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1. A

COBPEMEHHBIE ITPOBJIEMbI CO3TAHUA
WCCJEIOBATEJBbCKO NH®PACTPYKTYPBI
JJIS1 CHUHTE3A HOBBIX MATEPHUAJIOB
C 3AJAHHBIMU CBOMCTBAMMU, BKJIFOUAS
INPUMEHEHME HOBBIX METOJ0B
N CPEJACTB AHAJIN3A BOJIBIINX JTAHHBIX



OAKTOPBDI, OIIPEAEJAIOIUE AKTYAJIBHOCTD
CO3JAHMS UCCJAETOBATEJIbCKON NHOPACTPYKTYPBI
JJISI CUHTE3A HOBBIX MATEPHUAJIOB
B PAMKAX PEAJIM3AIIMU ITIPUOPUTETOB
HAYYHO-TEXHOJIOTHYECKOI'O PA3BUTUSA POCCHUHN

A.A. 3anapunnsiii, K.K. Aorapsn

Dedepanvhulil ucciedosamenvckuil yenmp «HMugopmamuka u ynpasnenuey
Poccuiickoii akaoemuu nayk (OUL] HY PAH), Mockea, Poccus

B coBpemMeHHOM Mupe 3HaHHS M BBICOKHME TEXHOJIOTHU OMPEICIISIOT
3¢ (EKTUBHOCTh SKOHOMHUKH, MO3BOJISIOT KapAWHAIBHO TMOBBICHTh Kaue-
CTBO JKM3HHU JIOZAEH, MOICPHH3UPOBATh HH(PACTPYKTYpPY U Trocynaap-
CTBEHHOE YTIpaBJIEHUE, OOSCIICUNTh MPABOMOPSIOK U Oe3omacHOoCTh [1].
B ycnoBusax, korja mporeccsl 00meMHIpOBOH TI00AN3auN OYE€BHTHO
3aTOPMO3WINCH, B c(pepe HAYKHU M TEXHOJOTHI OHU MPOJOKAIOT aKTHB-
HO pa3BUBATHCSA. DTH TCHICHIINU MTOATBEPKACHBI HTOTaMH paboThI 49-10
BcemupHoro sxoHoMuueckoro hopyma B JlaBoce, KOTOPBIN MPOILIEI MO
3HAKOM JIETJIO0TH3AIH SKOHOMUKH [2].

[Ipu »TOoM, KIIOUEBOM HAMOHAIBHOM 1enbio Poccuu B Hacrosiiee
BpeMsI CTaHOBHUTCA LM poBas TpaHchopMaIus 00IIecTBa, OnpeaeaieMas
npuopuretamu CTpaTernu HAyYHO-TEXHOJOTHYECKOro pa3BuThu. Oco-
OyI0 CTpaTerHuecKylo 3HAYMMOCTh MIPH STOM MPUOOpETaeT MepBbIi MPH-
OpHUTET, B paMKaX KOTOPOTO Ha OCHOBE IH(PPOBBHIX WHTEIUIEKTYAIbHBIX
MPOU3BOACTBEHHBIX TEXHOJIOTUH, POOOTH3UPOBAHHBIX CHCTEM, METOJIOB
MTOJIYICHHS HOBBIX MaTepHaIOB, 00pa0OTKH OOJBIINX 00BEMOB JaHHBIX,
MAaIIMHHOTO OOYYeHHMS M HCKYCCTBEHHOTO WHTEIIEKTA, 10 CYIIECTBY
Oyzer co3maBaThCsl TEXHONIOTHYECKas: 6a3za coBpeMeHHOW U(POBOi HC-
CIIeI0BaTeIhCKOM HH(MPACTPYKTYPHI [3].

AKTyanpHOCTH CO3/IaHHS TaKOW MHGPPACTPYKTYPHI OMPENEIsIieTCs 1Ie-
JBIM KOMIUIEKCOM B3aMMOYBS3aHHBIX (akTopoB. OCTaHOBHMCS Ha OC-
HOBHBIX W3 HUX, UMCIOIIUX HEMOCPEICTBEHHOE OTHOIICHHE K 3ajadam
CHHTE3a HOBBIX MaTE€PHAJIOB.

1. CuHTe3 HOBBIX MAaTEpUAIOB C 3aJaHHBIMH CBOMCTBAMHU SIBJISIETCS
CTpaTernYecKd BaXKHBIM HANpPaBICHHEM HWHHOBAIIMOHHOTO pa3BHUTHUS
Poccun B pamkax mporpaMMbl U(POBOH 3KOHOMHKH, YUYMTHIBAS HH3-
KYI0 MHHOBAI[MOHHYIO aKTUBHOCTH Ha (pOHE pa3BUTHIX rocynapcTts. Tak,
B ['epMaHuyu WHHOBAIMU BHEAPSIOT OKoJo 60% npennpusituii, Bo Opan-
uu, Benmukoopuranuu — 45-50%, a B Poccuu — menee 10% [4].



2. YcuemHoe TpOABMKCHIE B 00JACTH CHHTE3a HOBBIX MAaTEPHUAIOB
MOJKET CTaTh OCHOBOM JJISi pa3BUTHS MPOPBIBHBIX TEXHOJIOTHHA, HEOOXO-
JMUMBIX JIJIS CO3JITaHMSI OTE€YECTBEHHOW AJIEKTPOHHOW KOMITOHEHTHOW Oa-
3bl, U, KaK CJIEJICTBHAC, PYHIAMEHTOM JUISI PEIICHUS aKTyaJIbHBIX 3a/ad
HMIIOPTO3aMEIIeHUS U TEXHOJIOTHYECKON HE3aBUCUMOCTH [5].

3. KapmunanpHOE pemieHHE MpoOiIeMbl oOecriedueHus HHGOpMAIn-
OHHOH 0€30MacHOCTH KOMITBIOTEPHBIX CHCTEM Pa3IMYHOTO Ha3HAYECHWS,
MPEXKAEC BCEro B MHTEPECaxX roCylapCTBEHHOTO YIPAaBJICHUS, OOOPOHEI,
0e30IaCHOCTH W TIPABOMOPSIKA, SBIIACTCS BAKHEHUIIIEH COCTaBIIAIONICH
HaIMOHAIBHON 0€30IacHOCTH.

4. TpeOoBaHMsA CO3AaHUS KOMIUIEKCOB BOOPY/KEHHS U BOCHHOW TeEX-
HUKHM Ha OTEYECTBEHHOM DJICKTPOHHOW KOMIIOHCHTHOH 0a3e (CHHXKCHHE
MaccorabapuTHBIX TOKa3zaTelel NPy BO3PACTAIONIMX TAaKTHKO-TEXHHYE-
CKUX XapaKTEePHUCTHKAX, MOBBIIICHIE YCTOWYHBOCTU (DYHKIIMOHUPOBAHUS
B Pa3IMYHBIX TEMIIEPATYPHBIX TUANAa30HAX U JIP.) MOTYT OBITh BBITIOJTHE-
HBI TOJIBKO 32 CYET CO3JaHHsI HOBBIX KOMIUIEKTYIOIIHUX AJIEMEHTOB U Ma-
TEPHAJIOB, a TAK)KE TEXHOJIOTUH MX MOJTYICHHUS.

5. Pa3paboTaHHBIH Hay4YHO-METOIUYECKUI ammapar TpeOyeT ajek-
BAaTHOH MOJAIEP’KKU B BHJIE BRICOKOIIPOU3BOAUTEIHLHON THOKON HCCIIEH0-
BaTeIbCKOH MHOPACTPYKTYPHL.

6. Co3maHne COBPEMEHHOM WCCIIe0BATENbCKON HHMPACTPYKTYPHI
JOJDKHO CTaTh MOIIHBIM TOJYKOM JUISi Pa3BHTHS PA3IMYHBIX OTpacien
POCCHUICKOI HayKH, KOTOpas HaXOAUTCS B YCIOBHUSIX KOHLENTYAJIILHOTO
nepexoza K HOBOH napaaurMe€ B HaAY4YHbIX UCCICOOBAHUMAX, OCHOBaHHOU
Ha aHaJIn3¢ HAKOIUICHHBIX OOJIBIIMX JAQHHBIX B KOHKPETHBIX MpEIMET-
HBIX 00macTax [3].

VYcnemHoe peunieHne 3agaddl CO3JaHUsl COBPEMEHHOH nugpoBoil uc-
ClIeI0BaTEeNbCKOM HH(PACTPYKTYPHI B YCIIOBUSX 0003HaYEHHBIX (PAKTOPOB
MOJKET OBITb JOCTUTHYTO TOJBKO NPH AKTHMBHOM YYacCTHH POCCHHCKUX
yueHbIX. B cBf3u c 3THM, 0COOyI0 aKTyalbHOCTh B PaMKax JaHHOTO
HarpasJIeHUs MPHOOPETAIOT HAYYHbIE HCCIIEA0BaHusI, TPOBOAUMBIE B De-
nepansHoM MccnenoBarensckoM neHTpe «MHpOpMaTika U ynpaBieHHe»
PAH (®ULl Y PAH), KoTOpHIii cOrnacHo pe3ynbTaTaM MHPOBOTO peii-
tuara EBpomeiickoil Hay4yHO-nipoMmbiinieHHo# manatel (World Research
Institutions Ranking — WRIR) sBisiercs mumepoM cpead POCCHUCKHX
HayuyHbIX opranmzauuii 3a 2018 r. [6]. IIpu 3TOM OCHOBHOHM MPHUHILIUII B
MOAX0AAX K PELICHHIO MepeurCIeHHBIX IPOOIeM 3aKIII0YaeTCsl B CHHEpre-
THKE TEOPHUH M MPAKTUKH, KOTOPAsk MPEAIOIaraeT NpakTHUECKy0 HalpaB-
JICHHOCTB Ka)KA0TO pe3yibTara (pyHIaMeHTAIbHBIX HCCIIeIOBAHUM.



Taxk, B Hactosmiee Bpemst B @ULL MY PAH co3nana coBpemeHHast Uc-
ciemoBarenbCcKas MudpoBas miaTdopmMa ¢ THOPHIHOW BBIYACIHTEIHHOMN
apxXUTEeKTypol. Pecypchl ncciaenoBarensiM NperoCTaBISIIOTCS Kak B BUIE
TPaJMIMOHHBIX OOJIAYHBIX CEPBUCOB, TAK U C IMOMOIIBIO Pa3pabOTaHHBIX
crenu(UIecKUX TEXHOJOIUi NPUMEHEHHs, HAa3bIBAEMbIX HAYYHBIM CEp-
BUCOM (B BHJIE NPEeIMETHO-OPHEHTHPOBaHHBIX mporpamm [7, 8]). Kpome
TOTO, pa3paboTaHbl: aKTyaJlbHbIE METO/IbI OPraHU3aUN UHIHBUITYaTbHON
Cpenbl UCIOIHEHHUS 3aa4 MPeICKa3aTeIbHOr0 MOAEIHPOBAHUs, HA OCHO-
BE TEXHOJIOTHH BUPTyaTU3alUK; METOAbl YIPaBICHUS BBIYUCIUTEIBHBIM
MPOLIECCOM C IIENIbI0 00eCIIeUeHUs TTapajlIeIbHOCTH MCTIOJHEHHST Pa3HO-
TUIHBIX 3aJa4, TPEeOYIOIMX BBIACIECHHS PAa3JIMUHbIX BBIYUCIUTEIBHBIX
PECypcoB n3 cocTaBa THOPUIHOTO BHICOKOIIPOU3BOIUTENBEHOTO KIlacTepa.

Ha 6aze co3manHON nuppoBoil TIATPOPMBEI CTaIO BO3MOXKHBIM
pasMelIaTh BBICOKONPOU3BOAUTEIbHBIE IPOrPAMMHBIE CHCTEMBI HEpap-
XMYECKOH apXUTEKTYphl. Takue CHCTEMBI MTO3BOJISIIOT Ha OCHOBE MHOTO-
MacmrabHoro noaxoxaa [9], 6a3pl 3HaHWI U COBPEMEHHBIX WH(pOpMAaIH-
OHHBIX TEXHOJIOTMH pemaTh LMIMPOKHH KJacC 3aAad BBIYMCIUTEIBLHOI'O
MaTepHaIoBEeACHHsI, CBSI3aHHBIX C TPEAICKa3aTebHBIM MOJICIINPOBAHUEM
Pa3IMYHBIX TETEPOICHHBIX CHCTEM M IMPOIECCOB, a TAKXKe C MHOIOMAac-
IITAaOHBIM MOJEIUPOBAHUEM CTPYKTYP M CBOMCTB HOBBIX KOMIIO3UIIMOH-
HBIX MaTEepPHaJIOB C YHUKAILHBIMHU CBOWCTBaMHU. [l pelieHuss KOHKpET-
HBIX 33j7]a4 UCIOJIL3YIOTCS HMMEIOIIMECS] pPacdeTHble MOJYJIH II0
PasHOYPOBHEBBIM MaTeMaTHYECKUM MOJENSAM, 0a3bl JaHHBIX IO MaTEePH-
anaMm, TMakeTHBIE MPHUJIOKEHHUS, a TaKKe METOAbl MHOTOMAacIITaOHOTO
MOJICTUPOBAHUS, B KOTOPHIX Ha KKIOM YPOBHE MPUMEHSIOTCS COOTBET-
CTBYIOLIME MOIXOAbI U NPUOIIKEHHU (KBAHTOBO-MEXaHUUYECKHE, KBaH-
TOBO-XUMHYECKHE, MOJEKYJISIPHO-IMHAMUYECKUE, IUCKPETHO-3JIEMEHT-
HBIE, CIUIOITHOCPEHbIE, CTATUCTUYECKUE U T.11.).

B nacrosmee Bpems Ha 6aze nudposoii mnatdopmer GUL 1Y PAH
pemaercsi psii MPaKTUYECKUX 3a/ad, CBA3aHHBIX C CHHTE30M HOBBIX
KOMITO3UIIMOHHBIX MaTEepPHANIOB C 33/IaHHBIMU cBoiicTBaMu. OOOCHOBAHBI
1 cPOPMYyITUPOBAHBl CUCTEMHBIE PEIIEHHS Ul MPOBEICHHS HCCIeN0Ba-
HUH C UCTIONB30BaHUEM PecypcoB HUPPOBOH MIaTGOpMBbI, BKIIOUas pas-
paboTKy Cpe/CTB MPeICKa3aTeIbHOTO KOMITBIOTEPHOTO MOJIEINPOBAHHUS
¢u3nMUecKol CTPYKTYpBl MPUOOPOB HAHOIIEKTPOHHKH, HEHpOMOpGhHOI
APXUTEKTYPhl MHOTOYPOBHEBBIX YCTPOMCTB MaMsTH, JedeKToo0pazoBa-
HUSI B KOMIIO3UTHBIX MaTepuaiax u apyrue [9].

Pabora BeImonHEHa mpu 4YacTUYHOW moanepxkke PODU (mpoexTs
18-29-03091, 19-29-03051 Mx).
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METOJAbI KOHCOJIMJALINN HAYYHbBIX CEPBUCOB

A.A. 3auapuﬂﬂblﬁl, C.A. Jlelmconl, B.A. Kom[palueBl,
A.A. Copoxun’

" ®edepanvuviii uccnedosamenvcruii yenmp «Mngopmamura u ynpagnenue»
Poccutickoii akaoemuu nayk (QUL] UY PAH), Mocksa, Poccus
? Boruuciumenviwiii yeump Jlanonesocmounozo omoenenus Poccutickoti
akademuu nayk (BL] /IBO PAH), Xabaposck, Poccus

Konnenmuss MHOroMacirTabHOro MOJICIIMPOBAHUS, WHTETPUPYOINAS
Pa3HOYPOBHEBLIEC METOJAbI MOACIIUPOBAHUA IMOBECACHUA MaTCpHUAIOB, HIN-
POKO UCIIONIB3YETCs] B MATEPHATOBEICHHE U TEXHOJIOTHU HOBBIX MaTepH-
anoB [1]. Heo0X0quMOCTh KOMIUIEKCHOTO MOJICTHUPOBAHUS HA HECKOIb-
KHX YPOBHSAX HWepapXu TpeOyeT CO3MaHUs MHOTOKOMIIOHEHTHBIX
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MepapXUYecKuX MPOrPaMMHBIX KOMILJIEKCOB ISl PEIICHHs 3aJa4 MHO-
TOMacImTabHOTO  KOMIBIOTEPHOTO  MOJIEIUPOBAHUS  CTPYKTYPHBIX
CBONMCTB PA3JMYHBIX MaTepUalOB. B KOMIIIEKCax HCIOIb3YIOTCA pas-
JUYHBIE MPOTPpaMMHBEIC WHCTPYMEHTHI, oOecreunBaromue dpdexTuBHOS
MOJIeJIMpOBaHNUE CBOICTB MaTepHajiOB Ha OINpEJeNIeHHOM YpoBHE. Bax-
HOH 3amaueil B ATUX KOMIUIEKCAX SIBISECTCS Pa3BUTUE TEXHOJOTHH CBS-
3BIBAHUS IPOTPAaMMHBIX HHCTPYMEHTOB M KOMIUIEKCHOW MHTEpIpETAlUN
pe3yIbTaTOB MOJIETMPOBAHNS.

OnHOBPEMEHHO C MPOLECCOM CO31aHMsI HEPAPXUUECKIX MMPOrPaMMHBIX
KOMIUIEKCOB MHOIOMAcITaOHOTO MOJIETTMPOBAHUS UAET Pa3BUTHE TEXHO-
JIOTHX TUQPOBBIX TUIATHOPM, TPEAIararolinX CEPBUCHI, B TOM YHCIE B
00J1IaCTH MAaTEMaTUIECKOTO MOJICTTMPOBAHUS CBOHCTB MaTepHAaJIOB.

OpanM #3 coco00B KOMIUIEKCHPOBAaHUS MHCTPYMEHTOB MHOTOMAC-
MTa0HOTO MOJEITUPOBAHUS SIBISAETCS HCIIONB30BaHUE CBOMCTB IH(PPO-
Boi 1miaTdhopMbl B cpene OOJadHBIX BhUMCIeHHUH. [lnardopmMeHHBIM
MOIXOJOM JJIsl UHTETPallMi COBOKYITHOCTH Hay4YHBIX YCIYyT, HAIIPaBJICH-
HBIX Ha KOMITJIEKCHOE PElIeHne HAyYHOH 3aJlauM C WCIOJIb30BaHUEM Ce-
pUM HHCTPYMEHTOB, SIBJsIeTCS OOBEAMHEHNE HAYYHBIX CEPBHCOB B paM-
Kax OJJHOr0 KOHCOJMIUPOBAHHOTO CEPBHUCA.

[lon HayuHbM cepBuCOM HU(POBOH TIATHOPMBI TIOHUMAETCS COBO-
KYITHOCTh TPOIIECCOB M PECYpPCOB Ul BBINOJIHEHHA pabOT HaydHO-
WCCIIEZIOBATEIBCKOTO XapaKTepa IMyTeM IMPEIOCTaBIECHUS TOTPEOUTEIIO
000pyIOBaHMs, PACXOAHBIX MaTepHaioB, HH()OPMAIIMOHHO-KOMMYHHKA-
[IMOHHBIX U 00ECTIeUYNBAIOLINX PECYPCOB, IPOIYKTOB HHTEIIEKTYaTbHON
Hay4YHOU JAESITENbHOCTH, YEIOBEUECKHX PECYPCOB, PE3yJIbTaTOM KOTO-
PBIX sIBIII€TCS Hay4Has (MccienoBaTenbekas) ycmyra [2].

st onucaHus NPOLIECCOB, CBSI3aHHBIX C BBITOJHEHHEM HAy4YHOTO
cepBuca, muardopMoii mpexycMaTpUBaeTCsi WHCTPYMEHT, oOecrieyunBa-
IO (OPMHUPOBAHHE TEXHOJIOTHYECKOW KapThl MCCIEIOBAHUS C TIepe-
YHUCIICHHEeM HEOOXOIMMBIX JUIS BBHITIOJIHEHUs CEpBHCA OIEpamuii, UX
JUTUTEBHOCTH, TOCTIENOBATEIFHOCTH BBIMIOMHEHUS W TMOTPeOIsIeMbIX
pecypcoB, a Takke HH(QOpMauroHHBIE (HOPMBI U1 0)OPMIICHHS 3asBKU
Ha BBIIIOJIHEHHE HAYYHOTO CEPBHCA U €ro 3aka3a. B mpocreiiiem cinyyae
MIPOIIECC HCCIIeIOBAHMS ONHUCHIBaeTCs auarpammoii ['aHTta (wmm ee aHa-
JIOTOM) C yKa3aHWeM rpaduka BBIIOJHEHUS ONEpaluii 1 HEOOXOIUMBIX
JUTSL UX BBITIOJTHEHHS PECYPCOB — 000PYI0BAaHNS, MAaTEPHAIIOB U TPY103a-
Tpar. B Hacrosimee BpeMsi MHOKECTBO HU(QPOBBIX IIATGOpM STHM H
orpannumnBaerca. OAHAKO, OYEBHIHO, YTO CIIO)KHOE HCCIIEJOBAaHHUE HC-
MOJIE3YET PE3yJbTaThl PabOThl HECKOJNBKUX KOJUIEKTHBOB HCCIIEIOBATE-

12



JIeH, KOTOpBIE MOXKHO O(OPMUTH B BUAE OTIEIBHBIX HAYYHBIX CEPBUCOB
Y UHTETPHUPOBATH UX B KOHCOJIUANPOBAHHEIN cepBuc. [t aToro mpemna-
raercsi NpeayCcMOTPEeTh B TEXHOJOTHUECKOI KapTe HUCCIIEOBAHUS yKa3a-
HHUE CCHUIOK Ha MCIOJIb3yeMble HayYHbIE CEPBHCHI.

Jis cBS3BIBaHUS OJHOTO WJIM HECKOJIBKMX CEPBHCOB B OJMH KOHCO-
JUAAPOBAHHBIA HAYYHBIA CEPBUC BO3MOXKHBI JBa CIIOCO0A.

B nepBoM cirydae mporiecc mogayu 3asBKUA Ha OKa3aHUE KOHCOJUIH-
POBaHHOH YCIIyTH OCYIIECTBIISIETCS OT UMEHH €€ MOTPeOUTeNs 1Mo BceM
HAyYHBIM CEpBHCAM, BXOJSIIMM B COCTaB KOHCOJHUIUPOBAHHOTO Hay4-
Horo cepsuca. [lorpeOurens 3amonHseT (QOpMBI 3aKa3a M COTJIAacyer
TUTaH UCCIIEOBaHMUS C KaXKIbIM U3 TIOCTABIIMKOB YCIIYT CAMOCTOATEIHHO.

Bropoii cnoco06 mpemocTaBieHUs KOHCOJUAWPOBAHHOTO CEpBHCA
MpeaycMaTpuBaeT pa3paboTKy I Hero o0oOmeHHoH (hopMBI 3aKkasza ¢
TEM, 4TOOBI MPOIECC COTJIACOBAHUS COCTABISIONIMX HAYYHBIX CEPBUCOB
BEJICSI OT MMEHHU IMOCTaBIIMKa KOHCOIHMIUPOBAHHOTO CEpPBHCA B paMKax
COTJIACOBAHMS TIJIaHA UCCIIEOBAHUS MEXITy NOTPeOUTENIEM U MOCTABIIH-
KOM KOHCOJINJPOBAHHOTO CEPBHUCA.

[epBsIit cioco® KOHCOIMIAIMN HAYYHBIX CEPBUCOB HE MPEATIONaraeT
Cepbe3HBIX U3MEHEHHH B aJITOPUTMAX 3aKa3a, OTCIEKUBAHUS MPOLIECCOB
OKa3aHUs YCIyT U TOydeHHs pe3yJIbTaTOB UccienoBanns. OIHAKO, 3TOT
MeTo/ oOecriedeHuns BBITOTHEHUST KOHCOMMIMPOBAHHOTO cepBrca Tpely-
eT OT moTpeburens obmagaHs KOMIETESHIIUIMH JUIsI 3aKa3a BCEX Hayd-
HBIX CEPBHICOB, BXOJSIIMX B COCTaB KOHCOJHWIWPOBAHHOTO CEpBUCA U
CBS3BIBAHUS MX PE3YyJbTATOB B €AMHOE HMCCienoBaHue. B aToM cnocobe
JIOCTATOYHO MPOCTO PEIIAFOTCS BOMPOCH OpraHU3alliH UCCICIOBAHUN H
pacripenefieHns: OTBETCTBEHHOCTH MEXIY MOCTABIIMKAMU U TOTpeOUTE-
JIEM YCIyT KOHCOJNMAMPOBAHHOTO cepBuca. OIWH MOTpeOHUTENh KOH-
COJIMAMPOBAHHOTO CEpBHCA MMEET OpPraHMU3alMOHHBIE OTHOIIEHHS CO
BCEMH TOCTABIIMKAMH HAYYHBIX CEPBHCOB, BXOJSIINX B COCTaB KOHCO-
JUAAPOBAHHOTO CEPBHUCA.

[Tpu BTOpOM crocoOe OpraHM3aluyl MPEIOCTABICHHSI KOHCOIHIHUPO-
BaHHOTO CEPBHCA MOTPEOUTENh CepBUCA B3aMMOJICHCTBYET TOJIBKO C IT0-
CTaBIIHUKOM 3TOTO cepBuca. C MOCTaBIIMKAMHU HAYYHBIX CEPBHCOB, BXO-
ISIIAX B COCTaB KOHCOJNMIUPOBAHHOTO CEPBHCA, B3aMMOICHCTBYET
MOCTABIIUK KOHCOJIMJMPOBAHHOTO CEPBHCA, KOTOPBIA AOIKEH 00JIanaTh
KOMIIETEHIIUSAMHU, HEOOXOIUMBIMH JUTA 3aKa3a dTHX HAYYHBIX CEPBHCOB.
OTOT METOJ OpraHu3ali KOHCOJIUIUPOBAHHOIO HAyYHOTO CepBHUCA
mpeanojaraeT OONBIIYIO CTENEHb CBA3BIBAHUS KOHCOIHIUPOBAHHOTO
CepBHCa C CEPBHCaMH, BXOJISIIMMH B €r0 COCTaB B YacTH aHajH3a pe-
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3yJILTATOB TPEJIOCTABICHUS ITUX CEPBUCOB M (POPMUPOBAHHS HCXOIHBIX
JIAHHBIX JUTS UX 3aKa3a.

TakoM 00pa3oM, KaxIblii U3 CIIOCOOOB MHTETPAllMK HAyYHBIX CEPBH-
COB MMEET CBOM JIOCTOMHCTBA M HeJocTaTku. J[is nudposo miatdop-
MBI Hay4YHbBIX HCCIICAOBAHHUU IEIeCO00PAa3HO UCMONB30BATh 00a CIOCO-
0a. lns oboux MeToAoB (OPMUPOBAHHS KOHCOIUAWPOBAHHBIX YCIIYT
nrdporas miaThopMa T0JDKHA 00J1aaTh aeKBaTHHIMA HHCTPYMEHTaAMH
OTMCAaHUsT KOHCONUMPOBAHHOTO CEPBUCA M YITPABJICHHUS MPOIIECCOM €TI0
MPEOCTABIICHUSI.

TexHonornyeckass KapTa HaydyHOTO CepBUCA JIOJDKHA MO3BOJISATH
BKJIIOYATh B HEE OTEpaldy MPEJOCTABICHUS CTOPOHHETO HAYYHOTO Cep-
BHCA C YKa3aHUEM METO/Ia KOHCOJMIAINH U aTpuOyTOB 3aKa3a CepBUCa U
MOJYYCHUS] €r0 pe3yJbTaTOB, a TAKXKE MPOIECChl MCIOIb30BAHUS THX
Pe3yIIbTATOB TP BBITIOJHEHUH KOHCOIHIUPOBAHHOTO CEPBUCA.

B wactHOCTH, B 00J1aCTH MaTEMaTHIECKOTO MHOTOMAcCIITAOHOTO MO-
JICTUPOBAHNUS CBOWCTB MAaTEPUANIOB TPE/ICTABICHHAS TEXHOJOTHS TO3BO-
JSIET MPOBOJUTH MHOTOYPOBHEBBIC HEPAPXUUCCKHE PACUETHI C HCIOJb-
30BaHMEM  CHCHUAIU3UPOBAHHBIX  IPOTPAMMHBIX ~ HHCTPYMEHTOB
Pa3IMYHBIMU KOJJICKTHBAMU HCCIIEIOBATENCH B MHIUBHUYaIbHOM Cpejie
UCTIOJTHEHHUS ~ MPOM3BOJUTENBHBIX  BUPTYAIbHBIX  BBIUHCIUTEIBHBIX
cpencts [3].

PaboTa BeIMOTHEHA MpW YacTHUHON mommepkke PODU (mpoekTs
18-29-03091, 19-29-03051) ¢ ucmonp30BaHUEM PECYPCOB THOPHUIHOTO
BBICOKOIIPOU3BOJUTENBHOIO BBIYMCINATENBHOrO Komiuiekca OUILl Y
PAH [4].
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OCHOBHBIE HAYYHO-TEXHHUYECKHE ITPOBJIEMbI
NPUMEHEHUSA TUBPUJIHBIX HPC KJIACTEPOB
B MATEPUAJIOBEJIEHUUA

K.A. BoaoBuu, C.A. JleHHCOB

DedepanvHulii ucciedosamensckull yenmp «Mugopmamuxa u ynpagnenuey
Poccuiickoii akademuu nayx (OUL 1Y PAH), Mockea, Poccus

CoBpeMeHHOW TeHICHIWEH B HayKe SBISETCS BO3pACTAroOIias pOJb
KOMIIBIOTEPHBIX pacyeToB [1]. [IporpamMmHbie cucTeMbl, IpeHA3HAYECH-
HBbIE Ul peIleHHs 3aJad MaTepHaloBeACHHs, TPeOyIOT OIPOMHBIX BBI-
YHCIUTENBHBIX pecypcoB. Haubonpuryro 3pQpeKTHBHOCTS OHU TPOSIBIIS-
I0T TpU Pa3BEPTHIBAHUM B THOPUAHBIX BBICOKOIIPOU3BOIUTEIBHBIX
KOMIUIEKCaX, HUMEIOIINX B CBOEM COCTaBE AKCENEPaTOPhl BHIYNCICHUN —
rpaduueckre yckopuTend. Takue KOMIUIEKCHl 00JalaloT BEICOKOW TPO-
W3BOJMTEIBHOCTBIO U MO3BOJIIOT PEIATh 3aa4d 33 MPUEMIIEMOE BpeMs
C I0OCTaTOYHOM TOYHOCTHIO.

B nacrosimee Bpems CymiecTByeT psA/l MPOrpaMMHBIX CHCTEM, BBITIOJ-
HSIOIIMX pelIeHKe 3a7a4 B pa3HbIX 00JacTsAX MaTepuanoseneHus. Takue
cuctembl kak ABINIT, VASP, Quantum ESPRESSO, LAMMPS,
MEEP, MPB, OpenFOAM MoOryT BBIITOJIHATHCS HA THOPUIHBIX BBICOKO-
MPOU3BOJAUTENBHBIX KOMIUIEKCAX, OJHAKO TPeOYIOT MOATrOTOBKH IPO-
TpaMMHOW cpefbl HMCIOJHEHHs, HACTPOMKU CHCTEMBI YIPAaBIEHHUS BbI-
YHCITUTENBHBIM MIPOIIECCOM, OPTaHU3AINH [TapAJUIETFHBIX BEIYHCICHHN.

CoBpeMEHHBIM MOAXOJOM B YIPAaBICHUH BBIYHCIUTEIBHBIM IPOIEC-
COM SIBIISIETCSl HCIIOJIb30BaHME TEXHOJIOTUH BUPTYaIHU3allUH U OOJIAYHBIX
TexHonoruid. OOIauHble TEXHOJIOTUU MO3BOJISIOT MPEOCTABISATH MOIb-
3oBaTeNsaM ycinyru SaaS u PaaS.

[IpumeHeHue O0MAaUYHBIX TEXHOJIOTHH SIBISICTCS CErOJHS aKTyalbHOM
TEHJEHIINEN BO BCeX 00IACTAX, CBSI3aHHBIX M MH()OPMAIMOHHBIMH TEX-
Hostorwsimu [2, 3]. IlpemocTaBiieHre CEpBHCOB THOPHIHBIX BBICOKOIIPO-
W3BOJIUTEIHHBIX BHIYUCICHUH B 00JIaCTH MaTepUaOBEICHUS HE SIBIISIET-
Csl ICKJTIOUYEHUEM.

IIpu 3TOM MOXXHO BBIAEIUTH OCHOBHBIE NMPOOJIEMBI, BO3HUKAIOIINE
IpH MPUMEHEHWH OOJayHBIX TEXHOJOTH: MpobiemMa pa3BepTHIBAHUS
KOJ]a IPOTPaMMHOM CHCTEMBI, PEIIAoNIel 3aja4l MaTepHUaIOBEICHNUS B
cpele THOPUIHOTO BHICOKONPOHU3BOIUTEIBLHOIO KOMIUIEKCa; Mpobiiema
aZanTtanuy MporpaMMHOTO KOJa MOJIb30BaTeNsl K THOPUIHOMY BBIYHC-
JUTEN0; mpoljemMa CO3JaHUs WHAWBUIYAJTbHON Cpenbl HCIIOIHEHUS
3aIaHUI.
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Jnsa pemenns yka3zaHHBIX MpoOiieM HeoOxoamma pa3zpaboTka MeTo-
JIOB 1 aJITOPUTMOB aJaNTalli{ ¥ WCTIOTHEHHUS TPUKIAIHBIX 337249 TOTb-
30Baresell Ha THOPHIHOM BBIYHCIHUTEILHOM KOMIUIEKCE, HCIOJIb3YIO-
IIeM JUTS. BBITTOTHEHUSI BBIYMCIEHUH CIIEIHAIN3UPOBAHHBIE YCKOPUTEIN
BBIUKCJICHUM.

Bompocsl mpenocTaBieHusi pecypcoB  BBICOKOIPOHM3BOIWUTENBHBIX
BBIYMCITUTEIBHBIX CUCTEM M OJHOBPEMEHHOTO WCIOIHEHUS Pa3IUYHBIX
M0 HAYYHOW HANpaBIEHHOCTHU 337a4 TPeOyIOT PEeIIeHUs ¢ TOYKU 3PEHUs
pa3pabotku 3 PEeKTHBHBIX aNTOPUTMOB OPraHU3AINH BEIYUCIUTEIHLHOTO
npouecca. Heooxomumo obGecrieunts 3QQEeKTUBHYIO 3arpy3Ky THOpUA-
HOT'O KOMITJIEKCA 3aja9aMH Pa3IMYHOTO THTIA, TIO3BOJISIOIIMMA MUHUMHU-
3UpOBaTh TMPOCTOM OOOPYAOBaHUS W COKPATUTH BpPEMs HCIIOJHEHUS
HAyYHBIX 3a/1a4.

OtnenpHON HaydHOW NpPOpabOTKH TpeOyIOT BOMPOCH afanTaluu
MPUKIJIATHOTO MPOTPaMMHOTO KOJIa K apXUTEKType THOPHIHOTO BBIYHUC-
JUTENHHOrO KoMIuiekca. JlaHHas 3ajavya JOJDKHA BKIIFOYATH KIIACCHU(U-
KallMio0 POrpaMMHOI0 00ECTIeueH s 10 CTEeTIeHH MOOMIBHOCTH, IOAXO0-
Bl K TIEPEBOJy MPOTPaMMHOTO KOJa Ha TEXHOJIOTHH, IMO3BOJISIOIINE
HCIIOJIb30BaTh YCKOPUTENHM BBIYUCICHUA M CO3JIaHWE WHIUBUIYaIBHOM
CpeBl WCTIONTHEHUS! HAyYHOW 3aJaddl Ha pecypcax THOPHIHOTO BBIYHC-
JIUTEIHFHOTO KOMILIEKCa.

B kadecTtBe OCHOBBI IS pa3BEpPTHIBAHUS BUPTYAIBHBIX CPEIl MOTYT
WCTIOJBh30BaThCd 00pa3bl BUPTYAIbHBIX MAIWH, COJEPIKAIIUX MOJHBINA
KOMIUIEKT MPOTPAMMHOTO oOecredeHusi, HE0OXOANMOTO I peIIeHus
MPUKIIATHON 3a7add. B ATOM ciyyae MmOnb30BaTENi0 MPEOCTaBISIETCS
cepBuc Tuma SaaS.

Hpyroit BO3MOXXHOCTBIO MPEJOCTABIEHUS BUPTYAJIbHOU CpEeJIbl SIBIIS-
eTcs pa3BepThIBaHUE B HEH KaKOH-1M0O MHTErpUPOBAHHOM Cpeabl, C Hc-
MOJTb30BaHUEM KOTOPOH TIOJB30BATENh pPa3BOpadMBaeT COOCTBEHHOE
mporpaMMHoOe o0ecrieueHre, npeJHa3HaueHHOe ISl pelIeHus 3a7ad Ma-
TepuanoBefeHns. B 3ToM ciydae mosip3oBarelb Moiydaer cepsuc PaaS
Y Ha €r0 OCHOBE CO3/Ia€T BHIUYMCIIMTENBHYIO CPEAy IS PElICHUs MpH-
KIaaHo# 3amaun. OTMETHM, YTO B JTAbHEHIIIEM Ha OCHOBE TaKUX pelle-
HUM MOTYT pa3BOpayuBaThCs CEPBUCHI SaaS.

Hcnonp3oBanue rpaduiyeckux yCKOPHUTENEH CyleCTBEHHO TOBBIIIAET
MPOU3BOANTEIHHOCTh PEIICHUS HAayYHBIX 3aJad W CHIDKAeT BpeMs
BBITIOJIHEHUST TpuiioxeHuid. HeoOxomumMo OTMETUTh, YTO CTENEHb I10-
BBIIIEHUS] TIPOU3BOAUTENHHOCTH 3aBUCUT OT THIA YCKOPHUTENS W THIIA
npukiagHod 3amaum [4]. OgHako, B oOIIeM ciyyae, MPUMEHEHUE TH-
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6pPIJIHBIX BBICOKOIIPOMU3BOAUTEILHBIX KOMIIJIEKCOB IMPUBOAWUT K ITOBLI-
IICHAIO0 Ka4eCTBA BHIYHCIUTEIHHBIX CEPBUCOB.

HpOI‘paMMHBIC CHUCTEMBI, NIPCAHA3HAYCHHBIC JId PCIICHUA 3a4a41 Ma-
TepUANOBEICHHUS, TPEOYIOT OOJBIIX 00BEMOB BEIYUCIUTEILHBIX PeCyp-
coB. LlenecooOpa3HO WX WCMIOTHEHHE B CpeAax THOPUAHBIX BBICOKOIPO-
HU3BOAUTCIIbHBIX KOMIIJIEKCOB. COBpCMCHHBIM 3(1)(1)CKTI/IBHI)IM peuICHUuEM
0 BBITIOJTHEHUIO 3THUX MPOTPAMMHBIX CHUCTEM SIBISETCS CO3/IaHUE WHIH-
BUJYaJbHBIX CPEJ HCIIOJHEHUS Ha OCHOBE TEXHOIIOTUH BUPTYAaTH3aIIH.
TexHOonoruu KOHTEHHEPOB MO3BOJIAIOT CO34AaTh W30JIMPOBAaHHBIE BUPTY-
aJbHBIC OOBEKTHI, COAEpIKAIKe Bce HEOOXOIUMOe MporpaMMHOe obec-
TIeYEeHUE JIJIsl BBIITOJIHEHUS PAcYeTOB KOHKPETHOW 3a7]auu MaTepHalloBe-
JCHUS. ITonn30BaTento MOXKET 6I)ITB MMpeaoCTaBJICHA IMOJIHOCTBIO I'OTOBAaA
cpena s BBITIOJIHEHUS pacdeToB. B aToM cirydae oH moirydaeTr o0sad-
HYIO ycIayry SaaS, UMeeT BO3MOXHOCTh 3arpy3UTh JaHHBIE H IPOU3BE-
CTH BBIYHCICHHUS. J[pyrMM BapHaHTOM HCIIONIBL30BaHUS OOJaYHOM BHI-
YHUCIUTENbHOW YycIyru sBisieTcss cepBuc PaaS. B astom ciyuae
MOJIL30BATEINb MMOIYYaeT MPOrPaMMHYIO CpPey, COAEpKallyr Heo0Xo-
TUMBIE TpOrpaMMHBIE WHCTpyMeHTH.. OH pa3BOpadyMBaeT CBOE COO-
CTBEHHOE TIporpaMMHOe oOecriedeHue, MpeTHa3HaueHHOe /ISl PacueToB
B 00J1aCTH MaTepHallOBEeICHUS, IPOU3BOIUT HACTPOUKY JTHUIICH3HA, TIPO-
IPaMMHOM CpeZibl U BBIITOJIHEHUE PACYETOB.

[IpenmodTuTenbHBIM PEKUMOM TIPENOCTABIECHHS PECYPCOB THOPHIHO-
TO BBICOKOIIPOU3BOUTEIBHOTO BBHIYUCIUTEILHOTO KOMIUIEKCA JIJIS pellre-
HUS 3a/a4 MaTepuajoBeACHUs sBisieTcs PaaS Ha OCHOBE TEXHOJOTHMHU
KOHTEHHEpoB. B sTOM cirydae Hambosee MOJTHO U THOKO MOTYT OBITH HC-
MOJIb30BaHBl PECYPCHI KIACTEPa, a TaKKe BO3MOXHOCTU MPUKIAIHOTO
MIPOrPaMMHOI0 00€ecIIeUeH s 10 paboTe ¢ rpad)uIeCKUMH YCKOPUTEIIAMH.

PaboTa BBIMOTHEHA MpW YacTHUHON momnepkke PODU (mpoekTs
18-29-03100, 19-29-03051). [Ipu mpoBeaeHUH UCCIETOBAHUN U MOCTa-
HOBKE DKCIIEPUMEHTOB TI0 MPEAOCTABICHHUIO 3a/1a4aM MaTepHUaIOBEICHIS
WHJIUBUAYAJIbHBIX CPEJl UCIIOJTHEHHUA U cEpBUCOB SaaS u PaaS ncnosb3o-
BaJMCh PECYpChl THOPUIHOTO BBICOKOIIPOU3BOJAUTEIBHOTO BBIYMCITH-
tenbHOro Komiiekca UL 1Y PAH [5].
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HNCCIEJOBAHUE ITPOU3BOJAUTEJIBHOCTHU
N MACHITABUPYEMOCTHU ITAKETA QUANTUM ESPRESSO
NP U3YYEHUUN HU3KOPASMEPHBIX CUCTEM
HA 'MBPU/IHBIX BBIYUCJIMTEJBHBIX CUCTEMAX

A. Kapues', C.A. Maabkosckuii', K.H. BoroBuu™ A.A. Copoxun’

! Boruucnumenvuuiii yeump JlanoHesocmounoco omoenenusi Poccutickoii
axademuu Hayk (BL] /IBO PAH), Xabaposck, Poccus
? Dedepanvvlii uccnedosamenvckuii yenmp «HMugpopmamura u ynpasnenuey
Poccuiickoii akademuu nayx (OUL 1Y PAH), Mockea, Poccus

YckopeHue mapaielibHbIX BICOKOIIPOU3BOIUTEIBHBIX ab initio BbI-
YUCJIECHUHN A1 HU3KOPA3MEPHBIX CUCTEM, U, B YACTHOCTH, JUIS ABYyMEp-
HBIX COCJIMHEHH, SIBJIIETCS BAKHOW 3a/1adeid B 00JIaCTH KOMITBIOTEPHON
pa3pabOTKN HOBBIX MaTepHaioB. Kak MoKa3pIBaeT MpakTHKa MPUMEHE-
HHsI TIEPBOIPUMHLMIIHBIX IMAKETOB Ha Pa3JIMYHBIX CYyNEPKOMIIBIOTEpax,
MacmTabupyeMOCTh JTaHHOTO THITA TapaUIebHBIX BBIUUCICHUN B paM-
Kax TeopuH (YHKIMOHANA TUIOTHOCTH ISl TIEPHOAMYECKUX CHCTEM
OBICTPO JCTPATUPYET C YBEIUUCHUEM YHUCIIA UCIIOIB3YEMbBIX TIPOIECCOp-
HBIX SIIEp BCIEACTBHE Pa3NIUYHBIX YHCICHHBIX (PaKTOPOB M OCOOEHHO-
CTEel MaTeMaTU4EeCKOI0 ONMCAaHUs aTOMHBIX CUCTEM C IOHMKEHHOH pas3-
MepHOCThl0. K mpumepy, Juisi UMUTALIMM BaKyyMHOTO MPOCTPAHCTBA B
CHUCTEME MHOT'OCJIOMHOIO JBYMEPHOTO MaTepuaia, 3a4acTyro, Hapsazry
¢ OONBIIMM YHCIOM aTOMOB, IIOJIb30BATEIM BHIHYXKJICHBI BBOIUTH
B PAaCUYETHYIO JJIEMEHTApHYIO SYCHKY 3HAUUTEIBHOE HE3aMOJHEHHOE
MPOCTPAHCTBO, YTO, B CBOIO OYEPEAb, OLUIYTHMO CHUYKAET MNPOU3BOAU-
TEJIBHOCTh MaTeMaTudeckux noamnporpamm dypbe-aHanuza U auaroHa-
JIM3alyy B paMKax METoJa IIOCKUX BOJIH.

B manHO# paboTe MBI MPOBENH HCCIEIOBAHNE MACIITAOUPYEMOCTH U
MPOU3BOAUTEIHHOCTH IIEPBONPUHIIMITHEIX MTAKETOB B paAMKax THOPUTHON
BBIYUCIUTEIBHON Cpelibl, OPraHU30BaHHON C MCIIOJIb30BaHUEM IpOIieC-
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copoe IBM POWERS u rpaduueckux componeccopor NVIDIA Tesla
P100, Tie B KOHTEKCTE TPEXMEPHBIX IPAHUUYHBIX MEPUOJIUYECKUX YCIIO-
BUIA MIPOBOJUINCH KBAHTOBO-MEXAHUYECKUE BBIUUCICHUS JJIsI OTIHCAHUS
AJNIEKTPOHHBIX M MAarHUTHBIX CBOWCTB KPUCTAJUIMYECKUX CHUCTeM. Tecrto-
BBbIC PacyeThl OBUIM BBITIOJHEHBI C MOMOIIBIO MOCIEIOBATEILHOIO MPH-
MEHEHHUs JBYX IEPBONPHUHIMITHBIX TMPOTPAMMHBIX MakeToB Quantum
ESPRESSO [1] u Vampire [2], obnamaromux pasHOH CTPYKTYpOH u
Pa3TUIHBIM MIPOTPAMMHBIM TTOJXO0JIOM B peau3allid YUCICHHBIX METO-
OB Ha OCHOBe MaTematudyeckux Ouommotek (BLAS, LAPACK,
ScaLAPACK, FFTW). [lng noidy4eHus CpaBHUTENBHBIX XapaKTePUCTHK
u onucanus 3¢ pexTa yCKOpEeHNs BBIYUCICHUH Ha THOPUIHBIX CHCTEMaX,
TECTOBBIE PACUETHI TOTIOJHUTEIHHO MPOBOJUIUCE HA TOM XKe 000pyI0-
BaHWU 0€3 WCHOIh30BaHHUA TPaUUECKHX YCKOPHUTENEW, a TakKe Ha
KJIACCUUYECKUX MHOTONpoIecCOpHBIX cucteMax tuna Cray XC30.

st aHanm3a mpousBoauTenbHoCcTH TTakeToB Quantum ESPRESSO m
Vampire, coOpaHHBIX C HCIOJIb30BAaHHEM OINTUMH3UPOBAHHBIX BEPCHUU
BBITIIECTICPEUUCIICHHBIX MaTeMaTHIeCKINX ONONIMOTEK, IPU U3YUEeHUN 00b-
EMHBIX MaTEepUAIOB HAa THOPHUIHOM BBIYHCIUTENHFHOM KiacTepe Obun
MPOBE/ICHBI BBIYUCICHUS 3JIEKTPOHHOW CTPYKTYPBI, POHOHHOTO CIEKTpa
u Temnepatypsl Kiopu Ha mpumepe pasnuyHBIX MOJU(PHUKAINN MOHO-
HuTpuaa xene3a [3]. JaHHble TECTOBBIE pacdeThl MO3BOJWIHN BBISBUTH
MpeeNbl 1 BO3MOXKHOCTH JIOCTUTAEMOTO YCKOPEHUS TTEPBOIPHHITHITHBIX
MAKEeTOB MPH H3YYeHHH OOBEMHBIX MAaTEpHUalIOB W HMX MPOIEIYPHO-
pacUYeTHYI0 Pa3HUILy OTHOCHUTEIBHO MOJEIHPOBAHUS HU3KOPa3MEPHBIX
cucteM. B cBoro ouepenp, M3yueHHE IPOU3BOAUTEIHLHOCTH ITAKETOB
MPUMEHUTENBHO K HU3KOPAa3MEPHBIM CHCTEMaM MPOBOAUIOCH HA OCHOBE
JIByX THUIOB CHCTEM, HMEIONIMX KAaYeCTBEHHO pa3lUYHbIe (PUIUKO-
XUMHUYECKUE XAPAKTEPUCTUKU — HA MPHUMEPE CTAHJAPTHOTO TECTOBOTO
pacuera PSIWAT nakera Quantum ESPRESSO u monenupoBanust 1By-
MEpHBIX MHOTOCIONHBIX MarHuToB Ha ocHoBe Crl;. B mepBom ciyuae,
TECTOBAasI CHCTEMa TIPEICTABIIsUIA COOOM IMOBEPXHOCTH 30JI0TA, MOKPHI-
TYI0 THOJaMH TIPU B3aMMOJCWCTBUU C BOJOH, a BO BTOPOM — ObLIA 3a-
JIEHCTBOBaHA CTPYKTypa OIHOCIOWHOTO W JBYCJIOHHOTO COCTUHEHUS
Crl;, mpencrasisrorero co0oit AByMepHBIH (GeppOMarHATHEIN MaTepra
¢ Cr-moapenieTkou ThIa «Im4eIuHbIe COTh». Ha 0OCHOBE IepeunciaeHHbIX
CHCTEM C DIIEMEHTApHBIMU SYEHKaMH, CONCPIKAIIMMH PAa3TMIHOE YHCIIO
aTOMOB M PAa3JIMYHOE MO BEIMYMHE BaKyyMHOE MPOCTPAaHCTBO, OBLIN
MIPOBEJICHBI TECTOBBIC PacUeThl M OINPEACIICHO BIMSHUE JAHHBIX Iapa-
METPOB Ha MacCIITaA0MPyEeMOCTh BHIYHCIICHHIA.
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Jis pacyeToB IBYMEPHBIX CHCTEM C MpHUMEHEeHHeM makera Quantum
ESPRESSO 6b1 00HapyXeH JOCTATOYHO PE3KHil CIiaj MaclTadupye-
MOCTH Kak (YHKIHHW YHUCIa MPOLECCOPHBIX SIEp, YTO, B CBOIO OUYepeab,
MOYeET OBITh CBA3aHO C OCOOGHHOCTSAMHU apXUTEKTYPHI KOJa U yCTPaHEHO
MyTeM 1Moa00pa napamMeTpoB pacrnapajuieuBaHus ero noadysxkuui. Tem
He MeHee, TpuMeHeHune Bepcun onbdanorekn IBM ESSL, aBromarnuecku
BBITPY’KAalOIIEH YacTh BBIYMCIECHUII Ha rpaduyecKkue CONMpOLECCOPHI,
MO3BOJIMJIO HaM JOOUTHCS 3HAYUTEIBHOTO YCKOPEHUS pacu€ToB (puznye-
CKUX CBOMCTB BCEX M3y4aeMbIX CUCTEM. bojee Toro, mojyyeHHbIE pe-
3yJbTATHl YKa3bIBAIOT Ha 3(pPEeKTUBHOCTH MPUMEHEHHUS THOPUIHBIX BbI-
YHCITUTENBHBIX KJIACTEPOB MPH KOMIBIOTEPHOM IW3aliHE MaTepUaloB U
MIEPBOMPUHLUITHBIX BBIUMCIECHUAX C HCIOJIb30BaHHEM MaTeMaTH4YeCKON
oubmmorexkn IBM ESSL. [lanHblit mogxon B OyaylieM MO3BOJIUT yBEJH-
YUTh CKOPOCTH palbOThl MPHUJIOKEHHUH, HCIONB3YIOMUX OHOIHOTEKY
BLAS, koTopbie n3HauanbHO He OB MTpeJHa3HAYEHBI 17151 BBITOTHEHUS
Ha rpaduueckux compoueccopax. [lo3ToMy mosyuyeHHbBIE pPE3yIbTaThl
YKa3bIBalOT Ha BO3MOKHOCTb ONTHMHU3ALMM PACUETHBIX CXEM B paMKax
METOJ0B KOMITBIOTEPHOTO MHOTOMacIiTa0HOro mu3aiHa. Kpome Toro,
MIPEUIOKCHHAS B IAHHON paboTe METOOJIOTHSI TIPOKIIAIBIBACT ITYTh IS
Oosee OBICTPOTO M KAYECTBEHHOTO MPOEKTUPOBAHHUS MaTepHajoB C 3a-
JAHHBIMHU CBOICTBaMH Ha 0a3e BBHICOKOIPOM3BOANUTENBHBIX TMOPUIHBIX
BBIUMCIIUTEIBHBIX CUCTEM.

UccnenoBanne BBINMOIHEHO NpH (huHAHCOBOH moanepxke PODU B
pamkax Hay4yHoro npoekta Ne 18-29-03196. IIpu npoBeneHun pacueTos
ucrnonb3oBanuch BeuucauTenbHbie pecypcesl LIKIT «entp aanHBIX
JABO PAH» (r. XabapoBck) [4].
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®OPMHUPOBAHUE WHIUBUIYAJBHOM
CPEJbI MOJAEJINPOBAHUSA B T'MBPU/ITHOM
BBICOKOIIPOU3BOJAUTEJIBHOM BBIYUCJIMTEJIBHOM
KOMIIVIEKCE

K.N. Bonomml, C.A. I[eﬂncosl, C.U. MajbKoBcKHii®

" ®eoepanvuuiii uccnedosamenvcruii yenmp «Mngopmamura u ynpagnenue»
Poccuiickoii akademuu nayx (OUIL] UY PAH), Mockea, Poccus
? Boruucaumenvuuiii yenmp Janvnesocmournozo omoenenus Poccuiickot
akademuu nayk (BL] /IBO PAH), Xabaposck, Poccus

Jnst 5QPEeKTUBHOTO NPUMEHEHUsI CUCTEM MOJEIUPOBAHUS TIPU pe-
IIeHWU 33/1a4 B O0JIACTH MaTepUAIOBEACHUS, MIPH MOJEIUPOBAHUU II0-
BeZIeHUS IM(POBBIX IBOMHUKOB, TOCTPOCHUH MaTeMaTHYEeCKUX MOJIeNeH
aHalIu3a YCTOMYMBOCTH MPOrpaMM M CETEBBIX MPOTOKOJOB K BHYTPEH-
HUM cOOSIM U BHEIIHUM aTakaMm TpeOyeTCs UCIOIb30BAHUE BHICOKOIPO-
M3BOAMTEIHHBIX BBIUMCINTENBHBIX CHCTEM. B mocneanee BpeMs Ajs pe-
LIEHUS 3aad MOJICIHUPOBAHUS MPUMEHSIOT BBICOKOIPOU3BOAUTEIbHbIE
BBIYMCITUTENBHBIE KOMIUIEKCHI C THOPWIHOW apXUTEKTYpOil B cocTaBe
KOTOPBIX MMEIOTCA CIIeIHaIbHbIe KOMITIOHEHTBI — YCKOPHTENIH (COMpOo-
ueccopsl) GPU [1, 2].

B TOoXe BpeMs cyIecTByeT ps OTpaHWYEHHA, BIUSIONINX Ha paboTy
HAy4YHOTO KOJJIEKTUBA C CHCTEMaMH MOJETHPOBAHMSI B BBIYMCIUTEIbHON
cpefie TUOPUIHBIX BBICOKONPOU3BOIUTEIBHBIX BBIYHCIUTEIHHBIX KOM-
mwiekcoB ('BBK).

Bo-nepBbix, 1 co3manus 3pPpexTHBHON MOAETH HEOOXOIUMO, UTO-
OBl Ha dTame ee pa3pabOTKU W TECTHPOBAHUS CHCTEMa MOJEIUPOBAHUS
uMena JocTyn K rpadudeckum yckopurensim [ BBK.

Bo-BTOpBIX, HAYYHBIM KOJUIEKTHB B IIPOIIECCE UCCIIEIOBAHUI MOXKET
pelaTh OJHU M T€ K€ 33/a4l Ha Pa3sHbIX CHCTEMax MOJICIHPOBAHUS C
[ENBI0 MOTyYeHUs] Hanbojee ONTUMANBHOTO BapuaHTa pemerns. OmHo-
BPEMEHHOE HaJIMYHhe HECKOJBKUX CHUCTEM MOJAEIUPOBAHUS B OIHOMN
BerauciuTensHON cpeae ' BBK Tpebyer pazpemenne KoHOIUKTOB, BO3-
HUKAIOMIUX NPU UX UHTErpalyu C ONEPallMOHHOM CHUCTEMOM, ympaBiis-
IoLEel BeruMcauTenbHbIMU pecypcamu ' BBK.

B-tpetpux, pabora ¢ cucteMamMu MOJAETHPOBAHHS TPH PEIICHUU
3a/1a4 MPEAIOoJIaraeT JUHAMUYECKOE U3MEHEHNUE HACTPOEK CUCTEMBI MO-
JIeTUPOBaHUs, BKIIOYas BBINOJIHEHHE ONepalnuid, TpeOyromux mpas
anmuauctparopa I'BBK, Hanpumep, ycTaHOBKa JONOJIHUTEIHLHOIO CH-
CTEeMHOTO TPOrPaMMHOTO OOecHeueHHs W NPOrPaMMHBIX OHONHOTEK.
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WunuBunyanbHas cpella MOJICIIMPOBAHUS JIOJDKHA (DYHKIIMOHUPOBATH B
BEIIHCIUTeIbHON cpene I'BBK u pemrats mpoGiieMy orpaHwdeHui s
HAYYHOTO KOJUICKTHBA.

OntuManpHBIM pEIIeHuEM JUIs CO3JaHusl MONHO(YHKIIMOHATBHBIX
WHAWBHUIIyalIbHBIX CpEll MOAEITUPOBAHUS SBISETCS TUIaT(HOPMEHHBIN
MOAXO0/J Ha OCHOBE TeXHoNoruil Buptyanusauuu [3, 4]. B 'BBK cuctema
BHUPTYaJIbHBIX KOHTEHHEPOB HCIIOJIB3YETCS JUIsl CO3AaHUS MHANBUIY b~
HBIX cpell HeOOBIIOro Jncia mojb3oBareneit. JIisa 9Tux 1enei momaxo-
IuT 1Mpoko u3BectHas cuctema docker. [lpemmaraercst cremyromiuii
ITOPUTM CO3JaHHS WHANBHULyATbHOW CPEIbI MOIEITHPOBAHNS.

Ha mepBom mrare ompenensgeTcss HeoOOXOIUMEIN 0a30BBI 00pa3 KOH-
TeifHepa A 3arpy3KU €ro U3 perno3uTopus.

Ha BTOpOM 1Iare mpuHHMaeETCs pelieHrue O crocode GopMUPOBAHHN
KOHTEHEpa ¢ MHJIUBUAYAJIBHONU CpellIoi MOJIETUPOBAHUA: TAKETHOM WJIU
MHTEpakTUBHOM. [lakeTHOE HCTONTHEHHE SIBISETCS MPEANOYTUTEIBHBIM,
MOCKOJIBKY 3TO OCHOBHOW PEKMM BBINTOJIHEHUS 3a/1aHui, 0OecreunBaro-
it 9QGEeKTUBHYIO 3arpy3Ky BEIMHCIUTENBHBIX pecypcoB  BBK [5].

B ciydyae makeTHOro HCHOJIHEHUS MHIUBUAyaJIbHAs CpeAa MOJIENH-
pOBaHUsI co3/laeTcsl myTeM (OPMUPOBAHMS M 3allyCKa Ha BBITIOJHEHUE B
BeiuncnuTensHol cpese ' BBK nmons3oBaTenbckoro 3aianus. BxoaHbiMu
JAHHBIMU JJIS 3a/1aHUS SABJSIEeTCSl 0a30BBI KOHTEWHEp U (aiin-cueHapuid,
co3/1aBaeMblil MoJib30BaTesieM. B (aliie-clieHapuu COAEPIKUTCS ITIPO-
TPaMMHBIH KOJI, BBIITOIHEHHE KOTOPOI'O MPUBOJAUT K 3arpy3Ke, yCTaHOB-
Ke ¥ HacTpoilike B 0a30BOM KOHTEHHepe BCeX MPOTPaMMHBIX CPEICTB,
HEOOXOAMMBIX MOJTF30BATENO IS PELICHHS €ro 3aJauu.

B crmydae MHTEpaKTUBHOTO HCIIOJIHEHUS! 0a30BBIN KOHTEWHEp 3arpy-
’)kaeTcsd B BeluucauTenbHyto cpeny I'BBK u ocraercst akTuBHBIM He-
OTIpEeIeTICHHO OJITO€ BpeMsa. B KoHTelHepe MOoJIh30BaTeNh MMEET BO3-
MOKHOCTb MPOU3BOUTH JCUCTBUS MO YCTAHOBKE/KOMITHIISINH, OTIA KA
JIOOBIX MPOrPAaMMHBIX CPEICTB, HEOOXOAWMBIX IMOJB30BATEINIO AT pe-
IICHHS 3aJa49d MOJENMPOBaHUSA. B 3aBUCHMOCTH OT CIOXHOCTH [€ii-
CTBUI MOJTL30BATENS U TIOBEICHHS BEIUUCIUTEIBHON Cpellbl KOHTEeHHEpa
BO3MOXHO JTHOO 3a()MKCHPOBATH MOCIIEI0BATCIBHOCTh JCHCTBHIA TOJb-
30Batens B BUJIE Qaiina-crieHapus, 0o HeT.

Ha Tperpem miare npuHUMAaeTCs PEelICHHE O CO3/ITAHUH U3 KOHTEeHHepa
C WHAMBHUAYAIBHOW Cpenoi MoJenupoBaHusi OMOIMOTEYHOTO 00pasza u
3arpy3ku ero B perosutopuii ' BBK. bubnmoreunsiii o6pa3, He TpeOy-
IOIIUI JTOTIOTHUTENBHON HACTPOWKH, B JalbHEHIIIEM MO mpuMepy 0a3o-
BOro o0paza MOXET HMCIOJIb30BATHCS IMOJIb30BaTeneM ajs GopMupoBa-
HUS MHIUBUAYATBHOHN CPEIbl MOAECTUPOBAHMSL.

22



[IpemnaraemMplii aITOPUTM TIO3BOJISIET BHOCHTH B 0a30BbIi U OHOJIHO-
TEYHBII 00pa3bl JIOTIONHHUTENbHbIE W3MEHEHHs, IyTeM H00aBIICHUS B
(haiin-crieHapuii COOTBETCTBYIOIIHUX OJOKOB IMPOrPpaMMHOTO Koja. Takum
00pa3oM MOXXHO CO3/1aTh LENYI0 CEpPHI0 AMHAMHUYECKH (OPMHPYEMBIX
KOHTEHHEPOB ¢ MHAMBUAYAIHLHOW Cpeloil MOISIMpOBaHUSA Ha 0asze ol-
HOro 00pa3a, HE3HAYUTEIBHO OTIMYAIOIIUXCS COCTABOM MPOrPaMMHOIO
obecrieueHusT I PEIICHUs MOXOXKHX 3a7ad OJHOW IpeIMeTHO# o0ia-
CTH, HO TPeOYIOMIMX TOMOIHUTENIFHOW HACTPOWKH Cpeabl MOJEIHPOBa-
HUs. OTMETHM, YTO HMHTETpalusl IMaKeTHOro crocoba (opMupoBaHuUs
KOHTEHHEepa ¢ MHAUBUIYAIBHON CpeNod MOAEIMPOBAHUS C IOCIENYIO-
OIMM €ro 3allyCKOM Ha WCIIOJIHEHHWE CUCTEMOW YIpaBICHUS 3aJaHHUSIMU
I'BBK sBnsiercst oTnenpHOM TPUKIAIHON 3amadeil U 3aBUCUT OT KOH-
KpeTHO# Monenu cuctemsl ynpasienus. B I'BBK ®UIl Y PAH nan-
Has MHTErpalus MpOBENECHa C HCIOJb30BAHUEM CHUCTEMBI YIIPaBJICHHS
3ananuamu IBM Spectrum LSF.

PaboTta BeImoTHEeHa TipH (hMHAHCOBOH MoIepxkke PODU (IpoeKThI
18-29-03100, 18-07-00669). IlpencraBiieHHbIE pelICHUS IO CO3IaHUIO
WHAMBUTyalbHOH cpefibl MojenupoBaHus TectupytoTcess Ha ' BBK UL
Ny PAH [6].
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NPUMEHEHME I'’'TYBOKHUX HEMPOHHBIX CETEHN
JJIs1 PEHIEHAS MHOT'OYACTHYHBIX 3AJIAY
KBAHTOBOUM MEXAHUKHA

C.A. Cunyenko’, J.1. BaxaHos'"”

! Mockosckuii asuayuonmwiii uncmumym (HHY)
> OUI] «Hngpopmamura u ynpaenenuey PAH

Pedepar. Hacrosmmass pabora cBsi3aHa ¢ H3yYCHHEM IPUMEHEHUS
TITyOOKNX HMCKYCCTBEHHBIX HEMPOHHBIX CETell K 3aJadaM MHOTHX Tell.
Ms1 uccnenoBann Bo3MoxkHOCTH MeTona Neural Quantum States st
MOWCKAa OCHOBHBIX COCTOSIHHH IIETIOYEK CIIMHOB B KBAaHTOBOW MOJIENU
W3unara. beumm paccMOTpeHBI pa3iuyHbIE KOH(OHUTYpAalnd HEHPOHHBIX
ceTedl M MPOBEAEHO UX cpaBHEHME. [loaydeHHbIe B pe3yibpTaTe anmnpok-
CUMaluu 3HaAYCHUA SHEPTrUh OCHOBHOI'O COCTOsIHHSA CPABHUBAJIIUCH C U3-
BECTHBIMU TEOPETUIECKIUMH MOJICIISIMH.

BBenenue

3agaua MHOTUX TN SBISETCS OJHOW M3 KIIOYEBBIX 337]a4 KBAHTOBOM
MexaHukd. OCHOBHBIMHU TIOJXOAaMH K PEUICHHIO 3TOH 3aJadu Ha Cero-
TTHS SIBJISIFOTCSI BApUAIIMOHHBIE METOIBI, B YaCTHOCTH KBaHTOBBIH METOJ
Monte-Kapmo [1]. JpyruM H3BECTHBIM TOIXOJOM SBJISIETCS METOI,
Ha3biBaeMbIli Matrix Product State [2]. B To *e Bpemsi, HeJIb3sl HE OTMe-
TUTh, 4TO Matrix Product State He oOnamaer HeoOXoaUMOW MacIITaOUpPY-
€MOCThI0, a MeToJIbl MoHTe-Kapiio TeprsT Heyaady B psizie ciaydaes [3].

B nacrosimedt paboTe AeTambHO M3y4yaeTcs HOBBIM METOJA, OCHOBAH-
HBII Ha TITyOOKHX UCKYCCTBEHHBIX HEHPOHHBIX ceTsax [4].

Metoa Neural Quantum States

Meron Neural Quantum States [4] ocHOBaH Ha anIIPOKCHMAIINH BOJI-
HOBOH ()YHKIIMU CUCTEMBI MHOTHX TeJ MPU MOMOIIU IITyOOKOW HEHPOH-
HOHl cetn. Bxogammu Takoil ceTH SIBISIFOTCSI 3HAUEHUs CIIMHOB, CBS3HU
HEHPOHHOH CETH ONPEHEIAIOTCS CTPYKTYpoH (HU3UIECKOW CHCTEMBEL.
CKpBIThIE HEHPOHBI ONMUCHIBAIOT CaMy BOJIHOBYIO (DYHKIIHIO, @ BBIXOJOM
CeTH SIBJIAETCS BEIMYMHA, KBaJpaT KOTOpPOM OTpa)xkaeT BepOATHOCTH
HaAOIOeHUS (PU3HUECKON CUCTEMBI B IAHHOM COCTOSIHHH.

IKCHepUMEHT

B pamkax skcriepuMeHTa ObIII CMOJETUPOBAHBI Pa3IMUHbIC LIETIOUKH
W3uHra mpu pa3nWYHBIX [apaMeTpax HEHPOHHOW CETH: IUIOTHOCTH
CKPBITBIX HEHPOHOB, a TAKKE IapaMeTpaM 00y4eHHs CETH.
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Pesynbrarer npencraBiensl Ha puc. 1. s MogenupoBaHust UCIIONb-
3oBanack omonmmoteka NetKet [5].

PBC, low scale

3.0
« N spins = 4 (fitted)
» N spins = 6 (fitted) *
« N spins = 8 (fitted) .
* N spins = 12 (fitted) .
254 =+ Nspins =14 (fitted) | } | | = > 3
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Puc. 1. Pe3ynbraTsl MOAeIpoOBaHUs
B CPaBHEHUH C TOYHOM JuaroHanu3anueu

MOo>XHO BUAETDH, YTO MOJTYUYSHHBIE PE3YIbTAThl XOPOIIO COTJIACYIOTCS
C pe3yibTaTaMu, IOJTYICHHBIMU B PE3YJIHTATEe TOYHOTO PEIICHMS 3a1auu
TUaroHaIN3aIiel MaTPHIIB M TIONCKOM COOCTBEHHBIX 3HAUCHMIM.
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Technology has a great impact on our daily life. We humans invented
and developed these technologies that not just change our daily life but
the whole world around us.

The development of Boolean algebra along with Thomas Edison’s in-
vention of the vacuum tube became the building blocks for the entire
electronics industry and provided the logical foundations for the devel-
opment and modeling of digital circuits — the new offspring of materials
science. Modeling and creating new materials and electronic heterostruc-
tures is penetrating and actively transforming everything from business
to education alike. While many of scientists were designing the hardware
and modeling the structure and properties of the composite materials for
modern computers, Claude Shannon, at Bell Laboratories, worked on a
theory of information to be processed by such machines. Shannon, in his
thesis, showed how Boolean algebra can be simulated electronically.
Shannon’s result is considered the most important master’s thesis of the
twentieth century. He also published a paper that laid the foundation for
what would become the field of information theory. Modern solid state
physics with the development of the transistor, a solid-state semiconduc-
tor device, go hand-in-hand with Shannon’s Fundamental Theorem of
Information Science which states that all information can be represented
by use of only two symbols, “0” and “1”. Companies, most notably Tex-
as Instruments and Fairchild Semiconductor, were fighting the problem,
known as the “tyranny of numbers”, the solution of which was the mod-
eling and development of the integrated circuit or semiconductor chip. A
new “giant”, named Intel, was also started. Intel developed a brilliant
idea. The company decided to build a general-purpose logic chip that
could be programmed to perform any logical task. This was an advanta-
geous approach for Intel. This chip was equivalent to the central pro-
cessing unit. and became known as a microprocessor. The first micropro-
cessor was produced and made available on the open market in
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November 1971. It was a 4-bit processor called the 4004. The 4004 was
used in the first scientific handheld calculators produced by Hewlett-
Packard and was only powerful enough for handheld calculators. But in
1974, Intel came out with the 8080 processor, an 8-bit processor with a
clock speed of 2 MHz containing about six thousand transistors. We can
safely say that every aspect of our life has been impacted by the brain-
children of these companies. Other IT related companies also will con-
tinue to surprise us and transform our daily lives. In business companies
and corporations, the use of cloud computing, Artificial Intelligence, ma-
chine learning, predictive analytics, numerous business intelligence de-
vices, and applications create new methods to conduct and manage the
business. The rise of cloud computing and cloud storage, Machine learn-
ing and Artificial intelligence is the example, that we will soon be able to
connect our body, process and store the data of human activities in real
time. Digital medical records promise to save the lives of many people
who die each year from various medical errors. Online information re-
sources, such as Wikipedia, provide quick access to a breadth of
knowledge that was not possible before. Information sharing via Face-
book, VK, OK or Twitter has not only brought people together but has
also helped spur political change around the world.

Seeing that these companies play such a tremendous role in our lives,
how would we we rate those “giants”, and how would we form the initial
list of our evaluation criteria? Suppose, for example, we were to rate one
the most known companies in the world, say Intel. If we were not aware
of Intel’s plans to develop a general-purpose logic chip, what would be
the outcome of our attempt to rank the company, and vice versa, what
would be the outcome if we did include this fact? But there are other
questions, what if this information was not true, but we used it in our
criteria for ratings. The Quality and quantity of the information, together
with reliability and the authenticity are very important, as we just saw.

One way to build and analyze ratings or ranking for these companies
is to use mathematical modeling which are useful both in expert and ana-
lytical rating.

The term “rating”, used in this paper, refers to an ordered list of cer-
tain objects, constructed and sorted in descending order by a certain
“quality” of these objects.

The ordering of objects can be done either on the basis of a certain
scale, or without it. An expert rating can be based on one or several
mathematical models. The place of an object in the analytical rating is
also determined on the basis of a mathematical model. But, it is im-
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portant to note, that after all expert evaluations are received, the final
conclusion about the place of the object in the rating is determined by the
mathematical model. Places occupied by objects, or the companies in our
case, are called “ranks”. the rank number 1 is usually assigned to the
best. The higher the rank number, the worse some of the “qualities” of
the object. This work reviews several ranking algorithms for rating com-
panies and also suggests a new way of ranking these companies. An
online software tool is also created that deploys this ranking algorithm.
Rankings are usually built using the data provided by the companies or
from open, publicly available data sources. So data analysis and data
mining play a key role in ranking and rating the companies. The next big
questions are: how good and reliable are these data, accuracy of interpre-
tation of the data, and, as mentioned above, how to form the initial list of
evaluation criteria? In this paper, author tries to answer all the these
questions, lists the typical pitfalls and ways to avoid them.

Real-life examples and mathematical formulas with working code are
also provided to make this work as practical as the subject suggests.
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HECTABWJIBHOCTDb XAPAKTEPUCTHUK
MEMPUCTHUBHOI'O QJIEMEHTA ITIPU HUKJIUPOBAHUU
KAK ®EHOMEH HEJIJMHEMHOW TMHAMUWKH

N.B. Matiomkun, O.M. OpJioB

AO «HUH monekynsapHou 31eKmpoHUKILY

dusnyeckas peanu3anus MEMPUCTOPOB YacTO JAaeTCs B BUJE CTPYK-
TYpBI «MeTaIlT — AUAIEKTpUK — MeTaun (M/IM). B 3aBucumocTu ot ma-
Tepualia aKTUBHOTO cJosl 3P dekT 00paTUMOro MEepeKIIOYCHHUS IIEKTPH-
YECKOW MPOBOAMMOCTH MOXKET Pa3H4yaThCs B YaCTH TPEBATHPYIOMINX
(PU3UKO-XUMUYECKUX MPOIECCOB, MPHUBOISIINX K W3MEHEHHIO COIPO-
TUBJIEHUS. B ponn musnekTpuka oObIYHO BBICTYIIAET OKCU MEPEXOAHOTO
MeTajiia, U 33 CUET MEPEMEHHOW BaJIEHTHOCTU JOCTHKUMBI MYJIbTHCTA-
omtpHBIe cocTostHUA. [Ipu BHemHelH mpoctore M/IM-CTpYKTYpHI U TIO-
YTH IOJIYBEKOBOTO CYIIECTBOBAaHHUS NEPBON (hMIaMEHTapHON Mojenu
MEMPHUCTOpA, & TaKXKe CTaBIIYIO CTaHJAPTHOH Monenb apeida Kucio-
POIHBIX BaKaHCHH, IO CHX IOP HET SICHOTO MOoHUMaHus (usnku e€ pabdo-
TEl. [lo Hamemy MHEHHWIO, oOIee OOBSICHEHHE COCTOMT B TOM, YTO
MEMPHCTOp SIBIIIETCS XOPOIIUM MPHUMEPOM CHCTEMBI, HaXOJSIIeHCs
Ha «Jje3Bun xaoca» (Edge of Chaos) [1], T.e. 6anaHcupyromeil MexmIy
a0COJIOTHBIM TMOPSIKOM M HETNpPeJICKa3yeMbIM Xa0COM — B JJAHHOM CITy-
4yae U3-3a HAIHYUS MyJIbTHCTAOMIEHOCTH.

DKclepruMeHTaNbHO HaOmonaemas [2, 3| neBHanus HaNPsHKEHUH 11e-
PEKIIIOYCHUS MEMPHUCTOpa TMPH IHMKIUPOBAHUU PACCMATPHBAETCS Kak
(EHOMEH NIeTEpMHHUPOBAHHOTO Xa0ca, a He KaK HCTHHHO-CIIy4aiHoe
spreHne. Llens paboThl COCTOUT B pa3BUTHH (POPMATU3AIUN U PA3BUTHH
MPEINONOKEHUS] O TOM, YTO MMEET MECTO HEeIMHeWHas TUHAMHKA TI0
KpaiiHeil Mepe OBYX (ha30BBIX BEMYMH: OJHA W3 HUX, CTaBIIas oOuie-
NPUHATON — pa3Mep ¢uiamMenTa (BAOJIb HANIPaBJICHUS TOKA), a Jipyras —
acCOIMUpPYETCsS HaMH C HEOOIBIIMM 3apsi/IoOM, HaKaIUTMBaeMbIM B 00Ja-
cti QrmamenTa. J[aHHBIA MOIX0] HE MPETEHAYET Ha TOYHOE BOCIIPOH3-
BEJICHHE CIIOKHBIX MPOIECCOB, HOCS ()OPMANBHBIA XapakTep, HO OTKPBIT
JUTS BKJIFOUEHHS 00Jiee 000CHOBAHHBIX (DU3UYECKH MTOAMOICIICH.

XoTs 00IIMe PUHITUITBI MOJICITH JOJDKHBI OBIThH JICTATU3UPOBAHBI TS
KOHKPETHBIX CHUTYaIllii, HampuMep, OWIIOISAPHOTO WIH YHHIIOJISIPHOTO
MEPeKIIOYeHMsI, Mbl HESBHO OyneMm mpenmnonarath TiN-3JeKTpoabl U
HfO,-mmanextpuk Tommuasl 6+10 aHM (puc. 1). AKTyaasHOCTH pa3pa-
00TKM HMEHHO (hOPMATEHO-KOMITAKTHOW MOJEIH, TJIe TOYHOCTh U (PH3H-
yeckass 000CHOBaHHOCTh IPUHOCUTCS B )KEPTBY MPOCTOTE pealn3alud U
OBICTPOTE BBIYMCIICHUH, 00YCIOBIeHa HHTEHCUBHBIM pa3Butuem CAIIP.
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Puc. 1. MeMpUCTUBHBIH JIEMEHT U CXeMa ero ITUKINPOBAHIS:
(a) ob1mas reomeTpus ¢ ykazanueM obnactu guinamenta u coctosiauii ON-OFF;
(6) cxema nepeKIIIoYeHNs] COCTOSTHUN

(2)

Cycling

100000 T T T T T T T T T
Roff

Ron

R, Chm

1000

100 ! ! I I 1 1 I I I
0 10 20 30 40 50 60 70 8 %0 100

N

Puc. 2. [luHaMUKa KIIOYEBBIX IAPAMETPOB MEMPHCTUBHOTO 3JIEMEHTa
TPH €r0 WMKIMPOBAHKH 110 cxeMe puc. 16. [Tokasan BpeMeHHOM psix (RoysRopr ) .
JlaHHBIE SKCTIEpUMEHTa

Ilo cpaBHEHHIO C TPaJAWLIMOHHBIMH KOMIIOHEHTAMH 3JIEKTPHUUECKON
LEeNH KIIOYEeBBIM CBOWCTBOM MeMpHCTOpa siBisieTcs ructepesuc BAX.
[Ipsimoit u oOpaTHBIi X014 BAX MOXHO omucaTh MOATOHOYHOI anredpa-
WYECKOH 3aBUCHMOCTBIO, OJHAKO, MOJYYMJI pacnpocTpaHeHue (usnde-
cku Oosiee aleKBaTHBIM TU(PepeHInAIBHBIA TOAX0 U MPelCTaBICHNE
0 BHYTPEHHHX JWHAMHYECKHX IIEPEMEHHBIX 5. B o0mem Buzie 3Ty cBs3b
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MOJKHO TIpeACTaBUThH cucteMoit (1), mMeromeit 1Ba BapHaHTa MpeCTaB-
JICHUS:

WiIn B (D

3nech V(t) — HanpsDKeHUE, OOBIYHO M3BECTHOE, HA KOHTAKTaX MEMpPH-
cTopa, a /() — mpoTeKaroIui Yepe3 MeMpucTop Tok. Jlis mMempucropa
MPaKTUYECKU BCETNIa BEKTOP S OTOXKICCTBIAIOT C pazMepoM (OT ieK-
TpoIa K DJIEKTPOAY) NIpoBoAsdmiero QmiaMmeHra, cM. puc. 1, w wWiIn
C HOPMHPOBAaHHOW Ha TONIIMHY OKCHAHOTO CJOs D BETUYHHOMN

x= K, xe [0,1]. Takum 06pa3oM, B CYIIECTBYIOLIMX MOJCIISAX § <> W.
D

HoBu3sHna Haiero mojaxoja 3akirouaeTcsl B TPaKTOBKE pasdpoca (me-
BHAIIMM) BHEUTHUX IMapaMETPOB MEMPHUCTOpPA TPH MHUKINPOBAHUU Kak
MICEBJIOCIYYaHOrO, BBI3BAHHOI'O HEIMHEHMHOW IUHAMHUKON CHCTEMBI.
[Mox uukIUpoBaHWEM MBI MOHUMAeM OTKIMK MEMPHUCTOpa Ha TaKoi
II0/1aBACMBbIi C MEPHOAOM I’ CHTHAN HANPSDKEHHS, T.C. V(t+T)=V(t),

4TO MEMPUCTOP HNPOXOAUT BCE CBOHU M}/HI)TI/ICTa6I/IJII)HBIC COCTOsSHUSA.
bazosrie MMPEATIOCBUIKH COCTOAT B CIICAYIOIIEM:

P1. [leBmamus BHEIIHUX MapaMeTpPOB MEMPHCTOpA OT IMKJIA K IIHUK-
Iy, B IpOCTEHIIeM  cloydae  HampsOKEHUHA  MEepeKITIoYeHUs
Veer (1) Vgser (n) > TAE 1 — HOMEp LIMKIIA, PE3YJIBTAT HE CTOBKO Ciy4aii-

HBIX TIPOIIECCOB, CKOJIbKO HEJIMHEHHON JWHAMHUKHA U CBOMCTBEHHOW eul
(heHOMEHA JIETePMUHUPOBAHHOTO Xa0Ca.

P2. KommdecTBO (pa30BBIX MEPEMEHHBIX TUHAMUYCCKOW CHCTEMBI HE
MeHee JIByX, IpU4YeM OfiHa (W) YK€ IPUCYTCTBYET B CYIIECTBYIOIIUX MO-
nensax, a apyras (Q) He uMeeT siIcCHOW (hrM3uYecKord MHTEepPIpeTaIiy, T.e.

s=(w,0).

P3. Hecmorps Ha TO, 4yTO BeiauuyuHa () B KOMIAKTHOW MOJETHU
MEMpHCTOpa BBOAMTCA Cyry0o (hopManbHO, KaK, HampuMmep, OONbIIUH-
ctBo SPICE-mapameTpoB MOmenu TpaH3UCTOpa, MBI, TeM HE MEHee, I
JYYIero MOHUMAHHS acCOIMUPYeM C Hell (U3MYeCKHil CMBICT HaKOII-
JICHHOTO B 00JIaCTH (pUIIaMeHTa yCIOBHO HEIMOJBUKHOTO, «(DUKCUPOBAH-
HOTO» 3apsia; OOIMMH YCIOBHSMHU €r0 BOZHUKHOBEHHSI CITy)KaT HecTe-
XHOMETPHUS OKCHIa, 00OpBAaHHBIE CBSI3M W MHOTOOOpAa3HBIC JIOBYIIICYHBIC
YPOBHH.
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P4. OOwmeli mpuynHOM M3MEHEHHsT «(PUKCHPOBAHHOTO» 3apsiia €cTh
CYMMapHBIH 3JIEKTPOHHBIN 3apsiy, MPOTEKIIHI Yepe3 MEMPHUCTOP B 000-
WX HalpaBJICHHUAX 32 BpeMs OT Havyaa I[UKIIa, T.C.

0 =Q(O)+FUI(z)dtJ, re[0:7]-

e Q(()) — NepBOHAYaJbHBIN 3apsij, HAKOIUIEHHBIN B Hadalle NEPUOJA;

JTOTTYCKAeTCsI, 9TO 3aps () MUCKpeTHAs BEIUYNHA, T.€. MOKET U3MEPATh-
C4 B €JMHUIIAX JJIEMEHTapHOro O = Ne.
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TEIIVIOBBIE PEXKUMBI PABOTBI
HATPEBATEJIBHOI'O 3JIEMEHTA N3 AJIIOMHUHUSA
C HAHOIIOPUCTBIM OKCHUJIOM AJIOMUHUA
C JIEHTOYHBIM YI'JIEPOAHBIM 3JIEMEHTOM HAT'PEBA

E.H. Myparosa', B.A. Momnuxkos',
K.B. Yepnsixosa’, U.A Bpyo6aescknii’.

! Canxm-Ilemep6ypeckuii 2ocydapcmeennblii snekmpomexnuyeckuil
yrusepcumem JIOTH um. B.U. Yrvsnosa (Jlenuna), Canxm-Ilemepoype, Poccus
SokolovaEkNik@yandex.ru
? Benopycckuii 20cy0apcmeennblii yHusepcumen uHpopmMamuxu
u paouoanexmponuxy, 2. Munck, Berapyce

C Ka)XIABIM TOJIOM YBEIHYUBAETCS KOJMYECTBO AJIEKTPOHATPEBATENEH,
NPUMEHSIEMBIX B Pa3IMYHBIX MPHOOpax MPOMBIIUIEHHOTO U OBITOBOTO
HaszHauenus. Hamboiiee yacto B KOHCTPYKIIMM OSKOHOMHNYHBIX TCIJIOBBIX
MPUOOPOB HCIOIL3YETCS TIOCKUH DJIEKTPUUSCKHHA TEIUIOBOW 3JICMEHT.
310 00BICHSETCA TEM, YTO METOJ KOHTAaKTHOH TeIuIonepeaadn XxapaKkre-
pusyetcs 6oJiee BEICOKOW 3((PEKTHBHOCTBIO NIepe/Iadn TeIlia 1o CpaBHe-
HUIO C IPYTHUMH THIIAMH Harpesa.
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Kax m3BecTHO, S5KOHOMUS 3JIEKTPUIECCKON PHEPTUH B cepe craimo-
HApHOTO OTOTUIEHUS SIBIETCS OJTHOW M3 aKTyalbHBIX 33a]a4, Ha pelleHne
KOTOPOW HAalpaBJiIeHbl YCHIIMS MHOTOYHCICHHBIX pa3paboruynkoB. KoH-
CTPYKILMU HarpeBaTebHBIX CHCTEM MOTYT OBITH CaAMBIMH pPa3HOOOpa3-
HBIMH, HO OCHOBHBIMH TPeOOBaHUAMH, NMPENBIBISEMBIMH K WX paspa-
00TKe, SIBJIAETCS HEOOXOAUMOCTh 00ecrieueHus] BLICOKOM HAJe)KHOCTH B
IKCIUTyaTally, YKOHOMHUYHOCTh, YCTOWMYHMBOCTh K BHEITHUM BO3ICH-
CTBUSIM M BBICOKHE DJJEKTpou3ndecKre XapakTepucTukd. OCHOBHBIM
AJIEMEHTOM JIFOOOTO HArpeBaTeIbHOTO YCTPOWCTBA SIBJISICTCS HarpeBa-
Tenb. [lmocKkre pe3uCTUBHBIC HArpeBaTeNd HAIUIA ITUPOKHHA CIEKTP
MPUMEHEHUs] B HarpeBaTeNbHBIX yCTPOWCTBAX, MpEAHA3HAYEHHBIX IS
(hopMUpPOBAHUS 3J0POBOTO MHKPOKJIMMATA B IMOMEIICHUSAX, MOJACPKA-
HUS TIApaMeTPOB B PA3IMIHBIX TEXHOJIOTHIECKUX IPOIECCaX, B CHCTE-
MaX aHTHOOJICJICHEHNS, B CETLCKOM XO3SIICTBE U B IIPOMBIIITIEHHOCTH.

[IpumeHeHUE B KOHCTPYKIIMHA HarpeBaTesl METAUIMYECKON OCHOBBI C
TOHKHUM IHM3JICKTPUYCCKUM CIIOEM CO3JaeT OJIarONpPUATHBIC YCIOBUS IS
OBICTpOIl W PaBHOMEPHOW IMepemadd Terla K TeIIONPHHUMAIOIEMY
aeMeHTy. TakoW TOJIXOMA IMO3BOJIIET CO3[aBaTh 3JEMEHTHI OBICTPOTO
HarpeBa C PaBHOMEPHBIM pacIpeaelieHueM TeMIIepaTyphl 1Mo pabodueit
MTOBEPXHOCTH M BBICOKUM KOA(P(HUIIEHTOM TOJIE3HOTO JISHCTBHS 32 CUET
CHUXEHUS ToTeps Tera [1, 2].

Lens HAacTOsMIEH pabOTHI COCTOSUIA B WCCIICIOBAHWU TEIUIOBHIX Xa-
PaKTEPUCTHUK TUIOCKUX HarpeBaTesell, M3rOTOBICHHBIX Ha aTFOMHUHHEBBIX
IJTACTHHAX C JICHTOYHBIM YTIEPOIHBIM JIEMEHTOM Harpena.

[Tnockuit HarpeBaTensHBIN AneMeHT (HOm) n3 amoMuHUS mMen pas-
Mepel 60%24 MmM. TonmuHa OCHOBaHUS U3 aHOJUPOBAHHOTO ATOMUHUS
coctapmsia 0,5 MM. TomniuHa KPBIIIKA U3 aHOJWPOBAHHOTO ATFOMHUHHUS
coctaBmsuia 0,3 mm. Ha o6pasmax aHOAMpOBaHHOTO ATFOMHHHMSI CIIOU T10-
pucroro aHogHoro okcuna amomunus (IIAOA), chopmupoBaHHbIi Me-
TOJAOM aHOJIMPOBAHUS aNOMHHMS, UMen Tonmuuy 20 Mxm. Takast ToJi-
muHa ITAOA ofOecmeunBania HeoOXomuMyro wm3omsmui0 HOm ot
METAIUTMYECKOTO OCHOBaHMSA. B NaHHOW KOHCTPYKIIMH HarpeBaTels Yr-
JepoHasl DIEKTPONPOBOASIIAS HUTh HA OCHOBE BHUCKO3HOM TEXHHYE-
CKOW HUTH HCIIONB30BaNach B kauectBe HOum. [l m3roroBneHus pesu-
CTUBHBIX JJIEMEHTOB HCIOJh30BAIM HUTh H3 YIIEPOJHOTO BOJIOKHA C
pazmepamu 80 MkM (TonmumHa)x4 MM (mupuna) X170 MM (anmuna) [3].
KoHTIIBI HUTH 13 YTIIEPOAHOTO BOJIOKHA METAITU3UPOBAIHCH CII0EM MeIn
(tommmaa 30 MKM, TallbBaHUYECKOE OCAXKACHHE) s TOCIeIyroIien
naiiku B mporecce COOPKU 3JIEKTPUUYECKOro HarpeBatens. dukcanuio
YIIIEPOAHON HUTH Ha MMOBEPXHOCTH aHOTHOTO OKCHJA AIFOMHUHUS U 3a-
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TEM €€ TepMETH3AINI0 OCYIIECTBIISIN C MOMOIIBIO ATOKCHIHOTO KOM-
nayHja. DIeKTPHUECKU HarpeBareidb ¢ HUTHIO U3 YTIIEPOAHOTO BOJIOK-
Ha MMen deKTpudeckoe conportusienne 60 OM. M3mepenne conpoTus-
JEHUST JAWIJIEKTPUYECKONM H30JSIIAM  TPOBOAMIOCH C  TIOMOIIBIO
Mmeraommerpa D4101. [ns mnonaydeHUss TepMorpaMM IOBEPXHOCTH
HArpeBaTeNIbHOW ITaHEIW WCIOJB30Ball TEIUIOBU3UOHHYIO KaMepy
MobIR M4.

Jns HOm BakHOUW XapaKTepHUCTUKOU SBJISETCS CIIOCOOHOCTH paBHO-
MEpPHOI'0 Harpesa 1o BCeil mioaau HarpeBaTens. B pabore nmpoBeneHb
JACTAJIBHBIC MCCIICNOBAHUA TAaKHUX IIapaMETPOB Harpe€BaTesd IpPHU DJICK-
Tpuueckol MontHOCTH 12 BT. Pe3ynbTarhl TEMIOBU3UOHHBIX UCCIIE0Ba-
HUM IMoKas3aljiv, 4TO NOBEPXHOCTH AJIIOMUHUSA CO CTOPOHBI KPBIIIIKU UMEET
paBHOMEpHOE pacIpe/ieieHne TeMIIEPaTyphl CO CPEeIHEN TeMIepaTypoil
52,3°C B pabouetii 30H¢ U 47,5°C B 30HE KOHTAKTOB. Temmeparypa airo-
MUHUS CO CTOPOHBI TEILIONEPEIAIOIIETO OCHOBaHY B paboueli 30He ObI-
na pasHa 56,5°C u 52,0°C B 30HE pacIloIOKEHUS KOHTAKTOB. Takum 00-
pa3oM, MpU MPUIIOKEHUH IJIEKTPUUYECKOW MouIHOCTH 12 BT muiockuit
HO3n 3a 60 ¢ HarpeBa BRIXOIUT Ha Temmeparypy 56 °C mis Teriootna-
FOLLEH TOBEPXHOCTH.

3aBHUCHMOCTH U3MEHEHUS TEMIIepaTyphl CO BpeMeHeM HarpeBa Ha Io-
BEPXHOCTH KpbIIKKH HOn 1 Ha ee 00paTHO# cTOpoHE (TEIMIO0TIAIOIIEH )
MOKa3aHbl Ha puc. 1.

55 + —WF— C0 CTOPOHLI KPBIMKH
—®— €O CTOPOHEI TEMI00T, 0 A
OCHOBAHHA r

S0 F

-
bl
T

AN

Temneparypa, "C

b
T

/’I
b /

0 10 20 0 40 50 60

15

Bpemsa Harpeea, ¢

Puc. 1. V3MeHeHus TeMIiepaTypbl CO BpEMEHEM HarpeBa Ha IOBEPXHOCTH
KPBIIIKYA HATPEBATEIILHOTO AIIEMEHTA M3 aTIOMUHUS U Ha ee 00paTHOI CTOpOHE
(TETUTOOTHATOITICH )
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Pe3ynprarel ncciaenoBaHuiil MOKa3ai, YTO TEMIIEpaTypa Ha MOBEpPX-
HOCTH HarpeBaTelsi Kak CO CTOPOHBI KPBIIIKH, TaK M Ha €e oOpaTHOU
CTOpPOHE UMENH OJIM3KKE 3HAYCHMS Ha BCEX CTaIHAX HarpeBa. JTO CBH-
JIETENTLCTBYET O BBICOKOH TETUIOMPOBOJHOCTH ANMIOMHHHEBOI HarpeBa-
TeIbHOM MaHenH, Giarojaps 4yemy oOecrieuyuBaeTCsl paBHOMEPHBIN Mpo-
GuITb pacnpesiesIeHUs] TEMIIEPATYPhI C JIBYX CTOPOH HarpeBaTens. Takum
00pa3oM, BBICOKas TEIUIONPOBOIHOCTH AMOMUHUS IO3BOJIAJIA TEILTY,
TeHepUpyeMOMY JIEHTOYHBIM JIEMEHTOM Harpera, OBICTpO Iepepactpe-
JISIUTHCSL TI0 BCEMY OOBEMY AallFOMUHUEBOW HarpeBaeMOW IIACTHHEIL.
CrnenoBaTenbHO, UCIONIB30BaHKue JuHeHoro HOm u3 yrinepoaHoit HUTH
sBisieTcsl 9QPEKTUBHBIM CIIOCOOOM HarpeBa aTlOMHHHEBBIX HOu, 1mo3-
BOJISIIOIIMM 0OECTIeYHTh BBICOKHE CKOPOCTH HarpeBa W paBHOMEPHBIN
nmpoWiIh pactpeseNieH|s] TEMIIEPATYPhI M0 MIOBEPXHOCTH ATFOMHHUEBBIX
3JIEMEHTOB Ha BCEX ATallaX Harpesa.
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KPUTHYECKASA TOJIIIIUHA
N JIyd ICEBAOMOP®HBIX JIASBEPHBIX
TI'ETEPOCTPYKTYP HA OCHOBE INXGA1-XAS,
BBIPAIIIEHHBIX HA (001) GAAS
M (001) INP-CYBCTPATAX

AM.®. Anb-/lapadce, E.B. MapkxoBa

Hucmumym asuayuonHbIx mexHono2uil u ynpasnenus
Vavsinoeckuil 2ocyoapcmeennulii mexuuueckuil ynueepcumen

Hcnone3ys moxxox OanaHca SHEPrUHM, Mbl OLECHWIN KPUTHYECKYIO
TOJILMHY U IUCIOKauuu HecooTBeTcTBUS (MD) u m3ruba mimacTuHBI
JUTSL OJTHO- ¥ MHOTOCIIOWHBIX TICEBIOMOP(HBIX TETEPOCTPYKTYP Ha OCHO-
Be InGaAs, HCIIONB3yEeMBIX B CBETOM3IYYAIOIUX YCTPOHCTBAaX. YKa3bl-
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Basg Ha HAYaJIO peJlaKCalyl HampsHKeHWH MOCpeACcTBOM (hopMHpOBaHUS
M/I, aHanu3 KpUTHYECKUX TOJILIMH CIIY>KUT OPUEHTUPOM IUISL IIPOCKTH-
POBaHMsI CTPYKTYPHI YCTPOHCTBa, M30eras oOIUpHOro 00pa3oBaHus Je-
(eKxTOB, OOBIYHO CONPOBOXKIAIOIIETO penakcanyuio. OUEHKH CTPYKTYPbI
JyKa TIOJIE3HBI JJIsl YAOBJIETBOPEHUsI TpeOOBaHUI TEXHOJIOTHH 00paboT-
KM TUTAaCTHH TIOCJie BhIpamuBaHus. [IpennoxeHHas METOJ0IOTHS MOXKET
ObITH MpHUMEHEeHa IJIs1 ONTHMHU3ALUH N1e(OPMHUPOBAHHBIX HOIYHNPOBOA-
HUKOBBIX JIA3€PHBIX TE€TEPOCTPYKTYP.

JlenTOouHas MHXKEHEpUs, BKIIIOYAs yHpaBieHHe nedopmarueii, crana
MOIIHBIM MOJXOJIOM K pa3pabOTKE COBPEMEHHBIX ONTOJJICKTPOHHBIX U
JIEKTPOHHBIX yCTpOHCTB. OH OBUI YCHENIHO NMPUMEHEH Ul CHUIKEHUS
[IOPOroBOM IIOTHOCTU TOKA III-V mosynpOBOJHUKOBBIX JIA3EPHBIX JUO-
JIOB, YIYYIICHHS XapaKTEPUCTHK IICEBIOMOP(HBIX TPAH3UCTOPOB C BbI-
COKOH MOJBM)KHOCTBIO 3JIEKTPOHOB, Pa3pabOTKU ONTORIEKTPOHHBIX
YCTPOMCTB Ha OCHOBE BHYTPHU3OHHBIX ONTHYECKUX MEPEXOJ0B, TaKUX
KaK MEXIIOJ30HHbIe HWH(paKpacHble (OTONETEKTOPhl U KBAaHTOBO-
KacKaJHbIE JIa3epbl, PACHIMPEHUs] CHEKTPaJbHBIN JHAma30H TaHAEMHBIX
COJIHEYHBIX 3JIEMEHTOB U T. A. B 0NT0371€KTpOHHBIX TPUOOPaxX, CBETOIH-
0JlaX | JIa3ePHBIX AMOJAX MCIOJIb30BaHUE aKTHBHBIX 00NacTel ¢ HaIps-
JKeHHOU kBaHTOBOH siMoii (KS) mo3Boiser BEIOMpaTh Hambosee MOIX0-
JAIIME TOJYTPOBOAHUKOBBIE MaTepuabl U MPaBUIBHO PEryJIHpOBaTh
W3Ty4YeHHE. JUTMHA BOJHBI 0 MPAKTUYECKH BAXKHBIX CIIEKTPAIBHBIX THa-
Ma30HOB.

C nmpyroii CTOpOHBI, HCIOJB30BaHHE HANPSKEHHBIX CIIOEB CO3/1aeT
JomnoJHUTeNbHBIE IpoOieMsl. [lepBas — 310 Xopomio u3BecTHas npobie-
Ma GopMupoBaHuUs Aucconranuu u auciokanuu HUTH (MD u TD) npu
POCTE HaNpsDKEHHBIX SMHUTAKCHAJIbHBIX CJIOEB. B cBeTommonmax u yasep-
HeIXx auoxax M/l (u T/I), renepupyemble BOIM3M (M B) aKTUBHOH 00ia-
CTH, CYLIECTBEHHO CHIDKAIOT BHYTPEHHIOIO KBAaHTOBYIO 3((EKTHBHOCTh
YCTPOMCTB M NMPUBOAAT K UX YCKOPEHHOMY YXYAILICHUIO. B 371eKTpOHHBIX
YCTPOMCTBAX, TAKMX KaK TPAH3UCTOPHI C BEICOKOM MOIBUKHOCTHIO JJIEK-
TPOHOB, IMCIOKALMH YCHJIMBAIOT paccesHUe ABYMEPHBIX 3JEKTPOHOB,
TEM CaMbIM CHIDKAS WX TOABMXKHOCTh M CKOPOCTH npeiida. [loaromy m3-
OexaHue oOpa3OBaHMS IUCIOKAIMH B HANpPSHKEHHBIX TE€TEPOCTPYKTypax
YCTPOMCTB SIBIISIETCA KIIIOYEBHIM MOMEHTOM MX KOHCTPYKIMH. Bropas
npobsieMa — U3rud pacTyIIuX IUIACTHH, BBI3BAHHBIX BCTPOCHHBIMH YIPY-
rumu aedopmanuamu. CrubaHue HexenaTeIbHO s 00paboTKU yCTpoii-
CTBa TIOCJI€ BBIPAIIMBAHUA, a TAaKXKe JUIA CPOKa CIY)XObI YCTPOHCTB B
nporecce ux padoThL.
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Kputnueckas TonmuHa KBaHTOBBIX M InGaAs u m3ruba IIacTHHBI
Ha puc. | cpaBHMBalOTCS MpeacKa3zaHHble 3HaUeHUs hc st popMupoBa-
Husg MD mns otnensHBIX ciioeB InxGal-xAs ¢ pa3nudHBIME COCTaBaMU,
KOTepEHTHO BhIpalieHHbIMUA Ha Touiokkax (001) InP umm (001) GaAs.
B cmyuae ctpykryp InxGal-xAs / GaAs hc pe3ko yMeHbIIaeTcsi ¢ Mo-
JSIPHO#M oJiei InAs X ¥ CTAaHOBHTCS HACTOJIBKO MaJibiM, 4To /ic = 7 nm
BOJIM3M MPAKTHYECKH BaskHOTO 3HaueHUs X = 0.22 (cM. puc. la), cooT-
BETCTBYIOILETO aKTHBHBIM 00JACTSIM TOJIYIIPOBOJIHUKOBBIC JIa3€Phl, H3-
JTydarollye Ha AJMHEe BOIHBI 980 nm.

OT0 mojapa3yMeBaeT, YTO aKTUBHBIC OOJIACTH TaKHX JIa3€POB BKIIO-
garoT ogay QW ¢ mmpuHON, MEHBIIIEH, YeM HalaeHHBIH BhImre he. [Ipu
0oJiee BBICOKMX 3HAUYCHMSIX X KPUTHYECKAs TOJIIMHA YMEHBIIACTCS IO
hc = 0,9 nm B ciayuae uncteix InAs / GaAs.
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Puc. 1. Kpurtnueckas Tonmmua hc OXMHOYHOTO TMCEBIOMOP(HOTO
cnos InxGal-xAs, BelpameHHoro Ha mnomioxke (001) InP wumm
(001) GaAs, B 3aBucUMOCTH OT (@) coctaBa cruiaBa u (b) 3ampemeHHoi
30HBI 00BEMHOT0 HEE(OPMUPOBAHHOTO MOTYIPOBOIHHKA.
[TyHnkTHpHas TUHUS 0003HAYaET COCTAB PEIISTKH CIUIaBa, COTJIACOBAH-
HO ¢ InP. BepTukanbHas cTpesika yKa3bIBaeT 3alpEIICHHYIO 30HY, CO-
OTBETCTBYIOLLYIO AJIMHE BOJHBI M3yueHus 1,55 Mkm

Hcnonp3ys moaxon sHEpreTHYeckoro dalaHca, pacnpoCcTpaHEeHHBIH
Ha Cllydall MHOTOCJIOWHBIX TeTEPOCTPYKTYpP, MbI OICHHIH KPHTHYE-
CKYIO TOJIIMHY W W3ru0 miacTWHBl s Habopa MceBIOMOP(HBIX
CcTpyKTyp Ha ocHOoBe InGaAs Ha momioxkax (001) GaAs u (001) InP,
ONMU3KHX K TE€M, KOTOpBIE HCIIOJIB3YIOTCS ISl U3TOTOBJICHUE CBETOMU3-
Tydaronux npuoopoB. C 3TOW MENbI0 OJWH U3 IMapaMeTPOB MOJEIH,
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a HMEHHO PaauyC sApa JUCIOKAIMH, ObLT OTPEryJHPOBaH TaK, YTOOBI
OH COOTBETCTBOBaJ KPUTHUYECKOW TOJIIHUHE clI0eB InAS Ha MOJJIOXKKE
(001) GaAs, u3MepeHHO TOYHO BO BpPEMS POCTa MOJEKYJISIPHO-TTyde-
BOH DITMTAKCHH.

BBuny npoaeMOHCTPUPOBAHHBIX IIPAKTUYECKUX IPEUMYILECTB MC-
MOJIb30BaHUSI KOMIICHCHPOBAHHBIX JehopManreil TeTepocTpyKTyp, aHa-
JU3 allbTEPHATUBHBIX MEXaHW3MOB PellaKCallii HAIPSDKEHUS, KOTOPhIE
OTPAaHUYHMBAIOT UX PabOTOCTIOCOOHOCTH, MPEICTABISAETCS TEPBOCTEIICH-
HBIM T Oyaymmx uccienoBanuii. [Ipenmnonaraercs, 9To OQHUM U3 Ta-
KX MCEXaHU3MOB ABJISICTCS MOp(bOJ'IOI‘I/ILICCKaH BOJIHUCTOCTH MOBEPXHO-
CTH POCTa, CONPOBOXKMAIOIIANICS JOKAIBHON TeHEpalued MpOTHKCHHBIX
e eKTOB.
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O IEPCIIEKTUBE CO3JAHUA DJIEMEHTOB TAMATH
HA OCHOBE HAHOYACTHI KPEMHUs

N.B. Taabizun, B.M. CamcoHoB,
M.B. Camconos, C.A. Bacuiben

Tsepckoti 2ocyoapcmeentbill yHusepcumem

Kak n3Bectno, npumenenue CD-RW u DVD-RW B xadecTBe BHeII-
Hell MONTOBPEMEHHOUM MaMSATH OCHOBHIBAaeTCS Ha HM3MEHEHHUHU OTpaXka-
TETHHON CITOCOOHOCTH METAIUITMYECKOTO CIUIaBa NpHU M3MeHeHHH (a3o-
BOTO COCTOSIHUS, T.€. TIPH MEPEX0Jie U3 KPUCTALUTUIECKOTO COCTOSHUS B
amop¢Hoe [1]. B pabore [2] BEIABHHYTA U TOATBEPKASHA MOJIEKYIISIPHO-
JTUHAMHYECKUMH IKCIEPUMEHTaMH THII0Te3a O BO3MOXKHOCTH CO3JaHUA
9JIEMEHTOB IaMSATH C MCIIOJIb30BAaHUEM H3MEHEHHS U IOCIeIyIOIIEero
coxpaHeHusi ($a3zoBOro cocTossHUS HaHouacTul Ag. B cooTBercTBHH €
MoJeKyIspHO-AuHaMuyeckumu (MJ]) pesynmbraTamu yka3aHHBIX aBTO-
poB, oueHb ObIcTpoe, co ckopocThio mopsaka 20 TK/c oxmaxneHue
KUJKOW METAJNIMYEeCKOM HAHOYACTHUIIBI JI0 KOMHATHOW TeMmepaTyphl
MPUBOANT €€ B aMOp(HOE COCTOSHHE, TOTAa KaK OTHOCHUTENBHO HHU3Kas
ckopocTh oxnaxaenus (nopsgaka 1 TK/c u MeHee) — B KpUCTaULIMYECKOE
coctossare. OgHAaKo B [2] HEe MPHUBEACHO COOOPaKEHWU O TOM, Kak Ha
MIPaKTHKEe O0ECHEeYUTh CTOJIb PA3NUYHYI0 CKOPOCTh OXJIAXIEHUS HAaHO-
YacTHUIl, PACIIOJIOKEHHBIX Ha PACCTOSIHUM BCETO JIMIIb B HECKOJIBKO HM
JIpyT OT nIpyra. Mbl npejiaraeM UCIOIb30BaTh IS MOJOOHBIX 3JIEMEH-
TOB MAMSTH HAHOYACTHIBI KPEMHUs, JUIS KOTOPBIX KPHTHYECKas CKO-
pocts amMmop(ooOpa3oBaHNs Ha HECKOIBKO TIOPSAKOB HIDKE, YeM IS Ya-
cTH MeTaiuoB. HaHowacTWIBI KpeMHHUS MOTYT OBITh pa3MelleHHl,
HarpuMep, Ha MOJUIOKKe M3 aMOp(HOIr0o yriepoja WM Ha MeTaluThde-
CKOHM TOJUIOKKe, KpUCTaJUITM4YecKas CTpyKTypa KoTopoi (fcc) cuimbHO
OTJIIMYAETCsl OT KPUCTAIIMYECKOH CTPYKTYphl KpemHus (diamond) u He
OyZAeT MHUIMHUPOBATh KPUCTAIIM3ALNIO0 aMOP(QHOTO KPEMHHUSL.

[IpeaBapurensHo Mbl npoBenu MJI uccienoBaHue pa3MepHOU 3aBU-
CUMOCTH TEMIIEpPaTyphl IUIABICHUS HAHOYACTHUI] Si, colepamied ot
1015 no 100 153 aTomOB, T.e. B JOBOJBHO IIUPOKOM JHAIa30HE pa3Me-
poB oT 3.4 no 15.6 HM. DTH HcchneqOBaHUs OTBEYAIOT YTOYHEHHUIO pe-
3yJILTATOB, MPEACTABICHHBIX HaMH B pabote [3]. BeiscHmimoch, 9ro, B
OTIIMYME OT METAIIMYECKUX HAHOKIIACTEPOB, HAHOYACTHUIBI Si HE KpH-
CTAIUTM3YIOTCA MPU OXJAKICHUH CO CKOPOCTSIMH, BOCITPOM3BOANMBIMH B
M/ skcnepumentax. s M/l monenvpoBaHHsl Mbl MCIOJIB30BAIIA U3-
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BECTHYIO KOMIbIOTepHYI0 mporpammy LAMMPS u morenmman Crui-
nuHpKepa-Bebepa [4]. Ha puc. | mpenacraBieHbl KpuBBIE HarpeBa U
oxJaxaeHus HaHodacTHi Si, cocrosmmx u3 100153, orBeyaromue CKo-
poctu HarpeBa oxnaxzaenus 0.2 TK/c. IIpu nHarpeBe ncxomHoi Kpucrai-
mudeckoit HaHowyactunel Si npu T=1640 K mpoucxonut e€ rmiaBieHue.
[Ipu oxnakAeHUM e PacIUIaBJICHHOW HAHOKAIUIM KPHCTAJUIM3AaLUN HE
npoucxoaut (puc. 1a).
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Puc. 1. Kpussle narpesa (1) u oxnakaenus (2) HaHoyacTUIs! Si,
cocrosamei n3 100153 aromoB:
a— HepBLIfI HUKJI HarpeBa-oXJIaXACHUs,
[ MOCJICAYIOIINEC OUKIIbI HArpE€Ba-OXIAXIACHUA

OpnHako, Mpu MOCIHEAYIONEM HarpeBe aMOp(HOW HAaHOYACTHUIBI Si
mo T=1200-1400 K mpoucxomgut e€ xpucramiuzanus (puc. 16). Kpu-
CTAJUTU3AIMH TIPH HarpeBe aMOpQHBIX HAHOYACTHUI] Si He HaOIIoganach
HaMHM IS HaHodacTull, cocTosmux u3 1000-5000 aromoB, HaOmI0Oma-
JJaChb B OTACIIBHBIX M}I OKCIICPUMEHTAX IJII HaHOYACTUIl, COCTOAIINX
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10 000-30 000 atomOB m BO Bcex mpoBeAEHHBIX HamMu M/ skcmepu-
MEHTax JJIs HaHodacTull, cocTosmux u3 50 000 u 6Gomee aTOMOB.

XOopoII0 U3BECTHO, YTO OOBEMHBIE OJHOKOMIIOHEHTHBIE METAJLIbI U
OCTPOBKOBBIE METaJUIMYECKHE IUIEHKH TPYIHO IEpPeBeCTH B amopdHOe
cocrosaue [5—7]. C HaHOWacTHUIAaMH Si CUTyaIus MPOTHBOIIOJIOKHAS:
HarpeB HaHodacTHIl Si, coctosmux 13 100 000 aToMOB 10 TeMIepaTyphl
1800-1900 K u mocnenyromee oxmaxkaeHue co ckopoctrsio 0.2 TK/c mo
300 K mepeBomut nx B amopdHoe cocrosaue. HarpeB HanowacTuil Si,
cocrosimux n3 100 000 atomoB mo temmeparypsl 1300-1400 K nepeso-
JIUT UX B KPUCTAUIMYECKOE COCTOsIHUE (TPEIOIaraeTcs mocieayomiee
oxynaxaenue 10 300 K ¢ m000i cKOpoCThIO).

Pabota BomonneHa npu nopnepxke PODU (mpoext Ne 18-43-
690001)
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BJIMAHUE CAMOOPI'AHU3AIIUU IIOBEPXHOCTHOI'O
3APAJIA HA 3BATBOPHO-UHAYIHUPOBAHHBIE
SJEKTPOHHYIO U ABIPOYHY 1O
JABYMEPHBIE CUCTEMbI
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Ponb 3apsiiku MOBEPXHOCTHBIX Ae(EKTOB SBISAETCS OIHOW M3 OCHOB-
HBIX (PM3WYECKUX MPOOIEM sl IOTYIIPOBOAHUKOBOM 3NIEKTPOHUKU. MBI
MpejyiaraeM HCCJIEOBAaTh BIMSHHE 3TOM 3apsAAKd Ha ABYMEpHBIN ras
(') »1exTpoHOB, MO0 NBIPOK B HeNecUPOBAHHOU TETEPOCTPYKTYpE
GaAs/AlGaAs. B koHTpacTe ¢ OOBIYHBIM METOJOM MOAYJISIIHOHHOTO
nerupoBanus, JI' B JTaHHOM ciydae BO3HUKAET IIPU HU3KOM TeMIleparTy-
pe mox AeicTBUEM HampsKeHUs V, MeXay METaIMYeCKUM 3aTBOPOM U
KOHTaKkTaMH K pabouemy cnoto GaAs [1, 2]. TonmuHa moa3aTBOpHOTO
manekTpuka Al,O; (20-30 HM) U pa3HHIIa pabOT BEIXOAA U3 MPHIICTalo-
mux K Hemy GaAs u Ti MOTHOCTBIO ONPEneNsioT KOHIIEHTPALHIO OTPH-
LATeIbHBIX 3apsimoB n~5-10'" cM? Ha MOBEPXHOCTH 3aIIMTHOTO CIOS
GaAs B paBHOBECUU 1P BBICOKOM TEMIIEPATYpeE, a TaKKe B ciydae V, #0
NpY HU3KOW TemIiepatype. DTHU 3apsabl HAXOSTCS B TOYCUHBIX Aedek-
Tax, KOHILIEHTpalusi KOTOpHIX Ha moBepxHocTu (GaAs (~10" M [3])
OUYeHb BEJHKAa IO CPaBHEHHIO C /. becrmopsmok B pacloiOXeHHWH II0-
BEPXHOCTHBIX 3apAI0B MOPOKAAeT (IYKTyallHd DIEKTPOCTATUIECKOTO
MOTeHIMala, Ha KOTOpBIX Npu TemmepaTypax ~1 K pacceuBarotcs mo-
JIBWxHBIE HOcuTenu B I, ecinu oH pasmenieH B 30—60 HM 1o moBepx-
HOCTBIO [4]. MBI MpOMOAEIMPOBANIN A3TOT OECHOPSINOK M BBIYUCIIIN
BpeMeHa paccesHus Hocutened B JI', urHopupys s MPOCTOTHI CITy-
YaifHOE PacIloNIOKEHNE U Pa3HOOOpa3ue ANEKTPOHHBIX JIOBYIIEK HA Tpa-
nune GaAs/Al,Os. Ilpeanonaranoch, 4To MOBEPXHOCTHBIC 3aps/bl CIIO-
COOHBI KOHTHHYaJILHO TEpPEMEINaThCs BIOJIb JTOW TPaHMIBI, KaK IO
ueanbHON TUIOCKOCTH, HE MoKHjas ee. B Takoil cucreme Bce (hakTOpbI
Oecriopska, KpOMe TeMITEpaTypbl B TEPMOJINHAMHYECKOM PaBHOBECHH,
BBIKJIIOYEHBI. 3aMETHM, YTO Uil MOJOOHBIX HM30JIMPOBAHHBIX CHCTEM
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B3aMMOJEHCTBYIONINX YaCTUL JaBHO NpeanoxeH 3G (eKTuBHbIN BapuaHT
MeTona Mounre-Kapio, no3Bosstomuid HaXoAuTh MUHUMYM BHYTpPEHHEH
SHEPrHH M PaBHOBECHBIE PACIIONOKEHUS YaCTHII TPU 33JaHHON TeMIle-
parype [5]. B Hameii npocToii Mozienu ypoBeHb Oecropsiika B CHCTEME
MMOBEPXHOCTHBIX 3apSAJOB BBIYHCIISIETCS MPH JIIO00W 3aJaHHON Temrepa-
type T anroputmoMm MeTtpomonuca [5], m160 aHATUTHYECKH B paMKax
TEOPUH JBYMEPHOW OJHOKOMIIOHEHTHOH mia3mbl [6]. O6a momxoxa
aJaliTUPOBAHBI K M3y4aeMoil cutyanuu. IIpu MoaennpoBaHNN OTHOKOM-
MOHEHTHOW IUIa3MBl BaKEH CIIOCO0, KOTOPBHIM 00ECIeYnBaeTCsl CyMMap-
HbIIl HyJNEeBOW 3apsj, T.€. JJEKTPUYECKas HEUTPAIBHOCTb CHUCTEMBI.
OObryHO (OpManbHO BBOIUTCA B Ty JK€ IUIOCKOCTb OIHOPOIHBII
HelTpanusyronwii ¢on [6—8], HO B W3yyaeMOM ciy4dae HEUTPaTbHOCTH
obecnieunBaeTcs 3apsgamu n3odpaxenus B metamuie (Ti). [ns Haiinen-
HBIX TpU (PUKCHPOBAHHOHW TeMIlepaType paclpeieieHUuil MOBEPXHOCT-
HBIX 3apsA70B Ha IUIOCKOCTH (X,)) mpeoOpa3oBanreM Dypbe HaAXOTUTCS
CTPYKTYpHBIH (akTop Fy. s 4uCTO Cily4aifHOTO paclpesesieHus Mpu
mo0bIX q BbIMonHsAeTcsA Fq =1. J[As8 10CTATOYHO BBICOKUX TEMIIEPATyp
T>5 K BenuunHa [q 3aBUCUT TOJIBKO OT MOZYJS ¢ BOIIHOBOI'O BEKTOPA ¢

(puc. 1a).
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Puc. 1. (a) — Ilpumep npeodOpazoBanusi @ypbe OT pacrpeneieHust HTOBEPXHOCT-
HBIX 3apsIOB Ha IJIOCKOCTH (X,y) MIPH AIIEKTPOCTATHYECKO caMOOpraHNu3alliy B
cydae n = 5-10"" cMm? B paBHOBECHOM COCTOSHHH ¢ Temmeparypoii 7=100 K:
pacyer metonoM MonTe-Kapio, Genblit KpecT ¢ yIMpeHneM B IICHTpE CBsI3aH C
KOHEYHBIM pa3MepoM 00JIacTH cueTa Ha INIOCKOCTH (X,));

(b) — 3aBHCHMOCTB CTPYKTYPHOTO (akTopa Fy 171 TOM ke 7 ¥ TPEX TEMIEPaTyp
6ecniopsiika 7. ToncThie CIUIONIHBIC JIMHUH TOTy4YeHbl MeTo oM Monre-Kapio.
ToHKHE CIUIONIHBIE W TOYEYHBIC JIMHUM BBIYHCIEHBI IO TEOPUH OIHOKOMIIO-
HEHTHOH TITa3MBI
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3aMeTuM, 4TO IS OOBIYHBIX CTPYKTYp, CO3JaBaeMbIX METOJIOM yaa-
JIEHHOTO JIETHPOBAaHMs, pa3padoTaHa TEOpHsS BIUSHUS YIbTPA-TOHKUX
CJIOEB 3apsDKEHHBIX MpUMecei! Ha HU3KOTeMIepaTypHble XapaKTepUCTH-
KU BBICOKOIIOJABHKHBIX IBYMEPHBIX HOcuTeneH [7, §].

B ee ocHOBe nexuT 3HaHME [y I PacHpeNeNICHUs] 3apsKEHHBIX
npumeceil. [[ns n3yuaeMoil HaMH CUCTEMBI IOCTPOEHA aHAJOTUYHAs
TEOpHsl, B KOTOPOH YYTEHO MPUCYTCTBUE METAIIMYECKOTo 3aTBopa. C ee
MOMOIIIBIO HAMIEHO, YTO IS IpeACcKa3aHus BIMSHHAA Oecropsaka B pac-
MOJIO)KEHUH TIOBEPXHOCTHBIX 3apsA0B Ha 3aTBOPHO-WHIYLHUPOBAHHBIN
JBYMEDHBIH I'a3 Ba)KHO 3HATH JIMIIbL 3HAYECHUs [y B IIpeJieie MabIX BOJI-
HOBBIX 4Hcel g. 3aBucuMoctd F(q) npu q < 0.1 B aquama3zoHe Temimepa-
Typ 100 K < 7 < 0 monmyuunuch OJM3KUMH B aHAJTUTUIECKOM pacuere u
B MozenupoBanuu o Monte-Kapio (puc. 1b).

s Toro, 4TOOBI JOOUTHCS COOTBETCTBHSI MEKAY BBIYMCICHHBIMH U
9KCIIEPUMEHTAIIbHPIMA KBAaHTOBBIM M TPAHCIIOPTHBIM BpEMEHaMHU pacce-
SHUASL DJEKTPOHOB W nblpok B /JII', HeoOxomumo, 4YTOOBI 3HAYCHHS
F(q— 0) Obutn B ABa-TpW pa3a MEHBIIE €AWHUIIBI, YTO MOJIYYEHO NpPHU
T=1000 K. Takum o6pa3oM, caMOOPTaHHU3AITHs IOBEPXHOCTHBIX 3apsa0B
B TPEJIOKEHHOW TepMOJMHAMUYECKOM MOJENN SIBIISETCS CYIECTBEH-
HOHM Jake MpH CTONb BBICOKUX 1. I1oCKONBKY MBI TIpeHEOPETIN BCEMH
(axkTopamu Oecriopsiika KpoMe TeMIIepaTypbl, HalJlcHHOe 3HadeHue T
SIBIISIETCS] OIIEHKOW CBEPXY ISl peasIbHOM TeMITepaTyphl 3aMOPaKMBAHHS
Oecriopska, KOTOpas Uik CUCTEM JaHHOTO THIIA HEM3BECTHA.

PaboTta BbImonmHeHa B pamkax rpanra 19-72-30023 Poccuiickoro
Hay4yHOTO (poHma. PacueTs! BHIMONHSIIUCH C WCMOIB30BAHMUEM BBIYHCIIH-
TenbHBIX pecypcoB MCL[ PAH. MsI 61aromapHasl cOTpyIHUKAM YHHUBEP-
cutera HoBoro IOxnoro Yaneca (Aectpanus) A.R. Hamilton, O. Klo-
chan u D.Q. Wang 3a BO3MOXHOCTh CPaBHCHHH PAacueTOB M TECOPHH C
HOBEMIIIMMU 3KCTIEPUMEHTAIbHBIMU JaHHBIMHU.
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MOJAEJIUPOBAHUE KOHTPOJIMPYEMOI'O 3APOKIEHUSA
M POCTA YIIOPSIOYEHHBIX AHCAMBJIEA KBAHTOBBIX
TOYEK BI'ETEPOCTPYKTYPAX HA OCHOBE SI

A.B. JIBypeueHnckuii, B.A. 3unoBbeB, A.®. 3nHOBbHEBA,
I1I.J1. HoBukoB, C.A. Pynun

@I'BYH Uucmumym usuxu nonynpogoonukog um. A.B. Pycanosa
Cubupcroeo omoenenusi PAH,
Hosocubupck, 630090, npocnexm ax. Jlaspenmuvesa 13, E’'mail:
dvurech@isp.nsc.ru

Kitroueroii BbI30B B (hyHIaMEHTAIBHBIX HCCICIOBAHUIX M pa3paboT-
K€ TEXHOJIOTUH IMOJIyIPOBOAHUKOBBIX MAaTEPHATIOB KOHUEHTPUPYETCS B
HacTosilee BpeMsl B OOJNaCTH IIMPOKOrO Kpyra HaHOCTPYKTYPUPOBaH-
HBIX CHCTEM, WHTETPHUPYEMBIX Ha TEXHOJOTHUYECKOH Iiardopme Kpem-
HUEBOM TEXHOJIOTUH, BKIIOYAIOMINX TOHKUE IJICHKU U T€TEPOIIUTAKCHUIO
Ha CTPYKTYPHUPOBAaHHBIX KPEMHHEBBIX TOIJIOXKKaX. K aKkTyamsHBIM
HaIpaBJICHUSIM IJIs1 IEPCIEKTUBHBIX MPUMEHEHUI B 3JIEKTPOHUKE OTHO-
CATCS CEJEKTUBHAS TETEPOATUTAKCHS, pa3paboTKa THOPUAHBIX CTPYK-
Typ, MHXXEHEPHs YIPYTO HANPSHKEHHBIX obnactel it e opMannoHHO-
WHAYIUPOBAHHOTO yNpaBieHUs (QyHKIIMOHAIBHBIMY XapaKTePUCTUKAMU
(hOpMUPYEMBIX CHUCTEM, TTOIYIPOBOIHUKOBBIX MTPHOOpPOB U cxeM. HHO-
BallUU B 3TOW 00JACTH SIBIAIOTCA ABIXKYIIEH CHIION Kak pa3BUTHUS MHK-
PO/HAHOZJICKTPOHHUKH, TaK U MOSIBICHUS HOBBIX 001acTEl MPAKTHYECKUX
MIPUMEHEHUH.

Hanoctpykrypsl ¢ kBanToBeiMu TOukamu (KT) sBigrorcs mepcrek-
TUBHBIMH OOBEKTaMHU JUIS pa3pabOTKH HOBOTO IOKOJIEHHS HpUOOpOB
HAHOAJICKTPOHUKH ¥ HAHO()OTOHUKH, COBMECTUMBIX C KpPEMHHEBOU
KMOII Texnonorueit [1]. HemaBHui MpophIB B KPeMHUEBOH (HOTOHHKE
Ha ocHoBe KT BriIIO4aeT psi BaXKHBIX JOCTIKEHUH: Jlazep Ha KBaHTO-
BBIX TOYKaX B CcTpykrypax A3B5, coemumrennsix (bonded) ¢ Si mommoxk-
koi [2], mubo BeIpameHHbIXx Ha Ge u Si momioxkax [3]; ycuneHHas
yIpyrumMu aedopManusiMu (POTOTIOMUHECIICHITUS OT YIOPSIOYCHHBIX B
IUIOCKOCTH POCTa TPYyHH KBAaHTOBBIX TodeK (G€ B TeTEPOCTPYKTYpax
Ge/Si, [4)]; nasepHoe usaydyeHwe B rerepoctpykrypax Ge/Si(001) ¢
KBaHTOBBIMU TOYKaMH (Ge, B KOTOPBIE C IMIOMOIIbI0 HOHHOTO OOIy4YeHUs
BBOJIMJINCH JIOKAJIbHBIE YHEPIeTHUECCKUE YPOBHU I OOCCIICUCHUS MPsi-
MBIX ONTUYECKUX MEePexoioB [5].

Onnako nonHag toiamuHa citoeB GaAs, InAs u AlGaAs, BKIroYaro-
mas OydepHble M MOKPHIBAIONTNE CIIOH TSI JJa3ePOB HAa KBAHTOBEIX TOY-
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Kax B cTpykTypax A3B5 nHa Si m Ge moyiokkax MpPEBBIMAET 3 MKM.
Takoe cunpHOE M3MEHEHHUE penbeda MOBEPXHOCTH, HEMPHUEMIIEMOE IS
(hopMUpPOBAHUS HAHOCXEM, YAAaeTCsA M30ekKaTh TOJBKO Npu Oe3nedeKt-
HOM DIMTaKCHAIBHOM poOCTe TeTepocTpykTyp (Ge/Si ¢ KBaHTOBBIMHU
TOYKAMH.

Hunst materpamun KT ¢ npubopamu KpeMHHEBOH TEXHOJIOTHH HEOO-
XOJMMBI pa3paboTKu MeTonoB GopmupoBanus ancamoOueii KT, obecne-
YUBAIOIIUX POCT NMPOCTPAHCTBEHHO YHOPSAOYEHHBIX U OJHOPOJIHBIX IO
pa3mepaMm, Gopme u xumudeckomy coctaBy KT. YmopsgoueHHble aH-
cam6mu KT ob6namaroT psiioM JOCTOMHCTB IO CPaBHEHUIO C XAOTHYHO
pacnpeneneHabiMH KT: Ooiiee OMXHOPOAHBI XMMHUYECKHH COCTaB H
sueprerudeckuii ciektp KT. KimroueBbM TpeboBanmeM k ancamOmo KT
SBIISIETCS] TAK)KE€ KOHTPOIMPYEMOCTh MMPOCTPAHCTBEHHBIX KOOPAHMHAT WX
pacmooKeH!s, TapaHTUPYIOIIas BRICOKHI YPOBEHb apecHOr0 o0parie-
Hus K Kaxkaou KT.

B Hacrosmem mokiaje OCHOBHOE BHUMaHWE OyJeT HampaBleHO Ha
camoopmupyromuecs snurakcuaibibie KT Ge-na-Si. IlpencraBneHsl
pe3ynbTaThl pa3paboTKH METOMIOB YHPABICHHS 3apOXICHUS H POCTa
KBaHTOBBIX TOYEK (MOAEITUPOBAHKUE U HKCIIEPUMEHT), CBSI3aHHBIX C QOp-
mupytronmces ancamoieMm KT ontudeckux sBIEHUH U SHEPTeTUIECKOTO
CITEKTpa DJIEKTPOHOB M ABIPOK B MHOTOCIOHHBIX (Ge/Si reTepocTpyKTy-
pax ¢ kBaHTOBEIMH Toukamu Ge. Hambonee pa3BUTON TEXHOJIOTHEH Ta-
KHAX CTPYKTYp SBISIeTCS JIeQOpMaOHHO-HHAYIIUPOBAHHAS SIHTAKCHUS
Ge Ha Si. ®opmMupyronecs TeTepoCTPyKTYpPsl OTHOCATCS KO 2 THILY
CTPOEHMSI 30HHOTO creKTpa. bosbiioit pa3peIB BajgeHTHbIX 30H (<=0.7 3B)
NPUBOIUT K 3(GPEKTUBHON JOKANU3auu AbIpoK B Ge HaHOKpUCTaJIaX.
Hedopmaruu pacTspkeHuss B Si, BO3HHKAIOIIWE HA TpaHUIE pasjeia
Ge/Si BenencTeue paznuuusi MocTosHHBIX pemieTok Ge u Si (4%), npu-
BOJAT K 00Pa30BaHUIO TPEXMEPHBIX KBAHTOBBIX SIM, B KOTOPBIX MPOUC-
XOJIUT JIOKAITN3aIUs JIEKTPOHOB.

Takast snmexTpoHHass KOH(UTypauus KBAaHTOBBIX TOYEK JElaeT X
YPE3BBIYAWHO YYBCTBUTENBHBIMH K W3MEHEHHIO HEOJHOPOJHOTO OIS
nedopmanuii B ancamOiie KBAaHTOBBIX TOYEK. Pa3BuBaeMble METOABI (MO-
JeTUPOBaHNE W HKCIIEPUMEHT) B YNPABJICHUU MPOCTPAHCTBEHHBIM pac-
MOJIO’)KEHNUEM KBAHTOBBIX TOUEK 00ECIICUNBAIOT U3MEHEHHNE SHEPTUH CBsI-
3 DJIEKTPOHOB M UX MPOCTPAHCTBEHHYIO JIOKAIM3AIHI0 HAa KBAHTOBBIX
TOYKaX, PHEPTHIO CBSI3M M CHMMETPHIO BOJHOBBIX (YHKIWA IBIPOK B
JIBOMHBIX KBAaHTOBBIX TOYKaX — MCKYCCTBEHHBIX MOJIEKyJaX, OOMEHHOE
B3aMMO/IEHCTBHUE 3JIEKTPOHOB U JABIPOK B COCTaBE 3KCHUTOHOB.
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OCHOBHBIE TOJO0KEHUSI JOKIaAa:

1) Pa3zpaboTka Momeny U MPOrpaMMHOTO OOECTIEUEHHUS TPEXMEPHOTO
pOCTa reTepoCTPYKTYp ¢ KBAHTOBBIMH TOYKaMHU Ha OCHOBE MeToJ]ia MOH-
te-Kapio ¢ BiroueHHeM ympyrux jaedopmariuii, HCIIONb3ysl MOTEHIHA-
net Kurtunra u Tepcoda.

2) ManynupoBaHHOE MEXaHUYECKUMHU HAIPSKEHUSIMU 3apOXKACHNE U
POCT SIMUTAKCHAIBLHBIX HAHOKPUCTAIUIOB (KBAaHTOBBIX TOYEK). YTpaBiie-
HHUE MPOCTPAHCTBEHHBIM PACIIOIOKEHHEM KBaHTOBBIX TOUEK Jedopma-
[IMOHHBIMH TIOJISIMU TIPH POCTE CTPYKTYP.

3) JledopmarmmoHHO-UHAYIIMPOBAHHAS JIOKAIHM3AIUS 3JIEKTPOHOB B
MHOTOCTIOWHBIX CTPYKTYpPaX.

4) TIpocTpaHCTBEHHAs: CHMMETPHSI OCHOBHOTO COCTOSIHUSI B JIBOMHBIX
BEPTHKAIILHO CBSA3aHHBIX KBAHTOBBIX TOYKaX

5) MHOTrOKpaTHOE YBEIMYEHUE CHIIBI OCIHUIIATOPA MEXK30HHBIX IIe-
PEXO/IOB B CHCTEME BEPTUKAIHHO COBMEIICHHBIX KBAHTOBBIX TOUEK.

6) DoTONMIOMHUHECHEHIHS yIOPSIoUYeHHBIX Tpynn SiGe KBaHTOBBIX
TOYeK. YcuieHrne (POTONOMUHECIICHIINA B CTPYKTypax C IBOWHBIMH
KBaHTOBBIMH TOUYKaMHU

8) DddekTh (HOTOITEKTPUIESCKOTO0 YCHJICHHS B CIOSX KBAaHTOBBIX
TOYEK MPH U3MEHEHUH UX Pa3MepOB U 3apsI0BOH MIOTHOCTH.

9) Ycunenne poToTOKa ABIPOK MOBEPXHOCTHBIMH IIIA3MOH-TIOJSPH-
TOHAaMH B THOPUAHBIX CTPYKTYPax CO CIOSMH KBaHTOBBIX TOUEK

10) UndpakpacHbsie GOTOMPUEMHUKNA H3IYUCHHS HAa OCHOBE Te€Tepo-
cTpykTyp Ge/Si ¢ KBAaHTOBBIMH TOYKAMH.

11) Metox mpoBeIeHUS OTHO-KyOUTOBBIX M IBYX-KYOHTOBBIX OIlepa-
U B cHUCTeME BYX OOMEHHO-CBSI3aHHBIX JJIEKTPOHOB C MaJIbIM Pa3iH-
yreM g-(pakTOpPOB B YCIOBHSX HAJOXKEHUS JIOMOIHUTEIBHOTO CIadoro
MEPEeMEHHOTO0 MAarHUTHOTO TOJsI, 0OOECIeUNBAIONIETr0 KaK ajpecHoe 00-
paleHre K BBIOpaHHOMY KyOWTy, Tak W yIpaBieHHE OOMEHHBIM B3au-
MojericTBueM. ONTUMAaNbHBIE MapaMeTPhl CUCTEMBI JJIsi BBITOJIHEHUS
JIOTUYECKHX OMNepanuii ¢ MUHUMAIILHOM MOTPENTHOCTHIO.

12) YcnoBusi mpoCTpaHCTBEHHOTO YIOPSIOYEHUS] KBAHTOBBIX TOYEK
JUTSL TIOJIAaBJICHUE CIIMHOBOW pellaKCcallu Mo MexaHu3may J[pskoHoBa —
[Nepens u Bo3pacTaHue BPEMEHU CIIMHOBOH pellaKcayn/AeKoTepeHIHH.
YcnoBus JOKaTU3aui HECKOJIBKUX 3JIEKTPOHOB C pa3iMYHBIMU g-(ak-
TOpPaMH Ha OAHON KBAaHTOBOW TOUKE.

Pabora BeimoniHeHa 3a cuet cpencts PH®, rpant Ne 19-12-00070.
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MODELLING OF GRAPHENE-BASED
PLASMONIC NANOSTRUCTURES
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International Iberian Nanotechnology Laboratory, Braga, Portugal
mikhail@fisica.uminho.pt

Graphene, an atomic-thin transparent conductor with adjustable Fer-
mi level, is a material of choice for plasmonics in the terahertz (THz)
range. Surface plasmon-polaritons (SPPs) are evanescent waves involv-
ing electron density oscillations (e.g. in a 2D electron gas) and an elec-
tromagnetic (EM) field which amplitude decays exponentially with dis-
tance from the surface. SPPs’ dispersion curve lies outside of the light
cone, so they cannot be excited directly by propagating light. After a
number of theoretical papers predicting graphene-supported SPPs (see
[1] for a review), in the end of 2011 a seminal paper on SPPs in gra-
phene was published [2]. This work triggered a new and intense research
area by showing that it is possible to excite SPPs in graphene, in the THz
range, by an array of micro-ribbons. In the beginning of 2012 a theoreti-
cal work followed [3], studying the manipulation of SPPs in graphene
micro- and nano-ribbons. Other possible ways of coupling electromag-
netic radiation in the THz and far-IR spectral region to this type of sur-
face waves include: (i) the attenuated total internal reflection (ATR)
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method employing a prism, (ii) graphene-based gratings or a graphene
monolayer with modulated conductivity, (iii) a metal stripe or a slit
combined with the graphene layer. Such graphene-based structures, suit-
able for making devices ranging from light polarisers to molecular sen-
sors, will be reviewed in this talk, from the point of view of modelling of
their observable EM properties using mostly semi-analytical methods.

The second part of the talk will be devoted to the system composed of
a quantum emitter (e.g. a quantum dot, QD) located in the vicinity of a
graphene layer. The idea is to use the conductive layer as a plasmonic
microcavity that, in principle, can offer large Purcell factors. However,
several works have shown that graphene usually quenches emitter’s pho-
toluminescence [4]. Modelling of this system employs EM Green’s dy-
adic of the emitter [5]. It is not completely clear yet whether this is just a
dissipation introduced by a lossy conductor or some resonant effects may
take place for a particular matching between the QD energy levels and
graphene Fermi level and non-quenching windows can be achieved. An-
other related interesting question concerns the possibility to control
Forster Resonance Energy Transfer (FRET) between two QDs (donor
and acceptor) located close to each other and also to a graphene sheet.
Two dipoles located near a graphene covered interface interact not just
directly but also through the polarization induced on graphene (i.e. the
excitation of surface plasmons). Numerical calculations [6] indicated the
possibility of FRET enhancement in such a situation, however, the phys-
ics is not completely clear and shall be re-examined.
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MHOI'OMACIHITABHOE MOJEJIUPOBAHUE
PABOTHI MHOT'OYPOBHEBBIX 3JIEMEHTOB [TAMSITH,
NPUMEHSIEMBIX JJI51 CO3JJAHUSI HEUPOMOP®HBIX
CETEU

K.K. Abrapsun

Buoiyucnumenvuoiii yenmp um. A.A. Jopoonuyvina @edepanvroco
uccnedosamenvckozo yenmpa «Mugopmamuxa u ynpaenenuey PAH
Mocxkosckuii aguayuoHHbIL UHCIUMYM
(HayUOHATbHBIL UCCIe008AMENbLCKULL YHUGEpCUmMeNT)

B Hacrosiee BpeMsi HCKYCCTBCHHBIC HEHPOHHBIE CETH CTaU 3 (hek-
TUBHBIM MHCTPYMEHTOM JUIS WHTEIDIEKTYaIhbHOTO aHAIN3a JAaHHBIX, I10-
CTPOCHUS WMHUTAMOHHBIX MOZEJECH CIOXKHBIX CHCTEM M MPOLECCOB,
pacro3HaBaHusl 00pa30B, I PEIICHHUS 3329 KIACCU(PUKAIINHI U KJIacTe-
puzanuu. AKTyalbHBIE CETOHS MHOTOYPOBHEBBIC AJIEMEHTBI PE3UCTHB-
HOU MaMSTH MO3BOJISIFOT MHOTOKPATHO YBEIHYUTH IUIOTHOCTH MHTETPa-
MU DHEPrOHE3aBUCUMOW MaMSITH, a TaKKe CIPOCKTHPOBATH M CO3/1aTh
CHCTEMBI C MEXaHH3MOM TIapaJUICIbHBIX BBIYHCICHUI, HEO0OXOAUMBIE
IUIS pa3pa®oTKu 0asbl sl aHAJIOTOBEIX HelpoMopdHBIX ceTel. [limanun-
pyeTcs, 4TO Ha OCHOBE TaKHX SUYEeK/MaTpHIl PE3UCTUBHOM MaMsTH OyeT
cO3/1aHa HOBas JJIEMEHTHas 0a3a KOMIBIOTEPOB CIIEAYIOIIEro IMOKOJIe-
HUSI, padOTAIOIINX Ha HOBBIX (DPM3MYECKHUX MPHHIUIIAX.

BwMmecte ¢ TeM, UCTIONF30BaHNE MEMPUCTOPHBIX 3JIEMEHTOB B COCTABE
HEHPOMOPGHBIX YCTPOKNCTB, Ui pEIICHUs 33a1a4 HHTEIUIEKTYaabHOTO
aHajn3a JaHHBIX CTAIKUBACTCA ¢ psmoM mpobieM. Cpenn HUX — pa3dopoc
MapaMeTpoB MEePEKITIYeHUs (HApsHKEHHE, OKHO MaMsATH) OT SYeUKH K
A4YerKe, aCMMMETPHYHOCTh W HeJIHHEHHbIE 3(PQPEKTHI, CI0XKHOCTh MPH-
MEHEHHSI TPaIUEHTHBIX aJTOPUTMOB O0YUYEHHS BCIIEICTBUE AUCKPETHOTO
XapakTepa CHHaNTHYECKUX BECOB. DTO JAUKTYET HEOOXOAMMOCThH CO3/a-
HUSl OPUTHHANBHBIX WMHUTAIMOHHBIX MOJENe W HOBBIX MPOTPAMMHBIX
WHCTPYMEHTOB KOTOpBIE MO3BOJIAT OLEHUTH BIUSHHE BO3MYLIAIOLIMX
(bakTOpoB Ha MpelCcKa3aTebHYI0 TOYHOCTh U MpPOIecC 00YYCHUU CETH,
obecniedat QopmupoBaHne HWHPOpPMANHUU A7 0OOCHOBAaHHOTO BEIOOpA
MaTepHanioB, KOHPHUIYpALUK U TOMOJOTHU SYEEeK MaMsTH, CEJICKTOPOB U
AJIEKTPOJIOB, BHIPAOOTKH ONTHMAIBHBIX CXEMHBIX H alTOPHTMHUYECKHX
pELICHU.

Jns pemeHust 3a1a4 MaTeMaTHYECKOTO MOAETHPOBAHMSI MHOTOYPOB-
HEBBIX 3JIEMEHTOB MaMsTH aKTyaJbHBIM SIBIISIETCS IPUMEHEHUE pa3pabo-
TaHHOU B Brrumcnurensuom tieatpe OUIL MY PAH undopmanmonnoit
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TEXHOJIOTHH MOCTPOCHUS MHOTOMACIITAOHBIX MOJIEJel, OCHOBaHHON Ha
TEOPETHUKO-MHOKECTBEHHOM TIPEJCTABIEHUH (PU3UKO-MaTEMATHIECKUX
MoOJeNel U MCMOJIb30BaHUH WH(POPMAMOHHBIX CTPYKTYp, 00BEIUHSIO-
X JaHHBIE W METOObl WX o0pabotku [1]. Ha ee 0Oa3ze paspaborana
OpUTMHANIbHAS apXUTEKTypa HMHTETPAlMOHHON IIaT(OPMBI MHOTOMAc-
mTaOHOTO MOJICTUPOBAHUS, KOTOpas SIBISIETCS OCHOBOW JJISI BBICOKO-
MPOU3BOAUTEIHLHOIO MPOrpaMMHOI0 KoMiuiekcax [2]. JaHHbIM mogxon
MO3BOJISIET MPOBOANUTH d((EeKTHBHOE MapauIeIbHOE pelIeHHe 3ajad C
pa3HBIX MacIITabOB C yYETOM MOCTOSITHHOTO OOMEHA JaHHBIMH.

OcoOeHHOCTBIO MOJETUPOBAaHUSI pab0OTEl MHOTOYPOBHEBBIX AJIEMEH-
TOB TIAMATH HEHPOMOP(HHBIX YCTPONUCTB SABJIsIETCS HEOOXOJUMOCTh ydeTa
HIMPOKOTO CHEKTpa MPOCTPaHCTBEHHO-BPEMEHHBIX MaciTaboB. B nman-
HOW 3a/1a4e MOXKHO BBIJENIUTh YEThIPE XapaKTEPHBIX MACIITaA0HBIX YPOB-
Hs: (I) — ypoBens aromapnoit ctpykrypshl, (II) — ypoBeHb 3nmemeHTa
namstH, (III) — ypoBens Heipomopduoii cetn, (IV) — mornueckwmii ypo-
BEHb.

Ha ypoBue atomapno#i cTpykTyps! (1) ncnonbs3yercs mepBOPUHITHII-
HOE KBaHTOBO-MEXaHHYECKOTO MOJIEITHUPOBAHHE aTOMHO-KPUCTaJLUIAYe-
CKOW CTPYKTYPBI MaT€pHajOB C YYE€TOM MPHUMECHBIX U HCKYCCTBEHHBIX
CTPYKTYPHBIX nedekToB (HampuMmep, KHUCIOPOMHBIX BakaHcwid) [3—6].
B pesynbrare npoBeAEHHBIX PACUYETOB OIPEICISIOTCS DICKTPOHHAS
CTPYKTYpa, TUIOTHOCTh HOCHUTEIIEH AIIEKTPUYECKOTO 3apsijia ¢ YIeTOM HX
CIIMHOBOM MOJIIpU3alliK, YHEPTeTHIECKHUE 30HbI, (DOPMUPYIOTCS TaHHBIC
UL UIEHTA(UKAIMKA TIOTCHIUATIOB MEXAaTOMHOTO M HOHHO-aTOMHOTO
B3aMMOJICUCTBUH, KOTOPBIE MEPEJAIOTCS Ha CIEAYIOIIUHA YpOBEHb IS
MOJETUPOBAHUSl JAWHAMHUKH CTPYKTYPHBIX DJIEMEHTOB PE3UCTUBHON
ssaetiku mamAaTH Ha ypoBHe amementa nmamsta (I1) ocymecTBisieTcst Mo-
JEeTUPOBaHNE TPAHCIOPTa HOCUTENeH 3apsia, TYHEIBHOrO Iepexoa Ha
uHTepdelice W dBomONMA Ae()EKTOB IO JEWCTBHEM IPIIIOKEHHOTO
HanpspkeHus. [ pemreHus 3Tol 3a1adu IPOBOUTCS MPSAMOE MOJIEIH-
poBaHKHE JMHAMHKH CTPYKTYpHBIX OJJIeMeHTOB. IlpemycmaTtpuBaercs
BKIIFOUEHHE B PACCMOTPEHHE MOJENH TEIUIONepeHoca B DJIEMEHTaxX Ma-
MATH [6].

ITo pe3ympraraMm MozenupoBaHus Ha MacmTadbHoM yposHe (II) dop-
MUPYIOTCS JaHHBIC U1 MACHTU(PHKANUW MapaMeTpoB allpOKCHMAIIH-
OHHBIX MOJIEJICH, HWCIIONB3yeMBIX Ha cienayromeM wacmrade (III).
B Hactosimiee BpeMs B nporecce pa3paboTKU HaXOAUTCS UMUTAIMOHHAS
MOJIeNTb, TO3BOJIAIONIAsi BOCIPOU3BOIUTE pPadOTy B3aMMOCBSI3aHHBIX
JJIEMEHTOB MaMATH B paMKax HelpomopdHoW cetn. B kadectBe 0a3bl
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TUTAHUPYETCSl PAacCMOTPETh Kpocc-0ap apXWTeKTypy ycTpoiictBa. Ha
yeTBepToM ypoBHE (IV) — jmormueckom, mpennosiaraeTcsi IMUTalMs pa-
0OTBI YCTpPOIWCTBA B PEKUMAX HHTEIUIEKTYaJbHOTO aHalW3a JaHHBIX U
MarmuHHOTO o0yueHus. [Imanupyercs paccMOTpeTh BapHaHTHI 0 d-TaitH
W OH-JIafH 00y4eHus1, paboThl MIIAHUPYETCSl TPOBOAUTH C MIPUBJICUCHUEM
corpyanukoB 0azoBoii kapenper GUL[ UV PAH B MAU. B kadecte
TECTOBBIX BapHaHTOB OyIyT B3STHl U3BECTHBIE IPUMEPHI PACIIO3HABAHHUS
ob6pazoB. [lmanupyercs pa3paboTka anrOpUTMOB OOHOBIICHUSI CHHAIITH-
YEeCKUX BECOB, IO3BOJISIIOMIMX YUYUTHIBATh AaCUMMETPHUYHOCTb U HEJIH-
HeliHble d((QEeKThl B aHANOTOBBIX DJIEMEHTaX PE3UCTHBHOW MaMSTH,
ajanTanus aJropuTMOB IOCTPOEHMS CBEPTOUYHBIX HEWPOHHBIX CEeTed K
crenn(UKe aHAIOTOBBIX JIEMEHTOB HEUPOMOP(HBIX CTPYKTYP.

BrruucnuTenbHble 3KCIIEPUMEHTHl Ha BCEX MAacIUTaOHBIX YPOBHSX
NPOBOZSTCS HAa THOpUAHOM BeruHcauTenbHOM Kinactepe OULL UY PAH
C WCIOJBb30BaHUEM paclapajuieIMBaHuUs BBHIUYMCICHHNA Ha Tpa@HuyecKux
poleccopax.

Pabota BbmonHeHa npu noanxepxke rpaHta POOU Ne 19-29-
03051 mx.
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KuaroueBblie cioBa: HampapieHHas camocOopka (DSA), kieTodHbIe
ABTOMATBI, OJIOK-COTIOTUMED, TUTOrpadusl.

MuHUMaNBHBIA pa3Mep CTPYKTYpP ONpENEssieTcs, B NEPBYIO OUYEPElb,
murorpadueii, 1 Mo Mepe MacmITAOMPOBAHUS MHUHUMAJBHBIX pPa3MepOB
HUHTETPaIbHBIX CXEM IMPOLECCHl IUTOrpaduu CTAaHOBSTCS Bee Oonee u 00-
Jiee TOPOTUMH 3a CYET JOMOJHEHHUS JIUTOrpaduu onepanusiMi TPaBICHHUS
W OCaKACHUS U BBIXOJA 3a MpEeNsl paspenieHus ckaxHepa. Jlms mac-
mTabupoBaHUA 3a MPeIesbl TEXHOJIOIMYECKOH HOPMBI 28 HM C IOMOILBIO
UMMEPCHOHHOM JuTorpaduu Tpedyercss JBOHHOE MaTTePHUPOBAHHE
(SADP, LELE), 3a npenenst HopMmbl 14 HM — deTbipexkpaTHoe (SAQP).
[TosTromMy B HacTosiiee BpeMsl aKTUBHO pa3palaThIBAIOTCs albTepHATHB-
HbIE METOJBI, OTHUM M3 KOTOPBIX SABJISIETCSI METO] HalpaBJIEHHON camo-
coopku (DSA, Directed Self-Assembly) [1]. B pabote paccMmaTpuBaeTcs
MOJETMPOBaHUE TIpolecca CaMoCOOpPKU
METOJIOM KJIeTOuHbIX aBToMaroB (KA) c
HCIIONIb30BAaHUEM COOTHOILIEHUH TEopuu
conomumepoB. Hcnonb3oBanue KA pene-
BaHTHO, T.K. OHM yJ0OHBI [2] i omuca-
HUSI IPOLIECCOB CAMOOPTaHU3ALHH.

AB nubnok

Puc. 1. Biiok-cononmmep mocie caMocOOpKu




Meton DSA 3akmoyaercd B yCWICHHHM pa3pelieHUs] UMMEPCHOHHOM
urorpaduu 3a cyeT NPOUCXOSIIEH IPU OTKUre caMOCOOPKH pacTBOpa
OJI0K-comonMMepa, HAaHECEHHOTO Ha TIpeBapUTEbHO c(HOPMUPOBAHHYIO
CTPYKTYpY, HalpaBIIONIYI0 3Ty camocOopky (puc. 1). Pasmepsr mouy-
YEeHHBIX CTPYKTYp MOryT ObIThb B mpeaenax 5-50 HM (puc. 1). Cxema
Mapuipyta DSA npezacraBieHa Ha puc. 2.

thopMupoBanie Hanpasasioneii cTpykTypsl (guiding structure)

85nm NTD-peanct
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I'!og,nomwa
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camocOopKa (hopMHpPOBAHHE HANPABAIOILEH CTPYKTYPhI

Puc. 2. Cxema DSA

OCHOBHBIC TTOJIOKEHUS M XapPaKTEPUCTHKU MoJenu [3]: mernb OJIoK-
comoNMMepa anmpoKCUMUpoBaHa cerMeHTamMu KyHa, 4ro mpeanosnaraer
KECTKHE 3BEHbS, CBOOOJIHO BpAIAIOUINECS OTHOCHTEIBHO APYT JPYyTra;
[POCTPAHCTBEHHBIM KBAHT KJIETOYHOIO aBTOMAaTa B3AT PaBHBIM JJIMHE
Kyna st monucTtupona; KBaHT BPEMEHH CBSI3aH C MPOLECCAMH IEPEHO-
ca, TouHee koddpdunueHTamMu camoauddy3ur U KMHEMaTHIECKOH BsI3-
Koctu. Jlyig onpeneneHusl KBaHTa BpEMEHH UCIOJIb30BaHa MOJENb Paysa;
BEJIMYMHA KBAHTA BPEMEHH OLIGHEHa BeTHUMHOM ~ 5,3-107 ¢; Mozenupy-
eMbIil 00beM pa3OMBaeTCs Ha HMISCTUTPAHHBIC IMANOBI ¢ JIMHEWHBIM pa3-
MEpPOM PaBHBIM INPOCTPAHCTBEHHOMY KBAHTY aBTOMAaTa; FOPU30HTAJIb-
HBIE CIIOM PACIIOJIOKEHBl OTHOCHUTENBHO IPYr JApyra CO CABUIOM IS
Jy4IIed 0THOPOTHOCTH IO TIPOCTPAHCTRY.

Ha ocHOBaHMU HaHHBIX MOJIOKEHUM HamucaHa Mporpamma, mnoiyye-
HBI [IEPBBIE PE3yIbTATHI.
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MOIEJNPOBAHUE XAPAKTEPUCTHUK
ITOJIEBOTI'O 3JIEMEHTA XOJIJIA
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[Monesoit snement Xomra (II9X) mpencraBnser co0oOW TOHKOIUIE-
HOYHBII TPaH3UCTOpP C ABYX3aTBOPHOW YIPaBIAIOIIEH CUCTEMOM TUIA
METaJUl — AUDJIEKTPUK — KPEMHUN — TUANEKTPUK — METAJUI CO BCTPOEH-
HBIM I’ — N — N’ KaHAJIOM, IPUYEM Ha GOKOBBIX PaHAX KaHana chopMu-
POBaHbI JIBa IIPOTHBOJIEKAIIMX N OMHYECKHX (XOIUIOBCKMX) KOHTAKTa,
MpeJHa3HaYeHHBbIX g u3MepeHus sac Xomwia [1]. Cxema moneBoro
aneMeHTa (JaTuuka) XoJuia mpeacTaBieHa Ha puc. 1.
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Puc. 1. 'erepocTpykTypa AUIIEKTPUK — KPEMHUN — TUIIEKTPHUK:
1, 2 — KOHTAKTBI BEPXHET0 ¥ HU)KHETO 3aTBOPOB, 3, 4 — TOKOBBIC (OMUYECKHUE)
KOHTAKTEI, 5,6 — 00KOBBIC H3MEPUTEIIbHBIC KOHTAKTEI;
a) MoTepeYHOe ceueHue, 0) BUJ CBEPXY
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[I9X wm3roraBIMBaeTCs MO TEXHOJOTHU «KPEMHHUH Ha H30JISITOPE»
(KHN). IIpu dhopmupoannu pporTabHoi M/IT crcTeMBbl HCTIOMB3YET-
Csl CTaHAApPTHBIN MPOILIECC TEPMHUYECKOTO OKUCIEHHUS Si U QopMHpOBa-
HUE Ha OKHCJIE JIEKTPOo/Ia 3aTBOpa (Ha OCHOBE JIETUPOBAHHOTO MOJIUKPH-
craummdeckoro Si). B kadecTBe BTOpo#t (HIDKHEH) yIIpaBIIAIOINICH
CHCTEMBl HCIOJB3YeTCS CIOH cKpbiToro amanekrpuka (SiO,) KHU
CTPYKTYpHI B Si MOJJI0KKA, METAJUIM3UPOBaHHAS Ha moBepxHOoCTH. [19X
MOXeT (YHKIIMOHUPOBATh KaK B PEXHMe 0OOTamleH!s] TTOBEPXHOCTHBIX
oOmacTell 9J€KTpOHAMHM, TaK W B PEXHUME OOCIHEHHS OSJIEKTPOHAMH.
Bribop pexuma omnpeenseT BeMUInHy U GopMy MarHUTOUHITYIUPOBaH-
HOTO CHTHAJIa, yIPaBIsIEeMOr0 3HAKOM W BEJIMYMHON MOTEHIIHAala IoJie-
BbIX 3aTBOPOB (TOJOXUTEIbHBINA MOTEHIMal — oOoraiieHue, OTpHUIla-
TeNbHBI — oOenHenue). B pexxume oboramenus [19X mo cytu nena
MpeJCTaBIsIeT cOo0OM cHcTeMy W3 ABYX NapajliebHO COEIMHEHHBIX
TPaH3UCTOPOB, KaHAJIBI KOTOPBIX, Mpuieratomue k SiO, — Si uHTepdeii-
caM, pazjenieHbl 00JIacThI0 Si, YaCTUIHO 00ETHEHHOH JIEKTPOIaMHU.

OtMmetumM, yto B otinure ot MOII Tpansuctopa, B II9X npuHuunm-
albHO Ba)KHa MarHUTO — IepeJaTodyHas XapaKTepUCTHKa, T.€. 3aBUCH-
MOCTb 31C Xoiula Vi OT 3HaKa M BEJIMYMHBI IOTEHUUAJIOB 3aTBOPOB.
NzBectHO, uTo V=1 - B, rae I — Tok uepes anemeHT Xoina, B — Benuuu-
Ha MarHuTHOM muaykiwu. B [19X o0muii Tok 3aBUCUT OT TOKOB, MPOTE-
Kalomux uepe3 00OoraméHHyro o0JIacTh, IPUUEM B KaXIOW M3 KOTOPBIX
TOK 3aBHCAT HE TOJILKO OT MOTEHIMANa COOCTBEHHOTO 3aTBOpA, YIIPaBIIs-
IOIEr0 MPOBOJUMOCTBIO PACIOJIOKEHHOTO BOJHM3H COOTBETCTBYIOLIEH
MOBEPXHOCTH KaHaa 000rameéHHo 06J1acTi, HO M OT MOTEHIHAaja IpyTo-
ro 3aTBOpa (Tak Ha3bIBaeMbI APQEKT 3aps0BOI CBSA3M, 3aBUCAIIAN OT
TOJIIMHBI Si CNOsI, KOHIIEHTPAUK IOHOPOB M HANpPSDKEHUS MUTAHHSA).
Kpome toro, xak mpasmuio, TommuHa SiO; mom (GpOHTATBHEIM 3aTBOPOM
CYIIIECTBEHHO MEHbIIIE, YeM TOJIIIMHA CJI0sl CKpBITOro audnekTpuka KHU
CTPYKTYpPHI (B IKCHEPUMEHTAX 3TO PA3IUUUE MOXKET COCTAaBIATH 20 HM U
400 M cootBercTBeHHO). CrnemoBarensHo, 119X He sBisIeTCs OCecHM-
METPUYHBIM TPUOOPOM, U XapPaKTEPUCTHKH «BEPXHEr0» W «HUKHETO»
AKKyMYJIMPOBaHHBIX KaHAJIOB MOTYT CYIIECTBEHHO pa3anyarhCs.

IMpu mpoexTrpoBanuu M ontuMu3auu 19X HEOOXOAMMO YUYHTHI-
BaTh OOJBIIOE KOJIMYECTBO B3aUMHO — BIMSIOUIMX IapameTpoB. Pedb
UAET O COYETAHWU KOHCTPYKTHUBHBIX M T'€OMETPUYECKHX I[1apaMeTpoB,
(U3MIECKNX CBOMCTBAaX KaHaja, MOJJIOXKKH, TUAIEKTPHIECKUAX CIOEB U
SiO, — Si unTepdeiicos, quana3oHa HANPSHKEHUS MUTaHUA U OTEHLUA-
JIOB YHPaBJIAIOMMX 3aTBOPOB. CyIIECTBEHHO, YTO BBIOOp STHX MapaMeT-
POB BO MHOTHX CITydasX OCIIOXKHSETCS MX B3aWMO3aBUCHMOCTBIO. DKC-
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MEPUMEHTAIILHOE OMNpEAeTICHHE WX 3HAYCHWH TpeOyeT IUINTENbHBIX U
HEOIPABJAHHO JOPOTOCTOSALIUX 3KCIIEPUMEHTOB.

B 5T0il cBsI3U aKTyalbHBIM NPEACTABISICTCS MPUMEHEHUE BBIYUCIH-
tenbHON Moxenu [19X, yuuThiBaromield MHOrooOpa3ue B3aMMOBIIHSIO-
mux (akropos. B BeruucnurensHoM nieHTpe nMeHn A.A. JlopoqHHIIBIHA
OUILL 1Y PAH 6p11a pazpadorana MHOTOMAacITabHAasT BEIYUCITUTEIbHASL
MOJENb Ui pacyeTa MHOTOCIOMHBIX IMOJYNPOBOJHUKOBBIX CTPYKTYP,
KOTOpasi MoKa3ana JA0CTaTOYHO BBICOKYIO TOYHOCTh MOJIEIMPOBAHUS KaK
B IJTaHE pacyeTa KOHIIEHTPALWN HOCHUTEIEH B TByMEPHOM JJIEKTPOHHOM
rasze, Tak W KacaTeJbHO MOJBHKHOCTH JJIEKTPOHOB [2—6]. B HacTosei
paboTe 3Ta Moaenb Oblla MOIU(PUIIMPOBAHA TPUMEHUTEILHO K PacueTy
MOJIEBBIX 3yeMeHTOB Xoia. KioueBylo posib UrpaeT paclpenesieHue
TUIOTHOCTH HOCHUTENEH 3apsaa monepek ciIoucTor cTpykKTypsl. C 1enbio
ero ompeneneHus permraetcss cucrema ypaBHeHuil Illpenunrepa-Ilyac-
cona. llomyyennas wHOpMAIMs IMMOCTYNMaeT B MOJENb CJEIYIOIIEro
MacIITaOHOTO YPOBHS, TJIe OCYLIECTBISIETCS PacdyeT TOKOBBIX XapakTe-
puctuk snemenTa. [IpoBeneHHBIE BHIYACIUTEIBHBIE HKCIEPUMEHTHI I10-
Ka3aJlM, 4TO pe3yJbTaThl MOJEIUPOBAHUS XOPOLIO COTJIACYIOTCS C DKC-
NEPUMEHTAILHBIMH JaHHBIMH, Tony4eHHbIMU 11 [19X. Pa3zpaboTannas
KOMIIBIOTEpHAs MOJIENb MO3BOJISET ONEPATUBHO MPOBOAUTH MHOIOBApH-
AHTHBIN aHaJN3 CIIOUCTBIX CTPYKTYp, YTO CO3/1AaeT OCHOBY JJISI ONTHUMHU-
3alMM YCTPOMCTB pacCMaTpUBAEMOr0O Kilacca.

Pabora BeimonHeHa npu noguep:kke rpanra POOU Ne 19-08-01191A.
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PERPENDICULAR MAGNETIC TUNNEL JUNCTIONS WITH
A DUAL-FECOB / MGO-INTERFACED STORAGE-LAYER:
PARAMETER EXTRACTION AND MODELING
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R.C. Sousa’, B. Dieny?, N.A. Sobolev'”?
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The influence of temperature, FeCoB layer thickness, and insertion of
ultrathin metal spacers (Ta and W) on the magnetic anisotropy of MgO /
FeCoB / MgO free layers has been explored by means of ferromagnetic
resonance (FMR). The second-order contribution to the perpendicular
magnetic anisotropy (PMA), stemming from the fluctuations of the first-
order term, accounts for the onset of an easy-cone magnetic state in the
course of the transition from the in-plane to out-of-plane magnetization.
Since the second-order term is small, the easy-cone state is stable only
within a narrow range of free-layer thicknesses and temperatures, where
the interfacial first-order PMA term gets counterbalanced by the magne-
tostatic term. We have found that the insertion of metallic spacers in the
middle of the FeCoB layer noticeably widens the range of thicknesses
and temperatures for obtaining the easy-cone state. We show that the W
spacer outperforms its Ta counterpart in this enhancement, albeit in-
creasing the magnetization damping due to a higher degree of alloying
with FeCoB. A physical mechanism of the easy-cone stabilization is
proposed. It considers a variation of the local saturation magnetization
(M) and, notably, Curie temperature (T¢) near the MgO / FeCoB inter-
face versus the distance to the metal spacer (or the capping) layer. The
larger M; and T¢ values near MgO provide more thermal stability to the
first-order PMA (ks;), while the lower M; and Tc ones near the spacer
layer result in a faster drop of the magnetostatic term with temperature.
As a result, the effective PMA field exhibits a thermal stabilization effect
that can be exploited to stabilize the easy-cone anisotropy. Alongside the
improved conditions for setting an easy cone in the MgO / FeCoB / MgO
free layers, we demonstrate that an easy-cone configuration with an al-
most temperature-independent opening angle can be obtained using a
MgO / FeCoB(1.6 nm) / Ta free layer.
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NCCIIEJOBAHUE ®OPMUPOBAHUA
OPTOPOMBHUYECKOM ®A3bI B OKCHJIE TA®HUS
METOAOM MATEMATHYECKOI'O MOJAEJIMPOBAHUS

AlT. I/ITaJILHHIleBl, B.C. Koncraututos'

1 «
AO «HUH monexynaprou snekmponuxuy, e. Mockea, 3enenozpao

Oxcup radHUS — OIVH U3 MEPCIIEKTUBHBIX MaTEPUAIOB COBPEMEHHOMN
MHKPOJJICKTPOHUKH. YK€ JOJITO€ BpEeMsI OH TPUMEHSATCS KakK JIHAJICK-
TPUYECKHUH CJION KOHJEHCATOPOB B MUKpPOCXEMaxX JMHAMHUYECKOM mamsi-
TH U paccMaTpuBaeTcs Kak high-k AUDIEKTPUK BMECTO OKCUA KPEMHUS
B KaueCTBE IOJ3aTBOPHOrO IUAJIEKTPHKA WU (YHKIIMOHAJIBHBIA CIOH
pesuctuBHOW mamaTH [1]. B 2011 romy [2] ObLIO BIIepBBIC ITOKA3aHO
nammure B HfO, nepeximoyaemoit nonspuzanuu. JlanpHelme ueeneno-
BaHMS [3] MOATBEPINITN 3TOT PE3yJIbTaT.

Cerneroanekrpudeckuii 3¢ pexT BrI3BaH opTopoMOMUeckoi (azoit
f-HfO,, xoTopas Hauboaee BEPOATHO POPMUPYETCS U3 TeTParoHaIbHOM
¢dazpr t-HfO [4]. ns nonyuyenust opropomOuyeckoid (a3pl B TOHKHUE
MIEHKN OKcuaa radHHUS BBOASATCS, Hampumep, atoMbl Zr, Si, La. s
cradmwimzanuu (azsl f-HfO, HeoOX0IMMO BBITIOJHUTH TEPMUYCCKUN
OTKHT TIOCIIC HAHECEHUSI BEPXHETO IEKTpoaa. TpedyeTcss yUuThIBaTh,
YTO HEOOXOAMMasl TeMIlepaTypa OTXKWTa 3aBUCHUT OT CTEXHOMETpHYe-
CKOro coctaBa IJIE€HKU. ECTh OCHOBaHMS MoJiaraTh, 4YTO 3HAYUTEILHBIN
BKJIaJ] BHOCSIT MEXaHUUECKUE HAIPSKEHUS, BO3HUKAIONINE BCIICICTBUE
pazHOCTH KO3 (OUIIMEHTOB TEPMUYECKOTO PACIIUPEHHS OKCHIA radHUS
Y KOHTAaKTHPYIOIIUMH ¢ HUM mofciosimMu [5, 6]. Takum obpazom, BO3-
HHAKAIOT HEe MeHee TPEX (HaKTOpOB, BIUSIOMMX Ha (HOPMUPOBAHHUE Op-
TOPOMOUYECKOW (pa3bl: CTEXHOMETPUYECKUI COCTaB, JABICHUE U TEM-
nepatypa. Yuciao uUX BO3MOXKHBIX KOMOWHAIUH CTOJIb BEIUKO, YTO
MPECTABIIACTCS 3aTPYAHUTEIBHBIM MOJTHOIIEHHOE YKCTIEPUMEHTATHLHOE
HCCJIeIOBaHUE WX COBMECTHOTrO BiHsHHS Ha QopmupoBanme f-HfO,
IKCIIEPUMEHTAIBHBIMU METOJaMu. B CBsI3U ¢ 3TUM B HacTosiield pado-
T€ YKa3aHHOE WCCJICJIOBAHUE BBITTOJTHEHO METOJOM MaTEeMaTHIECKOTO
MOJICTUPOBAHHSI.
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Jtst TOCTYKEHHSI TIOCTABIICHHON e BBIYHCIICHBI CBOOOMHAS dHEp-
rus [enbMmronbla siyeek MOHOKIMHHOM, TETParoHaibHOM U MOJISIPHOM
opTopoMOuueckoii ¢a3 oxcupa rapuus npu gasieHusx jao 40 ['Mla u
temneparypax 1o 2000 K ¢ npuMeHeHueM pacu€ToB U3 NMEPBbIX MPHUH-
nunoB. CBoOOHast SHEpTrHUs [ enbMrobiia HaXOAMIach 1Mo popMyJie:

F,=U,+U,"(I)~TS,,p& {m1, f} 1

rae U, — oHeprus ocHoHOro cocrosuus, U,"(T) — BKmaa GOHOHHBIX
konebanuil npu temneparype 7, T — abconoTHas Temmneparypa, S, —
BHOpAITMOHHAS SHTPOITHS.

@DOHOHHBIN BKIaJ B CBOOOAHYIO HEPTHIO IOJyYeH B COOTBETCTBUHU
§71B[7].

Bbluucnenus BBINOJIHEHB B HPOrpaMMHOM KoMiIuiekce Quantum
Espresso v. 6.3 [8] ¢ npuMeHeHHEM 0OMEHHO-KOPPEISIHOHHOTO MOTEH-
nuana [9] u mceBmonoreHIManoB raduus u kuciopoga [10], cerku
Momnkpycra-Ilaka 4x4x4 u 0a3mca INIOCKUX BOJH C JHEPTHSIMH 10
200 Ry Ha MomHOcTAX ['MOpHUIHOTO BBICOKOIMPOU3BOAUTEIBHOTO BHI-
gucnutensHoro komiuiekca (I'BBK) B cocrase HO ®UIL] 1Y PAH.
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Puc. 1. 3aBUcUMOCTH TEPMOIMHAMUYECKUX CTUMYJIOB:
AF,,(T) (cepsie xkpuBble), AF,, (CBET/bIEC KPUBLIE), YEPHBIH — 6a30BbIi ypoBEHb
MOHOKJIMHHOH (a3l st qasnenuii 0, 5, 10, 20, 30, 40 T'Tla

Ha puc. 1 nmoka3aHsl 3aBUCUMOCTH T€PMOJMHAMHYECKOTO CTHMYJIa
repexoa M3 TeTparoHanbHOU (a3sl B MOHOKIMHHYIO AF,(T) 1 u3 op-
TopomOmnyeckuid B MOHOKIMHHYIO AF,(T). W3 Hux BuaHo, UTO
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AF(T)>0 u AF(T)>0, To ecTth cBOOOAHAS SHEPTHS MOHOKJIMHHOM (ha3bl
MEHBIIIE CBOOOTHON SHEPTHHU TETParoHAIBHON M opTOpoMOndIeckoit (a3 B
0OoJIBIIIe YacTH PACCMOTPEHHOTO TUara3oHa JaBJICHUN U TEMIIEPaTyp.

Tepmonnnamuueckuii ctumyn AF,,(T) monoxureneH u Oomnplie, 4yeMm
AF,(T) mpu maBmenun mo 30 I'Tla. C yBenmveHneM AaBICHHS KpHUBas
AF(T) caBuraercs B 00NacTh MEHBIIMX 3HAYCHWH W TIPU JIABJICHUU
40 I'TTa oxa3pIBaeTCS HIXKE, Y€EM COOTBETCTBYIOIINE 3aBUCUMOCTH MOHO-
KJIIMHHOHM ¥ OpTOpOMOHNUecKoH (ha3.

YBenuueHne naBieHUsI TpUBOIUT K cMmerieHnio KpuBbix AF,(T) op-
TopoMOHMUecKol (a3bl B 30HY MeHbIIHX dHepruid. [Ipu nasnennn 30 I'Tla
u temmepatype 10 600 K AF,d T)<AF,(T) u AF,(T)<0, T.e. cBoOoaHAS
SHEPrusi OPTOPOMOUYECKOH (Da3bl MEHbIIIE CBOOOIHOM IHEPTUU H MOHO-
KJIMHHOW, W TeTparoHaNbHOW (a3. YUéT aucrepcuu TEIUIOBBIX Koyeba-
HUI aTOMOB B KPHUCTAJUIMYECKOW PEIIETKE CABUTAET PEKUMBI CTAOMIH-
3aruu (asel f-HfO, B cTopoHy MEHBIIMX NaBJIEHUH U TEMIIEPaTyp.
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ME3OCKOIINYECKOE PACIIIMPEHHUE
MOJIEKYJISIPHO-IMHAMMWYECKHUX MOJIEJIEH

A.A. Kypasiaes'?, K.K. A6rapsu'?, JI.JI. PeBusnnkon'”

1 . .
Mockoeckuii asuayuoHHbiti UHCIUMYM
(HayUOHATbHBIL UCCe008aMENbCKULL YHUBEpCUmMEeNT)
2 o
Buoiyucnumenvuoiii yenmp um. A.A. Jopoonuyvina ®edepanvrozo
uccreoosamenvckozo yenmpa « Mugopmamuka u ynpaenenuey PAH

OCOOCHHOCTBIO MOIETUPOBAHUS OOBEKTOB COBPEMEHHOTO Mare-
pHUaJOBENeHUsl SBISETCA HEOOXOAMMOCTh y4YeTa IIUPOKOTO CIIEKTpa
MPOCTPAHCTBEHHO-BPEMEHHBIX MaciliTaboB. B Takoll cuTyanuu akry-
aJBHBIM SIBIIIETCS TIPUMEHEHHE KOMIUIEKCa B3aMMOCBS3aHHBIX MareMa-
TUYECKUX MOJENEH U BBIYHACIUTEIBHBIX AJITOPUTMOB, OIMHCHIBAIOIINX
UCCIIeZlyeMbIe TIPOIIECCHl HAa Pa3HBIX MaciuTaOHbIX ypoBHsX [1]. Ha
HAaHOMACIITA0HOM ypOBHE MOIIHBIM HHCTPYMEHTOM SIBIISIETCS MOJICKY-
JSpHO-IUHAMHUYECKOe MojienupoBanue. [Ipu aToMm cucrema paccMaTpu-
BaeTCsA KaK COBOKYIHOCTb B3aUMOJICHCTBYIOIINX JUCKPETHBIX DJIEMEH-
TOB (aTOMOB, MOJIEKYN), IWHAMHKa KOTOPBIX OIMCHIBAETCS 3aKOHAMH
KJIACCUYECKOW MeXaHUKH. [oTeHIHMamsl MeX3IEMEHTHOTO B3anMOJCH-
CTBUS MOTYT OBITh IOJYUYEHBbI M3 PEHICHHS 3a7add MapaMeTpU4eCKOn
UIeHTUPUKAUA C T[pUMEHEHHEM TEePBOIPUHIIMIHBIX KBaHTOBO-
MEXaHHYECKUX PACYETOB, YTO COOTBETCTBYET OOIIEH KOHIEMIUH MHO-
roMacmradHoro MoaenupoBanus [1]. Tako¥ moaxo Mpu COBPEMEHHOM
YPOBHE Pa3BUTHUS BBIYUCIUTEIHFHON TEXHUKH MO3BOJIIET MOJEIHPOBATH
MOBEJICHUE CHCTEM, COCTOSIIUX M3 JIECATKOB U COTEH MIJLIMOHOB
CTPYKTYPHBIX 3JIEMEHTOB, YTO COOTBETCTBYET HAHOMETPOBOMY JHara-
30HY pa3mepoB (mo 1 Mkwm). [IlpuMeHeHne B KadecTBe TUCKPETHBIX dJIe-
MEHTOB CTPYKTYpPHBIX OOpa30BaHWI, COCTOANIUX M3 OOJBIIOrO YHCIa
aTOMOB HJIM MOJIEKYJI, TIO3BOJIAET BHIATH Ha ME30CKOIUYECKUN YPOBEHb
ommcaHus cucrteM. KirroueBBIM MOMEHTOM TP 3TOM SIBIISIETCS HAJTHYWE
uHOpPMAlIMM O MapaMeTpax B3aUMOJCUCTBHUS MEXKIY JJICMCHTAMH.
B psnge 3amad Takyro MHQOpPMAIMIO yAAaeTCs IOJY4YUTh, ONMHPAsACh Ha
3HaAaHHWE MaKpO XapaKTEePUCTUK MaTepuanoB [2, 3]. OmHako OOmbIIHit
WHTEPEC MPEJCTABIACT MOCTPOCHUE MOJICIIM Ha OCHOBE 3HAHUS MHKPO-
CTPYKTYpbl MaTepuajoB (aTOMapHBIH COCTaB, KpUCTALIMYECKas pe-
meTka, pa3Mep U ¢opma 3epeH U T.JO.) U HOTCHITHATIOB MEKaTOMHOTO
B3aUMOJICHCTBUA. DTO CYIIECTBEHHO pacIIMpseT cepy MPHIOKESHUN
JMUCKPETHO-3JIEMEHTHOTO MOJICIIMPOBAHUS U OTKPHIBACT BO3MOXHOCTH
WCCIIeIOBAaHUSI HOBBIX MaTepHaJoOB.
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B npennaraeMomM MeTone OJUCKPETHBIE 3JIEMEHTHI MPEACTABISIIOT CO-
00l TeTpa’aphl, B3aMMOJICHCTBYIOIINE MEXIy COOOH MO CMEXKHBIM Ipa-
HsM. U3 TeTpasapoB GpopMHUPYIOTCS KPUCTAIUTHL, XapaKTepH3YIOMInecs
ONpEICIICHHON OpUeHTaluel KpucTaindeckod pemeTku. C KaxJIpM
JUCKPETHBIM 3JIEMEHTOM aCCOLMUPYETCS MPEACTABUTENBHBIN (hparMeHT
(comrT) aToMapHOW CTPYKTYphl. il KpUCTAUIMYECKUX Tell 3TO (par-
MEHT KPUCTANIMYECKOW PEIIETKU, OPUEHTALNSI KOTOPOU COOTBETCTBYET
OpHEHTAINH PEIMETKU B KpucTauute (puc. 1).

[Ipennonaraercs, 4To TEH30pbl HaIps-
JKeHUH U nmedopmaruii THCKpEeTHOTO dIie-
MEHTa U €r0 aTOMapHOI0 CAMILIA OJUHAKO-
Bbl. TEH30p HampssKeHUH Ha aToMapHOM
YPOBHE PACCUUTHIBAECTCS C MOMOLIBIO MO-
JEKYISPHO-TUHAMUYECKOTO  MOJAEIUPOBa-
Hus. Ota nHbopMalus MmeperacTcs Ha ypo-
BEHb AJIEMEHTA, YTO [O3BOJISIET PACCUUTATh
TEH30p JedopMalvy AJIEeMEHTa, MPEeIBapH-
TEJIBHO OTIPEJIEINB CHJIBI, IEHCTBYIOIINE Ha

Puc 1 BEPIIMHBI DJIEMEHTA U IIPOMU3BELAS pacyueT
JIMCKpETHBIi 2lIeMeHT JIMHAMUKH BepUInH. PaccunTanHblil TEH30p
U acCOLIMMPOBaHHBII nedopMmali TIEpeaeTcss Ha aTOMapHBIN

C HHM COMILT aTOMapHOK YPOBEHB, TPOU3BOIUTCS NedopMarus aro-

CTPYKTYpEI MapHOTO COMIUIA, TIOCIe Yero CHOBa OCYy-

HIECTBIISIETCS MOJIEKYIISIPHO-AMHAMUYECKOE
MOJIETUPOBAaHUE, OIMPENENIeTCS TEH30p HANPSHKEHUH W MPOIECC MOBTO-
pseTcs.

V.
Vv
1
D D
Vi
Vo

v; vi

Puc 2. Jledhopmanust sneMeHTa 1 aTOMapHOTO COMILIA
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B xoxge MozaenupoBaHHMsT MOXKET MPOU30HTH pa3pylLIEHHUE CBA3EH.
[Ipennonaraercs, 4To BCE pa3pbIBbl IPOUCXOMAST IO TPaHULIAM KPHUCTAJI-
JIUTOB, TaK KaK caMd KPUCTAJUIUTHI 3HAUUTEIBHO NMPOYHEE, YeM CBSI3U
Mexy HUMH. 1)1 uAeHTU(QUKALIMN Pa3pyIICHUS CBI3U MEXKIYy KPHCTa-
JIUTaMU B IIPOLIECCE MOAEIUPOBAHUS HA IPAaHULIAX 3JIEMEHTOB, COOTBET-
CTBYIOIINX PAa3IUYHBIM KPUCTAJUIUTAM, BBOAATCS B PACCMOTPEHHE Ipa-
HUYHbIE aTOMapHBIE COMIUIBI, KOTOPHIE COCTOST M3 Mapbl (hparMeHTOB
KPUCTaJUIMYECKUX CTPYKTYP B OPUEHTALMIX, COOTBETCTBYIOLIUX COCEI-
HUM KPHUCTANIUTaM. 3a CUET Pa3INuyHON OPUEHTAIIMU KPUCTALTUIECKUX
pemETOK B IPaHUYHBIX ATOMAPHBIX COMIUIAX MPOLECC pa3pylICHUs IIPO-
HCXOIIUT JIEr4Ye, 4eM B MOHOKpHUCTAJLIAX.

Crnemyer OTMETHTD, YTO MpEAaraeMblil MOIX0 CBA3aH C CYIECTBEH-
HBIMH BBIYHMCIIATENIFHBIMH 3aTpaTaMu. TpexMepHas Mozienb 00beKTa Tpe-
OyeT 3HaYUTENFHOTO KOJNMYECTBA MUCKPETHBIX 3JIEMEHTOB, TOTJA KaK IS
Ka)XIOTO dJIEMEHTa HeOOXOANMO MPOM3BOIUTE PEIAKCALUIO B aCCOLMUPO-
BaHHBIX AaTOMapHbBIX CAOMIUIAX IIyTEM MOJEKYJISPHO-AMHAMUYECKOIO
MOJISTUPOBaHUA. B 3TO# cBs3m B HacTOAIIeH paboTe OCYIIECTBIACTCS
pacnapasuleliBaHie BbIYHCIEHHH Ha Tpaduueckux mpoueccopax. Bbl-
YHUCIUTENBHBIN TPOIecC XOPOIo OTOOpaKAeTCsl Ha apXUTEKTypy rpadu-
YECKUX IPOLECCOPOB, MOCKOJIBKY COCTOUT M3 PEIICHUS MHOXKECTBA HE
CJIMIIKOM OOJIBIIUX HE3aBUCHMBIX 3aliad (MOJIEKYJISIPHO-TUHAMUYECKOE
MOZIETTIPOBAaHNE BHYTPH KaXKJOTO aTOMAapHOTO COMILIA).

ArnpoOarust pa3paboTaHHOH AUCKPETHO-3JIEMEHTHOW MOJIETH Ha psfe
3a7a4 ynpyro-miacTHueckor aedopmanuu U pa3pylieHHs METaIOB C
HCIIOJIP30BAHMEM IIOTEHLMajda IOTPYKEHHOIO aToMa II0Ka3ajlo A0CTa-
TOYHO BBICOKYIO TOYHOCTh IpPU NPUEMJIEMBIX BpeMeHax pacuera. Bri-
YUCJIUTEIbHBIE SKCTIEPUMEHTHI POBOAWINCH Ha BHICOKOITPOU3BOAUTENb-
HOM BBIYHCIIMTEIFHOM KOMILIEKCEe THOpuaHOW apxurektypsl OUIL] 1Y
PAH.

IIpennaraemslii MOAXOM MO3BOJISIET POBOJUTH KOMIIBIOTEPHOE MOZE-
JUpPOBaHNE OOBEKTOB M3 HOBBIX MAaTepUajoB, JUISI KOTOPBIX W3BECTHBI
TOJIBKO UX aTOMAapHBIM COCTaB M paclpelieseHue KPUCTAIIUTOB IO pas-
MepaM, a TAK)KE MaTePUajIoB ¢ aMOP(PHON CTPYKTYPOii.

Pabora BemomHeHa npu mnomaepxkke rpanta POOUM  Ne 19-29-
03051 Mx.
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CONIPSIZKEHHOE MATEMATHYECKOE MOJEJIUPOBAHUE
BBIPAIIUBAHUSA KPUCTAJIJIOB KDP U3 PACTBOPA

H.A. Bepe3y0, A.U. IIpocTomM010TOB

Dedepanvroe 2ocyoapcmeennoe 6100icemuoe yupesicoenue HayKu
Hucmumym npobrem mexanuxu um. A.FO. Huinunckozo
Poccuiickoit akademuu nayk, Mockea, Poccus,
verezub@ipmnet.ru

PaccMoOTpeHBI pe3ynbTaTbl MaTEMaTHYECKOTO MOJENHPOBAHHA TIPO-
1ecca BolpamuBanug KDP kpucTtaiioB u3 pactBopa. ConpsiKeHHOe MO-
JIETUPOBAHNE BBHITIOJHEHO B COOTBETCTBHU C OOMICTIPHHSITON METOIUKOM
pacdeTa MpoueccoB THAPOINHAMUKN M MaccollepeHoca Mpy BhIPAIBa-
HUU KPUCTAJIIOB U3 BOJHO-COJIEBBIX pacTBOPOB [1].

. D

~AL—

a 6

Puc. 1. Cxema nporiecca KpicTaJUIN3aINH (2) ¥ JIMHAH TOKA pacTBOpa
B KpHCTaJUTU3aTOpe Oe3 BpalleHNs KPUCTAIUIA F MEIIaiIKH (0)

Teuenue pacTBOpa MPOUCXOIUT B COCTABHOW KOHCTPYKIIMU KPHCTAI-
JM3aTopa, Moka3aHHOM Ha puc. la. PacTBop MOJHOCTHIO 3aMOJHSAET KOH-
tetiaep (1), THApOIMHAMUYECKHE TTIOTOKH B KOTOPOM BBI3BaHBI BTEKAHM-
eM pacTBopa u3 TpyOku (2) m ero BbITeKaHHEeM depe3 Tpyoky (3), a
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TaKke IeWCTBHEM BHYTpPEHHEH Bpararorieiics memanku (4). Kpucramn
(5) m memanka (4) MOTYT BpamiaTsCs B OIHY W pa3HbIe CTOPOHHI C TI0-
CTOSTHHBIMH CKOPOCTSIMH HJIH B YCKOPEHHO-3aMEIJICHHBIX pEXHUMax.
Ha cTpykTypy MOTOKOB Take OKa3blBaeT BIHMSHUE (opMa M Pacrolio-
JkeHrne monenu kKpuctamia (5). Pasmepsr padodueit 30ubp1: D = 0.12 M —
panuyc, H = 0.185 M — BbICOTa IUIMHIAPUYECKOTO KpHUCTAIIU3ATOPA.
Kpucrann umeer quamerp d = 0.01 m u ummny A4 = 0.015 m.

Hns ompenenceHust Bektopa ckopoctu V = (V,, V) u naenenus P
B pacTtBope pemiarorcs ypaBHeHUss HaBre—CTOKCa W HEpa3pBIBHOCTH,
3aMKUChIBacMble B BEKTOPHOM BHUJIE CIEIYIOIIUM 00pa3oM:

14 1
—+ WV ==——VP+vAV, divV =0 ®
ot Po

{ — BpeMsL, p, — ILIOTHOCTb PACTBOPA, 4 = VXp = 5.64x10™ kr/mc — mquHa-
MUYecKasi BA3KOCTb pacTBOpa, IIe V — KUHEeMaTu4eckas BA3KOCTh. Yuc-
JICHHOE pellieHHEe MPOBEACHO B OCECHMMETPUYHOM MPHOIMKEHUH METO-
JIOM KOHTPOJIHBIX 00BEMOB TI0 Tiporpamme Ansys/Fluent [2].
CoBmecTHO ¢ ypaBHeHUsiMH HaBre-CTOKca perniaeTcsi ypaBHEHHE AT
nepeHoca KDP conu:
oM
— + VUM = DAM )
ot
rae M = p,C — KOHIEHTpaLHs cou B pactBope [kr/M’], C — oTHOCH-
TeJIbHAsi Macca COJIM Ha 1 Kr pacTBopa.
st pacuera mo ypaBHeHUsM (1-2) 3amarorcs cieayomuye TpaHud-
HBIE€ YCTIOBHSA JJI1 ICKOMBIX PacIpeaesIeHuii CKOPOCTH U KOHIIEHTpaui
conieil: Ha yuacmke emekanusi pacmeopa us mpyoxu — 2 3aJaercs CKo-
pocTh cTpyH U KoHueHTpanus conu V =V, C = C,, rne C, = exp(0,)xC,
[3] mpu U3BECTHBIX BETMYMHAX MEPECHIIIEHUS BOJIHO-COJIEBOTO pacTBOpa
O, 1 paBHOBeCHON KoHUeHTparuu coiu C,; Ha epanuye GblmMeKanus u3
KOHmeliHepa — 3 3a7jaeTcsi CKOPOCTb BBITEKAHHS U COJIEBOM IMOTOK; Ha
O0K0B0Ul CTMeHKe KpUCmaiiu3amopa — 2 CKOpOCTb W COJIEBBIE MOTOKH
3a7al0TCsl PaBHBIMH HYJIIO, HA NOBEPXHOCMU KpUCMALIu3ayuy — 4_3ana-
eTcs COOTHOLIeHHE OanaHca Macc:

ac
poD%: R(ps _Cepo) 3)
TAC py — IJIOTHOCTh KpHUCTAJLJIa U R — CKOpPOCThb KpUCTAJJIM3alluu, pac-

CUHMTHIBaeMas 10 CIeayIomIel TepMoanHaMudeckoit popmyre [3]:

BC,hkTa?
R=""94 (4)
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[TapameTps! hopmyisl (4) 3HadeHne

W — 00BEM MOJIEKYIIbI, M 9.68x10%
k — xoncranta bonbnmana, JIhx/K 1.38x10°%
B — kunetnueckuid kodhdunuent, m/c (32 °C) 9.55x107

0. — yeNbHAs SHeprus cTynenu s rpanu (100), Jox/m® | 19.5x107

h — BeIcoTa ctyniern Ha rpanu (100), m 7x107"°

Taxum obpaszoMm, Gpopmyia (3) compsraeT THAPOIUNHAMUYECKYIO MaK-
pOMO/JIETh U TEPMOIUHAMUYECKYI0O MUKPOMOIET.

Ha puc. 2a mpuBeAeHBI pe3yJIbTaTHl pacueTa KOHIICHTPAIUHA COJIEBOTO
pacTBOpa B HaTEKaloOIIeW CTpye W BOJMM3M pacTyllero kpucramia. [lan-
HbIe rpaduka Ha puc. 20 MOKA3bIBAIOT, YTO HA KOHYCHOW 4aCcTH KPUCTAJ-
na coneBoe nepecwimenne o = (C — C,)/C, 10BONBHO BBICOKOE. B mipo-
IIEHTHOM OTHOIIICHHH OHO JOCTUTaeT ~ 57%, HO Ha NUIUHAPUIECKOM
gacTu e€ 3HaueHue pe3ko cHiKaeTcs (10 ~ 12%).

o

o
Ve
;(

Puc. 2. M3omuanu kouuenTparmn KDP comu [kr/m’]
BOJH3HM PACTYIIETO KPUCTAILIA (&) ¥ PAaCIpeACICHUE MePECHIILCHUSI
oT 1eHTpa 1o anuHe L — oOpasyromieil moBepxHocTH KpucTaiia (0)

a
Pabota BeimosnHeHa Ha BeruMciuTenbHOU Oaze MIIMex PAH (tema

No AAAA-A17-117021310373-3) mpu mnonnepxkke rpantoB PDODU:
17-08-00078 u 16-29-11785.

Jluteparypa
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2. Ansys CFD // Lisence of IPMech RAS. 659778-23-Aug-2011.

3. Voloshin A.E. Study of the defect formation in KDP crystals grown under ex-
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MATEMATHYECKOE MOAEJINMPOBAHUE
TEILIOBBIX ITPOILIECCOB ITPU KACCETHOM
KPUCTAJIN3AIIUU XAJTBKOI'EHUOB

A.N. IIpocTomoJiotoB, H.A. Bepe3yo

Dedepanvhoe cocyoapcmseenHoe 6100xcemHoe yupexcoeHue HayKu
HUnemumym npobnem mexanuxu um. A.FO. Huinunckozo
Poccuiickoii akademuu nayx, Mockea, Poccus,
prosto@ipmnet.ru

PaccMoTpeHbl pe3yibTaThl MaTeMaTHUEeCKOTO MOJICIHPOBAHUS Tel-
JIOBBIX TIPOIIECCOB ISl HOBOW MoJudHKanuu Metosa bpumkmena B Bujie
Ipolecca «KacCeTHOH» KPHUCTAJUIN3ALUKN TEPMONIIEKTPUIECKUX MaTepH-
aJIOB Ha OCHOBE XaJbKoreHuaoB [1]. BrimonHeHo MoxenupoBaHue Mpo-
ecca KpUCTaJUTH3AINH KaK JJIs OTAENbHOM KacceTsl (puc. 1a), Tak u s
BCel TeOMETpUHU POCTOBOTO y3ma (puc. 10). O onmuparoTcs Ha METOTH-
4YecKkre pa3padO0TKH aBTOPOB IO COMPSDKEHHIO KOHEYHO-JIIEMEHTHBIX U
KOHEYHO-Pa3HOCTHBIX MOJIENIe U UX MPOrpaMMHBIE peann3au [2].

]
o]

a 6

Puc. 1. Cxemsl Mozeneii:
a — kaccera (rpaduToBbIH KOpIyc /; KpUCTAIIU3YOLIUIiCS MaTepuan [/ ¢ HONOCThIO
IUTst 3aTpaBku /1], KaHABI 3ATUBKY pactuiaBa [V, oTBepcTus s KperuieHus V);
0 — conpspKeHHast MOJIEIb TS BCEi TeOMETpHH POCTOBOTO y3ia (kamepa /,
KacCEeTHBIN OJIOK 2, HarpeBaTelb 3)
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B mporecce BeIpamuBaHms IUTACTUHBEI MOJKHO BO3JIEHCTBOBAaThH Ha
CKOpOCTh B (hopMy (PpoHTA KPUCTAILTU3AINMH 33 CUET WU3MCHEHHS MOIII-
HOCTHU HarpeBa KacCceTHOro OJI0Ka, YTO BIUSET HA BEPTUKAIBHBINA Ipaju-
SHT TeMIIepaTyphl. Y CTAHOBJICHO, YTO IUIOCKHHA (DPOHT KPHUCTATLTH3AITIH
o0ecrieurBaeT HAWIYUIIYIO TEKCTYPY MaTepuana u Hauboisee 3P PerTu-
BEH Il (DOPMHUPOBAHUS HYKHOH aHU30TPOITHU €TI0 CTPYKTYpHI. 3aMeT-
HO€ MCKpUBJICHHE (PPOHTA KPUCTAIUIM3AIMU MIPUBOJUT K 3HAYUTEIHLHOU
pa3opHEHTANH 3€PEH IOIydaeMOTo MOJUKpPUCTAILIa. Bompocs yBemn-
YEHUSI CKOPOCTU KPUCTAJUIM3ALUMU PacIlliaBa B KaCCETE SIBJISIOTCS BeChMa
akTyaiabHbiMH. OHAKO HA MPAKTHUKE MOMBITKH 3HAUYUTEIHHOTO yCKOpE-
HUSI POCTOBOTO TIpoIlecca COMPOBOXKIAIOTCS HapYIIEHUEM TEIIOBOrO
banaHca B pOCTOBOM KacCeTe, YTO MPUBOAUT K CYIIECTBEHHOMY MCKPHUB-
JIeHUI0 (DPOHTA KPUCTAIUTH3AIUN U ICHIPUTHOMY POCTY.

[Ipu ompeneneHHBIX TEXHOJIOTMYECKUX YCIOBHSIX B KacCETe€ MOXKET
BO3HUKATh TEIIOBAasi HEYCTOMYMBOCTb, BbI3BAHHAS JIEUCTBUEM TEIJIOBOM
TrPaBUTAIMOHHOW KOHBeKIWU. J[ist oTmenpHON Kaccersl (puc. la) mpo-
IIECChl TUAPOAMHAMHUKYA W TEIUIONEPEHOCAa C YUYETOM KPHUCTaLUTA3AITIH
pacijiaBa MOJEIUPOBAIIMCh YMCIEHHO Ha OCHOBE pelIeHHS YpaBHEHUH
Hasbe-Crokca u Temnonepenoca B npudmmkeHnn byccunecka. [porece
KpUCTaJUIU3AIlMHA OMUCHIBAJICS BBEJICHHEM B YpaBHEHHE TEILJIONEpeHOoca
HCTOYHUKA BBIICNICHUSI CKPBITOM TEIIOTHl KPHUCTAJUIM3AIMU B HEKOTO-
POM TIEPEXOIHOM CII0€ — MEXAYy m30TepMoit mukBuayca Ty = 859 K u
conunyca Ts = 857 K. B pocToBoM mponecce mpu MEATIEHHOM OXJIaXIe-
HUW PETBHO pean3yeTCs cla0Oblid KOHBEKTUBHEIN PEKUM, ITPH KOTOPOM
BO3HUKAIOT CUMMETPUYHBIE BUXPEBBIE CTPYKTYPHI B paciuiaBe, obecre-
YHBAIOIINE CJIETKA BBIMYKJIBIA B paciuiaB GpoHT Kpuctaumsanuu. O-
HaKO TpH OBICTPOM CHIDKCHHH HarpeBaTeIbHON MOITHOCTH IPOUCXOIUT
CMEHAa YCTOMYHMBOTO BEPTUKAIBLHOTO TPaJIMeHTa TEMIIEPATyPhl B KACCETE
Ha HEYCTOWYWBBHIM MPOGUIL, YTO BHI3BIBACT KOHBEKTHBHOE IBIDKCHUEC,
CYIIECTBEHHO HWCKpHBILAoNiee (HopMy (PpOHTAa KPUCTAILIM3AINH, a II0-
CJIeTHEE CITOCOOCTBYET BO3HUKHOBEHUIO ICHIPUTHOTO POCTA.

Ha puc. 2a MoxxHO BUIETh ABa ACUMMETPUYHBIX BUXPS, BHI3BAaHHBIC
TEMJIOBOW T'PAaBUTALIMOHHOW KOHBEKIMEN TP CYLIECTBEHHO HEMOHOTOH-
HOM OOKOBOM IOABOJE Terwia. VX acummeTpus o0ycCIIOBICHA HEKOTO-
PBIMH MaJIBIMUA KOHCTPYKTUBHBIMHU OTIMYUSIMU KaCCETHI CIIpaBa U CIIEBA.
BaxHBIM SBJISE€TCS TO, YTO BO3HUKAIOIIAs MHTCHCHBHAS KOHBEKITUS 3Ha-
YUTEIHHO W3MEHSET TEIJIOBOE IOJie KaKk B 00ObeMe pacIuiaBa, Tak H
BONIM3M (PpOHTA KpUCTaUIM3aKMKU (CM. puc. 20), CIOCOOCTBYSI €ro uc-
KPUBJIEHUIO.
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a 0
Puc. 2. AcumMeTpruHBIe BUXPEBBIE CTPYKTYpPHI (a) 1 m3oTepmsbl [K] (6)
npyu OBICTPOM OXJIAXKIIEHUU KaCCEThI

B Ttpexmepnoii mozenu TemoBoro y3ma (puc. 10) yumThIBaeTcs
HaJIM4Me OXJIaKaaeMol Kamepsl /, HarpeBaresst 2 1 KacCeTHOro OJoka 3.
PapuanuionHblii HarpeB OJOKa KacceT OT PE3UCTUBHOTO HarpeBaTels
UrpaeT 3HAYUTEIbHYIO POJib. YPaBHEHHS PaJUHalliOHHO-KOHIYKTUBHOTO
TEIUIONEePEeHOCca ¥ KPUCTAJUIM3ALNN PEeIIatoTCs AJS CJI0KHOW TreOMeTpHH
TEIUIOBOTO y3I1a, COCTOSIIEr0 W3 AJIEMEHTOB C PAa3HBIMH TEILIO(QH3HYE-
CKUMHU CBOMCTBaMH [2].

YCTOWUYMBBIA BEPTUKAIBHBIA TEMIIEPATYPHBIA I'PAJUEHT COXPAHSIICS
Ha BCEX CTAMSIX Mpollecca KPUCTAJUIM3AIMH. Y MEHBIIICHHE 3TOTO TPaIH-
€HTa BO BPEMsl pOCTOBOI'O MPOLECCA MPOUCXOIWIO IIyTEM CHUKEHUS TeM-
JIOBOW MOULIHOCTH Harpesatens. KaptuHa temnoBoro moms, ¢popmupyemo-
ro B OJIOKE KacceT, HaXOAIINXCs B TEIUIOBOM Yy3Jie, IOKa3aHa Ha pHc. 3.

T=575°C

Puc. 3. TemneparypHoe mosie B OJI0Ke KacceT
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ComnpspxkeHHass MOJIENb TO3BOJIIIIA MPOBECTH MapaMETPUIECKYIO OIl-
TAMU3AIUIO TETJIOBOM CHCTEMBI JJISi CHWIKEHHS HarpeBaTelbHOW MOII-
HOCTH BO BpPEMS POCTOBOTO MPOIECCa, a TAKKE MPEMTOKUTH CIIOCOOBI
VIYUIICHHUS] KOHCTPYKITMH U TETIOM3O0JIAIIMOHHBIX XapaKTEPUCTHK MaTe-
pHAJIOB TEIJIOBOTO y3Ia.

Pabora BemonHeHa Ha BeuucnuTensHo Oaze MIIMex PAH (tema
Ne AAAA-A17-117021310373-3) npu mnoguaepxkke rpanta POOU:
18-02-00036.
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MATEMATHYECKOE MOJAEJIMPOBAHUE
KPUCTAJJIMYECKOM CTPYKTYPBI OKCHJIOB METAJLJIOB

ILA. Ceuenbix’, K.K. AGrapsn"*

! Buryucnumenvuwiii yenmp um. A.A. Jopodnuywina Pedepanviozo
uccnedosamenvckozo yenmpa « Mugopmamura u ynpaenenue» PAH
? Mockosckuii aguayuonnblii uncmumym
(HayUOHATbHBIL UCCe008aMENbLCKULL YHUBEpCUmMENT)

[IInpokoe pacrpocTpaHEeHHE OKCHIIOB METAJUIOB B MUKPORJICKTPOHUKE
ornpezaenseT HeoOXOAUMOCTh HMCIOJIB30BaTh MaTeMaTHYECKOE MOAEIUPO-
BaHME /IS IPOTHO3UPOBAHMS MX DJIEKTPOHHBIX CBOWCTB. JlaHHas pabota
MOCBSIIIIEHA MOJICIUPOBAHUIO CTPYKTYpPBl OKCHJIOB METAIIOB C KyOmde-
CKOH KpHCTANTMYECKO# permreTkoil. B manHO# paboTe paccMaTpHBaNCh
COEIMHEHUS], peaiu3yeMble B CIICAYIOIINX CTPYKTYPHBIX THIIAX:

e NaCl (npocTpaHcTBeHHas rpymna cHMMeTpun Fm3m);

e Fluorite (mpocTpaHCTBEHHAs Ipymia cumMmeTpun Fm3m);

e Bixbyite (mpocTpancTsennas rpynmna cummerpuu Ia3);

e Spinel (mpocTpaHcTBeHHas Tpymnna cummerpun Fd3m).

Omnpenenennie METPUYECKUX MTAPAMETPOB KPUCTAITUINIECKUX CTPYKTYP
ABJSIETCS. BaXKHBIM 3TalloM pacueTa XapaKTepUCTUK MaTepHajioB C 3a-
JTAHHOW XUMHYECKO# (opMyie u (eTOpOBCKOI TPyNIIONH CHUMMETpPHUH.
K takum mapamerpam Ui KyOHMYECKHX CHCTEM OTHOCSTCS MOCTOSIHHAs
peIeTKH, KOOPIUHATHI aTOMOB, BXOJSIINX B TYEHKY.
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g pacuera METpHUECKUX MApaMeTPOB M IUIOTHOCTH YIIaKOBKH pac-
CMOTPEHHBIX OKCHJIOB METAJJIOB ObUTa NpUMEHEHa MOJIENh HOHHO-
ATOMHBIX PaJInyCoOB, MOAPOOHO m3nokeHHas B [1]. s pemreHus mo-
CTaBJICHHOM 3a7]a4d B paMKax JaHHOW MOJeNH ObUT MPUMEHEH alTOPUTM
nvuTtanun oTxura (Simulated Annealing) [2]. Ha si3pike C# 0BT peann-
30BaH BBIYHCIUTEIHHBIA MOMYJb, BXOJHBIMHA JNaHHBIMU JUIsI KOTOPOTO
CITyXart:

e xuMHYecKas popMylia COeTUHEHUS;

® paxnuychl aTOMOB XHMHYECKHX JJIEMEHTOB;

e cmpaBoYHas KpucTayuiorpaduueckas WHPOpManus — MPOCTPaH-

CTBEHHBIE TPYIIIbI CHMMETPHUH, MO3UITUK Y alikoBa U Tip. [3]

CylecTBeHHOH OCOOCHHOCTBIO TPOTrPaMMHOMN peau3alu SBISICTCS
TO, YTO TIEPEMEIICHUS] TPEXMEPHBIX KOOPJUHAT LIEHTPOB aTOMOB B KpH-
CTAJUTMYECKOM pelIeTKe OCYIIECTBISIIOTCS C YYETOM OFpaHUUYeHUN, HaKIa-
JIbIBAEMBIX MO3ULIMEN Y allKOBa, B KOTOPOM HaXOAUTCS IaHHBINA aTOM.

BBIX0HBIMU TaHHBIMU SBJISIIOTCSI METPUUYECKHUE MapaMeTPbl — OCTO-
SIHHBIE PEIIETKH, KOOPJIUHATHI aTOMOB 3JIEMEHTApHOU SIUEHKH, a TaK:Ke
IJIOTHOCTH YIIAKOBKH aTOMOB B STUEHKeE.

Jlns xpaHeHHUsI M TOJATOTOBKH BXOJIHBIX JAHHBIX BBIYMCIUTEIHHOTO
MonyJis (CIpaBOYHAs KpHcTauorpaduueckas nH(GpopManus) UCIoab30-
BaJlaCh PENIIIMOHHAS MOJIENb JaHHBIX, paHee ommcanHas B [4], [5]. Pa-
JINYCBI aTOMOB XUMUYIECKHX JIEMEHTOB ObLTH B3STHI U3 [6].

Pesynbrater pacueToB mpuBeeHbI B Ta0M. 1.

Tabnuya 1
CTpyKTypHbIe XapaKTePUCTHKHU OKCHI0B METAJJIOB
IroTHOCTS Iocrosinnas | IlocTrosiHHas
®opmyaa I'pynna VIAKOBKH pemeTkn pemtetkn  |OTHOCHTEIbHASI
CHUMMeETPUHU a (BbI4.), a (3KcCIL), TMOTPEIHOCTH
P A A 17,81

CaO Fm3m 0.53 4.8 4.81 0.0021
CdO Fm3m 0.53 4.7 4.695 0.0011
MgO Fm3m 0.58 4.24 4212 0.0066
HfO, Fm3m 0.6 5.04 5.11 0.0137
CeO, Fm3m 0.54 5.56 5411 0.0275
71O, Fm3m 0.61 5.04 5.17 0.0251
Er,0; la3 0.46 10.61 10.55 0.0057
Nd,O3 la3 0.45 10.98 11.14 0.0144
Sc,0; Ia3 0.52 9.82 9.844 0.0017
Mn,O; Ia3 0.56 9.44 9.411 0.0031
T1,0; Ia3 0.47 10.66 10.57 0.0085
Fe;0, Fd3m 0.54 8.252 8.394 0.0169
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[IpuBenennnie B TaOn. 1 maHHBIC MOKA3BIBAIOT, YTO PE3YyILTATHI pac-
YeTa C TOMOIIBI0 pa3pabOTaHHOTO BBIYHCIMTEIHFHOTO MOJIYJS CTPYK-
TYPHBIX XapaKTEPUCTUK PACCMOTPEHHBIX OKCHIOB OJIM3KH K JKCIIEPH-
MEHTAJIBHBIM JTaHHBIM [7, 8].

[TomydeHnHbIe XapaKTEPUCTUKH MOTYT CITY>KUTh BXOIHBIMHU JTaHHBIMU
MpH TIPOBEJICHUU KBAaHTOBOMEXAHHYECKHUX pPacyeToB Ha 0asze Teopuu
(GyHKIMOHANA 3JEKTPOHHOH minoTHocTH [9, 10], ¢ MOMOIIBI0 KOTOPBIX
MOJKHO PacCUYHMTaTh MOJHYIO JHEPTUI0 CHCTEMBI aTOMOB, YTOYHHTH €€
CTPYKTYpY, DJIEKTpOHHBIE, MAaTHUTHbIE, MEXaHUYECKHE U JIPYTHE CBOMi-
CTBa OKCH/IOB METAJJIOB.

PaboTa BEIMOTHEHA 3a cUeT cpencTs mpoekta PODU Ne 19-29-03051
Mk B BI] ®UIL] Y PAH.
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CTPYKTYPA IOBEPXHOCTH SI(331)-12x1
P.A.Kauyk', )K. Kyrunbo®

! U®IT CO PAH, 630090, Hosocubupck, np. Ax. Jlaspenmuesa, 13, Poccus
? Depertment of Physics & I3N, University of Aveiro, Campus Santiago,
3810-193 Aveiro, Portugal

BbICOKOMHAEKCHBIE MOBEPXHOCTH KPEMHHS MEPCIEKTHUBHBI AT HC-
MOJIb30BaHUS B CIIMHTPOHUKE [1], a Takke MIMPOKO MCHOIB3YIOTCS B Ka-
YeCTBE IMOIJIOKEK JUIS BBIPAIIMBAHUS YIOPSIOUYEHHO PAaCIOIO0KEHHBIX
HaHOCTPYKTYp [2]. B 3T0it paboTe ¢ MOMOIIEI0 pacyeTOB Ha OCHOBE TE€O-
pun QyHKIMOHAA IIOTHOCTH C MPHUMEHEHHEM HNPOrpaMMHBIX MAKETOB
SIESTA u VASP 0bu1a ncciienoBaHa aToMHasi U 3JIEKTPOHHAs CTPYKTY-
pa mosepxHoctu Si(331), mccremoBaHbl €€ CBOWCTBA M IPOBENEHO
CPaBHEHHE C UMEIOLIMMHUCS HKCIIEPUMEHTAIbHBIMUA JaHHBIMU. XOTSI 3KC-
nepuMeHTalbHO noBepxHocTh Si(331) usBectHa Oonee 25 jet, uccueno-
BaHa MHOTUMH METOAAMH U MPEIUIOKEHO 5 Mozesel st 00bICHeHHs e€
aTOMHOM CTPYKTYDBI, peaibHas CTpykTypa nosepxuocta Si(331) Bce 3To
BpPEMs OCTaBalach HEM3BECTHOW M3-3a €€ OOJBILION CI0XKHOCTH, CPaBHH-
MOM co cTpyKTypo# moBepxHoctH Si(111)-7x7.

Hamu Obina paspaboTana opuruHajibHAsE MOJICIb PEKOHCTPYHPOBAH-
Hoi moBepxHocTH Si(331). Monenb comepXuT UASHTHYHBIE CTPYKTYp-
Hble OJIOKM, YNOPSAAOYEHHBIE B 3UI3arooOpas3Hble LENOYKH, KOTOPBIE
OTIENEeHbl APYr OT Apyra AMMEpaMH, AMHAMHYECKH H3THOaIOLIMMUCS
npy KOMHaTHOW Temmeparype. CTpyKTYpHBI OJIOK COCTOMT M3 IEHTa-
Mepa, aTOMbI KOTOPOTO YJEepXKHBaeT BMECTE MEXY3elbHbII aToM, U co-
ceHel pPEeKOHCTPYHPOBaHHOW oOmactu. lleHTamepsl B pEeKOHCTPYHPO-
BAaHHOI 00JacTH yHOpPSAAOYEHBl MONOOHO IEHTaMepaM B CTPYKType
¢dynnepena Cy.

Pazpaborannas monens moBepxHocTd Si(331) mpuBOAMT K OYEHB
HU3KOH HEPTHUH, CPAaBHUMOM ¢ sHeprueit mosepxHoctu Si(111)-7x7, gto
CBHUJIETENBCTBYET O €€ BBICOKOH CTaOMIbHOCTU. M300pa)keHus: CKaHH-
pytomield TyHHenpHONH Mukpockonuu (CTM), paccunTaHHble HA OCHOBE
MIPEJUIOKEHHON MOJENH, MOJHOCTBIO COTJIACYIOTCSl C 3KCIIEpUMEHTANb-
HeiMH CTM wn300paxeHHsIMH 3TOH TOBEPXHOCTH, IOJyYEHHBIMH TpPHU
00enx TOJSIPHOCTSX MPHIIOKeHHOTO HampspkeHus (puc. 1). ITokasano,
4TO pa3iruiMe B pa3Mepax MeHTaMepa B aTOMHOM MOJIENIN U MOTyYSHHBIX
¢ momotpio CTM BbI3BaHbI HAKJIOHOM OOOPBaHHBIX CBsI3el K HOpMallu
MOBEPXHOCTH. Takoe pacxokIeHHe B pa3Mepax peajbHBIX aTOMHBIX
CTPYKTYp B WX H300pakKeHHH, OTyIeHHBIX ¢ TTomorsio CTM, Heobxo0-
JUMO YYHUTHIBATh AJIS1 KOPPEKTHON MHTEPIPETALMH SKCIEPUMEHTATBHBIX
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JaHHBIX, IIOJIYYCHHBIX Ha TTFOOBIX IOBEPXHOCTAX C HallpaBJICHHbBIMU
060pBaHHI:IMI/I CBA3sMHU.

EXPERIMENT

THEORY

U <0 {filled states)

U= 0 (empty states)

Puc. 1. DxciepuMeHTaEHBIC
[[Tucema B XKOTD 105, 469 (2017)] (a), (b)
u teopetrueckue (c), (d) CTM uzobpaskeHust
PEKOHCTpYHpPOBaHHOM oBepxHOCTH Si(331).
DneMeHTapHast si9eiika MOBEPXHOCTH BBIICICHA IYHKTHPOM

Pacyer anexkTpoHHOU cTpyKTyphl ToBepxHocTH Si(331) mokasan, 4To
B 00BbEMHOH 3ampelieHHON 30He Si UMEIOTCS Ba IIHPOKHUX MUKa, OJAUH
BOJIM3W TIOTOJIKA BAJICHTHOW 30HBI, & JAPYrod BOJM3W JHA 30HBI MPOBO-
JUMOCTH B COTJIACHH C JIAHHBIMU CKaHUPYIOIICH TYHHEIBHOHN CIEKTpPO-
CKOMHU U (OTOINEKTPOHHOH criekTpockonuu. HaiineHo, 4To ApIpKu Ha
noBepxHOCcTH Si(331) MpeuMyIIeCTBEHHO JIOKATU3YIOTCSA Ha IIEHTaMepax
C MEXY3eNbHBIMU aTOMaMH, a 3JIEKTPOHBI HA TUMEpax U aTOMaxX PEeKOH-
CTPYHPOBAHHOH OONIACTH, MMEIOIINX OJHY OOOPBAHHYIO CBS3b B Sp -
moo0HOM KoHuUrypanuu. BennyuHa pacyeTHOM 3amperieHHOW 30HBI
noBepxHocTH cocTanisieT 0.58 5B M MOJHOCTBIO COINIacyeTcsl ¢ AKCIe-
PUMEHTaJIbHBIMH JaHHBIMH.

Pa6ora BeinosHeHa npu noaaepkke PH® (mpoext Ne 19-72-30023).

Jluteparypa

1. Aulbach J., S.C. Erwin, R. Claessen, and J. Schdfer, Nano Lett. 16, 2698
(2016).

2. Zhachuk R.A., S.A. Teys, A.E. Dolbak, B.Z. Olshanetsky, Surf. Sci. 565, 37
(2004).
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YHUBEPCAJIbHBIA CTPYKTYPHBIN BJIOK CEMEVCTBA
MOBEPXHOCTEM (1 1 0) KPEMHHUS U TEPMAHUSA

P.A. }Kaqykj, AA. xnses"?
" U®IT CO PAH, 630090, Hosocubupck, np. Ax. Jlaspenmuesa, 13, Poccus
? Hosocubupckuii 2ocyoapcmeennoiii ynusepcumen, 630090,
Hosocubupck, ya. Ilupoeosa, 1, Poccus

Xotsa crpykrypa noBepxHocteit (1 0 0) u (1 1 1) xpemHus u repma-
HUs JaBHO M3BECTHA, AETAJbHOE NOHMMAaHHME aTOMHOM CTPYKTYpHI IO-
BepxHoctd (1 1 0) mo HacTosIIero BpeMEHH OTCYTCTBOBAJIO M3-3a €6
00JBIION clloKHOCTU. B nuTepatype MoxkHO Haiith Oonee 10 monenei
aTOMHBIX CTPYKTYp, HabmogaeMbix Ha moBepxHocTsax (1 1 0) kpemHus u
repMaHusi, OJHAKO BCE OHM SIBIIIOTCS omMOOYHBIMH. B 310l pabote
C TIOMOLIBIO pacyeToB Ha OCHOBE TEOpHH (PYHKIMOHANA IUIOTHOCTU C
npuMeHeHueM mnporpamMmmHoro nakera SIESTA Hamu mpeioxeH yHH-
BEPCANBHBIA CTPYKTYPHBIA OJIOK, SIBJISIOLIMICS OCHOBHOH YacTbIO 8cex
ATOMHBIX CTPYKTYp, GopMupyommxcs Ha noepxHoctax (1 1 0) kpem-
HUS, TepMaHus U UX BUlHai1ed. CTpyKTYpHBIH OJIOK COCTOUT U3 MEHTa-
Mepa, aTOMBI KOTOPOT'O yIEPKHUBAIOT BMECTE MEKY3€JIbHBIH aToM, U CO-
CeIHeH PEKOHCTPYyHUpPOBaHHOM oOacTH [1].

EXPERIMENT THEORY

U = 0 (filled states)

U =0 (empty states)

Puc. 1. DxciepuMeHTaNIbHBIE
[Phys. Rev. B 61, 3006 (2000)]
u Teoperudeckue CTM uzobpaxeHus
noBepxHocty Si(110)-16x2.
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C wWCnonp30BaHMEM YHHBEPCAJIBHOTO CTPYKTYpHOTO OJIOKa HaMHU
ObTH pa3paboTaHbl aToMHBIE Moaenu moBepxHocTeh (1 1 0)—(16%2),
(110)—c(8x10),(110)—(5x8),(17151)—-2x1),(47357)— (1 x1).
Mopnenu NpUBOAAT K CaMbIM HHU3KUM 3HEPIUsM IMOBEPXHOCTEH cpeau
BCEX paHee IMPeIIOKeHHBIX. M300pakeHNs CKaHHPYIOIIEH TYHHEIbHOM
mukpockonuu (CTM), paccunTaHHBIE HA OCHOBE MPEUIOKEHHBIX MOJIe-
JIeH, TIOTHOCTBIO COTNIAcYIOTCs ¢ 3kcnepuMentanbHbiMu CTM m300pa-
JKEHUSIMH 3THX TOBEPXHOCTEH, MOIYYEHHBIX MPH OO0EMX IOJIPHOCTSIX
MIPUIIOKEHHOTO HanpsKeHus (cM. puc. 1).

Jluteparypa

1. Zhachuk R.A., A.A. Shklyaev, Appl. Surf. Sci. (2019), DOI: 10.1016/
j-apsusc.2019.07.144

MOJEJIMPOBAHUE ITPOIECCOB AICOPBLINUN
NMHEPTHBIX I'A30B HA IIOBEPXHOCTHU NIOPOIIKOBBIX
HAHOMATEPHAJIOB JJJIA BUOKEPAMUKH
N T'A30BbIX CEHCOPOB

E.B. MapaeBa

Canxm-Ilemepbypackuii 2ocyoapcmeeHHblil 31eKmpomexHuyecKuli
ynugepcumem «JIQTH» um. B.U. Ynvanosa (/lenuna)

Pabora mocesimena MOIETHPOBAHUIO TPOIECCOB aICOPOIMU U CO-
3I@HUIO MPOTPAMMHOIO MPOAYKTA AJS aHAJIM3a MapaMeTpoB HOPHUCTOM
CTPYKTYpBl OHOCOBMECTUMBIX HAHOMAaTE€PHAJOB ISl CTOMATOJIOTUH
U Tra30BOH CEHCOPHKM COpOLMOHHBIMH MeTomamu. [lns paspaboTku
nporpammbl ucnojib3oBanack cpega LabView. CyTe pemeHwus, mnpea-
CTaBJIEHHOTO B JIOKJaJe, COCTOUT B CO3JaHUU HEIOPOTro M OBICTPOTO
METOJa aHaju3a CTPYKTYPHBIX XapaKTEPUCTHUK OMOCOBMECTHUMBIX Ma-
TepUANoOB IsI OMOKEpaMUKH C NMPUMEHEHHEM aJCOPOIHMOHHBIX METO-
I0B. B oTiinume oT Ipyrux METONOB MCCIIEAOBAaHUS MapaMeTpOB IMOPH-
CTOW CTPYKTYpBI 00pa3loB, alcOpOLHOHHBIE METOJBl aHAIH3a UMEIOT
PS4 MPEeUMYyLIECTB: BO3MOXHOCTb HCCIEZOBaHHUS OOJBIIOr0 00beMa
MaTepuana B OIWH IMpHeM (B OTIMYUE OT JIOKAIBHBIX METOJIOB, TIe
AHAIN3HUPYIOTCS OTIENbHbIE YYacTKH 00pa3la M pe3ysbTaThl UCCIENO-
BaHUSl YCPENHSIOTCS), BO3MOXKHOCTb MCCJIECIOBAaHHMS MaTEpHUajloB C
0OJIBIION MIEPOXOBATOCTHIO, TJI€ JAPYTHE METOJABI aHajK3a IMOBEPXHO-
CTH HENPUMEHHMBl WM HeXenaTelabHbl. I[lomyueHHBIE pe3yJabTaThl
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MO3BOJISIOT OIICHUTH OJIN30CTH UCCIEAYEMOI0 MaTepraia K XapakTepH-
CTUKaM JIeHTHHAa W KOCTHOM TKaHW YeloBeKa IO TaKUM MapaMmeTrpam
KaK: HaJu4ue WA OTCYTCTBUE MUKDPOIIOP, KOTOPBIE MOI'YT IIPUBECTU K
YMEHBIICHUIO TPOYHOCTH MOIyIaeMOro OnoMareprania, pa3Mep YacTHII
MOPOIIKa, yAelIbHAs MOBEPXHOCTh, paclpeeiieHne Mmop 1o pa3Mepam.
B cBoro ouepenp, pu UCCIIEJOBAHUN HAHOMATEPHAIIOB JIJISl CEHCOPHKHU
Ta30BbIX CpeJl BAKHEHIIUMU MapaMeTpaMy SBISIOTCS 3HAUYCHUE YIIENb-
HOW MOBEPXHOCTH W pacIlpeesieHHe Me30Iop Mo pa3MepaM, Tak Kak
pa3BUTas MOPHUCTasi CHCTEMa UTPaeT KIYEBYIO POJib B MpoOIleccax aj-
copOuMU-AecopOIMH ra3a Ha MOBEPXHOCTH MOJYIPOBOJHHUKOBOTO Ta-
309yBCTBUTEIIEHOTO MaTepHaa.

CornacHo OOIIENPUHSTON Kiaccu(UKAINY, MPEIOKEHHOH Mexay-
HapOJIHBEIM COBETOM TIO OOIIeH M MpUKIaAHONH XUMUH [ 1], BCce MOpHUCTHIE
CHUCTEMBI MOXKHO YCJIOBHO Pa3lIelHTh Ha TpH Tpymmsl. K mepBoii oTHO-
CATCSl CUCTEMBI, MMEIOIIME TIOPBl pa3MepoM MeHee 2 HaHOMETPOB — UX
HA3bIBAIOT MUKPOMOPaMH (XOTS B 3TOM TE€PMHUHE €CTh HEKOTOPOE MPOTH-
BOpeYHe C TEPMUHOM «HaHO»). Ko BTOpO# rpymie — Me30mopaM — OTHO-
CATCS TIOPUCTHIE CUCTEMBI CO CPEIHUM pa3zMepoM mop oT 2 g0 50 HaHO-
MetpoB. Iloper ¢ pasmepamu Oonee S50 HAHOMETPOB OTHOCSATCS K
MakporopaM. Bo Bcex 3THX MoJcUCcTeMax MPU UCCIEAOBAHUH UX MTPOHU-
KalOIIMMH METOAaMHU KOHTPOJIS BO3HUKAIOT Pa3HbIE M0 MEXaHU3MY 3a-
MOJTHEHMSI (PU3MUECKre TPOIIECCHI.

Taxk, HampuMep, /Ui ONpeNeNeHUs BHEIIHEH YASTbHOW OBEPXHOCTH
1 00beMa MHUKPOIIOp HEOOXOAMMO HCIIOJIb30BATh CPAaBHUTENBHBIE METO-
bl aHaM3a H30TepM amcopOrmu. M3BectHO [2], 9TO B 00meM BHie
ypaBHEHUE M30TEPMBI aICOPOIIMH MOXKET OBITh MPEACTABICHO KaK CyM-
Ma pdaa cji1ara€MblX, OTBE€UAIOIUX 3a MPOTECKAHUC pa3HbIX, B3AUMHO HEC-
CBSI3aHHBIX COPOIIMOHHBIX TPOIECCOB, M OMUCAHO CIEAYIONIUM ypaBHeE-
HUEM:

a(h)=q,(h)+Sa(h)+q,(h),
r7ie h— OTHOCHTENIbHOE MapIHadbHOe JaBlIeHHe ra3a-aacpbata, a,(h) —
cllaraeMoe, OIUCHIBAIOIIEe COPOLMIO B MUKPOIIOpax; S — BEJIMYUHA I10-
BEPXHOCTH Me3010p; &(h) — claraemoe, ONUCHIBAIOLIEE AJCOPOIMIO Ha
eIMHUIIC MTOBEPXHOCTH ME30I0p; ¢, (#) — BKJIaJ BTOPHYHOTO mpolecca
KaluUIIPHON KOHICHCALHH.

HJISI a30Ta IIpU OTHOCUTCIIbHBIX MapHUAJIbHBIX HABJICHUAX rasa- ali-
copbara mernee 40%, Koraa KamUIIPHON KOHJEHCANUHU eIlé He TMPOUC-
XOJTUT, ypaBHEHUE MPUHUMAET CICAYIOIIUI BHUI:
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a(h)=V ,+Sa(h),
rae ¥, — 00beM MHKpOIIOp B HCCIIELyeMOM 00pasIie.

NuaukaTtopoM Hajdu4us MHUKPONOp B oOpasie Oyner BelnndyuHA
OTCEUYKH 3aBUCUMOCTH a(/h) OT cTaHHapTHOH M30TepMBI amcoporuu ofh)
II0 OCH OPJIMHAT, IIPOIOPIHOHAIIbHAS 00bEMY MUKPOIIOP V).

WznoxeHHBIN METONl aHaiW3a MONYYWJ Ha3zBaHUE «o-MeToj CHHTay
[2]. Pa3paboTanHbIil BUPTYaTbHBINA IPUOOP TIO3BOJSET TAKXKE MPOBOIUTH
OIICHKY pa3MepOB YaCTHI] 3a1aHHO# (HOpPMBI (MOACIb Chephl, IUIUHAPA,
nucka). ICXOqHBIMU TaHHBIMH TS ONIPE/ICNICHUS] Pa3MEepPOB YaCTHIL SIB-
JSeTCs 3HAa4YeHHWE IUTOTHOCTH HCCIEAYEeMOro BEIIeCTBa M BEIHYMHA
yJeJIbHON TOBEPXHOCTH.

Takum oOpaszoM, paspaboTaHHas MporpamMma IO3BOJSIET MPOBOJUTH
OTIpesIeTICHHE YIENbHOM MOBEPXHOCTH, pa3Mepa YacTHII, COCTABIISIONINX
MaTepuai, 00beMa MUKPOTIOP MPH MX HAIMYHH U PACIIPENIEIICHUS MOp 0
pa3MepaM B MOPOIIKOBBIX HaHOMaTepuanax. VICXOAHBIMU JaHHBIMU IS
paboThl IPOrPaMMEI SIBJISIFOTCSl SKCIIEPUMEHTAIIBHBIE PE3yJIbTaThl UCCie-
JIOBAHUS TPOIIECCOB aICOPOIMH U TecopOINK MHEPTHEIX Ta3oB [3]. Pa3-
paboTaHHass TporpaMma IIO3BOJISIET CTPOUTH H30TEPMBI aIcopOIuH-
z[ecop6u1/m 10 BBE€ACHHLIM 3KCIICPUMCEHTAJIBHBIM OaHHBIM, CPAaBHUTCIIb-
HbIe TpaduKu agcopOLny, a Tak)Ke THCTOTPaMMY PacIpeeIeH s op 1o
pa3MepaM B HCCIeIyeMOM HaHoMarepuasie. B BUpTyanpHOM mpubope
MpeyCMOTPEeHa BO3MOXKHOCTHh BBIOOpA MCIOJIB3YyEMOTO ra3a-ancopbara
Y BBIBOJ]a HA DKpPaH €r0 OCHOBHBIX XapaKTEPHUCTHUK, UCTIONH3YEMbIX IS
pacdera rnapaMeTpoB IIOPUCTOM CTPYKTYpbl. IIporpamMma MoxeT npume-
HATHCS IPU MPOBEIEHUH SKCIIEPIMEHTOB U B y4€OHOM IIpoIiecce.

JlutepaTtypa
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CIIOI'DTY «JIDTH», 2015. 248 c.
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MOJAEJNMPOBAHMUE YIVIEPOAOCOAEPKAIIINX
HAHOMATEPHUAJIOB U KBASUKPUCTAJUIOB
U X MIOBEPXHOCTH IO JIAHHBIM CKAHUPYIOIIEN
30HI0BOM1 MUKPOCKOITUH

H.B. IlepmsikoB

Canxm-IlemepbOypeckuii 20cy0apCcmeentblll 21eKmMpOmexHuiecKul
yuugepcumem «JIITH» um. B.U. Ynvanosa (Jlenuna)

[IpenMeTs! W AUCIUTUIMHEI, TTOCBSIIEHHBIE N3YYSHNI0O HAHOMAaTepHa-
JIOB, Pa3BUBAIOTCS JOCTATOYHO OBICTPO, MMOATOMY B HACTOSIIEE BpEeMs
CYLIECTBYET OCTpas HEOOXOAWMOCTh B HATJBIMHBIX IMPHUMEpax, HILIIO-
CTPUPYIOIUX OCOOEHHOCTH W3YyYaeMBbIX HAaHOCTPYKTYP H CIIOCOOBI X
MonenupoBanus. Llenb HacTosIel paboThl — co3JaHHe ASMOHCTpAIH-
OHHBIX MaTEepHaJIOB JIJISI MaTEPHAJIOBEAUECKIX KYPCOB Ha OCHOBE pac-
YETHBIX U IKCTIEPUMEHTAIBHBIX TaHHBIX.

Ucnonws3yemblit MeTon — pa3paboTKa TPEXMEPHBIX MOJeENed B Mpo-
rpamme OpenSCAD Ha OCHOBE MOATOTOBJICHHBIX JAaHHBIX B Cpeie
LabView u mocnenyroree n3rotopicHue n3 ABS-mracTuka ¢ UCIoib30-
BaHHEM TpexMepHoro mpuHTepa Prusa i3. /lanHas paboTa mocBsiieHa
TpeM KPYIHBIM pas3/ieliaM: CO3JJaHhe MaKEeTOB YTIEPOJHBIX HAHOTPYOOK
1 (QYJUIEPEeHOB; CO3/IaHHE MAaKETOB IOBEPXHOCTH HA OCHOBE JAHHBIX,
MOJTYYECHHBIX CKAaHHPYIOUIMM 30HJOBBIM MHKPOCKOIIOM; CO3/JaHUE KOH-
CTPYKTOpa JJIsl JIEMOHCTpAIMK 3allOJHEHUs] 00beMa Ui MOJIENIH KpH-
cTaiia, B KOTOPOM OTCYTCTBYET TPAHCISIIIMOHHAS] CHMMETPHSI.

Co3nanue Mojeeii Ha OCHOBe TAHHBIX CKAHMPYIOLIEro 30H10BO-
ro MuKpockona. beura pazpaborana nporpamma B cpene LabView mis
TPAHCISINH JAaHHBIX, MOJNyYEeHHBIX CKaHWUPYIONINM 30HIOBBIM MHKpO-
CKOTIOM, B (ailnpl Ui TpexMepHOW medaTH. J[aHHbIE CKaHHWPYIOIEro
30HI0BOT0 MHKPOCKOIIa SKCIIOPTUPYIOTCS B (hopmare cumposioB ASCII B
TEKCTOBBIH (pailil, ¢ KOTOpBHIM paboTaeT pa3paboTaHHAs IporpamMma u
co3zaet UTOroBhIi (aiin Mmonenu B popmare STL, npu sTOM mporpamMma
UCIIOJIL3YET 3allaHHbIe I0JIb30BaTEIeM MacITaOHble KOA((UIIMEHTHI
JUTSL BBIBOJIA Ha T1€YAaTh.

H3rorosyienne moaeJiei ¢yiaepenoB. bouta co3nana cepus (ainos
TpexMepHbIX Mozenel B popmare STL ¢ysnepeHos [1], koTopast B cBOIO
ouepen> OCHOBaHa Ha pabote [2], r1e mpeAcTaBiIeH MOAX0A K CO3AaHUI0
¢aiuioB B nporpamme OpenSCAD u [3], UCTOYHHMKY C PACCUYMTAHHBIMU
KOOpJIMHATAMH aTOMOB B Pa3NHuHbIX Qyieperax. CylIIHOCTh JaHHOTO
MOJIX0JIa B TOM, YTO B KOOPJUHATAX aTOMa PacIioyiaraeTcs 00BeKT «cde-
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pa», a MeXIy ABYMS COCEOHMMH aTOMaMH pacrioyiaraercsi OOBEKT
«uumuaap». B coorBercTtBuM cuHTakcucy OpenSCAD ucnosb3yroTcs
MOIyJM atom u bond, KOTOpIE U PEATHU3YIOT HOCTPOeHHUE ChEPHI U IH-
JTUHIpA.

HN3roroB/jieHne Moaesieil yriiepoaHbIX HAHOTPYOOK C KCIIOJIb30Ba-
HUEM PACCUMUTAHHBIX 3HAYEHUI! KOoOpAuHAT aromoB. Mcxond u3 3Haue-
HUS WHAECKCOB XHPAIBLHOCTH YIIIEPOAHON HAHOTPYOKH, MOYKHO TpecKa-
3aTh €€ ICKTPUIECKIE CBOMCTBA.

Jnsg pacdera mo3unuii aTOMOB yriiepojaa ObUIO HMCIIOJIB30BAHO MPH-
noxenue TubeASP co cBobonHbIM mocTtynoM [4], KoTopoe reHepupyer
¢aiin, HanpuMmep ¢ nMeHeM «nt-5-5-10.Xyz» s yriiepoaHoi HaHOTPYO-
KH C MHIEKCaMU XHPaIbHOCTHU (5,5) M IecATH eIUHUYHBIX S9eeK BIIOIb
ocu HaHOTpyOku. Dopmat maHHbIX *.XYZ HCIONB3yeTCS Jis 3alucu
XUMHYECKUX (HOPMYII, @ UMEHHO PaCIIONIOKEHHUS aTOMOB B TPSIMOYTOJIb-
HOU cucteMe KoopauHat. B ckauannom Qaiine *. XYZ He conepKuTCs
WHPOPMAITHS, O TOM KaKUe aTOMBI HAXOJSTCS OJVKE IPYT K APYTY.

Paspaborannas mporpamMMa  OTKpBIBaeT cojepxkumoe  (haiina
«nt-5-5-1.Xyz», U BBIIEIAET MACCUB JAaHHBIX, OTHOCSIIMICA K KOOpAU-
HaTaM aTOMOB YIJIEpPOJa, 3aTeM Mpeodpa3yeT WX TakK, 4YTOObI COXPaHHUTh
¢aiin «mpedukc nt-5-5-1.scad», u 3arem B mporpamme OpenSCAD skc-
MMOPTHPOBATh pe3yiabTaT MoaenupoBanms B ¢opmar STL. Ctpokn mist
MOCTPOCHHUSI aTOMOB cOOMpPAIOTCS U3 3HAa4YeHUi KoopauHat. Hampumep,
I 7 atoma w3 crimcka gopmupyercs crpouka «atom(rA, x(7), y(7),
z(7)); // 7». Jlng mocTpoeHus UWIMHAPOB CHAvajla HaXOMATCS OJmKaii-
M€ COCEeaU KaXIoro aroma. Yncio Takux coceleil paBHO TpeM, Kak B
rpaderHe mpu Sp2-THOpUAM3AIMM aTOMHBIX OpOWTaNel, KpOMe KpaeB
HaHOTPYOKU. [Ipn cozmannn Bcex ¢aitnoB *.XYZ HUCIMOIB30BaNIOCH 3HA-
genne L=1,42 Anrcrpema misa gymHbl cBsizu C-C. Takum oOpazom, mis
cBsizu 6 u 7 atoma Oynet 3anucana ctpouka «bond(x(6), y(6), z(6), x(7),
v(7), z(7)); // 6- T». PaccTossHne MEXAy IOJIOKEHUIMH aTOMOB B M3TO-
TOBJICHHOM MOJIENTM HAHOTPYOKH paBHO 7,1 MM.

Co3nanue Mmoaesieil 3 1eMEeHTAPHBIX AUYeeK AJIs1 COOPKU 00bEMHOT0
KBa3uKkpucTta/uia. CylmecTByeT KIacC MaTephalioB — KBa3UKPHUCTAILIEI,
B KOTOPOM OTCYTCTBYET TPAaHCISIIMOHHAs cUMMeTpus. Jns Bu3yanmsa-
MU JBYMEPHOTO Clydyasl UCIOJb3yeTcs Mo3anka [lenpoysa, a uist Tpex-
MEPHOI'O Clly4asl UCTIOJIB3YyeTCsl OOJIbIlee YMCIO JIEMEHTapHBIX SYeeK.
Jlns mocTpoeHnss 0OBEMHOTO KBa3WMKpPHCTAIlIa B3sATa 32 OCHOBY pabora
[5]. B manHoii paGoTe mpencraBieHbl 4 0a3oBbie (QUTYPBL: POMOO3IP,
POMOHMYECKHI TOAeKadAp, POMOMUECKHIN MKOCAdIP U POMOMYSCKHH TpH-
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AKOHTAdJ[p C OJMHAKOBOW JUIMHHOHN peOpa. Takke mpeacTaBieHbl MPH-
MepBI 3aIOTHEHHUS 00beMa

3agaua HaXOKACHUS KOOPIUHAT BEPIIUH 0a30BBIX (QUTYp yKe perie-
Ha ¥ MOKHO HaWTh daitnel B popmare * . WRL 1o amgpecy [6]. B HacTos-
ieM JIoKiIaje ObUta pa3paboTaHa mporpaMmma Juist TOTo, 4ToObl U3 (haiina
* WRL Opare maHHbIe O KOOpIMHATAX BEPIIMH MHOT'OTPaHHUKA U JaH-
HblE O TOM Kakhe W3 BEpIIMH 00pa3yloT IpaHb, 3aT€M HAa OCHOBAaHHWHU
9TUX JAHHBIX (OPMHUPYETCS 4YacTh TEKCTa, COIJIACHO CHHTAKCUCY
OpenSCAD, ctpouTtcst TpexmMepHasi MOZIEIb U KOHBEpTUpPYeTcs B (aiin ¢
pacmupenueM STL. Takxe BHeCEHBI ClEayIOle U3MEHEHU: B LIEHTpe
IpaHd MOJATOTOBJICHO MECTO Ul BCTaBKM MarHuta (cdepa auameTrpoM
5 mm). Takum 06pa3oM MOXHO cOOMpaTh MOJENb Kak KOHCTPYKTOp, 3a
CUET CKpPEIUICHHWS MAarHUTOB, PACIOJIOKEHHBIX B IIEHTPE T'PaHU JABYX
MHOTOT'PaHHHUKOB.
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MOIEJINPOBAHUE INPOLHECCA KPUCTAJUIN3ALIUHN
HA TPAHHUIE KNIKOCTb-KPUCTAJLI
P POCTE HAHOITPOBOJIOK

A.T. HaCTOBbmc], H.JI. IHBapu"2

! Bnemumym gusuru nonynpoeoomnuxos um. A.B. Pocarnosa CO PAH,
Hosocubupck, Poccus
’Hosocubupckuii 20cyoapcmeentblii mexnuyeckuii ynugepcumen,
Hoesocubupck, Poccus

iRV

HanomnpoBonoku (HIT) Ha ocHOBE MOJIYyIIPOBOTHUKOB A B SBIIAIOT-
sl TIEPCTIIEKTHBHON 0a30i JJI1 COBPEMEHHOM ONTO3eKTpoHuKH. Kittoue-
BOM TexHonorueil miusa nonydeHus HII sBisercs caMOKaTalIUTHUYECKUI
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poct no mexanusMy map-xkuakocte-kpuctamt (IDKK). Poct HII mpowuc-
XOJIUT 3a CUET ITOCIOWHON KPUCTAJUIM3ANNHN TTONYIIPOBOIHUKOBOTO Ma-
TepHuana IoJ Kalllel-3aTpaBkoid. [IpenMyIecTBeHHBIM HampaBieHHEM
pocra sBisetrcs HanpasiaeHue <111>. OTKIOHEHHE OT MOCIOWHOTO POCTa
MOJKET TIPUBOAWTH K TIOSBIEHUIO Ha TPaHUIE paslena KHUIKOCThb-
Kpuctayun cemeiictBa Qacerok (111), 94To crmoOCcoOCTBYET pa3aeIeHUIO
KaIlJTM U BETBJIEHUIO KpHCTauia. BakHyI0 poiib HTPAaeT MECTO 3aposK/e-
HUS Ha TPaHUIE KUIKOCTb-KPUCTAJII, TaK KaK OHO ompenenser Mopgo-
JIOTHIO PacTyILIero KpucTaia.

B cooTBeTCTBUM C KJIACCUYECKON TEOpPUEN HYKIICALMHU 3apOXKIAEHUE
KPUCTAJUTHYECKOW (pa3bl HEBO3MOXKHO, TTOKAa KOHIIEHTPAIUs PacTBOpa, U3
KOTOPOTO MPOUCXOJUT POCT, HE JOCTUTHET MEPECHIIeHNUs, HeOOXOAUMO-
ro Ui Havaja pocrta. Tak Kak MCTOYHHKOM POCTa TPaHHU SBJISETCS Karuisi
pacmiaBa In-As, To mporecc KprCcTauIM3aluy COMPOBOXKIAETCS N3MEHe-
HUeM ee cocTaBa. [losBieHne 3apopliia COMPOBOXKAAETCS CHUKEHHEM
KOHIICHTpAIlMH PAacTBOpPa BIUIOTH JO TOJHOTO 3apacTaHus Tpanu. lIpo-
1ecc 3apoAbIIeo0pa3oBaHysl HA TPAHW KOHEYHOTO pa3Mepa TeopeTHye-
CKH OITMCHIBAJICS paHee C IMOMOIIBI0 AHATUTUYECKUX MeTomoB [1-2].
B oTnnume oT MMHUTaIMOHHOTO MOJIETMPOBAHNS AHATUTHYECKUN TTOAXO0T
He JaeT cBemeHui o Mopdomoruu pactymeit HII. OmanMm n3 Hambomee
MOAXOAIIUX METOJIOB JJIl BBISICHEHHUS] KUHETUKU U Jeraneit pocta HII
SBIISIETCSI MoienupoBanre MetonoM Monte-Kapio (MK), mo3Bosstoiee
WCCIIeJIOBaTh KHHETUYECKUE aTOMAapHBIE MIPOIECCHl B CHCTEMaX C pa3Me-
paMu, CONOCTaBUMBIMU C PealbHBIMU Pa3MepaMu HAaHOOOBEKTOB, U yUH-
THIBAIOIIEE KPUCTAIMYECKYIO CTPYKTYpy IOJIyNpOBOAHMKA. B HacTos-
mieir pabore ¢ momomiplo MoHTe-Kapno Mopenu mpoaHaIn3upOBaHBI
JIeTaM Tpollecca KpUcTau3anuu npu camokaramuTuaeckom [DKK
pocte HuTeBUAHBIX HaHokpuctamwioB A"BY na mpumepe InAs. Ocoben-
HOCTBIO HAIEeT0 MOAXO0Ja K M3YUYCHHIO 3apOobIeo0pa3oBaHus MPH Po-
cre HII sBrngercs xoMOMWHAIUs aTOMUCTHYECKOTO M AHAJIUTUYECKOTO
OTIMCaHUSI.

MonenupoBanue pocta HII ObuUTO pOBEACHO B MPOTrPaMMHOM KOM-
mwiekce SilSim3D [3]. B kauecTBe UCXOHOM MOUTOKKH B35ATa MOII0KKA
nonynposonuuka A"'BY ¢ opuenrtanueii mosepxuoct (111)B, mokpsI-
Tas TUIGHKOH-MacKON CO CKBO3HBIMH OTBEPCTHSMHU, B KOTOPBIX PacCIIO-
noxeHsl karum Metaiuia III rpynmnel. PaccMoTpeHa 5-KOMIIOHEHTHAs! CU-
crema: Me(s), Me(liq), As, As, 1 My — raumii nwiu waanid (Me) B
TBEPAOH M KHUIKOW (a3aX, MBIIIBIK B aTOMapHOW M MOJICKYJSIPHOM
¢dopme W Mmarepuan IMJICHKH-MAackd. B MoJens 3aiokeHbl CleAylomne
MIPOIIECCHI: aacopOITis aToMOB Me 1 MoJiekya As,, oOpaTuMasi JUCCOIIN-
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anys MOJIEKYJISIPHOTO MBIIIbsiKa Asy <=> As + As, muddysus Bcex BH-
JTIOB YaCTHII 110 TIOBEPXHOCTH, HcrapeHue As, u Metayia II1 rpymmer (kak
U3 TBEPJAOH, TaKk U U3 KUIKOH (azbl), pa3oBeie mpeBpameHus Me (IiaB-
JIeHHe, pacTBOpeHue, Kpuctaumsanus) u 1uddy3us As B Karuie Tams.
BeposTHOCTE KakKIOr0 3JEMEHTAPHOIO COOBITHS ONPEAEISIETCS] €ro
SHEPruei akTUBAUUH. DHEPTUU aKTHUBALUH DIIEMEHTApHBIX COOBITHH fB-
JISUTACH BXOJHBIMH ITapamMeTpamMu MOJAEIbHON cucTeMbl. Criocod nMuTa-
LMY JKUAKON (as3bl B PEIIeTOYHON MOJENN U METOAMKA BBIOOpa 3HEpre-
TUYECKHUX MapaMeTpOB OMUcaHbI B [4-5].

Poct BepTukansubix HII mpouncxoani 3a cueT oOpa3oBaHuUs 1O Karl-
Jel TUTOCKOTO 3apOojbIia KpHCTAUIMUeCKOH (ha3sl BBICOTOH OIWH
oucioil u ganpHelero ero garepaibHoro pocra. C nomoupio MK Mo-
JIENMPOBaHUsl ObUIA TMOJydeHa OCIMLINPYIOMIas 3aBHCHUMOCTD KOHIICH-
Tpaluu Mblibsika B Karie Cas oT Bpemenu npu pocte HII InAs u3 karmmu
In. Ocrumnsanuu Cag(f) HE SBIAIOTCS CTPOTO MEPUOJUYECKUMH, HUTO
CBSI3aHO C (QUIYKTYallMOHHBIM XapakTepoM 3apoxkicHus. HaiineHo,
YTO HOSBJICHUE 3apOAbIIIa KPUCTAJUINYECKOM (a3bl HE COOTBETCTBYET
MakcuMaibHOW Cas B Karule, a (OpMHUpPOBAHUE IOJHOTO MOHOCIOS
HAHOIIPOBOJIOKM HE COOTBETCTBYET MUHUMAIBbHOH Cya,. bblna oO6Hapyxe-
Ha KOppeJIsaLus MeXIy KOHIEHTpanued Mbimbika Cag(f) B Kaluie u me-
PUMETPOM pacTyIIero ocTpoBKa Pig(f). bbuin mosydeHsl 3aBUCUMOCTH
Cas(?) 1 Pig(?) nnst pa3HBIX YCIOBHHA POCTa — Pa3HBIX THAMETPOB KaIlIH-
3aTpaBKU U Pa3HBIX HHTEHCUBHOCTEH BHEIIHETO MOTOKA MBIIIbSKA.

st 00bsicHeHUsT HaOI0AaeMOr0 BpEMEHHOTO C/ABUTA OBLIO MPEIo-
KEHO YTMPOIIEHHOE aHAIUTHYECKOE OIMHCAHHE IPOIECCOB, MPOUCXOMIS-
IIMX B KaIjie B npouecce pocTa. [lolHOE YMCIo aTOMOB MBIIIBSAKA B Kall-
JIe ONpeAeNnseTcsl BHEIIHUM IOTOKOM M CKOPOCTBIO KPHUCTAJUIM3ALUU U
pacTBOpEeHHS Ha TPAHUILIE Pa3/iena KUAKOCTh-KPUCTAII:

a-R3%:F.ﬂR2—Jw (1)
riae F' — BHENIHWH MMOTOK MBIIIbSKA, R — paguyc Kamid, o — Kod3hdumm-
€HT, olpeJesieMblid reoMeTpruen Kamiu, ¢ — Bpems. IloTok Kpucramiu-
3YIOLUX YacTUll J,; IPOMOPUMOHATIEH NMEPUMETPY Pj HOBOTO KpHUCTal-
nugeckoro cnod. IlepBoe cnaraeMoe B NpaBoil 4acTH — 3TO CKOPOCTh
OCaXKJICHUS MBIIIbSKA U3 [OTOKA, a BTOPOE CIIAraeMoe XapaKTepu3yeT
CKOPOCTh KpHCTaNIM3allUN U PACTBOPEHUS MBIIIbsAKA. YpaBHeHue (1) He
MOXXET OBITh PEIICHO B aHAIUTHYICCKOM BHIEC OTHOCUTEIBEHO Cas(f), Tak
KaK BpeMEHHas 3aBUCHUMOCTh Pjy(f) HEM3BECTHA U XapaKTep €€ 3aBHCHT
oT MHOTUX (pakTopoB. OJHAKO, aHATTUTUIECKOE PACCMOTPEHUE MO3BOJIS-
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€T OOBSICHUTH CMEIEHHE Hayalla 3apOXKACHNS OTHOCHUTEIHHO MaKCHUMY-
Ma KOHLEHTpaluuu As B pacIlaBe M HECOOTBETCTBUE (DOPMHUPOBAHUS
MOJHOTO CJI0S1 MUHUMAJIbHON KOHIEHTPALMH. DKCTPEMYMBl 3aBUCHMO-
¢t Caq(f) BOZHUKAIOT, KOTJIa CKOPOCTD MOCTYIUICHHUS BEIIECTBA B KAILTIO
paBHa CKOPOCTH €ro Kpucrayum3auud. 1I0TOK KpUCTaIIM3YIOIIMX dYa-
cTull J,; MPONOPLUOHANEH NEpUMETPY Pig HOBOTO KPHCTAIIIMYECKOTO
cios. IlepBrrit wieH mpaBoi yacTu ypaBHeHHUs (1) HE 3aBUCHT OT Bpeme-
HH, @ BTOPOI M3MEHsETCs B MPOLECCE POCTa, TaK KaK MEPUMETP pacTy-
LIET0 OCTPOBKa sBJIsieTcA (YHKUMeH BpeMeHH. [Ipu ManblX 3HAUYEHHSIX
Piy KOMMYEeCTBO YaCTHII, KPUCTAILIM3YIOMNXCA B €AMHUILY BPEMEHHU OKa-
3bIBAETCS] MEHBLIE, YeM KOJIMUYECTBO YACTHL, IPUXOASIINX U3 MOTOKa. B

dCAS (t )
dt

9TOM cCJiy4ac >0 U, HECMOTpPA Ha MOABJICHHUEC OCTPOBKA, KOH-

LEHTPALUs] MBIIIbSIKA B KaIljle IPOA0JKAET HapacTaTh, 10 TeX MOp, IOKa
He BBINOJNHUTCA ycioBue F - mR? = J.,.. AHanoruuHeIM 06pa3oM oObsc-
HSIETCS. HECOOTBETCTBUE MUHHMAJIBHOW KOHIICHTPAI[MH MBIIIbsIKa (op-
MHUPOBaHUIO MoJHOro 6ucios. Ilo Mepe pocra, Kpast pacTyIiero ocTpoB-
Ka CIMBAIOTCS C MEPUMETPOM T'PaHUIIBl pa3fesa KUAKOCTh-KPUCTAI U
JUTMHA CTYIEHH, B KOTOPYIO BO3MOXKHO BCTpPAMBAaHHE BEIIECTBA, PE3KO
yMeHbIIaeTca. B HEeKOTOpBIE MOMEHT CKOPOCTh KPUCTAJUIN3ALUH OKa3bl-
BaeTCsl MEHbIIE, YeM CKOPOCTb MOCTYIUICHHUS BEILIECTBA B KaILIIO, U KOH-
HEHTpAIs MBIIIbSIKAa BO3PACTaeT, HECMOTPS HAa HEMOJHOE 3apacTaHue
TpaHH.

PaboTta nmposeaena npu noanaepxkke PODU (rpant 18-02-00764).
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OCHOBHBIE TIOAXO0AbI K MOAEJIUPOBAHUIO
®OPMHUPOBAHUSA ®OTOPE3UCTUBHOMN MACKH
B BBIYMCJUTEJbHOM JTUTOI PA®UA

H.H. baaan, B.B. UBanoB, A.B. Ky3oBkoB, E.C. Illamun
AO HUHUMD

Kak uzBectHo [1], pa3pemaromas crocoOHOCTh MPOEKIMOHHOM (ho-
Tonutorpadun (B JAHHOM CIIy4ae UMEeTCs B BUIY MUHHMAIBHBIA pa3-
Mep MOJYTEepPHoia NeYaTaeMbIX CTPYKTYpP) MOXKET OBITh ONpezelieHa Co-
OTHOIIIEHUEM

Ry (1)

NA

rae A — JUIMHA BOJHBI SKCTIOHUPYIOIIETO H3IYyUYeHUS, NA=nsin@d — YUCIO-
Bas amepTrypa oObeKkTuBa (@ — anepTypHBIA yroj, n — MOKa3aresb Ipe-
JIOMJICHHUS Cpenbl), a k| — TeXHOJOru4eckuii kodpdpuument. PazHoo0-
pasHble TEXHUYECKHE MPHEMBbI, HalpaBlIeHHbIC Ha YMEHBUICHUE k;, Kak
MpaBUIIO, UMEHYIOTCs B JaTeparype TepMuHoM «RET» (Resolution En-
hancement Techniques). K yka3zaHHbIM mpreMam, peann3yeMbIX MeTOa-
MU BBIYMCIUTENbHOM JUuTOrpaduu [2], MOXKHO OTHECTH:

— IpUMEHEHHE BHEOCEBOTO OCBEIICHUS;

— BBeJlcHHE ()a30BbIX AIEMEHTOB Ha (poTomadione;

— KOPPEKIIHIO ONITUYECKON OIIM30CTH.

Koppekrroe ucnonb3oBanue RET mo3sosnsieT goBecTH 3HaueHue &y 10
0,28 (1 gaxxe MeHee), MOOUBAsICh IMPOITCYATHIBAHUS B PE3UCTE DJIEMEHTOB
C pa3MepaMH 3HAYUTEIBHO MEHEe JJIUHBI BOJHBI UCIONb3YeMOr0 H3Iy-
YEHWUSL.

Baxxneimum pasnenoM BRIMHCIUTEIBHON JIUTOrpadun SBISIETCS MO-
JenupoBaHue  mpoiecca (hopMupoBaHus (DOTOPE3UCTHBHON MacKu
(®PM), k KOTOpOMY CyIIECTBYET JBa moaxoxa [3]:

—T.H. «IO0JHOe» (HU3nYecKoe MoAeJNPOBAHHE, OIUCHIBAIOIIEE
HEKOTOPOH CTETICHBIO TTOJPOOHOCTH BCE 3TAIbl (OpMUPOBaHHS (PoTOpe-
3UCTUBHOW Macki — OT HAHECEHMs IUIEHOK aHTHOTPAKAIOUIMX CIIOEB,
doTopesncra 1 (ecau HEOOXOIUMO) 3aIMUTHOTO TOKPHITHS 0 SKCITOHH-
pOBaHUS U TIPOSIBIICHUS] MACKHU;

— IMIOMPHUYECKOe MOJeJUPOBAHUE, TO3BOJIIONIEE OTHOCHUTEIHHO
OBICTPO paccuuTarh MONYYaeMyH MAacKy IPH MOMOIIU psfa yIPOIIEH-
HBIX HMHTEPIOJISIIIMOHHBIX Mojienel (Ha3bIBAEMBIX TAaKKE «KOMIAKTHBI-
MUY), UMesl 3apaHee OOJIBIIOe KOINIECTBO IKCIIEPUMEHTAIILHBIX JaHHBIX

89



M0 OTChEMY Pa3HOOOPAa3HBIX TECTOBBIX CTPYKTYp, HA OCHOBE KOTOPBIX U
KaTnOpyIOTCs yKa3aHHBIE MOJIEIIH.

[epeuncnennple MOAXOABI OOBIYHO HCIOJB3YIOTCS B 33Jadax, Ciado
nepeceKarmuxcs Mexay coboi. [lomHoe ¢du3ndyeckoe MomenpoBaHHE
peann3oBaHo, KaKk IpaBuio, B T.H. «mpoueccHbix» CAIIP (KLA Prolith,
GenlSys Lab, ASML Brion), ucroib3yeMbIX IpH OTPaOOTKE TEXHOJIOTH-
YeCcKHX IporeccoB (oTomuTorpaduu, Hampumep, AT MOa0opa OITH-
MaJbHBIX TapaMETPOB PE3UCTHOTO CTEKa, pacdyeTa MPOIECCHBIX OKOH,
(hOpMBI OCBETHTEIIS U T.I.

OcHOBHOE JKe TMpeqHa3HadYeHHE OHMIHPUIECKOTO MOJEINPOBAHUS
®PM cocTodT, Kak HpaBUiIO, B OBICTPOM IONYyYEHHUH pe3yabrara Ipu
pacdere mapameTpoB TOMOIOTUYECKON KOPPEKIIMH HCKAXKEHHH, 00yCIIOB-
JIeHHBIX 3()PEKTOM ONTHICCKOW OIM30CTH, HA ITOJTHOPA3MEPHOH TOTIOJIO-
TUM  JuTorpaduueckoro cios. Tak HaszbIBaeMble «KOHCTPYKTOPCKO-
texnonorndeckue» CAIIP (Mentor Graphics Calibre), peanusyroriue
Takoe MOJEIMPOBAaHUE, AEMOHCTPUPYIOT KOJIOCCAIBHBIA BBIMTPHIII IO
BpeMeHu pacueta @PM B cpaBHEHUU € MPOLECCHBIMU [3], OJHAKO TOY-
HOCTh pacdera B JJAHHOM Cly4dae HaXOJMTCS B CHIIBHOW 3aBHCUMOCTH OT
KOJIMYECTBA M Ka9€CTBa KaJTHOPOBOYHBIX JTAHHBIX.

B HekoTOpHBIX CiTydasx BO3MOXKHO MPUMEHEHHUE KOMIIAKTHBIX MOJIENen
¢dopmuposanus ®PM nis 3amad nmporeccHOro MoaeaupoBaHus. Takum
00paszoM, HampuMep, MOXKET OBITh IPOW3BENCHA ONTHMH3ANHS (HOPMBI
OCBETHTEJISI HITH SKCITPEeCC-OIIeHKa IMPUHBI OKHA MTpoIiecca.

B nmammoil pabore nenaeTcss 0030p OCHOBHBIX HCIIONB3YEMBIX B
HacTosIIee BpeMsi Mozese GpopmMupoBaHusi (OTOPE3UCTUBHON MacKd U
3aJa4, B KOTOPBIX OHH MPUMEHSIOTCA. [IpHBOASITCS MpUMEpPhl HEKOTOPBIX
pacyeToB sl IEPCIIEKTHBHOTO TEXHOJIIOTHYECKOTO Mpoliecca.
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ELECTRONIC TRANSPORT PROPERTIES
OF VCM RESISTIVE SWITCHING MEMORY CELLS

C. Funck', S. Hoffmann-Eifert’, C. Bacumer'?, T. Hennen',
D. Woutersl, R. Waserl’z, R. Dittmann® and S. Menzel*

! Institute of Electronic Materials Il & JARA-FIT, RWTH Aachen University,
Sommerfeldstrasse 24, 52074 Aachen, Germany
? Peter Griinberg Institute 7/10 & JARA-FIT, Research Center,
Jiilich, 52425 Jiilich, Germany

Resistive switching cells have drawn a high attention as novel
memory and computing devices [1, 2]. Thus, novel brain-inspired com-
puting networks could be realized using this new type of electronic de-
vice. These network concepts are collected under the headline of neural
computing networks [3]. Especially, one non-volatile type of memory
named valence change memory (VCM) cells show encouraging results in
important figures of merit, as for instance low switching energies. In
VCM cells, an active ionic conducting layer is placed between two metal
electrodes. Due to an external voltage stimuli the ionic configuration is
modified and a change in the electronic resistance is induced. Independ-
ent of the application as neuronal network element or digital memory,
those devices are integrated in a matrix structure. The disadvantage of
such matrix structures is the leakage current which deteriorates the read-
out margin of a single cell [4]. Here, a selector element is required in
series to the VCM cell at every matrix node. The selector element should
show a highly non-linear /- characteristic in order to minimize the
sneak currents. One type of such selector elements is the so-called
threshold switch, which is based on a negative differential resistance [5].
In addition, threshold switches could be used to realize the synaptic be-
haviour in neural networks [6].

For the application of both elements, the threshold switch and the
VCM cell, it is detrimental to understand the electronic conduction
mechanism in detail. Unfortunately, the current understanding of the
electronic conduction mechanism in these devices is quite basic.

In our presentation, we will use continuum simulations to model the
nature of the threshold switching effect, which occurs in NbO,-based
devices in the low current range. In contrast to previously dominating
explanations, we will show that the threshold switching effect is based
on a purely electronic mechanism, while the often addressed of an insu-
lator-to-metal transition (IMT) is postponed to the very high current re-
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gime [7-11]. Thus, the threshold switching is the result of a conduction
mechanism showing an exponential field and temperature dependence.
At a critical electric field a thermal runaway is induced, which leads to
an enhanced conductivity. This enhanced conductivity is based on a
higher amount of thermally activated mobile charge carriers. This mech-
anism also plays an important role for the understanding of the threshold
behaviour in VO [9].

Furthermore, we will present the electron transport mechanisms in a
Nb:SrTiO5/SrTiO3/Pt VCM resistive switching model system using
ab initio methods. Density functional theory (DFT) simulations com-
bined with the Non-Equilibrium Green’s Function (NEGF) formalism
are applied to explain the electronic transport mechanism at the atomic
scale. The current-voltage response of the SrTiO;/Pt based resistive
switching cell is polarity dependent and has an exponential voltage de-
pendence. This often leads to the conclusion that the electron transport is
determined by the image-charge based Schottky-barrier lowering. Based
on this consideration, we used DFT+NEGF simulations to explorer the
Schottky barrier lowering on a quantum mechanical basis [12]. In a fur-
ther step, the DFT+NEGF simulations are performed to calculate the
electronic current. The simulation results are compared to experimental
conduction measurements. The comparison reveals that the electronic
transport in the resistive switching cells is based on a band-like transport
and determined by the Pt-Schottky contact. At low voltages, the Schott-
ky barrier is surpassed by a thermally-assisted tunnelling and at higher
voltages by a direct tunnelling [13—15]. The increasing tunnelling proba-
bility for higher voltages at the Schottky barrier leads to an easier trans-
fer of the electrons through the Schottky contact. As a result, for the
higher voltages the bulk transport of the SrTiO; becomes dominating,
which temperature dependence is determined by phonon scattering.
Therefore, a different temperature dependence of the current is observed
at different voltages in the SrTiO;/Pt based VCM cell. Based on the
band-like transport observed in the DFT+NEGF simulations a single
band transport model is developed and the model has been successfully
transferred to TiO, [16]. The overall goal of the simulations is the devel-
opment of a multi scaling resistive switching simulation tool environ-
ment (JART").

! http://www.emrl.de/JART html
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Abstract. We study the properties of generalized solutions in un-
bounded domains and the asymptotic behavior of solutions of elliptic
boundary value problems at infinity.

Moreover, we study the unique solvability of the mixed Dirichlet-
Neumann and Steklov-Neumann biharmonic problems in the exterior of
a compact set under the assumption that generalized solutions of these
problems has a bounded Dirichlet (energy) integral with weight |x|".

Admitting different boundary conditions, we used the variation prin-
ciple and depending on the value of the parameter $a$, we obtained
uniqueness (non-uniqueness) theorems of these problems or present ex-
act formulas for the dimension of the space of solutions.
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B Hacrosmiee BpeMs M3yueHHE BOMPOCOB TEIJIOBOIO MEpPeHOca B IO-
JTYTPOBOTHUKOBBIX T€TEPOCTPYKTYpax SBISICTCS OTHUM W3 TIPHOPHUTET-
HBIX HAIIPABJICHUH HMCCIIECIOBAHUI B MHUKPORJIEKTPOHUKE. DTO CBSA3aHO C
MOCTOSTHHBIM POCTOM YaCTOTHBIX XapPaKTEPUCTHK JIEMEHTHOU 0a3bl, 4TO
COBMECTHO C MHHHMATIOPH3AIMEH DJIEKTPOHUKH BIEYET 3a COOOM POCT
YAETBHOW BBIIENSIEMOI TEIUIOBOW SHEPrHH, KOTOPYI TpeOyercss OTBO-
JIUTh, YTOOBI TOJJICPIKUBATH PA0OTOCIIOCOOHOCTh YCTPOKCTB [1, 2].

[Ipu paccMOTpeHHH HaHOPAa3MEPHBIX CTPYKTYP MOJICITHPOBAHUE TEIl-
JIOTIEPEHOCA C MCIIOJIb30BaHUuEM 3akoHa Dyphe CHIIBHO OrpaHUYEHO, MTPH
ATOM HE YUUTHIBAIOTCS KBAHTOBOMEXAHMYECKIE CBOMCTBA MaTepHaJIOB, B
CBSI3W C YeM TOJyYCHHBIE PEe3yJbTaThl 3a4acTyI0 TUIOXO COTJIACYIOTCS C
SKCIIEPUMEHTAILHBIMUA JTaHHBIMU [2]. 3HaUUTENHHO OOJiee TOYHBIC pac-
9ETHI MOYKHO TTOJIYIUTH C UCTIOJIB30BAHUEM METOJIOB MOJICKYJISIPHOH JTH-
HaMuKkd [3], 4TO, B CBOIO O4Yepellb, COMPSIKEHO C BBICOKOM BBIYUCIIH-
TEIBHOHN CII0)KHOCTBIO aJTOPUTMOB, a TaKKe C HETPUBUAIBHOU 3a1adeit
moa00pa MOTEHITHAIOB MEXATOMHOTO B3aUMOICHCTBHSI.

OnpeneneHHBIM KOMIIPOMHCCOM B CMBICIIC BBIYMCIMTEIHLHON CIIOXK-
HOCTU M Y4€Ta MUKPOCKOMHYECKUX I((HEKTOB MOKHO CUUTATh MOJEIH-
pOBaHHUE TEIUIOMEPEHOCAa HA OCHOBE KMHETHYECKOTO YpaBHEHHUS BoibIl-
MaHa I (DOHOHOB, SBJISIONINXCS OCHOBHBIMH HOCHTEIISIMH TeIlla B
nonynpoBofaHukax. OnHa U3 poOJeM MPU MOCTPOSHUHM BBIYUACIUTEIb-
HBIX aJITOPUTMOB CBs3aHa ¢ Y4€TOM paccenBaHus (OHOHOB. B oOiem
ciydae IPHUXOIUTCS pacCMaTpPHUBATh CIIOKHOE MHTETpoaudepeHIraib-
Hoe ypaBHeHHE. OHAKO, IS MPAKTUYECKUX 33Ja4 YacTO MPHU PEIICHUN
ypaBHEHHUsT boibIMaHa MTOCTATOYHO VYHUTHIBATH JIHINb MPUOIMKEHUS
BPEMEHHU pellakcalliM, YTO CYIIECTBEHHO yrnpouaer 3aaaqdy [1].

B Takoil noctaHOoBKE OCTa€TCA BOMPOC, OTKY/la MOJIy4aTh JaHHBIE 11O
nmapaMeTpaM pellakcanud. Panee OHM pacCUHUTHIBAINCH MOIYIMITHPHYIC-
CKH C YYETOM COIJIACOBAHHS MOJCIBHBIX BBIUMCICHUH C pe3ylbTaTaMu
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3KcniepuMeHToB. HecMoTpst Ha omnpe/ieni€HHbIE yCIEXH, JaHHBIM MOXO0
BECbMa TPYHO3aTPaTeH, B CBA3M C YEM B OCHOBHOM MOJEIHPOBAIUCH
CTPYKTYPBI U3 MPOCTHIX MaTEpHaoB (KaK MPaBUIO, KPEMHHM U TepMa-
HUi) [4]. 3HAYUTEBHBI TPOPHIB B TAHHOM BOMPOCE MPOHU3OIIEN MPH
KOMOMHHPOBaHMH METO/OB C HCIOJIb30BaHHEM KMHETUYECKOTO ypaBHE-
HUS C MepBONpHHOUIHBIMUA pacu€éramu [1]. IIpu sTom TpeOGyemble xa-
pakTepuCTUKU (POHOHOB MOTYT OBITh MOJYYEHBI HE U3 alpPOKCUMAIINH
OKCIIEPUMEHTAIBHBIX JaHHBIX, 4 W3 TEPBONPHUHITUIHBIX BBIYHCIICHUN,
YTO 3HAYUTEIHHO IMOBBIIIAET TMOKOCTh ajJrOpUTMa, MPU 3TOM MHUHUMH-
3UPYS PA3NUYHBIC TOMYIIECHUS.

B kauecTBe mpuMmepa NpWIOKEHHS AAHHOW TEXHUKH PaCCMOTPHUM
pacyér TemI0NPOBOAHOCTH OMHAPHOH reTepocTpyKTyphl GaAs/AlAs mis
Pa3IMYHBIX IEPUOJIOB CBEPXPEIIETKU. B pe3ynbTare NepBONPUHIMITHBIX
pacy€ToB MOJIYYECHBI: PACIOJIOKEHUS aTOMOB, IIPOCTPAHCTBEHHBIEC IMPO-
W3BOJIHBIE TTOTCHIMAIBLHON SHEPTUHA 2 W 3-TO TOPSIKA, IHUIJICKTPHYIC-
cKuil TeH30p U 3¢ deKkTuBHBIC 3apsaasl bopHa. MonenupoBaHue BeIoCh ¢
MCIOJIb30BaHKEM MporpammHuoro nakera almaBTE[1] mis BupTyanbHOro
kpucramia GaAs/AlAs Ha peméTke 24%x24x24 [5]. 3 paccunTaHHBIX Ha
MpeAbIAYIEeM Iare MnapaMeTpoB MOXHO TOJYYWUTh IOJHBIA HaOop
pa3pelm€HHbIX YacTOT M COOTBETCTBYIOILMX TIPYIIOBBIX CKOPOCTEH U
BOJIHOBBIX (DYHKIIMH, KOTOPHIC ONMUCHIBAIOT MOJIIPU3AIMIO IS KaXKJOU
MOJBI. DTO TO3BOJSET paccyUTaTh CyMMAapHBIA BKJIAJ B 3JaCTHYHOE
paccenBanne ¥ 3-X (OHOHHBIE B3aUMOJCHCTBHS B NPUONMKECHUH
BpeMeHH penakcaruu. [Ipu 3ToM, 351acTHYHOE paccenBaHHE COCTOUT U3
BKIIaZla M30TONWYecKoro Oecropsaka [6], u ot OapwsepoB [1]. 3Has
napamMeTpbl pacceMBaHUs, MOXXHO pAacCUUTaTh JIMHY CBOOOIHOTO
mpobera OHOHOB, YTO B CBOIO OYEPEAb MO3BOISET TOCTATOYHO MPOCTO
BBIUMCIIUTh MCKOMOE 3Hau€HHe TeIulonpoBojgHOoCTH [1, 7]. Pe3ynbraTsl
pacuéToB, a Tak)Ke JIaHHbIC KCIIEpUMEHTA [8] I pa3IMYHbIX MEPUOIOB
CBEPXPELIETKY MPEICTABICHBI HUXKE HA PUCYHKE.

Kax BuIHO, MOTy4YEHHBIC BRIYUCIUTEILHBIC TAHHBIE TOCTATOYHO XO-
POILO COTNACYIOTCSl ¢ pe3yibTaTaM IKCIEPUMEHTOB [2], YTO MO3BOJISET
cymuth 00 3dextuBHOCTH MOaX0Ma. CTOUT OTMETHTH, YTO B JTAHHOM
cily4yae MOJAEIUPOBAIUCH F€TEPOCTPYKTYPhl C UACAIbHBIMU T'PAaHULAMU,
B PEaJbHOCTH, B MIPOIIECCE BHIPALIMBAHUH TETEPOCTPYKTYP POPMUPYIOT-
¢ uHTEep(ENChl C JOCTATOYHO CIIOXHOW (pOpMOi, 9TO OKa3bIBaeT 3¢-
(GeKT Ha pPe3yNbTUPYIOIIYI0 TEIUIONPOBOJHOCTh. Takum o0pa3oM, B
YaCTHOCTH, MOKHO OOBACHUTH CPAaBHUTENBHO HHU3KYI0 TOYHOCTBH MJIS
obpasna ¢ nepuogom 10x10.
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Cpasnenne paccuutanHoii (BTE — Boltzman Transport Equation)
1 3KCTIepuUMeHTanbHOU TertonpoBogHocTH (Capinski [2]) nepneHInKyIsapHOi
PpOCTY TeTepOCTPYKTYPHI JUI PA3IUUHBIX IEPUOAOB PEIIETKH A X A
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Pabora mocBsimeHa pacdeTy MOIyIpOBOJIHUKOBOTO JWO/AA B PaMKax
ANEKTPOIMHAMUKH CIUIOLIHBIX CPEXl C YYETOM OOIIEHMPHUHATHIX JOMYIIe-
Huit [1]-[5]. PaccmarpuBaemasi cTalmoHapHas MOJENb BKIIOYAeT B3au-
MOJIEHCTBHE TpeX (PU3MUECKUX IMOJIEH: 3JIEKTPUIECKOrO MO C TOTEeH-
nuaioM Y, a TakKe MOJed KOHLEHTpauui IbIPOK P U BJIEKTPOHOB A .
Kpome TOro, yuuThIBaeTCsi KOHIEHTpaumus ¢ BHEAPEHHONW B HOI
MIPUMECH, CO3/1aBAEMON HEMOJABI)KHBIMU 3apsaamu. s ABIPOYHOTO U
3JIEKTPOHHOTO TOKOB TNpearnoaraetcs TudQy3noHHO-ApeiidoBoe mpu-
onmxenne [1]-[5] ¢ yueToM peKOMOMHALIMN HOCUTENEH JIEKTPUIECCKOTO
3apsana.

[IpeamonaraeTcs, 4To MOTYNPOBOAHUKOBBIA AMOJ HMeEET (HOpMY M-
JIMHJIPA, TPOJOJIbHAS KOOPAMHATA X; KOTOPOIO JISKHUT Ha OTpe3Ke [-a,a],
a pasMep MONEpPEeYyHOro CEYeHHs MHOTO MEHbIIE BETUYMHBI a. TopIisl
I'u I aTOoro muwiMHApa SABISIOTCA MOBEPXHOCTAMH DJIEKTPHUECKOTO

KOHTaKTa, IpU4EM HOIIaBaeMBIﬁ Ha JICBBIA KOHTAKT I MMOTECHI AT PAaBCH
HyJII0, @ Ha mpaBbelii paBeH V =const. Kpome Toro, mpeamnosnaraercs,

YTO HA KOHTakTaXx |'= CyMMapHbI 3aps/ paBeH HYIIO, a CKOPOCTh pe-
KOMOWHAIIUYU JIBIPOK U 3JEKTPOHOB OeckoHewHa. Ha ocranbHO# moBepx-
HOCTH JHMOJa CTaBUTCA YCIOBHE OTCYTCTBUS HOPMATHHOU KOMIIOHEHTHI
AIIEKTPUYECKOTO TOJS, a TAK)KE yCIOBHE HEMPOTEKAHUS ABIPOK U DJIEK-
TpoHoB. [Ipeanonaraem, 4To KOHIEHTpalusa d NPUMECH 3aBUCHT JIMIIb

OT IPOJIOJILHONH KOOPAMHATBI X|HW MMEET BHJ «OOpPATHOH CTYNEHBKH»,
T.€. d(x;)=-Dysigny;. B 3TUX yCnoBusx HCKOMBIE (PH3UYECKHE MO
TAaK)KE 3aBHUCAT JIMIIb OT KOOPIAMHATHL Xi, T.€. y=vy(x), p=p(x),
n=n(x), cM. TaKxe [6].

Beenem 0Oe3pasMepHyl0 KOOpAMHAaTY x=x;/a, O€3pasMepHbIe
IUIOTHOCTH IIpUMECEH, IBIPOK u 3JIEKTPOHOB

D(x)=d(ax)/ Dy, P(x) = p(ax)/Dy, N(x)=n(ax)/Dy,
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a Takke  Oe3pa3MEpHBI  DIIEKTPUYECKUN  MMOTEHIUAT W(x)
o opmye
1
Y(x) = — [y(ax) —v/2],
T
rae Y, — SHHINTEHHOBCKMH nortenuuan, cM. [1]. Torma aus uckoMbIX
6espasmepubix Gpyuknmii W (x), P(x) u N(X) nonydaem ciieyrongyro
cuctemy [6], [7] oObikHOBeHHBIX AuQepeHaTbHBIX ypaBHEHUN Ha
orpeske [—1,1]:
22 W"(x)+ P(x)— N(x) = signx,
(1)
P'(x)+ ¥ (X)P'(x)+ ¥ (x)P(x)=3p R(x), ()
N'(x) =¥ (x)N'(x) =P (x)N(x) =8y R(x). 3)
3n1eck mapamerp .2 — &’ BbIpaXkaeMbli yepe3 BBEJCHHbIE BEJIU-
gDya’
YUHBI @, D)), Y, @ TAKKE JUIIECKTPHIECKYIO IPOHUIIAEMOCTh MaTepHa-
7a auofa € U abCOOTHOE 3HAYEHHUE 3apsifa dIEKTPOHA ¢ , TPEACTaBIIs-
eT co00ii ¢ y4eToM XapaKTepHBIX 3HAUCHUI
ac[107,103 em,  Dyef10,10%] em 3,
Kyn
(B-cm)’

g=1.60x10"" Kyn, ee 1073 107!

masoe uncio = [l 0_8,10_4] . OH Urpaer poJib CHHI'YJISIPHO BO3MYIIAIO-

mero mapamerpa st cuctemsl (1)—(3). Takum oOpazom, 3Ta cuctema
SBIISIETCSl CHHTYIISIPHO BO3MYIIEHHOW HENWHEHHOW cucTeMon audde-
peHIMAIBHBIX ypaBHEHUH. 31ech R(X) — peKkoMOUHAIMOHHAS (yHKIUS

B (hopme [loxnmm—Puna—Xomnna [1]1-[5]:

P(x)N(x)—N?

R= N0+ N+ 1P+ N,)

Yucna 3§, =107%, dy = 1074, N; = 10~ u T=1 cyrh napameTps Mo-

nenu, cM. 00 aTom [6]. KpaeBbie ycImoBuUS 41T MCKOMBIX (DYHKITHIA:

Y(-1)=V,¥Y(1)=V; P(-1)=0, P(1)=1; N(-1)=1, N(1)=0,
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rae V:—arsh[(ZNi)_l]+v/ (2y,;) — HOPMHMPOBAHHBIH M CHUMMETPHU30-
BaHHBII BHEIIHWH MOTEHIHAN U3 AWanazoHa [—100,100]. [IpuBenennbIe

IPAaHUYHBIC YCIIOBUS BBITCKAIOT M3 OOLICTIPUHATHIX YCIOBUH PaBEHCTBA
HYJIIF0O CYMMapHOTO 3apsia 1 0ECKOHEUHOW CKOPOCTH PEKOMOHMHAIIMU Ha
KOHTAaKTax, a TAKXKe COBMAJCHUS YpOBHsS DepMu ABIPOK U 3JIEKTPOHOB C
IT0JJaBa€MbIM Ha KOHTAKThI BHEITHUM ITOTeHIHaoM [1]-[5].

B pabote naH aHamUTHKO-YHCICHHBII METO/I PEIIEHHS TTOCTABICHHOM
KpaceBOM 3aj]au JIJIsl CUCTEMbI CHHTYJIIPHO BO3MYIIICHHBIX HEJIUHEHHBIX
ypaBHeHu# (1)—(3). Meron sABIsSETCS pa3sBUTHEM NPEIIOKEHHBIX B [6],
[8]-[10] meTomoB. B ero ocHoBe IIEXKUT, MPEXKAE BCETO, CBEICHUE HC-
XOJTHOM KpaeBOM 3aJjaudl K CUCTEME JABYX YPAaBHEHUMU, OJTHO U3 KOTOPHIX
nHTErpo-nudepeHnnans-Hoe, BTopoe — HHTerpaibHoe. [lepBoe n3 HUX
BMECTE C TPAHUYHBIMH yCIOBHSIMH UMEET BH/T

DR)[¥] =V (x)-signx+L(R)[Y], P(D=-V, ¥O)=V. (4

3necn
LR =Y E[Y] _ Y E;[-] N
E[¥] E[-¥]
+8p< PO¥;x,E)* R(E) > — 8 <N(W;x,E) ¥ R(E) >,
P(W¥;x,E) u N(¥;x,§) - dynxuuu 'puna muddepeHnnansHbIx onepa-
TOPOB B JIEBBIX JacTIX ypaBHEHUI 2) u 3),

Eg[u]=j5exp[u(t)]dt, E[u]=E'[u]., xpome Toro, <f * g> —

cBepTka QyHKuuid f M g Ha orpe3ke [-1,1]. MHTErpansHOEe ypaBHEHHE
UMEET BH]T

K(W)[R] = R - R[P[¥, R], N[¥, R]] = 0. (5)
Orneparop R B 3T0# hopMyJie 1aeTcsi paBeHCTBOM

P[¥.RIN[¥,R]- N}

REPNI= 5 [¥.R]+ N, +(P[¥,R]+ N,)
3nech
) EZ ‘P
N(x)= NT¥,R]:=8, < N(¥;x,&) * R(E) >+ T [[ ;’]]
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Jnisa pemeHust cucteMsl ypaBHeHHH (4), (5) MpeanokeHo crenuab-
HOE coueTaHre (pyHKIMOHAIBHOTO MeTona HproToHa M MeTona nmponos-
eHus o napamerpy [11], [12]. Ilpu 3TomM oOpamieHne mpou3BOJHBIX
®perie COOTBETCTBYIONIMX HEIMHEWHBIX ONEPATOPOB OCYIIECTBIISIETCS
Ha ocHOBe npuOmmxenus |puna—Jluysmwmna (meton BKDB), cm. [13].
HauanbHoe mpuOnwxeHHe Uil WTEPAllMOHHOTO ajropuTMa HalJeHo B
ssBHOM Buje. [IpemnmoskeHHpIit MeTo ] OBLT YUCIICHHO PEaTM30BaH U TIO-
Jy4eHbl YHMCJICHHBIC AaHHBIC JUIL PAcIpelesieHUsl JIEKTPUYECKOro I0-
TEHIMajla ¥ KOHLEHTPAaLUUN ABIPOK U AJIEKTPOHOB. Y CTAaHOBJIEHHAS TEO-
peTHyYecKn CBEPXIKCIOHEHITHAIbHAS CKOpPOCTH CXOIMMOCTH
HPEIJIOKEHHOTO METO/1A IIOATBEPKAEHA YHCICHHBIMHU SKCIIEPUMEHTaMH.
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MEMRISTOR SWITCHING AND OXYGEN
ATOM MANIPULATION ON MOO, SURFACE.

Sergey Bozhko'?, Killian Walshe?, Natalia Tulina', Brian Walls?,
Olaf Liibben’, Barry Murphy’, Sergey Krasnikov’,
Vladimir Bozhko', Igor V. Shvets®.

! Institute of Solid State Physics, Russian Academy of Science, 2 Academician
Ossipyan str., 142432 Chernogolovka, Moscow district, Russia
? School of Physics, Trinity College Dublin, Dublin 2, Ireland

Molibdenum oxide is one of the materials which exhibit memristor
switching. However, mechanism of the switching is not clear till now.
Memristor switching in MoO, occurs at electric field strength of
10°V/em. Typical electric field in tunneling gap of STM is of 10°-
10’V/em. Thus, STM is a proper tool to simulate modification of MoO,
structure as a result of the switching. Both inelastic tunneling and strong
electric field in a STM tip — surface gap contribute into modification of
the surface. Scanning Tunnelling Microscopy (STM) is a useful tool for
the analysis of the surface of many conducting materials which possess
atomic resolution. We have used STM and DFT simulations to study sur-
face modification and separate contribution of tunneling current from
electric field generated by a probe of STM at MoO,/Mo(111) surface.

A monolayer of extra oxygen atoms was prepared by exposition of
Mo0O,/Mo(110) surface in oxygen (P=10"Torr) at room temperature [1].
STM experiments demonstrated that extra oxygen can be removed from
the surface top layer solely by means of electric field generated by STM
tip. Despite of a smooth distribution of electric field it was possible to
remove individual extra oxygen atoms from the surface. However, tun-
neling current increases the probability of oxygen atom to be escaped.
We have proposed a models of surface modification both by tunneling
current and electric field generated by a probe of STM. This has been
confirmed by DFT simulations.

This work was supported by RFBR Grant 19-29-03021 mk
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MNOCTPOEHUE ACUMIITOTHUK PEIIEHUIA
JMHEUHBIX TUPPEPEHIIUAJIBHBIX YPABHEHUI
C IOJIOMOP®HBIMU KOOOPPUIIMEHTAMMA
N UX TUIIBI

M.B. KopoBuna
MI'Y um. M.B. Jlomonocosa

PaboTa mocesiieHa PaCCMOTPEHUIO ACUMITOTHK PEIICHUH OOBIKHO-
BEeHHBIX IH((epeHInaIbHbIX YPaBHEHUS C TOJOMOP(MHBIME KOdDHHUIIH-
€HTaMU C BBIPOXKICHUSIMUA. A IMEHHO PacCMaTpPUBAIOTCSI OOBIKHOBEHHBIE
T depeHnnanbHble YpaBHEHHS C TOJIOMOPQHBIME K03 dUIIeHTaMK

bn(r)[djnu(r)+bnl (r{jj"'lu(m...+b,.(rujiu(r)+...+b0(r)u(r): 0- (1)

dr r
371eCh b, (1) ABIAIOTCSA FONTOMOPOHBIMU (yHKIUAMH.
Ecnu ko>(duument npu crapueii npoussoanoii b, () obpamaercs B

HOJIb B HEKOTOPOH TOUKe, 0€3 OrpaHudeHHs OOITHOCTH MOYKHO CUHTATh,
4yTO 3Ta Touka r =0, To ypaBHeHue (1), BooOIIE roBOpsI, IMEET OCOOCH-
HOCTB B HyJie. B 3TOM ciryuae HOJIb MOXKET OBITh PETYJISIPHOW HIIM Uppe-
TYISIpHOM 0co00oi Toukoi. [IpoOmeMa mpencTaBIeHHS aCHMITOTHKH
peIIeHus ypaBHEHHsI C TOJOMOPGHBIMU KO3 (DHUIIMEHTaMH B OKPECTHO-
CTH HPPEryJIpHOH 0co00¥ TOYKHM BHEpBbie ObLaa chopMmyHpoBaHa
A. Ilyankape B paborax [1], [2]. B aToif paboTe BHepBbie OBUIO TIOKa3a-
HO, YTO pELIeHHE ypaBHEHUS C ToJIoMOpPHBIMU KOd(h(PUIMEHTaMU B
OKPECTHOCTH UPPETYJIAPHON 0COOOH TOYKU B HEKOTOPBIX CIy4asiX TOUKU
MOJKET pa3ylaraTthCsi B aCUMOTOTHYCCKHUU P U ObLIa MPEANPHUHSTA I10-
MBITKA CYMMHPOBATh 3TOT Psiji C MTOMOIIbI0 MHTETPAIHHOTO Mpeodpa3o-
BaHus Jlannaca. [Ipu 3TOM UCIIOJIB30BAJICA YaCTHBIN Cilydall aCUMIITOTH-
YECKOTO PAa3JIOKEHHS PEIIeHHS B OKPECTHOCTH OECKOHEYHO yNalIeHHOU
0c000# TOYKH, MmoJTydeHHoro B pabore Tome [3].

VYpaBuenue (1) MoxkeT OBITh CBEJICHO K YPaBHEHHIO BHJIA
Hu = H(r,—rk dju =0, 2)
r

rae H — nuddepeHnyanbHblii onepaTop ¢ rogoMopGHbIMUA KO3 PHIK-
eHTaMH
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H(r,p)=2a,0r)p"-
i=0
3neck q,(r) — ronomopduele GyHKIEY, HpHYeM g (0)# 0 ¥ IOTydeHa

(dopMyra I BRIYUCICHUSI MHHUMAIBHOTO 3HaUeHus k. B 3aBucuMocTH
OT ATOTO 3HAYCHHUS k MOKHO Pa3OHTh ypaBHEHUs HA TPH TUIA, KAKIOMY
U3 KOTOPBIX COOTBETCTBYET CBOW THIT acMMNTOTHK. K miepBomy THITy OT-
HECeM Te ypaBHEHUs, Ul KOTopelx k=0. B 3TOM cirygae MbI nMeeM He-
BBIPOXJICHHBIE TU(QepeHIInaIbHbIE YPABHEHHUS HE MMEIOIINE OCOOCH-
HOCTH B HyJe. VX pemieHHs SBISIOTCS TOJIOMOPQHBIMUA (QYHKIUSIMH.
B ciyuae k=1 ypaBHEHHSs SIBIAIOTCS BBIPOKICHHBIMHU, STH ypaBHEHUS
CBOJATCSA K YPaBHEHUSM C PEryJIIPHBIMA OCOOCHHOCTSIMU a CaMU ypaB-
HEHUsI HAa3bIBAIOTCS ypaBHEHUSIMH (ykcoBa THra. Kak n3BecTHO, acuMmIl-
TOTUKU PELICHUS! B HyJIE SIBJISIOTCS KOHOpMalbHbIMU. OHHU TpeiCTaBH-

MBI B BUJIE CYMMBI CIaracMbIX BHJA (ln r)mr”Zakrk , TIe psiabl Zak 7k
k=0 k=0

SBIISIFOTCSI ACUMNTOTHYECKUMU. K TpeTheMy THIy OTHOCSATCSI T€ ypaBHE-
HUS, U1 KOTOPBIX k>1. DT0 cimydail ypaBHEHHs ¢ UPPETYISIPHBIMH OCO-
OCHHOCTSIMH. DTH ypaBHEHHUS HA3bIBAIOTCS ypaBHEHUSIMH He(dyKcOBa
Tuna. Pa3nenum ypaBHeHus: HeyKcoBa THIA Ha JIBa Kiacca, K IepBOMY
KIacCy OTHECEM YpaBHEHHs Takue, 4To MHorouneH H,(p)=H(0,p),

KOTOpBI Ha3bIBAa€TCAd OCHOBHBIM CHMBOJIOM, MMEET TOJIBKO IPOCTHIE
kopHHu. Ha3oBem Takue ypaBHEHUS He(YKCOBBIMU YPaBHEHUSIMH IIEPBO-
ro tumna. Ko BTopoMy KIJIacCy OTHOCSTCSI OCTaJbHBIE YPAaBHEHUS, TO €CTh
ypaBHEeHUs He(yKcoBa THIIA TaKHE, YTO OCHOBHOH CHMBOJI UMEET HE
TOJIBKO TIPOCTBIE, HO M KpaTHble KOpHH. HazoBeM ux He(pyKCOBBIMH
YPaBHEHUSIMU BTOPOIO THUIA.

Crayuali HEQyKCOBBIX ypaBHEHHI TNEpBOrO THNA Ui JHMHEHHBIX
YpaBHEHUH M MX CHCTEM PacCMaTpUBAIOTCA, Hampumep, B padore [4], a
3aTeM BO MHOTHX KJIaCCHUECKHX YUCOHHKaX.

B stux paboTax mOCTpOEHBI aCUMITOTHUYECKHE Pa3JIOKCHMS pelle-
HHUHM He()yKCOBBIX ypaBHEHHUS II€PBOr0 THUIA, OHU OBUIM IOJIyYCHBI B BU-
Jie TIPOM3BEICHUI COOTBETCTBYIOMIMX SKCIIOHEHT HA PACXOMSIINECS CTe-
TIEHHBIE PAIBI, 8 UMEHHO

=
|
h
Mz
R
T
8

et | ra’Zbijri- (3)
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rie ¢;,i=1,.,n — KOpHU TomuHOMa H(p) U O, al — HexoTopbIE

KOMILJICKCHBIE urciia. Ha30BeM 3TH aCUMITOTHKU HEPYKCOBBIMH aCHUMIT-
TOTUKAMH [IEPBOTO THUIIA.

B xonne 80-x Tog0oB MpOILIOTro BeKa ObUT IMOJTyUeH amnmapat MpUroi-
HBIH JUIT CYMMHPOBAHHS TIOJ00HBIX PsIJIOB, OCHOBAHHBIA Ha MPeoOpa3o-
BaHuM Jlammaca-bopens v MOHATHU pecypreHTHOW (DYHKITUH, BIIEPBBIC
BBEZICHHOM (ppaHIy3cKUM MaTtemMaTtukoM JK. Dkanem.

brmaronmapst atum mMetogam B pabotax [5], [6], [7] ObLIM MOCTPOEHBI
paBHOMEPHBIE ACUMITOTHKH PEIIeHUH s ciydasi, KOoTJa KOpHH CTap-
wero cumsona H,(p)= H(0, p) SBISIOTCS IPOCTHIMA.

TEOPEMA. Pewenue ypasenenusn (2) ae1aemca pecypzeHmHOU
gynxuuei. Ecnu nonunom H (p) umeem KOpHU nepe020 NOpAOKa 6
moukax p,,...,p,, mMo20a ACUMRMOMUKA pewenus O0OHOPOOHOZ0

ypasHenus oyoem umems U0

k=1 j

Pj o ki

m T+
r

e o
u(r)=z e’ =y ’Zbl/rly
j=0 i=0

20e cymma bepemcs no ooveounenuio écex Koprei nonunoma H,(p).

[Ipumepom HepyKCBOM HPPETYIIIPHOH OCOOCHHOCTH 2-TO THIIA SBJIS-
€TCsl 0COOEHHOCTh B OKPECTHOCTH OCCKOHEUHOCTH PEIICHUS YPAaBHCHHUS

n n—1 i
(dj u(x)-i—aﬂ_](x)(d] u(x)+...+a,.(x>[dj u() ot ay(ulx) =0 (@)
dx dx dx
371ech K0O9QMUIUHMEHTHI ¢,(x) PETyIApHBI HA GECKOHEYHOCTH, 3TO O3HaYa-

€T, 4TO CYLIECTBYET Takas BHELIHOCTb Kpyra |x|>g, 4TO (yHKUMH

a, (x),i =0,1,...,n—1 pasnararoTcsi B Hell B CXOJISIIMECS CTENEHHBIE PAIbI

= b/
a(x)=7
=X
1
JTO ypaBHEHHUE ITyTeM 3aMEHbI X = . CBOJIUTCA K YPABHEHUIO C Bbl-
POXIICHHEM THIIA KIFOBA BTOPOTO MOPSIIKA B HYJIC.
3neck Mbl chHOPMYIUpPYeM TeOpeMy JUlsl Clydasi, KOrjla OCHOBHOU
CUMBOJI TU(hepeHIIMaILHOTO OllepaTopa UMEET OJMH KOpeHb. be3 orpa-
HUYEHHS OOIIHOCTH OYIeM CUUTATh, YTO ITOT KOPEHb HAXOAUTCS B HYyJIC.

< b/
B arom ciryqae ¢ (x)= Z*’j. [lepermmem ypaBHeHue (4) B Buze
j=1
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" k k-1 k-2
(— rzdi) u+byr" (— rzdi) u +blr"”](— rzdij u +bzr"1+2(— rzdij u+..+b, " u+
r r r r

m_ n-l Y n-1 4
+yr Zb‘(— r? %) u+ r"+1§ai(r)(— I %) u=0

=l j=h,

31eck  i+h >m+k, Hepes b, bl — COOTBETCTBYIOLIMC UHCIIA,
d'(r) —Tonomopusie pyHkunn. Yucno s =m+k Ha3BIBAETCA UHIEKCOM
CHUHTYJISIPHOCTH ypaBHEHUS (4).

HYCTB BBITIIOJIHCHO HCPABEHCTBO

ho+ieh>(m—i)i=k=m (5
m

TOTJ]a BepHa

TEOPEMA. Acumnmomuka peuwienusa ypasnenus (4) ¢ okpecmno-
cmu fecKoHeuHoCmu umeem 6uo

oo

n—k n—k-m . L) 0 = ) o ky 1 J " o
u(x) =Y exp| Y a/x"* o kY Alx E 4N (1nj X3 b/x7, (6)
= - ! AN

i=0

n—k
j . n—k n—k
2e o, ,..j=L.,n—k kopnu nonumnomaP + —h—m ay,

a 4l.o,,b/ k, w &/, j=1,.,n—k—1 HeKomopbie uuca.

aCUMITTOTHKH THIa (6) OymeM Has3bIBaTh 000OMEHHBIME HE()YKCOBBIMHU
ACHMITTOTHKAaMH, B OTJINYae OT He(PYKCOBBIX aCHMNTOTHK (3) comeprkaT
B MTOKA3aTeISIX SKCIIOHEHTHI HelleNble CTENEHN TIEPEMEHHOMN X .

MoxHO IIOKa3aThb, 4YTO B 06H_I€M CJIydac crupaBeajinBa

TEOPEMA. Pewenue 3adauu (5) npeocmagumo 6 euoe o6oouien-
HOUl HehyKCO60I ACUMPMOMUKU U KOHOPMANbHOU ACUMHIOMUKU.
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AHAJIMTUYECKASA MOJEJIb
IO OITPEAEJIEHUIO AO3bI 1JIAA JETEKTOPA
TEJEBU3UOHHOI'O TUIIA ITPU TIPOTOHHOM
JO3UMETPUUN

B.B. Cuxcun

Qusuyeckuui uncmumym um. I1.H. Jlebedesa, PAH, 2.Mocksa,
e-mail: antktech@yandex.ru

[IpoBeneHb! pacueTsl O COBEPLIEHCTBOBAHUIO MATEMATHYECKOH MO-
JIeNY 711 BBIYUCITUTENS IETEKTOpa TeJIeBU3UOHHOTO Tha. OnpeneieHsl
napamMeTphbl aHATUTHYECKON (POPMYIIBI, CHIpaBeIIMBOM Il SHEPTUH MPO-
ToHOB OT 30 1o 250 M»3B, B ocHOBE KOTOpOW NMpUMEHEHa KOMOWHAIIHS
¢yHKUMI mapaboiMyecKkoro LMIMHAPA, corjlacyeMmas C YHCICHHBIMH
METOJaMH M HOBBIMHM O3KCIIEPHUMEHTAIbHBIMH JaHHBIMU. [Ipemnoxena
MaTeMaTh4yecKas MOJEINb A paboThl BHIYUCIUTENS IETEKTOpA TEIEBU-
3MOHHOrO THUIMA C AaHAIMUTHUYECKON ammpokcuMmanuer kpuoil bparra
B TPOCTOM BHJIE Ui OBICTPBIX BhIYHCIEeHUH. OCHOBHOI mpobieMoii B
TUTAHMPOBAHWH JTy4EBOH Tepanuu SIBISIETCS ONpeNeleHne KPUBBIX 3aBH-
CUMOCTH fo3a-rmybuHa (kpuBbIX bperra). s ynydmenus kadecTBa
NPOTOHHOM [MO3MMETpUM OBIT MpeIUIOKEH HOBBIH BUA JETEKTOpa —
netexTop TeneBuznonHoro tuna ([TeT). [ITeT peanusyer HOByIO MeTO-
UKy JHArHOCTHKHU JO3HBIX MOJEH, PETUCTPUPYS U BBIUUCIHSAS TOYHBIE
pacrpenencHysl U 3Ha4eHUs] OCHOBHBIX XapaKTEPHCTUK ITydKa MpH IJa-
HUPOBAaHUM NPOTOHHOH Tepamuu. PazpaboraHHas MaTeMaTHUecKash MoO-
JleJb C AHAIMTHYECKOH amnmnpoKcHMMauued KpuBod bperra mo3sosiser
MPOBOJIMTH OBICTPHIC BEIYUCIICHHUS B ONn-line pexxuMe paboThI.

IIpu cosmanuu BeMUCHUTENA s HOBOro tuma jgerexkropa JATeT —
JeTekTopa teneBusnonnoro tuna [1], [2], [3] u [4], pa3spaboTrana mate-
MaTH4YecKas MOJENb C aHAIMTUYECKUM TpeACcTaBIeHNEM KpuBoi bperra
[5], koTOpas OCHOBBIBAaETCS HAa SKCIIEPUMEHTAIBHO MOMYUYEHHBIX PE3YJIb-
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Tatax IMpU SHEPrusx NpoToHHoro mydka ot 60 g0 150 MaB. CosepiiieH-
CTBOBaHUE NPOTOHHOro BapuaHTta aerekropa TeT no3sommio mpose-
CTH DKCHEPHMEHTHl B 0oJjiee IIMPOKOM JHama3oHe TeparmeBTUYECKUX
sHepruit — o 30 1o 250 M»sB, uTo obecneunio mepeKpeITUE TePATIEBTH-
YECKOro Auana3oHa dHeprui yckopurens «lIpomereycy.

B nmamHoii paboTe wmcmonb3yeTcs  aHamuTHUYecKas — (opmyla
U3 paboTHl [5], C TOMOIIBI0 KOTOPOU OMUCHIBAIOTCS JOTIOTHUTEILHEIC
JMAHHBIC OKCIIEpUMEHTa [4], TOJNIyYeHHBIE B JeKaOphCKOM CceaHce
2018 rona Ha yckopurene «IIpoMereyc» B TepaneBTUYECKOM JUana3oHe
suepruit ot 30 mo 250 M»aB.

B BeMmcanTENE MPOMBIIUIEHHOTO 00pa3ia MpearnoiaraeTcsi NCIob-
30BaTh MOJYYCHHBIC aHATUTUYECKUE (OPMYIIBI, IPH 3TOM B aIrOPUTME
BBIYMCJICHUN JTOJDKHBI YUUTHIBATHCS MMOKA3aTENIM HHTEHCUBHOCTH ITyYKa,
MoJTydaeMble OT YCKOPHTENs uepe3 nHTep(heic CBA3M C HUM, U U3MEpeH-
Hele aerekTopoM [ TeT 3HaueHus z — KoopAWHATH NTyOWHBI MAKCUMyMa
nuka bparra, uro mo3Bosmt ompenenste no3y DOZA(z) Ha riyOumHe
MakcuMmyma nuka bparra.

(=T

Eai ] |o/@lel =al

Puc. 1. Pabounii kagp mporecca n3MepeHus 3apuKCHPOBAHHON TPASKTOPHH
Imy4JKa IpoToHOB ¢ sHepruert 100 M»B B BonHOM (hanTOME
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IIpu otpaboTke MaTreMaTHYECKOHl MOJAETH WCHOJIB30BAaH IaKeT
nporpamm FLUKA [6], [7], ¢ mOMOMmIBIO KOTOPOTO [UIsl JHEPruit
TEpaneBTUYECKOro JAMana3oHa IPOBEACHBI BBIYMCIECHUS BEJINYHUH

DOZA(2).

Ha puc. 1 nokazan pabouuit kanp gerekropa JATeT c pesympraTom
HOIHUKCEIbHOI0 M3MEPEHUS JUIMHBI «00JIacTH CBEYEHUs» NPH SHEPIUU
mydka mpotoHoB 100 M»aB, koTopas ompeaenseTr BETWUUHY Z (TOYKY
OCTaHOBKM TIPOTOHA B BOAHOM (haHTOME, 3a()UKCHPOBAHHYIO JNETEKTO-
POM TEJIEeBU3MOHHOTO THUIIA 110 BCIIBIIIKE B KOHIIE ITyTH MPOTOHA).

MaremaTudeckass MOJENb C AHAIUTUYECKON aNIpOKCHUMALMEN KpH-
Bo#l Bperra umeer npocToil u ynoOHBIH BUJ, MTO3BOJISIONINI TPOBOJAUTH
ObICTpble BBIYMCIICHUS MPOrpaMMHBIM oOecrieueHneM netekropa JTeT
B on-line pexxume paboTHL.
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4.D

MOIEJUPOBAHUE PASMEPHBIX,
PAIUAIINOHHBIX, TIOBEPXHOCTHbBIX
N APYI'UX JE®EKTOB
B MIOJYIIPOBOJHUKOBO
HAHOJJIEKTPOHHUKE



BJUSIHUE CTEIIEHU BbIPOKIEHUSI YPOBHEM
HA KOHLIEHTPALIAIO COBCTBEHHBIX
TOYEYHBIX JE®EKTOB B IIOJIYIIPOBOJHUKOBBIX
COEJIUHEHMSIX A’B°

C.II1. KoGeneBa

HUTY « MHCuCy, 2. Mockea
kob@misis.ru

[IpsiMO30HHBIE MOITYNIPOBOAHUKOBBIE COEAMHEHUSI TPYMIIbI A’B® mm-
POKO BOCTpPeOOBaHEI B MPHOOpPAX ONMTORIEKTPOHUKH KaK (POTOUYBCTBH-
TETHHBIC MaTEePHAIBI M KaK UCTOYHUKA MOHOXPOMATHYECKOTO CBETa BU-
muMmoro  amarazoHa. Oco0EHHO 3TO OTHOCHUTCS K IIMPOKO30HHBIM
COCJIMHEHHSIM DTOW TPYIIIBI — XallbKOTeHHaM KaaMus U nuHka. [1lupo-
KOE€ MPUMEHEHUE JTHUX MaTepHajioB B ONTOAICKTPOHHBIX YCTPOUCTBAX
CAEpKMBAET WX YPE3BBIYAITHAS UYBCTBUTEIHFHOCTh K TEXHOJIOTHYECKUM
yCIOBUSIM BhIpamuBaHusi. CBsi3aHO 3TO B MEPBYIO OYEpENb C TEM, YTO
OHM HMEIOT JOCTATOYHO GOJIbIIYI0 06/1acTh roMorenHoctH (o 10" cm™
M30BITOYHOTO KOMITOHEHTA), a coOCTBeHHBIe ToueuHble nedektsl (CTI),
(hopMUpYIOIIKE STOT U30BITOK, B OTIMYKE, K IPUMEDPY, OT TAKOBBIX B CO-
eqmHennaX A’B’, snexrpuuecky akTHBHBI [1]. DTO IPHBOIHT K TOMY,
YTO HEJETHPOBAHHBIE MaTepuaibl C IMWPUHOHN 3amperieHHoi 30H6I (Eg)
MeHbIie 2 3B MoryT o6nanarh OUIONSPHON MPOBOAUMOCTBIO B 3aBUCH-
MOCTH OT TOTO, C M30BITKOM KaKOr0 KOMITOHEHTA OHHU BbIpallleHbl, a 00-
Jiee IMUPOKO30HHBIE MaTepHAIIbl TPYIHO TOIYYHTh P- THTIA 33 CYET 00pa-
30BaHus mnpu JerupoBaHuu kommneHcupyrommx CT/[. Eme ongHoit
CIIOHOCTBIO SIBIIIETCSI TIOJNYYCHHE BBICOKOOMHOTO MaTepuana, T. K.
oonpmas xormeHtpanusa CT]l nake B marepualie CTEXHOMETPHYECKOTO
COCTaBa 3aTPYIHSICT MOJyUYeHHE MaTepraia OJM3KOro K COOCTBEHHOMY.

[Ipu pa3paboTKe TEXHOJOTHH MOYICHHUS BHICOKOOMHBIX MAaTepHUAIOB
STOH Tpymnmbsl OCOOEHHO BO3pacTaeT poiib MOAETHUPOBAHHS COCTaBa U
koHreHTpauuid CT]] nmpu MCHOIB30BaHUN PA3THUYHBIX TEXHOJIOTHYECKUX
pexxumoB. Jlnst pacuera xonueHtpanuii CT/] nmpu BbICOKHMX Temmepary-
pax MOJNb3YIOTCSI METOAOM KBa3UXUMHMUYECKUX peakuuit [2]. s oneHKu
KOHIICHTpalMu CcBOOOMHBIX HOocutened 3apsga (CH3) npu xomHaTHOU
TeMIeparype Heooxoauma HHOpMAIUs O 3apsI0BOM COCTOSIHUHU Ae(eK-
ToB. Ha mpumepe Hambonee M3y4yeHHOro Marepuaia 3TOH Tpynmbl —
CdTe, u3zBectHO, uTO 0OpasyioTcs aedextsl OpeHkens mo obeuM Moa-
pereTkaM M aHTUCTPYKTYypHBIE AC(EKTHI, TIPU dTOM MPAKTUYECKHU BCE
MOTYT OBITh KaK OJJHOKPATHO, TaK U ABYKPATHO 3apsHKCHHBIMU. B cBsi3m ¢
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9THM BO3HHKAeT HEOOXOJMMOCTh PAaCCMOTPEHHUS CTATHUCTUKHA MHOTO03a-
PSLIHBIX LEHTPOB M PELICHHs YPaBHEHUs 3JIEKTPOHEHTpaIIbHOCTH Ha Oa-
3e Takoil cratucTuky. Llenpio qanHol paboTh! SBISETCS aHAIN3 BIMSAHUS
CTETICH! BBIPOXKICHUS JHEPTeTHUECKUX YpOBHEH ne(eKTOB Ha pacueThl
Kak koHueHTpauuii CT/] npu BBICOKMX TeMIepaTypax, TaKk U MOCIENYIO-
mue pacueTsl KoHnentpauun CH3 npu pabouelt Temneparype npudopoB
Ha OCHOBE 3THUX MaTepHAaJIOB.

s pacdera yuciaa LEHTPOB B Pa3HOM 3apsilOBOM COCTOSHUM BOC-
MOJIb3yeMCsl BBIpQXKEHHEM, OINMCHIBAIOIIMM OTHOIIEHHE BEPOSTHOCTH f
3aIlOJTHEHHS SHEPTeTUYECKOro YpoBHA Aedexra D YncioM 3JIeKTPOHOB

n+l un [3]:

f F-E

L %exp (( kTDM )
(D
g — (hakTop BBIPOXKIIEHUS COOTBETCTBYIONIETO YHEPTETUIECKOTO YPOBHS,

F — yposenb ®epmu, E,  — HEprus, HeoOXonuMas Ui yBEIUYCHHUS
n+1

gpcia DIIGKTPOHOB Ha IeHTpe Ha 1, & — mocTosHHAas bombiiMaHa,
T — Temmeparypa. YcioBre HOPMHUPOBKU: X f, = 1. Belpaxkenus s Be-
pOATHOCTEW 3alOJHEHHs YpPOBHEW 3JIEKTpoHAaMH B TepMuHOJoruu (1)
OAWHAKOBBI 11 TOHOPOB M aKICHIITOPOB, HO KOHIICHTPAIIUKN 3aPAXKCHHBIX
JIOHOPOB H aKIENTOPOB OYyIyT OIMPENeNAThCS Pa3HBIMH BEPOSITHOCTIMHU
3anoiHeHus. Tak, eC LEeHTPBl MOTYT OBITh OIHO- W JBYKPaTHO 3apsi-
XKCHHBIMU,

Np: =fi'Np;  Nprr =foNp;  Na.=1"Na;  Na_ =Ny ()

AKuenTopHble U JOHOPHBIE YPOBHU OTIMYAIOTCS Takke (akropamu
BBIPOXKACHHUSA, OTPEAETICHIE KOTOPhIX HE BCErJa OAHO3HadHO. B ciydae
JIBYKPAaTHO 3apsDKEHHBIX JOHOPHBIX U akuenTopHbix CT/I, kak 3To nuMeer
MecTo B coenunennax A’B®, eciu yuuTEIBATH TONBKO CIIHHOBOE BBIPOIK-
JICHHE M CUYHUTATh, YTO KAXKABIN JOTOJHUTENBHBIA 3JIEKTPOH Ha IIEHTpPE
HMMEET CBOH 3HEPreTUYECKUil YpOBEHb B 3alPELCHHON 30HE, TO [4] Mt
JIOHOPHBIX YPOBHEIH:

g=1g=2,g=4 )
a JJId aKLENTOPHBIX YPOBHEMH:
g0=1,g1=1/2, g2:1/4 (4)

Bwmecte ¢ Tem B CdTe anst MexKy3eIbHOTO KaaMust (JIOHOPHBIN LIEHTP)
MpeangaraeTcst cCuuTarh [S]:

g=1,g=2,g=1 ®))
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JeiicTBUTENBHO, aTOM KaJMHA B MEXJIOY3IHMH UMEET JBa BHEIIHUX
AIIEKTPOHA B S COCTOSHUM W €CJIH pacCMaTpPUBATh STOT YPOBEHb KakK aTo-
MapHhbIi, g, = 1. [l akuenTopHBIX YpOBHEH cutyanus Ooliee Heompee-
neHHas. B [6] mpu coxpaHEHWH H3IIOKEHHOTO BHIIIE MOIXOMA, MPEIIIO-
JKEHO MCTIONB30BaTh ISl aKIENTOPHBIX YPOBHEW (haKTOPHI BBHIPOXKICHHS
takke 1o (3). Hago otMeTuts, 4To B 3TOM Cily4ae U3BECTHBIC (OPMYIIBI
JUISL OTHOKPATHO 3apsDKEHHBIX aKIETOPHBIX IIEHTPOB [3, 4] oTmugaroTcs
OT TIpeIOKEeHHBIX B [6]. B [5] Tarxke hakTOphl BRIPOXKIACHHS JOHOPHBIX
W aKIENTOPHBIX LEHTPOB BHIOpaHBI OMMHAKOBHIMH. Hajgo OTMETHTH, UTO
(baxTophl BHIPOXKACHUS B MEPBYIO OYEpE]b BIUSIOT Ha KOHCTAHTHI KBa-
3UXUMHYECKHX PEaKIfii 00pa3oBaHUsI MOHU3UPOBAHHBIX JIe()EKTOB, H3-
MEHSS SHTPOIUIHBIN YJIeH KOHCTAaHT B 2—4 pa3a.

He oOcyxnast ¢pu3znyeckyto CTOPOHY TaKoro BHIOOpPA, MBI pPacCMOTpe-
TU BIUsHUE (DaKTOPOB BBIPOXKICHHS Ha PEIICHWE YPaBHEHUS JJIEKTPO-
HEUTpaIbHOCTU NMPU KOMHATHON TeMIieparype B MPEaooKEeHNH, YTO B
COCJIMHEHHUH JIOMUHHUPYIOT JeQekThl DpeHKens 0 MEeTALTHYECKOH Moj-
pelreTke, Ipyu STOM aToM MeTalllla B MEXKIOY3JIMH Bcerma OyaeT JABY-
KpaTHO 3apsyKEHHBIM:

p+2[A7F n+ [V, ]+2[V,] (6)

Konnentpanun aedekToB ompenesuid B cooTrBeTcTBum ¢ (2). Pac-
CMOTpEHBl BCE TpPU BapuaHTa (PAKTOPOB BBHIPOXKICHHUS aKIENTOPHBIX
ypoBHEH. BbIJIO MMOKa3aHO, YTO BIUSHUE (AKTOPOB BBHIPOXKICHUS Ha KOH-
nentpanuio CH3 npu (UKCHPOBAaHHOM COOTHOIICHHHM KOHIICHTpPAITHi
JIOHOPHBIX U aKIENTOPHBIX IIEHTPOB, YTO COOTBETCTBYET ONpEACIICHHO-
MY OTKJIOHCHHIO OT CTCXUOMETPUH, IMPAKTUYCCKU HE 3aBUCUT OT UIMPH-
HBI 3aMPEIeHHON 30HbI, HO CHJIBHO YBEIMYNBACTCS C YBEIHUCHHEM TITy-
OMHBI BTOPOTO aKIIENITOPHOTO YPOBHS (yBEIIMYCHUN SHEPTUN MOHU3ALNU
akienrtopa).B unreppane senuuun Eg ot 1,5 3B (CdTe) no 2,5 3B (CdS)
KOHIICHTPAIIUS JIEKTPOHOB (IBIPOK) MOXKET OTIINYAThCA B 2 — 4 paza, s
pasHBIX BApUAHTOB (PAKTOPOB BBHIPOXKACHHUSL.

dusndeckoe 000CHOBaHUE BbIOOpA (hakTOpoB BhIpokacHUs it CT/]
B coenHennax A’B° o6cyxnaercs.
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CTA B CdTe KOHI'PYOHTHO UCHHAPAIOIINXCA
COCTABOB

C.I1. KoGenena, C.1O. IOpuyk, C. ®aneen
HUTY « MHCuCy, 2. Mockea

CdTe — Tunuunblii 1 HanboJee NCCIEIOBAaHHBIA MaTepUal U3 TPYIIIbI
TIOJTy[IPOBOAHHKOBBIX IIHPOKO3OHHBIX coenuHernii A’B® mmpoko Boc-
TpeOOBaH B MEPBYIO O4Yepeab KaK MaTepHai Ui JeTEKTOPOB HOHU3UPY-
FOINX M3ITY4YeHUH, OH CYUTAETCS OJHUM W3 MEPCIEKTUBHBIX IJIS cO37a-
HUSl OJHONIEPEXOIHBIX COTHEUHBIX 3JIEMEHTOB, a TAK)KE BOCCTPEOOBaH B
psze APYTHX ONTORJIEKTPOHHBIX MPpuOOPOB [1]. bonbinas 1os HOHHOCTH
MaTepHajioB NPUBOJAUT K TOMY, YTO COOCTBEHHBIC TOUYEUHBIE NEPEKTHI
(CT]/l) snexTpudecKy aKTHBHBI: CO CTOPOHBI M30BITKA TETypa MOXHO
MOJTYYUTh MaTepUaN JABIPOYHOTO TUIIA MPOBOJAUMOCTH C KOHIICHTpaIuen
1eIpok (p) mo 10" eM™, co cTOpOHBI H36BITKA KAAMHUS — DJIEKTPOHHBIH
MaTepHall ¢ Takod >ke OOJBIION KOHIIEHTpaIueil 3iekTpoHoB (n) [2].
BwMmecte ¢ TeM g 1eTeKTOpPOB U (HOTONPHEMHUKOB HEOOXOUM MaTepH-
an OMM3KUi K COOCTBEHHOMY, KOTOPBIM MOYKHO HaJESATHCS MOJIYYUTH B
COCAMHEHHH C HEOOJNIBIINM OTKJIOHEHHEM OT crexuomerpuu (). Takue
COCTaBbl MOXHO TOJYYUTh TOJILKO MCIOJIB3YS METOABI BBIPALIUBAHUS U3
rasosoii dasel. Coequuenns A’B® npu ucrapeHuu mojHOCTBIO pasiara-
1otcst. PaBHoBecHast mapoBasi ¢a3a CdTe cocTouT U3 aTOMOB KaaMusi U
JIByXaTOMHBIX MOJIEKYJ TeJUTypa, IpudeM He CMOTpPS Ha OTHOCHUTEIHHO
HEOOJBITON ¢ XUMHUICCKON TOUKH 3pEHUS MPEACITbHBINA H30BITOK KOMIIO-
HEHTOB Ha IpaHuIe odnactu romorenroctH (1o 10™ ar. momeit) maposas
(aza npu “CHapeHNUH IPAaHUYHBIX COCIUHEHUI COCTOUT JIN0O MpaKTH4e-
CK{ M3 aTOMOB KaaMus, MO0 U3 MoJeKys Temutypa. [laprmansueie gas-
JICHUsI KOMIIOHCHTOB CBSI3aHbI COOTHOIIIEHUEM [3]:

Keare= PCd(PTez)wz

(1
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rae Kcdre — KOHCTaHTa KBa3UXUMHUYECKON pEeaKLMK UCIApEHHs COeIUHE-
HUd, P — mapuuanbHble AaBICHUS KOMIIOHEHTOB PaBHOBECHOU mapoBoit
¢a3bl. U TOJIBKO €IMHCTBEHHBIN COCTAB BHYTPH 00JIACTH TOMOTCHHOCTH,
MMEIONIN MIUHUMaJIbHYIO dHepruto ['mb0ca, ucmapsiercs KOHTPYIHTHO,

T. €. Pg=2P;, , Ip4 3TOM 00lLlee PaBHOBECHOE JIaBIEHUE P= P, +P,,

MHHHAMAJILHO (COCTaBBI P,yy). CoenuHEHHE 3TOTO COCTaBa HACATHHO
MOIXOJUT IS BBIPANIMBAHHUS MOHOKPHUCTAJUIOB W IUIEHOK W3 TapOBOU
(a3l METOJIOM TepMHUecKol cyOnmumanuu. B [4] mpemnoxkeH Meron
MHOTOKPAaTHOW OYHCTKH — CyOIMMAanuy, B KOTOPOM TIOCJI€ CHHTE3a CO-
€IMHEHUS W3 KOMIIOHEHTOB HJIET KaK OYHCTKAa OT IPUMECEH, TaK U OT
M30BITOYHOTO 10 OTHOIIEHUIO K COCTaBY P koMnonenTy. Ho 6 B CdTe
coctaBoB P,,; TOUHO He M3BeCcTHO. B cepum pabot, B yacTHOCTH, B [5,0]
6nu10 moka3aHo, uro B CdTe cocraBel PmuH nexxat B 00j1acTH M30BITKA
TEJUTypa M UX CONPOTHUBIICHUE NMPU KOMHATHON TEMIIEPaType MOXKET JI0-
crurats 10° Om cm [6]. B [7] mOMydeHb! SKCIIEPUMEHTAIBHBIC 3aBHCH-
MOCTH COTIPOTHBIIEHHS 00pPa3NOB MPEATOI0KUTETHFHO COCTABOB Py OT
Temreparypel. B naHHO# paboTe TMOcCTaBieHa 3agada TEOPETUUECKOTO
pacueTa TakOW 3aBHCHMOCTH U COIOCTaBJICHHA €€ C IKCIIePUMEHTAJIb-
HBIMH JaHHBIMH [7] IS yTOYHEHHS Mozenu IedheKTooOpa3oBaHHS B
CdTe u onpeneneHus & COCTABOB Py

Konnenrparuu 1e)eKTOB pPacCUMTHIBAIIA METOJOM KBa3UXHMUYE-
ckux peakuuii [3]. B CdTe paccmaTtpuBanu kak nedextsl OpeHkens mo
o0enM mojpenieTkaM, Tak U aHTUCTPYKTYpHBIH nedekt Tecy. st 6ob-
IIMHCTBA e()EKTOB YUUTHIBAIH OJHO- M JABYX3apsIHbIe COCTOSHUA. [1Jis
pacuera BBICOKOTEMIIEPATYPHOTO PaBHOBECHUS ypaBHEHHE JIIEKTPOHEH-
TPAJIbHOCTHU PelIalid YUCICHHBIM METOJIOM:

prlca 2o plvie2lvib e 2lTenk nilvilalvilime] o)

IZie 1 — MEXY3€JIbHbII aTOM, ) — BaKaHCHs COOTBETCTBYIOLIETO aTOMA.
Kaxxnprit Bun nedexra D,, OMMCHIBAETCS COOTBETCTBYIOIICH KOHCTaH-
TOW KBa3UXUMUYECKUX PEaKUM:
i =[pi 1Pk . /i
Km_[Dm] PCd n (3)
rae [D,,] — xoHuentpanus nedexra D, j — 3apsaa0Boe coCTosHUE Aedek-
1a, k =+1 11 Cd; vt Ve, k =—1 mnsa Vg Tey, k= -2 11 aHTUCTPYKTY -
Horo aedekra. YpaBHeHHe (2) B TAKOM BHJE COJEPKUT JBa HEM3BECT-
HBIX — Pcq ¥ n. B pabore naBnenue Pcy ONIPeAesuind U3 yCIOBUS U Py
U pelaiy ypaBHEHHUE OTHOCUTEIBHO 7.
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beumm  paccMoTtpensl Tpu Mozaenu nedekroodpazoBanms B CdTe
(5, 8-9].

Bo Bcex Mogmensx marepuan coctaBa Py, BIUIOTH 10 TEMIEpaTyp
900 K mMeer M30BITOK TEUTypa M IBIPOYHYIO MPOBOJAMMOCTH Kak IIPH
TeMIIepaType BBIPALIMBAaHUS, TaK U MPHU KOMHATHOM TeMIlepaType, HO
BBICOKOOMHBIH MaTepuan ¢ p ~ 107 cM™ mpu KOMHATHO# TeMmiepaType
JIAI0OT TOJIBKO pacueThl Mo mojenu [5] mpu TemmepaTypax Py, BbIIe
1100 K.

Pacuer temneparyphoii 3aBucumoctd # 1 p ot 70 1o 300 K 6511 ipo-
BEICH B NPEANOJIOKEHUH, YTO BBHICOKOTEMIIEPATypHBIN cOCTaB ObUI 3a-
MOPOXEH U CyMMapHas 110 BCEM 3apsSJ0BbIM COCTOSHUSIM KOHLICHTPALIUS
KOKAOro Tuma AeQeKTOB OcTajlach MOCTOSHHOH. Pemanm ypaBHeHHe
AICKTPOHEUTPAIBHOCTH (2), KOHIICHTPAIMH 3apsDKCHHBIX e(eKToB
ONpENEIsUIM C YYETOM CTATUCTHUKKM MHOTO3apsAgHbIX LeHTpos [10, 11].
Bripaxxenust 1u11 BEpOATHOCTEHN 3a0JIHEHUS 3JIEKTPOHOM LIEHTpa aHalo-
TUYHBI M3JIOKEHHBIM B [12], HO (DakTOpBI BHEIpOXKACHHUS B3SATH 1m0 [11].
Jlig pacuera 3HEPIUM AKTHBAllUU CONPOTUBIIEHHSA, MOTyYEHHBIE B [7]
JKCIepUMeHTabHO B uMHTepBaie Temmeparyp 70 — 300 K, yuursiBamu
paccesiHHE Ha [UIMHHOBOJIHOBBIX aKyCTHYECKHX (DOHOHAX (IIOABHKHOCTH
L~ ® ).

B Tabnuue mpuBeneHsl pacCUMTaHHBIE YHEPTHH AKTHBALUH COTIPO-
TUBJICHUS [UIA TpeX Mojenei nedeKrooOpa3oBaHusl U HKCIEPHUMEHTAIIb-
Hble 3HaueHud. Tonpko mmst monenu [S] u Temnepatype 1273 K nannbie
pacueTra yJIOBIETBOPUTEIHHO COBINAIN C IKCHEPUMEHTATFHBIMU JaHHbI-
mu [7].

Mogens [5] (9] (8] (7
T,K 1073 1273 1073 1273 1073 1273

Eakr, 3B 0,158 0,712 0164 0,57 0,026 0,3680,7-0,72

Ipu >toii Temmepatype & mopsaka 10 cm™ mas Bcex momeneii u
HM3KHE 3HauYeHUs KoHueHTpauuu Ablpok npu I = 300K omnpeneneHb
s pexToM KOMIEHC AN TPUMECEH M TeM, YTO aKIeNTOPHBIC PUMECH
noctarouHo riuyookue. [1o TexHomoruu [4] mpennoiarainock, 4To TeM-
rmepatrypa TOCIEIHEW cTaauu Iporecca cyomumaruu okoio 900 K.
B Takux matepuanax & mopsaka 10'° cm™. Huskue pacueTHsie SHEPTHH
aKTUBAIlMM BO3MOXKHO YKAa3bIBalOT Ha HEOOXOAMMOCTH AalbHEHIIEro
YTOYHEHUS MOJEIH AeheKTOOOpa30BaHMA B 3TOM MaTepHrale.
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DFT SIMULATION OF THE LOCAL VIOLATION
OF A PEIERLS TRANSITION AT THE Sb(111) SURFACES

S.I. Bozhko, A.S. Ksenz, A.M. Ionov, S.V. Chekmazov

Institute of Solid State Physics Russian Academy of Sciences, ISSP RAS,
Chernogolovka, Moscow District, 2 Academician Ossipyan str., 142432 Russia

Antimony is a Peierls semimetal. I.e. atomic structure can be de-
scribed in terms of Peierls distortion of a simple cubic structure of
praphase. As a result a lattice period of Sb in [111] direction exceeds
twice one of the praphase. Doubling of period leads to creation of cova-
lent bods between double atomic plains while the double plains are con-
nected by Van der Waals forces resulting in opening of a gap at Fermi
energy. Dispersion of bulk electrons reveals a small gap in a vicinity of I’
point. Surface states spectrum is a resulted from surface crystal lattice
symmetry [1]. Non degenerated Dirac massless cone of surface states in
a vicinity I" point with a Dirac point at 270 mev below the Fermi level is
due to strong spin orbit coupling.
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In this work we present the results of our simulations of Sb(111) crys-
tal structure and surface states in a frame of DFT approximation. The
simulations were performed for Sb(111) cleaved both by Van der Waals
and covalent bonds. Crystal structure of Sb(111) cleaved by Van der
Waals bonds can be described in terms of bulk like structure with a small
distortion of atomic inter plane distance (about 1%) in the vicinity of the
surface.

Model simulations of the atomic and electronic structure of two-
dimensional defects on the Sb (111) surface in a frame of DFT demon-
strated that break of covalent bonds resulted in a strong distortion of the
crystal structure in the [111] direction. The violation of the alternating
interplanar distance along [111] occurs in a limited region of 8-10 inter-
planar distances and well described in the SSH model by a soliton. It is
established that the soliton is displaced by Z0~2.5 nm from the surface
of the model structure. Estimations of the energy formation of a long
bond is Eyqw = 0.2 ¢V, and the energy of covalent bond formation is
Ecb = 1.42 eV. Formation of soliton leads to relaxation of the crystal
structure of the surface layer and reduction of the energy of covalent
bond break to Ed =0.78 eV. Thus, the relaxation of the Sb (111) surface,
due to the presence of a soliton, substantially increases the probability of
the formation of surface areas obtained by break of covalent bonds at the
cleaved surface of the sample.

Presence of a soliton in the model structure leads to significant
changes in the dispersion of electrons in the vicinity of the I" point at the
Fermi level. In the presence of a soliton, additional branches of E(k) ap-
pear.
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BBenenue

CriocoOHOCTD yNpaBlieHHsI KBAHTOBBIMH COCTOSIHUSIMH M Pean3aius
npoliecca nepenadu u npeoOpa3oBaHus KBAHTOBON MH(YOPMAIMH I103BO-
JAT CO37aTh KBAaHTOBBIE KOMIBIOTEPHl. DTH MAaLIMHBI AAAyT BO3MOXK-
HOCTh MIHOBEHHO pelIaTh TAKHE BXKHBIC 32JIa4M KaK: MPOCKTUPOBAHUE
COBPEMEHHBIX MAaTEPUAJIOB C 33JlaHHBIMH CBOWCTBaMH, CO3/1aHHE HOBBIX
BUJIOB JIEKAPCTB, a TAK)KE MO3BOJAT KapAWHAIBHO yIy4IIUTh paboTy CH-
CTeM MalIMHHOTO OO0Yy4YeHHs W MCKYyCCTBEHHOTO MHTeliekTa. B mocnen-
Hee BpeMsl aKTHBHBIA MHTEpEeC MPOSBISETCS K KBAaHTOBBIM KyOuWTaM Ha
OCHOBE S/IEPHBIX CIUHOB mpuMeceil ¢pochopa B kpuctamie Si [1-3],
TEXHOJIOTHYECKasi CXeMa KOTOpbhIX Obuia mpemioxkena eme KelHom
(Kane) B 1998 ronmy [4]. CnrHOBBIE COCTOSTHUS DIEKTPOHA, CBSI3aHHOTO C
OITHUM JTIOHOpOM (ocdopa B KPeMHHH, MOKa3bIBAIOT JOJITOE BPEeMs CO-
TJIACOBAHHOCTH M penakcanuu [5]. Bnepseie B pabote Mapemio [6] ObI-
710 co001IeHO 00 3KCHEPUMEHTATBLHONH BO3MOXKHOCTH CUUTBHIBAHUSI OPH-
EHTAalMM CIIMHA JJIEKTpOHAa B cucreMe P:Si, 4TO BBI3BAIO aKTUBHBIN
HHTEpEC B UCCIIEIOBAHUSIX OPUEHTALM CIIMHOB KBAaHTOBBIX KyOUTOB [7,
8]. ABTophl B padote [9] mokazanu, 4To HAOIIOJAIOTCS yAWBUTEIbHbIC
3¢ QeKThl, KOTOphle BO3HUKAIOT H3-32 KBAHTOBAHHUS B3aMMOJCHCTBUS
simep-noHopoB Gocdopa. B [10] 6p11a mpogeMorcTprupoBana padboTa o1-
HO- U JABYXKyOWTOBBIX omeparnuii B cucteme. Jlayxt (Laucht) ¢ coaBro-
paMy MPOAEMOHCTPUPOBA MOPSJOK KOJUPOBAaHUS KBAHTOBOW WHGOP-
Manuu s cucteMbl P:Si [11]. B HacTosimee BpeMs HCCIEIOBaTEIH
IBITAIOTCS JOCTHYb KOHTPOJIMPYEMOTO MEPEKPHITHS BOIHOBON (YHKLINU
JUIL BBICOKOTOYHOTO CUMTHIBAaHMS CIMHOB Ha KaxkaoM Kyourte. Tak, B
pabore [12], ObLIM MOMYYEHBI aHTUKOPPETHPOBAHHBIC CITMHOBBIE COCTO-
SHUSL MEXAY IByMs KyOuramu P, pacnonokeHHBIMH Ha DPacCTOSHHU
161 HM. ABTOpBI TOKa3aJid, YTO OOMEHHOE B3aMMOJCHCTBUE MOXKET
OBITh «BKJIIOYEHO» U «BBIKJIFOYEHO» C TIOMOLIBIO 3JIEKTPUUECKOrO OIS,
ynpasisieMoro aByMmsi aromamu ¢ocdopa. JlureparypHslii 0630p moka-
3BIBAET, YTO TEOPETUYECKUX PACUETOB KBAHTOBO-MEXaHWYECKHUM METO-
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JIOM CIIMHOBBIX CHCTEM HE MPOBOJIWIOCH. Bce cucTeMbl UcclenyroTcs B
OCHOBHOM JKCIEPHUMEHTATBHBIMA METOIaMH. MBI CUMTAEM, YTO TPUME-
HEHUE METOda CHI/IH-Op6I/ITaJ'II)HOFO HCKOJJIMHEApHOr'o y4u€Ta CIiMHa M03-
BOJMT Ka4eCTBEHHO IIPOBECTH aHAIM3 CHCTEMBI KpeMHHUH-hochop.
C aTo0ii 11eTbI0, B IAaHHOH paboTe HCCleayeTCs MOBEICHHE CIIMHA U30bI-
TOYHOTO 3JIeKTpoHA (hocdopa B penieTke 00bEMHOTO KPEMHHUSI.

MeToasb! U AeTaJIN Pac4yeToB

Jy1 BRIYMCIICHNS TOJIHBIX YHEPTH aTOMHBIX CHCTEM MBI HCIIOJIB30-
Banu nakeT Quantum ESPRESSO [13]. Pacuer snemeHTapHOl suelku
00BEMHOTO KPEMHUS TIPOU3BOAMICS C yueToM 6X6x6 k—touek. Jlns cu-
ctembl P:Si (64 aroma Si u 1 atom P) mcnonb3oBasics HaObop k—Touek
3x3x3 ¢ sHeprueit oope3anus WIOCKUX BosH 476,20 3B.

Pe3y.]'leaTLl Pacu€ToB U MX aHAJIMU3

AToM ¢ocdopa moMeInancs poBHO B LIEHTP CyTep sUCHKH COCTOsIICH
3 64 atomoB Si. PacueTsr moka3eiBaror, 9To 1j1st aroma P Goiee sHepre-
TUYECKH BBITOJIHA OpUEHTAIMs CIIHA M,=-1 (KBaHTOBOE cocTosiHuE |1>
B chepe broxa), 4TO XOpOIIO COTIACyeTCss C IKCIECPUMEHTATBHBIMU
nmaaHeiMA. CBOOOIIHAST pelakcalds aTOMOB TNPUBOIUT K OpPHUEHTAITIH
cimaa P B cdepe bioxa (0; ¢) = 176°; 102°. Ha puc. 1 mpencraBiieHbI
OpHeHTalus CuHa aToMa docopa U MIOTHOCTS |y|* noKanu3amuu us-
OBITOYHOTO NEKTPOHA. VI30BITOUYHBIN JIIEKTPOH CO3J]a€T MATHUTHOE JIO-
KaJbHOE TI0JIe B OKpY)KeHHH atoMa P. M3BecTHO, 4TO BEKTOPHOE TMPOU3-
BEACHHUEC IINIOTHOCTH HAMAarHM4€HHOCTHU (I/IHI/I CIIMHOBOM HHOTHOCTI/I)
m(r) ¥ MarHWTHOTO TOJIA CO37aBaeMOI'0 JJIEKTPOHOM aroma (ocdopa
B(r), T.e. m(r) x B(r) onpenenser cinHOBO# TOK B cucteMe (puc. 10).

Puc. 1. a — opuerTanms |1> cimHa U30BITOYHOTO IEKTPOHA aToMa P
2 o
U IJIOTHOCTH ||~ JIOKAIN3aIuy 3JIEKTPOHA; O — CIIMHOBBIN TOK B CHCTEME
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Ha puc. 2 mpezncraBneHa pa3HUIIA MEXIY CIHHOBBIMH TOKaMH, CO-
3[JaHHBIMH W30BITOYHBIM JJICKTPOHOM P, HO C pa3sHbIM HarpaBIeHHEM
cnuHoB (|0> — HampaBJeHHWE CIMHA «up» M |1> — HampaBiieHHE CMHA
«downy), t.e. AJ =J(|1>) — J((|0>). Pacuer moka3pIBaeT, 4TO U3-3a pas-
HOTO HAaIlPaBJICHHs CIIMHOB, B CHJIy HAJIWYUS NPEIECCHU MEXKIy OpOH-
TalnbHBIM L ¥ CIIMHOBBIM S MOMEHTaMH aTOMa, IJIaBHBIE OCH TEH30pa
CIIMHOBOT'O TOKA HAIIPABJICHBI ITO]] YTJIOM K HAIPaBJICHUIO CIIHA aTOMa.

| S

Puc. 2. PazHurma Mexry CIHHOBBIMU TOKaMHU

MBI yBEpEHBI, YTO INOIYYEHHBIE PE3YNbTATHl UMEIOT IEPCIEKTUBHOE
3HAYeHHE AJIS1 UCIIOJIB30BaHMS UX B TEXHOJIOTUH MMPOEKTHPOBAHUS KyOH-
TOB [UIs OyAyIIUX KBAHTOBBIX KOMIIBIOTEPOB.

BbaarogapnocTu. PaboTta BBINOIHEHA COTTIACHO TOC. 3aJaHHIO Ha BhI-
nonaearne HUP Ne 2019-0030. Ilpu BBIMONHEHWH pacdeToB ObUIN HC-
mosp30BaHbl BeranucnurenbHble pecypesl LIKIT «llentp mannsix /IBO
PAH, BII ABO PAH (r. Xa6aposck), LIKII cBepXBBICOKOIIPOU3BOIH-
TEJIBbHBIX BBIYHUCIUTENBHBIX pecypcoB MI'Y nmenn M.B. JlomoHOCOBa
(r. Mocksa), IKII «MpkyTtckuii cynepkommnbiotepHblii neHTp CO PAH»
(r. UpkyTcK).
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AB INITIO PACYHET PABHOBECHOI'O KBAHTOBOI'O
COCTOSAHMUA |1> CIIMHA AbIPKU B KPEMHUH
JETUPOBAHHOM BOPOM

A.H. Yn6ucos, M.A. Unbucosa

@I'FYH BuiuuciumensHulii yenmp [lanbHe80cmouHo20 omoeneHus
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BBenenue

[Ipobnema co3maHUsT KBAaHTOBOTO KOMITBIOTEpA SIBJISCTCS BaXKHOM
HAay4yHOM M TEXHOJOTMYECKON 3aJayell COBPEMEHHOW TBEPIOTEIbHOMN
HaHORJIEKTpOHUKU. Co3MaHKue MAaHHBIX MAIIWH IO3BOJUT MIHOBEHHO
peliaTh akTyajdbHble TMPOOJIEMBI MPOSKTUPOBAHUS COBPEMEHHBIX MaTe-
pHANIOB C 33JIaHHBIMHA CBOWCTBAaMH, CO3/1aBaTh HOBBIC BUBI JICKAPCTB
u T.4. Jlo HenaBHEro BpeMeHH aKTHBHBIH MHTEPEC B OCHOBHOM IIPOSIB-
JISJICS K KBAaHTOBBIM KyOWTaM Ha OCHOBE CIIMHOB mpumecer ¢ocdopa B
kpuctaiuie Si [1-4]. OnqHaKo CHUHBI 3JIEKTPOHOB MMEIOT ClIa0ble BHYT-
pEHHHUE CIUH-OPOUTAIBHBIE B3aUMOJCUCTBHS M TIPH CBSA3BIBAHUM JIaH-
HBIX KyOUTOB JPYT C APYTOM CO3/AIOTCS TEXHOJOTUYCCKHE CIIOKHOCTH.
C apyroi CTOpOHBI, CIUHBI JBIPOK B BaJICHTHOW 30HE KPEMHHUS HUMEIOT
0oJbIIMe BHYTPEHHHE CIUH-OPOUTAIBHBIC B3aMMOJCWCTBUS W JIerde
MOAJIAI0TCS YIPABICHUIO AIEKTPUUYECKUM ToJieM [5, 6], 4TO menaeT ux
MIPUBJICKATEIHHON albTepHaTHBOM. IIpu momemennn atoma 6opa B pe-
IeTKYy 0OBbEMHOTO KPEMHHS, OH CO3JIAeT JIOKAThHYIO HEXBATKy OJHOTO
JJIEKTPOHA U 00pa3yeT NBIPKY, JOKAIM30BAHHYI0 B BAJICHTHON 30HE.
[Ipeneccus cimHa ABIPKU CO37AET JOKAIBHYI0 HAMAarHMYEHHOCTh U Mar-
HUTHOE TI0JIC B OKPYXXCHHU atoma 0opa, a JBMXKCHUE 3apsiia JBIPKH B
MarHUTHOM TIOJIE CO3/IaeT CIMHOBEIN TOK. /leTanbHOE MOHMMaHUE NaH-
HBIX MPOLIECCOB MO3BOJHUT HaM MPeoOpa30BBIBATH U MEPEAaBaTh 3aPsIO-
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BbI€ COCTOSIHHS, a 3HAYUT JACT BO3MOXKHOCTb IIPOMU3BOJUTH KBAHTOBYIO
nepenady HH(GpOpPMay IOCPEACTBOM CIIMHOB ABIPOK.

MeToabl U €T PacyeToB

PacueT monHBIX SHEPIHil aTOMHBIX CUCTEM BBIIOJHSIICS C UCIOJIB30-
BaHHEM TporpaMmMmHoro makera Quantum ESPRESSO [7], ¢ mpumenenu-
€M BBICOKOIPOU3BOJUTENIBHBIX BBIUUCICHUI. JleMEeHTapHas siyelka
00BEMHOTO KPEMHHUS PacCUUTHIBANACHE ¢ HabopoMm 6x6x6 k—rtouek. lpu
pacuetre cucteMbl B:Si, conepxameii 63 atoma kpemuus (Si) ¥ OqUH
atrom Oopa (B), ucmonbs3oBaincs cnenuanbHbli HaObop k—Touek 3x3x3
C 2Heprueil oope3anus IIoCKuX BoH 476,20 3B.

Pe3y.]'leaTbI pPacye€ToB U UX aHAJIHU3

B 00beMHOM KpeMHUH BEpX BAICHTHOW 30HBI COJCPIKUT YPOBHH, CO-
orBerctByromue nerkum LH (light hole) u tsxensim HH (heavy hole)
JBIpKaM, U HUKe Jexanryto 30Hy SO ynanennyto Ha A=0,048 3B (mam
pacyer), BOSHUKAIONIYIO 332 CYET CHMH-OPOUTAIBHON MPUPOJIBI B3AHMO-
nevicteust atomoB [8]. 3ousl LH u HH awipok BeipoxzieHsl B G TOuke
(k|=0) mpu orcyrcTBUM mpuMeceidl u MarHuTHOrO Moy (puc. la). Pe-
3yJBTaThl MOKA3bIBAIOT, YTO HauboJiee SHEPreTUYECKU BHITOJHA OPUEH-
Talus cnuHa it Oopa m,=-1 (kBaHTOBOE coctosiHue |1> B chepe Bio-
xa). /[laHHas opueHTalUs CIOUHA HABOJWT JIOKAIBHYIO aTOMHYIO
HaMarHUYeHHOCTh B mo3unuu B paBHyro -0,040 pp/sdaetika. CBoOogHAS
penakcanus aToMOB, 0e3 ydueTa OrpaHHYCHUM HAa HEKOJUTMHEApHYIO
HaMarHMYeHHOCTh, IPUBOJUT K CIEAYIONICH OpUEHTAlMU CIMHA aToMa
oopa B chepe bioxa (0; ¢) = 179°; -42°, ¢ HamarHn4eHHOCTHIO -0,012
Up/staeiika, yTo Ha 1,8 M3B sHepreTndeckn 0oiee BBITOMHO, YeM (DHKCH-
poBaHHas opueHTtanus m,=-1 ¢ yrmamu (0; ¢) = 180°; -44°.

HH A

50 LH

&8

a 0
Puc. 1. 3oHHas cTpyKkTypa 00beMHOTO KpeMHUS B 001acté G TOUKH:
a — 6ecnpumecHoro kpemuus. A=0,048 3B — cnuH-opOUTaNbHBIN TapaMeTp
30HbI SO. LH 1 HH — 30HBI cOOTBETCTBYIOLIME JIETKMM U TSXKEIBIM JIBIPKaM;
0 — kpeMHHUH copeprkaruii 6op B:Si.
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Haim pacueTsbl mokasplBaloT, YT0 OOp MPUBOAUT K PACUICIIICHUIO 30H
LH u HH napipok, naxe B oTcyTcTBUM MarHuTHoro mnosis. 3oHa HH pac-
HIEIUIIeTCS Ha OA30HbI ¢ m=+3/2, a 3oHa LH — Ha moa3onsl m=+1/2 [9]
(puc. 16). damee mMbI onpenensiin 00JacTh MPOCTPAHCTBEHHOM JIOKAIH-
3alUM IBIPKU B PELIETKEe B OKPYXKEHHWU aToma Oopa. PacueTsl mokasbl-
BAIOT, YTO 3apAJOBbIE COCTOSHHUS ABIPKU OOJiee BCETO COOTBETCTBYIOT
cocrosiHuio m=-3/2. TakuMm 00pa3oM, Mbl MOXEM C YBEPEHHOCTBIO
YTBEP)KIATh, 4YTO KBAHTOBOE COCTOSIHME CIIMHA ABIPKU |1>, ¢ opueHTanm-
eil cnuHa m,=-1, 3acensieT PHEPreTHYECKOe COCTOSHUE M=-3/2 Ha 30H-
HOH CTpyKTYype€.

3akioueHne

B nmannoif paboTe HaMH BIIEpPBBIC MPOU3BEACHO OIpPEICIICHHE KBaH-
TOBOT'O COCTOSIHUS CIIMHA JIBIPKH |1> B perieTke 00beMHOI0 KpeMHHS C
aKIENTOPHBIM MPUMECHBIM aTroMoM Oopa. [TokazaHo, 4To cocTosiHHIO |1>
CIMHA JBIPKH, C OPUCHTAIMEN CIIMHA m,=-1 COOTBETCTBYET SHEPreTHYE-
CKOE COCTOsIHME m=-3/2 Ha 30HHOHU cTpykType. IIpencraBienHsie pe-
3yJIbTaThl UMEIOT BAKHOEC W MEPCIEKTHBHOE 3HAYCHUS Ui (U3UKU
TBEPIOTENbHBIX KBAHTOBBIX KOMIIBIOTEPOB.

BaaropaprocTu. PaboTa BBINOIHEHA COTTIACHO TOC. 3aJaHUIO HA BhI-
nonaenue HUP Ne 2019-0030. Ilpu BBINIONHEHHH pacdyeToB ObUIM HC-
nmone30BaHbl Berauciutenbable pecypesl LIKIT «llentp mammbpix JIBO
PAH», BL] ABO PAH (r. Xab6aposck), LIKII cBepXBbICOKOTIPOH3BOIM-
TEJBHBIX BBIYMCIUTENBHBIX pecypcoB MI'Y umenn M.B. JlomoHOcOBa
(r. Mocksa), UKII «UpkyTtckwii cynepkommbsiotepubiil ieatp CO PAH»
(r. UpkyTck).
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5.E

MOJIEJTMPOBAHUE PABOThI
MHOT'OYPOBHEBBIX DJIEMEHTOB IAMSITH
JIJIS1 KOMITBIOTEPOB CJIEJAYIOLETO
MOKOJEHUS



PEAJIM3AIIAA HEHPOCETEBBIX AJITOPUTMOB
HA MEMPUCTOPHBIX KPOCCBAPAX

A.1O0. Mopo3zos'?, K.K. A6rapsn'?, JI.JI. Pesn3nukos'"”

! Buruucnumensuviii yenmp um. A. A. Jopoonuysina dedepanvhozo
uccnedosamenvcko2o yewmpa «Mugopmamura u ynpaenenue» PAH
? Mockosckuii aguayuonmnblii UHCIMUmMym
(HAYUOHATBHBIL UCCTE008AMENLCKULL YHUGEpCUMeNT)

[Ipucymee MeMpHUCTOPHBIM KpoccOapaM CBOMCTBO €CTECTBEHHOM
Mnapajieu3auid MaTPUIHO-BEKTOPHBIX OIMEpaIuii CO31aeT BO3ZMOXKHO-
cti i uX 3()(OEKTUBHOrO KCIOJIL30BAaHUS B HEHPOCETEBBIX BBHIYMCIIC-
HUSX. AHAJIOTOBBIE BRIYHCICHHS MPOU3BOASTCS OBICTpEE MO0 CPABHEHUIO
C BBIYHCICHUSMH Ha IICHTPAIBHOM IIpoIeccope M Ha TpadudecKux
yckopurensx. Kpome Toro, CymecTBeHHO HIDKE JHEpro3aTparbl Ha
npoBeaeHue Marematudeckux omnepanuid. Kopmopamus HP yxe cozna-
Ja B <CKeJe3e» MEMPHCTOPHBIA KpoccOap, Ha KOTOPOM pealln30BaHa
omepanus MaTpUYHO-BEKTOpHOTO yMHOxeHus [1, 2]. Ha manasiii Mo-
MEHT, TOYHOCTH 3aJlaHHsl MaTPHUIBl OrpaHWYMBaeTcs 6 Outamu (It
KaXXJIOTO MEMpPHUCTOpa BbIaenseTcs 64 ypoBHsS mpoBoaAuMOCTH). Takas
TOYHOCTH TMPHUEMIIEMA JIJISl PEIICHHS Psfa 3a/1ad MAIImHHOTO O0yJIeHUS
Y aHAJIHU3a JTaHHBIX.

MO>XHO BBIJICIUTH JIBa OCHOBHBIX MOAXOAA K MOCTPOCHHUIO aHAJIOTO-
BBIX Helpocereld. [IepBhIii moaxom mpeamonaracT 00ydYeHne CeTH HETlo-
CPEIICTBEHHO Ha (OKEJIC3HOM» YPOBHE, YTO B HAWOOJBIICH MEpe COOT-
BETCTBYET aHAJIOTOBOM mapamurMe HerpomophHBIX ceTeil. HambGomee
MPOCTOW BapUAHT MOXKET OBITh NMPEACTABICH JBYXCIOWHON MOIHOCBS3-
HOM CEThI0O C OJHUM CIIOEM MEMPHCTOPHBIX JJIEMEHTOB (CHHAIICOB).
B arom cimyuae COOTBETCTBHME CHHANTUYECKOTO Beca (TIPOBOIMMOCTHU
MEMpPHUCTOpPA) WHTEHCHBHOCTH BXOJHOTO CHTHAaja, II0JIaBaéMOro Ha
HEeHpoH, obecreunBaeT JOCTATOYHO BBICOKYIO TOYHOCTH PEIICHHUs 3aja-
yn kiaccupukanuu [3]. B mocienHee BpeMs yCWIIMBaeTCs MHTEPEC K
UMITYJIECHBIM HEHPOHHBIM CeTSM, OOyYeHHE KOTOPBIX OpraHU3yeTcs
C WCIOJIb30BaHMEM TNpaBuia Xe00a M CHHANTUYECKOW IUIACTHYHOCTHU
(merox STDP, cormacHo KOTOpOMY M3MEHEHHE BECOB CHHAIICOB HEWPOHaA
3aBUCHT OT Pa3HHIIBI BO BPEMEHU MEXY BXOJHBIM U BBIXOJHBIM HM-
mysibcoM) [4, 5]. OgHako TakoW MOIXON TPYAHO peaanu3yeM MPUMEHU-
TEJNBHO K CII0KHBIM MHOTOCIIOWHBIM CETSIM.

Jpyroii moaxo/ npeanoyiaracT pa3ieicHUe 3TaoOB O0yUYCHHs U aHa-
nmu3a gaHHbeIX. Kak mpaBuio, Ha sTane oOy4eHHs WCTOIB3YIOTCS TpajIu-
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€HTHBIE METOJBl ONTHMH3ALNHU, PEaJH3AINI0 KOTOPHIX IIeJIecoo0pa3Ho
BEITIONHATD Ha HEHTPAIbHOM Iporeccope (WM Ha TpapuIecKux yCKO-
puTensix). JTan aHajgu3a JaHHBIX COCTOUT B MPSIMOM PacHpOCTpaHCHHUH
CUTHaJa MO CEeTH, YTO, YUYUTHIBas BO3MOKHOCTH TAPaJJIEIbHOTO BBITION-
HEHUS1 MaTPUYHO-BEKTOPHBIX YMHOXKCHHUM, UACAIBHO JIOXKUTCSI HAa apXu-
TEKTYPY MEMPUCTOPHOro KpoccOapa [6]. Takum oOpa3om, sTan aHanuza
JAHHBIX 3(Q(HEKTHBHO peain3yercsl B aHAJIOTOBOM PEXHME.

[Ipu TakoM moaxojle BO3HUKAIOT BE OCHOBHBIE mMpoOieMsl. [lepBas
CBf3aHA C MEPEXO0JOM OT HENPEPHIBHOTO AMANa30Ha U3MEHEHUs CHHAI-
TUYECKUX BECOB K IMCKPETHOMY HaOOpy 3HaYeHHH, OOecredrnBaeMbIX
MempucTopoM. B Hambomnee paguikaibHOM BapuaHTe, KOT/Ia MEMPHCTOP
MOJKET HaXOJIUTHCS B JIBYyX COCTOSIHHSIX, BBICOKOOMHOM M HHU3KOOMHOM,
pedb HIeT 0 OMHAPHU3AIMY CHHANITHYECKUX BECOB. SICHO, UTO Takas Juc-
KpeTHU3alysi MOXKET BHOCHTH IOTPEIIHOCTH B PE3yNIbTaThl aHAIM3A JaH-
HBIX. [I0o3TOMY akTyanmpHOM 3afadeil SBIICTCS BBIIBICHHE 3aBHCHMOCTH
MOTPELIHOCTH AUCKPETU3AIMH OT KOJIWYECTBA IUCKPETHBIX YPOBHEHN A
pa3IMYHBIX HA0OPOB JAHHBIX.

Hpyroii mpobieMoil ABIIEeTCS BO3MOKHOE HECOBEPIICHCTBO MEMPH-
CTOPHOTO DJIEMEHTa, Beayllee K HEKOHTPOIUPYEMOMY H3MEHEHHUIO
YPOBHS IIPOBOJIMMOCTH B XOJI¢ ()YHKIIMOHHPOBAHUS CUCTEMBl WM WHU-
nuanuy. B 3ToM CBSA3M aKTyalbHBIM SIBISIETCS aHAIN3 BIUSHUS 1e(DEeKTOB
MEMPHCTOPHBIX AJIEMEHTOB Ha TOYHOCTh PEIICHHS 3aqad o00paboTKU
JTAHHBIX.

B Hacrosme#t paboTe paccMaTpuBaeTCs BTOPOH IMOAXOA K peayn3a-
LUM MHOT'OCJIOMHBIX HEUPOHHBIX CETEW. BBIUMCIEHUS B KaXIOM CIIO0€
CETU BKJIKYAIOT MEPEMHOKEHUE MATPULbl BECOB HAa BXOJHOW BEKTOP,
npuOaBIeHNE BEKTOpPa CMEIEHUS U MPUMEHEHUE HETMHEHHOW (PYHKIIUU
akTuBanuu. Bce 3TH 1eicTBHA BO3MOKHO BBHITIOJHHUTH B aHAJIOTOBOM
MPEACTaBICHUU.

Heiiponnas cets 3apanee 00y4aeTcsi C HCIIOIIb30BAaHUEM IIEHTPAIBLHO-
TO TpoIeccopa Miu rpaguuecKkux yCKOpuTenei u aanee e€ Beca pa3me-
HIAIOTCS B COOTBETCTBYIOLINX MEMPUCTOPHBIX KpoccOapax.

Tak Kak BCe aHAJIOrOBbIC BHIYUCICHHS UMEIOT MOHMKEHHBIN MOPSIA0K
TOYHOCTH, Ba)KHO MIOHUMaTh, KaK JTUCKPETHU3ALMs BECOB HEHPOHHON ceTH
OyIeT cka3pIBaThCS HAa TOYHOCTH pPEe3yibTaToB. PaccMarpuBaroTcs niBe
MHOTOCIIOWHbIE HelpoHHbIe ceTH. [lepBas (3 CBEpTOUYHBIX CIIOS M JiBa
MIOJTHOCBSI3aHbBIX €110s1) 0O0ydueHa Ha Beibopke MNIST (pykonmcHbie 1ud-
pBI), a BTOpast (6 CBEpPTOYHBIX CIIOEB ¥ JIBa IMOJIHOCBSI3aHBIX CIIOS) — HA
CIFAR 10 (camoiieTsl, aBTOMOOWIIH, XUBOTHBIC U T.1.). [yis 00yueHus
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1 paboThI C CEThIO MCIOJb30BaIach OMOIMOTeKa Keras HamucaHHas Ha
s3pike Python, koropas sBisercs HaACTpoiKoi Ham GperMBOpKaMH
Deeplearning4j, TensorFlow u Theano.

TouHOCTH pacmo3HaBaHWS Ha TECTOBBIX BBIOOpPKaX OOydeHHOU
HelipoHHO# cetu coctaBmia: anst MNIST — 99.16% u ns CIFAR 10 —
74.86%. [layiee ObLIa BBIMOJIHEHA AUCKPETH3AIMs BECOB JaHHBIX CETEH:
HayuHas ¢ 2X 3HadeHud (1 out Tounoctu) u 1o 1024 3xavenuii (10 6ut
TOYHOCTH). JIMCKpeTH3alKs BBITIONHSIACH B paMKax Ka)JOTO CIOs OT-
JIENBbHO. J{OTONHUTENBHO TaK)Ke BBITIONHSIACH JUCKPETU3AIUS TIPOMe-
JKYTOUYHBIX 3HAUCHHN MEKAY CIOSMHU.

B pesynprate momydeHa 3aBHCHMOCTh Ka4e€CTBa PACIIO3HABAHUS OT
TOYHOCTH 3aJjaHusl BECOB IIIyOOKOW HEMPOHHOH CeTH, KOTOpasi MOKa3bl-
BAaeT, 9YTO BO3MOXKHO 0€3 CHIILHOW MOTepH TOYHOCTU NMPUMEHATH MEMPH-
CTOpHBIE KpoccOaphl s peaju3allii MHOTOCJIONHBIX HEWPOHHBIX Ce-
ter. Jlnsa cetu, oOydennoit Ha MNIST e aiis qoCTHXKEHUS TTPUEMIIEMOM
touHocTH (98-99%) Tpebyercst 3-4 Outa TOUHOCTH. A 151 HEHPOHHON
cetu, o0ydennoit Ha CIFAR 10, Heobxomumo yxe 9—10 6ut.

PaboTta BEmMoONHEHA TIpu Tommepkke TpaHta PODU Ne 19-29-
03051 Mx.
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VERILOG-A MOJEJIb
MHOTI'OYPOBHEBOI'O BUITIOJIAPHOI'O MEMPUCTOPA
C YYETOM JEBUAIIMIA TAPAMETPOB INEPEKJIIOYEHUSA

I'.C. Tenaos, E.C. I'opues, O.A. TeabMuUHOB
AO «HUHU Monekyasaprou DneKmpoHuKu»

AnHoTtanmus. B pabore mpencTaBieHO ONMCAHWE OWIIOISIPHOTO
MeMpucTopa Ha s3eike Verilog-A. Ilpemmaraembie MOAENbHBIC TIPEI-
CTaBJICHUS YYWTHIBAIOT B IMPOIIECCE MEPEKITIOUEHUST MEMPHUCTOPA MEXKITY
COCTOSTHUSIMH TIPOBOJIMMOCTH CIIEAYIOIIHE JEBHALMU IapaMeTpPOB: pas-
OpoChl MapaMeTpOB MPOBOJAUMOCTH B BBICOKOPE3UCTUBHOM M HHU3KOpE-
3UCTHBHOM COCTOSIHHSIX, pa30pOCHI TTOPOTOB MEPEKITIOUCHIS U Pa3dopoc
KOJIMYECTBA IUKIIOB ITEPEKITFOUEHUS .

KiroueBble cjioBa: MOJCIMPOBAHUE MEMPHUCTOPA, MEMPHCTOP, OH-
MOJISIPHBIIT MEMPHCTOpP, MHOTOYPOBHEBBIH Mempuctop, Verilog-A mo-
JIeJIb, JICBHAIIMY TIAPAMETPOB MEPSKITIOUCHUSI.

MULTILEVEL BIPOLAR MEMRISTOR MODEL
CONSIDERING DEVIATIONS OF SWITCHING PARAMETERS
IN THE VERILOG-A LANGUAGE

Georgii Sergeevitch Teplov, Evgenii Sergeevitch Gornev,
Oleg Aleksandrovich Telminov

Molecular Electronics Research Institute, Zelenograd, Moscow, Russia

Abstract. We describe a bipolar memristor in the Verilog-A lan-
guage. The proposed model concepts take into account the following
parameter deviations in the memristor switching between conduction
states: the variation of the conduction parameters in the highly resistive
and low-resistance state, the switching threshold variations, and the vari-
ation of the number of switching cycles.

Keywords: memristor, simulation memristor, bipolar memristor,
multilevel memristor, Verilog-A model, switching parameter deviations.

MHOXeCTBO HOBBIX KOMITOHEHTOB 3JIEMEHTHOH 0a3bl SHEPrOHE3aBH-
CUMOH maMsTH 00JaJar0T CXOXKUMU IMapaMeTpamMH 1o MaciuTabupoBa-
Huto [1], tak mampumep, MRAM yxe BHEIpsieTCS Ha TEXMPOIECCE
32 um, s PCM uger orpabotka mponecca 22 HM, ReRAM Ha ocHoBe
MEMPHUCTOPOB, TaKke OTpadaThiBaeTcsi Ha Texmpouecce 22 HM. [Ipe-
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MMYIIECTBOM, BBITOJHO OTIMYAIOIIAM MEMPUCTOP M3 BCETO MHOXKECTBA
HOBBIX KOMIIOHEHTOB, SIBJISIETCSI €0 MHOTOYpPOBHEBOCTH, TO €CTh, BO3-
MOXHOCTb TMOJIy4YCHHUs 0OJIee IBYX YCTOMYMBBIX JUCKPETHBIX COCTOSIHUN
Ha OJHOM 3JieMeHTe [2].

TpaauIoOHHBIA MOIXOJ K OMHMCAHUI0 MEMPHCTOpA MO3BOJSET OIpe-
JIEJUTh €r0 KakK DJIEMEHT SHEProHe3aBUCUMON MaMATH, UMEIOIIUN JBa
KOHTaKTa. Peanm3arus GyHKIIUU MaMsITH Ha SJIEMEHTE OCYIIECTBIISETCS,
3a CYET M3MEHEHUS COCTOSHUS MPOBOJAUMOCTH MEXKIY BBICOKOPE3UCTHB-
HeiM (HRS) u HuskopesuctuBabiM coctosausaimu (LRS). Teopetnueckoe
oIMcaHue KOMITOHEHTa BIiepBbie mpetoxku Chua L. B padote [3]. Tlep-
BbIE DKCIIEPUMEHTAILHBIE 00pa3ibl OBLIN MOMyYeHbI B 1abopaTtopuu HP
necstuietre Haszan [4]. [IpoexTupoBaHne HA OCHOBE KOMITAKTHBIX MO-
JleJIeit MEMPHCTOPOB YK€ aKTHBHO IMPUMEHSICTCS pazpadoTankamu [5].

[Moxxoapl K ONMMCAHWUIO MEMPHUCTUBHBIX KOMIIOHEHTOB HW3HAYalIbHO
0a3upoBaKMCh Ha MOJENH JMHEHHOTO MOHHOTO Apeiida, mpencTaBieH-
HOW B pabote [4]. Moaens HCmonp30BaNa JIMHEHHYIO 3aBHCUMOCTD TIPO-
1ecca MUTpal KUCIOPOAHBIX BAaKAaHCUH Ui OOBSICHEHUS M3MEHEHUS
MEXaHU3Ma MIPOBOIUMOCTH:

V() = 1) * (Ron ™2+ Rorr (1= 22)), w(®) =y "La® (1)
D D D

3neck Ropr, Roy — KOHCTAHTHOE 3HAUYEHME HU3KO MPOBOISIIETO U
BBICOKO MTPOBOJIAIIETO COCTOSIHHIA COOTBETCTBEHHO, W(f) — BEIMYMHA JI0-
MMAPOBAHHOTO KHCJIOPOJHBIMH BAaKAHCUSMU aKTHUBHOTO CJOS, [ly — TIO-
JIBUKHOCTh HOCHUTeNeH 3apsina, D — TONIMIMHA aKTUBHOTO ciost, g(f) —
MPOTEKAIOIIHNIA Yepe3 MEMPHUCTOP 3apsill.

Mopuens nuHeitHOTO Apeiida Ha s3pike Verilog-A mpeacTaBiieHa B HC-
cineqoBarnu [6]. [lpemoxeHHBIIT METOJ WCHONB3yeT IEKOMIIO3HUIINIO
(YHKIIMH U3MEHEHHS TIPOBOIMMOCTH Ha «(QYHKIIUIO OKHA» U JTUHEHHYIO
(YHKIMIO U3MEHEHHS IPOBOJIMMOCTH B 3aBUCUMOCTH OT IPOTEKAIOIIIEIO
4yepe3 MeMpuctop Toka. OyHKims okHa f,, (W) orpaHnYnBaeT BBIXOJ 3a
npeaensl 3HadeHul Ropr 1 Roy COCTOSIHMA MPOBOAMMOCTH MEMPUCTOPA.

dw

S = fw, D) £ kIO fyy (W), k = H00 £ (w) =

1,0<¥<1
= D
dt

2
0, else @

IToMumoO orpaHuueHHs BBIXOJIA 32 MPENEIbl, B CYLIECTBYIOIUX MOJE-
JSIX MEMPUCTOPOB (DYHKIHMS OKHA MOXET TAKXKe BHOCHTh HEIMHEHHOCTh
B TIPOIECC M3MEHEHHS MTpoBoauMocTH. Hanmpumep, B pabote [7] nmpema-
TaroTCsl CBOM BapHAaHT HEINWHEHHON (PYHKIMH OKHA, M UCCIEAYETCS UX
BIIMSIHME Ha Mpolecc U3MEHEHHUs MmpoBoauMocTu. IIponecc nporexkanus

132



TOKAa B MEMPHUCTOPE MOXKXET OBbITh OMNKMCAH C MPUMCHCHHEM ypaBHCHHI
CuMMoOHCa UIsI TYHHEIMPOBAHUS CKBO3b Oapnep [8]. IlpemmymiecTBOM
MOJIX0JIa SABJISIETCS OTCYTCTBHE B MOJICNIU MTOPOTOB MEPEKIFOUYCHUS, YTO B
CBOIO O4Yepe/ib MPUBOJIUT K IMOBBIIICHHBIM TPeOOBAaHUSIM K pecypcam B
npoiiecce BbluuciIeHUH. [IoMHUMO paccCMOTpPEHHBIX BbIllIE MOJENEH, KO-
TOpPBIE UCHONB3YIT B KAa4eCTBE MEXaHH3Ma YIPAaBICHHS W3MEHEHHEM
MPOBOAMMOCTH 3HAYEHHS AJIEKTPHUUECKOTO TOKA, FCCIIENOBATENIMHU TaK-
)K€ TIPUMEHSIOTCS MOJENH OWITONAPHBIX MEMPUCTOPOB, HCIIOJB3YIOIIHE
3HaYeHMs HaNpsHKEHUH 71 yIpaBiIeHUs MPOLECCOM NepekitodeHus [9].
Mojienb ¢ yHpaBJSFOIIMM BHYTPEHHHM COCTOSIHUEM IIPOBOJMMOCTH
MEMpPHCTOpPa TIOPOTOBBIM HAMNpsDKEHUEM, 0000IIaromas OCHOBHEIE
MEMPHUCTUBHBIC KOMIIOHEHTBI M Pa3JIMYHbIC TMOJXOJbI K MX OIMUCAHHIO,
npenactasieHa B [10]. Moaens, yduThIBalomas MHOKECTBEHHOCTh CO-
CTOSIHUH TTPOBOJMMOCTH C YYETOM pa3dpoca mapameTpoB, MpeIcTaBIeHa
B pabore [11]. K HemocraTkaM mOJX0/Ja MOXKHO OTHECTH HEOOXOH-
MOCTb OTAETHHOIO, 3apaHee OIMpeAesieMOro MOJEbI0, OIHMCAHUS
KaXI0TO W3 YPOBHEH MPOBOAMMOCTH, YTO HE ITO3BOJIIET OIPENEITHUTh
BJIHMAHHUE pa3dpoca mapaMeTpoB Ha KOJIMYECTBO IMOIYYaeMBIX MPOMEKY-
TOYHBIX COCTOSIHUM.

[Ipemnaraemast aBTopaMu MOJEIHh OIHMCAHUS MEMPHCTOPA CPEACTBa-
mu CAIIP Cadence Ha s13pike BBICOKOTO ypoBHs Verilog-A mpencrasie-
Ha B pabore [12]. PeamusyeMble OTKIOHEHHWS HAOIIONAIOTCS DKCICpPHU-
MEHTAJILHO W TpeACcTaBleHbl B padore [13]. BBemeHHble B MOJEINb
napamMeTpsl MO3BOJISIIOT MOJEIUPOBATH MPOLECC NEPEKITIOYSHUST MEMPH-
CTOpa MEX/Iy COCTOSHUSIMHM MPOBOJMMOCTH C YUYETOM JICBUAIMU Tapa-
METPOB, YTO MO3BOJISIET YUYUTHIBAThH AUCIIEPCHIO BEIXOJHOTO CHTHAIIA TIPU
MPOCKTUPOBAHUHU TIOCIIEAYIOMINX CXeM 00pabOTKK CHTHAJIOB.

Jnsa ydera pa3OpocOB MO KOJUYECTBY IIMKIIOB TIEPEKIIOYECHUS
MeMpHCTOpa, OblIa BBeJeHa MEepeMeHHas pecypca nepekimtodenus. Ko-
JIMYECTBO LIUKIIOB MEPEKIIOUCHHS 3a/1aeTCs HAPAMYIO apaMeTpoOM MO-
JIEJI¥, aHAJIOTHYHO TIOIXO0Ty, IpuMeHseMoMy B pabote [11]. Otouume ot
MOJIX0/1a, MPUMEHIEMOT0 B YKa3aHHOH paboTe, 3aKI04aeTcsl B UCTIOIb-
30BaHUM HE KOJIMYECTBA LIUKIIOB HANPSAMYIO, @ IPUMEHCHHU ITEPEMECHHO-
T'0 3HAYEHHUS pecypca NepeKIIoYeHNs MEMPUCTOPA.

Yka3aHHbIE OCOOCHHOCTH ONHCAHUS MEMPHUCTOpA IO3BOJIAIOT J0-
OUTHCS MMEPEMEHHOTO KOJIMYECTBA IUKIIOB NEPEKIIOYCHUS MPH U3MEHE-
HUU COCTOSIHHSI TIPOBOJTUMOCTH MEMPHCTOPA B 3aBUCHMOCTH OT IIOPOTOB
MEPEKIIOYSHH B BBICOKOPE3UCTHUBHOE M HU3KOPE3UCTUBHOE COCTOSHUS,
a TaKke, B 3aBUCUMOCTH OT pa30pOCOB MapamMeTpoB HU3KOPE3UCTUBHOTO
Y BBICOKOPE3UCTUBHOT'O COCTOSIHHUN TIPH MEPEKITIOYCHHH.
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Bepudukarus Monenn OUITOIIPHOTO MEMPHUCTOpPA Ha sI3bIke Verilog-
A Bemonssiack B cpene CAIIP Cadence. Ilpumenenue nepemMeHHON
pecypca MEepeKsIIoueHHs] MO3BOJIIET MOJEIHPOBATh PA3IUYHbBIE THUIIBI
0TKa30B MeMpucTopoB. IlepBrrii Tt — oTKa3 B LRS cocrosanm (puc. 1),
BTOpo# — oTka3 B HRS (puc. 2). B pamkax naHHo# paboThl IPOBOAMIOCH
ompezeneHue, A TpeanaraeMoro Verilog-A onucaHus MEMpHUCTOpa,
HambOoJiee BBITOJHOW CTpATEeTHH TMEPEKIIOUEHUs MPU OTPAaHUYSHUH UM-
MyJILCOB TI0 HANPSHKEHUIO U JUTUTENLHOCTU. ['paduk moiydaeMbIX Mpo-
MEXXYTOUYHBIX COCTOSIHUI MPOBOIAMMOCTH MEMPHCTOpPA MPEICTaBIEH Ha
puc. 3. Biusinue aMIuUTyibl UMITYJIbCa HAPSIAKEHUNA Ha CKOPOCTH Tepe-
KIIIOYEHHUSI pHC. 4.
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Puc. 1. Otka3s B LRS. BrixonHoii TOK — cBeTiIast JUHHUS.
ITogaBaemoe Ha BXOJ HAIIPSHKEHUE — YEPHAST TUHUS
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Puc. 2. Otka3 B HRS. BrixoaHO# TOK — MyHKTUpHAS TUHUS.
ITonaBaemoe Ha BXOJ HANpPsDKEHUE — YEPHAS JIMHUS
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Puc. 4. Biusinue aMIiuTyabl IMIYIbCOB Ha CKOPOCTb U3MEHEHUS
MIPOBOUMOCTH. BBIXOJHOM TOK — MyHKTUpPHAs TUHUS.
ITonaBaemoe Ha BXOJ HaIIPSDKEHUE — YEPHAsT JIMHUS
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MOJIEJUPOBAHHME BOJIbT-AMIIEPHOM
XAPAKTEPUCTUKHN MEMPUCTOPA
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AnHoTtauus. B pabote paccmarpruBaeTcs METOIMKA MOCTPOCHHUST HO-
BOW aHAJIUTUYECKOM MOJEenu MempucTopa. IlocTpoenne Moaenu BKIIO-
yaeT B ce0s YMCIeHHBIN yUET 3 PeKTOB HEMMHEHHOTO Apeiida B 00bEMe
MEMPHUCTOpa, U IPPEKTUBHYIO aNNPOKCUMAIIHIO MTapaMeTPOB 0000IIEH-
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HOM Monenu Ha HaOOpe DKCIICPUMEHTAIBHO W YUCICHHO IMOJYYCHHBIX
pe3yabTaToB.

KuiroueBble ci1oBa: MEMpPUCTOP, MEMPUCTUBHAS CUCTEMA, MaTeMaTH-
YeKOe MOJCIUpPOBaHue, (GYHKIIMS OKHA, JIMHCHHBIN JApeid), HelMMHEeHHbIN
Ipeiid, MoaIeTh MEMPHUCTOPA.

3amauu COBpEMEHHONH MHUKPOXJICKTPOHUKH BCE Yalle JieXkaT B 00ma-
CTH MOCTPOCHUSI HEUPOMOPQHBIX M HeHpomoaoOHbIX cucteM. M Hanbo-
Jiee TEPCICKTHBHBIM KaHJIUIATOM JIJIsl CO3JIaHUs DJICMEHTHOUM 0a3bl 1Mo
TaKWe 33aJ]a4d SBISETCSI MEMPUCTOP — TaK Ha3bIBAEMBII YETBEPTHIN 0a30-
BBII DIIEMEHT AJIEKTPUYECKON IIEIH, CBSA3BIBAIOIINI MEXy COOOM 3apsi
W MarHuTHBIA MOTOK [1]. [lepBhie MEMpPHCTOPHI HA OKCHIHBIX CTPYKTY-
pax Obumn momydeHs! B 2008 romy [2]. Bmecte ¢ HUMH TIOSBHITUCH TIEp-
BBIC MOJICNIH, TaKWE KaK MOJETHN JIMHEHHOTO [2] M HeMHEHHOTo apeiida
[3], a Takxke momenr MeMmpucropa Ha Oaprepe Cummonca [4]. U3-3a
CJIOHOCTEH, CBSI3aHHBIX C PELICHHEM YPAaBHEHHI JBOJIOIUU U OTCYT-
CTBUSl SIBHOTO BHJIa 3aBHUCHMOCTH TOKa OT HAINpPSDKEHUS B MOJCISAX,
Hanpumep [3, 4], cuctema muddepeHInaNbHbIX YPaBHEHHH JOMOTHSIET-
¢ (QYHKIMSAMH OKHa JUII MOMUGUKAIMU MOJETH JMHEHHOTo npeiida
[5, 6, 7, 8] 1 MOPOTOBBIMH YCTIOBUAMH ISl MEMPHUCTOPOB, YIIPABIIIEMBIX
TokoM [9] m Hampspkeruem [10, 11]. IloporoBsie MomeaH IMO3BOJISIOT
[PY MEHBIIKUX BPEMEHHBIX 3aTparax I0JydaTh Pe3yJbTaThl, aHAJIOTHY-
HBIC TE€M, YTO JAIOT MOJECIHN HeJIMHEHHOro aperida u MeMpucTopa Ha Oa-
prepe CUMMOHCa, a TaK)K€ YYHMTHIBATh HAJIMYKME TOPOrOBBIX TOKOB W
HANPSHKCHUH, OTPAaHMYUBAIONIMX HANPSKCHUS U TOKU TCPEKIFOYCHUS
CHU3Y I10 MOYJIIO.

B namreii paGoTe npencraBieHa METOAMKA MTOCTPOSHUST 0000IIEHHON
aHATUTHYCCKOW Momean MeMpucTopa. [log 0600ImeHHONH MOIENbIO 10~
HUMAaeTcs TakKas MOJENb, YTO MOXET C BBICOKOW TOYHOCTHIO MPHUOIH-
XKaTh Pe3yJbTaThl HKCIEPUMEHTOB (CM. Hampumep puc. 1) A pa3HbBIX
MaTepualioB OKCUIHOTO ciosi. [IoMHUMO TOYHOTO y4eTa HEITWHEWHOro
npetiha B 00beMe, OJJHUM U3 MPEUMYIICCTB NPECTABICHHON METOIUKH
ABJISICTCSl CXeMa MOCTPOCHUSI MapaMeTpoB o0o0meHHoNH moapenu. Hc-
MOJIB3YSl YUCIICHHBIE METOJBI C ONTHUMAIBLHOW OTHOCHTEIBHO TOYHOCTHU
METPUKOH, MBI HAXOJIUM TapaMeTphbl 000O0IIEHHONH MOJENN AJIsT MHOXe-
CTBa BOJIFT-aMIEPHBIX XapaKTEPUCTUK. VICIIONB3ys MOy4YeHHOe MHOXKe-
CTBO TapaMeTpOB, MBI (POPMHPYEM HTOTOBBIC 3HAUEHHUS MapaMeTpoOB
0000mennort Momend. Hamu Obuta mosnydeHa o00OIIEHHAss MOJENb, U
BBITOJTHEHO €€ CPAaBHEHHUE C CYHIECTBYIONIMMHU MOJICIISIMU.
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IIpH TOMOIIM 0000IIEHHOM Moienn Ha OCHOBe Moaen Y akopcic [11]
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DOMAIN WALLS IN MAGNETO-ELASTIC
HETEROSTRUCTURES: MODELING AND EXPERIMENT
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Domain walls, skyrmions and other nanoscale spin structures are con-
sidered as key elements of future 3D nanodevices of information pro-
cessing, including nonvolatile memory devices [1]. Interest in such struc-
tures is also due to the phenomenon of new physical effects associated
with nanosize, topology and chirality of magnetic elements. In turn,
magnetic nanostructures with controlled magnetoelastic properties are
promising for creating information storage and processing devices with
record energy consumption [2—4], up to tens of attojoules per one ele-
mentary operation to change the state of nanoelement’s magnetization.

The possibility to manipulate domain walls in magnetoelastic
nanostripes by means of uniform mechanical stresses has been numeri-
cally demonstrated [5]. Elastic stresses induced by the piezoelectric layer
are used to change the magnetic state of the nanostripe (Fig., @) In this
case, the domain-wall velocity of the same order of magnitude as when
exposed to magnetic fields or spin-polarized currents is achieved, and
energy consumption is significantly reduced.

This paper presents the results of modeling and experimental study of
the domain structure and magnetization reversal processes of magneto-
elastic parabolic-shaped nanostripes (Fig., b-e¢). Multilayered magneto-
strictive films of TbCo,/FeCo composition were deposited onto piezoe-
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lectric PMN-PT substrates by RF sputtering using a Leybold Z550
equipment [6]. The deposition was made under a magnetic field generat-
ed by permanent magnets in order to induce a magnetic easy axis anisot-
ropy in the desired direction in the plane of the multilayer film. Then,
micro- and nanostructures of various shapes were formed in the films by
lithography for experimental study of magnetization distribution, pro-
cesses of magnetization reversal, formation and movement of domain
walls in the films.

Magneios g -
vardle - ‘
MATOEACINC sUbEe
b c d e

Fig. Model (a-c) and image (d-e, magnetic force microscopy)
of the domain structure in magnetoelastic nanostripes of variable width

It is shown that in the initial state in the nanostripe, depending on the
prehistory of the magnetization/demagnetization of the nanostripe, there
are two variants for the formation of an equilibrium magnetic structure —
with asymmetric (Fig., b, d) or symmetrical (Fig., b, e) direction of the
magnetization vectors at the edges of the nanostripe and, accordingly,
with a state close to the monodomain, or split of the parabolic-shaped
nanostripe into domains. The symmetry breaking of the stable magneti-
zation states in the nanostripe can be realized by a static magnetic field
applied perpendicular to the easy axis of the ferromagnetic. Further
change of magnetization states allows their manipulation by means of
homogeneous mechanical effects induced by the application of an elec-
tric field to the piezoelectric substrate.

The work is supported by Russian Foundation for Basic Research
(projects #18-52-16006, #18-29-27020), and Russian Science Founda-
tion (#19-19-00607).
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AHAJIN3 AHAJIMTUYECKHUX MOJIEJENR MEMPHUCTOPA
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AnHoTtanus. B pabore paccmMaTpuBaroTCs pa3lIMYHBIE aHAJIUTHYE-
CKue Mozenn MeMmpucropa. s kakaoit Moaen ObUTO BBIIOIHEHO YHC-
JIEHHOE MOJIETMPOBAHNE U MPOBEJIEHO €€ CpaBHEHHE C DKCIIEPUMEHTAIb-
HBIMH Pe3yJIbTaTaMHu.

KuarodeBble cjioBa: Mozenb MEMPUCTOPA, MEMPHUCTUBHAS CUCTEMA,
MaTeMaTH4YeKoe MOJEINpoBaHne, (YHKIHS OKHA, JIMHEHHBIN npeid,
HEJNMHEHHBIN Apeiid, MOpOTroBhIe MOJIEIH.

MeMpucTopsl OBLITH TIPEITOKEHBI B 1971 B KauecTBE 4€TBEPTOTO OC-
HOBHOT'O AJIEMEHTA 3JIEKTPHUYECKUX IIETIeH, ONPENesIFoIIero COOTHOIIe-
HUE MEXJIY MAarHUTHBIM IOTOKOM M 3apsaoM. Pa3Butue sToro mpearo-
JIOKEHHSI TIPUBEJIO K CO3aHMUI0 MEMPHUCTHBHBIX CTPYKTYD, 00JIaAaromInx
YHUKAIBHBIMHA CBOWCTBAMHU U KpaliHE BHICOKMM TOTEHIMAJIOM IpUMEHe-
Hus [1, 2]. Y omHO#M 13 KITIOYEBBIX 3a7a9 TOCTPOCHUS 3JIEMEHTHOM 0a3bl
Ha OCHOBE TaKUX MEMPHCTOPOB, SIBIETCS MOCTPOCHUE WX TOYHON MaTe-
MaTHYECKON MOJEIH.

OmauMu U3 paHHUX MOJEINEH SBIISIOTCS MOJCIH JTUHEHHOTO npefida
KHCIIOPOAHBIX BakaHCHi [2], HemmHeWHOTO npeiida [3] m Momens
MempucTopa Ha O6apbepe Cummonca [4]. Tak kak nmocneqHue ABE SBIIS-
FOTCSL JOCTAaTOYHO CJIOKHBIMH C TOYKH 3PEHHUS BBIUMCICHUH, TO A
VIIPOIIEHUS BBOIAT (GYHKIIMK OKHA JJII MOJCIH JUHEHHOTO npeitda [5,
6, 7, 8], a Takxe MOPOroBbIE MOJEIH JUIsI MEMPHUCTOPOB, YIIPABIAEMBIX
ToKOoM [9] u HanpspkenueM [10, 11], yTOOBI JOMOJHUTEIBLHO OOJCTYUTh
BBIUMCIICHUS W YYeCTh HaJHYhe MOPOTOBBIX 3HAYEHUH I TOKOB W
HanpspKeHUH nepeknoueHns. Ha puc. 1 n3obpasken Habop BOJbT-aMIep-
HBIX XapaKTEPUCTHUK aHATUTUIECKONH MOJEIH MEMPHUCTOPA, MOTyIEHHBIN
BapHanyei mapaMeTpoB IPU YHUCIEHHOM PEUIeHHH CHCTeMBI auddepen-
LIUAIbHBIX ypaBHeHui [10].

B pamkax Hameit paboTel ObUT IPOM3BEACH 0030p aHATUTHICCKUX
MoJeliell MEMPUCTUBHBIX CTPYKTYp. I[IpoaHanu3zupoBaHa MOAEIb JINHEN-
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HOTO npeiida ¢ Hanbosee MPocTol PU3NKON TEPEKITIOUSHHS COCTOSHUM,
obnafaromasi, 0JHAKO, HAUMEHBIIIEH TOYHOCTHIO, U MOJICITH, YUUTHIBA-
IOIUE XapaKTep B3aUMOJICHCTBUS C MOBEPXHOCTHIO, a TAKKE HAIIUYUC
MOPOTOBBIX HANPSHKEHU W TOKOB. [IpoBeieHa ammpoKCHUMAIUS KCIIe-
pPHUMEHTa JaHHBIMH MOJICTISIMH M BBITOJHEHO CPABHEHHE ONMTHMATBHBIX

[0 HOpMHpOBaHHOM miomanu BAX mopeneld ¢ 3KCIEpPUMEHTAIBHOM
BAX.

e WTEAM, Vo= 0.02 B, van = 0.2 B, aiphaar =1, olphie =3
= VTEAM, vorr = 0,02 B, Voo = 0.1 B, alphaer =1, &lphae =23
—— VTEAM, Vor= 0,18, voo = -0, B, alphagr =1, alphigs =3
2 {{==== WTEAM, vur= 0,02 B, Vo = -0,2 B, aiphagy = 1, alphag, = &

Tok Hepes MeMpucTop, MA

0.2 01 oo o1 02
¥npaenswoulee HanpaxeHue, B

Puc. 1. BAX mempuctopa B mogenu VITEAM ¢ nojilaHHBIM Ha BXOJJ
CUHYCOUIAIBHBIM CUTHAJIOM aMILIUTYIbl Vo= 0,25 B 1 yactots f= 100 k['11

[TapameTpbl MOJIENH, HE TIPEACTABICHHbBIC Ha rpaduKe:
ko =5,0-10%m/ c, kon =-10,0M / ¢, X5 = 3 HM, Xon = 0 HM,
Ron =50 OM, Roff: 1 KOM, Oloff = 1, Oon = 6.
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INPUMEHEHHUE YNCJIEHHOI'O MOJAEJINPOBAHUA
B HCCJIEAOBAHUUN MEMPUCTOPHBIX CTPYKTYP
HA OCHOBE OKCHJ0B U XAJIBKOI'EHHU10B

B.B. Cupotkun', H.A. Tyauna’

1
Hnemumym npobaem muxposnekmponuxu u yucmolx sewjecme PAH,
Yepuozconosxa
2
Hnemumym ¢usuxu meepooeo mena PAH, Yeproeonoska

Bunonsipusie 3¢ dektrr pesuctuBHbIX nepekatoueHuii (BIPII) B rete-
POTEHHBIX CTPYKTYypaxX pa3iIHYHBIX COEIWHEHUH paccMaTpUBAIOTCS U
peanu3yIOTCs Ha MPAKTUKE B KAYECTBE DJIEMEHTOB MaMSITH HOBOTO TOKO-
nenust (MeMpUCTOphl). DPdEeKT pe3UCTUBHBIX MEPEKIIOUCHUN HaOM0aa-
€TCs B IIMPOKOM CHEKTPE CTPYKTYP C JUBIICKTPUYESCKUAM CIIOEM, COCTO-
SIMM KaK W3 TPOCTBIX OKCHJOB, XaJbKOTCHHIOB, TAK W CIOMXHBIX
coenuHenuii [1]. B Hammx paboTtax Obu1o MOKa3aHo [2—5], KaK, UCHOJb-
3ysi (DYHKIIMOHAIBHBIC CBOMCTBA BHICOKOTEMIIEPATYPHBIX CBEPXIPOBOJI-
HUKOB U CEJICHHU/a BUCMYTa, MOKHO (POPMHUPOBATH MEMPHUCTOPHBIE TETE-
pOCTpYKTYphl. B 3THx paborax Takke C TMOMOIIBIO YHCIEHHOTO
MOJICITUPOBAHUS ObIJIO M3YYCHO BIHMSHUC HEOJHOPOJHOrO pacmpeselie-
HHSl JJEeKTPUYECKOT0 MOJs B UHTepQeiice T'eTepOKOHTAaKTOB Ha
MEMPHUCTOPHBIE CBOMCTBA MOyUYEHHBIX CTPYKTYP.

B nmanHoit pabote mpoBemeHo unciaeHHoe nuccienoBanne bOPII B re-
TEPOCTPYKTYpax, MOCTPOCHHBIX HA OCHOBE JTMOO BHICOKOTEMITEPATYPHBIX
cBepxnpoBoJHUKOB  Nd».,Ce,CuOyy (NCCO) mmm  BirSr,CaCuyOgiy

143



(BSCCO), nubo cenenunne Bucmyta Bi,Ses. CTpyKkTypsl HMEIOT BepXHUN
AJIEKTPOJT TOUYEYHOTO TUMA. J[pyroi BaKHOW OCOOEHHOCTBHIO DTHX TeTe-
POCTPYKTYp SIBISIETCS HAIIMYME TIOBEPXHOCTHOTO CIIOS TOJIIUHOM
HECKOJIBKO JIECATKOB HAHOMETPOB C YAEIbHOW MPOBOANMOCTHIO, 3HAYH-
TETHLHO TOHWXEHHOW OTHOCHTEIHHO OO0BbeMHOMW. M3MeHeHHe pe3nCTHB-
HBIX CBOWCTB T'€TEPOCTPYKTYp OOyclaBiauBaeTcs (POPMHUPOBAHHUEM WIIU
pa3pyllIE€HUEeM IIPOBOJSIIETO KaHajla yepe3 yKazaHHbli cioid. [Ipeanona-
raercs, 4TO CYIIECTBEHHYIO POJIb TIPH ITOM HTrpaeT dJIeKTpoauddy3us
MOHOB MO0 KUCIopoAa, 1100 cesneHa. Hanbonee MHTEHCHBHO 3TOT HPO-
[[ecC MPOTEKaeT B 30HE, KOTOpas pacloyio)keHa B OKPECTHOCTSIX Kpas
TOYEYHOTO KOHTAKTa M XapaKTEePH3yeTCS CHIBHBIM JIOKAIBHBIM IIOBBI-
HIEHUEM HAamNpsDKEHHOCTH 3JIEKTPUYECKOro Mmoiisi. Takum o0pazoM, HpU
Mozaenupoanuu bOPII B paccMaTpmBaeMBIX TeTEpOCTPYKTypax, HE00-
XOJIMMO YYHUTHIBATH CYIIECTBOBAHHUE TPEX MACIITA00B: BCS T€TEPOCTPYK-
Typa (MILTAMETPBl — COTHH MHUKPOH), TIOBEPXHOCTHBIN CJIOU + TOYeu-
HBIA KOHTaKT (MUKPOHBI — COTHH HAaHOMETPOB), IOBEPXHOCTHBIN CIIOH +
Kpall TOYeYHOTO KOHTaKkTa (IEeCSITKH HaHOMETpOB). B pabote mpemcras-
JIEHBI MaTEMaTUYECKUE MOJICIH, IIPU YUCICHHON peaan3alid KOTOPBIX
mpobjieMa MHOIOMACIITA0OHOCTH —pEIIaeTCs COYETAaHHMEM HMHTErpo-
pa3HOCTHOM anmpokcuManuu auddepeHInanbHbIX YpaBHEHUH [6], MHO-
rOCETOYHOI0 MOJX0Ja JUIs JIOKAIU3allui HeoJHOpoaHocTel [7], crernu-
aJTHFHOTO UTEPAIIMOHHOTO METOa JEKOMIIO3UITHNH [8] M COCTaBHBIX anarl-
THUBHBIX CETOK.

~U Ag E RH_, =185 Om 1
0 NdCeO | 2l Regpe=127940m « PRE-HPE
Ld

_._._-«,‘OM
NdCeCu0 T e =
; 2 T ""J

AN VA

I, mA

Puc. 1. (a) Cxema rerepoctpyktypsl Ha ocHoBe NCCO.
(6) IIpumep sxcniepumentansaoit BAX ams NCCO retepocTpyKTypsl
Y TI0/1a4€ Ha €€ KOHTAKThl CHHYCONUIAIbHOTO CHI'HAA.
BPC u HPC — BbICOKOPE3HCTUBHOE U HU3KOPE3UCTUBHOE COCTOSHMUS,
COOTBETCTBEHHO

Ha puc. 1a mokazana cxema reTepoCTpyKTypbl Ha OCHOBE STIHTAKCH-
anpHbIX mieHok NCCO. B stom ciyvae moBepxHOCTHBIN cnoit (30 HM)
cocrout u3 nedextHoro okcuaa Nd, «Ce Oy [3]. IIpu nopaue Ha KOHTaK-
THI TaKOH CTPYKTYpHl CHHYCOWAAIBHOTO CHUTHana HaOmomarotcs BAX,
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Ha KoTopbix (uxcupyrorcs BOPII (cm. puc. 16). B [2] mia onmcanus
nmonoOHeix BOPII Obuia mpeanokeHa MOIENb «KPUTHYECKOTO TIOJSD)
(MKII), B xoTopo#, 06€3 yka3aHus KOHKPETHOI'O MeXaHH3Ma 00pa3oBa-
HHS IPOBOJAIIETO KaHANA, IOJaraeTcs, 4YT0 M3MEHEHUE yJeIbHON Ipo-
BOJVMOCTH TIPOMCXOAUT B TEX YacTAX IOBEPXHOCTHOTO CIIOS, TIZe
HaNpsDKEHHOCTD 3JIEKTPUYECKOT0 OIS MPEBBIILAET HEKOTOPOE KpUTHYE-
ckoe 3Hauenue. MKII ocHOBaHa Ha YHCIIEHHOM pacyeTe 110 pacrpezaee-
HHIO B CTPYKTYpE YIEIbHOU MTPOBOANMOCTH PACIIPEICIICHUS dIIEKTpHIe-
CKOT'0 MOTEHIIHAIIA.

Pesynbrarer pacuetoB o MKII mist NCCO rerepocTpyKTyphl H300-
pakeHBl Ha puc.2. BuaHo, 4TO Tepexoi TeTepocTpykTypsl n3 BPC
(puc. 2a) B HPC (puc. 26) cBsi3an ¢ mpopacTaHHEM IPOBOAALIECTO KaHaa
0T Kpas ToueyHoro koHTakra K cjioro NCCO (puc. 2B). Pazpymenne ka-
HaJia IpH CMEHE TOJIIPHOCTH CHTHAJIa IPOUCXOJUT B OOpPATHOM Harpas-
nenuu (puc. 2r). IlomydeHHble Py MOJICIMPOBAHUN JaHHBIE O GopMe U
pa3Mepax MPOBOJSIIETO KaHAJIA COOTBETCTBYIOT SKCIEPUMEHTAIbHBIM
OLICHKAM.

®

HPC—BPC N d(ﬁe

A= ﬁﬁaﬁaﬁ\

Puc. 2. Pesynsratsl pacueros 1o MKII it NCCO rerepocTpyKTypbl
¢ IMapaMeTpaMH, COOTBETCTBYIOIINMU pHC. 10.
Ha pucyHkax npoBeeHbI SKBUTIOTCHIUANH (yHKTHUP) ¥ JIMHUU TOKA (CIUIOLIHBIC)

BonbmmHCTBO coeMHEeHMIA, B KOTOPhIX HaOmogaetrcs 3ddexr pes3u-
CTUBHBIX IEPEKIIIOYEHUI — OKcuaHble coeauHeHus. Iloaromy usydenue
BOPII B rerepocTpykTypax Ha OCHOBE CEJIEHHIA BUCMYTa HHTEPECHO
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MpekAe BCEro ¢ Toukw 3peHus HabOmroxenuss bOPII B HeokcHaHBIX co-
earHeHHsAX. Bi,Se; sABiseTCs y3KO30HHBIM HOJIYIPOBOAHUKOM, CEJIECHO-
BbIC BaKaHCUU U JIETHPOBAHME 110 KATUOHY MEHSIOT YUCIIO HOCHUTEJICH B
JIOBOJIPHO HIMPOKOM JIWANa3oHe, MPH 3TOM THII HOCHUTENEH M3MEHSIEeTCS
OT 3JICKTPOHHOTO K AbIpoYHOMY. C TOUKH 3p€HHS MaTeMaTH4eCKOil Mo-
JIeNd TPUMEHUMOW K 3TOMY THUILy MEMPHUCTOPHBIX CTPYKTYpP MBI y4JIH
Clry’KeOHOE CBOWCTBO: JIETKO NMEPEXOJUTh M3 MOHOKPHUCTAJUINYECKOTO B
MHOro(a3zHoe COCTOSHUE IPU HEOOIBIINX TEMIEpaTypax. Y4eT JIOKajb-
HBIX TIEperpeBOB MO3BOJMIN YMCIEHHBIMM MeTojamu onucatb BAX c
NEePEKITIOUCHUSAMU TIPU (PU3UYECKUX MapaMeTpax, COBMAJAIONINX C IKC-
NEPUMEHTAJIbHBIMH.

Pabora momnmepkana rpantamu PODOU  Ne 19-29-03011mx  u
Ne 19-29-0302 1 mk.
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6. F

MOIEJUPOBAHUE CTPYKTYP
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AHAJIMTUYECKASA MOJEJIb
ACIHEKTHOM 3ABUCHUMOCTH CKOPOCTH I'TYBOKOI'O
KPUOI'EHHOI'O TPABJIEHUA KPEMHMUS B IIVIA3ME SF/O,

A.A. PQSBaHOBl’z, SLA. anounmﬂl’z, . }KeBHeHKOI’Z,
HN.B. MaTiomxnn’

1 . .
Mocxkosckuu @usuxo-Texuuueckuit Unemumym (HUY),
Jlonzonpyonsiii, Poccus
2 .
AO «HUH monexynapHou snekmporuxuy, 3enenozpad, Poccus

TexHonorust GpopmMupoBaHHs TTyOOKUX OTBEPCTHH B KPEMHHUH IS
MOCTIEAYIONIETO 3aNOJHEHHS X METAJJIOM SIBIAETCS HEOOXOJUMBIM JTa-
oM B co3maHuu 3D-HHTEerpupoOBaHHBIX WHTErpalbHBIX cxeM (3D-TSV)
paznuuHoro HazHauenus [1]. Kak mpaBuno, st 3TuX Leiaeil ucnoib3y-
FOTCSl TEXHOJIOTHH IazMoxummudeckoro tpasnenus (I11XT), apnstonixcs
BapHaHTaMU JByXmiaroBoro «Boschy»-mporecca, nMeromumMu OOIbIIyIo
CKOPOCTh aHH30TPOITHOTO TPABJICHUS U OOJIBIYIO CEIEKTUBHOCTh K MacC-
ke. AnbprepHaTnBa «Bosch»-mporeccy — riy0okoe Miia3MOXUMHYECKOE
TpaBJIEHWE TPH KPHUOTEHHBIX TEMIlepaTypax, HMEoIee HECKOIbKO
MEHBIIIYI0 CKOPOCTh TPaBICHHSI, HO MPOBOJAIICECS B HEPEPHIBHOM pe-
xuMe. B xagecTBe €105 maccuBannu, 00€CIeYNBAIOIIET0 aHH30TPOITHIO
TpaBJIEHUsI B KPUOTeHHOM Iporecce ucnonbsyercs SiOFy (10 — 20 am
TOJIIIMHOM), 00pa3yronuiics Ha OOKOBBIX CTEHKAaX W MPENSATCTBYIOLIHIA
MOTIA/IaHUI0 PaIMKANIOB TOpa MPH KPUOTCHHBIX Temreparypax. OmHoui
u3 mpo0IeM 3TOTO Tpolecca SBISETCS 3aBUCUMOCTh CKOPOCTH TpaBJie-
HUS OT pa3Mepa BHITPABIMBAEMOr0 OTBEPCTUS WM KaHAaBKH, W3BECTHAs
mox HazBanueM ARDE. llenpio manHo#i paboThI SBISIETCS pa3paboTKa
MPOCTON aHATUTHICCKOW MOZENH, OINHCHIBaromEed 3TOT 3(dekT, 9To
MO3BOJIUT MpPEJCKa3aTh JUIMTEIBHOCTh Ipollecca TPaBICHUS KPYTJIBIX
OTBEPCTHI Ha (PUKCHPOBAHHYIO ITyOUHY.

CymecTtByromue Moaenu [2, 3] HOCAT MMHTAIMOHHBIA XapakTep,
CBSI3aHHBIN ¢ puMeHeHreM MeTooB Monrte-Kapiio, u nostomy tpely-
I0T 3HAYUTENBHBIX BBIUMCIMTEIBHBIX pecypcoB. HecMoTps Ha ciox-
HOCTB IPOUCXOSIINX B CUCTEME (PH3UKO-XUMHUYECKUX W TPAHCTIOPTHBIX
MIPOLIECCOB, MBI TIOMBITAEMCS MPEATIOKUTh CPAaBHUTEIBHO MPOCTYIO aHa-
JUTHYECKYIO0 MOJENb, AHAIOTUYHYIO 0 TPUHIUIAM IIOCTPOCHHUSA W3-
BecTHOW Mojnenu Jwna—I"poyBa Jiis Tepmuyeckoro okucieHus. Ha nep-
BOM OJTale HaMu ObUla MPOBEACHO ONMCAaHHE TEOMETPUH CHCTEMBI
(puc. 1), xotopast 6bl1a pa3duTa Ha 3 MOACUCTEMBI: TJIa3Ma, Ta30Basl JTu-
HAMUKa, KHHETHKA.

148



(rp)—(r)

| EXTIPeY
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Puc. 1. 'eomeTpust MoAeIupyeEMOil CHCTEMBI

IInasma. [Ipouecc TpaBieHHE KPEMHUS MOXKET MPOXOAUTH B IJIa3Me
SF¢/O, mo nByM MexaHu3maM. [IepBbIii — 3TO HEMOCPECTBEHHOE TpaB-
JIeHHe KpeMHUs paaukaiaMu (Topa ¢ o0pa3oBaHHEM JIETYYHX HPOLYK-
TOB: Si+ 4F — SiF, 7. BTopoil MexaHH3M COCTOMT W3 ABYX O3TaloOB —
OKHCJIEHHE KpeMHHUA Si + 20 — Si0, C MOCIENYIOIUM IIaroM TPaBJIECHUS
okcuna Si0, + 4F — SiF, T +0, 1. B cBoeit Momenun MBI OyaeM HCIOIb-

30BaTh MapaMeTpbl MIOTOKOB YaCTHIl, a UMEHHO: ®; = 15 x 10%® cm~2c™1,

D, =2.7%x10% cm ¢, &p =1.84x 108 cm~2¢? [4]. TexwHomornue-
CKHE dTaIbI IIpoIlecca TPaBICHHS MPEICTaBICHBI B Ta0J. 1.
Tabauya 1
IapameTpsbl Npouecca TpaBJaeHUs
TexHoJiOTH- IToTox Hotok Oy, cr.| Nasxenne, MomHocTh | MOIITHOCTH
YyecKue JummrensHocthb | SFg, cT. 3 pa3psiga, |cMelleHMs],
3 cM’/MMH mTopp
onepauun cM’/MHH Br Br
OxnaxaeHne 1 Mun OT1cyTcTBYET
ITomxur 5 cex 60 30 10 1200 15
[TaccuBarus 50 cex 60 30 10 800 6
Tpasnenue 4800 cex 60 7.3 10 800 5.0

149



I'azoBasi puHamMuka. bouta oreHeHa 01 YacTHI, IIOIAJAlONINX B
CTEHKY KaHaBKH HIDKE HEKOTOPOro ypoBHs 0. OIleHKa OCHOBBIBAETCS Ha
MPEANOIOKEHNH, YTO YaCTHUIBI UMEIOT TayCCOBO pacHpe/eeHHe 0
ckopoctsM. [loaHas A0 YacTHII, TIOMABIINX B CTEHKY — €CTh ITOBTOP-
HBII WHTETpall BU/A:

—a? a  q —a?

Rdn, 2r - T
e2o?da) * Rz dr.

0= ar= ¢ %hl wdat | o=
= ——ar = elo a
o N R? 0o Ja, Vimo -z 2o

Torna, monst 4acTHIl, OMABIIAsS HA JIHO KAHABKH OMPENENSIETCS KakK
1-Q (puc. 2).

2 4 6 8 10 12

Puc. 2. I'paduk 3aBUCHMOCTH JI0JIU YaCTHII, TONABIINX B JTHO,
OT aCIEKTHOTO OTHOIIEHHMS

Kunernka. Mojens oqHOMepHasl IO OCH aIlIUIMKAT, HAlPaBICHHON
BHU3 (32 HyJIEBOW YPOBEHB B35Ta IOBEPXHOCTH IACTHHBI). OTHAKO TpH
BBIBOZIE TPAHCIIOPTHBIX COOTHOIICHUM OyAeT MCHOJIb30BAaThHCS LIMIIUH-
JpUYecKasi TeOMETpUs C paJuaIbHOW CHMMETpUEH U MOCIIEeLyroLas pe-
JIyKIUS K IEPEMEHHOM Z.

[Ipu aHanu3e SKCIEepUMEHTAIBHBIX JAaHHBIX OBIJIO BBISBICHO HATHYHE
nepeceyeHus: TpauKoB 3aBUCUMOCTH MTHOBEHHOW CKOPOCTH OT BpeMe-
Hu (puc. 3). Ilpu neTanpHOM pacCMOTPEHHH, MOXKHO YBHJAETH, YTO Ka-
HaBKa, TPaBSILAsCS C HAUMEHbBIIEH CKOPOCTHIO B Hayalle SKCIEPUMEHTA,
B KOHIIE TpaBUTCs Haubojee ObICTpo. J[aHHOE sIBIIEHHE BCTpedaeTcs He
TaK 4acTo M B JINTEpaType MOIYyUIIO Ha3BaHWE OOPATHBIN arepTypHBIH
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a3 dexT, cBa3aH 3TOT 3PHEKT ¢ TEM, YTO MOTOK MACCUBHPYIONTNX YACTHI]
Ha JHO IIMPOKOW KaHABKU OOJBIIOW, YTO 3aMeIsieT CKOPOCTh TpaBJie-
HUS, 8 TOTOK OOMOapIUPYIONINX HOHOB B Y3KHX TPEHYAX pacTerT, 3a CUeT
OTPaKEHHUS OT CTEHOK YBEIHYUBAsI CKOPOCTh TPABIICHHS.
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Puc. 3. MrHOBEHHBIE CKOPOCTH TPABJICHUS KAHABOK B 3aBHCUMOCTHU OT BPEMEHHU

Ilo pesynpraTaMm MOAENMpPOBaHUS OBLIO MPOJEMOHCTPHPOBAHO, YTO
KOJIMYECTBO YaCTHUIl, AOCTUTIINX IHA CTPYKTYpPBI, YMEHBIIAETCS C PO-
CTOM CpENHEKBAIPATHYHOTO OTKJIOHEHMs rayccoBa DPACIpElNeNeHUs U
YBEJIMYEHHEM acCIlleKTHOro OTHoWIeHMs. Takke, B pe3ynbTaTe aHalIn3a
9KCMEPUMEHTANBHBIX JAaHHBIX OBUIO MMOKa3aHO, YTO CKOPOCTh TPABJICHUS
MagaeT ¢ pOCTOM AaCHEKTHOIO OTHOIICHUS W BBIABICHO HaJIN4UE TOUYKH
NepeceyeHrs, MoKa3bIBaloliee OOJBIIYI0O CKOPOCTh TPAaBIICHHUS Y3KHX
KaHaBOK 110 CPaBHEHMIO C IIMPOKMMH B KOHIIE DKCIIEPUMEHTA U MEHb-
LIYIO B HayJaje.
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OJJHO®OTOHHBIN OTKJIUK
N CHHEKTPOCKOIINA MUKPOJUCKA
B AJIMA3HOM MOJIJIOKKE

M.C. Poraqul’z, N.10. KaTeeBI, A.B. I_[yKaHOB1

1 o«
Duzuxo-mexnonoeudeckuul uncmumym um. K.A. Banuesa PAH
2 o .
Mocxkosckuil pusuxo-mexuuseckutl UHCMuUmMmym
(2ocyoapcmeenbiil yHusepcumen)

K nacrosmemy BpeMeHHU JOCTHTHYT CYIIECTBEHHBIH MpOrpecc B U3-
TOTOBJIEHUH aJMa3HBIX MUKpope3oHatopoB (MP) ¢ mManbiM onTHueckum
00beMOM M OOJBIION MTOOPOTHOCTHIO B BHAE Ie(heKTOB B (DOTOHHBIX
KpHCTaJlIax, a Takke B popMe MUKpoaAHCKOB WK mukpokosner [1]. Io-
cneaguuid tun MP Moxer moanepKuBaTh MOJbI LIENYYIIEH Trajiepeu
(MILT"), rae MyYHOCTH AIIEKTPOMArHUTHOTO TIOJSI, BO3HHMKAIOIIHAE Kak
ONTUYECKUH OTKJIMK Ha OOJlyuYeHHE CBETOM, PACIOIAraroTCsl OKOJIO Kpast
MP [2]. Ecnu BOJIM3M MyYHOCTH HAXOAUTCS KBAHTOBBIM AMHUTTEp, TAKOU
KaKk KBaHTOBasg Touka Wi NV-IEHTp, TO Ojaromaps ero B3amMOICH-
creuto ¢ MUIT" mpoucxonutr moaudukanus crekrpa MP. B crartbe [3]
OBLTO TEOPETHYECKH M3YYEeHO B3auMoJieiicTBue NV-1eHTpa ¢ TpaHCIIOPT-
HOU Momo# (hoTOHHOW Monekynbl u3 Tpéx MP u mpenckazaHo BiMsSHEE
NV-1ileHTpa Ha CIEKTPOCKOIMUSCKUI OTKIMK CHCTEMbl Ha Jla3epHOE 00-
nmydenue. B pabote [4] pa3BuTa TEXHOJOTHUS CO3aHUS MHKPOIMCKOBBIX
MP Ha 0CHOBE MacCHBHOTO aIMa3HOI'O0 MOHOKpHUCTAILIA, TAE OIYyUYCHHbIE
JIICKU OKa3bIBATCH OKPY>KEHHBIMHU MaTEpUalioM MOUIOKKH (pHc. 1).

JU1s1 KOHTPOJISL IEKTPOHHBIX CIIMHOBBIX COCTOSIHUU NV-LIEHTpOB Ha
MOBEPXHOCTh JUCKAa OOBIYHO HAHOCITCS METAIIMYECKHE 3aTBOPHI, YTO
MPUBOIUT K PE3KOMY YMEHbIIeHHIO 100poTHOCTH MP. UT00OH M30€XaTh
9TON MPOOIIEMBI, MO’KHO HAHOCHUTH 3aTBOPHI HA MMOBEPXHOCTH MOJIOKKH,
a He Ha MOBEPXHOCTh MUKPOJHUCKA. B Hacrosmielr pabotre Mbl Hccieno-
BaJM BJIMSHHME alMa3HOM MOJUIOKKM M METAIJIMYECKHUX 3aTBOPOB Ha
CHEKTPOCKOMMYECKUH OTKIMK OJWHOYHOTO MHUKPOIHUCKA, COJIEPIKAIIEero
NV-uentp.
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3ATBOP NV-tentp

Puc. 1. CxematnuHOe n300pakeHre MUKpoarcKa ¢ NV-IIeHTpoM
B QJIMa3HOM MOJIOXKKE

Crnektp uétHpix TM-MOJ MHKpOAMCKAa B aJMa3HOM MOAJIOKKE pac-
CUMTBHIBaeTCAd MyTEM CBEACHUA TPEXMEPHBIX ypaBHEHMH MakcBemia K
CIeyIOEN CUCTEME:

[, RV, (kTAR) = 11],,, (KFIR)T,, (kRO [, H,,,, (ki (R+d)N,, (k(R+d)) = N,,,, (k(R+d) H,, (ki1 (R+d))| =
=[),,.. (AR)N,,(kR) = N,,., (kR)J, (KiiR)|[J,,.. (k(R+d) H,, (kit,(R+d)) = L H,,., (ki1 (R+ )], (k(R+dD))],

Jnf—ﬁztg(%\/nf—fzzj=n:\/ﬁz—l, kz(nf—ﬁf)=§,
rae k — BOJHOBO# BeKTOp GoTOHA, 71 U 7, — 3 EeKTUBHbIC OKA3aTEIN

MPETOMIICHHSI IUCKA M TIOJUIOKKH COOTBETCTBEHHO, 7. = 2.4 — TOKa3a-
TeJb MPENOMIICHHS anMasa, R — paanyc aucka, d — 3a30p MEXIy TUCKOM
U HOJJIOKKOM, /I — BBICOTA IUCKA M MOMJOXKKH, m=0,+1,£2... — a3umy-
TajgbHOE 4MCHO, J,, N, H, — Gyukiuu beccens, Hefimana u GyHKIus
l"ankenst mepBoro pozaa, COOTBETCTBEHHO. Pacuer 3aBUCHMOCTH HM3TyYa-
tenbHOU gobpotHOocTH Q MILT ¢ nnuHON BOMHBI 6€C(OHOHHOTO CIHHO-
Boro nepexozaa NV-iieHTpa Ao = 637 OT BeIUYHHBI 3a30pa d MEKIY MUK-
POIMCKOM U MOAJIOKKON AJIsl JUCKOB Pa3iIMYHBIX pa3MepoB mpu m = 30
MOKa3ajl, YTO MOAJ0KKA C HAHECEHHBIMU Ha €€ TOBEPXHOCTh 3aTBOPAMHU
OKa3bIBACT CWIILHOE BIMSHUE Ha A0OpoTHOCTH (. IIpu HEKOTOpPOM 3Ha-
yeHuu R = Ry = 2250 HM JOOpOTHOCTH HE 3aBHCHUT OT BEJIMUYUHBI 3a30pa
d n paBHa 3HaueHHIO (Jy, COOTBETCTBYIOIIEIO JOOPOTHOCTH B OTCYT-
CTBUHM aiiMa3Ho# momoxku. Ecim R # Ry, To Ha 3aBucuMoctH Q(d)
HAOJIFOIAI0TCS OCIWUTAIINK, MMPUYEM C YBEIHYCHHEM DPa3sHOCTH | R- R0|

HX aMIUTATYJa PacTET.

MpbI BBIYHUCIHIIA BEPOSTHOCTL P, BO30YKICHHS MHUKPOIUCKA C OJH-
HOYHBIM NV-IIEHTPOM J1a3epOM B 3aBHCHMOCTH OT OTCTPOWKH YacTOT
oechononnoro nepexoqa NV-mienrpa or MP 0 u oTcTpoliku 4acToT Jiase-
pa or MP 4, niist pa3nudHbIX BEIUYUH d MIPU JBYX 3HAYCHHUSIX KOIDPUIIU-
enTa B3aumoeiictsus NV-tentpa ¢ MP: g = 10” (puc. 2) u g = 10° (puc.
3). Bce BenmunHbl Ha rpaduikax JaHbl B eAuHUIax yactoTel MIIIT.
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Orerpoiika HacTOT Jatepa i pesoHaTopa A X107

-1.0
-1.0 -05 0.0 0.5 1.0

i

Orerpoitka aacror NV—genTpa i pesonaropa dx 10

§

4
o

05

OreTpoilka 4acTOT JIa3epa 11 peloHaTopa Ay X107

1.0
-1.0 -0.5 0.0 0.5 1.0

Orerpoiia wacror NV—uentpa n pesogatopa dx 10~

Puc. 2. 3aBucumMocTh BeposITHOCTH BO30YKACHUS MP P (AL ,0)
OT YacTOTHI Jia3epa 1 4acToThl OechoHoHHOro nepexoaa NV-iieHtpa
s g =107 npu (a) d = 1092 um u (6) d = 1377 um

BugaHo, 4To cymiecTByeT JBa peXuMa OTKIIMKAa CHCTEMBI Ha Jla3epHOe
BO30YK/ICHUE: PEXKUM JIFOMUHECLICHIINK U PEXUM TOTJomeHus. B mep-
BOM pEeXHME, KOTOPBIA peanusyercs mpu OonbioM Kod(hHULMEHTE g
(puc. 2), Bo3HUKaeT JoMuHecueHIHss NV-IeHTpa W Ha 3aBUCHMOCTH
P...(A;,0) HaOirOmaeTcsi XapakTepHOE aHTHUIepeceueHue. Bo BTopom
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ciiydae Ha cBeTsioM (oHe MOJsl MP BuHA TONBKO y3Kas TeMHasl JIMHUS
MTOTJIONICHHUS JIazepHoro m3mydeHuss NV-mieatpom (puc. 3). Ilpu 3a30pe
d = 1092 HM, COOTBETCTBYIOILIEMY OJHOMY W3 MUHUMYMOB TOOPOTHOCTH
MP (puc. 2a, 3a), cBeTast TOpU30HTAIbHAS JTUHUS OT MOJIBI MUKPOJINCKA
1Mpe, a pasMep obaacTu antunepecedenns (s g = 107) MeHbie, yeMm
npu d = 1377 HM, COOTBETCTBYIOIIEMY OJHOMY M3 MaKCUMYMOB J100OPOT-
HocTH (puc. 26, 30).

Orerpoiikn EcroT Jasepa i pesomatopa Ay x 10 *

1.0 -0.5 0.0 0.5 1.0

Orerpoiika wacToT NV —menTpa 1 pesonatopa ox 10~

4
CHeeT pofika Scron asepa i pesodatopa 4 x10

1.0 0.5 0.0 0.5 1.0

Orerpoiika meToT NV =uentpn i pesomaropa dx 107

Puc. 3. 3aBucumoctb BeposTHOCTH BO30YkaeHHS MP Py (AL,0)
OT YaCTOTHI Jia3epa U 4acToThl OechoHOHHOrO nepexoaa NV-iieHtpa
nns g =107 mpu (a) d = 1092 um u (6) d = 1377 um
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I'MI'AHTCKAS MUKPOBOJIHOBASI 1 TEPAI'EPIIOBASA
OOTOIMPOBOJAUMOCTDb KBAHTOBOI'O TOYEYHOI'O
KOHTAKTA B TYHHEJIbBHOM PEKUME:
MOJEJIUPOBAHUE U DKCIIEPUMEHT

B.A. Tkauenko'*? O.A. Tkauenxo', JI.I. Bakmees™, 3.71. Kpon'”?
A.C. HpomeBnql, E.E. POI[HKI/IHal’Z, A.B. Jlatbimes'?

! Unemumym gusuxu nonynposoonuroe um. A.B.Pacarnoea CO PAH,
Hosocubupck
? Hosocubupckuii zocyoapcmeennsiii ynusepcumem, Hosocubupck
? Hosocubupckuii 2ocydapemeentuiii mexnuieckuti yHugepcumen
 SInoexc, Hosocubupck

I'uranrckoe yBeNMYEHHE JJIEKTPOHHOM IPO3PAYHOCTH IUIABHOIO
TYHHEIBHOTO Oapbepa moj nedcTBHeM BbIcokodacToTHOro (BY) moms
OBUIO NTAaBHO TPEJCKa3aHO B paMKaX TEOPHUU KOTEPEHTHOrO (OTOHHO-
ctumyarpoBanHoro npoxoxaenus (PCII) [1-3], Ho skcepuMEHTaTBFHO
00Hapy>keHO coBceM HemaBHO [4—6]. KopoTkue KBaHTOBBIE TOYCUHEIE
koHTakThl (KTK) Obuir chopMUpOBaHbl 37IEKTPOCTATUUECKH B BBICOKO-
MOJIBUKHOM JIByMEPHOM 3JIeKTpoHHOM rase ([13I) aByms cnocobamu: ¢
MIOMOLLBIO HEMPEPHIBHOTO U PACIICINIEHHOT0 METAJUIMYECKOrO 3aTBOPOB
(puc. 1). Ilpu oOGiyueHnH CTpyKTyp BojHamu Ha uactote f = 0.15,
0.17 Tl'u u 0.69 TI'u HaGmromancs ruranTckuii porokonaakranc KTK
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B TYHHEJIBHOM PEXHMe: T.€. pocT Gy, Ha Ba MOPAIKA 110 CPABHEHHIO C
Gaax ~107 Gy, Gy=2¢*/h [4,6] (puc.2).

|

200 nm

Puc. 1. (a) — Muxkpodororpadus XOIIOBCKOTO MOCTHKa H IBYX THIIOB
3aTBOPOB: PacIICIUIEHHOTO U HetpepbiBHOTO. [ndpamu ormMedensr: 1 — obmacTs,
moji KoTopoit Haxomutcs JIOI', 2 — obmacth TpaBieHus, 3 — Au KOHTaKThI
K 3aTBOpYy, 4 — 3aTBOpBI, KOTOPbIE Ha BCTAaBKE II0Ka3aHbl B YBEIUYECHHOM
macmirabe. (b) — Cxema u3mepenuid potokonaakranca G=J/V.

Ha yauenenue, KTK moka3zan nmpakTuyecku HyJEBOH OTKIHMK Ha 00-
nmydeHune ¢ Hambombmeit yactotoit f=1.63 Tl [6] (puc.2b). BrrsicaeHo,
9T0 (POTOOTKIMK BBI3BaH KOMIIOHEHTON BHemrHero BY amekrpuyeckoro
nosist Booib Toka B KTK. D10 mo3BosnsieT cBecTH 3a1ady 0 NPOXOKIACHUN
anektpoHa yepe3 KTK k omHomepHoii [6]. IloBeaeHne nmpu Bcex 4acTo-
Tax ObUIO KOJMYECTBEHHO BOCIPOM3BENEHO PEIICHHEM HECTalMOHAPHO-
ro ypasuenus IlIpenuurepa mist 6apbepa (UytAcos(wf))/ch’(x/W) u pac-
YEeTOM CpEIHEr0 IO BpeMeHH KOI(PHUIIMEHTa TMPOXOoxaeHus D.
[Ipeamonaranxoch, 4TO KOHAAKTAHC CBsi3aH ¢ D uepe3 Gopmyiny Jlannay-
apa G=D(Er)xGy (puc. 2) [5, 6]. Ha uaTepBane nusmMepeHnii TEMHOBOTO
koHTakTaHca 0.002Go<G4,<0.1 Gy 3aTBOpHBIE XapaKTEPUCTUKU HE MMe-
1 ocobeHHocTel. OnHako, 0cOOEHHOCTH OBLIM OOHAPY>KEHBI PacyeToOM
B pamkax teopun OCII [7], korna rpanuna D Obina moHmkeHa Ha 1-3
mopsiika Mo cpaBHEHUIO € Gy, W HCIONBb30BaHBl /iw W3 HWHTEpBaia
2-7 3B (0.5TTu< f<1.7 TI'n) npu coxpaHEeHHH paHee HaWJCHHBIX B
[5, 6] 3Hauenuit mapametrpoB O6apeepa W, U, A (puc. 3a). Ot ocobeH-
HOCTH SIBIITIOTCA (POTOHHBIMH PETUIMKAMH CTYTIeHU KO3 HUIIHEeHTa Ipo-
xoxaeauss D(E) npu A=0. M3-3a KOHEUHOW IIUPUHBI JTAaHHOW CTYNEHU
(hOTOHHBIE PEIUIMKH TMOJHOCThI0 pa3MmbiBatoTcd, ecnu f<0.25 TI'n. Ilo-
JIOKeHHe peruk naetrcs popmynoit |[E-Uy|= nhiw (n=1,2,3) 1 He 3aBUCUT
OT KOHKpETHBIX 3HaueHui 4. [losgBneHne GOTOHHBIX PEIIMK OOBICHEHO

157



KBa3UKJIACCUUYECKUM TOPMOKEHUEM 3JIEKTPOHA C MCXOJHON sHeprueit £
MIPH €r0 ONTUYECKOM TIepeXoie B KaHaN C dHeprueH, OJIM3K0i K BepIInHe
Oaprepa Uy Perumnku npyroro tuna mpezckasaHsl B [§8] mpu aeiicTBun
Ha TOT ke Oapbep BU momeit ¢ wacrotoii 20 I'T'm u Hke. VX momoxenune
|E-Up|~A 3aBucHT TONBKO OT amIuuTyasl 4 (puc.3b), Ho He oT f. [lpu
HEOONBIINX f MEKTPOH OBICTPO MPOXOAMT Yepe3 Oaphep, Kak yepes3 cTa-
truecknit. OgHako BeIcOTa Oapbepa UytAcos(wf) MemyieHHee BCero Me-
HSIETCS NIPU W!=HT, U 3TO AaeT ocobeHHocTu ¢ |[E-Uyl=4 ans cpeanero
o Bpemern D(E). Habmonenns rurantckoi poromporoaumocty KTK B
TyHHensHOM pexxume B CBY mone ¢ wacroroit f = 2.44 T cnemaHsr
YK€ B 3TOM TOLy.

1 -

o ; 1 :
= ] £=0.69 THz, if=2 §3 meV

PR an e
f069THE A=55meV , gl
=50 mW/em™ r‘"""’dl Z
= 01 -7, 5" k|
) ——— =30 meV
©) ] 5 © U=30meV 97!.4:'{
= T o F=100nm e
o m, = 5
et - o
L&

0,1}

. 3

f W=85 nm

J=1.63 THz, kf=6.85 meV

A=2meV

L

; ) ) 1E-3 :
163 0,01 0,1 1 28 = 30
GG, Eg (meV)

Puc. 2. DOxcnepumeHT (TOUkH) M MojenupoBaHue (oTokoHAakTaHCa G
(JTMHMM) A0S yKa3aHHBIX 4yacToT: 1,2 — oOpaslbl ¢ HENpepbIBHBIM 3aTBOPOM,
3 — ¢ pacuieruieHHbIM. (2) — 3aBUCHMMOCTh OT TEMHOBOTO KOHJAaKTaHCa, pacuyer
s ykasauHeiX W, Uy=30 maB, 4 =55 maB. (b) — 3aBucumocts Gy
OT BBIYHCIICHHOTO Ef M pacyer Uil YKa3aHHbBIX TapaMeTpoB

=3
T

01 F
hf, meV

dD /dE (meV™")

dD/dE (meV™)
[=]
2

0,01 }

o
da

1E-4

E(meV) E (meV)

Puc. 3. Boruucnennsie anst Uy =30 m3B, W=100 aM n yxasaHHbIX A4, Af
3aBUCHMOCTH TpousBogHoil D'(E). (a) — Pacuer mo Tteopun OCIIL
(b) — Pacuer B HU3KOYaCTOTHOM IIpeiene
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Teopernueckas yacTh pabOTHI BBHIMIOJHEHA B paMKax Tpanta 19-72-
30023 Poccwuiickoro HaydHOTO (hOHIA, a IKCIIEPUMEHTAIbHAS — B paMKax
rpanta 17-02-00384 Poccuiickoro ¢onga ¢pyHIaMeHTaIbHBIX HCCIENO-
BaHUMH.

Jluteparypa

1. O.A. Tkachenko, V.A. Tkachenko, D.G. Baksheyev, H. Nejoh, Localization of
tunneling electron in a potential barrier with alternating height// in «Quantum coher-
ence and decoherence» edited by K. Fujikawa, Y.A. Ono., New York: Else-
vier/North Holland, 1996, P. 207-210.

2. K. Yakubo, S. Feng, Q. Hu, Simulation studies of photon-assisted quantum
transport, Phys. Rev. B. 54. 7987 (1996).

3. J-Y. Ge, J. Z. H. Zhang, Quantum mechanical tunneling through a time-
dependent barrier, J. Chem. Phys. 105. 8628 (1996).

4.A4.D. Levin, G.M. Gusev, Z.D. Kvon, A.K. Bakarov, N.A. Savostianova,
S.A. Mikhailov, E.E. Rodyakina, A.V. Latyshev, Giant microwave photo-conductance
of a tunnel point contact with a bridged gate, Appl. Phys. Lett. 107. 072112 (2015).

5. O.A. Trkauenxo, B.A. Tkauenxo, 3./]. Keon, DOTOHHO-CTUMYITNPOBAHHOE TIPO-
XOKJICHUE DJIEKTPOHA Yepe3 TYHHENbHBIH TOUSUHBIA KOHTAaKT B MHKPOBOJIHOBOM
none, [Tucema B dKOTD, 102. 417 (2015).

6. M. Otteneder, Z.D. Kvon, O.A. Tkachenko, V.A. Tkachenko, A.S. Jaroshevich,
E.E. Rodyakina, A.V. Latyshev, S.D. Ganichev, Giant Terahertz Photoconductance
of Quantum Point Contacts in the Tunneling Regime, Phys. Rev. Applied. 10.
014015 (2018).

7. O.A. Trauenko, B.A. Trauenxo, [1.I". baxwees, 3./]. Keon, CTynenu teparep-
LIOBOT'O TMTAaHTCKOr0 (pOTOKOHAAKTAHCA TYHHEJIBHOI'O TOYEYHOTr0 KOHTAKTa, [InceMa
B XKOT®. 108. 422 (2018).

8. O.A. Trauenxo, B.A. Trauenxo, /[.I'. baxwees, [IpoxoxnaeHne >MeKTpoHa de-
pe3 TyHHENBHBIN TUIAaBHBII 0apbep B BHICOKOYACTOTHOM mosie, CuOMpcKuit pusnye-
ckuii xxypHan. 13, 74 (2018).

OCIIMJIIISAIIUUA AAPOHOBA-BOMA
U PACHPEJAEJIEHUSA PABHOBECHBIX U HEPABHOBECHBIX
TOKOB B OTKPBITBIX KBAHTOBBIX TOYKAX
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Habmronenne ocmmmisanuii Aaponosa—boma (OADB) sBisietcs cpen-
cTBoM wm3MepeHust dddexTuBHON TUIOmMAAM S TOIYNPOBOJIHUKOBBIX
KOJIBLIEBBIX MHTEPPEPOMETPOB U CYOMHKPOHHBIX KBaHTOBBIX TOYEK B
NEPIEeHANKYIIPHOM MarHuTHOM mojie B. OObYHO S HaxoguUTCs 1O
npocToil GopmMylie, KOTOPYIO NpEACKa3blBalOT OAHOMEPHBIE MOZCIH
KOJIbIIa M KPAeBbIX TOKOBBIX COCTOsIHWI: S=®¢/4B, rne AB — nepuon
OAB, a @) — KBaHT MariuTHOro noroka. OJHaKO IMOBEACHUE MAarHUTO-
MOJIEBBIX OCHWJUIALMNA KOHJAKTaHCa PeabHbIX HAHOCHCTEM B JIByMEp-
HOM 3JICKTPOHHOM Tra3e OKasbIBaeTcs Oosiee cIoKHBIM. MBI MPOSCHsIEM
€ro C IMOMOIIBIO PACUETOB PACIPE/ICICHNS PaBHOBECHBIX (II€PCUCTEHT-
HBIX) TOKOB M MarHuTHOro MoMmeHTa M. BuxpeBble NnepcUCTEHTHBIE
TOKM CO3JAal0T MAarHUTHBIA MOMEHT. [loJIHBII paBHOBECHBIA TOK ISt
3alaHHbIX 3HaueHud sHeprun Pepmu Er u B omnpenenseTcss CyMMOH
BKIanoB dJ(x,y)/dE no cocrossHuaM ¢ 3HeprusiMu E<Ey. IlonHblii mar-
HUTHBI MOMEHT BBIYHCIIICTCS KaK BEKTOPHOE IPOM3BEACHHUE DPAIyC
BekTopa r=(x,y) Ha TOK: M=0.5rxJ(x,y). OOBIYHO PaBHOBECHBIH TOK
TEOPETHYECKU U YUCIIEHHO M3Y4aloT B aKCHAJbHO-CUMMETPHUYHBIX 3a-
KPBITBIX CHCTEMAaxX C AMCKPETHBIM CIEKTpoM FE; [1] HO MBI paccmaTpu-
BAaEM OTKPBITbIE CYOMHKpPOHHBIE CHCTEMBI C HEINPEPBIBHBIM CIIEKTPOM,
KOTOpBIE COEIMHEHBl C MOJABOISAIIMMU IIMPOKUMH KaHajJaMH 4epe3
IpOHHUIIAEMbIe IUIABHBIE IOTEHIMaJIbHBIE Oapbepbl. s pacuera
dJ(x,y)/dE n nepaBHOBecHOTO TOKa I(X,y) MCHOJB30BaH aJrOPUTM M3
pabotsl [2]. ITo CTPYKTYpHBIM HaHHBIM IS OOJBIIOTO W MAaJloTO WH-
TepdepomeTpos [3, 4], a Takke KBAHTOBOH TOUKH [5, 6] MBI BEIYHCIISIITA
CHayaja TPEXMEPHbIM 3JEKTPOCTATUYECKHM IMOTEHLHUAN, a 3aTeM II0
3¢ (deKTUBHOMY [ByMEpHOMY IMOTEHLHMANLy M BEIMYUMHE B ompenens-
JIUCh TIOJIHBIM HEPABHOBECHBIN TOK / Uepe3 YCTPOUCTBO MPHU 3aJaHHBIX
Er n taaymem HanpsokeHun V (konmaktanc G=I/V), a Takxke pacmupe-
nenenuns I(x,y), dJ(x,y)/dE n dM/dE.

B kadecTBe nmpuMepa HOJIyUCHHbIE PE3yJIbTAaThl B CIyuyae KBaHTOBOH
TOYKH TTOKa3aHbl Ha puc. 1, 2. U3 rpadukoB G(B) u AGypeemn(B) BUIEH
nepuog OAb 17-19 mTa (puc. 1a), KOTOpBIH OIM30K K U3MEPEHHOMY
AB =15 mTn [5]. Ilukam Ha 3aBucuMmocTH G(B) OTBEUAOT Y3KHE
MOJIOKUTENbHBIE, MO0 OTpUlaTeNbHbIe ocobeHHocTH dM/dE. O06-
JIACTH TOJBOJISIIMX KaHAJIOB MPH BbUUCIeHUU dM/dE n M uraopupo-
BaJINCh.
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Puc. 1. Xapakrepuctuku KBaHTOBOM ToukH npu Er=0.1 M3B.
(a) — BeruucneHHple 3aBUCUMOCTH OT B KOHIAKTaHCA U TPONU3BOIHON
MarHUTHOTO MOMeHTa dM/dE. HixHss KpuBast — pe3yibTaT IIOJIOCOBOM
¢unprpanuu G(B) ans mmutanuy m3MepeHui. (b,c) — IloiHbI paBHOBECHBIH
TOK J B TOUKE U [TOABOJALIMX KaHAIAX IIPU YKa3aHHBIX B

dM/dE (arb. units)
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OCHOBHOW paBHOBECHBIH TOK J B KBaHTOBOHW Touke M muka G(B)
npu B=0.053 Tn Ha nopsaaok BeilIe, yeM JUId nuka npu 5=0.3345 Tu, n
UJIET, COOTBETCTBEHHO, 110 M MPOTHB 4acoBOl crpenku (puc. lc,b). Pac-
YeThl TPOBOIMIIUCH Ha HHTEpBalie OoT £=-3 M3B j0 Ex=0.1 M3B, HO ompe-
JETSIOIMI BKIaA B TOJHBIA MarHUTHBI MOMEHT BHOCSAT COCTOSIHUS
BOJIM3M ypoBHs Pepmu, KOTOphie OTBeUaloT nukaM B G(E) Ha puc. 2.
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Puc. 2. 3aBucumoctu ko3 durmenra npoxoxaeHus aexrpona G(E),
MarHutHoro MmomeHTa M(E) u 10*xdM(E)/dE nns cnydaeB B=0.3345 Tx (a)
u B=0.053 Tn (b)
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