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High temperature superconductors (HTS) including YBa2Cu3O6+x (YBCO)-based
coated conductors, have a great potential for application in innovative technologies
but these materials pose considerable difficulties due to their instability at high
currents and magnetic fields.

This thesis examines the phenomenon of the quench anomaly found in YBCO thin
films with stabilizing Au cap layer. The study is aimed at clarifying the underlying
mechanism of this problem, focusing on flux pinning and vortex dynamics. Results
obtained from AC susceptibility and magnetization transport measurements showed
that there is enhancement of flux pinning ability in the presence of BZO doping,
especially for high magnetic fields, while reducing the superconducting transition
temperature slightly.

Quench experiments were conducted at 65K under controlled current conditions,
where a heat pulse was used to trigger quench events. One of the findings of this
study is the existence of a second, delayed voltage peak (quench anomaly) after the
initial quench event, once the thermal heat pulse is removed. It has been also ob-
served that BZO doping improves the flux pinning and weakens the quench anomaly
peak, whereas higher anomaly peaks observed in the undoped materials can be due
to the higher Ic value.

Qualitatively, the observed quench anomaly can be understood by the delay in
current distribution between the superconductor and Au stabilizer, among other
possible reasons. However, the quench anomaly seems to depend on the flux pinning,
external magnetic field, substrate material, and stabilizing capping layer on the
top. Overall, this study provides new insights into post-quench instability in HTS
materials and highlights the interplay between flux pinning, thermal effects, and
current dynamics. These findings are important for improving the reliability and
protection strategies of superconducting devices.

Keywords: HTS superconductors, YBCO, BZO doping, flux pinning, quench char-
acteristics, thermal transport, current redistribution
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Preface

This thesis is an effort to provide a better understanding of the superconducting

stability of YBa2Cu3O6+x (YBCO) thin films. High-temperature superconductors

(HTS), especially YBCO-based coated conductors, are considered as an intriguing

option for future technologies like superconducting motors, compact wind genera-

tors, compact proton therapy systems, and compact fusion power plants. However,

the main concern is about their stability and quench protection, which become crit-

ically important due to operation under the effect of strong magnetic fields and high

currents.

Type-II superconductors such as YBCO exhibit magnetic field vortices that re-

quire stabilization through flux pinning. The movement of these vortices leads to

energy dissipation causing system instability. During the study of vortex dynamics

and pinning behavior, an unusual phenomenon was observed, a delayed second volt-

age peak following a quench, even after the heat pulse had ceased and the sample

regained its superconducting state. This behavior cannot be explained by conven-

tional thermal quench models, indicating that the superconducting state may remain

microscopically unstable.

Thesis aims to investigate the cause of the quench anomaly, exploring its relation

to flux pinning and vortex reconfiguration. To achieve this, YBCO and BZO-doped

YBCO thin films were prepared, grown on two different substrates, and modified

with a gold capping layer to understand surface and thermal effects. For this, each

sample’s critical current (Ic) was measured using the AC transport option of PPMS

magnetometer as a function of magnetic field. Quench experiments were then con-

ducted where the transport current was set at 80 percent of Ic for each field. This

controlled condition allowed for the study of the vortex system within a strong yet

superconducting regime. The voltage response was recorded after applying a heat

pulse, leading to a detailed analysis of the first quench peak and the subsequent
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anomaly peak. By investigating the behavior of anomalies under different conditions

of pinning strengths, substrates, and magnetic fields, this thesis also tries to explore

the origins of the delayed voltage peak, positing that it is a result of non-equilibrium

vortex dynamics. The findings contribute significantly to the fundamental under-

standing of superconducting physics and offer critical insights into the operational

safety and longevity of HTS devices. Additionally, this research establishes a robust

scientific connection between vortex physics and its applications in superconducting

technology.
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1 Introduction

Resistive heating is a significant issue in current power transmission and technology

systems that results in electrical energy losses. They decrease efficiency since much

of the energy generated is converted to heat in normal conductors. Superconduc-

tivity offers a good solution. Below a certain critical temperature, superconducting

materials show zero electrical resistance and perfect diamagnetism. These proper-

ties enable effective current transportation and the generation of powerful magnetic

fields, making superconductors one of the primary subjects of fundamental research

and practice.

Today, superconductors have a wide range of important applications. They are

used in the Large Hadron Collider at CERN, where niobium-titanium (NbTi) mag-

nets operate at 1.9K to accelerate particles at near the speed of light. The supercon-

ducting quantum interference devices known as SQUIDs, made with lead, niobium,

and YBCO superconductors, detect extremely weak magnetic fields for medical,

geological, and defense purposes. MRI machines also use NbTi superconducting

magnets to produce precise body scans. However, on the other hand, supercon-

ducting cables promise lossless power transmission and Maglev trains in Japan use

superconducting magnets for frictionless, high-speed travel. In short, superconduc-

tors are not only used for research purposes, but also widely used for commercial

applications as well. [1]

High-temperature superconductors (HTSs) have attracted significant scientific

and technological interest due to their ability to exhibit superconductivity at rel-

atively higher temperatures. Among them, YBa2Cu3O6+x (YBCO) is one of the

most extensively studied materials. HTS tapes, also known as second-generation

high-temperature superconductor coated conductors (2G HTS CCs), are intriguing

options for future technologies like superconducting motors, compact wind genera-

tors, compact proton therapy systems, and compact fusion power plants [2]. The
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role of flux pinning is crucial in addressing this challenge [3, 4]. In this thesis, we

tried to address critical questions related to HTSs, specifically investigate vortex

dynamics and pinning behavior in YBCO thin films. It also examines factors such

as substrate type, BZO doping, and surface effects that influence superconducting

stability. Recent quench experiments on YBCO thin films revealed an anomaly: an

unexpected second voltage peak following the removal of a heat pulse, suggesting

post-quench instability in a superconducting state. This anomaly indicates that

weak or inhomogeneous flux pinning may cause improper vortex confinement, lead-

ing to a secondary resistive region and energy dissipation.

This study aims to enhance our understanding of the anomaly related to flux

pinning and highlights its importance, contributing to insights into post-quench

superconducting instability. This anomaly poses a significant concern in HTSs com-

pared to low-temperature superconductors (LTS). While normal zone propagation

velocity (NZPV) in LTS systems is fast (1–10 m/s) and allows for easy quench de-

tection, HTS systems exhibit a much slower NZPV. Consequently, if any hidden

instabilities persist after a quench, it indicates that YBCO devices are even more

susceptible to catastrophic failures [5].

1.1 Basics of superconductivity

In 1911, Dutch physicist Heike Kamerlingh Onnes made the surprising discovery of

superconductivity while examining the electrical resistance of metals at extremely

low temperatures [6]. He observed that mercury’s resistivity vanished entirely once

cooled below about 4.2K. This phenomenon in which certain materials conduct

electric current without electrical resistance, implies that no energy is lost as heat

[7, 8].

A major breakthrough was later reported in 1933 by Fritz Walter Meissner and

Robert Ochsenfeld who observed that magnetic fields are expelled from supercon-
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ductors below a characteristic transition temperature. This phenomenon, known as

the Meissner effect, demonstrates that superconductors undergo a phase transition

from a normal conducting state to superconducting state, characterized by both zero

electrical resistance and perfect diamagnetism [9].

Superconductivity is therefore defined by two fundamental properties: zero elec-

trical resistance and the expulsion of magnetic fields below the critical temperature

(Tc). The zero resistance state has been experimentally confirmed through persis-

tent current measurements in superconducting loops, where current flows without

measurable decay. This behavior corresponds to an effectively vanishing resistivity,

far below that of conventional conductors such as copper (10−8Ωm).

Microscopically, superconductivity arises from the formation of Cooper pairs,

in which electrons move through the crystal lattice in a correlated state without

scattering. This coherent motion suppresses energy dissipation and enables lossless

electrical transport. The superconducting state exists only below the critical tem-

perature, which depends strongly on material composition, crystal structure, and

impurity content, as defects and impurities can suppress superconductivity [10].

1.1.1 Development of superconductivity theory

The theoretical framework took decades to mature. In 1935, brothers Fritz and

Heinz London proposed equations that captured the electromagnetic behavior of

superconductors [11]. The London model does not explain the microscopic origin of

superconductivity; instead, it only describes its macroscopic behavior. In this model,

the electrons are assumed to move in a homogeneous medium and the scattering with

the lattice is neglected. As we know that in normal conductors, nuclei are arranged

in a lattice, and these freely moving electrons constitute the electric current. These

electrons scatter from vibrating lattice ions and impurities, losing energy as heat,

which gives rise to electrical resistance. In contrast, in the superconducting state
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the electrons effectively do not experience such collisions, and therefore the current

flows without losses. The London equations describe the macroscopic behavior of

superconductors mathematically. These equations show that the electric field is

related to the time-change of the current, which prevents current decay and also

helps to explain the magnetic penetration depth and the Meissner effect.

Later, in 1950, Lev Landau and Vitaly Ginzburg created the Ginzburg–Landau

(GL) model, which presented practical ideas like coherence length (ξ) and magnetic

penetration depth (λ)[12]. They utilized the order parameter (ψ), a complex func-

tion related to superconducting electron density to characterize quantum mechanical

coherence in the superconducting state. In GL theory, the system favors the lowest

free energy, and the free energy functional shows the energy difference between su-

perconducting and normal states. ξ is a spatial fluctuation of the order parameter

and λ explains how a magnetic field decays within a superconductor. Based on the

ratio λ/ξ, superconductors are classified as type I or type II [8, 11].

Not long after, in 1957, the microscopic BCS theory (named after John Bardeen,

Leon Cooper, and John Schrieffer) offered an explanation for the so-called LTS

[13]. According to BCS theory, cooling a superconducting material below its critical

temperature allows electrons to form Cooper pairs, preventing collisions with nuclei.

The Cooper pair is a pair of electrons that is formed at very low temperature. These

electrons pair up with each other due to lattice vibrations. Although electrons repel

each other due to their negative charge, an attractive interaction occurs when they

form Cooper pairs. Cooper pairs behave like bosons, contrasting with the usual

fermionic behavior of electrons, enabling them to exist without colliding with nuclei.

The formation of Cooper pairs generates an energy gap that must be overcome for

the pairs to separate, resulting in a zero resistance current. This phenomenon is

attributed to the electron-phonon interaction as described in BCS theory.

A turning point came much later, in 1986, when Georg Bednorz and K. Alex



7

Müller demonstrated a class of ceramic materials that became superconducting

above 30K [14]. These HTS eventually pushed past 77K, important because liquid

nitrogen is cheap and abundant, which could then replace the costly liquid helium

otherwise needed for cooling. This was a major breakthrough because it demon-

strated that ceramic copper-oxide compounds could exhibit superconductivity at

relatively high temperatures. [8, 14].

1.1.2 Type I and type II superconductors

Superconductors are often divided into two families, depending on how they in-

teract with magnetic fields. Type I superconductors, for instance lead, mercury

or tin, possess relatively low transition temperatures (usually under 10K) and are

governed by a single critical magnetic field, beyond which superconductivity dis-

appears abruptly. They lose superconductivity at a critical magnetic field (Hc)

and are known as soft superconductors, fully obeying the Meissner effect. Type

I superconductors are mostly limited to research and a few low-field applications

because they cannot withstand strong magnetic fields. Type II superconductors,

in contrast, include metallic alloys and ceramic oxides. They exhibit two critical

magnetic fields, Hc1 and Hc2. Below Hc1, they behave similarly to type I super-

conductors and completely expel magnetic flux. Between Hc1 and Hc2, they enter

a mixed (vortex) state in which magnetic flux penetrates the material in the form

of quantized vortices. These vortices can be pinned by defects or impurities in the

material, which suppresses vortex motion and allows the superconductor to sustain

higher Jc. Because of this strong flux pinning and the resulting magnetic hysteresis,

type II superconductors are often referred to as hard superconductors. Above Hc2,

superconductivity is destroyed and the material returns to the normal conducting

state.This strange allowance for partial field penetration is exactly what makes type

II materials so technologically versatile, for instance, in strong electromagnets or
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MRI machines [7, 8].

The fundamental distinction between these two classes can be understood through

the coherence length ξ and the magnetic penetration depth λ, which together de-

fine the Ginzburg–Landau parameter κ = ξ
λ
. For type I superconductors, κ < 1,

meaning that the coherence length exceeds the penetration depth. Such behavior

is typically observed in relatively pure elemental metals. In contrast, type II super-

conductors are characterized by κ > 1, where the penetration depth is larger than

the coherence length, a situation most often encountered in alloys and compound

superconductors. As a simple comparison, lead behaves as a type I superconductor,

whereas niobium-based compounds fall into the type II category.

Another important factor is the surface energy at the boundary between super-

conducting and normal regions. When this surface energy is positive, the system

tends to avoid mixed states, favoring type I superconductivity. On the other hand,

negative surface energy stabilizes the formation of vortices and is therefore associ-

ated with type II behavior. Although the sign of the surface energy is central to

this classification, its influence becomes relatively weak near the superconducting

transition temperature.

1.2 YBCO

1.2.1 Structural and superconducting properties

YBCO thin films are widely studied due to their importance in both fundamental

superconductivity research and practical technological applications. YBCO is a ce-

ramic superconductor that operates above the boiling point of liquid nitrogen (77K)

with a Tc of approximately 90–92K [15]. YBCO is regarded as a second-generation

HTS and is distinguished by its ceramic oxide nature, placing it within the cuprate

family. Its most common stoichiometric representation is YBa2Cu3O6+x, widely la-

beled as Y-123. Other structural variants with altered Y:Ba:Cu proportions are
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also reported, such as YBa2Cu4Oy (Y-124) and Y2Ba4Cu7Oy (Y-247). Although

the material has been studied extensively, there is still no single, universally ac-

cepted fundamental theory that fully explains high-temperature superconductivity.

YBCO’s practical viability depends on its capacity to maintain superconductivity

under thermal and magnetic stresses, alongside stability and reliability. But the

main challenge involves the dynamics of magnetic flux vortices, which is character-

istic of type II superconductors like YBCO. Before utilizing YBCO superconductors

for practical applications, it is essential to ensure their superconducting properties

remain stable under varying temperatures and strong magnetic fields.

Figure 1: Crystalline structure of orthorhombic unit cell of YBCO [16].

Figure 1 presents the unit cell structure of YBCO. As it can be seen that it

is not a perfect perovskite, instead it adopts a distorted perovskite lattice. Its

crystal structure is layered in nature, consisting of stacked CuO2 planes with square-

planar coordination that show slight buckling. These CuO2 planes are primarily

responsible for superconductivity. In addition, Cu–O chain layers act as charge

reservoirs. Yttrium ions are located between two CuO2 planes while barium ions

occupy positions between the CuO2 planes and Cu–O chains. This layered structure

plays a crucial role in influencing the physical and superconducting properties of
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YBCO[17].

The oxygen concentration in YBCO is quite adjustable and it affects the su-

perconducting performance of compound. Although YBa2Cu3O6+x is a well-defined

chemical phase, it is non-stoichiometric for 0 < x < 1, meaning the oxygen content

varies continuously between 6 and 7 per formula unit. The parameter x represents

the additional oxygen content beyond 6. For small values of x (oxygen-poor regime),

many oxygen sites in the Cu(1) layer are vacant. In this case, YBCO behaves as

an insulator and adopts a tetragonal structure. As x increases toward about 0.65,

oxygen atoms progressively occupy the O(1) sites, leading to the formation of Cu–O

chains along the b-axis. This oxygen ordering drives a structural transition from

tetragonal to orthorhombic symmetry. The lattice constants of the orthorhombic

unit cell are a = 3.82 Å, b = 3.89 Å, and c = 11.68 Å. When x ≈ 0.93, most O(1)

sites are occupied, resulting in an optimal hole concentration and strong supercon-

ducting properties. The intricate and profound link between composition, structure,

and superconductivity in YBCO is demonstrated by the subtle interaction between

oxygen ordering and lattice distortion [17].

1.2.2 Doping YBCO with artificial pinning centers

Doping YBCO with artificial pinning centers (APCs), such as BZO nanorods or

nanoparticles, introduces defects that enhance vortex pinning and increase the Jc

[18]. APCs can be incorporated through in-situ growth methods such as co-deposition

during PLD or chemical solution deposition, as well as through ex-situ mixing of

nanoparticles. APCs generally include one-dimensional (1D) nanorods and zero-

dimensional (0D) nanoparticles. A common example is BZO in PLD-grown YBCO

films, where it self assembles into vertically aligned nanorods along the crystal-

lographic c-axis [19]. These defects create lattice strain, interface disorder, and

structural faults that contribute to strong vortex pinning [19, 20].
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The effectiveness of APCs is closely linked to the defects and strain fields they

produce. BZO has a lattice mismatch of about 7.7% with YBCO, leading to semi-

coherent interfaces that generate dislocations and extended strain fields. Randomly

dispersed oxide nanoparticles can also induce Y248-type stacking faults and nanos-

train regions, which locally suppress the vortex core energy and improve pinning

[20, 21].

The addition of APCs significantly improves Jc and its magnetic-field depen-

dence. Well-aligned BZO nanorods can increase Jc by nearly a factor of three at

40K compared with poorly aligned structures [19], and they typically produce a

pronounced c-axis peak in Jc. The superconducting transition temperature, Tc, is

usually only slightly reduced by about 1–2K [19].

1.3 Quench properties

1.3.1 Basics of quench

A quench is a rapid loss of superconductivity in part of superconductor, causing

that region to become resistive. A quench is usually started by a local disturbance

in the superconductor, such as a pulse of heat or mechanical motion, leading to a

local violation of one or more of the critical limits, resulting in a transition to the

normal state [22]. Key factors influencing quenches include the operating current

relative to the critical current, the material’s heat capacity and thermal conduc-

tivity, the amount of metal stabilizer (generally copper) present, and the conductor

geometry (e.g. filament or tape architecture) [22, 23]. Normal Zone Propagation Ve-

locity (NZPV) refers to the speed at which a resistive zone, also known as a normal

zone, travels along a superconducting wire during a quench process. NZPV plays

an important role in the determination of the normal zone and the corresponding

voltage.
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1.3.2 Quenches in LTS and HTS

The quench initiation and propagation behavior of LTS and HTS are quite distinct

due to the differences in LTS and HTS properties. In LTS conductors, the enthalpy

margin is small due to their very low operating temperatures, which result in low

specific heat and a limited temperature margin to the critical temperature, mak-

ing them highly sensitive to small energy disturbances[22]. The enthalpy margin

represents the amount of thermal energy a superconductor can absorb before tran-

sitioning from the superconducting state to the normal resistive state. It is prone

to sudden transitions to the normal state. After the quench has started, the normal

zone propagates rapidly along the conductor and, in coil configurations, can extend

across adjacent turns. This leads to a steep voltage increase, making quenches eas-

ier to detect. Due to the inherently high NZPV in LTS conductors, typically in the

range of 1–10 m/s, the generated heat is rapidly distributed over a relatively large

volume compared to HTS conductors, where heat remains more localized due to

much lower NZPV. Therefore, quench heaters are often employed to further spread

the energy and prevent localized overheating.

In contrast, the higher enthalpy margin in HTS materials makes them less sus-

ceptible to small disturbance. However, in HTS magnets, the quenches tend to be

caused by hotspots due to heat loads, microscopic defects, and stress. This resistive

zone grows slowly, making quench detection more challenging, particularly in the

presence of electromagnetic noise. The low NZPV also leads to larger temperature

gradients near the hot spot. Research on HTS magnets, therefore, focuses on en-

hancing current sharing and stabilization in order to minimize hotspot temperatures.

Although this can be achieved by adding more copper in the stabilizer, it results in

a loss of current-carrying capacity of the superconductor. In summary, Quenches

in LTS magnets occur quickly and are easily detectable, whereas in HTS magnets,

they occur slowly and are localized [22].
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1.3.3 Impact of quench on various applications

The application of superconductors in industries such as aviation, energy, space,

healthcare and quantum technology will have advantages such as saving energy and

reducing CO2 emissions. The effect of quenching is considerable in various applica-

tions where stable superconducting magnets are employed. In magnetic resonance

imaging (MRI) equipment, the quench results in the fast heating of the system,

causing the immediate loss of the liquid helium employed for cooling. It causes the

system to shut down, thereby resulting in considerable downtime before the system

is re-energized[24]. Furthermore, the abrupt release of energy and gas pressure can

cause operational risks and economic consequences. These same issues arise in newly

developed superconducting technologies such as fusion magnets, aviation, and high-

temperature superconducting power devices. In these devices, a quench can cause

a reduction in efficiency. Thus, today’s research in quench detection, modeling,

and protection strategies play a major role in the safe operation of superconducting

systems [25].

1.3.4 Quench detection and protection

Modern quench detection schemes combine classical voltage taps with advanced sen-

sors such as Hall probes, fiber optics, and acoustic methods to identify resistive zones

at an early stage, while protection systems employ quench heaters, energy dumping,

and novel approaches such as Coupling-Loss-Induced-Quench (CLIQ) to spread or

extract energy rapidly. Recent studies highlight the trade-offs involved: voltage-tap

thresholds are typically in the range of tens of millivolts with response times of

≲ 10ms [22], whereas Hall-sensor arrays can detect minute current imbalances of

approximately 0.1% of the coil current before any resistive voltage appears [23], and

fiber-Bragg gratings (FBGs) in HTS windings can detect single-Kelvin heat pulses

with signal-to-noise ratios ranging from 4 to 32 and response times from much less
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than 1 s to a few seconds [26]. However, each method has limitations: Hall-based

schemes require split or parallel windings and are susceptible to stray magnetic

fields, fiber-optic sensors require cryogenically compatible cabling and careful cal-

ibration and acoustic emission from the superconducting transition is essentially

absent, making passive acoustic monitoring unreliable for quench detection.

Protection strategies include conventional quench heaters, which may suffer from

slow thermal diffusion and a risk of electrical shorts, as well as dump resistors or

bypass diodes, and more recent approaches such as the CLIQ system, which uses

a capacitor discharge to induce rapid coupling losses throughout the coil; when

combined with heaters, CLIQ enables a fast and global transition, thereby reducing

peak hot-spot temperature [27]. In practice, implementation requires balancing

sensitivity against noise and false triggers while accounting for cryogenic wiring and

latency constraints: resistive dump circuits can shorten discharge times but are

limited by insulation-voltage constraints, and lower detection thresholds increase

the risk of false alarms. Consequently, modern quench-protection designs often

employ multiple detection channels (e.g. voltage taps together with fiber-optic and

Hall sensors) to ensure fast and reliable quench validation while activating robust

protection elements such as heaters or CLIQ [22, 23].

2 Methods

2.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapor deposition technique widely used

to grow thin films, ranging from a few nanometers to several micrometers, on a

variety of crystalline and amorphous substrates (Figure 2). In PLD, a short, high-

power laser pulse is focused onto a dense solid target (often a sintered or hot-pressed

pellet). The absorbed energy leads to rapid material removal (ablation) from the
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Figure 2: The schematic of PLD process used in this work [31].

target surface and the formation of a highly directed plasma plume containing atoms,

ions, and clusters. The plume expands toward the substrate, where the ablated

species condense and form a film [28–30].

A key practical advantage of PLD, especially for multicomponent oxides, is the

ability, under optimized conditions, to transfer target composition to the grow-

ing film with comparatively good stoichiometric fidelity. For oxide films, depo-

sition is commonly carried out in a controlled background gas (e.g. oxygen) to

influence plume kinetics and to support correct oxidation during growth [28–30].

Film structure and morphology depend strongly on the growth temperature Tg

(substrate temperature during deposition), background-gas pressure/composition,

target–substrate distance, and laser parameters such as wavelength, fluence, and

repetition rate. Consequently, Tg and the deposition atmosphere were optimized to

obtain continuous, uniform films suitable for subsequent patterning and physical-

property characterization [28–30].
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Figure 3: The schematic of XRD process used in this work [33].

2.2 X-ray diffractometry

X-ray diffraction (XRD) was used to characterize film crystallinity, phase formation,

and preferred orientation. XRD is based on elastic scattering of x-rays by electrons

in the material. Constructive interference of scattered waves from sets of lattice

planes leads to diffracted intensity maxima when the Bragg condition is satisfied:

nλ = 2d sin θ,

where λ is the x-ray wavelength, d is the lattice-plane spacing, θ is the incident

angle relative to the diffracting planes, and n is the diffraction order [32, 33]. Ex-

perimentally, diffracted intensity is recorded as a function of scattering angle using

a goniometer and detector (Figure 3). Peak positions are used to determine in-

terplanar spacings and lattice parameters, while peak intensities and line shapes

provide information on texture and crystalline quality. For thin films, the substrate

often contributes strong reflections; therefore, film peaks were identified by compar-

ing measured patterns to expected substrate and film reflections and by tracking

systematic changes across samples [32, 33].
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2.3 Physical property measurement system (PPMS)

Magnetic measurements were performed using a Quantum Design PPMS system

with its AC Measurement System (ACMS II) module. In this setup, a small alter-

nating magnetic field is applied through a primary coil and the sample’s response is

detected by secondary pickup coils (a mutual-inductance coil design). The output

is treated as a complex susceptibility (with in-phase and out-of-phase components),

which is very sensitive to superconducting transitions and related relaxation pro-

cesses. Using this AC-susceptibility data versus temperature, we identified the su-

perconducting transition temperature (marked by the onset of diamagnetic signal)

and its width. The ACMS II hardware can also run in a DC magnetization mode

by translating the sample through the coils without changing the setup, allowing

measurement of static magnetic moments [34].

For transport characterization, we used the PPMS electrical transport options.

The AC transport (ACT) mode provided precise current–voltage measurements un-

der controlled temperature and magnetic field (up to 9T) to determine the sample’s

critical current using a defined voltage criterion. Resistive transitions and voltage

development during high-current quench tests were tracked under various tempera-

ture and field conditions [34].

2.4 Photolithography

Photolithography is a standard microfabrication method for transferring geometric

patterns into a photosensitive resist and subsequently into an underlying thin film by

etching or lift-off. In a typical process flow, the substrate (or film) is cleaned, coated

with photoresist by spin coating, soft baked to remove solvent, exposed (mask-

based or maskless), developed to form a resist relief pattern, and then the pattern is

transferred into the target layer by an appropriate etch chemistry; finally, the resist

is stripped [35].
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Figure 4: PPMS utilized in this study highlighting the sample chamber, temperature

control and measurement probes essential for assessing the magnetic properties of

samples across a broad temperature and magnetic field range.

For laboratory-scale rapid prototyping, maskless laser direct writing (LDW) is

attractive because it removes the need for a physical photomask and allows direct

exposure of resist patterns with digitally defined layouts [36].

To enable controlled quench experiments, we patterned superconducting thin

films into microbridge geometries using maskless photolithography followed by wet

chemical etching. Samples were cleaned with isopropanol, spin-coated with photore-

sist at 8000 rpm, and soft baked at 115℃ for 90 s. Patterns were written using a

KLOE Dilase laser writer with controlled focus and stage alignment. After exposure,

the resist was developed using an alkaline developer (NaOH-based in this work). The

exposed film areas were then removed by wet etching in phosphoric acid (H3PO4),

and the remaining resist was stripped in acetone to yield well-defined superconduct-

ing microbridges. Wet etching of YBCO-class cuprate films using phosphoric-acid-

based chemistries (as well as alternative complexing etchants such as EDTA) has

precedent in prior HTS device processing [35].
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2.5 E-beam evaporation

Electron beam evaporation (E-beam) is a sophisticated physical vapor deposition

(PVD) process used to produce films that are of high purity and precision. The

essential parts of an E-beam evaporator include an electron gun and a crucible. The

electron gun produces electrons using a tungsten filament, which glows and then

the electrons have sufficient amount of energy to leave. These electrons are then

accelerated and focused on the source material with the use of a high voltage elec-

trode. The power level used in the evaporation is controllable with the adjustment

of the filament current, which depends on the material. In the crucible, the focused

electron beam provides localized heating to the target material, thus causing it to

melt and vaporize. The vapor then travels to a substrate, where it condenses to

form a thin film layer. The regulation of the process is done by the use of a shutter

mechanism, thus providing control over when the material vaporizes and condenses

to form the film. This process enables directional deposition for precise texture and

film properties [37].

Furthermore, the quartz crystal microbalance (QCM) is also used to observe

the deposition rate and the thickness in real-time, which is very essential feedback

information in the coating process. The vacuum atmosphere plays a very crucial role

as it minimizes the chances of contamination, thus assuring the quality of the films

formed. It is worth noting that E-beam is very advantageous in the evaporation of

materials with high melting points as the energy is directed to the material only

and not the system as a whole [38]. This method has many applications in various

sectors, such as electronics, optics, and research, where quality and accurately coated

materials exist [39].
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Figure 5: Schematic of E-beam evaporation [39].

Figure 6: Quench measurement system.

2.6 Quench measurement system

In order to perform quench measurements, we first measured the critical current of

the stripe using the ACT option of the PPMS. The sample was mounted on the

resistivity puck and a 20Ω resistor was glued to the stripe to intentionally trigger

quench events during quench measurement by providing a heat pulse. It was soldered

to thin wires and glued to one end of the superconducting stripe using Stycast

epoxy (Loctite Stycast 2850FT with catalyst 23LV). The epoxy was allowed to cure
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overnight before the resistor leads were connected to the sample puck. When current

flows through this resistor, it locally heats a small region of the stripe, creating a

temperature rise that can drive that region into the normal state and initiate quench.

After the electrical contacts with the wire bonder were made, it was inserted into

the PPMS sample chamber and connected through a switching box. The purpose of

the switching box is to select the sample contacts for applying current and measuring

voltage. To verify the connections and the ACT setup, we first measured the stripe

resistivity at room temperature (300K) using a small AC current with an amplitude

of 0.1mA and a frequency of 303 Hz and then sample was cooled to the measurement

temperature.

The critical current was determined under magnetic fields ranging from 0 to 8T

by gradually increasing the transport current while monitoring the voltage across the

stripe. When the electric field reached the criterion of 1µV/cm, the corresponding

current was recorded as the critical current Ic.

After measuring the Ic values, the PPMS and the measurement instrumentation

were set up to perform the quench experiments. The AC transport option is disabled,

and the PPMS is restarted with the resistivity measurement option.

A switching box was connected between the PPMS sample chamber and the Na-

tional Instruments PXIe-1073 data acquisition system (quench measuring device).

This switching box allowed us to select which contacts were used for current injec-

tion and which were used for voltage measurements. Five voltage taps along the

stripe were connected to the quench measuring device using four measurement chan-

nels, enabling monitoring of the voltage distribution along the stripe. The quench

measuring device was controlled using a computer running a LabVIEW software.

Quench detection measurements were performed using a LabVIEW program that

controlled the PPMS current drivers and recorded voltage signals from the taps.

For each measurement, a specific current through the stripe is applied based on the
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defined Ic value. A heating pulse was then applied to the resistor using a current

driver. The pulse sequence consisted of a 200ms wait-before-current period during

which baseline voltages were recorded, followed by a heating pulse of 700ms.

During the 200ms waiting period, the quench system recorded the steady base-

line voltages from all taps. During the heating pulse, the system recorded the

changing voltages along the stripe. If the localized heating was strong enough to

drive part of the stripe into the normal state, a quench occurred. In such cases,

the quench measuring device detected a sudden increase in the voltages at the taps.

These voltage peaks and their timing at different positions along the stripe allowed

us to detect the quench event and analyze how the quench propagated along the

superconducting stripe.

3 Results and discussion

3.1 Sample preparation

Four 10 × 10mm2 thin-film samples were fabricated by pulsed laser deposition

(PLD): YBCO/STO, YBCO+4BZO/STO, YBCO/metal, and YBCO+4BZO/metal

(Figure 7). After the films were deposited, we patterned them using photolithog-

raphy. First, a photoresist layer was applied to each sample and then exposed in

a laser writer to define the required geometry. The exposed resist was developed

using a NaOH solution, and the uncovered film regions were etched with sulfuric

acid. This process produced three stripes on every sample.

After patterning, we performed masking to prepare the samples for gold coating,

and then deposited Au using e-beam deposition. Each sample contains three stripes

with different gold coverage: the first stripe is fully covered with Au, the second

stripe has a narrower Au coating on top of it, and the third stripe does not have Au

coating. The stripe design follows the layout shown in Figure 8, where there are two
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Figure 7: Schematic illustration of YBCO thin films on different substrates with and

without BZO pinning centers. The upper pair represents films grown on an STO

substrate, while the lower pair corresponds to films on a metal substrate. In each

pair, one sample is without BZO and the other includes BZO nanorods as artificial

pinning centers.

Figure 8: Illustration of a stripes fully (left) and narrowly (right) coated with Au,

where the spacing between adjacent channels is 1mm.

main current paths and five voltage channels positioned between them for quench

measurements.
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Figure 9: The full 2θ-scan of all samples. Peaks have been labeled according to their

source.

3.2 Structural properties of films

3.2.1 X-ray diffraction analysis

To investigate the crystallinity of YBCO films, XRD measurements were performed,

and the 2θ scan of all samples are shown in Figure 9. The 2θ-scan measurements of

the (005) diffraction peak for four samples reveal significant variations in crystalline

quality and lattice strain characteristics. The XRD measurement results are better

at medium θ angles, this is one of the reasons we focus on the (005) peaks. Another

reason for choosing (005) peak is that they have highest intensity and do not over-

lap with the STO peaks. As can be seen in Figure 10, YBCO/STO film has the

most intense and narrowest peak, which indicates superior crystalline order, excel-

lent c-axis epitaxial alignment, and the lowest lattice strain. The addition of BZO

nanoinclusions causes a modest broadening of the peak and a reduction in inten-

sity, which indicates increased lattice strain and extra distortions. Films grown on
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Figure 10: 2θ-scan results focused on the (005) peaks show clear peak widening and

shifting in the presence of BZO nanorods.

metallic substrates show greater peak broadening and intensity reduction, indicating

substantial lattice mismatch, increased microstrain and degraded out-of-plane align-

ment. The YBCO+4BZO/Metal has the broadest and weakest peak, indicating the

lowest crystalline quality. These observations establish that STO substrates offer

superior lattice matching and epitaxial stability compared to metallic substrates,

while BZO doping introduces controllable nanoscale strain fields that moderately

affect but do not eliminate the epitaxial integrity of YBCO thin films.

Substrate induced strain within the crystal lattice can lead to defects and ad-

versely affect epitaxial growth. In our samples, there are two primary sources of

strain: the first one is the lattice mismatch between the substrate unit cells and the

unit cells of YBCO and BZO, and the second is the lattice mismatch between YBCO

and BZO. We studied these strain values through Williamson–Hall (WH) analysis
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Figure 11: Intensity (counts) is shown as a function of the azimuthal angle ϕ and

the diffraction angle 2θ. The multilayer samples exhibit higher intensity maxima,

indicating more prominent peaks and consequently enhanced in-plane characteris-

tics.

by examining the peak widths in the 2θ scans. The Williamson–Hall relation is

β cos θ =
kλ

D
+ 4ε sin θ, (1)

where β is the full width half maximum (FWHM) in radians, θ is the Bragg angle,

k is the shape factor, λ is the x-ray wavelength, D is the crystalline size, and ε is

the microstrain (WH strain). The results are shown in table I.

In-plane orientation was analyzed using the ϕ-scan of the (102) reflection, re-

vealing that YBCO/STO and YBCO+4BZO/STO have a ∆ϕ of around 2◦, while

metal-template films exceed 4◦, suggesting weak epitaxy. ϕ-scan measurements also
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tell us about epitaxial relationship of YBCO thin films deposited on two different

substrates, both with and without BZO nanoinclusions. As can be seen in Figure

11, the pristine YBCO/STO film shows a symmetric and relatively narrow peak in

the ϕ-direction, indicating good in-plane crystalline alignment. This indicates low

mosaicity and minimal lattice distortion, indicating a well-matched lattice environ-

ment for high-quality YBCO film growth. The YBCO+4BZO/STO sample exhibits

a moderate increase in mosaic spread due to BZO nanoparticle inclusion, which may

aid in strain relaxation while maintaining structural coherence between the YBCO

film and the STO substrate.

However, YBCO films on metallic substrates showed broader, less intense ϕ-

peaks, indicating greater in-plane misalignment, elevated strain, and enhanced lat-

tice distortion compared to STO-based counterparts. The YBCO+4BZO/Metal

sample displayed the broadest and weakest ϕ-scan signal, suggesting substantial

deterioration in crystalline texture and epitaxial quality. In conclusion, ϕ-scan con-

firms that STO substrate has superior in-plane epitaxial alignment, while metallic

substrates induce significant structural disorder and the inclusion of BZO slightly

modifies the strain without completely disrupting the epitaxial alignment.

Figure 12 shows the rocking curves of four different samples. The rocking-curve

measurements (ω-scan) provide insights into out-of-plane alignment by measuring

the tilt of crystal planes relative to the substrate surface. A narrow peak indicates

good alignment, while a broad peak indicates poor alignment. The YBCO/STO

sample shows the narrowest rocking curve width (∆ω005=0.37◦), whereas metal

template samples exhibit widths of approximately 1.5◦, indicating greater mosaic

spread. The YBCO/STO film displays a sharp peak with the smallest FWHM,

indicating excellent c-axis alignment and high crystalline perfection. This narrow

rocking curve confirms that the film has minimal lattice distortion and very low dis-

location density, highlighting the strong epitaxial match between the YBCO layer
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Figure 12: Rocking curve results for the (005) peaks of all samples. The data have

been normalized to allow for direct comparison of peak shapes and widths. The

variation in peak width is clearly observable providing insight into the crystalline

quality and alignment of the samples.

and the STO substrate. This also reveals that the incorporation of BZO nanoin-

clusions into YBCO/STO leads to a slightly broader ω-peak, indicating localized

strain fields and minor lattice tilts. However, the overall c-axis orientation remains

unchanged, suggesting that moderate BZO incorporation only modestly impacts the

film’s crystalline order and does not significantly disrupt epitaxial growth on STO.

YBCO films grown on metallic substrates show a significant reduction in crys-

talline quality, with broader and weaker ω-scan peaks, indicating increased mosaic

spread, grain misorientation, and structural disorder. The YBCO+4BZO/Metal

sample has the broadest profile indicating the highest degree of out-of-plane lattice

distortion. The results of the ∆ω values, together with all XRD results in other

directions, are compiled in Table I. The intensity ratios I(005)/I(004) reflect the

oxygen content within the samples[40]. The maximum ratio of 16.6 was observed for

YBCO+4BZO/STO, indicating slightly less oxygenation compared to YBCO/STO.
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Table I: Comparison of crystallographic properties of the undoped and BZO-doped

YBCO samples deposited on STO and buffered metal substrates.

Sample ∆θ (005) [◦] ∆ϕ (102) [◦] ∆ω (005) [◦] I(005)/I(004) εWH (%)

YBCO/STO 0.101 1.980 0.301 15.297 0.085

YBCO+4BZO/STO 0.140 1.899 0.365 16.611 0.195

YBCO/Metal 0.181 4.175 1.515 13.677 0.149

YBCO+4BZO/Metal 0.241 4.118 1.593 15.927 0.285

Table II: Lattice parameters.

Sample a [Å] b [Å] c [Å]

YBCO/STO 3.854 3.859 11.655

YBCO+4BZO/STO 3.844 3.861 11.716

YBCO/Metal 3.702 3.817 11.701

YBCO+4BZO/Metal 3.684 3.816 11.744

The ratio for metal-template films lies between 14 and 16.

Lattice-parameter analysis (Table II) shows that films grown on metal substrates

exhibit smaller in-plane a and b parameters, measured as a=3.684 Å and b=3.816 Å

for YBCO+4BZO/Metal. In contrast, the c-axis elongates to approximately 11.74

Å, indicating a normal response to in-plane compressive strain and BZO inclusions.

Overall, XRD results demonstrate that films grown on STO substrates exhibit

superior structural quality with the least amount of strain. In metal templates,

greater lattice mismatch results in broader diffraction peaks and increased strain,

while BZO nanoinclusions enhance the non-uniform strain without significantly af-

fecting the c-axis. This emphasizes that the choice of substrate is the most critical

factor in controlling crystalline quality, which again has a direct impact on the flux

pinning properties.
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3.3 Magnetic characterizations

3.3.1 Ac susceptibility measurements
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Figure 13: Imaginary part of magnetic susceptibility (χ′′) for YBCO/STO super-

conducting samples under different magnetic fields. The χ′′ component represents

energy dissipation within the material. The peaks were fitted using an exponentially

modified Gaussian (EMG) function to determine the temperature of the maximum

and the peak width.

The imaginary part of AC susceptibility (χ′′) measures how much energy a super-

conductor loses, which comes mainly from moving magnetic vortices in the material.

In AC experiments, the peak in χ′′ versus temperature roughly marks the transition

temperature where the superconductor starts to lose its resistance, and this peak

corresponds to maximal energy dissipation from vortices. In order to better under-

stand, the χ′′(T ) peaks were fitted using an exponentially modified Gaussian (EMG)
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Figure 14: Magnetic field dependencies of the χ′′ peak maximum Tmax (a), and the

FWHM of the χ′′ peak (b).

function to account for their asymmetric shape. The fitting function is given by:

f(T ) =
A

2τ
exp

(︃
σ2

2τ 2
− Tmax − T

τ

)︃
erfc

[︃
1√
2

(︃
σ

τ
− Tmax − T

σ

)︃]︃
. (2)

Here, A is the amplitude, Tmax is the peak position obtained from the maximum of

the fitted curve, σ represents the Gaussian broadening related to the full width at

half maximum (FWHM) of the peak. The shape of this peak (its position, width, and

height) tells us about vortex behavior and pinning. For example, a tall, narrow peak

usually means the film is very uniform with strong vortex pinning (high crystalline

quality), whereas a broad peak indicates weaker pinning and more vortex motion.

When an external magnetic field is applied, this peak shifts to lower temperature

and often broadens, showing that the field weakens superconductivity and makes

vortex motion easier [41, 42].

In the YBCO/STO film, the χ′′ curve shows a sharp peak around 86,K in zero

field. As the magnetic field is increased up to 6,T, this peak moves steadily to lower

temperature (Tc drops) but remains well-defined. Figure 14b shows a measurable in-

crease in FWHM with increasing magnetic field, indicating enhanced vortex motion

and dissipation under applied field. Nevertheless, the superconducting transition
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remains distinct, suggesting relatively uniform current flow and good crystalline

quality of the epitaxial film grown on the STO substrate. By contrast, films on

metal substrates often contain more roughness and grain boundaries, which can

weaken the superconducting properties [43].

For the YBCO+4BZO/STO film, the zero-field χ′′ peak is found at a somewhat

lower temperature (around 80K), but it is still sharp. As the field increases, the

peak shifts to the left (Tc decreases), indicating the expected suppression by the

magnetic field. However, unlike the undoped film, the transition remains relatively

well defined even at high magnetic fields. This means the BZO nanorods are acting

as very effective pinning centers. They trap and immobilize the magnetic vortices,

reducing their motion and thus keeping energy losses low at high fields [44, 45]. In

other words, adding BZO greatly strengthens flux pinning: it stabilizes the vortices

and suppresses flux creep. This is consistent with previous studies showing that

YBCO films with BZO nanocolumns exhibit much stronger pinning and maintain

superconductivity to higher fields than pure YBCO. (Indeed, one study found an

optimal BZO content around 8–10 percent gives the best pinning and highest critical

currents) [44, 45]. Because of the strong pinning, the transition in the BZO-doped

film remains sharp under field and energy dissipation stays lower, confirming that

the BZO-enhanced film has more stable vortex behavior in applied fields.

In contrast, the YBCO/Metal film (YBCO on a buffered polycrystalline metal

template) shows a different response. Its χ′′ peak at 0,T is again near 86,K. As

the magnetic field increases, the peak temperature shifts rapidly toward lower tem-

peratures, indicating a stronger suppression of superconductivity compared to the

YBCO/STO film. Although the FWHM values in Figure 14b remain lower than

those of the YBCO/STO sample, the strong peak shift suggests reduced vortex sta-

bility under applied magnetic field. The metallic substrate introduces imperfections

such as grain boundaries, surface roughness, and mismatch defects, which break up



33

the film into less uniform regions. These imperfections act as “weak links” and limit

superconducting current flow. As a result, the superconducting properties of the

film are more sensitive to the applied magnetic field.

When 4% BZO is added to the YBCO/Metal film, its behavior improves signif-

icantly. The zero-field χ′′ peak shifts down to about 80K, but as the field increases

the peak moves to lower temperature much more slowly than in the undoped YBCO

on metal substrate. The peaks also remain relatively sharp. In other words, the

BZO nanorods again serve as strong pinning centers even on the metal substrate.

They trap vortices and prevent them from moving freely, which reduces AC losses

under field. This leads to a superconducting state that is more stable in magnetic

field than the undoped metal film. The smaller peak shift and narrower width in the

BZO-doped YBCO film on metal confirm that its flux pinning and vortex stability

are greatly enhanced by the BZO nanorods.

Overall, these observations show that both the choice of substrate and the addi-

tion of BZO determine the film’s performance. Single-crystal STO substrates yield

the highest Tc and the cleanest transitions due to uniform epitaxy, whereas metal

substrates typically show more field-sensitive superconducting behavior because of

structural imperfections [43]. Adding BZO nanoparticles consistently improves flux

pinning, at the cost of a modest reduction in zero-field Tc (as seen by the peaks 80K)

due to strain or disorder from the second phase. This tradeoff is worthwhile: with

BZO, the films retain their superconductivity to higher fields and exhibit sharper

transitions than without APCs. In fact, research has found that combining one-

dimensional pinning centers (like BZO nanorods) with three-dimensional nanoscale

defects generally produces the best superconducting properties [42]. In our case, the

best balance appears in the YBCO+4BZO films on both STO and metal substrates.

These trends agree with past studies that emphasize how optimizing both the film’s

structure and its pinning landscape is key to achieving high performance in YBCO
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Figure 15: Magnetic field dependence of Jc for all four samples measured at (a) 10K

and (b) 65K.

superconductors [42, 45].

3.3.2 Magnetic field dependent critical current densities

The magnetic field dependence of Jc reveals a clear influence of BZO doping at differ-

ent temperatures, as we can see from Figure 15. At 10K, the undoped YBCO sample

exhibits higher Jc in the low-field region indicating that intrinsic pinning is suffi-

cient under these conditions. However, with increasing magnetic field, a crossover

behavior is observed where the BZO-doped samples outperform the undoped one

and maintaining higher Jc at high fields. This improvement is attributed to the

enhanced flux pinning introduced by BZO nanorods, which effectively immobilize

vortices under strong magnetic fields.

In contrast, at 65K, thermal fluctuations weaken the pinning efficiency, reducing

the overall Jc for all samples. Under these conditions, the advantage of BZO doping

becomes less pronounced, and the undoped sample can exhibit comparatively higher

Jc, particularly at low to moderate magnetic fields. It is likely that, to clearly

observe the beneficial effects of BZO doping at 65K, measurements would need to be

extended to even higher magnetic fields, where enhanced pinning could become more

significant. Overall, the results demonstrate that BZO doping significantly enhances
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high-field performance at low temperatures, while its effectiveness diminishes at

elevated temperatures due to reduced pinning strength. It is worth noting that

quench measurements at 10K were not conducted due to various reasons. At 10K,

the values of Ic are too high and beyond the capacity of the setup, which can only

handle a maximum current of 1A. In order to handle high values of Ic, the cross-

sectional area would have to be reduced for the superconducting stripe. However,

such modifications were not feasible within laboratory constraints. In addition,

increasing the current poses a high risk of damaging the superconducting stripe,

which would compromise the integrity of the sample.

3.4 Quench and its anomaly measurements

3.4.1 Critical current values employed in the measurement

Ic values of all the samples, have been extracted from AC transport measurements

as a function of magnetic field, which are presented in this section separately for

the samples with wide and narrow Au coatings. For the quench and its anomaly

experiments, the transport current was kept at 80 percent of the Ic value that had

been measured at each field. This ensured that the samples would remain in a

superconducting state but still close to the critical limit, thereby allowing a quench

to be initiated under controlled conditions by the heat pulse.

For the samples on STO with a wide Au coating shown in Figure 16(a), it can

be observed that for both YBCO/STO and YBCO+4BZO/STO, there is a definite

trend of decreased Ic with increasing magnetic field at 65K. The YBCO/STO sample

shows higher values of Ic over the entire range of the applied magnetic field, especially

at lower values of the applied magnetic field. At higher values of the applied magnetic

field, the values of Ic for both samples are decreased, showing a lower difference

between the two.

Similar kinds of behavior are seen for the metal-based samples too (Figure 16(b)),
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Figure 16: Ic vs B for (a) STO and (b) metal samples with wide Au coating at 65K.

where YBCO/Metal as well as YBCO+4BZO/Metal have shown a similar trend of

decreasing Ic values with increasing magnetic field. For the YBCO/Metal sample,

higher values of Ic are seen, especially at low magnetic fields; the difference between

the values for these two kinds of samples is more prominent. At higher magnetic

field values, the Ic values for these two samples are closer to each other, indicating

the impact of BZO doping at higher magnetic field values.

Figure 17(a)-(b) illustrates the magnetic field dependence of Ic for STO- and

metal-based samples with a narrow Au coating. In all cases, Ic decreases with an

increase in magnetic field. In the case of STO-based samples, YBCO/STO has higher

Ic values, especially at low magnetic fields, compared to YBCO+4BZO/STO, with

the difference between them being more prominent, whereas at higher magnetic

fields, their Ic values become comparable. A similar trend has been observed for

metal-based samples, with YBCO/Metal having higher Ic values at low magnetic

fields, whereas the difference between them and YBCO+4BZO/Metal reduces at

higher magnetic fields, with their Ic values becoming comparable.
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Figure 17: Ic vs B for (a) STO and (b) metal samples with narrow Au coating at

65K.

3.4.2 Optimizing the heat pulse to obtain the quench

Figure 18 presents the time evolution of the voltage signal for all four samples with

wide Au coating under a fixed magnetic field of 3T, demonstrating the optimization

of the heat pulse necessary for a reliable quenching process. The heat pulse causes

a transition from the superconducting state to the resistive state, as indicated by

the voltage rise.

In both panels, it is evident that the voltage is near zero prior to the heat pulse,

demonstrating that the samples are in a superconducting state. After the heat pulse

is applied, a sharp increase in voltage is seen, indicating the creation of a normal

state in the superconducting stripe. This first peak is the main quenching event

caused by localized heating.

A significant difference in quench characteristics can be seen between the sam-

ples grown on STO substrates and metal templates. Figure 18(a) shows that

the undoped YBCO/STO sample exhibits a higher voltage peak compared to the

YBCO+4BZO/STO sample. The decrease in the voltage peak of the YBCO+4BZO/STO

sample suggests improved in-field stability, which may be associated with enhanced

flux pinning that suppresses vortex motion and reduces energy dissipation. How-



38

Figure 18: Time evolution of voltage measured at 3T at 65K for films on (a) STO

and (b) metal substrates with wide Au coating, comparing quench peak. Insets

show peak voltage vs applied resistor current, increasing with heat pulse.

ever, this reduction may also be influenced by differences in the absolute current

values, and therefore both effects should be considered. Figure 18(b) demonstrates

higher voltage peaks for the metal-based samples, with the YBCO/Metal sample

having a voltage peak of around 78.6mV. This demonstrates an abrupt quenching

process. This behavior may be related to the inferior crystallinity, higher defect

density, and reduced flux pinning properties associated with the metal-based tem-

plates. However, the possibility that higher current levels contribute to the rapid

quenching cannot be excluded, and the observed response is likely influenced by

combination of these factors. In the BZO-doped metal sample, the voltage peak is

reduced to around 33mV, reinforcing the positive effects of BZO on vortex pinning

and superconducting stability even for structurally inferior films.

In both Figures 18(a) and (b), the insets show how the peak voltage of the

quench depends on the applied current through resistor. It can be seen that as the

applied current increases, the peak voltage also increases monotonically, indicating

that a larger temperature perturbation leads to a higher quench peak voltage, thus

confirming our assumption that the applied heat pulse is the major cause of the

quench effect. It should also be noted that at a resistor current of 350 mA, both
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Figure 19: Magnetic field dependence of time-dependent quench behavior in wide

Au-capped films measured at 65K, for fields from 0 to 8T, showing variations in

quench dynamics and emerging anomalies.

primary quench peak and anomaly peak are well observed in all samples. This

further indicates that the heat pulse applied to the sample in the experiment at a

current of 350mA is adequate to trigger both quenching and anomaly. Thus, in

order to ensure consistency in all measurements in this study, all quench current

measurements were made at a constant resistor current of 350mA. On the whole,

it is seen that the results validate the appropriateness of the heat pulse parameter

values selected for this study in terms of ensuring a controlled and reproducible

quench in all samples.
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3.4.3 Magnetic field dependence of quench and its anomaly in widely

Au-capped films

From the time-dependent quench measurements in Figure 19, we can clearly observe

that in all cases two specific features of the quench behavior are observed: the main

quench peak, which is observed immediately after the heat pulse is applied, and

the second peak, which is observed later, here called an anomaly peak. It is clearly

seen that the voltage response for STO-based samples, i.e., for the YBCO/STO

and YBCO+4BZO/STO samples, is clearly defined and smooth in all cases of the

magnetic field. At low magnetic fields, a strong quench peak and a clearly dis-

tinguishable anomaly peak are observed. With increasing field values, there is a

decrease in peak height and reduction in anomaly magnitude, but there is always a

temporal distinction between the two peaks. There is a strong quench and anomaly

peak in the YBCO/STO sample compared to the YBCO+4BZO/STO sample, es-

pecially when the field is lower; however, there is an observable delay before the

occurrence of the anomaly, implying a relaxation mechanism.

In the case of the metal-based samples in Figure 19(c) and (d), a clear distinction

is seen between the undoped YBCO/Metal and the BZO-doped YBCO+4BZO/Metal

samples. In the YBCO/Metal sample, extremely high voltage peaks are observed,

especially at low magnetic fields. At low magnetic fields, two closely spaced quench

peaks are first observed. This is then followed by a slight drop in voltage, and then

a wide anomaly peak appears, especially at 0 and 1T, also the anomaly peak has

multiple shoulders, which implies a non-uniform and multi-stage voltage evolution.

Moreover, the voltage does not decay smoothly, and it has a long tail, which indi-

cates a long period of dissipation and a non-uniform recovery of the superconducting

state. At higher applied magnetic fields, the quench peaks and the anomaly peak

become smoother and simpler, having lower peak heights and fewer irregularities,

which indicate a stable behavior. Overall, this behavior suggests significant inhomo-
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Figure 20: Magnetic field dependence of the anomaly peak height (a) and anomaly

peak time (b) for YBCO/STO and YBCO+4BZO/STO films.

geneity in current distribution and weaker flux pinning, allowing vortices to move

more freely, particularly at low magnetic fields.

On the contrary, the voltage response curve of the YBCO+4BZO/Metal sample

has a more controlled voltage response with reduced peak heights in all the magnetic

field values. After the initial quench peak, the sample has a less distinguishable

anomaly peak, which resembles a shoulder on the decaying voltage curve rather

than a distinguishable peak as in the undoped sample. This shoulder-like feature

still points to the detection of an anomaly, but its reduced intensity points to a

suppression of vortex motion as a result of improved flux pinning. The voltage

curves also display a smoother and more gradual decay. This is sign of reduced

dissipation and a more homogeneous recovery of the superconducting state.

For the STO-based samples presented in Figure 20, the magnetic field dependence

of the anomaly peak height and the anomaly peak time is observed. In Figure 20(a),

the anomaly peak height decreases with increasing magnetic field for both samples.

At a given field and under the same applied current, the undoped YBCO/STO

sample exhibits a consistently higher peak voltage than the YBCO+4BZO/STO

sample. This indicates stronger dissipation in the undoped sample, arising from

weaker flux pinning and enhanced vortex motion. In contrast, the reduced peak
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Figure 21: Magnetic field dependence of (a) anomaly peak height and (b) anomaly

peak time for YBCO/Metal and YBCO+4BZO/Metal samples.

height in the BZO-doped sample confirms that BZO incorporation improves flux

pinning, thereby suppressing vortex motion and associated energy dissipation.

The anomaly peak time (Figure 20(b)), on the other hand, reveals a different

trend from the peak height. In the case of the YBCO/STO sample, the peak time

decreases at lower magnetic fields and then starts to increase as the magnetic field

increases. This implies a change from faster to slower dynamics in the vortex re-

laxation process. In the YBCO+4BZO/STO sample, the peak time remains lower

and fluctuates less at lower magnetic fields, but the increase at higher magnetic

fields is significant. This implies that the stronger pinning makes the process more

controlled but slightly delayed.

For metal-based samples, as shown in Figure 21(a), the anomaly peak height

decreases with increasing applied magnetic field for both YBCO+4BZO/Metal and

YBCO/Metal samples. At a given field, the undoped YBCO/Metal sample ex-

hibits a consistently higher peak compared to the BZO-doped sample, indicating

stronger dissipation due to weaker flux pinning. The reduced peak height in the

YBCO+4BZO/Metal sample confirms that BZO doping enhances flux pinning. As

we can see from Figure 21(b), anomaly peak time has a non-uniform behavior

with the magnetic field. The peak time for the YBCO/Metal sample has lower
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Figure 22: Magnetic field dependence of the quench behavior in small amount of

Au-capped films. Each panel shows measurements at different magnetic fields from 0

to 8T, highlighting the variation in quench dynamics and the emergence of anomaly.

values only at 0T, while for the rest of the range it remains higher compared to

YBCO+4BZO/Metal. As the magnetic field increases, the peak time varies slightly,

yet it remains relatively high. On the other hand, for the YBCO+4BZO/Metal, the

peak time has lower values and moderate fluctuations in the range of the applied

field. This implies that the vortex relaxation process occurs quickly, which may

indicate a stable state due to improved pinning.

3.4.4 Quench anomaly in films with narrow Au coating

In this section, we examine the quench behavior of the films that contain a small

amount of Au capping. The following are the voltage-time graphs for different values

of magnetic fields, which range from 0 to 8T.

As in the previous case with wide Au capping, it is seen that the quench peak
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appears immediately after the heat pulse, and then the anomaly peak appears.

In case of YBCO/STO and YBCO+4BZO/STO, the response of the voltage is

relatively well-defined, although compared to the widely Au-capped case, the peaks

tend to be sharper, and have high voltage values. As shown in Figure 22(a), strong

quench peak can be seen at low magnetic fields in the YBCO/STO sample. After

this, a well-defined anomaly peak can be observed following a certain time delay,

which corresponds to the process of relaxation. There is a noticeable difference

between the quench peak and the anomaly peak and as the value of the magnetic

field is increased, the heights of the peaks decrease. Also, at a higher value of the

magnetic field, the anomaly peak is not clearly observed but is seen as a shoulder

on the decaying voltage curve.

In the case of the YBCO+4BZO/STO sample, the overall voltage response

is more controlled, and the voltage values are very small in comparison to the

YBCO/STO. Moreover, there is decrease in the peak height, as well as less pro-

nounced anomaly peak, which again verifies that an increase in flux pinning results

in a suppression of vortex motion and a stabilization of superconductivity. The

decrease in Au coverage results in a lesser effect of thermal spreading and current

redistribution, making the intrinsic behavior of vortex motion more pronounced.

As can be seen from Figure 22(c) and (d), the voltage response curve for metal-

based samples is more complex with higher peaks, particularly at low magnetic fields.

For YBCO/Metal, at low magnetic fields, there is a double quench peak followed

by a broad anomaly peak. As the magnetic field is increased, the peaks become

smoother, and their height decreases. The YBCO+4BZO/Metal sample shows a

decrease in the heights of the peaks and a controlled voltage response. The anomaly

peak is not well defined and can be seen as a shoulder on the decaying curve. This

shows the effects of BZO doping, which enhanced the pinning of flux and hinder the

motion of the vortices.
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Figure 23: Magnetic field dependence of the anomaly peak height (a) and anomaly

peak time (b) for YBCO/STO and YBCO+4BZO/STO films having a small amount

of Au coating on them.

A clear dependence of the anomaly peak height and time is identified on the

applied magnetic field for the STO-based samples as presented in Figure 23. The re-

sults show that the peak height decreases as the value of the magnetic field increases

for both samples. The YBCO/STO sample has high peak heights, which suggests a

high level of voltage and energy loss. Such results could be associated with poor flux

pinning; on the other hand, this could also be attributed to the fact that the abso-

lute currents in this sample are relatively high as compare to YBCO+4BZO/STO

sample, that exhibits low peak heights in applied magnetic fields.

The anomaly peak time shows a non-uniform dependence on the magnetic field

for the YBCO/STO and YBCO+4BZO/STO samples. In the YBCO/STO sam-

ple, the peak time shows a sharp increase at low magnetic field, a maximum at

1T, then a gradual decrease and stabilization at higher magnetic fields. In the

YBCO+4BZO/STO sample, the peak time shows lower values with minor fluctua-

tions at the magnetic field range. With the increase of the magnetic field, the peak

time shows a gradual increase, approaching the value of the YBCO/STO sample at

higher magnetic fields.

Figure 24(a) clearly indicates that the height of the anomaly peak reduces sys-
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Figure 24: The anomaly peak height (a) and anomaly peak time (b) for

YBCO/Metal and YBCO+4BZO/Metal films with a small amount of Au coating

are depicted in these figures in relation to the magnetic field.

tematically with increasing magnetic field strength for both samples. The peak

values for the YBCO/Metal sample are higher over the entire range of magnetic

field strength, which is associated with relatively higher absolute current levels,

which contribute to increased voltage response and energy dissipation, while the

peak values for the YBCO+4BZO/Metal sample show a significant reduction. The

difference between the two samples is more significant at low magnetic field strength,

as indicated by the significantly higher peak values for the YBCO/Metal sample.

With the increase of the magnetic field, the peak height decreases steadily in both

samples. The decrease is steeper in the case of the YBCO/Metal sample, while the

YBCO + 4BZO/Metal sample exhibits more gradual peak values across the applied

magnetic field range.

The anomaly peak time indicates an irregular behavior with respect to the ap-

plied magnetic field for both YBCO/Metal and YBCO+4BZO/Metal. For sample

YBCO/Metal, larger changes are observed with a sharp increase at low magnetic

field and fluctuations at higher fields. For YBCO+4BZO/Metal, lower and smoother

changes are observed over the applied magnetic field.

A comparison of wide and narrow Au-capped films indicates distinct differences
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Figure 25: Voltage–time curves for YBCO/STO films without Au coating measured

at two different magnetic fields 0 and 8T.

in quench characteristics and anomaly peaks. Wide Au-capped films show smoother

voltage responses with lower peak values and better thermal spreading characteris-

tics due to maximum coverage with Au. In contrast, narrow Au-capped films show

sharper voltage responses with higher peak values and lower thermal spreading char-

acteristics. The peak height is seen to reduce significantly at higher values of the

applied magnetic field in both wide and narrow Au cases.

3.4.5 Magnetic field dependence of quench and its anomaly in films

without Au coating

Figure 25 illustrates the voltage-time characteristics of YBCO/STO films without

Au coating, measured at two different magnetic fields, 0 T and 8T. For both mea-

surements, a sharp quench peak is observed, and then the voltage starts to decay.

In this case, the applied current was 85 mA at 0T and 0.6mA at 8T. These

values of currents are sufficiently high to induce quench, but there is no anomaly

peak observed in either of these cases. The voltage signal is observed to have only

a quench peak and a smooth decay. In the absence of Au coating, the voltage

response is found to be highly localized, and the thermal spreading is found to

be reduced. As a consequence, the quench peak is found to be very sharp. The
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Figure 26: Voltage–time curves for YBCO+4BZO/STO films without Au coating

measured at two different magnetic fields 0 and 8T.

heat generated is found to be localized. Unlike the Au-coated cases, there is no

appearance of a secondary peak. At 0T, the peak is slightly higher, and at 8T, the

peak is slightly lower. Nevertheless, the voltage response is quite similar, and there

is a small reduction in the peak height for 8T.

The voltage-time plots of the YBCO+4BZO/STO films without the Au coating,

measured at 0T and 8T, are depicted in Figure 26. In both plots, a quench peak is

observed immediately after the heat pulse. In addition, a weak feature is observed

subsequent to the quench peak, resulting in the anomaly-like shape. It is surprising

that this feature is observed without the Au coating. In this particular case, the

applied current was 12mA at 0T and 0.02mA at 8T. The low Ic values and

the corresponding low applied currents may help to increase the sensitivity of the

measurements, which allows the detection of this weak anomaly-like feature. This

feature is less pronounced than in the Au-capped samples and looks more like a

deviation from the smooth decay.

The weak anomaly-like feature is likely associated with the relatively low Ic

values of the sample. Indeed, the low values of Ic make the system more sensitive

to thermal changes, which enables the detection of subtle voltage features even in

the absence of a well-defined anomaly peak. In contrast, the results reported in
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the literature [46], particularly in Fig.3(b), exhibit a different response: a distinct

and well-defined peak is observed for significantly higher Ic values. In those cases,

the heat pulse produced a single well-defined quench peak in the voltage response

without the appearance of any additional weak features.

In other words, it can be concluded that although the Au layer improves the

intensity of the anomaly peak through thermal and current redistribution effects,

there is a weak anomaly peak even without the presence of the Au layer, depending

on the measurement conditions. However, this is observed with low values of Ic, and

the exact reason is unknown.

3.4.6 Evolution of the quench anomaly peak along the stripe

Voltage–time responses were recorded at different locations along the stripe (Chan-

nels 1 to 4) to examine the propagation behavior of the normal zone, as shown in

Figure 27 for the wide Au coated YBCO/STO sample measured at 1T. From this

observation, it can be noticed that the quench peak occurs first on Channel 1 and

subsequently on Channels 2, 3, and 4 with a time delay. This time delay between

these peaks indicates a phenomenon of propagation of a normal zone on a stripe.

This delay between these channels directly indicates NZPV, which refers to the rate

at which a resistive region propagates through a superconducting material.

In addition to the quench peak, the anomaly peak also decreases along the stripe.

The anomaly peak is the strongest near Channel 1 and decreases in strength as it

extends towards Channels 3 and 4. This reduction in peak strength indicates that

the energy contained in the anomaly peak decreases along the stripe. This is because

the current redistributes.

The peak voltages broaden and diminish with increasing distance, indicating

the spreading and weakening of the resistive region during propagation. Similar

behavior was observed in all samples, confirming that this is a general characteristic
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Figure 27: (a) Time evolution of quench and anomaly peaks along the YBCO/STO

stripe with wide Au coating measured at 65 K and 1T (channels 1–4, spaced by

1mm). (b) Anomaly peak height as a function of position along the stripe.

of the system.

Figure 27(b) shows the variation of the anomaly peak height with distance along

the stripe. For both YBCO/STO and YBCO+4BZO/STO samples, peak height

decreases continuously with increasing distance from the initial quench point, with

the highest peak observed at Channel 1 and gradual reduction up to Channel 4.

This shows that the energy associated with the anomaly is dissipated along the

propagation path by the redistribution and relaxation of the current. The faster

reduction in peak height for YBCO+4BZO/STO further supports the effect of im-

proved flux pinning, which reduces the anomaly by inhibiting the movement of

vortices.

3.5 Possible mechanisms behind quench anomaly

The quench measurements revealed a delayed second voltage peak that appears

after the main thermally induced quench peak. As this anomaly is produced after

the termination of the heating pulse and sometimes after partial restoration of the

superconducting state, the phenomenon can not be described using the conventional

thermal quench models. This indicates that an additional mechanism involving
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non-equilibrium vortex dynamics, flux-pinning-dependent relaxation, and current

redistribution must be considered.

The primary voltage spike is due to the heat input caused by the resistor pulse.

The heat will lead to an increase in the local temperature of the superconducting

strip. This causes a decrease in the critical current density in that area. Since the

current density is near the critical value, the localized area enters the resistive state,

initiating a quench [47]. This process leads to the formation of the primary voltage

peak observed immediately after the heat pulse.

On the other hand, the delayed anomaly occurs after the occurrence of the quench

and stays despite the absence of the thermal pulse. Such behavior indicates that the

superconductor does not achieve stability right away, but rather evolves through a

time-dependent recovery process before reaching equilibrium [48]. During the heat

pulse, a localized region of the YBCO layer becomes resistive, forcing the transport

current to transfer into the metallic stabilizer (Au). This current transfer occurs

over a finite distance known as the current transfer length due to the presence

of interfacial resistance between the superconductor and stabilizer [49]. Within this

region, current sharing leads to Joule dissipation both in the stabilizer and across the

interface. After removing the heat pulse, the temperature falls and the YBCO film

starts regaining its superconductivity. But the current flow does not immediately

come back to the superconducting layer. The back-transfer of current from the

stabilizer to YBCO is delayed due to the same interfacial resistance [4, 49]. This

might cause further Joule heating at the interface during the recovery stage, leading

to the formation of a secondary peak in the voltage signal.

The role of the stabilizer thickness also plays a vital role as it has been observed

that increasing stabilizer thickness significantly affects quench and recovery dynam-

ics [50]. A thicker stabilizer allows a larger fraction of the current to flow in the

metallic layer during a quench. Therefore, a greater current will have to return to
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the superconducting film during the recovery process, resulting in higher interface

dissipation. This phenomenon is more pronounced in samples where the Au layer

is wider. This is further supported by [4], which demonstrates that interfacial resis-

tance governs both normal zone propagation and stability in coated conductors. The

delayed current redistribution during recovery can therefore be interpreted as a tran-

sient non-equilibrium state, characterized by incomplete and spatially non-uniform

restoration of superconductivity. Apart from the existing redistribution, flux pinning

also becomes important in this regard. In the undoped YBCO sample, flux pinning

is weak, allowing vortex movement for dissipation through recovery. However, in

the BZO-doped sample, there is strong flux pinning that prevents vortex movement.

Similarly, increasing magnetic field modifies vortex dynamics, contributing to the

observed reduction of the anomaly at higher fields. Overall, the quench anomaly

arises from a coupled mechanism involving delayed current redistribution across the

Au/YBCO interface, stabilizer-dependent current sharing, interfacial Joule heating

during recovery and vortex relaxation processes governed by flux pinning [4, 49, 50].

4 Summary and conclusion

This thesis investigated the flux-pinning-dependent quench anomaly in Au-capped

YBCO thin films. The major aim was to investigate the reason for the existence

of the secondary voltage peak after the quenching event and its dependence on flux

pinning, substrate, magnetic field strength, and Au capping.

Four YBCO thin film samples were studied: YBCO/STO, YBCO+4BZO/STO,

YBCO/Metal, and YBCO+4BZO/Metal. The samples were prepared via pulsed

laser deposition and patterned in stripe geometry through photolithography tech-

niques, and was narrowly and widely coated with Au by e-beam evaporation. It

was found that the films formed on STO substrates were more crystalline and ex-

hibited sharper diffraction peaks, lower mosaic spread, and lesser strain than those
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films formed on metal substrates. The metal-based films exhibited wider peaks and

higher degrees of misorientation, signifying poor epitaxy. The incorporation of BZO

induced extra strain but also generated artificial pinning sites, which significantly

influenced both superconductivity and quenching.

In AC susceptibility measurements, it is seen that the imaginary susceptibility

peaks shift towards lower temperatures with an increase in the magnetic field, sug-

gesting suppression of the superconducting state by applying an external magnetic

field. Doped samples with BZO exhibited sharper responses under magnetic fields

than pure samples. In addition, critical current measurements revealed that both Ic

and Jc were decreased as a function of increased magnetic field. When the tempera-

ture was low and the magnetic field was high, BZO doping resulted in better current

behavior due to improved pinning; however, at 65 K, the effect of BZO doping was

relatively modest.

The quench measurements were performed at 65K using an operating current

of 80% of the field-dependent critical current. The heat pulse was generated by

using a resistor that was connected to the stripe. The voltage behavior for all

the samples with Au coating had two important characteristics: firstly, a quench

peak generated due to heat pulse, followed by a secondary peak occurring after the

quench peak. This anomaly peak was very sensitive to flux pinning landscape. For

the undoped samples, the anomalies were larger, suggesting vortex motion being

stronger, resulting in more energy dissipation. But it is important to note that the

undoped samples have a larger value of Ic, meaning that higher operating currents

(80% of Ic) can be attained, giving rise to higher voltages. Therefore, the increased

anomaly peak height in undoped samples may arise from a combined effect of weaker

flux pinning and higher transport current. In this regard, it is possible to say that

the high value of the anomaly peak can be due to a combined effect of weak flux

pinning and higher transport current.
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The effect of Au cap layer had a considerable impact on the resulting quenching

behavior. The widely Au capped samples showed less fluctuation in their voltage be-

havior, while narrowly Au capped samples revealed sharp voltages peaks, signifying

more heat accumulation and less thermal stabilization. In the absence of Au coating

on samples, the anomaly was not detected or barely noticeable. This indicates that

the Au film increases the detection of the anomaly through redistribution of current

and thermal interaction.

From the voltage–time responses along the stripe, it can be observed that the

quench peak appears first near the heater and then reaches subsequent voltage

channels with a delay, indicating normal-zone propagation. The amplitude of the

anomaly peak reduces with increasing distance from the original quench point.
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Use of AI in thesis

While preparing this work, the use of some AI tools, particularly ChatGPT, was

made to enhance my understanding of some concepts in academic papers and arti-

cles and to improve the readability and grammatical structure of some passages in

English. Also, artificial intelligence assistance was provided to aid in programming

using Python, especially in data analysis and graphing. Suggestions provided by

the AI were thoroughly checked, corrected where need be, and incorporated into my

work.
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