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ABSTRACT

YBa:Cu3O7; (YBCO) is a most promising and widely investigated type Il high Tc
superconductor material due to its several interesting properties such as high critical
temperature (Tc) of 93 K, low charge carrier concentration, and high upper critical field (Hcz)
which makes it a suitable candidate for the use in various practical applications. In order to
achieve high critical current density (Jc) at higher applied magnetic fields, the immobilization
of the vortices by flux pinning is the key requirement. Therefore, there is a need to introduce
the additional defects in the YBCO matrix apart from the naturally occurring defects in order
to enhance the flux pinning characteristics.

For enhancing the flux pinning characteristics of YBCO, a very preferred strategy is to
introduce nano additives in YBCO. In order to carry out work in this direction, YBCO:NaNbO3
nanoparticles (NPs) or nanorods (NRs) (0.25-2 wt%) nanocomposite samples have been
synthesized using two-step process i.e. using hydrothermal and solid state reaction method and
flux pinning properties are investigated. The orthorhombic crystal structure of YBCO remains
preserved in the nanocomposite samples as confirmed by X-ray diffraction pattern. The
presence of NPs or NRs in the YBCO matrix is confirmed by morphological analysis. In the
temperature dependence of resistance (R-T), above Tc, the thermal fluctuations are responsible
for induced conductivity in YBCO and YBCO:NaNbOz nanocomposite samples which is used
to determine various superconducting parameters such as coherence length, lower critical field,
upper critical field, and critical current density. The 0.5 wt% NRs or NPs added composite
sample has shown significant enhancement in the superconducting parameters as compared to
pure sample which is a signature of improved flux pinning characteristics on addition of NRs
or NPs in YBCO. The magnetic measurement of YBCO and nanocomposites (YBCO:x
NaNbO3) are conducted using PPMS technique. The 0.5 wt% NPs added composite sample
has shown significant enhancement of ~2.6 times in the critical current density (Jc) as
compared to pure, whereas 0.5 wt% NRs added composite sample has shown enhancement of
~2.5 times which indicates that NPs are acting as more efficient pinning centres at higher
temperatures and applied fields. With the increase in concentration of NPs or NRs, the
decrement in Jc is attributed to the increased agglomeration of NPs or NRs. Further, the pinning
mechanism in all composite samples is explored. With the increase in the concentration of
NaNbO3, a switchover from 67¢c to Sl pinning is observed in maximum temperature range.
The weak vortex pinning centres are dominant at a lower temperature while strong pinning

centres are



found to dominate at higher temperatures for all samples as observed from the temperature

dependence of critical current density.

The superconductor YBCO thin films are used for fabricating Josephson junctions (JJs)
which are the basic elements for most superconducting electronic devices used for several
applications. SrTiOs substrates are preferred for fabrication of SQUID devices and it has ~2%
lattice mismatch with YBCO thin film. Despite of large lattice mismatch (~9%) with YBCO
thin film, MgO single crystal has been used as a substrate for Josephson junctions, microwave
devices, Terahertz devices due to its low dielectric loss, stable material properties with very
high melting point (~2800 °C). But, MgO is hygroscopic in nature which leads to the
degradation of the substrate surface. Various methods have been reported in the literature
which includes solvent cleaning, chemical etching, mechanical polishing, vacuum and oxygen
annealing, and Ar ion-beam etching after annealing to obtain the clean MgO substrate surface.

In the direction of developing high Tc thin film devices, YBCO Josephson junction (JJ)
and SQUID device on the step-edge created SrTiOz (STO)(00I) substrate has been fabricated
using the photolithography and Ar ion beam milling technique. The step height and step angle
are measured using atomic force microscopy with corresponding values of 439 nm and 18°
respectively. The obtained value of Tc for the YBCO thin films, across JJ and SQUID device
on STO substrates are 90.2 K and 88.9 K, and 88.1 K respectively. From the analysis of
temperature dependence of critical current of the junction, the presence of SNS type weak link
is confirmed. Step edge junction SQUID showed voltage-flux (V-®) modulation when biased
with current slightly higher to the critical currents. One period of V-® modulation corresponds
to a magnetic field of 4x107 T.

Further, a recipe has been developed for reusing the used/degraded MgO substrates in
depositing YBCO thin film and Josephson junction devices. Ar ion beam milling (400 V beam
voltage, 14 mA beam current and 6x10™* Torr Ar gas pressure) followed by post O, atmosphere
annealing treatment (750 °C for 2 hours and 900 Torr chamber pressure) has been employed
in the recipe. X-ray diffraction, optical microscopy, atomic force microscopy, and Fourier
transform electron microscopy techniques are employed after each step of treatment in order
to address the changes occurred on the surface of degraded MgO substrate after treatment and
compared it with fresh MgO substrate. After treatment, the surface roughness of the degraded
MgO substrate (sample 2) reduced to ~ 3.96 nm from their initial value of 129 nm. YBCO thin
film and Step edge Josephson junction is fabricated on the untreated, treated and fresh MgO

substrates. The obtained value of Tc for the YBCO thin films on treated MgO substrate is



88.3 K which is very much comparable to the YBCO film on fresh MgO substrate. The value
of Tc across JJ on the treated substrate is 85.8 K, while on the fresh substrate, the value of Tc
is 85.7 K, respectively. The presence of SNS type weak link is confirmed from the analysis of

temperature dependence of critical current density.
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AT

YBa;Cu3O7.5 (YBCO) Werd 3i4el &s Hgedqol UM, S 93 K & shifcieh I
(Tc), FF HIAY ATESH Higdl, 3R 3za Fifad JaHRT &F (Hez) F FROT Th Fad
39ged 3R <ATed &9 & 3YANET AT S arell €rsq 1l 3T T &0 3ifderes qerd
g, S 58 Taffieet egTagTRe Iqodel # 3UAT & U Iugerd FAeaR qerem g
3T UG Yahg &1 # 3T shifdeh URT Heled (Jo) WIed a1l & T, Forerg
Rfdsr garr aRfedw w1 Puliaor yg@ aeasar g1 safen, weed i
I3t FI g & fov Famnfas 7 & 91T JTe arel f3thacd & 3farmar AfaRked
fStheed ® YBCO #AfReFd & doret fiI 3maTehdr gl

YBCO &I worerd fOfelar faQwansit & sg= & faw, YBCO # aAaufsfeen
T AT AT Th FE & AT 0T &l 59 &G & F1A F:& & faw, YBCO:
NaNbO; Adariéder (NPs) AT aaRizd (NRs) (0.25-2 wt%) & slsilsudifolc dqeqd
I SI-TIXONT YTehdT, BISaITHd 3R Aifers Tee RuarrsT fafer &1 3udier s aeefva
foma aram & 3R oo R 3ot i S i =l §1 YBCO & 3iiRifFae fheee
T sAeitehediivie d9eq & Tt gl 1 gfve X-Y faacie deel ganr & a1g gl
YBCO #fgar@m & NPs a1 NRs &I 3uiEdfa & qiSc Apldiol faelsor earr
A gl Te & IR, 9y fr agaa @Rar (R-T) & adiy 3ar-gerE, YBCO
AR YBCO:NaNbO; ssiissdifoie dued & 9Rd ardsar & fow FAeR g &,
TSeTerr 3uAteT e 3faards Avesr AT & Feg 3, AT Hifas a7, 33
sifas & 3R 3T Fifdew URT Gedca &l FUIRT &= & fow fFar = g1 0.5
wt% NRs a1 NPs Hhfdd Hrdifde dqel o ety due & Jofem & ifceres
ACST A Hecaqul Jefer @ & St YBCO # NRs a1 NPs &l Hafold &lal T
deR Folgd fAer fdwant &1 we gaAr g1 YBCO 3iR 3@% Adiedicied
(YBCO:x NaNbQs) &I deehld AT, PPMS dehelleh &1 39T &hich I Il g1 0.5
Wt% NPs Hehfad Hedifoie dqel o e el & Jolell # shifdedh  URT Telcd (Jc)
# ~2.6 AT H Hecaqul ger G@rs g, sefeh 0.5 wt% NRs Hehfod sedifole
ool & ~2.5 a1 &1 gefr RRwrs ¢ Sifd gfar § & NPs 3=a aoae 3R
3G &1t H 3R HUT WA el & &9 & HF T @ &1 NPs I1 NRs &
AigaT H JEfT & @Y Jo A FAL, NPs 31 NRs & 9¢ §U F99 & fav Feer
g1 3 3rarar, ¥l wFditoie duar &7 Rfder frarfafer &1 gar semar = 8




NaNbO; T @igel # Jefr & @ry, ifOhdd droaAe der & 8Tc & & A &
3ROT 3@M a7 B HHAGAR AT e A dGAT W FeTel gld ¢ Siefeh Holed
feT g Tl dvai & fov 3Tg TIA W gl 9T Sd § o & wifde 9RT
Helcd T d9AT [F9Rar @ ¢@r = gl

ifaarers YBCO &I gdell fthed! & 39T SIhaT STl (JJs) Fr Feret
o T foham ST & St s 3g9iai & fIT 3UAleT fohT Sifet arel 31fRrehier ifcrarere
golerciioleh 3UHIUN & Hel ded ol FIREA cseaAe, SrTiO; (STO) Hedge
guRehsTarcar FdaicH S f3arsd (SQUID) 3uaiult & fador & faw adierem &
St & 3R 3@ YBCO-udel fhed & A1y ~2% T 3r@HAaT &1 YBCO udel
fther & AT §3 AT IFHAAAT (-9%) F JTas[g, SR FA SFFAFeh g, Tgd
3T el & WY 9erd & R Ol (~2800 °C) & HROT, HIARAGA 3HlFISS
(MgO) & THaTer fohecal 1 3YTRT SAAEBHA STaelall, ATSshidd 3THIUNT AR gl
3RO & T Teh HeHee & &9 H AT 11 1 o], MgO I Fepicl egaiEanliien
¢ o g% #RUT ewee T Adg &7 &RUT g ¢l FaTs MgO Hedee Idg Ied el
& fov aftca # e i, S8 Aomas awe, Taafas ok, 3maa-aa
ufder, IifFe aiferferer, et 3R sifedstsr 7 velifelsr &1 faavor fear = g

3Tg Tc drell gdell fhed & 3qaull &l faef@d axa & feem &, YBCO
SARBET S (JJ) 3R SQUID f2arsd & ®9-Tal (STO) (001) FeHeE T =T
T g, S0 wreifederd 3R Ar 3raa fia Ao dedie 1 3uahT e U
foham aram 81 V- g15¢ 3N FEU-UITel & AT I, IHIV] Sl HIShHIEDIUT T 3uTaT
Hh AT 439 nm 3R 18° & HIT AT IT gl STO Fereed W JJ 3R
SQUID f3ars® & YBCO &I gdelr fihedl & folT Tc & 9red AT s 90.2 K
3R 88.9 K, 3R 88.1 K &I Sieraret I shifdes eRT & dradATel oX f3sRdr & farersor
¥, S-N-S 2T FASR foidh HiT 3uRAfT Hi It g5 &1 FI-TF-iF=-SQUID H
YRT T AT ST Hifcieh URT & A @ SATET §IdT &, @ dlocol-Fored (V-P) HISeINeT
AT 81 V-0 Al &1 Tk 3@ 4x107 T & Faehrg &1F & e’ gl ¢

sH% 37eldr, YBCO ddell hed 3R AT ol 39Ul &l el &
Sgercl/3TTEied MgO HeECTH T Jel: U il I Teh AT TaehfdicT 1 a1 g
sq Afr &, Ar 3maa-die fAfeer (400 V diF dieest, 14 mA &7 e 3R




6x10™* Torr Ar 3 &1d) & dlg O, agHSH-UsITa diede (2 a¢ & faw 750 °C
3R 900 Torr d#s &) fohar arm &1 TFa-Y faade, 3fifCeahel ATgshITRIA, GATI]
d ASHIERIT!, 3R BRIV THRH STHRE AGHITHI dehsilehl I XS Hedec
%1 Folg # I GRadT I AT & fow fhar arar § arfes 3|ehr Jeofelr e MgO
& GeHee @ H S Fh| fedAc & dlg, JYFA/3TEed MgO & Tedee (Hud 2)
$I g I GIEYT YRIFHS AW, ~129 nm & el 3.96 nm g =T Bl
sgeFd/3afed, €S, Y MgO & Fedge &I g W §=il YBCO & gdell fthod
3N FU-Tl SAHH Sl & T 9o Te &1 &A= 88.3 K g, Sifsh getr MgO
TeHee W el fhed & Tc & JolllcA® g1 €es Fede W §aAF ¢ JJ & AT
Tc &I Al 85.8 K &, Siafeh Yeer MgO & HsHee W, Te &I AT 85.7 K g Sierer
$T Fifde ORT HI dOAT W FIRAT F [AWYT &, S-N-S BT FHAR ol &
3uReYfa @1 9fe €5 &l
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experimental setup of AFM system (Bruker Dimension Icon scanning probe
microscope) for determining surface topography.

(a) Schematic representation of various components of FTIR system, and (b)
experimental setup of FTIR system (Thermo Scientific Nicolet iS50) used for
FTIR measurement.

(@) Schematic of four probe configuration of resistivity measurement, (b)
photograph of Cryocooler, (c) image of copper plate for mounting sample, (d)
Schematic of various components involved in the temperature dependence of
resistivity measurement using Cryocooler.

Schematic representation of the four probe silver contacts made on step edge
YBCO Josephson junction.

(a) Schematic representation of various components of magnetic measurement
system, and (b) experimental setup used for magnetic measurements of sample.

Schematic of synthesis of NaNbOs nanoparticles using hydrothermal method.
Schematic of synthesis of NaNbO3 nanorods using hydrothermal method.

Schematic of synthesis of YBCO:NaNbO3z nanocomposite samples using solid
state reaction method.

XRD spectra of the (a) pure YBCO, YBCO:x NaNbOs (NPs) and (b) pure
YBCO, YBCO:x NaNbO3 (NRs) nanocomposite samples with x = 0.5, 1.0, 2.0
wt % concentrations.

TEM images of the (a) synthesized NaNbOz NRs, and (b) FESEM image of
NaNbO3 NPs.

FESEM images of the (a) pure YBCO, (b) 0.25, (c) 0.5, (d) 1.0, (e) 2.0 wt%
NPs added and (f) 0.25, (g) 0.5, (h) 1.0, (i) 2.0 wt% NRs added YBCO:x
NaNbO3 nanocomposite samples.
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Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

TEM images of the (a) pure YBCO, (b) 0.25, (c) 0.5, (d) 1.0, (e) 2.0 wt% NPs
added and (f) 0.25, (g) 0.5, (h) 1.0, (i) 2.0 wt% NRs added YBCO:x NaNbO3
nanocomposite samples.

HRTEM images of the (a) pure YBCO and, (b) 2 wt% NPs, (c) 2 wt% NRs
added YBCO:NaNbOz nanocomposite samples.

Electrical resistivity versus temperature dependence curve of pure YBCO and
YBCO:x NaNbO3 with x=0.25, 0.5, 1.0, and 2.0 wt% NPs or NRs added
nanocomposite samples.

Logarithmic plot of the dependence of excess conductivity Ac on the reduced
temperature € for (a) pure YBCO, (b) 0.25, (c) 0.5, (d) 1.0, (e) 2.0 wt% NPs
added and (f) 0.25, (g) 0.5, (h) 1.0, (i) 2.0 wt% NRs added YBCO:x NaNbO3
nanocomposite samples.

Variation of (a) upper critical magnetic field and (b) critical current density with
added wt% of NPs or NRs of NaNbOs in the YBCO nanocomposite samples.

EDX spectra of (a) YBCO sample, (b) NaNbO3 powder, (c) YBCO:0.5 wt%
NaNbOs composite samples, and (d) area zoomed for peak distinction in
YBCO:0.5 wt% NaNbOs NPs composite samples.

Dependence of normalized resistivity on temperature for YBCO:x NaNbOs
(NR) nanocomposite samples, while inset image depicts variation of Tc with the
X Wt% concentration of NaNbOs NRs in YBCO compound.

Magnetization Hysteresis loops for 0 wt% to 2.0 wt% NaNbO3 nanorods added
YBCO superconductor sample at (a) 10 K and (b) 70 K.

Variation of critical current density (Jc) with applied magnetic field for 0 to 2
wt% NaNbO3z nanorods added YBCO superconductor at (a) 10 K and (b) 70 K.

Variation of flux pinning force density (Fp) for 0 wt% to 2 wt% NaNbO3z NRs
added YBCO superconductor at (a) 10 K and (b) 70 K with applied magnetic
fields.

Dependence of normalized resistivity on temperature for YBCO:x NaNbOs3
(NPs) nanocomposite samples, while inset image depicts variation of Tc with
the x wt% concentration of NaNbOz NPs in YBCO compound.

Magnetization loops for 0 wt% to 2.0 wt% NaNbO3 nanoparticles added YBCO
superconductor at (a) 10 K and (b) 60 K.
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Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 5.1

Variation of critical current density (Jc) with applied magnetic field at (a) 10 K
and (b) 60 K for YBCO:x NaNbOs (x=0, 0.25, 0.5, 1 and 2 wt%) nanocomposite
samples.

Variation of flux pinning force density (Fp) with applied magnetic field at (a) 10
K and (b) 60 K for YBCO:x NaNbOs (x=0, 0.25, 0.5, 1 and 2 wt%)
nanocomposite samples.

Dependence of normalized resistivity on temperature for YBCO:x NaNbOs
(NPs or NRs) nanocomposite samples, while inset image depicts variation of Tc
with the x wt% concentration of NaNbOsz NPs or NRs in YBCO compound.

DC hysteresis loop measurement at (a) 15 K and (b) 75 K for YBCO:x NaNbOs
(x=0, 0.5 and 1 wt% NPs or NRs) nanocomposite sample.

Variation of critical current density (Jc) with applied magnetic field at (a) 15 K
and (b) 75 K for YBCO:x NaNbOs (x=0, 0.5 and 1 wt% NPs or NRs)
nanocomposite sample.

Variation of maximum value of critical current density (Jc) with temperature
for (a) 0.5 wt% concentration of NaNbOz nanostructure (NPs or NRs) YBCO
nanocomposite and (b) 1wt% concentration of NaNbO3z nanostructure (NPs or
NRs) YBCO nanocomposite with respect to pure YBCO sample.

Variation of pinning force density (Fp) with magnetic field at (a) 15 K and (b)
75 K for YBCO:x NaNbOs (x=0, 0.5 and 1 wt% NPs or NRs) nanocomposite
sample.

Variation of pinning force density (Fp) corresponding to magnetic field value
for critical current density with temperature from 15 K to 75 K for YBCO:x
NaNbO3 (x=0, 0.5 and 1 wt% NPs or NRs) nanocomposite sample.

(a-e) Temperature dependent crossover field Bsp(T) for pure and NaNbO3z NPs
or NRs added YBCO samples fitted using Eq. (4.5). Inset of figure (a) shows a
representative curve showing the values of Bsy(T) values at 15 K for YBCO
sample.

Critical current density (Jc) at self-magnetic fields in the temperature range of
15-75 K for 0 wt%, 0.5 wt%, 1 wt% NaNbOsz NR or NPs added YBCO samples.
The red and green dotted lines show fitted curve for weak and strong pinning.

Schematic shows the fabrication of Josephson junction device on the step-edge
created STO substrates.
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Figure 5.2

Figure 5.3
Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Schematic shows the fabrication of SQUID device on the step-edge created STO
substrates.

XRD spectra of YBCO thin films deposited STO substrate.
AFM images of the step edge fabricated on STO substrates.

Optical microscope image of fabricated (a) Step edge Josephson junction, and
(b) SQUID device on step-edge fabricated STO substrate.

Resistance of deposited YBCO thin film as a function of temperature on STO
substrates.

Resistance of fabricated YBCO Josephson junction on step-edge fabricated
STO substrate as a function of temperature.

Current-voltage (I-V) characteristics of the Step edge fabricated Josephson
junction device on STO substrate at different operating temperatures.

Critical current density (Jc) of the fabricated Step Josephson junction device as
a function of temperature on step-edge created STO substrate.

Dependence of Resistance of fabricated YBCO SQUID device on step-edge
fabricated STO substrate with temperature.

Current-voltage (I-V) characteristics of the fabricated SQUID device at 77 K
temperature.

Voltage-flux (V-¢) characteristics of the fabricated SQUID device at (a) Bias
current (lpias =0), and (b) Ipias =712 pA measured at 70 K.

Schematic diagram of the processes used in the treatment of degraded MgO
substrate.

XRD spectra of: (a) Samples 1 (fresh MgO substrate), (b) Samples 2 without
and after Ar ion beam milling and post O annealing treatment, (c) Sample 3
without and after Ar ion beam milling and post O annealing treatment.

2D and 3D optical images of: (a, d) sample 1, (b, ) sample 2, and (c, f) sample
3, respectively, 2D and 3D AFM images of: (g, J) sample 1, (h, k) sample 2, and
(i, ) sample 3, respectively.

2D and 3D optical images of sample 2 after: (a, d) Ar ion milling for 40 min.,
(b, €) Ar ion milling and post annealing in O atmosphere, and (c and f) further
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Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

40 min. of combined IBM and annealing in oxygen atmosphere, respectively.
Corresponding 2D and 3D AFM images shown by (g, j), (h, k) and (i, I),
respectively.

2D and 3D optical images of sample 3 after: (a, d) Ar ion milling for 80 min.,
and (b, e) post annealing in O2 atmosphere, and (c and f) further one more
combined treatment and corresponding 2D and 3D AFM images shown by
(9,]), (h, k) and (i, I), respectively.

FTIR spectra of: Sample 1, sample 2 and sample 3 without any treatment and
sample 2 and sample 3 after 2 times combined Ar ion beam milling for 40 min.
and 80 min. respectively and post annealing in O2 atmosphere at 750 °C for 2
h.

Schematic diagram of process involved in fabrication of YBCO Josephson
junction device on step-edge created MgO substrate.

XRD spectra of YBCO thin films deposited on untreated, treated, and fresh
MgO substrates.

AFM 3D Surface topography images of (a) untreated, (b) treated, and (c) fresh
MgO substrates.

AFM images of the step edge created on: (a) untreated, (b) treated, and (c) fresh
MgO substrates.

AFM images of the deposited YBCO thin film on (a) untreated, (b) treated, and
(c) fresh MgO substrate, respectively whereas optical microscope images of
fabricated step-edge based Josephson junction on (d) untreated, (e) treated, and
(F) fresh MgO substrate, respectively.

Temperature dependence of Resistance of YBCO thin film deposited on (a)
untreated, (b) treated, and (c) fresh MgO substrates, respectively.

Variation of resistance of fabricated YBCO Step edge Josephson junction as a
function of temperature on (a) untreated, (b) treated, and (c) fresh MgO
substrates, respectively.

Current-voltage (I-V) characteristics of the fabricated Step edge Josephson
junction device (a) treated, and (b) fresh MgO substrate at different operating
temperatures.

Critical current density (Jc) of the fabricated Step edge junction device as a
function of temperature on (a) treated and (b) fresh MgO substrates,
respectively.
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