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Pacnucanue 1o0KJ1aa10B

Bropnuk 4 uronst 2019 r.

10.00-10.10 OTKpbITHE KOH(pEPEeHITUN

10.10-10.50 (Ilp.) B.A. beixos, B.B. Iloxskos
“30H10Basi MUKPOCKOINS M CIIEKTPOCKONMSI: MPUOOPHI U
TeXHOJIOTHH aHAJHM3a MaTepuaJioB, paspadorkun HT-MIT
Cnextpym UncTpymenrce”

10.50-11.30 B.B. [Tossikos, FO.A. bo6pos, C.U. Jleecment, B.A. brikos
“ABTOMaTHYECKHUI MOUCK MAPAMETPOB CKAHNPOBAHUSA B
aMILUINTYAHO-MOAYAssuMoHHOii ACM”

11.30-11.40 Coffee break

11.40-12.20 (I1p.) B.JI. Mupomnos, E.B. Cxopoxonos, P.B. 'opes, M.B.
CanoHUKOB
“MarHuTHO-pPe30HAHCHAS CHJIOBasi MUKPOCKOIHNS MJIAHAPHBIX
(peppoMarHuTHBIX HAHOCTPYKTYP”

12.20-13.00 B.C. Cromspos, B.B. JIpemos, JI.1O. Poanues
“CraHMpPYHOLIAs 30HA0Basi MUKPOCKOIHSA CBEPXIPOBOASIIMX
rUOpHIHBIX cucTeM”

13.00-14.00 Lunch

14.00-14.40 B.B. JIpemos, B.C. CronsipoB
“CkaHupyloumasi MATHUTHAsI MUKPOCKOIHS MVIAHAPHBIX
A#K03e()COHOBKHX CTPYKTYpP”

14.40-15.20 A.B. Ilytunos, C. Au/lxopmxuo, B.JI. Baxumos, JI./[x. Tpelinep,
2.M. Jlexnep, Ix.JI. Ké€pruc, M. Abnen-Xadus, O.C. Bonkosa, A.H.
Bacuibes, JI.A. Yapees, I'. Kapanetpos, A.E. Komenes, A.1O.
Anagsiikus, A.C. MenbankoB, M. MaBapone
“Tpancdopmanusi BUXpeBoii pemierku B FeSe B MarunTHoMm noJe”

15.20-15.30 Coffee break

15.30-16.10 .B. Kitunon
“ATOMHO-CHJIOBAsi MUKPOCKOINIHS OAUHOYHBIX MOJICKY.JI
OnonomMepoB”

16.10-16.50 M.E. loxykus, 1. CokoioB

“Ucnojb30BaHue KAPT aAre3uM MOJy4eHHbIX ¢ moMoumbio C3M s
BbISIBJICHUS “(Pu3nyecKkux”’ MapKepoB 3200/1¢eBaHUIl Ye10BeKa”




Cpena S urons 2019 r.

10.00-10.40

(I1p.) T.B. ITaBnoBa, B.M. Illemtora, b.B. Auapronieukus,
I''M. Xunomupos, K.H. Enb1ioB

“CTM-autorpadus Ha xJaopupoBaHHoii nosepxHoctu Si(100) ¢
yiaJleHHeM KpeMHus”

10.40-11.20

(ITp.) H.X. ®enoros, C.B. 3aiinieB-30ToB

“ByusiHMe CTylleHeH U MOTEeHUUAJbHbBIX SIM HA JHEPIreTHYEeCKYI0
CTPYKTYPY AUPAKOBCKHX COCTOSIHUH B TOMOJIOTHYECKOM H30JIATOpE
Bi »Se3”

11.20-11.30

Coffee break

11.30-12.10

(I1p.) I.A. My3bruenko, C.U. Opemkun, B.U. [Tanos, C.
VanHaesendonck, A.11. Opeuikun

“I'epMaHeH HA MOBEPXHOCTH MeTAJUI0B: MU} WIH PeabHOCTH?”

12.10-12.50

(Ilp.) b.B. Auapromeukud, B.M.Illesnora, T.B.I1aBnosa,
I'M.Xunomupos, K.H. Ens1ioB

“HavaJibHble CTA/INHM OKUCJIEHHs cepedpa”

12.50-14.00

Lunch

14.00-14.40

A.B. Ilytunos, C.C. YcraBmukos, C.1. boxko u A.}O. Anajpliikun

“IIpocTpaHCTBEHHO-HEOAHOPOIHbIE KBAHTOBO-Pa3MepPHbIe
cocTosiHusl B TOHKUX Pb mienkax”

14.40-15.20

H.C. Komapos, T.B.[1aBnosa, b.B. Anapromeukin

“B3anMoaeiicTBHE MOJICKYJISPHOIO OJA C MOBEPXHOCTHIO HUKeJINA”

15.20-15.30

Coffee break

15.30-16.10

C.JI. KoBanenko, T.B. IlaBnosa, O.1. Kannmena, K.H.Ens1os

“TepMonporpaMMupyemMblii CHHTE3 MOHOKPHUCTAJIOB
a30THPOBaHHOrO rpadeHa Ha noBepxuocru Ni(111)”

16.10-16.50

A.H. Yaiika, C.H. boxko, C.C. Ha3zun, B.H. Cemenos, O. Liibben,
N.B. llIsen

“OpoOuTajgbHoe pa3penieHne U XumMmudecknii kKourpact B CTM-
JKCIepUMeHTax”

16.50-17.20

M.A. Tpycos

“CoBpeMeHHBbIC CBepXBbICOKOBaKyyMHbIe C3M Hay4YHOro Kiacca
mapku Scienta-Omicron”




Yereepr 6 urons 2019 r.

10.00-10.40

(Ilp.) b.A. Jlorunos, A.b. JlornHos

“OnbIT NPUMEHEHUS CKAHUPYIOLIEH 30H10B0ii MUKPOCKOIINH
B BaKyyMe U pa3JIMYHbIX cpegax”’

10.40-11.20

B.C. Heynauuna

“Oco6ennoctu C3M npu Bo31eiicTBUN BHEITHUX (PU3HYECKUX
(haKTOpPOB UM NMPOTEKAHUM XHUMHYECKHX peakumii: onbiT Oxford
Instruments Asylum Research”

11.20-11.30

Coffee break

11.30-12.10

JILA. ®omuH, 1.B. Manukos, A.B. YUepHbix

“IIpuMeHeHMe MATHUTHO-CUJI0OBO MUKPOCKOIUY JIJI1 U3yUYEeHUS
IMUTAKCUAIBHBIX eppo- U AHTH(EPPOMATHUTHBIX
MHKPOCTPYKTYpP”

12.10-12.50

A.1O. Anagplmkuu

“IIpumenenue Tpuanryasuuu Jdeaone 1 ananusza
CTATUCTHYECKUX CBOMCTB MOBEPXHOCTeil ¢ axcopdartamu”

12.50-14.00

Lunch

14.00-14.40

A.T'. TemupszeB

“Ucnojib30BaHHE CKPUNTOBBIX SI3bIKOB B MpPOrpaMme ynpaBJieHHs
C3M”

14.40-15.20

N.B. dymxun, 10.1. Myparosa

“MeToabl JIMHEAPU3ALMH YCTPOHCTB HAHO NMO3UIIMOHMPOBAHUSA U
ckanupoBanus B C3M ¢ ucnoJib30BaHUEM ONTUHYECKUX TATYUKOB U
IUVIOCKHUX CKAaHEPOB ¢ CHMMETPHYHBIM PaCIOJI0KeHHEeM
NMbe30CTIKOB”

15.20-15.30

Coffee break

15.30-16.10

0.B. Kommak

“JIokaJbHAsi HAMATHUYEHHOCTh MATHUTOPE3UCTUBHBIX CTPYKTYP,
KOHTAKTHPYIOIIMX C MATHUTOMEYEHHBIMHU KJIeTOYHBIMU
KOMILJIeKcaMu”’

16.10-16.50

A.A. Xyxkos, Ch. Volk, A. Winden, H. Hardtdegen, Th. Schaepers,
A.A. EnuceeB

“HccaenoBanne JOKAJIBLHOIO TPAHCIIOPTA U CIIEKTPOCKONMH
OJHOMEPHBIX NPOBOJHUKOB METOJUKAMHU CKAHMPYIOLIEH 30H10BOI
MHKPOCKONIMU”

16.50-17.00

3akpbITHEe KOH(EPEHIIUH U NOJABeAeHHEe HTOTOB
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30H10Basi MUKPOCKOIIMS U CIEKTPOCKONNS: MPUOOPHI M TEXHOJIOTUH
aHajau3za marepuasioB, pazpadorku HT-MIAT CnexkTpym UHCTpyMeHTC

Bukrop A. BBIKOBl'Z, Bsuecnas B. ITonskos®

r pynna komnanuiit NT-MDT-Spectral Instruments, /124460, e. Mockea, 2. 3enenoepao, 4922-u
npoeso, oom 4, cmp. 3
2 Mockosckuii Dusuxo-mexHudeckuil UHCTUMYM

PaccmarpuBaercsi o01ee COCTOSHUE W HOBbIE BO3MOYKHOCTH CKaHHPYIOLICH 30HIOBOM
MHUKPOCKOIIHH, B TOM YHCJIE€, B KOMOMHAIIMH CO CIIEKTPOCKOIHEH MOBEPXHOCTHBIX CTPYKTYP
BBICOKOT'O MPOCTPAHCTBEHHOTO pa3pelieHus. PaccMaTpuBaloTCs BO3MOXXHOCTH HHTETPALIAN
METO0B MCKYCCTBEHHOTO HHTe/UIeKTa (ommus SCanTronic) B mporpaMMmHoe oOecrieucHHe
CKaHUPYIOIIUX 30HJOBBIX MHUKPOCKOTIOB.

Scanning Probe microscopy and spectroscopy: instruments and
technologies for analyzing materials, the development of NT-MDT
Spectrum Instruments

Victor A. Bykov 2, Vyacheslav V. Polyakov'

! NT-MDT-Spectral Instruments companies group, Proezd 4922, 4/3 Zelenograd, Moscow 124460,
Russia
2MIPT University

The general state and new features of scanning probe microscopy are considered,
including in combination with spectroscopy of surface structures of high spatial resolution.
The possibilities of integrating artificial intelligence methods (ScanTronic option) into the
software of scanning probe microscopes are considered.




ABTOMATHYECKHII TMOMCK MNAPAMETPOB CKAHUPOBAHHUSA B AMILIUTYIHO-
MoayasiiuoHHoi ACM

B.B. Iloaskog, }O.A. bo6pos, C.1. Jleecment, B.A. brikoB
HT-MJIT Cnexmpym Hucmpymenmce, 3enenozpad, Mocksa 124460, Poccus.

AmmmurygHo-monynsaunonHas ACM (AM ACM), Takke  HasblBaemas
«IOJIYKOHTAaKTHOW», & B aHIJIOSA3BIYHOM JuTepatype — «tapping mode», ucrnonb3yercst cpeu
Bcero MHoroo0pasusi mMetofoB ACM nHambojee 4YacTo: 1Mo HamuM JaHHbIM Oosee 90%
nyosnkyembix ACM-u300pakeHHi MoJTydeHbl ¢ UCIOIb30BaHUEM ITOJIYKOHTAaKTHOIO METO/Ia.
AM ACM sBusieTcss OCHOBOM JJIsl MHOTHX OOJiee CIIOKHBIX METOJIOB aTOMHO-CHUJIOBOM
MUKDOCOKIIMM, TaKMX Kak MeToh 30Hza KenbBuHaA, dIeKTpocTaTHYecKas CHIIOBas
MUKPOCKOIHSI, MarHUTHO-CUJIOBAasi MMKPOCKOIIMS, a TaKKe Ul METOAOB MUKPOCKONHMU U
CIIEKTPOCKOIIMM HAaHOMETPOBOT'O IIPOCTPAHCTBEHHOro paspeumieHus B BuaumoM, MK n TI'n
Juana3oHax.

Bmecte ¢ Tem, mo HamuMm mnojcueraM, Oonee naTod yactu ACM-uzo0paxkeHHH,
MPEJCTaBICHHBIX B pedepupyeMbIX XypHajax, CoAepk arT apTe(akTbl, XapakTepHbIC IS
IIOJIYKOHTAaKTHOI'O METO/A, BbI3BAHHBIE IIEPECKOKOM MOJ, IPUTSKEHUS U OTTAJIKUBaHUS
KaHTWIeBepa, 3 (HEeKToM NapamroTHPOBAaHKs 30H/1a, HEKOPPEKTHOW HACTPOHKOM IapamMeTpoB
oOpaTHOU cBsA3M. DTa yApydvarollas CUTyallsi MOTUBHUpPOBAJa HAac K pa3pabOTKe CHUCTEMbI
«ScanTronic», Mo3BOJISONICH B aBTOMAaTHYECKOM PEKUME HACTPOUTH BEIUYMHBI CBOOOIHOM
u pabouell aMIUIUTY] KojeOaHMM KaHTHJIEBEpa, CKOPOCTH CKaHMpOBaHUS U Ko3(dduiumenra
yCuJIeHUs OOpaTHOM CBSI3M B MOJYKOHTakKTHOM ACM Takum 00pa3om, 4yTOObI YCTONYHBO
obecreynBaTh MOJyYeHHE H300pAKEHWM, CBOOOJHBIX OT IMEPEUUCICHHBIX apTe(akToOB Ha
LIMPOKOM Kpyre o0pasioB.

B noknane Oyayr paccMOTpeHbl (U3MuUecKHe MPUHLUIBI HoJA00pa MapamMeTpoB
CKaHUPOBaHHUA B MONYKOHTaKTHOM ACM, a Takke OnMcaHbl NPEUI0KEHHbIE HAMU PEIICHUS
JUI UX aBTOMaTHYECKOIO II0MCKa, OCHOBAaHHBIE HA MCIIOIb30BAaHUU TEOPUU aBTOMATHYECKOTO
yIpaBiIeHUS U METOI0B MAIIMHHOTO O0y4Y€eHUsl.

Automated adjustment of scanning parameters in tapping mode AFM
V.V. Polyakov, Y.A. Bobrov, S.I. Leesment, V.A. Bykov
NT-MDT Spectrum Instruments, Zelenograd, Moscow 124460, Russia

More than 90% of published AFM images are obtained using tapping mode. Tapping
mode serves as the basis for a variety of complex AFM modes like Kelvin probe force
microscopy (KPFM), electric force microscopy (EFM), magnetic force microscopy (MFM),
etc. as well as for rapidly growing family of optical nanospectroscopy methods like scattering
scanning near-field optical microscopy (s-SNOM) in visible, infrared and terahertz spectral
ranges.

At the same time, our analysis shows that more than one fifth of images published in
peer-reviewed journals contain typical artefacts associated with switching from attractive to
repulsive regimes of interaction of cantilever and surface, probe parachuting effect and
incorrect setting of feedback gain value. This disheartening situation motivated the
development of “ScanTronic” system which allows to automatically adjust the amplitude of
cantilever oscillations, scan rate, set point and feedback gain values in tapping mode AFM to
provide reliable artifacts-free results.

In this talk we consider the physical background of algorithms based on both machine
learning and linear control theory used for automated adjustment of scanning parameters in
tapping mode.




MarHuTHO-pe30HAHCHAS CIJIOBast MHKPOCKOMHUSA MJIAHAPHBIX
(heppOMArHUTHBIX HAHOCTPYKTYP

B.JI.Muponos, E.B.Cxopoxonos, P.B.I'opes, M.B.CanoxHukos
HUDM PAH, 603950, Huocrnuii Hoseopoo, I'CI1-105

B noknage obcyxnaroTcs BO3MOKHOCTH HCCIIEOBAHMS IUIAHAPHBIX TOHKOIUIEHOYHBIX
(GeppOMarHuTHBIX ~ HAHOCTPYKTYp C TIOMOLIbI0  MAarHUTHO-PE30HAHCHOTO  CHJIOBOTO
Mukpockorna (MPCM). AHaim3upyroTcsi 0COOCHHOCTH MarHMTHOT'O B3aMMOJICHCTBHS 30H/1A C
obpasuom. OnuChIBAIOTCS anropuT™Mbl Mojaenupoanuss MPCM otkiuka u pacuetroB MPCM
CHEKTPOB, a TaKXe IPOCTPAHCTBEHHBIX PACIPEICICHUN AaMIUIMTYJbl PE30HAHCHBIX
KosebaHuii HaMarHu4eHHocTu oOpasmna. llpuBomsarcs pesynbratet MPCM wuccnenoBanuit
MuKpornosiocok NiFe ¢ MIOCKOCTHOW aHU30TPONHEH U MHOTOCIIOMHBIX MIEHOYHBIX CTPYKTYP
Co/Ptc neprneHaUKYISIPHON OCEBOM aHU30TPOITUCH.

Pabota Beimonasercs npu nmoaaepxke PH® (mpoekt 16-12-10340).

Magnetic resonance force microscopy of planar ferromagnetic
nanostructures

V.L. Mironov, E.V. Skorohodov, R.V. Gorev, M.V. Sopojnikov
IPM RAS, 60950, Nizhny Novgorod,GAP-105

We discuss the possibilities of studying planar thin-film ferromagnetic nanostructures
using a magnetic resonance force microscope (MRFM). The peculiarities of the magnetic
interaction between probe and sample are analyzed. We describe the algorithms for modeling
the MRFM response, as well as the calculations of MRFM spectra and spatial distributions of
the resonant oscillations amplitude of the magnetization. The results of the MRFM
investigations of NiFe microstrips with plane anisotropy and multilayer Co/Pt film structures
with perpendicular axial anisotropy are presented.

This work is supported by Russian Science Foundation (project # 16-12-10340).




CxaHupyw1as 30H10Basi MUKPOCKONHUS CBEPXNPOBOASIIIUX THOPHUIHBIX
cucTeM

B.C. Cromsipos™?, B.B.I[peMOBl, J1.YO. Popuues™®

"Mockosckuii pusurxo-mexnuueckuii unemumym, Joreonpyonwui, 141700 Mocksa, Poccus
2Hao;u0HanbelL"t yuugepcumem nayku u mexronozuil MUCuC, 119049, Mockea, Poccus
3]]a60pam0pu;z Qusuxu u mamepuanosedenus, LPEM, UMR-8213, ESPCI-Paris, PSL, CNRS,
Ynusepcumem Copbonnul, 75005 Iapuoc, Ppanyus

B nokmage OyAayT TpONEMOHCTPUPOBAHBI  PE3yNbTaThl HENABHUX MHOHEPCKHX
UCCIICJOBAaHHM, MMOJYyYEHHBIC METOJAMH CKaHUPYIOIICH TYHHEIbHOW M MarHUTHO-CHJIOBOW
MHUKPOCKOIIMU CBEPXIPOBOAAIIMX THOpuaHbIX cucteM. (PODOU mpoekter 19-02-00981, 19-
52-50026, MMCHC K3-2018-032)

Scanning probe microscopy of superconducting hybrid systems
V.S. Stolyarov'?, V.V. Dremov’, D. Roditchev'?

'Moscow Institute of Physics and Technology, Dolgoprudny, 141700 Moscow, Russia

2 National University ofScience and Technology MISIS, 119049, Moscow, Russia

3Laboratoirede Physique et d’Etudes des Materiaux, LPEM, UMR-8213, ESPCI-Paris, PSL, CNRS,
Sorbonne University, 75005 Paris, France

The report will show the results of recent pioneering research obtained by scanning
tunneling and magnetic-force microscopy of superconducting hybrid systems. (RFBR projects
19-02-00981, 19-52-50026, MUCHC K3-2018-032)
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CxaHupylOIIass MATHUTHASE MUKPOCKOIIMA MJIAHAPHBIX 17K03e()COHOBCKHUX
CTPYKTYP
B.B. [pemos, B.C.CronsipoB

Mocxosckuii pusuxo-mexuuyeckuti uncmumym, J{oneonpyousii, 141700 Mocksa, Poccus

B noxkmane mpepcraBieHHBI pPe3yiIbTaThl MCCIEAOBAaHUS TUIaHAPHBIX J7k03e(hCOHOBCKUX
nepexo10B (S-N-S) ¢ moMoIb0 MAarHUTHOTO 30Ha HU3KOTEMIIEpaTypHOT0 aTOMHO-CHUIIOBOTO
mukpockomna (AFM). TTokazaHo, 4TO JTOKaIbHOE MAarHUTHOE TOJIE UTJIbI HE TOJIBKO MO3BOJISIET
BU3YyaJIN3upoBaTh AOPHKOCOBCKHE BHUXpPH, HO U MOpoxzaaeT J[xo3epcoHOBCKHE BHUXPH B
HIUPOKUX MEepexojax, a TakKe CYIECTBEHHO M3MEHSIET TPAHCIOPTHBIE CBOMCTBA Iepexoja,
nepeBos ero B ¢(0-n)-cocrostaue. (PODU npoext 19-02-00981)

Scanning magnetic microscopy of planar Josephson junction.
V.V. Dremov, V.S.Stolyarov
MIPT, 9 Institutskiy per., Dolgoprudny, Moscow Region, 141700, Russian Federation

The results obtained with the magnetic probe of AFM during investigations of planar
SNS Josephson junctions are presented in this report. Additionally to the well-known ability
to visualize the Abrikosov vortices the MFM images reveal the generation of Josephson
vortices by the local magnetic field of the probe. Finally, it is shown that the local field of the
probe drastically changes transport properties of the junction switches it to ¢(0-m)-State.
(RFBR project 19-02-00981)
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Tpanchopmanus BuxpeBoii pemierkn B FeSe B MarnuTHom mnoJie

A. B. Ilyrmios'?, C. I[I/II[)Kopmxnol, B. JL BaI[I/IMOBZ, J. JIx. TpeﬁHepl, 2. M. HCKHepl, Jx.
JL. Képmc3, M. A6ﬂeH-Xaq)H34'6, O.C. BOHKOBaB'g, A. H. Bacunbes” ® 9, . A. I—Iapeﬁnslo’a’ll,
I. KapaneTpOB3, A.E. KomeneBlz, A. 10O. AJ‘IaI[HIHKI/IHZ' 1, A. C. MCJ'IBHI/IKOBZ, M. HaBapOHel
Y @usuueckuii gaxynemem, ynusepcumem Temnn, @unradenvghus, 19122, CLIIA

2 Unemumym puzuxu muxkpocmpyxkmyp PAH, Huowcnuii Hoszopoo, 603950

¥ Gusuvecku paxyromem, ynusepcumem Jpexcens, Punadensgus, 19104, CLIA
4lleHmp HAYKU U MexHoI02Ull 8blcoko2o daesnenus, Lllanxat, 201203, Kumail
5YHLt@epcwnem Dauroma, Daiirom, 63514, Ecunem

GHauMOHaﬂbelﬁ uccreoosamenvckuii ynugepcumem "MUCuC", Mockea, 119049
" Dusuveckui daxynomem MI'Y um. Jlomonocosa, Mockeaa, 119991

8Vpansckuii pedepanvhiii yrusepcumem, Examepunoype, 620002
*FOoicno-ypansckuti 2ocydapemeennviii yrusepcumem, Yenabunck, 454080
lOHHcmumym axcnepumenmanvrol muneparoeuu PAH, Yepnozonoexa, 142432
YKasanckuii pedepanvuviii ynusepcumem, Kazanw, 420008

2 Apeonncras nayuonansnas nabopamopus, Apeon, 60439, CIIIA

Metonamu HuskoremneparypHoi CTM u CTC wuccnenoBaHa BuxpeBas pellieTKa U
CTPYKTYypa CepALEeBUHbI BUXpel B MOHOKpUcTaiuiax FeSe. TpeyronpHas BUXpeBas CTPYKTYpa,
HaOmromaeMas TpU HU3KUX MArHUTHBIX TOJSX, HCKAKAETCd M IOCTENEHHO CTaHOBHTCS
KBaJpaTHOW BOMM3M MarHuTHOro nois 1.5 T. Ilpu stom ke mosie HaOaromaeTcst W3JIOM Ha
3aBUCHUMOCTH TEIUIOEMKOCTH OT MarHutHoro nojs. Habmiomaemble sBlIEHUS MOTYT OBbITh
CBSI3aHbl C MHOTO30HHOM THpUPONON cBepxmpoBoauMocTd B FeSe u  oObscHATHCA
[I0JIaBJICHUEM I1apaMeTpa MOpsiiKa B OTHON U3 30H.

Vortex lattice transformation in FeSe in magnetic field

A. V. Putilov?,C. Di Giorgio®,V. L. Vadimov?, D. J. Trainer', E. M. Lechner", J. L. Curtis®,
M. Abdel-Hafiez**°, 0. S. Volkova®'®, A. N. Vasiliev"®°, D. A. Chareev'®® ! G.
Karapetrov®, A. E. Koshelev'?, A. Yu. Aladyshkin®*, A. S. Mel'nikov?, M. lavarone®

! Physics Department, Temple University, Philadelphia, PA 19122, USA.

2 Institute for Physics of Microstructures RAS, Nizhny Novgorod, Russia 603950

*Department of Physics, Drexel University, Philadelphia, Pennsylvania 19104, USA

“Center for High Pressure Science and Technology Advanced Research, Shanghai, 201203, China
*Fayoum University, Fayoum 63514, Egypt

®National University of Science and Technology "MISiS", Moscow 119049, Russia

"Physics Faculty, M.V. Lomonosov Moscow State University, Moscow 119991, Russia

8Ural Federal University, 620002 Ekaterinburg, Russia

National Research South Ural State University, Chelyabinsk 454080, Russia

Ylnstitute of Experimental Mineralogy RAS, 142432 Chernogolovka, Moscow District, Russia
Kazan Federal University, Kazan 420008, Russia

2Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA

Low-temperature scanning tunneling microscopy and spectroscopy has been used to
image the vortex core and the vortex lattice in FeSe single crystals. A quasi-hexagonal vortex
lattice at low magnetic field undergoes noticeable rhombic distortions above a certain field
1.5 T which also reveals itself as a kink in the magnetic field dependence of the specific heat.
These observations can be directly connected to the multiband nature of superconductivity in
this material, provided we attribute them to the suppression of superconducting order
parameter in one of the energy bands.
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ATOMHO-CHJI0Bast MHUKPOCKOIIHUA OAUHOIHBIX MOJICKYJI 6I/IOHOJII/IMepOB

J1.B. KiinHoB
OI'BFY OHKI] ®XM ®MFEA, 119435, Mocksa, yn. Manas [upoeosckas, 0. 1a

B nanHom nmokiaze 3aTpoHyTHl BaxkHbIe acnekThl ACM oguHOYHBIX OMoMOjeKkyn. s
MOJTy4eHUs1 BBICOKOTO paspemieHust npu ACM-uccnenoBanuu OMONOIMMEPOB, TPUMEHSIIIUCH
paHee paspaboTaHHbIe HamH, cBepxocTpble ACM-30HIbI, C PaJIUnyCOM KPUBH3HBI OCTPHUS
okoiyio 1 HM. [[pyrum, BaKHBIM MMapaMEeTPOM JIJIsi UCCIICOBAHMS CTPYKTYPBI OMOIIOJIMMEPOB,
SBISICTCS.  TIOJJIOKKA. PaccMOTpEHO BIMSHHE Pa3IMUHBIX TIOJUIOKEK HAa CTPYKTYpPY
OMOIOJIMMEPOB U BO3MOXKHOCTH MOJIYUEHUS BEICOKOTO pa3pernieHus. [IpruBeieHbl KOHKPETHBIC
MpUMEpPHI uccaeaoBaHus CTpykTypsl Mosekyn JJHK, ¢ubpunorena, anp0ymuHa.

Atomic-force microscopy of single biopolymers molecules
D.V. Klinov

Scientific Research Institute of Physical-Chemical Medicine, Russia, 119435, Moscow, Malaya
Pirogovskaya, 1a

This report discusses important aspects of AFM in single biomolecules. To obtain high
resolution in AFM study of biopolymers, we used previously developed, ultra-sharp AFM
probes with a radius of curvature of the tip of about 1 nm. Another important parameter for
the study of the structure of biopolymers is the substrate. The influence of different substrates
on the structure of biopolymers and the possibility of obtaining high resolution are
considered. Specific examples of the study of the structure of DNA molecules, fibrinogen,
albumin are given.
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HNcnonb30BaHue KapT aAre3ud MoJy4YeHHbIX ¢ mnomombio C3M jas

BbISIBJICHHS “PU3NYeCKUX”’ MapKepoB 3a00/1eBAHUI YeJI0BeKAa

M.E. I[OKVKI/IHl'Z, U. Cokonos>>*

1 . o . o o
Caposckuil (huszuxo-mexnuueckuti uncmunmym, Hayuonanvholili ucciedosamensckuil i0epHbulil
yrusepcumem MUDOHU, yn. /lyxoea, 0. 6, Husicecopoockas obracms, 2. Capos, 607186.

Department of Mechanical Engineering, *Department of Biomedical Engineering, “Department of
Physics, Tufts University, 02155, Medford, MA, USA

B noxnane mpencraBiieH HOBBIM MOJXO0J B JMAarHOCTUKE 3a00JIeBaHM, OCHOBAHHBIA Ha
aHayn3e PU3NYECKUX CBOMCTB MOBEPXHOCTHU AIUTENNATBHBIX KIETOK YesioBeka. B yacTHocTH,
HCIIOJIb30BAJIUCh AJr€3MOHHBIE KApPThl KJIETOK, MOJYYEHHBIE C IOMOUIbIO PE30HAHCHOTO U
cy0-pezonancHoro MeronoB C3M. AHanm3 u300pak€HWH MPOBOJIUJICS C IPHBJICUYCHUEM
METOI0B MAIlIMHHOTO O0YYEHUSI.

bbuto  mpojeMOHCTpUpPOBAHO, YTO MapaMeTpbl, KOTOpPbIE OOBIYHO HCHOJB3YIOTCS B
TEXHHUKE JUI ONMCaHUs peibeda MOBEPXHOCTU, MOTYT IPUMEHATHCA U JUISl KIACCU(PUKALUU
(bU3MYECKUX W3MEHEHHUH SMUTEIHAbHBIX KJIETOK. Bbbiio 00OHapyXeHO, YTO MOCTENEeHHOE
pa3BUTHE paka in vitro (OT HOPMAJBHBIX, 10 OECCMEPTHBIX (IIPEIPAKOBOE COCTOSHUE) U JI0
3JI0KQYECTBEHHBIX KJIETOK) BEJET K IOSIBICHUIO (PpaKTaIbHOW I'€OMETPUM Ha MOBEPXHOCTHU
kietkd. Kpome Toro, 3ToT Metos ObUT MPUMEHEH ISl BBISIBICHUS paka MOYEBOTO IYy3BIPS C
MIOMOIIIBIO KJIETOK, COOpaHHBIX M3 00pa3loB MO4M. TOYHOCTH AMArHOCTHKH B 94% Obuia
JOCTUTHYTA MPU aHAJIU3€ OT IATU KJIETOK OT OJHOrO Mal[MeHTa.

AFM adhesion imaging to identify “physical” markers of human diseases
M.E. Dokukin'? 1. Sokolov***

'Sarov Physical and Technical Institute, National Research Nuclear University MEPhI, 607186,
Sarov, Nizhegorodskaya region, Russia

“Department of Mechanical Engineering, *Department of Biomedical Engineering, “Department of
Physics, Tufts University, 02155, Medford, MA, USA

We report on a new approach in diagnostic imaging based on nanoscale-resolution
scanning of surfaces of human cells using resonance and sub-resonance AFM tapping and
ringing modes coupled with machine learning analysis.

We demonstrated that surface parameters, which are typically utilized in engineering to
describe surfaces, can be applied to classify physical alterations of the surface of epithelial
cells. We found that the stepwise in vitro development of cancer (from normal to immortal
(premalignant), to malignant) could be associated with the emergence of simple fractal
geometry on the cell surface. Further, we applied this method for the detection of bladder
cancer by using cells collected from urine samples. Diagnostic accuracy of 94% achieved
when examining five cells per patient’s sample.
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CTM-auTorpadus Ha xaopupoBanHoii nmosepxHoctu Si(100) ¢ ynanenuem
KpeMHHA

T.B. HaBHOBal'Z, B.M. I_HGBJIIOI‘al, b.B. AH,[[pIOH_Ie‘-IKI/IHl, I'"M. }KI/IIIOMI/IpOBl, K.H. EJIBI_[OBl

1 .
Hnemumym obweti pusuxu um. A.M. I[Ipoxoposa PAH, 119991, Mockea, yi. Basunosa, 38
2 y .

Hayuonanvuwiil ucciedosamenscxuil ynugepcumem «Buvicuwas wikona skonomuxuy, Mockea

Jlutorpadusa ¢ ucnonb3zoBanuem CTM sBisiercs HanbOosiee TOUHBIM METOJOM CO3JaHUS
CTPYKTYp M3 MPUMECHBIX aTOMOB Ha NoBepXHOCTH KpeMHUs. B nponecce CTM-nurorpadun
[0 MOHOCIJIOI0 BOJOpOJa JIeCOPOMPYIOTCS TOJIBKO aToMbl pe3ucra. B Hamelr pabote
MIPOJEMOHCTPUPOBAHA BO3MOXKHOCTh yJaJleHUs KpemHus ¢ moBepxHocTH Si(100) npum
HCIIOJIB30BaHUU pe3ncTa M3 MoHocios xjopa. Ha mosepxuoctu Si(100)-2x1-Cl co3mansr
nedeKTsl B BUE SMOK TPABICHHS JIATEPATbHOTO pa3mepa 1-2 HM U riIyOMHBI B HECKOJIBKO
cioeB kpemuust. O0cykaaetes mexanusm aecopouuu atomoB Si u Cl ¢ mosepxuoctu Si(100)-
2x1-Cl. TlonyueHHBbIE pe3yabTaThl OTKPHIBAIOT HOBBIE BO3MOkHOCTH CTM-nurorpaduu c
UCIOJIb30BaHUEM PE3HCTa U3 XEMOCOPOMPOBAHHOIO XJIOpa, B TOM uucie TpexmepHoit CTM-
nurorpaduu.

PaGora Bemmonnena mpu nonaepxke Poccuiickoro Hayunoro ®onpa (rpant 16-12-
00050).

STM lithography on chlorinated Si(100) with silicon atoms removal
T.V. Pavloval?, V.M. Shevlyuga®, B.V. Andryushechkin®, G.M. Zhidomirov*, K.N. Eltsov’

'Prokhorov General Physics Institute of the Russian Academy of Sciences,38 Vavilov st., Moscow,
119991
*National Research University Higher School of Economics, Moscow

Lithography using STM is the most precise method for the creation of 2D structures of
impurities on the silicon surface. In STM lithography with a hydrogen resist, only resist atoms
are desorbed. In our work, the possibility of silicon removal from the Si(100) surface is
demonstrated by using a chlorine resist. Pits of lateral size of 1-2 nm and a depth of several
silicon layers were created on the Si(100)-2x1-Cl surface. The mechanism of Si and CI atoms
desorption from the Si(100)-2x1-Cl surface is discussed. The obtained results open up new
possibilities of STM-lithography using a chlorine resist, including 3D STM lithography.

This study was supported by the Russian Science Foundation (Grant 16-12-00050).

DOI: 10.26201/1SSP2019.45.557/SPMAPPL.1
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Beenenune

Jlutorpadust Ha OCHOBE CKaHHMpYIOIIeH TyHHeNbHON Mukpockonuu (CTM) siBisiercst Ha
CETO/HSIIHUN JIeHb CaMbIM TOYHBIM METOIOM CO3JaHUS CTPYKTYp aTOMHOro macuitaba Ha
nosepxHoctu Si(100). Imenno Takum o6pa3omM ObLI CO3/1aH OJHOATOMHBIN TpaHzuctop [1], a
B HACTOSIINEE BPEMsS CO3JAIOTCS AJEMEHThl KBAHTOBOrO KomIbioTepa [2,3]. B kaudecTtBe
pesucra g co3ganus Macku urioii CTM na noepxnoctu Si(100) ncnomnb3yercs MOHOCTION
Bojopoaa. TexHnonorust ynanenus atomoB Bojoposa urinord CTM ¢ mosepxnoctu H/Si(100)
HACTOJBKO Xopomo orpaboraHa [4,5], 4To ee yHaeTcss aBTOMATU3UPOBATH HCIOJb3YS
udpoBoii moaxoxn [6, 7].

CTM-nutorpadgust TO3BOJSET CO3JaBaTh HE TOJIBKO JIBYMEpPHBIE CTPYKTYphl Ha
noBepxHoctu Si(100)-2x1-H, HO u 00beMHBIC CTPYKTYpBI. OJHUM W3 BO3MOXKHBIX CIIOCOOOB
SBJIAETCS POCT SNUTAKCUAIBHBIX KPEMHHMEBBIX OCTPOBKOB UEPEIOBAHUEM OUMCTKU Y4acTKOB
MMOBEPXHOCTH OT BoJOpoja W ancopOumeit aucwiana (S;Hg) [8]. Apyrum BO3MOXHBIM
CIOCOOOM CO3JIaHHSI TPEXMEPHBIX CTPYKTYp sBIseTcs (OPMHpPOBAHHME TBEPAOH MAacKd M3
okcuaa tutana (Ti07) u mocneayroliee TpaBieHUE MOBEPXHOCTH HOHaMH [9]. OTMeTuM, 4TO B
nporecce CTM-murorpaduu € mosepxHoctu Si(100)-2x1-H ynmamsiroTcsi TOJBKO aTOMBI
BOZOpOJa, 0€3 aTOMOB KPEMHHUSI.

CTM-nurorpadusi 1Mo MOHOCIIOI XJIOpa €Ile HE W3y4YeHa, TeM HE MEHEee HW3BECTHBI
cllydad yAalleHus OTAENbHBIX aToMoB xyopa ¢ moBepxHoctu Si(100)-2x1-Cl coBMecTHBIM
ucnons3oBanneM CTM wu mazepa [10] wmm Tompko CTM [11]. B Hacrosmedr pabote
MPOJIEMOHCTPUPOBAH  CIOCOO  CO3JaHMSI TPEXMEPHBIX CTPYKTYp IyTeM TpaBICHUS
MOBEPXHOCTU KpeMHUs ¢ ucnoiab3oBanueMm 30H1a CTM. B omnmune ot npeapiaymux padot
[10, 11] u CTM-nurorpaduu MO PE3UCTy U3 BOIOPOJAA, MBI YAAIsieM HE TOJIBKO aTOMBI
pesucra (XJopa WIA BOAOPOJA), HO M aToMbl MOIoKKU. CTM-iurorpadus ¢ ynaieHueM
OJIMHOYHBIX aTOMOB KPEMHHS MOXET MMEThb MPEUMYIIECTBa AJsl CO3JaHMs ONpeAeTeHHBIX
CUCTEM, HaIIpUMep, [Tl BHEAPEHUS aTOMOB docopa B KpeMHHUI C aTOMHOM TOYHOCTHIO [ 12].

Jns cozmanusi IMOK TIyOWHOH B OJMH MIM HECKOJIBKO aTOMHBIX CJIOEB KPEMHUS MBI
ucnions3zoBanu CTM-nutorpaduro Ha moBepxHoctu Si(100)-2x1-Cl mpu Temmeparype
obpazna 77 K. SIMKku uMerOT naTepanbHBIA pa3Mep MOpsiAKka HAaHOMETpa M TIyOuHy B
HECKOJIBKO CJIOEB aTOMOB KpPEMHHs. B OCHOBHOM SIMKH MOKpPBITHI XJIOPOM HE MOJHOCTHIO U
coliep>kaT OOOpBaHHBIE CBSI3M KPEMHHUS, YTO MOXET OBbITh HCIOJIB30BAHO  JUIS
(yHKIMOHATU3AIMK  TIOBEPXHOCTH KPEMHHMsI  Pa3IMYHBIMA  MOJIEKYJIaMH, HampuMep
¢dochunom. B Hacrosmeit pabote paccMaTpUBalOTCS BO3MOXKHBIE MEXaHM3MBI JIEKTPOHHO-
CTUMYIHpoBaHHOW gecopOuun ¢ mnoBepxHoctd Si(100)-2x1-Cl. [lonmmanue mporuecca
yaajgeHuss KpemHuss npu BosgedctBuu uriael CTM Ha mnoBepxHocTh  Si(100)-2x1-Cl
HEOoOXOIUMO JUIsl JaJbHEHIIEro MPUMEHEHHs 3TOr0 MEeTo/a € MEepCHeKTHBOM CO3/1aBaTh
OT/I€JIbHBIE BAKAHCUH U3 aTOMOB KPEMHHUSI.

MeToabl
DKCIEPUMEHTAIBHBIE METO/IbI

B »skcmepuMeHTax HCMONb30BaJICsA JIETUPOBaHHBIM Oopom oOpazen Si(100) (p-tum,
1 Om*cwm). Jlerazamust oOpaslia ¥ apMaTypbl BOKPYT HEro NMpOBOAMIIACH NPH TEMIIEpaType
obpasma 800°C B TeueHHE TpeX IHEHU B CBEPXBBICOKOM BaKyyMe (10‘10 Topp). 3atem oOpazen
MOJIBEpPrajicsi KpaTKOBPEMEHHOMY HarpeBy M BblaepkHMBaiics 5 ¢ nmpu Ttemneparype 1200°C
(maByieHHE B KaMepe HE MPEBBIIIAI0 10 Topp). Monocnoit xiopa Ha moBepxHoctu Si(100)-
2x]1 cozpaBajicsl MyTeM aJcOpOLMU MOJIEKYJISPHOTO Xjopa u3 3((y3HOHHOrO Mydka HpU
naBnennn B mydke 10° Topp B Teuenme 100-200 c. Ancop6ums Cly mpoBommiach mpu
temmneparype obpaszua 100—-150°C cpa3y nocne BeikiItoueHHs ¢udni-HarpeBa. KoHueHTparus
aTOMHBIX Je(DEKTOB Ha TMOATOTOBJICHHOW TakuMm oOpa3zoMm moBepxHocTH Si(100)-2x1-Cl He
npessimana 0.1%.
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Manunynsanun Ha noBepxHoctd Si(100)-2x1-Cl npoBogmwmucs B LT-STM GPlI CRYO
(SigmaScan Ltd.) mpu Temmneparype 77 K u nmaBnenun 10t Topp. Hcnons3oBayuch
MOJUKPUCTATMYECKUE BOJIb(PAMOBBIE UIJIbI, KOTOPbIE TOIBEPTAIUCH FNEKTPOXUMHUYECKOMY
tpaBienmo B 2M NaOH n 3atem 60MOapaupoBKe HOHAMH AT’ JUI OYHCTKH M 33a0CTPEHHSL.
[Tocnenyromuiit Harpe ura npu Temmeparype 1800—2000°C B Bakyyme aenan Wbl Oosee
CTaOWJIbHBIMU, UTO SIBJISIETCS KPUTUYHBIM MPU UX UCIOJIB30BaHUU JJISl CO3/IaHUSI SIMOK.

Mertonabl pacucToOB

CnuH-nIoNIpU30BaHHbIC BBHIYMCICHHUS BBIIOJHEHBl HA OCHOBE TEOpUH (YHKIHMOHAA
motHoctu (TOII), peanuzoBannoit B mporpammuom nakere VASP [13, 14]. Ucnonbs3oBanuck
006o6menHoe rpaaueHTHoe npudamkeHne (GGA) 1 0OMEHHO-KOPPEIAIIUOHHBIN () YHKIIMOHAT
PBE [15] c yuderom Bau-gep-BaanbcoBbix B3aumopeiictBuii mo merony ['pumme [16].
[ToBepxnocth Si(001)-2x1 MonenupoBagach MEPUOIUYECKH IOBTOPSIONIUMUCS sSYECHKAMHU
5X%6, COCTOSIIIMMU M3 BOCBMH AaTOMHBIX CJIOEB KPEMHHMs. ATOMBI XJopa MOMEIIAIUCh Ha
BEPXHIOIO TOBEPXHOCTh IUIACTUHBI, a HWKHSS TMOBEPXHOCTHh Obla MOKPHITA BOAOPOIOM.
HwxHue Tpu cost KpeMHUS U ClION BOJ0poaa ObutH (PMKCHUPOBAHBI, OCTAJIbHBIE ATOMbI MOTJIH
penakcupoBaTh. I1nacTHHBI ObUIM pa3zieeHbl BAKYYMHBIM IpoMeskyTkoM B 15 A. B pacuerax
ucroJib30Bajack cerka K-touek 4x4x1. CTM-uzo0paxeHus ObUIM pacCYMTaHbl Ha OCHOBE
npuommkenust Tepcodda-Xamanna [17] u moctpoensl B mporpamme Hive [18].

Pe3yabTaThl M 00CyKIEeHUE

Hns co3manuss ssmok Ha moepxHocTd Si(100)-2%1-Cl urma CTM mnoaBoguiace B
BBIOpaHHOE MecTo (TIpH HampsbkeHuH Ha oOpasie Us okono +2 B u Toke 1 HA), mocie 4ero
oOpatHasi cBsi3b OOpBIBaJIach. 3areM Ha oOpasel] mojaaBajoch Hampsbkenue 3.2 B, koropoe
yBenuuuBanoch 10 4.3 B a 3arem Bo3Bpamanocs k 3.2 B, npu 3ToM Bpemsi BO3/1€HCTBHSI ObLIO
~ 1lc. Ormerum, 4TO yMEHbBIIEHHE BepxHEil rpaHuisl HanpsbkeHuit (4.3 B) va 0.1-0.2 B
MPUBOAMIO K OTCYTCTBUIO sSMOK, a yBenmueHue Ha 0.1-0.2 B mpuBommio k peskomy
YBEIMYEHUIO pa3Mepa sIMOK 10 10 HM. YKka3zaHHbIE MapaMeTpbl ClIerka BapbUPOBAIUCH IS
Pa3IMYHBIX WIJ, TOATOTOBJICHHBIX OJUWHAKOBBIM CIIOCOOOM, a TaKkXe s pa3IMYHBIX
cocTossHUM urnbl. [IpuMepHO [0 AecATH SMOK yJaBajloCch CO34aBaTh IPU OJUHAKOBBIX
napaMmerpax (TOK, HamlpspDKeHHE, BpeMsl BO3AEHMCTBHSI), IOCIE 53TOro, Kak IpaBuio,
MPUXOJUIIOCh HEMHOTO YCUJIUBATh BO3/IEHCTBHE (HANpPSKEHUE WM BpeMsl) YTOOBI BO3HUKAIN
SIMKH. ATOMBI, yJaJI€HHbIE C MMOBEPXHOCTU B IMPOLIECCE CO3/aHUS SMOK, J€COpOUpPYIOTCS B
BaKyyM JIH0O OCa)/Ial0TCsl Ha UIIIy WJIM Ha MOBEPXHOCTh oOpasiua. [locie co3ganus ssMOK Ha
CTM-u300pakeHUH 4YacTO HaOJMI0JANOCh W3MEHEHHE KOHTpacTa U MPOCTPAHCTBEHHOTO
paspernieHus. IToT 3 (HeKT MOKHO OOBACHUTH OCAKACHUEM aTOMOB Ha UIITy, IPUBOJIAIIMM K
n3MeHeHuto coctostHus uribl. MHorna Ha CTM-u300paxeHus X MOBEPXHOCTH BO3JIE SIMOK
HaOIIOAAMNCh SIPKHE TISITHA, KOTOPbIE MOYKHO OOBSCHUTH aJCOPOMPOBAHHBIMH aTOMaMH,
MIPEX/Ie yIAICHHBIMH U3 SIMOK.

MuHuManbHO BO3MOXKHOE yriayosenue Ha noBepxHoctu Si(100)-2x1-Cl obpasyetcst npu
YAQJIEHUH TOJIBKO aTOMOB XJiopa. Monene BakaHcuu Xxjopa u ee teopernueckoe CTM-
n300pakeHue IpejcTaBieHbl Ha puc. la u b, coorBercTBeHHO. Ilepenan Beicor Ha CTM-
u300paxkenun BakaHcum coctabisier ~1.0 A (puc. 1c). Ha skcnepumentansHom CTM-
n3zobpaxenuu (puc. 1d) npoduis BeicOTH B0 TuHUU B (puc. 1e) cornacyercs ¢ npodunem
teopernyeckoro CTM-u3o00paxkeHuss BakaHcuu xJjopa (puc. lc), ciemoBaTenbHO TEMHOE
nsATHO Ha puc. 1d Bmonp nmuaME B — oauHOYHas BakaHcus. [lepenan BBICOTHI BIOJB Kpas
cosnannoit smku (muuus C Ha puc. 1d) cocraBmser 0.9 A (puc. 1f) u cormacyercs c
MepernagoM BBICOTHl BaKaHCHHM XJiopa Ha skcrnepuMmeHTanbHOM CTM-uzobpaxenuu. [locne
CO3JIaHMsl SIMOK IIJIONIA]b MMOBEPXHOCTH YBEIMUYUBAETCS (C YUETOM CTEHOK SIMOK), IIO3TOMY
XJIOpa, MPUCYTCTBOBABUIETO HA MOBEPXHOCTH JIO CO3/IaHUS SMOK, HE XBATUT JJISl 3aKPBITUS
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BceX OO0OpBaHHBIX CBs3eil. Kpome TOro, BO3MOXXHO, YTO HE BeCh XJIOp, YIAJCHHBIA C
MOBEPXHOCTH, MOCJIE CO3JaHMs SMKH BO3BpalaeTcsi oOpaTHO Ha MoBepXHOCTh. KoHewHo,
XJIOp, OCEBLIMUA HA UTIIy MPU CO3JIAaHUU SIMKH, MOXKET 3alOJIHUTH CIEIYIOIIYI0 SIMKY, HO B
CpeIHEM BC€ paBHO JOJDKEH ObITh JeUIUT XJIOpa HAa MOBEPXHOCTH C SMKaMH. ITO
OOBSICHSIET YACTUYHOE OTCYTCTBUE XJIOPA B CO3/IAHHBIX SMKAX.

height, A A
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0.6
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0.8 ]
06 e 0.9A
0.4 0.51
0.2
0.0 00—
00 05 10 15 20 0.0051.01520253.0
d) e) distance, nm f) distance, nm

Puc. 1. a) Monens BakaHcuu U3 atoMa xJopa Ha moBepxHocTa Si(100)-2x1-Cl (aTomsr xmopa
0003HAaYCHBI 3€JICHBIMA KPY)KKaMH, aTOMbl BEPXHHUX TpeX CJOeB KpeMHHUS 0003HaueHBI
KENTHIMHA, KpPacHbIMH W CHHHMH KPYXKKaMmH, COOTBETCTBEHHO); b) Teopermueckoe CTM-
n3o0paxkenne mozenu (a) mpu +2.5 B; ¢) mpodunbs BBICOTH BakaHCHU W3 aToMa XJopa Ha
teopernueckoM CTM-uzobpaxenun (b) Boome smHHM A; d) CTM-uzobpaxkenue
He3anonHeHHbIX coctostHuil (Us = +2.4 B, |y =1.0 HA) co3gaHHOW SIMKH; €) TpOo(uiIb BBICOTHI
BaKaHCHM M3 OJHOTO aToma Xjopa, Broib Juaud B Ha CTM-n3zobpaxenun (d); f) npoduns
BBICOTHI BOJIM3H Kpast IMKH, B0k JuHUN C Ha CTM-n3o6paxkenun (d).

UTo0bl MOATBEPAUTH HAJIUYME XJIOPA HA JHE HEKOTOPHIX SIMOK, Mbl mpoBenu TOII-
MOJIETUPOBAHUE SIMKH C OTCYTCTBYIOIIMM OIHHMM U JBYMS CIIOSIMH KPEMHHS, JTHO KOTOPOM
MOJIHOCThIO TMOKpBHITO XJopoM. Ha puc. 2a mnpuseneHo »skcnepuMmeHntaibHoe CTM-
n300pakeHue SIMKH, a COOTBeTCTBYMoIee eil TeopeTnueckoe CTM-nuzobpakeHre U MoJienb
nmokazaHbl Ha puc. 2b,c (s mposeneHuss TOII-pacueToB naTepainbHBId pa3sMep SIMKHU
YMEHBIIIEH 10 CPaBHEHHIO C SKCIEPUMEHTAIbHBIM U cocTaBisieT 3x4). Ilepemnaabl BbICOT
BIOJIb JTHHUU A1—A; (puc. 2d) Ha 3KCrIepuMeHTaIsHOM (pHC. 2a) U TeopeTrHdeckoM (puc. 2b)
CTM-u3o6paxenusx sMku pasubl 1.4 A 1 1.6 A, cooTBeTCTBEHHO, 1 COrMACyIOTCS C BBICOTO
MoHOoaTOMHOU crymneHu. Ilepemansl BbicOT Baoasr JuHuu Bi1-B; (puc. 2e) Ha
SKCIEpUMEHTANLHOM H TeopeTudeckoM CTM-u300pakeHusxX sMKHM paBHbl 2.5 A u 2.9 A,
COOTBETCTBEHHO, U COTJIACYIOTCS C BBICOTOM JBYXaTOMHOM CTyneHH. V3 cpaBHEHHUS BBICOT
CIIEYET, UTO C JIEBOTO Kpas AMKH (pHcC. 2a) ylaJeH OJMH CJIOM aTOMOB KPEMHHS, a B LICHTPE
OTCYTCTBYIOT JIBa CJIOS, IPU ATOM JIHO SIMKH TOJIHOCTBIO MOKPHITO XJI0poM. Takum oOpazom,
CO3JIaHHBIE SIMKH IPEUMYIIECTBEHHO UMEIOT JIaTepallbHbIN pazmep 1—2 HM U IiTyOuHY B OJIMH
WM 7Ba cilosi aToMoB kpemuus (~1.4-2.5 A). JIHO sIMOK B OCHOBHOM HOKPBITO XJIOPOM, HO
4acTh SIMOK coJiepKaT OOOpBaHHBIE CBSI3M KPEMHHUS M3-3a HEJOCTaTKa aTOMOB XJIOpa Ha
noBepxHocTU. OTMETHM, UYTO KpUCTAIMYEecKass CTPYKTypa KpPEMHHsI COXpaHseTcsl Ha
MIOBEPXHOCTHU PSIIOM C IMKaMH U Ha JJHE HEKOTOPBIX SIMOK.
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Puc. 2. a) Veennuennoe CTM-uzo6paxenue (Us = +1.8 B, Iy = 1.0 HA) sMKH Ha IOBEPXHOCTH
Si(100)-2x1-Cl, b) Teopetnueckoe CTM-uzo6paxenne (Us = +2.5 B) siMk#, MOJeTb KOTOPOi
mmokasaHa Ha puc. (c). ¢) Bun cBepxy u cOoky Moaenu siMKU 3%X4 ¢ yAaJeHHBIMU OJHUM U ABYMS
CIIOSIMH KpeMHHUS. ATOMBI XJIopa 00O3HA4YEHBI 3€JCHBIMH KPYXKKaMH, aTOMBI BEPXHHX TpEX
CJIOCB KPCMHUA O603Ha‘leHI)I JKCJIITBIMH, KpaCHbBIMU W CHUHUMHU KPYKKaMHU, COOTBCTCTBCHHO.
d,e) [Ipodunu BeicOT BIONB uHUIA Aj—A, (TIepenaa B aTOMHYIO cTyrieHs) 1 By —B; (nmepenan B
nBe crymneHn) Ha puc. (a) m (b), COOTBETCTBEHHO. DKCIIEPUMEHTAIBHBIE TPOQUIA BBHICOT
0003HaYeHBI YePHBIMH KPUBBIMH, TEOPETHUECKAE — KPACHBIMH.

3amaua ompenesieHus HalM4us XJiopa Ha JHE OoJjiee TIIyOOKHMX SIMOK OKa3bIBaeTCs
cinoxkHee. [Ipoduau BBICOT HEKOTOPBIX SIMOK 3aBHCAT OT HANpsDKEHUS U MOTYT OTJIMYAThCS
npuMepHo Ha 1 A 1pM MONOKMTENLHOM M OTPULATENHHOM HAIpSKEHHAX. VI3MeHeHHe
npodmis BBICOT MOIJIO Obl yKa3blBaTh Ha PAa3JIUYHYIO SJIEKTPOHHYIO CTPYKTYpy Ha
MOBEPXHOCTH M Ha JIHE SIMOK, TO €CTh O3HayaTb OTCYTCTBHE XJIOpa Ha JHE AMoK. OjmHako,
IIPUMECH, PACIIONOKEHHbIE MO/ Ae(peKTaMu Ha TiTyOMHEe HECKOJIbKUX CIO0EB KPEMHUS, MOTYT
BauaTh Ha CTM-u300pakeHne M M3MEHATh HNpodMIb BBICOT mpumepHo Ha 1 A. Takum
0o0pa3oM, TOUHOE ONpeeNIeHHE CTPYKTYPhl IMOK IITy0)ke OJHOTO MJIM JIBYX CJIO€B KPEMHHUS
3aTpyJHUTENIBHO.

B kauecTBe BO3MOXXHBIX NMPUYMH yJAJIEHHUS aTOMOB XJIOPA U KPEMHHS C MOBEPXHOCTH
Si(100)-2x1-Cl1  wrmoit CTM MBI paccMaTpuBaeM DJICKTPHYECKOE TIONe U TOK.
(B3aumopeiictBue Ban-nep-Baanbca MeXx/1y aTOMaMHU UTJIbl U IIOBEPXHOCTH CIHMILKOM ciadoe,
YTOOBl TPUBECTU K JI€COPOIMM HECKOJIbKMX clioeB KpeMHusa.) Ha mnoneBoil MexaHusm
JecopOIMM yKa3bIBaeT CHJIbHAs 3aBUCHUMOCTb BEPOSITHOCTH JAECOPOLMU OT HANpPSKCHHS.
Brmusane nons CTM Ha gecopOmuio KpeMHHS W XJIOpa C XJOPUPOBAHHON MOBEPXHOCTH
Si(111) Taxxe ormeuanocs B padorax [19, 20]. B moneBoM HOHHOM MHUKPOCKOIIE B BaKyyMe
npu 78 K ¢ kpemHus ynansuiuchk kiactepbl Si B ~20-50 atromoB [21], 4To OueHb MOX0XKE HA
pe3yJIbTaThl BO3JEHCTBUS WIJIbI HA TOBEPXHOCTh B HameM ciydae. OmHaKo, IpH HaIIMX
SKCIIEPUMEHTAJIbHBIX MapaMeTpax, Mpu CO3JaHUU SIMOK TOK JIOCTHTaeT JECSATKOB HaHOAMIIEp,
MO3TOMY 3JIEKTPOHHO-CTUMYJIMPOBAHHYIO JE€COPOLMIO HENb3sl HCKII0YaTh M3 BO3MOXKHBIX
MEXaHU3MOB CO3/IaHUS SIMOK.

3aKkjJIrouYeHue

[IponemoHcTprpOBaHa BO3MOXKHOCTH CO3JaHMsl AMOK ¢ ucnoib3oBanuemM CTM Ha
noKpbITOH xJIopoM noBepxHocTH Si(100)-2x1. OTCyTCTBHE OAHOTO WJIM HECKOJIBKHX CJIOEB
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aTOMOB KPEMHUS B IMKaxX OIPEJEIIEHO HAa OCHOBE 1) aHaiu3a cTpyKTypsl 1Ha ssMok Ha CTM-
M300paKeHUSIX W 2) CpaBHEHHS MpOoduiIel BBICOT SKCIEPUMEHTAIBHOTO U TEOPETHYECKOTO
CTM-uzobpakeHuil ssMOK. YacTh CO3JJaHHBIX SIMOK COAEPKUT OOOpBAaHHBIC CBSI3U KPEMHHS,
KOTOpbI€ XMMUYECKU aKTUBHBI JJII MHOTHX MOJIEKYI, Hampumep st ¢pocuna. B xauecte
OCHOBHOT'O MEXaHM3Ma co3JaHus aMOK Ha moBepxHocTu Si(100)-2%1-Cl mbl paccMaTpuBaeM
BIUSIHUE TIOJIS, HO TaKKe HE HCKIIOYaeM OJJIEKTPOHHO-CTUMYIUPBAHHYIO JeCOpOLUIO.
B03MOXXHO MOBTOpPHOE JIOKAJbHOE TPABICHHE SMOK JIO JIOCTHKCHUS HYKHOWU TITyOHMHBI
(rmybuna orpanuyeHHa ycioBusmu npumMeHumoctd CTM). IlomyueHHble pe3ynbTaThl
OTKpBIBalOT HOBBIE BO3MOKHOCTH CTM-nurtorpaduu mo pe3ucty M3 XJjopa, B TOM UHUCIE
tpexmepHoir CTM-nurorpaduu. JloctonrcTBom npenioxxkenHoro meroga CTM-nurorpadun
10 PE3UCTY U3 XJIOpA SABJIAETCS COXPAHEHUE KPUCTAJUIMUECKON CTPYKTYphl KPEMHUS B YacTH
CO3/IaHHBIX SIMOK.
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Biausinue cTyneHeil M MOTEHUMATBbHBIX M HA JHEPreTHYECKYH) CTPYKTYPY
JTAPAKOBCKHUX COCTOSIHUH B TOMOJIOTHYECKOM H3oJisATOpe BiySe;

H.U. ®enoros, C.B. 3aiines-30ToB
HUP3 um. B.A. Komenvruuxoea PAH, 125009, Mocxsa, yn. Moxoeas 11, cmp. 7.

Ha moBepxHOCTH TOIMOJOTHYECKOT0 u3oisTopa BiSes meromamu  ckaHupyrorien
TYHHENBHOW MuKpockonuu u cnektpockonuu (CTC) oOHapyXeHO CyIIeCTBOBaHHE
MPOTSHKEHHBIX MMOTEHIIMATBHBIX M TIIyOuHO# okoio 0.1 3B, ¢popmupyrommxcst kak BOIH3U
CTYICHEH TIOBEPXHOCTH, TaK M, IO-BUAUMOMY, BOJU3M 3aXOPOHEHHBIX TMPOTHKECHHBIX
nedexroB. Hanmuue n3rnba 30H MPUBOIUT K YBEIWYCHHUIO 3HAYCHUS! TYHHEIBbHOU TUIOTHOCTH
cocrostuuii dI/dV B Touke [upaka. I[loka3aHo, 4TO 3TOT POCT YaCTHYHO OOYCIIOBIICH
apreakTOM TYHHEIIBHON CHEKTPOCKOIIMM U HE MOXKET paccMaTpUBAThCS B KadecTBE
JI0Ka3aTeIbCTBA CYIIECTBOBAHUS KPACBBIX COCTOSIHUN. M3yueHuwe ¢GOpMBbl TYHHEIBHBIX
CIIEKTPOB TMOKA3aJ0, YTO B THUX MOTCHIHUAIBHBIX SIMaX O0OpPa3yIOTCS CBS3aHHBIE COCTOSHHUS
JTMPAKOBCKUX (DEPMHOHOB, TPOSIBIISIONINECS B BHJE MAKCHMYMOB Ha TYHHEJIBHBIX CIIEKTpax
CTC. CymecTBOBaHME TAaKUX COCTOSHUM KAaYECTBEHHO M KOJMYECTBEHHO IOITBEPIKIACTCA
pe3ybTaTaMH YUCICHHOTO MOJCIHPOBAHUS B paMKax JBYMEPHOTO ramMmjibToHHaHa Jlupaka.
Kpome Toro, MoaenupoBaHHE COCTOSHUN IHUPAKOBCKHX OJJICKTPOHOB BOJIHM3W CTyINEHEH
MOBEPXHOCTU M OOKOBBIX TpaHel B pamkax 3(p(GeKTHBHOr0 KOHTHHYaJIbHOTO FraMHJIbTOHHAHA
B TPEXMEPHOM Clydae IMOKa3allo, YTO HAJUYHsI CTYICHEH Ha MOBEPXHOCTH TOIOJIOTUYECKOTO
M30JIATOpA HEJOCTATOYHO JUIS TOSIBICHHS CBS3aHHBIX COCTOSHHH — K OOpa30BaHHIO
CBSI3aHHBIX COCTOSIHUN MTPUBOIUT (POPMUPOBAHNE TIOTCHIIUATBHON MBI BCIICACTBUE PA3TUIHS
paboT BBIX0/1a HA pa3HbBIX rpaHsax. Pabora momnepskana rpantom PH® 16-12-10335.

Influence of steps and potential wells on the energy structure of Dirac states
in the topological insulator Bi,Se;

N.l. Fedotov, S.V. Zaitsev-Zotov
Kotelnikov IRE RAS, 125009, Moscow, Mokhovaya str, 11, bld. 7.

On the surface of the Bi,Se; topological insulator, scanning tunneling microscopy and
spectroscopy revealed the existence of extended potential wells with a depth of about 0.1 eV,
which are formed both near the surface steps and, apparently, near the buried extended
defects. The presence of band bending leads to an increase in dl/dV at the Dirac point. We
demonstrate that this increase is partly due to the artifact of tunneling spectroscopy and
cannot be considered as evidence of the existence of edge states. A study of the shape of the
tunneling spectra shows that in these potential wells, bound states of Dirac fermions are
formed, which manifest themselves as maxima in the STS spectra. The existence of such
states is qualitatively and quantitatively confirmed by the results of numerical simulation in
the framework of the two-dimensional Dirac Hamiltonian. In addition, the modeling of the
states of Dirac electrons near the surface steps and side faces in the three-dimensional case
within the framework of the effective continuum Hamiltonian shows that the presence of steps
is not enough for the appearance of bound states, but the difference in the work functions of
the states on these faces produces bound states of surface Dirac fermions. The work is
supported by RSF grant 16-12-10335
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I'epMaHeH HA MOBEPXHOCTH METAJLJIOB: MU} WIH PeaTbHOCTH?
JLLA. My3bmeHK01, C.1. OpeLLIKI/IHZ, B.U. TManos, C. VanHaesendonck3, AMN. OpeH_IKI/IHl

Y Qusuueckuii gaxynoemem, MI'Y umenu M.B. Jlomonocosa,, Mockea, Poccusi.
2 . .

Tocyoapcmesennsiii acmpornomuveckuii uncmumym umenu I1.K. Illmepubepea, Mockea, Poccusi.
® Department of Physics and Astronomy, KULeuven, BE-3001 Leuven, Belgium.

B pabGore wuccnenoBaHbl BO3MOXKHOCTH CHHTE3a OJHOCIOMHOIO Te€pMaHEHa Ha
METAJINYECKUX TOBEPXHOCTSIX. OKCHEPUMEHTAIIbHO, METOJOM CBEpPXBBICOKOBAKYYMHOM
CKaHHPYIOIIEH TYHHETbHOW MHUKPOCKONHUM OBUIM HWCCIICOBAaHBl HAYalbHbIE CTaJUU
agcopbumu aromoB Ge Ha pas3aMYHBIX METAUTMYCCKHX moBepxHocTsax: Au(111), Pt(111),
Cu(111) u Al(111). Pe3ynbraThl 3KCIIEPUMEHTOB CPABHUBAIIUCH C PE3yJIbTaTAMU YHUCICHHOTO
MOJIETIMPOBaHUsl B paMKax Teopuu (yHKIMOHANA IUIOTHOCTH. HecmoTps Ha Hanuuue B
MHUpPOBOW HAy4YHOW JIMTEpaType MHOTOYMCICHHBIX COOOUIEHHH 00 YCIENIHOM CHHTE3€
repMaHeHa Ha METAUIMYECKHUX MOBEPXHOCTSAX, ObUIO HATJISTHO MOKAa3aHO, YTO OCOOCHHOCTH
B3aumozeiictBuss Ge ¢ Au, Pt u Cu TakoBbl, YTO Ja)xe MpU KOMHATHOW TeMIiepaType
HabmonarTes 3P PeKTsl TBEPAOTEIHHOTO pacTBOpeHus: Ge B 3TUX METalIax, YTO UCKII0YAET
MPUHLMIIUAIBHYIO BO3MOXHOCTh POCTa OJJHOCJIOMHOIO repMaHeHa Ha HuX. Vckitouenuem, 1o
BCCH BHIUMOCTH, sBiIsieTCs moBepxHocTh Al(111) Ha KOTOPO# CTAaHOBUTCS BO3MOXHBIM POCT
OJIHOCJIOMHBIX T€PMAHMM-COAEPKAIUX CTPYKTYp Pa3iIMYHOM NEPUOIUYHOCTH. HucieHHoe
MOJIETTUPOBAaHUE TOKA3bIBAET, YTO HAOIIOJaeMble B AKCIIEPUMEHTE CTPYKTYphl MOTYT OBITh
OIIMCAHBl MOJEIBIO OJHOCIOWHOIO TepMaHeHa C IepPHOAUYHOCTBIO (2%2) m V3xV3R30°
BHYTPU IOBEPXHOCTHBIX siueek (3%3) u (\N7xV7)R+£19° mo ortsomenmo x Al(111)(1x1),
coorBeTcTBeHHO. OpmHako, Bompoc 00 HCTHHHON crexmomerpun 2D-ocTpoBKOB,
UHAynupoBaHHbIX aromamu Ge Ha mnoBepxHoctu Al(111), mpomomxkaer ocTtaBaThCs
AKTyaJIbHBIM.

Germanene on metal surfaces: myth or reality?
D.A. Muzychenko?, S.1. Oreshkin?, V.1. Panov®, C. Van Haesendonck®, A.1. Oreshkin®

! Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia.
2 Astronomical Institute, Lomonosov Moscow State University, Moscow, Russia.
® Department of Physics and Astronomy, KULeuven, BE-3001 Leuven, Belgium.

In this work, the possibilities of single-layer germanene synthesis on metal surfaces:
Au(111), Pt(111), Cu(111) and AI(111) were investigated by mean of ultrahigh vacuum
scanning tunneling microscopy (STM) and density functional theory (DFT). Despite
numerous reports about successful synthesis of germanene on metal surfaces in the world
scientific literature, it was clearly shown that even at room temperature the interaction of Ge
atoms with Au, Pt and Cu metals leads to the solid-state solubility of Ge in these metals that
in turn rules out a possibility of growth of a single-layer germanene on these metals. An
exception, most probably, is the AI(111) surface on which the growth of single-layer
germanium-induced structures became possible. DFT modeling showed that the structures
observed in the STM experiments can be described by the model of a single-layer germanene
with a (2x2) and (N3xV3)R30° periodicity within (3x3) and (V7xV7)R+19° surface unit cells
of Al(111)(1x1), respectively. However, the question of the true stoichiometry of 2D islands
induced by Ge atoms on the Al (111) surface remains topical.

DOI: 10.26201/1ISSP2019.45.557/SPMAPPL.2
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Beenenune

['epmaHeH, HapsAy C CHJIMIICEHOM, SIBJISeTCS aHaioroMm rpadena [1, 2] u npencrasisier
co0ol TBYMEpHYIO ¢l1a00 M30THYTYIO CTPYKTYPY THNA “MYSIHHBIX cOT . JIJIs IPaKTHYECKOTO
MpUMEHEHHS TpadeHOMOAO0HBIX MAaTEPHATIOB B AJIEKTPOHHON MPOMBIIINIEHHOCTH TpeOyeTcs
JeTallbHOE M3Y4YEHHE HX 3JIEKTPOHHBIX CBOMCTB B pa3HOOOpa3HbIX YycioBusAx. Hampumep,
JOKaJIbHAs aJICOpOIMsi aTOMOB KHCIIOpOJia Ha TOBEPXHOCTH cuiuieHa [3] BBI3BIBAET
yBEJIMUEHUE IIHUPUHBI 3allpelieHHol 30Hbl B Touke Jlupaka. Cremyer OTMETUTh, 4YTO
repMaHeH W CHJIUIICH MOTYT OBITh CO3MaHBI TOJBKO WMCKYCCTBEHHBIM IyTE€M, TaK Kak B
MPUPOJE HE CYIIECTBYeT KPHUCTAJUIOB, MOAOOHBIX TpaduTy, HCIOJIB30BAHHOMY IS
nosiydeHusi rpadeHa. B Hacrosimee Bpems CHHTE3 CHJIMIIEHA C HMCIOJIh30BAaHHUEM METOA
MOJICKYJIIPHO-JIYYEBOM ANUTAKCHMK Ha TOoBepXHOCTH Ag(111) mocTaToyHO TOJIHO H3YyYeH.
BBUTO BBISIBICHO CYIIECTBOBAHUE PA3IMYHBIX TOBEPXHOCTHBIX (ha3 CHIIMIICHA HA TIOBEPXHOCTH
cepebpa (4x4), (2V3x2V3)R30°, (V13xV13)R13.9° [3-10]. Llensio JaHHO paGOTHI SBISETCS
MOJIBE/ICHUE UTOTOB M 0000IIEHHE PE3yIhbTaTOB MHOTOYHCICHHBIX IKCIICPUMEHTOB, LEIHIO
KOTOpPBIX OBLIO HCCIEOBAHHE BO3MOXKHOCTH TIOJMYYEHHUS VYIOPSIJAOYCHHOW CTPYKTYpPBI
repMaHeHa Ha TOBEPXHOCTH paszimyHbix MetaiwioB Au(11l), Pt(111), Cu(111) u Al(111).
Crnenyet 3aMeTuTh, 4To eciu o aacopouun Ge na Au(111) mpoBeneHo HeMaa0e KOJTUYECTBO
uccnepoBanwmii [11-15], o s Pt(111) m Cu(111) Takux uccrienoBaHuil 3HAYUTEIHHO MEHBIIIE
[16] u [17], cooTBeTcTBeHHO. OJHAKO MOJYYEHHBbIE 3KCHEPUMEHTAIbHBIE PE3YNbTAThI IO
CHUHTE3y T€pMEHEHa Ha ATUX METa/llax BeChbMa MPOTHUBOPEYUBHI U HE IO3BOJIAIOT CHENIATH
BBIBOJI O TOM, 4TO (pOopMHpyeMbIii Ha TMOBEPXHOCTH CIION MpeICTaBiIseT COO0OM MMEHHO
repMaHeH, a HE SBJIAETCS CIUIaBOM MeTala ¢ repmaHueM. B 3Tom kitode, uccienoBaHUE
agcopoumu Ge na Al(111) BeIrIsgaT HawOollee MEPCIEKTUBHBIMU C TOYKH 3PEHHUS
(dbopmupoBaHUsS UMEHHO repmanena [18-21].

3KCHepI/lMEHTaJII>HaH METOAUKA

DKCHepUMEHTAIbHO, C TIOMOIIbIO  CBepXxBbicokoBakyymMHOW (CBB) (ao* Mbap)
cKkaHupyromiel TyHHenbHOM Mukpockonuu (CTM) Obuti McCiieoBaHbl HadalbHBIE CTAJIUU
amcopOiu repManus Ha moBepxHoctH Au(111), Pt(111), Cu(111) u Al(111). B kauectBe
00pa3loB HCIOJIb30BAIUCH MOHOKPHCTAIUIBI COOTBETCTBYIOIIMX METAJUIOB, IOBEPXHOCTh
KOTOPHIX o4Mmanack B ycnopusx CBB myrem 60M6apaupoBKi HOHAMH AT C SHEPTHH ITydKa
0.8-2 k3B ¢ mocnenyromuM TEPMUYECKAM OTKUTOM. KpuTeprmem UYHCTON MOBEPXHOCTH
CIIyXuJa XOpOILIO BOCHPOU3BOAUMAS (22x\3) “herringbone” peKOHCTPYKIUS C TMOJTHBIM
OTCYTCTBHEM IIOCTOPOHHUX TpuUMecell nns 3010Ta, U pekoHcTpykmus (1x1) nmns
MOBEPXHOCTEHN TUIATUHBI, MEIU U AITFOMHUHHSL.

Hanecenmne repmanus Ha mnoBepxHocThb Au(l11) mpoBoauioce METOAOM 3JIEKTPOHHO-
Ty4eBOil smuTakcuu, a Ha mosepxHoctu Pt(111), Cu(111), AI(111) repmanuii HaHOCHICS
MeToA0M TepMuyeckoro HanbuieHus. JlaBnenue B CBB kamepe B mporniecce HanbuieHus: Ge Ha
HCCIIeyeMyo TTOBEPXHOCTh OcTaBanoch B auamnasone 10 ' mGap. IIpu mposenernn CTM
VICCIIC/IOBAHNIA, JaBIEHHE B CHCTeMe cocTaBisimo 4x107 mGap. M3MepeHns MpOBOMINCH
npu Temmneparype obOpasma 77 K B cmyuae moBepxHoct Au(lll) m mpu KomMHaTHOMN
temneparype g mnoBepxHocted Pt(111), Cu(111) u Al(111). B kauectBe 30HIa
UCIOJb30BATMCH  BOJIb(PPAMOBBIE  UIJIbI, MOJYYEHHblE M3  MOJUKPUCTAIITMYECKON
BOJIL(PAMOBOW TIPOBOJIOKH METOZOM DJIEKTPOXUMHYECKOTO TpaBiieHHs. [IpuiokeHHoe K
TYHHEJIbHOMY 3a30py HalpsDKEHHE CMEIEHUS COOTBETCTBYEeT NOTEHIMady obOpasia
OTHOCHTEIIFHO 30H/1a BO BCEX MPOBOIUMBIX SKCIIEPUMEHTAX.

Pe3yabTaThl u 00cyxkaeHne

B pesynbrate amcopOuun atomoB Ge Ha moBepxHocTh AU(11l), Haxopsuiyrocs mpu
KOMHATHOH TeMIiepaTrype, ObUIO MOKa3aHo, 4TO YKe MpH crerneHn nokpbitus 0.01 MoHOCTOS
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(MC), mnoBepxHOCTHasi PEKOHCTPYKLHS 30JI0Ta (22><\/3) MOABEPraeTcsa CephE3HOU
Moxudukarun. THIHYHBIE 0COGEHHOCTH, MPHUCYIIHE PEKOHCTPYKIHH (22XV3) MO-IpeKHeMy
HaOJII0AaeMBbl, OJTHAKO, HAa TOBEPXHOCTH IOSBIISIOTCS HOBBIE XapaKTEpHBIE OCOOEHHOCTH —
ne(eKTsl TUMa «BakaHCUs» (TEMHbIE MSITHA, OTCYTCTBOBABIIME HAa YMCTOW moBepxHOocTH). C
yBenuueHueM creneHu mokpbiTus 10 0.06 MC Habnromaercst yBelnWYeHHE KOHIICHTPALUU
ne(eKToB-BakaHCUH, KOTOpble HMMEIOT TEHAEHIMI0 K arjioMepalud U 00pa30BaHUIO
HUTETO00HBIX KOMIUIEKCOB, NMPEHMYIIECTBEHHO HANpPABICHHBIX BAOJb CBETIBIX I0JIOC B
M3HAYAIbHON PEKOHCTPYKIIUU (22x3) Ha nosepxuoctu Au(111). Teoperndeckue pacueTsl B
pamkax Teopun (QyHkiponana rwioTHocTH (T®II) mnokaseBator [13], uro aromsr Ge
3aMenIarT aToMbl AU B BepxHEM aTOMHOM ciioe, B BeIISAAT Ha CTM m3o0pakeHus: Kak
nedexT-BakaHCHsl aTOMHOTO MaciuTaba Kak B 3allOJIHEHHBIX, TaK W B HE3aMOJHEHHBIX
JIEKTPOHHBIX COCTOSAHUAX. C NanbHEHIINM yBEJIIMYEHUEM CTENEHH HMOKPBITUS MOBEPXHOCTU
Au(111) aromamu Ge ¢ OHOBPEMEHHBIM 3aMelleHueM aToMoB Au atoMamu Ge B mepBoM
IIOBEPXHOCTHOM CJIO€ HaOJIIOJAeTCsl IIOCIENOBATENIbHBI POCT BTOPOro CJOs, KOTOPBIN
(dopmupyeTcss U3 3aMEIIeHHBIX U TUPPYHAUPYIONIMX Ha MOBEPXHOCTh aTOMOB Au. J[aHHBII
3¢dekT TpUBOOUT K OOpa3oOBaHHMIO [BYX IOBEPXHOCTHBIX cjoeB (puc. la) ¢
HEeynopsioueHHo! (aMop(omo00HO0I) aTOMHOM CTPYKTYPOil, pa3Inyaromuxcs o BEICOTE Ha
BEIMYMHY, PaBHYIO BBICOTE€ MOHOATOMHOW CTymeHM 3oioTa Juig Iwiockoctu (111). C
yBeJIMUEHUEM TemrepaTypsl mnoBepxHocTd Au(ll1) B mnpomecce HambuieHuss au00 B
pe3yabTare IOCIEAYIOIIEr0 HarpeBa, BHYTPEHHsSI CTPYKTypa CJIOEB CTaHOBUTCS Oolee
ynopsinoueHHo [13]. MuorooOpa3ue HaOMIOIaeMbIX B SKCHEPUMEHTaX MOBEPXHOCTHBIX
PEKOHCTPYKIMM 3aBUCUT OT TeMIepaTypbl MOAJIOKKH U KOJIMYECTBA JOCTUTIINX TOBEPXHOCTH
aTOMOB TrepMaHus. lcciemoBaHus ITOKas3alaM, 4YTO BCIEACTBHE BBICOKOW TBEPAOTEIbHOMU
pacTBOPUMOCTH (lake NMPH KOMHATHOM TemIleparype) repMaHusi B 30J10Te€, NPUHLIUIHAIBEHO
HEBO3MOXHO ()OPMHPOBAHUE TepMaHeHa ¢ YUCTHIM HHTepdericom repmanen/Au(111).

Puc. 1. CTM wu300pakeHus TIOBEPXHOCTH METAJUIOB TOcje HambuieHus repmanus: (a) 0.5 MC
Ge ma mosepxuoctr Au(111); (b) 0.2 MC Ge na mosepxmoctu Pt(111); 0.3MC Ge Ha
noBepxuHoctr Cu(111). Tynuensusie napametpst: (a) Vi =+2.0V, ;=30 pA; (b) V;=+0.85V,
It =15 pA; (c) Vi=-0.85 V, I, =120 pA.

Junamuka ancop6ruu Ge nHa moBepxHocTu Pt(111) u Cu(11) gemoHCTpUpyeT CXOXKHe
nporieccsl ¢ aacopoiuert Ge Ha MOBEPXHOCTh 30J10Ta, C TOM JIMIIL Pa3HUIICH, UYTO B (puHAIE
(dbopMUPYIOTCS CBOM COOCTBEHHBIE TMOBEPXHOCTHBIE PEKOHCTPYKIIMU XapaKTepHBIE IS
KOHKPETHOTO CIlJIaBa TepMmanus ¢ metaiioMm (puc. 1b, 1c). TToBepXHOCTh MIATHHBI U MEIH,
Takke Kak M 30JI0TO, MMEeT TEHACHIHUIO K HachlleHuI0o atomMamMu Ge B pesysbTare
TBEPJOTEIIBHOW PEaKIIMK PACTBOPEHHS (MPOTEKAIOMICH Ja)ke MPHU KOMHATHOW TeMmIeparype
MMOBEPXHOCTH), BCIEACTBUE Uero Habmromaercsa 3amenienue aromoB Pt u Cu atomamu Ge B
MepBOM MOBEPXHOCTHOM cioe. TAOII monmenupoBaHue NOATBEPKIAAET, UYTO B PE3YyJbTATE
3aMelIeHus] MOBepXHOCTHRIX aTomoB Pt mmm Cu atomom Ge HaOmomaercss oOpa3zoBaHHE
nedeKToB-BaKaHCUI, 4TO Xopomio cornacyercs ¢ pesdyasratamu CTM wmccnenoBanuii npu
CBEpPXMaJbIX CTEMEHSAX TMOKphITUA. [Ipu yBenMuUeHUM CTENEeHW MOKPBITHS, a TaKkKe
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temreparypbl moBepxHocTH (1m0 100-260 C) mabmiomaercst ynopsimouumBaHue aedeKToB-
BAKAHCHIl M 00pa3soBaHME MPOTIKEHHBIX olmacTeil ¢ pexoncTpykmmern (V19xV19)R(+23°)
(puc. 1b) u (N3xV3)R30° (puc. 1c) mmst mosepxuocta Pt(111) u Cu(111), cOOTBETCTBEHHO.
Criemyer OTMEHUTH, YTO JAHHBIC MOBEPXHOCTHBIC PEKOHCTPYKIUH 00pa3yloTcsi B MEPBOM
IOBCPXHOCTHOM CJIOC U SABJIAIOTCA PE3YJIbTATOM IMEPECMCIIMBAHHA aTOMOB MCTAJUIa U aTOMOB
repMaHus, a HE €CTh pe3ylbTaT POCTa TepMaHCHAa WM TEePMaHUEBOTO OCTPOBKA Ha
noBepxHoctu Pt(111) u Cu(111).

Ge (V7x\7)R(~19°)

Ge (3x3)

Ge/germanene
islands/clusters

1107]

19nm
o o s

Puc. 2. CTM wu306paxkeHnss IOBEpXHOCTHBIX (a3 repmanena (V7x\7)R(£19°) u (3x3)
oOpazoBaHHbIX Ha moBepxHocTH Al(111) Haxomsmryrocs npu Temneparype: (a) 27°C; (b) 200°C.
Tyunensubie mapameTpsl: (a) Vi = +1.0V, I, =25 pA; (b) V;=-1.8 V, I; =20 pA.

B pesynbrare cepun KCIepuMEHTOB 110 ajcopOiu atomoB Ge Ha nmoBepxHocTh Al(111)
ObUI TMPOJEMOHCTPUPOBAH OJHOBPEMEHHBI POCT JIBYX IOBEPXHOCTHBIX (a3 (puc.2) c
nepuonmuHocTeio: (V7XV7)R(£19°) u (3x3). HccnemoBanue MOKa3ano, 4to 06e (hasbl
MPEJCTABISAIOT cO00M HOBBIE TOBEPXHOCTHBIE CTPYKTYPHI, 3apOKJAI0IINECs HE3aBUCUMO APYT
OT Jpyra M COCYIIECTBYIOUIMMH B IIHPOKOM TEMIIEPaTypHOM HWHTEpBaje€ poCTa: OT
KOMHaTHOM Temmeparypsl 10 230°C. bbulio ycTaHOBIEHO, YTO FepMaHHEBbIE TOBEPXHOCTHBIE
CTPYKTYPHI C MepHOANIHOCTHIO (3%3) 00pa3yroT uieanbHble NpOTsHKeHHBIE 2D obmact 6e3
HapylIeHUs JajJbHEro TMOpsAaKa, B TO BpeMs Kak CTPYKTYpbl C MEPHOJUYHOCTHIO
(V7xVT)R(£19°) UMEIOT CHIBHO OTpaHMYEHHBI TANbHHUH TOPSIOK M COIEPIKAT OOIBIIOE
KOJIMYECTBO JOMEHHBIX rpaHull. Hammume TOMEHHBIX I'paHHUll B CTPYKTYpE (\N7xVT)R(£19°)
CBSI3aHO, MO BCEW BHIUMOCTH, C XYJIIUM COTJIACOBAHHWEM PEUIETOK BBHIPAIIEHHOTO CIOS
repmanena u o uoxku Al(111), mo cpaBHeHHIO €O CTPYKTYpOit (3%3).

Uucnennoe wmojenmupoBanre B pamkax TOIl mokaszano, uro HaOmIOgaeMble B
HKCHEPUMEHTE CTPYKTYpbl MOTYT OBITh XOpPOIIO ONHCAHbI MOJENbIO OJHOCIOWHOTO
repMaHeHa ¢ eproguaHOCTBIO (2x2) i (V3xV3)R30° BHYTpH MOBEPXHOCTHBIX sideek (3%3) u
(\N7xV7)R(*19°) mo orHomennmo x Al(111)(1x1), COOTBETCTBEHHO. DneMeHTapHas
TTOBEPXHOCTHAS sTUeHKa JUTst CTPYKTYphI (3%3) m (V7xV7)R(£19°) conepxut 8 u 6 atomos Ge,
coorBercTBeHHO. Ha puc.3 mnpusenena 3D wMoaens ONTHMMHU3MPOBAHHOH —CTPYKTYPHI
repmameHa ¢ meproanaHocThio (2x2)/Al(111)(3%3) 1 (V3xV3)R30°/Al(111)(V7xVT)R(£19°).
[IpsiMoe cpaBHEHHE HKCHEPUMEHTAIbHBIX pPE3YJIbTaTOB U  PE3yJIbTaTOB UHUCIEHHOTO
MozaemupoBanus a"anoroB CTM wm3o0paxeHuil mMokazano, 4To HAOII0aeMble CTPYKTYPHI
JCHCTBUTENLHO SBIISIOTCS OJHOCIOWHBIM repMaHeHoM ¢ cuibHbIM “buckling” addexrom, a
ocHoBHOM BKkJag B CTM wm3o0paxeHus naeT HauOoJyiee MPUITOTHSATHIN HaJ MOBEPXHOCTHIO
aTOM repMaHus, YTo 00ecIeYrBaeT IT'eKcaroHaJIbHYIO IJI0THOYMakoBaHHYI0 cummerpuio CTM
n300paxkenuii ¢ meprogmdHocThio (3x3) M (N7xV7)R(£19°). Takum 06pasom, mokasaHa
BO3MOYHOCTE (hOPMHUPOBAHHMS ABYX THIIOB OJHOCIOHHOIO MCKaKEHHOTO (BKJIIOUas SP>  SP°-
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ruOpuau3aiuio) repmadeHa Ha mnoBepxHoctd Al(111). Xors u B 3TOM ciydae cieayer
OTMETHTh, YTO TpH (opMupoBaHurM repmaneHa Ha moBepxHocTr Al(111), moBepXxHOCTH
ATIOMUHUS MOJUpHUIUpPYETCs (Jake P KOMHATHOW TeMIepaType), yKa3bIBasi TEM CaMbIM Ha
B3aMMO/ICIICTBIE MEXIy aTOMaMH repMaHus U adroMuHus. Takum o0pa3om, BOIIPOC O poin
aTOMOB ATIOMUHHS B (JOPMUPOBAHHHU TOBEPXHOCTHBIX Ba3 (3x3) m (V7xV7)R(£19°) ocraercs
OTKPBITBIM.

Ge(V3xV3)R30°/

Ge(2x2)/AI(111)(3x3) R RIS

Ge (top layer)

09000009 - - 99000
0066068 i - 66006

Puc. 3. Mojienb 0OHOCIORHOTO repMaHeHa ¢ MepHOANdHOCTRIO0 (2%2) 1 (V3x\3)R30° BryTpH
noBepxHoCTHBIX staeek  (3%3) . (N7xV7)R(£19°) mo ormomenmio x  Al(111)(1x1) u
paccuntanHple B pamkax TOIl amamorm CTM wu3o0pakeHWH (3aIlOTHEHHBIE COCTOSHUS
V;=+1.0V) mnosepxnoctu Al(111), MOKpHITOW OJHOCIOWHBIM TE€PMAaHEHOM C CHJIBHBIM
“buckling” adpdexrom.

3aKkjaoueHue

[TpoBeieHHBIE AKCIEPUMEHTHI, MOCBSAILICHHbIE M3YYEHUIO BO3MOXKHOCTH IMOJYYEHHUs Ha
MOBEPXHOCTH MeETaJlJIa PETYJISPHOW CTPYKTYphl TepMaHEHa, IMOKa3alid, YTO Ha YHCTOU
nosepxHoctu Au(111), Pt(111), Cu(111) crpykTypa repmaHeHa He oOpasyercs. I'epmanuit
B3aMMOJICHCTBYET C TIOJUIOKKOHM, BBITPABIMBAs MOBEPXHOCTh M MPOHUKAS BIIyOb, 00pasys
criaB. [IoBEpXHOCTHBIE PEKOHCTPYKIMH, BO3HHUKAIOIIME NMPH aJCOpPOLUN IepMaHHs Ha 3TH
METaJIJIbl, IOBOJBHO PAa3HOOOpa3HbI U TPEOYIOT CBOETO OTIEIbHOrO HccienoBaHus. OgHAKO
Ha JIaHHOM 3Talle HCCIeIOBaHUNH MOXHO YTBEPKAATh, UTO C OKUAAEMON CTPYKTYPOIH YUCTOTrO
repMaHeHa OHU HE UMEIOT HUYero o0mIero.

IToBepxnocte Al(111) oka3amacb Haubosiee TMEPCIEKTUBHOW ISl MOJIyYEHHS
OJTHOCJIOMHBIX ~ IepMaHUN-COJAEPKAIIUX  MOBEPXHOCTHBIX  2D-CTpyKTyp  pasinudHoi
NEPUOJUYHOCTH. YHMCIEeHHOe MOJENMpPOBAaHUE [IOKa3bIBaeT, YTO HAOIIOJaeMble B
AKCIIEPUMEHTE CTPYKTYpPhl MOTYT OBITh ONHMCAHBbl MOJENIBbIO OJHOCIONHOrO TepMaHeHa C
MEePUOANYHOCThIO (2%X2) u (\V3xV3)R30° BHYTpH TIOBEPXHOCTHBIX siueek (3x3) wu
(\N7xVT)R(£19°) mo otromennmio k Al(111)(1x1), coorBercTBeHHO. OfHAKO, BOMPOC 00
UCTUHHOM cTexuomerpun 2D-0CTpOBKOB, MHAYLHMPOBAaHHBIX aroMaMu (Ge Ha MOBEPXHOCTH
Al(111), npopomkaeT ocTaBaThCsl aKTyaJTbHBIM.
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HauanbHble cTaqMu OKUCIEHUS cepedpa

b.B. AH;[p}omquHHl’z, B.M.]_HeBn}oral, T.B.HaBHOBal’Z, F.M.}KH;LOMHpOBl’Z, K.H. EJIBI_IOBl’z

1 .
Unemumym ooweri pusuxu um. A.M. I[lpoxoposa PAH, 119991, Mockea, ya. Basunosa, 38

2 . .

Hayuonanvuwiil ucciedosamenscxuil ynugepcumem «Buvicuwas wikona saxkonomuxuy, Mockea

BaxxHocTh mpoOiembl B3aUMOJICHCTBUS MOJIEKYJISIPHOTO KHCIOpPOJa C TMOBEPXHOCTHIO
cepeOpa cBsi3aHa C YCTAHOBJICHUEM MEXaHHM3Ma PEaKIMU ATOKCUANPOBAHUS aJIKEHOB, UAYILEH
B MPUCYTCTBUU cepeOpstHOro Karanuzaropa. B maHHON paboTe NpeacTaBieHbl Pe3yibTaThbl
UCCIICIOBAaHUI aTOMHBIX CTPYKTYp, (opmupyembix Ha mnosepxHocTsax Ag(111) mpu
B3aUMOJICICTBUM C MOJIEKYJSAPHBIM KHUCIOPOAOM B auanazone temmeparyp 300-490 K,
BBIIIOJHEHHBIX C HCIIOJb30BAHUEM HU3KOTEMIIEPATYPHOM CKAHUPYIOWIEH TYHHEIbHOU
MUKpPOCKONMU. BBHIY 4Ype3BbIYaiHO HHU3KOTO KO3(PQPUIMEHTa NPUIUMAHUS KHUCIOpoJa K
MOBEPXHOCTHU cepedpa, agcopOius O, MPoBOIMIACH B CHCIIHATLHOM PEaKTOPE, COSTUHEHHOM
¢ CBB ycTaHOBKOH, 1 MO3BOJISIIOIIEM YCTaHABJIMBAThH JABJICHUE KUCIOPO/Ia B AUANIa30HE 10°-
10 Topp. YcraHoBI€HO, YTO HA HAYAIBHOW CTaauu B3amMoAeHCTBUS O, ¢ TOBEPXHOCTHIO
cepebpa (QOpMHUPYIOTCS TOYEYHBIE OOBEKTHI, KOTOPHIE MOXHO OXapaKTepH30BaTh, Kak
JOKaJIbHBIN okcua. [lpu yBennYeHHH SKCHO3UIIMU KUCIOPOAa MPHU TEeMIlepaType MOJJI0KKH
>430 K na moepxnoctu Ag(111) dopmupyercs ynopsaodeHHBIH TBYMEPHBIH OKCHIHBIN
cinoii (4x4). Ancopomus kucioposa rpu 300 K npuBoaut k GopMUPOBaHHIO HA IOBEPXHOCTH
Ag(111) xapbonaros, (HOPMUPYIOMINX YIIOPIIOYCHHBIE (pa3bl.

Initial stages of silver oxidation
B.V. Andryushechkin'?, V.M. Shevlyuga®, T.V. Pavlova'?, G.M.Zhidomirov*?, K.N.Eltsov*?

'Prokhorov General Physics Institute of RAS, Vavilov str. 38, 119991 Moscow, Russia
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The interaction of oxygen with silver surfaces is of the great importance for the
recognition of the mechanism of the reaction of olefins epoxidation on the silver catalyst. In
this work, we present results of low-temperature STM study of atomic structures formed on
Ag(111) after oxygen adsorption at substrate temperature in the range of 300-490 K. Due to
the extremely low sticking probability of oxygen to silver surface, adsorption of O, was
carried out in a special reactor connected to a UHV setup and allowing the oxygen pressure to
be set in the range of 10°-10" Torr. We established that at the initial stage of the interaction
of O, with the surface of silver, the formation of point local oxide objects. The further oxygen
dosing at substrate temperature of > 430 K leads to the formation of the well-ordered two-
dimensional oxide layer (4x4). Oxygen adsorption at 300 K leads to the formation of ordered
phases carbonates on Ag(111).
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Beenenune

N3yuenne aacopOIMHM MOJEKYISPHOTO KHCIOpPOJa Ha MOHOKPUCTAJUIMYECKHE TpaHH
cepeOpa B yCIOBHSIX CBEPXBBICOKOIO BaKyymMa UMEET JUINTENIbHYIO UCTOPUIO, HaunHas ¢ 70-X
rogos npouuioro Beka [l,2]. OcHoBaHMEM Ui IPOBENEHHUS TAKOIO PoOjJa HCCIEI0BAHUMN
SBJISJIOCh OTCYTCTBHE JIOCTaTOYHBIX 3KCIIEPUMEHTAIBHBIX JaHHBIX HAa aTOMApHOM YPOBHE O
HAYaJIbHBIX CTAAMAX B3aUMOJCHCTBUS KHCIOPOAA C TOBEPXHOCTHIO METAIOB M, Kak
CIIEZICTBUE, pa3pblBbl B IMOHUMAHUU MEXAaHU3MOB OKHCIIEHUS METalIoOB M, TeM Ooiee, B
MOHMMAHUHM MEXaHU3MOB KATAIUTUYECKUX TPOIECCOB OKHCICHHUS YTJIEBOJOPOJOB Ha
IIOBEPXHOCTH METANIMUYECKUX KAaTalu3aToOpoB. YUUTHIBAs Ty pOJb, KOTOPYIO HIPAIOT
MPOIECChl OKHCICHHUS B JKM3HM YENOBEKa (KOPpO3Hs METAJIOB, NPHUMEHEHHE OKHCIIOB
METAJUIOB U IOJYHPOBOJHUKOB B PA3JIMYHBIX YCTPOMCTBAX M IpoIleccax, reTeporeHHbII
KaTali3 C Y4acTHEM KHCJIOpOJa), MPOABIKEHHE B TOHUMAHUU MEXAHU3MOB TOIOOHBIX
IIPOLIECCOB HE TEPsIeT CBOEH aKTyaJbHOCTH, HECMOTPS Ha ONPEEICHHbIE YCIIEXH HOCIETHUX
15-20 ner.

B nanHoll paboTre mpezcTaBieHbl pe3yJbTaThl UCCIEIO0BaHUS aJCOPOLUU KUCIOpOia Ha
rpaib Ag(111) npu pasnuyHblXx TemmepaTypax MNOMIOKKH. OCHOBHBIMH METOJaMU
UCCIIEIOBAaHMsl SBJISUIUCh HM3KOTEMIEpaTypHas CKaHMpYHOLIas TyHHEIbHAas MHUKPOCKOINHUS
(CTM), nudpakuus MeUIEHHBIX 3JEKTPOHOB, dJekTpoHHas Oxe-criekrpockornus (30C) B
COYETaHUM C MOJEIMPOBAHUEM AaTOMHOM CTPYKTYpbl IIOBEPXHOCTH B pPaMKax TEOpUHU
¢dynkipronana mwiotHoct (TPII) ¢ ucnonszoBanuem nporpammuoro nakera VASP [3-6].

JKCNEPUMEHT

Bce skcnepMMeHThl MPOBOJMIINCH B CBEPXBBICOKOBAKYYMHOW YCTAHOBKE C JJaBJIIEHUEM
OCTATOYHBIX ra30B He Gonbure 2x10™ Topp. B xadectBe 00pa3iioB B paboOTe HCIIOIB30BAJICS
monokpucramt Ag(111) (6x8 mm?, Surface Preparation Laboratory). Jlist 10ArOTOBKH YHCTOM
¥ aTOMHO-T7IafiKoi mosepxHocTd AQ(111) mpUMeHANHCh IUKIBI MOHHOTO TpaBmeHus (Ar’
600 »B, 20 muH.) n HarpeBa o Temneparypsl 800 K. Hamyck MosekymnsipHOro kuciaopona
MIPOBOAMIICS B CIIELMATIBHOM PEAKTOPE, MO3BOJISIIOIIEM MOIEP)KUBATh JIaBJICHHUE B IMaIlla30He
or 10° Topp no 10" Topp.

Pe3yabTaTsl

Ancop6uus O, Ha moBepxHocth Ag(111) mpu TemnepaTypax peakiiuu OKUCICHUS
stuiieHa (410-490 K)

‘o Pazynopsioouennas ¢aza

b0 ycraHoBieHO, YTO aacopOLMs MOJIEKYJISPHOIO KHUCIOpOJa Ha IOBEPXHOCTh
Ag(111) npuBoaut x popMHUpPOBaHHMIO MaccuBa 00BEKTOB, BU3yanusupyromuxcsd B CTM kak
yepHble TOUkHU (puc. 1). Ilo Mepe MOBBbIIEHUS CTENEHW MOKPBHITUS KOHLEHTPALHsS TEMHBIX
TOouek pacTer, gocturas konueHTpauuu 0.1 MC (MoHOCTIOi) IPU HACBIILIEHUH.

[Tpu onpenenennom cocrosiHuu uriibl CTM, mbl emoriu nonyunts CTM-u3o0paxenus ¢
aTOMHBIM pa3pelIeHHeM, Ha KOTOPbIX OOBEKThl Ha OKHCJIeHHOW moBepxHoctn Ag(111)
BU3YAJIM3UPYIOTCS KaK TPWJIMCTHHUKH, @ HE YepHbIE TOUKH (CM. puc. 2a). Hanuume aTroMHOro
paspeleHuss MO3BOJIIO IOCTaBUTh MOJI COMHEHHE HWHTEPIIPETAlMI0 YEPHBIX TOUEK Kak
OTJCIBHBIX aTOMOB KHCJIOPOJa, XEeMOCOpOMpOBaHHBIX Ha moBepxHocTH Ag(111) [7-8].
BaxHoe 3akimroueHne CBSI3aHO C MOJIOKEHUEM LIEHTpa TprINCTHHUKA. B coorBeTcTBHM ¢ CTM-
n300pakeHNeM, MOKa3aHHBIM Ha puc. 20, OH TOYHO COOTBETCTBYET IOJIOKEHUIO aToMa B
BepxHeM cioe Ag(111). CnenoBaTenbHO, B paMKax OOILIEHPUHATON paHee MOJENHU aTOM
KHUCIOPOAa JOJDKEH 3aHuMaTh — IOJIOKEHHWE HajJ aTOMOM cepedpa, MOANOBEPXHOCTHOE
MI0JIOKEHUE TUIA TeTpa- WK 3al0JHATh BAKAHCUIO B BEPXHEM CJIOE MOJUIOXKKH.
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Puc. 1. CTM-uzo6paxenns (187x187 A%, 77 K) noBepxHocTa Ag(111), okucnennoii mpu 430 K
(maBnenue xuciopoma 0.1 Topp), cooTBeTcTByIOIIME pa3IUYHBIM CTENEHSIM MOKPHITHI. B
BEpPXHEM TIPAaBOM YTy TOKa3aHbl aJCOPOIMOHHBIC KPHUBBIC, MOMYYCHHBIC UIA Pa3THYHBIX
3HAYCHUI MapIUabHOTO TABICHUS KHCIOPO/a.

CornacHo T®II pacueram, koHpHUTypausi HaJ aTOMOM HE COOTBETCTBYET JIOKAJILHOMY
MuHuMymy. [locie onTUMHU3aluu KOOPAMHAT, aTOM KHUCJIOpOJa MEepeXOoIuT B Haubolee
BeirogHoe  monokenne tmma [TIK  (sHeprus amcop6muu  -0.673B  Ha  arom).
[ToamnoBepXHOCTHOE TMOJIOKEHHE TETpa- U MOJOKEHUE B BaKAaHCUU TaKKe OKa3alnCh MEHEe
BbITO/IHBIMU, YeM mosiokeHue ['IIK. Teopernueckue CTM-u3zo0pakeHusi, MTOCTPOCHHBIC IS
000MX cy4yaeB, HE COTJIACYIOTCS C DKCIIEPUMEHTOM, TaK KaK OHH COJepKaT eIUHUYHbIE TH00
sipKoe, Tu00 TeMHoe TiATHO. Kpome Toro, Hanu4ue BYX THIIOB TPUIMCTHUKOB C Pa3IMuHOMN
OpHUEHTAIlNel He MOXET ObITh OOBSICHEHO B paMKax MOJEINH, MOJpa3yMeBaoIleld HaIuuue
€IMHCTBEHHOTO aTOMa KUCJIOpoja B 0ObEKTE.
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(a) (6)
Puc.2. Aacopbuus kucimoposa Ha mosepxuocts Ag(111) mpu 430 K (aToMHOE paspeleHwe).
Jns  waeHTudUKANMM —~ TOTYYEHHBIX  OOBEKTOB MBI  MPOBEIM  KOMILIEKCHOE

MOACIIMPOBAHUC CTPYKTYP C HCIIOJB30BAHMEM KBAHTOBO-XUMHYCCKUX PACUCTOB METOJO0M
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(GyHKIMOHANA TUIOTHOCTU. BBIJIO yCTaHOBIIEHO, YTO HauOojiee BBHITOJHBbIC KOH(HUTypamuu
COJZIepKaT IIIeCTh aTOMOB KHCJIOpOJa BOKPYr BakaHCHH B BepxHem cioe Ag(111) (puc. 3).
Haubonee Beirognas xoudurypamus (moxens I'TIV-okra) comepXuUT BakaHCHIO B CIIOE
cepeOpa, a Takxke Tpu aroma kuciaopoaa B ['TIY momokeHUsIX W TpU aToMa KUCIOpOJA B
MIPUITOBEPXHOCTHOM OKTa Mo3uLuH. [IoHOE MOKphITHE aTOMaM# KUCIIOPO/1a, TAKHMM 00pa3oM,

OKa3hkIBaeTcs B 6 pas 60J'IBH.I€, Y€M B NPCAbIAYIIHUX MOACIIAX, U COCTAaBJIACT B HACBIIICHHUN
0.6 MC.

W W W

30TTY u -0.76 3B
3 O okra-

BOKPYr BakaHCUu
(okcngHoe KonbLo)

30TIMuUKwm
3 O TeTpa-
BOKPYr BakaHCuu
(obpaTHOE
OKCUOHOE KOorbLO)

Puc. 3. Pesynbrarer TOII-MonenupoBaHus «TPUIMCTHUKOBY», HAONIONAEMBIX Ha OKHCIICHHOU
moBepxHocTH AgQ(111). IlokazaHbl ABe ONTHMAaNbHBIE CTPYKTYpPHI M UX Teopermdeckue CTM-
N300paKeHHSI.

OOHapyxeHHass HaMM CTPYKTypa MOXET ObITh HMHTEpPIPETUPOBaHA KakK JIOKAJIbHBIN
MMOBEPXHOCTHBIM  okcua [9]. JlONONHUTENbHBIMA apryMEHTaMH B TIOJIb3y  TaKou
WHTEPIPETAINN CBUICTEIBCTBYET TOT (DAaKT, YTO KOJeOATEIbHBIE MOJIBI, BHIYMCICHHBIC IS
koHpurypamuu ['TIY-okta (55 M3B 1 58-61 M3B), cpaBHUMBI ¢ XapaKTepHBIMU KoJeOaHUSIMU
B okcuae AgO: 53 maB, 58 3B u 61 MdB. A konebaTebHBIE MOBI, BBIYUCICHHBIE IS
koHurypauuu ['LIK-terpa (49-54 m3B, 59-61 M3B, 66-67 M3B) cpaBHUMBI ¢ XapaKTE€pPHBIMU
kosebanusmu B okcuae Ago0: 53 maB, 61 maB, 66-67 MaB.

e Daza (4x4)

JanbHeliniee yBenuyeHUE CTENEHU MOKPBITUS KUCIOPOAOM MPUBOJUT K PEKOHCTPYKLIMH
noBepxHoctu Tuma (4x4). OpHako, Kak OBUIO TMOKAa3aHO B HAIUX JKCIIEPUMEHTaX,
(dbopMHpoBaHHE PEKOHCTPYKLIMU MMeEeT Oapbep MO JAaBICHMI0. B 4acTHOCTH, yCTaHOBIIEHO,
yTo B ciydae ancopouun mipu 423 K dbopmupoBanne daszel (4x4) cTaHOBUTCS BO3MOXKHBIM
TOJNBKO NPU JABJIEHUAX KHUCIOpPOAA BBILIE, YEM 5x107 Topp. Kpome Toro, okazanock, 4ro
UMEHHO Tpu ycioBusx (423 K u 5x107 Topp) npoucxoaut Hanbosiee ONTUMAIBHBIN POCT
¢azel (4x4), npuBojsamumit k 100 % mokpbITHIO. YBeNIWYeHHE JaBI€HUs KUCIOPOia IPUBOIUT
K TOMY, 4TO CTPYKTypa (4%4) cTaHOBUTCS JNe()EKTHOW M YacTO COCYIIECTBYET C 00JIACTSIMH,
COJIEpKAIMMH TEMHBIE TOUKH.

Ha puc. 4 nokazana cepust CTM-uzo0Opaxkenuii mocite ancopoumu O, mpu 423 K u
naBieHnn 5x107 Topp. Ilocme 25 muH. skcnosummu Op; Ha TOBEPXHOCTH HAYMHAIOT
MOSABIIATHECS CBETIBIE OO0BEKTHI BICOTONH okono 1 A u pasmepom 3-8 A. Kpas crymeneit
baceTupyroTcs, mpuoOperass TpeyroibHyro (Gopmy. BOmm3u crymeHel cBeTiible OOBEKTHI
TPYNIUPYIOTCS B YNOPAJIOUYEHHBbIE JIMHEWHBbIE CTPYKTYphl (leTaiu cM. Ha puc. 4a). Ilpu
JAHHOW SKCIIO3UIIMU HAOIOAI0TCS JTUIIh eIWHUYHBIE 3apobiimn (as3el (4x4). YVBenuueHue
9KCIIO3UIIUU MOJIEKYJIIPHOTO KUCIOPOa MPUBOAUT K POCTY Ha KpasiX CTYNEHEW TPeyrojbHbIX
obnacteld ¢ peKoHCTpykiueid 4x4, kotopas mocne 3Kcrno3uiu 200 MHH. MOKPBIBaET BCIO
noBepxHocTh AQ(111) (cM. puc. 46 u 48).
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100 muH. O,

200 muH. O,
Y

li(a) 44

Puc4. CTM wusobpaxenus (1060x1060 A%, 77 K), mnomydeHHele mocie ancopouuu
MOJIEKYIIPHOTO KHCI0poaa Ha moBepxHocTs Ag(111) mpn 423 K u masnennn 5x107 Topp. (a)
BpeMms 3kcro3uiiuu 25 muH.; (6) 100 mun.; (B) 200 MuH.

Ha puc.5 mnpencrasmena cepus CTM-u3o00pakeHHl OJHOTO M TOTO JK€ YydYacTKa
okucienHoi moepxHoctd AJ(111) co cTpykTypoil (4x4), momydeHHas g Pa3IAYHBIX
HaNpsHKCHUH MEeXIy urioi u oopasmnom. [Ipu aHu3kux Hanpsokerusx (<1 B), crpykrypa (4x4)
BBITJIIAUT Kak CTPYKTypa THINA «IYEIMHBIX COT», B IIOJHOM COOTBETCTBUU C
OIyOJIMKOBaHHBIMU paHee NaHHbIMH. OJHAKO MpH YBEIMYCHHWH HampspkeHus no +2.5 B Ha
CTM-u300pakeHUH MOSABISIETCS JONOIHUTENbHBIM KOHTPACT: YacTh KOJIEL] CTAHOBATCS Oosee
cBeTbIMH, YeM apyrue. [Ipu Hanpspkenun Us=+3.6 B Ha MecTe CBETJIbIX KOJIEL NOSIBISIFOTCS
sApkue 00BEeKThl BhICOTOH ~ 1 A. OTMETHM TaksKe, YTO HE3aTPOHYThIE KOJbLA COXPAHSIOT
yriayOjieHHe B LIEHTpPE, KaK M B Cllydyae HU3KHX HampspkeHui. Peskuit kontpact Ha CTM-
n300pakeHUsIX coxpaHsercs A0 HanpspkeHuil +7 B. Takum oOpas3oMm, aias CTPYKTyphl
Ag(111)-p(4x4)-O BrepBbic OOHAPYKEH CHUIIBHBIN 3JIEKTPOHHBIH 3 PEKT, KOTOPBINA MO3BOJIUI
HaM T'OBOPHUTH O CUJIIbHOW HEOJJHOPOJHOCTH CTPYKTYPHI.

+2500 mV'

108x108 A’ 77K
Puc. 5. CTM wu300paxkeHHUs CTPYKTYpPhl OJHOTO W TOTO K€ YydYacTKa IOBEPXHOCTH CO

crpykrypoit Ag(111)-p(4x4)-O, 3anmcaHHble ISl Pa3THYHBIX HANPSHKCHHH MEXKIy HIVIOH U
oOpasiioM. BuaHo, 4To cucTema He SIBIISIETCS OTHOPOTHOM.
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Crnenyer OTMETUTh, YTO U3MEPEHUs, POBEICHHBIE MPU MOCIEA0BATEILHON aIcopOLuu
MOJIEKYJISIPHOTO KHCJIOpPOJa M €ro 4YacTHYHOM JecopOIuM, IMOKa3zaau, 4yTo 4eM OoJiblie
CTETeHb MOKPBITUS MOBEPXHOCTH (a3oi (4x4), TeM OOJbIle «3aNOTHEHUE» LIEHTPOB KOJIEI]
spkuMu oObekTamu. Ha puc. 6a mokazansl ocTpoBkH ¢ (a3oit (4x4), chopmupoBaHHBIE Ha
HAaYaJlbHOW cTaguu aacopOruu. BuaHO, 9TO IEHTpajdbHas 4YacTh OOJBIIOTO OCTPOBKA
cBOOO/HA OT APKUX OOBEKTOB. B HACHIIIEHUU KUCIOPOJHOTO MOKPBITUS, MPAKTUYECKU BCE
KoJbIIa (4x4) oKa3bIBAIOTCS 3aMOJHEHHBIMU (puUC. 60).

- . - » N : -
',A -w e el o

Puc. 6. CTM wmsobpaxenune dazsr Ag(111)-p(4x4)-O (Us=+3.6 B). (a) HauanbHast CTaaus
a7copOIH — OTAENBHBIC OCTPOBKH; (0) CIUTIOMIHOM CI0H (a3bl 4x4.

Pacmennienue cTpyktypsl (4x4) Ha aBe (a3bl CBHAETEIBCTBYET O TOM, UTO MpOCTas
Monenb AQs HE ONKCBIBAET BCE MHOrooOpa3ue SKCIEPUMEHTAIbHBIX JMaHHBIX. Jlis
pacmudpoBKu CTPYKTYpHI (pas3wl (4%4) Oblia mpoBeaeHa (YHKIIMOHATH3AIUS UTIbl aTOMaMU
XJI0pa, B pe3yJIbTaTe KOTOPOU PE3KO BO3pOCIO pazpemieHue. Ha puc. 7 npeacraBiieHbl HOBbIE
CTM-u300pakeHus, KOTOpPbIE MO3BOJISIIOT TOBOPUTH O mporiecce (GopMHUPOBAHUS CTPYKTYPHI
(4%4). Bunno, uto (aza (4x4) melCTBUTENBHO HE SIBJISICTCS OJIHOPOJHOW: OHA COCTOUT W3
Kojen pa3Hoi cCTpykTypbl. CymiecTByloT OOJbIIMe HE3alMoJHEHHbIe Koibla («1»),
c(hOpMHUPOBAHHBIE XapaKTePHBIMU JICTIECTKAMH, a TaKKe Malible Koibla («2»). Ynmanoch
YCTaHOBUTH, B3aMMOCBS3b MEX]Y THIIOM KOJIEIl U CIIEKTPOCKOMUYEecKoil 3aBucuMocthio CTM
M300paXeHUH, TIPEJCTABICHHON Ha puc. 5. B 4acTHOCTH, MOKa3aHO, YTO MEHTP OOJBIIMX
KOJIeI] OCTaeTcs TEMHBIM MPHU HampshKEeHUsX Ha obOpasiie +3.6 B, B To BpeMs Kak B IIEHTpax
MAJIBIX KOJIEI] IOSBIISIETCS SIPKOE TISATHO.

Ha puc. 8a mokazana Mmojenb, COOTBETCTBYIOIAs OOJbIIUM KoiblaM. IlomoOHas
CTPYKTypa COOTBETCTBYeT cTeneHu nokpeitus 0.313 MoHOCHOs U ObLIa Npejicka3zaHa B paboTte
Medpdnepa u ap. [2]. Teopernueckoe CTM-u300paxeHne TaKOHl CTPYKTYphl COJEPKHT
XapaKTEepHBIC JICTIECTKH, (HOPMHUPYIOIINE KOJIBIO TUMA «1» Ha puc. 7. YBeIUYCHHE CTENECHU
MOKPBITUSL KUCJIOPOJOM, IMO-BUANMOMY, TPHUBOJUT K YIUIOTHEHHIO CTPYKTYpHI 3a CYET
n00aBIICHHsI MaJIBIX KOJIeI B IIeHTp Oonbmux (cM. puc. 8a u 80). Ecnu mporecc 3amonHeHUs
OOJBIIUX KOJICIl MPOJOIKHUTH, TO (OPMHUPYETCS CTPYKTypa, TMOKa3zaHHas Ha puc. 8B, B
KOTOpoi (QakTtuueckn (HOPMHUPYIOTCS TPEYTOAbHUKH U3 6 atomMoB cepedpa (Agg). Ilocme
MIOJTHOTO YIUIOTHEHHUSI KOJIEI] — CUCTeMa MEePeXOAUT B CTPYKTYPY, OMHUCHIBAEMYIO MOJIEINBIO
pexonctpykiuu Ags [10-11] OnHako B OTIMYKME OT OpUTHHAIBHONW Mojaenu Ags, B paMKax
HaIle MOJENu B IEHTPE KaXJOro TPEYroJbHUKa MPUCYTCTBYET JOMOIHUTENBHBIA aTOM
kuciopona. Hannuue 3Toro aroma Kuciiopoaa Ha TpEYrojJbHUKE ObLIO I0Ka3aHO HAMH B XOJI€
HCCIIeI0BaHMsI KOaICOpOIMK KUCIopoaa i Xjopa Ha rpann Ag(111) [12].
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3aMKHYTHIX 1enodexk —Ag—O-Ag-O-,

Puc. 7. (a) CTM-uzo0Opaxenue mnoBepxHoctn AQ(111)-p(4x4)-O, mnomyueHHoe TmoOCie
(hyHKITMOHAHM3AINA Ul aToMaMu XJopa. (0) @parmenT kaapa u3 (a), Ha KOTOPOM TTOKa3aHbI
oopIIne «1» 1 Manble «2» KOJbla.

A «1»

(@) (6) (B)

Puc. 8. (a) CtpykrypHas Moaens konen ¢assbl (4x4), GopMUPYIOIINXCS Ha HAYaJIbHOW CTaaAuU
pocta; (0) BHeApeHHE IOMOJHHUTENBHOTO OKCHUAHOTO KOJIbIA B IIEHTP OOJBIIOrO KOJIBLA;
(B) bopMupoBaHUE CTPYKTYpHI, comepkameid TpeyrodbHUKH Agds. ATOMBI cepebpa MOKa3aHbl
CepbIMU Kpyramu, a KHCJIOpoja —KpacHbIMH. UepHble pOMOBI COOTBETCTBYIOT 3JIEMEHTapHON
siueiike 4x4.

Takum 006pazom, HaMH MOKA3aHO, YTO HA HA4YaJIbHOU cTaguu popmupoBaHus (assl (4x4)

Ha noBepxHocTH AQ(111) ee cTpykTypa He siBisieTcss ogHOpoaHoi. Hamu m3yuen mporece
YIUIOTHEHMSI OOJIBIIMX OKCHUIHBIX KOJIEIl U Mepexo/a B CTPYKTYPY, ONM3KYI0 K OMUCHIBAEMOI
Mmojenblo Ags. HaOmroseHue NOCTENEHHOro YMJIOTHEHHMS OKCHAHBIX KOJIEI] IO3BOJISET
3aKJIIOUUTh, 4yTO (a3a (4x4) sBisieTcs CI0XHBIM IMOBEPXHOCTHBIM OKCHUIOM, COCTOSIIUM W3
a HE SBIAETCA IIPOCTOM PEKOHCTPYKLIMOHHOMU

CTPYKTYPOM.
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Ancop6uus O, Ha moBepxHocTh AQ(111) mpu komHaTHOM Temnepatype (300 K)

Ha puc. 9a u 10a mokazansr CTM-u3o0paxenus okucieHHou moepxHoctu AQ(111),
MOJIy4YEHHBIE MOCIIE aCOPOIUN MOJIEKYJIIPHOTO KUCIOPOAa (p=5><10'2 Topp *x 200 muH.) pu
temrneparype 300 K. BugHo, 4To CTpyKTypa COCTOUT M3 OTACJIBbHBIX HEYNOPSIOUYECHHBIX
CBETJIBIX 0OBEKTOB, pa3/ielieHHBIX paccTosHueM 6-8 A.

CTM-u3obpakeHue, MmokazaHHOe Ha puc. 90, COOTBETCTBYET MOBEPXHOCTH M3 pHC. 9a,
Harperoi 10 temneparypsl 430 K. Buano, uro cucrema npereprena HEKOTOPbIE U3MEHEHHUS:
oHa crana Ooyiee PHIXJIOW, KPOME TOTrO IMOSBWIACH JHHEWHAs YIOPSIOYEHHAs CTPYKTYypa.
CrnenyeT OTMETHTb, UYTO HM3MEHEHHas CTPYKTypa COCTOMUT MPHUOIM3ZUTENBHO M3 TaKUX JKe
00BEKTOB, KaKk M 0 mporpeBa. HarpeB mo Oosiee BBICOKOI TemmepaTypbl MPHUBOAMUT K
[IOCJICZI0BATEIBHOMY IOSIBJICHUIO JBYX YIHOPSAAOYEHHBIX CTPYKTYp: JIMHEHHOU (8x2V3) u
rekcaronanpHoi (3x3) [cMm. puc. 98, 9r, 106 u 10B]. Crpykrypa (3%3) sBisercss camoi
CTaOMIIBHOM M HE Ucue3aeT npu mnporpese 10 523 K.

R : : w‘ - o
Puc. 9. (a) CTM-mzo0paxenune (300x300 AZ), noirydeHHoe Tmociie ancopbuuu O, Ha

moBepxHocTh AQ(111) mpu Temmneparype 300 K. (6-1) CTM-nzobpaxenns (300%300 AZ)
cucTeMbl 13 (a) mocie nocyieaoBaTeabHoro Harpesa a0 430 K, 440 K, 460 K.

Puc.10. Jleransusie CTM-u3o06paxenns (101x101 A®) 1moBepXHOCTHBIX CTPYKTYp Ha TpDaHH
Ag(111). (a) HENOCPEACTBEHHO TOCIE aJACOPOIMK MOJIEKYJIAPHOro KUCiIopoza; (0) JnHehHas
(8><2\/3) u (B) rexcaroHanbHast (3%3) CTPyKTYpHI, IOIy4YeHHBIE B Pe3yJIbTaTe IPOTPeBa.
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B Hameli pabGore MeTomoM 3IeKTPOHHOM (rKe-CIEKTPOCKONMMHM OBLIM  IOJIyYeHBI
JIOTIOIHUTENbHBIE ~ JaHHbIE,  [O3BOJSIOLUIME  MpUINUcaTh  HaOII0OJaeMoe  MOKPBITHE
dbopmupoBanuo kapOonatoB. JlelictBurenpbHo, Ha puc. l1la mokazansl Oxe-CHEKTPHI,
COOTBETCTBYIOIIIME JHepreTudeckomy auana3zony 220-310 3B. Jlns uwcToii cepeOpsiHOM
MIOBEPXHOCTU ATOT MHTEPBAJ COAEPKUT ABe JuHuU npu 260-265 3B u 303 3B, cBs3aHHbIE C
nepexogamu Ag MNN. Crektp umctoii moBepxHoctd Ag (111) moka3aH 3eJ€HBIM IIBETOM.
Ancop6rus kucnopoaa npu 300 K npuBoauT k MoaudUKauy TOHKOW CTPYKTYPbI IUHUH TTPU
260-265 5B: neBblii MUHUMYM JBHIKETCS BBEpPX, a MPaBbli MUHUMYM JBHIKETCS BHH3 (CM.
creKTp cBepxy). CiieayeT OTMETHTh, YTO MHTEHCUBHOCTD JIpYTUX JIMHUHA cepedpa mpu 303 »B
u 355 5B (ocHoBHas nuHHS A(Q) CHIKAETCs, B TO BpeMs Kak (GopMa UX JTUHUH OCTaeTCs
HEM3MEHHOH. MBI He MOXeM OOBSCHHTH M3MeHeHue Orke-CIIeKTPOB TMOSBICHHWEM HOBOTO
XUMHUYECKOI0 COCTOSIHUS cepedpa, MOCKOJIbKY B 3TOM Cllydae JOJKHBI ObITh 3aTPOHYTHI BCE
Osxe-nuHuK. MBI mpeanonaraeM, 4ro HaOmromaemMoe u3MeHeHHe B (OXe-CIeKTpe MOKHO
OTHECTH K IOSBJICHUIO Ha TIOBEPXHOCTH aTOMOB HOBOIO THIIA, XapaKTEPU3YIOLIUXCS
orpeieieHHON TUHUEH. YToOBI U3BJI€Yh HOBYIO JIMHHUIO U3 CIIEKTPA, Mbl HOPMaJIH30Baiu 00a
cnektpa juHued npu 303 3B u 3aTeM BBIWIM OAMH CHEKTP M3 Jpyroro. B pesymprate, MbI
MIOJIYYMJIN OTAEJIBbHYIO JIMHUIO IIpH ~ 365 3B.

50 T LA L B L B LA L B B T T T T T T T
a —~ 0.4 6 4
0] 90C @) g aoc (6)
o
= 5 0.3 |
© 30- >
g Zos
5 20- o
5 01
O 10- ©"
: | |
8000 A
S 0 Q
T [
o Z 6000
101 o
N = 4000
20 265 2B 3
=
yucTas nosepxHocTb Ag(111) 5 2000+
-304 okucneHHas npy 300 K noe-t6 Ag(111)
—— C KLL (kap6oHar) 0
220 2(‘30 24|,0 2%0 2l’|50 ZTI’O 2é0 QEIIO S(IJO 31|0 320 300 400 500 600 700
OHeprus, 3B TemnepaTtypa, K

Puc. 11. (a) Onextponnsie Oxe-CIEKTPHhI, MONTy4eHHbIe B mporiecce okuciaenns Ag(111) mpu
300 K. (0) 3aBuMcHMOCTP MHTEHCHBHOCTH JHHHM 2653B 0T TeMmepaTypbl HpU OTXKHUIe
noBepxHoctd Ag(111). (8) CuexTpsl TepMoaecoopOny, YKa3bIBAIONIUE HA TO, YTO MPOAYKTOM
necopouunu B nuanasone 350-600 K sensercsa CO,.

AHanu3 Bcero sHeprerudeckoro auanaszona (10-1000 5B) mokassiBaeT, 4TO B CIIEKTPE HE
MOSIBJISIETCS. HUKAKUX JOTOJHUTEIbHBIX JUHUHA. B 3TOW cBS3u, MBI MpeljiaraeM CBs3aTh
muHMI0 Tipu 265 3B ¢ mepexonom KLL yriepoma B xapOonaTHO# aze cepebpa. lannoe
YTBEPKACHUE MOATBEPKIAeTCA TaHHBIMU, MMOJYYEHHBIMH JJIs KapOOHAaTa JIUTHUS, B KOTOPOM
II0JIOKEHHE YTJIEPOIHOM JIMHUY OKa3aJIoCh paBHBIM 263 3B, a He 272 3B [13].

3aKkjJIrouYeHue

Taxum 06pa3oM, HaMH YCTaHOBJIEHO, YTO MPU AACOPOIIMH MOJEKYISIPHOIO KMCIOPOAa Ha
noBepxHocTy AQ(111) npu koMHaATHOM TemriepaType U JaBJICHUH B AUarla30He 102-10" Topp
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MPOUCXOIUT MPEUMYIIECTBEHHBIN POCT IUIOXO YHopsaoueHHOW (as3bl kapboHata cepebpa.
Harper kapOoHaTHOW ¢a3pl NPUBOAUT K YIOPSAOUYEHHUIO U CTPYKTYPHBIM (Ha30BBIM
nepexonaM. BeicokoremmnepatypHas kapooHaTHas (aza (3%3) necopOupyercs ¢ MOBEpXHOCTH
TOJBKO TToce HarpeBa a0 573 K, 1.e. sBisieTcsl cTaOMILHOM TIPH TEMITepaTypax 3HAYUTEIbHO
npeBbimarommx  150°C (423 K) [puc. 116 u 11B]. dopMupoBaHUsS MOHOCIOS
a71copOMPOBAHHOTO KUCIOPO/a MPU TaKUX YCIOBUSAX aJICOPOIIMH HE TPOUCXOAMT.
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HpOCTpaHCTBeHHO-HEOI[HOPOI[HLIe KBAaHTOBO-pasMEpHbIC COCTOAHUA B

TOoHKUX Pb miaenkax

A.B. HyTI/IJIOBl, C.C. yCTaBHII/IKOBl’Z, C.U. Boxko® u AJO. Anajgpinkun’

Y Unemumym usuxu muxpocmpyxmyp PAH, 603087, Huscnuti Hoseopod, ya. Akademuueckas, 0.7.
2 Huowce20podckuii 20Cy0apcmeeHHbiil yrusepcumem um. H.U. Jlobauesckozo, 603950, Huowcruii
Hoezeopoo, np. I'acapuna, 0.23.

8 Unemumym ¢husuxu meepoozo mena PAH, 142432, Yepnozonosxa, Mockosckas obi., yi.
Axaodemuxa Ocunvana, 0.2.

MerogamMu  HM3KOTEMIIEpAaTypHOM CKAaHHPYIOLIEH TYHHEIBHOM MHUKPOCKOIMH U
CHEKTPOCKOMUU  HCCJEeOBaHA IPOCTPAHCTBEHHAs 3aBUCHUMOCTh  auddepeHnanbHoi
MIPOBOJIMMOCTH YIbTPaTOHKUX Pb mnéHok, ocaxneHHbix Ha moBepxHocts Si(111)7x7. [Ins Pb
IUIEHOK XapaKTEepHO HAJM4KMe KBAHTOBO-PAa3MEPHBIX COCTOSHUHN 3JEKTPOHOB MPOBOAMMOCTH
M, COOTBETCTBEHHO, MAaKCHMyMOB au(pdepeHnrnanbHoil TyHHEIBHOW MPOBOJUMOCTH, HpU
9TOM UX SHEPTHUs OMPEeIsAeTCs B OCHOBHOM JIOKaJIbHOM TonmuHoM Pb crnos. [[ns nocrarouno
TONCTBIX Pb mnéHOK OOHAapYyXeHbl KPYMHOMACIITaOHbIE HEOJAHOPOIHOCTH TYHHEIBHOM
MIPOBOAMMOCTH, MPOSBISIONINECS B IUIABHOM CABUIE€ YPOBHEH pa3MEpHOr0 KBAaHTOBAHUS Ha
BennuuHy mopsaka 50 meV Ha mpocTpaHCTBEHHBIX MacmTabax mopsika 100 nm. Mer
MoJiaraéM, 4TO TaKHe HEOJHOPOAHOCTH TYHHEIBHOH MPOBOAMMOCTH M, COOTBETCTBEHHO,
IUIOTHOCTH COCTOSHMM B IUIEHKaX Pb Moryr OBITH CBsI3aHBI C HAJMYMEM BHYTPEHHUX
neeKTOB KPUCTAJUIMYECKON CTpYKTyphl. PaboTa BhINMonHeHa npu (UHAHCOBOW MOJIICPIKKE
Poccwuiickoro ¢onma ¢ynmameHTanbHbIX uccienoBanuii (mpoekt 19-02-00528, CTM-CTC
u3MepeHus)u B pamkax rocyaapcteHHoro 3ananus UOM PAH u UDTT PAH na 2019 rog
(uHTEpIpeTanus pe3yibTaToB).

Nonuniform quantum-size states in thin Pb films
A.V. Putilov}, S.S. Ustavshchikov'?, S.I. Bozhko® and A.Yu. Aladyshkin?

! Institute for Physics of Microstructures RAS, 603087, Nizhny Novgorod, Academicheskaya str., 7.
ZN.I. Lobachevsky State University of Nizhny Novgorod, 603950, Nizhny Novgorod,

Gagarin avenue, 23.

® Institute for Solid State Physics RAS, 142432, Chernogolovka, Moscow region., Ac. Ossipyan str., 2.

The dependence of differential tunneling conductivity on the lateral coordinates for thin
Pb films deposited on a reconstructed Si(111)7x7 surface is studied by means of low-
temperature scanning tunneling microscopy and spectroscopy. The formation of quantum-size
states for electrons and, correspondingly, the appearance of maxima of differential tunneling
conductivity are typical for thin Pb films. The energy of quantum-size states is determined
mainly by local thickness of the Pb film. We observe large-scale inhomogeneities of tunneling
conductivity for relatively thick Pb films, what reveal itself as monotonous shift of quantum-
size levels at about 50 meV at distances of the order of 100 nm. We think that such spatial
variationd of tunneling conductivity and, correspondingly, local density of states in Pb films
can be related with internal defects of crystalline structure. The work is supported by the
Russian Fund for Basic Research (project 19-02-00528, STM-STS measurements) and within
state assignments for IPM RAS and ISSP RAS in 2019 (interpretation of results).
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Beenenune

Jannas paboTa TOCBSIIEHA OHKCIEPUMEHTAIBHOMY HCCICIOBAHUIO OCOOCHHOCTEH
AIIEKTPOHHBIX CBOMCTB TOHKHX TUICHOK PD ¢ MOMOIIBIO HU3KOTEMITEPATYPHOU CKaHHPYIOIIEH
TyHHENBbHOM Mukpockonuu u cnekrpockonuu (CTM/CTC) [1, 2]. Mbl npeasiaraeMm mpocToii
croco0 BHU3yalnM3allMM oO0NacTel ¢ SBHBIMH M CKPBITBIMU JAe(eKTaMu, OCHOBaHHbBIN Ha
CHHXPOHHOM HU3MepeHuH Tomnorpadpuu u auddepeHnnanbHoi TYHHEIBHON MPOBOAMMOCTH,
HEINOCPEACTBEHHO B IIPOLIECCE CKAaHUPOBAHUA. OTO IO3BOJIET YCTaHABIMBATH KOPPEISILIMIO
MEX]y JOKaJIbHBIMH 3JIEKTPOHHBIMUA CBOWCTBAMH U TOJOKEHHEM CTPYKTYPHBIX Ae(EKTOB.
Msbl mosmaraeM, 4YTO OOHapy)X€HHble HaMH KpPYNHOMACHITaOHblE HEOJHOPOAHOCTH
Qg depeHIranbHON MPOBOAUMOCTH Ha Teppacax ¢ HOMUHAIBHO IMMOCTOSHHON BBICOTOM MOTYT
ObITb CBfI3aHBl C HAJIMYUEM HEOJHOPOJHOCTEH KpPUCTAIMYECKOH CTPYKTYpbl U
CBHJICTEIILCTBOBATh, HANpUMEp, O JIOKAJbHBIX JJICKTPUUYECKUX W/HIM MEXaHHYECKUX
HaIPSDKCHUSAX.

JKCcNepUMEHTAILHAS MPoLeaypa

UccnenoBanus snekrpodusnueckux cBoicTB Pb HaHOCTpyKTyp ObUIM IpOBEAEHBI Ha
ycranopke UHV LT SPM Omicron Nanotechnology. Tepmuueckoe ocaxuaenue Pb Ha
PEKOHCTpYyHpPOBaHHYIO  MOBepXHOCTh Si(111)7%X7  ocymecTBIsIOCh TpPH  KOMHATHOM
temneparype u masnenun 3x107'°mGap co cxopocteio mopsaka 0.5 HM/MuH. Bpems
HambUICHUs1 BappupoBasiock oT 5 no 40 muH. Pensed Pb octpoBkoB ObLT mCciemoBaH
metogoM CTM mnpu temnepatype 78 K B pexxume ynaepkaHus TyHHENbHOTro Toka | mpu
nocTostHHOM TmoteHnuane U oOpasna OTHOCHTENBHO 30HIA TYHHEIBHOTO MHKPOCKOIA.
OneKkTpoHHbIe cBoWcTBa Pb OCTpOBKOB ObUIM HCCIIEI0BaHbI METOJIOM TOYEUHOW TYHHEIbHOU
CIIEKTPOCKOIHH, 3aKitovaBiieMcsi B uaMepenun cepun xapakrepuctuk [(U) m G(U) npu
¢ukcupoBannoMm mnonoxenud uriel, rae G=dl/dU — nuddepenuunanbHas TyHHeIbHAS
MPOBOJIUMOCTh KOHTAaKTa «HWrila—o0paser». MeToqoM CKaHHPYIOWEH MOIYISIHOHHON
TYHHEJBHOM CHEKTPOCKONMUHU OBLIM MOJY4YEeHbl KapThl JIOKaJbHOU au¢depeHnuanbsHon
MPOBOJIMMOCTH. [[JIs 5TOTO ¢ TOMOIIBIO CHHXPOHHOTO JIETEKTOPA MBI BBIACIISUIA ITEPEMEHHYIO
COCTABJIAIOLIYI0 TYHHEJIBHOTO TOKa, KOTOpass MOSBIsUIach MpH Iojgadye Ha obOpaser
nepemernoro norermuana U=Ug+U;ic0s(27zfot), roe f=7285 I'm uUi<<U,. 3amerum, 4ro
aMIUTATyJa OCLHWUIANMKA TOKa Ha vactote Moaymsiuuud fy  mpomopumonanmbHa
muddepentmansaonn npoomumoctu  G(Up). Takas meromuka [1] MO3BOJSIET MONTy4aTh
Tomorpaguueckue U300paKeHHs B  peXUMe  yIepkaHus cpenHero Toka lo u
MPOCTPAHCTBEHHBIE 3aBUCHMMOCTH G OT narepaibHBIX KOOpPIWMHAT X W Y TpPH 3aTaHHOM
3HaueHun Ug.

nj’i‘.’ ’I'GAA:

t. L, c"\ ﬁ:.i oWl 5

,» [‘ W

Puc. 1. (2) CTM-u306paskenre mosepxuocta Pb octpoBka (175><175 uM?, Ug= 500 MB, lo= 400
nA), MyHKTHPHOM JIMHUEH MMOKa3aHa MPOSKLMS JTMHUH AUCIOKAIOHHOW TIETJIM Ha TIOBEPXHOCTh
obpasua. (b,c) Kaprter auddepenuuansHoii TyHHenbHOM npoBoaumoct G(X,y,Up) st yyacTka
MMOBEPXHOCTH, M300paxkeHHoro Ha (a), momyuernsie mpu Uy = 500 MB (b) u Uy = 600 MB (C);
U, =40 mB. Cgetnpie (TeMHBIE) 00aCTH COOTBETCTBYIOT Ooiblied (MeHbIIEH) TYHHEIbHON
MPOBOJUMOCTH.
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Pe3yJILTaTLI H 06cy>1cnelme

Ha puc. 1a mokazano Tomorpadguueckoe M300pakeHHE ydacTKa MOBEPXHOCTU U KapThl
npoBogumoctd  G(X,y,Up) mns  ABYX pasHbIX JHEPrH, CHSTBIC OJHOBPEMEHHO C
TomorpauecKuM H300pakeHHeM Ha mpsMoM u  obparHom xoxe (puc.lb u Ic,
COOTBETCTBCHHO). JIOKayibHAsi TOJIIIMHA IUICHKH B OOMacTH | MpeBbIIACT TOJIIMHY B
obnactsax Il u Il Ha oguH M 1Ba MOHOCIIOS, COOTBETCTBEHHO. Kak cieacTBUe, MpU pa3HBIX
SHEPrusx TyHHeIbHas MpoBOAUMOCTH B obnactsax I u III mmeer mpakTHUECKH OJMHAKOBYIO
BEJIMYMHY, KOTOpas CWJIbHO OTJIMYaeTcs OT ImpoBoAuMMOCTH B obmactu II. Otmerum, uto
HEMpPEepPHIBHOE HW3MEHEHWE BBICOTHI IUJICHKH BOJW3M IIEHTPAa BUHTOBOM JUCIOKAIIMA HE
MPUBOJUT K IJIABHOMY M3MEHEHHMIO TYHHEJIbHOW MPOBOAMMOCTU. HampoTus, MpoBOIMMOCTh
MEHSIETCS CKAuKOM TMpU TEPECCUYCHUH HEBHIMMON Ha TomorpaduveckoM H300pakeHun
JIUHUH, KOTOpasi COOTBETCTBYET CKPBITOM YaCTH MUCIOKALMOHHON MEeT/IH BHYTpU Pb muenku
(myHkTHpHas JUHUS Ha puc. 1a). OuyeBHIHO, YTO BOJIM3M NMYHKTUPHOW JIMHUM H3MCHCHHE
YKClia MOHOCIIOEB MPOUCXOIUT MPU HEU3MEHHOH TOJIIMHE, TOITOMY NP MEPECEUCHUH ITOU
JUHUHN KOHIIEHTPAIUs D3JCKTPOHOB N JIOJDKHA M3MEHHUTBCS CKadkoM. IIpocThie oOleHKH
MOKAa3bIBAIOT, YTO B MOJIETTH CBOOOHBIX IJIEKTPOHOB JHO 30HBI IPOBOJAUMOCTH B obnactu [V
JOJDKHO TIOHM3UTHCS Ha BEIMYUHY mopsnka 0Ep~90 MdB nmns obecniedeHHs MOCTOSIHCTBA
ypoBHsi @epmu. [Tockonbky 0Fy Onam3ka k nmojoBuHe AE, mepexon yepe3 HEBUIUMYIO YacCTh
JUCIIOKAIIMOHHON TETIM JOJDKEH TMPUBECTH K PE3KOMY M3MEHCHHMIO KOHTPAacTa Ha KapTax
TYHHEJIbHOI MPOBOIUMOCTH.

100 200 300
Distance a-b, nm

Puc. 2. (a) CTM-u3obpaxenne mosepxsHocTH Pb octpoBka (460x460 um?, U,=800 MB,
1,=400 mA). (b) Kapra muddepenunansuoit nposomumoct G(X,y,Ug) Toro xe ydvacTka
nosepxnoctr; Uy=800 mB, U;=40 mB. (c, d) IIpodunu Tomorpaduueckoro HM300pakeHus u
aubdepeHINaNbHO TPOBOAUMOCTH BIOJIb MYHKTHPHOW JIMHUM a-D, MyHKTUpHBIC JIHHUH
COOTBETCTBYIOT ypoBHsM Pb Teppac.

Ha puc. 2 mokazanel Tomorpaguyeckoe u300pakeHHe M KapThl AuddepeHnaaIbHONn
POBOIUMOCTH 17151 Pb ocTpoBKa, y KOTOPOTro Teppackl MOHOATOMHOM BBICOTEI UMEIOT (OpMYy
KOHLEHTPUYECKUX OKpYx)HOcTel. OTMETHM, 4TO MpoBoAUMOCTh B obnactsax [ u IV 6nu3ka k
MaKCUMaJIbHOU MTPOBOJMMOCTH, a MpoBoAUMOCTb B obnacTsx II u 11l 61m3ka k MUHUMAaTBHON
MPOBOAMMOCTH. OTO TMO3BOJISIET CJAeNaTh BHIBOJ O HAJIWYUM HEBUIUMOW CTYNEHU
MOHOATOMHOM BBICOTBHI B TOJUIOKKE, KOTOpasi 00eCleYnBaeT pe3Koe M3MEHEHUE BETHMYUHBI
MPOBOAMMOCTH B mpenenax oanou Pb teppackr (mepexomapr I-111 u 1I-1V Ha puc. 2b]. Kpome
TOro, OBITM OOHapy>KeHbl Teppachl C IUIABHBIM HM3MEHEHHEM NPOBOJUMOCTH Ha
¢bukcupoBanHoit sHeprun (Hanmpumep, mepexoasl V-VI wa puc. 2b wau I-1I u III-IV Ha
puc. 3b). Ha puc. 2¢ u 2d moka3aHbI onepeyHble CEYCHUS TOMOTPAPHIECKOTO N300paKEHHS
U KapThl TYHHEIHHON MPOBOIMMOCTH BIIOJb OCH a—b, OJIM3KOW K HANpaBICHUIO OBICTPOTO
CKaHUpoBaHHUA. JIerko BUAETH, YTO IUIABHOMY H3MEHEHMIO INPOBOJUMOCTH, OTMEYEHHOMY
KPY’KKOM Ha puc. 2d, COOTBETCTBYET IJIJaBHOE M3MEHEHHUE BBICOTHI T€Ppachl Ha BEIUYHUHY
nopsinka 0.2dy. Ha TonorpadguyeckoM H300paskeHHH, OTMEYEHHOM KPY)KKOM Ha pHc. 2¢. MbI
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nojlaraeM, 4to HaOiromaeMblii 3 (deKT CBsA3aH ¢ HaJIMYUEM BHYTPEHHUX HampspkeHuil B Pb
IUIEHKE, KOTOpbIE M3MEHSIOT M (DAKTHYECKYIO BBICOTY TEppachl, U TOJIO0XKEHUE HA 30HBI
npoBouMOCTH. HanpoTus, ceueHne KapThl TYHHEIBbHOW MPOBOJMMOCTH BIOJIb OCH, OJIM3KOM
K HampaBJICHUIO  MEIJIEHHONO  CKaHUPOBaHMs, HpeAcTaBiaser colOoil  (yHKuMIO,
NPUHUMAIOIIYIO JIBa MpeaeNbHBIX 3HaYeHud [2]. CienoBarenbHO, JOKajdbHas ToimuHa Pb
IUIGHKA BJOJb ATOM JIMHMM JIOJDKHA HW3MEHATHbCS KBAaHTOBAaHHO, a cJOXHas Qopma
3aBUCUMOCTH CHUTHajla OOpaTHON CBSI3M BJAOJIb TOW K€ JIMHUU SIBJISIETCS apTedakToMm
BCJIEJCTBHE HEUACATbHOCTH IbE30CKaHepa U HpPOLENypbl KOMIEHCAUH TIJ00albHOIO
HaKJIOHa 00pasIa.

v

0 50 100 150 200 O 50 100 150 200 O 200 400 600 800

X, nm X, nm V,, mV
Puc. 3. (a) CTM-m3o6paxenne moBepxHOCTH Pb octpoBka (230 x 210 am?, Uy=900 MB,
1,=200 mA). (b) Kapra mubdepenimanpuoii mpoBogumoctd G(X,y) TOro e ydvacTka IMpH
Uo=900 mB, U;=40 MB. (¢) Pasnocts nokansHoi mpoBoaumocta G(X,y,Uq) 1 Hepe30HAHCHOTO
¢dona B(Up) kak ¢pynkius cmemennss Uy u koopauHatsl Y Broab nunuil [-11. SIpkocTh nBera
npornoprmonansHa BeuanHe G(Ug)—B(Up). BepTukanbHast yHKTHpHASI TUHUS COOTBETCTBYIOT
sHaueHuio Uy, mpu KoTOpoM ObLjia MosTy4eHa KapTa (a).

Hns uccnenoBanusi ocoOeHHOCTeN nuddepeHImaibHON TPOBOJIUMOCTH Y4acTKOB Pb
IUICHOK C TUIAaBHBIMH KPYIMTHOMACIITA0OHBIMU HEOJHOPOJHOCTSIMH B 3aBHUCHMOCTH OT
KOOpJIMHAT M DHEPTHH OBUT MCCIIEIOBAaH YYaCTOK IMOBEPXHOCTH OCTPOBKA BHICOTOW MOpSIKA
60 MOHOCIIOEB C TpeMsl CTYNEeHSIMH MOHOATOMHOM BBICOTHI. Tomorpaduueckoe n3o0pakeHue
nmokasaHo Ha pwuc. 3a. Kapra TtyHHenbHO#W mnpoBoauMoctd (puc. 3b) CBHAETEIBCTBYET O
HaJIMYUU PE3KUX TPaHUI], Hampumep, npu mnepexone u3 oodnactu I B obnacts III, BBICOTHI
KOTOPBIX OTIUYAETCS Ha OJUH MOHOCION. OJHAKO TIPH MEepEeMEIeHNH UTIbl u3 obmactu 1 B
obmacth I (nnu u3 obnactu Il B obmacts [V) mpoucxoaut miaBHOE U3MEHEHHE TYHHEIBHON
npoBoaumoctu: mpu nepexoae I-II mpoBogumocts mis Up = 900 MaB ymensbImaercs, mpu
nepexoze -1V — ysenuuusaercs (puc. 3b u 3¢). B 310ii obnacti Obuia MpOBeICHA CEepuUs
U3MEpPEHUN JIOKALHBIX BOJIBT-aMIIEPHBIX XAPAKTEPUCTHK U CHEKTPOB JuddepeHmarbHon
TYHHEITbHOM TPOBOAMMOCTH Ha ceTke 32x32. Jlng aHanmu3a 3aBUCUMOCTU TOJOXKEHUS W
BBICOTHI PE30HAHCHBIX IMHUKOB OT OJHEPrUM MW KOOPAWMHATH W3 Jau(depeHIrnaTbHON
MPOBOJIMMOCTH ObUT HCKJIIOUEH Hepe3oHaHcHbI (GoH B(Up) [2]. Pesymbrarhl u3MmepeHUit
CBUJICTCILCTBYIOT, YTO TPH JABW)KCHHH BJOJb OCH Y MPOUCXOJIUT IUIABHOE CMEIICHUE
YPOBHEH pa3MepHOro KBAaHTOBAaHMsI K 00Jiee BRICOKMM SHEPTUSM Ha BeMHUUHY mopsaka 50 mB
(puc. 3¢). Hampumep, mpu aBwxennn mo jguauu [-1I wHa sueprum 900 MaB mpoucxomut
IUTaBHBIA TEpPexXoJl OT JOKaJlbHOro Makcumyma Ha 3aBucuMoctd G(Up) K JOKaabHOMY
MUHAMYMY, 9TO COOTBETCTBYET YMEHBIICHHIO TYHHEIBHOW MPOBOJUMOCTH. MOHOTOHHOE
HM3MEHEHHE BBICOTHI TEppaC COMPOBOXKIACTCS M3MEHEHHUEM DJIEKTPOHHBIX CBOMCTB 00pasia u
MIPOSIBIIICTCS B BUJIC CHUCTEMATHUYECKOTO CMEIICHUS YPOBHEH pa3MEpHOTO KBAHTOBAaHUS B
uHTepBanie 3HaueHu ot y=0 no y=100 aM. 3ameTuM, yTo HabIIOJaeMasi BETUYMHA CIBHUTa
ypOBHEH OJM3Ka K OIIGHKE CMEIICHUS JHA 30HBI TPOBOJUMOCTH OF), BBI3BAHHOTO
W3MEHEHHUEM DJIEKTPOHHOM TUIOTHOCTH.
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Od4eBUIHO, YTO K IUIABHOMY CMEUICHMIO YPOBHEW DPa3MEPHOIO KBAaHTOBAHMS MOTYT
NPUBOAUTH, BO-TIEPBBIX, MOHOTOHHOE H3MeHeHHe TomuuHbl Pb cnos d(X,y), BO-BTOpBIX,
M3MCHEHHUE YHEPTUM JHA 30HBI MPOBOAMMOCTH Eg(X,y) , B-TpeThUX, H3MEHEHUE IPaHHUYHBIX
ycIoBUM Ha HHTepdeice «MEeTaul-IoUI0KKa». Mbl IpeanojaraeM, 4To MEXaHHUYECKue
HaNpsOKCHUS KPHUCTALUTMYECKOW CTPYKTYpPbI, KOTOpBIE BO3HUKAIOT B Iporecce pocra Pb
CTPYKTYp U MOTYT NPUBOJUTH KaK K M3MEHEHMIO dHEpruu Eg, Tak M K M3MEHEHUIO BBICOTHI
Teppac, SBISAIOTCS Haubojee BEPOSTHON NPUUYMHONW BO3HMKHOBEHHs 001acTeil ¢ TIaBHOU
HEOJHOPOAHOCTBIO TYHHEIBHON IIPOBOJAUMOCTH.

3akja0ueHue

MBsI nokasanu, 4To U3MEHEHHUE JOKaIbHOM TOMMHBI Pb mieHku Ha oanH MOHOCION U3-
3a HaIU4Ms CTYNCHEH MOHOATOMHOW BBICOTHI Ha HW)KHEM WM BEepXHEM HHTepdeicax
IPUBOANUT K PE3KUM IPOCTPAHCTBEHHBIM M3MEHEHUSM (C TUIMYHBIM MaclITaboM MOpsKa
HECKOJIbKUX HAaHOMETPOB) cpenHeil nuddepeHnuanibHOl TYHHENBHOW MPOBOJUMOCTH Ha
3aJjaHHOI sHeprun. beuin oGHapykeHbl KpynHoMacTaOHble Bapuanuu auddepeHnuanibHon
TYHHEIILHOW MPOBOJMMOCTH B IpejenaXx OJHON Teppachkl Pb oCTpoBKa, MpOSBISIOMIKECS B
IUIABHOM M3MEHEHUU SHEPIUHM YPOBHEH pa3MEpPHOrO0 KBAaHTOBAHUS Ha BEIWYMHY IOpSAKa
50 MPB Ha mpocTpaHCTBeHHBIX MacmTabax mopsaka 100 HM. Bo3MoxHONH mpuunHON
KpYITHOMACIITAaOHbIX ~ HEOJHOPOJHOCTEH  AJIEKTPOHHBIX  CBOHCTB ~ MOTYT  CIYXHTb
MIPOCTPAHCTBEHHO-HEOJHOPOAHbIE BHYTPEHHUE HANpPSOKEHHMsT TOHKHX Pb mieHok, xotopsie
MOTYT IPUBOANUTH K HEKBAHTOBAHHBIM W3MEHEHUSM TOJIIKHBI Pb 1051, OTJIMYHBIM OT 11€510r0
gyrciaa MOHOCIoeB. CHCTEeMaTHUeCKOE HCCIIEOBaHNE 3aBUCHUMOCTH UG epeHInaTbHOMI
IPOBOJIUMOCTH OT KOOPJMHAT M DSHEPruu SBJISIETCA YAOOHBIM CIOCOOOM M3Yy4eHHUs
BHYTpPEHHUX JePekToB Pb HaHOCTPYKTYD.

ABrops! npusHartenbhbl J. FO. PonnueBy un A. H. Yaiike 3a mi1o10TBOpHBIE 00CYKIECHHUS.
B paGore ucnons3oBaHo obopymoBanue lleHTpa KOJUIEKTHBHOTO IOJIb30BaHUS “‘Du3nka u
TEXHOJIOTUSI MUKpPO- U HaHOCTPyKTyp” WHcturyra ¢usuku muxpoctpykryp PAH (MOM
PAH). PaGora BbinosiHeHa Npu (UHAHCOBOW MOJIEPKKE YaCTUYHO Iporpammsl [Ipesunnyma
PAH 0035-2018-0019 (u3roroBnenue obpasuoB) u yactTuyHo PODU rpant # 19-02-00528
(CTM-CTC wusmepenust), yacTU4HO B paMkax roc3aganuss U®M PAH (unrepnperarnus
pe3yabTaTOB) M YACTUYHO B paMKax roczananus MHctutyra gusmku tBepaoro tena PAH Ha
2019 r. (uHTEpIIpeTanys pe3yabTaToB).
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B3anmoaeicTrBue MOJIEKYJISIPHOTO HOAA € MIOBEPXHOCTHI0 HUKEJISA

H.C. Komapos®, T.B.ITanosa'?, B.B. Aanromerncllel'2

1 .
Unemumym ooweri pusuxu um. A.M. I[lpoxoposa PAH, 119991, Mockea, yi. Basunosa, 38

2 . .

Hayuonanvuwiil ucciedosamenscxuil ynugepcumem «Buvicuwas wikona skonomuxuy, Mockea

B nanHoii paboTe mnpencTaBieHO JETalbHOE UCCIEJOBAHME HA aTOMHOM YpPOBHE
CTPYKTYPHBIX (ha30BBIX IEPEXOJ0B B JBYMEPHBIX CIIOSX HONa, ancopOMpOBaHHBIX Ha
pa3auyYHble MOHOKPHCTAUIMYECKUE TPaHU HHKENA. YCTaHOBIEHO, YTO B 3aBHCHUMOCTH OT
CUMMETPUHM M TEMIepaTypbl MOJJIOKKH AaTOMHBIM MeXaHu3M (a30BBIX MEPEXOI0B
OKa3bIBAaCTCs pa3anduHbIM. AmcopOuums ioma Ha noBepxHocTs Ni(111) npuBoauT Ha mepBOM
srame K (OPMHPOBAHMIO COpasMepHOil crpykTypsl (V3xV3)R30°, coorBercTBYrOMmICH
creneHd TOKpeITUS 1/3 MC (MOHOCHOs). YBEIWYCHHE CTEICHH IOKPBITHS TPHUBOJIUT K
(OpMHUPOBAHHIO OTAETBHBIX TMETJIEBBIX JIOMEHHBIX CTEHOK W K HX [OCIeAYIoIei
KOHJICHCAIIMM B JIBYMEPHBIA KpUCTALT. B cirydae afgcopOiuu iona Ha rpadb (110) Ha nepBom
sTane GopMHpYETCsl copa3MepHasi CTpyKTypa ¢(2X2), KoTopasi IepexoIuT B HECOPa3MEPHYIO
KBa3UTeKCaroHAJIbHYIO (a3y NpHU YBEIHMYEHUU CTENEHU IMOKPBITUS 32 CYET HEMPEPHIBHOTO
ckaTust Brob Hampasienus [110] ¢ hpopmupoBanneM 1oMeHHBIX CTeHOK. Hanboree cioxxHas
KapTHHA Tepexoa0B HaOmoganacs st rpand Ni(110), Ha KOTOpoW Ha Ha4YaabHOW CTaIUH
(crerienp mokpbiTHS Y4 MC) dopmupyercs copasmepHas pemetka P(2x2). YBenuueHue
CTENIEHU IMOKPBITUS IPOUCXOAMT 3a CYET CEPUU CTPYKTYPHBIX (Pa30BBIX IIEPEXOJIOB,
MPUBOJIALINX K (POPMUPOBAHUIO OOJIee TUIOTHOU CTPYKTYpHI C(5%2) (cTenenn mokpuitus 0.40
MC) na nepekoHcTpyupoBaHHoil moepxHocTH Ni(100). Jlanpheitmas agcopOuusi iona
MPUBOJUT K CEPUH PEKOHCTPYKIIMOHHBIX (PA30BBIX MEPEXO/0B, B XOJ€ KOTOPBIX CTPYKTYypa
BEPXHEr0 CJIOsI MOJUIOKKU M3MEHseTcsa. B pesynbrare, HachlllleHHBIH clIOM #oga (creneHb
nokpbiTusi 0.44 MC) oka3biBaeTcs aicOpOMpPOBAHHBIM Ha MOAU(PHUIIMIPOBAHHONW MOBEPXHOCTU
HUKEJS, coAepKaliel cnenuduyecke sspKue MmojioCkl U CBEPXCTPYKTYPHI.

Interaction of molecular iodine with nickel surface
N.S. Komarov, T.V.Pavlova™?, B.V.Andryushechkin'?

'Prokhorov General Physics Institute of RAS, Vavilov str. 38, 119991 Moscow, Russia
% National Research University Higher School of Economics, Moscow

In this work, we present a detailed atomic-scale study of structural phase transitions in
two-dimensional iodine layers adsorbed on three single-crystal nickel surfaces. Depending on
the symmetry and temperature of the substrate, the atomic mechanism of phase transitions
turns out to be different. At the first stage, the adsorption of iodine on the Ni(111) surface
leads to the formation of a commensurate structure (V3xV3)R30° corresponding to a coverage
of 1/3 ML (monolayer). An increase of the coverage leads to the formation of separate
domain-wall loops and their subsequent condensation into a two-dimensional crystal. At the
initial stage of iodine adsorption onto the (110) face, a commensurate c(2x2) structure is
formed, which transforms into the incommensurate quasi-hexagonal phase by continuous
compression along the [110] direction via domain-wall mechanism at further iodine dosing.
The most complicated picture of transitions is realized for Ni(110), for which a commensurate
phase p(2x2) (coverage 4 ML) is formed at the initial stage of adsorption. Further increase of
coverage gives rise to a series of structural phase transitions leading to the formation of a
more dense c(5%2) structure (0.40 ML) on the unreconstructed Ni(100) surface. Further
adsorption of iodine leads to a series of reconstruction phase transitions. As a result, a
saturated iodine layer (coverage of 0.44 ML) is adsorbed on a modified nickel surface
containing specific bright stripes and superstructures.

DOI: 10.26201/1SSP2019.45.557/SPMAPPL.5
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Beenenune

PemeTrku u3 ajgcopOMpPOBaHHBIX aTOMOB Ha MOBEPXHOCTH METAJUIOB SIBJISIFOTCS OJHOU U3
CaMbIX MHOTOYMCIEHHBIX TPYMHN JIBYMEPHBIX KPHUCTAUIOB. B 4acTHOCTH, rajioreHbl MOTYT
dhopMUpOBaTh HA MOHOKPUCTATMYECKUX MOBEPXHOCTSAX OOJBIIOE KOJIUYECTBO JBYMEPHBIX
¢a3 [1], atomHas cTpykTypa KOTOpPbIX B OOLIEM cllydae OmpelensieTcs MOTEHIUAIbHBIM
penbepoM U CHUMMETpHEW TMOJIOKKH, BEIMYMHOW B3aMMOJCHCTBUS MEXIy aroMaMu
aacopbara, Temmeparypoil momIokKH [2,3], a Takke OSJIEKTPOHHOW KoHpHTrypanuen
rasioreHa [4]. B aTo#t cBs3u, ciou afcopOUPOBAHHBIX TaJOT€HOB HA MOBEPXHOCTH METAILIOB
MOKHO paccMaTpuBaThb B KaueCTBE MOJICIbHBIX, MJIS H3YyYEHHUS CTPYKTYPHBIX (a30BBIX
MEepPEeXo0JI0B B JIBYMEpHBbIX cucTemax. [loMrmo 3TOro, usyueHue CTPYKTYypbl MOHOCIIOEB Ha
Pa3IMYHBIX MOHOKPHCTAJUIMYECKUX TpaHsAX MeTalla UMeeT (PyHIaMEeHTaJIbHBIM HHTEpEC C
TOYKM 3pEHHUS pOCTa JABYMEPHOIO CJIOS TaJOreHuaa MeTajlla, IOCKOJBKY CTPYKTypa
MOHOCJIOS B 3TOM CJIy4ae MOKET OBbITh ONpeAesoeH.

[IpenMeToM wucclnenoBaHUS B JaHHOW paboTe SBISUIOCH W3YYCHHE B3aUMOJICHCTBUS
MOJIEKYJISIPHOTO #0Jla ¢ MOHOKpHCTaJuiMueckuMu rpansmu Hukens (111), (110) u (100),
HaynHAsT OT ()OPMHUPOBAHUS IEPBBIX YIOPSIOYCHHBIX CTPYKTYp Homa no (opmupoBaHUsS
TOHKOM MJIEHKH OBEPXHOCTHOTO HOAMIA HUKEIS.

IKCIEPUMEHT

Bce skcnepuMeHTBI POBOAMINCH B CBEPXBBICOKOBAKYYMHOH YCTAHOBKE C JAaBJIEHUEM
ocraTounbix razos He e 1x107° Topp. B kauectBe 06pasnoB B paGoTe HCIONB30BAIICH
monoxpucramer Ni(100), Ni(110) u Ni(100) (6x6 mm?, Surface Preparation Laboratory). s
MOJrOTOBKM YHUCTOW M aTOMHO-TJAQJKOH MOBEPXHOCTH MNPUMEHSINCh IMKJIBI HOHHOTO
tpanenus (Ar’, 6005B, 20mmn.) u marpeBa g0 Temmeparypsl 800 K. Hamyck
MOJIEKYJISIPHOTO HoJia MPOBOJMIICS Yepe3 KallWLIsp, PacloyloKeHHbIH Ha pacCTOSHUU 2-3 cM
OT ITOBEPXHOCTU 00pa3ua.

OCHOBHBIMU METOAAMU UCCIIEAOBAHUS SBIISIIMCH CBEPXBBICOKOBAKYYMHAasi CKAaHUPYIOLIast
TyHHenbHas Mukpockonus (CTM), audpakius MEIJIEHHBIX JIEKTPOHOB, AIeKTpoHHast Oxe-
CIIEKTPOCKONHUSI B COYETAaHHMM C MOJICJIMPOBAHHMEM AaTOMHOW CTPYKTYpbl HOBEPXHOCTH B
pamkax teopun (pyHkimoHana mioTHocTH (TDII) ¢ ucnonap3oBaHMEM MPOrpaMMHOIO MakeTa
VASP [5-8]. CTM-u3mepeHus MpOBOMIKCH IIPH KOMHATHOM TeMIiepaType.

Pe3yabTaTsl

YcTaHoBieHO, 4TO ajcopOIus #oja Ha MOHOKpHCTalIMueckue rpaHu Hukens (111),
(110) u (100), npoucxoaut B aBe craauu. Ha mepBoi craguu MpoucxoauT (HopMHUpOBaHHE
MoHocinost (MC) iiona, a Ha BTOpoil — 00pa3oBaHMe ABYMEPHOTO HOU1a HUKEIIS.

AncopOuust  iioma Ha moBepxHocth Ni(111) npuBogMT Ha TEpBOM JTame K
(OpPMUPOBAHHUIO COPA3MEPHON  CTPYKTYpPHI (N3x\3)R30, COOTBETCTBYIOIIEH CTENEHU
noxpsitust 1/3 MC. T®II pacuersl MOKa3ad, 4To aToMsl Hoxa B cTpykType (V3xV3)R30
3aHUMAIOT MOJIOKEHUS THIA T.Il.K. MEXIY TPEMsI aTOMaMH IMOJJIOKKH. YBEIUYCHUE CTENCHH
nokpeituss B auamazoHe 0.330 < 6 <0.364 MC npuBOAMIIO K HW3MEHEHHIO MOPQOJIOTHH
MOBEPXHOCTU M (POPMUPOBAHUIO HECOPA3MEPHOM CTPYKTYpHI (pHC. 1a). ATOMHBIN MeXaHU3M
(dazoBoro mepexojaa (copa3mMepHas - HecopasMepHas ¢aza) 3axkiarodaeTcss B HOPMUPOBAHUHU
NEPUOIMYECKOT0 MAacCHBa CBEPXIUIOTHBIX JIMHEWHBIX JOMEHHBIX CTEHOK (oOinacteil B
KOTOPBIX ITUIOTHOCTH aTOMOB OKa3bIBa€TCsl BBHINIE, YeM B OKPYKAIOMIMX JOMEHaX
(V3xV3)R30"). Ha puc. 16 mpeacrasreno CTM-u3oGpaxenne, comepxariee (parMeHT
MaKCHMAaIbHO cKkatoil (assl co crpykrypoit (11xV3R30). Monemupoanue (assi
(11x\3R30") mOATBEpAMIIO, YTO ATOMBEI B TEMHBIX IOJOCAX 3aHHMAIOT MOIOKEHHE I.ILK., a
JOMEHHAsi CTEHKa SIBIIIETCSl CYNEpHO3WIHed o0lacTeld aTOMOB B MOCTHKOBOM H T.ILY.
MOJIOKEHHSIX.
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Puc 1. CTM-uzo0paxenus HoaupoBannoi mnosepxnoctr Ni(111), Ni(110) u Ni(100):

(a, B, ;1) — maHopaMHeie Kampbl 500x500 A’ (6, T, ) — COOTBETCTBYIOIIUE KAAPhl BBICOKOTO
pasperrermst 100 x 100 A2,

B cnyuae amcopbuunu ioma Ha rpanb Ni(110), crpykrypa ¢(2x2) (0=0.5 MC) sBisiiach
nepBoii ynopsiioueHHoit ¢azoit, Habmonasmieiicss B CTM. CornacHo T®II pacueram atom
Hoxa B pemieTke ¢(2x2) 3aHMMAET IMOJOXKEHUE B SIMKE MEXIY YETHIPbMS aTOMaMu HHUKEJIS.
Hanbueiiimas agcop6uust roaa (0.50 <6 <0.64 MC) npuBoguT k (pa3zoBoMy Mepexomy H3
copa3MepHOH B YaCTUYHO-COpa3MEpHyl (¢a3zy 3a CYeT HENpepbIBHOTO  CXKAaTHs
XEMOCOPOMPOBAHHOIO CJI0s Hoaa Baoib HampasieHus [110] ¢ oOpa3oBaHMEM IUIOTHBIX
JUHENHBIX TOMEHHBIX cTeHOK (puc. 1B). CTM-n3o0paxeHne MakCUMalIbHO CXaTou (has3bl co
CTPYKTYpOii ¢(74%2) npeacTaBieHo Ha puc. 1. YCTaHOBIEHO, UTO U3MEHEHHE B KOHTpAcTe Ha
CTM-u3o0pakeH!H, TOKa3aHHOM Ha pUC. 1T, CBI3aHHO C HEIKBUBAJIEHTHOCTHIO MOJOKECHHUS
aToOMa 10J1a OTHOCUTEJIBHO CJI0s1 HUKETIS.

Hawubonee cioxnas kaptuHa (a3oBbIX nepexoaoB HaOmonanack s rpanu Ni(100).
Cornacno CTM naHHbIM, Ha TIepBOM 3Tane agcopouuu mnpu 6 = 0.25-0.27 MC, npoucxoaur
(dbopMHpoBaHHE COpa3MEpPHON CTPYKTYpbl P(2X2) B BUJE OTAEIbHBIX aHTU(A3HBIX JOMEHOB
pazmepom  30-60 A. Bouncnenns, nposeneHHele  MerogoM TOII, mnokazamu, dYTO
MOJIHOCUMMETPUYHBIN IIEHTP MEX]y YeThIpbMS aTOMaMU HUKENS SIBISETCS SHEPreTUYECKU
HauOosiee BBITOAHBIM. JlanbHelliee yBeaMueHHe CTENEeHM IMOKPHITHS MOBEPXHOCTH HOIIOM,
MIPUBOJIUT K MOSIBJICHUIO 3UI'3aro00pa3HbIX CBEPXIUIOTHBIX JOMEHHBIX CTEHOK, Pa3JeIsIoInuX
coceqHue aHTU(asHble JOMeHbl P(2x2). YBenmuveHHe CTENeHH MOKPBITHS B JHAara3oHe
0.26 < 6 < 0.44 MC npuBOAHT K 00pa30BAHUIO PsiIa COCYIIECTBYIONIINX XEMOCOPOMPOBAHHBIX
daz: ¢(3%2), ¢(6x2), c(5%2). YBenuueHue creneHu mokpeitus Bbime 0.44 MC mpuBOIUT K
CeprH PEKOHCTPYKIIMOHHBIX (ha30BbIX mepexonoB (puc. 11), B XolIe KOTOPBIX CTPYKTypa
BEPXHETO0 cJIos MOoUI0KKK u3Mensercs. Ha puc. 1e npencrasien CTM-kanp, 3anucaHHbIi C
ATOMHBIM Pa3pelIeHHeM, Ha KOTOPOM BHIHBI oOnacTi ¢ pekoncTpykuueii (V10xV10)R18', a
TaK)K€ C pEKOHCTpyKuuen ‘cMenieHHoro psgpa’. Hcenonb3ys TOII-monenupoBaHue, Mbl
pacurdpoBaii aTOMHbIE CTPYKTYpPbl PEKOHCTPYKUUN M paccuuTanu teoperudeckune CTM-
n300pakeHus1, KOTOPBIE HAXOATCS B COIVIACHH C DKCIIEPUMEHTAIbHBIMU JTaHHBIMHU.
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Ni(110) u Ni(100), remoHCTpHUpYyIOIIKE MOABICHHE OCTPOBKOB Hoauaa uukens. (r, 1, €) CTM-
n3o6pakerns (100 x 100 A%), aTOMHOro pa3peleH s, TOBEPXHOCTH OCTPOBKOB HOIHMAA HUKEIIS
Ha Pa3IMYHBIX MOHOKpHCcTaLTHUeckuX rpansax Hukens: Ni(111) (r), Ni(110) (x) u Ni(100) (e).

Poct menku riomuaa uukens (Nily) Ha BTopoii cTauu, MPOUCXOJUT CXOKHUM 00pa3oM Ha
BCEX Tpex rpansx Hukens (puc.2a-B). [Ipu Masioi cTeneHn MOKPHITHS 3apOIbIie00pa3oBaHne
ABYMEpHBIX OCTpoBKOB Nily MPOUCXOMUT y €CTECTBEHHBIX Ie(EKTOB MOBEPXHOCTH — KPaeB
aToMHBIX cryneHed. llocnenyromiee yBenTMYeHHE CTENEHHM MOKPBITHS TNPUBOIUT K POCTY
octpoBkoB Nil,, ux arjgomeparuu ¥ K GOPMHUPOBAHHIO CIUIOIIHOW IJICHKH HOAMIA HUKEIS.
O6bemubiii kpuctain Nil, umeer crpykrypy Tuma xnopuaa kaamus (CdCly) u cocrout us
MOCJICTOBATEIPHO YePEaYIONUXCs reKkcaroHanbHbIX cioeB I-Ni—Il. B Hamrem ciydae ais Bcex
rpaHell HHUKENsl Ha TOBEPXHOCTH (QOpMHUpYyeTcs IJICHKa HOoauaa HUKENs, COCTosmas u3
onroro Tpuciosi I-Ni—I. B 3aBucCHMOCTH OT rpaHH HUKEJNs, HA KOTOPOW MPOUCXOIMUT POCT,
penieTka oauaa B MIOCKOCTH, MapauIeTbHOM MOJUI0KKE, HECKOJIBKO MCKaKeHa, SBISSACH B
o0meM ciydae KBasWUTeKcaroHANbHOW. [lpW 3TOM mapaMeTphl pemeTKH OTINYAI0TCS OT
COOTBETCTBYIOIINX OOBbEMHBIX 3HaUeHUH He Oonee ueM Ha 1.5%.

s cucremsl I/Ni(111) ananu3 MyapoBoil CBEpXCTPYKTYpHI, HAOIIOJABIICHCS TOMUMO
aTOMHOM MOAYNSIIMM Ha TOBEPXHOCTH OCTPOBKOB WOAMAA HHKENs, TOoKa3ald, dTo
MHTEeP(HENUCHBIN CIOW MEXIy CJIOEM HOAWAAa HHUKEIS M TOMJIOXKKOW OTCYTCTBYET, UTO HE
SIBIIIETCSL XapaKTEPHBIM JIJIsl paHHEe U3yUYEeHHBIX CUCTEM TajoreH/Meran [4]. B To ke Bpems,
s cuctembl |/Ni(110) ObIIO yCTaHOBIEHO, YTO POCT TUICHKH HOIMIa HUKES TMPOMCXOIUT
MIOBEPX CMAYMBAIOIIETO CJIOSl, MMEIOIIEr0 CTPYKTYpPY HACBIIIEHHOTO MOHOCIOS Hoza
(c(74x2)). B cnyuae cucremsr I/Ni(100), umeromuecss SKCIEpUMEHTAIbHBIC TaHHBIC HE
MO3BOJISIIOT CIENATh BBIBOJ O MEXaHU3ME POCTa IJIEHKU HOM1a HUKEIIS.
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TepmonporpaMmMupyemblii CHHTe3 MOHOKPHCTAJIJIOB 230 THPOBAHHOTI' 0
rpadgena Ha nosepxuoctu Ni(111)
C.J1. Kosanenko’, T.B. HaBHOBal‘3, O.1. KaHI/IHleBal'Z, K.H.Enp1ioB 13

‘oo PAH, 119991, Mocksa, yn. Basunosa, 38
M®TH, 141701, Mockosckas o6naCms, 2. JJoneonpyonsiti, Hncmumymekuii nep., 9
3 @axyremem Quzuxu HUY BIID, 105066, Mocksa, yn. Cmapas bacmannas, 0.21/4

[IpennoxkeH W peaau3oBaH TEPMONPOTPAMMUPYEMBIH CHHTE3 SMUTAKCHAIBHOIO
MOHOCJIOWHOTO TpadeHa, serupoBanHoro a3otoM (N-rpaden). [Iponenypa cuHTe3a BKIIOYAET
B ce0s: 1) HacellieHWE MPUIIOBEPXHOCTHOM obOmact obOpasma Ni(111) yrmepomom ¢
COXPaHEHHEM YHCTOTHI CaMOW MOBEpPXHOCTH; 2) ancopoOumio ameroHuTpuina (CoHsN) mpu
temmneparype ot -15°C go 0°C mozoit okoso 2000 Jlenrmiop; 3) ObIcTphIi ((iad1) mporpes
obpasna 1o 140°C; 4) omxkur obpasna npu 400°C. CpaBHEHHE pacdyeTOB HA OCHOBE TECOPUH
GbyHKIIMOHANa TUIOTHOCTH M 3KkcnepuMeHTanbHbIX CTM-u3o0pakeHuil  (MJIOTHOCTh
AIEKTPOHHBIX COCTOSTHUI U CUMMETpPHsI AC(PEKTOB) MO3BOJISIET YTBEPKAATh, UTO aTOMBI a30Ta
3aMelIaloT aTOMbl yriepoAa B pelieTke rpadeHa WIM HAaXoAATCs B OHUBaKaHCUU
(mupuauHOBBI  nedekt) ¢ obmedt koHueHtpauuei oxono 0.3%. Jlns momydeHus
KBa3MCBOOOAHOTO rpad)eHa HCHOJB30BAJIaCh HWHTEPKAIALMSA 30J0Ta B  HUHTEpdeiic
rpacden/Ni(111). MHTepkansnus NpoBOAWIACH ITYyTEM HAMBUICHUS 30JI0Ta HA TMOBEPXHOCTh
IIpM KOMHATHOM TEMIIEpaType U C MOCIEAYIOLUM OTKUroM B TedeHue 15 munH npu 450°C.
YcTaHoBneHO, 4TO B UHTep(delrice MeXy MOBEPXHOCThIO HUKENS U rpadeHoM GopMupyercs
CIUIOIIHOM MOHOATOMHBIN CJIOM 30J0Ta, BO3MOXHO C Majod J100aBKOM aTOMOB HHKeENs (He
6omnee 5%). [locne mHTepKanAuuu MOHOCHOS 3050Ta B uHTepdeiic mexay N-rpadenom u
noBepxHocThio Ni(111) 1enocTHoCTh rpadeHa He Hapyliajiach, a KOHIIGHTpAIMs a30Ta B
rpadeHe coxpaHsiach Ha UCXOIHOM ypoBHE, 0.3%.

Temperature programmed synthesis of single-crystalline N-doped graphene
on Ni(111)

S.L. Kovalenko®, T.V. Pavlova™®, O.. Kanischeva'? K.N. Eltsov'?

'GPI RAS, 119991, Moscow 38 Vavilov st.

“MIPT, 141701, Dolgoprudny, Moscow Region, 9 Institutskiy per.
*Faculty of Physics HSE, 105066, Moscow 21/4 Staraya Basmannaya

It's proposed and realised thermal programmed synthesis of epitaxial monolayer nitrogen
doped graphene (N-graphene). A procedure of synthesis includes: 1) saturation of the near
surface region of the Ni(111) with carbon while preserving purity of the surface; 2) adsorption
of dose of acetonitrile (C,H3sN) about 2000 Langmuir at a temperature of -15°C to 0°C; 3)
flash annealing of the sample to 140°C; 4) annealing the sample at 400°C. Comparison DFT-
calculations (Density functional theory) and experimental STM images (density of electron
states and symmetry of defects) allow to claiming that nitrogen atoms basically substitute
carbon atoms in the graphene lattice or are in bivacancy (pyridine defect) with a total
concentration about 0.3%. To obtain quasi-free graphene, gold was intercalated into the
graphene/Ni(111) interface. Intercalation was carried out by spraying gold on the surface at
room temperature and then annealing for 15 min at 450 © C. It has been established that a
continuous monatomic layer of gold is formed in the interface between the surface of nickel
and graphene, possibly with a small addition of nickel atoms (no more than 5%). After
intercalation of monolayer of gold into the graphene/Ni(111) interface the graphene continuity
wasn't broken and the nitrogen concentration was remained on the same level 0.3%.
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OpoOuTasbHOe paspemieHHe W XuMHYecKHii kKoHTpact B CTM-
JKCIIePUMEHTAX

A.H. Yaiika!, C.1. Boxxko’, C.C. Hasun®, B.H. Cemenos’, O. Liibben?, U.B. IlIsen?

Y Unemumym usuxu meéepooeo mena PAH, 142432, Yepnozonoska, Mockosckas o6n., yi. Akademuka
Ocunvana, 0.2.
2 CRANN, School of Physics, Trinity College Dublin

B noxmane mpenctaBieHBl pe3yNbTaThl UCCIEIOBAHUN PONM OPOUTAIBHONH CTPYKTYpPHI
aTOMOB 30HJAa U IMOBEPXHOCTU Hccaeayemoro odpasina B mpouecce popmupoBanus CTM-
n300pakeHU aTOMHOTO M cybaToMHOro paspemieHus. llokasaHo, 4To B3auMoOnEHCTBHE
aTOMOB 30HJIa M MOBEPXHOCTH IPU MaJbIX BEJIMYMHAX TYHHEJIBHOTO IPOMEXKYTKAa MOKET
MPUBOANUTH K OMYCTOUICHHUIO JIEKTPOHHBIX COCTOSIHUN C HYJEBOW MPOEKIHEH OpOUTAIBHOTO
MOMeHTa Ha ochb Z (P dgzz.rz). Kak cnencrue, pazmuunbie CTM-u300pakeHHS MOTYT
HAOJIIO/IaThCS MPHU PA3IMUHBIX PACCTOSHUAX "30HI-TMIOBEPXHOCTH" U OIAMHAKOBOW aTOMHOMU
CTPYKType TOBEpXHOCTH W 30HHa. OOcyxkmnaercs BO3MOXHas CBS3b 3P GHEKToB
B3aUMOJCICTBUS ¢ HaOIIOJeHMeM XHMHuYeckoro koHTpacta B CTM-skcnepumeHTax
ATOMHOTO pa3pelleHrs HA MHOTOKOMIIOHEHTHBIX IIOBEPXHOCTSIX.

PabGora BeIMONHEHA B paMKax Troc3afaHdsi TpH Tomnaepkke Poccwuiickoro ¢donma
byHnamMeHTaIBHBIX UccaenoBanmii (mpoekThl Ne 17-02-01291 u 17-02-01139).

Orbital resolution and chemical contrast in STM experiments
A.N. Chaika!, S.I. Bozhko?, S.S. Nazin!,V.N. Semenov?, O. Liibben?, 1.V. Shvets®

! Institute of Solid State Physics RAS, Chernogolovka, Moscow district, 2 Academician Ossipyan str.,
142432, Russia
2CRANN, School of Physics, Trinity College Dublin

In this report, we discuss the role of the orbital structure of the tip and surface atoms in
the STM imaging with atomic and subatomic resolution. It is shown that tip and surface atom
interaction at small tunneling gaps, comparable with interatomic distances in solids, can lead
to depopulation of the electronic states with nonzero orbital momentum projection on the z
axis (p, ds°.%). As a result, different STM images can be resolved with unchanged surface
and tip atomic structure at different tunneling gaps. Possible contribution of the tip-surface
interaction to the formation of the chemical contrast in atomically resolved STM experiments
on multicomponent surfaces is discussed.

This work was carried out within the state task of ISSP RAS and supported by the
Russian Foundation for Basic Research (projects Ne 17-02-01291 and 17-02-01139).

DOI: 10.26201/1ISSP2019.45.557/SPMAPPL.6
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Introduction

The invention of scanning probe microscopy (SPM) [1-3] allowed studying the surface
structures with extremely high spatial resolution. The SPM methods use sharp tips, which are
ultimately ended with a single atom at the apex, for surface imaging, fabricating low-
dimensional structures from individual atoms and molecules, studying the physical properties
of the nanoobjects, getting the information about the chemical and magnetic order on
surfaces. The subatomic spatial resolution on the level of individual electron orbitals [4-15]
has been achieved during the last two decades in the atomic force microscopy (AFM) and
scanning tunneling microscopy (STM) experiments.

STM is based on quantum tunneling of electrons from atoms at the surface to the front
atom of an STM tip (or vice versa) through the vacuum gap. Because of the exponential
dependence [16], the tunneling current drops approximately by one order of magnitude with
every 1-A increase in the tip-sample distance. As a result, more than 90% of the current can
be localized on only two, closest to each other, tip and surface atoms. This provides unique
spatial resolution of STM, reaching the picometer scale and allowing even direct imaging
individual electron orbitals at well adjusted tunneling parameters [4-10]. However, the
ultimate, orbital resolution could rarely be achieved in experiments because of non-ideal
geometries of the tips and simultaneous contribution of different electron states of the tip and
surface atoms.

The role of different electron states and tip-surface distance in high-resolution STM
imaging has been discussed since 1980s [4, 5, 9, 10, 17-28]. However, because of complexity
of the theoretical calculations for realistic tip-surface systems and experimental studies with
precise control of the tunneling gap and the tip state, there is still no detailed knowledge about
the role of particular electron orbitals in the atomic resolution STM experiments. This report
is focused on the experimental and theoretical studies of the role of the tip-sample distance in
STM experiments with atomic and subatomic spatial resolution which can pave the way to
selective imaging particular electron orbitals and controllable chemical analysis at the atomic
scale.

Role of different electron orbitals in STM experiments: Theory

One of the critical issues of high-resolution STM studies is the lack of reliable information
about the tip apex structure. To simplify the calculations, Tersoff and Hamann considered an
s-wave STM tip [29, 30]. In this case, the tunneling current is proportional to the local density
of states (DOS) of the surface at the position of the tip, integrated in the energy range defined
by the bias voltage. The STM images, calculated using the Tersoff-Hamann (TH) model,
reflect the surface DOS distribution and provide very good agreement with experimental data
in many cases.

The ultimate lateral resolution R within the TH approach [29] is defined by the

formulaR =+/d -2k~ , where d is the distance between the interacting tip and surface atoms
and k 1~ 1 A. The limit of the lateral resolution for the tip-sample distance of 4.5 A should be
about 3 A. The theory [29] predicts an enhancement of the spatial resolution with decreasing
tip-sample distance but cannot explain the large atomic corrugations observed in STM
experiments on metal surfaces and the experimentally observed sub-Angstrom lateral
resolution [4-6, 31], even at tunneling gaps in the range of 2.0-2.5 A. These effects can be
explained either by the tip and surface atom relaxations [19] or by decisive contribution of
higher momentum (1) electron states with nonzero momentum projections on the z-axis (m+0
states) [32-36].

To get more general description of the tunneling current, C. J. Chen introduced the so-
called derivative rule [34], where the tunneling matrix elements, corresponding to individual
orbital contributions, are proportional to the z derivatives of the surface atom wave functions
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at the center of the tip apex atom. The total tunneling current can be calculated by summing
up all individual contributions of the electron orbitals with different | and m [34]. According
to the theory [34, 35], d,? and p, tip electron states can be responsible for enhanced atomic
resolution and large corrugations on metallic surfaces. For the tips having m=0 electron states
at the apex, the simulated STM images should correspond to the surface DOS distribution,
similar to the s-wave tip. At the same time, the m#0 tip states (e.g., dxz,y; and dyy,’,°) can
provide enhanced atomic corrugations and intra-atomic effects at small distances [33-36]. For
example, dy.y, and dyy,’-° electron orbitals at the apex can produce two- and four-fold split
subatomic features, respectively, instead of single atom at very small tunneling gaps [36]. The
dependence of the atomic corrugations on the tunneling gap resistance, calculated for different
electron orbitals by W. Sacks [36], suggested that d,> and m#0 d-orbitals can produce
enhanced corrugations in comparison to the s state.

The improvement of the lateral resolution of SPM to the picometer scale [4-6, 31, 37-40],
observation of orbital channels in tunneling conductance [41] and subatomic contrast in SPM
experiments [4-14] led to the development of new theories accounting for the distance
dependence of the electron orbital contribution [42, 43], energy-dependent combinations of
the tip orbitals [44-48], and effects of inter- and intra-atomic interference in the tunneling
junction [49-53]. The revised Chen’s derivative rule, accounting for the orbital interference
effects, has been proposed in [54], which considered the realistic electronic structure and
arbitrary spatial orientation of the tip. The results showed that the electronic interference
effects have a considerable influence on the STM images. As an example, in certain cases a
tip with a mixture of s and p, electron states can provide even higher spatial resolution than
pure p;-orbital tip [54].

It has been demonstrated [42-44, 55] that electronic structure of the transition metal tips
and relative weights of different d-orbitals in the tip’s DOS near Eg strongly depend on the tip
element, tip cluster size and local environment around the tip. In particular, it has been shown
that d,? orbital is more sensitive to the local environment and the tip cluster size than m#0 d-
orbitals (dx, dyz, dxy and d,%,?) [43]. The electronic structure of different transition metal tips
can non-equally depend on the tip-surface distance in a tunneling junction [43, 55], therefore,
determination of the most suitable tip for particular STM studies can be crucial for reaching
highest spatial resolution in the experiments.

Electron orbital resolution in STM experiments

The first STM images with the atomic orbital resolution were obtained at the beginning of
1980s. For example, typical images of the Si(111)7x7 surface [56] correspond to direct
visualization of the p, surface orbitals. Similar selective visualization of the atomic orbitals at
certain tunneling conditions was achieved on other semiconducting surfaces. The control of
the orbital contribution on multicomponent metal surfaces is more difficult. Up to date, only
several STM studies demonstrating subatomic, electron orbital contrast have been published.
In several cases, the observed features were related to direct visualization of the tip atom
electronic structure by more localized surface atomic orbitals [4-10]. However, some STM
studies revealed asymmetric subatomic features associated with the m#0 electron orbitals of
the surface atoms [12, 57].

SPM imaging with subatomic resolution was achieved for the first time by F. Giessibl et
al. [13] who reported the Si(111)7x7 AFM images demonstrating a regular two-fold splitting
of the surface atomic features. That was explained by direct visualization of the two atomic
orbitals of a Si[001] tip atom by the p, orbitals of the surface atoms (fig. 1b). Qualitatively the
same asymmetric features can be resolved with STM using a silicon terminated tungsten tip
[10].
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Fig. 1. (a) 7.1x7.1 nm* STM images of the Si(111)7x7 surface measured at different bias
voltages and tunneling currents (shown on each frame) with the silicon terminated tungsten tip
[10]. The fast scanning direction was from left to right. (b) Side view of a [001]-oriented silicon
tip over the Si(111)7x7 surface; right panel depicts a tip bending opposite to the scan direction.
(c,d) Zooms of the double features indicated by squares on images measured at U =-0.3V,
I =120 pA (c) and U =-0.1V, | =80 pA (d).

Figure 1la demonstrates the change of the contrast in the STM experiments [10] with
decreasing tunneling gap resistance. Note that precise structure of the tip apex responsible for
the subatomic contrast in both SPM experiments [10, 13] was unknown. Therefore, the origin
of the subatomic features in the Si(111)7x7 SPM images was disputed [58-63]. Alternative
explanations based on the feedback loop artifacts [59], presence of a carbon atom at the apex
[62], and visualization of the surface atoms’ backbonds [63] were proposed. Nevertheless,
independent theoretical calculations [13, 14, 58, 60] support the possibility of direct
visualization of the asymmetric charge distribution around the [001]-oriented Si tip atom
(fig. 1b) at small (2.5-4.0 A) tip-surface separations. This is in agreement with the gap-
resistance dependent STM experiments [10]. Figure la demonstrates that the two-fold
splitting of the adatoms becomes discernible only at small bias voltages (small distances)
while at large negative voltages a (7x7) pattern with well resolved adatoms, rest atoms and
corner holes is observed which is only possible with extremely sharp single atom terminated
tips [64]. The effect can hardly be explained by a formation of a two-atom terminated apex
and visualization of the surface atom backbonds because deep corner holes, rest atoms and
single atom defects on the surface were simultaneously resolved even at low gap resistances
[10]. The double features become sharper and change their appearance from symmetric to
asymmetric with decreasing gap resistance, as figs. 1c and 1d illustrate. The shape of the
double features could be changed both by increasing tunneling current at fixed voltage and
decreasing voltage at the same current [10]. The asymmetry of the double features at small
gaps can be explained by a relaxation of the apex atom, as fig. 1b illustrates. The distance
between the two maxima of the double features decreased from 2.7 to 2.2 A with decreasing
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gap resistance from 7.5 to 2.5 GQ and then increased to 2.75 A with further decreasing gap
resistances from 2.5 to 1.25 GQ. The decrease of the distance between the subatomic maxima
is in line with the theoretical spatial distribution of the two sp® dangling bonds at the [001]-
oriented silicon apex [14]. The increase of the splitting at smaller distances can be related to
tip-sample interaction modifying the electronic structure of the apex atom and inducing lateral
relaxations of the tip and surface atoms in near-to-contact regime.

M. Herz et al. [7] applied a CogFesSm tip for high-resolution STM experiments on the
Si(111)7x7 surface. They utilized a dynamic-STM mode with an oscillating probe to reduce
the lateral forces in tip-sample contact and increase the tip stability at extremely small
tunneling gaps. At some tunneling parameters, the adatoms were resolved as extremely sharp
spherically symmetric features surrounded by lower lying crescents. These asymmetric
features, observed at small gaps, were explained by a convolution of the p, orbitals of the
surface atoms and the f;* orbital of a Sm atom at the apex tilted to the surface normal by 37°.

Figure 2a shows the STM image of the Cu(014)-O surface measured using a
polycrystalline MnNi tip [8, 9]. The image demonstrates regular two-fold splitting of the
copper atomic features along the [1-10] direction. The experimental image displays the
7.2£0.2 A wide terraces, step edges along the [100] direction and an additional fine structure
within the terraces. The image reveals a single atom defect proving the sharpness of the MnNi
tip. The doubling of atomic features was observed only at small negative bias voltages
between —30 and —50 mV in a very narrow range of the tunneling currents. That was
explained by the distance dependence of the Cu(014)-O STM images and strong dependence
of the tip electronic structure on the crystallographic orientations of the apex [8, 9].
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Fig. 2. (a) Regular doubling of atomic features in STM images of the Cu(014)-O surface
measured with a MnNi tip (bottom) and schematic model of the d,, tip orbital scanning over d,”
surface orbitals (top). Eight instead of four features are resolved along the [1-10] direction
within each terrace. The image was taken at U =—30 mV and | = 80 pA. (b) Calculated PDOS
associated with the d-orbitals of the Ni-terminated MnNi[001] tip (top) and Mn-terminated
MnNi[111] tip (bottom).

Figure 2b shows the partial density of electron states (PDOS) associated with the Ni and
Mn atoms at the apexes of the [001]- and [111]-oriented MnNi tips. The tight binding (TB)
calculations demonstrate prevalence of the dy, orbital in the PDOS near the Fermi level only
for the [111]-oriented MnNi tip terminated by a Mn atom. The density functional theory
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(DFT) calculations performed in Ref. [9] demonstrate that only certain configurations of the
Mn-terminated MnNi[111] tips could produce regular doubling with almost symmetric two-
fold split features. The regular pattern of the double features reproducing the shape of the Mn
atom dy, electron orbital could be resolved when the Cu(014)-O surface d,* orbitals and the tip
dy, orbital provided major contribution to the tunneling current, as schematically shown in
fig. 2a.

The selection of the electron orbitals responsible for high-resolution STM imaging has
been demonstrated in [4-6]. The electron orbitals of the graphite surface atoms were used to
study the relative contribution of the [001]-oriented single crystalline tungsten tip orbitals at
different distances (fig. 3). To avoid apex contamination, W[001] tips were cleaned by flash
heating and ion sputtering in UHV before the distance-dependent experiments, while highly-
oriented pyrolitic graphite (HOPG) crystals were cleaved in the preparation chamber of the
UHV STM. The transmission electron microscopy (TEM) experiments proved the fabrication
of the [001]-oriented nanopyramids with well defined structure at the apexes [6].
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Fig. 3. (a) Left: Schematic model of a [001]-oriented W tip over a graphite (0001) surface.
Right: 6x6 A? (top) and 1.8x1.8 A? (bottom) STM images measured with the W[001] tips at
U=23mV and I =2.7nA (left panels), U=-35mV and I=7.4nA (central panels), U=-
100 mV and | =1.7 nA (right panels). (b) PDOS associated with different d-orbitals of the
WI[001] tip atom interacting with the graphite (0001) surface [5]. The distances between
interacting tip and surface atom nuclei are indicated on each panel. (c) Gap resistance
dependence of graphite (0001) STM images measured using a W[001] tip at U =-35mV.
Tunneling currents are indicated on each frame.

Figure 3c shows a gap resistance dependence of the HOPG(0001) STM images measured
with a W[001] tip at a bias voltage of -35 mV. At smaller currents (larger distances) a
hexagonal pattern is observed. The atomic features become sharper with increasing tunneling
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current (decreasing distance). With further increase of the tunneling current the symmetric
features are transformed into two-, three-, and four-fold split subatomic features at currents
between 5.3 and 9.1 nA. Similar subatomic features were observed in the AFM experiments
with polycrystalline tungsten probes [15] and ascribed to the orbital structure of the tungsten
tips with three different crystallographic orientations. The gap resistance dependence
measured with unchanged W[001] tip (fig. 3c), demonstrates that these images reproduce the
electronic structure of the same tip atom modified with decreasing tip-sample distance. The
two- and four-fold split features in fig. 3 can not correspond to the three-fold symmetrical
graphite surface. At the same time, the observed two- and three-fold split features can not be
related to the tip atom backbonding because of the symmetry of the W[001] tip used in the
experiments. The subatomic features can only be explained by a direct visualization of the tip
atom electronic structure modified by the tip-sample interaction at small tunneling gaps.
According to the tunneling currents, the observed transformation of the asymmetric features
took place in very narrow range of tip-sample distances of the order of 0.1 A. The actual
distance range could slightly exceed this value because of the tip and surface atom
relaxations.

At certain tunneling parameters (voltages and gap resistances), the shapes of the
subatomic features in the STM experiments reproduced the electron density distribution
associated with the d/, dy, and dyy orbitals in the tungsten atom. This can be explained by a
major contribution of particular electron orbitals of the tip atom at certain tip-sample distances
(fig. 3a). According to fig. 3c, the relative contribution of the dy, and dyy orbitals increases
with decreasing gap resistance. PDOS calculations for the fully relaxed “W[001] tip —
graphite” system (fig. 3b) demonstrate a suppression of the tip d,* electron orbital near Ef at
distances below 2.5 A because of the overlap with the carbon orbitals. The domination of the
tip dy, electron orbital near Er is observed in a narrow range of the tip-surface distances
between 2.2 and 2.5 A, which is in agreement with the current values in fig. 3c. The surface
imaging by the tungsten d,? orbital can be realized at tunneling gaps between 2.5 and 4.0 A,
while d,, electron orbital can yield a maximum contribution to the tunneling current at
distances between 2.2 and 2.5 A. The appearance of the asymmetric features is related to the
interaction-induced modification of the PDOS associated with different d-orbitals of the
tungsten tip atom.

The DFT calculations (fig. 3b) and distance-dependent STM experiments (fig. 3c) show
the correlation between the spatial distribution of the atomic orbitals (in particular, extension
in z-direction) and the order of their suppression with decreasing tip-sample distance. The
suppression of the further protruded in the z-direction electron orbitals with m=0 can increase
the contribution of the m+0 electron states at small gaps. Figure 3 demonstrates that picoscale
spatial resolution and even direct imaging of the transition metal d-orbitals using the p-
orbitals of light elements can experimentally be achieved.

Figure 4a shows the STM image of the Cu(014)-O surface measured with a
polycrystalline tungsten tip [12]. This image reveals one bright atomic row within the four-
atom-wide terraces (the model of the surface structure is shown in fig. 2a). The atomic
features within the well resolved copper rows have two maxima separated by approximately
1A (fig. 4b) reproducing the electron density distribution in the Cu dy, atomic orbital.
According to the TB calculations (fig. 4c), the DOS associated with the dy, orbitals of the
surface atoms is maximal for the fourth (down-step) copper row of each terrace suggesting
that visualization of one atomic row within the terraces can be achieved if the surface dy.-
orbitals yield the largest contribution to the tunneling current. Similar to the STM experiments
conducted with the W[001] tips (fig. 3), this can be reached at small bias voltages and small
tip-sample distances, where the dy-orbital channel dominates in the tunneling current. The
STM image demonstrating one well resolved row with double features within terraces
(fig. 4a) can be explained by imaging the dy, orbitals of the Cu(014)-O surface using the d,?
orbital of a tungsten tip atom.
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Fig. 4. (a) A 3.4x2.1 nm? STM image of the Cu(014)-O surface illustrating the asymmetry of
the atomic features associated with the down-step Cu row resolved using a polycrystalline W tip
at U=-5mV and 1=0.1nA [12]. (b) A 2.8x2.8 A> STM image of a subatomic feature

reproducing the shape of the Cu d,, electron orbital. (c) PDOS associated with the Cu d,, orbitals
and O p, orbitals of the Cu(014)-O surface. The surface structure is shown in fig. 2a.

Reduction in tunneling current channels with decreasing tip-surface distance

First observations of the tunneling current channels associated with different electron
orbitals have been reported almost two decades ago [41]. However, their role in STM imaging
at different gaps is still not clear. The experimental data shown in fig. 3 and recent theoretical
studies [42-44, 55, 65-67] demonstrate that relative contributions of different electron orbitals
can be substantially modified in distance-dependent STM experiments because of tip-sample
interaction changing the tip and surface DOS near E.

For example, theoretical calculations of the tunneling current between an STM tip and a
single Cu/Co atom adsorbed on a Cu(001) surface [42] showed that conductance in these
systems can be decomposed into several orbital contributions. The calculations revealed that
the d,*-orbitals of the interacting atoms in such systems are especially sensitive to the tip-
adatom distance because they start to overlap at larger distances. The DOS associated with the
dy.y? orbitals starts to decrease at smaller tunnelling gaps and the total reduction at distances
between 4.0 and 2.5 A for this orbital is smaller in comparison with that of the dy,, dy, and d,?
orbitals. At tip-sample distances exceeding 3.0 A, the channels contributing to the most of the
tunneling current were generally related to hybrids of s- and d,?-orbitals. The contribution of
the m#0 electron states increased with decreasing distances.

Theoretical calculations performed in Ref. [65] demonstrated a drastic reduction of the
DOS near Ef associated with the Si(111)7x7 surface atom at small distances from the [001]-
oriented tungsten tip. According to the calculations, the tip-surface interaction modifies the
electronic structure of the Si(111) surface atom at distances below 4.75 A and leads to drop of
the tunneling conductance. The electron DOS calculations for different tip-sample distances
showed typical charge density distribution of the Si(111)7x7 surface at a tunneling gap of
6.0 A, a charge transfer from the adatom to neighboring surface atoms at 4.75 A, the
suppression of the adatom dangling bond at 4.5 A, and chemical bond formation at 3.0 A
which prevents the electron transport between the tip and the surface at small distances. The
WIJ001] tip electronic structure remained practically unchanged in this tip-sample distance
range. The calculations of Jelinek et al. [65] were carried out at low voltages, corresponding
to probing the p,-states dominating in the Si(111)7x7 surface DOS near Ef. Therefore, it can
be assumed that the overlap of the silicon p.,-orbital with the tungsten tip orbitals is
responsible for the strong modification of the tunneling current. Furthermore, one can expect
similar phenomena in other systems where the electron transport occurs through the p;
electron orbitals.

Calculations of the partial DOS associated with the electron orbitals of the diamond tip
and graphite surface atoms at different tunneling gaps [68] showed that electronic structure of
the interacting atoms is modified at tip-sample distances below 3.0 A. The overlap of the tip
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and surface atomic orbitals in this case leads to decrease of the PDOS associated with the p,-
orbital of the graphite surface atoms. The suppression of the surface atom’s p,-orbital at small
tunneling gaps (d < 2.5 A) when the diamond tip atom is positioned directly above the surface
atom is in qualitative agreement with the results of the theoretical calculations for the
Si(111)7x7 surface interacting with the W[001] tip [65]. If the diamond tip atom is positioned
above the hollow site, the suppression of the surface atom’s p,-orbital does not take place
even at small distances below 2.5 A.

Chemical contrast in STM experiments

One of the first examples of atomically resolved chemical selective imaging with STM
was reported in Ref. [69], where visualization of the electron orbitals associated with either
Ga or As atoms of the GaAs(110) surface was achieved at different bias voltage polarities.
This can be explained by the electronic structure of the GaAs(110) surface. Similar voltage-
dependent selective imaging was also observed on other semiconductors and even on metal
alloys [70]. However, the experimental results obtained on metal oxides [12, 71-76], Pt-Ni,
Pt-Co and Pt-Rh metal alloys [77-81], and GaTe [82] demonstrate that chemical-selective
visualization can be observed on metals and semiconductors at fixed bias voltages. This can
not be explained by the electronic structure of the studied surfaces without consideration of
the tip-sample interaction.

Figure 5 shows chemical contrast in atomically resolved STM images of the GaTe(1 0 -2)
surface [82]. Three different images measured with the same [001]-oriented single crystalline
tungsten tip qualitatively agree with the structure of the uppermost layers presented in fig. 5d.
The images in figs. 5a and 5b reveal preferential contributions of either Te or Ga sublattices,
while the image in fig. 5¢ represents more complicated structure with contributions from both
sublattices. All these images were obtained at almost the same negative sample bias voltage.
The calculations of the DOS in the valence band of the GaTe(1 0 -2) surface [82] showed that
Te 5p states provide major contribution to the total DOS in a wide range of binding energies
relevant to the STM experiments. The observed chemical-selective imaging at the same bias
voltage can be understood taking into account the interaction-induced modification of the
surface DOS and reduction of the relative weights of the tunneling current channels associated
with different electron orbitals of the surface atoms, discussed in the previous sections. The
role of the channels associated with the Ga and Te atomic orbitals can be modified at different
tip-surface distances. Presumably, the PDOS associated with the Te 5p orbitals can be
modified at small distances similarly to the PDOS associated with the Si 2p states of the
Si(111)7x7 surface interacting with the tip atom [65]. The tip-sample interaction can
substantially reduce the relative contribution of the Te 5p orbitals and provide selective
visualization of the Ga sublattice in the STM experiments on the GaTe(1 0 -2) surface

(fig. 5b).
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Fig. 5. (a-c) 25x25 A% STM images of the GaTe(1 OV-Z) surface measured with a W[001] tip at
Vp=-1V and I =120 pA (a), V,=-1V and |1 =50 pA (b), and V,=-0.9 V and | =40 pA (c).
(d) A schematic representation of the atomic structure of GaTe(1 0 -2) [82].
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Atomic-scale chemical contrast on metal alloys was reported for the first time by
M. Schmid et al. [77] who observed the chemical order on the (111) surface of a PtysNivs
single crystal. The difference of corrugations between Pt and Ni atoms located in the same
surface layer was found to be about 0.3 A. The different heights of the Pt and Ni atoms led to
direct visualization of their atomic positions on STM images [77]. Afterwards, the chemical
contrast was observed on the PtsNigo(100), PtsoNiso(100) [79], PtsCozs(100) [78],
Pt,sRh75(111), PtasRhzs5(110) and PtosRhzs(100) surfaces [80, 81]. The chemical contrast on
the binary alloys was originally attributed to the interaction of an adsorbate atom at the tip
apex with the individual surface atoms. This could provide chemical selectivity at the same
bias voltages. More recent theoretical calculations [83, 84] proved the decisive role of the tip-
sample interaction in the formation of the chemical contrast on PtX alloys. The chemically
resolved STM images of the binary alloys, obtained under specific tip-conditions, cannot be
only referred to the undisturbed surface electronic structure. The first-principles calculations
also showed that chemical resolution could be achieved even with stable and clean tungsten
tips [83]. In this case, the decay of the surface atomic orbitals in the vacuum region was
supposed to play an essential role in the chemical selective STM imaging of the surfaces.

Fig. 6. Schematic model of the Cu(014)-O surface structure and 3D presentations of three
typical atomically resolved STM images measured using polycrystalline tungsten tips [72].

Atomically resolved selective visualization of the oxygen and metal sublattices on metal
oxide surfaces has been reported by different groups [12, 71-76]. Similar to metal alloys, the
chemical discrimination was frequently achieved at the same bias voltages and could not be
explained by the surface electronic structure only. The crucial role of the tip-sample
interaction in the appearance of the chemical contrast on oxidized metal surfaces was
suggested in Ref. [73] where selective imaging of the oxygen and metal sublattices on the
Cu(110)-O and Ni(110)-O surfaces was explained by fabrication of the tungsten- and oxygen-
terminated apexes. Recent experimental and theoretical studies demonstrate that the origin of
the chemical selective imaging on metal oxides is not so straightforward, albeit the tip-sample
interaction is very important. For example, fig. 6 shows at least three different atomically
resolved STM images of the well-ordered Cu(014)-O surface measured using polycrystalline
tungsten tips [12, 72]. These images can not be explained by two possible tip terminations
(tungsten or oxygen atom at the apex). Furthermore, distance-dependent STM studies carried
out using MnNi tips [9] prove that different images can be measured at different tunneling
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gaps without modifying the tip state. Similar effects were reported for the Cu(001)-O surface
[12, 71]. The DFT calculations [71] revealed different electronic structure of the copper atoms
in Cu and Cu-O rows. Moreover, different electron orbitals (namely, s and p,) provide major
contribution to the total DOS of the copper atoms below and above Er. As a result, different
atomically resolved images can be measured on the same surface at different bias voltages
and tip-sample distances. These images emerge from a subtle balance between the surface
geometry and the different decay lengths of the electron orbitals of non-equivalent atoms.

The STM imaging mechanisms observed on metal oxide surfaces are important for
establishing general ways to control element-specific imaging on multi-component surfaces
and, most likely, can be applied to other complex compounds (e.g., chalcogenides, pnictides,
etc.). However, for developing new strategies for the atomically resolved chemical selective
imaging precise control of the tip state and the tip-sample distance become crucial. Note that
distance-dependent chemical selective imaging was also observed in atomic resolution AFM
experiments conducted at tip-surface distances comparable with interatomic distances in
solids [85].

Conclusions

The electron orbital resolution corresponds to the ultimate resolution of the scanning
probe microscopy. During the last two decades, SPM studies demonstrating selective
visualization of individual electron orbitals with subatomic resolution have been published.
The experimental and theoretical works demonstrate that selective imaging of the surface
electron orbitals can only be achieved at very small tunneling gaps and finely adjusted bias
voltages and tip-sample distances. Several examples of the chemical selective STM imaging
achieved at fixed bias voltages have been presented. This could take place because of
modification of the density of electron states associated with the surface atoms because of
overlap of the tip and surface atomic orbitals. The detailed understanding of the individual
orbital contributions and controlled chemical selective imaging at the atomic scale can only be
achieved with accurate control of the tip-surface distance (at the level of 1 pm) in STM
experiments with well characterized tips. Distance-dependent STM imaging with electron
orbital resolution can lead to further improvement of the lateral resolution down to the
picometer scale and development of the chemical-selective imaging of complex multi-
component surfaces.

This work was carried out within the state task of ISSP RAS and supported by the
Russian Foundation for Basic Research (projects Ne 17-02-01291 and 17-02-01139).
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CoBpeMeHHbIe cBepXBbICOKOBaKyyMHbIe C3M Hay4HOro kJjacca MapKH
Scienta-Omicron

M.A. Tpycos
000 "T'pynna Ai-9Om-Cu, 117638 Mockea, ya. Kpusopooicckas, 0. 23, kopn. 3

Kommanus Scienta-Omicron — mupoBOii 1uaep B 00JacTH pa3pabOTKH TEXHOJOTHIM
WCCIICIOBAaHMsI CBOMCTB IIOBEPXHOCTHM B CBEPXBBICOKOM Bakyyme. bmaromapst oGnamanuio
(GyHIAMEHTAJIBHBIMU TEXHOJOTUSMM M OoraTeilIMM OIBITOM B 00JacTH CKaHUPYROILEH
30HJI0BOM MUKPOCKOIIUH, YJIEKTPOHHON CIIEKTPOCKOIIMH, MOJIEKYIISIPHO-IIy4€BOU SIUTAKCUU U
B JIPYTHX CMEXHBIX HAlpaBJICHUSX KOMIIAHMs MPEAOCTABISAET CBOMM KJIMEHTaM JIydllee
0o0OpyJOBaHUE MJsl MCCIENOBaHMUSA IOBEPXHOCTH M3 JOCTYMIHOIO Ha MHPOBOM pbIHKE. B
HACTOSIILIEM JIOKJIaJ€ Mbl PAcCCMOTPUM HOBEHMIIME METOAMKM M IOCIEAHHE pa3pabOTKu
Scienta-Omicron B o0nacTé CKaHUPYIOUIEH 30HOBOW MHKPOCKONHMHU JJjisi paboThl B
CBEPXBBICOKOM BaKyyMe.

Scienta-Omicron high-end UHV SPM modern instrumentation
M.A. Trusov
IMC Group Ltd., 117638 Moscow, Krivorozhskaya str. 23, bld. 3

Scienta-Omicron is the leading innovator in surface science. The company provides top
capabilities for the research community through its UHV technology leadership in scanning
probe microscopy, electron spectroscopy, and thin film deposition. These capabilities are
available in custom tailored solutions from one source with worldwide sales and service
groups. In this presentation we will consider new SPM technologies and instruments from
Scienta-Omicron for hi-end surface research.
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OnbIT NpUMEHEHUS CKAHUPYIOLIEH 30HI0BOII MUKPOCKONHUU B BaKyyme H
Pa3JIMYHBIX Cpeaax

B.A.HorHHOBl, A.B.Jlorunos®

YHUY MUDT. AO 3a600 [IPOTOH, 124498, Mockea, 3enenoepad, na. llokuna, 0.1
2 MT'Y umenu M.B.Jlomonocosa, 119991, Mocksa, Jlenunckue copwt, 0.1

Crienuanu3upoBaHHbIe Pa3pabOTKU CKAaHWPYIOIIMX TYHHEIBHBIX W aTOMHO-CHJIOBBIX
MHKPOCKOIIOB JJIsl Pa3IMyHBIX IIPHIIOKEHUH 3a mepuoid ¢ 1995 roga mo Hacrosiee Bpems
MPUBEJIN K TMOSBJICHUIO U YCHEIIHOMY (PYHKIIMOHUPOBAHUIO MUKPOCKOIIOB JUISI CIETYIOIINUX
MPUMEHECHHI: Cy0aTOMapHOTO pa3pelieHus] B CBEPXBBHICOKOM BaKyyMe, B TOM YHCIE C
reJIMEBbIMU  HATNOJHSAEMBIMU M TPOKAYHBIMU KPHUOCTAaTaAMU; PA3IUYHBIX YCTAHOBOK C
TEXHOJIOTMYECKMM BaKyyMOM M Pa3HbIMU T'a30BBIMH CpPEaMH, B TOM YHCJIE JJI YCTAHOBOK
tuna "Hanodad" ¢ TEXHOJIOTHYECKUMH OIEpaIusiMi BHIOOPOYHOT'O KOHTPOJISA U JTUTOrpapuu
B MOJYJISX C 30HIOBBIMH MHKPOCKOMaMH; IN-SitU HAOMIOMCHUS IMHAMUKH CTPYKTYpPH3AI[HMH
IEHOK U HaHOOOBEKTOB HEMOCPEACTBEHHO B IMPOLECCaX HAMBUICHUS WIM SHUTAKCHUU
pPa3IMYHBIMU METOJaMU; KOHTPOJS JIerpajalud MepBoM cTeHKH Tokamaka; HMCCleoBaHUs
KOHCTPYKUMOHHBIX U ACNAIINXCS MaTepUaloB B NMEPUYATOYHBIX U FOPSAYMX KaMepax sSAepHBIX
peaKkTopoB; HAONIOACHUS AUHAMHUKA JedopMaliu CTPYKTYpbl MaTE€pHaJIOB B IMPOIECCE
W3Y4YEeHUS] MPOYHOCTHBIX XapaKTEPUCTUK MPHU HUCIBITAHUSAX B Pa3pbIBHBIX MalllMHAX U Jp.
Opnoii w3 mocnenaux paszpadbotok 2017-2019 romoB sSBHICS CKAaHUPYIOIMUN 30HIOBBIN
MHUKPOCKOII, KOTOPBI CKaHHUpYyeT oOpasel] mpu TemrmepaTypax oT komHatHo# mo 1500 C B
aTMocdepe MeTaHa, B TOM YHCIE PEATM3YIOIIHI BO3MOXXHOCTH HAOMIOACHUS JAUHAMHUKU
BO3HUKHOBEHHUS U POCTa rpadena.

Experience of applications of scanning probe techniques out of ambient
conditions

B.A.Loginov', A.B.Loginov?

Y MIET, JSC Zavod Proton, 124498, Moscow, Zelenograd, Shokina 1
?Lomonosov Moscow State University, 119991, Moscow, Leninskie gory, 1

Specialized development of scanning tunneling and atomic force microscopes for various
applications for the period from 1995 up to 2019 has led to the manufacture and successful
operation of microscopes for the following applications: for subatomic resolution in ultra-high
vacuum, including helium-filled and pumping cryostats; for various installations with
technological vacuum and different gases, including installations of the "NANOFAB" type
with technological operations of lithography and control in modules with probe microscopes;
for in-situ observation of dynamics of structure of films and nano-objects directly in the
spraying process or epitasis different methods; to control the degradation of the first wall of
the Tokamak; for the study of materials structure dynamics in the glove and hot cells of
nuclear reactors; for observation of dynamics of deformation of the structure of materials in
the process of studying the strength characteristics when tested in discontinuous machines etc.
One of the latest developments of 2017-2019 was a scanning probe microscope that scans a
sample at temperatures from room to 1500 C in the methane atmosphere, including with the
possibility of observing the dynamics of graphene growth.

DOI: 10.26201/1ISSP2019.45.557/SPMAPPL.7
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BykBanbHO cpa3zy mocie u300peTeHus CKaHUpYIoed 30HmA0BOM mukpockonuu (C3M)
HooGenesckue maypeatst I'. Popep u I'. bunnur npeackasanu [1] ee mmpokoe NMpuMEHEHHE, B
TOM 4YMCJIE B YCTAaHOBKAX, padOTaIOIIMX B LIMPOKOM JMalla30HE TEMIIEpaTyp U JaBJICHUU.
HcTopus pa3paboTok 30HIOBBIX MUKPOCKOIIOB HaIlIei KOMaH0W MOATBEPANIIA 3TO.

HauaB pa3paboTKy 1 BBITYCK 30HIOBBIX MUKpPOCKOTIOB B 1991 rony, k 1995 rogy msl yxe
UMEIH OTTOYEHHYIO CEpUHHO BBIMYCKAIOLIYIOCS MOJIeJIb YHHUBEPCAIBHOIO BO3YIIHOTO
MHUKPOCKOIA ¢ MUPOKOil obmacteio mpuMmeHeanii CMM-2000, ocHameHHOro CKaHUPYIOUIHM
TyHHenbHBIM (CTM), aromMHO-cminoBeiM (ACM) m emé aBaalaThiO ISTHIO PEKUMaMU
W3YYCHHUS  PA3UYHBIX  (U3HUYECKUX  XApPAKTCPUCTUK  IMOBEPXHOCTH C  BBICOKUM
MPOCTPAHCTBEHHBIM pa3pelieHueM. IDTOT 30HJI0BbIA MuKpockon B 2003 roay mnepBbiM B
Poccun ObuT BHECEH B peecTp cucteMbl cepruduranuu cpencts PD: Ne980080025 u manee
No46918-11 B T'ocpeectpe cpenctB usMmepenuin P®. IlepBeie Bepcuum MHMKpOCKoMa
MIPOBEPSUINCH Ha BBITYCKaeMbIX HaMu ¢ 1997 roga MeTposioruyecku arrecToBaHHbIX 1t C3M
mepax MIIJI-1.0 (mepBeix B Poccum). BmocneactBun, CMM-2000 TtectmpoBancs Ha
BBIITyCKaeMbIX HaMU 110 ceil eHb Mepax «KBapi-XY1400/290um» (I'P Ne46672-11) u «ITPO-
10» (I'P Ne46835-11 u I'P Ne66933-17). YVuutbiBas To, uto emié B 1993 roay [2] Hamu ObLI
OCBOCH CEPHIHBIM BBITYCK 30HJOB JUISI aTOMHO-CHJIOBBIX MHKPOCKOIIOB, TaK HAa3bIBAEMBIX
«KaHTHUJIEBEPOB», B II€JIOM, OTall OCBOEHUS CEPUUHOTO TMPOM3BOJACTBA 30HIOBBIX
MHKPOCKOIIOB OBUI IpOHJeH ycmemHo'. OTMETHM, 4YTO COBpeMEHHas MOM(pUKALHs
mukpockora CMM-2000 cepriiHO BBITyCKAETCs 10 HACTOSIIETr0 BpeMeHH (puc. 1).

Puc. 1. 3onmoBeiii Mukpockon CMM-2000 nepsoii utepaumu 1992 roga (cieBa BBepXy),
BTOpO# ureparuu 1995 roga (cieBa BHU3Y) u nociennei ureparuu 2018 roga (o 1meHTpy) ¢
aTOMHBIM pa3pellieHneM Ha muporpaduTe (CrpaBa BBEpPXY), a TaKKe H300pakeHHs IIEPBOTO
POCCHIICKOTO KaHTHIIEBEPa, U3rOTOBICHHOTO B 1993 rony (cnpaBa BHU3Y).

B crnenyronue 20 ¢ aumHUM JIeT HaMH OBUTO pa3pabOTaHO MHOXECTBO CHEIHATbHBIX
30HJI0BBIX MUKPOCKOIIOB JJIsl BHEIPEHUS B caMble paszinyHble ycioBus. K HameMy cuacteio,
MonaJaiuch WHTEPECHbIe 3amaun BHeApeHuss C3M B Takue KECTKUE YCIOBHUS, O KOTOPHIX,
CKOpee BCero, He 3aAyMbIBAMCh Aaxke HoOenmeBckue naypearbl, U KOTOPHIE, BUIUMO, HE
MONaJINCh HUKOMY JPYTOMY.

! Va3 IIpesunenta PO ot 26.02.1997r. Nel32 o narpaxxaenuu Jlorunosa b.A. menansto «B namsats 850-netust
MoOCKBBI» «3a pa3pabOTKy M OPraHNU3aIMI0 CEPUHHOTO BHIITyCKa MHKPOCKOIIOB HOBOTO THIIa».
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Puc. 2. Cxema ycranoBku TOKAMAK (cneBa), ycraHaBiuBaeMblii Ha €€ TMEPBYIO CTEHKY
ckadep CTM (mo uentpy) u mpumep noiaygaemoro CTM-u300pakeHus MOBEPXHOCTH CTEHKU
pasmepom 1 MM % 1 MkM (cripaBa).

Hamu 6pimu cozganst C3M i paboThI B YCIOBUSIX COJHEUHBIX TEMIIEPATyp B ILIa3Me
ycTaHOBOK TepMmosiiepHoro cuHte3a tuna TOKAMAK [3], a Takke B ropsuux u
NepYaTOUHBIX KaMepax sJepHbIX peakTopoB [4]. C moMmoupl0 TaKuX MHUKPOCKOIOB OBLIH
M3YyYeHBl YCIOBHS CTAOMIBHOCTH TIOBEPXHOCTH CTEHOK M JIPYTHX DJEMEHTOB BHYTpPHU
ycraHoBok TOKAMAK (puc. 2) u cBoiicTBa MaTepHaIOB B YCIOBHAX PagHMOaKTUBHOIO
00JTy4eHUs B SJICPHBIX peakTopax (puc. 3).

Puc.3. Pagnammonno-crovikuii CTM-ckanep «AKTHHUA-M» 17 AAEpHBIX PEakTOpOB (CeBa) U
MpUMeEp TIONYyYaeMbIX H300paKEHUH CTPYKTYphl MOBEPXHOCTH Marepwia a0 (M0 LEHTpY) U
noce (crpasa) 00IydeHuUs.

Hamu pemanacek 3amava co3ganusi cTaOMIbHO-PAOOTAIONINX YUYEOHBIX MUKPOCKOTIOB IS
CTyJIeHTOB U IKOJAbHUKOB [5]. Takume C3M wmoryT OBITh HMCIOJIB30BAHBI IS y4eOHOM
pa3bopku U CcOOpKH C IIENbI0 JOCKOHAJIBHOTO HW3YYEHUS M JalbHEHIIEer0 BBIMOJHEHUS
MHOXKECTBA y4YEOHO-TIPOCKTHBIX pa0OT C TMOJYYCHHEM HW300paXCHUH IMOBEPXHOCTH
pa3HoO0Opa3HbIX 00PA3IOB, B TOM YHCIIE U C aTOMApHBIM pa3pelneHueM (puc. 4).

Puc.4. Muxkpockonn CMM-2000 B BUe KOHCTpYKTOpa (ClieBa), COOMpPAEcMOro yJanumucs (1o
LIEHTPY U CIIPaBa).
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VYenemnoe penienue 3agaun BHeApenust C3M B TepMOsICPHYIO [U1a3My MO3BOJHIO HAM
CO3/1aTh YHUKAJIbHBIC MHKPOCKOIBI, pabOTalOIIMe B MEHEEe MOIIHOHM IUia3Me KaTOIHOTO U
MAaru€TpoOHHOI'O HAIlbUICHHUA W B YCTaHOBKax (1)I/I3I/I‘-IGCKOFO U XUMHUYCCKOI'o OCaXKJACHUSA U3
napoBoit daszer (PVD/CVD) [6]. Takue MHKpPOCKONBI MOTYT OBITh HCIIOJIb30BAHbI IS
M3yYCHUSI PEaKIMil KaTajgm3a, a TakKe IMPOIECCOB BhIpamiuBaHus TpadeHoB (puc. 5) u
anMasoB mpu BeICOKHX (10 1500°C) Temmeparypax MCCIeayeMbIX 00pasIoB.

Graphene bubbles

Ni foil

Puc. 5. Manorabapuraeiii CTM/ACM (cneBa) ais PVD/CVD pocra rpadena (o ueHrpy) ¢
BO3MOKHOCTBIO CKaHMpOBaHus Harperoro 10 1500°C B armocdepe MeTaHna obpasia (cripasa).

KomOnHanust 30H0BOro MHKpPOCKOIA C MAalIMHOM pa3pbiBa (puc. 6) mo3Bomiia co3aaTh
YHUKaJIbHBIA NpHOOp Ul pa3paboOTKU W HCHBITAaHUS MaTepuajoB He(Tera3onpoBoOJIOB,
MAalIMH U JPYTUX KOHCTPYKIMH JUIsl KCIUTyaTalliy B YCIOBUSIX APKTUKU U AHTapKTUKH [7].

(h

Puc. 6. ACM «PACM-5» ¢ mammHO# pa3pbiBa (cieBa) oOpasnoB marepuaia (T0 IEHTPY) C
M300paKCHUSAMHU CTPYKTYPhl MaTepHalla Ha dTare IIacTHYSCKoM nedopMaliuu (CripaBa BBEPXY)
W pa3pbiBa MEWKH (CIIpaBa BHUZY).

W3 3amau, koTopble B MUpE pelIaad U Apyrue KOMaHAbl, CTOUT OTMETHTh pa3paboTKy
CKaHEpPOB I HHU3KOTEMIIEpaTYpHBIX CBepxBbicOKOBakyyMHBIX CTM [8, 9]. Ham ymamock
MOJHATh YPOBEHb CBEPXBHICOKOBAKYYMHBIX 30HJOBBIX MHKPOCKONOB, B TOM YHCJIE C
TeIIMEeBBIMHU 3aJTUBHBIMU (pUC. 7) W MPOTOYHBIMH KPUOCTaTaMH, 10 CTAOWIBHOTO aTOMHOTO
pazpemenus. Takue mpuOOpPHI yKe UCIIONB3YIOTCS TSl PyHIaMEHTAIbHBIX UCCIIeIOBaHUi [9],
Y TUTAHUPYIOTCS K MCTIOJIB30BAaHUIO JIJISI PEIICHUS 3a/1a9d CO3/IaHUsI KBAHTOBBIX KOMIIBIOTEPOB
Ha 06a3e 00bEKTOB aTOMHOTO MacIiTaba.
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Puc. 7. CTM «GPI Cryo» mis paboTst npu naBinenuu p ~ 1x10™ mGap u Temneparype T ~ 4°K

(cmeBa), ero ckaHep (IO IEHTPY) M M300pakeHHE PEKOHCTPYHPOBAHHON MOBEPXHOCTH 30JI0Ta
(cmipaBa).

Mp! BHepBbI€ A0BENU 10 peanu3anuu oaHy u3 uneit HobeneBckux naypeatoB — co3aarhb
C3M aToMHOro paspelieHus, BHEAPSAEMbId BHYTPb PaCTPOBBIX 3JEKTPOHHBIX MHUKPOCKOIIOB.
CoueTtaHue METOJMK MO3BOJISIET MOIYUUTh Oosiee JeTaabHy0 HH(pOpMaLH0 00 UCClIeAyeMOM
00BEKTE HAa MUKPO- HaHO- U aTOMHOM ypoBHe. Takre C3M ObUTH U3rOTOBJICHBI HAMHU KakK IS
OTEYECTBEHHBIX 3JEKTPOHHBIX MHUKpockonoB MPOM-100, tak u s 3apyOeXHBIX
AIIEKTPOHHBIX MUKPOCKOIIOB psifia pupm — Tesla, Zeiss (puc. 8) u Fel.

Puc. 8. Cxanupyronmii 3JeKTpoHHbINH MUKpockorn Zeizz (cnesa) ¢ CTM «UnderSEM-377» (mo
LEHTPY ), TTO3BOJISIONINM ITOJTy4aTh aTOMHOE pa3pelieHue (Crpasa).

beuta Takxke m3rotoBieHa cepusi C3M, BHEApPSEMBIX B MHKPOICKTPOHHBIC (Padpuku
tuna «Hanogab» [10]. B yacTHOCTH, OMH U3 TAKUX MUKPOCKOTIOB (puc. 9) ObLIT UCIIONB30BaH
roCyJIapCTBEHHOM Kopriopauuein «PockocMoc» I MOAEIMPOBAHUS MPOU3BOACTBA YUIIOB B
kocMoce U ampobarmuu C3M-nmutorpaduu ¢ XapaKTepHBIMH pa3MepaMH CO3aBaEMbIX
O00BEKTOB JIO CTMHUI] HAHOMETPOB.

Puc. 9. «Hanodpad» ¢ mogyiem ACM-nurorpaduu no nentpy (ciesa) 1 ACM-uzo0paxeHuemMm
MHUKPOCTPYKTYPHI (CIIpaBa).
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Hamu ObuT M3TOTOBJICH CHEIUATBHBIA MHKPOCKON CKaHUpyomero aHoma «SAFEM»y —
s10 a”asor CTM [11], Tonpko uria Tam Urpaer poJib aHOJa, CKAHUPYIOLIEr0 SMUTHPYIOLUE

TOK CTPYKTYphI oOpa3ia mnpu HampspkeHuu anoxa 10 600 B mns mosydeHus: KapThl TOKOB
smuccuu (puc. 10).

Puc. 10. Mukpockon ckanmpyromero aHoma «SAFEM» (cneBa) co BCTpoeHHOH BaKyyMHOM

cucremoii (p ~ 1x10° mGap, mo mentpy) u m3obpaxenne (400 MM x 200 MKM) SMHCCHH
YIJIEPOIHOTO 00pasia ¢ rpaeHOBBIMU BBICTYIIAMU (CIIpaBa).

bbul U3roToBiIeH Takke BHICOKOBAKYyMHBIH ACM ¢ KaHTHUJIEBEPOM, UMEIOUIUM YEThIpe
OJIMHAKOBbIE MPOBOAALIME OalIKU, KOTOPHIM Obljla U3MEpPEeHa MPOBOJUMOCTh KpeMHus [12] B
nauana3oHe Hu3kux Temmneparyp ot 22 mo 80 K (puc. 11).
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Puc. 11. Cxanep 4-x xonraktHOro ACM/CTM utst paGotsr mpu p~10™" M6ap n T=4°K (cneBa) ¢

n300paKeHHEM TOBEPXHOCTH KpeMHHs (10 HEHTPY) W BIEPBbIE H3MEPEHHBIMH KPHBBIMU
MIPSIMOTO ¥ 00PaTHOTO X0/ ero MpoBoauMocTy B anamnazoHe 22-80 K (cmpasa).

KpoMme ynoMmsHyTHIX BbllIe pa3pabOTOK, y HAac ObLI TaK)Ke OMBIT U3TOTOBJIEHUS MHOTHX
JIPYTUX CIEUUATU3UPOBAHHBIX MUKPOCKOMOB, KOTOPbIE SBIISJIUCH JTUOO MPOMEKYTOUHBIMU
CTagusiMM Teper Oojiee YAauyHBIMH KOHCTPYKLHSMH, JIMOO MOBTOPEHUSIMH H3BECTHBIX
KOHCTPYKLUH, KOTOPbIE Mbl €Tl JJIsi CPAaBHEHUS U aHAM3a KOHCTPYKTHBHBIX PEIICHUH.
OO6o0mast MpOWIEHHBII HAMU ONBIT KOHCTPYMPOBAHHUS U TPUMEHEHUS CKaHUPYIOLIUX
30HJIOBBIX MUKPOCKOIIOB B BaKyyM€ M Pa3jMuYHBIX CpeaaxX, Mbl MOXXEM OTMETHUTb, 4YTO JJIs
KaX/I0TO CIIEIMATN3UPOBAHHOTO 30HIOBOT0 MUKPOCKOMA TPeOOBAIOCh MPOUTH HEN30SKHBIN
3Tall OCO3HAHMUS BaXXHOCTU TE€X WM HHBIX €ro TIJIaBHBIX W OIpPENesSIONINX KauecTBO
cneun(uyHbIX napaMeTpoB. Ho mpu 3ToM BO Bcex ciiyyasx ObUT W OO Onpenenstomui
KauecTBO MMKPOCKONA IapaMeTp — YacTOoTa OCHOBHOTO MEXaHMYECKOTrO pe30HaHca
KOHCTPYKLIMM 30HJOBOTO MHUKpockomna. M3 mpuBenéHHOW TaGuuIkl, 00O0OMIAIOMIEH OIBIT
KOHCTPYHPOBAHUSL JECSITH CIEHHUATU3UPOBAHHBIX 30HIOBBIX MHKPOCKONOB JJIsi Pa3HBIX

o0JacTeil MPUMEHEHUS, BUIHA KOPPEIISIHS YaCTOThl OCHOBHOT'O MEXaHUYECKOTO pe30HaHCa C
paspelieHrneM MUKPOCKOTIA.
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«HanMeHOBaHKe» W/ WK HA3HAYECHHE IMosne xkaapa Pasperenue Pe3onancHast
MOJIEIH 30HI0BOI0 MUKPOCKOIIA XIYIZ, mxm | XYIZ, Aactpem 4acToTa,
«Mmukpockon ckaHHpYomui 30510861 CMM-20005

Bo3ayiHbii ACM/CTM + 26 pesxumos, -20...+150°C ATOMBI

TIepBBIi CKaHep: 4/4/05 rpadwur/cirona 12 k't
BTOPO# CKaHep: 40/40/5 5/1 2 kI
«AxTrHEA-M», CTM U1 aTOMHBIX PEaKTOPOB 40/40/5 5/1 2 xI'g
CTM miis TOKAMAK 1/1/05 aTOMBI Tpa(uT 32 k'
CTM/ACM pans PVD/CVD, 20...1500°C 414705 aTOMBI Tpa(uT 12 k['g
«GPI-Cryo», renuesbiit CTM 4,5K nias UHV 10'11M6ap 0,8/0,8/0,1 aTOMBI 30JI0TO 30 k'
«UnderSEM-377», CTM/ACM ajis 37€KTP.MHKPOCKOTIOB 2/2/0,5 aTOMBI Irpadur 24 xI'n
ACM-nurorpad B Hanogatbe 100/100/5 5/1 3,5l
4-x xonrakTHeli UHV ACM/CTM, aHanu3 npoBOJIUMOCTH 1/1/04 aTOMBI KpeMHUil 18 xI'
«SAFEM»y, UHV ckaunupyrotuuit 0-600B anos 500/500/50 20/5 0,5 k'
«PACM-5y, Bozaymiasiiit ACM ¢ MaIlidHOU pa3phiBa 200/200/10 10/2 1,2 '

Bxnan yacToThl pe3oHaHca, OKa3blBaloOIIE IPsIMOE BIMSHHUE HA YPOBEHb POHMUKAIOIINX
Ha U300pakeHHe BHEIIHUX BHOpauuii, okaszaiucs 0ojiee BaXKHbIM, YEM HAJIMUYUE Y MUKPOCKOIA
BHOPOHU3OIMPYIOUTUX CUCTEM. DTO MPOUCXOJUT MOTOMY, YTO HA MPAKTHKE B 00JIACTH YaCTOT
PE30HAHCOB KOHCTPYKIMH 30HIOBBIX MHKPOCKONOB (OT JoJiell 10 JECSITKOB KHIIOTEpIL)
aMIUTMTYJIa BHEIIHUX BUOpauuii A yaie Bcero CHIIbHO yMeHbIIaeTcs ¢ yactoroi f mo 3akony
A~1/f. TloaToMy, ciBHras pe3oHaHChI MHKPOCKOIIA JIMIIb HEMHOTO Jajbllie 0 YacTOTE, MbI
CWIIBHO CHMKAaeM aMIUIUTYAy TE€X OCTaBUIMXCA YacTOT, KOTOpBbIE pPACKAuMBaIOT 30H]
OTHOCHUTEJIbHO 00Opa3lia Ha 3TUX pe3oHaHcax. Ha kxadectBo C3M-nzobpaxkeHuil BiuseT He
BUOpaLMs BCETO MUKPOCKOIIA KaK €IMHOrO I€JIOr0, 8 UMEHHO pacKayka 30H/1a OTHOCUTEIBHO
o0pa3la, Ha KOTOPYK 4YacTOThl HM)KE€ PE30HAHCHBIX BIMAIOT B THICSUM pa3 ciadee, yeM
9acTOThl, Onm3kMe K pe3oHancy. K ToMy ke B KWJIOTEPIOBOH O0OJIACTH YacTOT
BUOPOM30JIMPYIOLINE CUCTEMBI, KaK TACCUBHBIE, TAK U aKTUBHBIE, Yallle BCEro Hea((HheKTUBHBI
BBHJly MaJIOTO 3aTyXaHHUsl BBICOKMX 4YacTOT B MaTepuajiax 3THUX cucreM. bomee Toro, ecth
cllyya, KOTJa MPUMEHEHHUE BUOPOU30IMPYIOUIEH CHCTEMbl NMPUHLUUIINAIBHO HEBO3MOXKHO.
Hampumep, ecim 30HAOBBIA MHKPOCKOI, BHEAPSEMBIA B JJIEKTPOHHBIM MHKPOCKOII,
MIOCTAaBUTh Ha CTOJIMK DJIEKTPOHHOI'O MHKPOCKOIA Yepe3 BUOPOM3O0IMPYIOLIYI0 CUCTEMY, TO
YKpEIUIieMblii B 30HAOBOM MHKpOCKOme oOpaseny OyAeT KadaTbCsl OTHOCUTENIBbHO
JIEKTPOHHOTO JIy4a, YTO HE IMO3BOJHUT MCCIENOBAaTh o0Opas3el] METOIOM 3JIEKTPOHHOM
MUKpPOCKONIMU. B Takux ciydasx MOBBIIEHHE PE30HAHCHOW 4YacTOThI CKaHEpa OCTaércs
€IMHCTBEHHOM Mepoll yXxo/1a oT BUOpaluii.

OnpenensiTb 4acTOTy COOCTBEHHOTO MEXaHHYECKOTO PpPEe30HaHCa KOHCTPYKIUU
MHUKPOCKOIA B IIEJIOM HECII0KHO, pa3padaThiBas €€ B COBPEMEHHOM IPOIPAaMMHOM IIaKeTe
tuna AutoCAD wmm SolidWorks. Mcnonb3ys Takue pekoMeHaIiy, KaKk yMEHbIICHUE JITTHHBI
IIbE€302JIEMEHTOB, YBEIMUEHUE MX IONEPEUYHOI0 CEUEHMS, YMEHBIIEHUE MacChl AepiKarenei
30HAa W oO0pa3la, YyKpemaseMblX Ha KOHIAX Ib€303JIEMEHTOB, M, IO BO3MOXHOCTH,
UCKJIIOUEHHUE IOCIEA0BATEIbHBIX COCINHEHUN JJIEMEHTOB, MOKHO JIOCTHYb CYIIIECTBEHHOTO
rporpecca B MOBBIIIEHUH PE30HAHCHBIX YacTOT, M, KaK MTOT, pa3pelieHus MUKpockomna. B
Cllydae OTCYTCTBHS NIPOIPAaMMHBIX BO3MOXHOCTEH ONPEIEIIEHNS PE30HAHCOB, MOYKHO
BOCIOJIb30BaThCs (OPMYJIaMU U3 HHKEHEPHOTO Kypca COPOTUBIICHHSI MaTEPHAIIOB.

Pe3zonanchas uyactota F ocHOBHOI Mo ammiuTyze OOKOBOHM packayku ckaHepa B BUJE
TpyOKHM U3 TIbe3oMaTepuana [UIMHOH L, BHeIHUM quameTpoM D, BHyTpeHHUM auamerpom d u
Maccoil M jmeprkaress 30HAa Ha €ro KOHIE BBIUUCISIETCS MO (opMyrie F=1/(2n\/(m><k)), rae
yrpyrocts Tpy6kn Ha usru6 k=L*/3E-J, Moy FOnra E= 6.3x10" Ia mns meesomarepuana
mapku LITC-19, a MomenT nueprnu ceuenns J=0.049 x (D*-d*).

Omnpenenstoniasi 1Moje CKaHUPOBaHUS BenuuuHa u3ruba X B OJIHY CTOPOHY KOHYHKa
bE30TPYOKH, UMEIOIIEeH OJTUH BHYTPEHHHH U YEThIpe BHEIIHUX 3JIEKTPOJIa, IPH MPUIIOKEHUN
Hanpspkennss V  Beramcisiercs o popmyre X=nDg;VLY/(d(D-d)), rae mbesomomymp Da
matepuana LITC-19 pasen 0,17 um/B, a koaddurment n pasen 0,45 ecnu mose NpuiIoKeHO K
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OJTHOMY M3 YETBhIPEX 3JIEKTPOIOB, M paBeH 0,9 ecnu mone NpuiiokeHO OAHOBPEMEHHO K JBYM
MIPOTUBOMNOJIOXKHBIM 3JIEKTpOJaM B pa3HOM HampasiieHuu. Ecnu mbe3oTpyOka umMmeeT ABa
BHEIIHUX 3JIEKTPOJa, MPUMEHUM TOT K€ pacuéT, Toibko Koddduuuent n pasen 0,6 ecnu
MoJie MPHJIOKEHO K OJHOMY M3 JIBYX D3JIEKTPOJOB, M paBeH 1,2 eciu mojie MPHIIOKEHO
OJTHOBPEMEHHO K JIBYM 3JIEKTPOJaM B Pa3HOM HAIIPABICHHH.

VYanunenue Z B 0OIHYy CTOPOHY Ui be30TPyOKH ¢ JuinHOH L, BHemHuM nuametpom D u
BHYTPEHHMM JuaMeTpoM O, MMeromieil OJuH BHYTPCHHUH M OJMH CIUIOIIHOM BHEIIHHN
AJIEKTPOIBI, PH MPHIOKCHUH HanpsukeHus V Beraucisercs mo Gpopmyine Z=D3;VL/(D-d).

Jnis mocnenoBaTeNbHOW ONTUMH3AIMKA KOHCTPYKIIMM MHKpOCKONa OOBIYHO Tpedyercs
MHOTO WUTEpaluid pacd€ToB, U AJsl YOBICTPEHHUS 3TOT0 MUMEET CMBICI BBECTH 3TH (HOPMYIIbI,
HarnpuMep, B (aiy mporpaMmbl AUeKTpoHHBIX Tadmui, Microsoft Excel. Takoit daiin s
MOCIIEAYIONIEH CaMOCTOSITENFHOM paboThl ¢ HUM MOXXHO O€3BO3ME3[IHO MOJYYUTh Y Hac,
3apOCUMB  €ro II0 aJapecaM »JJICKTPOHHOM IIOYThI, YKa3aHHbIM Ha HAIIMX CcalTax
WWW.Microscopy.su, WWW.MHKPOCKOILSU Wiax WWW.Z-Proton.ru.

C nmomompto Takoro (aitnma Taxxe ynoOHO OBICTPO OIEHHMBATH PE30OHAHCHBIE YACTOTHI
y>K€ UMEIOIIErocs B HaJMYUU 30HIOBOTO MUKPOCKOIIA, YTO MOJCKaXET BO3MOKHBIE CIIOCOOBI
VIYYIICHUSI €r0 XapaKTePUCTUK JOCTYIMHBIMU Ui MPOCTOrO TOJB30BaTeNs crocobami,
HampuMep, YMEHBIIEHHEM Macchl o0pa3na WiIM Uriabl. Majno KTO M3 MOoJb3oBareneit
3aJyMBIBaeTCsl TaKke 00 ontumm3amuu guamerpa D m amunbl L muaTMHOBOW MPOBOJIOKH
CTM-urmsl, a Beib OT 3TOTO CUJILHO 3aBUCUT €€ COOCTBEHHasi pe3oHaHCHas yactora. OHa He
TaKk yX W BeJMKa, U eclIu OHa Hike, Hampumep, 10 k[, TO Bpsa M MOXHO OXHIATh
aTOMHOTO pa3pelieHuss OT MHKPOCKOma, T.K. Uria OyaeT CHIBHO pacKadyuBaThCs
NPUCYTCTBYIOIMMH B 3TOM JHAla30HE YacTOT BHEIIHHUMH BHOpAIMsIMH, OCOOEHHO
aKyCTMYECKUMHU BHUOpalUsMH B Cly4ae BO3AYLIHBIX MHUKPOCKONOB. Pacyé€r pe3oHaHCHOM
9acTOThl F WIIIBI IPOM3BOIUTCS MO TOW k€ (opmylie, YTO H i TPYyOKH, TOJBKO MOMEHT
MHEPIHU CeYeHHUS 37IECh YK€ HaJI0 CYUTATh JUIsl KPYTIIOro CTepXKHS 1o popmyrie J=0.049D" a
Maccy M MpUHUMATh PAaBHOW MOJIOBHHE MAcChl CTepkHA. Torma ¢opmyna ¢ y4éToM MOIYIIs
IOura mnnatuHbI 16,8><1010 a u mwiotHoctH mwiatubl 21.4x10° kr/m® Oyner uMeTh
cnenyroumid Bug: F(x['m) = 273D (mm) / L (MM)Z. VY urnsl nuamerpom 0,5 MM pe3oHaHCHas
yactota craHoBUTCS HMke 10 k' yxe npu amuHe Oosbiie 3,7 MM, a y UIJIBI AUaMETPOM
0,2 MM — mipu e Oosbine 2,3 MM. KoneuHo, He ctout aenats CTM-HUDIIBI [UTHHHEEE, €CITU
HE00XO0/AMMO aTOMHOE pa3pellieHue.

DKcriepuMeHTalTbHAs TIPOBEPKA PACCYMTAHHBIX TMPH pa3paboTKe PE30HAHCOB AIIEMEHTOB
KOHCTPYKLIMM MHKpPOCKOIIa 00s3aTeNbHa, MOTOMY 4YTO BCE ATHU JJIEMEHTHI COEIUHSIOTCS
Mexay coOoil. B cBA3M ¢ 3TUM, HE Bcerga MOXHO MpeAyrajnaTb W paccuuTaTh, OyAeT Ju
4acTOTa KOHCTPYKLIMH B IIEJIOM MEHbIIIE YaCTOT OTJENbHBIX 3J1eMEeHTOB. [IoHnKeHne 4acTOThI
HaOJI0AaeTCs BCET/Ia, KOTJa MEXaHUYEeCKOEe COeIMHEHHE DJIEMEHTOB TOCIIEI0BATEILHOE, T.C.
OHU COENUHSIOTCS B IIEMOYKY, COCTOSAULIYIO XOTS Obl Jake M3 ABYX 3BeHbeB. Ho mHorma
OBIBacT, YTO POJIb MOCIENIOBATEIHHOTO 3BEHA MIPAET M OCHOBaHHME, OCOOCHHO €CITM OHO He
HAaMHOI'O  IpeBbIIaeT radapuThl OTAEIBHBIX 3JeMeHTOB. (OcHOBaHHE OHIMOOYHO
paccMaTpuBaeTCs B KaUeCTBE TOW OCHOBBI, C KOTOPOW HE3aBUCHMO JAPYT OT JAPYra «pacTyT»
BCE 2JIEMEHTHI.

DKcriepuMeHTalTbHasl MPOBEPKAa OOBIYHO BBIMOJMHACTCS C IOMOMIBIO ocnuiutorpada.
Ouenb yno6HO, eciiu OH 00naaeT GyHKIMeH aHaIM3aTOpa CIEeKTpa U BBIAAET HHPOPMALIUIO
00 ammmtyne dactoT. Ha ocmwmiorpad momaércsi OCHOBHOW BBIXOJHOW CHTHA —
HanpsDKEHHE ¢ BBIXO/1a MPEIBAPUTEIHHOIO YCHIIUTENS TYHHENIBHOr0 Toka B cinyyae CTM win
C BBIXOJla ycuiuTeNs curtanoB oT ¢otoauona B ciydyae ACM. Ilpu stom, u CTM, u ACM
JIOJDKHBI OBITH C BKIJIFOYEHHOM OOpaTHOW CBS3bI0, KOTOpas OTCIEKUBACT MOJOXKEHHUE 30H[a
OTHOCHTEIIFHO TIOBEPXHOCTH 0Opa3ia. Ha ocHOBaHMM MHKpPOCKOIA KpenmwuTcs BHOpaTop, Ha
KOTOpBIN MoAaércsi BO3OYKIarolasi yacTota B JHana3oHe OT HwkHero npexaena (B 10 pas
HIDKE TIPEANoiaraéMoll pE30HAHCHOW YacTOTHI) 10 BEepXHEro mpenaena (B 2 pasa BbIIIE
npeanogaraeMoi 4actotsl). [Ipu momnagaHuy 4acTOTHl HA OCHOBHON MEXaHUYECKHH PE30HAHC
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ocuuiuiorpad Mo3BONSIET HAOMIOAATH MOBBHIMICHUE AMIUTMTYABI 3TOW YacTOTHI B BBIXOJHOM
curHajge (0 HECKOJNbKHX IECATKOB pa3). Hepeako momamarTcs JOKaIbHBIC PE30HAHCHI,
KOTOpPbIE Yallleé BCEro MPUBOASAT K HEOOJBIIOMY IOBBIIICHUIO aMIUIUTYJIbI 3TUX YacTOT B
BBIXOJHOM CUTHalle. B OTAeNnbHBIX ciay4asx MX Takke HeoOXOIMMO YyYUTHIBATh. 3a 4acTOTY
OCHOBHOT'O MEXaHHWYECKOI'0 PE30HAHCA JIy4Ille BCErO MPUHUMATh CaMblil HIDKHUM MO YacTOTE
PE30HaHC, KOTOPBI HYKHO MBITAThCSI MOJIHOCTBIO YCTPAHUTh H3MEHEHHEM KOHCTPYKLUU
MHUKpOCKomna. B kadecTBe BHOparopa mpuU MPOBEPKE MHUKPOCKONA MOKHO HCIOJIb30BATh
M000i Mb303JIEMEHT, KOTOpBIM MO0 u3rmbdaercs, aubo cokpamiaerca. OIHUM KOHILIOM OH
JIOJKEH OBITh XOPOIIO YKPEIUJIEH Ha OCHOBAHMHM MUKPOCKOTIA, a Ha IPYTOM €r0o KOHIIE JOJKHA
OBITh yKpeIUUIeHa HEKOTopas Macca AJisi BO30YyKAeHHs] BUOpaIuil roioBku Mukpockona. OHa
HE JOJDKHA OBITH OOJIBIION, YTOOBI pPEe30HAHCHAs YacTOTa MbE303JEMEHTa HE OIMyCKalach
HUKE I[UIAHUPYEMOT'O BEpPXHEro Ipejesa dYacToT BO30OYXKICHHS, a IMbEe303JEMEHT MOT
0TpalaThIBaTh BCE YaCTOTHI BO30YKICHHS.

TakuM 00pazoMm, U3 OmbITa HAUX pa3padoToKk U npumeHeHHs C3M, aKUEHTUPOBAHO
BHUMaHUE Ha OJTHOM W3 BaXKHBIX NAapaMeTPOB KAaYECTBA 30H/IOBBIX MUKPOCKOIIOB — YacTOTE
OCHOBHOTO MEXaHMYECKOIro pe3oHaHca. B noknane gaHbl mpuMepHbIe GOPMYIBI €ro pacuéra
U PEKOMEHIAIMU TI0 €ro ONTHUMH3aluu. MBI BBIpaXaeM MPU3HATEIBHOCTh M.(-M.H.
EnbuoBy K.H., 3aBeaytomiemy oTeI0M TeXHOJIOTHI U U3MEpEeHU aToMHOro Maciraba MOO
PAH, 3a mocraBieHHOE UM YCJIOBHE aOCOJIOTHO HAAEKHOTO aTOMHOIO pa3pelieHus B
ckanepe mukpockona GPI-Cryo, kotopoit mbl aenanu B 2005 roay, Tak Kak UMEHHO B 3TOH
pa3paboTKe MBI BIIEPBBIC CEPHE3HO MPOUYBCTBOBAIM aKTyallbHOCTh PE30HAHCOB. MBI Takke
onarogapum Yaiiky A.H. u XKykoBa A.A., uHHUIIMATOpPOB Bcepoccuiickoro pacumpeHHoro
cemuHapa «OcoOEHHOCTH MPUMEHEHUSI CKAHUPYIOIIUX 30HJ0BOH MHKPOCKOTIHH B BaKyyMe H
pasnuuHbIX cpenax - 2019y, 3a npurnamenrue kK 00HapoJOBaHUIO HApaOOTAaHHOTO MaTepHaa.
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Ocobennoctu C3M nipu Bo3JecTBUH BHeIIHUX (usnueckux GaxkTopoB u
NpoTeKaHuM XuMHYeckux peakmuii: ombiT Oxford Instruments Asylum
Research

B.C. Heynauuna

Mockoeckoe npedocmasumenscmso Intertech Corporation, 119049 2. Mockea, yin. Kpvimckuii
Ban, 0.3, cmp. 2

B noknane o6cyxaatrorcs mocaennue paspadorku Oxford Instruments Asylum Research
B 00JIACTH CKaHHMPYIOUICH 30HIOBOM MHUKPOCKOIHMH B PAa3IMYHBIX CpPelax MpPU BO3JCHCTBHU
TAKUX BHEIIHUX (AKTOPOB, KaK CICHHUAIBHO T'CHEPUPYEMbIC 3JCKTPOMArHUTHBIC TMOJI,
MHUKPOBOJHOBOE wu3iydeHue (meron SMIM), moacBeTka ¢ OJHOBPEMEHHBIM H3YYCHHEM
anekTpudeckoro otkianka (C3M B uccienoBannu (HOTOBOJIBTAMKH), METOJBI UCCIICIOBAHUS
MTBE303JICKTPUKOB (MUKPOCKOTIHS MThE300TKIIMKA U BEKTOPHASI MUKPOCKOITHUS ITbE300TKIINKA), a
Takke IN SItU uccieoBaHUs B CIHCIHAIBHBIX AJICKTPOXMMHUYCCKHX sueikax. Tarke
00CYXIAlOTCSl  CICIHAalIbHBIE METOAbl BO3OYXKICHHS KOJCOaHUS KAaHTHICBEPOB IS
peanu3aiy MOJYKOHTAKTHOTO PEXHMa B JKUAKOCTH (TPAJUIMOHHO CIIOKHOW 00JIaCTH
NPUMEHEHHs I MbE30NMPHBOAA): MarHuTHbIA npuBon iDrive u  ¢dororepmudeckoe
BO30yXIeHHe KaHTWieBepoB blueDrive, a Takke TEXHHUYECKas pealn3aius METO0B
KOHTPOJISl BJIIAYKHOCTH U cocTaBa cpeibl B xone C3M uccienoBaHui.

SPM under application of various driving forces and in the process of
chemical reactions: Novel developments by Oxford Instrument Asylum
Research

Vera S. Neudachina

Moscow representative office of Intertech Corporation, 3 bldg 2 Krymsky Val st., 119049
Moscow

The presentation discusses the latest developments of Oxford Instruments Asylum
Research for scanning probe microscopy in various environments under application of such
driving forces as specially generated electromagnetic fields, microwave irradiation (SMIM
technique), illumination with simultaneous measurement of electric response (SPM for
photovoltaics investigations), piezoelectrics studies (PFM and vector PFM) and in situ
measurements in special electrochemical cells. Modern methods of cantilever excitation for
tapping mode in liquids (a traditionally difficult area for piezodrive application) are also
discussed, including iDrive, magnetic excitation, and blueDrive, photothermal excitation;
technical aspects of humidity and environment control during SPM studies are covered as
well.
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IlpumeHeHrMe  MArHUTHO-CHJIOBOM  MHKPOCKONMHM sl  H3y4YeHMA
MHUTAKCHAJIBHBIX ()eppo- M aHTH(EPPOMATHUTHBIX MUKPOCTPYKTYP

JILA.®omun, N.B.Manukos, A.B.YepHbix
UIITM PAH, 142432, Yeproeonoska, Mockosckas 00.1., yi. Axademura Ocunvaua, 0.6

MetogaMu  MarHUTHO-CWJIOBOM ~ MHMKPOCKONIMM Y MHKPOMAarHUTHBIX — PacyeToB
HCCJIEIOBAHO MarHUTHOE CTPOEHHUE SIUTAKCUAIBHBIX MUKPO- U HaHOCTpYKTYyp Fe (001) u Fe
(011), wM3roTOBIIEHHBIX W3 IUICHOK, BBIPAIIEHHBIX METOJOM MMITYJbCHOIO JIa3€pHOI0
OCaXKJICHHsI B CBEPXBBICOKOM BakyyMme Ha R- u A- mutockoctsix candupa ¢ nmoacioem Mo ¢
OJTHOBPEMEHHO YJIYUIIEHHBIMH MAarHUTHBIMH M 3JIEKTPOH-TPAHCIIOPTHBIMU CBOWCTBaMH.
Y CcTaHOBIIEHBI TUIBI MUKPOMAarHUTHBIX COCTOSIHUM M MX TpaHC(hOpMalys B 3aBHCUMOCTH OT
pasMepoB U OPHUEHTAllMU CTPYKTYpbl OTHOCHUTEJIBHO OCEH JIEFTKOr0O M TPYAHOrO
HamMarHM4uMBaHus. TakKe MCCIIeOBAHBI IBYXCIONHBIE CTPYKTYPBI ¢ aHTH(EpPOMarHETUKOM
(Fe/FeMn), mpeaBapuTEIbHO OTOXOKECHHBIC B BaKyyMe TIpPH TEMICpaType, BBIIIC
Temneparypsl Heens BO BHEIIHEM MAarHUTHOM Tojie Ui (OPMHPOBAHUS OOMEHHOM
aHM30TPONMU B Clloe aHTU(eppoMarHeTuka, NpuBoAsdlied K 3¢ ¢dexkTy OOMEHHOro CIBUIA.
Haiineno, uyto ocb OOMEHHOI aHHU30TPOIIMM HAINpaBi€HA BJOJb MAarHUTHOIO IIOJI,
IIPUIIOKEHHOTO MTPHU OTXKUTE CTPYKTYP.

Application of magnetic force microscopy for study of epitaxial ferro- and
antiferromagnetic microstructures

L.A. Fomin, I.V. Malikov, A.V. Chernykh
IMT RAS, 142432, Chernogolovka, Moscow region., Acad. Ossypian str, 6

The magnetic structure of epitaxial micro- and nanostructures of Fe (001) and Fe (011)
made from films grown by pulsed laser deposition in ultrahigh vacuum on the R- and A-
planes of sapphire with the Mo seed layer with simultaneously improved magnetic and
electron transport properties was studied by means of magnetic force microscopy and
micromagnetic calculations. The types of micromagnetic states and their transformation are
determined depending on the size and orientation of the structure relative to the easy and hard
magnetization axes. Two-layer structures with an antiferromagnet (Fe/FeMn), previously
annealed in vacuum at a temperature above the Néel temperature in an external magnetic field
to form exchange anisotropy in the antiferromagnetic layer, leading to the effect of exchange
bias, were also investigated. It was found that the axis of exchange anisotropy is directed
along the magnetic field applied during annealing of the structures.

DOI: 10.26201/1SSP2019.45.557/SPMAPPL.8
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Beenenune

Ha cerogusmnuii 1eHb, B CBA3M C IIMPOKUM HCIIOJIB30BAHUEM MHKPO- U HAHOCTPYKTYP
13 (QeppOMarHUTHHIX METAIJIOB M PA3BUTHEM CHUHTPOHUKH, BOCTPEOOBAHHO JETalbHOE
M3yuyeHHe MarHUTHOTO CTPOEHHS B TUIAHAPHBIX MUKPOCTPYKTypax. Kak U3BeCTHO, MarHUTHOE
CTpOCHHE MOJUKPUCTAIUIMYECKUX U JaKe HEKOTOPBIX SMUTAKCUAIBHBIX IIAHAPHBIX CTPYKTYP
MUKPOHHBIX U CYOMHKPOHHBIX Pa3MepOB HE BCETJa PEryJISipHO U TpyaHompeackazyemo [1]. B
STOW CBSI3UW BCTAeT 3ajjauya W3TOTOBJICHUS MHUKPO- U HAHOCTPYKTYp C Kak MOXHO Ooiee
COBEPIICHHBIM KPHCTAIMYECKUM CTPOCHUEM M, KaK CJIEJICTBHE, PETYJISPHBIM MarHUTHBIM
CTPOCHHEM.

MeTogaMn MarHUTHO-CHUJIOBOM MHUKPOCKOINMHM W MHKPOMAarHHTHBIX pacueToB OBLIO
HCCJIEIOBAHO MAarHUTHOE CTPOCHHE JMHUTAKCHAIBHBIX MHUKpO- W HaHocTpykTyp Fe(001) u
Fe(011), u3roToBIEHHBIX W3 IUICHOK, BBIPAIIEHHBIX METOJOM HMITYJIBCHOTO JIa3€pPHOTO
OCaXICHUSI B CBEPXBBICOKOM BakyyMe Ha R- u A- miockocTsix candupa.

MuxpocTpykrypsl Fe

W3 nureparypsl [2] HM3BECTHO, YTO IUICHKM >Kejl€3a SMUTAKCHAIbHO pacTyT Ha A-
IJIOCKOCTH candupa ¢ mnojaciaoemM Mo Baonb HampasieHuss (011) ¥ UMEIOT OJIHOOCHYIO
MarHUTHYK0 aHU30TPONHUI0 B IUIOCKOCTM C OCbhIO Jierkoro HamarHuuuBanus (OJIH),
obpasyromiel yron 35° k 6azoBomy cpe3y. Takue IUIeHKH ObUIM BBIPAIEHbl U U3 HUX ObUIM
W3rOTOBJIEHBl MUKPOCTPYKTYPBI, MarHUTHOE CTPOEHHE KOTOPHIX MCCIEA0BAJIOCh METO/I0M
MarHuTHO-cuJIoBoM Mukpockonuu (MCM). [lns pacmmppoBKM MarHUTHOTO CTPOCHMS IO
nosiyueHHOMY MCM KOHTpacTy NpOBOJMIMCH MHUKPOMArHUTHBIE pacueTbl C IOMOIIbIO
nporpammbel  OOMMEF [3]. MCM wu3mMmepeHusi MOKa3aldd CYIIECTBEHHYKO pa3HULY B
MarHMTHOM CTPOECHUU NOJUKPUCTAIUIMUECKUX CTPYKTYpP, Y KOTOPBIX OHO HEPETyJIpHO, U
SMHUTAKCUAIBHBIX, y KOTOPBIX OHO MMEET BHJ PErYJISApPHBIX IOJOCOBBIX JIOMEHOB,
HaMarHMYeHHOCTh B KOTOpBIX HampasieHa Baonb OJIH. /[ins MUKpOMarHUTHBIX PacyeToB B
KayecTBe apaMeTpoB Opajich TaOJWYHbIE BETMUNHBI [ 00BEMHBIX KPUCTAIIOB JKelle3a, 3a
UCKJIIOYEHUEM PHEPIHM aHU30TPOINMHU, JUIsl KOTOpOH Obula B3dTa Qopmyia Juis KyOudeckon
aHU30TPONMH, HA KOTOPYKO HAKJIaJIbIBA€TCS OJHOOCHAs M JBE KOHCTAHTHl AHU30TPOIHH,
n3MmepenHsle B pabore [2] mia meHok Fe(011) tommmuuoit 50 HM, BBIpallleHHBIX Ha A-
wiockocTH candupa ¢ moacinoeM Mo. MarHutHoe crpoeHue MHKpocTpykTyp Fe(011),
OpHeHTHpOBaHHBIX oA yrioM 35° k OJIH panee He McciaenoBanoch. DKCIEPUMEHT MTOKa3al,
YTO CTPYKTYpPHI C OOJNBIINM aclEeKTHBIM OTHOIIEHHWEM (OTHOLIEHHEM JUIMHBI K mupuHe, AO)
JEMOHCTPUPYIOT MAarHUTHOE CTPOEHUE B BHUJE IOJOCOBBIX JOMEHOB, OJHAKO Ha MX Kpasx
MOSIBIIIETCA CYOCTPYKTYpa, B TO BpeMs Kak Jjisi Masbix AO HaOM0aloTCs CTPYKTYpPHI TUTIA
"COpoKOHOXEK".

Ha R-nnockoctu cangupa snuTakcuanbHble MJIEHKU )KeJe3a, 10 HAIlUM JIaHHBIM, paHee
HUKTO HE€ BbIpalluBaj. Mbl BBIDACTUIM TaKHUE IUIEHKH C OJHOBPEMEHHO YIIy4IIEHHBIMHU
MarHUTHBIMH U 3JIEKTPOH-TPAHCIOPTHBIMHU CBoiicTBamu. B orianmume ot A-miockoctu
carndupa, TIEHKH »kene3a Ha R-mimockoctu pactyT Baoibs Hampaienus (001). 3a cuer
KyOMUYeCcKON aHM30TPONMHM Kejle3a, B MJIOCKOCTH IUIEHKHU PaclojaraloTcs ABE OCH JIETKOTO
HaMmarHuuuBaHust Baosb Hampasinenuit [100] u [001], omHO W3 KOTOpPBIX NapaylieabHO
0a30BOMy cpe3y MOMIOXKKH candupa. MHUKpPOCTPYKTYpsl B ¢opMe MpsSMOYTOJIbHHUKOB,
OPHEHTUPOBAHHBIX BJOJIb 0a30BOr0 cpe3a MOKa3adl MarHUTHOE CTPOEHUE, TUIWYHOE IS
JBYXOCHBIX CTPYKTYp B IIJIOCKOCTH. J[7s1 mpsMOYyroiapHUKOB ¢ MainbiM AQO Habonaiuch
MarHuTHBIE CTPYKTYphl Tuna "diamond", B TO BpeMs Kak MPsIMOYTOJIbHUKH ¢ Oonbmm AO
umMenu cTpykrypy Jlannay co 180-rpamycHoil OJ0XOBCKOM JOMEHHOUM CTEHKOH Mo cpeaHeit
JUHUU. MarHuTHOe CTpOEHHE MPSMOYIOJbHUKOB, N3rOTOBJIEHHBIX noA yriom 45° xk OJIH ¢
MansiM AO mpencraBiisier coOOl MOCIea0BaTeIbHOCTh BUXpel U aHTHBUXpen. [ Gompimmx
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ACIEKTHBIX OTHOLIEHUM peaau3yeTcs MarHUTHOE CTPOEHUE B BUeE "rapMouku". Pe3ynbraTel
pacueToB NOATBEPANIIN HAlAEHHYIO HHTEPIPETALIMIO.

MuxkpocTpykrypsl FesoMnso/Fe (001)

OauuM u3 penieHuid NpoOJaeMbl MOHUKEHHS ITUIOTHOCTU CIHH-TIOJIIPU30BAHHOIO TOKA
MEPEKIIFOUCHUS] MATHUTHBIX COCTOSIHMM aKTHBHBIX 3JIEMEHTOB B YCTPOMCTBAX CHUHTPOHUKH
SIBJISIETCSL KICTIOJIb30BaHue aHTH(eppoMarHeTukoB (ADM) [4]. Takke npencTaBisieT HHTEPEC
MX HCMOJB30BaHUE B MPEOOPa30BaATENISIX BHICOKOYACTOTHBIX CUTHAIOB U, BO3MOXHO, B CITMH-
WHXXEKIMOHHBIX M3IydaTenax u npuemMHukax TI'n uznydenus [5].
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Puc. 1. MCM wusobpaxkenuss mukpoctpykryp FeMn/Fe/Mo/R-sapphire (a, 6) u 3aBucumocTu
cornpoTuBiaeHUsT Makpomoctrka FeMn/Fe/Mo/R-sapphire ot npuioxeHHOr0 MarHUTHOTO TIOJIS
B MEPICHANKYIISIPHOM M apaJUIeIbHOM MOCTHKY TOJISIX (B).

Hamu BmnepBble OBUTM HM3TOTOBIICHBI JMHTAKCHAIBHBIE MHUKPOCTPYKTYphl Fe/Mo/R-
canup, FesoMnso/Fe/Mo/R-candup. bbuia Taxxke paspaboTaHa TEXHOJOTHS IMOJYYCHUS
MeTamMaTepualoB, COCTOSIINX M3 HENEPKOIMPOBaHHBIX (peppoMarHUTHbIX (PM) ocTpOBKOB
HMOKPBITEIX crutomHoH APM-menkoi. B rerepoanurakcuansasix @M u AOM crpykTypax
ObUIM HUCCIIEJOBaHbl CIHH-TIOJNSPU3AaLMOHHbIE TOKOBbIE 3hdexte. MCM  uzmepeHus
MO3BOJIMJIM MHTEPIPETHPOBATH MArHUTHOE COCTOSIHUE CJIOSI aHTU(EeppOMarHeTuka IO
MarHUTHOMY KOHTpPacTy ciosi (eppoMarHeTMKa B  DSMUTAKCHAJIbHBIX  CTPYKTYpax
FesoMnso/Fe/Mo/R-canpup. B mpoiecce M3roToBICHHS TaKHe CTPYKTYpbl OTXKUTAHCh B
BaKyyMe BO BHEIIIHEM MarHWTHOM II0JI€ IIPU TeMIlepaType Bhllle Temneparypbl Heens, koraa
aHTH(EepPOMArHEeTUK MEPEXOUT B MApaMarHUTHOE COCTOSIHUE, a 3aTeM OXJIaKJaIUCh. Takum
oOpa3zom B ADM Bo3HuKana 0OMEHHas aHU30TPOINHUsS, NPUBOAsAIIAA K 3PPexTy 0OMEHHOTO
caBura KpuBo rucrepesuca. Ha puc. 1 mokazanst MCM wu3o0pakeHHs MHKPOCTPYKTYP
FesoMnso/Fe/Mo/R-candup, a Takke 3aBUCHMOCTH COTMPOTUBJICHUS MaKpPOMOCTHKA U3 TaKOM
IUIEHKH OT MarHUTHOTO IOJIsI, IPUJIOKEHHOTO B TUIOCKOCTH IIJIEHKH B IEPIEHANKYISIPHOM U
napajuieIbHOM MOCTHKY HampasieHusx. U3 MCM uzo0paxkeHuit BUIHO, YTO OCh OOMEHHOM
AHU30TPONMH HAIPABJIEHA BIOJIb MATHUTHOTO IOJISA, IIPUIOKEHHOTO MIPU OTKUTe. Benmnunna
moyis OOMEHHOro CJABHUIa, HaWJeHHas W3 H3MEpPEHUN MarHeTOCONPOTHBIIEHUS MOCTHKA,
cocTaBuia OKojo 25 O. DTy ke BeNMUnHy MOXHO HauTh u3 MCM usmepennil. MarautHoe
CTpOeHHE MpsIMOyTroibHMKa Fe ¢ acrnekTHbIM oTHomeHueM 1:2 mpencraBisier co0oit
crpykrypy Tuma "diamond" y KoTopoii miomaas HEHTPAIBHOTO JOMEHA cOoCcTaBiser 1/4 ot
IJIOMIAA BCETO TPSIMOYTOJbHHKA. Y TIpAMOYroJbHUKOB u3 FesoMnso/Fe Bcneactsue
OOMEHHOTO CIBUTa OHAa HECKOJBKO OOJbIlle 3TOro 3HaudeHus. l3mepeHue 3aBHCHMOCTH
IUIOUIAI LEHTPAJIBHOTO JIOMEHAa OT BHEIIHEro IOJsl MO3BOJSeT HAMTHU 1ojie 0OMEHHOTO
C/IBMTA.

1. A. Hirohata, Y.B. Xu, A.C. Bland, S.N. Holmes, E. Cambril, Y. Chen, F. Rousseaux, J.
Appl. Phys. 91, 7308 (2002).
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A. H. Macdonald, M. Tsoi, Phil. Trans. R. Soc. A 369, 3098 (2011).

10.B. I'ynses, I1.E. 3uns6epman, I'.M. Muxaiinos, C.I'. Yurapes, [Iucema B XKOTOD 98,
37 (2013).
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HpHMeHeHHe TPHAHTYJIAIIUH I[e.ﬂone AJd aHaJIu3a CTAaTHCTHYECKHX

CBOICTB MMOBEPXHOCTEH € ajicopdaTamMu

A.IO. Ana):[bmn(l/lﬂl’2

Y Unemumym usuxu muxpocmpyxmyp PAH, 603087, Huscnuti Hoseopod, ya. Akademuueckas, 0.7.
2 Huowce20podckuii 20¢y0apCcmeeHbii yrusepcumem um. H.U. Jlobauesckozo, 603950, Huowcruti
Hoezopoo, np. I'acapuna, 0.23.

Jloknan TOCBALIEH  OOCY)KICHHIO  BO3MOXKHOCTEH  MeToJa, OCHOBAaHHOIO  Ha
TpUaHrynauuu JlenoHe, A aHanM3a CTATUCTUYECKMX CBOMCTB KBa3MOJHOMEPHBIX MU
JIBYMEPHBIX CTPYKTYp, TaKMX KaK IMOBEPXHOCTH C aacopOaraMu WM pEIIeTKH BUXpEH B
CBEpXNPOBOAHMKAX. TpuaHrymsauus JlenoHe sBIsSETCS XOpPOLIO M3BECTHBIM METOJOM
OJTHO3HAYHOTO pa30MEHUsi JBYMEPHOW CHCTEMBI Y3JIOB Ha TPEYTOJbHUKH, IPH STOM
pa3OMeHue MaKCUMHM3UPYEeT MHUHUMAIBHBIA YroJl Cpead BCeX BHYTPEHHHMX YIJIOB
IIOCTPOCHHBIX TPEYrOJbHUKOB. Tpuanryisauus /lejoHe B3aMMHO OJJHO3HAUYHO COOTBETCTBYET
auarpamMmme BopoHOro Juist TOro ’ke MHOXKECTBAa TOYEK. DTO MO3BOJISET MOJYyYUTh JTAHHBIE O
JUINHE M OPUEHTALMU «CBS3€W» MEXAY COCEAHMMHM Yy3JIaMH, a TakkKe O pa3Mmepe obiacteid,
IPUXOJAIIMXCA HA OJUH Y3€l, U MOCTPOUTh COOTBETCTBYIOLIUE (PYHKLUMHU pacHpeaeaeHus.
Pabora BrimonHeHa npu (uHAHCOBOW momaepkke Poccuiickoro ¢onma (yHIaMeHTaIbHBIX
uccinenoBanwuii (mpoekr 19-02-00528).

The Delaunay triangulation as an effective method for statistical analysis of
surfaces with adsorbates

A.Yu. Aladyshkin*?

YInstitute for Physics of Microstructures RAS, 603087, Nizhny Novgorod, Academicheskaya str., 7.
’N.1. Lobachevsky State University of Nizhny Novgorod, 603950, Nizhny Novgorod,
Gagarin avenue, 23.

This talk is devoted to the method, based on the Delaunay (or Delone) triangulation, for
analysis of statistical properties of quasi-one-dimensional and two-dimensional structures
such as surfaces with adsorbates and vortex lattices in superconductors. The Delaunay
triangulation is a well-known method of unambiguous splitting of two-dimensional set of
nodes into elementary triangles in such a way to maximize the minimum angle of all the
angles of the triangles in the triangulation. The Delaunay triangulation corresponds to
Voronoi diagram for the same set of nodes. It allows to get information about lengths and
orientations of the bonds between neighboring nodes as well as sizes of areas for the single
node and to plot the corresponding histograms (i.e. density probability functions). This work
is financially supported by the Russian Fund for Basic Research (project 19-02-00528).
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Hcnoab3oBanue CKPUNTOBBIX A3BIKOB B porpamme ynpasjaenuss C3M
A.T'. Temupsses

Opszunckuil punuan Uncmumyma paouomexruru u s1ekmporuxu um. B.A. Komenvnurxoea PAH,
ni. Beeoernckoeo 1, @pszuno, Mockoeckas obn., 141190, Poccusi.

[Iporpammuoe  obecnieuenue  (I1IO)  siBaseTcs  BaKHBIM ~ DJEMEHTOM  pabOTHI
CKaHupymouero 3oHpoBoro Mukpockomna (C3M). Yacro wumenno IO omnpenenser
¢dbyHkuroHansHbIe Bo3MokHOCTH C3M. B nmokmane Oyayr paccMoTpensl ocobeHHocTu 10,
OCHOBAHHOTO Ha HCIOJIB30BAaHUHM CKPHUITOBBIX S3BIKOB. [100OHBIA MOAXOJ TMO3BOJISET
M0JIb30BATENSIM MPUOOPOB AKTUBHO y4acTBOBATh B Pa3BUTHHM IPOrpaMMbI, pa3padaTbiBaTh
HOBBIE METOJIMKH, aBTOMATU3UPOBATh BBIIOJIHEHUE IOCIIEI0BATEIILHOCTH MPOLIEAYP.

Use of scripting languages in the SPM control program
A.G. Temiryazev

Kotel 'nikov Institute of Radio Engineering and Electronics RAS, Fryazino Branch, Vvedensky sq. 1,
Fryazino, Moscow region, 141190, Russia

Software is an important element of the scanning probe microscope (SPM). Often it is the
software that determines the functionality of the SPM. The report will consider the features of
software based on the use of scripting languages. This approach allows users of devices to
participate in the development of the program, to develop new techniques, to automate the
implementation of a sequence of procedures.
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Metoabl  JMHeapu3allu¥M  yYCTPOMCTB  HAHO-NMO3MUIMOHUPOBAHUA M
ckanupoBanuss B C3M c¢ wucnoinb30BaHHEM ONTHYECKMX [JATYHKOB H
IJIOCKMX CKAHEPOB ¢ CHMMETPHYHBIM PacloJIOKeHHEM Nbe30CTIKOB

N.B. Aymxun O.1. Myparosa

«Hano cxan mexnonoeusny, 141700, e. Jloneonpyonwiil, Mockosckas obracms, yi. 3asoockas, 0. 7.

[IpuBeneHo omnucaHWe HEAOCTAaTKOB HCIIOJIB30BAHUS KAaK KIIACCUYECKMX EMKOCTHBIX
JATYUKOB I[E€pEeMEIIEHUs] B CKAHMPYIOIIUX 30HAOBBIX MuKpockomnax (C3M), Tak wu
i QepeHIMaIbHbBIX EMKOCTHBIX JIaTYUKOB. [IpenioKeHO HCIOIb30BaHUE ONTHYECKUX
JTATYMKOB ¢ (pyphe-uHTEpHOsAnrel B mbezoapaiBepax C3M. [IpuBenen nmpumep peanu3anuu
NpeIJIOKEHHON METOMKK B MUKpocKore «Centur Standardy.

Methods of linearization of nanopositioning and scanning devices in SPM,
using optical sensors and flat scanners with a symmetric arrangement of
piezostacks

I.V. Dushkin, Ju.l. Muratova
"Nano Scan Technology" Ltd., 141700, Dolgoprudnyy, Zavodskaya St., 7.

Description of the drawbacks of using classic capacitive displacement sensors in SPM
and nano-positioning and scanning devices are presented. Method of using differential
capacitive sensors in SPM and nano-positioning and scanning devices is discussed in details.
We present a new method of using optical encoders with Fourier interpolation as
displacement sensors in SPM and nano-positioning and scanning devices. The use of a flat
scanner with a special design for the purpose of mechanical linearization of nano-positioning
and scanning devicesandan example of application of the proposed methods in the SPM
“Centur Standard” are presented.
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JlokagbHasi ~ HAMATHMYEHHOCTh  MATHUTOPE3UCTUBHBIX  CTPYKTYP,
KOHTAKTHPYIOIIHUX C MATHUTOMEYEHHbIMH KJIE€TOYHBIMH KOMILJIEKCAMH

0O.B.Komnak
UIIXD PAH, 142432, YepHnoeonoska

Pazpaborka wmarnutopesuctuBHbix (I'MC) mnatdopm oOecneyrBaeT MOIMHOE UX
IIPUMEHEHHE B KIMHMYECKOM auarHoctuke. Ilerepoctpyktypel I'MC mnpensiokeHbl U
MPUMEHEHBI IS HM3MEpPEHUs KOHICHTPAMM MAarHUTOMEUYEHHBIX KIETOK. MarHuTHble
HAHOYACTHUIIbl, BKJIIOUYEHHBIE B OHOJOTMYECKYIO CHUCTEMY, BJIMSIOT HAa HAMarHWYEHHOCTb
wiargopmel 'MC cBouM JIOKaJbHBIM MarHMTHBIM 1osieM. [IpencraBieHbl pe3ysbTaThl
MOHHUTOPHUHTA MOBEpXHOCTH AaTyrka [ MC, MOKpHITOro OEIKOBBIMU KJIETKAMU C MATHUTHBIMU
METKaMH, cBs3aHHbIMH ¢ aHTUreHoM ANti-LGRS, a taxke aHaau3 MOBEPXHOCTH, MOKPBITON
deppomarautaeivu  yacturiamu (MNP), OenkoBbIMH KJIeTKaMu C dYacTuiamu o-Fe,Os.
Ocaxnenne antureHa LGR-5, cBs3zanHoro ¢ o-FeyOs, wW3MEHsAET  JIOKAJIBbHYIO
HAMarHMYeHHOCTh, YTO JAETEKTHUpyeTcs 1o (a3oBOMy ¥ MAarHUTHOMY KOHTPAcTy Ha
noBepxHoctd ['MC mmardopm. OOHapykeH CIHOXKHBIA JEHAPUTONONOOHBIN mpoduiIbL
BBICYLIEHHON OMOJIOrn4ecKkoi cTpyKTypbl B pexxume AFM ckanupoBaHus U pacnpesesieHue
MarHuTHbIX vactull B MFM pexume. Hanecenne MarHUTOMEUEHHBIX KIIETOK BBI3BIBAET
YBEIIMYCHNUE KPUTUYECKOTO TIIOJI TEPEKIIOYCHUST M TEPEeKIIOYeHHEe HaMarHHYeHHOCTH
BEPXHETO €105 Becel T1aTopMBl.

Pabora BemonHeHa mpu moanepxke rpantom 3.1992.2017/4.6 B paMkax KOHKypca
HAyYHBIX MPOEKTOB, BHITIOJHSAEMBIX HAYYHBIMU KOJUIEKTUBAMH HCCIIEIOBATEIBLCKUX HEHTPOB
1 (UJIK) Hay4HbIX JabopaTopuil 00pa30BaTENIbHBIX OPraHU3AIMi BHICIIETO 0Opa30BaHUs.

Local magnetization of magneto resistive structures with magnetically
labeled cell complexes

0.V.Koplak
Institute of Problems of Chemical Physics, 142432 Chernogolovka

The development of magneto resistive (GMR) platforms provides powerful application in
clinical diagnostics. The GMR heterostuctures were proposed and applied for measurements
of concentration of magnetically labelled cells. Magnetic nanoparticles are incorporated in a
biological system and they affect GMR platform magnetization by scattering local magnetic
field. Monitoring of the GMR sensor surface covered by protein—-magnetic tag complexes
bound to the antigen Anti-LGR5 as well as analysis of the surface covered by NPs and cells
labelled by a-Fe,O3; nanoparticles has been described. Deposition of the LGR5 stem cells
allowed us to reveal complicate a dendrite-like AFM profile corresponding to dried biological
structure and MFM scan corresponding to the distribution of magnetic particles. Magnetic
scattering field of a-Fe,O; microbeads shifts critical magnetic field of magnetization
switching of free layer in magnetoresistive structure.

This work is supported by Ministry of Education and Science of Russian Federation
(grant 3.1992.2017/4.6).

DOI: 10.26201/I1SSP2019.45.557/SPMAPPL.9
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MarHuTope3ucTuBHbIE CTPYKTyphl Ha ocHoBe COFEB ¢eppoMarHuTHBIX CIIOEB,
pa3nen€HHbIX TOHKMM HEMarHUTHBIM CJOEM, MPHUBJIEKAIOT BHHUMaHUE CIEHUAINCTOB
Onmarojaps IIMPOKOMY pa3HooOpasuio oO0jacTeld NMPaKTHYECKOTO TMPUMEHEHHS B HOBBIX
HUIIIaX HHIYCTPUU CeHCOPOB [1-6], Onomenuiinae, 1 HHGOPMAIMOHHBIX TEXHOJIOTHX [7-8].
bnaronaps HaIM4MIO MEPIEHAUKYIAPHONH MarHUTHOM aHU30TPONUH U 3(P(PEKTy TUraHTCKOTO
maruetoconporusienus (GMR) crpykryper FeCoB/Ta/FeCoB, Pt/Co/lr/Co/Pt wmoryt
MPUMEHSTHCS HE TOJBKO KaK CIUHTPOHHBIE YCTPOWCTBA JJISi CBEPXIUIOTHOW 3alMCH, HO U B
KaueCTBE BBICOKOUYBCTBUTENBHBIX IIATHOPM ISl PETUCTPALIMKA MUKPO- U HAHOYACTHUIl HA UX
MMOBEPXHOCTH, & TAKKE OMOIOTHYECKUX O0OBEKTOB (KJIETOK), MCUCHHBIX TAKUMH MAarHUTHBIMU
yactuuamu. [logbop Tuna ¢eppoMarHUTHBIX YacTUI] (XMMHUYECKUN COCTaB HAHOYACTHII, UX
KODPIUTHUBHAS CHJIa, HAMArHUYEHHOCTh HACBIIICHUS, KPUCTAIMYHOCTh U (hopMa) HEOOX0AUM
JUIS TIPOTHO3MPOBAHUS MX NPUMEHEHUS B MEIULMHCKONW CHUHTpoHMKe. HaHouacTuiel Ha
MOBEPXHOCTU TAaKOT'O CEHCOpa SIBIISIOTCS HMCTOYHUKOM HEOJHOPOAHOTO HaMarHWYHMBAHUS
(beppOMarHUTHBIX CIIOEB. DTOT OTKIIMK, & UMEHHO JIOKaJbHOE M3MEHEHHE HaMarHWYeHHOCTH
MO>KHO JIETEKTUPOBATh C IIOMOIIIbI0 MArHUTHO-CUJI0BOM MUKpockonuu (MCM).

Llenpto paboTel ObT MOHUTOPUHT MoBepxHOCTH GMR-ceHcopa, MOKpPHITON OEIKOBBIMU
KJICTKAMH C MarHUTHBIMA METKaMH, CBsi3aHHBIMHU ¢ aHTHreHoM ANti-LGRS, a taxke aHanmus
MIOBEPXHOCTH, TOKPHITO# eppoMaruuTHbIMU YacTriiamu (NP) ¢ mOMOIIBIO aTOMHO-CHIIOBOM
(ACM) u marauTHO-cHiI0BOM Mukpockonuu. ACM- 1 MCM-u300paxenus ObUIN TTOTy4eHBI
na mukpockone MHTEI'PA Aypa NT-MDT. HMcnons3oBanach ABYXIpOXOAHAs METOJUKA B
MOJYKOHTAaKTHOM pexume. [Ipu ckanupoBanuu B pexnme MCM usmepsuics caBur (asebl,
BBI3BAHHBII M3MEHEHHMEM MarHutHoro mois. OcHOBHas wuJes MarHUTHO-CHIIOBOU
MHUKPOCKOIIMHU 3aKJII0YAETCS B PETUCTPAIIMH CHIIOBOTO B3aUMOJICHCTBUSI MArHUTHOTO 30H/IA C
MarHUTHBIM TIOJIeM HuccieayemMoro ooOpasua. Cuina MarHUTHOrO B3aumojencTBus F
KaHTUJIeBepa U oOpasua ompexaensercs dopmynoil F=py(q+m-V)H. DTO ypaBHEHUe

OLICHMBACT CHUJIY B3aUMOACUCTBHS MEXIY JBYMs TOUYCUHBIMH MAarHUTHBIMH MOMEHTaMU Mp U
My, HAXOIAIIMMHUCS HA pacCcTOSTHME I JApyr OT Jpyra. B ciydae NpUTATHBAIONIETO
B3auMosieiicteus (OF/0z>0) mpoucxoauT OTpULATENbHBIA CABUT (a3, BCIAEACTBUE YEro Ha
n300paxkeHNHn QGopMHpyeTcsi TEMHas 30HA. B ciydae OTTaJKMBAIOUIETO B3aWMOJCHCTBUS
(0F/0z>0), nanpotus, popmupyercsi cerias 30Ha. Ilockosbky oOpa3ibl 00sagamy HU3KOU
KODPIUTHBHON CHIIOW, OBLIM HCIOJNB30BaHBI CIA0OMAarHUTHBIE KAaHTHIIEBEPHI MOKPHITHIC
ToHKON IieHKoi COCr co cienyroumMMM XapakTepUCTUKaMH: JUIMHa 225 MKM, LIMpUHA
32 MM, TonmmuHa 2,5 MKM, TocTostHHasI cwuiibl 3 H/M, pe3onancHas yactora 59 kI'm. Ilpu
ckaHupoBaHuu B pexxume MCM 30ua nogauMancs Ha BbicoTy 80 HM. Co3manue, arTecTanus
U JieTallbHOE MCCileI0BaHne MarHuTHBIX cBoiicTB GMR-mtatdopm FeCoB/Ta/FeCoB (puc. 1)
nposeeHo B [9-13].

MgO
CoFeB (.8 nm
Ta 0.75nm

CoFeB 1.1 nm
MgO

GaAs

a b

Puc. 1. Cnunoseiii BenTmiie MgO/CoFeB/Ta/CoFeB/MgO/GaAs (a) u ero m3zoOpaxeHue,
MOJIYYEHHOE C MOMOIILIO POCBEUMBAaroIIeH 31ekTpoHHoi Mukpockonuu (TEM) (b).
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Crabunbhble cocrostnus HamarHmueHHocTH st GMR-miargopm CoFeB/Ta/ CoFeB u
Mepexo/bl MEXIy HUMHU CBEACHbI B JUarpaMMy IEpeKiIloYeHHus HamMarHuueHHoctu H-T
(puc. 2). Habopbl pa3pelieHHbIX M 3alpelleHHBIX MEePEeX0J0B HAMArHUYCHHOCTH Pa3IHYHbBI
U1t TemneparypHbix quanazonoB 2—110 K, 120-170 K u 180-300 K. I[ToporoBsic MarHuTHbIC
MOJISl TIEPEKIIIOYEHHUs] HAMAarHUYEHHOCTH M COOTBETCTBYIOLIMHM THI METJIM THCTEpe3nuca
OOBSCHSIIOTCA KOHKYPCHIIMEH MEXIy MEXKCIOMHOW OOMEHHOW CBS3bIO, SHEpPTHEH 3eeMaHa U
HHEPreTUYEeCKUM OapbepoM IepeMarHu4uBaHus CIIOA.

300 1

1 Transitions
—=— TN

—m— N=2lT

—a— T2l

200 | —— Uit
—— TN

................................ ... ) ..., —— N
—a— M7
—a— Nl
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —— I
—— |11

T (K)

0.8  -0.4 0.0 0.4 0.8
H (kOe)

Puc. 2. H-T  noumarpamma  mepexmodenuss — HamarHmueHHoctH — GMR-miatdopmbl
CoFeB/Ta/CoFeB [11].

B [14] moka3zaHo, 94TO OT/AEIbHBIC MATHUTHBIC HAHOYACTHUIIHI M UX AHCAMOJIH BBI3BIBAIOT
JIOKAJIbHO HEOJHOPOJIHYI0 HaMarHuueHHocTh (eppomarutHoro cioss CoFeB B GMR-
wiargopme CoFeB/Ta/CoFeB. B Hamem skcnepuMeHTE HCIONb30BAIUCH MPOMBIIIJICHHBIE
MarauToMedeHHbie kommiekcbl RA Microbeads (Anti-LGR5 Micro) npoussoaumeie Miltenyi
Biotec, kotopsie Obutn cenapupoBanbl B kononke MACS. Kommuiekc LGRS wurpaer posnb
peuenTopa, 00eClEeYMBAIONIET0 MOIYJAIMIO Tepeaadn [-catenin B CTBOJIOBBIX KJIETKax
[15, 16]. LGR5-mo3uTHBHBIE KIETKH CITOCOOCTBYIOT 3apOXKICHUIO M PACIIPOCTPAHEHUIO paKa
B OKENyAKe, TMOYKaX, TOHKOM KHWIIEYHHKE, TOJICTOM KHIIKE, BOJOCSHOM (OIUIHKYIIE,
SIBIISTFOIIIEMCS] BBICOKOCTIEITU(PHUECKUM MapKEPOM CTBOJIOBBIX KIIETOK.

Hcnonp3oBanuch nBa THMa MiatGopM [Uisl HaHECEHHS MarHUTOMEUYEHHBIX KIIETOK H
OTAENBHO (EeppOMarHUTHBIX dacTui. Ilmatdopma | sBIsIack CHHHOBBIM — KJIallaHOM
(CIMHOBBIM CEHCOPOM) C JABYMsS MarHuTHbeIMU crosimu CoFeB, pasneneHHBIMU clioemM
tanTtana. [lnarpopma |l sBisinach mceBIOBEHTHIIEM, HE MMEIOIIEM pa3JeIsSIoOIIero cjos, a
umenHo: mwiardopma | - MgO(2,5 um)/CoFeB(1,1 um)/Ta(0,75 um)/CoFeB(0,8 um)/MgO(2,5
aM) u miargpopma Il - MgO(2,5 um)/CoFeB(1,9 um)/MgO(2,5 HM). DTH cucTeMbl ObUTH
BBIpalieHbl Ha MOIokKe GaAS MarHeTpOHHBIM paclblieHueM. Jletanu yclnoBHil pocTa U
JTAHHBIE O CTPYKTYPHBIX W MArHUTHBIX CBOMCTBaXx MOXXHO Halth B [17-19]. OOpasimsi
npencrasisuin coboii miuactuaku GMR pasmepom 0,1 x 2 x 2 mvC. PactBop ¢ yactuuamu RA
Microbeads B paBHBIX KOJHYECTBAX MOMEINAICS Ha MOBEPXHOCTH miatdopm (puc. 3). Bpems
CTa0WIIM3allMd W OCakKACHUs cocTaBasuio 10 muH. Marautheie HaHo4actuisl (MNP),
npousBoaumeie Miltenyi Biotec, npeacrasisiin coboit okcun xenesa Fe,0O3 pasmepom ~ 10-
100 um. Breigenenue monosaepubix (LNA) kimetok u3 mepudeprudeckoil KpOBU 310pPOBOTO
JOHOpa TPOBOJAWJIM C WCIOJB30BAHWEM CTaHIAPTHOTO METOAA TpaJueHTa IUIOTHOCTH
(«Pharmaciay, Iseuus) (p = 1,077 r/em).
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Puc. 3. (a) V300paxeHne KIETOK, MEYCHHBIX MarHUTHBIMA HAHOYACTHUIIAMU HA MOBEPXHOCTH
mwiatdopmel |, momydyeHHOE ¢ MOMOIIBI ONTHYECKOr0 MHUKpockoma. (6) Dcku3 miaatdopMel
GMR 1 MarHuTHOTO TOJIS PACCESIHUSI OAMHOYHOTO (PeppOMAarHUTHOTO MUKPOIIAPHKA.

XKusznecnocoonocts (V) KIeToK paccuuThiBaiM B KynbTypax OLS B komHaTte Goriaev ¢
TPUIIAHOBBIM CHHHUM, OKpamiuBasi MepTBbie kieTku. OOmiee komuuectBo kietok OLS (T)
cocrasisier 6,1 x 10°, kommaectBo xuBbIX Kietok (L) cocrapmsier 5,92 x 10°, uncmo MepTBBIX
xierok (D) cocrasmser 0,18 x 10°, sxusHecnoco6HOCTS - 97%. MoHoHyKJI€apHbIE€ KJIETKH
(npubnusurensHo 1,55 x 10° kmerok / MJ) KyJAbTUBUPOBAJIU B 24-TyHOUHOM IUIAHLIETE B
1,5 ma cBoGoaHO# oT chiBopoTku cpenbl ISkov (Sigma-Aldrich, CIIIA), coaepsxkareit 10%
4eIOBEYCCKH CBIBOPOTOUHbI ansOymun (Microgen, Poccus), 2 MM L-rnmyramuna u
30 Mxr / M1 TeHTamuIMHA, B TedeHue 24 yacoB mpu 37°C, B yBIaxHEHHOH armocdepe,
conepxkarieit 5% CO;. Uepes 24 vaca nocne KyabTUBUpOBaHus oTHomenue T, L, D, V mns
OJTHOCJIOMHBIX W IBYXCIIOMHBIX CTUHOBBIX TaTYUKOB ObLTO cieayronum (cM. Tabmumy 1).

Ta6auna 1. Turbsr 06pa31oB U KOHIEHTPAIMS MATHUTOMEYEHHBIX KJIETOK, HAHECEHHBIX
Ha J1ByX Tumnax miaargopm GMR.

[Tnardopma Il [TnaTdopma I DTalloHHbIN o0pa3zell
T 1,42 x 10° 1,46 x 10° 1,52 x 10°
L 1,38 x 10° 1,40 x 10° 1,48 x 10°
D 0,04 x 10° 0,06 x 10° 0,04 x 10°
Vv 97% 95% 97%

CkaHMpOBaHUE TOBEPXHOCTH CEHCOpPA MATHUTHBIM KAHTHUIIEBEPOM MO3BOJISIET BBISBHUTH
ponb  3apoxaeHus (Pa3oBOrO0 TpEBpalleHHs, a TaKXe OIpPEIeIUTh CTAaTHCTUYECKOE
pacmpesieieHne YacTUI] M WX BIUSHUE Ha OOIIyI0 U JIOKaJbHYH HaMarHHYE€HHOCTb
rutatopmbl. HU3KMIT MarHUTHBIIT MOMEHT KaHTWJIEBEPA TMPEAOTBpAIIAeT MepeMarHIYNBaHHe
MOBEPXHOCTHOCTH KAHTHJIEBEPOM BO BpeMs CKaHUpOBaHUsA. McxoaHas MOBEPXHOCTh
obpasoB | m |l Owpma rtmanmkoit (mepoxomBatocth ~ 0,1 uM). Kaxkmas mnmatdopma
CKaHUpOBajlach TPU pa3a: HayalbHAas IOBEPXHOCTb, OUHWIIEHHAs YyibTpa3BykoMm (1),
MMOBEPXHOCTh C HAHECEHHBIMU HaHOoYacTHIlaMu (0€3 MarHUTOMEYEHHBIX KIETOK) (2),
MMOBEPXHOCTh C BBICYIICHHBIMU KJIETKaMH, MEUEHHBIMH OJHHUMH U TEMH XK€ HaHOYACTUI[AMU
(3). Uccnenosanme nByxcioiHoi tiardpopmer | meromamu ACM u MCM mo3Bonuio
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BBIJICIUTh OT/ACIbHBIC MHUKpomiapuku (microbeads) [puc.4a u 4b]. CoortBercrByromiue
penbedsl MOBEPXHOCTH NPEACTaBACHBI Ha puc. 4C W 4d. AHAJIOTHYHBIC CKaHBI OBLIH
MOJTyYeHBbI JUIs oiHOCTIoKiHOTro oOpasima ll.

Opm 20 40 Oum 20 40

0 2 521nm O 50.586 deg
45.0 50.500
20 40.0 20 50.450
35.0 50.400
30.0 . 50.350
L 250 40 50.300
11.6 50.166
a b
14] 0,06-
12] !* 004{ i ¢ ;
10 S 002] & ;= :
8] ‘V f R A 000] :° -%3' I A
£ & L A : .§’ V'.ii.':.’-‘::*
< R > 0,02, YV
ol IEEER S R 0,04] o \"'::-i’
g' 0,08 P
“2°0 2 4 6 8 10 12 14 16 20 2 4 6 8 101214 16 18
C d

Puc. 4. ACM (a) u MCM (b) uzobpaxenus nosepxuoctn GMR-mardopmer  FeCoB ¢

MaruuTHbIMH Hanoudactuiiamu MNP Ha nmosepxuocTr. IIpodunu (1) u3obpaxkeHuit B pexxuMax
ACM (c) u MCM (d).

[Tpopmie MCM-uzo0pakeHusl TUIHUYHOTO OJUHOYHOTO MHUKpolapuka (puc. S) Obul
anMmpOKCUMHUPOBAH METOIOM, TIpeiioKeHHBIM B [20].

13,520

13,519}
N
= 13,518}
i

13517}

13,516}

0,7 0,8 0,9 1,0
x, pm

Puc. 5. IIpodpune MCM-u300pakeHus] TUIIMYHOTO OJUHOYHOIO MHKPOLIAPHKA, HAHECEHHOTO
Ha mardopmy | (kpyru) u ero anmnpokcuManus (CIUIONIHast THHUS).
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UzBectHO, uTOo ciBur yactotbl MCM-kantuneBepa Af mponopunoHaneH MarHUTHOMY
MOMEHTY M OTJIeIbHOM YaCTHIIbI, TOMEIIEHHON Ha MTOBEpXHOCTH [20]:

Af=6nMsd3c(h)™ (1)

rae Ms - HaMarHMYEHHOCTh OJHOW YacTuilpl, d - guamerp yacTuibl, h - moabeM, C(h)'1 -
MOCTOSIHHASL MTPOMOPIIHOHATIBHOCTH, onpeaessieMast u3 3asucumoct Af(h), usmepennas mis
Ha”ovactull o-Fe,O3 u3BectHoro pasmepa (50 HM) U ¢ U3BECTHOW HaMarHMYEHHOCTHIO. Kak
Obut0 mokazaHo B [20], cABUI YacTOTHI JOCTUTaeT CBOETO MaKCUMyMma, KOrja
HAMarHM4eHHOCTh  c(epuyecKold YacTHIbI  BbIpaBHUBAeTCs  BepTHKanbHO. OleHka
MArHHTHOTO MOMEHTA OJHOrO MHKPOLIAPHKA IPHBOAMT K 3HadeHmsM M~ 1.2:1073 emu =
1.2:10" pg, uro coorserctByer N ~ 107 crmmHOB Ha oiHy wacTHIy. JIMIONBHOE MArHHTHOE
B3aUMOJICHCTBHE MEXAY (EeppOMarHUTHON MOBEPXHOCTHIO M MAarHUTHBIMH YacTUI[AMHU HE
YUUTBHIBAJIOCH. DTO B3aUMOICHCTBUE YMEHbIAeT 3 (HEKTUBHOE I10JI€ PACCESHUS, U3MEPEHHOE
¢ nmomompsio MCM. Bropeim dakTopom, ymMeHbIAOMUM 3()PEKTUBHOE TOJIE pacCesHus,
SIBJIIETCS. HEU3BECTHOE pAaCIpe/ie]ieHHe U B3aUMOJICHCTBHME HAHOYACTHI[ BHYTPHU OIHOTO
MUKpoIrapa. B 0oCHOBHOM, B3aMMOACHCTBHE MEXIy 4YacTUIAaMH yMeHbIIaeT 3(ddekTuBHOE
noJie paccessHus. Takum oOpa3om, ObLIa MMOJTydYeHa HUKHS TPAHUIIA 3HAYSHUS M.

Ocaxpnenne anturena LGR-5, meueHHOro Temm e MHKpPOIIAPUKAMHU, IO3BOIHIIO
BBISIBUTH CJIOXHBIA EHAPUTONOAOOHBIA MPO(UIL BBHICYIICHHOW OMOIOTUYECKONW CTPYKTYpPBI
B pexxume ACM (puc. 6a). Ha MCM-u3o0pakenun (puc. 6b) pacrnpenencHus MarHUTHBIX
4acTull B 0M00OBEKTE HE YAIOCh OOHAPYKHUTD.

0 um 10 20 30 40 50 60

656 nm 85.38 deg

85.00
600

84.50
550

84.00
500
83.50
450
83.00

400

368 82.42

b

Puc. 6. ACM (a) u MCM (b) u3o0paskeHust TIOBEPXHOCTH 00pasiia ¢ MarHUTOMEUEHHBIMH
knerkamu LGR-5 Ha noBepxHocTrt GMR-mumatdopmel.

Paznuune u3o0paxeHuii, moayueHHbIX B 1ByX pexumax (ACM u MCM), yka3biBaeT Ha
OUYeHb CleUu(PUUECKyI0 KOH(PUIypaluio IOJS MAarHUTHOTO pACCesHUs, CIOXKHYIO JUIs
KOJIMYECTBEHHOI0 aHaiu3a. MarHuTHbIE HAHOYACTHUIIbI, PACIpPEICIECHHbIE B TUAaMarHUTHBIX
cpenax, ObBUIM JIOBOJBHO JajiekKh OT MarHuTHoro kantuijeepa. Metrom MCM He cmor
OTJIMYUTh UX TOJs paccestHus. [10cKonbKy MarHUTHOE M300paskeHHe OHOTO MHKpOIIApHUKa
HE MOXeT ObITh M3BNeueHO U3 MCM-n300paxeHust 0CaXI€HHON KJIETKH, OMUCAaHHbIE BbIIIE
9KCIIEPUMEHTHI C HAHOYACTUIIAMU B OTCYTCTBUE CTBOJIOBBIX KJIETOK SIBISIOTCS MOJEIbHBIMU
SKCIIEPUMEHTAMHU, TPUBOJAIIMMH K aHAJIOTUYHBIM M3MEHEHUSM B IETJe TUCTepe3nca, Kak B
Cllydae OCaXJEHHUs KIETOK C MAarHMTHBIMM dYacTuuamu. lleTnm MarHutHoro rucrepesuca
ObutH mosydeHsl Ha MarauTomerpe Quantum Design SQUID MPMS 5XL npu KoMHaTHOM
Temneparype. MAarHuTHblii TUCTEPE3UC JBYXCIOMHOM M MOHOCIOMHOM CHUCTEMBI NpPHU
T=300K no (puc. 7a u7c) u nocne Hanecenusi (puc. 7b u 7d) MAarHUTOMEUYCHHBIX KJIETOK
JIEMOHCTPHUPYET 3aMETHbIE U3MeHEeHUs. HaHneceHne MUKpOIIAapUKOB MarHUTHBIX HAHOYACTHUIL
BBI3bIBACT YBEIMYEHNE KPUTUUECKOIO IMOJIS MEePEKIIYeHNs] U U3MEHEHHEe HaMarHU4eHHOCTU
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crabuibpHOro coctosiHus matdopmsl | (puc. 7a u 7b). Ha mnardopme |l nosuiics Gokooit
rucrepesnc U u3Menwics HakiaoH OM/dH B aumamazone 0,1-0,4 kOe mocie ocakIcHHS
MUKpOIIAPUKOB Ha TOBepXHOCTU (puc.7¢c u 7d). DTH HM3MEHEHMs B NETISIX THCTepe3uca
maatdopM | u Il He MOTYT OBITH OOBSICHEHBI JOMOTHUTEIBHBIM BKJIAIOM MHUKPOIIAPHKOB
HaHouactul. Jlis moaTBepikAeHUs ObLT  TPOBEACH MNPOBEPOYHBIA  AKCIEPUMEHT C
WCIOJIb30BAHUEM JHAMAarHUTHOTO KPEMHHS B KauecTBe IUIATGOPMBI. J[MaMarHUTHBIA BKIIA
NO/UIOKKK Si ObUT BBIYTEH. MarHUTHBIA TUCTEPE3UC OT MHKPOIIApUKOB o-Fe;0s,
3aKpeIUIEHHBIX Ha MmoBepxHOCTH Si He Obu1 obOHapyxkeH mpu T =300 K (puc. 7e¢), muib
He3HauuTeNbHas neTis Obuta 3adukcupoBana T = 2 K (puc. 7f).
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Puc. 7. MarautHble TETIH TUCTEepe3uca AByxcioiHoi mmatdopmer (1) (a, b) 1 MoHOCTOMHOM
cuctembl (II) (c,d) mpu T=300K mo u mocne HaHeceHHs (HEPPOMATHUTHBIX YACTHIL

COOTBECTCTBCHHO.

I/I3M€HGHI/I$[, BbI3BAHHBLIC

ocaxxnenueM NP,

OTMCYCHBI  CTpPCJIKaMHU.

MarauTHblid rucTepe3uc Si-ruaTGopmMbl ¢ HAHECEHHBIMU (DEPPOMArHUTHBIMH YACTHIIAMH TIPH

T=300KuT =2 K coorsercTBenHoO (¢, T).
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AHaJOTMYHbBIE JaHHBIC O TETIAX rucrepesuca B o-Fe,O; HaHOUYACTHII OBUTH TOTYYEHBI
Apyrumu  uccinenoBarensmMu B [21, 22]. MoxHo oueHuth KommuectBO yactuil NP,
BKJIFOUYEHHBIX B MUKpomapuku N ~ 6 1010, W3 HaMarHWYEeHHOCTH Hackienus Mg ~ 25 emu/g,
MarHuTHeli MoMmeHT dactunbl NP paBen m ~ 3,2 10"° emu. Moxmuo 3aKJIIOYHUTh, YTO
u3MeHeHue nermm ructepesuca miathopm | w Il oOycnoBneHo B3aumonelcTBHEM
(heppOMarHUTHBIX MHKPOIIAPUKOB W TOHKHX (PEPPOMArHUTHBIX ILICHOK, YTO yKa3bIBaeT Ha
B0o3MOKHOCTh ipumenenus CoFeB(1,1 um)/Ta(0,75 um)/CoFeB(0,8 um) cTpyKTyp B KauecTBe
OMOCEHCOPOB.

Jlist oOBsSICHEHUs B3aMMOJCHCTBHS (EPPOMATHUTHBIX MHUKPOIIAPUKOB W CIHUHOBBIX
BEHTHJICH pPAacCMOTPUM 4YEThIpE YCTOHMYMBBIX coctosiHus Mip, My, Ms, My mmardopmsr |,
MPUBEJACHHBIE HA  pHC. 83, KOTOPBIE COOTBETCTBYIOT  PAa3IMYHBIM  KOMOWHAIUSM
HaMarHM4eHHocTed cimoeB. M; m Mg  COOTBETCTBYIOT —MapajUieIbHOW —OpPHCHTALUU
HaMarHMYEHHOCTEH BEPXHETO U HIKHEro ciioeB My u Mp BHOIb U POTHB TOJIOKUTEIHHOTO
HampaBiieHuss 1ojii H coorBerctBeHHO; M, M M3z COOTBETCTBYIOT aHTHMIApaLICIbHBIM
B3anMHBIM opueHTanusM My u Mp. Cxematnyecku OpHeHTAMU H300paKEHBI Ha BCTaBKAX
puc. 8a.

J« CoFeB (0.8 nm)

Ta (0.75 nm)

CoFeB (1.1 nm)

} }

a b

Puc. 8. (a) Cxemarmueckoe u300paKeHWE OPHEHTAIMM HAMAarHUYEHHOCTH KaXKI[OTO
beppoMarautHOro ciost otaesbHO. (D) DHepreTrdeckast AuarpaMma U MOJETHPOBAHUE TIETEIh
rucrepesuca miatdopmsl |, Ha jaumarpamMmax cCIUIOIIHBIE JIMHUM OTBEYAIOT IOJIEBBIM
3aBUCUMOCTSM 3c¢eMaHoBCckux dHepruid E (H) mms M; (3enmensiit), M, (¢uosnerossriii), M
(opamkeBbiit) 1 My (CMHHIT) MATHUTHBIX COCTOSIHWH; IITPUXOBBIC JIMHUH SBISIFOTCS KPUBBIMU
JUISS TE€X JK€ COCTOSIHMH, CIBHHYTBIX BBEpPX H3-3a Oapbepa aHuzoTponuu. [loss mepexomaos
MEXJy COCTOSHHMSIMH OIPEICIIAIOTCS TOYKAMM, IJI€ CIUIOLIHAS JIMHUSA JUIS MPEAbLIYIIEro
COCTOSIHHSI TIepeceKaeT NYHKTUPHYIO IMHHUIO JUIS CIEAYIOMETo cocTosHus. [lomyxupHbie
CTPEJIKH YKa3bIBAlOT TPACKTOPHIO CHUCTEMbI JUIsS HAMPABJICHUS Pa3BEPTKU B BEPXHEM HHKHEM
nmosie. TouedHble JIMHUM YKa3bIBalOT HAa COOTBETCTBHE MEXKIY KPHUTHYCCKHMMHM TOYKAMH Ha
SHEPreTHYECKOW JUarpaMMe U MOJISIMH MEPEKITIOYSHH Ha METISIX THCTEpe3uca.

[TockonbKy TOMIMHBI BEPXHETO U HIXKHETO CIIOEB Pa3IndHbI, cocTostHuA My 1 M3 nmerot
HCHYJICBOE TMOJHOe HamarHuuuBaHnue. [lomHas kapra (guarpamma T-H) pasmuuHbIX
COCTOSIHMH JUISl TAaKOW JBYXCIIOMHOM cucteMbl onmcana B [11]. Kak Obuto moka3zano B pabore
[11], mnepexmroueHre ABYXCIOWHOW maatrGopMbl BO BHEIIHEM MAarHUTHOM  ITOJIE
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KOHTPOJHMPYETCS CymMMol oOMeHHOro B3auMmonelcTBus [eiiseHOepra Mexay HOByMs
dbeppoMarauTHeIMU citossMu Epx = - J-(My-Mp), 3eemanoBckoii sueprun Ez = - (H-My) -
(H-Mp), koTOpasi COOTBETCTBYET BHELIIHEMY MAarHUTHOMY I10JIt0, 1 MATHUTHOW aHU30TPOIHUU
Ea = - (Kus'S + Kps'S), koTopast oTBedaeT 3a 00pa30BaHHE JHEPreTHUYCCKOro Oapbepa,
Pa3IeISIONIero Pa3IMyHbIe COCTOSIHUS cucTeMbl. My 1 Mp - MarHuTHBIE MOMEHTHI BEPXHETO
(cBOOOMHOr0) CI0S M HIDKHETO (3aKperuieHHOro) ciosi, coorBercTBeHHO. Kys m Kps
MIPEJICTABISAIOT CO00I KOHCTAHTHI aHHM30TPOIIMY BEPXHETO M HIDKHETO CIIOEB TEX ke o0yacTei
S. 3aBHCHMOCTH 3€€MaHOBCKUX SHEPruii OT MArHUTHOTO MOJIs i coctossHui My, My, M3 n
M, noka3aHbl TOHKUMH CILTOIIHBIMU JIMHUSIMH Ha puc. 8b.

Tekymee cocrosiare nargopMmbl | OyneT Takum, e SHEpTHs OyJaeT caMOd HU3KOM.
BnusiHue MarHMTHOM aHM30TPONHMM HSKBUBAJICHTHO JOIMOJHHUTEIHHOMY MOTEHIHAILHOMY
Oappepy, pasleisionieMy MarHUTHBIE COCTOSIHMS IUIaTGopMbl. MarHuTHas aHU30TPOIUS
CIIBUTACT SHEPTHI0 COCTOSIHUS BIOJNb ocu E (myHkTHpHbIe MK Ha puc. 8b). Cucrema He
BBIXOJHUT U3 TEKYILIEro COCTOSHUSA (CIUIOIIHAS JIMHUS), IOKAa MAarHUTHOE I0JIe HE JOCTUTHET
MIOPOTOBOTO 3HAYEHUS, JOCTATOYHO CHIBHOTO, YTOOBI MPEO0NeTh Oapbep (pasHUIAa MEXITY
MYHKTUPHOH U CIIJIOLITHOW JTMHHEH).

Ydyer marHuTHOM aHm3oTponuu BepxHero ciost Ky m Hmwknero Kp mo3Bonmn
BBIUHCIUTH IOPOTOBbIE MAarHUTHBIE TOJS MEPEKIIOYCHHs, HEOOXOJUMbIE ISl MEepPeXO0/I0B
MeXIy coctossHuAMU M1, My, M3, My [5]:

2| E. |-K
Hl_z - | EX ‘ u
2M, ),
H1-3 — 2 | EEX | _KD
2M ),
T2AM, - M) (@),
2|E K
H,,=- | 2}3}' o
b (),
21E., |+K
H,,=- EX U
2MU (6),
Iletnsa TUCTCPE3UCA, KOTOpPaa Ha6J'IIOI[aCTC$I JUIA HJ'IaT(I)OpMLI |, 3aBUCUT OT

MarHMTHON aHM30TPOIMU HUKHETO (3aKperuieHHoro) cios. B minatgopme | ero 3Hauenue
IIPEBBILIAET TOPOrOBOE 3HAUYEHUE:!
M D~ M U

v (7)
B sToM crmyuae meTiis MarHUTHOTO THCTEpE3uca COJEPKUT Tpu mepexoma M; — My,
M; — M3 u M3 — M,. CooTBeTcTByIOIIME MO MEPEXOAA ONPEAETAIOTCA YpaBHEHUAMHU (2),
(4) u (6) coorBercTBeHHO. TakuM 00pa3oM, MarHUTHBIA THUCTEPE3WC CIHUHOBOTO BEHTHIIS
COJICP)KUT BHYTPEHHIOIO IETII0, COOTBETCTBYIONIYIO TIEPEMarHHUYMBAHUIO HIDKHETO CJIOS U
JIBYX BHEIIHUX I€TEIbh, COOTBETCTBYIOIIUX MEPEMAarHUYUBAHUIO BEPXHEro cios (puc. 7a u
8b).
Kputnueckue marautheie nons nepexmouenus (CMF) mexny cocrosausimu M, My,
M3 1 My coctaBistor Hi.p = 211 Oe, Hy.3= 0 Oe, H3z 4 = -208 Oe, n3aMepeHHbIe ¢ TOYHOCTHIO +
2-3 Oe. YpaBHeHus (2-6) MO3BOJIWIN OLIEHUTH KOPPEISAIHOHHBIE Oapbepbl 0OMEHHOU YHEPTHU
u anmsotpormu mpu T = 300 K: T = 300 K: Egx = — 0.01 mJ/m?, Ky/S = 0.02 md/m?, Kp /S =
0.04 mJ/m? s mnatdopmsl |. bapeepsl annzorponuu s miatdopmsel | coctasmsior Ky
41 erg/ cm?® Kp = 68 erg/ cm®. OcaxaeHne HaHOYACTHUI Ha MOBEPXHOCTh MPHUBEIO K JIBYM
TUIaM U3MEHEHHH, OTMEUEHHBIX CTpeKaMu Ha puc. 7b u 7d:
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1) yBemuueHHWE KPUTUYECKOTO MarHutHoro moisiss mnepekimtouenus (CMF) Hag
BHYTPEHHETO THCTepe3ucHoro kKouTypa 10 50 Oe Ha matdopme |,

2) BHeImHUI BUA OOKOBOW Hapy>KHOW MeTNIM Tuctepesuca Ha ruatdopme |l. Moxno
OLICHUTh MarHUTHBIH MOMeHT M ~ 1.2-10emu u koimuecTBo MuKpomapukos (microbeads)
N = 6-10° na mardopme |, 3aMeHsst HOBOE 3HAUYCHHE KPHTHYECKOTO MATHHTHOTO TOJIS
nepekiaogenus CMF (Hz3= 50 Oe) B (4).

Oto 3HaueHue B 100 pa3 BpllIE MO CPABHEHHUIO C YMCIOM MAarHUTOMEYEHBIX KIIETOK,
00CyX/TaeMbIX B COOTBETCTBYIOIIEM H3KcriepuMeHnTe (cMm. Tabmumy |). Ecnmm mpuHsATe BO
BHUMaHHE KOHCTAaHTY MarHUTHON aHMU3OTPOIHHU BEPXHETO U HWKHETO CJIOEB, ypaBHEHHE (4)
MOKHO HCIIOJIB30BaTh ISl O0BSACHEHUSI U3MEHEHUI B KPUTUYECKOM MarHuTHOM mnose Hj.; 3a
CUeT YMCHBIICHHS HAMarHMYEHHOCTH BEpXHEro ciosi My, MOABEPTHYTOTO OCAKIACHUIO
HAHOYACTHI[ Ha €ro MoBepXHOCTh. [lockoIbKy MexciioiiHoe 0OMEHHOE B3aUMOJCHCTBHE HE
MOJKET OBITh UYBCTBHUTEIBHBIM K OcaxaeHHI0 yacTull NP, Ta e camas mpu4rHa peryaupyer
u3Menenus Hio u Hjy3 KpUTHYECKOro MarHUTHOTO TOJIS MEPEKIIIOUeHUsT B OOpaTHOM
HaNpaBJICHUU MarHuTHoro moiys (cM. ypaBHenus (2) u (6). Ilmardopma Il He mposiBiser
HUKAaKOW BHYTPEHHEW NETIH, a BHEIIHUE METIN HAOMI0Ial0Tes mocie ocaxaeHus yactuil NP
(puc. 7). DTOT (PaKT MOKHO OOBSACHUTH MOBOPOTOM HAMAIHMYCHHOCTH CBOOOHBIX YaCTHIY
NP, compoBoknaromux HU3MEHEHHs B 00JacTH pa3BepTKU MArHUTHOTO TOJS WJIH LIEHTPOB
MIMHHUHTA, COOTBETCTBYIOIIMX MuKpowapukam. [lons paccesnuss uyactuny NP criocoOHBI
TeHepUPOBAThH JIOKAJIbHBIC MPEMATCTBUS U M3MEHATH MPOLIECCHl HAMAarHMYMBaHUS B TOHKOUN
wienke CoFeB [23, 24].

Takum o00pa3oM, HKCIEPUMEHTAIbHO TMOATBEPXKIECHO BIUSHUE MArHUTOMEYEHHBIX
KIETOK, (DYHKIIMOHAIM3UPOBAHHBIX MArHUTHBIMH dacThuuamu o-Fe,Os3 wHa wmarHuTHBIE
cBoiictBa cnuHOBBIX KiamaHoB MgO/CoFeB/Ta/CoFeB/MgO/ GaAsS u MOHOCIOWHOM
cucrembl MgO/CoFeB/MgO/GaAs. UyBCTBUTEIBHOCTh MMOJS MEPEKIIOUYCHUS K YaCTHIIAM
cocraBimsier ~ 5 10* marmmromeueHHbIx Kietok Ha 1 O€, T.e. JOCTATOYHO BBICOKAS UIS
HQ/IOKHBIX ~ W3MEPEeHUI  KOHIEHTpAalWW  KJIETOK. MarHuTHble  TOJIsi  PacCesHUs
(eppOMarHuTHBIX MHKpPOILIAPUKOB, 3aXBau€HHBIX KJIETKAMHU, W3MEHSIOT KPUTUYECKOE
MarHUTHOE TI0JIe TEPEKIIOYEHHUs, KOHTPOJIMPYEeMOe KOHKYPEHIIMEeH MEXAy MarHHTHOM
aHM30TPONHEN, MEXKCIO0EeBOM OOMEHHOH CBS3bl0 M »Heprueil 3eeMaHa B CHHTETHYECKOM
(deppuMarHeTuke ¢ MEPHEHAMKYISIPHONM aHu30Tponuel. JlokajibHOE MarHUTHOE TI0JIe
HAHOYACTHUI] M UX BIIMSHUE Ha (EPPOMArHUTHYIO IUIEHKY COOTBETCTBEHHO OLIEHMBAJHCH C
MOMOIIBI0 PE3YJIbTATOB MATHHUTHO-CHJIOBOM MHKPOCKOINHH. PaccesiHne MarHUTHBIX MOJer
YacTHI] yBeJIMYMBAaeT MarHuTHoe nosie nepexmoueHuss GMR-miargopmer 10 240 Oe u3-3a
YBEIIMYCHUSI HAMarHUYEHHOCTH CBOOOTHOTO CIIOSI.
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HccnenoBanbl 0COOEHHOCTH JIOKAJIBHOTO TPAHCIIOPTa B OJHO- M KBA3MOJHOMEPHBIX
CTPYKTypax METOJOM H3MEpPEHUs] MarHUTOTPAHCIIOpTa B IPHUCYTCTBUU CKaHUPYIOLIETO
3aTBOpa aTOMHO-CHJIOBOI'O MHKpOCKoma (scanning gate microscopy). IIpogeMoHcTprpoBaHO
BJIMSIHUE BOJH 3apsiIOBOM IUIOTHOCTH, a TaKXK€ MPO3PAYHOCTH MOTEHLHUAIbHBIX OapbepoB
BONM3M  WHTEpdeiica  METaUI-TONYNPOBOAHUK  HAa  DJIEKTPOHHBIM  TPAaHCHIOPT B
Ha”ompoBosokax INAs. Kpome Toro, nokazana BO3MOXHOCTb M3MEpPEHHsI CIIEKTPOCKOIHUU U
paboTHl BBIXOAA B YIVIEPOAHONH HAHOTPYOKE TpU HM3MEPEHHH TOomorpaguu B pexHMe
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The peculiarities of local magnetotransport of one- and quasi-one-dimensional structures
in presence of charged atomic-force microscope (AFM) tip (scanning gate microscopy) are
investigated. The influence of charge density waves and opacity of potential barriers on
metal-semiconductor interfaces on electronic transport are presented. Additionally, we show
the possibility to measure the density of states and work-function of carbon nanotubes from
the topography map in tapping mode of the AFM.
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Introduction

Mesoscopic physics has been developed starting from metallic nanowires with diffusive
conductivity but with phase coherence length comparable with the size of the structure under
investigation [1-5]. Then the focus of interest shifted towards investigation of ballistic
regimes of conductivity as soon as objects based on heterointerfaces with extreme high
mobility two-dimensional electrons came into play [6]. While new experimental objects such
as carbon nanotubes demonstrate ballistic conductivity [7], the most of semiconductor
nanowiskers show diffusive one [8-10].

To study conductivity through nanotubes and nanowire two-contact scheme is commonly
used [11-12]. The reason for this is the fact of quite fast thermalization of electrons in metallic
contact region. Nevertheless, if metallic contacts are narrow (70 nm wide) the thermalisation
of electrons is not complete even for CNT [13, 14]. Previously it has been shown the response
of electrons on applied magnetic field is strongly dependent on geometry of measurement [15,
16] even in diffusive regime, the only ycnosue is the size if sample under investigation might
be of the order of phase coherence length. Thus, the investigation of magnetotransport of
semiconductor nanowires as in local, so in non-local geometry should be in the focus of
interest.

As in case of two-dimensional electron gas so in one- or quasi-one-dimensional one the
modern techniques such as scanning gate microscopy (SGM) mapping are used widely
nposuBas light on the local peculiarities of electronic transport as in ballistic so in diffusive
regimes [17-27]. SGM appears to prove itself as a powerful tool with visualization of electron
paths in 2D [17-22] and positions of spontaneously organized quantum dots in CNT [28].

The investigation of transport properties if semiconductor nanowires with SGM
technique started from Coulomb blockade regime [29], similar to CNT investigations. This
regime was realized using the semiconductor quantum dots defined by internal defects of
crystal structure of InAs nanowire [29].

Later on, when the quality of nanowire increases the point of interest shifts to
investigations of open quantum wires without internal defects and with absence of the
tunneling barriers in vicinity of metal-semiconductor interfaces [30]. In these high quality
whiskers visualization of expectable UCF patterns was observed as well as standing waves
with non-trivial dependence of the wave-length on carrier density concentration and with
wave-length laying in the range from 200 nm up to 2 microns [31-34].

This report is dedicated to review of comprehensive investigations of magnetotransport of
InAs nanowires using SGM technique as in local so in non-local geometry.

Experimental

In our experiment we study a nominally undoped InAs nanowires grown by selective-
area metal-organic vapor-phase epitaxy [35]. The investigated wires have typically a diameter
of 100 nm. The wires were placed on an n-type doped Si (100) substrate covered by a 100 nm
thick SiO; insulating layer. The Si substrate serves as the back-gate electrode. The evaporated
Ti/Au contacts to the wire as well as the markers of the search pattern were defined by
electron-beam lithography. Two different geometries of metal contact pads are used to realize
local and non-local cases. In case of local geometry measurements, the distance between the
contacts is 2-3 um, a scanning electron microscope image of the sample can be found
elsewhere [30]. The source and drain metallic electrodes connected to the wire are marked by
's' and 'd’. The electrodes not marked are kept floating. In case of non-local geometry
measurements, the distance between the contacts is 140 nm, and the width of the narrow
contact is 270 nm [36].

All measurements are performed at a temperature of T=4.2 K. The charged tip of a
home-built scanning probe microscope is used as a mobile gate during scanning gate imaging
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measurements [37]. All scanning gate measurements are performed by keeping the potential
of the scanning probe microscope tip (Vip) as well as the back-gate voltage (Vsg) constant.
The differential resistance of the wire during the scan is measured in a two-terminal circuit.
We use a standard lock-in technique, i.e. a driving AC current with an amplitude of Iac = 10-
20 nA at a frequency of 231 Hz is applied, while the voltage is measured by a differential
amplifier. A typical tip to SiO, surface distance of hyp, =300 nm was chosen for the scanning
process. The external magnetic field was applied perpendicularly to the wire axis and SiO,
surface.

Investigations of local electronic transport
Investigations of electronic transport in regime of Coulomb blockade

It is quite convenient to start description of investigations of local electronic transport
through the nanowires from Coulomb blockade regime. Generally speaking, such kind of
investigations in nanowires are in very close relation to ones made in carbon nanotubes [28].
As in nanotubes it was possible to allocate centers quantum dots in nanowire and calculate the
number of them [29]. Besides this direct comparison of transport measurements in non-linear
regime and SGM mapping was performed [38]. Both techniques allow to estimate the number
of quantum dots nanowire or nanotube divided. In case of two quantum dots analysis can be
easily done and the ratio of sizes of quantum dots can be estimated [38]. Beside this, using
fine tuning of position of the tip and its potential the regime of negative differential
conductance [39] was realized on double dot in InAs nanowire as well [40].

Thus, investigations of peculiarities of local transport properties in nanowires using SGM
mapping in Coulomb blockade regime not only reproduced the main results obtained in CNT
but somehow extended the different aspects of applications of such technique for study one-
and quasi-one- dimensional systems.

Magnetotransport investigations of open high quality quantum wires

It is worth noting the most interest of investigations was focused on magnetotransport
measurements of high quality semiconductor nanowires without Schottky barriers in metallic
contact regions, open systems [30-34]. The first experiments done on such samples when
AFM tip was placed close to SiO; surface (hi, ~200 nm) confirmed that conductance in
nanowires is defined strongly on universal conductive fluctuations (UCF) when the phase
coherence length is comparable to size of structure (temperature of experiment was
T=4.2K). The character lateral size of such fluctuations in SGM mapping picture was
around 250-300 nm and this is in good agreement of spatial resolution of experimental setup
[31]. Alteration of the charge density with back gate voltage results in changing of the
structure of UCF pattern while the bottom of conductance zone is shifted for more than
10 kgT. Thus, the at least somehow stable picture of UCF pattern mapped with SGM was not
observed [31].

The situation is essentially different when the tip height is of around 300 nm over SiO,
surface or higher. The lever arm, namely the ratio of tip to wire capacitance divided by back
gate to wire capacitance is less than 0.01. The weak impact interaction regime is realized in
this case. Investigation of magnetotransport in this regime in open InAs nanowires of high
quality were performed in next set of papers [30-34].

The next important findings were discovered:

1. Standing waves with wavelength from 300nm up to over 1 micron were observed [30].

2. These waves are stable against applied source-to-drain voltage up to values comparable to
ksT (eVsp~ksT) [31].

3. It was shown that wavelength of these waves changes in step-like manner with alteration of
carrier density [31].
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4. It was shown that wavelength of observed standing waves depends on back gate potential
(concentration of charge carriers) non-monotonically [30].

5. Standing waves are charged. This change position of nodes and wavelengths depending on
external Coulomb potential profile [33].

6. Amplitude of observed standing wave depends on external magnetic field and essential
suppression of them occurs at the same values of external magnetic field as quantum weak-
localization correction [34]. This fact confirm the standing waves comes from reorganization
of conductive electros.

7. Electrons reorganized in standing wave are blocked in nanowire with potential barriers
located at metal-semiconductor interface, i.e. near metallic contacts. Thus the number of these
electrons can be estimated. At the same time the rest conductive electrons do not feel strong
potential barrier, i.e. nanowire for this kind of electrons is an open structure [33].

All these peculiarities can be explained if we assume presence of two types of electrons
(two subsystem of electrons). The first one contains electrons of the top subband of transverse
quantization, the second one contains all the rest electrons (so-called diffusive sea of
electrons) [30]. Details of this model can be found elsewhere [30-34]. Such kind of
investigation in external magnetic field in Tesla range are planned be done in nearest future.

The weak impact interaction regime was used for investigation of magnetotransport in
open InN nanowires of high quality. Oscillations of Altshuler-Aaronov-Spivak were
observed. These oscillations were rather stable against alteration of carrier density. Detailed
experimental work to investigate these oscillations using SGM will be performed in future.

Investigations of non-local transport of semiconductor nanowires in presence of
charged AFM tip

For the first time the visualization of non-thermalized electrons passed under metallic
contact has been done in paper [36]. It was shown that effect of decreasing conductivity while
tip was placed beside intercontact region was suppressed at magnetic field at least 3 times
smaller than ones necessary to suppress weak antilocalization correction in the same nanowire
[36]. Such kind of rescaling was observed at different concentration of carrier densities [36].

Generally speaking, the dependence of magnetoresistance on border conditions is quite
expecting even in diffusive regime of conductivity the only requirement is the size of the
system is comparable with phase coherence length. Additionally, such kind of rescaling has
been observed previously in Sn nanowires [15, 16].

Right now there is no well comprehensive theory for explanation such behavior of charge
carriers, there is the numerical modelling having quite good agreement to experimental data
only [41]. Thus, there is no explicit explanation of such magnetic field "rescaling™ for last 30
years.

We may speculate concerning physical picture next way. If charge carrier concentration
is low, the small angle scattering is dominated. Thus, the absence of screening in quasi-one-
dimensional nanowires the Coulomb interaction is the long range one and it can not be
ascribed in standard techniques such as nonlinear sigma model with point like scatters.

In case of such type of scatters the general physical picture becomes slightly different.
Well defined channels of preferable conductivity would arise and electrons would pass along
them preferring not to scatter in between channels. This picture somehow remains the
situation in ballistic regime when well defined channels are made by remote charges in 2D
heterojunction [17-20] and electrons prefer to expand along them even the direction of pulse
of incoming electrons is different [17-20].

Some difference in effective elastic scattering length in different channels may result in
different phase coherence length, which is the scaling length defining character values of
magnetic field for weak-localization / weak-antilocalization quantum corrections [42].

Thus, the physical picture would be reformulated and quite a lot of work has been done
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already [43-45]. We hope the new experimental data obtained using SGM on high quality
semiconductor nanowires in non-local geometry will stimulate theoretical fork toward this
direction additionally.

Conclusions

Application of SGM technique for investigation of the magnetotransport in
semiconductor nanowires allowed as discover new effects in such structure which were not
possible to observe using even the full power of electrons lithography and the back gate for
alteration of the density of charge carriers only so attain attention on effect known at least 30
years applying modern experimental technique and new high quality samples allowing
variations of the density of the charge carriers.
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