O0Js1ikoBa KapTKa aucepTaii

I. 3arasibHi BimOMOCTI

Jep>kaBHUH 00J1iKOBHI HOMeP: 0823U102056
Oco006J1uBi TO3HAYKH: BinKpura

JaTa peecrtpamnii: 28-12-2023

Craryc: Haka3 npo Bugady gumnioma

PexBi3utu Haka3y MOH / Haka3y 3aKjyazy: Hakas N°17-O]] sig 08.03.2024

I1. BizomocrTi nipo 3700yBaya

Baacue IlpizBume Im'a Ilo-6aTbKOBI:
1. Tamanint Bosogumup OsieKCaHIPOBUY

2. Volodymyr Hamalii

KBasigikamis: 104

InenTudikarop ORCID ID: 0000-0002-0372-8748

Bupg, pucepranii: nokrop dinocodii
AcnipaHTypa/JIOKTOpPaHTypa: Tak

IIIndp HayKoOBOi cHIeniaIbHOCTI: 104

Ha3zBa HayKoBOIi creniaJIbHOCTI: disnka Ta acTpOHOMis
FaJIy3b / ra.nysi 3HaHb. NpUPOIHUYI HAYKN
OcBiTHBO-HayKOBa Mporpama 3i creniaJabHOCTi: 39026 dizuka (104 Pisuka Ta acTpOHOMist)
JaTa 3axHCTy: 20-02-2024

CnenianbHICTD 32 OCBITOIO: (i3uKa Ta aCTPOHOMis
Micue po6oTu 3400yBayva:

Kop 3a €IPIIOY:

Micue3HaxoaKeHHS:

dopma BaacHOCTI:

Cdepa ynpasiriHHS:

ImenTudikarop ROR: He zacrocoyerbcs



I11. BimomMocTi mpo opranizariiio, e Big0OyBcsl 3aXHCT

Iudp cnenianizoBaHOi BYEHOI pagH (pa30Boi CIeNiaai30BaHOi BY€HOI pagu): 1
64.175.011_ID_4429

IloBHe HaﬁMeHYBaHHﬂ IOPUIHUYHOL 0C00H: Di3uKO-TEXHIYHUIA iIHCTUTYT HU3LKUX TeMIepaTyp imeHi B. 1.

Bepkina HanionanpHoi akagemii Hayk YKpaiHu

Kopg 3a €IPIIOY: 03534601

Micue3HaxoaKeHHS: npocnekT Haykwu, 6ya. 47, XapkiB, XapkiBcbkuil p-H., 61103, Ykpaina
dopma BiracHOCTI: JlepxasHa

Cdepa ynpaBiiHHS: HaujonanbHa akaziemis HayK YKpaiHu

InenTudikarop ROR:

IV. BizomocTi nIpo niznpueMcTBO, yCTaHOBY, OpraHisalliio, B sIKii 0yJ10
BUKOHaHO JHUCEPTALil0

IloBHe HaliMeHYBaHHSI IOPHUAHUYHOI 0COOH: Di3nKO-TEXHIYHMIA iHCTUTYT HUBBKUX TEMIIEPATYP iMeHi B. L.
Bepkina HanioHanpHOI akagemii Hayk YKpainu

Kopg 3a €IPIIOY: 03534601

Micuesnaxo,lpKeHHﬂ: npocnekT Hayku, 6ya. 47, XapkiB, XapkiBcbkui p-H., 61103, Ykpaina

dopma ByacHOCTI: [lepxkasna

Cdepa ynpaBiriHHS: Haujonanbna akaziemist Hayk Ykpainu

InenTudikarop ROR:

V. BimoMocTi npo guceprariio
MoBga guceprTaliiii: Vkpaincbka
Koau TeMaTHYHHX PYOPHK: 29.19.04, 29.19.15, 29.19.29

Tema gucepranii:
1. HuspkoTeMneparypHe 4OCIiIP)KEHH HAHOCTPYKTYPOBAHUX [I0BEPXOHb MOJIE€JIBHOI'O IIEPOBCKITY TUTAHATY
CTPOHLIiIO

2. Low-temperature study of nanostructured surfaces of model strontium titanate perovskite

Pedepar:

1. InceprauiiiHy po60Ty NIPUCBSIYEHO HU3bKOTEMIIEPATYPHUM €KCIIEPUMEHTATIbHUM JOCiIPKEHHIM
HAaHOCTPYKTYPOBaHUX [TOBEPXOHb MOJIEJIbHOTO MEPOBCKIiTY TUTaHaTy cTpoHLio SrTiO3 (STO) B uupokomMy iHTepBai
TEeMIIEPATYP Bif] KIMHATHOI IO TEMIIEPATYPU PifKOro resiio. JociIkeHHsI BAKOHYBAJINCh METOLOM Iu(paKLii
BUCOKOEHEPreTUYHUX eJ1eKTPOHIB Ha Binourts (RHEED) 3 BUKoprucTaHHSM rejieBoro kpiocraty. Y BCTyIli HaBe[IEHO
OOI'PYHTYBaHHS aKTyaJIbHOCTi TEMU JIMCEePTaLifiHOI pOOOTH SIK Y PyHAAMEHTAJIBHOMY, TaK i y IPUKIIATHOMY
acnekrax. HaBeneHo iHpopMallito Ipo HayKOBi IPOrpaMy, B paMKax SIKUX JUCepPTallisd BUKOHyBasaack. OIMcaHo
METYy, 3aBJlaHHs, 00'€KT, IpeIMET Ta METOIM IOCJIiIPKeHHS], MiAKPeCeHO HAayKOBY HOBM3HY Ta ITPAKTUYHY LiHHICTb

OTPUMaHUX Pe3yJbTaTiB. 3a3HaueHO 0COOMCTHII BHECOK 3700yBava Ta HaZaHo iHdopmallito Ipo anpoobariiio



pe3yJbTaTiB. Y nepmomy po3zini «CTpyKTypa Ta BIACTUBOCTI IEPOBCKITIB (OIJIs1], JliTepaTypy)» HaBeIeHO
JIiTepaTypHUI OIJISLH, 3arajbHUX BIACTUBOCTEN MEPOBCKITIB, X NPUKJIAIHY LiHHICTh, & TAKOX BJIACTUBOCTI Ta
ctpykrypa STO. 30Kkpema [ieTajlbHO PO3IJISIHYTO IIOTPAHUYHY KOHKYPEHLI0 MiXK TEHAEHIIi€I0 LIbOTO 00’€KTY
[IEPENTU y CETHETOEIEKTPUYHUI CTaH NIPU 3HIDKEHHI TeMIIEPATyPU Ta POJLII0 KBAHTOBOTO HYJILOBOTO PYXY aTOMIB,
KU 3aro6irae TakoMmy nepexoay. Y Apyromy poszini «MeTorKa eKCliepuMeHTy Ta 06POOKU JaHUX» OMHUCAHO
BHUKOPHUCTaHY B [aHill po6OTi ekcriepruMeHTalbHy YCTAaHOBKY /1J1s1 OTPMMaHHs 3HiMKiB meTogom RHEED Ta
0COGJIMBOCTI Pi3HUX PEKUMIB 311OMKK. OCOOGIMBY yBary MpUAijIeHO BUKOHAHHIO BUMOT 11010 MOKJIUBOCT]
OTpUMYyBaTH iHGOpMaLLilo HifiCHO Bifl YUCTUX Ta [NIAJKAX MOHOKPUCTANIYHUX NOBEPXOHb STO. Takoxk onmcaHo
METOMKY 06POOKM OTPUMAHUX 300pakeHb. OKPEMUM IMiAITyHKTOM KOPOTKO ONKCYETbCSI BUKOPUCTAaHA B IaHIl
po6oTi Teopist pyHkuioHany ryctunu (DFT) nJis po3paxyHKiB Ta MOZesl0BaHHS oKpeMmux miactu STO 3 pisHuMU
BapiaHTaMU BUXOY [IOBEPXHI. Y PO31iJi TAKOX IIPEACTABIIEHO OIUC LiKaBUX CIIOCTEPEXKEHD Y Pi3HiN reoMeTpii
3MOMKH, fKi BKa3yIOTb Ha JOCUTb BUCOKY €JIEKTPUYHY NPOBiAHicTs noBepxoHb STO. TperTiil po3nin «IloBepxHeBi
CTPYKTYPHI IepeXoii» MPUCBSIYEHO Pe3ybTaTaM JOCiIKeHb aTOMapHO rnagkux (001) moBepxoHb MOHOKPUCTAIIB
STO metonom RHEED B nianasoni remneparyp Bif, 5,5 1o 300 K. 3HaiiieHo BiiMiHHICTb OBEPXHEBUX Ta 00'€MHUX
napameTpiB rpatku. [lifKpecjieHo NIPUHLUNIOBY BaXKJIUBICTb NOPYLIEHHA CUMETPIi KpUCTAIIYHOI I'PATKU Ha MIOBEPXHI
Ta CyMapHUii BIUIUB O3HAaY€HUX €(EKTiB Ha IOBEPXHEBi 3HAYEHHSI IapaMeTpa I'PATKU. TaKoxX OMMcaHo psf,
CTPYKTYPHHUX aHOMaJIili, 110 BKa3yloTb Ha (a3oBi nepexoau Ta ix nuHamiky Ha rnosepxHi STO. OfuH i3 KI1040BUX
Pe3yJbTaTiB MOJISITa€ B TOMY, 1[0 aHTU(hEepOaUCTOPCIHUI (a30BuUil IEpeXiy, 0 CIOoCTePiraeTocs B 06'eMHOMYy STO
npu 105 K, po3TsryeTbcst Ha MOBEPXHi B3[OBX iHTepBasy Temreparyp Big 70 go 120 K. Bussneni anomautii npu
Temnepatypax Hikue 7 K i HaBkosio 35 K cBiguaTh [1po B3aeMOJIil0 CerHeTOeeKTPUYHUX 3MillleHb aTOMIB Ta ix
KBaHTOBO-M€XaHi4yHy CTabili3allilo Yepe3 pyxX aToOMiB y HyJIbOBil TOULi, BHECOK SKOTO CTa€ TaKOX BaKJIMBUM Ha
noBepxHi. OKpiM 1bOro MoMiueHo, 1o iCHye aHOMaJIbHA MOBEiHKA [I0BEPXHEBOTO napameTpy 6m3bko 150 K ta B
temrepaTtypHomy iHTepBaii 200-300 K, sika npuTtamaHHa TiJIbKY [IOBEPXHi Ta HE CIIOCTePIiraeThbCsi B 00'€MHOMY
STO. YetBepTuil po3aiu «IInouyHHe CTUCHEHHS Ha [IOBEPXHI» IPUCBSIYEHO AOCIIIKEHHIO [1apaMeTpiB I'PATKU Ta
e(EeKTy «IJIOIMHHOrO» CTUCHEHHS KPUCTAJIiYHOI I'PaTKU B [IepLINX IOBEPXHEBUX Mapax. B nianazoHi remneparyp
Biz 8 mo 300 K 6ys10 6isbil AeTanpHO MpoaHasnizoBaHo metonom RHEED BigMiHHICTb IOBEpXHEBUX MTapaMETPiB B
3aJIeXKHOCTI Bil HOMepy TOBEPXHEBOrO 11apy Y TeMIlepaTypHUX iHTepBaax, Jie Bifi0yBaloThbCsl CTPYKTYPHI
[IepeTBOPEHHS, Bifl THX, SIKi CIIOCTEPirajuch 1o3a TaKUMHU TEMIIEPAaTypPHUMU 30HaMU (KOJIU I'PaTKa €
3peJlakCcoBaHO10). OCO6IMBICTIO LIUX EPETBOPEHD € iX MOMKUPEHHS Ha TeMIIepaTypHi inTepBanu. [Ipyu HU3bKUX
TeMIIepaTypax BUSBJIEHO 3Ha4YHe “IUIOMMHHE” CTUCHEHHS KPUCTAiYHOI IPATKU Y IepUIKX NOBEPXHEBUX LIApax, M0
0yJ10 EKCIIEPUMEHTAJILHO MiATBEPIPKEHO Ta TEOPETUYHO OOUMCIIEHO 3a JOTIOMOTOIO Ti6pUAHMX po3paxyHKiB DET.
BigmiueHo, mo Tena0Be pO3MMPEHHS HA IOBEPXHI BUSIBUJIOCS 3HAYHO BUIIMM, HiXXK B 00’€Mi, IPU3BOASIYY [0
306JIMKEHHS ITapaMeTpiB OBepXHi "B ii MomuHi" Ta 06'eMHOI I'PaTKU MTPU KiMHATHIH TeMriepatypi. Y W'aToMy po3imni
«[ToBepxHeBi HAHOCTPYKTYPU» BUCBITJIIOIOTHCSI HAHOCTPYKTYpH Ha nosepxHi STO Ta AesiKi IoBepXHeBi 0COOIMBOCTI,
IIOB'sI3aHi 3i 3HalI€HOI0 HECTIIBPO3MIipHICTIO MK TapaMeTpaMy I'PATKU B IOBEPXHEBUX LIapax i 06'€eMHUMU
3Ha4YeHHSAMU. Taka HeCNiBPO3MipHICTh BUHMKAE Yepe3 [IOPYIIEHHS [IOBEPXHEBOI CUMETPii Ta 1e(eKTH NOBEPXHi.
BcTraHoBIEHO, 10 HECITIBPO3MIPHICTh MOKE PEJIaKCyBaTH Ye€pe3 CTYIiHYaCTi Kpai Ta JUCoKallii HEBiJMOBITHOCTI.
Oxpim 1boro 6yJsio 3's1COBaHO, 110 30i7bIIE€HHS KyTY 3pi3y MK peasibHOIO IV1a/IKOI0 IIOBEPXHEIO Ta
Kpuctanorpadiyuanmu miomuHamu (001) Ipu3BogUTh 10 YTBOPEHHS NepioguyHuX Tepac Ha nosepxHi STO.
JloaTKOBO AOCTiIKEHO CIeliabHi BIOPSAKOBaHI HAHOCTPYKTYPH y BUIJISZi FOPOKIB, sIKi BUHUKAIOTh HA

BUTPABJIEHUX ITOBEPXHAIX.

2. The thesis presents the results of low-temperature experimental research of nanostructured surfaces of model
strontium titanate perovskite SrTiO3 (STO) in a wide range of temperatures from room temperature to liquid
helium temperature. Research was carried out by the reflection high-energy electron diffraction (RHEED) method
using a helium cryostat. The introduction provides a rationale for the relevance of the topic of the dissertation in
both fundamental and applied aspects. Information is provided about the scientific programs within which the
dissertation was carried out. The goal, task, object, subject and research methods are described, the scientific
novelty and practical value of the obtained results are emphasized. The personal contribution of the acquirer is



indicated, information about the approval of the results is provided. The first chapter "Structure and properties of
perovskites " provides a concise literature review of the general properties of perovskites, their application value,
and the STO properties and structure. In particular, the boundary competition between the tendency of this object
to enter the ferroelectric state when the temperature decreases and the role of the quantum zero motion of
atoms, which prevents such a transition, is considered. The second chapter, "Methodology of experiment and data
processing”, describes the experimental setup used in this work for obtaining pictures by the RHEED method and
the features of different shooting modes. Particular attention is paid to the requirements for obtaining information
from truly clean and smooth single-crystal STO surfaces. The method of processing the obtained images is also
described. A separate subsection briefly describes the density functional theory (DFT) used in this paper for
modeling of individual STO slabs with different surface terminations. The section also presents a description of
interesting observations that indicate a rather high electrical conductivity of STO surfaces. The third chapter
"Surface structural transitions" is devoted to the results of studies of atomically smooth (001) surfaces of STO
single crystals in the temperature range from 5.5 to 300 K. Differences in surface and bulk parameters were found.
The fundamental importance of breaking the symmetry of the crystal lattice on the surface and the combined
effect of this breaking on the surface lattice parameter values are emphasized. A number of structural anomalies
indicating phase transitions and their dynamics on the STO surface are also described. One of the key results is
that the antiferrodistortion phase transition observed in bulk STO at 105 K extends on the surface along the
temperature interval from 70 to 120 K. The detected anomalies at temperatures below 7 K and around 35 K indicate
the interaction ferroelectric displacements of atoms and their quantum-mechanical stabilization due to the
movement of atoms at the zero point, the contribution of which also becomes important on the surface. In
addition, it was observed that there is an anomalous behavior of the surface parameter around 150 K and in the
temperature range 200-300 K, which is characteristic only of the surface and is not observed in bulk STO. The
fourth chapter "In-plane contraction on the surface" is devoted to the study of individual parameters and the
effect of "in-plane" contraction of the crystal lattice in the first surface layers. In the temperature range from 8 to
300 K, the difference between the surface parameters depending on the number of the surface layer in the
temperature ranges where structural transformations occur and those observed outside such temperature zones
(when the lattice is relaxed) was analyzed in more detail by the RHEED method. A feature of these transformations
is their spread over temperature intervals. At low temperatures, a significant "in-plane" contraction of the crystal
lattice in the first surface layers was found, which was experimentally confirmed and theoretically calculated using
hybrid DFT calculations. It was noted that the thermal expansion on the surface turned out to be significantly
higher than in the volume, leading to convergence of the parameters of the surface "in its plane" and the bulk
lattice at room temperature. The fifth chapter, "Surface nanostructures”, highlights the nanostructures on the STO
surface and some surface features related to the incommensurability between the lattice parameters in the surface
layers and the bulk values. Such incommensurabilities occurs due to surface symmetry breaking and surface
defects. It is found that the incommensurability can relax through step edges and mismatch dislocations. In
addition, it was found that increasing the miscut angle between the real smooth surface and the (001)
crystallographic planes leads to the formation of periodic terraces on the STO surface. Special ordered
nanostructures like bumps that appear on etched surfaces have been invesigeted too.
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