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Pacnucanue 1oKkJ1aaoB

Bropuuk 4 uwns 2019 r.

10.00-10.10 OTkpbiTHE KOH(epeHIun

10.10-10.50 (IIp.) B.A. brikos, B.B. [lonskos
“3oH10Bast MUKPOCKONMS M CIIEKTPOCKONMSI: MPUOOPHI U
TeXHOJIOTHH aHAJHM3Aa MaTepHuaJioB, paspadorkun HT-MIAT
Cnextpym UncTpyMeHTC”

10.50-11.30 B.B. ITonskos, FO.A. bo6pos, C.U. Jleecment, B.A. BrikoB
“ABTOMaTHYECKUI MOUCK MapaMeTPOB CKAHUPOBAHUS B
AMILTHTYAHO-MOAYJAAuMoHHOH ACM”

11.30-11.40 Coffee break

11.40-12.20 (I1p.) B.JI. Mupownos, E.B. Ckopoxonos, P.B. 'opes, M.B.
CanoxHUKOB
“MarHMTHO-PE30HAHCHASI CHJI0OBAasi MUKPOCKONUS MJIAHAPHBIX
(eppoMarHuTHBIX HAHOCTPYKTYP”

12.20-13.00 B.C. Cromspos, B.B. JIpemos, JI.}O. Poanues
“CraHUpPYHIOLIAsi 30HA0BAsi MUKPOCKOIHUS CBEPXIPOBOASIIUX
rHOpPUIHBIX cUCcTEeM”

13.00-14.00 Lunch

14.00-14.40 B.B. JIpemos, B.C. CronsipoB
“CkaHupynuasi MArHUTHasi MUKPOCKONHS IVIAHAPHBIX
15K03e()COHOBKHX CTPYKTYP”

14.40-15.20 A.B. Ilytunos, C. Au/l>xopmxuo, B.JI. Bagumos, J{.JIx. Tpeitnep,
O.M. Jleknep, JIx.JI. Képtuc, M. A6aen-Xadus, O.C. Bonkosa, A.H.
Bacunses, [[.A. Hapees, I'. Kapanetpos, A.E. Komenes, A.1O.
AnaneikuH, A.C. MenbHukoB, M. MaBapone
“Tpanchopmanusi BuxpeBoii pemierku B FeSe B MarautHom moJie”

15.20-15.30 Coffee break

15.30-16.10 J1.B. Knunos
“ATOMHO-CWJI0Basi MUKPOCKOIMS OTUHOYHBIX MOJIEKY.JI
OnonomMepoB”

16.10-16.50 M.E. JlokykuH, 1. CokoiioB

“Ucnosb30BaHMe KAPT aAre3uu NoJy4YeHHbIX ¢ nomombo C3M nius
BbISIBJICHUA “Pu3nvecKux”’ MapKepoB 3a00/ieBaHUii YeJi0oBeKa”




Cpena S urons 2019 r.

10.00-10.40

(I1p.) T.B. ITaBnosa, B.M. lllesmora, b.B. AnapromieukuH,
I''M. XKunomupos, K.H. Enb1ios

“CTM-autorpadusi Ha xJa0prupoBaHHo# noBepxHoctu Si(100) ¢
yiajJleHueM KpeMHus”

10.40-11.20

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

“BuausiHMe CTylleHel U MOTEHUUAJbHBIX IM HA JHEPreTH4eCKYI0
CTPYKTYPY AUPAKOBCKHX COCTOSIHUH B TONMOJOTHYECKOM H30JIATOpE
Bi2Se3”

11.20-11.30

Coffee break

11.30-12.10

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

“I'epMaHeH HA MOBEPXHOCTH MeTAJUIOB: MU(} WIH PeaIbHOCTH?”

12.10-12.50

(I1p.) b.B. Augpromeukun, B.M.Illesarora, T.B.I1aBnoBa,
I'"M.Xunomupos, K.H. Exs1io

“HavaJbHble CTaiuM OKHCJICHHsA cepedpa”

12.50-14.00

Lunch

14.00-14.40

A.B. Ilytunos, C.C. YcrapmukoB, C.1. boxko n A.1O. Ananpliiikuy

“IIpocTPAaHCTBEHHO-HEOAHOPOIHbIE KBAHTOBO-Pa3MepPHbIe
cocTosiHMs B TOHKUX Pb nmienkax”

14.40-15.20

H.C. Komapos, T.B.IlaBnoBa, b.B. Aunproneukun

“B3aumoeiicTBHE MOJIEKYJISIPHOTO0 0/1a C TOBEPXHOCTHI0 HUKeJIs”

15.20-15.30

Coffee break

15.30-16.10

C.JI. Kopaneako, T.B. IIasnosa, O.1. Karumena, K.H.Ensmos

“TepMonporpaMMupyemMblii CHHTE3 MOHOKPHUCTAJLIIOB
a30THPOBaHHOrO rpagena Ha nosepxnocru Ni(111)”

16.10-16.50

A.H. Yatika, C.1. Boxko, C.C. Ha3zun, B.H. Cemenos, O. Liibben,
N.B. llIsen

“OpOuTajgbHoe pa3penieHue H XuMu4ecknii konrpact B CTM-
JKCNepUMeHTax”’

16.50-17.20

M.A. Tpycos

“CoBpeMeHHbIe CBepXBbICOKOBaKyyMHbIe C3M Hay4yHOro kjacca
Mapku Scienta-Omicron”




Yereepr 6 urons 2019 r.

10.00-10.40

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

“OnbIT NPUMEHEHUS CKAHUPYIOLIEH 30H10B0i MUKPOCKOIINH
B BaKyyMe H pa3JM4HbIX cpeaax”’

10.40-11.20

B.C. Heynaunna

“Oco0ennoctu C3M npu Bo31eiicTBUY BHEITHUX (PpU3HYECKHX
(¢akTopoB M NpoTeKAHNMU XMMUYECKUX peakuuii: onbIT Oxford
Instruments Asylum Research”

11.20-11.30

Coffee break

11.30-12.10

JLA. ®omun, N.B. Manukos, A.B. UepHbix

“IIpuMeHeHHe MATHUTHO-CUJI0BOH MUKPOCKONUM /ISl U3yYeHUs
3MUTAKCHAJIBHBIX eppo- H AHTU(PEPPOMATHUTHBIX
MHUKPOCTPYKTYP”

12.10-12.50

AJO. Anagplikuy

“IIpuMeHeHMe TPUAHTYJAAUMH [leI0He IS aHAIU3A
CTATHCTHYECKHX CBOMCTB MOBEPXHOCTell ¢ agcopdaTtamu”

12.50-14.00

Lunch

14.00-14.40

A.l'. Temupsizen

“HcnoJib30BaHe CKPHUIITOBLIX SI3BIKOB B NMPOrpaMMe ynpaBJIeHHsI
C3M”

14.40-15.20

N.B. Qymikun, FO.U. Myparosa

“MeToabl JMHEAPU3ALUH YCTPOICTB HAHO NMO3UIIMOHUPOBAHUS U
ckanupoBanns B C3M ¢ ucno/ib30BaHHEM ONTHYECKUX JATYUKOB U
IUIOCKMX CKAHEPOB ¢ CHMMETPHUYHBIM PACHOJIOKEeHHEM
Nbe30CTIKOB”

15.20-15.30

Coffee break

15.30-16.10

0.B. Komnak

“JIokajbHAs HAMATHUYE€HHOCTh MArHUTOPE3UCTUBHBIX CTPYKTYP,
KOHTAKTHPYIOIIMX C MATHUTOMEYEHHBIMH KJIETOYHBIMH
KOMILIeKCAMu”

16.10-16.50

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

“UccaenoBaHue JOKAJbHOI0 TPAHCNIOPTA U CNIEKTPOCKONHUH
O/ITHOMEPHBIX NPOBOAHUKOB METOAUKAMH CKAHMPYIOLIeil 30H10BOM
MHMKpOCKONHuu”

16.50-17.00

3akpbiTHEe KOH(EPEeHIMH U MOBe/leHHe UTOT0B
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30H10Basi MUKPOCKONMS U CHEKTPOCKONHNSI: MPUOOPHI M TEXHOJIOTHHI
aHaJau3a marepuaJnoB, paspadorku HT-MIAT Cnexkrpym UHCTpyMeHTC

Bukrtop A. BbIKOBl’z, Bstuecnas B. IMomsikos!

! I'pynna komnanuii NT-MDT-Spectral Instruments, 124460, 2. Mockea, 2. 3enenozpad, 4922-1i
npoeso, oom 4, cmp. 3
? Mockogckuii Duzuko-mexHuueckuii uHCmumym

PaccmarpuBaetcst oOmiee cOCTOSIHUE W HOBBIE BO3MOXXHOCTH CKaHHUPYIOIICH 30HI0BOM
MUKpPOCKOIIUH, B TOM YHCJIE, B KOMOMHALIUU CO CHEKTPOCKOMMEH MOBEPXHOCTHBIX CTPYKTYP
BBICOKOTO TPOCTPAHCTBEHHOTO pa3pelieHus. PaccMaTpuBaloTCs BO3MOXXHOCTA HHTETPALIUN
METOZIOB MCKYCCTBEHHOTO WHTeJUIeKkTa (omius ScanTronic) B mporpamMmmHOe oOecredeHue
CKaHUPYIOIIUX 30HOBBIX 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
2 MIPT 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.




ABTOMATHYECKHMI MOUCK MapaMeTPOB CKAHMPOBAHUSI B aMILIMTYJIHO-
MoayJasimuoHHoii ACM

B.B. Iloaskos, }O.A. bo6pos, C.U. Jleecment, B.A. brikos
HT-MJT Cnexmpym Hucmpymenme, 3enenoepao, Mockea 124460, Poccus.

AMIUTUTYTHO-MOYJIALIMOHHAS ACM (AM ACM), TaKXKE Ha3pIBacMas
«TIOJIYKOHTAKTHOM», a B aHTJIOA3BIYHON JHUTEpaType — «tapping mode», UCTIONb3YeTCs Cpeau
Bcero MHoroo0pasust metofoB ACM nHambojee 4dacTo: Mo HamuM JaHHbIM Oonee 90%
nyonukyembix ACM-u300pakeHui MOTyYeHbl C UCIIOIH30BAHUEM TIOJIYKOHTAKTHOTO METO/1A.
AM ACM sBrseTcss OCHOBOH MJii MHOTHUX O0oOJiee CIIO)KHBIX METOJOB aTOMHO-CHIIOBOM
MUKpPOCOKIIMH, TaKMX Kak MeToA 30Hna KenbBUHA, 5SIEKTpocTaTUYECKas CHIIOBas
MUKPOCKOIIHSI, MarHUTHO-CHJIOBAs MHKPOCKOIUS, a TaKXKe JUIsi METOJ0B MHUKPOCKOIHU U
CIIEKTPOCKOIMUM HAHOMETPOBOI'O MPOCTPAHCTBEHHOTO paszpemieHus B BuaumoMm, MK u Tl
Jrana3oHax.

Bmecte ¢ tem, mo HammMm moacueram, Oonee msATol yacth ACM-u3o0pakeHHH,
MPEJICTABICHHBIX B pedepupyeMbIx >KypHamax, cojaepkar apredakTbl, XapaKTepHBIC s
MOJIYKOHTAaKTHOTO METO/a, BBI3BAaHHBIE IEPECKOKOM MOJ MPUTSHKEHUS M OTTaJIKUBaHUS
KaHTUJIEBepa, 3P PeKToM mapamroTHPOBaHUS 30H1a, HEKOPPEKTHONW HACTPOUKOW MapaMeTpoB
oOpaTHOHM cBsi3U. DTa yApydarollas CUTyalMss MOTHBHpOBala Hac K pa3pabOTKe CHCTEMBI
«ScanTronic», MO3BOJIAIONIEH B aBTOMAaTHYECKOM PEKUME HACTPOUTH BEITMUMHBI CBOOOIHON
1 pabodeil aMruTys KojieOaHWW KaHTHIIEBEpa, CKOPOCTH CKaHUPOBaHHS M Kod(duimenra
yCUJICHHs OOpaTHOW CBsI3M B MOJMYKOHTakTHOM ACM TtakuM 00pazom, 4TOOBI yCTOWYHBO
obOecreunBaTh TOJYYCHHE H300pa)KeHUM, CBOOOJHBIX OT TMEPEUMCICHHBIX apTedakTOB Ha
IIMPOKOM KpyTe 00pa3ioB.

B nmokmame Oynmyr paccMoTpeHbl (U3WYECKHME TPUHIUIBI TMOoAOOpa MapamMeTpoB
CKaHUPOBAaHUS B MONYKOHTakTHOM ACM, a Taxke ONMUCaHbl MPEII0KEHHBIE HAMU PEIICHUS
JUIS X aBTOMATHYECKOI0 IMOMCKa, OCHOBAHHbIE Ha UCMOJIb30BaHUU TEOPUU aBTOMATHYECKOTO
yIpaBlIeHUS U METOJ0B MAIIMHHOTO 00yUEHUSI.

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 cJioBast MHKPOCKONHSA IUIAHAPHBIX
(heppOMArHUTHBIX HAHOCTPYKTYP

B.JI.Mupouos, E.B.Cxopoxoznos, P.B.I'opes, M.B.CanoxHukoB
HUDM PAH, 603950, Huocruii Hoseopoo, I'CII-105

B noknane ob6cyxnaioTcs BO3MOXKHOCTH HCCIIEIOBaHHS IIaHAPHBIX TOHKOIUIEHOYHBIX
(beppOMarHuTHBIX ~ HAHOCTPYKTYp C  TIOMOIIBI0  MarHUTHO-PE30HAHCHOTO  CHJIOBOTO
Mukpockorna (MPCM). Aranu3upyroTcsi 0COOCHHOCTH MarHUTHOTO B3aUMOJCHCTBHUS 30HA C
obpasuom. OnuceBalOTCs anropuT™bl MoaenupoBanuss MPCM otkiuka u pacueroB MPCM
CHEKTPOB, a TakKe TMPOCTPAHCTBEHHBIX paclpeAeNeHNil aMIUTUTYIbl PE30HAHCHBIX
KosiebaHuii HaMarHm4deHHocTu oOpasua. IlpuBoamsarcs pesynabratet MPCM uccrienoBaHmii
Mukpornonocok NiFe ¢ miIocKoCTHOM aHU30TPONHEH U MHOTOCIOMHBIX TUICHOYHBIX CTPYKTYP
Co/Ptc nepreHIuKyIIpHON OCEBOW aHU30TPOIHEH.

Pa6oTa Bemomnnasiercs npu noanepxke 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).




CxaHupyromas 30H10Basi MUKPOCKONUS CBEPXIPOBOASIIIIUX THOPHAHBIX
cucTeM

B.C. Cronspos'?, B.B.ipemos!, 1.10. Poxuues'+

'Mockosckuii pusuxo-mexnuueckuii uncmumym, Joneonpyonwiti, 141700 Mockea, Poccus

2 Hayuonanvuwiii ynusepcumem nayxu u mexuonoeuti MUCuC, 119049, Mockea, Poccus
3ﬂa60pam0puﬂ dusuxu u mamepuanosedenus, LPEM, UMR-8213, ESPCI-Paris, PSL, CNRS,
Ynusepcumem Copbonnut, 75005 Iapuoc, Dpanyus

B nokmage OyayT TpOIEMOHCTPUPOBAHBI  PE3ylbTaThl HEAABHUX IMMHOHEPCKUX
WCCIICIOBAHUM, TIOJYYECHHBIE METOJAMHU CKaHUPYIOIIEW TYHHEJIbHOW M MarHUTHO-CHJIOBOM
MHUKPOCKOIHUU CBEPXMPOBOASANINX THOpUIHBIX cucteM. (PODU mpoektsr 19-02-00981, 19-
52-50026, MUCHC 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

SLaboratoirede 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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CxaHupyHOIIasi MATHUTHAS. MUKPOCKOIIMA MJIAHAPHBIX 17K03e()COHOBCKHUX
CTPYKTYP
B.B. [Ipemos, B.C.CtonsipoB

Mocxosckuii pusuro-mexuuueckuti uncmumym, J{oneonpyousit, 141700 Mocksa, Poccus

B nokmane mpencraBieHHBI pe3yibTaThl HCCIEAOBaHUS TUIaHAPHBIX JIk03e(hCOHOBCKUX
nepexo10B (S-N-S) ¢ moMoIIpI0 MArHUTHOTO 30H]1a HU3KOTEMIIEPATyPHOTO aTOMHO-CHUIIOBOTO
Mukpockomna (AFM). [1okazaHo, 4TO TOKaJIbHOE MAarHUTHOE TOJIE UTJIbI HE TOJIHKO MO3BOJISIET
BU3YyalIn3upoBaTh AOPHUKOCOBCKHE BHUXpPH, HO M TOpoxkaaeT J[»o3edCOHOBCKHE BUXpPH B
IIUPOKUX NEepexoax, a TAaKKe CYIIECTBEHHO M3MEHSIET TPaHCIOPTHHIE CBOWCTBA IMEPEX0/a,
nepeBost ero B ¢(0-m)-coctosaue. (PODU mpoekt 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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Tpancdopmanusi BuxpeBoii pemerku B FeSe B MarHuTHOM 1oJie

A. B. Ilytunos'?, C. JiuJlxopmxuo!, B. JI. Bagumos?, 1. k. Tpeitaep', D. M. Jlexnep', JIx.
JI. Képruc®, M. A6aen-Xapuz*S, O. C. Bonkosa®®, A. H. Bacunses” %°, JI. A. Uapees!®®!!,
I". Kapanetpos?®, A. E. Komenes!?, A. 10. Anagpmmkun® !, A. C. Mensaukos?, M. MaBapone'
! dusuueckuii paxyromem, ynueepcumem Temnn, @unadenvgus, 19122, CLIA

? Unemumym gusuxu muxpocmpykmyp PAH, Huscnuii Hoezopoo, 603950

S dusuveckuii paxyromem, ynusepcumem Jpexcens, @unadenvpus, 19104, CLIA
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Metonamu HuskoremneparypHoi CTM u CTC wuccinenoBaHa BHUXpeBasl pelieTKa U
CTPYKTypa CepALEBUHBI BUXpel B MOHOKpUcTaiuiax FeSe. TpeyronbHas BuxXpeBasi CTpyKTypa,
HaOmoaeMasi MPU HU3KUX MATHUTHBIX MOJSX, MCKAXKAETCS W TOCTENEHHO CTAaHOBUTCS
KBaZpaTHOW BOM3M MarHutHoro mousist 1.5 T. Ilpu stom ke mosje HabOmromaeTcss U3JI0M Ha
3aBHCHMOCTH TEIUIOEMKOCTH OT MAarHuTHOTO mojisi. Habmiomaembie sBIEHUS MOTYT OBITh
CBS3aHBI C MHOTO30HHOW TIPHPOAOM CBEPXIpPOBOAUMOCTH B FeSe u  0OBsACHATHCS
MOAaBJICHUEM NTapaMeTpa MopsiaKa B OAHOM 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* > %, O. S. Volkova®’®, A.N. Vasiliev”>%?, D. A. Chareev'®% 'l G.
Karapetrov®, A. E. Koshelev'?, A. Yu. Aladyshkin®!, A. S. Mel'nikov?, M. lavarone!

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

? 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

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

PMaterials 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-CHJI0BasA MHKPOCKOIIHA OAHUHOYHBIX MOJICKY.JI 6HOHOJII/IMepOB

J.B. Knunos
®OI'BY OHKI] @XM ®MFEA, 119435, Mocksa, yr. Maras [upoeosckas, 0. la

B nannom nmoksane 3aTpoHyTHI BakHbIE acriekThl ACM oauHOYHBIX Onomosnekys. [[is
MOJIy4YeHHUsI BBICOKOTO paspereHus npu ACM-uccrienoBaHul OUOMONIUMEPOB, PUMEHSITUCH
paHee paspaboTaHHbIe HamH, cBepxocTpble ACM-30HIBI, C PaIUuyCOM KPUBHU3HBI OCTPHUS
okoio 1 HM. [Ipyrum, BaKHBIM HapaMETPOM Il UCCIIEAOBAHUS CTPYKTYpPhl OMONOIMMEPOB,
ABJIETCA TOJUIOKKA. PaccMOTpeHO BIMSHHE pa3MYHBIX TOJJIOKEK Ha CTPYKTYpPY
OMOTIOIMMEPOB U BO3MOXHOCTb MOJIYUEHHSI BBICOKOTO pa3perieHus. [IpuBeieHsl KOHKPETHBIE
MIpUMeEpPHI uccieaoBanus 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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HUcnonb30BaHue KapT aire3sud MoJy4dYeHHbIX ¢ mnomombio C3M jnas
BbISIBJICHHS “PU3nuecKuX”’ MapKepoB 3a00/IeBAHUI Yejl0BeKa

M.E. okykuu'2, 1. Cokomos>>*

'Caposckuii gusuxo-mexnuueckuti uncmumym, Hayuonansuuiii ucciedosamenbckuii 10epHbiil
yuusepcumem MHUDU, yn. [[yxosa, 0. 6, Husicecopoockas obracme, 2. Capos, 607186.

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

B noknaze mpencTaBiieH HOBBIM MOJIXOJ B JMAarHOCTUKE 3a00JE€BaHUI, OCHOBAHHBIN HA
aHanu3e QU3NYECKUX CBOMCTB MOBEPXHOCTH SUTEINAIBHBIX KJIETOK UeloBeKka. B yacTHoCTH,
MCTIOJIb30BATIMCh are3MOHHBIE KapThl KJIETOK, MOJTYYEHHBIE C TOMOIIbI0 PE30HAHCHOTO M
cy0-pezonancHoro MeronoB C3M. AnHanmm3 m300pakK€eHWH TPOBOAUIICA C TPHUBJICYCHUEM
METO0B MAIIMHHOTO O0YYEHHSI.

bbul0 MpOJEMOHCTPUPOBAHO, YTO MapaMETpbl, KOTOPHIE OOBIYHO MCHOJB3YIOTCA B
TEXHUKE JUIS ONHCAHUS pelbeda MOBEPXHOCTH, MOTYT NMPUMEHATHCSA U A KiIaccu(UKAUU
(GU3NYECKUX W3MEHEHMH SIUTENHAbHBIX KICTOK. bbulo 0OHapyXeHO, YTO MOCTENEHHOE
pa3BUTHE paka in vitro (0T HOPMAJIBHBIX, 10 OecCMEpPTHHIX (TPEIPaKOBOE COCTOSHUE) U 10
3JI0KaQUECTBEHHBIX KJIETOK) BEAET K MOSABICHHUIO (PpakTalbHOW I'€OMETPUM Ha MOBEPXHOCTH
kieTku. Kpome Toro, 3ToT MeTon ObUI IPUMEHEH Ul BBIBIECHUS Paka MOUYEBOIO IMY3bIPS C
MOMOIIIBIO KJIETOK, COOpaHHBIX M3 00pa3noB Moud. TouHocTh nuarHoctuku B 94% Oblia
JOCTUTHYTA MIPHU aHAJIN3€ OT IIATH KJIETOK OT OJHOTO MaIMeHTa.

AFM adhesion imaging to identify “physical” markers of human diseases
M.E. Dokukin'?, I. 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 xjaopupoBanHoii mosepxHocTH Si(100) ¢ ynanennem
KpeMHHUA

T.B. ITaBnosa'~, B.M. Illesmora', 5.B. AH,D;pIOI_He‘-IKI/IHl, I'M. }KH;LOMI/IpOBl, K.H. Ensuos!

' Hnemumym obweri pusuru um. A.M. Ipoxoposa PAH, 119991, Mockea, yi. Basunoea, 38
2Hayuonanvolil ucciedoeamenvekuil ynueepcumem «Bvicuas wikona sxonomuxuy, Mockea

Jlutorpadust ¢ ucnonszoBannem CTM siBisieTcss Hanbosee TOYHBIM METOZOM CO3JaHUS
CTPYKTYp U3 IPUMECHBIX aTOMOB Ha MOBEPXHOCTH KpeMmHus. B mponecce CTM-nurorpadun
M0 MOHOCJIOI0 BOJOpOJa JIeCOPOMPYIOTCS TOJIBKO aToMbl pe3ucta. B Hamelr pabote
MPOJIEMOHCTPUPOBAHA BO3MOXKHOCTh yAaleHuss kpemHus ¢ mnoBepxHoctu Si(100) npu
WCIIOIBb30BaHUM pe3ucTa W3 MoHocios xyopa. Ha moepxnoctu Si(100)-2x1-Cl co3mansl
nedeKThl B BUAE SMOK TPABJICHHUS JIATEPAILHOTO pazMepa -2 HM | TIIyOMHBI B HECKOJBKO
cnoeB kpemHust. O6cyxnaercs mexanu3Mm aecopoiuu aromoB Si u Cl ¢ moBepxnoctu Si(100)-
2x1-Cl. Ilomy4yeHHbIe pe3yNbTaThl OTKPBIBAIOT HOBblEe BO3MOKHOCTH CTM-nutorpaduu c
WCIIOJIb30BAaHUEM PE3HCTa M3 XEMOCOPOMPOBAHHOIO XJIopa, B TOM uucie TpexmepHoit CTM-
muTorpaduu.

Pabora Bemonnena npu mojaepkke Poccuiickoro Hayunoro ®onpma (rpant 16-12-
00050).

STM lithography on chlorinated Si(100) with silicon atoms removal
T.V. Pavlova!?, 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
2National 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 Cl atoms
desorption from the Si(100)-2x1-ClI 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/ISSP2019.45.557/SPMAPPL.1
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Beenenne

Jlutorpadus Ha OCHOBE CKaHUpYIOIIEH TyHHenbHON Mukpockonuu (CTM) sBnsercs Ha
CETOJHAIIHUMN JIeHb CaMbIM TOYHBIM METOJOM CO3JaHMs CTPYKTYyp aTOMHOTO MacuiTaba Ha
nosepxHoctu Si(100). ImenHo TakuM 0O6pa3oM ObLI CO3/1aH OJHOATOMHBIN TpaHzuctop [1], a
B HACTOSINEE BPEMS CO3JAOTCS SJEMEHThl KBAHTOBOTO KommbioTepa [2, 3]. B kauecTBe
pesucta juis coznanus macku urioit CTM Ha moBepxHoctu Si(100) ncnonb3yercss MOHOCTION
Bojopoaa. TexHnomnorust ynanenus atomoB Bojgopoaa urioin CTM ¢ mosepxuoctrn H/Si(100)
HACTOJBKO XOpomio orpaborana [4,5], 4ro ee ymaeTcss aBTOMATHU3UPOBATH HCIOIbB3Ys
nudposoit noaxoxn [6, 7].

CTM-nurorpadusi TO3BOJSET CO3/1aBaTh HE TOJIBKO JBYMEpHBIE CTPYKTYphl Ha
noBepxHoctu Si(100)-2x1-H, HO 1 00bemMHBIE CTPYKTYpbl. OTHUM U3 BO3MOKHBIX CITIOCOOOB
SIBIIIETCS. POCT AMUTAKCHUATBHBIX KPEMHHEBBIX OCTPOBKOB YEPEIOBAHUEM OUMCTKU YYaCTKOB
MMOBEPXHOCTH OT Bojopona W ancopbumeit aucwiana (S:He) [8]. pyrum BO3MOXHBIM
CrIocOOOM CO3/IaHUsI TPEXMEPHBIX CTPYKTYp SBIsETCS (OPMUPOBAHHE TBEPION MAcKH W3
okcuna tutana (TiO2) n mocnemyromee TpaBJIeHUE MOBEPXHOCTH HOHaMH [9]. OT™MeTHM, 4TO B
npouecce CTM-nmurorpaduu ¢ moBepxuHoctu Si(100)-2x1-H ypansroTcss TOIBKO aTOMBI
BOJIOpOAa, 0€3 aTOMOB KPEMHHSI.

CTM-nurorpadgusi Mo MOHOCIOIO XJOpa €llle He HM3y4eHa, TeM HE MEHEE H3BECTHBI
Cly4au yAaJIeHHsl OTJAENbHBIX aToMoB XJyiopa ¢ moBepxHoctu Si(100)-2x1-Cl coBmecTHBIM
ucnons3oBanueM CTM wu mazepa [10] wmm Tomeko CTM [11]. B Hacrosmieir pabore
MPOJEMOHCTPUPOBAH  CIOCOO  CO3JAaHMSI TPEXMEPHBIX CTPYKTYp IYyTeM TpaBieHUS
MOBEPXHOCTH KPEeMHUs ¢ ucrosb3oBanueM 30H1a CTM. B oTimuue ot mpeapiaymmx padoT
[10, 11] m CTM-nmutorpaduu 1o pe3ucTy W3 BOAOPOJAA, MBI yHIajsieM HE TOJIbKO aTOMBI
pe3ucTa (Xjopa WM BOAOPOAA), HO M arombl NomIokku. CTM-nurorpadus ¢ ynaneHuem
OJIMHOYHBIX aTOMOB KPEMHHS MOXET HMETh MPEUMYILIECTBAa JJIs CO3JaHHs ONpeAesIeHHBIX
CHCTEM, HallpuMep, A7 BHEAPEHUs: aToMOB (ocopa B KpeMHUH ¢ aTOMHOM TOYHOCTBIO [12].

Jns cozmanusi SIMOK TIIyOMHOM B OAMH WM HECKOJIBKO aTOMHBIX CIIOEB KPEMHUS MBI
ucnons3oBann CTM-nutorpaduro Ha moBepxHoctr Si(100)-2x1-Cl mpu Temmeparype
obpasma 77 K. SIMKM WMEIOT naTepalbHBI pa3Mep MOpsAKa HAaHOMETpa U TIyOWHY B
HECKOJIBKO CJIOEB aTOMOB KpeMHHs. B OCHOBHOM SIMKH TOKPBITHI XJIOPOM HE TOJHOCTHIO U
colepkaT OOOpBaHHBIE CBSI3M KPEMHHUS, YTO MOXET OBbITh HCIOJB30BAHO  JUIS
(GYHKIIMOHATU3AllMM  TIOBEPXHOCTH KPEMHHsSI Pa3IUYHBIMU  MOJEKyJlaMH, Hampumep
dbochunom. B HacTosmiel paboTe paccMaTpuUBarOTCS BO3MOXHBIE MEXaHU3MBI AJIEKTPOHHO-
cTuMynupoBaHHoi necopOrun ¢ noBepxHocTH Si(100)-2x1-Cl. Ilonmmanue mporecca
ynanienus: kpemHuss npu  Bo3aeidictBuu uribl CTM Ha moBepxHocTh  Si(100)-2x1-ClI
HEOOXOIUMO JUIsl JANbHEUIIEro MPUMEHEHHUS 3TOTO METO/Ja C TMEepPCHEKTUBOM CO3/1aBaTh
OTJeNIbHbIC BAKAHCUU U3 aTOMOB KPEMHHUS.

MeTtoabl
DKCHEepUMEHTAIIbHBIE METO/IbI

B »skcmepumeHTax HMCHONB30BAJICS JIETHPOBaHHBIM Oopom obpaszernr Si(100) (p-Tum,
1 Om*cm). Jlerazammst obpasma u apMaTypbl BOKPYT HETO MPOBOAWIACH MPU TEMIEpaType
o6pasua 800°C B TeueHue Tpex AHeH B cBepxBricokoM Bakyyme (10710 Topp). 3atem obpasen
MOJBEprajcs KpaTKOBPEMEHHOMY HarpeBy W BbllepxuBaics 5 ¢ npu temmeparype 1200°C
(maBnenue B kamepe He npesbimano 107 Topp). Monocrnoit x1opa Ha nosepxaoctu Si(100)-
2x1 co3maBayicsl IMyTeM aJCOpPOIMU MOJICKYJISIPHOTO XJiopa U3 A(PPy3noOHHOTO Mydka MpHU
nasnenuu B mydke 10° Topp B Tewenme 100-200 c. Ancop6uus Cl mpoBoaunach mpu
temmneparype oopasma 100—150°C cpa3y mocie BoikirOUeHHs ¢udm-Harpea. KoHneHTpanus
aTOMHBIX J1e()eKTOB Ha IMOJATOTOBICHHON TakuM obOpazom noepxHocTH Si(100)-2x1-Cl ne
npesbimana 0.1%.
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Manunynsanun Ha noBepxHoctu Si(100)-2x1-Cl npoBogmmucs B LT-STM GPI CRYO
(SigmaScan Ltd.) mpu Temmeparype 77 K u mapmenmn 107! Topp. Hcnonssosamucs
MOJMKPUCTAITMYECKUE BOJIb(PAMOBBIEC MIJIbI, KOTOPbIE MOABEPTaIUCh ANEKTPOXUMHUYECKOMY
tpaBnennio B 2M NaOH u 3aTem 6oMOapaupoBKe MOHAMHU Ar' IS OYMCTKHM U 3a0CTPEHHS.
[Mocnenyromuii HarpeB urn npu temmneparype 1800—2000°C B Bakyyme aenan Urisl Oojee
CTaOWJILHBIMU, UTO SIBJISIETCS KPUTUYHBIM MPU UX UCIIOJIB30BAHUU JJI CO3/IaHUS IMOK.

MeTtonabl pacucToB

CnuH-noNsIpU30BaHHbIE BBIYMCICHUS BBINIOJHEHBl HAa OCHOBE TEOpUH (PyHKIMOHANA
wiotHocTH (T®II), peanuzoBanHoli B nporpaMmHoM nakere VASP [13, 14]. Mcnionb3oBanuch
o06o6menHoe rpaaueHTHoe npudamkenue (GGA) u 0OMEHHO-KOPPEAIUOHHBIN () yHKIIMOHAI
PBE [15] ¢ yuerom Ban-nep-BaanbcoBbeix B3aumojneictBuii mo merony ['pumme [16].
[ToBepxHocth Si(001)-2x1 MomenupoBagack MEPUOAUYECKH TOBTOPSIOMIMMHUCS sTYCHKaAMU
5X6, COCTOSIIIUMH W3 BOCBMH aTOMHBIX CJIO€B KPEMHHs. ATOMBI XJiopa MOMEUIATUCh Ha
BEPXHIOIO TOBEPXHOCTh IUIACTHUHBI, @ HUXHSS IMOBEPXHOCTh OblJa MOKPHITA BOIOPOIOM.
HwxHue Tpu cnos KpeMHUS U CI0W BOAOpoa ObUTH (PUKCUPOBAHBI, OCTAILHBIE ATOMBI MOTIH
penakcupoBaTh. [1macTHHEI OBLTH pa3feneHbl BAKyyMHBIM IpoMexyTkoMm B 15 A. B pacuerax
ucnoib3oBajgack cetka k-rouex 4x4x1. CTM-u3o0OpakeHus ObLTH pacCUUTaHBl HA OCHOBE
npuomnkenus Tepcodda-Xamanna [17] u moctpoens! B mporpamme Hive [18].

Pe3yJ1]>TaTl>I H oﬁcyme}me

Jnst co3manus simok Ha moBepxHOcTH Si(100)-2x1-Cl urma CTM mnonBoawmiach B
BBIOpaHHOE MecTO (TIpu HampsbkeHun Ha oOpasue Us okono +2 B u Toke 1 HA), mocie dero
oOpaTHasi CBsI3b OOpbIBaJIach. 3aTeM Ha oOpasel MmojaBalioch HampsbkeHue 3.2 B, koropoe
yBeIU4IUBaIoch 10 4.3 B a 3arem Bo3Bpamanoch k 3.2 B, mpu 3ToM BpeMst BO3eHCTBHSI OBLIO
~ 1 c. OTMeTuM, 4TO YMEHBIIICHHE BepXHEH rpanuibsl HanpsbkeHuil (4.3 B) ma 0.1-0.2 B
IPUBOJMIO K OTCYTCTBUIO $IMOK, a yBenuueHue Ha 0.1-0.2 B mpuBoamno k pe3komy
YBEIIMUCHUIO pa3zMepa sIMOK a0 10 HM. Yka3zaHHBbIE MapaMmeTphl Clerka BapbUPOBAIUCH IS
Pa3NUYHBIX HWIJI, TOJATOTOBJICHHBIX OJUHAKOBBIM CIIOCOOOM, a TakXke Jsl Pa3IHMYHBIX
coctostHU uribl. [IpuMepHO 10 HecATH SMOK YAaBajloCh CO3/1aBaTh IPH OJUHAKOBBIX
napaMmerpax (TOK, HalpsDKEHHME, BpeMs BO3AECHCTBHsI), IIOCIE 3TOro, Kak IpaBuio,
MPUXOANUIIOCh HEMHOT'O YCHJIMBATh BO3/I€MCTBHE (HANPsDKEHUE UM BpeMsi) 4TOObI BO3ZHUKAIIN
SAMKH. ATOMBI, YAaJICHHbIE C TIOBEPXHOCTU B IPOLIECCE CO3/IaHUS SIMOK, J€COPOUPYIOTCS B
BaKyyM JIM0O OCaXJal0TCs Ha WIIIy WIM Ha MOBEPXHOCTH oOpasua. Ilocie co3nanus SsMOK Ha
CTM-u300paskeHUM YacTO HaOJIOJAIOCh W3MEHEHHE KOHTPAacTa W MPOCTPAHCTBEHHOI'O
pazpemieHusi. OToT 3p(HEKT MOKHO OOBSICHUTH OCAXKIECHHUEM aTOMOB Ha UIITY, TPUBOJSIINM K
M3MEHEHHMIO cocTosiHuS uribl. MHorma Ha CTM-u300pakeHHSIX MOBEPXHOCTH BO3JE SIMOK
HaONOIaCh ApKUE TSATHA, KOTOPHIE MOXKHO OOBSCHUTH aJCOpPOMPOBAHHBIMH ATOMAaMH,
IIPEKIE YAAIEHHBIMU U3 SIMOK.

MuHuManesHO Bo3MOkHOE yriyosiaeHue Ha moBepxHoctu Si(100)-2x1-Cl obpaszyercs mpu
yIaJeHUM TOJBKO aTOMOB Xjopa. Mojenb BakaHCHMM XJiopa U ee Teopermdyeckoe CTM-
n300pakeHUe TPEACTaBICHBl Ha puc. la m b, coorBercTBeHHo. [lepenan BeicoT Ha CTM-
m300paxkenun BakaHcum cocTapiseT ~1.0 A (puc. 1c). Ha skcmepumenrtamsHom CTM-
n3o6paxxenuu (puc. 1d) npoduis BeicoTh Boab TuHNK B (puc. 1e) cornacyercs ¢ npoduiem
teopetnaeckoro CTM-u3o0pakeHus BakaHcuu XJjopa (puc. 1c), ciemoBaTtelbHO TEMHOE
nsaTHO Ha puc. 1d Boonp nuHuu B — oauHouHas BakaHcus. [lepemaa BBICOTHI BIONb Kpas
cosnanHoi smku (muaMs C Ha puc. 1d) coctaBmser 0.9 A (puc. 1f) u cormacyercs c
MepenajoM BBICOTHI BaKaHCHM XJopa Ha skcrnepuMmeHTanbHoM CTM-uzobpaxenuu. Iocne
CO3/1aHUA SIMOK IUIOIIAJb TOBEPXHOCTH YBEIMYUBAETCS (C yYETOM CTEHOK SIMOK), TO3TOMY
XJIOpa, MPUCYTCTBOBABLIETO HAa MOBEPXHOCTH 10 CO3AAHMS SIMOK, HE XBAaTHUT AJIS 3aKpBITUSA

17



Bcex O0OOpBaHHBIX cBsA3el. Kpome TOro, BO3MOXKHO, YTO HE BECh XJIOp, YAAJCHHBIH ¢
MOBEPXHOCTH, IMOCJE CO3JaHMs SMKH BO3BpalaeTcsi oOpaTHO Ha moBepxHocTh. KoHewHo,
XJIOp, OCEBIUMI Ha WIUIy NPU CO3JAHUU SIMKH, MOXET 3allOJIHUTH CJIEAYIOLIYIO SIMKY, HO B
CpeIHEM BCE€ PaBHO JOJKEH ObITh Ne(UIUT XJIOpa Ha MOBEPXHOCTU C SIMKaMU. OTO
OOBSICHAET YaCTUYHOE OTCYTCTBHE XJIOpA B CO3/IaHHBIX SIMKaX.
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Puc. 1. a) Mogens Bakancuu u3 aroma xjiopa Ha moBepxHocTH Si(100)-2x1-Cl (aToMbI XJ10pa
0003HAaYeHBI 3€NEHBIMH KPYXKaMH, aTOMBbl BEPXHHX TPEX CIIOEB KPEMHHUS OO0O3HAYEHBI
JKENITBIMU, KPAacHBIMH M CHHHMH KpPYXXKaMH, COOTBETCTBEHHO); b) Tteopernueckoe CTM-
mobpakenne Moxenu (a) mpu +2.5 B; ¢) mpoduns BRICOTHI BaKaHCHHM W3 aToMa XJopa Ha
teopetnueckoM CTM-uzobpakenun (b) Bmoms smuHuu  A; d) CTM-usobpakenue
He3anonHeHHbIX coctosnuil (Us = +2.4 B, I; =1.0 HA) co3naHHON SAMKH; €) Tpo(uiIb BBICOTHI
BaKaHCHU M3 OJHOTO aToMa Xjopa, BAoib JuHuu B Ha CTM-uzobpaxenuu (d); f) mpoduib
BBICOTHI BOJTH3M Kpast ssMKH, BIoytb TuHUN C Ha CTM-u300paxenuu (d).

UroObl MOATBEPAUTH HAJMYUE XJIOpAa Ha JHE HEKOTOPBIX SIMOK, Mbl mposenu TOII-
MOJEJIIMPOBAHNE SIMKH C OTCYTCTBYIOIIMM OJHUM U JIBYMs CJIOSIMHM KPEMHHSA, JHO KOTOPOH
MIOJIHOCTBIO TMOKpBHITO XjopoMm. Ha puc. 2a mnpuseneHo skcnepumeHtanpHoe CTM-
n300pakeHUe sIMKH, a COOTBETCTBYIomee el TeopeTnueckoe CTM-u3o0pakeHne U Mojzeib
nokazansl Ha puc. 2b,c (mis nposenenus TOIl-pacueToB mnarepaibHBIA pasMmep SMKH
YMEHBIIIEH T0 CPaBHEHHUIO C IKCIIEPUMEHTAJIbHBIM M cocTaBisier 3%4). Ilepemanbl BbICOT
BJI0JIb TMHUU A1—A> (puc. 2d) Ha skciepuMeHTabHOM (pHC. 2a) U TeopeTndeckoM (puc. 2b)
CTM-u306pakeHnsx ssMku paBHsl 1.4 A u 1.6 A, cOOTBETCTBEHHO, M COTNACYIOTCS C BBICOTOM
MOHOATOMHOM crymeHu. llepemansl BbeicOT BAOdAb JuHMM Bi1-Bzx (puc. 2e) Ha
SKCTIEpUMEHTaNbHOM M TeopetnueckoM CTM-u300paxkeHnsx aMku pasHbl 2.5 A u 2.9 A,
COOTBETCTBEHHO, U COTJIACYIOTCA C BBICOTOM JBYXaTOMHOM CTymneHW. M3 cpaBHEHUs BBICOT
CIIEy€eT, YTO C JIEBOro Kpas sMKH (pHC. 2a) y/ajeH OJUH CJIO aTOMOB KPEMHHUS, a B LIEHTPE
OTCYTCTBYIOT JIBa CJIOSI, IPY 3TOM JHO SIMKH HOJHOCTBIO MOKPBITO XJIOpoM. Takum oOpazom,
CO3/IaHHBIE SIMKU NMPEUMYIIECTBEHHO UMEIOT JIaTEepabHbIi pasMep 1—2 HM U ri1yOuHYy B OJUH
WIN 71Ba cJosi aToMoB KpeMmHus (~1.4-2.5 A). JIHO sSIMOK B OCHOBHOM HOKPBITO XJIOPOM, HO
4acTh SMOK CO/ep:KaT 0OOpBaHHBIE CBSA3M KPEMHHS H3-3a HEJOCTAaTKa aTOMOB XJopa Ha
noBepxHocTH. OTMETHM, YTO KpUCTAUIMYECKass CTPYKTypa KpEMHHs COXpaHSETCs Ha
ITOBEPXHOCTHU PSAAOM C IMKaMHU U Ha JTHE HEKOTOPBIX SIMOK.
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Puc. 2. a) Yeennuennoe CTM-uzo0paxenue (Us = +1.8 B, I; = 1.0 HA) IMKH Ha TOBEPXHOCTH
Si(100)-2x1-Cl, b) Teopernueckoe CTM-uzobpaxenue (Us = +2.5 B) siMKu, MOAEIbh KOTOPOH
rokaszaHa Ha puc. (¢). ¢) Bug cBepxy u cO0Ky Momenu sSsMKA 3 X4 ¢ YIaJICHHBIMA OTHUM U JBYMS
CIOSIMH KpPeMHUS. ATOMBI XJiopa 00O3HAYCHBI 3€JCHBIMH KPYXKKaMH, aTOMBI BEPXHHUX TpeX
CJI0EB KpEMHHS 0003HAYEHBI >KEJITHIMH, KPACHBIMH W CHHUMH KPY)KKaMH, COOTBETCTBEHHO.
d,e) [Ipodwmin BeicOT BIONb UHMHA A1—A; (epenan B aTOMHYIO cTyrieHb) U B; —B: (nepeman B
nBe crynenn) Ha puc. (a) u (b), COOTBETCTBEHHO. DKCIEPUMEHTAIbHBIC MPOMUIN BBICOT
0003HaYCHBI YePHBIMH KPUBBIMH, TEOPETHUECKIE — KPACHBIMH.

3amaya ompeneyeHus HAIWYUS XJOpa Ha JHE Oonee TIyOOKMX SIMOK OKa3bIBacTCS
cnoxuee. [Ipoguiin BbICOT HEKOTOPBIX SMOK 3aBUCST OT HANPSHKEHUS U MOTYT OTJIMYATbCS
npuMepHo Ha 1A mHpu TONOKUTENHHOM M OTPHUIATEILHOM HANpSKEHUAX. VI3MeHeHue
npoduns BBICOT MOIJI0O OBl yKa3blBaTh Ha pa3iMYHYI0 DJEKTPOHHYIO CTPYKTYypy Ha
MIOBEPXHOCTU M Ha JIHE SIMOK, TO €CThb O3HayaTb OTCYTCTBHE XJIOpAa Ha JHE sAMOK. OmHako,
MIPUMECH, PACTIONIOKEHHbIE O] AeekTaMH Ha TiyOHHE HECKOJIbKUX CJI0€B KPEMHUS, MOTYT
BauaTh Ha CTM-usoOpaxeHue M U3MeHATh mpoduiab BeicOT mpumepHo Ha 1 A. Taxum
00pa3oM, TOUHOE OMpeeNieHUEe CTPYKTYphI SIMOK TITyOXe OJHOTO WM JIBYX CIIO€B KPEMHHUS
3aTPYJHUTENBHO.

B kayecTBe BO3MOKHBIX NPHUYMH yAAJEHUS aTOMOB XJIOpa M KPEMHUS C NOBEPXHOCTHU
Si(100)-2x1-Cl  wrnmoit CTM MBI paccMaTpuBaeM dJICKTPHUUYECKOE TII0Jie M TOK.
(BzaumoneiictBue BaH-nep-Baanbpca MEXIy aTOMaMH UTJIBI M TIOBEPXHOCTH CIIUIIIKOM ciiaboe,
94TOObl TNPHUBECTH K JECOPOLIMM HECKOJNBKUX CJIOeB KpeMmHusA.) Ha moneBodl MexaHM3M
necopOLUrU yKa3bIBaeT CUJIbHAS 3aBUCHMOCTb BEPOSTHOCTH JE€COPOLIMHM OT HaIpSHKEHHUS.
Bnusaue mons CTM Ha nmecopOmuio KpeMHHUS M XJopa C XJOPHUPOBAHHOW IMOBEPXHOCTU
Si(111) Ttaxxe orMeuanock B paborax [19, 20]. B moneBoM HOHHOM MHUKPOCKOIIE B BaKyyMe
npu 78 K ¢ kpemHHs yransaiauch kinactepsl Si B ~20-50 atomoB [21], 4To oueHb MOXO0XKe Ha
pe3yabTaThl BO3ACHCTBUS WIJIBI HAa MOBEPXHOCTHh B HamieMm ciydae. OIHaKo, MpU HaIIUX
9KCIIEPUMEHTAIIBHBIX MapaMeTpax, pU CO3JaHUU SIMOK TOK JOCTHTAET JIECATKOB HaHOAMIED,
MO3TOMY 3JIEKTPOHHO-CTUMYJIMPOBAHHYIO NECOPOLMIO HENb3s MCKII0YaTh W3 BO3MOXKHBIX
MEXAHU3MOB CO3/IaHUS SIMOK.

3akjI0ueHue

[IpogeMoHCTpUpOBaHa BO3MOXKHOCTH CO3JIaHUSI AMOK ¢ wHcnosib3oBanneM CTM Ha
NOKpbITOi xmopoM moBepxHocTH Si(100)-2x1. OTcyTcTBHE OAHOTO WIIM HECKOJBKUX CIIOCB
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aTOMOB KpEMHHUS B IMKaxX OIPEJIEICHO HAa OCHOBE 1) aHanu3a CTpyKTyphl AHa Mok Ha CTM-
M300paKeHUSIX W 2) CpaBHEHHUsS TPO(HIICH BBICOT IKCIEPUMEHTATBLHOTO U TEOPETHUECKOTO
CTM-u3o06paxkeHuil ssMOK. YacTb CO3JJaHHBIX SMOK COJCPXKHUT OOOpBAaHHBIEC CBS3U KPEMHHUS,
KOTOpbIE€ XUMUYECKU aKTUBHBI JJII MHOTHX MOJIEKYI, Harmpumep st ¢pochuna. B kauecte
OCHOBHOT'O MEXaHM3Ma co3JaHus sMOK Ha moBepxHoctu Si(100)-2%1-Cl mbl paccMaTpuBaeM
BIUSHUE TIOJIS, HO TaKKe HE HCKIIOYaeM »3JIEKTPOHHO-CTUMYIUPBAHHYIO JAecOpOLHIO.
B03MOXXHO MOBTOpPHOE JIOKAJIbHOE TPABICHHE SMOK A0 JOCTHXKEHHS HYXHOW TIITyOWHBI
(rmyOuna orpanudeHHa ycinoBusMu mpumeHuMoctd CTM). IlomydeHHbIE pe3yabTaThI
OTKPBIBaIOT HOBBIE BO3MOXXKHOCTU CTM-nutorpaduu mo pe3ucty M3 XJopa, B TOM YHCIE
tpexmeproir CTM-mmurorpadun. JloctonrcTBOM nipennokeHHoro metoga CTM-nutorpadun
10 PE3UCTYy U3 XJIOpa ABJISAETCS COXPAHEHHE KPUCTAJUIMUECKON CTPYKTYphl KPEMHHS B 4acTU
CO3/IaHHBIX AMOK.
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Biausinue cTyneHeill M MOTEHUMATbHBIX M HA JHEPreTHYECKYI) CTPYKTYPY
TUPAKOBCKHX COCTOSTHMI B TOMOJIOTHYeCKOM H30JsTOpe BixSes

H.N. ®enoros, C.B. 3aiines-30ToB
HUPO um. B.A. Komenvruuxoea PAH, 125009, Mocxaa, yn. Moxosas 11, cmp. 7.

Ha mnoBepXHOCTH TOIMOJOTHYECKOTO uH3oiiATopa BixSes Meromamu ckaHupyromen
TyHHENbHOM Mukpockoruu U crnekTpockoruu (CTC) oOHapyKeHO CYIIECTBOBAaHHUE
NPOTSDKEHHBIX MMOTEHIMAIBHBIX M TTyOuHON okoio 0.1 3B, ¢opmupyromuxcs kak BOIM3H
CTyNEHEH TMOBEPXHOCTH, TaK M, TMO-BUIUMOMY, BOJM3U 3aXOPOHEHHBIX MPOTKEHHBIX
nedexroB. Hanmmune n3rn6a 30H NPUBOIUT K YBEIMYCHUIO 3HAYCHHUS TYHHEIBHON IUIOTHOCTH
cocrosianii dI/dV B Touke Jlupaka. IlokazaHo, YTO STOT POCT YAaCTUYHO OOYCJIOBJICH
apre)akToM TYHHEILHON CIEKTPOCKOIIMM M HE MOXKET paccMaTpuBaThCi B KaueCTBE
JI0Ka3aTeNbCTBA CYLIECTBOBAHMSI KpaeBbIX cocTosiHUM. W3ydyenune ¢GoOpMbl TYHHEIBHBIX
CIIEKTPOB MOKA3aJI0, YTO B ATHUX MOTEHIHAIBHBIX SMaxX OOpa3ylOTCsl CBA3aHHBIE COCTOSHUS
JTUPAaKOBCKUX (PEPMUOHOB, MPOSBIISAIONIMECS B BHJIE MAKCUMYMOB Ha TYHHEJBHBIX CHEKTpax
CTC. CymecTBOBaHHE TAaKUX COCTOSHMM Kaue€CTBEHHO M KOJIMYECTBEHHO IOJTBEPKIAACTCS
pe3ylbTaTaMu YHCICHHOTO MOJIEIMPOBAHHUS B paMKax ABYMEPHOro ramuiibToHHMaHa [lupaka.
Kpome TOro, MojmenMpoBaHUE COCTOSHHM JUPAKOBCKUX JJIEKTPOHOB BOJIM3M CTYNECHEH
MOBEPXHOCTU M OOKOBBIX I'paHel B paMKax 3(pPeKTUBHOr0 KOHTHHYaJIbHOTO FaMUJILTOHHAHA
B TPEXMEPHOM CIydae MOKa3ajo, YTO HaJMYHUs CTYNEHEeH Ha MOBEPXHOCTHU TOMOJIOTHMYECKOTO
M30JISTOpa HEIOCTATOYHO JJIsi TOSIBICHUS CBA3aHHBIX COCTOSHUM — K 00pa3oBaHUIO
CBSI3aHHBIX COCTOSIHUN MPHUBOIUT (OPMUPOBAHNE TTOTCHIIMATHHON SIMBI BCJICJICTBUE PA3TAIHS
paboT BBIX0/1a Ha pa3HbIX rpaHsax. Pabora moanepskana 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.I. Fedotov, S.V. Zaitsev-Zotov
Kotelnikov IRE RAS, 125009, Moscow, Mokhovaya str, 11, bld. 7.

On the surface of the BixSes 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 dI/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 METAJJIOB: MU( MM PeaTbHOCTD?
JL.A. Myspraenko!, C.U. Opemxun®, B.U. IManos!, C. VanHaesendonck?, A.1. Opeuikun!

! dusuueckuil gaxynemem, MI'Y umenu M.B. Jlomonocosa,, Mockea, Poccus.
? Tocydapemesennviii acmponomuueckuti uncmumym umenu I1.K. IlImepubepea, Mockea, Poccus.
? Department of Physics and Astronomy, KULeuven, BE-3001 Leuven, Belgium.

B pabore wuccnenoBaHbl BO3MOXKHOCTH CHHTE3a OJHOCIOWHOTO TepMaHEHa Ha
METAJIMYECKUX TOBEPXHOCTSIX. OKCHEPUMEHTAIIbHO, METOJOM CBEpPXBBICOKOBAKYYyMHOM
CKaHUPYIOIIEH TYHHEIBbHOW MHKPOCKONUHM OBUIM HCCIICJOBAHBI HAYalbHBIC CTaIUuU
aacopOmu atomoB (Ge Ha pPa3NMYHBIX METALTHYECKUX mMoBepxHocTsax: Au(l111), Pt(111),
Cu(111) u AI(111). Pe3ynbTaThl SKCIIEPUMEHTOB CPABHUBAJIKMCH C PE3YJIbTaTAMU YUCIEHHOT'O
MOJIETTMPOBaHUSl B paMKax Teopuu (yHKUIMOHaNa IMIOTHOCTH. HecMoTps Ha Hamuuue B
MHUpPOBOW HAy4YyHOW JHMTEpaType MHOTOYHMCICHHBIX COOOLIEHHH 00 YCHEIIHOM CHHTE3e
repMaHeHa Ha METANIMYECKHUX MOBEPXHOCTSX, ObUIO HArJIAJHO MOKa3aHO, YTO OCOOCHHOCTHU
B3aumozeiictBuss Ge ¢ Au, Pt u Cu TakoBbl, YTO Ja)xe MpU KOMHATHOM TeMIepaType
HaOmoarTest 3Q(EKTH TBEPAOTETHLHOTO pacTBOpeHUsT Ge B 3THX METaJlIax, YTO UCKII0YaeT
MPUHIUIHAIBHYIO BO3SMOXXHOCTh POCTa OHOCIOMHOTO repMaHeHa Ha HUX. VIcKiroueHuem, mo
BCEU BUIMMOCTH, siBJsieTcss ToBepXHOCTh Al(111) Ha KOTOpO# CTAHOBHUTCSI BO3MOXKHBIM POCT
OJIHOCJIOMHBIX TE€PMAHUM-COAEPKAIUX CTPYKTYp Pa3INYHOM IEPUOAUYHOCTH. YuCIEHHOE
MOJIETTUPOBAaHUE TIOKA3bIBAET, YTO HAOIIOJaeMble B HKCIIEPUMEHTE CTPYKTYphl MOTYT OBITh
OMHCaHbl MOJENbI0 OAHOCIOMHOTO TepMaHEHa C MEPUOJUYHOCTBIO (2%2) u V3x\3R30°
BHYTPH MOBEPXHOCTHBIX staeek (3x3) m (NV7x\7)R+19° mo ormomenmio k Al(111)(1x1),
cooTBeTCTBEeHHO. OpHako, Bompoc 00 HMCTUHHOM crexuomerpuu 2D-0cTpoBKOB,
WHIYIUpOBaHHBIX aromamMu Ge ©Ha moBepxHoctd Al(111), mpomomkaer ocTaBaThCs
aKTyaJIbHBIM.

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

! Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia.
2 Astronomical Institute, Lomonosov Moscow State University, Moscow, Russia.
3 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 Al(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 Al(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/ISSP2019.45.557/SPMAPPL.2
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Beenenne

I'epmaneH, Hapsay ¢ CHIMIICHOM, SIBIsieTcs aHaioroMm rpadena [1, 2] u mpeacrasisier
co0ol TBYMEpHYIO ¢J1a00 M30THYTYIO CTPYKTYPY THIA “IMMUETUHBIX cOT . [[s1 mpakThuueckoro
MpUMEHEHHS TpadeHOMOJO00HBIX MAaTEPHANIOB B DJIEKTPOHHOW MPOMBIIUICHHOCTH Tpedyercs
JeTallbHOE W3Y4YeHHE HX D3JIEKTPOHHBIX CBOMCTB B pa3HOOOpa3HbIX YycioBusax. Hampumep,
JIOKalbHasi aacopOLMs aTOMOB KHCIOpPOJa Ha IOBEPXHOCTH cuiMieHa [3] BbI3bIBaeT
YBEJIIMUYCHUE IIHMPUHBI 3alpenieHHod 30HbI B Touke Jlupaka. CneayeT OTMETUTh, 4YTO
TepMaHEH W CHJIUIICH MOTYT OBITh CO3JaHBl TOJBKO HCKYCCTBEHHBIM IyTE€M, TaK KakK B
NPUPOJE HE CYIIECTBYET KPHUCTAJIOB, MOAOOHBIX TIpaduTy, HCIOJB30BAHHOMY ISt
nonyueHus rpadena. B Hacrosimee Bpemsi CHHTE3 CHIHMIICHA C HCIIOJIB30BAHMEM METOJIa
MOJICKYJIIPHO-JIY4EBOM AMUTaKCHH Ha ToBepXHOCTH Ag(111) mocTaTouyHO MONHO H3YyYeH.
BBUT0 BBISIBICHO CYIIIECTBOBAHHE PA3IMYHBIX MOBEPXHOCTHBIX (ha3 CUIUIICHA HA TOBEPXHOCTU
cepebpa (4x4), (2V3x2V3)R30°, (V13xV13)R13.9° [3-10]. I{ensio JaHHO paGOTHI SBISETCS
MOJIBEICHUE MTOTOB M 0000IIEeHHE PE3yIhbTATOB MHOTOYHUCICHHBIX 3KCTICPUMEHTOB, LEIBIO
KOTOpPBIX OBUIO UCCIEIOBAHME BO3MOXKHOCTH TIOJYYEHHS YIOPSJIOYEHHOW CTPYKTYpPbI
repMaHeHa Ha MOBEPXHOCTH pa3nuyHbix MetawioB Au(111), Pt(111), Cu(l111) u Al(111).
Crnenyet 3aMeTUTh, 4yTO eciu 1o ajcopomuu Ge Ha Au(111) mpoBeneHo HeMaIoe KOJTUYECTBO
uccnegoBanuii [11-15], ro ans Pt(111) u Cu(111) Takux uccnenoBanuii 3HAYMTEIIbHO MEHbIIIE
[16] u [17], cooTBeTcTBEHHO. OIHAKO TMOJYyYECHHBIE IKCIEPUMEHTAIBHBIE PE3YJIbTAThI 10
CHUHTE3y TepMEHEHa Ha STUX METajulax BeChMa MPOTHBOPECUYUBHI M HE IMO3BOJSIOT CACIATH
BBIBOJ, O TOM, 4TO (OpMHUPYEMBI Ha TMOBEPXHOCTH CJIOH MPEJACTaBIsSET COOOW HWMEHHO
TepMaHeH, a HE SBJISICTCS CIUIABOM MeTalia ¢ TepMaHueM. B 3ToM Kitode, HccieIoBaHUE
agcopormu  Ge Ha Al(111) BeissmaT Hawbonee NEPCICKTUBHBIMH C TOYKHA 3PECHHS
(dbopMupoBaHUS UMEHHO repmaneHa [18-21].

3KCHepl/IMeHTaﬂbHaﬂ METOAMNKA

DKCIEpUMEHTANbHO, C TIOMOIIBI0  CBepxBhicokoBakyymuoit (CBB) (10°!! m6Gap)
CKaHupyrolel TyHHenbHOU Mukpockonuu (CTM) Obutu MCCienoBaHbl HAYalbHBIE CTATUU
aacopOrmu repmanus Ha noBepxHoctd Au(111), Pt(111), Cu(111) u Al(111). B kadectBe
00pa3loB HCIHOJIB30BAIUCH MOHOKPHCTAIBI COOTBETCTBYIOIIMX METAJUIOB, MOBEPXHOCTD
KOTOPBIX OYMIANach B ycioBusax CBB myrem 6oMOGapaupoBKy HOHaMU AT’ ¢ SDHEPIHU ITyuKa
0.8-2 k3B ¢ mnocieayomuM TEPMUYECKUM OTKMIoM. KpuTepueM UHCTOW IOBEPXHOCTH
CIy)KHJIa XOpOIIO BOCTpomsBomMas (22xV3) “herringbone” PEeKOHCTPYKIHS C TMONHBIM
OTCYTCTBHEM IIOCTOPOHHUX IIpUMecell s 30510Ta, M pekoHcTpykuusa (1x1) nmns
MOBEPXHOCTEN TUIATUHBI, MEAU U ATIOMUHHUSL.

Hanecenune repmanns Ha noBepxHocTb Au(l11) mpoBoaunock METOAOM 3JEKTPOHHO-
JmydeBod smuTakcuu, a Ha moBepxHocTH Pt(111), Cu(111), Al(111) repmanuit HaHOCHIICS
METOJIOM TepMHuueckoro HamnblieHus. JlaBnenue B CBB kamepe B npouecce HanbuieHus: Ge Ha
HCCIIeTyeMyI0 TTOBEPXHOCTh ocTaBanoch B auamaszone 107! m6ap. Ilpu mposenennu CTM
MiCCIIeIOBAHMH, NaBieHne B cucTeMe cocTapisno 4x107!! mGap. M3MepeHus mpoBOmMIHCH
mpu Temneparype ob6pasna 77 K B ciaydae moepxHoctd Au(ll11) m mpu KOMHaTHOMU
temreparype s mnoepxHocred Pt(111), Cu(111) u Al(111). B kauectBe 30HIa
UCIIOJIb30BAJIUCh  BOJb(MPAMOBBIE  WIJIBI, TMOJIYYEHHbIE U3  MOJUKPUCTAIIMUECKON
BOJIb()PAMOBOM MPOBOJIOKM METOJIOM JJIEKTPOXUMHUYECKOT0 TpasieHus. [IpunoxeHHoe K
TYHHEJIbHOMY 3a30py HalpsDKEHHE CMEIIEHHUS COOTBETCTBYET IMOTEHIMany oOpasla
OTHOCHTEJIBHO 30H/1a BO BCEX MPOBOIUMBIX SKCIIEPUMEHTAX.

Pe3yabTaThl 1 00CyXKIeHUE

B pesymnbrare agcopbumu atomoB Ge Ha moBepxHOCTh Au(l1l), Haxomsmiyrocs mpu
KOMHATHOW TeMIlepaType, ObIJIO MOKa3aHo, 4To yxe mpu cteneHu mokpeitus 0.01 MoHOCTOS
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(MC), TOBepXHOCTHAs PEKOHCTPYKIMsS 3070Ta  (22x\3) momBepraercs —cepb&3HOM
Moxudukarun. THIHYHbIE 0COGEHHOCTH, MPHUCYIIHE PEKOHCTPYKIMH (22X\3) Mo-MpeKHeMy
HaOJI01aeMBbl, OJTHAKO, HAa TOBEPXHOCTH IOSBIAIOTCS HOBBIE XapaKTEPHbIE OCOOCHHOCTH —
nedeKTsl THIa «BaKaHCHs» (TEMHBIC MATHA, OTCYTCTBOBABIIHME HA YUCTOW MoBepXHOCTH). C
yBenumueHueM creneHu MnokpbiTus 10 0.06 MC HabnromaeTcst yBelIWYeHHE KOHIICHTPALUU
ne(eKToB-BaKaHCUM, KOTOpble HUMEIOT TEHACHLUI0O K arjoMepanud Hu 0o0pa30BaHHUIO
HUTETOI00HBIX KOMIUIEKCOB, NMPEHMYILECTBEHHO HAIPABICHHBIX BIOJb CBETIBIX IOJIOC B
M3HAYAIBHON pekoHcTpyKiuH (22xV3) Ha mosepxroct Au(111). TeopeTHueckue pacyeTsl B
pamkax Teopuu (QyHkimonana twioTHocTH (T®II) mnokassiBator [13], uro arombl Ge
3aMENIalT aTOMbl AU B BEpXHEM aTOMHOM ciioe, M BHITIAAIT Ha CTM m300pakeHus Kak
Jne(eKT-BaKaHCUsl AaTOMHOTO MaciiTada Kak B 3alOJHEHHBIX, TaK M B HE3alOJIHEHHBIX
ANEKTPOHHBIX COCTOSHUAX. C ManbHEUIIUM YBEIMYEHHUEM CTEIEHH MOKPBITHS MOBEPXHOCTU
Au(111) aromamu Ge ¢ OAHOBpPEMEHHBIM 3aMmelleHreM aTtoMoB Au atomamu Ge B mepBOM
MOBEPXHOCTHOM cCJIo€ HaOJIOAaeTcs IMOCIeOBAaTEeNbHbI POCT BTOPOTO CIOS, KOTOPBIN
dbopmupyeTcss U3 3aMEIIEeHHBIX U TUPPYHAUPYIOUMX HA TOBEPXHOCTh aTOMOB Au. JlaHHBIN
a¢pdext mpuBOAMT K O00pa30BaHUIO JBYX IOBEPXHOCTHBIX clloeB (puc. la) ¢
HEYNOops104eHHOH (aMop(ono00H0I) aTOMHOM CTPYKTYPOH, pa3IHyaroIUXCs 10 BBICOTE Ha
BEJIMYMHY, PaBHYIO BBICOTE€ MOHOATOMHOHM CTymeHW 30jo0ta mis rmiockoctu (111). C
yBEeIIMYEHUEM TeMmmepaTypsl moBepxHoctd Au(l11) B mpomecce HambuieHHs 1TUOO B
pe3ynbTaTe MOCIENYIOIIero HarpeBa, BHYTPEHHSS CTPYKTypa CJIOEB CTaHOBUTCA Oolee
ynopsinoueHHor [13]. MHoroo6pa3ue HaOI0aeMbIX B JKCIEPUMEHTaX IMMOBEPXHOCTHBIX
PEKOHCTPYKIMI 3aBUCUT OT TEMIEPATyphl MOAJIOKKH U KOJIMYECTBA JOCTUTIIUX TOBEPXHOCTH
aTOMOB repMmaHus. MccieqoBaHUs TOKa3ald, YTO BCJEJICTBHE BBICOKOH TBEpAOTEILHON
PacTBOPUMOCTHU (Jake NMPU KOMHATHOM TemrepaType) repMaHusi B 30J0T€, MPUHIUITHAIBEHO
HEBO3MOXXHO ()OpPMHUPOBAHUE TepMaHEeHa ¢ YUCTHIM UHTepdericom repmanen/Au(111).

Puc. 1. CTM uzo0pakeHHs1 TIOBEPXHOCTH METAIIOB TOCie HambiieHus repmanus: (a) 0.5 MC
Ge na mosepxHoctu Au(l111); (b) 0.2 MC Ge na momepxHoctu Pt(111); 0.3 MC Ge Ha
noBepxHoctd Cu(111). TynnensHble mapametpsr: (a) Vi=+2.0V, I;=30pA; (b) V:=+0.85V,
Ii=15pA; (c) '1=—0.85V, ;=120 pA.

Juunamuka agcopoumu Ge Ha moBepxHoctd Pt(111) m Cu(l1) meMoHCTpHpPYET CXOXKHUE
mporeccel ¢ aacopOimeit Ge Ha MOBEPXHOCTH 30J10Ta, C TOM JUIIL pa3HUIICH, YTO B (pUHAIIS
(GhOpMHUPYIOTCSI CBOM COOCTBEHHBIE TIOBEPXHOCTHBIE PEKOHCTPYKIIUUA XapaKTEPHBIC ISt
KOHKPETHOTO CIUIaBa repMmaHusi ¢ metamioMm (puc. b, 1c). [loBepXHOCTh MIATHHBI U MENH,
TaKke Kak M 30JI0TO, WMEET TEHICHIMI0O K HachlleHnto atoMamu Ge B pe3yJsbrare
TBEPAOTEIBHON PEAKIMH PAcTBOPEHMs (MPOTEKAIONIeH Jake MPH KOMHATHOW TeMIlepaTrype
MMOBEPXHOCTH), BCJIECICTBHE 4Yero Habmomaercs 3amemenue atomoB Pt u Cu atomamu Ge B
nmepBoM ToOBEepXHOCTHOM cioe. TOIl momenupoBaHue TONTBEPKIAET, YTO B PE3yJIbTaTe
3aMEIIeHHsT MOBEPXHOCTHBIX aTomMoB Pt mim Cu atomom Ge HaOmromaeTcsi oOpa3oBaHUE
nedeKToB-BaKaHCHI, YTO XOpomIo coryacyercs ¢ pesynbratamu CTM wmcciemoBaHuii mpu
CBEpXMAaJbIX CTEMEHSX TMOKPBITUA. [Ipw yBelIMYEHUM CTENEHW TOKPBITHS, a TaKKe
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temreparypbl moBepxHocTH (mo 100-260 C) mabmiogaeTcst ymopsaouyuBaHue ae(eKTOB-
BAKaHCHIl M 00pa3oBaHHME MPOTSHKEHHBIX obmacteil ¢ pexoncrpykumeit (V19xV19)R(£23°)
(puc. 1b) u (V3xV3)R30° (puc. 1¢) mnst moBepxuoctu Pt(111) u Cu(111), cooTBeTCTBEHHO.
Crnemyer OTMEHHTH, YTO JTaHHBIC MOBEPXHOCTHBIC PEKOHCTPYKIMU OOpa3yrOTCs B IEPBOM
MOBEPXHOCTHOM CJIOC U SIBIIIIOTCS PE3YJbTATOM MEPEMEIINBAHUS aTOMOB METajljla U aTOMOB
repMaHus, a HE ecTh pe3yJbTaT pOCTa TIepMaHEHa WM TEePMAaHHUEBOTO OCTPOBKA Ha
noBepxHoctu Pt(111) u Cu(111).

Ge (\7x\T)R(~199)

Ge (3x3)

Ge/germanene
islands/clusters /~

1017}

v

i Ge (T TR(19)

19nm
3 s e

Puc. 2. CTM wu306paxeHnss MOBEpXHOCTHBIX (a3 repmanena (V7xV7)R(x19°) u (3x3)
o0pazoBaHHbIX Ha moBepxHocTH Al(111) Haxomsmniyrocs npu Temreparype: (a) 27°C; (b) 200°C.
TynHenpHbIe mapaMeTpsl: (a) Vi=+1.0 V, ;=25 pA; (b) Vi=-1.8 V, [;=20 pA.

B pesynbTare cepun sKCepuMeHTOB 10 afcopOruu atomoB Ge Ha moBepxHocTh Al(111)
OBLT MPOACMOHCTPUPOBAH OJHOBPEMEHHBIM POCT JBYX IOBEPXHOCTHBIX (a3 (puc.2) ¢
nepuoxmaHocTeio: (V7XV7)R(£19°) u (3x3). HccnemoBaHme IOKa3ano, 4To 00 (hasbl
MPEJICTaBISAIOT CO00 HOBBIE MOBEPXHOCTHBIE CTPYKTYPbI, 3aPOXKAAIOIINEC HE3aBUCUMO JIPYT
OT Jpyra M COCYIIECTBYIOUIMMHA B ILIMPOKOM TEMIIEpaTypHOM MHTEpBaje pocTa: OT
KOMHaTHOU TemmepaTypsl 10 230°C. bbuio ycTaHOBIIEHO, YTO T€PMAHUEBBIC TTOBEPXHOCTHHIE
CTPYKTYPBI C NMEPUOANYHOCTHIO (3%3) 00pa3yroT uiaeanbHble IpoTsbKeHHbIEe 2D obmactu 0e3
HapylIeHUs JajJbHEro TNOopsAaKa, B TO BpeMs KakK CTPYKTYphl C TEPUOJUYHOCTHIO
(\/7><\/7)R(ﬂ:19°) UMEIOT CHJIbHO OTPAHWYCHHBIM JaJbHUNA TOPSIOK U COJepKaT OOoJbIIoe
KOJIMYECTBO JOMEHHBIX rpaHuil. Hammume TOMEHHBIX rpanmi B cTpykType (N7x\7)R(£19°)
CBSI3aHO, MO BCEH BHMIUMOCTH, C XY/IIUM COTJIACOBAHHWEM pELIETOK BBIPAIIEHHOTO CJOS
repmaneHa u mo 1ok Al(111), mo cpaBHEHHIO cO CTPYKTYpoi (3%3).

Uucnennoe wojenupoBanne B pamkax TOIl moxkaszamo, uto HaOmOgaeMble B
OKCIIEPUMEHTE CTPYKTYpbl MOTYT OBITh XOpOILIO ONHUCAaHbl MOJEIbI0 OJHOCIOWHOIO
repMaHeHa ¢ MepHOANIHOCTEI0 (2%2) i (V3xV3)R30° BHYTPH MOBEPXHOCTHBIX siueek (3x3) n
(N7xVTR(£19°) mo ormomenmio K Al(111)(1%1), COOTBETCTBEHHO. DIEMEHTapHas
MOBEPXHOCTHAS sTueiKa JUIst CTPYKTYpHI (3%3) 1 (\/7><\/7)R(ﬂ:19°) conepxut 8 u 6 atomoB Ge,
coorBeTcTBeHHO. Ha puc.3 mnpuBenena 3D wMozaenb ONTUMHU3UPOBAHHOM CTPYKTYpBI
repMaHeHa ¢ meproanaHocThio (2x2)/A1(111)(3%3) 1 (N3xV3)R30°/A1(111)(N7xVT)R(£19°).
[Ipsimoe cpaBHEHHE HKCIIEPUMEHTAIBHBIX pPE3yJAbTATOB M  PE3YyJIbTaTOB UHCIEHHOIO
MojenupoBanus anainoroB CTM wu3o00paxxeHU TOKa3ano, 4TO HaONIOJaeMble CTPYKTYpHI
JIEACTBUTEIILHO SBJISIOTCS OJHOCIOWHBIM TeépMaHeHOM ¢ cuibHBIM “buckling” addexrom, a
ocHoBHO# Bkiax B CTM wm3o0OpakeHus naer Hambosiee NMPUMIOTHATHIA HaJ MOBEPXHOCTHIO
aTOM repMaHusl, 4T0 00ECIIeYnBAET TeKCArOHaIbHYIO MIIOTHOYaKoBaHHYt0 cumMerpuio CTM
M300pakeHnl ¢ mepuoaudHocThio (3X3) u (\/7><\/7)R(ﬂ:19°). Takum o0pa3oM, mokazaHa
BO3MOKHOCTh (JOPMUPOBAHHUS BYX THIIOB OJHOCIOWHOIO HMCKAKEHHOTo (BKIIF0Yas Sp’ U Sp°-
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rubpuan3anyio) repManeHa Ha moBepxHocTd Al(111). Xors m B 3TOM ciydae clemyer
OTMETHUTh, 4TO Tpu (opmMupoBaHHMM TepMaHeHa Ha moBepxHoctu Al(111), moBepxHOCTH
ATIOMHUHHS MOTUGUIIUPYETCs (Ia)ke IPU KOMHATHOM TeMmrepaType), yKa3blBas TeM CaMbIM Ha
B3aMMOJICHCTBHE MEXy aTOMaMHU IepMaHUs M aJlOMUHHA. Takum oOpa3oM, BOIPOC O POIH
aTOMOB AIOMHUHUS B (POPMHPOBAHNH MOBEPXHOCTHBIX (a3 (3%3) i (V7x\7)R(£19°) ocraercs
OTKPBITBIM.

Ge(V3x3)R30°/

oAl ) A1) (VT T)R19.1°

Ge (top layer) )

0000000 ' | 99000
00666686 v 0000

Puc. 3. Mojenb 0HOCIORHOTO repMaHeHa ¢ MepHOANYHOCTRIO (2x2) 1 (V3xV3)R30° BHyTpH
noBepxHOCTHEIX stueek  (3x3) 1 (N7VT)R(£19°) mo ormomenmio x Al(111)(1x1) u
paccuutanHple B pamkax T®II anamorm CTM wu3o0OpakeHui (3alOIHEHHBIC COCTOSHUS
Vi=+1.0V) mnoepxunoctu Al(111), HOKpHITOH OAHOCIOHHBIM TE€PMAHEHOM C CHIIbHBIM
“buckling” s pexTom.

3akjI0ueHue

[IpoBeneHHBIE SKCIIEPUMEHTHI, MOCBSIIEHHbIE U3YYEHUIO BO3MOXKHOCTU IMOJIyYEHHUS Ha
MOBEPXHOCTH MeETajjla PErysipHOM CTPYKTYpbl TepMaHEHa, IOKa3alHd, 4YTO Ha YHCTOM
noBepxHoctu Au(111), Pt(111), Cu(111) cTpykrypa repmanena He oOpasyercs. ['epmanuit
B3aUMOJICHCTBYET C TOJUIOKKOHM, BBITPABIMBAs MOBEPXHOCTh M NMPOHUKAs BIIyOb, 0Opa3ys
cruiaB. [ToBepXHOCTHBIE PEKOHCTPYKIMHU, BOSHUKAIOLIUE MPHU aJCOpPOLUU TepMaHHs Ha 3TH
METaJUIbl, TOBOJBHO PasHOOOPa3HBI U TPEOYIOT CBOETO OTAEIBHOrO ucciemaoBaHus. OnHaKo
Ha JIAHHOM JTalle UCCJIEI0BAaHUA MOKHO YTBEPKIATh, YTO C OKUIAEMOM CTPYKTYPOUM YMCTOTO
repMaHeHa OHU HEe UMEIOT HUYero o0IIero.

[ToBepxnocts Al(111) oka3amace HauOoyiee TEPCIEKTUBHON JUIsl  TIOJYYCHHS
OJITHOCJIOMHBIX ~ IE€pPMaHUN-COAEPKAIIMX  MOBEPXHOCTHBIX  2D-CTpyKTyp  pa3iau4HON
NEepUOJUYHOCTH. UYMCIIEeHHOE MOJAETUpPOBAaHME TMOKAa3bIBaeT, 4YTO HaOIIoJaeMble B
HKCHEPUMEHTE CTPYKTYpPhl MOTYT OBITh OINHCAHBI MOJENbIO OJHOCIOHHOIO TIepMaHeHa ¢
neprommaHOCTEIO  (2x2) ®  (V3xV3)R30° BHYTpH MOBEPXHOCTHBIX sgeek (3%3) u
(N7xVT)R(£19°) mo ormomenmo k Al(111)(1x1), coorBercrBeHHO. OHAKO, BONIPOC 00
WCTUHHON CTEXHOMETpUH 2D-0CTPOBKOB, MHAYLUHMPOBAHHBIX aTomMaMu (G€ Ha MOBEPXHOCTH
Al(111), mpogomkaer ocTaBaTbCs aKTYaIbHBIM.
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HauanbHble cTaqnu OKUCIEHUS cepedpa

b.B. Anppromeukun 2, B.M.Illesmora', T.B.ITaBnosa'?, F.M.)KI/IL[OMI/IPOBI’z, K.H. Enbuos'?

! Unemumym o6weii usuxu um. A.M. ITpoxopoea PAH, 119991, Mocxea, yr. Basunosa, 38
2Hayuonanvolil ucciedoeamenvcekuil ynueepcumem «Bvicuas wikona sxonomuxuy, Mockea

BaxxHocTh mpoOiemMbl B3aUMOJEHCTBUS MOJIEKYJISPHOTO KHCIOpOAAa C TOBEPXHOCTHIO
cepeOpa cBs3aHa ¢ YCTAaHOBICHUEM MEXaHU3Ma PEAKIIUU AMOKCHIUPOBAHUS ATKEHOB, UIyIIEH
B MPHUCYTCTBUHU cepeOpstHOro KaTanuzatopa. B maHHONM paboTe mpeacTaBIE€HbI pe3yibTaThl
UCCIICIOBAaHUI aTOMHBIX CTPYKTYp, (opMupyeMbix Ha mnoBepxHocTsax Ag(111) mpu
B3aUMOJICCTBUM C MOJIEKYJISIPHBIM KHCJIOpOAOM B auamnazoHe temnepatyp 300-490 K,
BBIIIOJJHEHHBIX € HCHOJb30BAHHUEM HHU3KOTEMIEPATYPHOU CKAaHUPYIOUIEH TYHHEJIbHOU
MUKpPOCKONIMU. BBHIY 4Ype3BbIYailHO HHU3KOro Ko3(pQUIMEeHTa MpUINMaHUS KHCIopoaa K
MOBEPXHOCTHU cepedpa, agcopduus Oz MPOBOIMIACE B CIIEIIMATBHOM PEaKTOpe, COSIMHEHHOM
¢ CBB ycTaHOBKOH, 1 MO3BOJISIONIEM YCTAHABIMBATH AABJICHUE KUCIOPO/Ia B AUANIa30HE 10°°-
10! Topp. YcraHOBIEHO, YTO Ha HAYATLHOH CTaAMM B3auMoOjeHcTBHA O C MOBEPXHOCTBIO
cepeOpa (GopMUPYIOTCS TOUYEYHBIE OOBEKTHI, KOTOPHIE MOXKHO OXapaKTepU30BaTh, Kak
JOKanbHbIN okcua. [lpu yBeaM4YeHHH SKCHO3UIMHU KUCIOpOa MPU TEMIEPaType MOMI0NKKU
>430 K na moepxHocti Ag(111) dopmupyercs ynopsaodeHHBIH IBYMEPHBIH OKCHIHBIH
cinoii (4x4). Ancopomus kucioposa npu 300 K nmpuBoaut k popMupoBaHUIO Ha TTOBEPXHOCTH
Ag(111) xapOonaToB, (POPMUPYIOIIUX YIOPSIOUCHHBIE (a3bl.

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
2 National Research University Higher School of Economics, Moscow

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).

DOI: 10.26201/ISSP2019.45.557/SPMAPPL.3
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Beenenne

Nzydenmne ancopOIuM MOJIEKYJISPHOTO KHCIOPOJa Ha MOHOKPHCTANIMYECKUE TpaHu
cepeOpa B yCIOBHSIX CBEPXBBICOKOIO BaKyyMa UMEET UIMTEIbHYIO UCTOPUIO, HaunHas ¢ 70-x
rogos npouuioro Beka [l,2]. OcHoBaHMEM /Ui IIPOBENEHHUS TAKOTO poJa HMCCIEAOBAaHUMN
ABJISIOCH OTCYTCTBHE JOCTATOYHBIX AKCIEPUMEHTAIBHBIX JAHHBIX HA aTOMapHOM YPOBHE O
HAYyaJbHbIX CTAagusAX B3aUMOACUCTBHSI KHUCIOpPOJA C IOBEPXHOCTBIO METAUIOB U, Kak
CIIEZICTBUE, Pa3pbIBbl B IIOHUMAaHMM MEXAaHU3MOB OKHCJIEHUS METAUIOB U, TeM Oonee, B
MIOHMMAaHUU MEXAaHW3MOB KATAJIUTUYECKUX INPOLECCOB OKHUCIEHUS YIJIEBOAOPOJIOB Ha
MOBEPXHOCTU METANIMYECKUX KATalIM3aTOPOB. YUUTBIBasE Ty pOJb, KOTOPYIO HIPAIOT
IIPOLIECCHl OKHMCIIEHUS B JKM3HU YeJOBeKa (KOpPpO3Us METauIOB, NPUMEHEHHE OKHUCIIOB
METAJUIOB U TOJYINPOBOJHUKOB B Pa3IMYHBIX YCTPOMCTBaX M IpOLECCaX, MeTEPOreHHBIIH
KaTali3 C Y4acTHEM KHCJIOPOAa), MPOABIKEHHE B TMOHUMAHMM MEXaHM3MOB MOJOOHBIX
IIPOLIECCOB HE TEPsIET CBOEH aKTyallbHOCTH, HECMOTPS HA OIPEJIEJIEHHbIE YCIIEXHU MOCIEAHUX
15-20 ner.

B nanHoll pabore mpezicTaBieHbl pe3ysbTaThl UCCIEIOBaHUS aCOPOLUHU KUCIOpO/ia Ha
rpaib Ag(111) npu pasnuuHblX TemmepaTypax MNOJUIOKKH. OCHOBHBIMH METOJAMU
UCCIIEIOBaHMsl SABIISUINCh HMU3KOTEMIEpaTypHas CKaHMPYOLash TYHHEIbHAs MHUKPOCKOMHS
(CTM), nudpaxkums MeUICHHBIX 3JEKTPOHOB, 3ekTpoHHass Oxe-crekrpockornus (D0C) B
COYETaHUM C MOJAEIMPOBAHUEM AaTOMHOM CTPYKTYpbl IOBEPXHOCTM B pPAMKax TEOPHUHU
¢ynkunonana miaotHoctH (TPII) ¢ ucnonb3oBanuem nmporpammuoro nakera VASP [3-6].

JKCIepUMEHT

Bce skcnepuMeHThl MPOBOAMINCH B CBEPXBBICOKOBAKYYMHOH YCTaHOBKE C JIaBICHHEM
OCTaTO4HKIX Tra30B He Gombine 2x107!! Topp. B kauecTBe 06pa3LoB B paboTe MCIOIL30BANCS
monokpuctamt Ag(111) (6x8 mm?, Surface Preparation Laboratory). /s IOATOTOBKH YKMCTOH
¥ aTOMHO-TIaaKol nosepxHoctd Ag(111) NpUMEHSUTMCH UKLl HOHHOTO TpasieHus (Ar,
600 5B, 20 muH.) u HarpeBa ao TemmnepaTtypbl 800 K. Hamyck mMonexynsipHOro KuciIopoaa
MIPOBOJWIICS B CHEIMAIBHOM pEaKkTope, MO3BOJISIONIEM MOIICP)KUBATh AABJICHUE B JUara3oHe
ot 10 Topp 10 107! Topp.

PesyabTartsl

Ancopbuust O2 Ha moBepxHOcTh Ag(111) mpu Temneparypax peakiiuu OKUCICHUS
stunena (410-490 K)

‘o Pazynopsoouennasn ¢haza

bbulo ycTraHoBieHO, YTO aacopOUMsl MOJIEKYJISIPHOTO KHCJIOpOJa Ha IOBEPXHOCTH
Ag(111) npuBoauT K (popMHUPOBAHUIO MAacCHBa 0OBEKTOB, Bu3yanusupyromuxcs B CTM kak
yepHble TOUKH (puc. 1). [Io Mepe MOBbIIEHUSI CTENEHH MOKPBHITUSI KOHLEHTPALMS TEMHBIX
TO4eK pactet, qocturast koHreHTpauuu 0.1 MC (MOHOCI0i) TPU HACKIILIEHUH.

[Tpu onpenenennom coctossauy Uriibl CTM, mbl cMoriu nonyunts CTM-u300pakeHus ¢
aTOMHBIM pa3pelieHHeM, Ha KOTOPBIX OOBEKThl Ha OKUCIeHHOW moBepxHocTH Ag(111)
BU3YaJIM3UPYIOTCSA KaK TPUJIMCTHUKH, a HE YepHbIe TOUKU (CM. puc. 2a). Hanuune aTomMHOTO
paspelieHusl MO3BOJIMIO IIOCTaBUTh IO/ COMHEHME HHTEPIPETALIMIO UYEPHBIX TOYEK Kak
OTZIETLHBIX aTOMOB KHCIIOPOJa, XEeMOCOpOHMpOBaHHBIX Ha moBepxHoctn Ag(111) [7-8].
BakHoe 3akiIr04eHHEe CBSI3aHO C MOJIOKEHUEM LIEHTpa TpuincTHUKA. B coorBerctBun ¢ CTM-
n300pakeHeM, MOoKa3aHHBIM Ha puc. 20, OH TOYHO COOTBETCTBYET IOJIOKEHHIO aToMa B
BepxHeM cioe Ag(111). CrnemoBatensHO, B paMKax OOIIECNPUHSATONW paHEe MOJAEIH aTOM
KHCIIOpO/ia JOJDKEH 3aHMMaTh  TOJIOKEHHE HaJ aToMOM cepeOpa, MOANOBEPXHOCTHOE
II0JIO’KEHUE TUIIA TETpa- WIH 3aI0JIHATh BAKAHCUIO B BEPXHEM CJIOE MOJIOKKH.
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Puc. 1. CTM-m3o6paxenus (187x187 A2 77 K) nosepxuoctu Ag(111), okucnennoit npu 430 K
(maBnenne kuciopona 0.1 Topp), COOTBETCTBYIOIIME pa3IMYHBIM CTEHNCHAM MOKPHITHSA. B
BEPXHEM TIPaBOM YTy TIOKa3aHbl aJCcOpPOIMOHHBIC KPHUBbBIC, MOJIYYCHHBIE JUIS pa3IMIHBIX
3HAYEHUH MapIualbHOTO IABICHUS KHCIOPO/Ia.

CornacHo T®II pacueram, koHpHUTypaIusi HaJT aTOMOM HE COOTBETCTBYET JIOKAILHOMY
MuHuMyMmy. llocie onTUMu3alnuMu KOOpAMHAT, aTOM KHCJIOpoJa MepexoauT B Haubolee
BeirogHoe monokenune Tmma [TIK  (sHeprmst amcop6mmm  -0.67 5B  Ha  atom).
[ToanoBEepXHOCTHOE MOJOXKEHUE TETPA- U IMOJOKEHHE B BAKAHCUM TAKXKE OKAa3aJUCh MEHEe
BbIr0IHBIMH, ueM nonoxenue LK. Teopernueckue CTM-u3o0pakeHus, TOCTPOCHHbIE IS
000MX ciy4yaeB, HE COIJIACYIOTCS C IKCIIEPUMEHTOM, TaK KaK OHM COZAepk aT eINHUYIHbIE 100
sapkoe, 1100 TeMHoe nmaATHO. Kpome Toro, Hanu4ue ABYX THUIIOB TPUIMCTHUKOB C Pa3IMYHOMN
OpHUEHTaIel He MOXKET ObITh OOBSICHEHO B paMKax MOJENH, MOApa3yMeBalollel Haludue
€IMHCTBEHHOTO aTOMa KUCIIOPOJia B 0OBEKTE.
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Puc.2. Ancop6rus kucnopona Ha moBepxHocTh Ag(111) mpu 430 K (aToMHOE paspericHue).
s uneHTHPUKAIMM — TIOTYYEHHBIX  OOBEKTOB MBI  TIPOBEIM  KOMILIEKCHOE

MOZJCIIMPOBAHUC CTPYKTYP C HCIOJB30BAHUCM KBAHTOBO-XMUMHYCCKUX PACUCTOB MCTOJO0M
30



(GyHKIMOHANA TUIOTHOCTU. BBIIO yCTaHOBIIEHO, YTO HauOosiee BBITOJHBIE KOH(HUTyparuu
coJepkaT IIeCTh aTOMOB KHCJIOpOJa BOKPYr BakaHcMU B BepxHeMm cioe Ag(111) (puc. 3).
Haubonee BwirogHas koH¢urypamus (mozens I'TIYV-okTa) comepXuUT BakaHCHIO B CIIOE
cepebOpa, a Takke Tpu aroma kucjopoaa B ['TIY monokeHHsX W TpU aToMa KHCIOPOJa B
MIPUITOBEPXHOCTHOM OKTa Mo3uluu. [1oHOE MOKpHITHE aTOMaMu KUCIIOPO/ia, TAKUM 00pa3oMm,
oKa3bIBaeTcsi B 6 pa3 OoJjblle, 4eM B MPEIbIIYIIUX MOJENSX, U COCTaBJseT B HACBHIILIEHUU
0.6 MC.

5.0 9,86

30TTY n -0.76 aB
3 O okra-

BOKpPYI BakaHCUK
(okcuaHoe KonbLo)

30TyKwm
3 O TeTpa-
BOKPYI BaKaHCUK
(obpaTHOE
OKCUAHOE KOornbLO)

Puc. 3. Pezynbrarer TOII-MonenupoBaHus «TPUIMCTHUKOBY», HAOMIONAEMBIX Ha OKHCIICHHOU
moBepxHocT Ag(111). ITokazaHpl IBe ONTHMAIbHBIE CTPYKTYPHI U uX TeopeTndeckue CTM-
n300paKeHHUSI.

OOHapyxeHHass HaMH CTPYKTypa MOXeET OBIThb HWHTEPIPETUPOBAHA KaK JIOKATBHBIN
MOBEPXHOCTHBIM  Okcua [9]. JIOMOJHUTEIBHBIMH apryMEHTaMu B TMOJb3y TaKoOW
WHTEPIPETAINHA CBUACTEILCTBYET TOT (PAKT, YTO KoJeOaTeabHbIe MOJIbI, BHIYMCICHHBIC IS
koHpuryparuu ['TIY-okta (55 M3B u 58-61 M3B), cpaBHUMEBI ¢ XapaKTepHBIMH KOJCOAHUSIMU
B okcuae AgO: 53 maB, 58 3B u 61 MdB. A konebaTenbHbIE MOIBI, BBIYUCICHHBIE IS
koHpuryparuu ['IIK-terpa (49-54 m3B, 59-61 M3B, 66-67 M3B) cpaBHUMBI ¢ XapaKTepHBIMU
konebanusmu B okcuae AgrO: 53 maB, 61 maB, 66-67 M3B.

e Daza (4%4)

JlanpHeliee yBeIMYEHUE CTENIEHU MOKPBITHS KHCIOPOIOM MPUBOAUT K PEKOHCTPYKIIMH
noBepxHocTH TUNa (4x4). OpHako, Kak OBUIO TIOKa3aHO B HAIIUX OJKCIEPUMEHTAX,
(dbopMHpOBaHHE PEKOHCTPYKIIMU UMeeT Oapbep MO JaBieHHIO. B 4acTHOCTH, yCTaHOBJIEHO,
4yT10 B ciy4ae ancopouuu npu 423 K dopmupoBanue ¢asbl (4x4) cTaHOBUTCS BO3ZMOKHBIM
TONBKO MPM JaBIEHUAX Kuciopoja Beime, deM 5x1072 Topp. Kpome Toro, oka3anock, uTo
uMeHHO npu yenoBusx (423 K u 5x107 Topp) mpoucxoaut Haubojee ONTHMATbHBIA POCT
¢azsl (4x4), npusogsammii k 100 % mokpeiTHiO. YBETUUYEHHE TaBICHUS KUCIOPOIa MPUBOIUT
K TOMY, 4TO CTpYKTypa (4x4) craHOBUTCS Ne(PEKTHOW U 9acTO COCYIIECTBYET C OOIACTIMH,
coJiep>KallMH TEMHbIE TOUKH.

Ha puc. 4 nokazana cepus CTM-uzoOpaxenuir mocne ancopobuumun O mpu 423 K u
napnerun  5x1072 Topp. Ilocme 25 muH. skcnosumuu O Ha MOBEPXHOCTH HAYMHAIOT
TMOSBJIATBCS CBETIBIE OOBEKTH BhICOTOH okono 1 A m pasmepom 3-8 A. Kpas crymeneit
dacetupyroTcsi, mpuodpeTast TpeyroibHyro (opmy. BOmu3u crymneHel CBETIbIE OOBEKTHI
IPYNIHUPYIOTCS B YIOPSAIOYEHHBbIE JIMHEWHBIE CTPYKTYphl (meranu cM. Ha puc. 4a). [lpu
JTAHHOM SKCIIO3HMIIMN HAONIOAAIOTCS JIUITb €IUMHUYHBIC 3apoabliu (a3el (4x4). YBenuueHue
AKCMO3UIUU MOJIEKYJIIPHOTO KUCJIOPO/1a MPUBOJUT K POCTY HA KpasiX CTYIEHEW TPEeyroabHbIX
obOnacTelt ¢ pekoHCTpyKimen 4x4, koropas mocie 3kcno3uiiuu 200 MUH. TTOKPBIBAET BCIO
noBepxHOCcTh Ag(111) (cMm. puc. 46 u 4B).
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200 mun. O,
N

Puc.4d. CTM wmzobpaxenus (1060x1060 A%, 77 K), mnomydeHHble mocjie ancopouuu
MOJIEKYJIIPHOTO KHMCIIopoaa Ha noBepxHocTh Ag(111) mpu 423 K u nasnenun 5%102 Topp. (a)
Bpems kcro3uituu 25 muH.; (6) 100 mun.; (B) 200 MuH.

Ha puc.5 mnpencrasnena cepus CTM-nu3o00pakeHHl OJHOTO M TOTO JK€ YydacTKa
okuciaeHHo moBepxHocTH Ag(111) co crpykTypoi (4x%4), mojsydeHHas IJsi Pa3TUIHBIX
HaNpsDKEHUH MEexXIy urioi u odpasuom. [Ipn Huskux HanpsokeHusx (<1 B), crpykrypa (4%4)
BBIMJSIIUT KAaK  CTPYKTypa THNA «ITYEJIUHBIX COT», B IIOJHOM COOTBETCTBUH C
onyOJIMKOBaHHBIMU paHee NaHHBIMU. OJHAKO MpPU YBEIMYCHUM HampspkeHus 1o +2.5 B Ha
CTM-n300paxeHUH MOSBISETCS AONOTHUTENbHBIM KOHTPACT: 4acTh KOJIEL] CTAHOBATCS Oosee
cBeTJIbIMH, YeM apyrue. [Ipu Hanpspkennn Us=+3.6 B Ha MecTe CBETIBIX KOJEL] NOSIBISIFOTCS
sApkre 00BEKTH BHICOTOH =~ 1 A. OTMETHM Tak’Ke, YTO HE3aTPOHYTHIE KOJIbIA COXPAHSIOT
yriayOjieHHe B LIEHTpE, KaK W B Cllydyae HU3KUX HamnpsbkeHuidd. Peskuit kontpact Ha CTM-
M300paKeHUSIX COXpaHseTcs 10 HampsbkeHud +7 B. Takum o0pa3om, misg CTPYKTYpBI
Ag(111)-p(4x4)-O BriepBble OOHAPYKEH CHIBHBIN ANIEKTPOHHBIN 3P (PeKT, KOTOPHII MO3BOIHI
HaM FOBOPUTH O CHJIbHOW HEOAHOPOAHOCTU CTPYKTYPHI.

108x108 A 77K
Puc. 5. CTM wu3o0paxkeHUs] CTPYKTYpbl OJIHOTO M TOTO JX€ YYacTKa MOBEPXHOCTH CO

crpykrypoir Ag(111)-p(4x4)-O, 3anmucaHHble Ui PA3TUYHBIX HANPSKEHUH MEXIY WTIOW
oOpaszuoM. BunHo, uTo cuctema He SIBISETCS OJHOPOJHOM.
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Crnenyer OTMETUTh, YTO U3MEPEHUSs, MIPOBEACHHBIC MPH MOCIEI0BATENBHON aacoponmu
MOJIEKYJIIDHOTO KHCIIOPOAAa M €ro YacTUYHOW JecopOIMu, IOKa3ajiH, YTO 4YeM Oosbiie
CTETEHb MOKPBITUS MOBEPXHOCTH (a3oi (4x4), TeM OoJbIle «3aNOJHEHHE)» LIEHTPOB KOJIELl
spkuMu oObekTamu. Ha puc. 6a mokazansl ocTpoBkH ¢ (ha3oit (4x4), chopmupoBaHHBIC Ha
HayaJdbHOM cTaguu aacopOumu. BuaHo, 4YTO IeHTpaibHas YacTb OOJBIIOTO OCTPOBKA
cBOOO/IHA OT SIPKUX OOBEKTOB. B HACKHIIIEHNMHM KHCIOPOJHOTO MOKPBITHSA, MPAKTUYECKH BCE
KoJsbIa (4x4) oka3bIBAIOTCS 3allOJIHEHHBIMHA (pHC. 60).

aJICOpOLINU — OTJIENIbHBIC OCTPOBKH; (0) CILIONIHOMN CIloi (a3bl 4%X4.

Pacmennenue ctpykrypsl (4x4) Ha nBe (a3bl CBHIETEILCTBYET O TOM, YTO MPOCTast
Mozmenb Age HE OIMChIBAET BCE MHOTroo0pasue JKCIEPUMEHTANbHBIX HaHHBIX. Jliis
pactdpoBKU CTPYKTYpHI da3bl (4x4) Obuta IpoBeAcHa (YHKITMOHATU3AIMS UTIBI aTOMaMU
XJIopa, B pe3yjbTaTe KOTOPOH pe3Ko BO3pociio paspemieHue. Ha puc. 7 nmpeacraBieHbl HOBbIE
CTM-u3o0paxeHusi, KOTOpbIE MO3BOJISIOT TOBOPHUTH O Mpolecce HOPMUPOBAHUS CTPYKTYPHI
(4x4). Bunno, uto (aza (4x4) nelicTBUTEIHHO HE SIBISICTCS OJHOPOIHOW: OHA COCTOUT W3
KoJiell pa3Hoi CTpyKTypbl. CyIiecTBYIOT OOJIbIIME€ HE3aloJHEHHbIE Kombla («1»),
chOpMHUPOBAHHBIE XapaKTePHBIMH JICTIECTKAMHU, a TaKXKe Mayble Kojibla («2»). Ynmanock
YCTaHOBUTh, B3aMMOCBA3b MEXKIY THUIIOM KOJIEI[ U CIIEKTPOCKOMMYECKOU 3aBUCUMOCThI0 CTM
M300paKeHUH, TPEJCTaBICHHONH Ha puc. 5. B yacTHOCTH, MOKa3aHO, YTO LEHTP OOJBIIHNX
KOJIEIl OCTaeTCsl TEMHBIM NP HANPsDKCHHMSIX Ha oOpasiie +3.6 B, B To BpeMs Kak B IIEHTpax
MaJIbIX KOJIEI] MOSIBIISIETCS SIPKOE TSTHO.

Ha pwuc. 8a mokazana Mojenb, COOTBETCTBYIOIIAs OOJBIIUM KojbllaM. I[lomoOHas
CTPYKTYpa COOTBETCTBYET cTerneHu NokpeIiTus 0.313 MoHocnos u Obula mpezcka3aHa B padorte
[leddnepa u ap. [2]. Teopernmueckoe CTM-u3o0pakeHHe TaKOW CTPYKTYPBI COJECPKHUT
XapaKTepHBIC JIEMIECTKU, (OPMUPYIOLTNE KONBIO TUMA «1» Ha puc. 7. YBEIUUCHHE CTETICHU
MOKPBITUSL KUCJIOPOJOM, IO-BUAMMOMY, HPHUBOJUT K YIUIOTHEHHIO CTPYKTYPBl 3a CUET
n00aBIeHHsI MaJIbIX KOJell B IIeHTp Oonbmux (cM. puc. 8a u 86). Eciu npouecc 3amnonHeHus
0O0JBIINX KOJIEL MPOJOJIKHTb, TO (OPMUPYETCS CTPYKTypa, MOKa3aHHas Ha pHC. 8B, B
KOTOpO# (akTHuecKu (OPMHUPYIOTCS TPEyrojbHUKH M3 6 aToMoB cepebpa (Ages). Ilocme
MOJIHOTO YIUIOTHEHHS KOJIEI[ — CHUCTeMa MEPEeXOAUT B CTPYKTYPY, OMHCHIBAEMYIO MOJENbIO
pexkoHcTpykiuu Age [10-11]. Ognako B oT/iiM4KMe OT OpUTHMHAIBHON Mozaenu Ages, B paMKax
Halle MOJENU B IEHTPE KaXIOro TPEYrojJbHUKA MPUCYTCTBYET IOMOJHUTEIbHBIA aTOM
Kkuciopoaa. Hanmmune 3Toro atoma KMCopoja Ha TpeyroJibHUKE OBbUIO JOKa3aHO HaMHU B XOJIe
HCCIeA0BaHMS KOAICOPOITMU KUCIIOpoa 1 xJjiopa Ha rpaau Ag(111) [12].
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3aMKHYTBIX Lenouek —Ag-O-Ag—O-,

Puc. 7. (a) CTM-m3o0paxenue mnoBepxHocTH Ag(111)-p(4x4)-O, mnomyyeHHOE TMOCIE
(hyHKIMOHATM3AIIAN UTIIBI aToMaM# xyopa. (6) @parmMeHT kaapa u3 (a), Ha KOTOPOM TTOKa3aHbI
Ooubive «1» 1 Malbie «2» KOJbIIa.

AL
JEAVE

(a) (6) (B)

Puc. 8. (a) CtpykrypHast Mojeb Kojel (asbl (4x4), GOpMHUPYIOIIHUXCS HAa HaYaIbHON CTaauu
pocta; (0) BHEOpEHHE MOMOJIHHMTEIBHOIO OKCHIHOIO KOJIbLIA B IICHTP OOJIBIIOIO KOJIbIIA,
(B) popMupoBaHuEe CTPYKTYpBI, COACpXKAIeH TPEyrodbHUKU Ags. ATOMBI cepeOpa MmoKa3aHbI
CEpBIMU KpyTraMH, a KUCJIOpOJa —KpacHbIMH. UepHble pOMOBI COOTBETCTBYIOT AJICMEHTAPHOM
sraeiike 4x4.

Taxum 00pazom, HAMU MOKa3aHO, YTO Ha HaYaJIbHOM cTaauu GpopmupoBanus ¢assl (4x4)

Ha moBepxHocTH Ag(111) ee cTpykrypa He siBisieTcs oaHOpoaHOW. Hamu m3ydeH mporecc
VIUTOTHEHHS OOJBIIMX OKCHIHBIX KOJIEI] U MepeXxoa B CTPYKTYPY, OJU3KYIO K ONMHUCHIBAEMON
Mozenblo Age. HaOmrogeHwe mNOCTENEHHOrO YIUIOTHEHHSI OKCHAHBIX KOJIEI[ MO3BOJISET
3aKJIFOYHTh, 4TO (aza (4x4) sSBISETCS CIONKHBIM MOBEPXHOCTHBIM OKCHJIOM, COCTOSIIIUM W3
a HE SBJISETCS NPOCTOM PEKOHCTPYKIIMOHHOM

CTPYKTYPOM.
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Ancopbuust O2 na noBepxuoctb Ag(111) mpu komuatHo# Temmepatype (300 K)

Ha puc. 9a u 10a nmoxazansl CTM-u3o0paxkenus okucieHHoi moBepxHoct Ag(111),
MOJTy4eHHbIE MOCTIe aACOPOLIN MONEKYIISIPHOTO Kucaopoaa (p=5x102 Topp x 200 MuH.) mpu
temneparype 300 K. BugHo, 4TO CTpyKTypa COCTOMT W3 OTIEIbHBIX HEYMOPSAOYEHHBIX
CBETIIBIX 00BEKTOB, pa3/ieNieHHBIX paccTosHueM 6—8 A.

CTM-u3ob6paxxenue, mokazaHHoe Ha puc. 96, COOTBETCTBYET MOBEPXHOCTU U3 pHC. 9a,
Harpetol 1o temneparypsl 430 K. BuaHo, 4to cuctema nperepriesia HeKOTOpble U3MEHEHHUS
OHa crana Oojiee PHIXJIOW, KPOME TOTO IMOSBWIACH JIMHEWHAs YMOPSIOYEHHAst CTPYKTYpa.
CnenyeT OTMETUTb, YTO H3MEHEHHas CTPYKTypa COCTOUT MNPUOJIM3UTEIBHO M3 TAaKUX JKe
00BEKTOB, Kak M a0 mporpeBa. HarpeB 1m0 Oosiee BBICOKOH TeMmmepaTypbl MPHUBOAHUT K
MIOCJIEIOBATEIILHOMY IMOSIBJIEHUIO [IBYX YIOPSAOYEHHBIX CTPYKTYp: JIMHEHHOMN (8><2\/3) u
rekcaroHasibHOU (3%3) [cMm. puc. 9B, 9r, 106 u 10B]. Ctpykrypa (3%3) sBusercss camoit
CTaOMIIbHOM U HE ucue3aeT npu nporpese 10 523 K.

300K

(6)GFAE: S . VY
Puc. 9. (a) CTM-mzo6paxenue (300x300 A?), momydennoe mnocne ancopbumu O, Ha
nosepxnocts Ag(111) mpu temmepatype 300 K. (6-r) CTM-m3obpaxenus (300x300 A?)
cucTeMsl U3 (a) mocye nocienosatensHoro Harpesa 10 430 K, 440 K, 460 K.

Puc.10. Jletansupie CTM-u3o6paxenus (101x101 A?) moBepXHOCTHEIX CTPYKTYp Ha TpaHH
Ag(111). (a) HEOCPENCTBEHHO TOCHE aACOPOLMH MOJNEKYISIPHOTO Kuciopona; (0) muHelHas
(8%x2V3) u (B) rexcaronanbHas (3x3) CTPYKTYpbI, MOTyYEHHbIE B PE3y/IbTaTe IPOrpeBa.
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B Hameii pabGore meTomoM 31eKTpPOHHOH Ojke-CIIeKTPOCKONMMHU OBUIM  MOJTyYCHBI
JONOJHUTEIbHBIE  JJAHHbIE,  IO3BOJISIOIIME  MPUMNMCATh  HAOIIOJaeMoe  MOKpPBITHE
dbopmupoBanuo kapOonatoB. JleiictBurenbHO, Ha puc. l1la mokazansl Oxe-CHEKTPHI,
COOTBETCTBYIOIIME JHepreTndeckoMy auamnazony 220-310 »B. [ns uucToit cepeOpsiHOM
MIOBEPXHOCTU ATOT MHTEPBAJI COAEPKUT ABe JIMHUU npu 260-265 3B u 303 3B, cBsi3aHHbIE C
nepexogamu Ag MNN. Crektp urctoit moBepxHocTH Ag (111) mokazaH 3eJeHBIM I[BETOM.
AncopOrus kucnoposa npu 300 K npuBoauT k Moau(UKaUy TOHKOH CTPYKTYpPBI JINHUU TPH
260-265 5B: neBblii MUHUMYM JBIDKETCS BBEPX, a IPABBII MHHHUMYM JIBIDKETCS BHU3 (CM.
crekTp cBepxy). CieyeT OTMETHTh, YTO HHTEHCHUBHOCTD JAPYIUX JMHUI cepebpa npu 303 3B
u 355 5B (ocHOBHast uHUS Ag) CHMXKAETCs, B TO BpeMs Kak GopMa MX JUHUN OCTaeTCs
HEM3MEHHOH. MBI HE MOXeM OOBSCHUTH U3MeHeHHe Orke-CIIeKTPOB MOSBICHHEM HOBOTO
XMMUYECKOTO COCTOSIHUS cepeldpa, IOCKOJIbKY B 3TOM CIy4ae JOJKHBI OBITh 3aTPOHYTHI BCE
Osxe-muHuKM. MBI mpeanonaraeM, 4to HaOdromaeMoe M3MeHeHHe B OXe-CIEeKTpe MOKHO
OTHECTH K IIOSIBJIEHUIO Ha IIOBEPXHOCTH AaTOMOB HOBOI'O THIIA, XapaKTEPU3YIOLIUXCS
orpeiesieHHON TuHUeH. YToObl M3BJIeYb HOBYIO JIMHHIO U3 CIIEKTPa, Mbl HOpMAJIM30BaJIM 002
criektpa quaued npu 303 5B u 3arem BBIWIM OAWH CHEKTP U3 JApyroro. B pesynbrare, Mbl
MIOJIYYMJIN OTAEJIBHYIO JIMHUIO ITpH ~ 365 3B.
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Puc. 11. (a) Dnextponnsie Oxke-CIEKTPHI, MONTyYeHHbIE B Tpouecce okucienus Ag(111) mpu
300 K. (0) 3aBucMMOCTh WHTEHCHBHOCTH IWHUKU 26553B 0T Temmeparypsl TpH OTKHIE
noBepxHocTH Ag(111). (B) CriekTpbl TepMOJecOOpOIHH, YKa3bIBAIOUINE HA TO, YTO MPOJYKTOM
necopbuuu B nuanasone 350-600 K spisiercs CO..

Amnanu3 Bcero sHeprerudeckoro auamazona (10-1000 3B) moka3siBaeT, 4To B CIIEKTpE HE
IIOABJIIICTCA HHUKAKHUX JOMNOJHHUTCIBbHBIX JuHUi. B »Tol CBiA3U, MblI IpcajiaracM CBA34aTb
nuHuo mipu 265 3B ¢ mepexogom KLL yraepoma B xapOonatHou ¢ase cepebpa. JlanHoe
YTBCPKACHUC NTOATBCPIKAACTCA NAHHBIMU, MOJYYCHHBIMU JJIS Kap60HaTa JIUTUs, B KOTOPpOM
MOJIOKEHUE YTIIEPOAHOM JIMHUU OKa3aJloch paBHBIM 263 3B, a e 272 3B [13].

3akjI0ueHue

Taxum 06pazoM, HAMU YCTaHOBJIEHO, YTO MIPH aJCOPOLMH MOJIEKYJIIPHOIO KHCIOPOAA Ha
nosepxnoctu Ag(111) npu KoMHATHOH TemmepaType u AapjieHuu B auanazone 10210 Topp
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MIPOUCXOIUT MPEUMYIIECTBEHHBI POCT IUIOXO YIMOPSAAOYEHHOM (a3pl kapOoHaTa cepedpa.
Harper kapOoHaTHOW ¢a3pl NPUBOIUT K YIOPSAJOUYCHHUIO U CTPYKTYPHBIM (Pa3oBBIM
nepexoaaM. BeicokotemmeparypHast kapoonaTHas (asa (3%3) gecopObupyercs ¢ IOBEpXHOCTH
TOJBKO mocie HarpeBa 10 573 K, T.e. sBasieTcss cTaOUIbHON MPU TeMIepaTypax 3HAYUTEIHHO
npepimarormmx  150°C (423 K) [puc. 116 wu 11B]. @DopmupoBaHus MOHOCIOS
aJIcOpOMPOBAHHOTO KUCIIOPOAA IPH TAKUX YCIOBHUSX aCOPOIIUH HE TIPOUCXOIMT.
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IIpocTpaHCTBEHHO-HEOJHOPOAHbIE KBAHTOBO-pa3MepPHbIe COCTOSIHMS B
ToHKUX Pb nmiaenkax

A.B. Iytunos!, C.C. Ycrasmukos!?, C.U. Boxko® u A.JO. Anagpimxun'~

! Unemumym gpuzuxu muxpocmpyxmyp PAH, 603087, Husicnuii Hos2opoo, yn. Axademuueckas, 0.7.
2 Huoicezopodckuii 2ocyoapcmeentviii ynueepcumem um. H.U. Jlobaueeckozo, 603950, Huocnuil
Hoeeopoo, np. I'acapuna, 0.23.

3 Unemumym gusuxu meepoozo mena PAH, 142432, Yepnozonosxa, Mockoeckas 061, yi.
Axademuxa Ocunvsnua, 0.2.

MerogamMu  HM3KOTEMIIEpAaTypHOM CKAaHHUPYIOIIEH TYHHEIBHOM MHUKPOCKOIIMM U
CIEKTPOCKOIIMM  HCCIIE0OBaHAa IPOCTPAHCTBEHHAs  3aBUCUMOCTh  Au((depeHIualIbHON
MIPOBOJIUMOCTH YIbTpaTOHKUX Pb miiéHok, ocaxaeHHbIX Ha moBepxHocTh Si(111)7x7. ns Pb
IUIEHOK XapaKTEpHO HaJU4Me KBAHTOBO-PAa3MEPHBIX COCTOSHHUI 3JIEKTPOHOB MPOBOAMMOCTH
M, COOTBETCTBEHHO, MAaKCUMyMOB Au(depeHnnanbHoil TyHHEIbHOH MPOBOAUMOCTH, IPH
ATOM HMIX SHEPTHsI ONPEJLNSIECTCS] B OCHOBHOM JIOKaJIbHOM TomuHOM Pb cnos. st moctaTouno
ToNCTBIX Pb mnéHok oOHapyXeHbl KpYMHOMACIITaOHble HEOAHOPOAHOCTH TYHHEIbHOMN
IIPOBOJIMMOCTH, MPOSBISAIOIIMECS B IJIABHOM CABHUI€ YPOBHEH pa3MEpHOro KBAaHTOBAaHMs Ha
BeMuuHy mopsaka 50 meV Ha mpocTpaHCTBEHHBIX MacmTabax mopsiaka 100 nm. Mer
[0JlaraeM, 4TO TaKUE€ HEOJHOPOJHOCTH TYHHEJIBHOW NPOBOAMMOCTH M, COOTBETCTBEHHO,
IUIOTHOCTH COCTOSHMM B IUIEHKaX Pb Moryr ObITh CBsI3aHBl C HAJIMYMEM BHYTPEHHUX
ne(eKTOB KPUCTAUTMYECKONW CTPYKTyphl. PaboTa BbIoMHEHA NMpW ()UHAHCOBOW TOJIEPIKKE
Poccwuiickoro ¢onma dhynmameHtanpHbIX ucciaenoBanuii (mpoekt 19-02-00528, CTM-CTC
M3MepeHus ) B paMmkax rocynapctBenHoro 3ananus MOM PAH u UDOTT PAH na 2019 ron
(MHTEepnpeTanus pe3yibTaToB).

Nonuniform quantums-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.

2 N.I. Lobachevsky State University of Nizhny Novgorod, 603950, Nizhny Novgorod,

Gagarin avenue, 23.

3 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)7%7 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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Beenenne

Jannass paboTa TOCBSIIEHA HKCIEPUMEHTAIBHOMY HCCIEIOBAaHUIO OCOOCHHOCTEH
AJICKTPOHHBIX CBOMCTB TOHKHX TUICHOK Pb ¢ momMomipio HU3KOTeMNepaTypHO CKaHUPYIOMIEH
TyHHEeNBHOW MuKpockonuu U cnektpockonuu (CTM/CTC) [1, 2]. MslI nipemiaraeM IpocTon
croco® Bu3yanu3aluuu oO0JacTeld ¢ SBHBIMM M CKpPBITBIMU JedeKTaMu, OCHOBaHHBIA Ha
CUHXPOHHOM Hu3MepeHuH Tomorpaduu u nuddepeHranibHOl TyHHEIbHOW MPOBOIUMOCTH,
HEMOCPEACTBEHHO B IPOLIECCE CKAaHMPOBAHUS. DTO MO3BOJIET YCTAaHABIMBATH KOPPEISAIMIO
MEXY JIOKaJTbHBIMH 3JICKTPOHHBIMH CBONCTBAMH M TOJOXKEHHUEM CTPYKTYPHBIX JE€(EKTOB.
Mpbl  monaraeMm, 4YTO OOHAapy)K€HHblE HaMU KpYMHOMAcIITaOHbIE HEOIHOPOJHOCTU
g hepeHIMaTbHON MPOBOAMMOCTH Ha Teppacax ¢ HOMUHAIBHO MTOCTOSTHHON BBICOTOM MOTYT
ObITh CBSI3aHBl C HAJIUYUEM HEOAHOPOJHOCTEH KPHUCTAJUIMYECKOH CTPYKTYpbl U
CBUJCTEIHCTBOBATh, HAMpPUMEP, O JIOKAIBHBIX OJIIEKTPUYCCKUX W/HIU MEXaHHYECKUX
HaANPSHKEHUSX.

JKCIepUMEeHTAIbHAas poueaypa

HccnenoBanust 37eKTpoPu3HUECKUX CBOMCTB Pb HaHOCTpYKTYp OBUIM TIPOBEACHBI Ha
ycranoBke UHV LT SPM Omicron Nanotechnology. Tepmuueckoe ocaxaenue Pb Ha
PEKOHCTpYHpPOBaHHYI0 MOBEepXHOCTh Si(111)7X7  ocymiecTBIsIOCh TpH  KOMHATHOM
temmeparype u gapienun 3x107'°MGap co ckopocteio mopsiaxa 0.5 HM/MuH. Bpewms
HanbUICHUs BappupoBasiock oT 5 10 40 muH. Penmbed Pb ocTpoBkoB ObuT HCchenoBaH
MeronoM CTM mpu temmeparype 78 K B pexume yaep)kaHus TYHHEIBHOTO Toka [ mpu
MOCTOSIHHOM ToTeHIane U oOpaslia OTHOCHUTENBHO 30HJIA TYHHEIBHOTO MHMKpPOCKOIA.
DneKTpoHHBIE CBOMCTBa Pb OCTPOBKOB OBLIM MCCIIEIOBAHBI METOJIOM TOUYCYHON TYHHEIHHOMN
CIEKTPOCKOIMH, 3aKII0YaBIIeMCs B HM3MepeHun cepur xapakrepuctuk [(U) u G(U) npu
(buKcUpoBaHHOM TOJOKEeHUH WrIbl, Ttae G=dl/dU — nuddepennuanpHas TyHHEJIbHAS
NPOBOJUMOCTh KOHTAaKTa «HIJIa—o0paser». MeToIoM CKaHHPYIOIEH MOAYJISALIUOHHOMN
TYHHEJIBHOM CIEKTPOCKONMHUU OBLIM TMOJy4eHbl KapThl JIOKaJbHOW U depeHInanbHoMl
MIPOBOJUMOCTH. [[J1s 3TOr0 ¢ MOMOIIBIO CHHXPOHHOTO JIETEKTOPA MBI BBIACISIINA NTEPEMEHHYIO
COCTAaBJISIIOLIYI0O TYHHEJIBHOTO TOKa, KOTOpas TMOsBIsUIach MpH IMojade Ha olpaselr
nepemenHoro mnoreHuuana U=UptU;cos(2xfot), tae fo=7285 T'm uU;<<Uj. 3amerum, 4TO
aMIUIUTyZla OCUWULSIIMM  TOKAa HAa  YacToTe MOAYISIMH  fy  IPONOPLUOHANIbHA
middepennmansaoii nmpoBoaumoctu G(Up). Takas meroamka [1] mo3Boisier moiy4arb
tonorpadguueckue M300pakeHHs B  peXKUME yAepKaHUS CcpeAHero Toka Iy W
MPOCTPAHCTBEHHBIE 3aBUCHUMOCTH (G OT JarepajbHBIX KOOPIMHAT X W ) TPU 33TaHHOM
3HaueHuu Uy.

Puc. 1. (a) CTM-u300pakeHue nmosepxnoctd Pb octpoBka (175><175 am?, U= 500 MB, 1= 400
1A), TyHKTUPHOW JIMHHUEH MMOKa3aHa MPOEKUUS JTMHUH AUCIOKAMOHHON TIETJIN HA TIOBEPXHOCTh
obpasma. (b,c) Kapter quddepenimansioli TyHHensHON npoBoauMocT G(x,y,Up) miast yuactka
MTOBEPXHOCTH, U300pakeHHOTO Ha (a), momydeHHsle ipu Uy = 500 mB (b) u Uy = 600 mMB (c¢);
=40 mB. Cgetiibie (TeMHBIE) OOJIACTH COOTBETCTBYIOT OOJNBIINEH (MEHBIIEH) TYHHETHbHOU
MPOBOIUMOCTH.
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Pe3yJILTaTl>I H oﬁcymenne

Ha puc. la mokazano Tomorpaduieckoe M300pakeHHE ydacTKa MOBEPXHOCTH U KapThl
npoBogumoctd  G(x,y,Up) st ABYX pasHBIX DJHEPTUd, CHAThIE OJHOBPEMEHHO C
tonorpaduueckuM HM300pakeHMEM Ha TpsaIMoM U oOpatHom xome (puc.lb wm Ic,
COOTBETCTBEHHO). JloKkanbHasi TONIIMHA IUICHKH B oOsacté | TpeBhIIaeT TOJNIIMHY B
obnactsax II u Il Ha oguH M ;Ba MOHOCIOS, COOTBETCTBEHHO. Kak ciefcTBUe, MPU pa3HBIX
SHEPrusAx TyHHeNbHas MpoBoaUMOCTh B obnactax I u IIl umeer mpakTHUecku OAMHAKOBYIO
BEJIMUMHY, KOTOpas CWJIbHO OTIMYaeTcs OT mpoBoAumocTd B obmactu II. Otmerum, 4to
HENPEepPhIBHOE W3MEHEHHE BBICOTHI IUJICHKHM BOJIM3M IIEHTPAa BHHTOBOM MUCIOKAIIUUA HE
MIPUBOAUT K TUIABHOMY M3MEHEHMIO TYHHEJIBHOW MPOBOAMMOCTH. HampoTus, mpoBOIMMOCTH
MEHSIETCS CKauKOM MpU TIEPEeCceYeHWH HEBUAUMON Ha TomorpaduueckoM H300pakeHun
JIUHUH, KOTOpasi COOTBETCTBYET CKPBITOM YacTH AUCIOKAIIMOHHON meTiu BHyTpu Pb mienku
(myHkTupHas AuHHS Ha puCc. la). OueBUIHO, YTO BOJNM3U MYHKTUPHON JTHHWHM WU3MEHEHUE
YHUCJIa MOHOCJIOEB ITPOUCXOAUT MPU HEU3MEHHOW TOJIIIUHE, I03TOMY IIPH MEPECEUEHUN ITOU
JIUHAM KOHLEHTpAaIusi 3JIEKTPOHOB # JOJDKHA HM3MEHUTHCS CKaykoM. IIpocTeie oIleHKH
MOKA3bIBAIOT, YTO B MOJIEIH CBOOOHBIX JIEKTPOHOB JHO 30HBI TPOBOAMMOCTH B oOnactu [V
JOJDKHO TIOHM3UTHCS Ha BENMUYUHY mopsiaka 0Ep~90 MdB nmns obecnedeHus MOCTOSHCTBA
ypoBHs @epmu. [Tockonbky dE) 6au3ka k mosoBuHe AE, miepexo] 4yepe3 HEBUIUMYIO 4acTh
JTUCIOKAIIMOHHOM TETIM JOJDKEH NPUBECTH K PEe3KOMY M3MEHEHHIO KOHTpAcTa Ha KapTax
TYHHEJIBHOUN MPOBOJUMOCTH.

100 200 300
Distance a-b, nm

Puc. 2. (a) CTM-uszobpaxenue nosepxHocTH Pb octpoBka (460x460 um?, Uy=800 MB,
[=400 mA). (b) Kapra muddepenuumansaoit mposomumoctu G(x,y,Up) TOro ke ydacTka
nosepxHocTH; Uy=800 mMB, U;=40 MmB. (c, d) Ilpodunu tomorpaduueckoro uzobpakeHus U
muddepeHnnanbHON MPOBOAMMOCTH BJIOJb IYHKTHPHOW JMHUM a—b, IyHKTUPHBIC IJHMHUH
COOTBETCTBYIOT YpoBHsIM Pb Teppac.

Ha puc. 2 moka3zanel Tomorpaduyeckoe nzoOpakeHHe W KapThl TudepeHnanTbHONn
IIPOBOIUMOCTH A7l Pb ocTpoBKa, y KOTOPOro Teppackl MOHOATOMHOM BBICOTBI UMEIOT (hopMy
KOHIICHTPUUYECKUX OKPYXHOCTeH. OTMETHM, YTO MPOBOAMMOCTh B obnactax | u IV Gnmska k
MaKCUMaJIbHOUM MPOBOJIMMOCTH, a MPOBOANMOCTh B oOactsx Il u II1 61m3ka kK MUHUMaTbHON
MPOBOJUMOCTH. OTO TMO3BOJISIET CHAENaTh BBIBOJ O HAJIWYUM HEBUAMMOH CTYNEHHU
MOHOATOMHOM BBICOTBI B IIOJUIOKKE, KOTOpas O0ECIEUYMBAET PE3KOE M3MEHEHUE BEIMYHHBI
MIPOBOJIUMOCTH B mpenenax ogHoit Pb Teppacer (nepexonst I-11I u II-1V na puc. 2b]. Kpome
TOoro, OblIM OOHAapyKeHbl Teppachl C IUIABHBIM HM3MEHEHHEM NPOBOJUMOCTH Ha
¢ukcupoBaHHoil sHeprun (Hampumep, nepexoasl V-VI Ha puc. 2b wmm I-II u M-IV Ha
puc. 3b). Ha puc. 2¢c u 2d nokaszaHsl oniepeyHbie CeYeHUsT TOMOrPaPUIECKOTO H300paKeHUS
M KapThl TYHHEJIBHOM MPOBOJMMOCTH BJOJIb OCU a—b, OIM3KOM K HANpaBJICHUIO OBICTPOTO
CKaHMpOBaHUA. JIerko BUAETh, YTO IUIABHOMY H3MEHEHHUIO NMPOBOAMMOCTH, OTMEUCHHOMY
KPYXXKOM Ha pHC. 2d, COOTBETCTBYET IUIABHOE M3MEHEHHE BBICOTHI TEppachl HAa BETUYUHY
nopsika 0.2dvi Ha TomorpaguyeckoM n300paKeHUU, OTMEYCHHOM KPY>KKOM Ha puc. 2¢. Mbl
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nojlaraeM, 4ro HaOmromaeMbiid 3 (eKT CBs3aH ¢ HaJIMYUEM BHYTPEHHUX HampspkeHuil B Pb
IUIEHKE, KOTOpbIe M3MEHSIOT U (PAKTHUYECKYIO BBICOTY Teppachl, U IOJOXKEHHUE JIHA 30HBI
npoBoguMocTH. HanpoTus, ceueHne KapThl TYHHEJIBHOW MPOBOJUMOCTH BIOJIb OCH, OJIM3KOI
K HampaBJICHUIO  MEAJIEHHOTO  CKAaHMPOBaHWs, MpPEACTaBIseT co0oi  dyHKIMIO,
NPUHUMAIOIIYIO JIBa MpelesbHbIX 3HaueHud [2]. CienoBarenbHO, JOKajdbHAs TodmuHa Pb
IUIEHKA BJIOJb JTOH JIMHUM JIOJKHA H3MEHATHCS KBAaHTOBAHHO, a CIJIOKHas (¢opma
3aBUCUMOCTH CHUTHajla OOpaTHOM CBSI3M BAOJNb TOW XKe JIMHMM SIBISETCA apTedakToM
BCJIEJCTBHE HEUACATBHOCTH IbE30CKaHEpa W IPOLEAypbl KOMIEHCALUU IJI00AIbHOTO
HaKJIOHA o0Opasia.

v AV

0 50 100 150 200 O 50 100 150 200 ] 0 200 400 600 800
X, hm X, nm V,, mV

Puc. 3. (a) CTM-usobpaxkenue mnosepxHocTd Pb ocrposka (230 x 210 mm?, Uy=900 MB,
1/200 mA). (b) Kapra auddepeniuansHoii npoBomgumoctd G(x,y) TOro e ydacTKa IpU
Uy=900 MB, U;=40 MmB. (c) Pa3nocts nokansHOU mipoBomumoctu G(x,y,Up) 1 HEPE30HAHCHOTO
¢dona B(Uy) xak dynkius cmemnenus Uy v KoopauHathel y Broib auaui [-II. SIpkocth mBera
nporiopronansHa Benmmunae G(Up)—B(Up). BepTukanbHas MyHKTUPHAS JIMHAS COOTBETCTBYIOT
3HaueHuto Uy, mpu KOTOpoM Oblia MojTydeHa Kapra (a).

Jns uccnenoBanusi ocoOeHHOCTEH MUQepeHIMaIbHON MPOBOJIUMOCTH y4acTkoB Pb
IUICHOK C TUIAaBHBIMH KPYMHOMAcCHITAOHBIMM HEOJHOPOJHOCTSMU B 3aBUCUMOCTH OT
KOOPJAMHAT M 3HEPTruu ObUI UCCIEOBAaH YYaCTOK MOBEPXHOCTH OCTPOBKA BBICOTOM MOpsAKa
60 MOHOCIIOEB C TpeMs CTYNEHSIMHU MOHOATOMHOM BBICOTHI. Tomorpaduueckoe n3o0paxeHue
noka3aHo Ha pwuc.3a. Kapra TyHHenbHOH mnpoBoaumoctu (puc.3b) CBHIETENBCTBYET O
HaJU4YUU PE3KUX TpaHUIl, Harpumep, npu mnepexoae u3 odmactu I B obmacte III, BBICOTHI
KOTOPBIX OTIMYAETCS HA OJWH MOHOCHONH. OMHAKO MpH MEepeMeIleHur UTbl u3 oonactu | B
obmnacts I (umu u3 obmactu Il B o6macte IV) mpoucxoauTt miaBHOE U3MEHEHHWE TYHHEIbHOMN
npoBoaumoctu: npu nepexonae I-1I mpoogumocts mnst Up =900 m3B ymenbiaercs, npu
nepexogne [II-1V — yBenuuuBaercs (puc. 3b u 3¢). B 3T0i1 ob6nacTu Obl1a mpoBeaeHa cepust
M3MEpPEHUI JIOKABHBIX BOJBT-aMIIEPHBIX XApPAKTEPUCTHK U CIEKTPOB AuddepeHnnaibHon
TYHHEJIBHOM TMPOBOJUMOCTH Ha cerke 32x32. Jlnsg aHaiW3a 3aBUCHUMOCTH TMOJIOKEHUS U
BBICOTHI PE30HAHCHBIX MMHUKOB OT OJHEPrUU W KOOpAuHATHl w3 auddepeHnnanbHon
MMPOBOJIUMOCTH OBLT WCKIIIOYEeH Hepe3oHaHCHBIM (oH B(Up) [2]. Pesymbrarsl m3MepeHuit
CBUJICTEIbCTBYIOT, UYTO MPHU JABWXKEHUM BJOJIb OCH ) MPOUCXOIUT ILJIABHOE CMEICHHE
YPOBHEH pa3MepHOT0 KBAaHTOBAHHMS K 00Jiee BHICOKMM SHEPTUsIM Ha BeIMYUHY mopsiaka S0 mB
(puc. 3c). Hanpumep, npu apwkennu no juHuu [-II Ha sueprum 900 M3B mpoucxout
IJIABHBIN TEpPeXoJl OT JIOKAaJhbHOTO MakcuMyma Ha 3aBUCUMOCTH G(Up) K JOKaIBHOMY
MUHHMYMY, YTO COOTBETCTBYET YMEHBIICHHIO TYHHEIBHOW MPOBOAMMOCTH. MOHOTOHHOE
M3MEHEHHE BBICOTHI TEppac COMPOBOXKIACTCS M3MEHEHHUEM AJIEKTPOHHBIX CBOMCTB 00pasla u
MPOSIBJSIETCS. B BUJIE CHCTEMATUYECKOI'O0 CMEIIECHHsS] YPOBHEH pa3MEpHOrO KBAHTOBAHUS B
uHTepBajie 3HadeHui ot y=0 mo y=100 M. 3ameTnM, 4TO HaOIIOJaeMas BETUYMHA CIIBUTa
YpOBHEW OyM3Ka K OIEGHKE CMEIIEHUS JHa 30HBl IPOBOJAUMOCTH OFjp, BBI3BAaHHOTO
M3MEHEHHEM DJIEKTPOHHOM TUIOTHOCTH.
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O4eBUIHO, YTO K IUIAaBHOMY CMEILIEHUIO YPOBHEH pa3MEpHOr0 KBAaHTOBAHUS MOTYT
MIPUBOIUTH, BO-TIEPBBIX, MOHOTOHHOE HM3MEHEHHe ToJuumHbl Pb cmos d(x,y), BO-BTOpBIX,
M3MEHEHHE PHEPTUM JIHA 30HBI MPOBOJUMOCTU Ey(x,y) U, B-TPETbUX, U3MEHEHUE T'PAaHUYHBIX
ycnoBU Ha uHTepdeiice «MeTauI-ToAI0KKa». MBI TpeamnojaraeéM, 4ro MEXaHWYeCKHe
HaNpsDKCHUS KPHUCTAIIMUECKOW CTPYKTYpbI, KOTOpbIE BO3HUKAIOT B Ipolecce pocra Pb
CTPYKTYp U MOTYT IPHUBOJUTH KaK K U3MEHEHMIO 3HEpruu Eyp, TaKk U K U3MEHEHUIO BBICOTHI
Teppac, SABIAIOTCA HauOoJjiee BEpOSATHOW MPUYMHOM BO3HUKHOBEHHUS OOJIAaCTeW C IJIaBHOM
HEOJIHOPOAHOCTHIO TYHHEIBHOU MPOBOAUMOCTH.

3akjI0ueHue

MpiI ToKa3aiy, 4TO U3MEHEHHE JIOKAJILHOW TOMIIMHEI Pb mieHkn Ha oauH MOHOCIION H3-
32 HaJIWYMsl CTyNEHEHl MOHOATOMHOM BBICOTHI Ha HIDKHEM MM BEpXHEM HHTepdeiicax
INPUBOANUT K PE3KUM IPOCTPAHCTBEHHBIM H3MEHEHUSM (C TUIMUYHBIM MacIITabOM MOpsIKa
HECKOJIbKUX HaHOMETPOB) cpenHeil nuddepeHInanibHoi TYHHENBHOM MPOBOAMMOCTH Ha
3aIaHHON PHEPTUu. beutn oOHapyX)eHbl KpyImHOMacITaOHbIe Bapuanuu auddepeHnraibHon
TYHHEJBHOM NMPOBOAMMOCTH B Tpejaenax OJHOM Teppackl Pb ocTpoBka, MposBIsIOmINECs B
IUIABHOM HM3MEHEHHU JHEPIMH YPOBHEH Pa3MEpPHOIO0 KBAaHTOBAHMSA HA BEJIWYUHY IOPSAIKA
50 voB Ha mpocTpaHCTBeHHBIX MacmTabax mnopsaka 100 HM. Bo3MoxHOH npuumHON
KPYITHOMACIITaOHbIX ~ HEOJHOPOJHOCTEH  AJIEKTPOHHBIX  CBOMCTB ~ MOTYT  CIYXHTb
MIPOCTPAHCTBEHHO-HEOJHOPOAHbIE BHYTPEHHUE HAIPSDKEHUS TOHKMX Pb 1uieHoK, KOoTOpble
MOTYT IPUBOANTH K HEKBAHTOBAHHBIM M3MEHEHMSIM TOJIIMHBI Pb €105, OTyIM4HbBIM OT 11e510r0
yruciaa MoHocioeB. CucTeMaTHuecKoe HCCIeJOBaHue 3aBUCUMOCTH auddepeHnnanbHoMl
IPOBOJUMOCTH OT KOOPJMHAT M DHEPruM SBISIETCA YAOOHBIM CIOCOOOM H3Yy4eHHUs
BHYTpPEHHUX JepeKToB Pb HAaHOCTPYKTYD.

Astopsl pusHatenbhbl JI. FO. PonnueBy n A. H. Yaiike 3a 11010TBOpPHBIE 00CYKICHUS.
B pabote ncnonp3zoBaHo obopynoBaHue LleHTpa KOJJIEKTHBHOrO MOJb30BaHUS “Du3HKa U
TEXHOJIOTHS MHKPO- U HaHOCTPYKTyp~ WHcTHTYTa Qusuku mukpoctpyktyp PAH (MOM
PAH). PaGora BbInoHeHa rpu (MHAHCOBOH MOJIEPIKKE YaCTHYHO mporpammsl [Ipesuanyma
PAH 0035-2018-0019 (u3roroBnenue o6pas3noB) u yactuuHo PODU rpant # 19-02-00528
(CTM-CTC wusMmepenust), yacTU4HO B paMkax rocsaganus M®OM PAH (unrepnperanus
pe3yabTaTOB) U YAaCTUYHO B pamMKax roc3aganusi MHcTuTyra dusuku tBepaoro tena PAH na
2019 r. (uHTEpIpPETALINA PE3YIBTATOB).
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B3aumoaeiicTBue MOJIEKYJISIPHOI0 HOAA € IOBEPXHOCTHIO HUKEJIA

H.C. Komapos', T.B.ITaBnosa'?, B.B. AHILpIOI_He‘-IKI/IHl’z

! Unemumym o6weii usuxu um. A.M. ITpoxopoea PAH, 119991, Mocxea, yr. Basunosa, 38
2Hayuonanvolil ucciedoeamenvcekuil ynueepcumem «Bvicuas wikona sxonomuxuy, Mockea

B nanHo#i pabGoTe mnpencTaBieHO JEeTallbHOE HCCIENOBaHHE HAa AaTOMHOM YpPOBHE
CTPYKTYpHBIX (Da30BBIX IEPEXOJ0B B JBYMEPHBIX CJOAX #OAa, aJcOpOMPOBAHHBIX Ha
pa3iayHble MOHOKPHCTAUIMYECKUE TPaHU HHKENS. YCTaHOBJIEHO, YTO B 3aBHUCHUMOCTH OT
CUMMETPUU M TEMIepaTypbl TMOJJIOKKH AaTOMHBIM MexXaHu3M (a3oBBIX MEPEXOI0B
OKa3bIBaeTCs pa3aIudHbIM. AjcopOums Hoaa Ha moBepxHocTh Ni(111) mpuBoauT Ha mepBOM
srame K (OPMHPOBAHHIO copasMepHOil cTpykTypsl (V3x\3)R30°, coOTBETCTBYIOMICH
crenneHn TOKpeITUs 1/3 MC (MoHOCHOs). YBennueHHue CTENEHU TOKPBITHS TMPUBOIUT K
(GOpMHpPOBAHHIO OTAETBHBIX METJIEBBIX JOMEHHBIX CTEHOK M K UX MOCIeAYIOen
KOHJICHCAIIUM B JIBYMEPHBIA KpucTaul. B ciydae ancopOiuu ona Ha rpans (110) Ha mepBom
sTane GopMHUpYETCsl copa3MepHasi CTpYKTypa ¢(2X2), KOTopas IepexoauT B HECOPa3MEPHYIO
KBa3UT'€KCaroHAIbHYIO a3y NpHU YBEIMYEHUU CTENEHU IMOKPBITHUS 3a CYET HEMpPEepbhIBHOTO
ckatust ok Hanpasienus [110] ¢ hopmupoBanreM 1oMeHHBIX cTeHOK. Hanbosee cnoxknas
KapTUHa mepexofoB HaOmomanack ans rpanu Ni(110), Ha KoTOpoll Ha HAYAIBHOW CTaIuU
(crerienp mokpbiTHS Y4 MC) Qopmupyercst copasmepHas pemietka p(2x2). VYBenuueHue
CTETIEHU TIOKPBITHS MPOUCXOMUT 3a CYET CEepUH CTPYKTYPHBIX (Da30BBIX IEpPEXO0JIOB,
MPUBOIAIINX K (popMUPOBaHHIO OOJIee MIIOTHOM CTPYKTYpHI ¢(5%2) (cTtenenb mokpeitus 0.40
MC) Ha nHepekoHcTpyupoBaHHOU moBepxHocTH Ni(100). JlanmpHeitmas amcopOrus iHoma
MPUBOJUT K CEPUM PEKOHCTPYKIIMOHHBIX (pa30BBIX MEPEXOO0B, B XO/€ KOTOPBIX CTPYKTypa
BEPXHETO CJIOSI TOJUIOKKU H3MeEHseTca. B pe3ynbTare, HachlEHHBIM cloi #oga (cTeneHb
nokpeITus 0.44 MC) oka3biBaeTcsi aicopOMpPOBaHHBIM Ha MOJIU(DUIIMPOBAHHONW TTOBEPXHOCTH
HUKEJSI, coAepKaliei cneruduueckue spKue moyiochl 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
2 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(2x%2) (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/ISSP2019.45.557/SPMAPPL.5
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Beenenne

Pemerku u3 ancopOMpOBaHHBIX aTOMOB Ha MOBEPXHOCTH METAJJIOB SIBIISIIOTCS OJHOW U3
CaMbIX MHOTOYHMCIICHHBIX TPYII JBYMEPHBIX KPUCTAUIOB. B 4aCTHOCTH, TallOT€HBI MOTYT
(dbopMUPOBAaTh Ha MOHOKPHUCTALTUYECKHX MOBEPXHOCTAX OONBIIOE KOJIUYECTBO JBYMEPHBIX
¢da3 [1], aToMHas CTpyKTypa KOTOPHIX B OOIIEM Ciydae OMNPEAeSieTCs] MOTEHIIUATbLHBIM
penbeoM U CHUMMETpPHEH TOJUIOKKH, BEIMYUHOW B3aUMOJCUCTBUS MEXKAY aTOMaMH
aacopbata, TemmepaTypoll momioxkku [2,3], a TakkKe DSIEKTPOHHOW KOH(UTrypammei
rajorena [4]. B 3Toii cBsA3M, c0M aacOpOMPOBAHHBIX TAJIOTEHOB HA TTOBEPXHOCTH METAJJIOB
MOXKHO paccMaTpuBaThb B KaueCTBE MOJEIBbHBIX, IS H3Y4YEHUS CTPYKTYPHBIX (ha30BbIX
IIEPEXO/IOB B JIBYMEPHBIX cHucTeMax. [IoMUMO 3TOro, M3ydyeHue CTPYKTypbl MOHOCIIOEB Ha
Pa3IMYHBIX MOHOKPHUCTAJUIMYECKUX TpaHAX MeTajsla UMeeT (yHIaMEeHTaJbHbII HHTepec ¢
TOYKM 3pEHUS pOCTa JIBYMEPHOTO CJIOSl TaJlOr€HUAa MeTallla, IMOCKOJbKY CTPYKTypa
MOHOCJIOS B 3TOM CJIy4ae MOXKET ObITh OMpeeisiomeH.

[Ipenmerom wuccnenoBaHus B JaHHOW paboTe SBISUIOCH HM3Y4EHHE B3aUMOJCHCTBUS
MOJICKYJIIPHOTO HoJa C MOHOKpHCTamimdeckumu rpaHsmu Hukens (111), (110) u (100),
HaynHAsT OT ()OPMHUPOBAHUS TEPBBIX YIOPSIOYCHHBIX CTPYKTYp Homa 10 (GopMHUpOBaHUS
TOHKOM TIJIEHKW TOBEPXHOCTHOTO MOM/1a HUKEJIS.

JKCIEPUMEHT

Bce skcnepuMeHTBl IPOBOAWINCH B CBEPXBBICOKOBAKYYMHOH YCTAHOBKE C JaBJICHHEM
ocTaToyHbIX ra3os He Bbiue 1x1071° Topp. B kauecTBe 06pa3ioB B paboTe MCMONB30BATNCE
monokpuctamisl Ni(100), Ni(110) u Ni(100) (6x6 mm?, Surface Preparation Laboratory). Js
MMOATOTOBKM YHUCTOM M AaTOMHO-TJAJKOM MOBEPXHOCTH NPHUMEHSINCh LUKIbI HOHHOIO
tpaBinenus (Ar', 6005B, 20mun.) wu wmHarpesa a0 Ttemmeparypel 800 K. Hamyck
MOJIEKYJIIPHOTO 0J1a MPOBOAUIICS Yepe3 KAUJUISIP, PACIIONOKEHHBIN Ha pacCTOSIHUU 2-3 CM
OT TIOBEPXHOCTH 00pa3ia.

OCHOBHBIMU METOJAMU UCCIIEJOBAHUS SIBISUINCh CBEPXBBICOKOBAKYYMHAsl CKaHUPYIOIIAs
TyHHenbHas Mukpockonus (CTM), audpakius MeaIeHHBIX IEKTPOHOB, deKTpoHHast Oxe-
CHEKTPOCKONIUS B COYETAHMM C MOJEIMPOBAHUEM ATOMHOM CTPYKTYpbl INOBEPXHOCTH B
pamkax Teopun pyHkumoHana mwioTHOCTH (TOII) ¢ ucnonp30BaHMEM MPOTrPAMMHOTO MaKeTa
VASP [5-8]. CTM-u3mepenus IpoOBOAWINCH MPYU KOMHATHOM TeMIIEpaType.

Pe3yabTartsl

VYcraHoBIeHO, YTO aAcopOIMs Homa Ha MOHOKpUCTa/uMueckue Tpanu Hukens (111),
(110) u (100), mpoucxoaut B nBe craguu. Ha mepBoil cTaauu MpOMCXOAUT (POPMUPOBAHUE
monocos (MC) fiona, a Ha BTOpoii — o0pa3oBaHKE IBYMEPHOTO HOIH/Ia HUKEIIA.

Ancopbrust  #oma Ha moBepxHocTh Ni(111) mpuBoguT Ha mepBOM JdTane K
dopMHpOBaHMIO copasMepHOl cTpyKTypsl (V3xV3)R30°, COOTBETCTBYIOIICH —CTENEHH
nokpeiTust 1/3 MC. TOII pacuersl mokaszalid, 4TO aTOMbI HOAA B CTPYKTYpE (V3x3)R30°
3aHUMAIOT TOJIOKEHHUS THUMA T.IL.K. MEXAy TpeMsl aToOMaMH MOJIOKKHU. YBEIHMUEHUE CTEIIEHU
nokpeituss B auanazoHe 0.330 <60 <0.364 MC npuBoamio K H3MEHEHHIO MOPQOJIOTHH
MMOBEPXHOCTH U (POPMUPOBAHUIO HECOPA3MEPHOUN CTPYKTYpPHI (pHC. 1a). ATOMHBII MEXaHU3M
¢dazoBoro mepexona (copasmepHasi - HecopasMepHasi ¢aza) 3akiodaercst B (popMUpOBAHUU
MEePUOJUYECKOr0 MaccHBa CBEPXIUIOTHBIX JIMHEMHBIX JOMEHHBIX CTEHOK (oOmacteil B
KOTOPBIX IUIOTHOCTh aTOMOB OKa3bIBa€TCS BBIINIE, YEeM B OKPYKAIOIIUX JIOMEHaX
(N3xV3)R307). Ha puc. 16 mpeacraaeno CTM-m3o0pakenue, comepikamee (parMeHt
MaKCUMaJlbHO CXKaTol (a3bl €O CTPYKTYpOH (11x\3R30"). MogenupoBanue ¢a3bl
(11><\/3R30°) MOJITBEPAAIIO, YTO aTOMBI B TEMHBIX MOJIOCAX 3aHUMAIOT IMOJIOKEHUE T.I.K.,
JIOMEHHas CTEHKa SBIIICTCS CYMEepHo3uiMel oOnacteld aTOMOB B MOCTHKOBOM M T.ILY.
MOJIOKECHHUSIX.
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Puc 1. CTM-u3o00pakenus #oampoBanHoii moBepxHoctr Ni(111), Ni(110) m Ni(100):

(a, B, 1) — maHopamHble Kajapsl 500x500 A2, (6, T, 1) — COOTBETCTBYIOMHUE Kaaphl BBHICOKOTO
paspenrenns 100 x 100 A2,

B cnyuae ancopbuunu iona Ha rpanb Ni(110), crpykrypa c(2x2) (6=0.5 MC) sBnsanach
nepBoit ymopsimoueHHou dazoit, Habmogasmieiics B CTM. CornmacHo T®II pacderam atom
flona B pemietke c¢(2X2) 3aHUMAET IMOJIOKEHHE B SIMKE MEXIY YETHIPbMS aTOMaMU HUKEIs.
HNanpreitmas anpcopobuus oma (0.50 <0 <0.64 MC) npuBomut Kk (azoBomy mepexonay u3
cOpasMEepHOH B YacCTUYHO-COpa3MepHyro ¢a3dy 3a CyYeT HENpPEepBIBHOTO  CXKAaTus
XeMOCOPOMPOBAHHOTO CJosi Hoja Baoib HampasieHus [110] ¢ oOpa3oBaHHEM IJIOTHBIX
JMHEWHBIX TOMEHHBIX cTeHOK (puc. 1B). CTM-n300pakeHue MakCUMaJIbHO CXaToi (asbl co
CTPYKTYpoii ¢(74%2) npeacraBiaeHo Ha puc. 1r. Y CTaHOBICHO, YTO U3MEHEHHE B KOHTPACTE Ha
CTM-u300pakeHn, MOKa3aHHOM Ha PUC. 1T, CBSI3aHHO ¢ HEIKBHBAJICHTHOCTHIO TIOJIOKEHUS
aToMa 0J1a OTHOCUTENBLHO CJI0S HUKEJIS.

Haubonee cnoxnas kapTuHa (a3oBbIX IepexoaoB HaOmonanack i rpanu Ni(100).
Cormacao CTM nanHBIM, Ha TIepBOM dTare afcopoiuu mpu 0 = 0.25-0.27 MC, npoucxoaut
(dbopmMHpoBaHUE COpa3MEPHOI CTPYKTYpHI p(2X2) B BUAE OTAEIbHBIX aHTHU(A3HBIX JOMEHOB
pasmepom 30-60 A. Bprumcnenus, mnposeneHHble MeTogoM T®II, mokasanm, uTO
MOJTHOCUMMETPHYHBINA IIEHTP MEXKIY YEThIPbMsI aTOMaMH HUKEJs SBISETCS YHEPreTUYECKU
HaubOoJsee BBIFOIHBIM. JlanbHellliee yBelWYeHHe CTENEHU TMOKPBITHS MOBEPXHOCTH HOIO0M,
MPUBOAUT K MOSIBICHHUIO 3UT'3ar000pa3HBIX CBEPXIUIOTHBIX TOMEHHBIX CTEHOK, pa3AessioInX
cocennue aHTU(a3HBIE JOMEHBI P(2X2). YBenuueHWe CTENEeHW MOKPBITHS B JIHANa30HE
0.26 <0 < 0.44 MC npuBOIHT K 00pa30BaHMIO PSAAA COCYILECTBYIOUINX XEMOCOPOUPOBAHHBIX
daz: c(3x2), c(6x2), ¢(5%2). Ypenuuenue creneHu MokpeiTus Beime 0.44 MC mpuBoauT K
CepUHM PEKOHCTPYKLMOHHBIX (Pa30BbIX mMepexonoB (puc. 11), B X0Ae KOTOPBIX CTPYKTypa
BEPXHETO CJI0sl MOJ0KKH u3MeHnsercsi. Ha puc. le npencrasien CTM-kaap, 3anvcaHHbIN C
ATOMHBIM pa3pelieHreM, Ha KOTOPOM BHHBI OOJIACTH C PEKOHCTPYKIUEH (\/ 10xV10)R18", a
TaKXke C PEKOHCTpykuuen ‘cmemeHHoro psiaa’. Mcnonwszys TOII-monenupoBaHue, Mbl
pacm@poBaiy aTOMHbBIE CTPYKTYPBI PEKOHCTPYKUUH M paccuntanu teopernueckue CTM-
M300paXkeHus1, KOTOPbIE HAXOAATCS B COTJIACHU C SKCIIEPUMEHTAIbHBIMU JAHHBIMHU.
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Puc 2. (a, 6, B) CTM-m306pakenus (1000 x 1000 A?) itoguposannoii mosepxnoctu Ni(111),
Ni(110) u Ni(100), reMOHCTpHpYIOIIKE MOSBICHUE OCTPOBKOB Hoauaa Hukens. (T, 1, ¢) CTM-
mo6paxenus (100 x 100 A?), aromHOro paspereHns, MOBEPXHOCTH OCTPOBKOB HOAUIA HUKEIS
Ha pa3IMIHbIX MOHOKpHcTaImIeckux rpansx Hukens: Ni(111) (1), Ni(110) (x) u Ni(100) (e).

Poct nnenku tioguna vukens (Nil2) Ha BTopo#t cTaanu, MPOUCXOIUT CXOKUM 00pa3oM Ha
BCEX TpeX rpaHsax Hukens (puc.2a-B). [Ipu manoit cTeneHn MOKpHITUS 3apOIbIIIe00pa3oBaHNE
JIBYMEPHBIX OCTpOBKOB Nilo IPOUCXOIUT y €CTECTBEHHBIX AE(PEKTOB MOBEPXHOCTU — KPAeB
aToMHbIX cTyneHeil. [locneayromiee yBenuueHUE CTENEHU MOKPBHITUS MPUBOAUT K POCTY
octpoBkoB Nily, ux arjzomepanuu ¥ K (pOpMHUPOBAHHUIO CIUIOIIHOW IJICHKH HOAMIA HUKEIS.
O6bemusnii kpuctamn Nilo umeer cTpykrypy tumna xiuopuaa kaamus (CdCly) u coctout u3
MOCJIeIOBATEIbHO YepeIyIOIuXcs reKcaronaiabHbIX cioeB I-Ni—I. B Hamem cirydae ams Bcex
rpaHeil HHUKeNsl Ha TOBEPXHOCTH (QOpMHUpYETCs IJICHKAa Hoauaa HUKENs, COCToAlas W3
oxHoro tpuciosa [-Ni—I. B 3aBucuMOCTH OT rpaHM HHKeIs, HA KOTOPOH MPOUCXOIUT POCT,
pelieTka foauaa B MJIOCKOCTH, MapajuIebHOM MOIOKKE, HECKOIbKO UCKaXeHa, SIBISISICH B
obmeM ciyyae KBa3urekcaroHanbHOW. Ilpu 3TOM mapaMeTpbl pemeTKd OTIWYATCS OT
COOTBETCTBYIOIINX 00OBEMHBIX 3HaUCHUI HE Oosiee yem Ha 1.5%.

Hns cuctemsr I/Ni(111) ananu3 mMyapoBOi CBEpXCTPYKTYpPHI, HAOMIOAABIICHCS TTOMUMO
aTOMHOM MOAYNSLIMM Ha TOBEPXHOCTH OCTPOBKOB WOAMAA HHKENs, IoKa3zaia, 4YTO
UHTEpQEHCHBIM CI0H MEXAy CI0eM HOAMIA HHUKENS M IMOJUIOKKOW OTCYTCTBYET, YTO He
SBIIETCS XapaKTePHBIM JJIsl paHHEee U3YUYEeHHBIX CUCTEM rajores/merani [4]. B To ke Bpems,
st cuctembl I/Ni(110) ObT1O yCTaHOBIEHO, YTO POCT IUICHKHA HOJUIA HHUKENS MPOUCXOJUT
MOBEPX CMAuMBAIOIIETO CJIOSl, MMEIOIIEr0 CTPYKTYPY HACBIIIEHHOTO MOHOCIOS Hoja
(c(74%x2)). B cnyuae cuctemsl [/Ni(100), uMerommuecs SKCIIEPUMEHTAIbHBIC TaHHBIC HE
MO3BOJISIIOT ClIeaTh BHIBOJI O MEXaHU3MeE pPOCTa IJICHKU Hoaua HUKes.
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TepmonporpaMMupyemMblii CHHTE3 MOHOKPHCTAJIJIOB 230 THPOBAHHOTO
rpajgena Ha nosepxnoctu Ni(111)
C.JI. KoBanenko!', T.B. ITaBnosa'?, O.1. Kaunmesa'?, K.H.Enpuos !

"HO® PAH, 119991, Mocksa, ya1. Basunosa, 38
M®DTH, 141701, Mockosckas obracms, 2. JJoneonpyonsiii, Mucmumymckuii nep., 9
3 daxynomem Gusuxu HUY BIID, 105066, Mockea, yr. Cmapas Bacvannas, 0.21/4

[IpennoxkeH ¥ peanu3oBaH TEPMONPOrPAaMMHUPYEMBI CHHTE3 SMUTAKCHAJILHOTO
MOHOCJIOWHOTO TpadeHa, serupoBanHoro a30ToM (N-rpaden). [Iponenypa cuHTe3a BKIOYAET
B ce0Os: 1) HacelllleHWE MPUIIOBEPXHOCTHOM oOmactu oOpasma Ni(111) yrmepomgom ¢
COXpaHEHHEM YHUCTOTHI CaMoOil moBepxHOcTH; 2) ancopOuuto auneronutpwia (C2H3N) npu
temmneparype ot -15°C go 0°C mozoii okoso 2000 Jlenrmtop; 3) OwbicTphIil (¢d1r) nmporpes
obpasua 1o 140°C; 4) orxur obpasua npu 400°C. CpaBHEeHHE pacdeTOB Ha OCHOBE TEOPHUHU
(yHKIHMOHANA IJIOTHOCTH ®  dKcrmepuMeHTanbHbIX CTM-u3zo0pakeHuii  (TUIOTHOCTh
AJIEKTPOHHBIX COCTOSIHUI U CUMMETpPHS 1€(hEKTOB) IMO3BOJISAET YTBEPHKIATh, UTO aTOMBI a30Ta
3aMelIaloT aToOMbl yriepoja B pelieTke rpadeHa WIM HaxXoAsTcs B OMBaKaHCUU
(mupuauHOBBI  nedekr) ¢ obmel koHueHTpauuei oxono 0.3%. Jng  momyuyeHUs
KBa3MCBOOOAHOTO rpadeHa HCHOJb30BaaCh HMHTEPKAIALMSA 30J0Ta B  HUHTEpdeiic
rpadgen/Ni(111). MHTepkansmus mpoBOAWSIACh MyTEM HAIBUICHHS 30JI0Ta Ha TOBEPXHOCTH
IIpY KOMHATHOM TEMIIEpAType U C MOCIEAYIOLUM OT)KUroM B TedeHue 15 mun npu 450°C.
YcraHoBieHO, 4TO B HHTEpQEiice MeXITy TOBEPXHOCTHIO HUKENS U TpadeHOM (pOpMUPYETCS
CIUIOIIHON MOHOATOMHBIN CIIOM 30J710Ta, BO3MOXHO C Majod JOOaBKOW aTOMOB HUKeNs (HE
6omnee 5%). [locne mHTEpKaIALIUKM MOHOCIOS 305I0Ta B uMHTepdeiic mexay N-rpadeHom u
nosepxHocThio Ni(111) memoctHocTs rpadena He Hapylianach, a KOHIIGHTpalWs a30Ta B
rpadeHe coxpaHsiack Ha UCXOIHOM ypoBHE, 0.3%.

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

S.L. Kovalenko', T.V. Pavlova'*, O.1. Kanischeva'?, K.N. Eltsov'

!GPI RAS, 119991, Moscow 38 Vavilov st.

2MIPT, 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 (CoH3N) 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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OpoOnTasbHOe paspemieHHe W xumMu4yeckuii kKoHrpact B CTM-
JKCIIePUMEHTAaX

A.H. Yaiika', C.11. Boxko!, C.C. Hasur'!, B.H. Cemenos!, O. Liibben?, 1.B. IlIser?

! Unemumym gusuxu meepoozo mena PAH, 142432, Yepnoeonoexa, Mockogckas oon., yi. Axademuxa

Ocunvana, 0.2.
2CRANN, School of Physics, Trinity College Dublin

B noxmane mpencraBieHbl pe3yibTaThl MCCIEIOBAHUN POJM OpOUTAILHOW CTPYKTYPHI
aTOMOB 30HJa M TIOBEPXHOCTH HccieayeMoro odpasua B mporecce (hopmupoBanuss CTM-
n300pakeHU aTOMHOTO M cyOaToMHOro paspeuieHus. IlokasaHo, 4TO B3aMMOJAEHCTBHE
aTOMOB 30HJIa M IOBEPXHOCTU INPU MAaJIbIX BEIMYMHAX TYHHEIBHOIO IPOMEXKYTKA MOMKET
NPUBOAUTH K OMYCTOLICHUIO JIEKTPOHHBIX COCTOSIHUN C HYJIEBOW MPOEKIMEH OpOUTAIBHOTO
MOMeHTa Ha ochb z (p:, d3”.°). Kak cnenctsue, pasnuunbie CTM-u300paskeHHs MOTYT
HaOIIOAAThCS MPU PA3IMYHBIX PACCTOSHUSX '"30HI-TIOBEPXHOCTH" M OAMHAKOBOW aTOMHOIM
CTPYKTYpE TOBEpXHOCTH H 30Hma. OOcyxknmaeTcss BO3MOXHas CB3b  Ah(dEKToB
B3aUMOJICHCTBHA C HaONIOJEHUEM XHUMHUYecKoro KoHTpacta B CTM-skcnepuMeHTax
aTOMHOTO pa3pelIeHUss HA MHOTOKOMIIOHEHTHBIX IIOBEPXHOCTSIX.

PaGora BeIMONIHEHAa B paMKax Toc3aJaHus Mpu moanepxkke Poccuiickoro ¢onna
dbyHIamMeHTaNbHBIX UccaenoBanui (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-, d3->.7). 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/ISSP2019.45.557/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

formula R =+/d -2k , where d is the distance between the interacting tip and surface atoms
and k"'~ 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 (/) 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 dxy,»*,%) can
provide enhanced atomic corrugations and intra-atomic effects at small distances [33-36]. For
example, dx,- 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 Er 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, d,-, 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)7%7 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=120pA (c)and U=-0.1 V, 1= 80 pA (d).

Figure la 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 CosFesSm tip for high-resolution STM experiments on the
Si(111)7%7 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 £° 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 d,. 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 d,. 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 /=2.7nA (left panels), U=-35mV and /=7.4nA (central panels), U= -
100 mV and 7= 1.7nA (right panels). (b) PDOS associated with different d-orbitals of the
W[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 3¢ 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-?, dv. and d, 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 di. and d., 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 Er 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. 3¢) 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
1 A (fig. 4b) reproducing the electron density distribution in the Cu d.. atomic orbital.
According to the TB calculations (fig. 4c), the DOS associated with the d.. 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 d.-
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 d,. 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 /=0.1nA [12]. (b) A 2.8x2.8 A2 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 EF.

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’,? 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 d\:, d,-, 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 Er 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)7%7 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
W[001] 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 Er. 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. Sc 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 S5p 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 A2 STM images of the GaTe(1 Ou—2) surface measured with a W[001] tip at
Vy=-1V and I=120pA (a), V,=-1V and I=50pA (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 PtysNiys
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 PtsNig(100), PtsoNiso(100) [79], Pt2sCo75(100) [78],
Pt2sRh75(111), Pt2sRh75(110) and Pt2sRh7s(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.

.I
'
l
:

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)-0O 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

58



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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CoBpemMenHbIe cBepXBbICOKOBakyyMHble C3M Hay4HOro kKJjacca MapKu
Scienta-Omicron

M.A. Tpycos
00O "Tpynna Aiu-Om-Cu, 117638 Mockea, yr. Kpusopoowcckas, 0. 23, kopn. 3

Kommanust Scienta-Omicron — MHpOBON Juaep B 00nacTH pa3pabOTKU TEXHOJIOTHI
WCCIICZIOBAaHHUSI CBOMCTB IOBEPXHOCTH B CBEPXBBICOKOM Bakyyme. braromapst oGnamganuio
(GyHIaMEHTAJIbHBIMA TEXHOJOTUSIMU M OOraTeIMM ONBITOM B O0JIACTH CKAHUPYIOIIEH
30HJI0BOM MUKPOCKOIIUH, 3JIEKTPOHHOU CIIEKTPOCKOINH, MOJIEKYJISIPHO-TIy4€BOU SIIUTAKCUU U
B JIPYTHX CMEKHBIX HAlpaBJICHUSAX KOMIIAHMs MPEAOCTaBIsIET CBOMM KJIMEHTaM JIydllee
00OpyZ0BaHUE JJIsI UCCIEAOBAaHHUS TOBEPXHOCTH M3 JOCTYMHOIO Ha MHUpPOBOM pbIHKE. B
HACTOSIIIEM JIOKJIAJ€ MBI PACCMOTPUM HOBEHIIME METOAMKM M IOCIEeJHHE pa3pabOTKH
Scienta-Omicron B 00JacTé CKaHUPYIOLWIEH 30HIOBOM MHKPOCKONUHU M 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 NpUMeHEeHUs CKAHUPYIOLIEH 30HA0BOH MHUKPOCKONHMHN B BaKyyme H
Pa3IHYHBIX Cpeaax

b.A.Jlorunos!, A.B.Jlorunos’

THHY MUDT, AO 3as00 [IPOTOH, 124498, Mockea, 3enenoepaod, na. llokuna, 0.1
2 MT'Y umenu M.B.Jlomonocoea, 119991, Mockea, Jlenunckue 2oput, 0.1

Crienuanu3upoBaHHbIe Pa3pabOTKU CKAHUPYIOMIMX TYHHEIBHBIX W aTOMHO-CHJIOBBIX
MHKPOCKOIIOB IS Pa3InyHBIX MPUIOKEHUN 3a mepuod ¢ 1995 roga mo HacTosiiee BpeMs
MPUBEJIN K TMOSBJICHHUIO U YCHEIIHOMY (YHKIIMOHUPOBAHUIO MUKPOCKOIIOB ISl CIEIYIOIIUX
MPUMEHEHHUN: Cy0aTOMapHOTO pa3pelieHus] B CBEPXBHICOKOM BaKyyMe, B TOM 4YHCIE C
reJIMEeBbIMU HATOJHSEMBIMU M TPOKAYHBIMU KPHUOCTaTaMM; Pa3IUYHBIX YCTAaHOBOK C
TEXHOJIOTUYECKHM BaKyyMOM W Pa3HBIMU Ta30BBIMH CPEJaMH, B TOM YHUCJIE JJIsl YCTAHOBOK
tuna "Hanodad" ¢ TEXHOTOTUYECKUMH OTEepaIlldsIMHA BHIOOPOYHOTO KOHTPOJISI M JIUTOTpadun
B MOJYJSAX C 30HJAOBBIMH MHUKPOCKOIAMM; in-sifu HAOMIOJEHUS ITUHAMUKUA CTPYKTypHU3aLUU
IIEHOK UM HaHOOOBEKTOB HEMOCPEJICTBEHHO B IIPOLIECCAaX HAIMbUICHUS WIM SIUTAaKCUU
pPa3TMYHBIMU METOJIaMH; KOHTPOJS JEerpajalud MepBOM CTEHKHM ToKaMaka; MCCIeOBaHUS
KOHCTPYKLIHMOHHBIX M JENSALIMXCS MaTepUaioB B MEPUATOYHBIX M rOpSAYUX KaMepax sSIAepHBIX
peakTopoB; HAOMIOJACHUS TUHAMUKUA AceGOopMaIliil CTPYKTYphl MaT€pUaNOB B TIPOIECCEe
M3YYEHHUsI MPOYHOCTHBIX XapaKTEPUCTUK MPH HCHBITAHUSAX B Pa3pbIBHBIX MAalIMHAX W Ap.
Opno#t u3 mocnenuux paspadborok 2017-2019 romoB SBUICS CKaHUPYIOIIUN 30HIOBBIN
MHUKPOCKOII, KOTOPBIA CKaHUpPYyeT oOpaser] mpu Temreparypax oT komHaTHOH mo 1500 C B
atMocepe MeTaHa, B TOM YHUCIIC PEATH3YIONIMA BO3MOXHOCTh HAOMIOACHHUS TUHAMHKHU
BO3HHUKHOBEHHUS U pOCTa rpadena.

Experience of applications of scanning probe techniques out of ambient
conditions

B.A.Loginov!, A.B.Loginov?

"MIET, JSC Zavod Proton, 124498, Moscow, Zelenograd, Shokina 1
2 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/ISSP2019.45.557/SPMAPPL.7
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BykBanbHO cpasy mocie M300peTeHHs CKaHUpYIoeld 30Ha0BoH Mukpockonuu (C3M)
HooGenesckue naypeatst I'. Popep u I'. bunaur npeackasanu [1] ee mmpokoe NpuMeHEHHE, B
TOM YHUCJIE B yCTAaHOBKAX, pa0OTAalOIMX B IIUPOKOM JHAala3oHe TEMIIEpaTyp M JIaBJICHUH.
Hcropust pa3zpaboToK 30HI0BBIX MUKPOCKOIIOB Halllelt KOMaHI0# MOITBEpAMIIA TO.

HauaB pa3paboTKy U BBIITYCK 30HI0BBIX MUKpPOCKOIOB B 1991 roxy, k 1995 rony MeI yxe
UMEIH OTTOYEHHYIO CEpUHHO BBIMYCKAIOUIYIOCS MOJEIb YHHUBEPCAIbHOIO BO3AYIIHOTO
MHUKpPOCKOIa ¢ MUPOKOH obmacteio mpuMenennii CMM-2000, ocHAIIEHHOTO CKaHUPYIOLUTHM
tyHHenbHBIM (CTM), atomHO-cmiioBbiM (ACM) m emé aBaalaThi0 ISATHIO PEKUMaAMU
U3YYEHHUS  Pa3NMYHbIX  (U3UUECKUX  XAPAKTEPUCTUK  MOBEPXHOCTH C  BBICOKHM
MPOCTPAHCTBEHHBIM pa3penieHneM. OTOT 30HI0BbIA MUKpockon B 2003 romgy mnepBbIM B
Poccun 6bu1 BHECEH B peecTp cucteMbl cepTudurammu cpeacts PO: Ne980080025 u nanee
No46918-11 B T'ocpeectpe cpenctB wusMmepenuid P®D. IlepBeie BepcrM MHKpPOCKOIA
IIPOBEPSUIMCH Ha BBIITYCKaEMbIX HaMu ¢ 1997 rona MeTponoruuecku arrecToBaHHbIx st C3M
mepax MIIJI-1.0 (mepBeix B Poccum). BmocneactBun, CMM-2000 TecTupoBaics Ha
BBIITyCKaeMbIX HamH 110 ceil ieHb Mepax «KBapi-XY 1400/Z90um» (I'P Ned6672-11) u «ITPO-
10» (I'P Ne46835-11 u I'P Ne66933-17). YuutsiBas To, uto emé B 1993 roay [2] mHamu ObL1
OCBOEH CEpHUMHBIN BBITYCK 30HAOB JJIsi aTOMHO-CHJIOBBIX MHKPOCKOIOB, TaK Ha3bIBAEMbBIX
«KaHTUJIEBEPOB», B II€JIOM, OTal OCBOEHHUS CEPUHHOTO TMPOU3BOACTBA 30HIOBBIX
MHKPOCKONIOB OBbIT TIpoiifieH ycmemHo'. OTMETHM, YTO COBpeMeHHas MOAU(DHKAIUS
Mukpockormra CMM-2000 cepuitHO BBIITyCKaeTCs 10 HACTOSIIETO BpeMeHu (puc. 1).

Puc. 1. 3oamoBerii mukpockon CMM-2000 mepBoii ureparmu 1992 roma (cimeBa BBEpXY),
BTOpOi urepauun 1995 roma (cieBa BHU3Y) U nocnenanel urepauun 2018 roma (mo ueHTpy)
aTOMHBIM pa3pelieHueM Ha nuporpaduTe (CmpaBa BBEpXY), a TaKKe H300pakeHHs MEPBOTrO
POCCHICKOTO KaHTHJIEBEpa, H3TOTOBICHHOTO B 1993 rony (crpaBa BHH3Y).

B cnenyromue 20 ¢ OUIIHUM JIeT HaMHU OBLIO Pa3pabOTaHO MHOXKECTBO CHEIHMaIbHBIX
30HJOBBIX MUKPOCKOIIOB JJIsl BHEAPEHHUS B CaMble pa3in4Hble yciaoBus. K HameMmy cuacTslo,
MONalajuCh MHTEpECHbIE 3ahaun BHeapeHuss C3M B Takue KECTKUE YCIOBHSA, O KOTOPBIX,
CKOpee BCero, He 3aayMblBaiuch aaxe HoOeneBckue naypearsl, U KOTOpPbIE, BHIUMO, HE
[ONaJAJINCh HUKOMY IPYIroMy.

! Va3 Ipesunenta PO ot 26.02.1997r. Nel132 o narpasknenun Jlornaosa b.A. menansio «B mamsates 850-netus
MoOCKBBI» «3a pa3pabOTKy ¥ OPraHU3aIHI0 CEPUIHOTO BBITYCKa MHKPOCKOIIOB HOBOTO THIIa.
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Puc. 2. Cxema ycranoBku TOKAMAK (crneBa), ycTaHaBIMBaeMbId Ha €€ MEPBYIO CTEHKY
ckanep CTM (mo mentpy) u npumep nonydaemoro CTM-u3o0pakeHus: MOBEPXHOCTH CTCHKH
pasmepom | MkMm X 1 MkM (cripaBa).

Hamu Op1mu cozmanbl C3M 1y1st paOGoOThI B YCIIOBUSAX COJTHEYHBIX TEMIIEPATyp B IUIa3Me
ycTaHOBOK TepMosiiepHoro cuHTe3a tuna TOKAMAK [3], a Takke B ropsuux u
MePYaTOYHBIX Kamepax siiepHbIX peakTopoB [4]. C mOMOIIBI0 TaKUX MHKPOCKOIOB OBLIN
W3YYCHBl YCIIOBUS CTAOWJIBHOCTH TIOBEPXHOCTH CTEHOK U JAPYTUX DIIEMEHTOB BHYTPH
yctanoBok TOKAMAK (puc. 2) u cBoOWCTBa MaTepuajioB B YCJIOBHSX PaTdOAKTHBHOTO
o0JydeHUs B JIEPHBIX peakTopax (puc. 3).

Puc.3. Pagnanmmonno-croiikuit CTM-ckanep «AKTHHHA-M» Ui SAEPHBIX PEaKTOPOB (ClieBa) U
npUMep TOJNyYaeMbIX H300paKeHUH CTPYKTYphl MOBEPXHOCTH MaTepuia a0 (MO0 LEHTpY) U
nocJe (crpasa) 00IydeHUSI.

Hamu pemanach 3aga4a co3manus cTaOMIbHO-PA0OTAONINX YI€OHBIX MHUKPOCKOTIOB JIJISt
CTYyIeHTOB W MKOIbHUKOB [5]. Takme C3M MoryT OBITh HCHONB30BaHBI ISl Y4eOHOI
pa30opku W COOPKH C ICJBIO JOCKOHAIBHOTO HM3YYCHHS W JAJbHEHIICTO BBIMOJTHCHHS
MHOXKECTBA y4eOHO-TIPOEKTHBIX pa0OT C TMONYYCHHEM U300paXKEHH IMOBEPXHOCTU
Pa3HOOOpa3HBIX 00PA3IOB, B TOM YHCJIEC U C aTOMapHBIM pasperiecHueM (puc. 4).

Puc.4. Mukpockon CMM-2000 B BUAEe KOHCTpYKTOpa (CiieBa), COOMPAEMOro YYaluuMUCs (110
LIEHTPY U CIIPaBa).
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YcnemHoe pemenue 3a1aun BHeapeHuss C3M B TepMOSIEpHYIO I1a3My MO3BOJIMIO HaM
CO3lIaTh YHUKAaJbHBIE MHKPOCKOIIBI, pa0OTaloIIMe B MEHEE MOIHOW IIa3Me KaTOJHOTO U
MarHeTPOHHOTO HAMBUICHUS U B YCTaHOBKAaX (DM3MYECKOTO W XMMHUYECKOTO OCAKICHHS W3
napoBoit ¢azer (PVD/CVD) [6]. Takue MHUKpPOCKONBI MOTYT OBITh HCIIOJIb30BAaHBI ISt
M3yUeHHS] peaklUMi KaTajlu3a, a TakXKe MpOIECCOB BhbIpamuBaHus rpadenoB (puc. 5) u
anMa3oB TpH BeICOkHX (10 1500°C) TemmepaTypax ucciieyeMbIXx 00pasIoB.

(iraphens bubbles

Ni foil

Puc. 5. Manora6aputasiii CTM/ACM (cnesa) nns PVD/CVD pocra rpadena (o meHTpy) ¢
BO3MOXKHOCTBIO CKaHMpoBaHUs HarpeToro 10 1500°C B atmocepe MeTaHa oOpasia (crpasa).

KoMOuHarwsi 30H10BOr0 MUKPOCKOIIA C MAIIMHOM pa3psiBa (puc. 6) Mo3BoiuiIa CO31aTh
YHUKQJIBHBIA TPUOOp 111 pa3pabOTKM M HUCHBITAaHUS MaTepHalioB He(Tera3onpoBOIOB,
MAaIIWH U JPYTUX KOHCTPYKIHMH JIsl SKCTUTyaTalliy B yCIOBUSIX APKTUKHA U AHTapKTHUKH [7].

Puc. 6. ACM «PACM-5» ¢ mammHOi1 pa3pbiBa (cieBa) oOpasnoB Mmarepuaia (IO IEHTPY) ¢
n300paKeHUSIMHU CTPYKTYPBI MaTepHaja Ha dTare IuiacTudeckoi aedopmannu (crpaBa BBEpXY)
U pa3pbiBa LICHKH (CIIpaBa BHHU3Y).

W3 3anau, KoTOopbele B MUPE pELIay U APYrue KOMaH[Ibl, CTOUT OTMETHTh Pa3paboOTKy
CKaHEpOB I HU3KOTEMIIEPATYypHBIX CBepXBbIcOKOBakyyMHbBIXx CTM [8, 9]. Ham ygpanocs
HNOJHATh YPOBEHb CBEPXBBICOKOBAKYYMHBIX 30HJIOBBIX MMKpPOCKOIIOB, B TOM YHCIE C
TeJIMEeBBIMHU 3aJIUBHBIMU (pUC. 7) U MPOTOYHBIMU KPUOCTAaTaMHM, 10 CTAOMIBHOTO aTOMHOTO
paspenienusi. Takue mpuOOPHI yKe UCTIOIB3YIOTCS I (PyHIaMEHTABHBIX UCCIIeI0OBaHUM [9],
U TUTAHUPYIOTCS K MCIIOJIb30BAaHUIO JJISl PELICHHUS 3a]]a4l CO3/1aHUSI KBAHTOBBIX KOMIIBIOTEPOB
Ha 0a3ze 00bEKTOB aTOMHOT'0 MacITaoa.
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Puc. 7. CTM «GPI Cryo» asis paGotsl npu gasiienuu p ~ 1x101" m6ap u temneparype 7 ~ 4°K
(cmeBa), ero ckaHep (IO MEHTPY) M M300pakeHHE PEKOHCTPYHPOBAHHON MOBEPXHOCTH 30JI0Ta
(cmpaBa).

Mp&1 BriepBBIC TOBEJIH JI0 peau3aiii oy u3 uaei HobeneBckux naypeaToB — co31aTh
C3M aroMHOTO pa3pelieHusi, BHEAPSEMbId BHYTPh PACTPOBBIX AJIEKTPOHHBIX MUKPOCKOIOB.
CoueTaHue METOIUK MO3BOJISIET MOJYIUTh OoJiee AeTalbHYI0 HH(GOPMAIUIO 00 HCCIIeTyeMOM
00BEKTE HA MUKPO- HAHO- U aTOMHOM ypoBHe. Takre C3M OblTH U3rOTOBJICHBI HAMU KaK JIJIst
OTEUECTBEHHBIX JJIGKTPOHHBIX MHKpockormoB MPOM-100, Tak u amua  3apyOeskHBIX
AJIEKTPOHHBIX MUKpOCKOMOB psna ¢pupm — Tesla, Zeiss (puc. 8) u Fei.

Puc. 8. Ckanupyromuii anexTpoHHbId MUKpockorn Zeizz (ciesa) ¢ CTM «UnderSEM-377» (1o
LIEHTPY ), TO3BOJISIONINM ITOJTy4aTh ATOMHOE pa3pelieHune (Crpasa).

beuta Takxke msrotoBneHa cepust C3M, BHEApPsSEMBIX B MHKPOIJICKTPOHHBIE (abpuku
tuna «Hanodad» [10]. B wacTHOCTH, OIMH M3 TaKUX MUKPOCKOTIOB (pHrc. 9) ObLI UCITOIB30BaH
rOCyIapCTBEHHOU Kopropamnueil «PocKocMOC) i MOJEIUPOBAHMS MTPOU3BOJCTBA YUIIOB B
kocMoce u anpobamuu C3M-nmutorpadum ¢ XapakTepHBIMU pa3MepaMH  CO371aBaEMbIX
O00BEKTOB JI0 €IUHUI] HAHOMETPOB.

Puc. 9. «Hanodad» ¢ mogynem ACM-nurorpaduu mo nentpy (cineBa) u ACM-u3o0paxkeHuem
MHUKPOCTPYKTYPHI (CIIpaBa).
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Hamu ObuT M3TOTOBJEH CHEIUATBHBIA MHKPOCKON CKaHUpyromero aHoga «SAFEMy —
310 a”anor CTM [11], Toapko uria Tam Urpaer poJib aHOJa, CKAHUPYIOLIEr0 SMUTHPYIOLIUE

TOK CTPYKTYpBI 00pasiia mpu HampspkeHuun aHoja g0 600 B mis momydeHust KapThl TOKOB
smuccud (puc. 10).

Puc. 10. Mukpockon ckanupyromero anoma «SAFEM» (cieBa) co BCTpOSHHONW BaKyyMHOMH

cucremoii (p ~ 1x10° mbGap, mo uentpy) m msobpaxenue (400 Mkm x 200 MKM) SMHCCUH
yraepoJHoro odpasia ¢ rpad)eHOBBIMU BEICTYIaMU (CIIpaBa).

Bl u3roroBieH Taxke BbICOKOBaKYYMHBII ACM ¢ KaHTWJIEBEPOM, HMEIOLUM YETHIPE
OJIMHAKOBBIC TPOBOAIINE OAIKH, KOTOPHIM ObLJIa U3MEPEHA MPOBOAMMOCTh KpeMHus [12] B
nuarnazoHe Hu3kux remnepatyp ot 22 go 80 K (puc. 11).
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Puc. 11. Ckanep 4-x koutaktHoro ACM/CTM st pa6otsl npu p~10""" m6ap u T=4°K (cneBa) ¢

M300paKCHUEM MOBEPXHOCTH KpeMHHUs (TI0 IEHTPY) W BICPBBIE U3MEPCHHBIMH KPUBBIMH
MPSIMOIO U OOPaTHOIrO X0Ja ero MPoBOAUMOCTH B AuamnasoHe 22-80 K (cmpaga).

Kpome ynomsiHyThIX BbIlIEe pa3paboTOK, Y HAcC ObUT TaK)Ke OMBIT M3TOTOBJIECHUS MHOTHX
APYTUX CIEeUUATN3UPOBAHHBIX MHKPOCKOIIOB, KOTOpBIC SBISIIMCH JIMOO MPOMEXYTOUHBIMH
cTanusMu mepes Oojee yTAYHBIMU KOHCTPYKLIMSIMH, JIMOO TMOBTOPEHUSMHU H3BECTHBIX
KOHCprKI.[HfI, KOTOPBIC MBI ACJIAJIM IJIS CPAaBHCHUSA U aHAJIN3d KOHCTPYKTUBHBIX pGIlIGHPIfI.
O6o00mmass TPONJIEHHBIT HaMH OMBIT KOHCTPYMPOBAHUS M TPUMEHEHHUS CKAHHPYIOUIUX
30HJOBBIX MHUKPOCKOIIOB B BAKyyMC H Pas3IMYHbIX CpCAaxX, Mbl MOXCEM OTMCTHUTL, UTO IJId
Ka)KJI0r0 CIENUATM3UPOBAHHOTO 30H0BOIO0 MUKPOCKOIA TPeOOBaNIOCh MPONTH HEN30exKHBIN
9Tall OCO3HAHHA BaXHOCTH TCEX WM HHBIX €ro TIJIaBHBIX W OHNPCACIANOIMINX KauCCTBO
cnenu@uIHbIX TapamMeTpoB. Ho mpu 3ToM BO BCceX citydasx ObUT M OOIIWH ONpEAeIISTFOITHI
KauecTBO MHKPOCKONA TMapaMeTp — YacToTa OCHOBHOTO MEXaHMYECKOTO pPE30HaHca
KOHCTPYKIIUA 30HJIOBOTO MHUKpOcKoma. M3 mpuBenéHHOW TaOIUIBI, 000OIIAIONIEH OMBIT
KOHCTPYUPOBAHHUA ACCATU CICHUAIM3UPOBAHHBIX 30HAOBBIX MHKPOCKOIIOB IJId PA3HBIX

oOractell MpUMEHEHHMsI, BUJHA KOPPEISALUS YaCTOThl OCHOBHOTO MEXaHUYECKOTO pe30HaHca C
pa3peleHneM MUKPOCKOIIA.
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«HanmeHoBaHMe W/WiIM HA3HAYCHUC IMone kampa Paspemrenue Pe3onancHas
MOJIETTH 30HJOBOTO MUKPOCKOTIA X/Y/Z, mxm | XY/Z, Auctpem 9acToTa,
«MuKkpockon ckaHupyromwii 30H10BbIH CMM-2000»

Bo3aymHed ACM/CTM + 26 pexumos, -20...+150°C aTOMBI

TIEPBBIN CKaHep: 4/4/0,5 rpadur/cmoaa 12 kI’
BTOpPOH CKaHep: 40/40/5 5/1 2 k'
«AxtuHUA-M», CTM U1 aTOMHBIX PEaKTOPOB 40/40/5 5/1 2 xI'n
CTM s TOKAMAK 1/1/0,5 aToMBbI TpaduT 32 kl'1p
CTM/ACM gyt PVD/CVD, 20...1500°C 4/4/0,5 aTOMBI TpaduT 12 I’y
«GPI-Cryo», renuessiit CTM 4,5K mms UHV 107 'm6ap 0,8/0,8/0,1 aTOMBI 30JI0TO 30 k'
«UnderSEM-377», CTM/ACM a1st 3J1€KTp.MUKPOCKOIIOB 2/2/0,5 aToOMBbI rpaduT 24 xI'n
ACM-nutorpad B Hanogabe 100/100/5 51 3,5«
4-x kontakTHeIt UHV ACM/CTM, aHanu3 npoBOJUMOCTH 1/1/04 aTOMBI KPEeMHHUIA 18 kI
«SAFEMp», UHV ckaunupytomuii 0-600B anon 500/500/50 20/5 0,5 kI'n
«PACM-5y, Bo3nymsblit ACM ¢ MammuHOW pa3phiBa 200/200/10 10/2 1,2 xI'a

Bxnan yacToThl pe3oHaHca, OKa3blBaroIIEd NPsIMOE BIMSIHUE HA YPOBEHb MPOHUKAOLINX
Ha U300paKeHNEe BHEITHUX BHOpalnid, oka3aucs 0oJjiee BaXKHBIM, Y€M HATMIUE Y MUKPOCKOIIA
BUOPOM3O0JIUPYIOUINX CHCTEM. DTO MPOUCXOIUT MOTOMY, YTO HA MPAKTHKE B 00JIACTH YacTOT
PE30HAHCOB KOHCTPYKLIMM 30HJIOBBIX MHUKPOCKOINOB (OT J0JIeH 1O JECATKOB KHIIOTEPII)
aMIUTUTY/Ia BHEITHUX BUOpaImii 4 Jaie BCero CUJIbHO YMEHBIIAETCS C YaCTOTOM f 110 3aKOHY
A~1/f. IloaToMy, caBurasi pe30HaHCHl MUKPOCKOTA JIUITh HEMHOTO JAJIbIIE IO YacTOTE, MBI
CWIBHO CHMKAEM aMIUIMTYAy TE€X OCTaBLIMXCS YacTOT, KOTOpPBIE pPACKauMBAIOT 30H]
OTHOCHUTENIbHO oOpasma Ha 3TuX pe3oHaHcax. Ha kadectBo C3M-m300pakeHUN BIMSIET HE
BUOpAIHs BCETO MUKPOCKOIIA KaK €IMHOTO LIEJ0r0, a MMEHHO pacKayka 30HJa OTHOCHUTEIIFHO
oOpa3ia, Ha KOTOPYIO YacTOThl HU)KE PE30HAHCHBIX BIMAIOT B ThICSYM pa3 ciabee, yem
4acToThl, OnmM3khMe K pe3oHaHcy. K ToMmy ke B KWJIOTepLOBOW 00JacTH 4YacToT
BUOPOU3OIMPYIOIINE CUCTEMBI, KaK MIACCUBHbIE, TAK M aKTUBHBIE, Yallle Bcero HenhHeKTUBHBI
BBHJly MaJIOTO 3aTyXaHUs BBICOKMX 4acTOT B MaTepuajax 3THX cucteM. bomee Toro, ecthb
Cllydyau, Korja MpUMEHEHHE BUOPOM30JUPYIOUIEH CHUCTEMBbl MPUHIUIHAIBHO HEBO3MOXKHO.
Hampumep, ecnu 30HAOBBIM MHMKPOCKOI, BHEAPAEMBIM B 3JIEKTPOHHBIA MHKPOCKOIL,
MOCTaBUTh Ha CTOJIMK 3JIEKTPOHHOI'O MHMKPOCKOMA Yepe3 BUOPOU3OIUPYIOIIYIO CUCTEMY, TO
YVKpeIUIsIeMblii B 30HIOBOM MHKpOCKONe oOpasery OyJeT KadaTbCsi OTHOCHTEIBHO
ANIEKTPOHHOIO JIyya, YTO HE TO3BOJUT HCCIENOBaTh oOpa3el, METOIOM AJIEKTPOHHOU
MHUKpPOCKONIMM. B Takux cily4asx IOBBILICHUME PE30OHAHCHOM YacTOTBI CKAaHEpa OCTaéTcs
€IMHCTBEHHON MEpOM yXoJia OT BUOpaInid.

OnpenensTb 4YacTOTy COOCTBEHHOTO MEXAaHWYECKOTO pPE30HaHCa KOHCTPYKLUHU
MHUKpPOCKOIIA B LIEJIOM HECII0XHO, pa3pabaTbiBasg €€ B COBPEMEHHOM IMPOTPAaMMHOM MaKeTe
tuna AutoCAD unu SolidWorks. Ucnonb3ys Takue pekoMeHaanuu, Kak yMEHbIIEHUE ITUHBI
MbE307JIEMEHTOB, YBEIMUYEHUE MX IONEPEUYHOTO CEYEHUs, YMEHBIICHHE MacChl AepxaTeneit
30HIa M o00pasla, YKpeIUIeMbIX Ha KOHILAX IIhe303JIEMEHTOB, U, IO BO3MOXKHOCTH,
UCKJTIOYEHHE TMOCIE0BATEIbHBIX COEIMHEHUN 3J€MEHTOB, MOKHO JIOCTHYb CYIIECTBEHHOTO
IIporpecca B MOBBIIIEHUH PE30HAHCHBIX YacTOT, W, KaK UTOT, pa3pelleHuss MUKpockoma. B
Cllydae OTCYTCTBHS MPOrPaMMHBIX BO3MOXKHOCTEH OIpENeiIeHHs] PE30HAHCOB, MOXKHO
BOCIIOJIb30BaThCs (POPMYyJIaMU U3 MHKEHEPHOTO Kypca CONMPOTUBIICHUS! MaTEPHUAJIOB.

Pe3onancHas wactota F' OCHOBHOW 1O aMIUIUTyZe OOKOBOW pacKayku CKaHEpa B BHUJC
TpyOKH M3 Mbe30MaTepHala JIUHON L, BHEUTHUM JHaMeTpoM D, BHYTPEHHUM JHaMETpoM d U
MAaccoii m JepKaTenst 30HIa Ha ero KOHILE BBMHCISIETCs o dopmyte F=1/(2n\(mxk)), rae
YIIpYyrocTs Tpyoku Ha usrub k=L>/3E-J, moayns FOura E= 6.3x10'° Ila nans npezomatepuana
mapku 1ITC-19, a MomeHT uHepimu ceuenns J=0.049 x (D*-d*).

Omnpenensiomas noje CKaHUPOBAaHUS BeMUYMHA M3rHba X B OJHY CTOPOHY KOHYHMKA
MbE30TPYOKH, UMEIOIIEH OJIMH BHYTPEHHUHN U YEThIPE BHEIIHUX JIEKTPOJIa, PU MPUIIOKEHUU
HanpskeHus V Beraumcngercs mo popmyne X=nDsi VL*/(d(D-d)), rae nbesomomyab Dii
marepuana [[TC-19 pasen 0,17 um/B, a koadduruent n pasen 0,45 ecnu mose IPUIIOKEHO K
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OJIHOMY M3 YETBIPEX 3JIEKTPOJOB, U paBeH 0,9 eciau mosie NpUIIOKEHO OJHOBPEMEHHO K IBYM
MIPOTUBOMOJIOXKHBIM 3JIEKTPOJaM B pa3HOM HampasiieHuu. Ecnu mbe3oTpyOka nMMeeT IBa
BHEIIHUX 3JIEKTPOJa, MPUMEHUM TOT K€ PacuéT, ToNbko KoddduuueHTt n paseH 0,6 ecnu
[oJI€ TPWJIOKEHO K OJHOMY M3 JIBYX JJIEKTPOJIOB, M paBeH 1,2 eciu mojie NpUIOKEHO
OJIHOBPEMEHHO K JIBYM 3JIEKTPOJIaM B Pa3HOM HaIlpaBJICHUU.

VYanuHeHnue Z B OJIHY CTOPOHY JUTsI TTbe30TPYOKH ¢ JJIMHOM L, BHEITHUM AuaMeTpoMm D u
BHYTPEHHUM JMAMETPOM d, UMEIOIEH OAWH BHYTPEHHMH M OJIWH CIUIOIIHOW BHEIIHHMA
AJIEKTPO/IbI, PU TIPUIIOKEHUN HANIPsDKEHUs V Beraucisercs no Gopmyne Z=D31 VL/(D-d).

Jnis mocieoBaTeNnbHOW ONTUMH3AIMKA KOHCTPYKIIMM MHUKPOCKOMa OOBIYHO Tpedyercs
MHOTO WUTepaluil pacy€ToB, U AJs YOBICTPEHUS ITOrO MMEET CMBICI BBECTU 3TU (OPMYJIBL,
Hampumep, B Qailn mporpamMmbl 3eKTpoHHBIX Tabmui Microsoft Excel. Takoit ¢aitn mis
MOCIIEAYIONEH CaMOCTOSITENbHOM paboOThl ¢ HUM MOXHO 0O€3BO3ME3IHO MOJIY4YUTh Y Hac,
3allpoCHB €ro IO ajpecaM »JJIEKTPOHHOM MOYTHl, YKa3aHHbIM Ha HalIMX caiTax
WWW.MICTroscopy.su, WWW.MHKPOCKOIL SU WJIIH WWW.Z-proton.ru.

C nomompio Takoro (aiina takxke ymoOHO OBICTPO OLIEHMBATH PE30HAHCHBIE YaCTOTHI
YK€ UMEIOIIET0Cs] B HAIMYUH 30HI0BOT0 MUKPOCKOIIA, YTO MOJICKaKET BO3ZMOXKHbBIE CITOCOOBI
YIY4YIICHUS. €ro XapaKTePUCTUK JOCTYIMHBIMU JJIi MPOCTOTO TOJb30BaTelNs crocobamu,
HampuMep, YMEHbIIEHHEM Macchl o0pa3na WiIM Uribl. Mamo KTo U3 TMojib3oBaTesel
3aJlyMBIBA€TCSl TaKke 00 ONTUMH3AIMU Juamerpa D M ATUHBI L NIATUHOBOW IMPOBOJIOKH
CTM-urnsl, a BeZlb OT 3TOTO CHUJILHO 3aBUCUT €€ COOCTBEHHAs1 pe30HaHCHas yactota. OHa He
TaKk y)X W BEJIMKa, U €ClIM OHa Hike, Hampumep, 10 xl'm, To Bpsag AU MOXKHO OXUAAThH
aTOMHOTO pa3pelieHuss OT MHKPOCKOmMa, T.K. HWIia OydeT CHUJIBHO pacKauyuBaThCs
NPUCYTCTBYIOIIMMH B 3TOM JHAla30He YacTOT BHEIIHHUMH BHOpPAlUsIMH, OCOOEHHO
aKyCTMYECKUMHU BHUOpanusiMU B CiIy4ae BO3AYLIHBIX MHUKPOCKOMOB. Pacuér pe3zoHaHcHOI
4acTOThl F WIJIBI IPOU3BOJIUTCS MO TOW ke (opmyie, 4To U JUIs TPyOKH, TOIBKO MOMEHT
MHEPINH CEeUeHHs 371eCh y)Ke HaJ0 CUUTATh JUIs KPYTJIOTo cTep:KHs Mo dopmyie J=0.049D% a
Maccy m MPUHUMATh PaBHOW MOJIOBHHE Macchl cTepkHs. Torna ¢opmyna ¢ ydéToM MOayIs
Onra mnartuasr 16,8x10'°Tla m mmotHoctw mmatmsser 21.4%x103 kr/m? OyneT HMeTh
cneayromuii By F(xI'm) = 273D (mm) / L (Mm)?. Y urnsl auamerpoM 0,5 MM pe30OHaHCHAS
yacToTa craHoBUTCS Hwke 10 k' yxxe mpu amune Gosbmie 3,7 MM, a Y UTJIBI THAMETPOM
0,2 Mmm — mipu uyirHe Oobine 2,3 MM. Koneuno, He crout aenath CTM-UIIIBI [UIMHHEE, €CITU
HE00X0IMMO aTOMHOE pa3pelieHHe.

DKcrepuMeHTalbHas POBEpKa PAaCCYMTAHHBIX MPU Pa3pabOTKE PE30HAHCOB AIIEMEHTOB
KOHCTPYKLMHM MHKPOCKONa 00si3aTelibHa, MOTOMY 4YTO BCE A3TH D3JEMEHTBl COETUHSIOTCS
MeXay co0oil. B cBsi3M ¢ 3TuUM, HE Bceria MOXHO MpenyraiaTh M paccuuTarh, OyAeT JH
4acTOTa KOHCTPYKLIMH B LIEJIOM MEHBIIE YACTOT OTAEJIbHBIX JIEMEHTOB. [[OHMKEHNE 4acTOThI
HabJIoaeTcsl BCeraa, Korja MeXaHHn4ecKoe COSMHEHHUE 3JIEMEHTOB MOCeI0BaTeIbHOE, T.C.
OHU COEIUHSIOTCA B IIETIOYKY, COCTOSIIYIO XOTsl Obl Jake M3 JIByX 3BeHbeB. Ho mHorma
ObIBaeT, YTO POJb IMOCIEIOBATEIBHOIO 3BE€HA MIPAET U OCHOBAaHHE, OCOOCHHO €CIIM OHO HE
HAMHOTO  MpEBBIIIAET TrabapuThl OTIENbHBIX 3JeMEeHTOB. (OCHOBaHHE OLIMOOYHO
paccMaTpuBaeTCsl B KaUeCTBE TOW OCHOBBI, C KOTOPOM HE3aBUCHMO JPYT OT JIpyra «pacTyT»
BCE JJIEMEHTHI.

DKcrepuMeHTalbHasl MpOBEpKa OOBIYHO BBIMOJHACTCS C IOMOIIBIO ocuumuiorpada.
Ouens yno0HO, ecnu OH o0amaeT (PyHKIMEH aHAIM3aTOpa CIIEKTpa W BBIIAET WH(OpMAIIHUIO
00 ammiutyne uactoT. Ha ocmwmiorpad mnomaércsi OCHOBHOM BBIXOJHOW CHUTHAJI —
HaIlpsDKEHUE C BBIXOJA NMPEIBAPUTEIBHOTO YCUIIUTENS TYHHENIBHOIO ToKa B ciydyae CTM unun
C BBIXO/Ia YCUJIMTENS CUTHAJOB OT (hoToamona B ciaydae ACM. Ilpu stom, u CTM, u ACM
JOJKHBI OBITH C BKJIIOYEHHOW OOPAaTHOM CBSA3BIO, KOTOpasl OTCIEKHUBACT IMOJIOKEHHUE 30H[1a
OTHOCHTEIIbHO TIOBEPXHOCTH oOpa3na. Ha ocHOBaHMM MHKpOCKOIA KpemuTcs BUOparop, Ha
KOTOPBIA MoAaéTcsi BO30YXKIaloIIasi 4acToTa B Juara3oHe OT HukHero mpenena (B 10 pa3
HWKE MPEANoIaracMoil pEe30HAHCHOM YacTOThl) JO BEPXHEro mpenena (B 2 pasa BbllIe
npeArnoaraeMoi 9actoThl). [Ipu momagaHuyu 9acTOThl HA OCHOBHOM MEXaHHMYECKUN PE30HAHC
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ocuusuiorpad Mo3BOJSIET HAOMIOAATH MOBBIIMICHUE AMIUIMTYIBI 3TOH YacTOTHI B BBIXOJHOM
CUTHaje (10 HECKOJbKHUX JecATKOB pa3). Hepeako momanarorcs JOKajdbHbIE PE30HAHCHI,
KOTOpBIE Yallle BCETO MPHUBOIAT K HEOOIJBIIIOMY IMOBBIMICHUIO AMIUTUTYIbI 3THX YacTOT B
BBIXOJHOM cHUTHalle. B OTAeNnbHBIX ciydyasx MX Takke HeoOXOIMMO yYUTHIBATH. 3a 4acCTOTY
OCHOBHOT'O MEXaHWYECKOI'0 PE30HAHCA JIyYIlle BCETO MPUHUMATh CaMbIil HIDKHHUM 0 4acTOTe
PE30HAHC, KOTOPBIA HYKHO MBITaThCA IOJHOCTHIO YCTPAHUTh HW3MEHEHHEM KOHCTPYKIIMH
MUKpOCKoma. B kadecTBe BHOpaTropa mpH MPOBEPKE MHUKPOCKONA MOXHO HCIOJIB30BaTh
000 TB303JIEMEHT, KOTOPBIA MO0 m3rmbaeTcs, b0 cokpamraercs. OOTHAM KOHIIOM OH
JIOJKEH OBITh XOPOIIO YKPETIEH Ha OCHOBAaHUH MUKPOCKOTIA, a Ha IPYTOM €ro KOHIIE T0JDKHA
OBITh YKpEIUIeHa HEKOTOpas Macca JJsl BO30YyKAeHHsI BUOpaIuil roioBKU MUKpockona. OHa
HE JIOJDKHA OBITh OOJNBIION, YTOOBI PE30HAHCHAS YacTOTAa MbE30’JIEMEHTa HE OMyCKalach
HUKE I[UIAHUPYEMOI'O BEPXHEro IMpejesia 4YacToT BO30YKIEHHUS, a MbE303JEeMEHT MOT
0TpabaThIBaTh BCE YACTOTHI BO3OYKICHUSI.

Takum o0pazoM, W3 OmbITa HAMMX pa3paboToxk u npuMmeHeHUs: C3M, akIEHTHPOBAHO
BHMMAaHUE Ha OJTHOM W3 BaXKHBIX MapaMeTPOB KAayeCTBa 30HJOBBIX MHUKPOCKOIIOB — YaCTOTE
OCHOBHOT'O MEXaHMYECKOI0 pe3oHaHca. B nokiane gaHbl nmpuMepHble GOpMYIBl €ro pacuéra
U PEKOMEHJAIMU TIO0 €ero ONTHUMH3aluu. MBI BbIpakaeM MPU3HATEIBHOCTh 1.(-M.H.
Ensnoy K.H., 3aBenytomemMy oTiesioMm TEXHOJIOTUN U U3MEpPEeHU aToMHOro Maciraba MOD
PAH, 3a mocTaBieHHOE MM YCIOBHE a0CONIOTHO HAAE&KHOTO AaTOMHOTO pa3pelieHus B
ckanepe mukpockomna GPI-Cryo, kotopoit Mbl genanu B 2005 roay, Tak Kak UIMEHHO B 3TOH
pa3paboTKe MBI BIIEPBBIE CEPHE3HO MPOYYBCTBOBAIU aKTYaJIbHOCTh PE30HAHCOB. MBI TaKxke
omaromapum Yaiiky A.H. u XKykoBa A.A., uHuImaTopoB BcepoccHiickoro paciumpeHHOTro
cemuHapa «Oco0EHHOCTH MPUMEHEHUSI CKAaHUPYIOMINX 30HI0BOM MHUKPOCKOIIUYU B BaKyyMe U
pasnmuuHbIX cpeaax - 2019y, 3a mpuriamieHue kK 00HaApOJOBAaHUIO HAPAOOTAHHOTO MaTepuraa.
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Ocobennoctu C3M npu Bo3eiCTBUM BHEeMIHUX (pu3nuecKux (PakTopoB H
nporekaHuu xumuuyeckux peakuuii: onbIT Oxford Instruments Asylum
Research

B.C. Heynauuna

Mocxkosckoe npedcmasumenvcmao Intertech Corporation, 119049 2. Mockaa, yn. Kpvimckuti
Ban, 0.3, cmp. 2

B noxmane obcyxmarorcs nmocnenuaue pazpadbotku Oxford Instruments Asylum Research
B 00JIaCTH CKaHUPYIOMIEH 30HAOBOM MHUKPOCKOIMU B PA3JIMYHBIX CpeAax MPH BO3ACHCTBUU
TaKMX BHEIIHUX (PAKTOPOB, KaK CIHEIUAIBHO TE€HEPUPYEMBIE JJICKTPOMArHUTHBIC IIOJIA,
MHUKPOBOJHOBOE wu3iydeHue (meron sMIM), moacBeTka ¢ OJHOBPEMEHHBIM HW3YYCHUEM
anekTpudeckoro otkianka (C3M B uccienoBaHuu (OTOBOJIBTAMKH), METOMABI HCCIIEIOBAHUS
MbE302JIEKTPUKOB (MUKPOCKOIHUS MbE300TKINKA U BEKTOPHASI MUKPOCKOIIUS MbE300TKIINKA), a
Takke In situ WUCCIENOBaHHS B CHEIHAIBHBIX JJICKTPOXUMHUYECKUX siueikax. Taxxke
0o0CYXKIAlOTCSl  ClieluajbHble METOAbl BO30YXKIEHHUS KoJieOaHHsI KaHTUJIEBEPOB  JUIS
peaM3anyy TMOJIYKOHTAKTHOTO DPEXUMa B JKUIAKOCTH (TPATUIIMOHHO CJIOXHOW 00JacTu
MPUMEHEHUs JUIsI TBE30NPHBOJA): MarHUTHBIM mipuBoA 1Drive u  ¢ororepmudeckoe
BO30yXKJeHHEe KaHTWieBepoB blueDrive, a Takke TexHHYeCKas peanu3alusi METOJIOB
KOHTPOJIA BIQXXHOCTH U cocTaBa cpelibl B xoae 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  MHKPOCKONMH IS  H3y4YeHMA
IMUTAKCHAJIBbHBIX (peppo- M aHTH(EPPOMATHUTHBIX MUKPOCTPYKTYP

JLA.®omun, 1.B.Manukos, A.B.YepHbIix
UIITM PAH, 142432, Yeproeonoska, Mockosckas 001., yi. Axademuxa Ocunvaua, 0.6

MeTtogamMu  MarHUTHO-CHJIOBOM ~ MHUKPOCKONIMM UM MHUKPOMAarHUTHBIX — PacyeToB
HCCIIE0BAHO MAarHUTHOE CTPOCHHE SMUTAKCUATBHBIX MUKPO- U HaHOCTPYKTYp Fe (001) u Fe
(011), M3roTOBIEHHBIX M3 IUICHOK, BBIPAIIEHHBIX METOJOM HUMITYJIBCHOTO JIa3€pHOTO
OCaXICHUS B CBEPXBBICOKOM Bakyyme Ha R- m A- miockoctsax camndupa ¢ nmojacioeM Mo ¢
OJTHOBPEMEHHO YJIy4YIIEHHBIMU MAarHUTHBIMH M 3JEKTPOH-TPAHCIOPTHBIMH CBOWCTBaMHU.
Y CTaHOBNIEHBI TUITBI MUKPOMArHUTHBIX COCTOSIHUN U MX TpaHC(POpMAaIus B 3aBUCHMOCTH OT
pa3MepoB U OpUEHTAIMM CTPYKTYPbl OTHOCUTEIBHO OCEH JIETKOro U  TPYAHOIO
HAMarHWYMBaHUs. Takke MCCIEOBAHBI ABYXCIOWHBIE CTPYKTYPHI ¢ aHTU(EppOMarHeTUKOM
(Fe/FeMn), mnpenBapuTelbHO OTOXOKEHHBIE B BaKyymMe TIpH TeMIeEpaType, BBIIIC
TeMmreparypel Heens BO BHENIHEM MAarHUTHOM TMoOJe Il (OPMHUPOBAHUS OOMEHHOM
AHU3O0TPONHH B Cjioe aHTHU(deppoMarHeTuka, mpuBoasmed K 3¢dekTy oOMEHHOTo CIBHUTa.
Haiineno, u4to och OOMEHHOIl aHM30TPOINMU HAMpaBICHA BIOJb MArHUTHOTO TIOJIA,
MPUJIOKEHHOTO MPU OTKUTE 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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Beenenne

Ha cerognsmnuii neHb, B CBS3U € IMIMPOKUM HCIOJIb30BAHUEM MHUKPO- U HAHOCTPYKTYD
3 (QeppOMarHUTHBIX METAJJIOB M PA3BUTHEM CIUHTPOHUKH, BOCTPEOOBAHHO JETalbHOE
U3Y4E€HHE MarHUTHOTO CTPOEHHUS B IUIAHAPHBIX MUKPOCTPYKTYypax. Kak n3BeCTHO, MarHuTHOE
CTpOCHHE MOJUKPUCTAIUIMYECKUX U JJa)Ke HEKOTOPBIX SMUTAKCUATIBHBIX TUIAHAPHBIX CTPYKTYP
MHUKPOHHBIX U CYOMHUKPOHHBIX pa3MepoB HE BCETIa PEryJsipHO U TpyaHompeackazyemo [1]. B
STOW CBSI3U BCTaeT 3ajadya W3TOTOBJIEHUS MHUKPO- U HAHOCTPYKTYpP C Kak MOXHO Ooiee
COBEPIICHHBIM KPHUCTAIIMUYECKUM CTPOCHUEM M, KaK CJIEICTBHE, PETYISPHBIM MarHUTHBIM
CTPOCHHEM.

MeTogaMu MarHUTHO-CUJIOBOM MHUKPOCKOINMHM W MHKPOMAarHUTHBIX pPAacdyeToB OBLIO
HCCIIEOBAHO MAarHUTHOE CTPOEHHE SIUTAKCHAIBHBIX MUKpO- B HaHOCTPyKTyp Fe(001) m
Fe(011), u3roToBIEHHBIX W3 IUICHOK, BBIPAIIEHHBIX METOJIOM HMMITYJIBCHOTO JIA3€pHOTO
OCaXKICHUS B CBEPXBBICOKOM BakyyMe Ha R- u A- mutockocTsx candupa.

Muxpoctpykrypsl Fe

N3 nuteparypsl [2] W3BECTHO, YTO IUIEHKHM >Keli€3a SIUTAKCHAIBHO pacTyT Ha A-
wiockoctu candupa ¢ mnoaciaoeM Mo Baonb HampasieHus (011) u UMEIOT OXHOOCHYIO
MarHUTHYK0 aHU30TPOIIMI0 B IUIOCKOCTM C OCbIO Jierkoro HamarHnuuBanus (OJIH),
oOpasytromei yroa 35° k 6a3oBomy cpesy. Takue MICHKH ObUTH BBIPAIICHBI U M3 HUX OBLIH
M3TOTOBJIEHBl MHUKPOCTPYKTYpPbI, MarHUTHOE CTPOCHHE KOTOPHIX HCCIIEAOBAIOCH METOJIOM
MarHuTHO-CHJIOBOM Mukpockonuu (MCM). Jlns pactmmdpoBKM MarHUTHOTO CTPOCHHS TIO
nonyaeHHOMY MCM KOHTpacTy NPOBOAMUINCH MUKPOMATrHUTHBIC PAcUeThl C TOMOIIBIO
nporpammbl  OOMMF [3]. MCM wu3MepeHusi IMOKa3ajJd CYHIECTBEHHYIO pa3HUIY B
MarHUTHOM CTPOCHHUU TOJUKPUCTAIUIMUECKUX CTPYKTYP, Y KOTOPBIX OHO HEPETYISIPHO, U
SIUTAKCUANBHBIX, Y KOTOPBIX OHO HKMEET BHJl PErysipHBIX TIOJOCOBBIX JIOMEHOB,
HAMarHWYEeHHOCTh B KOTOPBIX HampasieHa Baonb OJIH. [[ias MUKpOMAarHUTHBIX PacyeToB B
KauyecTBe MapaMeTpoB Opauch TaOJIMYHbIE BETUUYHMHBI AJ11 00bEMHBIX KPUCTAIIJIOB JKeJe3a, 3a
UCKJIIOYEHUEM HEPTruM aHU30TPONHHU, IS KOTOpoi Oblia B3dTa (opMyna s KyOMYECKOU
AHU30TPONHH, Ha KOTOPYIO HAKJIaJbIBAETCS OJHOOCHAs M J[BE KOHCTAaHThl aHU30TPOIIUU,
u3MepenHsie B pabore [2] mis menok Fe(011) tommmuol 50 HM, BBIpaleHHBIX Ha A-
mIocKocTH candupa ¢ moacimoeM Mo. MarautHoe ctpoeHne Mukpoctpyktyp Fe(011),
opueHTHpoBaHHbIX ToA yriioM 35° k OJIH panee He uccienoBanoch. DKCIEPUMEHT MOKa3ad,
9TO CTPYKTYPHI C OONBIIUM aCHEKTHBIM OTHOIICHHEM (OTHOIIIEHHWEM AIUHBI K mmpuHe, AQ)
JEMOHCTPUPYIOT MAarHUTHOE CTPOEHHE B BHJIE IMOJIOCOBBIX JIOMEHOB, OJIHAKO Ha HX Kpasx
MOSIBIISIETCS CYOCTPYKTYypa, B TO BpeMsi Kak s Maiblx AO HaOMIOJal0TCsl CTPYKTYphI THTIA
"COPOKOHOMXKEK".

Ha R-mutockocTu candupa snuTakcuanbHbIE TUICHKH Kelie3a, TI0 HAIllUM JaHHBIM, paHee
HUKTO HE BbIpamluBaj. Mbl BBIPDACTUIM TaKWe IUIEHKU C OJHOBPEMEHHO YIy4YIICHHBIMU
MarHUTHBIMH U DJIEKTPOH-TPAHCIIOPTHBIMH CBOMCTBaMH. B oTiauume oOT A-IJI0CKOCTH
candupa, TUICHKH >kene3a Ha R-mmockoctu pactyt Baoas HampasieHus (001). 3a cuer
KyOM4ecKol aHM30TPONHHU Kejie3a, B TUIOCKOCTH IJICHKH PaclioyiaraloTcsi JBE OCH JIETKOTO
HaMmarHu4yuBaHusi BAosib HampasiaeHuid [100] u [001], ogHO M3 KOTOPBIX MNapauIeIbHO
06a30BOMYy cpe3y NOJUIOKKH canpupa. MHKPOCTPYKTYpbl B (OpMe MNpsSMOYTrOJIbHUKOB,
OpPUEHTUPOBAHHBIX BJIOJIb 0a30BOr0 cpe3a MOKa3ajld MAarHUTHOE CTPOCHUE, TUIIUYHOE JUIsS
JIBYXOCHBIX CTPYKTYP B IIOCKOCTH. J[7si MpsMOYyronbHUKOB ¢ ManbiM AQO HaOI0mamuch
MarHuTHbIe CTpYKTYyphl Tuna "diamond", B TO BpeMs Kak MPSAMOYTroJbHUKA ¢ OombimM AO
umenu cTpykrypy Jlanmay co 180-rpamycHoii 6J0XOBCKOM JOMEHHON CTEHKOW MO CpeaHei
JIMHUU. MarHuTHOE CTPOCHHUE MPAMOYTOJIbHUKOB, M3TOTOBICHHBIX moa yriioMm 45° k OJIH ¢
manbiM AO mpezacTaBisieT co00il mociIe0BaTeNbHOCTh BUXPEH U aHTUBUXpel. [ OonmpInx
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ACTIEKTHBIX OTHOLIEHUM pPeaTu3yeTcsi MAarHUTHOE CTPOEHUE B BUJE "TapMolIku'. Pe3ynbTrarsl
pacueToB MOATBEPANIN HAlIEHHYIO HHTEPIPETALIHIO.

Muxpoctpykrypsl FesoMnso/Fe (001)

OpnuM U3 penieHui MpoOJeMbl MOHMKEHHS TUIOTHOCTU CIHH-TOJSPU30BAHHOIO TOKA
MEPEKITIOYCHUS] MATHUTHBIX COCTOSIHHM aKTUBHBIX JIEMEHTOB B YCTPOWCTBaX CIUHTPOHUKHU
SIBJISICTCS] KCTIONIb30BaHUE aHTH(eppoMarHeTUKoB (ADPM) [4]. Takke mpeAcTaBIseT HHTEPEC
WX UCIIOJIb30BaHUE B MPeoOpa3oBaTeNsaiX BHICOKOYACTOTHBIX CUTHAJIOB U, BO3MOXHO, B CITHH-
WHKEKIIMOHHBIX U3JTy4yaTesax U npueMHukax TI'm uznydenus [S].
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Puc. 1. MCM wuzobpakenuss mukpoctpyktyp FeMn/Fe/Mo/R-sapphire (a, 6) u 3aBucumocTn

conpoTtuBjcHus MakpomocTrka FeMn/Fe/Mo/R-sapphire oT mpuaoKeHHOI0 MAarHUTHOTO ITOJIS
B TIEPIICHIUKYJIIPHOM H TIAPAJUICIbHOM MOCTHKY TIOJISX (B).

Hamu BmepBble OBUTM HM3TOTOBIICHBI AMHUTAKCHAIBHBIE MUKPOCTPYKTYphl Fe/Mo/R-
candup, FesoMnso/Fe/Mo/R-canipup. beuta Taxke paspaboTaHa TEXHOJOTHS TOTyYEHUS
METaMaTepUasoB, COCTOSIIUX W3 HEMEPKOIUPOBAHHBIX (eppoMarHuTHBIX (PM) ocTpoBKOB
NOKPBITHIX cIutoimHON ADM-menkoid. B rereposnurakcnanbHbix @M 1 AOM cTpykTypax
ObUIM HCCIIEZOBaHbl CIUH-TIOJISIPU3AIIMOHHbIE TOKOBBIe 3¢ ¢dektel. MCM  u3MmepeHus
MO3BOJIMJIM MHTEPIPETHPOBATh MArHUTHOE COCTOSHHE CJOosi aHTU(deppoMarHeTuka 1o
MarHUTHOMY KOHTpAacTy closg (eppoMarHeTHKa B  SIUTAKCHAIBHBIX  CTPYKTypax
FesoMnso/Fe/Mo/R-canpup. B mporiecce M3roToBieHUs TaKWe CTPYKTYPhl OT)KHTaIUCh B
BaKyyMe€ BO BHEIIHEM MarHWTHOM II0JIE€ IIPH TEMIIepaType Bblllle TeMmnepaTypsl Heens, korna
aHTH(EPPOMArHETHK MEPEXOIUT B MMAPAMarHUTHOE COCTOSIHUE, a 3aTEM OXJIAXAATUCh. Takum
obpazom B ADM Bo3HUKaga OOMEHHAsi aHU3O0TPOIHs, NMPUBOIAMIAS K dPPEKTY 0OMEHHOTO
casura KpuBou rHcTepe3uca. Ha pwuc. 1 mokazanet MCM wm300paxeHus: MHUKPOCTPYKTYD
FesoMnso/Fe/Mo/R-candup, a Takke 3aBUCHIMOCTH CONPOTUBIICHUSI MAaKpOMOCTHKA U3 TaKOH
IUICHKH OT MarHUTHOTO IOJIsI, MPUJIOKEHHOTO B TUIOCKOCTH IJICHKU B MEPIEHIUKYISIPHOM U
napajielIbHOM MOCTUKY HampasieHusx. 13 MCM u3o0pakeHuid BUAHO, YTO OCh OOMEHHOM
aQHU30TPONHH HAIpaBlIE€HA BJOJIb MarHUTHOTO IOJISL, MPUIOKEHHOTO MPHU OTXKHUre. Bennunna
nojii OOMEHHOTO CJBUra, Hai/leHHass W3 M3MEPEHMH MAarHeTOCONPOTHUBICHHS MOCTHKA,
COCTaBMJIa OKOJIO 25 D. DTy K€ BEJIMYMHY MOKHO HailTu u3 MCM u3zmepenuii. MarautHoe
CTpOCHHE TMpsMOYrojbHMKa Fe ¢ acmekTHeIM OTHOIIeHueM [:2 mpencTaBiseT coOoi
cTpyktypy Tumna "diamond" y KOTOpo# miomanb IMEHTPAIBHOTO JOMEHA COCTaBisieT 1/4 oT
IUIOIIAJ BCEro MpsSMOYTOJIbHUKA. Y TpsAMOyroibHUKoB u3 FesoMnso/Fe Bciencrue
OOMEHHOr0 CJIBUTa OHa HECKOJIbKO OOJbllie 3TOr0 3HayeHus. l3mepeHue 3aBHCHUMOCTH
IUIOIIAJM LIEHTPAIBHOTO JOMEHA OT BHEIIHEro IOJis MO3BOJSET HAWTH mMojie OOMEHHOTO
C/IBHTA.

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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4. A. H. Macdonald, M. Tsoi, Phil. Trans. R. Soc. A 369, 3098 (2011).
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. 10.B. T'ynses, I1.E. 3uns6epman, .M. Muxaiinos, C.I'. Yurapes, [Tucema B JKOTD 98,
37 (2013).
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IIpumenenue TpuaHryassuuu JlejioHe IS aHAJAHM3a CTATHCTHYECKHUX
CBOMCTB MMOBEPXHOCTEMH ¢ ajicopdaTamu

AJO. Ananpimkun

! Unemumym gpuzuxu muxpocmpyxmyp PAH, 603087, Husicnuii Hos2opoo, yn. Axademuueckas, 0.7.
2 Huoicezopodckuii 2ocyoapcmeentviii ynueepcumem um. H.U. Jlobaueeckozo, 603950, Huocnuil
Hoeeopoo, np. I'acapuna, 0.23.

Jloknmax TOCBALIEH  OOCYKICHHMIO  BO3MOXKHOCTEH  METO/Ja, OCHOBAaHHOTO — Ha
TpuaHryasiuuy  JlemoHe, aisl aHaimM3a CTaTUCTUYECKUX CBOMCTB KBAa3HOJHOMEPHBIX U
JIBYMEPHBIX CTPYKTYp, TaKMX KaK MOBEPXHOCTH C ajcopOaTaMy WJIM PEHIETKH BUXpEH B
CBEPXIPOBOAHMKAX. TpuaHrymsiuus JlemoHe sBISETCS XOPOIIO HW3BECTHBIM METOJOM
OJHO3HAYHOTO pa30MEHUsI JBYMEPHOH CHCTEMBI Y3JIOB Ha TPEYTOJbHUKH, IPH STOM
pa3OmeHne MaKCHUMHU3UPYeT MHHHMAIBHBI YroJl Cpead BCEX BHYTPEHHHX YIJIOB
MOCTPOCHHBIX TPEYroJbHUKOB. TpuaHrynsus JlenoHe B3aMMHO OJHO3HAYHO COOTBETCTBYET
auarpaMMe BopoHOTo utst TOro ke MHOXKECTBa TOYEK. DTO IMO3BOJISET MONYYUTh AAHHBIC O
JUIMHE U OPUEHTALUU «CBS3€H» MEXAY COCETHUMH y3JIaMH, a Takke O pa3mepe olnacreil,
NPUXOMAMINXCA Ha OXUH y3€l, U HOCTPOUTh COOTBETCTBYIOIIME (DYHKIIMH DPacIpeesICHHS.
Pabora BbImonHeHa mpu (uHAHCOBOW monaepxke Poccuiickoro ¢onna QpyHIaMeHTaTbHBIX
uccaenaoBanuii (mpoekt 19-02-00528).

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

A.Yu. Aladyshkin'*?

!Institute 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).

78



Hcnosb30Banne CKPUNTOBBIX A3BIKOB B Iporpamme ynpasJjenuss C3M
A.T'. Temupsizen

O@pszunckuil punuan Uncmumyma paouomexnuru u d1ekmporuxu um. B.A. Komenvnurxoea PAH,
ni. Beeoenckoeo 1, @psazuno, Mockoeckas obn., 141190, Poccusi.

[Iporpammuoe  obecreuenue  (I1IO)  siBasieTcss  BaXHBIM ~ DJIEMEHTOM  pabOThI
CKaHupyromero 3oHpoBoro Mukpockona (C3M). Yacro wumenno IIO omnpepenser
¢dbyakuroHansHbie Bo3MoxkHOCTH C3M. B nmokmane Oyaytr paccMoTpensl ocodenHoctu 10,
OCHOBAHHOTO HAa HCIIOJNIb30BAaHUM CKPHUITOBBIX SA3BIKOB. [l0M0OHBINM TOAXOM MO3BOJISET
MOJIb30BaTEIsIM MPUOOPOB aKTUBHO y4acTBOBATh B PAa3BUTHHM IPOrpaMMBbI, pa3padaTbiBaTh
HOBBIE METOJIMKH, ABTOMATU3UPOBAThH BBHIIIOJHEHUE MTOCIICA0BATEILHOCTH MPOLIEAYD.

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  JIMHeapu3allUM  YCTPOMCTB  HAHO-NMO3MUIMOHUPOBAHMA M
ckanupoBanuss B C3M ¢ ucnonb30BaHHEM ONTHYECKHX [JATYUKOB M
IJIOCKUX CKAHEPOB ¢ CHMMETPUYHBIM PACIOJI0OKeHHEM Nbe30CTIKOB

N.B. Aymkun FO.U. Myparosa

«Hano cxan mexnonoeusny, 141700, 2. Jloneonpyonwiil, Mockosckas obnacms, yi. 3asoockas, 0. 7.

[IpuBeneHo omnucaHve HEIOCTATKOB HCIOJIb30BAHUSI KAaK KJIACCUYECKUX EMKOCTHBIX
JTATYMKOB TEPEMEIICHUS B CKAaHUPYIOIMIUX 30HIOBBIX MuKpockonax (C3M), Tak wu
g depeHIMaTbHBIX EMKOCTHBIX JNaTYMKOB. [IpeayiocKeHO HCIONh30BAaHHE ONTHYECKHIX
TATYNKOB ¢ (pyphe-uHTEpHOIsArel B bezoapaiBepax C3M. [IpuBenen npumep peamsanuu
MpeIOKEHHOM MeToIuKH 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

1.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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JlokaabHasi ~ HAMATHMYEHHOCTb  MATHHUTOPE3MCTUBHBIX  CTPYKTYP,
KOHTAKTHPYIOIIUX ¢ MATHUTOMEYEHHBbIMH KJI€TOYHBIMH KOMILJIEKCAMU

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

Pazpaborka wmarnutopesuctuBHblx (I'MC) mmatdopm obecneyrBaeT MOIIMHOE UX
IIPUMEHEHUE B KIMHMYECKOM auarHoctuke. lerepoctpykTypel I'MC mnpemioxensl u
MIPUMEHEHbl JUI1 H3MEPEHHs KOHLEHTpPAalud MAarHMTOMEUYEHHBIX KJIETOK. MarHutHsle
HAHOYACTHUIIbl, BKJIIOUYEHHBIC B OHOJOTMYECKYIO CHUCTEMY, BJIHMSIOT Ha HAaMarHWYeHHOCTb
miathopmel ['MC cBOoMM JIOKaabHBIM MarHUTHBIM TMOJieM. l[IpencraBieHbl pe3yJbTaThl
MOHHUTOPHHTA TOBEpXHOCTH Aatdyrka [ MC, mOKPHITOr0 OEIKOBBIMU KJIETKAMU C MATHUTHBIMH
METKaMH, CBsI3aHHBIMU ¢ aHTUTeHOM Anti-LGRS, a Taxke aHanm3 MOBEPXHOCTH, MOKPHITON
¢deppomaruutHeiMU  yacTunaMu (MNP), OenkoBeiMu KieTkamu ¢ 4vactuimamu o-FexOs.
Ocaxnenne antureHa LGR-5, cBszanHoro ¢ o-FexOs, wu3MeHsieT  JIOKaJIbHYIO
HAaMarHM4eHHOCTh, YTO JAETEKTUpyeTcsa Mo (a3oBOMy M MarHUTHOMY KOHTpAacTy Ha
noBepxHoct ['MC mumargopm. OOHapyX eH CIOXKHBIA JEHIAPUTONOAOOHBIN MpodUih
BBICYIIEHHON OHOJIOTHYecKOl CTPYKTYphbl B pexnMe AFM ckaHMpoBaHUS U pacmpesiesieHHe
MarHuTHbeIX 4actuly B MFM pexume. HaHeceHHMe MarHUTOMEYEHHBIX KJIETOK BBI3BIBAET
YBEJIMUEHUE KPUTHUYECKOTO IO MEPEKIIOUYEHUs U IEpPEKII0YEHHEe HaMarHWYeHHOCTU
BEPXHETO C€J105 Bcel TaT(opMBl.

Paborta BemmonHeHa npu moanepxkke rpantom 3.1992.2017/4.6 B paMkax KOHKypca
Hay4HBIX ITPOEKTOB, BBINOJIHAEMbIX HAYYHBIMH KOJUIEKTUBAMH HMCCIIEIOBATEIbCKUX LICHTPOB
U (WIM) HAYYHBIX JIAOOpaTopuii 00pa3oBaTEIbHBIX OPTaHU3AIMIA BBICIIETO 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-LGRS as well as analysis of the surface covered by NPs and cells
labelled by a-Fe;Os; nanoparticles has been described. Deposition of the LGRS 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 o-Fe,Os; 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/ISSP2019.45.557/SPMAPPL.9
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MarHuTope3ucTuBHbIe CTPYKTyphl Ha ocHOBe CoFeB ¢eppomMarHUTHBIX CIIOEB,
pa3nen€HHbIX TOHKUM HEMAarHUTHBIM CIIOEM, TPUBJIEKAIOT BHUMAaHHE CIEIHAIUCTOB
Omarojaps IIMPOKOMY pasHOoOpasuio obnacTell MPaKTHYECKOTO MPUMEHEHUS B HOBBIX
HUIIAX WHIYCTPUU CEHCOPOB [1—6], OnomeauimHe, 1 HHGOPMAIIMOHHBIX TEXHOJOTHIX [7—8].
brnarogapst HaMMUYUIO MIEPIICHIUKYISIPHON MAarHUTHON aHU30TPONUU U 3PPEKTy THTaHTCKOTO
marHetoconpotuiaeHuss (GMR) crpykryper FeCoB/Ta/FeCoB, Pt/Co/lr/Co/Pt wMoryT
MIPUMEHATHCS HE TOJBKO KaK CHMHTPOHHBIE YCTPOMCTBA JJIsi CBEPXILJIOTHOM 3alMCH, HO U B
KaueCTBE BHICOKOUYBCTBUTENIbHBIX IIATGOPM ISl PETUCTPALIMU MUKPO- U HAHOYACTHUIl HAa UX
MOBEPXHOCTH, & TAK)KE OMOJIOTHYECKHX OOBEKTOB (KJIETOK), MEYCHHBIX TAKUMU MArHUTHBIMU
yactuuamu. [logOop Tuna ¢eppoMarHUTHBIX YacTUI (XMMHYECKUH COCTaB HAHOYACTHII, MX
KODPILIUTHUBHAS CUJIa, HAMATHUYEHHOCTh HACBIIICHHUS, KPUCTAUNTMIHOCTE U popma) HeoOXo UM
JUIS TIPOTHO3MPOBAHUS MX MPUMEHEHHS B MEAMIIMHCKOW CHUHTpoHHMKEe. HaHowacTuibl Ha
MOBEPXHOCTU TAKOTO CEHCOpa SIBJISIOTCA HMCTOYHUKOM HEOJHOPOAHOTO0 HaMarHWMYHUBaHUS
(beppOMarHuTHBIX CJIOEB. DTOT OTKJIUK, & UMEHHO JIOKaJbHOE M3MEHEHHE HaMarHu4eHHOCTH
MOXHO JIETEKTHPOBATH C TOMOIIbI0 MAarHUTHO-CUJIOBOM MuKpockonuu (MCM).

Llenso paboTel ObT MOHUTOPUHT MoBepxHOCTH GMR-ceHcopa, MOKpPHITON OEITKOBBIMU
KJIETKAMH C MarHUTHBIMH METKaMHM, CBS3aHHBIMM ¢ aHTUreHoM Anti-LGRS, a Taxke aHamu3
MMOBEPXHOCTH, MOKPHITOH (heppomMarHuTHRIMU YacTuiaMu (NP) ¢ moMoIpo aTOMHO-CHIIOBOM
(ACM) u marHuTHO-cuI0BO Mukpockonuu. ACM- 1 MCM-u300paxeHus: ObUIN TOTy4eHbI
Ha mukpockornnie MHTEI'PA Aypa NT-MDT. Hcnonb3oBanachk IBYXIIPOXOJIHASI METOAMKA B
MOJYKOHTaKTHOM pexume. [Ipu ckanupoBanum B pexxume MCM wm3mepsuics caBur (asbl,
BBI3BAHHBII M3MEHEHHMEM MAarHuTtHoro mojs. OcHoBHas wHJes MarHUTHO-CHUJIOBOU
MUKPOCKOIIMH 3aKJIOYAETCSl B PETUCTPAIMU CHJIOBOT'O B3aUMOJIEUCTBUS MarHUTHOTO 30H/1A C
MarHuTHBIM TI0JIeM ucciaeayemoro oOpasma. Cuia MarHUTHOTO B3auMOJCHUCTBHUS F
KaHTWIeBepa © oOpasua ompeaensercs QGopMynod F=p,(g+m-V)H. DTO ypaBHEHUE

OLICHMBAET CUJTy B3aUMOJCHCTBHS MEXAY IBYMS TOUEUYHBIMU MarHUTHBIMH MOMEHTAaMU M| U
my, HAXOJAIIMMHUCS HA pACCTOSTHUE r Jpyr OT jApyra. B clydae mOpUTITUBAIOLIETO
B3auMoaecTBus (OF/0z>0) MPOUCXOIUT OTPHUIATEIIbHBIA CABUT (ha3, BCICACTBUE UYEro Ha
n3o0paxenun Gopmupyercs TEMHAs 30Ha. B cilydae OTTaJKUBAIOMIETO B3aUMOJCHCTBUS
(0F/0z>0), manpotus, Gopmupyercs cBeriias 30HA. [lockombky oOpa3ibl 00namxand HU3KON
KODPLUTUBHON CHUJIOW, OBUIM WCTOJIH30BAaHBI CIA0OMAarHUTHBIE KAHTHIIEBEPHI TOKPHITHIE
ToHKON mieHKod CoCr co cleAylonuMH XapaKTepUCTUKaMU: JUIMHA 225 MKM, HIMpUHA
32 MkM, TonmmmHA 2,5 MKM, mocTostHHas cwibl 3 H/M, pe3onancHas uactora 59 kl'm. I[lpu
ckaHupoBaHuM B pexxume MCM 30H1 nogaumancs Ha Beicoty 80 HM. Co3gaHue, aTTecTaius
U JeTalbHOE HccliejoBanne MarHUTHBIX cBoiicTB GMR-mnatdopm FeCoB/Ta/FeCoB (puc. 1)
nposeneHo B [9-13].

MgO
CoFeB (.8 nm
Ta 0.75nm
CoFeB 1.1 nm
MgO

GaAs

a b

Puc. 1. Crounosiii Bentuiie MgO/CoFeB/Ta/CoFeB/MgO/GaAs (a) u ero uso0OpakeHue,
MOJIy4EHHOE C TIOMOIIBIO IIPOCBeUHBaroNIeH 31ekTpoHHO# Mukpockonuu (TEM) (b).
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Crabunbnble coctostHus HamarHuueHHocTH it GMR-margpopm CoFeB/Ta/ CoFeB u
Nepexoabl MEXAy HUMHU CBEICHBl B JUAarpaMMy MEpeKIOYEeHUs HaMarHWYeHHocTH H-T
(puc. 2). HaGopsl pa3pemieHHBIX U 3alpeUIeHHBIX MEePeX0J10B HAMAarHWYEHHOCTU PA3TUYHBI
115t TemnepaTtypabix quana3zoHoB 2—110 K, 120-170 K u 180-300 K. IToporoBsie MarHuTHbIE
IOJI1 TEPEKIIOYEHUs HAaMarHMYEHHOCTH M COOTBETCTBYIOIIMM THII IETJIM THCTEpe3nca
OOBSACHSIIOTCS KOHKYPEHITUEH MEXIy MEXCIONHON OOMEHHOW CBS3bIO, SHEPTHEH 3eeMaHa U
SHEPreTUUECKUM OapbepoM IepeMarHuuuBaHus CIIOS.

300 B 1 1 Transitions
—a— Mol
—a— T2l T
—a— T2l
200 | —— il
—— Tl
................................ r —— Tl TT
—a— M7
—— Tle2ll
--------------------------------------- —— DTl
—e— |17

T (K)

-0.8 -0.4 OiO 0.4 0.8
H (kOe)

Puc.2. H-T gumarpamma  mepekmouyeHuss — HamarHmueHHoctd — GMR-mmatdopmbl
CoFeB/Ta/CoFeB [11].

B [14] nmoka3aHo, 4TO OTAC/IbHBIC MAarHUTHBIC HAHOYACTHUIIBI U MX aHCAMOJIM BBI3bIBAIOT
JIOKaJTbHO HEOJHOPOJHYI0 HaMarHu4eHHOCTh (eppomarautHoro ciosi CoFeB B GMR-
miatpopme CoFeB/Ta/CoFeB. B Hamiem skcriepuMeHTE HCIOJB30BAIUCH MPOMBIIIJICHHbIE
MarHutTomMe4eHHbie komruiekcbl RA Microbeads (Anti-LGRS Micro) npousBonumeie Miltenyi
Biotec, kotopsie Obun cenapupoBanbl B kojgoHke MACS. Kommieke LGRS wurpaer posb
perienropa, 00€CIEeUnBAIOIIETO MOIYJSIIUIO Tiepeaaun [-catenin B CTBOJIOBBIX KIIETKaX
[15, 16]. LGR5-mo3uTHBHBIE KJIETKH CIIOCOOCTBYIOT 3apOKACHUIO M PACIPOCTPAHEHHUIO paka
B OKEIyAKe, TMOYKaX, TOHKOM KHIIEYHHUKE, TOJICTOM KHUIIKE, BOJIOCSHOM (DOIIHKYIE,
SIBIISTFOIIIEMCSI BBICOKOCTIEITU(PMIECKUM MapKEPOM CTBOJIOBBIX KIIETOK.

Hcnonp3oBanuch 1Ba THMA MiIaTGopM s HAHECEHUS MarHUTOMEUEHHBIX KJIETOK W
OTIENbHO (eppoMarHUTHBIX dactull. [lmatdopma [ sABIANIACH CIMHOBBIM KJIAIAHOM
(CIMHOBBIM CEHCOpOM) ¢ nByMs MarHUTHBIMU ciosimu CoFeB, pasaeneHHpiMEH clioem
tantana. [Inardgopma Il sBnsmach MCEBIOBEHTHIIEM, HE MMEIOIIEM pa3EisOIIETO CIOos, a
nMenHo: iatdopma I - MgO(2,5 um)/CoFeB(1,1 uam)/Ta(0,75 um)/CoFeB(0,8 um)/MgO(2,5
uM) u twiardpopma II - MgO(2,5 um)/CoFeB(1,9 am)/MgO(2,5 HM). DTH CHUCTEMBI OBLTH
BbIpaIllEHbl Ha MOJJI0XKe (GaAs MarHeTpOHHBIM pachlbUIeHHEM. JleTanu ycioBui pocta U
JaHHBIE O CTPYKTYPHBIX M MAarHUTHBIX CBOHCTBax MOxHO Haiitu B [17-19]. O6pasusl
npejcTaBIsn coboit mactuakr GMR pasmepom 0,1 x 2 x 2 mm>. PacTBop ¢ yacTunamu RA
Microbeads B paBHBIX KOJIMYECTBaX MMOMEIIAJICS HAa TOBEPXHOCTH miatdopM (puc. 3). Bpems
cTadwim3anuu W ocaxaeHus cocTtaBsuio 10 MuH. Marautaeie Hanovactuisl (MNP),
npousBoaumslie Miltenyi Biotec, mpeacrasmismun coboit okcua xenesa FexOs; pazmepom ~ 10-
100 am. Brigenenne monosimepHbix (LNA) kierok u3 mepudepuueckoil KpoBU 310POBOTO
JIOHOpAa TPOBOAMIIA C HCIOJB30BAHUEM CTaHAAPTHOTO METOJa TPAJAMEHTa IUIOTHOCTU
(«Pharmaciay, lIsenus) (p = 1,077 r/cm?).
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a b

Puc. 3. (a) M300pakeHne KI€TOK, MEYCHHBIX MarHUTHBIMH HAaHOYACTHLIAMH HAa TOBEPXHOCTH
wiatdopmel [, MomydeHHOE € TOMOIIBIO ONTHYECKOr0 MHKpockoma. (0) Dcku3 mnardopmel
GMR 1 MarHuTHOTO MOJISI PacCEsTHUS OJMHOYHOTO ()ePPOMATHUTHOTO MUKPOLIAPHKA.

XKuznecnoco6HoCcTh (V) KIIETOK paccunThiBain B KynbTypax OLS B komHate Goriaev ¢
TPUTIAHOBBIM CHUHUM, OKpammBas MepTBbie KieTku. OOmee komumdectBo kietok OLS (7)
cocrasnser 6,1 x 108, konmyecTBo *KUBBIX K1eToK (L) coctaBnser 5,92 x 10°, uncio MepTBBIX
knetok (D) coctapuser 0,18 x 10%, xu3Hecrnoco6HOCTs - 97%. MoOHOHYKI€apHbIE KIETKHU
(mpubmusutensHo 1,55 x 10° ki1eTok / M) KyIbTUBHPOBamM B 24-TyHOYHOM ILTAHIIETE B
1,5 mn1 cBoOoaHOM OT chiBOpoTKU cpenbl Iskov (Sigma-Aldrich, CHIA), comepxameit 10%
YEJIOBEUECKHI CBIBOPOTOUHBIN anbOymuH (Microgen, Poccus), 2 MM L-rnyramuHa u
30 MKr / MIT TeHTaMullMHA, B TedyeHue 24 yacoB mpu 37°C, B yBIaxXHEHHOU aTtmocdepe,
conepxkarieit 5% CO,. Uepes 24 vaca nocne KyabTUBUpOBaHusi oTHouienue 7, L, D, V nns
OJTHOCJIOMHBIX U JIBYXCJIIOHHBIX CITUHOBBIX JIATYUKOB ObLIO ciaexytomum (cM. Tabmuiy 1).

Tab6auna 1. Tunsl 00pa3oB U KOHIIEHTPALIMS MATHUTOMEYEHHBIX KIIETOK, HAHECEHHBIX
Ha AByX Tumnax miatdpopm GMR.

[Tnardopma II [Mnatdopma I DTanoHHBIN 00pazer]
T 1,42 x 108 1,46 x 10° 1,52 x 108
L 1,38 x 10° 1,40 x 10° 1,48 x 108
D 0,04 x 10° 0,06 x 10° 0,04 x 10°
14 97% 95% 97%

CkaHMpOBaHNE MOBEPXHOCTH CEHCOpPA MAarHUTHBIM KaHTUJIEBEPOM ITO3BOJISIET BBIIBUTH
poab  3apoxaeHus (Pa3oBOro MpEBpallleHHs, a TaKXkKe OIpPEIeNUTh CTaTHCTUYECKOE
pacmpesneseHHe YacTHI] W HX BIMSHHE Ha OOIIyI0 M JIOKAJbHYI0 HaMarHWYEHHOCTD
ratopmbl. HU3KkMii MarHUTHBIIE MOMEHT KaHTWJIEBEpA MPEAOTBPALIAET IepeMarHiunBaHIe
MOBEPXHOCTHOCTH KAHTHJICBEPOM BO BpEMsS CKaHUpOBaHUS. lIcXomHas MOBEPXHOCTH
obopasuoB I u Il Owpmma rmagkoir (mepoxoBarocts ~ 0,1 wMm). Kaxnmas mmatdopma
CKaHMpOBaJach TPH pa3a: HadajdbHas IIOBEPXHOCTh, OYMIIEHHas YibTpa3BykoM (1),
MOBEPXHOCTh C HAHECEHHBIMH HaHouyacTULAMH (0e3 MarHUTOMEUEHHBIX KIETOK) (2),
MOBEPXHOCThH C BBICYIICHHBIMH KJIETKAaMH, MECYCHHBIMH OJHUMH M TEMH X€ HAaHOYACTHUI[aMU
(3). Uccnenoanue nByxcrnoitnoit mmiargopmer [ meromamu ACM u MCM mno3Bonwio
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BBICIUTH OTJAENbHbIE MHUKpomrapuku (microbeads) [puc.4a u 4b]. CooTBeTcTBYyROIINE
penbedbl TOBEPXHOCTU TMpEACTaBiIeHB Ha pHUC.4c W 4d. AHajnoruyHble CKaHbl OBLUIH
MOJTy4YeHbI I olHOCTIoHHOTo 00pasua 1.

Opm 20 40 Opm 20 40

0 e 50.5¢
50.5C
20 § 50.4E
50.4C
50.3E
2 50.3€
a
14] 0,06-
12] !* 004] i ;
10] ' pl 002] & ;3 :
8] Af ,,I‘ s ool (it NE M, A
£ 6 Ve gt e % . -§, V- * f_ ! 3
€61 i fil ot > 0,02] RN
< ¥ oo Wl My
21 j \J M H \\ 0,06 oy & Ly
g' -0,084 P
“2°0 2 4 6 8 10 12 14 16 20 2 4 6 8 101214 16 18
x, mkm X, mkm
c d

Puc. 4. ACM (a) u MCM (b) uzobpaxenus nosepxHoctd GMR-mmatdopmer  FeCoB ¢
MarHUTHbBIMH HaHoudactuiamu MNP Ha noBepxHocTu. [Ipodunu (1) n3oOpaxkeHuii B pexxumMax
ACM (c) u MCM (d).

[Tpopuns MCM-u3zo0pakeHus] TUIUYHOTO OJWHOYHOTO MHKpoIapuka (puc.S) ObLT
anmnpoOKCHUMUPOBAH METOJIOM, NTPEAIOKEHHBIM B [20].

13,520
13519}
. |
= 13,518}
\4\'\ |
13517}
13516}
0.7 0.8 09 1,0
X, pm

Puc. 5. [Ipopms MCM-u300pakeHHs] TUITHIHOTO OAMHOYHOTO MHKPOIIAPHKA, HAHECECHHOTO
Ha matgopmy I (kpyru) u ero annpokcumanus (CIUIOIIHAS JTHHUS).
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N3BectHO, uTO caBur yactoTsl MCM-kanTunesepa Af mponopruoHaneH MarHUTHOMY
MOMEHTY M OTJIEJIbHOM YaCTHUIIbI, IOMEIIEHHON Ha MOBEPXHOCTH [20]:

AfF=6nMsd*c(h)’! (1)

rae Ms - HAMarHWYeHHOCTh OJHOW 4acTHIBI, d - AMaMeTp uYacTHUbl, i - mombem, c(h)' -
MMOCTOSIHHASI MPONMOPIMOHATIBLHOCTH, OmpeesieMas U3 3aBUCUMOCTH Af(h), u3mepeHHas s
HaHouacTull o-Fe;O3; u3BecTHoro pazmepa (50 HM) U ¢ U3BECTHON HaMarHWYeHHOCTHIO. Kak
Ob10  mToKazaHo B [20], cABUT YACTOTHI JIOCTHUTAeT CBOErO0 MaKCMMyMma, Korja
HAMarHWYeHHOCTh  c(eprueckoil  YacTUIBI  BBIpaBHUBAETCS  BepTUKanbHO. OlleHKa
MAarHUTHOTO MOMEHTA OJJHOTO MHKPOIIAPHKA MPUBOAMT K 3HaueHumsM m ~ 1.2:10713 emu =
1.2:107 ps, uTo cootBercTBYyeT N ~ 107 CIMHOB Ha OHY 4YacTHIly. JIMIIONBHOE MATHUTHOE
B3aMMOJICHCTBUE MEXAY (EepPpOMATHUTHONW MOBEPXHOCTHIO U MATHUTHBIMU YaCTUIIAMHU HE
YUUTBHIBAIOCH. JTO B3aUMOJECHCTBUE YMEHbBIIAET 3 (PEKTUBHOE MOJI€ pacCesTHUS, U3MEPEHHOE
¢ nomompbio MCM. BropeiM dakTopoM, ymeHbaomuM 3(QeKTuBHOE Toje paccesHHs,
SBIIIETCS HEU3BECTHOE pacIpelieJieHue M B3aUMOJEWCTBHE HAHOYACTHI] BHYTPH OJHOTO
MUKpoIIapa. B OCHOBHOM, B3aMMOJICHCTBHE MEXIy YacTUIAMU YMEHbINaeT 3((HEeKTHBHOE
noJie paccessHus. Takum o6pa3oM, ObLIa MMOJTydeHa HUOKHSS TPaHUIIa 3HAYEHUS M.

Ocaxnenue antureHa LGR-5, MeueHHOro TeMM k€ MUKpOIIAPUKAMH, IO3BOJIUIO
BBISIBUTH CJIOKHBIN JEHAPUTONOMO0HBIN MPO(UITHE BRICYIICHHOW OMOJIOTHUYECKON CTPYKTYPHI
B pexume ACM (puc. 6a). Ha MCM-u3o6paxkenuu (puc. 6b) pacrpeneneHus: MarHUTHBIX
Y4acTHI[ B OMOOOBEKTE HE y/1aJIOCh OOHAPYKUTh.

O pum 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) u300paxkeHHsI TTOBEPXHOCTH 00pas3la ¢ MarHUTOMCUYCHHBIMHU
kietkamMu LGR-5 Ha noBepxnoctrt GMR-muathopMel.

Pazmuune nzoOpakeHuil, moaydeHHbIX B IByX pexxknuMmax (ACM u MCM), yka3bsiBaeT Ha
OYCHb CHEeUU(PUYECKYI0 KOHQUTYpPAIMIO IOJIi MArHUTHOTO PACCESHHUs, CIOXKHYIO JUIs
KOJIMYECTBEHHOI0 aHaiu3a. MarHuTHbIE HaHOYACTHUIBI, PACIPEACICHHBIE B JUAMarHUTHBIX
cpeaax, ObUIM JOBOJBHO JajJeKHM OT MarHUTHOro kaHtuiesepa. Meronx MCM He cmor
OTJIIMYUTh UX NOJs paccessHus. [1ockonbKy MarHuTHOE M300pakeHHe OAHOTO MMKpOIIApHUKa
HE MOXeET ObITh u3BJe4eHO U3 MCM-u300paKeHHs: OCaXIEHHOW KJIETKH, ONMCAHHBIC BBIIIE
SKCIIEPUMEHTHI ¢ HAHOYACTHLIAMU B OTCYTCTBUE CTBOJIOBBIX KJIETOK SIBIISIFOTCS MOJEIbHBIMU
SKCIIEPUMEHTAMHU, IPUBOJSAIIMMH K aHAJIOTUYHBIM U3MEHEHUSIM B IETJIE TUCTEPE3HCA, KaK B
Clly4ae OCaXKIEHHUS KIETOK C MarHMTHBIMM 4YacTuuamu. lleTnm MarmuTHOrO rucrepesuca
Obutn mosyyeHsl Ha MarHutomerpe Quantum Design SQUID MPMS 5XL npu kKoMHaTHON
Temmnepatype. MAarHuTHbIA THUCTEPE3UC JBYXCIOMHOM M MOHOCIOMHOW CHCTEMBI MpH
T=300K mo (puc. 7a u7c) u nocne HaneceHus: (puc. 7b u 7d) MarHUTOMEYEHHBIX KJIETOK
JNEMOHCTPHUPYET 3aMETHBIC U3MeHEHUs. HaneceHne MUKpOIIAapUKOB MArHUTHBIX HAHOYACTHUIL
BBI3bIBACT YBEJIMYEHUE KPUTUUECKOIO IMOJI NMEPEKITIOUEHNUS U U3MEHEHUE HaMarHUYEHHOCTU
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cTabmibHOrO coctostHus 1atdopmsl I (puc. 7a u 7b). Ha mnardopme 11 nmosiBuics 60xoBoit
TUCTEpE3UC W U3MeHwWwiIcs HakioH dM/dH B nuanazone 0,1-0,4 kOe mocne ocaxacHUs
MHUKpPOIIAPUKOB Ha TMOBEPXHOCTH (puc.7c m 7d). DTu U3MEHEHHs B METJIAX TUCTEpe3rca
wiatgopm | u Il He mMoryt ObITh OOBSCHEHBI TOMOJHUTENIBLHBIM BKJIAJOM MUKPOIIAPUKOB
HaHoyacTull. JlIs TOATBEepKIEHHS ObUI TPOBEJACH IPOBEPOYHBIN HAKCHEPUMEHT C
MCIIOJIb30BAaHUEM JIMAMarHUTHOTO KPEMHHUsS B KauecTBe MiaTdopMbl. J[MaMarHUTHBIN BKIaJ
MOANOKKK Si  OBbIT  BbIUTEH. MArHUTHBIM THUCTEPE3UC OT MHKPOMIAPUKOB 0-FexO3,
3aKpEIUICHHBIX Ha MOBEepXHOCTH Si He Obu1 oOHapyxkeH mpu 7 =300 K (puc. 7e), aumib
He3HauuTeNbHas et obuta 3adukcupoBana 7' = 2 K (puc. 71).

10 " . 10 B I

M, 10%emu
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a b
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o
b
S0
-10 A
0—0—0-0
-0,2 -0,1 0,0 0,1 0,2
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2,0x10% 5 ox10% L
300K 0 - {
‘ Y [N aaRte
1,0x10° ° a4 S
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= @ =
£ 5 o ©
S 0o} 8 < 0,0} °
= ® o
(¢} 4 (J &
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Puc. 7. MarautHble neTau ructepesuca AByxciaoiHoil miatdopmel (I) (a, b) m MoHOCTOMHON
cucteMbl (II) (c,d) mpu T=300K 10 u mocie HaHeceHHs (EPPOMArHUTHBIX YACTHIL

COOTBETCTBCHHO. M3MeHeHU,

BBI3BAHHBIC

ocaxxaeauemM NP,

OTMCUYCHBI  CTPCJIKAMMU.

MarsuTtHbli ructepe3uc Si-mat(opMbl ¢ HAHECEHHBIMU (DEPPOMArHUTHBIMU YacTUIAMU TIPH

T=300K u T'=2 K coorBeTcTBeHHO (€, f).



AHaJOTHUYHBIE JaHHBIC O METIAX rucrepesuca B o-Fe,O3 HaHOUYACTHIl OBLIM IMOJIYYEHBI
IpyruMu  ucciaenoBatensiMu B [21,22]. MOXHO OIIEHUTHh KOJWYECTBO dacTull NP,
BKJIIOYEHHBIX B Mukpommapuku N ~ 6 100, u3 namaraudennoctu Hacwimenus M ~ 25 emu/g,
MAarHUTHBIH MOMEHT d4acTtuilbl NP paBeH m ~ 3,2 10'"° emu. MOXHO 3aKJIIOYHTH, YTO
u3MeHeHne netrnum ructepesuca miaargopm I um Il oOycrmoBrneHo B3anMOAEHCTBHEM
(beppOMarHUTHBIX MHUKPOLIAPUKOB U TOHKHUX (PEPPOMArHUTHBIX IJICHOK, YTO YKa3bIBaeT Ha
Bo3MokHOCTh ipuMenenust CoFeB(1,1 uam)/Ta(0,75 am)/CoFeB(0,8 HM) CTpyKTyp B KauecTBe
OMOCEHCOPOB.

Jlist oObsSCHEHUs B3aMMOJICHCTBHUS (EPPOMATHUTHBIX MHKPOIIAPUKOB W CIHUHOBBIX
BEHTHJICH pPAacCCMOTPUM 4YEThIpE YCTOWMYMBBIX coctosiHus M;, M>, M3, My nnatdopmsl I,
MPUBEJACHHBIE HAa  pHC. 82, KOTOPBIE COOTBETCTBYIOT  pPA3IUYHBIM  KOMOWHALUSAM
HaMarHM4eHHocTe cioeB. M; u My COOTBETCTBYIOT NapajluieIbHON OpUEHTAlUU
HaMarHM4YEHHOCTEH BEPXHEro U HUXKHETO ciioeB My u Mp BAOIb U MPOTHUB MOJOKUTEIBHOTO
HanpawjieHusd noJis H cooTBEeTCTBEHHO; M> M M3 COOTBETCTBYIOT aHTUIMAPAIIEIBLHBIM
B3aMMHBIM opueHTanusM My u Mp. CXeMaTU4ecKu OpPHEHTALMU M300paKEHBI Ha BCTaBKaX
puc. 8a.

‘« CoFeB (0.8 nm)

Ta (0.75 nm)

CoFeB (1.1 nm)

| }

a b

Puc. 8. (a) Cxemaruyeckoe H300pakeHHE OPHEHTAIMM HAMAarHMYEHHOCTH KaKI0TO
(dheppOMarHuTHOIO ¢iiost oTaenbHO. (b) DHepreTuueckas AuarpaMMa ¥ MOJACIHUPOBaHHE IMETEIIb
rucrepesuca rmiatpopmsel . Ha pmarpamMmax CIUIONIHBIE JIMHUM OTBEYAKOT  ITOJICBBIM
3aBHCUMOCTSIM 3€eMaHOBCKUX dHepruit E (H) mist M; (3enensit), M, (¢puonmeToBwiii), M;
(opamxeBbIit) 1 My (CHHUI) MarHUTHBIX COCTOSTHUH; IITPUXOBBIC JIMHUW SIBIISTIOTCS KPUBBIMU
JUIS TeX JK€ COCTOSIHWW, CIBUHYTHIX BBEpX M3-3a Oapbepa anmzoTponuu. [loms mepexonos
MEXIYy COCTOSHHSIMH OMPEICISIOTCS TOYKAMU, TJ€ CIUIONIHAS JIMHUS JUIS TPEIBIAYIIETO
COCTOSIHUSI TIepeceKaeT IYHKTHPHYIO JIMHUIO IS CIEAYIONIEro cocTosHus. [lomyxupHbie
CTPEJIKU YKa3bIBAIOT TPACKTOPHIO CUCTEMBI JUIS HAMPABJICHUS PAa3BEPTKU B BEPXHEM HWKHEM
mosie. ToyedHbIC JTUHUM YKa3bIBAIOT HA COOTBETCTBUE MEXKIY KPUTUYCCKHUMH TOYKAMHU Ha
SHEPTeTHYECKON TUarpaMMe M TOJISIMU TIEPEKITIOYCHUH Ha TEeTIISAX THCTEPE3nca.

[TockonbKy TOMMIMHBI BEPXHETO M HIXKHETO CJIOEB PA3IMYHBI, COCTOSIHUS M> 1 M3 MeroT
HEHYyJIeBO€ TMoOJiHOe HaMmarHuuyuBanue. Ilomnass kapra (nuarpamma 7-H) pa3auyHBIX
COCTOSIHMM JUTsl TAKOW JABYXCJIOWHOW cucTeMmbl onricaHa B [11]. Kak Op110 mokazaHo B pabote
[11], mnepexmioueHwe JABYXCIOHHOW miaatopMbl BO BHEIIHEM MAarHUTHOM  IOJiE
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KOHTPOJHMPYETCS CyMMOW OOMEHHOTO B3aumonelcTBus [eiiseHOepra Mexay IByMs
dbeppoMarauTHbEIMU ciosmu Eex = - J-(My-Mp), 3eemanoBckoit aHeprun Ez = - (H-My) -
(H-Mp), xoTOpasi COOTBETCTBYET BHEIIHEMY MAarHUTHOMY IIOJIF0, U MAarHUTHON aHU30TPOMUU
Es = - (Kus'S + Kps'S), kKoTopast oTBe4aeT 3a oOpa30BaHHME JHEPreTHYECKOro Oapnepa,
Pa3IeINSIONIero Pa3InyHble COCTOSIHUSI CUCTEMBL. My 1 Mp - MarHUTHBIE MOMEHTHI BEPXHETO
(cBOOOTHOTO) CJIOSI W HWXKHEro (3aKperyIeHHOTO) CJosl, COOTBETCTBEHHO. Kys W Kps
MPEJICTABISAIOT CO00I KOHCTAHTHI aHU30TPOIUY BEPXHETO M HIDKHETO CIIOEB TeX ke o0yacTeit
S. 3aBUCUMOCTH 3€€MaHOBCKHX PHEPTruil OT MArHUTHOTO OIS JUIsi cOCTOSTHUM M), M>, M3 u
M} oKa3aHbl TOHKMMH CIUTOITHBIMU JIMHUSIMU Ha puc. 8b.

Tekymee coctosiare tiargopmsl [ OyneT Takum, e SHEPTH OYIET caMOW HU3KOM.
BnusHue MarHUTHOM aHW30TPONMM SKBUBAJICHTHO JOIOJHUTEIBHOMY IOTEHIMAIBLHOMY
Oapbepy, pa3leNsAoLeMy MarHUTHBIE COCTOSIHMS IUIaT(OpMbl. MarHuTHas aHU30TPONHUs
C/IBUTA€T SHEPTHIO COCTOSIHUS BAOJb OCH E (IyHKTHUpHBIC TUHMM Ha puc. 8b). Cuctema He
BBIXOJUT U3 TEKYIIEro COCTOSIHUS (CIUIOIIHAS JIMHMS), IOKa MarHUTHOE IOJI€ HE JOCTHTHET
MOPOTOBOTO 3HAYEHUs, JOCTATOUYHO CHIBHOTO, YTOOBI MPEONoyIeTh Oaphep (pasHULIa MEXITY
MMYHKTUPHOM M CTUIOIITHOM JIMHUEH).

Yyer MarHuTHOM aHHU30TPOIIMU BepxHEro cios Ky ¥ HUKHEro Kp IO3BOJIUI
BBIUUCIIUTh ITOPOTOBBIE MAarHUTHBIE MOJS MEPEKIIOYEHUs,, HEOOXOIUMBIE IJIs INEPEXO0J0B
MeXIy cocTostHusIMU M, Mo, M3, My [S]:

21E,, |-K
Hl—l = ;L, v
v (2),
g 22 E;‘.(/Il K,
b 3),
= KD
2-3
2M, - M ) @,
2| FE K
H,y =~ | 2E;J|+ °
b (5),
2E,, |+K
t =1
v (6),

[letna rucrtepesuca, kotopas HaOmomaercss ans MmiaaTgopmbel [, 3aBUCHT OT
MarHMUTHON aHM30TPOIHUU HUKHETO (3aKpeIieHHOro) cios. B mnatdopme I ero 3Hauenue
IIPEBBILIAET [IOPOrOBOE 3HAUCHHUE:!

M D -M U

v (7)
B 3TOM ciydae meTras MarHMTHOTO THCTEpe3uca COACPKUT Tpu mnepexona M; — Mo,
M> — M3 u M3 — M,4. CooTBETCTBYIOIIME TOJIS NIEpEXOa ONPEAEIAI0TCS ypaBHEHUAMU (2),
(4) u (6) cooTBeTCTBEHHO. TakMM 00pa3oM, MarHUTHBIA THUCTEPE3UC CIIMHOBOTO BEHTHJIS
COJZICP)KUT BHYTPEHHIOIO TETII0, COOTBETCTBYIOIIYIO NMEPEMAarHUYMBAHUIO HUIKHETO CJIOS U
JIBYX BHEIIHUX I€Teb, COOTBETCTBYIOIINX MNEpEeMarHMUYMBAaHUIO BEPXHEro ciosi (puc. 7a u
8b).

Kputnueckne marautHbeie nofis nepekitouenus (CMF) mexny cocrosausimu M, Mo,
Mswn My coctasmsitor Hi.2=211 Oe, H2.3= 0 Oe, H3.4=-208 Oe, u3MepeHHbI€ C TOYHOCTHIO T
2-3 Oe. YpaBHeHus (2-6) mo3BoJMIN OLIEHUTh KOPPEISIIUOHHBIE 6apbepbl 0OMEHHOM SHEPTHH
u armsorponuu ripu T = 300 K: T = 300 K: Egx = — 0.01 mJ/m?, Ku/S = 0.02 mJ/m?, Kp /S =
0.04 mJ/m? nns mardopmsl 1. Bapsepsl anuzoTpornuu as mwiatdopmsl 1 cocrasnstor K, =
41 erg/ cm® Kp = 68 erg/ cm’. Ocaxx/eHre HAHOYACTHI[ HA TIOBEPXHOCTH MPUBENO K JABYM
TUIIAaM U3MEHEHH, OTMEUYEHHBIX CTpeJIKaMH Ha puc. 7b u 7d:
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1) yBennueHHe KpPUTUYECKOrO MarHuTHOro mojsa mnepekiaoueHus (CMF) H>;
BHYTPEHHETO TUCTEpe3ucHOT0 KOoHTypa 10 50 Oe Ha mutatdopme I,

2) BHeIIHUHN BUJA OOKOBOW HapyKHOW meTin rucrepesuca Ha ruargpopme II. Moxno
OLIEHUTh MarHUTHBIA MOMeHT m ~ 1.2-10"*emu u xonmuecTBO MuKpomiapukos (microbeads)
N = 6-10° na nnatpopme I, 3aMeHsis HOBOE 3HAYEHHE KPUTHUECKOTO MATHUTHOTO OIS
nepexitouenuss CMF (H2.3= 50 Oe) B (4).

Orto 3HayeHue B 100 pa3 BpllIE MO CPAaBHEHUIO C YHUCIOM MarHUTOMEYEHBIX KIIETOK,
00CyX/TaeMBbIX B COOTBETCTBYIoIIeM HKkcrepuMeHnte (cm. Tabmuiy I). Ecim mpunsATe BO
BHMUMaHUE KOHCTAHTY MarHUTHOM aHU30TPOINUU BEPXHETrO W HUIKHErO CJIOEB, ypaBHEHHE (4)
MOKHO MCIIOJIb30BaTh JIsl 0OBSICHEHUSI U3MEHEHUIN B KPUTUYECKOM MarHUTHOM moje /.3 3a
CUET yMEHBIIECHUS HAMarHWYEHHOCTU BEpPXHEro cios My, TOABEPrHYTOIO OCAKICHHUIO
HAaHOYACTHI] Ha €ro MOBEPXHOCTh. [OCKONIBKY MEXCIOoiHOE 0OMEHHOE B3aMMOJCHCTBHE HE
MOJKET OBITh YYBCTBUTEIHHBIM K OCa)JIEHHUI0 yacTull NP, Ta ke camasi mpuauHa peryaupyer
u3MeHeHus H;.> m H>3 KpUTHYECKOTO MArHUTHOTO IIOJIA MEPEeKIIoueHuss B 0OpaTHOM
HaNpaBICHUU MarHuTHoro mousis (cM. ypaBHenus (2) u (6). Ilmardopma Il He mposiBisier
HUKAKOW BHYTPEHHEH TMETJIH, a BHEITHUE METIN HAOII0MAI0TCS MOcie ocaxaeHus yactull NP
(puc. 7). DTOT PakT MOXXHO OOBSCHUTH MOBOPOTOM HAMArHMYEHHOCTH CBOOOJIHBIX YACTHIL
NP, conpoBokIaroiux MU3MEHEHHs B 00JacCTH pa3BepTKH MArHUTHOTO TMOJS WJIH LIEHTPOB
NUHHUHTA, COOTBETCTBYIOIIMX MuKpomapukam. Ilons paccesnus wactury NP crnocoOHBI
TeHepUpPOBaTh JIOKAJbHbIE NMPENATCTBUS U M3MEHATh MPOILECChl HAMAarHMYMBAHUSA B TOHKOU
mienke CoFeB [23, 24].

Takum oOpa3oM, SKCIEPUMEHTAJbHO MOATBEPKACHO BIHUSHUE MAarHUTOMEYEHHBIX
KIIETOK, (DYHKIIMOHAIM3UPOBAHHBIX MArHUTHBIMH dYactuiiamud o-Fe;O3; Ha MarHuTHBIC
cBoiictBa cnuHOBbIX KianaHoB MgO/CoFeB/Ta/CoFeB/MgO/ GaAs u MOHOCIOHWHOM
cucrembl MgO/CoFeB/MgO/GaAs. UyBCTBUTEIBHOCTh TOJS MEPEKIIOYEHUS K YacTHIIAM
cocraBisier ~ 5 10* marmuToMedeHHBIX KieTok Ha 1 Oe, T.e. JOCTATOYHO BBICOKAS JUIS
HAJEeKHBIX  M3MEPEHUN  KOHIIEHTpAlMM  KJIETOK.  MarHuTHble TIOJsSI  paccestHus
(beppOMarHUTHBIX MHKpPOIIAPUKOB, 3aXBAUYEHHBIX KJIETKAMH, HW3MEHSIOT KPUTHUYECKOE
MarHUTHOE II0JIE TEPEKIIOUEHHUS, KOHTPOJIMPYEMOE KOHKYPEHIMEM MEX1y MarHUTHON
AHU30TPOIHEH, MEKCIOCBOM OOMEHHOW CBSI3bI0 M JHEpPrue 3eeMaHa B CHHTETHYECKOM
beppyMarHeTuke ¢ TEPHEHIUKYIIPHON aHu30Tponuei. JlokampHOEe MarHuTHOE TMOJIe
HAHOYACTHI] M MX BIUSHUE HAa (EPPOMATHUTHYIO IJIEHKY COOTBETCTBEHHO OIICHMBAIIUCH C
MIOMOUIBIO PE3YJBTATOB MAarHUTHO-CUJIOBOM MHUKpOCKONHHU. PaccesHue MarHMTHBIX IOJIEH
YaCTHI[ yBEJIMUYMUBACT MarHuTHoe moje nepekaoueHuss GMR-mmardopmer go 240 Oe uz-3a
YBEJIMYECHUSI HAMArHUYEHHOCTH CBOOOIHOTO CJIOSI.
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investigated. The influence of charge density waves and opacity of potential barriers on
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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 7=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 (V:ip) as well as the back-gate voltage (V) 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 /4c = 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 %, = 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 (4:p ~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'=4.2 K). 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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