13(1) & 2013

& HAHOCTPYKTYPb

MaremaTtHyeckas (pu3nKa 1 MOJENMpPOBaAHKE

&S

Nanostructures. Mathematical physics & modelling



#2015, Tom 13, N2 1

HAHOCTPYKTYPD

MaTeMaTn4eckKad CDVIBVIKa N MOOEJNMNMPOBAHWE

Nanostructures.
Mathematical Physics & Maodelling

2015, volume 13(1)




HaHOCTPYKTYPBbI.
MartemaTtunyeckasa u3nka u MmoaennupoBaHue

Penxonnerus:

N.B. Boaosuu, B.JI. T'osi0, B.B. I'ycapos, IL.LH. [Ibsiuxos, P.I'. Edppemos,
M.B. KapaceB (3am. znasnozo pedaxmopa), YO.E. JlozoBuk, M.A. Ma3o,
B.I1. MacsoB (eragustii peoaxkmop), A.B. Maxubopona (omeemcmeennulii
cexkpemaps), A.JO. Mopo3os, C.A. HuxkutoB, P.A. Cypuc, A.H. Tuxonos,
B.A. Tyaun, B.E. ®optoB, A.C. XoaeBo, A.P. Xoxuos, A.B. Yanauk,
JI.A. YUepno3atouckuii, K.B. Llajitan

DJIEKTPOHHASI BEPCHUs JKYyPHAJIa pa3MellaeTcs Ha caiiTe
http://nano-journal.ru

AZlpec pelaKIum:
123458, Mocksa, yn. Tamnuuckas, 1. 34, ka6. 433

+7 (495) 916-88-76
nanostructures@hse.ru

Mocksa

© 2015, EBporeiickuii TIEHTp MO KaYECTBY



HaHocTpykTypbl. MaTemaTtuyeckas donanka u mogenuposatue, 2015, tom 13, Ne 1

CopneprxaHue

J.A. Memxkos, B.A. ABeTucoB

CxJiaquaTbie MOJMMEPHbIE IJ100YJIbl KAK MOJIEKYJISIPHbIE MALIHHbBI:
JAU3alHH ¥ UCCIeI0BaHNE CTPYKTYPHO-THHAMUYECKHX CBOWCTB METOaMHU
KOMIBIOTEPHOTO MOJETMPOBAHMSI . . . . oottt ittt e et et e e e 5

WHbopManys ¥ MPABHUIIA T ABTOPOB . .« . v v v et e et ettt e e e e e e e e e e 99



Nanostructures. Mathematical Physics & Modelling, 2015, vol. 13(1)

Contents

D.A. Meshkov, V.A. Avetisov

Fractal globule as a molecular machine: design and research of structural
and dynamic properties

The information and rules for authors



Cknapyatble nonmMmepHble rmMoby bl Kak MONEKYASiPHbIE MaLLVHBL: AnM3aiiH 1 uccnegosanue, 2015, tom 13, Nel, 5-98 5

CKJIATYATBIE MOJUMEPHBIE I'JTOBYJIbI
KAK MOJIEKYJISIPHBIE MAIIIAHBI:
JIM3AVH U UCCJEJOBAHUE CTPYKTYPHO-
JTUHAMUWYECKHUX CBOMCTB METOJAMMU
KOMIILIOTEPHOT'O MOJIEJTUPOBAHUS

MemikoB JI.A., ABetucoB B.A.

Hncmumym xumuuecxou ¢uzuxu um. H. H. Cemenosa PAH, Mocksa

dmeshkow@gmail.com
[Toctynuna 01.11.2015

B nanHOM 0030pe npecTaBlieHbl HCCIISOBAHUS OCJIEIHUX JIET, TOCBSIIEHHBIE KOMITBIOTEPHOMY AM3aiHy U
JMHAMUKE CKJIaI4aThIX MOJIMMEPHBIX II00YT M3 OTHOCUTEIFHO KOPOTKHX MOIMMEPHBIX 1ieneid. OCHOBHBIM MOTH-
BOM 3THX HCCJIEAOBAHUN OBLIO JKEJTaHHUE MI0KA3aTh, YTO, B IIPUHIINIIE, MOJIEKYIIIPHBIC MAIIMHBI MOTYT BO3HHUKATD
P KOJUTATICe MONMMEPHOH LIeNH B CKJIaayaTtoe cocTosiHue. [IoHATHE MONEKyIIpHOI MaIllMHBI OTNPEICJICHO B TaH-
HOM 0030pe B TEPMHHAX peJIaKCAIIMOHHON TMHAMUKH €€ 3JTaCTUYHON CETH, a MICHTU(HKAINS CKIIaJ4aToi 1o0y-
JIBI OTIMPAETCS HA OPUTHHAIBHOE YIBTPAMETPHUUECKOE OMICAHNE CKIIaauaToi koHpopmaruid. OmicaHbl CTPYKTYp-
HBIC U PEJIAaKCAllMOHHBIC XapaKTEPUCTHKH PA3IHYHBIX CTPYKTYD, MOJYYCHHBIX B pe3ynbTarTe Komjanca MmoauMep-
HOH IIeNH B pa3iIMYHBIX pexkuMax. [lokazaHo, 4TO ecim U3 OTHOCHUTEIBHO KOPOTKUX MOJMMEPHBIX Lieneil Gpopmu-
PYIOTCS MMEHHO CKJIaq4aTble CTPYKTYpbl, TO 3aMETHas HMX 4YacTb JEHCTBUTEIBHO JEMOHCTPUPYET AWHAMHKY,
TUIMYHYIO JJIs1 MOJICKYJIIPHOM MaIlluHBI.

YK 501; 577

1. BBepgeHue

B nmanHO# crathe MBI mpejcTaBisieM 0030p ucchenoBaHui [1-3], MOCBSAIIEHHBIX
KOMITBIOTEPHOMY JM3alHY CKJIaJ4aThIX MOJUMEPHBIX TJI00YJ W U3YyUYECHHIO UX CTPYK-
TYpPHO-TMHAMHYECKUX CBOWCTB METOJaMH KOMIBIOTEPHOrO JKcrmepumeHTa. OOrmiei

3ajJauen ITUX I/ICCJIG,[[OBaHI/IfI SIBJISIJIOCH TTOJIYYCHHC CKJIIaQ4aTbIX I‘J'IO6YJ'IO-HOI[O6HLIX
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CTPYKTYp M3 OTHOCHUTEJIbHO KOPOTKHUX MOJUMEPHBIX LIETNEH U BBISBIEHUE CTPYKTYP,
MOI00HBIX 110 CBOMM JIMHAMHYECKUM XapaKTEPUCTUKAM MOJIEKYJISIPHBIM MalllMHAM.

B craructuueckoit ¢puznke noaumepoB (cM., Harpumep, [4]), rnobysoi, Kak mpa-
BUJIO, Ha3bIBAlOT PABHOBECHOE KOHJIEHCHPOBAHHOE COCTOSHUE IOJIMMEPHOMN LIETH,
(dbparMeHTbl KOTOPOH COXpaHSAIOT KIyOKOBYI0 KOH(popmaluio. Takylo MOJUMEPHYIO
rio0yiy Mbl [ y100cTBa B JasibHEHIIeM OyJieM Ha3blBaTh «OOBIYHONWY. B oTinune
OT OOBIYHOHW TIOOYJBI, MOJUMEpPHAsl LEMb B CKIAA4aToOd TI0Oysie HAaxXOIUTCS HE B
KJTyOKOBOM, a B INIOOYJISIPHOM COCTOSIHMM Ha BceX MacuTabax paccMoTpeHust (0osibiiue
HekoToporo). Kak Obuio Teopermdecku mnpenckazaHo A. FO. I'pocbeprom, C. K.
HeuaeBsim 1 E. . laxnoBuueM [5], ckinaguaroe rioOyasipHOE COCTOSIHUE JTOCTUra-
eTcsl B pe3yJbTaTe 00pa3oBaHus HepapXUU He3ay3JIeHHbIX CKJIaJ0K, B KOTOPOM CKIIaj-
KM MEHBLIEro maciiradba camonoJoOHbIM O0pa3oM YJIOXKEHbI B CKJIAJKU OOJIBIIETO
macmraba. M3-3a 3T0i1 0COOEHHOCTH, CKIamayaTyio Tio0ylly 4acTo Ha3bIBalOT (pak-
TaJbHOM TJI00YJION.

AKTyaJIbHOCTb MCCIIEOBAaHUI CKIIQA4aTOro rio0yJIsIPHOTO COCTOSHUS OMperess-
€TCsl HECKOJIbKUMU acneKTaMu. Bo-mepBbIX, 00IIKUM aKaJeMHUYEeCKUM HUHTEPECOM, IO0-
CKOJIBKY CKJIaJ4aTO€ KOHJIEHCUPOBAHHOE COCTOSIHUE IMOJIMMEPOB, €r0 OCOOCHHOCTH U
ycioBus (OPMUPOBAHMSI TIOKA U3Yy4alIOCh HE TaK JETANIbHO, KaK OOBIYHOE TIIOOYJIsip-
HOE COCTOsIHME. BO-BTOpBIX, MPAKTUYECKUM HMHTEPECOM, KOTOPBIA IPOSBISAETCS CEH-
yac K CKJaayaToi rinobyse. B wactHoCcTH, HeaBHO BhIssCHIIIOCH, uTo JIHK denoBeka,
KOTOpasi UMEET JJIMHY B HECKOJBKO METPOB, YJIO)KEHa B MUKPOHHOM SApE KIETKH
MMEHHO CKJag4aTtbiM oOpa3zoM [6]. Hezay3nennas cknaguaras yknaaka JJHK oka3bl-
BAaeTCs €IMHCTBEHHO MPUTOJHOW A ObICTpOro u oOpaTUMoro pedojauHra O4YeHb
munaHoM nenu JIHK nmpu Tpancasiiuu u TpaHCKPUIILIMK TeHETHYEeCKON HH(pOopMaLuu.

[IpumeuarenbHo, 4YTO OENKM TOKE SBISIOTCA HE3ay3JE€HHBIMH  TIJI00YJIO-

NOJI0OHBIMU CTPYKTYpaMH, XOTsI OEJIKOBbIE MOJMMEPHBIE LIENMU HECPAaBHEHHO KOpoye



Cknapyatble nosIMMepHbIe FJ'IO6yJ'IbI KaK MOneKynsgpHble MallnHbL: OM3aliH N UCCNEOBaHNe. .. 7

JIHK 1 00BbIYHO BKJIIOYAIOT JBE-TPU COTHU aMHHOKHCJIOTHBIX OCTaTKOB. buojoruue-
ckue poiu JIHK u 6enkoB Takxke paznmuunbl. JIHK siBaseTcs HocuTeneM reHeTHuecKou
nH(OpPMAIMK — BXKHEUITYIO POJIb TYT UTPAIOT €€ MEepPBUYHAST CTPYKTypa M JIOCTYII-
HOCTh pa3nuyHbiX yyacTkoB JIHK nns kommpoBanus. buonorunyeckas xe posib Oenka
ornpejenseTcs Tol OMOXUMUYECKOW (yHKIMEH, KOTOPYIo OH BbIMoNHsAET. CeleKTUB-
HOCTb ¥ TOYHOCTh, C KOTOPOU O€JIKM BBIMOTHSIOT (DYHKIUH, JIEKAIME B OCHOBE JKH3-
HEJEATEIIbHOCTH KJIETKH, CTOJIb BBICOKA, YTO MX YacCTO HA3bIBAKOT «MOJIEKYJISIPHBIMHU
MammHamuy. Cuutaercs, 4To (yHKIMOHAIbHAS CIHOCOOHOCTH OENKOBBIX MOJIEKYJI
0o0ycJoBI€Ha X MPOCTPAHCTBEHHOM CTPYKTYpOM, KOTOpas, B CBOIO O4Yepe.lb, Mpe-
ompejiesieHa MePBUYHON CTPYKTypoi Oenka. BmecTe ¢ Tem, nMHaMuKe OEITKOBBIX MO-
JIEKYJ1, KaK 0Ka3aJloCh, TaK)Ke MPUCYIIHA CBOMCTBA MHOTOMACIITAaOHOCTH, HEpAPXUU U
camononobus [7,8]. B 3Toil cBsi3M BO3HUKAET €CTECTBEHHBIH BOMPOC — MOXKET JIHU
CKJIaauaTas riodyia, y KOTOpoi 3TUMH CBOMCTBAMHM HaJleJieHa cama CTPYKTypa, UMETh
JUHAMHUYECKUE XapaKTePUCTUKHU, TUIMYHBIC JIJII MOJEKYJSIPHBIX MamuH? OTOT BO-
MpOC, MO CYIIECTBY, M HAXOIUTCS B LICHTPE 0OCYKJICHUSI TaHHOW CTAaThH.

Hakonen, BO3Bpamasch K aKTyaJbHOCTU JTOH TEMBI, CIEAYET TaKK€ OTMETUTb,
YTO BOMPOC O CKIIATUYATHIX TJI00YIaX U MOJICKYJISIPHBIX MalllMHAX MOKET UMETh OTHO-
IICHUE K OJHOW M3 (PYHIaMEHTAIBHBIX MPOOJIIEM €CTECTBO3SHAHUS — BO3HUKHOBCHHIO
AKU3HU. J|efCTBUTEIBHO, €CIIM OKaXXETCS, YTO B YCIOBUAX MPEAOMOIOTUHN CKIIaT4aThie
MOJINMEPHBIE TJI00YJIBI MOTJIM UTPATh POJIb HOCUTENIEH CEIeKTUBHBIX (PYHKIUN. TO OT-
KPOIOTCSI IEPCTIEKTUBBI HOBOTO B3TJIsA/Ia HA OJMH U3 IEHTPAJIBHBIX BOMPOCOB MpoOlIie-
Mbl BO3HHUKHOBEHHMSI KM3HU — BOIIPOCAa O MEPBUYHBIX HOCHUTENAX Cleuu(pUuecKux
GyHKUUN, TpeonpeeNIUBIINX MOSBIEHUE MAKPOMOJIEKYJIIPHBIX CHCTEM, CIIOCOOHBIX
K €CTECTBEHHOMY O0TOOpY (CM. Hampumep, [9]).

JlaHHasi cTaThs CTPYKTypHUpOBaHa cienyromum odpazom. IlepBrrit pazmen comep-

KHUT O630p JIUTCPATYPHI, OTHOC}IIJ_IGI\/JICH K KpaTKOMY BBCIACHHIO B MCTOJOJOIMYCCKUC
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acnekThl paboThl. ITO, BO-NIEPBbIX, KIACCUYECKUE TEPMOJIMHAMUYECKUE U KUHETHYE-
CKHE MPEJCTABICHUS O KOJIJIANICE MOJIMMEPHOM 1IeTH, BIUSIHUM TOMOJIOTMYECKUX Orpa-
HUYEHUHN Ha IMPOLECC KOoJularca U 0COOEHHOCTSAX CKJIAJ4aTOro COCTOSIHUS MOJHUMEp-
HOM 1enu. Bo-BTOpBIX, 3TO OCHOBOMNOJIATratoIke paboThl M0 3JACTUYHBIM CETSIM M UX
NPWIOKEHUSIM K "OMOJIOrMuecKUM" MOJIEKYJISIPHBIM MalllMHAM — TaK Ha3bIBAEMbIM,
"MoneKyJIApHbIM MOTOpaM". DTu paboThl 0COOCHHO BaXKHbI Ui TaHHOW CTaThH, MO-
CKOJIbKY Ha HUX ONUPAETCA U CaMO MOHATHE "MOJEKYJsspHas MalluHa'", U UCIOJIb30-
BaHHbIE HAMU METO/bl U3yUEHUsl IMHAMUYECKUX CBOMCTB IIOOYJISPHBIX CTPYKTYp. Bo
BTOPOM pa3/iesie MPHBOIUTCS OIMMCAHHE MOJCIN IIONAPHBIX MEPEKPHITHIM' , ¢ MOMO-
IIbI0 KOTOPOH Mbl UMUTHPOBAIM M U3y4aJd TOMOJOTMYECKUE CBOMCTBA CKJIAA4aTOrO
COCTOSIHMS TOJIMMEpHOW 1enu. B 3ToMm ke paszzgene uznaraercs yJbTpaMeTpUUECKOoe
OIKCAaHUE UEPAPXUHU CKIIAZIOK B CKJIA4aToOM riaolyie. To onucaHue, B COUETaHUH CO
CBOMCTBaMU MOJIEJIM MTOMAPHBIX MEPEKPBITHIA, ONIPEIEsSeT UCIIOIb30BAHHBI HAMU Me-
TOJA HMJEHTU(UKAIIMKN CKJIaa4aThiX KOH(OpMaIMii, OCHOBAaHHBIM Ha TOIMOJOIMYECKHX
CBOMCTBAxX CETU MEK3BEHHBIX KOHTAKTOB B IJI00YJI0M0100HOM cTpykType. B Tpetbem
pazjziesne u3ararTcs CTPYKTYpHbIE U TMHAMUYECKHUE CBOMCTBA MOJEIBHBIX 00pa3lioB
MOJIMMEPHBIX TI00YJI, MOJYYEHHBIX METOJIOM KoJularca JUHEHHONW MOoJMMEpHON 1enu
IIPU PE3KOM MOHWKEHUU TeMIiepaTypbl. TyT Hac HHTEPECOBAJIO MOTYT MJIM HET CTPYK-
TYypbl CO CBOMCTBaMHM MOJIEKYJSIPHOW MAallMHbl BO3HUKATh, TaK CKa3aTh, «JIErKO WU
HENPUHYXKACHHO», HallpuMep, Mpu ObICTpOM Kosutarnce 6e3 3ay3nuBanus. Okaszanocs,
YTO HE BIOJHE — IOMUMO KUHETUKH TPEOYIOTCs OIpeielIeHHbIe OrpaHUYEHHUs TOIOJIO-
THYECKOTO W/MIIM SHEPreTUYecKoro xapakrepa. HakoHer, B 4eTBEpPTOM pasene Omnu-

CaH HpI/I)IYMaHHBII;'I HaMH MCTOJ MOJACITUPOBAHUA TaAKHUX OFpElHPI'—ICHHﬁ, MNPpHUBOOAIINX K

1 ~ o
I/I,Zleﬂ TaKOH MOJCIIN ObLIa MpeAJIOKCHA CepreeM HeuaeBniM B yacTHOM 6606,[[6 C HaMMU.
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UEPAPXUUECKOMY KOJIIANCY NOJMMEPHOW WLENH, NMPUBEACHBI THUIHYHBIE MOJEIIbHbBIE
00pa3lbl CKJIaq4aTblX CTPYKTYp, MOJYUYEHHbIE TAKUM CIIOCOOOM, M OIMHUCAHBI UX TOMO-
JIOTUYECKUE U JUHAMUYECKUE XapaKTEPUCTUKHU. B 3TOM ke pazzene NpoBEIEHO CpaB-
HEHHE TUHAMHYECKUX CBOMCTB MOJIYYSHHBIX 00pa3I0B CO CBOWCTBAMU MOJIEKYJISPHBIX
MalIlH ¥ OLICHEHA CTAaTUCTHUKAa 00pa30BaHusl TaKUX CTPYKTYyp. OTBET Ha Hall TJIABHBIN
BOIMPOC OKazajics TyT Oosiee 0OHaeKHUBAIOIIUM. B 3aKkitoueHne Mbl ocTapajuch 00-
CyIUTh OOIIMe MEPCIEKTUBBI JU3aiiHa UCKYCCTBEHHBIX MOJICKYJISIPHBIX MAIlIMH Ha OC-
HOBE CKJIaI4aThIX OJUMEPHBIX II00YII.

B nmanHbIi pa3znen Mbl BKIIOYHIN TOJIBKO T€ pabOThl, KOTOPbIE HEMOCPEICTBEHHO
KacaroTCsl UHTEPECYIOIIMX HAC aclEeKTOB KOJUIarca MOJMMEPHOU MOJIEKYJIbl U TEOPUU
[JI00YJIIPHOTO COCTOSIHUS, MPEACTABIEHNE MHOTOYACTUYHBIX CTPYKTYP MOJEIBIO 3Jla-
CTUYHOM CETH, METO/Ia ONMCAHUS JUHAMHUKU B paMKaxX TAaKOIr'o IPEJICTaBICHUS, a TaK-
7K€ OCHOBOIIOJIAraroIUe JUIsl LEJIEel CTaThU PE3yNbTAThl UCCIEN0BAHNS JUHAMHYECKUX
0COOEHHOCTEW OMOJIOTMYECKUX MOJEKYJIApHbIX MalivH. B Pa3zdene 1.1 nanbl knaccu-
YeCKHE NPEJCTAaBICHUS O KOJUIANCe MOJMMEpPHOH Lenu, oOpa3oBaHWU OOBIYHOHM (B
yKazaHHOM BO BBenenuu cMmpiciie) ri00yiibl 1 OCOOEHHOCTSX CKIaa4aToil rmo0yisl. B
Pazoene 1.2 n3noxeHbl OCHOBOIIOJIATalONIME PaOOTHI MO MOJACIH DJIACTUYHON CETU U

€C IIPUMCHCHHIO K OMOJIOTUYECKUM MOJICKYJIIPHBIM MalllMHAM.

1.1. Ocob6eHHOCTU Konnanca NosiIMMepHoON Lienu:
oOblYHaA M cKnagyartasi nofiMMepHbIe rnoodoynbl

B knaccuueckux paborax (cm., Hanpumep, [10, 11]) nokazaHo, 4To B OTCyTCTBUU
00BEMHBIX B3aMMOJACHCTBHI (MM B € -yCIOBHAX, T. €. YCIOBHUIX, B KOTOPBIX IPHTS-
JKEHUE U OTTaJKUBAHHE MOHOMEPHBIX 3BEHbEB CKOMIICHCHPOBAHBI) MAaKpPOMOJIEKYJia
HAXOJUTCS B KITyOKOBOM COCTOSIHHH, MPEACTABIISIFOIIEM COOOM PBHIXIYIO CTPYKTYpPY C

XapaKTEepPHBIM pa3MepoM ~+/N, rae N — 9ucio MOHOMEpPHBIX 3BEHBEB. B aTOoM co-
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CTOSIHUU PAZNyC KOPPENsuu (PIyKTyallnu KOHLIEHTPALlMU 3BEHBEB TMOPsIKa pa3Mepa
CaMoil CTPYKTYpBbI, @ PaCCTOSHUS MEXAY ABYMsI JIOOBIMU HE CIMIIKOM OJIM3KUMH (Ha

JuinHaxX Oosbine AnuHbl KyHOBCKOTO cerMeHTa) 3BeHbSIMU paciipesiesieHsl no [aycey:

g7 = 2 13)7 expl-3G -7 1247 1)

rae X,X — TpeXMEpHbIC KOOPAMHATHI 3BEHBEB, & d = <R2 >/ L — cpennexBampatnd-
HOE PACCTOSHUE MEXIy COCETHHMH 3BEHBSIMH, Iie L — paccTOsiHHE BIOJb IO LN
MEX/Ty 3BEHBSIMA X U X .

B takoMm cocTossHMM MOJMMEPHON 1enu KOH(OPMAIMK 1IeTH COBMNAAAIOT C TPaeK-
TOPUSIMHU CITy4YailHOTO OJy»JaHusl, IPU 3TOM PACCTOSIHUE BAOJb MO LEenu (HoMep Mo-
HOMEPHOTI'0 3B€HA) UTPAET POJIb BpeMeHU. boee clioKHBIM MOJENISAM MOJUMEPHOH 1ie-
MM OTBEUAIOT, Hampumep, Onykaanue 0e3 mepecedeHuit 12, 13] uam ¢ xoppensmueit
CMELICHUI 3a IOCJIe0BAaTENIbHbIE UHTEpBaNIbI BpeMeHU [14]. BykBanbHas aHanorus
KOH(OpMAIHiA UCATFHOTO MOJIMMEPA C TPACKTOPUSIMU CITyUalHBIX Oy KIaHUH JICKHUT
B OCHOBE MaT€MaTUYECKOT0 anmnapara KOH(OOPMAIIMOHHON CTaTUCTUKH.

[Tone3no mpuBecTn ONKUCAaHUE CTAaHAAPTHOU, rayCCOBOM MOJEIU ITOJIMMEPHOU Lie-
OU B TEPMUHAX CIy4alHOro OJIy>KIaHHWs, NOCKOJbKY HWXKE 0 aHaJIOrMM OyJeT Mo-
CTpOeHa yJibTpaMeTpuuecKas MOJelb CKiIaadaToil koHdopmanuu. B 3ToM onucanuu
MBI CIIeyeM KilacCudeckomy yueOHuky [11].

Kondopmarus nenu (B CTaTUCTUYECKOM CMBICIIE, MUKPOCOCTOSIHUE) B TayCCOBOM
MOJENIM 3aJaeTCs COBOKYIHOCTBIO IPOCTPAHCTBEHHBIX KOOPAMHAT BCEX 3BEHBHEB
I'={X,,X,,...,Xy}, Tie 3BeHbsi HyMepytotcs unaekcamu 0,l,..., N, a cBI3aHHOCTD Lienu
OMpeNeNsAeTCsl TayCCOBBIMU KoppensuusiMu (1) Todbko coceqHUX 3BEHbEB. B 3TOM

Clly4yae BEpOSTHOCTh MUKPOCOCTOSIHUSI ONTUCKIBAETCSI POpMYIIOit

P(Xg, X0, Xy ) = P(I) = (X, X,)8(X)5 X5 )-8(X 1, Xy ). ©)
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B ciyuae, Kor/a nojuMMep HaXOAUTCs BO BHEIIHEM Ttone (X)) , umeem

P(I") = exp(=0(X,) / T) % g(X,, X, ) exp(=(X, ) / T) %

- _ _ - - : (3)
g(x;, X)) exp(—@(x,) / T)x..g(Xy_, Xy ) exp(—p(X )/ T)

[Ipu onucanuu cirydaiiHOro Oy KJ1aHUsSl, OCHOBHOM BEJIMYMHOM SIBIIETCS (QYHKIIHS
['puHa — BEpOSATHOCTH MEPEX0/a U3 33JAHHON TOYKU B (DUKCHUPOBAHHYIO JIPYTYIO IO
BCEM BO3MOXKHBIM TPAaeKTOPHUSM 3a U3BeCcTHOE BpeMs. MHaue roBops, pyHkuus ['puna
SBIISIETCS KOHPOPMAITMOHHON CTaTUCTHYECKON CyMMOM MOJMMEPHOH 1enu ATUHBL [V ,
y KOTOpOW HadaJbHOE 3BEHO 3a()MKCHPOBAHO B HEKOTOPOW 3aJaHHOW TOYKE X, KO-
HEYHOe — B TOYKE X, H, Kpome Toro, ¢(X,)=0. J{ns kpaTkocTH, 0003HAYNM 3Ty

byHKIMIO KaK

G(go |;VN) =Gy (Xy). (4)

B moceHeit 3amucy Gukcarys Ha4aabHOTO 3BEHA B TOUKE X, [TOJPAa3yMEBaCTCSL.
Oyukuuio ['pyHa 17151 rayccoBOM MOJEIN HETPYAHO MOIYUYUTh, UCIIOJb3Ys YPABHEHUS

(3). HeiicTBUTENBHO,

N
Gy (Ey) = [[TleG 1. %) exp(—p(F) / Td*x,..d’x (5)
i=1
OTKY/la BBITEKAET CICAYIOIIEE PEKYPPEHTHOE COOTHOIIICHUE

G (Fy) =[Gy (Fy )0y, %y ) xy, (6)

rae uepes Q(X,,X,,;) obo3HaueHa ¢pyHkuus ['puna s qumMepa. B coxpamennoM

BHJI€ COOTHOIIIEHHE (6) MOXKET OBITh 3aMKUCAHO CIEAYIOITUM 00pa3oM:

Gy (Xyi)= QGN (Xy), (7)
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~

e IeHCTBUE TepexoHoro oneparopa () onpezaensercs Gopmyiioit (6). ITo ypaBHe-
HHUE aHAJOTHUYHO YpaBHEHHIO MU y3uu B TEOPUH CIydallHBIX Oy TaHWH, TIPU TOM
NIOHUMAaHWH, YTO HOMEP KOHEYHOT0 3BeHa N HUrpaeT poiib BpEMEHHU.

OTMeTHM, YTO COCTOSIHME 3BEHA TOJMMEPHOW IIETH MOXKET OIpeNelsTbCcs He
TOJILKO KOOPJMHATOM X;, HO M JPYT'UMH Xapaktepuctukamu. [lostomy B obmiem ciry-
Yyae MO>KHO 0003HAUUTh COBOKYITHOCTh IEPEMEHHBIX, ONMPEACIIAIONIUX COCTOSHUE [ -TO
3BeHA, 33 ;, OPH ITOM Uil KiyOkoBoi KoHpopmaiwmu dopmyist (1-7) ocranyTes
CIIPaBEUTUBBIMHU €CJIH MPOCTO MPOU3BECTH 3aMEHY X; —> ;.

B rayccoBoit Moien coCTOsSTHuE MAaKpOMOJIEKYJIbl OMPEAENIIEeTCsl CIIEKTPAIbHBIMU

~

CBOICTBaMH HepexoHoro oneparopa (), T.e. coOCTBeHHBIMU QyHKIMAMU ¥/, (X)

O, () =[0G, Dy, (¥)d’x = Ay, (), (8)

1 COOCTBEHHBIMU 3HAYCHHSIMU Am 9TOro oreparopa. I[J'ISI OIMINCaHus COCTOAHUA MaK-

pomosiekysibl (cM., Hampumep, [11]) ucmonb3yroTcs Takke COOCTBEHHbIE (DYHKIIUMU

~

- +
w ' (X) n cobcTBennsble 3uavenns A’ conpsbkenHoro oneparopa Q

O yn(®) =07 (X, B, (3)d’x = Ay (%), 9)

A

) + 19
du3HYECKHii CMBICT COMpPsDKEHHOTro omeparopa () cieAyommid — (QyHKIHIO

I'puna G, MoxHO nonyunuts u3 G, mobGaBiIeHHEM 3BeHA KaK K KOHILY LIEIH, TaK U K

~

ee Havayy. B mepBoM ciydae crpaBeinBo ypaBHenue (7) ¢ onepatropom (), BO BTO-

A

+
pPOM — aHAJIOTHYHOE YpaBHEHHUE C COMPsDKEHHBIM orepatopoM (. OTMETHM Takxke,

9TO MOCKOJbKY g(X,X )= g(X',X) (cm. (1)), TO

W =W, (X)exp(p(x)/T). (10)

A

B 6asuce cobcTBeHHBIX (DyHKIMIA onepaTop () AMAroHaleH, T.e.
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O(F,3) =2 AW, W, (), (1)
W3 YETO CIIEMYET, YTO
Gy () =2 AW, (G, (Xy). (12)

[Mockoneky Q(X',X) >0, To ciektp A, orpaHudeH (IO MOIYIIO) CBEpXY, T.C.

CcylIecTByeT HanOoJblee COOCTBEHHOE 3HaUeHHe A, KOTOPOMY OTBEYAIOT 3HAKOIO-
- + -

CTOsIHHbIe cOOCTBeHHble (yHKIUM ¥, (X) >0 u y; (X)>0. Kpome Toro, crexrp

onepartopoB O u O MokeT ObITh KaK IUCKPETHHIM, TAK U HENpPEpLIBHBIM. B cTaH-

JapTHO# TaycCoBOM Mojenu mojuMepHoii e ¢ =0 ¥ 1 HeOrPaHUYEHHOTO CITy-

qaiiHOTo OJIysKmIaHus (B TepMOIUHAMHUUECKOM mpeaene N — o) omeparop O = ¢ 3a-

JAaCTCA BBIPA)KCHUCM

A — —  — -\ 3—>\
gy =[gE W E)d 5 (13)

rae ¢yHknusa g(X, X ) = g(‘)?—)?‘) (cM. (1)). B aTom citydae mepexoaHO# orepatop

UMEET HEIMPEPBIBHBIN CIIEKTP, a €ro cOOCTBEHHBIE (YHKIMH — ATO IUIOCKUE BOJHBI
exp(—iEf) , T.. KOpPpEJSIIIUKA MPOCTUPAIOTCS HA BCIO JUIMHY lienu. Eciaum Omyxnanue
IPOUCXOJUT B OTPAaHMYEHHOM IMPOCTPAHCTBE, TO CIEKTP MEPEXOJHOr0 orepaTopa Q
JWCKpPETHBIN. B 3TOM ciydae ero Hambosbliee coOCTBEHHOE 3HaUeHHE A, OTIEIEeHO
OT OmKaiflero CIeKTpaabHOH menbto, 1 mpu N —> 00 A, CTAaHOBHUTCS 3HAYUTEIHHO
Oosnble (10 MOAYJI0) OCTAJIBHBIX COOCTBEHHBIX 3HAUCHUN Q B pesynbrare, B 3TOM
npezesie, OCHOBHOM BKJIAJ B CTaTHUCTHYECKYI0 cymMMmy (12) ompenaenseTr HanbosbIiiee

~

COOCTBEHHOEC 3HAYCHHUE MCPCXOAHOr0 oIcparopa Q .

Gy (Ey) = Ao (X, (Xy) (14)
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Ota (opMyna oTBeYaeT TaK Ha3bIBAEMOMY MPHOIMKEHUIO TOMHHHUPOBAHUS OC-
HOBHOI'O COCTOSIHUS.

BaxxupiM citydaem OnyaaHusi B OTpaHMYEHHOM NPOCTPAHCTBE SIBJSICTCS OINMKCA-
HUE TI00YJISIPHOTO COCTOSIHUS MosIMMepHOi nenu. [Ipocreiimas Teopus rmo0yasipHOro
COCTOSIHMSI pacCMAaTpPUBAET HUICAIBHYI0 MAaKpOMOJIEKYJy, HaXOILyocsl B cepuye-
CKOIi TIOJIOCTH pa3Mepa [ ¢ HempoHHWIAeMbIMH CTeHKaMu. [Ipu 3TOM mpenmnosiaraer-
Csl, UTO pa3Mep MOJOCTH 3HAYUTEIHHO OOJIbINE MEPCUCTEHTHON JIMHBI U MOXKHO HC-
MI0JIb30BAaTh CTAHJAPTHYIO rayccoBy Mojenb. lIpu omnmcanum moiMMepHOW LENU B
chepuyecKkoil mojJocTu ciayyaitHoe Oy’ J1aHue HaAYMHAETCS B HEKOTOPOW TOUKE BHYT-
pH cepbl U OCYLIECTBISAETCS O IEPBOrO CTOJIKHOBEHUSI CO CTEHKOM, OTpakaeTcst OT
HEro, OCYLIECTBIISICTCS A0 CIEAYIOIIEr0 OTPaKeHHsl CO CTeHKOW M T.1. IIpm Takom
ONMy>KIaHUM MHTEPEC MPEJCTaBIAeT XapakTepHas JUIMHA TPAaeKTOpuu (UIMHA CyOlenu
K') Mexay nByMs 1MociieIoBaTeIbHBIMHA CTOJKHOBEHUSIMH CO CTCHKaMHU C(EpUIecKOil

HOJIOCTH pa3Mepa D . XapaKTepHyo [UIMHY K JIETKO OICHHTH:

2
ak"* ~ D; K~(2j , (15)

a Yucio Takux cyoreneit BHyTpH chepuueckoit mogoctu P=N/K ~ N(a/ D)z.
MOXHO OLIEHHTh CBOOOJHYIO PHEPTHUIO IEMH B MOJOCTH U3 dTHX MaKPOCKOIMHMYECKUX
HapaMeTpoB - pazmepa nojocty D u pasmepa cBobonHOro kinyoka R, ~ aN Y2 Hec-
XOJIsl U3 Pa3MEPHOCTH 3TUX BEJIIMYMH, CBOOOHYIO SHEPIHIO (hOPMATILHO MOXKHO 3aIlH-

caThb B BHUIIE.

F=Tf(aN"? /D), (16)

rae pyskiuo  f(aN 1z D) crneayer xoHEYHO ompeneuThb. [I0CKOIBKY CBOOOIHAS

SHEPrusl T0JKHA OBITh A IUTUBHON QyHKIMEH, T.e. ' ~ N, TO
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F ~TN(a/D)* ~TP (17)

T.€. IOTEPS SHTPONUU NPU MOMEIICHUH LIENH B MOJIOCTh COCTABISET MOPSAKA €IUHU-
bl Ha Kakable K 3BEHBEB.

[ToyyeHHast B pe3yibTaTe BCECTOPOHHEIO CXAaTHs MOJUMEpPHAsl CTPYKTypa (Io-
JUMeEpHasi 1100yJia) CYIMECTBEHHO OTIMYAeTCs OT MojmMepHoro kinyOka. Kak Obuio
nokazano M. M. Jlupmmunem B 1968 1. [15]., paznuune Mexay KIyOKOM U TJI00YJOM
ompezieNaeTcs, B IepBYI0 ouepelib, XapakTepoM Quiykryanuil. [o0ynspHbIM Ha3bIBa-
10T CJ1a00 (QIYKTYHPYIOIIee COCTOSHUE TIOTUMMEPHON TIETH, B KOTOPOM PanyC KOppe-
asuuu GIYyKTyalldd KOHIEHTPAIMU 3BEHBEB TOPa3/I0 MEHBIIE pa3Mepa MaKpOMOJIEKY-
abl. KiryOKOBBIM K€ COCTOSIHUEM Ha3bIBAIOT CHJIBHO (DIYKTYHMPYIOIIEEe COCTOSIHUE, B
KOTOPOM PaJNyC KOPPEJSIIUK TOPsIKAa pazMepa MaKpoMOJIeKybl. [ 1o0yspHOe co-
CTOSTHUE Peau3yeTcs, €ClIi CKaTHe MaKpOMOJIEKYJIbl 1O0CTaTOYHO BeIUKO. B Tepmu-
HaxX CIy4yalHOro OJy»XIaHHs 5TO O3HA4yaeT, 4yTo (ha30BO€ MPOCTPAHCTBO, JIOCTYIHOE
MJIOOYJIIPHOMY TIOJMMEPY, OrPaHUYEHHOE, YTO MPUBOIAUT K TUCKPETHOMY CIEKTPY
oreparopa mnepexoja. Kak ObUTO MOKa3aHO BBIIIE, B ATOM Clydae i JOCTaTOYHO
JUIMHHBIX IIeTIei MOBEJEHUE CUCTEMbl OMUCHIBACTCS HAUOOJIBIIUM COOCTBEHHBIM 3HA-
YEHUEM, OTAEJICHHBIM OT OCTAJIbHOIO CHEKTpa Iienbto. IloguepkHem, 4To nmpuBeaeH-
HOE BBIIIE PACCMOTPEHHE MOAPAasyMEBACT, HTO KOH(popMarusi cyOuenend IIuHON
menbie L ~ N BHYTPHU MOJIUMEPHOM r100YJIIbl OCTaeTCs KIyOKOBOM.

Temmiepatypy mepexoqa KIyOOK-JIo0yjia MOYKHO OICHHUTh W3 TEPMOIUHAMUYECKOTO
paccmoTpenusi. He octaHaBnMBasch 37€Ch Ha JETAISIX 3TOTO PAaCCMOTPEHHs (€T0 MOKHO
HANTH B JFOOBIX KJIACCHYECKHUX yueOHUKaX, Harmpumep, B [10, 11]) oTMeTum Juiib, 4TO me-

pexoa KIyOOK-TiioOysia IMPOMCXOAUT MPH TEMIEpaType HEMHOTro HIKe 6 -TOYKH

3
-6 a
(|7]= ~ <<1, rme v — HCKIIOYEHHBI 00BEM MOHOMEPHOro 3BeHa). Jlis
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JKECTKHUX 1iereii (v << a” ) KoJIarc MPOUCXONUT CKAYKOM U SIBISIETCS (Pa30BBIM IEpe-
XO0JIOM MEPBOro pojJia, B TO BpeMs Kak [l THOKHUX ueneit (v ~ a3) nepexoja Kiyook-
17100y J1bI SIBIIIETCS (pa30BBIM IIEPEX00M BTOPOTO POJa.

[Ipormecc xommanc OAWMHOYHON MOMMMEPHON HENH B TIO0YJISPHOE COCTOSIHUE WH-
TEpPECEeH MO MHOTUM MpuurHaMm [16-22], B yacTHOCTH, 1151 TOHUMaHus (HOIAMHTa O1O-
MOJMMEPOB, OTKJIMKAa MAKPOMOJIEKYJl Ha U3MEHEHNE BHEITHUX YCJIOBUH U T.1. Jleranu
3TOTO TMpoIecca MPEACTABIAIOTCS OCOOEHHO BaKHBIMHU ISl TOHUMAHUS yCIOBHIA (op-
MUPOBAHUS CKJIAIaTON MOJTUMEPHOM TITOOYIIHI.

[lepBast mocnenoBaTenbHas Teopus Kouianca Opuia npeanoxena /le Kenom B pa-
oote [16]. B ero paccMOTpeHMH MpU CKAYKOOOPa3HOM MOHUKEHUHU TEMIEPATYPHI U3
@ -ycnoBuii Ha AT KIyOOK HAYMHACT KOJUTATICHPOBATH B IIMIMHAPHIECKYIO CTPYKTYPY
OJTHOPOJTHOM TJIOTHOCTH, KOTOpasi CO BPEMEHEM CTaHOBUTCS TOJIIIE M KOpoue, TMOKa,
HAKOHEI, He o0pa3yeTcs rooyia. OHAKO BIOCIEACTBUU OBLUIO IMOKa3aHO, YTO OIHO-
poHAs MIJTUHAPUYECKAs CTPYKTypa MaKpOMOJIEKYJIbI HE MOYKET ObITh CTAOMIBLHON U3-
3a TaK Ha3bIBAEMOMN «KaNWUIIPHON HeycToHunBOCTH» [21], mpuBOzsiel k oOpa3zoBa-
HUIO HEOAHOPOAHON CTPYKTYpHI TUIA «OYCHHOK HAa HUTHY», U KapTHHA KOJUIAICa 3Ha-
YUTEILHO clioKHee. B wacTHocTH, B paboTe [22] ObUIO MOKa3aHO, YTO MPHU KOJIarce
JUHEWHOTr0 MOoJIMMepa Ha MO3IHUX CTAAMIX KoJulanca Hen30exHo GopMUpyeTcs: «raH-
TenenoAoOHas CTPYKTypa, MpecTaBisAonias co0oil 1€ r100yJibl, COeAUHEHHBIE MO-
cToM. Ha 3aKimounTeNnbHBIX CTaAMAX KOJUIarca 3TH TIIOOYJbl JBMXKYTCS HaBCTPEUy
JPYyT IPYTy «Chelas» OCTaTOK LEMU MEXIYy HUMHU JI0 T€X MOp, MOKa HE COJIbIOTCS B
€IMHYIO0 I100YIy.

Kaprtuna kosnarca emie 60see yClIOKHSIETCS B YCIOBUSAX, KOT/1a epexo1 KiyOok-
ry100yJ1a OCYIIECTBIISIETCS IPU TOMOJOTHUYECKUX OTPAaHMUYCHHSIX, 3aMPEIlaoX caMo-
nepeceyeHue uenu [4]. B aTom ciydae B mporecce Kojianca Ha MOJUMEpPHOHN Lienu

%
cHayvajia 00pa3yroTcst «OyCUHKU» — HEOOJIbIINE g -3BEHHbIE HE3ay3JIEHHBIEC TTI00YIIbI.
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JIsl 10CTaTOYHO AJIMHHBIX MoauMepHbIx ueneit (N > N, , roe N,— napamerp mozaenu
penTaiuii) Ha 3TU g*—3BeHHme rII00yJsipHBIE (PparMEHThl MOKHO CMOTpPETh Kak Ha
ckiagku 0-ro ypoBHs. Y4acTOK LIENH, COAEP KA HECKOJIBKO TaKMX CKJIAJ0K, MOKET
3aTeM KOJUIANICUPOBATH B «COOCTBEHHOM 00BeMe», GOpMUPYS CKIIAKY 1-0ro ypoBHS,
3aTeM CKJIaJIKh 1-oro ypoBHs 00pa3yloT CKIAJKy 2-ero ypoBHs U T.1. B pesynbrare,
MPU yKa3aHHBIX BBINIC TOIMOJOTHYECKUX OrPAHUYCHUSIX, MOXKET (POPMHUPOBATHCS
CKJajyaTasi, a He oObIuHas r7o0yna [4]. B otnudne ot 0ObIUHOM I7100YJIIBI, B KOTOPOI
rayccoBbl CyOlIeny nepeMenianbl Ipyr ¢ APYroM, CKIAJIKUA B CKIaa4aToil riodyrie, Bo-
MIEPBBIX, HE SABJISIIOTCS TayCCOBBIMU CYOIIETISIMU U, BO-BTOPBIX, OHU MPOCTPAHCTBEHHO
He mepeMelanbl. TpaeKTopusi, KOTOPYIO OMUCHIBACT LIE€Mb B CKJIAQ4aTol riolyie,
HAIIOMHHAET M3BECTHYIO B TeOpHH (pakTanoB kpuByr lleaHo u mo 3Toil mpuumHe
CKJIaJ4aTyto TJ100y1y JOBOJIBHO YACTO HA3bIBAIOT (PpaKTaIbHOM I100yII0MH.
[TpumeuarenbHO, YTO CKJIaayaThie rI00yIibl, Kak Moka3zaHo B pabore [23], MoryT
BO3HUKATh NPU KOJIJIATICE KOJIBIIEBOTO TMOJUMEPA, JUIsi KOTOPOro oOpa3oBaHUE 3a-
Y3JIEHHBIX KOH(OpMAIMi 3ampelieH0 TOMOJOTMYecKd. B 3ToM dYacTHOM cliiyyae
CKJIaJyaToe TJIOOYJSIPHOE COCTOSIHME SIBISIETCS TEPMOJMHAMUYECKH PaBHOBECHBIM.
JIist TuHEHHOW MOMMMEpPHOM IeNH, He3ay3JICHHOE COCTOSHHE CKJIaJ4aToi TJIOOYJIbI,
BOOOIII€ TOBOPSI, HEBBITOIHO 10 SHTPONMUNHBIM cooOpaxeHusMm [22, 24]. B pesynbTare,
JIaXKe €CJIM TaKO€ COCTOSIHME M BO3HHUKAET HA MPOMEKYTOUHBIX CTAIMUSIX KOJularca, TO

3
3a BpeMs £, ~ N~ KOHIIBI IIeNH POHUKHYT BHYTPb CKJIAZIOK ¥ COPMUPYETCS OOBIY-

top

Hasi paBHOBecHas riodyna. OHaKo BpeMsl KoJularca MojuMepa B KOHJCHCUPOBAHHYTO

$asy e ~ N ? CYIIECTBEHHO MEHBIIIE BPEMEHH TIEpPEeXoa OT CKIAA4aTol rioby-
. 3 .

Jbl K 00bIMHOHN Ti100yne £, ~ N”, nosromy (a3oBbiii nepexos KiyOok-riao0ya s

JMHEWHOTO TOJIMMepa SBIISETCS ABYXCTAIUHHBIM MPOILIECCOM, B XOJ€ KOTOPOTO CHa-

qajla OTHOCHTCJIIbHO 6LICTp0 MOXKCT C(i)OpMI/IpOBaTBCH HCPABHOBCCHAA CKIaa4darasa

FJIO6YJIHpHa$[ CTPYKTYpa, KOTOpasd 3aTeM 6yz[eT MCIJICHHO IICPCCTPauBATLCA B 00BIY-



18 [.A. MeLukoB, B.A. ABeTnCOB

HYIO0 PaBHOBECHYIO TJ100yiry. OTHOIICHNE BPEMEHH XH3HH CKIQIIaTOl CTPYKTYpPBI K
3 2
N° -N

BpeMeHU ee o0pa3oBaHus [ ~ >00, U B 9TOM CMBICIIE CKJIaq4aToe
JIOOYJISIPHOE COCTOSIHME HE CIIMIIKOM KOPOTKHX MOJMMEPHBIX IIETIe MOXKET paccMart-
pUBATbCS KAK KBa3MyCTOMUYMBOE. Takas KapTMHA MOJATBEPXKAAETCA KAaK YHCICHHBIMU
uccliienoBaHusamu [25], Tak u skcnepuMeHTanbHo [20, 26].

[TouepkHEeM BHOBB, UTO €CIIM MOJUMEDP HE JIMHEWHBIN, TO MEPeXoa B TIOOYIsIpHOE
COCTOSIHUE MOKET CHUJIbHO OTJIMYAThCS OT OMHCAHHOTO BBIIIE JBYXCTAJAUHUHOIO IPO-
uecca. Hanpumep, 151 KOJbIIEBOro MOJIMMEpa peslakcallys U3 CKIaadaToro rio0ysp-
HOTO COCTOSIHHSI B COCTOSIHUE OOBIYHOM IIOOYJIbI KHHETUYECKHU 3allpelieHa, a uis J0-
CTaTOYHO JJIMHHBIX Leneil 0ojiee BEpOSATHO HAOJI0/IAaTh CKJIaJ4aTOE COCTOSHUE, YEM
UCTUHHO DPABHOBECHOE TJIOOYJISIPHOE COCTOSHHME, KOTOPOE MOKET JOCTUIaThCs Ha
OuYeHb OOJBIIMX BPeMEHaX. B uacTHOCTH, Kak MOKa3alld TEOPETUYECKUE OICHKHU, Clie-
JaHHbIE B pabote [27], 1151 OYeHb AJIMHHBIX 1IeNel JOCTHKEHUE UCTUHHO PaBHOBECHO-
IO COCTOSIHUSI OOBIYHOM TJI00YJIbI (PU3UYECKU HEIOCTUKUMO U HAOJIIOAAaEMBIM TII00Y-
JISIPHBIM COCTOSTHUEM OKa3bIBAETCS UIMEHHO CKJIQJYaTO€ COCTOSIHUE. JTU OLEHKH OJie-
crae noarsepauincsk Ha npumepe JAHK, ninmHa nenu KoTopoi MOXKET JOCTUraTh He-
CKOJILKMX MeTpoB. B pabote [6] Obuia mocTpoeHa MPOCTPAHCTBEHHASI CETh MEX3BEH-
Hbix koHTakToB JIHK 1 ObUTO MOKa3aHO, 4TO BeposiTHOCTh P(S) KOHTakTa JIBYyX 3Be-
HbeB JJHK, Haxoasimumxcst BOOJIb 1O LIENW HA PACCTOSHUU S, YMEHBILIAETCS C PACCTOs-
HueMm kak P(s) ~ s7!, kak n MIPEACKA3BIBACTCA I CKIAA4aTOr0 COCTOSIHUSA, B TO Bpe-
Msi KaK JJIs OOBIYHOM TJI00YJIIBI BEPOSITHOCTh KOHTAKTa MEK/Ty 3BEHbSIMH YMEHBIIACTCS

-3/2
¢ paccrosinue kak P(s)~ s

. He yauBuTensHO, 4TO mocae 3TUX padoT K CKiIagva-
TOMY TJIO0YJIIPHOMY COCTOSIHUIO MOJMMEPOB BO3HHMK MOBBIIIEHHBIM HHTEpec (CM.,

Harpumep, [28-34]).
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1.2. Mopgenb 3nacTM4YHOM ceTU B UccrnenoBaHUAX
penakcauMoHHOW AUHAMMUKN MaKPOMOJSIEKYIAPHbIX CTPYKTYP

MeTonbl KOMIIBIOTEPHOTO MOJECIMPOBAHUSA HAXOAAT CEMYac OYEHb LIMPOKOE IPH-
MEHEHHME ISl U3YUYEHHs] CTPYKTYPHO-IMHAMUYECKUX CBOMCTB OOJBIIMX MOJEKYJISp-
HbIX cucteM. Cpenn HUX HamboJiee paclpoCTpaHEHHBIMU SABIISIOTCS METO/bI MOJIEKY-
JSAPHOM TMHAMUKH, MO3BOJIAIOIINE MOJCINPOBATh NOBEICHUE CUCTEMBI, TaK CKa3arhb,
«H3 MEPBBIX MPHUHLIUIIOBY, T.€. HA OCHOBE KBAaHTOBBIX, KJIACCUYECKUX WJIM TMOPUAHBIX
CXEM OIHMCAaHUA MEXAaTOMHbIX B3aumozeictBuil [35]. C dopManbHOIl TOUKH 3peHUS,
MOJIEKYJISIpDHAsl AMHAMMKA CTPOUTCA HA NPOCTPAHCTBE COCTOSIHMM CUCTEMBI JUIS W3-
BECTHOI'O TOJISI B3aUMOJCHCTBUN (SHEPreTHUecKoro JaHamadTa), yupasisoLmero 1u-
HaMUKOHM cucteMbl. [IocKoIbKy YuCio cTeneHeil CBOOObl CUCTEMBI MOPAJIKA YKCia €€
JJIEMEHTOB, NIPOCTPAHCTBO COCTOSHUN MAKPOMOJIEKYJIbI CYIIECTBEHHO MHOTOMEPHOE.
C npyroi cTOpOHBI, IPU JOCTaTOYHO IUIOTHOM, KOHIEHCUPOBAaHHOM COCTOSIHUHU, MaK-
POMOJIEKYJIa HAaXOUTCS MOJ IEUCTBUEM MHOXKECTBEHHBIX TOIOJIOTMYECKUX U DHEpPre-
TUYECKUX OTPAHUYECHUs, HAJIOKEHHBIE Ha JIOKAJIBHBIC CMEIIECHHUS XUMHUUYECKH CBSI3aH-
HBIX 351eMeHTOoB. Kak cienctBue, sHepreTndeckuii janamadT MaKpoOMOJIeKyJIbl B KOH-
JIEHCUPOBAHHOM COCTOSIHUM OKa3bIBAECTCS «CHJIBHO MEPECECUEHHBIM», C OOJIBILIUM YHC-
JIOM JIOKaJbHBIX MUHUMYMOB, «JOJUH» U «0accelHOB», pa3/IeeHHbIX «XpeOTaMu» U
«repeBajlaMu» paznuyHoro Macmrada. [lonumepnsie rio0ysabl SBISIOTCS TYT TUIIAY-
HBIM TNIpUMEpPOM. B pesysbrare Bcero 3TOro, MOCTPOCHHUE IOIHBIX MOJIEKYJIIPHO-
JUHAMUYECKUX TPACKTOPHUI aTOMHOIO pa3pelleHHts, TOKPbIBAIOLIUX Bce (pa3oBoe mpo-
CTPAHCTBO MOJMMEPHOI TII00YJbl, OKa3blBa€TCs HEAOCTHKUMBIM. MccnenoBanue ee
JUHAMHUKNA METOJAAMHU KOMIIBIOTEPHOTO MOJEIUPOBAHUS MOXKET OCTaBATHCS JI€TAJIb-
HbIM, HO OI'PaHMYEHHBIM HEKOTOPOIl 00JIacThI0 KOH()OPMALMOHHOTO HPOCTPAHCTBA,
a100 OCYIIECTBIIATHCA HAa BCEM KOH()OPMALMOHHOM MPOCTPAHCTBE, HO OBITH CyIIe-

CTBEHHO OIpyOJIEHHBIM.
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OmnpeneneHHOro KOMIPOMHUCCA MEXKAY OTPyOJIEHUEM CHCTEMBI U JOCTYITHBIM JIIS
MOJenUpoBaHUs (ha30BbIM 0O0BEMOM MOKHO JOCTHYb B TOM Cllyuyae, KOrJa Ha dHepre-
TUYECKOM JIaHAIAPTe CUCTEMbl UMEIOTCS aTTPAKTOPBI C JOCTATOYHO OONBIIUMU Oac-
ceiiHamMu npuTskeHus. K 3ToMy ciydaro 1 OTHOCUTCS TaK Ha3blBaeMasi MOJENb «3Jia-
CTUYHOM CETH», IIUPOKO MPUMEHsIeMas celyac npy U3y4eHUH TUHAMUYECKUX CBOMCTB
JIOOYJISIPHBIX CTPYKTYp BONHM3U paBHOBecus [36-45]. OcHOBHAs ujesl MOCTPOSHUS Ta-
KOM MOJIENIM 3aKIHYaeTcsl B TOM, YTO PACCMATPUBAEMYIO CTPYKTYpPY HPEACTABISAIOT B
BUJIC€ HEHaIpaBJeHHOTO Tpada (ceTu), y3iabl KOTOpPOW H3HAYaJbHO PACIIONIOKEHBI B
OTIpE/IETICHHBIX TOYKAaX MPOCTPAHCTBA U CBA3AHBI DJJACTUYHBIMU CBS3SIMH, CIIOCOOHBI-
MU YIIPYTO PacTATUBATHCSA U COKUMATHCSL.

[IpumMeuarensHO, YTO MEPBbIC MPUMEHEHUS TaHHOW MOJENH (CM. Hampumep, [45])
ObUIM CBSI3aHBI C UCCIIEIOBAHUEM JIMHAMUYECKUX CBOMCTB OEJIKOBBIX MOJIEKYJI, (PyHK-
LHUOHUPOBAHUSI KOTOPBIX Ba)XHbl U OTHOCHUTENIBHO OBICTPBHIE JIOKAJbHBIE CMEUICHUS
aTOMHOI'0 MaciiTada, CKa)keM, B OKPECTHOCTH aKTHMBHOT'O LEHTPA, U 3HAUUTEIbHO 00-
jee MEIJICHHbIE CMEUICHUS MOJIEKYJSAPHBIX (PparMeHTOB HAHOMETPOBOTO MacIiTada.
N3ydenne nuHaMHUKU OEJIKOB MPEACTABISET KOHEYHO 0c0o0bIi nHTepec. CrocoOHOCTh
0eJIKOB MpeoOpa30BhIBATh XMMUUYECKYIO DHEPTUI0, 3alaCceHHYI0 B HEOOJBIIONW eu-
HUYHOM MOJIEKyJie, B MEXaHUYECKYI0 paboTy — 3TO SIPKHM IpuMep (PyHKIIMOHAIBHOCTH
MaKpOMOJIEKYJ, TOBCEMECTHO BCTpeYarouleiicss B kMBOW mpupoze [46], HO moka He
peanu30BaHHBIA ISl UCKYCCTBEHHBIX MOJUMEPHBIX cHCTEM (cM., Hampumep, [47]).
Harnpumep, B Tak Ha3bIBa€MbIX MOJIEKYJIIPHBIX MOTOpax, K KOTOpbIM oTHOCATCS AT®-
a3a, MHO3WH, KUHE3WH U ps ApyTux Oenkos, ruaponan3 ATd B akTuBHOM 1eHTpe Oe-
Ka MPUBOJUT K KOH(POPMAIMOHHBIM U3MEHEHUSIM TJI00YJIIPHOTO IOMEHA MOJIEKYJISIp-
HOT'O0 MOTOpA, KOTOpPbIE 3aTeM IpeoOpa3yroTcs B ABMKEHNE (YHKIIMOHAIBHBIX CTPYK-
TypHbIX eauHull [48,49]. MonekyisipHble MOTOPBI UTPAIOT MCKIIOYUTEIBHO BAKHYIO

pOJIb B KJIETKE: MEPEMEIAIOT Pa3INYHbIe CyOKJIECTOUHbIC €UHUIIBI, YIIPABIAIOT JeJie-
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HUEM KJIETOK, COOMPAIOT U3 HAHOPA3MEPHBIX (PparMeHTOB 0oJiee KPYIHBIE CTPYKTYPbI
u ap. B nenom, auHamuika OEIKOBBIX CTPYKTYpP — 3TO OYEHb CIIOKHBINA, MHOTOMAC-
mTaOHBI TPOIECC, B KOTOPBIA BOBJICUCHBI TBHICSYM CHUJIBHO B3aWMOJCHCTBYIOIIUX
aTOMHBIX eIuHUL. JIJisi ero KOMIBIOTEPHOTO MOJETUPOBAHUS, TOMUMO COOCTBEHHO
METO/Ia MOJICKYJIIPHOW JTUHAMUKH, TPEOYIOTCS CHEIMaIbHbIE TPUEMbI, CIOCOOHBIE, C
OJTHOM CTOPOHBI, 3HAYUTEIHLHO YIPOCTUTH OMHMCAHHWE CTOJb CIOKHOH CHCTEMBI, HO C
JPYroil CTOPOHBI, OCTaBUTh CYIIECTBEHHbIC ISl MOHUMaHUS (PYHKIMOHATBHOCTU
CTPYKTYPBHI JIETaJH.

[IpuMepom Takoro noaxoza u ABJISIETCS MOJEIb 3JIACTUYHON CeTH. B nrnonepckon
paborte [45] anacTuyHas ceTh CTPOUIIACH HA OCHOBE aTOMUCTUYECKOTO MPEICTaBICHUS
OeNIKOBOM CTPYKTYpBI, OJIHAKO 3aTeM, B paboTe [50] Opu10 mpeanoxkeHo 6osee pacmpo-
CTpaHEGHHOE Ceivac MpUOJIMKEHUE, B KOTOPOM DJIACTUYHAsI CETh CTPOUTCS IO TPO-
CTPaHCTBEHHBIM KOOPJWHATAM aTOMOB O-yTJepoja aMUHOKUCIOTHBIX OCTaTKOB TOJIH-
NenTUAHON 1enu Oenika. MeToauka MOCTPOCHHS DJIACTUYHOU CETH COJNEPKHUT TPHU
KJTFOUEBBIX IIara — BEIOOP MaciTada 3JIeMEHTapHBIX ()parMEeHTOB CTPYKTYPHI, 3aJaHUE
UX MPOCTPAHCTBEHHBIX KOOPJUHAT U BBeJIeHHE MaciTaba oOpe3aHusi B3aUMOACHCTBUS
MEXIy dJIEMEHTapHbIMU (PparMeHTaMu, IO KOTOPOMY OIPEAEIISAeTCs HATMYUE UIH OT-
CYTCTBHE CBSI3U MEXKTy COOTBETCTBYIOITUMHU Y3JIAMH AJTACTHYHOU CETH.

B Monenu snacTUUHON CeTH BCe CUIIbI, JCHCTBYIOIIME HA Y3JIbl CO CTOPOHBI CBSI-
3eil, ynpyrue u noguuHstorcs 3akony ['yka. Ilpu sTom cuurtaercs, 4To Bce dIaCTHU-
HBIC CBSI3U MMCIOT OJTUH M TOT YK€ MOJYJIb YIIPYTOCTH, IIOATOMY YIIPYTHE CHIIBI OTIPe-
JEJSIFOTCS. TOJIBKO CMEIICHUSIMU Y3JI0OB OT UX PABHOBECHBIX MOJIOKEHHIA.

Mopaens smacTuuHOM cetu GopMynupyercs ciefayromum oopasom. Ilycts BekTop
ﬁi(O) €CTh paBHOBECHOE Toyokenue i-ro y3ma (i =1,2,...,N), a Ei(t) €ro aKTyajb-
HOE TOJIOKEHUE B MpOCTpaHcTBe. Torga NMHAMUKA 3JIaCTHYHOM CETH B OMMCAHHBIX

BBIIIC ITPCAIOJOXKCHUAX 3a1aCTCsA CUCTEMOM HEITMHEHHBIX ypaBHeHI/Iﬁ JBHKXCHUA
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de dR N E—E
=24 —‘

QR R‘ ‘R(O) R(O)) (18)

y2i dt? =1 R.—R.

1

rae m — macca ys3na, f# — KodhuuueHt aemndupoBaHus, K- MOIYJb YIPYTOCTH
JJIACTHYHON CBSI3M, A — MaTpHUIla CMEKHOCTH JJIACTHYHOH CETH C DJICMCHTaMH
Ay =1, ecnin MexTy y3namu [ M j €CTb CBA3b (‘Ri(o) —Rﬁ.o)‘ <l,, rne /, — macmrabd
oOpe3aHusi B3aUMOJEUCTBUI MEXIy 3JIEMEHTapHBIMU (parMeHTaMu CTPYKTYpbI), U
A4; =0 B npoTHBHOM Ciy4ae.

Crnenyer noJ4epKHyTh, YTO NEPBOHAYAIbHO BBIOPAHHBIE MPOCTPAHCTBEHHBIE KO-
OpAMHATHI CTPYKTYPHl PACCMaTPUBAIOTCS B MOJIEIM 3JACTUYHOU CETH KaK paBHOBEC-
HBIC TTOJIOKEHHUS Y3JI0B, K KOTOPBIM OHH PEIaKCHPYIOT B OTBET Ha Bo3MylueHue. MHa-
4ye roBOpsi, PABHOBECHBIE (B CMBICIIE BBILIE) MTOJIOKEHUS Y3JI0B 33Ja0T aTTPAKTOP MPH-
TsDKeHUs TpaekTopuii (18).

[IpumeuaTensHO, YTO PE3yJIbTAThl, MOTYYCHHBIE MPH MOMOIIM CTOJb MPOCTOTO
preMa MOJAEIUPOBAHUS JUHAMUKH OEIKOBBIX CTPYKTYpP, XOPOILIO COTJIacyoTCs Kak ¢
JPYTUMH TEOPETUYECKUMHU MOJENSIMU OenkoB [39], Tak M C SKCIIEpUMEHTAIbHBIMU
JTAHHBIMU 110 JuHaMuke O0enkoB [38, 51-55]. B wactHocTH, B pabote [43] nmpoBeneHO
JETaJIbHOE HCCieloBaHue NpuMeHumMoctu Mozaenu (18) ans omucanus pa3HoMac-
MTa0HBIX JBMKEHUH B OENKOBBIX CTPYKTypax. bbuio moka3zaHo, 4TO MPUMEHUMOCTH
MOJIEJIH JIACTUIHON CETH 3aBUCHT, TIIABHBIM 00pa30M, OT TOTO, HACKOJIBKO CKOPPEIH-
POBaHbI IBUKEHHSI PA3IMYHBIX CTPYKTYPHBIX ()parMeHTOB O€IKOBON MOJEKYJbl. Mo-
nenb 3(p(EeKTUBHO Mpe/CKa3biBaia KOJUIEKTHBHBIE IBMXKEHUS TOCTATOYHO KPYIHBIX
($parMeHTOB CTPYKTYpbI, HO HE TOIXOAMJIA I MOJICIMPOBAHUS BMKCHHN CIIa00
CBSI3aHHBIX 3JIEMEHTOB CTPYKTYypbl. MHade roBops, IpuU MOJECIUPOBAHUU OENIKOB,
CTPYKTypa KOTOPBIX MMEET HECKOJIbKO KPYMHBIX, ()YHKIIMOHAIBHO 3HAUYMMBIX (par-

MEHTOB (TaKWX, HAPUMEP, KaK y MOTOPHBIX O€JIKOB), OOJIbIIas 9acTh WH(POPMAITUH O
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JBYKEHUSAX BJOJb MEIKOMACHITAOHBIX KOJIeOaTeNbHBIX CTENEHENW CBOOOJbI 3IacTHY-
HOMW CeTH OKa3bIBAETCsl, BOOOIIIE TOBOPS, U30BITOUHOM!.

HNmenHo 115 Takux GenkoB B pabote [42] ObUIO MpeyiokKEHO UCIOIb30BaTh MpH-
OJMDKEHUE CBEPXKPUTHUECKOTO 3aTyXaHUsl KoieOaTelbHbIX MOJ (CHIIBHO AeMII(pHupo-
BaHHOE IMPHUOJIMKEHUE), B paMKax KOTOPOTO CKOPOCTb y3jla CEeTH CUMTAETCS IPOIop-
UOHAJILHOM CyMMe MPWIOKEHHBIX K HEMY YIPYrux cui. B sTom ciydae auHamuka
CETU SIBJISIETCS MCKIIIOUUTENIBHO PEIaKCallMOHHOW M ONHUCHIBaeTcs cucteMon nudde-
PEHIMAJIBHBIX YPABHEHUI IEPBOI0 NOPSAIKA C HETMHEMHON IPABON YaCThIO:

R IR

). (19)

- R.

i J

rae A — MaTpuIia CMEXHOCTH 3JIACTUYHOM CETH CTPYKTYpPBI. 3aBHCUMOCTh K, M H U
371eCh yOpaHa COOTBETCTBYIOIICH TIEPEHOPMHUPOBKOI BpEMEHH.
= _ 5 5O - 5(0
[Ipu ManbIX OTKIOHEHUSX F; = R; —Rl.( ) ot paBHOBeCHs (‘r‘, << ‘Ri( )‘) ypaBHe-
1

HUA IBKEeHUS (18) MOXKHO JTMHEApU30BaTh

dr.

_l:_ZA..r., (20)

J

I7I€ TEH30P HaIPSKEHUN Aij (maTpuia pazmepHocTH 3X3) SBISIETCS JEMEHTOM MaT-

puisl auHeapu3anuun A pasmepa 3N x3N. B pesynbrare, BOIHM3M MOJTOXKCHUS paB-

HOBECHsI CHIIbHO JeMI(UPOBaHHAS JHHAMHKA CETH OIMCBIBACTCS CYMMOW HOPMAaJib-
3N

HBIX PEJAKCAllMOHHBIX MoJ 7. (1) = Zrl.k (0)e, exp(=A,t), tme r, — mnpoexuus
k=1

HaYaJILHOTO OTKJIOHEHHs i-ro y3ina 7;(0) Ha k -yro crenens cBobonsl, a A, >0 u €,

— HEHYJIeBbIe COOCTBEHHBIC 3HAUCHHS U COOCTBCHHBIC BEKTOPHI MaTpHibl A , COOT-

BETCTBEHHO. MaJiple 110 BEIMYMHE COOCTBEHHBIEC 3HAYEHUS MaTpHulbl JUHCAPpU3ALUN

OTHOCATCA K MCIJICHHO PCIIaKCUPYIOIHUM, «MATKUM» MOJaM, B TO BPEMsI KaK OoJbIIIIE
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COOCTBEHHBIE 3HAUYEHUSI OTHOCSTCSA, HA00OPOT, K OBICTPO PEIAKCHPYIOMINUM CTETICHSIM
CBOOO/IBI.

Kak ormeuanock BbllIe, CHIBHO AeMII(pUPOBaHHAS MOJEIb AJIACTUUHOM ceTn Oblia
npUMEHEeHa JJIs U3Y4YeHHS TWHAMUKU TaK Ha3bIBAEMBIX MOJIEKYJISIPHBIX MOTOPOB — Ce-
MEHCTBa IOCTAaTOYHO OONBIINX OENKOB, Mpeodpa3zyomux sHepruto rujapoiuza ATD B
HANpaBJICHHOE KBAa3WMEXAHUYECKOE JBIKEHHE KpPYMHOMACIITAOHBIX (hparMeHTOB
6enmkoBoi cTpykTypshl [38, 39, 44]. Oka3zanoce, 4To QPyHKIMOHATBHAS JUHAMUKA MO-
JIEKYJISIPHBIX MOTOPOB MMEET OOUIYI0 XapaKTepHYI oco0eHHOCTh. OHa ompeaensercs
TOJIKO OJTHOM-IBYMs HanOoJjiee MEIICHHBIMH pelaKCallMOHHBIMU MOJIaMH, OTAENICH-
HBIMHA OT OCTaJIBHOTO CIEKTPa HOPMAaJbHBIX PEIAKCAIMOHHBIX MOJ OOJBIION CIIEeK-
TpanabHOU 1miensto (puc. 1).

B oTtBer Ha BO3MyleHue, OeNKOBas MOJIEKyJa BHayaue OBICTPO pPEIaKCUpPYeT K
HU3KOpPa3MEpHOMY MHOT000pa3uio ¢ OOJbIIMM 0acCeHOM MPUTSIKEHUS U 3aTeM,
0CTaBasiCh Ha ATOM HU3KOPa3MEPHOM MHOT000pa3n, MEUICHHO CMEMIAETCsl K paBHO-
Becuto (puc. 2, 3 [42]). DTo HU3KOpAa3MEPHOE MPUTITUBAIOIIIEE MHOTOOOpa3ue oTBeya-
€T CaMbIM MEJUICHHBIM CTETICHSM CBOOOJIbI, OT/ICIICHHBIM IIEbIO B CIIEKTPE HOPMalb-
HBIX PETaKCAIIMOHHBIX MO/I.

XapakTepHble Uil MOJIEKYJISIPHBIX MAIIMH JTUHAMHYECKHUE TPACKTOPUU MOKA3aHBI
Ha puc. 2 v 3, KOTOPbIE MbI BOCITPOU3BOAUM U3 paboThl [42]. TpexMepHOe mpencTaB-
JICHHE TPAaeKTOPUH Ha dTUX PHCYHKaX MOCTPOCHO IO TPEM y3JIaM CETH, KOTOPHIEC BbI-
OpaHbl TakuM 00pa3oM, 4TOObI Haubosee Pernpe3eHTaTUBHO MPEJICTaBUTh JIBUKECHUE
BJIOJIb CAMBIX MEJICHHBIX CTereHedl cBoOoabl. TexHuueckue neTanu Takoro BBIOOpa
onucaHsl B Pazoene 3.

Ha npuBenennsIx pucynkax 2 v 3 XOpoIo BUIHO, YTO TPACKTOPUH, CTAPTYIOIIUE U3
pa3muuHBIX (BO30Y>KICHHBIX) COCTOSIHUM, OBICTPO PETAKCUPYIOT K OMPEIEIICHHOMY HU3-

KOpa3MepHOMY MHOTO00Pa3HIo (TNIOCKOCTH WM KpHBOW B 3 /N -MepHOM MPOCTPaHCTBE)
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AT®d-a3a

MuosuH

log1g (Ai/A4)

Puc. 1. CekTp cOOCTBEHHBIX 3HAYCHHI 3aCTHYHBIX ceTel momeHa F1 AT®-a3wsl 1 MHO3WHA, OTHOPMHUPO-

BaHHbBII Ha HAMMEHBbLIEE HEHYJIEBOE COOCTBEHHOE 3HaueHue A, (mpuBoauTes no pabore [42]).

o
{6} Mgy ! uzg™

0.02
0.01
o
-0.01
-0.02
-0.03

Puc. 2. (a) DnactuunHas cetb qoMeHa F1 AT®-a3pl u (0) HaOOp perakCalMOHHBIX TPACKTOPHHA ISl 3TOH

cetu. Pucynku npuBoasrcs no padore [42].

U JOCTUTHYB €ro MCJICHHO CMCIIAIOTCA K ITOJIOKCHHUIO PAaBHOBCCHUS HC MOKHU Al 9TOIr0

MHoroo0Opasus. [IputaruBaroiiee MHOToOOpa3ue, Mo CyIIECTBY, SIBISIETCS TEM HU3KO-

pa3MepHbIM TMHAMUYECKHUM MPOCTPAHCTBOM, Ha KOTOPOM peanu3yercss QyHKIUS MO-

JeKyJsipHOTrO MoTopa. [IpumedarenbHO, YTO JIACTUYHBIE CETU MOJIEKYJISIPHBIX MOTO-

POB CHJIBHO aHU30TPOIHBI — MACIITA0bl ABMKEHHUI B/IOJIb OBICTPBIX CTENEHE cBOOO-

Jbl MHOI'O MCHBIIC MaciTaboB CMEIICHUM BAOJIb BBIACICHHBIX MEIJICHHBIX CTCICHEH

AU ,, <AU13 AUlz)

CBOOOIBI ( < ,
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Puc. 3. (a) DnacTruHas ceth MHO3MHA U (0-T') HAOOP peNaKCallMOHHBIX TPACKTOPUH JIJIst 3ToM ceTH. (0) 1 (B)
— BHJ] HA TPACKTOPHHU TIOJI Pa3HbIM YIJIOM, (T) — OTAENIbHAs TPACKTOPHUS ¢ BPEMEHHBIMU METKAMH, OTMEYECH-

Has 3eJieHbIM Ha puc (0) u (B). Pucynku npuBojstcs o padore [42].

OTMeTUM TaKKe, YTO CIEKTpasIbHAs IENb MIACTUYHBIX CETEH MOJIEKYJISIPHBIX MO-
TOPOB He BEJIMKA M HAXOIUTCS B HHTEepBae 5 < — < 10.

Takum 00pa3oM, MOJEIb CHIIBHO JICMH(l)HpOBla,HHOﬁ AIIACTUYHOM CETH MO3BOJIAET
YCTaHOBUTb TPHU XApPAKTEPHBIX OCOOEHHOCTH JMHAMUKU MOJEKYJSPHBIX MOTOPOB: 1)
HAJIMYME XOPOILO ONPEAEICHHOI0 aTTPAKTOpa AMHAMUYECKHX TPACKTOPHIA, 11) HaJH-
Yyye IIUPOKOM LIENH B CIIEKTPE HOPMAJIbHBIX PENAaKCALIMOHHBIX MOJ, OTJESIONIEe 0/1-
HY-JIB€ CaMble MEJUICHHBIE PEIaKCALMOHHBIE MOJbI OT OCTAJbHBIX W, HAaKOHEl, 1il)
HAJIMYME HHU3KOPAa3MEPHOI'0 JMHAMHUYECKOT0 MHOroobOpasus ¢ OoyblIMM OacceiiHOM
HOPUTSHKEHUS. DTU TPU XapaKTEPHBIX OCOOCHHOCTH, M0 CYLIECTBY, OTPAXKAIOT CIIOCO0-

HOCTb MOJICKYJISIPHON CTPYKTYpbl TpaHCHOPMHUPOBATH BO30YK/IEHHUE B HAIIPABICHHOE

KBa3HMMCXaHHYCCKOC IBHKCHHUC.
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OTH CBOMCTBA MOJIOKEHBI HAMH B OCHOBY OIIpPEAEIICHUSI IOHITHS «MOJIEKYJIIpHast
MAaIllMHa», KOTOPOE MBI MCIOJB3YEM B JIaHHOM cTaThe. Takue CBOMCTBA XapaKTEPHBI
TOJIBKO JIJIs1 BIIOJIHE CTICIIMANbHBIX MOJUMEPHBIX CTPYKTYp. Kak nmoguepkuBaercs B pa-
oote [42], y CTpYKTYp, 2JIaCTUUHAsI CETh KOTOPBIX SIBISIETCS CIIy4allHOU, MEJJICHHBIC
penaKcalMoHHbIE MOJIbI, KaK MPABUJIO0, HUKAK B CIIEKTPE HE BbIACJICHBI, a JUHAMUYE-
CKHE€ TPACKTOPUU UMEIOT MHOKECTBO JIOKAJIbHBIX METACTAOUIIBLHBIX aTTPAKTOPOB C He-
00JBIIMMH OacCceiHAMU MPUTSKEHUS.

B pabGote [42] npoaeMOHCTpUPOBAHBI MPUMEPHI DJIACTUYHBIX CETEH, JEMOHCTpPH-
PYIOLIUX, TOMUMO XapaKTEePHOM JUIsi MOJEKYJSIPHBIX MAIlWH JUHAMUKHU, HaJIU4Yue
«AaKTHUBHOTO LIEHTPa», @ UMEHHO, 3JJACTUYHbIE CETU UMENH HEKOTOPOE MOAMHOKECTBO
y37I0B, TaKOe, 4TO IpH J00aBJIEHUU K HEMY JOIMOJHUTEIBHOTO y3Jla CETh pejaKCHupo-
BaJla K HOBOMY IOJIOKEHHIO paBHOBECHs, a yOUpPaHUE 3TOro y3j1a BO3BPAILAIO CHUCTE-
MY B UCXOJHOE COCTOSIHUE, IPUYEM TPAEKTOPUH IPSIMOTO U OOPATHOIO JIBUKEHUS ObI-
JIM pa3InYHBIMU, HO HU3KOPa3MEPHBIMU U XOPOLIO ONpPEe/IeICHHBIMU.

Crnenyer MoauepKHyTh, UTO B MOJIEIb DJIACTUYHON ceTu B (hopmynuposke (18) umu
(19) He BrIIOUEHBI TETJIOBBIE (PIyKTyaruu. B To ske Bpemsi, COBpEeMEHHBIN B3I HA
OeJKH, PeACTABICHHbIN, HAIPUMEpP, KOHUEMIUAMU «OTCEEKTUPOBAHHOTO TETJIOBOTO
mrymay (rectified thermal motion) [56, 57] u «TeroBoro xpamnoBuka» (thermal ratchet)
[58,59] HemocpeACTBEHHO CBsI3aH C TEIIOBBIMH QuIyKTyanusMu. C 3TOH TOYKU 3pSHHS
MIPUMEHEHHE MOJCNIM JIaCTHUHOU ceTH B dopmynupoBke (18) u (19) k OenKoBBIM
CTPYKTYypaM MOXET BbI3bIBATH COMHEHHMs. B 3TOil CBsI3U cieAyeT MOAYEPKHYTh, UTO
AJIACTUYHBIE CETU MOJIEKYJISIPHBIX MOTOPOB OTHOCSITCSL K TaK Ha3bIBAEMBIM «T'PYOBIM»
JTUHAMUYECKUM CHCTeMaM, MOBEJCHNE KOTOPhIX 3a/1a€TCs XOPOIIO ONpe/IeICHHbIMU B
¢dazoBoM MpocTpaHCTBE aTTpakTopamMu. IloaTOMy ISl TaKMX CTPYKTYp CTOXacTHYe-
CKO€ BO3MYILEHUE JUHAMHYECKOW MOJIEIA HE JIOJKHO MEHATh MX moBeneHwus. Jleit-

CTBUTENIbHO, KaK TOKa3ajdu HCCIEIOBaHUs ITOro Bompoca B pabdote [44], TemaoBoi
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1IyM, 100aBJIEHHBIN K MpaBoi yacTu ypaBHeHUs (19), He MeHsIeT MOBeeHUs dIacTHy-
HOM CETH MOJIEKYJISIPHBIX MOTOPOB.

Mopnens cunbHO JeMI(UPOBAHHONW AIACTUYHON CETHU SBIISETCS OCHOBHBIM HH-
CTPYMEHTOM HM3yYCHHUS TUHAMUYCCKUX CBOMCTB CKJIATIATHIX M OOBIYHBIX TTOJUMEPHBIX
r100YyJ1, MOTYYEeHHBIX HAMU METOJaMU KOMITBIOTEPHOTO MOJEIUpOBaHus. B kauecTBe
KpUTEpHsl TOro, oOIagaeT WUiau HET Ta WM WHAs CTPYKTypa NUHAMUYECKUMH CBOW-
CTBAMH MOJIEKYJISIPHOW MAIlIMHbI, UCTIOIL30BANICSI KPUTEPUH, IPEIJIOKEHHBIN B paboTe
[42]. MonekyasipHOW MaIIMHON MBI Ha3bIBA€M CTPYKTYpPYy B TOM cllydae, €Ciid 1) B
CIIEKTPE HOPMAaJbHBIX PEIAKCALMOHHBIX MOJ[ €€ 3JAaCTHYHOM CETH OJHA WU JIBE

HaubOoee MeEUIEHHBIE MOJBI OTIEJICHBI HIEJIBIO oT OCTaIbHBIX

A
(2L > 5:7=1,2), ii) cymecTByer HU3KOpa3MEpHOE MHOrooGpaske ¢ XOpOLIO Ompele-

JICH;-ILIM aTTPaKTOPOM U OOJBIIMM 0ACCEHHOM MPUTSKEHMS, 111) MAacCIITaObl CMEIICHUN
OBICTPBIX M BBIACICHHBIX MEUICHHBIX CTETEHEH CBOOOIBI pa3inuyaroTCs HE MEHBIIE
9YeM Ha TIOPSIOK.

JUisl moy4eHuss MOJENbHBIX 00pa3lioB MOJIMMEPHBIX CTPYKTYp, Mbl BHayaje HC-
CJIeI0BIM UMUTALIMOHHYIO MOJIENb KOJIIarca MOJIMMEPHON 1!, ONMCaHue KOTOPOi
IPEACTaBICHO B CIEAYIOLIEM pasjene. TH UCCIeI0BaHNs MO3BOIMIN ONPEIEIUTh Te

YCIIOBHSI KOJUIAIICA, MPU KOTOPHIX M ObUIM MOJYYEHBI CTPYKTYPhI CO CBOMCTBAMH MO-

JIEKYJISIPHOM MaIllWHBbI.

2. Tononorusa cknag4yaTon CTPYKTYpbl

C TOYKM 3peHUsT MAaKPOCKOTMUYECKUX MapaMeTpoOB, B TEPMOIMHAMUYECKOM Tpeie-
ae (N —> oo, rne N - ymmHa nienu) ckiaayaTas 1iiooyna [4] u oObuHAs paBHOBECHAs
rioOyina [15] He oTaMyaroTCs Apyr OT ApyTra: XapaKTepHbId JTMHEHHBIN pa3Mep rio0y-

1/3 .
a1 R~ N''°, pagmyc Koppermsiiuii (QIyKTyaluyd KOHIICHTpPAIlMH 3BEHBEB MHOTO

MeHbIIe R ¥ KOHIIEHTpAIHs 3BEHbEB B 00BbeMe TJIOOYJIBI pacnpe/ieiicHa OJHOPOJIHO.
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OmHaKO TOMOJOTHS CKIaa4aTol I0OYIIbl MPUHIUITMAIBHO OTINYAETCS OT TOTIOJIOTHA
oObIgHOM TJI00YyNBbl. HamomaMM, 9TO 0OBIYHAs T00ysa MpeacTaBiseT coOol «pac-
TUTaBy» 3ay3JICHHBIX KIYOKOBBIX cyOuerneil. B ornmuue ot 3T0T0, B CKITaq4aToil rimoly-

o * 6 2 o
e uMeetcs Takor pasmep ¢ =N, /(a” p”) (N,— 3T0 mapamerp MOJCIH peNTaLuii,
UMEIOIINIA CMBICII TUITMYHOTO YHUCJIA 3BEHBEB MEXKIy COCETHUMH TIO TICTIH 3allCTUICHH-
amu [11], p — mIOTHOCTH rI00YJIBI U @ — JJWHA CBS3M), YTO HA BCEX MacluTadbax

*

[ > g cyOrenu mpeacTaBisioT co00i He3ay3JICHHBIE TI00YIAPHBIE CTPYKTYPhI pas-

1/3
["'”, WepapXWuYeCcKH BIOKEHHBIE IPYT B JAPyra CaMoroI00HbBIM 00pa3oM.

Mepa R, = a
[Ipennoxennoe B [4] mpeacTaBieHUE CTPYKTYPBI CKIaA4aTod Ti00yJibl, MOKa3aHHOE
Ha puc. 4 (a), OTpaxXaeT UACI UEPAPXUUYECKON BIIOKEHHOCTU HE3ay3JICHHBIX CKIIAJIOK
— HECKOJIBKO g* -3BEHHBIX YYacTKOB IIeNH (Ha30BeM uX ckiaakamu 0-ro ypoBHs) oOpa-
3YIOT HE3ay3JICHHYIO TJI00YJIO-TIOJOOHYI0 CTPYKTYpy Oosbiero pasmepa (CKIAAKy

1-ro ypoBHS), HECKOJIBKO TaKMX CKJIAJ0K, B CBOIO OYepelib, 00Pa3ylOT CKIAIKy 2-TO

YPOBHS U T.J., 10 HAMOOJBIIIEH CKIIAIKK MacITaba BCcel TI00YIbI.

( (6)

a} i 1 '
'1{:3 A
g
! ' ’

- (=)

Puc. 4. a) Uepapxuyecku yInoXeHHBIH MoIMMep Ha pasHbIX MmacmTabax. 0) [IpencraBneHue mepapxuue-

ckoit yknaznku Ha rpade Komm. Iyt A cooTBeTCTBYET HAOOPY CKIAI0K, B KOTOPBIN BXOIUT 3BEHO | .
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Takum oOpa3oM, CKIIaq4aTyro TJI00YyJTy OTIMYAIOT OT OOBIYHOW JBa Ba)KHEUIIIHUX
CBOMcTBa: 1) ckiagyaras KoHpopMaius MpeAcTaBiIeHa Hepapxuel He3ay3JlIeHHBIX
CKJIQJIOK, B KOTOPON MEHBIIINE CKJIAJKU BIIOKECHBI B OOJIBIIINE CKIIAJKUA M 11) Ha BCEX
Macuitabax paccMoTpenust (Oosblie MacuTada g*) ckJlaayaras KoHpopmanusi ocTa-
eTCs TJIOOYJISIPHOM, T.€. XapaKTepHbId MaciTad YKJIaaku cyOlenu JJIMHBI § COCTaB-

3 1/2 .
,a HE ~§ ' °, Kak B oObruHOU T0OyNEe. CooTBET-

€T BEIMYMHY HOpSIKa ~ §' @
CTBEHHO, BEPOATHOCTh KOHTAaKTa MEXIy KOHIAMHU CyOlenu UIMHBI § B CKIAA4aToU
rio0yiie yObIBaeT Kak ~ s~', B OTIMUME OT 3aKOHA ~ § ° > 1151 OGBIYHOI rJ100YyJIbI.

Hepapxuyecku camoriofoOHasi OpraHu3aiysi CKIag4aToro COCTOSIHUS MPeACTaBIs-
€TCsl BAKHEHIIIM TOTMTOJIOTHIECKUM OTJIMYHEM CKIIaT4aToN TI00YIIBI.

B nanHOM paszzpene ctpoutcss MoJieNb, UMUTHPYIOIIAs HEPAPXUUECKYIO YKIIAIKY
LEeNH B CKJIa4aToM cocTostHUUA. CaMo MOCTPOCHHUE MOJAETH, OCHOBAHO HA YJIbTPaMET-
PUUYECKOM ONHCAHUM CKJIAI4aToOW KOH(pOPMALUHU, KOTOPOE M3JI0XKEHOo cpa3y Hmxke. C

MMOMOIIBIO ATOMU MOACIIN MBI OIIPCACINM, KaK B KOMIIBIOTCPHOM JKCIICPUMCHTC OTIJIN-

YUThH CKIIAAYATYIO MOJUMEPHYIO TI00YIy OT OOBIYHOM III00YIIbI.

2.1. YnbTpameTpuyeckoe onucaHue ckrnagyaton KoHdopmaumm

*

CocTrosiHEEe KaXJ0TO g —3BEHHOTO Y4YacTKa IeNH B CKJIAA4aTol KOHPOpMaIuu
MOKHO OMHUCATh CTPOKOM MHJIEKCOB, YKa3bIBaIOIIEH TOT HAOOP BJIOXKEHHBIX IPYT B
apyra cKjaaaok (T.e. CKJIagKy l-ro ypoBHs, BIOKEHHYIO B CKJIAJIKy 2-I0 ypOBHS,
BIIOKEHHYIO, B CBOIO O4Yepelb, B CKIAAKY 3-TO YPOBHS U T.H.), B KOTOPBIX HaXO-
JIUTCA paccMaTpUBaeMbli g*—sBeHHmﬁ ydyacTok. Takoil HaOOp MHAEKCOB ecTe-
CTBEHHO COIMOCTaBUTh MyTsIM Ha ApeBooOpasHoM rpade (nepese Kamm) ot obmieit
BEPIIUHBI IepPeBa K €r0 «JIUCThIM». [I0CKOMBKY KaXJOMy JIUCTY JAepeBa COOTBET-

CTBYCT TOJIbBKO OOUH MIYThb, BCI[YI_HI/Iﬁ K HCMY OT 061116171 BCPIONMHBI ACPEBA, TO KO-
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HEUHbIE€ y3Jbl rpada («JIMCThS» J€peBa) MOXKHO MOHUMATh KaK MHOXECTBO BO3-
MOXHBIX COCTOSIHUM, B KOTOPBIX MOET HAaXOJAUTbCS TOT WU MHOU g*—sBeHHHP“I
Y4aCTOK IIeNH B CKJanuathix KoHpopMmamusax. [IyTe oT obuieit BepmuHbl aepeBa
(A) x HekoTopoMYy JHCTY aepeBa (i) Oyner Toraa mpeacTaBisITh TOT HAOOp BIIO-
KEHHBIX JPYT B JApyra CKiaJoK, B KOTOPbIX HaXOJUTCS g*—3BeHH1>IP”I y4acTOK B
cocrosinuu (i) (puc. 4 (6)). CooTBEeTCTBEHHO, Kaxkjoe nojajaepeBo aepeBa Kanu
MOHUMAETCS KaK MHOECTBO COCTOSIHHH, OMPENENSIONIUX HEKOTOPYIO CKIAAKY
COOTBETCTBYIOLIEro MacuiTada, a BeplIMHa MO AepeBa, Jiexkallas Ha ypoBHe Y, Oy-
JIeT mpeacTaBuTelieM Takou ckiaaku. Munekc BeTBienus ( p ) aepesa Kanu omnpe-
JIeJIsIeT YMCI0 CKJAaJ0K HUXKEJIeXKAIIEeTOo YPOBHS, BXOASAIIMX B CKIAAKY BHIIIEIIE-
xamero ypoBHs. CamomnonoOHas uepapxusi BJIOXKEHHBIX IPYT B Jpyra CKJaJoK
COOTBETCTBYET peryiasapHoMy JepeBy Kainu ¢ mMOCTOSIHHBIM MHAEKCOM BETBJICHUSA
P, KaK, Hallpumep, 2-aJu4ecKoe IepeBO CKJIaJI0K, IpUBEJEHHOE Ha puc. 4 (0).

[TomuepkHeM, 4YTO TpPH OMUCAHUM CKJIAT4aToOW KOHGOpPMalUU APeBOOOpa3HBIM
rpadgomM KoH(bOpMAIHS LIETTH OTPEEISIETCS] He PACTIONOKEHUEM 3BEHBEB 1IETIH B TIPO-
CTPAHCTBE, a BJIOKEHMSIMU CKJIQJIOK, B KOTOPBIX HaXOJATCA 3BEHbs 1ienu. B 3Tom
CMBICIIE, JAHHOE ONUCaHUE OTpakaeT He MPOCTPAHCTBEHHYIO CTPYKTYpPY CKJIq4aTon
r7100yJ1bI, @ €e IPeBO0OPa3HYIO TOMOJIOTHIO.

TeM He MeHee, B TaKO€ OINUCAHHUE TOXKE MOKHO BBECTU METPUUYECKHE OTHOIICHUS
MeXay DJieMeHTaMu Ienu. B ckimaguatoit koHpopmanuu s J0ObIX ABYX g*—
3BEHHBIX (PparMEHTOB i U j BCErJa CYIIECTBYET OJIHA M TOJIBKO OJIHa MUHUMAaJbHas
CKJIagKa (CKakeM, ypOBHS ¥ ), BHYTPU KOTOpOW HaxomsTcs o6a »tu ¢gparmenrta. C
JPYroii CTOPOHBI, BCETJa MOYXHO YKa3aTh JIBE pa3HbIC CKIAJKH YPOBHsA ¥ —1, B Kaxk-
JIOM U3 KOTOPBIX HAXOAWUTCS TOJILKO OJIMH M3 TaKUX (parMeHTOB. DTO OCOOCHHOCTH
JPEeBOOOPA3HON CTPYKTYpPbl CKJIaJ0K MO3BOJISIET HAJEIUTh MPOCTPAHCTBO COCTOSHUMN

*

g —3BEHHBIX YYacCTKOB LU CIIEUUAIbHON METPUKON, KOTOPYIO, B OTJIMYUE OT MpO-
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CTPaHCTBCHHOT'O paCCTOSAHUSA, MbI 6YI[CM Ha3bIBaThb ((KOH(bOpMaLII/IOHHBIM pPacCTOAHU-

*

eM» MeXAy g —3BEHHBIMU YYacTKaMU MMesl B BUy UMEHHO CKJIaq4aTyo KoHpopMa-
mto. KoHdopmalmoHHOE paccTOsHUE MEXAy JIBYMs g*—BBeHHHMI/I y4acTKamH,
HaXOJAIIUMHUCS B COCTOSTHUSIX i U j, 3aJJaeTCS MAacIITabOM HauMeHbulell CKIAAKHU, CO-
neprkauieit oda g*—BBeHHBIX ydacTKa, Ui, SKBUBAJIEHTHO, MACILITA0OM Haubonvusei
CKJIQJIKM, cOofiepKalllell TOJIbKO OAMH TakoW ¢parmeHt. [[ist camononobHoi nepapxuu
CKJIAJIOK (peryssipHO BeTBsIierocs jaepeBa Kamm) macmrad mro00id CKITaIKK ONIpeaessi-
eTCsl TOJIbKO YPOBHEM HEPAPXHM J, K KOTOPOMY 3Ta CKiajgka oTHocutcsi. CooTBeT-
CTBEHHO, ypoBeHb (i, j), K KOTOPOMY OTHOCHTCSI HAMMEHbIIIast 00IIast sl [BYX g*—
3BEHHBIX YYaCTKOB i U j CKJIaJIKa, OMpeIesieT KOHPOPMAMOHHOE PACCTOSTHIE MEXTY

3TUMH (parMeHTaMu. Tak onpeneseHHOE PAacCTOSIHUE MOJUUHSIETCS CHIIBHOMY Hepa-

BEHCTBY TPEYI'OJIbHHKA,

d(x,z) <max{d(x, y),d(y,z)}, 1)

T.€. BBEJICHHOE HaMH KOH()OPMAITMOHHOE PACCTOSTHUE SBIISCTCS YIBTPAMETPUICCKIM.
3aMeTuM, YTO AJIsi PEryJsipHO BETBSILErocs JAepeBa CKIAJO0K MaciuTad CKIaaAKu
YPOBHS ¥ (YHCIO «JIUCTHEBY, T.€. g*—SBeHHBIX dbparMeHTOB, BXOJAIIUX B CKIIAIKY)
paBeH p’. ViIbTpaMETPHUYECKOE PACCTOSHHUE MEXIY g*—BBeHHBIMI/I bparmeHnTamMu
Toxke yno6Ho onpenemnts kak p’ ", rne y(i, j) ecTb HOMEp yPOBHS HAMMEHbLLCH
CKJIaJIKU, B KOTOPYIO BXOZAT 3TH g*—SBeHHBIe ¢dbparmenTsl. B aToM cnyuae, koHpop-
MallMOHHOE PACCTOSHUE MEXAY IBYyMs g*—3BeHHBIMI/I ¢dbparmMeHTaMH TPOCTO PABHO
MaciTady HauMeHbIeH o0mieit s Hux ckianku. [Ipu TakoM ompeneneHuu, yabTpa-
METPUYECKOE PACCTOSHUE COBMAAAET C p-aJAMYecKOll 4ucioBol HopMo#n [60], uTo

*
yI0OHO /7Sl ONMCAHMsI COCTOSIHUM ¢ —3BEHHBIX ()parMEHTOB B CKJIaa4aTod KOHQOP-

Malv p-aJu4CCKUMHU YHUCIIaMU.
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Takum o0pa3oM, B CKIam4aTodl KOHQOpPMAIMU MOJUMEpPHAs IENb MOXET IOHU-
MaThCsl KaK YHOPSAAOYCHHAS MOCIIC0BATEIBHOCTD g*—BBeHHHX (parMeHToB, pacro-
JIOKEHHBIX B OMPEACTCHHBIX TOYKAX VIbmMpamempuieckozo npocmparcmea. Ecmm
CKJIam4aras CTpPYKTypa GOpMHUpPYETCs BIOJTHE CIIy9allHBIM 00pa3oM, TO BOSHHKAIOIIHE
IIPH 3TOM pa3HbIC CKJIaq4aThic KOH(GOPMAIIUHU ST MOYKHO OIUCHIBATH TPACKTOPUSIMHU
HEKOTOPOTO CIIy9allHOTO TMpOIecca, MPOTEKAIOUIETO B YIbMpaMempuieckom Tpo-
CTpaHCTBE.

[TomyepkHeM, YTO TYT MMEETCS TIOJHAsl aHAJIOTHs C TeM, KaK OIUChIBACTCS KITyO-
KOBasi KOH(OpMaIus 1eny B rayccoBoi Mojaenu. OTINYHe COCTOUT TOJBKO B T€OMET-
pHUH TIPOCTPAHCTBA COCTOSTHHM dJIEMEHTApHBIX (pparMeHTOB Iienu. B rayccoBoii Moe-
JM, TIPU ONMHCAHWU KIIyOKOBOH KOH(OpMAIUH, MPOCTPAHCTBOM COCTOSHUIN 3BCHBCB
IETH SIBIISIETCSI TPEXMEPHOE (€BKJIMIOBO) MPOCTPAHCTBO. B MpHBEIEHHOM BBIIIIE OTIH-
CaHMM CKJIA4aTOTO COCTOSHUS, MPOCTPAHCTBO COCTOSIHMW 3JIEMCHTAPHBIX g*—
3BCHHBIX ()ParMEHTOB IICTIH SBJSICTCS YJIbTpaMETpUYeCKUM. B mpocteiimem ciyuae,
CKJIam4arble KOH(OpMAanuu MOXKHO ONHUCHIBATH YIBTPAMETPUUYCCKUM CIyYaiHBIM
Oy>KIaHHEeM aHAJIOTUYHO TOMY, KaK 3TO JIeNIaeTCsl ISl rayccoBa KITyOKa.

[TomyepkHeM, YTO B OTJIMYUE OT MPOCTPAHCTBEHHOTO OMHUCAHMS KITyOKOBOW KOH-
dbopmaru, KoTopasi MOXKET OTHOCUTHCS KakK K MOJUMEPHOMY KIIyOKy, Tak M K KITyO-
KOBBIM CETMEHTaM OOBIYHOW IMOJIMMEPHON TI00YJIbI, yJIBTPAMETPHUSCKOE OMUCAHHE
UepapXuu BIIOKEHHBIX APYr B Jpyra CKIQJ0K CKJIATYaThIX KOHGOpMANUi a priori
MOJIpa3yMeBaeT, YTO MOJUMEPHAs IIeTTh HAXOJUTCS B TJIOOYJIIPHOM COCTOSTHIH Ha BCEX
Maciitabax paccMoTpeHus 0oblne MaciTaba g*—SBeHHHX (hparMeHToB.

[lepeiimemM Temeph K OMMCAHUIO CKIIAAYaTOW KOH(OPMAIIMU TPACKTOPUSMHU YJIIb-
TpaMETPUIECKOro ciydaiiHoro omyxmanus [1, 7] (cm. Taxke [61,62]). [lycts @(i,s)
€CTh MEePEXO0IHAsI BEPOSATHOCTD YIBTPAMETPHUUCCKOTO CIIYYaliHOTO OYXKIaHUs, T.C. BE-

POATHOCTH HaWTHU KOHCII ST JJIMHBI S B COCTOSIHUHN [ (HpI/I YyCJIOBHH, YTO HAYAJIO 1C-
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M HaXOJWTCS B Halepel 3aJJaHHOM COCTOSIHMU I, ). ITo cMBICTTy, IepexoaHas BEposT-
HOCTh ((i,§) ciydaitHoro Oy maHus coBnagaet ¢ Gpyukuueit ['puna (4), Pazoena 1 ,
BBEJICHHOM I OMUCAHMS T'ayCCOBOM MOJENN MOJIMMEPHOTo KiyOka M OOBIYHOM IO-
nauMepHO# 1100y b1, [lepexoaHas BeposaTHOCTh ((I,S) OmpeneiseT Mepy BCeX CKIIajI-
YaThIX KOH(POPMAIMii HENX JUIMHBI S , KOHIBI KOTOPBIX HAXOIATCS B COCTOSHMAX I, W
[ , COOTBETCTBEHHO. B 3TOM cMbiciie, epexoqHas BeposSTHOCTh ((1,S), TaK e KaK U
dbynkius ['puHa (4), UMEET CMBICT CTATUCTUYECKOW CyMMBI TIO CKJIA4aThIM KOH(OP-
MalsIM.

[Tycte @(i,s) ecTh mepexoaHasi BEPOSTHOCTh OJHOPOIHOTO MAPKOBCKOTO MPOIiec-

ca. [lomunanm ee ypaBaenuto Konmoroposa-®Pennepa

900 _ 5 o 1307,5) -3 | ), -

J#I J#I

rJIc KOHCTAHThI CHMMETPHUYHBIX 1epexomoB W( j | i) 3aBHUCST TOIBKO OT yiabmpamem-

pUYeCKo20  paccmosinus —~ MEXIy COCTOSHHUAMM [ W j UM UMEKT BHUJ

a+l)y

w(j|i)=w(]|j)~ p_( , tme o >0 . Takas 3aBHCHMOCTh KOHCTAHT IEPEXO0J0B

o *
OT YJbTPAMETPUYECKOI'0 pPACCTOAHUSA O3HA4YaAC€T, YTO CJIACAyOWHWU 1o nenu g -

3BEHHBIN ()parMEeHT MOXKET OKa3aTbCs B HOBOW CKIIAJKE J -YPOBHS C BEPOSTHOCTHIO

—a}/’ a JOIMOJHUTEIbHBIM MHOXHUTEIIb p—}/ MMOABJACTCA IMPOCTO U3 3a TOI'O, YTO B

p
JTOM CKJIAIKe g*-3BeHHLH71 (parMenT ciyvaiiHo BHIOMPAET OJHO U3 UMEIOIIUXCS P’
COCTOSIHUU.

OCOOEHHOCTh  YJIBTPAMETPUUECKOT0 CIIYy4alHOro OJy>kKJaHus, 0O0YCIOBICHHAs
uepapxuel CKIaoK, IPOSIBIISIETCS B TOM, YTO MaTpuIia nepexoqoB W ¢ aneMeHTaMu

—(a+1 . .
(@+1) pveer OJIOUHO-UEPAPXUUYECKUIA BUI, OTOOHbINM MATPHILIE

w(jl)=w|j)~p
[Tapusu [63] (cM. puc. 5).
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{

)\ 7ol Wy owy, wy|w, w, g L,
8 ,

Puc. 5. brnouHo-uepapxuyeckass MaTpuULa KOHCTAHT MEPEXOJOB Ui YJIbTPAMETPUUECKOTO CIy4yailHOro

OJry>KJJaHHS Ha TPpaHUIE 2-aIu4ecKkoro nepesa Komu.

Henynesble cOOCTBEHHbIE 3HAaueHMs MarTpuibl W pasMepa p ™ H3BECTHBI:

7 max e . o
/17 — _p—y ,p—(a+1);/ —(l—p_l) Zpyp (a+D)y" _ —a,p 7,
y=r+l
1-p™“+ (l—p_l)(p_a _p—a(ymax—y))
1-p™

rae a, = , ¥y=L12,.,7 .. (cM. Hanpuwmep,

[61, 62]). [lockonbKy Bce HEHyJeBble COOCTBEHHbIE 3HAUEHUS OlepaTopa IMpaBoi Ya-
CTH ypaBHeHMs (22) oTpuLaTEIbHbl, YpaBHEHUE (22) ONMCHIBAET XOPOLIO OINpPEIEICH-
HYI0, YCTOMUHMBYIO CTPYKTYPY CKIAJO0K.

PaccMmoTpum Teneppb Bompoc 00 yCIIOBUSX pa3pyLICHUs MEpapXuu CKIaaok. Be-
JIEM JIOTIOJHUTENbHOE B3aUMOJIEHCTBUE MEKIY g*—BBeHHLIMI/I (dparmeHTamu, 3aBU-
csllee OT yJIbTPAaMETPUUECKOI0 PACCTOSIHUS U HEKOTOPOTO YNPABIISAIOLIEro IMapaMer-
pa, HampuMmep, TEMIEPATYpPbl, U 3aMUIIEM OCHOBHOE KMHETHYECKOE ypaBHEHHE IS

CITydaifHOTO OMYy’KJIaHUS B BUJC

T-60

dq)(;,S) :ZW(]“)@(J’S) _Zw(1|j)(0(l,s)+ ZW(1|])(0(195) (23)

d J#i J#i i#j
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[locnennuii uneH B mpaBoil 4yacTu ypaBHeHUs (23) oTBedyaeT (POPMHUPOBAHHIO
vepapxuu ckiagok npu I <@, a mpu T > 6, Ha000pOT, pa3pylICHUIO HEPAPXUH
CKJIaa0K. B 3TOM cmbIcie, 3HaueHue 7T = @ ABIISIETCA KPUTUUECKON TOUKOM.

JlefcTBUTENIBHO, UCTIONB3YS p-aaudeckoe npeodpazoBanue dypre [62] HETpyAHO
BBIYMCIIUTH COOCTBEHHBIC 3HAUCHUS OTlepaTopa mpaBoit yactu ypaBHenus (23). B mpe-
nene 6eCKOHEYHO OOJIBIIOrO JIepeBa CKIIaJOK, COOCTBEHHbIE 3HAUEHHUS 3a/1at0Tcs Pop-

MYJIOH:

— P (24)

OTcroa BUAHO, 4TO MPH TeMIepaTypax BbILIE HEKOTOPHIX B CIIEKTpE COOCTBEH-
HBIX 3HAQUYEHMI orepaTopa MpaBoil YyacTH ypaBHEHHUA (23) MOSBIISIFOTCS MOJOKUTEINb-
Hble COOCTBEHHbIE 3HAYEHUS, T.€. CKJaayaTasi CTPYKTypa, B LIEJIOM, CTAHOBHUTCS He-
ycroitunsoil. Kopnn ypasnenns A, (7)) =0 onpezenser nepapXxuro KpUTUIECKUX TEM-

neparyp 1, <7, <T, <..<T,

max

IIPU KOTOPBIX CKJIAJKHU TEPSAIOT yCTOMYMBOCTH. [lpm
T <0 Bce (nenynesble) coocTBennble 3Hauenns A, (T') OTpUUATENbHBI U BCE CKIA/IKH
ycroitunBbl. CKIaJKK TOCICA0BATEIBHO Pa3pyIIalOTCs Bhilie € -TOYKHU: TPH JTOCTH-
’KEHHU HEKOTOPOWH KPHUTHUYECKOW Temmeparypsl [, paspymiaerca camas Oojblias
CKJIaZIKa, HO CKJIAJIKM HIKEJEeXKAIIUX YPOBHEH, M3 KOTOpbIX Oblia chopMHpOBaHA
OosblIas CKIajaKa, OCTalTCs ycroiuusbiMu. Ilpu noctwxenun 7, > 1, paspylarorcs
yKE 3TU CKJIAJKH, HO CKJIAJKH HIKEJICKAIIUX YPOBHEU COXPAHSIOT YCTOMYUBOCTD, U
T.J. 10 MaKCUMaJIbHOW KPUTUYECKOW TEMIEPATYpbl, IPU KOTOPOW pa3pyLIAOTCS MHU-
HUMaJbHbIE CKIaAKU 1-ro ypoBHs. OTCIOla MOYKHO OXHMAATh, YTO NPU CHUICEHUU
TEeMIIEPaTypbl UEPAPXUS CKIAJOK (OPMUPYETCS MOCIEI0BATENbHO YPOBEHb 32 ypPOB-
HEM, COOTBETCTBEHHO MPOXOKICHUIO KPUTUYECKUX TEMIEpaTyp B 00paTHOM MOPSAKE.

Cnez[yeT, OJHAKO, HIOAUYCPKHYTh, YTO PACCYKICHHUA BLIIIC CIIPABCAJIMBBI TOJILKO CCJIIN
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*®

MPOCTPAHCTBO COCTOSIHUW g —3BEHHBIX ()PArMEHTOB SIBISIETCS YIBTPAMETPUUCCKHM,
T.€. €CJM TOMOJOTMYECKUE W/MIIM SHEPreTUYeCKHe OTpPaHHuYEHHUs, CIOCOOCTBYIOIIKE
dbopMUpOBaHUIO HEpapXHH CKJIAJ0K, HE CHHUMAIOTCS BO BCe o0nacTu TeMreparyp
BBIIIE U HIDKE @ -TOYKU. B MPOTHBHOM Cilydae MpOCTPAHCTBO COCTOSTHUI g*—3BeHHBIX
(bparMeHTOB He SBISETCS YJIbTPAMETPUUECKHUM U LEeNb KOJJIAICUPYET B OOBIYHYIO
ri00yy.

B nHammx uccienoBaHusIX 3TH TEOPETUYECKHUE COOOPaKEHMs JIekKaT B OCHOBE Me-
TO/Ia MOJICJIMPOBAHUS KOJIJIATica MOJIMMEPHOM 1enu, KOTOPbI ObLII UCIIOJIB30BaH C 1ie-
JBbIO TIOJIyYEHHUS! CKJIA4aToro rio0yo-mogobHoro coctosHus. OAHAKO caM METOA
MOJICTMPOBAHUS TaKUX COCTOSIHHI, B CHJIY CIIy9alHOCTH MX (OPMHUpPOBAHMs, HE ra-
paHTuUpyeT 00pazoBaHKEe UMEHHO CKJIaq4aThiX cocTosiHui. Heo6xoaum Takike HeKOTo-
PBI KPUTEPUIA, ITO3BOJISIOIINM B YCIOBUAX KOMIIBIOTEPHOI'O SKCIIEPUMEHTA OTINYUTH
CKJIaJYaTyI0 CTPYKTYpPY OT OOBIYHOM TJIOOYIIBI.

Kak oTMeuanock Bblllle, OCHOBHOE OTJIMYME CKIATIaTON TJI00YIIbI OT OOBIYHOM CO-
CTOUT B 0CO0O¥ TOMOJIOTUU YKIJIAJKU IIENH B TJI00YJIe U, COOTBETCTBEHHO, 0CO00H TO-
MOJIOTMH CETU KOHTAaKTOB MEXJy 3JIEeMEHTaMu Lenu. Js onpezeneHus xapakTepHOH
JUISl CKJIaJA4aToOl CTPYKTYPBl CETM KOHTAaKTOB MBI HCIIOJIB30BAIIM MOJENb «IIOMapHBIX
NEPEKPBITUI», KOTOpasi, MO 3aMbICITy, UIMUTHPYET 00pa30BaHNE KOHTAKTOB, BO3HHKa-
IOLUX 10 XOJy BIOJHE CIy4YalHOM YKJIaJKH LENU B HEPAPXUIO0 CKIIAJOK. DTa MOJIEb

H pE3YJIbTAThI €€ UCCIICIOBAHMWA U3J1araroTCs B pa3aciic HUKEC.

2.2. Mogenb nonapHbIX NepPeKpbITUNA

*

ConoctaBuM g -3BEHHOMY YYacTKy JHHEWHOro mojumepa (macmraly 3jeMeH-

TapHOM CKJIAJKU) OTPE30K €AUHUYHON NiuHBL. [[ns ynoOcTBa B JajgbHEWIEM IOJIO-
y

KMM, 9TO MMeeTcs 2 ™3 TakuX DJIEMEHTAPHBIX OTPE3KOB. DTO JOMYIICHHE IIPOCTO

O3HA4YacT, 4YTO HpCAIoJaracTcsa CTpOUTH 2-a,III/I‘-IeCKOC ACPCBO CKIAAOK € YHCIOM
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ypoBHe# paBHBIM y,_ . O00OIIEHHE HIKEONMMCAHHON MPOIEAYPhl Ha MPOU3BOJIIBHOE
P -aInYEeCKOEe JIEPEBO HE COACPKUT KAaKUX-IUOO CYIIECTBEHHBIX TPYAHOCTEM.
PaspirpaeM cienyrommii IOIIArOBBIMA CIIy4alHBIM IIPOLIECC IONAPHBIX NEPEKPHI-
Ttuil. Ha nepBoM miare, pa3o0beM BCE MHOKECTBO 3JIEMEHTApHbBIX OTPE3KOB Ha 27 max 1
nap, Hampumep, coryiacHo ux nymepamuu ({1,2}, {3,4} ...), u 175 KaXI0W TaKOU Mmaphl
MOCTPOUM HX INepekpbITie. Ha qanHoM 1are nepekpbiTHe paBHO JIMOO 1 ¢ HEKOTOPOIA,
Harepen 3aiaHHoi BepositHocThio P, mu6o 0 ¢ BepositHocThio (1—F,) mns Beex map.
Bemuuuna P} sBisieTcs mapameTpom Mogend. [lomydnBIIMEcs CyMMapHBIE OTPE3KHU
OyaeM cuMTaTh 3JEMEHTaMH Ul MOMApPHOI0 MX MEPEeKPBITUS HA CIEAYIOIIEM IIare.
OtMmeTuM, YTO AJIMHA TaKMX HOBBIX 3JIEMEHTOB Cily4ailHa W NMPUHUMAET 3HauYeHHs |
uin 2. Ha cnemyromieM 1mare 3TH HOBBIE DJIEMEHTBI OMSTh Pa30MBAIOTCS Ha TMapbl
(mammpumep, {{1,2},{3,4}},{{5,6},{7,8}}...). 3ameTruMm, 4TO MaKcuMajbHas TIIyOMHA
IIEPEKPBITUS B KAKJIOM TaKOW Iape ONpenessieTcs JIMHOM MUHUMAJIBHOTO OTpE3Ka, U3
NBYX nepekpbiBatouxcs. [1o 3Toil npuunHe, HOpMUPOBKA (PYHKIMK pacripeaeseHus
IIEPEKPBITUHN 3aBUCUT OT MEPEKPBIBAIOLICICS Mapbl. B yacTHOCTH, Ha BTOPOM Luare Ie-
PEKPBITHI BETUYMHA NEPEKPBITUS /1 MOKET MEHAThCA OT 0 10 2-X ¢ €AMHUYHBIM LIa-
oM, a JJIMHA MOJTyYaloIIUXCsl B Pe3yJibTaTe CyMMapHbIX OTPE3KOB MeHsieTcs oT 1 110 4.
Hopmupys 3TH nepekpbITus Ha JUIMHY MEHBILIEro 3JE€MEHTA, Mbl OJIYy4YaeM COOTBET-
cTBytomme (QyHKIUK pacrpenciacHus B, (x) mepekphITHii Ha MaKCUMaabHO BO3MOJK-
HBIE JUIS TIAp JUIMHBI K, 3aaHHBIE HAa CTaHAapTH30BaHHOM uHTepBane x € [0,1]. Dta
IpoLeaypa MONAapHOro MEPEKPBITHS PACTYIIMX O JUIMHE OTPE3KOB MPOJIOJIKAETCS 10
TE€X IIOp, IIOKa BCE 27maxX yaganpHBIX AJIIEMEHTAPHBIX OTPE3KOB HE OOBEIUHATCS B
oMH 001muiA oTpe3ok (puc. 6). [lporeaypa nmonapHeIX NEPEKPHITHI MOJTHOCTHIO OIpe-
nensress Habopom dymkumii pacnpenenenus P, (x),k =1,2...,.2" | Tlonuepknem,

4TO BeMYMHA K OmpeenseT TOIbKO HOPMUPOBKY P, (xX).
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Puc. 6. IIpouenypa nonapHsix nepekpeltuil. KBagpaTHbiMu cKoOKaMH IMOKa3aHbl apbl NEPEKPbIBAIOLINXCS

OTPE3KOB, CEPbIMU BEPTUKAJIbHBIMU JIMHUSIMUA — KOHTAKTBI MKy OTPE3KaMU.

ITponiecc momapHOro MepeKpbITUS UMHUTUPYET 0Opa3oBaHHE IPOCTPAHCTBEHHBIX
KOHTaKTOB MEXJy 3BEHBSIMU B XOJ€ MEPAPXUUECKOI0 KOJUIAINCa MOJIMMEPHOUN LeTH —
napbl CKJIaJ0K 3JIEMEHTAPHBIX KOJUIANICUPYIOT B 00jiee KPYIHbIE CKIAIKH, T€, B CBOIO
ouepelib, MONapHO KOJIACUPYIOT B elle 0ojiee KPyIHbIe CKIAAKU U T.J. BIUIOTh 10
oOpa3oBaHus HanOoubLIeH ckiaaku. OTMETHM, YTO AEPEBO CKIIAZO0K B JaHHON MOJENIN
3a/1aeTcsl pa30MEHUEM RIIEMEHTOB Ha Maphl, KOTOPOE MOXKET COXPAaHATHCS (MU HET)
JUIS Pa3IMYHBIX pean3aluii, OTBEYAIOIUX Pa3IMYHbIM CKJIa14aThiM KOH()OpMaLUsiM.

Jlanee, 1o nepapxuu NMEPEKPHITUNA 3JIEMEHTAPHBIX OTPE3KOB CTPOUTCS HEHAIPAB-
JICHHBII ceTeBOH rpad, TOMOIOTUYECKHE CBOMCTBA KOTOPOTO M MOJEIUPYIOT CTPYKTY-
py cknanok. ITpu moctpoeHnu Takoro ceTeBoro rpada Bce HadyaabHbIE 3JIEMEHTapHbIE
OTPE3KU €IUHUYHOMN JJTUHBI CUUTAIOTCS Y3JIaMU CETH, a peOpa (CBsI3U MEXAy y3JIaMH)
BBOJATCSI COTJIACHO KAapTHHE IEPEKPBITUN, IMOJIYYEHHOW B pE3yJIbTAaTe peaau3auu

OIMCAaHHOTO BHIIIE CITy9aifHOTO TMpoIecca.
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Hetpynno 3amMeTuTh, 4TO MOCTPOCHHUE CETH KOHTAKTOB MO MEPEKPBITUSAM, BOOOIIE
rOBOps, HE ONpEAETICHO OAHO3HA4YHO. /lefcTBUTENbHO, MyCTh Mapa HadaJbHBIX 3Je-
MEHTapHBIX OTPE3KOB ¢ HOMepaMu | u 2 mepeKpbuIach Ha HEKOTOPOM IIare MmepeKpbl-
TH, a Ha CJIEYIOLIEM IIare BO3HUKJIO MEPEKPHITHE IEMEHTApHOTO OTpe3Ka 2 ¢ 3Je-
MEHTapHBIM O0Tpe3KoM 3. O3HayaeT JIM 3TO, YTO OTPE30K 3 KOHTAKTHPYET U C OTPE3KOM
1? ITone3no paccMoTpeTh 00a BapraHTa MOCTPOCHHSI CeTeBOro rpada 1o nepeKpbITH-
SIM OTPE3KOB. B 0HOM M3 HUX, KOTOPBI 00CYX)AaeTcsl cpa3y HIDKE, CBA3H MEXIY Y3-
JIAMH CETH CTPOSITCS 10 BCEM MEPEKPBIBAIOIINMCS €IMHUIHBIM OTpPEe3KaM, HE3aBUCUMO
OT TOrO, B KaKO# MOCIeA0BaTEIbHOCTH OHU NEPEeKphIBAIUCH. VIHaue roBops, 3JeMeH-
TapHbIE OTPE3KH, MOMAJAAONINE B OJHY M Ty )K€ 30HY MOMApHBIX MEPEKPHITUH, T.€. B
OJIHY M Ty K€ 4acTh KOHEYHOTO CyMMAapHOIO OTpe3Ka, 00pa3yloT MOJHOCTHIO CBSA3aH-
HBI moArpad. DTOT BapHaHT Ha3BaH HIKE «KJIACTEPHBIM B3auMojeucTBuem». Bo
BTOPOM BapHaHTE, CBSA3U CTPOSTCS TOJIBKO IO MaPHBIM NEPEKPHITUSAM Ha KaKJIOM IIare

ONMCAHHOM BBIIIE NPOLETYPbI. DTOT BAPUAHT HA3BAH «IIAPHBIM B3aUMOJCUCTBUEM).

2.3. KnactepHoe B3aumogeucTeme

B stom pasznene nac Oyay mHTepecoBaTh CBOWCTBA MAaTPHULl CMEXHOCTH (MAaTPHIL
KOHTAKTOB) CETEW, NOCTPOCHHBIX 110 METOY «KJIACTEPHOI'O B3aMMOJECHCTBUS» U3 MO-
JieNH TIOMAaPHBIX MEPeKpbITHid. HarmoMHnM, 9TO 97MEMEHTBI @;; MaTPHUIBl CMEKHOCTH
CeTH NPUHUMAIOT 3HAYEHHE | eciau CBA3b MEXIY y3JIaMU [ U ] ecThb U 3HaueHue 0,
€CJIM CBSI3M HET. J[MaroHallbHbIE AIEMEHTB MaTPHULbl CMEKHOCTH paBHbI 0 O ompee-
JICHUIO, MTOCKOJIBKY B pacCMaTpUBAEMOMN CETH HET Y3JIOB C CAMO3aMKHYTBIMHU CBSI3SMHU.
[Ipn «ky1acTepHOM B3aMMOJEHCTBUW», Y37bl [ U j CETH CUUTAIOTCS CBSI3aHHBIMM HE3a-
BUCHMO OT TOT'O, Ha KaKOM IlIare OHM OKA3aJIUCh B OJJHOM U TOM € MECTE KOHEYHOIO OT-

pe3ka (111 osicHeHus1 cM. puc. 7. (a)). Ha puc. 7 (6) npuBeneHa MaTpulia CMEKHOCTH,
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Puc. 7. a) Ilpouenypa momapHbIX NMEPEKPHITHI U MOCTPOCHUS CBA3CH MEXIy oTpe3kamu. KBaapaTHbIMU
CKOOKaMH TIOKa3aHbI Maphl IEPEKPHIBAIOIINXCS OTPE3KOB, CEPHIMHU BEPTHKAIHHBIMU JTUHUSAMHI — KOHTaKTHI
MEX]ly OTpe3KamMH 0) MaTpulla CMEKHOCTH JUId ciiyyas (a), (B) TUIMYHBIA BUJ MAaTPHUIbl CMEKHOCTH CETH,

MOJYYEHHOU JUIsl €IMHUYHOM peanu3aiuu. bemnplil IBET 03HaYaeT HaJlMuue CBS3U, YEPHBI — OTCYTCTBHE.

MOCTPOCHHAsT 0 TEPEKPBITUAM, H300paXeHHBIM Ha puc. 7 (a). Ha puc. 7 (8)

IIPUBEJICH TUITMYHBIA IPUMEDP MATPHULbI CMEKHOCTH, ITOJTYYEHHON METOJIOM «KJIacTep-
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HOro B3aumopeiictBus» mna y,.,. =10(1024 y3ma) u oXHOPOTHOTO pacHpeneneHuUs
BEPOSITHOCTH TIepeKpbIThil P, (X).

B maTpuiiax cMeXKHOCTH OTHEIbHBIX pean3alluil yraJbIBacTCsl HEKOTOpas 0J104-
Hasi CTPYKTypa, HO CKa3aTh ONpPENEIEHHO, YTO OHU MOJI00HBI OJIOYHO-HEpAPXUUECKON
matputie [lapusu (puc.8 (6)), xkotopas, kak odcyxaanock B Pazodene 2.1, xapakTepHa
JUIsl yJIIbTPaMETPUUECKOT0 POCTPAHCTBA COCTOSHUI CKIIaq4aToOl CTPYKTYpPhl, HEJb3SI.
3amMeTuM, OJIHAKO, YTO B ypaBHEHUU (22) yJIbTPaMETPUUECKOTO CIyYalHOTO OJIy>KIa-
HUsl OJIOUHO-MepapXHyecKass MaTpulla KOHCTAHT MEPEXOJ0B 3aJaeT Bech aHcamOIb
TPACKTOPUN YIBTPAMETPUUYECKOTO CirydaitHoro Omyxaanus. COOTBETCTBEHHO, MOKHO
OXUAaTh, 4YTO OJOYHO-MEepapXuueckas MaTpHila KOHTAKTOB OTBEUYAeT aHCaMOIII0
CKJIaT4aThIX KOHGOpMAIUH, a HE KaKOW-TO OTAeNbHON peann3anuu. [losTomy 1Jist BbI-
SABJICHUS] UEPAPXUUECKON CTPYKTYPbI CKJIAIOK MO CETU KOHTAKTOB CIEAYET IMPOBECTH
YCpEIHEHHUE M0 aHCAaMOJII0 MaTpHI] CMEXKHOCTU CETed IS Pa3iMyYHbIX peaau3alui
MOMAPHBIX MEPEKPBITHM, MOCTPOCHHBIX JII OJHOTO U TOTO K€ JIepeBa MEPEKPHITHH.
ONeMEHT TaKoil yCPeAHCHHOH MAaTPHLBI CMEXKHOCTH f;; OyACT UMETh CMBICI BEPOSIT-
HOCTH OOHAPYXHUTh KOHTAKT MEXAY I -bIM U ] -bIM g*-SBeHHHMI/I y4acTKaMH 1EMU B
CKJIa{yaToi riaodyre.

JIeHCTBUTENBHO, B MaTPUIIAX CMEXKHOCTH (CM. puc. 8), yCpeIHEHHBIX IO aH-
camOJII0 peanu3alyii, y>Ke JISTKO MPOCMaTpUBaeTcsl OJ0YHO-UepapXuvecKast CTpyKTy-
pa. Takas cTpykTypa, KaK OKa3ajiu UCCIIeI0BaHus, c1ab0 3aBUCUT OT paciipeiesieHus
JUIMH Ha4YaJbHBIX DJIEMEHTAPHBIX OTPE3KOB, KOTOPOE, BOOOIE TOBOPS, MOXKET OBITh
llaxke CIydaiHbIM, U KoHKpeTHoro Buna ¢ynxumit P (x). ITounstho, uto GmouHo-
uepapxuueckasi CTpyKTypa YCPEIHEHHOU 0 peanu3alusiM MaTPUIIbl CMEKHOCTH CITy-
KUT HHIUKATOPOM COOCTBEHHO CKJIAQJ4aTOTO COCTOSHHUSI MPOCTO IMOTOMY, YTO OHA
HAaBSI3bIBACTCSI CAMHUM HMEPAPXUUYECKUM JEPEBOM MEPEKPBITUM, T.€. HEpPaAPXHUUECKOM

YKJIQIKOM LIETH.
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Puc. 8. a) YcpenneHnHast MaTpuila CMEKHOCTH. 3/1€Ch U Jlajiee YePHBIH IIBET COOTBETCTBYET HYJISIM, OCIIbIi —
MaKCHMaJIbHBIM 3HaueHUsIM. IHTEHCHUBHOCTH 0€JI0ro 1[BeTa MPOTOPIIMOHATLHO 3HAYCHUIO B JIAHHOW sTYeii-

ke. 6) Marpuna [lapusn.

Kak ormeuanocs B Pa3zoene 2.1, 0cOOEHHOCTh CKJIAAYaTOTrO COCTOSIHHUS 3aKIr04a-
eTcs B TOM, YTO OHO SIBJIIETCS IVIOOYJISIpPHBIM Ha BCeX MacluTabax paccMOTpeHus, a
BEPOSTHOCTh KOHTAaKTa 3BEHbEB B CKJIAJKEe OOPAaTHO MPONOPIHUOHATIbHA 00BEMY
cknaaku. s peryiasipHOro p -aJu4yeckoro JaepeBa CKIAJOK YHCIIO g*-BBeHHI)IX
(parMeHTOB, yKIaIBIBAIOIIMXCA B CKIAJKy YPOBHS ), PaBHO P’ W, Cle0BAaTENbHO,
€CII CKJIQJKU BCIOJly TUIOTHO 3aMETal0T 00bEM, BEPOSITHOCTh KOHTAKTa MEXKIY JABYMS
g*-SBeHHbIMI/I y4yacTKaMM JI0JDKHA yOBIBATH ¢ MACIITA0OM CKIAI0K Kak p . OTMe-
THUM, YTO 3TO KaK pa3 COOTBETCTBYET TOMY, YTO BEPOATHOCTb KOHTAKTa yOBIBAeT C
JUIMHOM (parMeHTa § Kak s7!, 0 uem y>ke ropopwiiocs Beilie B Paznene 1.1. Onnaxo
CKJIaJ4aTas rJ100yJja MOKET U He 3aMOIHATh BeCh 00beM MaKCUMaNbHO MI0THO. CoOT-
BETCTBEHHO BEPOSITHOCTb KOHTAKTA MEXIY ABYMs g*-SBeHHBIMI/I ¢parmeHTamu, BO-
00111e TOBOPSI, MOYKET yOBIBATH ¢ MacIITaboM CKIaloK Kak p 7, rae a > 1.

VImest 9TO B BuJly, HAMH OBLIH NCCIICA0BAHBI 3aBUCUMOCTH JJIEMCHTOB /;; yCPC/IHCH-

HBIX MaTpul CMCKHOCTU OT YPOBHA p , IMOJIYUYCHHBIX IJISA Pa3JIMYHBIX pacnpez[eneHHﬁ
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Puc. 9. 3aBHCHMOCTB BEPOSTHOCTH KOHTAKTOB [; OT ypoBHS . OCb ; mpencraBicHa B JorapudmMuye-

CKOM Maciiraoe.

Tab6mumna 1.
Pe3yabTaThl annmpoKcMMAIUH 3aBUCHMOCTH BEPOSITHOCTH KOHTAKTOB ti/' OT ypoBHA ¥ QyHKIHUEH

t,=A4-27". A4 m Ao —norpemnoctn usmepenuii 4 u & , COOTBETCTBEHHO.

P(x) A+ AA atAa
x V2 0,279+0,006 | 0,9396:0,0015
x ! 0,57+0,01 | 0,9341+0,0014
x 2 0,599+0,009 | 0,9222+0,0014
x> 0,6+0,01 0,896+0,002
1/(1+x7) | 06150017 | ¢ 75740 01
const 0,77+0,02 0,745+0,01
X 0,57120,005 | 0,427+0,014
x2 0,606+0,011 0,3140,05
x> 0,7£0,05 0,2140,15
x 7 0,22+0,01 0,47+0,06
—y-X 0,29+0,03 | 0,3+0,3

P, (X), AMATHPYIOIIHMX PAa3IUYHYIO IUIOTHOCTh YKJIAAKH Lend. Mbl HCCIIeoBaIH 3a-

BHCUMOCTH BEPOSTHOCTH KOHTAaKTOB f; OT YPOBHS ) Kak IpPH YObIBAIOLIMX
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P, (x)~(x_1/2; )c_l;---)c_z;)c_3 ), AIMHUTHPYIOIIMX TEPEKPhITHE JIUIIb HAa KOHIAX OT-
peskos, Tak u npu B (x) ~ (const; x; x% X - 96, X 7)) ray6okux mepekpbiThil. 3a-
BHCHMOCTH BEPOSITHOCTH KOHTAaKTOB f,; OT YPOBHs ) IpPEACTaBICHbI HA puc. 9, a B
Tabnmune | MpUBEACHBI Pe3yNIbTaThl ANMPOKCHUMAIIAN 3TUX 3aBUCHMOCTEH (DyHKITUCH
t, =A-277.

BuHo, 9o 11 BCEX MCCIeNOBaHHLIX P(X) 3aBUCHMOCTH BEPOSTHOCTH KOHTAKTOB
t,; OT ypoBHsL y OimM3Ka K 9KcroHeHuuanbHast. [Ipu oTom, 3HaueHue kospduumenra o B
roKasarese SKCIIOHEHTHI BCET/Ia MEHbIIEe 1, T.e. YHCII0 3BEHbEB, OKA3aBIIUXCS B CKIIAJIKE
ypOBHS ¥, Oonble oObeMa camMoil ckianku. Takoe MmoBeeHne MOJIENN MOTAPHBIX Tepe-
KPBITHI CBSI3aHO KaK Pa3 ¢ «KJIACTEPHBIM» B3aUMOJICUCTBHEM. [IeliCTBUTEBLHO, IPH KJIa-
CTEPHOM B3aMMOJICHCTBUH, €CIIM y3e | KOHTAKTHUPYET C y3IaMd j W Kk, TO CUMTaeTcH,
9TO y37bI j M Kk KOHTaKTHPYIOT U MEXIy COOOM, XOTS IIPH STOM OHH MOTYT MPHUHA]LIC-
KaTh pa3HbIM CKJIQJIKaM. Takas KapTWHA KOHTAaKTOB MOJKET BO3HHKAaTh, HAIPUMED, TIPH

IMPOCTPAHCTBCHHOM «IICPCMCIIMBAHNI CKJIAAO0K PAa3JIMYHOI'O Maciiraoa.

2.4. NapHoe B3anmopenucTeue

PaccMoTpeHune, U310KEHHOE BBIIIE, HABOJUT HAa MBICIb, YTO [0 aHAJOTUU C HUC-
KJIFOYEHHBIM 00bEMOM B IIOJUMEPHOM I1100Yysie B MOJEIN NOMAPHbBIX MEPEKPHITHI clie-
JYET y4ecTb TO OOCTOSITENIbCTBO, UTO CKIIAQJKHU, HE MPOHUKAIOIIUE JIPYT B ApYyra, KOH-
TaKTHPYIOT TOJIBKO CBOEH mepedepuei. ITOro MOKHO AOOUTHCS, €CIM U3BMEHHUTDH Mpa-
BIJIO MIOCTPOEHUSI CETU KOHTAKTOB B MOJEJM IOMAPHBIX MEPEKPhITUA. A UMEHHO, Ha
Ka)KJIOM LIare MepeKpbITUs, U3 BCEX 3JIEMEHTAPHBIX OTPE3KOB, OKAa3aBUIMXCSA B OJHOMN
U TOH K€ MO3MIMK Ha CYMMapHOM OTpE3Ke, /Il BBEICHUS CBSI3U BHIOMPATH CITy4daii-
HbIM 00pa30M JIMIIb OAHY Mapy OTPe3KOB. MIHaue roBopsi, €CiM 3JIeMEHTapHbIA OTpe-

30K I yKe TIEPEKPBIT C DJIEMEHTAPHBIM OTPE3KOM j , T.€. MEXKIY Y3JIaMH CETU [ U



46 [.A. MeLukoB, B.A. ABeTHCOB

1 2 3 4 5 6 7 8
| | S | S | I
I - N I | S e e

1 L s
iz e
4 E]

Puc. 10. IIpoueaypa nomnapHbIX NEPEKPHITUI U MOCTPOCHUS CBSI3EH MEXKAY OTpE3KaMH B ClIyyae «IIapHOT0»
B3auMoaeicTBHs. KBagpaTHbIMU CKOOKaMH MMOKa3aHbl Mapbl MEPEKPHIBAIOLINXCS OTPE3KOB, CEPHIMU BEPTH-

KaJIbHBIMHW JIMHUAMHA — KOHTAKTBI MEXKTYy OTPE3KaMH.

UMeeTcs CBsI3b, M Ha CIEAYIOLIEM Ilare MepekpbITUs B 3Ty ke 001acTh MepeKphITU
TOTIaaeT elle OJMH dIEeMEHTAapHBIH 0Tpe3oK K, To Mexmy y3nom K u ysmamu I u |
YCTaHaBJIMBAETCS TOJIBKO OJHA, CBA3b — JUOO C y31I0M I, 0O ¢ y37I0M j , BHIOpaHHas
ciy4yaitHeiM 00pa3zoM (st mosicHeHusi M. puc. 10). inadye roBopsi, CBS3U MEXKIY y3-
Jamu (3J€MEHTapHBIMU OTPE3KaMM) BBOJATCA MMONAPHO, a HE KJIACTEPHO.

Tomonorusi MoJly4eHHbIX TakuM 00pa3oM ceTell M3ydajiach aHaJOTHYHO MPEIbl-
QyILIEMY CIIy4aro, T.€. CTPOMJIACh MAaTpULA CMEKHOCTH, YCPEIHEHHAs MO pa3IudHbIM
peanu3anusaM MepeKphITU MPU COXPAaHEHUH BCEX MPOYMX napameTpoB mozenu. Kak u
B Clly4ae KJIACTEPHOTO B3aMMOJACHCTBUS, MAaTPUIbl CMEKHOCTH OT/AEJbHBIX peaau3a-

1007051 IIpu IIapPpHBIX B3aHMO,HefICTBHHX HC O6J'IaI[aIOT SIBHO BBIpa)KeHHOﬁ OJ104HO-
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(a) (6)

Puc. 11. a) TunuuHas MaTpulia CMEKHOCTH €IMHUYHON pean3aluy MepeKpbITHid B clydyae MapHbIX B3au-

MozeicTBuid. 0) Marpuiia cMexxHOCTH, yepeaneHHas mo 10000 pa3auyHbIX peann3anuii mepeKpbITHH.

b
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e Truge
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o L 3
cluster contacts N .
1E-34 | ™ const . :
. 2 . .
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pair contacts *
& const -
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T T T T I
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Puc. 12. 3aBHCHMOCTB BEPOATHOCTH KOHTAaKTOB f; OT YPOBHS ) JUIsi KIIACTEPHOTO (UCPHBI M KPACHBIH

rpaduku) ¥ U1 TApHOTO (CHHUW M 3eJICHBIN Tpa(HKH) B3aUMOICHCTBHIA.

uepapxuueckout cTpykrypoit (puc. 11 (a)). OnHako B yCpEJHEHHON MaTPUIIE CMEXKHO-
CTH OJIOYHO-UEpapXUUECKasi CTPYKTypa NposiBisieTcs siBHO (puc. 11 (6)).

Ha puc. 12 npuBesicHa 3aBUCHMOCTB DJIEMEHTOB /;; YCPEIHCHHOI MaTPHLIBI CMEXK-
HOCTM OT YPOBHA » Uil JIBYX paclpeleieHull BEpPOSITHOCTH MEPEKPBITHH,

P(x)~ const n P(x)~ Jx , Ipu KitacTepHOM (YepHBIi 1 KpacHbIi rpaduKy) 1 IpH
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Tabmuma 2.
Pe3yabTaThl annmpoKCHMANMH 32aBHCHMOCTH BEPOSITHOCTH KOHTAKTOB tij OT YPOBHAA Y (QyHKUHUeH

t; = A-27 . A4 m A — norpemnocTu usmepenuii A u & COOTBETCTBEHHO.

P(x) | A+ A4 atAa

const | 0,279%0,006 1,00475+0,00001

x2 1 0,5720,01 | 1 00286+0,000009

napHoM (CHHMM W 3eJeHbIN rpaduku) B3auMoAeHCcTBUH. JIETKO BHIETh, YTO 3aBUCH-
MOCTh B 000UX CITy4asiX SKCIIOHEHIHATbHAs ty ~ 27 HO IS MApHBIX B3aMMOJEH-
CTBUI KOA((UIIMEHT ¢ TIpH MOKa3aTese IKCIOHEHTHI 0oJbIe 1.

®U3NYECKH 3TO MOXHO COOTHECTH C TaKOW CKJIaaq4aTou rio0ysoi, B KOTOpOU
CKJIQJIKU OJTHOTO M TOTO € MaciiTaba KOHTAKTUPYIOT TOJBKO «OBEPXHOCTHIO», HE
MpPOHMKAs PYr B JApyra B Tejie riaoOyibl. 3aMeTUM, YTO JJIsi MAKCUMAaJIbHO MJIOTHO
YJIO0KEHHOW CKJIaIYaTON CTPYKTYpPhI IPOCTPAHCTBEHHBIN 00BhEM, 3aHUMAEMBbIi CKJIaJI-
KOH, mopsiaka ee Macmrtaba. C qpyroil CTOPOHBI, MOCKOJIBKY CKJIaayaTasi riao0ylia siB-
JSIeTCs TIIOOYJION Ha BCEX MacliTadax, MaciTad CKIaJAKH MOPSIKA YHCIIa BXOISIINX B
Hee g*-SBeHHHX y4acTKOB. B pe3yibraTte, BEpOSITHOCTh KOHTAKTa MEXIY ABYMS g*-
3BEHHBIMHM YYaCTKaMH, OTCTOSIIMMU JPYT OT ApPyra Mo UElNH HAa PACCTOSHUU S JOJIK-
Ha B TAKOM CIy4a€ YMEHBIIAThCA KakK 5", menno Takoe yObIBaHUE BEPOSITHOCTH
KOHTaKTa MOJIy4aeTCsl B MOJEIM MOMapHBbIX MEPEKPHITUNA MPU MAPHOM B3aUMOICH-
CTBHH, B CIIy4ae, KOrJa pacupeaesieHue nepekpoituii P, (X), ObICTpo yOBIBAIOT C IIy-
OMHOM MEepeKpbITUA X, T.€. C MOJIABIISIONICH BEPOSITHOCTHIO OTPE3KH MEPEKPHIBAIOTCSA

TOJIBKO Ha Kpasix.
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2.5. YcpegHeHue npu HeonpeaerneHHOM HyMmepauum 3BeHbLEB

Kak nmokazaHo BblllIe, 0 €IMHUYHON KOH(OpMaLUu MoJIMMepa cKa3aTbh, SBISETCS
OHAa CKJIa[4aTON WM HET, CI0XKHO. JlJI1 3TOro ciaenyeT MOCTPOUTh MaTPUILy CMEXKHO-
CTH CETH KOHTAaKTOB MEK/Yy 3BEHbSIMH, YCPEAHEHHYIO IO aHCAMOJII0 CKIaI4aThIX KOH-
dopmanuii. B Mozienu momapHbIX MepekpbITU pa3OueHHe LEenu 3JIEMEHTApHbIX OT-
PE3KOB Ha MEePEKPHIBAIOLIUECS Maphl ObLJIO OJHUM U TEM K€, a OTAEIbHbIC PeaTn3aliu
MOCJIEIOBATEIbBHOCTH THEPEKPHITUI PA3NUYAINCh JIMIIL TIIYOMHOW MEPEKPBITUS TEX
WIM UHBIX Map OTPE3KOB. JTO TOT CIy4al, KOIZa «JI€PEBO CKIIAJOK» CTPOro IpUBs3a-
HO K HyMEpallU{ 3JIEMEHTApHBIX 3B€HBEB B IeNHU. MaTpuiia CMEXHOCTU CETH KOHTaK-
TOB, YCPEIHEHHAs M0 pealln3alysaM MOCIe10BaTeIbHOCTH NEPEKPHITUI, UMEET Xapak-
TEPHBII U1 CKJ1aa4aTol ri00yJibl BUJ OJ0YHO-UEpapXUUECKON MaTPHUILIbL.

C npyroii CTOpOHBI, MOHATHO, YTO B peajbHOM aHcaMOJie CKJIaa4aThiX KOH(popMa-
U 1epeBO CKIIAJJOK HEOJHO3HAYHO COOTHOCHUTCS C MEPBUYHOMN CTPYKTYpOU MOJIMME-
pa. Ilo aToil mpuYnHE ycpeaHEHHAss MaTPULIA CMEKXHOCTH MOKET HE UMETh YETKO BBbI-
paKeHHOU OJIOUHO-UEPAPXUUYECKON CTPYKTYpHI Aake B TOM cilyyae, KOrja caMu KOH-
dbopmanuu ABISIOTCS CKIaT4aThbiMHM. J[aHHBIA pa3iesl MOCBSIIEH HCCIEIOBAHUIO
MMEHHO TaKUX CUTYalHi.

Me1 uccnenoBaiu asa citydas. I1epBblil citydail OTHOCUTCS K CUTyallMd, KOTJa COOT-
BETCTBUE MEK/Y MOCIIE0BATEIBHOCTHIO 3BEHBEB B IIOJIMMEPHOI LIETIN U JEPEBOM CKIIa-
JIOK YCTaHaBJIMBACTCA CIy4allHbIM 00pa30M B KaXJI0W peaau3anuu. ITO MOXKHO IPOMO-
JIEJINPOBATH TP MOMOILY MOJIEIH MONAPHBIX NEPEKPHITUI PUHUMAs, YTO KaXK1as pea-
JM3aMs ePEeKPBITUI UMEET CBOE COOCTBEHHOE pa30MEHHe Ha MONapHO MEePEKPbIBAIO-
IIMECs OTPE3KH, U 3TO pa3OUeHHe cilyyaiiHoe. AJITOPUTM NEPEKPHITUI U TOCTPOSHHE IO
HUM CETU KOHTAaKTOB JUI 3TOTO Ciayyas OTJIMYAETCS OT ajJrOpuTMa, OMMCAHHOIO B Pa3-
dene 2.2, TONBKO TE€M, YTO €CJIM B MOCJEAHEM CIyyae OTPEe3KU pa3OMBAJIMCh HA Mapbl

(bUKCHpOBaHHBIM 00pPa30M COTJIacHO UX Hymepanuu (Hampumep, {1,2}, {3,4} u 1.1.), TO
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TeNephb Ha Ka)J0M I1are naphbl sl HEPEKPBHITUI Mbl BEIOMpaAIIN CiIy4yaiiHbIM 00pa3oM. B
HaIlleM CTy4yae MCIOJIb30BaJICsl TEHEPATOp CydalHbIX uyncen. Takum oOpa3oM, KakIou
peanM3anry mpolecca MepeKphITHl COMOCTABISAENOCh CBOE JEPEBO MEPEKPBITHIA, (op-
MUpYIOIIEecs 0 XOIy MEPeKphITHA ciydailHbiM oOpa3oM. Hanpumep, B ogHO#N peanu-
3a1uu 3To MOryT ObITh {1,4} u {2,3}, B npyroii peanuzamun—{1,3} u {2,4}, u T.1.

Ha puc. 13 noka3zaH TUNWYHBIA BUJI MaTpULbl CMEKHOCTH, YCPEIHEHHON IO aH-
caMOJII0 TIEPEKPBITUH €O CIy4yallHbIM 2-aJUuYeCKUM JepeBOM mnepekpbiThil. Kak u
MOKHO OBUIO OKMJaTh, B TOM Cllydae, KOTJa B KaXJA0W peanu3aluy NepeKpbITUi Mo-
CJIEIOBATEIBHOCTh BBIOOPKM IMap OTPE3KOB CIIydaiiHa, pacIpelieleHue BEepOATHOCTU
KOHTAaKTa I10 I1apaM y3J0B OJHOPOJHOE, U TAKOM XapaKTEP paclpeeacHUs HE 3aBUCUT
HH OT TJIyOHMHBI iepekpbiTuii P(X), HA OT JAepeBa mepekpbIThii. XOTs mporeaypa me-
PEKPBITUM B KaXIOW E€IMHUYHOU pealM3alUy OCTAeTCsd HEPapXUYECKOW, HUKAKON
0JIOUHO-MEPAPXUUYECKON CTPYKTYpPbl B YCPEAHEHHOM MATpULE CMEKHOCTH HE IPOsIB-
JSIeTCSl U OHA He HeceT HUKaKoi nHdopmaiuu o aepese ckiagok. OTCro1a MOXKHO 3a-
KJIFOYHUTh, YTO CKJIAQYaTOCTh CTPYKTYPHl MOKHO BBISBUTH HCIIOJIB3Ys SI3BIK CETEU U
MaTpHLl CMEKXHOCTH TOJIBKO B TOM CIIydae, KOI/a HepapXudecKas CTPYKTypa CKIAI0K

CTaTUCTUYECKH XOPOIIIO ONpeiesieHa Ha OOJIBIIIOM YUCIIE CKIaa4aThiX KOH(GOpMAaIU.

Puc. 13. YcpeanenHas MaTpuiia CMEKHOCTH B cllyyae CIy4aiiHOro BbIOOpa ap OTPE3KOB MPH MEPEKPHITHH.
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OnHako Jake B TOM cllydae, KOIJla hepapxusi CKIJIAJ0K CTaTUCTHYECKH XOpPOUIO
ornpezesieHa, MpU YCPEIHEHUU MaTpUll CMEXKHOCTU OTIEIbHBIX peaau3aluil MOryT
BO3HUKHYTbh CJI0O)KHOCTH C COOTHECEHHUEM JIepeBa CKJIAJOK C HyMepaluell 3BEHbEB
BJI0J1b 1O 1ienu. [IpommocTpupyem 3To Ha IpuUMepe KoJbLEBOro noimmepa. B padore
[4] ObLIO MOKa3aHO, YTO JJIA KOJIBIIEBOTO TMOJIMMEpa CKJIaadaTas TJio0ylia sBISIETCS
PAaBHOBECHBIM M CTATUCTUYECKU XOPOLIO OINpEeAEeTeHHBIM cocTosiHueM. Ckiagdaras
r7100yJa BO3HUKAET TYT MPOCTO O TOW MPUYHMHE, YTO VISl KOJIBIIEBOTO MOJIUMEPA UME-
€TCsl TOIOJIOTMYECKHI 3ampeT Ha 3ay3JiMBaHHE W OObIYHOE TJIOOYJISIPHOE COCTOSTHUE
OKa3bIBAETCSl KHHETUYECKU HEJOCTHKUMBIM. B TO ke BpeMms, y KOJIbLEBOro MoJInuMepa
OTCYTCTBYIOT «HAuajo» U «KOHEID, U OJTHA U Ta ke CKIIajdaras KOHPOpMaIUs MOKET
M0-pa3HOMY OBITh COIIOCTABJIEHA C TIOCIEA0BATEIbHOCTHIO 3BEHBEB.

Bropoil ciyuaii, ucciaenyemslii B JaHHOM pa3zelie, MOJACIUPYET UMEHHO TAKYIO
cuTyauuio. B naHHOM ciiyyae, Kak ¥ B MCXOJHOM MOJIEJIM OTPE3KOB, OIKUCAHHOW B
Pazoene 2.2, orpe3ku paz0dUBaIOTCA HAa Napbl B COOTBETCTBUU C MX IOJIOXKEHUEM B I1e-
1, OJJHAKO HAa4yaJl0 HyMEPALMHU B KAXKJIOW peaju3aluu MNepeKpbITUi yCTaHABIUBAETCS
ciy4aiiHeIM oOpa3zom. Hampumep, aiist 4-x 3jeMEHTapHbBIX OTPE3KOB HUKINYECKas Tie-
pecranoBka {1,2,3,4} nmaer cimemyronue BapuaHThl pazouenus Ha napsel: ({1,2,{3,4}),
({2,3},{4,1}), ({3.,4},{1,2}) u ({4,1},{2,3}). BameTnm, 4TO TaKkO€ U3MECHECHHE HyMepa-
LM COOTBETCTBYET CIIyYalHOMY CIBUTY 3JIEMEHTOB MaTpPUIIbl CMEXKHOCTH BJIOJIb JUa-
rOHaJH.

Ha puc. 14 (a) npuBeneHa TUNMYHAS MATpPUIIA, YCPEIHEHHAs MO aHCAMOIIO OMu-
CaHHBIX BBbILLIE peayn3aluid. XOTs IpoLeaypa NEPEKPLITUM B €IMHUYHON peau3aluu
OCTaeTCs HUepapXU4ecKoil, OJI0YHO-UEepPaAPXUUYECKON CTPYKTYpbl B YCPEIHEHHOW Mart-
pUIIE CMEKHOCTH TeNeph ToXe He HaOmogaercs. OHaKO Takas MaTpulla CMEXHOCTU

BCE €lIe COJACPKUT B ceOe ONpe/ieIeHHY0 HHPOPMALUIO O IepeBe CKIaZoK. B naHHOM
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Puc. 14. (a) YcpenHeHHass MaTpHIa CMEXHOCTH B CIydae CIydailHOro BBIOOpa Tmap OTPE3KOB IIpH
3

nepexpbITHH. (6) 3aBHCHMOCT BEPOSTHOCTH KOHTAKTA OT PACCTOSHHUA BJOMb 110 IenH, ais P (x) ~X

3
(d4epHbIe TOYKH) U P (x) ~ X~ (kpacHble TOYKHM). J{Js1 cpaBHEHHs 3€JEHBIM ITOKa3aHa 3aBUCHMOCTh
-1

ty ~s
clly4ae, XapaKTepHOH OCOOCHHOCTBIO SIBISIETCS YOBIBAHHME BEPOATHOCTH KOHTAKTa OT
paccrosiHus BAOJb 1o nenu. OHa nmokasaHo Ha puc. 14 (6). BunHo, 4TO BEpOSATHOCTH
KOHTAKTa yObIBAaCT COITIACHO CTCIICHHOMY 3aKOHY /;; ~ s e s paccTosiHue Mexy
3BEHBSIMU [ W j BIOJb MO IEMH, PUYEM MoKaszaresib b crpeMutcs K 1 cBepxy s
ObicTpo yObIBaromux P(X). T.e. KOraa OTPE3KH MEePEKPBIBAIOTCS JIMINL Ha KOHIIAX.
AHanornyHoe noBejieHue Mbl yxke oocyxnanu Pazdene 2.3. ipu ycpeaHeHUH 10 (PUK-
CHUPOBaHHOMY JIepeBY CKJIaJOK. B 3TOM ciydae 31eMeHThl OJ0YHO-MepapXUUYECKUX
MaTpPHUI] CMEXKHOCTH CETH KOHTAKTOB YOBIBAIOT OT YJIBTPAMETPUUYECKOTO PACCTOSHUS
p’ Toxke cTemeHHBIM 00pa3oM (t; ~ (p”)™) u mna GeicTpo yoBBaromux P(x), T.e.
KOTJIa OTPE3KH MEPEKPBIBAIOTCS JIMIIb HAa KOHIIAX, BeMuunHa @ —> |, MaciTab cknan-

*

KN (‘H/ICJ’IO BXOAIUX B CKJIAAKY ¢ -3BCHHBIX y‘laCTKOB) CTAHOBUTCH IOpAAKaA YJIb-

TPaMETPUUECKOTO Pa3Mepa CKIaaku ~ p’

, 1 BEPOSITHOCTh KOHTAKTa (yCpeIHEHHAs IO
-1
CKJIaJIKaM pa3HOT0 MaciuTada) yObIBaeT OT JUIMHBI IIeH § Kak § . Takum oOpa3om,

-1 o
yObIBaHHE BEPOATHOCTH KOHTAKTa KaK §  XapaKTEpHO JJIsl CKJIaa4aTol CTPYKTYphI U
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0 9TOMY MPHU3HAKY OHA MOXET ObITh HICHTU(HUIIMPOBAHA JaXKe B CIIydae HEOIpee-
JICHHOCTH B COOTHECEHHUU JepeBa CKIIAJJOK C HA4aJOM LIETIH.

CyMMupysl HcCAeAOBaHMUS MOJEIM IMONApHBIX B3aUMOJEWCTBHM MOXHO 3aKIIHO-
YUTh, YTO CETEBAsI MOJEINb MO3BOJISIOT BBISIBUThH CKJIAYATYIO0 CTPYKTYpPY B cllydae, Ko-
I/1a caMa CKJIaayaras CTPYKTypa CTaTHCTHMYECKH XOpOIO OIpejesieHa Ha aHcamoOuie
CKJIaa4aThiX KoH(popmauuii. BMecte ¢ aTum, Moieb MOMapHBIX NEPEKPBHITUI MOICKA-
3bIBA€T T€ MPUEMBl KOMIBIOTEPHOTO MOJEIMPOBAaHUS KoJularca MOJUMEPHOW LIETH,
KOTOpbIE MOXHO HCIIOJIb30BaTh JJIsl TIOJYyUYEHHUs CKIIAT4aThiX CTPYKTYp. LleHTpanbHas
uzesi MOJEIUPOBAHUS, KaK IMPEACTABIAETCS, OJKHA OMUPATHCA HA MEPAPXUUECKOE
camoriofio0re M MPUBS3KY JepeBa CKIAIOK K MOJIMMEPHON Iienu. B Hammx KoMIbio-
TEPHBIX IKCIIEPUMEHTAX, KOTOPbIE Mbl M3J1araeM HUXeE, JJIs MOAEIMPOBAHMS KOJlanca
MBI UCIOJIB30BAJIM JUHEIHBIE MonuMepbl. [IoHATHO, YTO ckiagyaTas CTpyKTypa Tep-
MOJIMHAMHUYECKN HEBBITOJHA IS JIMHEHHBIX MOJIMMEPOB M MbI BBIHYXICHBI OBLIH HC-

MOJIb30BATHCS JIOMOTHUTEIBHBIE MPUEMBI, (PUKCUPYIOLINE CTPYKTYPY CKIIAJIOK.

3. Tononormsa v gMHaMuKa rnooGyrs, Nosly4YeHHbIX NPU Pe3KoMm
NOHMXXEHUU TeMnepaTypbl

B nanHoMm pasznesne nmpou3BOAMTCS HCCIEIOBAHME TOMOJIOTMYECKUX U JTMHAMUYE-
CKHUX CBOMCTB TJIOOYJI, MOJYYEHHBIX MPU CKAYKOOOPa3HOM MOHMXEHUU TeMIEpaTyphl.
Teopernueckue npenckazanusi padboThl [4] MOACKA3BIBAIOT, YTO MPH TAKOM KOJUIATICE
cHauyaja oOpa3yeTcsl He3ay3JeHHas ri00yJispHas CTPYKTypa, KOTOpas 3aTe€M MeJIEH-
HO PEJIAKCUPYET K 0OBIYHON paBHOBECHOM rio0yie. OgHako 3apaHee YTBEPKIaTh, UTO
MOJIyYeHHAS TIPU ATOM CTPYKTYypa SIBISIETCS CKIIAT4aTol rio0yIioi, Heib3s. DTO U SB-
JS10Ch MPEAMETOM UCCIIEI0OBAaHUM, U3JI0KEHHBIX B JaHHOM paszjeie. OCHOBHas Lieb

uccienoBanuil npexuss. Hac Oyzaer uHTepecoBaTh, MOKHO JIM IIPU PE3KOM KOJLIATce
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OTHOCHUTCJIIBHO KOPOTKHUX ITOJUMCPHBIX ueneﬁ MOJYYUTb CTPYKTYpPbI C JTUHAMHWYCCKHU-

MU CBOWCTBaMHU MOJIEKYJISIPHOW MAILIWHBI.

3.1. MeToaMKa KOMNBLOTEPHOrO 3KCNEePUMEHTAa

JUiss MOIeTMPOBaHMsI KOJUTANCa MOJUMEPHOM 1enu ObL MCMOIb30BaH JUHAMHYE-
CKHUI KOHTUMHYaJIbHbI MeToJ MoHnTe-Kapno [64, 65]. B pamkax 1aHHOro MeToJa Mo-
JMMEp NPECTABIIAETCS MOJEIBIO «OYCHHOK Ha MPYKUHKAX», TA€ «OYCHUHKW» SIBIISIFOT-
Csl LIEHTPOM IPUJIOKEHUS MOTEHLHUATIOB B3aUMOJEHCTBU MOHOMEPHBIX 3BEHBEB, a
«TPYKUHKUY» MOJEIUPYIOT HEPa3phIBHOCTh MOJUMEPHOM wenu. [ns Takoil Momenu

IMOJIHAA SHEPIrrud CUCTEMBI CKIIAABIBACTCA N3 HCCKOJBKHNX COCTABJIAIOIINX:

v=0,,,+U

nonbond

+-(]#0U5 C27)

rae U,,,;, — PHeprus KoBaJeHTHBIX CBs3eil Mexnay 3BeHbamu uenu, U, ., . — sHEp-
rusi OOBEMHBIX HEIIEKTPOCTATUUYECKUX B3aMMOJCUCTBUN MEXy MOHOMEpPHBIMU 3Be-

HbsSIMW U KOHTPpWOHAMU, U — DHCPIrusg OTTAJIKMBAHHA CTCHOK ﬂ‘IGfIKI/I, B KOTOpOﬁ

wall
npoBoAUTCA Mozaenuposanue. Dneprust U, paBHa HyJIO BHYTpU siYeiku U OGecko-
HEYHa 3a ee MpeJelaMy, OTPaHUYUBAsi TEM CaMbIM JOCTYITHBINA JIJIs1 CUCTEMbI 00BEM U
¢uKcupysl KOHIIEHTPALWI0O KOHTPUOHOB B Hell. Hanmmuume cTeHok, 6e3ycioBHO, MOXKET
BJIMSTH Ha IMOBEIEHUE CUCTEMbI, OJIHAKO B paMKax JaHHOM pabOThl MOJAEIMPOBAHHE
IPOBOJIMJIOCH TIPU pa3Mepax SUCHKU 3HAUUTEIbHO MPEBBIAIONINX pa3Mep MaKpoOMO-

JICKYJIbI U, CJICIOBATCIBHO, 9TUM BJIIMAHHUEM MOKHO npeHe6peqL.

DHeprusi MeKaTOMHBIX CBsi3ei naetcst hopmynon

N
Ubond = Z U(lz) > (28)
i=1
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rac N — uaucno cBs3eii B MOJICKYIJIC, Zi — PaCCTOAHUC MCKAY IBYMsS COCCIHHMU 3BC-
HbsAMU. BSaHMOHCﬁCTBHe MCKAY COCCIAHUMU 3BCHBAMU BAOJIb 1O LCIIN 3aJaCTCsA 06pe-

3aHHBIM IMOTCHOMAJIOM I'apMOHHWYCCKOTO OCHUIIIIATOPA:

U(l):ks(l_lO)z’ lmin <l<lmax

U(l)=oo, [<I .., 021 ., (29)
/. = lmin +1/ max
0
2
rac ks — KOB(b(bI/II_[I/IeHT JKECTKOCTH KaXKIou KIIPYIKUHKNY, [— pacCTOAHNE MEXKAY
JBYyMA COCCIHUMU <<6YCI/IHKaMI/I» BIOOJIb IO LICIIN, [ min 4 [ max — MHUHHMAaJIbHAsA U MakK-

CUMaJIbHAsI pa3pellieHHas JJIMHA «IPYXKUHKW» (puc. 15 (a)). lloTeHnnansl BaJeHTHBIX
VIJIOB W YTJIOB BHYTPEHHErO BpAICHUS HE BBOJIWINCH B CHJIY BBIOPAaHHOW HaMu
orpyOJIeHHON MOJENIH MoJIuMepa.

OObeMHbBIE B3aMMOJICHCTBUS HEANEKTPOCTATUUECKOM MPUPOALI MEXKIY 3BEHBSIMU
3a/1al0TCs oTeHuanom Mopize

Unonbond = Z UM (rij)
i<J , (30)

U, (r)/ ey =expl-2a(r —ry, )] - 2expl-alr - ry, )]

rae mapameTp 7., OHPEACIAET IOJIOKEHNE MUHNMYyMa IMMOTEHINAa, & - paagnycC B3a-

in
umopeincteus (puc. 15(0)).

Boi6upast napamerps pasubivu €, / kT =1.0, a =24 n BHyTpeHHHE eAUHUIIBI
JUTMHBI TaKUM 00pas3oMm, 4to 7. = 0.8, ¢ BBICOKOI CTENeHbI0 TOYHOCTH MOXKHO CUH-
tatb, 40 U, (1) = 0. DTO MO3BOIISIET MCIIONB30BATh AITOPUTM CBS3aHHOTO CITHCKA

JUIs1 OBICTPOTO COCTaBJICHUS TaOJIUIIBI B3aUMOJICUCTBYIONIUX YaCTHI] C JIMHEHHBIM pa3-

MCpOM STYCUKU PaBHbBIM 1, YTO 3HAYUTCIIbHO IIOBBLIIOACT IIPOU3BOJUTCIIbBHOCTDL
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Ubond
Unonbond
»

\ / 04
0 T : ¥ : T -1
4 06 08 1.

00 02 O 0 12 1.4 1,0 1,2 14

(a) ’ (6) r

Puc. 15. IloreHuuanel cUCTEMBI. (a) — B3aUMOJICHCTBHE BJIOJIb I10 1IeTH, (0) — 00beMHOe B3auMOJIeicTBHE.

nporpammbl. OTMeTHM, YTO Ipu 3HaueHusX napamerpoB [ . =04,/ =1,k =10
BEPOSATHOCTh MEPECEUCHUS CBSA3EH JIMHEUHOW LIENMU BO BPEMS CIy4YalHOIO MepemMerie-
HUS 3BEHBEB NMPEHEOPEKMMO Majia U JeliaTh 3Ty IPOBEPKY HE HAJI0, UTO TaKKE 3aMEeT-
HO TMOBBIIIAET CKOPOCThH cUeTa (J1eTanu BbIOopa mapaMeTpoB cM. B padote [64]).

B pabote ucnonb3oBancs cTaHAapTHBIA anropuTM MeTpomoiiuca: Kakaoe HOBOE
MOJIO)KEHHE MaKPOMOJIEKYJIbI TOJy4aaoch U3 MPEAbIAYIIEro CMEUIEHUEM MPOU3BOJIb-
HO BBIOpaHHOrO 3BeHa MHenu («OyCHMHKH») Ha TPOU3BOJIBHO BBHIOPAHHBIH BEKTOP
Ar = {Ax, Ay, Az}, rne  Ax,Ay,Az BpIOMpaIOCh paBHOMEPHO W3 HHTEpBaIa
—0.25 < Ax, Ay, Az < +0.25. BeposTHOCTh Tmepexoja OIpeaessiach U3MCHEHUEM
noTeHnuanbHoi SHeprud AU B COOTBETCTBUU CO CTaHIAPTHBIM alropuTMoM MeTtpo-

H0JIUCA, T.€. IepexXo ] MPUHUMAIICS, €CIIU BeJIMYMHA W = exp (— AU kT ) MpeBbIIIa-

J1a CIy4aiiHOEe YMCII0 U3 UHTepBaia (0,1).

3.2. Konnanc ogMHO4YHOM Lenu nNpu pe3KkoM NOHUXEHUN
TeMnepartypbl

TunuyHeI npouece Kojularca JMHEMHOrO MOoJuMepa, IPOTEKaloun IIOCiIe CKayd-
KOOOpPa3HOTO M3MEHEHHS TeMIIepaTyphl, MPEJACTaBICH Ha puc. 16 (s HATJIsSTHOCTH,

MOJIOBMHA TIOJIUMEpPa pacKpalleHa B 3eJIHbIH 1BET, Ipyras M0JOBUHA — B KPACHBIH).
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Puc. 16. IIpouecc xoiutamnca JMHeRHOro nojaumepa. Jlias HarisJHOCTH, II0JI0BUHA IIOJIMMEPa pacKpalleHa B

3eJICHBIN IBCT, ApyTrasd IMOJIOBUHA — B KpaCHbIﬁ.

Ha HayanpHBIX cTaauMsx KoJjularca MOKHO HaOmoAaTh HEOOJbIIME TI00YJIspHbIE
YYaCTKH, paclpeejeHHbIE 10 LENHU, a 3aTEM MOHOMEPHBIE 3BE€HbS «IIEPETEKAIOTY» OT
OJTHOTO TJIOOYJISIPHOTO y4acTKa K APYyromMy uepe3 o0beUHSIOIUN UX «MOCT», 00pa3ys
«TAHTENETIO00HYI0» CTPYKTYpPY, T.€. JBa TIOOYJISPHBIX (parMeHTa, COCAMHEHHBIX
MOCTOM MeXAy HUMHU. Benen 3a 3Tum, 1Ba Takux ()parMeHTa 0ObEIUHSIOTCS B OJUH
oOunii, ocraBasch MOKa He3ay3JIeHHOW CTPyKTypoil. Takoe moBeaeHHE MOJHOCTHIO
COTJIaCyeTCs C pe3yJbTaTam padboThl [22].

Tonbko moTom, ¢pparMeHThl 00pa30BaBIIEICS HE3ay3JIEHHOM CTPYKTYphI IepeMe-
LIMBAIOTCSA, B pe3yJbTaTe 4ero U o0pa3yeTcsi paBHOBECHOE 3ay3JICHHOE TII00YJIsIpHOE
COCTOSIHME. DTa MOCIEIHAS CTalus 3ay3/IMBaHUS OUYEHb JITUTENIbHAS U HE NIPEICTaBIIA-
€T MHTepeca B HalIUX HccienoBaHusx. Hac Oyaer uHrepecoBaTh CTpPyKTypa U JUHA-
MUKa J0JIT0KUBYILET0 HE3ay3JI€HHOr0 TII00YISIPHOTO COCTOSIHUS, 00pa30BaBILIErocs B

PE3YyJIbTAaTC PE3KOTO KOJIJIAIca HOHHMepHOﬁ O CIIN.
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Hecmotps Ha To, 9TO B mpoliecce KoJuiarca He Ha0mo1aeTcst 00pa3oBaHuii, aHaIo-
TUYHBIX CKJIaJiIkaM 1-ro, 2-ro u T.1. ypOBHEH, POpMHUPOBAHKE B CTPYKTYpPE JOCTATOUHO
OONBIINX HE3ay3JCHHBIX (PPAarMEHTOB SIBISETCS OINPEIEICHHON MPEANOCHIIKON K TO-
MY, YTO B CHEKTpPE COOCTBEHHBIX 3HAaYEHUN MaTPHULbl JACTUYHOM CETH TAKOM CTPYK-
Typbl OyJeT CHeKTpaJibHas 11eNb, OTACNAIONIAs CAaMyl0 MEIJICHHYI0 MOy OT OCTaJlb-
HbIX. Bpigenennas meaneHHasi creneHb cBo0O0bl OyAeT COOTBETCTBOBATH JBMIKCHHUIO
STHX OTHOCUTENHHO OONMbIIMX (hparMeHTOB Kak menoro. Ilo sToil mpuunHe HEpaBHO-
BECHBIC CTPYKTYpPBHI, MOJYYAIOUIUECS B PE3yJbTaTE PE3KOro Kojularnca MOJUMEpPHON

HCIH, TOKC NPCACTABIIAIIN UHTCPEC IAJIA ueneﬁ Hamero ucCjacaoBaHusd.

3.3. CTpyKkTypa cBOMCTBaA rnodyn

Jlis nccnenoBaHus TOTO, SIBISIFOTCS JIM MOJyYEHHbIE HAMHM CTPYKTYpPBI CKJIaqya-
TBIMHM WJIA HET, Mbl MCIOJb30BAJIA CETEBYIO MOJENb, ONHCaHHYI0 B Pazdene 2 . Tax
KaK Hac 0COOEHHO MHTEPECYIOT ABMKEHUSI KPYIHOMACIITaOHbIX (pparMeHToB, ceTeBast
MOJIESIb MOXKET MPEACTABIATh CTPYKTYpy OrpyOJ€HO, T.€. CEThb MOYKET CTPOUTHCS HE
M0 BCEM 3BEHBSIM LIETH, a JHILIb [0 HEKOTOPBIM, KOTOPbIE Mbl HAa3BAJIU «PEMPE3CHTA-
TUBHBIM». B HccienoBaHusx 3TOro pasjena pernpe3eHTaTUBHbIC 3BEHbsS BBIOMPAIIHICH
PaBHOMEPHO pacupe/ieI€HHbIMUA BAOJb MO LENH, YTO MO CyTH SIBISETCS BCErO JIMILb
JanbHEUIIMM orpyOieHrueM MOJENHU «OyCHHOK Ha HUTH», B KOTOPOM B KauecTBe dJie-
MEHTapHOTO (hparMeHTa Lenu BIOpaH g *-3BEHHBIN y4acTOK LIETIH.

Martpuia CMEKHOCTH CETH MEXK3BEHHBIX KOHTAKTOB B CTPYKTYpE CTPOMJIACH IO
ClelyIoUIeMy MPaBUITy — €CJIU JBa PENPE3CHTATUBHBIX 3BeHA (y3J1a CETH) [ U j HaXo-

JAITUCH OCTAaTOYHO OJIM3KO APYT K APYTY (‘171 — 77].‘ <Foin»

rae 7., -PacCTOSHUE MHU-
HUMYyMa [OTEHIMaJIa 0OBbEMHBIX B3aUMOJEUCTBUN), TO CUUTAIOCH, YTO MEKIY y3JI1aMHU
CeTH [ U j HMMEETCs CBSI3b U COOTBETCTBYIOLIHM 2JIEMEHT MAaTPULIbI CMEKHOCTH PaBEH

1. B npoTBHOM ciyuae, 3JIEMEHT MaTPUILIbI CMEKHOCTH paseH 0.
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(a) (6)

Puc. 17. (a) Tunmuunast MaTpUIa CMEXHOCTHU TJI00YIIBI, MOJYYSHHBIX ITyTEM KOJJIanca MpH Pe3KoM IOHH-

JKEHUU TeMnepatypsl, (0) ycpennenHas mo 50 Takum rio0yiamM MaTpUIla CMEXHOCTH.

Kak yka3biBanocs B Pazdene 2, /Ui BbISBICHUS CKIAA4aTOCTH HEOOXOIUMO MpO-
BOJUThH YCPEIHEHHUE N0 MHOTUM PEAIM3ALNAM MATPHUL CMEKHOCTH CETH MEK3BEHHBIX
KOHTakTOB. COOTBETCTBEHHO, CTPOWJIACH MAaTpPULlA CMEKHOCTH CETH KOHTAKTOB,
YCPeIHEHHAsl IO aHCAaMOJII0 CTPYKTYP, MOJIYYEHHBIX IMyTeM KoJularca IpHu CKaykooo-
pa3HOM TIOHIKEHHWM TEeMIeparypbl U3 00JacTH  XOPOUIEr0  PacTBOPHUTENs
(T'=1>0~=0.6) B obmacts mwroxoro pacteopuresi (I =0.5<0 = 0.6).

TUIMYHBIA IpUMEP MaTPULbI CMEKHOCTH CTPYKTYPBI, ITOJIyYEHHON IIPU PE3KOM
KOJIJIAIICe MOJUMEPHOM 1eNH, MoKa3aH Ha puc. 17 (a). BugHo, 4To Matpuiia CMEXHO-
CTH CETH KOHTAaKTOB €IMHUYHOTO 0o0Opaslia He UMeeT OJIOYHO-UepapXUuecKoil CTPyK-
Typbl, HO U3 NPUBEJIEHHON Ha puc. 17. (6) ycpelHEHHON MaTpULbl KOHTAKTOB BUIHO,
YTO YCpEJHEHHE IO aHCaMOJII0 CTPYKTYp TOXE€ He JaeT OJI0YHO-HepapXuuecKon
CTpYKTyphl. boiyiee TOro, Ha yCpeJHEHHONW MaTpULE CMEXHOCTHM HE 3aMETHO JaXKe
00JBIINX OJIOKOB.

BooO1ie roBopsi, 3TO He yAUBUTENbHO. JleHCTBUTENBHO, IPU PE3KOM KOJUIarce, ,

KaK IIOKa3bIBACT puUc. 15 (e), B KOHCYHOM COCTOAHHUHU IIPUCYTCTBYIOT ABa HC IICPEMC-
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IIAHHBIX TI00YI0-OJO0HBIX (hparMeHTa, HO OHU IUIOTHO MPHJIETAIOT APYT K APYTY U
UMEIOT OO0JIBIIOE KOJINYECTBO KOHTAKTOB.

Taxum oOpazom, B ciayyae pe3Koro KoJuiarnca HOJMMEpPHOM LEenu ceTeBask MOJEIb
oOpa3yromieicsi He3ay3JIeHHON TJIOOYISApHOW CTPYKTYpPbl HE BBIABISICT HEpapXHUU
ckianok. ITpuumHa B TOM, 4TO MpHM KOJUIarice TOMOI€HHOM LenH, oOpasyrouascs 1o
XOJy KOJUIarca CTPYKTypa CKIaA0K (GopMUpYeETCs CilydailHO, IEPEeBO CKIAI0K He (PUK-
CUPOBAHO JUISl PA3JIMYHBIX pealu3aluil, 1 B 3TOM CMBbICIIE MepapXus CKJIaJ0K CTATH-
CTHYECKH OfpeziesieHa HeocTaTouHo Xxopoulo. Kak 6b110 nokazano B Paszodene 2, naxe
eclii MoJyuyeHHbIe 00pa3Ipl UMEIH Obl CKIaI4aTyl0 CTPYKTYpY, TO IPU YCPEIHEHUU
MaTpUIl CMEKHOCTH MO aHCAMOJII0 peanu3aiusl Takas nHQopManus «pa3MbLIachy Obl
32 CYET HEOJHO3HAYHOCTH COOTHECEHMs [EpeBa CKIAJ0K C MEPBUYHOW CTPYKTYpOil
noJinMepa. XoTsl IOJyYEHHBIE B Pe3yJIbTaTe PE3KOr0 KoJIIarca CTPYKTYpbl HEJb3sl SIB-
HO OTHECTH K CKJIa{4aThbIM, TEM HE MEHEE, UCCIIEIOBAHNE X AUHAMHYECKUX CBOMICTB

MMpCACTaBIISICT UHTCPCC.

3.4. IlmHamMun4yeckue cBomncTBa rnodyn

W3yuyeHne AMHAMUYECKUX CBOMCTB TINIOOYJSIPHBIX CTPYKTYp, MOJYYEHHBIX METO-
JIOM PE3KOro KoJjularca MOJIMMEPHON Lenu, TPOBOAWIOCH MPU MOMOUIM MOJETHU 3Jia-
CTUYHBbIX ceTell (cM. Pa3zden 1.2), Xxopouio 3apeKoOMeH10BaBIIeH ce0si B UCCIIe0BaHU-
X JIMHAMUYECKHUX CBOWCTB OEJIKOBBIX MOJIEKYJISIPHBIX MalllMH. MBI HCIIOJIb30BaJIH
CHIIBHOZIEMIT()MPOBAHHOE TMPHUOIMKEHNE, B paMKaxX KOTOPOTO CKOPOCTH y3Jia CEeTH
CUMTAETCA MPOIMOPLHUOHAIBHOW CyMME MPHUIJIOKEHHBIX K HEMY YIPYrHUX cui (AeTanu
npubmxeHust onucansl B Pazdene 1.2 v aHaqOrMuHbl MCIIOJIB30BAaBIIMMCS B padoTe
[42]). IIpu mocTpoeHUH 3TACTUYHOM CETU paccMaTpPUBAEMOM CTPYKTYPHI, KaK Y¥Ke OT-

MEYaJIoCh BbIIIE, UCIIOJIb30BAJIMCH TOJILKO penpe3eHTaTUBHbIE y3ibl (puc. 18 (a)). Ilpu
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(6)

Puc. 18. [Ipumep moCTpoSHHUS 37TaCTUYHON CETH U3 TIOJIMMEPHOM Tienu. a) [TomiMepHas rio0yia. 3eneHbIM mo-

MEeYEHbI IPOMEXKYTOUHBIE 3BCHbs, KPACHBIM — Y3JIOBBIC, 0) 3J1aCTUYHAS CETh, IIOCTPOCHHAS U3 3TOM IT00YIIBL.

9TOM DJIaCTH4YHAas CBsA3b BBOAWJIACH TOJBKO MCXKAY TCMH M3 HUX, PACCTOAHUC MCKIY

— 3%
KOTOPBIMU HE MPEBBIIAN0 paguyca odpesanus R, =3 *r . rOe r,,, — paccTosHHe

MUHUMyMa B MOTEHIHalle 00beMHOro B3aumojencTBus (puc. 18 (6)). Beibop Takoit
BEJIMUUHBI pajyca oOpe3aHus R, TPOBOIUICS B COOTBETCTBUU C paboToit [42].

Jlnst HaOnmroieHuss AMHAMUYECKUX TPAaeKTOPHUIl BHIOMPATUCh 3 TaKUX Y34, Y KOTO-

ou,,

(0)
Uy,

PBIX MPOEKLUS OTHOCUTEIBLHOIO U3MEHEHMS PACCTOSHUSA MEXy y3iaamu |1 u 2
Ha CaMyl0 MEIJICHHYIO CTEleHb CBOOOJABI MAaKCHMallbHA, a TPETHH y3ell BbIOMpaeTcs

TaKHM O6p330M, YTO HIpOCKUUA OTHOCHUTCIIbHOTO M3MCHCHUA PACCTOAHUA MCKIAY Y3-

U
(0)
U

Y3JI0B MMO3BOJISICT MaKCUMAJIbHO PCIIPE3CHTATUBHO MOKA3aTh B TPEXMECPHOM IIPEACTAB-

namu 1 u 3 Ha BTOPYIO MEJUICHHYIO MOJAY TOK€ MakcuMajbHa. Takoi BbIOOp

JIeHUEe BUKEHME BJIOJIb CaMBIX MEIJICHHBIX CTENEHEeil cBOOOJbI MHOIOMEPHOI0 MIpo-
CTPAHCTBA.
B xauecTBe KpuTepus TOrO, SBISETCS JIU CTPYKTypa MOJIEKYJISIPHOW MAIlIMHOM, UC-

IMOJIb30BAJIMCh KPUTCPUH, OIMMCAHHLIC B Paznene 1.2. HJ’IH TOr'O YTOOBI IOJIMMCPHYTO
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rJ100yITy MOXHO OBLJIO CYMTATh MOJIEKYJIIPHON MAIIMHOW HEOOXO0IMMO, YTOOBI B CTIEK-
TpPEe COOCTBEHHBIX 3HAUCHU MATPHIIBI AJTACTHYHOCTH OHO WJIU JIBa HAMMEHBIIIMX CO0-
CTBEHHBIX 3HAYEHUI OBbLTN OTAENICHBI MIEJIBI0 OT OCTAIBHOTO criekTpa. OTMETHM, Tak-
XKe, 94TO B OCTKOBBIX MOJICKYJISIPHBIX MallliHAX BEJIWMYMHA CHEKTPAIBHOW INETH HE
CJIMIIIKOM BEJIMKA, TTO3TOMY B CBOMX HCCIJICIOBAHUSAX MbI CYUTACM HAMITYYITUMHU KaH-
TUAaTaMi Ha POJIb MOJIEKYJISIPHBIX MAIIMH T€ TJIOOYJSIPHBIE CTPYKTYPHI, Y KOTOPBIX
5< i < 10;i =1,2. OgHako HajdWuYue CHEKTPAJIbHOM IIEIU HE SIBJISCTCS JOCTATOY-
HBIM inJ'IOBI/IeM. TakuM ycioBHeM SBJISICTCS HAJTWYHEC HU3KOPA3MEPHOTO JTUHAMUYEC-
CKOr0 MHOT000pa3usi BBIICIECHHBIX MEIJIEHHBIX MOJ C OOJIbIIUM OAacCEeHOM MPUTS-
JKCHMSL.

Tunuusblil puMep r700yIIbl, MOJYYEHHON MMyTEM KOJularca Mpu pe3KoM MOHMKe-
HUU TEMIEPATYpbl U 00JaJaroNIei BIICJICHHONW MEIJICHHOW MOJOMW, MPeICTaBlIeH Ha
puc. 18 (a), a na puc. 18 (6) noxazana ee 3J1aCTUYHAS CETh.

CIieKTp HOpPMaJIbHBIX PEJIAKCAIlMOHHBIX MOJ 3TOTO MpUMepa MoKa3aH Ha puc. 19.

[TpumeyarenbHO, YTO B JAHHOM CIy4Yae MOKHO 'OBOPUTH Kak 00 OHOM BBIJEIEHHOU

MoJe€, TaK Kak A, / A, ~ &, Tak ¥ 0 ABYX BBIIACIEHHBIX MOJAX, Tak Kak A, / A, ~ 8.
2 M 21 M

1 10 100 1000 10000

Dl Mg

Puc. 19. Cnextp HOpMaIbHBIX MOJ] 3JACTUYHON CETH, MOCTPOEHHOH MO r100yje, MOTyYeHHOH METOI0M
PE3KOro KoJutarca ImoauMepHoi ceTi. CHeKTp MpeACTaBlIeH B JIOrapu(MIUecKoM MaciTabe U OTHOPMH-

POBaH Ha HAMMCHLIIIEC HECHYJICBOC COOCTBECHHOE 3HAUCHHE.
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N3y4yeHune creKTpoB HOPMAJIbHBIX PENAKCALIMOHHBIX MO/ II00YJIIPHBIX CTPYKTYP,
HOJyYEHHBIX IPU MOMOIIM KOJUIAIca IIPH Pe3KOM NOHMKEHUH TEMIIEpaTyphbl, IOoKa3a-
710, 4TO NpuMepHO 15% W3 HUX MUMEIOT CHEKTPAIbHYIO LIENb, 111 KOTOPOM BBIIIOJIHS-
eTCsl COOTHOIICHHE 5 < /1—2 <10, a cTpyKTYyp, y KOTOPHIX HAOIFOIAETCS JIBE BBIICIICH-
HbIE€ ME/IJICHHbIE MOJIBI, oéHapymeHo He ObLIO.

Takum 00pa3oM, CTPYKTYPBI CO CIIEKTPAIBHBIMH OCOOCHHOCTSIMU MOJICKYJISIPHBIX
MaIIiH MOTYT (POPMHUPOBATHCS U TIPU PE3KOM Kosutarce mnenud. OgHaKo MPUHIHITHATb-
HOE€ 3HAUYEHUE UMEET CaMa peJIaKCAllMOHHAsl IMHAMUKa. PenakcanmoHHbIe TPAEKTOPUU
AJIACTUYHOU CETH TUIIMYHOW CTPYKTYpBbI, IOKa3aHHOW Ha puc. 18, npuBeeHbI Ha puc.
20. OT™MeTnM, 4TO 3JIaCTUYHAS CETh CYIIECTBEHHO aHU30TPOIHA — PACTSHKEHHE BIOJIb
OBICTPON MOJIBI Oy / uég) Ha IOPSJ0K MEHbIIE, YeM BJI0JIb MEUIEHHBIX MoJl. Bee pe-
JAKCAllMOHHBIE TPAEKTOPUHU JOCTUTAIOT IOJIOKEHUS paBHOBeCUs (KpacHas TOYKa Ha
puc. 20), T.e. IMEETCSI XOPOIIO ONPEACICHHBIN aTTPaKTOp, OJHAKO WACHTH(PHUIPO-
BaTh HU3KOpa3MEpHOE NPUTATHBAIOIEE MHOT000pa3ye, OCTaBasCh Ha KOTOPOM CHUCTe-
Ma JIocTUrasia Obl paBHOBECHSI, 3aTPY THUTEIBHO.

Takoe moBeJeHUE BIOJIHE TUIUYHO M JJIsl OOBIUHBIX TNI00YJ. Tak kak oOblYHOE
ri100yJIIpHOE COCTOSIHME TEPMOAMHAMUYECKH XOPOILO OIPENEIeHO, Ha HYHEepreThye-
CKOM JaHamadre OOBIYHON TI00YJIBI 3aBEAOMO HMMEETCS aTTPAKTOpP C JOCTATOYHO
O0onbpmMM OacceiiHOM npuTskeHus. OAHAKO Jaxe B Cilydae CHJIbHO aHU30TPOIHBIX
rio0yJl UX CTPYKTypa JOCTATOYHO OJHOPOJHA, JOCTAaTOYHO KpPYIHbIE (DPparMeHTsI
CTPYKTYPHO HE BBIICJICHBl M Ha PEJaKCAI[MOHHBIX KPHUBBIX HE HAOIIOMAETCS HHU3KO-
pa3MepHOro MPUTATUBAIOLIEr0 MHOT0O0Opa3usi MeAJIEHHbIX cTeneHeil cBo0oabl. Crek-
TpajibHasl LIeJIb, KOTOpasi HaOJII0JIaeTCsl y HEKOTOPBIX CTPYKTYpP, OTBEYAET IOJBUKHO-

CTH BBICTYHAIOIIMUX METIC00pa3HbIX (hparMeHTOB.
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Puc. 20. lunamuueckue TpaeKkTopuu oOpasla, NpeAcTaBIeHHOro Ha puc. 18a 3D mpezacraBieHue, MoIy-

YEHHOE aHATIOTHYHO PHC. 36 MPOEKIHA Ha OCH Oit,, /Uy - O,y /1ty , (B) mpoexums Ha ocH Oidyy /Uy -

Oty /1ty wT) mpoekuws Ha ocu Outy, /Uy -Outyy Uy .

Taxum oOpazom, rinoOyIsIpHBIE CTPYKTYPBI, MOJTYYSHHbIE MyTEM KOJUlarca MoJu-
MEpPHBIX LENEN NPU PE3KOM NOHWKEHUU TEMIIEPATypbl, 3aTPyAHUTEIBHO OTHECTH K
MOJIEKYJIIpDHBIM MamuHaM. HecMoTpst Ha TO, YTO B HEKOTOPBIX M3 HUX BBINOJIHAETCS
HEOOXOAMMOE YCIIOBHE ISl TOTO, YTOOBI OJMMEPHYIO TTI00YTy MOXKHO OBIJIO CUYMTAThH
MOJIEKYJIIPHOW MAIIMHOM, CTPYKTYp, JUISl KOTOPBIX BBIMOJIHAJIOCH Obl JOCTaTOYHOE

yCJIOBHE, O0OHAPYKEHO HE OBbLIO. ITO MOXKET OBITh CBS3aHO C TEM, UYTO B IpoIecce
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KOJIJIarica CKJIaJKH, oOpasylonuecs Ha IEeMNH, YCIEBaIoT MepeMelaThest ApyT ¢ Apy-
I'OM, B p€3yJIbTaTEe Yero KOHEYHAsl CTPYKTypa BIIOJHE OJHOPOIHA U HE UMEET XOPOLIO
CTPYKTYPUPOBAaHHOM CHCTEMBI CKIIAIOK.

B cnenyromeM paszene U3J10KEHbI HAIIM MONBITKH MOJYYUTh CKIAA4aTy0 CTPYK-
Typy CO CBOMCTBAMH MOJIEKYJIIPHOM MAILMHBI 32 CYET TONOJHUTEIBHOIO MOJEIBHOIO
NOTEHIMAJIa, CTAOMIN3UPYIOLIETo CKIAAKU, ¢(hOPMUPOBABILIUECS B MIPOLECCE KOJLIAI-

ca OHHHOHHOﬁ O CIIN.

4. Nepapxunyecknm Konnarnc oguHOYHON Lenun

B Pa3zoene 2.1 Obu10 1OKa3aHO, YTO CKJIAA4aToE TIOOYJIPHOE COCTOSHUE CTaHO-
BUTCS TEPMOJUHAMUYECKH HEYCTOMYMBBIM HE IIPU OAHOW KPUTUUECKOU TeMIlepaType
(6-Touku), KaK B OOBIYHOM TI00YIIE, @ CEPUU KPUTHUECKUX TEMIIEPATYP, TIPH KOTOPBIX
CKJIAJIKA «IUIABSITCS» IMOCJIEAO0BATENbHO OT OONbIIMX K MeHbIIMM. [Ipu noctmxeHun
MHUHHMAaJIEHOH KPUTHYECKOH TeMrepaTypsl 1, paspymaercs camasi OOJbIIast CKIIaIKa,
HO CKJIQJIKU HIDKEJIEXKAIIUX YPOBHEH, U3 KOTOPHIX OHa Obla chopMUpOBaHa, OCTAIOT-
csi ycroiumBbiMH. IIpu mocTwkeHMH clefyroiuei temneparypsl 1, >7, miaBstcs
CKJIaJIKU CIIEAYIOIIET0 YPOBHSA, HO CKJIAJKU BCEX HUKEJIEKAIIUX YPOBHEH COXPAHSIOT
YCTOWYHUBOCTD, U T.JI. 10 MAKCUMAIbHOM KPUTHIECKOM TeMIepaTyphbl 6, mpu KOTOpPOi
pa3pylIaloTcs MUHUMAaIbHBIE CKJIaJKU 1-ro ypoBHS U BCS 1IeTlb OKa3bIBaeTcs B KIIyO-
KOBOM cocTostHuH. [lpu cruoicenuu Temmeparypbl, nepapxus CKIaloK (popMHpYyeTcs
MOCJIE/IOBATENIbHO YPOBEHb 332 YPOBHEM OT MUHUMAJbHBIX CKJIAJ0K 10 MUHHUMAJIbHON
CKJIaJIKH, COOTBETCTBEHHO MPOXOXKACHUIO Temreparyp mepexoxos 1, > 71, >...> 60 B
oOpatHoM mopsake. Ilpu 3TOM MOAUYEpPKUBANIOCH, YTO KacKaJ MEepeXxoi0B BO3MOXKEH
TOJIBKO B TOM ClIy4ae, KOrja KOJUIalC [EeNu OCYIIECTBIISIETCS MPHU OMpeaeIeHHBIX TO-
MOJIOTUYECKUX W/WINM SHEPreTHYECKUX OrpaHUYEHUsX, 00yClIaBIUBaIOUINX 00pa3oBa-

HHUEC CKIIaJOK. B IMPOTUBHOM CJ1y4dac, BC3/IC HUIKC @ -toukn CKJIaAKHW OKa3bIBAIOTCs HC-
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ycToitunBeiMU [19] 1 1ienp kosutancupyer B oObIYHYIO r1o0yiny. Kak mbl yxe Toxe
OTMEYajM BbILIE, 75 TOJYyYEeHUs UepapXuu CKJIaJ0K TOMOJOTMYECKUE U/UIN dHEpre-
TUYECKHE OrpaHUYEHHUs JOJDKHBI CHOCOOCTBOBaTh OOpPAa30BAaHUIO HEPAPXHUECKOM
«KJIACTEPHOI» TOIMOJIOrUHU, COOTBETCTBYIOIIEH OJIOUHO-UEPAPXUUECKONW MATPHIIE KOH-
TaKTOB.

OT1r cooOpakeHHsI JISKAT B OCHOBE TMOJIYYSHHSI MOJICTIBHBIX 00pPa3IloB CKJIAT4aThIX
CTPYKTYpP METOJOM HEPAPXUUECKOr0 KOJIIarnca, 1EMOHCTPUPYEMbIX HUKE.

Kak 1 B onmmcaHHOM BbIIIE CIy4yae CKauKOOOpPa3HOro MOHMKEHHUsS TeMIIepaTyphl,
JUI MOJAETUPOBAHUS KOJIJIarca MoJIMMEPHON Henu ObUT MCIOJB30BaH AMHAMUYECKHI
KOHTUHYaJIbHbII MeToa Monte-Kapno [64,65], a nmonuMep NMpeacTaBIsiics MOJENbIO
«OyCHHOK Ha MpY>XKUHKaX», B KOTOPOH «OYCHHKH» SIBISIOTCSA LEHTPOM MPUIOKEHUS
NOTEHIMAJIOB B3aUMOJEHCTBUI MOHOMEPHBIX 3BEHBEB, & «IPYKUHKHW» MOJEIUPYIOT
HEPa3pBIBHOCTH IeTH. BBEIOOP cTaHAaPTHBIX MOTEHIIMAJIOB U JETANTN 3TON YacTH MOJIe-
JMPOBaHUA OAPOOHO onucanbl B Pazdene 3.1.

[IpyHIMOMaNbHOE OTIMYME MOJEIUPOBAHUSA MEPAPXUUYECKOTO KOJUIAlca OT KOJI-
jarca, CTUMYJMPOBAHHOIO TOJBKO PE3KUM IMOHUKEHUEM TEMIIEPATypPhbl, 3aKI0YAI0Ch
B TOM, 4YTO K CTaHJAPTHHIM TMOTEHIMAJIaM ObLI1 100aBJI€H MOJEIbHBIN OJI0YHO-
MepapXUUYecKrii TOTeHIMAI TapHBIX B3auMmoeiicTBuili /1 Buma marpunbl [lapusm,
VMHTHPYIOLINNA UEPAPXHUI0 DJHEPreTUYECKUX OTPAaHUYEHUN, JEHUCTBYIOIINUX Ha OIpese-
JICHHBIEC 3BEHbsI B X0Ji¢ Koyutanca uenu [1,2]. [Ins BBeIeHUsT TaKUX OrpaHUYCHH, Ha
LeNH BBIOMpACs HEKOTOPBI HaOOp penpe3eHTaTUBHBIX 3BEHbEB, KOTOPHIE SIBISIIUCH
HEHTpaMH TPUIIOKEHHSI MoJienbHOTo notenimana /1 . [lorentman A neiictBoBan Ta-
KUM 00pa3oM, UTO penpe3eHTaTHUBHBIE 3BEHbS, MOAXOMASIINE B XOJAE KoJulanca Uenu
JOCTATOYHO OJIM3KO JIPYT K JPYTY, MOTJIN CBSA3BIBATHCS TaKUM 00pa3oM, YTOOBI IO XO-

Ny KoJijarica, BHayaje MOTJIM BO3HUKAaTh HEOOJNbIINE KIIACTEPhl PENpPEe3ECHTATUBHBIX
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3BEHbEB (CKJIAAKU 1-TO ypOBHS), 3aTEM U3 3THX KJIACTEPOB (HOPMHUPOBAIHUCH KIACTEPHI
2-ro ypoBHsl, U3 HUX, Jajee, GOPMUPOBAIKUCH KJIACTEPHI 3-r0 YPOBHS U T.J.
MonenbHblii oTeHnman H pelicTBoBaJ TakuM 00pa3oM, 4YTO JIBa yKe 00pa3o-
BaBIIINXCS KJacTepa penpe3eHTaTUBHBIX 3BEHHEB MOTJIM 00pa30BaTh OONBIINI KIIacTep
TOJIKO TOT'JIa, KOI'Zla 3TH KJacTepbl OKAa3bIBAJIUCh HA PACCTOSHUM, HE MPEBBIILIAIOLIEM
paauyca r, AcicTBus noTeHumana . PaccTosHneM MEkIy KIacTepamy CYMTanoch
MUHUMAJIHOE PACCTOSHUE MEXAY PENpPe3eHTATUBHBIMU Y3JIaMH, BXOISIIMMHU B pas-
HBIE KacTepbl. MoaenpHbIi noTeHnuan /1 neiicTBoBall coryiacHO anroputmy Metpo-
nojuca. A UMEHHO, €CIM JIBa HE HAaXOAIIMECS B KIacTepe PErnpe3eHTaTUBHBIX y3IIa
NOJIONIUTA JIPYT K APYry Ha PAcCTOSHHUE MEHBIIE YeM F,, TO C BEPOSTHOCTHIO

H(r,)) )

~ exp OHM O0pa3ylOT KJIACTEP, OMpPEAESIONUN CKIIAIKy MEPBOTO YPOBHSI.

Jlist mocienyromux ypoBHEH, eciu IBe CKJIaJKHU (KjIacTepa) YPOBHS y OKa3allCh Ha
H(r,y+1)
PAacCTOSIHUM MEHBIIE YeM 7,, TO C BEPOSTHOCTBIO ~ €Xpy————— ¢ oOpa3zyercs
kT

ckiazaka ypoBHst ¥ + 1. [Ipu 3TOM JOIycKaeTcst MOSIBIICHUE TOJIBKO OJHOTO YHEpreTuye-
cKkoro Oapbepa (OJHOU CBsI3M), OOYCIIOBJICHHOW JIEWCTBUEM MOJIEIHHOTO TOTEHIIMAIa
H . OnHOBpEeMEHHO ¢ 3THM, OTPAaHWYCHUS HAKJIAJABIBAIUCH M HA Pa3pPhIB CBA3CH MEXK-
ny kinacrepamu. CBs3b MEXIy KiacTepaMH MOTJa Pa3opBaThCsl TOJIBKO B TOM clydae,
€CJIM TH KJIacTephbl He ObLTN CBSI3aHBI B KJIacTEp OO0JIbIIEro Maciirada.

Takum 00pa3oM, MOACITBHBIN TOTEHIWAN /H , cTUMynIHpyOnMi oOpa3oBaHUE
CKJIaJIOK Pa3IMYHOTO MacmTaba, 3aBHUCEN KaK OT MaciuTada B3aMMOICHCTBYIOIIMX
KJIACTEPOB, T.e. OT HOMEPA YPOBHS y HEpPApXUU KJIACTEPOB, TaK M OT PACCTOSHUS

MEXy KJIacTepaMH 7 (B OIPEIEIEHHOM BBILIE CMbICIIE). B wacTHOM citydae, Mozieib-

HBIH MoTeHIMan /1 MoxeT ObITh BEIOpAH B BU/JIE
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_§, r< Yy
H(r,y)=y 7 , (25)
0, r>r,

rae g > (0 — xoHcTaHTa B3aUMOJICHCTBUSL.

TakuM 00pa3oM, B OTJIMYKE OT PaCCMOTPEHHOTO BBIIIE KOJUIAICA MPH CKAYK000-
pa3HOM TOHIKEHUU TEMIIepaTyphl, 3/16Ch PACCMATPUBACTCS MOJIETIb T€TePOIOINMED-
HOW IIeTb, IEPBUYHAS CTPYKTYpa KOTOPOW COCTOUT M3 3BEHHEB JIBYX BHUJIOB: 3BEHBEB,
KOTOpPBIE MOTYT CBSI3bIBATHCSI MEXy cOO0M M 00pa3yro Mo X0y KoJIarca uepapxuro
BJIO’KEHHBIX JPYT B JApPyTa KIACTEPOB, U MPOMEKYTOUHBIX 3BEHbEB 1I€TIH, HE YUaCTBY-
I0IuX B o0pazoBaHuu uepapxuu kiacrtepoB (puc. 21). Pacnpenenenue pemnpeseHTa-
TUBHBIX 3BEHBCB BJIOJIb 1O IeNH (TIEPBHYHYIO CTPYKTYpPY) MOXKHO BapbHUpoBaTh. B
YaCTHOCTH, MOXKHO 33/1aBaTh TaKyl PACCTAaHOBKY PENPE3CHTATUBHBIX 3BEHBEB IO II€-
M, KOTOpast y’Ke cama CO3/aeT TOMOJIOTHIECKUE OTPAaHUYCHHSI, CTOCOOCTBYIOIIHE 00-
pa3oBaHUIO UepAPXUU CKIATOK (puc. 21 (6)).

Hakonern, otMeTuM, 4TO TIpU MOJICIMPOBAHUU HEPAPXUUECKOTO KOJUIANCa MbI HC-
MOJIb30BAJIM OTHOCUTEIBHO KOPOTKHUE JIMHEWHbIE 1enu JyinHon 202 3BeHa, 32 U3 KOTo-
PBIX SIBIITIOTCSI perpe3eHTaTUBHBIX. [Ipy TakoM BBEIOOpE MMEETCs BO3MOXKHOCTH (hop-
MUPOBATh MATh YPOBHEH MEPAPXUUECKON YKIIATKU KPATHOU JIBYM, a BpeMsi MOJIEIUPO-

BaHHA OCTACTCA BCC €IIC HE CIIMIIIKOM OOJIBIIINM.

a) ¢ e © o e e e © © e © o o o © e

(6) oo eoe oo oo oo oo ee oo

Puc. 21. MopenupyeMble MONEKYJBl IOJUMEpa. (a) — PAaBHOMEPHOE pacIpeleNICHNEe PETpe3eHTaTUBHBIX
3BEHBEB BJIOJb 10 LenH, (0) — pacmpe/eneHre 3BeHbEB, CIIOCOOCTBYIONIEe 00pa30BaHUI0 HEPAPXHUN CKIIa-

JOK. KpaCHI)IM IMOMEYECHBI Y3JIOBLIC 3BE€HbS, 3CJICHBIM — IIPOMEKYTOYHBIC.
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4.1. PopmupoBaHue nepapxmm cKrnagok

Kak ormeuanocs B Pazdene 2.1, ckilaqyaToe COCTOSTHUE XapakTepusyercs Habo-
POM KPUTHUYECKUX TEMIEPATYp O<T) <T; <...< T , TIPU KOTOPBIX MPOUCXOJIUT
MOCJIEIOBATENIbHOE «IUIABJICHUE» CKIIAJIOK COOTBETCTBYIOIIEro MacmTaba. B stom
CMBICIIC HepapxHusi CKIAJOK HE XapaKTepu3yeTcs OJHHUM [apaMeTpoM MOpsaKa.
Ckilaqyatoe COCTOSIHME MOKHO OXapaKTepH30BaTh HA0OpOM MapameTpoB MOpsIKa

Wcur (}/)

q, =————,rae W, (y) — uncno o0pa3oBaBUIMXCs KIACTEPOB (CKIAI0K) YPOBHS
W inax (7)

y,a W_. (¥) — MakcUMalbHO BO3MOXKHOE B JAaHHOW CTPYKTYpE UYHCIIO KIacTEepOB
YpoBHS y . BenuunHa Kax/J0ro mapamerpa nopsiika ¢, B cucrteme Mensiercst ot 0 (kia-
CTEpOB JAHHOTO YpOBHs HET) 70 1 (0OpazoBaiMCh BCE BO3MOMKHBIE KJIACTEPhl TaHHOTO
ypOBHs1). MeHssl BEMUYMHY HEpapXWIecKoro MoTeHimana /1 (w/wmm TemrepaTypbl)
HaOIII0/1as1 32 M3MECHEHUEM [1apaMETPOB IOPsi/Ka ¢, MOXKHO COCTABUTH HPE/ACTABICHHC O
nporiecce hopmMupoBaHust (WK pa3pyIIeHUs) CKIIATYaTON CTPYKTYPHI.

Ha puc. 22 npuBeneHbl paBHOBECHBIE COCTOSIHUS MOJIMMEPHOM LENH, MOJTy4YeHHbIE
METOJIOM HEPapXHUeCKOro KoJularca MpHu pa3IudyHbIX 3HAYEHUSIX KOHCTAaHThI B3aHMO-
JICUCTBUSL g MOJICIBHOTO TMOTeHIMana f1 . YBenudeHne g COOTBETCTBYET POCTY
HHEPreTUUYeCcKuX 0apbepoB, CTAOUIN3UPYIOMIMX CKIAAKU. 13 puc. 22 MOXKHO YBUAETS,
YTO MPU YBEJIUYECHUH ¢ CHayana oOpa3yloTCs CKJIAJIKK MEPBOrO YpOBHs (KJIACTEPHI,
oOpa3oBaHHBIE MMapaMU PENPE3CHTATUBHBIX 3BEHBEB, puc. 22 (a)), 3aTeM 00pa3yrOTCs
CKJIaJIKH BTOPOTO YpOBHS (KJIacTEphl, BKJIIOYAIONINE YETBEPKH PENpPe3eHTATHUBHBIX
3BEHbEB, puc. 22 (0)) v T.A. 10 TaKUX 3HAUEHUU g, MIPU KOTOPBIX (GOPMUPYETCS BCS
uepapxus CKIAI0K.

DTa KapTUHA €CTECTBEHHBIM 00pa3OM accolMUpyeTcsi ¢ uepapxuei (pa3oBbIX Ie-

pPEX0oa0B THIIA KJIY6OK—I‘J'IO6y.]'Ia, I KaXKXI0ro M3 KOTOPLIX €CThb CBOSA KPHUTHYCCKAA
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(a)- (6).
(B) . (r) .

Puc. 22. TlomiMepHast 1emb MoA AeicTBHeM MojenbHoro motenmmana H mupn g =1(a), g =15 (6),

g=30 (8), g=100 (1).

ToUKa (3HayeHne mapamerpa g =g, (7)), rakas, uro nmpu g > g, (y) obpasyrorcs
100y 10-M0/I00HbIE CKIIAJIKN YPOBHS ), B TO BpeMst Kak npu g < g, () CKiajiok Ta-
KOro mMacitaba npakTHYeCKu HeT.

3aBUCHMOCTb 3HAYCHHII [TAPaMETPOB MOPSZKA ¢, OT MapamMeTpa B3aUMOJCHCTBHUS
g uepapxuieckoro norennuana f npusenena Ha puc. 23. C yBeqndeHueM mapamer-
pa g KiacTepusalusl PENpe3eHTATUBHBIX 3BEHBEB IMPOMCXOAMT IOCIEAOBATEIBHO,
YPOBEHb 3a YPOBHEM, IPUYEM CIIEAYIOIINIA YPOBEHb MOSBISAETCSA YK€ MPU IMPAKTHYE-
CKU MOJHOCTBIO C(POPMHUPOBAHHOM IPENBIIYIIEM, KaK 3TO U MPEANoaraloch U3 Kap-

THHBI IIOCJICOBATEIIFHOTO IIAaBJICHUS CKJIAJ0K, OolmMcanHou B Pazoene 2.1.
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Puc. 23. 3aBucuMOoCTb napamMeTpoB MopsaKa ¢ , OT mapamerpa B3aUMOJEUCTBUA ¢ B Cllyuae, Korja Ipo-

MCIKYTOYHBIC 3B€HbS HAXOAATCA B obnactu XOpoHIero paCTBOpUTEIIA.

CrnenmyeTr OTMETHUTb, YTO MPOJAEMOHCTPHUPOBAHHBIN BBIIIE IPHUMEP UEPAPXHUUECKOTO
KOJUTaIca IeTH OCYIIECTBIIJICS B YCIOBHAX, KOT/Ia BCE HE PENPE3CHTATUBHBIC 3BEHBS
eTTH HAaXOJIWIINCh B YCIOBHX «XOPOIIET0 PAaCTBOPHUTEINS», T.€. KIIACTEPhI perpe3eHTa-
TUBHBIX 3BEHBEB (DOPMHUPOBATUCH B YCIOBHAX, KOTJA BCSI OCTANbHAS YacTh LIEMb HaX0-
JIIach B KIlyOKoBOM cocTossHMM. OTHAKO Jja’ke B TOM Ciydae, KOrjia M 9Ta 4acTb LenH
HaXOJIUTCS HIDKe 6 -TOYKH, MOKHO HaOIF0IaTh KAPTUHY ITOCIIEI0BATEIBHOTO 00pa3o-
BaHUS UEPAPXHUU CKJIAJO0K MPH yBEIMUEHUU MMapaMeTpa B3aumojeicTsus g (puc. 24).
B sToM ciydae nienb n3HaYaNIbHO YK€ HAXOAUTCS B TIO0YJISIPHOM COCTOSHHM U KIla-
CTEpHI peNpe3eHTATUBHBIX 3BEHhEB 00PA3yIOTCS 3a CUET PENTAIHid [IENH B Tele TI00Y-
ne1. KauecTBeHHO, 00pa3oBaHne HEpapXHH CKIAOK B 3TUX YCIOBHAX aHAIOTUYHO TO-

MY, KaK 3TO IIPOUCXOJUT B CJIydac, KOrjga HC pCIIpPC3CHTATUBHASA YaCThb OCIIN HAXOOUT-
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Puc. 24. 3aBuCUMOCTh MapaMeTpPOB IO SIKa OT IIapaMeTpa B3auMOJICHCTBHS B ClIy4dac, Korjga I1po-
}/ 2

MEXKXYTOUYHBIC 3BCHbA HAXOIATCA B 00J1aCTH TIOXOTO PaCTBOPUTEIIA.

CiAB KJ'IY6KOBOM coctossHuH. OTIN4YHe JINIIb B TOM, UTO KOraa BCA ILCTIb KOJIJIAIICUPYET

HUKe 6 -Touku CKJIaAKu CTa6I/IJ'II/I?>I/Ipy}OTC$I P MCHBIINX BCIIMYMHAX UCPAPXUUCCKO-

ro norenuuana H , HO caM mporiecc pOpMHUPOBAHUS CKIaI4aTON CTPYKTYpbl 3aHUMa-

eT ropaszio 0oJbIlIee BpeMs.

OTMeTHM Takke, 9TO B OTJIMYHE OT MPaBHUI 00pa30BaHUS U pa3pbiBa MEXKKIIacTep-
HBIX CBsI3ei, cama (pyHKIIMOHAJIbHAsI 3aBUCHUMOCTh MEPapXU4YeCKOro moTeHImana
OT YPOBHS HEPAPXUH ) MOKET BapbUPOBATHCS JOCTATOUYHO MHUPOKO. [[1st cpaBHEHMS ©
paccMOTpeHHBIM BbIIe ciydaeM (popmyna (25) u puc. 24), Ha puc. 25, B KauecTBe
pUMepa, NIPUBE/IEHa 3aBUCAMOCTD NIAPAMETPOB NOPAIKA ¢, (g) OT KOHCTAHTBI MEXK-
KJIACTEPHOTO B3aUMOJEUCTBUSA I Ciy4das JIMHEWHOW 3aBUCHMOCTH ITOTEHIIMAja
H(y) ot ypoBHS uepapxuu J :

g6-y), r<r,

H(r,y)= 0 P : (26)
’ g
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Puc. 25. 3aBucumMoCTs mapamMeTpoB mopsiaka ¢ y OT TapameTpa B3aUMOJEHCTBUS g IpU JINHEHHOMN 3aBU-

cumoctn 1 (}/ ) .

Takum 00pazoM, IPUHLIMIHUAIBLHO BaXXKHBIM (DAKTOPOM B HAILMX 3KCHEPUMEHTAX
ABJISICTCSL UEPAPXUUECKOE IEHUCTBUE MOTEHIMANA, & €r0 KOHKPETHBIM BUJ, IApaMETPhI
B3aMMO/ICCTBUS M BHELIHHE (DaKTOPbI (HampUMep, KauyeCTBO pacTBOPUTENIS), HE OKa-
3bIBAIOT PENIAIOIIEr0 BIMSHUS Ha TMpoliecc (GOPMUPOBAHUS CKIATUATOU CTPYKTYPBHI.
Hanuyue nepapXxudeckoro MoTeHIMANIa MPU KOJUIANCE LENU IO3BOJISICT TapaHTUPO-

BaHHO MOJIy4aTh II00YJTy ¢ BHYTPEHHEH CKJIa4aToil CTPYKTypOil.

4.2. CTpyKTypa cKknag4vaTbiX rnooyn

B nanHOM pazjaene mpuBeIEeHBI UCCIEIOBAHUA CTPYKTYPHBIX CBOMCTB CKJIag4a-
THIX TJIOOYJI, MOJYYEHHBIX B pe3yjbTaTe KOJIarnca B UEPaApXUUECKOM MOTEHIUATE.
OTHU uccleq0BaHus MPOBEIECHBI C UCIOJb30BAHUEM CETEBOM MOJIENIM, OMUCAHHOMN B

Pa3zoene 3.3.
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Komnnanc nonumepHbIX Heneil oCymecTBAICS UCKIIIOUNUTEIBHO 32 CUET Uepapxuye-
ckoro moreHnuana H(y,r) B yCIOBHsX, KOT/Ia HEPEIPE3CHTATUBHBIC 3BEHBSI HAXO-
JSTCs B 00J1acTH XOpoliero pacrBopuress. Koneunast CTpyKTypa MnpHu TakoM KOJLIarce
Takasi, YTO PENPE3CHTATUBHBIE 3BEHbSI HAXOAATCS B TJIOOYJISIPHOM COCTOSIHUHU, a
OCTaJIbHbIE 3BEHbS] — B KIIyOKOBOM cocTOSIHUU. [10100HY10 MOIMMEPHYIO LI€TTb MOKHO
paccMaTpuBaTh Kak COMOJIMMEp, YacTh 3BEHbEB KOTOPOTO0 HAXOAUTCA B 00JacTh IUIO-
XOT'0 PACTBOPUTEIIS, A IPYyTasi 4aCTh — B 00JIACTH XOPOIIETO PaCTBOPUTEIIS.

B nanHoM paznene 1eMOHCTPUPYIOTCS 00pa3iibl CKIAAYaThIX CTPYKTYP, MOJIy4EH-

HBIX IIpU JEHUCTBUU UEPAPXUYECKUOIO IIOTCHIIMAIIA

_E’ r< Yy
Hr,y)y=3 7 , (27)
0, r>r,

rne g =100kT — xoHcranrta B3ammopelcTsus, 7, =7, (7,

g m ‘min — PAaCCTOHUC MHHHU-

MyMa IMOTEHI[Majla 00BEMHBIX B3aMMOJCHCTBHUI) — paauyc IEHCTBHS MOTCHIMANA, a
T'=1>6=0.6. IIpu Takom BbIOOpPE MapaMeTPOB TJIIABHYIO POJIb B KOJUIAIICE MIPACT
noteniuan H(y,r), BeluunHa KOTOPOTrO AaXe i MaKCUMAIbHOTO 5-TO YPOBHSI
H(y,r)>> kT, a Bce He penpe3cHTAaTUBHBIC 3BEHBS IIETH, T.€. 3BEHbs, HA KOTOpPbIE
UepapXUUYCCKHUI MOTCHIIMA HE ICHCTBYET, HAXOIATCS B 001aCTH XOPOIIIEro pacTBOPH-
tensi. [Ipu takom BeiGope morennuana H(y,r), KoHeUHass TIOOYISIpHAS CTPYKTYpA,
KaK OXHJIAeTCs, TOJDKHA OBITh CKIIAQJ4YaToON M IO/DKHA 00J1a/1aTh CBOWCTBOM HepapXu-

YeCKOT0 camMomnoao0us.
4.2.1. PasHoMepHoOe pacripedesieHue perpe3eHmamueHbIX
38eHbes

B JaHHOM pas3geji€¢ Mbl IMOKa3bIBAEM TOITOJIOTHYCCKUC CBOMCTBA CETH KOHTAKTOB B

IIIOOYJISIPHBIX CTPYKTYpax, MOJYyUYEHHBIX IMyTeM KOJIArca B UEPAPXUUECKOM MOTEHIIH-
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ane H(y,r), B cmydae, Korja IEHTPbI PUIOKCHUSA TAKOTO MOTEHIIHAIa (perpe3eHTa-
TUBHBIE 3BEHbsI) pacpe/IeIeHbl Ha IIEMH PABHOMEPHO.

TunryHBIA IpUMEpP MaTPUIBI CMEKHOCTH CETH, OCTPOCHHOM 0 KOHTaKTaM pe-
MPE3EHTATUBHBIX 3BEHbEB B OOpa3yrolIeiicss MepapxXxuu KJIacTepoB, MPEJCTaBiICH Ha
puc. 26 (a). 3amMeTuM, 4TO B MaTpUIlaX CMEXKHOCTH OTAECIbHBIX TaKHUX peaau3aluii
yrajapiBaeTcsi OJOYHAsi CTPYKTypa, OJHAKO CKa3aTh OMPEACIICHHO, YTO OTJEIbHbIE
MaTpPHIIbl CMEKHOCTH MOJO00HBI OJIOUHO-HepapXuuecKoi MaTpuile (cM. puc. 8 (6)), Ko-
Topas, Kak oOcyxnaiock B Pazdene 2.1, xapaktepHa JUisl CKJIAA4aTON CTPYKTYPBI,
Henb3s. HamoMuuM, 4To U1l mosydeHus: uHpopMarmu 00 0coOeHHOCTSIX KOH(popMa-
LIMOHHOTO MPOCTPAHCTBA CKJIAA4aTOr0 COCTOSIHUS CIEAYET IPOBECTH YCPEAHEHUE IO
aHcambOito Takux matpull. Ha puc. 26 (6) npuBenena Matpuiia, mojayueHHasi B pe3yJib-
Tare ycpenHenus 50 pa3nuuHbIx KOHGOpMAIUi 1100y, MOJYyYeHHBIX MyTeM KOJLIAI-
ca B mepapxuueckoM notenimaie H(y,r). Dta marpuiia yke uMeeT 6osee BeIpaXKeH-

HYI0 OJIOUHYIO CTPYKTYpPY, XOTS OHAa U MPOSBISIOTCS HE HACKOJIBKO XOpPOIIO, Kak

(a) (6)

Puc. 26. Marpuma cMeXHOCTH HepapXHuecKol TiIo0ysbl ¢ paBHOMEPHBIM pacIpesielieHneM y3I0B (a) u

ycpenHeHnHas o 50 peanuzanusm MaTpuiia cMeXHOCTH (0).
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(a) i (6) "
Puc. 27. (a) Cnektp COOCTBEHHBIX 3HAYCHUIl MATPHIl CMEXHOCTU CETH KOHTAaKTOB IPH PABHOMEPHOM
pacrpeeNeHIH PEeNpe3eHTaTHBHBIX 3BEHBEB; TOMyYeH NMpH ycpexHeHun no 50 peanusanusM, (0) criekTp

2-aIudecKkoil 01o4Ho-uepapxudyeckoi marpuibl [lapusu pazmepa 32x32.

B MOJICJIM TOMAPHBIX MEPEKPBITHIA. ITO CBA3aHO C TEM, YTO TIOMUMO HUEPAPXUIECKOTO
MOTEHIIMAJa, KOTOPBII HABA3BIBACT MATPHUIIe KOHTAKTOB KJIACTEPHYIO CTPYKTYPY, IPHU-
CYTCTBYET €Illle 1 00beMHOE B3aMMOJCWUCTBUE, B PE3yJbTaTe 4Yero 3BEHbs, PACIOJIO-
KCHHBIE OJIMKe APYT K JAPYTY MO IeTH, UMEIOT OOJBIIYI0 BEPOSITHOCTh KOHTAKTa B
MPOCTPAHCTBE, HE3ABUCUMO OT TOT'O, BXOJST OHU B OJIMH M TOT K€ KJIacTep, UK HET.

B ciryyae paBHOMEpHOTO pacrpeiesieHus] perpe3eHTATUBHBIX 3BEHHEB HATOKEHUE
JIBYX B3aMMOJICHCTBHI — HMEPapXHUECKOT0 UM OOBEMHOIrO, MPUBOIUT K TOMY, UTO
MaTpUlla CMEXKHOCTH CETH KOHTAaKTOB CYHICCTEHHO OTJIMYAeTCs OT OJIOYHO-
UEPAPXUYECKON MATPUIIbl. DTOT (HAKT HATIIAIHO MPOJEMOHCTPUPOBAH HA puc. 27, Tae
NPUBEJICHBl CIEKTP COOCTBEHHBIX 3HAYCHHWH YCPESTHCHHONW MAaTpPHUIBI CMEXHOCTH,
TIOJTYYSHHOM IS HepapXUIeCcKOro KoJularca Iely Py PaBHOMEPHOM pacIpeieiICHUN
pEenpe3eHTATUBHBIX 3BEHBEB, M CHEKTP 2-aJMYecKol OJIOYHO-UEPAPXUUECKOU
MaTpullbl Buaa Matpuilel [lapusu (cMm., Hapumep, [54]).

Tem He MeHee, MaTpPUIBl CMEXKHOCTH IOJYYEHHBIX TJIOOYISIPHBIX CTPKYTYP
OTIPEJICIICHHO YKa3bIBACT HA HEOAHOPOJHYIO KJIACTEPHYIO CTPYKTYPY TJIOOYJIbI, U HE

CIeAyeT UCKIIYaTh, YTO JIUHAMHUYECKHE CBOMCTBAa 3THX OOpa3IOB MOTYT OBITh
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noj00HBl  CBOMCTBAM  MOJIEKYJSIDHBIX ~ MallMH. Pe3ynbTaThl  McclenOBaHUN
JTUHAMHYECKHUX CBOWCTB TaKuX o0O0OpasloB mpeactaBieHbl B Pazdene 4.3.2, a B
CJIEYIOIIEM pa3jiesie 00CYKIal0TCsl CTPKYTYPHbIE OCOOCHHOCTHU TJI00YJI, MOTYUYEHHBIX
METOJIOM  HMEpPAapXUYECKOro  KoJijarca Tpd  HEOJHOPOJHOM  pachpeicsiCHUH

PCPE3CHTATHBHLIX 3BCHLCB.

4.2.2. Uepapxuyeckoe pacrnipedesieHUe pernpe3eHmamueHbIx
38eHbes

B nanHOM pa3zesie Mbl IOKa3bIBa€M TOIOJIOIMYECKHE CBOMCTBA CETH KOHTAaKTOB B
III0OYJISIPHBIX CTPYKTYpax, MOJYYEHHBIX MyTeM KOJJIarca B UepapXU4ecKoM MOTEHLIU-
ane H(y,r), B ciydae, KOr/ia IIEHTPbI MPUIOKEHHSI TAKOTO MOTEHIHaIa (perpe3eHTa-
TUBHBIC 3BEHBS) pacCHpeeiCHbl HA IEMU TaKuM 00pa3oM, 4TOObl YyCHIUTH d(DdexT
KJIAaCTEpU3ALUU. DTOTO MOYKHO JTIOOMTHCS, €CIM PACCTOSTHUE MEX]Yy pPErpe3eHTaTUB-
HbIMHU 3BEHbSIMU yCTAHABJIMBATh TEM OOJIbIIE, YEM BBIIIE YPOBEHb TOIO MUHUMAJIbHO-
ro KjacTepa, B KOTOPbI OHU MOTEHUMAIbHO MOTYT BOUTH (puc. 28). Hanpumep, nis
4-X penpe3eHTaTUBHBIX 3BEHbEB 1-2-3-4 paccTosiHue MEXIy 3BEeHbsIMU 2-3BbIOUpaeTCs
Oosnblie, yeM Mexy 3BeHbsIMU 1-2 u 3-4. B pesynbrare, npu KoJuiance Lenu, BHavaie
c OosbIIeil BEPOSTHOCTHIO OYyIyT OOpa30BBIBATHCS KJIACTEPHI, CBA3BIBAIOIINE MAPHI
(1-2) u (3-4), u AuIb 3aTeM 3TU JBE Napbl OyAyT 00bEeIUHATHCA B OONBIINN KiacTep,
BKJIIOUarOIMi Bce 4 3BeHa. Takoe pacmpelesneHue yxKe camo 3afaeT NpernodYTeHus
JUisl oOpa30oBaHUsl MEpPapXUU BIOKEHHBIX JIPYr B Jpyra KJIacTepoB (OMPEETICHHOIO
JiepeBa CKJIaJI0K) U ACHCTBUE HepapXUUYECKOT0 MOTEHIMala TEM CaMbIM yCHIIMBAETCA.
[TockonbKy 3amaHHOE TakuM OOpa30M pacIpeleIeHue pPerpe3eHTaTUBHBIX 3BEHHEB
CIOCOOCTBYET MEpapXUUeCKOU KiacTepuszaluu, OyJeM sl KpaTKOCTH Ha3bIBaTh €ro

MepapXUUeCKUM pacrpeesieHneM. Vcnonp30BaHne nepapXxudecKkoro pacrpeaeacHus
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e, &

>

Puc. 28. HOJ’II/IMepHaﬂ LECIb C UCPAPXHUICCKHUM PaCHpPCACICHUEM PCIIPE3CHTATUBHBIX 3BCHBEB B COCTOAHUU

Kny61<a. KpaCHLIM TMOKa3aHbl PpEIIPE3CHTAaTUBHLIC 3BCHbS LCITH, 3€JICHBIM — HEPCIIPEC3CHATUBHBIC 3BCHbB.

pENpPE3EHTATUBHBIX 3BEHBEB, 3aJAOLIEr0 CTAaTUCTHYECKOE MPEUMYLIECTBO OIpese-
JICHHOMY JIepeBYy CKJIQJIOK aHAJIOTMYHO (DUKCALlMU JepeBa MEePEKPHITH B MOJEIH I10-
IIApHBIX [TEPEKPBITUIN, PACCMOTPEHHOM BbllIE B Pazodene 2.2. B 3ToM ciydae, Kak Io-
Ka3bIBAE€T MOJIENb IOMAPHBIX NIEPEKPBITHIA, HepapXUs CKIAI0K OKa3bIBAECTCS CTATHUCTH-
YECKH XOPOILIO BBIPAKEHHOM.

OcranbHble MapaMeTpbl MOJETUPOBAHUS HEPAPXUUYECKOr0 KOJUIAca OCTABIIECHBI
TaKMMH K€, KaK U JUIsl pPABHOMEPHOI'O PaclpeIeIeHNs PEITPE3EHTaTUBHBIX 3BEHBEB.

TunuyHass MaTpHLIa CMEKHOCTH CETU KOHTAKTOB, IOCTPOEHHOM 1O peNpe3eHTaTHBHBIM
3BEHBSIM B (PMHATIBHON KOH(pOpMaIH, pesicTaBieHa Ha puc. 29 (a). Kak u B ciryyae pas-
HOMEPHOI'O pacIIpeeIeHNs] PENPE3CHTATUBHBIX 3BEHBEB BIOJIb IO LIENU, MaTPHULIA CMEX-
HOCTH CETH, TPEICTABISIIONIas EIUHUYHYI0 KOH(OpPMAIMIO, HE SBISETCS OJI0YHO-
uepapxuieckoid. OIHaKo MaTpuIla CMEKHOCTH, MOJTy4YEHHAsl B pe3yJIbTaTe yCPEeIHEHHUs 10
100 pa3nuuHbIM KOH(OpMAIMAM, UMEET YETKO BBIPAKEHHYIO OJOYHO-HEpapXUUECKYIO
CIpYKTYDY (puc. 29 (0)).

Kak u B ciiyuae paBHOMEPHOTO paclpe/esIeHHs perpe3eHTaTUBHBIX 3BEHBEB B/IOJIb

10 I CIIn, B TOH MaTpune BCC cUiC 3aMCTHO, YTO 3BCHbBA, PACIIOJIIOKCHHBIC OmKe Apyr
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(a)

Puc. 29. Matpuma CMeXHOCTH CKIam4aTod TIoOyJsl CO CHENHATBHBIM PAaCHpeieTIeHHEeM Y37T0B (a) U

ycpennenHas o 100 peanuzanusim MaTpuiia CMEKHOCTH (0).

K JIpyTy BIOJb MO IIEMH, UMEIOT OOJBIIYI0 BEPOSTHOCTh KOHTAKTa, OJHAKO ATOT (-
(GeKT pu uepapXuIecKOM pacIlpeneICHUN PEeTPE3eHTATUBHBIX 3BEHHEB rOpa3o Cia-
Oee, u O6J1I04HAsI CTPYKTYpa MaTPHUIIBI TIPOSIBIISIETCS sipUe.

Bbonee verkas GmouHo-mepapxuyeckasi CTPYKTypa yCPEIHEHHOW MaTpHUIbl CMEXK-
HOCTHU CETH KOHTAaKTOB HaXOJHUT CBOE OTPaXCHHUE U B CIIEKTPE COOCTBEHHBIX 3HAYCHHUI
sToi Matpuilsl (puc. 30). Tenepb oH Oosnee OIM30K K CHEKTPY 2-aAUUeCKON OJIOYHO-
uepapxudeckoi marpuisl [Tapusu.

Taxum o0Opa3oM, B pe3ysibTaTe KoJIIanca MmoJIMMEpHON e  MpU ASHCTBUN Uepap-
XHYEeCKOro moTeHuuana H(y,r) W npu uepapXMyecKoOM paclpeieeHUd IEHTPOB
NPUIIOKEHHS TAKOTO MOTEHIMANA, YAAETCS MOIYYUTh CKJIa4aThie TI00YIIbI CO CTAaTH-

CTUYECKH XOPOLIO ONMPENEICHHON HEPAPXUEH CKIIAJIOK.
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(a) ! (6) "
Puc. 30. (a) Cniektp coOCTBEHHBIX 3HaYeHHU ycpeaHeHHOW mo 100 peanu3anusM MaTpHUIbl MEK3BEHHBIX
KOHTAKTOB, TJ100YJ, MOJYYEHHBIX MyTEeM KOJUIAllCa B MEPApXMUYECKOM IMOTEHIHANe MPU HepapXUuecKOM
pacTipeqieieHHH Perpe3eHTaTHBHBIX 3BEHBEB; (0) CIIEKTp 2-aandecKoil OJ0YHO-MepapXudecKod MaTPHIIBI

ITapusu pa3zmepa 32x32.

4.3. AuHamMukKa CTPYKTyp

B nmaHHOM paznesne M3JI0KEHO MCCIEN0BAaHUE JMHAMMUYECKHX CBOMCTB CTPYKTYP,
MIOJIYYEHHBIX METOJAOM MEPAPXUYECKOr0 KOJuIarca OAMHOYHOM LENM KakK MpU Hepap-
XUYECKOM PaCIPEACIICHUN PENPE3CHTATUBHBIX 3BEHBEB, TaK U [P PABHOMEPHOM pac-
IPEEIECHUH PENPE3EHTATUBHBIX 3B€HbEB. OCHOBHBIM BOIIPOCOM B 3THX HCCIIEA0BAHU-
AX SABJISIETCS BOMPOC O TOM, 00Ja/lal0T JIM MOJYyUYEHHbIE CTPYKTYpPbl THUHAMUYECKUMU
CBOMCTBaMHU MOJIEKYJISIPHOM MamnHbl. Kak ¥ B npeapiaynux ciryvasx, UCCIeI0OBaHUE
JUHAMUYECKUX CBOMCTB IOJYYEHHBIX CTPYKTYp IPOBOAWIOCH MPU MOMOLIM MOZENN
JJaCTUYHON ceTH. Bce mapameTpsl MOAECIMPOBAaHHUS, a TAKXKE MPOLEAYpPa TOCTPOCHUS
AJIACTUYHOM CETH, BBIUMCIIEHUS PEIAKCALlMOHHBIX TPAEKTOPUH M UX IpaduyecKoro

IpeACTaBJeHUs, onucaHbl B Pazodene 3.4.
4.3.1. UepapxuyecKkoe pacnpedesieHUe penpe3eHmamueHbIX
38eHbes

B ciiyyae mnepapxudeckoro pacnpenesieHuss Penpe3eHTATUBHBIX 3BEHBEB BIIUSIHUE

HCPapXUICCKOTO IMOTCHIIUAIA HauOoJIee CHIIBHOE H, UCXOJ U3 PC3YJILTATOB UCCIICAO-
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BaHUS TOMOJIOTMYECKUX CBOMCTB MOJYYEHHBIX 00pa3lioB, W3JIOKEHHBIX B Pazodene
4.2.2, MOXXHO TOBOPHUTb, YTO MOJYYaIOIIUECS TYT OOpa3lbl SBISIOTCS CKIIAT4aThIMU
TJI00yJIaMH.

Jliist Takux 00pas3oB ObBUTH U3yUEHBI CIIEKTPBl HOPMAJIbHBIX PETAKCAIMOHHBIX MOJT

UX 3JACTHYHBIX CeTeil. DTU UCCle0BaHus NoKa3ainu, 4yTo 17% o00pa3loB UMEIOT IIH-
4

POKYIO crieKTpaiibHyto 11eib (5 < —=<10), oTaesmomyo caMyo MEIJICHHYIO pelak-
1

CallMOHHYIO MOAY OT OCTAJIbHBIX, 4 CIIC B 6% CJIyJacB Ha6moz[aeTc;1 JABC TaKHMX BBIAC-

A
JICHHBIX MeJUTeHHBIX MOJbI (5 < — < 10). Ha puc. 31 npuBeIeHBI CIIEKTPEI HOPMAITh-
2

1 10 100 1000
Mwuo3uH
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(r)
Puc. 31. CriexTp cOOCTBEHHBIX 3HAUEHHH MAaTPHUIIBI AIACTUYHOCTH CKJIAQA4aTON TIOOYJBI C ABYMS BBIAC-

JIEHHBIMH MoJiaMu (a), Muo3uHa (0), ckilaauaToil rio0yibl ¢ OAHON BbIAEIeHHON Momol u (1) AT®-a3b1

[39].
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HBIX PEJAaKCallMOHHBIX MOJ JBYX TakMX 00pa3loB. Y OJHOIO U3 HUX CIEKTpaibHas
1ieJib OTIENsAET JIBE camble MEJICHHBbIC pelakcalioHHbie monbl (puc. 31 (a)), B TO
BpeMsI KaK y JIpyroro Takux BBIJEIEHHBIX MEJJICHHbIX Mo onHa (puc. 31 (¢). Ha aTom
K€ PUCYHKE Il CPaBHEHMSI IPUBEACHBI CIIEKTPbl HOPMAJIbHBIX PETAKCAIUOHHBIX MOJI
TUIIMYHBIX MOJIEKYJISIPHBIX MOTOPOB —MUO3UHA (puc. 31 (6)) n ATD-a3sbl (puc. 31 (2)),
B3sThIe U3 paboThl [39]. X0poIio BUIHO, YTO CIEKTPHI pelaKkCallMOHHBIX MOl 00pa3-
OB CKJaJ4yaThIX IJI00yJl aHAJOTMYHbl CHEKTpPaM pelaKkCalMOHHBIX MOJ MOJEKYJISp-
HBIX MOTOPOB.

HaromHuMm, 4T0 Hanuuue LIeNn CIEKTPE HOPMAJIBHBIX PENAKCALMOHHBIX MOJ SB-
JSIeTCS JINIIb HEOOXOJUMBIM YCIOBUEM ISl JUHAMUKH MOJIEKYJIIpHOM MamuHbl. Jliis
JEMOHCTpPALMU TUHAMUYECKUX CBOMCTB CKJIAYaThIX IJI0OYJ HaMM BbIOpaH OJUH M3
JIBYX TMOKa3aHHBIX BBIIIE 00pa3llOB, @ UMEHHO TOT, B CHEKTPE PEIAKCALMOHHBIX MOJ
KOTOpPOTO MMEETCSl OJIHA BbIAENIEHHas MeJjieHHas Moja. CTpyKTypa CKIAJOK y 3TOTr0

oOpasla nokaszaHa Ha puc. 32. X0Tsl HEKOTOpbIE MPOMEKYTOUHBIE 3B€Hbs (ITOKA3aHbI

.

#

e -h-
fffé'_‘?_ =

i
|
]

(a) (6)

Puc. 32. (a) M3y4aemas nanee monnmepHas rino0yma. 3eIeHbIM TTOMEUCHBI IPOMEKYTOUHBIC 3BEHbBSI, Kpac-

HBIM — perpe3eHTaTuBHbIE, (0) AMacTUUHAS CeTh, IOCTPOCHHAS U3 3TOU II100YIIBI.
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Ha puc. 32 (a) 3eJCHBIM IIBETOM) OOpa3yIOT JAOCTATOYHO OOJBIION KIyOKOBBIN MeET-
7eo0pa3Hblil (parMeHT, pernpe3eHTATUBHBIE 3BEHbS 00pa3yrloT IUIOTHYIO, TI00YIIO-
NoJIOOHYIO CTPYKTYpYy. 3aMETUM, TAK)KE€, YTO HJIACTHUYHAS CETh MOKA3aHHOM CTPYKTYpPbI
COCTOUT U3 JBYX OOJNBIIMX (PParMEHTOB, COCIUHEHHBIX JPYT C APYroM HEOOIbIIUM
YHCIIOM OTHOCHUTEIBHO JJIMHHBIX (MSTKUX) cBsi3ell. Takasi CTpyKTypa CceTH, Kak MO>KHO
MIPEANOIO0KUTh, COOTBETCTBYET TUHAMUYECKAM OCOOECHHOCTSIM MOJIEKYJISIPHBIX MaIITUH.

JlnHaMHu4YecKue CBOMCTBA DJIACTUYHOW CETH MOKa3aHHOTO Ha puc. 32(6) obpasma
CKJIa{4aTON CTPYKTYpbl, IPEICTABICHBI HA puc. 33 (a, 6). ]Ins cpaBHeHus Ha puc. 33
(8, 2) TaxKe MpUBENEHbI pelakcaluoHHble Tpaekropun F1 ¢parmenta AT®d-a3bl u
MHUO3HHA, B3SIThIC U3 paboThI [39].

Kak BumHO U3 puc. 33, IMHAMUYECKHE TPACKTOPUU JIACTUYHON CETH CKJIaA4aTon
JI00yJIbl BEAyT ce0sl aHAJOTUYHO TPACKTOPHUSAM JJIACTHUYHBIX CETEeH MOJICKYJISPHBIX
MOTOpOB. Tak ke, Kak U y MOJIEKYJIIPHbIX MOTOPOB, AMHAMHUKA JEMOHCTPUPYEMOTO

06pa3ua CKJI&,Z[‘-I&TOﬁ T .H06y.HBI CYHICCTBCHHO AHU3O0TPOIIHAA — Maciitad CMCIICHUA
Ol 5,

0
- e
CMCHICHMMN CaMOHU MCHJICHHOHN CTCIICHU CBO6OI[I)I. PenakcaumoHnHbie TPaCKTOpHUHU

BJIOJIb OBICTPOM CTENEHU CBOOOIbI Ha OJMH-/IBa TIOPSIKa MEHbIIIE, YEM MaCIITa0
CKJIQJYaTOi TJIOOYJbl, KaK W Yy OHMOJOTMYECKUX MOJICKYJISIPHBIX MAIllMH, BHadale
OBICTPO JIOCTUTAIOT BBIJAECIIEHHOTO MyTH (OAHOMEPHOTO MPUTITUBAIOIIEr0 MHOI000pa-
3Usl), @ 3aTeM, JABUTASICh BAOJb 3TOTO MyTH, MPUOINKAIOTCS K MOJOKEHUIO PABHOBECHS
(kpacHas Touka Ha puc. 33 (a, 6). IMeHHO Takoe NOBEJACHUE U SBIISIETCS XapaKTEPHBIM
JUIST MOJICKYJISIPHBIX MAIITUH.

Kak yxe oTmedanoch Bbillle, B OTJIWYHE OT AIMACTUYHBIX CETEH HEPABHOBECHBIX
r7100yJ1, MOJYYEHHBIX B pe3ybTaTe CKauKOOOpPa3HOTO MOHUKEHUS TeMIIepaTyphl (CM.
Pa3zoen 3), anacTUUHbIC CETU IEMOHCTPUPYEMBIX CKIIAUATBhIX TJIO0YJ COCTOSAT UX OT-

HOCHUTENILHO KPYMHBIX (ParMeHTOB, COEIMHEHHBIX JpPYr C JPYroM HeOOJbIIUM
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Puc. 33. a) 3—x MepHOe TpeAcTaBiIeHUE TUHAMUYECKUX TPACKTOPHUNA 3JACTUYHOMN CETH CKJIa4aToi TI00y-

12 Oy,
0) 7, (0)
12 U

A,y o Oity; Oty
(W)’ 0) IpOEKLUs PeNaKCallMOHHBIX TPACKTOPHH Ha IJIOCKOCTh OENOR

u u u

13 3 M3

Bele 1t F1 dpparmenta AT®P-a3e1 u Muosusa [39].

JBl OTHOCUTENLHO 2—X Hamboyiee MEJJICHHBIX pPETaKCallMOHHBIX MOJ ( ) U OmHOH OBICTPOI

B), T) aHaJOTUYHBIC KpH-
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Puc. 34. Dnactuynas ceTh r100YIIbI, TOKa3aHHON Ha puc. 31 ¢ BIJICIICHHBIM aKTUBHBIM IICHTPOM.

YUCIIOM MSTKUX CBsi3eld. B MOAOOHBIX CTPYKTypax MOKHO BBIICIUTh «aKTHUBHBIN
LEHTP» — HECKOJIbKO 3BE€HbEB, COCTMHEHHBIX C OCTAIbHBIMU Hanbosiee MATKUMHU CBSI35-
MU (CUHME 3BEHbs Ha puc. 34). IMeHHO 3TU CBsI3U cujibHEE BceX AeopMUPYIOTCS TpU
BO30YXJICHUU CETU U MEJIJICHHEE APYTUX PEaKCUPYIOT K MOJI0KEHUIO PAaBHOBECHSL.

JluHamuka cKJIag4aTod TJI0OYJIbl OCTAeTCsl aHAJIOTMYHOM JWHAMUKE MOJEKYIISIp-
HOW MaIllMHBI U B TOM CJIyd4ae, eciii Bo30yXKIaTh HE BCIO CTPYKTYPY, a TOJBKO € aK-
TUBHBIN 1IeHTP (puc. 35). I'naBHOE, yTOOBI ObUTM BO30YXKIACHBI MSATKHE CBS3U MEXIY
JIOCTaTOYHO TUIOTHBIMH OOJIBITUMU (hparMeHTaMHU.

Ha puc. 35 (8) n3o0paxxeHa otnenbHasi pejlakCallMOHHAs TPACKTOPHUS C OTMEYECH-
HBIMH Ha Hell BpeMEeHHbIMU OTMeTKaMH. Kak u B cityyae BO30YKJI€HHUsI BCEl CTPYKTY-
pbL, cuctema cHauana 6b1etpo (510" maros) peslakcupyeT K HU3KopasMepHoMy (0j1-
HOMEPHOMY ) MIPUTATHBAIOIIEMY MHOT000pa3uIo, a 3aTeM, OCTaBasCh HA HEM MEJICHHO
(7-10° waroB) cMewwaeTest K MOJNOKEHNIO PABHOBECHSL.

Takum o0pa3om, B cilydae UepapXUuecKoro KoJJianca reTeporeHHON mojauMepHoOn
[ENH ¢ MePapXUIECKUM PACIIPEICTICHUEM PEIPE3CHTATUBHBIX 3BEHBEB YIAETCS TMOITY-
YUTh CKJIAJ4aTble CTPYKTYpPbl, TUHAMUYECKHUE CBOMCTBA KOTOPBIX MOAOOHBI JUHAMMU-
YEeCKHM CBOWMCTBaM OMOJIOTMYECKHMX MOJIEKYJISIpHBIX MamMH. Bmecre ¢ teMm, cienyer

MOIYEPKHYTh, UTO HE Jit00as ckiaayaTas riodysa, 00pazyromascs B TAKUX YCIOBHSIX,
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Puc. 35. lunamudeckre TpaeKTOPUH, MOMYUCHHBIC IPH BO30Y>KACHUH TOJIBKO 3BEHHEB AKTHBHOTO IIEHTpA.
0 0
a) 3D TpeJICTABIICHHE, TIOJTyYCHHOE AHATIOTHUHO PHC. 33, 6) TPOeKIWs Ha ocH Oy, /Uy - iy, /1ty , B)

OTACJIbHAsA TPACKTOPUA, OTMCUYCHHAA 3CJICHBIM Ha BCEX r‘padnzncax.

obnagaer TakuMu cBoricTBamu. [lo HaMIMM OlEHKaM, MOIXOISAIINE CTPYKTYPhl BO3HU-
KaroT npuMepHo B 20% peanuzanuii. [11si aOMOT€HHBIX YCIOBHIA, T.€. YCIOBHI, B KO-
TOPBIX K CO3JAHUIO CTPYKTYP HE TMPHUBJICKAIOTCS KJIETOYHBIE MEXaHU3MbI CHHTE3a OMO-

IMOJIMMCPOB, 3TO MPCACTABIIACTCA TOCTATOYHO BEICOKUM BBIXOIO0M.

4.3.2. PasHoMepHoOe pacripedesieHue pernpe3eHmamueHbIX
38eHbes

BepueMmcs teneps K CTpyKTypam, MOJTYYEHHBIM MpPU JEHCTBUU HEPAPXUUYECKOTO

MOTEHIMAJa, HO C PABHOMEPHBIM pPaclpe/ieIeHUEeM PEIPE3eHTATUBHBIX 3B€HbEB. XOTs
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TOMOJIOTUYECKUE CBOMCTBA CETHM KOHTAKTOB B TaKUX CTPYKTypaX, MPHUBEACHHbIC B
Pazoene 4.2.1, He TOKA3BIBAIOT XOPOILIO BBIPAXKEHHON MEPAPXUU CKIIA/IOK, UCCIIEI0Ba-
HUE€ TMHAMUYECKHUX CBOWCTB TaKUX CTPYKTYp M CPaBHEHHME MX CO CBOMCTBAMU MOJIE-
KYJISIPHBIX MAIlIUH TOXE MPEJICTaBIsET HHTEPEC.

N3yuenue crieKTpoB HOPMAJIbHBIX pelakcallMOHHBIX Moj 50-Tu 00pasioB, MOIy-
YEHHBIX IMyTEM HEPApXUUYECKOro KOJLIanca MOJIMMEPHON LIENH ¢ paBHOMEPHBIM pac-
npe/ieJICHUEM PETPE3CHTATUBHBIX 3BEHbEB, MOKa3ai0, 4YTo 18% M3 HUX UMEIOT CIeK-
TpaJdbHYI WIEIb, OTIACISAIONIYI) CaMyl0 MEIJECHHYI0 pEIaKCallMOHHYI0 MOAY OT
OCTaJIbHBIX, a €Ill€ B OJIHOM CiTy4yae HaOJI0JaeTCsl ABE BBIICJICHHBIX MEAJIEHHBIX MOJIBI.
Takas craTtuctuka, BooOIe TOBOpS, aHAJOTUYHA CTATUCTUKE MOSBIICHUS MOAOOHBIX
CTPYKTYp IPU HEPAPXUYECKOM KOJUIANCE MOJMMEPHOM IIENU C MepapXUUECKUM pac-
MIpeCICHUEM PENPE3eHTATUBHBIX 3BeHbEeB. OTHAKO MEXY dTUMHU CTPYKTypaMu HUMe-
I0TCS CYILIECTBEHHbIE OT/INYUs. B ciydae paBHOMEPHOIro pacnpesiesieHus pernpe3eHTa-
TUBHBIX 3BEHbEB, B (PMHAIBHBIX CTPYKTYpax, yalle BCEro, OTCYTCTBYIOT OTHOCUTEIBHO
KpyIHbIe (DparMeHThI, CBSI3aHHbIE HEOOIBIIINM YUCIIOM MSTKHUX CBSI3€H, U (hopMUpOBa-
HUEe (QYHKIMOHAIBHBIX JTOMEHOB U aKTUBHOIO LIEHTpa TYT CTAHOBUTCA MpoOIeMaTHy-
HBIM (puc. 36).

OTHU CTPYKTYpHBIC OTJIMYMS MPUBOMAST K CYIIECTBEHHBIM OTJIWYHUSM B JTMHAMHKE
rodya 3Tux AByX TUNOB. [lpu paBHOMEpHOM pacnpeselieHud penpe3eHTaTUBHBIX
3BEHBEB, CHUCTEMa TOKE OBICTPO PENAKCHPYET BIIOJIb OBICTPBIX CTENEHEW CBOOOIHBI,
OJIHAKO JAJbHEUIIEH MEIJICHHOW pelaKCallui K XOPOUIO ONPEICTICHHOMY aTTPAKTOPY
c OonbiuM GacceifHOM MpUTSKEHUs He HaOmogaeTcs. HanpoTus, Takue CTPYKTYpBI,
Yare BCEero, XapakTEePU3yKTCs MHOKECTBEHHBIMU METAaCTAOUILHBIMHU COCTOSTHUSIMU, B

KOTOPBIX OHU MOTYT «3acTpeBaTh» MO Xoay penakcauuu. C TOYKH 3pEHHS CIEKTpa
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Puc. 36. Dnactuynble ceTd 100y, MOMyYEHHBIX PU MOMOIIX KOJUIAINCa B UEPAPXUUYECKOM MOTEHITHATIE C

PaBHOMECPHBIM BBI60pOM Y3JI0B.

HOPMAJIbHBIX PEJIAKCAIIMOHHBIX MOJ] 3TO O3HAYaeT, YTO B CHEKTPE COOCTBEHHBIX 3HA-
YEHU MaTpPHUILIbl IMHEAPU3ALUU JUHAMUUYECKUX YPAaBHEHUIN 2JJACTUYHON CETH NMEETCS
OO0JIBIIIOE YHCIIO HYJIEBBIX COOCTBEHHBIX 3HAYCHHI.

[Iprmep ¢ paBHOMEPHO pacHpeAcIICHHBIMU PEIPE3CHTATUBHBIMU 3BEHBSAMM SICHO
MTOKA3bIBAET, YTO HAJUYHUE LIEIU B CIIEKTPE HOPMAJIBHBIX PEIAKCALIMOHHBIX MO/ SIBJIS-
eTcsl HeOOXOAMMBIM, HO HE JJOCTATOYHBIM YCJIOBUEM ISl IPOBEACHUS aHAJIOTUN MEX-
Iy U3y9aeMoM CTPYKTYpOH M MOJEKYJSIpHON MammHON. Bo Bcex ciydasx HeoOxoau-

MO TaKXe€ M3y4aTh JUHAMUYECKUE CBOMCTBA CTPYKTYP.
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Puc. 37. DnactuuHas ceTh l"JIO6y.]'H>I, HOHy‘IEHHOﬁ IIpHU IOMOIIIX KOJIIarica B UCPAPXUIYCCKOM MMOTCHIIUAJIC C

PaBHOMEPHBIM PACIIPCACIICHUEM PCIIPEC3CHTATUBHBIX 3BECHbLCB.

W3 uccnenoBanubix Hamu 50 006pa3ioB CTPYKTYp ¢ PaBHOMEPHO paclpe/ieleHHbI-
MU pENpPE3CHTATHBHBIMU 3BCHBSIMH 9 MMENN CIEKTPAIBHYIO HICIb Sﬁ <10 , Ho
JMIIB OJTMH 00pa3el] UMeN CTPYKTYpy, B KOTOPOil JIBa OTHOCHTEIHHO )KCCITKI/IX ¢par-
MeHTa ObUIM COEUHEHBI MSATKUMU CBSI3SIMH. DJacTHYHAs CETh 3TOr0 00pasiia mokasa-
Ha Ha puc. 37.

Takas cTpykTypa UMeeT HEOObIIOE YNCIO KBa3UCTAMOHAPHBIX COCTOSIHUM, pac-
MOJIOKEHHBIX HA MYTH K paBHOBECUIO (puc. 38) U ee NIMHAMUYECKHUE CBOICTBA OKa3bl-
BalOTCSl OJIM3KUMM K CBOMCTBAM MOJICKYJISIPHBIX MAaIllMH. A WUMEHHO, TUHAMUYECKUE
TPAeKTOPHH CHavajia OBICTPO YCTPEMIISIOTCS K HEKOTOpoil obiactu ¢ OonpimmM Oac-
CEHHOM NPUTSHKEHUS, a 3aTEM, OCTABAsCh B HEW CUCTEMA PEIAKCUPYET K MOJIOKEHUIO
pPaBHOBECHSL.

Takum 00pazoM, TpH KoJUIANCE MOJMMEPHON IENH TOJ ACHCTBHEM HepapXuye-

CKOro IoTcHoualla, BHC 3aBUCHUMOCTH OT TOI'O, PACIPCACIICHBI PCIPC3CHTATHBHLIC

3BCHbBA 110 LICIINU PABHOMEPHO WJIM UCPAPXHUYIHO, B IPUHIUIIC, BO3MOKHO 06p830BaHI/Ie
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Puc. 38. Jlunamudeckue TpaekTopuu oOpaslia, npeacraBieHHoro Ha puc. 37. a) 3D npexacraBieHue, NoIy-

YEHHOE AHATIOTHYHO PUC.33 1 6) POEKIHs Ha ock Oy, /Uy - Olyy [ ulY .

CTPYKTYp, OONajaromMx JUHAMUYECKUMH CBOMCTBaMH, aHAJIOTMYHBIMU CBOMCTBaM
MOJIEKYJIApHBIX MamuH. CTaTHCTUKA MOSBICHHUS O0pa3lloB C JTOCTaTOYHO OOJIbLION
CIIEKTPAJIBHOW MIEIBI0 B CIEKTPE HOPMAJIBHBIX PEJIAKCALMOHHBIX MOJ y CTPYKTYD

9THUX ABYX THUIIOB IIPUMCPHO OAMHAKOBA, OAHAKO CTATHCTHKA ITOABJICHUA CTPYKTYpP CO
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CBOWMCTBAMM MOJIEKYJISIPHOM MAIllMHBI CYLIECTBEHHO pa3jinyHa. B ciyudae paBHOMEp-
HOT'O paclpesiesieHns pernpe3eHTaTUBHBIX 3BEHBEB, BEPOSITHOCTh 0Opa30BaHUS CTPYK-
Typbl C IMHAMHUYECKHUMHU CBOWCTBAMHM MOJIEKYJSIPHOW MAIIMHBI MHOTO MEHbBIIE, YEM

JUISL CTPYKTYP C MepapXUueCKUM pacipeieIeHUEeM 3BCHBEB.

5. 3aknoyeHue

B nanHO# cTaThe MBI CTPEMUJIUCH MOKa3aTh, YTO CKJIAa4aToe riao0yso-mogo0Hoe
COCTOSIHUE OTHOCHUTEJIBHO KOPOTKHX TIOJMMEPHBIX IIeTieii MOXKET TMpPeCTaBIATh
MHTEpeC ISl 1U3aiiHa UCKYCCTBEHHBIX MOJICKYJISIPHBIX MAIIIMH.

[Toka He BIOIHE SICHO, KaK TaKHE CTPYKTYPHI TTOJIy4yaTh peanbHo. [ qu3aitHa 00-
pasmoB, HaM MPHUIIIOCH UCIIOJIH30BATh JTOCTATOYHO MCKYCCTBEHHBIC TIPUEMBI, KOTOPHIE
ObLIM BBEJIEHBI IIPU MOJEIMPOBAHUM KOJUIAICa MOJUMEPHOM LIETH U3 KIyOKOBOTO CO-
CTOSIHUSI B COCTOSIHME CKJIaA4aToi ro0yibl. OHAKO OCHOBHAS 11€J1b HAIIMX YCUIIHH, a
MMEHHO JIEMOHCTpAIUs MPUHIIUITHAIBHOW BO3MOKHOCTH CYIIECTBOBAHHMS OIpE/IeICH-
HOM CBSI3M MEXIY CKJIAT4aTOCThIO CTPYKTYPhl U TMHAMUYECKUMH CBOMCTBAMHU, IMPU-
CYIIMMH MOJICKYJISPHBIM MallliHaM, KaK HaM MPeJICTaBIAeTCs, Obla TOCTUTHYTA.

OrnpenienieHHBI WHTEpPEC TMPEJCTaBIACT CETEBOM IMOAXOI K MOJICITMPOBAHHUIO
CKJIaT4aToON MoaMMepHOU rino0yinbl. JlaHHBIA MOAXOJ MO3BOJISIET, C OJHOU CTOPOHBI,
MMUTHPOBATH 00pa30BaHUE CKJIATYATHIX CTPYKTYP TAKUMH MPOCTHIMH MOJEISIMU, KaK
MOJICNIb TIEPEKPBITHA OTPE3KOB, a C IPYrod - WACHTU(PUIIMPOBATH CKIaauaTbie KOH-
dbopMaIuu 1Mo TOMOJIOTHYECKIM CBOMCTBAM CETH KOHTAKTOB, MPECTABICHHONW MaTPHI]
KOHTAKTOB, YCPETHEHHBIX TI0 aHCAMOJIIO pean3aIuu.

[ToyuntenbHbl pe3ynbTaThl, MOTYYEHHBIE TIPU HCCIICIOBAHUH TOIOJIOTHYECKUX U
JMHAMHYECKUX CBOMCTBA TJIOOYJAPHBIX CTPYKTYp, OOpa3ylOLIUXCS B pPE3yjabTaTe
KoJuarnca mojuMepa mpu Pe3KoM MOHWKEHUU Temmneparyphl. CKilaquyaToe COCTOSIHUE

TyT HE TUIHUYHO JUISI OOpa3yIOIIUXCS CTPYKTYp U JUIsl TUHAMUKH TaKUX CTPYKTYp
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TaK)K€ HE TUIIMYHBI CBOWCTBA, XapaKTEpHBIE JUI MOJICKYJSIPHBIX MAaIlIWH. XOTs
HEe3ay3JIEHHbIE JO0JT0XHUBYILME TJIOOYJSAPHBbIE COCTOSHUS TYT MOTYT JOCTUTaThCs
4acTo, 3TOr0 OKa3bIBAETCA HEAOCTATYHBIM IS TTOIYUYEHHUS! CTPYKTYpPBI CO CBOMCTBAMU
MOJIEKYJISIPHOW MalIVHBI.

WNHuTtepec, Ha HaIl B3IJSAI, MPEACTABISACT MEPAPXUUECKUN KOJUIANC MOJUMEPHOU
LeMnH, KOTOPbIH, BOOOIIE TOBOpS, MOXKET OBbITh PEaJn30BaTh PAa3HBIMU CIIOCOOAMH.
Baxnyro posib TyT, Tak WM MHA4ye, UTPACT NEPBUYHAS CTPYyKTypa. B manHOU craTthe
MBI ONKMCAIHA TOJIBKO OJAWH U3 BAPUAHTOB MOJEIUPOBAHUS MEPAPXMUECKOTO KoJularca
LIE[IA, B KOTOPOM pPEIPE3CHTATUBHBIC 3BEHbsI MOIVIM CBA3BIBATHCS B OIPEIEICHHBIC
KJIacTephl MepapXuveckuM oOpa3oM. B HEKOTOpOM cMbICie, KiIacTepbl MOTYT TOHU-
MaThCsl KaK € 3JIEMEHThl BTOPUUYHOI CTPYKTYphl. B Oosee o0iieM cmbicie, Takue 3Jie-
MEHTBI BTOPUYHOM CTPYKTYpPbl MOTYT (POPMHUPOBATHCS 110 XO1y KOJUIAICa MOJIMMEPHON
LENU M0 pa3audHbIM npudruHaMm. OZHM U3 HUX MOTYT OBITh CBSI3aHBI C IE€TEPOIIOJIH-
MEPHOCTBIO, IPYrHue — ¢ KOHPOPMALIMOHHBIMU OI'PaHUYEHUS MU, HAKOHELI, TPETbH — C
JOTIOJHUTEIBHBIMU BHEUTHUMH BO3JEHCTBUSAMU HAa XMMHUYECKYIO CTPYKTYpYy IOJIMME-

pa. Bce oTu HanpaBiieHNs IPEACTOUT €LIE U3YUYUTb.

ABTOpHI BhIpaxaroT riyookyro npusHaTenbHOCTh C. K. HewaeBy u B. A. IBaHOBYy
3a aKTHMBHOE y4YacTHe B BBIOOpE HAIpaBICHUN W OOCYKICHHUH PE3yJIbTaTOB HAa BCEX

CTAUSIX DTUX UCCIIETOBAHMIM.
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The review presents recent studies devoted to computer designing and dynamics of crumpled polymer globules
formed by relatively short chains. The primary motive of these studies was the desire to show that, in principle, molec-
ular machines may appear under the collapse of a polymeric chain into the crumpled state. In this review, the notion
of a molecular machine is specified in terms of specific relaxation of the elastic network of the structure, while iden-
tification of crumpled globules is based on an original ultrametric description of crumpled conformations. The struc-
tural and relaxation characteristics of various structures designed by collapsing of a chain in different regimes are
described. It is shown that if relatively short chains form exactly the crumped structures, than the significant part of
them indeed demonstrate the dynamics typical for a molecular machine.



HaHocTpykTypbl. Matematnyeckas cusnka u Mogenuposadue, 2015, Tom 13, Ne 1 99

Nudopmanusa u npaBuJia 1Jisi aBTOPOB

O01uMe moJI0KeHUus

Kypnan «Hanoctpykrypsl. MaremaTnueckas Gpusnka U MOACTUPOBAHHUE» (COKpAILEHHO:
HM®M) ny6mukyercst ¢ 2009 rona u sSBIS€TCS NEPUOTUUSCKAM HAYYHBIM H3/IaHUEM. DIIeK-
TPOHHAs BEpCUS KypHaJla pa3Melaercs Ha caifte http://www.nano-journal.ru. OcHOBHas 11e]1b
W3JIaHUS: TPEACTABICHUE HOBBIX TEOPETUYECKUX U BBIYUCIUTEIBHBIX METOJIOB MOJACINPOBA-
HUSI HAHOCTPYKTYP ¥ MATKOW MaTepuu, OOUIMX MMOIXO0A0B B UCCIICAOBAHIUH ME30CUCTEM, a TaK-
K€ KJIIOUEBBIX SKCIIEPUMEHTAIBHBIX PE3yJbTaTOB B JAaHHON OOJACTH U CBA3AHHBIX C ITUM
npo0IeM MaTeMaTuIecKon (PU3HKH.

Kypnan HM®M nmeer MeIUCUUIIIMHAPHBIN XapakTep U B CHILy 3TOTO HECET OIpejie-
JICHHYIO 00pa30BaTeIbHYIO HAIIPaBIEHHOCTH, @ HE TOJBKO Y3KO Hay4HY0. PaboTsI, mpeacTas-
JsieMbIe B KypHaJ, JOJDKHBI COJIEP:KaTh BBOJHBIE CBEICHHUS, KOTOpPhIE o0ecredar MOHNMaHHe
MOCTAHOBOK 33/1a4 M BOCHPUATHE PE3YJIbTAaTOB HE TOJIHKO MPSIMBIMU crienuanuctamu. Omnpe-
JIEJICHUs TIOHATHH, 00bsICHEHHEe 0003HAYEHUI M TEPMUHOB, OLICHKH XapaKTEPHBIX MapameT-
POB, TEOPETHUYECKHUE MPEIINOCHUIKH U HJIEH, UCIIOJIb3YyeMble METOJbI, U T.I., JOJDKHBI OBITH
KpPaTKO OOBSICHEHBI B TEKCTE CTAThU, UMES B BUIY YUTATEIICH, CIICIIUATH3UPYIOIINXCS B MHBIX
HanpaBleHUsX. J{OJKHBI OBITH OMKCaHBI 0a30BbIE MATEMATUYECKUE MOJIENIN U ypaBHEeHHs. Bo
BBenenuu u B mociaeAyOMMX pa3zaesiax OuepurBaeTCs CTPATETUsl U OCHOBHBIE TPYAHOCTH, 3TO
YBSA3BIBAETCS C UCMOIb3yEeMbIMU MOJieTsIMUA. CTPYKTypa CTaTbU OPUEHTUPYETCSI HAa IPOsCHE-
HUE 00IIeH JOTMKU U METOAUKHU MCCIIEIOBAHUS, COJIEPKUT PE3IOMUPYIOLIUE BBIBOBL. B Tekc-
T€ JTOJKHBI OBITh PACCMOTPEHBI XapaKTepHBIC MPUMEPHI (XOTS ObI, METOIMYECKHE), ICHO WII-
JIOCTPUPYIOIINE MPEATaraeéMble allrOPUTMBI.

KypHan myOnaukyeT Hay4dHbIE 0030pbI, MCCIIEOBATEIbCKUE CTAThH M KpPaTKHE HayudHBIE
COOOLIEHHUS, a TaK)Ke N30paHHbIE AaHATUTUYECKHE U MH()OPMAIMOHHO-00pa30BaTeNbHbIE MaTe-
pHuanbl, TEKCTHI JOKJIAJ0B U HUKIIOB JIEKIIUHA, TPOYUTAHHBIX B YHUBEPCUTETAX, HAYUHBIX LIEH-
Tpax, Ha IIKOJIax-CeMUHapax, KOH(PEpEeHIUsIX, HUTJIE paHee He MyOIMKOoBaBIIMECS U He Ipu-
HATBIE K MyOJMKallMKM B JPYTUX H3AaHUsAX. S3bIk nmyoOmukanuu B kKypHasie HM®M, kak
NpaBuIo, pycckuil. PaboThl, mpeacTaBiseMble B )KypHal, HE MOTYT UMETh Hay4YHO-TIOMYJISp-
HBIM MM KOMIWIATUBHBIN XapakTep. Bce cTaTh pelieH3upyroTcs U MOTYT OBbITh OTKJIOHEHBI
peakosuieruen xxypHana. B ciydyae npuHsATHS pabOThI K MeYaTH €€ aBTOPBI MEPEAAl0T U3aare-
aro xkypHana HM®M npaBo Ha pa3oByro 0€3B03ME3/IHYI0 yOIHKALMIO TEKCTA U €ro pa3Mellie-
HUE B JIEKTPOHHOI BepcUM Ha caiite >kypHaia. [lepeBo1 onmyOIMKOBaHHBIX B )KypHaJle cTaTe
Ha JApPYyTHE A3BIKM MOXKET OCYILECTBIIATHCS TOJIBKO C Pa3peLICHMs U IIPU y4acTUU aBTOPOB.
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Ilopsinok npencrasiieHus craTei
¢ B penakuuio W3Ha4aabHO MPECTABISIOTCS:
O (aiin cTaThy, Gailsibl ¢ WLTIOCTPALUSIMU;

O COMPOBOAUTEILHOE MMCHMO, MOYKHO B 3JIEKTPOHHOM (hopMe, coaepxraiee CBEACHUs 00
obbeMe ctathl M 000 Bcex aBTopax ((pamunmu, ©MEHa, OTYECTBA, MMOJTHBIC HA3BAHMS
MECT paboThl, MOYTOBBINA aAPEC C UHIEKCOM, HOMEpP KOHTAKTHOTO Tele(OoHa C KOJIOM
ropoja, dJIEKTPOHHBIN aJpec aBTOpa, OTBETCTBEHHOTO 3a IMEPENUCKY C pelaKIfei);
MPEINOYTUTEEHO, YTOOBI 3TO TMCEMO OBLTO BHITIOJIHEHO HA OJaHKE YUpEexKIEHHs], B KO-
TOpOM paboTaeT KTO-TO U3 aBTOPOB, OBLJIO 3aBEPEHHOE MEUYAThIO M COJIEPIKAIO YTBEp-
KACHUEC O BO3MOKHOCTH OTKPBITOT'O OHY6JII/IKOBaHI/I$I CTaThbu,

O (paiis ¢ mepeBoIOM Ha aHTJIMHCKHUN S3bIK HA3BaHMSI CTAThH, (PaMIITMH M HHUIIMATIOB aB-
TOPOB, AHHOTALIUH, KITFOYEBBIX CIIOB.

e ABTopckue (ailsibl MOTYT OBITh TIPHCIIAHBI HA AIEKTPOHHBIN ajpec: papers@nano-journal.ru;
(pe3epBHBIH aapec B cayyasx 3aTpyTHEHHUH ¢ IepeChUIKOM: nano@miem.edu.ru) Uiau nepe-
JIaHbl B PEAAKIMIO HA JIFOOOM 3JICKTPOHHOM HOCHTENC. ABTOPBI MOJIYYAIOT M3 PEIAKIMN
MOJITBEPIK/ICHUE O MOJYYCHUH UX MAaTEPUATIOB.

e Tenedpon (hakc) pemakiuu: +7 (495) 916-8876. Anpec pemakimu: Mocka 109028,

b. TpexcBsaturenbckuii miep., 3/12, MOCKOBCKAN WHCTHUTYT SJEKTPOHUKUA U MAaTEeMAaTUKU
(MHUDM), komH. 449.

O0mmue TpedoBaHus K MpeACTaABIAAEeMbIM (aijiaM

e Jlomyckaercs ncIoyib30BaHKuEe TeKCTOBBIX penakropoB WORD n LATEX.
K pabouum ¢aitnam nomxHa ObITh npuioxeHa ux pdf-konus. B Ha3Banuu ¢aiiinos ucmnosns-
3yeTcs JaTUHCKUM andaBuT, mpobdessl 3ameHstoTes 3HakoM . [1lanka ctaTbu coepKUT Ha-
3BaHUE, MHUIIUAJIB M (JAMUIIMM aBTOPOB, MECTO PAOOTHI, SJEKTPOHHBIN a/Ipec, KPaTKyIo aH-
HOTAIIO, KJIFOUEBbIE CJIOBA. B aHHOTAIMK HE ClIeAyeT UCTONIb30BaTh (DOPMYJIIbI M CCHUIKH Ha
TEKCT pabOThl WM CIUCOK JMTEPaTyphl; B KOHIIE OHA JOJDKHA conepxarh mHAekce YK
(X aHTTTIICKOM BepCHM aHHOTAIIUU MOKHO JI00aBUTh WHICKCHI 3apYOCIKHBIX PYOPUKATOPOB).

e (OOBEM KpaTKUX COOOIEHUH 4-8 CTpaHHUII, UCCIEAOBATEIBCKUX CTATEeH, KaK MPaBUIIO, JI0
20 ctpanuil, a 00630poB — 6osiee 20 cTpanuil. BepXHsisi TpaHUIIa COTIACyeTCs ¢ PEAKOILIIe-
rueid. [Ipu noyxcuere o6beMa Hy>)KHO OPUEHTUPOBATHCS HA CTpaHULbl popmaTa A4, mpudr
12, 3HakoB B cTpoke 80, HHTEPBAJIOB MEXIY CTPOKaMH 1.

® ABTOpBI HE JOJDKHBI 3JI0YIOTPEOIIATh COKPAIICHUSIMH, COCTABJICHHBIMH M3 3aIJIaBHBIX Ha-
YJabHBIX OYKB TepMHUHOB. [IpenoyTuTenbHel KakIplii pa3 UCIIOIb30BATh TIOJTHOE HAUME-
HOBaHHE 00BEKTa. BO3MOXKHO UCTIOIB30BAHUE TOJIBKO YCTOSBIIMXCS a00OpeBUaTyp.

TpebdoBanus k gaiiiam Word
e Pexomenayemsbrii mpudt — Times New Roman.
e (Ctpoxku B npezenax ab3ana He J0JDKHBI pa3esaThCs CUMBOJIOM Bo3BpaTa kapeTku (Enter).

e Henp3sa HCIIOIB30BaThH aBTOMAaTHYECKOE CO3JaHUC CHOCOK, aBTOMAaTHYECKUH MEPCHOC UJIN
aBTOMAaTHYCCKUI 3a1peT NCPEHOCOB, CO3JaHUC CIIMCKOB, aBTOMATHYCCKUI OTCTYII U T.II.
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[1-9].
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