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Cxannpyrwmas 30u10Bas Texauka HT-M/IT — npu0opbl 1 BO3MOKHOCTH

B.A. beikoB, Au.B. beikoB, A.A. beikos, FO.A. bo6pos, B.B. Koros, C.1. JleecmenT,
B.B. IlonsaxoB

000 «HT-M][T», . Mockea

Ckanupyromiasi 30HA0Basi MHUKPOCKOIHS BO3HMKJIAa B Havaie 80-x romoB 20-ro Beka.
CymectBeHHOe pa3BuTHe pbiHKa C3M  Havanoch Tocle M300pETCHHsS] CKAaHUPOBAHUS
BHOPUPYIOIIUM Ha PE30HAHCHOM YacTOTE KaHTHUJIEBEPOM — «TEIIMUHI» MoJia. B mociennue roapl
ObUTM pa3paboTaHBl CHCTEMBI AJANTHBHOW JIOTUKH, MO3BOJISIONIME CO3[aBaTh MPUOOPHI C
3JIEMEHTAMH MCKYCCTBEHHOT'O WMHTEJUIEKTA, YTO CYIIECTBEHHO CHHYKAET TPEOOBAHHUS K YPOBHIO
npodeccuoHanu3Ma MoJIb30BaTeNs MPUOOPOB. YiKe B HACTOSAIIEE BpeMs B (PYHKIHSIX TPUOOPOB
BBEJICHA BO3MOXKHOCTh OBICTPOTO aBTOMATHYECKOTO I0J00pa IapaMeTpPOB CKAaHUPOBAHUS B
«Tenmuury mone, 4TO AeNaeT aTOMHO-CHIJIOBBIE MUKPOCKOIBI Halled KOMIIAHUM JOCTYITHBIMU
JUISl TEXHOJIOTOB, MAaTE€pUAJIOBEJOB M, JaXKe, LIKOJIbHUKOB, Ja€T BO3MOXKHOCTb I10Jy4YaTh
BBICOKOKAUECTBEHHOE N300paKeHHE TOTOrpaduu MOBEPXHOCTH.

CoBpemennble mMonenun Hamux ACM NT-MDT mno3BoSSIIOT TOJHOCTBIO aBTOMATHYECKH
HacCTpauBaTh IapaMeTphl CKAHUPOBAHMS B TMOJYKOHTakTHOM pexume ACM (Mmoxynb
ScanTronic): ammuuTy1y KojeOaHWi KaHTHIIEBEpa, 3HAUCHUE paboueii aMIUIMTY bl KOJICOaHHUH,
KOd((UIIMEHT YCUIIeHUs 00paTHON CBSA3H, CKOPOCTh CKAHUPOBAHUSI.

Hnst uccnenoBanust (parMEHTOB HMHTETPATBHBIX CXEM CO37aHa MOIIHAas CHCTeMa —
CKaHUpYIOIUi 30H70BbIH Mukpockon BEI'A, mo3Bonstomuii pabotaTh ¢ 00beKTaMu MO0
200200 mm? IpUA ATOM IOJIydaTh aTOMapHOe pazpeuieHue, 3)(PEeKTHBHO W MHOTOKPATHO
MPOU3BOJIUTH HCCIENOBAaHUS (ParMEHTOB HWHTETPAIbHOM CXEMbl B Pa3lUYHBIX YdacTKax
IUIACTUHBEL.

MOXHO yBEpPEeHHO KOHCTATHUpPOBATh, YTO K HACTOSIIEMY BpeMeHHM B Poccuu BBITTOIHEHBI
pa3pabOTKU ¥ OPraHW30BAHO TPOU3BOJCTBO TMPAKTHYECKH TIOJHOTO, 33 HCKIIOUYEHHUEM
CBEpXBBICOKOBaKyyMHBIX C3M, komriuiekca mpuOOpOB M METOAOB JUIS UCCIEIOBAaHUS MUKPO- U
HAaHOCTPYKTYp C UCIOJIb30BAHMEM CKaHUPYIOIIUX 30HIOBBIX MUKpOCKOMNOB. [yt mabopatopuit —
co3znanbl npubopsl auHun MHTEI'PA, s cucrembl 00pa3oBaHMs B IIKOJNAX U KOJUIEKAX —
oromkerasie, HO gocrarouHo MomrHble HAHODIBIOKATOPe u COJIBEP- HAHO, a mus
HCCIIEIOBATENILCKUX paboT — MpUOOpHI KpaTKO OMHMCAHHBIE B HacTosmied cratee. Cremyer
OTMETUTh, YTO pA3BUTHE HAHOANJICKTPOHUKH, CO3JaHUE HOBOM JJIEMEHTHOW 0a3bl JaroT
BO3MOXXHOCTh JAIBHEWIIIETO COBEPIICHCTBOBAHMS MPHOOPOB, Bce Oojee U Oonee BHEIPSITH
CHUCTEMBbl HCKYCCTBEHHOTO WHTEUIEKTa B TMPOrpaMMHOE OOEeCredeHue ¢ pPacKphITHEM
BO3MOXKHOCTEH pa3BUBAIOIICICS AJIIEMEHTHOM 0a3bl KOHTPOJIEPOB CPOK MOPAIBHOTO CTAPEHUS
KOTOPBIX CETOIHS COCTABIISIET OKOJIO 5 JIET.
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Omnpepnesienue ¢ nomombio ACM moayJieil ynpyroctu noJBemieHHOro
CTEeP:KHe00Pa3HOro 00bEeKTa B UCIIBITAHNU HA U3rU0

A.B. AHKVHI/IHOBl, AA. KpaCI/IJ'II/IHl, M.M. XaJ'II/ICOBl'Z, E.K. Xpal'IOBal

'\OTU um. A.®. Hopepe, 194021 Canxm Ilemepbype, yn. [lonumexnuveckas, 26
2UD um. U1 Iasnosa, 199034 Canxkm-Ilemepbype, nab. Maxaposa, 6

Hedopmanuu Hecymied Oajlku MOXHO paccyuTaTh [0 Teopuu ympyroctu. HMHrepecHa
oOpaTHasi 3ajaya — [0 PErUCTPUPYEMOMY OTKIMKY OaJlKM Ha MPUIOKEHHYIO Harpysky,
OTIpEeNIeNIUTh YIIPYrue MOyIu Marepuaia. B mpubmmkenun cnabbix U3ruOoB cTepykHer Ditnepa-
bepuymiau monynes FOHra Gajku ¢ 3aMypOBaHHBIMU KOHIIAMU ONpezensercs €€ »KECTKOCTBIO
BCEr0 B OXHOW BbIOpaHHOW Touke. IlpuOmmkeHnio THUMOIIEHKO, YYHTHIBAIOIIEMY Kak
negopmanuio MU3ruba, Tak M CABUra, A BblUMCIEHUs Monyiedl FOHra um ciasura, Hy>KHBI
3HAYeHUs JKECTKOCTH, MUHUMYM, B JIByX TOUKax Oaiku. B oOmem ciydae BBISBUTH MOIYJH
YIPYroCTH MOKHO TOJBKO TOI'ZIa, KOrJa €CTh TEOPETHYECKUH MpOQUIIb MOJATIMBOCTU OalKH,
MOJICJIUPYIOIIMI HENpPEepBIBHBINA psAJ BO3MOXKHBIX B HKCIEPUMEHTE BapHUaHTOB 3aKpEIICHUS
KOHIOB.  Cka3aHHO€ BaXHO JUIl  HUCHBITAHUNH  IOJBELIEHHOTO  CTEpP)KHEOOPa3HOro
(KBa3MOJTHOMEPHOTO) HAHOOOBEKTa C TIOMOIIBI0 aTOMHO-CUJIOBOTO MHKpockorna (ACM).
TouHOCTP W3MEpPEHMH YNOPYrMX MOJYJE€H MaTepuaga B TAKUX MCIBITAHUAX 3aBUCUT OT
BO3MOXXHOCTH AQHAJIUTUYECKH ONMCATh M3rH0 JIMHEHHOW OaJKu IOCTOSHHOTO CEYEHUS C
HEU3BECTHBIMM YCJIOBHUSMM 3aKPEIUICHUS KOHLOB M OT aKKypaTHOCTH OIIPEIEIICHUS KECTKOCTH
koHTakTa ACM-30H71a ¢ 00pasuom. Jlokian CyMMHUPYET pe3ylnbTaThl padOThl aBTOPOB HAJl ATUMHU
Bonpocamu. JlocturHyra TO4yHOCTh Ha ypoBHE 20%. OObexkTaMM HCHBITAHUN BBIOPAHbI
TUAPOCUIIMKATHBIE ~ HAHOCBUTKM  PA3JIMYHOIO  COCTaBa,  W3TOTOBJIEHHBIE  METOAOM
TUAPOTEPMAIBHOTO CUHTE3A.

AFM determination of the elastic moduli of a suspended rod-shaped object in
a bending test

A.V. Ankudinov', A.A. Krasilin', M.M. Khalisov*?, E.K. Khrapova®

"loffe Institute, 194021 Saint-Petersburg, Politekhnicheskaya, 26
“Pavlov Institute of Physiology, 199034, Saint-Petersburg, Makarova emb, 6

The deformations of the supporting beam can be calculated according to the theory of
elasticity. An interesting inverse problem is to determine the elastic moduli of the material from
the recorded response of the beam to the applied load. In the Euler-Bernoulli approximation of
weak bending of the rods, the Young's modulus of a beam with fixed ends is determined by its
rigidity at just one selected point. The Timoshenko approximation, which takes into account both
bending and shear deformation, requires stiffness values at least at two points of the beam to
calculate Young's moduli and shear. In the general case, it is possible to reveal the elastic moduli
only when there is a theoretical beam compliance profile that models a continuous series of
possible options for fixing the ends in the experiment. The foregoing is important for testing a
suspended rod-like (quasi-one-dimensional) nanoobject using an atomic force microscope
(AFM). The accuracy of AFM measurements of the elastic moduli of the material in such tests
depends on the ability to analytically describe the bending of a linear beam of constant cross
section with unknown conditions for fixing the ends and on the accuracy of determining the
probe-sample stiffness. The report summarizes the results of the authors' work on these issues.
An accuracy of 20% has been achieved. The test objects were hydrosilicate nanoscrolls of
various compositions, produced by hydrothermal synthesis.
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MaI‘HI/ITHO-pe3OHaHCHaH CWJI0Basi CIIEKTPOCKONINUA B33HMO}IC§ICTB)’IOIIIHX
MAarHUTHbBIX anpeﬁ

E.B. Cxopoxoznos’, JI.A. Tarapcknii?, P.B. Topes’, B.JI. Muporos', A.A. ®paepman’

WM PAH, 603950, 0. Agponuno, Huxcezopodckas o6u., yi. Axademuueckas, 0.7
2HHTY um. H.H. Jlo6auesckozo, 603022, 2. H. Hoszopoo, np. I'acapuna, 23

HuskouacToTHble BO30YXK/I€HUS B MAarHUTHBIX BUXPSIX MMEIOT OOJIbLINE MEPCHEKTUBHI AJIs
UCITIOJIb30BaHUSI B BUXPEBBIX CHHMH-TpaHCepHbIx Hanoocimuistopax (CTHO). Omnako s
nosydeHus: goctatouHoil MomHocth CBY-usnyuenuss Heobxoawmo, utodosl CTHO Obumm
CHHXPOHHM3UPOBAHBI MEXIy c000i. CHHXpOHHM3AIUS IOCTHTaeTcs 3a CYET B3aMMOACHUCTBUS
Mexay CTHO, kotopoe MOXKET UMETh pa3iuyHyro npupony. OIHUM U3 CaMbIX CHJIbHBIX
B3aMIMOJICHCTBHII B MarHeTusme sBisieTcss oOMmeHHoe. OOMEHHOE B3aMMOJICHCTBHE MEXIY
MarHUTHBIMH BUXPSMU MOXET OBbITh OpPraHM30BAHO 3a CUET MEPEKpPHITHS (eppOMArHUTHBIX
JUCKOB. B CBSI3M € 3TUM, aKTyaJIbHOM SIBJISETCA 3a7aya 110 JUAarHOCTUKE MarHUTHBIX COCTOSIHUMN
U U3y4YeHHE BIUSHUS OOMEHHOI CBSI3U Ha pE30HAHCHBIC CBOMCTBA B TaKUX cHUCTeMax. B pamkax
NPEICTaBIsIeMOl PabOThl CHCTEMBI TEPEKPBHIBAIOUINXCS (HEPPOMArHUTHBIX JIUCKOB OBUIH
W3TOTOBJIEHBl METOJIOM JJIEKTPOHHOW JuTorpaduu. Jlns M3ydeHHs MarHUTHBIX COCTOSHUUN
HCIIOJIb30BAIMCh METO/IbI JIOPEHIIEBOI MPOCBEUNBAIOIIEH ANIEKTPOHHON MHUKpockonuu (JITIOM)
U MarHutHo-cuioBod  Mmukpockornuu (MCM). HcecnenoBanue BAMSIHUSL —~ OOMEHHOIO
B3aMMOJICHCTBHS HA YaCTOTHBIE XapaKTEPUCTUKH (DEPPOMArHUTHOTO PE30HAHCA MPOBOJIUIOCH C
MOMOIIBI0 METOJIa MarHUTHO-PE30HAHCHOM cmioBoi Mukpockonuu (MPCM). Hcnonwsys
MOJieJIb ~ JIMHEHHBIX  B3aMMOJCHCTBYIOIIUX  OCHMJUISITOPOB,  PE3YNbTaThl  YHCIEHHOTO
MozenupoBanuss u jaHHble MPCM, npoBeneHa OlLleHKAa SHEPrUM B3aUMOJCHCTBUS MEXKIY
MarHUTHBIMH BHUXpsiMH. PaboTa BbIMonHsAeTCs mpu mojaepxkke Poccuiickoro HaydHoro ¢onaa
(mpoekT Ne 21-12-00271).

MRFM studies of ferromagnetic resonance in exchange-coupled magnetic
vortices

E.V. Skorokhodov', D.A. Tatarskiy*?, R.V. Gorev', V.L. Mironov*, A.A. Fraerman®

'IPM RAS, 603950, Nizhny Novgorod, Afonino, Akademicheskaya st., 7
?Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Gagarina ave., 23

Low-frequency excitations in magnetic vortices have great prospects for use in vortex spin-
transfer nano-oscillators (STNO). However, in order to obtain sufficient microwave radiation
power, it is necessary that the STNOs are synchronized with each other. Synchronization is
achieved due to the interaction between the STNO, which may have a different origin. One of
the strongest interactions in magnetism is the exchange. The exchange interaction between
magnetic vortices can be organized by overlapping ferromagnetic disks. In this regard, the task
of diagnosing magnetic states and studying the effect of exchange coupling on resonant
properties in such systems is interesting. In this work, systems of overlapping ferromagnetic
disks were manufactured by electronic lithography. The methods of Lorentz transmission
electron microscopy (LTEM) and magnetic force microscopy (MFM) were used to study
magnetic states. The study of the effect of exchange interaction on the frequency characteristics
of ferromagnetic resonance was carried out using the magnetic resonance force microscopy
(MRFM) method. Using the model of linear interacting oscillators, the results of numerical
simulation and the MRFM data, the energy of interaction between magnetic vortices was
estimated. The work is supported by the Russian Science Foundation (project No. 21-12-00271).
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Me3ockonuuecKkue KBAHTOBbLIE SIBJICHHS B IDKO3e(l)COHOBCKI/IX yCTPOﬁCTBaX

B.C. CT0J1>10013.1‘2‘3

"Mockosckuii usuko-mexnuueckuii uncmumym, JJoneonpyonsui, 141700 Mocksa, Poccus
zHaquHaﬂbezﬁ yrusepcumem nayku u mexuonozui MUCuC, 119049, Mockea, Poccus
SBHUHA um H.JI. Iyxoesa, 127055, Mockea, Poccus

C HCHoJb30BaHMEM MAarHUTHO-CHIJIOBOM  MHKPOCKOIIMM — ITPOAEMOHCTPHPOBAHO, YTO
I7K03e()COHOBCKME YCTPONCTBA, pEaIM30BaHHbIE 3a CUET CBEPXIIPOBOIAILETO I deKTa O1I130CTH,
MOTYT OBITH HCIIOJIb30BaHBI HE TOJBKO B JMHAMHYECKOM PEXHME, HAaIpUMEp, B YCTPOHCTBAX
OBICTpOYi OJHOKBAaHTOBOW JIOTMKH, HO W B CTAallMOHAPHOM pEXUME, KOrja TiI100aJbHOro
PE3UCTHBHOIO OTKJIMKA Ha YCTPOWCTBE HE BO3HHMKAeT. Takue yCTpOWCTBa, ONEPHPYIOIINE
OTJENBHBIMU ME30CKOITMYECKUMHU BHUXPEBBIMU COCTOSHHSIMH CBEPXIIPOBOJSIIETO TOKA, MOTYT
OBITH WCIIONB30BaHBl B KAa4ECTBE JIOTMYECKUX ODJIEMEHTOB, JJIEMEHTOB IaMATH, a TaKXe B
Ka4eCTBE UYBCTBHUTENIBHBIX JAaTYMKOB MArHUTHOTO TIOJIA IS CKAaHMPYIOUIEW MarHUTHON
MHKPOCKOIIHH.

Pabota BeinosHeHa npu noanepxkke PH® (mpoekt Ne 23-72-30004).

Mesoscopic quantum phenomena in Josephson devices

V.S. Stolyarov'?®

"Moscow Institute of Physics and Technology, Dolgoprudny, 141700 Moscow, Russia
National University of Science and Technology MISIS, 119049, Moscow, Russia
*Dukhov Research Institute of Automatics (VNIIA) 127055, Moscow, Russia

Using magnetic force microscopy, it has been demonstrated that Josephson devices
implemented due to the superconducting proximity effect can be used not only in the dynamic
mode, for example, in fast single-quantum logic devices, but also in the stationary mode, when
there is no global resistive response on the device. Such devices operating with individual
mesoscopic vortex states of superconducting current can be used as logic elements, memory
elements, and also as sensitive magnetic field sensors for scanning magnetic microscopy.

This work was supported by the Russian Science Foundation (project Ne 23-72-30004).

12



DOI: 10.26201/1SSP2023.45.557/SPMAPPL-4.5

I/Icc.ﬂeszaHne MATHUTHBIX CBOMCTB IJIaHAPHBIX (l)eppOMaFHI/ITHLIX
MHUKpoOYaCcTUI METOAAMHU cxannpywmeifl 30HI{OBOI71 MHUKPOCKOIINH

H.W. Hyprasusos, /I.A. busses, A.A. byxapaes, A.Il. YyknaHos

Kaszancruii pusuxo-mexuuveckuti uncmumym um. E.K. 3asotickoeo OUI] Kazanckuil HayuHblil yenmp
PAH, 420029, Kazanv, yr. Cubupckuit mpaxm, 0.10/7

[IpuBeneHbl pe3yabTaThl HMCCIIEAOBAHUS MAarHUTHBIX CBOMCTB IUIAHAPHBIX MHKPOYACTHIL
usroroBineHHbix u3 Py (Fe 22%, Ni78%), CoNi (Co 18%, Ni82%), Ni. Hccaemyembie
MHKpPOYACTHUIIBI UMEIH TPEYrolbHYI0 M KBagpaTHyo ¢opmy. Ilpm 3ToM yacTe MHKpOYacTHIL
Obuta copMHpOBaHA TaKMM 0Opa3oM, YTO HMeNla CTOPOHBI, BOTHYTBIE K CBOEMY IICHTPY
(IOTIOJTHUTENBHYIO aHU30TPONHIO (OpPMBI). MeToiaMu MarHUTHO-CHIJIOBOM MHUKPOCKOIIMH OBLIH
NIPOBE/ICHBI UCCIIEIOBAaHUS JOMEHHON CTPYKTYphl MUKPOUYACTHIl U MIPOLIECCOB MEPEKITIOYCHUS UX
HAMarHM4E€HHOCTHU MOJ ACHCTBHEM BHEIIHEr0 MarHUTHOTO IOJIs. BUIO MccienoBaHO BIHMSHUE
Ha OTH CBOWCTBA aHU3OTPONUU (POPMBI U MAarHUTOYHPYroro 3¢¢exTa, HABOAMMOTO 3a CYET

nedopmanuu moanoxku. Pabora BeinonHeHa npu puHancoBoi moaaepkke PH® (mpoekt Ne 22-
29-00352).

Investigation of magnetic properties of planar ferromagnetic microparticles
by scanning probe microscopy

N.I. Nurgazizov, D.A. Bizyaev, A.A. Bukharaev, A.P. Chuklanov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, 420029, Kazan, Sibirsky
tract, 10/7

The results of studying the magnetic properties of planar microparticles prepared from Py
(Fe 22%, Ni 78%), CoNi (Co 18%, Ni 82%), and Ni are presented. The microparticles under
study had a triangular and square shapes. In addition, some of the microparticles were formed
with sides concaved towards the centre (additional anisotropy of the shape). The magnetic force
microscopy was used to study the domain structure of microparticles and the processes of
magnetization switching under external magnetic field. Effects of the shape anisotropy and of the
magnetoelastic effect induced by substrate deformation was studied. This work was supported by
RSF (project Ne 22-29-00352).
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HccaenoBanue pacnpeacJacHust HpOCTpaHCTBeHHOﬁ YYBCTBUTCJIBHOCTH
XO0J/IJIOBCKOTO KpecTa ¢ IOMOIIbI0 MATHUTHO-CHJIOBOM MHUKPOCKOIINHU

A.L. Temupsizes’, M.B. CTel‘IyI_HKI/IHl, A.B. 3z[opOBeI711ueBz, M.IIL. TeMI/Ip}I3eBal

‘oupP? um. B.A. Komenvnuxoea PAH, 141190, Dpsszuno, ni. Beeoencioeo, 0. 1
HUDTU HHT'Y um. H. Jlobauesckoeo, 603950, Huocnuii Hoszopoo, np. I'acapuna, 23, k.3

B mHacrosmiee Bpemss wu3MepeHws aHoMainbHOro 3ddekxra Xomma (ADX) muUpoKo
UCIIOJIB3YIOTCS IIPH UCCIIEA0BAHUM IIPOLIECCOB M€peMarHUYMBaHUs TOHKUX MarHUTHBIX IUIEHOK.
AJNbTEpHATUBHBIM METOJOM MOXET CIYKUTh MarHUTHO-CHiIOBas Mukpockonus (MCM). MCM
IIO3BOJISIET HE TOJIBKO BU3YaJM3UPOBaTh JOMEHHYIO CTPYKTYpY, HO TaKKe€ M3MEHUTh €€ IOJ
JIeCTBUEM MAarHUTHOTO TOJIA 30HAa. B maHHO# paboTe Mbl 00BEIMHUIM TH MOAXO/bI, YTOOBI
HOCTPOUTH KapTy paclpeesieH!s] IPOCTPAHCTBEHHON YyBCTBUTEIBHOCTH XOJJIOBCKOI'O KpecTa.
MarHuTHBIM 30HIOM (OPMHUPOBAIUCH JIOMEHBI, PACIOJOXKEHHBIE B PAa3JIMYHBIX 00IaCTIX
CTPYKTYPBI, COZIepKaIlui XOIOBCKHM KpecT. Perucrpupoanocs uamMeHenue curnana ADX npu
MOSIBIICHHH Ka)KJOTO HOBOTO JIoMeHa. Jlajee 30HJOM ¢ OYeHb HU3KHMM MAarHUTHBIM MOMEHTOM
(He BHOCS MCKa)X€HUI JOMEHHOH CTpyKTyphl) cHuMasiocb MCM u3o0paxeHue, no3BOJIsIoIIee
NPOAHATM3UPOBATh IUIOMIAAb, (OPMY M TOJIO)KEHHE KaXKIAOrO JIOMEHAa M COMOCTABUTH 3TH
naHHble ¢ u3MeHeHueM — curHasa  ADX.  IIpoBeseHo — cpaBHEHHME — IOJIyYEHHBIX
AKCIIEPUMEHTAIBHBIX JIaHHBIX C Pe3yJIbTaTaMU YHUCICHHOTO pacyera.

Study of the spatial sensitivity distribution of the Hall cross using magnetic
force microscopy

A.G. Temiryazev', M.V. Stepushkin®, A.V. Zdoroveishchev?, M.P. Temiryazeva'

'Kotelnikov FIRE RAS, Russia, 141190, Fryazino, Vvedenskii sq. 1
2SRIPT, NNSU, 603950, Russia , Nizhny Novgorod, Gagarina 23/3

At present, measurements of the anomalous Hall effect (AHE) are widely used in the study
of magnetization reversal processes in thin magnetic films. Magnetic force microscopy (MFM)
can serve as an alternative method. MFM allows not only to visualize the domain structure, but
also to change it under the action of the magnetic field of the probe. In this study, we combine
these approaches to map the spatial sensitivity distribution of the Hall cross. The magnetic probe
formed domains located in different regions of the structure containing the Hall cross. A change
in the AHE signal was recorded with the appearance of each new domain. Next, an MFM image
was taken with a probe with a very low magnetic moment (without introducing distortions of the
domain structure), which made it possible to analyze the area, shape, and position of each
domain and compare these data with the change in the AHE signal. The obtained experimental
data are compared with the results of numerical calculations.
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Bausinue 3aPSIZKECHHOT0 30HAAa aTOMHO-CHJI0BOI'0 MUKPOCKOIIA HA CTATUCTURY
B KBa3HOAHOMEPHOM 3JICKTPOHHOM TPAaHCIIOPTE

A.A. Kykos
UDTT PAH, 142432, Yepnozconosxa, Mockosckas ooa., ya. Akademuxa Ocunvsna, 0.2

HccnenoBanbl  OCOOEHHOCTM  TOBEIEHUS  MArHUTOTPAHCIIOpPTa B JOMUPOBAHHBIX
HaHonpoBoJjiokax INAS B mpucyrctBuu npoBojsmiero octpus ACM. [lokazana BO3MOXXHOCTb
U3MEHEHHUs (hpaKTaIbHON Pa3MEPHOCTH 3aBHCHUMOCTH MAarHHUTOIIPOBOJMUMOCTH B HCCIEAYyEMOM
obpasue B mnpucyrctBuu 30Hga ACM. PaccMOTpeHBI NpPUYMHBI TakKOro IOBEACHUS
MarHUTONPOBOJAUMOCTH B KBa3WOJHOMEPHBIX AU(PQY3HBIX CHCTEMaX, a TaKKE€ BO3MOXKHOCTH
HaOroIeHNsT aHANOTUYHOTO d(p¢dekra B ABYMEpHBIX OammucTHYecKux Owmibspaax. Pabora
BhITIOJIHEHA 1Tpu noiepskke PH® npoekr 23-22-00141.
https://rscf.ru/project/23-22-00141/

Impact of the charged AFM tip on statistics of electron transport
A.A. Zhukov
ISSP RAS, 142432, Chernogolovka, Moscow region, Acad. Ossypian str, 2

The peculiarities of magnetotransport in doped InAs nanowires in presence of charged
atomic-force microscope (AFM) tip (scanning gate microscopy) are investigated. The possibility
of variation of fractal dimension of magnetoconductivity curve in presence of AFM tip is shown.
The model to ascribe such kind of behavior is presented. Additionally, the possibility variation of
fractal dimension of magnetoconductance curve in two-dimentional ballistic billiards is
discussed. This work is supported by Russian Science Foundation (project # 23-22-00141).
https://rscf.ru/project/23-22-00141/
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Oco0enHnocTn NPUMEHECHUSA KIIACCHUYECCKHUX Tonorpa(]mqeclmx ME€TOa0B
aTOMHO-CIJIOBOM MHUKPOCKOIINH

JI.LA.DPokuH
MI'TY umenu H.2.baymana, 105005, Mockea

B HayunbIx paboTax B mocieqHee BpeMs TeMa MPUMEHEHHUS] aTOMHO-CHIIOBOM MHUKPOCKOITUHI
OCBeIaeTcss Bce Oosiee MUPOKO. DTO CBSI3aHO C TEM, YTO METOJbI CKAaHUPYIOIICH 30HIO0BOM
MUKPOCKOIIUY aKTUBHO Pa3BUBAIOTCA U, KAaK CJIEJCTBUE, BCE Yallle MOTYT OBITh MPUMEHEHBI Ha
npakTuke. OZHUM U3 CIEACTBUNA Takoro OYypHOTO pa3BUTHS CTajlO0 TO, YTO Bce OOJbIIE
UCCIIEeI0BATENEN UCIIOJIB3YIOT T€ BO3MOKHOCTH ACM, 4TO MOSIBUWINCH B MOCJENAHEE BpeMs. JTO
BIIOJIHE OOBSICHUMO, TIOCKOJIBKY Camble HOBBIC METOABI OOJAa0T CaMbIM IIUPOKHM CIEKTPOM
BO3MOXKHOCTEH. B TO ke Bpemsi, mpu padote ¢ ACM BO3HHUKAeT MHOXKECTBO BOTIPOCOB, KJIHOY K
OTBETY Ha KOTOpPBIE JIEKUT B MOHUMaHUM nepsonpuHuunoB ACM. Jloknan npeacrasiser co0oit
0030p ocHOBHBIX MpUHIMIOB ACM, a Takke croco0OB HX peaanu3allii Ha MPaKTUKE.

Application features of classical topographic methods in atomic-force
microscopy

D.A.Fokin

Bauman State Technical University, 105005, Moscow

Atomic-force microscopy is highlighted very widely in scientific reports. This is because of
active improvement of scanning probe microscopy which results in its growing applicability in
practice. One of the results of such rapid development is that more and more researchers use only
recently developed possibilities of AFM. This could be easily explained since these new modes
provide more possibilities. At the same time, there are many questions when using AFM that one
need to understand from AFM first principles. In this report such AFM principles as well as their
practical implementations will be discussed.
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Onruueckue U3MEPECHUA Ha aTOMHOM YPOBHE. COBpeMeHHLIe BO3MOXKHOCTH

K.H. Enp1ioB
HO®D PAH, 119991, Mockea, yn. Basunosa, 0.38

M3BecTHOE MOCTATOYHO JaBHO YCHUJICHHE JJIEKTPOMATHUTHOIO IMOJS IIEPOXOBATOCTAMH
MOBEPXHOCTH TAKUX METAUIOB KaK Me[lb, CepeOpO U 30JI0TO, MPOSIBISIFOLICECS, B YaCTHOCTH, B
YCHJICHHH KOMOMHAIIMOHHOIO paccesHus cseta (Surface Enhanced Raman Scattering - SERS),
IPH MCIIOJIb30BAHUH HIJIbI TYHHEIBHOTO MHKPOCKOIA W3 YKa3aHHBIX METAIZIOB MOJXKET J1aBaTh
yeunenne 10 12-13 mopsiaxos (Tip Enhanced Raman Scattering - TERS), uro, B cBOr0 ouepe/ip,
MO3BOJSIET HM3y4yaTh KOJIEOATeIbHBIC CICKTPhl CAMHHYHOW MOJIEKYynbl. bojee Toro, eciu
UCIIOJIb30BAaTh COBPEMEHHBIC HMITYJIbCHBIC JIa3ephbl, TO MOSABISIETCS BO3MOXXHOCTH MPOBOIUTH
UCCIIEOBAaHMs B OTIACIBHBIX OO0BEKTax (MOJIEKyJax, KiIacrepax) C BBICOKAM BPEMEHHBIM
pasperieHuemM, T.e. HabM0aaTh ObICTPO mpoTekaroiue mporecchl (fS) Ha atomHOM ypoBHe. B
JOKJIaae Oymer maH aHanu3 HauboJee WHTEPECHBIX pabOT B JIaHHOW OONACTH M BBICKA3aHBI
COOOpaKeHHsI 10 pealu3aliid MOJOOHBIX HCCICAOBAHUN HAa CKAaHUPYIONIEM TYHHEIbHOM
mukpockore GPI 300.

Optical measurements on atomic scale. Current state
K.N. Eltsov
GPI RAS, 119991, Moscow, ulitsa Vavilova, 38

The well-known enhancement of the electromagnetic field by the surface roughness of such
metals as copper, silver and gold, which manifests itself, in particular, in the enhancement of
Raman scattering (Surface Enhanced Raman Scattering - SERS), when using a tunneling
microscope tip made of these metals, can give an signal amplification of up to 12- 13 orders
(Tip Enhanced Raman Scattering - TERS), which, in turn, makes it possible to study the
vibrational spectra of a single molecule. Moreover, if modern pulsed lasers are used, then it
becomes possible to conduct studies in individual objects (molecules, clusters) with a high
temporal resolution, i.e. observe fast processes (fs) at the atomic level. The report will analyze
the most interesting works in this area of research and make suggestions for the implementation
of such studies on the GPI 300 scanning tunneling microscope.
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Hanopa3MepHble 3JIeKTpoynpaBjsieMble HCTOYHUKH ONITHYECKOr0 U3J1yYeHH s
Ha oCHOBe 3¢ deKTa N3ay4eHHs (POTOHOB NPH HEYNIPYTOM TYHHEJIMPOBAHUM
3JIEKTPOHOB

J1.B. He6egeB1’2’3, H.A. COJ‘IOMOHOBl, K.H HOBI/IKOBal, A.B. ApXI/IHOB4, B.A.I_HapOBl,
1.C. Myxua™

Axademuveckuii ynusepcumem um. XK. M. Angpéposa, 194021, Poccus, 2. Cankm-Ilemep6ype, ya.
Xnonuna, 0. 8

2Unemumym ananumuyecko2o npubopocmpoenus PAH, 190103, Poccus, Canxkm-ITemep6ype, Puscckuii
np., 0. 26

3CaHKm—Hemep6yp2c1<uﬁ eocyoapcmeennsiii ynusepcumem, 199034, Poccusa, e. Cankm-Ilemepoype,
Yuueepcumemckasn nabepescnas, 0. 7/9

*Canxm-ITemep6ypeckuii nonumexnuveckuti ynusepcumem Ilempa Benukozo, 195251, Poccus,
Cauxm-Ilemep6ype, yn. [lornumexnuueckas, 0. 29

Ha ceromHAmHuMi JO€Hb TEXHOJOTMHM IIPOMU3BOACTBA MHMKPOIPOLECCOPHOM TEXHUKH
IPAaKTUYECKH JIOCTUIIIM CBOEr0 TEOPETHYECKOro mpujena (pasmep snemenra 3 HMm). OnHum u3
CaMbIX MEPCIEKTUBHBIX MyTEH JUIsl JajJbHEHIIEro pa3BUTHS BBIYUCIUTEIbHON TEXHUKU SBIISETCS
CO31aHHE HOBOI'O KJacca ONTORJIEKTPOHHBIX MUKPOUYHUIIOB. B OCHOBE TakuX yCTpPONCTB JIEKUT
KOMOWHAIMs (OTOHHBIX M JJIEKTPOHHBIX KOMIIOHEHTOB. Iyl peanm3aluu Takoro MOIXo/a
HEO0XO0/IMMO pelIUTh 3a/1ady CO3/IaHUs HAHOMACUITAOHBIX 3JEKTPOYNPABISIEMbIX HMCTOYHHUKOB
ONTUYECKOTO u3TyyeHUs. B KkadecTBe TakuX YCTPOMCTB MOTYT BBICTYyNAaThb HCTOYHHUKHU
U3JIy4YeHUs, OCHOBaHHbIE Ha 3(dekre reHepauuu (HOTOHOB B TyHHEJIBHOM 3a3ope. B nanHOM
pabore ¢ mnomomipto CTM wucciaemyroTcst pas3iWyHble BHJBI HAHOAHTEHH, CIIOCOOHBIC
YBEJIMYMBATh  KBaHTOBYIO  3(QQEKTHMBHOCTb  TIeHepauud  (HOTOHOB MpPU  HEYIPYrom
TYHHEJIMPOBAHUU JIEKTPOHOB.

Nanosized electrically controlled optical radiation sources based on photon
generation during inelastic electron tunneling

D.V. Lebedev**3, N.A. Solomonov?, K.N. Novikova®, A.V. Arkhipov*, V.A. Sharov,
.S. Mukhin®*

'Academic University named after Zh.I. Alferova, 194021, Russia, St. Petersburg, st. Khlopina, 8
“Institute of Analytical Instrumentation, Russian Academy of Sciences, 26, Rizhskiy pr., St. Petersburg,
190103, Russia

3Saint Petersburg State University, Universitetskaya embankment, 7/9, St. Petersburg, 199034, Russia
*Peter the Great St. Petersburg Polytechnic University, 195251 Russia,

St. Petersburg, st. Politekhnicheskaya, 29

To date, the technologies for the production of microprocessor technology have practically
reached their theoretical limit (element size 3 nm). One of the most promising ways for the
further development of computer technology is the creation of a new class of optoelectronic
microchips. Such devices are based on a combination of photonic and electronic components. To
implement this approach, it is necessary to solve the problem of creating nanoscale electrically
controlled sources of optical radiation. Radiation sources based on the effect of photon
generation in the tunnel gap can serve as such devices. In this work, STM is used to study
various types of nanoantennas that can increase the quantum efficiency of photon generation
during inelastic electron tunneling. The research was supported by the Russian Science
Foundation grant No. 21-79-10346.
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CTpyKTYyphbI H3 aTOMOB KHCJIOPOAA U XJopa Ha moBepxHocTH Ag(111) u ux
POJIb B peaKMU MOKCUIMPOBAHNS ITHICHA

b.B. Aunpromeukus, B.M. Illesntora, T.B. I1aBnosa, H.C. Komapos, K.H. Enbiio

Hucmumym obweti pusuxu um. A.M. Ilpoxoposa PAH, 119991, Mockea, yn. Basunosa, 38

[IpencraBieHsl pe3yabTaThl HCCIEAOBAHUSA B3aUMOJEWUCTBUSA KHUCIOpPOAa M XJopa ¢
noBepxHocteio  Ag(111). Ha ocnoBanuum panubix CTM  (ckaHupyromei TyHHEITbHOU
MUKpPOCKONUK) U MozaenupoBaHusi MetogoMm TOII (teopum ¢yHKIMOHANA IUIOTHOCTH)
npe/IoKeHa HoBast Moiesb Uit cTpyKTypbl AQ(111)-p(4x4)-O. s ciryyas K0aacopOIuu Xjiopa
U KHUCIIOpOJia JIOCTOBEPHO YCTAHOBJIEHO (OPMHUPOBAHUE CMEIIAHHBIX CTPYKTYp, COAEpPMKAIIUX
cesa3u Cl-O. Ha ocuoBanmm nanupix CTM moka3aHo, 4TO aicopOIHsi KHCIOpoga M XJopa
IPUBOJUT K OJHOTHITHONW PEeKOHCTpyKiuu moBepxHoctd Ag(111l), mpu KoTOpo#t hopMHUpyOTCs
ancopOIMOHHBIC MECTa MKy YEThIphbMs aToMaMu cepebpa. [Ipu coBMecTHOH ajcopOiuu, Xop
BBITECHAET KHUCIOPOJ U3 JaHHBIX IO3ULHUN, MPU ITOM KHUCIOPOJ COEIUHSETCS C XJIOPOM,
nepexoast OT HYKJICO(GHUIBHOTO K AIIEKTPOQMIBHOMY cocTosHUIO. [loiydeHHbIe pe3ysbTaThl
UMEIOT 00JIbIIIOE 3HAUYCHUE Il O0OBSICHEHUS MEXaHU3Ma PEAKIHH SMTOKCUANPOBAHUS ITUJICHA.

Oxygen and chlorine phases on the Ag(111) surface and their role in the
ethylene epoxidation reaction

B.V. Andryushechkin, V.M. Shevlyuga, T.V. Pavlova, N.S. Komarov, K.N. Eltsov

Prokhorov General Physics Institute of the Russian Academy of Sciences, 119991, Moscow, Vavilova str.,
38

The results of a study of the interaction of oxygen and chlorine with the Ag(111) surface are
presented. Based on STM (scanning tunneling microscopy) data and DFT (density functional
theory) modeling, a new model for the Ag(111)-p(4x4)-O structure is proposed. For the case of
coadsorption of chlorine and oxygen, the formation of mixed structures containing CI-O bonds
was reliably established. Based on the STM data, it was shown that the adsorption of oxygen and
chlorine leads to the same type of reconstruction of the Ag(111) surface, in which fourfold
hollow adsorption sites are formed. During coadsorption, chlorine displaces oxygen from these
positions, while oxygen combines with chlorine, passing from a nucleophilic to an electrophilic
state. The results obtained are of great importance for explaining the mechanism of the ethylene
epoxidation reaction.
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N3yuyenne B3anmoneiicreusi PBr; ¢ Si(100) u Si(100)-Cl ans Tounoro
JerupoBaHUsI KPEeMHHUSI

T.B. HaBJ‘IOBal’Z, I0.A. BOpOHHOBal'Z, B.M. llleBmora

YUnemumym obweii pusuxu um. A.M. Ipoxoposa PAH, 119991, Mocksa, yn. Basunosa, 38
zHaquHaﬂbezﬁ ucciredosamenbckull yHugepcumem «Boicuias wikona sxonomuxuy, 109028, Mockaa,
Tokposckuii byiveap, 11

Jns BHeapeHUs MNpuUMeced B KPEMHHMM C aTOMHOM TOYHOCTBIO B HACTOSIIEE BpeMs
ucnonb3yercs CTM-nurorpadust no nmosepxuoctu Si(100)-2x1-H ¢ mocnenyromeit aacopOiueit
PH; na oOopBanHble CBsi3M KpeMHHUS. B kauecTBe pesucra Mbl BBIOpAU XJIOPHUPOBAHHYIO
IIOBEPXHOCTh KPEMHHUS, a B KaUECTBE COJEPKALLEH JIETHPYIOLIYIO IIPUMECh MOJIeKysbl — PBrs.
Ha nepBom 3tamne mbl paccmarpuBaeM B3aumojelictBue PBr3 ¢ 4iMCcToOl MOBEPXHOCTHIO KPEMHUS
¢ ucnosb3oBanueM CTM u pacueroB Ha ocHoBe DFT. Ha BTOpoM sTame Mbl mepexoauMm K
B3auMoeicTBuio PBr; ¢ 00opBaHHBIMU CBA3IMHU KpeMHHUs B BakaHcusx Cl Ha XjopupoBaHHON

nosepxaoctu Si(100). PaGora BeimonmHeHa npu momuepikke Poccuiickoro Hayunoro ®ownpa
(rpanT 21-12-00299).

Study of the PBr; interaction with Si(100) and Si(100)-ClI for precise doping of
silicon

T.V. Pavlova'?, Yu.A. Vorontsova'?, V.M. Shevlyuga®

'Prokhorov General Physics Institute of the Russian Academy of Sciences, 119991, Moscow, Vavilova
str., 38
HSE University, 109028, Moscow, Pokrovsky boulevard, 11

To introduce impurities into silicon with atomic precision, STM lithography is used on the
Si(100)-2x1-H surface followed by PHs adsorption on silicon dangling bonds. We chose a
chlorinated silicon surface as a resist, and PBr; as a molecule containing a dopant. At the first
stage, we study the interaction of PBr; with a clean Si(100) surface using STM experiments and
DFT calculations. At the second stage, we consider the PBrj interaction with silicon dangling
bonds in Cl vacancies on the chlorinated Si(100) surface. This work was supported by the
Russian Science Foundation (grant 21-12-00299).
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Ocumwuisuun ~ Ha0J01aeMoOiil  BBICOTBI  MOHOATOMHBIX  CTylleHeH Ha
MOBEPXHOCTH TOHKHX MIéHoKk Pb(111), o0yc/ioBjieHHbIe KBaHTOBO-
Pa3MepPHBIMH COCTOSIHUSIMH

A1O. AnaﬂLImKHH1’2’3’4

YWnemumym ¢usuxu muxpocmpykmyp PAH, yn. Axademuueckas, 0. 7, Huowenuii Hoezopod, 603950

2 Huoice20podckuti 20Cy0apcmeentoiii yHusepcumem um. H. U. Jlobauesckozo, np. I acapuna, 0. 23,
Huorcnuii Hoszopoo, 603022

Hayuonanvhuiii uccredosamensekuil yuusepcumen «Bolcuias wkona skoHomukuy, yi. Macnuyrasi, o,
20, Mocxkea, 101000

*Llenmp nepcnexmuenvix memooos mezopusuxu u nanomexronozuii, Mockosckuii pusuko-mexmuueckuii
uncmumym, Uncmumymcekuil nep., 0. 9, J{oneonpyonwiii Mocxosckoii oon., 141700

MerogoM  HU3KOTEMIEPATYPHOM  CKAHMPYIOIIEH  TYHHEIBHOM  MHMKPOCKONMHM U
CIIEKTPOCKOITUKM JIKCIIEPUMEHTAIIBHO HCCIICIOBAHBI AJIEKTPOHHBIC CBOWMCTBA TOHKHX IIEHOK
Pb(111) ma mosepxHoctu Si(111)7x7. IlokazaHo, YTO BUAMMAs BBICOTA N MOHOATOMHBIX
CTyIeHel Ha nmoBepxHocTH MIEHOK Pb(111) ocimuisTopHBIM 00pa30M 3aBUCUT OT HAIPsHKCHUS
U Mexay 00pa3ioM ¥ UIJIOH TYHHEIBHOTO MUKpOCKoma. [Toka3zaHo, 4TO MepHo1 OCHUIUIALUA Ha
3agucuMoctd h ot U coBmagaer ¢ MepHoOaOM OCHWUISALUN JOKaNbHOU Iu(depeHIInaTbHOM
npooaumocTu (dI/dU) u ckopocTy M3MEHEHUs] BBICOTHI UIJIBI HaJ MOBEPXHOCTBIO 00pasia
(dZ/dU) kak ¢yaxkmuun U. DTo MO3BOJSIET caeiaaTh BBIBOJ, YTO HAOIIOJaeMbIe OCIMIUISAILMA
BUIMMOM BBICOTBI MOHOATOMHOH CTYINCHH OOYCIIOBJICHBI OCOOCHHOCTSIMH PE30HAHCHOTO
TYHHEJIMPOBAHUS 3JICKTPOHOB M3 WIJIBI B 00paslie uepe3 YPOBHU Pa3MEPHOTO KBAHTOBAHMSI.
[Toka3aHo, YTO MaKCHUMAJIbHOMY M MHHHMAQJIbHOMY 3HAUCHHUIO HAOIFOaeMON BBICOTHI
COOTBETCTBYET HAINpPsUKEHHE, PH KOTOPOM JIOKaIbHBIC TUIOTHOCTH COCTOsHMIA Teppac Pb(111)
pasHoi BBICOTHI OJMHAKOBBI. PaboTa BBHIMONHEHA MPH MOIACPKKE TOCYIapCTBEHHOTO 3aaHMsI
N®dM PAH B 2023 ronay.

Oscillatory bias dependence of the visible height of the monatomic Pb(111)
steps: consequence of quantum-size effect in thin metallic films

A.Yu. Aladyshkin****

YInstitute for Physics of Microstructures RAS, Nizhny Novgorod 603950, Russia

’Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod 603022, Russia

*National Research University Higher School of Economics, Moscow 101000, Russia

*Center for Advanced Mesoscience and Nanotechnology. Moscow Institute for Physics and Technology,
Dolgoprudny 141700, Russia

Local electronic properties of thin Pb(111) films on Si(111)7%7 surface were experimentally
studied by means of low-temperature scanning tunneling microscopy and spectroscopy. It is
shown that the visible height h of the monatomic step on Pb(111) surface demonstrates
oscillatory dependence on bias voltage U. The period of the oscillations on the dependence of h
on U coincides with the period of oscillations of both local tunneling conductance (dI/dU) and
the rate of the tip displacement (dZ/dU) at sweeping U. It points to that the oscillations of the
visible height of the monatomic Pb(111) step are controlled by resonant tunneling of electrons
from the W tip to the Pb(111) film through quantum-well states. We argue that the maximum
and minimum visible heights correspond to the bias voltages, at which local densities of states
for the Pb(111) terraces of different thickness are equal.
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CTpyKTypHbIE, 3JIeKTPOHHbIE U TPAHCIOPTHBIE CBOIicTBA MJIeHOK Ga

ATOMHOIi TOJIIIMHBI, BbIPAIIEHHBIX HA oBepxHocTH Si(111)

JL.B. BOH,I[apeHKol, A.10. Tynqa;ll, 10.E. BekoBLIMHUH', J.B. pr3HeBl, AH. Muxamok’?, J1.B.
I[eHI/ICOBl, A.B. MaTeuKHﬁ1’3, JILA. OJI;IHI/Iql, T.B. YTacl, B.C. >KIIaHOB1'2, A.B. 30roB 1 A.A.
CapaHI/IHl

YUncmumym asmomamuxu u npoyeccoe ynpasnenus JJBO PAH, Braousocmox
2Hncmumym naykoémKux mexnono2uii u nepedosvix mamepuanos, JB®Y, Braousocmox
%Instituto di Struttura della Materia, Consiglio Nazionale delle Ricerche, Trieste, Italy

[1neHku rayiys aTOMHOM TONILMHBI B HACTOSLIEE BPEMS BbI3bIBAIOT 3HAUUTEIbHBIA HHTEPEC
U3-32 BO3MOXHOCTH OOHApy>KE€HHUsl Yy HUX CBEPXIPOBOJAIIMX CBOMCTB, a Takke oOpa3oBaHUS
rajuleHeHa, TajulneBoro aHanora rpagena. Mimess B BUIy 3TH HEpPCHEKTHBBI, MBI HCCIEI0BAIN
cuctemy Ga/Si(111) ¢ wucnonb3oBaHnueM audpakuud MEIICHHBIX 3JeKTpoHOB ([AMD) u
CKaHupyrolel TyHHenbHON MuKpockonuu (CTM) ans onpeneneHust ee CTpYKTYPHBIX CBOMCTB,
(OTO3EKTPOHHON clieKTpocKonuu ¢ yriaoBbiM paspemeHueM (OOCYP) u 4eTbpex30HI0BbIX
TPAHCIIOPTHBIX W3MEPEHUHN Il BBIICHEHUS €€ D3JEKTPOHHOM CTPYKTYpbl M TPAHCIOPTHBIX
cBoiicTB. Bce skcnepuMeHTalbHblE HM3MEpEeHHsT ObUIM JIOMOJHEHBl pacuyeTaMH U3 IEpPBBIX
npuHUMIIOB. TeMieparypHO-3aBUCHMbIE HaOOAeHUA ¢ noMmoipo MeronoB JMDO u CTM
nokasanu, 4ro raieHeHo-nogo0Hoe CTM wuzo0paxeHue mnoBepxHOCTH IUIeHKH Ga mpu
KOMHATHOW TeMIEpaType SBJISETCS YCPEIHEHHONW KapTUHOW, CBSI3aHHON € OBICTPBIM JBUKEHUEM
agmatomoB Ga. M3mepenus c¢ mnomompio DPOCYP B komMOWHAIMUM C TPaHCHOPTHBIMU
U3MEpPEHUSIMU ITOKa3ajau, 4To IuleHKa (Ga JEeMOHCTPHUPYET aHJIEPCOHOBCKYIO JIOKAJIM3alUI0
3JIEKTPOHOB U3-3a CTPYKTYPHOro Oecropsiika, KOTOPbIHM AenaeT cucteMy u3onaupymomeil. Padora
BBINIOJIHEHA 1pu noanepkke ['panta PH® 19-12-00101, https://rscf.ru/project/19-12-00101/.

Structural, electronic and transport properties of the atomic-layer Ga films
grown on Si(111) surface

L.V. Bondarenko®, A.Y. Tupchaya®, Y.E. Vekovshinin®, D.V. Gruznev', A.N. Mihalyuk'?, D.V.
DeniSO\il, A.V. Matetskiy*®, D.A. Olyanich®, T.V. Utas', V.S. Zhdanov'?, A.V. Zotov* and A.A.
Saranin

!Institute of Automation and Control Processes FEB RAS, Vladivostok
?Institute of High Technologies and Advanced Materials, FEFU, Vladivostok
%Instituto di Struttura della Materia, Consiglio Nazionale delle Ricerche, Trieste, Italy

Few-atomic-layer Ga films currently attract considerable interest, due to their potential for
observing superconducting properties and formation of the gallenene, Ga analogue of graphene.
Based on these perspectives, we investigated Ga/Si(111) system using low-energy electron
diffraction (LEED) and scanning tunneling microscopy (STM) to elucidate its structural
properties, angle-resolved photoelectron spectroscopy (ARPES), and four-point-probe transport
measurements to determine its electronic structure and transport properties. All experimental
measurements were supplemented with the DFT. Temperature-dependent observations based on
LEED and STM revealed that the gallenene-like STM appearance of the Ga film surface at room
temperature is an average pattern associated with the fast motion of Ga adatoms. ARPES and
transport measurements showed that the Ga film exhibits Anderson electron localization due to
the structural disorder that makes the system insulating.

This work is supported by the RSF grant 19-12-00101, https://rscf.ru/project/19-12-00101/
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ATOMHAsI CTPYKTYPAa M PeryJAPHOCTH CTyNeHeil Ha moBepxHocTsix Si(hhm)
A.H. Yaiika

Hnuemumym guszuxu meepooco mena um. FO.A. Ocunvsina PAH, 2. Yepnoconoexa, yi. Axademuka
Ocunvana, 0. 2, 142432, Poccus

CrymneHyaTsie TTOBEPXHOCTH KPEMHHUS ¢ KOHTPOJHPYEMBIM PAcCTOSIHUEM MEXAY pedpamu
CTYIEHEH MOT'yT OBITh MCIIOJIB30BaHbI Ul CO3JIaHHS CUCTEM HM3KOpPa3MEpPHBIX HAHOOOBEKTOB C
YHUKaJbHBIMH CBOHCTBaMU. B nokmane oOCyXTaroTcsi OCOOCHHOCTH aTOMHOW CTPYKTYpPBHI H
HPOLEIYPbl TIOATOTOBKH PEryJSIPHBIX CTyIMEH4YaThix moBepxHocted Si(hhm), momydeHHBIX
HeOonbmuM (10 10°) otkionerunem ot Si(111). DkcriepuMeHTaNIbHBIE JAHHBIC IEMOHCTPUPYIOT
BO3MOXHOCTb ~ BOCHPOM3BOIMMOIO  ()OpMHUpOBaHHMS  MaccuBa  CTymeHell 0e3  cOoeB
NEPUOAUYHOCTH AaTOMHOrO Macmrtada Ha YydacTKaX MHUKPOHHOIO pa3Mepa B YCIOBHAX
CBEPXBBICOKOr0 Bakyyma. C HOMOILBIO CKaHMpyrouled TyHHenbHOW Mmukpockonuu (CTM) u
TU(PaKIUU MEUICHHBIX 3JEKTPOHOB MCCIEIOBaHAa aTOMHAs CTPYKTypa Teppac M CTYyINEHEH.
Hannpie CTM aTOMHOro paspemieHus JEeMOHCTPUPYIOT, UYTO PErysIpHOCTh CTyNEeHeH Ha
nosepxHocTsax Si(hhm) He cBsizana ¢ GopmHupoBaHHEM ONpENCICHHON aTOMHOH CTPYKTYpHI B
CHUCTEME «Teppaca + CTyNeHb», MHMHUMHU3UPYIOIIEH MOBEPXHOCTHYIO 3Hepruto. Pabota
BBITIOJIHEHA B paMkax roc3aganus UOTT PAH.

Atomic structure and step periodicity on Si(hhm) surfaces
A.N. Chaika

Institute of Solid State Physics of the Russian Academy of Sciences, 2 Academician Ossipyan Street,
Moscow District, 142432, Russia

Vicinal silicon surfaces with controlled step periodicity can be utilized for fabricating low-
dimensional objects with unique properties. We discuss the details of the atomic structure and
preparation procedure for fabricating regular stepped systems on Si(hhm) surfaces, obtained by
small (lower than 10°) miscut form Si(111) plane. The experimental data demonstrate
reproducible fabrication of atomically precise step arrays without breaking step periodicity on
surface areas of micrometer size in ultra-high vacuum conditions. The atomic structure of steps
and terraces was studied using scanning tunneling microscopy and low energy electron
diffraction. Atomically resolved STM data demonstrate that regularity of the stepped structures
on Si(hhm) surfaces is not related to formation of the unique terrace and step atomic structure
minimizing the surface energy. This work was carried out within the state task of the ISSP RAS
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CkaHupyouias TYHHeJIbHasi CIEKTPOCKONMS KPaeBbIX COCTOSIHUIA HA
CTYINEHSIX TOMOJOTHYeCKOro n3ojsitopa Bi,Se;

H.U. ®enoros, C.B. 3aiiies-30ToB
UP3 um. B.A. Komenvuurxosa PAH, 125009, Mockaa, yn. Moxoeas 11, kopn.7

HHTepec K TOMOJIOTUYECKHM H30JIATOpaM OOYCIIOBIIEH KaK MX HEOOBIYHBIMU CBOWCTBAMH
(Hamu4Me TOMOJOTUYECKH 3alIUIIEHHBIX MOBEPXHOCTHBIX COCTOSHUM, MOJaBICHHE OOpaTHOTO
paccesiHMsI B HUX), TaK U NIEPCIEKTUBAMU IIPUMEHEHUS 3TUX CBOMCTB JJIsl CO3AAHMSI JIEMEHTHON
0a3pl MPUOOPOB MUKPO- M HAHOAJIEKTPOHUKHU. B 4aCTHOCTH, BaKHBIMH KaHAJIaMU MTPOBOAMMOCTH
WIM PaccesHUsl MOTYT OKa3aTbCs OJHOMEPHBIE COCTOSHUSA. BO3MOKHOCTb MX IOSIBICHHS Ha
CTYINEHSX TOBEPXHOCTH, pEOpax HAHONPOBOJOK M Kpasgx TOHKUX CJIOEB TOIMOJIOTMYECKUX
U30JISITOPOB UCCIIENYETCS B HACTOSIIEH padoTe. 3/1eCh IPEACTaBIECHbI PE3YNIbTAaThl UCCIIEA0BAaHUS
CTyIEHEH MOBEPXHOCTH TOIMOJOrHYecKoro usosstopa BiySes [1, 2] u cBepXTOHKHX TUIEHOK [3]
Bi;Tes meromamu CKaHHPYIOIIEH TYHHEIbHOW MHUKPOCKONMHM W CIEKTPOCKONUH. BOim3u
CTymneHel HalirofaeTcs U3rud 30H, a TAKXKE MPOUCXOAUT U3MEHEHUE TYHHENbHBIX CIEKTpOB. B
YaCTHOCTH, Ha MECT€ MHUHUMYMa, COOTBETCTBYIOUIEr0 Touke Jlupaka, MOSBISETCS IUIATO C
pPE3KMM MaKCHUMyMOM Ha Kkpato. [loka3zaHo, 4TO 3TH W3MEHEHHS COOTBETCTBYIOT 00pa30oBaHUIO
KBa3UCBA3AHHBIX  OJHOMEPHBIX COCTOSHUH B  IOJIyYMBIIEHCS IOTEHLUMAIBHOW  sME.
DKCTepUMEHTAIbHBIE HAONI0/ICHUs] TOJKPEIUICHbl YHCIEHHBIM MOJICIHMPOBAHUEM CTYIEHHM Ha
ocHoBe 2D s¢ddexrrBHOrO raMubTOHNAaHA ¢ U3TUOOM 30H U CTYIEHEH, a TaK)Ke HaHOIIPOBOJIOK
¥ TOHKUX MIEHOK B paMkax 3D sddextuBHOrO ramunbronnana 6e3 yuéra msrubda 3ox [4]. B
HOCJIEIHEM Ciy4yae He OOHapyXEHO KBAa3UCBSA3aHHBIX COCTOSHUN Ha péOpax HaHOMNPOBOJIOK,
OJIHAKO MMEIOTCSl COCTOSIHMSI, CBS3aHHBIE C OTAEIbHBIMU TpaHsSMU. Takke 3TH BBHIYHUCICHUS B
COIVIACHU C MPEIbIAYIIMMHU paboTaMy MPEJCKa3bIBAIOT CYIIECTBOBAHUE KPAEBbIX COCTOSHUM B
CBEPXTOHKMX TMJIEHKAX XaJbKOTC€HHMJOB BHMCMYyTa IHpPU HEKOTOPHIX 3HAYEHUSX TOJIINHBI
OKcIepUMEHTATbHBIN MOMCK TAKUX COCTOSTHUM MPOI0JIKAETCS.

Pabota BeinonaseTcs npu noauepxkke PH® (rpant 21-72-20114).

[1] N.I. Fedotov, S.V. Zaitsev-Zotov, Phys. Rev. B 95, 155403 (2017)

[2] N.1. Fedotov, S.V. Zaitsev-Zotov, Phys. Status Solidi - Rapid Res. Lett. 13, 1800617 (2019)
[3] N.I. Fedotov, A.A. Maizlakh, V.V. Pavlovskiy, G.V. Rybalchenko, S.V. Zaitsev-Zotov,
Surfaces and Interfaces 31, 102015 (2022)

[4] N.1. Fedotov, S.V. Zaitsev-Zotov, J. Phys.: Condens. Matter 30, 485301 (2018)

Scanning tunneling spectroscopy of edge states on surface steps of topological
insulator Bi,Se;

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

The interest in topological insulators is based on their unusual properties (presence of
topologically protected surface states, suppression of backscattering) as well as their perspective
application in the development of new micro and nanoelectronic devices. In particular, one-
dimensional states can be of importance as possible conductance or scattering channels.
Possibility of their formation on surface steps and edges of nanowires and thin films is
investigated in this work. Here we present the results of investigation of surface steps of
topological insulator Bi,Se; [1,2] and ultrathin films [3] of Bi,Te; by means of scanning
tunneling microscopy and spectroscopy. In the vicinity of the steps we observe band bending and
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a change in tunneling spectra. In particular, instead of the minimum corresponding to the Dirac
point a plateau appears accompanied by a sharp maximum. We show that these changes
correspond to the formation of quasibound one-dimensional states in the resulting quantum well.
Experimental observations are supported by numerical modeling of surface steps on the basis of
a 2D effective Hamiltonian with band bending and of surface steps, nanowires and thin films in
the framework of a 3D effective Hamiltonian without band bending [4]. In the latter case no
quasibound states are found on the edges of the nanowires, but states bound to particular faces
exist. These calculations in accordance with previous works predict edge states in ultrathin
bismuth chalcogenide films at certain thickness values. Experimental search for these states
continues.
This work is supported by RSF (grant no. 21-72-20114).
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[4] N.1. Fedotov, S.V. Zaitsev-Zotov, J. Phys.: Condens. Matter 30, 485301 (2018)

25



DOI: 10.26201/1SSP2023.45.557/SPMAPPL-4.17

ABTOMATHYECKOE PACIIO3HABAHUE 00PA30B M aHAJIN3 00bEKTOB HA
MOBEPXHOCTH (METOAUYECKOEe COO0LIeHE)

A1O. AnaﬂLImKHH1’2’3’4

YUnemumym ¢usuxu muxpocmpykmyp PAH, yn. Axademuueckas, 0. 7, Huowenuii Hoszopod, 603950

2 Huawce20podckuti 20Cy0apcmeentoiii yHusepcumem um. H. U. Jlobauesckozo, np. ['acapuna, 0. 23,
Huorcnuii Hoszopoo, 603022

Hayuonanvhuiii uccredosamensekuii yuusepcumem «Bolcuias wkona skoHomukuy, yi. Macnuyrasi, o,
20, Mocxkea, 101000

*Llenmp nepcnexmusnbix Memooos meogusuxu u Hanomexnonozuii, Mockoeckuii ousuko-mexnudeckui
uncmumym, Uncmumymcekuil nep., 0. 9, J{oneonpyonwiii Mocxosckoii oon., 141700

B noknmage OyayTr pa3oOpaHbl HEKOTOpPHIE METOJWYECKHE BOIPOCHI, KacaroIIHecs
BO3MO’KHOCTEH aBTOMATHYECKOTO pacrno3HaBaHUsi 0OBEKTOB B MPHJIOKEHUHU K 3aja4aM (QU3UKU
MOBEPXHOCTU M CKAaHUPYIOUIEH 30HI0BOM MHUKpPOCKONHMU. BymyT mpeicTaBlieHbl MNPUMEPHI
pacro3HaBaHusi OJHOTHUITHBIX OOBEKTOB C TIOMOIIBIO KPOCC-KOPPEISIITUOHHOW (PYHKITUH,
ABTOMATUYECKOTO YCTPAHEHUS HAKIOHA, MPUMEPHI IOCTPOCHMSI CKeJeTa H300pakeHUs U
OMpeIeJICHUE KOHIEBBIX TOYEK M TOYEK BETBJICHHS, ABTOMATHYECKOTO IOUCKA BUHTOBBIX
quciokauuid u mpodee. [ mpakTHUECKOM pealu3aluyd alrOPUTMOB HCIOJIB3YeTCs SI3bIK
Matlab. Pabora BeinosHeHa mpH MOIEpKKe rocyaapcrBeHHoro 3amanus MOM PAH B 2023

rOJy.

Automatic recognition of surface patterns and their analysis

A.Yu. Aladyshkin****

YInstitute for Physics of Microstructures RAS, Nizhny Novgorod 603950, Russia

’Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod 603022, Russia

*National Research University Higher School of Economics, Moscow 101000, Russia

*Center for Advanced Mesoscience and Nanotechnology. Moscow Institute for Physics and Technology,
Dolgoprudny 141700, Russia

This report is devoted to some methodological problems concerning automatic pattern
recognition in surface physics and scanning probe microscopy. We consider problems of
detection of surface objects by means of cross-correlation function, automatic tilt removal,
building of skeleton of image and detection of end and branching points, automatic detection of
screw dislocations etc. We use Matlab programming language to illustrate basic ideas of these
algorithms.
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XapaKTepl/ICTI/IKa TOHOFpa(l)I/II/I KYTHUKYJbI HEMATOA U BOJIOC MJIICKOIMUTAOIIINX
C IOMOIIIbIO aTOMHO-CHJIOBOM MHUKPOCKOIINHU

P.®. ®axpyinuH

Hucmumym gynoamenmanvrou meduyurnvl u duoroeuu, Kazancxuil pedepanvrwiil yrnusepcumemn,
2. Kazanw, 420008, Pecnybnuxa Tamapcmarn

HekoTtopsie Ouonormueckre OOBEKTHI, MpPEACTaBISIONIMEe CO00l TOCTATOYHO KpPYIHBIE
(TecsITKH MUKPOMETPOB B JIMAMETpPE) CTEPKHEBUIHBIE CTPYKTYPHI, C TPYAOM MOTYT OBITh
HCCJIEI0BAHBI C TTIOMOIIBIO aTOMHO-CHIIOBOM Mukpockonuu (ACM). Crienyert, 0qHAKO, OTMETHTb,
YTO TOJIKO ATOMHO-CHJIOBAasi MHUKPOCKONHUS MOXET IO3BOJIUTH IOJYyYUTh KOJUYECTBEHHYIO
uH(pOopMaLKo 0 TornorpaduYeckux XapaKTepUCTHUKAX TaKMX 00bEeKTOB. K HUM MOKHO OTHECTH
BOJIOCHI MJICKONHMTAIONIUX M HEMAaTOJl, KOTOPhIE MMEIOT HWIMHAPUYECKYIo (hopMmy U BechMa
Pa3BUTYIO CTPYKTYpPY MOBepXHOCTU. HacTosAmuii 1oK1a mo3HAKOMUT CIyIIaTeNsi C HEKOTOPBIMU
pe3yibraTamu, HOJTyYeHHbIMH C ucronb3oBanueM ACM B pexxume PeakForce Tapping s
XapaKTePUCTUKU CTPYKTYpPbl TOBEPXHOCTH MOAU(DUIMPOBAHHBIX BOJIOC dYenmoBeka [1],
CCJIbCKOXO3SUCTBEHHBIX W JUKHUX JKUBOTHBIX [2], a Takke CBOOOIHOXHUBYIIUX HEMATO]]
Caenorhabditis elegans [3] u Turbatrix aceti [4]. Pabora momnep»xana rpantoM Poccuiickoro
Hayunoro ®onna (npoekt Ne20-13-00247).

1. G. Cavallaro, S. Milioto, S. Konnova, G. Fakhrullina, F. Akhatova, G. Lazzara, R. Fakhrullin,
Y. Lvov, ACS Appl. Mater. Interfaces 12, 24348 (2020).

2. N. Rahman, F.H. Scott, Y. Lvov, A. Stavitskaya, F. Akhatova, S. Konnova, G. Fakhrullina, R.
Fakhrullin, Pharmaceutics 13, 1477 (2021).

3. G. Fakhrullina, F. Akhatova, M. Kibardina, D. Fokin, R. Fakhrullin PhD, Nanomedicine:NBM
13, 483 (2017).

4. F. Akhatova, G. Fakhrullina, E. Khakimova, R. Fakhrullin, Ultramicroscopy 194, 40 (2018).
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CxaHupYyO1Ias 30H10Basi MUKPOCKOMHUSI OMHOYHBIX MOJIEKY.I
OMonoIMMepoB

JI.B. Kninnos, E.B. /Iyoposun, H.A. bapunos

Dedepanvroe 20Cy0apCcmeeHHoe A8MOHOMHOE 00PA308amMeNbHOE YUpeHCcOeHUe 8blCUuLec0 00PA308aHUs
«Mocroeckutl puzuxo-mexHudeckuti UHCmumym (HAQyUOHAIbHLIL UCCIe008AMENbCKULL YHUBEPCUMEN) ),
141701, Mockoseckas obnacme, 2. J{oneonpyousiil, Hucmumymckuii nepeyiox, o.9.

@OyHIaMEHTAIBHBIM IIapaMETPOM JIHOOOr0 BMJIAa MHUKPOCKOIIHMHU SIBJISIETCS pa3peliarolas
criocoOHOCTh. Ckanupytomasi 30H70Bass Mukpockonus (C3M) — MOIIHBIA HHCTPYMEHT st
U3YYEHUS CTPYKTYpbl OuomnonumepoB. Paspemenne B C3M 3aBUCHUT OT paauyca KPHUBU3HBI
30H/a, KOTOPBII MCIOJIB3YyeTCs I BHU3yallM3aluu oOpasua. J{as moixydeHus CBEepXBBICOKOTO
pazpemienusi npu C3M-uccrnenoBaHud OUOMOIMMEPOB, MPUMEHSIUCH paHee pa3paboTaHHBIC
Hamu, cBepxocTpble C3M-30H[bI, ¢ PaguycoM KPUBU3HBI OCTpPUsSl OKOJIO 1 HM, Ha CErojHs
SBIISIONIMECS CaMBIMH OCTPbIMU Ha pbiHKe C3M-30HI0B. J[pyrumM Ba)KHBIM MapaMeTpoOM MAJis
UCCIICIOBAaHUS  CTPYKTYphl OuomonmumepoB mpu  momou C3M, sBisercs TOIJIOXKKA.
PaccmoTpeHO BiMsSHHME pa3NUYHBIX MOJUIOKEK Ha CTPYKTYPY OMOMOIMMEPOB U BO3MOXKHOCTH
IIOJIyUYEHUSI CBEPXBBICOKOrO paspeuieHus. lIpuBeneHbl KOHKPETHbIE MPUMEpPHI HCCIIETOBAHUS
ctpyktypbl Moisiekyn JIHK, ¢ubpunorena u anpOymuna. Crnocod MoOAH(PUIIMPOBAHUS
rupooOHON TIOBEPXHOCTH BKIIIOYACT HAHECEHHWE Ha IOBEPXHOCTh MOHOCIOS MOJEKYI
CJIOHOIO cocTaBa. B kauecTBe (pyHKIIMOHATBHON TPYIIBI MOJIEKYJIA COJIEPIKUT TOJIOKUTEIBHO
3apsokeHHyro rpynny NH,, B kauecTBe ywacTtka, 00pa3yroliero BOJAOPOAHbIE CBSI3U, MOJEKYJa
coaepxkutr ¢parmentol -NH(CH2)4CO-, a B kadectBe ruapodoOHOro ydacTka MOJIEKYJIa
conepxut pparmeHT -(CHy)10-. [uapodoOHas yacTh MOJIEKYJIbI 00ECIICUNBACT B3aUMO/ICHCTBHE
¢ runpodobHoit moBepxHOcThi0o BOIII, a wacTe Mosekynbl, CHocoOHas 0Opa3OBHIBATh
MEXXMOJIEKYJIIpHbIE BOJOPOJIHBIE CBA3HM, O0OecreuynBaeT B3aWMOJAECUCTBHE MEXKIY COCETHUMU
MojekyinamMu. Hamu uccinenoBaHbl CIOCOOBI CaMOOpraHM3allMd MOJEKYT MoJuduKaTopa,
IpeyIokKeHbl MoJAenu Yykjaaaku Ha nosepxHoctd BOIII. Beumm momyuyeHsl u300paskeHUs
MOJeKy1  (UOpPUHOT€Ha,  KOMIUIEKCOB  CTPENTOBHAMHA €  OMOTHMHUIMPOBAHHBIMU
osmronykieorngamu, AJ[HK ¢ BBICOKMM IPOCTPaHCTBEHHBIM Pa3peIICHUEM.

Scanning probe microscopy of single molecules of biopolymers
D.V. Klinov, E.V. Dubrovin, N.A. Barinov

Moscow Institute of Physics and Technology, 9 Institutsky Per., 141700 Dolgoprudny, Russia

The fundamental parameter of any type of microscopy is the resolution. Scanning probe
microscopy (SPM) is a powerful tool for studying the structure of biopolymers. The resolution in
SPM depends on the radius of curvature of the probe, which is used to visualize the sample. To
obtain ultra-high resolution in the SPM study of biopolymers, we used previously developed,
ultra-sharp SPM probes with a radius of curvature of the tip of about 1 nm, which are currently
the sharpest on the market of SPM probes. Another important parameter for studying the
structure of biopolymers using SPM is the substrate. The influence of various substrates on the
structure of biopolymers and the possibility of obtaining ultra-high resolution are considered.
Specific examples of studying the structure of DNA, fibrinogen, and albumin molecules are
given. The method of modifying a hydrophobic surface involves applying complex molecules to
the surface of a monolayer. As a functional group, the molecule contains a positively charged
NH, group, as a site forming hydrogen bonds, the molecule contains fragments of -
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NH(CH,),CO-, and as a hydrophobic site, the molecule contains a fragment of -(CH,)10-. The
hydrophobic part of the molecule provides interaction with the hydrophobic surface of the EPG,
and the part of the molecule capable of forming intermolecular hydrogen bonds provides
interaction between neighboring molecules. We have investigated the ways of self-organization
of modifier molecules, proposed models of laying on the surface of the EPG. Images of
fibrinogen molecules, streptovidin complexes with biotinylated oligonucleotides, and dsDNA
with high spatial resolution were obtained.
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O xocBeHHOM H3MEPECHUHU aniePTYPLI 30HAA-HAHOIMUIICETKH CKAHUPYHIOIIET 0
MHUKPOCKOIIa HOHHOM MMPpOBOAUMOCTH

C.10. Jlykamenko, O.M. I'opoenko, M.B. XKykos, C.B. [Tnuaxuu, N.JI. Cano>xHUKOB,
M.JI. ®enpmThin, A.O. ['ony6ok

UAIl PAH, 198095, Canxm-Ilemepbype, ya. Heana Yepuwix, 31-33, aum. A

B kayecTBe 30HII0B B CKaHUPYIOIIEH MUKPOCKONMUWU HOHHON mpoBogumocTtu (CMMUII)
WCIIONIB3YIOTCS  CTEKJISTHHBIE TIMIETKH C HaHopadMepHbiMH aneptypamu  (10-100) =M,
M3rOTaBIMBAaEMblE METOJOM HarpeBa CTEKISHHBIX KalWULIPOB [0 IIOPOTOBBIX 3HAUEHUU
TEMIIEpaTypbl IUIABJIICHUS C MOCIEAYIOLIUM pa3pblBOM. 11 M3MEpeHus AuameTpa anepTypsl
UCTOJNB3YIOT JBa IMOJIXOJa: HM3MEpEHHEe pa3Mepa amepTypbl MO H300paKEHHI0 TOpLa
Hanonunetku (HII) B ckanupytomem snekTpoHHOM Mukpockorne (COM) uiaum KOCBEHHOE
U3MEpEHHe M0 €€ DIIEKTPUUYECKOMY CONPOTHBICHHUIO. MBI IPOBEIU CpPaBHEHUE paJUYCOB
aneptyp HII, moay4eHHbBIX W3 KOCBEHHBIX U MPAMBIX U3MEpPEHUN. bpun npoBeIeHbl U3MEpPEHUs
AIIEKTPUYECKOTO conpoTuBieHust Heckoimbkux HII, 3amomnennsix pactBopom NaCl ¢ pasHeiMu
KOHLIeHTpauusaMu. Okaszanoch, 4YTO pa3Mepbl HaHoamepryp, ompeaeineHHsle u3z COM
nzobpaxenuit Topuos HII B 2,5 pasa nmpeBbliany 3HaY€HUS, [OJIYUYEHHBIE [0 U3MEPEHHUIO MX
compotuBiieHuii. B pabore 00CyXHalOTCSI TPHUMHBI CTOJb OOJNBIIOTO PACXOXKACHUA B
onpezaeneHuu auamerpa aneptypsl HII npsMbiM 1 KOCBEHHBIM MeTOaMU. MBI TOKa3bIBA€M, UTO
3akoH OMa He JaeT aJeKBAaTHOTO OIMCaHMs TpaHcHopTa 3jekTpuueckoro 3apsna B HIL
AJIeKBaTHOE OIMCAaHUE TPAHCIOPTA AJIEKTPUUYECKOrO 3aps]ia B AIEKTPOJIMTE JAIOT ypaBHEHUS
Hepncra-Ilnanka, HaBbe-CTokca u Jlanmnaca ¢ cOOTBETCTBYIOIIMMH T'PAaHUYHBIMH YCIOBHUSIMU C
Y4€TOM MOBEPXHOCTHOI'O 3apsiia U BA3KOCTH Ha CTEKJISIHHBIX cTeHkax HII.

On indirect measurement of the nanopipette aperture of the scanning ion-
conductance microscope

S.Yu. Lukashenko, O.M. Gorbenko, M.V. Zhukov, S.V. Pichahchi, 1.D. Sapozhnikov,
M.L. Felshtyn, A.O. Golubok

IAI RAS, 198095, Saint-Petersburg, lvana Chernyh str., 31-33, litera A

Glass pipettes with nanosized apertures (10-100) nm are used as probes in scanning ion-
conductance microscopy (SICM). To measure the aperture diameter, two approaches are used:
measurement of the aperture size from the image of the nanopipette (NP) apex in a scanning
electron microscope (SEM) or indirect measurement from its electrical resistance. We compared
nanopipette aperture radii obtained from indirect and direct measurements. The electrical
resistance of several NPs filled with NaCl solution with different concentrations was measured.
It turned out that the sizes of nanoapertures determined from SEM images of the NPs were 2.5
times higher than the values obtained by measuring their resistances. The paper discusses the
reasons for such a large discrepancy in the determination of the NP aperture diameter by direct
and indirect methods. We show that Ohm's law does not provide an adequate description of the
electric charge transport in the NP. An adequate description of the electric charge transport in an
electrolyte is given by the Nernst-Plank, Navier-Stokes and Laplace equations with the
corresponding boundary conditions and the accounting the surface charge and viscosity on the
glass walls of the NP.
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ATOMHO-CHJIOBas MHUKPOCKOININA KICTOYHBIX 00BHEKTOB JJIA TKaHEeBOM
HHKCHECPUH

IO.M. Ed)DeMOBl, AA. (DpOJ'IOBal, AA. AKOBaHHeBaZ, A.B. MypamKol, C.JL KOTOBal,
B.C. HpeCHHKOBal, I1.1. KOTeHeBal, H.B. KomeﬂeBal, I1.C. Tumames

Ceuenosckuii Ynusepcumem, 119991 Mocksa, yn. Tpybeyxas, 8-2
Z(DHU X® PAH, 119334 Mocksa, yn. Kocvieuna, 4
SMIY um. M.B. Jlomonocoea, 119991 Mocksa, Jlenunckue eopwi, 1

CrangapTHble KJIETOYHBIE KYJIBTYPhl U MHOTOKJIETOYHBIE CTPYKTYPBI SIBISIOTCS OCHOBHBIM
00BEKTOM JIOKJIIMHUYECKUX OMOMEIUIIMHCKUX HCCIIeAOBaHUI. MHOTOKJIETOUHBIE CTPYKTYPHI,
CpeaH KOTOPHIX MOXKHO BBIJICJINUThH KIETOYHbIE IUIACTHI U c(HEepouabl, BCE Yalle HCIOJIb3YITCSI
Kak Ui (yHJaMEHTAIBHBIX UCCICIOBAHUMN, TaK U JJIs IPAKTHUECKUX MPUIIOKECHUH, HallpUMep, B
ouoneyaTM M TECTUPOBAHMM HOBBIX JIEKApCTB. AOCOIIOTHOE OOJIBLIIMHCTBO IPOIILIBIX
UCCJIEJOBAaHUM OBLIM CKOHLIEHTPUPOBAHBI HA OMOJIOTUU KJIETOK M MHOTOKJIETOYHBIX CTPYKTYP,
OJIHAKO, OYEHb MaJl0 JAHHBIX JIOCTYIHO 00 MX MeXaHudeckux cBoiicTBax. IloHumaHue
MEXaHUYECKOTO MOBEACHUS TAKUX CTPYKTYP SIBJISIETCA HEOOXOAMMBIM IIaroM JJisi YCTaHOBJICHUS
(byHIaMEHTAJIbHBIX NPUHIMIIOB TKaHEBOH OMOMEXAaHUKH, TECHO CBA3aHHBIX C MEXaHHU3MaMHU
o0pa3oBaHMsl HOBBIX TKaHEH, pereHepanuu W pa3BUTHS naronoruil. MexaHuyeckue
B3aUMO/JICHCTBUSA BIUAIOT HAa (POPMUPOBAHHE KJIETOYHBIX arperaroB, IPOLECChl UX MEPECTPOIKU
U CIIMSHUS, a TaKKe Ha >KU3HECIMOCOOHOCTh M (PYHKIIMOHUPOBAHHE OTHENBHBIX KIETOK B HX
cocraBe. OIHUM M3 JOCTYNHBIX METONOB M3YyYEHUS MEXAHUYECKUX CBOMCTB KIIETOK SIBISETCS
aToMHO-cujioBass Mukpockornusi (ACM), Kkotopas TIO3BOJISIET OIEHUBATH JIOKAJIbHbBIC
BS3KOYIPYrHe CBOICTBAa MaTepHallOB Ha HaHOpa3MepHOM Maciutade. B nokmazne oOcyxnarorcs
pe3ysbTaThl, HEJABHO IIOJYyYEHHbIE HAaMU B MCCIEAOBAaHUSAX KIETOK M MHOTOKJIETOYHBIX
CTpyKTyp ¢ mnomombio ACM u OpyruMu KOMIUIEMEHTapHbIMM MeTtojnamu. MccienoBaHus
BBITTOJIHEHBI TP oz iepkKe rpanta PODOU 20-52-04013.

Atomic force microscopy of cellular objects for tissue engineering

Y.M. Efremov?, A.A. Froloval, A.A. Akovantseva®, A.V. Murashko?, S.L. Kotova®,
V.S. Presniakova®, P.I. Koteneva®, N.V. Kosheleva®, P.S. Timashev*®

Sechenov University, 119991 Moscow, Russia, 8-2, Trubetskaya St., 8-2
’N.N. Semenov Institute of Chemical Physics, 119991 Moscow, Kosygin St., 4
*Lomonosov Moscow State University, 119991 Moscow, Leninskiye Hills, 1

Standard cell cultures and multicellular structures are the main object of preclinical
biomedical research. Multicellular structures, including cell sheets and spheroids, are
increasingly being used both for fundamental research and for practical applications, for
example, in bioprinting and drug testing. The vast majority of past research has focused on the
biology of cells and multicellular structures, however, very little data is available on their
mechanical properties. Understanding the mechanical behavior of such structures is a necessary
step to establish the fundamental principles of tissue biomechanics, which are closely related to
the mechanisms of new tissue formation, regeneration, and development of pathologies.
Mechanical interactions affect the formation of cell aggregates, the processes of their
rearrangement and fusion, as well as the viability and functioning of individual cells in their
composition. One of the available methods for studying the mechanical properties of cells is
atomic force microscopy (AFM), which makes it possible to evaluate the local viscoelastic
properties of materials on a nanoscale. The report discusses the results recently obtained by our
group in studies of cells and multicellular structures using AFM and other complementary
methods. This research was supported by the Russian Foundation for Basic Research (20-52-
04013).
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Oco0ennocTu (a3oBOro NMoBeeHUsi TEPMOUYBCTBUTEIbLHBIX MOJAMEPOB IS
OMOMeIMIMHCKUX TPUMEHEHUi, BbISIBJeHHbIe METOJ0M AaTOMHO-CHJIOBOIi
MHKPOCKONHUHT

AA. CDQOJ'IOBal, B.C. KyKaHOBal, C.JL KOTOBal, C.B. KOCTIOKZ, I0.A. Poqus, IO.M. E(bpeMOBl,
AA. AKOBaHL[eBa4, I1.C. Tumamies®

'BO Iepeviii MTMY umenu U.M. Cevenosa, 119991, Mocksa, y. Tpybeykas, 8, cmp. 2
2HUM OXIT BT Y, 2200006, beaapycw, e. Munck, yn. Jlenunepaockas, 14

3HYH, HIJBUH, I'onysu, Upranoua, X91 TK33, yn. Yuusepcumemckasn

‘orey QUL XD um. HH. Cemenosa PAH, 119991, 2. Mockea, yr. Kocvleuna, 4

Crumyn-uyBcTBHTENBHBIE («SMmarty, «intelligent») monumepsl npencraBisoT coboi Kiace
HOJMMEPOB, PearupyrouMx Ha U3MEHEeHMs oKpykatomed cpeabl. Cpeau (akTopoB WIM Tak
Ha3bIBACMBIX CTUMYJIOB («Stimuli»), Kk KOTOPBIM YYBCTBHUTEIILHBI TAKUE MAaTEPHAIIbl, OCHOBHBIMH
ABIIIOTCA TemrepaTrypa, pH, BIaKHOCTb, XUMHUYECKHE COCIUHEHUS, NIEKTPUYECKOE WIN
MarHuTHOe Ioyie. Marepuanbl Ha OCHOBE TaKMX IIOJUMEPOB HAxXOMAT NPHUMEHEHHE Kak
OMOCEHCOphl, HOCUTEIM IPU JIOCTABKE JIEKAPCTB C KOHTPOJUPYEMBIM BBICBOOOXKICHHEM M B
KadgecTBe CKap@oIT0B B TKAHEBOH HHKEHEPHH. TepMOUYBCTBUTEIbHBIC MOJIUMEPHI MEHSIOT
CBOU (U3MKO-XMMHMUYECKHE CBOWCTBA B OTBET HAa HM3MEHEHUE TeMIepaTypbl, IpeTreprieBas
(da30BbIil NEepexoa NpU AOCTHXKEHUUM HWDKHEW WIM BEpXHEH KPUTUYECKOM TOUKM pacTBOPEHUS
(HKTP umu BKTP). Opnum u3 HauOonee M3yYEHHBIX TAaKUX IMOJUMEPOB sBIsieTcs moyin-N-
u3onponwiakpuwiamua (IIHUTTAM) ¢ HKTP G6muskoii k ¢usuonornyeckoit (okono 32°C). C
IOMOILBIO TPUCOEAMHEHHS] PA3JIUYHBIX (PYHKIHOHAIBHBIX TIPYINI MIM APYTrUX IOJIUMEPOB
MOYKHO TOOUTBCSA cMelieHus: TemreparypHoro nepexona y [THUIIAM, tem cambiM perynupyst
€ro CBOICTBa I0OJ MHTEPECYIOIINE HCCleqoBaTesell 3aJadyd. B wyacTHOCTH, comoMMepsl Ha
ocHoBe [THUITAM wucnonb3yroTcsi B TEXHOJOTMH KJIETOYHBIX IJIACTOB. JlaHHas TEXHOJIOTHUs
3aKJII0YAETC B HApallMBaHMM KJIETOYHOIO IUIACTa C MCIIOJIB30BAaHHEM IOUIOKKH B BHIE
JTAHHOTO TOJMMEpPAa WIM COIMOJIMMEpPA Ha €ro OCHOBE M IOCIEAYIOIIEM OTKPEIJIEHUU LEIBHOTO
KJIETOYHOTO IIIacTa OT MOJMMEPHON MOJUIOKKH U TMOMEIIEHHs €ro BMecTO JedeKTa (Hanmpumep
CYyCTaBHOTO WJIM KOXKHOro). Takue KIJIeTOYHbIE IJIacThl BBIPAIMBAIOTCS HAa TOHKUX WU
yABTPATOHKUX IUIEHKAaX M IpH JIOCTaTOYHOM OO0bEeMe KJIETOYHOro IuUiacTa, C IOMOIIbIO
MOHMKEHUSI TeMIieparypbl 3HaunTenbHo Hke HKTP, noOuBatorcs pacTBOpeHHs MOJUMEPHOMN
NOJJIOKKH W CBOEBPEMEHHOIO OTKPEIUIEHUs LEJIBHOIO KJIETOYHOro Iulacra. I3yuenue
pacTBOpPEHUs TaKUX IJICHOK B Ipolecce (ha30BOro Mepexoa sBisieTcs HETPUBUAIBHOM 3a/1adei,
B OTJIMYME OT MCCIIEAOBAHMS CIINTBHIX TMApPOTeNed, Tak Kak IMJeHKa (GU3NYEeCKHU Hcye3aeT MpHU
nepexone. Hamm  paspaboran  meron — uccienoBaHus — (a3oBoro  mepexojna B
TEPMOYYBCTBUTEIBHBIX IOJMMEPAX HAa OCHOBE AaTOMHO-CWJIOBOM  MHUKpockonuu. B
TEMIEPATYPHOM IHKJI€ ObUTM U3Y4EHbl MU3MEHEHHS] MEXaHWYECKHX XapaKTePUCTHK U CTETEeHU
HaOyXaHMUs Ui TOHKHMX IUIGHOK psJa TEpMOUYYBCTBUTEIBHBIX IIOJUMEPOB U  BBISBICHBI
0COOEHHOCTH UX (Pa30BOTO MOBEIACHUSI.

Pa6ota BrINOIHEHA MU MoAJIepKKe TpanTa Poccuiickoro Hayanoro ¢onma Ne 21-15-00349.
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Phase Behavior of Thermoresponsive Polymers for Biomedical Applications
Studied by Atomic Force Microscopy

A.A. Frolova®, V.S. Kukanova®, S.L. Kotova!, S.V. Kostjuk?, Yu.A. Rochev®, Yu.M. Efremov’,
A.A. Akovantseva®, P.S. Timashev'

'1.M. Sechenov First Moscow State Medical University, 119991, Moscow, Trubetskaya St., 8-2
“Research Institute for PCP of the BSU, 220006 Minsk, Belarus, Leningradskaya Str., 14

SNUI, National Centre for biomedical engineering science, H91 TK33 Galway, Ireland, University Road
*N.N. Semenov Research Center of Chemical Physics. 119991, Moscow, Kosygina St., 4

Stimuli-responsive («smart», «intelligent») polymers is a class of polymers which react to
the changes of the environment. Among the factors or so-called stimuli are temperature, pH,
humidity, certain chemical substances, electric and magnetic fields. Materials based on stimuli-
responsive polymers find such applications as biosensors, carriers in controlled drug release,
scaffolds for tissue engineering. Thermoresponsive polymers change their physico-chemical
properties following the temperature changes, with a phase transition upon reaching either the
lower or upper critical solution temperature (UCST or LCST). Poly-isopropylacrylamide
(PNIPAM) is one of the most intensively studied thermoresponsive polymers due to a
physiologically relevant LCST of about 32°C. With the addition of different functional groups or
copolymerization, one can achieve a controllable shift of the LCST, according to the target
application. In particular, PNIPAM-based copolymers are used in the cell sheet technology. This
technology consists in growing a cell sheet atop a substrate made of such a polymer or
copolymer followed by the cell sheet detachment and placing it into the site of a defect (for
example, a cartilage of skin defect). Such cell sheets are grown on thin and ultrathin polymer
films which undergo dissolution at the temperatures below the LCST, thus leading to the
controllable detachment of the cell sheet as a whole. Studying the dissolution of such films is a
non-trivial task, in contrast to crosslinked hydrogels, since the film physically disappears in the
course of the transition. We have developed an approach to the study of the phase transition in
thermoresponsive polymer films based on atomic force microscopy. In a temperature cycle, we
have studied the changes in the mechanical and swelling parameters for thin films of a number of
thermoresponsive polymers and described their phase behavior.

This study was supported by the Russian Science Foundation grant Ne 21-15-00349.
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YcraHoBJIeHMe BJINSIHUS NMATOJOT MM POroBunbl 4€¢JIOBCYCCKOI'O Ijia3da Ha
OHoMexaHnYecKHue u Tonorpa(bnquKne CBOMCTBA OT/IeJILHBIX €€ CJI0eB
METOJA0M aTOMHO-CHJIOBOH MHUKPOCKOIINHA

A.A. Axosannesa’, A K. A6y1(epI/IMOBaZ, C.2. Aserucos®, B.C. KyKaHOBa3, AA. q)pOJ'IOBaS,
10.M. E(bpeMOB?’, C.JI. Korosa®, I1.C. Tumames

l(DHLl X® PAH, 119991, Mocksa, yn. Kocvieuna, 4
2OI'BHY "HHUM Inasnvix 6onezueti um. M.M. Kpacnosa", 119021, Mocksa, yn. Pocconumo, 114
*BO Hepsoviti MI'MY umenu U.M. Ceuenosa, 119991, Mocksa, yn. Tpybeykas, 8, cmp. 2

PoroBunia siBnsieTcsi 4acThi0 HapykHOW (UOPO3HON OO0OJOUKM TIJ1a3a, YTO BO MHOTOM
ompenenser e€ (QyHKIHMOHAIbHBIE 0ocoOeHHOCTH. [luddepeHrpoBanHbIe MOAXOABI K OICHKE
OMOMEXaHUYECKUX CBOMCTB POTOBHUIBI B MEPBYIO OYepeAb HEOOXOAMMBI TMPHU IMPOBEICHUU
ornepanuil MO KeparoIUIaCTUKE, TaK KaK JlaHHas oIlepalusi OCHOBBIBACTCS Ha MPUHLUIE
CEJICKTUBHOW 3aMEHbl TOPAXEHHBIX CJOEB pOTOBHIBI, B OOJBIIMHCTBE CIIy4aeB —
UCKIIIounTENbHO JlecriemeToBoil MeMOpanbl. OHaKO HE MEHEE BaXKHBIM SIBJISIETCS] YCTaHOBIIEHUE
BIMsHUS maronorui JlecuemeroBold MeMOpaHbl Ha OMOMEXaHHYECKHE W Tomorpapuieckue
XapaKTepUCTUKU JAPYrUX CJIOEB poroBullbl. B Hacrosmiee Bpemsi Haubosiee NEpPCHEKTUBHBIM
HEPa3pyIIAIIUM METOJOM HCCIEeIOBAaHHS JOKATbHBIX OMOMEXaHUYECKUX U TOMOrpaduyecKux
XapaKTEPUCTUK SIBJISIETCS aTOMHO-CUJIOBas MUKpockonus. B gaHHON paboTe METOAOM aTOMHO-
CHJIOBOM MHKPOCKOMHMH OBbLIO TPOBEACHO HCCIEAOBaHUWE BIMSHHUS BO3pacTa IMalUeHTOB,
KepaToKoHyca U OyJIIe3HOM Keparonaruu Ha MEXaHWYECKUE U TOlorpauueckue CBOIMCTBa BCEX
CJIOE€B POTOBHUIIBI.

Determination of the influence of pathologies of the human eye cornea on the
biomechanical and topographic properties of its individual layers by atomic
force microscopy

A.A. Akovantseva®, A.K. Abukerimova?®, S.E. Avetisov?, V.S. Kukanova®, A.A. Frolova®, Yu.M.
Efremov®, S.L. Kotova®, P.S. Timashev®

'Semenov Research Center of Chemical Physics. 119991, Moscow, Kosygina St., 4
’Research Institute of Eye Diseases, 119021, Moscow, Rossolimo St., 11A
%|.M. Sechenov First Moscow State Medical University, 119991, Moscow, Trubetskaya St., 8-2

Cornea is a part of the external fibrous membrane of the eye, which determines its functional
features to a great extent. Differential approaches to the evaluation of the corneal biomechanical
properties are necessary mainly for keratoplasty, because this operation is based on the principle
of selective replacement of the affected corneal layers, in most cases - only Descemet's
membrane. However, it is equally important to establish the influence of Descemet’s membrane
pathologies on the biomechanical and topographic characteristics of other corneal layers.
Currently, the most promising non-destructive method to study the local biomechanical and
topographic characteristics is atomic force microscopy. In the present work the effect of the age,
the presence of keratoconus and bullous keratopathy on the mechanical and topographic
properties of all the corneal layers was investigated by atomic force microscopy.
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IIpumMeHeHHe AaTOMHO-CUJI0BOM MUKPOCKOIIUU JISl UCCJICOBAHMS
KPUCTAJJIOB TPUIJIMIUHCY/JIb(AaTa ¢ NOCJIO0NHO-TIEPUOTUYCCKOU
MOIYJMPOBAHHOU CTPYKTYPOl

A.K. JlamkoBa, P.B. l'alinyTauHoB

Dedepanvhblii HayyHo—uccredosamenvckul yeump «Kpucmanioepagua u pomonuxay PAH, 119333,
Mocxkea, yn. Jlenunckuil npocnexkm, 59

IIpoBeneHO  KOMIUIEKCHOE  HMCCIIEIOBAHME  POCTOBOM  IIOJIOCYATOW  CTPYKTYpbl U
MEXaHHUYECKUX CBOWCTB KpHCTaIOB TpurmuiuHcyibdara (TGS), mocnoifHO JiernpoBaHHBIX
IIPUMECBIO  BHEIPECHUS (Cr* u savemenms (L-o-amamum). B peXUME CKaHUPYIOLIEH
MHUKPOCKOIHHU IbE300TKIMKA IOJYy4EHbl IMAaHOpPaMHblE H300paXK€HHUs JOMEHHOH CTPYKTYpbI
KPUCTAJIJIOB Pa3HbIX COCTAaBOB, OLEHEHA IUIOTHOCTh JOMEHHBIX TpaHMIl B Ipeleiax pa3HbIX
cioeB. B pexxumax KenbBHH-30HIOBOH CHIIOBOW MHUKPOCKOINMM M CKaHMPYIOLIEH €MKOCTHON
CHJIOBOII MUKPOCKOIIMM M3Y4€Ha MEpPeXOAHasl 00JIaCTh MEXAy I0J0CAMU HOMUHAJIBHO YHCTOTO
TGS u TGS ¢ nmpumecsto noHOB xpoma. [IpemokeHa METOAUKAa HCCIICIOBAHMS JIOKATbHBIX
YIOPYIUX CBOMCTB B IIOJIOCAX PAa3HOIO COCTAaBA METOJAMH KOPPEIALMOHHOM 3IIEKTPUYECKOU
aTOMHO-CHJIOBOM MMKpPOCKOIIMM M CHJIOBOHM crekTpockonuu. Onpeznenensl Monyiau FOHra B
«YHUCTBIX» U JISTHPOBAHHBIX TOJOCaX KPHCTAILIIOB.

Application of atomic force microscopy for the study of triglycine sulfate
crystals with a layer-by-layer periodic modulated structure

A.K. Lashkova, R.V. Gainutdinov

Federal Research Center "Crystallography and Photonics™" RAS, 119333, Moscow, Leninsky prospect 59

A comprehensive study of the periodic growth structure and mechanical properties of
triglycine sulfate (TGS) crystals doped layer-by-layer with an interstitial impurity (Cr**) and a
substitution impurity (L-a-alanine) has been carried out. With the piezoresponse force
microscopy were obtained panoramic images of the domain structure of crystals with different
compositions, and the density of domain walls within different layers was estimated. The
transition region between the strips of nominally pure TGS and TGS with an impurity of
chromium ions has been studied by the Kelvin probe force microscopy and the scanning
capacitive force microscopy modes. A technique is proposed for studying the local elastic
properties in strips with different composition by the methods of correlation electrical atomic
force microscopy and contact atomic-force spectroscopy. Young's moduli were determined for
impurity free and doped crystal stripes.
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CerHeToaIeKTpUYECKUE KPUCTAJLUIBl WIPAlOT BAaXHYIO pPOJb B Pa3BUTUU COBPEMEHHOMU
9JeKTpOHUKUA. OHU HCIOJNB3YIOTCSA JUIsl CO3JaHMS DJIEMEHTHOW 0a3bl CHCTEM O0pabOoTKH H
XpaHeHUs MH(POPMALUHU, CPEACTB aBTOMATHUKH, PAJAUODICKTPOHUKH, ONTOAIEKTPOHUKU U T.H.
Pacumpenue 061acTi MpUMEHEHHUs, a TaKkKe MOBbIIeHHE Y((HEKTUBHOCTH UX UCIOJIB30BaHUS B
y’K€ U3BECTHBIX HAYYHO-TEXHHYECKHX HAMpaBICHUSAX CBS3aHO C pPa3pabOTKOW METOJI0B
yIpaBiIeHUS CBOMCTBAMU 3TUX KpUCTAIOB. OAMH U3 TaKUX CIIOCOOOB BO3/IEHCTBUSI — BBEACHUE
JETUpYyIOLEed IIPUMECH B IpPOLECCeE pOCTa, B YAaCTHOCTU MocioiHoe. KommuiekcHoe
UCCIIEJOBAHME  POCTOBOWM  IOJIOCYATOW  CTPYKTYphl UM MEXaHUYECKUX  CBOMCTB
CETHETORJIEKTPUUECKUX KPHUCTAJUIOB, IIOCIOWHO JIETUPOBAHHBIX IIPUMECSAMHM BHEIPEHUS U
3aMenieHus mocpeacTBoM MeTouk ACM Mo3BOISIET COCTaBUTh MAaKCUMAJIbHO MOJHYIO KapTUHY
0 BJIMSIHUU YCJIOBHMM POCTa Ha XapaKTEPUCTUKU MOTy4aEeMbIX KPUCTAILIOB.

B npannHoit  pabore  00bEeKTaMHM ~ MCCIEOBAHMUS  CIY)KWJIA  MOHOKPHCTAJUIbI
TPUIIIMIUHCYNIb(AaTa ¢ TPOPHIBLHBIM paclpeieiieHueM INpUMeceil HOHOB XpoMa (Cr3+) u
ananuHa (L-o-amanma w D,L-o-anaHuH), BBIpAllCHHBIC 1O METOJAMKE, pa3pabOTaHHOW B
HNucturyre texumueckour akyctuku HAH benapycu [1]. Cnowucras cTpykTypa KpUCTaIOB
JOCTUTANIaCh MYTEM JIOpAIMBAHUS 3aTPaBKHU MOMNEPEMEHHO B PAacTBOPAaX pPa3HOro COCTaBa — B
HOMUHAJIBHO YHCTOM M COJIEepKalleM mpuMech (MOHOB xpoma win aiannna). Kpucramaer TGS —
TGS + Cr Obutu BbIpallleHbl MPU KOHILIEHTpAaMU XpoMa B pactBope 5 mac. %, TGS — TGS +
LATGS — npu konnenrpauuu npumecu L-a-amanuna 12 mac. %, DLATGS — LATGS — npu
KOHIIeHTpanuu L-o-amanunna 25 mac. % u panemudeckoir cmecu D,L-a-amanuna 25 mac. % B
KpUCTAJIIM3allMOHHOM pactBope. lllupuHa mosoc, copepKaliux JIETUPYIOLIYI0 IPUMECH,
3a/1aBajach BpeMEHEM HaXOXJICHUs KPUCTAIJIa B COOTBETCTBYIOIIEM PacTBOPE.

Jnst nanpHeimero u3ydenusi oopasuoB metogamu ACM U3 mupamuisl pocTa TpaHd m
KPHUCTAIIJIOB BBIPE3aJId OPYCKHU C OOJNBIION OChIO, MapalljieIbHON CEerHETOEKTPUUIECKOM ocH b,
KOTOPBIE 3aTEM pacKaJibIBaIM 1Mo TuiockocTH craiiHoctu (010) Ha 06pa3is! TommuHON 1,52 MMm.
OKCHEepUMEHThl 10 TMOJATOTOBKE U HCCIENOBAHUIO TOBEPXHOCTH OOpPAa3lOB MPOBOIWIH B
KOHTPOJHMPYEMBIX ycioBusix m3MmepurenbHoro kommiekca « TRACKPORE ROOM-05» xmace
guctotel 5 UCO (100). ACM wuccnenoBaHusi TPOBOAMIUCH HA CKaHUPYIOLIEM 30HOBOM
mukpockornie NTEGRA Prima (HT-M/T).

JloMeHHass  CTPYKTypa CIOMCTBIX KPHUCTAJUIOB  BHU3yallM3UpPOBAJIACh  IMOCPEICTBOM
BBICOKOPA3peIIAOIero MeTo[a CKaHMPYIOMIEH MHUKPOCKONHMH IMbE303JIEKTPUUYECKOTO OTKIMKA
(CMII), no3BOJAIOIIErO MOJyYaTh H300paXEHUS JOMEHHOW CTpYKTyphl. Mcmonp3oBanu
CTaHJapTHbIE KPEMHMEBBIE KaHTWIEBEpHl ¢ MokpbiTueM Pt. IlpencraBuTh 0OOmHIYIO KapTHHY
JIOMEHHOHN CTPYKTYpHI B Pa3HBIX MOJIOCAX POCTA MO3BOJISIET COEUHEHNE OOJBIIOT0 KOJIMYECTBA
MOCJIE0BATENbHBIX CKAHOB B OJIHO II€JI0€ U300pakeHUE — MaHOpaMy.

80 MKM

Puc.1. [TanopamHOe M300pakeHue JOMEHHOM Puc. 2. [JanopamHoe n3o0paskeHre JOMEHHON
crpykrypsl TGS-TGS+Cr ctpykrypel DLATGS — LATGS
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Ha Puc.l. BUAHO, YTO JOMEHHasl CTPYKTypa YHUCTBIX M IPUMECHBIX yYacTKOB 3aMETHO
oTnuyaercsa. Bonp rpaHMil cioeB pacroiararoTcsl JOMEHBI IOCTAaTOYHO KPYIHBIX pa3MeEpoB, a
Ha Y4acTKax C MPUMECHIO MpeobiiaaeT MEeIKOAUCIepCHast TOMeHHas cTpykrypa. s obpasua
TGS nerupoBaHHOTO XpOMOM OBLIM PAaCCUMTAHBI CTaTUYECKas YHHUIOJISPHOCTH AJIs ydacTKa ¢
npuMechlo U 0e3 Hee, a TaK K€ IMPHUBEICHHAs IJIOTHOCTh JOMEHHBIX CTCHOK Ha EIHHHUILY
momaau [2]. O6paboTka ¥ aHANM3 W300paKEHUH MPOBOIUIUCH C MOMOIIBIO MPOTPAMMHOTO
obecrnieuenus SPIP 6.1.1(Image Metrology). CraTuueckasi yHUIIOJSIPHOCTD JUISE OOOMX Y4acTKOB
HEBBICOKA M MPAKTHUYECKU OJMHAKOBA, a BOT MPHUBEACHHAS IUIOTHOCTh JOMEHHBIX CTEHOK Ha
y4acTKe ¢ mpuMechio Oorbiie B 3-4 pasa.

B o6pasne, nerupoBannom D,L-a- u L-a-amanunoMm, xapakrep nomeHoB (Puc.2) B o6enx
M0JI0CAaX 3aMETHO OTJIMYAETCS OT CBOMCTBEHHOM uymctomy TGS HOMEHHOH CTpPYKTYpHI,
CTEHKHU CHJIBHO M3pe3aHbl, mpeobianaer 00nbiIoil pa3dpoc JIMHEHHBIX pa3MepoB JOMEHOB.
OTO CBUICTENBCTBYET O CHJIBHBIX MEXAHWYECKMX HANpsDKEHUSX, BIMAIONMX HA
JTOMeHooOpa3oBaHue B mporecce pocra kpuctaywioB. st oopasma DLATGS-LATGS rtak xe
ObUIM TIOCYMTAHBI CTATUYECKas YHUIONSPHOCTH U Yy4YacTKOB pAa3HOTO COCTaBa U
MIPUBE/ICHHAS MJIOTHOCTH JIOMEHHBIX CTEHOK Ha €AMHMILY IUIOIIaau. PacueTsl mokaszanu, 4To
CTaTU4eCKash YHHIIOJSIPHOCTh B IOJIOCAX OTJIMYAETCS B 2 pasza, NMPU ITOM NPUBEICHHAS
IUIOTHOCTH JOMEHHBIX CTEHOK OTJIMYaeTcs B 2,5 pasa.

100

nA

Puc. 3. M300paxkeHre OHOTO U TOTO ke y4acTka moBepxHocTH kpuctaima 1 GS—TGS+Cr ¢ nmosocoii
TGS+Cr (cneBa) u TGS (cnpaa): CMII (a), CECM (b)

Ha puc.3 npencraBieHbl MonydeHHblE B pa3inyHbiX pexumax ACM wuzoOpakeHus
Jpyroro ydacTka MOBEpPXHOCTH Toro xe kpuctamua TGS—TGS+Cr Ha rpaHuue Mexmay
yrctol u npumecHoil nonocoii. Ha CMII uszoOpaxkenun (Puc.3,a) cieBa BHUJIEH KpYIHBII
JIOMeH (TEeMHBII KOHTPACT) MOJOXKHUTEIBHOTO 3HAKA, XapaKTepHBIA 11 HOMHUHAJIBHO YHCTON
IIOJIOCHI, U OTCYTCTBYET MEJKOJUCIIEPCHAs JOMEHHAas CTPYKTypa, KOTOpas IO3BOJsIa Obl
ONpeNeNUTh TPaHuIly mpuMecHoi mnosnockl. Ha Puc.3,b mpuBeneno m3obpaxkenue Toro ke
ydJacTka MIOBEPXHOCTH, IIOJIy4YEHHOTO METOJIOM CKaHUPYIOIIEeH
eMKoCTHO# criioBoit Mukpockonuu (CECM). Ha HeM MOXHO pa3misferh, YTO MOMHMO
IpaHMI] KPYITHOTO JJOMEHA 3a CYeT MPOCTPAHCTBEHHOI'O M3MEHEHHS EMKOCTH OOHApyKUBAeTCs
MIpUMECHAas T0JI0ca C MPOMEXYTOUHBIM CPEIHUM KOHTpacToM. Takum o0Opa3om, KOHTpacT
EMKOCTHOTO HM300pakeHHs (OpPMHUPYeTCss B 06JAacTsX ¢ rpajueHToM mnpumecd Cre', Ha
JIOMEHHBIX I'paHUIaX U Ha 3JeMeHTax penbeda. KoHlenTpaius npuMecu XpoMa B IpUMECHOMN
M0JIOCE MO JIaHHBIM PEHTIeHO(IIYOpPECLEHTHOrO aHaiu3a coctaBuia okosno 0,04 Bec.%, a B
HOMHMHaJIbHO uncToi monoce He Oonee 0,01 Bec.% xpoma [3], 4YTO MpU JaHHBIX YCIOBUAX
M3MEPEHUs JIaJlo OIYTUMOE pa3jMyue B CUTHale, ((OPMUPYIOIIEM eMKOCTHOE N300paskeHHe,
HECMOTPSI Ha Malykw KoHUeHTpauutoo. IIpomexyrounslii cpegnuii koHTtpact CECM
n300pakeHUs] Ha MPUMECHBIX MOJ0cax OOYCIIOBIEH SJEKTPUUYECKU AKTUBHBIM COCTOSITHUEM
MpUMECH, PAaBHOMEPHO BXOJSIIEH B pELIETKY KpUCTalla W JAlolell pasHuly B
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npoBoaumoctu. biarogapst Beicokoi uyBcTBUTENbHOCTH CECM K Hamu4uio NpuMeECH B
KpUCTaJIJIe, CTAJI0 BO3MOXHBIM HaOJII0JaTh POCTOBBIE NMPUMECHBIE TOJOCHI BHE CBSI3U C
JIOMEHHOU CTPYKTYpOH.

Jns cpaBHEHUSI MEXaHMYECKHUX CBOMICTB YYacTKOB Pa3HOIO COCTaBa K CJIOUCTBHIM
kpuctamam TI'C ObUTO pelnIeHo MPUMEHHUTh aTOMHO-CHIIOBYIO criekTpockonuio (ACC). DtoT
METO]I OCHOBaH Ha PErrCTpPallii CHJIOBBIX KPUBBIX, KOTOPbIE OTPAXKAIOT OTKJIOHEHHE THOKOMN
O6anku ACM-30HIa TpH B3aUMOJCHCTBUM OCTPHUS WIJIBI 30HJA C TOBEPXHOCTHIO B
3aBUCHUMOCTH OT PACCTOSTHUS MEXy HUMU. JlaHHAs METO/IMKA MO3BOJISET JIOKAIBHO U3MEPSTh
moayab FOura[4]. [lpu sToM pemianuce caeayroiue 3a1auu: OnpeaeeHue MUPUHBI MOJI0C U
TPaHUIl MEXAY HUMH C TMOMOIIBIO PEHTI€HOBCKMX METOJOB M 30HIOBOM MHKPOCKOIIUH,
BBIOOp 30H JUISI U3MEPEHUS B CEPEAMHE TOJI0C, MOIydYeHUe CUIOBBIX KpuBbIX MeTogoM ACC n
pacuer moxynst HOwra. M3mepeHus 3aBHCHUMOCTEH CHIJIBI OT PAacCTOSHMSI TPOBOAWIN B
KOHTakTHOM pexkxumMe ACM B LEHTpe KaxIoi Moiochl (JISTMPOBAaHHOW W YHCTOM), YTOOBI
UCKITIOYUTH BIHMSHUE BO3MOXKHOU nudPy3un npumecu paaom ¢ TrpaHunamu. s kaxaon us3
I10JIOC CUJIOBBIE KPUBBIE MOJIYYadd B 25 TOYKaX MOBEPXHOCTH, KOTOPHIE 3aT€M YCPEIHSIIU.
[Tocne wu3MepeHUl CHJIOBBIX KPHUBBIX B H3y4aeMbIX KpUCTAIIAX MOMy4Yald HTATOHHbBIE
CHJIOBBIE KpPHBBIE Ha TECTOBOM HenehopMUpyeMoM o0Opaslle ONTHYECKH ITOJIUPOBAHHOTO
Kpuctaiia Huobara nutus. C ucnonbp3loBaHueMm Mozaenu ['epiia, B KOTOpoil paccMarpuBaeTcs
B3aMMOJICHCTBHUE KECTKOU Toiryceps! (B HAIIEM cliydae 3TO KOHYHMK 30H]a) U OECKOHESYHOH
IJIOCKOCTH (TIOBEPXHOCTh KPHUCTAIUIA) U3 IKCHEPUMEHTAIBHBIX YCPETHEHHBIX KPUBBIX OBLI
paccuutan moayib FOHra ans mosjoc pasHoro cocraBa. B mosocax ¢ npumechbro OH oKa3zaics
HUXKE, YeM B YHCTHIX, @ UMEHHO B KPUCTAJUIAX C MPUMECHI0 XpOMa pa3HUIa MEXY MOJI0CaMU
cocraBmia 20-25%, a ju1s kpucramia ¢ npuMecbio L-o-amanuHa — 12—-14%. W3 nmoiydeHHBIX
PE3YNIBTaTOB MOYKHO CJIeaTh BBIBOJ, YTO MEXaHUYECKHE XapaKTEPUCTUKHU B MOJIOCAX PA3HOTO
cocTaBa B IIpeleiax OJHOr0 KPHUCTajula 3aMETHO OTJIMYAIOTCS, BBEJIEHHE NPUMECH XpoMma
3aMeTHee BJIMSET Ha Pa3HUIy MEXaHWYECKUX XapaKTepUCTHUK, B TO BpeMs KakK IMPHUMECH
aJlaHWHA BHOCUT MEHBIINNA BKJIA.
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