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MATEMATHYECKOE MOJEJIMPOBAHUE ITPOIECCOB
CTPYKTYPOOBPA30OBAHUSA TOHKHUX IIVIEHOK ITP HU3KHUX
TEMIIEPATYPAX

CdopmMynupoBaHa MaTeMaTH4eCKas MOJEIb METOJa MOJEKYJISPHOH JMHAMUKM, YYHTBIBAIOLIAS
9¢dexTsl KBaHTOBOH cTaTHCTUKH. [IpeasiokeHa YHCICHHAs CXeMa PEeLICHUS HPEIIOKEHHONW MOJENH.
ITpoBeneHbl TECTOBBIE pacdeThl M BEINOJHEHO CPABHEHHE C JKCIEPHMCHTAIBHBIMH JIAHHBIMH.
Tlomy4eHs! pe3ynbTaThl pacyeTa CpeJHUX CMEIICHUIT IPUIIOBEPXHOCTHBIX aTOMOB ME/IM JUISL PA3IMYHbIX
TEeMIIepaTyp.

KioueBble cj0Ba: MaTreMaTHYeCKOe MOJIEIMPOBAHUE, MOJEKYISIpHAs JUHAMHKA, KBaHTOBAs
CTaTHCTHKA.

CoopmynpoBaHa MaTeMaTHYHa MOJENIb METOIY MOJEKYJSIpHOI [IMHAMIKH, IO BPaxoBye e(eKTH
KBAHTOBOI CTATUCTHKM. 3alpOIIOHOBAHO YHCEIbHA CXeMa BHUPIIICHHS 3alPOIMOHOBAHOI MOJEII.
TIpoBeneHo TeCTOBI PO3paxyHKH Ta BUKOHAHO IIOPIBHSAHHS 3 €KCIIEPHMEHTAIBHUMU JaHUMHU. OTpHMaHi
PE3yIBTaTH PO3paxyHKY CepeiHiX 3CYBiB IPHIIOBEPXHEBUX aTOMIB MiJli JUIS Pi3HHX TEMIIEPaTyp.
Kuio4oBi ci1oBa: MaTeMaTHYHE MOJICIIFOBAHHS, MOJICKYIIPHA MHAMIKa, KBAHTOBA CTATHCTHUKA.

The mathematical model of the molecular dynamics method, which takes into account the effects of
quantum statistics was formulated. Numerical scheme for the solution of the model was proposed. Test
calculations and comparison with experimental data were obtained. The average displacements of
copper surface atoms at different temperatures were computed.

Keywords: mathematical modeling, molecular dynamics, quantum statistics.

Beenenne. B Hacrosmiee BpeMs MOIIHBIM HAIIPaBICHHEM B HCCIEIOBaHHU
MPOIIECCOB  CTPYKTypoOoOpa3oBaHMS  TOHKMX  IUICHOK  SIBJIIIETCSI  METOJ
MaTeMaTHYECKOTO MOJICIMPOBAHMU, B KOTOPOM pEalbHBIM IpoIlecC 3aMeHseTcs
MaTeMaTUYeCKOM MoOJenblo. MaTemMaTHyeckoe MOJAEIUMPOBAHUE  MO3BOJISET
00HApYXUTh HOBBIE (PH3MUYSCKUEC 3aKOHOMEPHOCTH B CIIOKHBIX HEPaBHOBECHBIX
CUCTEMaX.

B nmamHOe BpeMs IS WCCIEIOBaHMWN MPOIECCOB CTPYKTYpOOOpa3OBaHUS
TOHKHX IUICHOK Ha aTOMapHOM YPOBHE HamOOJbIIEe PAaCIpOCTPAHCHUE IOTYYUIT
Meto MoJieKysipHOi auHamuku (MJ1) [1-2]. M]I xopoliio OnuchIBaeT MoBeAeHUE
CHCTEMBI IIPH BBICOKUX TeMmmepaTypax. OgHako B oOmact temmepatyp Hmxe 300K
BaXHYIO POJIb HAUWHAET UI'PAaTh KBAHTOBAs CTATUCTHKA, YTO HE JAaeT BO3MOXKHOCTH
IIPUMEHEHHE Kaccuueckoro merona M/

B  mocmemHme TOABI  pAN  HWCCIENOBATEIBCKHX  TPYNIl  IBITAeTCA
pacrpocTpanuth MetoJ MJI Ha cuCTeMbl, NOJYUHSIOIIUECS KBaHTOBOU
cratuctuke [3-5], ogHAKO WMH HE OBLIO IOJIYYEHO METOJOB, IO3BOJISIOLIMX
YYUTHIBATh KBAaHTOBBIE 3()()EKTHI B TOTHOM Mepe.
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MaremaTuyeckasas MojaeJb. JIMHAMHYECKHE CBOMCTBA METAVIOB MOYKHO
ommcaTh CleAylomel cucteMoil 0000meHHBIX ypaBHeHui JlamkeBeHa CO
CIIy4YailHOM CHUJIOH, OMMCHIBAEMOM IIBETHBIM KOPPEJIMPOBAHHBIM IIYMOM =
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FO - —cuiia, JOEWCTBYIOIAs Ha |- aToM CO CTOPOHBI

TOYKH CBEpXy 0003HAYAIOT MPOU3BOIHYIO 110 BPEMEHH.

B OTKpBITBIX cHcTeMaxX Ha aToOM, HaXOJAIIMHCS B KOHTAaKTe C TEIUIOBBIM
pe3epByapoM, JeHCTBYyeT Kak CHja CO CTOPOHBI JpYrHX aroMoB F, Tak u
ciayvaiiHass cuwina 2. OrpaHuueHus] Ha JBWKCHHMS YacTHIl, HaKJaJbIBacMble
KBAaHTOBOH MEXaHHKOM, MOXXHO BBECTH IIPH IIOMOIIN KOPPEIUPOBAHHOTO [BETHOTO
uryma E(t), KOTOpBIM ONUCBHIBAETCS ClIy4alHbIM mpoueccoM OpHuTeliHa-
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YuciaeHHass MoJe/b. {151 YHUCIEHHOTO PELICHMsI CUCTEMBI CTOXaCTHUUECKHUX
muddepeHIraTbHBIX ypaBHEeHUH (1) ObUT MpeaoKeH alropuTM IEepPBOr0 MOPSIKa
110 BPEMEHH, OCHOBaHHBIN Ha MeTojie Bepie penenns ypaBaenuii apmxenus [6]. B
IIPENJIOKEHHOM QJIFOPUTME B HaydajbHbIH MOMEHT 3a/1a€TCsl HAyaJbHOE 3HAUYCHHE
BEKTOPOB CI1y4YailHON CHIIbI
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raie Ry —BekTop ciydaifHeix ['ayccoBsix umcen, A=1/t.. B nanpHeimem

MMpOBOAUTCH CJ'IeL[yIOHII/Iﬁ IUKJT TI0 BPEMCHMU:
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IZe¢ MHICKC BHU3Y O00O3HA4aeT 3HAYCHHE BEIWYHMHBI B JUCKPETHBIA MOMEHT
BpeMeHH NAL, a cBepxy — HoMmep aroma, | =1..N , At — mar mo BpemeHu.
Pesyabrarel mopeaupoBaHus. CTpyKTypa IPHIIOBEPXHOCTHOH oOJiacTh
Marepuaga  CyHOIECTBEHHO  BJIMSET HAa  TaKyld  XapaKTEpHCTHKY,  Kak
CpeJHCKBaJIpaTHYHbIE  CMEHIEHHS aTOMOB. OJTa  BEIWYMHA  HM3MepseTcs
9KCIIEpUMEHTaIbHO. B maHHOM paboTe 3Ta XapakTepucTHKa ObUla paccuuTaHa A
pa3nuuHbIX TmoBepxHocTeil Memun. Ha puc.1l mnpuBemena TtemmepaTypHas
3aBHCUMOCTh CPEIHEro OTKJIOHEeHHs aToMoB i noepxHoctd (100). Kak BugHO
U3 PUCYHKAa HAOIIOJAaeTCs XOpolIee COIJacHe MeEXAY SKCIEePUMEHTAIbHBIMU
JAHHBIMH W pe3yJbTaTaMH MOJCIMPOBAHMUS, MPEAJOKEHHBIM B JIaHHOH padoTe
METOZIOM.
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Puc. 1 — M3MeHeHne cpelHEKBAIPAaTUIHBIX cMeneHnit Ha moBepxHocTH (100) Memu.
Tlosbie mapkepsr — MILIII pacueTsl, 3alI0THEHHBIE — SKCIIEPUMEHTAIBHbIE TaHHbBIE [7].
CrutoIIHast TMHUS — PacueThl B TapMOHNYECKOM MPHOIMKEHHUH 110 TUNIOTHOCTH (POHOHHBIX
COCTOSTHUH

Ha puc. 2 mpuBeneHsl pe3ysbTaThl pacyeTOB M3MEHEHHS HOPMHPOBAHHBIX
CpEIHEKBAJIpaTHYHBIX OTKJIOHEHWH aTroMOB 10 NIyOMHE s  pa3iIMuHbIX
temriepatyp (puc. 2, a — nosepxuocts (100) menn, puc 2, 6 — nosepxHocts (110)
menu). Kak BUIHO M3 pHCYHKAa, NMOBEPXHOCTHAs CTPYKTypa IUIEHKH OKa3bIBaeT



3HAYNTEIBHOE BIMSHUC HAa MOBEICHHUE MPUIOBEPXHOCTHBIX aTOMOB, HAXOSIIHXCS
Ha rTiy6une 10 40 A. BbUIO YCTaHOBJEHO, 4YTO OpHWEHTALMS KpUCTAiIa
CYIIECTBEHHBIM 00pa30M BIMsET Ha M3MEHEHHE CMEIICHHH aTOMOB (KaK BHIHO U3
puc. 26, misn moepxHoctH Meau (110) HamOospliee OTKIOHEHHE HMMEIOT HeE
MOBEPXHOCTHBIE ATOMBI, & aTOMBI BTOPOT'O CJIOs).

17 —0—(100) 20K 17 —0—(110) 20K
—A—(100) 50K —A—(110) 50K
16 —0—(100) 300K 1,6 —0—(110) 300K

Puc. 2 —3mMeHeHne cpeqHEKBagPATHYHBIX HOPMUPOBAHHBIX CMEIIEHIH aTOMOB MEIH 110
rIyOMHE Z TIpH pa3IM4HBIX TEMIIEpaTypax, a — moBepxHocTh Meau (100), 6 — moBepXHOCTH

meau (110). U¥°' - CpeHEeKBAIPaTHYHOE CMENIeHHe B 00beMe MaTepuaia

BeiBoabpl. CpaBHeHHE pe3yabTaTOB KOMIBIOTEPHOTO MOJCITHUPOBAHUSI C
AHATUTHYECKIMH pacdeTaMH U IKCIIEPUMEHTAIFHBIMU JTaHHBIMH MTOKA3bIBaCT, YTO
MpeUIOKEHHBI B JaHHOM  paboTe MeTOJ  MOICIHHPOBAaHWS  Ipolecca
CTPYKTYpOOOpa3oBaHUS TOHKHX IDIGHOK MOXET OBITh WCIIOJNB30BaH LIS
MOJICIIUPOBAHHS IIPOIIECCOB MOAM(DHUKAINN HAHOCTPYKTYPHI TOBEPXHOCTHEBIX CIOEB
MaTepHaJioB B IIHPOKOM [HANa30HE TEeMIIepaTyp s YCTaHOBJICHUS BIUSHHS
MapaMeTpoB  TEXHOJOTHYECKHUX  TPOIECCOB  00pa3oBaHMs  IUIEHOK  Ha
HAHOXAPAKTEPUCTUKHU MOTydaeMbIX MaTepUaIOB.
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