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B nauceprauiiiHiii poOOTI NPENCTABICHO pPE3yNbTaTH EKCHEPUMEHTAIBHUX
JOCIIKEHb HECTAI[lOHAPHUX IPOIIECIB B MPOCTOPOBO-HEOAHOPITHUX HAAMPOBITHUX
CTpyKTypax B HajiBucokouacToTHoMy (HBY) enekrpomarauiTHoMy moJi.

VY BeTymi KOPOTKO OOTPYHTOBAaHO aKTyalbHICTh TEMH JAHMCEpTallli, BU3BHAYEHO
METYy Ta OCHOBHI 3aBJIaHHS JOCIHIIPKEHHS, TaKOX OO’€KT, IpeaIMeT Ta METOAU
nociipkeHHsi.  ChopMmylbOBaHO HAyKOBY HOBH3HY Ta TIPakTUYHE 3HAYCHHS
OTpUMaHUX pe3ysbTariB. HaBeneHo BigomocTi mpo myOsikaiii, 0COOMCTHII BHECOK
3100yBayda Ta ampoOarlito pe3ynbTaTiB Aucepraiii. TakoX MpUBEACHI BIJOMOCTI PO
CTPYKTYpY Ta 00CST AUCEpTAIliiHOI pOOOTH.

Po3ain 1 npucsiueHo orysiay Ta aHalizy JITEpaTypH 3a TeMO aucepTarlii. B
IIbOMY PpO3/IJIl PO3TJISHYTO OCHOBHI $IBHINA, $SKI BHHHUKAIOTH Y HAJIIPOBIIHUX
CTPYKTypax.

[IpoBeneno  aHami3s  HU3KM  CTPYKTYp Ta  €JIEMEHTIB  Cy4JacHOi
HU3BKOTEMIIEPATYPHOI €JIEKTPOHIKH, SIK1 € TIPEAMETOM JTOCTIIKEHHS AUCEPTAIIiHO1
po0oTH, a caMe — TOHKI HaAMPOBIIHI IIBKU, HAAMPOBIIHI CHipaJibHI PE30HATOPHU Ta
HAANpoOBiMHI KBaHTOBI iHTepdepenmiitHi  merektopu (HKBIJu, SQUID -
Superconducting Quantum Interference Device). [IpogemoncTpoBaHi 00OMEKEHHS, SIK1
BUHUKAIOTh TPU BHUKOPUCTAHHI TAKUX CTPYKTYp, 30KpemMa MpodsiemMa pO3MOiLTy
HAAMPOBIIHUX CTPYMiB, 0OCOOIMBOCTI (POPMYBAHHS PE3UCTUBHUX 1 HOPMAJILHUX CTaHIB
y HaanpoBigHux muiiBkax Ta noseaiHka HKBIJIiB. Okpemo oGroBopeHo mnpodiiemMu
OJIHOTO 13 HAWOUIBIII aKTyaJTbHUX 3aCTOCYBAaHb €JI€MEHTIB HAIPOBITHUX PE3OHYIOUHX

CTPYKTYp, a CaMe€ — JIJIs1 CTBOPEHHS €JIEKTPOMAarHiTHUX MeTamaTepiaiB.



OOroBOpeHO OCHOBHI MIKPOCKOMIYHI METOAM JOCJIPKCHHS HaAMPOBIIHUX
ctpykryp. OcobnuBa yBara mpuaiieHa METOAY Ja3epHOI CKaHyI401 MIKpOCKOIIi Ta
O0COOJIMBOCTSIM  HOTO  3aCTOCYBaHHS B  00OJacTi HU3BKUX TeMmmeparyp —
HU3BKOTEMIIEPATYPHil J1a3epHiil ckanytouii mikpockornii (HTJICM).

Po3ain 2 mpHCBSYEHO EKCHEPUMEHTATbHOMY JIOCHIHKEHHIO OCOOIMBOCTEN
nepexoay TOHKOIUTIBKOBMX HAAMNPOBIIHUKIB y HOPMaJbHUN CTaH. 3a JOMOMOTOIO
metony HTJICM noxkazano, 110 mij BIUIMBOM MOCTIMHOTO TPAHCIIOPTHOTO CTPYMY Ta
enektpomarnitHoro HBY BumpoMiHiOBaHHS B MpoIleci MEPexoay A0 HOPMAIbHOTO
CTaHy HaJIPOBITHUK MPOXOJUTh NPOMDKHUN HECTaOUTbHUM 1 HEPIBHOBAKHUM
PE3UCTUBHUI CTaH, AKUN XapaKTEPU3YEThCSI YTBOPEHHM JIiHIN MPOKOB3YBAaHHS (ha3u
(JITI®) 3 mojanbliMM YTBOPEHHSIM HOPMAaJIbHUX JokamizoBaHux aomeHiB (HJI).
Takum 4rHOM, 32 IOMOMOTOI0 €KCIIEPUMEHTY OYJI0 3’4COBaHO, 110 cnuibHa aist HBY
MoJsl Ta TMOCTIMHOTO CTPyMy Ha HAANPOBIIHY TOHKOIUTIBKOBY CTPYKTYpYy HE €
aIuTUBHOIO. Y cuiIbHHX enekTpoMmarHiTHux HBY monsx, 1mo pylHYIOTH
HaJIPOBIIHICTh, BUHUKAIOTh 1 MHOXaThCs AuckpeTHi HJI/I, nokamizoBaHi Ha po3mipi
JII®, sxi iX NOpoAWSM, IO HE NPHU3BOAUTH A0 3MIHM (POPMU BOJIBT-AMIIEPHUX
xapaktepuctuk (BAX). Ha xanb, cranmapTHuUW MiaXig BUBYEHHS IME€PEXOIIB
HAJIPOBIIHUKIB B HOPMaJIbHUI cTaH 3a Jonomororo BAX He MoXXe pO3KpUTH BCl
neTan 1poro mporecy. Tomy mnepeBaroro Bukopuctanns meroxy HTIICM e
Bi3yasizallisi JOCHIHKYBAaHUX SIBUII 1 CTPYKTYp, III0 PO3KPUBAE HOBI JI€Talll CTaHIB
HaJIPOBIIHUKA, TOOTO YTBOPEHHS CTA0UIBHUX HOpMaJbHUX CTpyKTYyp — HJIJI HaA Micii
yrBopenux JITID. 3okpema, kpuBi BAX MoxyTh Bkazatu nuiie Ha icHyBaHHs JIITD
a6o HJIJI, ane He Ha po3TallyBaHHS ITUX CTPYKTYp Y HAANPOBIAHUKY, IO TaKOX
MOXJIMBO o0auuTH 3a gonomororo metoxy HTJICM.

[TokazaHo, m0 mpoiec NPOKOB3yBaHHS (a3u TpUTAMaHHUNA HE TUIBKU
KBa310JIHOBUMIPHUM HAJNPOBIIHUM KaHajmam, a ¥ 2D 1 3D HagmpoBigHuUM
cTpyktrypam. Ha mpukiaai 1BOBUMIpPHOT CTPYKTYPH 31 3SMIHHUM 3HAYEHHSIM TIEpepizy —
mictok Jlaema — meronom HTJICM mnpoBeneHo Bizyanizaiiito yrBopenHs JIIID, ski

(GOpMyIOThCS Y BUTIISIAL IYT KOHLIEHTPUYHUX K1JI.



Po3ain 3 npucBsYeHO AOCHIKEHHIO PO3MOALITY HAAMPOBIIHUX E€KPAHYIOUUX
CTPYMIB y HAAMPOBITHOMY CHipaJIbHOMY pe3oHaTopi. JlaHe mociipKeHHsS 0COOJMBO
BAXJIMBE J/JIsI PO3YMIHHS MOXJIMBOCTI 3aCTOCYBaHHS HAANPOBIAHUX CHIpPATbHUX
pE30HATOpIB A MOOYJAOBH €JICKTPOMArHiTHUX MeTamaTepiaiiB, OCKUIbBKH iX
O0COOJIMBOCTI TOJIOBHUM UYHMHOM 3aJeKaTh BIJl PE30HAHCHUX XapaKTEPUCTHK
METaaTOMIB.

[IpoieMOHCTPOBAaHO HOBUH METOJ| Bi3yadi3alii MPOCTOPOBOTO PO3MOJALTY
CTpyMiB y 00'eMi HaJMNpPOBIAHUX CHIPAJbHUX PpE30HATOPIB. 3alpolOHOBAHO Ta
PO3pO0JIEHO PEXKUM HU3BKOTEMIIEPATYPHOTO JIA3EPHOT0 CKaHYIOUOTr0 MIKPOCKOIIA JJIs
oTpuMaHHs 1H(opMalli moa0 (a3 HAANPOBIAHUX EKPAHYIOUUX CTPYMIB, TOOTO iX
HAmpsIMKY B HaINpoBiAHUKY. Da30uyTIMBUM KOHTPACT JOCITAETHCS 32 PaxyHOK
CUHXPOHI3aIlii MOJyJIbOBAHOTO IO IHTEHCHUBHOCTI JIa3€PHOTO BUIIPOMIHIOBAHHS 3
pe3oHaHcHUMHU rapMmoHikamMu HBU-curnany, mo npoxoauTs yepes 3pa3oK. Y LbOMY
BUIIAJIKy BTpaTH, 1HAYKOBaHI JIa3epHUM IMPOMEHEM B 00JIaCTi, IO OCBITIIOETHCA,
OyIyTh CHJIBHO 3aJIeXaTH B1Jl JOKalIbHOI p13HULI (a3 Mix BU-HecyuuMm curnaiom i
MIPOCTOPOBO-YAaCOBO1 CTPYKTYPOIO C(POKYCOBAHOTO JIa3€pHOTO KOJUBaHHS. Takuit
M1IX1]1 yCyBa€ anaparHi 0OMEeXXEeHHsI ICHYI0U0T METOJIUKH PalloYaCTOTHOI MIKPOCKOTI1T
Ta BUBOJUTD PEKUM (Ha309yTIAUBOI AEMOYJIALIT HA pIBEHb, HEOOX1THUM /1711 BUBUCHHS
(b13UKK HAJAIPOBIIHUX METaMaTepiatiB.

3a nonmoMoror HedazouyTIMBOTO, «CKaIsipHOTOY», pexxumy HTJICM 3’scoBaHo,
[0 Ha BUCOKHUX MOJAX CTOSYMX XBHWJIb PO3MOALT HAANPOBIIHUX CTPYMIB CTae
aHI30TPOMHMUM, IO BKa3ye Ha Te, 110 PE30HATOp IepecTae MOBOAMTU cede SIK
30CEPE/KEHUI  €JIEMEHT Ta YHEMOXJIMBIIOE MOro BHUKOPHUCTaHHA B SIKOCTI
CTPYKTYPHUX €JIEMEHTIB MeTaMmarepiajiB Ha 3aJaHuxX ydactoTax. B ¢dazouyrinuBomy
PEXKUMI EKCIIEPUMEHTAIBHO JTOCHTIKEHO PO3MOJIII CTPYMIB IS TIEPIINX JEKUTHKOX
MOJl CTOSYMX XBHJIb Yy CHipaJbHOMY pE30HaTOpi Ta I[IOKa3aHO HAampsSMOK iX
PO3MOBCIO/IKEHHS B 3pa3Ky.

B Po3nini 4 nposeaeno anami3z BmmBy HBY enexkTpomardiTHOro mosisi Ha
aMILTITYIHO-4aCTOTHI XapakTepuctuku BucokouactrotHoro BU HKBI/ly, a takox

MIPOBE/ICHO EKCTIEPUMEHTAIILHY TEPEBIPKY.



[loka3aHo, 1O TMpU HU3BKOMY 3HAYEHHI KPUTUYHOTO CTPyMy B
mxo3edconiBcbkomy kontakti BU HKBI/ly, a omxe 1 mapametpa fi, moBeninka BU
HKBI/ly nobpe y3romkyerbcs 3 aHANITUYHOIO TEOPETUYHOIO Mojaemmo. [lns
nocmipkeHHss BrummBy HBY mons Ha moeminky BU HKBIJly BukopucroByBamacs
6a3oBa cxema poOOTH MPHUCTPOIO, 3a AKOI IHTEPPEPOMETP 1HAYKTUBHO MOB’A3aHUN 3
PE30HAHCHUM KOHTYpOM, 110 30ymKyeTbesi BU-cTpyMoM 3 dacToTor0, OJIM3BKOIO 110
PE30HAHCHOT YacTOoTH KOHTYpy. IlokazaHo, 1m0 mapamerp fi, SKAA BU3HA4Ya€
rictepe3ucHuii abo Oe3riCTepe3uCHUN peXUMH POOOTH MPHUCTPOIO, MOXKe OyTh
e(eKTUBHO  HaJAIITOBAaHW  HAa  MOTPIOHE  3HAYEHHS  NUIAXOM  BIUIMBY
BHCOKOYACTOTHOTO TOJIA TIEBHOI aMIUTITYyId 1 YaCTOTH, 3HAYHO BHIIO] 32 PE30HAHCHY
4acTOTy KOHTYpY. Pe3ynbTaTH eKCHEepUMEHTAIBHOTO JOCTIIHKSHHS IMiITBEPIUIH
MoxsuBicTh mnepeBeneHHs BY HKBIJly 13 ricTepe3sucHOro pexuMy y pexum,
dbopManbHO CXOXUH Ha OE3TiCTEpPe3UCHUl Ta TOKa3ajdu 3HayHe 30UIbIICHHS
koedimienty neperBopenHs ta yyTiauBocti BU HKBI/ly 3a Takux HajamryBaHb.

3a3HaunMo, 10 PEe3yIbTaTH AUCEPTaLiitHOI pOOOTH MalOTh JOCUThH aKTyallbHE
MpaKTUYHE Ta HAYKOBE 3HAYCHHS, OCKUIBKHA PO3IIMPIOIOTH HASBHI YSBJICHHS IPO
O0COOJIMBOCTI YTBOPEHHS HECTAllIOHAPHUX CTAaHIB y TPOCTOPOBO-HEOTHOPITHUX
HaJnpoBiaHuX cTpykTrypax y HBY nosmi. 30kpema, CTBOPIOIOTH OCHOBY JIJIsl PO3POOKHU
HOBOI1 KOHIIEMIIi1 ociikeHHs hazoBux xapakrepuctuk HTJICM-Biaryky 1BomipHuX
Mar”iTHUX MeTamarepiaiiB. B Tomy uncii, pe3yiabTaTi JOCHTIKEHHS TOHKOILTIBKOBUX
HAAMPOBIAHUKIB TO3BOJITIOTh POIIUPUTH YSBJICHHS PO OCOOIMBOCTI MEPEXoay A0
HOPMAaJILHOTO CTaHy, a 3a jgomnoMoroio merony HTJICM wmoskHa Bi3yamnizyBaTu
PO3BUTOK HOPMAJILHOTO CTaHy B HAANPOBIMHUX CTPyKTypax. [lokazaHo MOXIHBICTH
kepyBaHHs edektuBHUM mapamerpoMm fi BU HKBI/ly, a, BiANOBIAHO, 1 3HAYEHHAM
KpuTUYHOTO CTpyMy JIKo3edcoHiBchkoro koHTakTy. lle mo3Bossie HiBemoBaTH
PO3KHUJ CTPYMIB, SIKI BUHUKAIOTh B J1XKO3€(PCOHIBCHKUX MEpexoaax, 10 CKIATal0ThCs,
HaIPUKJIIA, 3 JBO30HHUX HAAMPOBITHUKIB 1 BUCOKOTEMITEPATYPHUX HAIPOBITHHUKIB Y
noeux BY HKBI/lax. binbm TOro, 3aBAsSKH 3alpONOHOBAHMM IapaMeTpam
CIIOCTEPITa€eThCS 3HAUHE 30UTbLIEHHS Koe(dillieHTa MepeTBOPeHHs Ta yyTiuBocTi BY

HKBIly.
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ABSTRACT

Leha O.0. Nonstationary Processes in Spatially Inhomogeneous Superconducting
Structures in Electromagnetic Microwave Fields. — Qualification scientific work
printed as manuscript.

Thesis for the degree of Doctor of Philosophy in Speciality 104 — Physics and
Astronomy (Field of Knowledge 10 — Natural Sciences). — B.l. Verkin Institute for
Low Temperature Physics and Engineering of the National Academy of Sciences of
Ukraine, Kharkiv, 2024.

The thesis presents the results of experimental studies on non-stationary
processes in spatially inhomogeneous superconducting structures under microwave
(MW) electromagnetic fields.

The introduction briefly substantiates the relevance of the thesis topic and
defines the research goals and main objectives, as well as the object, subject, and
methods of research. The scientific novelty and practical significance of the obtained
results are formulated. Information about publications, the personal contribution of the
researcher, and the approbation of the thesis results are provided. The structure and
volume of the thesis are also described.

Chapter 1 is dedicated to the review and analysis of literature on the thesis topic.
This chapter examines the main phenomena that occur in superconducting structures.
An analysis of several structures and elements of modern low-temperature electronics,
which are the subject of the thesis research, is conducted, namely thin superconducting
films, superconducting helical resonators, and superconducting quantum interference
devices (SQUIDs). The limitations that arise when using such structures are
demonstrated, including the problem of superconducting current distribution, the
formation of resistive and normal states in superconducting films, and the behavior of
SQUIDs. Separate attention is given to the problems of one of the most relevant
applications of superconducting resonant structure elements, namely, the creation of
electromagnetic metamaterials.

Key microscopic methods for studying superconducting structures have been

discussed. Special attention is given to the laser scanning microscopy method and its



application features in the low-temperature region — low-temperature laser scanning
microscopy (LTLSM).

Chapter 2 is dedicated to the experimental study of the transition features of
thin-film superconductors to the normal state. Using the LTLSM method, it is shown
that under the influence of a constant transport current and electromagnetic microwave
radiation, the superconductor goes through an intermediate unstable and
nonequilibrium resistive state during the transition to the normal state, characterized
by the formation of phase slip lines (PSLs) followed by the formation of normal
localized domains (NLDs). Thus, the experiment revealed that the combined effect of
microwave radiation and constant current on the superconducting thin-film structure is
not additive. In strong electromagnetic microwave fields that destroy
superconductivity, discrete NLDs arise and multiply, localized at the size of the PSLs
that generated them, which does not lead to a change in the shape of the current-voltage
characteristics (I-V characteristics). Unfortunately, the standard approach to studying
superconducting transitions to the normal state using |-V characteristics cannot reveal
all the details of this process. Therefore, the advantage of using the LTLSM method is
the visualization of the phenomena and structures under study, revealing new details
of the superconducting states, namely, the formation of stable normal structures - NLDs
at the location of the formed PSLs. Specifically, I-V characteristics curves can only
indicate the existence of PSLs or NLDs, but not their location within the
superconductor, which can be visualized using the LTLSM method.

It is shown that the phase slip process is inherent not only to quasi-one-
dimensional superconducting channels but also to 2D and 3D superconducting
structures. Using the example of a two-dimensional structure with variable cross-
section - the Dayem bridge - the LTLSM method was used to visualize the formation
of PSLs, which are formed in the shape of arcs of concentric circles.

Chapter 3 is dedicated to the study of the distribution of superconducting
screening currents in a superconducting spiral resonator. This research is particularly
important for understanding the potential application of superconducting spiral
resonators in the construction of electromagnetic metamaterials, as their characteristics

mainly depend on the resonant properties of meta-atoms.



A new method for visualizing the spatial distribution of currents within
superconducting spiral resonators has been demonstrated. A mode for a low-
temperature laser scanning microscope has been proposed and developed to obtain
information about the phase of the superconducting screening currents, i.e., their
direction in the superconductor. Phase-sensitive contrast is achieved by synchronizing
the modulated intensity of the laser radiation with the resonance harmonics of the
microwave signal passing through the sample. In this case, the losses induced by the
laser beam in the illuminated area will strongly depend on the local phase difference
between the RF carrier signal and the spatiotemporal structure of the focused laser
oscillation. This approach eliminates the hardware limitations of the existing radio-
frequency microscopy method and advances the phase-sensitive demodulation mode
to a level necessary for studying the physics of superconducting metamaterials.

Using the non-phase-sensitive, "scalar,” mode of the low-temperature laser
scanning microscope (LTSLM), it was found that at higher standing wave modes, the
distribution of superconducting currents becomes anisotropic, indicating that the
resonator ceases to behave as a lumped element and cannot be used as structural
elements of metamaterials at given frequencies. In the phase-sensitive mode, the
distribution of currents for the first few standing wave modes in the spiral resonator
was experimentally studied, and the direction of their propagation in the sample was
shown.

Chapter 4 analyzes the influence of the microwave electromagnetic field on the
amplitude-frequency characteristics of a high-frequency RF SQUID, as well as an
experimental verification.

It has been shown that with a low critical current value in the Josephson junction
of the RF SQUID, and thus a low g, parameter, the behavior of the RF SQUID is well
aligned with the analytical theoretical model. To study the influence of the microwave
field on the behavior of the RF SQUID, a basic operating scheme of the device was
used, in which the interferometer is inductively coupled to the resonant circuit, excited
by an RF current with a frequency close to the resonant frequency of the circuit. It has
been shown that the £ parameter, which determines the hysteretic or non-hysteretic

modes of operation of the device, can be effectively tuned to the desired value by



exposing the device to a high-frequency field of a certain amplitude and frequency,
significantly higher than the resonant frequency of the circuit. The experimental results
confirmed the possibility of switching the RF SQUID from a hysteretic mode to a
formally non-hysteretic mode and showed a significant increase in the conversion
coefficient and sensitivity of the RF SQUID under such settings.

Note that the results of the thesis work are quite relevant both practically and
scientifically, as they expand the existing understanding of the features of the formation
of non-stationary states in spatially inhomogeneous superconducting structures in
microwave fields. In particular, the findings provide a foundation for developing a new
concept for studying the phase characteristics of LTLSM-response in two-dimensional
magnetic metamaterials. Additionally, the results of thin-film superconductor studies
allow for a better understanding of the transition to the normal state, and using the
LTLSM method, the development of the normal state in superconducting structures
can be visualized. It has been shown that it is possible to control the effective parameter
S of the RF SQUID, and accordingly, the value of the critical current of the Josephson
junction. This allows for leveling the variations in currents that occur in Josephson
junctions made, for example, from two-band superconductors and high-temperature
superconductors in new RF SQUIDs. Moreover, thanks to the proposed parameters, a
significant increase in the conversion coefficient and sensitivity of the RF SQUID is
observed.

Keywords: superconductivity, superconductor, microwave, resistive state,
phase slip line, low-temperature laser scanning microscopy, metamaterial, spiral
resonator, localized normal domain, RF SQUID, hysteretic and non-hysteretic regimes,
electromagnetic field, Josephson junction, critical current control, conversion

coefficient.
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