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Preface

Starting with the success in liquefying He and the surprising discovery of the
superconductivity of Hg by the group in Leiden led by H. Kammerling-Onnes, the
last century provided us with the conceptual framework to understand and handle
macroscopic quantum coherence: “superconductivity” in the case of existence of
charge carriers, or “superfluidity” in the absence of charge carriers. No less than
nine Nobel Prizes have been awarded for breakthrough discoveries and theories
relating to superconductivity and superfluidity, from Kammerling-Onnes’s initial
1913 prize, to the 2016 prize awarded to Thouless, Haldane and Kosterlitz for their
theoretical discoveries of topological phases of matter and topological phase tran-
sitions, including topologically driven superconductivity.

Superconductivity is now an established (although, in some cases, not yet fully
understood) form of macroscopic quantum coherence that regularly impacts the
scientific community with new surprises, such as the discovery of high-temperature
superconductivity in cuprates (Bednorz and Müller, IBM Zürich, Nobel Prize in
1987) followed rapidly by the discovery of superconductivity above the boiling
point of nitrogen in YBa2Cu3O7−x by the Houston group of P. Chu; the discovery of
superconductivity at 40 K in MgB2; and later on, superconductivity in
chalcogenides and pnictides, the last examples also being multi-component
(multi-gap) superconductors. Superconductivity is a solid-state phenomenon that
possesses the advantages that made electronic and semiconductor technology so
successful: scalability and large-scale production. At the same time, radically dif-
ferent functionalities emerge due to macroscopic quantum coherence, from
large-scale, energy-efficient applications due to electric current transportation
without losses, to quantum computing and rapid single flux quantum electronics.

In this context, magnetic flux quanta in superconductors, also named “vortices”
due to the circulating supercurrent supporting them, play crucial roles in both cases:
(i) in superconducting electronics, they are the “carriers” of information instead of
electrons; and (ii) in large-scale power applications, their mobility due to the
Lorentz force leads to unwanted energy dissipation. So, for significant market
penetration of such large-scale applications of superconductors, “pinning” of
vortices by nanoscale engineered defects is crucial.
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This book provides expert coverage of some modern and novel aspects of the
study of vortex matter, dynamics, and pinning in nanostructured and
multi-component superconductors. Vortex matter in superconducting materials is a
field of enormous beauty and intellectual challenge, which began with the
theoretical prediction of vortices by A. Abrikosov (Nobel Laureate for Physics in
2003, sadly deceased on March 23, 2017, age 88). Vortices, vortex dynamics, and
pinning are key features in many of today’s human endeavors: from the huge
superconducting accelerating magnets and detectors at the Large Hadron Collider at
CERN Geneva, which opened new windows of knowledge on the universe, to the
Tokamak fusion magnets that will be utilized at the International Thermonuclear
Energy Reactor in Cadarache, to the tiny superconducting transceivers using rapid
single flux quanta, which have opened a revolutionary means of communication.

In this book, leading researchers survey the most exciting and important recent
developments. The book offers something for almost everybody interested in the
field: experimental techniques to visualize vortices and study their dynamics,
nanotechnologies for improving current-carrying capabilities in high applied
magnetic fields, current anisotropy, second magnetization peak, and intuitive and
theoretical aspects concerning the novelty and beauty of multi-component
superconductivity.

Chapter 1 presents unpublished data regarding the detailed evolution of a vortex
approaching pinning centers. Using scanning Hall probe microscopy, the authors
have directly visualized, at a microscopic level, the interaction of a single quantum
vortex with pinning centers. When few adjacent pinning centers are present, the
vortex can be trapped by one of them, while the interaction of the vortex with the
adjacent pinning centers can be tuned by varying superconducting characteristic
lengths with temperature. It was found that when the vortex size is comparable to
the distance between two pinning centers, the vortex deforms along the line con-
necting the pinning centers and the magnetic flux spreads by embracing both
pinning centers, thus generating a magnetic dipole. In contrast, a vortex located on
an isolated pinning center preserves its round shape up to temperatures close to the
critical temperature. The experimental data are in a good agreement with theoretical
simulations based on the time-dependent Ginzburg–Landau approach.

Thirty years after the discovery of high critical temperature superconductors, the
large-scale application of second-generation superconducting coated conductors
based on rare-earth cuprates (REBa2Cu3O7−x) is still waiting for a lower price in
terms of $/kA m. This can be achieved by increasing the critical current. For
high-field applications, this is even more crucial because of very large Lorentz
forces. Fortunately, nano-engineered artificial pinning centers can provide large
pinning forces to counteract Lorentz forces. Chapter 2 is a comprehensive review of
various materials and architectures used for nanostructured REBa2Cu3O7−x films
with artificial pinning centers (APCs). Several categories of APCs are described in
terms of their dimensionality (nanorods, nanoparticles, nanolayers, segmented
nanorods, and more), and experimental results are discussed under the framework
of Ginzburg–Landau theory. Various results obtained by many groups worldwide
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are presented and analyzed, with emphasis on outstanding pinning performance in a
wide range of temperatures (4.2–77 K) and magnetic fields (1–30 T).

Energy resources are now a major issue in the global economy. It is obvious that
fossil fuels will not last forever. In addition, changes to the climate due to
increasing CO2 emissions are now obvious. Fortunately, we are witnessing the first,
tentative steps toward a clean, sustainable “hydrogen economy,” so in the
not-so-distant future we would expect that liquid hydrogen with its boiling point of
20.3 K will be a common, abundant, and cheap liquid. In these circumstances,
energy-efficient cryo-magnetic devices and equipment (transformers, magnets,
motors, induction furnaces, superconducting-magnet energy storage, fault-current
limiters, etc.) based on MgB2 (a cheap and abundant superconductor with critical
temperature of 40 K) cooled by liquid H will have a performance/price ratio much
better than similar equipment based on copper wires, will require much less energy
to operate, and will be more environmentally friendly. Tuning electronic structure
and nanostructure is the critical issue for engineering an MgB2 superconductor
toward applications. In Chap. 3, a variety of chemical and microstructural control
techniques that have been developed to artificially enhance flux pinning strength in
the material are presented. The influence of chemical additives and oxygen doping
on the formation of nanoprecipitates and superconducting properties, carbon doping
effects, and methods of introducing carbon using different sources and
microstructural control via ball-milling and mechanical alloying techniques are
reviewed and summarized.

As shown in Chaps. 2 and 3, with creative materials nano-engineering,
researchers have been successful in improving critical currents over the field and
temperature ranges relevant to applications. Intrinsic thermodynamic properties and
the interaction between the magnetic vortices and the pinning landscape combine to
determine how much current is supported. Due to both factors, the resultant critical
currents generally vary with the angle of the imposed external field. Chapter 4
explores what is known about this current anisotropy, very important in super-
conducting devices in which various parts are exposed to magnetic fields of various
orientations. The difficulty of this problem stems partially from having two sources
of anisotropy: the anisotropy in the vortex cross section, arising from the intrinsic
mass anisotropy of the carriers of the vortex current; and the anisotropy of the
pinning centers themselves. The effects of these two factors are not easily separated.
It is never possible to have a fully isotropic pinning landscape in an anisotropic
superconductor. If the critical current (Ic) varies strongly with angle, this presents
challenges for coil designers who must keep the coil within safe operating margins
of I/Ic everywhere within the coil. An unpredictable or only weakly predictable
Ic with field, field orientation, and temperature means exploiting the full capacity
of these materials is compromised. The chapter summarizes the common methods
to analyze the critical current anisotropy. Firstly, there are scaling methods, such as
the Blatter scaling and other scaling approaches which are a modification of this
approach. Secondly, there are more direct methods of calculating the expected
response from defects, which examine the pinning forces on vortices from defects
under certain assumptions, and finally, the author presents the vortex path model or
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maximum entropy method, which is an information theory or statistical approach
for extracting information from the field orientation dependence of critical current.

The strong nonlinear relation between the current density and the electric field,
along with nonlocal interactions, determines the complex behavior of vortex matter,
which also includes “catastrophic” phenomena like vortex avalanches. Chapter 5
presents a brief review of the experimental studies devoted to these unstable vortex
patterns, starting from historical findings up to recent works, and focusing on the
analysis of vortex avalanches bymeans of magneto-optical imaging (MOI). TheMOI
technique, based on either Kerr (in reflection) or Faraday (in transmission) effects, is a
powerful tool for the visualization of magnetic field distribution and enables
the observation of magnetic field distribution in real time, on the whole surface of the
superconductor, with microscopic resolution. The dynamics and morphology of the
vortex avalanches are reported in detail, along with theoretical efforts for under-
standing and modeling this complex phenomenon. It is shown that vortex avalanches
are ubiquitously occurring in superconductors if certain conditions are satisfied; in
particular, temperature, appliedmagnetic field, and applied field rate are of paramount
importance for observing/avoiding these phenomena. Together with the interest in the
fundamental behavior of vortex matter, the understanding of vortex avalanches is
instrumental for assessing the limits of superconductor usage in power applications.

Chapter 6 is devoted to the change of magnetic hysteresis curves and of vortex
dynamics in “self-nanostructured” La2−xSrxCuO4 single crystals (with charge and
spin stripes), offering useful information about the nature of the secondmagnetization
peak occurring for single crystal specimens with random pinning. By decreasing x,
with the external magnetic field oriented perpendicular to the stripe plane, the second
magnetization peak completely disappears in the doping domain of a well-developed
static stripe structure (x ∼ 1/8) and reappears for x ≤ 0.10. This behavior follows the
instability of the quasi-ordered vortex solid (the Bragg vortex glass, stable against
dislocation formation) in the presence of static stripe order (as revealed using
small-angle neutron scattering experiments), which is confirmed by the determined
temperature variation of the normalized vortex-creep activation energy. The results
support the scenario in which the second magnetization peak is generated by the
pinning-induced disordering of the Bragg vortex glass in the dynamic conditions of
magnetic measurements.

The last two chapters are devoted to multi-component superconductivity, which is
a rather new and very “fashionable” quantum phenomenon in various supercon-
ducting materials: multi-band superconductors in which different superconducting
gaps open in different Fermi surfaces, films engineered at the atomic scale to enter the
quantum confined regime, multilayer, two-dimensional electron gases at oxide
interfaces, and complex materials in which different electronic orbitals or different
carriers participate in the formation of the superconducting condensate. The increased
number of degrees of freedom of the multi-component superconducting wave func-
tion allows for quantum effects that are otherwise unattainable in single-component
superconductors. Chapter 7 focuses on inter-band phase difference soliton, the
fractionalization of the unit magnetic flux quantum, and frustration between quantum
phases of multiple components. Taking into account the fluctuations in the inter-band
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phase difference provides a bridge between superconducting multiband condensates
and other multicomponent macroscopic quantum systems such as Bose–Einstein
condensates with multiple components and particle physics systems governed by a
non-Abelian gauge field. Chapter 8 is theory-focused, investigating various exci-
tation modes in multi-gap superconductors. In particular, the Nambu–Goldstone
mode, Leggett mode, and Higgs mode are important and play a key role in multi-gap
superconductors. The multiple-phase invariance in a multi-gap system is partially or
totally spontaneously broken in a superconductor. The dispersion relation and the
mass formulas of these modes are evaluated by using the functional integral method.
The broken multiple-phase invariance leads to a new quantum phase such as
time-reversal symmetry breaking, the emergence of massless modes, and fractionally
quantized-flux vortices.

Finally, apart from the colleagues, friends, and collaborators who contributed to
this book, I am grateful to my many friends from the Vortex community (VORTEX
10th Jubilee Conference is held in September 2017 in Rhodes together with the
65th anniversary of its initiator, Prof. V.V. Moshchalkov). The birth and title of this
book are related to the International Conference on Superconductivity and Mag-
netism organized by Prof. Ali Gencer (Ankara University) every even year since
2008. Together with my friend, Prof. M. Milosevic (Antwerpen University), I
chaired and co-organized a session entitled “Vortices and Nanostructured
Superconductors,” which provided excellent, world-class contributions and vivid
discussions among the very best people in the field. And last, but not least, my
special thanks to Sara Kate Heukerott from Springer who proposed this endeavor to
me.

Financial support from the Romanian Ministry of Research and Innovation
through POC (European Regional Development Fund, Operational Fund
Competitiveness) Project P-37_697 number 28/01.09.2016 is gratefully
acknowledged. Various funding agencies supporting the research activities which
led to the results reported are mentioned in each chapter.

Bucharest, Magurele, Romania Adrian Crisan

Preface ix



Contents

1 Vortex Deformation Close to a Pinning Center. . . . . . . . . . . . . . . . . . 1
Jun-Yi Ge, Joffre Gutierrez, Valadimir N. Gladilin, Jacques Tempere,
Jozef T. Devreese and Victor V. Moshchalkov

2 Pinning-Engineered YBa2Cu3Ox Thin Films . . . . . . . . . . . . . . . . . . . . 15
Paolo Mele, Adrian Crisan and Malik I. Adam

3 Chemically and Mechanically Engineered Flux Pinning
for Enhanced Electromagnetic Properties of MgB2 . . . . . . . . . . . . . . 65
Soo Kien Chen, Minoru Maeda, Akiyasu Yamamoto and Shi Xue Dou

4 Critical Current Anisotropy in Relation
to the Pinning Landscape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Nick J. Long

5 Vortex Avalanches in Superconductors
Visualized by Magneto-Optical Imaging . . . . . . . . . . . . . . . . . . . . . . . 133
Francesco Laviano

6 Behavior of the Second Magnetization Peak
in Self-nanostructured La2–xSrxCuO4 Single Crystals. . . . . . . . . . . . . 159
Lucica Miu, Alina M. Ionescu, Dana Miu, Ion Ivan and Adrian Crisan

7 Emergence of an Interband Phase Difference
and Its Consequences in Multiband Superconductors . . . . . . . . . . . . 185
Yasumoto Tanaka

8 Fluctuation Modes in Multi-gap Superconductors . . . . . . . . . . . . . . . 219
Takashi Yanagisawa

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Subject Index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

xi



Contributors

Malik I. Adam Department of Mechanical Engineering, University Tenaga
Nasional, Kajang, Malaysia

Soo Kien Chen Department of Physics, Faculty of Science, Universiti Putra
Malaysia, Serdang, Selangor, Malaysia

Adrian Crisan National Institute of Materials Physics, Bucharest, Magurele,
Romania

Jozef T. Devreese Universiteit Antwerpen, Antwerpen, Belgium

Shi Xue Dou Institute for Superconducting & Electronic Materials, Australian
Institute of Innovative Materials, University of Wollongong, Wollongong, NSW,
Australia

Jun-Yi Ge KU Leuven, Leuven, Belgium

Valadimir N. Gladilin KU Leuven, Leuven, Belgium

Joffre Gutierrez KU Leuven, Leuven, Belgium

Alina M. Ionescu National Institute of Materials Physics, Bucharest, Magurele,
Romania; Faculty of Physics, University of Bucharest, Bucharest, Romania

Ion Ivan National Institute of Materials Physics, Bucharest, Magurele, Romania

Francesco Laviano Department of Applied Science and Technology, Politecnico
di Torino, Torino, Italy

Nick J. Long Robinson Research Institute, Victoria University of Wellington,
Wellington, New Zealand

Minoru Maeda Department of Physics, College of Science and Technology,
Nihon University, Tokyo, Japan

Paolo Mele Research Center for Environmentally Friendly Materials Engineering,
Muroran Institute of Technology, Muroran, Hokkaido, Japan

xiii



Dana Miu National Institute of Laser, Plasma, and Radiation Physics, Bucharest,
Magurele, Romania

Lucica Miu National Institute of Materials Physics, Bucharest, Magurele,
Romania

Victor V. Moshchalkov KU Leuven, Leuven, Belgium

Yasumoto Tanaka National Institute of Advanced Industrial Science and Tech-
nology, Tsukuba, Ibaraki, Japan

Jacques Tempere Universiteit Antwerpen, Antwerpen, Belgium

Akiyasu Yamamoto Department of Applied Physics, Tokyo University of Agri-
culture and Technology, Koganei, Tokyo, Japan

Takashi Yanagisawa Electronics and Photonics Research Institute, National
Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki, Japan

xiv Contributors



Chapter 1
Vortex Deformation Close
to a Pinning Center

Jun-Yi Ge, Joffre Gutierrez, Valadimir N. Gladilin, Jacques Tempere,
Jozef T. Devreese and Victor V. Moshchalkov

1.1 Introduction

In type-II superconductors, above the lower critical field Hc1, magnetic field pene-

trates into the superconductors in the form of quantized vortices with flux 𝛷0 = h∕2e
(h, Plank constant; e, electron charge), forming the Abrikosov vortex lattice. When

a current is applied, the vortices experience a Lorentz force perpendicular to the

applied current. Vortex motion under this force leads to energy dissipation that limits

technological applications. One common way to solve the problem is by introduc-

ing pinning centers to the superconductors, such as lithographically formed well-

controlled pinning sites [1–4], ion-irradiated point defects [5], grain boundaries

[6], and nanostructured self-assembled non-superconducting phases [7–9]. In all the

above cases, the local superconductivity at pinning centers is suppressed, thus mak-

ing them energetically favorable for vortices to be located on. Therefore, the criti-

cal current, above which the dissipation appears due to the vortex motion, can be

strongly enhanced.

The vortex–pinning effect has been widely studied by many methods, for exam-

ple, transport measurements [10–12], ac susceptibility measurements [13–15], and

dc magnetization measurements [4, 16, 17]. In the transport measurements, vor-

tices, going through a serious of different dynamic regimes [18], are depinned at

large enough current density. Theoretical calculations predict that the vortex core

becomes elongated along the direction of motion [19]. In the ac susceptibility mea-

surements, under an ac driving force, vortices oscillate around the pinning centers.

The interaction between pinning and vortices is manifested a sudden drop of the

temperature dependence of in-phase ac susceptibility and a dissipation peak of the
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2 J.-Y. Ge et al.

out-of-phase ac susceptibility. Various phenomena have been revealed by using ac

susceptibility measurement, such as the order–disorder transition and the memory

effect of vortex lattice [13]. Isothermal magnetization measurement has also been

used to study the vortex–pinning interaction. From the MH curves, the critical cur-

rent density can be deduced which is directly related to the pinning effect of the

superconductor.

However, most of these effects, such as vortex creep [20] and thermally activated

flux motion [21], are based on the macroscopic response of the whole vortex lattice

to the external drive. At the same time, little attention has been paid to the study

of the behavior of an individual vortex when interacting with a pinning potential. A

close investigation of this behavior can help us to manipulate vortices at a micro-

scopic level which is important for potential applications such as quantum com-

puting [22] and vortex generators [23]. Using the Ginzburg-Landau (GL) theory,

Priour et al. [24] calculated the vortex behavior when approaching a defect. They

predicted that a string will develop from the vortex core and extend to the vicinity

of the defect boundary, while simultaneously the supercurrents and associated mag-

netic flux spread out and engulf the pinning center. However, this process happens

fast and the vortex will be quickly attracted to the pinning center location, making it

extremely hard to access directly with the local probe techniques so far.

Here, we propose a way to solve this problem by using a pair of pinning potentials

where one of them traps a vortex. By changing the characteristic lengths, 𝜉 (coher-

ence length) and 𝜆 (penetration depth), simply through varying temperature, we are

able to modify the effective interaction between the pinned vortex and the other pin-

ning center nearby. This allows us to directly image the interaction process between a

vortex and a pinning center with scanning Hall probe microscopy (SHPM). We have

found that, with increasing temperature, the vortex shape becomes elongated with

magnetic flux spreading over the adjacent pinning potential, thus providing strong

evidence to the “string effect.” The results of theoretical simulations based on the

time-dependent Ginzburg-Landau (TDGL) approach are in line with our experimen-

tal findings.

1.2 Experimental

Our experiment is carried out on a 200-nm-thick superconducting Pb film prepared

by ultra-high-vacuum (UHV) e-beam evaporation on a Si/SiO2 substrate . During the

deposition, the substrate is cooled down to liquid nitrogen temperature to avoid the

Pb clustering. On top of Pb, 5-nm-thick Ge layer is deposited to protect the sample

surface from oxidation. The sample surface is checked by atom-force microscopy

(AFM), and a roughness of 0.2 nm is found. The critical temperature T
c
= 7.3 K is

determined by the local ac susceptibility measurements with a superconducting tran-

sition width of 0.05 K, indicating high quality of the sample. The pinning centers in

the sample are created during sample preparation, and they appear randomly dis-

tributed. The local magnetic-field distribution was mapped using a low-temperature
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(a) (b) (c)

(d) (e) (f)

Fig. 1.1 Distribution of vortices after field cooling, revealing locations of pinning centers. a–b:

FC images at H = 0.3 Oe (a), 2.4 Oe b and 3.6 Oe (c). a and b were taken at the same area,

while c is taken at the area indicated by the square in (b). At low field (a), only single quantum

vortices, sitting on the pinning centers, are observed. At relatively high fields (b) and (c), when all

the pinning centers are occupied, pinned giant vortices with vorticity L = 2 and interstitial single

quantum vortices appear. d Field profile along the cross section for the pinned vortices indicated

by the solid lines in (a). e Field profiles along the dashed lines as shown in (b). f Vortex profile

(symbols) along the dotted line in (c). The solid lines in panels d–f represent fitting of the data with

the monopole model. The insets in d–f schematically show the pinned vortices at position II, with

respect to the pinning landscape

SHPM from Nanomagnetics Instruments with a temperature stability better than 1

mK and magnetic-field resolution of 0.1 Oe. All the images are recorded in the lift-

off mode by moving the Hall cross above the sample surface at a fixed height of

∼0.7µm. In all the measurements, the magnetic field is applied perpendicular to the

sample surface.

1.2.1 Distribution of Pinning Centers

Figure 1.1 displays the vortex distributions at T = 4.2 K after field cooling (FC). It is

well known that, in the presence of pinning, vortices will nucleate first at the pinning

centers as shown in Fig. 1.1a. Two vortices, sitting at positions I and II, are observed

in the scanned area. The field profiles for both vortices are displayed in Fig. 1.1d. It is

shown that the field strength at the center of the vortex located at position I is higher
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than that of vortex sitting at position II. To get quantitative information of confined

magnetic flux and penetration depth, the monopole is used [25] with the following

expression for the vortex-induced magnetic field:

Bz(r, z0) =
𝛷

2𝜋
z0 + 𝜆

[
r2 +

(
z0 + 𝜆

)2]3∕2 (1.1)

where 𝛷 is the total flux carried by a vortex, 𝜆 is the penetration depth, and z0 is the

distance between effective two-dimensional electron gas (2DEG) of the Hall cross

and the sample surface. The distance z0 is constant in the used lift-off scanning mode.

The fitting results are shown by solid lines in Fig. 1.1d, yielding 𝛷
I

= 𝛷
II

= 1.1𝛷0,

𝜆
I
+ z0 = 0.84µm and 𝜆

II
+ z0 = 0.88µm. Since 𝜆 is related to the superfluid den-

sity, 𝜌s ∝ 𝜆
−2

[26], the larger value of 𝜆
II
+ z0, as compared to 𝜆

I
+ z0, suggests a

stronger suppression of superconducting condensate at the pinning site where vor-

tex II is located.

The weakened superconductivity at the vortex-II position is further confirmed by

the data of FC at a higher field as demonstrated in Fig. 1.1b. At position I, the field

pattern in Fig. 1.1b apparently corresponds to a giant vortex with vorticity L = 2.

On the other hand, around position II, two adjacent vortices are observed. The field

profiles along the dashed lines in Fig. 1.1b are displayed in Fig. 1.1e. Both of them

can be well fitted by two 𝛷0-vortices located the distance of 3.7µm (profile (1))

and 1.27µm (profile (2)) from each other. The fitting results are shown by the solid

lines. We also notice that in Fig. 1.1b, the distance between the two vortices located

at position II is much smaller than that between interstitial vortices (indicated by

the circles in Fig. 1.1b). All these observations suggest that there exist two adjacent

pinning sites at the positions II. The pinning potentials of these sites force the two

vortices to overcome the vortex–vortex repulsive interaction and stay close to each

other. At even higher fields (Fig. 1.1c), one of the two adjacent pinning sites attracts

two flux quanta as demonstrated by the field profiles in Fig. 1.1f. This may indicate

that its pinning strength is stronger as compared to the bottom located pinning site.

1.2.1.1 Vortex Deformation with Temperature

Based on the above estimate of the relative pinning strength, now we focus on the

effect of adjacent pinning potentials on a single vortex. To do this, we perform FC

at 0.6 Oe to trap one 𝛷0-vortex (vortex located at position II in Fig. 1.2a). When

warming up the sample, both 𝜉(T) and 𝜆(T) increase as compared to the temperature-

independent distance between the two adjacent pinning sites. In other words, a vortex

pinned to one of these sites effectively “approaches” the neighboring site. Each step

of this process is imaged directly by SHPM as displayed in Fig. 1.2a–f. For com-

parison, the field of the vortex located at position I, trapped by an isolated pinning

center, is also recorded and analyzed.

At low temperature, both vortices exhibit a circular shape, suggesting the super-

currents are localized about the vortex core. With increasing temperature, the vor-
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 1.2 (Color online) Vortex deformation observed at the pinning centers. a–f Scanning Hall

probe microscopy images measured after first performing field cooling down to 4.2 K (a) and then

increasing temperature to 5.5 K b, 6.5 K c, 6.9 K (d), 7.1 K e and 7.15 K (f). The circles in f indicate

the locations where the two 𝛷0-vortices are pinned in the FC image of Fig. 1.1b. g Field profiles

of vortexI at different temperatures along the dashed lines indicated in (a). h 𝜆 + z0 as a function

of reduced temperature for vortex I (squares) and II (circles). The dashed line is a linear fit to the

data. (I) Normalized field profiles for vortex II at 4.2 K (open circles) and 7.15 K (filled circles).
For comparison, the field profile of vortex-I at 7.15 K (squares) is also shown

tex at position I preserves its circular shape up to 7.15 K, while the field strength

decreases due to the magnetic profile broadening (Fig. 1.2g), correlated with an

increase in the penetration depth. By fitting the profiles with the monopole of (1.1),

the value of 𝜆(T) + z0 is extracted for different temperatures. According to the two-

fluid model [27], in a superconductor with an isotropic energy gap, the temperature

dependence of the penetration depth follows the expression 𝜆(T) = 𝜆(0)∕
√
1 − t4,

where 𝜆(0) is the zero temperature penetration depth and the reduced temperature

is t = T∕T
c
. As shown by the circles in Fig. 1.2h, for vortex at position I the linear

dependence of 𝜆 on (1 − t4)−1∕2 is obeyed, yielding 𝜆(0) ≈ 244 nm from the slope.

However, the corresponding plot for the vortex located at position II (squares in

Fig. 1.2h) fails to follow a linear dependence. This is mainly due to a vortex defor-
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mation so that the monopole model cannot adequately describe the field distribution.

As demonstrated in Figs. 1.2a–f, for vortex at position II, the broadening of the field

profile with increasing temperature is asymmetric. As shown in Fig. 1.2i, the vortex

field profile becomes elongated in the direction of the line connecting the two adja-

cent pinning centers (indicated by the open circles in Fig. 1.2f). The fact that this

deformation only happens at high temperatures is in agreement with the prediction

of [24]: There exists a temperature-dependent critical distance d
c

between a vortex

and a pinning center for the “string effect” to happen.

1.2.1.2 Simulation Results

To further analyze the observed phenomena, we performed simulations using the

time-dependent Ginzburg-Landau (TDGL) equations (see, e.g., [26]). In our model,

pinning centers in a superconducting film correspond to reduced local values of the

mean free path l. In the case of inhomogeneous mean free path, the TDGL equation

for the order parameter 𝜓 can be written as follows:

(
𝜕

𝜕𝜏
+ i𝜑

)
𝜓 = l

lm
(∇ − i𝐀)2 𝜓

+2 (1 − t)
(
1 −

lm
l
|𝜓|2

)
𝜓, (1.2)

where 𝜑 and 𝐀 are the scalar and vector potentials, respectively, and l
m

is the mean

free path value outside the pinning centers. The relevant quantities are made dimen-

sionless by expressing lengths in units of

√
2𝜉(0), time in units of 𝜋ℏ∕(4k

B
T

c
) ≈

11.6𝜏GL(0), magnetic field in units of 𝛷0∕(4𝜋𝜉2(0)) = H
c2
(0)∕2, scalar potential in

units of 2k
B
T

c
∕(𝜋e), and 𝜓 in units of |𝜓∞|, the order parameter magnitude far away

from pinning centers at H = 0 . Here, 𝜇0 is the vacuum permeability, 𝜏GL is the

Ginzburg-Landau time, and 𝜉(0) is the coherence length outside the pinning centers

at zero temperature.

The vector potential 𝐀, for which we choose the gauge ∇ ⋅ 𝐀 = 0, can be repre-

sented as 𝐀 = 𝐀e + 𝐀s. Here, 𝐀e denotes the vector potential corresponding to the

externally applied magnetic field 𝐇, while 𝐀s describes the magnetic fields induced

by the currents 𝐣, which flow in the superconductor:

𝐀s(𝐫) =
1

2𝜋𝜅2 ∫
d3r′

𝐣(𝐫′)
|𝐫 − 𝐫′| , (1.3)

where 𝜅 = 𝜆∕𝜉 is the Ginzburg-Landau parameter and the current density is

expressed in units of 𝛷0∕[2
√
2𝜋𝜇0𝜆(0)2𝜉(0)] = 3

√
3∕(2

√
2)j

c
(0) with j

c
, the crit-

ical (depairing) current density of a thin wire or film [26]. Integration in (1.3) is

performed over the volume of the superconductor.
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(a)

(c)

(d) (e) (f)

(b)

Fig. 1.3 (Color online) Simulation results. a Variations of the normalized mean free path in a

28 × 28µm2
superconductor containing seven symmetric pairs of pinning centers with different

sizes and strength. b Line profile of one pinning pair showing the variation of the normalized mean

free path. c 3D view of magnetic-field patterns, corresponding to different values of progressively

increasing temperature after field cooling to T = 0 at H = 0.00375Hc2. Seven pinned 𝛷0 vortices

and one interstitial vortex i are observed. The lower panels display an enlarged “top view” of the

area indicated by the rectangles in each image. The dashed circles schematically show the pinning

centers. The vortex field profiles along the direction of solid lines in c at T = 0 and 0.95T
c

are given

in (d) and (e), respectively. The inset in panel d provides a close view of the field profile for vortex

II in the region between the two pinning centers. f Current density vector distribution for a vortex

sitting on one pinning center of a pinning pair is indicated by the circles. The red dashed lines and

the arrows show schematically the flow of vortex current around the pinning pair
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In general, the total current density contains both the superconducting and normal

components: 𝐣 = 𝐣s + 𝐣n with

𝐣s = (1 − t)
[
Im (𝜓∗∇𝜓) − 𝐀|𝜓|2] , (1.4)

𝐣n = −𝜎

2

(
∇𝜑 + 𝜕𝐀

𝜕t

)
, (1.5)

where 𝜎 is the normal-state conductivity, which is taken as 𝜎 = 1∕12 in our units [28].

The distribution of the scalar potential 𝜑 is determined from the condition

∇ ⋅ 𝐣 = 0, (1.6)

which reflects the continuity of currents in the superconductor. Both j
n

and 𝜑 vanish

when approaching (meta)stable states, which are of our main interest here.

We assume that the thickness of the superconductor film is sufficiently small, so

that variations of the order parameter magnitude across the sample as well as currents

in the this direction are negligible and (1.2) becomes effectively two-dimensional.

This equation, together with (1.3) and (1.6), is solved self-consistently following the

numerical approach described in [29]. Below, we consider a superconducting square

with thickness of 200 nm, lateral sizes X × Y = 20µm × 20µm, 𝜉(0) = 210 nm, and

𝜆(0) = 160 nm. As shown in Fig. 1.3A, the pinning sites are introduced as circular

areas, where the mean free path l is smaller than its value l
m

outside pinning cen-

ters. These pinning sites are arranged to form seven symmetric “pinning pairs” with

different size/depth of pinning centers and distances between them.

The calculated vortex shape evolution with increasing temperature is displayed in

Fig. 1.3c. After field cooling down to T = 0, a 𝛷0 vortex is trapped by one of the pin-

ning centers of each pinning pair. Remarkably, the distribution of the magnetic field,

induced by such a pinned vortex, exhibits a tail toward the neighboring pinning cen-

ter. In contrast, the interstitial vortex, marked as I, remains circularly symmetric up to

T
c
. The field distribution in the vicinity of pinned vortex-II at different temperatures

is plotted as a color map below each image. The dashed circles indicate the posi-

tions of the two pinning centers, which form the pinning pair. At T = 0, while most

of the flux is accumulated around one pinning center (black circle), a “magnetic-

field dipole” appears at the position of the other pinning center (white circle). This

can also be seen from the magnetic profiles (Fig. 1.3d), which are taken along the

solid lines drawn in Fig. 1.3c (for comparison, the vortex profile for vortex-I is also

shown). From the inset to Fig. 1.3d, a field dip between the two pinning centers is

clearly seen.

The aforementioned magnetic-field dipole is reminiscent of what we have reported

for the Meissner state of a superconductor [30]. When the Meissner currents flows

through an area containing a pinning center, they generate in its vicinity two opposite

sense current half-loops. The magnetic-field pattern, induced by this current config-

uration, has a dipole-like form (see Fig. 1.4a), which can be considered as a bound
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Fig. 1.4 (Color online) a Vortex dipoles observed in the Meissner state of a superconducting Pb

film with naturally formed pinning centers. The bright red (dark blue) color indicates high (low)

magnetic field. b Variations of the mean free path l assumed for simulation in a superconductor with

one pinning center of elongated shape. (c) Simulated magnetic-field distributions for the pinning

configuration in B, taken with the time step 𝛥tau = 5. Single quantum vortices and antivortices are

generated from the pinning center at large enough external current (je = 0.55jc(T)), applied in the

x direction. The simulations are performed for the penetration depth 𝜆 = 𝜉 and the thickness d = 𝜉,

where 𝜉 is the coherence length. No external magnetic field is applied
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vortex–antivortex pair. Such a bound vortex dipole is qualitatively different from the

vortex–antivortex pairs usually observed in the mixed state of a type-II supercon-

ductor. Thus, the magnetic flux corresponding to either pole of a vortex dipole is

not quantized: It is proportional to the local density of the Meissner currents and

hence to the strength of the applied magnetic field. At the same time, our theoret-

ical calculations show that, depending on the size and shape of a pinning center,

bound vortex dipoles may evolve into spatially separated vortices and antivortices,

if the current density flowing nearby the pinning site is sufficiently high (see Fig. 1.4b

and c). In that sense, bound vortex dipoles may be considered as precursors of fully

developed vortex–antivortex pairs, in which a vortex (antivortex) carries just one flux

quantum. From the point of view of possible applications, measurements of bound

vortex dipoles can provide a convenient way to detect hidden submicron defects in

superconducting materials in a noninvasive way, which is rather difficult by using a

conventional X-ray method.

While in [30] the magnetic-field dipoles are generated by the Meissner current

flowing around regions with weakened superconductivity, here the vortex current

plays the same role. The origin of the described magnetic-field patterns can be easily

understood from Fig. 1.3f, which shows the current density vector distribution for a

vortex trapped by one of the sites of the pinning pair. The vortex current extends to

engulf both pinning centers of the pair as indicated by the arrows, while between the

two pinning centers the current density is reduced. Such a current distribution leads

to the formation of a dipole-like pattern of the magnetic field at the location of the

unoccupied pinning site.

When increasing temperatures, the circulating currents of the vortex spread over

a larger area due to an increase of 𝜆. As a result, the supercurrent flowing around the

unoccupied pinning center becomes stronger and the “magnetic-field dipole” signal

is enhanced. However, due to the limited resolution of our experimental technique,

a negative field signal between the two pinning centers is rather difficult to detect.

At even higher temperatures (T ≥ 0.95T
c
), when the vortex core size, which is ∼𝜉,

becomes comparable to or larger than the size of the pinning pair as a whole, the

thermodynamically stable state corresponds to a vortex centered between the pinning

sites (see Fig. 1.3e): Just this position of the vortex provides the maximum overlap

of the vortex core with the pinning sites. In this case, the pinning pair acts as a single

pinning site with strongly anisotropic shape, which leads to an elongated magnetic-

field pattern for the pinned vortex. Similar pinning geometry conversion has also

been suggested in Refs. [31, 32]. We have also simulated the vortex deformations in

the case of asymmetric pinning pairs, which lead to qualitatively similar results (not

shown here).

The vortex distributions at relatively high magnetic fields are shown in Fig. 1.5.

At those fields, a pinning center can accommodate more than one vortex. This is con-

sistent with what we have observed in Fig. 1.1b. However, instead of giant vortices,

which may be presumed from the experimental data, vortex clusters are formed at

pinning sites considered in our theoretical model. This resembles the effect observed

in superconducting film with blind antidots, where, due to the large size of blind

holes, the trapped n𝛷0 multiquanta vortex at the antidot dissociates into n individual
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(a) (b)

Fig. 1.5 (Color online) Vortex patterns at relatively high magnetic fields. a Vortex patterns, cor-

responding to FC, for the pinning landscapes of Fig. 1.3a at H = 0.025H
c

a and 0.035H
c2

(b)

𝛷0 vortices in the bottom superconducting layer [33]. In this connection, it seems

worth mentioning that at present, the resolution of our experimental technique may

be not sufficient to confidently distinguish between giant vortices and compact vortex

clusters.

To summarize, we have performed both experimental and theoretical studies of

vortex states in the vicinity of a pinning center. Our experimental work provides

clear evidence of vortex deformation by a nearby pinning center, where the vortex

supercurrents and the induced magnetic-field profile expand and engulf the pinning

site. The results of our TDGL theoretical modeling, which are fully consistent with

the experimental observations, reveal an additional fine structure (“magnetic-field

dipoles”) in the magnetic field patterns, induced by those deformed vortices. By sim-

ply varying the temperature, the vortex geometry can be well controlled. A detailed

understanding of vortex deformation by adjacent pinning centers paves the way to

manipulate the vortex current distributions at a microscopic level. This provides new

possibilities to control single flux quanta in superconducting devices.
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Chapter 2
Pinning-Engineered YBa2Cu3Ox
Thin Films

Paolo Mele, Adrian Crisan and Malik I. Adam

2.1 Introduction

In order to be used for practical applications such as lossless current transportation,
winding of magnets, etc., superconducting materials should possess not only high
enough critical temperature Tc, but also critical current density Jc, and upper critical
field Bc2 as large as possible to cover a wide range of the currently available and
future technologies of superconductivity.

Introduction of nanosized artificial pinning centers (APCs) was widely used to
strongly enhance Jc of high-temperature superconductor (HTSC) like YBa2Cu3Ox

(YBCO, Tc = 92 K) in magnetic field. Figure 2.1 shows the performance of
state-of-the-art YBCO thin films with APCs in comparison with other supercon-
ducting materials [1]. It is worth noting the outstanding performance of
APCs-added YBCO films at 77 K, surpassing the conventional superconducting
metallic cables (NbTi, Nb3Sn) at 4.2 K. The incorporation of one-dimensional
defects such as nanorods in YBCO films prepared by pulsed laser deposition
(PLD) could be exemplified as to how effective the APC technology evolves. After
the pioneering work of J. McManus-Driscoll and coworkers on YBCO+BZO
nanorods [2], in 2008 YBCO films added with 4 wt% BSO have been reported to
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