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Pa60Ta BblnOJIHeHa B ct>enepaJibHOM mcynapcTBeHHOM 61011)KeTHOI\I o6pa30BaTeJ1bHOM 

yLipe)KlleHHH Bb1cwero o6paJoBamrn «CaHKT-fleTep6yprcKHH rocy11apcTBeHHb111 yH11-

Bepc11reT». 

HayYHbIH pyKoao11nTe11b: KaHllllllaT qJH311KO-MaTeMam11ecKHX HayK 

CTenauoaa Maprapnrn MnxaiiJioaua 
noueHT Ka<penpbl Bbl'lHCJlHTeJlbHOH qJH3HKH 

ct>f6OY BO «CaHKT-fleTep6yprcKHH rocynapcrneu­

HblH ymrnepCHTeT>> 

O<pHUHaJibHbie ormoHeHThI: MeJie;KJIK BJiamump CTenauoBn'I, 
llOKTOp qJH3HKO-MaTel\taTJ1lleCKIIX HayK, CTaprnHH Ha-

Y'lHbIH corpynHHK, 

Me)Kllyuaponurui Me)Knpaa11re11bCTBeHHa51 opra­

mnau1rn «O6be111rneHHbIH HHCTHTYT 51,11.epHblX 

HCCJlellOBaHHH», Jia6opaTOpH51 reopen1'leCKOH 

qJH3HKH, r. ,O:y6ua, MocKOBCKM o6JJ., 

ae,11.ymm1 ttay'lHbIH COTPYllHHK 

Jho6apuea A.rrnKcauJip IlaBJIOBH'I, 
KaH)llf)laT <plBHKO-MareMaTH'leCKHX uayK, 

CroKroJJbMCKIIH yu11aepc11reT, OT11e11 XHMHII MaTep11-

aJIOB II OKpy)KalOIIleH cpellbl, r. CTOKfOJlbM, lliBeUllll, 

npocpeccop 

C )JJeKipOHHOH aepCHeH 1111ccepTaUIIH l\lO)KHO 03HaKOMIITbCll Ha O<pllUHa.JlbHOM 

cailre O6benHHeHHOf0 IIHCTHTYTa llllepHbIX HCCJle,[IOBaHIIH B IIH<pOpMaUIIOHHO­

TeJJeKOMMYHIIKaUHOHHOH cem «11HTepHern no Mpecy: http://dissertations.jinr.ru/. 

C neYaTHOH Bepc11ei1 1lllCCepTaUHII MO)KH0 03HaKOMIITbCll B Hay'lHO-TeXHll'leCKOH 

6tt6JJHOTeKe 0115111 (r. )fy6Ha, MoCKOBCKall 0611acTb, yJJ. )l{oJJHO-K!Opll, ,[I. 6). 

Y11eHbIH ceKpernpb 1lllCcepTau110HHoro coaera OHJH:I 

no IIH<popMaunoHHbIM TeXHOJIOflUIM.11 Bbl'lllCJJUTeJlbHOH 

qmJ11Ke- OHJil1.05.0l.2019.IT, 

llOKTop qJ113lIKO-MaTeMamqecKIIX HayK ~e-HHM 
(""< 

06m,aH xapaKTepncrnKa pa6oTLI 

AKT)'aJibHOCTb Tel\1bl. 4HCJJeHHOe M01lem1poBaH11e amMH0-M0JJeKYJJllpHblX 

CIICTeM, BKJll:O'IM XIIMll'leCKlle roam,mneHCTBIIJI, aKzyaJlbH0 ,!JJill 60JlbIIIOfO Ha-

6opa npllKJJMHblX Hay11HbIX 3Ma'l. Mo,11e1111poBaHHe D03BOJllleT npe,ucKa3aTb X01l 

peaJibHbIX npoueccoB, He np116errui K 11cnoJ1bJ0BaHIIJO 3a1mcry10 .uoporocroHm11x 

)KCnepHMeHTa.JlbHblX ycTaH0B0K II MaTepHaJIOB. 

ITp11 He60JJbWIIX pa3Mepax M0,1leJ111pyeMblX ClfCTeM (HeCKOJlbKO ,lleCl!TKOB aro­

MOB), MOiKHO HCDOJlb30BaTb MeTO,llbl KBaHTOBOH XIIMIIII, HanpHMep, 0CHOBaHHbie Ha 

Teop1111 <pyttKUHOHaJia nJJ0TH0CTH (DFT). ITp11 pa3Mepax M01le1111pyeMbIX cucreM, 

co,uep)KalllHX l 000 H 6oJJee aTOl\10B, KBaHTOBbie MeTOllbl 0KaJblBaJOTCll KpaiiHe rpe6o­

BaTeJJhHblMII K Bbl'IHCm1TeJ1bHblM pecypcaM. no )TOH npH'lJfHe MeTO,llbl KJJaCCH'leCKOH 

MOJleKyJlllpHOH 1llIHaMHKH (MJJ:) HMelOT npeHMymecTB0, IT03B0Jlll}l Ha COBpeMeHHblX 

pacnpe.ueJJeHHblX Bbl'lHCJIHTeJlbHblX KJJaCTepax M0,11.eJJHpOBaTb pa3BHBalOlllHeCH BO 

BpeMeHH CHCTeMbl c 'lHCJI0M aTOM0B ITOPllllKa lO(j - 108• 

flpH npnMeHeHIIII MeTO,ll0B KJJaCCH'leCKOH MJJ: B3allMO)].eHCTBlle l\fe)K,lly 'laCTH­

uaMn 0ITHCb!BaeTCll IT0TeHUHa.JlbHblM ITOJleM. 3ro IT0J!e B o6meM cny11ae 3aBHCHT OT 

K00pllHHaT Ka)K,[I0f0 aroMa B CHCTeMe II J\,IH0f01111CJleHHblX napaMeTpoB B3aHM0,1leH­

CTBllll B Heil. 8 OTJllf'llle OT Koop,11.1rnaT aTOM0B 3TH napaMeTpbl <pllKCHpoBaHbl BO 

BpeMll M01le1111p0Bamrn, o,uHaKo nepe,u ero Ha'laJJ0M nx Heo6xo11m,10 KaKHM-J1116o o6-

pmoM onpe1leJ111Tb. 

Ha ,11.aHHblH M0MeHT cymecrByer 60JJbWOe pa3H006pa3ne ITOTeHUlla.JlbHblX no­

JJeH KJJaccH'leCKOH MJJ:. 3Mnnptt'lecKoe CHJJ0Boe noJJe ReaxFF (Reactive Force Field) 

llBJllleTCll O,llHIIM 113 HaH60Jlee YHHBepcaJibHblX HHcrpyMeHT0B ,11.Jlll M0,ll,em1poaaHHll 

XHMll1leCKlfX peaKUHH. OCHOBHOe 0TJIH'lHe )Toro ClfJJ0B0fO D0Jlll OT eMy no,uo6HblX 

3aKJJIOYaercll B Bb1'l11CJ1eH1111 11 ucno11b3oaaHHH nopMK0B CBll3ei1 (bond order) aTo­

M0B BMeCT0 iKeCTK0fO CBll3blBaHllll. IToJJe ReaxFF np11MeHHM0 npaKTH1 leCKH K mo6bll\l 

KJJaccaM XIIMH'leCKIIX COe11HHeHHH, 'lTO IT0,[ITBep)K,llaeTCll MHOfO'lHCJJeHHblMH ny6JJH­

KamrnMH. Ho OHO 3aBIICHT OT HeCK0JlbKHX 1leCl!TK0B napaMerpoB. 

ITpouecc DO,ll,6opa napaMeTpoB nOTeHUHaJia Ha3bIBaeTCll ero 0ITTHM113aUlleH. 

/J:JJll npoae,ueHl1ll 0DTIIM113aU1111 Heo6X01lllMO Bb16paTb Kp11Tep11il 0ITTHMa.JlbH0CTH no­

TeHUlfaJia. 3ToT Kp11rep1111 M0)KeT 6b1Tb on11caH ueneBoil cpyHKUHeil (Uct> ), 3aBHClllllei1 

OT napaMerpoB ITOTeHUHa.Jla H .U0CTHralOllleH caoero, B 11,lleaJJe a6COJIIOTHOfO, MII­

HHMyMa Ha MH0)KeCTBe ro11eK onTHMaJJhHOCTH. IToae,11.eHne Uct> Ha MHoroMepHoii 

06nacn1 onpe,ueJJeHH51 B o6meM c11yirne o'leHb rpy,11Ho oueHHTb 3apaHee, 'lTO cyme­

CTBeHH0 ycJJ0)KHlllOT 3a,11a11y. 

B c11y1me MOJ1eKy11llpH0-1lHHaMH'leCKOro IT0TeHUHaJJa ueneBall cpyHKUHll crpo­

lfTCll Ha 0CH0Be 0nTIIM113Hpy!OIUero Ha6opa (training set). OH C0CT0HT 113 pll,ua 

np0CTblX COe.!ll1HeHHH, npe BJllllOIUHX C0CTaBHble 'laCTH 1\1011 1111pyeMOH CHCTeMbl. 

3To M0ryT 6bITb npocTu1e ~~IjlflJJ-i;rMM:U'JifuWJJ c nepuo,111111ecK11MH 

yc110BHllMH, xapaKTepHcm II KOTop~HDcPilc!nJ:VliTb Mero a~rn KBaHTOBOtt x11-

MHH IUIH )Ke B3l!Tb 113 ,11a11H IX peaJ1bHortOl!IDill1eHTa If noc. e )T0ro cpaBHHTb co 
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3Ha1IeHIUIMH Tex JKe xapaKTepHCTHK. BbI'IHCJieHHblX npu noMOIUH M)], l\teTO,IlOB Con­

TIIMH31IpyeMbIM noTeHIJ,llaJIOM. 

)],aneKO He Bee H3BeCTHble MeTO,Ilbl nmtcKa 3KCTPeM~m MoryT Ob!Tb npHMeHe­

Hbl K UcJJ BBll,IIy CHJibHO orpaH114eHHOH HHq>OpMlli.l,HH o ee csofiCTsax. Pmpa6oT4H Ka­

Mil ReaxFF mrn noHCKa napaMeTpoa ObIJI npe,IIJIO)KeH MeTO,II O,IIHOnapaMeTpH4eCKoro 

noncKa (OCT). )],ocronHcTBoM ,aaHHoro cnoco6a llBmieTCll Tpe6osaHne OT UcJJ TOJibKO 

KYCO'IHOH HenpepbIBHOCTH. B TO JKe BpeMll on HMeeT PllJI He,[lOCTaTKOB. PeJyJib­

TaT CHJlbHO JaBHCHT OT Ja,aamtll Ha'IaJlbHOro npHOJIH)KeHHll - e,IllIHCTBeHHOH T04Kll 

Ha o6Jiacm flOHCKa npn npOH3BOJibHOM BbI6ope Ha4aJibHOro npn6mtJKemrn MO)KHO 

m,mnaTb CXOJIHMOCTH JlHWb s O,IIHH HJ JlOKaJibHblX MHHHMYMOB. 3a OJIHY HTepaumo 

MeTO,[l pa6oTaeT TOJibKO C O,UHHM napaMeTpOM. On nJIOXO MaCWTa6HpyeM. 

Tpa,UHUHOHHOH aJibTepHaTHBOH ,IlJill peweHHll flO,IlOOHbIX 3a,aa4 llBJilllOTCll CTO­

xaCTH4eCKHe aJirOpHTMbl, HanpnMep, 3B0JllOUIIOHHbie anropHTMbl (3A), MeTO,a on­

TllMHJau,m poll 4aCTHU H ,up. 3TH MeTO,[lbl HMelOT CBOH npe11MyIUeCTBa. B Ka4eCTBe 

Ha4aJibHblX ycnOBHH 3a,aaeTCll cpa3y 6oJibWOe KOJIHl.JeCTBO cJiy4aHHblX T04eK, 4TO 

,aaeT JIY4WHtt OXBaT 06.nacn1 noHCKa CKopoCTb CXO,IIHMOCTH JHa'IHTeJibHO BbIWe B 

cpaaHeHHH c on. Xopowall pa3pa6oTaHHOCTb, 6onbWOH Bbt6op Meronoa. Xopowall 

MaCWTa611pyeMOCTb. He,aoCTaTKOM CTOXaCTH4eCKHX MeT0,[108 llBJilleTCll TO, 4TO OHH 

He scerna o6ecne4HBalOT CXO,[lHMOCTb B a6coJIIOTHblH MHHHMYM 3a paJyMHOe apeMll. 

B Halllel\l CJly4ae ,IlJill 3a,aa4H onTHMH3aUltfl M)], f!OTeHl.l,HaJia np11MeHllJICll 

3BOJIIOUHOHHblH aJiropnn1: rn6p1tJIHblH reHeTH4eCKHH anropHTM C aJiropHTl\101\1 poll 

1IaCTHU [ 1]. 3TOT MeTO,II naeT OTHOCHTeJibHO xoponme pe3yJibTaTbl, 0,[lHaKO He scerna 

o6ecne411BaeT CXOJIHMOCTb B a6comOTHblH MHHHMYM Ha o6JiaCTH nOHCKa. 

B ,aaHHOH ,a11ccepTaUHOllHOH pa6ore ,IIJill peweHHll nocTaBJleHHbIX 3a,aa4 npH­

MeHlleTCll npyrall aJibTepHanrna - napaJIJieJibHbIH MHOroMepHblH BapllaHT anropHT-. 

Ma rno6anbHoro noucKa (AfCT) CTpottrnHa. K ,aocrn1tHCTBaM Arn MO)KHO OTHecm 

CJle,IIyJOlllee. Arn CXO,[lHTCll B a6comOTHblH MHHHMYM Ha 3a,aaHHOH 06J1aCTH HJIH 

ceTKe. PeJyJibTaT pac1.JeTOB 3aBHCHT OT 3a,aaHHl1 rpaHHU 06.naCTH IIOHCKa, a He OT 

Hal.JaJibHOH T04KH. OH xopowo MaCWTa611pyeTCll H HMeeT OTHOCHTeJlbHO npOCTYIO 

rrapaJIJieJibHYJO peaJIH3lli.l,HlO. MeTO,Il HMeeT H CBOH He,IlOCTaTKll. Am Tpe6yeT, 'ITO­

Obl UcJJ y,aoBJiernopllna ycnoBHIO Jlnnwm.1,a Ha o6nacnt noucKa. HecMOTpll Ha To, 1.JTO 

Arn HaKJia,IlhIBaeT orpaH1t1.Jemrn Ha BHJI U<l>, ,IIJill pernaeMott B pa6ore Ja,Ila4H ycnern­

HO ynanocb nocTpOHTb ueneByIO q>yHKUHIO, no,aXO,Illllll)'lO no,II 3TH ycnoBHll. 

B011,ay 6onbWOH pa3Mepuocrn o6nacm onpe,IIenemrn UcJJ, ,aoCTynHblX Bbt4HC­

JIHTeJibHbIX pecypcoa MOJKeT 6b1Tb He,IlOCTaT04HO ,IlJill ee OnTIIMH3aUHH OJIHOBpeMeH­

HO no BCeM napaMeTpaM. B )TOM cny4ae cne,ayeT OTCOpTHpOBaTb HX no CTeneHH 

BJIHllHHll Ha UcJJ, 3aTeM HCKJIIO'IHTb HaHMeHee BJIHllTeJlbHble, a OCTaJibHbte pa36HTb Ha 

rpynnbl, OnTHMH3HPYll nocne,aoBaTeJibHO no KmKJIOH rpynne. Cne,IIyeT 3aMeTHTb, 4TO 

npn TaKOM ,IleJieHHH 3a,aa1 m npH HCnOJib30BaHIIH Arn CTpOHrHHa MO)KHO o:il<HJiaTb 

CXO,[ll1MOCTII B a6comOTHb1H MHHllMYMJIHWb' ,IlJillKa)K,IlOH rpynnbl B OT,IleJibHOCTH, HO 

He Mll Ja,aa,m a u~HciKet :,•;;, ,:n: '.n ·,1n;' ! i,Jij 
B paJ1.1Kax na~rnou pa60T1:,l6'wia•pa3~a6c)TaHa Mefo,a11Ka, npencTaBJilllOtnall co-

6ou nocnenoaaTem',HoCTb neikTru-lif ;U}lll. ;·om11M1nauni1 M)], noTeHu11ana, BKJIIO'Iall 
f ' ······ --·- ..... -~·---:r···- .. 

Bbt6op ueneBOH q>yHKUHH, Bbt6op H cpaaHeHHe MeT0,[10B nOHCKa napaMeTpoB, nony4e­

HHe OnTIIMll3HpyJOIUero Ha6opa, aHaJIH3 BJIHllHHll napaM~OB Ha uenesyJO q>yHKUIIIO 

H co6CTBeHIJO onTIIMH3lli.l,HlO nOTeHUHaJia. 

B pa6ore 6blJIII peaJIH30BaHbl HeCKOJibKO MeTO,[lOB onnIMlBau,m n npose,aeHo 

HX cpaBHeHlte, 4TO npenCTaBJilleT or,aeJlbHblH HHTepec. nOJJy4eHbl napaMeTpbl no­

TeHUHaJia ReaxFF ,IIJill Mo,aenhHbIX cHcTeM Al - H II Zn - 0 - H H BbmonHeHo M)], 

l\10Jiem1posattne 3THX cncTeM. Monen11poaam1e Al - H aK'I)'aJihHo JIJlll 3a,aa4 xpa­

HeHHll oonopo.n.a, a Zn - 0 - H - ,IlJill my4emrn nosepXHOCTHblX 3q>q>eKTOB np11 

B3am.10neiicTBHn ZnO c H20. l1crroJib3YeMbIH aBTopoM aJiropl!TM rno6anbHoro nmrc­

Ka npHMeHlleTCll .!lJlll onTHMH3aUHII M)], noTeHw1ana BnepBbie. 8 OTKpblTOM nocryne 

He cymeCTeyeT nporpaMM nOHCKa napaMeTpOB ReaxFF. Cm,IIaHHal! MeTO,UHKa MO­

)KeT 6bITb npHMeHeHa KaK K 3a,aa11e noJiy11eHHll napaMeTpOB M)], noreHUJtaJIOB ,IlJill 

rrpOH3B0JlbHb!X KJiaCCOB coe,llllHeHIIH, TaK H ,IlJill peweHl!ll npyrnx CJIO)KHblX MHOro­

napaMeTPH1.JeCKIIX onTHMH3aUHOHHbIX 3a,lla4. 

Ll,eJJblO ,aaHHOH pa60Tbl llBJilleTCll pa3pa6oTKa MeTOJIHKH OnTHMH3aUHII MHOro­

napaMeTPH4eCKOro M)], noTeHUHaJia II peaJimaumr 3TOH MeTO,IlHKH B BIi.ile KOMnJieKca 

nporpaMM nm1 noHCKa napaMeTpos noTeHl,!Hana ReaxFF. 

)],nll ,IlOCTH)KeHHll noCTaBJieHHOH uenH Ob!Jllf peweHbl cnenyIOIUHe 3a)la'IH. 

I. Pa3pa6oTaTb Mero,a11ey onrnMHJaum·1 M)], nOTenunaJia. 

2. CTo,IIo6paTb uenesyJO cpyHKUHJO ,IlJill onn1Mmaum1 noTeHunana 

3. CpaBHltTb aJiropllTMbl nOHCKa 3KCTpeMyMa <pyHKUHH MHOITIX nepeMeHHblX H Bbl-

6paTb Ha1t6onee nonxonllIUHH. 

4. Pa3pa6oTaTb napaJineJlbHbie nporpaMMbI onTHMHJau1m ReaxFF MeTO,IIOM onHo­

napaMeTPH4ecKoro nOHCKa, KJiaCCH'leCKHM If MYJibTHKpHTepHaJibHbll\l aJiropHT­

MaMH rno6anhHoro no11cKa CTPoHrnHa. 

5. l1ccne,aoBaTb MaCwTa611pyeMOCTb nporpaMM Ha Bbl4HCJIHTeJlbHOM KJiaCTepe. 

6. nono6paTb MeTO,[lbl H pa3pa60TaTb nporpaMMbl ,IIJ!ll onpeneneHHll BJIHllHHll OT­

JleJibHblX napaMeTpOB Ha ueneBylO q>yHKUHIO C uenb!O yMeHbWemrn pa3MepHOCTH 

3a,[la4H onTIIMH3aUHIL 

7. Pacc1111TaTb xapaKrepHCTHKH OIITHI\Ut3HpyIOIUero Ha6opa ,IlJill MaJib!X KJiacrepoB 

Al - H, KpHCTaJIJIOB Al n AIH3 MeTO,IlaM11 KBaHTOBOH XHMHH. 

8. PaCC4HTaTb xapaKrepncTHKII onTHI\Ut3Hpy10mero Ha6opa ,IlJill MaJiblX KJiacrepoB 

Zn - 0 - H, KpHcrnnnos Zn 11 ZnO 11 TOHKHX nneHoK ZnO MeTO,IlaMH KBaHTOBoii 

XHMIIH. 

9. 0mHMH3HpoaaTb noTeHUHaJI ReaxFF JIJill CHCTeM Al - H H Zn - 0 - H. 

I 0. Bb!OOJJHl!Tb M)], MO,[leJIHpOBaHHe KpHCTaJIJIOB MeTaJIJia n OKCH,aa IIHHKa c nony-

11eHHb!MH napaMeTpaMH ReaxFF. 

11. CTpoaecTH KOJIH4eCTBeHHoe cpaBHem1e nony1.JeHHbtx napaMeTpos ReaxFF ,IlJill co­

e,a11Hem1i1 Zn - 0 - H C ,aaHHblMH, ony6JIHKOBaHHbll\lll B npyrnx HCT04HIIKaX. 

Hay'IHaH 110B113Ha. C03,/laHHall B pa6oTe MeTO,/lHKa onntMH3aUHII 

MOJieKYJillpHO-,[lJIHaMH'IeCKOro nOTeH1111ana, ee peanH3aU11ll B BH,ae nporpaMMHO­

ro KOMnJieKca If nOJJy4eHHble napaMeTPbl noreHUHana llBJilllOTCll opHrnHaJibHbll\111. 

AnropHTM rno6anbHOro nOJICKa CTPOHntHa npHMeHlleTCll ,[lJlll OnTHMlnaum1 M)], 
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nareHu11a11a BnepBble II 06rm11aer PHll0M npem,,ymeCTB Hall WHp0K0 HCn0Jlb3yeMblM 
01lH0napaMeTpttt1eCKHM n0HCKOM, n03B0JlHH pewalb 3alla'IY 6b1CTpee H 3cpcpeKTHB­
Hee. BBOllHTCH uenesaH QJYHKUHH, n0.UX0llHIUaH llJlH onTIIM113aUIIH anrop11TM0M 
CTpOHrnHa. AHMHJ qyocrn11TeJ1bH0CTH U<l> K napaMeTPaM c 11cnOJih30BaHHeM 
KBa3H-CJ1Y'JaHHblX nocnellOBaTeJibHOCTeH no3B0JlHeT CHH3HTb pa3MepH0CTb Ja,lla­
lllf 6e3 JaMeTH0ro yxyllwemrn Ka4eCTsa nony,1aer.10ro pe3ynhTaTa. 

Ilpatcr11qec1rnH JuaqnM0CTb. Pa3pa6oTaHHaH MeT0llHKa H KOMnJieKC npo­

rpaMM n03B0JlHIOT onTHMH3Hp0BITTb M)], noTeHWHIJI ReaxFF llJlH np0H3B0JlbHblX 
KJiaCC0B XHMll4eCKHX coe)].HHeHHH C ueJiblO l\l0lleJ1Hp0BaHHH C ero n0M0[UblO QJH-
3H4eCKHX H XHMH'IeCKHX npoueccos C HX y4acT11eM. MeTO)].HKa npHMeHl!Ma K 

onTHMH3aUHH llPYrHX MH0ronapar.1eTpH4eCKHX n0TeHUHaJlbHblX noneri. KoMnJieKC 
nporpaMM HBJlHeTCH 3cpcpeKTHBHO MacwTa6HpyeMblM Ha MH0roH)].epH0M BbllJHCJlH­

TeJlbH0M KJlaCTepe. 

Memm1Ka 11 nporpaMMa onTHMmau1111 noreHu11ana ReaxFF ucnonb3YJOTCH 
B KOMMep4eCKOtt opraHH3aUHll 000 «3Heprom> C ueJlblO KOMnbJOTepHoro MO)].e­
JIHp0BaHHH qJH31lKO-XHMll4eCKHX npoueccoB B TBepllblX )JieKTPOJJIITaX H 3JieKTpo­
)lax JlHTHH-HOHHblX aKK)'MYJlHTOpHbIX 6arnpett. Km,mneKC nporpaMM HCnOJlb30BaJlCH 
npH BbinOJlHeHHH HHP «MaTeMaTH4eCKlle MeT0llbl H BbllJHCJlHTeJlbHble anropHT­
Mbl llJlll llCCJlellOBaHHH cneKTpaJibHblX CBOHCTB onepampoB KBaHTOBblX CHCTeM» 
HAC I 1.38.241.2015. OwenhHb1e r.10aynH KOMnneKca nporpaMM 11cnonh3YJOTCH MH 
napaMeTPH3aUHH KBaHTOBO-nOJieBOH Mo11e1111 C UCT-noTeHUHaJIOM ( COBMeCTHOe HC­
cne)lOBaHHe CIT6rY II XapbKOBCKom I1Hcnnyrn <l>H3HKH 11 TexHonornri) [2; 3]. 

BKJia/l aBT0pa npH npoBelleHHH npe,llCTaBJleHHblX HCCJle)loBaHHH HBJilleTCll 
onpelleJlHIO[UHM. Pe3yJihTaTbl llHCCepTaUllOHHOtt pa6011,1 rronyqeHbl aBTopoM Jll14H0. 

MeTO)lOJIOrIISI If MeT0/lbl IICCJie)l0B3HIISI. ITp11 perneHHH nOCTaBJleHHblX 3alla4 
HCITOJlb30BamICb 4HCJleHHbie MeTOllhl noncKa )KCTpeMYMa cpyHKUHll r.rnornx nepe-· 
MeHHblX, MeTO)lbl KJlaCCH4eCKOH MOJieKynHpHOH )IJIHaMHKH, KBaHTOBO-XHMlllJeCKHe 

MeTO)lb[ TeopHH QJYHKUHOHaJia nnoTHOCTH 11 MeTOllhl aHanma 'IYBCTBIITeJibHOCTH 
cpyHKUHtt MHOrHX nepeMeHHblX. ITp11 pa3pa6arKe nporpaMM npHMeHHJJaCb TeXHH­
Ka o6beKTHO op11eHn1poBaHH0ro nporpaMMHpOBamrn C HCn0JJh30BaHlteM Message 
Passing Interface (MPT) )lJill napanneJibHhIX swmcneH11i1. Bee pacYeThl Bbmo11HeHh1 
KJlaCTepe Kacpe,upbl Bhl4HCJ1HTeJlhHOH QJIBHKH CIT6rY: 

8 yJnos: 2 x 2 core Intel® Xeon® 3.0GHz/133314MB EM64T, 4 GB RAM; 

OS: CentOS Linux 6.5; MPI: MPICH2 vl.4.lpl; 

CeTh: I GB/s; 

11 c 11cnonhJosam1eM 06opy11osau11H PU BU Hay4Horo napKa CIT6fY: 

14 y311os: 2 x 4 core Intel® Xeon® E5335 2.00 GHz, 16 GB RAM; 

2 y311a: 2 x 4 core Intel® Xeon® E5-2603 v2 1.80 GHz, 16 GB RAM; 

OS: CentOS Linux 7 (Core); MPI: MPICH2 vl.4.lpl; 
CeTh: I GB/s. 

OcHOBHbie D0JI0'./KeHIIH, BblH0CIIMbie ua 38IUIIJY. 

1. ITpellJIO,KeHa MeTOJIHKa onTHMl13aum1 M0Jleh.')'llllpHO-llHHaMH4eCKOro noTeHUH­
ana, 3aBHCll[Uero OT MHOrHX napaMeTp0B. OHa YH11BepcaJ1bHa H np11MeH11Ma K 
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Jll060MY M)], noTeHUHaJiy. ITpHMeHeHHe aHaJ1H3a 4YBCTBHTeJlbH0CTH noJBOJlH-
110 copn1pOBITTh napaMeTpbl no creneHH BJlHllHllll Ha U<l>, CHH3HB paJMepHOCTb 
3a11a'1H nyTeM HCKJIJ04emrn napaMerpoB C HH3KHM BJlllllHlteM II pa36HeHHH Ha 
D01IJa1Ia4H 6011ee HH3KOH pa3MepHOCTH. 

2. ITpelIJIO,KeHa uenesw QJYHKUilll Mll omnMH3aUirn M)], n0Tettu11a11a ReaxFF 
anropHTMOI\I CTpOHrIIHa. )],aHHall QJYHKUHll HBHO 3aBIICHT OT napaMeTp0B noreH­

u11ana H Y/l.OBJleTBOplleT ycJI0BHK? JI1mw11ua Ha o6naCTH nOHCKa. OH a He Tpe6yeT 
llJlll csoero Bbl4IICJieHl1ll Ml1HHI\IH3aUHH nOTeHunana no KoopmmaTaM aTOMOB on­

THMl1311py10mero Ha6opa, 4TO 3HalJl1TeJibH0 ycKOplleT pac4eThl. 
3. C03llaH KOMnJleKC napanJieJlbHblX nporpaMM OilTHMH3aUH11 M)], noTeHUHaJia 

ReaxFF, HCilOJlh3YJOIUHH pa3Jlfll1Hble anropHTMbl Il011CKa MHHHMyMa H MeTOllhl 

aHaJIHJa 4YBCTBHTeJlhHOCTH ueneBOH QJYHKUHH. ITporpaMMHblM KOMilJleKCOM 6hl­
nn nony'JeHhI Ha6opb1 napaMeTpoB n0Tettw1ana ReaxFF MH coe1111HeHHH Al - H 
H Zn - 0 - H. 3ro no3BOJ1HJ10 BbinOJlHHTb ycnewHoe MOllenHpOBaHHe llHHaMH'te­

CKHX n poueccos c Y'JaCTHeM KpucTannoa H MaJibIX KnacTepoa Al - H H Zn -0 - H, 
nOKaJaawee npHMeHHMOCTb napaMeTpOB llJlll M01Iem1poBaHHll peaJibHblX Cl1CTeM. 

4. I1ccne11osaHa Macwrn6npyeMocrh KOMnneKca nporpaMM. Peanmau11H anropur­

Ma CTPOHrnHa Jq>q>eKrHBHO Macwrn611pyeMa, 'ITO no11TBep,K)].eHo recrupoaam1-
eM Ha KJJaCTepe 113 128 HJiep. Mac111_rn611pyeMOCTb npaKTUlJeCKII He 3aBHCHT OT 

m111a uenesoii QJYHKUHH. 
5. ITpoBe)].eHO cpaBHeHHe peamnoaaHHblX anrop11TMOB OnTHMll3aUHH. Anrop11TM 

CTpOHrHHa 0611a11aer PllllOM npe11My1UeCTB Hall W11pOKO 11cnOJ1b3yeMblM OJIHO­
napaMeTPl14eCKHM IT0HCKOM: 

- pewaeT 3alla'IY ITOIICKa napaMerpoB 3Ha4HrenbHO 6bICTpee; 
- 1aBHCHT OT 3allaHHH rpaHHU 0611acTH no11cKa, HO He OT HalJaJlhHOH T04I<H; 
- MO,KeT 6bITh Jq>q>eKTIIBHO pacnapanneneH; 
- CXOJIHTCH s a6contOTHhlH MHHHMYM c TOlJHOCTblO llO CeTKH. 

MynhT11KpHTepHaJibHbIH Arn npelIIlOlJTHTeJJbHee llllil pewaeMOH B 11aHHOH pa-
6ore 3a11a411 onTHMl13aUIIH, 4eM ero KJJaCCH4eCKHH BapHaHT, noCKOJlbKY nepBblH 
npenHTCTByeT pocry arnenhHhIX cnaraeMhIX U,<l> np11 yMeHhwemm 11pyrnx. 
PactJeT noKaJaTeneii Co6onH BMeCTo Kpocc-Koppen»u11i1 np11 aHamne 4YBCTBH­

TeJlhHOCTH m6aBJllleT OT orpaHH4eHHll Ha MOHOTOHHYIO 3aBHCIIMOCTb U,<l> OT 
napaMeTP0B. TTp11Meuem1e KBaJ11-cny4aflHhtx nocne11osarenhHocrei1 BMeCTO 

ncea11ocny4attHhIX q11cen naeT 6onee paBHOMepHoe n0Kpb1T11e o6nacru no11c­

Ka napaMerpoB, '!TO oco6eHHO BmKHO npH 60JJhWOH pa3MepHOCTl1 3a11a411 11 
0THOCHTeJlbHO He60JlbWOM pa3Mepe TOlJeK CeTKH. 

)],ocroBepuocTh JamumaeMbIX nono,KeHHH 06ecne411aae-rcH KoppeKTHhlM np11-
MeHeH11eM w11pOKO 11cnOJ1h3YeMhlX MeTOJIOB H anrop11TMOB. Pe3ynhTaTbl Bbl411C­
JIIITenbHblX 3KCnepHMeHTOB cpaBHHBaJOTCll C pe3YJibTaTar.rn, paHee nony4eHHblMl1 
11pyrm,rn asropaMH. ITp11B01IllTCll COITTBeTCTBYJOIUHeCCblJlKH. )locmsepHOCTb pe3yJih­
TaTOB pa60Tbl o6ycnOBJJeHa 11X 06cy)KlleH11eM Ha KOH<pepeHUHllX 11 CeMl1Hapax, a 
TaK)Ke ycneWHblM BHe11peHHeM B KOMMep4eCKOH opraH113aU11H. 
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CoOTBeTCTBlle nae no pry cneu1ta.fJbll0CTII. Jl:11ccepraUHH C0OTBeTCTBYeT TJ)C-

60BaHHHM cnemrnJlbH0CTH 05.13.18 - «MareMaTIILJCCKOe 1\10,!lCJlHp0BaHlle, lJIICJleH­

Hble MeTO)Jbl II K0MnJleKCbl nporpaMM». Ee UCJlb, 3a)JaLJH II pe3yJlbTaTbl• OTBeLJalOT 

TpeM nyHKTaM nacnopra cne[lliaJlbH0CTII: N!! 3 (pa3pa60TKa, o60CHOBaHlle II TCCTll­

pOBaHHe 3cpcpeKTHBHblX BbllJIICJlHTCJlbHblX MCTO)J0B C npm,1eHeH11eM C0BpeMeHHblX 

KOMilblOTepHblX TeXHOJlOrllH), N2 4 (peamt3aUIIH 3cpcpeKTl18HblX LJHCJleHHblX MCT0-

)108 II a.nropilTM0B B BH)Je K0MnJleKC0B npo6.neMHO-Op11eHT11pOBaHHblX nporpaMM )JJUI 

npoBe)JeHHH BbllJIICJlllTeJlbH0ro 3KCnepm,teHTa) H N!! 5 (KOMnJleKCHble IICCJlC)J0BaHIIH 

Hay'IHb/X H TCXHHLJCCKIIX npo6.nel\l C npm,teHCHIICM C0BpeMeHHOH TeXH0JlOrllll MaTe­

MaTIILJCCKOfO MO)JCJlllp0BaHlHI II BbllJHCJlllTCJlbHOfO 3KCnepHMCHTa). 

Anpo6a1.urn pa6oTbl. OcHOBHbie pe3YJ1bTaTbl pa6oTbl 6bIJIII npe.11craBJ1CHbl Ha 

MeiK)JyHap0.11H0H KOHcpepeHIJ,IIH «Ha)'LJHblH cepBIIC B CCTII HHTepHeT: JK3aqJJIOilCHOe 

6y.11ymee» (HosopoccHHCK, 2011), Ha IV, VI, VII II VIII Me)K,uyHapo.11HbIX KOHcpe­

peHUHHX «Distributed Computing and Grid-technologies in Science and Education» 

(JJ:y6Ha, 20 I 0, 2014, 2016, 2018), a TaK*e Ha ceMHHape l1HCTIITYTa Bb!COK0MOJie­

KYmipHbIX coe.1111HeH1111 PAH, cel\mHapax JU1T Ofu.e.1111HeHHoro 1mcrnryra ».11epHbIX 

HCCJIC)JOBaHHH H ceMHHapax Kacpe,upbl BbllJHCIDITeJlbHOH <pH3HKII <l>1n1111eCKOro cpa­

KYJlbTeTa CIT6rY. 

Ily6.rt11Kau1111. OcHOBHbie pe3yJlbTaTbl no TeMe )JHCceprau,1111 H3J10)KCHbl 

B 8 peu,eH3npyeMbIX neLJaTHbIX 113).1,aHHHX, BKJllOLJCHHbIX B 1\IC)K)lyHapo.11Hy10 Hay­

KOl\leTpH'ICCKYIO 6a3y .11aHHbIX Scopus 11.1111 6a3y PHHU. Pa3pa6oraHHaH nporpaMMa 

3aperncTpupoBaHa, CBil)JeTeJlbCTBO O perHCTpaUHH N!! 2018617828. 

O6beM II crpy1>.-rypa p860Tbl. )],ucceprauHH COCTOHT 113 BBC)JCHHH, LJeTbipex 

mas, 3aKJl!O'ICHIIH, CnJiCKa COKpameHHH, CnHCKa mneparypbl, cn11cKa pucyHKOB, 

CDHCKa Ta6JIHU II weCTII npHJlO)KCHHII. ITOJlHbltt o6oel\l .1111cceprau1m COCTaBJlHeT 171, 
CTpattmzy, BKJllOLJaH 36 pHcyHKOB u 32 ra6J1Hll,bl. CnHCOK JlHTeparypbl co,uepiKHT 91 
Halll\lCHOBaHHe. 

Cot1.ep;Ka1111e pa60Tb1 

Bo BBe,uemm o6ocHOBblBaeTCH aKTyMbHOCTb IICCJlC)JOBaHl1H, npoaom1MblX 

B paMKax )JaHHOH )JHCCepra11,110HHOH pa60Tbl, 880).1,HTCH 0CH0BHbie n0HHTHH II Tep­

MHHbl, npHBO)lHTCH 1\ICTO)lbl HCCJle)JOBaHHH, cpopMym1pyeTCH 11,CJlb, CTaBHTCH 33).1,aLJII 

pa60Tbl, H3Jlara!OTCH )JOCTOBepH0CTb, Hay'IHaH HOBH3Ha II npaKTHLJeCKaH 3HaLJll1\I0CTb 

npe.11cTaBJIHeMOH pa6oTuI. ITpttBO)JHTCH D0CT3H0BK3 38)18'111 ODTll1\IH3all,HH noTeH-

11,Ha.Jla. 

Mem.11 KJiaCCHLJCCKOH MOJlCh.')'JlHpHOH )JHHaMIIKH (KMA) C0CTOHT B LJHCJleHH0M 

peweHHII ypaBHCHl1H Hb!OTOHa )JJlH Ka)l().l,OfO aT0Ma B MO)leJ111pyeMOH CHCTeMe: 

EPr; - - . mi Dt2 = -'vU(r1, ... , rQ), 1 <_St :s; Q; 
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r)le. m; - MaCCbl aTOl\toB CHCTeMbl, i'; ~ KOOp)JIIHaTbl aT0l\10B CHCTeMbl, t - Bpe11,rn, 

a VU( r""i, ••. , rQ) - rpa)JHeHT noreHu11ana B3aIIMO)JeilcTBHH aroMoB .11pyr c .11py­

roM, Q- LJHCJlO aTOM0B CHCTeMbl. Jl:JlH pewemrn 3TIIXypaBHCHHII Heo6xomu.m 3HaTb 

HaLJaJ1bHblC°KOOp)JHHaTbl 11aCTHu H 11X Ha'IaJibHbie CKOp0CTII. YpaBHeHl1H pewa!OTCH 

'1HCJleHH0 nptt n0M0JUH CKOp0CTH0H cpopMbl a.nrop11TMa Bep.ne. 

Mem,u KMA 11MeeT rpaHl1UbI np11MeH11Mocn1. TaK, )JJlH Mo.11e.11HpyeMb1x aTOM0B 

)JJlllHa B0JlHbl .11e lipoii.nH )lOJl)KHa 6bI1:,b MH0ro MeHbWe, 'leM MeiKaT0MH0e paCCTOHHHe. 

TaK*e KMA He np11MeH11Ma ;:urn Mo.11e.1111posamrn c11cTeM, cocTOHJU11x 113 .nera11x aro­

MOB, TaKHX KaK reJ111H 11.JlH BO)JOpo.11. HaKOHeu,, Heo6XO)JHMa 3prD.llll'IHOCTb: BpeMeHa, 

Ha KOTOpbIX paccMaTpHBaeTCH nose.11eH11e Cl1CTel\lbl, )10.Jl)l(Hbl 6bITb 60.JlbWe, 'ICM ape-

1\IH pe.naKcau1111 11cc.ne.11yeMblX <pl13HLJCCKIIX BCJlHLJHH. 

IToTeHU11Mbl B3aHM0)JCHCTBl1H, HCnOJib3yeMbie npH MLI. MO)JCJlHp0BaHHH co­

C)JHHeHIIH KOHKpeTHOm nma, xapaKTepH3YIOTCH 3a)JaHHeM COOTBeTCTBYIOJUIIX napa­

MeTpos: 

U = f (pi , P2, · · · , P N) · (I) 

3n1 napaMCTJ)bl 3a)Ja!OTCH 3apaHee, nepe.ll Ha11aJ10I\I peweHIIH ypaBHCHHH HblOTOHa, 11 

He MCHHIOTCH npH noc.ne.11yto1UeM MO)JCJlHP.OBaHHH. 411c.110 napaMeTpOB noTeHll,Ha.na 

1\IO)KeT COCTaBJIHTb )10 HCCKOJlbKHX )JeCHTKOB. ITpoue.11ypa no11cKa napaMeTpoB no­

TCHU11aJia Ll)IH KOHKpeTHOH MO).l,e.1111pyeMOH CHCTCMbl Ha3blBaeTCH ero OnTll1\1113aUHCH. 

Mepoil 0nTHI\IMbHOCTH HRJIHCTCH 3aBl1CHJUaH OT napaMeTpOB ue.neBaH <pyHKUHH (U<l>) 

T(p1, ])2, . .. 'PN ), onpe,!leJlHel\laH OTKJI0HeHHCM KaKHX-J11100 xapaKTepHCTHK 1\I0)Je­

m1pyeMOH c11cTeMbI, no.ny11eHHbIX Mero.11aM11 MA, OT no.ny11eHHbIX .llpyrnM11, 60.nee 

TQqHbIMH MeTO)laMH. ITpouecc OnTHMH3aUHl1 3aKJl!Ol.faeTCH B noHCKe napaMeTp0B no­

TCHUHaJia, coo6maiomux MHHHMYM U<l>: 

* * * · T( * * * ) . T Pi, P2, · · · , P N · Pi, P2, · · · , ]J N = '\\'!1 , 

rne H' - 06.naCTb noHCKa napaMCTJ)0B, HMelOJUaH pa3MepHOCTb N. 
Pa3MepHOCTb 3a.11a1111 N MO)KeT 6bITb )l0CTaTO'IH0 BCJ111Ka. Hanp11Mep, B )JaHHOH 

pa6me n0JlHOe '1HCJ10 HCK0MbIX napaMeTp0B Bapb11pyeTCH OT 50 )l0 90. 
Ue.neBaH cpyHKUHH T HMHeTCJI MHOroJKCTpeMaJlbHOH, o6mui1 BH.11 ee (Ha.nnque 

0BparoB, LJHCJlO 3KCTJ)eMyM0B 11 T. n.) 3apaHee He 113BeCTeH. 

B o6meM c.ny11ae U<l> M0iKeT He JaB11ceTb OT napaMeTpoa JIBHo, HanpnMep, )JJlH 

pacLJern 3Ha11eHHH U<l> MOiKeT 6b1Tu Heo6xo.1111Mo nposecm onn1Mu3a11,nio nOTeHll,n­

ana u no KOOp)JHHaTaM aTOl\10B. 3aBHCHMOCTb u OT KO0p)JHHaT TaKiKe 1\IO)KCT 6bITb 

MH0f03KCTJ)eMa.JlbHOH H HMeTb Ce)JJlOBbie T0'1Kl1. 

O.llHOH H3 3arla'1 )JaHHOH pa6oTuI HBJlHCTCH BbI6op TaKOH ue.neBOH cpyHKll,IIH, 

K0TOpaH 6bl HBHO 3a811Ce.na OT IICKOl\lb[X napaMeTpoB, 11 Ll)IH pacLJeTa KOTOpoii He Tpe-

6oaanacb 6b1 onml\m3au,HH U no 1"';. 
TaK)Ke B paMKax )laHHOH .u11ccepruu1111 pa3MepH0CTb 3a)la'111 CHmKaeTCH nyTeM 

aHaJ1113a LJYBCTBHTeJlbHOCTH cpyHKUHH OT napaMCTJ)0B. TaK, LJaCTb napaMCTJ)0B C Hll3-

KOII LJyBCTBHTeJlbHOCTblO 1\IO)l(HO HCKJllOLJHTb H3 onTHMl13aU,HII, a OCTa.JlbHbie pa36HTb 

Ha He60JlbWHe rpynnbI, copT11poBaHHble no y6b1BaHHIO RJIHHHHH Ha U<l>. 

9 



3aua'le no11y'leH11S1 napaMeTpos .UJJ.SI o.uHoro 113 noTeHu11anos, ReaxFF, nocs.SI­

meHa .uaHHaSI .u11ccepTamrn. 
B nepBOlf ma Be ,no.SICHSleTC.SI CYTb Mero.ua KJlaCCl14eCKOH MOJJeKyJJSipHOH. )lH­

HaMl1KH, np11B01IHTCSI ofoop HCnOJJh3yeMoro B 11aHHOH pa6oTe noTeHUHaJJa ReaxFF 

11 Mo11ery11S1pHo-11uHaMH4ecKoro c1n1y11.S1mpa LAMMPS, KOTOpb1tt co11ep)KHT pean11-

3auu10 :noro nOTeHuuana 6e3 B03MO)KHOCTH ero onTHMH3aUHH. Om1caHa uenesaSI 

cpyttKUH.SI lIJlll OnTHMH38UHH, npe.UJIO)KeHHa.SI asropaMH ReaxFF. np11se11eHbl MeTOllbl 
KBUHTOBOH XIIMHH lI)lll pac4e-ra OnTHMH3Hpyiomero Ha6opa. npe11CTaBJ1eHbl cyme­

CTBYIOlllHe MeTOllbl nOl1CKa MHHl1MyMa cpyHKUHH MHomx nepeMeHHblX, a TaK",Ke 

MeTO)lbl aHaJJH3a 4YBCTBHTeJlbHOCTH cpyHKUHH, 11cnOJ1h3yeMble 8 llaHHOH pa60Te. 

IloTeHUHaJJ ReaxFF, npelI)lo)KeHHhIH A. BaH .[(yHHOM [4 ], - 3TO 3Mm1pH4eCKHH 

nOTeHUHUJI, KOTOpblH H3H84aJJbHO pa3pa6aTblBaJJCSI, 4T06bl OnHCblBITTb XHMH4eCKYIO 

peaKTHBHOCTb, pa3pb1B H cpopM11posaH11e XHMJ1<1eCKHX CBll3eH, nocpe;:i,CTBOM M)], 

Mo.ue1111posaHHS1. <l>opMa M)],-noreHu11ana ReaxFF cocrouT 113 pa3JJH4HhIX 3Hepre­

TH4eCKHX BKJlalIOB: 

EReaxFF ( {rij },{ rijk},{T'ijkl},{qi},{ BOij}) = 
= Ebond + E1p + Eover + Eunder +Eva!+ Epen + Ecoa+ 

+ Etors + Econj + Ei,bond + EvdWaals + Ecoulomb • 

C,rnosoe none 38BHCHT OT paccTOSIHHSI Me)KlIY Ka)K)lOH napoit ITTOMOB, OT yrnoB, 

o6pa30BUHHblX TpeMSI UTOMUI\IH (OT 838HMHOro pacnOJJO)KeHH.SI Tpex aTOI\IOB), OT lIBY­

rpaHHblX yrnoB, o6pa30BaHHblX 4eTblpbMSI aTOMaMII (OT B3al11\IHOro pacnoJJO)KeHHSI 
•1eTu1pex aroMoB), OT 3apn.uos aroMOB 11 OT nopMKOB CBH3eii (bond order) Me)K)ly 

3TOM3MH. nop.SI.UOK CBSl'3H xapairrepInyeT Kp3THOCTb CB.Sl3H Me)K.uy KOHKpeTHOH rm­

poit aTOMOB B coe,UHHeHIIH. 3Ha4eHHe KpaTHOCTH B o6meM CJiy<Iae Heuenoe. CaM . 
nOTeHU,HaJJ SIBJISleTCSI cyMMOH HeCKOJlbKIIX <IJleHOB, Ka)KllblH 113 KOTOpblX OTBe4aeT 3a 

onpe.ueneHHblH THn B3aHM01IeHCTBHSI, cpe.1111 KOTOpblX KaK saneHTHble, T3K 11 ttepe­
aKTHBHble. 

IloTeHUHan ReaxFF .SIBJISleTCSI cpyHKUHett HeCKOJlbKHX necSITKOB napaMeTpOB, 

xapaKTep1nyiom11x Mone1111pyeMy10 c11creMy. BmKHO OTMeTHTh, 4TO ReaxFF KaK 

cpyHKUHSI KOOp.UHHaT aroMoB HenpephrneH BMecre co csoeit nepsoit npomBO.UHOH. 

B ,uaHHOH pa60Te MOneeynSipHO-.UHHaMH4eCKOe Mo.ue1111posatt11e BblflOJIHSleTCSI 

c ucnoJib30BaHHeM nporpaMMHOro naKeTa LAMM PS (Large-Scale Atomic-Molecular 

Massively Parallel Simulator, http://lammps.sandia.gov/), pacnpoCTpaHSieMoro s BH­

ne ucxonttoro Ko,ua no nrrueH3HH GNU GPL. B LAMMPS pean113osaHa nonnep)KKa 

nOTeHU,HaJJa ReaxFF, HO HeT HIIKaKHX cpe.UCTB ,UJill flOIICKa napaMeTPOB. )],rrll pa6o­
Tbl C noreHUHaJJOM ReaxFF C03,UaHHbIH aBTOpOM KOMnneKC nporpaMM OflTHMH3aUHH 

ucnonh3YeT naKeT LAMMPS B Ka4ecrne 6u6m10TeK11. 

TTpoue.uypa OnTHMH3aUHH napaMeTpOB M)], nOTeHurrana (I) npoBO.UHTCSI nyTeM 
nOHCKa MHHHMyMa JJ.<l> BH)Ia (2). 

Al 2 

E ( ) ""'. [ ( QC/Lit ReaxFF( )) / ] rrorp1,P2,••·,PN =L...., ,r; -x; P1,JJ2,•-·,PN a; 
i=l 

(2) 

10 

3/IeCb x?C/Lit - xapaKTepHCTHKII OnTHMll3Hpymmero Ha6opa (.llJIHHbl XHMll4eCKHX 

CB.Sl3ei1, BaJJeHTHble ymhl, 3Hepnm CBSI3ei1, TenJJOTbl o6pa30B3HHSI MOJJeKyJJ, 3cpcpeK­

THBHble 33P.Slllbl 3TOMOB H .up.), Bbl4HCJleHHble MeTO.UaMH KBUHTOBOH XHMHH HJIH 

83SITble 113 peanbHOro 3KCnepuMeHTa: ;rfeaxFF - COOTBeTCTBYIOlllHe nepe4HCJJeHHblM 

xapaKTepHCTIIKal\l 3Ha4eHHll, noJJy'leHHble C nOMOIUblO ReaxFF; a; - BeCOBOH 1-.1ncp-
,h ~ ~ QC/Lit 't'IIUHeHT, HMefOlllHH pa3Mep110CTb X; lI xapaKTepH3YfOlllllH BKJIU.U pa3HOCTI1 X; -

xfeaxFF B cyMMY (2); p1; - OnTHl\111311pyeMh1e napaMeTpbI ReaxFF. 

lfacna xfeaxFF nOJiy4aJOTC.SI nyTeM onTHMH3aunu n0Tettu11ana ReaxFF no Koop­

/IHHaTaM UTOMOB .UJill KIDK.UOH MOJieKyJihl HJIH KpHCTaJIJia, BXO/IlllllHX B 0ilTIIMH3HpYJO­

lllHH tta6op npn 38/IUHHhlX 3Ha4eHHllX napaMeTpOB n0Tettunanap1,p2, .•. ,PN• TaK, 
xapaKTepHCTHKH xfeaxFF KOCBeHHO 38BHCllT OT napaMeTpOB noremuIana. 

)],nll nony<1eHHSI /IUHHh[X OilTHMH3Hpymmero tta6opa HCil0Jlh3YfOTC.SI MelO)U,[ 

KBaHTOBOH XHMHll Ha 0CHOBe Teopnu <pyttKUHOHana ITJIOTHOCTH (density functional 

theory, DFT). )],nll pac4eros ncnoJJh30BaJJHCh naKeThl ABINIT, GAUSSIAN n 
CRYSTAL. 

O.UHHM m cnoco6oB flOHCKa MHHHMyMa <pyHKUHH MHOrHX nepeMettHhlX .SIB­

JJ.SleTCll npou,e.uypa O)lHOnapaMeTPH<ieCKOro. ITOHCKa, npelI)lO)KeHHall pa3pa6oT411KaMH 

n0Tettu11ana ReaxFF ll)lll omHMH3aUJm U<I> snna (2). )],rr.SI onpe.ueneHHSI onrn­
Manhttoro 3Ha4eHHSI nocnenosaTeJJhHO .llJISI Ka)K)loro napaMeTpa Ha ManoM oTpe3Ke 

Bbl4HCJJ.SleTC.SI 3Ha4eHHe cpyHKUH11 npu Tpex pa3HblX 3Ha4eHHSIX 3TOro napaMeTpa, 38-
TeM nposonnTc.SI napa6omt4ecKaSI annpoKCHMaunH. 

)],pyruM 803M0)KHhlM cnoco6oM onTHMH38UHH JJ.<l> SIBJJ.SleTCSI anropHTM rno-
6anhHOro noucKa (Arn) P. [ CTPoHrnHa [5). Ott no3BOJ1.SleT ttaxo.IDITh a6coJIJOTHhitt 

MIIHHMYM ueneBOH cpyHKUHH Ha 0Tpe3Ke H OCHOBaH Ha BepOSITHOCTHOM no.uxone. H3-

Ha<i8JlhHO Arn ccpopMynnpoBaH ll)lll <pyHKUHH O.UHOH nepeMeHHOH, onpe)IeJJeHHOtt 

Ha OTPe3Ke. JJ,eneBal! cpyHKll,illl T( X) ,UOJI)KHU y.uoBJJeTBop.SITh o6o6meHHOMY ycJJOBIIJO 

JI11munua Ha Bceti o6nacrn noucKa: IT(x1) - T(x2)I :::; Kp(x1 ,:c2), r,n:e :i:1 11 x2 -
JJI06 hie 4HCJJa 113 HHTepsana ITOHCKa, I( - KOHCTaHTa, a p - MeTPHKa 8 npocTpaHCTBe 

Li, p(x1, .1:2) = J(lx·1 - :r2I), 11 cpyHKUHSI f HMeeT o6paruym ce6e 1-1• Ha4aJJhHhlH 
war Arn - Bbl411cne1111e 3Ha4em1ti JJ,<l> tta rpaHHUax o6nacrn noncKa 11, np11 tteo6-

XO/IHMOCTH, B npOH380JlbHblX pa3JIH4HblX P2 T04Kax BHYTPH Hee. 

O6maSI cxeMa O/IHOH HTepau1111 anropHTMa: 

I. YnopSI/IO'IHTh T04Kn k npe.uwecrnymm11x ucnblTaHHH B nopSI,uKe so3pacm­

HHS1 nx KOOp/IHHaT: a = .1:0 < ... < x; < ... < :ck = b. 
2. Bhl4HCJJHTb lI)lSI KU)K)l.Oro uttrepsana (xi_ 1: :r;), 1 :::; i:::; k xapaKTepucm­

KY R( i), onpe)IeJI.SIIOlllYIO BepO.SITHOCTb HaXO)K)leHHSI Ha Hi!M MHHHMyMa. 

3. Ynop.SI/IO'IHTb xapaKTep1tCTHKH no y6hrna111110: R(i1) > ... > R(ik)-
4. )],JI.SI scex HHTepsanoB C HOMepaMII i1, ... 'ip2, P2 < k, npoBeCTH HCITbl­

TaHHSI B TO<iKUX xk·+j = ~(ij) E (;ri;-1; :rij), j = 1, P2. HcnhlTUHH.SI 
npOBO)lSITC.SI napaJIJJeJibHO. 3.uecb ~( ij) COOTBeTcTByeT nOJIO)KeHHIO 1\18TeMa­
TH4eCKOfO 0)1(11,UUHHSI I\IHIIHMyMa 

5. nposep11Th BhmonttettHe Kp11rep11S1 ocrattosKH: l,1:;
1 

- :r,1 -1 I < E. 

Cxe~m no3BOJISieT Bbm0JJHSITb anropHTM napanneJJhHO 11a P2 npoueccax. 
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B I\IH0fOMepH0M BapltaHTe anropttTMa <l>YHKU,llll ~IH0rHX nepeMeHHblX npHB0-

JlHTCll K cl>YHKUHH OilHOH nepeMeHH0H np11 noM0IUH pa3BePTOK nma Kp11Boi'i ITeaHo. 

OTCIO)la M0)KH0 nOJiy'lHTb eme 0)lllH ypoBeHb napaJIJJeJibH0CTll, npHMeHIIB MeT0)l 

Bpa111a1011111xcll pa3BePTOK [6]. Ka)KJlbIH napanneJibHblH npouecc onep11pyeT co cso­

eti pa3BepTKOH, nosepttyrn11 0TH0CIITeJibHO OCHOBHOII Ha yrnbI ±~ OTH0CHTeJibHO 

KaKoi'i-n1160 napb1 HanpasneHHH. Mo)KH0 c)leJiaTb N-( N - l) ra1mx n~soporns JlJlll N­
MepHoi'i o6JiacTH. TaKJIM o6pa30M, MaKCHMaJlbHOe 'lHCJIO npouecCOB Ha 3TOM ypOBHe 

napanneJibHOCTH Pr1ax = N • (N - 1) + 1, Ka)KJlbIH 113 KOTOpbtX BbinOJIHlleT ArIT 

H Ha Ka)K)l0H HTepau1rn coo61UaeT CBOH pe3yJibTaT BCeM OCTaJibHblM npoueccaM. ITa­

panneJibHbIH anropHTM YCKOpHeT CXO)lHM0CTb H KOMneHc11pyeT nocJie)lCTBHll noTepn 

HH!pOpMaUHH O 6mnocn1 TO'leK 06.riaCTH onpe)leJieHHll npH HcnOJib30BaHHII pa3BepT­

KH. 

PacwnpeHHeM KJiacc11•1ecKoro Arn llBJJHeTCH ero MHOroKpmepHaJibHblH sap11-

aHT (MArIT). B HeM KpoMe uenesoti <l>YHKu.1111 Y'lHTh1Ba10TCll HeCK0JJbKO <l>YHKUHH­

ycnosnti, l!MelOIIIHX TY )Ke o6naCTb onpe)leJJeHHH, 'ITO n uenesaH, tt HaKJJa)lblBalOIUHX 

orpaHH'leHHll Ha o6JiaCTb n0HCKa MIUll1MYMa. 

8 nocne.LJ.HeM pa3)leJie rnaBbl OnHCaHbl 11cnOJib3YeMbie MeTO)lbl oueHKH BJIHllHHH 

napaMeTPOB Ha U<I>, HCnOJib3YIOIUHe n1160 KOppen»u1mHHblH aHaJill3, ntt6o npeJlJJO­

)KeHHblH 11. M. Co6oneM MeT0Jl noKa3areneti 'lYBCTB11TeJ1bHOCTH [7]. 

BropaH niaBa nocBlllUeHa onH-

caHHIO pa3pa6oraHHOH MeTO)lHKH OnTll­

MH3au1111 MJJ: noTeHuHana (p11c. I). 

ITepBblM waroM MCTO)lHKH 

llBJIHCTCH Bbl60p MJJ: noTeHU,HaJla B3all­

MO)lCHCTBHH. Bee nOTeHU,HaJlbl 3aBHCHT 

OT pa3JIH'IH0ro 'lHCJJa napaMeTP0B, 

KOT0pble onpe)leJJHIOTCll KOHKpeTHOH 

MOJlem,pyeMoi'i c11CTeM011. ITo.LJ. npoue­

Jlypow onTHMH3aU,mt nOTCHUHaJia 3)leCb 

no.LJ.pmyMeBaeTcH onpe.LJ.eneH1te 3THX 

napal'>teTPOB. 

Kp11Tep11eM OnTHMaJibHOCTH 

CJJY)KlfT U<l>, KOTOpall 3aBHCllT OT HC-

KOMblX napaM~OB, H MH0)KCCTBO 

ee 3KCTpeMyMOB llBJIHeTCH TO'lKaMH 

BM6op rrOTerr~aJia B3aHMo,n;eii:C'I'BlliI 

Bb16op u;eJieBoil cpymm;nn, 3aBHc.mu;eil 
OT rrapaMeTPOB rrOTerru;nana 

Bh16op MeTo,n;a orrTHMH3aIJ;HH 
u;eJieBOH cpyHKIJ;HH 

Arrann3 BJIHHHHH oT,n;eJihHhIX 
rrapaMeTpOB Ha u;eJieByIO <pyHKIJ;HIO 

IloJiy"lerrne OIITHMH3npyroiu;ero 
rra6opa ,[\JIH MQD;eJIHpyeMOH CHCTeMhl 

Ilpou;e,n;ypa 0IITHMH3aIJ;UU rrapaMeTpOB 
rro,n; MQD;eJiupyeMyIO CUCTeMy 

onT1tMaJibHOCTH noTeHu,11ana. Bb16op P 11 c. I - 6noK-cxel'>ta MCTO.LJ.HKH 

TaKOH $yHKUHH 6y.LJ.eT BTOpblM warOJl,t onTHMH3aU,HH M,[( noTCHUHaJla 

l\teTO.LJ.IIKH. UenesyIO <l>YHKUHIO npH-

HllTO Bbl6HpaTu TaK, 'lT06bl Otta 3aBHcena OT a6COJIIOTHblX 3Ha'leHHH pa3HOCTeH 

KaKHX-m160 xapaKTepHCTHK MO)leJJHpyeMOII CHCTCMbl, paCC'IHTaHHblX C noMOIUblO 

OnTHMlt3Hp0BaJIHOfO nOTeHUHaJia, H )laHHblX onntMl131tpy101Uero tta6opa. Hanp11-

Mep, $yHKUHll (2). 
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KaK npaBIIJIO, a6COJIIOTHble 3Ha'leHHH pa3HOCTeH conp0BO)K.!lalOTCll BCCOBblMH 

MHO)KltTeJillMH, KOTOpble npeo6pa3ylOT nepBble B 6e3pa3MepHble BeJIH'lHHbl, a TaK­

)KC perym1py10T BKJla.!l OT.LJ.CJlbHblX KOMn0HCHT onTIIMH311py!OlUero Ha6opa B ueneBylO 

<l>YHKUHIO. Bb16op BeCOB HBJlllCTCll OT)lCJlbH0H HeTPHBllaJibHOII 3aJla'leH. 

CJJCJl)'IOIUllM rnaroM HBJIHeTCll BbJ6op MeTOJla ee onTHMll3aum1, TO eCTb no­

HCK 3KCTpeMyMOB. lfaCTo nosene1me 11 csoticrna U<l> onpe.uenHTb 33TPy.u1111TeJihHO. 

Hanpm.,ep, 0 <l>YHKUHH (2) MO)KHO JIIIWb CKa3aTb, 'ITO Otta KYCO'lHO nenpepbIBHa 

B HeKoropoti 06Jiacn1. TaKHM o6pa30M, MeTO.LJ.bl noHCKa 3KCTpeMyMa, HCnOJJb3YIO­

IUHe rpaJlllCHT, ,llJlll Hee Henp11MeHJ11\lbl. Hanpm,tep, ,llJlll onTHMH3amm <pyHKUHH (2) 
HCn0JJb3yeTCll MeTO)l OIT. npn BbI6ope aJlbTepttaTIIBHOH ueneBOH cpyHKUHH, llBH0 3a­

BHCll1UeH OT napaMerpoB nOTeHUHaJia, MO)KHO HCnOJib30BaTb 6onee 3<pcpeKTIIBHbie 

MeTO.!lbl, HanpnMep, KJlaCCH'leCKHH ArIT CTPOHmHa HJIH ero MO.!lHcpHKaUHIO - MH0-

roKpmep1taJibHblH Arn (MArn). 

CJJO)KHOCTh anropHTMOB noHCKa MHHIIMyMa <l>YHKUHH MHOrHX nepeMeHHbIX ra­

KHX, KaK MArn, pacTeT 3KCnOHeHuHaJJbHO npH yBeJIH'IeHHH 'lHCJJa nepeMeHHblX. 

npu pa3MepHOCTH o6nacrn onpenenemrn U<l> B HecKOJJbKO JleC»TKOB )locrynHblX 

Bbl'lHCJIHTeJibHblX pecypcoB He xsaraeT, 'lT06bl OnTHMll311p0BaTb BCe napaMeTpbl O)l­

HOBpeMeHH0. BblXO.!lOM llBJIHeTCH COPTHP0BKa napaMeTp0B n0TCHUl1aJla no CTeneHH 

HX BJIHHHHll Ha ueneayIO cpyHKUHIO. 3TO ern,e 0.LJ.HH wars MeTO.!lHKe. 

CneJlyIOW.HM waroM HBJJHeTCll nony'lett11e onTHMH31tpyIOw.ero 1rn6opa - xa­

paKTepHCTHK npoCTbIX MOJJeKYJJ, nonyYeHHbIX MeTO)laMH KBaHTOBOH XHMHH HJIII )KC 

peaJJbHblM 3KCnepHMCHTOM. 8 3aBHCHM0CTH OT CJIO)KHOCTH CHCTeMbl, non KOTopyIO 

ocyw.ecTBJJHeTCH nOHCK napaM~OB, 'lHCJI0 xapaKTepHCTHK a Ha6ope MQ;KeT 6bJTb 

pa3JIH'lHblM. O6bl'IHO Ha6op COJlep)KHT HCCKOJibKO COTeH )JICMCHT0B. Hy)l(HQ npHHHTb 

pewem,e, no KaK0MY Ha6opy xapaKTepHCTHK npOBO.!lHTb onTHMIBaU,HIO, 3m 3Ha'111-

TCJlbHO BJIHlleT Ha pe3YJ1bTaT. 

nocneJlHHM waroM HBJllleTcH Henocpe.LJ.CTBeHHo npouecc noncKa napaM~0B, 

IIJIH OnTHMH3amrn, M,[( n0TCHUHaJJa no)l K0HKpeTHYIO CHCTeMy. 3Tor 3Tan caMblH 3a­

TpaTHb[H no BpeMeHn, nOCKOJlbKY Tpe6yeT npOJlOJl)KHTCJlhHbIX Bbl'lHCJleHJtH. 

B rperheii rnaBe on11catta nporpaMMHall peanmaUHll pa3pa6oraHHOH MeTO­

.LJ.HKH. nocne)lOBaTeJJbHO peaJUl30BaHbl MeTO)lbl onTHMH3aUHH noTeHU,HaJla ReaxFF, 

OCHOBaHHbie Ha CJle)lyIOIUHX anropHTMaX TTOHCKa MHHHMyMa U<I>: MCTO)le on, Knac­

Cll'lecKOM Arn H MYJ1bTHKpHTep1taJ1bH0M Am CTpOHrHHa. npu peaJIH3aUHH Arn 

BBCJleHa co6crneHHaH ueneBall cpyHKUHH, HBHO 3aBHCHlllaH OT napaMeTpOB noTeHUll­

ana. TaK)Ke peanH30BaHbl MeTO.LJ.bl copTHpOBKH napaMeTpOB no CTeneHH BJIHllHHH Ha 

U<l>: KOppenHUHOHHblH aHanH3 11 MeTOJl noKa3aTene11 'IYBCTBHTeJJbHOCTH. ITp11 npose­

.LJ.emm HCflbITaHIIH pmpa60TallHblX nporpaMM BblllBJICHbl oco6eHHOCTH, )lOCTOHHCTBa 

II HC.LJ.0CTaTKH HCn0Jlb3yeMblX MeTOJl0B np11MemneJ1bHO K OnTltMH3aUIIH napaMeTp0B 

noremmana ReaxFF. 

B paMKax Jl3HHOtt pa6oTbI C03JlaHa nporpaMMa noHcKa napaMeTp0B ReaxFF Ha 

OCIIOBe l\teTO)la on C cpyHKUHett (2). ITporpaMMa HanucaHa Ha H3bIKe C ll Hcn0Jib-

3yeT MPI JlJJH napanneJibHOH pa6orb1. B Ka'leCTBe pean1naum1 noTeHUHaJia ReaxFF 
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r-

np11Mettetta 6u6n110TeKa LAMMPS. nporpaMMa pa6orneT B TPH napanneJibHbIX no­

TOKa, Kail(JJ,bIH 113 KOTOpblX Bbl4HCJllleT 3Ha4eHHe LI.ct> npH TPeX pa3Jil14Hb1X 3Ha4eHIIHX 

napaMeTPa noTeHUIIaJia B eooweTCTBl111 e anropHTMOM on. 

nporpal\ma on 6bma 11enoJib30BaHa Mll pernemrn 3a.lla411 no11cKa napaMeT­

poa MA nOTeHuuana ReaxFF )],Jill e11CTeM aJIIOMIIHIIH - BO.llOpo.a. MeTOJJ,aMH Teopm1 

~lYHKUHOHaJJa nJIOTHOeTH aBTOpOM 0blJl paCC4HTaH onTHMH3Hpyl011ll1H Ha6op, BKJll0-

4aIOUlHH MOJieK)'JIY BO.llOpo.lla H2; KJ1aCTepb1 aJIIOMIIHHll Aln, n = 2, ... ,8, 13,147; 
KJiaCTepb1 nrnpH.lla aJIIOMl1HHll AlnH:311 , n = 1, 2, ... , 8; KpllCTaJIJI MeTanna anio­

MIIHHll 11 KpHCTaJIJlbl rH.llPll.lla aJIIOMl1Hl1ll )],Jill O', /3 H / MO.llH!pHKaUHH. DblJIO 

onTHMH3HpoBaHO 89 rrapaMeTPOB ITOTeHUHaJia, 4TO 3aHllJIO 84 JJ,Hll. )],Jill npoBepKH 

Kat.JeeTBa ITOJIY4eHHblX napaMeTpOB 6b!Jl npoaeJJ,eH aHaJJl13 3aBHeHMOCTeH :meprntt 

CBll3H KpHCTaJJJJa MeTaJJJla aJJlOMHHHll OT o6bi!Ma llt.JeHKH H KpHCTaJJJIOB nmpH.lla aJilO­

MHHHH pa3JIH4Hb!X MO.lll1!pl1Kaul1H OT 00bel\1a ll'leHKJI. Bee JJ,aHHbJe cpaBHHBaJIHCb C 

JlaHHblMl1 pac4eTOB KBaHTOBOH XHMHH. OblJIO npoaeJJ,eHO MOJJ,ennpoaam1e KpllCTaJI­

JIOB MeTanJia H nI.llPH.llOB TPeX MO.llH!pHKaullH rrp11 KOMHaTHOH TeMnepazype, npn TIOM 

ace perni!TKn 6h1mt cTa6HJibHbI a Te'1eH11e acero apeMeHH MOJJ,en1tpoaamrn. TaK*e 

6bmo BbIITOJIHeHo MA MO.llennpoaaH11e peanbHbIX 3Kenep11MeHTOB: nnaanemrn 11 KpH­

eTanmnau11H t.JHCToro Al, B3anMoJJ,ettCTBHll moMapHoro BO.llopo.lla c noaepxHOCTblO 

4HCTOro Al ( 111 ), JJ,eeop6u1111 BOJJ,OpO.lla rnnp11J10M aJIIOM11Hl1ll. nonyt.JeHHbie napa-

1\!eTpbl npuro)lHbl )],Jill Monen11poaaHHll peanbHblX npoueccoa B CHCTeMax Al - H. 
)],Jill pa60Tbl C Arn CTpOHrHHa BBeJJ,eHa ueneaall cpyttKUHH, llBHO 3aBl1CllUlall OT 

napaMeTPOB noTeHuuana ReaxFF: 

L L 

Errar = I>kiut - ufeaxFFI + L <T£+k 

A 3 2 
, , (FQC _ pReaxFF) (3) 
L...,; L...,; km km ' 

k=l k=l a=l i=l 

me u,.. - nOTeHUHaJibHble 3Hepnm coeJJ,11HeHHtt OITTHMl13HpytoUlero tta6opa, Fk·ni. 

- KOMITOHeHThl CHJI, }leHCTBYIOUlHX Ha aTOMhl Kail()],011 MO)leJI11, L - 4l1CJ10 pa3Jlll4-

HhlX KOHcpmypaunii eoemrneHHH onntMl13llpytoUlero Ha6opa, A - 411eJIO aTOMOB B 

coe.llHHeHHllX, ak - BeCOBble MHO;t(HTeJIH. l1HJJ,eKebI QC l1 ReaxFF 03Ha4alOT, 'ITO 

xapaKTepHCTHKH 0blJIH nony4eHhl COOTBeTeTBeHHO MeTO)l3Ml1 KB3HTOBOH XHMHII It 

MOJieKynllpHOH mrnaMHKH e ReaxFF. ufeaxff = ufeaxFF (P1 ,P2, . .. ,JJN) It Ff~-FF = 
Fl':'l"FF (p1 ,p2, ... ,PN ), TO ecTb 3aa11CllT OT napaMeTpoB ReaxFF. 

AHaJIH3 cpenCTBaM11 nporpaMMHoro naKem Maple noKaJaJI, t.JTO Ha o6nacrn 

nOIICKa Ufea"FF H Ffc:rFF HMelOT HenpepblBHYlO nepayto npOIBBOllHYlO no onntMH-

3HpyeMbIM rrapaMeTpaM, 'ITO npHBO)ll1T K YllOBJieTBOpeHHlO cpyHKU,HeH (3) Tpe6yeMoro 

)lJlll pa0OTbl Arn ycJIOBHll JlHnWHU,a. 

npu Bbl4HCJieHHII LI.ct> BH)la (3) )],Jill Ka;t()lOH MOJieK)'Jibl HJIH ll'leHKH KpHCTanJia 

Heo6XO)],IIMO paCC'IHTaTb 3HeprHIO It CHJlbl npH HeeKOJihKHX pa3Jlll4HblX 3Ha4eHHllX 

nmrn OJJ,HHX It Tex il(e XHMH4eCKHX eBll3ett, )],Jill pa3JIH4Hb[X BeJIH4l1H O)lHHX H TeX il(e 

BaJieHTHblX yrnoa, npH pa3JJH4Hb!X OOheMax ll'leeK KpHCTaJIJia. 

BeCOBble MHO)ln!Tem1 a,.. l\lO;t(HO Bb16upaTb TaKIIMII, 4T00bl BKJlaJI K3il()l0ro cna­

raeMoro a (3) B cyMMY B cpentteM 6hrn 6b1 onuttaKOBbIM. CpenHee a naHHOM eny4ae 
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pacelfHTbIBaeTCll no HeI,.UTOpOMY .llOCTaTO'IHO 0OJlbWOMY Ha6opy nceanoeJiy<IaHHblX 

T04eK o6nacTH onpeJieJieHHll LI.ct>. 
)],anee onHCblB3eTCH nporpaMMHhltt KOMITJieKC, peamnyIOUlHH napaJIJJeJib­

HblH MHOfOMepHblH KJ1aee1t'leCKl1H Arn. Affi HMeeT 3JieCb TOJlbKO O.llllH ypoBeHb 

napanneJibH·ocm - no pmaePTKaM. KoMrrneKc BKJII04aeT a ee6ll eneeytoUlHe 

nporpaM~tbI. ps_random_gen - reHepaTOp neeanocnyt.JattHhIX nocnenoBaTeJib­

HOCTett. par am_ sort_ corr eoprnpyeT napal\teTpbI no CTeneHH BJJl1HHl1H Ha LI.ct> 
Ha OeHOBe KOppeJIHUHtt. tf_weights_compute onpeJJ,eJ1lleT BeCOBble l\lHO)Kll­

Temt a (3). gs a_ reaxf f _ optimize onmM1t311pyeT napaMeTpb1 norenu,11ana. 

UQC pOC uReaxFF pReaxff ..t, gsa_errors_compute BblBO.lll1T ace k , koi• k It kai 113 'l'opMy-

J1hl (3) 1lJlll 3aJJ,aHHOro na6opa napaMeTpOB. tf_values_plot HCTTOJ1b3yeTCH Ml! 

nocTpoeHHH rpacpHKOB 3aa1teHMOeTett 3Ha4eHHll ueneBOH cpyHKUHH (3) OT Ka)K)lOro 

napaMeTPa B OT)leJibHOeTH npH !pHKCHpOBaHHhlX OeTaJihHhlX. KoMnJieKC Han11caH Ha 

ll3b1Ke C++ C HCTTOJlb30BaHHeM OOn H TeXHOJIOrHH MPJ. 8 Ka,1eeTBe peanH3aU,Hl1 

nOTenuHana ReaxFF np1tMettetta 61t6m10TeKa LAMMPS. COJnauHall pean113aUHH 

anrop11TMa 6btJia ycneWHO npoTecrnpoaana Ha cpyHKLl,HHX MHOrHX nepeMeHHhIX 

M11xaneBH4a 11 PacTPHrHHa. 

nporpaMMHblH KOMnJieKC KJiaceH4eCKOro Arn 0hlJI rrpHMeHeH K perneHl1IO 3a­

Jla'!l1 no11cKa napaMeTpoa MA noTeHwmna· ReaxFF )],Jill c11cTeM Zn - 0 - H. U.enhto 

0blJla npoaepKa npHMeHHMOeTH MeTOJJ,a nocpenCTBOM epaBHeHHll ero pe3yJibTaTOB e 

pe3yJibTaTaMII )],Jill KOHTPOJibHOro na6opa, nOJIY'leHHOro MeTO)lOM on B pa60Te [8]. 
OnTHMll311p0BaJ1HCb 24 napaMeTPa 113 51, BbI6paHHhie no ycJIOBl1lO rnro, 'ITO MaK­

Cl!MaJibHM KoppeJillU11ll nx H3MeHeHHH C 113MeHeHJieM KaKoro-n1160 H3 cnaraeMhJX 

LI.ct> (3) 0OJlbWe 0, I. rpaH11Uhl o6naern IT011CKa 6hIJIH 3a)laHbl 113 pac4eTa [0,9 . Pintr; 
1,1 . pf'tr], rne Pintr, 1 ~ i ~ N - 3Ha'!eHHH rrapaMeTpOB K0HTPOJibHOro na6opa. 

noucK l\111HHMyMa LI.ct> npoBOllllJICH nocJie)lOBaTeJihHO no rpynnaM H3 6 napaMeTpOB 

Ha KJJaeTepe c 11cnOJih30BaH11eM 31 H,npa. JloKanhHhlH M11HitMYM Ha 06rracn1 113 24 
napaMeTPOB 6hm nocrnrnyT 3a IO ,uuei1. 

C TTOJ1Y4eHHhlMH napaMeTpaMn npOBeJJ,eH aHaJil13 33BJICHMOCTeH 3HeprnH CBll311 

MOJieKyJI Zn - 0 - H OT JlJlltHbl XHMH4eCKOH eBll3H; 

- MOJieK)'JI Zn - 0 - H OT BeJJH4HHhl BaJieHTHOro yrna; 

- KpHCTaJIJIOB Zn pa3JIH4HblX MO.llH!pHKaU,HH OT OOheMa ll4eHKH; 

- Kpncrannoa ZnO pa3JIJtlIHhIX MO.lll1!pHKauni1 OT o6ber-.ta ll'IettKH. 

TaK*e 0blJIH onpeneneHbl noCTOHHllble peweTOK 11 1\10.llYJIH ynpyrocm KpHCTMJIOB. 

Bee JJ,aHHbie cpaBHl1BaJI11eb e JJ,aHHbIMII pac4eTOB KBaHTOBOH X11MHH. Ha6JIIO)laeTell 

yMeHbWett11e pa3HOCTeH 3Hepmtt ReaxFF 11 KB. XHMHH B cpaaneHH11 e KOHTpOJJbHbl­

Ml1 napaMeTPaMH [8] noTeHUHaJia )],Jill MOJieKyJI II KpHeTaJIJIOB MeTaJIJia H yaeJil14eH1te 

pa3HOCTeH :meprntt )],Jill Kp11CTaJJJIOB OKCHJJ,a. )],Jill ZnO 3aBHCHMOCTH 3Hepnrn OT 

o6heMa llJIH BCex MO)ll1!pl1KaUHH OTJIH43IOTCH OT naHHblX pac4eTOB KBaHTOBblMl1 MeTO­

JJ,aMH KaK no cpopMe, TaK It no a6cOJilOTHOMY 3Ha4eHHlO :rneprml. nocne onTHMH3aU1111 

3Ha4eHlle LI.ct> XOTH It CTaJIO MeHbWe 3Ha4eHHll LI.ct> npH KOHTPOJibHOM ua6ope [8], HO 

np01130WJIO 3TO 3a C'leT enaraeMblX LI.ct>, eBH3aHHblX C MOJJeKyJiaMH It KpHCTaJIJiaMII 
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MenumoB, B TO BpeMH KaK 3Ha4eHlll cnaraeMbIX, CBH3aHHblX C KpHCTaJJJJaMJI OKCII­
AOB, Hao6opoT, yBeJJH'IHJJl!Cb. 

Bo 1n6e:iKam1e noA0611oro noBe)leHHH 11eo6xom1Mo orpa11wmTu pocr OTLleJJh­
HhIX cnaraeMblX ueJJeBOH cpyHKUIIH BO BpeMH onTIIMH3au1m • .ll,.rrn 3TOro 6blJJ pea­
JJlf30BaH MYJJhTHKp11repnanhHhIH Bap11a11T Arn (MArn). Km,rnneKc nporpaMM MH 
MArn BO MHOfOM CXO:iK no CBOeMy ycrpOHCTBy C KOMnJJeKCOM )l)]H KJJaCCH'IeCKOfO 
Arn, o)lHaKo OH BKJJIO'laeT p»JJ. ycoBepwe11cTB0Ba111111. BMeCTO re11epampa nceB)],O­
cny,.miiHhlX •-rnceJJ KOMnJJeKC )l)]H MArn HCnOJJb3YeT reHepamp KBa3H-CJJyqattHblX 
1111cen quasi_ rand _gen, .ua1011uIx 6onee paBHOMepHoe pacnpenenem1e TO'IeK B 
MHOroMepHOM npocrpaHCTBe. 6JJOK coprnpOBKH napaMerpoB n O BJJIIHHHIO Ha U,<l> 6hlJJ 
)lOnOJJHeH anropHTMOM onpe.ueneHHH BJJHHHIIH •Iepe3 n0KmaremI 'IYBC'fBHTeJJbHOCTII 
Co6on» pa ram_ sort_ s a, KOTOpbIH HBJJ»eTcH 60JJee yH11sepcaJJbHbIM. nporpaM­
Ma OnTHMH3al.l,IIH napaMeTpOB KJJaCCH4eCKHM Arn 3aMeHeHa nporpaMMOH MArn 
mgsa_reaxff_optimize. HaK011eu, peanmau11» MArn HMeeT ,UBa ypoBHH na­
panneJJbHOCTH: 1 - no pa3BeprKaM, 2 - no BepOHTHOCTHblM xapaKTepHCTHKaM 
R(i). 6JJOK-CXeMa KOMnJJeKca np1rne.ueHa Ha pHC. 2, r.ue npHMOYfOJJblflfKH C .UBOHHOH 
rpam1uen o603Ha11a10T nporpaMMbI, a ocTaJJbHble - KJJaCCbI. K.riacc Pa rams OTBe­
•IaeT 3a pa6ory c napaMerpaMH ReaxFF, Mode 1 s - 3a onrnM11311pyiom1111 Ha6op, 
a OCTaJJbHbie HBJJHIOTCH 'IaCTblO nporpaMMbl mg sa - reax ff - optimize. PeaJJH3a­
UfUI MAril 6bma np0Tecrnp0Ba11a Ha cpyHKUHHX M11xaneBH'Ia H PacrpnrnHa. 

ilporpaMMHblll KOMnJJeKC .uocryneH B BHJ].e apxnsa C HCXOJJ.HblMH KO.UaMH, c1.1e-
11apHeM c6opKH, JJ,OI,y'l\feHTaUHeH )l)]H nOJJb30BaTeJJH n npnMepaMH BXO!IHblX cpattJJOB. 

r quasi rand gen l 
param _sort_ corr 

HJJH 

param sort_ sa 

r gsa reaxff optimize l 

r gsa _error_ compute l 

...... ( ReaxUFSumErrFunction } 

- ( RedBlackTree ) 

( MGSA!gorithm ) 

( NonlnjectiveScan) 

··( Params 

( Models 

( LAMMPS) 

PHC. 2 - 6JJOK-CXeMa KOl\mJJeKca nporpaMM MYJJbTHKp11repHaJJbHOro Am 

npose.ue11 aHaJJll3 MacwTa611pyeMoCT11 co3.ua11Hott peamnau1111 MArTT, 
a fll\IeHHO, HCCJJe)lOBaHa 3aBIICHMOCTb HaKJJa,UHblX paCXO)lOB OT 'IHCJJa ».uep, 
onpe.ueneHa OnTIIMaJJbHaH pa3MepHOCTb o6JJaCTII nOHCKa (N=4), HCCJJe,UOBatta Mac­
wrn611pyeMOCTb nporpaMMbl Ha BTOpOM ypoBHe napanneJJbHOCTH np11 Pa3Jlll4HOM 
'-llfCJJe pa3BepTOK, a TaK)Ke noKa3aHO, 'ITO 3q>q>eKTIIBHOCTb peamnawm B paMKax 
Hawero KJJacca 3a!Ia4 He 3aBIICHT OT B111Ia U,<t>. HcnOJJb30BaJJCH BbllflfCJJHTeJJblfblH 
KJJacrep Ha 128 »Llep LI.TTY, om1caHHhIH Bbiwe. 

.ll,JIH pa3MepHOCTH o6naCTH nOHCKa N = 4 11 rpex Q)HKCHpOBaHHblX lfHCeJJ pa3-
BepTOK Pi = 1, 7, 13 cpaBHl1BaeTCH 3aBHCHMOCTb ycKOpeHHH no 'IIICJJY HTepau1111 A1 
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P11c. 3 - 3aBHCHMOCTb ycKopeHHH MArn OT 'IHCJJa ».uep 

11 BpeMeH11 Ar OT lfllCJJa' HLlep P (pnc. 3). P 6y.uer Kparno 1111cny ».uep Ha 2-M ypostte 

P2. A1(Pi, P2) = 1(X:~21 , Ar(Pi,P2) = t/J,~;~21 , r.ue I(Pi,A) H t(P1, P2)-co-
OTBeTcTBeHHO '.fHCJIO 1nepaUHH If BpeMH pa60Tbl MArn .uo CXO.UHl\fOCTH. CHHHM Ha 
pHC. 3 o603HalfeHbl 3aBHCHMOCTlf no HTepa:UIIHM (A1(P)), KpacHblM - no BpeMem1 
(Ar(P)). Jlnttei1HaH annpoKcnMauu» M(,:TO.UOM HK roBopnT o nOCTOHHHOH 3cpcpeK­
THBHocTH (b..Ar / b..P) c pocroM •men a »Llep, CM. Ta6m1ey 1. 

Ta6m1ua I - 3cpcpeKntBHocTb napannenbHOH peanIna1.1uu MArIT 
A I 1 I 7 I 13 

b..Ar/ b..P, % I 71 ± 1,9 I 46 ± 1,3 I 35 ± 1,0 

no pmmme Me,KJJ,y rpa<pHKaMH A1 n Ar MO)KHO cy.UHTb o CHH:lKettnn 3<p­
cpeKTHBHOCTH 3a ClfCT HaKJJa,11,HblX pacxo,UOB. Ha116onee 3cp<peKTHBHbIM JIBJllleTCH 
pacnpe.uenemIe ».uep Ha BTOpOH ypoBeHb napanneJJbHOCTH C HCnOJJb30BaHl!eM BCero 
o.u11011 pmBepnm (Pi = 1). 

qeTBepTaH rJiaBa noCBHLUeHa np11Mettem-110 nporpaMMHOfO KOMnJieKca MYJib­
THKpHTepHaJJbHOro Arn )l)]H nony•1emrn napaMeTpoB noTeHuuana ReaxFF )l)]H co­
e.uutteHHH Zn-0-H. 

B nepBoM pa3.uene onHcaH omHMH311pyiom1111 Ha6op )l)]H Zn - 0 - H, nOJJy'IeH­
HhIH aBmpoM MeTO.uaMH Teop1111 cpyHKUHOHaJJa nJJOTIIOCTH. Ha6op BKJJIOlfaeT B ce6H 
»lfettKH Kp11crannoB ZnO MO!lllq>HKau,1111 Wurtzite (W), Rocksalt (R), Zincblende (Z) 11 
CsCI (C) c nepno.u11lfecKHMH ycnos11»J1.m; »•1ettKH KpttCTannoB MeTanna UHHKa Mo.un­
q>HKa1.11111 HCP, FCC, BCC n SC c nepnom1lfeCKHMlf ycJJOBHHl\m; TOHKHe nneHKH ZnO 
Mo1rncp11Kau,1111 W II R TOJJLUHHOH IO cnoeB c nep11onnlfecK1-IMH ycnoBHHMlf no .usyM 
H3MepeHH»M; MoneKynhI Zn(OHh II HOZnOZnOH; MI11111-KpHCTaJJJJbI ZnO Mo.uncp11-
KaUHH w, RH z 113 8 HlfeeK (45, 64 II 64 aTOMa COOTBeTCTBeHHO) 6e3 nepHO!IHlfeCKHX 
ycJJOBHH. Hrnro omnMH3npyiom1111 Ha6op co.uep)KaJI 148 3Halfem111 n0Te11u11ana 11 
148 BeKTOpOB CHJJ, .uettcTBylOLUIIX Ha aTOMbl. 
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Bo BTopoM pa3.lleJJe om1caHo np11MeHem1e KOMrmeKca MArn K 1a,ua4e nottcKa 
napaMeTPOB MLI. noTeHmtana ReaxFF. PeJyJJbTaTbl cpaBmrnaiorc» c noJJy4eHHblMII 
KJlaCCH4eCKHM Arn H C pe3yJlbTaTaMH KOHTPOJlbHOro Ha6opa [8] - roro )Ke, KO­
TOpblH 11cnoJ1b30BaJ1CH B_ TPeTbett rnaBe. OnmMH311pOBaJJHCb 24 napaMeTPa H3 51, 
nooy,teHHble nporpaMMOtt par am_ sort_ sa, c retteparopoM KBa3H-cny'1attHblX no­

cJ1enoBaTeJ1bHOCTett quasi_ rand _gen. rpaHHUbI 06J1aCTH noHcKa TaKHe )Ke, KaK 
npH KArn. napaMe-rpbl onntMH3HpOBaJJHCb rpynnaMH ITO 4 C HCITOJlb30BaHHeM O)l­

HOH pa3BCPTKH 11 128 »nep Ha BTOpOM ypOBHe napaJJJJeJlbHOCUI ITO BepOHTHOCTHblM 
xapa1,.,epttCTIIKaM. PaC4CT 3aHHJ1 10 4aCOB. 

AttaJIU3 3aBHCHMOCTett 3Hepmtt CBIDH MOJieK)'JI H KpHCTaJJJIOB Me'faJJJIOB OT HX 

reoMeTPHH C ITOJly<IeHHbIMII MArn ITapaMeTpaMH ITOKa3bIBaeT JlY'1WHe pe3yJlbTaTbl, 
'-leM TaKOBOH c KOHTPOJlbHbIMH napaMeTpaMH. Ll,mJ KpHCTaJIJlOB ZnO Ha6monaeT­
CH 3aMeTHoe yMeHhilleHHe pa3HOCTett 3Hepmi1 ReaxFF H KB. XHMHH B cpaBHeHHH 
C pe3YJ1bTaTaMH KJlaCCH'-leCKOfO Arn. 3aBIICHMOCTH )J)IH 3 MO)lHcpHKaUIIH 113 4 IT0-

4TH COBnanaior no cpopMe, pa3HHUa B a6COJ1IOTHbIX 3Ha<ieHIIHX yMeHblllHJlaCb B I 0 
pa3. Ha puc. 4 npHBe)leHbl 3aBIICHMOCTH )lJlH HeKOTOpbIX coen1rneHHH. B ra6J1uue 2 
npencraBJJeHbl 3Ha<iemrn )J)IH IlOCTOHHHbIX peweTOK H MOllyJJeH ynpyroCTH (BM), Bbl­

'IHCJleHHble MeTOnaMH KBaHTOBOH XHMHH (QC) 11 MLI, (ReaxFF), llJlH tta6ri10naeMblX 
a np11pone KpHCTaJJJlOB Zn 11_ ZnO. 

Ta6m_!!la 2 - napaMeTpbI peweroK 11 MOtJ.Y_JIH ynpyrocrn Kp11craJ1noa Zn II ZnO 
KpHCT3;1JI XapaKT. QC ReaxFF AfII ReaxFF MAfII ReaxFF KOHT. 

ZnO Wurtzite a.A 3.28 3.12 3.27 3.29 
ZnO Wurtzite c.A 5.28 5.26 5.24 5.28 
ZnO Wurtzite BM, flla 143 222 138 144 
ZnO Rocksalt a.A 4.34 4.17 4.35 4.44 
ZnO Rocksalt BM. flla 183 562 242 283 

Zn HCP a.A 2.65 2.74 2.74 2.73 
Zn HCP c.A 4.98 4.47 4.47 4.46 
Zn HCP BM, flla 74.1 66.1 81.3 87.7 

Ll,JJ» cpaattemrn OnTHMH311pOBaHHoro MArn tta6opa napaMe-rpoa c KOHTPOJ1b­
Hb1M 6brno npoaenetto M~ M01leJJHpoaam1e 4 MO)lHcjJHKaUIIH KpllCTaJJJlOB MeTaJJna 11 4 
- OKCHlla UIIHKa np11 KOMHaTHOII Tel\meparype. Monen11pyeMbie CIICTeMbl npencraB­
JlHJlll co6oi1 HeCKOJlbKO H4eeK Kp11cTaJJJ10B (napanJ1enen11nenhl) a aaKyyMe - acero 

nOpMKa 2000 aTOMOB Ka)l(AaH. TTp11 Monen11poaam111 KpHCTaJJJJbl OKCH)la w, R II z 
OCTaBa.JJHCb CTa611J1bHbIMH, peWeTKa He necpopM11poaanacb. He3Ha411TeJ1bHO OTJ1H4a­
JlHCb nocro»HHbie peweroK nocne ypamwaewuaaHHH MOlleJJett. Kp11CTaJJn ZnO CsCI 

(He Ha6n10,naeTCH B np11pone) ITOJlHOCTblO IlOTepHn CBOIO CTPYKTYPY He3aBHCHMO OT 
11cnonb3oaaHHbIX napal\ieTPOB ReaxFF. Mon11cp11Kau11H HCP H FCC MeTaJJna aen11 
ce6H OllllHaKOBO He3aBHCIIMO OT Ha6opa napaMeTpOB. np11 M01lem1poaaH1111 Kp11cran­
J1a HCP peweTKa a 06011x CJJY'1Mx HeCKOJJbKO C)KaJJaCb no oc11 z 113-Ja OTCYTCTBHH 
a 06011x ua6opax napaMeTPOB yrnoaoro <ineHa nn» '1IICToro Zn, 11 cooTHoweHHe no­
CTOHHHblX peweTKH a/ C BepHyJJOCb K ecTeCTBeHH0MY llJJH reKCaroHaJJbHOH ynaKOBKH. 
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PHC. 4 - 3aBHCHMOCTH :)HeprHH_CBH3H CHCTeM OT HX reoMeTpl!H 

KpHCTaJJn FCC ITPH Monen11poaaHHH coxpaHHJJ KaK caoIO CTPYKTYPY, TaK H nocTOHH­
Hbie peweTKH. Kp11cTaJJJ1 BCC npu Monem1poaamm B KOHTPOJJhHhIMH napa~teTpaMH 
OCTaBaJJCH CTa6rmeH, a npn MO)lem1poaam111 C 0IlTHM11311pOBaHHbIMH - ITOCTeneH­
HO ITpeapaTHJlCH B KpHCTaJJJl HCP. '.:ho IT0Benem1e O)KH)laeMO, ITOCKOJibKy KpHCTaJJJI 
Zn MOllH<p11Kau11H BCC He o6ttapy)KeH a npHpone. Kp11CTann npocTott Ky611'1ec1,.ui1 
peweTKJ1 SC B 06011x cny'1a»x He coxpaHIIJl CBOIO CTPYKTYPY, HO OH TaK)Ke He o6Hapy­
)KeH B npnpone. B uenoM, KpHCTaJJJlbl MeTaJJJJa Be)lyT ce6H B )lHHaM11Ke 0llHHahUB0, He 
3aBHCHMO OT Ha6opa napaMeTPOB noTeHUHaJJa, npHMeHHeMblX npH MO,neJ111poaaHHH. 

C nony'leHHblMII MArCT ITapaM~aMH BbITTOJJHeHO Monem1poaaH11e poem CJJOH 
KpHCTaJJJla OKClllla UHHKa Wurtzite Ha noaepXHOCTII (0001) H3 OT,neJJhHblX KJiaCTepoa 
ZnO npu TeMneparype 300 K. Ha6monanocb cpopM11poaaH11e nepaoro cnoH H '1acTw1-
Ho BTOporo. B ra6ri1me 3 ITpnaeneHbl COCIDHHHH MOlleJJII B 3aBIICIIMOCTII OT apeMeHll. 

Ta6mma 3 - Mo,nem1poaaHHe pocra KpHcTaJJJia ZnO Wurtzite 

J 

~c 
t = IO nc t = 100 ITC t = 300 ITC 

TaK)Ke npoBe,neHo MO,nenHp0BaHHe aucop6UHH MOJleKyJJ BOllbl noaepXHOCTblO 
KpHCTanJJa ZnO Wurtzite (1010). DblJlH paccMOTPeHbl TPH noKaJJbHO onrnManbHble 
no reoMeTpHH KOHcp11rypau1111: M) MOJieKyJlbl BOllbl Ha noaepXHOCTII KpHCTaJJJla He 
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1mccouIrnposamI; MD) KIDK,ll3H BTopaH MOJJeK)'JJ3 ,llHCCOUllllpOBaJJa Ha HOH BO.UOpo­
.ua II rn.upoKClfJlbHblH IIOH; D) see MOJJeKyJJbl .u11ccou1111posam1. PacC4HTaHbl :rnepnm 
nepeXO,llHblX COCTOHHHH Me)l(Jly 3TJIMH KOHclilH)'paumTMH. Mero.um,! mrnettHOH HH­
TepnomIUllll KOOp,llllHaT BCeX aTOMOB Me'lK.uy KOHclinrypaUHHMH M, MD n D 6blJTO 
nOJTy4eHo no .ueBHTb npoMeiK)'T04HbIX K0Hclim)'pau11tt Me'lKlly KIDKJIOH napott M-MD, 
MD--D H M-D. AJJH K3)K,ll0f0 npoMeiK)'T04HOfO COCTOHIIHH 6b!Jl3 Bbl4HCJJeHa 311ep­
rHH CBH3H CHCTeMbl. Pe3yJJbT3Tbl 6b!JlH conocraBJJeHbl C ,ll3HHblMII KBallTOBOH XIIMlfll 
11 pac4eTaMH ReaxFF c KOHTpOJJbHbIMII napaMeTpaMII [8] (puc. 5). B KpattHHX TO'I­
Kax rpa¢11KOB (M, MD, D) 3Heprn11, nony4eHHbte ReaxFF c napaMerpaM11 MAfTT, 
6m1'lKe K 3Ha4eHHHM KX, 4eM npu HcnOJJb30BaHHH KOHrpOJJbHOro Ha6opa. TaK)Ke KpH­
BaH (MD-D) .UJJH Ha6opa napal\terpoB MAfTT 6.nu)Ke K KX, 'IeM KOHTpOJJbHaH. 3roT 
pe3yJJbTaT cne.uyer C'IHTaTb 04eHb xopolllHM C yqeTOM TOfO, 'ITO onTHMH3HpylOl.lll1H 

Ha6op He co.uep)KaJJ KOH¢nrypauui1 ZnO - H2O. 

6 
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KoH¢1,1rypa4Hff 

Puc. 5 - TTym .uuccouHaUHH H2O Ha nosepXHOCTII ZnO Wurtzite (1010). 
QC, B3LYP - pe3yJJbTaTbI pac4eros KX; ReaxFF, KOHTP - KOHTpOJJbHbIH Ha6op; 

ReaxFF, MAfil - peJyJJbTaTbl, nony4eHHI>Ie aBrnpoM 

8 1a1rnroqem111 npHBO,llHTCH OCHOBHbie pe3yJJbTaTbl pa6oTbI. 

Pa3pa6orntta MeTO.lIHKa onTHMH33UHH MA nOTeHUHaJJa, 3as11cmuero OT MHOrHX 
napaMerpoB. Otta 6bma peaJJHJOBaHa B BH.Ue KDMnJJeKca napaJJJJeJJbHbIX nporpaMM 
onTHMH3aUHII noTeHUHaJJa ReaxFF, 11Cfl0Jlb3YIOIUHX pa3JJH4Hble anropHTMbI: MeTO.ll 
on, KJTaccnqeCKHH H M)'JlbTHKpHTepHaJJbHblH Arn CTpoHrnHa. 

TTpe.llJIO)Ketta ueneBM cliYHKUHH .llJIH onTHMH3aUHH MA noTeHUHaJJa ReaxFF, 
HBHO 33BHCHIUM OT napaMerpoB noTeHUHaJJa, He rpe6YfOIUM MHHHMH3aUIIH noreH­

UHaJJa no 1'.1)0P.UHHaTaM aTOMOB. 
TTony4eH Ha6op napaMerpos .UJJH coemrnem111 Zn - 0 - H II npose.ueHo l\to.Ue­

mIposaH11e ,llllll3Mll4eCKIIX npoueccoB C y4aCTHeM KpI1CT3JlJJOB II MaJJblX KJJ3CTepOB. 
Ha6op napaMerpoB MO)KeT 0b)Tb ucnOJJb30BaH ,llJJH MO,lleJJHp0B3HHH poem KpHCTaJJJla 

ZnO H B3aHMO.liettcTBHH nosepxHoCTett ZnO c 00,11,011. 
8bmom1e110 cpamIem1e peaJJll30B3HHbIX aJJropHTMOB OnTHM113aUHH llJIH noTeH­

UHaJJa ReaxFF. Hau6onee 3¢clieKTHBHbIM l\teTO.UOM OKa3aJJCH MAfil. OH cxo.uuTcH 

20 

3ll3'111TeJJbHO 6btCTpee OTT, 3cli¢eKTHBHO Macrnrn611pyeTCH, a T3K)Ke n03BOJrneT Ha­
KJl3,llblBaTb orpa111I4emrn Ha pOCT OTlleJlbHblX rpynn cnarael\lbIX ueneBOH ¢yHKUHH, 
npenHTCTBY!l yMeHbWemno 0.llHHX CJJaraeMblX 33 C4eT .upyrnx. 
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