynbrate LTHTENbHBIX HCCnenoBaHmit B Poccuu Kol UENTYaNbHO pelieHa 3a-
laua CO3AaHHs OCHOB METPONIOTHYCCKOro obecneyeHHs HIMEPCHHIT ANHHbL B AHa-
nasoHe 1—1000 um. TIpu 3ToM paspaboTanbi: MeTogonorns obecneucHus eAMHCTBA

; usmcpcuun B AManasoHe AiuH 1—1000 HM, ocHOBaKHHAas Ha NMPHHLMNAX 30HIOBOI

MHMKPOCKOMHH H JIa3¢pHOit MHTEP(DEPOMETPHI M PEHTICHOBCKOI AH(PAKTOMCTPH I,
STANIOHHBIH KOMIUICKC CPEACTB M3MEpeHHuii, 06ecneynBaloLnii BOCIPOMIBEACHHE
W Mepeaavy pasMepa cAMHKUbL ATHHB B inanasone 1—1000 HM BeweCTBEHHBIM ME-
paM IJIMHBI € NOrPEUIHOCTHIO 0,5 HM; MOKONCHHE MEp Maojt JTHHBL AN KaNHOPOBKH
cpeacTB M3MepeHHit B ananasone 11000 1M, B TOM YHCae Mepb miuopenbc(ba no-
BEPXHOCTH; METONONOTHS H ANTOPHTMBI H3MEPCHHSA NMAapaMeTPOB NPOMHIIS INCMCH-
TOB MHKPO- M HAHOCTPYKTYP M NaKeT KOMMNbIOTEPHLIX MPOrpaMM AJs aBTOMaTH3a-
LIMH TAKKX U3MEPEHHIH.

BaKHe MM 3TANOM B PELICHHH 3a4a4 MCTPONOTHYECKOro obecneucHus nu-
Heﬁnux M3MCPCHMiT B HAHOMCTPOBOM AHAMA30HE ABHJIOCH CO3NAHHE BCLIECTBEHHBIX
HOCHTCJieit pa3Mepa — MCp C ITPOTPaMMHPYCMBIM HaHope/Ibe)OM NOBEPXHOCTH, 06e-
CICYMUBAIOMIHX Kanuﬁpom(y CPEACTB H3MePeHHil ¢ HauBbICILCH TO‘!HOCTMO (puc. 1.2,

4.3, 1.4).

Puc. 1.2.
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Puc. 1.3.

HMMeHHO TakHe TpexMepHbIe MBI Maoil IUTHHBI, MM 3TAIOHbI CPaBHEHHSA, —
MaTCpHAJIbHBIC HOCHTENHM pa3Mepa, NMO3BOJIAIOLINE OCYIIECTBAATh KOMIUICKCHYIO
KanHGpOBKY M KOHTPOJb OCHOBHBIX TIAPAMETPOB PacTpoBBIX 3JIEKTPOHHBIX M CKa-
HHPYIOLHX 30HAOBBIX MHKPOCKONOB, NPENHA3HAYEHbI /IS MEPEBOAA STHX CIOXHBIX
YCTPOICTB H3 pa3psina yCTPONCTB A BH3yaNH3aUMH Hceaeayemoro obnekTa B pas-
PAR CPEACTB M3MEPEHMI, T. €. B pa3pan npH6opos mis H3MEpeHHit NUHEIiHbBIX pa3-
MEPOB 00BLEKTOB HeenenosaHu, obecneynBalOLNX NPHBA3KY H3MCPSICMBIX BEJIHUHH
B HaHOMCTPOBOI 06/1aCTH K NepBHYHOMY :nanony CAWHMUBI ATHHBI — MeTpy [4—9).

ATTeCTallHs 3TANIOHOB CPaBHEHHS OCYWIECTBSETCS C HCMOJb30BaHHEM 3TaJIOH-
:::l; TPEXMCEPHOIT HHTEPHEPOMETPHYECKOI CHCTEMOIT H3MEpEeHHIi HaHoMnepeMellle-

ATTECTYIOTCS 1LIar Mepbl M Pa3Mepbl BEPXHMX H HHXHMX OCHOBAHHIT BHICTYIIOB
H KaHaBOK (WHPHHA IMHHH), a TAKXE BHICOTA (rny6una) penbeda. Mpyu onHOM H TOM
xe fuare CTPYKTYPb! BO3MOXHO H3rOTOBJICHHE 3TaJIOHOB CPaBHEHHSI C LWIMPHHOI JIH-
HHii B Ananasone 10—1500 1w u BbicoToit penbeda 100—1500 1,

Mepa nossonsieT 110 onHoMy ee H306paxeHHIO B pacTPOBOM 3JICKTPOHHOM MH-
KpOCKOIIe _(gaxe 110 OAHOMY CHTHANY), YTO OYEHDb BAXHO AJis KOHTPOJS TEXHOJIOIH-
YCCKHX npouccc;on, BBITIOTHHTDL KanHOGPOBKY MHKpOCKona (puc. 11.5), onpeneauThb
yBENHYCHHE MHKPOCKONA, THHEHHOCTD ero mKan u AHameTp anchp(;HHOI‘O 30HAR
[10—15]. Cnesa BBepxy Ha puc. J1.5 npusenens: XapaKkTepHble NMapaMeTphbl 3TAJIOHHOM

MEPpBbI, B LICHTPaNbHOIt YacTH — napamerp
bl BHIICOCHTHANA, B MPaBoii YacTH — peajib-
Hoc POM-u3obpaxeHue. A o 4

onoanenue.
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Puc. J.4.

Kpome Toro, npu HeoGXOAMMOCTH MOATBEPXACHHA NPABHIILHOCTH H3MEPCHHIT
MOXHO KOHTpPOJIHMPOBATh NapaMeTphl PACTPOBOTO 3/ICKTPOHHOrO MHKPOCKONA HETO-
CPEACTBEHHO B MPOLIECCE ITPOBEACHHA H3IMCPEHMIT pa3MEPOB HCCNIEAYEMOTO obbekTa,
YTO SBJSETCS AOMONHMTEABHON rapaHTHEll BBHICOKOrO KaiecTsa u3amepeHnit. Mepa
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Kanuoposka ACM no 1 naobpaxeHuro

Puc. J1.6.

TO3BOJIAICT JICTKO aBTOMATH3MPOBATD JIMHEHHBIC H3MEPEHMS M CO3[aBaTh Ha OCHO-
BE pacTPOBLIX NCKTPOHHBIX MHKPOCKONOB aBTOMATH3UPOBAHHBIE H3MEPHTENbHbIE
KOMTUICKCHI. Pl nonoGHbIX KOMIICKCOB yXe cywiecTsyeT. B vyactHocTH, B HULITB
CO31aH aBTOMATH3HPOBAHHbIif KOMIIEKC NS IMHEI HBIX H3MepeHHit B obnactH pas-
MepoB oT 1 HM 10 100 MKM Ha OCHOBE pacTpoBoro 3/IEKTPOHHOro MHKpockona JSM-
6460LYV.

AHanornyHbLIM o6pas’oM No 3alaHHbIM napameTpaM Mepbl NMPOBOAATCA KaJH-
GpoBka 1 KOHTpOnb [16—21] Takmx XapaKTePHCTHK aTOMHO-CHJIOBBIX MHKPOCKOIIOB,
KaK UCHA NeNCHMS M TMHCHHOCTD 1IKaN no Beem TPEM KOOpAMHATaM, OPTOrOHAIb-
HOCTb CHCTEM CKaHMpOBaHMs, paamyc OCTPHA 30HAa (KaHTHJICBEPa), HACTPOIiKa
TApaMETPOB I BLIXOX MUKpOCKONa B paGounii pexia (pHc. 21.6). Ha puc. J1.6 cnesa
BBCPXY XapaKTCpHbIE NapaMeTphl STaOHHO Mepbl M ee ACM-n3o6paxenue (cnpa-
::)t;ncszf :Mbl KanuGpoBKH M aTTecTaumuy ATOMHO-CHJIOBBIX MHKPOCKOMOB YCNELIHO
- :aHOT:I‘ :: :o;;zni;l'pumunx, CNCUHANH3KMPYIOLMXCA HA CO3AH M 0GOpPYNOBaH S

Pa3sutie nanorexnonoruii yRKeCTouaeT TpeGoBaHMs K M3IMEPHTEIbHBIM CHCTC-

MaM, NorpewHoc 4
acc’r s TH HIMEPCHIT KOTOPLIX RONIKHII GBI CPABHHMBI C MEKATOMHBIMH
pacctosHusamit. Bee ato Tpebyer cepueanioro ortnow

CAMHCTBA NMHEIHBIX H3MEPCHNiT B HaHOMCTpOBOM Jm

Pactposutit anekTponubIii 1 CKaHHpylounii 30

TOTAa MOTYT CUHTATLCA CPEACTBAMM M3MECPEHMI, Ko
)

BCTCTBYIOLLHM 00pasom

CHUs K Bonpocy oGecneucHus
anasoHe.
HAOBbIH MHKPOCKOMBLI TOJBKO

rAa WX napamerpbl OyayT cooT-
atTrec
ATTCCTOBLIBATLCA, KaNMGPOBATLCS M KOHTPONHPOBATHCS,

noanenue. M
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npHYeM TIOC/ICAHEE HEMOCPEACTBCHHO B Mpouecce H3MepeHnit. Tpexme
MM 3TAJIOHbI CPABHCHUS (MaTepuabHbie HOCHTEN R
MOCT MeX1y OOBEKTOM M3MepeHMit M 3TanoHoM e e
CPEACTBOM UISl OCYIUECTBNICHHS TaKUX One e ——
: pauwuit. Henpenoxno onmo: xynwrypa
u3MepeHuit TpebyeT, uTo6E! M060il pacTpossiit SNEKTPOHHBIH MM CKaHHpYIOWMii
30HA0BbIH MMKPOCKON, HE3aBHCHMO OT TOTO, TJIe OH HAXOMMTCH — B Hay4YHOIl MM
NPOMBIILICHHOMN 1aGOPaTOPHH, y4eGHOM 3aBeICHUM I YYACTBYET B TEXHONOTHYE-
CKOM npouecce, — HOMXeH ObITh YKOMIUICKTOBAH MepaMH, 06eCreHBaIOUIHM Ka-
AHGPOBKY M KOHTPOJIb MapaMETPOB 3TOrO CIOXHOro yeTpoiicTsa. ToNbKo Tora M-
MEpCHH S, TPOH3BOAHMBIC HA HCM, MOTYT NIPETCHI0BATD HA IOCTOBEPHOCTS.

Kpome Toro, HCTIoNb30BaHHE METOZIOB 1 CPEACTB KaAHGPOBKH H aTTeCTallHH pac-
TPOBBIX JIEKTPOHHBIX i CKAHHPYIOLIHX 30HAOBBIX MHKPOCKOINOB NPOH3BOAHTENAMM
COOTBETCTBYIOLIHX PHOOPOB NO3BOMHT HM CO3JaBaTh HOBLIC MPUGOPHI C TYYLIHMH
XapakTepUCTHKAMH, KOTOpPbIE, B CBOIO OYepeab, NIO3BONSAT NPOABHHYTHCA JajblIe Ha
NYTH Pa3BUTHS HAHOTEXHOJMOTHiIA. ‘ . a0 :

Jnsa obecneyeHnss HOPMaTHBHOIt 62351 HAHOMETPOJIOTUH, pa3paboTaHsl H BBEAE-
HBI B ACHCTBHE CeMb POCCHIHCKHX CTaHAapTOB [22]:

« TOCT P 8.628—2007 «[ocynapcTBeHHas cicTeMa obecrnieyeHHs CAMHCTBA M3-
MepeHHil. Mepsl penbedHbIC HAHOMETPOBOrO AHANA30Ha H3 MOHOKPHCTANLIHYE-
cKoro KpeMHHs. Tpe6oBaHHA K reOMETPHUCCKHM (OpMaM, THHEHHBIM pa3Me-
paM M BeIGOpY MaTepHana s H3rOTOB/CHHSA», -

« .TOCT P 8.629—2007 «locynapcTBeHHas cucteMma obecneyeHus eNMHCTBA H3-
MepeHuit. Mepsl pesibeHbe HAHOMETPOBOrO AHANA30Ha C TPANCUCHAAILHBIM
npoduieM 3neMeHTOB. METOLMKA NOBEPKH»;

« TOCT P 8.630—2007 «TocyaapcTBeHHas CHCTEMA 0BeCreuCH IS CANHCTBA HIMC-
penuit. MHKPOCKOMB! CKAHHPYIOIUIHE 30HIOBBIC aTOM HO-CHJIOBBIE H3MEPHTCIb-
Hble, MeTonMKA IOBEPKH»; - v Al daicril ' :

«  TOCT P 8.631—2007 «[ocynapcTBeHHast CHCTEMa 0GecrieueHIs eAMHCTBA H3ME-
peruii, MHKpPOCKONBI 3/ICKTPOHHBIC PACTPOBLIC H3MepuTenbHbie. MeToNIKa no-
BCPKH»;

« TOCT P 8.635—2007 «[ocynapcTBeHHAA CHC
peHuil. MMKpOCKONbl CKaHHPYIOUIHC 30HOBbIC aTor.mq-cunowc.

KanuGpOBKH»;
* TOCT P 8.636—2007 «[ocynapcTBeHHas CHC
peruit. MHKpPOCKOIbI 3/ICKTPOHHBIC pacTpos
+ TOCT P 8.644—2008 «locynapcTBeHHas CHCTC
MepeHuit. Mepbt pesibe(HbIC HAHOMETPOBOro AHANa3

npoduaem dneMeHToB. MeTOMKA KanHGpoBKH». g S5
Hnsa peweHus llay'lHO-Tcan‘ICCKOﬁ npobaemMbl obecneucHis el )

-MCTORHYECKHX
peHHﬁBHaHOTcxuononmxuco6xomlM°OCYNCCT““"’P"”“ayq“o . .

i‘cma obecneycHHst EAHHCTBA H3ME-
MeTonika

Tema 06eCnICHCH s CIMHCTBA H3ME-
pic. MeTomiKa KannGpoBKi»;

Ma oBecrieyenis CAMHCTBA H3-
OHA C TPANELCHAANBHBIM
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TEXHHYECKHX M OPTaHH3ALHOHHBIX MCPOTPHATHIL. B nepByio ouepens, aTo co3ja-
HHE HOBOIf CTPYKTYPHOIt CXeMBI MepeAau pasmMepa eAHHUI GH3UYECKHX Beny-
YHH OT MEPBHYHBIX 3TaNOHOB PaGOYHM CPCACTBAM M3MEPEHMI, HCKIIOYalouLej;
MHOroCTyneH4arocTs nepeaauu (cm. puc. Jl.1). B aTOT KOMMIeKe MeponpusTiii
BXOAAT TaKXe: QyHAAMEHTaNbHbIC HCCIENOBAHHA MEXaHH3MOB B3auMoaeiicTByg
30HIO0B H3MEPHUTEJILHBIX CHCTEM C O6BEKTOM H3MEPEHHA,; pa3paboTKa HOBBIX aji-
FOPHTMOB H3MEPEHH I H COOTBETCTBYIOLIEr0 HM MaTeMaTH4ecKoro obecneyenus,
YUHTBIBAIOLIETO BIMAHKE B3aUMoAeiicTBHA paboyero CpeACTBa H3MEPEHHIT ¢ 13-
MepseMBIM 06BEKTOM; CO3laHHE HOBBIX MEP — MaTepHaNIbHbIX HOCHTEEI pa3me-
pa, obnanalomMx cBoOiCTBaMH, aHAJOrHYHBIMH CBOHCTBAM BTOPHYHOIO 3TajloHa
1 H3MepAeMoro 06bexTa; pa3paboTKa H Co3laHHE CTaHAAPTHLIX 06pa3LoB cocTa-
Ba, CTPYKTYpH! H peabeda MOBEPXHOCTH M CTAHAAPTH30BaHHBIX METOAMK H3Me-
PeHHit B HAHOMETPHH, 06ECTICYHBAIOWIMX MPOCEXUBACMOCTb NIEPEAAYH pa3Mepa
CAMHHLBI QH3HYECKOIH BEIMYMHBI OT 3TaloHa paboYMM CpeacTBaM H3MepeHHii
B HAHOMCTPOBbI 1HaNa3oH 6e3 CyleCTBEHHOM MOTEPH TOYHOCTH IUIA aTTeCTa-
MM, KaJIHOPOBKH M MOBEPKH CPEACTB H3MEPEHHIA. _
JlocTiXeHHe NaHHOIt Le/H BIOJHE PEaNbHO, OCKOABKY GyHOaMeHT peleHus
YKa3aHHOit NPOGIEMbI OCHOBAH Ha KOHUENUHH Ga3HCHOro 3TaJIoHa (CM. puc. 1.1),
B KOTOPOM peani30BaHa HAHOLIKaNa. DTOT 3TANIOH — OCHOBA IS NepeAaYH eAHHHL
(QH3HYECKHX BETHYHH B HAHOMETPOBBIH AHAMA30H. Heno 3a HeMHOrMM — Heobxo-
AMMa rapMOHH3HPOBAHHAS CHCTEMA CTAHHAPTHBIX 06Pa3LOB COCTaBa, CTPYKTYPHI
H CBOICTB, CyXallHX NOTPeGHOCTAM HAHOTeXHONOrHi. Bee 3TO CO34acT NMpearno-

CBUIKH M 3aKNIaiIbIBACT OCHOBBI YCKOPEHHOIO Pa3BHTHSA BHICOKMX TEXHOJOrHIi B Poc-
CHH, H 0OCOOCHHO [IaBHOlt U3 HHUX — HaHOTEXHOJIOTHH.

[10 BOITPOCAM ITPUOBPETEHU S BTAJIOHOB CPABHEHH A — METPO-
JIOTHYECKU ATTECTOBAHHBIX MEP AJISl KAJIMBPOBKY PACTPOBbIX

SJIEKTPOHHBIX U ATOMHO-CHJIOBBIX MHUKPOCKOITIOB B HAHOMETPO-
BOM U ATIA30HE OBPALLIATHCS:

ll9421 POCCHS, MOCKBA, VII. HOBATOPOB,
HAOM 40, KOPIL. 1, HULI[IB

TEJL: (+7) 495-935-9777
- TEJI/®AKC: (+7) 495-935-5911
E-mail: fgupnicpv@mail.ru
.. WwWw.nicpv.ru
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U3MOATENbCTBO "TEXHOCDEPA"

MPEACTABIIAET KHUTW:

B cepun: "Mup MaTepHaioB H TeXHoJIoTHii" _

Cbopnux nod pedaxyueii d.m.n., npogeccopa I1.11. Maavyega

Hanorexnonorun. Haunomatepnansl. Hanocucremuas

Texuuka. Mupossie gocTikenns — 2008 roa.

Ilannasi paGoTa ARAACTCH NPOACDKCHHEM CEPHI KHMT H3AATeNbCTBA "Texnocdepa”
MO0 MHPOBHIM JOCTHXCHHAM B ofnacTi HaHoTexHonoruit. Kuura oxpatsisacr
MmarepHansl, onyGnukosawune B 2006-2008 rr. B Xypuane "Hamo- n
MWKPOCHCTEMHAs TCXHHKA" M CTPYMMHPOBAHHLIC MO PAIACNAM, OXBATHIBIIONIHM
HAHOMATEpHAIH, HAHOYICKTPOHHKY, HAHOJATYMKH M HaHoycTtpolicTsa,
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peanu3auMH M TNpHMcHEHMS B obnactH  TexHonoru QopmMpoBaHus
HAHOCTPYKTYP, MCTOJIOB MCCJACAOBAHMA HAHOMATCPHANOB, MCTPOJOTHYCCKOE

obecrieycHHE H OCHOBB TEXHOIOTHI HAHOCHCTEMHOM TEXHHKH.

2008. - 432¢., ISBN 978-5-94836-180-2, popmar 60x90/16, nepemwner

. M. M ’ - ke
é?t -qpmnnec dyapm, P. Jlnc. Mapmun-ITaasma,

B nanmoit kmure nompoGHo ommCaHL OCHOBHBIC (PMIHUCCKHE KOHLCMLMH,
CBA3AHHKE C HAHOHAYKON 1 HAHOTCXHOMOMHAMM, H BO3MOXHOCTH CO3AAHMA HA HX
OCHOBC MHKPOICKTPOHHBIX H ONTTO/ICKTPOHHBIX NPHGOPOB HOBOIO NOKONCHMA.
B Hacrosuiee BpeMA HANACTCS MHOTO KHMT MO HOBCHIIMM Pa3ncaaM HAHOHAYKH,
HO MOYTH OTCYTCTBYIOT Y4EOHMKH H 110COGHS ISt CTYACHTOB-CTapILCKYPCHHKOB H
ACMHPAHTOB, CBAIAMHMX ¢ Hanouaykol. Ipewraracman Kuura pocronuser 10T
npoGes, TaK Kak npeacramaser coGoi ueHHoe yueGHoe M crpaBouHOe nocolue
AR CTYACHTOB, CHCUHANHMIMPYIOWIMXCS B (M3MKE, MATCPHANOBEACHHH M
HCKOTOPHIX APYrHX TEXHHYECKHX AMcuMmanHax. Kpome Toro, KHMra MOXeT
NPCACTABNTEL HHTEPEC AU YMCHBIX H MHXCHCPOB-NPAKTHKOB, KCAAOMMX ryGKe
TIOHATL NPHHUMNL HAHOHAYKH M HAHOTEXHOMOTHH.

2009. - 368 c., ISBN 978-5-94836-209-0, hopmar 60x90/16, neperrer
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HanocTpyKrypHbie MaTepuaist

ITo0 ped. P. Xannunxa, A. Xusa

B knure o6o6umaiorcs kmodensic HapaGoTki B o6acTH HAHOTEXHONOTHI M
paccMaTpHBacTc MX BAMAHKE Ha o06paGoTKy MeTaanoB, NOAMMEPOB,
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HAHOMATCPHAIOB, MCTOALI HAHOMIDKCHEDHM B CO3A3HMH CIUIABOB Ha OCHOBC
CTIH, ANOMHHMSA H THTAHA, PACCMATPHBAIOTCA HAHOTCXHONOTHK, MO3BOAKIOLHC
HCIIOAB30BATh THAPHAN MCTALIOB /UIN XPaHEHHA BOJOPOAA KAK MCTOYHMKA
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Ycnexy HaHOMHXeHepun
Moa pep. A. I. Oasuca, k. M. Tomnoma

B knure paccMaTpuBaloTCA KNlo4eBbie A0CTWKEHNA aKafieM14ecKoii ¥ oTpacnesoii
Hayku 8 06NacTi UCCNEA0BaHUA, COINAHNA W KOHTPONA CTPYKTYp U Npoueccos Ha
pa3mepHoM yposHe mexee 100 HM. OTKpbIBAET KHUrY FNaBa, NOCBALIEHHAs yrnepoay u

1 pas 8 2 mecaya

BbinycKaercs np COReMCTBHN

PaINUuHbIM ero MONeKynApHbLIM KOHMUrypaumam. Ota » gpyrve rnasbli Hanucaubl poma
cneuvanuctamu B 06NacTM WCKYCCTBEHHbIX W ECTECTBEHHBIX CTPYKTYp. B kHure Pocn
PacCMaTpuBaloTCA HaHOYCTPOWCTBA M NEPCNeKTMBLI MX MpumeHeHus B obnacTu i
MHEOPMALIMOHHBIX 1 KOMMYHVKAUMOHHBIX TEXHONOMIA, @ Taioke NepeaoBbie MeToabl
aHaNW3a 1 MUKPOCKOTMNECKOrO UCCIIBR0BaHMS, paspabaTbiBaembie AR U3yHeHNs aTux Wsparens xypuana:
ceepxmanbix OGLEKTOB ¥ MaHunynauwii umn. OTaenbHble Masbl NOCBAWEHb! - 3A0 PULL «T OC¢3
MONEKyNAPHOIl camocBopKe U TYHHENLHOMY TpaHCnopTy Yepes 6enku. B Hux HarnagHo ' u — ol
nokasaHbl AOCTWKEHUS HayKW ¥ TeXHUKW, PacKpbiBalolne BHYTPEHHWE MEeXaHnu3Mbl
KNIo4eBbIX NPUPOAHBIX NPOLIECCOB ¥ AAIOLMUE BOMOXHOCTb YNPABNATL UMW, HaHoMMp Y
Tak 6earpaHudeH u pasHoobpa3eH, YTO KU B KAKOWN OTAENLHO B3ATON KHUre HeBO3MOXHO TnasHbI PEAAKTOP XypHana:
- AaTb ucyepnbiBalollee OCBELYEHNe YCNEexos B ero 0CBOeHUW UccriefoBaTensMn Bcex ﬂi‘rp Masnosuy Mﬂllbll&l

CTpaH, 1 npeanaraembiii cGOpHUK cTareit He nckmioueHue. OfHaKo aT1a kHura cnocobHa
euje 4ONroe BPeMA OCTaBaTbCA NONE3HbIM NyTeBoAuTeneM No AeACTBUTENbLHLIM W
NOTEeHUManbHbIM BO3MOXHOCTAM HaHOMHXEHepUW ANA BCeX, YbW UHTEPeCchl Nexar B

avoitobnacv. Ry :
' Xypuan «Hanounpycrpus» nopaepXxusaer
ne
2010. - 312c., ¢opm| P Ee100He, nepenner M NONyNApU3YeT OPUTMHANbHbIE paborsl
o R | ' OTEYECTBEHHBIX M PYCCKOS3bIYHBIX 3aPY6eXHbIX
HaHOCTPyKTYpLI B 3neKTpoHmKke 1 hoToHuKe CNELMANUCTOB, 3HAOKOMUT YMTaTENeH
B knure paH wupokuit 063op HaHoTeXHoONOrMiA UMeloWuxX aeno ¢ i : gotg o 4 -
i ' COBPEMEHHON , C nepcneKTMBamun 3BUTUS HOBbIX HAMPUBJIEHWHU
Tsﬂﬁm’,."m" ¥ (OTOHMKOA. OnucaHHbie 3nect Cepsl NPUMEHEHUs RABNAIOTCH e e Pa3BuUTH ey pﬂ
umauuungo%np:::xmeﬁ'mm% HaHOTEXHONOrMYecKkan pesoniouus. B HOHOTEXHOJIOTMM M HOHOMATEpPUANOB, OCBeWaeT
- pabotel uccneposar BCero nenaer samll O alarnil
Shiee——— nassonsIowM yaHaT. n:c‘:,‘i.i;.,xlmm:'ﬁ BOMPOCHI NPOU3BOACTBA, IKOHOMHUKM W 6usHeca
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3ACNYXXEHHbIN MPO®ECCOP
OTAENEHNA ®U3NKU

N ACTPOHOMUU YHUBEPCUTETA
IOXXHOW KAPOSNUHBI.
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