AHOTANIA

umanoBcbkuit A. P. Cumertpis, KOHCoOIalls, MOJIYJIbOBAaHI CTPYKTYpHU
napameTpy nopsnaky. — Keamidikaniina HaykoBa mpais Ha IpaBax pyKOMUCY.

Hucepranis Ha 3700yTTS HAYKOBOTO CTyIeHs JOKTopa dutocodii 3a
cunemianpHicTIO 105 Ilpuknagna ¢izuka ta Hanomatepiamu (['amy3s 3HaHb 10
[Ipupomunui  Hayku). — XapKIBCBKHM HAI[IOHAJBHUNA YHIBEPCUTET I1MeEHI
B. H. Kapazina MinictepcTBa oCBITH 1 HAyKu YKpainu, Xapkis, 2026.

HucepramiitHa poOoTa MPUCBSIYEHA KOMIUIEKCHOMY TEOPETHYHOMY Ta
(eHOMEHOJIOTTYHOMY aHaJli3y BJIACTUBOCTEN MPOCTOPOBO-MOIYILOBAHUX CTPYKTYP
pi3HOT (HI3UYHOI MPUPOAM y TBEPAUX TiTaxX (30KpeMa CETHETOCNICKTPHKaX Ta
Metanax) OCHOBHA yBara 30Cepe/PkKeHa Ha €BOJIIOIIT Ta CTAOUTBHOCTI ITUX 00’ €KTIB
Ha OKOJIMIII TOYOK (ha30BUX MEPEXO/IIB.

Y Berynmi OOrpyHTOBAaHO aKTYaJIbHICTh TE€MH, BU3HAYEHO METY, OO0 €KT,
npeaMer Ta wmertoaw jpochigxeHHs. CdhopMylbOBaHO HAyKOBY HOBHU3HY Ta
OpaKTUYHE 3HAYEHHS PE3yJbTaTiB, HABEIECHO BIJIOMOCTI Mpo ampoOlalir Ta
CTPYKTYpy poOOTH.

Po3gin 1 wmicTuth ormsa  JiTeparypd  1mojo  (Pi3UKH  POCTOPOBO
HEOJHOPIAHUX CTaHIB y TBEpAUX TU1ax. PO3riasHyTO cCcTeMH 3 OJTHOKOMIOHEHTHUM
napamMeTpoM MOPSIAKY, MPUPOAY HecmiBMipHUX (a3 y cerHeroenekTpukax I ta 11
THIIIB, @ TAKOX Cy4YacH1 y3araJibHeHHs Teopii Jlannay. OkpeMy yBary mpuaiieHo
BILJIMBY 1HTEHCUBHOI'O BUIPOMIHIOBaHHS Ha (ha30Bi MepEeTBOPEHHS B MOIIO/IEHI.

VY po3aiii 2 onucaHo METOJIUKY ONMPOMIHEHHS MOJIIOIEHOBUX MIIIEHEW Ha
npuckoptoBaui TEMII-A Ta xoMIiekc METOMIB TOCHIIKEHHS iXHbOI CTPYKTYpH U
BrnactuBocteit (CEM, PCA, mikpotBepaicTs). Po3poOieHo mMaTeMaTUuuHy MOJEb
TEIJIOBUX MPOIECIB y NUIIHAPUYHUX KOOpJIMHATAX, peari3oBaHy Ha MoBi Python.
Mopenbs 0a3yeTbCcsi Ha YHCEIBHOMY PO3B’S3aHHI HENMIHIMHOTO PIBHSHHS
TEIJIOMPOBITHOCTI 3 ypaxyBaHHSIM (Da30BUX TMEPEXOJIIB Ta TEMIEPaTypHUX
3aJIEKHOCTEH BIACTUBOCTEH MaTepiaiy.

Po3ain 3 mnpucsesueHo po3podIil (peHomeHonoriyHoi Mojenai  (pa3zoBux

Mepexo/IiB 13 BUHUKHEHHSAM MOJYJIhOBaHUX CTPYKTYp. I[IpoaHanizoBano (hizuyHui
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3MICT TpaJlEHTHUX JOJAHKIB y TEpPMOJMHAMIYHOMY NoTeHuiam. JlocmimpKkeHo
cueHapii BUHUKHEHHs bell-comiTtonHux Ta kKink-cOMITOHHMX CTPYKTYp, BUSHAUYEHO
YMOBHM IXHBOI TEPMOJMHAMIYHOI CTIMKOCTI Ta MOOYI0BaHO BiAMOBimHI (a3oBi
niarpaMu. Po3riissHyTO 0COOJIMBOCTI peliakcallii mapaMmerpa MnmopsijaKy B OpraHiuHUX
CepeOBUILAX.

Y po3aiii 4 orpuMaHo TOYHI Ta HAOIWIKEHI aHAMITUYHI PIMIEHHS IS
POCTOPOBUX PO3IMOLIIB apaMeTpa MOPSAKY, BUPKEH] Yepe3 eMnTruuH1 QyHKITT
Sk001 (cuHYyC, KOCHHYC, JeibTa-aMIUNTYy). TakoxX oTpuMaHi YMOBH ICHYBaHHS
¢a3, Ta yMoBaM MOBHOI €BOJIIOLIIT (ha3 BIOPSAIKOBaHA-HECYMIpHA-CyMipHA.

Po3ain S npucssiueHo anainizy (ha3oBuX NepeTBOPEHb Ta €(EKTIB MOPYIICHHS
cuMeTpli B MOMIOJEHOBUX MIIIEHAX IIJ [I€F0 KOHUEHTPOBAHMX IOTOKIB
10H13yI04OT0 BUNIPOMiHIOBaHHS. HaBeieHO pe3ynbTaTi MOJIETIOBAHHS CTPYKTYPHHUX
3MiH y Marepiaji B eKCTpeMaJbHUX YMOBAX.

HayxoBa HOBH3HA poOOTH MOJIATAE Y HACTYITHOMY:

1. Y nockoHaneHo ¢GeHOMEHOJIOTTUHUIM Oomnuc (a30BUX TEPEXOMIB IS
CUCTEM 3 MOJIYJIbOBAaHUMU CTPYKTYPAMH LUISTXOM JACTAIBHOTO aHATI3Y IPalieHTHUX
BHECKIB.

2. BusiBneno ymoBu peasizaiii Ta cTabijIbHOCTI HOBUX THUIIIB COTITOHHHUX
pimmens (bell- Ta kink-tumy) 3amexHO Bij MapaMmeTpiB TEPMOAMHAMIYHOTO
MOTEHITIATTY.

3. 3acTOCOBaHO IrpyINOBUI aHaI3 10 BaplalliHUX PIBHSAHB, IO OMUCYIOTh
HECIIBMIpPHI CTaHHU, IO JO3BOJIMJIO 3HAWTH Pi3HI TUITH PO3B’S3KIB.

4. OTpumaHO CIMEHCTBO TOYHUX aHATITUYHHUX PIIIEHb JJIs1 IPOCTOPOBOTO
PO3MOoALTYy TapaMeTpa MopsaKy y dhopMi eminTuaHuX QyHKIiH AKo0i.

d. BcTaHoBieHO 3aKOHOMIPHOCTI MOpYIIEHHS cuUMeTpli Ta ¢a3oBoi
HeCTaOUTbHOCTI MOJIIOIEHY 1] BILTMBOM 1HTEHCHBHOTO OMPOMIHEHHS.

Pe3ynbTaTty BKIIOYEHI 10 MPOTpaMu BOPOBAKEHHS 32 BIIOMYOIO TEMOIO
[nctutyty enektpodizuku 1 pamiamiiHux — TexHosorii  HAH  Vkpainu
«HaHnoMacimiTabHi CTpyKTypd B MeTajax 1 CIUlaBaX SK YWHHUK BIUIMBY Ha

padialiiiHy CTIMKICTb, €1eKTPO(I3UYHI Ta MEXaHI4YHI BIACTUBOCTI»
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Kuro4uoBi ciioBa: KOHAEHCOBaHI CUCTEMH, TBEPAl Tilla, MapaMeTp MOPSAAKY,
(dazoBuil mepexia, MOPYLWIEHHS CUMETPIl, CTPYKTypHO-()a30Bl NEPETBOPEHHS,
MIKpOCTPYKTYypa, HecyMmipHa ¢ha3a, (i3uka MOBEpXHi, MYJIbTUKPUTHYHA TOYKA,
MOJIIOJIEeH, MEXaHIYHI BIIACTUBOCTI, MIKPOTBEPIICTh, OMPOMIHEHHS, HEJIHINHI

MOJIEJI.



ABSTRACT

Shymanovskyi, A. R. Symmetry, consolidation, and modulated structures of
the order parameter. — Qualifying research paper in the form of a manuscript.

Thesis for the degree of Doctor of Philosophy in the speciality 105 Applied
Physics and Nanomaterials (Field of Knowledge 10 Natural Sciences). —
V. N. Karazin Kharkiv National University of the Ministry of Education and Science
of Ukraine, Kharkiv, 2026.

This thesis is devoted to a comprehensive theoretical and phenomenological
analysis of the properties of spatially modulated structures of various physical
natures in solids (in particular, ferroelectrics and metals). The main focus is on the
evolution and stability of these objects in the vicinity of phase transition points.

The introduction justifies the relevance of the topic and defines the aim,
object, subject and methods of the research. The scientific novelty and practical
significance of the results are formulated, and details regarding the validation and
structure of the work are provided.

Chapter 1 contains a review of the literature on the physics of spatially
iInhomogeneous states in solids. Systems with a single-component order parameter,
the nature of incommensurate phases in type | and Il ferroelectrics, and modern
generalisations of Landau’s theory are considered. Particular attention is paid to the
effect of intense radiation on phase transitions in molybdenum.

Chapter 2 describes the procedure for irradiating molybdenum targets using
the TEMP-A accelerator and details the comprehensive methods used to study their
structure and properties (SEM, XRD, and microhardness). A mathematical model of
thermal processes in cylindrical coordinates was developed and implemented in the
software using Python. The model is based on the numerical solution of the nonlinear
heat equation, accounting for phase transitions and temperature-dependent material
properties.

Chapter 3 is devoted to the development of a phenomenological model of

phase transitions involving the emergence of modulated structures. The physical
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meaning of the gradient terms in the thermodynamic potential is analysed. Scenarios
for the emergence of Bell-soliton and kink-soliton structures are investigated,
conditions for their thermodynamic stability are determined, and corresponding
phase diagrams are constructed. The peculiarities of the relaxation of the order
parameter in organic media are examined.

In chapter 4, exact and approximate analytical solutions are obtained for the
spatial distributions of the order parameter, expressed in terms of elliptic Jacobian
functions (sine, cosine, delta-amplitude). Conditions for the existence of phases are
also derived, as well as conditions for the complete evolution of phases from ordered
to non-commensurate to commensurate.

Chapter 5 is devoted to the analysis of phase transformations and symmetry-
breaking effects in molybdenum targets under the action of concentrated ionising
radiation fluxes. Results of modelling structural changes in the material under
extreme conditions are presented.

The scientific novelty of the work lies in the following:

1. The phenomenological description of phase transitions for systems with
modulated structures has been refined through a detailed analysis of gradient
contributions.

2. The conditions for the realisation and stability of new types of soliton
solutions (bell- and kink-type) have been identified, depending on the parameters of
the thermodynamic potential.

3. Group analysis has been applied to variational equations describing
iIncommensurate states, which has enabled the discovery of various types of
solutions.

4. A family of exact analytical solutions for the spatial distribution of the order
parameter in the form of elliptic Jacobi functions has been obtained.

5. Patterns of symmetry breaking and phase instability in molybdenum under
the influence of intense irradiation have been established.

The results are included in the implementation programme under the

departmental theme of the Institute of Electrophysics and Radiation Technologies of
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the National Academy of Sciences of Ukraine: ‘Nanoscale structures in metals and
alloys as a factor influencing radiation resistance, electrophysical and mechanical
properties’.

Keywords: condensed matter systems, solids, order parameter, phase
transition, symmetry breaking, structural-phase transformations, microstructure,
incommensurate phase, surface physics, multicritical point, molybdenum,

mechanical properties, microhardness, irradiation, nonlinear models.



