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Cmenanogé B.b. TpancnoptHi BjaacTuBocTi i TepmMoEPC mini 1 migHo-
oxkcuaHux BTHII, poab aedexrtiB. — KpamidikariiiHa HaykoBa mpais Ha IpaBax
PYKOTIHCY.

Hucepraiiss Ha 3700yTTS HAyKOBOTO CTYIEeHS JoKTopa (inmocodii 3a
cnemianpHicTiO 104 «®Di3uka Ta acTpoHOMIs». — DI3UKO-TEXHIYHUN 1HCTUTYT HU3BKUX
temmnepatyp iMeHi b.I. Bepkina HamionanpHoi akagemii Hayk Ykpainu, Xapkis, 2021.

Hucepramiitia  po06oTa  NPUCBSYECHA  JOCHIDKEHHIO  OCHOBOTIOJIOKHHX
€JICKTPOHHUX TPOIIECIB, 110 BUHUKAIOTH B MOJIKPUCTAIIYHIN MIJ1 1 MIJHO-OKCHIHHUX
BUcokoTeMiiepaTypuux HaanpoBigaukax (BTHII) YBa,CuzO;s mig BIUIMBOM pi3HHX
nedekrtiB. HasBHICTh JOMIMIOK 1 A€(EKTIB, 1110 BUHUKAIOTH B MOJIEJIbHOMY MaTepiani —
MOJIIKPUCTAIIYHIA Miji, MiJ BIUTMBOM IUIACTUYHOI JAedopMarlii, JOCTIIKYEThCS 3a
JIOTIOMOTOI0 METOAY TepMoelieKTpopyiiiHoi cuiau (TepMoEPC) — 3 MeToro oTpuMaHHs
1H(opMallii po G13UYHY IPUPOY B3AEMOJIT €IEKTPOHHOI MiJICUCTEMU 3 JUCIOKAIISIMU
1 gomimkamu. ITopsg 3 num, 3a gomomororo metony TepMoEPC i1 mceBnomiiboBoro
aHai3y B paMKax MOJEINI JOKaJIbHUX Map, OyJIM JOCHIKEHI MOMIKPUCTANIYHI 3pa3Ku 1
ToHKl TIiBKH YBa,Cu3O;; mpu HasBHOCTI JOMIMIOK 1 ACEKTIB, IO BUHUKAIOTH
BIJIOBIJTHO B pe3yibTaTi OE3KUCHEBOTO BIAMANY MOJIKPUCTATIB 1 B 3aJI€KHOCTI BiJ
croco0y MNpUrOTYBaHHS IUIBOK — 3 METOI0 OTpUMaHHs i1Hdopmalii npo @izuyHy
IPUPOAY B3AEMOJII HAAMPOBITHOCTI 1 NEe(EKTIB 1 iX MOKIMBUN BIUIMB HA MOBEPXHIO
®epmi (I1D). TTokazano, mo BumiptoBanHs TepMOEPC, sika 3anexuTh Bl BEJIMYUHH 1
bopmu I1®, € nyxe iHOOPMATUBHUM METOJOM JOCIHIPKCHHS MO3HAYEHUX BUIIE
CTIOJYK.

VY Berymi KOpPOTKO OOIpYHTOBaHa aKTyalbHICTh TEMHU AMCEPTaLIMHOI PoOOTH,
BH3HAUCHI METa Ta OCHOBHI 3aBIaHHS JOCHIJKCHb, 00 €KTH, NPEAMET 1 METOIu
nocimimxenb. CdopMmyaboBaHa Ta BHKJIQJICHa HAyKOBa HOBH3HA ¢ MpaKkTUYHA
3HAUMMICTh OTPUMAHUX pe3ynbTariB. HaBeneHo [aHl Mpo OCOOMCTUH BHECOK
TUCcepTaHTa, ampoodarlito pobOTH Ta mMmyOmikaiii 3a TEMOIO JucepTallii, a TaKoX

MOJIA€ThCS 1HPOPMALIisl PO CTPYKTYPY Ta 00CAT AMCEPTaLIMHOI POOOTH.



Hepmmii po3gin «IloBexinka koedinieHTy 3eebexa B Migi Ta MigHO —
OKCH/HUX BHCOKOTEMIIEPATYPHUX HAJANMPOBiTHMKAX, 0cCHOBHi BiaacTuBocti BTHII
YBa,Cuz07.; (Orasia JiTepaTypu)» OPUCBIUYCHO aHATI3Y JITEPATYPHUX JIAHUX IIIOJI0
CTPYKTypu Ta (I3WYHUX BIACTHUBOCTEH JOCTIKYBaHMX 00’€KTiB. Po3rmsiHyTI
TeopeTudHi ocHOBU (¢i3uku TepMOEPC B meranax, ne mpuBeeHI BIJIOMOCTI PO
TEMIIepaTypHY 3aJIexHICTh Koedirienta 3eedeka, S(T), B mpoctux Mertanax (Mifi), i
ckinanHux 3'enHanHsax. [IpoBeneno anamiz moBemiHku TepMOEPC B MigHO-OKCHMAHHUX
HaampoBigHukax Y Ba,CusO;.s B paMKax pi3HUX MOJINICH €eKTPOHHOT'O TPAHCIIOPTY.
Omnwucani ocHoBHI BiaactuBocTi BTHII, siki BiIpi3HAIOTH iX BiJl HU3bKOTEMIIEPATyPHUX
HaganpoBigHukie (HTHII). OxapakTepu3oBaHO Taki MOHATTS SIK TICEBJIONIUIMHA 1
JOKaJbHI TapH, PO3MNIAHYTI PI3HI TOYKM 30py HAa MEXaHi3M HaJIpOBIIHOTO
cnaptoBanHs B BTHII. Hapaerbcs iHpopmariss CTOCOBHO CTPYKTYpH 1 (a3oBoi
nmiarpamu KynpatiB YBa,Cu;O7.5. 3BepHyTa yBara Ha mpoliecu siki BiOyBalOThCS B
BTHII npu 3HMXEHHI HIUIBHOCTI HOCIIB 3apsly 1 3aTPOHYTI MUTaHHS aHI30TPOMii
BJIACTUBOCTEN 1 creuudika moBeniHKU JokanbHuX nap B BTHII. JInsg BuBueHHs
B32€MO3B'SA3KYy MDK BIUIUBOM JIe(DEKTIB HA MOBEMIHKY (IYKTYallIMHUX KYIEPOBCKHUX
nap Bumie T, 1 BraactuBocTsiMu BTHII Hmwkue T. Oynu aeTanbHO pO3IIISIHYTI
TEOPETUYHI aCIMEKTH OIUCY TEMIEPaTypHUX 3aJeKHOCTEH TYCTHHU KPUTUYHUX
ctpymiB B BTHII B mopiBHsHHI 13 (IyKTyaliitHOIO MPOBITHICTIO B TOHKHUX IUTIBKAaxX
YBa,Cu307.5 3 pi3HOIO KUTBKICTIO ACEKTIB.

VY apyromy posaiji «JlocaiakyBaHi 3pa3ku i eKCnnepuMeHTAJbHI METOAMKID)
HABEJICHO OMHMC OTPUMAHHS 1 MPOLIEAYypH MIATOTOBKU 10 BUMIPIOBaHb JIOCHIIKYBAHUX
3paskiB 3 Miai (CU), MiTHOOKCHIHHMX TOJIKPUCTATIiB 1 TOHKHX TUTIBOK Y Ba,CuzO7.
JleTanbHO PO3TIISIHYTa METOJMKA MIACTUYHOI Aedopmariii MiJHOTO IPOTY 1 TEXHOJIOTIsS
BUTOTOBJICHHS TOJIKPUCTAIIB 1 TOHKHX IUIIBOK YBa,CuzO75 BIAMOBIZHO METOAaMH
NMpecyBaHHS 1 IMITyJbCHOTO JaszepHoro HamuieHHs (PLD), a Takox TexHOMOTris
oTpuMaHHs 3pa3kiB momikpuctaigiz YBa,CuzO;.5 3 pi3HOO HIUIBHICTIO HOCIIB 3apsaay 3
BUKOPUCTAaHHSAM BIJNagy B O€3KMCHEBOMY cepeaoBHill. HagaHo omuc KOHCTpPYKIIii

KplocTaTa, BCTABKH IS KPITUICHHS 3pa3KiB, a TAKOXK MPOIEAYPH MIATOTOBKH 3pa3KiB 110



nociimkeHb mnutomoro omopy 1 TepmMoEPC. Ommcani Meroau BHUMIPIOBaHHS
enekrpoonopy 1 TepMoEPC npu HU3bKHX TemmepaTypax.

Tpertiii  po3ain «BmiamB miaacTuyHoi Jaedopmanii Ha TemmepaTrypHi
3aJie;KHOCTI muToMoro omopy i TtepMOEPC B Mminl» npucBSYEeHHII BH3HAUEHHIO
BJIACTHBOCTEH pEaJbHUX METANIB NpPU HU3BKUX TEMIlepaTypax MpU 3MiHI THUIY 1
IIIILHOCTI Je(EKTIB KPUCTAIIYHOI CTPYKTYpPH MiJ] BIUIMBOM IUIACTHUYHOI Jaedopmarri.
BusBrieno icTOTHI aHOMaii TEMIEPATypHUX 3aJEKHOCTEH MHUTOMOTO OIOopy 1
TepMOoEPC B nosikpucTamiuHii Mii.

OauH 3 METOAIB JOCHIPKEHHA IUIaCTHYHUX JAedopmariiii 3acHOBaHMIA Ha
BUMiproBaHH1 TepMOEPC, BUKOpUCTOBYIOUM SKUH, B AUCEPTAaLlii 3p00JieHa cipoda JaTh
BIJIMOBIIb HA MMUTAHHS MIPO B3aEMOJIIIO JOMIIIOK 1 TUCIIOKAIIN B MOJIKPUCTATIYHIN MiJIi.
Bnepmie B TemmneparypHomy iHTepBaii 4,2-300K Oynu oTpumaHi MOPIBHSJIbHI
pE3yNbTaTH EKCHEPUMEHTAIBHOIO JIOCHIJKEHHSI IMUTOMOTrO enekTpoonopy, o(71), 1
tepMOEPC, S(T), 3pa3kiB MOJTIKPHUCTAIIYHOT Mii, IMiJ] BIULIMBOM TUIACTHYHOI JeopMartii
npyu KIMHATHIA TemmepaTypi. Bmeprne 3 Bucokor TouHicTIO (moxwbOka ~ 1+3 %)
BUSIBJICHO Pl KOPEIIOIOUMX MIK COOOI0 aHOMAaJTI Ha TEMIIEPATYpPHUX 3aJEKHOCTIX P 1
TepMOEPC, noB'a3anux 3 aucnokamisiMu. [lokazaHo, 1o MMOBIPHOIO HNPUYMHOIO LUX
aHOMaJlii Moke OyTH pPE30HAHCHE pO3CIIOBAHHS BIIBHUX EJIEKTPOHIB 1 TEIUIOBUX
(hOHOHIB Ha JIOKAJII30BaHUX MOOJIN3Y AUCIIOKAIlINA €IeKTPOHAX.

BusiBneno, 1mo mig BIJIMBOM INIACTUYHOI Aedopmaliii Ha 3aJeKHOCTSIX
nudepeniianbHoi TepMOEPC, Spp(T), ymMoBHO unctux (Cu-99,99%) i yMOBHO OpyaHHX
(Cu-99,9%) 3pa3kiB Mifi BUHUKAE YITKUH MiHIMYM TP HU3bKUX TeMIIEpaTypax, KAl €
YYTJIMBUM 1HIUKATOPOM IMPOIIECIB, 110 MPOTIKAIOTh B 3pa3Ky MPHU PI3HUX CTYIMEHSIX
miacTUuHoi aedopmartii. JloBeneHo, mo BenuunHa MiHiMyMy 1 oro temneparypa (Tmin
~ 25 K) Oisibllle B UUCTUX 3pa3Kax. 3pyLIeHHS MIHIMyMY 10 Tpin ~ 13 K, BusiBnene B
OpyaHHX 3pa3kax, OOyMOBJICHE OLIBIIOK I1HTEHCUBHICTIO B3a€EMOJIl JOMIIIOK 3
JVCITOKAIIISIMHU, 1IT0 BUHUKAIOTh Y Pe3yJbTati aedopmariii.

[IpoBeneHo nmeTanmbHI MOCHTIKEHHS 3aJKHOCTEH Temmeparypu 1 abCOIIOTHOI
BEJIMYMHU MIHIMYMY Sag BiJl BEJIMYMHU TUIACTUYHOI Aedopmallii €, BT HyJd 110 € = 95%.

[Tapanensno 3 TepMoEPC  BuMiproBajiocs 3HA4Y€HHS  BITHOCHOTO  IMHUTOMOTO



eJIEKTPOOIIOpY 3pa3ka micis aedopmariii pg, HOPMOBAHOTO Ha BEIIMYUHY 3aJTUIIKOBOTO
MUTOMOTO OMopy HeAePOopMOBAHOTO 3paska png, BuMipsHoro mpu 4,2 K. Ha miacrasi
OTPUMAHUX JaHUX 3pOOJEHO BUCHOBOK, IO BHUSABJICHWA HEMOHOTOHHHUHI XapakTep
nedopMaritux 3anexHocreid Minimymy TepMoEPC 1 enmexktpoonopy Oe3mocepeanbo
B1JI0OpaXkae €BOJIONII0 JIe(PEKTHOI CTPYKTYpH 3pa3KiB 31 30UIblIeHHSIM Aedopmariii. 3
BEJIMKOIO MWMOBIPHICTIO Taka IIOBEJIHKa MOXKe OyTH TakoX IIOB's3aHa 3
Tpanchopmariiero moBepxai Pepmi (I1D), 06yMOBIECHOT CIOTBOPEHHSAMH KPUCTATIYHOT
CTPYKTYPH Mii T BIUIMBOM IJIaCTHYHOI AedopmMaiiii, ockiabku TepMoEPC 3anexuTh
BiJ BennuuHU 1 popmu [1D.

Y 4yerBepromy po3aiti  «IIopiBHSUIBHMH  aHAJi3  TeMIIepaTypHHX
3aJIe2KHOCTel MUTOMOr0 Onopy, ncepaomuindiu ta TepMoEPC y mosikpucranax
YBa,Cuz;O;; mpu 3HM:KeHHi IMLIbHOCTI HOCIIB 3apsity» HaBEIECHO pe3yJbTaTh
JOCITIJIPKEHHS BIUTUBY J1e€(PEKTIB, OTPUMAHMX BIJIAJIOM, Ha IIUIbHICTH HOCIIB 3apsay Ny,
nutomuit omip p(7), tepMoEPC S(T), daykryaniiiny mnposigHicts (DJIIT) o'(7T) i
ncespoutmmny (I1) 4*(7T) TexctypoBanoro moiikpucrana YBa,Cuz;O7; (YBCO) 3
MajJuM BIIXWICHHSIM BiJ KUCHEBOi crexiometpii (3pazok S1 3 7.=90 K). IlepeBaroro
MOJIIKPUCTAJIIB € T€, 110 B HUX Ny MOXE MOMITHO 3MEHIIYBAaTUCS B MPOIECI BiAMaLy
3pa3KkiB B OE3KHMCHEBOMY CEpEIOBHINI. Y pa3l CHIBHOI 3MIHM Nf B 3pa3kax MOXYTh
BUHHUKATH Pi3HI Je(PEeKTH, SKi MOMITHO 3MIHIOIOTh CTPYKTYPY 3pa3ka. 31aBajocs ayKe
OakaHUM 3'ACyBaTH, SIK 3MIHIOIOTHCS 3a3HAuYCHI BUILE BJIACTUBOCTI OJIHOTO 1 TOTO XK
3paska, SKIO BIAMAJIOM MIHATA B HbOMY IIUJIBHICTH HOCIIB 3apsay 3 ypaxyBaHHSIM
dbopmyBaHHs nedeKTiB. 3a3HAYMMO, 1110 TaKl AOCIIKEHHS paHillle He MPOBOIUIINCH.

BusiBiieHo, 110 miJl BIUIMBOM Bignany Ny, a, oTke, 1 7, ONTUMAJIBHO JI0MTOBAHOTO
(OJ1) 3paska (S1) smenmyBanacs Bix 90 K BignosigHo mo 86 K (S2) 1 80 K (S3). Takum
YUHOM IMOKa3aHo, 1110 MPU 3MEHIICHH] N¢ M1 BILIMBOM Bianany T. 3HmKyeThes Ha 10 K,
tomi sk Temreparypa Bigkputtsa [, T*, momiTHO 30imbmIyeThCs Ha ~ 18 K, m1o
3HaXOJUTHCS B TOBHIM BiamoBimHOCTI 3 ¢aszooro miarpamoro BTHII mns YBCO.
OnnouvacHo, p(7) MOMITHO 3pOCTae, 1110 BKa3ye Ha (POPMYBaHHS JOJIATKOBUX Je(PEKTIB B

3pazkax. B xopommx TekctypoBaHux mnomikpuctaniax YBCO Ttakumu nedexramu



MOXYTh OyTH TOYKOBI Je(eKTH, 10 BUHUKAIOTh MPU 30UIBIICHHI KiITHKOCTI KUCHEBUX
BakaHcii B mromuHax CuOs.

OnnovacHo Oymu BuMipsHi 3anexHocti S(T) g BCix TphoX 3paskiB. Bmepiie
nokasaso, 1o 3anexxkHocti S(T), JTiHifHI IPU BUCOKHUX TEMIIepaTypax, 3MiHIOIOTh HAXUJI
touHo mpu T = T* 3anexnocti S(T) Bmamocs omwcatd B paMKax eMITIPUYHOT
“IBYX30HHOI MOJEIl 3 JOJATKOBUM JIHIMHUM II0 TeMIlepaTypi BKIajoM”, B SKIH
nepeadavyaeThCs HasBHICTh y (QyHKIIT ryctuan cradiB, D(E), By3pkoro pe3oHaHCHOTO
MKy JIOpeHIeBoi (opmu, po3ramoBaHoro moonauszy piBHa Depmi. Takox Oyio
BpaxoBaHo, mo S(T) mamae B Hyb nipu T ~ T,.. Buepmie Oyi0 moka3aHo, IO MOJIENTb
BigMinHO omucye S(T) BCiX TphOX 3pa3KiB B 00JacTi BHCOKHX TEMIICpaTyp, aje
BIIXWISIETHCS BHU3 BiJ] ekcniepuMmeHTy npu 7' = T* BusneHi icTOTHI aHOMalii Ha
3anexkHocTsAX S(T) M03BOJISAIOTE 3pOOMTH BHUCHOBOK IIIO TaKa MOBEIIHKA ITiITBEPKYE
tpanchopmaiiito [1D npu 7<T* sKy npumyckaroTh JesiKi cydacHi Teopii. [Je nepuui
HauoOibw 8a2oMull pe3yiomam oucepmayii.

30uTbLIeHHs yKicia AeEeKTiB IpH BiANaIl MIATBEPAKYETHCS BUSBICHOIO 3MIHOIO
TeMIiepaTypHux 3anexnocteit o'(T) ta A*(T). Sx nobpe Bimomo, miHidHuN xi1 p(7T)
BUIIlE T* € HEBIJI'€MHOIO YACTHHOIO HOPMAJILHOTO CTaHy KympaTiB (Hanpukiaa, YBCO),
KWW XapaKTepu3yeTbes cTadinbHICTIO moBepxHI Depwmi. [lpu 7<T* p(T) BiaxunseTscs
BiJ JIHIAHOCTI, [0 MPU3BOJAE MO0 IMOSBM HamIUIIKOBOi mposigHocti o' (7), ska
BU3Havaetbcs piBHssHEAM o (T)= 1/p(T) — 1/pn(T), Ae p — BuUMIpiOBaHMIA B
EKCIIEPUMEHTI MUTOMUMN otip, a pn(1)=aT+py sBIsie coO00 MUTOMHI Omip 3pa3ka B
HOPMAJIbHOMY CTaHI, €KCTPanojibOBaHUi B 001acTh HU3BKOI Temneparypu. Haramgaemo,
o npu T=T* He Tiabku p(T) BIAXUISAETHCS Bij JIHIHHOCTI, ajie 1 ryctuHa ctaHiB D(E)
Ha piBHI DepMi TOYMHAE MTOCTYIOBO 3MEHIITYBAaTHCS, 1110 03Haudae BiAKpuUTTs [T, Kpim
TOTO, SK 3a3HaY€HO BHILe, npu [=T*, moBepxHa Pepmi MOYMHAE 3MIHIOBATUCH,
IIBUIIIE 32 BCe, Yyepe3 (hopMyBaHHS JOKAIBHUX Map TPOXU HUk4YE T*. Takum 4uHOM,
nmpaBuIbHE BHU3HAYCHHS [* Mae mepmopsyHe 3HadeHHs s anamizy OJIIT 1 TIHI.
Hapenenuii B gucepraiiii TOUHMM METOJ 3HAXOKEHHS [* 103BOJISE BIEBHEHO 1 3

JIOCTATHBOIO TOYHICTIO BU3HA4YaTH 1* 1 mpoBoauTu anami3 1 JIII, 1 1.



BiamoBimHO 10 CydYacHUX YsBIICHb, HEBEIWKA JOBXHHA KOTEPEHTHOCTI, B
NO€qHAHHI 3 KBa3iABOBUMIpHOIO cTpykTyporo BTHII, npusBoguth 10 yTBOpEHHS
MIOMITHOT'O, B IMOPIBHSAHHI 31 3BUYaifHUMM HAJMPOBITHUKAMH, JI1alla30Hy HAAMPOBIIHUX
(HIT) dumyxryarmii, 4Ty, B xynparax Bumie T.. 3a3Budail B YBCO ATy= Top — Tg =
=(10-20) K, ne Tg — e temneparypa ['iH30ypra, 10 sIKOI Ipalloe€ TEOpis CEPeIHBOIO
nonst  boromoOoBa. Sk BKe 3a3Hayajocs, Yy I[bOMY Jiana3oHi GIyKTyalliiHi
KyHEepOBChKI Mapu MOBOAATHCS, sk 3BuuaiiHi HII mapu, ane 6e3 AanbHBROTO MOPSAKY
(Tak 3BaHI «KOpPOTKO Aitoui (pa3oBi KOpENIlii»), a HaIMIIKOBA MPOBiAHICTh, o'(T),
HIAMOPSAKOBYEThCS  KJIACHUHUM  (IYKTyalliiHUM  TeopisiM. [ofoBHe, £AK BXKe
3ragyBanocs Buile, nosefdiHka TepMoEPC B mianazoni HII dQuykryaumiii panime
JIeTaIbHO HE BUBYAJIACS.

ITokazano, mo o'(7) 3pa3zka S1 modmuzy T, 1oOpe onucyeThcst GIyKTyariiHOO
Teopiero AcnamasoBa-Jlapkina mns 3D cucrem, gemonctpyroun 3D-2D kpocosep npu
NiJBUIIEHHI Temneparypu. Buiie temnepatypu kpocoBepa To>T., ToOTO B 06macti 2D
(bayKTyaliii, eKCnepuMeHT BIAMIHHO anpokcumyeTbesa 2D piBHaHHsIM Maki-ToMiicona
(MT) Teopii Xikami-Jlapkina mans BTHII, mo xapakrepno nns YBCO 6e3 nedekris.
BianosiznHo, B pa3i 3pa3kiB S2 1 S3 MT BHecCOK MOBHICTIO IPUTHIYEHUN JedeKkTamu, 1
Buitie 1p o'(T) anpokcumyeThest piBHsHHSAM Mozen Jloypenca-/loniaxa, 110 THIIOBO JJist
YBCO npu HasiBHOCTI Ae(eKTiB.

Haramaemo, mio juis aHamizy HAJJIMIIKOBOI MpoBigHOCTI G'(T) y BChOMy
miama3oHi Temmepatyp Big T* 10 Tg MU BUKOPHCTOBYEMO PiBHSAHHS B skoMy (1 — T/T*)
BU3HAYA€ KIJIBKICTh criapeHuX (hepMioHiB, mo BuHUKaTh ipu 1 < 7%, i exp (-4*/T) nae
KUIBKICTh Tap, 3pYWHOBAHMX TEIJIOBUMHU (DIYKTyallisiMU Ipy HAOJMXKEHHI 10 ..
Bupimryroun 1e piBusHHs 1010 A*(7T), Mu orpumyemo piBHsHHS Juist aHamizy [I] B
yChOMY 3a3Hau€HOMY Jiana3oHi TemiepaTryp. AHali3 3ajexxHoctet 4*(7T) nokaszas, 1110
st 3paska Sl 3amexHicte A*(T) Taka x, sk 1 'y OJ] monokpucrana YBCO 6e3
nedekTiB, ajne, sk 1 OYIKyBaJoCh, 3MIHIOETHCS TIPH 301IBIICHH] Ynclia MedeKTIB Mpu
BlJIaII.

Brnepiie mpoBeneHO MOPIBHAHHS EKCIIEPUMEHTAIbHUX JaHUX OTPUMAHUX IS

nutomoro onopy i TepMoEPC 3 temneparypHoto 3anexHictio OJII 1 nceBaomuimHm



A*(T) npu pizHUX cragisx Bignamy (pisHHX Nf). Bussieno, mo, moomsy 7., S(T)
3aBXIU JAEMOHCTpye MakcuMyM npu T = Ty, sika oOMexye 0o0JacTh HAANPOBIIHUX
baykTyalii 3BepXy, a IMOTIM, SK 1 OUYIKYyBajoCs, IMOYMHAE 3MEHIIYBATUCS 1 IIBUIKO
nagae a0 Hyas npu 1<Ty. Ile oGmacth, ne moumHaroTh GopmyBaTHC (DIYKTyariiiHi
KyIEpOBChKI TapH, sKi, MIBHAIIE 3a BCE, 3aKOPOUYYIOTh EJIEKTPOHHUN TPaHCHOPT,
3MeHInyoud, TakuMm yuHOM, TepMOEPC. Toit dakr, mo tepMoEPC nemoHcTpye
MaKCUMYM TOYHO IpH T = Ty, Takok OyB BUSBIICHUW BIIEpLIE.

Ha »xanp, mexanizm ¢opmyBanHs TepMoEPC B BTHII no kiHms Hes'sicoBaHUM.
3TriJTHO 3 OJHIEIO 13 TEOPiid, PO3BHHEHOIO /IS MTUPOKOTO CHEKTPa CUIILHO KOPEIThOBAHUX
€JIEKTPOHHUX CUCTEM B MEKaX MEPEBAKAIOUOT0 PO3CIIOBaHHS Ha AOMIIIKaX / 1edeKrax,
SIT~(Ce/T)(1/ne), ne C; — muTOMa €JICKTPOHHA TEIUIOEMHICTh 1 € — 3apsij CICKTPOHA.
Takum uyuHOM, HpH HU3bKUX TeMmiepatypax TepMoEPC B mnepmiomy HaOImKeHH1
IpEJICTaBIIsIE EIEKTPOHHY TEIJIOEMHICTh, HOpMOBaHy Ha Ny 11106 3'acyBaTu eBoutoLio
TepMOEPC 1 mposicHUTH MOXJIMBY 3MIHY €JIEKTPOHHOI B3aeMojii 1 Tpachopmarlito
noBepxHi @epMi B HammMxX 3pa3kax 31 3MEHIIEHHSAM N¢ M[pW Bianam, Oyiu
npoanaiizoBani 3anexxHocti S/T Bix log T B pamkax AaHOT MOJEII.

Briepme cnocrepiranocss Tpu pisHux THmu 3anexHocred S/T Bim log T mns
3paskiB S1, S2, S3, mo 103BOJIsIE MPUITYCTUTH, 110 MEXaHI3M €JIEKTPOHHOT B3aEMOJIT B
YBCO 3minroeThes micas Biamany, ockineku S/T ~ 1/n;. Iokazano, mo S1 (T, = 90 K)
IPOSIBIISE JTOCUTh HE3BUYAMHY, Maibke MIocky 3anexkHicth S/T Bix log T B inTepBaiti Bij
~ 280 K no T,, ipu, poMy, SIK BXK€ 3a3HAUYAJIOCS, CIIOCTEPITaeThCs 3MIHA HAXWITY TIPH
T*. Lla 3ayiexkHICTh TUINOBA I P > P*, 1€ mpuBEJeHa UIUIbHICTh HOCIIB 3apany P*
Bi/NoBi1ae kBaHTOBIM KputnuHid Toull (KKT) B kynparax, Hikue axoi BuHukae 1]y
BTHII. Bignosiguo, S2 (7. = 86 K) BusBise HeniHiiiHy 3aexHicTh S/T mpu BUCOKHUX
T, ane, gk 1 ouikyBajocs, 4iTKa JiHilHa 3anexHicTsb 10g (To/T), ne Ty BU3Ha4ae Macirad
B3JIOBXK OCl Y, CIIOCTEPIraeThcs B MIMPOKOMY Jdiama3zoHi Temmeparyp mpu [<T*, mo
TUIOBO st p < p*. Jlns 3pa3ka S3 3 momyBaHHsIM Habarato Mmenie, Hixk P* (T, = 80 K),
S/T HenmiHiliHA B IIJIOMY TeMmIeparypHomy nianaszoni Big ~ 280 K mo T, i migmaerbes

3HAYHOMY 301IBIIICHHIO TIPU HU3BKIA TeMIepaTypi.



Busieiteni nespuuaiini 3anesxxnocti S/T Big log T 103BOJIsI0TE 3p0OUTH BUCHOBOK,
mo Taka nosediHka TepMOoEPC B Hammx 3pa3kax MiATBEPIKYE, IO P* sBisie co00r0
KBAaHTOBY KPUTHYHY TOYKY, HUXUE 3a Ky BUHUKAE 3apsI0BE BIOpsIKyBaHHs (Charge
density wave, CDW), sike Bukimnkae nepeOyaoBy moBepxHi Depmi, urykTyarii sikoi,
HaliMOBIpHIIIe, BIAMOBIIaIOTh 3a Jorapudmiuny TepMoEPC BusiBiaeny npu p < p*.
TakuM 4YuHOM, 3ampoNoHOBaHO (EHOMEHOJIOTIUHY I1HTepIpeTalio e(eKTIB, SKi
CTHIOCTEpIraroThbes Ha TeMiiepatypHiil 3anesxxnocti TepMoEPC nomnikpucranis YBCO mpu
nepexoni MmIbHOCTI HociiB 3apsany uepe3 KKT. Ile opyeui, naiibinbw eazomuil
pe3yromam oucepmayii.

Y w’aromy po3gini «Kpuruyni crpymu i ¢QuykryauniiiHa npoBigHicTh B
mwiiBkax YBa,Cu;O;> HaBeneHO pe3ysbTaTh EKCIEPUMEHTAIbHUX JOCIIKEHb
TYCTUHH KPUTUYHUX CTPYMIB HIKY€ 7, B TOPIBHSHHI 3 aHaNI30M (QIyKyTalliHOi
MPOBIHOCTI BUIlE 7, B IIUX ke 3pa3Kax.

MexaHizMu po3ciroBaHHs HopMmaiabHUX HOciiB B BTHII Bume 7,, Takox sK 1
nuHamika kBasiyacTuHok B BTHII npu T < T, sik 1 panime g0 KiHis Hes'sicoBaHl. Sk
BIJIOMO TEMIIEpaTypHa 3aJIeKHICTh JOBXHHH KOTEPEHTHOCTI, K B IUIOMIMHI ab, Tak 1
B3I0BX oci ¢, &(T) = é‘(O)(]—T/TC)*”Z, Hmwkye 7, Ttaka kK, gk 1 Bumie 7. JloridHo
npunyctutu, mo mnobmusy 7T., ne &(T) >> d, takox, K 1 ausi QIyKTyallliHUX
kynepoBckux mnap (®KII) sume 7,, npu T<T, moBuHeH croctepiratucs 3D pexum,
KU 31 3MCHIICHHSIM TemIieparypu rnepexomuTh B 2D pexum mpu &(T)<d, ne d —
po3mMmip enementapHoi komipku YBCO y3moBx oci C. BoueBuap, 1o npu temieparypi
3D-2D xpocoBepa Ty mpu T<T. TakoX Mae cHocTepiratucs 3MmiHa TeMmIepaTypHOI
3anexxHocti kpurnaaoro crpymy BTHII, j.(T), mpore 11ie muTanHs He OyJI0 BUBYECHO.

B mucepraiii Briepiie mpoBeIeHO MOPIBHAILHUN aHAII3 PE3YNIbTATIB, OTPUMAHHUX
IpY BUMIPIOBaHHI (QIIyKTyaliiHo1 npoBiiHOCTI ¢ (T) Bule T, Ta TyCTUHU KPUTHUYHOTO
ctpymy Jo(T) amxue 7, B miBkax YBa,CuzO7.5, siKi MaloTh Pi3HY KiIbKICTh AC(HEKTIB —
spazku W62, W136 1 W154. Tloka3zano, mo 3 poctoMm uucia aedekTiB p(7) TUTiBOK
MOMITHO 3pocTa€. 30UIbIICHHS YKcia 1ePEKTIB MIATBEPKYETHCS OYIKYBAHOKO 3MIHOIO
TeMIIepaTypHUX 3anexkHocteil ¢'(7T). BusaBieHo, mo, TakoX SK 1 B MOJIKPUCTAIAX

YBCO (nuB. Po3nin 4), o'(T) 3pazka W136 nobiu3y T, mignopsakoByeTsest 3D Teopii



AcnamazoBa-Jlapkina, gemonctpyroun 3D-2D  kpocoBep mpu  MiABHILEHHI
Temnepatypu. Bume temmepatypu kpocoBepa To>T. B oOmacti 2D ¢aykryarii,
EKCIIEPUMEHT BIJIMIHHO anpokcumyeThbesi 2D piBHsHHAM Maki-Tomncona g BTHII,
mo xapaktepHo mist YBCO 3 marnoro kinbKicTio AedektiB. BinmosimHo, B pasi 3pas3ka
WI154 MT BHecOK TIOBHICTIO TIpuTHidYeHU pgedexkrtamu, 1 Bume To o'(7)
anpoKcUMyeTbes piBHSHHAM Mojeni Jloypenca-/loniaxa, mo tunoso st YBCO npu
HAsSIBHOCTI J€(EKTIB.

3 iHmoro 60Ky, MOBEIEHO, 0 B IUIIBKAaX, sIKI MPAKTUYHO HE MAlOTh Je(PEKTIB
(3pazok W62), 3anexHicTh (T) MOBHICTIO BIAMOBIIA€ MOJAEII MaJIOKyTOBHUX T'PAHHUIIb
po3niny kpuctainigaux 0s10kiB (MI'PB), mo Bu3Hauae 3anexHictb jo(T) B Takux BTHII.

~t"* et = (1-T/Ty), mro 6IM3BKO 10 3AJIEIKHOCTI

B o6:acti Hu3bkux temmepatyp j.(T)
jo(T) ~ t¥2, sxy mnepenbauae Teopis ams IIBOK Ge3 aedextiB. BinmosimHo, mpu
HabmkenHi 10 T, 3anexHicTs jo(T) HaGIIKAeThCS 0 KBagpaTHIHOTO 3aKony j.(T) ~ t2.
3rinno MI'PB, npu temneparypi t; 3Minu Haxwity BiJ s = 3/2 10 S = 2 KpUTUYHUN KyT
0.(T) nopiBHIOE MaKCUMaJibHOMY KyTy Ha muisixax nportikanHs HII crpymy, mo
JTO3BOJISIE OI[IHUTH BEJIMYMHY XapaKTEPHUX KYTIB pa3opi€HTallli KpUCTaIIdYHUX OJIOKIB B
iBIl W62.

Takum ymHOM, BUKOpHCTOBYIouM Monaenb MI'PB BusnaueHo Taki mapameTpu
TUTIBKH SIK KPUTHYHHUM KyT pa3opieHTarlii KPUCTATIYHUX OJIOKIB B TUTIBIN, MPU SKOMY
sMiHtO€eThCsl Haxwil |o(T), Ta koedimieHT TPO30pocTi MINKOIOYHMX TpaAHMIb, SIKi
301raroThCsl 3 JaHUMU JITEpaTypH. ICTOTHO, 10 B JAaHOMY BUIAJKY MOOIU3y 7, HAXWI
Jo(T) 3pocrae. 3 iHImOro OOKYy, SIKIIO B 3pa3Ky (OPMYeTbCs CHEIM(pIYHA CTPYKTypa
ne(eKTiB, 10 BUHUKAE MPU MEBHUX yMOBaxX B C-Opi€eHTOBaHUX emiTakciiinux BTHII
IUTIBKaX, TO CIIOCTEPIra€ThCs Pi3Ke 3POCTAHHS BEIMYHMHU J.. B TO#t ke yac, HaXui
saneskHocTel o(T) mo0au3y 7., HaBIMaKH, 3MEHIIYEThCS. TaKuM YMHOM, BCTaHOBJICHO,
o B miiBkax YBCO, sxi maroth nedextu, moaens MI'Pb He nparioe.

Bnepmie 3'scoBano, mo B mumBkax YBCO 3 gedexkramu Haxum 3alexHOCTEH
Jo(T) mobim3y 7. B3MIHIOETBCS TIpU TOMY JK 3HAuYCHHI BITHOCHOI TeMIEpaTypH
to=(1-T/T), npu sikomy Buiie 7T, cnioctepiraetbest 3D-2D kpocoBep Ha TeMrieparypHiit

3anexHocti DI o'(T). Takum YMHOM, 3 BUMIPIOBaHb T'YCTUHU KPUTHYHOIO CTPYMY



Briepiie goseneno, mo B BTHII wmxye 7, Takox BimOyBaeThesi 3D-2D kpocoBep
OpUYOMy TpHU TOMY X 3HA4CHHI BIAHOCHOI TemriepaTypu, 1o i Buie 7. [Hmmmun
cnoBamu, HUXKYEe T, 3D-2D KpocoBep TakoX BIAOYBA€ThCA MPH TEMIIEpATypl, MPU AKIN
C(T) = d. Le, paxmuuno, mpemiil, Hatlbinbuw 8acomuti pe3yibmam oucepmayii.
[Moomuzy 7., ne &.(T)>>d, noBXKHUHA KOTEPEHTHOCTI, OCOOJMBO B ILIOLIMHI ab,
Jy’)K€ BEJIMKA 1 MPaKTUYHO He «BimuyBae» nedextu. Todrto, paktuuno, B HII crani B
BTHII no6musy 7. peanizdyerscsi 3D pexum 3 MIaBHOIO TEUi€I0 BUXOPIB (PEXKUM «p-
flow»). IIpu 11boMy poO3MOAUT CTPYMYy MO IMEPETUHY 3pa3Ka CTAa€ OIHOPIIHHUM 1, SIK

3/2

HACJIIJIOK, peai3yeTbes 3anekHicTh J.(T) oc t7°, sxa mepeadadaerbes 1is wiiBok YBCO

: : 2
3 XOpOLIOK CTPYKTypoto. CaMe Taka 3alexHicTs, Oimsbka 10 j.(T) oc t77, Brepiue

criocTepiraiacs B HallMX eKcrepuMmeHTax mis 3paskiB W136 1 W154 npu manux t,
T00TO B 3D 00nacti no6nu3y 7, NiATBEPIKYIOUH 3p00JICHUN BUCHOBOK.

Hwxue to BTHII crae kBa3zimBoBuMipHUM, OcKiUTbkH Temep C.(7)<<d i
KyIEpPOBCHKI Mapu po3ramioBaHi B miomuHax CuQO,, siKi Py HU3BKUX TEMIIepaTypax He
MOB'sI3aH1 KOPEJAIAHOI B3aemoieto (2D pexum). Brepiie mokazaHo, 110 B LbOMY
pexxuMi BuMiproetbes Haxua | .(T), s=1.78, sxuit € xapakTepucTukoro 2D cTaHy TOHKHX
wiiBok YBCO mpu HU3BKHX TeMmIiepaTypax Mpu HasSBHOCTI AeekTiB. TakuM 4HHOM,
BIIEpIIE  3alpPONOHOBAHO  (DEHOMEHOJOTIYHY  1HTeprpeTranilo  €QeKTiB,  fKl
CIIOCTEPITalOThCs B MOBEMIHII T'YCTHHH KpUTHIHUX cTpyMiB |.(T) B muiBkax YBCO mnpu
3MiH1 KIJIBKOCTI J€(EKTiB.

Ha 3akiHueHHs MOXHa 3pOOWMTHM BHCHOBOK, IO BCI OTPMMaHi B JaucCepTaIlii
pe3yJbTaTH MOKa3yI0Th, IO Pi3HI AeEeKTHI aHCaMOIi, III0 BUHUKAIOTh K B MiJi, TaK 1 B
MOJTIKpHUCTaax 1 ToHkuX IiBkax YBa,Cu30;.; mpu pizHUX crmoco0ax BUTOTOBJICHHS,
1CTOTHO BIUIMBAIOTh HAa BIACTUBOCTI 3Pa3KiB.

KurouoBi ciioBa: monikpucTaniuHa Mijib, BACOKOTEMIIEPATYPHI HAAMPOBIIHUKH,
KynpaTtd, nutomuid omip, TepMoEPC, HaamumikoBa MpOBIAHICTh, ICEBIOIILINHA,

daykTyariitHa MpoBITHICTh, TTOJIKPUCTAIN, TOHKI TUTIBKUA, KPUTUIHUHN CTPYM.



ABSTRACT

Stepanov V.B. Transport properties and thermoEMF of copper and copper-
oxide HTSCs, the role of defects. — Qualification scientific paper, manuscript.

The thesis to obtain a Doctor of Philosophy degree in the specialty 104 “Physics
and astronomy”. — B.l. Verkin Institute for Low Temperature Physics and Engineering
of the National Academy of Sciences of Ukraine, Kharkiv, 2021.

The thesis is devoted to the study of fundamental electronic processes occurring
in polycrystalline copper and copper-oxide high-temperature superconductors (HTSCs)
YBa,Cuz;0,; under the influence of various defects. The thermoelectromotive force
(thermoEMF) method was used to study the presence of impurities and defects in model
substance, which is polycrystalline copper subjected to plastic deformation in order to
obtain information on the physical nature of the interaction of the electronic subsystem
with dislocations and impurities. In addition, using the method of thermoEMF and
pseudogap analysis in the model of local pairs, polycrystalline samples and thin films of
YBa,Cus0,.; were studied in the presence of impurities and defects arising from
oxygen-free annealing of polycrystals and depending on the method of films
preparation, in order to obtaine information about the physical nature of the interaction
of superconductivity and defects and their possible impact on the Fermi surface (FS). It
Is shown that the measurement of thermoEMF, which depends on the size and shape of
the FS, is a very informative method of studying the above compounds.

The introduction briefly justifies the relevance of the dissertation topic, defines
the purpose and main tasks of the research, as well as objects, subject and research
methods. The scientific novelty and practical value of the obtained results are
formulated. The information about the publications, the personal applicant’s
contribution and the approbation of the results of thesis are discussed. The information
about the structure and volume of the dissertation is also given.

The first section ""Behavior of the Seebeck coefficient in copper and copper-
oxide high-temperature superconductors (HTSCs), the main properties of HTSCs

YBa,Cu30,; (Literature review)" is devoted to the analysis of literature data on the



structure and physical properties of the studied objects. The theoretical foundations of
thermoEMF physics in metals are considered, in which information on the temperature
dependence of the Seebeck coefficient, S(T), in simple metals (copper) and complex
compounds, such as HTSCs, is given. The behavior of thermoEMF in copper oxide
superconductor YBa,Cuz0;.s is analyzed within the framework of various models of
electron transport. The main properties of HTSCs that distinguish them from low-
temperature superconductors (LTSCs) are considered. Concepts such as pseudogap and
local pairs are characterized, and different points of view on the mechanism of
superconducting (SC) pairing in HTSCs are discussed. Information on the structure and
phase diagram of cuprates YBa,Cu30;.;5 is presented. Attention is paid to the processes
occurring in HTSCs with decreasing charge carriers density and the issues of
anisotropy of properties and specificity of local pair behavior in HTSCs are touched
upon. To study the relationship between the effect of defects on the behavior of
fluctuation Cooper pairs above Tc and the properties of the HTSCs below Tc, the
fluctuation conductivity and critical current density in thin YBa,Cu3O;.s films with
different numbers of defects were investigated. Theoretical aspects of the description of
fluctuation conductivit, pseudogap and critical current density in HTSCs are discussed
in detail.

The second section '"Researched samples and experimental methods™
describes the production and preparation of test samples of copper (Cu), copper oxide
polycrystals and thin films YBa,Cuz0;.5. The method of plastic deformation of copper
wire and the technology of manufacturing polycrystals and thin films of YBa,CusO-.5
by compression method and pulse laser deposition (PLD), respectively, as well as the
technology of obtaining YBa,Cuz0-.; polycrystals samples with different charge carrier
density using annealing in an oxygen-free environment are considered in detail. A
description of the design of the cryostat, as well as the procedure for preparing samples
for resistivity and thermoEMF studies are discussed. Methods for measuring electrical
resistivity and thermoEMF at low temperatures are also described.

The third section "Influence of plastic deformation on the temperature

dependences of resistivity and thermoEMF in copper™ is devoted to determining the



properties of real metals at low temperatures by changing the type and density of defects
in the crystal structure under the influence of plastic deformation. Significant anomalies
of temperature dependences of resistivity and thermoEMF in polycrystalline copper
were revealed.

One of the methods of studying plastic deformations is based on the measurement
of thermoEMF, using which, in the dissertation an attempt is made to answer the
question of the interplay between impurities and dislocations in polycrystalline copper.
For the first time in the wide temperature range 4.2-300 K, comparative results of an
experimental study of the resistivity, p(7), and thermoEMF, S(T), of polycrystalline
copper samples under the influence of plastic deformation at room temperature were
obtained. For the first time with a high accuracy (error ~ 1+3%) a number of correlated
anomalies on temperature dependences o(T) and thermoEMF associated with
dislocations were revealed. It is shown that the probable cause of these anomalies may
be the resonant scattering of free electrons and thermal phonons on electrons located
near the dislocations.

It is found that under the influence of plastic deformation on the dependences of
differential thermoEMF, Spg(T), of conditionally clean (Cu-99.99%) and conditionally
dirty (Cu-99.9%) copper samples, there is a clear minimum at low temperatures, which
Is a sensitive indicator of processes occurring in the sample at different degrees of
plastic deformation. It is proved that the value of the minimum and its temperature (Tmin
~ 25 K) is higher in clean samples. The shift of the minimum to T, ~ 13 K, detected in
dirty samples, is due to the greater intensity of interaction of impurities with
dislocations, arising as a result of deformation.

Detailed studies of the dependences of the temperature and the absolute value of
the minimum on the value of plastic deformation ¢, from zero to ¢ = 95%, have been
carried out. In parallel with the thermoEMF, the relative electrical resistivity of the
sample after deformation py was measured, normalized to the value of the residual
resistivity of the undeformed sample png, measured at 4.2 K. Based on the obtained data,
it was concluded that the discovered non-monotonic character of the deformation
dependences of the minimum of thermoEMF and electrical resistivity directly reflects



the evolution of the defect structure of the samples with increasing deformation. Most
likely, this behavior can also be associated with the transformation of the Fermi surface
(FS), due to distortions of the crystal structure of copper under the influence of plastic
deformation, because the thermoEMF depends on the size and shape of the FS.

The fourth section *Comparative analysis of temperature dependences of
resistivity, pseudogap and thermopower in YBa,CuzO;; polycrystals with
decreasing charge carrier density'" presents the results of the study of the effect of
annealing defects on the charge carrier density ny, resistivity p(7), thermoEMF S(T),
fluctuation conductivity ¢'(7T) and pseudogap 4*(T) (PG) of a textured polycrystal
YBa,Cu307.; (YBCO) with a small deviation from oxygen stoichiometry (sample S1
with T, = 90 K). Polycrystals have the advantage that in them n; can be significantly
reduced during the annealing of the samples in an oxygen-free environment. In the case
of a strong change in n; in the samples, various defects can occur, which significantly
change the structure of the sample. It seemed highly desirable to find out how the above
properties of the same sample change if the carrier density in it is changed by annealing
taking into account the formation of defects. Note that such studies have not been
conducted before.

It was found that under the influence of annealing n, and, consequently, T, of the
optimally doped (OD) sample (S1) decreased from 90 K to 86 K (S2) and 80 K (S3),
respectively. Thus, it is shown that with decreasing n; under the influence of annealing
T, decreases by 10 K, while the opening temperature of the PG, T*, markedly increases
by ~ 18 K, which is in full accordance with the phase diagram of HTSCs for YBCO. At
the same time, p(7) noticeably increases, which indicates the formation of additional
defects in the samples. In good textured YBCO polycrystals, such defects may be point
defects that occur when the number of oxygen vacancies in the CuO, planes increases.

Simultaneously, the dependences S(T) were measured for all three samples. It is
shown for the first time that the dependences S(T), linear at high temperatures, change
the slope exactly at T = T*. The dependences S(T) have been described in the
framework of an empirical "two-band model with an additional linear temperature

term", which assumes the presence in the function of density of states, D(E), a narrow



resonant Lorentz peak located near the Fermi level. It was also taken into account that
S(T) falls to zero at T ~ T,. For the first time, it was shown that the model perfectly
describes the S(T) of all three samples in the high temperature region, but deviates
downwards from the experiment at T = T*. The revealed significant anomalies on the
S(T) allow us to conclude that this behavior confirms the transformation of FSat T <T*,
which is predicted by some modern theories. This is the first most important result of
the dissertation.

An increase in the number of defects during annealing is confirmed by the
detected change in the temperature dependencies ¢'(7) and 4*(7). As is known, the
linear dependence p(7) above T* is an integral part of the normal state of cuprates (e.g.,
YBCO), which is characterized by the stability of the Fermi surface. At 7<T* p(T)
deviates from linearity, which leads to the appearance of excess conductivity o'(7),
which is determined by the equation o' (T)=1/p(T) — 1/pn(T), Where p is the resistivity
measured in the experiment, and pn(7T)=aTl+pg is a resistivity of the sample in the
normal state, extrapolated to low temperatures. Recall that at T = T* not only p(z)
deviates from linearity, but also the density of states D(E) at the Fermi level begins to
gradually decrease, which means the opening of the PG. In addition, as noted above, at
T = T*, the FS begins to change, most likely due to formation of local pairs slightly
below T*. Thus, the correct determination of T* is of paramount importance for the
analysis of FLC and PG. The method for accurately determining T* given in the
dissertation allows us to confidently determine T* and perform FLC and PG analysis.

According to modern concepts, the small coherence length in combination with
the quasi-two-dimensional structure of HTSCs leads to the formation of a noticeable, in
comparison with conventional superconductors, range of superconducting (SC)
fluctuations ATy in cuprates above T.. Usually in YBCO ATq= Ty — Tg =(10-20) K,
where Tg is the Ginzburg temperature, down to which the Bogolyubov mean field
theory works. As already noted, in this range, fluctuating pairs behave like ordinary SC
pairs, but without long-range order (the so-called "short-range phase correlations™), and

the excess conductivity ¢'(T) obeys the classical theories of fluctuations. The main



thing, as already mentioned above, has not been previously studied in detail the
behavior of the thermoEMF in the region of SC fluctuations.

It is shown that the o'(7T) of sample S1 near T. is well described by the
Aslamazov-Larkin fluctuation theory for the 3D systems, demonstrating a 3D-2D
crossover with increasing temperature. Above the crossover temperature To>T,, i.e. In
the range of 2D fluctuations, the experiment is perfectly approximated by the 2D Maki-
Thompson (MT) equation of the Hikami-Larkin theory for HTSCs, which is
characteristic of YBCO without defects. Accordingly, in the case of samples S2 and S3,
the MT contribution is completely suppressed by defects, and above T, ¢'(7) is
approximated by the Lawrence-Doniach model equation, which is typical for YBCO in
the presence of defects.

Recall that to analyze the excess conductivity ¢'(T) over the entire temperature
range from T* to Tg, we use an equation in which (1 - T/T*) determines the number of
paired fermions that arise at T<T *, and exp (-4*/T) gives the number of pairs destroyed
by thermal fluctuations when approaching T.. Solving this equation with respect to 4*
(T), we obtain an equation for the analysis of PG over the entire specified temperature
range. Analysis of the dependences 4*(T) showed that for sample S1 the dependence
A*(T) is the same as in the OD YBCO single crystal without defects, but, as expected,
changes with increasing number of defects during annealing.

For the first time, a comparison of experimental data obtained for resistivity and
thermoEMF with the temperature dependences of FLC and pseudogap 4 *(7) at different
annealing stages (different n;) was performed. It has been found that near T., S(T)
always demonstrates a maximum at T = Tqy, which limits the region of superconducting
fluctuations from above, and then, as expected, begins to decrease and rapidly falls to
zero at 7<T,. This is the area where fluctuating Cooper pairs (FCPs) begin to form,
which are likely to shorten electronic transport, thus reducing thermoEMF. The fact that
thermoEMF demonstrates the maximum exactly at T = Ty, was also discovered for the
first time.

Unfortunately, the mechanism of thermoEMF formation in HTSCs is not fully

understood. According to one of the theories developed for a wide range of strongly



correlated electronic systems within the predominant scattering on impurities / defects,
SIT~(C/T)(1/ne), where C, is the specific electron heat capacity and e is the electron
charge. Thus, at low temperatures, the thermoEMF in the first approximation represents
the electron heat capacity normalized to n;. To elucidate the evolution of thermoEMF
and to clarify the possible change in the electron interaction and the Fermi surface
transformation in our samples with decreasing n; during annealing, the dependences of
S/T on log T were analyzed within this model.

For the first time, three different types of S/T dependences on logT were observed
for YBCO samples S1, S2, S3, which suggests that the mechanism of electronic
interaction in YBCO changes after annealing, since S/T ~ 1/n;. It is shown that S1
(T.=90 K) shows a rather unusual, almost flat dependence of S/T on log T in the range
from ~ 280 K to T, while, as already noted, there is a change in slope at T*. This
dependence is typical for p > p* where the reduced density of charge carriers p*
corresponds to the quantum critical point (QCP) in cuprates, below which a PG opens in
HTSCs. Accordingly, S2 (T, = 86 K) shows a nonlinear dependence of S/T at high T,
but, as expected, a clear linear dependence on log (To/T), where T, defines the scale
along the Y axis, is observed in a wide range of temperatures at T<T*, which is typical
for p <p*. For sample S3 with doping much less than p* (T, = 80 K), S/T is nonlinear in
the whole temperature range from ~ 280 K to T, and is subjected to a significant
increase at low temperature.

The revealed unusual dependences of S(T) allow us to conclude that this behavior
of thermoEMF in our samples confirms that p* is a quantum critical point, below which
arises a charge ordering (CDW), which causes the rearrangement of the Fermi surface,
which fluctuations are most likely responsible for the logarithmic thermoEMF at p <p*.
Thus, a phenomenological interpretation of the effects observed on the temperature
dependences of the thermoEMF of YBCO polycrystals during the transition of the
charge carrier density through the QCP is proposed. This is the second, most important
result of the dissertation.

The fifth section "Critical currents and fluctuation conductivity in

YBa,Cu307; films" presents the results of experimental study of critical current



density below T, in comparison with the analysis of fluctuation conductivity above T. in
the same samples.

The mechanism of scattering of normal carriers in HTSCs above T, as well as the
dynamics of quasiparticles in HTSCs at T<<T,, are still not fully understood. As is
known, the temperature dependence of the coherence length, both in the ab plane and
along the ¢ axis, &(T) = &0)(I — T/ T.) ™2, below T is the same as above T.. It is logical
to assume that near T, where &(T) >> d, as well as for fluctuating Cooper pairs (FCPSs)
above T, at T <T should be observed 3D mode, which goes over to the 2D mode at
&(T)<d with decreasing temperature, where d is the size of the YBCO unit cell along the
c axis. Obviously, at the 3D-2D crossover temperature T, there should also be a change
in the temperature dependence of the HTSC critical current, j.(T), but this issue has not
yet been studied.

In the dissertation, for the first time, a comparative analysis of the results obtained
by measuring the fluctuation conductivity (FLC) above T. and the critical current
density j.(T) below T, in YBa,Cu;0-_; films with different number of defects (samples
W62, W136 and W154) is carried out. It is shown that with an increase in the number of
defects, p(T) of the films noticeably increases. The increase in the number of defects is
confirmed by the expected change in the temperature dependences ¢'(7). It was found
that, as in YBCO polycrystals (see Section 4), ¢'(T) of sample W136 near T, obeys the
3D Aslamazov-Larkin theory, demonstrating a 3D-2D crossover with increasing
temperature. Above the crossover temperature To>T., that is, in the region of 2D
fluctuations, the experiment is perfectly approximated by the 2D Maki-Thompson
equation for HTSCs, which is typical for YBCO with a small number of defects.
Accordingly, in the case of sample W154, the MT contribution is completely suppressed
by defects, and above T, o'(7) is approximated by the Lawrence-Doniach model
equation, which is typical for YBCO in the presence of defects.

On the other hand, it was proved that in practically defect-free films (sample
W62), the j(T) dependence fully corresponds to the model of low-angle crystalline

block interfaces (LACBI), which determines the j.(T) dependence in such HTSCs. At
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low temperatures j.(T) ~ t7°, which is close to j.(T) ~ t™, which is confirmed by the



theory for films without defects. Accordingly, as T. is approached, the j.(T) dependence
approaches the quadratic law j.(T) ~ t°>. According to the LACBI model, at a given
temperature t., of the slope change froms = 3/2 to s = 2, the critical angle 6.(7) is equal
to the maximum angle on the paths of the SC current flow that allows to estimate the
value of characteristic angles of misorientation of crystal blocks in W62 film. Thus,
using the LACBI model, we could determine such film parameters as the critical angle
of misorientation of crystalline blocks in the film, at which the slope j(T) changes, and
the transparency coefficient of interblock boundaries, which coincide with the literature
data. It is essential that in this case the slope increases near T..

On the other hand, if a specific structure of defects is formed in the sample, which
arises under certain conditions in c-oriented epitaxial HTSC films, then a sharp increase
in the value of j. is observed, but the slope of j.(T) near T, on the contrary, decreases.
Thus, it was found that the LACBI model does not work in YBCO films with defects.
Finally, it was found for the first time that in YBCO films with defects, the slope of the
Jo(T) dependences near T, changes at the same reduced temperature t,=(1-T/T,), at
which the 3D-2D crossover in the temperature dependences of FLC is observed above
T.. Thus, from measurements of the critical current density, it was proved for the first
time that in HTSCs below T, there is also a 3D-2D crossover at the same value of the
relative temperature as above T.. In other words, below T, there is also a 3D-2D
crossover, which also occurs at a temperature at which &,(7)=d. This is, in fact, the third
most important result of the dissertation.

Near 7., where &.(7)>>d, the coherence length, especially in the ab plane, is very
large and practically does not "feel" defects. That is, in fact, in the SC state in HTSCs
near T, a 3D regime with a smooth flow of vortices (“p-flow” regime) is implemented.
The current distribution over the sample becomes uniform and, as a consequence, the

dependence j(T) « t*? is realized, which is assumed for YBCO films with a good

structure. This dependence, close to j.(T) « t*

, was first observed in our experiments
for samples W136 and W154 at low t, i.e. in the 3D region near 7., which confirms the

conclusion.



Below ty, the HTSC becomes quasi-two-dimensional, since now &.(7)<d and the
Cooper pairs are confined in the CuO, planes, which at low temperatures are not related
by a correlation interaction (2D mode). It is shown for the first time that in this mode
the measured slope j.(T), s = 1.78, is a characteristic of the 2D state of YBCO thin films
at low temperatures and in the presence of defects. Thus, a phenomenological
interpretation of the effects, which observed in the behavior of the critical current
density j.(T) in YBCO films, is proposed for the first time.

In conclusion, we can conclude that all the results obtained in the dissertation
show that various defect ensembles arising in copper and YBa,Cus0-_; samples, both in
polycrystals and in thin films, with different manufacturing methods, significantly affect
the properties of the samples.

Keywords: polycrystalline copper, high-temperature superconductors, cuprates,
resistivity, thermoEMF, excess conductivity, pseudogap, fluctuation conductivity,

polycrystals, thin films, critical current.
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