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PEDEPAT

Otuer 80 c., 32 puc., 1 Tab., 52 UCTOYHHKA.

HAHOCTPYKTYVYPBI, CAMOOPT'AHU3ALNA, YIHOPAJOYEHHBIE MACCHBHI,
CTPYKTYPbI ITOHMXEHHOM PASMEPHOCTHU, CBEPXBBICOKUII BAKYYM, AJICOPBATHI,
[NOBEPXHOCTbD, INOBEPXHOCTHBIE ®A3bl, ®A30BLIE IIEPEXO/bI, CKAHUPYIOUIAA
TYHHEJIbHA A MUKPOCKOIIMA

[ens pa®oTHI - MOTyUYEHUE HOBBIX HAYYHBIX PE3YJILTATOB MO HampasieHUIO «HaHOTEXHONIOTHH U
HaHoMaTepuaiab» B paMkax Mepomnpusatus 1.2.2. [Iporpammbel «HayuHble W Hay4HO-IE€IAroru4ecKue
Kaapbl H”HHOBaIMoHHOU Poccun» Ha 2009-2013 roast.

[Tpoueccel popMUpOBaHUS CTPYKTYP U M3YUYEHHE MX CBONCTB MPOBOJMIUCH B KOHTPOIHPYEMBIX
YCIIOBUSX CBEPXBBICOKOTO BaKyyMma, IPH 3TOM JIaBJICHUE OCTATOYHOW aTMOC(ephl B BAKYyMHOH Kamepe
cocraBsuIo He Goiee 2x107 Top. s mpuUroToBIEHUSI UCCIEAYEMBIX HAHOCTPYKTYP HMCIOJIb30BAIUCH
XUMHYECKH-YICTHIE BEIECTBA BBHICOKOW CTETeHU OYUCTKU (He MeHee 99,9%). Jlns cozmaHus CTPYKTYp
WCIOJIb30BANINCH crienu(uIecKkue OCOOCHHOCTH MOBEPXHOCTHBIX TMPOIECCOB, TAKUX KaK aJcopOIus,
MIOBEPXHOCTHbIE ~ XMMHYECKHE  DPEAaKIHUH, JOKaJbHAsi JAecopOLus, OCaXJIEHUE METaliIoB WU
MIOJIyIIPOBOJTHUKOB, BKJIIOYAsl SIBJIEHUE CaMOOPraHU3allMM, a TaKKe IPOLECChl B 30HE BO3JACHCTBHUSA
JOKaJIbHBIMH 30HAaMU. Pa3paboTanHbie METO/IbI 00ECIEUHITH TOBTOPSIEMOE MOJIyYeHHE HAHOCTPYKTYP CO
CJIeyIOIIEe HOMEHKIIaTypOU apaMeTpoB:

- INIOTHOCTh aTOMHBIX JedekToB He O6onee ogHoro Ha 1000 M JUTSE MOHOCIIOEB ajicopbata
Pa3IMYHOM MJIOTHOCTH HA MOBEPXHOCTU METAJIJIOB U MOJYPOBOIHUKOB;

- IUcHepcus pa3MepoB aTOMHBIX KJIACTEPOB B YHOPSAOYEHHBIX MaccuBax He Oomee 20 %
OT CPEJHEro pa3Mepa KiacTepa;

- JUIMHA OJJHOMEPHBIX aTOMHBIX IEMOYEK Ha MOBEPXHOCTU METAIOB U MOJIYNPOBOAHUKOB
He meHee 100 HM.

Mertoapl MCCIENOBaHUS MOBEPXHOCTH U (HOPMHPYIOIIMXCS HAHOCTPYKTYp BKJIIOYAIOT B ceOs
CKaHUPYIOIIYI0 TyHHENbHYI0 Mukpockomnuio (CTM), mpenHazHaueHHYIO [UIs aHaiu3a MOpQOIOoruy,
CTPYKTYPHOI'O YCTPOMCTBA MOIYIPOBOIHUKOBBIX MMOBEPXHOCTEH; MU(PPaKIIIIO MEIUICHHBIX 3JeKTPoHOB (JIMD)
JUISL UCCIIEA0BAHUS KPUCTAIIMYECKUX CTPYKTYP M UX 3BOJIIOLMY B Mpoliecce (OpMUPOBAHUSI HAHOCTPYKTYp Ha
MOBEPXHOCTH; YETBIPEX30HJIOBBIA METOJl W3MEPEHHSI IPOBOIMMOCTH, IPEIHA3HAYEHHBIM IS W3y4EHUs
ANEKTPUYECKUX CBOMCTB MOITYYEHHBIX HAHOCTPYKTYP U IPYTHE.

B pesynbrare BeinmonHeHus npoekra B pamkax HUP Obutn npoBeneHs! cieayonue Heciae10BaHus

HU3KOPAa3MEPHBIX HAHOCTPYKTYP Ha MOBEPXHOCTH MOJIYyIIPOBOJHUKOB:



1. TloaroToBneHsl AHHOTUPOBAHHBIE CIIPaBKU 10 Hay4uyHbIM pe3yibTaraM HUP, nonydyennsim Ha [
n Il sranax.

2. IloAroToBiIEeH aHATUTUYECKUHA OTYET O IPOBEJECHUH IKCIIEPUMEHTAJIBHBIX UCCIIEJOBAHHM.

3. Hcrnonb3ys CKaHUpPYIOUIYIO TYHHEIbHYIO MMKPOCKOIHMIO, IIOJYyYEHBl JaHHBIE O pOCTE
OCTPOBKOBBIX TUICHOK 30JI0Ta Ha MOBEPXHOCTH IJIEHOK MnSi, copMupoBaHHBIX Ha moutoxkax Si(111).
VYCTaHOBIIEHO, YTO B 3aBUCHUMOCTH OT CTPYKTYpbl IOBEPXHOCTH IJIEHKM MnSi Ko3huIueHT
MOBEPXHOCTHOM AU(PPy31n alaTOMOB 30J10Ta MOXKET U3MEHATHCS HA HECKOJIBKO MOPSAAKOB BETMYUHBI.

4. UccnenoBan poct cyOMoHOcnoWHOW 1uieHku ¢yiepeHoB C60 Ha moepxHoctn Si(111)
MonubunupoBanHoii atomamu Co, WMEIONIMMH HEHYJIEBOH MarHUTHBIA MOMeHT. OmnpeneneHbl
NOJIOkKEHU (QYJUIEPEHOB OTHOCHTEIBHO KJIACTEPOB KOOajabTa. YCTAaHOBJIEHO BIHMSHHE JIOMEHOB
KJIacTepOB KoOanbTa U 1e(EKTOB MEXy HUMH Ha (OPMHUPOBaHUE MJICHKH (yJIsIepeHOB.

5. HccnenoBanbl — 3MEKTPOHHBIE  CTPYKTYpPBl — MOJEKYJSIPHBIX — CJlO€B  (yiiepura Ha
MTOBEPXHOCTHBIX PEKOHCTPYKIUSAX  KpeMHHs, MomubunupoBanHeix In  u  Au. [lokazaHbl
(GopMHpOBaHHUS  MyapHbIX CYNEPCTPYKTYp, OCHOBAaHHBIX Ha TONOrpaUYECKUX U 3JIEKTPOHHBIX
0COOEHHOCTSIX CHCTEM.

6. IlpuBeneHsl cBepeHus o pesynprarax peanuzauuud B 2011 r. MHAMKATOPOB (eaepanbHON
ueneBoi nporpammsl «HayuHble U HaydyHO-TIEJarornyeckre KaJapbl HHHOBAMOHHON Poccun» Ha 2009-
2013 roxapl.

7. IlomroroBneHa mpe3eHTalUs pe3yiapTaroB 1o J3Ttany «MccnemoBanusa  mporeccoB
(dbopMHpOBaHUs, CTPYKTYp U CBOWCTB HaHOMarepuajioB (B TOM YHCJIE€ MAarHuUTHBIX) Ha
MOJIU(UIIMPOBAHHBIX MOJYTPOBOJHUKOBBIX MOBEPXHOCTIX» B (popmate Microsoft PowerPoint.

Pazpaborannbie B pesynbrare nposenenus HP MeToapl mpuroToBieHns UCXOAHON MOBEPXHOCTH
¢ Tpebyemoii Mmopdosoruelr 1 PeKOHCTPYKITMEH, a TaK)Ke YIpaBICHUs €€ XUMUYECKOH aKTUBHOCTBHIO U
JIEKTPOHHBIMU  CBOMCTBAaMH MYTEM KOHTPOJIMPYEMOro (OPMHPOBAHUS HHU3ZKOPA3MEPHBIX CHCTEM
3aJJaHHOTO COCTaBa M aTOMHOM CTPYKTYpbl OyIyT MMETh Ba)XKHOE MPaKTHUECKOE 3HaueHHE. Pe3ynbTaThbl
paboThl MOXHO CUUTATh HAYYHO-TEXHHYECKUM 3aJ€JI0M IO TEXHOJOTuu (HOPMUPOBAHUS CTPYKTYpP
aTOMHOro MacmTaba ¢ MCIOJIb30BAaHHMEM CaMOOpPTraHU3alMM aTOMOB aacop0aToB Ha IOBEPXHOCTH
MIOJIyTIPOBO/IHUKOBBIX KPHUCTAJUIOB B YCIOBHSAX CBEPXBBICOKOTO BakyyMma. Takue CUCTEMBI MOTYT OBITh
HCIIOJIb30BaHbI KaK 3JIEMEHTHI IaMSATH, AKTUBHBIE DJIEMEHTBI MHTEIPaJIbHBIX CXEM M MEKCOEIUHEHUN IS
TBEPAOTEJIbHON HAHOANIEKTPOHUKU. HayuHble pe3ynbTaThl, IKCHEPUMEHTAIbHBIE METOJbl, METOJIUKH
UCCIIEZIOBAaHUM MOTYyT HalTH MNpUMEHEHUEe npu pa3paboTke ydeOHBIX NOCOOMH, METOANYECKHX
MaTepHalioB, KOTOpPbIE MOTYT OBITh MCIIOJIb30BaHbl B y4E€OHOM IpOLIECCE B PaMKax CIELUAIBbHOCTH

«Hanomarepuabn.
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HOPMATHUBHBIE CCBIJIKHA

B nacrosimem otuere 0 HUP ucnons30BaHbl CCHUIKK HA CIIEIYIOIIME CTAHAAPTHI:
I'OCT 7.1-2003 — Cnucok UCIob30BaHHOM JINTEPATyPbl

I'OCT 7.32 - 2001 — opopmrnenne oruéra o HUP



OIIPEJAEJIEHUSA

B nacrosmem otuere 0 HYP npuMeHArOT ciieyromume TEpPMUHBI C COOTBETCTBYIOIMMHU ONIPEICICHUSAMM:



OBO3HAYEHUA U COKPALLIEHU A

B nactosmem otuere o HUP npumenstoT ciemytonme 0003HaY€HUS U COKPAIIICHUS
J1C — nOMEHHBIE CTEHKH

KT — xkomHaTHas Temneparypa

CTM — ckaHupytoliast TyHHeIbHas MUKPOCKOTIHNS
MJID — mMomneKyIsIpHO-TTydeBasi MU TAKCUS

MC — MoHOCOI

[19M — npocBeunBaroas JMEeKTPOHHAsT MUKPOCKOIIHS
JAMD — mudpakuus MeIJICHHBIX 3JeKTPOHOB

CBB — cBepXBBICOKOBaKYYMHBII

90C — 351eKTpOHHAs 05KE-CHEKTPOCKOUS

OIC —POoTOINEKTPOHHAS CTIEKTPOCKOTIHS

ACM — atomHas cuJI0Basi MUKPOCKOIIUS

JIIIDC - nokanbHas IIOTHOCTH 3JIEKTPOHHBIX COCTOSIHUM



BBEJIEHUE

Matepuaisl Ha OCHOBE 3JIEMEHTOB, OOJIaJalOIUX MArHUTHBIMU CBOWCTBAMH, B HACTOSIIEE BPEMs
MIPUBJICKAIOT BCEe OOJIbIIIE BHUMAHUS BBUJLy UX MOTEHIIMATBLHON 3HAYUUMOCTH MIPHU CO3TAHHUH AJIEMEHTHOM
0a3bl CIIUH-TIONIIPU30BAHHBIX YCTPOWCTB, OCHOBAHHBIX HA JIETEKTUPOBAHUH CITHH-TIOJIIPU30BAHHOTO TOKA
B TBEPAOTENBHBIX cucTemax. Cpenu MpoYrMX MHOTOOOCHIAIONIMX TPYII MaTepUajoB, CYIIECTBEHHOE
BHHUMaHUE ceiuac HampaBjieHO Ha pa30aBlIEHHbIE MAarHUTHBIE MOJYHIPOBOJHUKH U3-3a UX YHHKAJIbHBIX
CBOMCTB (Hampumep, H3-3a BO3MOXKHOCTH YIPABIATh WX MArHUTHBIMH CBOMCTBAMHU C TIOMOIIBIO
anekTpudeckoro mois). [loxg pa3daBieHHBIM MarHUTHBIM MOTYIPOBOJIHUKOM OOBIYHO TMOJIPa3yMeBaCTCsI
HEKOTOPBIA MaTepuall ¢ KOHTPOIUPOBAHHBIM BHEAPEHUEM MaJoro KOJIMYeCTBa aTOMOB MepexoiHbix 3d
METaJJIOB B TOJIYITPOBOJHUKOBYIO MaTpuily. [loMuMo (eppoMarHUTHBIX MaTepuanoB (KOOAJIBT U JIp.)
HaubOoJee MOAXOIAIINM KaHIUIaTOM B KaueCTBE MAarHUTHOW MpUMeECH sBisieTcs nepexonHoi 3d meranmn
mapraner; (Mn). WHrerpamusi CBOHCTB JaHHOTO MaTepuaiia C XOPOIIO PA3BUTHIMU KPEMHUEBBIMH
TEXHOJOTHSIMU ~ JIaeT  TEPCHeKTHBBI  (OpPMHpPOBAHUS  HU3KOPA3MEPHBIX  (epPOMArHUTHBIX
MOJTyIPOBOIHUKOBBIX CTPYKTYpP Ha OCHOBE KPEMHHMSI U MapraHIa.

Pacmpenue 6a3bl AJNEKTPOHHBIX TMPHUOOPOB, CO3AAHHBIX C HCHOJIH30BAHHEM HAHOMATEPUAIOB U
CTPYKTYp TIOHUKEHHOW pa3MEpPHOCTH, TPEOYET CUCTEMATHUECKOTO HCCIIEIOBaHMUS SJIEKTPOHHBIX CBOWCTB
TaKUX MaTepUAIOB M CTPYKTyp. Ha paHHHMX 3Tamax JaHHOTO TPOEKTa OBLIM TOJIYYEHBI Pa3IMYHBIC
CTPYKTYpbl Ha TMOJIOKKAX KpPEMHHS, HMEIOUINEe HEeOOBbIYHbIE JUIsi KOHKPETHBIX CHUCTEM AaTOMHBIE
yCTpoiicTBa, MOpQoiaoruueckiue ocobeHHOCTH u T.M. OCHOBOW MeTOo/a, MCIOJIB30BAHHOTO B PaMKax
MPOEKTa, SBIICTCS WCIIOJNB30BAHHE CYOMOHOCIOWHBIX IMOBEPXHOCTHBIX PEKOHCTPYKIUH B KadecTBE
MOJH(DHUKATOPOB TMMOBEPXHOCTH OOpas3loB JJII HW3MCHCHUS CBOWCTBA MOJIOKEK (TaKMX Kak
MEePUOJNYHOCTb, PACIHOJOKEHUE aJACOPOLMOHHBIX MO3ULMKA W Jp.) M, KaKk CJEeACTBHUE, MPOLECCOB
caMocOOpKH HaHOOOBEKTOB Ha MOBEpPXHOCTU. [Ipyu momomiy Takoro moaxoa MOoTydYeHbl MOJEKYISIpHbIE
CTPYKTYypbl Ha ocHOBe opranmdeckoro BemectBa C;sHgN,O,. Ha Ttekymem srtame mnpoekTa ObuH
MPOBEJICHBI HCCIICAOBAHUS DJICKTPOHHBIX CBOWCTB MOJEKYJSPHBIX CTPYKTYpP, CHOPMHPOBAHHBIX C
WCIIONb30BAaHUEM J3TOTO MeToja. B kadecTBe oOBEKTa wHcclenoBaHui BbIOpaHa wmoJiekyna Cep —
¢bynnepeH, obnagaionias Ha0OPOM HWHTEPECHBIX OJIEKTPOHHBIX CBOMCTB, KOTOpBIE JAENAlOT €€
MEePCTIEKTUBHBIM MAaTEPUAIIOM JUIsl HAHOAJICKTPOHUKU. B psiie 3KCImepuMEHTABHBIX padoT ObLIOo
OTMEYEHO, YTO OCaXJACHHBbIC (QyJUIEpeHbl B COCTAaBE ILJIOTHOYMAKOBAHHOTO MOJICKYJISIPHOTO CJIOS
paznuuatorcst mo CTM koHTpacty, T.e. 9acTh Mojekya nposisisercs Ha CTM u300paxeHusx spue, 4em
ocTajJbHble MOJIEKYNbl. JlaHHOE SIBI€HHE MOXKET MPOSIBIATHCA BCJIEACTBUE PA3WYUil B 3JIEKTPOHHBIX
CTPYKTypax MOJEKyJl. B 4YacTHOCTH, BO3HHUKHOBEHHE «TYCKJIBIX» (yIIepeHOB CBA3BIBAIOT C
(dhopMupOBaHHE «SIMOK» Ha MOBEPXHOCTH MeTamioB (Au, Pt, Ag, Cu) moa MOJIEKYJIOH, 9TO MPUBOAUT K

MEPEHOCy 3apsijia OT TOJUIOKKH K MOJIEKyJie. Pa3niuHbIii KOHTPACT TaKkke MOXKET OBITh 00yCIIOBIIEH U



TororpadguyecKuMu NpuduHaMu. M3ydeHune naHHON MpoOIeMbl aKTyalbHO C TOYKW 3PEHHS CO3/IaHUs
MOJIEKYJIIPHBIX YCTPOHCTB Ha KPEMHUH, ()OPMUPOBAHNS HAHOKOHTAKTOB U T.II.

B pamkax maHHOTO mpoeKTa Ha JaHHOM ATale MOJTYyYeHbI JaHHBIE O POCTE OCTPOBKOBBIX IJICHOK
30JI0Ta Ha MOBEPXHOCTU IJIEHOK MnSi, chopmupoBanHbix Ha mojoxkax Si(111). MccaenoBan poct
cyoMonocorHoM tuienkn ¢ymuiepenoB C60 Ha moBepxHocTH Si(111) Momudunuposannoit atomamu Co,
MMCIONIMMH HEHYJIEBOM MarHUTHBIH MOMEHT. Taxke ObLIM HPOBECHBI MCCIECIOBAHHUS MOJCKYISIPHBIX
cioeB QymnepeHoB Cgp Ha HEKOTOPHIX MOBEPXHOCTHBIX PEKOHCTPYKLUAX U UCCIIEAOBaHbI 3JIEKTPOHHbIE
CTPYKTYpPBI aJCOpOMpPOBaHHBIX (YJUIEPEHOB METOJIOM CKaHUPYIOIIEH TYHHEIBHOH CIEKTPOCKOIHNU.
[Tokazano QopmupoBaHUE YMOPAJOUYCHHBIX CYNEPPENIETOK, BO3HUKAIOMINX KaK BCJIEIACTBHE PAa3HOCTH
BBICOT OC@KICHHBIX MOJIEKYJ, TaK M BCJIEACTBHE PA3HBIX OJJIEKTPOHHBIX CTPYKTYP MOJEKYI,
HaXOJIIUXCS HEMOCPEACTBEHHO Ha TpHMepe Au M MEXIy TpuMepamu. Pa3nmuums B 3IEKTPOHHBIX

CTPYKTYpax 0OyCIIOBJIEHBI IEPEHOCOM 3apsiia U3 MOJIOKKU B (yJUIEPEH.

Hcnosanurenas: Yupexnenue Poccuiickon akagemMun HaykK MHCTUTYT aBTOMAaTHKH M IIPOLIECCOB

ympasienus JIBO PAH (r. BraguBocTok).
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1. AHHOTHUPOBAHHAS CIIPABKA IIO HAYYHBIM PE3YJIIbTATAM HWUP,

HOJIYYEHHBIM HA 1 OTAIIE

B pesynbrare BBIIOIHEHHUs MpoekTa B pamkax [ srama mo mpobGiieme «MccnenoBanusi Ha4aabHBIX
cTaguii (OpMHUPOBAHUS HAHOCTPYKTYpP Ha MOTU(PHUIIMPOBAHHBIX TOIYIPOBOIHUKOBBIX TTOBEPXHOCTSIX)
OBLIH MPOBEICHBI CIEAYIOUINE UCCIIeT0BaAHUS:

1. IIpoBeeH aHanU3 HaAyYHO-TEXHUYECKON JTUTEPATypPhl, OTHOCSIIEHCS K pa3padaThiBaeMoll TeMe.
[MonroroBnen ananutuueckuit 0630p. ChopMyaHpoBaHb BO3MOKHBIE HANPABICHUS PELICHUS 3a7ad U
JlaHa WX CpaBHHUTENbHAs OIeHKa. [IpoBeneHbl BHIOOP W OOOCHOBAaHHE ONTHMAIILHOTO HAINpaBJICHUS
HCCIIEIOBAaHUM M CHOCOOOB pEeLIEHMs MOCTABJIECHHBIX 3ajad. Pa3zpa®oTaH I1aH MPOBENEHUS HAYYHBIX
HUCCIIEIOBAHUH.

2. IIpoBeneHbl IKCMEPUMEHTAIbHBIE HCCIEAOBAHUS MPOIECCOB afcopOunu Au Ha MOBEPXHOCTD
Si(111), wmomuduumpoBanuoit pexonctpykmue  Si(111)5,55%5,55-Cu.  bputo  mokaszaHo, 4TO
Monubukamus moBepxHocTH Si(111) myrem co3maHus Ha HEH TMOBEPXHOCTHOH PEKOHCTPYKLIUHU
Si(111)5,55%5,55-Cu u3MmeHsieT pekuM pocTa MmiIeHkH Au. B ornumume ot agcopOmum Au Ha 4YUCTYIO
noBepxHocTh Si(111), ans koTopoil XapakTepHO oOpa3oBaHHE CHIMLUIAHOTO CIOSl, B CHUCTEME
Au/5,55%5,55-Cu HabnrogaeTcst pOCT CILIONIHOM SMUTAKCUATHHON TUIGHKH AU C TJ1aJIKOH TOBEPXHOCTBIO.

VYiryamenHnass MOp(OJIOTHSI TIOBEPXHOCTH TUIGHKM AU M TIOJaBlieHHUE (OPMHPOBAHUS OOBEMHOTO
CHWIMITAA, B CpPaBHEHHIO C OObuHOW cuctemor Au/Si(111)7x7, HAXOOUT OTpaKEHHWE B YJIy4IICHUU
JIEKTPUUYECKUX CBOMCTB. Tak, yJesnpHas HOBEPXHOCTHAsI MPOBOAUMOCTh 0Opa3ioB Au/Si(111)5,55%5,55-
Cu ¢ nokpsitiem 13 MC cocrasnser npumepHo 0,01 Cm/ , yTo MpUOIU3UTENBHO B TPU pasa BBHIIIE, YEM
obpasioB Au/Si(1 11)7x7.

3. IIpoBeneHsl KCIIEpUMEHTaIbHBIC HccaeaoBanus aacoponuu Co Ha Ha nmoBepxHocTH Si(111) m
Si(100), wMomudunupoBanubix pekoHcTpykuuamu  Si(111)5,55%5,55-Cu u  Si(100)-c(4x12)-Al,
COOTBETCTBEHHO.

[Tokazano, uTto BHenpeHue moBepxHocTHOW pexoHcTpyKuuu Si(100)-c(4x12)-Al B rpanumy pasaena
Co/Si(100) m3mensier pexkxum pocta Co ¢ 2D na 3D mo cpaBHeHHIO C ajcopOiyeld Ha aTOMHO-YUCTYIO
MOBEPXHOCTh KPEMHHS. YCTaHOBIEHO, YTO OCTPOBKM HE O0pa3yloT YMOPSJAOYEHHBIX MAacCCHUBOB, HO
OPUEHTUPOBAHHBI B/I0JIb OCHOBHBIX KpHcTaorpadudyeckux HampasieHui nosepxuoctu Si(100).

[Tokazano, uro mpu amcopOumn Co Ha pexoHcTpykiuto Si(111)5,55%5,55-Cu npu kKOMHaTHOM
teMriepatype (GopmMupyercs ciaboymopsioueHHbINH cioid Metaumdeckoro Co ¢ coXpaHUBIICHCS
peKoHCTpyKIuel B rpanuiie pasaena Co/Si.

4. TlpoBeneHbl NATEHTHBIC HCCIEAOBAaHHMS MO 3agaHui0 «DPOPMHPOBAHUE METAJUIMYECKHX U
MOJIYTIPOBOTHUKOBBIX ~ HAHOCTPYKTYp Ha  MOHOKPHCTATMYECKHX  TOBEpPXHOCTsAX».  llokaszaHa

aKTyaJIbHOCTh BHIOPAHHOTO HAMpPaBJICHUS UCCIIEI0BaHUM.
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2. AHHOTUPOBAHHASA CIIPABKA 110 HAYYHBIM PE3YJIbTATAM HWUP,

MNOJYYEHHBIM HA 11 OTAIIE

Ha II sranme wuccrnenoBanmii mo mpobieme: «lccrnemoBaHus aTOMHBIX CTPYKTYp M CBOWCTB
HAaHOOOBEKTOB (B TOM WYHCIE OPraHUYecKHMX) Ha MOJU(DHIMPOBAHHBIX  ITOJYIPOBOJIHUKOBBIX
MMOBEPXHOCTAX» BBIMOJIHEHBl HMCCIEAOBaHUs MPOIleccCOB (OPMUPOBAHUS OPraHMYECKUX HAHOCTPYKTYP,
JUISE KOTOPBIX XapaKTepHa AUCCOIMALNS Ha «YUCTOW» MOBEPXHOCTH KpeMHUs. s pernieHus NaHHOU
npoOieMbl ObUT UCTIONB30BaH TOJXOM, 3aKIIOYAIOIIUNACS B MOIUGUKANNUNA TOBEPXHOCTH KPEMHHUS
CO3JJaHMEM Ha HEW aTOMHBIX PEKOHCTPYKIMH. Taxxke OBUIM TMPOBEACHBI HMCCIEIOBAHUSA TUHAMHKU
aJaTOMOB TepMaHUs Ha MOJU(DHIIMPOBAHHOW TMOBEPXHOCTH KPEMHHUS W HCCIIEOBaHA CTAaOMILHOCTH
HEKOTOPBIX TOBEPXHOCTHBIX PEKOHCTPYKLUN K OKUCIICHHUIO.

Tax ObUTH MTOTyYEHBI CIEAYIONIUE Pe3yIbTAThI:

1. C moMonipi0 CKaHUPYIOLIEH TYHHEJIIbHOW MHUKPOCKOIIMKA W PAaCu€TOB U3 MEPBBIX MPUHIUIIOB,
ObuTa M3y4yeHa AUHaAMUKa atoMoB Ge, aJicopOMpOBaHHBIX HA PEKOHCTPYHUpPOBaHHOM moepxHoctu Si(111
5,55%5,55-Cu. DTta moBEpXHOCTh MPEACTABISAET COOON KBa3HU-NEPUOAMYECKUNA HECOpa3MEpHBIN Ccion
mucuuiaa Mean Cu,;Si MOHOATOMHOM TOJIIIUHBI, CTPYKTypa KoTtoporo obpaszoBana atomamu Cu,
agcopOupoBaHHbIX B nonokeHusx Hj (aromamu Cu(Hs)) u 3aHMMarOnmMMu 3aMeIaroiye mojioKeHus B
BepxHeM cnoe Oucnost Si(111) (atromamu Cu(Su)). YcTaHOBIEHB MEXaHU3MBI OOpa30BaHUS ATOMHBIX
KJIACTEPOB, HA MOBEPXHOCTH (OPMHUPYETCS MACCHB aTOMHBIX KJIACTEPOB, BKIIOYAs JTUMEPBI, TPUMEPHI,
TeTpaMephl U IEHTaMEephl, IPUYEM TPUMEPHI BCTPEUaIOTCsl Haubosiee 4acTo.

2. U3yueHa  3aBUCHUMOCTh  TIOBEPXHOCTHOW  MPOBOAMMOCTH  CIOHCTON  CTPYKTYpBI
Au/Si(111)5,55%5,55-Cu oT TONIIMHBI MJIEHKH AU ¥ BEIMYUHBI SKCIIO3UIIUN B KUCIOPOE. Y CTAHOBJICHO,
YTO IKCIO3MIMS UCXOAHOU moBepxHOCTH Si(111)5,55%5,55-Cu, a Takxe oOpa3oB ¢ MOKpHITHEM Au B
nuarna3oHe 1-3 MOHOCIOEB B KHCIOPOJAE MPUBOAMT K 3HAYUTENLHOMY MaJeHUI0 MpoBoauMocTu. [Ipu
9TOM MPOBOAMMOCTh OOpPAa3IOB ¢ TOKpbITHEM Au Oosiee 3 MOHOCIOEB OCTAae€TCA MPAKTHYECKH
HEU3MEHHOH, 4TO CBSI3aHO C TEM, 4TO, HauWHasi ¢ 3 MOHOCJHOeB, Ha moBepxHoctu Si(111)5,55%5,55-Cu
(dbopMupyeTcs CIUIONIHAS TJICHKA AU.

3. VYCTaHOBJEHO BIUSHHUE ATOMHOM CTPYKTYphl TIOBEpPXHOCTHM Ha CaMOOPTraHU3alUI0
OpraHWYECKUX MOJIeKyJ. ApcopOmusi opranudeckoro BemectBa TpuntanTpud (CisHgN,O;) Ha
MOBEPXHOCTh aTOMHO-YMCTOTO KpemMHHs opueHTaummu (111) mnpuBoautr K (bopMHPOBAHHUIO
HEYTOpsAI0YeHHOM noBepxHOCTH. [Ipu co3nanum Ha moBepxHOCTH pekoHCcTpykuuu Si(111)5,55%5,55-Cu
JUCCOITHAIUS MOJIEKYJI HE TIPOUCXOANT, B pe3yiibTate 4ero Moiiekysibl CsHgN, O, 00pa3ytoT KOMIUIEKCHI
W3 HECKOJIBKUX MoJieKya B ¢dopme HaHokojern. Ha moepxuoctu Si(111) ¢ pexoncTpykimeit 4x1-In
MOJIEKYJIbl TPUIITAHTPUHA AJCOPOUPYIOTCS B MPOCTPAHCTBO MEXAY psaaMu In MoBepx m-CBA3aHHBIX

nenouek Si, GopMupys KBa3HMOAHOMEPHBIE BOJHUCTBIE MOJEKYJSIpHBIC [enoukn. Ha rmaakoit
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noBepxHocTH  (pexoHcTpykmms  Si(111)V3xV3-Ag) Monekymbl TPHNTAHTPHHA MpPH  KOMHATHOM

TeMITepaType 00pa3yroT IBYMEPHBIN MOJICKYJISIPHBIN ra3.
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3. AHAJIUTUYECKUM OTYET O NPOBEJAEHUM SKCIEPUMEHTAJIbHBIX
HUCCJIEJOBAHUM
TenaeHUMs MMHUTIOAPU3ALUN DIEKTPOHHBIX CTPYKTYp Yyxke Oonee 40 mnociegHux Jer
OIMCBIBAETCS] 3aKOHOM Mypa, KOTOPBIA TIACHUT, YTO YUCIIO TPAH3UCTOPOB HAa KPHUCTAIE MHUKPOCXEMBI
ylIBauBaeTCs KaxKIble ABAa rojia, MPUYEM HPOMCXOJUT 3TO, B MEPBYIO OYEpElb, 32 CUET YMEHBIIECHUS
pa3MepoB TPaH3MCTOPOB U APYTUX 3JIEMEHTOB MHKpocxeMbl. OlLleHKa, OCHOBAaHHas Ha 3KCTPamoIsLus
3akoHa Mypa, MOKa3bIBaeT, YTO MPH CYIIECTBYIOIIEM TEMIIE YMEHBIIECHHsS pa3MepoB Ha pyOexe 2015-
2020 romoB ANEMEHTHI MHUKpPOCXeM OyIyT HMETh pa3Mepbl HaHOMETPOBOro Macilitaba, TO €cCTb
OCYIIIECTBHUTCS TIEPEXOJl OT MUKPO- K HAHORJIEKTPOHHKE. B mociemnne roasl Bce Oonbpliee W OoJbIee
BHUMaHME NPUBJIEKAET K ce0e M3ydYeHUE MArHUTHBIX MAaTEPHUalOB Ha MOBEPXHOCTH MOIYIPOBOJHHUKOB.
3710 00YCIIOBIEHHOE UX NOTEHIMAIbHBIM IPUMEHEHNE B MPUOOPaX CBEPXIJIOTHON 3amucu HHGOpMalny,
a TaKk)Ke B COMHTPOHHBIX mpubopax. HecMoTpst Ha TO, 4yTO aHHOW MpoOieMe MOCBAIIEHO MHOTO Pador,
KakK B 3apyO€KHOH, TaK M OTEYECTBEHHOHN TE€YaTH, OCTAIOTCS OOJIBIINE CIIO)KHOCTH ¢ MHUHHATIOpHU3aLUEH
MarHuTHBIX CTPYKTyp. I ocyliecTBI€HUs Nepexoja OT MHUKpPO- K HAaHOAIEKTPOHUKE B MarHUTHBIX
HaHOMaTepHuajiaXx HeoOXOAUMO pEIInTh KaKk MUHMMYM JiBe mpobaemsl. [lepBas npoGieMa 3To HayduTCs
(bopMHpOBaTh HU3KOPAa3MEpPHBIE HAHOCTPYKTYPBI, KOTOphIe OBl 001a1and HEOOXOAUMBIMA MarHUTHBIMHU
cBoiicTBamu. IlpudeM, ¢ TOYKM 3peHUsS] MPAKTHYECKOTO TMPUMEHEHHUs 0oJjiee aKTyallbHBIMHU SBIISIOTCS
HCCIIEZIOBAaHMSI IPOLIECCOB POCTa HHU3KOPA3MEPHBIX MATEpUAJIOB HA IOBEPXHOCTU KPEMHHUM, T.K. OH
SBJISICTCSI OCHOBHBIM MAaTE€pPHAJIOM MHUKPO- U HAHOAJIEKTPOHMKH. Bropyio mnpolneMy BbIIBHIN
UCCIIeZIOBAaHMSI MTPOBEACHHBIC 32 MOCIIEAHNUE TOJIbl, KOTOPhIE MOKA3ald, YTO C YMEHBIIEHHE Pa3MEpHOCTH
MPUBOJAUT K HW3MEHEHHIO (M3WYECKHX CBOMCTB HAHOCTPYKTYp. C yMEHBIIEHHEM pa3MEpHOCTH, B
HaHOOOBEKTaX KapIMHAJIBHO HW3MEHSIOTCS CTPYKTypa, IUIOTHOCTh HHEPreTHUECKUX COCTOSIHMH,
MEeKTpo(U3NYeCKre CBOICTBA, TemmepaTypbl (a3oBbIX IEPEXOJO0B M JIpYIHMe€ XapaKTepUCTUKU
MaTepHasioB. JTa paboTa MOCBSIIECHA PEIICHHUIO IEPBO U3 MEPEUUCIICHHBIX TPOOITIEM.

C napyroéi CTOpPOHBI, B TOCJIEIHEE BpeMsi OOJIBIIOE Pa3BUTHE TMOJYYWI HOBBIM TOAXOJ K
MIOCTPOCHUIO IJIEKTPOHHBIX YCTPOICTB, ONUpAIOLIUNCsS HE Ha 3apsA]d JJEKTPOHA, a Ha €ro CIUH —
cnuHTpoHUKa. CHUHTpPOHMKA (OT CIMH M BJIEKTPOHHMKA) - 3TO 00JacTh KBAHTOBOM 3JEKTPOHUKH, B
KOTOPOH AJist (PU3MYECKOTO MPEACTaBICHUS MH(OPMAIIMK HAPSILY C 3apsIOM MCIIONB3YeTCsl CITUH YacCTHIL,
CBSI3aHHBIA C HAIMYMEM Yy HHUX COOCTBEHHOTO MEXaHMYECKOro MoOMeHTa. lcmomb3oBaHue crmHa
JIEKTPOHA B KadyecTBE HOCHUTENS] MHPOPMALMU MOXET JOCTaTOYHO CHUJIBHO YIPOCTUTh CO3AAaHUE
MaTepualbHONW 6a3bl OyIyIIMX CIUHTPOHHBIX MPHUOOPOB. OCHOBHBIMM MaTepuanaMu, HEOOXOIUMBIMHU
JUISL CO3JIaHUsI CIIMHTPOHHBIX MPUOOPOB, MOJDKHBI OBITH MaTepHajbl, UMEIONIHE (HEepPOMArHUTHBIC MU
anTu(deppoMarauTHeie cBoiicTBa. Co3naHue (EeppOMarHUTHBIX TOHKMX TUIEHOK M HAHOCTPYKTYp Ha
MIOBEPXHOCTAX IOJIYIPOBOJHUKOB B IOCIEIHEE BPEMs INPHUBIEKAET IOBBIIIEHHOE BHUMAaHHME H3-32 HMX
MOTEHIMAJIbHON BO3MOXHOCTH OBITh MCIIOJB30BAaHHBIMM B CHUHTPOHHBIX mnpubOopax. OmHuMHU U3
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MEPCIIEKTUBHBIX MAaTEpUAJIOB Ul CO3JaHUs Pa3IMYHBIX YCTPOMCTB B CHMHTPOHHUKE (MH)KEKTOPOB CIIMH-
MOJISIPU30BAHHBIX UIEKTPOHOB, (PMIBTPOB WJINM INPOBOJHUKOB TaKUX HOCUTENIEH) SBISIOTCS MarHUTHBIE
MIOJIYTIPOBOJIHUKY HAa OCHOBE 3d- WM 4f-MeTanaoB, 0coOOEHHO Maprasua. B mociennee Bpems mosiBUICS
PS1 TEOPETUYECKHUX PadOT, MOCBSIIEHHBIX UCCIIEOBAHUIO0 MATHUTHBIX NOIypoBoaHuKoB Si/Ge, Si u Ge,
JETUPOBAHHBIX aToMaMu Mn, a Takke BIMSHMIO JPYIMX N- U p-IpUMecell Ha MarHWTHBIE CBOMCTBa
aTOMOB MapraHiia B ’TUX MarHUTHBIX [TOJYTIPOBOJHUKAX.

[TosTomMy, uccnenoBanue cucreMsl Mn/Si uMeeT 6osbloe 3HaUEHUE, Kak A (pyHIaMeHTaIbHON
HAaYKH, TaK U C MPUKJIATHON TOUKU 3pEHMS, KaK BO3MOXHBII MaTeprai — KaHAUJIAT JAJIs UCTIOIb30BaHUs
B cnuHTpoHuke. [Ipexne, 4yeM NpPOBOAWUTH HCCIIENOBAHUS CHUHTPOHHBIX CBOMCTB JIaHHON CHCTEMBI,
HEOO0XOMMO MCCIIE0BATh €€ CTPYKTYPHbIE XapaKTepUCTUKU. TakuM oOpa3oM, UCCIIEJOBAaHHE CUCTEMBbI
Maprasen; (agcop0aT) — MOBEPXHOCTb KPEMHHUS SIBJISETCS OOS3aTENbHBIM ATAllOM B KOMIIJIEKCHOM
U3y4YeHUH cucTeMbl Mn/Si s jganpHeiiiero pasBUTHS (QYHIAMEHTAIBHOW HAyKM U pEIICHUs
MPaKTUYECKHUX 3a]1a4.

OKCIIepUMEHTBl TNPOBOAMINCH Ha CBEPXBBICOKOTOBAKYYMHOH HCCIIEOBATENbCKOM cHCcTEMe
Omicron STM 1, ¢ paGouum maBinernem ~2x10"'" Topp. ATomapro umcras mosepxuocts Si(111)7x7
IIPUTOTaBIMBAJIACh in Sifu C TIOMOLIbIO cepuil OblcTporo mporpesa obpasua a0 1280°C, mociue 3arpy3ku B
Kamepy o0pasiibl B 005A3aTeIbHOM TMOPSIKE JeTa3upOBaIUCh HECKOJIbKO yacoB npu 600°C. Hambuienue
Maprasua npoBOAMIOCE U3 3PPY3MOHHOM A4eiku co ckopocThio 1| MC/MUH, KpeMHHI CyOIuMUpoBacs
U3 HarpeBaeMoi TOKOM MOJIOCKU KpeMHHsI co ckopocThio 0,5 MC/mMuH. B skcniepuMeHTax ¢ ocakaeHUEM
30J10Ta HaNbUICHHE AU TPOBOJMIOCH C BOJB(PPAMOBON HHUTH, TOKPHITOH 30JI0TOM, CO CKOPOCTBHIO
0,4 MC/mun. CkopocTh HambUIeHHsT Mn onpenensiack o (GopMUpOBaHUIO HEMPEPhIBHON TUIEHKH MnSi
tomuuHou 2 UC, ans KOTOpO# M3BECTHO, YTO MOKpBITHE MapraHua B Hel coctasiseT 8/3 MC. CkopocTh
ocax/ieHus Si onpeesslach U3 3aHUMAeMOH J0JIM MOBEPXHOCTH JIByMEPHBIMU OCTPOBKAaMHU Si, KOTOPbIE
AMUTAKCUAIBHO BBIpOCH Ha moBepxHOCTH Si(111)7x7 mocne ocaxxaeHUss CyOMOHOCIOWHOTO TOKPBITHS
Si u omxwura. OnpeneneHne CKOPOCTH HANIBUICHUST AU TIPOBOAMIIACH IO (HOPMUPOBAHHIO HA TIOBEPXHOCTH
ctpykTypsI Si(111)5%2—Au, koTopas, Kak He1aBHO ObLIO TOATBEpXkKAeHO, coaepkut 0,6 MC 3omoTa [1,2].
TouHOCTb OmpeneneHus ckopocTel HamblIeHus MatepuanoB coctabisiia ~10—-15%. CTM uccrnenoBanus
MIPOBOJIMIIMCH C MOMOIIBIO 3JEKTPOXUMHUECKH TPABJICHHBIX BOJI(OPAMOBBIX WUIJI, OYHMIIEHHBIX in Situ
HarpeBoM. Bce CTM un300pakeHUs! 3alUCBHIBAIUCh B PEXUME IOCTOSHHOTO TOKAa IMpPU KOMHATHOM
TeMIepaType.

C momolpl0 METo/a CKaHUPYIOLIEH TYHHENbHOM MHUKPOCKONHMU MBI ONpPENCIMIN, YTO MOMUMO
XOpOIIO H3BECTHON MOBEPXHOCTH MnSi/Si(111)V3x3, KOTOpasi UMEET CBOMCTBO YETBEPHOTO CJOS
cTpykTypbl B20 ¢ BepxHuM cioeMm Si, IOBEPXHOCTb APYroro THIA MOKET ObITh IMOJIy4€Ha, €CIU pOCT
méakun MnSi npoxoaut B ycnoBun aedunmra Si. Ha CTM u3o0pakeHHH HOBasi MMOBEPXHOCTh TaKKe

JICMOHCTPHPYET TeKCaroHambHylo V3x\3 PeKOHCTPYKLHIO, HO e8 MAKCHMyMbl HMEIOT Gojee HH3KYIO
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BUMIMYIO BBICOTY U camMa TIOBEPXHOCTh MeHee puduiéHas. Kpome Toro, MakCHMyMbl HOBOI TTOBEPXHOCTH
3aHUMAIOT JAPYTHE TOJIOXKEHHUS, YeM MaKCUMYyMbl OOBIYHOW TOBEpXHOCTH MnSi. A HMMEHHO, OHH
3aHMMAIOT TIOJIOKEHHE B IIEHTPE KaXJOro BTOPOrO TPEYroJbHUKA, B YIVIaX KOTOPOTO JOJDKHBI
pacrosiaratbCsi MaKCUMYMbI OOBIYHOM MOBEPXHOCTU. JlaHHBIE (PAKTBHI MOTYT OBITH JIETKO OOBSICHEHBI,
€CJIM CYUTATh, YTO HOBasl MOBEPXHOCTb COOTBETCTByeT deTBepHOMY cioio (UC), B KOTOpOM cambIX
BepxHUH Si CIIOH OTCYTCTBYET, W IOBEPXHOCTh, IMOJydYaeTcs, MOKpbITa Mn atomamu. MBI yCIOBHO
Ha3BaJld TaKyl0 TMOBEPXHOCTh, KaK MOBEPXHOCTh «TpoitHoro cnosi» («TCy»). CrenoBarenbHO, KaKIIbIi
MakcuMyM, BuauMbiii Ha CTM n300pakeHusX nMpu 000UX CMELICHUAX HaNpsHKEHUs,, COOTBETCTBYET, IS
ciydass YC mOBepXHOCTH, KPEMHUEBBIM TPUMEpPAM KM OJHOMY M3 JIBYX BO3MOXKHBIX Pa3IUYHBIX Mn
TPUMMEPOB Tl ciydas noBepxHocTH Tuma « TCy». beuto nmokazano, uro «TCy» MOBEpXHOCTh MOXKET OBITH
npeobpazoBana B UC moBepxHOCTh HamblieHuEM Ha He€ ~1 MC kpeMHUs ¢ TOCIEAYIONUM OTKUTOM TIPH
~300°C. Ocaxxaenue Takux ajncop6aros, kak Si, Mn u Au, Ha YC u «TC» mOBEepXHOCTH AEMOHCTPHPYET
OTPOMHYIO pa3HHUIly B CBOWCTBax J3TUX JABYX HoBepxHocTed. Hampumep, Obulo HaiineHo, uTO
kodpurment muddys3un agatomoB Au mo moepxHocTH THHa «TC» B ~10 000 pa3 BbIme, 4em AJis
agatomMoB Au 1o moBepxHoctu Trma YC.

C mnoMomipl0 MeToJa CKaHupyloled TyHHenbHo Mmukpockonuu (CTM) wucciempoBaH pocT
cyoMoHocolHoM meHkr yiepeHoB C60 wa moBepxHoctr Si(111) Mmomudunmpoannoit aromamu Co
MMEIOIUMHU HE HYJIEBOW MarHUTHbIM MoOMeHT. OrmnpeaeneHbl MOJ0XKEHUS (YJIEPEeHOB OTHOCHUTENIHHO
KJIACTEpOB KoOanbTa. Y CTAaHOBIICHO BJIMSHHE JOMEHOB KJIACTEpOB KOOalbTa U 1e(hEeKTOB MEXKIY HUMH Ha
(hopMupOBaHUE TJICHKH QYIUIEPEHOB.

MosexysipHas 3JIEKTPOHHKA B HACTOSIIEE BPEMsI pACCMATPUBAETCS KaK OAMH U3 MOTEHIIUATBHBIX
KaHJIUJAaTOB HAa CMEHY MOJYIPOBOAHUKOBBIM TeXHOJOrusAM. Dyiepensl, o0nagarone yHUKaIbHBIMU
CIIOCOOHOCTSIMM K XMMHMYECKOH MOAM(DUKAIMKM, BBI3BIBAIOT HCKIIOYUTENbHBIM HHTEpEeC Kak ¢
(yHIaMeHTaNbHOM, TaK M TEXHOJIOTUYECKON TOUEK 3PEHUS BBUAY HAIMYUS Y JIETUPOBAHHBIX (PYJUIEPEHOB
LIEJIOTO CIEKTpa MEPCIEeKTUBHBIX JIsi AJIEKTPOHHON MPOMBIIIICHHOCTH CBOMCTB. B HacTosmiee Bpems
OOJIBIIMHCTBO YCWJIMH HAalpaBlI€HHO Ha CO3JaHUE MOJIEKYJSIpHbIX ciaoeB CO60 u uccieqoBaHus UX
CBOICTB Ha MOBEPXHOCTSX METAJUIOB U aTOMHO-YHCTHIX. BO3MOXHOCTH MOAM(PHUKAIIUN TOBEPXHOCTHU MIPH
MOMOIIY PEKOHCTPYKIMI i1 M3MEHEHUS] XapaKTepa aacopOIryu MOJEKYJ CTAHOBATCS aKTyadbHBIMU H
HAUMHAIOT MHTEHCUBHO HCCIIEJOBATHCS, OAHAKO padOT MO 3TOMY HANpaBICHHUIO B MHPOBOM Hay4YHOMH
JUTEpaType TMOKa eImle JOCTAaTOYHO Mano. ApjcopOuus (QyiuiepeHOB Ha MOBEPXHOCTH TBEPIBIX TENl B
YCIIOBUSIX CBEPXBBICOKOTO BaKyyMma M3y4yaeTcsl IOCTaTOYHO JaBHO, TEM HE MEHEE HCCIIEIOBAaHUS TaKOTo
polia 0OBIYHO OTPaHMYEHBI MOBEPXHOCTSAMU METANIOB U aTOMHO-YMCTHIX MONYIpOoBOAHUKOB. C Apyroi
CTOPOHBI, MOAM(DUKALINSA TOBEPXHOCTH MOMJIOKKU IMYTEM CO3JaHUs CyOMOHOCIOWHBIX PEKOHCTPYKLUH
MOXKET KapJWHAJIbHO MU3MEHUTh MHOTHME OCHOBHbBIE CBOWCTBA IMOBEPXHOCTH, YTO CO3JAET BO3MOKHOCTH

CO3/aHHS Ha TOJYNPOBOJAHUKOBBIX IMMOMAJOKKAX MCKYCCTBEHHBIX HAHO-Pa3MEPHBIX CTPYKTYp C
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YHUKQJIbHBIMUA  (U3MUYECKUMHU cBoWcTBaMu. MccrnemoBanus B3aumonenctsus (QyieperoB C60 ¢
MMOBEPXHOCTHBIMH PEKOHCTPYKIUSMU METAJUI/KPEMHHUI MPEICTaBIseT 3HAUUTENbHBI UHTEPEC C TOUKH
3peHHsI CAaMOOPTaHN30BaHHOI'O POCTAa HAHOCTPYKTYP Ha ocHOBE Moseky1 C60.

Bonbioe  KoaMuecTBO paboOT MO OCAKACHUIO (YJUIEPEHOB Ha TIOBEPXHOCTH TBEPIBIX Tel
MOCBSIIIIEHO aJCcOpOLMM Ha YMCTblE MOBEPXHOCTM METAUIOB U TMOJIYNPOBOJHUKOB. AjcopOuus Ha
MMOBEPXHOCTH METAJIOB OOBIYHO MPUBOAMUT K (HOPMHUPOBAHHIO IIOTHOYMAKOBAHHOIO MOJIEKYJISPHOTO
CIOSl C TeKCaroHalbHOW pemieTkod. B Toxke Bpemss B pslne ciy4aeB HaONIOAAETCA CYyIIECTBEHHOE
pazmuune CTM KkoHTpacTa (BUAMMOM BBICOTHI) OCAXAECHHBIX MOJIEKYJ APYr OTHOCUTEIBHO Jpyra.
JlaHHOE SIBIIEHHME MOXET OBITh CIEJICTBHEM WM TONOrpaduu WIN/U DIIEKTPOHHOH CTPYKTYphl. B
YaCTHOCTH B ciydae moBepxHoctd Au(l11) [3-5] ydeHble CBS3BIBAIOT BO3HUKHOBEHHUE «TYCKIIBIX)
¢bynnepeHoB ¢ ¢GopMUpPOBaHHE SMOK pa3MepaMH B HECKOJIBKO aTOMOB 30J0Ta, YTO NPUBOAHUT K
YBEIMYEHUIO SHEPTHM CBS3U (PYIIEPEH-TIOANIOKKA U YBEIHMUCHHIO MEpeHoca 3apsia OT MOIJIOXKKH K
Mmonekyine. IlogoOHoe «3apeiBaHne» (yIIEPEHOB B TOJUIOKKY HAOMIOJAeTcss W B clydyae JAPYTHX
METaJUTMYECKUX MoBepxHocTel, Hanpumep, Au(110) [6], Pt(111) [7], Pt(110) [8], Ag(111) [9], Cu(111)
[10].

Ha nosepxnoctu Si(111)7x7 ancopbuust Cey TPOUCXOTUT OTIMYHBIM OT CIydyash METATMUYECKUX
MOBEPXHOCTEH O00pa3oM: M3-3a CHJIBHOTO B3aUMOJEHCTBUS (YJUIEPEHOB C OOOpPBAaHHBIMU CBSI3SIMH
MOBEPXHOCTU U, TAaKUM 00pa3zoM, npeobiaaHus CBSI3U MOJIEKYJIa-MOAJI0KKA HaJl BaH-Aep-BalbCOBCKUM
B3aMMO/JICHCTBUEM MEXIY MOJIEKYyJaMH, QysuiepeHsl He 00pa3yloT JI0THOYIIaKOBAHHOTO MOJIEKYJIIPHOTO
cnosi [11]. B Toxe BpeMs XOpOIIO U3BECTHO, YTO (PU3UKO-XMMHUYECKHUE CBOMCTBA MOBEPXHOCTHU MOTYT
OBITh U3MEHEHBI Yepe3 CO3/JaHue MMOBEPXHOCTHBIX peKOHCTpyKuuii [17]. B wactHocTH B pabortax [12-16]
HCCIIEyeTCs ancopormst M moBexeHHe (ymurepeHoB Ha mosepxroctd Si(111)V3xV3-Ag. Onnaxo,
ocaxJeHne (QyJuiepeHOB Ha Ipyrue MOBEPXHOCTHBIE PEKOHCTPYKIMHM HAa KpeMHHUHU ciabo u3ydeHo. Tak,
€CTh HECKOJBKO paloT MOCBSIICHHBIX M3ydeHHto cucteM: Cego/Si(11 1)V3xV3-B [18], Ce0/Si(111)7x7-Co
[19], Ceo/Si(111)1x1-Pb [21] 1 Ceo/Bi(0001)/Si(111) [20].

B paMKax JaHHOTO TIPOEKTa MPOBOMIHCH HccaenoBanus agcopommn Ce Ha Si(111)-0-\3xV3-Au n
eé momudukarmo Si(111)-h-V3xV3-(Au,In) meroxom CTM, a TakKe JIEKTPOHHBIC CBOWCTBA IaHHBIX
cucteM MetogoM CTC.

OTIUYUTENbHOM OCOOCHHOCTBIO MOBEPXHOCTHOM PEKOHCTPYKIIUH Si(111)-a-V3xV3-Au sBstercs
BBICOKAS IIOTHOCTh JOMEHHBIX CTEHOK [22], B To Bpems kak B ctpykrype Si(111)-h-V3x\3-(Au,In) onn
orcytcTBYlOT [23]. Ha o00eux pekoHCTpyKuusx ¢yiiepeHsl oO0pa30BBIBAIOT IIJIOTHOYNAKOBAHHBIN
MOJIEKYJISIpHBIN cnoil. B Toxe Bpemsi ¢yiiepeHbl BHYTPU OZHOTO CJIOS OTOOPAXKAIOTCSA C Pa3IMYHBIM
CTM xontpactoM. B ciyuae Si(111)-0-V3xV3-Au maHHbIH KOHTPACT SBJISIETCSI OTOOPaKEHUEM CETU
JOMEHHBIX CTEHOK MCXOAHOH CTPYKTypsl, a B ciaydae Si(111)-h-V3xV3-(Au,In) o ompenemsiercs

MIOJIOXKEHHE YacTU (PYJUIEPEHOB €0 B CUMMETPUYHBIX MO3UIUSAX OTHOCUTENBHO CTPYKTYPbI MOIOKKH.
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Crnenyert Takxe 3aMETUTb, YTO B CIIy4ae HECKOJIbKUX MOJIEKYJISPHBIX CIIOEB JAHHBIM KOHTPACT NEPEXOAUT
B IIOCJIETYIOIUE CIIOU, IOCTENIEHHO Pa3MbIBasICh U yracas.

IKCIIEPUMEHTHI POBOIHINCH B YCIOBHSX CBEPXBBICOKOro Bakyyma (7,0x10™") ma oGopynosamuu
npousBojcTBa Omicron. AtomapHo yucrtas nosepxHocts Si(111)7x7 nomydanace myteM oTxura oopasua
npu temmneparype 600°C B TeUEHUHM HECKOJIBKMX 4YacoB C TOCIEAYIOUIMMH KpPaTKOBPEMEHHBIMU
omkuramu npu temneparype 1300°C B tedenun 30 — 60 c. 30J10TO OCaXKIaJ0Ch C MOKPHITOH 30JI0TOM
BOJIb()PAMOBON MPOBOJIOKH, UHJIUI M3 TaHTAJOBOM KOP3MHKH, a QysuiepeHsl Cgp CyOIUMHPOBATINCH U3
monubaeHoBoro Turist. Jas CTM  uccrienoBaHWil MCMONB30BAIMCh KaK BOJb(PPAMOBBIEC HIJIBL,
MIPUTOTOBJICHHBIE METOJOM JJIEKTPOXMMUYECKOTO TPABICHUS, TaK MW IUIATUHO-UPUAMEBBIE WIIBI,
IIPUTOTaBIMBAEMbIE MEXaHUUECKUM ITyTEM.

Bbuto 0BHapyxeHo, u4To agcopbums dymieperos Ceo Ha pexonctpykimn Si(111)-0-V3xV3-Au u
Si(111)-h-V3xV3-(Au,In) npuBoguT K GOPMHUPOBAHHIO MOLYTHPOBAHHOTO MOJEKYIAPHOro cios Ce €O
cnenu(UIecKuM KOHTPACTOM SIPKHX/TEeMHBIX (yJuiepeHoB. [Ipupoma 3TOro KOHTpAacT oOKa3allach
OTJIMYHOM OT cllydash pocTa MOJEKYJISIPHOrO MaccuBa Ha moBepxHocTtd metamioB (Au(l11), Pt(111),
Cu(111) u nap.), rae mosiBIEeHHE TEMHBIX (QYJUIEPEHOB CBS3BIBAIOT ¢ 0Opa30BaHUEM SIMOK, B KOTOPbBIE
caautbes Monekyna. Okazanoch, 4To ToBepxHOCTH Au/Si(111) ocTaroTcsi HEU3MEHHBIMH, a HX
YIOPSIOUCHHE OTBEYACT 3a TOSBICHHE SIPKUX/TEMHBIX 1o KoHTpacTy Ceo. B ciyuae Si(111)-a-V3xV3-Au
MOSIBJICHUE SIPKUX/TEMHBIX IO KOHTPACTy (PYJUIEPEHOB CBSI3aHHO C OTPaKEHUEM MOJIEKYJISIPHBIM CII0EM
CTPYKTYpPBbI JJOMEHHBIX CTEHOK HCXOJHOW PEKOHCTPYKLUMHU. Pa3HbI KOHTpacT B JaHHOM Cllydyae MMeeT
UIEKTPOHHYI0 MPUPOAY U  OOBACHSACTCS pPAa3IMUMAMU B DJICKTPOHHOH CTPYKType MOJIEKYII,
aJICOPOMPOBAHHBIX HA METAUIMYECKHE TpUMEpbl Au U Mexay HuUMH. OCOOEHHO SPKO pa3iauyus
MIPOSIBIISIIOTCS. B HE3AIOJHEHHBIX AJIEKTPOHHBIX COCTOSIHUSX MOJICKYJI, e HaOII0Ial0TCsl CYIIECTBEHHOE
cmenienuss LUMO (Hu3miee He3armoJIHEHHOE COCTOSIHUE), CBSI3aHHBIE C TIEPEHOCOM 3apsiia U3 TOIJIOKKHU B
MOJIEKYJIAPHBIN CIION.

Jns uccnenoBanust agcopOuuu (ynaepeHoB Ha MOBEPXHOCTH 0e3 JTOMEHHBIX CTEHOK HaMu Oblia
BhIOpana Ta ke mosepxHocth Si(111)-0-V3x\3-Au, HO MoOmH(HIEpPOBAaHHAS MHIMEM. VI3BECTHO, UTO
ocaxxnenne 0,5 MC In ma Si(111)-0-V3xV3-Au n mocienyomuii KpaTKoBpeMeHHsIi oxur mpi 600°C
IPUBOANUT K MCUE3HOBEHMIO JOMEHHBIX CTEHOK U (POPMHUPOBAHMIO FOMOTeHHOM cTpykTypbl Si(111)-h-
V3x\3-(Au,In). B ciyuae romorennoit Si(111)-h-V3xV3-(Au,In) mponcxoaut GopMHpOBaHHE MyapHOIL
CTPYKTYpPBI, KOTOpasi HMMEET TONOJOTMYECKYl0, a HE OJJEKTPOHHYIO TPHPONY H OOyCIIOBIIEHA
NEPUOINYECKUM PACIIONIOKEHHEM (DyJIIIEPEHOB B CUMMETPUUYHBIX aJCOPOLIMOHHBIX MOJIOKEHUH, TO €CTh
apkue Cgp HaXOHATCA CTPOTO HaJ 30J0TBIMM TPUMMEpPAMU U OOpPa3yIOT PELIETKY Si(111)V129x~V129.
CTpyKTypHBIE W DJIEKTPOHHBIE CBOICTBAa IIEPBOIO MOJIEKYJSIPHOTO CJIOS PacHpOCTPAHSIOTCA Ha
cienyromue ciou QyIsiepruHa BCIEICTBUE O0IBIIOTo 1€0aeBCKOr0 paguyca SKpaHUPOBAHUS: Pa3MbIThIN

KOHTPACT SIPKUX/TEMHBIX (DyJJIEPEHOB COXpaHSIETCS JaXke B YETBEPTOM CIIOE.
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4. OTYET NO OBOBIHIEHUIO W OLEHKE PE3YJbTATOB WCCJIEJJOBAHUI
HAHOCTPYKTYpP, MOJY4YEHHBIX METOAOM HCIO0Jb30BAaHHA CyOMOHOCJIOHHBIX IIOBEPXHOCTHBIX

PEKOHCTPYKIHUI B KauecTBe MOAU(PUKATOPOB MOBEPXHOCTH

4.1 CTpYKTYpbI IOBEPXHOCTH MIéHOK MnSi/Si(111)V3x\3
Co3nanue ¢GeppOMarHUTHBIX TOHKHUX IUIEHOK W HAHOCTPYKTYpP Ha TMOBEPXHOCTSX MOJYNPOBOIHUKOB B
MOCJIeJTHEE BpEMs IPHUBJIEKAET MOBBIIIEHHOE BHUMAHME H3-3a MX MOTEHLUUAIbHON BO3MOKHOCTH OBIThH
UCIOJb30BAHHBIMU B CIIMHTPOHHBIX IpuOopax. B yacTHOCTH, CHIMIMIBI MapraHila, BbIpAIIEHHbIE Ha
MOJUIOKKaX Si, TPEeACTaBISAIOT OCOOEHHBIH HHTEpeC BCIEACTBHE HX YIYyYIICHHbIX CBOMCTB. U3
JUTEPATYPHBIX JTAHHBIX BUIHO, YTO, B 3aBUCIMOCTH OT YCIIOBHI pocTa, ocaxaenue Mn Ha Si(111) moxer
opoAUTh (OPMUPOBAHHUE ILIEJIOr0 HAOOpa OCHOBHBIX HAHOCTPYKTYp, BKJIIOYAash HAaHOTOUYKU [24-29),
HaHornpoBoJiok [30,31] u HanomIEHOK [32—40]. HaHOTUIEHKM TIPEACTaBIISIOT U3 ¢e€0s1 CJIOM MOHOCHITHITHIA
Mmapratua (MnSi), umeromue cTpykrypy oobéMHoro MnSi tuna B20 [41] (pucynok 4.1). Takue miénku
MOTYT OBITH CPOPMHUPOBAHBI IBYMs CIIOCOOAMU: HANBUICHHUEM TOJBKO CJIOS MapraHia ¢ MOCJeIyHoIuM
omkuroM (o0eraHO, Tpu 350+500°C), nMOO NPUTOTOBICHHEM CIOEHON CTPYKTYPBI, COCTOSIICH U3
yepeayromuxcs ciaoéB Mn u Si, ¢ mociaeyomuM 0T)KUTOM IIPU HECKOJIBKO MeHbInel TeMmeparype (200
300°C). B mocnennem ciaydae, HaIMuue CBOOOTHBIX U JIETKOJOCTYIIHBIX aTOMOB KPEMHHUSI 00eCreunBaeT
pOCT CIIOS MOHOCWJIMIIMIA MapraHma c Oojiee TJIaaKkod moBepxHOCTHIO [34,37]. dopmmpoBaHHEe Ha
MMOBEPXHOCTH HEMPEPHIBHOTO ci0si MnSi HaumHaeTcst mociie HambuieHus ~3 moHocioéB (MC, 1 MC =
7,83x10" aromos/cm®) Mn, koraa 3aBepuraercsi OpMHUpOBAHHE BTOPOro derepHoro cios (UC) MnSi
(mst crpykrypel B20). Ilpu MeHblieM KoJduuecTBe OCakAEHHOro Ha moepxHocTh Si(111) mapranua,
HaOII0JaeTCsl cocyIiecTBOBaHMUE OCTpoBKOB MnSi, tommuuoi B 2 YC, ¢ 001acTIMU YUCTOTO KPEMHUSA
[32,36-38]. Dnemenrtapnass sdyeiika 1x1 moBepxHocth MnSi(111) mnpumMepHO COOTBETCTBYET
snmemMeHTapHoil stueiiki crpykTypsl Si(111)V3xV3-R30° (HecoBmanenue 3,2%), MOSTOMY IOBEPXHOCTH
MnSi/Si(111) nemoncTpupyer mneprogndHocTh V3x\3 Kak TpH HCCICTOBAHHA METOZOM IH(PAKIHN
MEJUIEHHBIX 3JeKTpoHOB ([IIMD), Tak u MeTonoM ckaHupyroleld TyHHenbHON Mukpockornuu (CTM). B
JINTEPATYPHBIX JAHHBIX OTMEYAETCS, YTO CAMBIH BEPXHUI cII0i cTpykTypbl MnSi/Si(111)V3x/3 cocrout
Y3 MapraHIeBbIX U KPEMHHEBBIX TPHMEPOB, I7Ie KPEMHHEBBIE TPUMEPHI pacosararorcs Ha ~0,5 A e,
yeM Tpumepsl Mn [38,39,41],

B uccnenoBanum, nmpoBeneHHOM Ha JaHHOM J3tare BbimoiaHeHus HUP, Obiio oOHapykeHO, 4TO
Korja pocT I€Hku MnSi npoXoAuT B yCIOBUSAX JedULIMTAa KPEMHHUS, MOBEPXHOCTh IJIEHKU MOKpBITA
CTPYKTYpO#, OTIIMYHON OT OOBIYHOM. DTa CTpyKTypa Takke BhITIAauT Ha CTM m3o0pakeHuu B BUIE
MAKCHMYMOB, YIOPSIOYCHHBIX B FEKCATOHAIBHYIO PeméTKy V3x\3, OJHAKO 5TH MaKCHMyMbI HMEET
MeHee BBIPRKEHHYIO BBICOTY M PACIONAraloTCsl Ha JPYTHX MO3UIMIX 10 CPAaBHEHUIO C MAaKCUMyMaMU

\3x~/3 06branoit cTpyKTYpHI ToBepxHOCTH MnSi(111).
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Pucynok 4.1 — CxemaTudeckast MOJeNb CTPYKTYpbI TI€HKH MnSi tura B20 o pa6oram [37,38,41]. Ha
PUCYHKE BBIJEJICHA DJIEMEHTAapHAas A4YEiKa, COOTBETCTBYIOIIAs V3x/3 ua Si(111). Csetno-cepslie
KPY>KOUKHU (KENTHIE B IIBETE) MOKA3BIBAIOT aTOMBI Si, a TEMHO-CcephIe (KpacHbIE B IIBETE) — aTOMbI Mn.
Tpumepst Si B BEpXHEM CIIO€ BBIACICHBI TPEYTOJIBHUKAMU U3 CIIONIHOM JIMHHUH, a TPUMEpH Mn B
MEPBOM MapTaHIIEBOM CJIO€ — TPEYTroJbHUKAaMU U3 MyHKTHpHOU JimanK. YeTBepHoi cioit (UC — QL Ha
pHUCyHKe) U «TpoitHo# cioit» («TC» — “TL” Ha pucyHKe) yka3zaHsl Ha Buae cooky. UC cocrout u3 4
Pa3IMYHBIX CI0EB (MPOHYMepoBaHHBIX OT 1 110 4), a «UC» coctout u3 3 ciio€B (IPOHYMEPOBaHHBIX OT 2
1o 4). Ha Buzie cBepXy Bce aTOMBI, pacIoJiaraoluecs B pa3HbIX 4 CJI0sIX, TPOHyMepoBaHsI OT 1 110 4
ToNIbKO 151 BepxHero YC corimacHo HyMepaluy Ha Bujie cOoKy. ATombl 6onee rimybokoro UC mokazaHsbl

KpYy>KOUKaMH MEHBILIET0 pa3mMepa

B03MO0XHO, 4TO HOBasi CTPYKTypa COOTBETCTBYET ITOBEPXHOCTH 3aBEPIIEHHOTO YETBEPHOIO CIIOA,
B KOTOPOM caMble BEPXHUE KPEMHUEBBIE aTOMBI OTCYTCTBYIOT, TO €CTh, YCIOBHO 3TO MOXHO CUMTAaTh Kak
MnSi(111) nmoBepxHOCTh ¢ «TporHBIM cioem» («TCy») (pucyHok 4.1). «TC» moBepxHOoCcTh MnSi(111)
IIPOSABIIACTCS KaK aTOMapHO TIJIJKas MOBEPXHOCTb, B PE3YJbTAaTE YEro OCAKIEHHBIE HAa HEE aTOMBI
00J1ajafoT BHICOKOH MOABIKHOCTBIO 1O cpaBHeHUIo ¢ YC moBepxHocThio. Hampumep, aTomMbl KpeMHUS,
ocaxnénnple Ha YC moBepxHOCTh Mpu KomHaTHOW Temmnepatype (KT), dopmupyror ynopsimodeHHBIH
MacCHB aJJaTOMOB CO CTPYKTYypOU V3x+3 (Takum 00pa3oM co3faBasi TPETUI THUIT IPOSBICHUS CTPYKTYPbI
noBepxHOCTU IIEHKKM MnSi), Toraa kak Ha «TC» MOBEPXHOCTH OHM COOMpPAIOTCS B aTOMHBIE KJIacTepbl
HeomnpenenéHHol QGopmbl. Y agaromoB 3ojota koddpounment mudpdysun no «TC» mnoBepxHoCcTH
npeBbimaer kodpduuuent muddysuun mo YC mnoepxuoctrm mnpumepHo B 10 000 pa3, kak ObUIO

OTIpe/IeNIEHO U3 OTHOLIEHHS INIOTHOCTH OCTPOBKOB AU, (GOPMHUPYIOMIMXCS HAa 00EHX OBEPXHOCTSX.
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Ilocmanoska sxkcnepumenma

OKCNIepUMEHTBl TNPOBOAMINCH Ha CBEPXBBICOKOTOBAKYYMHOH HCCIIEOBATENIBLCKOM cHCcTEME
Omicron STM 1, ¢ paGounm maBnerneM ~2x107'" Topp. ATomapro umcras moBepxHocth Si(111)7x7
IIPUTOTaBIIMBAJIACh in Sifu C TIOMOLIbIO cepuil ObicTporo nmporpesa obpasua a0 1280°C, mociue 3arpy3ku B
Kamepy o0pasiibl B 0053aTeIbHOM TMOPSIKE JIeTa3upOBaIUCh HECKOJIbKo yacoB npu 600°C. Hambuienue
Maprasua npoBOAUIOCE U3 3P PY3MOHHOM A4eiku co ckopocThio 1| MC/MUH, KpeMHMI CyOIuMupoBacs
U3 HarpeBaeMoi TOKOM MOJIOCKU KpeMHHsI co ckopocThio 0,5 MC/mMuH. B skcniepuMeHTax ¢ ocakaeHUEM
30J10Ta HamNbUICHHE AU TPOBOJMIOCH C BOJB(PPAMOBON HHUTH, TOKPHITOH 30JI0TOM, CO CKOPOCTBHIO
0,4 MC/mun. CkopocTh HambUIeHHST Mn onpenensiack o (GopMUpOBaHUIO HEMPEphIBHON TUIEHKKH MnSi
tomuuHou 2 UC, ans KOTOpO#M M3BECTHO, YTO MOKPBITHE MapraHua B Hel coctasiseT 8/3 MC. CkopocTh
ocax/ieHus Si onpeiessiach U3 3aHUMAeMOH J0JIHM MOBEPXHOCTH IBYMEPHBIMU OCTPOBKAaMHU Si, KOTOPBIE
SMUTAKCUAIBHO BRIPOCTH Ha moBepxHocTu Si(111)7%7 mocne ocaxaeHus CyOMOHOCIOMHOTO TMOKPBITUS
Si m orxura. OnpeneneHne CKOPOCTU HaNbUIEHUS AU MPOBOAMIIACH IO (POPMUPOBAHUIO HA MIOBEPXHOCTH
cTpykTypbl Si(111)5%2—Au, koTopas, Kak HeJaBHO ObLIO MOATBEPkKAEHO, conepxkut 0,6 MC 3omota [1,2].
To4HOCTH OmpeeNieHus] CKOPOCTEN HanblIeHUs1 MaTepuaioB coctaBisuia ~10—-15%. CTM uccnenoBanus
MIPOBOAMIIUCH C TOMOILBIO 3JIEKTPOXUMHUYECKU TPABJIEHHBIX BOJIb(PAMOBBIX WIJI, OYHUIIEHHBIX in Sifu
HarpeBoM. Bce CTM wu300pakeHHs] 3alHMCBHIBAINCH B PEKHUME TOCTOSHHOTO TOKa IMPH KOMHTHOM
TeMIepaType.
Pesynemamul u ux obcyscoenue

Paznuuust B cTpyKType MOBEPXHOCTH IJIEHOK.

s oGecrnieueHust CBOOOAHOTO M JIETKOAOCTYITHOIO KPEMHUs, HEOOXOJUMOI0 AJIsl pocTa IUIEHOK
MnSi, BHayasie MpoBOIMIOCH (POPMHUPOBAHKE CIOEHBIX CTPYKTYp M3 depenyromuxcs ciio€s Mn u Si npu
KOMHATHOM TEMIIepaType, 3aTeM JaHHbIE CTPYKTYphl OTKUTanuch npu ~300°C B TeueHue 5 MuH. Y Bcex
CJIOEHBIX CTPYKTYp MEPBBIM CJI0EM Bceraa Obul cioii Mn, a 3aKpbIBAIOIIMM CJIOEM Bcerja Obul cioi Si.
IMokpeiTuss Mn u Si B ciosix, a Takke yucio map cioéB Mn-Si BbIOMpanock B 3aBUCUMOCTH OT TOTO,
CKOJIBKO YETBEPHBIX CI0EB IIEHKa MnSi momkHa Obuta ObITh. [lokpbITHSI Mn u Si ompexaensiock u3
pacyeta, YTO KaxaAbld dYeTBepHOu cioil coxepxkutr 4/3 MC wmaprannma u 4/3 MC  Si. Taxxe
npeanoiaranoch, 4ro pononHutensHbsle 2,08 MC Si ot paspymenHoit ctpyktypsl Si(111)7x7 uuctoit
MOJUTOKKH TOXE YyYacTBYIOT B pocTe IIEHKKM MnSi, TO ecTh KpeMHHsI ocaxaainoch MeHbie Ha 2,08 MC.
VYyuTeiBas BbIlIECKa3aHHOE, KoimuuecTBO Mn u Si B mapHoM ciioe Mn-Si BbIOMpaJIOCh TakK, YTOOBI
o0ecreunTh TMONHOCThIO HeoOxomumoe KoiudectBo Mn u Si s gopmupoBanust miéHku MnSi
tomuuHou 2 win 3 YC. Kom6unupys takue 2 YC u 3 UC nmopuuu, Mel Moriu (OpMHPOBATH IIEHKU
MnSi mo0oii sxenaeMoit TonmuHbl, HaunHas ¢ 2YC. Hanpumep, A GopMUpoBaHUs TUIEHKHU TOIIIMHON
34YC mneobxomumo 3x1,33=4MC Mn u crompko xe Si. Cuuras, uyro 2,08 MC Si npunér us

paspymenHoit Si(111)7x7 cTpyKTypsl, 3aKpbIBalOIMiA Si 10 moipKeH coxepxkath 4 — 2,08 = 1,92 MC
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kpemausa. CremoBaTenbHO, ClIOeBas CTPYKTypa st ¢dopmupoBanus mi€Hkn MnSi tommumuoi 3 UC
noipkHa ObITh cnemyromieit: Si(1,92 MC)/Mn(4 MC)/Si(111).

Kornga xommuectBO Mn u Si B CHOAX CIIOEBOM CTPYKTYpbI SIBJISIETCSI JIOCTaTOYHBIM,
copmupoBannas miéHKa MnSi Ha CTM M300paKeHHSX IEMOHCTPHPYET MOBEPXHOCTH ¢ V3x\3
peKoHCTpyKIMeH (pucyHOK 4.2 (a)), TO ecTh MOXOXKeW Ha Ty, 4To HaOmomanack B npeapinymux CTM

uccnenoBanusx [32,36—-38,42].

Pucynok 4.2 — CTM mzo6paxenue 500x300A” sanonsenHbx cocrosuuii (—1,0 B) miérok MnSi
MIPUTOTOBIICHHBIX B YCIOBUAX JOCTATOYHOIO KOIMUYECTBa Si (a), a Takke B yCIOBUSIX cpenHero (0) u
CHJIBHOTO (B) HEeZIOCTaTKa Si B MPOLIECCE pocTa MIEHKH. Y CIIOBHS IPUTOTOBIICHUS: (a)
Si(0,6MC)/Mn(2,7MC)/Si(111), (6) Si(2,6MC)/Mn(2,7MC)/
Si(2,0MC)/Mn(2,7MC)/Si(0,6MC)/Mn(2,7MC)/Si(111) u (8) Si(2,3MC)/Mn(2,7MC)/
Si(1,8MC)/Mn(2,7MC)/Si(0,6MC)/Mn(2,7MC)/Si(111) cino€usie cTpyKkTypsl, oToxkeHHBIE Tpu 300°C.
Ha pucynkax QL o3navaet UC, a “TL” — «TC»
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W3BecTHO, YTO 3Ta MOBEPXHOCTH COOTBETCTBYET 3aBEPLIEHHOMY dYeTBEpHOMY ciioro MnSi ¢
BEpXHUM CJIoeM U3 atoMoB Si. OpHako, eciiv pocT MIEHKH MnSi IpOUCXOAWT B YCIOBHUAX nedummra
KPEMHMEBBIX aTOMOB (T.€., KOTJa KOJMYECTBO Si B 3aBEpIUAIOLIEM BEPXHEM CJ0€ WIH B APYTUX Si CIOSIX
CJIOEBOM CTPYKTYphl MEHbIIE, YeM HEO0OXOAMMOE, YTO YacTO MPOMCXOIMT, €CIM IUIEHKA TOCTATOYHO
TOJICTasA), TO Takas IuI€HKa MnSi JeMOHCTPHPYET APYTYIO MOBEPXHOCTHYIO CTPYKTYpy. B 3aBHCcHMOCTH
OT HejlocTaTka Si, HOBasi CTPYKTypa MOXKET HOKPBIBATh KaK BCIO MOBEPXHOCTh MIIEHKK MnSi (Ha pucyHKe
4.2 (B)), TaK U COCYIECTBOBATH ¢ 0OmacTsaMu 00braroit MnSi/Si(111)V3x\3 pexoHcTpyKimn (Ha puCyHKe
4.2 (6)). Mbl ¢ HEKOTOPOHl OCTOPOKHOCTBIO IpENIojiaraéM, 4To HOBas IMOBEPXHOCTHAs CTPYKTypa
COOTBETCTBYET UETBEPHOMY cjo0 MnSi, y koTopodl BepxHHM aToMHbIi cioii kpemuHusa (1 MC Si)
otcyTcTByeT (cM. pucyHoK 4.1). Takum 06pazomM, 3TO MOXKET ObITh 0003HAUYECHO KaK «TPOWHOM CIIOW»
(«TC») MnSi, 310 0003HauUeHNE MBI Oy/JIeM HCIOIB30BATh B JAajbHENIIEM 00CYyKAeHUH pe3yabTaToM. Kak
OyZeT MOKa3aHO Jaibliie, C ATUM IMPEINOJOKEHUEM BCE TEKyIIHWe HAOIIOJCHUS IOJIyYalOT BIIOJIHE
€CTECTBEHHOE 00bsiICHEHHE. B yacTHOCTH, MBI OOHapyX wiH, 4Tto nonsuieHne ~1 MC KkpeMHusl Ha TaKylo
«TC» moBepXHOCTD C MOCIEAYIONIUM COOTBETCTBYIOIIMM OT)KHTOM MpeoOpa3oBbiBacT €€ B 00bIuHyt0 UC
MOBEPXHOCTh € BEpPXHUM Si aTOMapHbIM clloeM (Kak OyJeT NOKa3aHO Jajiblllieé IPU ONHCAHUHU
HKCHEPUMEHTOB I10 HAITBICHHUIO Si Ha MOBEPXHOCTH TUIEHKU MnSi).

Ceituac mMbl OyzneM cpaBHuBaTh cTpykTypel MnSi/Si(111) mns moepxnocteit UC m «TC».
HenumHe OTMETHTH, YTO WMHIMBHIyallbHbIE CTPYKTYpHBIE OCOOEHHOCTHM 3THUX IIOBEPXHOCTEH OUYEHb
noxoxu Ha CTM wu300paxeHusX Kak IpU OTPULATEIBHOM, TaK M IPH IOJIOKUTEILHOM HaNps KEHUU
cMmenieHus (pucyHok 4.3), ykaszaB, oaHako, 4To HaOmomaemble CTM 0COOEHHOCTH UMEIOT OombIie
TONOrpapUyUecKyto MPHUPOLY, YEeM OSICKTPOHHYIO. Hampumep, MOXHO OTMETHTh CYIIECTBOBAHUE
JUTMHHONEpUOAMYHBIX (~200 A) MOBepXHOCTHBIX MOIYJIALMI Ha KaxaoM u3 4-x CTM u3zo0paxenuil Ha
pucynke 4.3. CyluecTBOBaHHE TaKWX TMOBEPXHOCTHBIX MOIYJISUMNA TakXKe OTMEYaJIOoCh B HEIABHO
oIy OJIMKOBaHHBIX paboTax [32,33,35], rae mpeamnoiaraiock, 4YTO MOBEPXHOCTh MOXKET ObITh M30THYTA U3-
32 HECOBIAJICHUM TIOCTOSHHBIX pEMIETOK YHCTOrO KpPEeMHMS U IUIEHKM cwimiuia. JlanHoe
npenmnosioxenue cornacyerca ¢ CTM nzobpaxeHus MU Ha pUCyHKe 4.3, Ha KOTOPBIX XOPOIIO BUJIHO, YTO
MECTONOJIOXKEHHE, (opMa M TNEPUOAUYHOCTh TAKUX MOIYJSALMA HE 3aBUCTH OT IPHIIOKEHHOIO
HanpsDKeHUs CMEIIEHUs, TO €CTh B JCHCTBUTENBHOCTH OHHU SBJSIOTCS YHUCTO Tomorpaduyeckoi
ocobenHocthio. IllBuHre c¢ xosmmeramu [33] ompenenwn v, 4YTO TMOAOOHBIE MOXIYJSLIUU MOTYT
CyIEeCTBOBATh y IIEHOK MnSi ¢ TonmuHol BrioTs 10 ~140 A (~50 UC), noka ¢ yBeJIM4eHHEM TOIIIHHbL
IUIEHKU HANpsDKEHHOCTh Ha HEll He cOpachiBaeTcs (POPMHPOBAHMEM BHUHTOBBIX TUCIOKAalMi. B Hamem
UCCIIEZIOBAHUHM MBI ONpPENEIMIN MHUHUMAIbHYIO TOJIIMHY IJIEHKH, NMPH KOTOPOM TakHe MOAYJSALUU
uMmeroT mecto. [loBepxHOCTHBIE MOAymsiuu HaOmonatorcs ¢ tommuHbl 4 YC (pucynok 4.4 (6)), HO

OTCYTCTBYIOT Ha 0oJjiee TOHKHX IUIE€HKax, T.e. st 2 UC (pucynok 4.2 (a)) u mist 3 UC (pucyHok 4.4 (a)).
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Taxxe HEOOXOMMO OTMETUTh, YTO JAaHHBIE MOIYJISIIMA MOXXHO OOHAPYXHUTh KaK HAa IOBEPXHOCTH TUIIA
UC, Tak u «TC» moBepXHOCTH.

Pucynok 4.3 — CTM usobpaxenus 500x340A% ¢ oxHoii 1 Toii sKke o6macTu oBepxHocT: Mn/Si(111), Ha
Kotopoi cocymecTByOT nomenbl Tina YC u «TCy», momyuennsie pu —2,0 B (a), —1,0 B (0), +1,0 B (),
+2,0 B (1). YcnoBus nomxyueHus: oopasiia moxoxe Ha Te, YTo OBbLIN 715 TOBEPXHOCTH Ha pucyHke 4.2 (0).
MO’HO YBHIETb, UTO BCE U300PAKEHHUS UMEIOT IMTOXOKUH BHJI, YKa3bIBAIOIINI HA TO, YTO HAOIIOAaeMble
CTM 0coOeHHOCTH UMEIOT B OCHOBHOM Tonorpadudeckyto npupoay. Ha (a) QL oznawaer UC, a “TL” —

«TC»
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PucyHok 4.4 — CTM mzo6paxenust 800x550A% moepxrocreii miéHox MnSi Tommuroit 3 YC (a) u
4 YC (6). JnuHHONEpHOaMUYECKas TOBEPXHOCTHAS MOy M pucyTcTByeT Ha 4 UC mnénke, HO
orcytctByeT Ha 3 UC mnénke. Ycnosus nmonydenus: (a) Si(1,9MC)/Mn(2,7MC)/Si(111) u (6)
Si(1,6MC)/Mn(2,7MC)/Si(1,8MC)/Mn(2,7MC)/ Si(111) cnoenslie cTpyKTypsl, oToxkeHHbIe Tipu 300°C

Kak n o6wsranas YC, mosepxHocTh MnSi, moepxHocth THma «TCx» Beirmsaur Ha CTM
M300paKEHHSIX B BHIE MAacCCHBA MAKCHMYMOB, YIIOPSIOYCHHBIX B TeKCATOHAIBHYIO peméTky V3x\3
(pucynok 4.5). Ho makcumymsbl noBepxHocTH «TCy» umeroT 6osee HU3KYH BHIUMYIO BBICOTY M cama
«TC» mnoBepxHocTh MeHee puduenas, yem YC mnosepxHocts (pucynok 4.5 (B)). Pacrsarusanue
TeKCaroHaJIbHOW CETKHU, Y3JIbI KOTOPOW HAXOATCA Ha MecTe MakcuMyMoB moBepxHoctd UC, Ha gomeH
«TC» moBepxHoctu (cMm. pucyHok 4.5 (0)) meMoHCTpUpyeT, 4To MakcuMyMmbl «TC» MOBEpXHOCTH
pacrnojararoTcs Ha ApPYTuX MO3ULUAX: OHHM JIEXKAT B LEHTPE KaXJA0ro BTOPOTO TPEYTOJbHUKA, YIJIBI
koTtoporo sBisitorcss YC makcumymamu (pucyHok 4.5 (0)). D10 nerko oOBSICHUTB, €CIH CUMTATh, UTO
wiéHka MnSi umeet ctpykrypy Tana B20 (pucynok 4.1), u npeamnonoxurs, uro npossieHus Ha CTM
M300paXeHUsIX OT MOBEPXHOCTEH 000ero THMa SBISIOTCA MPOSBICHUSMHU OT aTOMOB CaMOT0 BEPXHETO
cinos. Ecnmu y YC mnoBepXHOCTHM KaKIbli MaKCUMyM HauOoyiee BEpOSITHO COOTBETCTBYET TpPUMEPY
kpemHHu, To Ha «TCy» moBepxHOCTH (Y KOTOPOH OTCYTCTBYIOT BEpXHHE TPUMEPHI Si) KaXKIbIH MaKCUMyM
COOTBETCTBYET OJIHOMY U3 JABYX HEpaBHBIX TpuMepoB Mn. Tem He MeHee, OKOHUATEIbHOE OIpeeIeHHE

npoucxoxaeHus CTM makcuMyMmoB, BUAHBIX Ha MOBEPXHOCTSX 000ero Tuma, TpedyeT NaibHEeUIIuX

25



uccnenoBanuii. [Toaromy, 0cob0 KenaTeabHO MPOBECTH TEOpETHUECKOoe MojaennpoBanne naHHbx CTM
n3o0paxxeHuil. OTMETHM, YTO TakHe JaHHbE BCE em€ OTCYTCTBYIOT Aaxe A xopomo u3BectHor UC

noBepxHocTd, y kortopod CTM mnposiBieHus: ObUIM MpPUIIMCAHBI KaK BEPXHUM TpumepaMm Si, Tak U
BEpXHUM TpumepaMm Mn [37,38].
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Pucynok 4.5 — (a) — CTM wu3o6paxenue 200x 150A% sanonsenusix cocrosuuii (—1,0 B) moBepxHOCTH
MnSi ¢ cocymectBytomumu nomeHamu tumna YC u «TCy» (ykazano kak QL u “TL”). (6) — yBenuueHHas
001acTh, BbIIETICHHAs ITYHKTUPHOM JTMHUEH Ha (a), ¢ HaJIO)KEHHOM Ha He€ reKcaroHajabHOM CeTKOM, B
KOTOPOH y3JIbl HAXOJIATCS B MOJIOKEHUH MaKCUMYMOB Ha YC OBEpXHOCTH (ITOMEYEHBI KENTHIMU
Kpy>koukamu). BusHo, 4T0 MecTononoxeHuss MakcuMyMoB Ha jomeHe «TC» (momeueHbl KpacCHbIMU
KpY>KOUKaMu ) — IIEHTP TPEYToIbHUKA, cHhOpMUpOBaHHBINA TpeMsi Makcumymamu YC. (B) — npoduis
BJI0J1b O€JI0M JTMHMU Ha (a), AEMOHCTPUPYIOLIHMHA pa3uily B BUAUMOMN BeicoTe MakcuMyMoB Ha UC u «TC»

noBepxHocTax. Ha (a) QL o3nauaer UC, a “TL” — «TC»
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Ilosedenue aocopbamos Ha pasnudHbIX CMPYKMYPax nieHKU.

Hampbiienne HeGousbmoro konmuectBa afacopbator (Si, Mn uinm Au) Ha UC u «TCy» moBepXHOCTH
JIEMOHCTPHUPYET OONBIIYIO Pa3HUILy B UX CBoiicTBax. CHayalia pacCMOTPHUM CIIy4ail HaMbUICHUS KPEMHHUS
Ha nosepxHocTh TUna YC. Kak nokazaHo Ha pucyHke 4.6, HallbUIEHUE KPEMHHUS Ha 3Ty MOBEPXHOCTb
MPUBOJUT K MPOTPECCUPYIOIIEMY YBEIMYEHHUIO YHUCIA JOIMOJIHUTENBHBIX SPKUX MAaKCUMYMOB B BUJE
TPEXCTOPOHHEW TupamMuAKd. VX MIOTHOCTh pacTET JIMHEWHO C yBEIMYEHHEM MOKPBITUS Si, TaK, 4TO
KKl OTIOTHUTEIBHBIA APKUA MAaKCHMYyM COOTBETCTBYET OJHOMY afaToMy KpeMHHs (PUCYHOK 4.7).
He numiHe oTMETHTD, YTO OX0KHE OCOOCHHOCTH TAK)KE OTMEYAJIHCh B MPEIBIIYIINX UCCIEA0BAHHUIX, HO
ux npupoja Obuta npeamerom cropa [32,37,38]. Kymap ¢ komteramu B cBoeit pabore [32] ykasbiBaim,
YTO TOKpBITHE TaKUX JOMOJHUTEIbHBIX MaKCUMyMoOB cocTaBisier ~20%, W CBs3bIBaIM HUX C Si
agatomMaMu. B NpOTHBOIMONOXKHOCT, WM, XHUPBOHEH ['puIlennyc ¢ KoJuleraMH OTMEYalH, 4YTO HX
MTOKPBITUE COCTABISET ~7%, ¥ MPUMUCKHIBATK WX anaromaMm Mn [15]. Ho Takast BEposSTHOCT MOXKET OBIThH
HCKJIIOUeHa 0e3 BCSIKOro pUCKa, Tak kKak HanblieHne Mn npu KT npuBoauT k popMUpOBaHUIO CITydaiHbIX
CTPYKTYp pa3HOil (OpMBI, TIOCTOSSHHO MEHSIOIIMX CBOE MECTOMOJIOKeHHe B mporecce 3amucu CTM
nzoopaxenuit npu KT (pucynok 4.8). Takum 06pa3oM, Hallle HccaeI0BaHUE OJTHO3HAYHO YKA3bIBAET, UTO
nonojaHUTeNbHbIe MakcuMyMmbl Ha YUC moBepxHocTH MnSi sBIsIOTCA agatroMamu Si, KOHIIEHTpPALUS
KOTOPBIX MOKET TOYHO KOHTPOJUPOBATHCS B IMIMPOKOM JuamnazoHe ot ~5% no ~90% (t.e., ot ~0,02 no
~0,30 MC) ToNbKO HambUICHHEM TpPU KOMHATHOW TeMmIlepaType HEOoOXOJMMOTro KOJHUYECTBA KPEMHUS
(pucynok 4.7). Ho Heo6X0AMMO UMETH B BUIY, YTO BbIIIE ~75% HAUMHAIOT PACTH TPEXMEPHBIE OCTPOBKH
Si. B nononnenue k nosepxHocTsM tuna YC n «TC», mnénka MnSi/Si(111) umeer kak Obl TpeTHil THII
MIPOSIBJIICHUS, & UMEHHO, YIIOPSAOYEHHBII MacCUB V3x/3 agaromos Si (~1/3 MC) CBEpXY MOBEPXHOCTH

UC (kax mokazaHo Ha MO/ieNid Ha pUCYHKeE 4.6 (k)).
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Pucynok 4.6 — HaGop CTM n3o06paxenuit 80x80A%, mumocTpupyommiii H3MeHEHHE TIOBEPXHOCTH THIIA
YC (a) nocne nonomHutensHoro ocaxaenus Ha He€ Si mpu KT 0,05 MC (6), 0,10 MC (B), 0,16 MC (1),
0,21 MC (m), 0,26MC (e). [Teporauanprast UC mOBEpXHOCTH ObLIA IPUTOTOBIICHA OT)KUTOM CIIOEHOM
ctpykrypsI Si(0,6MC)/Mn(2,7MC)/Si(111) mpu 300°C. () — npeamonaraeMas Moenb MacciBa V3x\3
amatomoB Si (1/3 MC) ua YC noBepxHOCTH. BHIGOp [OTOBHHKH 3JEMEHTAPHOMN sueiikn \3x\3, 3aHATO#H

agaToMoM Si, — TPOU3BOIHHBIN
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Konuuecteo Si, MC
Pucynok 4.7 — Jlons 3aHATBIX TOMOJHUTEIBHBIMU IPKUMU MaKCHUMyMa siY€eK V3x/3 va UC
noBepxHocTH MnSi, kak GpyHKIuUs OT KoauuecTBa Si, ocaxaénHoro npu KT. BykBamu yka3aHbl CChUIKH
Ha COOTBETCTBYIOIINE N300pakeHus Ha pucyHKe 4.6. [[yHKTUpHOH JIMHUEH TTOKa3aH CIIyvaid THHCHHON

3aBUCHUMOCTH, KOI'Jja Ka)KI[BII\/JI ﬂOHOJIHI/ITGJ'IBHBIfI MaKCHUMYM COOTBETCTBYCT OAHOMY alaTOMY Si

Pucynok 4.8 — (a) — CTM wu3zobpaxenue 500x320A? saronHenHbIX cocTostamit (—1,0 B) o6mactu
noBepxHocTd MnSi ¢ cocymectBytoumu fomeHamu Tuna YC u « TCy» nocne nansuienus 0,05 MC
mapranna npu KT. (6) — CTM u300pakeHne Toro e y4acTka MOBEpXHOCTH yepe3 3 MuHyThl. CripaBa
IPUBE/ICHbI yBEINYEHHbIE N300paKeHMsI pETMOHOB, BbIieleHHbIX Ha CTM n300pakeHusx ciesa.
Xopo110 BUHA Pa3HULIA B MECTOIIOJIOKEHUH OCOOCHHOCTEN Ha ATUX JIByX U300paKEHUSX. Y CIIOBUS
MOJIFOTOBKY HAYAJLHOW MOBEPXHOCTH MOXO0KE HA Te, 4TO ObuTH JuTs 00pasia Ha pucyske 4.2 (0). Ha (a)

QL o3nauvaet UC, a “TL” — «TC»
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[Tpu HanbuieHHH Ha ToBepXHOCTh TUNA «TCy», ocaxnEéHHbIE aTOMBI Si BEIyT ceOsl COBEPIIEHHO
no-apyromy. Ilpu xkomHaTHOM Temmeparype atroMbl KpemHUA Ha YC MOBEPXHOCTH CYIIECTBYIOT Kak
OTJIENbHBIE KPeMHHEBbIE afaToMbl, HO Ha «TCy» moBepxHOCTH OHU (HOPMHUPYIOT aTOMAPHBIE KIACTEPHI
paznuaHoit hopmel (pucyHok 4.9 (a)). IIpu cnabom omxure mpu ~100°C 3TH KiIactepsl cOOMpAIOTCS B
00JbIIKME ABYMEPHBIE OCTPOBKH (KpOME HEKOTOPBIX OCTAIOUIMXCA HEM3MEHHBIMHM KJIACTEPOB, KOTOPHIE,
BEpOSITHEE BCErO, 3allCMMINCh 3a Je(eKThl Ha TMOBEPXHOCTH), TOTAa KakK OTHeibHbIe agaToMbl Si Ha YC
octatoTcs Hem3MeHHbIMH (pucyHoOk 4.9 (0)). Omxur «TC» MOBEpXHOCTH C OCaXAEHHBIMH aToMamu Si
npu 6onee Beicokor Temmeparype B ~300°C npeobpasosbiBaer e€ B UC moBepxHocTh. Tpanchopmarus
MOKET OBbITh YACTUYHOM, €CJIM OCAUTh HEJAOCTATOYHOE KOJUYECTBO KPEMHUS, KaK [MOKAa3aHO HA PUCYHKE
4.10 (6), Tne mpencrapieH pe3yabTat nporpesa « TCy» moBepxHocTr ¢ ocaxxknéHubpM Ha Heé 1 MC Si npu
300°C. Kak MOXHO 3aMeTHUTb, B J0MOJHEeHHE K nosBistommMcs UC goMeHam (y4uThIBasi U JOMEHBI Ha
JIBYMEpHBIX OCTpPOBKax) Ha MOBEPXHOCTU ocTatorcsi U JoMeHbl «TCy». Ilpm HauanbHOM HU3OBITKE
OCKIEHHOTO KpeMHUs nepBoHavyanbHas « TC» MOBEpXHOCTh HE TOJBKO LENUKOM npeoOpasyerca B UC
MMOBEPXHOCTh, HO U Ha 3TOW MOBEPXHOCTU (POPMHUPYETCS yIOPSATOUEHHBI MAaCCUB \3x3 u3 amatomoB Si.
Ha pucynke 4.10 (B) noka3zan noo0OHbIi citydai, korjaa nopepxHocts Tuna « TCy», ¢ ocaxx1EHHBIM Ha Heé
~1,4 MC xpemnusi, 6buta otoxokena npu 300°C. IlomyuuBIuasicss MOBEpXHOCTb, KaK XOPOIIO BHIHO,
OYCHb MMOX0’Ka Ha Ty, YTO MpeCTaBieHa Ha pucyHke 4.6 (r). Takum 006pa3zoM, MOKHO CIeiaTh BBIBOI, YTO
noBepXxHOCTh «TC» ¢ ocakaE€HHBIM Ha Hel Si SBISIETCS METaCTAaOMIBHON M MOKET OBITh ITpeoOpa3oBaHa
B cTtabmwibHyto UC mOBEepXHOCTb, HO Takas TpaHcopmaius TpeOyeT MPEoIONICHUsI HEKOTOPOro
9HEPreTUYecKoro 0apbepa U MPOUCXOAMT TOJIBKO IpU TeMieparype He Hike ~300°C.

PesynbraTsl HanbuleHus: Au Ha nmoBepxHocTH MnSi npencraBieH Ha pucyHke 4.11. Bunno, 4yro
MPOUCXOIUT (OPMHUPOBAHHE HAHOOCTPOBKOB Ha OOOWX THITaX MOBEPXHOCTH MOHOCHIIMIIMIA MapraHIia,
HO Ha YC moBepXHOCTH MPUCYTCTBYET MHOT'O MAaJ€HbKHUX OCTPOBKOB, Torja kak Ha «TCy moBepXHOCTH
OCTPOBKH 0o0Jiee peKhe U OTHOCUTENBHO OombIne. OTHONIEHUE TUIOTHOCTEH TaKUX OCTPOBKOB JJISI IBYX
MIOBEPXHOCTEH COCTaBIsAET, Kak MUHUMYM, 3HaueHue ~20. CoriacHO KIacCHUUECKOH TEOpHUH
3apopleodpaszoBanus [43], npu nuddy3un Mo OJHOPOTHON MOBEPXHOCTH M KPUTHUECKOM pa3Mepe
3apopIllia, IIOTHOCTh OCTPOBKOB (N) 3aBHCHT OT CKOpOCTHM HambUieHus (F) u xoaddummeHTa

13

noBepxHocTHOM nuddysun (D), kak N oc (F/D)"”. Tak kak CKOPOCTh HAIbUICHHS ObLIA OJMHAKOBOI

(TouHO TakXke, Kak M JpyrHe IapamMeTpsl pocTa), TO MOYKHO NPUOJU3UTEIBHO OLEHUTb, 4YTO
kodddunmentsl auddy3un Au 1Mo ITUM JABYM TOBEPXHOCTSIM paznuyaiorcss B ~8 000 pas.
[Ipennonaraercs, yTo Oosiee TOUHOE 3HAUCHUE Jake OOJIbIIE, TaK KaK OIEHKA IUNIOTHOCTU OCTPOBKOB Ha
«TC» nOBEpXHOCTH SBISAETCS, BO3MOXKHO, 3aBBIIICHHOW. MBI yuWTBHIBaJIW BCE HAHOCTPOBKM Au Ha
noMeHax Tuna «TCx». OpHako cyllecTBEHHas JOJs HAaHOOCTPOBKOB pAacIOJIOKE€HAa Ha TpaHMLAX C

JOMCHaMHM THIIA YC umm Ha Kpasx CTyneHeﬁ, a TaKKC CYHICCTBYCT NOCTATOYHOC KOJIMYCCTBO OCTPOBKOB
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Au, KOTOpple HUMEIOT Ooliee MalleHBKMH pa3Mep, M KOTOpbIE, BO3MOXHO, JIHIIb JEKOPUPYIOT

MMOBEPXHOCTHBIE Ne(EKTHI.

Pucynok 4.9 — CTM wuzobpaxeHust 500%375A 3aI0IHEHHBIX COCTOSHUIL (-1,0 B) nmoBepxHOCTH
MnSi/Si(111) ¢ cocymectByronumu qomeHamu tumna YC u « TC» nocne vambutenus 0,1 MC kpemaus
npu KT (a) u mocie nocneayromnero coorsercTpyroiiero orkura npu ~100°C (6). YcnoBus moAroToBKH
HayaJlbHOM MOBEPXHOCTH MOX0XKE Ha Te, 4To ObUIM AJ1s oOpasua Ha pucyHke 4.2 (0). Ha pucynkax QL

o3Hayvaet YC, a “TL” — «TC»
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Pucynok 4.10 — (a) — CTM m3o6paxenne 320x320A” sanonuennsix coctostamii (—1,5 B) mosepxHOCTH
MnSi/Si(111), y koTopoii 3aBepIiaroniuii ciioi — moBepxHocTh « TLy (MpUTroTOBICHA OTKUTOM MPHU
300°C cnoénoii ctpykrypsl Si(4,0MC)/Mn(4,0MC)/
Si(4,0MC)/Mn(4,0MC)/Si(4,0MC)/Mn(4,0MC)/Si(1,0MC)/Mn(4,0MC)/Si(111). (6) — moBepXHOCTH KaK
Ha (a) mocine Hampuieaus pu KT ~1,0 MC Si ¢ nocnenyromum otxurom mpu 300°C. (B) — MOBEPXHOCTh
kak Ha (a) mocie HanbuieHus mpu KT ~1,4 MC Si ¢ nocnenyronum omxurom npu 300°C. Ha pucynkax

QL oznauaer UC, a “TL” — «TC»
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Pucynok 4.11 — CTM m3o6paxenne 1000x700A7 (a) 1 500x350A% (6) 3amoMHEHHBIX COCTOSHHUI (—
1,0 B) o6mactu moBepxuoctu MnSi/Si(111) ¢ cocymectBytomumu qomeHamu tuna YC u « TCy» mocie
HanbuieHus 0,25 MC 3omnota ipu KT. YcnoBust oAroToBKM Ha4aJlbHOM MOBEPXHOCTH MTOXOXKE HA T€, YTO

ObLTH 11 0Opasna Ha pucyHke 4.2 (6). Ha pucynkax QL o3nauaer UC, a “TL” — «TC»

Buvisoowv

C noMoIpl0 MeTola CKaHUPYIOIEH TyHHEIbHONH MUKPOCKOIMM MBI ONpPENEIUIN, YTO TOMHMO
XOpOIIO H3BECTHON MNOBEPXHOCTH MnSi/Si(111)V3x~/3, KOTOpasi UMEET CBOMCTBO YETBEPHOIO CJOS
cTpykTypsl B20 ¢ BepxHUM cioem Si, MOBEPXHOCTH JAPYTOr0 THIMA MOXKET OBITh IMOJydeHa, €CIU POCT
méakn MnSi npoxoaut B ycnoBun aedunmra Si. Ha CTM u3o0pakeHHH HOBasi MOBEPXHOCTh TaKKe
JICMOHCTPHPYET TeKCaroHambHylo V3x\3 PeKOHCTPYKLHIO, HO e8 MAKCHMyMbl HMEIOT Gojee HH3KYIO
BUJIMMYIO BBICOTY U caMa IIOBEPXHOCTh MeHee puduiéHas. Kpome Toro, MakcuMymbl HOBOI TOBEPXHOCTH
3aHUMAIOT JPYTHE TIOJOKEHHUS, YeM MaKCUMyMbI OOBIYHOM TOBEepXHOCTH MnSi. A WMEHHO, OHHU
3aHMMAIOT TIOJIOKEHHE B LIEHTPE KaXJO0ro BTOPOrO TPEYrojbHUKA, B YIJIaX KOTOPOTO JOJKHBI
pacrosiaratbCsi MaKCUMYMbI OOBIYHOM MOBEPXHOCTU. JlaHHBIE (PAKTBHI MOTYT OBITH JIETKO OOBSICHEHBI,
€CIIM CUUTaTh, YTO HOBAs IMOBEPXHOCTb COOTBETCTBYET deTBepHOMY cioio (UC), B KOTOpOM caMbIX
BEpXHHUI Si CJIOH OTCYTCTBYET, M IMOBEPXHOCTb, TOIYy4aeTcs, MOKpbITa Mn atomMamMu. MBI yCIIOBHO
Ha3BaJM TaKyl IMOBEPXHOCTb, KaK MOBEPXHOCTh «TpoiHOTro cios» («TCy»). CremoBaTenbHO, KaXKIbIi
MakcuMyM, BUguMblidi Ha CTM u3o0paxeHusx npu 000MX CMEIEHUSX HaNpsHKEHUs,, COOTBETCTBYET, JUIS

ciryvas ucC NOBCPXHOCTHU, KPEMHHUECBBIM TpUMEpaM WM OAHOMY M3 ABYX BO3MOKHBIX PA3JIMYHBIX Mn
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TPUMMEPOB JUIs ciiydas noBepxHocT Tuna « TC». bbuto nokaszano, uro «TC» NOBEpXHOCTh MOXKET OBITH
npeobpaszoBana B YC moBepXHOCTh HambuieHHEM Ha He€ ~1 MC KpeMHUS ¢ MOCIEAYIOMIMM OT)KUTOM TIPH
~300°C. Ocaxxaenue Takux ajacopo6aros, kak Si, Mn u Au, Ha YC u «TC» mOBEpXHOCTH AEMOHCTPUPYET
OTPOMHYIO pa3HHIy B CBOMCTBax 3TUX JBYX MoOBepxHocTeil. Hampumep, Obuto HaiijeHo, dYTo
kodpunment nudpdysun agatomoB Au mo nosepxHoctd THna «TC» B ~10 000 pa3 Bbime, uyem ams
anaToMoB Au 1o noBepxHoctu tuna YC.

B 3akmoyeHnu XoTenock Obl OTMETUTH, YTO, XOTs Hallle THIOTETHYECKOE Mpeanonoxkenue o « TC»
MOBEPXHOCTU C BEPXHUM Mn cJoeM XOpoIlio OOBSICHAET 3KCIEPUMEHTAIbHBIC PEe3yJIbTaThl, U1 €ro
OKOHYATEJIbHOTO MOATBEPKACHUS NMPOBEICHHUE HEOOXOJUMBIX KOMITBIOTEPHBIX MOJEIMPOBAHUN KpailHe
xenaTtenbHo. Hyke npuBeieHbl TeMbl, KOTOPbIE B OCOOEHHOCTU TPEeOYIOT TEOPETUUECKOTO aHAIM3a: TECT
Ha cTabmibHOCTE MnSi MOBEpXHOCTH ¢ BepXxHUM Mn cioeM, moaenupoBanue CTM nzobpaxenuit amns
UC u «TC» moBepxHOCTEH, ompeselieHne aacopOIMOHHBIX TOJOXKEHUN JT00aBOYHBIX aaaToOMOB Si Ha
noBepxHocty tuna YC, a Takke cpaBHEHHE NMOTEHIMAIBHBIX OapbepoB it auddysuu agcopbaroB Ha

noBepxHocTIxX Thuna YC u «TCy.

4.2 Pocr cyOMoHOCJI0iiHOI mieHKH ¢ysiepenoB C60 Ha mnoBepxHoctu Si(111),
MoaupuuupoBanHoit atomamMu Co, IMEIIUMH He HYJIEBOIl MATHUTHBIM MOMEHT.

C moMomipl0 MeTOoJa CKaHWpylomed TyHHenbHOW Mukpockonuu (CTM) wucciemoBan pocT
cyomoHnocnoiino# tieHku ¢ymuiepenoB C60 na nmosepxnoctu Si(111) momuduupoBannoii aromamu Co
MMEIOIUMHU HE HYJIEBOW MarHUTHBIM MOMeHT. OmnpeaeneHbl MONOXKEHUS (YIIEPEeHOB OTHOCHUTEIHHO
KJIaCTepOB KoOanbTa. Y CTAaHOBJICHO BIMSHUE JOMEHOB KJIACTEPOB KOoOAIbTa U Ae(PEKTOB MEXy HUMHU Ha

¢dbopMupoBaHne MICHKN QYIIEPEHOB.

DKCIepuMeHT ObUT BBHITIOJIHEH B CBEPXBBICOKOBaKyyMHOM ycTtaHoBke STM-VT25 mpousBomctBa
¢upmbl "Omicron Nanotechnology". ba3oBoe naBieHune B kKaMepe COCTaBIISAIO 2x107° Topp. AtomapHo-
YHUCTYIO0 MOBEpPXHOCTh oOpasma Si(111)7X7 momydany mpoJoDKUTENBHON Aerazalueil pu TeMIieparype
600°C c¢ mnocneayrooluM KpaTKOBpPEMEHHbIM oTxxurom mnpu temmneparype 1280°C. IloBepxHocTb
Si(111)V7x\7-Co, ncronb3yemyio B ganbHeiflIeM B Ka9eCTBE MOMUIOKKH s aacopormu C60, momydar
ocaxxnerneM 0,2 morocios (MC) (1 MC = 7,83x10" cm™®) Co Ha aTOMapHO-YHCTYIO MOBEPXHOCTH
Si(111) mpu temnepatype 630°C cormacHo (azoBoii auarpamme [44]. @ymnepensl ocaxaaiu Ha ¢dazy
Si(111)\V7x\7-Co u3 TaHTAIOBOI KOP3MHKH IIPH KOMHATHOII TeMmeparype obpasua (KT).

Ha pucynxe 4.12 npencrasieno CTM mso6paxenne mosepxaoctn Si(111)V7x\7-Co momyuennoit

nociie ocaxaeHus 0,2mc Co npu Temnepatype okoio 600°C.
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PucyHok 4.12 - CTM n3o6paxerue mosepxuoct Si(111)V7xV7-Co

Iosepxuocts Si(111)V7x\7-Co mpeacraBiser coGoil copasMepHbie TOMeHbI Kiactepo Co ¢
TIePHOMYHOCTBIO N 7X\/7, pasaeneHHbIe JOMEHHBIMU CTEHKaMK. MOXKHO BBIIETHTH BA THITA OPHEHTALNN
noMeHoB noBepxHoctu Si(11 1)V7xV7-Co MOBEPHYTHIX APYT OTHOCUTEIBHO Jpyra Ha yroia okono 21°C.
Kaxnprii spkuii MakcuMyM Ha pHCYHOK 4.12 mpencTaBiisieT cOOOH pUHT KiacTep KPEMHHUS C aTOMOM
koOanbTa B 1ieHTpe [45]. CtpykrypHas Moaens kinacrepa Co mpencrabiieHa Ha pucyHke 4.13. B otnuuane
or 00beMHOro Kobambra, pekoncTpykims Si(111)V7xV7-Co me obmagaer QeppoMarHUTHEIMHU

cBoicTBamu [46].

Pucynok 4.13 - Mogens puHr kiacrepa kodanbra. CepbiM KpykKoM o003HaueH atom Co, OebIMu —

aTOMBI Si, BXO/SIIME B COCTaB KIacTepa, YepHbIMU — aTOMBI Si 00bema [45].

Ha pucynke 4.14 npencrasnen psag CTM u300pakeHUid, MOTYyUYEHHBIX TMOCIE OCAXKICHHUS Pa3HOTO
KonudecTBa QyJuiepeHoB Ha CcTpykTypy Si(11 1)V7x\7-Co npu KT. Kak MOXHO BHIIETh, HAUMHAs YXKeE C
MaJbIX TOKPBITUH, (yJUIEpeHbl B TMEPBYIO OYepeab JEKOPUPYIOT JHMHEHHbIE Ae(PeKTbl MOBEPXHOCTH
Si(111)V7x\7-Co, K0oTOpBIe MPEACTABIAIOT COGOI TOMEHHBIC CTEHKH MEXTY COPAa3MEPHBIMU yJacTKAM
KTacTepoB KO0OatbTa ¢ meproanmdHocThio V7xV7 n o6pasyior Hebompmme obpasoamms C60. C

,Z[aJ'ILHefIH.IPIM YBCIIMUCHUCM TIOKPbITUA q)y.]'IJ'IepeHOB, Takhe 00JIacTh YBCIIMUUBAIOTCA B Ppa3MCpax,
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IOCTCIICHHO 3aHWMasl COpPasMCPHLBIC YYACTKU KJIACTCPOB KoOanabTa M O6p8,3y5[ JIOKAJIBHBIC MAaCCHBBI

¢byniepeHoB.

Pucynok 4.14 - Ocaxnenue C60 ua Si(111)V7x\7-Co npu KT a) 0,2MC 6) 0,5MC B) 0,9MC

Ocaxnenne pymieperos mpu Temmeparype 170°C na mosepxuocts Si(111)V7x\7-Co He npusoaut

K U3MEHEHHIO MPOIIECCOB POCTa MACCUBOB (DyJUIEPEHOB PUCYHOK 4.15.

Pucynok 4.15 - Ocaxnenne C60 ua Si(111)V7x\7-Co mpu 170°C a) 0,8MC 6) 0,95MC

Uccnenys npoduns nuneitHoro cedenus CTM wu3o0paxkeHuss MaccUBOB (DyJUIEPEHOB, OBLIO
YCTaHOBJIEHO, YTO MAacCHBHI (DyJLIepeHOB MMEIOT mepoxoBaTocth 2,4 A + 0,2 A. Ilepenan BbICOT «cI0i

C60 — oBEpXHOCTB» cocTaBlseT 5,5 A pucynok 4.16.

Bonee neranpHoe m3yuenne CTM uzoOpaxkeHuii ¢ chOpMUPOBAHHBIMH MAaCCHUBaMH (PyJICPEHOB
BBISIBUJIO, 4TO (YJJICPEHBI, HaXOJAIIMECS Ha COPa3MEPHBIX YydYacTKax \/7X\/7-C0, MMEIOT NAJIbHUUI
nopsiioK. J{Jist ycTaHOBJICHUS TTepro/ia pereTku QyIepeHOBON MIeHKH, ObuTH TipoaHanu3upoBanbl CTM
msobpaxkenmst  mosepxuoctH  Si(111)V7x\7-Co  u  cucrembr  C60/Si(111)V7xV7-Co ¢ momoup

cnektpanbHoro ®@ypnre ananuza. Ha pucynke 4.17 mnpencrasneno CTM u ®ypse wuzobpaxeHue
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nosepxuoctr Si(111)V7x\7-Co, a Taxxke TEOPETHICCKH PACCUNTAHHOE N300PaKeHNE 0OPATHON PeleTKH
JUIl TIOBEPXHOCTU C NEPUOJAUYHOCTHIO \7x\7. Kak W cIegoBano OXHIaTh, @Oypre n300paxeHue
[IOKa3bIBACT, YTO JaHHasg IIOBEPXHOCTb HMEET MEPHUOAUYHOCTH \NTxN7. U3 ®yppe anammza CTM
M300pakeHUs TIOBEPXHOCTHU NoayueHHoi nocie ocaxaenus IMC C60 na Si(11 1)V7x\7-Co CJeyeT, 4To

na osepxHocTH Si(111)V7x\7-Co GopMupyeTcst copasmMepHbIe MOIIOKKE JTOKATbHBIC YIIOPSIOUCHHDIC
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PucyHok 4.17 - a) CTM m3o6paenne nosepxuocti Si(111)V7xV7-Co, 6) dypbe n3obpakenue ot
nosepxuocti Si(111)V7xV7-Co, B) MozennpoBanHOe H300paenne 00paTHOM PeIeTKH I

IIOBEPXHOCTHU C NEPUOIUYHOCTHIO 77

MaccuBbl (DYJUIEPEHOB C MEpHOAMYHOCTBIO \7x\7 (pucyHok 4.18). Jlns OmpeneneHus MOTOKEHHIA
(byIepeHOB OTHOCUTENFHO UCXOAHOM moanoxku, Ha CTM u3o0pakeHre BBHICOKOTO pa3peleHus Oblia
HaJIOXEeHA CeTKAa JIMHWKA TPOXOISIINX Yepe3 ICHTPHI KiacTepoB kobOambTa (pucyHOK 4.19), T.K. aTom

KoOanbTa HaxXOJUTCA B HCHTPE TAKOT'O KJIaCTepa, CJI€A0BATCIBHO, aTOM KoOanbTa IMPUXOIUTCA TAKKEC U Ha
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nepeceueHue JIMHUN ceTkd. LleHTpel (yiuiepeHoB, Ha BCTaBke pucyHKa 4.19, OTMEYEHBI CHUHHMH
Kpy>XoukamMu. BugHo, 4TOo KaKIblii (QyJuiepeH pacmnoiokeH Mexay Tpems KiacTepamu KobOanbTa. 3Has
CTpyKTypy noBepxHoctu Si(11 1)\/7><\/7-Co npeAcTaBieHHYyI0 Ha pucyHke 4.13 u pacnonoxenune C60 Ha
Hell, cxema pacrnonoxeHus (QyisiepeHoB OyaeT BHIMIAACTh Kak Ha pucyHke 4.20. M3 cxeMbl cieayer, 4To
¢byiepeHsl 3aHUMArOT mojiokeHuss H3 1 pacronoskeHHbIE MEXKITy TPEeMsl «BEPXHUMM» aTOMaMHU Si PHHT

KJIacTepoB. PaccrosHue Mex Ty psaaamu GyuiepeHOB COCTABIISET aN21/2 = 8.8 A. Paccrosiaue MEXIY

PucyHok 4.18 - a) CTM u3o6paxenne mosepxuoctu Si(111)V7xV7-Co mocne ocaxnenns 1MC C60

npu KT, 6) ®ypre n300pakeHue OT 3TOH NOBEPXHOCTH.

¢yepeHaMu COCTaBiIsIeT aN7 =10.16 A. s YCTaHOBJICHUS BIIMSHUS JTOMEHHBIX I'PAHULl U Pa3INYHON
OpPHEHTAIlMM JOMEHOB HCXOAHON TOBEPXHOCTH Ha (OPMHUPYIOIUICS MaccUB (yJUIEPEHOB ObLI
npoananu3upoBan psg CTM  u300pakeHuit BBICOKOTO paspemieHus. W3 Takoro anammsa ObUIO
OTIpEe/ICNICHO, YTO CABUT PSIOB KIACTEPOB KoOanbTa Ha TpaHuile goMeHoB Si(11 1)-\/7X\/7-C0 Ha a = 3,84
A npuBomuT K aHanorM4HOMY CABMTY psAnoB (yluiepeHOB (paccTosHue Mexay psagamu  a*Cos 10,9 =
3.77 A) pucynok 4.21. JloMeHHBIE TPaHUIGI HA PAHHUX JTANax OCAXKIEHHS CIYXKAT «JIOBYIIKAMU» s
¢bysiepeHoB. YTosl MOBOpOTa JIOMEHOB (DyJJIEpEHOB C PA3JIMYHON OpUEHTAlMe APYr OTHOCHTEIBHO
apyra cocrasiser 21,8 rpagyca, 4To COOTBETCTBYET YIUIy IOBOPOTA JOMEHOB IOJUIOKKH PUCYHOK 4.22.
Takum o00pa3oM, MOXXHO 3aKIIOUUTh (GopMa M OPHUEHTAIMsA JIOKAJIbHBIX KJIACTEPOB (YJUIEPEHOB
COOTBETCTBYET (hOpPMeE I OPHEHTALHH JOMEHOB HCXoHoit moBepxHocTH Si(111)-\7xV7-Co.

B 3akmouenue, B Hactosmied pabore metomom CTM Obul HWCCIEOBaH POCT MAaCCHUBOB
dymnmepenos ma moBepxHocTHOH (aze Si(111)W7x\7-Co. Ocaxaenne (ymiepeHOB MpH KOMHATHOI
TeMIIepaTypbl NMPUBOJUT K (POPMUPOBAHHUIO JIBYMEpPHBIX MaccuBOB (ymiepeHoB. Haumnas ¢ manoro
MOKPBITUS, (YJUIEPEHBl  «3aXBaTHIBAIOTCS»  JTUHEWHBIMH  Je(peKTaMu HCXOJHOW  TOBEPXHOCTH

Si(111)\7xV7-Co. C yBennueHueM MOKPHITHS (yIIepeHsl HAYMHAIOT 3aHUMATh JOMEHHI Kiactepos Co,
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o0pa3ysl Ha TIOBEPXHOCTH JIOKAJTbHBIC MAaCCHUBHI C TIEPUOAHMYHOCTHIO COOTBETCTBYIOMICH MEPHOIMIHOCTH
HCXOJHOM TOBEPXHOCTH \7x~\7. JlokanbHBIe MacCHBEI (GyIIepeHoB MOBTOPAIOT Kak (OpMy TOMEHOB
HCXOJHOW TMOBEPXHOCTH, TaK U e€ opueHTanuio. B maccuBax QysiepeHsl 3aHuMaroT nonoxkenue H3,

HaxoasaCb, TAKUM O6p8.30M, MCXKAY TpEMA COCCAHUMHU KJIIACTCPAMU KPCMHUS.

a\7 =10,16 A

S
b .'ﬂ-

PucyHok 4.19 - CTM m3o6paxenne mosepxuocti Si(111)V7xV7-Co ¢ Mansiv konugectBom C60
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@ Co adatom

O Si bridge adatom

(OsSi cap adatom

- Sisecond layer atom

o Sifirst layer atom

Pucyrok 4.20 - Cxema pacronoxennst pymieperos C60 ua Si(111)V7x\7-Co.

PrcyHok 4.21 - Biusiaue momeHHbIX rpasuil moamoxkn Si(111)V7x\7-Co Ha OKaibHBIH MaccHB

¢bynnepeHoB.
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Pucynok 4.22 - JIga Trma opueHTaIuu JoKanbHBIX qoMeHoB 1 MC C60 Ha Si(11 1)\/7><\/7-C0.

4.3 MoJekyJsipabie cjion (Qy/IepeHOB HA NOBEPXHOCTHON pexoHCTpykuuu Au/Si(111) m mx
3JIEKTPOHHbIE CBOICTBA
Ha npotsskeHMM MOCHEIHUX JBYX JECATWIETUH HHTEpPEChl HAy4YHOTO MHpa B 3HAYUTENIbHOM
CTETICHU CBSI3aHBI C UCCIIEJOBAHUSAMH (PYIIEPEHOB — aJUIOTPONHOM (hopme yriepoaa, B KOTOPOil aTOMbI
yraepona o0pasyroT kapkacHble MoJekyisl [47]. [lepBoit cpeau ¢yuiepeHOB ObUIa OTKPHITa MOJIEKYJIa
Ce0, KOTOpasi OTIMYACTCS HAMOOJBINEH CTaOMIBLHOCTHIO M BBICOKOM cTerneHbto cummeTpur. [lo popme
OHa TpeAcCTaBiIsieT co0oil ycedueHHBbIM wukocadap [48]. Otkpeitue Monekynbl Cgy malo cTapT K
WHTCHCUBHOMY HCCIIEIOBaHUIO (PU3MKO-XMMUYECKMX CBOWCTB, KakK OTJAEIbHOM MOJEKYJbl, TaK U
KpuctauioB ¢ysuiepura. Oxazanoch, UTO JaHHBIE MOJEKyJbl 007agaloT OoraTteiM  HabOpPOM
3aMevaTesbHbIX CcBOWMcTB. DymnepeHbl 007aal0T MOJYNPOBOJHUKOBBIMHU  CBOMCTBaMM  (ILIMpHHA
3ampeneHHon 30H6I ~ 1.5 3B) [49], nmermpoBaHWe WX aTOMaMM IIEJIOYHBIX METAJJIOB TMPUBOAUT K
MOSIBJICHUIO METAJNINYeCKOW poBoAUMOCTH [50] U gake mepexoy B CBEPXIIPOBOASILEE COCTOSIHUE IIPH
18 - 33 K [51]. Onu oOmagatoT MansiM BpeMeHeM (oTooTkianka (exuHunbl HE). IlepcnekTHBHBIM
SBIISICTCSL MCIIONIb30BAaHUE MOJIEKYJBI (pyiiepeHa B KadecTBE CaMOCTOSTEIFHOIO HAaHOPa3MEPHOTO
YCTpOICTBAa W, B YAaCTHOCTH, YCHJIMTENBHOIO »3JEMEHTa, OCOOEHHO YYHUThIBasg €€ 3HAYUTEIbHYIO
CHOCOOHOCTh K camoopranuzanuu [52]. Crenyer Takke ynoMsiHyTh, YTO OTPOMHOE YHMCII0 padoT CBA3aHO

C CO3JaHHUEM COJIHCYHBIX J3JICMCHTOB Ha OCHOBC Q)YHHCPCHOB, KakK OpraHu4cCKux, riac (I)yJ'IJIepeHBI
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paboTaloT B CBA3KE C TONMMEpPaMH, TaK M HEOPraHWYECKHX, TAe (QyuiepeHsl HAHOCSATCS Ha
MOy IPOBOTHUKOBYIO MOJITIOKKY .

[TockonbKy OOJBIIMHCTBO CYLIECTBYIONMIUX U MPEAINOIaracMbIX MPUMEHEHUH (yIIEpEHOB CBSI3aHHO
C B3aMMOJICHCTBUEM HMX C IMOBEPXHOCTSAMH TBEPABIX TEJ WU C HCHOJb30BAaHUEM TOHKHX IUICHOK, TO
aQHAJIN3 KPUCTANIMYECKOM W DJIEKTPOHHON CTPYKTYphl (YJIEPEHOBBIX MOKPBITHM, HCCIEIOBaHUE
MEXaHHM3Ma pocTa IUIEHOK M HUX XapaKTepUCTUK MpPEJCTaBiIsieTCs BechbMa akTyalbHOW 3amaueil. J{ns ee
pElIeHNs TePCIIeKTUBHBIM CUYUTACTCS UCTIOIB30BAHUE TEXHUK CKaHUPYIOIIeH TYHHEIbHOW MHUKPOCKOIMUU
u cnekrpockornuu (CTM u CTC), koTopble yCHENmHO A0Ka3aJid CBOIO MPUTOJHOCTh ISl UCCIICOBAHUS
MOP(OJIOTHH U DJIEKTPOHHOH CTPYKTYpBI TOBEPXHOCTH TBEPABIX Tel [53].

bonbmioe konmuuecTBO paboT MO OCaXIeHUIO (YyJJIEPEeHOB Ha TOBEPXHOCTH TBEPABIX TeI
MOCBSIIIIEHO aJCcOpPOIMM Ha YHCThle MOBEPXHOCTH METAUIOB U TOJIYNPOBOJHUKOB. AjcopOuus Ha
MMOBEPXHOCTH METAIJIOB OOBIYHO TMPUBOAHWT K (HDOPMHUPOBAHHIO IUIOTHOYITAKOBAHHOTO MOJEKYJISIPHOTO
CIOS C TeKcaroHaJbHOW pemeTkod. B Toxe BpeMs B psjue ciydaeB HaOMIOMAETCsl CYIECTBEHHOE
pasnmuune CTM koHTpacTa (BUIMMON BBICOTBI) OCKIECHHBIX MOJEKYJ JAPYyTr OTHOCHTEIBHO Apyra.
JlanHoe sBIIEHWE MOXET OBbITh CIEICTBUEM WM Tomorpaduud WIW/U SIEKTPOHHOW CTPYKTyphl. B
4acTHOCTH B ciydae mnoBepxHoctd Au(l11) [3-5] ydeHble CBSI3bIBAIOT BO3HUKHOBEHHUE «TYCKIIBIX)»
¢bymiepeHoB ¢ (QopMHpOBaHHE SMOK pa3MepaMH B HECKOJIBKO aTOMOB 30JI0TA, YTO MPHUBOAHUT K
YBEJIMYEHUIO SHEPTUU CBS3H (YIJIEPEH-MOIOKKAa M YBEIMUEHHUIO TepeHoca 3apsia OT MOAJOXKKH K
Mmouiekyse. IlomoOHoe «3apbiBaHue» (QyJIepeHOB B MOUIOKKY HAOMIOJaeTcss W B Cllydae JApPYTux
MeTaJNTHYeCKuX MoBepxHocTel, Hanpumep, Au(110) [6], Pt(111) [7], Pt(110) [8], Ag(111) [9], Cu(111)
[10].

Ha moBepxuaoctu Si(111)7x7 ancopoumst Cgp TPOUCXOAUT OTIUIHBIM OT CIIydas METaUTMICCKUX
MMOBEPXHOCTEH 00pa3oM: H3-3a CHIJIBHOTO B3aUMOJACHCTBHUS (YJUIEPEHOB C OOOPBAHHBIMU CBS3SIMHU
MOBEPXHOCTH U, TaKUM 00pa3oMm, mpeobiaaHus CBSI3UM MOJEKYJIa-MOAN0KKA HaJl BaH-Aep-BalbCOBCKUM
B3aMMO/JICHCTBIEM MEXIy MOJIEKYyJamMu, QyJuiepeHsl He 00pa3yIoT MJIOTHOYIAKOBAHHOTO MOJIEKYIISIPHOTO
ciost [11]. B Toxke BpeMsi XOpOIIO M3BECTHO, YTO (PH3MKO-XMMHUYECKHE CBOMCTBA MOBEPXHOCTH MOTYT
OBITh U3MEHEHBI YEPE3 CO3/IaHKE MMOBEPXHOCTHBIX peKOHCTpYKIui [17]. B wactHOCTH B padoTax [12-16]
Wccreayercs anacopOums u rmoBeneHHe (ymmepenoB Ha mosepxHocTd Si(111)V3xV3-Ag. Ommako,
ocaxieHne (PyJuIepeHOB Ha IPyTrHe MOBEPXHOCTHBIE PEKOHCTPYKIIMHM HAa KpeMHUHU ci1abo m3ydeHo. Tak,
€CTh HECKOJIBKO paloT MOCBSIICHHBIX M3ydeHuio cucteM: Cego/Si(11 1)\/3x\/3-B [18], Ce0/Si(111)7x7-Co
[19], Ceo/Si(111)1x1-Pb [21] u Cgo/B1(0001)/S1(111) [20].

B pamkax maHHOTO mpoeKTa MpPOBOAMINCH UccienoBanus aacopouuu Cep Ha Si(11 1)—a—\/3x\/3—Au u
e€ MoauuKanuo Si(lll)-h—\/3x\/3-(Au,In) MerogoM CTM, a Takke 3JEKTPOHHBIE CBOMCTBA JAaHHBIX

cucreMm meronoMm CTC.
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OTIHYUTENBHON 0COGEHHOCTBIO TOBEPXHOCTHOM pekoncTpykimn Si(111)-a-V3xV3-Au sBmsercs
BBICOKAS IUIOTHOCTB JOMEHHBIX CTEHOK [22], B To Bpems kak B ctpykrype Si(111)-h-V3xV3-(Au,In) onn
orcyTcTBYIOT [23]. Ha o00eux pekoHCTpyKuusax QymnepeHsl 00pa3oBHIBAIOT IJIOTHOYIIAKOBAaHHBIM
MOJIEKYJISIpHBINA c0i. B Toke Bpemst (ymiepeHsl BHYTPH OJHOTO CJIOS OTOOPa)KAIOTCS C pa3IMYHBIM
CTM «kontpactom. B ciyuae Si(lll)-a-\/3x\/3-Au JAHHBI KOHTPACT SBJISICTCS OTOOPa)KEHHUEM CETH
JOMEHHBIX CTEHOK MCXOAHOH CTPYKTypsl, a B caydae Si(111)-h-V3xV3-(Au,In) o ompenemsercs
MOJIOKEHHE YacTH (PYJUIEPEHOB €0 B CHMMETPUYHBIX MO3UIUSAX OTHOCUTEIBHO CTPYKTYPBI MOIOXKKH.
Crenyer Taxke 3aMETHTb, UTO B CIy4ae HECKOJIBKUX MOJICKYJISIPHBIX CIIOEB JJAHHBIN KOHTPACT MEPEXOIUT
B [TOCJICAYIOIME CJIOH, TIOCTENIEHHO Pa3MbIBasACh U yracasl.

OKCMEPUMEHTHI MPOBOJIUIIUCH B YCIOBUAX CBEPXBBICOKOTO BaKyyma (7,0><10'“) Ha 000py/I0BaHUH
npousBojcTBa Omicron. ATomapHo umncrtas nosepxHocts Si(111)7x7 nomydanach myTeM oTxura oopasua
npu temmneparype 600°C B TeUeHHMM HECKOJIBKMX YacoB C IOCIEAYIOUMMH KpPaTKOBPEMEHHBIMU
orxxuramu npu temmeparype 1300°C B teuenun 30 — 60 c. 3010TO OCakJanoCh € MOKPBITOM 3010TOM
BOJIL(PAMOBOI MPOBOJIOKH, UHANN U3 TAaHTAJOBOW KOP3WHKH, a ¢yiuiepeHbl Cgy CyOIMMUPOBAINCH U3
monubaenoBoro turist. Jns CTM  wuccnenoBaHuWi  HMCTHOJB30BANMCH KaK BOJb(GPAMOBBIE WIJIBI,
MIPUTOTOBJICHHBIE METOJOM 3JEKTPOXUMHUYECKOTO TPABICHHS, TaK MW IUIATHHO-UPHIMEBBIC WIJIBI,
MIPUTOTABIINBAEMbIE MEXAaHUYECKUM ITyTEM.

Jlannoe CTM mccrneoBaHne mMokasamo, 4to dymiepens Ha mosepxuoctd Si(111)-a-V3xV3-Au
MIPOSBIISIIOT CXOKEE CO CIIy4aeM METAUIMYECKUX MoBepXHocTel noenenrne. OHu 00pa3yoT KOMIIAKTHBIE
JIByMEpPHBIE OCTPOBKH, IIEHTPOM 3apOKICHHUS KOTOPBIX CIyKaT CTyNEeHH MOJIOKKU (pUCYHOK 4.23(a)).
BuyTpu cnos ¢QymnepeHsl yKIaAbIBAalOTCS B IUIOTHOYNAKOBAHHYIO T'EKCAaroHaJbHYIO CTPYKTYpY C
MOCTOSHHOM pELIeTKH PABHOM, HCXOAsS M3 pe3ylbTaToB mpeodpasopanus @Dypee, npumeprHo 10 A.

OCHOBHEBIE BCKTOpa TpaHCIAIUN I OOJIBIIMHCTBA JOMEHOB MOJICKYJIIPHOTI'O CJIOA COBIaJar0T C

OCHOBHBIMH HampasieHusMU moBepxHocTH Si(111) < 101 >. OZIHaKO HEKOTOpbIE TOMEHBI TOBEPHYTHI
npuMepHo Ha +20° OTHOCHTEIBHO OCHOBHBIX HampaBieHuil. KiodeBoit 0cOOeHHOCTBIO (yIIEPEeHOBOTO
crost Ha Si(111)-a-V3xV3-Au sBseTcss HANMMUKE APKAX M TEMHBIX 10 KOHTPACTY (yJLIEpPEHOB, KOTOPHIE
00pa3yoT CTPYKTYpy MHMOXOXXYIO Ha CETh JOMEHHBIX CTEHOK HMCXOJHOW MOJIOKKH (pucyHOK 4.23(0)).
CTM KOHTpacT «IOMEHOB» U «IOMEHHBIX CTEHOK» (YJUIEPEHOBOTO CJIOSl TIOBTOPSIET KOHTPACT IOMEHOB
¥ nomeHnbx cTeHok Si(111)-a-V3x\3-Au B 3aBucHMOCTH OT IIPWIOKEHHOTO cMmemieHus [22]. Tak npu
CKaHMPOBAHMM 3aMOJHECHHBIX COCTOSIHMM JIOMEHHBIE CTE€HKU CTPYKTYpPhI Si(lll)-a-\/3X\/3-Au "
«JIOMEHHBIE CTEHKN» (PyJJIEepEeHOBOTO CIIOS SBISIOTCS OOJiee TEMHBIMH TI0 KOHTPACTY IO CPAaBHEHHIO C
JIOMEHaMH{, a B CJy4yae CKaHMpPOBAHHUS HE3aNOJHEHHBIX COCTOSHUN HA000poT Oojee SPKUMU IO
CpPaBHEHHMIO C JoMeHamMu. M3 9TuUX JaHHBIX MOXXHO CHeJaTh BBIBOJ, NPUPOJA JaHHOTO KOHTpacTa

SABIISICTCS CKOPEE IEKTPOHHBIM 3 (HEKTOM, a He TONOrpahuIeCKUM.
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Prcynok 4.23 - Maccuss dymiepenos Cgo, chopmuposanusie Ha mosepxrocts Si(111)-a-V3x\3-Au
ancopOuueit mpu koMmHaTHOM Temneparype: (a) — CTM uzo0pakeHrne He3anmoJIHEHHBIX cocTosiHuM (+ 1,5
B), mokpsitie dymieperos cocrasisier 0.02 MC (4000x3500 A?). (6) — CTM usobpaxeHue
HE3aNOoJHEHHBIX cocTosiHui (+1,5 B), mociie npumeHeHus: BbicokoyacToTHOTO Dyphe GriibTpa. Xoporio
BHUJIHBI CETh JIOMEHHBIX CTEHOK MOJIJIOKKH U «JJOMEHHBIE CTCHKI» B ciioe ¢yiuiepeHos (1350%1250 A?).
CTM wn300pakeHus: OCTpOBKa QyJUIEPEHOB, 3alMCaHHbIe MpH cMemmeHusx: (B) —+ 1 Bu (r)—+2 B

(750x750 A).

B TO xe Bpems cieayer OTMETHTb, YTO KOHTPACTHOCTH MOJIEKYJSIPHOTO Cliosi (hyJIjIepeHOB He
IIPOCTO IMOBTOPSIET MO CTPYKTYypPE CETh JIOMEHHBIX CTEHOK NOMJIOXKKHU. IIpu nerampHOM paccMOTpeHHH
OKa3bIBACTCSl, YTO «IOMEHHBIE CTEHKHW» (YJIIEPEHOBOrO CJIOSI MEPHEHAUKYISPHBI JOMEHHBIM CTEHKaM
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Si(111)-a-V3x3-Au. Tak, ZOMCHHBIC CTCHKH MOIOXKKH HMEIOT HAIPABICHHC <121> (re. \3), a
dynneperosoro cnos <101 > (pucynok 4.24). Ha pucyHke 4.25 npejcTaBiIeHa MOJIENb OOBACHIIOMAS
MOSIBJICHUE «JIOMEHHBIX CTEHOK» B (DyJUIEPEHOBOM CJi0€, MEPIECHIAMKYJISAPHBIX TOMEHHBIM CTCHKaM
MOJITOKKH.
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e
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Pucynok 4.24 (a) CTM uzob6paxenue, 06paboTaHHOE C MPUMEHEHUEM BBICOKOYACTOTHOTO (DHIIBTPA,
WUTIOCTPUPYET HAPABJICHUE IOMEHHBIX CTEHOK IOJJIOKKH M CBETIIBIX JIMHUH (DyIIIEpEHOBOTO CII0S Ha
Si(111)-a-V3x3-Au (50050 A?). (6) u (B) H306paXkeHHe CTPYKTYPHI JOMEHHBIX CTEHOK B GOJIBIIEM
yBemmuernu: (6) CTM m3obpaxenne Si(111)-a-V3x3-Au ¢ BbIeTeHHOM staeiikoii V3x3 (45x5 A?). (8)
CTM wuso6paxenne maccuba Cgo. JlOMEHHbIE CTEHKM MOJIJI0KKH HANPABJIEHbl BAOIb < 121>
(0603HaUYEHHBIE CHHEN MPEPHIBUCTOM JTHMHUEH), @ «TOMEHHbBIE CTEHKH» MOJIEKYJISIPHOTO CIIOS

(0003HaYCHHBIC KPACHOW JTMHUEH ) HAIIPaBJICHBI BIOJb < 101 >
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Pucynok 4.25 - Monenb, cuMyupyolas MosiBJI€HUE JOMOJHUTENbHBIX MyapHbIX JUHHUH B C10€
azcopbara OCaXJAEHHOTO Ha CTPYKTYPY C AOMEHHBIMU CTeHKaMu. VcxoaHas rekcoroHajbHHAs MOJI0KKA
C 0JHOI (a) U ¢ ceThio (0) TOMEHHBIX CeHOK. (B) U (T) ['ekcaroHanbHBIN ClIOH afcopOaTa, MOMEIIEHHBIH
Ha CTPYKTYpHI () ¥ (0) COOTBETCTBEHHO.

Ha pucynke 4.25(a) u 4.25(B) mpeacTaBieHa MOJIEJb TEKCArOHAJLHON PEIICTKH COJEpiKalle OIHYy U
CeTh JOMEHHBIX CTCHOK, a Ha pucyHke 4.25(B) um 4.25(r) Ha JaHHBIE TOJJIOKKH HaJIOXKEHa
reKcaroHajibHas peimieTka agcopbara. Xopomio BUAHO, KaK MPUCYTCTBUE JOMEHHBIX CTEHOK HapyIlIaeT
pPETYJISIPHYIO MyapHyIO CTPYKTYpy M JAaeT JOIOJIHUTENIbHBIE MyapHble JIMHMHM, KOTOpbIE
MEPIEeHIUKYIISIPHBI JOMEHHBIM CTEHKaM MOJI0KKH, YTO U HAOJIOJAETCs B SKCIIEPUMEHTE.

[Ipu naneueitmem ocaxaeHun Cegp MOBEPX MEPBOTO MOJEKYJISAPHOTO CJIOS paCTyT CJICAYIOIIUE CIIOH,
oOpa3oBbiBasi TieHKY ¢ymnepura. Ha pucynke 4.26(a) mpuBefeHa MOBEPXHOCTh C MOYTH MOJHOCTBHIO
BBIPAILLEHHBIM TIEPBBIM CJIOEM, HAa KOTOPOM Y CTyII€HEH JIeKaT OCTPOBKM BTOporo ciuos. Taxxke
MPUCYTCTBYIOT HEOOJIBIIME OCTPOBKM TPETHErOo CJI0sI Ha OCTpoBKax Broporo. Ha pucynke 4.26
Mpe/ICTaBiIeH KpyNHBIA IUIaH JAHHOM TMOBEPXHOCTH, HAa KOTOPOM XOPOUIO BHIHO, YTO KOHTPACT
TEMHBIX/ApKUX (yJIEpeHOB TEPBOTO CJIOS TEPEHOCHTCS BO BTOPOM M B TPETUH CJIOH, HECKOJIBKO
pa3MbiBasich mpu 3ToM. KOHTpacT Xopowmo pa3iauuuM M B YETBEPTOM CJIOE, 4YTO YKa3blBaeT Ha
3HAYUTEINBHOCTD YPPeKTa, KOTOPHIA OKa3bIBAET MOBEPXHOCTh HA AJICKTPOHHBIE CBOMCTBA (PYJLIEPUTOBOM

mieHku. TonmmuHa, Ha
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Pucynok 4.26 - CTM u3o0paxeHusi MyJIbTHCIOWHOM 1uieHkH (yiueperoB Ha Si(11 1)-(1-\/3X\/3-Au,

urdpaMu 0603HaYCHB HOMepa MOJICKYIISIPHBIX clIoeB: (a) 7650x7150 A% (6) 1570x1610 A,

PucyHok 4.27 - (a) CTM m3o6paxenne dymneperosoro ciost Ha Si(111)-h-V3xV3-(Au,In),
BBIPAIIEHHOT'O IIPU KOMHATHOH TeMmeparype (3850x3250 Ad. IlepBblil 1 BTOPOH CJIOM MaCCHUBOB,
HarnpaBIeHHbIE BIONb < 101 >, 0603HaueHsl Al 1 A2 COOTBETCTBEHHO. IlepBBie U BTOpPBIE CIION
MacCHBOB, MOBEPHYTHIX Ha 19°, o6o3HaueHs! B1 u B2 cootBercTBeHHO. (6) CTM H300paxeHne
WITIOCTPUPYIOIIEe HACTIeI0OBAHUE BTOPHIM clIoeM A2 CTPYKTYpbI APKUX/TEMHBIX (DyJIJIEpEHOB IEPBOTO

ciost Al (440x520 A?%). (8) u (r) kpymsbiit mian (200x200 A%) nomeros Al n B1, cooTBeTCTBEHHO.
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KOTOPYIO TIPOHHMKAeT KOHTPACT, MOKET OBITh KAueCTBEHHO ONHCaHa Kak Jde0acBCKU pajyc
SKpaHUPOBAHUS. YUUTHIBAs MOTYHIPOBOJIHUKOBYIO IPUPOLY (DysiepuTa MOKHO 0KMJATh 3HAUUTEIHHYIO
BEJIMUMHY pajuyca SKpaHHUPOBAHUS, KOTOPHIA U TO3BOJSET HaM pPa3peliuTh BO 2 - 4 ClO€ Pa3MbITOE
n300pakeHue 3aps10B, JOKATU30BAHHBIX B IIEPBOM CIIOE.

st uccnenoBanus ancopouuu (yJICpeHOB HAa TIOBEPXHOCTH 0€3 JOMEHHBIX CTCHOK HaMH Oblia
BhIOpana Ta ke mosepxHocth Si(111)-0-V3xV3-Au, HO MoOmH(HIEpPOBaHHAS HHIHEM. VI3BECTHO, UTO
ocaxaerne 0,5 MC In ma Si(111)-0-V3xV3-Au n NOCIEAYIOIUN KpaTKOBpeMEHHbIN oTxkur npu 600°C
MPUBOAUT K MCUE3HOBEHHMIO JOMEHHBIX CTEHOK U (POPMHUPOBAHMIO TOMOTeHHOH cTpykTypbl Si(111)-h-
V3x\3-(Au,In), KOTOpasi ONMHUCHIBACTCS COTOBOI MOIEIBI0 COpPasMEPHBIX TpuMepHbX nemouex (CHCT)
(pucynok 4.28(B)) [54-56]. IIpu stom Tompko 0,15 MC In ocraeTcs Ha MOBEPXHOCTH M (HOpMHUpPYET
JIByMEPHBIN ra3 MOOMJIBHBIX aaTOMOB, KOTOPBIE MEPECKAKUBAIOT MEXKAY aICOPOIIMOHHBIME MOJIOKECHUS
(cuHHE KpYXKKU Ha MOJienH, Ha pucyHOK 4.28(B)) [57]. YuuTsiBasi, 9To 6apbep MexIy aacopOIHOHHBIMH
MOJIOKEHUSIMUA  cocTaBiisier Bcero ~ 0,4 5B, CKOpOCTh TMEpPEecKOKOB MpH KOMHATHOH TeMIieparype
npeBbIaeT ckopocTh ckanepa CTM. [losTomy mpu KOMHATHON TEMIEpaType Mbl BUAUM YCPEAHEHHYIO
10 BPEMEHU COTOBYIO CTPYKTYpPY, Kak eciu Obl BCE aJCOpPOIIMOHHBIC MOJOXKEHHsSI ObUIM 3aHATHI (pUC.
4.28(0)).

Ocaxnenne ¢ymwrepesoB Ha Si(111)-h-V3x3-(Au,In) Takke NpUBOAUT K (OPMHUPOBAHHUIO
IJIOTHOYMAKOBAaHHOTO MOJIEKYJISIPHO €105, OOJIBIIMHCTBO JIOMEHOB KOTOPOTO HAIPABJIEHBI IO OCHOBHBIM
HanpaBJI€HHUs, a YaCTh MOBEPHYTHI HA 19°. [leTanbHOE pacCMOTPEHHE AAHHOTO MOJIEKYJSIPHOTO MaccHUBa
MOKa3ajlo, 4TO KOHTpacT cpeau (QysiepeHoB B 19°-momMeHax OTCYyTCTBYeT, B TO BpeMsl Kak B He
MOBEPHYTHIX JIOMEHAX SIPKHE MO KOHTPACTY (yJUIepeHbl 00pa3yIoT MPAaKTUUECKU UACATbHYIO IBYMEPHYIO
peIIeTKy MyapHOTO THIIA.

Jns onpenenenus aacopOunoHHbie mo3uuu pkux Cey HaMu ObLIa UCIIOJIb30BAHA TeKCaroHaIbHas
CeTKa, HAHECEHHas Ha TpaHMIly MEXIy OCTpPOBKOM (QymiepeHoB U okpyxatomei Si(111)-h-
V3x\3-(Au,In). XOpomio BHIHO, YTO STH MO3MIHH CcOOTBETCTBYIOT CTM MHHHMyMaM B COTOBOIX
ctpykrype h-\3x\3 (pucymnok (4.28)). B pabore [23] 6BuI0 mpomemoHcTpupoBano, uro CTM
makcnMyMbl h-V3x\3 COOTBETCTBYIOT aToMaM MHIHS, MOCEIAIOMMM MOMoKeHns Ty, CIEI0BATENBHO B
CTM MuHUMyMax HaXOZSTCs TPUMMEpPBI 30JI0Ta, KaK 3TO MOKa3aHO Ha MOJENTH Ha pUCYHOK 4.28(B).
Taxum o6pazom, sipkue QyiepeHsl pacronaraioTcs Ha TpUMMepax 3010Ta. Hanbonee BeposaTHO, 4TO UX
SPKUH KOHTPACT 00YCIIOBJIECH UX OOJBIIONI BEICOTOM, TaK KaK HaOtojaemMast MyapHasi KapTHHA HE 3aBUCHT
OT TPWIOKEHHOTo cMmenieHust (pucyHok 4.29). CremyeT 3aMeTHTh, 4TO, Kak U B ciydae ¢ Si(111)-a-
\3x\3-Au, MyapHas KapTHHA PaCIPOCTPAHSCTCS M HA CICAYIONIHE CIOH C HEKOTOPHIM Pa3MBITHEM
(pucynok 4.27(0)).

Ha pucynke 4.30 comocrapnensl ucxomnast crpykrypa Si(111)-h-V3xV3-(Au,In) u HabmromacMas

MyapHas KapTHHa OT MOJIEKYJIIpHOTo cios. Bektop TpaHcnsauuu ¢ysepeHoBoi cyneppemeTku R moxer
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Pucynok 4.28 - CTM uzo6paxenue (180x120 Az) y4yacTKa MOBEPXHOCTH Ha FPaHULIE OCTPOBKA
dymneperos u Si(111)-h-V3xV3-(Au,In). Ha n306paskeHne HaToKeHa reKCaroHaabHas CeTKa JUIs
OTIpE/ICIICHHS TTOTOKEHHS APKUX (yIIIepeHOB OTHOCHTENBHO pemeTkn h-V3xV3. (6) YBemnuenHoe
(34x34 A%) u306paeHue 061acT 0603HAYCHHOMN TYHKTHPOM Ha (a). BUIHO, 9T0 a1copOIHOHHBIME
TIO3HIMAMH SPKHX ByIuTepenos spisiores svkn h-V3x\3 (8) Crpykrypras mogensb Si(111)-h-
V3x\3-(Au,In), rae BepxHHE aTOMBI KDEMHHS 0603HAYCHBI MATICHEKIMH CEPBIMU KPYKKAMH, ATOMBI
30JI0Ta — KPAaCHBIMH KPY>KKaMHU CPEHETr0 pa3Mepa, a aIcOpOIMOHHBIC MeCTa, MOCEIaeMble MOOUITHHBIMH
aTOMaMM UH/MS, 0003HAaYEeHbl CHHUMU KpY>KKaMU. DTH UHIUEBbIE aTOMbI COOTBETCTBYIOT CTM
MaKCUMyMaM 00pa3yIoIlluM COTOBYIO CTPYKTYpY, UTO O3HA4aeT, 4To sipkue Cq) pacronaratorcs HaJl

30JI0TBIMH TPUMMEPAMU.
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Pucynok 4.29 - CTM uzobpaxenus QyiepeHOBOTO OCTpOBKa, BhipamieHHoro Ha Si(111)-h-

\3x\3-(Au,In), 3amucanmsie B 06enx momsprocTsx: (a) £1 B (6) £2 B. (540x570 A%).

ObITh TIpencTaBieH kak R=2A|+3A, B eamaumax pemetku Cg (AZIO,OA). Jlnuaa BekTtopa R
cocraBmser VI9A = 43,59 A. C Ipyroil cTopoHbl, BeKTOp R MokeT ObITh NpeacTaBie€H B €JUHMLIAX
pemerkn Si(111), a=3,84 A, u torma R=5a,+8a,, u umMeer JUTUHY VI29A = 4361 A. JlaHHasi olleHKa
JEMOHCTpHpYyeT, 4yTo MyapHas cymneppemietka Cep 1 Si(111) mpakTuueckn HIeaibHO COOTBETCTBYIOT.
CTouT 3aMETUTH OJHAKO, YTO yTJIbl MeKy R 1 BekTOpamu TpaHCcasiuuu A U a; paznuyarorcs Ha 1°0°8,
U COCTaBIIAOT 36,587° [u1s1 cyneppeneTku V19 1 37,589° st CyNEpPELIETKH V129. Takum obpazom, JuIs
uaeanbHOTO coBmajieHus MaccuB Cgp JOJDKEH OBITh TIOBEPHYT HA 1° OTHOCUTENBHO MOJUIOKKH, KaK 3TO
n300paxeno Ha pucynke 4.30. Haromumm, 4To omumo 30710ta B crpykrype CHCT Au/Si(111)V3xV3 Ha
noBepxHoctu npucyrctByet ~ 0,15 MC uHausg B BUJE IBYMEPHOTO aJaTOMHOTO rasa. B To Bpemsi kak
KOHTpacTa (pysiepeHOB BO BpeMsi POCTa MOJIEKYJISIPHOTO CJOs, POJb MOOWIBHBIX a1aTOMOB HHJIUS B
Au/Si(111)V3xv3, MO-BHJIMMOMY, OTBEYAET 3a 00pa30BaHHME XAPAKTEPHOTO MEPUOIUICCKOTO MyapHOTO
JAHHOM TIPOLIECCE OCTACTCS HE SICHOU. J{J1s1 TOTO YTOOBI MPOSICHUT ATOT MOMEHT, ObuTH TipoBeeHs CTM
uccnenoBanuss mnpu HU3KUX Temmeparypax (115 K). Onm Brimtouanu B cebs Kak HaOIIOICHHE
MOJIEKYJISIPHOTO CIIOSI, BBIPAIIICHHOTO P KOMHATHOM TeMIeparype, Tak U HaOJIIOeHHs pPOCTa CIOsl MIPH
HT. Ilpu HT TennoBoe nBHKEHUE aTOMOB UHAMS IIPEKpALIAETCs, U IEPBOHAYAIbHAsI COTOBAsk CTPYKTpypa
h-V3x\3 (pucyrok 4.31(a)) MeHsIETCS HA HEyIOPATOYCHHBIH MACCHB HEMOIBIDKHEIX aTOMOB In Kak 3To

MOXHO BUIeTh Ha (pucyHok 4.31(0) u 4.31(B)).
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Pucynok 4.31 - CTM m3o6paskenue octpoBkos dymieperos Ha Si(111)-h-V3xV3-(Au,In), BeIpaimeHHbIx
¥ HABJTIOIACMBIX [PH PA3IMUHBIX TEMIEPATYPHBIX ycIoBHaxX (470x385 A?): (a) OctpoBok (yiiepeHos,
BBIpAIllEHHBIN 1 HAOII0AaeMblii TP KOMHATHOU Temrieparype. (6) OcTpoBoK (yJuIepeHOB, BHIPAIICHHBIN
Ip¥ KOMHATHOM TeMIieparype, Ho HaOmonaeMsblit ipu 115 K. (B) OcTpoBKU (QyJuiepeHOB, BEIpACHHBIC U
nabmonaemsie mpu 115 K. Ha Brimajkax mso6paxkena crpykrypa mosepxuoctr Si(111)-h-V3xv3-(Au,In)

npu (a) kKoMHaTHO# Temmiepatype u (6) 115 K.

I[Mpu oxnaxaennun wmonekyisipHoro ciosi Cgp, BBIPAIIEHHOTO TIPH KOMHATHOW TeMIepaType,
NEPUONYECKUN KOHTpAacT (PyJIJIepeHOB B LIEJIOM COXpaHsSETCs, IpeTepreBas HEKOTOPbIE HCKaKEHUS
(pucynok 4.31(0)). Korna ¢ynnepens! ocaxnatorcs npu HT (pucynok 4.31(B)), octpoBku Cgp MEHbLIIE B
pa3mepe, 4eM B cilyyae pocTa IpU KOMHATHOM TeMIieparype, HO MpPHU 3TOM HUX KOHLIEHTpaIus Ooublie.
310 00yCIIOBIIEHO MEHBIIEH MOABIKHOCTHIO Cgp TTO TIOBEPXHOCTH TPH HU3KUX Temreparypax. [pyrum
BaXHbIM oTuinuneM pocta npu HT sABnserca orcyTcTBHE MyapHOro KOHTpacTa: Bce (QyJUIEpeHbl BHYTpU
MOJIEKYJIIPHOTO CJI0 UMEET OJMHAKOBYIO BbICOTY. ClielyeT 3aMeTHTh TaKXKe, 4TO MHAMNA HEe YXOAUT M3
noJi ciost (pyJUIepeHOB pacTyIllero Ha HeM, TaK KaK IUIOTHOCTh €ro Ha HEMOKPHITON (yJuiepeHaMu
noBepxHocTH ocraeTcs paBHou 0.15+0.02 MC, Ha BceM MpOTsHKEHHH pocTa (ysuiepeHoBoro cios. U3
BBIILIECKA3aHHOIO CJIEAyeT 4YTO, IO-BHIMMOMY, IIOSIBIEHME MyapHOro KoHTpacta B cioe Ceg
OIIpEACIIAETCS CTPYKTYypOi Au/Si(111)\3x3, B TO BpeMsl KaK MHAMEBBIE aJaTOMBI CTPEMSATCS 3aHATH
MyCTOTHI MeXy (pymnepeHamu, rae oHM He OyIyT HapyumaTh MOPSAOK BHYTPH MOJEKYJSPHOTO CJOSI.
[Tpu xoMHaTHOW TeMIiepaType aaaToMbl In BeposiTHEE BCET0 MHTEHCHUBHO MEPEMEIIAIOTCS MEXKIY dTUMHU
MecTamu. Ilpu oxJaxIeHMM JO HU3KHUX TEMIepaTyp HEKOTOpas 4acTb WHAMEBBIX a/JaTOMOB
3aMOpaXMBAETCS B IPOMEXKYTOUHBIX MOJOXKEHUAX, BbI3bIBAS NIPH ATOM HUCKAXEHUS MyapHOro KOHTpacTa
¢ynneperoBoro cios. [Ipu HU3KOTEMIEpaTypHOM POCTE HEMOJBM)KHBIM, HEYNOPSIOYCHHbIM HMHIUEBBIN
MACCHB YCTpaHseT YIOPSI0UCHHOCTb, 0byciopnennyio Au/Si(111)V3xV3. TTosroMy MyapHBIii KOHTpacT

B MOJICKYJIIPHOM CJIOC HC BO3HUKACT.
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Kak o0cysxnanoch BbIIe, pa3HUIA B KOHTPACTE MEXKAY TEMHBIMH U SIPKUMH (yJlepeHaMH UMeeT
pasyio npuposy B ciaydasx Ceo/a-V3xV3-Au n Cgo/h-V3xV3-(Au,In). Ecii Bo BTOpOM Cilydae JaHHBIN
3¢ (deKT mposBIsieTCs BCICACTBUE PA3HOCTH TOMOTpaUUECKUX BBICOT, YTO MOATBEPKIACTCS OJJUHAKOBOM
Pa3HOCTBIO B 3aIOJHEHHBIX M HE3ANOJHEHHBIX COCTOSHUAX, TO B Cllyyae aacopOuuu (yiiepeHoB Ha o-
V3x\3-Au onmcanHEIA QKT UMEET IBHYIO IEKTPOHHYIO IPUPOY, TAK KAK IPH CMEHE MONSPHOCTH
CKaHHPOBAHUSA TPOUCXOAUT CMEHAa OTHOIICHUS SPKHUI/TEMHBbIH Ha MpOTHBOMNONOXHOE. g
MOATBEPKICHHUS BBIBOJIA O JIEKTPOHHOU MPHUPO i€ OBLIHN MPOBEICHBI U3MEPEHUS AIEKTPOHHON CTPYKTYPHI
SPKUX ¥ TEMHBIX MOJIEKYJ MeTonoM TyHHenbHOU cnekrpockonuu (CTC). Ha pucynoke 4.32 noka3aHbl
nanaple CTC B BUjE 3aBUCHMOCTH JIOKQIBHOW IUIOTHOCTH AJIEKTPOHHBIX coctostHui (dI/dV V/I) ot
sueprun. st cpaBHenus npuBeneHbl ganabple CTC u3 padoTsl [58], HA KOTOPHIX MOKa3aHbI CIIEKTPHI OT

GbynnepeHoB, aficopOMpOBaHHBIX HAa BUIIMHATIBHBIC METaIIU4ecKe 00pasubl Au(887).
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Pucynok 4.32 - JlaHHbIE CKaHUPYIOWIEH TYHHEIBHOW CIIEKTPOCKOIINH OT (PyILIEpEHOB, aJICOPOMPOBAHHBIX
na pexorcTpykimio Si(111)-0-\V3x\3-Au. J{ast cpaBHEeHus npruBeaeHb aHHbIe 11 Cgo HA MACCHBHOM

obpazene Au (u3 pabotsI [58]).

Kak BUIHO W3 MPUBEICHHBIX JAHHBIX, MIEKTPOHHAS CTPYKTypa SPKUX (QYyJUICPEHOB OYCHB OJIM3KO
COBMAJAET CO CTPYKTypoil (ysiepeHa, aacopOMpOBaHHOIO Ha MacCHUBHBIM oOpasern; Au. Hwusmiee
He3anonHeHHoe coctosiHue (LUMO) y Takoif MoJeKybl cocTaBisieT mpuMepHo 1 5B, uTo coBmagaeT kak
co ciaydaeMm Cgo/Au(887), Tak U C IIEKTPOHHOU CTPYKTYpOH OTAECNHHOW M30MHpOBaHHON MOJEKYbl Cgp
(Tabnuma. 1). B 3amoIHEHHBIX COCTOSIHHSIX CHEKTP HE HMMEET BBIPAKEHHBIX OCOOCHHOCTEH. ITO
MOATBEPIKIACT paHee CACIAHHBIA BBIBOJ O TOM, YTO IO3HUIUS SIPKOTO (yJUIepeHa COBIAAACT C TIO3UIIHCH

30JI0TOT0 TpUMepa. DJIEKTPOHHAsI CTPYKTypa TeMHOro Qysuiepena otiaudaercst ot spkoro. [Imxk LUMO
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CMEIIEH B CTOpoHY ypoBHA Pepmu u coctasisier okoso 0,5 3B, uro moapasyMeBaeT nepeHoc 3apsja C
obpasma B moJiekyiny. OgHaKO TOJIBKO MEPEHOCOM 3apsija HEBO3MOXKHO OOBSICHUTH BCE OCOOCHHOCTH
JIEKTPOHHON CTPYKTYphl Tyckiioro ¢yiiepena. Tak, cienyromas 3a LUMO monekyssipHas opOUTaib
(o6o3nauennas kak LUMO+1) cMmemiena eme cuibHee K ypoBHIO DepMu, Tak 4TO Pa3sHOCTb MEXIY
LUMO u LUMO+1 cocraBusietr Bcero 0,7 3B mpotus 1,2 3B B «00BIYHEIX» ciydasx. B camom pere,
«TIPOCTOI» MEPEHOC 3apsja MoApa3syMeBacT PABHOMEPHOE CMELIEHHE BCEX MOJIEKYJIIPHBIX OpOuTasel B
CTOPOHY OTpULATEIbHBIX 3HEPruil (MM HA00OPOT, B ClIyyae OTTOKA 3apsja U3 MOJIEKY). XOTs MEePEeHOC
3apsiia TOJBKO YaCTHYHO OOBICHAET OCOOCHHOCTH AJIEKTPOHHOW CTPYKTYpBI CJIOS (yJiepuTa Ha o-
V3x\3-Au, KaueCTBEHHO MOXHO OIHMCATh PA3HHUIY MEKLY APKHUMH M TEMHBIMH (yIUIepeHAMH Kak
a7IcopOMpPOBAHHBIMU Ha 30JI0Thl€ TPUMEPHI 0€3 CYILIECTBEHHOI'O NMEpeHoca 3apsjia U aacopOupoBaHHbIE

MCXKAY TpUMEpaMu (38. KpPCMHHCBLIC aTOMBI) C IICPEHOCOM 3apsaa U3 IMOJJIOKKH B MOJICKYJIAPHBIX CIIOM.

Tabmuua 1. DHeprum HeE3armoJHEHHBIX MOJEKYJSIPHBIX opOutaneit ¢ymieperoB (mo nanubiM CTC u

pabortsl [58]).

LUMO LUMO+1
OtnenbHas Moisekyna [33] 1,0 2,2
Ceo HA Au(887) [33] 0,82 2,0
Spxuit Ceo Ha a-V3xV3-Au 1,0 -
Temusrii Ceo Ha 0-V3xV3-Au 0,6 1,3

B 3akmodenwne, Ob10 00HApPYKEHO, uTO aacopouus ymieperoB Cey Ha pekoHCTpyKImu Si(111)-0-
V3xy3-Au u Si(111)-h-\3x33-(Au,In) nprBoAMT K HOPMHUPOBAHHMIO MOy THPOBAHHOTO MOJICKYISIPHOTO
cnosi Cgp co crenupuveckuM KOHTPACTOM SIPKUX/TeMHbIX (QysuiepeHoB. [Ipupoma 3Toro KoHTpact
oKa3zaJlaCh OTIMYHOM OT ciy4as poCTa MOJEKYJSIPHOTO MaccuBa Ha MOBEpXHOCTH MeTauioB (Au(l11),
Pt(111), Cu(111) u nmp.), rae mosIBIIGHWE TEMHBIX (YJUICPEHOB CBS3BIBAIOT C 0Opa30BaHUEM SIMOK, B
KOTOpBIE camuThcsa Mojekyna. Okazanock, 4to moBepxHoctu Au/Si(111) ocTaroTcs HEM3MEHHBIMH, a UX
YIOPSI0YCHUE OTBEYAET 3a MOSIBICHUE SIPKUX/TEMHBIX 10 KOoHTpacTy Ceo. B cimyuae Si(11 1)-a-V3x\3-Au
MOSIBJICHHUE SIPKUX/TEMHBIX N0 KOHTPACTY (yJICpEHOB CBSI3aHHO C OTPAKEHUEM MOJEKYJISIPHBIM CJI0EM
CTPYKTYpPBI TOMEHHBIX CTEHOK MCXOJIHOW PEKOHCTPYKIMHU. Pa3HBI KOHTpAcT B JaHHOM CIIydae MMEET
JNEKTPOHHYIO TPUPOAY U OOBACHAETCA pPa3IMUUsAIMU B  JJIEKTPOHHOW CTPYKType MOJEKYJ,
afcopOMpOBAaHHBIX HAa MeETaJUIMYECKUe TpuMepbl Au U Mexay HUMH. OcoOEHHO SPKO pazTUdUs
MPOSIBIISIIOTCS B HE3AMOJIHEHHBIX AJIEKTPOHHBIX COCTOSIHUSAX MOJIEKYJI, e HaOJII0Aal0TCsl CYIIECTBEHHOE
cmemennsd LUMO (Hu31Iee He3aroIHEHHOE COCTOSIHUE), CBSI3aHHBIE C IEPEHOCOM 3apsi/ia U3 MOAJIOKKU B
MOJIEKYJISIpHEIA coii. B cmyuae romorensoii Si(111)-h-V3xV3-(Au,In) mponcxoaut dopmupoBanme

MYyapHOH CTPYKTYpbI, KOTOpas UMEeT TONOJOIMYECKYl0, a HE 3JEKTPOHHYIO MPUPOAY M O0yCIIOBIEHA
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MIEPHONYCCKIM PACTIONIOKEHHEM (DYJTIEPEHOB B CHMMETPHUYHBIX aJICOPOIIMOHHBIX ITOJIOXKEHHUH, TO €CTh
sipkie Cgo HAXOMSITCA CTPOrO HAJ 30MOTHIMH TPHUMMeEpaMH M oGpasyior pemetky Si(111)V129xV129.
CTpyKTypHBIE U DJIEKTPOHHBIE CBOICTBa TEPBOTO MOJIEKYJSIPHOTO CJIOS PACHpOCTPAHSIOTCA Ha
clenyromme ciou QyIyiepruHa BCIEICTBUE OONBIIOTO 1e0aeBCKOTO paauyca SKPaHUPOBAHUS: Pa3MBITHIH

KOHTPACT SIPKUX/TEMHBIX (DyJUIEPEHOB COXPAHIETCS Ja)Ke B YETBEPTOM CIIOE.
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4.4 PekoMeHAIMH 110 UCII0JIB30BAHNIO Pe3yJIbTaToOB nposeaeHHbIX HUP

B nmaHHOM TpoeKTe TPOBOIMINCH OSKCIEPUMEHTAIBHBIE HCCIEIOBAHUS IPOLIECCOB CaMOCOOPKH Ha
MOBEPXHOCTSIX ~ KPEeMHHUS ~ Pa3IMYHBIX  KPUCTAUIMYECKHX  OpPHEHTaUMd,  MOIU(UIMPOBAHHBIX
CyOMOHOCJIOMHBIMUA ~ PEKOHCTPYKIMSAMH.  LleNbl0  TaKMX WCCIENOBaHWS —SIBISIETCST  MONYYEHHWE HOBBIX
HAHOMATEePHAJIOB C YHUKAIbHBIMU (PU3UKO-XUMUYECKUMHU CBOMCTBAMH.

Ha ocHoBaHuu mpoBeAEHHBIX HCCIEIOBAHUI MOXXHO CHENaTh CIEAYIOIIUe MPEAJIOKEHUS IO
nanpHeme peanuzamuu pesyiabratroB HUP. CrpykTypHble mnpeBpalieHusi B TOBEPXHOCTHOHM asze
Si(111) 5,55%5,55—Cu, BhI3BaHHBIC JTOOABJICHUEM B HEE aTOMOB AU SIBJISIFOTCS] IPUMEPOM YIIPABIISIEMOTO
W3MEHEHUs CTPYKTYpbl MOBEpXHOCTH. JlaHHBIH 3(h(EeKT MOXKEeT ObITh NMPUMEHEH, KOTJa HEOOXOAMMO
W3MEHUTH CTPYKTYpPYy MOBEPXHOCTHU, €€ MOP(OIOTHIO B TOM YHUCIIE U ISl TOATOTOBKU K MOCIEAYIOLIEMY
pocTy NpPUOOPHBIX HAHOCTPYKTYp. YUHTHIBas, 4ro cioucras crpykrypa Au/Si(111)5,55%5,55-Cu
o0jamaeT K TOMY JK€ JOCTAaTOYHO BBICOKOW CIIOEBOM MPOBOAMMOCTHIO, ITOT pe3yjbTaT MO3BOJISET
paccMaTpuBaTh €€ Kak MepCreKTUBHBIN CTaOMIBHBIN HAaHOMATEpUaI JUIs SJICKTPOHHUKH.

Poct octpoBkoB Co Ha moBepxHOcTHOU (aze Si(100)-c(4x12)-Al npu pasmuvHBIX TEMIEpaTypax
U TOKPBITUSX TOJUIOKKHU TaKXKe SBJSETCS MPUMEPOM YIIPABISIEMON MOAYJISIIMU penbeda MOBEPXHOCTH.
Kontponupyemoe ¢dopMupoBaHue MaccuBa HAHOOCTPOBKOBHAWAET MPHUMEHEHHWE TIPU CO3JaHHU
KaTaJIUTUYECKH AaKTHBHBIX IOBEPXHOCTEH, NMpH (HOPMUPOBAHMHM HAHOBHCKEPOB, HEOOXOIUMBIX IS
CO3JIaHMsI MHOTOOCTPUITHBIX KaTOJIOB, CBEPXOCTPHIX 30H/IOB IS 30HI0BONH MHUKPOCKOIINH.

[To pe3synbrataM u3ydeHuss AuHAMHUKUA aToMOB Ge, aJicopOMPOBAHHBIX HAa PEKOHCTPYHUPOBAHHOMN
noBepxHoctu Si(111)5,55%5,55-Cu npennokeHa METOIMKA aHaM3a OJHOPOHOCTH TBEPJOTO pPacTBOpa
GexSijx Ha moepxHocTd Si(111) mo nokalbHONW OpPUEHTAIMM 3JIEMEHTAPHBIX AYEEK PEKOHCTPYKLUHU
Si(111)5,55%5,55-Cu. Taxxe 3aMeHa BEpPXHEr0 MOBEPXHOCTHOTO CJIOS MOTOKKHA Si Ha cioi GexSijy ,
JUTSL KOTOPOTO CBOMCTBEHHO HE3HAYUTEIHHOE YBEIHMUEHUE TTOCTOSIHHON PEIIeTKU, IPECTABISIET OObIIIHE
BO3MOKHOCTH JJIS1 MOJU(HUKAIIMUA TTOBEPXHOCTHBIX PEKOHCTPYKIMH, YTO SIBISETCS BAXKHBIM HTAallOM B
MTOUCKE METOJOB CHHTE3a CTPYKTYP MOHMKEHHOW Pa3MEpHOCTH C 3aJJaHHBIMH CBOWCTBAMH.

Opranndeckoe BemectBo TpuntaHTpuH (C;sHgN,O,), koTopoe B JaHHON paboTe BBICTYyNAlIO B
KauecTBe OOBEKTa WCCIENOBAaHUI BIMSHHUS TMOTEHIMAIBHOTO penbeda pPEeKOHCTPYKIUH Ha POCT
MOJICKYJISIPHBIX ~ CTPYKTYpP, SBISIOTCS CHJIBHBIM TPUPOAHBIM aHTHOMOTHKOM. JlaHHBIE O ero
B3aMMOJICHCTBHE C METAIUTMYECKUMH PEKOHCTPYKIMSIMH MOXET HAWTH TPUMEHEHHE IMpH pa3padboTKe
CPEJICTB IIeJIEHANPABIEHHON TOCTABKH JIEKAPCTBEHHBIX CPEICTB.

HccnenoBanue cucreMbl Mn/Si umeeT 00JbIIoe 3HaYeHHE, Kak A1 QyHIaMEHTaIbHON HayKH, TaK
U C TMPHUKIATHONH TOYKM 3pEHHs, KaK BO3MOXHBIA MaTepual — KaHIUIAT JUIS HCIOJb30BAHUS B
cnuHTpoHMKe. [lpexne, 4eM NPOBOAWTH HCCIEIOBAHUS CIMHTPOHHBIX CBOMCTB JAaHHOW CHCTEMBI,

HE00XO0IMMO HCCIIE[OBATh €€ CTPYKTYPHBIE XapaKTepUCTHKU. TakuMm 0Opa3zoMm, UCCIIEJOBAHUE CUCTEMBI
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Mapraser| (amcopbar) — TOBEPXHOCTh KPEMHHUsS SIBISETCS OOS3aTEIBHBIM STAallOM B KOMIUIEKCHOM
M3yYEeHUHU CcHUCTeMbl Mn/Si ays  nmanmpHEWmero pasBUTHS (PYHIAMEHTAIbHOW HAayKH | PEIICHUS
MPaKTUYECKUX 3a/1a4.

B nenom paspaborannbie B pesynbraTe nposeneHus HVP meTonbl mpuUroToBieHus: HCXOAHOM
MOBEPXHOCTH € TpeOyemoil Mop(oJorHeil M PEeKOHCTPYKIMEH, a TakkKe YIpaBlICHHUs €€ XHUMHUYECKOH
AKTUBHOCTBIO U 3JIEKTPOHHBIMU CBOMCTBAMU MyTEM KOHTPOJIUPYEMOTO (hOpMHUPOBaHHS HUZKOPa3MEPHBIX
CUCTEM 3aJ]JaHHOTO COCTaBa U aTOMHOM CTPYKTYpbI OyJIyT UMETh BaKHOE MpaKTHUECKOoe 3HaueHue. Takue
CUCTEMBI MOTYT OBITh MCIIOJIb30BAHBI KaK dJIEMEHTHI TAMSITH, aKTUBHBIC SJIEMEHTHI MHTETPALHBIX CXEM H
MEXCOECIUHEHUN A7 TBEPAOTEIBHOM  HAHOZJIEKTPOHUKH,  YTO,  HECOMHEHHO,  YCHJIUT
KOHKYpPEHTOCIIOCOOHOCTh,  Poccwmiickoit Oenepanun = B 00acTd  CBEPXBBICOKOBAKYYMHBIX
HaHOTEXHOJIOTHUM.

PesynbpTarel paboThl IJIsl MPOBEACHUS NAIBHEUIINX HWCCICIOBAHUA U Pa3pabOTKE OMBITHBIX
00pa3ioB BO3MOXXHO TepeAaTh B HaydyHO-HccienoBarenabckue MHCTUTYTH - DUAH PAH, MO® PAH,
N®dM PAH (H.Hosropox), UPIT CO PAH (Hoocubupck), UM CO PAH (ExarepunOypr) u apyrue
Hay4YHO-UCCIEAOBATEIbCKUE OpPraHU3allMh, a TaKKe HAa POCCUHCKHE MNPEANPHUATHS, NPOU3BOASIIINE
nosynpoBoaHuKoBble npubopel — 3A0 «llomynpoBomnukoBsie npubdopsr» (C. IlerepOypr), OAO
"Teodpmzuka-HB" (Mocksa) u OAO "Karton" (HoBocuOupck).

OcHoBHbIe pe3ysbratel HUP ricnonb3oBanbl Ipu pa3paboTKe HOBOM OCHOBHOM 00pa3oBaTeIbHON
nmporpaMMbl 10 HampasieHuto OakamaBpuara 210100.62 «DnekTpoHMKa W HAHOXJICKTPOHUKA» C
npodunem «HaHOTEXHOIOTUU B 3JEKTPOHUKE», a TAKKE MPHU MOATOTOBKE HOBOro mpoduis «DPusnka

HAHOCTPYKTYp» 10 HampasieHuto Oakanaspuata 011200.62 «Dusukay.

4.5 Ilyoauxanum pesyabratoB HUP
1. S.G. Azatyan, O.A. Utas, N.V. Denisov, A.V. Zotov, and A.A. Saranin. Variable termination of
MnSi/Si(111)V3xV3 films and its effect on surface properties. Surf.Sci., 2011, Vol. 605, Iss. 3-4, P. 289-
295. (komus 3KCHEPTHOTO 3aKiatoueHus cM. [Ipunoxxkenne A, crathu , cM. [lpunoxenue B)
2. A.V. Matetskiy, D.V. Gruznev, A.V. Zotov, A.A. Saranin. Modulated C¢ monolayers on
Si(11 1)\/3><\/3—Au reconstructions. Phys.Rev. B, 2011, Vol. 83, No.19, P.195421-7. (komusi 3KCIIepTHOTO

3akimoueHus, [Ipunoxenue A, konus cratbu, cM. [Ipunoxenue B)
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7. BAK/IIOYEHUE

B xoze Bemonnenuss HUP 60Ut moyyeHs! cienyomue pe3yibTaThl:

1. TloaroToBneHbl AHHOTUPOBAHHBIE CIIPaBKU 10 Hay4uyHbIM pe3yibTaraM HUP, nonydyennsim Ha [
u Il sramax.

2. [IpoBeneH aHaM3 SKCIIEPUMEHTAIBHBIX JaHHBIX. [l0rOTOBIIEH aHATUTUYECKUI OTYET.

3. HccnenoBaHusi, NpPOBEACHHBIE C IIOMOIIBIO CKAaHUPYIOUIEH TYHHEIbHOH MUKPOCKOIHMH
MOKa3aJiv, 4TO, B 3aBHCHUMOCTH OT yCJOBHH pocta, TuieHkn MnSi Ha Si(111) moryt ¢opmupoBathcs ¢
Pa3HBIM TTOBEPXHOCTHBIM TepMHHHpOBaHHeM. ITommumo oGbraroit MnSi/Si(111)V3xV3 moBepxHocTH,
KOTOpasi, KaKk W3BECTHO, SIBISETCS Si-TePMUHHPOBAHHBIM YETBEPHBIM CJIOEM CO CTpyKTypoit B20
(ctpykTypa 06beMHOTO MnSi coeqnHEeHHs), TOBEPXHOCTh HOBOTO THIA MOXET OBITh chopMHpOBaHA B
ycnoBHs pocTta mieHKHn MnSi npu HemocraTke Si. JlaHHAs MOBEPXHOCTH TAaK)KE MMEET MEPHOIMIHOCTH
\3xV3, Ho no-apyromy BeIISIAUT Ha CTM u3oOpakeHue, M MNPEAINOTIOKUTEIBHO SBISETCS TEM Ke
YETBEPHBIM CIIOEM, Y KOTOPOM OTCYTCTBYET camblii BepxHui Si croif. CrnempoBaTenbHO, Takas CTPYKTypa
J0JDKHA OBITh TEPMMHUpPOBAHA CIIOEM MapraHma. PasHuma B CTPYKType MOBEPXHOCTEH MPOBOIUT K
OTPOMHOM pa3HUIE B UX IMOBEPXHOCTHBIX CBOWCTB, KaK OBUIO OOHAPYKEHO NMPH OCAKICHUHA HEKOTOPBIX
9JIEMEHTOB Ha 3TH TOBEpXHOCTU. Hampumep, 3HaueHwe KodPPUIIMEHTa MOBEPXHOCTHON auddy3un
aTOMOB AU OTJIMYaeTCs ISl STUX MOBEPXHOCTEN Ha, MPUOTUZUTENBHO, YEThIPE TOPSAKA.

4. HccnenoBaH pocT cyOMOHOCHOHHON muieHKH ¢ysuiepeHoB C60 Ha moBepxHoctu Si(111)
MonudunupoBanHoi atomamu Co, HMMEIOUIMMHM HEHYJIEBOM MarHUTHBIH MOMeHT. OnpeneneHbl
MOJIOKEHHUS (YJUIEPEHOB OTHOCHTEIBHO KIIACTEPOB KOOajdbTa. YCTAaHOBJICHO BIHSHHE JIOMEHOB
KJIACTEpOB KOOAIbTa U Ie(HEKTOB MEXKTy HUMU Ha (DOPMUPOBAHKE TUICHKH (yIIICPEHOB.

5. C nomortipio ckanupymomei TyHHenbHo Mukpockonuu (CTM) uzyuanacek aacopOuust Cey Ha
IIOBEPXHOCTH Si(lll)—oc—\/3x\/3—Au C BBICOKOW IUIOTHOCTBIO JIOMEHHBIX CTEHOK, a Takxke €€
MonuGUKaIys, BbI3BaHHAas WHAMEM, TO €CTh CBOOOJHAs OT JOMEHHBIX CTEHOK IOBEPXHOCTh
Si(111)V3xV3-(Au,In). Bbuo oOHapyxeHo, uTo azncopoupoBaHHble Cgy (HOPMHUPYIOT IJIOTHO
YIIaKOBAaHHBI TI'EKCaroHaJbHBIH MAacCHB, KOTOPBI JIEMOHCTPUpPYET crHeuuduyeckue KapTUHBI,
ocHoBaHHble Ha pa3innuHoM CTM konTpacte (spkuii-teMHbli). Ha nmoBepxHocTn Si(111)-a-V3xV3-Au,
KapTUHBl U3 TEeMHBIX U SPKUX Cgp HNOBTOPSIIOT CEThb JOMEHHBIX CTEHOK IOBEPXHOCTH IOJUIOKKHU H,
BEPOATHO, BBI3BAHBI IEKTPOHHBIM 3(dexrom. Ha romorennoii mosepxuoctr Si(111)V3xV3-(Au,In)
(dbopmupyeTcsi TByMEpHast MyapHasi pelieTka, KOTopasi yKa3blBaeT Ha MEPHOANYCCKOE 3aIOIHEHHE OJHUX
U TeX )K€ PEryJIAPHBIX aJICOPOIMOHHBIX MO3HIIMK HAa TTOBEPXHOCTHU. 3/1€Ch SPKUH-TeMHBIH KOHTpacT Cgo
ACCOLIMMPYETCS B OCHOBHOM C pAa3IMYHBIMH TOMOrpaUuecKMMH BBICOTAaMH MOJIEKYJd. B ciydae
MHOTOCHONHBIX MIEHOK Cgp OBIIIO OOHApYKEHO, YTO TEMHO-SPKHH KOHTpacT mepBoro MoHociosi Ceo

HaCJICayCTCs CICAYIOIMUMU CIIOSIMU C60 C IMOCJICAOBATCIIbHBIM pa3MbIBAHUCM KOHTpACTA.
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6. IlpuBeneHsl cBeneHuss o pesyibrarax peanusauuu B 2011 r. uHIUKaTOpOB (QeaepanbHOM
1esieBoil mporpammel «HaydHble M Hay4HO-IIEIarorMuecKue KaJapbl HHHOBAaMOHHOW Poccum» Ha 2009-
2013 rozasl.

7. lloarorosieHa mpe3eHTauus pe3yiabraroB 1o orany «MccnegoBaHuss — IpoLECCOB
dbopMHUpOBaHUs, CTPYKTYp W CBOWCTB HAaHOMarepuajioB (B TOM 4YHCJIE€ MAarHUTHBIX) Ha
MOAU(GUIIUPOBAHHBIX MOYTIPOBOTHUKOBBIX MTOBEPXHOCTAX» B opmare Microsoft PowerPoint.

3ajaun JaHHOTO MCCIIEI0BAHUS BBIIIOJIHEHBI TOTHOCTHIO.

Pazpabotannsie B pe3ynbrate nposeaeHuss HYP MeToas! IpuroToBiaeHUs HCXOIHOM MOBEPXHOCTH
¢ Tpebyemoii Mop(dostoTHeil M PEeKOHCTPYKIMEH, a TaKXKe YIpPaBICHUS €€ XUMUUECKON aKTHBHOCTHIO U
ANEKTPOHHBIMU CBOWCTBaMU IYTEM KOHTPOJIUpPYyeMOro (GOPMUPOBAHUA HHU3KOPA3MEPHBIX CHCTEM
3aJJaHHOTO COCTaBa U aTOMHOW CTPYKTYphI OyIyT MMETh Ba)XKHOE MPAKTHUYECKOe 3HaueHue. Pe3ynbraTe
paboThl MOXHO CUMTATh HAYYHO-TEXHHUYECKUM 33J€JIOM IO TEXHOJOTHUH (POPMHUPOBAHUS CTPYKTYP
aTOMHOTO MacmTada ¢ WCIOJIb30BAaHHEM CaMOOPTaHU3aIlMH aTOMOB aicopOaToB Ha TOBEPXHOCTH
MOJIyIPOBOIHUKOBBIX KPUCTAJIJIOB B YCIIOBUSIX CBEPXBBICOKOTO BakyyMa. Takue cuCTeMbl MOTYT OBIThH
WCIIOJIb30BaHbI KaK 3JIEMEHThI IaMSATH, AKTUBHBIE 3JIEMEHThl MHTETPAJIbHBIX CXEM M MEXKCOCIUHEHUM AJIs
TBEPAOTEIILHON HAHOIEKTPOHUKU. HayuHble pe3ynbTaThl, AKCHEPUMEHTAIbHBIE METOJbl, METOIUKH
WCCIIEZIOBAaHM MOTYT HAWTH TPUMEHEHHWE TpU pa3padoTKe Y4YeOHBIX TOCOOMH, METOAMYECKHX
MaTepHuagoB, KOTOPbIE MOTYT OBITh HCIOJb30BaHBl B Y4e€OHOM Ipoliecceé B paMKax CHEIUAIbHOCTH
«HaHnomarepuanby.

PesynbpTaTel paboThl MOKHBI 00€CIIEYUTh KOHKYPEHTOCIOCOOHOCTh Poccuiickoit denepanuu B
00JIaCTH CBEPXBBICOKOBAaKYyMHBIX HAHOTEXHOJOTHH. Pe3ynbTarhl palOoThl SBISIOTCS pe3yJbTaTaMu

MHPOBOTO YPOBHS.
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Using scanning tunneling microscopy observations, we have found that, depending on the growth conditions,
MnSi films on Si{111) can be formed with various terminating surfaces. In addition to the usual MnSi/si
(111)v/3 x v/3 surface which is known to be an Si-terminated quadruple layer of a B20 structure of bulk MnSi
compound, a surface of a new type can be formed if the MnSi film growth proceeds under the condition of an
Si deficit. The new surface also has a +/3x +/3 periodicity but a different STM appearance and was ascribed to
the quadruple layer in which the topmost Si layer is missing. Hence, it is 1 to be termi d by an Mn

Keywords:
Atom-solid interactions

silicon layer. The difference in structure leads to a great difference in surface properties, as has been revealed in
Manganese experiments with the adsorption of selected species onto these surfaces. For example, the coefficient of
Surface structure surface diffusion for Au atoms differs for these surfaces by about four orders of magnitude.

Maorphology © 2010 Elsevier B.V. All rights reserved.
Roughness

Topography

Scanning tunneling microscopy (STM)

1. Introduction

The fabrication of ferromagnetic thin films and nanostructures on
semiconductor surfaces has recently attracted considerable attention
because of its potential applications for spintronics devices. In
particular, manganese silicides grown on Si substrates are of especial
interest due to their advanced properties. It has been demonstrated
that, depending on growth conditions, reactive adsorption of Mn onto
Si(111) can produce a complete set of basic nanostructures, including
nanodots [1-6], nanowires [7,8] and nanofilms [9-17]. The nanofilms
are represented by MnSi-silicide layers having a B20 structure of bulk
MnSi compound [18] (Fig. 1). They are formed either by depositing a
single Mn layer followed by annealing (typically, at 350-500 °C) or by
preparing a sandwich-like structure of Si and Mn layers followed by
annealing at somewhat lower temperatures (200-300°C). In the
latter case, an 5i atom supply to the growing silicide layer is facilitated
and the silicide surface acquires a smoother morphology [11,14]. The
formation of the continuous MnSi layer starts after deposition of ~3
monolayers (ML; 1 ML=7.83x10" atoms/cm®) of Mn, when the
second quadruple layer (QL) of the B20 MnSi becomes completed.
With a lower amount of Mn deposited onto the 5i(111) surface, 2-QL
MnSi islands coexist with regions of bare Si surface [9,13-15]. The
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1x1 surface unit cell of MnSi(111) coincides with the Si
(111)v/3x v/3-R30° unit cell with a mismatch of 3.2% and the MnSi/
Si(111) surface exhibits a v3x /3 periodicity both in low energy
electron diffraction (LEED) and scanning tunneling microscopy (STM)
observations. The top MnSi/Si{111)v3xv/3 layer has been reported
to consist of Mn and Si trimers of which the Si trimers are located
~0.5 A higher than the Mn trimers [15,16,18].

In the present study, we have found that when MnSi film growth
on Si(111) takes place under the conditions of an Si deficit, the film
surface adopts a specific structure, It also shows up in STM as an array
of protrusions arranged in a hexagonal v3x+/3 lattice, but these
protrusions have a lower apparent height and different occupation
sites compared to the v/3 x+/3 protrusions of the basic MnSi/Si(111)
structure. Plausibly, the new structure corresponds to the surface of a
completed QL in which the topmost Si atoms are missing, i.e., it can be
considered conventionally as a “triple-layer” (“TL") MnSi(111)
surface (Fig. 1). The MnSi “TL"-surface shows up as atomically
smooth, hence adsorbed atoms are highly mobile on this surface, as
compared to the QL-surface. For example, Si atoms deposited onto the
QL-surface at room temperature (RT) form an ordered +3x+/3
adatom array (thus, producing the third type of MnSi film surface
termination), while on the “TL"-surface they agglomerate into atomic
clusters having random shapes. The diffusion coefficient of gold
adatoms on the “TL"-surface is ~10* times greater than that on the
QL-surface, as estimated from the ratio of the density of Au islands
forming on these surfaces.
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Fig. 1. A schematic model of the B20-type structure of MnSi film according to Refs.
[14,15,18]. A unit cell corresponding to +/3 x v/3 on 5i{111) is outlined. Light gray circles
(yellow online) represent Si atoms and dark gray circles (red online) Mn atoms. The Si
trimers in the topmost layer are indicated by solid triangles and the Mn trimers in the
first Mn layer by dashed triangles. The quadruple layer (QL) and the “triple-layer”
(“TL") are indicated in a side view of the model. The QL consists of four different layers
(numbered 1-4) and the “TL" consists of three layers (numbered 2-4). In the top view,
all atoms located in the four different layers are numbered from 1 to 4 only for the top
QL according to the numbers in the side view. Atoms of the deeper QL are shown by the
circles of a smaller size.

2. Experimental

Our experiments were performed with an Omicron STM operating
in an ultrahigh vacuum (~2.0x 10~ " Torr). Atomically-clean Si(111)
7x7 surfaces were prepared in situ by flashing to 1280 °C after the
samples were first outgassed at 600 °C for several hours. Manganese
was deposited from an effusion cell at a rate of 1.0 ML/min and silicon
was sublimated from a current-heated Si strip at a rate of 0.5 ML/min.
In the experiments with gold deposition, Au was deposited from an
Au-wrapped tungsten filament at a rate of 0.4 ML/min. The Mn
deposition rate was calibrated in the experiments by preparation of a
continuous 2-QL-thick MnSi film which is known to adopt 8/3 ML of
Mn. The Si deposition rate was calibrated by measuring the area
fraction occupied by 2D Si islands epitaxially grown on Si(111)7x7
surface after depositing Si submonolayers. The Au source was
calibrated by the formation of the Si(111)5x2-Au surface phase
which has recently been established to contain 0.6 ML of Au [19,20].
The typical accuracy of the deposition rate calibration was ~10-15%.
For STM observations, electro-chemically etched tungsten tips
cleaned by in situ heating were employed. All STM images were
acquired in a constant-current mode at room temperature.

3. Results and discussion

In order to facilitate the Si supply to the growing MnSi films,
sandwich structures of alternating Mn and Si layers were formed by
RT deposition prior to annealing at ~300 °C for 5 min. In all sandwich
structures, the first layer was always an Mn layer and the capping
layer was always an Si layer. The coverage of Mn and Si in the layers
and the number of Mn-Si layer pairs were adjusted to form an MnSi
film with the desired number of quadruple layers. It was taken into
account that each QL incorporates 4/3 ML of Mn and 4/3 ML of Si. It
was also assumed that the disrupted Si(111)7x7 substrate recon-
struction supplies an additional 2.08 ML of Si to the growing MnSi film
besides the Si amount coming from the deposited Si layers. Bearing
the above in mind, the amounts of Mn and Si in each Mn-Si paired
layer were adjusted to provide a complete supply of Mn and Si to form

S.G. Azatyan et al. [ Surface Science 605 (2011) 289-295

2 QL or 3 QL of MnSi films. Combining these 2-QL and 3-QL portions,
we were able to fabricate MnSi films of any desired thickness starting
from 2 QL. For example, for the formation of, say, 3-QL-thick MnSi film
one needs 3x4.33=4 ML of Mn and the same 4 ML of Si. Assuming
that 2.08 ML of Si comes from the disrupted Si(111)7 %7 substrate
reconstruction, the capping Si layer has to contain 4-2.08 = 1.92 ML of
Si. Hence, the sandwich structure used to prepare 3-QL-thick MnSi
film was as follows: Si(1.92 ML)/Mn(4 ML)/Si(111).

When the amounts of Mn and Si in the layers constituting the
sandwich structure are adjusted properly, the MnSi films formed
display in STM a +/3x+/3-reconstructed surface (Fig. 2a) that is
similar to that observed in all previous STM studies [9,13-15,21]. This
surface is known to correspond to the completed MnSi(111) QL
terminated by an Si atomic layer. However, if the growth of the MnSi
films proceeds under a condition of Si deficit (e.g., when the amount
of Si in the capping layer or in the other Si layers constituting the
sandwich structure is less than optimal and typically when the film is
relatively thick) the MnSi film displays a different surface structure.
Depending on the extent of Si deficit, the new surface structure can
cover the whole surface of the MnSi film (as in Fig. 2c) or can coexist

nTLu

Fig. 2. 500x300 A? filled-state (—1.0V) STM images of the MnSi/Si(111) films
prepared (a) under the condition of optimal Si supply and under the conditions of
(b) medium and (c) strong deficit of Si supply to the growing MnSi film. Preparati

conditions: (a) Si{0.6 ML)Mn(2.7 ML)/Si(111), (b} Si{2.6 ML)/Mn(2.7 ML)/Si(2.0 ML)/
Mn(2.7 ML)/Si(0.6 ML)/Mn{2.7 ML)/Si{111), and (c) 5i(2.3 ML)/Mn(2.7 ML)/Si
(1.8 ML)/Mn(2.7 ML)/Si(0.6 ML)/Mn(2.7 ML)/Si(111) sandwiches annealed at 300 *C.
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with regions of the usual MnSi/Si(111)+/3 x v/3 reconstruction (as in
Fig. 2b). We suggest tentatively that the new surface structure
corresponds to an MnSi quadruple layer in which the top Si atomic
layer (1 ML of 5i) is missing (see Fig. 1). Thus, it can be denoted as the
MnSi “triple-layer” (“TL") and we will use this notation in further
discussion. As will be shown later, with this assumption all the current
observations receive very natural explanations. In particular, we
found that deposition of ~1 ML of Si onto the “TL"-surface followed by
appropriate annealing converts it to the usual Si-terminated QL-
surface (to be shown later, while describing the experiments with Si
deposition onto the MnSi surfaces).

We now compare the structures of the MnSi/5i(111) QL- and “TL"-
surfaces. It is worth noting that the individual structural features of
these surfaces appear very similar at both negative and positive STM
bias voltages (Fig. 3), indicating that the observed STM features have
topographic rather than electronic origin. In particular, one can notice
the existence of long-period (~200 A) surface modulations in each of
the four STM images in Fig. 3. Observation of similar surface
modulations has recently been reported [9,10,21] and it has been
suggested that the surface is buckled as a result of lattice mismatch
between the Si substrate and the silicide layer. This suggestion is
consistent with the STM images in Fig. 3, which show that the
location, shape and periodicity of the modulations are independent of
the bias voltage, hence they are indeed purely topographic features.
Schwinge et al. [10] found that the modulations persist up to an MnSi
thickness of ~140 A (~50QL), while in thicker films the stress is
relaxed via the formation of screw dislocations. In the present study,
we have established the lower limit of the occurrence of these
modulations. Surface modulations are observed starting from 4 QL
(Fig. 4b), but they are absent on thinner films, i.e., at 2 QL (Fig. 2a) and
3 QL (Fig. 4a). One can notice also that the modulations develop on
both the QL- and “TL"-surfaces.

291

Fig. 4. 800 % 550 A* STM images showing the surfaces of the (a) 3-QL and (b) 4-QL MnSi
films. The long-period surface modulations are present at 4-QL-surface but are absent at
3-QL-surface, Preparation conditions: (a) Si(1.9 ML)/Mn(2.7 ML)/Si{(111) and (b) Si
(1.6 ML)/Mn(2.7 ML)/Si(1.8 ML)/Mn(2.7 ML)/Si(111) sandwiches annealed at 300 *C.

Fig. 3. 500 = 340 A? STM image of the same MnSi/Si(111) surface area with coexisting QL- and “TL"-domains acquired at (a) —2.0V, (b) —1.0V, (¢) + 1.0V, and (d) + 2.0 V. Sample
preparation conditions were similar to those of the surface shown in Fig. 2b. One can see that all images have a very similar appearance indicating that the observed STM features

have basically a topographic origin.
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Similar to the usual MnSi QL-surface, the “TL"-surface also appears
in the STM images as an array of protrusions arranged into a
hexagonal +/3x+/3 lattice (Fig. 5). However, the protrusions at the
“TL"-surface have a lower apparent height and the “TL"-surface is less
corrugated than the QL-surface (see Fig. 5¢). Expanding the hexagonal
grid with nodes at the protrusions of the QL-surface onto the domain
of the “TL"-surface (as in Fig. 5b), one can see that the protrusions of
the “TL"-surface occupy different sites: they are located at the center
of every second triangle having QL-protrusions at its corners (Fig. 5b).
This observation receives a natural explanation, if one considers the
B20 structure of MnSi (Fig. 1) and assumes that the features seen in
the STM images from both surfaces are due to the topmost atoms.
Hence, for the QL-surface, each protrusion corresponds plausibly to an
Si trimer and, for the “TL"-surface (in which the above Si trimers are
missing), each protrusion corresponds to one of the two inequivalent
Mn trimers. However, a conclusive determination of the origin of the
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Fig. 5. () 200150 A? filled-state (— 1.0 V) STM image of the MnSi/Si{111) surface
area with coexisting QL- and “TL"-domains (as indicated). (b) Close-up of the surface
region, outlined by a dashed frame in (a), with a superposed hexagonal grid in which
the nodes coincide with protrusions on the QL-surface (marked by yellow circles). One
can see that the location site of the protrusions within the “TL"-domain (marked by red
circles) is in the center of the triangle formed by three QL-protrusions. (¢) Line profile
along the white line in (a) showing the apparent height difference of protrusions at the
QL- and *“TL"-surfaces.

STM protrusions seen on each of the two surfaces apparently requires
further investigations. For this, theoretical simulation of the STM
images seems especially desirable. Note that such data are still lacking
even for the well-known QL-surface, whose STM features have been
ascribed either to the top Si or Mn trimers [14,15].

Deposition of small amounts of adsorbates, Si, Mn or Au, onto the
QL- and “TL"-surfaces has revealed a great difference in their
properties. Let us consider first the case of Si deposition and start
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Fig. 6. A set of 80x 80 A* STM images illustrating the evolution of (a) the QL-surface
after RT adsorption of (b) 0.05ML, (c) 0.10ML, (d) 0.16 ML, (e) 0.21 ML, and
(f) 0.26 ML of Si onto it. Original QL-surface was prepared by annealing the Si(0.6 ML)/
Mn(2.7 ML)/Si(111) sandwich at 300 °C. (g) Tentative model of the +3 x /3 array of Si
adatoms (1/3 ML) on top of the QL-surface, The choice of the v3xv/3 half unit cell
occupied by an Si adatom is arbitrary.
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Fig. 7. Occupation of the v3x+v/3 unit cells on the MnSi QL-surface by the extra
protrusions as a function of Si amount deposited at RT. The characters indicate the
reference to the corresponding surfaces in Fig. 6, The dashed line illustrates the case of
linear dependence where each extra protrusion corresponds to a single Si adatom.

with the QL-surface. As illustrated in Fig. 6, Si deposition onto this
surface results in the progressive appearance of extra bright
protrusions that are three-fold coordinated. Their density grows
linearly with the Si deposited at a rate corresponding to the case
where each extra protrusion corresponds to a single Si adatom
(Fig. 7). It is worth noting that similar features have also been
observed in previous studies and their origin has been a debated
subject [9,14,15]. Kumar et al. [9] observed the extra protrusions with
a coverage of ~20% and interpreted them as Si adatoms. In contrast,
Hirvonen Gritzelius et al. [15] reported the observation of extra
protrusions at ~7% and ascribed them to Mn adatoms. However, this
possibility can be safely ruled out since RT deposition of Mn produces
random features of different shapes, which continuously change their
locations during STM imaging at RT (Fig. 8). Thus, our present

Fig. 9. 500375 A? filled-state (— 1.0 V) STM images of the MnSi/Si{111) surface with
coexisting QL- and “TL"-domains (a) after depositing 0.1 ML of Si at RT and (b) after
subsequent annealing at ~ 100 °C. Conditions for preparation of the original surface
were similar to those for the surface shown in Fig. 2b.

Fig. 8. (a) 500 320 A® filled-state (— 1.0 V) 5TM images of the MnSi/Si{ 111) surface area with coexisting QL- and “TL"-domains after depositing 0.05 ML of Mn at RT. (b) STM image
of the same surface area acquired 3 min later. The close-up pictures of the region outlined in the STM images are shown in the right panel. Note the difference in the location of the
features seen in the two pictures. Conditions for preparation of the original surface were similar to those for the surface shown in Fig. 2b.
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experiments unambiguously demonstrate that the extra protrusions
on the MnSi QL-surface are Si adatoms, whose concentration can be
precisely controlled in a wide range from ~5% to ~90% (i.e., from ~0.02
to ~0.30 ML) just by RT deposition of the desired amount of Si (Fig. 7).
But one should bear in mind that above the ~75%-level, three-
dimensional Si islands start to grow. Hence, in addition to the QL- and
“TL"-surfaces one can obtain a third type of MnSi/Si(111) film
termination, namely an ordered v/3x+/3 array of Si adatoms (~1/
3 ML) on top of the QL-surface (as illustrated by the model in Fig. 6g).

Upon deposition onto the “TL"-surface, adsorbed Si atoms
demonstrate quite a different behavior. At RT, Si atoms on the QL-
surface show up as individual Si adatoms, but on the “TL"-surface they

Fig. 10. (a) 320%320 A’ ﬁlled~state (—15V) STM image of the MnSi/Si(111) surface
with “TL"-terminati g 5i(4.0 ML)/Mn(4.0 ML)/Si{4.0 ML)/Mn
(4.0 ML)/Si(4.0 ML).n’MnH 0 ML)/Si(1.0 MLJIMHH 0 ML)/5i{111) sandwich at 300 °C).
(b) The surface as in (a) after RT deposition of - 1.0 ML of Si followed by annealing at
300 °C. (c) The surface as in (a) after RT deposition of ~1.4 ML of Si followed by
annealing at 300 °C.

form atomic clusters having random shapes (Fig. 9a). Upon light
annealing at ~100°C, these clusters agglomerate into larger 2D
islands (except for some remaining original clusters which, plausibly,
are tied to surface defects), while separate Si adatoms on the QL-
surface still remain (Fig. 9b). Annealing of the “TL"-surface with
adsorbed Si to higher temperatures of about 300 °C converts it to the
QL-surface. The transformation could be partial in the case of
insufficient Si deposition, as illustrated in Fig. 10b, which shows the
“TL"-surface with adsorbed 1.0 ML of Si after annealing at 300 °C. One
can see that in addition to the developed QL-domains (including those
on top of the 2D islands), the “TL"-domains still remain. With the
excess of Si, the original “TL"-surface could be converted to the QL-
surface with an ordered +/3 x+/3 array of Si adatoms on its top. This
case is illustrated in Fig. 10c, showing the “TL"-surface with adsorbed
~1.4 ML of Si after annealing at 300 °C. This surface is similar to that
shown in Fig. 6d. Thus, one can conclude that the “TL"-surface with
adsorbed Si is metastable and could be converted to the stable QL-
surface, but this transformation requires surmounting a certain
energy barrier and occurs only at a temperature of ~300 °C.

The results for Au deposition are illustrated in Fig. 11. One can see
the formation of nanoislands on both types of MnSi surface, but on the
QL-surface there are many small islands, while on the “TL"-surface the
islands are sparse and relatively large. The ratio of the island densities
for the two surfaces amounts to at least ~20. According to classical
nucleation theory [22], for isotropic surface diffusion and critical
nucleus size of one, the island density (N) depends on the deposition
rate (F) and the surface diffusion coefficient (D) as Noc(F/D)"2. As the
deposition rate was kept the same (as well as other growth
parameters), one gets an estimation that the diffusion coefficients of
Au on the two surfaces differ by a factor of ~8 x 10%. An accurate value
is expected to be even greater, since the evaluated island density on
the “TL"-surface seems to be overestimated. We counted all the Au

Fig. 11. (2) 1000700 A? and (b) 500x 350 A? filled-state (— 1.0 V) STM images of the
MnSi/Si(111) surface area with coexisting QL- and “TL"-domains after depositing
0.25 ML of Au at RT. Conditions for preparation of the original surface were similar to
those for the surface shown in Fig. 2b.
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nanoislands present on the “TL"-domains. However, a significant
fraction of nanoislands are located at the boundaries with QL-domains
or at step edges and, in addition, there are also Au islands having
smaller size which possibly just decorate surface defects.

4. Conclusions

Using scanning tunneling microscopy observations, we have found
that in addition to the well-known MnSi/Si(111)v3x+/3 surface,
which resembles the Si-terminated quadruple layer of the B20
structure, a surface of another type can be obtained if the growth of
the MnSi film misconducted under the condition of an Si deficit. In
STM, the new surface also displays a hexagonal v3 x /3 reconstruc-
tion but its protrusions have a lower apparent height and the surface
itself is less corrugated. Moreover, the protrusions of the new surface
occupy different sites compared to those displayed by the usual MnSi
surface. Namely, these sites are located at the center of every second
triangle having the protrusions of the usual surface at the corners.
These findings yield to a natural explanation if one assumes that the
new surface corresponds to a quadruple layer (QL) in which the
topmost Si layer is missing and the surface is terminated by Mn atoms.
We referred conventionally to this surface as the “triple-layer” (“TL")
surface. Hence, every protrusion seen in the STM images of both
polarities corresponds, in the case of the QL-surface to Si trimers, or to
one of two inequivalent Mn trimers in the case of a “TL"-surface. It has
been demonstrated that the “TL"-surface can be converted to the QL-
surface by depositing ~1 ML of Si onto it followed by annealing at
~300 °C. The adsorption of selected species, 5i, Mn and Au, onto the
QL- and “TL"-surfaces has revealed a dramatic difference in the
properties of these surfaces. For example, the diffusion coefficient of
Au adatoms on the “TL"-surface has been found to be ~10* times
greater than that of Au adatoms on the QL-surface.

As a final remark, we would like to note that though our tentative
assumption of an Mn-terminated “TL"-surface fits well the experi-
mental results, for its conclusive confirmation appropriate calcula-
tions are highly desirable. The following are the subjects which
especially demand theoretical consideration: a test of the stability of
the Mn-terminated MnSi surface, the simulation of the STM images
from the QL- and “TL"-surfaces, the determination of the adsorption
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sites of additional Si adatoms on the QL-surface, and a comparison of
the potential barriers for diffusion of adsorbates on the QL- and “TL"-
surfaces.
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Modulated Cg, monolayers on Si(111)+/3 x 4/3-Au reconstructions
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Adsorption of Cg onto the Si(111)-a-v/3 x +/3-Au surface with a high density of domain walls and its
In-induced modification, a domain-wall-free Si(111)+/3 x +/3-(Au,In) surface, has been studied using scanning
tunneling microscopy (STM). Adsorbed Cg have been found to form close-packed hexagonal arrays displaying
specific patterns of Cgy having different dim-bright STM contrast. On the Si(111)-a-+/3 x +/3-Au surface, the
dim-bright Cg pattern replicates the domain-wall network of the substrate surface and has plausibly an electronic
origin. On the homogeneous Si(]ll)«/i X JE—(Au.In) surface, a Moiré pattern of a two-dimensional lattice
develops, which indicates periodic occupation of the same regular adsorption sites on the surface. Here, the
dim-bright Cg contrast is associated plausibly with different topographic heights of the molecules. In the case of
the multilayer Cgp films, the dim-bright Cg patterns of the first Cg monolayer have been found to be inherited

with gradual smearing in the next Cg layers.

DOI: 10.1103/PhysRevB.83.195421

L. INTRODUCTION

Nucleation, growth, and structure of Cg; monolayers
on various surfaces have recently attracted a considerable
amount of attention due to their potential use in developing
molecular-based devices. Another reason for the research
activity in this field is the exceptional variety of phenomena
occurring at Cgg adsorption onto solid surfaces, which presents
intriguing puzzles for researchers. The presence of adsorbed
Cgo molecules that display a different scanning tunneling
microscopy (STM) contrast (i.e., the observation of the
coexisting so-called “bright” and “dim” Cg) might serve
as an example. The phenomenon has been detected on a
number of metal surfaces, particularly on Au(111).' The
difference in the apparent height of the features in STM might
result from topographic and/or electronic local variations. It is
argued'? that the dim Cgp molecules arise from the creation of
a nanopit in the Au surface below the adsorbed Cgg molecule,
which enhances Cgo-substrate bonding energy and facilitates
charge transfer from the Au(111) surface to Cg. Digging
nanopits by adsorbed Cgp is not a peculiarity of only the
Au(111) surface, but appears to be a common feature for
a variety of metal surfaces, including Au(110),* Pt(111),°
Pt(110),° Ag(111),” Cu(111).® etc. Another general feature
for Cgy adsorption on the vast majority of metal surfaces
is that the Cgp layer often adopts a close-packed hexagonal
structure with a Cgg nearest-neighbor distance close to that of
10.0 A in a bulk fullerite. This indicates that intermolecular
interaction on metal surfaces typically dominates over the
fullerene-substrate interaction. In contrast, C¢y adsorbed on
semiconductor surfaces, particularly on Si(111), demonstrates
quite a different behavior.” The formation of the close-packed
molecular monolayers is suppressed there by a relatively
strong fullerene-substrate interaction. It is, however, possible
to modify the Si(111) surface chemistry by forming an appro-
priate adsorbate-induced surface reconstruction. For example,
highly ordered fullerene assemblies have been grown on
the Si(111)+/3 x +/3-Ag reconstruction, and their properties
have been characterized in a number of works.'®* Thus,
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adsorbate-induced Si reconstructions are believed to be a
promising place to tailor the structure and properties of the
adsorbed fullerene arrays. It should be noted, however, that
in spite of the great variety of known adsorbate-induced
reconstructions on silicon,'* there have been only a few studies
on the fullerene adsorption onto them.’Other than fullerenes
on Si(111)4/3 x /3-Ag, which have been studied relatively
extensively, we can cite only a few studies on a small number of
systems: Ceo/Si(111)+/3 x +/3-B,'® Cgo/Si(111)7 x 7-Co,!”
Ceo/Bi(0001)/Si(111),'® and Cgp/Si(111)1 x 1-Pb."?

Here, we present the STM observations of Cgg adsorption
onto the Si(111)-a-+/3 x +/3-Au surface and its In-induced
modification, 8i(111)+/3 x +/3-(Au,In). The characteristic
feature of the first surface is a high density of the domain
walls,”® while the second surface is domain-wall-free.?! On
both surfaces, the adsorbed Cg are arranged into the close-
packed hexagonal arrays with a nearest-neighbor distance of
~10.0 A. Fullerenes within arrays display a different STM
contrast (apparent height). The arrangement of the bright and
dim Cgp in the molecular layer produces specific patterns that
have been found to be associated with the structural features
of the underlying substrate. For the Si(111)-z-v/3 x +/3-Au
surface, the patterns reflect the domain-wall network, while for
the Si(111)4/3 x ﬁ—(Au,[n} surface, they replicate periodic
occupation of the various Cgg adsorption sites. In the multilayer
Ceo films, the bright-dim Cgy pattern of the first layer is
inherited in the upper layers (up to the fourth layer).

II. EXPERIMENTAL

Our experiments were performed with an Omicron STM
operating in an ultrahigh vacuum (~7.0 x 10~ Torr). Atom-
ically clean Si(111)7 x 7 surfaces were prepared in situ by
flashing to 1280 °C after the samples were first outgassed
at 600 °C for several hours. Gold was deposited from an
Au-wrapped tungsten filament, indium from a Ta crucible, and
Cép fullerenes from a resistively heated Mo crucible. For STM

©2011 American Physical Society
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FIG. 1. (Color online) Cg arrays forming upon RT adsorption
on the Si(111)-a-+/3 x +/3-Au: (a) Large-scale (4000 x 3300 A?)
empty-state (+1.5 V) STM image of the surface with 0.02 ML of Cg.
(b) 1500 x 1150 A% empty-state (+1.5 V) STM image after applying
high-pass Fourier filtering for the better simultaneous visualization
of both the substrate and Cg, island surface structures. 900x700 A?
dual polarity (¢) =1.0 V and (d) £2.0 V STM images of an Cg island.

observations, electrochemically etched tungsten tips cleaned
by in situ heating were employed.

PHYSICAL REVIEW B 83, 195421 (2011)

III. RESULTS AND DISCUSSION

Present STM and low-energy electron diffraction (LEED)
observations have revealed that Cgg adsorbed on the Si(111)-
a-+/3 x +/3-Au surface demonstrates a behavior similar to
that on the metal surfaces. Namely, when deposited onto
the surface at RT, the Cgp molecules form two-dimensional
compact islands with preferred nucleation at substrate step
edges [Fig. 1(a)]. The Cey layer adopts a close-packed
hexagonal structure, the periodicity of which coincides with
the bulk fullerite nearest-neighbor distance of 10.0 A within
the accuracy of the used LEED and fast Fourier transform
(FFT) techniques. The basic translation vectors for most of
the hexagonal Cgo arrays are aligned along the principal
crystallographic directions of the Si(111) surface, i.e., (101).
However, selected Cgp arrays rotated by about £20° are
also present on the surface. Except for these two types, no
other Cgo arrays have been reliably detected in the numerous
experiments.

A peculiar feature of the Cgy arrays is the presence of
bright and dim fullerenes arranged into specific patterns
that resemble the domain-wall structure of an Si(111)-a-
/3% +/3-Au substrate [Fig. 1(b)]. Much like a substrate, a
Cgo layer consists of the “domains™ with Cgp having similar
STM contrast and a network of “domain walls” where Cgp
exhibits an apparently different contrast. In the empty-state
STM images, Cgp in the “domains” is dim and that in the
“domain walls” is bright, while in the filled-state images the

FIG. 2. (Color online) (a) 500 x 350 high-pass-filtered STM
image illustrating orientations of the domain walls at the Si(111)-c-
/3 x +/3-Au surface and those of the bright lines at the Cgg island.
(b) and (c) show these features with a greater magnification: (b)
45 x 45 A? STM image of the -+/3 x +/3-Au substrate with outlined
/3 % /3 unit cell and (c) 100 x 100 A2 STM image of the Cg array.
The domain walls at the Si(111)-cz-+/3 % +/3-Au surface are aligned
along the (121) directions (indicated by blue dashed bars), while the
“domain walls” (bright Cgp lines) at the Cg island are aligned along
the {101) directions (indicated by red solid bars).

195421-2
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FIG. 3. (Color online) Model simulating appearance of the
additional Moiré lines in an adsorbate layer residing atop a substrate
with domain walls. (a) Substrate hexagonal array with a single domain
wall. (b) Substrate hexagonal array with domain-wall network. (c) and
(d) Adsorbate hexagonal array superposed onto the substrate arrays
in (a) and (b), respectively.

dim-bright contrast is reversed and less significant [Figs. 1(c)
and 1(d)]. Note that commensurate domains of the \/%S x 3

FIG. 4. (Color online) (a) 8000 x 5300 A? and (b) 1680 x
1100 A? STM images showing a multilayer Cyy film grown on the
Si(111)-c-+/3 x +/3-Au surface. The uncovered substrate surface is
indicated as o-+/3-Au; first, second, and third Cg; layers are indicated
by 1, 2, and 3, respectively.

PHYSICAL REVIEW B 83, 195421 (2011)

phase and domain walls at the Si(11 l)-{x~-\/§ x +/3-Au surface
show the same bias-dependent STM appearance.’®* Thus, one
can conclude that it is plausible that the dim-bright contrast
of fullerenes has an electronic origin, which is dictated by
local electronic inhomogeneity at the underlying Si(111)-a-
/3 x +/3-Au substrate surface.

It should be noted, however, that the dim-bright Cgg pattern
does not simply reproduce the underlying domain-wall struc-
ture of the substrate (as if the molecular layer would act as a
transparent media). Actually, in spite of the seeming similarity,
the arrangement of “domain walls” in the Cg layer differs
from the domain-wall network at the Si(1 11}-0;.'-\/3y % +/3-Au
surface. The principal difference is that the segments of the
domain walls at Si(111)-e-+/3 x +/3-Au are always aligned
along the (121) (i.e., +/3) directions, while “domain walls”
in the Cgg layer are along the (101) directions (Fig. 2). Thus,

FIG. 5. (Color online) (a) Large-scale (3500 x 2500 Az) STM
image showing a two-layer Cg film grown at the Si(111)-h-+/3 x
+/3-(Au,In) surface at RT. The first-layer and second-layer (101)-
aligned Cg arrays are labeled Al and A2, respectively. The first-
layer and second-layer 20" -rotated Cg arrays are labeled B1 and B2,
respectively. (b) Close-up (200 x 200 A?) STM image of a type-Al
Cgo array. (c) Close-up (200 x 200 A?) STM image of a type-B1
Cg array. (d) 500 x 300 A? double-palette-processed STM image
illustrating inheritance of the dim-bright Cg structure of the first Cgy
Al layer in the second A2 layer.
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the “domain walls” in the Cgo layer are perpendicular to the
domain walls on the Si(111)-a-+/3 x +/3-Au substrate. This
observation can be understood with the help of simple model
simulations shown in Fig. 3. The figure illustrates the result
of superposing a perfect hexagonal adsorbate array onto a
hexagonal array of a substrate containing a single domain
wall [as in Figs. 3(a) and 3(c)] or a domain-wall network
[as in Figs. 3(b) and 3(d)]. One can see that the presence of
the substrate domain walls perturbs a regular Moiré pattern
by developing additional Moiré lines. These lines are aligned
perpendicular to the substrate domain walls, just as in the
experiment.

With continuing Cgp deposition, the next molecular layers
overgrow above the first Cgg layer, thus forming a fullerite
film. As an example, Fig. 4(a) shows a surface with an
almost completed Cgp first layer on which the islands of the
second layer develop along the substrate step edge. There
are also relatively small islands of the third layer atop the
second-layer islands. The close-up STM image in Fig. 4(b)
of the surface with first-, second-, and third-layer islands
clearly shows that the dim-bright Cgy pattern of the first
layer is inherited by the next layers, albeit with a gradual
smearing. The pattern is still resolved, at least, up to the fourth
molecular layer, indicating the range of the substrate effect on
the electronic properties of a fullerite film. This observation
could be qualitatively described in terms of Debye screening

& B0,
oSi @Au @In

FIG. 6. (Color online) (a) STM image showing 180 x 120 A?
surface area with a boundary between the Cg array and the
Si(111)-h-+/3 x +/3-(Au,In) substrate surface. Hexagonal network
is superposed onto the image to tie locations of the bright Cg to
the h-+/3 x /3 lattice sites. (b) Enlarged image of the 34 x 34 A
area within a square outlined in (a). One can see that adsorption
sites of the bright Cg coincide with the hollow depressions in the
honeycomb structure of the h-+/3 x +/3 surface. () Structural model
of the Si(111)-h-+/3 x +/3-(Au,In) surface, where the topmost Si
atoms are shown by small gray circles, Au atoms by middle-sized
pink circles, and adsorption sites visited by the mobile In atoms by
large blue circles. These In atoms are responsible for STM protrusions
forming honeycomb structure,”! hence bright Cqy resides above Au
tnmers.

PHYSICAL REVIEW B 83, 195421 (2011)

length. That is, dim-bright bias-dependent STM contrast of Cgy
in the first layer indicates the difference in the charge states of
the molecules, which depends on their adsorption sites. Taking
into account a semiconducting nature of the fullerite, one could
expect quite a sufficient screening length in it, which allows
us to resolve at the thin-film surface smeared images of the
charges localized in the first layer.

To examine Cgy growth on a similar Si(111)v/3 x +/3-Au
surface that is free of domain walls, we prepared such a surface
employing In-induced modification of the original Si(111)-
a-+/3 x +/3-Au substrate.2! That is, ~0.5 ML of In was
deposited onto the Si(111)-a-+/3 x +/3-Au at RT followed
by a brief annealing at 600 °C, which results in the complete
elimination of the domain walls while preserving the original
Si(111)4/3 x +/3-Au conjugate-honeycomb trimer (CHCT)
structure”>* [see Fig. 6(c)]. At the resultant homogeneous
surface (h-+/3 x +/3 hereafter), only ~0.15 ML of In is left in
the form of a two-dimensional (2D) gas of mobile adatoms2!25
hopping between adsorption sites indicated in Fig. 6(c) by
large blue circles. Taking into account that adsorption sites are
separated by a barrier of only ~0.4 eV (Ref. 21), the hopping
rate of In atoms at RT exceeds the scanning rate of STM. As a
result, RT-STM images display the time-averaging honeycomb

FIG. 7. (Color online) 550 x 500 A2 dual polarity (a) -1.0 V and
(b) 2.0 V STM images of the Cg island grown on the Si(111)-k-
/3 x +/3-(Au,In) surface at RT,

195421-4
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pattern, in which all sites are seen as being occupied [see
Fig. 6(b)].

Ceo adsorption onto this surface also results in the formation
of the close-packed hexagonal Cg arrays, most of which are
aligned along the (101) directions, with a few rotated by
20° (Fig. 5). A close inspection of these Cgp arrays reveals
a difference in their appearance: while in the 20°-rotated
arrays all Cg have a similar STM contrast [Fig. 5(c)], the
(101)-aligned arrays display a specific dim-bright Cgo pattern
[Fig. 5(b)]. The pattern is of the Moiré type with bright Cg
forming a nearly perfect 2D lattice.

A hexagonal grid drawn across the boundary between a Cgg
island and the surrounding h-+/3 x /3 surface allows us to
elucidate adsorption sites of the bright Cgp on the substrate
(Fig. 6). One can clearly see that these sites correspond to
the hollow depressions in the honeycomb structure of the h-
/3 x +/3 surface. It has been demonstrated in Ref. 21 that
STM protrusions in the STM images of h-+/3 x /3 are due to
In atoms visiting T; sites, hence hollow depressions are located
above the Au trimers, as illustrated in the model in Fig. 6(c).
Thus, the bright Cgp are those residing atop the Au trimers.
Their enhanced STM brightness corresponds plausibly to a
greater height, taking into account that the contrast of the dim-
bright Cgg pattern is essentially independent of the bias voltage
(Fig. 7). Note that the dim-bright Cgp pattern is inherited in
the next Cgp layers with gradual smearing [Fig. 5(d)]. This
behavior is very similar to that of Cgg on the Si(111)-a-v/3 x
+/3-Au surface, although the STM contrast of bright and dim

bright Cgg

FIG. 8. (Color online) Schematic diagram showing a close-
packed Cgo array superposed onto the ideal Si(111)+/3 x +/3-Au
surface with a CHCT structure. Bright Cg [outlined by blue (gray)
circles] are those located directly above the Au trimers. Basic
translation vectors of the Si(111) surface, a; and a;, and those of
the Cg array, A, and A,, are indicated. The superlattice vector
R connecting two bright Cg can be expressed as 5a; + 8a; or
2A; 4+ 3A;. Note that the Cg array is rotated counterclockwise
by 1" with respect to the substrate to ensure an ideal lattice
matching.

PHYSICAL REVIEW B 83, 195421 (2011)

Cgp in these two cases may very well have a different origin
(i.e., topographic and electronic, respectively).

Figure 8 represents a schematic diagram showing the
matching of the Cgy monolayer with the observed dim-bright
Cgp pattern to the underlaying Si(111)+/3 x +/3-Au surface
structure. One can see that the translation vector of the Cgo
superlattice R can be expressed as R = 2A,; + 3A; in units of

FIG. 9. (Color online) 470 x 470 A*> STM images illustrating
the appearance of the Cg arrays on the Si(11 1)-h-/3 x ﬁ—(Au.In)
surface grown and observed under various temperature conditions.
(a) A Cg island was grown and observed at RT. (b) A Cg island
was grown at RT, but STM observations were conducted at 115 K.
(c) Cgg islands were grown and observed at 115 K. The insets show
the surface structure of the Si(111)-h-+/3 x +/3-(Au,In) surface at (a)
RT and (b) 115 K.
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78



MATETSKIY, GRUZNEV, ZOTOV, AND SARANIN

the Ceo lattice constant, A = 10.0 A. The superlattice vector
R has a length of +/194 = 43.59 A. On the other hand,
the same vector R can be expressed in units of the Si(111)
lattice constant, @ = 3.84 A as R = 5a, + 8a,, and it has a
length of +/129a = 43.61 A. This evaluation demonstrates
that the superlattice of the dim-bright Cgg pattern and Si(111)
lattice is either truly commensurate or very close to being
commensurate. It should be noted, however, that actually
the rotation angles between R and the basic translation
vectors a; and A; are slightly different, being 36.587° for
the +/19 superlattice and 37.589° for the /129 superlattice.
The accurate angle difference equals 1° 0’ 8”. Thus, for ideal
matching, the Cgg array should be rotated by 1° with respect
to the substrate, as illustrated in Fig. 8.

Recall that besides the CHCT Aw/Si(111)+/3 x +/3 struc-
ture, ~0.15 ML of In adatom gas is present at the h-+/3 x /3
surface. While the CHCT Auw/Si(111) structure apparently
controls the formation of the characteristic dim-bright Cgp
pattern in the growing Cg monolayer, the role of the 2D
gas of mobile In adatoms in this process remains unclear. To
clarify this point, we have performed experiments with low-
temperature (115 K) STM observations. They have included
the LT observations of the Cg layers grown at RT, as
well as those grown at LT. At LT, thermal motion of In
adatoms becomes frozen, and the dynamic honeycomb-like
STM appearance of the h-+/3 x +/3 surface [Fig.9(a)] changes
to that of the random array of immobile In adatoms,?! as one
can see in the LT-STM images at the surface in between Cgo
islands [Figs. 9(b) and 9(c)]. Upon cooling the RT-grown Cgq
arrays to LT, the regular dim-bright Cg pattern is preserved,
albeit with a certain degree of distortion [Fig. 9(b)]. When
Cso is deposited at LT [Fig. 9(c)], the Cqg islands are smaller
in size but their density is greater compared to the case of
RT growth [Fig. 9(a)], due to a lower surface mobility of
Ceo. Another essential peculiarity of the LT growth is the
absence of any dim-bright Cgp pattern at the molecular islands
[Fig. 9(c)]. An important note is that the In adatoms do remain
under the growing Cgo island, as the density of In adatoms
at the uncovered surface, 0.15 £ 0.02 ML, does not change
with the Ceo layer growth. The above observations imply that
the regular dim-bright Csy pattern is dictated by the CHCT
Au/Si(111) structure, while In adatoms tend to occupy certain
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hollow sites in between Cg, where they would not disturb
Ceo ordering within the molecular layer. At RT, In adatoms
are believed to hop dynamically between these sites. Upon
cooling to LT, some portion of the In adatoms could be frozen
in the intermediate sites, causing a certain distortion in the
dim-bright Cg pattern. In the case of the LT growth, a solid
random array of immobile In adatoms eliminates the ordering
effect of the CHCT Auw/Si(111) structure, hence no regular
dim-bright Ceg pattern develops at the molecular layer.

IV. CONCLUSIONS

In conclusion, we have found that Cg adsorption onto the
Au-induced Si(111) reconstructions, the Si(111)-ct-+/3 x +/3-
Au phase, and its In-induced modification, Si(111)4/3 x +/3-
(Au,In), results in developing modulated Cgp monolayers with
specific dim-bright Cg patterns in STM images. The origin
of these patterns differs from that known for Cg monolayers
on the Au single-crystalline surfaces, where the appearance
of dim Cg is typically associated with the creation of a
nanopit in the Au surface below the adsorbed Cg) molecule.
In contrast, the reconstructed Au/Si(111) surfaces remain
intact upon Cg adsorption, and their atomic arrangements
control the forming dim-bright Cgg patterns. In the case of the
Si(111)-a-v/3 x +/3-Au surface, the dim-bright Cg pattern
replicates the domain-wall network of the substrate surface. On
the homogeneous Si(111)v/3 x +/3-(Au,In) surface, a Moiré
pattern develops, reflecting periodic occupation of the regular
adsorption sites on the surface, i.., bright Cgg residing atop Au
trimers forms the Si(111)/129 x /129 lattice. Structural and
electronic properties of the first Cgg monolayer are inherited in
the next molecular layers: the smeared dim-bright Cgg patterns
remain resolvable even in the fourth Cgy layer.
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