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OT PEAKOJIUVIETUA HOPXM

Pa3Butre TexHONOrHWii B Halle BpeMs BBIIUIO HA YPOBEHb CO3JaHHSI U aKTUBHOTO
WCIIOJIb30BAaHUSI CHCTEM, Pa3Mephbl KOTOPBIX 3aHHUMAIOT MPOMEKYTOYHOE IMOJIOKECHHE MEXIY
ATOMHBIMHU M MUKPOCKOIMYECKUMHU. IMEHHO Takue cucTeMbl 00eCIeUnIN TUTAaHTCKUI CKaduoK
B (QU3NYECKUX M XHMHYECKUX TEXHOJIOTHAX Oyiaromapsi  COYETAaHUIO KBAHTOBBIX H
KJIaCCUYECKUX CBOMCTB, CIy4allHOCTH W JETEPMHUHUPOBAHHOCTU. TE€XHUUECKUU MPOrpecc
BBIIBUHYJI IIEJIBI KOMIUIEKC 3a71a4 nepen GyHaaMeHTaTbHONH HayKoil. 1 MMEHHO JOCTHKCHHUS
(byHIaMeHTaIbHON HaYKH OTKPBLIM BO3MOXKHOCTH CO3JaHMs MPOPHIBHBIX HAHOTEXHOJIOTH B
¢usuke, xumuu, ouonoruu. [IpruemM BIusHUE OKa3bIBaeTCs B3auMHBIM. [Iporpecc B co3ganuu
HAHOCHCTEM MpPUBEJ K MOSBICHUIO HOBBIX OOBEKTOB AJisi ()yHIaMEHTAIbHBIX HUCCIEeI0BaHUM,
0e3 pe3yJbTaTOB KOTOPHIX HOBBIE HAHOTEXHOJOTHUH HE MOTYT HE TOJBKO Pa3BUBATHCS, HO
JTa)kKe U BO3HUKATb.

Ham >kypHan mnocBsiieH ¢yHIaMEHTaIbHBIM mpobiemMaM (U3MKH, XUMUU H
MaTeMaTHKH, KacaloIMMCsl BCEX acleKTOB HayKH O HaHocucTemax. B HeM paccmaTpuBaroTcs
KaK TEOPEeTHYECKHE, TaK M JKCIEPUMEHTAIbHBbIC 3aauyd (PU3UKA M XUMHH HAHOCHCTEM,
BKJIIOYAsi METOJIbl UX KOHCTPYHUPOBAHUS U CO3JAAHMSI, UCCIIEJOBAHUS UX CTPOEHUSI U CBOIICTB,
MOBEJCHUS TP BHEIIHUX BO3ACUCTBUAX, BO3MOXKHOCTH HCIOJB30BaHUS. [IpumHHMarOTCS
paboThl, HEMOCPEJACTBEHHO WM KOHIENTYyaJlbHO CBSI3aHHBIE C KIIOYEBBIMU CBONCTBaMU
HaHocHcTeM. HaHOTeXHOIOTHH MOTPeOOBAIM CO3JaHUS HOBBIX METOJIOB MAaTEMaTHYECKOTO
MOJIETTUPOBAHUSI U MaTeMaTHUeCKONW (U3UKU, a TAKXKE PAa3BUTHUA UMEIOUIMXCS METOIOB IS
pacnpoCcTpaHEeHUs] MX HAa W3YYCHHE HOBBIX OOBEKTOB, MHOTHE U3 KOTOPBIX paHee IMPOCTO
orcyTcTBOBaNM. COOTBETCTBYIOIINE MaTeMaTHYeCKUE MpoodieMbl OyayT OCBELIATHCS B HAIIEM
KypHaJe.

Ham okypHam CTaBUT UeNbI0 pa3IBUHYTh pPaMKU Y3KO-CIEIUAIU3UPOBAHHBIX
MyOMuKalui, 3aTPOHYTh IIUPOKUN CIIEKTP METOAOB, HCIIOJIB3YEMBIX MPU H3YUYEHUH Me30-
U HAHO- MAacIUTaOHBIX CHUCTEM, MPOIECCOB, CTPYKTYp U YCTPOWCTB, NpU YNpaBICHUH
HAaHOOOBEKTAMU W TPU HMX CO3JAaHHMHU, MPU MHTETpald HaHOA(PPEKTOB W HAHOMPUOOPOB B
(hyHKIIMOHAJILHBIE CUCTEMBI OOJIBIIIUX PA3MEPOB.

Kypnan mpuHHMaeT K MyONUKalMd OO30pHBIC CTAThU, MOCBSIICHHBIE AKTYyaJIbHBIM
(¢byHIaMeHTanbHBIM MpobOjaeMaM Hayku o HaHocuctemax. OO30pbl MOTYT 3aKa3bIBaThbCA
pemaKkIueil WM TMpeajarathCs aBTOpaMH B WHHUIIMATUBHOM mopsnake. OO0beM 0030pHOI
CTaThH, KaK mpaBuio, He npesbimaeT 30 ctpanuil. O030psl OOJBIIIEr0o 00beMa TPUHUMAIOTCS
K TIEYaTh MO CIeHUaIbHOMY PEIICHUI0 pPeNaKIUOHHOW Koiuiernu. JKypHan myOmuKyeT
HCCIIeIOBaTeNIbCKUE CTaTbl U KpaTKue cooOmeHus. Bce mnpeacraBieHHbIE MaTepHab
MPOXOJIAT TIHIATEIbHOE perieH3upoBaHue. He mpuHUMAaloTCs K MyONMHKaIMi KOMITHJISTUBHBIC
paboTHI U CTaThH YUEOHO-METOUYECKOTO XapaKTepa.

B.H. BacuinneB
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B pabore o0cyxaatoTcs pa3nuuHble acrekThl (ha30BbIX NEPexo10B U 603e-diHIITeiiHOBCKOH KonaeHcaun (BOK) ms
JIBYMEPHOTO ra3a MOJSIPUTOHOB, (POPMUPYIOLIMXCS B MOIYIIPOBOAHUKOBBIX M aTOMHBIX MHUKPO- U HAaHOCTPYKTYpax;
paccMOTpEeHHE BEIETCs C TOUKH 3PEHHs CYIIECTBYIOIIUX IKCIIEPUMEHTAIBHBIX BOZMOXHOCTEH U MMEIOIINXCS TEXHO-
JIOTHYECKUX AOCTHKEHUH. [IpeaoxeH HOBBIN TUI MPOCTPAHCTBEHHO-IEPUOANIECKON CTPYKTYPBI - MOJIAPUTOHHBIN
kpucrtam (I1K), oOpa3oBaHHEII TByMEpHON PEIIECTKON YACP)KUBAECMBIX JBYXYPOBHEBBIX aTOMOB M B3aMMOJICHCTBYIO-
XX C BJIEKTPOMArHUTHBIM II0JIEM B PEIIETKE TyHHEIIbHO-CBI3aHHBIX MUKPOPE30HaTOpoB. OCHOBHOMN aKIEHT CAEIaH
Ha BBIICHEHUH MEXaHM3MOB ()OPMUPOBAHUS KOTEPEHTHBIX MOISPUTOHOB, ONPENEIIEMbIX CBI3aHHBIMU COCTOSHUSIMH
OITUYECKOTO MOJII U aTOMHOU CpeAbl I HUKHEH BETBU NUCIEPCHOHHOM KPHUBOM MOJIPUTOHOB. IIpoananusupo-
BaHBI ClIyyal CYLIECTBEHHOTO HM3MEHEHHUs (3aMeUIeHHs) IPYNIIOBOH CKOPOCTH ONTHYECKUX BOJIHOBBIX NAKETOB B
YCIIOBUSIX KBa3UKOHJAEHCAUH (MM UCTUHHOM KOHJEHcauun) noasputoHos. ITokasano, uto crpyxrypa IIK no3Bosns-
€T MOJIHOCTBIO JIOKAJIM30BaTh MOJISIPUTOHBI, YTO MOXKET OBITh UCIIOJIB30BAHO KaK /IS IOJIY4YEHHs KBa3UKOHJICHCAIINU
MOJSIPUTOHOB HIDKHEH IHMCIEPCHOHHOM BETBH, TaK M [UIS 3aIMCH U XPAHEHMS KBAaHTOBOW ONTHYECKON MHGOPMAINU
PacnpoCTPaHSAIONIETOCs CBETOBOTO U3ITy4YEHUSI.

KoaroueBble cjioBa: (ha3oBbIc EPEXOAbl, IPOCTPAHCTBEHHO-TIEPHOANYECKUE CPEbl U (POTOHHBIC KPUCTAILIBI, MOJIA-
PHUTOHBI, KBAHTOBasI HH(GOPMAIIHS.

1. Bgeaenue. ®a3oBble nepexoabl B cHCTeMe IBYMEPHOI0 ra3a mnoJisipuToHOB

DKCHepUMEeHTHI 1o 003e-3iHITelHOBcKoH kKoHeHcauK (BOK) makpockonnyecku 60iib-
IOT0 4YHciia aToMOB (CM. Harpumep, [1]) okazanu OOJbIIOE BIMSHUE HA PAa3BUTHE PA3IMYHBIX
HalpaBJIeHUH COBPEMEHHON KBAaHTOBOW U JIa3epHON (PU3UKH, a TAK)KE B MPUIIOKEHUAX JJIS 3a]a4
kBaHTOBOW mH(popmanmu u (ortonuku. [Ipu peammzanum BIK, xorna B ycrnoBusx temmeparyp-
HOro (a30BOro Mnepexofa MaKpOCKOIMMUYECKHU OOJIBbIIOE YUCIO aTOMOB HAaXOJUTCS HA OCHOBHOM
(HMKHEM) KBAaHTOBOM YPOBHE, (DOPMHUPYETCS HOBOE KOT€PEHTHOE COCTOSHUE BELeCTBa. JTO MPo-
ABJISIETCA B TOM, 4TO, HallpUMep, B MpPEIeIbHOM ciaydae Temmneparypsl 1 = (0 aHcaMOiib aTOMOB
KOHJIGHCAaTa, KaK M KaX/blil aToM B OTAEIbHOCTH, ONMHUCHIBAIOTCA OOIIEeH BOJIHOBON (QyHKIMEH
U (r,t), COOTBETCTBYIOLIEH KOTEPEHTHOMY COCTOsIHUIO. B manHoMm acriekre siBienne BOK aHaio-
TMYHO IIPOLIECCY Ja3epHOM IeHepaluu, KOrja, HalpuMep, B PE30HATOPHBIX CXEMaxX IIPOUCXOIUT
(dazoBasi CHHXpOHU3ALMS MOJ CBETOBOTO M3NydeHus (cp. ¢ [2]). OTIuYUTENbHON 0COOEHHOCTHIO
cocrossHust BOK aTtoMoB sIBIsieTCS MX PaBHOBECHOE COCTOSIHHE, YTO JAJISl «CTaHJIAPTHBIX» Ja-
3epHBIX CHCTEM (C MHBEpPCHENW HACEIEHHOCTEH) SIBJIIETCS MPAKTUYECKU HE BBIMOJIHUMBIM BBUAY
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HE PaBHOBECHOTO XapaKTepa B3aMMOJEHUCTBUS Cpelbl U KBAaHTOBAHHOTO TOJS M3IyYyeHUs B pe-
3oHarope (cp. ¢ [3]). s MCTOUHUKOB KOT€PEHTHOTO M3JIy4eHUs Oe3 uHgepcuu HacelIeHHOCTEH,
TaKMX Kak Jla3epbl 0€3 HHBEPCUH HACEICHHOCTEH [4], HU3KOMOPOTroBhIe MOJMSPUTOHHBIE J1a3epsl 5]
U JIp. BOIIPOCHI MOJyYEHHUSI TEPMOAMHAMUYECKOTO PABHOBECHSI CBS3aHHBIX COCTOSIHMN Cpeabl U
OJISL SIBJISIFOTCSI HA CETOAHSIIIHUMI JIE€Hb YpE3BbIYaiHO aKTyaJbHBIMU U TPEOYIOT CBOETO OTIENb-
HOTO PacCMOTPEHHs B Ka)/OM KOHKPETHOM Ciyd4ae, B T.4Y. U C y4€TOM BPEMEHHOIro Maciirada
poTeKaromux (Gu3ndeckux mnpouecco (cp. ¢ [6]). IMeHHO Takue, OE3MHBEPCHBIC CHCTEMbI aHa-
JU3UPYIOTCS B AaHHOH palorte.

HecMmotpst Ha Brewamnisomye ycnexu B uane noydyenus bOK aromoB, HeoOXonuMOCTh
MOJICPKUBAHUSA CBEPXHU3KUX Temrieparyp (aecsatku HK) HamaraeT mpuHIUNHAIbHBIE OrpaHUuyYe-
HUSl HA BO3MOXKHOCTh UX MPAKTUYECKOTO HMCIOJIb30BaHUS. B 3TOW CBSA3M Upe3BhIYAIIHO BayKHBIM
CTAQHOBUTCS BOIPOC O TOJIYYEHHH MaKPOCKOMUYECKH KOTEPEHTHBIX COCTOSIHHMI BELIECTBa IpHU
OTHOCHUTEJIBHO BBICOKHX (BIUIOTH O KOMHATHBIX) TeMIEpaTypax.

B03MOXXHBIM pelieHreM JaHHOHW MpoOIeMBbl MOXKET OBITh MCIOJIh30BaHUE KBA3WKOH/ICH-
calMy JIByMEpHOTO c1ab0B3anMMOIeHCTBYOMEro 003e-ra3a NOISIPUTOHOB; TaKas KBa3HKOHCHCA-
sl IPOUCXOIUT B pesynbrare (asoBoro nepexona Kocrepmuma—Tayneca (Kosterlitz—Thouless)
K CBEPXTEKy4eMY COCTOSIHHUIO ABYMEpPHBIX 003e-cucTeM, Uisi KOTOphIX HUCTHUHHas (true) 6o3ze-
SIHIITETHOBCKAsE KOHAEH AU (B OTCYTCTBUU YAEP)KaHUS YaCTHUII T'a3a B JIOBYIIKE) HEBO3MOXKHA.
XOTS AaHHBIE COCTOSIHUS HEJb3s CUUTATh KOHIEHCATOM B CTPOTOM TEPMOIMHAMHYECKOM CMBIC-
Jie U3-32 HEPAaBHOBECHOTO COCTOSIHUS CUCTEMBI B IIEJIOM, OJHAKO MPU OMpPEAETICHHBIX YCIOBUSX,
HaJlaraéMbIX Ha XapakTep peau3yeMbIX B3aUMOAECHCTBUM, U B 3a/laHHBIX BPEMEHHBIX MHTEpBa-
Jax TepMaJM3aluu, NOJISIPUTOHBI, IEHCTBUTEIBHO, MOTYT KOHJIEHCUPOBAThCS; UX paclipe/ielieHue
VIOBIETBOPSIET PYHKIHUU pactpenencHus boze—DiHmTeliHa ueansHoro raza 0030H0B (cM. [7]).

B Hacrosiee BpeMs OINpENENeHHbIM ycleX B NOJIYYEHHM KBAa3WKOHJEHCAMM MOJSpU-
TOHOB JOCTUTHYT JJIS TIONYNPOBOJHUKOBBIX MHKPO- M HAHOCTPYKTYP — KBAHTOBBIX SIM, ITOME-
HICHHBIX B MOJYTNPOBOAHUKOBBIE MUKPOPE30HATOPHI, KOTOPHIM MOCBAIIEHO OOJIBIIOE KOJIUYECTBO
nyoaukanuii — cM, Haripumep, [8—11]. B vactHOCTH, B paboTe [8] a1 3TUX 1ienei ObuT 3a1eiHCTBO-
BaH IOJIyIPOBOJHUKOBBII MuKpopezoHarop Ha ocHoBe cTpykTypbl CdTe/CdMgTe ¢ nmomernien-
HBIM BHYTPb 00paslioM, COCTOSAIINM M3 16 KBAaHTOBBIX sIM. B aKcriepuMeHTe perucTpupoBaioch
pactipeneneHue (GpOTONMIOMUHECHEHIIMHA KaK (yHKIMH OT yria O, ompeneisieMoil BhIpaKeHHUEM
ky = (E/hc)sin ©, rue kj| - cocraBnsiomas BOJIHOBOIO BEKTOPA MOJIAPUTOHOB C SHEpTHel £, ma-
paJIeNbHO 3epKanaM pe3oHaropa. IIpu JOCTHKEHHH HOpPOroBoii MomuoctH Py, ~ 1, 67 kBt/cM?
U KpuTHueckoi Temmeparype 1. = 19 K nonspuToHbsl HaYMHAIOT 3aNOJIHATH HU3ILIEE YHepreTuye-
CKO€ COCTOSIHUE, COOTBETCTBYIOLIEE UX HMKHEHN AucIiepcMOHHON BeTBU. [Ipu 3TOM HE00X0qUMBIM
YCIIOBUEM SBJISIETCS TaK Ha3bIBAEMOE YCIIOBUE CUIJIBHOM CBSA3H MEX]y SKCUTOHAMH U KBAaHTOBaH-
HBIM TI0JIEM B PE€30HATOPE, KOTJa BBITIOJIHIETCS HEPaBEHCTBO (cp. ¢ [2]):

[2md?
We = WTW > 1/7—coh7 (1)

I/Ie W, — KOOTIepaTuBHAsl YacTOTa, ONPEIEIISIONIas KOJJIEKTUBHbIC (D (GEKThl B3aUMOACHCTBUS K-
CHTOHOB U TOJISI, Wy — YaCTOTa Iepexoa, d — IUTIOJILHBIII MOMEHT Iepexo/ia, 1— INIOTHOCTh IKCH-
TOHHOTO Ta3a, T.., — XapaKTepPHOE BpeMsl KOTEPEHTHOCTH cpebl. [Ipu 3ToM camo mose sBisieTcs
ci1abpIM (110 yucity (GOTOHOB).

B Tabnuue 1 npuBeneHb! YUCIEHHBIE JaHHBIE CPABHUTEIBHBIX XaPAKTEPUCTUK TTOTYICHHS
003e-KOHJICHCALH ISl IByX CHCTEM — aTOMHOTO ra3a M ra3a HOJSPUTOHOB. [IpHHIMTHATBEHBIM
MOMEHTOM 37I€Ch SIBJSIETCS TO, YTO OTHOCHTEIBHO BBICOKHE TeMIeparypsl (a3oBOTo Hepexoaa
JUTS TIOJIIPUTOHOB (DaKTHUECKU 00YCIIOBJICHBI HX MAJIOH MacCO.
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Cucrembl ATOMHBIH ra3 Pe3onaropusie mosnsipu-
TunuyHbie TOHBI B MOJYIPOBOJAHU-
XapaKTEePUCTUKU KOBBIX HAaHOCTPYKTYpax
DddexTunas macca m/mgy, 1 1079 ~ 10710

Mg — Macca cBOOOIHOTO aroMa

Boposckuit paguyc apg 0,01 am 10 am

Pacctosnue wmexnay dactunamu | 0,1 MKkM 1 MM

n~YP, D — pasmepHOCTb Ta3a

Bpewms xu3Hu Ic 1 ~ 10 nc

Bpewms tepmanuzanuu 1 mc 1 ~ 10 e

Kputnueckas remneparypa 1, 1 K ~ 1 MxK 1 K~ 300 K

TABIMUA 1. CpaBHutenbHble XapakTepuctuku BOK as atoMoB 1 MONSIpUTOHOB,
00pa3yromuXcs B MOIYTPOBOJHUKOBBIX CTPYKTypax, cp. ¢ [1,7-14]

OO6paruMcs Tenepb K OCHOBHBIM CTaTUCTHYCCKUM CBOMCTBAM aHCAMOJISI YaCTHI] B IByMEp-
HOM TIPOCTPAHCTBE, K KOTOPHIM MOYKHO OTHECTH PE30HATOPHBIC MOJISPUTOHBI IIPH COOTIONCHUN
YCJIOBHS CUIIBHOM cBsi3u (1).

[Tepexon Kk KBaHTOBOMY Ta3y 003e-4acTHIl, OOPa3yIOIIMXCS Ha JIBYMEPHOW MOBEPXHOCTH,
B ATOM ciy4ae peanusyercs npu 1’ < Ty, tae

2mh*ngy
Ty=—7F— (2)
mk B
MIPEICTABIIACT TEMIIEPATYPY KBAHTOBOTO BBIPOXKICHUS ra3a, no— JAByMEpHas INIOTHOCTh YaCTHIL B
MJIOCKOCTHU, TIEPIICHIUKYIISIPHON OCH pe30HaTopa.

OpnHako, Ui UealbHOIO ras3a, Ja)Xe MPU HAaJWYUW BBIPOXKICHUS, KaK 3TO U3BECTHO, HE
CyIecTByeT (OTIUYHOU OT HyJIs) TeMIiepaTypsl $a3oBOTo Iepexoja K KoHAeHcanuu. Bmecte ¢
TeM MCTHHHAsI 003€-3MHIITEHHOBCKAs KOHJEHCAIUsI BCE K€ BO3MOXKHA MPH HAJTMYUU BHEIIHETO
MOTEHIIMAJIa YACPKUBAIOIIETO YaCTUIIBI B JIOBYIIKE. B 3TOM cilyyae KpuTHYecKas TeMmIeparypa
nepexojia K MICTUHHON KOHACHCAIIMU MOXKET OBITh OIpesesieHa u3 BeipaxeHus (cp. ¢ [12,13]):

2R2NU

Tc = 79 9 7o A
ktmrigs(2,0)

3)
rne g2(2,0) =~ 1,645, ro — nomepeunsbiii pasmep obnactu yaepxkanus, N — aucio gactun, Uy —
MOTCHIIMAIT yACP)KAHUS B LICHTPE JIOBYIIKH.

Ha npaxTuke 00bIYHO UCTIONIB3YIOT TAPMOHUYECKYIO JIOBYIIKY C MOTEHIIMATIOM YAEPKaHUS

qaCTuIl:
2

U(r) = Uo:—g, 4)

rJe r — nomnepevyHas koopauHara. Hampumep, aBTopbl pa®oThl [9] mis 1ienneid ynepKaHus MmoJis-
PUTOHOB B YCIOBUSX (4) UCIOJIB30BAJIM TOCTOSTHHOE MEXaHUYECKOE HAIPSHKEHUE, MPUIT0KEHHOE
K MOJYTPOBOJHUKOBOMY 00pa3iry. [Ipu aToMHO-ONTHYECKUX B3aUMOJEHCTBUAX yAEP:KaHUE OIS~
PUTOHOB MOXKET OBITh JOCTUTHYTO C IMOMOIIBIO CIIEIIHAIBHBIX BOJHOBOJOB (cM. [14]). 3ametnm,
YTO B YCJIOBHSIX MUMEIOLIUXCS HKCIEPUMEHTOB 10 mnosydeHuto BOK nist cBsi3aHHBIX COCTOSHUMN
Cpellbl M TIOJIs TEIIoBas 3Heprus kT CymecTBEHHO GoJbIe SHEprun hwy, (Wi ~ +/Up), onpe-
JIeTISIONIEH yep:KaHue 4acTull B JIOBYLIKE, cp. ¢ [6,9].

B pesynsrare npu temneparypax 1’ < 1. nBymepHbIi 0o03e-ra3, yaepKUBaeMblil rapMo-
HUYECKOM JIOBYIIKOM, HAXOAUTCS B OCHOBHOM COCTOSTHUU; YHCIIO YACTHI[ B 3TOM COCTOSIHUU [V
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3aBHUCUT OT TCMIICPATYpPbl B COOTBECTCTBHUU C COOTHOIICHUCM:
2
No=~ N (1—(T/T.)7). (5)

C yderoM B3aMMOJAEWCTBUS YacTHUIl KapTHHA CYyIECTBEHHO MeHsercs. Jlaxke ciaboe ux B3au-
MOZCWCTBUE NMPHUBOAUT K TaK HAa3bIBAEMOH KBAa3WKOH/CHCAIMU JBYMEPHOTO 003e-ra3a, KOTOpPYIO
Ha3bIBalOT (ha3oBbIM nepexonom Koctepnuna—Tayneca (cM., Harpumep, [13]). CyTh maHHOTO sB-
JICHUsI 3aKJII0YAaeTCs B TOM, YTO Ha JIByMEpPHOW MOBEPXHOCTU, OIpaHUYMBAIONICH HEUAeaTbHbIN
ra3 003e-4acTull pu Temieparypax Huxe 1k, oopasyrorces kanenbku bOK, obnanaromnme Bcemu
CBOMCTBaMHU CBEPXTEKYUYECTH, HO He sIBIstoImuecs (a3oBo koppenupoBaHHbIMU. [Ipu 3TOM cama
KpuTHUecKas temneparypa 1k MOXKeT ObITh HailJleHa U3 BbIPAXKECHUS:

™ h2ns

S (6)
2mk B

rie ng — IUIOTHOCTh CBEPXTEKy4el >KUIKOCTU Ha BYXMEPHOH moBepXxHOCTH. Kak mokas3biBaoT
pacuérsl (cM., Hanipumep, [13]), BenuuuHa 1 xp NpUOIU3UTEILHO B 4 pa3a MEHbILE TEMIIEPATYPhI
BBIPOXKJCHUS U1 MleadbHOro 0o3e-rasa.

Takum o0pas3om, B AByMEpHOM ciy4yae 0o03e-ra3 MOXKET MpeTepreBaTh JABa Pa3iIHuHBIX
tuna ($azoBeIx nepexona. Ilpu 3ToM 11 aTOMHBIX CHUCTEM 3HAYEHHUS KPUTUYECKUX TeMIIeparyp
UCTUHHOHN KoHJeHcanuu (3), a Takke KBa3UKOHACHCAUU (6) SBISIOTCS YPE3BHIYAHO HU3KUMU U
MO-TIPEKHEMY JIexkKaT B 001acTAX NECATKOB (COTEH) HAHOKENbBUHOB. C Ipyroil CTOPOHBI, ISl pac-
cMaTpuBaeMbIX B pabore 003e-4acTUI] — MOISIPUTOHOB, (Pa30BbIe TEPEXOAbl MOTYT MPOUCXOIUTh
IIPU 3HAUUTEJBHO Oo0Jiee BBICOKMX TeMIleparypax. JTO CBA3aHO B IEPBYIO OYEpelb C TEM, UYTO
ux 3QpeKTUBHAs Macca CyIECTBEHHO MEHbIIE MacChl aTOMOB (cM. Tabnuny 1). imenHo naHHOe
00CTOATENBCTBO JIETAET UX MPHUBJIEKATEIBHBIMU JUISl (PU3MUECKUX UCCIIEIOBAaHUN U MEPCIEKTHUB-
HBIMU JIJI1 BOBMOKHBIX MPAKTHUECKUX MPUIOKEHUH.

Crnemyer onHako, UMETh BBHJY, UYTO JJIsl MOJYNPOBOJHUKOBBIX CTPYKTYP XapakTepHOE
BpEMS T, JOCTATOYHO Mano U cocrasisier Bcero 107 2-107! ¢ (em. tabmuy 1). Kpome Toro,
3¢ PEeKTH HOHU3AINH YKCUTOHOB, a TAK)Ke HAIWYHME NMPUMeEced B 00pasiie, KOTOPbIE OrpaHHYUBA-
IOT BO3MOKHOCTH MHKPOJIEKTPOHHBIX CHCTEM B paMKax CYIIECTBYIOUIMX TEXHOJOIMH, UIPAIOT
HETraTUBHYIO POJIb IIPU NOJYyYEHUH MaKPOCKOIIMYECKOTO KOHAEHCATa MOISIPUTOHOB OCOOEHHO NpHU
BBICOKHMX TeMIlepaTypax. JTO JelaeT MpoOJeMaTuyHbIM €ro HCIOJIb30BaHHE B MPUIIOKEHUSX,
HampuMep, Ui Lenel KBaHTOBOW o0paboTku mHpopmanuu. B 3Toii CBA3M akTyaJabHBIM Mpe-
CTaBJISIETCS MOJTy4YeHHUE MOJSIPUTOHHOTO KOHJIEHCAaTa B aTOMHBIX MUKPO- U HAHOCTPYKTYypax, Tie
BpeMsl JKM3HH OTPaHUYEHO BPEMEHEM >KHU3HU BO30YXICHHBIX aTOMHBIX COCTOSIHHI, COCTaBIIS-
IOLIUX JECITKH HaHOCEKYH[. B wactHOocTH, B pabotre [15] BnepBble ObUIO MpeCKa3aHO BpeMs
TEepPMaJIM3allui CBA3aHHBIX (OETHIX) aTOMHO-ONTHUYECKHX COCTOSIHUM M IPOJEMOHCTPUPOBAHO
(dopMupOBaHHE MU TEPMOJMHAMMUYECKH PAaBHOBECHOI'O COCTOSHUS IPU B3aUMOJIEHCTBUM aTO-
MOB pyOuams ¢ gactuuamu Oy(epHOTo raza MmpHu BBICOKOM JIaBICHUHM U BBICOKOH TeMIiepaTrype
(530 K), Haxomsmuxcs B yCIOBUSX ONTHUYECKUX CTOJKHOBEHUU. SIBICHHE OrpaHUYUBAIIOCH TOJIb-
KO CIIOHTAHHBIMU TE€PEXOAaMHU JJIsi BO3OYKIECHHBIX COCTOSHUI STUX aTOMOB.

B Hacrosimeii padore OyayT pacCMOTpeHBI KBaHTOBBIE CTAaTUCTHYECKHE CBOMCTBA rasa
HOJIIPUTOHOB, (POPMUPYIOLIUXCS B aTOMHBIX MUKPOCTPYKTYpax, TEMIIEpaTypa KOTOPBIX ONpere-
JSieTCsl BPEMEHEM YyJepKaHHUsl aTOMOB B pelieTke. Marepuasl cTaTbl pacupeziesieH CIeIyoIuM
obpazom.

B pasnene 2 Oyner npennoxeHa peuieTouHas MoJelb JJis MOJISPUTOHOB, OCHOBaHHAs Ha
yIAEpKaHUH JIByXYPOBHEBBIX aTOMOB B ONITHYECKOHN pELIETKE U B3aMMOJAEHCTBYIOIINX C CBETOBBIM
II0JIEM B CUCTEME PE30HATOPOB, YTO MO3BOJISIET OCYIIECTBUTh UX (IOJSPUTOHOB) KBa3UKOHACHCA-
uuto. [IpenenbHo BO3MOKHAs TPYIIIOBasi CKOPOCTh MOJIIPUTOHOB € YYETOM MX B3aUMOJEHCTBHS, a
TaK)k€ HEpaBHOBECHBIX IPOIIECCOB pejlakcaluu o0cykaaercs B paszeine 3. @U3n4ecKkue OCHOBBI

TKT =
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3anucu UH(pOpPMaIMK Ha OCHOBE MOJISIPUTOHOB HIKHEH TUCTIEPCUOHHON BETBH, (DOPMUPYIOLIUXCS
B paccMaTpuBaeMoOi MPOCTPAHCTBEHHO-NIEPUOJUIECKON CTPYKType, OyAyT MPeIIoKeHbI B pa3zie-
ne 4. B 3axmoueHnn chopMyaupoBaHbl OCHOBHBIE BBIBOJIBI PaOOTHI.

2. TlonsipUTOHBI B aTOMHBIX MHUKPOCTPYKTYpax

[IpocTpaHCTBEHHO-IEPUOANYECKUE CTPYKTYPbl aTOMOB, 3aKJIFOUEHHBIX B ONTUYECKHE pe-
30HATOPBl, OTKPBIBAIOT HOBBIE MEPCIEKTUBBI JJISl UCCIIEIOBAHUS KPUTUUYECKUX SIBJICHUU B CBS-
3aHHBIX aTOMHO-ONTHYeCcKuX cucremax. Co3gaHue U pa3BUTHE METOJOB YIEp)KaHUS aTOMOB B
ONTUYECKUX PELIETKaX pa3iIMuyHOM KOHQUIypalHH CIOCOOCTBOBAJIO IIMPOKOMY Pa3BUTHIO HC-
CJIEIOBAaHHMN PA3IMYHBIX acIeKTOB (ha30BBIX MEPEXONOB ISl CBA3aHHBIX aTOMHO-ONITHYECKHUX CO-
cTossHu# [16]. B wacTHOCTH, peub UAET O KBAaHTOBBIX (DAa30BBIX MEPEX0/ax, MPOUCXOIAIINX IPU
abCOJIIOTHOM HyJI€ TeMIIEpaTyphl, O MEePEexXoax TUIa METaJI-IUIIEKTPUK, 0 (pa30BBIX mepexomax
K CBEPXHM3JIYYEHHIO, U Ap. (CM., Harpumep, [17-21]).

C npyroii cTOpoHBI, COBPEMEHHBIN YPOBEHb Pa3BUTHUSA HAHOTEXHOJIOTHM U HAHO(POTOHUKH
JleJlaeT BO3MOXKHBIM CO3/IaHHE MEPUOAUYECKUX CTPYKTYp Ha OCHOBE LIETIOYEK CBSI3AHHBIX MHUK-
POPE30HATOPOB — TaK HA3bIBaeMbI€ CBSI3aHHBIE BOJIHOBOJHBIE ONTHYECKUE pe3oHaTophl (coupled
resonator optical waveguides), B KOTOpPBIX MMOMEIIEHBI IBYX- WM TPEX- YPOBHEBbIE aTOMBI [22].
ITpu sTOM Hanbosee NEePCIEeKTUBHBIM BBIVISIAUT UCIIOJIb30BAHUE MUKPOPE30HATOPOB HOBOTO IO-
KosieHus (cM. Hampumep, [23]) ¢ BBICOKUM (Q-(pakTopoMm, AJIsi KOTOPBIX YCIOBHE CHIIBHOM CBS3H
MEXly KBAHTOBaHHBIM H3JIyY€HUEM U aTOMaMU BBINOIHSIETCS BIUIOTh JO OAMHOYHOTO aroMa.

B aT01i cBsA3M HeaBHO HaMU ObLIT NMPEIJIOKEH TaK Ha3bIBAEMBIN MOJIIPUTOHHBIN KPUCTAILIT
(ITK), mo3BomsOMIMNA TOTHOCTHIO JIOKAJIM30BATh MOJSPUTOHBI B CBOEH CTPYKTYpE, aHAJIOTHYHO
«3anupaHuio» GoToHOB B (POTOHHOM KpucTayie [21].

Ha puc. 1 npeacrasiena Mozienb ABYMEPHOTO NOJISIPUTOHHOIO KpUCTalIa, paccMaTprBa-
emoro HamMu. OHa cOCTOUT U3 pemeTku )V TyHHEIbHO-CBA3aHHBIX MHKPOPE30HATOPOB B ILIOC-
koctu XY, 00pa3oBaHHBIX B CTPYKTYype IBYMEpPHOro (hOTOHHOTO KpucTamia ¢ Aedekramu. [lpu
ATOM KaXIbIH PE30HATOP CONEPKUT HEOOJIbIIoe (HO MAKPOCKOIUYECKOE) KOJIUYECTBO JIBYXYpPOB-
HEBbIX aTOMOB, B3aUMOCHCTBYIOIIUX C AEKTPOMAarHUTHBIM nojieM. Kpome Toro, cuctema aToMOB
CHapy»H MOMEILIEHA B IBYMEPHYIO ONTUYECKYIO PEIIETKY, MUHUMYMbI KOTOPOM COBIAJAIOT C Me-
CTONOJIOKEHUEM PE30HATOPOB, 00PAa30BAHHBIX Je(eKTaMi (POTOHHOTO KpHUCTAILIA.

MoyKHO TIOKa3aTh, YTO B NMPHOIMKCHHHM TaK Ha3bIBaeMOW TecHOM cBs3M (tight-binding
approximation) — cm., Hanpumep, [24], nonseii I'amuneronnan H = Hy + Hp, + Hjpy 00CyX-
JlaeMOM aTOMHO-ONTHYECKON CUCTEMBI MOXKET OBITH IPEJCTaBIEH B BUIE [y, [, — ONUChIBaET
aTOMHYIO M ONTUYECKYIO 4aCTH, COOTBETCTBEHHO, [1;,; — ['aMuiIbTOHNAH B3auMOIEHCTBUS):

al _ Rla) (41 T _
at =h Z [ nzny at nznyanzny 57% anznyanzﬂny =+ anznyanz—lny

N, Ny

b
/B(G) ((lnzny(lnzny+1 + a’n nyan:z;ny_1> + w'r(zz)ny, atb;r‘bznybnzny_ (7a)

_ﬂ <b7-|ibznybnz+1ny + bjlznybnz_lny> /B (b;libzny bnzny+1 + bLGybnzny_]-)] I

th =h Z [anny,phl/};rlznywnzny — Qp, (wlznyd}nz—&-lny + l/JJLGyl/}nz—lny) -
nemy (76)

_Oény (wlznywnzny+l + Q/Jq];znyl/}nzny—l)]

mt Z [ Ny LGybnzny + b;rzznyanznywnzny]a (7B)

Na,Ny \/ nzny
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optical lattice
~40

(6)

Puc. 1. (a) —cxemaruueckoe npezacrasiaeHue reomerpun pemerku [IK ¢ pomy-
CTHUMBIMH CBSI3SIMH MEXKIY COCEITHUMHU Pe30HATOpamH, (0) — mpakTUdecKas peau-
3alus ABYMEPHOTO MOJSIPUTOHHOTO Kpuctaiuia. O00o3HaueHUs: Liejble Yucia n,,
N, HYMEPYIOT S4EHKHM PEHIETKH — MUKPOPE30HATOPBI C JIByXyPOBHEBBIMU aTOMa-
MH; Npy = 1,2,..., Ny, THe N, 1 Ny —4nciio pe3oHaropoB 1o ocsiMm X u Y
COOTBETCTBEHHO, { — MOCTOSIHHAS PEIICTKA

rae Np,n, = <aLGyanzny + b;flznybnxny> — CpE/IHEE YMCIIO aTOMOB B y3JIaX C HOMEPAMU 71, 1y;

?b ?b
wf:in)y’ ot —9acTOTa aTOMOB B pelIeTKe, KO3((HUINUCHTHI CBA3U ﬁ‘iﬁy (Ctnyom,) XapaKTEPU3YIOT

TYHHEITUPOBaHUE aTOMOB ((POTOHOB) MEKIY COCEIHUMHU SUCHKAMH M OTPEACISIOTCS WHTETpa-
JaMH TICPEKPBITUS WX BOJIHOBBIX (DYHKIIMU U MPOU3BOIHBIX, COOTBETCTBEHHO; § XapaKTEPHU3YeT
aTOMHO-ONTHYECKYIO CBsA3b. B (7a), (70) ay,pn, ¥ by, rn, — 003€-01IEPATOPHI YHUUTOKEHHS aTOMOB Ha
OCHOBHOM M BO30YXJIE€HHOM COCTOSHHUSX B YEHKE C HHAEKCOM 71y, 1y, COOTBETCTBEHHO; Yy, p, —
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OIICPaTOpP YHHYTOXKCHUS (bOTOHOB B TOM Ke sTUcHKe. I[anee, JJIA IIPOCTOTHI MBI I10JIaracM BCE PE30-

HaTOPbl HACHTUYHBIMHU U COACPKAITUMH OJUHAKOBOC YHCJIIO aTOMOB N = anny- Hcxons u3 non-

HOW CUMMETPHUHM 331241 (CM. pUC. 1a), MOXKHO TaKXKe MONOKHTD § = G, n,» ,(f;’b) ~ ﬁ,([:!’b) = pla:b)
Uy, ™~ 0, = Q.

C noMomnipio Tak Ha3bIBaeMbIX MpeodpazoBanuii Xonbirerina—IIpumakosa (cm. [25]) ra-
MUJIbTOHUAH (72)—(7B) MOXKHO NMPUBECTH K BUIY

Hat =h Z [(w'r(zl;)ny, at wq(‘:i)ny, at + 45((1)) ¢I’LGy ¢nzny_
Ty (8a)

Hyp = h Z [wnzny,phl/}jzznyl/}nzny -« (d’lznywnz—klny + wlznywnzny—&-l + HC)] (80)

Na,Ny

Hing =g > [0, Oy + O Yo, (88)

Nz, Ny

e ¢, ¢ (n = {n,,n,})— oneparopbl BO3MYILEHUH B aTOMHOH PENIETKE, yIOBIETBOPSIOIINE
KOMMYTAallMOHHBIM COOTHOIIEHHUSAM:

[¢ ns ¢;rn} = 5mn7 n,m= {n:ra ny} . (9)

[Tpu BbIBO#E (8a)—(8B) y4dTeHO, YTO CpeqHEe YMCIO arOMOB Ha HIDKHEM YPOBHE 3HAYUTEIHHO
MIPEBOCXOIUT UX KOJMYECTBO B BO30YKICHHOM COCTOSIHHH, T. €.

(bhb,) < {alay,). (10)

JlaHHO€ yCJIOBME MHOT/A CBSI3bIBAIOT C MPUOJIMKEHUEM MajIoi INIOTHOCTH JJIs I'a3a MOJISIPUTOHOB
(cp. ¢ [21]).

[Tepeiinem B (8a)—(8B) K MMITyJIbCHOMY E-HpCHCTaBHeHI/IIO. VYuuteiBas NepUOANYHOCTH
CTPYKTYpPbI MOJAPUTOHHOTO KPHUCTAILIA, ONEPATOPBI Yy = Uy p, U On = P, p, MOKHO NPENCTA-
BUTH B BUJE:

1 T 1 T
n = —F— et y = —— —e' P 11a,0
— -

rne | —Bekrop pemerku. B nBymepHoM cityyae umeem: k | = kynyl+kyny b, n, =1,2,... Ny,
n,=1,2...,N,, M = N, x N, (nanee nonaraem N, = N,)) — obluee 4ucio siueex (pe3oHaro-

pOB) B pelieTke, £ — NOCTOSIHHAST PEIICTKH.

[Toncrasnss (11a,0) B (8a)—(8B) momyuaem:
H =0 |wudfon +wpmifn + g (wfon +olun) | (12)
k

TIe Wy = Wpn(k) U wer = wei(k) ONpenemsoT IUCIIEPCHOHHBIC COOTHOIICHUS 1711 QOTOHHON U
aroMHoI mosicucteM cTpykTypbl [IK cooTBeTCTBEHHO, 1 MOTYT OBIThH 3alMCAHBI B BUJIE

wik) = W= w489 — 280 (coskf + coskl) (13a)

w! k) =w 2cv (cos k, + cos k:i) : (136)

ph NngNy, ph

Bripaxenue (12) B npuOamXeHUH TECHOM CBSI3U NMPEICTaBISET MHOIOYACTUYHBIN I'aMUIBTOHU-
aH B UMITYJIbCHOM IIPEJCTaBJIEHUH, OMMCHIBAIOIINNA NEPUOJUYECKYIO CTPYKTYpY puc. 1, 1 MOXeT
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OBITh IPOAHAIM3UPOBAH B TEPMHUHAX IOJSPUTOHOB BEepXHEH (:1,7) W HIKHEHR (:27?) JTUCTIEPCH-
OHHBIX BeTBei. OH NMPUBOAUTCS K THATOHAIILHOMY BHY C IIOMOIIBIO JuHelHbIX TIpeoOpa3oBaHui
Boromrobosa:

B % = Xplp + Cpop By = Xpop — Oty (14)
rae X; u C; —xodpdunuentsl Xondunaa, onpenensgeMble Kak (cM., Hapumep, [21])
1/2 1/2
PN P c.— 2 |1 % (152,6)

op = w;hk) — wétk) — OTCTPOMKA YaCTOThI, 3aBUCSINAS OT KBa3UUMITyJIbca k.

Omeparoper =, j, =, ; B (16a,0) XapakTepusyioT 1Ba THIIA IEMEHTAPHEIX BO3MYIICHUM
C XapakTepHbIMU YactoTaMu () o(k), KOTOpbBIE ONPEACNSIOT AMCIEPCHOHHBIC COOTHOIICHHS, a
TaKXe 30HHYIO CTPYKTYpY MOJSIPUTOHHOTO KpucTauia. OHM UMEIOT BU:

1
Da(k) = 5 [wat(k:) + wpn(k) £ /62 +4¢2] . (16,6)

B pesynwsrare macca nossipuToHOB BepxHei (1) u HIbKHEH (2) BeTBeM ompenensieTcs Bbl-

pakeHUEM:
2marmpny/ A? + 442
mio = — 5 (17)
(Mgt + mypn) A/ A% + 492 £ (Mg — mpp) A
me A = A —2 (a - p (b)) — HE3aBHCSIIAs OT KBa3WUMIYJIbCAa OTCTpoOiika, A = 5*‘12:0 =
a h h
Whony, ph (ws;)n% at = wfzz)% at 408 (“)>. IIpu 5TOM BBIp@XKEHUSA 1M = W, Mpp, = 2l omnpe

JeIsoT 3 GEKTHBHBIE MACChl aTOMOB M (JOTOHOB B JAHHOW PEIIETKE, COOTBETCTBEHHO.

®dusnyeckn 0coObIi MHTEpeC NPEICTaBIAIOT JTUCIEPCUOHHbBIE CBOWCTBA IMOJSPUTOHOB
HIDKHEH BeTBH. B KBa3MpaBHOBECHOM COCTOSIHUM WMEHHO OHA SIBJSIETCS MaKPOCKOIMHMYECKH 3a-
MOJTHEHHOW TOJSIPUTOHAMHU M TIOSTOMY — HabIromaeMoi B akcriepumente [8]. Bompockr B3anmo-
JeMCTBUS MOJSIPUTOHOB, MPUHAIISKAIINX PA3THIHBIM JUCIIEPCUOHHBIM BETBSM, KOTOPBIE MOTYT
IPOMCXOJUTh MPU JIOCTATOYHO BBICOKMX TEMIIEPAaTypax M OOJNBIIMX aTOMHBIX HEJTHMHEHHOCTSX,
noApoOHO OBUIM TPOAHATM3UPOBAHBI B pabdore [26], u 31ech MBI UX He 00cyxnaeM. Takum 00-
pasom, fanee OyayT oOCYykIaTbCsi CBOMCTBA MOJSPUTOHOB TOJBKO HIDKHEH BETBU (MHIEKC «2» Y
COOTBETCTBYIOIIMX BEJIMYMH MBI jajiee JUIsl KPaTKOCTH OITyCKaeM).

Ha puc. 2 nmpencrasiena TpexmepHasi AUCIEPCUOHHAs 3aBUCUMOCTD XapaKTEPHOUN YaCTOTHI

Q(k) = ng) JUIS HUOKHEH TIOJIIPUTOHHOW BETBH B IepBoil 30He bpumrosna (3b). [Ipuniumnu-

aJIbHBIM MOMEHTOM 3/I€Ch SIBJISICTCS HANMYUe MUHUMYMa 1ipH k = 0.
[Tpu MasbIX 3HAYCHUH KBa3UUMITYJIbCA, KOTJIa OKa3bIBACTCS CIPABEUIMBBIM ycioBue kl <
1, Ha ocnose (12), (16a,0) momyuaem:

2
_ E == ~ hk
k
Bripaxkxenust (18a,0) onuchIBalOT H€aNbHBIN ra3 CBOOOMHBIX YAaCTHI[ — MOJIIPUTOHOB |,
HaXOIMXCSI Ha JHE AUCHEePCHOHHON moBepxHocTH ()(k), mpuBeneHHOW Ha puc. 2. VIMeHHO
JTAHHOE OOCTOSTEIBCTBO SIBISETCSA MPUHLIUITUAIBHBIM MPU 00CY>KIEHUHU BOIIPOCa O KOHJICHCAIIUU
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IIOJIIPUTOHOB B COCTOSIHUE C k = 0. XuMudeckuii moTeHuan {4 Takoro rasza omnpenensercs [13]
Kak:
p=kpTln(l — e ") = kpTIn(1 — e /7)), (19)

2
rie T, — TeMIeparypa KBaHTOBOTO BHIPOJKIIEHUS Ta3a, onpeneiernnas B (2), Ay = (27h%/mkgT) 2 _

JUTHHA TETUTOBOW BOJIHEI nie bpoiinsa. Temneparypa 7, B (18a,0) ompenensiercst yciioBueM, Koraa
TCIIJIOBAA AJIMHA BOJIHBI )\T HUMECT TOT KC MOPAAOK BEJINYHUHEBI, YTO U CPECAHEC pACCTOAHUC MCKIAY

YaCTULIAMU 7o 1/2 (cm. Tabmuiy 1).

L) ..‘ bt _
D VA &m’{qﬁw '—382

IS
A WHHW;'W:'H{
"‘1"{3}‘:‘.‘%‘;# it

: ANV 1 £
i 81O

-381.1

[zZH11] (DO

0 , m
| -
k_( Tk (

Puc. 2. ucnepcuonnas 3aBucumocTb () (k) M NONAPUTOHOB HIKHEH BeT-
Bu. IlapameTpbl cHCTeMbI: KOA()(DHIMEHT aTOMHO-ONTHYECKON CBS3H ¢/2T =~
12.2 TTu, yucno aromoB B KaxaoMm pe3onarope N = 100, uucino pe3oHATOPOB
M = 100, mocrosiHHast pemeTky £ = 3 MKM B OTCTpOWKa 4yacToThl A = ()

[TpuBeeM unciIeHHBIE OLCHKH [T HAOMIOAEHUS] paCCMAaTPUBAECMBIX SIBICHUI Ha PUMEpe
B3aUMOZICHCTBUS IBYXypPOBHEBBIX aTOMOB PYOH U C HJIEKTPOMAarHUTHBIM 1ojieM B cTpykType [1K,
CpelHss yacToTa epexosia Mexay ypoBHaMu D-nunuit kotopsix cocrasiseT 382 TT'n. Hanpuwmep,
B Cllydae Pe30HAHCHOTO aTOMHO-ONTHYECKOr0 B3aMMOeHCTBHs mpu A = (), Macca MONSAPHTOHOB
MOJXKET OBITh HaiiJieHa U3 BeIpaxeHus (17) u umeer BUA:

2mph

m (20)

1 + mph / L
B skcnepuMeHTe, Korna BBIIOIHACTCS YCIOBUE My, /Ma <K 1 (o > ), n Macca HOJSIPUTOHOB
HIDKHEH BETBH JOCTATOYHO Malla, a MMEHHO, M &2 2m,,;, ~ 5.6 x 107 kr npu Macce aromoB pyGu-
aus Mgy =~ 1.44 x 1072° kr. TlosTOMy Temmeparypa BBIPOKIEHHS IBYMEPHOTO Ta3a MOJISPUTOHOB
T,; MOXET OBITh JOCTATOYHO BBICOKOH M COCTaBIISICT MPUOMU3NTENbHO 448 K mpu KOHIIEHTpauu
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JIBYMEPHOT'O ra3a MOISPUTOHOB B pemeTke ny ~ 0.5 x 10% cM™2 u Temnosoii Bonue ae Bpoiins
Ar =~ 1.4 Mkm (cp. ¢ Tabnumei 1).

U3 (19) cnepyet, uTo, B YCIOBUSIX CUIBHOTO BBIPOXKJCHHS raza MOJIIPUTOHOB, HACTYTIa-
romero npu ne A% > 1 (T < Ty), XUMAYECKUH MOTEHIMAN Ta3a [t SABJIAETCS aHAIMTHYECKOM
dbyHKIMEH OoT Temreparypbl U Bo3pactaeT npu ' — 0, ocTaBasich MpU 3TOM OTpHUIATEIbHBIM. B
pe3yabTare KOHJIEHCALMs JBYMEPHOTO ra3a MOJISPUTOHOB OTCYTCTBYET MPH KOHEUHOU (HEeHyJe-
BOI) Temrieparype. Bmecte ¢ TeMm, Kak 3TO y»Ke ObUIO OTMEUYEHO BBIIIE, YXKE IPHU TeMIeparype
Tkr (cm. (6)), B tByMepHOM 003e-raze mpoucxoaut ¢a3opbiii mepexon Kocrepmuia—Toynecca k
COCTOSIHMIO CBEpPXTEKyuecTu. B 3TOM cityuae, ¢ yuyeToMm gaxke ciaboro B3aMMOACUCTBHS MEXKIY
MOJISIPUTOHAMH (HE UI€aTbHBIN Ta3) TOTOIHUTEIbHBIN MAPAMETP U geqr, KOTOPBIN SIBISACTCS ATMHON
paccesiHUS M 3aBUCUT OT MOTEHIIMajla B3aMMOJEHCTBUS; OH BIHSET HAa SHEPreTHUYECKH CIEKTp
HaJl OCHOBHBIM COCTOSTHHUEM, KOTOPBI cTaHOBUTCS (POoHOHHBIM, cp. ¢ [13]. IIpu sTom s dexrus-
HBII MpOLIECC pellakCallui MOJISPUTOHOB HA JHO «JIUCHEPCUOHHOM SIMBI» MOXET OBITh CBS3aH C
BECbMa MHTEHCHBHBIM IPOLIECCOM MOJIIPUTOH-TIOISIPUTOHHOTO B3aUMOJIEHCTBUS, 00CYK1aeMOT0
B 1IEJIOM psiie padboT (B OCHOBHOM JIJIsI 33]1a4 € TIOJYPOBOIHUKOBBIMU MUKpOpe3oHaTopamu [27]).

Crnenyert, olHaKo, IMETh B BH]Y, YTO IIPOCTPAHCTBEHHO-TIepUonyeckast crpykrypa [1K,
MpUBEACHHAS HA pHC. 1, UMeeT O0IBIIOe BPeMsI KOT€PEHTHOCTH TOJIBKO MPU OTHOCUTEIHLHO HU3-
KHX TeMIleparypax, Korjua yiep>KaHhe aTOMOB B ONTHUYECKOW PEIIETKE CTAHOBUTCS BO3MOXKHBIM.
HmenHO OombIIoe BpeMsi KOTEPEHTHOCTH TMpH (OPMHPOBAHWU KOTEPEHTHOTO 003e-KOHACHcAaTa
nossipuToHoB B cTpykType IIK mpencraBnsier unaTepec Ui 3a1a4yu paclpeeiCHHON 3alucu U
XpaHEHHs] KBAHTOBOW ONTHYECKOI MH(pOpMaIUK, pacCMOTpEHHON HaMu B [28].

3. IlpeneabHasi rpynnoBasi CKOPOCTh MOJISIPUTOHOB B JIByXyPOBHEBOM aTOMHOM cpeje

B cBsi3u ¢ 3a1a4amMu KBaHTOBOW MH(OPMAIIMK B KBAHTOBOW M aTOMHOM OINTHUKE C HEAaBHHUX
1op OOJBIIIOE BHUMAHUE YIENIAETCS TMHAMUKE PACIPOCTPAHEHHSI ONITUYECKUX BOJIHOBBIX TAKETOB,
B TOM uucie 3dexry 3ameneHns («OCTaHOBKHM») CBETA, 3aKJIIOYAIOIIEMYCsl B CYLECTBEHHOM
YMEHbILIEHUH Ha0JI01aeMOi IpYyIIOBON CKOPOCTH CBETOBOI'O MMIIYJIbCA, PACIPOCTPAHAIOIIEIOCs
B atoMHO# cpezae [29]. OcoOrblif MHTEpEC K TaKUM JUHAMUYECKUM 3a/a4aM BBI3BaH B TEPBYIO
odepesib BO3MOKHOCTBIO CO3/IaHUSI KBAHTOBBIX YCTPOMCTB JUIs KOTIMPOBAHUS U XpaHEHUsT HHPOP-
Malliu, MPeUIOKCHHBIX, HapuMep, B padbote [28].

O dext «ocTaHOBKM» cBeTa OBbLI TEOPETHUECKU MpeACcKa3aH U IKCIEPUMEHTAIbHO 00Ha-
PYXKeH AJisl LIMPOKOTo Kpyra 3ajiay, AJisi KOTOPhIX 00ecreynBaeTcsi MaKpOCKOMYecKask KOrepeHT-
HOCTb JIByX- WJIH TPEXyPOBHEBOM aTOMHOW CHCTEMBI IIPU €€ B3aMMOCHCTBUU ¢ KBAHTOBAHHBIM
CBETOBBIM 110JIeM — CM. HanpuMmep, [30]. B 3ToM acniekre cienyeT Takke OTMETUTh U CPEbl TUIIA
(OTOHHBIX KPHCTAILIOB, a TAK)KE OJIM3KHE K HUM CUCTEMBI CBS3aHHBIX pe3oHaropos [31,32]. [Ipu
9TOM CYILECTBEHHAs! PEAYKLHs I'PYNIOBOM CKOPOCTH CBETOBOIO M3JIYUYEHMsI B TAKUX CHCTEMax
Kak pa3 u sBisieTcs (pu3nueckoil 0CHOBOM AJisl yCTPOMCTB XpaHeHus: nHpopmauuu. Bmecre ¢ TeM,
OCTaeTCsl OTKPBITBIM BOIPOC O HM)KHEM, 0 CYTH KBaHTOBOM, Ipe/eje MUHUMAIbHON CKOPOCTU
pacnpoCTpaHEeHHs] CBETOBOIO UMITYJIbca B Takol cpene. VIMEHHO B 3ajjauax KOMMPOBAaHHUSA (3amu-
CH) M XpaHEHHUs KBAaHTOBOHM MHQOpMalUU 3Ta Impobdiema sIBISeTCsS MPUHIMUIINATIBLHON B acleKTe
BBISICHEHUS TEPCIEKTHB MPAKTUYECKOTO HUCIOJIb30BaHUA MOAOOHBIX cucTeM. CaMo M3MEHeHHe
BEJIMYMHBI TPYIIIOBOI CKOPOCTH PACHPOCTPAHSIOLIEIOCS B TAKUX CUCTEMAaX CBETOBOI'O MMITYJIbCA
HETMOCPEICTBEHHO CBSA3aHO ¢ (OPMUPOBAHUEM MOJISPUTOHOB, 0Opa30BaHHBIX JIMHEHHOU Cyriep-
no3uirend OTOHOB BHEITHETO (MPOOHOT0) CBETOBOTO MOJIS U MAKPOCKOMMUYECKUX (KOTE€PEHTHBIX )
BO3MYILIEHUI cpenbl. B Takux CB3aHHBIX COCTOSIHMSIX IOJI€ + cpena MPOMCXOANUT AP PeKTUBHASL
NepeKayka 3HEPruu MEXJy HUMH, U, NPU ONPEICICHHBIX YCIOBHUSIX, CTAHOBUTCS BO3MOXHBIM
CIIyd4aii, KOrja BCSl SHEPrUsi KBAHTOBAHHOI'O CBETOBOTIO IOJIS IIEPENAETCS BOSMYIIEHUSM CpPEIbl.
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Crnenyert, oiHaKO, UMETh B BUJy, YTO B YCJIOBUSIX HACBIILIEHUS aTOMHO-ONTHYECKOM CHCTe-
MBI €€ MOJIIPUTOHHAS MOJIeNb TepseT (PU3NUYEeCKUi cMbICI. B 3Toi cBA3M MHTEpeCHO! MpecTaB-
nsiercst padota [33], aBTOpBI KOTOPOH CBSI3BIBAIOT SKCIIEPUMEHTANIBHBIE PE3yJIbTaThl padoThl [34],
Kacaroluecs: KBaHTOBOW 3allCH U XPaHEHHs ONTUYECKOW MH(POpPMAIMH, UMEHHO CO CBOMCTBOM
Cpelbl KaK HACHIIIAaeMOr0 MOITIOTUTEIS.

Jnsa crpykrypsl [1K, n3obpaxeHHoit Ha puc. 1, BBINONHAETCA NpPEeN MOJISPUTOHHOTO
rasa MajJol MJIOTHOCTH, TaK 4YTO aTOMHO-ONTHYECKas CHUCTEMa Jlajeka OT HachlleHus. MmeH-
HO 3TOT (haKT MO3BOJIIET UCIOJIb30BaTh MOJISAPUTOHBI HIDKHEH TUCIIEPCUOHHOM BETBH ISl LieieH
KOI'€pEHTHOIO KOMMMPOBaHUsI (3allMCH) KBAaHTOBOM MH(OpMAIMHK, coleprKalleiics B CBETOBOM UM-
IIyJIbCE, PACIPOCTPAHSIOIIMMCS B TaKOW aTOMHOM Cpelie, Ha OCHOBE YIPAaBIsAEMOI0 U3MEHEHUs
€ro IpyNIoOBONM CKOPOCTH.

JlelicTBUTENBHO, IPyNIIIOBAasi CKOPOCTh MOISAPUTOHOB B cTpyKType 11K, onpenensercs BbI-
pakeHueM

hin/sin® (k0 in®(k, ¢ O (Mar —

_ hy/sin®(k,0) 4 sin®(k,0) e + g — i (Mat mf/;;)
2
(5E+492>

B KOTOPOM MBI [IOKa HE YYUTHIBAEM MPOLECCHI MOJIIPUTOH-TIOISIPUTOHHOTO PACCESIHUS U JEKOTe-
PEHTHOCTH.

3aBUCUMOCTH IPUBEAECHHOM (K CKOPOCTH CBETA B BaKyyMe) IpYIIIOBON CKOPOCTH HOJSPHU-
TOHOB JyIs1 epBoil 3b nokas3ansl Ha puc. 3. 3HaueHHne ckopocTH v = () TOCTUraeTcsi Ha rpaHUIax
3b mpu k¢ = nm, n = 0,£1,.... OTO 03HAYaeT MOJHYIO JOKAJIHM3ALMIO MOJISIPUTOHOB BHYT-
PH 30HBI, YTO B CBOIO OYEpEllb CO3ACT BO3MOKHOCTh (DOPMHUPOBAHUS «MEJIEHHOI0» CBETa Ha
ocHoBe cTpykTypsl IIK. B upeansHoM cityyae Ui MajblX 3HAYEHUH KBa3UMMITYJIbCOB (TaKuX,

v(k) ) 21

20mgrmyy,

y10 k¢ < 1), 3aBUCUMOCTb I'DYIIIOBOM CKOPOCTH IOJSPUTOHOB JHHENHA, T.e. v(k) ~ — u
Y > s m

COOTBETCTBYET MapabonnueckoMy 3akoHy aucnepcu (18a,0). Takum obpaszom, B penesne k=0
IPYIIOBasi CKOPOCTh MOMSAPUTOHOB v (k) TakKe CTPEMHTCS K HYITIO.

OnHako, Ha MPaKTUKE ISl JOCTHKEHUS NpeoelbHO HU3KUX 3HAYEHUM TPYNIOBON CKOPO-
CTH TIOJIIPUTOHOB, KOTOPBIC ¥ OTIPEICIISIIOT HAOIIOMAEMYIO0 CKOPOCTh PACIIPOCTPAHEHUS CBETOBOTO
UMITYJIbCA B aTOMHOMU cpeie, MPUHIIUITHATIBHBIM SIBJISICTCS BBHITIOJIHEHUE Psla YCIIOBUM, OTpeessi-
€MBIX KaK MOJISIPUTOH-TIOJSIPUTOHHBIM pacCesTHHUEM, TaK U HEPaBHOBECHBIMU (pelaKcalliOHHBIMU )
npoueccamu. JleTanbHbIN aHamU3 BIMSHUS MOCIETHUX MOXKHO HalTH B [35], rae mokasaHo, 4yTo
OHH CBOJSTCS K HEPaBEHCTBAM

5Q(k) < Q(k). (22a)
0k il 226

B KOTOPBIX BenuurHa §§)(k) (MHUMAsI 4aCTh YaCTOTHI) XapAKTEPH3YET PEIAKCAIIMOHHBIC POIIECCHI
B rase MOJSIPUTOHOB HUKHEHW AMCIIEPCHOHHON BETBH.

®dusnuecku yciaoBue (22a) o3Ha4aeT HAJIMYME Y3KMX CIIEKTPAJIbHBIX JIMHUM B IIMPOKOM
JMana3oHe 3Ha4YeHuH oTcTpoiikn A. IMEGHHO B 3TOM Mpeelie MOKHO MOJIAraTh CIpaBeLTHBBIM
BbIpaxkeHue (21) ams rpynnoBoii CKOPOCTH MOJIIPUTOHOB, MOJTyYEHHOE Ha OCHOBE 0000IIeHUS Ha
JIBYMEpHBIii cTydaii u3BectHoro onpenenenus v = J(k)/0k —cp. ¢ [36]. Eciu ycnosue (21) He
BBITOJIHSIETCS, TO TPYIIIOBAsi CKOPOCTh ONTUYECKOIO BOJIHOBOTO [TAKETa MOYKET OBbITh OIpeesieHa
yepe3 CKOPOCThb MEPEHOCa SHEPruu 3JIEKTPOMArHUTHOTO U3IY4YEHHs B Cpeje; JaHHas mpooie-
Ma OblIa moapoOHO uccienoBana B padore [37]. OgHako, B HAIIEM ClTydae MPU Y4eTe CKOPOCTH
CIIOHTaHHBIX MIEPEXOJOB JIJIsi aTOMOB PyOU U, COCTABIISIIOLIEH V,; ~ 37 MI'11, HepaBeHCTBO (22a)
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Puc. 3. TlpuBeneHHasi rpynnoBas CKOPOCTh MOJSIPUTOHOB V/c¢ Kak (pyHKUHUS OT
HOPMMPOBAHHOTO KBasuumIlynsca k.l npu k,l = 7 (crmomsas nuaus) U k¢ = 0
(MyHKTUpHAs JTUHHS); ¢ — CKOPOCTh CBeTa B Bakyyme. OcTalbHbIE MapaMeTphl Te
XKe, 4To M Ha puc. 2. Ha BcTaBke Moka3zaHa HOPMHUpPOBaHHas CKOPOCTb V = V
CBEPXTEKYUYHX MOJSIPUTOHOB C YYETOM WX B3aMMOJACWUCTBHUSA, OINpPENEIsieMOro mna-
pameTpoMm cBsi3u ug/2mh ~ 61 MI'1, B3STOr0 B IMHHI@AX YaCTOTBI, U CPEIAHETO
YKCJIa TONSIPUTOHOB U3 PACYeTa Ha OIUH PE3OHATOP 7y, = 10

BBITIOJIHACTCS ¢ GOJIBIIMM 3ammacoM (XapaktepHast dactota (2(k) HaXOAUTCS B ONTHYECKOM [Haria-
30HE 4acTOT — CM. puC. 2).

CootHomieHuto (226) MOXKHO MPUAATh HECKOIBKO MHOW (DU3HMUECKUN CMBICIH, CBSI3aB €r0
C HEOIPEICJICHHOCTHIO BOJIHOBBIX BEKTOPOB )k ToNsipuToHOB (cp. ¢ [38]). JlelicTBUTENBHO, CTaH-
JapTHAsI «HEOMPEAEICHHOCTD» YaCTOThI MOISPUTOHOB 0S2(k) MPUBOIUT K HEOHPEAEICHHOCTH HX
BOJTHOBBIX BEKTOPOB Ok, KOTOpasi U OMpeNesieT MHUMYIO YacTh BOJTHOBOTO BekTopa. OHA MOXET
OBITh Hal/IeHA U3 BBIPAXKCHHS 0k = 69‘,& Takasi Heonpe1eJICHHOCTh BOJIHOBBIX BEKTOPOB IMPH-
BOJIUT K HEXKEJIATEIIbHOMY YIIUPEHUIO (PYHKIIUU PACTIPEACIICHUS 1JIs 3HAYCHUN UMITYJIbCOB TTOJIS-
pPUTOHOB. B 3T0i1 CBSA3M BOIHOBBIE BEKTOPHI k MOKHO moJIararh «TIPUTOTHBIMUY» VISl KBAHTOBOTO
paccMOTPEHUs1, TOJIBKO €CITM BBIMIOJHSIETCS ycloBue 0k << k, 4To, 10 CyTH, aHajorudHoe (220),
KOTOpO€ (pUKCHUpYET MpUEeMIICMbIC 3HAYCHUs APAMETPOB PETaKCAIlUK aTOMHOM (Y,;) U ONTHYE-
CKOi1 (7,,) TMOACHCTEM U NPOCTPAHCTBEHHO-IICPHOANYECKOI CTPYKTYphl Ha pHc. 1, a Takxe
00acTy 3HaYE€HUI BOJHOBBIX BEKTOPOB k, mos KOTOPBIX MOJSPUTOHBI COXPAHSIOT KOT€PEHTHbBIE
CBOMCTBa M MOTYT OBITh ONMKCAaHbl KBAHTOBBIM 00pa3oM, B YaCTHOCTH, C MIOMOIIbIO KOTEPEHTHBIX

BOJTHOBBIX IMAKETOB.

[MpowutrocTprpyeM CKazaHHOE Ha MpUMepe mpeoOpa3oBaHHs TPYIIIOBON CKOPOCTH TIO-
JSIPUTOHOB, COOTBETCTBYIOIIMX HIDKHEH BETBU JTUCIIEPCHOHHOW KPUBOW BOJHM3H €€ MUHHMYyMa
k = 0, uzo0paxxeHHOro Ha puc. 4.
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Hy'CTB B HaYaIbHBIH MOMEHT BPCMCHH 3HAYCHHC OTCTpOﬁKH A COOTBCTCTBYCT INOJIHOCTBIO

hk?
(hOTOHOIOTJOOHBIM MOJSIPUTOHAM HW)KHEH BETBU C MAacCoOu m =~ Mypp ¥ 9aCTOTOH Q(k:) ~ 5 .
MmMpp

P

1
Torga B 001acTH BBICOKHUX (ONTHYECKUX) YACTOT Q;h) Ha puC. 4 JUIs CIIEKTPa BXOJAHOTO CBETOBOTO
Yph
SRR PR, Ecnu HepaBeHncTBa (22a), (220) BBIIOIHSIOTCS,
TO TaKU€ NOJSPUTOHBI MPECTABIIAIOT KBAHTOBBIM (KOTE€PEHTHBIN) BOJIHOBOW MAKET CO CPEAHUM
3HAYEHHEM BOJIHOBOTO BekTopa kD).

A

UMITylIbca UMeeM S = Sy, ~ (

Q ph

Qa!
(2)
Qph [

(1
Qph
Q(E) = _[

f
{({1 ) //
Q at

.7} >
0 k(l} k(- k

Puc. 4. Qucnepcuonnsie 3aBucumocty (k) doroHononobHsIX (§2,,) U dKCUTO-
HOMOOOHBIX ({2,;) TOISIPUTOHOB HIKHEH BETBH

Janee, uaMensiss A\, IEPEXOAUM K JPYrOMY MPeeTy — SKCUTOHOMOAOOHBIM MOJISIPUTOHAM
. . hk?

(HWKHSISI BETBb 3aBHCHMOCTH Ha pHC. 4) ¢ Maccoil m =~ mgy U 4acroroit (U(k) ~ D B
Mat

3TOM TIpeiesie CIEKTP MCXOIHOTO ONTHYECKOTO BOJHOBOTO MAKeTa CYIIECTBEHHO CyXKaeTcs, Tpe-

O6p33y$ICB B CIICKTP 9KCUTOHOB (I[ByX}’pOBHeBHX BOSMYH_ICHI/Iﬁ aTOMHOU Cpe,Z[BI), OHpeﬂeHHeMHﬁ
at

(w — ik2/2ma)® + 72,
3TO BUAHO U3 pHC. 4, YIIMpPEHHUE CIEKTpa MOXKET OKa3aThCs CyIIECTBEHHBIM, M yciioBue (220)
HapyIIaeTcs, YTO O3HA4YaeT MOTEPIo KorepeHTHOCTH (neda3upoBky (dephasing)) pacmpocTpaHsi-
IOIIETOCS] BOJIHOBOTO TTaKeTa.

Pazymeercs, MO)XKHO BBIOpaTh APYTYIO TPYIITY TOJISPUTOHOB C OOJIBIITNM 3HAYEHUEM BOJI-
HOBoro Bektopa k?, mpu koTopoMm ycnoeue (226) BHIIONHSETCS JUIS 00OMX PAacCMaTpPUBAECMbIX

1
BblpakeHHEeM S = S, ~ B 00JIACTH HM3KUX YacTOT Q((zt). IToaTomy, Kak
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I10 BCIIMYUHC A CJIy4dacB. O,Z[HaKO, IIpU 3TOM TAKXKC pacCTeT U HIOKHANA YPOBCHL JIA 3HAYECHUH
TPYNIIOBOM CKOPOCTH MOJISIPUTOHOB.
B wactHOCTH, B mpeneiabHOM ciaydae 0k o~ k HEONpeneIeHHOCTH BOJIHOBBIX BEKTOPOB 0k
JJISL aTOMOHOI[O6HLIX MOJIAPUTOHOB HUKHEU BETBU ,HHCHepCHOHHOfI KpI/IBOﬁ, KOTrJa BBITIOJIHAKOTCSA
2

Mph g o
HEpaBEHCTBA —— <K E < 1, miig rpynnoBod CKOPOCTH V IOJISIPUTOHOB U ISl HEONPEIEIICH-

Mat

HOCTHU UX BOJIHOBBIX BCKTOPOB ok mojiyqya€M COOTHOIICHUA:

fikg? M A2
v g = (23a,6)
Mo A2 k2

Jliist aTOMOB PyOUIMS TIPY 3HAYEHMH KBasuuMITyibca k ~ 8 X 10° 1/m, npenenbHoe 3Hade-
HUE IPYNIOBOI CKOPOCTU PaBHO V2 min = 4.6 m/c, 9TO COOTBETCTBYET MUHUMATLHO BO3ZMOXKHOMN
CKOPOCTH aTOMOIOAOOHBIX MOJISPUTOHOB B CPEJE C YUETOM COXPAHEHMSI UX KOT€PEHTHOCTH.

OO6cynum Tenepb OrpaHUYEHUS, BOZHUKAIOLINE U3-3a BIUSHUSA MOJIIPUTOH-TIOJISIPUTOHHOTO
paccesiHMsI Ha TPYIIIOBYH0 CKOPOCTb MOJSPUTOHOB HUKHEW TUCHEpCHOHHON BeTBU. OHO MOXKET
OBITh YUTEHO, HalIpUMeEp, B pamMkax nojaxona boromo0osa ais ciabo B3aMMOAEHCTBYIOIIETO ra3a
noJiipuTOHOB (cp. ¢ [5,11]). B aTOM ciayyae MUHUMaNbHAs TPYIIOBas CKOPOCTh MOJIIPUTOHOB
OrpaHUYEeHa CHU3Y CKOPOCTBIO 3JIEMEHTAPHBIX BO3MYIIEHHH, a MIMEHHO, CKOPOCTBIO 3ByKa, OIpe-

JIEIEMOr0 BBIPAKEHUEM
UoNpol
V=4 —, (24)
m

2h . .
IIe Uy = WgCOXg (Xo = X, Co = Cp_,) npencTapiseT HeMMHEHHBIH apaMeTp, XapaKkTepH-

Nyt

M

3YIOIUHI B3aMMOJEHCTBUE TIOJIAPUTOHOB, 1)y = Oe3pa3MepHas IIOTHOCTh MOJISIPUTOHOB

B PacCMaTpuBaEMON CTPYKTYpeE.

Ha BcraBke k puc. 3 npeacraBieHa YHCICHHAs 3aBUCUMOCTh HOPMUPOBAHHOW TPYIITIOBOM
CKOPOCTH TOJISIPUTOHOB V JJIs pacCMaTpUBAEMOM 3a/1aui B3aUMOCHCTBUSI CBETOBOTO M3TyUEHUS
C aTOMaMu PyOUAMs MPU y4eTe MOJISIPUTOH-TIOISIPUTOHHOTO paccesiHus. B yacTHOCTH, BUIHO, YTO
MOBEJICHNE BEJIMYMHBI V JIEMOHCTPUPYET CBEPXTEKY4YeCTh ra3a MoJIIpUTOHOB B cTpykType IIK.
[Tpu 5TOM TUNUYHBIE 3HAYEHHS V JIJIS DJIEMEHTApHBIX BO3MYIIEHHUI B Tra3e MOJSIPUTOHOB CyIle-
CTBEHHO OOJIBIIIC TAKOBBIX ISl aHCAMOJII aTOMOB, Haxoxasmuxcs B coctossauu bOK (cp. ¢ [1]).

4. dusnyeckue NPUHUUINBI XPAHEHUS KBAHTOBOI onTHYeckoii HHGOpPMaMU HA OCHOBE
noJasipuToHOB B cTpyKType IIK

PaccmoTpum mipobnemy ¢Gu3HUeCcKOro KOMUPOBaHMS (3alKCH), XPAaHEHUS W CUUTHIBAHUS
KBaHTOBOW MH(opmMarmu Ha ocHoBe cTpykrypsl IIK. [Tog xommpoBaHMEeM KBAaHTOBOTO COCTOS-
HUSl ONTUYECKON CUCTEMBI 3[I€Ch MOAPa3yMEBAETCs 110 BO3MOXXHOCTHU IOJIHOE €r0 O0TOOpa)KeHHe
Ha COCTOSIHME aTOMHOM CpeJbl IPU YCJIOBUU TaKkKe COXpaHEHUs (POPMBI pacIpOCTPAHSIONIIETOCs
BOJIHOBOTO nakeTta. dusnyecku nporenypa KOMUPOBaHUs, SKBUBAJIEHTHA OIPENEIEHHOMY H3Me-
PEHHIO, TPOBOIMMOMY HaJl KBAHTOBOI CUCTEMOM, B pe3yiIbTaTe KOTOPOT0 UCXOAHOE (KOTIUPYEMOE)
COCTOSIHME CBETOBOI'O U3JIyUYEHHUs MEPECTAET CYIIECTBOBATD.

B ycrnoBusix coxpaHeHuss KOTEpEHTHOCTH MOJIIPUTOHOB BO BCel 001acTH M3MEHEHUS TpU-
BeIeHHOTO Tapamerpa A /g TOJSIPUTOHBI HIKHEH JUCHEPCHOHHOW BETBH C COOTBETCTBYIOIIHM
3akoHOM aucniepcuu (18) mpencTtaBuM Kak BOJTHOBOMW MAakeT, OMUCHIBAEMBbIN TpH ¢ = () BOJTHOBOM
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dbyHKIMeH BuAa (31ech A MPOCTOTHI (CM. pUC. 5) MBI paccMarpuBaeM OJHOMEPHYIO 3a7ady):

1 2 pox
TN A {‘ z—f?“ﬂ |
rae f XapakTepusyeT IMUPHHY ONTHYECKOTO BOJHOBOTO MAaKeTa, T.€. ONPENHesieTCs IIHPUHON
CBETOBOIO ITy4yka Ha Bxoxe B cpeny. Ha ocHoBe pemenus ypaBHeHus lllpenunrepa momydaem

caeayromec BoIpaXCHUC I INIOTHOCTH BECPOATHOCTU!

U(x,t=0)= (25)

1 (x—vpolzf)2
ey R T o (26)

tne f(t) = /1+t?/77 —0Ge3pasMepHas LIMPUHA BOJIHOBOIO TAKeTa B MOMEHT BPEMEHH t,

2/ hkg _ Do
T =mf / — 93] deKkTUBHOE BpeMs €ro pacIuIbIBaHHs U Vg = —— = — — I'PyIIIOBas CKOPOCTh

LIEHTPa BOJIHOBOI'O IIAKETa BIOJIb OCH . m m

XpaHeHue KBaHTOBOM omnTuyeckoi nHdopmaiuu ¢ nomoiibio crpykrypsl [1IK npeamnona-
raeT TPEXIIAroBbli (PM3NYECKUN aJTOPUTM peasn3allii — CM. PHC. Sa.

Bo-nepBbix (craaus 1), 11 3anuMcu KBaHTOBOM MH(OpMalMU BBIOMpaeM TaKylo OTpHLa-
TENBHYIO OTCTPOHKY A, 4TOOBI BEIMONHAIOCH yeioBre A < —2 |g|; Ha puc. 5a— 31O MHTEpBAI
Bpemenu 0 < 7' < 0.25. B naHHOM ciiydae HOJISPUTOHBI HUYKHEH TUCIEPCUOHHON BETBU SB-
JAI0TCA (POTOHONMOAOOHBIMY, T. €. M My, U PACHPOCTPAHAIOTCA OJ1arofapsi TYHHEJIUPOBaHUIO
¢doronoB B pemerke [1K. BonHOBOI makeT mpu 3TOM pacrpoCTpaHsAeTCs CO CKOPOCTBIO V, OIpe-
JEJIIEMOH BBIPAKECHUEM

|V (z,8)]" =

V= ——= 2Oé£2k, (27)

MmMph
U CMeIaeTcs BJIOJIb OCH & — U3 TOUKH © = 0 B TOUKy = = Vot — puc. 56. B atom ciyuae ans
XapakTepHOTrO BPEMEHH DACIUIBIBAHMS UMEEM OUEHKY Ty, = My, f2/h ~ 0.27 HC NpH WMpHHE
BXOJHOTO Mydka f ~ 107% m.

Bo-Bropsix (cTamus 2), Ui OTOOpaskeHHs ONTUYECKOW HMH(pOpPMALUMU Ha KOTE€PEHTHbIE
aTOMHbIE BO3MYILIEHHUS CPEIbl Mbl MEPEKIIOYaeM OTCTPOMKY, CHEJaB €€ IOJIOKUTENbHOH, T. €.
A > 2] g|. B aTOM mpenene MONSPUTOHBI HWKHEH BETBH CTAHOBSATCS aToMONomoOHbMu. IIpu
men B g

= — < =— X IPyNnoBasi CKOPOCTh OIMHUCHIBAETCS BhIpaxkeHueM (23a,0).
Mat « A2
2

Mph
[Tpu BBINONIHEHUU OOJIEE CTPOTOro yCI0BUS % < — < 1 rpynnosas cKopoCTh IOJS-
at

PUTOHOB HM)KHEW BETBH OYIET ONPENEsAThCS BhIpaKEHUEM

V= Dk 280k, (28)
Mat

YTO COOTBETCTBYET CKOPOCTH IEPEMEIIECHUs aTOMOB B peleTke. PakTu4ecku BbIpaxkeHue (28)
ornpeaesnseT HUKHUN J0IyCTUMBIN Ipeesl CKOPOCTH ONTUYECKOIO BOJTHOBOTO IIAKETa B CTPYKTYpE
I1IK. B stom npenesne uHpopmanus, coaepKaiasics B CBETOBOM ITy4yKe, ITOJHOCTHIO 3aIMChIBA-
€TCsl Ha aTOMHbIE BO3MYIICHHUA. Toraa Juis XapaKTepHOro BPEMEHU pacIUIbIBaHUs MakeTa OyneT
Ty = My f2/h &~ 13.7 ¢ Ipy TOM ke IMPUHE BXOIHOTO 1y4Ka. J[aHHBIH BpeMEHHOM MaciTal (MH-
tepBait 0.25 < 7' < 0.75 Ha puc. 5) u onpeaenseT MakxcumaibHoe epems XpaHeHuss HHPOopMaluu
KBaHTOBBIM T'a30M JBYXYypOBHEBBIX aroMoB pyoOuius. TouHee, HEOOXOAWMBIM YCIOBHEM TaKOW
3amucu MHPOPMALUHU SIBISETCS BBIIOIHEHUE HEPABEHCTBA Tree sior < Ty = Mgy f>/h, KOTOpOE
03HayaeT coXpaHeHHE (POPMBI pacIpOCTPaHSIOIIErOCs BOJIHOBOTO MAaKeTa B TEUEHUE BCEro Bpe-
MEHH OTOOpa)KCHHS M XPAaHEHUs KBAHTOBOTO COCTOSIHUS, TIE Tt ONPEICISET BpeMsl XpaHCHHUs
MH(OPMAIUH aTOMHOW CHCTEMOIA.
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Haxkoner, B-TpeTbUX, AJIs1 BOCCTAHOBIIEHHUS ONTUYECKONH MH(DOPMALIMU Ha BBIXOJIE U3 CPEIbl
yepe3 MHTEepPBaJl BPEMEHH Ty, MBI JOJDKHBI TEHEpPh CHeJaTh MOJSIPUTOHBI (POTOHOMOIOOHBIMH,
TmepeKmouas oTCTpoiiky A B obparHoM mopsake. Ha puc.5a xapakrepHoe BpeMs OGPAaTHOIO
MEPEKITIOYCHUS] BOJTHOBOTO TAKETA Tp.cp, OMPEIEIieTCs MpoMexkyTkoM Bpemernn 0.75 < T' < 0.8.
Ha Boixome u3 cpenst (ipu 7' = 1) OmsTh UMEEM ONTHYECKHI BOJIHOBOM IMAKET, HO CMEIICHHBIH
BI0JIb OCH X B IUIOCKOCTH, MEPHEHIUKYISIPHON OCU Pe30HATOpA.

B nanHoii paboTe MBI HE MPUBOJUM OIICHKY KadecTBa (HaJEKHOCTH) COXpaHSIEeMOW WH-
dopmanmu. B [35] Hamm paccunTaHa omeHka napameTrpa HaaexxHoctu (fidelity) coxpansemoit
MH(OPMAINH TP yUYETe TOIBKO M3MEHEHHUs (POPMBI BOJHOBOTO nakera. OmHaKo, B 00LIeM Ciry-
qyae 3TOro HegoctaroyHo. HeoOXoauMbIM SIBISETCS TakkKe aHalu3 MPeoO0pa30BaHUsl KBAaHTOBOTO
COCTOSIHUSI CBETOBOI'O 10JIsl Ha ocHOBe cTpykTyphl IIK ¢ yuerom ee nexorepeHTHOCTH. AHanu3
JTAaHHOM 3aJjauyul NPEACTABISAET CaMOCTOSTEIbHBIM MHTEPEC U BBIXOAMT 3a paMKU HaCTOSIIEH pa-
00ThI. B 3TO CBsI3U JIUIIL OTMETUM, YTO B PEabHON HKCIEPUMEHTANIBHON CUTyallid WHTEPBaJ
BPEMEHHU 3allCH, XPAaHEHHs] U CYUTHIBAHUS MHPOPMAILIUU BCE e OrpaHUYEH BPEMEHEM JEeKOore-
pertHoctu ctpykrypsl [IK. Ilpu ucnonp3oBaHuM yabTPaxoJOJHBIX aTOMOB, CHCTeMa OOJagaeT
JIOCTaTOYHO OOJIBIINM BPEMEHEM MaKpOCKOIMHYECKOH KOTEPEHTHOCTH B IIEJIOM, COCTABIISIOIIEM
JIECSTKM MUKPOCEKYH/]I TT0 SKCIIEPUMEHTAJIbHBIM JTaHHBIM [30].

5. 3akawuenue

B pabote ¢ emuHBIX MO3HUIMI PaCCMOTPEHBI Pa3IMYHBIE ACHEKTHI (Pa30BBIX IEPEXOI0B
JUIS. HU3KOPa3MEpHOTo (IByMEPHOTO) Ta3a MOJIIPUTOHOB (OPMHUPYIOLIUXCS B TOIYIPOBOIHUKO-
BBIX U aTOMHBIX cpefax. B 3TOH CBs3M NPEMIOKEHBI PEIIETOYHbIE MOJEIH IS IOJSIPUTOHOB B
IPOCTPAHCTBEHHO-IIEPHOANYECKON CTPYKTYpe — MOJSIPUTOHHOM KpUCTallle, 00pa30BaHHOM JBY-
MEpPHOW PELIeTKOM pe30HAaTOPOB C MOMELICHHBIMU B HUX MaKpOCKOIMYECKH HEOOJIBUIMMHU HOp-
LUSIMU JBYXYPOBHEBBIX aTOMOB, 3()()EKTUBHO B3aUMOICHCTBYIOIUX C 3JIE€KTPOMArHUTHBIM HOJIEM
B paMKax NpHOJIMKEHUS CHIIBHON (TeCHOM) CBSI3U MEXy COCeAHUMH pe3oHaropamiu. IlokasaHo,
yT0 cTpyKTypa IIK mo3Bosiser noaHOCThIO JTOKAIM30BATh MOJSAPUTOHBI HUKHEW THUCIIEPCUOHHON
BETBHU, YTO, BO- IIEPBBIX, MOXKET OBbITh MCIIOJIB30BAHO AJIS IMOJy4yeHUs: 003€e-KOHAEHCALUH I10-
JSIPUTOHOB, U, BO-BTOPBIX, NPUBOIUT K CYIIECTBEHHOMY 3aMEIJICHHUIO CBETOBOIO MMIIYJIbCa B
paccmarpuBaeMor cpezne. B 4acTHOCTH, MOKa3aHO, 4TO KAaK KBAa3MKOHJEHCALUs, TaK U MCTHH-
Has KOHJIEHCallUsl JBYMEPHOIO ra3a IOJISIPUTOHOB MOXET ObITh B IPUHLUIE JOCTUTHYTA IPU
OTHOCHUTEJIBHO BBICOKHMX TE€MIIEpaTypax IpU B3aUMOACHCTBUU JIByXypPOBHEBBIX aTOMOB C KBaHTO-
BaHHBIM CBETOBBIM M3JIy4EHHEM B YCIOBMSX CHUJIBHOM CBA3M MEXIy aroMaMu U noseM. Kpome
TOT0, IPOAHAJIM3UPOBAHO BIMSHUE OHOPOIHOIO YIIUPEHHUS, a TAKIKE IOJIIPUTOH-TIOISIPUTOHHOTO
paccesiHis Ha NPOLEeCC KOHIEHCAIMY TIOJSPUTOHOB U Ha BEJIMYUHY UX TPYNIIOBOH ckopocTH. Ko-
repeHTHbIE CBOWMCTBA aHCcaMmOIIsl MOJISIPUTOHOB HAMM PacCMaTpHUBAIOTCS B aClEKTE pean3aluu
BO3MOKHOCTH IPOCTPAHCTBEHHO-PACIPEIEICHHOM KBAHTOBOW 3aIlMCH, XPAaHEHUS U CUUTHIBAHUS
UH(OPMAINH, aCCOUHPOBAHHON C PAaCHPOCTPAHSIOMUMCS ONTHYECKUM BOJTHOBBIM HakeToM. B
3TON CBSA3M MPEATIOKEHBI (PU3MUECKUE MPUHIMIBI XPAaHEHUS! KBAaHTOBOW ONTHYECKOM MH(popMa-
LIMM Ha OCHOBE KOI'€peHTHBIX NMOJApUTOHOB B cTpykType [IK. ITokazaHo, 4To 3anuch KBaHTOBOM
UH(pOPMAIK B Cpelie MOKET ObITh OCYILECTBIIEHA aAMa0aTHYeCKUM 00pa3oM Ha OCHOBE yIpaB-
JIEHUsl TPYIIIIOBOIM CKOPOCTBIO KOI'€PEHTHOTO BOJIHOBOIO MakKeTa (MOJSIPUTOHOB) — IIyTEM 3aMel-
JIeHus («OCTaHOBKI») HAaOI0IaeMOT0 paclpoOCTPaHEHHsI CBETOBOTO UMITYJIbCA, SHEPT Ul KOTOPOI'o
npeodpasyercs B KOT€pEHTHbIE aTOMHbIE BO3MYyIleHus. [Ipy 3TOM paciuibiBaHuEe BOJTHOBOIO MaKe-
Ta MPOUCXOAUT HA BPEMEHAX, 3HAYUTEIILHO IIPEBBIIAIOIINX XapaKTEPHOE BpeMsl KOT€PEHTHOCTH
KOHJIeHCaTa aTOMOB, YTO IO3BOJISIET BOCCTAHOBUTH Ha BBIXOZIE BOJHOBOM IAKeT NMPAaKTUYECKU 0O€3
WU3MEHEHHSI €r0 (OPMBEI.
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N
[
|

N0

-10

(6)

Puc. 5. PacnpoctpaHeHHne OZHOMEPHOTO MOJSPUTOHHOTO BOJIHOBOTO TMaKeTa B
crpykrype IIK; (a) —3aBucumocts mapamerpa D = A/2|g| ot HOpMHpOBaHHO-
ro Bpemenn T' = hit/myy, f? u (6) — 3aBucHMOCTb orubarouieii nakera (IIOTHOCTH
Bepostioctn) S = |W (x,)°/|¥ (0,0)> or T u HOPMHPOBAHHOI KOOPIHHATHI
X = z/f mns xomOuHanuu mapametpoB k,f = 10. Ha pucynke 0603Ha4eHBI
craauu 3anvicu uHpopmanmu (1), ee xpanenuss — (2) , ¥ CYUTHIBaHHS (BOCCTAHOB-
JeHus1) ontuieckord nHpopmanuu — (3).
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C ncronb30BaHUEM METOJI0B MPOCBEYNBAIOLIEH 3JIEKTPOHHONH MHKPOCKOIIMHU, MAJIOYyTJIOBON M IIMPOKOYIJIOBOH PEHT-
TEHOBCKOH IU(PAKTOMETPHH, AUHAMUYECKOTO PACCESIHUSI CBETA, aACOPOLMH U AeCOpPOLNH ra30B Ha IOBEPXHOCTH
orpezaeeHsl MOp(HOJIOTHIECKUE U pa3sMEPHBIE MapaMeTpsl JyacTUl HaHomopoika ZrOg, CHHTE3UPOBAHHOTO B THA-
pOTEepMaNbHBIX ycinoBusAX. [loka3zaHo, 9TO TOJIBKO COBMECTHBIH aHAIN3 PE3YIbTaTOB HECKOIBKIX METO/IOB MTO3BOJISET
MOJIyYUTh HAJISKHYI0 MH(OpMaIuio 00 3THX IapaMeTpax HaHo4acTHl. Ha oCHOBaHMM NPOBEAEHHOTO MCCIIEHOBaA-
HUS TIOJyYEHHBIX B THAPOTEPMANIBHBIX YCIOBUAX HaHoYacTHLl ZrOy OHH OXapaKTepU30BaHbI OBAJIBHOM (OIM3KOI K

OKpyTIIOit) (hOPMOH, Y3KHM paclpeeICHUeM YaCcTHI [0 pa3MepaM U CPEIHUM pa3MepoM Okojio 12-18 Hwm.

KaroueBble ciioBa: HaHOYaCTHUIIbI, HAHOIIOPOIIOK, JUOKCHUI HHUPKOHUS, I‘I/I,I[pOTepMaJILHHﬁ CHUHTE3, CTPYKTypa Ha-
HOKPHUCTAJIOB, (I)opMa 1 pasMEp HaAaHOYACTHII, DJIEKTPOHHAS MHUKPOCKOIINS, PACCEAIHUE PEHTTCHOBCKOTO U3JIy4YCHUS,
JANMHaAMHUYECKOE pacCeIHNE CBETA.

1. BaeaeHue

Bonbioii MHTEpEC K UCCIIEIOBAHUI0 HAHOCTPYKTYP Pa3IUYHOTO XMMHYECKOTO COCTaBa,
cTpoeHus: U MOpGOJIOTUU BBI3BAH HEOOBIYHBIMH (PU3UKO-XMUMUYECKUMHU, SIIEKTPOMATHUTHBIMH,
ONTHUYECKUMHU, MEXaHUYECKUMH U JIPYTUMU CBOMCTBAMH HAaHOMATE€PUAIOB, OTKPHIBAIOIIUMH IIIH-
POKHE MEePCIEeKTUBBI UX MPAKTUUECKOTO npuMeHeHus [1-7]. B HacTosiiee BpeMs co31ar0TCs TeX-
HOJIOTMM HAaHOMAaTE€pUaJIOB, OCHOBAHHbBIE HA MCIIOJIb30BAHMM HAHOYACTULl U HAHOCTPYKTYp pas-
JUYHOTO cOoCTaBa U cTpoeHus [8-11], ogHako YMCIIO MOMOOHBIX TEXHOJIOTHM MOKAa HE BEIHUKO.
O0racT MPaKTHYECKOTO MPUMEHEHHUs HAaHOYACTHI] TOJIBKO (hopmupytrores [7-16]. Dto cBs3aHO B
qrclie MPOYNX MPUYMH U C T€M, YTO HAJEKHOE OMpe/eTICHHE CTPOEHHUS M CBOMCTB CaMUX HaHO-
YaCTHUI MIPE/ICTABISET 3HAYUTENbHYIO TPOOIEeMy, a CO3/1aHne TEXHOJIOTUN MarepralioB Ha OCHOBE
HAHOIIOPOIIIKOB HEBO3MOXKHO 0€3 JOCTOBEPHBIX CBEACHHI 00 MX MOP(OIOTrHUECKHUX, Pa3MEPHBIX
U CTPYKTYPHBIX XapaKTePUCTUKAX.

AHanu3 pazMepHbIX, MOPPOJIOTHIECKUX U CTPYKTYPHBIX XapaKTEPUCTUK HAHOYACTHUI] CBU-
JETEeNbCTBYET, YTO OHU B 3HAYUTENHLHOW CTENEHU 3aBUCAT OT METONa U YCJIOBUU IMONYy4EHUS
HaHOCTPYKTYp [17-34]. Ins GonblIoro Kjacca OKCHUIHBIX HAaHOMOPOIIKOB, CHHTE3UPOBAHHBIX B
THJIPOTEPMAJIbHBIX YCIOBHX, KAK MOYKHO 3aKJIIOYUTh HA OCHOBAHUHU Pe3yabTaToB pador [17-24],
XapaKTepHbI c1adast arloMEPUPOBAHHOCTb, Y3KUI AMAIIa30H paclpeaesieHus YacTHIL [0 pa3MepaM
¥, KaK IpaBUJIO, JOCTATOYHO CTaOMIbHOE COOTHOLIEHHE cocyllecTByromux ¢a3. Bmecre ¢ tem,
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Jake JUIsl 4aCTHUll, TOJYYEHHBIX TUAPOTEPMAIbHBIM METOIOM, B HEKOTOPBIX Cllydasx HaOmromaeT-
Csl 3HAYUTEIILHOE pa3linyKe B CTPOSHUH U B pa3MEPHBIX MapaMeTpax B 3aBUCUMOCTH OT YCJIOBUM
cuHresa [35, 25].

Omnpenenenne pa3MepoB, CTPOCHHUS U MOP(OIIOTUH HAHOYACTHI] OCYIIECTBISIOT OOBIYHO
TaKUMHU METOJIaMU KaK CKaHUPYIOIIAs U MPOCBEUMBAIOIIAS DJICKTPOHHAS] MUKPOCKOIHSA, B TOM
YHCJIE€ BBICOKOTO pa3pelieHusi, TYHHEIbHAas U aTOMHO-CHJIOBAasi MHKpOCKomusa. Bmecte ¢ Tewm,
MOJIE3HBIMH MOTYT OBITH U METOJIbI, 0a3UPYIOUIMECS Ha MHTETPAIbHBIX XapAaKTEPUCTUKAX HAHO-
MOpOIIKAa. ITO METOAbI, OCHOBAHHbIE Ha aHA/IM3€ YIIUPEHUsS U (OPMBI JIMHUNA PEHTTC€HOBCKON
T paKIK, METObI MAJIOYIJIOBOTO PEHTI€HOBCKOTO M HEUTPOHHOTO PaCCEsIHUSI, TUHAMHYECKOTO
CBETOPACCESIHUSI, METOJI OTIPEICTICHHSI YAeIbHOM TIIOIIAId ITOBEPXHOCTH MOPOIIKOB, B YaCTHOCTH,
U3 aHaJu3a MPOIECCOB COPOIMH U JecopOIuu ra3oB, MeTo] MEccOaydIPOBCKON CHEKTPOCKOIIUH,
MO3BOJIIOINIA OLEHUTH pa3Mephl YaCTHUIL [0 XapaKTepy U mapamerpam MEccOayIPOBCKOTO CIICK-
Tpa u ap. Kaxxaprit u3 nepevyrciieHHbIX METOA0B UMEET KaK OIpe/IesIeHHbIE TPEUMYIIECTBA Mepe]
JIPYTUMU, TaK U OTPAHUYCHUS.

Taxk, HarpuMep, UCIIOJIB30BAHKE ITPOCBEUNBAOIIEH WIEKTPOHHON MUKPOCKOIINU H, B OIIpe-
JICJICHHOM CTENEHU CKaHUPYIOLIEH IEKTPOHHOM, TYHHEIbHOW U aTOMHOCHJIOBONM MHUKPOCKOIIMH,
MO3BOJIIET BU3yaJlbHO OLEHUTH pa3Mep, GopMy, CTeleHb arIOMEPUPOBAaHHOCTH HAHOYACTHIL, a B
pszie cilyuyaeB M CTPOEHHE HAaHOKPUCTAJUIOB. BmecTe ¢ TeM, 3aBUCUMOCTh M300paXKeHUsl OT UC-
H0JIb3YEeMON MaTeMaTH4eCKOM MOJENIM BOCCTAaHOBIICHUs M300pakeHHs, KaK HallpuMep, B ciaydae
IIPOCBEUMBAOIIEH 3JIEKTPOHHOW MHMKPOCKOIUHU BBICOKOIO Pa3pelIeHMs], a TaKXKe BO3MOKHOCTb
HCCJIEZIOBAHUS B PEAbHBIX YCIOBHSX TOJBKO OTHOCUTEJILHO HEOOJIBLIMX U HE BCErja IpeicTa-
BUTEJIbHBIX BBIOOPOK (JIECATKHU, B JYYIIEM Cly4ae COTHU HAaHOYACTHI]), BHOCUT BBICOKYIO JIOJIIO
HEOIPEJCICHHOCTH B II0Jy4aeMbl€ Pe3yJIbTaThl.

Metoabl, OCHOBaHHbIE Ha aHAJIW3€ AAHHBIX PEHTI€HOBCKOW AM(paKIMU, UMEIOT JOBOJIb-
HO IIMPOKHH CIEKTp OnpeAessieMbIX mapameTpoB. OTo (a3oBblil COCTaB, CTPOEHUE, CPEeIHUM
pasmep U MOpGOJIOrHYECKUE XapaKTEPUCTUKN HAHOKPUCTAIIJIOB, TOYHEE 00J1aCTe KOrepeHTHOIo
paccesiHust (OKP), pacnipenenenne OKP no pasmepam. OHako MCNONB30BaHUE JAHHOTO METOJA
JUIS OTIpeIeNIeHHsI, HarpuMep, cpeaHero pasmepa OKP no mmpune audpakmoHHOTO MaKCHUMY-
Ma, ¢ ucnois3oBanueM ¢Gopmynsl Lleppepa [35] wmm pacnpenenenuss OKP mo pasmepam mo
aHanu3y npoQWiIst TMHUA PEHTTEHOBCKON AM(pakiuy MOXXET NPUBOAWTH K 3HAYUTEIBHBIM I10-
IPEITHOCTSIM BCIIEICTBHUE BIMSHUS PA3THUHBIX (pakTopoB Ha 3((eKT ymmpeHus Au(pakImOHHBIX
MaKCHUMYMOB, B YaCTHOCTH, M3-3a CyNEpHO3ULUHN AU(PPAKIMOHHBIX JUHUNA OT HECKOIbKHX (a3,
HPUCYTCTBUS KPUCTAJUIUTOB PA3JIMYHOIO COCTABa, a CIIEA0BATENbHO, C PA3IMYHBIMHM MapaMeT-
paMM KpUCTAJIIMYECKOHN peleTkH, Hanuuus JedekToB, Mukpoaedopmanuii u np. Kpome Toro,
olpeJiesIeHNe paclpe/ieIeH!s YacTHIL 10 pa3MepaM Ha OCHOBAHMM aHAIN3a PO PEHTI€HOB-
CKUX JIMHUH OCYILIECTBISETCS IyTeM peleHus 0OpaTHON 3a1auu ¥ O6a3upyeTcs Ha TOW WM UHOU
MaTeMaTHYeCKON MOJEIH, T.€. aJAeKBATHOCTh MOIYYEHHBIX PE3yJIbTaToB OyleT HE B MOCIEIHIO
o4epelb 3aBHCETh OT HCIOIB3YEMOr0 MaTeMaTHIeCKOro anrmapara.

B Hacrosmiee BpeMs Uil ONIpEAENCHUs paclpeaeseHns HAHOYACTHIl TI0 pa3MepaM O0JIb-
[I0€ pacHpOCTPaHEHHUE MOJIy4aeT METO/l, OCHOBAaHHBIM Ha U3MEPEHUU TUHAMUYECKOTO CBETOpac-
cessHus. Mcnonb3ys NaHHBIA METOI, MOXKHO OMNpPENENIUTh pPa3MEpHBbIE XapaKTEPUCTHKU YaCTHUIL
MOPOIIIKA C JOCTAaTOYHO IIUPOKUM paclpeneieHreM mno pasmepam. OgHaKo, HECMOTpSI Ha HECO-
MHEHHBIE JOCTOMHCTBA METO/a, OH O0JafaeT M PSAAOM HEJOCTATKOB: 3aBUCHMOCTBH PE3yJibTara
OT a/ICKBaTHOCTH MAaTeMaTH4eCKOW MOJIEIH, IMOJIOKESHHOW B OCHOBY KOPPEISIIHOHHOTO aHAJIM3a,
CJIO)KHOCTBH TIoA0Opa B pslie CIydyaeB JUCIEPCHOHHOMN Cpeabl, arjioMepanus 4acTHIl B UCCIIENY-
eMBIX CyCIIEH3USIX, KOTOpas MPUBOTUT K TOMY, YTO OIICHUBACTCS HE PACHpEAeTICHUE YaCTHIl 110
pasmepam, a pacrpeneieHiue arlioMepaToB YacTHUIl M0 pa3Mepam.
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s cinydaeB, Korja U3BECTHbI MOP(OJIOrMUECKUE XapaKTePUCTUKU HAaHOYACTHUIl U HAHO-
MOPOLIOK MMEET JOCTATOYHO Y3KO€ paclpelelieHue YacTULl 110 pasMepaM, CpeIHUE TeoMeTpuye-
CKHE MapaMeTpbl HAHOYACTHI] MOTYT OBbITh ONpeJesIeHbl M0 JaHHBIM 00 yAeIbHON MOBEPXHOCTH
nopouka. B koMIiekce ¢ MeToJaMu IIPOCBEYMBAIOIIEH 3JIEKTPOHHOW MMKPOCKOIIMH M PEHTre-
HOBCKOTO aHaJIu3a JaHHBIE 00 yAeIbHOH MOBEPXHOCTH MOTYT OBITh MCIIOIB30BAHBI U IS OIICHKH
cTpoeHus HaHouyacTull. Hampumep, B cilydae cpacTaHMsl KpUCTAJIJIOB ¢ 00pa30BaHUEM OJHOM Ya-
CTHIIbI, 3HAYECHHSI PA3MEPOB TAKUX YACTULL, [TOJIyYCHHBIE METOAAMHU MUKPOCKOIIMY U BBIYUCIICHHBIE
10 JTaHHBIM 00 yJeNbHON MOBEPXHOCTH CYIIECTBEHHO MpeBbIIaiu Obl 3HaYeHUs pasmepoB OKP,
pacCUUTaHHBIX M0 JaHHBIM 00 YIIMPEHUU JUHUN Ha PEHTI€HOBCKUX JU(PpPAKTOrpaMMax.

Takum o0pa3oM, Ha OCHOBAHMHU aHAJIM3a MPEUMYIIECTB U HEAOCTAaTKOB Pa3jIMUYHBIX Me-
TOZIOB aHAJIM3a, MOXKHO 3aKJIIOYHTh, YTO JUIA JOCTOBEPHOW OICHKH pa3Mepa, MOpP(HOJIOTHH H
CTPYKTYpbl HAHOYACTHI], TIO-BUAUMOMY, HEOOXOAUMO HCIIONB30BATh OTPEEICHHbIE KOMIUIEKCHI
B3aMMOJIONOJIHSIOIIMX METO0B. B mpencraBieHHON paboTe ¢ NCIOIb30BaHUEM MOJOOHOTO KOM-
IUIEKCHOTO MCCIIEOBAaHUs aHAIM3UPYETCsS CTPOCHHE HAHOIOPOIIKA JUOKCHUIA LIUPKOHHMS, IOJIY-
YEHHOI'0 METOAOM T'HIPOTEPMAIbHOIO CUHTE3A.

2. 3KCHepI/IMeHTaﬂbHaH 4acTb

Hanokpucrannnyeckuii TUOKCUI UPKOHUSI CUHTE3UPOBAIU METOJIOM THIIPOTEPMaIbHON
obpabotku (Temneparypa 250°C, mapnenue 70 Mlla, mpomomkuTensHOCTE 00paboTKH 4 waca)
MPEeIBAPUTEIHLHO OCAXKIECHHOTO U3 PAacTBOPA OKCUXJIOPHUAA LIUPKOHUS M BBICYIIEHHOTO MPH TEM-
neparype 110°C oxcuruapoxcuna uupkonus. Meroauka nogpodHo onucasa B [5].

CornacHO TaHHBIM peHTreHO(}a30BOro aHau3a (PEeHTreHOBCKUM audpakToMmerp Shimadzu
XRD-7000, mar ckanupoBanus 1o 26 - 0.1 rpan., BpemMsi HaKOTUICHHUs CUTHala — 1 ¢/Touke, u3iy-
uenne — CuK,,) momydyeHHbIH THOKCH IUPKOHKS COCTOSUT M3 HAHOKPUCTAIIOB MIPEHMYIIECTBEH-
HO TeTparoHagbHOH (tZ1rO3) ¥ HEOOIBIIOTO KOIUYECTBA MOHOKIHHHOM (m-ZrOy) MoauduKamm.
Coorromienue konudectsa t-ZrOs/m-ZrOy ~ 80/20 omnpeaeneHo mo OTHOICHNUIO HHTETPaTbHBIX
WHTEHCUBHOCTEH PEHTTEHOBCKUX MAKCUMYMOB [5]:

111
]t—ZT02

111 111 11T ’
t—ZrOa2 + (Im—ZrOZ + ]m—Z'rOg)

rae X;— z,0,— 40Js1 TeTparoHanbHoi Monudukanuu ZrOo, Itl_HZTOQ— WHTETrpajbHas MHTCHCUBHOCTH

= .ol 11T
penreHoBckoro mMakcumyma (111) terparonansuodt momubukamu ZrOy; I~ 5.0, v 1" 7.0,-

MHTErpatbHble MHTeHCHBHOCTH NuKOB (111) u (111) MOHOKIMHHONW MomM(UKAMK JHOKCHAA
mpkoHus. ClieyeT OTMETHUTh, YTO MOMyYeHHOe cooTHomeHue t-ZrOy/m-ZrOs, Kak MOXKHO 3a-
KJIIOUWTh U3 aHaiu3a JaHHbIX, IPUBEICHHBIX B padorax [5, 8, 17-19], sBnsercs xapakTepHbIM
JUIsl UICTIOJIB30BAHHOTO METOAA MOIMy4eHUs HaHodacTul] ZrOs.

Cpennuii pasmep OKP onpexpernsiii mo naHHBIM 00 YIIMPEHHH DPEHTTEHOTrpapUuecKux

MakcuMyMOB (pacdet o ¢opmyie Illeppepa [35]):
k-
- )
R cos(%)
rae d — AuaMeTp HAHOYACTHII, HM; (3 — IIUpUHA PEHTTEHOBCKOTO MAaKCMMyMa Ha IOJYBBICOTE,
A — JUTMHA BOJIHBI PEHTT€HOBCKOTO M3Y4YEHUs, HM; k— HEKOTOPBIH KodduuneHT (00BIYHO, MOXK-
HO cuMTarh k1)

Jns ompenenenuss MophoOJIOTHA W pa3Mepa MONTyYeHHBIX HAHOYACTHUI[ M arliOMEparoB,
oOpasyrouuxcs Ipu AUCIEPTUPOBAaHUN HAHOMOPOIIKAa B JUCTUIUIMPOBAHHOM BOJIE, HCCIIE0BAIN
METOZIOM MPOCBEYUBAIOLIEH IEKTPOHHON MUKPOCKOIIMHM CO CTAaTUCTHMYECKUM aHAJIM30M H300pa-
JKEHUH C MCIOJIb30BaHMEM IporpaMmHoro kommiekca «Buneorect 2.02» («Mcra», Poccus).
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AHanu3 pacupeseneHus o pa3MepaM HaHOYAaCTHUI] Ha OCHOBE JMOKCHJA LIUPKOHMS JHC-
HNEeprUpOBaHHbIX B JUCTUIIMPOBAHHOW BOZE, NPOBOAMIM METOIOM IMHAMHUYECKOI'O PACCEsIHUs
cBera (Zetasizer Nano (Malvern)).

OmnpeneneHue cpeHero pasMepa HaHOYACTHI 110 IaHHBIM 00 Y/1eJIbHOM MOBEPXHOCTH T0-
pOIIKa MPOBOJMIN B MPEANOI0KEHUH, YTO HAHOYACTUIBI UMEIOT chepuueckyro Gopmy. Yienb-
HYIO IIOBEPXHOCTh PAaCCUMTBHIBAIIM C MCIOJIb30BaHUEM Teopuu BOT nmo maHHbBIM 00 agcopbuuu u
JecopOLMH MOJIEKYJ ¢ pa3IMYHON BEIMYMHON MocaJo4HOl 1utomanku — azora («CopOTomeTp»
OO0 Karakon) u 3Tanona [5].

Jlist onpeneneHust CpeHUX pa3MepoB U (OpMBbI HAHOYACTUL] M OLICHKU yAETIbHOH MOBepX-
HOCTH HaHONOPOUIKa ObUI HCIOIb30BaH TAaKXKe METOJ] MaJIOyIJIOBOTO PEHTTE€HOBCKOTO PACCEsIHUS
[36, 37]. IlpumeHeHbl ABE METOJUKHU OIpeeaeHUss MOP(OIOTHYECKUX MTapaMEeTPOB HaHOYACTHIL
10 AaHHBIM MaJIOYIJIOBOI'O PEHTIE€HOBCKOIO pacCesHUsl.

ITepBas u3 Hux — «meron 'mube» [38] — mo3BoJIAET paccUUTaTh CPEAHHUE pa3sMepbl RuacTuI
(TO4HEe, MX PIEKTPOHHBIH pagnyc HHEPLUUU R, ) B YCIOBUSX, KOT/Ia UX HHTEP(EPCHIINOHHBIM B3a-
MMOJICHCTBHEM TIPH PACCESHUH PA3HBIMH YaCTUIIAMH MOXHO ripeHeOpedb. Ecimu [ (q)— nHTEHCHB-
HOCTh PEHTT€HOBCKOTO PACCEsHUS IO yIIoM 0,

_ 4msin(0/2)
=

— MOZYJIb BEKTOPA paccesiHusl, A\ — JIJIMHA BOJIHBI PEHTTEHOBCKOIO U3JIy4eHHUs, TO «MeTo] [ mHbe»
COCTOUT B MOCTPOEHUH 3aBUCUMOCTH Inl(q)oT ¢, KoTopast B Cilydae pacCesiHusl HE3aBUCHMBIMU
YacTUIIAMHM TIPEICTABIAET COOOM NPAMYIO JIMHMIO, @ €€ HAKJIOH ONPEENsAeTCs BEINYUHON [T,

Jpyras Meroauka — MeTOJ] «CTaHJapTHBIX KPUBBIX» [38], COCTOUT B IOCTPOEHUU CEMEN-
CTBa MHJMKATPUC PACCESIHUS OT JUIMIICOMJIOB BPAILLEHUS C Pa3IMYHON CTENEHbIO aHU30METPUU
U CPaBHEHHH C STUM CEMEHCTBOM 3KCIIEPUMEHTAIbHOW KpUBOW. M3 coBmaseHusi KpUBBIX MOYKHO
paccuuTarh BEJIMUUMHBI R U I/, TO €CTh ONpPENEIUTh PaJuyC U CTENEeHb BBITSHYTOCTH (CIUIIOCHY-
TOCTH) 3JUTUIICOU]IA BpAIllCHUSI.

B nanHoii paboTe onrcaHHbIH BbIlIe METO/ ObLIT MOAU(UIIMPOBAH MTyTEM BBEICHUS BMECTO
paauyca [R3IEKTPOHHOIO pajaMyca MHEPUUHMIY, YacTHUIbl, KOTOPhIH CyIIECTBEHHO JIy4IIE XapaK-
TEpU3yeT ee pasMepsl. Mcronb3ys U3BECTHYIO CBA3b MexAy 1, Ry u v [39]

q

5

=\ armle

MOKHO ITOCTPOUTDH HOBOC CEMEMCTBO CTaHAAPTHBIX KPHUBbLIX

1

I (Ryq,v) = /CI>2 Ryq

0

] (1422 —-1)) | dx,

() 3sinx —;ccosx7
x
U OIICHUTH PAJNyC WHEPIHH U CTENEHb BBITSHYTOCTU (CIUTFOCHYTOCTH) PACCEUBAIOIINX YACTHII.
K coxanennto, MeToa «CTaHAAPTHBIX KPUBBIX», KaK MPABUIIO, HE MO3BOJISET MPU CPABHUTEIHHO
HEOOJNBIINX V/ TUCKPUMHUHHUPOBATH BBHITSHYTHIC M CIUTIOCHYTHIC YaCTHUIIBI.

B skcnepuMeHTanbHbBIE MHIUKATPUCHI PACCESIHUS ObLIM BHECEHBI KOJUTMMAIIMOHHBIE T10-
MPAaBKU HA JUITMHY TICPBUYHOW IMIETW W IIenu jaerekropa. [Ipum 3Tom Oblia HCIIONB30BaHA IPO-
rpaMMa, OCHOBaHHasi Ha MPUMEHEHUHU CIUIAaHH-UHTEPIIONSIIIUN TPU PElIeHUd OOpaTHOU KOJUTH-
MarmoHHoi 3anaun [40-42]. Ciieqyer OTMETUTD, YTO MIPH KUCIIOJIB30BAHUH JJOCTATOYHO JJTMHHBIX
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KOJUITMMAIIMOHHBIX IeJIel OMMCAHHBIN BhILIE «METON [ MHBE» TOMKEH MPUBOIUTH MPUOTUZUTEb-
HO K OJIMHAKOBBIM 3HAYECHUSAM PaJdyca WHEPLUU YaCTHUI] KaK MpU [ MHbe-OCTPOCHUU UCXOTHON
HKCIIEPUMEHTAIBHOI KPUBOM, TaK U KPUBOH, B KOTOPYIO BHECEHBI KOJTUMAIIMOHHBIE TTOMPABKH.

MasoyrioBble H3MEpEHUsST MPOBOIMIMCE C MOMOINIBI0 OnouHON Kamepsl «Kratky». Hc-
nons30Basiock Cuk ,tuznyuenue. KoadduimenT nornomeHus odpasia onpeaessuii ¢ TOMOIIBI0
MPUCTABKU C ABMKYIIEHCA 1Ienbio [43].

3. Pe3yabrarbl U HX 00CYyXKIAEHHE

DNEKTPOHHO-MUKPOCKOIIMUECKOE HCCieloBaHle HaHONopowKoB ZrOs (puc. 1, cieBa) no-
Ka3ajo, YTO YaCTHUIBl JHOKCHIA IUPKOHUS HUMEIOT (GopMmy OIM3KYI0 K cheprueckoil, ogHako
MOXHO BBIIEJIMTh M YaCTHUIBI OBaJbHONH (OpMbI. Pe3ynbrarsl cTaTUCTUUECKOrO aHalnu3a IOIy-
YEeHHBIX JIaHHbIX, IIPUBE/ICHHbIE HA PUC. 2, CBUJCTEIbCTBYIOT, YTO HCCIENyEeMbIii HAHOMOPOLIOK
JMOKCHIa [IUPKOHMS 00ajaeT JOCTaTOYHO Y3KHUM paclpesielleHueM dacTul] 1no pasmepam. Ha
OCHOBAHUU NPE/ICTABIEHHBIX JAHHBIX MOJKHO 3aKIIIOUUTh, YTO CPEHUNA pa3Mep 4acTHUL] TUOKCUIA
nupkoHust coctasiseT (13+4) um. Bennuuna yaenbHoi# nosepxHoctu nopouika ZrOq, paccyuTaH-
Hasi HA OCHOBaHHMHU CPEIHETO pa3Mepa, ONMPEIEeIICHHOTO MO JaHHBIM JIEKTPOHHONH MUKPOCKOIIHY B
IPENONOKEHNH chepraeckoi GOpMBI gacTHIl cocTauseT okono (80+30) m?/r (tabi.). Cnenyer
OTMETHTD, YTO CPAaBHEHHE TMCTOTPAMM PACIPEACIICHHUS YaCTHI [0 pa3MepaM U M0 YASIbHOU I0-
BEpXHOCTH (puc. 2a 1 20) MoKa3blBaeT CYLIECTBEHHO OOJBIINI BKJIA/A B yAEIbHYIO TOBEPXHOCTh
YaCTHUIl MEHbIINX pa3MepoB. TakuM 00pazoM, Jaxe s JOCTAaTOYHO Y3KOTO paclpesieeHus ya-
CTHII IO pa3MepaM B HAaHOIIOPOIIKe, KaK B pACCMaTPUBAEMOM CIIy4ae, MOXKHO OXKHJIaTh 3aMETHOTO
3aHIKEHMsI CPEIHUX Pa3MEPOB YaCTHUL, PACCUNTAHHBIX Ha OCHOBAHUM JAaHHBIX 00 YJIEJIbHOMU I0-
BEPXHOCTH HAaHOIOPOIIIKA.

Puc. 1. Muxkpodororpadus HAHOYACTHUI] TUOKCUIA ITUPKOHUS, MTOTYICHHOTO Me-
TOJIOM T'MAPOTEPMAILHOIO CUHTE3A

Ha ocHoBaHMM aHanM3a yIIMpeHUs: pEHTTEHOBCKUX MaKCUMYMOB (pHc. 3) ObUI orpeneneH
pa3mep o0bJsiacTeil KOrepeHTHOIO paccesiHUs HAHOKPUCTAIIJIOB TETPAaroHaJbHON M MOHOKJIMHHOMN
MonupuKaui THOKCHIA IIUPKOHKS, KOTOPBIA cocTaBmwI 18 1 23 HM COOTBETCTBEHHO.

Ha puc. 4a npencrasnen rpaguk 3asucumoctd In (q) ot ¢ miist KCXOMHOM SKCIIEpUMEH-
TaJIBHOW KPUBOH paccestHust oT mopoika ZrOy, a Ha puc. 40 — rpaduk U TOH JKe IKCIIEPUMEH-
TAJIBHOW KPUBOM, B KOTOPYIO BHECEHBI KOJUIMMALMOHHBIE MTONpaBKu. Kak MOKa3bIBAIOT pacueTshl,
IPOBE/ICHHBIE 110 JaHHBIM pHC. 4a, Ry = 7.9 HM, a no gaHHeIM puc. 46 — I, = 8.2 um. Tak kak
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Puc. 2. Pe3ynbrarbl CTaTUCTUYECKOTO aHAJIN3a JAAHHBIX AJIEKTPOHHOM MUKPOCKO-
[IUH 110 pacTIpeIeIEHUIO YaCTHII IO pa3MepaM (a), ¥ 3HaYeHUs! YIeIbHON TUTOIIAIN
MOBEPXHOCTH YACTHUIl COOTBETCTBYIOIIMX (pakiuii (0)

t(c)-ZrO:

Puc. 3. PenrrenoBckas audpakrorpamMma HaHOKpUcTainueckoro ZrO,, moiy-
YEHHOI'0 METOIOM IMIPOTEPMAIILHOIO CUHTE3a

B YCJIOBUSIX DKCIIEPUMEHTA KOJIJIMMALIMOHHAS I11€b ObLIa 1OCTAaTOYHO JJIMHHOM, TO OJIM30CTh MO-
JTy4EHHBIX 3HA4YEHUH [T;, MOXKET CITyKUTh ITOATBEPKIAECHUEM TOTO, YTO MPAMOIHHEHHBIE yYaCTKN
ATHX TPapUKOB ACHCTBUTEIHHO CBA3AaHBI C PAJANYCAMU WHEPIIUH UCCIIETyEMBIX YaCTHII.

Ha puc. 5 n300paxeHbl HHIUKATPUCH pacCesHUs IS BBITAHYTHIX (pUC. 5a) U CIUIIOCHY-
TBIX (pUC. 50) IIUICONIOB BpaLllEHHUs IPU pa3IMYHbIX CTENEHIX aHU30MeTpuH . Ha ocHOoBaHUM
aHaJM3a pe3ysbTaToB MPUBEICHHBIX HA PUC. 5 MOXKHO 3aKJIIOYUTh, YTO JAJIS BBITSHYTBIX SJIJIHII-
COUJIOB BpAIllEHUs] HauWjydllee COBIAJEHUE COOTBETCTBYeT v = 2.25 , a JUIsl CIUTFOCHYTBIX —
v =0.35. Onpenenenue pajgnycoB MHEPLUU YACTHIL JAeT CIEAYIOIINE Pe3ybTaThl: Ul BBITAHY-
ThIX yacTul [, =8.0 HM, s CIIFOCHYTBIX yactul [, =8.3 HM. Tak Kak Jydiiee cOBIaJICHHE
HKCIEPUMEHTAIBHON U CTaHAApTHOW KpUBOM HAOIIONAeTCs Ui CIUIIOCHYTHIX 3JUIMIICOMJIIOB, TO
C OIpENEeTCHHON J0JeH YBEPEHHOCTH MOXKHO 3aKJIIOYUTh, YTO HCCIEAYEMbl€ YacTHULbI CKOpee
CIUIIOCHYTBI, YeM BBITAHYTHI. ClielyeT OTMETUTb, UTO Kaue€CTBEHHBIM MOATBEPKIECHUEM JTAHHOTO
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Puc. 4. T'padux 3aBucumoctu In I(q) ot ¢* nas MCXOMHON DKCIEPHUMEHTAILHOM
KpUBOH paccestHusi OT nopoiika ZrO, (a), ¢ BHECEHHBIMU KOJUTMMAIIMOHHBIMU T10-
npaBkamu (0)

BBIBOZIA MOTYT CIIYy’KUTb U PE3YJIbTaThl AIEKTPOHHOMMKPOCKOIIMYECKOTO HccienoBanus (puc. 1,
cIipaBa).

NN Inf =25 \\\ N

N Voov
. 1517520 1.0' 0.8 0.6
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Puc. 5. Teopernueckue MHAMKATPUCHI PACCESIHUS HA DIIJIMIICOWJAX BpAIlCHUsI C
Pa3IUYHON CTENEHBIO aHU30METPUU (CTaHAAPTHBIE KPUBBIE) U IKCIIEPUMEHTAIb-
Has KpuBas paccessHusl Ha noporiike ZrO, , HaJlo)KeHHas: Ha CEMEUCTBO CTaHAapT-
HBIX KPHUBBIX «HAWIYYIIAM» OOpa30M: a — BBITSHYTHIC SJUIAIICOUIBI BPAILICHUS,
0 — CIUTIOCHYTBIE€ 3JUTHICOUbLI BpamieHus. CTerneHb aHU30METPUU V' TIPHUBEICHA
JUTA KaXKJ0M KPUBOM

Pesynbrarel aHanmu3a pasmepa, GpopMsl 1 cTpoeHust HaHodacTHIl ZrOy, TOIyYeHHBIE pa3-

JIMYHBIMU METOdaMU ITIPHUBCICHLI B Ta6J'II/II_[e 1.

W3 manHBIX Ta6J'II/II_IBI CJICAYCT, YTO U «MCTOA FI/IHBG», U MCTOA «CTAHAAPTHBIX KPUBBIX»

HPUBOJAT K BecbMa OJIM3KUM 3HAUEHMSIM PaJMyCOB MHEPLUHU PACCEUBAIOIIUX YACTHULl. JTO 00-
CTOATENILCTBO JACT JOIOIHUTENBHBIE TAPAHTUU TOTO, YTO TOJyYEHHBIE 3HaYEHMs [T, TOCTaTOYHO
HaJIe)KHBI U 00a MeToa MOTYT OBITh 3()()EeKTUBHBIMH ISl aHAIHM3a YKCIIEPUMEHTAILHONW KPHUBOH
PEHTTEHOBCKOIO paccessiHus B 001aCTH MajIblX YIJIOB YacTHLaMu nopouka ZrOs.

PCSyJIbTaTLI HCCICAOBAHNA METOAOM JUHAMHWYCCKOI'0 paCCCAHUA CBCTA paCpCACICHUSA 110

pasMepaM HaHOYACTUILl Ha OCHOBE JUOKCHIa HUPKOHUS JUCIICPIUPOBAHHBIX B I[HCTHHHHpOBaHHOﬁ
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Meton Cpennuii pa3mep, HM | YiejabHass nosepx- | [Ipumeuanus
HOCTb, M2/T
[IpocBeuunBatoimas asnek- | 13+4 80430 * Cwm. puc.1
TPOHHAs MUKPOCKOIIHS
Pentrenosckas nugpax- | 18+2 —¢-ZrO,  (~80 | 55£7* Cwm. puc. 2
uus —paszmep OKP % yacTwi) 45+5%
(ymupenue TuHUN peHT- | 23+2 —m-ZrOy (~20
TeHOBCKOU nudpakiuu) | % 4yacTHIl)
PentrenoBckas audpak- | 20.440.3%** 4941% «Merton 'nape»
st Cwm. puc. 4a
(ManmoyriioBoe  peHTre-
HOBCKOE paccesiHue)
21.240.3** 47+1%* «Meton T'mHbE» C
BHECEHHEM KOJI-
JMMAaLIMOHHOM
MOTIPaBKH
Cwm. puc. 46
CIUTFOCHYTBIE  3Jumun- | 68+1%* Merton «craHmaprt-
COUIBI BpallleHus, HBIX KPUBBIX»
v=0.35; JTUaMeTp Cwm. puc. 46 u 5
KPYIJIOTO CEYEeHHUs
25.5+0.4
AHamu3  Ja”HHBIX 00 | 1542 *** 65+6 CopOumst sTaHONA
YIEJIbHON MOBEPXHOCTU
1242 #* 78+8 CopOuust azora
JnHamuyeckoe pacces- | Ariomeparbl  4acTHIl | — Cwm. puc. 6.
HUE CBETa pazmepom ot 40 10 200
HM.  (MakcMMasbHas
JOJIE  YacTUIl HMEeT
pa3smep okosio 100 M)

TABJIMLA 1. Pe3ynbrarsl onpeaeneHus pa3Mepa HaHOYACTHULl JUOKCUIA [IUPKOHUS
Ppa3IMYHBIMA METONAMU

Ipumeuyanus: * — pacyer 1Mo JaHHBIM O CPEIHEM pa3Mepe YaCTHIL;
**cpenHuii pasmep [ CBS3aH C paJdyCOM MHEPUUH [, U CTENEHBIO BBITAHYTOCTH V
5 .
V @ e
*#* _ pacueT 1o JaHHBIM 00 y/IEIbHON MOBEPXHOCTH HAHOIIOPOILIKA

cooTHoleHueM D = 2

BOJIE CBHJICTEIBCTBYIOT, YTO B MPUTOTOBICHHOW CYCIEH3HH MPUCYTCTBYIOT YaCTUIBI B OCHOBHOM
umeronire pamep okoso 100 HM (puc. 6). CpaBHEHHE ITUX PE3YNIBTAaTOB C IPUBEICHHBIMU B Ta0-
JUIEe JaHHBIMH O CpPEeIHEM pa3Mepe HAHOYACTHUIl JUOKCHUIA IUPKOHMS, MMOJYYEHHBIMHU IPYTHUMH
METOAAaMH, TIO3BOJISIET C/eNIaTh BBIBOJL O TOM, UYTO JMHAMUYECKOE paccesHue cBeTa JaeT uHpop-
MAaIMI0 TJIaBHBIM 00pa3oM 00 arfioMeparax 4acTHll, TaK KaK €Clid MO JaHHBIM APYTUX METOJOB,
CpelHHEe pa3Mephl YACTHUIl BApbUPYIOTCS B OCHOBHOM B Juana3oHe ot 12 10 18 HM, TO 1Mo JaHHBIM
JUHAMHUYECKOTO CBETOPACCESIHUS CaMble MaJIeHbKUE 3a()MKCUPOBAHHBIE YACTHUIBI UMENIH pa3Mep
okosio 40 HM, camble Oombiine — oko1o 200 HM, a HauOOJBIIYIO JOJI0 COCTABISIM YaCTHULIbI
pasmepom okosio 100 M.
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Puc. 6. Pacnpenenenus mo pasmepaMm HaHO4YaCTUIl HA OCHOBE ZrOs, MOIyUYEeHHOE
METOJIOM JTUHAMUYECKOTO PacCesHUsl CBETa

HeoObr4HbIM (hakTOM, TpeOYIOMIM 00CYKIEHHS, SIBIsETCS TO, 4T0 pasmepsl OKP, paccun-
TaHHBIE TI0 YIIUPEHUIO PEHTITC€HOBCKUX JIMHUM Jalid camble OOJIbIINE MO0 CPABHEHUIO C IPYTHUMHU
METOAAaMHM 3HaueHusi pazMepoB vacTull ZrOy. ITO CBUIETENBCTBYET O MaJIOil BEPOSTHOCTH KOTe-
PEHTHOTO CpacTaHHsl HAHOKPUCTAIIJIOB TUOKCHA LUPKOHUS, MOIYYSHHOTO B THIPOTEPMATbHbBIX
YCIIOBUSIX, HA KOTOPOE yKa3bIBAIOT HEKOTOPBIE aBTOPHI, TaK KakK Mpu 3ToM cpenHuii pazmep OKP
JOJKEH OBbLT OBl COCTABJIATH OKOJIO TIOJOBHMHBI pa3Mepa HAaHOYACTHUII, OMPEIEIEHHOTO IPYTUMH
MeToaaMu. Heckonbko 3aBBILIEHHOE 3HAYEHHE pa3MEpOB HaHOKPHUCTAJUIOB, ITOJIyYEHHOE IO JaH-
HBIM aHaJIM3a YIIUPEHUs] PEHTTEHOBCKUX JIMHUHN 10 CPAaBHEHUIO C IPYIMMM METOAAMU BBI3BAHO,
[10-BUJTUMOMY, OCOOEHHOCTBIO METOAUKH OIPEAEICHUS] YITUPEHUS JTUHUH («IIMPHUHA HA MOITYBbI-
COTe»), IO KOTOPOIl B OOJIbIIEH CTENEHN YUUTBIBAIOTCS 00Jiee y3KHE JTMHHUU, COOTBETCTBYIOLINX
KpUcTauiaM OOJIBITUX Pa3MepoB.

CpaBHeHME 3HAUEHUH CpPEIHUX pa3MEpPOB HAHOUACTHI], PACCUMTAHHBIX M3 JAaHHBIX 00
YIEJIBbHOM MOBEPXHOCTH HAHOMOPOIIKA U TMOJYYEHHBIX APYTUMH METOJaMH IOKa3bIBaeT, YTO C
y4eTOM JaHHBIX O (hOpMe HAHOUYACTHI[ U O PACIpPENEICHUH YacTHUI[ 10 pa3Mepam, OIpe/esieH-
HBIX Ha OCHOBAHMM pE3yJbTAaTOB IPOCBEUMBAIOIIEH AJIEKTPOHHOM MMKPOCKOIIMH, CBEIEHUS 00
YAEJIbHOM MOBEPXHOCTH JJISl YaCTHUL IPOCTOM (OPMBI U JOCTATOYHO Y3KOTO paclpencsieHUs UX
o pazmepam (cm. puc. 1 u 2) MoryTt ObITh AOCTaTOuHO 3G(HEKTUBHON MHPOPMaLIUEH JIJIsl OIICHKU
CpeHero pa3Mepa HaHodacTull. Bmecte ¢ TeMm, CpaBHEHUE JaHHBIX O PAaCIpEeI€HUH YacTHIL 10
pa3MepaM U 1O BEeJIMUMHE UX YIEIbHOM MOBEPXHOCTH MO3BOJISET MPEANOI0KHUTD, YTO MPH MOA00-
HBIX pacueTax MOXHO OXXHJaTh HECKOJBbKO 3aHIKEHHBbIC 3HAUEHHUS CPEIHUX Pa3MEpOB YACTHII.
Crnemyer OTMETUTh, YTO 3aHIDKEHHE CPEIHUX Pa3MEpOB YACTHIl ONPEAETICHHBIX U3 JaHHBIX 00
YIEJIBbHOM MOBEPXHOCTH MO CPABHEHHIO C IPYTMMH METOAaMH BO3MOXKHO TakKe B Cllydae, eclid
(dbopMa HAHOYACTHII B PEATbHOM CUTYallUH OTJIIMYAETCS OT apooOpa3Hoi (CM. TabI.) UK UX TO-
BEPXHOCTbh UMEET LIEPOXOBATHIA WM (PpakTaiabHbIi Xapakrep. pyroil npobieMoil, xapakTepHo
JUISL HAHOTIOPOIUIKOB, SIBJISIETCS CaM pacyeT UX yAEJIbHOM IUIOIIAJU MOBEPXHOCTH IO JaHHBIM 00
azcopOIMu-1ecopOry ra3oB, Kak ObUIO MOKa3aHo B [44].

Pesromupys mosyueHHbIE Pe3yNbTaThl, CIEAYET OTMETHTb, YTO TOJIBKO KOMIUIEKCHBIN MOJI-
XOJl K OMPEJEIICHUIO0 pa3MepOB HAHOYACTHUII, OA3UPYIOUINIICS HAa MCIOJNIb30BAHUU CaAMOTO HIHPO-
KOTO CIIEKTpa METOJIOB M CPAaBHUTEILHOM aHANU3€ IMOJNyYEHHBIX dTHMH METOJaMH pe3ybTaToB,
MOKET JaTh HaJleKHYI0 MHPOpMaIHIO 0 pazMepe U (popme YacTUl] HaHOMOPOIIKOB. [Ipu sToM
Kbl U3 HCIIOJIb3YEMbBIX METOZO0B TpeOyeT NalbHEWIIEro COBEpUICHCTBOBaHUS. BakHoil co-
CTaBJISIIOIIEH Pa3BUTHSI METOJOB OBLIO ObI MOJIyYeHHE HA UX OCHOBE HE3aBUCUMBIX JIaHHBIX O
dopMe yacTull M pacrpelneieHud ux 1o pasmepaM. CieqyeT OTMETUTbh, YTO TaKHE MOAXOIbI
pa3BUBAIOTCA, U JAAHHBIE O PACIpeeIeHUH YacTHIl 110 pa3MepaM MOXHO MOJYYUTh, UCIIOJIb3Ys,
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HalpuMep, METO/Ibl MaJOyIJIOBOTO PEHTTEHOBCKOI'O paccesHusi, aHanu3a (popMbl JUHUN peHTTe-
HOBCKOH TU(paKkLuy Ha OOJNBLIMX yIVIaX, a TaK e aHaJu3Upys JaHHbIE APYTMX METOJOB.

ABTOpBI BbIpakatoT 6aarogapHocts ctyneHTy CIIOI'Y UTMO Apremy Kyuko 3a nomornp
B pacyerax.

Pabora BeImosiHeHa npu noanepxkke Poccuiickoro ¢onna ¢yHnaMeHTanbHBIX HCCIENO-
Banuii (rpant Ne 10-03-00889-a) u denepanbHOli 1eneBoi nmporpammel «Hayunbsie u Hay4yHO-
negarornyeckue Kaapel nHHOBaIMoHHOM Poccum» Ha 2009-2013 rogsi.
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[MpuBenens! xapakreprctiku HanomopucTbix MaTpun HIIC-7 n HIIC-17, u3rorapiauBaeMbIx U3 NByX(a3HOTO CTEKIIa
JIB-1 no texHonoruu, pazpadoranHoii B ['ocynapctsennoM Ontudeckom MuctutyTe M. C. 1. BaBunosa. O6cyxa-

IOTCA PE3YJbTAaThbl UX UCIIOJB30BaHUA U BO3MOKHOCTU MMPUMCECHCHUS B pa3JIMYHbIX HAYYHO-TCXHUYCCKUX obacTsx.

KiroueBbie cJIoBa: HAHOOPUCTHIC CTEKIIA, HAHOKOMIIO3UTHI, JHMAMETP MOp, CBOOOHEII 00beM mop, Oe3ycasouHbIe
PETUCTPUPYIOIIUE CPEbl, (YIUICPEH-COACPKAIINE HAHOTIOPUCTHIC MATPUIIBI, HAHOKOMITO3UT C JHOKCHIOM BaHAIU,
JIuarHoctuka (a30BbIX COCTOSHUN U (Da30BBIX MEPEXOJIOB.

1. BseneHue

B nocnennee pecsrunetre HaOmogaeTcs MOBBIILIEHUE UHTEPECA K HAHOIIOPUCTBIM CTPYK-
TypaM ONTHYECKOTO KadeCTBa M 3HAUYUTENBHOE PAaCIIUPEHHE CIIEKTpa UX UCHoib3oBaHus [1,2].
Hanonopucteie cunukarssle crekna (HIIC) 3aHumaror oco6oe MecTo cpean TBEpAbIX HAaHOIOPH-
CTBIX MaTepuasioB, TaK Kak 00JalaloT CBOWCTBAMM, IIUPOKO BOCTPEOOBAHHBIMHU B COBPEMEHHBIX
HAayYHO-TEXHUYECKUX pa3paboTKax. ITO — BbICOKAs MEXaHUUYECKas U JyyeBasi IPOYHOCTb B COYE-
TaHUH C BBICOKOW a0COPOIIMOHHOI CITOCOOHOCTBIO ¥ XUMUYECKOW CTaOMIIBHOCTBIO; BEICOKAs! IPO-
3pa4HOCTh B BUAUMON u OmmwkHeidl MK obnacTsax crmekrpa; BO3MOKHOCTh PealH3alyy IHUPOKOTO
JMana3oHa pa3MepoB MOp U CBOOOJHOTO 00beMa MOpP; BO3MOXKHOCTh PEryJIHpOBaTh ONTUYECKUE
cBOlicTBa 00pPa3lOB BBEJICHUEM B CBOOOIHBIN 00BEM IOp BELIECTBA C 33JaHHBIM IOKa3aTelieM
IPEIOMIICHHSI; BO3MOXKHOCTD ITOJTy4YeHHs 00pa3loB pa3IMyHbIX T€OMETPUUYECKHX Pa3MEpOB; BO3-
MOXHOCTb TOJIy4YEHHUs] KOMIIO3UTHBIX MaTepHajioB C pabOuuMM BEIIECTBOM B BHJE OTIEIbHBIX
HAHOYACTHULI, paclpeeeHHbIX B MAKpOOOBEME.

HanonopucTele MaTpulbl HA OCHOBE CHJIMKATHOIO CTEKJIA IMPEACTABISAIOT cO00il coBep-
IIIEHHO OCOOBbIil, B CBOEM DPOJI€ YHUKAJIbHBIA, HMHCTPYMEHT UCCIIEIOBAHUS (PU3UKO-XUMHUECKHUX
IPOILIECCOB B OTPAaHUYEHHOM 00bEME, COM3MEPUMOM C MAcUITa0OM HPOTEKAaHUs MPOLECCOB U
pasMepaMH H3ydyaeMbIX OOBEKTOB: OIPAaHUYEHHOCTb MPOCTPAHCTBA U 3(P(PEKTUBHBIA KOHTAKT CO
CTEHKaMH IOp 00yCIIaBJIMBAIOT CYIIECTBEHHbIE OCOOCHHOCTH COCTOSIHUS BEIlleCTBA-HATIOIHUTENS
[0 CPaBHEHUIO CO CIy4aeM €ro HaxoXKAEHUs B CBOOOAHOM oObeme. VIMEHHO 3Ta BO3MOXKHOCTb
OIpezeNsieT NOBBIIICHUE MHTEpPECa K HAHOIOPUCTBIM CTEKJIaM U SIBJIAETCA B HACTOSIIEE BpeMs
IIPEIMETOM Pa3HOCTOPOHHUX HccienoBaHuil [3-5].

B o6nacTu HaHOTEXHOJIOTH, UCIOIB3YIOLIMX KUAKYIO (a3y, ocoboe BHUMaHKUE NpUBIIE-
kaeT ucnosnb3oBanue HIIC ns necnenoBanus ruIpoAMHAMUYECKUX MPOLIECCOB, MPOUCXOMALINX
B HAaHOPa3MEPHBIX 00JACTAX, COU3MEPUMBIX C PACCTOSTHMEM MEXIY MOJIEKYIaMU WIH C Hpo-
CTPAHCTBEHHBIM MacIITabOM JAEMCTBUS MEXMOJIEKYJIAPHBIX cuil [6-8]. XuMHUueckue npouecchl B
HaHOpa3MEPHBIX 00IACTAX IPOUCXOAAT HHAUE, YEM B MAKPOCKOIIMUECKUX 00BbEMAX, 3TO IPUBOIUT
K SpKUM 3 dexraM, GU3nIecKuil CMbICI KOTOPBIX MOHSAT JIHUILIb YaCTUUYHO: U3MEHSIOTCS YCIOBUS
(a30BBIX MEPEXO0OB, U3MEHSAETCS BSI3KOCTb )KMJIKOCTH M T. II.
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Pe3ynbrarsl ucnonb3oBanus npo3padnbix nopuctbix marpui] HITC-7 u HIIC-17 B Teuenue
IBYX JECSATKOB JIET, NMPHUBEICHHBIE B JTAHHOW paboTe, MO3BOJSIOT HACSIThCS HAa paclIupeHue
CIIEKTpa X MPUMEHEHHUsI NIPU NPOBEICHUU UCCIIEI0OBAHUN ONTUYECKUMH METOIAMH.

2. Moayuyenue Hanonopuctbix marpun HIIC-7 u HIIC-17 u ux cBoiicTBa
2.1. Ioayuyenue nHanonopuctbix Mmarpun HIIC-7 u HIIC-17

HcxonHsiM MarepuaioM Juist nostydeHus HaHonopucteix mMarpun HIIC-7 u HIIC-17 sBnsg-
€TCsl OTEYECTBEHHOE IPOMBIIINIEHHOE HaTpueBOOOPOCHIINKATHOE ABYX(pa3Hoe cTekio JIB-1 Bapku
1990 1. (3aBox «KpacHsiit ruranty, r. [lensa), kotopas Obuta U3roToBieHa Mo 3aka3y [ocymap-
CTBEHHOTO onTHYeckoro nHctutyTta uMm. C. M. BaBunosa (I'OW) mis neneit o0beMHOM rojiorpa-
¢un [9-12]. Bapka umeer coctaB (NasO — 6,2%; BoO3—25,1%; Si05 — 67,8%), THNUYHBIN
JUTSL CTEKJIa, KOTOpoe 00pa30oBaHO JBYMs B3aWMOMNPOHHUKAIOIIMMU (ha3aMu: OHA U3 HUX — XUMHU-
YecKu HecToWkas OoparHas (asza, BTopas — XMMHUYECKH YCTOW4YHMBas KpeMmHe3eMmHas ¢asza. bo-
parHas (aza JErko paspyllaercs pacTBOPOM KHCIIOTHI, TOIZa Kak KpeMHe3eMHas (aza ocTraercs
MpaKkTUYecKu Heu3MeHHou [13-17].

[Tponiecc momy4eHus MOPUCTBHIX 0O0PA3LIOB BKIIOUAET CIEAYIONINE OCHOBHBIE TEXHOJIOTH-
YECKHUE ATalbl, PEKUMBbI MIPOBENCHUSI KOTOPBIX OMPEAEISAIOT MapaMeTpbl U3TOTOBIEHHBIX MOPH-
CTBIX 00pas3IoB:

e Omxur (TepMo0OpabdOTKa) MPOMBIIIUIEHHOTO CTEKJIa MPU OMPEEICHHOM TeMIIepaTypHO-
BPEMEHHOM PEKHME, B TEUEHUE KOTOPOTO MPOUCXOAUT pasfielieHue KOMIIOHEHTOB CTEKJIa
JIB-1 Ha ¢a3bl, pe3ko pazIuyaronIuecs Mo pacCTBOPUMOCTH B BOJHBIX PACTBOPAaX KHUCIIOT.

e l3roroBrneHue u3 TepMooOpabOTaHHOTO (OTOXOKEHHOT0) CTEKJIa ONTHYECKUX 3arO0TOBOK,
TpebyeMoil GopMBI U pa3MepoB, HAIIPUMEP, IUIOCKOMAPAIJIEIbHBIX MMOJIWPOBAHHBIX IJ1a-
CTHH WJIH JIMCKOB 3aJJaHHBIX Pa3MEpOB.

e O0OpaboTKa 3ar0TOBOK BOJIHBIM PACTBOPOM COJITHOW KUCIJIOTHI IIPU ONPEAEIEHHOM BPEMEH-
HOM U TeMIlepaTypHOM pexume. B pesynbrare jerko pactBopumas (asa, odoramieHHas
OKHCJIaMu O0pa U HaTpus, ynajiseTcs, 1 o0pa3el] CTAHOBUTCS OPUCTBIM IPU COXPaHEHUU
nepBoHadabHOU (popmbl. OcTaromuiics kapkac o0pasia COCTOUT B OCHOBHOM U3 OKHCH
KpeMHHUS (C HeOONIbLIONW NMPUMECHIO0 OKUCIOB Oopa). CortacHO CylIecTBYIOLIEH TepMUHO-
noruu [13,14] cTekio, monydeHHOe B pe3ysbTare 00padOTKH pacTBOPOM KHCIIOTHI, Ha3bl-
BalOT MUKpONOpUCTHIM. [Iporiecc KuciaoTHOM 06paboTKH COMPOBOXKIAETCS 00pa30BaHUEM
«BTOPUYHOW» KPEMHEKHCIOTHI U €€ KOoarylslued B IMOJIOCTSX OCHOBHOTO KpEMHE3eM-
HOTO KapKaca, YTO MPHUBOAMUT K 0Opa30BaHHUIO YaCTUILl BBICOKOAHCIEPCHOTO aMOp(HOro,
WIN «BTOPUYHOIO», KpeMHe3eMa. [Ipu 3ToM yacTuipl «BTOPUYHOT0» KpEMHE3eMa pacio-
JararoTcs B 00JacTH pa3pylIeHUs] XUMUYECKH HecTaOWibHOW OoparHoi (a3el. MImeHHO
CTPYKTYpPOH «BTOPHUUHOT0» KPEMHE3EMa OINPENEISIOTCS MHOTHE CBOMCTBA IOPUCTBIX CTE-
koJ1 aToro tuna [14-17], k koropbiM oTHOCsTCSE Marpuiel HITC-7.

e OOpaboTka 0Opa3ioB Mukpomnopuctoro crekia (tuna HITC-7) menouynsiMu pacTBOpamu ¢
MOCIIEAYIONUM yAaJleHUeM BOJOW MPOAYKTOB PEeaKIMU 10 TIOJTHOTO U3BJICUEHUS U3 MOPU-
CTBIX 00pa3IlOB «BTOPUYHOI0» KpeMHe3eMa. B pesynsrare oOpabOTKHM MHKPOMOPUCTOTO
CTEKJIa PaCTBOPOM IIENIOYH MOJIy4al0TCs TaK Ha3bIBaeMble MAKpPOIIOPUCTHIE cTekna [14], k
kotopbIM oTHOcsTCs Marpulel HIIC-17. Ctpykrypa U cBOWMCTBA TaKMX MOPHUCTHIX CTEKOJ
OTIPENIETAIOTCS XUMHUUECKH YCTOMUNBOIM KpeMHe3eMHON (a3oil.

2.2. CaoiicTBa Hanonopuctoix Mmarpun HIIC-7 u HIIC-17

OcHOBHBIE CBOWCTBA OPUCTHIX 00Pa3LOB ONPEAEIISIFOTCS CIEAYIOUIMMH XapaKTepUCTHKA-
MH:
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Cpennuii tuaMeTp mop (XapakTepHBINA pa3Mep MOIOCTeH KPEMHE3eMHOTO KapKaca);
CBOoOOIHBIN 00bEM IMOP — XapakTepusyeT o0beM 00pasiia, He 3aHAThIH KPEMHE3EMHbBIM
KapKacowm;

e VienbHasi TOBEPXHOCTh MOP — XapaKTEPU3yeT OOIIYI0 MOBEPXHOCTh BHYTPEHHHX MOJIO-
cTeit oOpasia;

CriekTpalibHOE TPOIYCKaHUE HM3ITYUYEHMs — BaKHEHIIash XapaKTepUCTHKa JUIsl 00paslos,
HCIIOJIB3YCMBIX B OIITUYCCKOM SKCIICPUMCHTC.

Cpennuii auaMeTp Mop UCCIeTyeMbIX 00pa3LoB ONpPeNesICs] IKCIEPUMEHTAIBHO ITyTeM U3Mepe-
HUS U30TE€pM asicopOLuu-necopOuun 3TuioBoro cnupra Ha oopasuax HIIC-7 u napoB pryTH Ha
oOpasuax HIIC-17. [{nst cOOTBETCTBYIOIUX U30TEPM ObUIN PAaCCUMTAHBI 3aBUCUMOCTH BEJIMYUHBI
o0bemMa mop oT Auamerpa nop uist oOopas3uoB ToamuHod 1 MM (puc. 1, crutomHsle kpussle). C
eTIbI0 OLIEHKH XapakTepa paclpeesICHUs 1op Mo TONIKHE 00pa3ia (110 HampaBJIeHUIO (pPOHTa
TPaBJICHUS) U3MEPEHUS U PacyeThl IPOBOAMUINCH TAKXKE AJIs BBIPE3aHHOM U3 00pa31ioB TOIIIHUHOM
ImMM nenTpanpHOi wactu TonmuHOM 0,20-0,35 MM (puc. 1, myHkrup). PacxoxaeHue cpegHux
pa3sMepoB HOp B 00OUX Cilydasx He MpeBbILano 5%, 4TO CBUAETENbCTBYET O PABHOMEPHOCTH
IPOTPaBIMBAHUS TOPUCTHIX 00PA30B U HEM3MEHHOCTH CPEJAHUX pa3MepoB Mop B oObeme o0pas-
1a.

a4

Hucno nop, 0TH.ET.

d, Em.

Puc. 1. Pacnpenenenue nop mo pasmepam B oopasiax HIIC-7 u HIIC-17; crunom-

HbIE KPUBBIC — 00pasell TOMIUHON 1 MM, MyHKTHP — cepeauHa oOpa3iia TOJIUHON
0,2 MM

dd

CB0OOIHBII 00beM TOp OIpeeNsIcs M0 aHaIu3y Beca 00pas3loB B CYXOM COCTOSIHUHU H
MIPU 3aNI0JTHEHUH CBOOOJHOTO 0ObeMa MOPUCTOro 0Opasiia BOAOH.

VYnenpHas MOBEPXHOCTH MOP omnpenesiack Ha npudope «Nova-3000» mo BET-mMeronuke
U3 OIBITOB MO aJCOPOLINHU KUAKOTO a30Ta.

B tabnune 1 nanel xapakrepuctuku HaHonopuctbix marpuiy HITC-7 u HIIC-17 nnst 06-
pa3loB TOJIIMHON 1 MM.

Kak BUIHO 13 MPUBEIEHHBIX NaHHBIX B CIEKTpajIbHON oOmactu A > 600 HM npomyckaHue
00pa31oB TOMMMUHON 1 MM IpakTUYECKH HE 3aBUCUT OT pa3Mepa MOp U COCTABISIET BEIUYHHY
(90 &= 2)%. YBenuueHue pazMepa Mop NPUBOIUT K YBEIUYCHUIO PACCESIHHS B KOPOTKOBOJIHOBOM
0071aCTH BUIUMOTO H3TyUYEHUSI.

CriekTpasibHbIE XapaKTEPUCTUKU IMMOPUCTHIX CTEKOJ B BO3AYIITHO-CYXOM COCTOSIHUH HCCIIe-
JIOBAJIMCh OTHOCHUTEIIBHO BO3JyXa, a MPH 3alOJHEHUH 00pa3lioB MMMEPCHOHHOM >KUIKOCTBHIO —
OTHOCHUTEIIBHO ITOU ke >KUIKOCTU. CleayeT OTMETHTh, YTO U3MEPEHUS CIIEKTPOB MPOITYCKaHUS
MOPUCTHIX CTEKOJ OTHOCHUTEIIBHO MCXOAHOTO HETPABIEHOTO CTEKJIA, UCIIOJIb3YEMBIE B psijie paboT



40 O. B. Anopeesa, U. E. Obviknosennas

XapaxkTepucTuka HIIC-7 HIIC-17
Cpennwuii pazmep nop, d, HM 7 17
CBobomnbIil 006EM 00pasna I[1C, % 26 52-54
VienbHas OBEPXHOCTh 1OP, M2/T 100-120
Ceeronpomyckanue obpasua tonmuaon 1 mm, %
A, HM

400 | ~ 70 ~ 60
B Bosayxe > 600 [ 90-92 88-90

400 | mo 98 o 96
B ummepcun (3Tanon) =600 [ 20 100 710 100

TABIMUA 1. Xapakrepuctuku o0pa3uos HaHonopuctsix Marpunl HIIC-7 u HIIC-17

[0 HUCCJEIOBAaHUIO MOPHUCTHIX CTEKOJ, HE BCErZla ONpaBAaHbl, TaK KaK IPUBOJIAT K 3HAUYECHUSAM
npomnyckanus 6oiee 100% u3-3a pa3Horo ko3¢ GuIMeHTa OTPAKEHUs TOBEPXHOCTIMH UCXOIHOTO
(HETpaBIIGHOT0) U MOPUCTOTO 0OPA3IOB.

BBenenue B cBOOOAHBIN 00bEM MOP MMMEPCHOHHOW JKUIKOCTH C TIOKa3aTeeM IMpesioM-
JeHusl, OJMIM3KUM K IOKa3aTeso MpEeIoMIICHHs KapKaca, YBEJIMYMBAET IPO3pavyHOCTh MOPHUCTHIX
o0pa31oB BO Bced BUAuUMON obnactu cnektpa. Cieqyer OTMETUTh, YTO IOKa3aTeib IPEJIoM-
JIHHS TIOPUCTOTO cTekna (npyc) MPeACTaBisieT co0oil 3(hPEKTUBHBIN MOKA3aTeNb MPETOMICHUS
reTeporeHHoN (HEOAHOPOIHO) Cpeibl, BEIMYMHA KOTOPOro 00yCIIOBICHA BKIAI0M MaplHaIbHbIX
COCTABJIAIOIIMX MOKA3aTess MPEIOMIICHUS OTACIBHBIX KOMIIOHEHT CpeJbl — TBEPAOTEIIBHOM MaT-
pULBI (KapKaca — n,,) ¥ HAOJIHUTEISI CBOOOJHOT0 00beMa Iop (7f) C y4eTOM MX OTHOCHUTEIBHBIX
o6wvemoB (V'*)

nc(A) = nm (M) V,, +np(A)VF. (1)

BaxHoe 3HaueHue Mpu UCIOIb30BaHUU MOPUCTHIX PETUCTPUPYIOLINX CPell UMEeT TUcIep-
CHSl IOKAa3aTelIs MPeJIOMIICHUS CPEeibl, KOTOpas B BO3AYIIHO-CYXOM COCTOSHHH TOPUCTOro oopasia
00ycIioBJIeHa AUCTIEPCUEN TTOKa3aTels MPEIOMIICHUS KapKaca n,,(\), onpenensieMoi CBONCTBaMU
S104, a TpH 3aM0IIHEHUH CBOOOIHOTO 00BbeMa MMMEPCHEH, COOTBETCTBYIOIINE OLIEHKH MOYKHO
CJlleNaTh, UCIIOJIB3Ysl KOHKPETHYIO 3aBHCUMOCTB N ¢(\).

[Tpu paccMOTpEeHUH ONTHYECKUX CBOMCTB MOPUCTHIX CTEKOJ B BUAUMOI 00JIaCTH CIIEKTpa
u omwkaem UK auamnazone momomeHrneM B oOpas3iax MOXHO MpeHeOpedb BBUAY MallOCTH TOU
BEJINYMHBL, T.€. 23(p(PEKTUBHBIC ONTHYECKHUE TTOCTOSHHBIE 00Pa3ILOB OMPEACISIOTCS TOJIBKO 0CIIa0-
JICHUEM M3JTyUEHUS 3a CUET paccesHUs Ha MOPUCTOM CTPYKType U €€ HEOAHOPOAHOCTIX. ClIeKTphl
oOpasuos HIIC-7 u HIIC-17 Tonmunoii 1 MM, u3MepeHHble B OkHed YO 061acTH, IpUBEICHBI
Ha puc. 2. OnTudeckas INIOTHOCTh 00pa3L0B B 3TOM JIMaNla30HE CIIEKTpa 00yCIIOBIEHA PacCEsIHU-
€M Ha CTPYKType u moriomieHrnemM marepuana. Crekrpsl yerbipex oopaszio HIIC-17 TommmHOM
1 MM, U3TOTOBJICHHBIX B Pa3IMYHOE BpeMs, IPUBEICHBI Ha BPE3KE U CBUIETEIbCTBYIOT O BHICOKOM
CTaOMIILHOCTH OCHOBHBIX IMapaMeTPOB HAHOIIOPHUCTHIX MAaTpPHII.

OO0pa31bl HAHOMOPHUCTHIX MaTPUL] U3TOTABINBAIOTCS B BU/IE€ NOJUPOBAHHBIX IIJIACTUH (MK
nuckoB) ¢ rabapuramu: HITC-7 — o (8 x 50 x 50) mm; HITC-17 — mo (4 x 50 x 50) MM, a Takxe
B BUJI€ NIOJUPOBAHHBIX OPYCKOB-IapaJuIEIEHUIIE0B ¢ TpeOyeMbIMU pa3MepaMu (Harpumep, 6 X
6 x 10 MM). MHoroneTHui1 onbIT ucnonb3oBanus odpasuoB HIIC-7 u HIIC-17 gemoncTpupyet
CTaOMIILHOCTh UX MapaMeTPOB MPHU COOTIONECHUH Pa3padOTaHHBIX TEXHOJIOTHYECKUX PEKUMOB.

Cy1iecTBEHHO, YTO CTPYKTYpPY MaKpOMOPUCTBIX CTEKOJ, K KOTopbiM oTHOocuTcst HIIC-17,
MOKHO PEryJIMpoBaTh M3MEHEHHEM TEXHOJOTMYECKUX PEXHMMOB B 0OoJjiee LIMPOKUX Mpesaesax,
4YeM Y MUKPOIOPHUCTBIX cTeKoj, K kKoTopeiM oTHocuTcss HIIC-7. B oOpa3uax mopucTheiX CTEKOIN,
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HMc-17

200 250 300 350 400

OnuHa BonHel, HM

Puc. 2. Ontuueckas mIOTHOCTh BO3AylIHO-cyxux oOpasuos HIIC-7 u HIIC-17
tomuuHoi 1 MM. Ha Bpe3ke — criektpsl uerbipex obpasnos HIIC-17 tonmuHoi
1 Mm.

MOJTyYEHHBIX B PE3yJIBTaTe IMICTOYHONH OOpa0OTKH, TE€OMETPHsSI MOP TOYHO OTBEUACT T'C€OMETPUU
oOuacTeii OopaTHOM (a3bl (XUMUYSCKH MEHEE CTOMKOW) U CYIIECTBYET JOBOJIBHO MPOCTOE COOT-
HOIIICHHUE, CBSI3BIBAIOIICE pa3Mephl 3TUX 00J1acTeil C UI3MEHEHHEM TeMIIEPaTyphbl M JITUTEIbHOCTH
00pabOTKH MCXOMHBIX CTEKON [14]

3/t =1,2-10* exp{(86 £ 4) - 10*/ RT }[ Aurctpem/4ac], )

rle r — CpeaHuii paauyc obnacteil OopaTHO# (a3bl cTeKIa, OTBEUAIONINI pa3mMepy mop (aHrcrpe-
MBI); t — JUIMTENTHOCTh N30TepMHUUECKOM BbiiepKkH (dackl) pu Temmneparype T (K); R —razosas
nocrosHHas (R = 2,0 xan/mons K). CootHomenue (2) BBIBEACHO /sl CTEKIIAa cocTaBa (MoL.%):
NayO —T7%; BoO3 —23%; Si0O5 — 70%, 9T0 MPaKTUYECKU COOTBETCTBYET COCTaBy crekia J[B-1
UCTIONB3yeMOol Bapku. [IprMeHeHne NTaHHOTO COOTHOIICHUS IS OICHKH Pa3MepoB IMOp o0pas-
o HIIC-17 mamo cooTBETCTBHE pacyeTHHIX 3Hau€HUU (B Mpefesiax yKa3aHHOW MOTPelIHOCTH
UCTOJIB30BaHUs (HOPMYIIbI (2)) U 3HAYCHUH, MOYIEHHBIX SKCIIEPUMEHTAIBHBIM IyTeM (TI0 U3Me-
PEHHIO H30TEpPM acopOIuu-aecopOIu napoB pryTH). CiaenoBareabHO, UMEETCSI BO3MOXKHOCTD
oTpe/ieNICHHs TeMIIepaTypHO-BPEMEHHOTO PeKUMa MTPOBEACHUS OTKHUra UCXOAHOTOo cTekna [IB-1,
HEOOXOAMMOTO JIJIs MOJTydeHus: 00pa3IoB ¢ 3aJaHHBIMH pa3MepaMu nop (B AuanazoHe ot 10 HM
u Ooee; 00bEeM MOp MPH 3TOM OTPaHUYEH 00BEMaMH CYIIECTBYIOIUX (pa3 B UCXOIXHOM CTEKIIE H
cocrapmsieT 50-60%).

3. Co3nanue 6e3ycajouHbIX 00beMHBIX PErTHCTPUPYIOUIUX Cpel

3.1. IlpuHuMN co3gaHusi KOMIIO3UIIMOHHOIO CBETOYYBCTBUTEIbHOI0 MaTepraJa ¢
KAIMJLISIPHOM CTPYKTYpOit

HeobxomumocTh oO6ecnieunTh MoTpeOHOCTH 00BeMHOM rosiorpadun, UMEIOIIEH TUPOKKE
NEePCIEKTUBBI PAKTHUECKUX TMPUIOKEHUN, CTUMYIHPOBaja paboThI IO CO3JaHUIO HOBBIX HETpa-
JTUIMOHHBIX PErHCTPUPYIOMIMX Cpel UL 3alicH onTudeckod mHpopmammu. OgHUM U3 Cyle-
CTBEHHBIX JOCTKeHUl ['ocynapctBeHHoro ontuyeckoro uHeturyra um. C. M. BaBuiosa (I'OU)
80-x romoB XX-T0 BeKa SBMJIACH BHIPAOOTKA MPUHIIUIIOB CO3/IaHUS PErHCTPUPYIOMINX Cpell s
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rosiorpaduu B TpPEXMEPHBIX cpellax U pa3paboTka MPUHIUIHAIBHO HOBBIX PETUCTPUPYIOIIUX CPel
JUTSL 3arTUCH UHGOPMAITIH.

OavH U3 IIaBHBIX MPHUHIMIIOB KOHCTPYHPOBAHHUS OOBEMHBIX Oe3ycaJouHBbIX MaTepua-
JIOB Ui ToJorpaduu COCTOSUT B CIEAYIOIIEeM: OObeMHas Cpela CO3JaeTcsl KaK IeTeporeHHas
CTPYKTypa, WM KOMITO3UITMOHHBIN MaTepuall ¢ )KeCTKHM KapKacoMm, B 00beM KOTOPOTO BHEIPEHA
CBETOUYBCTBUTENbHAsI KoMrio3uus [9—-12].

Jauublil npuHIMN ObUT peajn30BaH Ha OCHOBE HCIIOJIH30BAaHUS HAHOTIOPUCTHIX CUIIMKAT-
HBIX MaTpHIl U JIET B OCHOBY CO3/JAaHHS PsJia COBEPIICHHO YHUKAJIBHBIX OOBEMHBIX PErHUCTpPH-
PYIOIIMX CPell CO CKPBITHIM M300paKeHUEM U KaWJUIIpHOU CTpyKTypou [9-12, 18]. Pazpaborka
TEXHOJIOTMU U3TOTOBIIEHUS! 00Pa3I0B MOPUCTHIX CTEKOJ AJIs Lenel 00beMHOM ronorpaduu, obma-
JAIONINX BBICOKUMH ONTHYECKUMHU KauyeCTBAaMH B BUAMMOMN 0OJACTH CHEKTpa, MPOBOAUIIACH COB-
MEeCTHBIMHU ycuiusiMu [ocynapcTBeHHOro ontudeckoro uHcturyta um. C. M. Bapuiosa (I'ON) u
HNuctutyTa xumun cunukatoB uM. WM. B. I'pedenmnukoba (MXC) mo nHUIIMATHBE OT/AEINA rojiorpa-
¢uu I'OU. KecTkuil kapkac Takux cpej; 00ecrneynBaeT MOPUCTOE CTEKII0, CBETOUYBCTBUTEIbHAS
KoMITo3uIHsi OpMHUpYeTCsl B BUE TBEpAO(a3HON 00OIOUYKH, KECTKO CBSI3aHHOM CO CTEHKaMU
KapKaca, IpYU 3TOM LIEHTpaJIbHble 00JacTH BHYTPEHHHUX IOJOCTEH Kapkaca OCTaloTCs He3aroll-
HEHHBIMH, 00pa3ysl CeTh CKBO3HBIX KanmmuigpoB. CylecTBEHHON OCOOEHHOCTBIO TaKUX CPEl sB-
JSIETCS TO, YTO CETh CKBO3HBIX KAaNMUISAPOB OOECIIEYMBACT JOCTYIT JKUIKAX W Ta3000pa3HBIX
XUMHYECKUX PEeareHTOB, HEOOXOAUMBIX IJIsi MPOBEACHUS PAa3HOOOPAa3HON MOCTIKCIO3ULIMOHHON
00paboTku. IMeHHO HalM4Ke CETH CKBO3HBIX KaMUISIPOB UTPAET OCHOBHYIO POJIb TP JIByXdTarl-
HOM IOJTyYEHUH ToJIorpaMM (B cpefjax ¢ TaK Ha3bIBAEMbBIM «CKPBITHIM H300paKeHHUEM» ), KOT/ia Ha
MIEPBOM 3Tarle Mpy PEerucTpalmy rojiorpaMM ONTUYECKHE MApaMETPhl CPebl MPAKTUUECKU HE W3-
MEHSIOTCS TIOJ] IEUCTBUEM U3JIyYEHHS (YTO BAXKHO MPU MOJYYSHHH TOJIOTPAMMHBIX ONTHUYECKHUX
AJIEMEHTOB), @ Ha BTOPOM JTarle, Ipy MOCTIKCIIO3ULMOHHON 00paboTKe, MIPOBOIUTCS YCUIIEHUE,
nposiBlieHHe, (PUKCUPOBaHKE, U T.J. CKPBITOTO U300paXKECHUs, OTYYSHHOTO Ha MEPBOM JTaIe.

Kanmnnsipaast cTpykrypa, o0ecneunBaroniasi BO3MOXKHOCTb ITOCTIKCIIO3ULIMOHHON 00pa-
00TKH, 00yCJIaB/IMBAaET U HAJIMYUE CBETOPACCESHUS, KOTOPOE PE3KO BO3PACTAET C YBEIMUEHUEM
pa3mepa Mop U yMEHbIIIEHHEM JJIMHBI BOJHBI pabodero uznydenus. Hanuuue paccesHusi, ecte-
CTBEHHO, SIBIIIETCS HEXelaTelbHbIM 3(P(GEKTOM NMPH UCHOIB30BAHUU PETHCTPUPYIOLINX Cpel, a
TaK)X€ CO3/IaHHBIX HAa MX OCHOBE JIEMEHTOB M YyCTPOHCTB. OJHAKO YpOBEHb PACCESIHUS MOXKET
OBITh CYIIIECTBEHHO CHIKEH BBEJACHHEM B CBOOOIHBIN 00beM OpP HMMEPCHOHHOTO HAMTOTHUTES,
KaK Ha CTaJUHM PETUCTPAIMU TOJIOTpaMM, TaK M MPU WX JKCIuryataruu. l[IpoBereHHBbIE 3KCTIe-
puUMeHTHI U Teopernyeckuil a”anus [10, 11, 18, 19] mokazanu, uyro cnenuduka pazpaboTaHHbBIX
KallWJUIIPHBIX 00O0JI0YEYHBIX T'€TEPOr€HHBIX CHUCTEM IO3BOJSET CHU3UTh YPOBEHb CBETOpacce-
SHUS 00pasloB A0 NPHUEMJIEMOrO Ha MNPAaKTUKE YpOBHS BBEICHMEM MMMEPCHM C I10Ka3aTelieM
npenomiienust n = 1,33 <+ 1, 54 (moka3zarenb npenomiieHus Kapkaca ng = 1,44 + 1, 46).

Peructpupytoume cpeapl ¢ KanuUISIPHONH CTPYKTYPOW, B OTIMYHME OT TOMOT€HHBIX PEru-
CTPUPYIOIIUX Cpell, OTKPbUIM IIHPOKHE BO3MOXKHOCTU CO3MaHMs 0e3ycaJoyHbIX OOBEMHBIX pe-
THCTPUPYIONINX MaTepHalioB, TaK KaK B MpOIecce MOCTIKCIIO3UIIMOHHON 00pabOTKH reoMeTpH-
YeCKUE pa3Mephl Kapkaca He U3MEHSIOTCS, a JOKalbHbIe AedopMaiuu TBepaoda3zHoi 000I09KH
BHYTPH OJIHOH MOPBI CYLIECTBEHHO MEHBIIIE JUTMHBI CBETOBOW BOJIHBI U HE MPUBOIAT K UCKAKEHUIO
CTPYKTYPBI TOJIOTPAMMBI.

3.2. IlpakTtuueckasi peaju3anusi 00beMHbIX CBETOUYBCTBUTEIbHBIX Cpel ¢ KANWLIAPHOI
CTPYKTYpOil
[TpakTHuecku peann3oBaH ObUI LEIbINA P KaIWUISPHBIX CPENl C Pa3IMYHBIMU CBETOUYB-

CTBUTCJIIbHBIMH KOMIIO3UIUAMHA, B TOM YUCJIC HA OCHOBE TPAAUIIMOHHO UCIOJB3yECMbIX CBCTOUYB-
CTBHUTCIIbHBIX CO@HHHGHHﬁ.



Hanonopucmuoie mampuyor HIIC-7 u HIIC-17 43

OpHMM U3 OCHOBHBIX TPAJAMLMOHHBIX MaTepHaliOB ISl 3alUCU TOJIOTPAMM JI0 CHUX TOp
aBIsitoTCs (hoTorpaduyecKkue MaTrepuaibl Ha OCHOBE TaJOTeHUIOB cepedpa. beuin pa3paboTaHsl
MOPUCTBIE cepedpocoiepsKallie PErUCTPUPYIOIINE CPelbl HA OCHOBE TPAJAULIMOHHOMN TajloreHH-
nocepedpsaHoil komnosunuu. [oroBeie QoTorpaduueckue 3MyIbCUU HE MOTYT OBITh BHEAPEHBI
BHYTPb KapKaca 10 psiiy IPUYUH, I09TOMY CUHTE3 CBETOUYBCTBUTEIBHON KOMITO3UIIMH IPOU3BO-
JWIICS BHYTPU KapKaca B IPUCYTCTBUH 3aLIUTHOTO KOJIJIOW/IA, B KAYECTBE KOTOPOI'O TPAAULIMOHHO
HCII0JIb30BAJIaCh JKEJIaTHUHA.

Haubonee pacnpocTpaHeHHBIH KJIaCC CBETOYYBCTBUTEIBHBIX COSTUHEHHM, UCTIOIB3YEMBIX
B HecepeOpsiHoU (poTorpaduu, npeactasnsaoT coboit conu nuazonus. beun pazpaboTaHbl Kamui-
JISIpHBIE PETUCTPUPYIOIIKE cpesibl Ha ocHOBE cosiel nuazoHust (Cl), B KOTOPBIX MPOCTPAHCTBEH-
HOE pacripe/iesieHie HHTeHCUBHOCTH PETUCTPUPYEMON HHTEPPEPEHIIMOHHON KapTHHBI (OPMHUPY-
€TCsl B TOTOBOM T'0JIOTpaMM€ B BUJIE COOTBETCTBYIOIIETO paclpeaeaeHHs] KOHUEHTPALUN MOJIEKYIT
azokpacutelss U nponykToB ¢otonuza CI. DT coequHEeHHs HECBETOUYBCTBUTENbHBI, UTO 00ec-
nevrBaeT (pUKCUpPOBaHUE TOJOTPAMMBI M BO3MOXKHOCTh €€ HeIeCTPYKTUBHOTO CUUTHIBAHUA.

boun pa3zpaboTaHbl KaIWLISPHBIE PETUCTPUPYIOLINE CPEAbl HA OCHOBE MPHUPOJHBIX IO-
JMMEPOB, HCIONB3yeMBIX B (oTorpaduu i 3anucu (a30BBIX TOJIOTPAMM, K YUCITY KOTOPBIX
oTHOCsTCs OuxpomupoBanHas xkenaruHa (bX0K) u mennak. Takue cpeapl oOecneunBarOT MOIY-
YeHHE BHICOKOA()(EKTUBHBIX roJ0rpamMm, 00JIaTal0NINX HU3KUM CBETOPACCESTHUEM TIPH BBEIICHUH
B CBOOOIHBIN 00BEM ITOP UMMEPCUOHHOTO HAIOJIHUTEIS.

bruta co3nana Mmonudukanys KanuuipHONH PEeruCcTPUPYIOIICH Cpebl, B KOTOPOH KapKac
BBITIOJTHSIET POJIb HE TOJIBKO HECYIIEH KOHCTPYKIMU, HO ¥ (POPMHPYET ToJI0rpaduuecKyro CTPyK-
TYpY: IPOCTPAHCTBEHHOE pacIpe/esiecHHe HHTEHCUBHOCTH B PETUCTPUPYEMOM HHTEP(EpEHIHOH-
HOUW KapTHHE IpeoOpasyeTcs B TOM CIIydae B pacrpeesieHHe XapaKTepHOro pa3Mepa mop. Merox
CTPYKTYpUpPOBaHHS IMOPUCTOTO CTEKJIa rojorpaduueckum crnocodom onucan B padote [11] u oc-
HOBAaH Ha WCIONB30BaHUH (HOTOpe3ucTa, GOpMHUPYIOLIEr0 000J0YKY BHYTPEHHEH MOBEPXHOCTU
nop. Ilocne 3anucu u nposiBIECHUS ToJIorpaMMa MoJBEprajiach TPABICHUIO B PACTBOPE ILETIOUH,
B pe3yJbTare KOTOPOT0 YaCTUYHO PACTBOPSUIMCH CTEHKH TOp C HapyUIeHHON 000510ukoil ¢oTo-
pesucta. Takoe celeKTHMBHOE TpaBlieHHE KapKaca MPUBOIUT K MOSBIEHHUIO MPOCTPAHCTBEHHON
MOJIYJISILIMM Pa3MEpOB IOp, POpMUpPYIOIIEH CTPYKTYpy rosiorpaMmsl. ['oorpaMmsbl, ojy4yeHHbIE
CTPYKTYpUPOBAaHUEM MTOPUCTOTO CTEKJIA, IPAKTUYECKU HE MOJBEPKEHBI AETPaJallui BCIEACTBUE
TG PYy3MOHHBIX U (POTOXUMHUYECKUX MPOIECCOB; 00IaTAIOT BBICOKOW AUDPAKIIMOHHON 3 dek-
TUBHOCTbBIO, 3HAYEHNE KOTOPOU ONpEesieTcss BBIOOPOM UMMEPCUOHHOTO HAIOJIHUTENSL.

Haubonpimuii npakTudecKkuii HHTEpeC BBI3BAIU KaMWUISPHBIE CpeAbl HA OCHOBE OMXpPO-
MHPOBAHHOM >KEJaTHHBI W TaJoreHua0B cepedpa [18,20-27]. Ha puc. 3 mokazana cTpykrypa
MIOPUCTON PETUCTPUPYIOLIEH Cpeibl Ha OCHOBE rajoreHuzioB cepedpa. Puc. 4 nemoncTpupyer
BO3MOYKHOCTH Pa3HbIX TUIIOB IOPUCTHIX T'OJIOTPaMM I10 CHM)KEHHUIO PAcCEsHUs IyTEM BBEIEHUS
MMMEpPCUU B CBOOONIHBIN 00beM 00pa3LoB.

BaxxHo oTMeTHTB, 4TO TajoreHunocepedpsHbie hoTorpadudeckue Marepuaibl MO COBO-
KyIHOCTH TapaMeTPOB OCTAlOTCA B HACTOSIIEE BPEMsl HENPEB30MIEHHBIMU CBETOYYBCTBUTEIb-
HBIMM MaTepuallaMd B Pa3IMYHBIX CPEepax COBPEMEHHON HAYyYHO-TEXHUYECKON AESITEIbHOCTH.
[TpoBonuMBIE HCCIEIOBaHMSI BBIBISIOT PAa3JIMYHbIE CBOMCTBA HOBBIX MarepHalloB, KOTOPBIE OT-
KpBIBalIOT HOBbIE BO3MOXKHOCTU UX IPUMEHEHUs, AAJIEKO BBIXOALIME 32 PaMKHU y3Kolpodeccu-
OHAJILHOTO MCII0JIb30BaHUs peructpupyoomux cpea. C 3Toil TOUKM 3peHus Xouercss oOpaTuth
BHHUMaHHE Ha sl OCOOCHHBIX CBOMCTB, KOTOPBIMU OONIAZar0OT cepedpocoiepsKaliie perucTpu-
pyIoIIUe cpebl U KOTOpble MOTYT ObITh BOCTPEOOBaHBI Ul PELICHUS HEOpAUHAPHBIX 33734 B
pa3IMYHBIX 00JACTSIX HAYKU M TEXHUKU.

CBeTO4yBCTBUTEIBHOCTD MTOPUCTON cepedpocoaepkallell perucTpupymoIei cpeast odec-
IIEUNBAET TajloniocepeOpsiHas KOMIO3ULIMS C JKEIaTUHOW B KayecTBE 3aLIUTHOIO KOJUIOMA —



44 O. B. Anopeesa, U. E. ObvikHosennasn

RCTHILIR FAauannrm

a) 6)

Puc. 3. Cxemarnyeckas CTPyKTypa TIOPUCTOH cepedpoconepKameii cpemsl:
a) — TpeAroIaraeMblii BApUAHT, 0) — MOJICTh JUIS TIPOBEICHUSI PACUETOB

P i
2R A
1
1
2 A
|

n L9 ny

Puc. 4. 3aBucumocTts aMIuTyab! (Ha30BOH MOIYISIMU 1 MMOPUCTHIX OOBEMHBIX
TOJIOTPAMM OT TTOKa3aTeisi MPEeIOMIICHHS HAIlOJHHUTENSI CBOOOIHOTO 00beMa Iop
ng npu A = 0,63 MKM (cromHsle KpuBbie), A = 1,56 Mkm (myHkTHp); 1, 2, 3 —
nopucroe crekno ¢ BXK npu sxcnosurmsax 1 Tx/em?, 0,5 ITx/cm?, 0,25 Jx/cm?
COOTBETCTBEHHO; 4, 5 — cepebpocaepkalue MOPUCThIE CTEKJIAa MPH IKCIIO3UIIUU
1 Tox/cm?.
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TPaIUIIMOHHAs] CBETOYYBCTBHUTEIbHAS KOMITO3HIIUS JIJIsl U3TOTOBIICHHS POTOrpadUuecKUX MaTepu-
anoB. Jlo cux mop ¢ororpaduyeckue raJoreHua0cepeOpsHbIe CPeibl M0 COBOKYITHOCTH MapameT-
POB OCTAKOTCsl HENPEB3OMICHHBIMH CBETOYYBCTBUTEIBHBIMUA MaTepHaaMH — UX MCCIICJOBAHUC U
COBEPIICHCTBOBAHUE UMEIOT YK€ MOJyTOPABEKOBYIO HCTOPHIO.

B crmcok BakHEHIINX MapamMeTpoB TPAJAULMOHHBIX ()OTOMATEPHAIOB HA OCHOBE Tajore-
HHUJIOB cepedpa (cpenu KOTOPBIX — BO3MOXXHOCTH TOJYYEHHUS! BBICOKOH UyBCTBHTEIBHOCTH, LIH-
poTa CHEKTPaIbHOM CEHCUOMIM3AINK, Pa3HO00pa3rue METOA0B MOCTIKCIIO3UIIMOHHON 00paboTKI
U T.J.) KalWUISPHbIE MOPHUCTHIC TaJOrCHUA0CEPEOPsHbIC CPelbl TOOABISIOT BO3MOXHOCTH IO-
Jy4deHus: 0e3ycaJiouHON Cpelibl 3HAUYUTEIBLHON TOJIIUHBI, TOIYCKAIIEH MOCTIKCIIO3UIIHOHHYIO
00paboOTKy TpaJIUIIMOHHBIMU XUMHUKO-POTOrpaduueckuMu pactBopamu. [Ipu 3ToM nposiBIICHHbIE
4acTHUIIbl (QOPMUPYIOTCS B BUJIC KOJUIOUIHBIX YaCTHI] cepedpa chepruieckoii hopMbl, pazMep KOTo-
PBIX HE MOXET MPEBbINIaTh MAKCUMAJIbHBINH TMAMETp TIOp, T.€. B JAHHOM MaTepualie B Pe3yJibTaTe
MOCTAKCIIO3UIIMOHHON 00pabOTKM HE MOXKET OBITh 4acTHil cepedpa ¢ pasmepoMm Oosee 20 HM.
OT0 co3nmaet ycinoBus s GopMHpOBaHUs cpenbl, mpo3paunoii B UK obmactu criektpa, ¢ addex-
TUBHOM (pa30BOM MOIYISIIIHEH MPH MMOJYYCHUH TOJIOTPAMM H JIOIYCKAeT BBEICHUE UMMEPCUU B
CBOOOAHBIN 00beM 1op 0e3 CHIKEHH YPPEKTUBHOCTH TOyUYEHHBIX ToJ0rpamMM. TpylToeMKOCTb
U CIIOKHOCTH TOJIyYEHHS TAKUX PETUCTPUPYIOIIUX CPEl MOTYT OBITh KOMIIEHCHPOBAaHBI COBO-
KyITHOCTBIO TTapaMeTPOB, HEJOCTHKUMBIX TIPU UCIIOJIb30BAHUU JPYTUX PETUCTPUPYIONIUX CPEl U
METOJIOB 00pabOTKH.

Juist mostyueHusl KanvUISIPHBIX PETHCTPUPYIOLIMX Cpell, KaK MPaBUIIO, UCIOIb30BAINCH
TUTOCKOITApaIISIIbHEIC MTOJMPOBAHHBIC IUIACTHHBI MMOPUCTOTO CTEKJIA TOJIIMHON mopsiaka 1 M.

4. Pa3padoTka oNTHYECKHUX 3JI€MEHTOB CO CNeNMAJIbLHBIMU CBOMCTBAMH JIJIsl padOThI B
suaumMoM ¥ oamkaeM UK nmanaszone

4.1. ®DyusepeH-coaepKale HAHONMOPUCTHIE MATPHUIIbI

bonbmoii untepec k dymiepeHaM u (QymiepeH-conepKauuM cpefaM oOyCIIOBIEH Iep-
CIIEKTUBHOCTHIO MPAKTUYECKOTO UCTIOIB30BAHUS HEIIMHEWMHO-ONTUYECKUX CBOMCTB JaHHBIX MaTe-
pPHAJIOB B CaMBIX Pa3JIMYHBIX 00JACTAX, CBA3AHHBIX C ONTHYECKHM IKCIIEPUMEHTOM. B mporecce
COBMECTHOI paboThl MccienoBareed pasHbIX HallpaBlieHUH Obula pa3paboTaHa METOAMKA IO-
JTy4eHHUs] HAHOMIOPUCTBIX OOpa3IloB, COAEPIKAIMIUX MOJICKYISIPHO-AUCIIEPTUPOBAHHBIN (yruiepeH
B Pa3NUYHBIX COCTOSHUAX: B BO3IYIIHO-CYXOM COCTOSIHUH, aJICOPOMPOBAHHOM U HEaJCOpOHpO-
BaHHOM Ha CTEHKaX MOp; B TOJYOJIBHOM PACTBOPE; a TAaKKe MCCIEIOBAHbI CIIEKTPATbHBIE XapaK-
TEPUCTUKH OOPA3IOB, TOMUPOBAHHBIX (yJIJIEPEHOM, U MOKa3aHa BO3MOXHOCTb MX MPUMEHEHUS
JUUIS. HeJTMHEHHO-ONTUYECKOTO OTPaHUYEHHUs Jla3epHoro usiydyeHus [28-30]. DymiepeH BBOAWICS
B MOPUCTHIE CTEKJIa MO0 METOAMKE, BKIIOYAIONIEH BbIIEP:KUBAaHHWE OOPA3IOB MOPUCTOrO CTEKIIA
B TOJIyOJIbHOM pacTBope (yJulepeHa B TE€UEHHE HECKOJIIBKHX YacoB M MOCIENyIolee yaaleHHe
TOJIyOJIa U3 NOp CTEKJIA.

bbutn pazpaboTaHbl M M3TOTOBIICHBI TBEPAOTENbHBIE (YIUIEPEH-COAEPIKAINE CPEIbl CO
CTAOMIILHBIMU XapAaKTEPUCTHKAMH, OOJIAAIOIINE MPAKTHYESCKH OC3BIHEPIIMOHHBIM (POTOOTKIIH-
KOM, MIPUTOJHBIE [Tl 3aIIMCH AUHAMUYECKUX TOJIOTPaMM U MoKa3aHa MEePCIeKTUBHOCTh UX MpaK-
TUYECKOTO MIPUMEHEHUS B IMHAMHUYECKOU roorpauu ¢ UCIOJIb30BaHUEM UMITYIHLCHOTO U3Tyde-
HUS C LIETBI0 CO3/IaHUSl HA MX OCHOBE MEXaHMYECKH-TIPOYHBIX ONTHUECKHUX AJIEMEHTOB, O00Jiaja-
IOIIMX HEJTMHEUMHO-ONTUYECKUMHU cBoiicTBaMu [28-31].

[TpoBeneHO KOMILJIEKCHOE MCCIEI0BaHUE Mpollecca 3allucCH JUHAMMYECKHUX TOJ0rpaMM
UMITYJIbCHBIM M3iTy4deHueM muTenbHoCcThio 20 He u 300 nic B QynepeH-coaepxkaimx TBepao-
TenbHBIX HaHOMOpHUCTHIX Marpunax [30]. I[TokazaHno noBeimieHne YHHEKTUBHOCTH ONTUYECKOTO
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OTpPaHUYEHHUSI JIA3€PHOTO M3ITYUYSHHS MPH UCIIOIB30BAaHUH JTUHAMUYECKHX TOJIOIPAaMM C BBICOKH-
MU TopsiakamMu camonudpakmum [31].

[InoTHOCTH 3HEpPruM U3NydeHUs Ha 0Opasiie, [Iponyckanue
Tum cpeer Jlox/cm? oOpasua 1pu
A =532 um
0.1 0.5 1.0 2.0 4.0
HIIC + Cg - - - +1 +2 44 %
HIIC + Cgp+ Tomyon | - - - +3 +5 44 % (6e3 To-
Jayosia)
Cgo + TOIyON - +1 +2 +4 +7 85 %

TApMOA 2. KonnyecTBo mopsAakoB Mudpakiuy MpPU 3aMUCH TOJIOTPaMM B
dynepen-conepxanux (Cgp) HAHOMOPUCTHIX MATPHUIAX MMITYIECAMH C JJTHTENb-
HOCThIO 20 HC C pa3iIMyYHON IUIOTHOCTHIO PHepruu (audpakunonHas >pexTus-
HOCTb peructpupyemoro nopsiaka >0, 5%)

JIITeIbHOCTD [TImoTHOCTB 3HEprun nsnydenus | [LIOTHOCTH MOITHOCTH
HMMITYJIbCa W3JTy4YEHUS

300 mic 0.2 Tx/cm? 650 MBT1/cMm?

20 HC 2.0 Tx/cm? 100 MBT1/cm?

TABHI/H_[A 3. HOpOFOBaH INIOTHOCTDb SHCPIruv U MOIMHOCTU UMITYJIBCHOI'O HU3JIy4C-
HUA IIpU 3allMCHU T'OJIOrpaMM B (bynnepeH—coxlepxcamHX HAaHOIIOPUCTBIX MaTpulax
(Tszo = 43. . .44%)

4.2. HaHOKOMIIO3HT C (l)a30BbIM mepexoaoM MOJYNMPOBOIHUK-METAJJ HA OCHOBE TUOKCHIA
BaHaaud

Juokcun Banagus (V' Os) Kak Marepuan i ONTHKY U 3JIEKTPOHUKH [PUBJICKACT BHUMA-
HUE WCCIIe0oBaTeNel Ha MPOTSHKEHUU MHOTUX AecstuieTuil. [IpudanHoi sToro siBisercs oopaTu-
MBI (ha3oBeIN mepexoa noaynpoBogHuK-mMetaiul (DIIIIM), kKoTopblii CONTPOBOXKIACTCS YPE3BBI-
YailHO CUJIbHBIM U3MEHEHHEM ONTHUYECKUX M AJIEKTPUUYECKUX CBOMCTB JaHHOro marepuana. Ce-
tounynupoBanHbiii OIIIIM obnagaeT BBICOKUM OBICTPONEHCTBUEM U MOXKET MPOUCXOIUTH 3a
Bpems nopsiaka 100-200 ¢c. INomukpucrammmueckue mieHkn V O, Takke HAIUIM TPUMEHEHHE,
HaTpUMeEp, B 3€pKaIax C yHpaBiIsieMbIM KOA(D(OUIIMEHTOM OTpaKEHUS, HETMHEWHO-ONTHUECKUX
OTpaHUYMTENAX H3IydeHus u 1p. [32]. B mociennue rogsl BO3HUK MHTEPEC K KOMIIO3UTHBIM
cpenam ¢ Harodacturamu V Oy, DTO CBA3aHO C TEM, YTO B KOMIO3UTHOM Marepuaie ¢ V Oy mo-
SABJISIFOTCSL JOTIOJHUTENIbHBIE BO3MOXXHOCTH BapbUpPOBaTh B IIMPOKUX MPEIEIax €ro ONTUYECKUE
U 3JIEKTPUYECKUE CBOMCTBA.

B pa6otax [32-34] npencTaBieHbl pe3yabTaThl HCCISAOBAHMMH 110 pa3pabOTKe METO/1a CHH-
Te3a B MOPHUCTBIX CTEKJIaX HAHOYACTHIl IMOKCHA BaHaIus, oONagaronux (pa3oBbIM MEPEX0a0oM
MOJIYITPOBOIHUK-METAILT; TTOKA3aHO, YTO KOMIIO3UTHAsI Cpella «HAHOMIOPUCTOE CTEKIIO — AUOKCH]T
BaHaMsD» 00JIaJaeT HEMTMHEHHO-ONITUYECKUMH CBOMCTBAMH C TUKOCEKYHIHBIM OBICTPOJICHCTBUEM
B BuAuMoM u OmmkHeM MK nuanazone; mpoaeMOHCTpUpOBaHA BO3MOKHOCTD UCIIOIB30BaHUS 00-
pasloB Cpebl KHAHOTIOPUCTOE CTEKJIO — AMOKCH] BaHAIUS» ISl CO3aHUsI OBICTPOICHCTBYIONINX
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ONTHYECKUX TEPEKIIoYareeii 1 OrpaHUYMTENICH JIA3EPHOTO M3IYYCHHUS] BHAMMOTO W OJIMIKHETO
UK nuamazona.

B pabore ucnonbs3zoBanuck oopasibl HaHnomopucteix crekon HIIC-7 u HIIC-17 B Buae
IUIOCKOTApalJIeNIbHBIX MOJMPOBAHHBIX IUIACTUH TOJLIMHOM mopsiaka 1 MM. bbulo mokaszano, yto
YaCTUIbl JMOKCHJA BaHAJUs, CHHTE3UPOBAHHBIE B MAaTPULAX YKa3aHHBIX THUIIOB, HAXOIATCS B
KPUCTAIJIMYECKOM COCTOSIHUM; 0071a/1at0T (pa30BBIM MEPEXOAOM IMOIYIIPOBOJHUK-METAILI; UMEIOT
CpPEeHHH pa3Mep, He NMPEBBIIAOIINKN CPEAHUN pa3Mep NOp MaTPULIBI IIOPUCTOrO CTEKJIA; U30JIH-
POBaHBbI IPYT OT JApyra, 6aarofapsi BHyTpEHHEH apXUTEKType.

[Tpu uccnenoBaHUM AMOKCUAA BaHAIWsl B MOPUCTHIX 00pa3liax HAOMIOAANCS THCTEPE3UC
ONTUYECKUX CBOMCTB M CIABUT ycloBHiHl (pasoBoro mepexoxaa (puc. 5) mo cpaBHeHuto ¢ VO, B
cBobomHoM obobeme. Kpome toro, B padorax [33,34] moka3zano, uto mepexon V Oy, Haxomsmie-
rocsi B BUJIE JTUCIIEPTUPOBAHHBIX YACTHUIl, B METAJUTMYECKOE COCTOSIHAE COMPOBOMKIACTCS PE3KUM
YMEHBIIICHUEM CEYEHUH TMOTIOMICHUSI U pacCcesHus (TEOPETUUYECKU B JECATKH pa3) MPH BHIMOJI-
HEHUM YCJIOBHI PE30HAHCA, KOTOPHIE BKIIIOUAIOT CIICAYIOIINE apaMeTpsl: pazmep dactui V Os u
TOJIIIIMHA €€ BO3AYLIHOW OOOJIOUKH, a Tak)Ke MoKa3areib MPeIoMIICHHs UMMEpPCUH — BEIIEeCTBa,
3aIOTHSIONIETO CBOOOAHBIM 00beM mop (puc. 6). OCHOBHOW BKJIaJ B HEIMHEHHO-ONTHYCCKUN
OTKJIMK B 3TOM CJIyyae BHOCHUT CBETOMHYLIMPOBAHHOE U3MEHEHHE CEUEHUS MOTIIOIIECHUSI HaHOYa-
CTHII C BO3YIIHOM 000JI0YKOH. Y TBEpkKAaeTcs, YTO BO3MOKHO CO3/1aTh YCIOBUS pe3oHaHca (Ipu
JIOTIOTHUTEIHLHOM 3aIlOJIHEHUH TIOpP CTEKJIa PO3PAauHONl UMMEPCHEN C OTpECIICHHBIM MoKa3aTe-
JIeM TIPEJIOMJICHUS ), TIPUBOASIINE K YBEIMUYCHUIO U3MEHEHUSI CEUCHUSI PACCESIHUS U 3HAYUTENb-
HOMY PE30HAHCHOMY YBEJIMYECHHUIO OTKIIMKA CUCTEMBI.

B pa6orax [32-34] moka3aHo, 4TO OOpa3ilbl HA OCHOBE HAHOIOPHCTHIX CTEKOJI C JIH-
OKCHJIOM BaHaJusl MEPCHEKTHUBHBI C TOYKH 3PEHUS UCIOJIb30BaHUA IJIA3MOHHOTO PE30HAHCA U
(dbopMUpPOBaHUS YACTHUI] C OMpPEIEICHHBIM, 3apaHee 3aJaHHbIM pa3MepOM Ui CO3/IaHUs Cpell Ha
ocHOBe (a30BOro Mepexoia MOTYIMPOBOJHUK-METAIN, a TaKKe C TOUYKU 3PEHHUS HCIIONb30BaHUS
HEJIMHEHHO-ONTUYECKUX CBOUCTB (CM. pHC. 7) 7S CO3AaHUS OTPaHUYUTENIeH MOIITHOTO JIa3epHOTO
W3ITy4YCHHS.
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Puc. 5. Temneparypnas 3aBucuMocTh Kodhdurmenta nponyckanus (1') HaHOIIO-
pucteix marpunr HIIC-17 (a) m HIIC-7 (6), monmupoBaHHBIX ITHOKCHIOM BaHa-
s [33]
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Puc. 6. PacueTHble 3aBUCMMOCTH U3MEHEHHS CEUCHUI MOIVIOUICHHUS U PACCESTHHUS
KOMIIO3UTHBIX 00pa3loB OT panuyca HaHodacTHibl V Os [34]
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Puc. 7. HenuneiHo-onTHUeCcKUi OTKIMK 0Opasmna Hanokommosuta HIIC-7: VO,

MIPU BO3ZICHCTBUU U3ITyUEHUS C JUTMHOM BOJIHBI 530 HM U IJIUTENbHOCTHIO UMITYIIb-
ca 500 mc [34]
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5. MHccaenoBaHue BeleCTB B HAHOAUCIIEPCHOM COCTOSIHHH C MCTIOJIb30BAaHHEM
MaKpopa3MepHBIX 00pa3ioB

5.1. HMccaenoBanue v THATHOCTHKA (pa30BbIX COCTOSIHUI M (pPa30BBIX MEPEX010B
MOJICKYJISIPHBIX Cpe/l B HAHONOPAaX HEJIMHEHO-ONTHYEeCKUMH METOAaAMU

HpI/IMeHeHI/Ie HAaHOIIOPUCTBIX MAaTpHIl B JTaHHOU obacTu HUCCIICOBAaHUM CBA3aHO C HU3yde-
HHUCM CJIICAYIOIIUX ITPOLECCCOB:

o [lepexon MOJIEKYISIPHOM Cpelibl B KOHIEHCUPOBAHHOE COCTOSTHUE B HAHOIIOPAX Pa3IM4HO-
ro Iuamerpa;

e CIBUT KPUTHUECKOM TOYKU MOJIEKYJSPHOM Cpebl B HAHOIIOPAX;

e Oco0eHHOCTH CHEKTPOB KoieOaHUIl MOJIEKYNl U3 MPUIIOBEPXHOCTHBIX CIIOEB MPHU UX B3a-
UMOJICIICTBHH C MIPUMECHBIMH MOJIEKYJIaMH, aJIcCOPOMPOBAHHBIMU HAa CTEHKAX IOP;

e 3amMe/UIeHHas TUHAMHKA 1€COPOIUH, XapaKTepHas AJisl HOPUCTBIX CTPYKTYP, IPEICTaBIIA-
IOLIUX COOON B3aMMOCBSI3aHHYIO CE€Th HAaHOIOP MaJIOro AUAMETpa.

HpeI/IMyH_[eCTBa HUCIIOJIB30BaHUA 06pa3u0B HAaHOITIOPUCTBIX CTCKOJI IIEpEa APYIrUMU HAHOIIOPUCTBI-
MU CTPYKTypaMu 06YCJ'IOBJ'ICHBI Hnx CHGHI/IQ)I/IHGCKI/IMI/I CBOﬁCTBaMH, TaKMMHU KaK:

a) IIpo3paunocTs 00pa3LoB, 3a CUET KOTOPOU UMEETCS BOBMOXXHOCTh MMPOBOIUTH TUATHOCTH-
Ky W MCCJIEJOBAaHUS ONTUYECCKHUMHU METONAMH, 00JIaJalONIMMH BBICOKHM MPOCTPAHCTBEH-
HBbIM U BPEMEHHBIM pa3peLIeHUsIMHU.

0) Bo3MOXXHOCTB CO3AaHUS CTPYKTYP C Pa3IMYHBIMU 3HAYCHUAMH AMaMeTpa Iop Ipu A0CTa-
TOYHO y3KOM (OJIN3KOM K MOHOMCIIEPCHOMY) paclpeesIeHHH 0P 10 pa3MepaM.

B) [IpocTpaHcTBEHHBIE pa3Mepbl HAHOIIOPUCTHIX 00PA3L0B CYLIECTBEHHO NMPEBOCXOAT MPO-
CTPaHCTBEHHBIH MacmTa® o0iacTeil JIOKAIBHBIX U3MEPEHUH, YTO TO3BOJISIET MPOBOIUTH
JMarHOCTHKY Kak oOriacTell BOJIM3U MOBEPXHOCTH 00paslia, Tak U 00JacTei, HaXoAsIuXxcs
B TOJIIIIE O0Opasla.

B paborax [35-37] uzyuanace TpaHcopmaius KojeOaTeabHbIX CIIEKTPOB JBYOKHCH YIJIepoia
IpH a/IcOpOLIUU U KOHJIEHCAllUU B HaHoMopax. VcciaenoBaaich CIEKTPbl KOT€PEHTHOIO aHTHCTOK-
coBa paccesiHus (KAPC-auarnoctrka) npu pa3inyHbIX yCIOBUAX IPOBEIECHUS dKCIIEPUMEHTA (13-
MEHEHHE TeMIepaTypbl U AasieHus ). [lomydeHHble pe3ynbTaTbl JEMOHCTPUPYIOT BO3MOXHOCTD
KAPC-nuarsoctuku nepexozna oT aJcopOMpPOBAHHOTO Ha MOBEPXHOCTU K KOHAECHCHPOBAHHOMY
COCTOSIHMIO BHYTpH 1op. OOHapyKeHO OTCYTCTBUE KOHACHCAIMH MPU CYOKPUTHUECKON TeMmIie-
parype, 4TO AAaeT BO3MOXHOCTb MPEANOIOKUTh, YTO AMOKCUJ YIJIEpOAa HaXOAUTCS B MOpax B
OJTHOPOJITHOM COCTOSIHUH, CXOHOM C COCTOsIHHEM cBepXxkputudeckoro ¢mronna (CK®D). T.e. Mmoxk-
HO TIpeAIoJararb, YTo B3aMMOJICHCTBHE MOJIEKYJI CO CTEHKaMHM IOp, €CIIU MOpbl JOCTATOYHO Ma-
JIbl, MOXKET NMPUBOIUTH K MCUE3HOBEHUIO (ha30BOr0O MEpexoa ra3->KUAKOCTb IPU CyOKPUTHUECKUX
TeMIeparypax, 4To MOKHO TPAKTOBATh KaK IMOHM)KEHHE KPUTHUECKON TeMIepaTypsl (cM. puc. 8).

ITpu mpoBeieHNH TaHHBIX UCCIIEJOBAaHUM ObLTH UCTIOJIB30BaHbl 00Pa31ibl HOPUCTHIX CTEKOI
HIIC-7 B popme napamnenenunenon ¢ pazmepamu 4 X 4 x 10 mm u 6 X 6 x 10 mm [37] u crexon
Vycor [35,36].

5.2. Jlpyrue uccjenoBaHus

Kpome mepeurcieHHBIX BbIIIE TPUMEHEHHH HAHOMOPHUCTHIE CTEKJIa HCIOJIb30BAJINCh B
psiie OTNIENbHBIX YHUKAIBHBIX SKCTIEPUMEHTOB, TAKUX KakK, HAPHUMEp, UCCIEI0BaHIE CBETOMHLY-
MPOBAHHOW J1I€COPOIIMH aTOMOB IIEJIOYHBIX METAJJIOB U3 MOPHUCTHIX MarepuainoB [38,39]. Ilpu
UCIOIb30BaHNH 00pasioB HaHomopucTeix Marpui] HIIC-17 pasmepom (30 x 15 X 1) mm Obuia
POIEMOHCTPUPOBAHA BOSMOXKHOCTh HCIIOJIB30BAHUSI HAHOIIOPUCTHIX CTEKOJ JUIS CO3TaHUS KOM-
MaKTHBIX KOHTPOJIHPYEMBIX CBETOM aTOMHBIX TUCTIEHCOPOB.
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PuC. 8. 3aBMCHMMOCTb OT JaBjeHMsi IUPHUHBI criekTpa 1388 cM~! Q-BeTBHM AMOK-
cuja yriaepojaa, aacopOMpOBaHHOTO M KOHJICHCHUPOBAHHOTO B HAaHOMOpax (TOYKH
U KPYXKKH COOTBETCTBYIOT IOpaM, AMaMETpaMu 4 HM U 7 HM COOTBETCTBEHHO).
CIuTonIHbIe JTMHUM TIOKA3bIBAIOT 3aBHCHUMOCTh OT JABJICHHS IIMPUHBI CIICKTPOB,
M3MEpPEHHBIX B rase, KUAKOCTH u cBepxkputudeckoM ¢uonzae (SCF) B cBoboa-
HOM oObeme. Py, (a,b) — naBrnenue Hacwimenus; P, (¢) — naBleHnE, COOTBETCTBY-
IOIl[ee KPUTHYECKON IUIOTHOCTH B CBOOOIHOM obObeme; P..(a,b) — kanmuispHoe
JaBJICHUE KOHACHCAIIMH B MOPAxX, PaCCUMTAHHOE COIIacCHO ypaBHeHMIO KenbBHHA.

B nenTpe nasepHoit ¢puzuku MI'Y ObUIO MPOBEACHO HCCIIECIOBAHUE MPOCTPAHCTBEHHOM
HEOJHOPOAHOCTH HAHOIOPHCTHIX MAaTPUI[ C MOMOIIbIO TpeThel rapMoHuku u3nyudenuss Nd:YAG
nmazepa B MUKOCEKYHIHOM pexkume [40,41]. TlomyueHHble 3KCEpUMEHTANIbHBIC JTaHHBIE OBLIH
COIOCTABJIEHbI C TEOPETUYECKUMHU MOJENSIMU U TOKa3aHa BO3MOYKHOCTb TECTUPOBAHUS TaKUM
METOZIOM IIPOCTPAHCTBEHHON HEOJHOPOJIHOCTH HAaHOIIOPUCTBIX CTEKOJ C XapaKTEPHBIM pa3MepOM
HeogHopoaHoctel (1-100) mxm. Mcnonb3oBanuch o6pasubl HaHonopuctsix marpun, HIIC-7 B
dbopme napannenununenoB ¢ pazmepamu (4 x 4 x 10) mm u (6 X 6 x 10) mm.

OnTHyeckue CBOMCTBA PEAJIbHBIX METAJUIOB U METAJUNIMYECKUX YACTHUIl MaJIbIX Pa3MEpPOB
SBJISIFOTCS IPEIMETOM MPHCTAIbHOTO BHUMAHUS UccieioBaTeNeil B pa3nuuHbIxX obnacTsx. Pa3spa-
OaTbIBaeMble TEOPETUUECKUE MOJIENU TPEOYIOT SKCIIEPUMEHTAIbHOM POBEPKHU U CPABHEHMSI C HKC-
NEePUMEHTAIbHBIMU JaHHBIMU B IIMPOKOM JHMaNa30HE W3MEHEHUus (pu3nueckux napamerpos [1].
HaHnomnopucTele cUIMKaTHbIE MaTPHULbl IPEIOCTABIIAIOT BO3MOKHOCTD MOIYYEHUs U UCCIIEe0Ba-
HUS HaHOYAcTHUIl cepedpa, pazmep KOTOpbIX He npesbimaeT 20 M, [20,23,24,26,27]. B ob6pa3uax
HIIC-17 Ttonuuuoi no tpex muwuinmerpoB (3000 mxMm) popmupoBaHHE HCCAENYEMBIX YacTHIL
HPOMCXOIUIIO B pe3yibrare poToTpaHc(hopMaly YaCTULL TaJ0reHU10CcepeOpsTHON CBETOUYBCTBH-
TEJIbHOW KOMITO3MILIMU € Mocienyromeil XumMuko-(otorpadpuueckoit oopadotkoit. Mcnonbs3zoBanue
HAHOIOPUCTBIX MAaTpHIl B JJAHHOM Cilydae 0OyCJIaBIMBAET YHHKAJIbHYIO BO3MOXKHOCTB IOJyYe-
HUS aHCaMOIIsl IPOSIBIICHHBIX YacTHIl cepedpa, pa3Mep KOTOPhIX OIpaHUYEH CBEPXYy U HE MOXKET
IIPEBBIIATE MAaKCUMAJIbHBIM pa3Mep BHYTPEHHHMX IOJIOCTEM KBaplLEBOIo Kapkaca (CHJIMKAaTHON
HaHomnopucTod Marpuipsl). [Ipu 3ToM yacTunbl B 00pasle ¢ TOIIMHOW B COTHM MUKPOMETPOB
pacroNoKeHbl Ha TAKOM PACCTOSIHUU APYT OT Jpyra, KOTOPOE B HECKOJBKO pa3 MPEBBIILIACT Jua-
METp 4acTHlLl.
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6. 3akiauenue

[IpuBeneHHbIe B CTaTbe MaTepHalbl JAEMOHCTPUPYIOT IIUPOKYI 00JacTh MPUMEHEHHS
o6pasnoB HaHonopucThix Marpull HIIC-7 u HIIC-17, u3HauaiapHO TpeIHAa3HAYEHHBIX IS IeJel
rojorpaduu.

Bce skcneprMeHTBhl, CCBUIKM Ha KOTOpBIE MPUBEIEHBI B TaHHOM CTaThe, IPOBOAMIIUCH C
oOpa3iamu, mapameTpbl KOTOPBIX COOTBETCTBOBAJIM MCXOMHBIM IapameTpaM oOpa3IoB JaHHOU
reomerpun. CpenHuil pasMep mop, cBOOOIHBIN 00BEM 00pa3IoB, CIIEKTPAIbHOE MPOIYCKAHNE B
JUTHHHOBOJTHOBOHM OOJIACTH CHEKTPa — 3TH XapAaKTEPUCTHKHU CTA0MIBHO BOCIIPOU3BOIUIICH B Iap-
TUSAX 00pa3IOB, U3rOTABINBAEMBIX B TCUCHUE ABYX JCCITHIICTHIMA.

NHTepec kK HAHOMOPUCTBHIM MarepuajaM U HAaHOKOMIIO3UTAM BO3PAacTaeT C Ka)KIbIM IO-
JIOM. ABTOpBI HQJICIOTCA, YTO TpEACTaBlIeHHAasS MHPOpMaIHs OyeT crocoOCTBOBaTh pa3paboTke
Y CO3/IaHHI0 HOBBIX 00pa3lloB HAHOMIOPHUCTHIX MATPHIL AJISi COBPEMEHHBIX 3a/lad B 00JIaCTH HAHO-
TEXHOJIOTUH W paclIupeHuto obiacTeil nmpuMeHneHus Hanonopuctbix Matpur HIIC-7 u HIIC-17,
W3rOTaBJIMBAEMBIX B HACTOSIILIEE BPEMS.

B 3akiioueHne aBTOpHI BBIPaXarOT CBOIO OJIarolapHOCTD 3a MOMOIIIb B IMOATOTOBKE Mare-
puanoB B.I. Apakueeny, [I. /I. TemuoBoi, A. A. Kynemony, B. B. Jlecuuuemy.
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CTPYKTYPA KAPBUHOUIHbBIX HAHOTPYBOK

E. A. Benenxos!, U. B. IllaxoBa!

'Yenabunckuii rocyaapcTBeHHbIN yHUBEpCUTET, YensaOMHCK
belenkov(@csu.ru

PACS 61.46.Np, 61.48.De

BbIMosHEH TEOPETHYECKHUI aHAIN3 BO3MOXKHON CTPYKTYPbI KapOMHOUIHBIX CIIOEB M HAHOTPYOOK. Paccunrana reo-
METPHYECKH ONTHMHU3UPOBAHHAS CTPYKTYpa ()ParMEHTOB CIIOEB, HAHOTPYOOK 1 KapOHHO(DYIIIEPEHOB, COCTOSIINX U3
KapOUHOBBIX IEMOYEK, COCTMHEHHBIX MEKITY COOOM yIIIepOIHBIMM aTOMaMU B COCTOSHMSX sp? ruGpuausanmuu. Pac-
CUUTaHBl YHEPIreTUUECKUE XapaKTEPUCTUKH KapOWHOMIHBIX HAHOCTPYKTYP, YCTAHOBJIEHO, YTO HAHOTPYOKH JIOJKHBI
00pa3oBbIBAaTHCS U3 KAPOWHOUIHBIX CJIOEB, €CJIM YMCIIO0 KapOMHOBBIX LIETIOYEK B ITONEPEYHOM CEUYEHHH Cliosi OyneT 7
u Ooiree.

KaroueBrbie ciioBa: kapOuH, yriiepoaHble HAHOTPYOKH, (QyJiepeHbl, KOMITBIOTEPHOE MOJICIMPOBAHUE, CTPYKTYPOOO-
pa3oBaHUe.

1. BseneHue

KapkacHbie yrieponHbie HAHOCTPYKTYPBI — QYIJIepHBI 1 HAHOTPYOKH C(OPMHPOBAHBI U3
rpad)eHOBBIX CIIOCB 32 CYET BKJIFOUCHHSI B HUX TOIOJIOTHYeCKUX nedektoB [1-5]. M3rub rpadeno-
BOT'O CJIOS MPU 00pa30BaHUM KapKACHBIX HAHOCTPYKTYp OOYCIIOBIMBAET IEPEXO] aTOMOB rpade-
HOBOTO CJIOS, HAXOASIIMXCS UCXOJHO B COCTOSIHUM sp’ THOPHAM3AINH, B IIPOMEKyTOUHOE Sp°+o
coctosiHue [6,7]. MonenbHbIN aHAINU3 MOKA3bIBAET, YTO TEOPETUYECKU BOZMOXKHO MOJTYYUTH Kap-
KacHBIE YIJIEpOJHbIC HAHOCTPYKTYPHI ITyTEM CBOpAYMBAHUS PA3INYHBIX YITICPOIHBIX clloeB [8,9].
N3 rpadeHoBBIX c10€B MonydyarTcs oObIYHbIC HAHOTPYOKH U (yimepens! (puc. la), a u3 rpadu-
HOBBIX CJIOEB, COCTOSAIIMX U3 Sp + Sp? TUOPHAN3MPOBAHHBIX ATOMOB — rPa()MHOBHIE KApKACHBIE
HaHOCTPYKTYphI (puc. 16) [10-12]. Teopernuecku uccienoBaHHble rpaUHOBbIE HAHOTPYOKU U
(ynepensl COCTOAT U3 Sp U Sp> aTOMOB, KOIMYECTBO KOTOPHIX COMOCTaBUMO. Bompoc o Tom,
BO3MOXKHO JI ()OPMHPOBAHUE KAPKACHBIX HAHOCTPYKTYP, COCTOSIIUX MPEUMYIIECTBEHHO H3 Sp
ruOpUIN3UPOBAHHBIX aTOMOB, OCTAE€TCSI HEU3yUEHHBIM.

H3yuenue BO3MOKHOCTH (popMHUpOBaHUS KapOUHOBBIX HAHOCTPYKTYP BaXKHO TaKXkKe C TOU-
KU 3pEHUSI OIIMCAHUS CTPYKTYPhI SKCIIEPUMEHTAIBHO CHHTE3UPOBAHHBIX YITIEPOJHBIX MAaTEpUAIIOB
COCTOAIINX MPEUMYIIECTBEHHO U3 Sp THOPUIN3UPOBAHHBIX aTOMOB — TaK HA3bIBAEMBIX KapOHHO-
unos [13]. U3-3a npucyTcTBus aroMOB NPUMECE U aTOMOB YIIIEpO/a B COCTOSIHUSIX TMOpUAM-
3allUH, OTIIMYHBIX OT Sp, KapOMHOMIHBIE MaTepHallbl HE SBISAIOTCS KapOMHOM B YHCTOM BHJIE.
ITepBast mopens kapOuHOMI0B ObuTa MpemioxkeHa KacaroukunsiM B 1967 roay [14]. Ona npen-
rojlarajla TeKcaroHajJbHO yIaKOBaHHbIE TMapajuleNbHble JTUHEHHbIE YIIEPOAHbIE LIETIOYKH, pac-
TOJIOKEHHBIE Ha PACCTOSHUSIX 2,97A u B 1969 rogy Oblia ycoBepiieHcTBoBaHa CIIaIKOBBIM U
KynpsisueBsim [13, 14]. TToxke yis JydIIero COIMIACOBAHMS C AKCIIEPUMEHTAIbHBIMU JIaHHBIMHU
Xeiiman [15] mpennmoxunn «metaeByto» Mofelb. biaHK ¢ coaBTOpaMu ONpEAENWId CTPYKTYpPY
KapOMHa KakK MPOMEXKYTOUYHYIO0 MeXAy rpaduToBoii U anmazHoil [16]. OHU NIPEAMONOKUIH, YTO
aroMbl yriepoja pacrnonoxensl B y3iax (001) rpaguTOBbIX IUNIOCKOCTEH C yABOECHHBIM MapaMeT-
POM PEIIETKU a U COeIMHEHBI sp° cBA3AMU. Elie oHa cTpyKTypHast MOJIE/b MPEATIONAraeT, YTo
B KapOMHOM/IaX JIMHEHHBIE SP-YYaCTKH YEPENYIOTCSA C aTOMaMH YIVIEPO/a, HAXOAAIIMMUCS B Sp>
¥ sp® COCTOSHUH, Sp? U Sp° aTOMBI M3rUOAIOT LEMOYKH, a OCTABIIMECS CBOOOIHBIME CBS3U MOTYT
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Puc. 1. a) cmeBa—rpadeHOBBIA CJIOW, yIIEpoaHas HAHOTPYOKa, Qyuiepes;
0) cripaBa — rpadMHOBBIN cIoi, rpaduHOBas HAHOTPYOKa, rpaduHOPYILIEpPEH

OBITh UCIIOJIB30BaHbI JUIsl 00pa30BaHMs MEXLIENOUYEUHbIX CBS3€H WM 1JIs IPUCOEANHEHHS aTOMOB
npuMecel. [IpennoxeHHble CTPYKTypHbIE MOJEIH HE MOTYT AOCTATOYHO TOYHO OIMCAaTh peallb-
HYIO CTPYKTYpYy KapOMHOHIOB. BO3MOXXHO, 3TO CBSI3aHO C T€M, YTO B KapOMHOUIAX UMEIOTCS HE
TOJIBKO 1IETIOUEYHBIE, HO U KapKacHbIE HAHOCTPYKTYPBHI.

KakoBa MoJIeKyIsIpHO-KpUCTAIINUYECKas CTPYKTYpa TaKuX KapKacHbIX MaTE€pHUaJIOB U3 Kap-
OMHOBBIX LIENIOYEK OCTAETCS HE SICHBIM, [I03TOMY B JaHHOH paboTe ObLIM MPOBEIEHBI MOJIETIbHBIE
HCCIIEIOBAHUS CTPYKTYPHBIX COCTUHEHUI KapOMHOBBIX IETIOUEK B KApOMHOMIHBIE HAHOTPYOKH.

2. Mertoauka MOAeJIMPOBAHNUS U AHAJIU3 BO3MOKHOI CTPYKTYPbl KAPOMHOUIHBIX CJI0EB U
HAHOTPYOOK

Jis Toro 4ToOb! OBLIO BO3MOXHO 00pa30BaHHE KAPKACHBIX HAHOCTPYKTYpP HEOOXOAMMBI
CJIOM, KOTOPBIE MOTYT OBITh OOpa30BaHBI 32 CUET CIIMBOK KAOWHOBBIX IenovyeK. CIIUBKH MEXITY
LIEMOYKAMH MOTYT 00pa30BBIBATHCS YIIIEPOIHBIMM aTOMAMHU B COCTOSHUAX sp” W sp® rubpumu-
3aluK. BBINOTHEHHBIH paHee aHalIu3 BO3MOXKHOW CTPYKTYpPbI TaKMX COEIUHEHUH IOKa3al, 4To
YIJIEPOIHBIE aTOMBI B COCTOSIHMM Sp° TMOPUIM3AIMK MOTYT BCTPEYaThCsl TOJBKO B KAPOMHOBBIX
LIETOYKaX MOJUMHOBON Pa3HOBUIHOCTHU. [Ipruem cioeBble CTPYKTYpbl HA OCHOBE TaKUX COEIU-
HeHMil copmupoBaTbcsi He MOryT [17]. ViiepoaHble aToMbl B COCTOSHHM Sp° THMOPHAU3ALMH
MOTYT BCTPEYAThCS KaK B ITOJUUHOBBIX, TAK U MOJUKYMYJEHOBBIX Iieroukax. Ha ocHoBe cuimBku
KapOMHOBBIX LIETIOYEK Sp> aTOMaMH BO3MOKHO OOpPa30BaHUE CIOEBBIX CTPYKTYp, CBOPAYMBAHME
KOTOPBIX MOXKET MPUBECTH K (HOPMHUPOBAHUIO KAPOWHOUIHBIX HAaHOTPYOOK [17].
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KapOuHonnble HAHOTPYOKH MOTYT COCTOSITh M3 KapOMHOBBIX LIETIOYEK MOJTMMHOBOM WU
MOJTUKYMYJIEHOBOM Pa3HOBUAHOCTH, U 3TO HEOOXOIMMO YUMTBHIBaTh NMpU UX 0003HAUYEHUH — i
(momuuHoBas) wiu Pk (monmukymyneHoBas). CleayronuM mapaMeTpoM, KOTOPBIH MOXKET OTIIH-
YaTh OAHY KapOMHOHMIHYIO HAaHOTPYOKYy OT JIPYTroH, SIBISETCS YUCIO KapOMHOBBIX IETMOYEK B
CEUCHHH HAHOTPYOKHM, 3Ta XapaKTEPUCTHKA OTOOpakaeTcs B 00O3HAUEHHSIX HAHOTPYOOK B BHUJIE
COOTBETCTBYIOIIETO WHIAeKca k (Hampumep, Piy). Eie oQHOW CTPYyKTYpHOU XapaKTepPHCTHKOM
PasIMYHBIX TPYOOK SIBJISAETCS TO, KAK PACIIONATarOTCs CINMBKH M3 Sp° aTOMOB. BO3MOXHBI TpH
OCHOBHBIX CIlydasi PacIoJIOKEHHsI CHIMBOK: () sp° aToMBbl, CIIMBAIOIIME KapOMHOBBIE LIEMOY-
KM, He 00pa3yloT OeH301bHBIX Koell, (b) sp? aTroMbl 006pa3yroT OTAENbHbIE TeKCaroHsl, (c) sp?
CIIMBKU 00pa3yroT (parMeHThl OOBIYHBIX YIIIEPOAHBIX HAHOTPYOOK M3 HECKOJIIBKHX TE€KCaroHOB
(puc. 2a,0,8). B 3aBucuMoCTH OT 3TOT0 B 0003HAYEHUAX HAHOTPYOOK Uepe3 3amsaTyIo Mocie Yucia
[[ENOYEK CTaBUTCS COOTBETCTBYIOIIUN MHIEKC a, b WiH c.

Takum o0pa3oM, TpyOKa U3 IIECTH KapOMHOBBIX IETIOYEK MMOJMKYMYJICHOBOTO THIIA, CO-
eMHEHHBIX reKcaroHam, Oyzet 0003Ha4aTbes Kak Pkg p; TpyOKa U3 AEBSTH MOJIUHHOBBIX LEIIOYEK
Ha OCHOBE ()parMeHTa OOBIYHON HAHOTPYOKHU- Piy ..

Puc. 2. KapOuHouaHble HaHOTPYOKH, TMOJyYEHHBIE CBOPAYMBAHWEM M CIIMBKOM
KapOMHOUIHBIX CJI0eB 0e3 TeKCaroHoB (a) M ¢ reKcaroHaMH, 0Opa3yIoUIMMHU B CO-
CTaBe KapOMHOMIHOW HAHOTPYOKH (hparMeHThl OOBIYHON YIJIEPOIHON HAaHOTPYOKH
paznu4yHOM AyMHEI (0, B)
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Pacder reomeTpuyecku ONTUMHU3UPOBAHHON CTPYKTYpPbl KApOMHOUIHBIX CIIOEB, (hysuiepe-
HOB M HAaHOTPYOOK U3 HUX ObUI BHIMIOJIHEH METOJOM MOJEKYyIsipHON mexaHuku M M+, sHepre-
TUYECKHE XAPAKTEPUCTUKH BBIUMCISIM MOJY3MIUPUYECKUM KBAHTOBO-MEXaHUYECKHUM METOJIOM
PM3. V3 1ivHHBIX KapOMHOMIHBIX HAaHOTPYOOK M KapOMHOMIHBIX CIIOEB BhIpe3asid (pparmMeH-
THI, SIBIISIBIIMECS SJIEMEHTAPHBIMH sYeiikaMu. B BbIOpaHHBIX (pparMeHTax 0OOpBaHHBIC YTIIEPO.I-
YIJIEPOAHbIE CBS3U HA KOHILIAX CTPYKTYphl KOMIIEHCUPOBAIMCh arToMaMu Kuciopoja. [Ipu pacuere
DHEPTUH JIEMEHTAPHBIX SYEeK KapOMHOHMIHBIX CTPYKTYpP W3 MOJTHON SHEPTHH KIACTEPOB BHIYH-
Tajach YHEPrUsl KUCIOPOA-YITIEPOJHBIX CBA3ZEH.

3. Pe3yabrarsl uccie10BaHUSA

Ha nepBoM stamne Obliia paccuuTaHa reOMETPUYECKH ONTHUMU3UPOBaHHAsL CTPYKTypa Kap-
OMHOMIHBIX CIIOEB, COCTOSIIMX M3 KAPOWHOBBIX IIETIOYEK, CINMTHIX Sp? TMOPHIAM3MPOBAHHBIMH
aToMaMy yriepoja. YCTaHOBIIEHO, YTO KapOMHOUIHBIE CJIOU MOTYT OBITh ABYX OCHOBHBIX Pa3HO-
BUIHOCTEI: CIIOM, B KOTOPHIX sp? MMOPHMIM3HPOBAHHBIE aTOMBI 00pa3yIOT TeKcaroHs! (puc. 3a,B)
¥ ciou, Tiae sp’ aTtoMbl He 00pasyloT rekcaroHos (puc. 30,r). IlpuueMm Kaxmas U3 CIOEBBIX
Pa3sHOBUIHOCTEHW MOXET MMETh KaK MEPUOJUUECKU yNopsaodYeHHyo (puc. 3a,0), Tak ¥ HE yIIo-
PAIOYCHHYIO CTPYKTYpY (puc. 3B,r). BO3MOXXHO TakKe CyIiecTBOBaHUE KapOMHOHMIHBIX CJIOEB CO
CMEIIaHHOM CTpYyKTypoil (puc. 3r).

Ha BTOopom sTame monmydyanu KapOMHOWIHBIE HAHOTPYOKH IyTeM CBOpaYMBaHUs KapOu-
HOUHBIX CJIOEB OTPAaHWYCHHOTO IIOTIEPEYHOT0 pa3Mepa W CUIMBKH MX B KapKacHbIE TpyOudarbie
CTPYKTYpBI PH TIOMOIIH yIIIEPOAHBIX aTOMOB B COCTOSIHMM Sp” TUOPHIM3ALIHHN.

OCOOEHHOCTb CTPYKTYpbl TaKUX HAHOTPYOOK — IEpeMEHHBINH AMaMeTp, ITOCTUTrArOLIUil
MUHHMAJIBHOTO 3HAYEHUSI B MECTE CUIMBOK M YBEJIIMYHMBAIOUIMICS TaM, T CIIMBOK HET.
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Puc. 3. KapOuHOWAHBIE CIIOM HAa OCHOBE TMOJIMKYMYJCHOBBIX IEMOYEK, CIIUTHIX
a) TekcaroHaMu, oOpa30BaHHLIMU Sp> aToMaMmM; 0) 3UI3arooOpPasHBIMH CBS3IMU;
B) HEYINOPSI0YCHHBIMHI I'€KCArOHAMH M T') HEYHOPSI0YCHHBIMHA CMEIIaHHBIMH CBSI-
3SIMH

JlninHa KapOWHOBBIX IICTIOYEK B KApOWHOWIHBIX HAHOTPYOKAaX MOXKET OBITh Pa3IMIHOU
(puc. 4). Uem miuHHEe KapOMHOBBIE LIETIOUKH, TEM MEHBIIE B TPYOKE YIIIEPOAHBIX aTOMOB B
cocTosiHMU sp® (€CIM CTPYKTypa CIIMBOK B TpyOKax omuHakoBas). Kpome Toro, B TpyOKax ¢
0osee JIMHHBIMU IIEMOYKaMU HAOI0MAETCS] UX MEHBIIUNA U3THO.

KapOuHouHeie HAHOTPYOKH MOTYT OBITH Pa3IMYHOIO JTWAMETpa B 3aBUCHMOCTH OT IIIHU-
PHHBI CBOPAYMBAEMOTO KapOMHOHMTHOTO CJIOS MM OT KOJMYECTBA KapOWHOBBIX IIETIOYEK B TIOIIE-
PEYHOM CEYEHUH HAHOTPYOKHU (puc. 5).
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Puc. 4. KapOunouansie HAHOTPYOKH, TOJTYyUYEHHBIE 32 CUET CIIMBKUA T'€KCaroHaMu
KapOMHOBBIX IeToueKk u3 5 aromoB (a) u u3 14 atomoB (0)
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Puc. 5. KapOuHouaHbie HAHOTPYOKH PAa3IMIHOTO TUaMeTpa (ConepKamime ot 5 (a)
10 9 (1) 1enoYeK B MONEPEYHOM CEYCHUH TPYOKH), IOJTY4YCHHBIC 32 CUET CIIUBKU
KapOUHOBBIX 1ETI0YEK I'eKCArOHAMHU M3 sp? THOPMAN3UPOBAHHBIMU aTOMAMH.
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AHann3 BO3MOXHOCTU (hOPMUPOBaHUSI KapOWHOUIBIX HAHOTPYOOK OBLI BBHIMOJHEH B pe-
3yJabTaTe pacyeTa MOJHOW SHEPTuu CBA3EH AIEMEHTApHBIX sUeeK KapOMHOWIHBIX CIOEB M Kap-
OMHOMIHBIX HAaHOTPYOOK, MOJYYEHHBIX U3 ITHUX CJIOEB. YCTAHOBJIEHO, YTO SHEPrus TPyOoOK, B
COCTaB KOTOPBIX BXOJAUT 6 U MEHbILIe KAPOMHOBBIX IEMOYEK, OOJIbIIE, YEM DHEPTUS Pa3BEPHYTOTO
JUCTa, U3 KOTOPOTO JIaHHBIC TPYOKHU moy4eHsl (Tadmuna 1). B aTom cinydyae pa3BEpHYTHIMA JHCT
SHEPreTHYECKU 0OJIee BBITOJICH, YeM KapOMHOBas HAaHOTPYOKa. HaumHas ¢ TpyOoOK, B IOIepeyHOM
CEYCHUU KOTOPBIX CONCPKUTCS 7 U Ooliee KapOUHOBBIX IICTIOYEK, 0OJIee SHEPreTUICCKH BBITO-
HBIMH CTaHOBSITCSI CBEPHYTHIC TPYOKH, IO CPABHCHHUIO ¢ KAPOWHOUIHBIMU CIIOSIMH, T.€. SHEPTHUS
JUCTa CTAaHOBUTCS OoJblle, YyeM Heprus TpyOku (Tabmuma 1). AHanoruyHas 3aBUCUMOCTb Ha-
OnromaeTcs U B OOBIYHBIX YIVIEPOAHBIX HAHOTPYyOKax [18].

YHT MuHUManbHBIA  AMa- | DHEPTrUs cBs3el | DHeprus cBs3eil ¢par-
METp TpyOKH, A ¢parmenTa TpYOKH, | MEHTa CJI0s,
KKaJI/MOJTb KKaJI/MOJTb
Pks 4,04 -8548,24 -8622,20
Pk, 5,03 -10914,77 -11709,50
Pk, 5,58 -12147,77 -12097,78
Pkgy, 6,50 -14206,58 -13830,17
Pky, 7,68 -15951,39 -15521,18

TABTMIA 1. DHepreTuyeckue XapaKTePUCTUKH KapOMHOUIHBIX HAHOTPYOOK H
KapOWHOMIHBIX CJIOEB, U3 KOTOPBIX OHU MOJYYalIHCh, BBIYHUCICHHBIE METOIOM
P M3 (MuHUMaNbHbIE 3HAYEHUS] YHEPTUN BBIJCIICHBI )KUPHBIM IIPHUPTOM)
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Puc. 6. KapbuHouHaeie HAHOTPYOKH Ha OCHOBE (2) Kpeca000pa3HbIX, (0) Xupasb-
HBIX, (B) 3UT3aro00pa3HBIX YIJICPOIHBIX HAHOTPYOOK

KapOuHonnHple HaHOTPYOKHM MOTYT OBITH IMOCTPOEHBI Ha OCHOBE KPECIO000pa3HBIX
(puc. 6,a), 3ur3aroo0passeIx (puc. 6,B) U XHPAITBHBIX YITICPOIHBIX HAHOTPYOOK (puc. 6,0) pas-
JMYHOTO JHaMeTpa.

OpHocrolHbIe KapOMHOUIHBIE HAHOTPYOKH PAa3NIUYHBIX JAMAMETPOB, CONEpIKaIlHe TeK-
CaroHbl, MOTYT COEIUHSATHCS MEXIy COOOi 3a CUeT 3aMEeHbl FeKCAaroHOB MEHTAaroHaMH B MecTe
coenuHeHHs (puc. 7).

Kpome oqHOCIONHBIX KapOMHOMIHBIX HAHOTPYOOK MOTYT CYIIECTBOBATh MHOTOCIOHHBIE
KapOMHOUIHBIE HAHOTPYOKH (puc. §). Takue TpyOKH MOTyUaroTCs B pe3yNbTaTe BIOXKEHUS TPYOOK
MEHBIIIEr0 JUaMeTpa B TPYOKH OOJIBIIEro Mmogo0HO CTPYKType Marpemiku. JlimnHa ¢parMeHToB
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Puc. 7. Ilepexon kapouHouHOM HaHOTPYOKU Pks; B Pk, 32 CHET 3aMEHBI Tek-
caroHa MeHTaroHOM

KapOMHOBBIX IEMOYEK, 00Pa3yIOLIUX BIIOKEHHBbIE TPYOKH, JAOJDKHA OBITH OMMHAKOBOM. Paccros-
HUS MKy CTEHKaMH BJIIOYKEHHBIX TPYOOK JOJKHBI ObITH TIOpsifika 3.35-3.44 A. Taxue sHauenns
MEXTPYOOUHBIX PAaCCTOSHUN MOTYT HAOMIONAThCS NJs KapOMHOUIHBIX HAHOTPYOOK Ha OCHOBE
MOJTUMMHOBBIX IEMOYEK, COSNUHEHHBIX TeKCarOHaMHM, €CJIM Pa3HHIIA B KOJMUYECTBE IIETI0YEK B IMO-
MEPEYHOM CEUCHHUU BHYTPEHHEW M BHEIIHEH HaHOTpyOKH OyleT paBHA JIEBSTH.

Puc. 8. MuorocinoitHas kapOuHOMHAsE HAHOTPYOKa, cocTosmas u3 Tpyook Pksy, 1 Pk

B pesysibTare CIIMBKY KapOMHOBBIX LIEHOYEK YIIIEPOIHBIME aTOMAMH B COCTOSHUU Sp° T'H-
OpuaM3alKi MOTYT TaKXe 00pa3oBBIBaThCs KapOuHOQyIwiepensl. [Ipumep npocreiinero kapou-
HOyIIIepeHa coCTosAmEero u3 6 KapOMHOBBIX mernoyek (30 sp aTOMOB) CIIUTHIX TAPOU TEKCArOHOB
u3 12 sp? atomoB mpuBeneH Ha puc. 9. Ha 0CHOBE OIHOCIOWHBIX KapOMHOMIHBIX HAHOTPYOOK
MOTYT (DOPMHUPOBATHLCS KTYThI C TEKCATOHAIBHON CTPYKTYPOH.

4. 3axiaouyeHue

Takum o0Opa3zom, B pe3yibrare BBIMOIHEHHBIX MCCIEAOBAHUM YCTAHOBJICHA BO3MOXKHOCTD
CYIIIECTBOBAHUS KapOWHOUIHBIX HAHOTPYOOK PA3IUYHBIX THUIIOB — C MEPHOAMYCCKON MU HETe-
PUOIUYECKOM CTPYKTYpPOH, COACpKAIINX WM HE COACPIKAIINX TeKCAroHbl, HA OCHOBE MOJUUHO-
BBIX W/WJIU TOJTMKYMYJICHOBBIX IIEMIOYEK, MHOTOCIIOWHBIX I OJHOCIIOWHBIX TPYOOK Pa3IuYHOIO
JMaMeTpa W JUTMHBI, HA OCHOBE Kpecl0o00pa3HbIX, 3UI3aroo0Opa3HbIX M XHPaJbHBIX (PparMeHTOB
YIJICPOIHBIX HAHOTPYOOK, a Takxke kKapouHodysiepeHoB. [Ipennoxken cnocod onucaHusi KapOou-
HOMJIHBIX HaHOTPYOOK. PaccunTana reoMeTpruecKd ONTUMU3UPOBAaHHAS CTPYKTypa (PparMeHTOB
KapOWHOUIHBIX HAHOCTPYKTYP, BBIYUCIICHBI YJHEPTETUICCKUE XAPAKTEPUCTUKNA HAHOTPYOOK U CO-
OTBETCTBYIOIIMX UM KapOMHOMJIHBIX CJIIOEB. YCTAHOBJIEHO, UTO TPYOKH U3 KapOMHOBBIX IIEMIOYEK,
COJIEpIKAIIUX B IMOMEPEUYHOM CE€UeHUH 7 U O0Jiee EeTnoYeK, YHEPreTUYECKH BhITOIHEE, YeM KapOu-
HOMJIHBIE JIUCTBI TAKOTO K€ pa3Mepa, U3 KOTOPBIX 3TH TPYyOKH ObLIM moiydeHbl. MiMeHHO Takue
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Puc. 9. KapbunodyinepeH, COCTOANNI 13 KApOMHOBBIX IENOYCK MOTUKYMYICHO-
BOM Pa3HOBMIHOCTH, CINMTHIX Sp° TMOPHMAM3HPOBAHHBIMU aTOMaMH, 00pa3yoIy-
MH TIapy T'€KCaroHOB

KapOMHOU/IHBIE HAHOTPYOKH JOJDKHBI YCTOWYHMBO CYIIECTBOBATh M MOTYT OBITh SKCIIEPUMEHTAIb-
HO CHHTE3MPOBaHbl. BO3MOXHBIN SKCIIEpUMEHTANbHBIN c1oco0 CHHTE3a KapOMHOWIHBIX HAHO-
TpyOOK — oOpa3oBaHME HX NMPU KapOOHU3ALMHU MOIMMEPHBIX MOJIEKYJ], UMEIOUINX YTIIEPOIHBIH
KapKac, OJU3KUI 1O CTPYKType K KapOUHOBBIM IIETIOUKAM.
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[IpencrapieHbl pe3yinbTaThl MOJEKYIIPHO-IHHAMHYESCKOIO MOJCIMPOBAHMS MPOLECcca KANMUIIPHOTO 3aIlOJIHCHUS
HaHOTPYOOK mucynabduaa momudaena MoSy Monekynamu terpaxiopuaa taraHa TiCly ¢ oOpa3zoBanueMm HaHOTYOy-
nsiproro kommosurta TiClyTMoS,.

KiroueBble cj10Ba: HAHOTYOyIApHBIE KOMIIO3UTHI, KAMUJUIIPHOE 3aIl0OIHEHUE TPYOOK, MOJEITHPOBAHUE.

1. BseneHue

Tepmun «HanoTyOynsipHble koMno3utel» (HTK) ucnons3yercst ans 0003Ha4eHUsT O4eHb
IIMPOKOHN TpyIIbl JOCTATOYHO Pa3HOPOIHBIX HAHOMAaTepHalloB, B COCTAB KOTOPBHIX BXOIAT Ha-
HOoTpyOKku. Tak, k mpocteiiiumM HTK moxHO oTHecTH kBasuopHomepHble (1D) cTpykTyphl —
T.H. ¢yHKuuoHanmu3upoBaHuele HaHOTPYOKH (HT). K TakoBbIM mpUUYMCIAIOT COOCTBEHHO HAaHO-
TPYOKH, MOKPBITIE CJIOEM (CJIOSIMH) MHOPOJHBIX BEILIECTB WM COCAMHEHUN — T.H. 9K303/pajIbHO
¢yukuunonanusupoBanusie HT. JIpyroit Tun HTK npencrasnsior MHTEKaJInpoBaHHbIE (3HI031-
panpHO ¢yHkunoHanusuposanHsie) HT. K stum HTK otHOCAT Takke «ruOpuaHbie» TpyOuaTblie
CTPYKTYPBI, NpeJcTaBistomue codoil cucteMy pazHopoaHblx HT, BIOXKEHHBIX Opyr B Apyra, a
TaKXe MaTepualibl, COEpKaINe HHTEPKAISAHTHI B IPOMEXKYTKaX MEXIy OTAEIbHBIMHU TPyOKaMu
B UX «CBA3Kax» M (WIM) MEXIy CTEHKaMH MHOIOCIOHHBIX TpyOok. M3BecTeH Takxke OOJIbILIOiM
kinacc HTK — marepuanos, rae HeopraHudeckiue TPYOKH IMOMEIICHBI B KaKyl0-THOO Cpeay B Ka-
yecTBe HarmoimHHUTes, U T.1. Ilpumepsr atux (u momoOueix HTK) oOcyxnatorcsi, Hanpumep, B
paborax [1-5].

VYrneponnsie HaHOTPYOKHU (YHT) npuBnekarot 0osibpliioe BHUMaHUE HCClieoBareneH, oma-
rojapsi YHUKaJIbHOMY HaOOpy 3JIEKTPOHHBIX, MEXaHHYECKUX M TEPMUYECKHUX CBOICTB, MepCIeK-
TUBHBIX JUISl CO3JaHUSl Ha MX OCHOBE PA3JIMYHBIX 3JIEMEHTOB MUKDPO- M HAHOMIEKTPOHUKH, a
TaK)K€ MPOYHBIX KOMIIO3UTHBIX MarepuanoB [6]. OQHUM U3 NEPBBIX BO3MOXKHBIX NMPAKTHYECKUX
npumenenuii YHT paccmarpuBaiioch MX HCHOJIB30BaHME B KauyeCTBE HAHOKANUIUIAPOB («HAHO-
IIUIETOK») U HAaHOKOHTEWHEPOB NIl PasHBIX I'a30B M >KUIKOCTeH [7]. Dta uues BnepBble Obuia
peain30BaHa Ha IpUMepe KallMJUIpHOTro 3anonHenus noioctu Y HT sierkoniaBkumMu BUCMYTOM U
neHTokcuaoM BaHaaus [2,8-10]. Kucible pacTBOpbl HUTPATOB WK XJIOPHUIOB TaKK€ MOTYT OBITh
BHenpeHsl B mosiocte YHT [11,12], m ux mocnenyromas KajdblMHALKMA HAa BO3AyXE TMO3BOJISAET
CHUHTE3UPOBaTh OKCUIHBIE HAHOYACTUIBI U HaHOBOJMIOKHA BHYyTpu YHT, koTopeie 3arem moryr
OBITh BOCCTAHOBJICHBI 0 METAJUTMYECKUX 4yacTull [2,13].

AHaJOrMYHBIM CIIOCOOOM — KalWJUIAPHBIM BHEAPEHUEM U MEIJIEHHBIM OXJIa)KJIECHUEM B
nosioctd YHT — qOCTUTHYT 3HauMTENBHBIM IIPOrPECC B CO3AAHMM HAHOBOJIOKOH T'aJIOTEHUJIOB
metautoB — Hanpumep, KI [14], AgCl,_ I, [15], Cul [16] umm Pbl, [17]. Bo MHOTHX City4asix 3TH
COEIMHEHMSI KPUCTAJUIU3YIOTCSL C HEOOBIYHBIM ISl HUX KOOPAMHALMOHHBIM OKPY>KEHHUEM HOHOB
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(mammpumep, Bal; [18], ErCl;s [19]) wim naxe ¢ unoit crexuomerpueit (Laly [20]), yto Moxer
00yCJIOBUTH MOSIBJICHHE HHTEPECHBIX IEKTPOHHBIX, TIOMUHECIICHTHBIX U MAarHUTHBIX CBOMCTB.

Heyrneponnsie aHanorn HaHOTPYOOK — HEOPTaHWYECKUE HAHOTPYOKM HAa OCHOBE CIIOU-
cThiX cynbpuaoB d meraioB (WS,;, MoSy u np.) ObITM OTKPBITHI BCETO TOJ CITYCTS TOCIIE
yrneponabix HT [21,22]. HecMoTpst Ha TO, 4TO pabOTHI MO M3YYCHHIO KAIMJUIAPHBIX CBOWCTB
Cynb(QHUIHBIX HAHOTPYOOK HayaJuCh CPAaBHUTEIHHO HENABHO, OOHAPYKUJIOCh, YTO UX 3alOJIHe-
HUE MOKET ObITh OTIAMYHBIM OT 3anosiHeHuss YHT [23,24]. biarogaps 6osee BBICOKUM SHEPTUsSM
CBEPTKH, AMAMETP CyIb(UAHBIX HAHOTPYOOK Ha opsAoK npesbliiaet auamerpsl YHT [25], u ato,
B CBOIO OY€pe/ib, II03BOJISIET [IOJyYaTh HE TOJIBKO HAHOBOJIOKHA, HO U HAHOTPYOKHU HAa OCHOBE JpYy-
I'HX COCTUHEHUH, UCTIONB3Ys B KAUECTBE TEMILIaTa BHYTPEHHIOIO IMOBEPXHOCTH CYJIb(UIAHON Ha-
HOTpYyOKH. Hampumep, KanmuiuisipHbIM HAITOJTHEHWEM W TIOCIEAYIOUINM OXJIAXKICHHEM pacIljIaBOB
nonunoB Pbly Bils, Sbl; BHyTpu HanoTpyOok WSy OBUIM CHHTE3UPOBAHBI KOMITO3UTHBIC HAaHO-
CTPYKTYPBI: HAHOTPYOKH CIIOMCTBIX HOIUI0B BHYTpH HAHOTPYOOK WSy (Pblo@WSs, Bils@WS,,
SbIs@WS3). DTO OTKpBIBAET BO3MOXHOCTHU TSl MACIITaOHOTO CHHTE3a HAaHOTPYOOK Ha OCHOBE
HIMPOKOTO KJIacca CIOUCTHIX ranoreHusioB. OTmerum, uto panee 3tu HT Obuin monmydeHs! JUIlb
B KpailHe OrpaHMYE€HHOM KOJIMYECTBE B MPOAYKTaX JIa3epHOM, COJTHEUHOW WM 3JIEKTPOHHOU ab-
JSIIMY - B BUAE CMECH HAaHOYACTHII Pa3HOi Mopdosoruu (HaHOTPYOOK, QyJUIEpEeHOB, HAHOTUIEHOK
1 HaHokpuctamuToB) [26-30]. Kpome Toro, O0JBIIMHCTBO TajJOT€HUIOB SIBISIFOTCSI BEChbMa YB-
CTBUTEIIBHBIMH K COCTaBy arMmocdepsl (Hampumep, BIAXHOCTH), U TMOITOMY JOTIOTHUTEIHHBIM
MPEUMYIIECTBOM TMOJIYYECHUS TaJIOTEHUIHBIX HAHOTPYOOK METONOM KamWLISPHOTO 3arlOJHEHUs
ABIISIETCS TOT (PAKT, 4TO Cynb(uIHBIE HAHOTPYOKH OYIyT UTrpaTh poiib «capkodaropy, MOCKOIBKY
ABJISIIOTCS BEChbMa MHEPTHBIMU B BO3JIEHCTBUSAM OKPY’KaIOILIEH cpelbl U paJuallMOHHBIX U3ITyde-
HUU.

Kanunnsipaoe 3anonnenue cyabuIHbBIX HAHOTPYOOK rajJoreHUIaMU MOXKET OBITh UCIIOJb-
30BaHO W JJIs MOJTy4eHUs: 0oJiee CI0KHBIX HAHOCTPYKTYP CYIb(PHUIOB - HAIPUMEP, KOMIIO3UTHBIX
HaHOTPYOOK 1o Tuny M’So@M»S,. Tak, 3anonHenneM HaHOTPYOOK WS, B MOJIEKYISPHBIM XJIO-
punom MoClsc nocnenyroumm ruaponuzoM MoCl; 1 BoccranoBie-uuem obpasytorierocs MoOo,
yAaJIOCh CHHTE3MPOBATh KOAKCHAJIbHBIE HAHOTPYOKH ¢ depenyromumucs (pazamu WS, u MoS,,
rie HaHOTPYOKH MoS, pacrnonaranuck 1160 BHYTpH (M0oSy@WS,), 1160 mo obenm cTopoHam
HaHOTPYOOK WSy (M0S:@WS2@MoS;). O4eBHIHO, TOT METO MOXKET OBITh MEPCIICKTHBHBIM
JUTSI TIOJTY9CHUS PYTHUX CYIb(OUIHBIX TETEPOCTPYKTYP C UCMOIB30BAaHIUEM MOJICKYJISIPHBIX XJIOPH-
noB TiCly, VCly, SnCly u ap.

B nanHo# paboTe ¢ UCTIONB30BaHUEM MOJICKYJISIPHO-AMHAMHYECKOTO MOJEIINPO-BaHUS Ha-
MU HM3y4YaeTcsl KalWUIIPHOE 3allOHEHUE CyIb(PHIHBIX HAHOTPYOOK MOS; MONEKYISIpHBIM CO-
enuHenueM - xyopugoM TiCly, ¥ mpoBOAUTCS CpaBHEHUE STOTO MPoLiecca ¢ U3y4YaBIIUMCS paHee
MPOIIECCOM KalUJUIIPHOTO 3allOJTHECHHUS HAaHOTPYOOK M0S, MOHHBIM paciuiaBoM [24].

2. Mogeau U MeTOX pacuyeToB

B kauecTBe Mozeneil s U3ydeHUsl KamWUBSIPHOTO BHEIPEHUS KHUJIKOTO XJIOpHIa TUTaHA
BHYTPb CYJIb(PUIHBIX HAHOTPYOOK HaMU ObLIM BBIOpaHBI (pparMeHTh HAHOTPYOOK (21,21) MoS,
u (28,28) MoS,, cocrosmux u3 40 3eMEHTApHBIX SYEEK, KOTOPbIe KOHCTPYHPOBAJIUCH COTIAC-
HO METOJIOJIOTHUH, U3JIOKEHHOW panee [24,25]. JlnunHa Q)parMeHTOB CyIb(UIHBIX HAHOTPYOOK
cocraBuia 126.4 A, ux BHYTpEeHHHE paauycel - 16.71 u 24.5 A, coorBercTBeHHO. JKHUIKOCTD
TiCl, monenupoBanach Karuie, cocrosieit u3z 810 monekyn. Takum 00pa3om, Hallle TeopeTude-
CKO€ OMHMCaHUE KAMWIJISIPHOTO HAMOIHEHHs HE MOAPa3yMEBaJI0 PACCMOTPEHHUE MOTOKA KHUIAKOCTH
BHYTPU HAaHOTPYOKH, U OCHOBHOE BHHMaHUE YICISJIOCH 3aIOJHCHUI0O HAHOTPYOOK KOHEYHBIM
KOJIMYECTBOM KHUIKOCTH.
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J1st MOJIeKyIIpHO-IMHAMUYECKOTO MOAETUPOBAHUS UCTOIb30BaH () (HEKTUBHBIN MapHBIN
MMOTEHIMAJI THITIA «6-12»:

V:ﬂ _ By (1)

Y opl2 6 7
1] 1]

rne A;; u B;; —napamerpsl B3aumozeiicteus monekyn TiCly ¢ aromamu MonnOneHa MM Cepbl,
HaXOZAIINXCSA Ha PACCTOSHUM 7°;; U COCTABJIAIOIINX CTEHKY HAHOTPYOOK, M MOZIEJIUPYIOIHE OIn3-
KOZICHCTBYIOIIME CUJIbl (OTTaJKUBAaHUE SEp, DICKTPOHHBIX oOonoyek, Bau-nep-BaanbcoBckue
cuibl). Dta (hopMa MoTeHIMAala YCIENIHO IPUMEHeHa 71l MOAESTUPOBAHUS KaWUISIPHOTO HATOJ-
Henust YHT pacruiaBamu MeramioB [31,32], a ¢ yu4€TOM KyJIOHOBCKOTO B3aMMOJIEHCTBUS HOHOB
LIMPOKO UCHOIb3YETCS ISl MOAETUPOBAHUS YCTOMYMBOCTH U CBOMCTB MHOTHX MOHHBIX COEIHHE-
HUW B KPUCTAJUTHM-YECKOM U HAaHOCTPYKTYPHUPOBAHHOM COCTOSIHUSIX, B TOM YHCIIE, JUIsl U3yUCHUS
oOpa3zoBanus HaHoBoJOKOH KI, KBr, Agl saytpu YHT [33-35] u 3anonHeHust HaHOTpyOok MoS,
HOHHBIM pactuiaBoM Pbl, [24].

ITpu pacderax MCIIOJIB30BAIKCH MTAPAMETPhl MEXKMOJIEKYJIIPHOTO B3aUMOAECHCTBUS, KOTO-
pbI€ MO3BOJISIIOT MOJEIUPOBATh SMIIUPUUYECKUE YpaBHEeHHs cocTossHus kuakoctu TiCly, a Taxke
aJICOPOIIMOHHBIE CBOMCTBA HAHOYACTHUII CJIoMCTOro MoS, [36,37]. JlonoJHUTEIBHBIC TTapaMeTPhl
MapHBIX B3auMojencTBuid (Mexy monekyinamu TiCly u aromamu cepbl 1 MOTHO/IeHa) OBLTH Haii-
JIEHBI ¢ TIOMOIIBI0 MpaBui cMmetenus Jlopenrua-beptio. Bee ucnonb3oBannsie B ypaBHenuu (1)
napameTpsl PUBEICHBI B Ta0M. 1.

A-107°|B-1073
Mo 4.61 0.415
S 29.54 1.564
TiCly 1235.00 | 13.336

TABIMIA 1. [lapameTpsl mapHbIX B3auMoaeHCTBUH A M B, HCIOIb30BaHHBIX B
ypaBHenuu (1) A5 MOJIeKyIspHO-AMHAMUYECKOTO MOJEIMPOBAHUS KaTUIUIIPHOTO
3armoaHeHUsT HAaHOTPYOOoK MoS, xuakum TiCly

[TponuknoBenne karu TiCl, B TpyOku paccmarpuBaiach C HCIOJNb30BaHHEM METOA
moutekyisipaort tuHaMuku (M) NVT ancam6nsa npu temmneparype T = 300 K u B Teuenue 1 He
¢ BpeMeHHbIM 11aroM 5 ¢c. Bo Bpems npouecca M]] koopauHaTEI aTOMOB 71t HAHOTPYOOK ObLIH
3a(pIKCHPOBAHBI, TO €CTh HAHOTPYOKH PacCMaTpPUBAIKCH KECTKHUMH IHITHHAPAMHU.

3. OO0cyxneHue pe3ybTaToB

BusyanbHas kapTtuHa nporecca npoHukHoBeHus kamiu TiCly, B monocth cynbpuaHON
HAHOTPYOKHU MMeeT OJIMHAKOBBIM XapakTep s 00eux paccMaTpuBaBLIMXCS HAHOTPYOok MoS, u
n3o0paxena Ha Puc. 1 ms (28,28)MoS,. Ha HauansHOM 3Tane HabmrogaeTcs ObIcTpast aacopOmus
mozekyn TiCly Ha kpasix BHyTpEHHEH U BHEIIHEH OBEPXHOCTH HaHOTPpYyOKu. [lasee nmpoucxoaur
IPEUMYIIECTBEHHOE 3allOJHEHUE MOJIOCTH HAHOTPYOKM KHMIKOCThbIO, MpUUEM Haubosee ObICT-
PO OHa pacHpoCTpaHseTcs BOJU3U CTEHOK HAaHOTPYOKH — 0Opa3yeTcst BOTHYThIM MEHHMCK. 3aTeM
HaOmonaeTcst 6osee MemyieHHas Tuddy3ust MoJeKys BO BHyTpeHHuM kKaHau xuakoro TiCly, an-
COpOMPOBAHHOIO HA BHYTPEHHEH CTEHKE HAaHOTPYOKH.

B nenom, 3amnosnHeHue MoJIOCTH paccMaTpuBaeMbIX HaHOTPYOok Mosekynamu TiCly mpo-
UCXOIUT 3a nepuop mnopsiaka 0.5 HC, 4TO 3HAUUTENILHO OBICTpEE, UeM 3allOJIHEHUE HAHOTPYOKU
MoS, nonnbM Pbl,, B ciydae KOTOpOro Karuisi paciuiaBa ¢ MEHBIIMMHU B TPU pa3a pa3MepaMu
MOJIHOCTBIO pa3Melianach B MOJOCTH HAHOTPYOKHU 3a Bpems nopsinka 1 He [24].
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Puc. 1. Craguu npouecca 3anonHenus (28,28) MoS, HaHOTpYOKkH Karuied TeT-
paxjiopuaga THUTaHa B pPa3HbIC MOMCHTBI BPECMCHHU 110 AAHHBIM MOJICKYJISIPHO-
JTMHAMUYECKUX PAaCUueTOB

Takoe ObIcTpOE BHKEHUE MOJIEKY IsipHON kuaKocTH TiCly BHyTpH HaHOTYOYISIpHOTO Ka-
HaJla MOXXHO OOBSCHHUTDH CIA0BIMU SHEPTHSIMH B3aUMOJICHCTBUS MEXIY MOJEKYJIaMH U CTCHKOU
HAHOTPYOKH, a TaKXkKe MEX1y CaMMMHU MOJIEKYJIaMHU, KOTOpble (PaKTUYECKH ONMUCHIBACTCS UCKIIIO-
YUTEJIBHO C MPHUBJICYEHHEM JIUCIIEPCUOHHBIX B3auMoneicTBuil. OueBuaHO, 4yTO Oosiee CHIIbHBIE
AIIEKTPOCTATUUECKUE B3aUMOJEHCTBUS KaK MEXAy MOHaMHU B paciulaBax cojied, Takux kak Pbly,
JIOJDKHBI 3aTPYIHSIOT U 00YCIIOBIMBAIOT OoJiee cadblid Apelid) HOHOB (M BCETo pacruiaBa B IICJIOM)
BHYTPb HAHOTPYOOK.

PaccmarpuBast npouecc 3anosnHeHust HaHoTpyOok xkuiakum TiCly, ctouT o6paruTh BHUMA-
HHUE Ha U3MEHEHHE COCTOSHHS XHUIKOCTH BHYTPU HAHOTPYOOK MO CPaBHEHHIO C €€ COCTOSHHEM
B BUJIC CBOOONHOI Kary. AHanu3 QyHKIUH pactpeneneHus g;;(r) A MeXMOIEKyIIPHBIX pac-
crostauid TiCl4TiCly cBUIETENBCTBYET, YTO TETPAXJIOPUA TUTAHA MPU 33JaHHBIX yCJIOBHAX JCH-
CTBHUTEJBHO SIBIISIETCS KHUIKOCTBIO, KAaK B CBOOOHOM COCTOSIHUH, TaK U BHYTPH HaHOTPYOOK, CM.
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puc. 2. ITpuuém, Mexay npodusiMu GyHKIMiL g;;(7) A1 BceX TPEX PaCCMOTPEHHBIX CIIydaeB He
HaOIOaeTCsl KaKoW-IM00 CyIIeCTBEHHOW pa3HUIlbl Kak B pOpMe U MHTEHCUBHOCTH COCTOSIHHIA,
TaK U B pacroyiokeHuu nukoB. Hambornee sipko BbIpaKCHHBIMHU MMHUKAMU SIBISIFOTCS] UKW TIpy 7.2
u 14 A, cooTBeTCTBYIOIIME pagiycaM TIEpPBOii U BTOPOil KOOPAMHALMOHHBIX C(hep MOIEKYIL
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Puc. 2. ®ynkuuu pacnpeaeneHus 1 MOJIEKYJ TETPaXJIOpuaa TUTaHa cIycTs 1 HC
B cBobomuoi kare TiCly (1), karute TiCly BHyTpH (21,21) MoS, (2) u (28,28)
MoS; (3) HanoTpyOOK

Hecmotps Ha sxunkoe coctosiHue TiCly BHYTpH monoctu cyiab(HIHBIX HAHOTPYOOK, 00-
Jiee JeTalbHbIi aHanu3 QYHKIMA pacipenesieHus MOKa3bIBaeT, YTO KUAKOCTh CTAHOBHUTCS OoJee
CTPYKTYpUPOBAaHHOW B paJuajbHOM HaIpaBIEHUU U MPUOOPETAET «0OOIOUEUHYIO» CTPYKTYPY:
HaOI0al0TCsl 00JIACTH C MOBBIIIEHHOHN KoHLleHTpauuel yactuil. Ha Puc. 3 u3o0paxken psa npo-
¢uneit pagnanpHbIX QyHKIWMI pacnpenenenus (uucio monekyn (N) TiCly, Haxomsmuxcs Ha
COOTBETCTBYIOIIEM PAcCTOSHUM OT OCH HAaHOTPYOKH) B 3aBUCHUMOCTH OT BpeMeHH. BuaHo, 4To
«000II09eYHas» CTPYKTYpa KUIKOCTH BOSHUKAET YK€ Ha TIEPBBIX ATAIAX MIEHETPAI[H ¥ CTAHOBHT-
cs BcE OoJee BBIpAXKCHHOU ¢ TeueHHeM BpeMeHUu — B ciryvae (21,21) u (28,28)MoS,; HaHoTpyOOK
00pasyroTcst COOTBETCTBEHHO 2 M 3 060mouku u3 Monekyn TiCly, puc. 3.

XOTst HAMH pacCMaTpUBAETCsl HATIOJTHEHNE HAHOTPYOOK Karuieif KOHEYHOTO pa3mepa, Ipes-
CTaBJISIETCS TOJIE3HBIM MPOAHAIM3UPOBATH IPUMEHUMOCTh MaKPOCKOITMYECKUX ypaBHEHUH, OMH-
CBIBAIOIIUX JIBIKEHHE MOTOKA XKHUAKOCTH B Kanwuisipe. B HacTosiee BpeMsi H3BECTHO HECKOJIBKO
TUTIOB JUIsl pexkuMa 1otoka. Kiaccuueckoe ypaBHenue JlykacaYomOopHa Ui TeYSHHs KaIluii-
JISIPHOTO TIOTOKA, KOTOPOE OBLIO BBIBEAEHO JIJISl HECKMMAEMOM HBbIOTOHOBCKOW JKUJKOCTH BHYTPH
WIMHIPUYECKOTO KalUJUISIpa, CBI3bIBACT BHICOTY CTOJIOMKA HAIMOIHSIONIEH KAWL KUIKOCTH
h (1IMHY TIPOHWKHOBEHHS) C TEUEHHEM BpeMeHH ¢ Kak h ~ +/t [38]. Onnako, mo3aHee ObLTH
00HApyKEHBI 3aBUCUMOCTH THIA i ~ t? uim h ~ t, KOIja JKUIKOCTh YCKOPAETCS KAUUISPHBIMU
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<N>, molecules | <N>, molecules

Puc. 3. PanuanpHOe pacmpezeneHue 4ucia MojieKyl <N> B 3aBUCUMOCTHU OT
BpeMeHHu t 1y Karmy xuakoro TiCly, manomusromein (21,21) MoS, (cieBa) u
(28,28) MoS, (cnpaBa) HaHOTPYOKH

CHJIaMH U HeoOXonuM y4€T MHepUUOHHBIX 3dexToB [39,40]. HenaBHee m3yuyeHne MpOHUKHO-
BEHMsI HOHHOTO paciuiaBa Pbly BHYTph yrnepoaHbIX U O0p-a30THBIX HAHOTPYOOK IOKAa3alio, 4To
3aBUCUMOCTb JJIMHBI IPOHUKHOBEHUS OT BPEMEHH, KOTOPOE MOXKET ObITh TaKXkKe BBIPAXKEHO Uepes
upcino vactuil (IN), 3amieAlnx B IMOJOCTh HAHOTPYOKH, ONMUCHIBACTCS CMEHIAHHOHN (GYHKIHEH
THUIMA:

at?
(N) = m7 (2)

KOTOpas BeAET cebs Ha HAYaJIbLHOM JTane BPEMEHM Kak MPONOPIMOHANbHAS t2, a ¢ TeYeHHEM
BpPEMEHH CTAaHOBHTCS MPONOPIHOHANBHA \/1 (a U b - mocTosHEbIe) [24]. TIpn 3TOM 6BIT0 TaKXke
YCTaHOBJIEHO, YTO JJI OMHCAHUsl ABMXKEHHUS TOTO K€ MOHHOTO paciulaBa BHYTPH CYIb(HUIHOM
MoS, HaHOTPYOKM JOCTATOYHO BOCHOIB30BATHCS KIIACCHYECKOH 3aBUCHMOCTBI0 < N >= av/1,
YTO BO3MOKHO IOJIYYUTh U3 ypaBHeHUH (2) npu b = 0.

[TpoBenCHHBIN HAMU aHATN3 PaAUAbHBIX (YHKIUNA pacHpeesieHUus] B 3aBUCHMOCTH OT
BpeMeHnH, Puc. 3, moka3eiBaet, uto kuHetnka npoHukHoBeHus TiCl, BHYyTpb HaHOTpYOOK Mo0S,
MOJKET OIUCHIBATHCS WHIUBUAYATBHO JUISI KOXKIIOW 00pasyromieicss «000JI0uKm» U HOCUTHh CMe-
IIAHHBIN XapakKTep, KOTOPbIH OyeT 3aBUCETh OT paauyca HaHOTPyOOoK. B cirydae manoit HaHOTPYO-
ku (14,14) nBrKeHUE >KUJIKOCTH OIMMCHIBACTCS JUIA KaXJI0HW OO0OJIOUKH C IOMOIIBIO YpaBHEHUS
(2) (Tab6m. 2). CornacHO MOCTOSSHHBIM b, KOTOPBIE OTJIWYHBI OT HYJIS, HA4uajo MPOHUKHOBEHHUS B
JAHHOM cilydae TpeOyeT HEeKOTOPOro MHAYKIIMOHHOTO BpeMeHH. [Ipu 3ToM, B IOJHOM CoOIvIacHH
C BU3YyaJIbHOM KapTHHON BXOXKIIEHUS KUAKOCTH B MOJIOCTh HAHOTPYOKH, TpeOyeTcs: Oombliiee H-
JTYKIMOHHOE BpeMs JUIsl IPOHUKHOBEHMsI BHYTPEHHEH yacTH KuakocTu. s HanoTpyOku (28,28)
¢ OOTBIIUM paTuycoM HAOIIONACTCS aHAJIOTHYHAsT KapTHHA, OAHAKO I 000JI09eK, HAXOISAIIHX-
csl OJIMKe K CTEHKaM HAHOTPYOKH, KOHCTaHTa b = 0 U UX POCT MOXKHO OIUCATh KIIACCUYCCKUM
ypaBHeHueM Jlykaca—YomoOopHa.
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HaHOTpyOKa rpy | @ b

52 1269 |0.21
(21,21) MoS, 11.7[954 |0.14
5.0 [3.770 [0.30
(28,28) MoS, 1141249 |0.00
17.8 1 10.14 | 0.00
TABJINIA 2. Cpennuii paguyc (7 pp, 1&) 000JIOYEK M3 MOJIEKYJ, 00pa3yIoNnuxcs B
xuakoct TiCl, B poriecce KamuuIIpHOTO 3aI0THEHUS CYJIb()HIHBIX HAHOTPYOOK
Y TapaMeTpsl a U b U1 X KUHETHYECKHUX KPUBBIX, ONMHCHIBAEMBIX yPaBHEHUEM

2

4. 3axiaouyeHue

MeTtonoM MOJNEKyJISApHOM TUHAMUKU U aHAIM30M (YHKIUM pacrpeneneHus HaMHu ObLIH
HCCIIeI0BaHbl KaIIWJUISIPHbIE CBOIICTBAa HEOPIraHWYECKUX HAHOTPYOOK cynbduaa monudaeHa MoS,
B oTHowmeHuu coiu TiCly. BusyanbHo npouecc HanogHeHUs Cylnb()UIHBIX HAaHOTPYOOK JKUAKH-
MU MOJIEKYJISIPHBIMH COJISIMU OyZleT aHaJIOTMYEH HAIlOJHEHUIO MOHHBIM paciiiaBoM [24] u Oyner
IIPOXOJUTH YEpe3 T€ KE CTaJUU ¢ 00pa30BaHMEM BOTHYTOIO MEHHMCKA. Tem He MeHee, HaOmonae-
Masi CKOPOCTb IPOHUKHOBEHUS B PACCMOTPEHHOM HaMU CJIy4ae OKa3bIBACTCSl 3HAUUTEIIBHO BbIILIE
BBUJly OoJsiee cl1a0bIX B3aUMOJIEHCTBUI MEXAY YacCTHLIAMU JKUIKON (asbl.

Cynbduaaple HAHOTPYOKH JEMOHCTPUPYIOT CIOXKHYIO AMHAMHUKY HAIOJIHEHHS MOJICKY-
msipHoii kuakocteio TiCly, koTopas BeIpakaeTcst B 00pa30BaHHM «00OJOYEHUHOI» CTPYKTYPHI
’KMJIKOCTH BHYTpHM UX nosocteil. HecMoTps Ha TO, 4TO moxoxkee siBJICHUE HAOMIOZAaeTcs U JUIs
cilydasi HaIllOJHEHUs MOHHBIM pacIIaBOM, pacCMaTpUBaBILIMMCs paHee Ha npumepe Pbl, [24],
KWHETHKa IPOHUKHOBEHUs I ciiyyast MoJieKymspHoi conu TiCly Gonee cioxHa U UMEET CBOU
ocobeHHOocTH. B TO BpeMs Kak MPOHUKHOBEHHSI HOHHOT'O PACIUIaBa OIMCHIBAETCS UCKIIIOUUTEIBHO
KJIaCCUUECKUM ypaBHeHHEM Jlykaca—YombopHa, MIPOHUKHOBEHHE MOJIEKYISIPHOM COJIM JIOJDKHA
paccMarpuBaThCS KakK paszieibHas UIs KaKIOW W3 HWIMHAPUYECKHX «000iouek» (obmacreit
JKUJIKOCTH C IOBBILICHHON KOHLEHTpaluell MOJEKYyl B paauaibHOM HampasieHuu). [Ipu 3tom
oOHapy»XHuBaeTcs, 4To onucanue auddysun «o001049eKk» BAOIb OCH HAHOTPYOOK OyJIeT 3aBUCETh
OT UX paguyca. B ciydae ManbIx HAHOTPYOOK HEOOXOAUMO HUCIOIb30BaHHE MOJU(PHUIIMPOBAHHOTO
ypaBHeHUs (2). B To Bpems kak JBM)KEHHE JKUAKOCTH BHYTPU HAaHOTPYOOK OOJbILEro paauyca
JIOJDKHO OIMCBIBAThCS ¢ HCIOJIBb30BAaHMEM Kilaccuyeckoro ypaBHeHMs Jlykaca—YomiOopHa Juist
«000J104eK» BOJIM3HM MOBEPXHOCTH HAHOTPYOKU M ypaBHEHHs (2) Il BHYTPEHHUX «000JIOUEK»
KHUJIKOCTH.

Hamm pe3ynbsraTsl CBUAETENBCTBYIOT, YTO IPOLIECC HATIOIHEHHS CYIIb(UIHBIX HAHOTPYOOK
MOJIEKYJISIPHBIMH TaJIOTEHUJIaMU He OyleT (pakTopoM, JIUMUTHPYIOIIUM CHHTE3 00Jiee CIIOKHBIX
KOMIIO3UTHBIX CHCTEM CYNIb()UIHBIX HAHOTPYOOK THITa M’So(@M»S,, 1 0c000€ BHIMAHHE CIIETYET
YACTUTh U3yYECHHIO N3MEHEHHSI KHHETUKN XUMUYECKUX PEAKIUH THAPOIIN3a U CyIb(ypPHpPOBAHUS
BHYTPH IOJIOCTH M HAa TIOBEPXHOCTH HAHOTPYOOK-TEMILIATOB.

PaGota BeImonHeHa npu nojaepxkke rpanTa [Ipesunnyma PAH.
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MOJIYJISIPHOE CTPOEHUE HAHOCTPYKTYP:
WH®OPMALIMOHHBIE KOJbI 1 KOMBUHATOPHbINI
JTU3AH

B. B. UBanos', B. M. Tananos!

Oxno0-Poccuiickuii rocynapcTBEeHHbINH TEXHUYECKUI YHUBEPCUTET
(HoBouepkacckuil MOTMTEXHUYSCKUA HHCTUTYT)

valtalanov(@mail.ru

PACS 81.05.Zx

CdhopmyarpoBaH NPUHIMIT MOAYJISPHOTO CTPOSHHSI HaHOCTPYKTYp. PaccMOTpeHBI BOIPOCH! BBIOOpa MOIYJS IUIst
MOAYJISIPHOTO JM3aiiHa W ajJropuTMa KOMOMHATOPHOTO MOZEIMpoBaHus. [IpenyiokeHo CUMBOJILHOE ONMCAHUE Ha-
HOCTPYKTYp C IOMOIIbI0O MH(GOPMAIMOHHBIX KOZOB. METOI0OM KOMOWHATOPHOTO MOIYJISIPHOTO IU3aiiHa CKOHCTPY-
UPOBAaHbI BEPOSITHBIE OJHOMEPHO-NIEPUOAUYECKUE U JBYMEPHBIE BaXKIbl IEPHOIUYECKHE HAHOCTPYKTYPBI U3 TO-
MOJIOTUYECKH MICHTHIHBIX IOJIMTOHOB U COOTBETCTBYIOIIME UM IUIOCKHE M OOBEMHBIC NUKINYECKHE M BHHTOBBIC
HAHOCTPYKTYpHl. OmpesieieHbl MHOXKECTBA OJJHOMEPHBIX U IBYMEPHBIX 0a30BBIX COBOKYMHOCTEH atomoB. [IpencTas-
JICH KpaTKui 0030p padoT 1Mo KPUCTAIUIOXMMHUUYECKHM OCOOCHHOCTSIM CTPOSHMSI HEOPTaHWYECKUX BEILIECTB, CTPYK-
TYPBI KOTOPBIX BKJIIOYAIOT CKOHCTPYHPOBAHHBIE HAHOCTPYKTYPBI Kak (PparMeHThl CTPYKTYP OOBIYHBIX KPHCTAILIOB.
Pe3ynbrarel KOMOMHATOPHOTO MOAY/ISIPHOTO AM3aifHA MOJMTOHHBIX HAHOCTPYKTYP MOTYT OBITh MCIIOJB30BaHBI PU
MOZIEIMPOBAHUH HOBBIX CTPYKTYPHBIX THUIIOB BEIIECTB, BKIIOYAIOIIUX ITOJUIOHOIIOJ00HBIE CTPYKTypHbIE ()parMeHTHI
W3 aTOMOB, OJJHOMEPHBIX U ABYMEPHBIX MOJIUAAPHUECKUX MOIYIICH M MOIYIbHBIX OJIOKOB.

KoaroueBblie ciioBa: NPUHIMIT MOAY/ISPHOIO CTPOCHUS, NHPOPMALMOHHBIA CTPYKTYPHBIH KO, KOMOMHAaTOPHOE MO-
JIETMPOBaHNE, MOIYIISIPHBIHN TU3aiiH, TTOJIUTOHbI, TOJIUIAPEI, HAHOCTPYKTYPBHI.

1. Beeaenue

[{enbro KOMOMHATOPHOTO MOIYJISPHOTO JU3aiiHA SIBIAETCS MOTYy4YeHHEe HEKOTOPOTO MHOTO-
o0pa3usi CTPYKTyp, TCHETUYECKU CBA3AHHBIX C ONPEEICHHBIM CTPYKTYPHBIM TUIIOM KPHCTAJIIOB
O0LINM CTPYKTYPHBIM MOyJieM. BO3MOXXHOCTB MTpOBEACHUSI MOAYIISIPHOTO JU3aifHa OCHOBaHA Ha
MIPUMEHEHUH OIpeNeleHHbIX (DyHIaMeHTalIbHBIX MPUHLUIIOB CTpOeHHs BeiecTBa [1-6]. Pa3Bu-
BAIOLIUM 3TH MIPUHIIHUIIBI TIOAXO0A0M, B YaCTHOCTH, SIBJISIETCS MOAXO/, Oa3upyIONIHiicS Ha MOHITUH
«HEeaBTOHOMHas (aza» [5], KOTOpBIA MPUMEHHM KakK JJIsi OMHCAHUS CTAaTUYCCKOTO COCTOSHUS
BEIECTBA, TaK M JIMHAMHYECKUX IMPOIECCOB B KOHACHCHUPOBAaHHBIX cpenax [7,8]. Oguum u3
TaKUX MPUHIUIIOB SBIISIETCS MPUHIIUIT MOAYJISIPHOTO CTpOEHUsT KpucTawioB [1, 5, 6]. B cooTBer-
CTBUU C HUM B CTPYKTYpE Ka)KJIOTO BEUIECTBA MOXKET OBITH BBIOpaH ()parMeHT, MpH JACHCTBHU
Ha KOTOPBIN 3JIEeMEHTAaMU CHUMMETPHH, 00pa3yIOLUMHU MPOCTPAHCTBEHHYIO TPYIIY CUMMETPUU
KpHUCTaJlJIa, TIOTy4YaeTcss BCsl OCTallbHash CTPYKTypa B oObeMe dlieMeHTapHOo# sueiiku. OmHako
HE BCSKUN CTPYKTYpPHBIA (parMeHT — MOIYJIb — MOXKET OBITh HMCIIOJIb30BaH JAJIsi MOAYJISPHOTO
nu3aiiHa [9]. CreneHp W30JMPOBAHHOCTH U KPUCTATIOXMMHUYECKAsl TOTOJIOTHS JAHHOTO MOZIYIIS
JIOJDKHBI TPEATOoararb BO3MOXKHOCTh HE OJTHOBAPHAHTHOTO €ro OOBEIMHEHHS C TAKUMU K€ MO-
JyJSIMUA B MOZYJIbHBIE OJIOKH 06€3 M3MEHEHUSI XUMHUUYECKOTO cocTaBa. MHOrooOpas3me MOIYyIsIPHBIX
CTPYKTYP SIBIII€TCS PE3YIBTaTOM PA3THUUYHBIX OOBEIUHEHUN BEPOSTHBIX MOAYJIBHBIX OJIOKOB JIPYT
C JIpyroM IO OIPEEICHHBIM 3aKOHAM.
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MeTon KOMOMHATOPHOTO MOJAETUPOBAHUS BEPOSTHBIX CTPYKTYpP BEIIECTB B TPEXMEPHOM
npoctpancTBe [10-14] ocHOBaH Ha MCIHOJIB30BAaHUU 28 WM3BECTHBIX TOMOJOTHYECKHU Pa3IUYHBIX
YIaKOBOK aToMoB. [‘eoMeTprueckue HEeHTPhl 3TUX aTOMOB B Ka)JIOH YIaKOBKE 00pa3yloT COOT-
BETCTBYIOIIYIO NMPABUIBHYIO CUCTEMY TOYEK, H30MOP(HYIO BEpIIMHAM OAHOM M3 28 BO3MOXKHBIX
KOMOWHALIUN 3aMOJIHAIONINX MPOCTPAHCTBO M30TOHOB — MOJUAIPOB C TOMOJIOTHYECKU WUICHTHY-
HbIMU BepiuHamu [11, 12].

Jnst mpoBeneHuss KOMOMHATOPHOTO MOJIYJSIPHOTO JAHM3aiiHa HAHOCTPYKTYpP HEOOXOIUMO
PEIINUTH CIEAYIONIHEe KOMOMHATOPHBIC 3a/1a9H:

1) 3agauy BeIOOpaA MCXOJHOTO JUIS AU3aiiHa CTPYKTYpHOIO MOAYJIS,

2) 3ajady aHAJIM3a Pa3IMYHBIX BAPUAHTOB PacIpeesICHHsI STHX MOIYJIEH B OJHOMEPHOM HIIH
JIBYMEPHOM MPOCTPAHCTBE U

3) 3amauy MOIEIMPOBAHUS BEPOATHBIX MOAYJSPHBIX HAHOCTPYKTYP B COOTBETCTBHU C OTIpE-
JIeTICHHBIMH TIPaBUIAMU—OTPAHUYEHHUSIMHU.

Kpurepuu Bb160pa MCXOTHOTO CTPYKTYPHOTO MOIYJSI CBOJSATCA K OINPEACIICHUIO €r0 KaueCTBEH-
HOTO W KOJIMYECTBEHHOTO COCTaBa M KoH(uUrypamuu. [IpaBuna—orpaHudeHus IJisi MOJEITHPOBaA-
HUS TIPEJIIONIAral0T HEM3MEHHOCTh COCTaBa Mpu (HOPMUPOBAHUU U3 MOJYJICH MOMYIIBHBIX OJIOKOB
U PAaBHOMEPHOCTb PAacCIpe/lelieHUs MOIYJIed M Pa3HOTUITHBIX MOAYJIBHBIX OJIOKOB B BEPOATHBIX
MOJYJISIPHBIX HaHOCTpYKTypax. [Ipu sToM Haunbosiee BEPOSTHBIMU CUYUTAIOTCS HAHOCTPYKTYPHI C
MUHUMAaJIbHBIMH [IEPUO/IaMU UJIEHTUYHOCTH U C 00Jiee CUMMETPUYHBIM PACHIOTIOKEHUEM MOIYJen
1 MOJYJIBHBIX OJIOKOB B HalpaBJICHUH WX yrnakoBku [9, 10].

Llens nganHOW pabOTHI — BBIOOP MOAyJeW IUIsi AW3ailHA U PACUETHOE KOHCTPYHPOBAHHE
BO3MOXXHBIX BAPUAHTOB OJTHOMEPHBIX U JIBYMEPHBIX HAHOCTPYKTYD.

2. Bpi0op Moayei AJsi AU3aiiHA HAHOCTPYKTYP

AnTopuTM BBHIOOpA CTPYKTYPHOTO MOAYJISL, KOTOPBIA MOKET OBITh MCIIONB30BaH JJISl KOM-
OMHATOPHOTO MOIYJSIPHOTO AM3aiiHa, MPEANonaraeT Cleayoue NPoLueaypbl:

1) ompeneneHne XapaKTEpUCTUK MOYJIS,

2) aHanM3 M UICHTU(UKALUIO 3aKOHOB YIIAKOBKU MOAYJIEH B BEPOSTHBIX HAHOCTPYKTYypax,

3) aHanmM3 BapHaHTOB M3MEHEHUS KPUCTAITIOXUMHYECKON TOIIOJIOTMU MOAYyJel 0e3 u3MeHe-
HHS UX COCTaBa,

4) BbIOOp HamboJee BEPOSTHOTO BapHaHTA HEU3OJIMPOBAHHOTO M JOCTATOYHO KOMITAKTHOTO
aCUMMETPUYHOro Moxyis [9].

[TpocreiimmMu MOIYISIMH ISl MOAYJIIPHOTO JM3aifHa BEPOATHBIX CTPYKTYP B OZHOMEP-
HOM U IBYMEPHOM IIPOCTPAHCTBE SIBJSIOTCS MMOJIUTOHBI (B YACTHOCTH, IPABUIIBHBIE 1-YTOJIBHUKY C
YHCIIOM BEepIIMH n = 3-6, 8, 12), a Takke MOJUIIPHI C TPaHSIMH U3 3THX NOJIUTOHOB. Bo3MoKHBIE
BapHAHTHI COUWICHEHHUS TIOJUTOHOB (HMJIU TOJIMAIPOB) B BRIOPAHHOM HANPABICHHH WM YIIAKOBOK
MOJINTOHOB (WJIM TOJURPOB) B TJIOCKOCTU MPHU COXPAHEHUH HX KPUCTAITIOXUMUYECKOW TOMO-
Joruu OyIyT COOTBETCTBOBATh ONPEICIICHHBIM MHOTOOOPA3HsIM OJTHOMEPHBIX WJIH JIByMEPHBIX
HAaHOCTPYKTYp. Eciin monuronHass HaHOCTpPYKTypa oOpa3oBaHa IMOJMTOHAMH C TOMOJOTUYECKU
UJACHTUYHBIMU BEPIIMHAMH, TO B OMHOMEPHOM WJIH JIBYMEPHOM IPOCTPAHCTBE ATH BEPIIUHBI 00-
pa3yloT NpaBUIbHYIO CHUCTEMY TOUYEK OAHOW W3 TPYNI CUMMETPUU OOPAIOPOB MU JBYMEPHBIX
MPOCTPAHCTBEHHBIX Ipynn cummeTpuu [15]. CooTBETCTBYIONIME UM OTHOMEPHBIC U JIByMEpHbIE
COBOKYITHOCTH aTOMOB MO)KHO paccMaTpHUBaTh KaK aHAJIOTH TPEXMEPHBIX 0a30BBIX COBOKYITHO-
cTel aroMoB, MOAPOOHO onucaHHbIX B [10].

Heo0XxoamMo OTMETHTh, YTO BBIOOp MOJUTOHHBIX HAHOCTPYKTYP B KadeCTBE OOBEKTOB
KOMOHMHATOPHOTO MOJYJISIPHOTO JIh3aiiHa B TaHHOW paboTre He ciydaeH. [oJuroHs! sSiBAstOTCS Of1-
HUMH U3 XOPOIIO U3BECTHBIX YHUBEPCAIBHBIX ONTUMYMOB (IHEPreTUYECKH MUHUMHU3UPOBAHHBIX
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TOYEUHBIX KOHPUTYpALIMi) B IBYMEPHOM MIPOCTPAHCTBE. B TpexmMepHOM MpOCTpaHCTBE aHAIOTHY-
HYIO POJIb SHEPTreTHUYEeCKH MHHUMHU3UPOBAHHBIX TOYEUHBIX KOH(UTYpaIMil BBITOIHSAIOT MOIUAI-
PBL, TPaHU KOTOPBIX MPECTABISIIOT cO00H BhILIenepedncieHnble monuronsl [16]. [IpencraBurenu
000MX BHUIOB YHUBEPCAIBHBIX ONTHMYMOB SIBIISIOTCS JOCTATOYHO KOMIAKTHBIMU 0Opa3oBaHU-
sMu. B cTpykrypHOU KpucTayuiorpaguu, CTpyKTYpHOH HEOPraHHMYECKOH XUMHH M TEpMOAHMHA-
MHUKE KOHJEHCHUPOBAHHBIX cpejl, Oa3upylouleiicss Ha MOAX0/le€ OCHOBAHHOM Ha MX ONHCAaHUU B
pamMKax TEOPHM CHUCTEM IPOCTPAHCTBEHHO pa3/i€iCHHBIX WM IMPOCTPAHCTBEHHO CONPSKEHHBIX
HEaBTOHOMHBIX ()a3 OHU M3BECTHBI JaBHO KaK HEU3OJMPOBAHHBIC (PParMEHTHI aTOMHBIX CETOK
WJTU TIOJIMPUYECKUX CIIOEB OTPOMHOTO MHOXKECTBA KpUCTAUIMYEeCKUX cTpyKTyp [11-13, 17-19].

3. WudopManuoHHBIH KO HAHOCTPYKTYP

B o6mem citydae 1noj nHGOPMALMOHHBIM KOJOM KPUCTAJUIMYECKOH CTPYKTYpPhl MOXKHO IO~
HUMAaTh €€ CUMBOJIBHOE OIIMCaHKE, B KOTOPOM COJEPKUTCS MH(OpMAIMs 0 TeOMETPUN U KpUCTall-
JIOXMMHMYECKOU TOIIOJIOTUHU OIIPEJEIICHHBIX MOAYJIEH U 3aKOHE UX YIIAKOBKH B TPEX KpUCTAJIOrpa-
(duuecknx HE3aBHCHUMBIX HarpaBieHHsX. [laHHas WHPOpPMAIUS O KPUCTAJUIMYECKOW CTPYKTYpeE,
IIPEJCTaBJIIEHHAsl B CUMBOJIBHOM BHJIE, ABJSAETCS HEOOXOAUMON M JIOCTATOUHOM ISl MOJIyYEHUs
ee TpaduuecKoro M300pakeHUs, a, CIEIOBATEIBHO, U JJISl ONpPENeICHUs e MPOCTPAHCTBEHHOMH
CUMMETPHHU H TOCIEAYIONIEH CTPYKTYPHOH M KPUCTAINIOXUMUYECKOW HICHTU(DUKAIHIH.

B ciryyae nmOJIMTOHHBIX WIH MOIUAPUYECKUX HAHOCTPYKTYP CUMBOJIBHOE OIHCAHUE UX C
MIOMOIIBI0 WH(POPMAITMOHHBIX KOJOB MOXKET OBITh YIPOIICHO. XapaKTep YIMaKOBKH CTPYKTYPHBIX
MoysieH (MOJIMIOHOB WJIM MOJIM3IPOB) B JIByX KpPHUCTAUIOIpaUUYECKUX HE3aBHCHUMBIX HalpaB-
JICHUSIX TIOJHOCTBIO ONPEAEISAETCS TeOMETPUEN M KPUCTAINIOXUMHUUECKOM Torosioruei N -roHoB.
IToaTOMy B CHMBOJIBHOM OIMCAaHUM IOJUTOHHBIX HAHOCTPYKTYP AOCTAaTOYHO yKa3aTb MX BHUJ U
HEOOXOIUMBIE XapaKTEPUCTUKU CTPYKTYpHOro Moxyis. Takum oOpa3oM, MH(OpMaIMOHHbIE KO-
JIbl HAHOCTPYKTYD, MOJy4YEHHbIE C IIOMOIIbI0O KOMOMHATOPHOI'O MOAYJISIPHOTO JM3aiiHa, B JaHHOM
pabote OyayT HmpeAcTaBIeHbl TPEXMO3ULIMOHHOW CUMBOJIBHOH 3alMChIO0 BUJA!

Nesrpa)-

B undopmanmnonHom kozpe Ha mepBoit mo3unu (N) CTOUT CUMBOJ, XapaKTepU3yHOLIUil
Pa3sHOBUAHOCTb HAaHOCTPYKTYphl, HanpuMmep: L (sunelHas), C (quxindeckas) wid S (cnupaib-
Has) — AJI1 OAHOMEPHO-TIEPUOINYECKUX HAHOCTPYKTYpP U MX NMPOU3BOAHBIX, P (mnockas) unu Ci
(uMnuHApUYEcKast) — Ul IByMEPHBIX ABaXKJbl MEPUOAUUECKUX HAHOCTPYKTYP M HUX HPOU3BOI-
HbIX. Ha Bropoii mo3uuuu cumBonamu (X {P}) npeacrasnena nupopmanus o reomerpun N-ToHa
(momurona {Pg} wmm momudnpa {Ph}) mnm, B obmem cirydae, N-TOHOB B ONpPEICICHHON KOM-
OMHAIMY, BBIMOJHAIOIIMX B JAaHHOW HAaHOCTPYKTYpE pojb CTpYKTypHOro monyis. Ilocnennss
HO3ULUSA [IPEAOoCTaBlIeHa A1 MHQOPMALUU O KPUCTAIIOXUMHUYECKON TOMOJIOIMH HOJIUIOHOB MU
HOJM3IPOB, 00PA3yIOIIUX JaHHYIO HAHOCTPYKTYPY.

[TpuBenem [UIsi WILTIOCTpALMM TPUMEpPHI 3alMCH UH(POPMAILMOHHBIX KOJOB HEKOTOPBIX
IeKCAarOHHBIX HAaHOCTPYKTYp. OIHOMEpHO-TIEpHOAUYECKAass HAHOCTPYKTypa M €€ IPOM3BOJLHBIC
C OJIMHAKOBBIMU TOIOJOIMYECKMMHU XapaKTEPUCTUKAMM I'€KCAroHOB: Ligy(4(2)—2(1)) — JIUHEHHAs,
Cé{6}(4(2)—2(1) — LMKIMYECKas IECTU3BEHHAA, Sg(6)(4(2)—2(1) — CIUPAJTbHAs C IarOM CIIUPAJIU U3
LIECTH T'€KCaroHOB. J[BymMepHas IBaXIbl NEpPUONUYECKas IJIOCKAash HAHOCTPYKTYpa M €€ IPOu3-
BOJHBIC: P{G}(G(g)) P{@}(4(3)_2(2)) P{G}(g(g)_4(2)) — IINIOCKHUEC, OCHOBAHHBLIC Ha CCTKC 666 ¢ pPa3sHbBIMU
TOTOJIOTMYECKUMHU XapaKTEepUCTUKaMH rekcaroHoB. HanocTpykTypa ¢ HH(OpMallMOHHBIM KOJOM
Cig(6}(6(3)) — UIMIMHAPUYECKas (HaHOTPYOKa), OCHOBaHHAs HA YIIAKOBKE B HAIPABJICHHUH OCH LIU-
JMHJPA NIECTU3BEHHBIX HUKIMYECKHX JIEHT ¢ KOIOM Ce6)(4(2)—2(1)) -
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4. KomOMHATOpPHBIN AU3alH M KOHCTPYMPOBAHME OJHOMEPHBIX HAHOCTPYKTYP

ITpu KOHCTPYHPOBAHUH BEPOATHBIX OTHOMEPHO—TIEPUOANYECKHIX ITOJTUTOHHBIX HAHOCTPYK-
Typ OyaeM NpUHUMATh BO BHUMAaHHUE TOJBKO HanOolee CUMMETPHUYHBIE TOIMOJOTHYECKU pasiiu-
YUMBbIE CTPYKTYpPbl C MUHUMAJIbHBIM MEPHOIOM HIEHTUYHOCTH B HANpPaBJIEHUM YIAKOBKH IOJIH-
roHoB. IIpu sToM Oynem paccMaTpuBaTh TOJNBKO YIAKOBKH M3 TONOJOTMYECKH MICHTHUYHBIX WIN
ONMM3KUX TIO0 BEPUIMHHOW TOIOJIOTHH TMOJUTOHOB (TOIOJIOTHH CBsi3aHHOCTU BepinuH [12]). B co-
OTBETCTBUHU C OOILMMU MOJIOKEHUSIMH 3HEPreTUIeckoil Kkpucramioxumuu [16, 17] umeHHo Ttakue

MIOJIMTOHHbIE HAHOCTPYKTYpPbl OyayT Haubosee BEpOSITHBIMU MOIYISIMH B CTPYKTypax KpucCTa-
JINYECKUX BEILECTB.

4.1. Ilemo4yeyHbIe OTHOMEPHO—NEPUOINIECKHE HAHOCTPYKTYPbI Lipy (7

B kadecTBe MONUIOHOB 7Sl AU3aifHA UCIIONB30BAIM NMPABUIIbHBIE MHOTOYTOJIBHUKH — H30-
TOHBI — C TPEMS, YeThIPbMS, MATHIO U HIECThIO BepiinHamu. [Ipu popMupoBaHUU TOMOIOTUYECKU
Pa3IMYUMBIX CTPYKTYp YUUTHIBAIM paziuuue LUC— U TPAHC—BEPUIMH MOJIUITOHOB C OAMHAKOBOU
TOTIOJIOTUEN CBSI3aHHOCTH BEPIIHH, a TAKXKE PA3TUYHBIA XapaKTep B3aUMHON OpUEHTAIIMU TOJIH-
TOHOB IIETIOYEK B HANPABICHUM WX uepenoBanus (puc. 1). Bo3aMoxkHBIE TOMOIOTHU CBSI3aHHOCTHU
BEPIINH TOJIMTOHOB M CUMMETPHSI BEPOSTHBIX MOJUTOHHBIX OJHOMEPHO-TIEPUOAMUYECKUX HAHO-
CTPYKTYp mpuBeneHsl B Tabn. 1. [IpencraBiieHbl Takke cxeMaTHUECKUE M300pakeHus Hauboliee
BEPOATHBIX HAHOCTPYKTYP L pg) () ¢ MUHUMAIILHBIMH NIEPHOAAMU UICHTHYHOCTH M3 MOJIUTOHOB
C KOJIMYECTBOM BepiuH 3, 4, 5 u 6 (puc. 2).
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Puc. 1. Tononoruuecku pazIuyHbIE COKOOPIMHAILMM OIMKaWIIMX H30JIMPOBaH-
HBIX TPUTOHOB (@), TeTpParoHoB (0), MEHTArOHOB (B) U IeKCAaroHOB (T)

4.2. Ilnockue HUKJIMYECKHE HAHOCTPYKTYPbI (moaumepbl) Cipgy(7)

[Ipu hopMHPOBAHNH BEPOSTHBIX LUKIMYECKHX HAHOCTPYKTYP M3 IOJIUTOHOB M MOJIUTOH-
HBIX OJIOKOB 0€3 N3MEHEHUS X MHAWBHIYAIBHBIX TOIOJOIMYECKUX XapPaKTEPHCTUK yUUTHIBAIIH,
4TO BHEIIHUH YroJl MeXay peOpaMu COCETHUX B IUKJIE HOJIUIOHOB (3 TOJDKEH OBITh HE MEHBIIE,
4eM BHYTPEHHHH yroil HOJHMIOHA o, T.e. § > « = [(n — —2)/n|m, tae n — KOTM4ecTBO BEPIINH
nonurona. CxeMaTHyecKue M300paKeHHUs BEPOSTHBIX [UKINYSCKUX MOJIUTOHHBIX HAHOCTPYKTYD
Cipg}(r) ¢ KOMIUIAHAPHBIM PACHOJIOKEHHUEM TIOJIMTOHOB M MX XapaKTePUCTHKH (B TOM dYHCIIE
CUMMETpHUs) NPEICTaBIEHbI HAa pUC. 3 U B Ta0J. 2, COOTBETCTBEHHO.
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No\ No Tomonorust BepunH | XapakTep COUICHEHUs BosmokHas cummer-
o\ nonurona, T MOJIUTOHOB pus*
Tpuronnsie HaHOCTPYKTYPHI L3)(7)
1 3(1) M30JIMPOBAaHHbIE t:myt:2 a,t:2-
m

2 2(1) - 1(2) BEpPLIMHAMU t:m,t:2 m

3 1(1)-2(2) BEpIIMHAMHU t:m

4 3(2) BEpIIMHAMH U peOpamMu t:2 m

5 2(2) - 1(3) BEpIIMHAMH U peOpamMu t:m

6 3(3) pebpamu t:2 a
Terparonnsie HAHOCTPYKTYPBI L4y (1)

1 4(1) H30JTMPOBAaHHBIC t:2 m

2 3(1)-1(2) BEpIIMHAMHU t:2 ' m

3 2(1)-2(2) BEpPLIMHAMH t:2 a,t:2 m

4 1(1)-3(2) BEpIIMHAMH U peOpamu t:2a

5 4(2) pedpamu t:2 ' m
ITenraronHsie HAHOCTPYKTYPBI L5y (7

1 5(1) H30JTMPOBAaHHBIC t:m,t:2 a

2 4(1) - 1(2) BEpPLIMHAMH t:2 ' m

3 3(1) - 2(2) BEpIIMHAMH UK pedpamu t:2a

4 2(1)-3(2) BEpIIMHAMH U peOpamMu t:2 ' m

5 1(1) - 4(2) pebpamu t:2a
I'ekcaronHele HaHOCTPYKTYPBI L6y (1)

1 6(1) M30JIMPOBAaHHbIE t:2 ' m

2 5(1) - 1(2) BEpIIMHAMHU t:2 ' m

3 4(1)-2(2) BEpIIMHAMH UM pedpamu t:2 a,t:2 m

4 3(1) - 3(2) BEpIIMHAMH U peOpamu t:m

5 2(1)-4(2) pebpamu t:2 a,t:2 m

TABTMIA 1. Tomonoruu cBA3aHHOCTH BEPIIMH MOJUIOHOB (¢ n = 3 - 6) U cuUM-
METpUS BEPOSATHBIX OJHOMEPHO-NEPUOANYECKUX MOJUTOHHBIX HAHOCTPYKTYD

Lipgy(r)

IIpumeuanue: * - cuMMETpUs TaHHBIX HAHOCTPYKTYP OMHCHIBACTCS KPUCTALIOTpapruecKUMU
IpyIIamMmu CUMMETPUU GOparopoB G B COOTBETCTBHH € 0003HAYEHHUSAMH, TIPUHATHIME B [15].

4.3. OO0beMHbIE MUKJIMNYECCKHUE TITOJIUTOHHBIE U MMOJUIAPUICCKUE HAHOCTPYKTYPbI C{p}(T)

OTMmeTHM, 4TO Ka)/ias U3 IOJIYYEHHBIX BBIIIE HAHOCTPYKTYP COIEPXKUT TOJIBKO KOM-
IUIAHAPHBIE TOJIUIOHBL. B ciyuae, ecnu 1/ IIIOCKOM LUKIMYECKOM HAHOCTPYKTYPhI Cipgy(r)
YKa3aHHO€ BBIIIE€ COOTHOLIEHUE MEXKIY BHYTPEHHUM M BHEUIHUM YIJIAMH HE BBINOJHSJIOCH, T.€
B8 < @, BepOsATHOW CUUTAIN COOTBETCTBYIOIIYIO €i1 IOCTaTOYHO CHUMMETPHYHYIO HAHOCTPYK-
Typy C’{pg)(T)C HEKOMIUIAHAPHLIMHU TIOJIMTOHAMH (3TOT (haKT OTMEYEH 3alATON MOCIE CHMBOJIA
BUJIa HAaHOCTPYKTYPHI), CBA3aHHYIO C MCXOAHOW KOH(GOPMAIIMOHHBIM MpeBpalieHueM. Bo3mox-
HOCTb IIOJJOOHOTO MpEBpALLEHHUs ISl CHMMETPUYHBIX HUKINYECKUX HAHOCTPYKTYp OOyCIIOBJIEHA
TOMOJIOTMYECKUM CBOMCTBOM JIByXCBSI3aHHBIX BEPLIMH IOJIUTOHOB, ()OPMaTIbHO BBIMTOJIHSIOLIUX
(YHKIMIO HIAPHUPHOTO COEOUHEHHsA. B 4acTHOCTH, A MPOCTEHIIMX aTOMHBIX WJIM MOJEKY-
JSPHBIX LMKINYECKUX HAHOCTPYKTYp B (pOpMe rekcaroHa M OKTaroHa Ha pHc. 4 IpeicTaBlICHBI
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Puc. 2. BeposTHBIC TONOJOTUYECKH PA3TUYHBIC OJHOMEPHO-TIEPHOINYCCKUE Ha-
HOCTPYKTYPBI L{pgy(1) U3 TPUTOHOB (@), TETParoHoB (0), MEHTaroHOB (B) U rekca-
roHOB (T) (HyMepanusi U300paKEHHBIX MOJMTOHHBIX HAHOCTPYKTYP COOTBETCTBYET
HyMepaluu, MPUHATON B Tadi. 1)

COOTBETCTBYIOLIUE UM BapHUaHThl PA3IMYHBIX CUMMETPUUYHBIX I'€OMETPUUYECKUX KOH(UTYpalui,
CBSI3aHHBIX C MCXOTHBIMH HAHOCTPYKTYpaMHu KOH(OpPMAaMOHHBIMU Tiepexofamu [12].

B03MOKHOCTB NpeBpaleHHs IUIOCKUX MOJIMTOHHBIX IEMOYEYHBIX HAHOCTPYKTYP Lipgy (1)
B 00beMHBIC L’ {pgy(7) MOXKET OBITH pPeann30BaHa C IOMOMIBIO TAKUX KOH()OPMALMOHHEIX H3Me-
HEHHH TOJIMTOHOB KakK MPOTHUBO(A3HOE BPAIICHUE COCETHUX MOJIMTOHOB HAHOCTPYKTYPBI BOKPYT
oCH, MPOXOASAIICH Yepe3 LKUC— WM TPaHC—BEPIINHBI ¢ Tomojoruen 1(2), Bpamenue pedpa, co-
SIIMHSIOIIETO JIBe CBOOOHBIC BEPINMHBI MOJUIoHA ¢ Tomnosorueit 1(1), BOKpyr ocu CHMMETpUU
MOJIMTOHA BTOPOTO TOPSIJIKA WIIM CMEIEHHE CBOOOTHBIX BEPIIWH B HANPABICHHU, EPIICHIUKY-
JSIPHOM K TUIOCKOCTH TOJIMTOHA, PACCIIOCHHE CHCTEMbI BEPIIUH MOJIHMIOHA C JFOOBIMH TOIOJO-
THSAMH Ha JIBE TMOJCHCTEMBI BEPIIHH, PACIIONIOKCHHBIX B MapaUICIbHBIX IUIOCKOCTAX (pHC. 5).
I[J'ISI IJIOCKUX HNUKINYCCKUX IMOJIUTOHHBIX HAHOCTPYKTYP C{pg}(T) HapsaAay € YKa3aHHBIMH BBIIIC
MEXaHH3MaMHU MOXKET OBITh 3a/IeWCTBOBAaH U KOMOMHUPOBAHHBIM MEXaHU3M, XapaKTEPU3YIOLTUNCS
OJHOBPCMCHHBIM aHTI/I(I)a?;HBIM BpalICHHUEM IIOJIMTOHOB U UX KOH(i)OpMaI_[I/IOHHLIM MMpEeBpalICHUEM
B COOTBCTCTBYIOIIUC MMOJIUSPEI.
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Puc. 3. BeposarHble HUKIHYecKHe HAHOCTPYKTYPhI Cnypgy(r) € KOMILIAHAPHBIM
pacnonioxxernreM Tpuronos (3-1 — 3.14), rerparonos (4-1 — 4-5), nenraronos (5-1)
U rekcaroHos (6-1)
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Puc. 4. Ilnockue aromHble MOMUToHbI (rekcaroH (1) m okraroH (2)), a Takxke
COOTBETCTBYIOIIHE UM KOHPOPMAITHOHHBIE MOAUDUKAIIUH: «KPEeCIoy» (a), «BaHHA»
(6), «cemno» (B), «xopoHa» (T)
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No\Ne | Tomosnorust BeposatHbie  nukinuue- Bosmoknas cummMerpus®
m\ 1 BEPLINH CKHe
nonurona, T | HAHOCTPYKTYpPHI
I |11
Tpuronnsie nanoctpykrypbl Cysy (1)
1 1(1) - 2(2) Tpuron n-mepsl (n = 3- | 3m, 4mm, 5m, | 2, 3, 4, 222
6, 8) 6mm, 8mm
2 3(2) Jutpuron n-mepsl (n = | 3m, 4mm, 5m, | 3, 4, 32
6, 8) 6mm, 8mm
3 2(2) - 1(3) TpuTpuron n-mMepel 4mm, mm?2
(n=3,4,6,8)
Terparonnsie HaHOCTPYKTYPBI Ci41(T)
1 2(1)-2(2) Terparon-n-mepel (n = | 4mm, mm?2 mm?2, 3m, 4mm
4,8, 12)
2 1(1) - 3(2) JluteTparon-trerpamep | 4mm mm?2, 3m
ITenraronneie HaHOCTPYKTYPHI Cysy(7)
1 3(1) - 2(2) - 4, 5Sm
2 2(1) - 3(2) - mm?2, 3m, 4mm
3 1(1) - 4(2) [Tentaron-nexamep Sm -
I'excaronnsie HaHOCTPYKTYPBI Cyey(7)
1 4(1) - 2(2) - 3, 3m, 4mm
2 3(1) - 3(2) - 3m, 4mm
1 2(1) - 4(2) ['excaron-rekcamep 6mm -

TABTMIA 2. Tomonoruu CBS3aHHOCTH BEPIIMH MOJUTOHOB (¢ n = 3-6) U CUM-
METPHsl BEPOATHBIX LMKINYECKUX HAHOCTPYKTYDP Cypgi(7) ¢ KomIutaHapHeM (1) u
HekomIutaHapHbeIM (II) pacnonoxkeHreM MoJMroHOB

Ipumeyanue: * - CAMMETPHUS JAHHBIX HAHOCTPYKTYP OINUCHIBAETCS TOUEUHbIMH Tpyrnamu G2
(B TOM umcIie U HeKpHucTauiorpadpudeckumu rpynnamu) [15].

BapuanTtel Hanbosnee CHMMETPUYHBIX JTUHEHHBIX M IUKIHUYECKUX CTPYKTYp C HEKOMILIa-
HapHBIMU TTOJIMTOHAMH WUJTU TIOJTUTOHHBIMH OJIOKAMH U TIOJIMAIPAMU MPEICTaBICHBI HA puc. 6-9.
Tomonoruueckue XapakTepUCTHUKU U CUMMETPHsI BEPOSTHBIX MOJUTOHHBIX M HEKOTOPBIX MOJIUA-
PHYECKHX CTPYKTYpP MPUBEACHBI COOTBETCTBEHHO B Ta0Mm. 2 u 3.

4.4. ChnupajbHble MOJUTOHHBbIE U MOJHIIPUYECKHE HAHOCTPYKTYPHI S N{P}T)

IIpu popMupoBanMu CIUPANBLHBIX HAHOCTPYKTYP Sy{py(r) M3 NOJUTOHHBIX M IIOJUII-
pPHYECKHUX LEnoYeK Lypy(7) MpH COXpaHEHHH BEPIIMHHON TOIOJIOIHMHU IOJMIOHOB M IOJIU3APOB
IIOJIyYEHBI BEPOSATHBIE CTPYKTYPbl C MUHUMAJIBHBIMM ITapaMeTpaMy LIMJIUHAPUIECKOM 21eMEeHTap-
HOM sYeHKH (115 IUIOCKUX TOJIMTOHHBIX LENOoYeK) 1 MUHUMAJIbHBIMU M€PUOJAMU UICHTUYHOCTH
B HallpaBJICHUU aKCHUAJIbHOW OCH CIIHpaJId — LIaroM CIUpanu (Uil NOJUAPUYECKUX LEMOYEK).
IIpuMephl HEKOTOPBIX CIUPAIbHBIX IOJMIOHHBIX HAHOCTPYKTYP Sy {pg}(7)B PaaUaIbHOM Ipo-
exuuu mnpencrasieHbl Ha puc. 10. Tomomornyeckue xapakTepUCTUKU U CUMMETPHUSI BEPOSTHBIX
MIOJIMTOHHBIX CIMPAJIEBUIHBIX HAHOCTPYKTYpP MPHUBENEHBI B Ta0II. 4.
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Puc. 5. BeposiTHbie KOHPOPMAITMOHHBIE MPEBPAIICHHUS TETPAroHOB (a, 0), MeHTa-
TOHOB (B, T) M TEKCAaroHOB (1—3) B MOJIH3APHI
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PUcC. 6. BeposiTHbIE TOMOJOTUYECKH pPa3IHYHBIC IIENOYCYHBIC TOJUTOHHBIC Ha-
HOCTPYKTYPBI L{pgy(7) € HEKOMIIAHAPHBIM PACIIOI0KEHUEM MOIMIOHOB: TPHIO-
HOB (a), TeTparoHoB (0), MeHTaroHoB (B) M rekcaroHoB (T) (Hymepamus n3o0pa-
YKCHHBIX HAHOCTPYKTYpP COOTBETCTBYET HYMEpAIlUH, IPUHATOH B TaOMI. 3)
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Puc. 7. BeposiTHbIe TOIMOJIOTUYECKU PA3IUYHbIE MKJINYECKUE TOJIUTOHHBIE Ha-
HOCTPYKTYPbl Cn{pgy(1) € HEKOMILIAHAPHBIM PACIIOJI0KEHUEM MOIMIOHOB: TPHIO-
HOB (@), TeTparoHoB (0), MEHTaroHOB (B) W T'eKcaroHoB (T) (Hymeparus n3oopa-
KCHHBIX TPYIIIT HAHOCTPYKTYP COOTBETCTBYET HYMEpAIlUHU, MPUHITON B Tabd. 4).

a

i
<O
Vs A A EDEDEDEDE
£ % T % < Q Q Q ‘Q
Puc. 8. BepOHTHBIe TOIIOJIOTUYCCKU PA3JIMYHBIC HCIIOYCYHBIC IMOJIU3APHYCCKUC

HAHOCTPYKTYPbl L{pp) (1), MONYYEHHBIE U3 COOTBETCTBYIOIIMX IOJMIOHHBIX Ha-
HOCTPYKTYD Lpgy(r): TETPAroHHBIX (@), IEHTarOHHBIX (6) U reKCarOHHbIX (B)
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[Monusnpuueckas Tomonorust  Bep- | Bosmoxknas cummerpus **
HaHOCTPYKTypa * OIMH  T[OJUAIPA,

T
I I
U3 TETPAdAPOB 2(1)-2(2) t* 2/mmm, 4mm (a - 1,4)
t-2/m(a) 6mm (6 — 2,5)
8mm (B — 3,6)
U3 TSATUBEPIIMHHUKOB 3(1)-2(2) t - 2/m (0) mm2 (a - 1,4)
3m (6 - 2,5)
4mm (B — 3,6)
U3 IIECTUBEPIIMHHUKOB 4(1)-2(2) t 2/m, mm2 (a - 1,4,6,10)
(B TOM wumcie, H3 OK- t-2, 3m (6 - 2,5,7,11)
Ta3APOB U TPUTOHAIBHBIX t - 2/mmm (B) 4mm (B - 3,6,9,12)
IIPU3M)

TABIUIIA 3. Tomosorusi TOJNHUIAPOB M CUMMETPHSI BEPOSTHBIX IEMOYCUHBIX
Lipnyry () m mukmuueckux Cyppyr) (II) momusapuyeckux HaHOCTPYKTYP, IIO-
JIy9EHHBIX M3 COOTBETCTBYIOIIMX HOIMTOHHBIX HAHOCTPYKTYP Lipgy (1) B Cipgy(T)

IIpumeyannsi: * — cuMMeTpUs TaHHBIX HAHOCTPYKTYP ONMCHIBAETCS IPYNIIaMU CUMMETPHUH
crepxnedt G? (U1 IETIOYEHBIX CTPYKTYp) WM TOYEYHBIMU rpyrmamMu Gj (IJ1s UMKITMIECKuX
CTPYKTYp) B COOTBETCTBUU C 0003HAYCHUSMH, IPUHATHIMU B padote [15].

** — OyKBEHHbIC U YHMCJIOBbIE CUMBOJIbI COOTBETCTBYIOT 0003HAYEHUAM Ha puc. 8§ U 9.

Puc. 9. BeposTHbie TOMOJOTHYECKH Pa3IUYHbIE ITUKINYECKUE MOIUIPUIECKUE
HaHOCTPYKTYPBl Cn{pp}(T), HOTYYEHHBIE M3 COOTBETCTBYIOMIMX MOIMIOHHBIX Ha-
HOCTPYKTYpP C'y py(7): TETParOHHBIX (a), IEHTarOHHBIX (0) M N'eKCaroHHLIX (B)

5. KomOuHaTOpHBIN 1M3aliH 1 KOHCTPYHPOBAHME ABYMEPHBIX HAHOCTPYKTYP

[Tpu KOHCTPYHUPOBAHUU BEPOATHBIX JBYMEPHBIX MOJIUTOHHBIX HAHOCTPYKTYp OyaeMm mpu-
HUMaTh BO BHUMAaHHUE TOJIbKO Hau0O0JIee CUMMETPUYHBIE TOTIOJIOTUYECKU PA3TUIUMBIE CTPYKTYPhI
C MUHUMAJILHBIM TIEPUOIOM UACHTHYHOCTH B JIByX HE3aBUCUMBIX HAIIPABICHUSIX YIIAKOBKH ITOJIH-
roHoB. [Ipu sTom Oynem paccmarpuBaTh TOJIBKO YIAKOBKH M3 TOIMOJIOTHYECKH UACHTHYHBIX WU
ONMU3KUX IO BEPIIMHHOM TOMOJIOTHUU MOJIUTOHOB.
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Puc. 10. M3o0paxkeHus pagualbHbIX TPOEKIUN BEPOSTHBIX TOMOJIOTHYECKH pa3-
JIUYHBIX BUHTOBBIX TETPArOHHBIX (@), MEHTAroHHbIX (0) U TeKCAaroHHBIX (B) HAHO-
CTPYKTYDP SN py(T), TIOIYIEHHBIX U3 COOTBETCTBYIONIMX IIEMIOYEYHBIX ITOJUTOHHBIX
HAHOCTPYKTYD Ly py(T)

5.1. IMosHOCTBIO 3aII0JIHEHHbIE NOJUIOHHbIE HAHOCTPYKTYPBI P(s(pg1) (1)

B kauecTBe MoOJMIoOHOB /71 M3aiiHa UCIOJIb30BAIM IPABUIbHBIE MHOTOYTOJIBHUKHY — M30-
roHsl. B Ta0n. 5 mepeuynciieHbl MOJUTOHBI, ISl KOTOPBIX B MX BEPOSATHBIX KOMOMHAIUAX BbINOJ-
HSIETCS YCIIOBUE Xv; = 27 JJI1 BHYTPEHHUX YIVIOB (v; BCEX 1—X IOJIMTOHOB, CXOASIIUXCS B OJHOMN
BEpILUHE.

OTmeTuM, 4TO BCE BO3MOMKHBbIE KOMOMHAIIMM HPABUJIBHBIX ITOJUTOHOB, 3aIlOJIHSIOIIMX
IUIOCKOCTh 0€3 NMPOMEXYTKOB, MOTYT OBITh BBIBEAECHBI U3 PE3yJbTaTOB PEIICHHUs aHAJIOTHYHOU
3aJ]ayd C TOMOILBIO IPABUJIBHBIX U MOJYIPABUIBHBIX MHOTIOTPaHHUKOB—H30TOHOB, IOJHOCTBIO
3aMONHSIONUX TpexMepHoe npocTpancTBo [10]. B aTom cnydae pemienue st JByMEPHOTO IMPO-
CTPAHCTBA CBOJUTCS K OAMHHAIATU W3BECTHBIM IMTOJUTOHHBIM CETKaM C TOIOJIOTMYECKU SKBHUBaA-
JIEHTHBIMU y371aMu (aByMepHble ceTku [llnedmnu, puc. 11) [12]. Tononaorus y3iaoB MI0CKUX CETOK,
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No\ Ne Tomonorus Bepina nonurona, T | BepositHble 1uknnye- | Bo3moxHast — cUMMeT-
m\ 1 CKUe JICHTHI U CIHpaib- | pus™
HbIE HAHOCTPYKTYPBI
Terparonnsie HaHOCTPYKTYPHI Cn 4} (1) U Sn{ay(T)
1 4(2) Jleara w3 N Terparo- | N/mm
HOB
2 2(1) -2(2) Crpans u3 N TeTparo- | Sy, Sy/2
HOB
3 1(1) - 3(2) Cmmpanb u3 2N gutet- | Sy, Sy/2
paroHoB
Ilenraronnsie HaHOCTPYKTYPBI Cn(51(7) B SN {5}(T)
1 1(1) — 4(2) Jlenta u3 N menraro- | 7Nm
HOB
2 2(2) - 3(1) Crpanb u3 2N nenra- | Sy, Sy/o
TOHOB
3 3(2) - 2(1) Crmpans u3 N gunes- | Sy, Sy2
TaroHOB
4 4(2) - 1(1) Crupans u3 N gunes- | Sy, Sy2
TaroHoOB
I'excaronnsie HaHOCTPYKTYPBI C61(7) B Sn 6} (T)
1 2(1) - 4(2) Jlenra u3 N rekcaronos | N/mm
2(2) —4(1) Cnmpanb u3 2N rekca- | Sy, Syyo
TOHOB
3 3(2) - 3(1) Cnmpanbs u3 N jgurek- | Sy, Syyo
CaroHoB
4 4(2) - 2(1) Cnpanbs u3 N jgurek- | Sy, Syyo
CaroHoB

TABJINIIA 4. Tormosioruu CBSI3aHHOCTH BEPIIHH MOJUTOHOB M CUMMETPHUS BEPOSIT-
HBIX LUKIMYIECKUX JIEHT Cypg) (1) U COMPAIBLHBIX HAHOCTPYKTYDP Sn{pgy(T)

Ipumedanue: * - CHMMETPHUS HAHOCTPYKTYP OMHCHIBAETCS TOYEUHBIMHU rpynmnaMu G, (s
JIEHTOYHBIX CTPYKTYP) WM IWIHHApHYeckuMu rpyrmnamu G3; (uis cimpanbhbix crpykTyp) [15].

a TaKXKe CUMMETpUSl COOTBETCTBYIOLIMX UM IOJUTOHHBIX HAaHOCTPYKTYp NpHUBelIeHa B Tabi. 6.
Cummerpust 1aHHBIX 0a30BbIX HAHOCTPYKTYP OIMCHIBAETCS IUIOCKUMH KpUCTAIIOrpaduuecKuMu
rpymmamu Go? B COOTBETCTBUH ¢ 0003HAYEHUSAMH, HPUHATHIMA B [15].

9
5.2. YacTu4Ho 3aI0JIHEHHbIE MOJMIOHHbIE HAHOCTPYKTYPLI P’ (w1 poy) (1)

B ciydae HEMosHOTro 3aroJIHEHUs LIEHTPOB MOJUTOHOB CYIIIECTBOBAHUE JIByMEPHO-TIEPUO-
JUYECKUX HAHOCTPYKTYP C TOMOJIOTMYECKH MJICHTUYHBIMM BEpIIMHAMM IOJIMIOHOB TAKKE BO3-
MOXHO. B 5TOM citydae 00pasyroTcss HaHOCTPYKTYpPEI P’(siypg1)(7) € NOJIMTOHHBIMU IIOJIOCTSAMHU.
Torosoruu CBA3aHHOCTH BEPUIMH MIPABUIbHBIX MOJIMIOHOB U CUMMETPHUS IPOU3BOJHBIX OT IOJIH-
TOHHBIX JIByMEpHO-TIeproauueckux ctpyktyp 3%, 4% u 63 npusenennt B Tabn. 7. [lpencTapieHsl
TaK)K€ CXEMATUUECKHE M300paXeHUs ITUX CTPYKTYP ¢ MUHMMAJIbHBIMU NEPUOJAMHU UJIEHTHYHO-
CTH U3 IOJIUTOHOB € TOTOJIOTUYECKU 3KBUBAJIEHTHBIMU UM OJIM3KUMHU 110 TOIOJOTUHU BEPIIMHAMU
(puc. 12-14). Cxemarnueckue H300pakeHUs HanOoJjiee BEPOSTHBIX CTPYKTYP, HMPOU3BOIHBIX
OT Te€TEPONOJIUTOHHBIX CETOK, ¢ MMHUMAJIbHBIMU MEPUOAAMM HIECHTUYHOCTH IPEJICTABICHBI Ha
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[Tonmuron Tononornueckast | Buyrpenaui KommakTHOCTR**
Xapakrepuctuka | yron* monwuro- | K
Ha,

Tpuron {3} 60 1

Terparon {4} 90 1,16

I'excaron {6} 120 1,49

Okraron {8} 135 1,91

Honekaron {12} 150 2,58

TABHI/H_[A 5. Tomonoruueckue XAPaKTCPUCTHUKH IIOJHUI'OHOB, INPECAHAZHAYCHHBIX
JJIA TIOCTPOCHUS ITOJIMTTOHHBIX CETOK

Ipumeuanne: * - yron o =(n-2)7/ n , TA€ n - YUCIO BEPIIMH NOIUroHa; **K - KOMIAKTHOCTB
IIOJIUTOHA OIIPENENseTCsl KaK INIOTHOCTh PAacloIOKEHHUs ero BeplivH B EBKkinaoBom
IIPOCTPAHCTBE (CpeHee KBaapaTa pacCTOSHUSA MEXAY BEpILIMHAMU), T.€.
(n(n — Ddpin) P S0 S0"dy; , Tae di; — PACCTOSHIE MEXTY i-OH H BCEMH OCTATBHBIMH
min i=1 j=i+1 P o pi | i p ny
J-MH BEpIIMHAMH TOJIUTOHA; d,y,;;, — MUHUMAJILHOE PACCTOSTHUE MEXKIy BepIInHaMHu [6].

Puc. 11. H3obpaxenus (GpparMeHTOB TOJUTOHHBIX CETOK C TOTOJOTHEH Y3IIOB:
3% (a), 3242 (0), 343%4 (), 36 (1), 4* (m), 3%62 (e), 34?6 (x), 6° (3), 8%4 (m),
12.64 (x), 1223 (1)
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No/Ne A | KomOuHanus Tononorus y3noB 1o- | CumMmMeTpust

/11 MOJINTOHOB JIUTOHHBIX 0a30BoO
cetok, T HaHOCTPYKTYPbI

1 6 |6{3} 36 pbmm

2 5 | 3{3}+2{4} 3342 cmm?2
34324 p4gm

3 5 | 4{3}+{6} 316 po

4 4 |4{4} 41 p4mm

5 4 | 2{3}+2{6} 3262 poémm

6 4 | {3}+2{4}+{6} 34%6 poémm

7 3 |3{6} 63 p6mm

8 3 | 2{8}+{4} 824 p4mm

9 3| {12}+{6}+{4} 12.64 poémm

10 3| 2{12}+{3} 1223 poémm

TABIMIA 6. KomMOnHanuu npaBUIbHBIX HOJIUTOHOB, OOECIEUMBAIOLINX 3aIl0JIHE-
HUE IUIOCKOCTH 0€3 IPOMEKYTKOB, TOIOJIOTHUS Y3JI0B INIOCKUX CETOK M CUMMETPHS
COOTBETCTBYIOIIMX MOJUTOHHBIX HAHOCTPYKTYD Pyfpgy(T)

IIpumeuanune: A — o01iee KOJIUYECTBO MOJMTOHOB, CXOSIINXCS B OHON BEpIIUHE,
* — KOMOMHAITUS 2 COACPIKUT JIBE TOMOJIOTHYECCKH Pa3IMYUMBbIC TTOJIUTOHHBIE CETKH.

Ne/Ne Tononorusa BepmnH noauroHos, T | Tornonoruueckuit Cummertpus
n/n KO3 UIHEHT HaHOCTPYKTYPbI
Tpuronusie HaHOCTPYKTYPBI Py3y(7)

1 3(6) 1/2 p6émm

2 3(5) 3/5 pg

3 3(4) 3/3 p6

4 3(3) 1 p3ml, pmm?2

5 2(3) - 1(2) 7/6 pm

6 1(3) -2(2) 4/3 p3, pm

7 3(2) 3/2 pmm?2
Terparonnsie HAHOCTPYKTYPBI Py (1)

1 4(4) 1 p4mm

2 1(4) -3(3) 5/4 p4

3 4(3) 4/3 pmm2, p4mm

4 33) - 1(2) 3/2 p2

5 2(3) - 2(2) 5/3 p2

6 4(2) 2 p4mm

7 3(2)-1(1) 5/2 p4
I'excaronnpie HaHOCTPYKTYPBI Py (1)

1 6(3) 2 pé6mm

2 4(3) - 2(2) 7/3 pé

3 2(3) - 4(2) 8/3 p6émm

4 6(2) 3 po6mm

TABJIMLA 7. Toronoruss ¥ CUMMETPHsI IBYMEPHO-IIEPUOJUIECKUX HAHOCTPYKTYD
U3 THOJIMTOHOB C TOMOJIOTHYECKH UICHTUYHBIMU BEPLIIMHAMU Py py1(7)
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Puc. 12. ®parMenTsl JByMEPHO-IIEPUOAMIECKUX HAHOCTPYKTYP P(3y(1) U3 TOIO-
JIOTHYECKH MACHTUYHBIX TPUTOHOB C Koddduuunenramu k: 1/2 (a), 3/5 (6), 3/4 (B),

1(r), 7/6 (m), 4/3 (), 3/2 (x)

a !

MO T 3

Puc. 13. ®parmeHTsl 1ByMEPHO-NEPUOAMYECKUX HAHOCTPYKTYP Pray(7) U3 TOIO-
JIOTHYECKH MICHTHYHBIX TETPAroHoB ¢ kosddunuenramu k: 1 (a), 5/4 (6), 4/3 (),

3/2 (1), 5/3 (), 2 (e), 5/2 (k)

puc. 15 u 16. Tononoruu CB3aHHOCTH BEPILUH MPABUIIbHBIX U IOJIYIPAaBUIbHBIX IOJUTOHOB,
a TaKXKe CUMMETpPHsI POU3BOAHBIX OT MOJMIOHHBIX JABYMEPHO-TIEPUOJUYECKUX CTPYKTYp C MHU-
HUMaJIbHBIMM T€pUOJaMH MJIEHTUYHOCTH NpUBEAEHbI B Ta0a. 8. CuMMeTpusl BCeX MOJIMIOHHBIX
HaHOCTPYKTYP P’(sipgy) (1), IepeunciIeHHbIX B Tabnuuax 7 ¥ 8, ONMCHIBAECTCA INIOCKUMHU KpPH-
craorpaguueckumu rpymnamu Go? B cOOTBETCTBUM ¢ 0003HAaY€HUSMH, TIPUHATHIMEA B [15].
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Puc. 14. ®parmeHThl AByMEPHO-NIEPHOAMIECKUX HAHOCTPYKTYP Pgy(r) U3 TOIO-
JIOTHYECKH MICHTHYHBIX T€KCArOHOB ¢ Koahduimentamu k: 2 (a), 7/3 (6), 8/3 (B),

3 (1)
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Puc. 15. ®parmeHTsl ABYMEpPHO-IIEPUOANYECKUX TIOJIUIOHHBIX HAHOCTPYKTYP
Psy{pgy(r) € TONOIOIHYECKH UACHTHYHBIMU UK OIM3KUMU y3J1aMu 00pa3yroIux-
s IByMEPHBIX CETOK, MPOM3BOIHBIX OT IOJUIOHHBIX ceTok: 3°42 (a), 343%4 (),
316 (B), 3636 u 3262 (1)
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Puc. 16. ®parmeHTsl ABYMEpPHO-IIEPUOANYECKUX IIOJIUITOHHBIX HAHOCTPYKTYP
Psy{pgy(r) € TONOIOIHYECKH UACHTHYHBIMU UM OIM3KUMU y31aMu 00pasyroIux-

CA IByMEPHBIX CETOK, IPOU3BOAHBIX OT MOJMIOHHBIX ceToK: 3426 (m), 84 (e),
12.64 (x), 1223 (3)

5.3. Tlommapuyeckne HAHOCTPYKTYPLI Psipp1) (1)

PaccMOTpUM BO3MOXKHOCTB BBIBOJA MOJIMAAPHYECKUX HAHOCTPYKTYP P(sypp)y(r) Ha oc-
HOBE aHaJM3a W3BECTHHIX KOMOWHAIMIA M30TOHOB, MOJIHOCTHIO 3aMOHSIONINX TPEXMEPHOE TPO-
crpancTBo [10]. Y3 28 BO3MOXKHBIX KOMOMHALIMIA JIJIsl 3aMIOJTHEHHS TIOTUIPUUECKOTO ciiosi (hop-
MaJIbHO TOAXOAST TOJIKO KOMOMHAIIMH C YETHBIM KOJTMYECTBOM BIIOJIHE ONPEAETICHHBIX MPaBUIIb-
HBIX U MMOTYNPaBUIBHBIX TOJUIIPOB—U30TOHOB (Tadu. 9). Takux komOuHaruii Bcero 11 (Tadim. 10),
U KaXKJasi U3 HUX COOTBETCTBYET JIByMEPHOMW JIBaXKAbl MEPHOANYECKON HAHOCTPYKTYpPE U3 U30T0-
HOB C TOMOJOTHYECKH HJICHTUYHBIMH WIH OJM3KUMHU 1O TOMOJOTHH CBSI3aHHOCTU BEPUIMHAMHU.
Cnenyer oTMeTuTh, uTo B Tabn. 10 He BxomaT emie 4 koMOMHALIUU, COAEpKAIIUE KyOOOKTa’Ap
{3434} u yceuennble TeTpadap {366}, okrarap {466} u xkybookTarap {468}. JlanHsie KOMOUHA-
IIUU COOTBETCTBYIOT HE IIOCKUM, a TO(QPUPOBAHHBIM MOJMIIPHYSCKUM CIIOSIM.

6. OOcy:kneHue pe3yabTaTOB MOAYJISIPHOTO AU3aiHA
6.1. ba3oBble COBOKYITHOCTH aTOMOB

HanomHuum, uto B 001ieM ciayyae 6a30Basi COBOKYITHOCTb aTOMOB ATO YIOPSIOYEHHAs! CO-
BOKYITHOCTh aTOMOB, T€OMETPUUYECKHE LIEHTPhI KOTOPHIX 3aHUMAIOT OHY BITOJIHE OIPEICIICHHYIO
MPAaBUIBHYIO CUCTEMY TOUEK HEKOTOPOW IPYMIbl CUMMETPHH.

6.1.1. Oonomepnvle 6azosvie cosokynnocmu amomos. Cpeau MONTyYSHHBIX BBIIIEC OJHOMEPHO—
MEPUOIUYECKUX MOJIUTOHHBIX HAHOCTPYKTYP TOJBKO IBE COOTBETCTBYIOT OAHOMEPHBIM 0a30BBIM
COBOKYITHOCTSIM aTOMOB. B laHHOM Cilyyae 5TO TPUTOHHAst HAHOCTPYKTypa L3y (3(3)) (cM. Tabm. 1)
C TONOJIOTHEH CBA3aHHOCTH BepiuuH 3(3) u cummerpueit rpynmnsl G2 = t:2-a, a TakKe TeTparoHHas
HaHOCTPYKTYpa L4y (4(2)) (CM. Tabm. 1) ¢ Tomomnoruei cBA3aHHOCTU BepiuuH 4(2) U CUMMETpHEH
rpynmsl G?; = t:2'm. OTMETHM, 9TO TPUTOHHASL HAHOCTPYKTYpPa L3y(3(2)) (cM. Tabu. 1) ¢ Tomomo-
rveii CBA3aHHOCTH BepunH 3(2) u cummeTpueit rpymmbsl G2 = t:2'm He COOTBETCTBYET 6a30BOi
COBOKYITHOCTH aTOMOB, T.K. BEPIIMHBI B 3TOW JABOWHOM IIETIOYKE TPUTOHOB OTHOCSTCSA K JBYM
HEOKBHUBAJICHTHBIM THIIAM Yy3JI0B OJHOMEPHO-TIEPUOANIECKON PEIIETKH.
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XapaktepucTuku 0a30Boii | [Ipon3BOHBIE HAHOCTPYKTYPBI C YACTHYHBIM 3allOJTHEHUEM
HaHOCTPYKTYPBI Tonomnorus y31oB ceTok, T Cummerpus
1. (33304) pm
2. (330144) cmm?2
a) cetka 33344 (cmm2) 3. (330400) pm
4, (30004 + 300004 + LI13014) pl
1. (34334) + (34304 + 34[134 + [14334) | pm
2. (300334 + 34330)) pdgm
6) ceTka 34334 (p4gm) 3. (0J4334) + (34330)) pmm?2
4. (30J330)) p4gm
5. (040014) pdgm
1. (330J36) po
2. (O306) po
B) ceTka 33336 (pb) 3. (33330) p6
4. (330130)) po
1. (360J6) p3ml
r) cetka 3636 (pbmm) 2. (LelJ6) pémm
3. (30130)) pé6mm
1. (J464) pé6mm
2. (3464) po6mm
II) ceTka 3464 (p6mm) 3. (3D6D) p6mm
4. (J4004) po6mm
1. (LJ88) p4mm
e) cetka 488 (p4mm) 3. (4CRR) pdmm
1. (1J6.12) pé6mm
X) ceTka 46.12 (p6mm) 2. (40.12) pémm
3. (460)) po6mm
1. (J12.12) po6mm
3) cetka 3.12.12 (pbmm) 5315 15y T 30.12) p6mm

TABIMUA 8. Tomosorus U CUMMETpPUSl JIByMEPHBIX I'€TE€POIOJUTOHHBIX HAaHO-
CTPYKTYp (CETOK) C TOMOJOIMYECKH MACHTUYHBIMU WM OJIM3KUMU 10 TONOJOTUU

y3J1aMu Pg{pg}(T)

IIpumeuanne: CumBou L] 03Ha4aeT BaKaHTHBII MOJUTOH.

[Tpou3BOIHBIMU OT HA3BAHHBIX BBIIIE JBYX HAHOCTPYKTYP SBIISIOTCS [TUKIUYECKUE JICHTHI
Cni31(3(3)) 13 2N Tprronos 3(3) u neHtsl Cp 4} (4(2))43 N T€Tparonos 4(2) ¢ CUMMETPHAMH IPYIII
G?y = N/mm (cM. Tabi. 2), KOTopble, TI0-BUAUMOMY, COOTBETCTBYIOT JIOKAJEHBIM 0a30BBIM COBO-
KYITHOCTSIM aTroMOB. OTMETHM, YTO CHUPAIBHBIE OJJHOMEPHO-TIEPUOUIECKUE HAHOCTPYKTYPHI U3
MOJINTOHOB C TOTIOJIOTUYECKHU UACHTHYHBIMU BEPIINHAMU OTCYTCTBYIOT.

®opManbHO MOXHO CYHUTaTh, YTO 0a30BBIM COBOKYIMHOCTSM aTOMOB COOTBETCTBYIOT U
MHOKECTBA BEPIIMH U30JIUPOBAHHBIX N-TOHOB ¢ TomojorusiMu n(1) (HaHOCTPYKTypsl 1 mpu n =
3 — 6, cM. Ta0I. 1), CAMMETPUM KOTODPBIX OIUCBHIBAIOTCS OHOM U3 rpymm 6oparopos G2,

Cpean moaudIpUUEecKuX OTHOMEPHO—TIEPUOANYECKUX HAHOCTPYKTYpP 0a30BBIM COBOKYTI-
HOCTSIM aTOMOB COOTBETCTBYIOT BEpPUIMHBI Lenoukn TeTpasapoB 4(2) (Lyssay((2))), 0OIanaromeit
cuMMeTpueii rpynmsl crepxkHeit G3) =t 2/m u ABIAIOMENCS TPOM3BOIHOM OT JIEHTBI U3 TETpa-
TOHOB L41(4(2)) ¢ aHAJIOTUYHOM TOIOJIOTHEN CBA3AHHOCTH BEPIIUH.
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HasBanue n o6o3HaueHue k |lg |l |« B K

1. Terpasmp {333} 4 (4 |6 |3 (m/3)+26; (m/3)+20; | 1,000
(m/3)+26

2. TpuronanpHas mpusma {344} 6 |5 |9 |6 (7/3); (7w/2); (7/2) 1,168

3. Oxrasmp {3333} 6 |8 [12]|8 (27/3)-24; (27/3)-24, | 1,084
(27/3)-20; (27/3)-20

4. Ky6 {444} 8 |6 [121]9 (m/2); (7/2); (7/2) 1,286

5. Yceuennsiii Tetpasap {366} 128 18] 11 (m/3)+20; 1,682
(m/3)-206;
(m/3)-20

6. I'ekcaronanpHas npusMa {644} 1218 | 18|12 2n/3); (7/2); (7/2) 1,589

7. OxraroHanpHas npusma {844} 16 | 10 [ 24| 13,5 (3n/4); (7/2); (7/2) 1,946

8. Kybookrasnp {3434} 12142414 (27/3)+d; 27/3)+d,; | 1,467
2n/3)+0; 2w/3)+o

9. lonexaronanbHas mpusMma {12.44} | 24 | 14 | 36 | 15 (57/6), (7/2), (7/2) 2,613

10. YceueHHblit okTasap {466} 24 114|136 | 18 (27/3)-26; 2w/3)+29, | 2,272
(27/3)+20

11. Yceuennsiii kybookTasmp {468} |48 | 26|72 |22,5 (27/3)-0; (37/4), 3,190
(57/6)-0

TABHI/H_[A 9. Tomnoynoru4yeckue XAPaKTCPUCTHUKH MOJIUIAPOB-U30IOHOB, UCIIOJIb3Y-
CMbBIX IJIA IMOJIYUYCHHA IINIOTHBIX IMOJIUSAPHUYCCKUX CIIOCB

IIpumeuanmue: k, g, | - COOTBETCTBEHHO YKCIIO BEPIIMH, TPaHel 1 pedep U30TOHA; (- TeTIECHBIN

b
yron B enunuuax (18/r); 3; - ayrpannsie yoist (yron § = 5916 ); K - KOMIAKTHOCTb U30TOHA.
Psiiom ¢ Ha3BaHMEM M30TOHA yKa3aHa €ro BEPIIUHHAS TOTIOJIOTHSI.

Takum 00pa3oM, yCTAHOBJIEHO, YTO OJHOMEPHO-TIEPUOJMUECKUM 0a30BBIM COBOKYITHO-
CTSIM aTOMOB COOTBETCTBYIOT BEPIIMHBI JABYX IOJIMTOHHBIX HAaHOCTPYKTYp (TpuronHout 3(3) u
TeTparoHHoi 4(2)) u oxHa terparapuyeckas 4(2) HaHOCTpYKTypa. OTMETUM, YTO NPHU MOJTHOM
WIM YaCTUYHOM 3alOJHEHUU TE€OMETPUYECKUX LEHTPOB IOJIUIOHOB WIM TETPA’dpOB aroOMaMu
JIPYyroro coprta Jyisl yKa3aHHbIX HAHOCTPYKTYP MOTYT OBITh IOJIy4E€HbI CEpUU UCAIN3UPOBAHHBIX
CTPYKTYPHBIX TUIIOB, KOTOpbIE OyyT COOTBETCTBOBATH IUCKPETHOMY Psily COCTaBOB B MHTEpBaJje
ot AX 10 AXy, rae A — neHTpupyromuil nosurod aroM. OiHaKo, TOMOJOTHYECcKasi HICHTUYHOCTb
BEPLIMH 3alI0JTHEHHBIX [TOJUTOHOB WM TETPA3APOB COXPAHIETCs TOJIBKO 71 cocTaBoB AX 1 AX3
(B citydae TpuroHHsix) U AX, u AX, (B cilyyae TETPAaroHHbIX U TETPAIPUUECKHX HAHOCTPYKTYP).

6.1.2. Jlgymepnvie 6azo8vie cOBOKYnHOCMU amomos. Bce ToIydeHHbBIE BBIIIEC ABYMEPHEIC TOJI-
HOCTBIO 3aIIOJIHSIONINE TPOCTPAHCTBO MOJUTOHHBIE HAHOCTPYKTYPHI (ceTku L1lnednn, cm. Tabm. 6)
COOTBETCTBYIOT OMHHAIATH IByMEPHBIM 0a30BbIM COBOKYMHOCTSIM aromoB. Cpeau Mpou3BoOA-
HBIX OT HUX MOJMIOHHBIX HAHOCTPYKTYpP C YACTMYHBIM 3all0JHEHUEM MPOCTpPaHCTBa (CM. Tabdm. 7
U 8) OONBIIMHCTBO IUIOCKUX CETOK XapaKTEePH3YEeTCs TOIMOJIOTUYECKH HSKBUBAJICHTHBIMU Yy3JIaMU
U TaKk)Ke COOTBETCTBYIOT OIpPENEICHHOMY MHOTOOOpa3uio JBYMEPHBIX 0a30BBIX COBOKYIHOCTEH
aToOMOB. DTH COBOKYITHOCTH aTOMOB (Bcero ux 29, cM. Tabi. 7 ¥ 8) MO)KHO CUMTATh IPOU3BOAHBIMU
OT OAAMHHAMIATH 0a30BbIX COBOKYITHOCTEH aTOMOB, COOTBETCTBYIOMUX ceTkam Lllneduu.

Heo0xoaumMo OTMETHTb, UTO TOIOJIOTHS Y3JIOB CETOK, B TOM YHCIIE U HEKOTOPBIX IeTe-
POIIOJIMTOHHBIX, KOTOPasi OTIMYAETCS TOJBKO HAIpPABICHUEM YEPEJOBAHUS CXOIALIMXCS B HUX
IIOJIUTOHOB (IT0 YaCOBOW CTPEJIKE WU MIPOTHUB), CUMTAETCS OJAMHAKOBOM, T.K. JaHHbBIE y3JIbl CBA3a-
HBI OTIPE/IETIEHHBIME 3IEMEHTAMU CUMMETPUH rpyribl G3 (IIIOCKOCTSMH M WK g).
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Takum oOpa3oM, Bce MHOrooOpas3ue IBYMEPHBIX COBOKYNHOCTEH aTOMOB, COOTBETCTBY-
IOLIUX TIOJUTOHHBIM HAHOCTPYKTYpaM Pipgy(r), cBomuTes k 11 6a30BbIM COBOKYNHOCTAM 1 29
HPOU3BOAHBIM OT HUX (Bcero 40 0AHOCIONHBIX COBOKYITHOCTEH aTOMOB).

W3 nosyuyeHHBIX JBEHAALATH ABYMEPHBIX MOJIM3APUYECKUX HAHOCTPYKTYP OJMHHAALA-
1 (komOuHammu 2-11, cM. Tabn. 10) coorBercTBYyIOT 11 OBYCIONHBIX AByMEpHBIX 0a30BBIX
coBOKynHocTel aroMoB. Kpome Toro, cymiecTByroT 29 mpou3BOJHBIX OT HHUX COBOKYIHOCTEH
aTOMOB, OCHOBAHHBIX HAa YAaCTUYHO 3allOJIHAIOLIUX HOJM3APUYECKUI cioi nmonudapax. Bee atu
COBOKYITHOCTH aTOMOB MMEIOT NpHU3MaTH4ecKoe cTpoeHue (mpu3mbl {n44} ¢ n = 3, 4 u 6 win
UX KOMOMHALMU C YYeTOM TaKKe OKTaroHaJbHOM M J1OJEKaroHaJbHOM NMPU3M) U HAXOIATCS BO
B3aMMHOOJJHO3HAYHOM COOTBETCTBHUM C MPEJCTABICHHBIMU BbIIIE JBYMEPHBIMU COBOKYITHOCTSIMU
aTOMOB, TOJIy4YE€HHBIMH JJIS1 IBYMEPHBIX ITOJIMTOHHBIX HAaHOCTPYKTYD.

NoNo A | KomOunanuu uzoronoB | Tonosorust BepimH, T | CummeTpus™®
n/n
1 7 | 4{333}+3{3333} 4(4), 6(3) p3ml
2 6 | 6{344} 6(6) pémm
3 5 | 4{344}+{644} 6(4), 12(1) po
4 5 | 3{344}+2{444} 6(3), 8(2) pmm2,
p4gm
5 4 | 4{444} 8(4) p4mm
6 4 | 2{344}+2{644} 6(2), 12(2) pémm
7 4 | {344}+2{444}+{644} | 6(1), 8(2), 12(1) pé6mm
8 3 | 3{644} 12(3) pémm
9 3 | 2{844}+{444} 16(2), 8(1) p4mm
10 3 | {12.44}+{644}+{444} | 24(1), 12(1), &(1) pémm
11 3 [2{12.44}+{344} 24(2), 6(1) pémm

TABIMUA 10. KomMOuHanuu npaBUIBHBIX U MOJTYHIPABUIBHBIX W30IOHOB, IOJIHO-
CTBIO 3AIIOJIHSIOLIMX IIPOCTPAHCTBO B MOJIMAAPUYECKOM CJIOE, U CUMMETPUS COOT-
BETCTBYIOLIUX UM 0a30BBIX HMOIMIAPHIECKMX HAHOCTPYKTYP Pyxyppy(7)

IIpumeyanune: A — oOmiee KOJTUIECTBO IMOJUTOHOB, CXOISAIINXCS B OJHOM BEpIIMHE.

OnHaKo Ui OKTAaTeTPasapHYECKOM HAHOCTPYKTYDPBI P(g(333)16(3333))(1) (KoMOuHanus 1,
cM. Tabn. 10), KOTOpbIe TOXKE SBISIOTCS IBYMEPHOI 0a30BOH COBOKYITHOCTBIO aTOMOB, CBSI3H C
BEPOSITHBIMU €€ MPOM3BOAHBIMU COBOKYITHOCTSIMU aTOMOB 0oJiee CIOXKHbIE. DTa HAaHOCTPYKTYpa
HOPOXKJIAET TPH TPYMIbl YACTUYHO 3aMOJIHSIONUX MPOCTPAHCTBO HAHOCTPYKTYp C TOIOJIOTHYE-
CKM SKBUBAJIEHTHBIMHM BEPILIMHAMHU IOJHU3IPOB: OKTA3PUUYECKYIO Ipymniy (2 HaHOCTPYKTYpHI),
TeTpa’IpUUecKyto Tpyniy (3 HAaHOCTPYKTYpbl) U COOCTBEHHO OKTaTETpasIpHUYECKylo rpymniy (5
HAaHOCTPYKTYp, UCKITtoUast 6azoByro) [10].

Taxum o0Opa3oM, Bce MHOrooOpa3ue ABYMEPHBIX COBOKYITHOCTEM aTOMOB, COOTBETCTBYIO-
LIMX HOJIM3APUYECKUM HAHOCTPYKTypaM, CBOAUTCSA K 12 6a30BbIM COBOKYIHOCTSIM aToMOB U 39
HPOM3BOAHBIX OT HUX (Bcero 51 nBycioiiHas COBOKYIHOCTb aTOMOB).

Cnenyer OTMETHTh, YTO BBILIE PACCMATPUBAIUCH TOJIBKO HM30JIMPOBAHHBIE JBYMEPHBIE
HOJIM3IPUYECKUE HAaHOCTPYKTYphI. IIpu paccMOTpeHNH HEH30IMPOBAHHBIX MOJIM3IPUUYECKUX Ha-
HOCTPYKTYP, T.€. KaKk ()parMEHTOB TPEXMEPHBIX CTPYKTYP BEILIECTB, UCIIOJIB3YETCSI KPUTEPUH TO-
MIOJIOTUYECKON 3KBUBAJEHTHOCTH CaMMX MOJUAIPOB, a HE UX BepuIMH. B 3ToM ciyuae uwmcio
BEPOSTHBIX JIBYMEPHBIX MOJM3IPUUECKUX HAHOCTPYKTYp CYLIECTBEHHO yBeslnuyuBaercs. B yact-
HOCTH, Ul OKTa3ApUYECKUX HAHOCTPYKTYP BO3MOXKHO 14 pa3iuyHBIX HEU30JIMPOBAHHBIX CIOEB
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U3 TOMOJOTHYECKH HJIEHTHYHBIX OKTa’ApOB MIpU OMpEAeNIEHHBIX BapUaHTaX MX COUWICHEHUS B
TPEXMEPHOH CTPYKType (IIPH 3TOM TOIIOJIOTHS BEPIIUH OKTadipa MOXKET ObITh pa3zHoi) [20, 21].
W3 HUX TOJNBKO /Ba BapuaHTa OKTAdIPHUECKUX CTPYKTYP OMHUCHIBAIOTCS OKTAdAPaMH C TOTOIOTH-
YECKU UJCHTHYHBIMU BEPUIMHAMHU.

[Tpy MONMHOM WM YAaCTUYHOM 3aIOJHEHUHM T€OMETPUYCCKUX IICHTPOB IOJIUTOHOB WU
MOJIURPOB aTOMaMH JPYroro COpTa, OTIMYHOTO OT aTOMOB B BEPIIWHAX, JJIs JBYMEPHBIX Ha-
HOCTPYKTYP MOTYT OBITh IOJIYYCHBI CEPUU HICATU3UPOBAHHBIX CIIOUCTBIX CTPYKTYPHBIX THIIOB,
COCTaBBI KOTOPBIX OyIyT COOTBETCTBOBATh JUCKPeTHOMY psny AX[c (rae A — IeHTpaIbHbIA aToM,
K — Tomonoruveckuii Ko3hGUIMEHT, XapaKTepU3yIOLIHil OTHOIIICHHE aTOMOB (N /N4 ) B GOPMYITh-
HOM eIMHUIIE BEIIeCTBA).

6.2. CKOHCTPYHMpPOBaHHBbIE HAHOCTPYKTYPHI KaK CTPOUTEIbHbIE OJIOKH U3BECTHBIX
cTPYKTYp BemnecTB. [Ipumepsi

OnHOMEPHO-TIEPHOANYECKHE TTOJUTOHHBIE HAHOCTPYKTYPBI Ly pg1(7) B BUIIE H30IMPOBAH-
HBIX TOJIMTOHOB WJIM OJIOKOB M3 HHX, TOJUTOHHBIX IIETIOYEK WM IOJIOC, & TAKXKE IJIOCKUE T0-
JIMTOHHBIE HUKJINYECKME HAHOCTPYKTYPHI C{pgy(7) PEalus3yloTcs B BUJE U30JMPOBAHHBIX HIIA
HEU30JIMPOBAHHBIX (DPArMEHTOB — MOJYJICH CIIOMCTHIX M KapPKACHBIX KPUCTAIUTMYECKUX CTPYKTYP
BemiecTB [12, 22-38]. B yacTHOCTH, U30JUPOBAHHBIE MOJMUIOHBI UMEIOTCA B CTPYKTypax MoJje-
KYJIIPHBIX KPUCTAJUIOB: B BHJE MOJIEKYn cepol S, (n = 6-10, 12, 15), B Bume mosekyn SsSes
u S;(NH)s_, (k = 2 — 6), HeHachIIEHHBIX yIIeBogopoaHbix Mojiekyn C,H, (n = 4-6, 8) [12].
W3onupoBaHHbIE MOJUTOHBI BCTPEUAIOTCS B KPUCTAIMYECKHX CTPYKTypax OopaToB, kapOoHa-
TOB M HHMTPATOB B BUJE COOTBETCTBYIOMIUX TPEYToNbHBIX aHMOHOB BO3®>~, CO3%~ u NO3™, a
TaKKe B CTPYKTYPax COCIMHEHHMIA, COMEpIKAIIMX KBaJPATHBIA KOMIUIEKCHBIH annoH [MeCly]?~
(Me — Cu, Co, Pd, Pt) [12, 22, 23]. U3onupoBannbie Oinoku u3 nonuroHos Buga C,H, Bxomsr
B CTPYKTYpPbI MeTauioopranndeckux coequnenunit cocraa Me(CO)(C,H,), (k + 1 =4, 6; n =
5, 6) u Me(CsHs),, (n = 2-4) , a G10KM U3 IBYX B3aMMHO NEPICHAUKY/SIPHBIX [IEHTArOHOB — B
CTpyKTypy meHracmiokcana coctaBa SizOg(CHj)s [12, 22]. HM3onupoBaHHbIe yIiiepoacoaepxa-
1€ TOJUTOHBI U TOJUTOHHBIE OJIOKU SIBJISIOTCS DIEMEHTaMH BTOPUYHBIX CTPYKTYPHBIX €IMHHUIL
BBICOKOTIOPHUCTBIX M MPOYHBIX KapKacoB OOJIBIIOT0 MHOKECTBA METAIJIOOPTaHUYECKUX COEIUHE-
Huit [12, 24-30].

M301MpOBaHHbBIE IOJMIOHHBIE LEMOYKU Lipgy(r) BCTpEHAIOTCS B CTPYKTypax psna Be-
IIECTB: B BUJIC JHMHEHHBIX Merabopar—noHoB (BO,),"~ ¢ Tomomorueit tpuronos 2(2)-1(1) B
MeTaboparax, IeMmoYKr KOMIUIEKCHBIX HOHOB [Me*(SCN),],*~" ¢ Tomonorueit TerparoHoB 2(2)—
2(1) B THOIIMAaHATaX, a TAKKE T'€KCArOHHBIX JIEHT (13 rekcaroHoB 4(2)-2(1)) B HEKOTOPHIX cybda-
Tax [12, 23]. HenzonupoBaHHbIE MOJIUTOHHBIE LETIOUKH L6} (6(3)) U3 TEKCAroHoB 6(3) peanrr30BaHbl
B CTPYKTYPHBIX MOAU(UKALUAX TpaduTa, KPEMHUS, TEPMAHUS U CEPOM OJIOBE, B «CIHIBUYECBBIX)
crpykrypax Me,Cs 1 Meo(CgHs)s, a Takke SIBISIOTCS 3JIEMEHTAMH IIOCKUX U TOMPUPOBAHHBIX
CETOK M TPEXMEPHBIX KAPKACOB CTPYKTYp CHIMIHIOB BUaa MeSi; M CIOUCTBIX CTPYKTYp 00-
punoB MeB; [1, 31-34]. JIeHTbl U3 IeTepOLUKINYECKUX MOJUTOHOB MUMEIOTCSI B CTPYKTYPHBIX
mMoaudukanusax kapouga kpemuus SiC, cynepuna nuaka ZnS, Hutpuaa 6opa BN, B cTpykrypax
coequnennii Buaa (BNRX); (R — H, CHj, Cl; X - H, F, Cl) u (BNRX), (R - C(CH3)3, X -
NCS) [12, 32, 33].

[{uKnM9€eCKUe MONUIOHHBIE HAHOCTPYKTYPBI C{pg1(7) B CTPYKTYPax MOJIEKYJISAPHBIX BE-
IIECTB MPEJCTABICHBI B BHUe roMouukindeckux moisekyn B3O3(OH)s, As3(CO)qo, (EX), (n =
4—6, E- P, AS, X- CFJ, CHJ, C6H5), BnOQn—l (n = 2, 3, 6) n B5no9n—l (n = 1, 2) WU TCTCPOLUK-
mageckux Monekyd (SSiCly)s, (BNHy)s3, (BNCly )4, (PNCly),, (n = 3-5), a Takxke nonos B30g>~,
(SN),,"~* (n = 3-5), B crpykrypax nomucunanos Si,(CHz)s, o (n = 7 — 10), Si,(CH3)s, (n =
5-8) u nonucunoxcanos (CgHs),,Si, 01 5, (n =8, 14), B CTPYKTypax KOMILIEKCHBIX COCAUHCHUN B
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BHJIE IIMKINYECKUX KOMILIEKCOB, B yacTHOCTHU [Zr(H20)16(OH)g]*~® u (Ni(CgHj)2S2)6 [12, 21].
OHU SBIAIOTCSA DJIEMEHTAaMH BTOPUYHBIX CTPYKTYPHBIX €IMHUI] JKECTKHX KapKacoB MHOXKECTBa
MeTtaioopranndeckux [24, 28-30] 1 HEKOTOPBIX HEOPraHUYECKUX coeauHenuit [12, 35-39].

Heo0xoaumMo OTMETHUTB, YTO MOJUTOHHBIE HAHOCTPYKTYPHI (KaK CaMU TOJIMTOHBI, TaK U
MIOJIUTOHHBIE JICHTHI, CHIUPAJIH U T.11.) SIBISIOTCS CTPOUTEIbHBIMU 3JIEMEHTaMU MPU (GOPMHUPOBAHUU
pa3IMYHBIX HAHOCTPYKTYP C €BKIUAOBOI METPHUKOM, HAHOCTPYKTYpP ¢ MeTpukoi reomerpun Jlo-
OadeBckoro ((ymiepeHoB U (Qy/UIepeHONOJOOHBIX HAHOYACTHII) M METPUKON reoMeTpun PuMana
(manmpumep, mBapiuToB) [40-43] (puc. 17).

Mogymi
&))"
of

-

Puc. 17. MoaynbHoe CTpoeHHE HEKOTOPBIX HAHOCTPYKTYP

[{enoYky ¥ HUKINYECKHE HAHOCTPYKTYPbI U3 HEKOMIUIAHAPHO PACIOIOKEHHBIX TMOJIHUIO-
HOB, a TAKX€e MOJIUAAPUIYCCKUE IIETIOYKU U IIUKIIbI, TPOU3BOAHBIE OT COOTBETCTBYIOMIMX IUIOCKHUX
MOJINTOHHBIX CTPYKTYP, PEATU3YIOTCS B BUJIE U30JIMPOBAHHBIX WM HEM3OJIUPOBAHHBIX CTPYKTYpP-
HBIX MOJYJICH MOJMAIPUIECKUX CIIOEB KPUCTALTUYSCKUX CTPYKTYp Bemiects [12, 21-23, 44-57].
B xauecTBe npuMepoB MOXHO MPUBECTH U3BECTHBIE pa3ianuHble koMOMHauuu SiO4—TeTpa’poB:
W30JIMPOBaHHbIe OpTOoCcHInKaT-uoHbl Si044~ (4(1)), muoprocumukar—uonsl Si,0;%~ (3(1)-1(2)),
kombla (Si03),%"~ (2(1)-2(2), n = 3, 4, 6, 8, 12), GUUMKIMYECKHE HAHOCTPYKTYPBI Siz,Os,
(1(1)-3(2), n = 3, 4, 6), nmuneiinble n BuHTOBBIE 1enodku (SiO3),2~ (2(1)-2(2)), HeuzoMMUpPO-
BaHHbIE IUKINUeckue QpparmMeHThl SigO1o U3 TeTpasapoB 4(2) U HEM3OIMPOBAHHBIEC LIETIOYKU U3
TaKHX K€ TeTPadIpoB B KapKacax CTPYKTYPHBIX MOAM(PUKAINI KpeMHe3eMa U MX 3alOJHEHHBIX
CTPYKTypax (B 4aCTHOCTH, aJlfoMOocuiInkarax) [12, 44 — 49].

W3BecTHBI Takke M30JUPOBaHHbBIE Monudapuueckue 6moku Buaa B, H, (n =6, 8 - 12) u
HEW30JIMPOBAHHBIE TOJUIIPUUECKUE IIETOYKU U3 TeTPadipoB 4(2) u oKTadApoB 6(2) B CTPYKTypax
muannoB Me(CN),, (Me — Cd, Zn; n = 2, 4), kapooumnoB Me(CO)s (Me — Cr, Mo, W), B
troranarax [Me*(SCN),, ]~ (n = 4, 6) u n3zoTnoIMaHarax ¢ annoHamu Buaa [Me*(NCS),]* 4 u
[Me?(NH3)o(NCS),]*~* [12]. B paborax [12, 24-30, 35-37, 44-48] onucanbl HEM30JIUPOBAHHBIE
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MOJURIPUYECKUE HAHOCTPYKTYPHI KaK 3JIEMEHTHl BTOPUYHBIX CTPYKTYPHBIX €IMHUII KapKaCHBIX
HU3KOTOPHUCTHIX U BBHICOKOTIOPUCTHIX CTPYKTYP, B YACTHOCTH, N—4WICHHBbIE HUKINYecKue (n = 4,
6, 8) u 2n—uneHHble OunMKIHUeckue (n = 4, 6) HaHOCTPYKTYpHI coctaBa 1,04, (T — Al, Si) B
CTPYKTYypax IIEOJIMTOB, MOJIEBBIX IIMNATOB U YABTPAMapUHOB.

IMonusnpuyeckue coMpanu Sy ppy(7) NPUCYTCTBYIOT MPAKTUYECKU BO BCEX CTPYKTypax
CJIO)KHBIX BEIIECTB, CHMMETPHSI KOTOPBIX OMHCHIBACTCS MPOCTPAHCTBEHHBIMU TPYIIIIAMH, CONEP-
JKalllUMH BUHTOBBIE ocH 3, 4 win 6 nopsiaka. Ha puc. 18 mokasaHbl 1BOMHBIE CIUPATIA B CTPYKTYPE
IIMUHENH Sy(333)(4(1)) M Sa{444)(6(1)+2(2)) (@, 0) ¥ JiBE criMpaiu Sy(333}(2(2)+2(1)) B CTPYKType KBap-
ma SiO, (B, T). B cTpykrype mmmuenn cocraBa AB,O, oHum oOpa3oBanbl AO,—TeTpasapaMu U
B,O,-rekcarapamu, a B cTpykrype kBapua — SiO4—teTpasapamu [58].

Puc. 18. Jlsoiinbie monusapuyueckue coMpam Sagsssya1)) U Sifaa4}(6(1)—2(2)) B
CTPYKType LIIHHENN (a, 6) ¥ Sif333}(2(1)—2(2)) B CTPYKType KBapua (B, r) [42]

Takum 00pazoMm, Ha OCHOBE aHaIHM3a M3BECTHBIX CTPYKTYp BEIIECTB YCTAHOBJIEHO, YTO
MPAKTUYECKU BCE PACCMOTPEHHBIE BBIIIE OTHOMEPHO-TIEPHOANYECKHE HAHOCTPYKTYPhI B OCHOB-
HOM IPHCYTCTBYIOT B HUX B BHUJI€ HEU3OJIUPOBAHHBIX CTPYKTYPHBIX ()parMEHTOB HAHOCTPYKTYP
0ojiee BBICOKOM MEPHOCTH, B YACTHOCTH, JIBYMEPHBIX JIBAXKIbI MEPUOJUUYCCKUX HAHOCTPYKTYD.
[Ipu 3TOM HAHOCTPYKTYpPHBIE IEMEHTHI (TIOJUTOHBI WM TOJIUAIPHI) OOBIYHO UMEIOT TOIOJIOTH-
yecku Onm3kue BepiuHbl. OTMETHM HEOOJBIIOE KOJUYECTBO OJHOMEPHO-TIEPHOAMYECKUX Ha-
HOCTPYKTYp (Kak (hparMeHTOB CTPYKTyp Oojee BBICOKOH MEpPHOCTH), KOTOPBIE IO TOMOJOTUH
COOTBETCTBYIOT OJIHOM U3 TPEX BBIBEICHHBIX BBIIIEC 0a30BbIX COBOKYITHOCTEH aTOMOB (TPUTOHHOM
3(3), TerparonHoi 4(2) u Terparapudeckoi 4(2)).

6.3. AnpoGauusi MOIYJISAPHOIO AU3aliHA HAHOCTPYKTYP

6.3.1. Ilpumepwr seposmupix usonuposannvix nanocmpykmyp Ciy(zssyr) U Spn{333)(T) U3 SiOy4-
mempas’opos. B pabote [59] obcyxaaroTcs mporeaypa u pe3ylabrarbl KOMOMHATOPHOTO MOJICIH-
POBaHUSI BEPOSATHBIX KPEMHHUCOACPIKAIINX (PParMEHTOB, IPEACTABIAIONINX COO0H HAHOUYACTHIIBI
Ciyyss3y(r) cheprueckoli MM HAHOYACTHIBI SP y(333}(7) UMIHHIPHIECKOH (OPMBI C YCIOBHBIM



96 B. B. Usanos, B. M. Taranos

nuametpom ceueHus 0,6-2 um. Ilpenmonaraercs BO3MOXKHOCTh MX OOpa3oBaHUsS MPH TPEHUU
MOBEPXHOCTU KOMITO3UIIMOHHBIX MOKPBITUN Ha OCHOBE JKHJIKOTO CTEKJIa, COCTaB KOTOPOH Mpea-
CTaBJICH B OCHOBHOM CHJIMKATaMHU — BELIECTBAMH, COEPKAIIMMH OpTocuInKar—1oH SiO,*~ uin
JpyTHe KpeMHHUICOepsKaIIe HOHBI, B 4acTHOCTH [Si, 02,411~ (n=1-4, 00), [Si, 03,11~
(n=1-6, ) [12, 60].

Tonomorus Terpasgpa, T Tonomornueckuit | HanocTpykrypa

ko3¢ unmeHt, k

Cocran Cummerpus

4(1) 4 Si04 43m
3(1)-1(2) 7/2 Si,07 3m
3(1)-1(3) 10/3 S13019 3m
3(1)-1(4) 13/4 S14043 3m
2(1)-2(2) 3 SiO; mm?2
2(1)-1(2)-1(3) 17/8 SigO47 m
2(1)-1(2)-1(4) 11/4 S14011 m
2(1)-2(3) 8/3 Si30g mm?2
2(1)-1(3)-1(4) 31/12 Si1203; m
2(1)-2(4); 1(1)-3(2) 572 Si,05 mm?2, 3m
1(1)-2(2)-1(3) 7/3 Si307 m
1(1)-2(2)-1(4) 9/4 S1409 m
1(1)-1(2)-2(3) 13/6 Si6013 m
1(1)-1(2)-1(3)-1(4) 25/12 Si12095 1
4(2); 1(1)-3(3); 1(1)-1(2)-2(4) 2 Si0, 43m, 3m, m
1(1)-2(3)-1(4) 23/12 Si115043 m
3(2)-1(3) 11/6 Si6014 3m
1(1)-3(4); 3(2)-1(4) 7/4 Si,07 3m, 3m
2(2)-2(3) 5/3 Si30s5 mm?2
2(2)-2(4); 1(2)-3(3) 372 Si,03 mm2, 3m

TABJINIA 11. XapakTepUCTHKU COCTMHEHHBIX BepiuHamMu Si04-TeTpasipoB B Be-
POSITHBIX HAaHOCTPYKTypax

Pesynbrarel aHaan3a BO3MOKHBIX TOIIOJIOTHI TETPadIPOB, COSAMHSIIONIUXC MEXKTY COO0M
B TIpe/IoiaraeMbIX (pparMeHTax TOJIBKO BEpIIMHAMU, mpuBeneHbl B Tabn. 11. CocraB TeTpasa-
PUYECKHUX KOMIUIEKCOB M3MeHsieTcsl OT SioO7 (mpoctoit aumep), 10 Sis, O3, XapaKTepu3yIoIero
kapkacHble o0bequHeHus SiO,—TeTpasnpoB. OOpa3yromuecs Ipyu 3TOM TOMOJOTHYCCKUE PSIbI
HAHOYACTHUI[ COOTBETCTBYIOT OMNPEICIICHHOMY 3aKOHY OOBEAMHEHHUs TeTpa’apoB. Hampumep, B
pany Si,Oz¢,41) (n = 1-6, 8, 12, 24, 00) BO3pACTACT YUCIO TETPAIPOB, CXOMSIIMXCS B OTHOU
BepirHe. Tornonorus ux mpu 3toM uaMensercs ot 4(1) mo 4(2) wiu 1(1)-1(2)-2(4). Onnako s
IPYIIIEI TOMOJIOTHYECKHX PANOB COCTABA Siyny,Opy2n41) (m = 3, 4, 6, 8, 12; n = 1, 2) 3akoHo-
MepHOCTh japyras. Eciau npu n = 1 obmas popmyna xapakrepusyeT 00pa3oBaHUEe IMUKINYECKUX
107uMeEPOB Ciyy,(333)(2(1)+2(2)) € OMMHAKOBOW Tomonoruei 2(1)-2(2) Bcex TeTpasapos, TO IPU N =
2 BO3MOXKHO YK€ JIBa BAPUAHTA OObEAMHEHHS JBYX LIMKINYECKUX NOMMMEPOB BUAA Clay(3331(T):
1) ¢ oOpa3oBaHMEM TOMOJIOTUYECKH MACHTUYHBIX TeTpadnpoB 1(1)-3(2) cocraBa Siy,,,Os,,; 2) ©
obpazoBanueM TeTpadapoB ¢ Tonojorusamu 1(1)-2(2)-1(3) u 2(1)-2(3), narommmMu TOT K€ yCpe-
HEHHBIN cocTaB Siy;,Os,,, HO € BOBMOXXHOCTBIO MOCTEAYIOMIETO MPUCOSAMHEHUS aHATIOTMYHBIX
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MUKIMYECKHUX MOJIIMMEPOB, oOpa3oBaHueM TeTpadnpos ¢ Tomonorued 1(1)-3(3) u acumnroruye-
CKUM NPHUOIIKEHUEM 00IIero cocTaBa mpu n — oo K coctaBy SiO,. Bo BTOpoM citydae nporiecc
00beIMHEHHS CONPOBOXKIAETCs 00pazoBanueM HaHOTPYOOK Ciy 3331 (1) C IMAMETPOM, XapaKTep-
HBIM JIJI COOTBETCTBYIOIIETO pa3Mepa MoJuMepa, U ee UTMHOHN, IPONOPIHOHATBHON YUCITy ITHX
[MUKITMYECKHUX TTOJIMMEPOB.

Jpyroii mpuMep YKpYITHEHUSI CTPYKTYPHOTO (pparMeHTa OOyCIIOBJICH YCIOKHEHHEM Bep-
[IMHHOTO JIEMEHTa M30TOHA: MepPeXO/ OT «HM30TOHANBbHOI» 0a30BOM COBOKYMHOCTH TETPadIpoOB
(Terpasmp, xKy0) k ee ycedeHHor dopme ({333} — {366} unm {444} —{368}) [12]. bonee kpymn-
HbI€ HAHOCTPYKTYPBI XapaKTepU3YIOTCS TE€M e COCTaBOM Sig,, Os,,, YTO M UCXOAHBIE, TaK Kak
tonojiorus Si04—TeTpa’napoB octaeTcs HensmeHHou: 1(1)-3(2). [Tocnenyroiiee ykpynHeHHE Bep-
IIMHHOTO 3JIEMEHTa MPUBOJIUT K MOSBICHUIO TeTpadapos ¢ Tononorueit 1(1)-2(2)-1(3), a 3arem u
1(1)-3(3), uTo U3MEHSIET COCTaB HAHOCTPYKTYPHI OT Si15030 A0 SinyOsg, 3aTeM SiygOgy , SiggOiss,
U T.J., IpUOIMKas €ro CTEXUOMETpHUecKkuid coctas K Si0s.

YuutsiBasi BeposTHYIO Tornojoruto SiO4—terpasmpa (cM. Tabdi. 11) MOKHO MPEATMOT0KHUTS,
YTO BO3MOKHBIE BapUaHThl O0ObEIUHEHHS TETPAdIPOB C 00pa30BaHUEM JIOCTATOUYHO KOMITAKTHBIX
MOJyJei ¥ OJOKOB MCUEPIIBIBAIOTCS TETPadAPUYECKUMH KOMIUIEKcaMu, ocHoBaHHbIMH Ha KITY
u I'TIY 6a3oBbIx TeTpasnpos. [IpumMepsl Takux 00beIMHEHUN MOXKHO YBUIETH B Mpoiiecce oOpa-
30BaHUA «cymnepTeTpasapoB» u3 4, 10, 20 u 35 6a30BbIX TETPaAdAPOB, a TAKXKE MX BO3MOXKHBIX
NPOM3BOAHBIX YCEUCHHBIX (PopM, BKItoUaromux 6, 16, 19 u 31 6a3oBblit TeTpasap (tadim. 12).

Ha3Banue HaHOYACTHIIBI CocraB Cpennsis CummeTpus Juamerp

TOIIOJIO- HaHOYACTHUIBI | <d>, HM

TAY€CKUMN

k03 du-

LUEHT JUTSt

TETPadPOB,

<k>
bazoBbiii 1-TeTpasap Si0, 4 43m 0,324
4-terpasnp Si401p 5/2 43m 0,65
10-TeTpasap Si10099 2 43m 0,97
YceueHHBIH 6-TeTpaIp SigO16 8/3 43m 0,65
20-TeTpasp Si9035 7/4 43m 1,30
VYceuennnit 16-terpasnp | Sij603; 31/16 43m 0,97
35-TeTpasrap Si350s56 8/5 43m 1,62
Yceuennsiit 31-terpasap | Siz Os: 52/31 43m 1,30
Yeeuennsiit 19-tetpasnp | SijgOyg 40/19 43m 0,98
6-0KTadIp SigO16 8/3 242m 0,70
8-rexcasap SigOqp 5/2 m3m 0,93
32-rekca’ap Si32065 17/8 m3m 1,86
YceueHHbIN 24-rekcadip Si240¢0 5/2 m3m 1,50

TApMIA 12. «Cdepuueckre» HAHOYACTHIIBI U MX OCHOBHBIE XapaKTEPUCTUKH

JlocTaTo4HO KOMIIAKTHBIMU TETPA3APUUYECKUMH KOMIUIEKCAMU SIBJISIOTCS TakXke 00beau-
HeHUsl Si3Oyg—TpUMEPOB B TPUTOHAIBHBIE IPU3MbI M aHTUIIPU3MBI C IOCIEAYIOLIUM 00pa30BaHUEM
TPUTOHAJIBHBIX HAHOTPYOOK. TeTparoHajibHble M IeKCaroHaJbHblE HAHOTPYOKH CYILIECTBEHHO Me-
Hee KOMIIAKTHbI, YeM TPUIOHAJIbHbBIE, OJIHAKO UX KOMIAKTHOCTH CYLIECTBEHHO BO3PACTaET, €CIIU
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OHH COZIEpIKaT B ce0e KOAKCHAIIbHO PACIIOI0KEHHbIE HAHOTPYOKH MEHbIIEro quamerpa (Taom. 13,
puc. 19).

Puc. 19. MneanuzupoBaHHble H300pakeHHsI HEKOTOPBIX MPOCTHIX (2) U KOMILJIEKC-
HbIX (0) HaHOPparmeHToB U3 SiO4-TETPA’APOB B BHUJIE BO3MOKHBIX HAHOCTPYKTYP
C IIIMHIPHYECKOH (hopmoit

6.3.2. Beposmuvie unmepxanramol MxC u3z nonusopuueckux cioee euoa Pesay ). Cpenu on-
HOCTYINEHYATBIX P—CJIOMHBIX CTPYKTYp YNOPSIOYEHHBIX (a3 BHEAPEHUS IIEJTOYHBIX METAJUIOB B
reKcaroHaJ bHbIA TpaduT u3BecTHBI coequHeHus cocraBa MCqg (M — Li, Na) u MCg (M - K, Rb,
Cs) [61]. UccnenoBaHa MX SJIEKTPOHHAS M KPUCTAJUIMYECKasi CTPYKTYPbI, U3y4YE€HbI BO3MOXKHbBIE
(dazoBbie MpeBpalieHus, UHAYIIUPOBAHHbIC JABJICHUEM, TEMIIEPAaTypod U U3MEHEHHUEM XHMHYe-
CKOI'O COCTaBa M COIMPOBOXKJAIOLINECS N3MEHEHUEM CTYINEHYaTOCTH U CIOMHOCTH CTPYKTYp [62—
66]. s cuctem LiCg — C u MCyg — C (M - K, Rb, Cs) nony4ens! skciepuMenTanbaas [67, 68] u
teopernueckue T,x— u Px—auarpammel cocrosinust [69, 70]. OnHako, yCTaHOBIEHHBIE YIIOPSII0-
YEHHbIE CTPYKTYPHBIE COCTOSIHUS HE JOCTATOYHO MOJIHO OINMCHIBAIOT Bce (DOpPMaIbHO BO3MOYKHbBIE
1,p—cTpykrypsl MC,,. @akThl CylIeCTBOBaHMS S—CTYINEHYATBIX CTPYKTYp cocTaBa MCyy (5=2),
MCs¢ (s=3) u MCyg (s=4) [61, 65] yka3pIBalOT Ha BO3MOXKHOCTb CYIIECTBOBAaHHUS METACTAOWIIb-
Horo coctosiHus daszel MCy, (s=1). A cymectBoBanue cTpykTyp coctaBa MCsy; (s=3), MCsg
(s=4) [64] u LiCyg (s=2) [67, 69] cBHIETEILCTBYIOT O BO3MOKHOM HECTAaOMJILHOM COCTOSTHUU
¢a3sl cocraa MCy (s=1).

s MonenupoBaHus OJHOCTYNEHYATHIX P—CIOUHBIX CTPYKTYP U3 MOJUIIPHUECKUX CIIO-
eB BHAA Pguy(7)ucnonb3oBany HaOOP BO3MOXKHBIX I;—BEKTOPOB, COCIMHSIONIMX I€OMETpHYE-
CKHE IIEHTpPHI TeKcaroHanbHbIX Tpu3M Cg B 6a30Boil cTpykrype P6/mmm (puc. 20, a). Momynu
ATHX BEKTOPOB XapaKTEPHU3YIOT MEPHUOIBI UICHTHYHOCTH B M—TIOApEIIeTKE yIOpsIJ04eHHON (a-
3bl. KoHKpeTHbIN HAOOp Tpex BekTopos (r;, rj, (r;—r;)), rie 8 > ij > 1, ompenenser TPUroH
M-noapemeTKky, a COBMECTHO C 3aJlaHUeM TMOpsJIKa YepeaoBaHusi M—CI0eB — 1 CUMMETPHUIO BO3-
MoxkHOH 1,p—cTpykTypst MC,,—da3si [10]. B pucynke 20 copepkutcs nHGOpMAIIHS O BO3MOXKHBIX
0a30BbIX BEKTOpax M-TOApENIeTKH, a TaKkKe CBEICHHsI 00 MCIIOJIb3yeMbIX KOJaxX ISl ONMUCAHUS
uepenosanus M—cinoes Buna Pey(6(3)) B 1,p—cTpykrypax (puc. 20,6). D10 HEOOXOAMMO 11 aJeK-
BaTHOTO TIPE/CTABICHUS TPaPUICCKIX M300pakeHnl (PparMeHTOB MOACITHUPYEMBIX CTPYKTYP IO
UCTIONIb3yEeMbIM B Tabnmumax 14—17 cuMBOIBHBIM 0003HaYeHUSAM. VIEHTHPHUKALINIO TTIOITy9IEeHHBIX
MOJIEIIMPOBAHUEM |,p—CTPYKTYp OCYIIECTBISUIM B COOTBETCTBUU ¢ MeToaukoi [10] ¢ ucnomnb3o-
BaHHUEM CHPAaBOYHBIX AaHHBIX [71-73]. Onucanue UACHTUPUITMPOBAHHBIX CTPYKTYP MPOBOIMIN
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Haszpanue Cocras Cpennss Cummerpus HMuamerp <d>,

TOIIOJIO- HM

THY€CKUMN JnnHa, HM

k03¢ du-

[UEHT  JUIA

TETPadAPOB,

<k>
6-TpUTOHIIPU3MA ) 3m 0,52; 0,53
6-TPUrOHAHTHUIIPU3MA Sig015 512 3m 0,61; 0,43
9-TpuroHmnpuzmMa } 3m 0,52; 0,79
9-TpUIrOHAHTHUIIPU3MA SigO21 713 3m 0,61; 0,65
12-Tpuronnpusma ) 3m 0,52; 1,06
12-TpUroHaHTUIIPHU3MA Si12027 9/4 3m 0,61; 0,87
8-TeTparoHnpusMa ) 4/mmm 0,52; 0,53
8-TeTparoHaHTUIIPHU3MA SigOx0 512 4mm 0,72; 0,43
12-TeTparonnpusma ) 4/mmm 0,52; 0,79
12-TeTparoHaHTHIpU3MA Si1202s 713 4mm 0,72; 0,65
16-TeTparonnpusma ) 4/mmm 0,52; 1,06
16-TeTparoHaHTUIIPU3MA Si160s6 9/4 4mm 0,72; 0,87
12-rekcaronnpusma ) 6/mmm 0,79; 0,53
12-rekcaroHaHTHIIPU3MA Si120s0 512 6mm 0,92; 0,43
18-rekcaronnpusma ) 6/mmm 0,79; 0,79
1 8-reKCcaroHaHTHIPHU3MA Si150a2 713 6mm 0,92; 0,65
24-rekcaroHnpu3Ma ) 6/mmm 0,79; 1,06
24-reKcaroHaHTHIIPU3Ma Si24054 9/4 6mm 0,92; 0,87
16-rekcamp Si16036 9/4 4/mmm 0,93; 1,50
24-rekcasap Si34O052 13/6 4/mmm 0,93; 2,25

TABTMIA 13. «{unuaapuyeckre» HaHOCTPYKTYPBl U MX OCHOBHBIE XapaKTEPUCTUKH

Ha S3bIKE 3aHATHIX PEHIETOYHBIX KOMIUIEKCOB C YKa3aHHEM MX OCHOBHBIX XapaKTEPUCTHUK B COOT-
BETCTBHHM C paboroii [72].

CTpyKTypbI MOJTHOCTBIO YIOPSAOUYEHHBIX OJHOCTYIIEHUYATBIX P—CIOWHBIX CTPYKTYp (a3
BHeapenuss MxC (0,083 <x<0,5) moryT ObITh OnucaHbl cieayromuM odpasom (tabn. 14). Ilpu
OMKMCAHUU CTPYKTYP YHOPSIOUCHHBIX TBEPBIX PACTBOPOB KpoMe urcia M—cioeB, Koa yIakoBKU
aroMOB M B cllo€ U MPOCTPAHCTBEHHON TPYIIBI CAMMETPUHU YKa3aHbl XapaKTePUCTUKH 3aHSATHIX
aroMaMd M pelIeTOuHBIX KOMITJIEKCOB M METPUYECKHE MapaMeTphl dJeMeHTapHbIX sueek MC,
OTHOCHUTEIIbHO STYEHKH MaKCHUMAaJbHO 3alOJHEHHON cTpyKTypbl MC,. M300paxeHus nCXOTHON
cTpykTypbl MCs, a Takke HEKOTOpbIX cTpyKTyp coctaBa MC,, ¢ n = 6, 8 u 12 npuseneHs! Ha
puc. 21-23.

Ha ocHOBe CTpyKTyp YIOpSAOUEHHBIX PACTBOPOB MOTYT OBbITh TEOPETUYECKU MOTYUYEHBI
CTPYKTYpBl pa3ylopsIOUE€HHBIX TBEpIBbIX pacTBopoB M;.,C,, a Takke TBEpIbIX PacTBOPOB C
YaCTUYHOM pa3ynopsi0ueHHOCThI0 aToMOB M [10]. Onucanus HEKOTOPHIX OHOCIOWHBIX CTPYK-
Typ pa3yloOpsAO4YEHHBIX TBEPIBIX PAaCTBOPOB IpeJCTaBieHbl B Tabu. 15. B ciydyae wactuuHoM
YHOPSA0YEHHOCTH aTOMOB M MOTyT 00pa30BaThbCsl CTPYKTYpPbI TBEPIBIX PAaCTBOPOB, YKa3aHHbIE B
Tabsn. 16.
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Puc. 20. Bo3moxxHble 6a30BbIe BEKTOPHI AJIsi TPUTOHOB M-loApeIieTKy (a) 1 MaT-
pHIIa KOIUPOBAHMS TOCIIE0BATEILHOCTH YepenoBanusi M-cioes (0) B ¢a3zax BHe-

penust MC,,.
N/N n/m | CoctaB | CummeTpuss ¥ | 3aHATHIC atoMoM | OTHOCHUTEINIbHBIE ~ METpHUYe-
YHUCJIO0 dop- | M peIIeTOYHBIC | CKHME TapaMeTPhl 3JIeMEHTap-
MYJIBHBIX KOMIUIEKCHI M HX | HOW STYEHKHU
CIMHUI[ B OJI. | XapaKTEPUCTUKU
sTYeHKe
0 MC, P6/mmm (1) P - 1(a) 6/mmm a = ag,
C=Cp
1 MCg | P6/mmm (1) P - 1(a) 6/mmm a=3Y2a, c=cg
4 MCg P6/mmm (1) P - 1(a) 6/mmm a=2ay,c=c¢y
5 MCg Pmmm (1) P - 1(a) mmm a=23"2a,,b=12a,, c=c
13 MC;y | Cmmm (2) C - 2(a) mmm a=23"2a,, b=5a,,c=c
15 MCi, | Pmmm (1) P - 1(a) mmm a =323y, b=3ay,c=c
16 MCi, | P2/m (1) P - 1(a) 2/m a=2ay, b=cy, c=7"2%a,
B = 101°
23 MCy, | P6/m (1) P - 1(a) 6/m a=7"%ay, c=c
27 MCig | P6/mmm (1) P - 1(a) 6/mmm a = 3ag, ¢ = ¢y
28 MCis | P2/m (1) P - 1(a) 2/m a=3ag, b=cy, c=7"2a,,
B = 101°
34 MCy | P2/m (1) P - 1(b) 2/m a=2%3123,, b =cy, c="?a,,
B = 109°
36 MCy, | P6/mmm (1) P — 1(a) 6/mmm a=2%3123, c=c,

TABJINIIA 14. OnucaHue BO3MOXHBIX OJHOCIOWHBIX YIOPSIOYEHHBIX (a3 BHE-
pennst coctaBa MC,,, e n = 2-24 (Koj YIIaKOBKH CJIOCB (/(Y)
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Puc. 21. Nzobpaxenus 1,p-ctpykryp ynopsaodeHHbIX a3z MC, (1), MCgy ¢ ko-
namu ynakoBku M-cnoeB aa (2), afa (3), afya (4) m MCg ¢ KonaMu yIakOBKU
aa (5u6), aya (7Tu8), afa (9), afya (10 u 11) 1 afyéa (12 u 13)

Puc. 22. Nzobpaxenus 1,p-cTpykTyp ynopsgaoueHHbIX ¢a3 MCiy ¢ Komamu yrma-
koBKkH M-cinoeB aa (1 u 2), aya 3 u 5), afa (4 u 6), afya (7 u 8) u

afyoa (9 u 10)

101
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Puc. 23. UzobpaxkeHus 1,p-CTPyKTYp BEpOSTHBIX YIOPSIOYCHHBIX (a3 BHEAPCHUS
coctaBa MCy4 (M — Rb, Cs) ¢ kogamu ymakoBku M-cioeB ax (1) u cocraa MCqg
(M = Rb, Cs) ¢ xomamu ymakoBku av (2 u 3), ada (4 u 5) u add’av (6)

CocraB p-cinoiiHocTs U | Cummerpus U | 3aHATBIE KpUCTAILIOTpadu-

KOJI YIIAKOBKH | YUCJIO  (POPMYJIb- | YECKHE TIO3UITUH

CJIOEeB HBIX CIUHHI[ B

3JIEMEHTapHOU
sYerKe

\Y I O P=1, af’y’ P6/mmm (z=1/3) | [(1+x)/3]M : 1(a),
(0<x<2) 2C : 2(d)
\Y I O p=1, ap’~’d’ P6/mmm (z=1/4) | [(1+x)/4]M : 1(a),
(0<x<0,33) 2C : 2(d)
M1..Cio p=1, af’y’0’n’ P6/mmm (z=1/5) | [(1+x)/5]M : 1(a),
(0<x<0,25) 2C : 2(d)
Mi,.Cio p=1, af’y’0’n’0> | P6/mmm (z=1/6) | [(1+x)/6]M : 1(a),
(0<x<0,2) 2C : 2(d)
M, ,.Cyy p=1, P6/mmm (z=1/7) | [(1+x)/7]M : 1(a),
(0<x<0,17) af’yon o w 2C : 2(d)
Mi,.Cis p=1, af’y’0’n’0> | P6/mmm (z=1/9) | [(1+x)/9]M : 1(a),
(0<x<0,125) 2C : 2(d)
Mi4.Co p=1, af’y’0’n’0> | P6/mmm (z=1/10) | [(1+x)/10]M : 1(a),
(0<x<0,1) 2C : 2(d)
My .Coy p=1, af’y’0’n’0> | P6/mmm (z=1/12) | [(1+x)/12]M : 1(a),
(0<x<0,08) 2C : 2(d)
M. .Co p=1, af’y’0’n’0> | P6/mmm (z=1/13) | [(1+x)/13]M : 1(a),
(0<x<0,07) 2C : 2(d)
M1, .Cso p=1, af’y’0’n’0> | P6/mmm (z=1/16) | [(1+x)/16]M : 1(a),
(0<x<0,048) 2C : 2(d)

TABTUIA 15. Onmcanue BO3MOXKHBIX pa3yHnopsiIOYeHHBIX (a3 BHEIPSHHS COCTaBa
M,,,C,, tne n = 6-32
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CocraB p-cinoiiHocts W | Cummerpust (uuc- | 3aHAThIC KpUCTAIIOTpadu-
KOJI YIIAKOBKH | JIO  (POPMYJIBHBIX | YECKHE TIO3UIUH
CJIOEeB CIMUHHUIl B  OJL.
sTuerKe)
\Y I O p=1, af’y’ P6/mmm (z=1) (1+x)M : 1(a)*+2(c),
(0<x<2) 6C : 6(k)
M., Cs p=1, ap’~’d’ P6/mmm (z=1) (1+x)M : 1(a)+3(f),
(0<x<0,33) 8C : 2(d)+6(m)
\Y I O p=1, ap’~’d’ Pmmm (z=1) (1+x)M : 1(a)*+1(e)*+2(n),
(0<x<0,33) 8C : 2(1)+2(1)+4(z)
Mi..Cio p=1, af’~’d’ Cmmm (z=2) 2(1+x)M : 2(a)+2*4(1),
(0<x<0,25) 20C : 4(h)+2*8(g)
M, ,Coo p=1, ap’~’d’ Pmmm (z=1) (1+x)M
(0<x<0,2) 1(a)+1(f)+2(m)+2(0),
12C : 2(1)+2(1)+2*4(z)
Mi:.Coo p=1, af’~’d’ P2/m (z=1) (1+x)M
(0<x<0,2) 1(a)+1(d)+2(1)+2(),
12C : 6*2(m))

TABUIA 16. Onmcanue BO3MOXKHBIX YaCTUYHO Pa3ymopsIoueHHBIX (a3 BHEApe-
Hus coctaBa My, C,,, rne n = 6-12

CocraB | p-cnoii- | Cummerpus 3ansateie  kpu- | Kom  ymakoBku | CuMMeTpust
HOCTb (aucno ¢dop- | ctamorpadguye- | CI0€B B JOMe- | OMpeaess-
U KO | MyJbHBIX CKHE MO3UIUH | HaX emMas  u3
yna- €IUHHUI] B DI nudpak-
KOBKH suehKe) LIMOHHOTO
CJI0EB JKCTIepPH-
MEHTa

MCg p=1, a | P6/mmm (z=1) | 1M : 1(a), a+ B+ P6/mmm
6C : 6(k)

MCyg p=1, a | P6/mmm (z=1) | IM: 1(a), (a+p+7)+ (a+ | P6/mmm
8C : 2(d)+6(m) | B+0)+ (+v+

0)+ B+~ +9)

MCyg p=1, « | Pmmm (z=1) IM : 1(a), (a+p+7)+ (a+ | P6/mmm
8C B40)+ (a+v+
2(1)+2(1)+4(z) )+ (B+v+9)

MCyy | p=l, @ | Cmmm (z=2) 2M : 2(a), a+pf+~v+0 | Cmmm
20C
4(h)+2*8(g)

MCy; | p=I,« | Pmmm (z=1) IM : 1(a), a+pB+~v+0 | Pmmm
12C :
2(1)+2(1)+2*4(z)

MCy; |p=l,a |P2/m (z=1) IM : 1(a), a+pB+~v+0 | Pmmm
12C:6*2(m)

TABJINIIA 17. OnucaHue BO3MOXHBIX TOMOTCHHBIX U TE€TEPOTCHHBIX YIOPSAI0UYCH-
HBIX (a3 BHeApeHus coctaBa MC,,, rne n = 6-12
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OTMeTHUM, YTO MOJIHOCTHIO Pa3ynopsA0YEHHbIE U YACTUYHO Pa3yloOpsI0YCHHbBIE TBEP/bIC
pacTBOpPHI Ha OCHOBE ymopsioueHHbIX ¢a3 coctaa MC,, (n = 6, 8, 10, 12 u T.a. [10]) umeror,
MIO—-BUJIMMOMY, CYIIECTBEHHO OTPAaHUYEHHBIN XapakTep. B MOIHOCTBbIO ynOpsAI0UEHHBIX TBEPBIX
pacTBOpax BHEIPEHUS UX CTPYKTYpa MOXKET peaanu30BaThes JINO0 Kak roMoreHHas crpykrypa [10],
100 Kak "TereporeHHas" cCTpyKTypa, COCTOsALIasi U3 OPUEHTUPOBAHHBIX OIPEIEIEHHBIM 00pa3oM
M30CTPYKTYPHBIX JOMEHOB (Tabm. 17) [10]. B onmcanum ynopsimo4eHHBIX CTPYKTYp BTOPOTO TH-
1a MPHUBEICHBI KOJbI YIIAaKOBKH M—CIIOEB BO BCEX JIOMEHAaX JaHHOW (a3bl, a TaKKe CUMMETPHS,
KOTOpasi J0JKHA HAOI0AaThesl B AUPPAKIMOHHOM JKCIepuMeEHTE. TOJIBKO JOMYIIEHHE BO3MOXK-
HOCTH CYIIECTBOBaHMS MOAOOHBIX 1,p—cTpykTyp Asis coctaBoB MCg 1 MCg 00BsICHSIET, TOUeMy
B OONBIIMHCTBE ciydyaeB Ui ynopsaodeHHbIX (a3 BHeapenus MxC (0.1 < x < 0.5; M — mie-
JIOYHBIE METaJIbl) SKCHEPUMEHTANIbHO 3a()UKCHPOBAHBI TOJBKO I'€KCArOHaJbHbIE CTPYKTYPHI C
MPOCTPAHCTBEHHOH Tpynmor P6/mmm.

7. 3akiaueHue

B HacTosmieit paboTe B KadeCcTBE MHCTPYMEHTA AM3aiiHa U CTPYKTYpPHOTO MOJEJIMPOBAHUS
WCIIOJIb30BAJIM OTPAaHUYECHHS HA TOIOJIOTHIO ITOJIMTOHOB U MOJIM3IPOB B BEPOSTHBIX OJHOMEPHO—
NEPUOINYECKUX U JBYMEPHBIX JBAXKIBI IEPUOAUYECKUX HAHOCTPYKTYPaxX. DTU OIPaHUYEHUS SB-
JISIFOTCSL YCIIOBUSIMU TOTIOJIOTMYECKON MJIEHTUYHOCTH BEPIUUH MOJUTOHOB MM MOJIM3IPOB H/MUIIH
TOIIOJIOTMYECKOW MICHTUYHOCTH MOJUTOHOB WM MOaU3ApoB. Ha ocHOBE TOMONOrMYeckoro aHa-
JIN3a CKOHCTPYUPOBAHHBIX HAHOCTPYKTYP HOJIYUYEHBI COOTBETCTBYIOIINE 0a30Bble€ COBOKYITHOCTHU
aroMoB. B wacTHOcTH, nony4yeHsl 23 AByMepHbIE 0a30Bble COBOKYITHOCTH arOMOB, B TOM YHCIIE
12 — nByxcnoiHbix. C ydyeroM 68 mpou3BOIHBIX OT HHUX (B TOM uucie 39 nBYyXCIOHHBIX) 00-
II€€ YMCJIO ONpPENETICHHbIX JBYMEPHBIX COBOKYITHOCTEN aroMoB paBHO 91. Bce oHM MoryT ObITH
UCIIOJIb30BaHbl NPU KOMOMHATOPHOM MOEIMPOBAHUU UICAIU3UPOBAHHBIX CTPYKTYPHBIX THIIOB
BELIECTB, B YAaCTHOCTH C LEMNOYEYHBIMU M CIOMCTBIMU CTPyKTypamu. MBbl monaraem, 4ro Ha
OCHOBE IOJIyYEHHBIX PE3YyJIbTaTOB MOTYT ObITh CKOHCTPYHPOBaHbI HOBBIE CTPYKTYPHbIE Pa3HO-
BUJHOCTH IPOCTBIX U CJIIOKHBIX BEIECTB ¢ HECTAHJAPTHOM CTEPEOXUMHUEN U KPUCTAITIOXUMHEH
1 HEOOBIYHOH TUIIEPKOOpAUHAIIMEH aTOMOB (CM., Hanpumep, [74, 75].

Takum 006pazoM, HCII0JIb30BaHUE TTOJUTOHOB U TIOJIUIIPOB C BBIOMPAEMOI TOMOJIIOTHEH SB-
JsieTCs J0CTaTOYHO 3((PEKTUBHBIM CIIOCOOOM KOHCTPYHUPOBAHUS HAN0O0JIe€ BEPOSTHBIX OJHOMEPHO—
NEPUOINYECKUX U IBYMEPHBIX ABaK/bl IEPUOJNUECKUX HAHOCTPYKTYp. OAHAKO MOJYEPKHEM, UYTO
paccMOTpPEHHBIN BapUaHT KOMOMHATOPHOTO AW3aiiHa NOJUTOHHBIX U NOJUAPUYECKUX HAHOCTPYK-
Typ HE MCYEPIIBIBAET BCE BO3MOKHOE MHOrooOpa3ue CTpyKTypHBIX (hOpM B HaHOCHCTEMaX.
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In this paper we propose a synthesis of various approaches mixing computational modeling, solving complex and
sometimes ill-posed inverse problems and the development of efficient analytic perturbation procedures, which offer
an analytic path to the solution of the mathematical design and optimization problems for constructing quantum
networks with prescribed transport properties. We consider the simplest sort of 2D quantum networks — the
junctions — and focus on the problems of the resonance scattering, caused by the spectral properties of the relevant
Schrodinger operator on the vertex domain. Typically, 1-D features appear in the form of the single-mode scattering
on the first spectral (energy) band in the resulting solvable model, but the analysis of multi-mode scattering is
possible with our methodology. However, this comes at the price of assuming realistic (as opposed to quite general)
matching between the scattering Ansatz in the wires and the solution of the Schrodinger equation on the vertex
domain. Here this matching is based on a recently developed version of the Dirichlet-to-Neumann map. We are
further able to observe the transformation of the discrete spectrum of the Schrodinger operator on the vertex domain
into the resonance features of the relevant scattering problem.

Keywords: scattering, junction.

1. Quantum Networks: physical background, motivation and the road map

Computational investigation and computer based modeling are an unavoidable component
of much of modern scientific research. Increasing demands to handle large data sets more quickly,
or computationally solve extremely large systems of equations, or more and more complicated
PDEs do not align well with the demand for more compact constructions, greater speed or other
efficiencies. Indeed, the only way forward from where we are at the moment seems to rest on the
development of fast nano-size elements of a quantum nature. Silicon based technology is unlikely
to meet the needs of future generations of researchers and is already basically outdated since
nano-size elements (produced by known classical technology) require large scale low-temperature
equipment without offering the speed improvements.

The international community of computer engineers and materials scientists have focussed
on the search for new cheap and technologically flexible materials which would replace silicon in
manufacturing elements of computers of the next generation. However, it is already clear that the
search for new materials must go hand in hand with the search for new design of elements, new
working regimes and new technology. It is fair to say that the international research community
expects that the classical designs, working regimes and technology of manufacturing soon will
be replaced by the corresponding “quantum” analogs.

Quantum networks belong to a wider class of resonance scattering systems. According
to [1], even in simplest case of linear transport processes, these systems are described by linear
differential equations, e.g the wave equation or the Schrodinger equation, on special domains
admitting a subdivision into two parts: a linear equation ( Schrodinger equation ) on the region
surrounded by barriers ( e.g. a quantum well ) and a similar equation on a reservoir, the two
being weakly coupled by tunneling, see for instance or by a thin channel. The typical example
of the latter system is provided by the classical Helmholtz Resonator, see [2] and references
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therein. In the case of Quantum Network this decomposition corresponds, see [1], is reduced to
the “schematization of the transport process as a coherent process on the quantum well, fed by
the exterior reservoirs” - in our case the role of reservoirs played by the quantum wires . On the
reservoirs, assumed to be homogeneous and neutral, the electron - electron interaction is usually
neglected, and the single electron is free. But the resonance properties of the quantum well and
the tunneling on the contacts define the transport properties of the whole network. Validity of a
1D quantum graph for approximate description of the dynamics of electrons on the 2D quantum
network inspired a number of papers, see for instance [3-8], where actually the small energy
asymptotic of spectral properties of the Laplacian on the network is studied. Another series of
papers [9-14] is aimed to the spectral properties of Laplacean on the manifolds with cusps.

The quantum mechanics was already well developed through the 20-th century to understand
physics of atoms and molecules, and even to verify numerically basic physical parameters, even
though it still seems far from the demands of standard engineering practices. Unfortunately,
the basic equations of quantum mechanics admit explicit solutions only in rare cases. Hence
the optimization of the design of elements of quantum devices with prescribed properties and
functions now requires: either

e significant computational modeling, including scanning over highly multidimensional
spaces of all essential physical and geometrical parameters affecting the final properties
of the device engineered,

e or solving extraordinary complex and sometimes ill-posed inverse problems, which would
connect directly the required functions and properties of the quantum devices with the
basic physical and geometrical parameters,

e or development of efficient analytic perturbation procedures, offering an analytic path to
the solution of the mathematical design and optimization problems for the corresponding
“quantum networks”.

None of these design optimisation processes developed separately could provide a complete
and viable solution to all the engineering problems for every quantum network. In this paper, we
propose a synthesis of the these approaches to construct a procedure of mathematical design of a
quantum network with prescribed transport properties.

We consider the simplest sort of 2-D quantum networks - the junctions- constructed of the
2-D vertex domains (quantum wells, quantum dots), €2,, and straight 2-D leads (quantum wires),
w™, all of equal width 6 connecting the wells to each other or possibly extending to infinity.
In contrast with earlier attempts as noted above, we pay close attention to the dynamics and
geometry on the vertex domains and the potential of the corresponding Schrodinger equation.

It is convenient to assume that the domains and the leads are separated from each other
by imaginable bottom sections 7, orthogonal to the axes of the quantum wires - as illustrated -
with [, v =T,

A reasonably strong quantum current will be formed by a huge number of electrons
and so the transport problem on the quantum network needs multi-particle quantum mechanics.
Unfortunately, currently this multi-particle technique has been developed only for domains in R"
with trivial geometry, for instance the whole space, a half-space or possibly a cone.

The density of electrons in a solid (semiconductor) is about 10'° (cm) ™!, thus the distance
between them is about 107% ¢m which is typically at least two orders of magnitude larger
than the minimal period in the solid. Nevertheless, the interaction between electrons cannot be
neglected since various collective effects for the whole system of electrons in the solid are caused
by the long-range Coulomb interaction. A practical understanding of the multi-particle aspect
on a quantum network might follow the ideology of coupled clusters theory, see for instance
[20] and references therein. Anyway, the basic building blocks of the multi-particle spectral
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F1G. 1. A quantum 2-D network

theory are solutions of the corresponding one-body Schrodinger equations. The Slater determinant
constructed from the one-body orbitals satisfy the linear multi-particle Schrodinger equation for
non-interacting electrons forming multi-particle orbitals governed by the Pauli principle and
possessing certain appropriate statistical properties. This linear equation can be equipped with
a Coulomb interaction between electrons. The modern practice of Quantum Chemistry shows
already that when a two body interaction is taken into account we obtain a realistic multi-particle
spectral picture and the corresponding dynamics. This observation was confirmed, see [15], in a
rigorous analysis of the zero-range model of multi-particle system with only two-body collisions
taken into account.

A rigorous few body quantum mechanics on a quantum network is not developed yet,
though there are few recent papers concerning two-body solvable models for 1d quantum
networks. The difficulty of the problem appears from the highly inconvenient multi-particle
configuration space, even for two-body problem on a junction, see for instance [16]. Luckily,
taking into account the multi-particle interaction does not change essentially the structure of the
band spectrum, though some new branches may appear. Based on above motivation we focus
in this paper only on one-particle spectral problems on quantum networks. Most interesting
are so-called scattering problems formally arising from comparison of spectral properties of the
Schrodinger operator on the quantum network and on an unperturbed analog obtained by splitting
away the vertex domains, by applying zero boundary conditions on the bottom sections I' of the
wires. Unfortunately this splitting and the corresponding matching re-instoring the connection
between the wires and the vertex domain. are infinite-dimensional on the bottom sections I'.
Hence the elegant Glazman theory, see [18], which is very efficient in 1-D case, cannot be
applied in the 2D case where we are studying spectral properties of a Hamiltonian of the quantum
system composed of several weakly connected blocks. Indeed, the main tool of the theory -
von Neumann’s operator extension - is efficient only in the case when the weak connection is
finite-dimensional. Note that in 1-D networks the matching condition is imposed on 0-D sections,
and hence is finite-dimensional. This is actually an attractive feature and a main motivation of
numerous papers on 1-D Quantum Networks in the last two decades, including the papers quoted
above.
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As we have said, in this paper we consider mainly in the 2-D (or, potentially, even
higher dimensional) environment and focus on the problems of resonance scattering caused
by the spectral properties of the relevant Schrodinger operator on the vertex domain. The 1-D
features appear as single-mode scattering on the first spectra band in the resulting solvable model,
but the multi-mode scattering remains within reach of our analysis. This comes at the cost of
having to assume (realistic) matching conditions on the bottom sections of the scattering Ansatz
in the wires to the solution of the Schrodinger equation on the vertex domain, as opposed to
quite general considerations. We organize these matching conditions around our version of the
Dirichlet-to-Neumann map, introduced in [21], and developed in later publications, see [26-29].
The corresponding matching on the bottom sections is finite-dimensional, but still allows us to
observe the transformation of the discrete spectrum of the Schrodinger operator on the vertex
domain into the resonance features of the relevant scattering problem.

It is in fact this transformation which defines one of main difficulties in the analysis of a
general resonance scattering system and is caused by the eigenvalues of the compact subsystem,
embedded into the continuous spectrum of the reservoir weakly connected to it. From a naive
point of view, the weak connection may be taken into account by a standard analytic perturbation
procedure. Indeed, for a selfadjoint operator A in the Hilbert space F, with discrete spectrum, and

the small self-adjoint perturbation eV, || eV ||< ¢, defines, for each simple isolated eigenvalue
/\2 of AO

2e < mings| s — N| = ps

a branch of eigenvalues A of the perturbed operator A, := Ay+cV represented by a geometrically
convergent series

A= 204 e XD+ 20202 + 2 N0 (3) + ...,

and the corresponding branch of eigenfunctions, see [17].

Unfortunately, this standard analytic perturbation approach is not efficient for the case
of dense discrete spectrum, where the spacing p is small. It is also not applicable, generally, to
operators with eigenvalues embedded in the continuous spectrum, where the“spacing” p vanishes.
But this is precisely the case of a quantum Network with infinite wires.

Interestingly, the development of radio-location during WWII met a similar difficulty in
the analysis of scattering problems on networks of electromagnetic wave guides, in particular
on junctions. The scattering on the junction is a typical perturbation problem for operators with
embedded eigenvalues. The perturbation of the problem with embedded eigenvalues causes the
transformation of real eigenvalues on the vertex domain of the junction into complex resonances,
which can’t be easily embedded into the framework of selfadjoint operators. An elegant realization
of this program was proposed by P. Lax and R. Phillips, see [30] for equations of second order
in time, such as the wave equation. However not for the Schrédinger equation.

Luckily this obstacle can be mended by transferring to the stationary spectral problem,
but again the main obstacle arising from the embedded eigenvalues is unavoidable.

To escape the difficulties caused by small or zero spacing in the case of operators with
continuous (or dense discrete) spectrum, one may hope to substitute the unperturbed Hamiltonian
Ag by a fitted solvable model A%, and then develop an analytic perturbation procedure between
the perturbed Hamiltonian A, and the model A¢. This two-step procedure Ag — A° — A, is
a modification of the usual analytic perturbation procedure, and was suggested implicitly by
H. Poincare for problems related to celestial mechanics, see [31], and used effectively for the
analysis of Coulomb scattering by Murota and Dollard and subsequently in a general form for
quantum problems by Prigogine. In fact in 1972 he announced, see [34], importance of the search
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of a practical algorithm for the two-step analytic perturbation procedure
Ay — A° — A,

implementing the above. This was probably inspired by the recent (at that time) work of Murota
and Dollard, [32,33], Prigogine attempted to find an Intermediate operator A° in the same form,
as a function of the unperturbed operator A = ®(A,). He also wanted to have the above two
step analytic perturbation procedure on the whole Hilbert space. The search for the corresponding
“intermediate operator” A° continued for almost 20 years, but did not give any results. Finally
Prigogine declared that the intermediate operator with the expected properties does not exist and
can’t be constructed.

In hindsight we now see that I.Prigogine’s proposal, based on the Intermediate Operator
A*, was very close to success. His idea is commonly used by physicists in the form of an
effective Hamiltonian of a complex quantum systems, and, after an essential modification, in [35]
for “geometrical integration” in the dynamical problems of classical mechanics. For resonance
scattering systems Poincare’s idea was implemented as a modified analytic perturbation procedure
with a “jump-start” ( or kick-start) based on construction of a zero-range solvable model of the
perturbed Hamiltonian, see [36]. The corresponding zero- range solvable model for the Quantum
Network was constructed in [37].

In this review we present our findings in resonance scattering on quantum networks, based
on the idea of an Intermediate Hamiltonian, which is constructed via imposing a semi-transparent
finite-dimensional boundary condition on the bottom section of the semi-infinite wires, attached
to the vertex domain of the junction, see §2 below. In §3 we discuss methods of construction
of the scattering matrix based on straightforward computing for DN-map and in section 4 we
aim on analytic perturbation procedure for a thin junction and observe the dependence of the
scattering matrix on the spectral characteristics of the Schrodinger operator on the vertex domain
of the junction. In section 5 we suggest a fitted zero-range model of a 2-D junction in the form
of a Quantum Graph, equipped with the matrix Schrodinger operator with constant coefficients
on the wires and a zero-range potential with an inner structure substituting the vertex domain
with the relevant Schrodinger operator on it. The zero-range potential can be fitted such that the
corresponding scattering matrix is approximated by the resonance factor of the full scattering
matrix of the junction section 5.

The remaining part of the paper is dedicated to analysis of an elementary example of the
simplest T-junction. On this example most of technical tools can be applied. In the Appendix we
give a brief discussion of the classical matrix Rouche theorem, which plays a basic role in the
resonance scattering.

Most of the material of the review, is presented without proofs, which are published in
international mathematical and physical journals, see the references in the text. This review plays
a dual role, as a bridge joining the mathematical demands of rapidly growing research area of the
theoretical and computational nano-electronics with already developed area of spectral theory and
boundary problems in modern mathematics, as we see it “from our corner”. On the other hand we
hope to attract attention of young researchers to this area of the contact of the traditional and well
developed area of spectral theory and boundary problems for partial differential equations - with a
rapidly growing research of modern solid-state electronics, with it’s demand on new mathematical
methods to match an advanced technology and new materials (e.g. carbon nano-structures), which
may substitute the traditional Silicon-based structures in the nearest future.

We also anticipate a huge role of the fitted zero-range solvable models in quantum
engineering, aiming on design and manufacturing of elements of computers of new generation.
The fitted solvable zero-range models give most flexible tool of the mathematical modeling,
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compared with classical partial differential equations of Quantum Mechanics, because they reveal
a straightforward connections between the basic characteristics of materials employed and most
important features of the structures designed. In particular we expect that the fitted zero-range
solvable models would play an important role in modern solid-state theory, for design of composite
structures with prescribed transport properties. In this connection we attract attention of the reader
to our version of analysis of periodic multi-dimensional and sandwich structures, characterized by
an extraordinary high mobility of electrons and holes, see [38]. Neither straightforward computing,
nor the traditional analytic perturbation procedure for the Schrodinger equation would be able to
reveal the high mobility features in the periodic multidimensional or sandwich structures which
are naturally described by the corresponding zero-range models.

2. Scattering matrix via Intermediate DN map

We begin with more detail concerning the physical environment. The electron’s dynamic
on the quantum network , in particular, electron’s scattering, is observed, roughly speaking, only
on a spectral interval Ar defined by the temperature 7. This interval is centered at the Fermi
level Er, see [39] and is described, in terms of the scaled spectral parameter A = 2m*Eh~2 by
the inequality 2m*h=2 [Fr — kT] < XA < 2m*h~2[Fp — kT)]. Here m* is the effective mass of
the electron on the network. On the major part of the paper, if the opposite is not stated, we
assume that the mass is isotropic, and, the Fermi level lies at the center of the first spectral band
2m*Eph~2 .= \p = m20725/2 + V}.

In this paper the spin-dependent transport problem for a single electron with an effective
mass m* is studied on a star-shaped quantum network - a junction €2 = {2;,,; Uw - constructed on a
surface S of a semi-conductor of a vertex domain €2;,,; (a quantum well, of an arbitrary shape, with
piecewise smooth boundary), and a few straight semi-infinite leads w™, UM_,w™ =: w ( quantum
wires, of a constant width 0) attached to €;,,; at the bottom sections I'"™, U%le“m =: I". In strong

FIG. 2. General T-junction. The bottom sections I'* of the wires w?® are denoted by
the stroked lines.

normal electric field the dynamic of the electron on the network is described by the Schrodinger
equation which is transformed, after separation of time and scaling of energy E — \ = 2m* Eh~2,
to the spectral problem on 2 for the Schrodinger operator

LY =—-AY+Hpp+V s = M,
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on 2-spinor v, with the spin-orbital interaction defined the symmetrized Rashba term:
Hp = CY(x)[O—ap] + [0,]?]@(1‘), p= Zva

containing the Rashba - factor «, see [40], defined by the magnitude of the normal component
of electric field. Hereafter we assume, that the normal component of the electric field and the
corresponding factor o vanish near the boundary 0f2;,; and on the wires. Thus the spin-orbital
interaction is present on the vertex domain of the junction, but it is switched off on the wires.

We assume that the temperature is low and the Fermi level A = 2m*Eph~2 lies deep
enough compared to the potential on the surface S of the semiconductor outside €2, to assume that
1 vanishes on the boundary of the network. The electrostatic potential V., is real and piecewise
continuous on the network and is constant, V5 = V., on the wires, magnetic field is absent. We
consider also the Schrodinger equation L) = A, on the quantum well €2;,, with L defined by
the same potential and Rashba term as in £. We consider the selfadjoint operators L”, LV in
L5(£2;,), with Dirichlet and Neumann boundary conditions on I" and Dirichlet boundary condition
on the remaining part of the piecewise smooth boundary 0€2;,;\I". These operators as well as the
one-electron Hamiltonians £ , are selfadjoint in the Hilbert spaces Lo(2;,,), Lo(€2) of all square-
integrable functions on the ;,, 2, on the domain consisting of W2 N W, in Q, Q;, respectively,
satisfying the above boundary conditions, see [26].

The spectrum of LP LY in Ly(€;,) is discrete, and the spectrum of £ contains an
absolutely-continuous part, see [26]. Transport properties of the junction are defined by the
structure of the eigenfunctions of continuous spectrum of £ - scattered waves, see below. The
continuous spectrum of the Schrodinger operator £ on the junction, see [26], consists of a
countable number of spectral branches [721% 62 + V), and has constant multiplicity on each
spectral band [72 1% 62+ V;, ©* (I4+1)* 62 +V, = A}, increasing at each threshold 72 [? 62+ Vj
by a standard jump equal to the total number M of the wires attached to the vertex domain. If the
Fermi level is situated at the center of the first spectral band, the temperature interval A7 is situated
, for low temperature T, on the first spectral band, hence the first branch [726~2 + V,, oo) of the
continuous spectrum is an open channel for the scattering dynamic , and all other branches are
closed. Then we need the scattered waves only on the first spectral branch. We can construct them
based on the cross-section spinors e,,(y) = msin myld ™ vy, m = 1,2... M with | = 1.
Hereafter we use the coordinates !l 2 along and across the wires, w™ = (z: 0 < zll < 00, 0 <
x+ < §). Denote by E, :=\/, sinmztd~' v, the cross-section subspace of the spinors in the
open channel in the wires, and by £_ = Ly(I') © E its orthogonal complement in the Hilbert
space Lo(I") of all square integrable functions on the bottom sections of the wires, I' = U, ["™.
Hereafter we call £/, F_ the entrance subspaces of the open and closed channels respectively.
The scattered waves are constructed via matching on I' of solutions of the Schrodinger equation
Lty = At in Q,,, with the scattering Ansatz ¢ (x, \) = {¢(x,A)} in the wires. Generally, for
arbitrary position of the Fermi level Ay, the scattering Ansatz is combined of oscillating modes
,with [ : 7212072 + V, < Ap, and evanescent modes modes , with [ : 7212072 + V., > Ay in the
wires with exponential behavior at infinity:

X4 (2) = exp (j:i\/)\ — Vs — 7r2[25—2x“> er(zt), A > 72072,

£'(x) == exp (—\/7r2125—2 + Vs — Aaz”) e, A < w2672,
spanned by the cross-section eigen-spinors e;(x1) = 1/2/de! sinwlztd=1 1 =1,2,...:

wm(l,) _ { Xl-l-(x) + Zw2r2/52<)\ Sﬁ7mxi(x) + EW2T2/52>>\ Sﬂmér(x), r e wm
l

- m,n_ r n,m&r n 1
Donz2s52 ) Sty X- () + Dazasmean Sy §(@), Tz €W, n#Em. (1
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The quantum wells and the quantum wires are usually manufactured as a certain relief on the
surface S of the semiconductor.

If the scaled Fermi level Ar = 2m*Erh~2 is situated inside the first spectral band
Ay =[Ve + ’g—j, Ve + 4’(;—22] of the wires ( for instance, in the middle of it Ap = A =V + %g—j)
then A; plays the role of the conductivity band in the wires and the junction has metallic
properties. We assume additionally the temperature 7' so low, that the scattering processes are
observed only on the essential spectral interval

Ar =[N —2m*kTh*, A — 2m*kTh?] C A4, (2)

which is situated entirely inside the first spectral band. If the electron’s density is low, the main
contribution to the scattering picture is defined by one-body processes. Hence we study the
scattering on the first spectral band A; = [72 572, 472 §72] of the open channel, and represent
the cross-section space Lo(I') =: E as an orthogonal sum of the entrance subspaces £ of the
open and closed spectral channels respectively:

M M oo
E. = \/e, E-=\/\e¢" Pp =P (3)
m=1

m=1[=2
The infinite linear system for the coefficients of the scattering Ansatz, obtained from the matching
conditions, can be solved, if the Green functions Ggmt = Gy of the Schrodinger operators

Lgmegam = LP. in Ly(Qynt), with Dirichlet boundary conditions is constructed. The operator
L2 is defined on WZ-functions in ;,,;, with the Meixner conditions, u € W32 NW.,} which allow

only limited singularity at the inner corner points:

L2 w=—Au+Vu=\u, u|89[ =0. “4)

The Green function is found from the equation:
PGP = —AGP, +VGP, = \GE, +6(x —vy), GY

int " int int int |9 e

= 0. (5)
Hereafter we denote by o the spectrum of L2 . According to the general theory of second-order
elliptic equations, the solution u of the boundary problem

—Au+ Vu = u, u‘r = ur, u|6ﬂf\l“ = 0. (6)
is represented by the Poisson map
u(e) = | Po(e Nun, () dy
r
involving the Poisson kernel Py (x,v) = —9G§, (x,7)/Onr. The corresponding boundary

current on [ is calculated as

ou B /82G£mt($,fy, A)
on |, cr N r on,on.,

This formal integral operator is the restriction onto I' of the Dirichlet-to-Neumann map, see
[41-43] and denote as DNT. For the sake of brevity we call it here “relative DN-map”. The
relative DN- map is a Nevanlinna class function DN(A) > 0 for Im A < 0, with poles at the
eigenvalues of the corresponding Schrodinger operator Lgm = LP.. For the vertex domain with
a smooth boundary the relative DN-map is a pseudo—differential operator of order 1: for W}(Q)
solutions u the DN-map acts from W5/?(I) to W,/ *(T") and for W; / ?(€2) generalized solutions

the D-map acts from W.}(T) to Ly(T).

ug,,,(v) dI' =: DNgq,,(Nur .
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We consider also the boundary problem

ou

—Au+ Vu = Au, %‘r = pr, U‘QQI\F =0. (7)

and the operator
ou
N

Ly = —Au+ Vu, %\on, u\mf\r = 0. (8)

with the relative Neumann Green function GJ':
OGN
LyGy = —AGH+VGH = MGy +6(z—y), Gglyg, \p = 0, (r)—%|F =0. (9

The map

u(r) = /Gg(ﬂf,% Npr(Md T =:QYpr, @ € Qi
r
gives a solution of the relative Neumann boundary problem.

ou

LNu = —Au+Vu = A, u|8Q = 0, o ‘F:pp. (10)

4 'Lnt\r

The trace of the solution on I

u(x)‘r = /ng(iﬁ,’}/)prd L = Nng—¢ ,ovel,
r " lr
defines the relative Neumann—to-Dirichlet map A'Dr which is inverse to the relative Dirichlet-
to-Neumann map defined above,
NDF DNF - Ir.

For W} solutions u of the above Schrodinger equation in €;,; with the smooth boundary
the corresponding DN-map acts, on the set of all regular spectral points A of the Neumann
Schrodinger, from W, 2(T) onto Wy / *(T"). For W, /? solutions the ND-map acts acts from Ly(T)
onto W3 (T"). Hereafter we omit the lower index I" on the DAN't, N'Dr notations

DNFEDN, NDF END

The coefficients of the scattering Ansatz (1) can be found, in principle, from the infinite linear
system which is obtained by substitution of the scattering Ansatz into the matching condition
(see [26]). An important part of the calculation is the proof of the formula for the DN-map in
terms of the G§ (see [26]), or, respectively, a similar formula for the ND-map in terms of G7.
Selecting E. as indicated above, (3), represent the ND-map of LY = LY. by 2 x 2 operator
matrix with elements NDy . = P, NDrP.

ND ND.,_
NDr = ( t + > . 11
r={ ND., ND__ (D
A similar decomposition of the DN-map of the Schrodinger operator Lf? on
DN DN, _
DNt = o + ) 12
r ( DN, DN__ (12)

was used in [26] in the course of construction of a convenient representation for the scattering
matrix on the open spectral bands. Denoting the thresholds 721?d=2 = N\, | = 1,2,..., we
introduce the exponents of the modes in the open and close channels:

Ki = Yol VA= NN = Y/ A— T el el
K_ = Zm chosed v /\l - )\egn><€;n = Zm Zl>2 v /\l - /\6;n><e;n :

(13)
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Hereafter we use the standard bra/ket notations, ¢ >< ¢’ u — e < ¢/, u >, with the bar on the
first factor of the dot—product in £ = L(I"). The exponents of oscillating and decreasing modes
on the first spectral band spanned by the vectors e € E. are represented as:

Xﬁ:€+ = eFiirTe e =e K" .

The matrices S, and Sz ", which are defined by the matching of the scattering Ansatz to the
solution of the homogeneous equation on €2;,,, constitute respectively the scattering matrix — the
square table of amplitudes in front of the oscillating modes in open channels (I = 1):

S—Z Zsﬁnegn (el

m,n=1

and the table of amplitudes in front of the evanescent modes
M

mmn=1 1,r>2

With above notations introduced, the Ansatz (1) for the scattered wave iniciated by the plain
wave, incoming from oo with the cross-section spinor e € E,, can be represented as

U, = e B+%e 4 74250 4 o7 K-Tge, (14)

Inserting this Ansatz formally into the boundary condition at the bottom section I', we can obtain
an explicit expression for the scattering matrix in terms of matrix elements DN, N'D combined
into the aggregates

1
M — DN++_DN+_—DN__—|—K_DN_+ (15)
1
N - ND++ —ND+_K_I_ —|—ND__K_ND_+ 5 (16)

see the Theorem 2.1 below. To calculate the aggregates we need to verify the existence of the
inverse of the denominators

[DN__+ K. ]=D" [I_+ND__K_|=D",

on the major part of the conductance spectral band. The width ¢ of the leads can serve as a small
parameter in the course of calculation of the scattering matrix. Thin networks, with small ¢, are
characterized by large distance between the neighboring spectral thresholds:
(l+1)? = (2 +1)x°
2 28

It is noticed in [26] that, for a “thin junction”, the denominator DA/__ + K_ is invertible on a
major part of a properly selected essential spectral interval Ay, where the DN-map is represented
as a sum of a rational function and a regular correcting term:

8@8 > < Ops

>\ — >\
AsEA

DN = + KA1 = DNA + K2, (17)

The zeros of the denominator DA/__ + K_ on At have an important operator-theoretic meaning:
they are eigenvalues of the Intermediate Hamiltonian, see [21,26] and a discussion in Appen-
dix 2. Hereafter we consider the rational approximation (17) and the corresponding rational
approximation of DA'__ = P_ DN P_:

DN__ =DN2_+ K2, (18)
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with a regular “error” K2_ on a complex neighborhood G(A) of the essential spectral interval
Ar.

Definition 2.1. We call the junction ) thin in closed channels on Ay if K2_ + K_ is invertible
on Ar.

This is true if, in particular, if K_ dominates K2 _ either in W (I') or in W, / (1)
sup || KZ'K2 i< 1, or sup || KZ'K2 ‘|W3/2(F)< 1 (19)
A A 2

We will use the following test for the invertibility of the denominator D in 15(see [26]):

Lemma 2.1. If the junction is thin in closed channels, Ay, then the denominator K_ +
DN f_()\) = D of the intermediate DN- map is invertible on the corresponding “major part of
the essential spectral interval” - the complement of the sufficiently small, depending on K*>_, K_,
neighborhood set of zeros Zx C A of the determinant of the finite-dimensional matrix-function :

Za = {Nidet |1+ (K2 + K) ™ DR (V)] =0}
The zeros of the denominator are the eigenvalues of the Intermediate Hamiltonian LP ..

Theorem 2.1. The substitution of the scattering Ansatz (1) into the matching conditions on I’
gives the following formula for the scattering matrix on A

S=[iKy+ M| " [iK, —M], (20)
S=[NiKy + 1) [NViK, —1] . 1)

Proof. The scattering Ansatz generated by the entrance vector e € E is constituted by
the incoming wave e+ %¢, the transmitted/reflected wave e~*5+*Se and the evanescent wave
e K-ge:

U, = e+ 4 o7 Ke2ge 4 o~ K-Tgp
The boundary data of the Scattering Ansatz at the bottom sections I' should match on I' the
boundary data of the solution of the homogeneous Schrodinger equation inside €2;,,;:

Lingp = A, (0 =0,
O\
oY ) . .
1/1|F:¢e(0) =e+ Se+ se, o P (0) = iKie—iK,Se— K_se. (22)
r

Using the matrix representations (12 and 11) for DN, N'D, we obtain from (22) two equivalent
linear systems which describe matching conditions on I'

iK.(1-S)e = DN i (1+S)e+DN,_se,
—K se = DN_,(1+S)e+DN__se, (23)
and
(I+S)e = ND, iK . (I—-S)e—ND,_K_se,
I+ND__K_]Jse = ND_ iK,(I—S)eND__se. (24)

Eliminating the component se from them and using the former notations M, N we obtain the
announced representation for the scattering matrix (20,21).

The end of the proof

Consider the operator £ defined by the above Schrodinger differential expression on the
junction 2 = Q;,; U w , with zero Dirichlet condition on the boundary 0€2. It is essentially
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self-adjoint on the domain of smooth functions u, subject to the Meixner restriction u € W, (Q).
Assume that the entrance space F = Ly(I") on the cross—sections I' is decomposed as (£, & E_.
We use the former notations P, for the orthogonal projections in £ onto F,. Consider the
Glazman splitting L obtained from £ by imposing an additional partial zero boundary condition
on the bottom sections I' of the leads:

P +U|F =0 5 (25 )
complemented by the standard smooth matching condition on I" in closed channels. The operator
L is split by this boundary conditions into an orthogonal sum of two operators:

L—L\®ly = L4 .
d? 2 ) . .. i
Here [° = ) + %z + V5 in L?(0,00) x E} ) =: ", with zero boundary condition at the origin
x
u(0) = 0, and L is defined in the orthogonal sum of the channel space L?(0,00) x E_ =: H_
of the closed channels and Ly(Q;,,;) on W3 - smooth functions, subject to the Meixner condition
and the matching condition on I' in closed channels:

LA : D(A) — L2<Qint) DH_.

Theorem 2.2. The operators Ly, Iy are essentially self-adjoint. The absolutely continuous
components of spectra of the corresponding self-adjoint extensions are

o.(la) = [M, ), with multiplicity M,
o0a(Ln) = (JMoo) =0l (26)
=2 21

where each branch o' has multiplicity M, and the total multiplicity is growing stepwise on
the thresholds \; separating the spectral bands A, = [\, \i11). The spectral multiplicity of the
absolutely—continuous spectrum of Ly on the spectral bands A, is equal to MI(l + 1)/2. The
discrete spectrum of Ly consists of a countable set of eigenvalues \ accumulating at infinity.
The singular spectrum of L° is empty.

The relation MN = I observed from comparison of the formulae (21), (20) has an
important operator-theoretic meaning. It is derived from the fact that M, A are respectively DN
and ND-maps of the Intermediate Hamiltonian — the part L° of the Glazman splitting

L— Ly = La®I,. (27)
defined by the partial boundary condition P+u|F = 0. Contrary to the standard splitting £ —

Ly b LY, this splitting (27) is finite—-dimensional — see [18]. The poles of M on the first spectral
band, below \,,;,, are the eigenvalues of L.

2.1. Boundary conditions at the vertex

The formula (15) gives a practical algorithm of calculation of the scattering matrix based
on energy-dependent boundary condition on the scope I' of all bottom sections adjacent to the
given vertex domain €;,,: the scattering matrix is obtained via matching the solution ¥(x, p) of
the Schrodinger equation in the open channels of the wires

d>U 9
2 + KU = \V¥
satisfying the boundary condition at the bottom section

dPsi
dx

= M\

r

r
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FIG. 3. The intermediate Hamiltonian L, inherits the closed branches of the
continuous spectrum of the unperturbed operator. The part [, of the split operator
inherits the first - open - branch of the spectrum of the split operator. The resonance
eigenvalues of the intermediate Hamiltonian define the resonance conductance of
the junction

It may provoke the reader to follow the classical idea of E. Wigner, see [19], to substitute
a compactly supported potential of the Schrodinger operator in the scattering problem by the
corresponding energy-dependent boundary condition on a sphere of a ball containing the support
of the potential, and then find the scattering matrix from the boundary condition bearing the
information on the inner problem on the ball- the Dirichle -to- Neumann map of the corresponding
Schrodinger operator on the ball. Unfortunately the price to pay for this simplified approach to
the scattering problem is too high: though formally the above spectral problem with an energy-
dependent boundary condition allows to calculate the scattering problem, yet the basic laws of
quantum mechanics are violated: the problem with the energy dependent boundary condition
does not depend a selfadjoint operator, hence, just formally, we can’t define a natural quantum
dynamics based on it. and hence can’t use it for mathematical modeling of quantum processes.
Nevertheless the temptation to calculate the scattering matrix based on above energy-dependent
boundary condition is too high, and, fortunately, the energy dependence may be, to some extent

ignored. Indeed, consider the 1-D star-graph with n rays outgoing from the vertex point © = 0,
d2

with the Schrodinger operator [ = —+= on it. Integration by parts with smooth functions u, v
permits to calculate the boundary form:
N
(@, ) = (Ui, 0) — (@, 1) =Y _ [}, vy — T V). (28)
m=1

Probably the simplest nontrivial family of hermitian boundary condition can be parametrized by
complex N - vectors [ in the following form:

i | B, LB, or | B, i Lp. (29)

This boundary condition was proposed in [59], with the vector 5 = (1,5,1), as a detail of a
simplest solvable model of a symmetric T - junction, and soon became popular in practical design

of simplest junctions, see [60,61]. Physical meaning of the phenomenological parameter 5 was
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interpreted in [27], for low temperatures and thin junctions, in terms of a resonance eigenfunction
on the corresponding vertex domain. Here is a sketch of the corresponding reasoning.

It is known that the scattering processes are observed for energy close to Fermi-level, A —
<N < A= Qm*”T . Assume that there is a simple eigenvalue of the Intermediate Hamiltonian
LA which c01nc1des w1th the Fermi level, \; = A, and the corresponding eigenfunction of the
Intermediate Hamiltonian is 1), so that the Intermediate DN-map admits the rational approximation

DNy = W + K(v, v'), with an hermitian integral operator K. If the Fermi level is

situated on the first spectral band ’g—j + Vinpy < A < 4’72 + Vinfry, A = ;’(;2 + Vinfty, and the
residue of the polar term of the DN-map at \; is

O Oy
a—n(’m <8—n

then, with P, = v) (V' we have, the rational approximation for the intermediate DN-map on the
essential spectral interval A = [A Qm*“T , A+ Qm*“T] DN (M) = dP; + K, and an asymptotic

Qm*nT

(7)) =dv) (V' = dPy,

for the scattering matrix S(p), for the resonance values of momentum p, p*> = A — [’g—j + Vin fty} ~

A— [g_j + V;'nftyi| =pi~3 ’g—jdominating K:

[p — p1 +4d(2p7) "] [p + p1 +id(2p7) "]
[p —pr —id(2p7) "] [p + p1 — id(2p7) ]

This asymptotic corresponds to the relevant asymptotic for the intermediate DN-map:

ip+d 2P12
~ n—r _ pl
~ _lel ~ P+

pi—p?

P, (30)

DNy = ——,With Py =v) (v (31)
p—p
or the boundary condition
0 dP 0
L ] I (32)
only  pP—pd |p Onlp
Then d(p* — p}) $%| = Pyu| implies, for zero temperature, (p? — p?) Pyu| = 0. Comparison
r r r

of (30,32) with (29) allows to interpret the phenomenological parameter 5 = v.The scattering
matrix recovered from the model S ~ P, — P, does not depend on the spectral parameter, but
is unitary and gives a reasonable first-step approximation for low temperature. Similar reasoning
with ND - map gives an interpretation for the second boundary condition in the pair (29).

3. Direct computing with the intermediate Hamiltonian

The importance of direct calculation of the Dirichlet-to-Neumann map of a vertex domain
for the spectral analysis of the Laplacian on a manifold with cusps was noticed in [9, 12, 13].
Based on these observations Levitin, see [14] proposed a formal algorithm for the calculation
of the DN-map of a Laplacian on a compact domain €2;,; in terms of the bi-linear form of the
Laplacian with respect to a basis of solutions of boundary problems with the boundary data
defined by corresponding basis in Ly (0€;;,).

Our approach here to the one-body scattering problem is based on the Intermediate
Hamiltonian L, which is defined as a selfadjoint operator on the orthogonal complement of
the open channels Ly(R.) x E,, with the boundary condition on the inner and exterior sides
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[';nt, Tepe of the bottom sections I' of the wires:

_o p "
r on

P+U _
L. on
wnt

, P_u =P u
Fezt Fint FeZt
The matching conditions applied to the boundary values of the Sobolev class solutions of the
homogeneous equation £ on ) = €;,,; U w with the spectral parameter from the first spectral

band A, can be substituted by the Robin-type boundary condition at the bottom section,

p o =0 (34)

on 0Qint\Lint
because the component of the solution in the wires can be found via separation of variables. The
above boundary condition (34) for fixed A € A; is selfadjoint, since K_(A) > 0 and hence the
restriction of the inverse of the Intermediate Hamiltonian onto L (€2;,,) is represented, thanks to
L. Schwartz’s theorem [44], in the form of an integral operator with a kernel GG, playing the role
of the Green function of the restriction of the inverse onto the vertex domain 2;,,; of the junction:

Proon (L — M) f (z) = / Galw, ) F(5)dn, for f € Lo(Qu), € Qe (35)
Qint

(33)

=K_u
F'Lnt

s P+U
Fint

=0, u

F'Lnt

The Green function G5 (x, s) pertain the typical 2D logarithmic singularity at the pole x = s, and
defines the Poisson kernel on the inner side I';,,; of the bottom section:

0G
Prmt('ras) = _8—TLA’ s € Finta YRS Qint-

The component of the Green function in €2;,; can be found as a solution of the inhomogeneous
equation

—AY + Hptp + Vs — Ap = 6(x — s),
with the above condition (34) on the boundary.

The algorithm suggested in [14] can be adjusted for calculation of the relative DN-map,
the intermediate DN map, and spectral characteristics of the intermediate Hamiltonian. Eventually,
we are able to estimate the positions of resonances and the evaluate the resonance states based
on the matrix-valued Rouche theorem and the above exact formulas for the scattering matrix, see
Theorem 2.1. This bridges the computational and analytical approaches to the scattering problem
on the junction.

3.1. Calculation of the relative DN-map and ND-map

Let {¢n},n = 1,2,... be an orthogonal basis in Ly(I"). We consider two relative
boundary problems for the Schrodinger equation Lu = Au:

Lu = \u, u‘r = QOn, u‘mm\r =0, n=12....
and 5
u
Lu = \u, 8_n|r = ¥p, u‘an\F =0, n=12,....

The boundary problems have unique finite energy solutions in the Sobolev class W3 (£2;,;) N
W} (Qne) if the spectral parameter A does not lie on the spectrum of the corresponding spectral
problem. A straightforward integration by parts with solutions ®7 of the first, or CI>§-V of the
second, boundary problem yields

9D (v)
r 8”

W) = [ [VEP(a) VO(a) + (1, B () + VibD(a) = AB(2) O (2)]
int (36)
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and, respectively

/ acﬁg,f” By (7)dl" = / [VON (2) VoY () + (H, O (x) + VsN (2) — AN (2)) @ (2)] dd®
@7)

The former integral is the matrix element of the relative DN-map

9P (v)

= O (7)dl = (DN1i, &) Loy

element, and the latter is the matrix of the ND-map:

00} (v)
r an

O (7)dl = (@i, ND op) o)

Due to the uniqueness here for elliptic equations the spectra of the the relative Dirichlet and
Neumann problems do not overlap and hence for a given value A € A; of the spectral parameter,
either the matrix DN or N'D is regular.

3.2. Calculation of the intermediate DN-map

The above calculation for the relative DN-map and ND-map can be now effected using
fairly standard software. However, the above formulas (20) and (21) for the scattering matrix
derived in Theorem 2.1 require the intermediate DN and ND maps. These maps are defined based
on solutions of another pair of boundary problems.

Assuming that the entrance subspace Lo(I') = FE of the wires is decomposed as an
orthogonal sum £ = E, & E_ of the entrance subspaces of the open and closed channels, we
construct the basis in F as an orthogonal sum of bases {¢} C £, and {¢; } C E_. These bases
can be selected from the eigenfunctions of the Laplacian —A~ on the bottom cross-sections I',
so that the exponents K. have a diagonal form in the basis. Since the eigenvalues A1 of the
Laplacian —A" serve as thresholds in the exponents, we obtain the spectral representations for
the exponents in terms of the projectors P, = ¢, ) (p;

Ke(A)=> VA=MNP, E_(\)=> VA-\Py,

As<A As>A

and a similar representations for Py: P, =, _\ P, P. =%, _\ P .

If the spectral point A is not an eigenvalue of the Intermediate Hamiltonian, then the
intermediate boundary problems

ou

Lu = \u, u =0, P_ {— + K_u} =0, Pou| =¢f, (38)
Qn\ on r r
0 0
Lu=u, u —0, P. {—“ n K_u] =0, P2 =t (39)
OQin\I on T on T
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Solutions of the above boundary problems are denoted hereafter as CIDlntm i CID%tm ;- The bi-linear
form of the intermediate DN and ND maps are represented as:
a®57, m, 7
(DNawf, 0t ) = (Py at X9
e
ant
acpgv
<Q017NDA¢I§>_<P+ o (I)%tmk>
nr

Hence for each spectral point A € A; at least one of the formulas (20) or (21) derived in the
Theorem 2.1 can be used as a convenient representation of the scattering matrix.

Unfortunately the boundary problem for the Intermediate Hamiltonian is not standard:
there is no commercial software to compute the solution of the problems (38) and (39). One of
prime aims of this paper is to attract the attention of specialists in these matters to these important
problems.

3.3. Straightforward computing for the scattering matrix and resonances

The above non-spectral approach to the calculations of the DN and ND maps permits us
to calculate the polar terms of the DN-map and reveal the resonance character of the scattering
matrix near the eigenvalues of the intermediate Hamiltonian without a formal solution of the
spectral problem.

Assume that the the scaled Fermi level A is situated within the first spectral band

Ae Ay = [m°07% + Vo, 47%07% + V]

The eigenvalues of the Intermediate Hamiltonian L, coincide with the poles of the Intermediate
DN-map DN . Due to the the connection between the DN-map and the ND-map, DNy ND, =
I, the eigenvalues of the Intermediate Hamiltonian therefore coincide with zeros of NDy = I.
Consider an isolated simple eigenvalue A} , = of the Intermediate Hamiltonian as a zero
of NDy = I: NDaA(MLim)einim = 0, ot NDA(A},,) Q1 = 0, with orthogonal projection
O, = el . ) {el . . In terms of an orthogonal decomposition of £, = E; 69 Ef with B, =
spani{e;,,. }, the matrix of N'D, is represented as N'Dy(N) = dy (A — A +NDy with

zntm) zntm
NDy (AL, ) invertible on Ei-, or in matrix form

intm
NDY(A) = < A AL INDL,  ADL

analytic near \; and with nontrivial residue d; # 0 and where ND,1()) can be calculated by the
symmetry principle to be N'D+1, (). Then DN, is also represented near \; in the matrix form

zntm)

_ d (/\ /\zln m)_l DNli —- 1 Ql
DNA = ( ND‘i‘lj DNLL ) - d (Azntm)m + ]C()\), (42)

with analytic bounded matrix elements DN, DN || uniquely defined near \; by d; and
the matrices N'D;,ND, . Hence the scattering matrix near the zero \; of the ND-map is
represented as

. e o di '
S(A):{zm+A ~ +lC()\)1 {zm L k)] 43)
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For thin junctions and low temperature the numerator and the denominator of the scattering
matrix admit a rational approximation on the essential spectral interval Ga and it’s complex
neighborhood:

KA = K\ um) + [KO) = K\Lm)] = KA um) + KA, X € Ga,

. di ' . di Qs
Ky — PV KA =~ ik, — Ao, K(Nitm)

if the error 0/C(\) is dominated by K ;. Then the scattering matrix can be approximated, on an
essential part of the neighborhood G'a (not too close to the zeros of the approximations:

~ . dl_lQl 1 - . dl_lQl 1
S(A) = Sappr(A) = [iK4 + W + K(Ainim) Ky - W = K(Nintm) | - (44)

In that case the resonances of the full scattering matrix can be calculated approximately
using of the operator-valued Rouche theorem, see [45] and Appendix 3 below, based on the
rational approximation (42) of DNy on a complex neighborhood G'a of the essential spectral
interval Arp.

In the case when there are few eigenvalues of the Intermediate Hamiltonian A\, ., s =
1,2... Na, on the essential spectral interval Ay, we can use the corresponding few-pole rational
approximation of the intermediate DN-map

DNy = 3 ()T ik = Y ()7 T 4 K, () + 0K () @)
N

intmeAT ntm AfntmeAT intm

with a rational hermitian matrix function K. regular on G, and a small error 6KC(\). Under the
condition of domination for thin junction, that is || K;'/KC()\) ||< 1 on the complex neighborhood
G, we can substitute the intermediate DN- map on Ga by the leading terms of the rational
approximation

DNA — Z (ds)_IL—l-ICAT()\) EDN%T,
/\fntmeAT >\ - >\zsntm

so that the zeros of iK'y, — DN, and the zeros of i K, — DN fT do not deviate too much from
each other, due to matrix Rouche theorem. Then on a major part of the complex neighborhood G A
of the essential spectral interval A7 - not too close to zeros of the numerator and the denominator
of the “approximate” scattering matrix- we have

i, +DNRY"

iK, — DN
Unfortunately the matrix Rouche theorem gives only an estimation of the deviation of zeros of
the perturbed matrix function from the zeros of the non-perturbed one, but does not provide a
convergent process for calculation of the perturbed zeros. A construction of such an algorithm,
especially in the case of several zeros of the unperturbed matrix function on Ga,, remains an

important problem of analytic perturbation theory of Quantum Networks. We discuss this in the
next section.

S~ Sappr = (46)

4. A Krein formula with compensated singularities for the intermediate DN-map

The semi-analytic approach to the calculation of the scattering matrix described in the
previous section does not reveal the intuitively expected connection between the eigenvalues of
the Dirichlet Schrodinger operator on the vertex domain of the junction and the resonances. On
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the other hand, the standard technique of analytic perturbation theory, based on comparison of
the resolvents Ry, Rfo of the unperturbed and the perturbed operators Ay, A = Ay + V, yield
the Lippmann-Schwinger equation, [62],

Ry = R — R{*VRY{,

with singularities on the spectrum of the unperturbed operator in both terms of the right side. This
prevents straightforward use of the Lippmann-Schwinger equation for the calculation of scattered
waves and the scattering matrix. Practical use of this equation in the 1D case shows however,
that the singularities of the solution at the spectrum of the unperturbed operator are compensated.

In this section, following [29], we propose a modified analytic perturbation procedure
to observe the compensation of singularities on the spectrum of the unperturbed operator in the
solution of the Lippmann-Schwinger equation. The proposed semi-analytic construction allows
us to avoid the singularities on the spectrum of the unperturbed operator and reveal the influence
of the perturbation on the scattering matrix already on the first step of the perturbation procedure,
under condition that the junction is “relatively thin”.

We assume that the temperature 7" is low, so that the essential spectral interval At lies
within the conductivity band A; = [Apaz, Amin] between the lower threshold A,,;, of the closed
channels and the upper threshold \,,,. of the open channels.

In the case when the conductivity band is just the first spectral band we have A; =
(72672 + Vi, 47262 4 V. ]. Our prime aim here is to construct a rational approximation of the
relative DN-map at (15) of the Intermediate Hamiltonian:

I
DN__ +K_

on an essential part A, of the first spectral band, taking into account the compensation of
singularities on the spectrum of the unperturbed operator.

We represent the relative DN-map DA of L2 on the essential spectral interval as a sum

DN = DN + K (48)

of the rational expression constituted by the polar terms at the eigenvalues of the Dirichlet
Schrédinger operator L., A, € Ap. We use this rational approximation on a complex neighborhood

Ga, of Ar. We will use also matrix elements of DN obtained via framing it by the projections
P., for instance

DNrg=DN,.9g—DN,_ DN _4g (47)

P.,DNP_ = P,DNATP_+ P, KP_:= DN%T + K, _.

Due to the spectral representation of DN/, see [26], we have

P,y 2%
Ap + on + on
pyar -y Pra )
AsEAT
where , are the eigenfunctions of L2, on Ar.
We introduce also the linear hull EA7 = \/ {¢,} - an invariant subspace of L2,
corresponding to the essential spectral interval Az and the part LA7 := > reAp As®s) (s of

LP

int

from the spectrum of L

in the invariant subspace. To reveal the compensation of the singularities in DNy arising
D we need to solve the equation:

int?
[DN__ + K_]’LL = DN_+g

on the essential spectral interval A;. We are able to do that based on an analytic perturbation
procedure if K_ can play the role of a large parameter on the essential spectral interval A7 so
that the inverse [K__ + K]~ exists on Ar.
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Denote by 7 the map

_ 8905 . Ar
T= > el B E
AsEAT
and introduce @ (\), J () by
I
Tﬁfﬁ = Q(\): En, —> EAT,— B, (50)
I
<P+—’C+_P_ﬁp_) = j(}\) FE —)E+ (51)

A direct calculation, see [29], shows that the singularities in the first and second terms of
(15) inherited from the non-perturbed operator are mutually compensated:

Theorem 4.1. Compensation of singularities I/ K_ can play the role of a large parameter on
the essential spectral interval A, then the intermediate DN-map can be represented on At as
1 1 (
K__+ K_ M — LAT + Q(N)
Proof We begin with the standard Krein formula (47) for the DN-map of the intermediate
operator LY on the essential spectral interval Ar. Denote by DA AT the component of the DN-

map of L;,; on Ar defined by the formula (49), and introduce similar notations for the matrix
elements of DN with respect to the orthogonal decomposition F = E, @ E_, for instance

DN+_ - DNﬁZ + IC+_.
To calculate explicitly the second addendum in (47) we must solve the equation:
(DN__ + K_) u = DN-+g.

Using the local spectral representations of the above matrix elements of the rational approximation
DNAT on Ar, we get:

DNA - ]C++ - —IC+_ IC_J,_ + P+jT+> TJ+P+. (52)

I I
Ar _ + Ar _ +
DNZI=PF. Z T )\[AT_LATTP—’ DNZL =P Z T /\[AT_LATTP+‘
As€EAT As€EAT
Then, using the notation
(o ) I
DY = Vs, Z¢s>vs =V = \NJAr _ [Ar TU,
and invertibility of (K_ + K__) we re-write the above equation
[DN2Tu + (K- +K__)]u= [DN2T +K_,] g
as
! A ! A
——— DNZT =—— | DNZT+K_4]|g. 53
ik NEZTu + u K_+IC__[ NZT+K_4]g (53)

Using this notation L27, T, and the relevant representations for the matrix elements of the
rational approximation of the standard DN-map, we obtain the following convenient equation for

V
I I

STA TA _ LATP+9 — TiK_ T ’C__

A A _
A2 =L+ QN)]V = Q/\I

K_+9).
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and the corresponding representation for v

I I I I
Prg — .
NE LA L QU s — A T T Kos9,

VvV =

MNAZIA Y Q) K_+K__

having in mind that the summation over s is extended on the set of all eigenvalues of L;,,; situated
on the essential spectral interval Ar. In this way we are able to calculate, based on (53),

I . I I
-t T+ Pg+——K_
u ey R Ty b vy 7ty SRR
I . I I I
- P k.
K k| MNA—IAT Q(N) O TPt T Ny
TR S S - !k
K_+Kk__ aA—pa' 9T e M
Thus
DNTg = DN2Tg+K g —DNLYTu— K, _u (54)

I I
— P+T+mTP+g + /C++g — P+T+mTP_U — IC+_U

= L+ 1o+ I3+ 1y
where the most complicated term is

I

I; = —P+’T+m7'P_u
= —hTT MAI— a@ MA[— TP = =P T s [— e +[ K K+9
R +] vz L]A o K +] [
A Jflc__T+A]AI— a9 - K*‘ﬁ/c*g

We now insert these calculations into formula (54) and collect the terms in the right hand side
which contain the second power of [\[® — L*]~!. Thus

1 1
In+lss = =Py T m—x QN qa—7a T P

I I I
VI s L vaa

I I
P.g.
S vasuy e, LR

P T+ P
+PT Vi LAT +9

= —P. 7"
vTST

Once this is done, we combine it with I; to see

I I
AZIANACTLALQ

I
PTY —— TPtg—P,TH TPg = P.T*
s T P BT +9 LS vy enyy

= Jlg

TP.yg
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Next we combine the terms I3, + I34 and I3y + I35 containing [A\[2 — LA] L

I I 1
- - = P L -1 K-
32 1+ 134 T /\]A_LA{ +Q)\]A_LA+Q1 TK_+IC__ 4
I I
— _P + _
T /\[A_LA+QTK_+IC__IC 9
= J297
and
In+ly = Ko7+ |14 ; QTP
atiy = Ry MA—LA+Q +
- K ! T+ L TP
- K 1K MNA_IAyqg Y
= Jsg.

We now see that no terms left in the right side of (54) with singularities [\]® — L?]~! inherited
from the unperturbed operator - all these singularities are compensated. Assembling separately
the terms Jyg, Jog, Jsg, L4z containing [A\[> — L» + Q]! and the regular terms Iy, I35 , we
obtain the announced expression DNg

I I
F _ + . +
PN = P sp— sy  T sm g  mor k<
I N I
K. P
Mo T aE—aig
I N I I
M A v Q(A)TK_ TR
I
+K++9 ’C+—mlc—+9
= P.TT-K ! T°) ! (TP —T;/C g
* K +K D IMA-LA+QNT T TR+ Kk.TTT
I
B O G

The announced expression (52) for DAY is now obtained from the above formula by
introducing the notation

Pi—-Ky—— =7

The derived formula is extended to a complex neighborhood G A of the essential spectral interval
using analyticity. Further analytical continuation is possible as well, but the estimates of leading
and subordinate terms are obviously lost. 0J

The formula (52) contains details which should be calculated via an analytic perturbation
procedure. If only a few steps are done in course of the calculation, we obtain an approximate
expression mathcal DN fT for the intermediate DN-map with compensated singularities. For low
temperature on a thin junction the approximate DN-map on Ar is just a finite sum of polar terms
over the zeros A3} . of the denominator A\I — L27 + Q(X) in (52) and a correction term Ka ()
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which is regular on a complex neighborhood G,

DNy = ), ()"

My, €A

If the Fermi level A is situated in the middle of the first spectral band, then for the thin junction
the correcting term is dominated by the exponent /', in open channels and the scattering matrix
can be estimated on a major part of G'a, by the approximate expression

i, — DN}T

A 55
iK | +DNR” 42

Sappr =
see an extended discussion of the one-pole approximation in [26].

5. A fitted zero-range solvable model for the quantum dot

The final expressions for the scattered waves on the junction in both preceding sections
are obtained via matching of the standard scattering Ansatz in the wires w with the solutions of
the intermediate boundary problem on the vertex domain €2;,,,.

One can substitute the Intermediate Operator in this construction by a finite matrix which
plays the role of the inner structure in the corresponding operator extension scheme, see [63]. The
problem of constructing the zero-range solvable model of the junction is then reduced to fitting
the inner structure and the boundary condition at the contact I' to the properties of the original
problem for the Schrodinger operator in such a way that the model scattering matrix serves as an
approximation of the original scattering matrix on a major part of the essential spectral interval
Arp, or on the major part of a complex neighborhood G a,. of it.

Consider the Schrodinger operator [, on the open channels in Lg(w)

d*U 72 s
W =-—3+) —

s,m

piU+ Vo U, 0 <z <oo (56)

defined on W: (E R +), without boundary conditions at the origin. The boundary form of it is
calculated via integration by parts:

(U, V)= U, V)= (U, 1, V) = ({U'(0), V(0)) — (U(0), V'(0)), (57)

where U(0), V(0) € E, and the derivatives are taken in the outgoing direction on I" with respect
to Qint-

The construction of the vertex part of the model will be through a major change of the
original Intermediate Hamiltonian. Without loss of generality we can assume that the essential
spectral interval Ay lies strictly inside of the conductivity band - the first spectral band

A A

Ay C[A | = [7267% + Vinuty, 47%072 4 Vipuy

maz’ min

and hence does not overlap with the continuous spectrum of the intermediate Hamiltonian L,
, so that DN is selfadjoint on Ar. As we have seen above, this assumption will be valid for
thin junctions. According to [26] only a finite number N of eigenvalues of the Intermediate
Hamiltonian are situated on A; D Ap. We assume that there are some resonance eigenvalues
situated on Ar.
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5.1. A solvable model of a quantum dot

The operator extension procedure was invented by J. von Neumann for densely defined
symmetric operators. However, in our situation we see that the restriction of a finite matrix is not
densely defined. Nevertheless, under a condition that the basic pair of the deficiency subspaces
N;, N_; are non-overlapping, a procedure of extension has been developed, see [51,52,63]. In
this subsection we follow [63] in defining an operator extension procedure for the finite matrix.

Assume that the positive matrix A has simple spectrum and is defined by the spectral

decomposition
A= Z o’ P,.
T

Here a? > 0 are eigenvalues of A and P, = v,) (v, are the corresponding orthogonal spectral
projections. The eigenvalues and the boundary parameters 5 of the model, see below at (65), will
be based on comparison of the scattering matrix of the model with the scattering matrix on Ar.

Restriction of the matrix A is equivalent to selection of the deficiency subspace for a
given value of the spectral parameter. We choose the deficiency subspace N; as a generating
subspace of

A:\[A'N_ =E,
k>0

such that

A+l

—N,NN; =0, dimN;=d

1l N 0 im
Set

D =(A—il)"H (E4© N)
and define the restriction of the inner Hamiltonian as A — Ay = A‘ pa- We develop the extension
0

procedure for general V; and fit it later based on the spectral data of the intermediate operator,
see Theorems 5.2 and 5.3. In our construction N; C E4 plays the role of the deficiency subspace
at the spectral point ¢, dim N; = d, 2d < N and the dual deficiency subspace is N_; = f_ﬂNi.

The domain of the restricted operator Ag is not dense in F 4, because A is bounded.
Nevertheless, since the deficiency subspaces N.; do not overlap, the extension procedure for
the orthogonal sum [y & Ay can be developed. We will do it here with use of the symplectic
formalism, see for instance [63]. In this case the “formal adjoint” operator for A, is defined
on the defect N; + N_; := N by the von Neumann formula: Aa“e +ie = 0 for e € Ny,.
Then the extension is constructed via restriction of the formal adjoint onto a certain plane in the
defect where the boundary form vanishes (a “Lagrangian plane”). According to the classical von
Neumann construction all Lagrangian planes are parametrized by isometries V' : N; — N, in the

form

Ty = = V)N,

In the case when the deficiency subspaces do not overlap, the corresponding isometry is “admissible”
and, according to [50], there exist a self-adjoint extension Ay, of the restricted operator Ay. We
need the following

Lemma 5.1. The Lagrangian plane Ty, in the defect forms a non-zero angle with the domain D}
of the restricted operator Ay.

Proof Indeed, if Ay is the extension, then on 7y, it coincides with the restriction of the
formal adjoint, and on the domain Dg‘ it coincides with Ay. Then assuming that 7y, and Dg‘
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overlap, we obtain, for some f+1N;, v € N;

Ai”fL:y—Vl/.
Applying Ay — il to both parts of this equation, we obtain
ft= =2,
hence f+ = —2iv = 0. O

It follows from the Lemma that, once the extension is constructed on the Lagrangian
plane, the whole construction of the extended operator can be finalized as a direct sum of the
closure of the restricted operator and the extended operator on the Lagrangian plane.

Note that the operator extension procedure may be developed without the non-overlapping
condition also, see [50]. In particular, in the case dimFE4 = 1, which is not formally covered by
the above procedure, was analyzed in [53] independently of [50]. The relevant formulas for the
scattering matrix and scattered waves remain true and may be verified by the direct calculation.
We will use this fact below.

Choose an orthonormal basis in N;, say {f.}, s = 1,2,...,d a set of deficiency vectors
of the restricted operator Ay. Then the vectors f, = ff_ﬁ s form an orthonormal basis in the dual

deficiency subspace N_;. Under the non-overlapping condition one can use the formal adjoint
operator A defined on the defect N; + N_; = N

d
u=> lo fo+ i, f] € N, (58)
s=1

by the von Neumann formula, see [18],

d
Afu = [~iz, fo+1i &, fJ]. (59)
s=1

In order to use the symplectic version of the operator-extension techniques we need to introduce
in the defect a new basis w; +, on which the formal adjoint AJ is correctly defined due to the
above non-overlapping condition:

fs + fs A

ws}—i— - 2 - A . Z[ fs
. fs - fs o ]
B Ty ey S
and so
Afw, . =ws_  Afws_ = —w, 4

It is convenient to represent elements u € N via this new basis as

d
U= [5: ws,-i- + fs_ ws,—]' (60)
s=1
Then, using notations Zd_l Esre, = 5; we re-write the above von Neumann formula as
— 1 - A —
u A+ — _ u o u 61
v —z]§+ ug—’ U= TS T A (61)

The following formula for 1ntegrat1on by parts” for abstract operators was proved in [63].
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Lemma 5.2. Consider the elements u, v from the domain of the (formal) adjoint operator A{ :

u A _)'U 1 _)'U
v= —u& A VT AT T A

with coordinates 5;, fi:

ngifsz € Nl? Si_zgsi S

Then, the boundary form of the formal adjoint operator is equal to
T, (u,0) = (AFu,v) — (u, Afw) = (€1, €7),, — (€46, (62)

One can see that the coordinates gi, gi of the elements u, v play the role of the boundary
values similar to {U’(0), U(0), V’'(0), V(0)}. We will call them symplectic coordinates of the
element u, v. The next statement proved in [63] is the central feature of the fundamental Krein
formula [18], for generalized resolvents of symmetric operators. In our situation, it is used in the
course of the calculation of the scattering matrix.

Lemma 5.3. The vector-valued function of the spectral parameter

A+il W1
W =T A~ T A )

satisfies the adjoint equation [A§ — M|u = 0, and the symplectic coordinates i € N, of'it are
connected by the formula

&f_ = U+

- I+ M)A
Y = —Py,—&¢ 64
We introduce the operator
I+ /\A
Py, T [ =M:N; = N,

It has a positive imaginary part in the upper half-plane Im A > 0 and will serve us an
abstract analog of the celebrated Weyl-Titchmarsh function, see [18,42].

The operator M exists almost everywhere on the real axis A with a finite number of
simple poles at the eigenvalues a? of A. This function plays an important role in description of
spectral properties of self-adjoint extensions of symmetric operators, see [64].

We construct a solvable model of the quantum network as a self-adjoint extension of the
orthogonal sum [y & A,.

We begin with the orthogonal sum of the corresponding adjoint /; and the formal adjoint:
Iy ® Af, and calculate the corresponding boundary form J(U,V) := J(U,V) + J(u,v) on
elements (U, u) := U from the orthogonal sum of the corresponding spaces. The self-adjoint
extensions of the operator [y & Ay are obtained, based on restrictions of the adjoint operator
Aj = I @ Aj onto Lagrangian planes of the form J(U, V). These planes may be defined by

the boundary conditions connecting symplectic coordinates U’(0), U(0), 51, {z of components
of elements from the defect. For instance, one may select a finite-dimensional operator [ :
E, ® N; — E, © N; and define the Lagrangian plane Lg by the boundary condition

(7)o ) (%) ©

The extension defined by (65) on the Lagrangian plane is continued onto the whole space
Ly(EL, Ry) ® E4 by forming the direct sum with the closure of the restricted operator A,
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see [50]. This construction gives a self-adjoint extension Ag of Iy @ Ay in Ly(Ey, Ry) @ Ea,
defined by the boundary condition (65). The absolutely continuous spectrum of the operator
A coincides with the spectrum of the exterior part of the model, and hence it coincides with
the spectrum of the trivial component [, of the split operator £, (in the open channels). The
corresponding eigenfunctions of Az on the maximal essential spectral band [/\ﬁlax, /\ﬁ)nn} DA

can be found, via substitution into the above boundary condition the column formed from of the
scattering Ansatz in open channels with (63) and in the outer space:

iKix —i Kix

- e Ty et B+TSy

V= ( Agil Fu ) : (66)
AN S+

In this way we obtain a linear equation for the scattering matrix:

(iK+(V:SV) > _ ( Boo  Bor ) (V+§V>
—€+ N 610 O M€+ '

Upon solving this equation we obtain the scattered waves and the scattering matrix:

Theorem 5.1. The scattering matrix for the constructed extension is an analytic function of the
spectral parameter \:

iK+ - [BOO - 501/\4510]

S =K B~ oM B “n
Of course we mean here
S(A) = (iK, — [Boo — BorMBo] ) (iK1 + [Boo — BorMPo) >_l (68)
Proof- We czliminate 51 from the preceding equation. The vector v is a freeqparameter, and the
coordinate &, of the inner component of the scattered wave (66) is defined as &, = —1o(I +S)v.

g

5.2. Fitting the solvable model

The comparison of the ultimate expression (67) for the scattering matrix of the model
junction with the approximate expressions (46) and (55) reveals a similar structure between all
of these expressions and thus creates hope that the parameters A, N.;, 5 of the extension can
be selected so that the model scattering matrix coincides with one of the approximate scattering
matrices.

Consider the approximate scattering matrix (46) with

PO (P
A n n
DNRT =) 8/\—/\A+ In_ 1 CAT(N) (69)

r=1

with polar terms constituted by the projections onto the boundary currents of the eigenfunctions
@? of the Intermediate Hamiltonian which correspond to the eigenvalues A\* on the essential
spectral interval Az, and a regular on G o, correcting term K27 ()).

It remains to choose the parameters A, N;, 5 of the model such that the operator-function
[Boo — Bo1MBro] acting in E coincides with the essential DN-map DA L of the Intermediate
Hamiltonian on Ar. Denote by @, the spectral projection P4 = v,,) (v,, of the operator A
corresponding to the simple eigenvalue o? , framed by the projections P; onto the deficiency
subspace /V;

Qs = PlPSPl
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Then the expression [Byg — fo1 M P10] takes the form:

[500 - 501/\4510] =

Nr
Boo + ; 043501625510 \

4
+ Z ! tz; Bo1QrBro- (70)

We will define the boundary parameters (519, 51 = ﬁfo later, but once they are defined, we
choose [y such that the first summand in the right side of (70) vanishes:

Boo = — Z O‘?«ﬁolQrﬁlO (71)

Then the scattering matrix takes a form similar to (69). Note that for the junctions under
consideration the leading term iK'+ dominates the regular error, both in (67) and in (46). In
order to to fit the model we should choose the eigenvalues of A equal to the eigenvalues of the
intermediate hamiltonian on the essential spectral interval Ar.

Summarizing these results we obtain the following conditional statement for the extension
constructed based on the boundary condition (65) in case when N; " N_; = 0 or dim F4 = 1:

Theorem 5.2. The constructed operator Ag is a solvable model of the Quantum network on
the essential spectral interval Ar, if and only if the dimension of the space E 4 coincides with
the number N of eigenvalues of the intermediate operator on Ar C [ Aoz, Amin] = A1, the
eigenvalues o of the inner Hamiltonian A = ny:l 2y, ) (Va, coincide with the eigenvalues
of the Intermediate Hamiltonian on Ar, there exists a deficiency subspace N; of the inner

Hamiltonian such that N; N ‘;‘“_FZNZ- = 0 and the operator By, : N; — E. such that for the

ortho-normal basis {es,}i\]:1 of eigenvectors of A in E 4

p 2

* on

Harmer has suggested an important strengthening of the previous conditional statement,
by proving a general theorem concerning the existence of the subspace /V; and the projection Py;
which satisfying the conditions of Theorem 5.2

Denote by L4 the restriction of the intermediate operator L, onto the invariant subspace
En = E4 corresponding to the part oo = {A1, A,, ... Ax} of its spectrum on the essential
interval A, and consider the linear map

=[+a]”

BOlIDiVarar:172a"'7N' (72)

d s
Z[l%—aﬁ]_lﬂﬂ% (x, 05) 1= Dy (73)
. r

from FA to F/,, and set dim(F,) =n .

Theorem 5.3. (Harmer) The map ®, defines a one-to one correspondence between the two
d-dimensional subspaces, 2d < N:

LD, Ep i= Na C En and ®AOLE, = EX C B,
If the subspace N is a generating subspace of Ly and
Nan (L8 —dl) ™" (L} +4I) Na =0, (74)

then there exist a unique pair consisting of the boundary operator By : E4 — E,_ and the
subspace N; C E o which satisfy the conditions of the previous theorem.
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The proof for this statement can be found in [54]
In the case when there is only one resonance eigenvalue o2 of the Intermediate Hamil-
tonian sits on A7, we obtain the model scattering matrix
4
1+a
K+ - az—_g\BonBw
S(p) = : (75)

1+a4

K+ + ?_?\601 Qoﬁw

which is a single-pole approximation of the scattering matrix of the thin network. The condition
of the above theorem is obviously fulfilled for the single-pole approximation, when P+% # 0,
d=1, N =1, and f, is a one-dimensional operator mapping the one-dimensional subspace /V;
onto the resonance entrance subspace in £, spanned by P+%. For thin or shrinking networks
one can estimate, (see [26]), the deviation of the single-pole and/or few-poles approximations
from the exact scattering matrix on the network, in terms of the ratio d/diam €2;,,;. The local wave
operators and the corresponding scattering matrix on the essential spectral band can be defined

for the pair (£, Ag), see [48].

6. Example: a zero-range solvable model as a Kkick-start in the analytic perturbation
procedure

Consider a thin quantum network constructed of a model quantum well and a single thin
quantum wire. Assume that the Fermi level is situated on the first spectral band in the wire,
which has multiplicity 1. Without loss of generality we may assume that the component of the
corresponding solvable model in the open channel is presented by the Schrodinger operator with

B2(2m) ' =1,V +nr262% =0, K, =pl, =+\I, and the corresponding one-dimensional

subspace L/ :
—u" =p*u, 0 <z < oo. (76)

This equation can be interpreted as a result of separating variables in the one-dimensional acoustic
equation u; —u,, = 0 on a semi-infinite string R, . We connect the string with a resonator attached
to the end = = 0, manufactured as a zero-range potential with an inner structure, see previous
section. The corresponding quantum problem is reduces to the same stationary spectral problem
with a threshold shifted from zero to the lower threshold 7252 + Vinfty 1n the wire. In this
section we assume that 7262 + V;, fty» keeping in mind that the shift of the threshold does not
affect the analytic properties of the spectral problem. But the corresponding acoustic dynamical
problem, second order in time, is substituted by the Schrodinger dynamic problem, first order in
time. After an appropriate scaling of the time variable the quantum dynamic problem is reduced
to the equation
2

l. 8_¢ + 8_¢ =0, (77)

i Ot Ox?
or a corresponding equation with a threshold shifted by an addition of a constant potential V' in
thewires. Having in mind this connection, we continue analysis of the stationary spectral problem
of the acoustic equation equipped by a zero-range potential, with inner structure, attached at the
origin.

Assume that the model Hamiltonian A 5 is constructed as suggested in the previous section
based on the “inner Hamiltonian"A = Zivzl a? v,) (v, with selected 1D deficiency subspaces
N_;, corresponding projections Py; = e) (e, and the differential operator [, in the wire, linked
to the inner structure via the hermitian matrix [ of the boundary parameters ;. selected as per
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(iK+(V_SV)>_(500 501) (V+SV>
=&, B P M )7
with the Weyl function M = TracePzi AA“} Hereafter we assume that the deficiency subspace

N; = span{v} is identical to the cross-section subspace of the open channel F, = span e =
span v. Then

below:

I—-)A
PA /\]P MP;

Solving this equation gives us the scattered waves e”* + e~?*S and the scattering matrix Sp =
Ss(A) Py which is defined for the constructed extension in the 1D cross-section subspace E by
the scalar function M

- [BOO - 601 m%ﬂlﬂ]

ip+ [500 - 5017”?411/\4 510}
Hereafter we assume that the boundary parameter is connected with the inner structure
and the deficiency subspaces by the condition 8;; TraceP; A = 1. Then

Sp(A) =

(78)

I+)A I+ A2
TraceA s vAn —TraceP;, A+ TraceA 7
and hence
I+ A? M —TraceP, A 1

1+ M = Trace
611 611 A— A 1 +611M /811 TraceI+A 6 11

This gives us the scalar factor scattering matrix

, 1-1
ip — Boo + Bo1 By Bro + Bo1 it [Trace N Pz} Bio
ip + Boo — Bor By’ Bro — Bor By [Trace ;A P] 510

which tends to —1 at infinity in the complex plane, A = p? — oo, similarly to the scattering
matrix of the Dirichlet Schrodinger operator on a half-axis. On the other hand, the scattering
matrix reveals a peculiar behavior near the eigenvalues of the inner structure when the interaction
between the inner structure and the outer space is switched off. Indeed, let us assume that A\ = p?
is near to o, or p ~ +q,. Then the leading term of

1+ A2 1+ a? ) 1+al 2_1—|—a )
Thace T20R] = 15 il Bor P S0 P = S ) P

is represented at A &~ a? by the polar expression which dominates the bounded correcting term
7-(A). Then the scattering matrix near o? is calculated as

Ss(N) = (79)

ip—det B B+ 5 (1 o) | 25— | | P |
S5(N) i 0
B — — = ~
. -1 |Bo1|? 4 A—a2 ) -2
Zp—i_detﬁ 611 ,8%1 (1+ar) +i\+zr (A || ‘PZV ||

Ss(0) = ip — det 3 511 + Iﬁml (1+ O‘ﬁ) (p2 - 043) | Piv ||_2 (80)
A+ det B B — Wm<1+wxp a2) || Pw |2
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This formula becomes exact if the inner structure is one-dimensional, » = 1, ~,. = 0. This fact will
be used in next section. But it may also serve a convenient approximation for the scattering matrix
anyway in the case when |3y;|7> — 0, det § |Go1|™> — 0. In particular, the poles of the scattering
matrix - the resonances - are calculated under this condition , for small |By;| 2, det 8 |Bo1| 2 as

1"—04;4« i £121 611 detﬁ
2 |501|2 ar’BOIP '

In particular, for det 5 = 0, the displacement of the resonance p, (/) from the limiting position
at large [ in «, is just vertical and does not require any conditions, except the switching off the
interaction y; — oo between the wire and the vertex domain of the junction.

Summarizing our results, we obtain the following statement:

pr(B) = o +

Theorem 6.1. The scattering matrix (79) is unitary on the real axis of the p-plane and has zeros
at the points ps(P) in the lower half-plane, and poles in the complex conjugate points ps(/3) in
the upper half-plane Im(p) > 0, situated symmetrically with respect to the imaginary axis of
this p-plane. It is an analytic function of the spectral parameter \, but it is not analytic with
respect to the coupling parameter detf3, |Bo1|~2 — 0. In particular, if the inner structure A is
fixed, A =", o&2vg) (v, and the coupling parameter is selected such that

BuTraceAP; = 1, |Bo1| ™ — 0and, simultaneously detf|By|~? — 0, (81)

then the inner and the outer components of the junction are decoupled, in the limit (81), and the
poles ps(B) depend on 7', — 0, detf|Bo1|2 — 0 analytically and approach the real points

+a, = :I:\/oz as

B Bu(l+a?)  (1+at)detp
ps(ﬁ)—as—i-l 2|501|2 2a, |501|2

Even in the case of 1D inner structure the factor (80) of the scattering matrix is not
analytic with respect to 371, det |Bo1| ™2 , because the zeros p, of both the numerator and
the denominator approach the same points +c«, when 57! — 0, det |Bp:1|™* — 0, hence the
scattering matrix (79) nor the scattered wave depend analytically on the boundary parameter 5~}
on the product of a small neighborhood of the origin in 37! - space and small neighborhoods
of ps(0) in p-plane. The analyticity is actually lost due to creation of resonances at the points
ps0 = £ag, when the interaction between the inner and the outer components of the junction,
initially decoupled ,5~! = 0, is switched on, when the boundary parameter 3! exits from the
origin.

(82)

6.1. Acoustic analog of a quantum dot and the chain rule for the scattering matrices

Both the Schrodinger equation and the acoustic equation are reduced to the spectral
problem for the second order selfadjoint diffential operator. The only technical detail distinguishing
the spectral problems is the threshold of the continuous spectrum , which is zero in the case of
the acoustic problem defining the absence of the waves diffusion and existence of the functional-
invariant solutions represented in 1D case by Dalambertian waves W(x + ¢). In this section we
consider the scattering problem for acoustic junction based on the equation second order in time:

P (v U
@U)W(HZO.
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on a half-axis with the boundary condition at the end = = 0 defined by the inner Hamiltonian A
and the boundary condition

¥ (x)
dz _( Boo Bon ()
_5 0 N < B B ) _5_0 ’ (83)

imposed onto the boundary data ‘3—‘1’ , v of the outer component of the solution and the
=0 =0

boundary data &, & of the inner component 1) of the solution U = (W, 1)) of the wave equation
W, + AgW = 0 at the contact of the inner and the outer components of the junction. In terms of

Cauchy data (\If, %‘f) U the acoustic equation can be represented , see [30] , as
10 - 0 -1
-—W =4 U=L 84

The spectrum of the Lax-Phillips generator Lz is purely continuous multiplicity 1 on (—oo, 00),
and the eigenfunctions of thew continuous spectrum are the scattered waves constructed as

columns )
& < ; )w

with U defined by (66) with K, = p in this subsection. The generator Lz of the Lax-Phillips
evolution group defined by the wave equation 84 is unitary with respect to the energy norm

defined on the Cauchy data ¥ = (\If 8“’)) as

’ ot

19125 [ wy v o w6 (Y90) (Y

(85)

and the evolution group is unitary in the energy-normed space &£ of the Cauchy data of the

acoustic problem. The spectral representation of the group is represented in terms of the scattered
waves \I7p

8_\112
ot

OPsil?
ox

/\IJ P (T, B (%, 0))edp

which transfers the Cauchy data of the incoming waves in the wire W(x + t) into the Hardy
class H? of all square-integrable functions which admit an analytic continuation into the lower
half-plane, and the Cauchy data of the outgoing waves W(x — t) on the wire into the invariant
subspace S*TH? of the hardy class H? in the upper half-plane. The corresponding spectral duality
is established by the formulae

. v\ 5 1 - = .
U= — v, Ue=J:U
(u) van i Dle =

JgU —> / v, JgUdp U (86)
and the inner space £y & F4 = K of the system is transferred by .J¢ into H_% © Srrn H_%. Here
, 1-1
ip 4 Boo — Bor Bir' Bro — Bor By [Trace S PZ} B1o

ip — Boo + Bo1 By’ Bro + Bor Bii' [Tmce ,1\;“42 } 510
(87)

Srpn = S+(p) = S_l(p) = SE(/\) =
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is the Lax-Phillips scattering matrix of the string, represented by the finite Blashke-product,
see [30]. It is an analytic function in the upper half-plane with zeros at ps(/3). It also serves
the characteristic function of the Lax-Phillips semigroup obtained via restriction of the unitary
evolution group e’“# — Py "% Py, t > 0 onto the inner space K =: E4 @ E 4, obtained as an
orthogonal complement of the incoming and outgoing waves in the wires, see [30], where , in
particular, the acoustic scattering problem is studied on the string without the inner hamiltonian
attached. Being a characteristic function of a contracting semigroup, the Lax-Phillips Scattering
matrix admits a factorization into the product of a pair of factors corresponding to invariant
subspaces of the Lax-Phillips semigroup, for instance as a product of the Blashke-factor containing

p1() and the complementary product extended on s = 2,3, . ... The corresponding factorization
is valid also for
+p1(B8)] [p — ;1 (B)] p—Ds(B)
SP = §7(p) St(p) = TP D (88)
{0 S50 = G ne W@

The “resonance” factor of the scattering matrix, taking into account both resonance zeros
p1(B), —p1(B) approaching +p;(0) = 4«4, is non-analytic at the origin in the [(3;] '-plane,
when p is close to +a4, due to above reason, but the complementary factor of the scattering
matrix, is analytic with respect to |3y;|~2 near the origin in |3y;|~? -plane, when p is close to
:l:Oél.

Theorem 6.2. There exists a one-dimensional perturbation Af of the operator

lou=—u", u| =0
0

with a non-trivial inner component, such that the scattering matrix of the pair (A? ,lo) coincides
with S%(p). Then the scattering matrix of the complementary pair (Ag,Af) is equal to the
complementary factor S%(p) and the following chain-rule for the scattering matrices is true

S (p) = SY(p) Sh(p),

as well, as the corresponding chain rule for the inverse, which are Lax-Phillips Scattering
matrices. The complementary factor is an analytic function of [5~', p] on the product (Qs X
[Qa, UQ_4,| of a small neighborhood of the origin in [yi-space and a small neighborhood of
the pair —ay, o) in the p-plane.

Proof. Consider a one-dimensional operator A with a positive eigenvalue o = a?(f3),
which will be specified later. We associate with A the Krein function M = 1;5‘1_2;\, by setting
| P,v| = 0. Restrict the operator [ — [, onto functions vanishing at the origin x = 0, and construct
the self-adjoint extension of [, with a one-dimensional exit from L, (R, ), defined by the 2 x 2
Hermitian matrix {3} which connects the boundary values {¢,, £ } = {&,, —M&, } in E, with

boundary values ¥(0), ¥'(0) in £ :

VN (B B v
(_§+>_(ﬁ1o 611) <—§) (89)

Substituting into the above equation the corresponding Ansatz for the wave-function of the
problem (76) in the outer space

U, (z,p) = P + SP(p)e™P7, (90)
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we obtain an explicit expression for the corresponding scattering matrix S in terms of the Krein

2
function M(\) = % of the inner Hamiltonian and the boundary parameters:

: ERY
p— |:Boo - 1.|?,é11/\/(:|

: B PM T
D+ | B — P55

Sy (\) =

By +o?

=1~ and obtain the
a?—)\

Selecting the parameter 3;; such that 1 — 3;;0% = 0, we get 1 + 3, M =
scattering matrix with A = p?> + 7202 + V in the form (80) with o, = «
gy — P det BB ¢ Bl (14 0) (p* - 0?)
B = _ 2 =
ip + det 55111 - ‘%]111‘ (1+a) (p* —a?)

| detB |Bo1]? o2 2 |Bo1l?
p [311 B11 (1+a4):| TP B (1+a?)

; detf Borl2a2 | _ o [Bol2

W [ﬁu T B0 (1+a4)} P 3 (1+a?)
which is compatible with the first factor in (88)). Comparing the corresponding addenda of the
denominators,

(C2))

S (p) = — [(p+pB)lp—PB)] _ p*+2iSp(B)p— |p(B)*
° [p+0(3)] Ip — p(B)] P> = 2iSp(B)p — |p(B)|>

we obtain equations for parameters (3, Syo of the extension Ag:

detg |Bo1|? o® |Bo1|? o2
L betag " Bu(re® _ Bu(i+od) 92)
23p(B) p(B)[? 1
Assuming that 3;;0? = 1. we obtain , comparing the first and the third fractions
’B |2: 611<1+Oé4)
" 23p(B)

and recover [(yg, based on that, from the second fraction:

o= B [y O
o B 1+at 23p(B)

The chain rule for scattering matrices can be obtained based on the interpretation of the
scattering matrix as a characteristic function of the relevant Lax-Phillips semigroup [56] on the
semi-axis for the acoustic equation uy — u,, = 0, with the above boundary condition, with inner
structure. According to fundamental results of [55] both inner factors of the factorization of the
characteristic function are interpreted as characteristic functions of the Lax-Phillips semigroup on
the corresponding invariant subspaces, hence - as scattering matrices of the complementary pairs
of operators. One can also calculate the wave operators between the operators involved , see [56],
and derive the chain rule for the Lax-Phillips scattering matrices (characteristic functions) from
the standard chain rule for the wave operators, see more details in [57].

Corollary. Summarizing our observations we suggest, based on our example, the following
two-steps modification of the analytic perturbation procedure on continuous spectrum:

a. First step is the construction of the solvable model and calculation of the corresponding
(non-analytic with respect to the coupling constant 37!, at the origin) scattering matrix. This
scattering matrix is a factor of the complete scattering matrix, which contains the dangerous
resonances approaching to the resonance eigenvalue of the Intermediate Hamiltonian and is an
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exact factor of the complete scattering matrix, so that the division of the scattering matrix through
the non-analytic factor yields an analytic with respect 5~ remaining part.

b. Second step is the calculation of the remaining part of the scattering matrix of the model
by the standard analytic perturbation procedure. Due to analyticity of the remaining part with
respect to 371, the analytic perturbation procedure is converging, with the radius of converging
defined by the spacing between the eigenvalues o, o, s # 1. The analytic factor is interpreted
as the scattering matrix between the constructed kick-start solvable model and the perturbed
operator AP,

The obtained connection between resonances and analytic perturbation series on the
continuous spectrum is a spectral analog of the connection between small denominators in celestial
mechanics and divergence of the perturbation series, observed by H. Poincaré, see [31]. More
historical comments about intermediate Hamiltonian and the jump-start (kick -start) may be found
in [37], where similar modification of the analytic perturbation procedure for the Friedrichs model
is suggested.

Note that recovering of exact information on the resonance pg and on the corresponding
residue for the perturbed operator Ag, which we need to develop the “jump-start"(kick-start)
procedure, may be a tricky problem - almost equivalent to the original spectral problem. On the
other hand, if the approximate resonance factor Sg is used instead the the exact factor, then the
division of the scattering matrix through Sg would not eliminate singularity at the resonance,
hence the complementary factor of the scattering matrix would be still non-analytic at the origin
in the space of the coupling constant, hence could not be obtained via analytic perturbation
procedure.

6.2. Resonance pumping of the acoustic junction. The quantum version of the pumping

The Lax-Phillips interpretation of the scattering on the above simplest junction reveals the
spectral nature of the poles of the Scattering matrix, or, equivalently, the zeros of the Lax-Phillips
Scattering matrix: they are the eigenvalues of the generator of the Lax-Phillips semigroup

Pre“ Py =€ t > 0.

Thus the above kick-start analytic perturbation procedure permits to observe creation of resonances
from the embedded eigenvalues of the unperturbed problem A & [y. The spectal properties of
the generator B are easily established in Fourier representation 7, see [55]. In particular, the
eigenvalues of the generators B, Bt are the zeros and poles ps(f3), ps(8) of Sppp, and the
eigenfunctions of B, BT are, respectively, in the case of the simple eigenvalues:

balp) = 2Pt ) V3003, 6.l P /sy 7))

p—ps(B p— ps(fB)

They form a bi-orthogonal system in K = H? © Syp;, H3. The spectral representation of the
generator is, see [55],

B= Zps 0 >ws()2mszplh<ps<ﬁ>> (93)

Pumping of a junction with a periodic train of pulses

10u

=Bu+e“f u fekK, u = uy,
i Ot

t=0
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causes a linear growth of the amplitude of the resonance components of the oscillation process
on the junction:

W — Ps

w=Y u,(t)1h,, where u(t) = u,(0) ™" + ——— fomu,(0)e™" +t f,, (94

if w = Rp, and Jp; is Schrodinger evolution on the inner subsystem is described, in terms of
Lax-Phillips representation Jg by the family of operators Py ¢’ ! P, which is not a semigroup,
contrary to the case of the wave equation with Py e’ P substituted by the semigroup Py ¢! Py,
0. One usually represent Py ¢t Py as a sum of the contribution from the terms corresponding
to resonances situated below the bisectrix I' of the first quadrant 0 < Rp, < Sps, and the
contribution represented, in x-representation , by the Gaussian integral i fr PrWe?’t J U |
which is estimated, for large ¢, by the contribution O(1/t) from the point p = 0 on the contour.
This non-exponenial decay of the Schrodinger evolution on the inner subsystem was discovered
theoretically long ago, see , [58], but was not confirmed by experiments since that. This gives
a good reason to represent the portion of the Schrodinger evolution in the inner subsystem by
the contribution from resonances situated below the bisectrix. In Lax-Phillips representation this
contribution looks like . .

JEUinner = Z eipg tws> <¢7 J8U> (95)

0<Rps<Sps

Here the non-exponential decay is neglected. The question on estimation of the non-exponential
decay in agreement with experiment is not resolved yet theoretically. But if we base an estimation
of the quantum resonance pumping on the above formula, then the effect of the periodic train
of waves ¢! f, with the resonance frequency w = Rp? gives the quantum analog of the above
formula (94)

. .o
ezwt _ ezpst

u=_us(t) s, where uy(t) =uy(0) ™" + fomu (0) P+t f,,  (96)

2
W — PDg

with summation extended over resonances situated below the bisectrix of the first quadrant.

7. Appendix. Matrix Rouche theorem

Let ) be a proper subspace of the finite-dimensional Hilbert space E', F, is an orthogonal
projection onto Fy and P~ = I — Py - the complementary projection onto the orthogonal
complement Ey- = E © Ey. We say that the analytic matrix-function m has an simple isolated
vector zero at the point ;19 € D,, if it may be represented in a neighborhood Uy C D, as a
product

m(p) = mo() [(1 — 1o)Po + bFy ] (97)
with some nonzero constant b and an invertible analytic matrix-function mg ()
H—Ho

mo(pt) = mo(o) + mo(po) + ..., Ker mo(po) = 0.

1!

t >

The vectors {eg} € Ey are called root-vectors, m(po)ey = 0. For vectors e from the complementary

subspace e € Fy, we have m(ug)e; # 0 . Similarly the simple isolated vector pole is defined:
we say that the function m has a simple isolated vector pole at the point g if it is represented as

Py
K= Ho
with a non-zero constant b and a projection P, onto proper subspace Fy C FE, the complementary
projection Pj- and an analytic invertible function my in a neighborhood Uy of the point i in

) = moly) |2 07 %)
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D,,. Both isolated poles and zeroes of analytic matrix-functions are called in [45] characteristic
values of the argument .

The logarithmic residue of the function y at the simple isolated zero or pole is defined
as an integral of the logarithmic derivative m/(x)m ' on a simple smooth curve Iy C U in
anti-clockwise (“positive") direction around the characteristic value my:

1

=5 m/()m” dp.
¥ To

m, o

—1

In [45] the period of the logarithmic derivative m/(u)m
Mo g = Q—M_Tmce a3 m' (u)ym~ dp.

is called the “multiplicity"of the characteristic value. The straightforward calculation of above
integrals gives the following result:

1 .
| A——— ' dpy =
iy ) 27T7/ To m (Iu)m /J’
1 -1 4
— ¢ mo(W)Po [(o — p)Po+ 0Py ] mg (p)(p)dp =

27t Jp,

1

71 _ _
Tmmouof Py [(o — p)Po +bF]  dumy (1) = mopoPomyg (110),
1)

and
My, 1, = £dimF,
where the sign =+ is defined by the sort of the characteristic value: plus is for the zero, and minus

is for the pole. We will use the “hermitian” variant of the Gohberg-Sigal theorem, assuming that
all poles (zeroes)are simple (first order):

Theorem 7.1. If two finite square matrices m_(p), s = 0, 1 depend analytically on the parameter
w in the disc D radius & centered at the point i = &y, and m, has few characteristic points 1,

inside the disc Dy = {u = d| <1726 <1/2 5} with the total multiplicity
My =3 My,

and on the circle ¥y = { polpn— agl =< 1/2 50} both functions have no characteristic values

and the inequality
maxyes, || mg" (1) [Mi(n) — Mo(p)] [|< 1

is fulfilled, then the total multiplicity M, of characteristic values of the function m; inside the
circle X is equal to total multiplicity M of the characteristic values of the function m;.

Proof of much more general statement concerning analytic functions with multiple poles
and zeroes may be found in [45]. We actually need in the above text , section 3, a partial statement
concerning the case when both functions are regular and M, = 1. Then m; has a single simple
isolated zero inside the disc >y. The case of a single pole may be reduced to the case of a single
zero via considering inverse functions.
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"MocxkoBckuii rocynapcTBennslit yausepcurer umenn M. B. Jlomonocosa

melikhov(@radio.chem.msu.ru

IIpennoxena MozeNnb CO3AAHUS HAHOCTPYKTYpPbI KaK pe3y/ibTaTa BBLACICHUS HAHOYACTHIl U3 MEPECHIIEHHOMN cpebl
C TIOCIIEYIOMIUM HUX MHOTOCTaJUHHBIM MOAU(UIMPOBAHUEM I NPUAAHHUS UM HYXHBIX CBOMCTB. YUTeHO 00b-
€/IMHEHHE HAaHOYACTHIl B arperarsl M arperaroB apyr c¢ apyrom. ChopMynnpoBaHO AUCKPETHOE W KOHTHHYaJIbHOE
ypaBHeHHs OallaHCa 4YMClla HAHOYACTHI] M arperaTroB, YYWTHIBAIONINE BO3MOXXHOCTb MX YKDPYITHEHHUs M paclaja.
KoHTHHYyanmpHOE ypaBHEHHE NIPUBEICHO K SBOJIIOLMOHHOMY ypaBHeHUIO Tuna dokkepa-Ilnanka, BKIIOYaIOMIEMy 4a-
CTOTHBIC (PYHKIIMH, KOTOPBIE OIMHCHIBAIOT MPOLIECC CAaMOOPTaHM3alMy arperaTtoB IyTeM oTOOpa 0ojee yCTOMIMBBIX
¢dopm. IIpn 3TOM Kaxknas cragus MOOU(UIMPOBAHUS XapaKTEPHU3YETCs] COOCTBEHHBIMU YACTOTHBIMH (YyHKIUSIMHY,
MO/JIeKAIIMMH HE3aBUCUMOMY OIIpe/esieHUI0. YacToTHbIe (yHKIMH JUISl BCEX BUJIOB BO3JICHCTBHH, HCIIOJIB3YEMbIX

Ipyu CO3JaHNH HAHOCTPYKTYP, MOI'YT COCTaBUTh OCHOBY MCTOAOJIOI'MU ONTUMAJIBHOTO UX CUHTE3a.

KaroueBble c10Ba: 3apoXXaeHIE U POCT HAHOYACTHIL, arperanys 1 arioMepanusi, GU3NIecKoe U XMMHUIECKOE MOJIH-
¢unmpoanue, ypaBHeHne Doxkepa-Ilnanka.

1. BseneHue

TUnuuHy0 HAaHOCTPYKTYPY MOKHO PacCMaTpuBaTh Kak MPOCTPAHCTBEHHO-YIOPS0YEH-
HYIO KOHCTPYKLHIO U3 NEPBUYHBIX HAHOYACTHI] JaHHOTO BELIECTBA WIM psijia BellecTB. B obumem
cilydae, 4ToObl TaKyl0 CTPYKTYpY CO3/1aTh, IEPBUYHBIC HAHOYACTHILIBI BBIJCIISAIOT U3 MEPECHILICH-
HBIX M IIEPEOXJIaKICHHBIX CPeJl, a 3aTeM CO3/Al0T YCIOBHS, IIPU KOTOPHIX HAHOYACTHUIBI 0OBEIU-
HATCS B IPOCTPAHCTBEHHO-YNOPSIOUEHHBbIE 00pa3oBaHuUs (arperarbl, I'paHyibl, KEpaMUYECKUE
Tena U T.A.). [Ipu 3TOM cBOICTBAa EPBUYHBIX YACTHIl U arperaroB HY>KHbIM 00pa3oM M3MEHSIIOT,
BBOJIA B CpEAy, OKPY>KAIOILYI0 YaCTHUIIbl, TOMOJIHUTEIbHbIE BEIIECTBA (XMMHUECKOE MOAUPUIIM-
pOBaHKE) U AEUCTBYs BHEIIHUMU oMU (pusndeckoe Mmoaupuurposanue) [1,2]. Ionyyenue u
MoAM(UIIMpPOBaHNE NEPBUYHBIX YAaCTHIl OOBIYHO OCYILECTBIISAIOT MOCTaJAUNHO, BapbUpys Mocie-
JIOBaTeIbHOCTh CTaAMN (MapuIpyT mpouecca). Hekotopsle MapLpyThl yAaaoCh JAETalIbHO UCCIe-
noBaTb. OIHaKO MOJTyYeHHbIE JaHHbIE, OPUEHTHPOBAHHBIE HA PEIIEHUE KOHKPETHBIX MPUKIATHBIX
3ajia4, He Jal0T BO3MOKHOCTU COCTaBUTh OOlee MPEJCTABICHUE O 3aKOHOMEPHOCTSIX CO3aHUs
HaHOCTPYKTYp [3]. Ilpuxoaurcs nmpuberHyTb K MpPEACTABICHUIO O MHOTOCTAJUMHOM mpolecce
JBUKEHUS. MHOXKECTBA IIEPBUYHBIX HAHOYACTUI] U arperaroB B IPOCTPAHCTBE CBOWCTB MPH yCIIO-
BHH, YTO Ha BCEX CTAJUAX Ipolecca MPUMEHUMO 3BOJIIOLIMOHHOE YpaBHEHHE COXPAaHEHHs 4YHCiia
MOJIEKyJ (aTOMOB), T.€. IMEET MECTO €AMHBIN HBOJIOLMOHHBIN MapupyT (GOpPMUPOBAHUS HAHO-
cTpyKTyphl. [101X0/1bI K ONMUCAaHUIO 3BOJIIOLIMOHHOIO MapIIpyTa pacCMOTPEHBI B IAHHOM CTaThbe.

2. Tlpeamer paccMoTpeHust

UTo0Bl cOo3AaTh HAHOCTPYKTYPY C HYXKHBIMH CBOWCTBAMH, HMCIIONB3YIOT SIBJICHUS 00Opa-
30BaHUA M PacCIiajia 3apOoJIbIIIeH MePBUYHBIX HAHOYACTHUII, UX POCTA U PACTBOPEHHSI, MOSBICHUS
U JIMKBUJIAIIMK POCTOBBIX Je(EKTOB, 3aXxBaTa M BHIOPOCA 3aXBaYCHHOW MPHUMECH, arperamuu u
pa3pyllIeHus arperaTtoB, NEPEeKPUCTAIUIN3AINUN U TOTIOXUMUUYECKUX PEAKIINi CIIEKaHUs U KEpaMHU-
3aimu [4,5]. Ilpu onucanuu JaHHBIX SBJICHUN YUWUTHIBAIOTCS CBOMCTBA X = {X1...X;...X,}
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KaXI0i YacTHlbl, 3aBucsiiue or coictB ¥ = {Y;...Y;... Yp} cpedbl, UX OKpYXarolleu, 1
omnpenensercss pyHKIMOHAI

Z)={2.. . Zi.. 2} = Z[X (V)]

rae Z; — OAHO U3 CBOMCTB JIaHHOTO BEILECTBA.

OnpIT MOKa3bIBAeT, YTO (HYHKIIHOHAT Z (t) mHpOpPMATHBEH, eCiU TIO X umers B BUIY
Maccy, MPOCTPAaHCTBEHHbIE KOOPIMHATHI U CKOPOCTh IBMKEHHS IIEHTPa MaccChl, TaOUTYC, mapa-
METpPBI COCTaBa U YIMOPSAJOYCHHOCTH YAaCTHIIBI, a TAaK)K€ PACCTOSHHUS O COCETHUX YaCTHUI] U
CBOICTBa KOHTAaKTOB ¢ HUMH [6]. Bo MHOXeCTBO *ke Y cleqlyeT BKJIIOUUTh IMapaMeTphbl COCTaBa,
TEeMIIEPaTypy, CKOPOCTh JABMKEHUS CPellbl U HAPSHKEHHOCTH BHEIIHUX TOJIEH OKOJIO YaCTHUIIBL.

Ha Bcex cranusax mporecca paccmMarpruBaeMasi CHCTEMa HEOHOPOAHA, TPUYEM Ha KaXKIOM
€€ y4acTKe MPUCYTCTBYIOT MEPBUYHBIC YACTHUIIBI, arperarbl MePBUYHBIX YACTHUII, YKPYTHSIOIIN-
€csl 3a CYET MPUCOCAMHEHHUS MOJICKYJI W MEPBUYHBIX YaCTHI] (arperarbl MEpPBOTO MOKOJICHHUS),
arperarbl arperaroB (arperarbl BTOPOTO IMOKOJICHWS) W T.J. B KOHTHHYalbHOM MPUOIMKCHUN
Ka)/IbIil Y4acTOK XapaKTepu3yeTcsi COOCTBEHHOH (yHKUMEH paclpeneieHHsl YacTHIl 1O CBOM-

ﬁ . PN, N
CTBaM QO(X,t) = E Pq (X,t) = E m , N = E Nq, Nq = /qu (X,t) dX,
7 p p 7 J
X

1 - -
q 7%

3mece N ;X —JIOKaJIbHas KOHLEHTpPAIKs YacTHIl ¢-BUJA, Y KOTOPBIX IapaMeTphl COCTO-

SIHUAA MCHBIIIC X, Nq—O6H_[a$I KOHLCHTpalusA 4aCTUll g-BHJa HAa JAHHOM YYaCTKE, IMPUYCM U3

MHOXKeCTBa X HMCKIIFOUCHBI MMPOCTPAHCTBECHHBIC KOOPAWHATHI YaCTUIL], KOTOPLIC OTOXKACCTBIIAIOTCA
C KOOpAWHATaMH1 ydacTKa. HpI/I 9TOM MOXHO IPUHATH, YTO

20 (X0t) = 00 (n,0) fy (Xa ), £y (X 1), (M)

e @, (n,t) — GyHKUUS paclpeeeHus YacTUIl 10 YUCITy 1 COCTABISIOIIMX MX MOJEKY. (aro-
MOB), f, (X;,t), — ILIOTHOCTH pacHpe/ieIeHNs YaCTHUI] C TApaMeTPoM 1 1o X;.

Oyrkumu ¢, (n,t), fo (X;,t), 1 GyHKIHOHAIBI Zqi (t) ABISIFOTCS MPEIMETOM IaHHOTO
paccmoTpenus. MHorue u3 3Tux (GyHKIui u3BecTHHI [7—10], HO 00beM HepocTaromei nHpopma-
MU CIIIC BEJUK.

3. YciaoBue coxpaHeHHMs] YHCJIA MOJIEKYJT

PaccmarpuBaeTcst MepechIIeHHbIH pacTBop (Iap), B KOTOPOM 3apOKIAFOTCS U PacTyT Iep-
BHYHBIC YaCTHIIBI BeliecTBa A (¢ = 1), KOTOpBIE, CTAIKUBASCH JPYT C APYroM, 00pasyroT arperarsl
HIepBOro MoKojieHus (¢ = 2). Arperarbl HEpBOrO MOKOJEHUS OOBEIUHSIIOTCS B arperarbl BTOPO-
ro nokoseHust (¢ = 3) u T. 1. YacTuIbl KaKI0T0 ¢ BHAA YKPYIHSIIOTCS MyTEM MPHCOCTHHCHHS
YaCTHIl BCEX ¢ < ¢ BHIOB, IPUYEM aKThl IPUCOCAMHEHHS CAyYalHBIM 00pPa30M YepemayroTCs ¢
aKTaMH OTpPbIBA paHee MPUCOEIUHUBINNXCS YaCTHIl. IIpH KaKI0M aKTe COCTOSHHME YaCTHIl M3Me-
HSETCS TUCKPETHO, TaK YTO KOHTHHYAJILHOMY OIHCAHHIO JOJDKHA IPEIIIECTBOBATH JTUCKPETHAS
MOJIeJIb, COIIIACHO KOTOPOit ¢, (n,t) = Ny,/Ang,, tne N, —9UCI0 YaCTHIl ¢-BHIA, UMEIOIIHUX
n MOJISKYNl A, B efuHHIe 00beMa cpensl, An,, — MHTepBaJ 3HAYCHUIl n, B IpeJeIaX KOTOPOro
MOKHO TPHITHCATh YaCTHUIIE JTAHHOE 7.

AKTBI NPUCOCAMHEHUS. M OTPbIBA HE3aBHCHMBI, TaK 4TO M3MeHeHue N, 3a Bpems At
paBHO

ANy, = (Qqo1 + Qy — Q1) At @)
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rae 0,1 u §y41- UHTCHCUBHOCTH MOCTYILUICHHS 4acTHIl U3 (¢ — 1) MHOXKECTBA B ¢ MHOXKECTBO
(mepexonoB ¢ —1 — ¢) u mepexonoB (¢ — g+ 1), {2, — MHTEHCUBHOCTb U3MEHEHUS YHCIIA YACTHUIL
B COCTOSIHUHM (¢, n) B pe3ysbTaTe MepexoioB B Mpeenax ¢ MHOXKECTBA.

B kaxxgoMm akte o0ObeIMHEHHs YacTHI] YYacTBYIOT, IO KpaliHel mepe, JBE YacCTHIIBI, TaK

qTo
Qq—l = Z aqu—l,n—anq—l,aq - ﬁquna (3)
Qq—&-l = Z Z (CYQNqn—anql,aq - 62Nq1,n+aq)7 (4)
g q1>q

rac o; u ﬁz - YaCTOTHBIC (1)YHKI_II/II/I nepexoga 4actul MCXJa1y MHOXCCTBAMH, KOTOPBLIC 3aBHUCAT OT
Nqno C€CJIM B KAXJIOM IICPEXOAC YyHaCTBYCT 0osee ABYX HaCTHI, (,- N3MCHCHUC N1 IIPH CAUNHUYIHOM
epexoze.

B npenenax g-suna: 0y = Qg — g5 npu

Qga = Z Z (O‘qun—anqhn—aq - O‘quqn)qu,aw (%)
aqg q1<q
Qqp = BanNgn — Z Bantbg Nan-tb,- (6)

by

3z[ec13 bq — U3MCHCHHUC 71 IIpU CAMHUYHOM pacIiaae, ¢ g,Hn ﬁqn — YaCTOTHBIC (bYHKLII/II/I, YAOBJICTBO-
pAOIIUC YCIIOBUIO

An = Z Z aqQqnNyy .o — Banby | At + &, (1), (7)

ag q1<q

rae An — U3MEHEHHE YKCIIa MOJICKYI y YACTHIIBI B COCTOSIHUH (¢, ) 3a Bpemsi At, b, — 3HaueHHe
by, ocpenHenHoe 1o untepsany At, &, (t) — ciydaiinas QyHKIMS, XapakTepusyolas GIyKTyauu
CBOWCTB CpEJIbl.

N3 cootHomenwuii (2)—(6) ciemyert, 410

Ang,Apy (n,t) _ ANgn
At At

= (Qqa - Qqﬁ) + an 3

rac Wq = (Qq—l — Qq+1).
[TapameTrpsl X; MOTYT YMEHBIIATHCS M YBEIIMYUBATHCS MPU BO3ICHCTBUSIX CPEIIbI, TAK YTO
N3MCHCHHUEC ITapaMeETpa XZ 3a BpEeMA At CJICOYCT MPEACTABUTE B BUJIC

TJE W, U V,- 9aCTOTHI BO3JICHCTBUH, YBEIUYMBAIOIIUX U YMEHBIIAOIMMX X ; , 4y U b,; — Xapak-
TEepHBbIC U3MECHEHUS X; IPH SAMHUYHBIX BO3ICHCTBUSAX.
[Tpu ycnoBuwm (9) U 10cTaTo4HO OOJBIIMX MHTEpBaax At UMeeM

Anquanfq (X“ t) _ ANM
At At

Ot nuckpetnbix pacnpeneneauit (8)—(10) MOXKHO MepedTH K KOHTUHYAJIIbHOW MOJENH, MPUHSB,
Pq

fa
ato Y Ny, = [ (n,t)dn, ;Nmi = Ny [ (X5, t) d;.
n i X

= Wr—ay; Vz—a, — (wm + Vm)Nm + Vit Natb,;- (10)

n
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B stom cnyuae, BBens B ypasHenus (8) m (10) HempepbiBHble (yHKUMM @, (n,1) H
fq (X, t), pasnoxkuB 4acTOTHbIC (QYHKLUHU B MOJIYYCHHBIX YpaBHEHHUsX B psbl Teinopa u mpu-
HSIB, 4TO ciydvaitnbie GyHKuun &, (1) u &, (f) UCHTPUPOBAHBI U JEIBTa-KOPPEIUPOBAHBI, a TPH
YKPYITHEHHMH YacTHI] JI0OOro BUIA Gy = Tig—1, HONYYUM

Opq _ — 1 0" Qg kq_l _ 0"

Eap S0 Kkl Sl RO an
O 5o L 2 )+ (1) b ) (12)
ot~ Lkl |TraxE e rigxk \Weldl |

rae 7, — CPeJHee YMCIO MOJICKY] B 4acTHLAx ¢-Buaa, W, (n) — HenpepsiBHbIH aHanor W,
VYpaBuenue (11) cooTBeTCTBYEeT MHOTUM 3KCiepuMeHTam [4, 7, 8, 11], mpuyem 10cTatoyHo
1/3
TOYHOE ONHCAHHE MMEET MECTO, €CIIM B 9TOM ypaBHEHHH 3aMEHHUTH 1 Ha pazmep [ = (nv,) / ,
rIe v4 — 00beM OJHOM MOJIEKYJIbI BHYTPH YacCTHIlbl, 1 OTPAHUYHUTHCS JIByMsl WieHamH psiga. B

TaKoOM NpUOIMKEHUN

Op, 0O 1 0?
—_— = = (bq,lQ,B — aq’lQa) + = ==
ot ol 2 012
I7ie Gg ¥ by — XapaKTepUCTUYECKHE N3MEHEHN [ TPU NPUCOEANHEHUAX U OTPBIBAX, {1, = 0 1Pq,
Qg = Bipq> Qqu¥ [y —9aCTOTHBIE QYHKLHUH.
B ypaBuenuu (13) nepBblil uieH cyMMbl XapakTepu3yeT HalpaBICHHOE ABM)KEHUE YaCTHUL]
B IIPOCTPAHCTBE Pa3MEPOB, a BTOPOW UJIEH — CIIy4allHbIE OTKJIIOHEHUS OT HAlpaBJICHHOIO JBU-
’KEHUS, OCPEJHEHHbIC 0 KOJUIEKTHBY YacTHI[ aHAJIOTWYHO TU(Y3UH MOJIEKYT B 3BKJIHUIOBOM
npoctparcTBe. TpeTwii 4ieH XapakTepusyeT WCTOYHHK YacTHIl B coctosHuu (¢,n). [lpu stom
HNPUYMHON JIBUXKEHUS SBJISIETCS Pa3/inuKe YacTOTHBIX (YHKIUHM MpucoeanHeHus 1 oTpbiBa. Kax-
JIOMY 3JIEMEHTApHOMY IpoIieccy B MpejiesiaX 3BOJIOLHMOHHOIO MapLIpyTa COyTCTBYET OOpaTHbIH
npoliece, B pe3yabrare KOTOporo U3 pa3HooOpa3HbIX IPYNIUPOBOK MOJIEKYJ U YaCTHUIl OTOMParOT-
Csl T€, KOTOpPbIE MMEIOT MEHBILYIO YaCTOTy pacnaja. ITo oTpaxaer (pakTop oTOOpa yCTOMUMBBIX
IpyNIHUPOBOK

(03,9 + ag Q) + W, (1,1), (13)

Fo = ag 00 — bg82s,

MIPOTUB TPAJAMECHTA KOTOPOTO MPOUCXOTUT HAMPABICHHOE JBIKEHUE B MPOCTPAHCTBE Pa3MEpPOB.
B pamkax nanHoil Mozenu dakrop Fy; sBIseTCA MOKa3aTeleM ABUKYILEH CHIIbI Ipoliecca.

Cootnomenust (2)—(13) He HaylararoT OrpaHUYCHUA HA yKa3aHHBIE YaCTOTHBIC (DYHKIIUH,
YTO PAaBHOCHIILHO OTCYTCTBHIO IIPOU3BOJIGHBIX JOMYIICHUA B JAHHOW MOJICIIH.

4. CraguiiHOCTh 3BOJIIOLMOHHOIO MAapIIpyTa

B nanHO# Mojenu Ha KaxJIo# cTaauu mponecca Ha CBOMCTBA YaCTHI[ OCHOBHOC BIIUSIHHUE
OKa3bIBaCT OJUH HUIN HeOoJIbIIas rpyuiia 3JICMCHTApPHbIX SIBJICHUM.

4.1. Ilepuoxa 3apoxaeHNsi U POCTA NEPBUYHBIX YACTHI

Ha paumHeii crajuu B cucteMe NpeodagaroT MOJIEKYIIbl U KJIACTEPHI ¢ YUCIIOM MOJIEKYJI
(2|n|30). Mx noBeneHue onuceiBatoT ypaBaenus (2)—(10).
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YactoTHbie GyHKIIUHU, BXoAsAIIME B 3TH ypaBHeHus (3)—(7), B oOmielt popMe HEU3BECTHEI,
HO Cy/Isl IO MHOTOYHCIICHHBIM HAOJIOJICHUSIM, UX MOXKHO TIPEJICTABUTH B BUJIC

p
Qp = Q4 ij ) (14)
j=1
kTP &
By = BT Z X;2; exp [—e;/ksT], (15)

J=1

e (x4 —4acToTa CTOJIKHOBEHUH MoJekyn A, HaXOAsIluXcs B Cpesie, ¢ KIACTEpPOM, w; — BEpo-
SATHOCTB JIOKAJTU3AI[MHA MOJICKYJIbI A, MOCTYNHBIIEH U3 Cpebl, B OmmKaiieil KoopAnHAIIMOHHOM
cepe MOJIEKYIbI KiTacTepa, HaXOASIIEHCS B OKPYKEHUH j MOJIEKYI (T.e. Ha COPOLIMOHHOM IICHTpPE
J-BMJA), 2; — N0JIs HEHTPOB j-BUJla IIPH YUCIIe BUJOB paBHOM P, kp n h —nocrosHuele bonbuma-
Ha u [Tnanka, T'— Temmneparypa cpezibl, X j — XapaKT€PUCTHUKA COCTOSHUS j-LUEHTPA, € — SHEPrus
aKTUBALMM OTPBIBA.

[Tpu 3TOM SHEpPrur0 aKTUBALMK OTPbIBA 1€JIECOOOPA3HO UCKAaTh B BUJE CYMMBbl dHEPrui
aKTUBALIUY €, Pa3PbIBa CBA3H C KaKIbIM U3 OJIMKAHIIMX cOCENeH M NPEOIOTICHUS NPUTIKCHUS
KO BCEM aToMaMm Kjacrepa:

€j:Z€jk+€oo{1_aoo/ (n1/3—a0)}. (16)
k=1

31eCh €4, —JHEPrHsl aKTUBALMU HPEOJOJICHUS MPUTKEHUs K OECKOHEYHO OOJIbIION YacTule,
QoM (g — QYHKIMH, XapaKTePU3YIOIUE CHIDKEHUE TPUTSKEHUS BCIISICTBUE YMEHBILICHUS N.

Cootromenus (14)—(16) npencrasieHs! B (hopme, JOMYCKAIOIIEH HKCTPAOIALIUIO K (Hop-
myne ['m66ca—TomcoHa, MoI0KEeHHON B OCHOBY KJIacCHYECKOM Teopuu 3apoxaenus [12,13]. Ox-
HAKO 3TU COOTHOILIEHHS] HE MpPELyCMaTpUBAIOT HAJIUYUSA OCOOBIX KJIACTEPOB, KOTOPHIE MOXHO
CUMTaTh 3apojsiiaMu. Bo3MoXKHO, Takue 0cOObIe KIacTepbl HIMEIOT MECTO, HO 3TO HY)KHO JTOKa-
3bIBaTh DKCIIEPUMEHTAIBHO.

PocT nepBUYHBIX YacCTHIl OOBIYHO MTPOUCXOAHUT TIPH Y = {C A, T, 17} uX = {l, X;}, tme

Cymu V—KOHueHTpauH;I U CKOPOCTb ABWKEHHS Cpelbl, IPUYEM YaCTHUIbl PACTyT HE3aBUCHUMO
Apyr oT apyra npu ay; = by, u Wi (n) = 0. B takux ycnoBusix npuMeHuMsl ypasaenust (11)-(16)
npu

a 0 (Wipr)

W @OV T 1
WSD1+ 2 ol ‘|l_>lo J(CA7 ) ) (7)

e Wi = (5 £+ ay), lp — pa3mep kinacrepa, yKpyImHEHHE KOTOPOTO MOKHO PacCMaTpHBAaTh Kak

HenpepbiBHbIHA nporecc; J (Cy, T') — cKopocTh 00pa30BaHKs TAKUX KIIACTEPOB.
Kpome Toro, cyas 1o OmbITHBIM JTaHHBIM,

ay = ag(Ca/Cas)™,
B = agexp [Goo/ (G0 +1)] .

3nech o —4YacToTHasA (PyHKIMS B HACBILIEHHOM pacTBope (Tape), Iie KOHLEHTpaIus MoJIeKyl1 A
. . 1/3 - 1/3

paBHa Cyop, M — IMIIUPHUECKUIN TAPAMETP, Uoo = AoV A/ , Ap = QU A/ . [lpn HaJIM4YMK TaHHBIX O

YaCTOTHBIX PYHKIMAX <vy; B [1; pemenue ypaBHeHui (13) u (17) mo3BONIMT OTBETUTH HA BOTIPOC,

KaKue CBOMCTBA OyJeT UMETh BEIIECTBO B KOHIIE cTaauu pocta [11, 14, 15].
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4.2. Craaus arperupoBaHust

B pamkax naHHOW MOJAENH 3apojbllllaMy arperaTtoB ¢-BHJIA SIBJSIOTCS MapHbIE arperarbl
(¢—1)-BHaa WK IPUMECHBIE YaCTHUIIbI, BBEJICHHBIC B CHCTEMY [IJIsl YCKOPEHUsI Tipotiecca. Jleras-
HYI0 KapTUHY arperupoBaHus XapakTepusytoT ypaBHeHus (2)—(13), BO3MOKHOCTH UCTIOIb30BAHUS
KOTOPBIX BBISIBIIEHA dKCTIEpUMEHTAIIBHO [ 16—19]. [Ipn HavanpbHOM ONMMCAaHUK arperupoBaHMUS MOXK-
HO TIPUHATH, YTO COCTOSIHHE KaXKJOTO arperara orpelessieTcsl mapaMeTpamu X = {N, v}, rae
N —4ucno cocraBisioIUx arperar yactui (¢ — 1) Buga u v — obbem arperata. OOBIYHO ITH
apaMeTpbl MOKHO OLIEHUTh MHUKPOCKOIMYECKMM METOAOM, TaK YTO OKa3bIBAETCS JOCTYITHON
dynxnus ¢, (N, t). [IpuMEHUTENIBHO K 3TOM (QYHKLNH, IPHHSB, YTO B KaXKJOM aKTE IIPHCOCUHE-
HHUS M OTPbIBA IPHHUMACT y4acTue opuHakoBoe uucino AN gactun (¢ — 1)-Buza, ypaBaenue (13)
IpH ¢ > 2 MOXKHO TIPEJICTaBUTh B hopMme

doq (N, 1) ) AN2D?

ot = ANa_n [(BqN - an) §0q] + W [(BQN + an) 90‘1] ’ (18)

q
3neck ayy = BW,_jwnyUN,_1 u Byn = Y, g NVy — YaCTOTHBIE (QYHKIMH OOpa3oBaHUS U
q1=1
pacnaja arperaros, I3 —reoMmeTpudeckuii gakrop, W,_; —BepOATHOCTb CTOJKHOBEHHS JAHHOM

YACTHIIBI C YaCTUIAMH (¢ — 1)-BHa B SUHUIYY BPEMEHH, Wy — BEPOSITHOCTH A/I'€3HOHHOTO yaep-
JKaHMsI 4acTHLbl (¢ — 1)-BHIa B arperare MOCJIE CTOJIKHOBEHUS, Vg, — BEPOSTHOCTb OTICICHHS
YacTHULB! ¢;-BUJA OT JAHHOIO arperara B pe3ylbrare e€ro BO30y)KICHUsS IPU CTOJIKHOBEHMSX C
4aCTOTOU (vg, N .

4.3. CTaIlI/II/I XUMHYECKOIo 1 TCPMUYIECKOI'0 MO}II/I(l)I/IIII/IPOBaHI/IH BeHIeCTBa

Ha craguu xumudeckoro Monu(UIIMPOBaHUS YaCTUIBI BEMICCTBA A TIOKPHIBAIOT CIOSMU
a7IcopOMpPOBaHHBIX MOJIEKYN YacTull BemiecTBa B (MomudukaTopa) wiM cO3Aal0T yCIOBUS NS
o0Opa3oBaHUs TBEPABIX pacTBOpoB BemiecTBa B B A uim BemectBa AB. Ilpu 3ToM npogomkaror
BBIMONHATHCA yenoBus (13) mpu [ = (vang + vgng)'/?, e ny u np —ducio Monexyn A u B
Ha MIOBEPXHOCTH U B 00bEMe YacTHIIbI, U - 00beM OHON MoJeKyibl B. YacToTHbIe ke dyHKIMU
onuceiBaroTcs hopmynamu tuma (14)—(16), B KOTOpbIe JOMKHBI OBITh BKIIOYCHBI HE TOJIBKO TMa-
paMeTpsl agcopOnuu U aecopOuuu Moiekyl B, HO u 4acTOTBI UX MUTPAIUU B 00bEM YACTHIIBL.
YIoMsiHyThIE TIPOIIECCHI HEOTHOKPATHO MCCIICOBAIMCH IPUMEHHUTEIIBHO K MOJMyUYECHUIO MaTepH-
aJoOB C 3aJlaHHBIM KojudecTBoM mpumeceit [20,21]. B pesynbrare 3TOro HakoOIUIEH OOJBIION
MarepHuall, HO OH OTHOCHUTCSI K UHTEepBajaM BapbUPOBAHUS Y, KOTOPBIC CIUIIKOM y3KH JIJISl TOTO,
9T00BI C(HOPMYITUPOBATH KHHETHICCKYIO MOJICIIb XUMUIECKOTO MOTU(DUITUPOBAHUS BEIICCTRA.

K xumudeckoMmy Momau(HUIMPOBAHUIO MOXKHO OTHECTH TEPMHUYECKOE Pa3NIOKCHHE Bellle-
CTBa ¢ 00pa3oBaHNEM TBEPAOro MPOAYKTA, TEPMOCTUMYIUPOBAHHOE TOMOXHUMHUYECKOE MTpeBpallie-
HUE YaCTHUIl U KEPaMHU3aLIMIO BEIIECTBA.

Ecnu B MOMEHT 3aBeplieHHs CTaJuU POCTa Ha CUCTEMY HAJIOKUTh TEMIIEpaTypHOE MoJe,
TO B PaMKax [IaHHOH MOJEIH BHJ| KHHETHYECKOTO YPABHCHHs HE H3MCHUTCA. MI3MEHATCS TONBKO
YaCTOTHBIE (DYHKIIMH U YCIOKHATCS MHOXKECTBA XuY. [Ipu nogbemMe TeMIiepaTypsl 4aCTh YaCTHUIL
MOKET PaCTBOPUTHCS (HCIIAPUTHCS) C BO3MOXKHBIM TOSIBJICHHEM (PUTYp TPaBJICHUS U OTIEJICHUEM
¢dparmeHTOB OT yacTwil. [Ipu BBICOKMX TeMIieparypax YCKOPUTCS OTIKUT POCTOBBIX JAE(PEKTOB U
rabuTyC YacTHI] HAYHET MPHUOIIKAThCS K paBHOBECHOMY. ECIi jke B TIepHOJT HAJIOKCHHS TEMIIC-
paTypHOTO TOJIS YaCTHIIBI 00Pa3yroT CIIOH BEMIECTBa, TO MPU HATPEBAaHUU OHH OYIYT CpacTaThCs
JPYT C APYroM u c(hOpMUPYIOT KePaMHKY. Bce 9TH SIBJICHUS TIPU COOTBETCTBYIOIICH JIeTaTH3aIIH
MHOXKeCTB X, Y 1 bynkmit ay, (Y ) Pin(Y ) MOXHO omnucarb ypaBuenusimu (11)—(13).
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4.4. MoaupuunpoBanne MeXaHN4YeCKMM HATpPyKeHUEM

Ecnu HaHoyacTHIIbI BXOIAT B COCTaB CYyCIEH3UH, TO 00pa3oBaHME arperaroB BTOPOTO U
MOCIIEAYIOIIUX MOKOJIEHUH MOXHO YCKOPUTBH, OpraHu3ys TypOyJIeHH30BaHHBIE MOTOKU CYCICH-
3ud. B Takux MOTOKax yyamiaroTcs CTOJIKHOBEHHUS YaCTHUIl U YCKOPSETCS 0TOOp YHMOPSAOYECHHBIX
arperaToB, BEpOSITHOCTh paciaja KOTOPhIX MUHUMAaibHA. [Ipu CKOpOCTSAX MOTOKa, MpeBBILIAIO-
X HEKOTOPYIO MOPOTOBYIO CKOPOCTH, B 30HE KOHTAKTA YIIOPSIOYCHHBIX arperaroB MOSBIISIOTCS
BaKaHCUU U JTUCIIOKAIIUU, KOTOPBIC MPUBOIAT K OTACICHUIO YACTHII, BXOJSIIUX B COCTaB arpe-
raroB (AucreprupoBanue BemecTBa). OTASIUBIIUECS YACTUIBI MOTYT BHOBb MPUCOCTUHATHCS K
arperatram. B pesynbrare 3TOro mpu pa3BUTOM arperdpoBaHUM, KOTJIA OOJbINAs 4acTh arpera-
TOB YKPYIHHJIACh IO pa3Mepa, 3HAUYUTENIbHO OOJIBIIEro pa3Mepa MEePBUYHBIX YaCTHI], CYCIECH3UIO
MOXXKHO onuchiBaTh ypaBHeHUAMU (11)—(13). [Ipn MogudunmupoBaHuu BEIIeCTBA MyTEM pa3Molia
YaCTHI] KHHETHUECKUE YPaBHEHUS MIPEACTABISIOTCS OoJiee C0KHBIMU [22-24]. OgHaKo U B 3TOM
Clly4ae ONMCaHUE MOXKHO CBECTH K ()OpMaIbHOMY HCIIOJIb30BAaHUIO JTAHHOW MOJEIH.

S. JBOJIOHHMOHHBII MAPLWIPYT KaK Lej0e

W3 B31105)KE€HHOTO CIICOAYCT, YTO YCJIOBHUC COXPAaHCHUS YHCJIa MOJICKYII MOXKCT OBITH npea-
CTaBJICHO B BHJIC 3BOJJIOLHMOHHBIX ypaBHeHI/Iﬁ

8g0k (n, t) anl 182Fq2

ot = on + 2 On? W (1), (19)
Of, (Xit)  OFn  10°Fy
of ox, " 2ox? 20)

pu Fq1 = ban,B — (lana, Fq2 = bgnQB + (IgnQa , FE (inVX - aXiWX)fq (Xi,t), ng =
(BXivx + axwx) fo (Xit).

DTH ypaBHEHUs PUMEHUMBI Ha BCEX CTAIUAX MMPU M3MEHEHUHU BUJA YACTOTHBIX (PYHKIINH
MIpH TIepeXoJie OT CTaANM K cTaauu. KpaeBbie yCIOBHs pellieHus TUX YPaBHEHUN U pacrpesesne-
HUE BEIIECTBA M0 00BEMY CHCTEMBI Ha KaXKJOW CTAJIMU TaKXkKe CHEIU(PUIHBI, HO 3TO HE JUIIACT
JIaHHBIC YPaBHEHUS OOIIHOCTH.

VYpaBuenus (19) u (20) oTpakaroT mpeaCTaBIEHUE O TOM, YTO CaAMOOpPTaHU3AIMs HAHO-
CHUCTEMBI, T. €. HallPaBJICHHOEC U3MEHEHHE CBOMCTB €€ YaCTHIl, Ha KaXKJI0H CTaauu MPOUCXOIUT B
pesyiabTare 0T00pa COCTOSIHUM ¢ HaMMEHbLIEH 4acToTol pacmana (1g. JBHXKYILYIO CHIIy TaKOro
oTOOpa MOXKHO MPEACTABUTH B BHUJIC

Fon = —agnQa(1 = Byn/aqn), (21)

B dopmyner (19)-(21) BXOAAT BETUYUHBI, KOTOPbIE MOKHO ONPEACIUTh B PE3yjIbTaTe HE3aBUCH-
MBIX SKCTIEPIMEHTOB. B Hee MOKHO BBECTH N3MEHEHNE CBOOOTHON SHEPTHH M SHTPOITUH CHCTEMBI
B Xxofie mpouecca [24-28], HO MpU 3TOM MPUIETCS CHeaTh MPEANON0KEHUS, HEJOCTYITHbIE IS
HE3aBUCUMOM NPOBEPKHU.

6. 3akiauenue

Ecnu co3manue HaHOCTPYKTYpBI NPEACTABUTh KaK JIBH)KCHHUE KOJUIEKTHBA HAHOYACTHLL
B IIPOCTPAHCTBE CBOMCTB IIPM COXPAaHEHUHU YMCJIA MOJIEKYJ, TO B PACCMOTPEHHUE MOKHO BBECTH
CUCTEMY DBOJIOIMOHHBIX YPAaBHEHU, MPUMEHUMBIX Ha BCEX CTaIUAX (POPMUPOBAHUS HAHOCTPYK-
TYpBl. DTH YpaBHEHUsI COJIEPIKAT YACTOTHBIC (PYHKIMH, KOTOPbIE MOKHO OTIPENIEIUTh B PE3yJIbTaTe
HE3aBUCHMBIX HKCTIEPUMEHTOB. [Ipy M3BECTHBIX YaCTOTHBIX (DYHKIHUSAX MOSBISETCS BO3MOKHOCTD
IIPEICTaBUThH «IBHKYILYIO CHIIY» CAMOOPraHU3allii HAHOCUCTEMBI Yepe3 4aCTOThI COOBITUM, ITPU-
BOJSIIMX K 0TOOpY HauboJiee yCTONUUBBIX CTPYKTYPHBIX €€ JIEMEHTOB.



D60I0OYUOHHDI NOOX00 K CO30AHUI0 HAHOCMPYKMYD 155

Asrop 6maromapurt 3. J[. Koznosckyto u C. C. bepaonocosa 3a momoiip B padore.
Pabora BeimonHeHa mpu ¢puHaHCOBOM nonnepxkke Poccuiickoro ponaa dyHmamMeHTaIbHBIX
uccienoBanuii (rpanTsl Ne 08-03-00794-a u 10-03-90022-ben_a).

Jlureparypa

[1] Nalwa W.R. (Ed.). Handbook of Nanostructured Materials and Nanotechnology, Acad. Press, Boston, (1-5),
2000, 456 p.
[2] TperwsikoB FO./1. IIpobGnemsl pa3BuTHs HaHoTexHONOrui B Poccun u 3a pyoexxom. Bectuuk PAH, 2007, 77(1),
3-10.
[3] Nanoscale Materials in Chemistry. Ed.K.J. Klabunde. N.Y.: John Wiley and Sons, 2001. 375 p.
[4] Memuxor U.B. ®usnko-xuMudecKas dBOJIONMS TBEPIOTO BemecTsa. bunom, M., 2006. 309 c.
[5] Enucees A.A., Jlykamun A.B. @ynkunonansHele HaHoMaTtepuansl. [loxa. pen. 10.[1. Tperbaxosa. duzmamiuT,
M., 2010, 274 c.
[6] Tirrell D.A. (Ed.). Hierarchical Structures in Biology as a Guide for New Materials Technology. Washington:
National Academy Press, 1994, 210 p.
[7] Melikhov 1. V., Vukovic Z., Bacic S., Lazic S. Study of dispersed Solid-phase Ontogenesis hierartical Structure //
J. Chem. Soc. Faraday Trans. 1. 1985. 81(5). 1275-1282.
[8] Menuxos 1.B. O6 ocHOBHOM 3aKkoHE CIIOHTaHHOW KpucTayum3auuy // KypH. ¢us. xumun, 1989. 63(2), 476-482.
[9] Kyrenos A.M., Ilomstaun A M., 3anpsitHoB 3./1., Bssemun [I.A., Kazenun [I.A. Xumudeckasi TUIpOAUHAMUKA.
Bbropo Ksantym. M., 1996, 446.
[10] Ajayah P.M., Schodler L.S., Braun P.V. Nanocomposite Science and Technology. Wienheim: Willey-VCH
Verlag Gmb H, 2003, 240 p.
[11] Melikhov I.V., Berliner L.B. Simulation of Batch Crystallization // Chem. Engng. Sci., 1981, 36(6), 1021-1034.
[12] PycanoB A.M. ®a30Bble paBHOBECHS U MOBEPXHOCTHBIE ABIeHUSA. Xumus, JI., 1967, 389¢
[13] Ford I.J. Nucleation Theorems, The statistical mechanism of molecular cluster // Phys.Rev., E., 1997, 56(5),
5615-5629.
[14] Melichov 1.V., Vucovic Z., Bacic S., Lazic S. Some characteristics of chemical crystallization in water
purification Process // Chem. Engng. Sci. 1984, 39(12) 1707-1713.
[15] Menuxos U.B., Kurosa E.H., Kamenckas A.H., Ko3nosckas 2./1., Muxees H.b., Kymoxun c.A. MoHokpucTai-
JIOMUMHKPHS B a3PO30JIsX FaJIOTCHUIOB aMMOHUs U 1ie3us // Komnoumaslit xypuan, 1997, 59(6), 780-785.
[16] Melikhov I.V., Kelebeev A.S., Bacic S. Electron Microscopic Study of Nucleation and Growth of Highly
Dispersid Solid Phase // J. Colloid Interface Science, 1986, 112 (1), 54-65.
[17] Menmxos 1.B., Komapor B.®., Kozer FO.A. Mopdororus u oHTOTeHe3 TUCTIepCHOI TBepaoit ¢azbr // Komro-
uaHeli xypHai. 1988, 50(4), 690-697.
[18] Menuxos U.B., Muxeesa WU.E., Pynun B.H. Hampapnennas arperaiiisi B BHICOKOJHCIICPCHBIX CYCICH3UAX //
Konmonmnenii sxypran. 1988, 50(5), 885-891.
[19] Flimelech M., Gregory J., Jia X., Williams R. Particle Deposition and Aggregation: Measurement, Modelling
and Simulation. Oxford: Butterworth-Heinemann. 1995, 275 p.
[20] MenuxoB 1N.B., Mepkynosa M.C. Cokpuctammzanus. Xumus, M., 1975, 304 c.
[21] Hepsareix I'T., Kapmos F0.A., Ocumnosa JI.1. BeicTaBka-KoJuieKius BemecTB 0co0oi unctorel. Hayka, M., 2003,
147 c.
[22] Bongpipe B.B. DxcnepuMeHTanbHBIE METOIBI B MEXaHOXHMHH HeopraHW4deckux BemecTB Hayka, HoBocu-
ompck, 1983, 263 c.
[23] ABakymos E.I'. Mexanu4eckue METO/Ibl aKTHBAIUK XUMUYECKHX nporieccoB. Hayka, HoBocubupck, 1986, 314 c.
[24] Pycanos A.H1. K TepMonuHaMu4ecKkoi TEOpUU MPOYHOCTH TBEpAbIX Tel. 1. TepmoguHamuueckue xapakTepH-
ctuku Tpermt // Kommoumustit xypran. 2008, 79(1), 93-100.
[25] Pycanos A.M. HanoTepMoauHamMuKa: XuMIdeckuii moaxon // Poccwiickuit xumuaecknid sxypHai. 2006, 34 (2),
145-151.
[26] Tmencmopo I1., Ipuroxwa U.P. TepmonnHaMudeckas TeOpHUs CTPYKTYPHI, YCTOHIUBOCTH U (orykryarmid. YPCC,
M., 2003, 403 c.
[27] Menuxos U.B., lonmronoco b.M. KnactepHast Mozienb KoHIeHCHUpOBaHHOTO Bernectsa // XKypH. dus. xumum.
1977, 51(12), 3021-3026.



HAHOCUCTEMBI: ®U3UKA, XUMUA, MATEMATUKA, 2010, TOM 1, Ne 1, C. 156-177
YAK 532.13, 536.22

MOJIEJIMPOBAHUE KOP®DPUIIMEHTOB NEPEHOCA
HAHOXHNJIKOCTEA

B. . Pyzlsncm, A. A. Benkun?

'Baker Atlas Russian Scientific Center
*Hosocubupckuii Tocynapcreennbiii ApxurekTypHo-CtpouTensabii Yausepcuter (CubcTpu)

valery.rudyak@mail.ru, a_belkin@ngs.ru
PACS 05.60.Cd, 44.35.+c, 47.11.Mn, 47.61.-k, 66.20.Cy

B crarbe 00CyKIaroTcsi MEXaHU3MBI MIPOLIECCOB MEPEHOCa B HAHOKUIKOCTIX U PE3yJIBTaThl HCCIICOBAHUN CBOMCTB
3THX IPOLECCOB U KO HHULUECHTOB IepeHoca. XapakTepHble 0COOCHHOCTH HAHOKUIKOCTEH aHAIU3UPYIOTCS C TOUKH
3pCHMS BIIMAHWA HAHOYACTUL HA PCIaKCAallMUOHHBIC TPOLICCCHI B JII/ICHepCHOﬁ CUCTCMC U B3aMMO)1€I7[CTBHH HaHOYaCTHI]
¢ HecyuieH cpenoit. Ocoboe BHUMaHUE YIEICHO pe3yibTaTaM MOASIUPOBaHUs AU (Y3UH, BI3KOCTH U TEIUIONPOBO/I-

HOCTH MCTOAOM MOJ'ICKyJ'ISIpHOﬁ JUHaAMHWKH.

KaroueBrblie ciioBa: HaHOXHAKOCTH, TEIIJIOTIPOBOAHOCTD, I[H(b(bySI/ISI, BA3KOCTH, MOJIEKYJIApHAsA JUHAMHUKA.

1. BseneHue

HaHoxxuakocTH mpencTaBisiioT co0oil MByX(a3HYIO CHCTEMY, COCTOSIIYIO M3 HECYIIeH
cpeapl (KUAKOCTH WM ra3a) ¥ HaHOYACTHUIl. HaHOYaCTHIIBI — 3TO YaCTHIIBI C XapaKTEPHBIMU pa3-
mepamu oT 1 10 100 HM, OHM B 00IIEM cCily4ae MOTYT OBITh TBEPABIMU, KUIKUMHU WIH Ta3000-
pa3HpIMU. TUNMUYHBIMU HECYUIMMH KUAKOCTSIMH SIBIIIETCS BOJA, OPTaHUYECKHUE KUAKOCTH (ITH-
JICHIJIMKOJIb, Maciio, OMOIOTUYECKUE KHUJIKOCTH), MMOJMMEPHbBIE pacTBOpPHl. B kauecTBe TBEpABIX
HAHOYACTHUI[ OOBIYHO BBICTYIAIOT YACTHUIBl XMMUYECKU YCTOHYMBBIX METANIOB M UX OKCHUJOB.
Camoif MajeHbKOM HaHOYACTHIIEH MOXHO CUUTaTh (yJiepeH, IuaMeTp KOTOpOro okoio 1 Hm.
[TpoMexyTOYHOE TTOJIOKEHHE 3aHUMAIOT BUPYCHI, KX Pa3Mephl MOPSAIKa IeCATKOB HAaHOMETpoB. C
JPyTOi CTOPOHBI, IIMPOKO UCCIEAYIOTCS U HAHOKUIKOCTH, TIOCTPOCHHBIE HA OCHOBE YTJIEPOIHBIX
HaHOTPYOOK. OCOOEHHOCTh NOCIEAHUX COCTOUT B TOM, YTO UX AMAMETP KOJIEOIETCS OT OHOTO 110
HECKOJIbKUX HAHOMETPOB, 3aTO JTMHA MOXKET JJOCTUTATh JIECATKOB, COTEH U Ja)Ke THICSIY MUKPOH.
[TomoOHBIE KUAKOCTU CYILIECTBEHHO OTIUYAIOTCA OT OOBIYHBIX HAHOKHMIKOCTEH M HAlTOMUHAIOT
MOJTUMEPHBIE )KHUJIKOCTH, 110 KpaifHell Mepe CTPYKTYpHO.

KnaccuduimpoBars HaHOKHUAKOCTH, KaK M TUCHEPCHBIE KUAKOCTH BOOOIIE, CIEAYET 10
HEeCKOJIbKUM Tipu3Hakam [1]. [lepBbIM siBiIsIeTCsl arperaTHoe COCTOSIHUE, 3[16Ch MOYKHO BBIICTHTD
HaHOTa30B3BecH (ra3 + TBep/ble HAHOYACTHIIBI), HAHO30JIM (ra3 + KUJAKKWE HAHOYACTHIIbI), Ha-
HOCYCIIeH3UH (KUIKOCTH + TBEp/ble HAHOUACTHIIBI), HAHOAMYIBCHH (KHIKOCTh + JKUAKHE HAHO-
YaCTHIIBI) U KUJIKOCTU C HAHOITY3bIpbKaMH. BTOpPBIM — 00beMHAass KOHIIGHTPALUSI HAHOYACTHIL O,
HAHOXMAKOCTH IU(PEPEHIUPYIOTCS Ha pa3pexkeHHble, B KOTOphIX ¢ < 1073, ymepenHo pas-
pexennsle, rie 1072 < ¢ < 107!, u mnornsie, rne 107! < ¢ < 6 - 107%. B cayuae, eciu
00BEeMHBIE KOHIICHTPAIIMN OKA3bIBAIOTCS €Il BBIIIE, Mbl HIMEEM JeJI0 ¢ HaHomopoirkamu. Hako-
Hell, MOCKOJIBbKY pa3Mepbl HAHOYACTHI] MOTYT pa3inyarbcs 0ojiee YeM Ha MOPSAO0K, HAHOMKHJIKO-
CTH CIIeyeT KIacCu(UIIMPOBATh TAKKE MO COOTHOIICHUIO BHYTPEHHUX CTPYKTYPHBIX JIEMEHTOB
Cpenbl: pa3MepaM HaHOYACTHII, MOJIEKYJI, IJTMHE CBOOOJHOTO MpoOera MoJjieKysl. DTO 0COOCHHO
BO)XHO JUIsI HAHOTA30B3BECEH, I/Ie Pa3pEeKECHHOCTh HECYIIEH Cpelbl MOXKET 3aMETHO MEHSTHCS.
B pesynbrare minHa cBoOOnHOrO mpoOera MOJIEKyJl HECyllero rasa [ MoxeT ObITh Kak OoJblle
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paauyca yactuipl R, Tak 1 MeHbIe. THOTAa B KauecTBE XapaKTEPHOTO CTPYKTYPHOTO AJIEMEHTA
Cpeabl MOXKET BBICTYNATh W XapaKTePHBIH MacmTad CHCTEMbI, B KOTOPOH H3ydaeTcsl HAaHOKHU]I-
KoCcThb. Hampumep, mpu ee TeueHHM B KaHAjJe C XapaKTEPHBIM pa3MepoM h ClieayeT y4HUThIBATh
cootnomenue R/h. Ilpu R/h < 1 Takas HAHOKHIKOCTh MOXKET OIKMCHIBATHCS KaK CIUIOLIHAS
cpena, eClii TOJIBKO h HE CIIMIITKOM Majio, B MHOM CITydae HeOOXOIUMO HCIIONIb30BaTh CMEIIAaHHOE
KHHETHKO-THJIPOJJMHAMUYECKOE Oomnucanue [2].

TepMUH HAHOXKUAKOCTh MOSIBUJICSI CPABHUTEIBLHO HEIABHO, XOTS KOJUIOWIHAS XUMHUS YK€
HECKOJIBKO MOCIIETHUX JECATUIIETUH MHTEHCUBHO U3yYaeT KOJUIOUIHBIE PACTBOPHI, K KOTOPBIM MO-
T'yT OBITh OTHECEHBI W HAHOXKHJKOCTH. B KOJJIOMTHOW XMMHH, OJJHAKO, OCHOBHOW MHTEpEC ObLI
CBSI3aH C M3YYEHUEM Pa3IMYHBIX OBEPXHOCTHBIX sABJICHUI. Kpome TOro, 31€ch NMPakKTUYECKH HE
M3y4aJIUCh COOCTBEHHO HAHOXKHJIKOCTH, T. €. )KHAKOCTH, TUCTIEPCHBIM KOMIIOHEHTOM B KOTOPBIX
SIBIISIFOTCSI TOJIBKO HAHOUACTHIIBL. VccnenoBanue (PU3MKN HAHOKUIKOCTEH M X CBOMCTB IEepeHoca
HAYaJIOCh CPABHUTEIBHO HeJaBHO. OHO OBLTIO MHUIIMMPOBAHO MCTOIB30BAHUEM HAHOIUCIIEPCHBIX
CHCTEM B Pa3IMYHBIX MpuiokeHusx. Crienududeckue Mayible pa3Mepbl HAHOYACTHIL OTIPEACIISFOT
UX BeChMa 0COObIe cBOMCTBA. HaHOKUIKOCTH XapaKTEPU3YIOTCSI U 0COOBIMHU CBOWCTBAMH MTEPEHO-
Ca, B OTJIMYHE OT KPYIHBIX JTUCTIEPCHBIX YACTUI] HAHOYACTHUIIBI MTPAKTUUECKH HE CEAUMEHTUPYIOT,
OHHU HE TOJIBEPTaroT 3PO3WH KaHAIbI, 110 KOTOPBIM ABWXKYTCS. [10 3TUM M HEKOTOPBIM APYTUM
MPUYMHAM HAHOXKHUJKOCTHU YK€ C YCIIEXOM MCIOJIb3YIOTCS

B XMMMYECKHUX IPOLECcCcax, BKIIOUas KaTalus;

JUISL OXJIQXKAEHUS PA3JIUUHBIX YCTPOMCTB;

IPU CO3/1aHUM HOBBIX CUCTEM TPAHCIOPTHPOBKU U MPOU3BOJICTBA TEIJIOBOW SHEPIHH;
B O010-, MOMC- 1 HaHOTEXHOJIOTUSAX PA3IMYHOIO Ha3HAYEHUS;

IIPYU CO3JaHUM HOBBIX JIEKAPCTBEHHBIX U KOCMETHUYECKUX IMPENapaToB;

JUIsL JOCTaBKH JIEKApPCTBEHHBIX IIPENaparoB, HAHOCEHCOPOB U HAHOAKTIOATOPOB;

IIPYU CO3JaHUM CUCTEM PACIIO3HABaHMsI 3arpsi3HEHUN Pa3JIMYHOIO TUIIA;

IPU CO3/1aHUM CUCTEM OYMCTKU BO3AyXa U BOJIBI;

IPU CO3/1aHMM HOBBIX CMA30YHBIX MaTepUasoB;

IPU CO3/1aHUH HOBBIX JIAKOB M KPACOK.

OTOT nepedeHb MOKHO IIPOIOJIKUTh, OTHAKO BO BCEX CIIyYasiX KJIIOUEBYIO pOJIb UTPAIOT IPOLECCHI
IIEPEHOCA B HAHOXKUJKOCTAX U XapakTep ux TeueHuil. Hapsiny ¢ npukiiagHeIM acClieKTOM U3y4YeHHE
IPOLIECCOB MEPEHOCa B HAHOKUJIKOCTAX MUMEET U BAXKHYIO (PyHIaMEHTAJIbHYIO COCTaBIISIOLIYIO,
IIOCKOJIBKY 10 CHX IOP 4aCTO OTCYTCTBYET JIaXKe Kau€CTBEHHOE MX ITOHMMAHUE, HE TOBOPSI YXKE O
IIOCTPOEHHUH IOCIIeIoBaTeNIbHON (u3nueckoil Teopun. Bmecre ¢ TeM cuctemMarnyeckoe UCHOib-
30BaHUE HAHOXKUJKOCTEH CTaHET BO3MOXKHBIM JIMIIb B TOM Clly4ae, €CJid MOXHO OyneT 3apaHee
IIPEJCKa3bIBaTh UX CBOWMCTBA. DTO B CBOIO O4Yepedb TPeOyeT MOHMMAHUS MEXAHHW3MOB IEpEeHOCca
B HAaHOXXHUIKOCTAX. HecMOTpsi Ha HeMasblii HAKOTUICHHBIH (aKTHYECKH MaTepuall, Kak SKCIepH-
MEHTAJIbHBIM, TaK U TEOPETUYECKUH, 3/1€Ch BCE €LIE OTCYTCTBYIOT CUCTEMAaTHYECKUE JaHHBIE,
pe3ynbTaThl 3KCIIEPUMEHTOB YacTO MIPOTUBOPEUUBbI. CBSI3aHO 3TO B TOM YMCJIE U C OObEKTHBHBbI-
MU IPUYMHAMH, OCIIOKHSAIOIUMY IIPOBEIECHUE COOTBETCTBYIOIIMX 3KCIIEPUMEHTOB. B yacTHOCTH,
[I0Ka HE YJAeTCsl TOYHO KOHTPOJIMPOBATH PA3MEPBl U ONHOPOIHOCTb PACIPEAEIICHNS] HAHOYACTHLI,
CO3J1aBaTh MOHOJMCIIEPCHBIE HAHOXKUIKOCTH, J00aBICHHE HAHOYACTHULl MOXKET MPUBOJUTH K M3-
MEHEHHUIO PEOJIOTHH >XKUAKOCTH. CTaHOBUTCS HEBO3MOXKHBIM ONPEAEIUTh, KaK OyayT MEHSTbCA
CBOMCTBA IIEPEHOCAa HAHOXKUAKOCTEH NPU BapbUPOBAHUU TOTO WM MHOTO IApaMeTpa CUCTEMBI:
Marepuansa HaHOYACTHI, MX (OpPMBI, pa3MepoB, 0ObEMHOW KOHIEHTpAauud M T.I. OTCYTCTByeT
U ¢u3nueckoe nmoHnManue HabmomaeMbix 3¢dekroB. B Takux ycnoBusx HE0OXOAUMO, C OITHOM
CTOPOHBI, MBITATBCA CTPOUTH TEOPUIO IPOLECCOB IEPEHOCA W3 IEPBBIX IPHHIMIL, HCIOJIb3Ys
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B YAaCTHOCTH KHWHETHYECKYIO TEOPHIO, a C JIPYroi, MCIOJIb30BATh METOJ MOJIEKYJISIPHOM JHMHA-
muku (M]I), umeroiuii mpencka3aTesbHy0 CUITy SKCIIEPUMEHTa M MO3BOJSIOUININ peann3oBarh
«HUI€AIbHBIN» IKCIIEPUMEHT.

Kunernueckyro Teopuio, 0JHaAKO, MOKHO CTPOTO IMOCTPOUTH JIUIIb JIJIsi TaK HA3bIBAEMBIX
pa3peKEHHBIX HAHOTa30B3BECEH, HECYIIEH CPENON B KOTOPBIX SIBIISIETCS HE CIIMILKOM TUIOTHBIN
ra3. Takas Teopusi ObUia pa3BUTa B IMOCJEAHEE AECATH JET OJHUM W3 aBTOPOB U €r0 Y4YCHH-
KaMd U TMOATBEPKACHA SKCIEPUMEHTaJbHO (CM. [3] M IUTUPOBAHHYIO TaM JuTeparypy). s
HAaHOKUJKOCTEH, HECYLIMM KOMIIOHEHTOM B KOTOPBIX SBIISIETCS IJIOTHBIA ra3 WIM KUIKOCTb,
CTPOTYI0 KHHETHUYECKYI0 TEOPHIO, OMHCHIBAIOIIYI0 MEPEHOC B PaMKaX OJHOYACTHYHOU (yHK-
MU paclpeneseHus], TOCTPOUTh BooOIIe Henb3s [3]. 31ech HeoOXOANMMO HCIOIB30BaTh O0IIKe
METOJIbI HEPAaBHOBECHOM CTAaTUCTUYECKON MexaHuku. B [1], B yacTHOCTH, MOKa3aHO, YTO, KaK
U I MOJIEKYJISIPHBIX CHCTEM, MPOLECCHl MEPEeHOCa B HAHOKHUIAKOCTAX OIMHUCHIBAIOTCS HAOOpOM
(GITyKTyallMOHHO-TUCCUTIAIIMOHHBIX TeopeM. OJIHAKO SIBHOE BBIUMCIICHHE KOI(PPUIIMECHTOB Tiepe-
HOCa TpeOyeT perieHus MHOTOYaCTHYHOM 3a/1a4 PACCESHUs, YTO BO3MOXKHO TOJIBKO MeTooM M/I.
0O030p NOIY4YEHHBIX B 3TOM HallpaBJICHUU PE3YJIbTaTOB U SIBIISIET LIEIbIO JAHHOM CTaTbU. 371€Ch 00-
CYXAarTcst 0coOeHHOCTH (D (Py3un HAHOUACTHIL B )KHUJIKOCTSX, BASKOCTU M TEIUIONPOBOIHOCTH
HaHOXKHJKOCTEH. Bo Bcex cimyuasx ocoboe BHUMaHUE YIEICHO aHAIN3Y MEXaHHW3MaM IMPOIecCOoB
MEPEeHoCca, a UX OTIMYHIO OT MPOIECCOB MEPEHOCa B OOBIUHBIX MOJEKYISIPHBIX CHCTEMax U B
KPYIHOJUCIEPCHBIX KUIKOCTSX.

2. MexaHU3MBbI MMpOoUEeCCOB NMepeHoca B HAHOKUAKOCTHAX

YToOb! MOHATH, KaK B3aUMOJECHCTBHS MOJIEKY U JUCHEPCHBIX YacCTHIL (MJIM HAHOYACTHIL)
CBSI3aHbl C TEMU WJIM WHBIMHU IIPOLECCAMHU MEPEHOCA, HEOOXOIUMO BCIIOMHUTH, KaK OIperess-
I0TCSL caMM 3TH npouecchl. [Iponeccel nepeHoca — 3To NpoLECcChl BBIPABHUBAHUS TE€X MM MHBIX
MaKpOCKOIIMUYECKUX XapPaKTEPUCTHK CHCTEMbI (INIOTHOCTH, UMITyJIbCca, 3HEprun). IlockonbKy Jro-
0as cucTeMa COCTOUT M3 MOJIEKYJ, TO JIOKAJIbHbIE MUKPOQUIYKTyalluu IUIOTHOCTH, UMIIYJIbCA U
SHEpPrUM B CUCTEME BCerja MMEIT MecTo. B paBHOBecun BenuuuHa 3TuX (UIyKTyauuid oOpar-
HO IPOTIOPIMOHAIBHA KOPHIO KBAJPAaTHOMY M3 YHCJIa dacThll B cucteme (~N~1/2). Tlostomy B
PaBHOBECHBIX MAaKPOCKOIIMYECKHX CHCTEMax HaOltonaemble (IIyKTyaluu OTCYTCTBYIOT. B Hepas-
HOBECHOW CHCTEME CYIIECTBYIOT (IyKTyallnu HaONIOZaeMBIX BEJIMYMH W HAa MacmTabax MHOTO
OonbIINX MOJIEKYJIIpHBIX. [I03TOMY ycTaHOBIIEHHE PABHOBECHS — 3TO YHUUTOKEHUE TAKUX KPYTI-
HoMacITaOHbIX QuryKkTyanuid. TakuM oO6pa3om, npolecchl IepeHoca CyThb IIPOLECChI, TPUBOASIIIE
K paccachlBaHUIO KPYNMHOMACIITAOHBIX (DIyKTyalMil Te€X MM MHBIX JUHAMUYECKMX XapaKTepH-
cTUK cucteMbl. CaMo orpe/esieHle IPOoLecCoB NEPEHOCa YKa3bIBAeT Ha UX CBA3b C (PIyKTyallMOH-
HBIMH IIPOLIECCAMM, UMEIOIIMMH MECTO B cUcTeMe. MaTeMaTu4ecKH 3Ta CBsI3b YCTaHaBJIMBACTCS
TaK Ha3bIBAEMBIMHU (DITYKTYaI[HIOHHO-IMCCHITAIIIOHHBIME TEOPEMaMH, OTPEENISIONIMHA COOTHO-
HIeHue MeXIy ko3 duimenTom nmepenoca ji; 1 COOTBETCTBYIOIIEH KOPPEISIIIMOHHON (PYHKITUEH X ;

T

i = /Xi(t)dta (2.1)

0

rae 1'— Tak Ha3pIBaeMoOE IUIATOBOE 3HAUCHHE BPEMEHH — 3T0 BpeMs (opMHpoBaHUs ko3 duim-
eHTa MepeHoca, HaulMHasg ¢ KOTOPOro OH He u3MeHsercs [4]. VIMeHHO 3To IuiaToBO€ 3Ha4deHUe
KO3 GuUIMEeHTa MTepeHoca U U3MepseTCs B peaibHOM dKcrepruMenTe. Kak yke yKka3bplBaioch, 3TH
COOTHOLIEHHSI MOTYT OBbITh IOJIy4€HBl W3 MEPBBIX MPUHIUIIOB METOJaMH HEPaBHOBECHOH CTa-
TUCTUYECKOM MEXaHMKH (CM., Hampumep, [1], rae momydeH HambOosee MOJHBIM NEpeYeHb 3TUX
TEOPEM).



Mooenuposanue k03¢ puynuenmos nepeHoca HaHoOHCUOKocme 159

TakuM 00pa3oM, KIIIOUEBYIO pOJIb B M3YYEHHH MPOLIECCOB MEPEHOCA MIPAIOT, BXOISAIIUE
B cooTHoIeHue (2.1) koppensiunonHsle GyHKIMU. IMEHHO MX 3BOMIOLMSA BO BPEMEHM U OIpe-
nenseT ko3((UIMEHTh IepeHoca cpesibl. TO yKa3blBaeT Ha CBA3b TEOPUHU NEpPEHOCa C Teopuei
CTOXacTHYeCcKuX nporeccoB. CaMo 3KCIEpUMEHTaIbHO HalJtoaeMoe CyllecTBOBaHUE KO3 u-
LIMEHTOB [IEPEHOCA yKa3bIBA€T, BO-NIEPBbIX, HA KOHEUHOCTb 3HAYEHUsI BpeMeHU 1', a BO-BTOPBIX,
Ha PEJIaKCAMOHHBIN XapaKTep KOPPEISIUOHHBIX (QYHKIUH. XapakTep 3TOW pelakcanuu U ompe-
JIesIeT MEXaHU3MBI IIPOLIECCOB MEPEHOCA, aHAIM3Y KOTOPBIX ITOCBSIIEH JAHHBINA pa3ied.

2.1. Pa3pe:keHHbIl M1 YMEPEHHO IJIOTHBIE I'a3bl

ITpoueccel nepeHoca B pa3peKEeHHbIX ra3zax, Kak M3BECTHO [3, 5], onMchIBarOTCs CHCTe-
Mol ypaBHeHuil bosibliMaHa. 3xech U Be3e B JajbHEHIIEM, €CIU TOJIBKO MHOE HE OTOBOPEHO
0c000, pa3peKEHHbIM Ha3bIBAETCS Ia3, B KOTOPOM MMEIOT MECTO JIMIIb MTApHbIE COYAAPEHUS MO-
nexyi. [Iponecchl penakcanuy B TaKOM ras3e CBs3aHbl MMEHHO C MApHBIMU COyJapeHUsIMHU MoJie-
Kyl1. Kunernueckuii (T.e. CBA3aHHBINA C MHIMBHUIYaJbHBIMU COYAAPEHUSMH MOJIEKYJ) MEXaHU3M
pelaKcalyy ra3a OnuChIBaeTCsl SKCIIOHEHIUAIbHBIM IIEPEX010M MCXOHOIO HEPaBHOBECHOTO CO-
CTOSTHMSI CUCTEMBI B JIOKAJIbHOE KBa3UPAaBHOBECHOE. DKCIIOHEHIIMAIBHBIN Bu OylyT UMETh U BCE
KOppessuuoHHbIe GYHKIUHU. B 4acTHOCTH, Tako# BUJ IMEET aBTOKOPPEISAIMOHHAsT (YHKIIUS CKO-
poct (AK®C) morekyn, xyy = (v(0) - v(t)), rae yrioBble CKOOKH 03HAYalOT YCPEAHECHHE I10
CTaTHCTUYECKOMY aHCAMOITIO:

3kT kT 3kT t
xvv(t) = —exp (——t> = ——exp <——) , (2.2)
m D m

rae k—mocrosaHas bompimana, T’ — Temmeparypa cpenbl, m — Macca MOJEKYIbI, T, — BpeMs
peraKcaluyu CKOPOCTH MOJIEKYJ, KOTOpPOE IMOpsiiIka BPEMEHH CBOOOJHOTO mpoOera MOJEKYH, a
D —xosddunment auddysun, onpeaensieMslii o 3Toi GyHKIUN cooTHOmEeHHeM tuna (2.1)

T

1
0

B yMepeHHO MIIOTHBIX ra3ax XapakTep pelakcallly NpakTUUYeCKH He MeHsercsa. Bee ornmune

COCTOUT B TOM, YTO HapsAy C HapHbIMU COYIApEHHUSIMHU HUMEIOT MECTO TPOWHBIE CTOJIKHOBEHHUS

MOJIEKYJ M 0COObIE MOCJIEI0BaTEIbHOCTH KOPPEIUPOBAaHHBIX NapHbIX coyaapeHuil [6]. AK®C

CKOPOCTH MOJIEKYJ, OHAKO, CHOBA OyleT UMETh SKCIIOHEHIIMAJIbHBIN BUJ (2.2) C COOTBETCTBYIO-

IIMM BPEMEHEM peJaKCalllu.

2.2. I1noTHBIE ra3’bl U JKHAKOCTH

[Iportieccrl mepeHoca B KUAKOCTIX OKA3bIBAIOTCS 00JIee CIIOKHBIMU, YEM B Pa3pEIKEHHBIX
ra3ax. B pa3pexeHHbIX ra3ax OCHOBHAs SHEPTHsI CUCTEMBbI CBS3aHA C KWHETUYECKOM SHEPTUEH TeTl-
JIOBOTO JBW)KEHHUSI MOJIEKYIN. B >KHIKOCTSAX ke, IJie MOJEKYJbl JOCTATOYHO IJIOTHO YIMAKOBAHBI,
KHHETUYeCcKasi SHEPTHUs MOJIEKYJI OKa3bIBAETCs MOPAIKA MOTEHIUATHHON YHEPTHUH UX B3aUMOJICHi-
ctBus. [lo3TOMY KMHETUYECKUI MEXaHHU3M pellaKCallii OKa3bIBAeTCsl HE €IMHCTBEHHBIM.

B paspexxeHHOM raze UMEIOT MECTO JIUIIb MUKPO(PIYKTYaI[UH MOJIeH IMIIOTHOCTH, CKOPO-
CTH U DHEPTUH CHCTEMBbI, CBSI3aHHBIC C MApHBIMU CTOJIKHOBEHUSIMU Moiiekyl. OHu oOpa3yrorcs
Y OJHOBPEMEHHO pa3pylIaloTCsl B IMpolecce coynapeHusi Mojekya. CTONKHYBIIUECS MOJIEKYJIIbI
paszieraroTcs U 0oJbllle HE B3aUMOJEHCTBYIOT. B *HUIKOCTH U B INIOTHOM Ta3e 3To He Tak. M3-3a
BBICOKOM IJIOTHOCTU CPEAbl HAPSATY C KOPOTKOXKUBYIIIUMHU KOPPEISIITUIMU UMEIOT MECTO U J0JITO-
skuByIue. CleICTBUEM 3TOTO SIBJISIETCS CTETIEHHAs aCUMIITOTHKA aBTOKOPPEIISAIIMOHHON (PYHKITUI
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CKOPOCTH MOJIEKYJI XKHIKOCTH Yyy ~ ¢~/ [1], BriepBble ycTanoBNeHHas MetogoM ML [7]. locra-
TOYHO TOYHbIE MJI-pacueTsl Uit CHCTeMBI TBEPABIX cep MoKa3aiu, 4To, HaYWHasi ¢ HEKOTOPBIX
BpEeMeH ¢ > T, 9TOT CTETIEHHOH «XBOCT» XOPOILIO OMHCKhIBaeTCs (pyHKuuei [8]

kT :

xw(t) = 2 fexp (<t/r) + B (¢~ )72 (2.4)
napameTpbl KOTOpoi B U t, 3aBHCAT OT IUIOTHOCTH cpelibl. CTENICHHOMY YOBIBAHHEO KOPPEISIHIA
COOTBETCTBYET HE KMHETHYCCKHI MEXaHU3M peJaKCalliH, CB3aHHBIA ¢ au(p(y3HOHHBIM pacca-
CBIBAHHEM KOPPEIISIIHIA.

Hanuuue Broporo wiena B gopmyse (2.4) o3HauaeT, B 4aCTHOCTH, 4To auddy3us more-
KyJ1 )KUJKOCTH HE OMUCHIBACTCS KIACCHUSCKUM SHHINTEHHOBCKUM 3aKOHOM, YCTAHOBJICHHBIM JIIsI
opoyHoBckux wactul, < R2(t) >= 6Dt, rme < R?*(t) > — cpeIHEKBaAPATHYHOE PACCTOSHUE,
IPOXOAUMOE GPOYHOBCKOM yactuieit. B sunkoctu < R*(t >> 1) >= 6Dt (1 — 4BtV 2), T. €.
MMEEeT MECTO CYIepIo3uliis 0ObIYHON Kiaccuueckor nuddys3uu u cyonuddysuu [8, 9].

2.3. bpoyHOBCcKHe YacTHIIBI
JlnHamuka OpOyHOBCKOWM YaCTHUIIBI B KUJIKOCTH OIHCHIBACTCS ypaBHEHUEM JlamkeBeHa
MV = —,V + 1, (2.5)

rae M- macca OpoyHOBCKoi 4actwilbl, f —HeKoTOpas ciydaifHas cwia, JSHCTBYIOIIAas HA Ya-
CTHUIYy U OOYCJIOBJICHHAS €€ WHIWBHIYabHBIMUA COyIAPEHUSIMHU C MOJICKYJIAMU HECYIIEeH CPEIIbl,
V- ckopoCTh LIEHTpa Macc OpPOYHOBCKOM 4acTHIbI, Vs = 671 R — Ko3pdUIUEeHT conpoTuBIe-
Husi CTOKCa, COOTBETCTBYIOIIMIA CUJIE CONIPOTUBIICHHUS, NEHCTBYIOLICH Ha CEepHUUECKYIO YACTHILY
B HEC)KMMaeMOM KXUAKOCTH ¢ Kod(hduuuentom BsizkocTH 7). Herpynno ybemutbes, uro AKOC
OpOYHOBCKOM YacTHIIbI paBHa [1]

xvv (t) =< V3(t) > e/ = (3kT/M)e /™8 (2.6)
A€ BpEMs pellaKCaluu CKOPOCTHU YaCTULBI OIIPCACIIACTCA CHJION COIIPOTUBJICHUA Croxkca
T8 = M/~vs = M/6mnR. 2.7)

[Toncrabnsas ¢ynkimio (2.6) B popmyny (2.3) U HHTErpUpys MOTYUYEHHOE BBIPAKEHUE, TPUXOIUM
K hopmyne DiiHmTeitHa—Crokca asa kodddurmenta nuddy3uun 6pOyHOBCKON YaCTHUIIBI

D = kT/(67nR). (2.8)

CootHomienue (2.9) UCTOpHUYECKH SBISETCS MEPBBIM HPUMEPOM (PIyKTYalMOHHO-TUCCHUITAIIN-
OHHOW TE€OPEMBI.

Hecmotpst Ha TO, uTo hopmysnsl (2.2) 1 (2.6) BBIIIAAAT MPAKTHUYECKH OAMHAKOBO, OHH
OMHCHIBAIOT Pa3HbIE MEXaHU3MBI peslakcaluu. [ MoJeKyn raza UMeeT MeCTO KHHETUYECKU Me-
XaHU3M, 00yCIIOBICHHBIM MHIUBUYIbHBIMU COYAPCHUSIMU MOJIeKyIl. Penakcarust GpOyHOBCKO
YaCTHIIbI CBSI3aHA C KOJUIEKTHUBHBIMH 3(dekramu. M3-3a TOro, 4To Macca Takoi 4acTUIIBI MHOTO
00JIbIIIE MACChl MOJIEKYJIBl YACTHUIA MPAKTUUYECKH HE YYBCTBYET WHIUBUIYAJILHOTO COYAAapEHUs
¢ mosekyinoi. C Apyroil CTOPOHBI, 32 BpeMsi B3aUMOJIEHCTBUS OJHON MOJIEKYJIbl C OPOYHOBCKOU
yacTuLel, Kotopoe nopsiaka Top ~ 10710 ¢, npoucxoaut muoro takux coymapenuit (10% + 1010),
1 0OJIBIIIOE YHCIIO MOJIEKYII OTHOBPEMEHHO BO3JEHCTBYET Ha yacTHIly. Takum oOpa3om, HapsIy ¢
KMHETUYECKUM MEXaHM3MOM peJlaKCalliu CyIIEeCTBYET U KOJNIEKTUBHBIN, CBSI3aHHBIN C KOPPETHPO-
BaHHBIM TMOBEICHHEM OOJIBIIIOTO YKciia MOJIEKYI. IMEHHO KOppeIrMpoBaHHOE COCTOSIHUE MOJIEKYIT
CUCTEMBI O3HAYaeT IMOSBJIICHUE B HEll KpymHOMacmTaOHbBIX QurykTyaruii. CienoBareiabHO, peak-
casi CKOPOCTH OpPOYHOBCKOW YaCTHIIBI OOYCJIOBJICHA €€ B3aWMOJICHCTBUEM C (PIYKTYaIlUsMHU,
00pa3yrolmuMucs B HECYIIEH Cpefie, U UX MOCIEAYIOIIEeH IBOIIOIMEH.
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2.4. Pa3spexeHHbIe H YMEPEHHO IJIOTHbIE HAHOTA30B3BECH

JlnHamMuKa pa3pe’KEHHbIX HAaHOTA30B3BECEU OINMMCHIBACTCS CUCTEMOUW ypaBHEHHU boubIl-
MaHa. MokHO moka3zarh [2,3,5], 4To Takoe ONMUCaHWe BO3MOXKHO, JIUIIb TP BBIMOTHEHUH CJIe-
JYIOIINX YCIIOBHI

er=npt << 1, g, =n,R* <1, nsR*=¢;(R/r)’ <1, (2.9)

Ia€ Ny, Ny — YUCIOBBIE KOHLIEHTPAMKM MOJIEKY] M HaHOYACTHIl I'a30B3BECU COOTBETCTBEHHO, a
r U [ —paauycsl MOJIEKYJI U HAHOYACTHL. B 3TOM cilydyae MMeeT MeCTO €IMHCTBEHHBI MeXa-
HU3M IIPOLECCOB IIEPEHOCAa HAHOYACTHULl — KUHETUYECKH. Penakcanus HaHOYACTHIL CBA3aHA C UX
MapHBIMU COYIApPEHUSIMH C MOJIEKYJIaMH HECYIIETO ra3a U Mexay co0oi. Ilpuuem Bkiaa B Kodd-
(UIMEHTHI IEpEeHOCa COyAapeHuil HaHOYACTHUL] APYT € JPYyroM He BeHK. JlelcTBUTENBHO, B 3TOM
Cllydae BUPHAIIBHBIN MapaMeTp IICeBIOra3a HAaHOYACTHI[ JOJDKCH OBITh TAKUM, 4TO £, << N,/N,
a 3TO 03HAYAET, YTO peajIbHble KOHLIEHTPALMU YaCTHUL JOCTATOYHbI MaJIbl U UX CTOJKHOBEHUS Ma-
noBepoATHbL. AKDC nosTomy, Kak ¥ sl MOJIEKYJI pa3peKEHHOIO ra3a UMeeT KCIIOHEHIIMAIbHBIN

BU/I
3T kT 3T ¢
_ B _ 3kT _t 2.1
xvv(t) = =7 eXp< Dt) M eXp( Tr>’ (2.10)

rae M — macca MoseKynbl, a kKoddduuueHT Auddy3un HAaHOUACTHUIIBI CHOBA OMPEAETISETCS COOT-
HoteHueMm (2.3).

CootHoueHus (2.9) BBINOMHSIIOTCS, KOT/IAa pa3Mepbl JUCIIEPCHBIX YaCTHUIl JOCTATOYHO Ma-
JIbl, €CJIM TOJIBKO HECYLIMH ra3 He CJIMILKOM pa3pexeHHbIM. Takum oOpa3oM, onMcaHUE HaHO-
ra3oB3Beceil OCPEICTBOM ypaBHEHUH bojbliMaHa MPUMEHMMO TOJIBKO JJISl YIABTPaJAUCIEPCHBIX
cucteM. C yBeTHYEHHEM pa3MepoOB HAHOYACTUII (WM, KOTJIa HECYIIHl Ta3 CTAHOBUTCS YMEPEHHO
pa3pekeHHBIM) He0OX0JUMO HCII0NIb30BaTh O0ee 00IIe KHHETUYECKUE YPAaBHEHHUS, CO/IepIKalIlie
WHTErpajbl TPEXYaCTUUYHBIX coynapeHuid [2,3, 10]. IlocineaHue 3aBUCIT OT KOPPEIUPOBAHHBIX C
HAaHOYACTULEH MOCIEN0BAaTEIbHOCTEN MAPHBIX COyAapeHUi MoJekyl. B ciyuae, korna KOHIIEH-
Tpalysi YacTHI[ BO3pacTaeT (HO BCE €Ile OCTAeTCs JOCTAaTOYHO Majioif), Ha MPOLECCHl MepeHoca
HAUMHAIOT OKa3blBaTh BIMSHHUE U B3aMMOJEHUCTBUS HAHOYACTULl MeXAy coOoil. OgHako uX mps-
MBIMU B3aMMOCHCTBUSMHU BCE €II[e MOXKHO npeHedpeyb. OCHOBHOM BKJIAJl JAIOT B3aUMOICHCTBUS
YaCcTHI] Yepe3 cpeay. ITO cneupuIecKuii «OOMEHHBIN» MEXaHU3M B3aHUMOCHCTBUS HAHOUACTHUIL
IOoCpeACTBOM 0oOMeHa Mosekynol [3]. Takum oO6pa3oM, B pa3peKEHHBIX (B CMBICIIE BBINOJIHEHUS
MEPBBIX JIByX ycloBHii (2.9)) HaHOra30B3BECAX BCE MPOIECCH MEPEHOCA UMEIOT KUHETHUYECKYIO
MPUPOIY U OOYCIIOBIEHBI MHIWBUIYaTbHBIMUA COYJApPEHUSMU HAHOYACTUIl C MOJIEKYJIIaMU HECY-
LIEero rasa.

2.5. Hamnocycnen3uu

HanowacTuupl 1o pasmepam 3aHUMAKOT MPOMEKYTOYHOE MECTO MEXKAY MOJIEKYJIaMU U
OpoyHoBckuMH yacTuiiaM. CamMble MENKHE HAaHOYACTHUIIBI BCETO B JIBa-TPH pasza OOJbIIE MOJIe-
Kyn. [Io3ToMy OHM 4YyBCTBYIOT MHIMBUIYaJbHBIE COYNAPEHUS C MOJEKYJIAMHU HECYIIEH Cpenbl,
U KMHETUYECKUH MEXaHH3M pellakCalluu JUIsl TaKUX YacTHUIl JTOJKeH ObITh TunuueH. C Aapyroif
CTOPOHBI, KPYIHbIE HAHOYACTUIIBI 10 CBOUM pa3MepaM OJIM3KU K OpOYyHOBCKMM YacTHIIAM, U HX
B3aMMOJICHCTBUE C MHUKPOQUIYKTyalldMHU Hecyllled cpelpl Takxke OyleT OKa3blBaTh BIUSHHUE Ha
MPOIECChl TIepeHoca. B moctaroyHo MIIOTHOM Hecylel cpefie BOKPYT HaHOYACTHUIBI oOpasyercs
00J1aKO MOJIEKYJ, CKOPOCTH KOTOPBIX CKOPPEIUPOBAHBI C €€ CKOPOCThI0. MIMEHHO Ha 3TOM MHUK-
pOQUIyKTyaIlui ¥ IPOMCXOIUT OCHOBHAS pellaKCallus CKOPOCTH HAaHOYACTHIIBL. Takum o0pazom,
MMEETCS, IO KpailHEN Mepe, JIBa pa3IMYHbIX MEXaHU3Ma PEJaKCallii HAHOYACTHIIbI, XapaKTepu3y-
Iolrecss COOCTBEHHBIMM BpeMEHaMU penlakcau 71 U To. AKOC HaHOYACTHUIIBI TOATOMY MOXKET
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OBITE IpeacTaBJICHA B BUAC

Xivt) = 2 oy exp(—t/m) + as exp(~t/7)] @1
re mapaMeTphbl ai, ag, Ty, To 3aBHCAT OT COOTHONIICHHS pPa3MEpPOB M MacC HAHOYACTHIIBI U
MOJIEKYJIBI HeCylIel cpenpl, a; a; 1. VIMeHHO Takas CTpyKTypa aBTOKOPPEIALMOHHAs (DYHKLHS
CKOPOCTH HaHOYACTHUIIBI OblIa ycTaHoBIeHa MeTooM M/] B paborax [11, 12]. [To3nHee ona Obuta
noxaTBepkaeHa B padote [13].

Brutag kaxqoro mMexaHu3Mma peslakcallid MEHSIETCS ¢ M3MEHEHHEM OTHOILIEHUS yKa3aH-
HBIX pa3MEpOB U Macc, C YBEJIMUEHUEM pa3Mepa HAHOYACTHUIL YIEIbHbIN BEC MIEPBOIO CIaraeMoro
B (2.11) ymeHnsbiiaercs, a Broporo pacter. [Ipyn yMeHbIIeHHH Macchl HAHOYACTHII BpeMs pellak-
caluu 71 NpHOMIKAETCsl K BpeMEHU CBOOOIHOro mpolera HaHOYaCTHI] OTHOCHUTEIHLHO MOJIEKYII
Hecylero rasza. HampoTus, ¢ yBeianueHHUEM pa3Mepa HAaHOYACTHUI[ M €€ Macchl Bpems T, Oyaer
Bce OMKe K BpEMEHHU peliakcarui OpoyHoBckor dactuibl (2.7). Ctpykrypa (2.11) xapakrepHa
st AKOC naxe 1OCTaTOYHO MallbIX HAHOYACTHI], TaK YTO 0Opa3oBaHHE BOKPYT HAHOYACTHUIIBI
MUKpO(]IIYKTyallil 1 ee B3aUMOAECHCTBUE C HUMHU SIBJISIETCSI XapaKTEPHOM 4epTOl ee TUHAMUKH.

CtpykTypa oOpa3yronmxcs MUKPOQIYKTYaluid MIOTHOCTH M MMITYJIbCAa MOJIEKYJ Hecy-
el cpeabl CHCTeMaTHYeCKu u3ydeHa MetogoM M/ B Hamux paborax [14, 15]. Bo3nukaromue
BOKPYT' HaHOYACTHIIBI MUKPO(MIYKTyallul XapaKTepU3yIOTCs, MPEXKIE BCETO, JIOKATbHBIMU H3Me-
HEHUSIMH KOHIICHTpAIuu MOJeKyn cpenbl. Ha puc 2.1 B kayecTBe mpumepa MmokazaHa HOPMHPO-
BaHHAs Ha CPEJHIOI KOHIIGHTPAIMIO paauaibHas (yHKIUS pacmpeiesieHus MOJIEKYNl Hecylen
cpenst go (1’ /r, 0, t) BOMM3M HAHOYACTHIIBI U151 YUKCHPOBAHHOTO MOMEHTA BPEMEHU ¢ = 27 mocie
Hayaja JBMKEHHUS HAHOYACTHULBL. 3/1€Ch U Jajiee MOJEKYJbl U HAaHOYACTHUIBl MOJEIMPOBAINCH
CUCTEMOM TBEPABbIX YIPYIuX cep paszauuHOro paguyca v macchl. Vcnomnp3yroTcs cienyromue
0003Ha4YeHUs: 1’ — KpaTyaiilliee pacCTOSHHE MEXKIy MOBEPXHOCTSIMH YaCTHUIIBI U MOJICKYIbI, ) —
YTOJl MEXKAY NPSMOM, COETUHSIONIEH UX LIEHTPhI, ¥ HAIPaBJICHUEM CKOPOCTH HAHOYACTHUIBI, T —
cpenHee BpeMsi CBOOOJHOTO mpobera MoJieKysl. B HauanbHBII MOMEHT, KOTZla HAHOYAaCTHIIA BBIBO-
JUTCS U3 paBHOBecHst, QYHKIHS go (1’ /r, 0, t) H30TPOMHA, 3aTeM OHA CTAHOBHTCSI aHH30TPOIHOM.
ITepebiii MakcuMyM Bo (poHTanbHOI oOnactu (npu 6 < 40°) Bospacraer Ha 30-50 % 1o cpas-
HEHUIO C PAaBHOBECHBIM 3HAYCHHEM M B 3 < 5 pa3 MPEBbIIIAET CPeHEEe 3HAUCHUE KOHIICHTPAIIHH.
3a wactuueil o0pasyercs 00JacTh CHIIBHOTO pa3pexeHus. TakuM 00pazoM, MPOIecC peTaKCaIim
CKOPOCTH HaHOYACTHIIBI B )KUAKOCTU U IUIOTHOM I'a3€ COIPOBOXKIACTCS YBEIMUEHUEM IUIOTHOCTH
B 00J1aCTH, Ky/Ja 4acTULa JBUKETCS.

Hapsiny ¢ dinykryanusmMu mioTHOCTH Cpeibl BRXKHEUIITYIO POJIb UTPAIOT JIOKaJIbHBIE (DIyK-
Tyallud €€ MMITYJIbCa, MOCKOIBKY 3(P(PEKTUBHOCTD pellakCallii CKOPOCTH HAHOYACTHUIIHI CBS3aHA
UMEHHO C UMITYJIbCOM MUKPO(DIYKTyaIiu. 3HaueHusl KOPPETSAIUil cpeiHell CKOPOCTHU Cpebl U Ya-
CTHUIIBI BO ()POHTAIBHOM 30HE MaKCHMaJbHbI B 00JACTH HAMOONBIINX 3HAYCHUN KOHIIEHTPALIHUU.
[Tone cxopocTu Hecymiel cpeabl BOMW3M HAHOYACTHIBI repectpanBaeTcs. Ha puc. 2.2 mpuse-
neH ero (parment. CTpenku yKa3bIBAaIOT HAIpaBICHHUS CPETHHX CKOPOCTEH MOJIEKYT CPeIbl H
ux BennunHy. CKOpOCTh HaHOYACTHIIBI HaIlpaBlieHA BIPABO, JYrod M300pa’keHa 4yacTb €€ rpa-
HUIbl. BONMM3M NOBEPXHOCTH YacTUIBl BUJAHA BUXpeEBasl CTpykTypa. OHa HMMeEeT TOPOUJAIbHYIO
dbopMy U pacmonokeHa B IUIOCKOCTH, MPOXOAIISH yepe3 IEHTP YacTUIbl U MEePIeHIUKYISIp-
HOI HaINpaBJICHUIO ee CKOpocTU. Bpemsi popmupoBaHus CTPYKTYpPBI IS YKa3aHHBIX MapaMeTpoB
CUCTEMBI — OKOJIO JIeCATH BpeMeH CBOOOIHOTro mpobera mousekyn. Juamerp chopMupoBaHHOTO
BUXPA TOpsAKa pa3Mepa HaHodacTUIIBI. CpeHsst CKOPOCTh MOJIEKYIN CPe/Ibl, HAXOSIIMXCS HIDKE
LIEHTpa BUXPsl, HAIIPaBJIEHA B CTOPOHY JIBM)KEHUS 4acTULbl. IMEHHO 3/1€Ch CKOPOCTh Cpebl MaK-
cumasibHa. OOpazoBaBIIasicss MUKPOQUIYKTYalUs «I1OTAJIKUBACT» YaCTHULLY, 3aMEUISAsl TEM CaMbIM
IpoLecc penakcauuu. VIMEHHO 3TUM 00yCIIOBJIEHO IOSIBIIEHUE BTOPOrO y4yacTKa peslakCaluu ¢
XapaKTEPHbIM BPEMEHEM To.
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Puc. 2.1. PaguanbHas GyHKIUS MOJIEKYNI HECYIIEH Cpeabl BOIM3U JBUTAOMICHCS
Hanouactuusl, M /m = 100, R/r = 3, ¢y = 0.088

2.6. Cuaa, 1eiicTBYIOIIasi HA HAHOYACTHUILY

CHOXHBIA XapakTep peiaKcaldi CKOPOCTH HAHOYACTHIBI MPHUBOIUT K TOMY, YTO CHIIA,
JIEUCTBYIOIIas HA HEE CO CTOPOHBI HECYIIEW Cpeibl, OKa3bIBAaeTCs HecTamuoHapHoi [16]. B
KauecTBE NpHMepa Ha puc. 2.3 NMPHUBEICHHI JaHHBIE pacyeToB KOd(PHIMEHTa CONPOTHBICHHS
w(t) = ~(t)/6mn R, HopmupoBaHHOTO Ha K03 duimenT conporusnerus CTokca, A1 HAHOYACTH-
bl ¢ paguycom R = 4r u maccamu M /m = 200 (kpusas 1), 100 (kpusas 2), 50 (kpusas 3) B
KHUIKOCTH. METKH COOTBETCTBYIOT PE3yJIbTaTaM MOJICIUPOBAHHS, BPEMsl H3MEPSCTCS B CPEIHUX
BpeMeHaX CBOOOIHOro mpobera MoJiekys. PenmakcalimoHHas 30HA SIBISETCS JOCTATOYHO TPOTS-
YKEHHOM U cocTaBisieT okoiio 30 BpeMeH cBoOOIHOTO Tipodera MoJIeKyll Hecylero rasa. B Havase
9TON 30HBI JAECUCTBYIOIAs HAa HAHOYACTHUIy CHJa CONPOTHBIEHUS B 2 — 3 pa3a OoJblie CHIIbI
Crokca. C TeueHreM BpeMeHH K03()(UIIMEHT COMPOTHUBICHUSI YMEHBIIACTCS U BBHIXOAWT HA CTa-
[IMOHAPHOE 3HAYCHUE [l o, KOTOPOE MEHBIIIE Ys. 3HAUCHHE (i, BO3PACTAET C YBEINYCHUEM MACCHI
HAHOYACTHUIIBI U JUISI MACCUBHBIX YaCTHI] pHOImKaeTcst K kodpduimenty Crokca.
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Puc. 2.2. Tlone ckopocTH Hecyliedl cpenbl OKOJIO JABUTAIOIICHCS HAaHOYACTHUIIBI.
M/m =25, R/r =2, ; = 0.088

PCHaKcaI_[I/IIO CHJIbI COIIPOTHUBJICHUA YHOACTCs OITMCATh Koppenslunei/i, KOTOpas BBIMVIAIUT
clenyomuM oopa3om

M [ay exp(—t/m) /T + azexp(—t/T2)/To]
ay exp(—t/71) + ag exp(—t/7)

plt) =

ee mapaMeTpbl aHAJIOTHYHBI mapamerpaM (GyHKuH (2.11). DTOH KOppensiuu COOTBETCTBYIOT
KpHBBIE Ha puc. 2.3.

3. Auddy3us HaHOUACTHI

Juddysus HaHOYACTHII B Ta3aX U3yYaeTCs TOCTATOUHO JABHO U 3[1€Ch CETOAHS TOCTUTHY-
To moHuManue. Pa3suras B paborax [3, 17-20] kuHeTn4yeckas Teopus MO3BOJIUIIA CUCTEMAaTHIECKU
uccienoBarb 1U(Qy3ur0 HAHOYACTHI], CIEACTBUS 3TOW TEOPUHU ObUIM 3aTe€M MOATBEPKIICHBI IKC-
nepuMeHTaIbHO [21-23]. OCHOBHOU BBIBOJI, MOTYYEHHBIN B JAHHBIX pab0OTax, COCTOUT B TOM, YTO
CBOMCTBa MEPEHOCA JTOCTATOYHO MAJIbIX HAHOYACTHUI] WHIAMBUIYATU3UPOBAHBI, KAK U Y MOJICKYI.
B 1o xe Bpems 3aKOHBI MEepeHOca KPYMHBIX HAaHOYACTHIl OJHM3KU K COOTBETCTBYIOIIUM 3aKOHAM
JUTsl OPOYHOBCKHX YaCTHII.

Huddy3ust HaHOYACTHI] B KUIKOCTAX TUIOXO M3Yy4YE€HA HKCIEPUMEHTAIBHO. DTO OTYACTH
CBSI3aHO C PACIPOCTPAHCHHBIM MHEHUEM, YTO MU Py3UH HAHOYACTHIL B )KUAKOCTSIX OIMHCHIBACTCA
3akoHOM OuHmTeitHa-CToKca (2.8), KOTOpOoe HEPEAKO YTBEP>KIAETCSA U CEroiHs. Tem He MeHee,
HEMHOTHE CYIIECTBYIOIINE SKCTIEPUMEHTANIbHBIC JaHHBIC YKA3bIBAIOT HA TO, YTO ATOT 3aKOH 371€Ch
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Puc. 2.3. BpemenHast 3aBUCUMOCTh KO3((ULIMEHTa CUJIbI CONPOTUBIECHUS, AEH-
CTBYIOLLEH HA HAHOYACTHULLY B JKHJIKOCTU

He BbInonHseTcs [24-28]. [IpyunHy Takoro HECOOTBETCTBUS MBITAIOTCS 00BICHUTH HEOOXOIUMO-
CTBIO HMCIIOJI30BAaHUS NP OMHMCAHUU JIEHCTBYIOLIEH HA HAHOYACTHUILY CHIIBI TPAaHUYHBIX YCIOBUM
CKOJIbKeHus [24, 25]. D10, KOHEUHO, HeJJopa3yMeHue. JIBUKEHEe HAHOYACTHIL B JKUIKOCTH HETb3sI
OTMCHIBATh THUAPOAMHAMUYECKH BOOOIIE, TTOCKOIBKY B METPUKE HECYIIEH KUIKOCTU (CILIOUTHON
Cpelpl) OHA SBJISIETCSl MAaTepUAbHON TOUKO. MOXKHO JIM K TOUKE TIOCTaBUTh YCIIOBUE CKOJbXKe-
Hus? Ha 5ToM IyTH U HE yIa7I0Ch MOJIYYUTh BHITHOTO OTBETA OTHOCUTEILHO CUJIBI, ACHCTBYIONIEH
Ha Ha"ovactuily. [losTomy B paborax [25, 28] skciepUMEHTAJIbHBIE JIAHHBIE MPEIaraioch OMH-
chIBaTh Koppesinueir D = A/nP, toe mapamerpsl A U p HEOOXOAUMO MOAOUPATH ISl 3aJAHHOTO
paanyca 4acTHIIbl M TEMIIEPaTyphl CPEIbI.

[TpennmpuHUMaIKCh MOMBITKH yCTAHOBUTH aIEKBaTHOCTH 3akoHa DiHIITeliHa—CToKkca (2.8)
u metosioM MJI [29-31], rmaBHBINM BBIBOJ KOTOPBIN B Pe3yJibTaTe€ MOXKHO CJlI€JIaTh TaKOM: 3TOT 3a-
KOH B 0011eM ciTydae He onuchiBaeT Auddy3nto HAaHOUACTHII.

Hamu Obulo IIpOBEAEHO CHUCTEMaTHUECKOE€ MoJelnpoBaHue AU(GPy3un MajiblXx HaHOYa-
cTull ¢ AuameTrpoM 1--2 HaHomerpa. HaHowacTHIbl M MOJEKYJIbl MOJEIMPOBAINCH CUCTEMOM
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TBepIbIX chep paznu4Horo nauamerpa. OTHOLIEHHE PaJMyCOB HAaHOYACTHIIBI U MOJIEKYIbI H3Me-
HsJI0Ch OT 2 10 4, a Mmacc — oT 25 10 200. InoTHOCTh HECyIIeH cpelibl OMUChIBalIach MapaMeTpoOM
a = (V-V,)/Vo (V- obbem sueiikn, Vo = N73/8y/2 — 06bem MmioTHOI yNakoBKu MOJIEKYyI,
V, = 47 R?/3 — 00beM OPOYHOBCKOH yacThLbl), v BapbupoBaiack oT 2 a0 75. Koadduument
muddy3un HaHOYaCTHUIBI onpenessuics mo Gopmysne (2.3). Jlnsa Bepudukanuu pe3ysTaToB ObLIO
npoBeeHo MoaenupoBanue nuddysun ymiepena Cyo B 6enzone Cy Hg 1 MONEKyYI TETpaxyiopuaa
ymiepona CCl, B 6eH3oie. Pe3ynbsrarsl CONOCTABISAINCH COOTBETCTBEHHO € 3KCIIEPUMEHTAIbHBIMU
naHueiMu [27] u [25].

®yutepen uMen paauyc pagHbii 5-107° cm, a Mosekyna 6ensona — 3-10~%cm, oTHOMIEHME
Macc QyiuiepeHa U MosieKyibl OeH3ona coctasisuio 9.28. Koaddumment nuddysun dymnepena
paccumuTtbsiBajics no ¢opmyne (2.3). O6beMHas KOHLEHTpalus OeH30ja 3a7aBajiack TakuM oOpa-
30M, 4TOOBI Ko3(pduimeHT camoauddy3un MoJIeKya OSH30JIa COBMAAal ¢ dKCIEPUMEHTAIBHBIM
3HaueHueM. 3HaYeHHe MapaMeTpa MIOTHOCTH «v sl OEH30I1a MOIYYHIIOCh paBHbIM 1.49.

Hnsa xoadpdunmenra muddysun ¢ymaepena Obuto momxydeHo 3HadeHue, pasHoe (.94 -
10~°cm?/cex. DKCHEPUMEHTANIBHO U3MepeHHoe 3HadeHue cocTaisiuo 0.91 - 10~ %cm?/cex mpu
TOYHOCTH IKCIEPUMEHTANIbHBIX JaHHBIX 0kojio 10%. B To e Bpems 3akoH DiHiuTeliHa—CTOKCa
(c rpaHUYHBIMU YCIIOBUSMH TPWIIATIAHKSA) JaeT 3HaueHne koddduuuenra muddysun pynnepena,
paBHoe 0.67-10~°cm?/cek, morpemHocTs mpepbimaet 40%.

OtHomenue paauycoB moiekyn CCIly u CgHgpaBuo 1.045, B To BpeMst Kak Macca MepBoiB
1.97 paza Bbiie Macchl MoJieKyabl OeH3ona. M/l MoaenupoBaHue Aano 3HaueHue ko3 Quirenrta
nuddysun pasroe 2.03-10°cM?/cek, 9To Takke B Ipejeaax MOrPEIHOCTH COIIaCyeTcs ¢ dKCIIe-
PUMEHTAIBHBIM 3HadeHneM, paBHbIM 1.95-10~cm?/cek.

Pesynsrarel M/l MonenupoBanus ko3pduurenta nud@y3nn HaHOUACTUL] PEACTABICHBI
Ha puc. 3.1, rae mpuBeIeHa 3aBUCHMOCTD Oe3pa3mepHoro koadduimenta aupdysun ks = D/Dg
(Dg ompenenen ¢ nomoinplo 3akoHa JiHmnTelHa—CToKCca (2.8)) OT MIOTHOCTH HECymleil cpe-
IIbl I HAHOYACTHI] C pa3HbIM paauycoMm. [lomyuennsie 3HaueHus kodpdunuenra quddysun D
HAHOYACTHUIIBl 3HAYUTEIHHO OTIMYAIOTCS OT 3HaueHuil Dg. C yMeHbIIEHHEM OTHOLICHHS paany-
COB kg yBEIMYUBAETCs, YTO (PUKCHPOBAIOCH paHee M dKcrepuMeHTanbHo [25]. Hakonen crout
OTMETHUTh, YTO Macca yacTull ciaabo Biausia Ha uX OudQy3uio, B UCCIECIOBAHHOM JIMANa30He
apaMeTpoB U3MEHEHUsI kg HE MPEBHILAOT 8 %.

Takum oOpa3zom, npuBeneHHble naHHble MJl MonenupoBanus Kodpdunuenta quddy3nu
HAHOYACTHUI[ B JKUAKOCTAX M IUIOTHBIX Ta3ax CBUJETEIBCTBYIOT O TOM, YTO 3aKOH DHHINTEHHA—
Crokca He onuchiBaeT A Py3ur0 HAHOUACTHII, UCIIOJI30BAHUE TIPH €TO BBIBOJIE YCIOBHM CKOJIb-
KEHUS CUTYaIIMIO HE yiydiaeT. MoxeT i oObIuHasi KWHETHYeCKas Teopus Onucarh JaHHbie M/|
monenupoBanusa? Ha puc. 3.2 mpuBefeHbl TUIHMYHBIE 3aBUCUMOCTH OT KOHLIEHTPAIIUHU MOJIEKYII
HecyIel cpebl Benuuunsl kp = D/Dp, tne D onpeaensiocs mo MoaudHIHpOBaHHON Teo-
pun DHckora [6]. AHanmu3 NMPUBENCHHBIX JTAHHBIX MOKA3bIBACT, YTO MPU BBICOKHUX IUIOTHOCTSIX
TeopHst DHCKOTa HE JIaeT YAOBIETBOpUTENbHOrO onmucanus auddysun HaHodactun. OmHAKO C
YMEHBIIIEHUEM IJIOTHOCTH HECYyIIei cpeibl TOYHOCTH Mpeckazanus koddduuuenra quddysuu c
HCIIOIb30BaHHEM Teopur DHckora pactet. Tak, mpu o =75, R/r =4, M /m = 100 otHOICHUE k[
paBHO 1.05. B To e Bpems popmyna DiiHmreliHa—CTOKCa TaeT IS TaKOH CHCTEMBI PE3YJIbTar,
IpUMEPHO B 9 pa3 MEHbIIE peasbHO HaOII01aeMoro.

Hrak, cootHomenue (2.8) B obOmeM ciydae He omuchiBaeT AUQPEGY3HU0 HAHOYACTHI[ B
KUAKOCTH. UTOOBI MONMyYuTh (HOpPMYITy, ONMUChIBarONIy0 KodddumueHt nuddys3uu, moacTaBum
cootHorieHue (2.11) B (2.3). BoImoyiHssI HHTErpUpPOBAHUE, MTOTyYacM

:E(ﬂ+@

D
M \n 7

) w=1/m G.1)



Mooenuposanue k03¢ puynuenmos nepeHoca HaHoOHCUOKocme 167

k, -
1,7-
1,6-
151
1,4-
13-
12
11
1,0-
0,9-'I

(S}
s
LN
=)}
~1
o0
(]
&

Puc. 3.1. 3aBucuMoCTh kg OT IUIOTHOCTH CpEIbl JUISI HAHOUACTHI] Pa3IUYHOTO
pamuyca, M /m = 100. Merku () COOTBETCTBYIOT OTHOIICHHUIO panycoB R/r = 2,
meTkd +— R/r = 3, metku ) — R/r = 4, TMHUN — CIUTAfH-aNIPOKCUMAIIUH Pe-
3yJITaTOB

4. Ba3kocTh HAHOKUIKOCTEH

DddexTuBHBIA KOIPPUIUEHT BI3KOCTH Pa3pEIKEHHBIX CYCIICH3UN BIEPBBIE OBLI BBIYHC-
JeH DWHITeHHOM [32], KOTOPBIN YYUTHIBAJ BIMSHUE YAaCTHUI] HA TUAPOJUHAMHUECKOE IOJIE CKO-
POCTH HeCyIeH KUIKOCTH H, KaK CIEICTBUE, HA TeH30p HANPsHKCHUH M KOAPPHUINEHT BSI3KOCTH.
WM 6bu10 TIOKa3aHO, YTO AP PEKTHBHBIA KOXPPHUINEHT BSI3KOCTH CYCHCH3HU

n=mo[l+(5/2)¢] (4.1)

Bcerna Oouibliie KO3 (GUIIMEHTa BA3KOCTH HECYIIEH KHUIAKOCTHU 1)y, 3€Ch ¢ — 00beMHAsT KOHIICH-
Tpauus AMCHEepcHBIX yacTull. [locnenyromye sKkcnepuMeHTsl oKaszaiu, 4yTo Gpopmyia (4.1) cripa-
BEJUIHBA JIUIIb TIPH ¢ < 1073,

[To3gHee npennpUHUMAINCh MHOTOYHMCIICHHBIE MONBITKH 0000IIUTE TEOpUI0 DMHIITEHHA
Ha cllyyail 0ojyiee BBICOKMX OOBEMHBIX KOHLIEHTpPALMi. YCIOBHO 3TH pabOThl MOXKHO MOJpa3ie-
JUTh Ha TpH rpynnsl. Bo-nepBeixX, cymecTByeT LUK paboOT, B KOTOPBIX TMIPOANHAMHYECKUMHU
METOIaMH OTPE/ICISUTUCH MOTPABKU K TOJISIM CKOPOCTEH W JaBJICHUH HECyIIeH JKUAKOCTH, 00y-
CJIOBJICHHBIE B3aWMOBIHsIHHEM aucriepcHeix dactull [33]. C mpyroil cTopoHBI, 3pQEKTHBHBIN
KOA((GUIMEHT BSI3KOCTH CYCIIEH3UH BBIBOIUTCS METOAAMU HEPABHOBECHOH CTATHCTUYECKOW Me-
xaHuku [34]. HakoHen Kk TpeTheil rpymime OTHOCATCS pabOThl, B KOTOPBIX TOJII CKOPOCTEH H
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Puc. 3.2. 3aBucumoctb kg OT IUIOTHOCTU Cpelbl JJIsi HAHOYACTHUI[ Pa3IUYHOTO
pamuyca, M /m = 100. MeTku <) COOTBETCTBYIOT OTHOLICHHIO paanycoB R/r = 2,
metku +— R/r = 3, metku () — R/r = 4, 1uHUK — CIUTaiH-aIIPOKCHMALIUH
pe3yibTaToB

JIaBJICHUI MOJEIUPYIOTCS HEKOTOPBIMHU CTOXaCTUYECKUMU 3akoHaMmu [35, 36]. Bo Bcex mepeuuc-
JICHHBIX TEOPHSX MOTYYarOTCs] COOTHOIICHHUS BUAA

n=mno(1+25¢+ k¢?). 4.2)

Koaddunuent £, momydeHHbIH B 3TUX paboTax, JSKHT B auanazone ot k = 5.9 no k = 7.6.
CpaBHEHHE C SKCHEPUMEHTAIbHBIMU JIaHHBIMH TOBOPUT O TOM, YTO JJS KPYHMHOAMUCHEPCHBIX
cycneHsmii o0nactp mpuMeHuMocTu (Gopmynsl (4.2) mocturaer ¢ ~ 0.3. [IpennpuHUMaIHCh
HOIIBITKY TIOCTPOUTH U OoJiee o0mue cootHomeHus. Tak, B padore [37] momydeHa KOppessus

@) = 1+ 1.44¢%g2
MOF= 092\ 770 12416 + 10.4642 ) °

KOTOpasi, 0 yTBEP>KICHUIO aBTOPOB, MPUMEHUMA U JJIsi ONKUCAHUS HAHOCYCIICH3UW M CIIpaBe/l-
J¥Ba 10 KOHUEeHTpammid ¢ ~ 0.5, (g2 — nmapHas QyHkums pacnpenenenus). Hecmorpst Ha TO, 4TO
BSI3KOCTh HAHOXKUJIKOCTEH SBJISIETCS YPE3BBIYAITHO BAXKHBIM (DAKTOPOM MPOUCXOIALINX B HUX MPO-
[IECCOB MEPEHOCAa, COOTBETCTBYIOIIUX IKCIIEPUMEHTANBHBIX JTaHHBIX MOJyY€HO HEMHOTO U OHHU
JIOCTaTOYHO MPOTUBOPEUMBHL. Tak, B padote [38] u3mepsiinach BI3KOCTh MOHOAUCIIEPCHBIX CYCIIEH-
3 NUKIIOTeKcaH-Si0- ¢ quaMmeTpom dacTuil 28, 46 u 76 HM. B To sxe BpeMs gaHHbIe paboThl [39],
MOJIYYSHHBIE IJIs1 CYCIIEH3UH STUICHIIUKONIb — CuO CO CpeTHUM TUaMETPOM YacTull 12 HM, ¢ 3TH-
MU aNMmpOKCHMAIIUSIMHU HE COTJIACYIOTCS. 3aBUCUMOCTH 3()(HEKTUBHOTO KOAPPUIIMCHTA BSI3KOCTH
JIBYX HAHOXKHJIKOCTEH: dTUICHIITUKOIh — AloO3 1 Bona — Al,O3 0T 00beMHOM KOHIIEHTPAIIUH T10-
nyudensl B [40] nns gactuil ¢ pasmepom okoisio 28 HM. [lomydeHHble pe3ysabTarhl, OAHAKO, CTOJIb

(4.3)
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pa3IM4HBL, YTO HE OIKCHIBAIOTCS HUKAKOM KOpPENLUEN, U aBTOPbl OTMEUAIOT, YTO U3MEPEHHBIE
3HAUYEHUs CYLIECTBEHHO 3aBUCST, I0-BUJUMOMY, HE TOJBKO OT KOHLIEHTPALMM, HO U OT JUCIIEPC-
HOCTH cycrnieH3uu. [lociieqHee nepekimukaercs ¢ pe3ysbTaraMu, OITYyYEHHBIMH [ pa3peKEHHBIX
HAHOT'a30B3BeCEH ¢ MOMOILBIO KHHETUYECKOH TEOPUH, B KOTOPBIX KOG (GUIIMEHT BA3KOCTH HaHOTa-
30B3BECH CYILIECTBEHHO 3aBUCEJI OT COOTHOLIEHMS pa3MEPOB U MAacC MOJIEKYJ HECYIEH KUKOCTH
1 HaHoyacTull [19]. DT BbIBOABI NEPEKIMKAIOTCS C JaHHBIMU [41], rae n3ydanach 3aBUCUMOCTh
KO3 GUIMEHTa BSI3KOCTH HAHOKHUIKOCTH OT 00BEMHOW KOHIICHTPALMU HAHOYACTHUI] Pa3HOTo pa-
auyca. bbulo ycTaHOBIIEHO, UTO BIMSHUE YaCTHUL YBEJIMYMBAETCA C YMEHBIIEHUEM UX pa3Mepa.
Tak, yBenu4yeHue BI3KOCTH st 00beMHOM 1onu ¢ = 2 % cocrasiseT npumepHo 12 % npu R = 18
HM ¥ nipumepHo 100 % npu R = 7.5 HM.

[TpoTHBOPEUNBOCTD KCIIEPUMEHTANIBHBIX JaHHBIX 00YCIIOBJIEHA €CTECTBEHHBIMU TPYIHO-
CTSIMH NPOBEJICHUS OIBITOB: HE YAAETCs CO3/1aTh MOHOJUCIIEPCHYIO HAHOXKUKOCTb, IPAKTUYECKU
HE KOHTPOJHUPYETCsI paclpeiesieHue 4acTull 1o pasmMepam. Kpome Toro, ¢ pocToM KOHLIEHTpaLUu
YaCTUIl HAHOXKHJIKOCTh MOXKET MEHATh peosioruto (cMm., Hampumep, [39]). B pabore [42] ObLIO
BbINnosHeHO M/ MonenupoBanue ko3 duimenTa BI3KOCTH HAHOCYCIEH3UU. bbulo ycTaHOBIIEHO,
4TO NMpU (UKCUPOBAHHOM OOBEMHON KOHLEHTpAllMM HAHOYACTHULl U UX pa3Mepe BSI3KOCTh Ha-
HOXXMJKOCTH TeM OoJblie, yeM Oosblie Macca HaHowacTull (puc. 4.1). LlITpuxoBoil nuHuel Ha
pucyHKe nokazaHa annpokcumanus (4.3). CorntacoBanue AaHHbIX MJI MoAenupoBaHuUs ¢ 3TOM
dopMyiIOi AJI1 OJHOTO W3 OTHOUIEHMM MAacc HOCHUT cCiyd4ailHblii Xapaktep. IIpuHuIMnuanbHbIM
(aKTOM SIBISICTCS TO, YTO TEOpUsi DUHIITEHHA HE ONMUCHIBACT MOBeneHHE d()(HEKTUBHON BA3KOCTH
HAHOCYCIEH3UM JJake MPU MajblX KOHLEHTPALUAX HAHOYACTHULL.

JlaHHble, npuBeIeHHBIE Ha pUC. 4.2, O3BOJISIOT MTOHATh XapaKTep 3aBUCUMOCTH K03 du-
1eHTa 3(peKTUBHON BSA3KOCTH OT pa3Mepa HaHouacTHL. IIpu HU3KMX KOHLIEHTpalUsIX HaHOYa-
cTull KO3P(GUIUEHT BSI3KOCTU €Ia00 3aBUCUT OT pa3mepa dacTull. OJHAKO C pOCTOM OOBEMHOM
KOHIICHTPAUU KOA(PGHUIMEHT BSI3KOCTH HAHOCYCIICH3MH ¢ OoJiee MEJIKUMH YacTHUIIAMU OKa3bl-
BAEeTCs CYIIECTBEHHO BBIIIE, YEM Y HAHOCYCIIEH3UM C KPYyIHBIMU 4YacTHLIaMH. Tak, Hampumep,
K03()(DUIHEHTBI BA3KOCTH HAHOCYCIEH3u ¢ R/r = 2 u 4 npu ABYXIPOICHTHOW 00BEMHOW KOH-
LEHTPALUU YaCTHIL] PA3JIMYAOTCS [TOYTH Ha COPOK MPOLIEHTOB

3aBUCUMOCTb KOA(P(PHLHEHTA BSI3KOCTH OT 00BbEMHOM KOHLIEHTPAllMd HAaHOYACTUL] ONUCHI-
BAeTCs KBAIPAaTUIHONW (YHKIMEH BHIIA

n = "o [1+/€1(R7 M)¢ + ks (R, M)¢2] 4.4)

€CJIM TOJIBKO AT KOHIIEHTPALUHU HE CIUIIKOM BeslMKU. KoappuuueHTs! 3Toi Koppensuuu sBis-
I0TCSl QYHKLUUSAMHM M pa3MepoB HAHOYACTHL, U UX Macc. TakuM oOpa3oM, BaXXKHBIM KpUTEpHUEM,
OTIPENEIISTIOUINM POCT AP (HEKTUBHOTO KOI((UIHEHTA BI3KOCTH HAHOCYCIICH3UH, SBIISIETCS Macco-
Bas INIOTHOCTh MarepHaia HaHOUacTHIL p,. ITo kpaiiHell Mepe, AJIs HE CIUIIKOM OOJIBLIMX YACTHIL
9Ta 3aBUCHMOCTH JIMHEWHas U onMChIBaeTCsl koppensuueil [42]

1(¢) = 1o [a(e) + b(d)p], (4.5)
a(¢) =1+ 1.25¢ + 2.1¢%, b(¢) = 0.32¢ + 7.2¢%,

e p = pp/p, p— INIOTHOCTH MOJIEKYIbL. B otinune ot (4.4), koppersuus (4.5) siBiasercs 3aBUCH-
MOCTBIO TOJIBKO OT 00BEMHOM J0JIM HAHOYACTHUI] M MACCOBOM IUIOTHOCTH MX Marepuania. Ilostomy
OHa MOJKET OBbITh UCIIOJIb30BAHA JUIsl MPEACKA3aHUs BA3KOCTH HAHOKUAKOCTEH ¢ YaCTHLIAMH pa3-
HOTO pa3Mepa (KOHEUHO, HE ClIeAyeT 3a0bIBaTh, UYTO OHA MOJIy4YeHa JIUIIb JJI MaJIbIX HAHOYACTHII).
B kauectBe npumepa Ha puc. 4.3 NpUBEIEHO COMOCTABICHUE IKCIEPUMEHTAIbHBIX JAaHHBIX [38]
(3mech p = 1.85) u [43] (p =0.77) ¢ xoppemnsiuueit (4.5). CortacoBaHue JaHHBIX IKCIIEPUMEHTOB
u M/I-MoznenupoBaHysl BIIOJIHE yNOBIETBOPUTEIIBHOE.
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Puc. 4.1. 3aBUCHMOCTH HOPMHPOBAHHOTO KOA(PPUITMCHTA BI3KOCTH HAHOCYCIICH-
3UM OT OOBEMHOM KOHIEHTpAIMM YacTHI] MPH Pa3IUYHBIX OTHOIICHHUSX Macc
qacTuiel U Monekyinel, R/r = 3. Kpuseie 1+7 coorBerctBytor M/m =
500, 300, 150, 100, 50, 10, 0.5

5. TenjonpoBoAHOCTH HAHOKUIKOCTEN

WHTepec K M3YUYEHHIO TEIUIONPOBOAHOCTH HAHOXKUAKOCTEH MPOSBMIICS OKOJIO ABYX Jie-
CSITKOB JIET Ha3aJl U ObLI BbI3BaH HEOOXOJUMOCTBIO CYLIECTBEHHO MOBBICUThH TEIUIOIPOBOAHOCTD
KHUJKOCTEH B MHKpOKaHajaX, MCIIOJb30BABLIMXCS JUIS OXJAKACHUS PabO4MX 3JIEMEHTOB IUIaT
KOMIIBIOTEPOB, PA3JIMUHBIX TEIIOBBIX MUKPO3JIEMEHTOB, ApYyrux MOMC (MUKpPO3IEKTpOMEXaHH-
gyeckux cuctem). OXunasoch, 4To MpUCcaaka UMEIOLUX BbICOKYIO TEIUIONPOBOAHOCTh METALIM-
YECKUX YaCTHUL I0JIKHA YBEJIMYUBATh TEIIONPOBOAHOCTD OXJIaauTeNs. B To e Bpems ObL10 5ICHO,
4TO T0OABIIEHNE CPABHUTEIFHO KPYITHBIX, C XapaKTEPHBIMU pa3MepaMu MOPSIKa MUKPOH, METaJl-
JMYECKUX YaCTULl HEBO3MOXKHO M3-3a MX CEIMMEHTAIMH U 3ppO3UOHHOCTH. C Ipyroil CTOpOHBI,
MUHHATIOPU3AIHsI U UCIIOIB30BaHNE HAHOKHUIKOCTEH oOerdaer 3ajayn TEIyI00TBOJA U Tepesa-
4y Tema. B MUKpocucTeMax pacTeT OTHOIIEHHE IUIOMIAAN MOBEPXHOCTH OXJIAUTENS K 00beMy
CHCTEMbI, HAHOYACTHUIIBI HE CO3Jat0T IPOOOK B TEUEHHSIX, UCII0Ib30BaHUE HAHOKUAKOCTEH 1103BO-
JsIeT OTBOAUTH TEIJIO NMPH KOMHATHBIX TeMIepaTrypax OXJaJuTess, B OTVINYKME OT TPaJAULMOHHBIX
HU3KOTEMIIEPATYPHBIX OXJIaJUTEIeH.

ITepBble NONBITKH 3KCIEPUMEHTAIBHOIO M3yuU€HHsI MEpPEeHOCca TeIla B HAaHOXKUIKOCTSIX,
npeanpuHATeie B padorax [40, 44, 45], mpoaeMOHCTPUPOBAIH, YTO TETIIONPOBOAHOCTH CYCIICH3HI
YABTPAAUCIIEPCHBIX OKCUJIOB aJTIOMUHMS, KDEMHMSI M TUTAHA B BOJIE ITPU 00bEMHOM KOHLIEHTpALUU
MOPSJIKA HECKOJIBKUX MPOLIEHTOB MPEBBIIAET TEIUIONPOBOJHOCTh YUCTOM KUJIKOCTH Ha JECATKU
IIPOLIEHTOB. DTU U NOCIEAYIOLINE SKCIIEPUMEHTAIbHbIE JAHHBIE IIBITAIUCH CONIOCTABIIATh MPEXKIE
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Puc. 4.2. 3aBucHMOCTh HOPMHPOBAHHOTO KOA(PPUITMCHTA BSI3KOCTH HAHOCYCIICH-
3UHM OT 00BEMHOMN KOHIICHTPAIIMK YaCTHI] MPU PA3JIMYHBIX OTHOIICHUSIX PaJInyCOB
vacTHIel U MoJiekyibl. Kpusbie 1+-3 coorBerctytor R/r = 2, 3,4
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Puc. 4.3. Conocrapienue 3kcniepuMeHTaIbHBIX AaHHBIX [38] (o) u [44] () ¢

koppessiueit (4.5). CruioniHas W MTPUXOBAs JIMHAK COOTBETCTBYIOT (4.5) ¢ p =
1.85 up = 0.77
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BCEro C TEOPETUYECKUMHU MOJIEISIMH, MOCTPOCHHBIMH JJIsSi OMHCAHMS TEIUIONMPOBOIHOCTU KpYT-
HOJUCTIEpCHBIX cycrieH3ui. [lepBas Takas Momenb Oblia co3gaHa MakcBeiioM [46], KOTOPBIH
MOJYYMJI COOTHOIICHUE MEXIY KOIPPUIMEHTaMU TEIUIONPOBOJHOCTH CYCIIEH3UHU A M Hecyllen

KHUJIKOCTH A
3(1—w)o 51

1+2w—gb(1—w)}7 1)
e w = Ao/ Ay, Ap —KOIQDHUIMEHT TEILIONPOBOAHOCTU Marepuaina yactul. dopmymna (5.1) mo-
JydeHa Uil HEeB3aWMOACUCTBYIOIIMX APYT ¢ apyrom chepmueckux yactul. [lo3aHee oHa Obuia
00o00mena 'ammisTonoM 1 Kpoccepom [47] Ha ciydail Hechepuueckux uyactuil. OOpa3zoBaHue
LENOYeK M3 YacTHl] yuuTbiBaeT Teopusi XamunHa-llITpukmana [48], pe3yiabratoM KOTOPOU SIBIIS-
eTcs clelyrolee HepaBeHCTBO MM 3PGEKTUBHOIO K03 PULIMeHTa TeIIONPOBOIHOCTH

31— )0 31— 6% — o)
(1t ) PR g) 69

HIDKHSISI TPaHHIIA 3/1eCh COOTBETCTBYET (hopmyne Maxkcsernia (5.1). I[lpuMeHumsbl 1 omydyeHHbIE
COOTHOUIEHMSI /JIsl ONMCAHUS TEIJIONPOBOJAHOCTH HAHOXKUIKOCTU? ABTOpPBHI HEJABHO OITyOJIHMKO-
BaHHOTO 0030pa [49] monararot, 9To OOJBIIMHCTBO MOYYEHHBIX JaHHBIX YKIIQJBIBAIOTCS B Ha-
na3oH (5.2). DKcrepuMeHTalbHbIE JaHHbIE, OIHAKO, Ype3BbIYaiiHO poTHBOpeunBbl. HekoToprie
W3 HUX BIIOJHE YJOBJIETBOPUTENIHHO OMUCHIBAIOTCA HEpaBeHCTBOM (5.2) [50-52]. Pesynbrars! us-
MEpPEHHUs TEIIONPOBOAHOCTH HAHOKUIAKOCTEN € YaCTUIIAMH 30JI0Ta HE ONMUCBIBAIOTCS JaXKE ITOU
JIOCTaTOYHO Ipy0Ooil Koppensiuueld. POCT TemIonpoBOIHOCTH B 3TOM ClIydae COCTABISET HECKOIb-
KO TIPOLIEHTOB Ja)ke Mpu o4deHb Manoil (okono 0.1%) oObemHOI KoHIeHTparuu vactull [49].
DKCIepUMEHTAJIbHBIE JIaHHBIC TIOKA3bIBAIOT, 4TO B oTiimuue oT (5.1), (5.2), apdexruBHas termio-
MPOBOJIHOCTH 3aBUCHUT OT pa3Mepa U Marepuasia HaHoyactuil [39, 44, 53, 54].

[TepBbiM nocToBepHBIM M/] MonenupoBanueM ko3¢ duiieHTa TerIonpPOBOIHOCTH HAHO-
KHUJIKOCTH SIBUJIAch 3aMeTKa [55]. bblio ycTaHOBIEHO, UTO, KaK U B CiIy4ae BA3KOCTH, TEILIONPO-
BOJTHOCTh HAaHOXXUAKOCTH NMPHU (PUKCUPOBAHHOM pa3Mepe YacTUI[ M KOHLEHTPALUU ¢ yBETUYH-
BAeTCA C POCTOM MX Macchl. TUIHMYHAs 3aBUCUMOCTh Oe3pazmMepHoro ko3 duimenrta Termionpo-
BOIHOCTH A/\g, TJe Ao — TEIUIONPOBOAHOCTh HECYyMICH JKHIKOCTH, HpEACTaBIeHa Ha puc. 5.1.
3nech Kaxkaass KpuBasi M COOTBETCTBYIOLIME METKM Ha PUCYHKE MOCTPOEHBI NPU MOCTOSHHOM
panuyce, OATOMY 3aBUCHMOCTB OT MacChl MOXKET OBITh CBEJCHA K 3aBUCHMOCTH OT IUIOTHOCTH
MaTepualla HaHO4acTull p,. B oTiaudne ot ko3dULUeHTa BI3KOCTH, KOTOPbIHA JTMHEHHO 3aBHCUT
OT OTHOLICHHUSI P,/ p, TEILIONPOBOAHOCTD ONpPEAEIACTCs COOTHOWEHHEM (A — Ag)/Ao ~ (pp/p)>.
TakuM 06pa3oM, BEICOKHE 3HAYEHHsSI A\, KOTOPBIE HAOIIOMAIKCEH SKCIIEPUMEHTATIBHO TIpu ¢ < 1%,
MOTYT OBITh CBSI3aHBI UMEHHO C BBICOKOW MacCOBOM IJIOTHOCTBIO, B YaCTHOCTH Y 30J0THIX HAHO-
yactuil [54].

OT 00BEMHOW J0JIM HAHOYACTHUI] ¢ KOI(PPHUIMEHT TETUIONPOBOAHOCTH 3aBUCHUT Oolee
clokHBIM 00pasoM. IIpu ¢ < 1% OH pacTeT NpPaKTHYECKH MPOMOPIMOHAIBHO YBEIMYEHHIO
obveMHOUM monu [55], omHako, majee TeMil pocrta 3amemrsiercsa (puc. 5.2). Takoe moBeneHue
Ha0JII01a7I0Ch U B 3KCIIEPUMEHTaX, MpaBia sl CYLIECTBEHHO 0osiee KpYIMHOANUCIEPCHBIX HaHO-
ra3oB3Becell (JuamMeTp YacTHIl B KCIIEPUMEHTAX COCTABJISJI HECKOJBKO JIECSITKOB HAHOMETPOB).

A= X {1—1—

6. 3akaouenue

[[Inpokoe npruMeHEHNE HAHOXKUIKOCTEN B PA3TUYHBIX MPUIIOKEHUSIX TPEOYET MOCTPOCHUS
TEOpUU IMPOLIECCOB MepeHoca Takux cpel. O030p COCTOSHUS UCCIEN0BaHUI B JAHHOM IPEIMET-
HOM TI0JI€, C/IeJIaHHBINA B CTAaThe, YKAa3bIBACT HA BO3MOXKHBIC MMYTH ONTUMHU3AIIMN 3TOTO MpoIecca.

XapakTepHoit 0COOCHHOCTBIO TU((y3UN HAHOYACTHUI] B TUIOTHBIX ra3ax U KHUJIKOCTSX SIB-
JSIeTCSA HAJIMYUE ABYX CTaIUil peflakcanu ux cKkopocTu. CyIIecTBYeT HECKOJIBKO BO3MOXKHOCTEM,
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Puc. 5.1. 3aBHCHMOCTD OTHOCHUTEIFHOTO KOA(P(HIMEHTA TETIONPOBOJHOCTH OT
MacChl HAHOYACTHI MPU Pa3HbIX 00bEMHBIX KOHLEeHTpanusax: ¢ = 0.12% (MmeTku

o), » = 0.24% (metku ), ¢ = 0.48% (metku +).Kpusbie 13 COOTBETCTBYIOT
NapabOoNMYeCKUM alpPOKCHMALHUAM pe3yisraroB. ¢ = 0.088, R/r =3
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PUC. 5.2. 3aBHCHMOCTH OTHOCHTEIBHOIO KO3 (HUIMEHTa TEIUIONMPOBOIHOCTH OT
0o0beMHOM 011 HaHoYacTHUIl. Ha Bpe3ke moka3aHbl pe3y/ibTaThl SKCIICPUMEHTAIb-
HOU pabotsl [50]
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UCIIOJIb3ys METO/Ibl HEpaBHOBECHOW CTATUCTHUYECKOM MEXaHUKH, MOCTPOUTH TEOPHUIO, KOTOpas
MIPUBOAUT K aBTOKOPPENIALIMOHHON PYHKINHU CKOpocTH (2.7) HaHouacTull. OJHAKO Py UHTEpIIpe-
TallMU SKCTIEPUMEHTANIBHBIX JaHHBIX CIIEAYET ¢ OOJBIION OCTOPOKHOCTHIO OTHOCUTHCS K UCTIONb-
30BaHUIO0 opmMyiibl DitHITetHa—CToKCa (2.8) MiIu ee aHaJIOToB ¢ y4eToM d(DPEKTOB CKOIBKECHHSI,
Hec(epuuHOCTH U T.J. B o0mewm ciaydae 3ta ¢opmyna He onmuckiBaeT MU y3ut0 HAHOYACTHIL.
Bpemena penakcanuu 7y, T, ONPEASISIONIUE TOBEICHUE aBTOKOPPEISIIUMOHHON (PYHKIIMH CKOPO-
ctu (2.7), MOTYT pa3nuyaThCsi JOCTATOYHO CUIBHO. JTO MOXKET OBITh MPUYMHOM CUTYaIlMH, KOT/Ia
MexaHu3M nuddy3un HaHOYACTHUI] B HAHOMIOPUCTBIX CpeJaxX M HaHOKaHAIax OyJIeT CYIICCTBCH-
HO OTJIMYATHCS OT OMHCAHHOTO B CTaThbe MexaHu3ma MudQy3uu B OTKPBITHIX cucTeMax. Ecnu
XapaKTEpHBI pa3Mep MOphl WIKM KaHaia OyJeT COOTBETCTBOBATh BPEMEHHU Ti, BTOPOW Yy4acTOK
penakcaluu He OyJIeT MPOSBISIThCS. DTO CBA3aHO C Pa3pylIeHHEM Ha OrpPaHUYMBAIONIUX TEUCHHE
KHUJIKOCTH TTOBEPXHOCTSIX MUKPO(DIYKTYyalHii, co3aaBaeMbIX HaHouacTuiei. CienoBareiabHoO, pe-
JIaKCcalys YacTHUIlbI OyzieT 00yCIIOBICHA €€ MHIUBHUIYyaIbHBIMHU B3aUMOJICHCTBUSIMHU C MOJICKYJIaMHU
JKUJIKOCTH WM Ta3a.

[Tponeccrl mepeHoca UMIMYNbca U TeIjia B HAHOKUAKOCTSAX, Mo100H0 nuddy3un HaHOYa-
CTHII, HE OMMUCHIBAIOTCS KJacCMueckuMu (opMynamu DiHIITEeHHA 1 MakcBesuia axe mpu Ma-
JBIX 0OBEMHBIX KOHIICHTPALUAX HAHOYACTUIL. MaccoBasi KOHIICHTpALUs HAHOYACTHUI] CTAHOBUTCS
BRXHBIM (DAKTOPOM, BIHSIOIIAM Ha KOA(P(OUIUEHTHI BSI3KOCTH M TEIDIONPOBOMHOCTH. JloGaBka
HAHOYACTHI[ B JKUJIKOCTh OyJeT MPHUBOAUTH K YBEITUYCHUIO ITHX Kod(uimeHToB. C ogHOH CTO-
POHBI 3TO BBI3BAHO OOJIBIIUM YIIOPSIIOYMBAHHEM MOJIEKYJT BOJIM3HM MOBEPXHOCTH HAHOYACTHUIIHI,
C JIpyroii —3aMeasieHueM pellaKCallii KOPPENSUOHHBIX (YHKIUN MOTOKOB UMITYJbCca M TEIlia
MPUIBIKECHUH MAaCCUBHBIX HaHOYACTHUI]. OTMETHM, UTO KHHETHUYECKas TEOPHs Pa3peKEHHbIX Ha-
Hora3zoB3Becel [19] mpezacka3bpiBaeT, YTO UX BA3KOCTh MpPH J00ABICHUHM HAHOYACTHUIl MOXKET Kak
YBEJIIMYUBATHCS, TAK U YMEHBILIATHCS.

AHanu3upyst SKCIIepUMEeHTaIbHbIE JaHHBIE 10 U3MEPEHHI0 KO3 (HULIMEHTOB NEpeHoca Ha-
HOXUJIKOCTEH, CleAyeT yAesaTh NOBHIIIEHHOE BHUMAaHHUE ONPEIEICHUIO Pa3MEepOB HAHOYACTHUI] U
uX xapakrepucTuk. KoHeuHo, Ha MpakTUKE HE YAACTCs CO34aTh MOHOAUCIIEPCHYIO HAHOXKUIKOCTb.
Camo 1o cebe 310 He oueHb Oonbliast mpobiaema. OgHAKO IS TPAaBUIBLHONW MUHTEPIPETAIH JAaH-
HBIX HeoOxoamma uHOOpMaIHs O pacHpelesiCHMH HaHO4YacTHI[ 1Mo pa3zmepam. Cremyer Takxke
UMETh B BUJLY, YTO UCIIOJIb30BAHUE PA3IMYHOTO POJIa MOBEPXHOCTHO aKTUBHBIX BEIIECTB, MPETISIT-
CTBYIOIIUX KOATYJISIIMU HAHOYACTHUII, CYIIECTBEHHO MEHSIET UX XapaKTEPUCTUKH.

MeToa MONeKyIIpHON THHAMUKU CTAHOBUTCSI CETO/IHS OTHUM M3 BaKHEHITUX HHCTPYMEH-
TapueB JUIsl U3yUEHUsI CBOMCTB MEpPeHOca HAHOKUAKOCTEeH. ET0 OCHOBHBIM JJOCTOMHCTBOM SIBJISI-
€TCSl BO3MOXKHOCTh KOHTPOJIUPOBATH MMapaMeTphbl HAHOKUIKOCTH U U3MEHSTh UX HE3aBUCHMO U B
JIOCTATOYHO IIUPOKUX TMpezenax. BMecte ¢ TeM NpUHIMITHAIBHBIM BOIIPOCOM IMPUMEHEHHUS 3TOTO
METO/Ia SBJSIETCSI BEIOOP MCIIOIB3YEMOTO JIJIsi MOJISITMPOBAHUS TIOTEHITAIA B3aUMOJICHCTBHSI MO-
JIeKyJ1 Hecyllled cpebl ¢ HaHouacTUIlaMu. [ MoaenupoBaHus CBOMCTB MepeHOca HaHOYACTHUIL
B JIUTEpaType MCIIOJIb30BAIKNCh TNIaBHBIM 00pa3oMm Tpu mnoteHuuana: Jlennapn-Jxonca (JI-1),
Kuxapsr u Bukca—Uenpepa—Annepcena [31]. OcHOBHO# mpo06aeMoit Mpy MOJSITMPOBAHUN B3a-
MMOJICICTBHSI HAHOUACTHUIIA-MOJIEKYyJIa C TOMOIIBIO YKa3aHHBIX MMOTEHIIUAJIOB SIBISIETCSA BHIOOD MX
KOHCTaHT. DTH MOTEHIHAJIbI CO3/1aBaJIUCh ISl OMMCAHUS MEXMOJICKYIISIPHBIX B3aUMOJICHCTBUI U
M3BECTHBIC KOHCTAHTHI IPUMEHUMBI UMEHHO U TOJIBKO it 3TOH 11einu. COBEpILeHHO HE SICHO, Ka-
KHUMH OHU JIOJIKHBI OBITH MPU ONMUCAHUU B3aUMOJICUCTBUS MOJeKyaa-uyactuua. [1o aToit mpuunne
JIaHHbIE TIOTEHIIMAJIBI TIO3BOJIIOT MOJYYUTH JIMIIbL HEKOTOPbIE KAaYECTBEHHBIC XAPAKTEPUCTUKH
HaHOXUJKOCTEH.

B cepum crareii rpyriibl, KOTOPYIO MPEICTABISIOT aBTOPHI (CM. JIUTEPATYpy) HCIIOIb-
30BaJICS TIOTEHIMAN TBEpABIX chep. OH MaeT B IEIOM NPABHIBHYIO Ka4eCTBEHHYIO KapTUHY
B3aMMOJICHCTBUS ¥ MO3BOJISET MOJYYUTh 3HAUYCHUS KOAPPUIIMCHTOB ITEPEHOCA, OJHAKO BCE-TaKU



Mooenuposanue k03¢ puynuenmos nepeHoca HaHoOHCUOKocme 175

ABJIIETCS] BECbMa MOJIETIbHBIM. Tak, ¢ €ro moMoIlbio He yaeTcs NpecKa3arh IPaBUIbHYIO 3aBU-
CUMOCTb KO3(DPUIIMEHTOB MepeHoca OT TeMIieparypsl. J{is 3Toil near HeoOX0UMMO UCTIOIB30BATh
Oosee peaTlCTUYHBINA MOTEHIIUAT.

Bwmecrte ¢ Tem Pynsikom B.S. u Kpacnonmykum C.JI. st onucanusi B3auMOJCMCTBUS Ha-
HOYACTHUIl C MOJIEKYJIaMU Hecylle cpelbl OblI pa3paboTaH crenualbHbIi noTeHuuan [3], ma-
paMeTpbl KOTOPOIrO OMPEAEINSIOTCS N0 napaMmerpaMm noreHuuana JI-J[ B3auMoaeicTBus MOJNEKYJ
¢ aromamu (MoJieKyJaMHu) HaHouyacTHLbl. [lo31Hee Ha ero ocHoBe Oblla pa3BUTAa KMHETUYECKAs
TEOpUsl PA3PEKEHHBIX HAHOTIa30B3BECEH, YIIOMUHABIIASCA B JAHHOW crarbe. Kaxercs BroiHe
€CTECTBEHHBIM HCIIOJIb30BaTh 3TOT MOTEHUKAI U B M/] MonenupoBaHuH.

Pa6ora BbimonHeHa npu yactuuHoil nogaepxke PODU (rpant Ne 10-01-00074) u de-
JepaJIbHON LieneBOM nporpaMmsl «HaydHble M HayqHO-IIEJarornyecKue KaJapbl HHHOBALIMOHHOM
Poccun» Munobpuayku PO (konTpakt [1230).
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We have developed a theory of the one-phonon intraband resonance scattering of electromagnetic radiation (IRSER)
in anisotropic quantum dots subjected to an arbitrarily directed magnetic field. The differential cross section of
scattering is obtained. The resonance structure of the cross section is studied. It is shown that the quantum dot
subjected in a magnetic field can be used as the detector of phonon modes. The interesting multiplet structure of the
resonance peaks is studied.

Keywords: quantum dot, resonance scattering.

1. Introduction

Theoretical [1-7] and experimental [8—12] studies of the resonance scattering of electro-
magnetic radiation in quantum dots (QD) taking into account the interaction with optical phonons
are of great interest because the understanding of the scattering mechanisms is of fundamental
importance for the applications. If the energy levels of the structure are discrete, the scattering
becomes stronger resonantly. Such resonance scattering can provide the direct information on
the electronic structure, phonon spectrum, and optical properties of QDs [13]. The most part of
investigations is devoted to studying the interband resonance scattering. However, we suppose
that the intraband resonance scattering is also of great interest because the distance between
discrete levels in QDs can be done of order the optical phonon energy with help of the magnetic
field. As a result we can use the magnetic field as the effective instrument to control optical and
phonon properties QDs. It is important to note that the optical phonon emission is known to play
a dominant role in QDs among the scattering mechanisms present in polar semiconductors.

Modern nanotechnology enables one to fabricate quantum dots of different shapes. In the
past years the significant interest has been given to quantum wells and QDs that are characterized
by an asymmetric confining potential [14-16]. In this work we present a theoretical study of
the intraband resonance scattering of electromagnetic radiation in an anisotropic quantum dot
subjected to a uniform magnetic field arbitrarily directed with respect to the potential symmetry
axes. The applied magnetic field gives us the possibility to change the distance between levels
and to adjust the energy levels of QDs on the various phonon modes. The study of the different
polarization for the incident and emitted radiation yields the additional information about the
phonon spectrum. Note that the study of IRSER lets us to obtain the simple analytic formulae for
the cross-section in the case of anisotropic QDs.

IRSER in our case can be qualitatively described in the following way: the absorption of
quantum Aw; of the high-frequency field (laser pump), emission of optical phonon Awg (photon
hws) in an intermediate state and emission of photon Aw, (optical phonon fwg) in the initial state



Intraband resonance scattering of electromagnetic radiation 179

(see Fig. 1). In this approach, the cross section of resonant scattering is calculated from third
order time-dependent perturbation theory.

(a) (b)
o' o' -
f A i flwg
' hw, hw, o Y
E : hw, E
o : Y o : \ J

FIG. 1. Transitions leading to resonant absorption

We model the semiconductor QD using the asymmetric parabolic confinement V' (r) =
m* (L + Qy® + Q22°)/2 (here m* is the electron effective mass, Q; (i = z,y, 2) are the
characteristic frequencies of the parabolic potential). The spectrum of electrons in such dot
placed in an arbitrarily directed magnetic field B with the vector potential A = (B,z/2 —
B,y,0, B,y — Byx/2) has the form &,,; = hwi(n + 1/2) + hwo(m + 1/2) + hws(l 4+ 1/2)
(n,m,l =0,1,2,...), where hybrid frequencies w; (j = 1, 2, 3) are obtained from the sixth-order
algebraic equation [18].

2. Differential cross section

The differential resonance cross section d?c/dQdw, of a volume V' per unit solid angle
dS) for incident radiation with the frequency w; and emitted radiation with the frequency w; is
given by [5] in analogy with the Raman cross section

d*o V2winn?
= 3 — W sy Cs 1
dQdw, 8mictw; (s, €) 1

where n;(ng) is the refractive index of the medium with frequency w; (w;), ¢ is the velocity of

light, e, is the unit polarization vector of the emitted radiation. The transition rate is calculated
according to

2
W (wsse) = 2 D [Waal* 6w — o, — ), @

where o = (n, m, ) are the quantum numbers of the initial electron states in QD.
We consider only resonance transitions. In this case the scattering amplitude probability
for phonon emission in QDs is described by a sum of two terms

Wow = 3 (aHp(w,)|o") (" | Hp|a) (o' | Hp(w)|o)
o (&Ta/ — Ea — hwi)(&fa// — Ea — hwz + hwq)

(aHyla") (0" |Hr(ws)|o!) (0| Hp(ws)|o)
(&Ta/ — Ea — hwi)(&fa// — Eq — hwz + hws)

€)

a/’a//
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The first term in Eq. (3) corresponds to the transitions depicted on Fig. 1a, the second term in
Eq. (3) corresponds to the transitions depicted on Figure 1b.
Here H| is the operator electron-phonon interaction

H = Z DCqexp(igr) + c.c, 4)
q
where Dy is the electron-phonon coupling constant.

The operator of the electron-photon interaction can be expressed as

e 2rh N
m* EW

eP

Hp = ) (5)
where N is the number of initial-state photons with frequency w, e is the polarization vector and
P = p — eA/c is the generalized momentum, ¢ is the real part of the dielectric constant.

A direct calculation of the matrix elements of electron-photon and electron-phonon
interactions is a complicate problem in our case. However, the method of canonic transformation
of the phase space allows us to resolve this problem using only simple calculations from linear
algebra [18]. In particular, in our preceding papers we used this method to study hybrid [19],
hybrid-phonon [20] and hybrid-impurity resonances in this system [21].

Using the results obtained in [19], we can write the matrix elements of the operator Hp
in the following form

. N
('m' V| Hglnml) = iehy/ -~ x [Xlx/n EET SRY SV o
mrew (6)
+X2 vVim + ]-6n,n’5m’,m+15l’,l + XS \% [ + ]-6n’,n5m’,m5l’,l+1 .
where the coefficients X; (« = 1, 2, 3) were found in [19].
We introduce the notation
n”!m//!l”! 1/2 n —n!!
J(n//m//l//7n/m/l/) — ( n/!m,!l,! ) (_1)

X (—1)m/_m"(—1)l/_l" explip(n’ —n')] (7)

n  m!—m
2

x explipa(m’ —m”)] explips(l' = I")]gi~
xgs LT (g L™ (g3) L (g5).

Here g; = /A2 + k21215, tang; = k;12/X;, 1; = /h/m*w; (j = 1,2,3) are the hybrid
lengths, , Lﬁ'(x) are the generalized Laguerre polynomials, \; = A(b1;q, + b2igy + bsiq.) (@ =
1,2,3), Ki—3 = b1;qz + b2iqy + b3iq. (1 = 4,5, 6), bj; are components of the transition matrix [21].

Using (7), we can write the matrix elements of the operator electron-phonon interaction
as

(n'm/U'|Hy|n"m"l"y = Z Dyy/Nyexp(—g®/2)
q

X exp[— (k1M1 + Koda + K3A3)i/2] T (0" m"l" ;. n'm'l"),

(8)

where N, is the number of phonons with the wave vector q and g* = ¢f + g3 + g3

Substituting (6) and (8) into (3) after some cumbersome algebra it is possible to get analytic
expression for WW,,. We consider only the resonance scattering. In this case the frequency of the
pump is equal to the distance between the levels of QD. For definiteness, assume that we pump
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the QD by the laser with frequency w; = w;. Then we need to keep only resonance terms in the

formula for W,,,. In this case for the first term in Eq. (3), we obtain

= (el flne)le’) o ) e
oo <€O‘l —&a— mi)(‘ga” —&a — hwi + hﬁ&)q)

| N;(Ns+1)
= _m . wle ZD \/7€Xp 2/2 o)

vn+1 XZ

X eXp[—</€1>\1 + /€2>\2 + /ﬁd)\g)Z/Q] o
W1 — W

|Vt 1X5 J(nm + 11, n + 1ml) +\/H— 1X5J(nml +1,n + 1ml)
Wy — W; + Wg w3 — W + Wy

Here the indexes 7 and s are referred to the incident and emitted photons, respectively
The second term in (3) has the following form

3 (a| Hplo”) (0" | Hp(ws)|o') (| Hr(ws)|a)
o .ol - hwl + hws)

me? N;(N +1
T mre W;Wsg ZD Y No exp( g/2
(10)
Vi +1X]

X expl=(rids + Fada + kg ha)i /2] ————
1 — W

VIXE T (nml,n 4 1ml — 1)
W1 — Wy — w; + Wy

(Ear — € — Bw;) (e — €4

" VmX5J(nml,n + 1m — 11) N
W1 — Wy — W; + Wy

Now we need to sum these terms to get WW,,. Taking into account the conversation law hAw; =
hwq + hw, we can transform denominators in Eq. (9) and Eq. (10). In this case we get for W,

the following formula

_ w [N(N,+ 1) )
Woa = p— . ZD \/ Nq exp(—g~/2)

VT

X exp|—(K1A1 + Kade + K3A3)i/2
p[—(K1 A1 22 33)/]%_% (1)
x{ 2 [\/m—i-lJ(nm—l—ll,n—i-lml) —vmJ(nml,n+ 1m — 11)]
Wy — Wy
S
+ [\/l+1J(nml+1,n+1mZ) —\/ZJ(nml,n%—lml—l)}}

w3 — Wg
We can transform the differences in Eq. (11) using the recurrent formula for the Laguerre
polynomials L2t = (n + a + 1)L%(z) — (n + 1)L, (x). As a result we get for the first

difference

vm + 1J(nm + 1, n + 1ml) — v/mJ(nml,n + 1m — 11) 12)
= —exp(ipr) exp(—iga)g192 Ly (97) L (92) Li(95)
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The second difference in Eq. (11) is calculated in analogy with Eq. (12). Using the obtained
estimation, we get the following formula for the square of the scattering amplitude probability

m2e* N;(Ng + 1)
m*2 WiWs

(Waal® = Z!D ?Ng exp(—g°)gt

(n+1)(X3)*

X [Ly, (g9))* [ Lin (93)* [ La(93)]? (13)

(w1 — w;i)?
X5 , X5 P
_922a exp(—ips) + 3 exp(—ips3)
Wo — Wy W3 — Wsg

Then we can write the final formula for the cross-section taking into account the smearing
of the hybrid levels by collisions

d*c Vw nZeN (N +1

dQdw,  4Rn.ctm Z | Dg|* Ng exp(—g?)
1)(X;
<GP L P »
3 S 2
92X2 eXp<_l'902) + ngS eXP(—ZQO:;)

where I is the lifetime broadening.

3. Results and discussions

Equation (14) clearly shows that if one ignores the optical phonons dispersion and if the
frequency of the pump is equal to w; then we have the input resonance on the frequency w;
and the output resonance on the frequencies ws and ws. Note that it is forbidden transitions with
simultaneous changing more than one quantum numbers in the case of absorption (emission) of
photon due to the selection rules. The possible transitions is shown on the Figure 2.

It is important to note that the hybrid frequency wy (kK = 1,2, 3) is determined by the
magnitude and the direction of the magnetic field (i.e. they can be tuned with the help of the
magnetic field). Hence, using the tunable laser and changing, for example, the magnitude of the
magnetic field we can register phonon modes (with frequencies w,; = w; — wy and w, = w; — w3)
in quantum dots as series resonance peaks in the dependence of the cross section on the magnetic
field. The frequency of the phonon mode can be determined from the dependence of the magnetic
field on the hybrid frequencies.

Let us now to study effects arising due to the dispersion of the phonons. Replacing the
sum over the phonon wave vector by the integral in Equation (14) and assuming a parabolic
dispersion low for long-wave phonons w, = wy(1 — wy *V2¢?), where wy is the optical-phonon

threshold frequency and Vi is the speed of sound, we can easily evaluate the integral with respect
to |q| thanks to the presence of a delta function 6(w; — ws — wy).



Intraband resonance scattering of electromagnetic radiation

H1ml A

F1G. 2. Possible transitions leading to the resonant absorption in the case of
anisotropic quantum dots. The dotted curve corresponds to the absorption of the
pump field with the frequency w;. The solid line corresponds to the transitions
with the change of the quantum number m. The dashed curve corresponds to the
transitions with the change of the quantum number /.
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F1G. 3. Differential cross section (in arb. units) as a function of a magnetic field
in the case of transition from the ground state and emission of PO-phonons,
wo=12x102s1 w, =1.3x10% s, w, =1.4%x102 s w, =7.1x10% s %,
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Converting to spherical coordinates we obtain the following equation for the differential
cross section

d*o Vw?nge'N;(N, + 1)NOW3/2
dQdw, 8h2V3nscAm*2 /| Awy|
2T T
X /dgp/sin0d0|Dq|2eXp(—y2)yf
0 0 (15)
1/ 2\12 2112 2\12 (n+1)(Xf)2
X[ Lo, (7)) L (y2) " [ La (y3)] (w1 — w;)? + 2

S S

Yo X5 . ys X3
X | ———=——exp(—1i e ——
Wy — wg — I’ p(=i2) w3 — wg — I

2
eXp(_iSOS) )

Here we replace Ny by the Plank distribution function Vg, y; can be obtained from g, if we
write the vector q in the spherical coordinates, Dy depends on the electron-phonon interaction
and Awy = w; — ws — wWo.

Let us consider, first of all, the polarization potential scattering (PO phonons). In this case
the electron-phonon coupling constant

9 2\/5%712041;@03/2
Dyl = 0 (16)
vVm*q
Then we can rewrite Equation (15) as
d*oc  \2aVwinnie' N;(N, + 1) Now?
dQdw, 4V3cAm*3/2e2| Awg |3/
2 s
/dw/sin 0d0| Dyl exp(—y*)y;
0o 0 (17)

s (n+ 1)(Xf)2
(w1 —w;)?+ 172

XLy (1) (L (92) [ L (3)]

Yy X5
Wy — wg — I’

2

XS
Y323 exp(—igog) )

eXp(—wg) + w3 — wg — I

The cross section depends on the polarization both the input signal and output one. Let us
consider the case when the polarization vector of the incident and emitted fields are perpendicular
to the magnetic field. In this case the hybrid frequencies are determined by the formulae w; » =

V(% + Q)2+ w2 £ /(% — Q)% + w?]/2, w3 = (2, and the values of y; (j = 1,2,3) have

the following form
w0|Aw0 sin 0
Yji =
f 2\ \/wQQQ — w22 (18)

x [(QF — wi)?sin® ¢ + wlw; cos go} 12

Note that in this case X; =X JS (y = 1,2, 3). Equation (17) clearly shows that the Raman cross
section has singularities at the points where Awy = 0. On the Figure 3 it is shown the dependence
of the Raman cross section on the magnetic field (here we taken into account the finite phonon
relaxation time).
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F1G. 4. Differential cross section (in arb. units) as a function of a magnetic field
in the case of transition from the ground state and emission of DO-phonons, Other
parameters coincide with those of Fig. 3

The different situation takes place in the case of deformation potential scattering (DO
phonons). The cross section of deformation potential scattering connected with one of polarization
potential scattering by the following estimation

d20'p0 . me dQO'DO (19)
dQdw, 20 Awo| dQdw,

It is important to note that in the points where Awy = 0 the differential cross section is equal
to zero in contradiction to the case of PO-phonons. In the case of DO-phonons the cross section
has the complex doublet structure. The width of the resonance curve is enough small (of order 1
Oe) in this situation. In the most simple case of transitions from the ground state n =m =1 =10
the resonance curve consists of two symmetrically positioned sharp peaks to the left and right of
the point Awy = 0 (Fig.4). In the case of transitions from the state n = m = [ = 1 each of the
doublet peaks splits up into two ones (Fig.5). If we take into account the finite phonon relaxation
time in QDs, the resonance curve doesn’t change its form in the difference from the polarization
scattering but its minimum displaces in the point where Aw + 7= = 0 (here 7 is the relaxation
time).

In conclusion, we have investigated theoretically the intraband resonance scattering of
electromagnetic radiation in the anisotropic quantum dots in the presence of arbitrarily directed
magnetic field. We showed that resonance scattering lets us to detect phonon modes in QD
using the tunable laser and changing magnetic field. If we ignore optical phonon dispersion, we
have a resonance peak corresponding to the emission of optical phonon mode. The interesting
doublet structure of peaks arises if one takes into account the dispersion of long-wave optical
phonons in the case of deformation scattering. In this case the resonances let us to observe the
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F1G. 5. Difterential cross section (in arb. units) as a function of a magnetic field in
the case of transition from the state n = m = [ = 1 and emission of DO-phonons.
Other parameters coincide with those of Fig. 3

threshold frequency of optical phonons. In the resonance point the cross section is equal to zero
but in a small neighborhood of this point cross section has symmetrically positioned (to the left
and right) peaks. The number of peaks depends on the initial quantum state. We hope that our
calculations can further stimulate more experimental measurements on the resonance scattering
in semiconductor QDs.

Present work was supported by the Russian Foundation for Basic Research and the Grant
of President of Russia for Young Scientists (MK-2062.2008.2).
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NHDOOPMALIUA U ITPABUIA 1JIAA ABTOPOB

TpedoBanusi K 0pOPMIICHHUIO CTATEH JJIS dKYPHAIA
«HaHnocucrembl: (pU3MKA, XUMHUA, MATEMATHKA

OcHOBHBIE 10JI0OKEHHS

XKypHan npuHUMaeT K myOIMKaluu UCCIIEA0BAaTENILCKUE U 0030pHBIE CTAThH, a TAKKE
KpaTKue HayuyHble COOOIIEHUS, HUTJE paHee He ONmyOIMKOBaHHBIE U HE MPUHSATHIE K U3JaHUIO
B Jpyrux xypHaigax. CTaTbll MOTYT OBITH NPEIOCTABICHbI HAa PYCCKOM HJIM aHTJIUICKOM
a3bike. [l crarei, HamMCAHHBIX Ha PYCCKOM SI3bIKE HEOOXOJMMO MPENOCTaBUTH IMEPEBOJ
Ha3BaHUS U aHHOTAlLMM HA aHIVIMMCKUN A3BIK. Bece cTaTbyu pelieH3upyroTCs, MOCIe 4Yero Mpu
HEO0OXOAMMOCTH BO3BpAIAlOTCSI aBTOPY Ha JopaboTKy. [1naTa ¢ acmupaHTOB 3a My OIMKaIINIO
pyKOIIUCEN HE B3UMAETCHI.

IIpeaocraBisieMble MAaTEPUAJIBI

1. @aiin cTaThby HA PYyCCKOM WJIM aHTJIMKMCKOM S3bIKE, coneprkamuii nuaekc Y K, HazBanue
CTaThH, MHUIMAIBI M (DAMUITIUIO aBTOPOB, IMOJTHOE HAa3BaHHE MeCTa PabOThI, IIEKTPOHHBIN
aZpec, aHHOTAaIMIO, KItoueBble ciioBa, mHAEKC PACS (pekoMeHI0BaHO), TEKCT CTaThH,
CITUCOK JIUTEPATYPHL.

2. @ainel ¢ WUTIOCTpAMSIMU, (aiiabl ¢ TAOIUIIAMH.

3. @aiin ¢ mepeBOAOM Ha AHTIUNCKUN S3BIK HA3BaHWs CTAaThd, GAMWIMM U WHUIUAIOB
aBTOPOB, Ha3BaHUS MeCTa pabOThI, AaHHOTAITHH.

4. CompoBOIUTENBHOE MHCHMO, COjepkKaliee WHPOPMAIUIO O CTaThe (Ha PYCCKOM SI3BIKE:
Ha3BaHWe cTaThu, uWHAEKC YJIK, Kiro4eBble CcjOBa, aHHOTAalWsA, JUTEpaTypa; Ha
AHTJIMMCKOM SI3bIKE: Ha3BaHHWE CTAaTbU, aBTOPHI, KIIOUYEBBIE CJIOBA, aHHOTAIUs1) U O BCEX
aBTOpax ((pamwmnmu, MEHa, OTYECTBA, TIOJHOE HA3BaHUE MECT pabOThI, TOYTOBBIN aJIpec ¢
WHJICKCOM, HOMEp KOHTAKTHOTO TeseoHa C KOJIOM ropo/ia, JIEKTPOHHEIHN aJipec).

5. DxcnepTHOE 3aKiI0ueHHE O BO3MOKHOCTH OIMyOJMKOBAHHUS CTaThU B OTKPBITOM TEYaTH
(nnst aBTOpOB M3 Poccun).

ABTOpCKHE MaTepuaabl MOTYT OBITh IEpeJaHbl B PEAAKIMI0O Ha JIFOOOM 3JIEKTPOHHOM

HOCHUTEJIE WU MPHUCIaHbl Ha JIEKTPOHHBIN aapec popov(@mail.ifmo.ru.

TpedoBanus Kk 0(popmMIeHHIO TEKCTA

CraTbH BBITTOTHSIOTCS B TEKCTOBBIX penakTopax MS Word mnu LaTeX (Heo6xoanmo
npuwioxkute komuto pdf). B HasBanum ¢aiioB wucnonb3dyercs aHMIMHCKUAN andaBuT.
PexomenoBaHHBIN 00BEM KpaTKUX COOOIIEHUM 4-6 CTaHUII, UCCIIEIOBATEIBLCKUX cTaTen 6-15
cTpaHull, 0630poB A0 30 cTpaHu.

®opmat ctpaHuibl — A4, 10JIsE CTpaHULIBL: IPABOE - 2 CM, OCTajbHbIE - 2,5 cM. Hlpudt
— Times New Roman, pasmep mpudra — 12 pt, MexcTpouHbIlii UHTEpBan — 1. AO3alHBIA
orctyn — 1,5 cMm.

Ha3panme cratbu mneuyaTaeTcs 3arjaBHbIMM OykBamM, pasmep mpudra 16 pt,
MOJTY>KUPHBIN, BBIPABHUBAETCS IO LIEHTPY .

Wunnpansl w  ¢amMwinum  aBTOpoB mevaratorcss wmpupToM 12 pt, oOBIYHBIN,
BBIPaBHUBAETCS 110 LIEHTPY.
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HaszBanue opranmzanmu W DSJCKTPOHHBIA anpec mniedaraercs mpudrom 12 pt,
OOBIYHBIH, BEIPABHUBAETCA MO LIEHTPY.

AHHOTanusa mnevataetrcss mwpupToM 10 pt, OOBIUHBIN, BBIPABHUBAECTCS MO LIMPUHE.
O0beM He HomKeH TpeBbimath 150 crnos.

KimoueBbie cnoBa mewaratorcss mpupTom 10 pt, OOBIYHBIN, BBIPAaBHHBAETCS 10
LIMpPUHE.

HazBanue paszznenos neuaratorcst mpudrom Times New Roman, 12 pt, momyXKupHBIH,
MEXXCTPOUYHBIM MHTEPBAJ - 1, BEIpABHUBAETCS 110 JIEBOMY KParo, OTACIAETCS OT MPEAbIAYIIErO
paszaena noJlyTOpHOM IyCTOM CTPOKOM.

HasBanme mnoapasnenoB mevaraorcs mpudrom Times New Roman, 12 pt,
HOJTY>KUPHBIN, MEKCTPOUHBIM MHTEPBAI - 1, BEBIpABHUBAETCS I10 JIEBOMY Kparo, OTAENSIETCA OT
IPEIbIIYIIEro Moapa3eiia MyCcToi CTPOKOH.

[ommucn k pucynkam mnedatarorcs mpuprTom 10 pt, oObruHBIN, 0e3 ab3amHOTO
OTCTYTIa, BbIpaBHUBaeTCA o mmpuHe. OOpaser noJmucH:

®dopmynel HabuparTes B pegaktope Math Type. yHKIMM U CUMBOJIBI XUMUYICCKUX
aneMeHToB Habupatotcs mpudtom Times New Roman, mpsmoii; nepemennsie Times New
Roman, HakioHHBIN; Tpedeckue OykBbBI -Symbol, mpsmoii; cumBonel - Symbol, npsmoii;
MaTpullbl-BekTopa - Times New Roman, npsamoit, momy>kupHblit; yucna - Times New Roman,
npsimoi. Pasmepsl: oObluHbIN — 14 pt, kpynHblil uHaekc — 10 pt, Menkuit uaaekc — 8§ pt,
KpyIHBI cuMBoII — 16 pt, Menkuii cumBon — 12 pt.

CchUTKM Ha CHIHCOK JIMTEPATYphl TAIOTCS TOJBKO B TEKCTe CTaThH HH(pamMu B
KBaJpaTHBIX CKOOKax. CIMCOK JIuTepaTypbl 0(hopMIIIETCs 10 cleayroleMy oopasiy:

1. ®amunus N.0., amunmus 1.0, Hazeanne kuuru. Hayka, CII6., 2000, 281 c.

2. ®amunus U.0., ®amunus 1.0. Hazpanue crathu. HazBanue xxypnana, 2000, 1(5), 17-23.

3. ®amuus U.0., @ammnua W.O. Hazpanume noknaga. COOpHUK TpyAOB KOH(EpEHLUU
«Ha3Banue KoH}pepeHInn», MECTO U JaTa MPOBEICHUS.

4. ®amunus U.0., ®amunus U.0. Hassanue crarou. 2010. (http://books.ifmo.ru/ntv).

5. Haspanwme marenra: nmat.1111111 Poc. ®enepanusa: MIIK H04 B 1/36, MBanos 1.1., 3ass.
u nmaterroods. HUMOI'OT'O, N 2000131517/09, bron. N 12, 3c.

TpeGoBaHus K HILTIOCTPANMSIM
WtrocTpaliii IpeIoCTaBISIOTCS. OTACIbHBIME YepHO-0enbiMu (paiimamu. dopMaThi
daiinos - jpeg, eps, tiff.
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PykoBoacTBo 1o nmoaroroBke crarbu B ISTpX

1. OcHOBHBIE NOJIOKEHUS

Kypnan npuHuMaeT K MyOJIMKalMM HUCCIEI0BaTEIbCKUE M O030pHBIE CTAaThbU, a TAKXKE
KpaTKie Hay4YHbIE COOOIICHMS, HUTAC paHee HE OMyOJMKOBAaHHBIE W HE NPUHSATHIC K W3IaHUIO
B Jpyrux xypHanax. CTtarbu MOTyT OBbITh NPEIOCTABIECHbI Ha PYCCKOM WJIM QHIVIMMCKOM SI3BIKE.
s crareid, HaMMCAaHHBIX HAa PYCCKOM SI3BIKE HEOOXOOMMO IMPEAOCTABUTH NEPEBOA HA3BAHUS H
AaHHOTALlMM Ha aHIIMICKUN sA3bIK. Bee cTaTbu penieH3upyroTcs, MOocie Yero Ipu HeoOX0IuMOCTH
BO3BPAIIIAIOTCS aBTOPY Ha JOPa0OOTKY.

2. HPEHOCTaBJ'IﬂeMLIe MaTepHaJibl

(1) ®aiin cTarby Ha PyCCKOM WJIM aHIVIMIICKOM s3bIKe, copeprkauuil nnaekc YK, nazBanue
CTaThH, MHUITUANBI U (DaMUJIHIO aBTOPOB, MTOJTHOE HAa3BaHUE MECTa PaOOThI, IEKTPOHHBIN
aZipec, aHHOTALIMIO, KIItoYeBbIe cioBa, HHACKC PACS, TeKCT cTaThu, CIIUCOK JIUTEPATYPHI.

(2) daitnbl ¢ WwLTOCTpAUAMH, GalIbl C TAOIHUIIAMH.

(3) daiin ¢ mepeBoOIOM Ha aHTIIMHCKHUMA SI3BIK HA3BaHUS CTAThH, (PaMUIUU U WHUITUATIOB aBTO-
POB, Ha3BaHMs MecTa pabOThl, aHHOTALIUU.

(4) CompoBonuTenbHOE MUCEMO, CofiepKaliiee HH(POPMALIKIO O CTaTbe (Ha PyCCKOM SI3bIKE: Ha-
3BaHuE cTarbu, UHAEKC Y/IK, KilroueBbIe Cl0Ba, aHHOTALMS, JINTEPATYPA; HA AHIJIUKCKOM
s3bIKE: HA3BaHWE CTAThbH, aBTOPHI, KIIFOYEBBIC CIOBA, aHHOTAIlMs) U O Bcex aBTopax (da-
MUJIHH, UIMEHA, OTYECTBA, IOJTHOE Ha3BaHHE MECT PabOTHI, TOYTOBBINA aJIpec ¢ MHIAEKCOM,
HOMEp KOHTaKTHOTO TeledoHa ¢ KOJOM ropoja, dJIEKTPOHHBIN aJipec).

ABTOpCKHE MaTepHajbl MOTYT OBbITh NEpelJaHbl B PEelakIUI0 Ha JIO0OM 3JIEKTPOHHOM
HOCUTEJIEC WM IIPUCIIAHBI HA DIIEKTPOHHBIN azpec popov@mail.ifmo. ru.

3. TpeOoBanus K 0(pOPMJICHUIO TEKCTA

Crarpu BBINOJHSIOTCA B TEKCTOBBIX pemakropax MS Word umn ISTEX . Ilpu ucmomns-
30BaHuM (popmara IXTEX BbI MOKETE€ MCIOJIB30BAThH JIIOOBIE KJIACCHI, BXOJALINE B CTaHIApTHBIE
JUCTPUOYTHUBBI, OJHAKO Bbl MOXKETE YCKOPUTH NPOLIECC NOATOTOBKU CTaThU K I€YaTH, €CJIU BOC-
noJib3yerech Kinaccom nsart.cls. O6bem crarel ykazan B Tadmuie 3.

Tun my6nukanuu O6beM B cTpaHuIax
Kparkoe coobiienue 4-6 cranuly
Uccnenosarenbckas crartbs | 6-15 cTpanuig
0O630poB 1o 30

TABIULA 1. O0beM crareit

dopmar ctpaHuibl — A4, oIS CTPaHULBL: IpaBoe — 2 cM, ocTasibHble — 2,5 cM. Ipudpt —
Times New Roman, pasmep mpudra— 12 pt, MEKCTpOUHBI HHTEpBaAI — 1. AO3aIHBIN OTCTYI —
1,5 cm. Ha3BaHue crarbu nedaraercs 3ariaBHbIMM OykBaMmu, pazmep wmpudra 16 pt, nomyxup-
HbI{, BEIPAaBHUBAETCSA MO LEHTpy. MHuLnansl u ¢pamMuauu aBTOpoB neyaratorcs mpugdrom 12 pt,
OOBIUHBIN, BeIpaBHUBAETCS 10 IeHTpY. Ha3BaHue opranuzanuu v 3J€KTPOHHBIN apec neyaraer-
cs wpudrom 12 pt, 0ObIUHBIN, BIpaBHUBAETCS O LIEHTPY. AHHOTaNus neyaraercs mpudrom 10
pt, OOBIYHBIN, BEIpaBHUBAETCS 10 mupuHe. OO0beM He oibkeH npeBbimark 150 cios. KiroueBbie
cioBa nevaratotTcst mpudTom 10 pt, 0ObIUHBIN, BEIpaBHUBAETCS 10 mKpuHe. Ha3zBanue pasnenos
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Puc. 1. Tekct nmoamnucu K pucyHKy

nevararoTcst mpudTom Arial, 12 pt, moxyXKUpHBI, MEKCTPOUHBIN HHTEPBAJ — |, BEIpaBHUBAETCS
0 JIEBOMY Kparo, OTIESAETCS OT MPEABbIIYLIEro pasziesia NoJlyTOpHOUM mycToi cTtpokoi. Hazsa-
HHE NoApa3/esoB nevaraorcs mwpudrom Arial, 12 pt, momyXUpHBIH, MEKCTPOUHBI MHTEPBAT —
1, BeIpaBHMBaeTCs MO JIEBOMY Kparo, OTHENAeTCsl OT IpeAbIAyLIero nojpasiena MycTol CTpo-
koil. Ilonmucu k pucyHkam mnedararorcs mpudtom 10 pt, oObluHbIN, 6e3 a03alHOrO OTCTYyHa,
BBIPABHMBAETCS 110 IIUPUHE.

3.1. Ha6op ¢opmya B peraktope MS Word

[Tpu odopmnenun crarbu B MS Word, ¢hopmynel Habuparorest B pegakrope Math Type.
Oynkiuu Habuparotcs mpudrom Times New Roman, npsimoii; mepemennsie Times New Roman,
HaKJIOHHBIH; Tpedeckue OyKBbI -Symbol, mpsiMoii; cuMBOJIBI — Symbol, ipsiMoii; MaTpUIIBI-BEKTOpA —
Times New Roman, npsmoii, nomyxxkupHsiii; uncia — Times New Roman, npsmoi. Pasmepsr:
00bIYHBIN — 14 pt, KpymHBIA HHAEKC — 10 pt, Menkuit UHAEKC — 8 pt, KPyHMHBIA CUMBOI — 16 pt,
MeJKUi cumMBoI — 12 pt.

3.2. OdopmileHne cMCKa JUTEPaTypPhI

CchUTKM Ha CITUCOK JIMTEPATYypPhl JAIOTCS TOJIBKO B TEKCTE CTaTbu LU(ppamMH B KBaJAPaTHBIX
ckoOkax. Crucok jauTeparypbl opopMIIIeTcs Mo cleayromeMy o0pasiy:

Jluteparypa

[1] damumus U.O., Pamunus 1.0. Ha3sauue kuuru // Hayka, C.-I1., 2000, 281 ctp.

[2] ®ammms U.O., @amumusa 1.0. Ha3Banwme crateu // Hazpanume sxyprama, 2000, 1(1), 17-23.

[3] ®ammms U.O., @amumus 1.0. Ha3sarme noknana / CoopHUK TpynoB KoHpeperunn «Haspanue koHpepeH-
LW, MECTO U JIaTa MPOBEACHHS.

3.3. TpeOGoBanusi K WILTIOCTPAUUAM

Nnmoctpanyy nperocTaBisioTcs OTAECIbHBIMU YepHO-0enbiMu (aitnamu. dopmars! ¢aii-
JI0B: Jpeg, eps, tiff. TekcT craTbu T0MKEH coaepkKaTh YKa3aHUs Ui pa3MELICHHsI PUCYHKOB, TaKXe
KaK ¥ MOJIMUCH K PUCYHKaM, cM. Haripumep Puc. 3.3.
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3.4. TpeGoBanusi k Ha3BaHusAM (ail10B

B nazanusax (aitios ucnonaszyercs aHnmiickuit andasut. [Toxanylicra, yka3piBaiiTe pac-
mpeHus GaiioB, COOTBETCTBYIOIINE UX coepkanuto. Crapaiitech BhIOMpaTh Ha3BaHUs (ailioB
PHCYHKOB COITIACOBaHHBIMH C UX HOMEpaMHu B cTaThe, Hanpumep: figl.eps, fig2.eps u T.1m.

4. Od¢opmiaenue cratbu B BTEX

IIpu moaroroske crarbu B ISTEX, nmoxanyiicra, BKIOYAUTE B PEIOCTABISIEMbIE MaTepra-
761 Kak ucxoaHbIi TekeT ISIEX, Tak u otkomnunuposanublii PDF ¢aiin. Bel MoxkeTe ncnonab3oBarhb
mo0ble makeTsl KTEX, KoTopbie BXOAST B CTaHAAPTHBIE TUCTPUOYTUBLI. ECiiu BbI BBIHYXK/ICHBI UC-
MOJIb30BATh CIIECIU(PUICCKUI MAKET, BB TOJDKHBI TPHIIOKUTH BCE HEOOXOMMMBIC JIJIsT KOMITUIISIIIAA
¢aiinel. OnpeneneHHble BAMU MaKpOChl HE JOJIKHBI TIEPEOIPENEIISATh YXKE CYIIECTBYIOIINE.

4.1. PucyHkm B TekcrTe

Jns BKJTIOYEHUSI PUCYHKOB B TEKCT MCHOJB3YWTE CTaHIApPTHBIE KOMAaHJbl, HalpUMeEp,
\includegraphics, unu co3naBaiite pucyHku ¢ nomombto komMana ETEX. Obparure BHU-
MaHUe, YTO UCIOJIb30BaHKHe KoMaH PostScript a1 coznanus crienuaibHbiX 3 (PEeKToB Hemocpe-
CTBEHHO B TE€KCTE CTaThH 3alpeIeHO.

5. Kiacc nsart

Jns ynpouienust moarotoBku crate B ISIEX ansa my6nukanuu B xypHaie «HaHocTpyk-
Typhl: (pU3MKa, XUMUS, MaTeMaTHKa» MbI MOATOTOBWIN Kilacc nsart.cls, HCHIOIb30BaHHUE KO-
TOPOT0 YCKOPHUT ITyOJIMKAIIMIO CTATHU.

5.1. Ha6op ¢opmya

s HaGopa BbIIENEHHBIX (POpMyYIT BB MOXETE HCIIONB30BaTh OKpY)KeHHEe equation,
Harpumep

(1)
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6. Oopaszen ogopmiieHusi cBeeHuid 00 aBTOpax

(ITomHOC HA3BaHKME CTAThHH)
CBEJIEHHMA Ob ABTOPAX
damunus

Nwms

OrtyecTBO

HazBaHue 0CHOBHOTO MecTa pabOThI
JlOmKHOCTD

VYuyeHas creneHb

VYueHoe 3BaHUNe

Homamnuii agpec
Homamnuii Tenedon
Pabounii Tenedon
MoOunbHbIH Tenedon
Anpec AIEKTPOHHOM MOYTHI
Last name

First name

The organization name
Position

Scientific degree
Academic rank
Personal address
Home phone number
Work phone number
Mobile phone number
E-mail

7. Oopa3zen ogopmiieHHus CBeleHUd 0 CTaThe

CBEJEHHNA O CTATBE
Ha pycckom si3bike:
Astopsl (1.0. ®amumst)
HazBanue craren

VK

AHnHoranus

KiroueBrie ciioBa
Crmcok auTeparyphl

Ha anrnmuiickom s3bIKe:

Asropsl (Ums amumust)
Ha3Banue crarbu

YK

AHHOTaIIUA

KroueBrie cnoBa
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SUMMARY

PHASE TRANSITION AND STORAGE OF QUANTUM OPTICAL INFORMATION
USING POLARITONS IN SPATIALLY-PERIODICAL STRUCTURES

A.P. Alodjants, S.M. Arakelian, S.N. Bagayev

In the paper we discuss various aspects both of phase transition and Bose-Einstein
condensation (BEC) problems for 2D gas for polaritons forming in semiconductor and atomic
micro- and nanostructures. The consideration is carried out taking into account current
experimental facilities and technological achievements. We offer new type of spatially-
periodical structure — polaritonic crystal (PolC), formed be 2D lattice of trapped two level
atoms interacting with e.m. field in the lattice of tunnel-coupled microcavities. The main
accent made on investigation of mechanisms of coherent polariton formation, which are
defined as coupled states of optical field and atomic medium for low branch polaritons. We
analyze different cases of variation (reduction) of group velocity of optical wave packets
under the condition of quasi-condensation (or true condensation) phenomenon for polaritons.
We have shown that PolC structure admits complete localization of polaritons which can be
used for low branch polariton quasi-condensation as well as for recording and storage of
quantum optical information for spreading optical irradiation.

Keywords: phase transitions, spatially-periodical media and photonic crystals, polaritons,
guantum information

Alodjants Alexander Pavlovich - Vladimir State University, Professor, D.Sc.,
alodjants@vlsu.ru

Arakelian Sergey Martirosovich — Vladimir State University, Professor, D.Sc., arak@vlsu.ru
Bagaev Sergey Nikolaevich — Laser Physics Institute of RAS (Novosibirsk), Director of the
Institute, Academician, D.Sc., bagayev@Iaser.nsc.ru

SIZE, MORPHOLOGY AND STRUCTURE OF THE PARTICLES OF ZIRCONIA
NANOPOWDER OBTAINED UNDER HYDROTHERMAL CONDITIONS

0.V. Almjasheva, B.A. Fedorov, A.V. Smirnov, V.V. Gusarov

The morphological and dimensional parameters of the nanoparticles ZrO,, synthesized under
hydrothermal conditions are determinate by transmission electron microscopy, small-angle
and wide angle X-ray diffraction, dynamic light scattering, adsorption and desorption of gases
on the surface. It is shown that only a joint analysis of the results of several methods allows
obtaining reliable information about these parameters of the nanoparticles. On the basis of the
study obtained under hydrothermal conditions ZrO, nanoparticles are characterized by an oval
(nearly round) shape, narrow particle size distribution and average size of about 12—18 nm.
Keywords: nanoparticles, nanopowder, zirconium oxide, hydrothermal synthesis, structure of
nanocrystal, form and size nanoparticles, electron microscopy, X-ray scattering, dynamic light
scattering.

Almjasheva Oksana Vladimirovna — Institute of macromolecular compounds of RAS, Senior
Staff Scientist, Ph.D., almjasheva@mail.ru
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Fedorov Boris Alexandrovich — Saint Petersburg State University of Information
Technologies, Mechanics and Optics, Professor, D.Sc.

Smirnov Alexander Vital’evich — Saint Petersburg State University of Information
Technologies, Mechanics and Optics, Associate Professor, Ph.D.

Gusarov Victor Vladimirovich — Saint Petersburg State Technological Institute (Technical
University), Head of Department, Corresponding member of RAS, D.Sc,
victor.v.gusarov@gmail.ru

NANOPOROUS MATRICES NPG-7 AND NPG-17 — OPPORTUNITIES
OF USING IN OPTICAL EXPERIMENT

0.V. Andreeva, LLE. Obyknovennaya

Characteristics of nanoporous matrices NPG-7 and NPF-17 producting from two-phase glass
«DV-1» according to technology which was developed in State Optical Institute named by
S.1. Vavilov are presented. The opportunities and results of using them in different scientific
and technical areas are discussed.

Keywords: nanoporous glasses, nanocomposite, pore diameter, free pore volume,
unshrinkable recording media, fullerene-containing nanoporous matrices, nanocomposite with
vanadium dioxide, phase states and phase transitions diagnostics.

Andreeva Olga Vladimirovna — Saint Petersburg State University of Information
Technologies, Mechanics and Optics, Associate Professor, Ph.D., olga_andreeva@mail.ru
Obyknovennaya Irina Evgen’evna — Saint Petersburg State University of Information
Technologies, Mechanics and Optics, Staff Scientist, Ph.D.

STRUCTURE OF CARBYNOID NANOTUBES
E.A. Belenkov, 1.V. Shahova

The theoretical analysis of possible structure of carbynoid layers and nanotubes was carried
out. The geometrical optimized structure fragments of layers, fragments of nanotubes and
carbynofullerenes, consisting from of carbyne chains connected among themselves by carbon
atoms in the state of sp2 hybridization was calculated. The energy characteristics carbynoid
nanostructures were determined. Was established, that nanotubes should be formed from
carbynoid layers, if the number of carbyne chains in cross section layer will be 7 and more.
Keywords: carbyne, carbon nanotubes, fullerenes, computer modeling, structure formation.
Belenkov Evgeniy Anatol’evich — Chelyabinsk State University, Professor, D.Sc., Professor,
belenkov@csu.ru

Shahova Irina Valer’evna — Chelyabinsk State University, Post-graduate student
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NANOTUBULAR COMPOSITES: SIMULATION OF CAPILLARY FILLING
OF MoS; NANOTUBES BY TiCly MOLECULES

A.N. Enyashin, A. L. Ivanovskii

The results of molecular dynamics simulations of the capillary filling process of MoS,
nanotubes by TiCl, molecules and the formation of the nanotubular composites
TiCl,@TMoS; are presented.

Keywords: MoS; nanotubes, capillary imbibition, TiCl,, simulation.

Enyashin Andrey Nikolaevich — Institute of Solid State Chemistry, Ural Branch of RAS,
Senior Staff Scientist, Ph.D., enyashin@ihim.uran.ru

Ivanovskii Alexander Leonidovich — Institute of Solid State Chemistry, Ural Branch of RAS,
Head of Laboratory, D.Sc., Professor, ivanovskii@ihim.uran.ru

PRICIPLE OF MODULAR BUILDING OF NANOSTRUCTURES:
THE INFORMATION CODES AND THE COMBINATORIAL DESIGN

V.V. Ivanov, V.M. Talanov

The principle of modular building of nanostructures has been formulated. The problems of the
choice of the module for modular design and the algorithm of combinatorial modeling both
have been described. The symbolic description of nanostructures by using of information
structural codes has been moved. The possible 1D one-periodic and 2D two-periodic
nanostructures from polygons with identical topologies and the corresponding plane and
volume cyclic and spiral nanostructures by combinatorial modeling method have been
designed. The multitudes of the 1D and the 2D base totalities of atoms have been fixed. The
brief review of research papers about crystal chemical peculiarities of the inorganic
substances building, the structures of which are included the designed nanostructures as the
structural fragments have been presented. The results of combinatorial modular design of the
polygonal nanostructures may be used for modeling new structural types of crystals, the
structures of which are included polygon-like structural fragments from atoms, 1D and 2D
polyhedral modules and modular blocks.

Keywords: the principle of modular building, information structural code, combinatorial
modeling, modular design, polygons, polyhedron, nanostructures

Ivanov Valeriy Vladimirovich — South Russia State Technical University (Novocherkassk
polytechnic institute), Associate Professor, Ph.D.

Talanov Valeriy Mikhailovich — South Russia State Technical University (Novocherkassk
polytechnic institute), Head of Department, D.Sc., Professor, valtalanov@mail.ru

RESONANCE ONE-BODY SCATTERING ON A JUNCTION
G. Martin, A.M. Yafyasov, B.S. Pavlov
In this paper we propose a synthesis of various approaches mixing computational modeling,

solving complex and sometimes ill-posed inverse problems and the development of efficient
analytic  perturbation procedures, which offer an analytic path to the solution of the
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mathematical design and optimization problems for constructing quantum networks with
prescribed transport properties. We consider the simplest sort of 2D quantum networks —
the junctions — and focus on the problems of the resonance scattering, caused by the
spectral properties of the relevant Schrddinger operator on the vertex domain. Typically,
1D features appear in the form of the single-mode scattering on the first spectral (energy)
band in the resulting solvable model, but the analysis of multi-mode scattering is possible
with our methodology. However, this comes at the price of assuming realistic (as opposed
to quite general) matching between the scattering Ansatz in the wires and the solution of the
Schrodinger equation on the vertex domain. Here this matching is based on a recently
developed version of the Dirichlet-to-Neumann map. We are further able to observe the
transformation of the discrete spectrum of the Schrddinger operator on the vertex domain
into the resonance features of the relevant scattering problem.

Keywords: scattering, junction

Martin Gaven — New Zealand Institute for Advanced Study, Massey University, Auckland,
Yafyasov Adil’ Malikovich — V. Fock Institute for Physics at the St. Petersburg University,
D.Sc., Professor,

Pavlov Boris Sergeevich — New Zealand Institute for Advanced Study, V. Fock Institute for
Physics at the St. Petersburg University, D.Sc., Professor, pavlovenator@gmail.com

EVOLUTIONARY APPROACH TO NANOSTRUCTURES FORMATION
LV. Melikhov

A model for nanostructures formation as a result of isolation of nanoparticles from
supersaturated environment with their subsequent modification with the purpose of giving
them needed qualities is suggested. Merging of nanoparticles into aggregations and merging
of the aggregations with each other is taken into consideration. Discrete and continual
equations of the balance of the number of nanoparticles and aggregations, allowing for a
possibility of their consolidation and disintegration have been given. Continual equation is
reduced to the evolutionary equation of the Fokker-Planck type, including frequency
functions, which describe the process of self-organization of the aggregations through
selection of more stable forms. Every stage of modification is characterized by its own
frequency functions which are subject to an independent finding. Frequency functions for all
kinds of impact used during the nanostructures formation might become the basis for the
methodology of their optimal synthesis.

Keywords: nucleation and growth of nanoparticles, aggregation and agglomeration, physical
and chemical modification, Fokker-Planck equation.

Melikhov Igor Vital’evich — Moscow State University, Chief scientist, Corresponding
Member of RAS, D.Sc., Professor, melikhov@radio.chem.msu.ru
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MODELING OF TRANSITION COEFFICIENTS OF NANOFLUIDS
V.Ya. Rudyak, A.A. Belkin

This paper discusses the mechanisms of transport processes in nanofluids, as well as the
results of investigations of the properties of these processes and the transport coefficients.
Characteristics of liquids analyzed in terms of the effect of nanoparticles on the relaxation
processes in the dispersed system and the interaction of nanoparticles with the solvent.
Particular attention is paid to the results of simulation of diffusion, viscosity and thermal
conductivity by the molecular dynamics method.

Keywords: nanofluids, thermal conductivity, diffusion, viscosity, molecular dynamics
method.

Rudyak Valerii Yakovlevich — Baker Atlas Russian Scientific Center, Novosibirsk State
University of Architecture and Civil Engineering, Head of Department, D.Sc., Professor,
valery.rudyak@mail.ru,

Belkin Alexander Anatol’evich — Novosibirsk State University of Architecture and Civil
Engineering, Associate Professor, Ph.D., a_belkin@ngs.ru

INTRABAND RESONANCE SCATTERING OF ELECTROMAGNETIC
RADIATION IN ANISOTROPIC QUANTUM DOTS

A.V. Shorokhov, V.A. Margulis

We have developed a theory of the one-phonon intraband resonance scattering of
electromagnetic radiation (IRSER) in anisotropic quantum dots subjected to an arbitrarily
directed magnetic field. The differential cross section of scattering is obtained. The resonance
structure of the cross section is studied. It is shown that the quantum dot subjected in a
magnetic field can be used as the detector of phonon modes. The interesting multiplet
structure of the resonance peaks is studied.

Keywords: quantum dot, resonance scattering.

Shorokhov Alexey Vladimirovich — Mordovian State University, Associate Professor, Ph.D.,
alex.shorokhov@mail.ru

Margulis Viktor Alexandrovich — Mordovian State University, Head of Department, D.Sc.,
Professor, theorphysics@mrsu.ru
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