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Jucepraniiiny poboty IPUCBSIYEHO HU3BKOTEMIIEpATypHUM
EKCIIEPUMEHTAIbHIUM  JOCHI/DKEHHSM  HAaHOCTPYKTYpOBaHMX  IOBEPXOHBb
MOJEJIBHOTO TEpPOBCKITY TUTAaHATy CTPOHLIIO B HIMPOKOMY I1HTEpBail
TeMIlepaTyp BiJ KIMHATHOI JI0 TeMIlepaTypu piakoro remiro. JlocmimkeHHs
BUKOHYBQJIUCh METONOM Ju(pakiii BHCOKOCHEPTeTUYHUX EJEKTPOHIB Ha
B1160uTTs (RHEED) 3 BUKOpUCTaHHSM reieBOTO KplocTary.

VY Beryni HaBeZieHO OOIPYHTYBaHHSI aKTyaJbHOCTI TEMH JUCEPTAIliitHOI
poboTH K y GyHIAMEHTAIRHOMY, TaK 1 y MPHUKIAJTHOMY acrekTax. HaBemeHo
1H(pOopMaIliIo PO HAyKOBI MPOTPaMU, B paMKax SIKHX JUCEPTaIlisl BUKOHYBaIaCh.
OnucaHo MeTy, 3aBIaHHS, OO0'€KT, MpeaAMeT Ta METOAU JOCIIIKEHHS,
MIJKPECICHO HAYKOBY HOBU3HY Ta MPAKTUYHY LIIHHICTh OTPUMAHUX PE3YJIbTATIB.
3a3HayeHO 0COOMCTUI BHECOK 3/100yBaua, HaJaHO 1H(OPMAILII0 PO anpoOallio
pe3ynbTariB. Takok HaBeIEHO NaHl MPO CTPYKTYpy Ta oOcCsAr AucepTauiiHOi
poOOTH.

Y nepmomy po3aiii «CTpyKTypa Ta BJIACTHBOCTI NEPOBCKITIB (Orusjg
JiTepatypm)»  HaBEJEHO CTUCIMA  JIITEpAaTypHUA OIS 3arajlbHUX
BJIACTUBOCTEH  TMEPOBCKITIB,  BKJIIOYAIOYM  CTPYKTYpHI  OCOOJUBOCTI,
CETHETOCNEKTPUYHICTh Ta (QyHIAMEHTANbHY 1 NPUKIAIHY I[IHHICTh JaHUX
MarepianiB. OkpeMy yBary MpUAUICHO BIACTUBOCTSAM CKJIQJIHOTO OKCHUILY

tuta”aty cTpoHIio (STO), BUBYEHHIO MOBEPXOHb SIKOTO MPHUCBIYEHO JaHy



poborty. Ilinkpecneno BaxauBicTh STO sk MOAECIBHOT CITOTYKHU JJISl JOCHIIKEHB
B oOyacti (i3uku TBepAOro Tiia Ta (I3UKM HHU3BKUX TeMIeparyp. 30Kpema
JETAIBHO PO3IJISIHYTO MOrPAHUYHY KOHKYPEHII0 MK TEHIEHIIE IHOro
00’€KTy TEpPENTH y CETHETOCTNEKTPUUHUIN CTaH NPHU 3HWKCHHI TeMIlepaTypH Ta
POJUTIO KBAaHTOBOT'O HYJIBOBOT'O PyXy aTOMIB, SIKMI 3a1100irae TakoMy Hepexosy.
O3Ha4yeHO HaMBaKIUBIII €IEMEHTH CTPYKTypH 0araTboX MEPOBCKITIB, 30KpeMa
STO, rtaki, sik nieHTpoBani MetasioM (Ti y Bunaaky STO) KUCHEBI OKTaeapu Ta
mapu SrO, 5Kl BIJOKPEMIIIOIOTH KHCHEB1 OKTaeJpu OJUH Bia oJHOro. Taki
OKTaeJpHu BIJIIPAIOTh KIIOUOBY POJIb Yy JWHAMILl KPUCTAIIYHOI IPATKH Ta
CTPYKTYPHUX TEPETBOPEHHIX y TaKUX Ta MOMIOHUX 00’€KTaxX, HAMpPHUKIAd, y
HAAMPOBIAHUKAX, J€ CaMe€ TakKi CTPYKTYpHI €NeMEHTH, aje y OUIbII CKIaaHIN
apXITEKTYpl, MPU3BOAATH IO MOSIBU HAANPOBIIHOCTI. TOMYy HE BHIIAJKOBO, IIO
came STO 4YacTo BHUKOPUCTOBYETHCS K TMIJKIAAKA JJII POCTY IUTIBOK
HaJIPOBITHUKIB.

Y apyromy po3auti «MeTOAUKH €KCIEePUMEHTY Ta O0OpoOKM JaHUX»
OMKHCAHO BUKOPHUCTaHY B JaHii poOOTI EKCHEPUMEHTAIbHY YCTAaHOBKY IS
OTpPUMAaHHS 3HIMKIB METOAOM JH(paKIlli BUCOKOCHEPTETUUHUX EJIEKTPOHIB Ha
BiOuTTss (RHEED) y mmpokoMy iHTepBaii Temmeparyp BiJ KIMHATHOI 10
Temmeparypu piakoro remiro. OcoONMBY yBary MpUIUICHO BUKOHAHHIO BUMOT
I0JI0 MOKJIMBOCTI OTPUMYBaTH 1H(OpMAIIIO MIACHO BiJ YMUCTHX Ta TIAJKHX
MOHOKPHUCTAJIIYHUX NOBepXOHb. [lo-nepiie, onucano mpoueaypy NpUroTyBaHHs
aTOMHO TJIaJkux moBepxoHb STO Ta, mo-mpyre, TOCUTH CKJIaJHI BUMOTH, SIKi
3aJI0BOJIBHSIIOTHCS, 11100 30€pertu Il MOBEpPXH1 y He3a0pyJHEHOMY CTaHi MpHU
HU3BKOTEMIIEPATYPHUX JTOCTIPKEHHSIX, KOJU 3pOCTa€ WMOBIPHICTh KOHACHCAIIIT
OCTAaTOYHUX Ta3iB.

Onucano 0coOJMBOCTI PI3HUX PEKUMIB 3MOMKH, 30KpEMa OPUTIHATBLHOTO
MIJIXOAY, PO3pPOOJEHOro y I rpymi, MO Ja€ MOXJIUBICTH OTPUMATH MOBHY
MPOEKII0  KBa31JBOBUMIPHOT  IOBEPXHEBOI IPaTkKu Yy  CTPYKTYpPHOMY

€KCIIEPUMEHTI.



Y po3mim eTanbHO OMHUCAaHO METOAWKY OOpoOkM audpakumiiHux
300paxeHb, MPUHIUIOBO BAXJIMBY JJI OTPUMAaHHS NpPEeUU3IHHUX 3HAYEHb
napaMeTpiB MOBEPXHEBOI KPUCTANIYHOI IpaTKH, sSKa Jaja 3MOTy BHSIBUTH Ta
JOCIIIUTH HU3KY HOBHX e(ekTiB Ha moBepxHi STO.

VY po3auni TakoXX MPEICTaBICHO OMHC I[IKABUX CIOCTEPEKEHb y PI3HIN
reoMeTpli 3MOMKH, SIKI BKa3ylOTh Ha JOCUTb BHCOKY E€JIEKTPUYHY IMPOBIAHICTH
noBepxoHb STO, sKuii € B3araii 130J9TOPOM Y 00’ eMmi.

OxpemMHuM HIAMYHKTOM KOPOTKO ONMCYEThCSI BUKOPHCTaHA B JaHild poOOTi
teopis ¢dynkmionany ryctmau (DFT) mias po3paxyHKIB Ta MOJETIOBaHHS
OKpEeMUX IJIACTUH TUTAHATy CTPOHIIIIO 3 PI3HUMH BapiaHTaAMH BUXOJy TIOBEPXHI.

Tperiii po3ain «lloBepxHeBi CTPYKTYpHI Iepexoaw» IPUCBSIYEHO
pe3yibTataM J0CiiKeHb aTroMapHo Tiankux (001) moBepxoHbh MOHOKpPUCTAIIIB
STO 3a nmomomMororw eKCHEpUMEHTIB 3 AuQpaKiii BUCOKOCHEPTETUUHUX
enektponiB Ha BigOutts (RHEED), mpoBegenmx B mmpokoMmy Jiana3oHi
temnepatyp Bia 5,5 1o 300 K. 3HaiineHo BIAMIHHICTD MOBEPXHEBUX Ta 00’ EMHHUX
napameTpiB rpatkd. [liIKpeclieHO NPUHIMIIOBY BaXXJIUBICTh MOPYIICHHS
CUMETPIl KPUCTAIIYHOI I'PATKM Ha MOBEPXHI Ta BIUIMB LIOIO MOPYIIEHHS Ha
MOBEPXHEB1 3HAYCHHSI [TapaMETPiB IPATKHU.

Takoxx omucaHO PsJ CTPYKTYPHUX aHOMaJliid, 110 BKa3ylOTh Ha (pa3oBi
Mepexoau Ta iX JAWHAMIKy Ha IOBEPXHI TUTaHATy CTPOHII0. MOXIHUBICTh
CIOCTEpIraTd CTPYKTYpHI IEPETBOPEHHS Ha IOBEPXHI caMe 4Yepe3 BUMIpU
CTPYKTYpHUX TapaMeTpiB TOB’s3aHAa TMepIl 3a BCE 3 THUM, L0 Yy 30HI
CTPYKTYpHOTO TEPETBOPEHHS MapaMeTpU IPaTKU aHOMAJIbHO 30UIbIIYIOTHCS
BIJIHOCHO iX 3HAYEHb HA 3pEJAaKCOBaHIM MOBEPXHi. Y PO3/LIl ONMKUCAHO 3HANICH]
3aJIeKHOCTI TapaMeTpiB TIpaTKW BiA TIAMOMHM y KpUCTalml Ta CYTTEBa
crenu@IvHICTh UX 3aJeKHOCTEH Ui PI3HUX CTaHIB Ha MOBEPXHI, OCOOIMBO
npu HaHWKYMX Temmeparypax. [loka3aHo, o Ha 3penakcoBaHId MOBEPXHi
napaMeTpu IpaTKd 30UIBLIYIOTBCS 3 TJIMOMHOK y KPUCTal IPU JOCTaTHbO

HU3BKHUX TEMIIeparypax, TOAl SK Yy 30HI CTPYKTYpHOIO II€pETBOPEHHS



3JIEKHOCTI MapaMeTpiB BiJ MNUOMHU MalOTh CYTTEBO HEMOHOTOHHUN XapakTep,
a came 30UTBLIYIOTHCSA Yy TMEPIIOMY IMOBEPXHEBOMY MIapi, Jaii CHagaloTh y
JIPYyTOMY, a TIOTIM 3HOBY 3POCTalOTh 3 TMOMHOI0. Taka crenudivyaa moBeiHKa
MO>Ke OyTH BUKOPHCTaHa JJisi BCTAHOBIICHHS CTaHy MOBEPXHI.

OauH 13  KIIOYOBHX  pe3yJIbTaTiB  MOJSrae B TOMY, IO
aaTudepoaucTopciitauii (pa3zoBuil mepexia, MO CIOCTEPITaeThbcsl B 00'€MHOMY
STO npu 105 K, po3TsiryeTbcs Ha MOBEPXHI B3JIOBXK 1HTEpBALy TEMIEPATYp Bij
70 no 120 K. Ile cBiguuTh 3 0HOTO OOKY IIPO TE, 1110 HAa TOBEPXHI B110YBAIOTHCS
CTPYKTYpHI TIEPETBOPEHHS, sIKI KOPETIOIOTh 3 00'€eMHUMH (Da30BUMH 3MiHAMH, a
3 JpYroro BKa3ylOTh Ha Te€, IO MOPYIICHHS CHUMETPii HAa MOBEPXHI PYyWUHYIOTH
JoKai3amiio ¢$a3oBoOro Mmepexoay MpH MEBHIM TemiiepaTypi. BusBneni anomarii
npu temreparypax Hwkde 7 K 1 HaBkono 35 K cBiguarh Hmpo B3aEMOJIO
CETHETOCJICKTPUYHUX 3MIIIeHb aTOMIB Ta iX KBaHTOBO-MEXaHIYHOI cTabimizaliii
4yepe3 pyx aTOMIB y HYJIbOBIM TOYIl, BHECOK SIKOTO CTA€ TAaKOX BAXKJIMBUM Ha
moBepxHi. OKpiM [BOTO TOMIYEHO, IO ICHYE aHOMaJlbHa IOBEIIHKA
noBepxHeBoro napamerpy 6iu3pko 150 K ta B remneparypuomy intepsaii 200-
300 K, sixa mpuTamMaHHa TIJIBKM MOBEPXHI Ta HE CIIOCTEPIra€ThCsi B 00’ €MHOMY
STO.

Yereepruil po3aij «Il1ommuHHe CTUCHEHHSI HA MOBEPXHID» MPUCBIYECHO
JOCIIKEHHIO OKPEMHUX NapaMeTpiB IPaTKU B 3aJE€XKHOCTI Bl TJIMOMHH Yy
KpUCTaJl MpPU HUBBKUX TEeMIeparypax Ta €PeKTy «IJIOIMIMHHOTO» CTHCHEHHS
KPUCTAJIIYHOI TPATKU B MEPIINX TOBEPXHEBUX IIapax.

B nmiamazoni Ttemmeparyp Bim 8 nmo 300 K Oyno Ouibin JeTanbHO
npoananizopaHo metonoM RHEED BigMiHHICTE TOBEpPXHEBHX MapameTpiB y
TEMIIEPATypHUX 1HTEpBajax, A€ BiAOYBArOThCS CTPYKTYpHI NMEPETBOPEHHS, BiJl
THUX, K1 CIIOCTEPITAINUCH 11032 TAKUMH TeMIIepaTypHUMH 30HaMU. OcoOIMBICTIO
X TIEPETBOPEHB, K BI3HAYAIOCH BUIIE, € iX MOMMPEHHS HA TeMIEpaTypHi
iHTEepBaIK (HA BIAMIHY BiJl 00’€MHUX NEPETBOPEHb, SK1 JIOKAII30BaHI MpH

neBHi  Temmneparypi). TemmeparypHi TpPOMDKKH MDK IHTepBajJaMu 31



CTPYKTYPHUMH TIEPETBOPCHHSIMH BHU3HAYAIOTh 30HHM 3PEIIAKCOBAHOI TPATKH, B
AKuX Oynu 11eHTU(]IKOBaHI Ta MPOAHAIII30BaHI apaMeTpU PIBHOBAKHOI IPATKU
B 3aJIEKHOCTI B1Jl HOMEPY MOBEPXHEBOTO IIAPY.

[Ipn HU3BKMX TemmepaTypax BHUSBICHO 3HAYHE “‘TUIOIIMHHE  CTHUCHEHHS
KpUCTAJIIYHOI TIpaTKM y TEpHIMX [OBEPXHEBUX IIapax, Mo OyJo
EKCIIEPUMEHTAIbHO MIATBEPIKEHO Ta TEOPETUYHO OOUYHCICHO 3a JOTIOMOTOIO
riopunaux pospaxynkiB DFT. IlikaBuii ¢dakt mosjsirac B TOMy, IO TEILJIOBE
PO3IIMPEHHS] HA TIOBEPXHI BHUSBWIOCS 3HAYHO BHIIUM, HDK B 00’eMmi,
MPU3BOJAYM 10 30JIMKEHHS MapaMeTpiB Ha MoBepxHI "B ii miuomuHI" Ta
00’€MHOT TpaTKu TpU KIMHATHINA TeMmIiepaTypl, MPU3BOJASYU JO MOIIUPEHHOI
IYMKH, 110 Ha TIOBEPXHI MapaMeTpH I'PaTKu MapayieibHi MOBEpXHI Ta y 00’eMmi €
oJHaKoBUMU. Hale 1ociipkeHHs mokasye, 1o 1€ He TakK, 1 po3’ICHIOE MPUUYUHI
BIJIMIHHICTEH MmapamMeTpiB "B IJIONIMHI" MOBEPXHI Ta 00’€MHOT IPATKH , a TAKOXK
iX TemMnepaTypH1 3aJI€KHOCTI.

Y mw’aromy po3giii «IloBepxHeBI HAHOCTPYKTYPHW» pPO3MVISAAIOTHCS
HaHOCTPYKTYpH Ha moBepxHi STO Ta Aesiki MOBEpXHEB1 0COOIUBOCTI, MOB’sA3aH1
31 3HAIIEHOI0 HECIIBPO3MIPHICTIO MK NapamMeTpaMH IPaTKd B IOBEPXHEBUX
mapax 1 00’€eMHMMH 3HA4YEeHHSIMHU. Taka HECHIBpPO3MIPHICTb BUHUKAE dYepe3
MOpYIIEHHSI TIOBEpXHEBOI cuMeTpii Ta aedexTH moBepxHi. BcraHoBieHO, 10
HECIIBPO3MIPHICTh MOXE pEeJaKCyBaTH 4epe3 CTYMiHYAacCTI Kpai Ta JUCIoKallil
HEBIJIMOBIIHOCTI, SIKI MOXYTb YTBOPIOBaTH TMEPIOAUMYHI HAHOCTPYKTYpPH Ha
MTOBEPXHI TUTAHATY CTPOHLIIO.

Oxkpim 116010 OYJI0 3’ACOBAHO, IO 30UIBIIECHHS KYTYy 3pi3y MIXK peaJbHOI0
IJIaJIKOI0 MOBEpXHEI0 Ta Kpuctanorpadiunumu miomunamu (001) mpu3BoauTh
710 YTBOPEHHS MepiogudIHnX Tepac Ha moepxHi STO, mo Moxke OyTH IiIKaBUM B
0o0NacTi  CTBOPEHHSI  KOHTPOJIbOBAHMX  MEPIOJAMYHUX  HAHOCTPYKTYp 3
CETHETOCTICKTPUIHUMH BIIACTHBOCTSIMH.

Jlo1aTKOBO  JTOCIHI/IPKEHO  CIIElialibHI BIOPSAIKOBAHI HAHOCTPYKTYPH Y

BUMIIANI TOpPOKIB HAa BHUTPABICHHUX T[OBEPXHAX, IO BIJKPUBAIOTh HOBI



MOXJIMBOCTI JUIsl 3aCTOCYBaHb, JI€ € BaXXJIMBOI OpraHizaiis Ta KOHTPOJb

HaHOPO3MIPHOI apXITEKTYPH.
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ABSTRACT
Hamalii V.O. Low-temperature study of nanostructured surfaces of
model strontium titanate perovskite. — Qualification scientific work printed

as a manuscript.

Thesis for the Philosophical Degree (PhD) in speciality 104 — «Physics
and Astronomy» (10 — Natural Sciences). — B. Verkin Institute for Low
Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, Kharkiv, 2023.

The thesis is devoted to the low-temperature experimental studies of
nanostructured surfaces of model perovskite strontium titanate in a wide range of
temperatures from room down to the liquid helium temperature. Research was
carried out by the high-energy electron reflection 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 structure and scope of the thesis are also indicated.

The first chapter "Structure and properties of perovskites (literature
review)" provides a concise literature review of the general properties of
perovskites, including structural features, ferroelectricity, and the fundamental
and applied value of these materials. Particular attention is paid to the properties
of the complex oxide strontium titanate (STO), the study of whose surfaces is the
subject of this thesis. The importance of STO as a model compound for research
in the field of solid-state physics and low-temperature physics is emphasized. 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 in
detail. The most important elements of the structure of many perovskites, in
particular STO, are identified, such as metal-centered (Ti in the case of STO)
oxygen octahedra and SrO layers that separate the oxygen octahedra from each
other. Such octahedra play a key role in the dynamics of the crystal lattice and
structural transformations in such and similar objects, for example, in
superconductors, where these structural elements, but in a more complex
architecture, lead to the appearance of superconductivity. Therefore, it is typical
that STO is often used as a substrate for the growth of superconductor films.

The second chapter, ""Methodology of experiment and data processing",
describes the experimental setup used in this work for obtaining images by the
reflection high-energy electron diffraction (RHEED) method in a wide
temperature range from room to liquid helium temperature. Particular attention
is paid to the requirements for obtaining information from truly clean and
smooth single-crystal surfaces. First, the procedure for the preparation of really
atomically smooth STO surfaces is described, and second, the rather complex
methods that are necessary to protect these surfaces from contaminations during
low-temperature studies, when the probability of condensation of the residual
gases increases, are also presented.

The different imaging mode recording are described, in particular, the
original approach developed in this group, which makes it possible to obtain a
full projection of a quasi-two-dimensional surface lattice in a structural
experiment.

The section describes in detail the technique of processing diffraction
images, which is basically important for obtaining precise values of parameters
of the surface crystal lattice, which made it possible to discover and investigate a

number of new effects on the STO surface.
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The section also presents a description of interesting observations in
different geometries that indicate a rather high electrical conductivity of STO
surfaces, which is generally an insulator in the bulk.

A separate subsection briefly describes the density functional theory (DFT)
used in this paper for calculations and modeling of individual strontium titanate
slabs with different surface terminations.

The third chapter "Surface structural transitions" is devoted to the
results of studies of atomically smooth (001) surfaces of STO single crystals
using reflection high-energy electron diffraction (RHEED) experiments
conducted in a wide 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 surface of strontium titanate are also described. The ability to
observe structural transformations on the surface through the measurements of
structural parameters is primarily related to the fact that in the zone of structural
transformation the lattice parameters abnormally increase relative to their values
on the relaxed surface. The chapter describes the found dependences of the
lattice parameters on the depth in the crystal and the essential specificity of these
dependences for different states on the surface, especially at the lowest
temperatures. It is shown that on the relaxed surface the lattice parameters
increase with the depth in the crystal at sufficiently low temperatures, while in
the zone of structural transformation the dependence of the parameters on the
depth has a significantly non-monotonic character, namely, they increase in the
first surface layer, then decrease in the second, and then increase again with
depth. This specific behavior can be used to establish the state of the surface.

One of the key results is that the antiferrodistortive phase transition

observed in bulk STO at 105 K extends on the surface along the temperature
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interval from 70 to 120 K. This indicates, on one hand, that structural
transformations on the surface are correlated with bulk phase changes, and, on
the other hand, this indicates that symmetry breaking on the surface destroys the
localization of the phase transition at a certain temperature. The detected
anomalies at temperatures below 7 K and around 35 K are ascribed to the
interaction of ferroelectric displacements of atoms and their quantum mechanical
stabilization due to the movement of atoms at the zero point, the contribution of
which also is 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 of 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 of the lattice depending on the depth in the
crystal at low temperatures and the effect of "planar" 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 in the temperature ranges where structural transformations
occur and those observed outside such temperature zones was analyzed in more
detail by the RHEED method. The peculiarity of these transformations as
emphasized above is their spread over temperature intervals (unlike volume
transformations, which are localized at a certain temperature). The temperature
intervals between the ranges with structural transformations determine the zones
of the relaxed lattice, in which the parameters of the equilibrium lattice were
identified and analyzed depending on the number of the surface layer.

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 method. An interesting fact is that
the thermal expansion on the surface turned out to be much higher than in the

volume, leading to the approaching the parameters on the surface "in its plane"
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and in the bulk lattice at room temperature, leading to the widespread opinion
that the lattice parameters in parallel to the surfaces and in the bulk are the same.
Our study shows that this is not the case and explains the reasons for the
differences in the "in-plane" parameters of the surface and in the bulk lattice, as
well as their temperature dependence.

The fifth chapter, '"Surface nanostructures", highlights the
nanostructures on the STO surface and some surface features associated with the
presence of a 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 was found that the
incommensurability can relax through step edges and dislocations of
inconsistency, which can form periodic nanostructures on the surface of
strontium titanate.

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, which can be interesting in the field of
creating controlled periodic nanostructures with ferroelectric properties.

Additionally, special ordered nanostructures like bumps on etched surfaces
have been investigated, opening up new opportunities for applications where the

organization and control of nanoscale architecture is important.

Keywords: solid state physics, low temperatures, crystal structure, complex
oxides, perovskites, strontium titanate, single crystals, ferroelectrics,
superconductors, nanostructures, structural analysis, reflection high-energy
electron diffraction (RHEED), phase transitions, surface structural transitions,
thermal expansion, electrical conductivity, structural defects, misfit dislocations,

surface incommensurability, density functional theory
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