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MOAENUPOBAHME YIMEPOAHBLIX HAHOCTPYKTYP
METOOOM MOJNEKYNAPHOU AUHAMUKU

A.B. Kapasaes, B.[1. beckayko

Onucan NporpaMmMHbIi KOMILICKE /18 MONESHPOBAHHSA METOI0M MOJIEKYJISIPHOH
JAUHAMHMKH YIJIEPOAHBLIX HAHOCTPYKTYP, MPHIOAHLIH A5l HCNIOJbL30BAHUA B pac-
peeseHHbIX BLIMUCIUATEIBHBIX Cpeaax. BeinosaaeHbI pacuersnl KoJ1e0aTe/IbHbIX
W MEXaHH4eCKHX CBOKCTB psja JierKux (y/LiepeHoB H HAHOTPYGOK.

Beenenne

Yraepon v ero coeIMHeH!s U3BECTHB! pa3HOOOpa3sHeM CTPYKTYP U CBOHCTB H CiIyXKaT 00BeKTaMu
MHTEHCHBHBIX HUCCIIeIOBAHUH C HeanaMsTHBIX BpeMeH W MO CerofHAMHUH AeHb. C NOJBICHHNEM MHCT-
PYMEHTOB, MO3BOJSIIOIUX HCCHCAOBAT MHKPOCKOIIMYECKOE CTPOEHHE BELUECTBA C OJHOM CTOPOHBI H
co3faHueM (QYHAAMEHTATIBHBIX TEOPETHYECKUX METOJOB €€ UHTEpNpETall — C ApYyro#, 6bLTH yCTaHOoB-
JIEHB! OCHOBHBIE€ 3aKOHOMEDHOCTH B NOBEJEHHH 3THX CHCTEM, TaK YTO K KOHIy MCTEKIIEro CTONETHS
0coOeHHBIX CIOPIIPU30B B 3Toi 06nacTH He oxuaanock. Oanako B 1985 roxy 6eu1 BApYr OTKPHIT pen-
CTaBUTENlb HOBOI'O Kjlacca YriIEpOAHBIX CTPYKTYp — kKapkacHas mMonekyna Ceo (dyiinepeH), a Bciiea 3a
Hel B 1991 roxy - mpoTsykeHHbIe KapKacHBIE CTPYKTYPhI, Ha3bIBaeéMble TyOyNeHaMHM MM HAHOTPyOKa-
MH. HeoObuHOCTD PU3HKO-XMMHUYECKUX CBOHCTBA 3THX OOBEKTOB BBI3BAa HACTOAIMMH OyM B HX HC-
CNIeTOBAHMH, TOAJEPKUBAIOLIMICH HE TOJBKO M HE CTOJIBKO aKaJEeMHYECKUM HHTEPECOM, CKOJIBKO Mep-
CMIEKTHBAMH HX pasHOOOpPa3HBIX IPUMEHEHHH, HaYMHAas OT CO3JaHHA CBEPXMHHHATIOPHBIX 3JISKTPOH-
HBIX YCTPORCTB H IO MOJIEKYJIIPHBIX poOOTOR.

OcyniecTBiieHHe 3THX NEPCIeKTHB M CO3/IaHKe COOTRETCTBYIOUIHX TEXHOJIOTHI — HaHOTEXHOJIO-
ruii — TpebyeT [XeTaJbHOTO 3HAHHA CBOMCTB HAHOCTPYKTYD, KOTOPOE BBHMIY IIPEAEIBHON MaJlOCTH H3Y-
YqaeMbIX 0OBEKTOB BEChbMa 3aTpyAHWTENIBHO AOOBITh, pacnonaras OAHHMHE TOJIBKO SKCIIEPHUMEHTAbHbI-
MH CpeACTBaMM. B CBS3U C 3TMM MHTEHCHBHO Pa3BHBAIOTCH TEOPETHYECKHE METOIBI MX HUCCIIEOBaHN,
3HAYUTENBHYIO 4aCTh KOTOPHIX COCTARJISIOT YXKE 3apEKOMEHIOBaBIINE ce0f B U3YHYECHUHM CROMCTB MakK-
POCKOMUYECKUX CHCTEM METOJBI IIPSMOTO KOMITHIOTEPHOTO MOZIEMPOBAaHHUS aTOMHOM CTPYKTYpPHI H AU~
HAMUKH, TaKHe KaK MEeTOJ, MONeKYJIIpHO# AuHamuku u metos Monte-Kapno. Mx npumeHenue K Moze-
JIMPOBAHMIO HAHOOOBEKTOB UMEET, OJIHAKO, HEKOTOpble 0CO0eHHOCTH. Bo-mepBhIX, NPU MOAETUPOBAHHN
KOH/IEHCHPOBaHHBIX (pa3 0OBIMHO He BOZHUKAET MpobiieM ¢ yAepKaHUEM CUCTEMBI: IPUMEHeHUE NepUo-
NUYECKMX TPaHUYHBIX YCIIOBWII rapaHTHpyeT cOXpaHeHHe ee IUIOTHOCTH HE3aBHCHMO OT XapakTtepa
MeX4acTHYHOrO B3auMoneHcTBHA. Hao0opoT, HAHOOOBEKTHl YACP/KMBAIOTCS B JAHHOM CTPYKTYPHOM
COCTOSIHHH TOJIBKO CHJIAMHU B3aUMOACHCTBHSA MEXIY aTOMaMH, KOTOPHIE, OYEBHIHO, JOMKHBI OBITH HOC-
TaTOYHO cneurduyHel, 4ToObl TaKOE COCTOSHHE ObUIO MeXaHM4Yeckn ycroiunseiM, Ilocnennee osgaya-
€T, YTO FPH MOJEIHPOBAHHH HAHOCTPYKTYP MEXKYACTHYHOE B3aUMOACHCTBUE JOMKHO ONpPENeNAThCH
Bonee TIIATENTBHO, HEXENH B cTyvae 0OBEMHBIX MAKPOCKOTIHYECKUX Tel. BO-BTOPBIX, MOTCHLMAN aTOM-
aTOMHOTO B3aUMOJCHCTBHA B HAHOCTPYKTYpaX He ABIACTCA cHepUUeCKH CHMMETPHYHBIM, HEHACHIAe-
MBIM M ITapHBIM, KaK 3TO I10JIaraeTcsi NpH MOAEIMPOBAHHH, HAIPUMeP, NPOCTBIX XKHUAKOCTEH. B HeMm Cy-
IIECTBEHHB! MHOrO4YacTHYHble 3QQEKTh ¥ HallpaBlIeHHbIA XapaKTep CBA3eH, YTO JenaeT IOACUET CHll,
NeNCTBYIOIHX Ha atoM, 6oJee rpOMO3KHM IO CPABHEHHMIO C TEM JKe ClIydaeM NPOCTEHIX xkuakocred. B
TPETbHX, MPOLECCH CTPYKTYPHBIX H3MEHEHHI, MPOUCXOAALIMX B HAHOOOBEKTaX B KauecTBe OTKJIMKA Ha
BO3MYILIEHHMS Pa3HOT'O poJia, MMetoT TeM GoJiplilne BpeMeHHbIe MaciTadbl, yeM 6osee MacCHBEH OOBEKT.
T03TOMY JABHAKEHHS HAHOOGHEKTOR, COAEPIKAUIMX YHCIO aTOMOB nopsaka 10° (MaccHBHbIE dysnepensl,
HAHOTPYOKH), YK€ OKa3bIBAIOTCA BEChMa MEJICHHBIMHM C TOYKH 3pEHMSI METOJa MOJIEKYJISpHOH JuHa-
MHKH, Tlie XapaKTepHas BeMYMHA BPeMEHHOTo mmara cocTapnseT 107 ¢. D10 03HauaeT, UTO U3yueHne
nogo6HBIX ABKXKEHUH noTpebyeT Gonblioro 00seMa BLIYMCICHKH, TPYAHO PEAIU3YEMOTO 33 PasyMHOE
BpeMsl C MIOMOIIBIO OOBIUHBIX BBIYHCIHTENBHBIX cpeacTB. Llensio HacTosmeli paboTe sBnseTcs peanu-
3al|s METOAA MOJIEKYJSPHOM JUHAMMKH AJIS CHCTEM C KOBAJIEGHTHBIM XapaKTEPOM MEXYaCTHUHOIO
B3aMMOJIEHCTBHsI, OCHOBAHHAA HA TEXHOJOTHM MapajuieNIbHBIX BhIYHCICHUI. B kadyecTBe nepBhIX NIpH-
JIOXXEHHI pealn30BaHHOTO HAMM METONA PacCMOTpHUM KojieOaTenpHble CHEKTphl pssia Qy/UiepeHoB U
TyOyneHOB, BIUMsSHUC Ae(EKTOB HA YCTONYMBOCTh 1 MEXaHHYECKHe CBOMCTBA HAHOTPYOOK.
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Kapaeaee A.B., Beckayuko B.11. Modenupoearitie y2nepodHsix HAHOCMPYRMYP
MemoJdoM MOJTeKyIAPHOU OUHaAMUKU

Meroauka Moae IMpOBAHHS

Meron MonexynspHoil nunaMuku (M]I) cOCTOMT B IPAMOM YHCIEHHOM MHTErPHPOBAHHYU CHCTE-
Mb!I MG depeHIMaIbHEIX YPAaBHEHHH NBYOKCHHS BCEX aTOMOB, COCTABIIAIOIIMX MHTEPECYIOUIYIO HAac Ha-
HOCTPYKTYpPY. AJTCOPHTM MHTEIPUPOBAHMA AOJDKECH OTBEYATh ABYM NMPOTUBOPEUYHMBHIM TPeGOBAHUSIM —
oGecrednBaTh BEICOKYIO TOYHOCTE IIPH BO3MOXKHO MeHBIlIeM 00beMe BBIYUCIeHHI. DTUM TpeGOBaHUAM
JIydllle BCEro, MO-BHIUMOMY, YAOBJIETBOPSIET MOAM(PHUIHPOBAHHEIN anroputM beemana [5, 6], paspabo-

TaHHBIH CHIELMATBHO Ju1s MeTona MJI. OH ofecnednBaet TOUHOCTS ropsiaka O(S14), TpeOys Tpu 3TOM

B 2 pa3a MEHbLIE BbIUMCIICHUH, YeM, cKkakeM, MeToa PyHre-Kytra coorBercTByrowero nopsaka. B ka-
YECTBE YPAaBHCHHI NBMKEHUSA HCMOIB3YIOTCS KIaCCHYECKHE YpaBHEHHA HBIOTOHOBCKOH AMHAMUKH, pe-
JSTUBACTCKMMM M KBaHTOBBIMH 3ddekTamy npenebperaeTcs BBULY AOCTATOYHO GOJIBIION MACCHI aTO-
MOB M Masoll CKOpPOCTH HX ABHKEHMS B HHTEPECYIOLMX HacC cHMCTeMax M coctosHusax. Cuibl, jpeict-
BYIOIIME HA aTOMBI, BEIUMCIISIOTCS C NOMOIIBIO SMIIUpHUecKOro rnorenuuaia Tepzodda [8, 9], npeasno-
YKEHHOTO U1 OTTUCAHKSA DHEPTUH CBA3CH B KOBAJICHTHBIX CHCTEMAX, COCTOSIIMX U3 aTOMOB KPEeMHHS HITH
yriaepo/a. Cuibl HAXOHATCA YUC/IeHHBIM TG depeHIHPOBaHHEM MMOTEHIIMATBHON YHEPrul CHCTEMBI KaK
(bYHKLMH KOOPAHHAT MHTEPECYIOLIEro Hac aToma:
0%, Oy 0z,

JLis mocTpoeHHs HayaNbHOW KOHQUIypauuM CHCTEMbI CO3JaHa ClielHanbHas [porpaMma, reHe-
pHUpyOLIas KOOPAUHATEI aTOMOB AJIA JETKHX Qy/IepeHoB WIH NPOH3BOJBHBIX OAHOCIOMHBIX HAHOTPY-
6ok. Ecnu ecth HEOOX0AMMOCTS, 3TY HAaYaIbHYIO KOHPHUTYPALHIO MOKHO 3aTe€M [IOABEPrHYTh [IpOLexy-
pe rpagveHTHOH MHHMMH3alMH C LeNBIo MOMy4YeHHUs paBHOBecHOH crpykTyphl mpH 0 K. [lanee 3ty
(vaeanbHYI0) KOHQHUIYpaluO MOXHO U3MEHUTh, HAIPUMEp, BHEAPUTh B Hee Ne(eKT WIH IOIBEPrHyTh
nedopmanuu.

Hauanpuble CKOpocTH aTOMOB 3a7a10Tcs JMbo ciyvaiiHeiM 00pazoM — ¢ pacnpenenenneM Mak-
CBe/Ia, OTBEYAIOILEro NaHHOH Temmeparype, MO0 HCKYCCTBEHHO — C 3aJaHHeM 1o CKOpocTed s
MOJIeTHPOBaHUA HeOOXoAUMbIX CBOHCTB. Hanpumep, aia MOXENHPOBaHHA LEHTPATbHO-CUMMETPHYHBIX
mon konebanuit QyuiepeHoB ymoOHO HCMONB30BaTh LEHTPANTBHO-CHMMETPHYHOE Ke paclpe/ielicHne
Ha4ajlbHBIX CKOPOCTEH,

AJITOPHTM NAPAJLIEIbHBIX BLIMHCICHHI

[Ipu pazpaboTke anropHTMa M NapajuIe/IbHON MPOrpaMMBbl Aj1S MOAEIHPOBAHUS YIVIEPOAHbBIX Ha-
HOCTPYKTYpP METOJIOM MOJISKYJsApHOH AuHaMuKH Obuia ucnons3osana texHonorus MPICH. MPICH —
ABISIETCS OHON U3 yHHBepcaibHbIX peannsauuii MPI-Monenn (Message Passing Interface — MaTepdeic
nepeaayn coobieHuit) u npeacrasiaseT coboil Habop crnenmansHbIX OnbnuoTtek g s3b1KoB Fortran u
C. bnaromaps Tomy, uro MPICH pacripoctpansiercss B HCXOIHBIX KOJAX, OHa MOXET OBbITh YCTaHOBIEH
NpaKTHYeCKH Ha 0G0 BeIMUCTUTENLHON cucTteme, HaynHas ¢ PC nox ynpaenenuem Linux wm Win-
dows NT/2000 w 3akanumBas cynepkommeiorepamu Cray. BcneacTBue Taioke YHHBEPCANbHOCTH
MPICH u a3pikoB Fortran u C nporpamma, Hanicannas ¢ npumeHenuem MPICH, moxer 65iTh nepene-
CeHa Ha paziuyuHble iaTdOpPMbI MpakTHIecky 0e3 H3MEHEHHH.

B moxenn MPI napayutensnas nporpamMma nipeicrasiser co0oi Habop nocnaenoBaTeNbHbIX po-
rpamm, oOpabaTbiBaeMbIX 0JHOBpeMeHHO. OOBIMHO Kayk/las U3 HMX BBIIOIHAETCA HA CBOEM NPOLIECCOpe
U UMeeT JOCTYM K CBOEH, JIOKAJIBHOM, namaTH. I1pu 3amycke HeCKONIbKHX NporpaMM OJHOBPEMEHHO Ha
OZHOM HJIM HECKOJIBKUX Mpoueccopax TpeGyeTcsi MeXaHHu3M, 00ecriedMBaoLIMii COrjIacoBaHHy10 paboTy
yactell napa/uuieNbHOM nmporpammsl. DTy 3aaavy U BeinoiHser MPI. OcnoBoii s paspabarbiBaemMoro
NapajuiesIbHOrO QJrOprUTMa MOCIY I/ aITOPUTM paHee HalMCaHHOM NporpamMMel AJIS NTOC/IELOBATENb-
HeIX OBM. Ero HeoOxomumMo Ob110 pa3tenuTh HAa MAaKCHMAILHO HE3aBHCHMBIE ApPYyT OT ApYyra nojasaia-
YM, KOTOPBIE MOYKHO OBLIO ObI BBIMOJIHATH MapalinebHO B OAHO M TO ke Bpemsa. CaMo# TpyaoeMKOH
sagaqeid B M/J] sBIseTcs npouece HaXOKASHHS CHIl, JEHCTBYIOIIHUX Ha aTOMbl B KaxIblil MOMEHT Bpe-
mern. ViMeHHO 5Ta 3amava Obuia «pacnapasieneday B HaileM BapvanTe MJL. [ind 3Toro Mel pasme/iin
MHOXXECTBO aTOMOB Ha paBHBIC WK «IIOYTH paBHbIC» I'DYIIIbL, KaxKaasi i3 KXOTOPbIX 06CJIy)KPIBaeTCﬂ OT-
JiebHBIM HPOLECCOM M3 MapajlielbHOH TporpamMmbl, 00pabaThIBalOINM MaCcCHB KOOPIAMHAT BCEX aTo-
MOB B JaHHBI MOMEHT BpeMeHH. Iociie BbIUMCIEHUA CHIT JAHHBIC OT BCEX HPOLCCCOB NEPEAAIOTCA
«POIHTENLCKOMY» TPOLIECCY, KOTOPBIH BBINOTHACT MHTETPUPOBAHUE ypaBHEeHU#t meromoMm beemana.
Cxema pabGoTel IPOrpaMMBbl IPHBEICHA Ha pHC. 1.
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dun3uka

B nauane pabotel napasuiensHo# mporpammser ¢ momompio MPICH cospaercs rinoGanbHeli KoM-
MYHHKATOp — CMEeHHAIpHAA CTPYKTYpa, BKIIOHaolias B cebs BCe IMPOUECCHI ¢ UX JTOKAILHOM MaMAThIO.
B pamkax rnoGanbHOro KOMMYHHMKATOpa MOXHO CO3JaBaTh CBOM CIlELIMaibHble KOMMYHHKATODSI,
BKJTIOYAOIHE B ce0s OrpeseieHHble MPOIECCh] B 3aBUCHMOCTH OT HeoOXoauMocTH. B pamkax kommy-
HHKAaTOpa KaXKAbld MPOLECC MMEET CBOM paHr (Lenoe 4MCIo — HOMEp), CIysKalmil WAeHTH(UuKaTopom
aanHoro npouecca. OCHOBHOHM npoInece, NMOPOXKTAIOINE KOMMYHUKATOD Ha3bIBACTCS KOPHEBBIM WM
POIUTENBCKUM M UMeeT paHr (.

C6op
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J@HHBIX

v
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HO# KOHurypauuu
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Puc. 1. Cxema paboThi NnporpamMmel napannenbHbiX BbIYUCIEHUN

HupokopemarenbHas pacchlika DaHHBIX MPOW3BOJHTICA C MOMOLUBIO CTaHAAPTHOH (GyHKIHH
MPI_Bcast, xoTopas nepefaeT MacCHB JaHHBIX BCEM MpOIECCaM KOMMYHHMKATOpPa OT KOPDHEBOFO WM
pORHMTENLCKOrO ftpoltecca. B paspaboranHOH mporpaMMe TaKMM MAaCCHBOM ABJIIETCS HaOOp KOOPAHHAT
BCEX ATOMOB B TeKyluii MomeHT BpeMeHH. COOp AaHHBIX OT BCEX MPOLIECCOB MPOM3BOAUTCH C MOMO-
mpto cranpapTHoit Gynximu MPI_Gather, xoTopas pabotaer cinegyromuM o6pa3oM: B KaKI0M mpoyec-
ce KOMMYHHKAaTOpa MNpeaBapUTeNnbHO GOPMHUpPYETCss MAacCHB JaHHBIX, KOTOPHIH OyHeT B JanbHeAIeM
4aCThIO MacCHBa MOTy4aeMOro KOPHEBBIM IIPOLIECCOM; 3aTEM KOPHEBOH NPOLECC TIONyYaeT OT KaKA0ro
npolecca B KOMMYHHUKATOPeE (B TOM UYKCIIE M OT caMoro cefs) CBOIO 4acTh MacCHBa, NPUYEM B OPsAKe
BO3pacTanMs paHra. B paspabGoranHol nporpamme Tak co6MpaeTcs MacCHB, COAEpKAIMHA KOMIIOHEHTHI
BEKTOPOR CHJI, HCHCTBYIONIMX HA KOK/IBIH aTOM CHCTEMBI.

C ucrionb30BaHKEM M3IIOXKEHHOTO aNropuTMa Oblia HalvcaHa NporpaMma napajuieibHbIX BIYUC-
NEHUH JUI1 MOZIeTMPOBaHus MeTo1oM M/JI KoBaneHTHBIX cHcTeM pazMepHocThIO 10 10 000 atomos. Tec-
THPOBAHKE IPOBOIWIOCH HA BBIUKMCIIUTENLHOM KiacTepe kadeapst OOIiell W TeopeTHueckol QU3NKH

114 Becthuk KOYplY, Ne 8, 2003



Kapaeaes A.B., Beckayxo B.11. Modenuposanue yanepodHuix HaHOCMPYKMyp
Memodom MoJleKynapHoOU QuHaMuku

FOVpI'Y, cocrosineM M3 BOCEMH MPOLIECCOPOB M pabOoTAIOLIEM MO/ YIIPaBIeHUEM ONepalMOHHON CHC-
Tembl Linux. BLIM BbINOJHEHB! YHUC/IEHHBIE KCIIEPUMEHTHI JJIS TOTO, YTOOBI BBIACHHTH, KAK 3aBHCHT
TIPOM3BOAMTEIBHOCTE KJIACTEPA OT YMCJIAa HPOLECCOB (MAM MPOLECCOPOB), YUACTBYIOWIHX B PEIICHHU
JlaHHOM 3axaun. Pe3ynbraTel noka3aHbl Ha PUC. 2, TAE 10 OCH abCLMCC OTIOKEHA IIPON3BOAMTEIBHOCTD
KJ1acTepa 110 OTHOLIEHHIO K MPOM3BOAUTENLHOCTH OJHOrO MPOLECCOPA, a M0 OCH OPJAMHAT YHCIIO 1Po-
teccopoB B kactepe. OTBeT Okazalcs CHIBHO 3aBUCILIMM OT TOIO, KAKOBO YMCIIO cTerneHel cBobob!
uccreyemoii cuctemsl. Jing moneneit ¢ HeOoibIIMM YUCIOM cTerieHel cBoGoE! (MeHbLIE 60) MakcH-
MalbHOe YCKOPCHHE BBIUMCICHWM NOCTHraeTcs NpU [ABYX NapajulebHO MAYIUHMX mnpoleccax, a IpH
JanpHeHIeM yBEIHYEHMH HHUCIIA [TPOLECCOB CKOPOCTH BHIUMCIICHUH MajlaeT U MaJIO OT/IMYAeTCd OT CKO-
pocTu 06BIUHBIX, [0CHEA0BATENBHBIX, BEIYUCTIEHHI.
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Puc. 2, 3aBMCUMOCTE NPOU3BOAUTENLHOCTY BbIMUCIEHNA
OT KOMNYECTBA MCMNOMB3YeMbIX MPOUECCOB:
wnam ~ 60 creneHen cBOGOALI
w— == — 180 cTENneHen cBOOOALI
— — 800 cTENEHE! CBGOOALI

3TO CBSA3aHO C TEM, YTO IPU CPABHUTEILHO MAJICHBKOM KOJMYECTBE aTOMOB B MCCIEAyEeMOH CUC-
TeMe BpeMs, HeoOXoaMMOoe JUTS riepeJaus JAHHLIX JOYEPHHAM IIPOLECCAM U OT JOYEPHHX POUTEIIBCKO-
MY, CTAHOBHUTCS CPABHMMBIM HMJIH Ja)Ke€ MPEBBILIAET BPEMS BHIYMCIEHUH KaXKAbIM MPOLECCOM CBOCH Yac-
TH MHO)KECTBa CHJI, JEMCTBYIOMMX Ha aToMbl. HekoTtopoe cHikeHue 5QQeKTHBHOCTH BLIYMCICHUH U
180 creneneii cBOOOIBI CBS3aHO C TE€M, YTO NIPH KOJHYECTBE MPOLIECCOB 1 = 6 KaXIbIi U3 HuX oOpaba-
TeiBaeT 10 aToMoB, a ipu # = 7-9 atomos, uto otinudaercs Ha 10%. Ilpu 3ToM 06bem KOMMyHUKaLUH
Bospacraet Ha 1/6 wiu 16,7%. Ilo sToil npuuune ob1was ckopocTs paboTel NporpaMMsl cHukaerca. Oa-
HAaKO 1 OOJBLIOrO KONMHYECTBa aTOMOB HaOMI0JaeTcs YCTOHUUBAs TEHAEHLMS K POCTY IPOH3BOIM-
TEIBHOCTH BRIMUCIeHMHA. BuaHO, uto Haubouiblnee YyCKOpeHHe BBHIUKCIEHUH Ha YIOMSHYTOM KiacTepe
JOCTHIaeTcst, KOraa YHc/o ¢TereHed ¢Bo0obl cTaHoBHTea He MeHee 600, To ecTh, HayuHas ¢ 200 ato-
MOB B CHCTEME,

Pe3yabTarbl MOACIHPOBAHUS

JL1s TecTUpOBaHHSA IPOrPaMMb! MPOBOIMIIMCE OIBITH 110 MOAEINPOBAHHIO OCHOBHOH MO/IBI KOJI€-
Gannit pynnepeHoB Cag, Cag 1t Cgo. OcHOBHON MOR0M KoJIebaHui chepudeckd CHMMEeTPUYHONH MOJIEKy-
bl ABMSETCSA Takoe KoneGaHWe, Npy KOTOPOM IPOUCXOAUT PABHOMEPHOE PaiMajibHOE PACIIMPEHUE W
cKaTHe MONEKYTbI B 1ieoM. Jljis MoaenrpoBaHus Takoro konebaHus Ha4albHOE COCTOSHHE 3a1aBaJIoCh
[[yTeM PaBHOMEPHOTO CKATHs HJIM PaCTSDKEHUS KOH(QUrypalmu, pasHoBecHo# npu 0 K. Hawanshoe
pacrpeziesicHue 10 CKOPOCTAM 3a/aBajiock 1160 chepuHecKH CUMMETPHUHBIM U OJHOPOAHEIM, MO0 iKe
BCE aTOMbI B Ha4aJIbHbIH MOMEHT BpeMeHU CUUTANIMCh MOKOSMMUCH.

PesynbTaThl pacuera 4aCToThl OCHOBHOM Monbl kojeGanui ¢ymiepenos Coo, Cig u Cyp npuseiie-
Hbl B TA0JIHIE B CPABHEHUH C H3BECTHBIMH HKCIIEPHMEHTAILHBIMH JJAHHBIMH.

Cepust «<Maremaruka, pusnka, XuMua», BbINYCK 4 115



dusuka

Tabnuua
YacToTa ocHOBHOM MOARI KoreGaHui nerkux gynnepeHos
DvILieDeH Cpennuii nepuoxn YactoTa riepBoH MOIbl Yacrora nepBoid MobI
YIEp KoneGanHit aTOMOB, T (pacuet), cM ™ (3kcriepuMeHT), cM !
Cx 4,64-107* 718 -
Css 6,19-1072 539 510
Ceo 7,64-107 436 498

Buano, 4To coBnasenue ¢ 3KCMEPHUMEHTOM TOJLKO Ka4ECTBEHHOE: M0 3KCIIEPUMEHTANBHBIM JlaH-
HBIM yacToThl koniebaHuit Cis M Cyy OTIIMUAIOTCS MPUMEPHO Ha 2% , TOTAA KaK NpejcKazbiBagMast ¢ 110-
MOILLBIO MOAEHM pa3HULA YacTOT Ha NOpaoK Gosklle — nopsiaxa 20%.

Hayee Gb110 NpOBeIEHO HCCIIEAOBAHUE BIIUSAHMS HEKOTOPBIX BHIOB Ae()EeKTOB Ha MEXaHHUYECKHE
cBoiicTBa HAHOTPYOOK. B kavecTBe o6bexTa HccnenoBadus Gblia BEIOpaHa KOHeUHas 3aKpbiTas HAHOT-
pyOKa ¢ MHIeKCaMH XHMpalbHOCTH (5,5). D10 3epkaibHasi KpeCIOBUIHAA HAHOTPYOKa, KOHLBI KOTOPO#
3aKpPbIThl KPBILIEYKAMH, HAIIOMHHAIOUWUMH I10 CTPYKType nosoBHHKHM dysuieperos Cg. Mccnenyemas
HaHOTpyOKa cocTosna u3 460 atromoB. B e€ cpeaHeli wacTn ObIIM MCKYCCTBEHHO CMOJETUPOBAHBL /e~
¢extel THNAa 5775 ¢ pa3iMYHON OpHEHTalUMell HanpsYKCHHON CBS3H OTHOCHTENIBHO IPOACILHOM OCH
TpyOkH (puc. 3, 4). Jlanneiii nedekrt He gBisieTcs 1e)eKTOM BaKaHCUH WJIH JTMIIHEro aToMa, a obpazyer-
cs B pe3ynbTare «pa3BopoTa» oaHol u3 C—C ceszeil Ha yron 6nu3kuii k 90°, B pe3ynpTare 4ero BMecTo
YeThIpeX MIACalbHbIX LIeCTHYTOIbHUKOB 00pasyloTcs napa NATH U I1apa CeMHYTOnbHHKOB (0TCO1a Ha-
3panue nedekra). Tak kak yriel B nstAyronbuuke MeHslne 120°, a B ceMuyronbsrke — 00JIbLIe, TO BCe
C—C cBsi3d B IATHYTONbHUKE YAJIMHAIOTCSA, @ B CEMHYTOJIBHUMKE — HaNpoTHB, cokpaujatorcs. [lo atoi
OpUYKHE NPOUCXOJUT U3MEHEHHE BCEH CTYKTYpHl HAaHOTPYOKH B LICJIOM JajleKo 3a NMpeAeaMH MepBoit
KOOpJHHAUHOHHOH cdepnl aTOMOB, obpasyrolux aedexr. Tak, Hampumep, IpU paclioNOKEHHH Halps-
JKEHHOM CBSA3M BAIOJIb OCH TPYOKHM NPOMCXOIMT 3HAUMTENIBHOE NONepeuHoe u3rndanue Bceit HaHOTPYOKH
B LIEJIOM B CTOPOHY IPOTHBOMOJIOKHYIO JebeKTy. [Ipy pacnonoXeHHu HAMpPAKSHHOH CBA3HU MOX YIJIOM
K OCH NPOUCXOAMUT 3aKpY4HBAaHHE OTHOCHTENIBHO MPOAOJILHOW OCH. DHeprus oOpa3oBaHHs TAKOTO Je-
¢ekTa BecbMa BeJIHKa U cocTaBisger ~ 4,5-6 3B B 3aBUCUMOCTH OT CTPYKTypsl obnekra. I1o 310l npH-
YUHE NaHHbIH JedeKT MoxeT ObITh 00pa30BaH TONBKO B Pe3yJIbTaTe 3HAYMTE/IbHBIX MEXAHHYECKHX Je-
¢opmarit umu ke B npouecce oOpa3zoBaHus HaHOCTPYKTYp. OZHAKO U SHEpPreTHUYECKUH Mopor paspy-
LIeHUs JIaHHOTO AedeKra Takke BEIUK M CPABHUM C DHEprueil CBA3W, MOITOMY HaHHBIH THN JedexTa
crabuieH. Tak kak HaHoTpyOKa (5,5) AB/IgETCS 3epKanbHOMN, BO3ZMOKHBI TOJIBKO JBE PAa3sIMUHBIX OpHEH-
TAlUK HAMPAKSHHOH CBA3M OTHOCHTENBHO ee NpONONbHOH ocH (B 00IIEM ciIyyae HX TpH).

A Ock HanoTpyOxu A Ocw HaHOTPYOKM

(5 ) .’
2o Y

Puc. 3. Cxema oBpasoBamust ged)eKToB TUNAa 5775 paznu4Hon opueHTaunm
OTHOCUTENLHO NPOAONLHOW OCU HAHOTPYOKK
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a) R

b)

c)

Puc. 4. UneantHan (a) n nedekTHLIe HAHOTPYOKU C pacnonoXeHnem
HanpAXeHHOM cBA3N BAONL ocu (b) U nog yrnom 60° k Hew (c)

B kauectse nmepBoro 3tarna ObLTM NPOBEIEHbI HCCAEIOBAHMS CHIOBBIX U SHEPreTHYECKHMX Xapak-
TEPUCTHK HaeanpHOl U AedextTHrIx HaHOTPYOOok npu 0 K. CHavana oHu Obliy NMOABEpPrHyTH peiakca-
LMK C LIETBIO MONYYEHHs PaBHOBECHBIX CTPYKTYp. [lanee U3 HUX ObUIM BbIPE3aHBI CPEAHHE YaCTH C CO-
AepXKaIMUMHCS B HUX JedekTaMy, KOTopble ObUIM B JaIbHEHIEM MOABEPrHYTHI OCEBBIM Ae(hOopMaLiHiM
pa3InYHOM BEIMUYUHBI (pUC. 5).

a) —>» <+
b) >
o —> SRR

Puc. 5. O6nacte MogenupoBaHus waeansHow (a) n aedekTHbIX HAHOTPYGOK C pacnonoxeHuem
Hanpsi)XeHHOW cea3u BAons ocy (b) u noa yrnom 60° k Hen (c)

Ha puc. 6 noka3saHs! pe3y/bTaTsl BBIYHCICHHUA YTIPYTHX CHII M HEPTHH NpH NPOAOJbHOA 0CeBOK
nepopmanun € B rpegenax ot € = -0,16 no € = 0,3. Peakoe BozpacTaHue Bcex TpexX rpadHKOB Ha PHC.
6a, Habnronaemoe npu € > 0,25, CBA3aHO C KOHCTPYKIMEH UCNIONB3yeMOro HaMH SMITHPUHECKOTO MOTEH-
uvana Tep3odda u dpusuueckoro cmeicna He uMeetr. Ha puc. 7 nokasaHa B yBelWYEHHOM MacuiTabe
YacTh puC. 6a, OTBEYAIOL[as JOCTATOUYHO MAibIM, «KBa3HYMpyrumM» AedopMauusiM. 3HAYHTEIbHOE OT-
KJIOHEHME JIeBBIX BeTBeil rpadukoB Ha puc. 6 st AeeKTHbIX HaHOTPYOOK OT uAeanbHOH npu aedop-
manusax Menblie € = —0,10 ces3ano ¢ obueit notepeit ycroiiunoctH (puc. 8).

C noMoLIpI0 NOMY4eHHBIX AUarpaMM AeOpMHMPOBAaHMS BBIYHCIECHbBI MOTYAH YIPYrOCTH HaHOT-

py6oK npu Maneix nedopmauusx: k =1,66-10"° H — ana uneanbhoii nanoTpy6kH, k, =1,549- 10° H-

JUIS HAHOTPYOKK ¢ HAMPSOKEHHOM CBA3bIO, HATIPABIEHHON BAOJIb MPOJIONBHOH OCH, k3 = 1,526-10'6 H-
AJis HAHOTPYOKM C HaNpsOKEHHOM CBA3BIO, HAMPABIEHHON MOA YIIOM K OcH. MICX0ad M3 9THX JaHHbIX,
MOXKHO TIPEACKa3aTh M3MEHEHHE 4acTOThl IPOAOABHON MOJbI KoieOaHUH B 3aBHCUMOCTH OT Harpapie-
Hus nedekra. Tak Kak wactora ynpyrux kojieGaHHiH MNponopuMoHaibHa KOPHIO M3 YOPYro# MOCTOAH-
HOM, TO M3MEHEHHE YaCTOThI JOKHO COCTAaBHTL —3,4% 1ia aedekTa BAob ocH U —4,1% — 114 Aedekra
OJ1 YTJIOM K OCH.
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dunsunka

-4 10 |

-5 10 '
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w

Puc. 6.

a)

U

—650T

~850—

b)

a) 3aBUCUMOCTb cuRb! yapyroctu (F, H) n b) notenumansHon 3HEpruyM cUcTeMbl
(U, 3B) ot Benu4YMHbI OTHOCUTENLHOR Aedopmauny £
— — VACANLHAS HAHOTPYOKA;

vevase — HAMPSKEHHAS CBA3L HANPaBeHa BAOML OCY HAHOTPYGKH;
== == — HaNpsixeHHAsA CBSA3b HaNpaBrieHa nog yrrom 60° kK 0CH HAHOTPYGKU

F

-1 1w

T
002

004

Puc. 7. 3aBUCUMOCTb Cunbl ynpyrocTtu (F, H) or BenuuuHb! & B o6racTu manbix pedopmauvi.

O603HaueHUsI Te XKe, YTO U Ha puc. 6
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Puc. 8. BHewHui Bua naeansHowm (a) u gedekTHbix HaHoTpybok (b, ¢) npu pasnuyHeiX gedopmauunx

Bermo nposeneno taioke MI-mofenupoBanue HaeanbHOM ¥ aedeKTHBIX HaHOTPYOOK C UEMbIO
noy4deHud criekTpa ux koaebauuit (puc. 9-11). 1a qacToTs! npoaonpHo# konebaTenbHOR MOIbI IIOTY-
YCHBI CEAYIOIIHE Pe3ybTaThl:

@, =1,580- 108071 - A1 uaeanbHON HAaHOTPYOKH,
w, =1,544 -1 037t — JUIs HAHOTPYOKH € NIPOJONIEHBIM Ae(PeKTOM;
Wy =1,542: 102¢™! ~ s HaHOTPYOKHM C IeDEKTOM TIOJ YIJIOM K MPOAOIBHOM OCH.

Kak BUJHO, MOJMYHYCHHAN BBIIE OLCHKA JJig CJABHIa 4acTOTh! HpO}lOHLHOﬁ MOJEI KoJeOannii nie-
anbpHOH H )ICd)GKTHbIX HaHOpr6OK OKa3bIBACTCA KaUCCTBECHHO BepHOﬁ W BIIOJIHE HaOJIOAaeMBIM IKCTIe-
PHMEHTAILHO.
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Puc. 8. Cnektp konebaxni naeanbHoOU HaHOTPYOKKM
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Puc. 10. Cnexrp konebaHuit HAaHOTPYGKU € HANPAKENHON CBA3LIO, PACNONOKEHHOMN NaPaNeriLHO NPOAONLHON OCH
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Puc. 11. Cnexrp koneGaHui HaHOTPYGKKU C HANPKEHHO CBA3LIO, PAcnonoXeHHOR noa yrrom 60° K npoAonNLHOK OcK

3akniouenne

Takum obpa3zoM, B HacTosme# paboTe peann3oBaH MPOrpaMMHBIH MAaKeT A1 MOJEIUPOBAHHS YT~
NepOAHBIX HAHOCTPYKTYP METOJOM MOJICKYIAPHO#H AHHAMHKH, IPHrOOHBIH 14 SKCIUyaTalUMH Ha pac-
MpeeNeHHbIX BEIYHCIUTENBHBIX yeTpoficTBax, Co3zaHbl METOAHKU IeHEPAlMU HAEANbHBIX W KedeKT-
HBIX KaPKaCHBIX YTJIEPOIHBIX CTPYKTYP ((y/utepeHOB ¥ TyOYJIE€HOB) C NPOU3BOJILHBIM MOJIEKYJIAPHBIM
BECOM H CHMMeTpHeH. BuriuCIeHEl YaCTOThl OCHOBHOM MOJb1 KosleOaHHi JTerkux (yJUIEPEHOB U MOJIpI
IPOAOJILHBIX KOTeOanuii uaeanbHbiX U AedekTHbix HaHOTPYGOoK. OLEHEHb! CABHTM YaCTOT IPOAOIbHOM
Mo/l 06yCIOBIEHHBIE IPUCYTCTBUEM JC(HEKTOB.
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