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Hocnimkyerbess 60MOapIyBaHHs 00 €MHUX KPUCTATIB MOJIETHICHY Ta MEHTAIlCHYy 10HAMH aproHy 3 CHEpri€lo
100 eB 3a mOMOMOror MOJEKYJSIPHO-AMHAMIYHOTO MOJICTIOBAHHS i3 BHUKOPHUCTAHHSIM 0araTo4acTHHKOBOIO
HOTEHIIaTy Ul KOBAJICHTHUX 3B’sI3KiB. BHKOpHCTOBYBaNIMCS MilIeH] 3 MOJIETHICHY 3 HasBHICTIO Ta 0e3 3arHyTHX
JIAaHIFOXKKIB Ha IMOBEPXHi. BU3HAaUeHO KiNBKICTh, Pi3HOBUIM Ta MOMEHTH BHJILOTY PO3MWIICHUX MoJeKyl. OTpumaHo
KyTOBI PO3MOJIUIM PO3MMICHUX MOJICKYJ] Ta 3BOPOTHOPO3CISIHUX i0HIB. OOroBOPIOIOTECS 3MiHM B aTOMIiYHIi

CTPYKTYpI MillIeHEH.
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Beryn

MexaHi3Mi PO3MWICHHS TBEPAMX Til JOCTATHBHO
no0pe BUBYEHI IS €Heprid 60MOapayBaIbHUX YaCTHHOK
y nianazonax keB ta MeB, 30kpema 3 nmomomororo
MOJICTIFOBaHHS  HAOJIMDKEHHSIM — NapHUX  3ITKHEHb 1
MOJIEKYJISIDHOI JMHAMIKM 13 BUKOPHUCTAHHSIM TApHHUX
noreHIianie [1]. Aje Ui MOJICIIOBaHHS TMPOIIECIB
O6omOapayBaHHS ~ OaraTbox  MarepialliB,  30KpeMa
BYTJICBOHIB, HU3bKOCHEPTETHIHUMHE 10HAMH HEOOXiITHO
BUKOPHUCTOBYBaTH  0araTO4acTHHKOBI  IOTEHINaJIH,
CIPOMO’KHI OTIMCYBATH KOBAJICHTHI 3B’ SI3KH [2].

OcTtaHHiM dYacoM 3pic 1HTepeC 10 BHUBUYEHHS
HAIIBIPOBIIHUKIB 3 OPraHiYHUX MOJIEKYJ, IO MOXYTh
MaTH  IOMPOKE  3aCTOCYBaHHA B TEXHOJOTIAX
BUTOTOBJICHHSI MIiKPOCJICKTPOHHUX MPUIAIIB, 30KpeMa y
cBiTNOAioNax,  (QoToranpBaHIYHMX  INpHiIagax  Ta
TOHKOIUTIBKOBUX  TpaH3uctopax  [3].  HaiiGinbim
MEePCIEKTUBHUMH JUIsl JOCIIDKEHHS Y [[bOMY HalpsIMKy
CIOJIyKaMH € Taki apoMaTH4Hi MOJIBYIJIEBOJHI, SK
aHTpAalleH, TeTpaleH, neHTaueH [3-5].

[MomieTnnieH € OOCTaTHRO MPOCTUM IONIMEPOM 1
VCIIITHO  BHWBYAETHCS 33  JOMOMOTOK  METOJIB
MozaemoBaHHd Moute Kapno Ta  MonekynspHO1
IuHaMiky [6-8].

BuxoHaHi mOCTiKEHHS NPHUCBSIYEHI MOJEKYIISIPHO-
JII/IHaMiLIHOMy MO/JCJIFOBAHHIO HOpMaJILHOT'O
O6omOapayBaHHS O0’€MHUX KPHCTAJiB IOJIETUIEHY 1
neHraneHy ioHamu Ar 3 eHepricio 100eB i3
3aCTOCYBaHHSAM 0araTO4aCTUHKOBOTO IIOTEHIaly JUIst
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BYTJICBOJIHIB 13 OMIMCOM KOBAJICHTHHUX 3B’S3KIB.

I. MoJgexkyasipHo-IMHAMiYHA MO/e/Ib

Jnst MOJenIoBaHHS PO3IMIIOBAHHS IIOJIiETHIICHY
Oysno o00paHO MillleHI Ha OCHOBI OpPTOPOMOIYHOTO
KpHCTaJly IoJjieTuieny [8] 3 HasBHICTIO Ta Oe3 3arHyTHX
JIAHITFOXKKIB aTOMIB Ha MmoBepxHi. Mimeni Mictima 4050
ta 3600 aromiB, BimnosimHo. EnemenrapHa komipka
OpPTOPOMOIYHOTO KpHUCTANly IMOJIETHIICHY Maja po3Mipu
7,417 A x 4,945 A x 2,547 A i mictuna 12 atomis. Bicb
¢  eIeMEHTapHOI  KOMIpKH  OyJo  HampaBIIeHO
BEepPTUKAJBHO, a BiCi @ 1 b mapaiensHO KpasMm 00JacTi
MOJCJIIOBAHHS, B3JOBX KOTPUX OYyJIO 3aCTOCOBAaHO
nmepioAnyHi KpaifoBi ymoBm [9]. Posmip kpuctamy
ckimagaB 5 X 6 x 10 exeMeHTapHUX KOMipOK. JIaHITFOKKH
nmoJlieTHeHy Oyno o00pi3aHO B OCHOBax KpHCTAIy,
MOBEpXHsS  KpucTamy  Oyna  BKpUTa  3arHyTHMHU
JAHIIOKKaMK, KOXHHUH 3 SKHX CKJIQJaBCs 3 IISITH
cermentTiB CH,. 3arHyrti naHmioxku OyiaM CTBOpeHi
nmomaBanHsM aroMmiB C ta H y BigmoBigHi mo3wmii Ha
MicusX 0OpHBY JIAHIIIOXKKIB 13 HACTYIHOIO ONTHMI3alli€lo
CTPYKTYpH 332 YMOBH HEPYXOMHX arOMiB KpHCTaIy.
OTtpumaHa KOHQITYpaIlis aTOMIB y 3aTHYTHX JaHITIOKKAX
mo0pe  TOTOMKYETbCI 31 CTPYKTYPOIO — 3arHYTHX
JMAHIIOKKIB HAa TIOBEPXHI IIApyBaTOTO  KPHUCTAIy
noriernieny [10].

MimeHb 3 TEHTAleHy sBJsUIa CO00K0 00’ eMHUi
KpUCTal TMEHTalleHy TPHUKJIMHHOI CTpykTypu [4] 3
e7IeMEHTapHOI0 KoMipkoio 6,14 A x 7,93 A x 16,13 A Ta
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kyramu o =101,9° pB=112,6° y=85,5° Taka
eJleMeHTapHa KoMmipka Mmictiwia 72 atomu. Kpucram maB
po3Mip 6X5X2 eneMeHTapHUX KOMIpOK, TOOTO CKIIaJaBcCs
3 JIBOX IIApiB MOJIEKYJ i OyB OpIEHTOBaHHMH TaKUM
YUHOM, 110 OomOapayBaHHs iOHAMHM BHKOHYBAJIOCS Yy
HanpsMKy, TNEpHeHUKYJIIPHOMY LMM Ilapam, B JIBOX
IHIIMX HampsiMKax OyJo 3acTOCOBaHO IIepioAWYHI
KpaiioBi ymMoBH [9]. 3aranbpHa KibKICTh aTOMIB B MillleHi
3 MeHTalneHy nopiBHIoBaia 4320.

Y Moxmem MimieHed ~Takoxk ~ Oylno  JOJaHO
IUCHUMIATHBHY 30HY B HIDKHIM dYacTwHI  o0macti
MoO/IeITFoBaHHs. J{JIst TONieTHIeHY B MOYATKOBUNA MOMEHT
Yyacy I 30Ha OXOIUIIOBaia Ilap TOBIIMHOK B OIHY
€JIEMEHTapHy KOMIPKY KpHCTaly, MAJsi IEeHTAleHy B
IUCUMATUBHINA 30HI 3HAXOMHUIOCS OIHE KUIBIIE aTOMIB
BYTJIEIIO KOJKHOT 3 MOJIEKYJI HIDKHBOTO HIapy.

[Notenrianamu Mi>kaTOMHOI B3aeMoJii Oysi0o oOpaHO
OararoyacTMHKOBMH  moTeHIian  bpenHepa  mus
BYIVIEBOJHIB 3 Jpyroro mnapamerpusamiero [11] i
motenmian llirnepa-bipzaka-Jlitrmapka [1] mis omucy
B3aemozii 6GomOapayBaJIbHUX 10HIB 13 KpHCTaJOM 1 JuIst
OIUCY CHEPreTHYHHX 3ITKHEHb HA MaluX BifcTaHsx. s
IHTErpYBaHHS PiBHSIHb PYXYy BHKOPHCTOBYBAaJacs cxema
Bepme [1] 3 aganTHBHEM KpPOKOM 3a HacoMm, IO HE
nepeBumnyBaB 0,5 ¢pc. ng KoXKHOT 3 TPbOX MimIeHEH
BUKOHAaHO MozemoBaHHA 1000 MOOJMHOKHMX —aKTIiB
O6omOapnyBanHs ioHamm Ar 3 eneprieto 100 eB.
ITouaTkoBi  KOOpAMHATH  OOMOapAyBaJLHOIO  i0HA
TeHEPYBAINCH 3a JIOTIOMOT'O10 JIBOBUMIpPHOT
MICEBIOBUITAIKOBOI MOCIIIOBHOCTI, SIKy omucano B [12].
TpuBamicte  MOJENIOBaHHS  KOXXHOTO 3 akTiB
6omOapayBaHHS cKiIajaia 2 1C 32 MOJACIBEHIM 4acoM.

II. Pe3yabTaTi MOJeII0OBAaHHA Ta IX
00roBOpeHHs

Jns  momieTwineHy 3 3arHYTHMH  JIAHIFOXKKAMH
Koe(illieHT po3nuieHHs ckiaB 1,19 aromie/ioH, s
nojieTwieHy 0e3 3arHyTHX JIaHIIOKKIB — 241
aToMmiB/ioH, i mneHtaneny — 0,35 aromis/ioH. VY
BUnagky  OoMOapayBaHHS  TIOJIIETWIEHY  SIBHILE
3BOPOTHOTO PO3CiIOBaHHS 10HIB OyJO Maibke BiICYTHE,
HaTOMICTh Wi  Yac  PO3NMJICHHS  MEHTaleHy
crocTepirajiocss cia0Kke 3BOPOTHE pPO3CIIOBaHHS 3
koegimieaToM ~ 0,04 aToMiB/i0H.

Jns Bcix TphOX MIIIEHEH Yy BUXOMI PO3MMICHUX
CIIOJIyK MICTHTBCS BEJIMKA KIJbKICTh aTOMapHOTO BOJHIO,
30KpeMa JUI MONIeTWISHY 3 3arHy TUMU JIAHLIO’KKaMH Ta

MCHTAIICHY 32 CyMapHOI0 MAacOK BHXOIy aTOMapHUi
BOJCHb IMEepeBakac. [3 CITIBBIIHONIIEHHA KUTbKOCTEH
aTOMIB BYIVICII0O Ta BOAHIO (Tabin. 1) BUIIMBaeE, IO
MIIIEHh HAa OCHOBI MEHTalleHy KapOOHI3YEThCS 3HAYHO
IHTCHCHUBHIIIIE, HDK MilllCHb HA OCHOBI TMOJICTUIICHY.
HasiBHICTP  3arHYTHX JIAHIIO)KKIB ~ aTOMIB  CIIPHSIE
KapOOHi3aIlii MillieHI Ha OCHOBI TOIETUICHY MEPEBAXKHO
3a paxyHOK 301IbLIEHHS BUXOJly aTOMapHOTO BOJIHIO.

Posnonin  po3mmiieHMX ~ CHIONYK 32 Macolo
npeacTaBiIeHni Ha puc. 1. {1 nomieTuieHy He3aleKHO
Bil HAABHOCTI 3arHyTHX JIAHIIOXKIB aTOMiB 3a
CYyMapHOI0 Macoro Buxojay mnepeaxae ermnen C,H,, 3a
KIJIBKICTIO PO3MUJICHUX MOJIEKYJ €THJICH MEepeBaXKae IJist
MIIIIEeH] 3 TomieTHIeHy 6e3 3arHyTHX JIAHITFO)KKIB aTOMIB
1 ToCigae APYTY MO3HUIIIO TICIS aTOMAapHOTO BOJHIO IS
MillleHI Ha OCHOBI TIOJIIETWIEHY 3  3arHyTHMH
JaHItoKKaMHu. HasiBHICTh 3arHYTHX JIAHIIOXKKIB aTOMIB
Ha TIOBEpXHI KPHCTaly IMOJIETHIICHY pI3KO 3MEHIIYE
BUXi ByrneBoaHiB BuAy CiHy,, e 1<x<5 i
y = 0..2-x-1. Ha Buxin Byrnesoauis uny CHy, ne y = 2,3
HAsBHICTH 3arHYTHX JIAaHIIOKKIB BIUIMBae cinabo. Bapro
3a3HAYUTH, IO T Yac MOJETIOBaHHSA OOMOapayBaHHS
mojieTwieHy ~— Oymo  3aikcoBaHO  aKT  BHXOJY
LUKIOTeKCEHY, [0 YTBOPHBCS IEPEBAXHO 3 aTOMIB
3arHyTOl YaCTHHH JIAHIIO)KKA Ha IMOBEPXHI KpPUCTAIy.
Jnist MilieHl Ha OCHOBI HEHTALIEHY 33 3arajibHOK Macol0
Buxoxy mepeBaxkae etuH CH,, 32 KUIBKICTIO
PO3MMIEHNX CHOJNYK IIepeBa)Ka€ aTOMapHUH BOJIEHb,
KIJIBKICTh ~ MOJIEKYJSIPHOTO  BOJHIO €  IOpPIBHSHO
HE3HAYHOIO.

I'padixu 3anexxHOCTEl MacH PO3MMIEHUX MOJEKYI
BiJl yYacy pO3MWIEHHS Ta CyMapHi MacH PpO3MWIEHOT
pedoBHHU 3a mepiou yacy tpuaiictio 0,1 mc HaBemeHi
Ui morieTuneny Ha puc. 2. Ilix gac GomOapmyBaHHA
TOJIieTHIICHY HAHOIIBIINI 32 Macol0 BHXiJ MPHIAJaE Ha
nepiox 3 0.2 nic go 0.6 1ic, micist 9oro IS MOJTieTHIICHY 3
3arHYTUMH JIQHITFO)KKAMH aTOMIB Ha IIOBEpXHI HAcTae
mepioJy PiBHOMIPHOTO 3a YacoM  PO3MIIIIOBAHHS
aTOMapHOTO 1 MOJIEKYJSIPHOTO BOJHIO, (DparMeHTiB

Tao6auna 1
CHiBBiTHOIIICHHS KIJTBKOCTI aTOMIB BYTJICIIO Ta BOIHIO
.. . . . TTonieTunen
CriBBiAHOIIEHHS KITLKOCTEH aTOMIB .
H-C [omierunen 0e3 3arHyTHx [lenTanen

’ JIAHIFOKKIB

Cepen po3nWICHUX aTOMIB 3,527:1 2,455:1 3,519:1
V mimeni
2:1 1:1,571
110 boMOapyBaHHS
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Puc. 5 (0). 3anexHiCTh KITbKOCTI IMILIAHTOBAHHX
10HIB BiJ rIUOUHA IMIUTaHTAL]
JUTS 1 TICHTAIICHY .

nmaHmoxkkiB CoH; u C,Hy, a Takox HEBEIUMKOI KiIBKOCTI
panukanis tiny CHy, ta C;H,. Insa nonietuneny 6e3
3arHyTHX JIAHITIOKKIB aTomiB mepion 3 0,5 mc mo 1,2 mc
XapaKTepU3yeThCsl  PO3MIICHHAM  OUTBII  BEITMKHUX
¢parmenTiB nanmokkis aromis Buxy CsHy i C4H,.
PosmuieHHsT HAHOLIBII BaXKKUX CIOIYK CIIOCTEPIraiocs
micnst 1,3 me. [Jlng  momietwnieHy 3 3aTHYTHMHU
JIAHIIO)KKaMH aTOMIB 16 OyB IIMKJIOI€KCeH (MOMEHT
posmwienHss 1,6 c), ans mojieTwiieHy 0Oe3 3arHyThX
JIAHIIOKKIB — ¢parment nanmtoxka C;Hi; (MomeHT
posnmiienns 1,4 1c).

[Ipomec po3mmienHs mig dac OomOapayBaHHS
MillIeHi Ha OCHOBI TmeHTameHy (puc.3) aKTHBHO
BimOyBaetbcst 10 1,4 mc. o wmomenty 0,3 1c
BiJJOYBA€EThCSl PO3MMIIIOBAHHS BHHSATKOBO aTOMapHOro i
MOJIEKYJIAPHOTO BOIHIO. PO3MMIEHHS pajuKaiiB BHIY
C,H ra eruny C,H, BinOyBaerbcs B nepiox 3 0,3 mc o
1,3 mc.

3anexHOCTI Ju(epeHITIHHIX KOeQIIiEHTIB
PO3MWIICHHST BiJl IMOJSPHOTO KyTa, BiApaxoBaHOIO Bij
HOpMasi JI0 TOBEpXHi HaBeneHi Ha puc. 4. Jlns Bcix
TPbOX MilIeHEel IIi 3aJeKHOCTI NMPUHMAalOTh HaWOUIBII
3Ha4YeHHS B iHTepBami KyTiB Bix 20° go 40°, mis MimeHi
Ha OCHOBI NIICHTAIICHY 3aJIEKHICTh TAKOXX Ma€ CIIAOKHiA
JOKaNBbHUKA  MakcuMyM  npu  55°  3anexHICTh
IudepeHIiHHOro KoedilieHTy 3BOPOTHOTO PO3CIIOBaHHSA
10HIB [UIA TIEHTAIleHy Ma€ HaiOutpmie 3HaYeHHA npu 15°
BiJ HOpMaJIi 10 MOBEPXHi.

Ilin wvac aHamizy pe3yJbTaTiB  MOJICITIOBAHHS
O0oMOapayBaHHS TMOJICTHICHY BHUSBWIOCH, IO 3HAYHA

YacTWHA 10HIB IMIUIAaHTYETHCS y YAaCTUHY MillIeHi, IO
BIZIMOBila€ JMCHUINIATUBHIN 30HI. TOMy aJsi OTpUMaHHS
OUIbII TOYHHMX pE3YyJIbTATIB Ui TJIMOMHHU IMIUTAHTAI]
iOHIB OyJIO JONATKOBO BHUKOHAaHO MojeiroBaHHs 130
akTiB OoMOapayBaHHs 000X MillleHEeH 3 MONIETHICHY Ha
OCHOBI KpHUCTaldy po3Mmipom 5%6x20 KOMIpOK, TOOTO
BIBiUl OUIBIIOr0 po3Mipy y HampsMKy OoMOapryBaHHS.
Taki MileHi 3 HAasSBHICTIO Ta 0e3 3arHYTHX JIAHIFOXKKIB
Ha 1oBepxHi MicTiin 7650 ta 7200 aToMmiB, BiJIIOBiAHO.
OTpuMaHi IpH 1IILOMY 3AJIEKHOCTI KUIBKOCTI 1OHIB BiJ
TMOWHU  iMIUTaHTamii 300pakeHi Ha puc. 5 (a). [na
MOJIiETHJICHY HYJIhOBE 3HAYCHHS TJIMOWHHW BigIOBigae
MEXi MOBEPXHI KPHUCTAly HE3aIEXKHO BiJ HAsSBHOCTI Ha
il TOBEpXHI 3arHyTHX JIAHIIOKKIB. Y  BHIAAKY
mojlieTnieHy 0e3 3arHyTHX JIQHIIOKKIB aTOMiB Ha
MOBEPXHI BEJMKa KUIBKICTh 10HIB, IMIUIGHTOBaHUX Y
YaCcTUHY MillleHI, 10 BIAMOBINA€ TUCHIIATHBHIA 30HI,
BKa3ye Ha 3HAYHE KaHAJIIOBAaHHs IPU MPOHUKHEHHI 10HIB
JI0 KpHCTaTy. 3aJeKHICTh KUIBKOCTI 10HIB BiJl TIIHOWHH
IMIUTaHTamii JUId TeHTaleHy 300pakeHa Ha puc. 5 (0).
Crnig 3ayBaxkuTH, [0 HaWOUIbIIAa dYacTKa 1OHIB
IMIUTAaHTYETBCS O1NIT MEXi IIapiB MOJIEKYJ TICHTAIleHY, a
caMe y BEpXHIO YaCTHHY HI)KHBOTO IIAPy MOJICKYIL.

Bucunosku

JocnijpkeHo npoliec HOpMaJIBHOTO OomOapayBaHHS
00’eMHUX KPHUCTATIB TONICTHJICHY 1 ICHTAIlCHy 10HAMH
aprony 3 eHeprieto 100 eB 3a momomororo Mertomy
MOJICKYJISIPHOT JTUHAMIKH i3 BHKOPHUCTaHHIM
6araTo4acTHHKOBOTO IOTEHIialy Al KOBAJCHTHHUX
3B’SI3KIB. [Monietnaen PO3MUITIOETHCS 3HAYHO
IHTEHCHBHillle, HDK 00’€MHHIl TeHTaleH. BixcyTHicTh
3arHyTUX JIAHIFOXKKIB Ha MIOBEPXHI MOJIIETHIEHY 3HAYHO
MiBUILYE BHXIiJ PO3MWIEHHS Ta, BOJHOYAC, 3arodirae
kapOoHizauii. IleHTameH  KkapOOHI3yeThCS  3HAYHO
IHTCHCUBHIIIE, HDK TONIeTWICH. SIBHIIE 3BOPOTHOTO
po3citoBaHHsS iOHIB y BHUNaaky OomOapiyBaHHA
NoJieTHIeHy Maibke BiacyTHe. s momieTmneHy 3a
CYMapHOI0 MacoOl BHXOJY IepeBakae CeTHICH, Ui
neHraneny - etuH C,H,. JlocmimkeHo 3ane:xHOCTI MacH
PO3IMIICHHX CIIONYK BiJ Yacy PO3MWICHHS, a TaKOX IX
KyTOBI  po3moAinu. Y  BHIAAKy OomOapmyBaHHA
MEeHTalleHy HalOuIbllla 4YacTKa 1OHIB IMIUIAHTYEThCS Y
BEPXHIO YaCTHHY HW)KHBOTO mapy MoJjekyn. Ilin uac
OomOapayBaHHS MOJieTUIIEHY Oe3 HasBHOCTI 3arHyTHX
JIAHIFOXKKIB HA TOBEPXHI CIIOCTEPIra€ThCs 3HAYHE
KaHAJTIOBAHHSI.

Epmonenko O.A. — acuipaHT;
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O.A. Yermolenko, G.V. Kornich

Molecular Dynamics Simulation of Normal Bombardment of Bulk Polyethylene

and Pentacene by Low-Energy Ar Ions
Zaporizhzhya National Technical University, Zhukovsky street, 64, Zaporizhzhya, Ukraine, 69063

The bombardment of bulk crystals of polyethylene and pentacene by 100 eV argon ions is examined using
molecular dynamics simulation incorporating many-body covalent bonding potential. Polyethylene targets with and
without chain folds are used. The number, type and escape time of ejected molecules are quantified. Angular
distributions of sputtered molecules and backscattered ions are obtained. Changes in the atomic structure of targets
are discussed.

Keywords: molecular-dynamics simulation, many-body potentials, polyethylene, pentacene, bulk crystal,
normal bombardment, sputtering.
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