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 A B S T R A C T

This review paper delves into the concept of critical current density (𝐽c) in high-temperature 
superconductors (HTS) across macroscopic, mesoscopic, and microscopic perspectives. Through 
this exploration, a comprehensive range of connections is unveiled aiming to foster advance-
ments in the physics, materials science, and the engineering of applied superconductors. 
Beginning with the macroscopic interpretation of 𝐽c as a central material law, the review traces 
its development from C.P. Bean’s foundational work to modern extensions. Mesoscopic chal-
lenges in understanding vortex dynamics and their coherence with thermodynamic anisotropy 
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regimes are addressed, underscoring the importance of understanding the limitations and 
corrections implicit in the macroscopic measurement of 𝐽c, linked with mesoscopic phenomena 
such as irradiation effects, defect manipulation, and vortex interactions. The transition to 
supercritical current densities is also discussed, detailing the superconductor behavior beyond 
critical thresholds with a focus on flux-flow instability regimes relevant to fault current limiters 
and fusion energy magnets. Enhancing 𝐽c through tailored material microstructures, engineered 
pinning centers, grain boundary manipulation, and controlled doping is explored, along with 
radiation techniques and their impact on large-scale energy systems. Emphasizing the critical 
role of 𝐽c, this review focuses on its physical optimization and engineering manipulation, 
highlighting its significance across diverse sectors.
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Nomenclature

Below, we give a list of acronyms and symbols used for the physical quantities and characteristic material parameters. We recall 
that along this review physical units are expressed in the M. K. S. system. We have used upper-case for the electromagnetic 
fields 𝐁(𝐫), 𝐉(𝐫),𝐄(𝐫), that are coarse-grained averages at the macroscopic level.
Acronyms

1D One dimensional system
2D Two dimensional system
2G Second generation
3D Three dimensional system
AC Alternating current
APC Artificial Pinning Center
Ba122 BaFe2As2
Bi2212 Bi2Sr2CaCu2O8+𝑥
Bi2223 Bi2Sr2Ca2Cu3O10+𝑥
BSCCO Bi2Sr2Ca𝑛−1Cu𝑛O2𝑛+4+𝑥
BZO BaZrO3
CC Coated conductor
Co-Ba122 Ba(Fe1−𝑥Co𝑥)2As2
cp Collective pinning
CS Critical State
CSD Chemical solution deposition
DC Direct current
DCS Double Critical State
DFT Density Functional Theory
DT Deuterium–Tritium
DyBCO DyBa2Cu3O𝑦
FFI Flux flow instability
FLL Flux line lattice
GB Grain boundary
GdBCO GdBa2Cu3O𝑦
GGA Generalized gradient approximation
GL Ginzburg–Landau
HBCO HgBa2CuO4+𝛿
Hg1212 HgBa2CaCu2O6+𝛿
HTS High temperature superconductor
3 
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IBAD Ion beam-assisted deposition
IBS Iron (Fe)-based superconductors
ISD Inclined substrate deposition
K-Ba122 Ba1−𝑥K𝑥Fe2As2
LAADF Low-angle annular dark-field scanning electron microscopy
LH2 Liquid Hydrogen
LHe Liquid Helium
LN2 Liquid Nitrogen
LO Larkin and Ovchinnikov
LSCO La2−𝑥Sr𝑥CuO4
LTS Low temperature superconductor
MD Molecular dynamics
MOCVD Metal–Organic chemical vapor deposition
MOD Metal–Organic Decomposition
MOI Magneto-optical imaging
NPs Embedded nanoparticles
P-Ba122 BaFe2(As1−𝑥P𝑥)2
PLD Pulsed laser deposition
QCP Quantum critical point
RABiTS Rolling assisted biaxially textured substrate
REBCO (Rare earth)Ba2Cu3O7−𝑥
SCAN Strongly-Constrained and Appropriately-Normed
SCDFT Superconducting density functional theory
SFs Stacking Faults
SMP Second magnetization peak
sp strong pins
SPS Spark plasma sintering
STM Scanning tunneling microscopy
TBCCO Tl2Ba2Ca𝑛−1Cu𝑛O2𝑛+4+𝑥
TDGL Time dependent Ginzburg–Landau
TEM Transmission electron microscopy
Tl1212 TlBa2CaCu2O7−𝛿
Tl1223 TlBa2Ca2Cu3O9
Tl2212 Tl2Ba2CaCu2O8
Tl2223 Tl2Ba2Ca2Cu3O10
VP Vodolazov and Peeters
wcp Weak collective pinning
YBCO YBa2Cu𝑥O7−𝑥

Vectorial (bold) and other physical quantities
 Ginzburg–Landau’s free energy
𝐀 Magnetic vector potential
𝐁 Magnetic field (macroscopic)
𝐛 Magnetic field (mesoscopic)
𝐄 Electric field
𝐅 Mechanical force (macroscopic)
𝐟 Mechanical force (mesoscopic)
𝐟p Individual pinning force per unit volume
𝐅P Macroscopic average of the individual vortex pinning force density
𝐇a Applied magnetic field strength
𝐉 Current density (macroscopic)
𝐉∥ Component of J parallel to B
4 



H.S. Ruiz et al. Progress in Materials Science 155 (2026) 101492 
𝐉⟂ Component of J perpendicular to B
𝐊 Surface current density/Sheet current
𝑎0 Intervortex separation
𝐸0 Threshold electric field
𝐺𝑖 Ginzburg(–Levanyuk) number
𝐻c1 Lower critical field
𝐻c2 Upper critical field
𝐻c Thermodynamic critical field
𝐻sp Second magnetization peak field
ℎ Reduced magnetic field 𝐻∕𝐻irr
ℎ0 Reduced magnetic field of maximum pinning force density
𝐼 Current
𝐼c Critical current
𝐽c Critical current density
𝐽 sf
c 𝐽c measured at self-field conditions
𝐽dp Ginzburg–Landau depairing critical current density
𝑘B Boltzmann constant
𝑚ab Charge carriers’ mass in the 𝑎𝑏-plane
𝑚c Charge carriers’ mass on the 𝑐-axis
𝑛 Power law index in empirical 𝐸 − 𝐽 relationships
𝑉 Voltage
𝑉sc Volume of the superconductor
𝐉c Critical current density (macroscopic)
𝐊c Critical surface/sheet current density
𝐻p Full penetration field (critical state)
𝑀V Volume magnetization
𝑇c Critical Temperature
𝑡 Time
𝑡c Reduced or normalized temperature 𝑇 ∕𝑇c
(𝒊̂, 𝒋̂, 𝒌̂) Unit vectors for the Cartesian coordinates (𝑥, 𝑦, 𝑧), respectively.
e Electron’s charge
h Planck constant
m Sample’s magnetic moment
 Dissipation function (power per unit volume)
Q Heat generated per unit volume
T Temperature

Greek Symbols
𝛾 Anisotropy constant (unless otherwise stated)
𝛾−2 Electronic mass anisotropy ratio, 𝑚ab∕𝑚c
Γ Current density’s vector potential
𝛤c Critical boundary of 𝛥c
𝛥 Superconducting energy gap
𝛥c Yield region for the current density
𝜖0 Vacuum’s electrical permittivity
𝜖 Anisotropy ratio, 𝜖 = 𝛾−1

𝜀F Fermi energy
𝜀0 Vortex line energy
𝜂 Vortex viscosity or vortex drag coefficient
𝛩 Heaviside step function
𝜃 Angle between magnetic field and crystallographic 𝑐-axis
𝜅 Ginzburg–Landau’s parameter
5 
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𝜆 London’s penetration depth
𝜇0 Vacuum’s magnetic permeability
𝜇′𝑛 AC permeability (in-phase)
𝜇′′𝑛 AC permeability (out-of-phase)
𝜈 Frequency
𝜉 Coherence length
𝜉c Coherence length along the 𝑐-axis
𝜉ab Coherence length in the 𝑎𝑏-planes
𝜌 Resistivity
𝜌s Superfluid density
𝝉 Torque
𝛷0 Flux quantum
𝜒 Magnetic anisotropy bandwidth
𝛹 Superconducting order parameter

1. Introduction

Governments around the world have shown varying levels of interest and support for superconductivity due to its potential 
technological, scientific, and economic benefits [1,2] and continue to consider this as a strategically important area of research 
and development. Advancements in superconducting technologies can enhance a country’s competitiveness in various industries 
and contribute to technological leadership [3–9]. Although the industrialization processes that lead to the mass production of 
superconducting materials have currently reached a highly promising level [1], there is still sizeable room for optimization. 
Advancements are commonly linked with their progress in two separate physical parameters: the critical current density of the 
superconductor, 𝐽c, and its critical temperature, 𝑇c, both demarking the transitioning between the nearly zero electrical resistivity 
seen in superconductors and their dissipative behavior. One challenge lies in the fact that, to present, the most promising materials 
for large-scale applications categorized as High-Temperature Superconductors (HTS) still necessitate cryogenic environments due to 
their relatively low critical temperature (𝑇c) of typically less than 100 K.

We adopt here the notion of HTS as any type-II superconducting compound with a critical temperature well over 20 K. In fact, the 
concept starts from the ground-breaking discovery of superconductivity in copper oxides [10], which marked a turning point after 
decades of slow progress with the record value of 𝑇c = 23 K for the low-temperature superconductors (LTS) [11]. Thus, the HTS era
considers the rise of multiple families of cuprates with rapid increase in the 𝑇c values (in particular for the celebrated REBCO [12] and
BSCCO families [13], with 𝑇c above 80 K), as well as other materials among which MgB2 (𝑇c ≃ 39 K) [14] and Fe-based compounds 
(with 𝑇c above or quite above 20 K) [15] appear as promising options regarding applications. Altogether, they constitute the object 
of study of this work, i.e. the development of advanced superconductors. As will be detailed later, this temperature threshold, 
which well begins with the boiling temperature of liquid hydrogen, LH2, at atmospheric pressure (20.28 K) is indeed surpassed to 
several degrees by such superconducting materials. As a matter of fact, this limitation of cryogenic temperatures hardly impedes 
their applicability in real-world systems [1–8,16–21]. Today’s cryogenic industry is sufficiently mature to support superconductivity 
applications at temperatures as low as the liquefaction temperature of nitrogen (< 77.35 K), hydrogen (< 20.15 K), or even helium 
(< 4.15 K), as strictly required for some applications with LTS, with compact designs that, although specialized and application-
tailored, are also efficient and cost-effective [22–25]. Nonetheless, irrespective of the cryogenic hurdles, and even in the event of 
discovering a ‘room-temperature’ superconductor, the trajectory of their real-world application and market integration is likely to 
be predominantly shaped by the advancement of a single key parameter, i.e., its 𝐽c. This is because this crucial parameter delineates 
the threshold for a superconductor’s current-carrying capacity and, consequently, its potential to carry high currents [1,6,7] and
associated to this, to generate or sustain powerful magnetic fields [26–28] unparalleled by any other material.

Remarkably, the concept of critical current density is ubiquitous in research areas spanning from fundamental microscopic 
condensed matter studies to applied electrical engineering, with material science and chemistry in between. In fact, if one scrutinizes 
the physical mechanisms that eventually lead to acceptable engineering parameters, one necessarily ends up with the mesoscopic 
vortex physics and eventually with the microscopic superconducting coupling mechanisms [29–31]. This complexity manifests 
itself specially in HTS materials, for which reason three decades of intensive research have led to much progress but still leave a
somehow blurry scenario. In this sense, advances in fundamental investigations (e.g. large-scale numerical simulations of the vortex 
physics [32]) that allow designing material structures ‘‘à la carte’’, the application of new strategies in the material processing based
on the advance of nanotechnologies [33], and ever more sophisticated simulation and design methods in engineering [34,35], all
related to the 𝐽c problem, are coming to light.

In this work we aim to offer an exhaustive up-to-date review and analysis of the principal theoretical and experimental 
determinants that might contribute to a more precise delineation and current understanding of 𝐽c, encompassing synergistic 
insights by experts from the macroscopic to the microscopic world in advanced superconductors with practical applications at high 
temperatures, such as cuprates [10,36,37], Fe-based superconductors [38–40], and MgB  [14,41,42]. Our exposition will adopt a
2  
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top-down strategy, starting by a review of the phenomenological macroscopic models that encompass the concept of critical current 
density, offering an intuitive and practical knowledge though still not detailed about the background atomic-level interactions. 
Progressively, this will guide our tour through the mesoscopic and eventually microscopic levels needed for mastering advanced
superconductors.

As will be shown, at the macroscopic level, physical modeling of superconducting materials may be done on the basis 
of mathematical statements for quantities that do not need to be resolved below the length of millimeters (or more). Thus, 
electromagnetic fields are evaluated in terms of the Maxwell equations and material laws that are well-defined as averages in 
volume elements of such dimensions. Certainly, meaningful material laws and their connection to some specific superconducting 
sample may only be understood correctly if one considers the physics at the nanometer scale because this is the range that dominates 
the interactions of vortices [29,30], which are the basic element in practical superconductors at high magnetic fields. In fact, within 
the macroscopic domain, two length scales are typically ignored: firstly, the microscopic distance characterizing the formation 
of superconductivity at the microscale, and secondly, the average size and spacing between flux quanta at the mesoscale, whose 
interconnections and existing interpretations will be revised across the following chapters, forming thence a broader and sounder 
definition of the a priori phenomenological parameter 𝐽c for advanced superconductors.

Thus, in Section 2 our analysis commences with an emphasis on averaged properties, specifically directing attention toward 
the gradient of magnetic flux within the pinning landscape (Section 2.1), giving onset to the quasi-steady form of the Maxwell
equations, which will allow understanding the penetration and expulsion of magnetic flux in type-II superconductors without major 
mathematical complications (Section 2.2). Thence, the main physical quantities that in the macroscopic scale are customarily used 
for the characterization of applied superconductors, such as their magnetization and energy losses, will be analyzed within this 
context (Section 2.2.1). This will be presented by adopting a mean-field description of the fundamental phenomena related to the 
interactions of the flux line lattice (Section 2.2.2), with a contribution related to the displacement of vortices out of equilibrium 
in the underlying crystal structure. Subsequently, we will establish the mathematical framework governing the evolution of the 
macroscopic group of vortices using an isothermal approach (Section 2.2.3). As a natural consequence, this will lead us towards 
the related material laws in applied superconductivity with a 𝐽c definition meaningful at a phenomenological level (Section 2.2.4),
providing a powerful tool at the engineering design level as well as a solid physical framework.

Then, from the practical point of view (Section 3), and assuming a low level of dissipation, we discuss some of the criteria 
that allow for a straightforward comparison between different samples and characterization techniques with the established 
definition of 𝐽c and its related 𝐄 − 𝐉 law of the macroscopic world. In this sense, we show here how the determination or 
definition of 𝐽c by experimental methods is not univocal (Section 3.1); rather, it intricately hinges on a predefined set of 
experimental conditions and ad-hoc criteria commonly defined for electrical transport measurements (Section 3.1.1), magnetic 
inductive measurements (Section 3.1.2), or data derived from magneto-optical imaging (Section 3.1.3). This allows understanding 
better the scope and implications of the different constituent macroscopic models of 𝐽c, such as the simplified Critical State or 
Bean’s model (Section 3.2.1), the more general and physically sound Double Critical State models (Section 3.2.2), and possibly the 
most practical use of the 𝐄 − 𝐉 power law models for engineering purposes (Section 3.2.3), including also the dependence of 𝐽c
and the flux pinning regime with temperature, magnetic field, and the orientation of this field with regard to the symmetry axes 
of the superconducting crystal (Section 3.3). In this sense, different models of the 𝐽c(𝑇 , 𝐵, 𝜃) function are revised (Section 3.3.1),
including the intriguing occurrence of the so-called second magnetization phenomena (Section 3.3.2) that is thought to give hints 
on the underlying physics of the flux-line lattice and its interaction with the pinning landscape. Therefore we will be establishing 
connections between the phenomenological models above described with the more sophisticated quasi-mesoscopic (Section 3.3.3),
statistical (Section 3.3.4), and semi-empirical models (Section 3.3.5) capable to estimate the Ginzburg–Landau depairing critical 
current density for the whole range of temperatures applicable to advanced type-II superconductors, as a mesoscopic measure of 𝐽c.

Thus, upon attaining a mesoscopic comprehension of the macroscopic current density within a superconductor, where this density 
is envisaged as a distribution of finite currents capable of generating self and mutual magnetic induction, the consequential outcome 
involves the emergence of substantial Lorentz-type forces among associated vortices. This, in turn, can propel the vortices to elevated 
velocities, opening the door to a diverse spectrum of non-equilibrium phenomena, collectively referred to as flux-flow instability 
regimes, broadly discussed in Section 4. This includes investigations of superconducting fluctuations at high current density and
strong electric fields (Section 4.1), as well as non-equilibrium effects at large transport currents and magnetic fields near or below 𝑇c
(Section 4.2), where a connection with the microscopic world is given through the localization and velocities of the superconducting 
quasiparticles near or within the vortex core. This means in the region where the time derivative of the superconducting order 
parameter 𝜕|𝜓|∕𝜕𝑡 of the moving vortex is finite, which can vary depending on the vortex–defect interactions occurring in practical 
superconductors.

Therefore, in order to understand the possible causes for the enhancement (or diminishing) of 𝐽c, in Section 5 we engage in 
an in-depth dialogue that delves into the intricate interplay between the quantum pinning and creep mechanisms (Section 5.1),
establishing how the collective pinning theory, strong pinning theory, and the thermally-activated hopping of vortices, all can 
significantly impact our comprehension of the 𝐽c concept. Additionally, we investigate the pronounced effects stemming from
correlated disorder in contrast to random disorder, offering a comprehensive microscopic understanding of the complex vortex–
defect and vortex–vortex interactions that underlie the 𝐽c behavior of advanced superconductors. Then, as aiming for quantitative 
accuracy in the presence of mixed pinning landscapes usually requires resorting to numerical methods, in Section 5.2 we present 
state-of-the-art methods on the simulation of vortex–defect interactions, starting from First-principles computations including the 
microscopical spectrum provided by DFT models and the Bogoliubov–de Gennes equations (Section 5.2.1), for then reconnecting 
with the more mesoscopic approaches via time-dependent Ginzburg–Landau (TDGL) simulations (Section 5.2.2), and molecular 
dynamics (MD) simulations (Section 5.2.3).
7 
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Table 1
Range of application of the quasi-steady macroscopic modeling of 𝐽c.
 Property Typical Range  
 Temperature 𝑇 < 0.8 𝑇c  
 Applied magnetic field 𝐻c1 ≪ 𝐻 ≪ 𝐻c2  
 Sample dimensions 𝐿 > μm (𝜆), (𝜉 is implicit) 
 Frequency 𝜈 < 1 kHz  

Clearly, HTS materials, which enable energy-efficient and high-power-density electricity delivery, are challenging to produce, 
particularly due to their brittle nature and complex structural characteristics. Hence, either guided by mesoscopic or microscopic 
theoretical models, numerical simulations, or experimental approaches, our final chapter is devoted to exploring both the most 
advanced techniques for engineering the flux pinning properties in these materials and the primary methods for fabricating 
superconducting tapes and wires. These techniques are essential for the practical advancement of HTS materials, as they rely on
developing innovative strategies for increasing or maximizing the macroscopic 𝐽c in these structures.

Thus, in Section 6 we begin by outlining the historical and technological milestones achieved in the development of HTS wires 
and tapes, providing a chronological journey through the evolution of different HTS materials such as Bi-based superconductors 
(BSCCO), which were among the first HTS materials to be commercially available (Section 6.1.1), toward the REBCO families, which 
represent a significant leap in high-field applications of HTS (Section 6.1.2), and the relatively newer but promising MgB2 and Fe-
based superconductors (Section 6.1.3). We will cover the fabrication methods, key achievements, and challenges faced in producing 
these HTS compounds, and how these materials have set the foundation for subsequent advancements in HTS technology. Thence, in 
Section 6.2 we explore advanced strategies that have emerged to optimize 𝐽c in HTS materials, addressing inherent challenges such 
as controlling defect structures, improving grain connectivity, and enhancing flux pinning. Simultaneously, we analyze how these 
strategies are applied across the different HTS materials and their impact on improving performance. This pursuit entails exploring 
techniques where the charge carrier doping plays a crucial role in tuning the superconducting properties of HTS materials. Therefore, 
in Section 6.3 we focus on how precise control of doping levels can alter the carrier concentration, modify the superconducting gap,
and ultimately enhance the 𝐽c values, highlighting the effects of hole and electron doping, and how these modifications lead to 
improved pinning landscapes and superfluid densities.

Finally, we explore the various engineering techniques developed to minimize the detrimental effects of grain boundaries, 
due to the coherence lengths being of the order of a few nanometers in these HTS materials (Section 6.4). Approaches such as 
introducing buffer layers, using textured substrates, and employing chemical modifications are discussed, with an emphasis on how 
they facilitate the growth of well-aligned grains and improve 𝐽c. Likewise, we present a detailed analysis of the introduction of 
artificial pinning centers through material doping (Section 6.5),  as a powerful method for enhancing 𝐽c in HTS materials. Similarly,
as the manipulation of defects by using irradiation techniques (Section 6.6) can play a vital role in determining the 𝐽c properties, 
especially in superconductors used in high-radiation environments like fusion reactors, the final pages of this review will be devoted 
to explore the types of defect structures induced by radiation and their influence on the vortex pinning landscape (Section 6.6.1); and
to how different types of radiation like photons, electrons, and neutrons (Section 6.6.2) or protons and heavier ions (Section 6.6.3)
produce varying defect morphologies. The latter will be revised in great detail due to their uttermost importance in the energy 
sector, because, on the one hand, the pinning properties of advanced superconductors can often be improved by suitably choosing 
the type and energy of the striking particles while controlling the density of defects by tuning the irradiation fluence; and on the 
other hand, because the radiation hardness of 𝐽c in HTS materials (Section 6.6.4) is critical for the successful development of the 
fusion energy sector.

We conclude this review paper by providing a summarized account of our findings and likewise, offering insights into possible 
future enhancements of the critical current density in practical superconductors across Section 7.

2. Understanding 𝑱𝐜 from the macroscopic world

Generally speaking, the macroscopic critical current problem in type-II superconductors consists of determining the coarse grained 
electromagnetic quantities 𝐄, 𝐁, 𝐉 for a given configuration of superconductors and electromagnetic excitation. In practice, one 
must solve the problem defined by exposing the superconductors either to an external magnetic field created by, e.g., a solenoid, 
a permanent magnet, or other superconductors, or by injecting a transport current to them through some external power source. 
Stand to reason averaging means in particular that, in terms of the microscopic to mesoscopic field 𝐛, one has 𝐁(𝐫) ≡ ⟨𝐛⟩ over the 
elements represented by r, withholding volumes that smooth out fluctuations related to microscopic or mesoscopic interactions, 
but still allowing for space and time dependence (𝐫, 𝑡) in the macroscopic world. Precisely, two length scales are supposed to be 
negligible in our case: the microscopic distance characterizing the formation of superconductivity (microscale) and the typical size 
and separation between flux quanta (mesoscale).

As remarked by B. D. Josephson [43], in quasi-steady conditions, if one starts with 𝐁 defined in such a manner, the problem 
may be stated consistently in terms of the Maxwell equations for the fields 𝐄 and 𝐉, and this applies to both type-I and type-II 
superconductors (our focus in this review being the latter), i.e., with,

𝛁 × 𝐁 = 𝜇 𝐉 (Ampere’s law) ,
0
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Fig. 1. Initial magnetization profiles for a superconducting slab in the critical state. Left: magnetic field penetration profiles. Right: evolution of the 
uperconducting current density. 𝐻p is the so-called full penetration field.
ource: Adapted with permission from [48]

𝛁 × 𝐄 = − 𝜕𝐁
𝜕𝑡

(Faraday’s law) ,

𝛁 ⋅ 𝐁 = 0 (Solenoidality of 𝐁) . (1)

In particular, this makes sense for samples and experimental resolutions with dimensions well beyond micrometers, as shown in 
Table  1.

As will be further developed, the response of the superconductor to the applied excitation is customarily modeled by adding a
phenomenological material law [30], which typically takes the form, 

𝐄 = 𝐄(𝐉,𝐁) . (2)

In essence, the selection of the material law must be such that the physics of vortices in type-II superconductors is cap-
tured [44–47]. In many cases, such dependence acquires a particularly simple form, allowing us to include the material properties 
by means of a single parameter, the sample’s critical current density 𝐽c. In brief, 𝐽c is defined as the maximum value of 𝐽 allowed 
within the superconducting state, which will suffice for building up macroscopic models and analyzing experiments for simplified 
configurations. In fact, in the following subsections, we will show how a solid theoretical background can support such a concept, 
allowing for its generalization by defining 𝐄 in terms of 𝐽c as follows, 

𝐄 = 𝐄(𝐉∕|𝐽c|) . (3)

As 𝐽c is in general anisotropic and inhomogeneous as well as dependent on temperature, field magnitude, and direction via
dynamic creep effects, it can be expressed as a time-dependent vector 𝐉c(𝐁, 𝑇 , 𝑡) to account for the different components of the 
critical current density either regarding the crystallographic axes of the superconducting compound, or the direction of the applied 
magnetic field (or transport current) from which the time-dependence comes from. Furthermore, the experimental value of 𝐽c may 
depend strongly on its measurement method, as it will be shown in Section 3.

Also, it is worth to recall that in the macroscopic description one implicitly assumes 𝐁 = 𝜇0𝐇, an approximation that is valid
for technological (strong pinning) type-II superconductors, as they are of interest at high fields. This is equivalent to say, that 
in practical superconductors the equilibrium magnetization may be neglected and magnetostatics is well stated in terms of the 
global irreversible current flow, i.e., the current that circulates within the superconductor to create a counteracting magnetic field,
preventing the penetration of the external magnetic field without any resistance or energy loss. Therefore, the detailed structure 
concerning the Meissner currents and the individual vortices can be neglected, and one just focuses on averaged properties as the 
gradient of magnetic flux in the pinning landscape, that enters the theory through the specific 𝐄(𝐉∕𝐽c) material law.

Consequently, we present below a hierarchical overview of the models developed over the years to address the previously 
described phenomenological approach. These empirical models, with background physics influenced by the complex microscopic 
interactions within superconducting materials (discussed in detail in later sections), have undergone extensions and upgrades to 
enhance their predictive power for increasingly sophisticated experimental setups and material optimization protocols. They form the 
foundation for our top-down approach to the critical-current issue in superconducting materials and provide the essential background 
for final engineering modeling.

2.1. The most elementary approach

The Critical State (CS) model, in its most simplified (and celebrated) version, predicts the magnetization process of superconduc-
tors even without explicit mention of the electric field. This model, also known as Bean’s model in recognition to Charles Palmer
Bean [49,50], establishes without mathematical complication a thumb rule, which results sufficient to describe the penetration 
9 
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Fig. 2. Same as Fig.  1 but for the applied magnetic field cycling back.
Source: Adapted with permission from [48]

and expulsion of magnetic flux in type-II superconductors. This will be shown below from simplified symmetries that can be well
understood in one dimensional (1D) approaches, to more complex scenarios that demand a three dimensional (3D) analysis of the 
vortex dynamics.

2.1.1. One-dimensional statement
To start with, in 1D problems, i.e., infinite slabs or cylinders under longitudinal magnetic field, for which the magnetic field has 

a single component, say 𝐁 = 𝐵𝒌̂, it is postulated that, wherever penetrated by flux, the sample holds a steepest metastable gradient
of  𝐵 (basically 𝐽c) supported by material internal forces, that builds up to counterbalance magnetic flux variations. In equivalent 
physical terms, this corresponds to the behavior of a perfect conductor with limited current density. For instance, for an infinite slab
occupying the region −𝓁 < 𝑥 < 𝓁, this is formulated via the critical-state equation for the single component of the current density 
(𝐉 = 𝐽 𝒋̂ in this geometry), through 𝐽 = ±𝐽c or 0.

As said, 𝐽c is a phenomenological parameter related to the equilibrium between magnetic and internal forces in the superconduc-
tor [30]. Then, the field penetration profile can be derived by inserting this ansatz into Ampère’s law, which in the slab geometry 
reads 

𝑑𝐵
𝑑𝑥

= ±𝜇0𝐽c(𝐵) or 0 , (4)

supplemented with the appropriate boundary conditions, i.e., 𝐵(𝑥 = ±𝓁) = 𝜇0𝐻a, where 𝐻a is the applied magnetic field.
As one may see in Fig.  1, for the case of constant 𝐽c, the simplicity of Eq.  (4) allows obtaining the response of the sample 

straightforwardly. Nevertheless, even for this simplified geometry, an additional physical ingredient must be considered if field
reversal is assumed (Fig.  2), where negative increments of magnetic field correspond to counter-circulating currents. One may recall
that, indeed, this rule entails the implicit application of Faraday’s law and the tendency to perfect conductivity. Thus, the reaction 
of the material opposes the external excitation.

A further implicit assumption behind Bean’s model relates to time dependencies and ultimately to the omission of the current–
voltage relation (Eq.  (3)). In fact, as one may deduce from Fig.  3, the implicit instantaneous response hypothesis that one uses on
making the 1D plots of the successive field and current density profiles corresponds to the limiting vertical 𝐸(𝐽 ) relation, where 
diffusion processes related to finite resistivity are neglected as compared to the quasi-instantaneous propagation of supercurrents. 
In other words, the CS model may be understood in terms of some physical interaction characterized by a threshold current density 
𝐽 , separating a dissipationless regime (𝐽 < 𝐽 ) and a high dissipation regime (𝐽 > 𝐽 ). Therefore, the evolution of the fields from 
c c c
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Fig. 3. Model approximation of the process describing flux penetration in a type-II superconductor (1D model). An electric field is induced if magnetic flux
changes, and a transient overcritical current appears.
Source: Adapted with permission from [48]

one equilibrium state to another is induced by the external sources and regulated by such 𝐄(𝐉) relation and Faraday’s law. In brief,
the underlying physical mechanisms are (i) the competition between magnetic and internal pinning forces (as formulated by the 
equilibrium condition [43], 𝐉×𝐁+𝐅P = 0, see below, Eq.  (12)), and (ii) the dissipation law (related to the value of 𝛼 in Fig.  3) that 
characterizes the flux avalanche processes when pinning is overcome.

2.1.2. Two-dimensional approaches
There have been a number of smart approximations upgrading Bean’s model for incorporating the CS concept in practical 

configurations with the least mathematical complication. Such approximations have enabled an accurate prediction of magnetization 
and AC losses in many superconducting systems, simultaneously leading to adequate physical explanations for challenging 
experimental effects such as the flux-shaking in thin films [51,52] or the magnetic moment decay of superconducting arrangements 
in crossed magnetic fields [53,54]. An excellent review of the advances related to the concept of critical state in planar samples 
may be found in Ref. [55].

Of particular relevance is the consideration of thin samples under a perpendicular (or inclined) magnetic field. Seminal 
contributions by Mikheenko [56] and Brandt and Indenbom [57] are to be mentioned, later followed by many others both in 
analytical as well as numerical calculations (see, e.g., [55,58] and references therein). As noticed in those papers, the problem may 
be well approximated through simplified statements in terms of the so-called sheet current density, that averages 𝐉 over the thickness 
of the sample (lying on the 𝑋𝑌−plane), 

𝐊(𝑥, 𝑦) ≡ ∫

𝑑

−𝑑
𝐉(𝑥, 𝑦, 𝑧)𝑑𝑧 . (5)

hus, for the case of long, thin strips along the 𝑌 -axis one has 𝐊 = 𝐾(𝑥)𝒋̂, and for thin disks one has 𝐊 = 𝐾𝜑(𝜌)𝝋̂. The statement 
leaves a 1D problem in both cases, but with boundary conditions more involved than in the longitudinal geometry due to the 
demagnetization effects.

For illustration, we include Fig.  4, which displays the sheet current density and accompanying profiles of magnetic field evaluated 
with the expressions given in Ref. [57]. Several facts are to be recalled: (i) the artificial divergences of the magnetic field at the 
sample edges, and (ii) the subcritical regions for 𝐾𝑦(𝑥). The relation of such features to the model assumptions is illustrated in Fig. 
5. There, considering the thin disk geometry, we display the behavior of the average quantity 𝐾𝜑(𝑟) together with the more realistic 
2D behavior of the current density 𝐽𝜑(𝑟, 𝑧), also known as penetration profile, for a sample with small though finite thickness. One
may notice that, in fact, the subcritical sheet current 𝐾 < 𝐾c corresponds to the partial penetration of the field.

2.1.3. The three-dimensional scenario
Upgrading the CS modeling to 3D geometry has been a long-awaited achievement, hindered by both technical and fundamental 

issues. Not only does one have to deal with non-trivial mathematical statements of the Maxwell equations, but also to ensure 
a physically sound formulation. Thus, considering that vortices are in general three-dimensional objects experiencing complex 
interactions in space, macroscopic modeling must include more physics than the competition between pinning and Lorentz-like forces 
over one-dimensional long filaments, and their eventual avalanche processes. In particular, flux-cutting, bending, and recombination 
events must be considered as related to the appearance of macroscopic electric fields [59]. With this in mind, analytical [60] and
numerical [61] modeling based on vortex physics has to be mentioned, accompanied by a number of approximations [34,62–72]
that rely on different expressions for the 𝐄(𝐉) law based on phenomenological considerations.
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Fig. 4. Left: Magnetic flux distribution at a distance ℎ = 0.02𝑑 above the long superconducting strip of width 2𝑊  and thickness 2𝑑 ≪ 2𝑊  under increasing 
applied perpendicular magnetic field (asymptotic value for large 𝑥). Units are normalized as in Ref. [57] (𝐾c ≡ 2𝑑𝐽c). To the right, we plot the profiles of the 
induced current density penetrating the sample for each value of the magnetic field.
Source: Adapted with permission from [48].

As a remarkable result of 3D modeling, the authors of Ref. [66] validated the extensively used 2D approximations in rectangular 
samples of small thicknesses. By contrast to the quasi-1D situation in Fig.  5, where circular trajectories may be assumed, the actual 
current density streamlines in prismatic samples are unknown a priori and must be obtained as a part of the problem’s solution. 
Assuming an isotropic model (non-linear 𝐄(𝐉) law with 𝐄∥𝐉), it was shown that the predicted and measured 2D trajectories [55]
in rectangular platelets could be obtained by averaging the full 3D solution 𝐉(𝑥, 𝑦, 𝑧) (Fig.  6 schematically displays this situation). 
As remarked in that article, quasi-2D models may supply reasonable predictions of global quantities as the full magnetic moment, 
or the AC losses in relatively thick samples such as bulks or stacks made of superconducting tapes [67]. Thus, although there may 
be rather inaccurate predictions of local quantities related to geometry end effects which might affect properties such as the value 
of the local magnetic field on the sample’s surface, the impact of these discrepancies might not be so relevant for the practical use 
of superconducting tapes. This reminding that the thickness of the superconducting layer is of about just 1 μm, embedded more or 
less at the middle of a relatively large arrangement of thin films and coating layers that form the actual superconducting tape of 
approximately 100 μm thickness.

Thus, in the context of experimental conditions where flux pinning and cutting events may exert a significant influence on the 
spatial distribution of current density within a superconducting tape, the attainment of a sufficiently high-resolution framework 
encompassing both temporal and spatial domains becomes pivotal. This resolution is essential for facilitating the observation of 
how the superconducting current density evolves across the tape’s cross-section in response to external electromagnetic excitations, 
such as transport currents or applied magnetic fields. In this sense, 3D modeling techniques have already demonstrated their efficacy 
in capturing not only the fundamental physical phenomena predicted by Bean’s model, as discussed earlier in this chapter, but also 
the empirically observed hysteresis losses within intricate cable designs characterized by three-dimensional complexities, such as 
tape twisting and pitch winding [71–74].

2.2. Physical background

This section deals with the physical grounds that support the different 𝐄(𝐉) material laws that have been used for decades for 
the simulation and analysis of the electromagnetic properties of type-II superconductors. As said, combined with the quasi-steady 
form of the Maxwell equations, they will provide a model for the macroscopic electromagnetics of superconductors.

2.2.1. Macroscopic observables
Let us start by introducing the main physical quantities that in the macroscopic scale (Table  1) are customarily used for the 

characterization of superconductors, hence those that are intrinsically related to our understanding of 𝐽c.
As it is obvious from Figs.  1 and 2, 𝐁(𝐫) and 𝐉(𝐫) are native quantities in the CS theory. In fact, they are not independent but 

connected through Ampère’s law. Straightforwardly, they may be used for macroscopic studies of magnetic flux penetration by
comparing to experimental results. Thus, local profiles of 𝐁 have been obtained by different techniques (micro Hall probe [75–77]
or Magneto Optical Imaging, MOI [78–80]) and used to derive the underlying current density profile by inversion procedures. 
Two additional observable quantities have been of much importance in developing macroscopic superconducting electromagnetics, 
named the superconductor magnetization and the superconductor’s energy losses.
12 
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Fig. 5. Comparison of Mikheenko’s formula for the sheet current and the exact penetration profile of the current density in a thin cylinder of aspect ratio 0.05.
Source: Adapted with permission from [48]

On the one hand, we have the so-called volume magnetization 𝐌V involving the flux penetration profile through the relation 

𝐌V =
⟨𝐁⟩
𝜇0

−𝐇a , (6)

where ⟨𝐁⟩ is the average of the macroscopic flux density within the sample (often also called magnetic field), and 𝐇a the applied 
magnetic field. This expression (particularized for each geometry) has been customarily used to establish the value of 𝐽c, its field
or temperature dependence, anisotropy, etc., typically by studying hysteresis cycles 𝐌V(𝐇a), where several expressions of this sort 
may be found in Ref. [44].

Outstandingly, as recalled in [81], the importance of finite-size effects is to be considered. In particular, one must consider that 
the local magnetic field within the sample will not generally coincide with the experimental quantity 𝐇a. In that work, it was shown 
that using the well-known expression for analyzing experimental data of cylindrical samples 

𝐽c(𝜇0𝐻a) =
3𝛥𝑀V(𝜇0𝐻a)

2𝑅
, (7)

is more and more representative of the internal behavior 𝐽c(𝐵) as the sample becomes thinner and thinner. This is enabled by the 
presence of demagnetizing effects that contribute to producing a more uniform field within the sample (as foreseen in Fig.  5).

In some problems (2D or 3D in nature), the theoretical predictions of 𝐌V are done in terms of the current density itself through 
the sample’s magnetic moment 

𝐦 = 1
2 ∫ 𝑑 3𝐫 [𝐫 × 𝐉] . (8)

Then, 𝐉 is more conveniently expressed either in terms of the stream function 𝐊 = −𝐳̂ × 𝛁𝑔 or the related vector potential 𝐉 = ∇×Γ

respectively (see [58,66] as examples).
On the other hand, the analysis of energy losses is certainly a primordial aspect that may be done in terms of either the 

straightforward and general definition 

𝐿 = ∫ 𝑑𝑡∫ 𝑑 3𝐫 [𝐄(𝐉) ⋅ 𝐉] , (9)

customarily applied to per cycle in AC operation of the excitation source (either magnetic field or transport current), or equivalently 
through the area of the related hysteresis loop in magnetization experiments [82] 

𝐿 = ∮ 𝐁(𝐇a) ⋅ 𝑑𝐇a . (10)

Finally, focusing on applications, another macroscopic quantity that deserves much attention and which is traditionally analyzed
in terms of the CS theory, is the interaction force between a superconductor and a permanent magnet. Again, one may issue 
13 
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Fig. 6. Comparison of the streamlines for the average sheet current (lower) and the exact 3D trajectories as obtained from numerical calculations (upper) in a
ectangular prism under a vertical magnetic field (schematic).
ource: Inspired by [66]

predictions on the complex behavior of such systems by deriving the superconducting currents 𝐉(𝐫) through the CS theory [83][84]
and then applying 

𝐅 = −𝛁∫ 𝑑 3𝐫 [𝐀PM ⋅ 𝐉] , (11)

with 𝐀PM the magnet’s vector potential.

2.2.2. Vortex physics fingerprints in the macroscopic world
Let us briefly review the physical scenario that supports the usage of Eq.  (1) and Eq.  (2) for establishing a common methodology 

in the electromagnetic and thermodynamic modeling of applied superconductors.
Fundamentally, large-scale applications concern type-II superconductors operating at magnetic fields characterized by the 

presence of a huge number of vortices, but still far from the upper critical field [45–47]. Thus, phenomena such as the condensation 
to the superconducting state, the kinetic energy of supercurrents, the formation of individual vortices, or the transition to the normal 
state, which are all contained up to some extent within the mesoscopic formulation of the Ginzburg–Landau theory [85], may be 
simply skipped either for being negligible in our range or, for being implicitly incorporated in the material law 𝐄(𝐉). Hence, for 
macroscopic purposes, we can adopt a mean-field description of the fundamental phenomena related to the interactions of the flux
line lattice (FLL) that produce macroscopic observables, which will be object of this study in Section 4 and Section 5. In particular, 
the description of metastable states of equilibrium for systems with many vortices may be achieved by using an expression for the 
free energy  , that includes a magnetostatic term proportional to |𝐁|2, together with a contribution related to the displacement of 
vortices out of equilibrium in the underlying crystal structure.

As shown in [43], the minimization of  leads to the condition 
𝐉 × 𝐁 + 𝐅P = 0 , (12)

with 𝐅P a macroscopic average of the individual vortex pinning force density. However, Eq.  (12) alone does not always provide a
criterion to obtain a unique solution for the penetration profile. In fact, multiple (history-dependent) metastable states are compatible 
with the balance between magnetostatic and pinning forces, as one may easily check for the 1D situation sketched in Fig.  1 and Fig. 
2 (mind, for instance, the admissible penetration profiles corresponding to the applied field 𝐻a = 𝜇0𝐻p). In fact, the situation in 
real 3D problems may be much more complex. For this reason, the minimal physical modeling must adopt an advanced statement 
as described in the following subsections.

Thus, in order to predict the actual configuration of the system, one must have a model of the specific dynamics induced by
a certain excitation process. In physical terms, the material pinning force acts in a similar fashion as the static friction force in 
mechanics. It provides a threshold for the eventual equilibrium that is reached subsequent to some process determined by kinetic 
14 
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Fig. 7. Yield region for the current density in a type-II superconductor illustrated for the elliptical instance, i.e.: dissipationless transport occurs for 𝐉 within the 
elliptical domain 𝛥c. The relation between the actual geometry of 𝛥c and the physical background is discussed in Section 3. This construction generalizes Fig.  3
via 𝐄 = −𝛁𝐽  . The points A, B, C indicate possible overcritical initial conditions for 𝐉 and subsequent spontaneous evolution (relaxation) toward an equilibrium 
point (𝐽c∥ , 𝐽c⟂) on the critical density contour 𝛤c.
ource: Adapted with permission from [88]

friction. At the mesoscopic level, this is posed in terms of the time-dependent Ginzburg–Landau theory [86,87]. Tracing back again
to the 1D model, recall that the actual dynamics and arising metastable states will be given by the criticality condition (𝐽c) and
the dissipation law in between equilibrium states (determined by the resistivity coefficient 𝛼 in Fig.  3). Thus, along the lines 
established in [43] and in view of the underlying vortex physics, below we are ready to introduce the minimal framework that 
allows generalizing these ideas to 3D situations.

2.2.3. The quasi-steady thermodynamic isothermal approach
As said, the superconducting electrodynamics will be determined by specifying the mechanism that describes the formation 

of metastable states for a given intermediate dissipative regime. The elementary event that one has to treat statistically is the 
unpinning of the vortex and the subsequent dissipative motion until a new equilibrium position is found [44–47]. In our case, since 
the number of vortices involved in macroscopic experimental conditions is so huge (∼ 𝐵∕𝛷0 piercing the unit area), the formal
justification of the macroscopic models may be done through the introduction of thermodynamic concepts applied to the ensemble. 
Here, we will provide the mathematical framework for processes that rule the evolution of the vortex lattice configuration and, as 
a consequence, their macroscopic manifestation. With this at hand, one may build a wide class of models that may be applied at
the phenomenological level. In this sense, as recalled in [88], a rather general theory of superconducting electromagnetics may be 
issued if one introduces a first-order (linear) approximation of the irreversible driving forces at the macroscopic level.

To start with, we must recall that for linear (ohmic) conductors, the steady current density distribution 𝐉(𝐫) may be obtained 
by minimizing the total rate of dissipation of energy 𝑄̇ = ∫ 𝑑 3𝐫 ̇ = ∫ 𝑑 3𝐫 [𝐄(𝐉) ⋅ 𝐉] [89]. In isothermal conditions (that may be 
assumed if one ensures a good thermal coupling to the coolant), this implies the minimum rate of entropy production, which is a rather 
general principle that rules the steady states in non-equilibrium thermodynamics [90]. Obviously, proper heat release is fundamental 
in applied superconductivity and modeling in terms of electrical and thermal conductivity is indeed a topic of intense research. 
However, for our purposes (i.e.: understanding the concept of critical current density), even though a 𝑇 -dependent critical current 
density is considered, perfect heat transport is assumed and instantaneous heat removal allows for constant 𝑇 . Thus, considering 
that the microscopic mechanism regulating the steady states is the same that leads to equilibrium in the absence of external driving 
forces, one may assume that, to leading order, the dissipation of energy per unit volume admits the following expression 

̇ =
∑

𝑖,𝑗
𝐽𝑖𝑅

𝑖𝑗𝐽𝑗 , (13)

ith 𝑅𝑖𝑗 being the components of the positive definite resistivity tensor (linear terms must be zero so as to reach equilibrium in the 
absence of driving forces).

Apparently, one may understand the steady state as a balance between the action of the electric field and the thermal driving 
force that is encoded by some dissipation function. Notice that, if one defines the dissipation function by 2 ≡ ̇, this gives 

𝐄thermal = −𝐄 = −𝛁𝐽  = −𝛁𝐽

(

1
2
∑

𝑖,𝑗
𝐽𝑖𝑅

𝑖𝑗𝐽𝑗

)

. (14)

Therefore, conduction in ohmic matter may be described in terms of a quadratic dissipation function whose 𝐽 -gradient corresponds 
to the driving force (electric field). These concepts may be exported to type-II superconductors just by properly defining (𝐉) in 
view of the underlying physics, i.e., dissipation related to depinning and drift of vortices [88].
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Fig. 8. Sketch of virtual perturbations of the flux line lattice relative to the configuration of equilibrium. Left: compression of flux lines (related to 𝐽⟂). Right: 
rotation (related to 𝐽∥).
Source: Adapted with permission from [92]

In a pictorial representation of the main facts, Fig.  7, we can notice that as the vortex physics is involved, the relevant axes 
for the dissipative function are not the cartesian axes, but those defined intrinsically by the directions parallel and perpendicular 
to the local magnetic field (on occasion, crystal anisotropies will have to be included). Therefore, as sketched in Fig.  8, in a first 
approximation, the perturbations of the flux line lattice may be classified in compressions and rotations, which are related to the 
components of the current density either perpendicular or parallel to the magnetic field by straightforward application of Ampère’s 
law in the local axes [59]. In fact, related to the concept of pinning forces and the balance between them and the applied magnetic 
pressure, notice that for the simplest case 𝐁 = 𝐵(𝑧)(cos𝜑(𝑧), sin𝜑(𝑧), 0) depicted in Fig.  8, one gets 𝜇0𝐽∥ = −𝐵 𝜕𝑧𝜑 and 𝜇0𝐽⟂ = −𝜕𝑧𝐵, 
with the equilibrium states defining a full region in the 𝐽∥𝐽⟂-plane (𝛥c in the plot), where no flux creep and flux flow events exist 
for 𝐉 ∈ 𝛥c. Its boundary generalizes the condition in Eq.  (12), that relates to 𝐽c⟂. Thus, electric fields in the transition from the 
overcritical regime toward equilibrium occur perpendicular to the boundary 𝛤c (𝐄 = −𝛁𝐽), i.e.: if the action driving the system 
dissipative ceases, it will go back to equilibrium along the shortest path.

We stress that Fig.  7 conceptualizes the basic physics involved in the critical-current problem of practical superconductors. 
Three dynamical relaxation processes are illustrated. Thus, driven by some external agent, the superconductor is pushed to some 
overcritical point (A, B, or C) and then allowed to relax to a new configuration: generic point (𝐽c∥, 𝐽c⟂) in the yield region boundary
𝛤c. Notice that A represents the most usual situation in which parallel vortices evolve toward a new configuration compressed 
by the action of external field and perpendicular currents. On the other hand, the actual dissipation function indicated by the 
surface, and that encodes the related 𝐄(𝐉) dependence, will depend both on material and on the experimental conditions, i.e.: level of 
current, applied magnetic field and temperature. Then, either experimental data (see Section 3) or fundamental studies are needed
to guide in the selection of a meaningful representation. For instance, at low temperatures and with 𝐉 exceeding the critical value 
moderately, the actual functional dependence is not critical, and piece-wise parabolic or power-law functions work well [88]. For 
extreme conditions, i.e.: high values of 𝐽 , 𝐻 or 𝑇 , one must consider instabilities that require specific formulation (Section 4). On the 
other hand, the particular 𝛤c boundary delimiting the non-dissipative regime (static vortices with maximum compression or torsion 
profiles) must also be determined for a given material and conditions. In this regard, of special mention is the work on YBCO thin 
films at Ref. [91], where by taking advantage of a well-controlled sample’s geometry, the authors concluded that for this material 
the elliptical yield region is a rather accurate description from the macroscopical point of view. In general, dedicated experiments 
and fundamental studies of the vortex–defect interactions (as introduced in Section 5) have to be used in order to determine the 
full picture for a given material.

2.2.4. Underlying electrodynamics
Having established the overall framework that allows for a definition of the material law in applied superconductivity, one 

may straightforwardly pose the problem of their electrodynamics at the macroscopic level. For low frequencies (see Table  1), one 
may solve the differential Maxwell equations together with the 𝐄(𝐉) relationship (see Eq.  (1) to Eq.  (3)), taking into account the 
boundary conditions and/or physical constraints, if any, which are commonly imposed by the excitation process and the geometry 
of the system. Here, we recall a variational interpretation more convenient for 2D and 3D statements, and also advantageous when 
non-trivial dissipation functions  are to be used. Remarkably, within this formalism, the main ansatz of Bean’s model (infinite slope 
in Fig.  7) can be straightforwardly included, which allows a better disclosing of the underlying physics.

As shown in [88,92], upon discretizing in time and changing variables, the differential statement in Eq.  (1)) is equivalent to the 
step-by-step minimization of the functional in Eq.  (15), defined over the volume of the superconductor, which can be solved with 
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the help of minimization packages as the ones included in the optimization toolbox solver by Matlab, or by free-license specialized 
solvers for large-scale nonlinear optimization problems such as Lancelot [93].

[𝐉𝜄+1] = ∫ 𝑉sc
𝑑 3𝐫∫ 𝑉sc

𝑑 3𝐫 ′
[𝐉𝜄+1(𝐫) ⋅ 𝐉𝜄+1 (𝐫 ′)

‖𝐫 − 𝐫 ′
‖

− 2
𝐉𝜄(𝐫) ⋅ 𝐉𝜄+1 (𝐫 ′)

‖𝐫 − 𝐫 ′
‖

]

+ 8𝜋
𝜇0 ∫ 𝑉sc

𝑑 3𝐫
(

𝐀𝑒,𝜄+1 − 𝐀𝑒,𝜄
)

⋅ 𝐉𝜄+1

+ 4𝜋𝛥𝑡
𝜇0 ∫𝑉sc

𝑑 3𝐫 (𝐽∥,𝜄+1, 𝐽⟂,𝜄+1) , (15)

In Eq.  (15), the index ‘𝜄’ indicates the value of the quantity for the time layer 𝑡𝜄, 𝛥𝑡 is the time interval (𝛥𝑡 ≡ 𝑡𝜄+1 − 𝑡𝜄) and 𝐀𝑒
stands for the vector potential related to the external sources. Formally, the problem of functional analysis to be solved is: find
the vector field 𝐉𝜄+1 (the current density distribution) that minimizes 𝜄 subject to the constraints and boundary conditions (in
particular, the values at previous time step 𝐉𝜄). From the physical point of view, the above variational principle implies the balance
between reversible (magnetostatic) energy variation and irreversible dissipation (heat), compatible with the external drive forces. 
Also, sufficiently low frequencies of the excitation are assumed so as to avoid energy storage in accumulated charges (Table  1).

This formulation is rather flexible for exploring different 𝐄(𝐉) laws. In particular, the pure CS model, as exposed by Bean [50]
may be interpreted as a limiting situation (visualized as 𝛼 → 𝜋∕2 in Fig.  3) that would imply an arbitrarily large term of dissipation 
for 𝐽 > 𝐽c. As a matter of fact, one straightforwardly obtains the flux penetration profiles just by minimizing [𝐉𝜄+1] with the last 
term replaced by the condition 𝐽 ≤ 𝐽c. Consequently, in multidimensional problems, this condition becomes 𝐉𝜄+1 ∈ 𝛥c as shown in 
Fig.  7. Then, the ingredient remaining is precisely the 𝐄(𝐉) law to be considered for describing the superconducting state and its 
relation with real-world measurements as it will be described in the following section.

3. 𝑱𝐜 from real-life scenarios

The macroscopic concept of critical current density 𝐽c results from the physics of vortices, with Eq.  (12) providing the basic 
interpretation in terms of the equilibrium between magnetic pressure and the pinning forces. Thus, 𝐽c and its dependence on 𝐻a, 𝑇 ,
and field/sample orientation will be influenced by the properties of the flux line lattice, as well as by the underlying microstructure 
of the superconducting sample. Complex situations may arise when both factors need to be combined, which is why this section 
begins by addressing the experimental issues related to the measurement of 𝐽c, followed by a discussion of state-of-the-art flux
pinning models.

3.1. Experimental considerations

Although the model approximation in Fig.  3 provides a sound theoretical concept for the critical current density, in practice, 
such behavior is seldom found for several reasons. On the one hand, unless for low temperatures, thermal activation phenomena 
will induce detectable non-zero voltages even for the smallest currents. On the other hand, associated with the existence of 
inhomogeneities in the sample, a distribution of local values 𝐽c(𝑥, 𝑦, 𝑧) will give place to smoother 𝐄(𝐉) curves. These facts motivate 
the discussion on whether to use a modified CS model or straightforwardly some heuristic approximation as the power-law model. 
Thus, experimentally, 𝐽c may be less well defined, especially for bulk samples at finite temperatures.

Together with other issues related to the experimental techniques themselves, the topic on how to determine the critical current 
density has deserved prominent attention over the years. Readers are directed to instructive textbooks for comprehensive coverage of 
the subject [44,94,95]. Now, from the practical point of view, it may be argued that the discussion on the determination of the actual 
value for 𝐽c loses importance in favor of some phenomenological approximation as the so-called power-law model. This is because 
what most actual applications require is just a low level of dissipation, i.e., sufficiently small 𝑉 ⋅𝐼 . In fact, the engineering parameter 
of interest is indeed 𝐼c = ⟨𝐽c⟩ ⋅ 𝐴 and therefore, some tolerance on the local values for 𝐽c(𝑥, 𝑦, 𝑧) may be assumed. Nevertheless, 
for envisaging applications it is necessary to establish some criterion that allows for comparison between different characterization 
techniques and samples. Thus, aiming at the most detailed characterization of the material, experimental setups usually include the 
possibility of regulating temperature and magnetic field (intensity and orientation). These possibilities are implicit in the discussion 
below, which briefly centers on determining 𝐽c under the most popular experimental methods, emphasizing their advantages and
shortcomings.

3.1.1. Electrical transport measurements
The most straightforward experiment for determining the critical current density consists of ramping the applied current along 

a superconducting wire or microbridge, while recording the voltage in a 4-probe configuration. 𝐼c is defined by the condition 
that the voltage reaches some conventional threshold for the electric field at self-field conditions, 𝐸0, typically 1 μV/cm. Isothermal 
conditions are to be ensured, which requires a good thermal contact to dissipate the generated heat, as well as good electrical contacts 
in the current pads to avoid excessive contact resistance and, hence, sample heating. In addition, in the case of superconducting 
ceramics like the cuprates, unbalanced contact resistances may introduce thermal gradients that alter the process by inducing 
spurious vortex drift.

This electrical method is better suited to characterize strong-pinning samples at high magnetic fields, yet sufficiently far 
away from the so-called irreversibility line, that establishes the boundary for lossless current flow in the presence of thermal 
fluctuations [96]. Then (i) one obtains a rather steep 𝑉 (𝐼) curve, which makes the voltage criterion less critical, and (ii) diminishes 
the influence of the self-field created by the measuring current. When such conditions cannot be met, one may take advantage of 
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the diverse power law approaches of the form 𝐸(𝐼) ∝ 𝐸c(𝐼∕𝐼c)𝑛, as the ones introduced in Refs. [97–99]. In this sense, there are two 
correction methods for artificially high 𝐼c values near the irreversibility line due to low 𝑛 values [99]: (i) Using a constant-resistivity 
criterion 𝜌c instead of 𝐸c (or 𝐸0), and (ii) The offset method, i.e., introducing a factor correcting 𝐼c determined by a constant 𝐸c
with a factor 1-𝑛−1 for compensating thermally activated flux flow near 𝐵irr , or alternatively correcting 𝐼c by an instrumental offset 
𝐸0 and a linear term with slope 𝑘 accommodating incomplete current transfer, such that 𝐸(𝐼) = 𝐸0 + 𝑘𝐼 + 𝐸c(𝐼∕𝐼c)𝑛. Whilst the 
former method is suited for limited critical current ranges and may underestimate 𝐽c occasionally, the latter forces 𝐽c to zero for 
fields and temperatures where the 𝑉 (𝐼) curve is ohmic at the chosen 𝐸c. However, as suggested by Alexey Pan et al. [98], one may 
straightforwardly analyze the data by a flux creep model that incorporates the electric field criterion 𝐸c. This has the additional
advantage that one may compare different experimental methods through the evaluation of the equivalent electric field threshold 
for each case. Furthermore, if one records the magnetic field on top of the sample (through Hall microprobes, for instance), a robust 
voltage-criterion-independent method can be introduced [97], where a well-defined transition of the curve 𝐵𝑧(𝐼) to a linear regime 
characterizes the beginning of uniform current flow 𝐼 = 𝐼c, and thus 𝐽c = 𝐼c∕𝐴.

Finally, unlike granular fiber-textured wires like NbTi [100,101], Nb3Sn [101,102], Bi2212 [103,104], MgB2 [105–107], or 
122-type IBS1 [108,109], REBCO coated conductors exhibit a very large field-angular variation of 𝐽c. This occurs when a magnetic 
field is applied parallel or perpendicular to the 𝑎𝑏-planes of the REBCO crystal structure, which in a grained-average approach is 
deposited to be aligned with the plane of the wider surface of the REBCO CC. In fact, for fields close to the 𝑎𝑏-planes (𝜃 = 90◦),
the characteristic 𝐼c of a REBCO CC at LHe temperatures (<4.2 K) can reach up to several kilo-amperes, making the usual transport 
current method of 𝐼c measurements extremely difficult to use [110].

3.1.2. Magnetic inductive measurements
Several experimental techniques based on the detection of the sample’s magnetic moment and/or its variation have been used 

routinely for determining 𝐽c, including DC and AC magnetization measurements.
On the one hand, DC magnetization measurements under applied field can provide the value of 𝐽c with relative ease. Typically,

one records the hysteresis cycle and determines the critical current density by using an expression like the one introduced with 
Eq.  (7). The advantage of this method is that, by averaging the increasing and decreasing branches of the magnetization cycle, 
one ‘compensates’ the possible influence of reversible magnetization (sometimes unnecessary for being very small). However, an
important shortcoming is that, unless for the case of long cylinders, demagnetizing effects may strongly change the field within the 
sample (especially for low values of the applied field 𝜇0𝐻a), and the plot 𝐽c(𝜇0𝐻a) is not representative of the actual 𝐽c(𝐵) behavior, 
which is the wanted (shape independent) result. Nevertheless, as said, a possible detour for this problem was suggested in [81], just 
by considering the opposite limit. Therein, it was shown that in appropriate units, the plot of 𝛥𝑀(𝜇0𝐻a) converges to 𝐽c(𝐵) as the 
sample gets thinner and thinner, because the full penetration field is reached for smaller and smaller values of 𝐻a where the self
field is less and less important.

On the other hand, about the AC magnetization measurements, the superposition of an AC ripple ℎ0 cos(𝜔𝑡) onto the DC
magnetic field can be used in a variety of forms to characterize 𝐽c too [111]. For instance, by means of lock-in amplifier 
techniques [112], phase-sensitive and frequency-dependent detection methods can provide a number of advantages such as noise 
cancellation, high sensitivity, and the possibility of analyzing in-phase and out-of-phase components as well as the harmonic 
response [113]. The detection of harmonics in the signal, as already suggested by Bean [50] is a sensitive, noise-protected 
technique that straightforwardly gives the critical current density. In particular, one may show that for a slab of thickness 𝑑 in 
parallel field configuration, the out-of-phase component of the third harmonic of the magnetic permeability fulfills the relation 
𝜇′′3 = 2𝜇0ℎ0∕(15𝜋𝐽c𝑑). Also, if one measures the out-of-phase component of the first harmonic, 𝐽c may be determined, because this 
quantity reaches a maximum for the field 

ℎm =
4𝐽c𝑑
3

. (16)

Similarly, there is the so-called Campbell’s method [114], which allows extracting the field penetration profile by measuring the 
in-phase signal when an AC field of small amplitude is added to the DC profile. Then, 𝐵(𝑥) is obtained from the recorded signal, and
by taking its derivative one has 𝐽c(𝑥). The sensitivity of the method has not only allowed obtaining the value 𝐽c that corresponds 
to some average ‘‘barrier height’’ for the vortices in their potential wells but, additionally, several authors have been able to record 
the oscillations of vortices, centered at the minimum of the potential well, thus giving a picture of the wells close to their minima. 
However, a shortcoming of this method is that it may not be applied to thin samples (as compared to the characteristic distance 
𝜆Campbell = ℎ0∕𝐽c), because the critical state is not established in such conditions and one may only detect the oscillations of vortices.

Consequently, although for given values of the applied DC field and temperature, 𝐽c(𝐵, 𝑇 ) may be obtained by using the DC or 
the AC techniques described above, it is worth noticing that the main shortcoming of the AC methods is their limitation in frequency. 
Typically, it is recognized that one should use 𝜈 < 1 kHz but, as noticed by many authors, the best strategy is to double-check that 
the results do not change with frequency for the range of interest.

Finally, conceptually different from the above, a number of less widespread methods for obtaining 𝐽c have appeared. One may 
mention those related to the detection of forces (or torques) between superconductors and external magnetic fields. In particular, the 
measurement of cantilever deflections due to the torque 𝝉 = 𝐌V×𝐁 exerted on an attached superconducting sample (of magnetization 
𝐌V) directly gives the critical current density. The torque being proportional to 𝑀V, one may apply the methods in Section 2.2.2 on

1 Iron (Fe) Based Superconductor, in literature also often called FBS.
18 



H.S. Ruiz et al.

 

 

 

 

Progress in Materials Science 155 (2026) 101492 
Fig. 9. Top pane: the sheet current density profile along the superconducting tape for synthetic data (continuous line), together with the recovered curve by 
means of (Eq.  (17))(symbols). Bottom pane: calculated profile of perpendicular magnetic flux on top of the tape. Forward calculations were done following 
Ref. [57]. 𝐵SC

𝑧  stands for the flux created by the superconductor, i.e., recorded minus applied. We have used the definitions 𝐾c = 2𝑑𝐽c and 𝐻c = 𝐾c∕𝜋.
Source: Adapted with permission from [48].

DC and AC magnetization measurements and derive 𝐼c [115]. This is a highly sensitive technique, mostly adapted to small samples, 
but which results of utter importance for the measurement of the 𝐽c(𝐵, 𝜃, 𝑇 ) characteristics of REBCO CCs at LHe temperatures [110],
as at these conditions access to strong magnetic fields in resistive measurements is limited.

3.1.3. MOI measurements and other methods
The magneto-optical imaging (MOI) of superconductors is already an established technique that provides, straightforwardly, 

information about the component of the magnetic field (say 𝐵𝑧) normal to the surface of flat samples [80,116–118]. Outstandingly, 
for such a geometry, one may invert the on-surface 𝐵𝑧(𝑥, 𝑦) data and recover the local sheet current density 𝐊(𝑥, 𝑦) on the sample 
by a direct method, free from any fit parameter. Nevertheless, we recall that for the general case, a possibly non-affordable amount 
of experimental data, including the field components 𝐵𝑥, 𝐵𝑦, and 𝐵𝑧 around the sample, would be needed. In mathematical terms, 
the inversion of Biot–Savart’s law is an ill-posed problem. As a simple example of such difficulties, just consider a long cylinder 
that carries a full current 𝐼 along the length. By measuring the magnetic flux around it, one may not resolve the actual distribution 
of 𝐽𝑧(𝑟) within, but only its integral. However, MOI techniques have provided a clear demonstration that Bean’s model gives a
remarkably accurate description of many experimental observations.

Let us provide an illustration of the actual procedure in thin samples. As discussed in [78–80,118], for the usual case of long 
flat samples, a relatively simple scheme allows deriving the current density profiles by applying an inversion matrix  on the 𝐵𝑧
data. Thus, assuming a long beam along the 𝑦-axis of width 2𝑎 along 𝑥 and, of negligible thickness 2𝑑 along 𝑧, one has 

𝐾𝑦(𝑥𝑖) =
∑

𝑖,𝑗
𝑖𝑗𝐵z(𝑥𝑗 ) . (17)

Here, it has been assumed that the magnetic field data have been recorded along the 𝑥-axis in a discrete set of points 𝑥𝑗 , and at a
given (small) height above the superconductor, from which one obtains the sheet current along the width (−𝑎 < 𝑥𝑖 < 𝑎). The process 
is illustrated in Fig.  9. In this example, the superconducting tape was subjected to an external magnetic field that was initially 
ramped to a partial penetration regime and then reversed. Notice that 𝑖𝑗 is a purely geometrical matrix that one may calculate in 
advance, as shown in Ref. [78], and is nothing but the implementation of Biot–Savart’s law. Thus, by applying Eq.  (17) one gets a
picture of the 𝐾𝑦(𝑥) profile, which, in particular, gives the value of the critical current density: 𝐽c = 𝐾c∕2𝑑. We emphasize that the 
information provided is both local and quantitative upon calibration of the MOI instrument. Remarkably, a spatial resolution in the 
submicron scale has been achieved, even allowing for the observation of individual vortices.
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However, as one may notice in Fig.  9, which has been built with synthetic data, the reconstruction of the current density profile 
is influenced by technical issues concerning the signal processing methods. In particular, the cutoff of high-frequency components of 
the signal is advisable in order to avoid overshooting related to sharp peaks in the signal [78]. As seen, this leads to some smoothing 
of the reconstructed profile. A number of additional considerations related to the anisotropic nature of 𝐽c, its field dependence, the 
influence of defect structures, the effect of finite thickness of the samples, and other features concerning the analysis of MOI data
may be found in Ref. [80]. Moreover, by contrast to the above ‘‘clean’’ synthetic data, a practical but vital issue has to be mentioned 
as real-life experiments are affected by noise. This noise can substantially increase the difficulty of the inversion process, for which 
reason significant efforts for producing robust reconstruction algorithms from magnetic field measurements have been recently 
introduced in the literature [119–121].

3.2. Constituent macroscopic models

The simplest pinning models consider situations in which the pinning interaction may be described as an isotropic force that 
does not induce preferential orientations of the vortices,2 simply acting as the macroscopic mechanism that freezes their positions. 
This entails considering that energy dissipation occurs only if external perturbations induce either compression or rotation of flux
lines. However, depending on the orientation of the force perturbing the pinned layout of flux lines, cumbersome two-dimensional 
and three-dimensional approaches might be needed if a sound physical understanding of the macroscopic origin of 𝐽c is sought 
(Section 2.1); otherwise 𝐽c will have to be accepted as a somehow averaged quantity that comes from the experimental considerations 
described in Section 3.1. Nonetheless, a good number of properties of type-II superconductors in the range of applications may be 
well described by simplified models that, to some degree, are able to capture the macroscopically observable physical properties. 
Some of the most celebrated are recalled below.

3.2.1. Pure CS also known as Bean’s model
Undoubtedly, as said in Section 2, the big success of Bean’s model may be ascribed to its elegance achieving a minimized 

mathematical effort for analyzing/predicting experimental results in a complex system, viz.: the type-II superconductor with vortex 
pinning effects. However, one should be aware of its limitations, some of which have already been discussed in Section 2.1.

Thus, keeping up within the 1D approximation, valid for slabs and long cylinders in parallel fields, a major concern is the 
assumption of a constant 𝐽c. Even in the already simplified framework of Eq.  (12) that overrides the detailed behavior of the FLL, a
field independent 𝐽c may be hardly accepted, as it may be deduced from the condition 𝐉c × 𝐁 + 𝐅𝑃 = 0. At most, one could assume 
𝐅𝑃  to be constant (e.g., for very strong pinning and magnetic fields well below 𝐻c2) and then 𝐽c ∝ 1∕𝐵. Thus, only under restricted 
conditions, where internal variations of 𝐵 are not relevant, one could expect to have reasonable predictions within the pure critical 
state.

Therefore, in the light of Eq.  (7), it is only for the infrequent situation of having a square hysteresis cycle that Bean’s model 
makes full sense. Remarkably, as it is well known, such an expression is still very useful for obtaining the actual 𝐽c(𝐵) dependence 
from experimental measurements, although one has to ensure that the 𝐵 profile within the sample is nearly uniform if not fully.
This implies discarding the data in the low field range, so as to warrant full penetration of the magnetic field. In this regard, a smart 
experimental design that leads to this situation in a good range of fields is to use flat samples in a perpendicular field configuration, 
as shown in [81]. Otherwise, if the direction of the applied magnetic field changes, such that the perpendicularity condition between 
the perturbation field and the induced current density cannot be ensured any longer, more sophisticated models need to be invoked, 
such as the ones shown below.

3.2.2. Double critical state models
Another limitation of Bean’s model in its original form relates to the dimensionality of the experimental situation, where 

effectively, only for the mentioned 1D problems, one has 𝐄 ∥ 𝐉, with both quantities being orthogonal to 𝐁. Just recall that pinning
forces appear to compensate 𝐉 × 𝐁 and that when the threshold is exceeded, one has 𝐄 along 𝐁 × (𝐉 × 𝐁) as one may show by
starting with Faraday’s law. In such case, a macroscopic material law of the kind 𝐄 ∝ 𝐸0(𝐽∕𝐽c)𝑛(𝐉∕𝐽 ) makes sense, as long as the 
(positive) exponent 𝑛 is sufficiently large to resemble the flux pinning mechanism attained by the CS model (recall Fig.  3). However, 
related to a series of experiments with samples under rotating magnetic fields, initially developed along the early 80’s [122], interest 
arose concerning the appearance of components of 𝐄 and 𝐉 along the direction of 𝐁. In particular, the focus was on the search for 
a meaningful relationship 𝐄(𝐉) similar to the above described, which eventually led to the so-called Double Critical State (DCS)
model [59] that provides the basic framework for the related phenomenology.

Briefly, the DCS theory assumes that two critical parameters exist, 𝐽c∥ and 𝐽c⟂. They are the thresholds for the components of 𝐉
either parallel or perpendicular to the local magnetic field. 𝐽c⟂ accounts for the flux depinning threshold whilst 𝐽c∥ relates to the 
maximum gradient of the angle between adjacent vortices (see Fig.  8). Thus, the material law (which generalizes the Bean’s model 
𝐉 = 𝐽c𝐄̂) is then written as 

⎧

⎪

⎨

⎪

⎩

𝐉∥ = 𝐽c∥𝐄̂∥ if 𝐸∥ ≠ 0

𝐉⟂ = 𝐽c⟂𝐄̂⟂ if 𝐸⟂ ≠ 0 .
(18)

2 Here, the term isotropic applies to the properties of the pinning force 𝐅P in Eq.  (12). Then, if the orientation of either 𝐉 or 𝐁 relative to the crystal axes
does not matter, 𝐅  just opposes to 𝐉 × 𝐁.
P
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The actual implementation of these equations, together with Ampère’s and Faraday’s laws, may be found in several publications, 
starting with the seminal work by Clem and Perez-Gonzalez [59], which was later extended by Badía-Majós, López and Ruiz [123]
when including more realistic situations on which the magnetic anisotropy bandwidth, 𝜒 ≡ 𝐽c∥∕𝐽c⟂, is not constant. This is indeed 
the case observed in epitaxially grown YBCO thin films [91] where the geometry of the yield region for the current density, 𝛥c,
is precisely elliptical as shown in Fig.  7. Remarkably, the experimental design introduced in [91] demonstrated beyond any doubt 
the existence of the flux cutting (or alike) mechanism, showing that macroscopically the vortex physics governed by the concept 
of critical current density is in fact smoothed, and possibly favors the use of elliptical models. However, it remains unknown if the 
magnetic (vortex deformation) anisotropy of other REBCO materials, or in general other superconductors, can be described by the 
same DCS 𝛥c function.

Noticeably, from the technical point of view, the DCS model may be pictured as well by Fig.  7 if 𝛥c is being transformed into 
a rectangle. This means assuming that 𝐽c∥ and 𝐽c⟂ remain constant in time, while the induced components of current density, 𝐽⟂
and 𝐽∥, respectively, vary with the changing applied magnetic field or transport current. In fact, as argued by Ruiz and Badía-Majós 
in [124], one may still keep the fundamental significance of this theory but reduce its mathematical difficulties by using a ‘smooth’ 
model that rounds the corners of the rectangular yield region of the DCS model by means of the family of superelliptic functions 
that defines the critical boundary 𝛤c (see Section 2.2.3), 

( 𝐽∥
𝐽c∥

)2𝑚

+
(

𝐽⟂
𝐽c⟂

)2𝑚
= 1 . (19)

From Eq.  (19) it becomes evident that rectangular shapes for 𝛥c can be obtained for the limit 𝑚 → ∞ and arbitrary anisotropy 
bandwidth 𝜒 . More importantly, the elegance of this equation is in its unified mathematical description for all possible scenarios 
within the DCS theory, including extreme cases such as the pure CS where flux pinning and flux cutting events are indistinguishable 
(isotropic), i.e., with 𝜒 = 1 and 𝑚 = 1, passing through the more realistic elliptic models with arbitrary but material-dependent 
𝜒 and 𝑚 = 1, and slight deformations of it (𝑚 > 1), until the infinite magnetic anisotropy bandwidth or so-called T-state model 
(𝜒 → ∞) where 𝐽∥ is unbounded.

Thus, if, for the sake of simplicity, we introduce the dissipation function (recalling the concept behind Eq.  (14)), 

PL(𝐉) = 𝐹0

[

( 𝐽∥
𝐽c∥

)2

+
(

𝐽⟂
𝐽c⟂

)2
]𝑚

, (20)

and then, by taking derivatives as dictated by 𝐄 = −∇𝐉 (reminding Eq.  (14) and Fig.  7), but now along the principal directions, 
the 𝐄(𝐉) law in the elliptical approach can be naturally defined by 

𝐞( 𝐣 ) =
(

𝑗2 + 𝛾 𝑗2∥
)𝑚−1

(

𝐣 + 𝛾 𝐣∥
)

. (21)

Notice that dimensionless units have been introduced for convenience through the definitions
𝛾 ≡ 𝜒−2 − 1 ,

𝐣 ≡ 𝐉∕𝐽c⟂ ; 𝐣∥ = 𝑗∥𝐡̂ , (22)
𝐞 ≡ 𝐄∕(2𝑚𝐹0∕𝐽c⟂) ,

here 𝐹0 is an empirical parameter, either constant or not, which in principle could be extracted from experimental considerations 
(see Section 3.1), i.e., similarly to how the threshold value for the electric field 𝐸0 is chosen.

Making use of the anisotropy constant 𝛾, one can notice that the isotropic law, i.e., 𝐞( 𝐣 ) = 𝑗2𝑚−1 𝒋̂ is obtained in the limit 𝛾 → 0,
as expected. Then, in those problems for which the parallel current flow may be neglected (𝑗∥∕𝑗⟂ → 0) one also recovers the formula 
𝐞( 𝐣 ) = 𝑗2𝑚−1 𝒋̂. This corresponds to the very usual situation for which 𝐉 ⟂ 𝐁 is verified (as in flat samples under perpendicular field
𝐇a).

Finally, concerning the origin of the limitations for the parallel and perpendicular components of the critical current density, 
as extensively compiled in [47], the main facts can be summarized as follows: Contrary to the case of 𝐽c⟂, which is rather well
understood as the balance between Lorentz-like and material pinning forces, no consensus exists yet about the real nature of the 
critical value 𝐽c∥. In fact, the main topic about the parallel critical current threshold is whether the underlying physical mechanism 
is flux cutting or not. It is however rather clear that 𝐽c∥ is noticeably influenced by the pinning landscape and that this could explain
the much lower values in observations than expected according to the cutting mechanism [91].

It is important to stress that the anisotropy discussed in this section relates to the physics of vortex deformations (compression 
or rotations) in isotropic media. Additional factors introduced by crystal anisotropy (smartly circumvented in the experiment of 
Ref. [91]) will be treated below.

3.2.3. Simplified 𝐸 − 𝐽 power law models
It is well known that the knowledge of the exact 𝐄(𝐉) curves for particular superconducting structures (e.g., thin films, CCs, or 

bulks) is paramount for achieving reliable FEM simulations [125]. However, if simplified models are to be used, their actual physical 
meaning may be accepted only under certain cautions.

Let us start by somehow neglecting or ignoring the distinction between the flux-pinning limitation, i.e.: 𝐽c⟂, and the flux-cutting 
mechanism (behind the 𝐽c∥ limitation), mostly because this phenomenon may occur only in experimental conditions where the local
components of the magnetic field are not always perpendicular to the direction of the induced currents. In such case, the critical 
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current density is simply averaged by an empirical and somehow limited definition to the macroscopic domain of the 𝐄(𝐉) material 
law through an isotropic ansatz (i.e.: 𝛥c is a circle in Section 2). In this sense, many experimental results have been successfully 
explained by a combination of the above ideas and a heuristic expression for the material law in the form, 

𝐄(𝐉) = 𝐸0

(

𝐽
𝐽c

)𝑛 𝐉
𝐽
. (23)

This is the so-called 𝐄 − 𝐉 power-law dependence that, without losing any generality when introducing the 𝐽c dependence with 𝐁
and 𝑇 , is to be analyzed below.

On the one hand, notice that according to Eq.  (23), for moderate or high values of the exponent 𝑛, one has negligibly small
electric fields for current densities below 𝐽c, while a sudden increase occurs when the threshold is passed.3 Moreover, the ‘pure’
CS can be recovered for 𝑛 ≫ 1 where one gets 𝐉 = 𝐽c 𝐄̂ if 𝐸 ≠ 0 (Fig.  3). Worth to say that this model assumes, in principle, 
that the electric field is parallel to 𝐉, corresponding then to the isotropic limit hypothesis in the DCS theory. Nevertheless, material 
anisotropy may be incorporated by introducing dimensionless angular dependent prefactors for the magnetic field, 𝜖(𝜃)𝐁, as it will
be shown in Section 3.3. On the other hand, in order to see how the power-law modeling finds a connection to the underlying 
physical mechanisms, let us recall that in the absence of thermal agitation or other statistical effects one has the high-exponent 
limit, which practically meets the conditions of the critical state regime, i.e., sudden transitions of the FLL, avalanching from one 
configuration to another when the flux pinning threshold is exceeded. Then, electric fields appear abruptly when this occurs. Yet, 
either related to finite temperatures, gradients, or to inhomogeneous pinning interactions [126,127], a smoothing effect takes place 
and one can also use a power law dependence, now with a reduced value of 𝑛 [29].

The validity of the simplified 𝐄−𝐉 power-law formula over a noticeable range of electric field was justified in [128] based on the 
concept of partial flux flow in the presence of thermal agitation. However, for a pure power-law 𝐸(𝐽 ) in the proximity or over the 
transition thresholds, 𝐻c2 and 𝑇c, the 𝐽c would strictly be zero. In fact, within the glass–liquid transition scenario or the percolation 
model of Yamafuji and Kiss [129], a pure power law is only expected at the transition temperature, where below the transition the 
scaling curves show negative curvature in double-logarithmic presentation and hence finite 𝐽c values. Nonetheless, for considering 
overcritical regimes, which means near the critical parameters for transitioning to the normal state, the 𝐸(𝐽 ) curves may well be 
approximated by the so-called percolation model, 

𝐄(𝐉) = 𝐸c0

( 𝐽 − 𝐽c,min

𝐽c − 𝐽c,min

)𝑛 𝐉
𝐽
, (24)

where 𝐽c,min is the minimum value of the critical current density that allows the depinning of flux bundles that induces the flux
flow resistivity in this model. However, it must be noted that 𝐽c in the above function is not always the same one determined 
by the electric field criterion in electrical transport measurements, i.e., 𝐸c0 ≠ 𝐸0. This is because Eq.  (24) is mainly designed for 
taking into account the nonlinearity of the flux creep and flux flow behaviors, for which the minimum value of pinning potential is 
now the one that allows determining the maximum creep electric field, i.e., the field level at which flux creep crosses over to flux
flow [130]. Therefore, overcritical regimes can also be accounted for through an 𝐄 − 𝐉 power-law, with the difference that rather 
than considering three ‘free’ parameters as in Eq.  (23), i.e., 𝐸0, 𝐽c, and 𝑛, it demands for the introduction of at least a new parameter 
that might account for the flux creep, such as 𝐽c,min. Thus, if for practical applications, the physics of interest remains well below
the non-dissipative regime, then 𝐽c,min can be approached to zero such that a field excitation could lead to a nearly instantaneous 
creep within a quasi-steady transition between successive flux pinning events, as it is the case of the conventional 𝐄− 𝐉 power-law 
at Eq.  (23) and the well-supported CS models. Likewise, it is possible to retain the original 𝐸0 and 𝐽c values of the simplified 𝐄− 𝐉
power-law formula, but this would demand the introduction of an exponential model with two new free parameters, 𝜂 and 𝛽, as 
has been recently shown in [131].

Finally, if the 𝑛 value in Eq.  (23) is treated as the local logarithmic gradient of 𝐸(𝐽 ), it results related to the flux creep rate 
𝑆 at the chosen electrical field criterion 𝐸c via 𝑆 = (𝑛 − 1)−1 [132,133]. In fact, in practical cases, 𝑛 is an empirical parameter 
that may be experimentally determined for the material of interest under specific conditions. This is the reason why often a power-
law dependence between 𝐽c and 𝑛 or (𝑛-1) is found without distinction [106,134,135]. Consequently, this definition is somehow 
general for the exponent 𝑛 allows evaluating the creep rate at elevated driving forces [136] as well as discerning pinning at
strongly correlated structures (e.g., intrinsic 𝑎𝑏-planar pinning or well-aligned nanocolumns) from random, uncorrelated pinning
with different causes for creep (see e.g., [135,137,138]), a matter that will be discussed in future sections, prior to addressing the 
most important physical dependencies of 𝐽c under the flux pinning regime.

3.3. 𝑇 , 𝐵, 𝜃 dependence

As explained in the previous section, the variety of choices for the 𝐄− 𝐉 law is certainly diverse. Even from purely macroscopic 
physical principles, different options have become available depending on the interest or actual regime on which the superconductor 
needs to be assessed [139]. Also, although all these models are indeed connected under the same principles of Bean’s model, what 
has led to the CS, DCS, and the simplified 𝐄 − 𝐉 power-law models to show good qualitative and quantitative resemblance with 
many experimental observations, it is known that the used 𝐽c parameter may strongly depend not only on the temperature but also 

3 Yet one has to keep in mind, the so-determined value of 𝐽  is different from the onset of dissipation in real conductors [97].
c
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on the magnitude and orientation of the local magnetic field. This is especially true in the case of superconducting thin films and,
more generally, for commercially available CCs, also known as the second generation of high-temperature superconductors (2G-
HTS), which exhibit a wide range of magneto-angular anisotropies [110,140,141]. In this sense, despite the fundamental physical 
principles of the constituent macroscopic models discussed does not change, for attaining a complete macroscopic description of 
the critical current density in applied superconductors, it is necessary to revise below the origins and meanings of the derived 𝐽c
functions with magnetic crystallographic anisotropy.

3.3.1. Kim’s model and other phenomenological extensions
Probably the most celebrated contribution concerning the 𝐵-dependence of 𝐽c is the seminal work by Kim, Hempstead and

Strnad [142], nowadays simply referred to as Kim’s model. Arguing in terms of a power series expansion and based on experimental 
results for Nb tubes, these authors proposed a phenomenological expression of the kind 

𝐽c(𝐁) = 𝐽c0

(

1 +
|𝐁|
𝐵0

)−1
, (25)

that incorporates the constants 𝐵0 and 𝐽c0, two phenomenological material parameters, with 𝐽c0 commonly assumed to be the 
self-field critical current density from electrical transport measurements, and 𝐵0 a control parameter that depends on the sample’s 
geometry (e.g., if it is a SC bulk or a SC thin film). The exponent −1 has been generalized already in 1990 to a free fit parameter 
−𝛽 by Xu et al. [143] since it is more appropriate for HTS cuprates, see Section 3.3.5.

From the theoretical point of view, based on fundamental simulations for interacting vortices in a pinning landscape, the authors 
of Ref. [144] obtained a linear fit to the predicted 𝐵-dependence of 1∕𝐽c. For this, they just assumed parabolic potentials for the 
vortex–vortex and vortex–pin interactions, which gives elegant support for the CS theory and Kim’s model. On the other hand, being 
this a phenomenological ansatz, Eq.  (25) has still been a very useful tool in many investigations, allowing to adjustment of many
observations with two sole additional parameters.

Nonetheless, for the majority of known coated conductors or 2G-HTS wires, the superconducting film exhibits a marked magneto-
angular anisotropy. This implies that the component of the critical current along the 𝑎𝑏-planes of the REBCO compound, 𝐽 𝑎𝑏c , differs 
from the critical current that could be developed along the 𝑐-axis, 𝐽 𝑐c . However, they mutually contribute to increasing the overall 
critical current density of the SC sample, as the actual 𝐽c is, in general, larger than its components for fields aligned in the 𝑐-
direction or along the 𝑎𝑏-planes. Thus, if the external magnetic field is applied parallel to the wider surface of the CC, i.e., parallel
to the 𝑎𝑏-plane of the REBCO layer, and perpendicular to the direction of the applied transport current (maximum Lorenz force 
configuration), there will be an additional component of current flowing along the 𝑐-axis, which allows for the increment of the 
total critical current density either by the possible appearance of superconducting currents (cooper pairs) along the 𝑐-axis or due to 
the occurrence of flux cutting.

Consequently, a number of modifications of Eq.  (25) have appeared over the years, so as to describe better the behavior of a given 
material [110,140,141,145,146]. The main features to be mentioned are: on the one hand, the discrimination of the parallel and
perpendicular components of the applied magnetic field in Eq.  (25), but considering a different weighting between both, i.e., with 
|𝐁| replaced by 

√

𝑘|𝐵∥|
2 + |𝐵⟂|

2 in the 𝐽c dependence [139,145,147]. On the other hand, probably in a more general way, the 
inclusion of local angular dependencies for anisotropic samples as the one proposed in [141], where the field prefactor 

𝜖(𝜃) =
√

𝛾−2 sin2(𝜃) + cos2(𝜃) (26)

is introduced. As will be seen below, this allows for a straightforward connection between the phenomenological models with 
quasi-mesoscopic and statistical models, where 𝛾−2 = 𝑚ab∕𝑚c is defined as the mass anisotropy ratio of the SC compound, and 𝜃 is 
the angle between the applied field and the crystallographic 𝑐-axis.

3.3.2. The second magnetization peak phenomenon
At this point, note that the above models consider only the possibility of having a monotonic decreasing 𝐽c(𝐵) dependence, 

regardless of whether the magneto-angular dependence of CCs [141] has been considered or not. From the experimental point of 
view, and to the best of our knowledge, the critical current density extracted from transport measurements always agrees with this 
behavior. However, certain experimental measurements have shown that this is not always true [148–162], as the 𝐽c(B) function 
can show a non-monotonic behavior with the presence of an absolute maximum at zero field, and a second relative maximum at
a higher field characteristic of the SC sample. In fact, when 𝐽c is obtained from magnetic inductive techniques (Section 3.1.2), the 
measured magnetic hysteresis loops 𝑚(𝐻) always show the presence of a peak around 𝐻 = 0 T [163], generally called Central peak,
and occasionally an additional peak at higher fields, generally defined as the Second Magnetization Peak (SMP). An example of the 
central peak can be seen in the inset of (a) Fig.  10(a), where the precise position of this peak depends on the sample’s geometry and
granularity, as well as on the field orientation [164]. However, many practical superconductors such as BSCCO show the occurrence 
of an SMP (Fig.  10(b)), revealing the non-monotonic decrease of the critical current density, i.e., breaking the standard 𝐵 dependence 
of 𝐽c. Consequently, this phenomenon is thought to give hints on the underlying physics of the Flux Line Lattice (FLL) and its 
interaction with the pinning landscape, as it can be located at different field values depending on temperature, material, sample 
geometry, and the physics associated with the birth of the phenomenon.

Since the discovery of the SMP, many researchers have tried to explain its origin by considering the vortex–vortex and the vortex–
pinning center interactions, proposing different explanations and theoretical models [153–156] depending on the crystal structure 
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Fig. 10. 𝐽c(𝐻) curves (main panels) extracted from the magnetic hysteresis loops (insets) for two BSCCO samples. (a) Shows the common monotonous decrease 
of 𝐽c with field for a sample measured at 4.2 K. (b) Shows the occurrence of the SMP for an equivalent sample measured at 16 K.

and defect typologies present in the sample. Moreover, the SMP phenomenon has been found in different kinds of samples such as 
single crystals, thin films, or bulks, and for different field orientations [148,157–159]. Thence, the SMP phenomenon is particularly 
interesting not only from a theoretical point of view, but also due to its potential usefulness, as it might allow superconductors to 
sustain higher critical current densities at higher magnetic fields for practical purposes. For these reasons, since the 90s, the SMP
phenomenon has been deeply investigated especially in the well-known families of superconducting cuprates [151–153] and more 
recently in the different families of iron-based superconductors [149,160–162], which were discovered in 2006 [38].

It is important to highlight that sometimes the papers facing the SMP phenomenon focus their analysis on different points of the 
𝑚(𝐻) curve, such as the onset and the second peak (see Fig.  10(b)). Therefore, it can happen that the same phenomenon could be 
attributed to different mechanisms. Nevertheless, as recently reported by Polichetti et al. [165], the SMP can be framed in a general 
scenario of a vortex lattice crossover from a configuration with less efficient pinning to another one with higher pinning efficiency, 
although several causes can in general contribute to the birth of this phenomenon. However, it is worth underlining that the SMP
phenomenon cannot be enclosed in a fixed range of temperatures and magnetic fields. In fact, it is well visible from the vortex 
phase diagrams reported, e.g., in Refs. [166–168], how different materials show different SMP characteristic values. This makes it 
even harder to get to a common understanding of the SMP phenomenon and therefore we will summarize below the main SMP
observations in diverse HTS materials, which have been organized, just for clarity, in copper-oxides with and without calcium, and
other HTS compounds.

SMP in HTS with CuO2 planes. Among the cuprates, the most studied are probably the family of YBa2Cu𝑥O𝑦 compounds, 
particularly YBa2Cu3O7−𝛿 (YBCO) samples where the SMP phenomenon can be seen in either single crystals, bulks (e.g. melt-textured 
samples), or straightforwardly on the 2G-HTS tapes available in the commercial market. In this context, it is pertinent to highlight 
several seminal works that have significantly contributed to the field, with their origins dating back to the early 1990s. Among 
these contributions, one of the key studies is the work of Daeumling et al. [159] in 1990, where the oxygenation conditions of 
three YBCO crystals were varied, finding that a decrease in 𝛿 tends to eliminate the anomalous double-peaked magnetization curve. 
In this context, Zhukov et al. [169] studied YBCO single crystals for 0 ≤ 𝛿 ≤ 0.55 connecting the observed increase of the current 
to synchronization effects of the increased disorder in the vortex lattice, as the distribution of the oxygen deficiency can induce 
stronger pinning as reported in [170]. Likewise, in 1993 Cohen et al. [171] revealed that the SMP phenomenon in YBCO samples 
was possibly facilitated by microstructural regions that, once they become normal with increasing field, act as additional pinning
centers. On the other hand, in 1994, Küpfer et al. [157] analyzed not only YBCO single crystals but also known melt-textured 
samples [172], aiming to find a correlation between the relaxation in the magnetization and the SMP phenomenon, concluding that 
indeed the SMP phenomenon is not based on magnetic relaxation processes but related to the pinning mechanisms of the sample.

Building upon the above findings, Reissner and Lorenz [173] observed the existence of two different types of pinning centers 
in a YBCO melt-textured sample: one dominating in the low-field regime and associated with its 3D behavior, and the other type 
of pinning centers dominating at higher fields and temperatures, exhibiting a 2D pinning behavior. In this context, the authors 
suggested that the transition between 3D and 2D behaviors in vortex dynamics is responsible for the observed SMP phenomenon in 
their samples. Another recurrent cause associated with the SMP phenomenon is the crossover from pinning characterized by elastic 
deformations to pinning characterized by plastic deformations. For example, in the seminal works of Küpfer et al. [174], Abulafia 
et al. [153], and Miu et al. [175], the crossover in flux dynamics from elastic to plastic creep is shown to be the possible cause for 
the SMP phenomenon in their YBCO samples.

Similarly, Giller et al. [176] have ascribed the origin of the SMP phenomenon for YBCO single crystals to a crossover between the 
flux pinning and the flux creep mechanism, which is also supported by the works of Pissas et al. [177] whose experimental studies, 
at low and high temperatures, conclude that the SMP might indeed be caused by a disorder-induced transition (or crossover) from
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a relatively ordered vortex lattice to a highly disordered vortex solid. Nevertheless, in 2018, Ionescu et al. [148] studied a twinned 
optimally doped YBCO crystal, stating that the SMP phenomenon is not due to a crossover between single-vortex to collective pinning
but rather triggered by an increase of the characteristic pinning energy between the onset and the SMP. Still, what remains evident 
is that a more quantitative and sound theory of the SMP phenomena is to be achieved even with these highly explored materials.

Likewise, for the case of bulks, a particular explanation of the SMP phenomenon for undoped and Ag-doped YBCO samples has 
been given by Lotnyk et al. [158], where the origin of the SMP phenomenon arises from the competition between surface barriers 
and bulk pinning at intermediate temperatures 0.4 ≤ 𝑡c = 𝑇 ∕𝑇c ≤ 0.8. Thus, doping can also be a tool to induce the SMP phenomenon 
in high-𝑇c superconductors. In this framework, Gokhfeld et al. [178], Antal et al. [179], and Vojtkova et al. [180] have reported 
more recently that doping with Nd, Li, Sm and Yb, respectively, can induce the SMP phenomenon in YBCO bulk samples due to the 
improvement of the pinning properties.

Finally, concerning the YBCO thin films employed as precursors for the production of 2G-HTS tapes, it is worth noting that the 
oxygen concentration, traditionally viewed as the primary parameter influencing the presence of the SMP, may not necessarily be the 
most optimal avenue for controlling its occurrence. Instead, a more appealing approach involves the incorporation of microstructural 
elements that, without altering the underlying crystallographic structure of the superconducting layer, offers the advantage of 
preserving the quality of the deposition buffer [30]. In this sense, at the beginning of 2019, Marchiori and Bending [181] analyzed
the flux penetration profile of a 2G-YBCO tape doped with Dy2O3 nanoparticles, noticing that the presence of the SMP in the 
magnetization loop was due to an increase of 𝐽c near the edge of the sample, linked to vortex pinning matching effects. Similarly, 
Galstyan et al. [182] studied the correlation features between 𝐽c and the microstructural characteristics of Zr-added 𝑅𝐸Ba2Cu3O7−𝑥
(𝑅𝐸 rare-earth element) coated conductors, observing that the SMP phenomenon is not an inherent property of the REBCO matrix 
but due to matching field effects correlated with the distribution of BaZrO3 (BZO) nanocolumns inside the sample.

Another popular member of the REBCO family of cuprates mostly studied in the 90’s is DyBa2Cu3O𝑦 (DyBCO), which not only 
showed the SMP phenomenon but was at the time of major interest due to the apparent possibility to enhance 𝐽c by changing its 
sintering temperatures. Thus, in 1994, Koblischka et al. [183] studied the SMP in a DyBCO single crystal, finding that the SMP
phenomenon was due to a reorientation of the vortex lattice after reaching the full penetration field. Then, when analyzing the 
relaxation effects of twin-free DyBCO single crystals in 1995, van Dalen et al. [184] attributed the birth of the SMP phenomenon 
to a dynamic contribution of single-vortex pinning. This conclusion arose from the fact that the calculated critical current density 
𝐽c(𝐵, 𝑇 ), which by definition is independent of relaxation effects, results to be in good agreement with the predictions of simplified 
mesoscopic models where the crossover from single–vortex pinning to pinning of flux bundles does not occur, at least in the case 
of van Dalen’s samples. Nevertheless, in 1997, Jirsa et al. [185,186] showed that in several DyBCO single crystals with the SMP
phenomenon seen at a wide range of temperatures (3− 70 K) and fields (0− 7 T), the SMP can be the result of two different pinning 
contributions, one active at low fields and the other one at high fields, but in some occasions may result from the interplay of two 
different pinning regimes, leaving the problem still open for further research.

Analogously, an interesting cuprate with 𝑇c > 90 K is HgBa2CuO4+𝛿 (HBCO), which presents a single CuO2 layer per unit cell 
and can be produced with high phase purity. In this regard, already in 1998 Pissas et al. [187] studied the SMP phenomenon for 
HBCO and Pb-doped HBCO single crystals, finding that the temperature-dependent SMP field, 𝐻sp(𝑇 ), separates two distinct solid
phases. In particular, for 𝐻 < 𝐻sp the sample is in a weakly disordered quasi-lattice phase (Bragg glass) while for 𝐻 > 𝐻sp it is 
in a highly disordered entangled state. Later it was confirmed that the SMP is related to an elastic to plastic pinning crossover if
analyzed by the behavior of the activation energy as a function of the magnetic field [188]. Similarly, Stamopoulos and Pissas [166]
proved that the SMP phenomenon in HBCO single crystals with different amounts of disorder (e.g., in two platelet crystals having 
𝑇c = 89.9 K and 94.8 K) reveals that the Bragg glass state below 𝐻sp is replaced by plastic deformation of the vortex matter when the 
magnetic field exceeds the second peak field. Related to that, interesting results have been found very recently by Eley et al. [189]
when analyzing an HBCO single crystal, showing that at sufficiently low temperatures (𝑡c < 0.2) the SMP coincides with the elastic 
to plastic crossover, but for 𝑡c > 0.2 it is caused by a structural transition of the vortex lattice.

A high-𝑇c superconductor that is particularly interesting for energy harvesting applications at low temperatures [190,191] is 
La2−𝑥Sr𝑥CuO4 (LSCO). Kodama et al. [152] studied in 1997 the SMP phenomenon manifested by a LSCO single crystal, finding 
that the SMP can be associated with the maximum flux pinning energy 𝑈0 in the framework of the Anderson-Kim model [192]
(see Section 5.1.3), and in particular to a crossover from collective creep to a catastrophic flux creep controlled by the glassy 
exponent 𝜇 inherent to the collective creep model [193]. More recently (2018), by studying underdoped (𝑥 = 0.12) and overdoped 
(𝑥 = 0.2) LSCO single crystals, with critical temperatures ranging from ∼ 27.5 K to ∼ 30.5 K, Ionescu et al. [148] found that the 
SMP phenomenon in LSCO is triggered by a disorder of the quasi-ordered vortex solid at low magnetic fields induced by random 
pinning. However, although for LSCO single crystals the SMP at various temperatures and field regions can be well described within 
the existing theoretical models, the temperature-dependent behavior of the SMP onset field for Sm-doped LSCO samples, such as 
SmLa0.8Sr0.2CuO4−𝛿 [194], appear to defy any model known.

SMP in HTS with CaCuO2 planes. In 1993, the pioneering studies of Tamegai et al. [195] and Yang et al. [151] associated the 
SMP in Bi2Sr2CaCu2O8+𝑥 (Bi2212) single crystals to a dimensional crossover in the pinning mechanism from 3D pinning at low fields 
to a 2D pinning at high fields, through a competing correlation between the magnetic hysteresis measurements obtained by Hall
probe magnetometry and defect structures studied by transmission electron microscopy. This explanation is somehow supported by
the magneto-optical measurements of high temporal resolution reported by Kalisky et al. [196]. They attributed the particular shape 
of the SMP phenomenon to long-living transient disordered states induced by edge contamination for inductions in the vicinity of the 
order–disorder vortex phase transition, showing that the thermodynamics evolution of SMP is governed by the relaxation times of the 
metastable disordered vortex states. Another interesting explanation of the SMP phenomenon in BSCCO single crystals by Khaykovich 
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et al. in 1996 [197] postulated that the birth of the SMP phenomenon is triggered by an underlying thermodynamic phase transition 
of the flux-line lattice. Following this ansatz, the work of Miu et al. [175,198] concluded later that the SMP phenomenon in Bi2212 
and in YBCO single crystals is due to a crossover from elastic to plastic vortex creep, based on a careful analysis of the vortex 
activation energy and the critical current density of their samples. Similarly, in the early 2000s, Sun et al. [199,200] investigated 
the SMP in Pb-doped BSCCO single crystals, finding that the onset of the SMP phenomenon is caused by a disorder-induced vortex 
structure transition from an ordered vortex quasi-lattice (or Bragg glass) to a vortex glass state, at least in the case of partially
Pb-substituted samples. However, in the case of heavily Pb-doped samples, the SMP phenomenon may be of dynamic origin and
related to the underlying change of the vortex structure together with the competition between collective and plastic flux creep, 
just as in the case of BSCCO single crystals.

Finally, we conclude this section with some remarks for the case of Tl-based cuprates (TBCCO), as among all the HTS materials 
with potential for applications at LN2 conditions (77 K), the TBCCO family shows one of the highest 𝑇c (≈ 125 K for Tl2223).
However, the study of Tl-based superconductors has been strongly limited by the inherent difficulties in their growth, which implies 
to deal also with the high toxicity of the thallium oxides. Nevertheless, when studied after diverse irradiation treatments, quite 
interesting observations related to 𝐽c and the SMP could be mentioned. In this sense, the seminal works of Brandstätter et al. [201]
for neutron-irradiated crystals of Tl1223 and Tl2223 and with similar purpose by Singh et al. [202] on ion-irradiated Tl2223 samples 
can be taken as an example. In the case of neutron-irradiated samples where the fast neutrons produce ‘defect cascades’, which consist 
of highly disordered or even amorphous material in the irreversible range (see Section 6.6 for further info), the 𝐽c(𝐵, 𝑇 ) values 
obtained from the 𝑀(𝐻) hysteresis loops revealed that even though the pinning behavior at low temperatures (< 20 K) is nearly
unchanged, for higher temperatures 𝐽c is strongly enhanced by the radiation-induced defects. This is remarkable in superconductors 
such as Tl2223, where the distance between the copper oxide planes is much larger than in other REBCO materials, as 𝐽c has been 
seen to increase by a factor of 52 at 40 K and under a 1 T field [201]. However, as the SMP phenomenon occurs in both regimes, 
hinting at the existence of at least two concomitant pinning mechanisms, one being dominant at low temperatures and the other 
being present over the entire temperature range but becoming dominant at high temperatures, it has not been possible yet to get a
consensus on the actual physical mechanism that leads the occurrence of the SMP. Similarly, in 2011, the effect of Ag15+ and Li3+
ion irradiation on the SMP and hysteresis behavior of Tl2223 single crystals was studied, from which Singh et al. [202] reported 
the disappearance of the SMP for high ion fluence, while annealing the samples after irradiation partially recovered it. Therefore, it 
is speculated that if the SMP and, consequently, the hysteresis loop of cuprate superconductors is affected by the defects formed by
the effects of radiation, this ‘experimental tool’ can give further insight into the possible origin and maybe control of the 𝐽c(𝐵, 𝑇 )
of practical superconductors.

SMP in MgB2 and IBS compounds
Despite being less common in superconducting materials with low critical temperatures, the second magnetization peak (SMP)

phenomenon – also referred to as the fishtail effect – is frequently observed in intermetallic compounds like MgB2 [203,204]. It
typically manifests as a hump in the 𝐽c(𝐵) curve, well below the upper critical fields 𝐻c2(𝑇 ) [205]. More pronounced fishtails 
have also been found in neutron-irradiated MgB2 crystals, particularly at low neutron fluences, that extend typically across a large 
portion of the superconducting phase diagram at higher doses [206]. Even in cases of moderate neutron fluences and moderate 
levels of carbon substitution, the phenomenon has been reported for MgB2 single crystals [204]. Notably, the SMP is clearly visible in 
samples that are both neutron-irradiated and carbon-doped but not in unirradiated C-doped samples. In fact, Zehetmayer et al. [203]
demonstrated how neutron irradiation allows for controlled variation of defect density, thereby tuning the birth and development 
of the SMP. They attributed the appearance of the SMP to an order–disorder transition between a flux lattice dominated by elastic 
energy and a state dominated by interactions between flux lines and defects. An intriguing SMP has also been reported in an ultra-thin 
MgB2 film, with a thickness of 10 nm, deposited using a hybrid physical–chemical vapor deposition technique. This is attributed to 
the presence of defects, likely at grain-boundary sites, which act as vortex pinning centers. In addition, small peaks commonly known 
as the ‘Peak Effect’ occur near 𝐻c2(𝑇 ), and have been already attributed to the occurrence of thermomagnetic instabilities [207].
Yet, the origin of the SMP remains under debate. Still, it is widely accepted that the presence and number of defects which act as 
flux-pinning centers that become active at high fields play a crucial role in this phenomenon, which is consistent with the effect 
of local damages observed in neutron-irradiated MgB2 single crystals [208]. Interestingly, in polycrystalline samples containing 
embedded carbon nanotubes, analytical fits to magnetization data suggest that the same flux-pinning mechanisms responsible for 
the SMP in MgB2 are also at play in YBCO single crystals [209], likely due to lattice defects associated with carbon substitution.

On the other hand, in the case of iron-based superconductors (IBS), the occurrence of the SMP is not a universal phenomenon 
across the various pnictide families [210]. For instance, a pronounced SMP is generally observed in both hole- and electron-doped Ba-
122 compounds, which has been attributed to different mechanisms [211,212]. However, the appearance of the SMP is sensitive to 
the compositional elements within the 122 IBS family (𝐴Fe2As2, 𝐴 = Ba, Sr, Ca, etc.). For example, in Co-doped Ca-122 compounds, 
the SMP does not occur [213], while it is generally present in Pt𝑛As8-containing systems [214]. The SMP is also observed in the 1111
(𝐿𝑛FeAsO, 𝐿𝑛 = La, Nd, Ce, Sm, etc.) IBS family and has been attributed to an increase in the effectiveness of pinning centers [215].
Similarly, the SMP has also been observed in the 1144 (𝑅𝐴Fe4As4, 𝑅 = Ca, Eu; 𝐴 = K, Rb) family due to the existence of surface as 
well as point core pinning of the vortices in the low field regime [216], and in the 11 (FeSe) IBS families due to the vortex–vortex and
vortex–defect interactions [217]. Nonetheless, in the 111 family (𝐴FeAs, 𝐴 = Li, Na, etc.), such as LiFeAs, the SMP is only observed 
when the magnetic field is applied parallel to the crystallographic 𝑎𝑏-plane, suggesting that the SMP’s origin may be linked to a
vortex lattice phase transition [218] in line with what is seen in Ba-122 single crystals [211]. Notably, the SMP disappears in 𝑐-axis 
grain-textured Ba-122 polycrystals [219]. More recently, the SMP has been reported in the triclinic iron-pnictide superconductor 
(Ca  La ) (Pt  As )(Fe  As )  [220], with a superconducting transition temperature 𝑇 ∼ 31 K. This behavior can be explained
0.85 0.15 10 3 8 2 2 5 c  
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by the collective creep theory (discussed in Section 5), involving an elastic-to-plastic vortex creep crossover when the magnetic field
is applied parallel to the crystallographic 𝑐-axis. However, the SMP for 𝐻∥𝑎𝑏 seems to be of a different nature, potentially involving 
a vortex phase transition characteristic of an entangled pinned vortex-liquid. In contrast, simpler 11 IBS crystals like FeSe0.5Te0.5
have been found to exhibit a more universal behavior. The SMP onset is triggered by a weak-to-strong pinning crossover occurring 
in the field region preceding the elastic-to-plastic transition, which corresponds to the maximum in 𝐽c. Remarkably, this crossover 
appears to be independent of the specific type of pinning centers involved [165].

3.3.3. Blatter’s Quasi-mesoscopic models
Due to the rich microstructures (pinning landscapes) and the softness of the vortex matter in HTS cuprates, the 𝐽c anisotropy 

results to be a very complex subject and, therefore, usually handled only from the macroscopic perspective. However, despite the 
phenomenological models may allow for an accurate description of many phenomena [71,139], the magneto-anisotropy of 𝐽c can 
also be approached from a quasi-mesoscopic point of view, with the main features of these models being summarized by the so-called
scaling approach or Blatter’s model, and the consideration of the defects dependence and correlated disorder.

On the one hand, let us remind the work of Blatter, Geshkenbein, and Larkin, who in 1992 developed a method for mapping 
results obtained for isotropic superconductors onto the anisotropic case [29,221]. That means, instead of solving basic equations for 
anisotropic superconductors directly, which can be rather complex and tedious, the problem is scaled to the isotropic case, solved, 
and scaled back. Worth mentioning is that this work builds upon older publications by Kogan and Clem [222] as well as Hao and
Clem [223]. The main, general scaling between a quantity 𝑄 in the anisotropic case and its equivalent 𝑄̃ in the isotropic case, in 
which mass anisotropy 𝛾−2 and angle 𝜃 between uniaxial direction (𝑐-axis for cuprates) and magnetic field4 are eliminated, is 

𝑄
(

𝜃,𝐻, 𝑇 , 𝜉, 𝜆, 𝜖, 𝛾 ′
)

= 𝑠𝑄𝑄̃
(

𝜖𝜃 ,𝐻, 𝑇 ∕𝜖, 𝜉, 𝜆, 𝛾 ′∕𝜖
)

. (27)

In this expression, 𝜉 and 𝜆 are the (in-plane) values for the coherence length and penetration depth of the SC, and 𝛾 ′ is the degree 
of disorder. Also, the factor 𝑠𝑄 depends on the quantity 𝑄, and what we have called the field prefactor 𝜖𝜃 at Eq.  (26) results from no
other than the elliptic term of the anisotropic Ginzburg–Landau theory. Thus, shortly after, Kumar et al. [224] and Xu et al. [225,226]
showed that indeed the magneto-anisotropy of 𝐽c can be scaled in this way, with 𝑠Jc = 1, i.e., 𝐽c(𝐻, 𝜃) ≡ 𝐽c(𝜖𝜃𝐻). This is surprising at
first since 𝐽c is not a thermodynamic quantity within the developed formalism of the scaling model. This implies that these scaling 
results can be debated regarding their physical background or lack thereof (see e.g., [227]). Nevertheless, one has to keep in mind
that pinning, being a force, is an interaction, and both the more or less intrinsic elastic properties of the individual flux lines (or 
the flux line ensembles as a whole, i.e., the vortex matter) and the extrinsic properties related to the pinning landscape determine 
the pinning force densities.

Application to anisotropic HTS. Notice that if the anisotropic superconductor is relatively clean microstructurally, i.e., without 
large densities of extended defects of diameter > 𝜉, or even correlated structures (columnar or planar defects, inter-plane distances 
> 𝜉c), the pinning will be predominantly determined by the intrinsic properties of the flux lines, yet be extrinsic of nature since it 
needs small and random pinning centers (e.g., atomic disorder, small precipitates). In such a case, it is feasible that 𝐽c will scale 
with the mass anisotropy, as the coherence length along a specific direction 𝑥, either along the 𝑎𝑏-planes or the 𝑐-axis for cuprates, 
is defined as 𝜉𝑥 =

√

−ℏ2∕2𝑚∗
𝑥𝛼, with 𝛼 being a constant with respect to the space variable 𝑥, ℎ = 2𝜋ℏ is the Planck’s constant, and 𝑚∗

𝑥
is the mass of the superconducting charge-carriers of electric charge 𝑒∗ = 2𝑒 related to Cooper pairs that exist along 𝑥. This has been 
nicely illustrated by Civale et al. [228], see Fig.  11, who showed how to use Blatter scaling to discern regions of random pinning 
(where the scaling works) from correlated pinning for fields near 𝑐-axis (e.g., dislocations and twin boundaries) and for fields near
the 𝑎𝑏-planes (stacking faults, intrinsic 𝑎𝑏-planar pinning).

Blatter’s scaling method has been used extensively for a wide variety of samples with artificial pinning centers. Especially for 
nanocomposite films with perovskite nanoparticles, it has been found that Blatter scaling works in a wide range of medium angles 
if an ‘effective anisotropy’ 𝛾eff  is introduced. This anisotropy parameter is a field-independent measure of the nanoparticles’ ability
to reduce the 𝐽c anisotropy (see, e.g., [229]). However, it seems to depend on microstructure, the reason why this scaling method 
is already used outside the actual applicability range of the theoretical framework. For instance, whereas the 𝐻c2 anisotropy in 
nanocomposite films grown by Pulsed Laser Deposition (PLD) is reduced due to dirty-limit scattering [230], which can partially
explain the reduced scaling parameter, it is more or less unchanged in films grown by Chemical Solution Deposition (CSD) with 
large amounts of nanoscale strain-induced pair suppression [231]. In both cases, the anisotropy of the irreversibility field can be 
described with the scaling parameter 𝛾eff  in the relevant angular range, where scaling of 𝐽c is possible.

Application to highly anisotropic HTS. For highly anisotropic superconductors, such as BSCCO, a further extension of the Blatter 
scaling method has been found by replacing the 3D 𝐻c2 anisotropy as a scaling function with the Tinkham formula of 𝐻c2(𝜃) for 
thin films [232]. Nonetheless, although this leads to a slightly more complicated scaling function for fields not too close to the 
𝑎𝑏-planes, the 2D scaling remains a good approximation. In this sense, a similar reduction of the anisotropy parameter as often seen 
in REBCO nanocomposite films related to the pinning landscape (𝛾eff = 7 vs 𝛾 ≈ 50) has been found in BSCCO tapes [233]. Also 
for several classes of IBS compounds, this scaling method has been employed, mostly in order to estimate the electronic anisotropy 
for microstructurally clean films. However, due to the multiband superconductivity in these materials, the scaling parameter 𝛾

4 Often, the anisotropy is defined as 𝛾 = 1∕𝜖, and sometimes the angle 𝜃 is measured between the applied magnetic field and the 𝑎𝑏-plane. The formula for
 and other scaling functions have to be adjusted accordingly.
𝜃
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Fig. 11. Anisotropic scaling approach diagram. (a) 𝐽c(𝜃) for a YBCO film on single-crystalline STO at 𝜇0𝐻 = 5 T. The solid line represents 𝐽 rd
c , as obtained 

from the anisotropic scaling approach. (b) 𝐽c(𝜃) as function of 𝐻̃ = 𝜖𝜃𝐻 for the same data in Fig.  11(a). A, B, C and D indicates 𝐽c(𝜃) for 𝜃 = 0, 15◦, 85◦
and 90◦ respectively. (c) 𝐽c(𝜃) as function of 𝐻̃ for different fields. The solid line, 𝐽 rd

c , is obtained in the region where the measurements collapse. (d) Angular 
dependence of 𝐽c − 𝐽 𝑟𝑑c  for 𝜇0𝐻 = 5 T.
Source: Adapted with permission from [228]

is generally temperature dependent [234,235], and sometimes (especially for quasi-2D materials) follows the anisotropy of the 
penetration depth rather than 𝐻c2 [137].

Two further extensions of the scaling method may be mentioned here, the first one developed by Matsui et al. [236], who used 
Blatter’s approach for scaling the pinning force density 𝐹p rather than 𝐽c, and in this way explaining the so-called ‘dimpling effect’, 
i.e., the disappearance of a 𝑐-axis peak for higher applied fields. On the other hand, Mishev et al. [237] scaled not only 𝐵 with 𝜖𝜃
but also 𝐽c by 𝜖−1𝜃  to account for the interaction of the anisotropic vortex cores with extended isotropic defects.

Thus, the advantages of the Blatter scaling method are the connection to a microscopic intrinsic explanation and the low number 
of fitting/scaling parameters, but its disadvantage is that it often works without proper microscopic backing, which may lead to 
erroneous interpretations. It is worth mentioning that it is in general not possible to fit 𝐽c(𝜃) by means of Eq.  (26) (just to scale it), 
see, e.g., [238], and in doing so, the fit would always be a mere phenomenological model.

Inclusion of small or extended defects. On the other hand, another point to consider when discussing the mesoscopic scaling 
approach is that it only considers defects somewhat smaller than the coherence length, i.e., somehow assuming an isotropic atomic 
disorder. Defects that are slightly larger than the coherence length in at least one direction are called extended defects. They can be 
(more or less) isotropic in shape and orientation (often modeled as ellipsoids) or have large aspect ratios and be well aligned. The 
former case is treated below. In the range of single-vortex pinning, i.e., if the vortex–vortex interactions are negligible compared 
to the interaction between vortex and pinning center, isotropic (i.e., round) extended defects lead to isotropic pinning and hence 
𝐽c, since the anisotropies of coherence volume and interaction distance cancel out [47]. However, this is not the case for increased 
magnetic fields in the regions of collective pinning, which is easily seen by the anisotropy of the irreversibility field. In these regions, 
isotropic extended defects will also lead to anisotropic pinning. This can manifest in reduced effective anisotropies as described 
above, but also in shoulders of 𝐽c(𝜃) near the 𝑎𝑏-peak, especially for sparse large isotropic precipitates, or even a pronounced 
𝑐-axis peak. The latter has been shown theoretically by van der Beek et al. [239] for uniaxially anisotropic superconductors by
extending the above-mentioned scaling rules to different anisotropies in 𝜉 and 𝜆, as it is typical for multiband superconductors. 
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Thus, depending on the size (and shape) of the precipitates, minima or maxima of 𝐽c near 𝐵 ∥ 𝑐 are found. An interesting side result 
of this analysis is that the 𝐽c anisotropy ratio of currents flowing perpendicular and parallel to the 𝑐-axis, while the magnetic field
is applied perpendicular to the 𝑐-axis in both cases, yields directly the anisotropy of the coherence length and even its possible field
dependence. This theory has been extended later to different field regimes (small bundles, large bundles) by Li et al. [240].

Correlated disorder. Finally, regarding correlated disorder, i.e., highly parallel 1-dimensional or 2-dimensional pinning structures 
such as: (i) nanocolumnar precipitates, dislocations, twin boundaries, anti-phase boundaries parallel to the 𝑐-axis, (ii) stacking faults, 
i.e., extra or missing CuO planes, or the layered crystal structure itself with parallel 𝑎𝑏-planes (intrinsic pinning), and (iii) irradiation 
tracks in any direction; the pinning properties of these defects with significant peaks for fields parallel to them have been described 
also by Blatter et al. [29]. These defects lead in general to strong matching effects for field strengths roughly matching the mean 
defect density, which can be observed by changes in the exponent 𝑛 of the 𝑉 (𝐼) curves (i.e., at the 𝐄− 𝐉 power law) due to changes 
in the creep behavior (see e.g., [135,241,242]). Thus, for highly anisotropic superconductors with strong intrinsic 𝑎𝑏-planar pinning,
such as BSCCO, 𝛾 ≫ 1 and the sinusoidal term in 𝜖𝜃 (Eq.  (26)) can be disregarded. This leads to the older stair-case model of Tachiki 
and Takahashi [243] of strongly pinned components parallel to 𝑎𝑏, and the relevant weakly pinned components parallel to 𝑐, i.e., a
cosine dependence of 𝐽c with field angle.

In conclusion, even though these models are based on scaling rules and microscopic considerations, they are not easily applicable
to real 𝐽c anisotropy curves in a wide range of angles. This is simply due to the manifold of different defects in real samples 
(e.g., coated conductors [33]) and their synergistic effects so that the contribution of a particular defect species is often not easily 
recognized. Therefore, statistical and phenomenological models have been developed to describe the 𝐽c(𝐵, 𝜃) anisotropy, as they 
will be presented below.

3.3.4. The maximum entropy or statistical models
Although the fundamental understanding of 𝐽c can be based on microscopic and mesoscopic considerations as described by

the previous models, it is also possible to start from the macroscopic observations of 𝐽c’s anisotropy, and treat it as an outcome 
of the behavior of a large ensemble of vortices. This has been developed by N.J. Long in the so-called Maximum Entropy model, 
also known as the Vortex Path model [244,245], where instead of asking ‘Which force is needed to move a vortex?,’ the proposed 
question is ‘What is the probability for a vortex to be pinned?’ Within this approach, the vortices can be modeled as elastic strings 
threading through the superconductor in global alignment with the macroscopic field direction. Thus, they will preferentially align
themselves with pre-existing non-superconducting regions (e.g., material defects) so as to lower the total free energy of the system, 
while keeping aligned with the field in the average. This preferential alignment with a non-superconducting region is what is termed 
‘pinning’ within this model. Thus, lacking a reliable methodology to sum the effects of all the defects distributed throughout a
material for finding the flux pinning force per unit volume, by adopting a maximum entropy approach, Long managed to model 𝐽c
while avoiding the need to construct a model of 𝐅p [246].

In the most simple scenario, Long found that for systems of orthogonal 1D pinning centers where each pinned vortex 𝑖 must be 
stationary over the total pinned lengths 𝑦𝑖 and 𝑧𝑖, with the macroscopic angle at which the vortex is pinned satisfying 𝑧𝑖∕𝑦𝑖 = cot(𝜃𝑖),
it is possible to consider its mean value ⟨𝑧∕𝑦⟩ = ⟨cot(𝜃̄)⟩ as the most relevant constraint rather than the summation of pinned vortex 
segments. Thus, in combination with certain constraints (e.g., 𝐽c(𝜃̄) periodic in 2𝜋), two maximum entropy functions were introduced, 
one for a Gaussian distribution of pinning lengths: 

𝐽c(𝜃̄) =
𝐽0

√

2𝜋𝜎 sin2(𝜃̄)
exp

(

− 1
2𝜎2 tan2(𝜃̄)

)

, (28)

and another for a Lorentzian distribution, 

𝐽c(𝜃̄) =
1
𝜋

𝐽0𝛾

cos2(𝜃̄) + 𝛾2 sin2(𝜃̄)
. (29)

In this approach, the prefactor 𝐽0 and the width parameters 𝜎 and 𝛾 yield all information about the microstructure of the material.
On the one hand, it is to be noticed that Eq.  (29) is an elliptic function that resembles the scaling function of Blatter’s model. 

On the other hand, if there are no constraints, Eq.  (29) leads to a uniform distribution 𝐽c(𝜃) = 𝐽0∕𝜋 for isotropic materials (𝛾 = 1), 
providing a straightforward solution for LTS rounded wires where such an angular dependence is a trivial result. For interpretation 
of the results, one has to keep in mind that in general all pinning center species contribute to all pinning contributions to different 
amounts. Furthermore, in most cases, there is indeed a contribution of constant 𝐽c, the isotropic pinning contribution. This should 
not be mixed up with the isotropic pinning centers of the Blatter scaling approach (random pinning), which give an anisotropic 
pinning contribution due to the mass anisotropy ratio.

Remarkably, for REBCO materials, such as YBCO, Knibbe et al. [247] have shown that the full 𝐽c anisotropy curve can indeed 
be described by the summation of the above functions, namely one per distinct pinning center species in the pinning landscape 
with angular offsets for the respective 𝐽c maximum position. Thus, the isotropic pinning contribution of the Maximum Entropy 
model 𝐽c(𝜃) = 𝐽0∕𝜋 can have different reasons, e.g., the superposition of similar angular functions with 𝜋 shift due to small and
extended isotropic defects. Similarly, Wimbush and Long [245] pointed out that the possibility of scaling 𝐽c in samples with extended 
defects with an effective anisotropy 𝛾eff  can be related to a Lorentzian distribution and may therefore be a stretch of the theory. 
Nevertheless, it is often used because its 𝛾eff  yields a field-independent anisotropy parameter in contrast to the parameters of the 
Maximum Entropy model, let alone the ratio 𝐽c(𝐵∥𝑎𝑏)∕𝐽c(𝐵∥𝑐), which even diverges for 𝐵 ∼ 𝐵∥𝑐

irr .
Finally, it should be noted that the same considerations made about the maximum entropy model can also be applied to the 

temperature and field dependencies of 𝐽  as shown in [246]. Therefore, in recent years several groups have successfully used 
c
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the Maximum Entropy model on different cuprate nanocomposite films, either deposited on single crystals [248,249] or technical 
substrates [250,251], to explain non-intuitive experimental observations such as peaks in the critical current at angles which are
intermediate between the known correlated defect directions. Nevertheless, although these statistical models can describe the 𝐽c
anisotropy of complex superconductors very well and in the full angular range, occasionally, their aggregated cost is the need to 
deal with a relatively large number of fitting parameters to model the behavior of the ensemble of vortices.

3.3.5. Semi-empirical 𝐽c(𝐵, 𝜃) models
For simulations and magnet design with CCs, often good fitting functions for the 𝐽c anisotropy exist, preferably derived with a

few open parameters yet with sufficient accuracy to describe the local or global behavior of the superconducting tapes in the field-
temperature-orientation environment of the intended application. Often, these models combine an elliptical angular dependence 
(inspired by the Anisotropic Ginzburg–Landau scaling) with a semi-empirical field dependence. The latter can be seen as a modified
Anderson-Kim function for REBCO thin films, i.e., a power law with an off-set field and exponent not necessarily equal to −1 (see 
Eq.  (25)), which leads to [252–255] 

𝐽c(𝐵, 𝜃) = 𝐽c0

[

1 + 𝜖𝜃

(

𝐵
𝐵0

)]−𝛽
. (30)

This function, which has been initially adapted by Leys et al. [255] for the sole case of SuNAM tapes [256] to 

𝐽c(𝐵, 𝜃) = 𝐽c0

[

1 + 𝜖𝛼𝜃

(

𝐵
𝐵0

)𝛽
]−1

, (31)

has been generalized by Zhang et al. [141] to incorporate a wide range of 2G-HTS tapes manufactured by different companies. This 
is a semi-empirical but general model for the CC, in the sense that the authors have built a minimization algorithm capable to find
the lowest level of ‘free’ parameters in a univocal function modeling the magneto-angular anisotropy of multiple 2G-HTS tapes. 
Thus, up to date [140,141], it has been found that the same function, 

𝐽c(𝐵, 𝜃) = 𝐽c0

[

1 + 𝜖𝜃

(

𝐵
𝐵0

)𝛼]−𝛽

, (32)

is capable of modeling 2G-HTS tapes as diverse as the ones fabricated by SuNAM [256], SuperPower Inc., [257], American 
Superconductor [258], Shanghai Superconductor Technology [259], and SuperOx [260].

Thus, in contrast with the original phenomenological model of Kim for isotropic LTS, i.e., with the mass anisotropy 𝛾−2 = 1 (see 
Eq.  (25) and Eq.  (26)), relatively smooth single-peaked anisotropy curves seem to require at least one additional fitting parameter, 
referred here as the field exponent 𝛼. Likewise, it should be stressed that the anisotropy ratio 𝛾 is usually larger than the intrinsic 
anisotropy considered in Blatter’s scaling model, as this only considers random pinning, whilst in the phenomenological approaches 
the correlated pinning (usually parallel to 𝑎𝑏) is taken into the fits.

A similar but slightly more complex generalization was introduced by Hu et al. for rather complex and asymmetric anisotropies 
with several pinning components  [261]: 

𝐽c(𝐵, 𝜃) = 𝐽c0

[

1 +
√

𝑣2 cos2 𝜃 + 𝑢2 sin2 𝜃
(

𝐵
𝐵0

)]−𝛽
, (33)

where 𝑢 and 𝑣 are both trigonometric, polynomial, and/or exponential functions of 𝐵 and 𝜃.
On the other hand, similar to the Gaussian distribution of pinning lengths derived from the Maximum Entropy model, for 

a restricted angular range, exponential functions on field and/or angle have been proposed either based on the percolation 
model [262], 

𝐽c(𝐵, 𝜃) = 𝐽c0

{

𝛿 + exp
[

−𝜖𝛼𝜃

(

𝐵
𝐵0

)]}−1
, (34)

or based on the magnetization modeling of LTS wires [255], 

𝐽c(𝐵, 𝜃) = 𝐽c0 exp

[

𝜆 − 𝜖𝛼𝜃

(

𝐵
𝐵0

)𝛽
]

, (35)

where 𝐽c0, 𝐵0, and 𝛿 (or 𝜆) are physical fit parameters extracted from electrical transport measurements, and 𝛼 and 𝛽 are two 
mathematical fit parameters.

Likewise, to some extent related to the Lorentzian form of the Maximum Entropy model, a relatively often-used phenomenological 
model for cuprates was introduced by Hilton et al. [253]. The relevance of this model is that instead of adding mathematical fitting 
parameters for single-peak anisotropy cases, this model incorporates simple threshold values for the individual components of 𝐽c
when 𝐁 is parallel or perpendicular to the 𝑐-axis, such that the anisotropy parameter 𝜖𝜃 is governed by the relation 

𝐽c(𝐵, 𝜃) − 𝐽c0(𝐵 ∥ 𝑐)
𝐽c0(𝐵 ∥ 𝑎𝑏) − 𝐽c0(𝐵 ∥ 𝑐)

=

[

𝜖−1𝜃 − 1
𝛾 − 1

]

, (36)

with 𝛾 being called the peak sharpness parameter, not to be confused with the mass anisotropy ratio in Eq.  (26), as this is indeed 
just a physical fit parameter. Then, fitting multiple peaks requires Eq.  (36) to become a term in a scaled summation, with each peak
represented by a term, and each term angularly shifted to its corresponding field angle.
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.3.6. Temperature dependent models
The temperature dependence of the critical current density, 𝐽c(𝑇 ), at a certain field strength and direction (𝐵, 𝜃), can be used 

to clarify which kind and mechanism of pinning (or more general 𝐽c limitation) is prevalent. Theoretically, the phenomenological 
theory of Ginzburg and Landau [263] could be used to determine the critical current and critical fields for any type II superconductor 
at temperatures relatively close to 𝑇c, as long as the dimensions of the samples are smaller than the coherence length, 𝜉, so that 
changes in the energy gap within the reciprocal space may be neglected. However, for the majority of HTS materials (cuprates), not 
only 𝛥 has been found to be a function of the angular components of the electronic states (𝐤) in the reciprocal space [264–266], but 
also their coherence length (typically of the order of a few nanometers), is too small to allow a direct measurement of 𝐽c that could
be free of macroscopic effects such as those related to artificial pinning elements not bonded to the electronic coupling mechanism. 
Nonetheless, if the path on which the current flows across a superconducting sample, let us say a superconducting bridge of width 𝑑
and thickness ℎ, is such that their dimensions are comparable with the London’s penetration depth, 𝜆, it would be expected that a DC
current will distribute homogeneously once the transport current reaches 𝐽c. In this sense, at this scale of measuring, our previously 
developed macroscopic definitions for 𝐽c in Section 2, where the flux pinning theory was inherently ascribed to its magneto-angular 
dependence 𝐽c(𝐵, 𝜃), becomes a most fundamental definition for the critical current, commonly called the depairing current, 𝐽dp,
from which the actual dependence of 𝐽c on temperature can be analyzed.

Thus, self-field transport measurements on nanobridges with widths smaller than the penetration depth [267], have often been 
used to estimate the Ginzburg–Landau depairing critical current density, 

𝐽dp(𝑇 ) = 𝛷0∕3
√

3𝜋𝜇0𝜆2(𝑇 )𝜉(𝑇 ) (37)

under the consideration that vortices are not able to enter such small structures of a superconductor. In fact, by inserting the usual 
temperature dependence of the Ginzburg–Landau parameters, 𝜆(𝑡) ∝ 𝜆(0)∕

(

1 − 𝑡 4c
)1∕2, and 𝜉(𝑡c) ∝ 𝜉(0)∕

(

1 − 𝑡c
)1∕2, it was already

known by the seminal work of Bardeen [268], that Eq.  (37) could be written as a function of the normalized temperature 𝑡c = 𝑇 ∕𝑇c
as, 

𝐽c(𝑇 ) = 𝐽dp(0)
(

1 − 𝑡 2c
)3∕2 (38)

for the whole temperature range. Nonetheless, good care must be taken in such measurements to avoid any spurious magnetic fields 
(vortices) and heating effects, especially at low temperatures, as low-temperature deviations from the GL dependence are known to 
lead to critical currents with temperature dependence of the form, 

𝐽c(𝑇 ) = 𝐽dp(0)
(

1 − 𝑡 2c
)3∕2 (1 + 𝑡 2c

)1∕2 , (39)

s introduced by Kupriyanov and Lukichev [269], which near 𝑇c can be reduced to, 
𝐽c(𝑇 ) = 4𝐽dp(0)

(

1 − 𝑡c
)3∕2 , (40)

where the prefactor 4 is sometimes omitted to form the widely adopted phenomenological formula 
𝐽c(𝑇 ) = 𝐽c(0)

(

1 − 𝑡c
)𝑛 (41)

with 𝑛 ranging from 𝑛 = 1 to 5∕2 [96,270]. This relation seems to hold also for magnetization-derived zero-field 𝐽c(𝑇 ) data,
i.e. calculated from the remanent state. Albrecht et al. found indeed two distinct 𝐽c(𝑇 ) dependencies according to Eq.  (41) for 
YBCO films with different degrees of disorder. Near 𝑇c, the dependence is linear (𝑛 = 1), whereas at low temperatures, 𝑛 is around 
1.5. This was explained by 𝐽c depending on the depth of the pinning potential 𝑈0 at high temperatures but rather on the shape of 
the pinning potential at low temperatures for sufficiently small fields [271].

In contrast, Talantsev et al. [272] recently pointed out that the transport self-field 𝐽c of microbridges in thin-film samples with 
a thickness of the order of 𝜆 is determined by the lower critical field via 𝐽 sf

c = 𝐻c1∕𝜆, which is a further development of general 
ideas proposed by Silsbee [273,274] and the London brothers [275]. This resulted in what is possibly a universal expression valid
for all superconducting metals, oxides, cuprates, pnictides, borocarbides and heavy Fermions: 

𝐽 sf
c (𝑇 ) =

𝛷0

4𝜋𝜇0𝜆3(𝑇 )
(ln 𝜅(𝑇 ) + 0.5) . (42)

This result, in its simplest form, is independent of geometry and pinning properties, and it also depends only on fundamental 
properties of the superconductor, such as the GL parameter, 𝜅(𝑇 ) = 𝜆(𝑇 )∕𝜉(𝑇 ), yet its nature is completely empirical and in this 
sense differs from the depairing 𝐽c above discussed. However, this model has been extended by taking into account geometric effects 
and anisotropy [272,276] as well as different order parameter symmetries [277].

The role of vortex pinning.
Whether Eq.  (42) should be considered as a lower bound for 𝐽c, and the extent to which strong single-vortex pinning contributes 

once vortices form in the sample, remains a topic of debate and ongoing investigation.
On the other hand, for finite yet sufficiently small applied magnetic fields, fulfilling the condition 𝐵appl ≲ 𝐵c2(𝑇 ≈ 𝑇c), the 

temperature dependence of 𝐽c can be used to distinguish between the vortex pinning resulting from lattice defects of spatial 
variations in the mean free path of charge carriers, 𝛿𝑙, or from variations in the GL coefficient associated with fluctuations of the 
critical temperature, 𝛿𝑇c. Thus, from the collective pinning theory, it has been shown [278] that these temperature dependencies 
are generally described by the relationships, 

𝐽 (𝑡) = 𝐽 (0)
(

1 − 𝑡 2
)5∕2 (1 + 𝑡 2

)−1∕2 , (43)
c c c c
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for 𝛿𝑙 pinning, and 

𝐽c(𝑡c) = 𝐽c(0)
(

1 − 𝑡 2c
)7∕6 (1 + 𝑡 2c

)5∕6 (44)

for 𝛿𝑇c pinning, where for low-temperature superconductors, it generally results easier to distinguish experimentally whether the 
dominant pinning mechanism is 𝛿𝑙 or 𝛿𝑇c [29].

However, for high-temperature superconductors or, in general, superconductors with large fluctuation ranges, the distinction 
between the 𝛿𝑙 and 𝛿𝑇c pinning is probably not as well-founded since any defect lowering the mean free path 𝑙 can be pair-breaking 
and hence decreasing 𝑇c. Conversely, regions of lower 𝑇c may influence 𝜆 and 𝜉. Furthermore, creep-corrected 𝐽c data should be 
actually used for reliable analyses [279]. Nevertheless, it is applied occasionally without losing too much of generality. Especially, 
Griessen et al. [278] have shown that in stoichiometric YBCO samples, 𝛿𝑙 pinning is dominant. However, also 𝛿𝑇c pinning could be 
shown for (Pr-doped) YBCO samples if the measured current density is enhanced by the substitution of Y with Pr [280].

For higher applied magnetic fields and for temperatures sufficiently far away from the irreversibility line, the temperature 
dependence of 𝐽c is used to distinguish between weak and strong pinning. In weak collective pinning,5 the interaction of a vortex with 
a multitude of pinning centers is necessary to have a net pinning effect, whereas in principle one strong pinning center is sufficient 
to immobilize the vortex up to a certain driving force. In these cases, the temperature dependencies are commonly defined by: 

𝐽wk
c (𝑡) = 𝐽wk

c (0) exp

[

−

(

𝑇
𝑇wk
0

)]

(45)

for weak pinning materials [29], and 

𝐽 str
c (𝑡) = 𝐽 str

c (0) exp
⎡

⎢

⎢

⎣

−3

(

𝑇
𝑇 str
0

)2
⎤

⎥

⎥

⎦

(46)

for strong pinning [281], with 𝑘𝐵𝑇wk
0  and 𝑘𝐵𝑇 str

0  are certain field-dependent energy scales for the weak and strong pinning
mechanisms, respectively. Whilst Eq.  (45) is based on the collective pinning theory [221], Eq.  (46) is based on the theory of Bose 
glass due to correlated [281] or splayed [282] columnar defects, as found for irradiated BSCCO films [283,284] in the middle 1990s. 
In following years, it was transferred with somewhat less theoretical backup to interfaces [285], i.e., more or less correlated planar
disorder, and finally to any strong-pinning disorder such as oxide [286,287] and perovskite [288] nanoparticles. In this context, the 
combination of Eq.  (45) and Eq.  (46) is used to classify and compare samples in regards to their respective weak and strong pinning
contributions, where usually the energy scales and prefactors are not analyzed in detail [287,289][288].

Thus, despite the cause for the temperature dependence of 𝐽c is still subject to debate, and the fact that it seems to generally 
depend on the GL parameter for diverse materials, one can conclude that if phenomenological functions for fitting the 𝐽c(𝑇 ) data
are needed, it is possible to use the function: 

𝐽c(𝑇 ) = 𝐽0
(

1 − 𝑡 2c
)𝛼 (1 + 𝑡 2c

)𝛽 , (47)

for the whole temperature range, which near 𝑇c and for low magnetic fields can be simply written as 

𝐽c(𝑇 ) = 𝐽0
(

1 − 𝑡c
)𝛼 , (48)

or for higher fields and sufficiently low temperatures by, 
𝐽c(𝑇 ) = 𝐽0 exp

[(

1 − 𝑡c
)𝛼] , (49)

with 𝛼 and 𝛽 being exponents tailored to the experimental observations.

4. 𝑱𝐜 and the flux-flow instability regimes

While much attention has been paid to the low-temperature part of the superconducting transition at intense currents, especially 
in regards to the critical current as a measure of the onset of dissipation, the transition into the normal state has been commonly 
considered only for low current densities. However, for applications of HTS, such as fault current limiters that drive the material into 
the normal state, detailed knowledge of the upper part of the superconducting transition at high power dissipation would be helpful.
Similarly, applications where high transport currents and intense magnetic fields are required, such as the magnets demanded by
the fusion energy sector, require further knowledge on the onset of dissipation and the vortex dynamics at high velocities, where 
the understanding of non-equilibrium regimes near 𝐽c is of practical interest [29,31,290].

In fact, if, as discussed in Section 2, the macroscopic elements of current density within a superconductor can be treated as a
distribution of finite currents whose self and mutual magnetic induction is capable of creating a large Lorentz-type force between 
the associated vortices, then such force can accelerate the vortices to high velocities, making this scenario accessible to a rich 
palette of non-equilibrium phenomena [290]. These phenomena include flux-flow instabilities [291–302], crystallization of the 
vortex lattice [303], the formation of hot domains, and thermal runaway effects [304], of which the flux-flow instability (FFI) 

5 This does not exclude single vortex pinning at low fields.
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Fig. 12. Calculation of the superconducting transition of YBCO in zero magnetic field at different electric fields (lines). For comparison, the transition in a
magnetic field but in the limit of vanishing electric fields, calculated according to [308], is shown (dotted lines).
Source: Adapted with permission from [309]

phenomenon is the one that probably offers a better insight into the intrinsic nature of 𝐽c. This is particularly true when the 
superconductor is subjected to transport current densities near the self-field critical current density 𝐽 sf

c , and either under strong 
electrical fields or magnetic fields, as discussed below. As it will be discussed, the consideration of these phenomena will require to 
go microscopic in the models, at least to some minimum extent.

4.1. Fluctuations at high current density and strong electric fields

Let us start with a brief review of the theoretical predictions in this situation. As is well known, a pronounced rounding 
characterizes the transition to the normal state of HTS cuprates due to the emergence of superconducting fluctuations [305,306].
The layered crystal structures and the small Ginzburg–Landau coherence lengths in-plane, 𝜉ab, and out-of-plane, 𝜉c, with the resulting 
tiny coherence volume lead to tremendous superconducting order-parameter fluctuations that can extend far beyond 𝑇c [307]. On
the other hand, related to the low carrier mobility in HTS materials, the normal state behaves ohmic even in intense electric fields. 
In contrast, the lifetime of superconducting fluctuations is gradually reduced at higher electric fields. Thus, in order to understand 
the upper part of the superconducting transition, one must evaluate the non-ohmic behavior of superconducting fluctuations.

The theoretical investigations of superconducting fluctuations began with the work of Aslamazov and Larkin [310], who 
calculated the fluctuation-induced electrical conductivity in the vicinity of the transition temperature, a measure also known as 
paraconductivity or excess conductivity, for isotropic materials in the absence of a magnetic field in the limiting case of vanishing 
electric fields. An essential extension of this theory, relevant to HTS materials, is the Lawrence–Doniach model [311] of two-
dimensional layered superconductors. However, these theories are valid only at some ‘distance’ from 𝑇c since they do not consider 
the fluctuations’ interactions. Analytically, this means that the Gaussian approximation of the time-dependent Ginzburg–Landau 
(TDGL) theory is used, i.e., the quartic term in the free energy is neglected [312]. Then, in order to estimate the fluctuations in the 
critical region very close to 𝑇c, the Hartree approximation for a self-consistent treatment of the quartic term in the GL free-energy 
expansion has been applied [308], and the Landau quantization in a magnetic field has been considered [313,314]. Only with such 
extensions can the contributions of superconducting fluctuations to the electric transport indeed be calculated. In fact, these theories 
allow a satisfactory phenomenological description of the smooth transition from the fluctuation region above 𝑇c, to the vortex liquid 
regime in magnetic fields below 𝑇c.

Most work on superconducting fluctuations, both theoretical and experimental, has been done in the linear response approxi-
mation of weak electric fields that do not perturb the fluctuation spectrum. By contrast, the paired charge carriers created where a
thermodynamic fluctuation occurs are rapidly accelerated in high electric fields. Consequently, they leave this area before decaying
thermodynamically, thus reducing the lifetime of the fluctuations. In experiments, this effect manifests itself in a nonlinear current–
voltage characteristic of the normal-state resistivity near the superconducting transition, which has been studied theoretically for 
conventional superconductors [315,316], and likewise confirmed experimentally [317,318]. In fact, the theory has been extended 
to arbitrary electric fields in layered superconductors in zero [319] and in finite applied magnetic fields [320], and generalized 
to the case of arbitrary dimensions in the Gaussian approximation of the TDGL theory [321]. Moreover, as the inclusion of the 
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Fig. 13. Resistivity of a YBCO film at increasing electric fields (indicated by the arrow) in a magnetic field of 0.8 T oriented perpendicular to the surface. The 
esistivity measured at a low DC current is also shown for 𝐵 = 0.8 T (solid gray line) and at 𝐵 = 0 T (dotted gray line).
ource: Adapted with permission from [325].

Hartree approximation of the quartic term of the TDGL equation allowed the exploration of the temperature region very close to 
𝑇c in isotropic superconductors [322], the situation most relevant to HTS cuprates has been the solution of the TDGL equation 
in the Lawrence–Doniach model of layered superconductors at arbitrary electric fields, in zero [309] and finite applied magnetic 
fields [323,324].

The influence of high electric fields on the superconducting transition of HTS materials is illustrated in Fig.  12, where commonly 
used parameters for the calculations are namely for a YBCO sample with a measured 𝑇c = 92 K at zero magnetic and zero electric 
fields [309]: the interlayer spacing, 𝑠 = 1.17 nm; the in-plane and out-of-plane coherence lengths at zero temperature, 𝜉ab(0) = 1.2 nm
and 𝜉c(0) = 0.14 nm, respectively; and the GL parameter 𝜅 = 70. In this case, as it can be seen, high electric fields led to a
substantial increase of resistivity at the superconducting transition due to the suppression of the fluctuation paraconductivity. The 
effect bears similarities to the broadening of the transition by a magnetic field as it will be seen in the following section. Nonetheless, 
experimental verification of the theories mentioned above is not an easy task.

High-current suppression of superconducting fluctuations has also been proposed as a possible source of high-frequency 
radiation generation by exploiting a negative differential resistance regime [326]. Early experiments have at least pointed to 
nonlinear behavior of the resistance of TBCCO thin films [327], YBCO single crystals [328], and Bi2212 whiskers [329] near the 
superconducting transition, studied by DC measurements and at moderate current densities. Exploring the transition to the normal 
state at high electric fields and corresponding high current densities inevitably leads to enormous dissipation. For example, a typical
critical current density of 𝐽c ∼ 3 MA∕cm2 at 77 K in YBCO thin films can lead to a power dissipation of about 500 MW∕cm3 in the 
normal state at 100 K. Only by using very short current excitation pulses and by establishing a fast phonon escape time from the 
HTS film to the substrate is it possible to explore the full superconducting transition at intense currents [330–332].

Thus, although the experimental data are collected at constant current densities, it can be converted to curves of constant electric 
fields as shown in Fig.  13, where a 50 nm-thin YBCO film has been measured with 3.5 μs-long current pulses [325]. Note that this 
kind of data representation inherently limits the accessible temperature range at high electric fields since they cannot be obtained 
even at huge current densities when the resistance is small at lower temperatures. Likewise, measurements at zero magnetic field
are practically impossible at such high current densities because of their indispensable self-fields. So, a moderate magnetic field 𝐵
= 0.8 𝑇  has been used. Nonetheless, the significant non-ohmic behavior at a fixed temperature is definitely visible and supports the 
theoretical predictions, where a qualitatively similar behavior has also been reported for Bi2202 and Bi2212 thin films [331].

Finally, it is worth mentioning that the reductions of superconducting fluctuations by a magnetic and an electric field acting 
together are not simply additive, which could be an essential point for the simulation of the quenching of superconducting solenoids. 
Moreover, it should be noted that the theoretical calculations require the electric field as an input parameter. Nevertheless, it 
can be seen that when an HTS cuprate transits from the superconducting into the normal conducting state due to super-critical 
currents, the electric field increases rapidly, driving the transition curves to change according to Figs.  12 and 13. This means that 
the resistance increases even faster than suggested by the thermal models, which are commonly based on the transition curves 
measured at small electric fields. Quite significantly, at high magnetic fields, the additional influence of a strong electric field
becomes much weaker [323].
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Fig. 14. (a) Instability velocity vs temperature for a 𝑐-axis oriented epitaxial YBa2Cu3O7−𝛿 film. (b) Quasiparticle energy relaxation rate 𝜏−1𝜀  plotted logarithmically 
versus the normalized temperature 𝑡c = 𝑇 ∕𝑇c for YBa2Cu3O7−𝛿 and 𝑎-Mo3Si films.
Source: Adapted with permission from [295].

4.2. Non-equilibrium effects at large transport currents and magnetic fields

A particularly interesting regime for superconducting applications under external magnetic fields is the regime of large transport 
currents [333], where flux-flow instabilities leading to discontinuous jumps in the current–voltage characteristics of the HTS material 
might appear [334]. In this sense, the quench of superconductivity at intense currents has been the subject of extensive studies, 
from which we could start by mentioning some of the seminal works for epitaxial [293,294,296,335], vicinal [336] and He ion-
irradiated [337] YBCO films, as well as on BSCCO [298,338], LSCO [295], Nd2−𝑥Ce𝑥CuO𝑦 [339–341], MgB2 films [342], and the 
more recent studies on YBCO nanowires [343,344] and IBS compounds [345,346].

Starting with the FFI context, i.e., where the energy relaxation rate of quasiparticles (unpaired electrons) plays a central 
role [347–350], the maximal vortex velocity 𝑣∗, also called the instability velocity, is the parameter that sets the actual current 
limit above which the superconductor (or part of it) transits to a highly resistive state. Thus, at the corresponding instability current 
𝐼∗, the current–voltage characteristic of the HTS materials exhibits a discontinuous jump, which occurs as a consequence of the FFI.
However, similar to the attained macroscopic definitions of 𝐽c, or even for the intrinsically related but more fundamental 𝐽dp, the 
𝑣∗ and 𝐼∗ values also depend on external conditions such as temperature and magnetic field. Nonetheless, these are considerably 
more influenced by the operation regime with which the transport current properties of the HTS are measured (voltage-driven or 
driven by steady, fast-sweep, pulsed, high-frequency current), and by other extrinsic factors such as the conduit geometry and the 
thermal contact with the cooling medium, what poses significant difficulties on understanding the actual effect of the FFI on 𝐽c(𝐵, 𝜃)
at high transport currents, and for the whole range of temperatures.

On the one hand, the typical temperature dependence of the instability velocity 𝑣∗(𝑇 ) in HTS films is shown in Fig.  14(a) for 
YBCO, generally showing a growing tendency as the temperature increases. On the other hand, concerning energy relaxation, it 
can be mediated by a scattering process with a phonon [351], changing the quasiparticle excitation energy, or by a recombination 
process halving the number of quasiparticles and transferring the excess quasiparticle energy to an emitted phonon [333]. For 
instance, in many HTS films the relaxation rate shows an exponential decrease with decreasing temperature, with the relaxation 
time reaching a value of around 10−8 s at 𝑇c∕2 for YBCO (see Fig.  14(b)) and 10−10 s for LSCO [295]. However, when talking about 
the FFI, one has to distinguish between the high-temperature (𝑇 ≈ 𝑇c) and low-temperature (𝑇 ≪ 𝑇c) regimes, together with the 
impact of the magneto-angular anisotropy 𝐽c(𝐵, 𝜃) on such phenomena, as it will be discussed below.

4.2.1. Flux-flow instabilities near 𝑇c
Close to the superconducting transition temperature 𝑇c, the FFI is described within the framework of the Larkin and Ovchinnikov 

(LO) theory [291,292], whose central point is illustrated in Fig.  15(a). At high vortex velocities, the quasiparticles within the vortex 
core (whose diameter is ≃ 2𝜉) are accelerated toward the core boundary, where they undergo Andreev reflections and alternate 
between electrons and holes. As a result, their energy increases and they eventually escape from the vortex core. The quasiparticle 
relaxation outside the vortex core causes a retarded recovery of the superconducting order parameter. As a result of the quasiparticle 
escape, the vortex core shrinks, and the vortex viscosity, also called vortex drag coefficient, 𝜂(𝑣) = 𝜂(0)∕[1 + (𝑣∕𝑣∗)2] diminishes 
with the vortex velocity 𝑣. The damping force 𝜂𝑣 becomes a non-monotonic function of the velocity, with a maximum at a critical 
(instability) value 𝑣∗. Above this critical velocity, 𝜂𝑣 decreases, leading to an even further increase of the vortex velocity, causing 
an instability in the vortex motion.
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Fig. 15. Schematics of the vortex core shapes in the LO [291] and VP [352] models assuming spatially uniform and nonuniform nonequilibrium quasiparticle 
istributions, respectively. (a) The electric field generated by fast vortex motion raises the energy of the quasiparticles trapped in the core. During this process, 
he particle character alternates between electron-like and hole-like due to Andreev reflections. The vortex core shrinks as a consequence of the quasiparticle 
scape. (b) Deformation of the vortex core due to vortex motion. The color depth indicates the density of the quasiparticles. In case the quasiparticle diffusion 
length is smaller than 𝜉, diffusion of the quasiparticles is not strong and locally there is an effective cooling and heating of the quasiparticles.
Source: Adapted with permission from [334].

An alternative view on the moving vortex at high velocities in which it loses the assumed shape of a rigid cylinder was suggested 
by Vodolazov and Peeters (VP) [352], who argued that quasiparticles are primarily localized in the region where the time derivative 
of the superconducting order parameter 𝜕|𝜓|∕𝜕𝑡 is finite, i.e. only near the moving vortex core (see Fig.  15(b)). Effectively, this can 
be viewed as a ‘‘cooling’’ of the quasiparticles in front of the vortex core and ‘‘heating’’ behind it. Since the relaxation time of 𝜓
depends on temperature as 𝜏

|𝜓| ∼ 1∕(𝑇c − 𝑇 ), the recovery time of the order parameter behind the vortex is long while the time of 
the order parameter suppression in front of the vortex core is short. Interestingly, this leads to an elongated shape of the vortex 
core with a point where |𝜓| = 0 is displaced in the direction of the vortex motion. Thus, going beyond the LO theory, the shape of 
the core of a fast-moving vortex becomes asymmetric and elongated in the direction opposite to the direction of its motion.

The highest vortex velocities (5 − 20 km∕s) were reported for superconductors with fast relaxation of quasiparticles [353–358]
and in the regime of vortex channeling (guiding) in vicinal YBCO [336] and nanopatterned Nb [354] films. In the dirty limit, 
i.e., when the electron mean free path 𝑙 is smaller than the superconducting coherence length 𝜉, the energy distribution of the 
quasiparticles in the vortex core is strongly smeared out due to their high scattering rate. The separation between the quasiparticles’
energy levels and between the Fermi energy and the lowest bound state in the vortex core is proportional to 𝜉−2 [333]. With an
estimate 𝜉 ≲ 10 nm for disordered low-temperature superconductors [359–361], the core can be treated as an energy continuum 
of quasiparticles. By contrast, the extremely small 𝜉 ≲ 1 nm in the HTS cuprates makes the electron quantum structure of the 
vortex core essential. Thus, for its experimental observation, the energy smearing 𝛿𝜀 = ℏ∕𝜏 due to the mean electronic scattering 
time 𝜏 must be sufficiently small, 𝛿𝜀 ≪ 𝛥2∕𝜀F, corresponding to the ultraclean superconducting limit (𝑙 ≫ 𝜉). Such a regime has 
been experimentally realized in Refs. [339–341]. Proceeding from an isolated vortex to the vortex lattice, the discrete energy levels 
within the vortex core interact between neighboring vortices and broaden into minibands [333]. In this case, vortex motion at high 
velocities is accompanied by emerging phenomena, such as Bloch oscillations of the quasiparticles, negative differential resistance, 
and multi-step instabilities [333,339–341].

4.2.2. Flux-flow instabilities at 𝑇 ≪ 𝑇c
At temperatures 𝑇 ≪ 𝑇c, which are easily accessible for HTS, the FFI phenomenon was considered by Kunchur [301] within 

a different ‘‘hot-electron’’ framework. In this regime, 𝛥 is not sensitive to small changes in the electron distribution function. 
Furthermore, at 𝑇 ∼ 0, the electron–electron scattering time becomes smaller than the electron–phonon scattering time. Accordingly, 
the electron distribution function remains thermal-like and the electronic system exhibits a temperature shift with respect to the 
lattice temperature. In this regime, the main effects are the electronic temperature increase, creation of additional quasiparticles, 
and the depression of 𝛥. The vortex expands rather than shrinks, and the viscous drag is reduced because of a softening of gradients 
of the vortex profile rather than a removal of quasiparticles.

There has also been great interest in physical phenomena that can occur in superconductors with a multicomponent order 
parameter, which describes superfluid electron condensates originating from different electron bands [362]. The multicomponent 
nature of the superconducting state is now recognized for several superconducting materials, including MgB2, IBS compounds, and
heavy-fermion compounds, among others, and it creates opportunities for the emergence of various new phenomena, for instance, the 
so-called fractional vortices [363]. Experimentally, fractional vortices have been observed for MgB2, FeSe, and highly underdoped 
YBa2Cu3O7−𝑥 [364,365]. Fractional vortices from different electron bands bear a reduced flux quantum, attract to each other, and try 
to merge into the single composite vortex with the whole flux quantum 𝛷0. With increase of the transport current density, different 
scenarios preceding the quench to a highly resistive state can be realized, depending on the pinning strength in the material [366].
Thus, for the case of weak pinning, the composite vortices will likely be first depinned, and then they will dissociate into fast-moving 
fractional components. By contrast, for the case of strong pinning, the composite vortices can first dissociate into the fractional 
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components, of which one will be set in motion while the other one will remain pinned. The sequence of these processes determines 
a very peculiar shape of the current–voltage curve, which can not only exhibit multiple instability-like steps but might even lead to 
jumps to states of lower resistivity.

Overall, ultra-fast vortex motion tackles fundamental questions regarding the ultimate speed limit for magnetic flux transport via
Abrikosov vortices and their stability as topological excitations of the order parameter in superconductors [347,353]. In addition, 
fast vortex dynamics is essential for the photoresponse of superconductor microstrip single-photon detectors, which enable a vortex-
assisted mechanism of single-photon counting [367]. Operated at large bias currents [360,368–370], such microstrips appear as 
viable candidates for various applications requiring large-area detectors, e.g., free-space quantum cryptography, deep-space optical 
communication, etc. However, whilst the single-photon counting capability of MgB2 has been established [371,372], single-photon 
detectors based on HTS cuprates remain a subject of long-standing discussions with reports of not only dark counts [373] and
signatures of single-photon operation [374], but of reasonable skepticism too [375]. Therefore, further studies are required to explore 
the possibilities of using other HTS materials for single-photon counting in the visible light and infrared range [376].

4.2.3. The (𝐵, 𝜃) anisotropy of the FFI
As discussed in previous sections, the vast majority of HTS materials are well-known to present anisotropy characteristics in their 

macroscopic properties, such as the magneto angular dependence of the critical current density, 𝐽c(𝐵, 𝜃), which has been studied in 
depth in Section 3. Therefore, it is straightforward to ask whether the voltage jumps of the FFI can be affected by these anisotropy 
factors, too, and therefore to clarify whether the FFI can be used as a tool to probe the anisotropic nature of the superconducting 
gap in any superconductor.

In this sense, Xiao et al. [299] have already described the anisotropy effects on the FFI parameters of BSCCO films, which show 
a characteristic 2D behavior. The experimental setup is similar to the one used for determining the semi-empirical 𝐽c(𝐵, 𝜃) models 
for 2G-HTS tapes introduced in Section 3.3.5, i.e., with 𝜃 = 0 implying that a homogeneous magnetic field 𝐵 is applied along the 
same direction (parallel) as the 𝑐-axis of the HTS sample. Then, by measuring the corresponding 𝐼 − 𝑉  curves for different angles, 
the authors established that the observed voltage jumps can indeed be interpreted within the standard LO model if extended by
the theory of Bezuglyi and Shklovskij [377], which considers the unavoidable heating of quasiparticles due to the finite rate of 
removing the power dissipated in the sample. Nevertheless, depending on whether the component of the field perpendicular to the 
CuO2 planes may form vortices or not [378], different possible scenarios can be analyzed.

On the one hand, following similar principles as the scaling approach of Blatter (Section 3.3.3), the instability current sometimes 
called the critical current under the FFI framework, 𝐼∗, and the maximal vortex velocity, 𝑣∗, also known as the critical velocity, 
both resulted to be functions of the anisotropy parameters (𝐵, 𝜃), such that the entire 𝐼 − 𝑉  characteristics in these measurements, 
𝑓 (𝐵, 𝜃, 𝑇 ), can be obtained from the corresponding curves when the magnetic field is applied parallel to the 𝑐-axis (𝜃 = 0), 
i.e., 𝑓 (𝐵∥, 𝑇 ), with 𝐵∥ = 𝐵 cos 𝜃 (see Fig.  16). This is assuming that the critical velocity can be extracted from the critical voltage 
measurements, 𝑉 ∗ = 𝐵𝑙𝑣∗, with 𝑙 being the length of the microbridge (sample), 𝑑 its thickness, and 𝑤 its width.

On the other hand, owing to the 2D anisotropy of BSCCO, the model by Lawrence and Doniach [311] can be applied for 
𝐻c2(𝜃) ≈ 𝐻c2(𝜃 = 0)∕ cos 𝜃 [45,311], leading to the characteristic magnetic field that separates the regions where the influence of 
the self-heating is of minor or major importance for the flux-flow instability, 𝐵T, to show the same angular anisotropy, i.e., 𝐵T(𝜃) ≈
𝐵T(𝜃 = 0)∕ cos 𝜃. Within this model 𝐵T can be obtained by fitting the experimental data with the magnetic-field dependence of 
the normalized power density 𝐽 ∗𝐸∗∕𝐽0𝐸0 = (1 − 𝑡), with 𝐽 ∗ = 𝐼∗∕(𝑑𝑤) and 𝐸∗ = 𝐵𝑣∗ being the corresponding critical current 
density and critical electric field under the FFI framework, while 𝑡 is here a polynomial function that depends on the normalized 
magnetic field 𝑏 = 𝐵∕𝐵T. This function has been analytically derived at a fixed bath temperature by Xiao et al. [299], to obtain 
𝑡 = [1 + 𝑏 + (𝑏2 + 8𝑏 + 4)1∕2]∕[3(1 + 2𝑏)], where the dependence with the temperature of the critical current density can be recovered 
by introducing the normalizing current density 𝐽0 and electric field 𝐸0 as, 

𝐽0 = 2.62𝜎𝑛∕e
(

𝐷𝜏in
)−1∕2 𝑘B𝑇c

(

1 − 𝑡c
)3∕4 , (50)

𝐸0 = 1.02𝐵T
(

𝐷𝜏in
)1∕2 (1 − 𝑡c

)1∕4 , (51)

where 𝜏in is the inelastic scattering time of quasiparticles and 𝐷 the quasiparticle diffusion coefficient according to the Larkin and
Ovchinnikov theory [379].

Nonetheless, in the previous models, we have somehow considered that the anisotropy of the vortex instability of BSSCO has its 
main origin within its intrinsic layer material and the 2D geometry of the CuO2 (𝑎𝑏) planes where the superconducting quasiparticles 
are formed. However, in the case of magnetized thin films, it is known that a geometry effect could also induce an extrinsic 
anisotropy. This is because despite knowing that in this material the vortices are only formed along the 𝑐-axis component of the field,
it is also possible to demagnetize the superconductor by applying a crossed or rotating magnetic field, i.e., a field along the 𝑎𝑏-planes, 
which are in principle transparent to any magnetic field [380]. This demagnetization phenomenon is as a matter of fact a common 
characteristic between superconducting bulks [51,381,382] and thin films [53,54,69,383,384] for any type-II superconductor, for 
which reason it has been widely studied within the most elementary approaches of the critical state theory in Section 2 and the 
constituent macroscopic models presented in Section 3.2. Thus, if the magnetic anisotropy of 𝐽 ∗ and 𝐸∗ as a function of 𝐵∕𝐵c2 were 
caused by the demagnetization effect, then 𝐽 ∗ and 𝐸∗ should be both scaled by cos2(𝜃), because 𝐵 is proportional to cos(𝜃) and 𝐵c2
to 1∕ cos(𝜃), but that is not the case for 𝐸∗ in BSSCO as the experimental measurement of 𝑉 ∗ in Fig.  16 shows a cos(𝜃) dependence. 
Nevertheless, at temperatures very close to 𝑇 , i.e., at temperatures where the FFI and pinning mechanism is dominated by thermal 
c
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Fig. 16. FFI critical parameters 𝐼∗ and 𝑉 ∗ on a 320 nm thick BSCCO microbridge with 𝑇c = 85.2 K and 𝜌(100 K) = 506 μΩcm, where both functions can be
scaled by 𝑓 (𝐵, 𝜃, 𝑇 ) = 𝑓 (𝐵∥ , 0, 𝑇 ), with the applied field parallel to the 𝑐-axis (𝜃 = 0) defined by 𝐵∥ = 𝐵 cos 𝜃.
Source: Adapted with permission from [299].

effects rather than magnetization currents, the 𝐽 ∗ of the BSSCO system may undergo a 3D to a 2D anisotropy transition resulting 
in a simplified cos(𝜃) scaling rule, a phenomenon that has also been observed in pristine and Pr-doped YBCO samples [385].

Having proven that the FFI phenomenon can be used as a means for studying or determining the magneto-angular anisotropy of 
some of the most conventional superconductors at high transport currents and magnetic fields, the study of IBS compounds has been 
the focus of most recent efforts for understanding the behavior of the critical current density at high transport currents and magnetic 
fields, at least within the framework of the FFI theory. In this sense, the FFI mechanism has been extensively investigated in what is 
probably the most simple and isotropic compound of the family of iron chalcogenides, Fe(Se,Te) [345,386], under magnetic fields 
of up to 5 T, and with the field angle 𝜃 defined as shown in Fig.  17(a). In fact, because the observed current-driven instability in 
Fe(Se,Te) thin films shows a hybrid behavior between the one expected for LTS materials, such as Nb-Ti, and the one encountered for 
HTS cuprates, such as BSCCO, understanding this material results of particular importance as it exhibits an unexpected competition 
between thermal and intrinsic electronic effects.

Thus, for the case of Fe(Se,Te), it has been proven that although the critical voltage 𝑉 ∗(𝜃,𝐻, 𝑇 ) can be explained by the standard
principles of the anisotropic GL theory [346], as it was indeed the case for BSCCO [299], the same approach does not work for the 
instability current 𝐼∗(𝜃,𝐻, 𝑇 ). This can be seen by simple inspection of Fig.  17(b), where clearly the same scaling function could 
not be used for reproducing the angular dependence of both of the instability curves simultaneously, as was the case on Fig.  16 for 
BSCCO. Moreover, the critical current 𝐼∗(𝜃,𝐻, 𝑇 ) that results from the FFI phenomenon in Fe(Se,Te), is almost insensitive to field
angle variations (see Fig.  17(c)), contrary to the critical voltage 𝑉 ∗(𝜃,𝐻, 𝑇 ) that shows a strong angular dependence similar to the 
one seen for BSCCO. Probably such main difference can be ascribed to the different pinning acting in Fe(Se,Te) [387], enabling a
more isotropic pinning landscape that dominates at lower temperature and high fields, i.e. allowing us to assume 𝐼∗ ≈ 𝐼c, so that it 
can be regarded as a good candidate for high-field applications [388].

Indeed, the observation of the FFI and thus the usability of this method strongly depends on the material properties, but 
also on other factors such as sample geometry [389,390], pinning effects [346,391–394], and experimental conditions [345,386]
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Fig. 17. FFI characteristics measured in (a) Fe(Se,Te) microbridge with the crystallographic orientation of the sample as shown in the top pane, with (b) the 
btained 𝐼 − 𝑉  curves as a function the field angle 𝜃 at 𝐵 = 2 T and 𝑇 = 10 K, and (c) the derived critical voltage 𝑉 ∗ and instability current 𝐼∗ at 𝐵 = 5 T and
for three different temperatures.
Source: Adapted with permission from [346].

(e.g. absence of self-heating) that have to be taken into account for further studies. Nonetheless, quench features related to FFI have 
been identified, and the relation between the instability (quenching) current 𝐼∗ and the critical current 𝐼c, the latter as defined by
constituent macroscopic models (Section 3.2), has been analyzed for both LTS [346,389,391–394] and HTS cuprates [299,395]. For 
example, we can see how this behavior is rather opposite in the case of HTS and LTS, such as YBCO [396] and Nb [397] in Fig.  18,
respectively, as the quenching properties and therefore the FFI of HTS materials is thermally driven, contrary to the LTS materials 
like Nb, whose FFI is electronically driven. However, as the instability current 𝐼∗ has a weaker dependence on the applied magnetic 
field than the critical current 𝐼c, which is an aggregate or ‘bulk’ value of the peculiar pinning landscape of the superconducting 
material at lengths much greater than 𝜉, a constant trend can be found in both cases at high magnetic fields. Therefore, at least 
for the case of HTS materials assessed at high magnetic fields and high transport currents, it is completely sensible to define the 
instability current 𝐼∗ as the actual critical current 𝐼c of the material.

5. 𝑱𝐜 and the vortex–defect interactions

As explained, the dissipative motion of vortices often impairs the performance of superconducting materials and their applica-
tions. However, in the occurrence of defects in the crystallographic arrangement or microstructure of the material, it is well known 
that such defects can eventually inflict a force on the vortices that counteracts this motion. In consequence, the deliberate adding
of defects can in principle lead to a dramatic boost of the critical current, motivating thence decades of intense efforts to tune the 
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Fig. 18. Difference between the instability current 𝐼∗ and the macroscopic critical current 𝐼c as a function of the applied field, normalized to the critical current 
alue at zero field and different temperatures. The YBCO data has been extracted from [396] and Nb data from [397]. The dashed lines are guides for the eye.
ource: Adapted with permission from [398].

material microstructure for maximizing 𝐽c, see Section 6. Therefore, to understand the origin of this enhancement in 𝐽c, here, we 
detail the underlying mechanisms governing vortex–defect interactions and associated modeling schemes.

On the one hand, despite impressive successes in boosting 𝐽c by tuning the material structure, there is no set prescription to 
cure the dissipative effects of vortices. Understanding vortex dynamics is complicated by the convoluted interplay among vortex 
elasticity, vortex–vortex interactions, vortex–defect interactions, and thermal energy. The effectiveness of pinning centers depends 
on the comparative defect geometry and vortex structure, the latter controlled by material-specific parameters such as the coherence 
length 𝜉, penetration depth 𝜆, and the anisotropy constant 𝛾. Consequently, the optimal defect landscape is material dependent. It also 
depends on temperature and field, as those parameters themselves vary with temperature, and the vortex density is proportional to 
the magnetic field. Furthermore, the microscopic details governing vortex–defect interactions depend on the type of defects, i.e., on
their shape, density, size, and dimensionality. In fact, the defect morphology determines the type of vortex excitation that emerges 
during the vortex depinning process. Size determines whether an individual defect acting alone can exert sufficient force to pin a
vortex – strong pinning – or if only their collective action has a measurable effect, as is the case with atomic-scale defects — weak 
pinning.

Thus, in what follows, the reader will encounter a brief but comprehensive discussion on how the collective pinning theory, strong 
pinning theory, and the thermally-activated hopping of vortices can all influence our understanding of the 𝐽c concept. Then, we 
will discuss the notable effects of correlated disorder, as opposed to random disorder, to allow us to garner a sufficient microscopic 
understanding of the vortex–defect and vortex–vortex interactions. Finally, by recognizing that the ultimate goal is a materials-by-
design approach, from a practical standpoint, in Section 5.2 we will describe how these fundamental principles are embedded into 
effective simulations based either on molecular dynamics or the solution of the TDGL equations.

5.1. Pinning and creep mechanisms

Understanding the interplay between material defects and vortex dynamics in HTS materials is crucial for optimizing their 
performance in engineering applications. However, the reader would have noticed at this point that describing the concerted action 
of pins on the vortex system relates not only to a complex statistical problem, which can be treated either from purely macroscopic 
approaches as the ones described in Sections Section 2 & 3, or by mesoscopic approaches as the ones discussed in Section 4, but 
from the actual quantum nature of the pinning and creep mechanisms. Therefore, in this section we expand the acquired knowledge 
on flux mobility and pinning properties of HTS materials, discussing the known theories for the formation of vortex phases in the 
mixed state of type-II superconductors, which are governed by the competition of the elastic energy of the vortices, the pinning 
interaction energy, and the energy of thermal fluctuations.

5.1.1. Collective pinning theory
In clean superconductors, the pinning action is usually attributed to atomic defects (e.g. oxygen vacancies and interstitials in 

cuprates) that provide a very weak pinning potential and perturb the superconducting state on length scales much smaller than 
the superconducting coherence length 𝜉. Individual defects produce no net force on the vortex system, and it is only their collective
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Fig. 19. Phase diagrams of the different pinning regimes as a function of the pinning force, 𝑓p∕𝑓Lab, and defect density 𝑛p𝑎0𝜉2, with cp and wcp being the 
collective and weak collective pinning regimes, respectively, and sp regimes where strong pinning has been found. Panel (a) focuses on the low defect density 
regime (reprinted from [400]), while panel (b) includes anisotropic effects (𝛾) and accounts for defects with a finite diameter 𝑎, see Ref. [401].

action that is capable of immobilizing vortices. The theory of weak collective pinning that captures this phenomenology (see Fig. 
19), was originally formulated by Larkin and Ovchinnikov [379,399], and later extensively revisited for anisotropic superconductors 
in the review by Blatter and co-workers [29]. Here, it is worth reminding that the LO theory has also served to describe the FFI
phenomena at temperatures close to 𝑇c, as has been shown in Section 4.2.1.

Within this framework the pinning energy within a volume 𝑉  containing many defects averages to zero, ⟨𝐸coll(𝑉 )⟩ = 0. Only
statistical fluctuations around that mean value yield an average pinning energy, 

⟨𝐸coll(𝑉 )2⟩1∕2 ∼ [𝑛p(𝜉∕𝑎0)2𝑉 ]1∕2𝑓p𝜉 , (52)

with 𝑓p a characteristic individual pinning force and 𝑛p the defect density. The intervortex separation is defined as 𝑎0 = (𝛷0∕𝐵)1∕2,
with 𝛷0 = ℎ∕2𝑒 the superconducting flux quantum, and 𝐵 the applied magnetic field.

From this sublinear growth, rigid vortices would not lead to a finite critical current, as the Lorentz force grows linearly in 𝑉 . It is 
the finite elasticity of the vortex lines that truncates the sublinear growth at a critical (Larkin) volume 𝑉c, within which the vortex 
system is deformed by 𝜉. Each volume segment then carries a typical pinning energy 𝑈c = ⟨𝐸coll(𝑉c)2⟩1∕2, from which a characteristic 
pinning force density 𝑈c∕𝑉c𝜉 can be deduced. Similarly, the critical current density can be formally evaluated from 

𝐽c ∼ (𝑈c∕𝑉c𝜉)∕𝐵 ∼ (𝑛p∕𝑉c)1∕2(𝑓p∕
√

𝐵𝐻c2) , (53)

where 𝐻c2 = 𝛷0∕2𝜋𝜇0𝜉2 is the upper critical field.
The remaining task consists of properly estimating the pinning volume 𝑉c = 𝑅2

c𝐿
𝑏
c, which – in general – is anisotropic and depends 

on the collective pinning length 𝐿c and radius 𝑅c.6 A proper account of this is given in [29], and one finds 

𝐽c ∼ (𝑛p𝑎0𝜉2)2(𝜉∕𝜆)2(𝑓p∕𝑓Lab)4𝐽dp (54)

for the most relevant case of large vortex bundles with 𝑅c > 𝜆. Here, the Labusch force [402,403] 𝑓Lab ≡ 𝜉𝐶̄ defines the characteristic 
scale for strong pins (see Fig.  19), and the depairing current 𝐽dp in Eq.  (37) provides a theoretical upper bound for supercurrent 
transport.

The above expressions involve the vortex line energy 𝜀0 = 𝛷2
0∕(4𝜋𝜇0𝜆

2) and an effective elastic constant 𝐶̄ = [∫ (𝑑3𝑘∕2𝜋)𝐺𝑥𝑥(𝐤)]−1 ≈
𝜀0∕𝑎0 from the elastic Green’s function 𝐺𝛼𝛽 (𝐤) (for in-depth details see Refs. [400], [404], and [405]). Note in particular that the weak 
collective pinning result scales quadratically with the defect density, i.e., 𝐽c ∝ 𝑛2p. Another important observation is the qualitative 
nature of these expressions (highlighted by the use of ∼ symbols). In fact, the statistical approach employed does not allow making
quantitative statements. Rather, the strength of weak collective pinning theory is to differentiate field and temperature regimes in 
which pinning is active either on a single-vortex level or on the level of small or large vortex bundles. Therefore, in each regime, 
scaling relations can be derived for different observables, e.g., for the critical current density and the rate of thermally activated 
vortex motion, as has been explained in preceding sections. However, another analytically tractable case is the limit of a sparse 
distribution of strong defects, which will be studied below.

6 Also called longitudinal and transverse correlation (Larkin) lengths.
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Fig. 20. Evolution of the effective pinning profile when approaching (gray levels) and crossing (color) the Labusch point upon changing the Labusch parameter 
p𝜉∕𝐶̄. In the strong-pinning regime, the pinning landscape becomes multivalued (bifurcation) and allows for a net average pinning force of individual defects. 
he bifurcation naturally leads to hysteretic effects as manifested, for instance, in the state-dependent ac (Campbell) response.
ource: Adapted with permission from [406].

5.1.2. Strong pinning theory
Under this framework, each defect is now capable of plastically deforming the vortex lattice and individually producing a net 

pinning force 𝑓p capable of retaining the vortices at their sites. Correlations between defects can, to leading order, be neglected such 
that the pinning problem can be reduced to that of a single defect interacting with a vortex lattice. As derived by Labusch [402],
such a plastic deformation arises when the pinning force exceeds a critical strength 𝑓p > 𝑓Lab, corresponding to the fact that pinning 
wins over the lattice elasticity. A natural consequence of this limiting case is the linearity of observables with the defect density. 
For instance, under this scenario, the critical current density reads as 

𝐽c = 𝜈(𝑛p𝑎0𝜉2)(𝜉∕𝑎0)2(𝑓p∕𝑓Lab)2𝐽dp, (55)

with 𝜈 a numerical constant that can be evaluated from the geometrical averaging of defect positions. For a simple illustration of 
how this number is computed, we can decompose the problem in a longitudinal one (along the Lorenz force) and a transverse one 
(perpendicular to it). For the moment, let us consider the situation where the vortex impacts the defect head-on (no lateral impact 
distance). In this longitudinal direction, the microscopic force-balance equation reads as 

𝐶̄𝑢 = 𝑓 (𝑥 + 𝑢) , (56)

with 𝑥 being the asymptotic position coordination of the vortex, 𝑢 its maximal deformation at the height of the defect, and 𝑓 (𝑟) the 
bare pinning landscape (that would act on an infinitely stiff vortex with 𝑥 = 𝑟).

Thus, on the one hand, for weak defects the non-linearity in Eq.  (56) is negligible, and the deformation of the vortex at the defect 
height is approximately 𝑢 ≈ 𝑓 (𝑥)∕𝐶̄. The effective force profile 𝑓 [𝑥+𝑢(𝑥)] remains single-valued (see the gray lines in Fig.  20), which 
displays the pinning profile in the strong versus weak pinning regimes. Then, upon sampling over all realizations of vortex–defect 
separations, the total pinning force averages to zero, and hence necessitates considering collective effects in this weak-pinning 
regime. On the other hand, in the strong pinning regime – formally when 𝐶̄ < max𝑟 𝜕𝑟𝑓 (𝑟) – the non-linear self-consistency equation 
for 𝑢 possesses multiple solutions 𝑢F(𝑥) [𝑢p(𝑥)] that are asymptotically free (or pinned) as shown in Fig.  20 (colored lines). Notice 
that in the critical state, the occupation of these solutions is asymmetric, with the free branch populated to the left of the defect 
and the pinned branch to the right. Therefore, the average force results from evaluating: 

⟨𝑓 ⟩ ≡ (𝑡⟂∕𝑎20)∫

𝑎0∕2

−𝑎0∕2
𝑑𝑥𝑓 [𝑥 + 𝑢occ(𝑥)] , (57)

ver the occupied branches 𝑢occ.
Vortices approaching the defect with a finite transverse displacement constitute a secondary aspect of the problem. In Eq.  (57),

this is accounted for by a transverse impact ratio 𝑡⟂∕𝑎0 ≈ 2𝜉∕𝑎0. Moreover, in the limit 𝐶̄ ≪ max𝑟 𝜕𝑟𝑓 (𝑟), the above integral simplifies 
to 𝑓 2

p ∕𝐶̄, for 𝑓p being the maximal pinning force in 𝑓 (𝑟). Thus, inserting the expression for 𝐶̄, one arrives at the expression for 𝐽c
in Eq.  (55) with 𝜈 = 3

√

3∕2, which highlights that – in distinction to weak collective pinning – the strong pinning theory has a
quantitative character.

The theory of strong vortex pinning, in its simplest form, thus accounts for a distribution of dilute and strong defects. Its 
framework has enabled calculations of analytic expressions for the critical current density, the zero-temperature current–voltage 
(𝐼 − 𝑉 ) characteristics, the (state-dependent) Campbell penetration depth, and the effect of thermally activated motion (creep) 
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Fig. 21. a. Gray curve shows magnetic field-dependent irreversible magnetization in a HgBa2CuO4+𝑥 (Hg1201) single crystal, measured at 15 K. The colored 
points show repeated measurements of the magnetization 𝑀 collected for 1 h at fixed magnetic fields noted in the legend, capturing magnetic relaxation. Inset 
shows full magnetization loop 𝑀(𝐻). b. Magnetization plotted as a function of time at 15 K and in magnetic fields of 3–3.5 T, after the critical state has been 
established at each field. c. Data from (b) plotted as on a log–log scale. Linear fits demonstrate approximately (first-order) power-law behavior. It is common 
to parameterize creep 𝑆 as the slope of log𝑀 vs. log 𝑡.
Source: Adapted with permission from [418].

on the 𝐼 − 𝑉  and Campbell characteristics [400,403–405,407–411]. Consequently, the success of the theory is evidenced by its 
consistency with experimental studies of materials containing strong pinning centers [406,412–414]. Beyond its standard framework, 
the theory of strong pinning has been expanded in different directions: First, for considering cluster pinning [415], an intermediate 
regime between weak collective pinning and strong pinning is assumed, where the rare events of a cluster of weak defects effectively 
produce a strong pin. A second extension has considered the limit of very strong defects, capable of pinning more than one vortex at
a time [413]. This phenomenon is accompanied by a new type of peak effect at a critical field in which a defect becomes capable of 
pinning two (or more) vortices. Finally, a third extension – currently under investigation – considers the case in which the pinning
theory for generalized pins breaks its cylindrical symmetry, for which the Hessian character of the pinning landscape would play a
crucial role [416].

5.1.3. Thermally-activated vortex motion
Up to now, we have described how defects create effective energy barriers that pin vortices. However, under the action of driving 

or demagnetizing currents, this pinned state is metastable and vortices can hop out of their pinning site, energized by thermal energy, 
a phenomenon that is known as vortex creep. The associated hopping rate follows the Arrhenius law 𝛤 = 𝑒−𝑈act∕𝑘B𝑇 . Through the 
energy barrier 𝑈act (𝑇 ,𝐻, 𝐽 ), creep itself depends on the interplay between vortex–vortex interactions, vortex–defect interactions, 
vortex elasticity, and anisotropy [29,193,417]. An early description of the creep process modeled vortices as non-interacting rigid 
objects hopping out of potential energy wells of depth 𝑈act ∝ 𝑈p|1 − 𝐽∕𝐽c|, with 𝑈p being the energy barrier for 𝐽 = 0 [29].

Proposed by Anderson and Kim, this description often sufficiently captures dynamics at low temperatures and magnetic fields. 
While the linear vanishing of 𝑈  at 𝐽  remains purely conjectured in their work, microscopic calculations have derived a different 
act c
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power-law 𝑈act ∝ (1 − 𝐽∕𝐽c)3∕2 in the strong pinning regime [409]. At higher temperatures, elasticity becomes more prominent. 
Moreover, vortex–vortex interactions become non-negligible as increasing magnetic fields reduce vortex separation. These properties 
significantly change the picture. Notably, current-induced forces can lengthen a vortex over time, and vortex deformation engenders 
distinctly different phases, such as glassy phases of decoupled or entangled vortices [419–421]. Considering vortex elasticity, 
collective creep theories predict the current dependence of the energy barrier 𝑈act (𝐽 ) = 𝑈p[(𝐽c∕𝐽 )𝜇 − 1], where 𝜇 is the glassy 
exponent related to the size and dimensionality of the vortex bundle that hops during the creep process [193,422]. Note that this 
distinctly differs from the Anderson-Kim model in that it considers an inverse power law relationship (instead of linear) between 
the energy barrier and current. Note also that, as 𝐽 → 0, the energy barrier diverges, predictive of glassy phases that do not arise 
under the premises of the Anderson-Kim model alone.

In order to interpolate between the low-temperature (Anderson-Kim) and collective creep regimes, the relationship 𝑈act (𝐽 ) =
(𝑈p∕𝜇)

[

(𝐽c∕𝐽 )𝜇 − 1
] is commonly invoked [417], where 𝜇 → −1 recovers the Anderson-Kim prediction. Combining this interpolation 

formula with the creep frequency 1∕𝑡 = 1∕𝑡0𝑒𝑈act (𝐽 )∕𝑘𝐵𝑇 , we find that creep causes the persistent current to decay over time as 

𝐽 (𝑡) = 𝐽c0[1 + (𝜇𝑘B𝑇 ∕𝑈p) ln(𝑡∕𝑡0)]−1∕𝜇 , (58)

nd parameterize thermal vortex creep as 

𝑆 ≡ |

|

|

𝑑 ln 𝐽
𝑑 ln 𝑡

|

|

|

=
𝑘B𝑇

𝑈p + 𝜇𝑘B𝑇 ln(𝑡∕𝑡0)
, (59)

where, on the one hand, 𝑡−10  is a microscopic attempt frequency which is estimated to be 106-1010 Hz for a single flux line [410,423];
and, on the other hand, experimental time frames 𝑡 for capturing creep are typically of the order of 1 h, such that ln(𝑡∕𝑡0) ∼
25-30 [424].

Because the magnetization 𝑀 ∝ 𝐽 , creep is often readily measured by repeatedly recording the magnetization over time using a
magnetometer and capturing its decay induced by dissipation from the creep process. Example 𝑀(𝑡) data collected on a HgBa2CuO4+𝑥
crystal is shown in Fig.  21. From this data set, Eq.  (59) is used to extract 𝑆(𝑇 ,𝐻) and subsequently 𝑈p and 𝜇. Consequently, the 
utility of creep measurements extends beyond simply understanding the rate of decay in the persistent current, also revealing the size 
of the energy barrier, its dependence on current, field, and temperature, and whether the dynamics are glassy or plastic. Identifying 
creep as a decay in the magnetization applies under the conditions of an induced current. When there is an applied current, creep 
manifests as a rounding in the 𝐼 − 𝑉  curves near the critical current 𝐼c such that 𝐼 ∼ 𝑉 𝑛, for which creep is parameterized by
the so-called 𝑛-value and 𝑆 ∼ 1∕(𝑛 − 1). Thus, note that magnetization and transport measurements provide information on the 
creep barrier 𝑈act (𝐽 ) in different current ranges, although typical voltages probed during transport measurements are 5–6 orders of 
magnitude larger than voltages accessed via magnetic relaxation (magnetization) studies [31].

Evidently, for applications, creep should be minimized. In this sense, Eley et al. [425] have already predicted that the minimum 
achievable thermal creep rate in a material can be expressed by 𝑆 ∼ 𝐺𝑖1∕2 ⋅ (𝑡c), where 𝐺𝑖 = (𝛾2∕2)(𝑘𝐵𝑇c∕𝜀sc)2 is the so-called 
Ginzburg–Levanyuk number, sometimes for simplicity just called the Ginzburg number [29]. This number is the ratio of the thermal 
energy at 𝑇 = 𝑇c to the superconducting condensation energy 𝜀sc = (𝛷2

0∕2𝜋𝜇0𝜉
2𝜆2)𝜉3, i.e., a dimensionless number that measures 

the possibility to use the GL theory up to the temperature when the fluctuation corrections become comparable to the value of the 
corresponding physical quantities. A summary of experimental data supporting this finding is presented in Fig.  22. Nevertheless, it 
is to be noticed that the applicability of this result is limited to the Anderson-Kim regime; therefore, at low temperatures and fields, 
we see that the minimum creep rate positively correlates with the material’s Ginzburg number. This is consistent with observations 
that high 𝑇c superconductors, which often have high 𝐺𝑖 compared to low-𝑇c materials, also tend to exhibit much faster creep. In
fact, creep is often inconsequential in low-𝑇c materials.

Quantum creep. In addition to thermal activation over an energy barrier, vortices can quantum-tunnel through it, referred to as 
quantum creep. In the weak collective pinning regime, the effective quantum creep rate [422,426,427] is predicted to be 

|𝑆𝑞| =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑒2

ℏ
𝜌n
𝜀𝜉

√

𝐽c
𝐽dp

, if 𝐿c < 𝑎0 ,

𝑒2

ℏ
𝜌n
𝜆

(𝑎0
𝜆

)4
(

𝑎0
𝜉

)9 ( 𝐽c
𝐽dp

)9∕2
, if 𝐿c > 𝑎0 ,

(60)

where 𝐿c is the length of the vortex segment (or bundle) that tunnels and 𝜌n is the normal state resistivity [29]. In the case of 
depinning from columnar defects [427,428], the quantum creep rate is similarly defined as 

|𝑆𝑞| =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑒2

ℏ
𝜌n
𝜀𝜉

√

𝐽c
𝐽dp

(

𝜉
𝑅

)5∕2
, anisotropic ,

𝑒2

ℏ
𝜌n
𝑑

(

𝜉
𝑅

)2
, layered .

(61)

Notice how for anisotropic materials, 𝑆𝑞 similarly depends on 
√

𝐽c∕𝐽dp in the cases of weak collective pinning landscape and
from columnar defects. At sufficiently low temperatures, there is a crossover to a regime in which quantum creep dominates over 
thermal creep. The crossover temperature was derived in [429] as 𝑡0 =

(

𝑁2ℏ𝑉◦∕𝜂l𝑅2) ⋅
√

1 − 𝐽∕𝐽c, where 𝑉◦ and 𝑅 are the height 
and the extent of the pinning potential at 𝐽 = 0, 𝑁 = 5∕8𝜋, and 𝜂 = 𝛷2∕2𝜋𝑐2𝜉2𝜌  is the friction coefficient.
2 l 0 n
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Fig. 22. Creep measured at reduced temperature 𝑡c = 1/4 in a magnetic field of 𝜇0𝐻 = 1 T for different superconductors plotted versus 𝐺𝑖1∕2, where 𝐺𝑖 is
the Ginzburg–Levanyuk number. The open symbols indicate materials for which the microstructure has been modified either by irradiation or incorporation 
of inclusions. The solid gray line represents a proposed lower limit set by 𝐺𝑖1∕2(𝑡c). The result predicts that the creep problem in yet-to-be-discovered high-𝑇c
superconductors may counteract the benefits of high operating temperatures.
Source: Adapted with permission from [425].

However, experimental measurements of quantum creep are somewhat limited, predominately focusing on cuprates. This is not 
surprising, as according to Eq.  (60) superconductors with high normal-state resistivity 𝜌n and low 𝜉, such as high-𝑇c cuprates, are
simply the best candidates for having measurable quantum creep rates. In these materials, crossovers have been identified in readily
accessible temperature ranges of ∼ 8.5−11 K in YBCO films [430–432], or 1.5−2 K in YBCO crystals [431,433], as well as 5−6 K in 
Tl2212 films [433,434], 17 K in Tl1212 [430], and 30 K in Hg1212 [430]. Additionally, Klein et al. [435] studying an iron-based 
superconductor found also a crossover around 1 K in Fe(Te,Se).

5.1.4. Correlated disorder
In previous sections, we considered how ‘zero-dimensional’ defects, such as point defects and interstitials, trap one-dimensional 

flux lines. However, with a difference in dimensionality between the pinning site and the pinned object, only a finite density of 
pins guarantees a non-vanishing pinning force per unit length. Thus, in this section, we consider one-dimensional defects (columnar 
defects, dislocations) and two-dimensional defects (grain boundaries, stacking faults), which are individually capable of applying a
force on the entire vortex line. The increased dimension of the defect adds various new phenomena to the pinning problem, first 
and foremost, a strong dependence on the relative angle between vortex lines and the defect: A field parallel to the defect line (or 
plane) is much more strongly pinned than a field orthogonal to it. Also, the flux lines can discontinuously align to the defect line 
(plane) even if the field direction is slightly misaligned, known as a lock-in transition [436,437]. A third noteworthy phenomenon 
is the matching effect for columnar defects [438,439], where the critical current acquires pronounced features whenever the vortex 
density 𝐵∕𝛷0 (now aligned with the columnar defects) reaches an integer multiple of the defect density 𝑛d. At the first matching 
field 𝐵𝛷 = 𝛷0𝑛d, each defect can accommodate one vortex, whereas above that, vortices outnumber the defects.

At first sight, these correlated defects seem tremendously more efficient in pinning lines of flux, as compared to the pinning
capability of the zero-dimensional defects [172]. However, the benefit is limited by several downsides: first, as previously mentioned, 
columnar defects and grain boundaries produce a highly field-angle-dependent pinning profile [440,441], i.e., for fields away from 
the principal defect orientation, vortex pinning becomes very weak due to a translational invariance. This effect is often mitigated by
considering an angular distribution of columnar defects or a mixture of defects, as exemplified in Fig.  23. Second, vortices trapped 
by a linear (or planar) defect depin by nucleating a critical half-loop excitation [442] (vortex segment leaving the defect) which 
then causes the rest of the trapped vortex to zip out of the defect, see Fig.  24. This mechanism involves a depinning energy that 
does not scale with the length of the trapped vortex and, hence, does not dimensionally outperform point-like defects. These topics 
are treated in detail elsewhere and we refer the interested reader, e.g., to the reviews of Blatter et al. [29] as well as Nelson and
Vinokur [281].
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Fig. 23. Optimization of pinning performance for vortices (red) misaligned with a pinning landscape that consists of columnar defects (gray cylinders): Panel
(a) shows a simulation snapshot of splayed columnar defects and (b) a mixed pinning landscape including columnar defects and elongated nanoparticles (gray 
ellipses). These simulation snapshots are reprinted with permission from [32] (Copyright Wiley-VCH GmbH).

In consequence, it should not come as a surprise that the most effective pinning is usually obtained when multiple pinning 
mechanisms and defect types are working jointly [443], which unfortunately leaves little room for accurate analytic treatment. 
Therefore, aiming for quantitative accuracy in the presence of mixed pinning landscapes usually requires resorting to numerical 
methods, such as the ones discussed in Section 5.2.

5.2. Simulating vortex–defect interactions

Due to the doping of high-𝑇c superconductors, which strongly affects the properties of these materials, the description of its meso- 
to macroscopic properties such as 𝐽c also requires a realistic treatment of inhomogeneities from the microscopical perspective. 
Since the energy gaps can become comparable to the Fermi energy, it is useful to consider a unified treatment of normal and
superconducting aspects influencing band structure, densities, gap functions, coherence lengths, and London penetration depths 
from first principles. Specifically, molecular dynamics simulations treat vortices as interacting particles, or strings of particles, 
under the influence of competing forces from a current, pinning sites, and thermal fluctuations. In this framework, vortices are
introduced during initialization, and the resulting velocity–force curves can directly inform on the electrical transport characteristics
and expected vortex phases. An alternative and more computationally intensive approach is to run time-dependent Ginzburg Landau
simulations (TDGL), in which vortices naturally emerge when energetically favorable. We follow our discussion of vortex–defect 
interactions by introducing these microscopic simulation schemes and their predictive powers.

5.2.1. First principles computations: DFT & the Bogoliubov–de Gennes equations
Density functional theory (DFT) provides a convenient way to describe the electronic structure of materials. DFT is based on

the Hohenberg–Kohn theorem stating that the ground state of the many-body system is a unique functional of the electron density. 
The complex many-body problem is therefore reduced to the search for a universal functional of the density. However, DFT cannot 
be used unless an approximation for the universal functional is available. For example, a review by Barbiellini [444] proposed a
combination of DFT calculations and positron annihilation spectroscopy experiments to identify defects in YBa2Cu3O7−𝛿 . Practical 
implementations of DFT involve solving a set of one-electron Schrödinger-like equations known as the Kohn–Sham equations. So far,
the standard DFT approach – called the generalized gradient approximation (GGA) – has failed to describe the correct electronic 
structure of cuprate superconducting materials. Fortunately, the more accurate Strongly-Constrained and Appropriately-Normed 
(SCAN) functional has provided an approximation that correctly predicts the antiferromagnetic band gap (or absence thereof) and
the spin moments of the undoped and doped cuprate HTS materials, without free parameters [445]. These advanced DFT calculations 
are ideal for the treatment of inhomogeneities such as stripes [446] and other defects that can pin vortices. Recently, the DFT/GGA 
approach has been used to calculate the electronic structure of the BaFeAs2 compound [447] (a member of the 112-type family,
𝐴FeAs2 [448]). These calculations predict an electronic structure that appears similar to ARPES measurements of the 122 compounds, 
which are also in agreement with DFT results obtained from standard approximations [449].

Also, the so-called superconducting density functional theory (SCDFT) generalizes the DFT by an additional density describing the 
order parameter of the superconducting condensate [450]. The implementation of the SCDFT framework leads to equations of the 
Kohn–Sham type that incorporate exchange and correlation effects into the Bogoliubov–de Gennes equations for an inhomogeneous 
superconductor. These equations [450] are (in atomic units) 

[

−∇2

2
+ 𝑣e(𝐫)

]

𝑢𝑖(𝐫) + ∫ 𝑑3𝐫′𝛥(𝐫, 𝐫′)𝑣𝑖(𝐫′) = 𝐸𝑖 𝑢𝑖(𝐫) ,
[

∇2
− 𝑣e(𝐫)

]

𝑣𝑖(𝐫) + 𝑑3𝐫′𝛥∗(𝐫, 𝐫′)𝑢𝑖(𝐫′) = 𝐸𝑖 𝑣𝑖(𝐫) ,
(62)
2 ∫
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Fig. 24. Rendering of three simulation settings of the TDGL solver: (top) single-vortex single-defect limit, (middle) 1D strong pinning, (bottom) 3D strong 
pinning. This simplified hierarchy only illustrates two tuning parameters, namely the defect density and magnetic field strength. Other properties of the pinning 
haracteristics (size distribution, shape, type), of the vortices (field-angle), and of the material (anisotropy) remain unchanged.
ource: Adapted with permission from [425]

where 𝑢𝑖(𝐫) and 𝑣𝑖(𝐫) are the particle and hole amplitudes while 𝑣e(𝐫) and 𝛥(𝐫, 𝐫′) are the Kohn–Sham potential and the supercon-
ducting kernel, respectively.

Similarly, Berthod et al. [451] introduced a scalable method to solve the Bogoliubov–de Gennes equations that can rationalize 
scanning tunneling microscopy (STM) experiments in the presence of vortices. The method can be generalized to include multiple 
bands and competing orders such as antiferromagnetism or charge-density waves described by the SCAN DFT calculations [446].
Finally, the well-known equations of the GL theory for superconductors, correctly describing vortex dynamics, can also be derived 
from the same Bogoliubov–de Gennes equations [452]. Therefore, the first-principles framework discussed here evolves into a
parameter-free approach that is only based on physical fundamental constants and elemental material properties.

5.2.2. Time-dependent Ginzburg–Landau simulations
As discussed above, first-principles calculations take a microscopic approach to the pinning problem, achieving atomic resolution. 

On the mesoscopic scale, the time-dependent Ginzburg–Landau (TDGL) approach treats vortices as topological singularities of a
superconducting wave function 𝜓(𝐫, 𝑡) that varies in space and time according to the TDGL equation (in dimensionless units): 

𝜏(𝜕𝑡 + 𝑖𝜇)𝜓 = 𝜀(𝐫)𝜓 − |𝜓|2𝜓 +
∑

𝛼=𝑥,𝑦,𝑧
𝜉2𝛼(𝜕𝛼 − 𝑖𝐴𝛼)

2𝜓 . (63)

Under this framework, the time-evolution is characterized by a relaxation rate 𝜏 and the electrical potential 𝜇, with 𝐴𝛼 being
the components of the vector potential. Thus, the superconducting properties are predominantly captured by the components of 
the anisotropic coherence length 𝜉𝛼 , whilst pinning sites can be characterized by material defects that impose a spatially varying 
local critical temperature 𝜀(𝐫) (𝛿𝑇  pinning). Alternatively, pinning can be captured by spatial modulations of the coherence length 
c
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Fig. 25. (a) Current–voltage (𝐼−𝑉 ) characteristics for a fixed density of metallic defects (diameter 𝑎 = 4𝜉) for different fields as obtained from TDGL simulations. 
 faster scan (open symbols) allows rapid identification of the region of interest, while a longer simulation run increases the results’ precision. The critical 
urrent, measured at 2% of flux flow voltage, is extracted from the simulated 𝐼 − 𝑉  curves. Panel (b) shows the critical current map as a function of field
strength and defect density. An optimal density of pinning sites is found near 𝑛p𝜉3 ∼ 5 × 10−3 and a new peak effect (non-monotonic 𝐽c(𝐵)) was discovered at 
low defect densities.
Source: Adapted with permission from [401].

components (𝛿𝓁 pinning). To account for thermal noise, the above equation can be augmented by a Langevin-force term 𝜁 (𝐫, 𝑡), with 
⟨𝜁∗(𝐫, 𝑡)𝜁∗(𝐫′, 𝑡′)⟩ = 𝜏𝑡c𝛿(𝐫 − 𝐫′)𝛿(𝑡 − 𝑡′), where 𝑡c is the reduced temperature. Thus, close to the critical temperature 𝑇c, the TDGL
framework is rigorously rooted in the microscopic theory of superconductivity by Bardeen, Cooper, and Schrieffer [453], allowing 
it to account for realistic pinning mechanisms while capturing the elastic properties of vortices. Consequently, the TDGL approach 
fulfills the essential requirements to describe pinning phenomena with a high degree of fidelity at acceptable computational costs.

At an early stage, the TDGL approach was limited to small two-dimensional systems, yet allowed investigations of single vortices 
interacting with grain boundaries and domain walls as well as pinning of ∼100 vortices by columnar defects in thin films [454–456].
At the turn of the century, three-dimensional simulations allowed for the first realistic descriptions of flux lines [457]. Another leap
was achieved in 2015 when Koshelev and co-workers reached an unprecedented simulation volume of nearly 106 𝜉3 based on a
parallelized solver of the TDGL equations implemented on graphics processing units (GPUs) [458,459].

In conclusion, due to the physical soundness of the TDGL formulations and the continuous advance on either the parallelization 
of computing workloads through accelerated GPUs or via CPU architectural innovations with faster clock speeds, today TDGL
simulations present unique opportunities to investigate vortex dynamics in realistic pinning landscapes, e.g., as those observed in 
Dy-doped YBCO films [32,460,461]. Likewise, they can be used as a tool to optimize the defect landscape and therefore maximize 
the critical current of engineered HTS materials [31,32,459,462–464], or to investigate the regimes and boundaries of pinning
components [401,465], as can be seen in Figs.  24 and 25.

5.2.3. Molecular dynamics simulations
As explained above, the DFT for superconductors can be mapped to the TDGL theory. Similarly, the GL approach can be coarse-

grained to arrive at the classical molecular dynamics (MD) and stochastic Langevin descriptions by using multi-scale techniques. 
For example, classical forces can be derived from the many-body wave function of a vortex in a superconductor, as shown by Ao 
and Thouless in [466].

Compared to TDGL simulations, a less computationally intensive option for modeling vortex dynamics is to use MD-based 
simulations. These simulations are often invoked to study dynamics in a variety of seemingly disparate systems that can effectively 
be modeled as particles under the influence of external drives interacting with themselves and quenched disorder: this includes 
soft matter systems such as colloids and proteins, as well as hard condensed matter systems such as magnetic skyrmions and
superconducting vortices [467]. These simulations are on the macroscopic scale and, unlike TDGL, are unable to resolve phenomena 
on the order of the superconducting coherence length 𝜉.

Whereas vortices naturally emerge in the TDGL approach, in MD simulations, a single vortex is simulated as either a single 
particle or a chain of particles attached via an elastic band or spring [467]. Thus, the pinning site particles are fixed and used 
to exert an attractive pinning force on the vortices. More specifically, MD simulations of vortex motion are typically guided by a
particle-based equation of motion of the general form, 

𝐅𝑖 = 𝜂𝐯𝑖 = 𝐅D + 𝐅vv
𝑖 + 𝐅p

𝑖 + 𝐅T, (64)

ith 𝐅𝑖 being the total force acting on a vortex 𝑖, with its position and velocity given by 𝐫𝑖 and 𝐯𝑖 = 𝑑𝐫𝑖∕𝑑𝑡, respectively, and 𝜂 being 
the vortex drag coefficient of the Bardeen–Stephen viscous drag model [468], which can be a function of the vortex velocity [469].
Notice also that the main contributions to this total force, as described by Eq.  (64), include the current-induced Lorentz-like driving 
force 𝐅 = |𝐉 × 𝐁|, the vortex–vortex interaction force 𝐅vv, a term for including the thermal fluctuations 𝐅T, and the vortex–defect 
D c 𝑖
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Fig. 26. (a) Velocity–force curve ⟨𝑉𝑥⟩ vs 𝐹D for a system with a square pinning array at a filling of 𝑓 = 𝑁v∕𝑛p = 1.0368 for 𝜂 = 1.0 and 𝑓p = 1.5 based on [471].
The labeled phases are: I (pinned), II (interstitial flow), III (disordered liquid), IV (soliton motion), and V (moving smectic). (b) Velocity–force curve (blue) for a
2D system of vortices moving through quenched disorder for a non-dimensional vortex density 𝑛v = 1, defect density 𝑛p = 0.5, pinning force 𝑓p = 0.4, and pinning 
radius 𝑟p = 0.3. Derivative 𝑑⟨𝑉 ⟩∕𝑑𝐹D of the velocity–force curve, useful for distinguishing pinning regimes and vortex phase transitions, is shown in red. The 
nset shows 𝑓p versus 𝐹D, identifying the disordered phase (light blue region) and the dynamically ordered phase (dark blue). All data are based on molecular 
ynamics simulations.
ource: Adapted with permission from (a)  [471] and (b)  [472].

interaction force 𝐅p
𝑖 . These dynamics are fundamentally overdamped because the vortex core encompasses single electrons, which 

behave dissipatively, serving as a source of damping. Then, to model the vortex–vortex interaction force, it is possible to use the 
approximation of Reichhardt et al. [467], who use the relationship 𝐅vv

𝑖 =
∑𝑁
𝑗=1 𝐹0𝐾1(𝑟𝑖𝑗∕𝜆)𝐫̂𝑖𝑗 , where 𝐹0 = 𝛷2

0∕2𝜋𝜇0𝜆
3, 𝐫𝑖𝑗 = |

|

|

𝐫𝑖 − 𝐫𝑗
|

|

|

is the vortex separation, and 𝐾1 is the modified Bessel function, which decays exponentially for 𝐫𝑖𝑗 > 𝜆. Consequently, vortex–vortex 
interactions can be negated at sufficiently large separations compared to the penetration depth 𝜆, as has been proven recently by
simulations on 2D systems of rigid vortices with cut-off vortex–vortex interactions at 𝐫𝑖𝑗∕𝜆 > 6 [470].

To simulate pinning sites, defects are treated as attractive and modeled as deep wells in an otherwise flat potential. For example, 
point-like pinning sites are typically described as randomly placed parabolic or Gaussian-shaped traps of extent 𝑟p that can exert a
maximum force 𝑓p on a vortex [467,470]. Similarly, columnar defects have been modeled as parabolic potentials of radius 𝑟p and
magnitude 𝑓p, where 𝐹 p

𝑖 = −
∑𝑛p
𝑘=1 𝑓p(𝑟𝑖𝑘∕𝑟p)𝛩(𝑟p − 𝑟𝑖𝑘)𝐫𝑖𝑘, with 𝑟𝑖𝑘 = |

|

𝐫𝑖 − 𝐫𝑘|| being the distance between the vortex 𝑖 and pin 𝑘 at
𝑟𝑘, and 𝛩 being the Heaviside step function. In addition, MD simulations may consider adding further terms to Eq.  (64) such as the 
Magnus force and inertia 𝑚𝐫𝑖. However, these contributions can typically be disregarded, on the one hand, owing to the negligible 
equivalent mass 𝑚 of the vortex and, on the other hand, to the fact that the current transverse to the Lorentz force tends to be very 
small for superconducting vortices.

Implementing the simulations involves setting initial conditions such as the system size 𝐿, the number of vortices 𝑁v (from the 
vortex density 𝑛v = 𝑁v∕𝐿2), and the number of defects 𝑁p (from the defect density 𝑛p = 𝑁p∕𝐿2), as well as preparing the vortex 
ground state using an energy minimization protocol or simulated annealing. For example, to prepare a system similar to field-cooled 
experiments, the vortices are first placed into the system under the influence of thermal fluctuations (high temperatures), and the 
system is slowly cooled to 𝑇 = 0 [473]. After initialization, to produce velocity–force curves, the simulations track the average 
vortex velocity 𝑉𝑥 = (1∕𝑁v)

∑𝑁v
1 𝑣𝑥 in response to an incrementally increasing driving force 𝐹D in the 𝑥̂ direction. As the driving 

force is simply the Lorentz force resulting from an applied current 𝐽 in the 𝑦̂ direction, the results can be compared to experimental 
𝐼 − 𝑉  curves produced by current sweeps. Examples of such velocity–force curves are shown in Fig.  26.

The velocity–force curves provide information on critical parameters, such as the critical force 𝐹c, i.e., the maximum driving 
force for which vortices remain pinned. Similarly, the critical current (depinning current) can be determined from the current 
corresponding to the driving force at which 𝑉  rises to a particular metric, e.g., 0.03 in [473]. Velocity–force curves produced 
𝑥
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Fig. 27. MD simulations of the vortex response to a pulsed driving force along the 𝑥-direction in a system with 𝑛p = 1 and 𝑓p = 1.0 under driving of magnitude 
D = 0.045. A combination of pinned and moving vortices are shown: vortex positions are shown as circles and trajectories as lines. Pinning sites are not shown.
ource: Reprinted with permission from [470].

under various conditions can also be scaled and the scaling exponents are subsequently used to identify phases. In addition, these 
simulations produce diagrams of vortex trajectories, as shown in Fig.  27, which can be used to study ordering and disordering of 
the vortex lattice. They have also provided insight into the formation and configurations of a range of glassy states, the motion of 
dislocations during plastic flow, and conditions under which a moving solid may form, in which vortex motion is fast and vortex–
vortex interactions dominate over vortex–defect interactions [467]. For example, 𝑑𝑉 ∕𝑑𝐹D is thought to saturate in the elastic regime, 
whereas plastic dynamics may induce a peak as the vortex lattice transitions from a strongly disordered to a more ordered state 
with increasing 𝐅D [467,474].

Notice that because in this formalism the vortex itself is treated as a particle or rigid rod, in most studies its applicability is 
limited to 2D systems of thickness less than the penetration depth. However, recent works have modeled the vortex as a chain of 
particles connected by elastic strings [467] or springs [475,476], both allowing in principle the consideration of 3D systems.

Another approach to modeling 3D vortex dynamics through MD simulations is by means of the Langevin molecular dynamics 
algorithm. To model 3D dynamics, vortices are described as three-dimensional elastic lines through the trajectory 𝐫𝑖, with the 2D
𝑎𝑏-plane position vector defined as a function of the 𝑧 coordinate, which simultaneously corresponds to the direction of the applied 
magnetic field. These lines are then placed in a 3D space with periodic boundary conditions in the 𝑥𝑦 plane and with free boundary
conditions along the 𝑧 direction. Dynamics is then determined by numerically solving the overdamped Langevin equation: 

𝜂𝐯𝑖 = 𝜂𝜕𝐫𝑖(𝑡, 𝑧)∕𝜕𝑡 = −
𝛿𝐻[𝐫𝑖(𝑡, 𝑧)]
𝛿𝐫𝑖(𝑡, 𝑧)

+ 𝐟𝑖(𝑡, 𝑧) (65)

for the velocity of the 𝑖th vortex, 𝐯𝑖, where 𝐟𝑖(𝑡, 𝑧) represents thermal stochastic forces, modeled as uncorrelated Gaussian white noise 
of zero mean ⟨𝐟𝑖(𝑡, 𝑧)⟩ = 0. Then, to represent the free energy term, Ref. [478] uses the Hamiltonian

𝐻[𝐫𝑖] =
𝑁
∑

𝑖=1
∫

𝐿

0
𝑑𝑧

[

𝜀1
2

|

|

|

|

𝑑𝐫𝑖(𝑧)
𝑑𝑧

|

|

|

|

2
+ 𝑈D(𝐫𝑖(𝑧), 𝑧)

+ 1
2

𝑁
∑

𝑉
(

|

|

|

𝐫𝑖(𝑧) − 𝐫𝑗 (𝑧)
|

|

|

)

]

, (66)

𝑗≠𝑖
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Fig. 28. (a) 𝑥𝑧-plane projection of particle-based 3D Langevin molecular dynamics simulations showing three different excitations formed by flux lines interacting 
with planar defects: half-loop (left), single kink (middle), double kink (right). The green dotted lines represent flux lines, the red dotted sections show part of 
he flux line pinned to a planar defect, the gray dots are point defects, and the black vertical lines are planar defects. Steady-state number of (b) half-loops, (c)
ingle kinks, and (d) double kinks as a function of drive 𝐹D (units of 𝜀0) for interacting flux lines in the presence of two planar defects, in samples of thickness 
 (units of pinning potential width 𝑏0).
ource: Adapted with permission from [477].

whose first term considers the elastic vortex line tension, an attractive potential 𝑈D created by the pinning centers, and the repulsive 
vortex–vortex interaction potential 𝑉 (𝑟). Here, 𝜀1 ≈ 𝛾−2𝜀0 ln(𝜆ab∕𝜉ab) is the elastic line stiffness (tilt modulus), 𝑁 is the number of 
vortices, and 𝜀0 = 𝛷2

0∕(4𝜋𝜇0𝜆
2
ab) is the vortex line energy. Then, the in-plane vortex–vortex interaction potential can be defined by

𝑉 (𝑟) = 2𝜀0𝐾0(𝑟∕𝜆ab), where 𝐾0 is the zeroth-order modified Bessel function, which, just as when used to describe vortex–vortex 
interactions in Eq.  (64), it represents a logarithmic repulsion that is exponentially screened at the scale 𝜆. Finally, point defects are
defined by the potential 

𝑈D(𝐫, 𝑧) = −
𝑛d
∑

𝛼=1

𝑏0
2
𝑝𝛿(𝑧 − 𝑧𝛼)

[

1 − tanh
(

5
|

|

𝐫 − 𝐫𝛼|| − 𝑏0
𝑏0

)]

, (67)

where 𝑛d is the number of point defects, 𝑏0 is the pinning potential width, and 𝐫𝛼 and 𝑧𝛼 represent the strength of the pinning
potential in-plane and in the 𝑧 direction, respectively. Thus, in order to define a potential for columnar defects, identical potential 
wells are placed at all positions 𝑧 = 𝑧𝛼 for select in-plane positions 𝐫 = 𝐫𝛼 .

As shown in Fig.  28, Langevin MD simulations have recently predicted and studied the formation and dynamics of excitations, 
such as half-loops, single kinks, and double kinks, which emerge when vortices interact with planar and columnar defects [477].
Furthermore, such studies have determined correlation lengths [479], extracted time scales related to pinning and depinning [480],
and determined the frequency dependence of voltage noise [481] related to driven vortices navigating different disorder landscapes.

More recently, another example of 3D vortex modeling is the work of Paturi et al. [475], who applied MD to simulate the vortices 
in superconductors containing nanorods. In this work, as well as others [482], Paturi models 3D dynamics by treating vortices as a
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Fig. 29. MD simulations of vortices in a YBCO film containing nanorods. (a) Schematics of a 3D model where vortices are represented by turquoise circles 
connected with a spring-like force, and pinning sites are depicted as stationary red circles. Interactions are shown with arrows. Reprinted with permission 
of [475] (b) The simulated dependence of the critical current on applied field orientation for 0.5 T in a YBCO film containing 50 nanorods of varying radius 
riented along the 𝑐-axis. (c) Simulated 𝐽c versus nanorod radius for different applied field orientations. Inset shows experimental measurements of 𝐽c of YBCO
ilms containing nanoparticle dopants at 10 K in a 1 T magnetic field oriented along the 𝑐-direction.
ource: Adapted with permission from [482].

chain of vortex particles attached to one another via a spring-like force that depends on the magnetic field, see Fig.  29(a), allowing 
us to conclude that, notably, MD simulations can reproduce the correct anisotropic behavior in the angular dependence of the critical 
current, as shown in Fig.  29(b–d), whilst simultaneously disclosing the effect of considering different excitations formed by flux lines 
interacting with planar defects.

6. Engineering 𝑱𝐜 for the next generation of applied superconductors

Soon after the discovery of HTS materials such as YBCO and BSCCO in the late 1980s with critical temperatures above the 
boiling point of LN2 (∼ 77 K), or after 2001 when the superconducting properties of MgB2 with 𝑇c ≈ 39 K were discovered (nearly 
doubling the boiling point of LH2, ∼ 20 K); and more recently, after the discovery of Fe-based superconductors in 2006, world-wide 
research efforts have continued pursuing the demonstration of such materials with optimal use of their properties, and for enabling 
the deployment of a wide range of applications inaccessible to use of conventional conductors. They are based on both thin films
(cryo-electronic devices) and on wires, tapes, and coated conductors (power devices), with the potential to make a huge impact on
science, technology, sustainable growth, and energy transition. However, a few serious problems still remain to be solved.

6.1. Milestones in the development of HTS wires and tapes

One of the primary objectives in the field of superconductivity is the production of long, durable, and flexible conductors for use 
in various power applications, such as magnetic coils [1,2,483,484]. The fabrication of HTS wires, however, presents significant 
challenges for two key reasons: the ceramic and brittle nature of most HTS materials, including cuprates, which makes them 
difficult to handle, and the necessity of achieving biaxial texture in these materials to ensure optimal properties. Nevertheless, 
several techniques have been developed over recent decades to address these challenges on the superconducting precursors to be 
discussed below.
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6.1.1. BSCCO
The initial method for producing superconducting HTS tapes led to the development of what are known as ‘first-generation 

tapes’ which are fabricated using BSCCO through the Powder-in-Tube (PIT) method. This method had been well-known from wire 
fabrication of low-temperature superconductors, especially Nb3Sn [485,486], where crushed Sn powder was filled into Nb tubes. 
Here, sintered BSCCO is placed inside a sealed silver tube, which is then repeatedly rolled and thermally processed in a controlled 
oxygen atmosphere. The rolling and heating steps are carried out multiple times until the final tape attains the appropriate texture 
and density of the superconducting core, eliminating various defects (such as pores and cracks) for enhancing grain connectivity 
and critical current density [487]. While these first-generation tapes exhibit satisfactory self-field performance at 77 K, their in-field
performance at elevated temperatures was insufficient for most applications due to the high anisotropy and hence low irreversibility 
fields of BSCCO [488–490]. Furthermore, the silver sheaths necessary for effective oxygen loading of the superconducting core 
make these tapes and wires rather expensive. Nevertheless, research on Bi2223 wires is ongoing, and there are several application 
possibilities for these materials. Ref. [491] gives a comprehensive overview over recent activities. Also Bi2212 wires have recently 
gained renewed interest due to their possible round shape and macroscopic electronic anisotropy, which is preferred for magnet 
applications [492].

6.1.2. REBCO
To enhance the in-field performance, an alternative approach was introduced, replacing the superconducting material BSCCO

with REBCO compounds. For REBCO, the PIT method turned out not to be successful anymore because for this less anisotropic 
material a sufficiently sharp texture could hardly be achieved and hence large-angle grain boundaries were blocking the current 
flow. Paturi et al. nevertheless reached 3.3 kA∕cm2 at 77 K for nano-grained YBCO in silver sheath tapes [493,494]. Recently, 
REBCO PIT wires gained some interest again due to their potentially round shape, which is preferential for magnet applications. 
Zhang et al. investigated YbBa2Cu3O7 in Ag sheaths by a novel melt-texturing method yielding compact cores [495,496]. Geng et al.
reached 46 kA∕cm2 at 4.2 K in self-field and 33 kA∕cm2 in 14 T in YBCO round wires with a similar method [497,498].

Nevertheless, the use of these REBCO compounds basically resulted in the development of the so-called second-generation tapes, 
or Coated Conductors (CCs) [9,483,499], which were first reported as early as in 1991 [500]. The fabrication of coated conductors 
(CCs) faces challenges similar to those encountered for first-generation tapes, such as the brittleness of REBCO compounds and the 
requirement for a sharp biaxial texture to achieve optimal properties. Moreover, the microstructure and morphology of REBCO films
are primarily influenced by the deposition process [9,33]. The specific characteristics of the crystallization process in each method 
result in a unique pinning landscape.

Briefly, there are two main categories of growth techniques, both highly effective in the challenging task of achieving biaxial
texture in REBCO films: simultaneous deposition and growth techniques (commonly called ‘in-situ growth techniques’), and
sequential deposition and growth techniques (also referred to as ’ex-situ growth techniques’).

The in-situ growth techniques involve the formation of the REBCO phase occurring directly during the deposition process. In
this scenario, deposition and growth are concurrent processes. The growth mode is typically layer-by-layer due to a non-equilibrium 
process where surface diffusion plays a crucial role. Techniques included in this category are Physical Vapor Deposition (PVD)
methods [501] such as Pulsed Laser Deposition (PLD) [502–504]; Pulsed Electron Deposition (PED) [505,506]; Magnetron- [507]
and Radio-frequency Sputtering [508]; Liquid Phase Epitaxy (LPE) [509] including Hybrid-LPE [510]; Transient Liquid Assisted 
Growth (TLAG) [33,511]; as well as (Metal–Organic) Chemical Vapor Deposition (CVD) [512,513] including Laser-CVD [514]. These 
well-established techniques are widely recognized not only in the field of superconductivity but also in other areas [507,515–518],
and generally result in high-quality films.

The ex-situ growth techniques involve a different approach. Here, the REBCO phase is not formed immediately after deposition. 
Instead, a subsequent annealing process is required to achieve the desired phase, often in a different environment than the deposition 
(ex situ). Consequently, deposition and growth of the REBCO phase are sequential processes. Most ex-situ growth techniques are
solution-based, allowing for continuous deposition over large areas at atmospheric pressure, which significantly reduces costs. 
Techniques such as Chemical Solution Deposition (CSD) [519], Reactive Co-Evaporation (RCE) [520,521], and the BaF2 process 
[522–524] belong to this group.

The architecture of CCs comprises a multilayered structure, consisting of a biaxially textures template, an epitaxial REBCO
superconducting film, and protective metallic cap layers. The template consists of a metallic tape and buffer layers that are grown 
with biaxial texture. Metallic tapes are employed for their superior mechanical properties as well as their availability in long lengths. 
The buffer layers provide a continuous, smooth, and chemically inert surface, preventing the diffusion of metallic ions from the tape 
and oxygen to the tape, and facilitating the biaxially textured growth of REBCO films by texture transfer and reducing lattice misfit. 
Lastly, the protective cap layers serve to protect the superconducting layer from environmental exposure. Among the various steps 
in this process, procuring the biaxial texture for the optimal growth of the superconducting film is probably the most important one. 
There are two different strategies: textured metallic tapes, i.e. the Rolling-Assisted Biaxially Textured Substrate (RABiTS) method, 
and textured buffer layers on an untextured metallic tape, i.e. Ion Beam Assisted Deposition (IBAD) or Inclined Substrate Deposition 
(ISD).

In the RABiTS approach, which was introduced by Goyal et al. in 1996 [525], the metallic substrate is directly textured. Cube
texturing is achieved through a series of rolling and annealing processes applied to an initially untextured metallic substrate, usually 
NiW while Ag and Cu had also been investigated. Following this, epitaxial buffer layers (typically consisting of a seed layer, a barrier 
layer, and a cap layer), are grown. The REBCO film is then deposited onto these buffer layers, and a final cap layer is added to 
protect the superconducting material [526]. Nowadays, flexible substrate ribbons 75 μm thick and more than 1 km long made of 
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Ni5at%W can be produced. On the other hand, the IBAD technique creates a preferred texture in one of the oxide buffer layers, thus 
eliminating the need for a pre-textured substrate, typically stainless steel or Hastelloy. Two materials have been employed: Initially,
Ytria Stabilized Zirconia (YSZ) was textured by a simultaneous inclined ion beam in a growth selection process within thicknesses 
of around 1 μm [500]. Later, MgO was used [527,528], which is instead textured by a nucleation selection process within the first 
5–10 nm. This process is very fast, making MgO the predominant choice used today.

A third texturing method applied by manufacturers is Inclined Substrate Deposition (ISD). Here, MgO is deposited (e.g. by e-beam 
deposition) on Hastelloy tapes that are inclined by a certain angle (typically 20◦-30◦) [529]. By a growth-selection process, MgO is 
growing biaxially oriented toward the incoming material beam, i.e., is inclined with respect to the substrate normal. This leads to 
an inclined growth of the epitaxially growing REBCO layer and hence typically skewed angular 𝐽c dependencies, e.g. [530,531]. As 
a side remark, ISD has also been shown for fluoride films [532], which may interesting as buffer layers for IBS [533].

Once the template is prepared to ensure proper biaxial growth, the REBCO films are deposited. The chosen template as well
as REBCO deposition method strongly influence the microstructure and hence the macroscopic properties of the final CC. RABiTS 
templates have relatively large grains of around 20 μm and usually GB grooves [534], while IBAD templates are usually smoother 
with grain sizes of the order of 1 μm [535]. ISD templates show typically a very faceted and tilted surface. Solution-based deposition 
methods show typically a lamellar growth, whereas deposition from the gas phase as PLD show a columnar growth. This influences 
the transparency and pinning properties of grain boundaries [536]. Perovskite nanoparticles (see next sections) usually grow 
biaxially textured in physical deposition methods but randomly oriented in solution-based methods, which strongly influences the 
strain states. These nanostructures can be grown as very well aligned and correlated nanocolumns in physical methods [135] in 
contrast to solution-based methods. Also on ISD templates due to their tilted geometry are elongated nanostructures hard to achieve 
[531]. The in-plane orientation of the REBCO layer may influence the strain sensitivity of 𝐽c of the final CC [537]. Needless to say, 
the choice of template and buffer system determines the mechanical properties of the CC, such as delamination strength, stiffness, 
bending tolerance etc.

6.1.3. MgB2 & Fe-based superconductors
For MgB2 wires, the PIT method has also proven to be successful since grain boundaries are not necessarily current-limiting 

defects due to the relatively large coherence length. Two methods are possible, in-situ and ex-situ PIT process. In the former, boron 
(usually powder) and magnesium (in different forms) are filled in the tubes and react to MgB2 during heat treatment; in the latter, 
pre-reacted MgB2 powder is filled in the tubes. A recent review of the current challenges for producing MgB2 films, bulks, and wires 
can be found in Ref. [107]. 

For the Fe-based superconductors, being the latest class of application-relevant superconducting materials, both methods, PIT
and coated conductors are investigated. First wire samples of IBS were fabricated by PIT not long after discovery for the three 
major families 1111, 122, and 11 [538]. Whereas a certain degree of texture within the individual filaments is needed for BSCCO
compounds, this is not necessarily the case for IBS because the grain boundaries do not as severely affect the superconducting 
current flow [539], as it will be shown in Section 6.4. However, grain boundaries are still an issue not so much due to the GB angle
but due to foreign phases between the grains that widen the GB regions and limit the superconducting current flow. Several groups 
are working now on improving the GB transparency and the density of such wires, especially for K-doped 122 wires. For instance, 
in 2017, a K-doped Sr122 wire of around 100 m length has been demonstrated [540], which still holds the record for length. For 
reviews of the early development of IBS PIT wires and tapes, refer to [541–543].

IBS coated conductor samples have been prepared so far as mere proof-of-principle studies on basically the same templates as 
used for cuprate coated conductors [544]. As early as 2011, PLD-grown films of Fe(Se,Te) [545] and Co-doped BaFe2As2 [546,547]
(and later P-doped BaFe2As2 [548]) were demonstrated with reasonable quality, followed by MBE-grown NdFeAs(O,F) films in 
2014 [549]. Most of these films were deposited on IBAD-MgO templates, with PLD-Fe(Se,Te) [550] and electro-deposited FeSe 
[551] also being deposited on RABiTS templates. This electro-deposition route [552] as well as CSD-grown buffer layers [553] are
currently being investigated by Italian groups to reduce the fabrication costs of IBS coated conductors. Moreover, in 2023, Liu et al.
demonstrated the first continuously deposited 1 m long IBS coated conductor, prepared as Fe(Se,Te) on a CeO2-buffered IBAD-MgO
template using PLD in a multiturn reel-to-reel system [554], which was recently surpassed by 10 m and even 120 m long IBS CC
samples [555]. 

6.2. Advanced optimization strategies

Paramount to guide the design of the next generation of HTS materials is to find alternatives informed either by theoretical 
models, numerical simulations, or by in-situ or ex-situ experimental approaches that could lead to a proper engineering of 𝐽c for 
applications with specific temperature, field, and geometry of operation. Several of these alternatives have already been revised 
in previous sections, but we have been mostly focused on the in-situ properties of the HTS material at different length scales, 
i.e., where the vortex dynamics of type-II superconductors can be understood as a statistical average of a bundle of vortices in the 
macroscopic approach or, from the interaction between individual vortices with other vortices and defects in a more mesoscopic 
approach. However, in practical terms, 𝐽c can also be engineered by ex-situ approaches which, although less predictable, can be 
one of the most notorious options in the absence of a unified theory.

In a broader sense, one of the primary tasks for engineering 𝐽c is to avoid or minimize all material defects that hinder or diminish 
the supercurrent flow, such as large foreign phases, voids, large-angle grain boundaries (GBs), and radiation damage. Texturing 
of BSCCO tapes and REBCO coated conductors, as well as densification of power-in-tube wires and tapes, fall into this category. 
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Fig. 30. Illustration of the many thin film defects that have been proposed as flux pinning sites in YBCO. Anything that locally disturbs the crystalline perfection 
ver a scale of 0.1 − 1 nm is a candidate.
ource: Apdapted with permissions from of [556].

Somewhat more sophisticated, another closely related method is to increase 𝐽c by optimizing and utilizing natural growth defects 
as effective pinning centers, e.g., dislocations, low-angle GBs, nano-precipitates, stacking faults, anti-phase boundaries, etc. (see Fig. 
30); especially controlling their size and distribution by adjusting the preparation methods. A further optimization regarding the 
magnitude and anisotropy of 𝐽c is the intended introduction of artificial pinning centers (APCs), i.e., radiation tracks or defects and
(typically self-assembled) non-superconducting nanoparticles or nanocolumns, which is usually regarded as 𝐽c engineering in the 
narrow sense.

Superconducting nanocomposites are created by introducing APCs to enhance the pinning performance of REBCO films. Initial 
attempts to produce these nanocomposites were made using in-situ growth techniques, i.e., involving the simultaneous deposition 
and growth of both the REBCO phase and the APCs. A common feature of nanocomposite thin films produced with in-situ techniques, 
which promote heterogeneous nucleation, is the presence of coherent interfaces between the embedded nanoparticles and the 
superconducting matrix. Additionally, this heterogeneous nucleation often leads to a self-assembly process of nanoparticles into 
uniformly dispersed vertical nanostructures or nanorods with diameters less than 5 nm [557,558]. The weaker pinning when the 
magnetic field is parallel to the 𝑐-axis is consequently enhanced by the interaction between nanorods and these vortices.

As discussed earlier, in the case of ex-situ growth techniques the growth process differs as these techniques are characterized 
by sequential deposition and growth steps. For nanocomposites, the growth process is also sequential, as the formation of the 
REBCO phase and the nanoparticles occurs at different stages rather than simultaneously. This sequential deposition and growth 
process promotes homogeneous nucleation of the nanoparticles, typically resulting in a random and uniform distribution within 
the matrix. Consequently, incoherent interfaces between the NPs and the REBCO phase are more prevalent with ex-situ techniques 
compared to in-situ methods, generally leading to a more isotropic pinning landscape [559]. This is a significant observation because 
isotropic wires are generally preferred. This preference arises not only because the wire’s performance is independent of the field
direction but also because the design and construction of magnets [2] can leverage the extensive experience gained from using low-
temperature superconducting conductors in well-established technologies like NMR and MRI magnets [17]. Additionally, achieving 
nanoparticles with a size less than 10 nm is particularly challenging when using ex-situ growth techniques. Consequently, the pinning
mechanism in films produced by ex-situ growth techniques differs from that in films grown using in-situ methods. The ultimate goal 
is critical currents by design [32], i.e., the design and optimization of pinning landscapes for the needs of a given application based
on established models (see previous sections).

Finally, as discussed in Section 5, pinning being an interaction depends on the properties of both the pinning centers and the 
flux lines, either individually or as an ensemble. Therefore, 𝐽c can also be increased by strengthening the vortex matter, somehow 
increasing the Cooper pair density (which deepens the pinning potentials), increasing the critical fields (𝐻c2 and 𝐻irr), and reducing 
anisotropy together with thermal fluctuations. Specifically, the 𝐽c of practical superconductors can be improved by grain boundary
engineering or controlling the hole doping level in cuprates (given its impact on the superfluid density), adding APCs in the form
of material dopants, and even by changing or inflicting new defect morphologies by irradiation effects. These are the different 
phenomena to which we will devote the final sections of this review due to their paramount importance. In particular, we will focus 
on the engineering of REBCO and IBS thin films, including polycrystalline BSCCO and MgB2 samples, for which the engineering 
of the 𝐽c properties result less dependent on the mechanical properties of their granular counterparts. Therefore, for a dedicated 
review of superconducting bulks and their state-of-the-art technology, the reader is referred to Refs. [172,560–562].
55 



H.S. Ruiz et al.

 
 

 

 

Progress in Materials Science 155 (2026) 101492 
Fig. 31. (Top pane) Dome behavior of 𝑇c as a function of doping and color plot of self-field (sf) critical current density 𝐽c as a function of doping and
temperature [Reprinted with permissions from [563]. (Bottom pane) Experimental data showing the doping dependence of the sf critical current density for
standard (Y,Gd)Ba2Cu3O7 and (Y,Gd)Ba2Cu3O7 containing BaHfO3 nanoparticle inclusions.
Source: Adapted with permissions from [564].

6.3. Engineering 𝐽c by charge carrier doping

As discussed above, the engineering of HTS materials for applications is generally focused on understanding of microstructural 
modifications that can render improved pinning conditions and, therefore, greater 𝐽c. However, this results in cumbersome scenarios 
where the electronic properties of the superconductors cannot be easily linked with the rather anisotropic behavior of the critical 
current density, 𝐉c(𝐁, 𝑇 ), despite it is well known that they have a great impact on its intensity. For instance, in addition to material 
defects, electron and hole doping have an indirect effect on 𝐽c, generally because doping affects the superfluid density to which the 
penetration depth is sensitive. In fact, in the case of cuprates, i.e., where the dominant superconducting features of the material lie 
in the electronic structure of the CuO2 planes, the material can exhibit from antiferromagnetic insulating properties to a normal 
metal behavior just by changing charge carrier concentration, 𝑝, i.e., the number of holes per Cu ion in the CuO2 planes.

Although adding atomic dopants or microstructural defects into the REBCO compounds or any other HTS material is probably 
one of the most promising and extensive alternatives for improving the pinning conditions of any practical superconductor, these 
alternatives usually demand large amounts of dopants, which can also lead to a strong suppression of the 𝑇c, with no clear way 
yet on how to systematically reduce the dissipative flux motion for increasing 𝐽c. However, if, at least for cuprates, we analyze the 
more fundamental route for engineering 𝐽c, which refers to controlling and understanding the influence of 𝑝, some more general 
conclusions can be drawn. In this sense, we want to recall the work by Talantsev and co-workers [565], who experimentally 
investigated the hole-doping dependence of the self-field critical current density 𝐽 sf

c  in YBa2Cu3O7−𝛿 . They found that 𝐽 sf
c  follows a

common trend for the hole doping, rising to a sharp peak on the slightly overdoped side of the parabola for 𝑇c versus 𝑝, as illustrated 
in Fig.  31. Tallon [563] subsequently explained these results using general arguments based on thermodynamics. In particular, he 
showed that thermodynamic properties related to 𝐽 sf

c  predominantly depend on the superfluid density 𝜌s and scales as 𝐽c ∼ 𝜌s𝑇c.
On the other hand, concerning 𝑇c optimization, Zaanen [566] explained that 𝑇c becomes high in YBa2Cu3O7−𝛿 since one 

approaches the Planckian dissipation limit connecting viscosity to entropy in quantum liquids [567], where one can show that 
the pseudogap phase reduces 𝜌s [568]. In fact, in hole-doped cuprates, the pseudogap is still present at the optimal doping where 𝑇c
reaches its peak [563]. Therefore, one must overdope the samples to a level around 0.19 holes per Cu atom where the pseudogap 
closes to reach the predicted peak in the doping dependent 𝜌s𝑇c as shown in the top pane of Fig.  31. Similarly, Stangl et al. [569]
have recently presented an experimental study of oxygen doping in underdoped, optimally doped, and overdoped YBa2Cu3O7−𝛿
thin films, finding direct correlations among the charge carrier density 𝑛H, the hole doping 𝑝, and the critical current density 𝐽c. 
These results demonstrate a significant increase in 𝐽c with 𝑛H, as we approach the quantum critical point due to an increase in 
the superconducting condensation energy. The critical current reached a high value of 90 MA/cm2 at 5 K, which corresponds to 
about 64% of the maximum depairing current density of 𝑑-wave superconductors recently predicted in Ref. [266]. Consequently, 
overdoping YBa2Cu3O7−𝛿 is a promising route to enhance 𝐽c. Moreover, very recently, Miura et al. [564] combined Tallon’s 
thermodynamic route for increasing the 𝜌s with their established methods of incorporating incoherent BaHfO3 nanoparticles, where 
their results clearly show (see bottom pane of Fig.  31) that thermodynamic improvements can work in parallel with APCs.

Analogously, at the high-temperature spectrum for superconducting applications, i.e., at or over the liquid nitrogen (LN2) boiling 
temperature of 77 K, the iron-based superconductors (IBS) are the other kind of materials where attaining a proper understanding of 
the charge carrier doping on the 𝐽c(𝐵, 𝜃, 𝑇 ) dynamics is of utter importance. This is because in IBS materials, 𝐽c also depends strongly 
on the doping level, and the maxima of 𝐽c and 𝑇c are not necessarily coinciding. This has been systematically investigated by Song, 
Ishida et al. [570,571] for BaFe2As2 (Ba122) compounds with different kinds of doping, such as single crystals of Ba1−𝑥K𝑥Fe2As2 (K-
Ba122), BaFe2(As1−𝑥P𝑥)2 (P-Ba122), and Ba(Fe1−𝑥Co𝑥)2As2 (Co-Ba122), either for hole, electron, and isovalent doping, respectively. 
In all cases, the maximum of 𝐽  is in the slightly underdoped to the nearly optimally doped region of the phase diagram, most 
c
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pronounced for K doping. The reasons are minima of the penetration depth and coherence length near optimum 𝑇c (i.e. near a
quantum critical point) [571–574] and a concomitant strong maximum of the vortex line energy, large values of 𝑑𝑇c∕𝑑𝑥 and hence 
strong 𝛿𝑇c pinning, large normal state resistivities supporting 𝛿𝑙 pinning, and the vicinity to magnetically ordered phases. Indeed,
record-high 𝐽c values have been measured for P-Ba122 thin films [575][533] without any considerable pinning centers visible in 
TEM.

For Fe(Se,Te), the superconducting properties not only depend on the Se:Te stoichiometry (see e.g. [576]), but also on the Fe 
off-stoichiometry, i.e., vacancies or excess iron which can be regulated [577], e.g. by oxygen annealing with which a doubling of 
𝐽c can be achieved [578]. For a review on such annealing effects, see [579].

Similarly, for 𝐿𝑛FeAsO compounds (𝐿𝑛 lanthanide; typically Nd, Sm), the maximum of 𝐽c seems to lie in the overdoped region. 
This has been revealed recently in studies on NdFeAs(O,H) films. Whereas F doping is only possible up to 20% with respect to
O, levels up to 80% are possible with H doping [580]. Also here, a possible quantum critical point (QCP) has been identified by
temperature-dependent and anisotropy measurements of the normal state resistivity [581], where 𝑇c remains at high levels in a wide 
doping range while the electronic anisotropy decreases [582], leading to an upward shift of the irreversibility line. Macroscopically 
clean H-doped samples show similarly high 𝐽c values (𝐹p,max ∼ 90 GN/m3 at 𝐵 ∥ 𝑐, 4 K) as a F-doped film of similar thickness with 
highly complex microstructure [583]. Again, by combining optimizing the charge carrier density and introducing APCs, Miura et al.
were recently able to quadruple the critical current density in overdoped SmFeAs(O,H) thin films treated by proton irradiation [584].

6.4. Grain boundary engineering

Due to the extremely small coherence lengths of 𝜉ab ∼ 2 nm in cuprates and IBS, the structurally disturbed regions in otherwise 
clean large-angle grain boundaries constitute weak links, or Josephson contacts. Under this scenario, the critical current density has 
shown to decrease exponentially with grain boundary misorientation angle for many different cuprates [585], and more recently for 
Fe-based superconductors [539]. This is easily explained by the exponential decrease of tunnel currents with barrier thickness plus 
a more or less linear increase of grain boundary thickness with the misorientation angle. Also, even low-angle grain boundaries with 
GB angles above a certain critical value 𝜃c may act as weak links in cuprates due to the strong strain dependence of 𝐽c, band-bending
near dislocations, and oxygen disorder near the GB plane. This critical angle 𝜃c is below 5◦ for cuprates (depending on film quality) 
but around 9◦ in IBS [539] due to differences in strain dependence and coherence length. Also the exponential decay of 𝐽c is slower 
than for cuprates. That means IBS with reasonable properties may be producible with lower degrees of texture than cuprates and
hence via powder-in-tube or on cheaper coated conductor templates.

Eisterer [586] recently developed a model for the critical current density of polycrystalline HTS samples based on the abundance 
of GB angles (i.e., degree and kind of texture) and their transparency (i.e., the angle dependence of 𝐽c), and Hecher et al. [587]
determined with a related model that a small grain size is actually beneficial for current transport and magnetization behavior in 
polycrystalline IBS samples, even though the GBs are current-limiting. The current–voltage curves 𝑉 (𝐼) across grain boundaries are
usually linear with offset, showing the so-called non-ohmic differentially linear behavior [588], which may even be segmented, as 
shown by Diaz et al. [589]. This is due to extremely high electrical fields across the grain boundary and hence this region being 
in the flux-flow regime (linear dissipation) rather than in the flux-creep regime (non-linear dissipation). This strong limitation of 
𝐽c by grain boundaries was the main obstacle for the manufacture of HTS wires and tapes based on cuprate superconductors with 
sufficiently high current carrying capability, since strong biaxial texture is needed.

For sufficiently small fields, low angle grain boundaries may also act as pinning centers, as shown e.g., by Horide and Matsumoto 
on YBCO bicrystal films  [590] with 5◦ tilt GB. Due to the larger critical angle, this effect is even more important for IBS. For them, 
it has been shown that low angle GBs in Co- [547], P- [548], and K-doped Ba122 [591] as well as in NdFeAs(O,F) [592] are
beneficial for 𝐽c. In fact, the K-doped Ba122 films have shown 𝐽c values close to the depairing 𝐽c [591], holding the record for 
IBS at the moment for a field of 10 T applied parallel to the 𝑐-direction [593], only surpassed by Pb-ion-irradiated K-Ba122 single 
crystals [594]. Also, it turned out that depending on the misorientation angle or texture quality, as well as the pinning properties 
of the grains and morphology of the GBs, there is a certain crossover in magnetic field between a region of GB limitation of 𝐽c
at low magnetic fields and a region of pinning limitation at high fields [588,595]. This means that 𝐽c cannot be improved in the 
high-field region by GB engineering, and, from a theoretical point of view, describing the field-dependence of the critical current 
density 𝐽c(𝐵) with a pinning force analysis, e.g. following Dew-Hughes [596] or similar models, is only reasonable at high-fields in 
samples with GB networks acting as weak links [597]. This cross-over field has also been recently identified for IBS films on technical 
substrates [598]. Whether 𝐽c is indeed limited by weak links in layered superconductors, can be estimated by a 2D-fluctuation-based
criterion as developed by Talantsev and Crump [599].

Due to the strongly increased texture quality of coated conductor samples as well as the meandering grain boundaries, e.g., in 
MOD-derived YBCO films, the cross-over field is shifted to lower and lower values (between 1 T and 4 T at 77 K), where the 
pinning improvement gains in importance. In this sense, pioneering research mainly involving PLD has shown that 𝐽c can indeed be 
considerably improved by either substrate decoration [600] or by the insertion of perovskite nanoparticles such as BaZrO3 [601],
BaIrO3 [602], Yttria-Stabilized Zirconia (YSZ) [603] or Y2O3 nanoparticles [604]. In fact, substantial work has been conducted 
along this line of research by many groups worldwide, inspecting the growth and properties of such microstructures by insertion 
of non-superconducting nanoparticulate phases, such as perovskites, double-perovskites, pyrochlores, etc., for which we refer our 
readers to a further review presented in [605].
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6.5. Artificial pinning in advanced superconductors

As described in previous sections, due to Lorentz-like forces and thermal fluctuations that lead to the movement of vortices, 
𝐽c is usually strongly depressed by magnetic fields, especially as temperature increases, but such movement can be suppressed by
sufficiently strong pinning centers. Therefore, fundamental studies on the effects of engineering the microstructure of advanced
superconducting materials by the addition of APCs, while avoiding current-limiting defects such as GBs, voids, cracks, large 
precipitates, etc., result of great importance to conceive the optimization and market penetration of superconducting devices. Thus, 
we devote this section to present a brief but comprehensive summary of the most notable experimental efforts in introducing such 
artificial pinning centers in HTS cuprates and other superconducting materials for practical applications such as MgB2 and IBS
compounds. For similarly important and ongoing work on LTS materials, foremost Nb-Ti and Nb3Sn, the reader may refer to the 
abundance of textbooks and reviews on these materials (see e.g., Refs. [46,47,606–610]).

6.5.1. REBCO grown by PLD
As mentioned above, very soon after the discovery of YBCO, single crystals and epitaxial thin films were fabricated and used for 

studies of fundamental properties of this new material. It was a great surprise that the critical current densities in thin films are two 
orders of magnitude larger than in single crystals, and those two orders of magnitude larger than in sintered powder samples. The 
reason for the former is the very different nature and densities of defects in the two morphologies, and the reason for the latter is 
the weak-link behavior of grain boundaries of sufficiently large angle [585,611].

Initially, almost all efforts to grow films were through physical in-situ methods, like co-evaporation, magnetron sputtering, 
molecular beam epitaxy (MBE), and PLD, i.e., methods involving a deposition chamber with a vacuum-controlled atmosphere. It
soon became clear that PLD offers many advantages over the other methods. So, most of the ‘pioneering’ work on artificial pinning
centers at the beginning of this century has been done almost exclusively using PLD.

While in single crystals there are only low densities of weak point-like defects due to oxygen vacancies and few twins, in YBCO
thin films there are a large number of different defects depending on the fabrication process. Considering the much larger thermal 
energy at LN2 temperature (77 K) compared with the use of LHe (4.2 K) for LTS materials, in YBCO the pinning energy must 
overcome both the Lorentz-like forces and the thermal energy, hence the paramount importance of the pinning centers. In fact, 
in YBCO thin films, the so-called natural pinning centers may occur during deposition or in the target itself, and these can be 
point defects, vacancies, interstitials, atomic substitutions, columnar defects, dislocations, nanorods, antiphase boundaries, twin 
boundaries, stacking faults, precipitates etc. [556], as illustrated in Fig.  30.

However, especially in high magnetic fields, natural pinning centers are not sufficient and/or not strong enough to overcome 
the large Lorentz-like forces. Therefore, for using YBCO in high magnetic field applications, nano-engineering of APCs is needed. 
The first cost-effective method for fabricating APCs was the so-called substrate decoration [612,613], proposed initially for Tl-based 
superconducting films grown by sputtering and post-annealing on substrates decorated with Ag nano-islands; followed later by the 
same method applied to YBCO films grown by PLD [600]. The improvement of 𝐽c could be further increased by a proper choice 
of the film architecture, e.g., using a multilayer structure in which YBCO layers are separated by thin insulating layers such as 
CeO2 [614].

The next step forward was the deposition from a composite target, e.g., YBCO with perovskite nano-inclusions, e.g., perovskites, 
BaZrO3 (BZO) [601] or double-perovskites, such as 𝑅𝐸2Ba−4Cu𝑀O𝑦 (𝑀 : W, Zr, Nb) [615,616] and Ba2YNbO6 [617,618], or
rare-earth tantalates [619], where one specific type of pinning centers was sought.

Whether such non-superconducting additions grow as more or less round nanoparticles, as (usually 𝑐-axis-)correlated nano-
columns, or as 𝑎𝑏-parallel platelets, as well as their diameters, is strongly governed by the strain states at the interfaces among 
nanoparticle, matrix, and substrate [621]. These strain states around coherent nanoparticles/nanocolumns are also responsible for 
a typical small 𝑇c decrease in PLD-grown nanocomposites (in contrast to CSD, where the nanoparticles are randomly oriented and
incoherent), which is explained by a reduction in oxygen content in the strained regions [622]. This may be alleviated by Ca
doping [623], very similar to the Ca doping of grain boundaries [624].

Recent approaches are targeting several types of pinning centers by using double-doping, for example, with BZO and Y2O3 [625,
626], Gd3TaO7 and Ba2YNbO6 [627] (mainly leading to Ba2(Y,Gd)(Nb,Ta)O6 precipitates though), BaSnO3 and Y2O3 [628], or 
LaAlO3 and YBa2NbO6 [629].

Mixed double perovskites, typically Ba2Y(Nb,Ta)O6 (BYNTO), offer with the ratio of Nb and Ta another degree of freedom, 
which determines the morphology of the nanocolumns, especially their diameter, straightness, and interface quality. Ercolano 
et al. [627] showed an unusual pinning landscape consisting of Ba2(Y/Gd)(Nb/Ta)O6 segmented nanorods parallel to the 𝑐-axis 
and (Y/Gd)2O3 plate-like nanoparticles parallel to the 𝑎𝑏-plane together with large pinning forces and matching effects. Similarly 
promising properties with large matching and irreversibility fields by addition of BYNTO were reported by Rizzo et al. [630,631] and
Opherden et al. [135], a small review on YBCO/BYNTO can be found in [632]. In this case, the films exhibit a complex microstructure 
composed of pinning centers that vary in size, shape, and orientation. This leads to a large enhancement of the 𝐽c values and of the 
pinning force density at 77 K. Moreover, for magnetic fields up to several Tesla, the critical current density displays values that are
nearly constant so demonstrating the strength of the new pinning configuration. The field dependence of the pinning force density 
𝐹p(𝐵) has its maximum at the matching field showing different behaviors below and above it. In fact, below the matching field it is 
demonstrated that the sample is dominated by the creation of half loop and double kink structures while above the matching field
the sample exhibits typical flux creep processes because the pinning centers are weaker and uncorrelated [135].
58 



H.S. Ruiz et al.

 

S

 

 

 

 

Progress in Materials Science 155 (2026) 101492 
Fig. 32. Angular dependence of the critical current density regarding field orientation at 6 T and three temperatures for a (15 pulses Ag/450 nm YBCO)×10
multilayer film at three temperatures (15 pulses on the Ag target per layer led to the best quasi-layer of Ag nano-islands).
ource: Adapted with permission from [620].

The combination of the three methods: substrate decoration, BZO nano-inclusions, and quasi-multilayer architecture, brings 
together the advantages of each approach, creating a very complex landscape of synergetic pinning centers. By a combination of 
substrate decoration with Ag nanodots (that increased critical current density, allowed the growth of thicker films without the usual 
drastic decrease in 𝐽c and proved to promote columnar growth of YBCO) with BZO doping, BZO nanorods and nanoparticles act as 
effective pinning centers for magnetic field in both directions: along the 𝑐-axis and in the 𝑎𝑏-plane [633,634].

Additionally, in PLD-grown films, nano-engineering of pinning centers can also change the anisotropy of 𝐽c with respect to the 
direction of the magnetic field, i.e., the 𝐽c(𝐵, 𝜃) function. For example, the introduction of substrate decoration and quasi-multilayer 
approach involving Ag nano-islands that proved to induce a columnar growth of YBCO also induces a secondary maximum in the 
angle dependence of the critical current density, for the field parallel to the 𝑐-axis, as can be seen in Fig.  32 for a high magnetic field
of 6 T. Also, for the artificial pinning centers obtained by using YBCO targets with a BZO secondary phase, the substrate temperature 
and the frequency of the laser pulses play a crucial role. For instance, it was discovered that lower substrate temperature and higher 
pulse frequency led mostly to the formation of BZO nanoparticles (with critical current larger for fields parallel to the 𝑎𝑏-planes), 
while higher substrate temperature and lower pulse frequency led to self-assembled BZO nanorods parallel to the 𝑐-axis, leading to 
a larger critical current for field in the 𝑐-axis direction, as shown in Fig.  33.

Similarly, in a DC field of 1 T, BZO-doped YBCO films deposited at 780 °C and 8 Hz have the maximum 𝐽c at field orientations 
close to the 𝑎𝑏-plane, and a rather flat minimum range for orientations close to the 𝑐-axis. There are now several types of pinning
centers, natural and artificial, introduced by BZO doping, of which a large number are nanoparticles, and a minority are 𝑐-axis 
correlated extended defects. However, a higher deposition temperature (800 °C) and a smaller repetition rate (longer time for 
diffusion) gives sufficient energy and time for the BZO to self-assemble into 𝑐-axis oriented nanorods, leading to a maximum in 𝐽c
at field orientations parallel to the 𝑐-axis. Similar dependencies were found for YBCO-BZO quasimultilayers, where high deposition 
temperatures and thin YBCO layers lead to BZO nanocolumns rather than nanoparticles, which can be explained by the nanoparticle/-
rod formation being a diffusion-driven process [635]. On the other hand, when using a BZO-doped YBCO target together with Ag 
nano-islands, synergetic pinning centers can be obtained, which are quite effective in increasing critical currents for all DC field
orientations. This can be seen in Fig.  34, which shows the 𝐽c(𝜃) dependencies of a 0.4 μm thick Ag-decorated BZO-doped YBCO film 
at several fields between 0.5 T and 5 T at 77.3 K.

Finally, at fields smaller than 3 T the maximum 𝐽c is obtained for DC fields parallel to the 𝑐-axis, Fig.  34, meaning that both the 
𝑐-axis correlated artificial pinning centers created by the Ag-induced columnar growth of YBCO together with the BZO self-assembled 
nanorods provide a very strong pinning landscape for the flux lines. When the field is increased, the number of 𝑐-axis correlated 
pinning centers is not sufficient, so the system now depends on the natural anisotropy of YBCO, with maximum 𝐽c for fields parallel
to the 𝑎𝑏-plane. For fields larger than 3.5 T, 𝐽c is largest for fields parallel to the 𝑎𝑏-plane, while there still exists a local maximum 
for fields parallel to the 𝑐-axis due to BZO columnar defects. However, for a field window between 1.5 T and 3.5 T, the anisotropy 
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Fig. 33. Angular dependence of 𝐽c at 1 T, 77.3 K of BZO-doped YBCO films deposited at 800 °C and 3 Hz (light blue) compared to 780 °C and 8Hz (dark
lue).
ource: Adapted with permission from [620].

of the critical current density is rather small, which is beneficial for a large number of applications in coils and solenoids in which 
various parts of the coil feels the magnetic field at a different orientation.

6.5.2. REBCO grown by CSD / MOD
Although PLD produces excellent REBCO films with artificial pinning centers as described above, the need for vacuum chambers 

can severely restrict the fabrication of long-lengths of coated conductors. Maximum achieved lengths until now of several hundred
meters are still rather expensive in terms of $/A⋅m. Therefore, manufacturing by much more cost-effective alternatives such as 
Chemical Solution Deposition (CSD) results of utter interest.

CSD, one of the MOD (metal–organic decomposition) methods, comprises four steps: preparation of the precursor solution (mixing 
salts in desired stoichiometry in adequate solvents), deposition (e.g., spin coating, bar coating, slot-die coating, and inkjet printing), 
pyrolysis (to remove all the organic content), and growth (crystallization and oxygenation).

The particularities of the crystallization process, being a sequential or ‘ex-situ’ growth technique, cause a characteristically 
different pinning landscape compared to PLD. In CSD, immediately after the deposition, there is no REBCO phase formed yet; 
the deposition and the growth of the REBCO phase are sequential processes. This leads to a laminar microstructure in comparison 
to rather columnar microstructures for PLD. Furthermore, the development of the REBCO matrix does not happen at the same time 
as the NPs as in PLD. Here, the NPs usually grow after homogeneous nucleation in an amorphous environment and afterwards, 
the REBCO matrix around them after heterogeneous nucleation at the substrate. This leads to usually randomly oriented NPs with 
incoherent interfaces, in contrast to highly oriented, self-assembled nanoparticles/nanocolumns with usually coherent interfaces as 
in PLD. Importantly, to achieve NPs with a size < 10 nm is very difficult in ex-situ growth techniques.

Furthermore, choosing adequate NPs is very important. Criteria are: (i) high stability at the REBCO crystallization temperatures, 
(ii) no chemical reactivity with REBCO or intermediate phases, and (iii) no cationic substitution into REBCO, which would 
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Fig. 34. Angular dependence of 𝐽c of a 0.4 μm thick Ag-decorated BZO-doped YBCO film at 77.3 K in applied fields between 0.5 and 5 T.
Source: Adapted with permission from [620].

diminish 𝑇c. Multiple different NPs were employed in recent years, e.g. the barium perovskites (BaMO3, M = Zr, Sn and
Hf) [229,231,636,637], binary rare-earth oxides (RE𝑥O𝑦, RE = Y, Gd, Ho, Er, Dy) and their solid solutions [638], and double 
perovskites (Ba2RE(Ta,Nb)O6, RE = Y, Yb, Gd, Er) [639].

While CSD is an ex-situ growth technique, the preparation of CSD-grown nanocomposites can be further distinguished regarding 
the formation of the NPs: ‘in-situ’ and ‘ex-situ’. In the ‘in-situ’ approach, the NPs spontaneously segregate during crystallization from
solutions containing also the precursor salts for the NPs. Excellent superconducting properties and pinning performance has been 
shown for this method [229,231,636,637,639,640]. The complex NP growth mechanisms with kinetic and thermodynamic effects 
hinder a proper control of their nucleation and growth, leading to a limitation in achievable pinning performances. In the ‘ex-situ’ 
approach, pre-formed NPs are suspended in a colloidal solution, which is mixed with the REBCO precursor solution. The NPs are
embedded in the REBCO matrix during the thermal processes. A key advantage of this novel approach is the precise control of the 
composition, size, and concentration of the NPs.

The NPs themselves are effective pinning centers if their size is similar to the coherence length of the REBCO compound, i.e., 2-
5 nm. If much larger, they generally do not improve 𝐽c, and often even decrease it. Such 2-5 nm NPs are relatively easy to achieve 
using in-situ growth techniques like PLD, but are much more challenging to produce with CSD. Some years ago it was discovered 
that the NPs in CSD can create additional pinning centers, e.g., by a certain freedom to modify the features of the NPs by controlling 
the nucleation process [641]. The nucleation of the NPs can be tuned by changing the crystallization processing parameters.

As described by Llordés et al. [231], the interface NPs/REBCO is usually incoherent, which generates interfacial energy in these 
local regions, which, if sufficiently large, is released by the formation of extra Cu–O chains or stacking faults (SFs) [229,231]. The 
partial dislocations in their perimeter create nanoscale strained regions that prevent the Cooper-pair formation and, thus, form
effective pinning centers [231,642], Fig.  35, which was proved by correlating the pinning force with the nanostrain 𝜀 [231,639].
Considering all this, this SFs scenario is key for the pinning performance and properties of ‘in-situ’ CSD nanocomposite films, as 
supported by several works [231,638,639,643]. Most of the work on the pinning properties of such nanocomposite films concerns 
randomly oriented NPs, especially well studied for YBCO–BZO samples [229,231,644]. An exhaustive analysis of the 𝐻-𝑇  phase 
diagrams has demonstrated that the isotropic-strong defect contribution controls the pinning, especially at intermediate temperatures 
and low magnetic fields [645], and lies indeed at the origin of their enhanced properties, see Fig.  36.

The SFs lead to a significant increase in the isotropic-strong contribution, particularly relevant at intermediate fields and
temperatures. They also increase the anisotropic-strong contribution for 𝐻 ∥ 𝑎𝑏, making them a decisive defect to analyze and
understand the pinning properties of ‘in-situ’ nanocomposites [641,644]. The effective pinning anisotropy 𝛾eff , hence, decreases 
with increasing the nanostrain associated to the stacking faults. This entails a much smoother dependence of 𝐽c with the orientation 
of the magnetic field but is not related to a change in the intrinsic anisotropy of REBCO compounds [646]. In addition, stacking faults 
affect the twin boundary landscape by breaking their vertical coherence, rendering them into pinning centers instead of channeling 
planes. At low temperatures, the twin boundaries, therefore, lose their ability to act as vortex channels, and there is no decay in 
the 𝐽 (𝐵, 𝜃) in specific current/field configurations where channeling effects may govern the vortex dynamics [647,648].
c
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Fig. 35. TEM images summarizing the SFs formation due to the presence of large nanoparticles (> 5 nm). (a) The embedded NPs create a distortion in the 
BCO matrix, which causes an interfacial energy. (b) This energy is released by adding extra Cu–O chains or stacking faults. Adapted with permission from [231]
(c) At the perimeter of these intergrowths, very strained nanoscale regions appear in the low-angle annular dark-field scanning electron microscopy (LAADF)
mages, i.e., bright contrast regions indicated with yellow arrows, which act as normal regions that pin the vortices.
ource: Adapted with permission from [649].

The SFs also affect thermal activation of flux motion and, hence, offer the chance to reduce flux creep. For incoherent NPs, 
the elastic-to-plastic creep crossover line shifts to higher temperatures, resulting in lower creep rates 𝑆 compared to pristine films.
The extended elastic creep region correlates with the increase of isotropic nanostrain, which is responsible for the major isotropic-
strong pinning in YBCO nanocomposites [136,650]. This scenario of dominant pinning by stacking faults is widely accepted, but 
alternative perspectives exist. Some authors have reported on ‘in-situ’ nanocomposite films exhibiting excellent performance at
different magnetic fields without significant SF densities [651–653], which suggests other pinning mechanisms, at least under certain 
conditions.

In the ‘ex-situ’ approach, the use of simple oxide NPs like CeO2 or ZrO2 leads to the formation of BaCeO3 or BaZrO3 during 
the crystallization process as a result of the reaction with the Ba present in the precursors [654–656]. In this case, and also for the 
case of preformed BaMO3 NPs [657,658], pinning is comparable to the ‘in-situ’ approach. TEM images show a high density of SFs 
originating from the randomly oriented NPs in the ‘ex-situ’ films [654,655,657,658] with microstructures very similar to the ‘in-situ’ 
films. Therefore, the pinning mechanisms described above are still valid for the ‘ex-situ’ films, as evidenced by the correlation of 
the crossover magnetic field, 𝜇0𝐻∗, with the nanostrain for different types of ‘ex-situ’ nanocomposites (see Fig.  37(a)). The field
𝜇0𝐻∗, also called accommodation field and usually determined at 90% of 𝐽c in self-field, is a measure for the transition between 
single-vortex pinning to collective pinning. The incorporation of NPs in the ‘ex-situ’ films causes a large increase in nanostrain 
and consequently 𝜇0𝐻∗, just as in the ‘in-situ’ nanocomposites. This translates into a similar trend of strong and weak pinning
contributions [641], following also the same trend with the NP concentration (see e.g., Fig.  37(b)).

One of the advantages of the ‘ex-situ’ approach is the possibility to reduce the size of the NPs. In this sense, an increase in the 
strong pinning contribution in samples with NPs in the range of 5 nm has been recently reported [658]. Thus, under this scenario 
and considering this NP size, it is very likely that the NPs themselves are associated in a synergetic manner to the partial dislocations 
to enhance vortex pinning because their mean diameter is close to the coherence length (𝜉), hence offering a new pinning scenario 
in CSD nanocomposite films.

6.5.3. BSCCO compounds
As for REBCO, similar non-superconducting foreign phases have been tested for BSCCO compounds as strong pinning centers 

including simple oxides (mainly MgO), perovskites (mainly SrZrO3), and the formation of double perovskites. All these investigations
started somewhat earlier (in the mid-90s) than the development of coated conductors, basically in parallel to the development of 
the 1st generation of superconducting wires and tapes. Besides those, elemental substitutions have been successfully tested as well,
such as Y or Gd for Ca [659,660], Ni or Cr for Cu [661,662], F for O [663], and Lu for Sr [664]. For instance, in the case of Pb-
doped Bi2212 samples with Lu substitutions, such as Bi1.6Pb0.5Sr2−𝑥Lu𝑥Ca1.1Cu2.1O8+𝛿 [664], it is noteworthy that these samples 
reach significantly higher 𝑇c (95.8 K) and 𝐽c (ranging from ∼1.4 to 14×106 A∕m2 at 64 K for 𝑥 ≃ 0 − 0.1) compared to their pure 
Pb-Bi2212 counterparts (𝑇c = 80.7 K, 𝑥 = 0). This enhancement is believed to result from a crossover from an overdoped to an
optimally doped condition in the hole density at the CuO2 planes. However, as the Lu doping level increases beyond 𝑥 = 0.1, 𝐽c
begins to decrease due to reduced grain size, increased porosity, and grain misorientation. Similarly, in the case of Gd substitutions, 
Bi1.6Pb0.4Sr2Ca1−𝑥Gd𝑥Cu2O8+𝛿 samples with Gd doping at 𝑥 = 0.1 exhibit enhanced grain boundary weak-links and flux pinning 
centers, achieving a critical temperature of approximately 90.22 K and a self-field critical current density of 4.7 × 108 A∕m2 at
5 K [660]. 

However, in contrast to REBCO, all this has been kept as a side topic despite significant efforts to improve their 𝐽c are
still ongoing [665]. The reasons for it are varied, but mainly due to the much lower irreversibility fields of BSCCO at elevated 
temperatures compared to REBCO (e.g., at 0.25 T vs. 10 T at 77 K with 𝐵 ∥ 𝑐), what makes BSCCO only useful either at low fields 
(e.g. for power cables at 77 K) or low temperatures (e.g. in magnet coils at 4 K). Therefore, other microstructural aspects remained 
more important for optimizing 𝐽c in these polycrystalline yet textured wires and tapes, such as phase formation improvement by
Pb doping, grain boundary issues and texturing as well as macroscopic defects such as sausaging of filaments, voids and cracks. 
Eventually, the APC investigations were therefore taken over by REBCO in the early 2000’s, when grain boundary issues were 
mainly solved for those materials.
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Fig. 36. Pinning phase diagrams corresponding to (a) 𝐽 iso−wk
c ∕𝐽 tot

c  ratio, (b) 𝐽 iso−str
c ∕𝐽 tot

c  ratio and (c) 𝐽 aniso
c ∕𝐽 tot

c  ratio as a function of 𝐵 and 𝑇  for a standard
TFA–YBCO film and (d) 𝐽 iso−wk

c ∕𝐽 tot
c  ratio, (e) 𝐽 iso−str

c ∕𝐽 tot
c  ratio and (f) 𝐽 aniso

c ∕𝐽 tot
c  ratio as a function of 𝐵 and 𝑇  for a YBCO-BZO nanocomposite film. Numbers 

indicate the relative weight. Also shown is the irreversibility line, 𝐵irr (𝑇 ).
Source: Panels adapted with permission from [644].

Due to the polycrystalline nature of most of the investigated samples, the APCs have several effects. They are not only growing 
within the grains as pinning centers but can also agglomerate between the grains, which may lead either to current blockage or 
to improved grain connectivity, depending on the chosen material combination. Furthermore, some of the additives are not stable, 
e.g. MgO has been found to form Mg1−𝑥Cu𝑥O [666], and Al2O3 to turn into (Sr,Ca)3Al2O6 [667], which changes the stoichiometry of 
the matrix. Furthermore, transition metals may also dope on the Cu side, usually leading to 𝑇c decrease. With this regard, TiO2 [668],
NiO [669], but also sulphides [670] and rare-earth oxides [671] were found to be detrimental to BSCCO. Nevertheless, CdO has 
been recently found to be more stable if doped with 5% of Mn or Fe [672,673]. Takahira et al. doped Pb-containing Bi2223 films
with Y2O3 and Al2O3 [674]. Both additions lead to a significant increase in the Bi2212 phase, characterized by intergrowths and
stacking faults. However, this also resulted in a substantial reduction of 𝑇c, to about one-tenth of that observed in (Bi,Pb)2223
thin films without Al2O3, and even much lower for samples with Y2O3. Although 𝐽c was improved compared to a Bi2223 tape, the 
addition of oxides ultimately reduced 𝐽c due to the formation of several foreign phases.

Besides APCs (see Table  2), also growth-related defects, such as Bi-2201 intergrowths [675] and Ca2PbO4 particles by thermal 
treatment [676] have been investigated. In contrast to REBCO, no self-assembled nanocolumns in BSCCO have been reported so far,
which may be due to the more different growth rates in the 𝑎𝑏-plane and the 𝑐-directions, or the weaker layer coupling and hence 
a more pronounced overgrowth of particles by the matrix. However, it is known that with MgO nanorods aligned parallel to 𝑐 or 
𝑎𝑏 in a Bi2212 thick film, 𝐵irr and 𝐽c for 𝐵 ∥ 𝑐 can be significantly increased [677].

Finally, while Bi2212 single crystals and bulks have a very low critical current density in self field, 𝐽 sf
c , it becomes substantially 

larger in thin films. For instance, for a 100 nm thin film 𝐽 sf
c ≃ 0.06MA∕cm2 has been reported [678], and for a 50 nm film 𝐽 sf

c  = 
1.0MA∕cm2 [679], both at 50 K and films grown by PLD. Yamasaki et al. showed 0.09 MA∕cm2 and 0.6 MA∕cm2 for 110 nm and
280 nm thick MOCVD-grown Bi2212 films, respectively  [680]. Keppert et al. recently reached 2.2 MA∕cm2 in a phase-pure and
very smooth PLD-grown 50 nm thick film on LAO  [681]. Similar values have been achieved for Bi2223 thin films with 5 MA∕cm2

at 50 K [682]. The much stronger pinning observed in BSCCO thin films is mostly caused by the usual growth defects, such as 
dislocation cores, domain boundaries, antiphase boundaries, and stacking faults; and possibly also by nanostrain, known to enhance 
vortex pinning in HTS cuprates [658].

6.5.4. MgB2
Unlike most REBCO materials, the grain boundaries are not a problem in the case of MgB2 due to its usually much larger 

coherence length (10 − 40 nm), which is about one order of magnitude greater than in the case of YBCO [706,707]. In fact, grain 
boundaries can be effective pinning centers [708], but even in this case pinning engineering plays an important role in improving 
the performance of the material, mainly by modifying the density and the quality of grain boundaries.
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Fig. 37. (a) Dependence of 𝜇0𝐻∗ at 5 K on the nanostrain for pristine YBCO and different ex-situ YBCO-BMO nanocomposite (panel reprinted from [658]) and
(b) weak and strong contributions to 𝐼c(0) (extrapolated values of 𝐼c at 0 K) for different in-situ (SS in the graph) and ex-situ (PN in the graph) nanocomposite 
ilms.
ource: Panels adapted with permission from [641].

Table 2
Selected work on artificial pinning centers (APCs) in BSCCO. All Bi2223 samples, as well as the Bi2212 samples marked by ∗ are Pb-doped. sf: self-field, poly:
polycrystalline bulk or powder.
 Matrix APC Sample 𝐽c/𝐽

prist
c conditions remarks Refs.  

 Bi2223 Ni on Cu tapes 2.7 77 K, 400 mT [661]  
Cr on Cu tapes 3.4 77 K, 400 mT [662]  
CdO poly 5.9 30 K, sf 2212–2223 mixture [683,684]  
MgO tapes 3.2 5 K(?), sf in GBs [685,686]  
ZnO poly 2.4 77 K, sf [687]  
ZrO2 tapes 1.3 5 K, 1 T [688]  
Cr2O3 poly 1.7 77 K, sf slight 𝑇c increase [689]  
Al2O3 poly 2.2 77 K, 0.3 T slight 𝑇c increase [667,690]  
SiC tapes 1.2 77 K, sf [691]  

 Bi2212 Ag doping film 1.25 5 K, 1 T Ag in GBs [692]  
F on O poly 2 5 K, 1 T [663]  
Y on Ca film 1.8 70 K, sf resistivity decreased [659]  
Gd on Ca poly∗ 1.75 5 K, sf 𝑇c increase [660]  
Lu on Sr poly∗ 10 64 K, sf 𝑇c and 𝐵irr increase [664]  
CdO poly∗ up to 2.9 60 K, sf 𝑇c increase [672,673,693] 

 MgO tapes 3.0 20 K, 1 T [694–697]  
MgO poly 15 60 K, 90 mT [666]  
MgO film 1.8 40 K, 0.4 T [698]  
MgO thick film 3.8 20 K, 0.5 T MgO nanorods [677]  
BaO2 tape 2 4.2 K, sf [699]  
𝑅𝑒2O3 film 1.5 10 K, sf 𝑅𝑒:Y,Er [700]  
𝐴𝑒IrO3 film up to 3.2 0.85𝑇c, sf 𝐴𝑒:Ca,Sr,Ba; 𝑇c decrease [701,702]  
SrZrO3 poly 1.6 5 K, 1 T [703,704]  
SrHfO3 poly 5 5 K, 1 T [704]  
SrZrO3 tapes ∼2 60 K, sf – [705]  
SrZrO3 film – – TEM study [665]  
Sr2CaMoO6 poly 1 5 K, 1 T improvement at 60 K [704]  
Sr2CaWO6 poly 3.5 5 K, 1 T [704]  

A higher density of grain boundaries is obtained by nanostructuring of the grains. Fabrication of MgB2 with nano-grains depends 
on raw materials and processing technology. In general, processing of MgB2 is classified into two groups of methods: in-situ and
ex-situ routes. In the first one, the MgB2 phase is formed by the reaction between Mg and B, while in the second one the MgB2
compound is straightforwardly used. There are advantages and disadvantages. For example, the in-situ route applies lower processing 
temperatures, typically between 650 and 850 °C, but one has to deal with a high vapor pressure of Mg and its high reactivity, 
e.g., with oxygen. These aspects influence not only the quality but also the reproducibility since processing control is difficult. Some 
improvements are obtained when using the ex-situ route, but processing temperatures are higher, usually above 1000 °C. High 
temperatures are needed because sintering of MgB  starts at 850-950 °C. The high vapor pressure of Mg, apart from the problems 
2
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of Mg evaporation and MgO formation, leads to the production of materials with poor density, especially in the in-situ routes. 
Pressure-assisted processing techniques were successful in tackling these issues. For bulk fabrication, spark plasma sintering (SPS)
gained recognition as a versatile and reproducible method. This technique simultaneously applies a uniaxial pressure and a current 
on the powders placed within a die system. The current has a pulsed component and, although still under debate, there is evidence 
that, apart from resistive heating, it can promote activation processes far away from equilibrium, such as the formation of hot spots, 
electro-diffusion, grain boundary cleaning, sparks formation accompanied by plasma states, and heating from inside to outside as 
in the microwave heating [709–712]. As a consequence, sintering temperature and time in SPS are often found to be decreased 
while highly dense materials are obtained. In addition, SPS is a flexible technique allowing high heating and cooling rates, which 
are very useful features to avoid grain coarsening, and thus to obtain nanostructured materials. It is noteworthy that SPS influences 
especially grain boundaries. Therefore, this observation suggests that the SPS of MgB2 deserves attention for pinning control. In
this framework, the very recent use of non-conventional spark plasma sintering [713] is worth mentioning. In fact, if a sintering 
temperature equal to 750 °C under 300 MPa is used, the grain connectivity is improved, and the density of the sample is enhanced 
with respect to the one obtained by conventional solid-state sintering methods. Due to the improved grain size refinement, the 𝐽c
values show a 67% improvement compared to the ones obtained with traditional fabrication techniques.

Grain boundaries and grains can be modified by the introduction of additives. Formation of nano-precipitates or their effect on 
microstructure by the introduction of new interfaces, defects, or strain can all contribute to pinning if their size is comparable with 𝜉. 
For example, it has been reported how Ni nanoparticles act as further pinning centers [714]. This, together with the more uniformly 
refined MgB2 grains and increased grain boundaries, enhances the 𝐽c values at high applied fields with a significant enhancement 
also of the irreversibility fields 𝐵irr (𝑇 ). Even in this case, when the temperature is increased too much (above 500 °C) during the 
fabrication process, the intergranular connectivity worsens implying a depressed critical current density inside the superconductor.

Another approach is to use additives as sources of elements that act as substitutes in the crystal lattice of MgB2. Then, triggered 
by crystal structure modification, the electronic structure also changes having an impact on the intrinsic pinning properties of the 
material, possibly caused by the variation in the local strain with a modification of interfaces between the particles with different 
substitution levels. In fact, many additives can induce effective pinning in what can be described as MgB2-matrix composites with 
precipitates, but the situation is rather different regarding chemical substitutions. Only a few elements can act as substitutes in 
the crystal lattice of MgB2 for reasonably high and detectable solubility limits. An interesting example is Zr doping on MgB2 bulk
synthesized by solid state method [715]. Generally, the heat treatment temperature is crucial in order to obtain refined grain size 
and improved grain connectivity. In MgB2 bulk samples, if this temperature is varied from 650 ◦C and 800 ◦C, Zr does not occupy the 
atomic sites inside the MgB2 crystal structure, instead it produces ZrB2 particles within the MgB2 matrix. In this way, the 𝐽c values 
are enhanced due to the good grain connectivity detectable analyzing the sample microstructure. It is also worth underlining in this 
context that a different heating rate during the fabrication process can bring changes in the microstructure and the morphology of 
the sample which modify its superconducting properties [716]. In particular, a low heating rate such as 5 K/min has shown a better 
MgB2 grain connectivity improving the critical current density behavior in high magnetic fields. On the other hand, a high heating 
rate like 30 K/min causes a degeneration of the superconducting properties since the grain connectivity is largely worsened due to 
the creation of many vacancies in the sample. From a practical viewpoint, only carbon substituting for boron has high solubility 
and has been proven to produce a strong pinning effect [717]. Nevertheless, the higher the substitution level with carbon is, the 
lower the critical temperature becomes. Hence, co-additives, e.g., a mixture of additives providing carbon for substitution and those 
promoting the formation of the nanostructured composite, can prove rewarding in the control and enhancement of pinning and,
therefore, 𝐽c. To do so, the influence of additives individually, in combination, and in the context of a certain technology and raw
materials has to be considered.

In the case of ex-situ SPS, various additives have already been investigated. In particular, the magnetic field dependence of the 
critical current density is of interest, which has been measured in several MgB2 samples with an optimum amount of additives 
at 20 K, Fig.  38. Clearly, the optimum amount of an additive 𝐴 is within a narrow range and corresponds approximately to a
stoichiometry defined as (MgB2)0.9𝐴0.01. This is due to the interplay between opposing effects on 𝐽c of enhanced pinning and lower 
connectivity for higher additive amounts introduced in the superconducting MgB2 matrix. In fact, on the one hand, the additives of 
Fig.  38 as well as B4C, Ge, GeO2 and RE2O3 (RE = Ho, Eu, La) enhance 𝐽c at high magnetic fields up to ∼ 60%, while there is often 
a decrease at low magnetic fields. There are also other additives that boost 𝐽c when added individually or as a pair, e.g. Ho2O3+Te. 
However on the other hand, there are additives such as Sb, Bi, Sb2O5, hexagonal boron nitride (h-BN), and graphene (G), or co-
additives such as C60+cBN and Ge2C6H10O7+cBN that do not improve 𝐽c at all. Remarkably, for the indicated co-additives, 𝐽c is 
enhanced if one of the component additives is used separately.

Thus, to understand the influence of additives on the pinning and 𝐽c characteristics of MgB2, we have classified the additives 
into 5 main groups: (i) Type-1 additives such as h-BN and G which are almost not reactive with MgB2; (ii) Type-2 enclosing RE2O3
additives reacting with MgB2 as well as the formation of impurity boride M𝑢B𝑣 phases with M being a metal from the additive; 
(iii) Type-3 additives such as Sb, Sb2O3, Sb2O5, Bi, Bi2O3, Te, TeO2, Ge, and GeO2, all reacting with MgB2 and, the formation of 
impurity Mg𝑚𝑀𝑛 phases; (iv) Type-4 additives such as fullerene (F ), F + c-BN, SiC + Te, Ge2H10C6O7, and B4C as sources of C for 
substituting boron in the crystal lattice of MgB2; and finally (v) Type-5 such as Ho2O3+Te co-additives, which could be understood 
within the Type-2 + Type-3 families. For additives of Type-4, besides the ‘substitution’ effects, the ‘composite’ effects for Type-1 
and 3 are also active. Therefore, it can be considered that a F -additive is purely Type-4, whilst (F + c-BN) is a Type 4+1, (Te + 
SiC) and Ge2H10C6O7 a type 4+3, and B4C is approximately of Type 4+1 or 4+3.

The pinning details for the as-defined types of additives are commonly investigated within the pinning force scaling law [719],
𝑓 = 𝐾ℎ𝑝(1−ℎ)𝑞 , where 𝑓  is the reduced pinning force density, 𝐹 ∕𝐹 , with 𝐹  being the maximum pinning force, and ℎ being 
p p p p,max p,max
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Fig. 38. Dependence of critical current density on the magnetic field at 20 K of several MgB2 samples with different additives obtained by ex-situ SPS.
Starting compositions are: MgB2, MgB2(SbO1.5)0.01, MgB2(BiO1.5)0.01, MgB2(TeO2)0.01, MgB2(Te)0.01, MgB2(SiC)0.025, MgB2(SiC)0.025Te0.01, MgB2(Ge2C6H10O7)0.0014, 
MgB2(C60)0.015, and MgB2(cubic-BN)0.01.
Source: Adapted with permission from [718].

here the ratio between the applied magnetic field, 𝐻 , and the irreversibility field, 𝐻irr , which is a widely adopted generalization 
of the original work, where ℎ = 𝐻∕𝐻c2 [596,719], for strong-fluctuation superconductors. Then, 𝑝 and 𝑞 are statistical parameters 
that can be extracted by fitting experimental data to 𝑓p(ℎ) curves at 5 − 35 K. The maximum pinning force, at 𝑓p = 1, is reached at
the reduced field ℎ0 = 𝑝∕(𝑝 + 𝑞). According to Dew-Hughes [596], surface pinning (grain boundary pinning in the case of MgB2) is 
active when ℎ0 = 0.2, 𝑝 = 0.5 and 𝑞 = 2, while pinning on point defects is active for ℎ0 = 0.33, 𝑝 = 1, and 𝑞 = 2. These are the main
mechanisms theoretically contributing to pinning in MgB2. In this sense, it is worth noticing that by representing the parameters 
ℎ0, 𝑝, and 𝑞 as a function of the amount 𝑧 of carbon substituting for boron in Mg(B1−𝑧C𝑧)2, it has also been found that carbon 
substitution has a strong influence on the pinning-force-related parameters [718,720], where the values of 𝑧 can be determined via
the variation of the MgB2 lattice parameter [721,722].

The influence of the additives of Type-1 to Type-3 on pinning force parameters is significant at low substitutional carbon amounts, 
i.e., for 𝑧 ≤ 0.018. But in this 𝑧-range, 𝑝 and 𝑞 can take abnormally high values (𝑝 up to ∼ 2 and 𝑞 up to ∼ 5.6) very different from the 
theoretically predicted values. Abnormal values with ℎ0 as low as 0.13 were observed for samples of Type-2 and Type-5. Unusually 
low values of ℎ0 were reported also by other authors [723,724]. Thus, the validity of the scaling analysis procedure to correctly 
assess pinning when applied to MgB2 is questionable. Samples of the so-called Type-5, such as (MgB2)0.99(Te𝑥(HoO1.5)𝑦)0.01, with 
𝑥∕𝑦 = 0∕0, 0.73∕0.27 = 2.7, 0.57∕0.43 = 1.32, 0.4∕0.6 = 0.67, 0.31∕0.69 = 0.45, 0.27∕0.75 = 0.33 have shown the possibility to tune 
the self-field critical current density 𝐽 sf

c  depending on the ratio 𝑥∕𝑦. In this sense, it was found that the maximum values of 𝐹p,max
and therefore 𝐽 sf

c  for these samples are for 𝑥∕𝑦 = 0.67, more specifically, with 𝐹p,max = 9.2 GN∕m3 at 5 K, 6.4 GN∕m3 at 15 K, and
4.4 GN∕m3 at 20 K.

More interesting is that for 𝑥 < 0.67, the 𝑓 (ℎ) curves present a kink and inflection points as shown in Fig.  39. It is worth noticing 
that these were randomly oriented samples, although the kink effect has also been observed in other cases, e.g., in 𝑐-axis-oriented 
samples [725]. Therefore, as a consequence of the additives, the non-uniformities specific to the microstructure (grain size and
distribution), defects, local strain, non-stoichiometry, orientation and anisotropy features can all impact the shape of the pinning 
force. The presence of kinks and inflection points generates difficulties in fitting the reduced pinning force curves. Even without an
obvious kink, there are fitting problems, and pinning force parameters can deviate significantly from the theoretical values. Poor 
fitting, though with 𝑝 and 𝑞 parameters closer to theoretical values, was encountered for C-rich samples (𝑧 > 0.018).

Furthermore, the shape and maximum position of the 𝑓 (ℎ) curve change with temperature. This can be seen in Fig.  39, where 
ℎ0 shifts to higher values for increasing temperatures (compare curves at 5 K and 20 K for a given sample, noticing the shift of 
the ℎ -position and the position of the arrows indicating the kinks). Thus, following the pinning force scaling law analysis under 
0
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Fig. 39. Reduced pinning force versus reduced magnetic field at (a) 5 K and (b) 20 K for pristine (without additive) sample and for samples of Type 5, (MgB2)0.99
Te𝑥 (HoO1.5)𝑦)0.01, with 𝑥∕𝑦 = 0.45 and 0.27∕0.75 = 0.33. Arrows indicate kinks.
Source: Adapted with permission from [720].

the Dew-Hughes approach, this would suggest a change in the pinning mechanism from major grain boundary pinning at low
temperatures to point defect pinning at high temperatures. However, further analysis led to the identification of several issues. On
the one hand, (i) If activation of a pinning mechanism at a crossover temperature would occur, this could be accounted, according 
to literature [726–729], by using an additive expression such as 𝑓 =

∑

𝑖 𝐾𝑖ℎ
𝑝𝑖 (1 − ℎ)𝑞𝑖  with 𝑝𝑖 and 𝑞𝑖 taking values according to 

Dew-Hughes approximation [596], and with each term being ascribed to one mechanism. In fact, in the Dew-Hughes interpretation, 
there are six terms, three related to the dimensionality of the pinning centers for each of the two types of pinning centers, i.e., for 
normal (or 𝛥𝑇c) pinning due to local changes in the critical temperature, and 𝛥𝑘 pinning due to local changes in the mean free 
path of the carriers. Nevertheless, not only the physics beneath such a model with a direct summation of different mechanisms is 
somehow questionable, but more importantly, our attempts to apply it on the MgB2 composites above mentioned failed since the 
parameters 𝑝𝑖 and 𝑞𝑖 resulting from the fitting process were abnormal. For instance, some 𝑝𝑖 values were found to be negative, or 
the values of 𝑝𝑖 and 𝑞𝑖 were up to extremely high values of 10 and 44, respectively. It is worth noting, however, that a purely
statistical description within the maximum entropy model, Section 3.3.4, yields the same dependencies on reduced field [246]
without microscopic constraints on the fit parameters 𝑝𝑖 and 𝑞𝑖. On the other hand, (ii) as addressed before, the dominant pinning 
elements in MgB2 are the grain boundaries, and obviously, they do not disappear with increasing temperature, but the flux lines 
change their properties, and so does the interaction with the defects. Thus, the presented results and the arguments (i) and (ii) serve 
to highlight the limitations of the indicated pinning force models and the need to accommodate and integrate all observations of 
an experimental nature within a new one.

Nonetheless, considering the percolation model discussed in Section 3.2.3 (Eq.  (24)) for determining the flux pinning force [730–
732], the scaling expression 𝑓p = ℎ1∕2(1 − ℎ)2𝑔(ℎ, 𝑇 ) has recently been derived [733]. Under this approach, the proposed model 
preserves the framework of the grain boundary pinning in the entire temperature domain, with 𝑔(ℎ, 𝑇 ) being defined as a field-
dependent coupling factor. In fact, in polycrystalline samples, the function 𝑔(ℎ, 𝑇 ) can account for the revealed peculiarities of 𝑓p, 
such as the peak shift, where broadening and other effects emerge as a consequence of the percolative nature of the supercurrent. 
The fitting process of the experimental curves indicated that 𝑔(ℎ, 𝑇 ) is either a single or a double-peaked distribution function that 
depends on the sample composition and fabrication technique. Distribution functions were either Gaussian or lognormal. The reason 
for such a dependence is not clear, and further investigations are required. The challenges are to quantify microstructural differences 
at nano, micron, and larger scales of the MgB2 sample and to correlate them with their measurement of 𝐽c. In turn, their structural 
and microstructural details depend on processing routes and raw materials [734]. In fact, in most of the cases when an increase in 
pinning ergo 𝐽c has been observed, it is usually linked with the presence of nano-precipitates of secondary phases with at least one 
dimension comparable to the coherence length 𝜉 of MgB2. Interestingly, there are also cases when precipitates are much larger than 
𝜉 that still enhance 𝐽c. One such example is MgB2 added with cubic BN [735]. In this composite, BN does not react with MgB2 but 
has a convenient lattice matching presumably inducing a pinning-enhancing microstrain at the interface.

6.5.5. Fe-based superconductors
The search for effective pinning centers in Fe-based superconductors (IBS) had a kick-start from the corresponding work done

on cuprates earlier, especially on REBCO films. Already in the early days of IBS and parallel to the attempts of growing high-
quality films [736,737], making wires [108,738] or coated conductors [544], and understanding the grain boundary issues [539],
the effects of natural growth defects and the introduction or self-assembly of APCs was studied. In fact, very similar structures 
(nanocolumns and nanoparticles, planar intergrowths, dislocation cores) and dopant materials were successfully tested. Also, for 
IBS, oxide nanostructures turned out to be effective APCs, whereas the actual analog, non-superconducting arsenides [739] or 
selenides [740], have not been successful so far, most likely due to their low melting temperature and hence chemical stability.
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In this sense, Tarantini et al. found that growth-related oxide nanocolumns in Co-Ba122 films on STO-buffered CaF2 sub-
strates [741] are responsible for strong pinning in 𝑐-direction. These defects were later identified as BaFeO2 [742], and the 
combination with isotropic defects (nanoparticles) yielded pinning force densities comparable to optimized Nb3Sn [743]. Analo-
gously, Lee et al. [744] combined these 𝑐-axis-oriented defects with planar intergrowths in artificial multilayers, finding that whereas 
the single-layer Co-Ba122 which contained the above-mentioned nanocolumns shows only a strong 𝑐-axis peak, the STO-buffered 
Co-Ba122 multilayer shows a strong 𝑎𝑏-peak. Here, nanocolumns were not formed, possibly because the residual oxygen was used 
up in the STO interlayers. A multilayer of Co-Ba122 and oxygen-rich Ba122 showed both the 𝑐-axis and the 𝑎𝑏-peak. Here, oxide 
nanocolumns and interplanar defects were forming, and the 𝐽c anisotropy can be regarded as a summation of the two other cases. 
On the other hand, Sato et al. were able to tailor vertical defects in P-Ba122 films by the deposition rate [745], finding that whereas 
high deposition rates of 3.9 Å/s lead to tilted extended defects (most likely domain boundaries), a lower deposition rate of 2.7 Å/s
lead to short 𝑐-axis-oriented defects, which were related to dislocations and yielded the higher 𝐽c values. Similar nanocolumns with 
corresponding 𝑐-axis peaks were also found in Fe(Se,Te) films on bare STO by Braccini et al. whereas similar films on CaF2 showed 
more or less isotropic defects with a rather angle-independent 𝐽c [746]. Recently, further isotropic defects, namely rectangular-
shaped nanodomains of differing Se:Te ratio or in-plane orientation, were also identified in Fe(Se,Te)/CaF2 films, whose domain
boundaries contribute to pinning [387].

Kauffmann-Weiss et al. [583] measured pinning force densities as high as 95 GN∕m3 at 4.2 K 𝐵 ∥ 𝑐 in thin NdFeAs(O,F) films,
a record value at that time. They attributed it to the complex microstructure of natural growth defects, such as nanoscale As-Nd 
disorder, Fe-rich nanoparticles, F-rich interlayers, MgF2 formation at the interface, strain as well as the layered crystal structure 
and the surfaces. For CaKFe4As4 singles crystals, Ishida et al. [747] measured surprisingly high 𝐽c values, which were surpassing 
even optimized film samples of Co-Ba122 and NdFeAs(O,F), especially for 𝐵 ∥ 𝑎𝑏. This was related to a unique defect structure, 
namely a combination of two types of 𝑎𝑏-oriented Ca122 intergrowths: non-superconducting, large, thick and low-𝑇c, small, thin. A
pronounced peak effect for 𝐵 ∥ 𝑐 at 20 K was found and explained by the temperature dependence of the condensation energy of 
matrix and defects.

Miura et al. [748] introduced 1 mol% and 3 mol% BaZrO3 in BaFe2(As0.66P0.33)2 films and achieved up to 3.2 times increased 
pinning force densities. The field of maximum enhancement was found to be 𝑇 -independent and to depend on the nanoparticle 
density as 𝐻(𝛥𝐽c,max) ∼ 𝑛1∕3∼1∕2, which was explained by the similarity of mean particle distance and mean vortex separation. 
Later, the same group was able to fit the temperature, field, and angular dependencies of the critical current density of these films
by a model without free parameters, involving the creep-free 𝐽c and comparing particle diameter with (anisotropic) coherence 
length [749]. These particles lead to a reduction of the creep rate half-way to the theoretical lower limit, 𝐺𝑖(𝑇 ∕𝑇c), where 𝐺𝑖 is 
the Ginzburg–Levanyuk parameter. On the other hand, Lee et al. [750] incorporated BZO particles (2, 4, and 8 mol%) in optimally
Co-doped Ba122 films, where 2 mol% showed the best performance, i.e. 170 GN∕m3 at 4.2 K 𝐵 ∥ 𝑐, i.e., achieving a 14-times 
increase in its pinning force density. Here, BZO formed short nm-sized 𝑐-axis-oriented nanorods, instead of round nanoparticles as 
for the P-doped samples. This is most likely due to a different strain state at the interfaces. More recently, Meyer et al. introduced 
BaHfO3 nanoparticles in Co-Ba122 films in a multi-layering technique [751], finding a 10-times increase in its pinning force density 
(46 GN∕m3 at 5 K 𝐵 ∥ 𝑐).

On the other hand, the effect of SrTiO3 incorporation in Fe(Se,Te) by a sector-target method [740] depends strongly on the doping
amount. 3% STO did not lead to a nanocomposite microstructure of clearly visible nanoparticles or nanocolumns. In contrast, a 10%
sample showed clear STO nanocolumns but also a strong suppression of 𝑇c. CeO2 as interlayer [752], buffer layer, or cap layer [753],
have all shown to increase 𝐽c by a factor of 10-15 at 4 K, as in the case of 10% CoFe2O4 doping leading to additional magnetic 
pinning [754]. Reasons may be additional nanoclusters of differing Se-Te stoichiometry, interfacial defects, strain, and elemental 
doping. Multilayering Co-doped and undoped Ba122 [755] lead to equal 𝐽c values for 𝐵 ∥ 𝑐 and 𝐵 ∥ 𝑎𝑏 at all temperatures, i.e. to 
an increased density of surprisingly 𝑐-axis-aligned defects. 3D behavior and 𝛿𝑙 pinning were measured for these films and attributed 
to the large coherence length compared to the interlayer thickness.

Microstrain is a very effective method for creating additional pinning in IBS due to the strong strain and pressure sensitivity 
of their superconducting properties. In this sense, Ozaki et al. [756] showed that proton irradiation of Fe(Se,Te) films leads to a
simultaneous increase of 𝑇c from 18 K to 18.5 K, and a 𝐽c increase at 4.2 K by a factor 1.6 in self-field or 𝐵 ∥ 𝑐 conditions, whilst 
a factor of 2 for 𝐵 ∥ 𝑎𝑏 (further details on the use of irradiation techniques are discussed in the forthcoming section). However, at
12 K, the increase is one order of magnitude, with the 𝐹p maxima shifted to higher fields for both directions, indicating effective 
strong pinning. A remarkable maximum pinning force density of 120 GN∕m3 was measured for 𝐵 ∥ 𝑎𝑏 at 4.2 K. This was explained
by nanostrain around the irradiation defects in combination with the pressure dependence of 𝑇c. Seo et al. [757] created such 
nanoscale strain defects later by multilayering Fe(Se,Te) and CeO2. Here, 𝑇c decreased continuously with increasing amount of 
CeO2 in the interlayers, controlled by pulse number. The sample with the lowest pulse number 𝑝 = 2 on the CeO2 target showed 
a layered nanoscale strained pinning landscape and enhanced 𝐽c values, whereas larger pulse numbers lead to real multilayers and
decreased 𝐽c values. The sample with 𝑝 = 2 showed a 𝐽c increase by 3.8 at 6 K and 𝐹max

p = 58 GN∕m3 at 10 T, even surpassing the 
irradiated films mentioned above despite the decreased 𝑇c.

Sivakov et al. [758] have shown how the growth conditions are essential to obtain good performances in terms of critical 
temperature, critical current density, and critical fields. In particular, they showed how, by varying the growth velocity of two 
FeSe0.35Te0.65 crystals, it is possible to influence their superconducting transport properties: the sample obtained with the longer 
formation time shows a modified microstructure characterized by additional pinning centers and weak links that are more metallic, 
and hence a better grain connectivity. These features lead to lower resistivities and higher 𝐽c values. It is also possible to modify
the morphology and the microstructure of Fe(Se,Te) through a melting procedure exposed to several annealing treatments. These 
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strongly affect the secondary phases dispersed in the tetragonal matrix such as the trigonal, non-superconducting Fe7Se8 phase. Masi 
et al. [759] have illustrated that an Fe(Se,Te) sample shows low critical current densities when it is quenched from high temperature. 
Contrarily, samples exposed to controlled cooling annealing procedures indicate that their superconducting behavior is improved 
by showing 𝐽c values much higher than the pristine sample ones. Zhang et al. [760] have shown that the sintering temperature has 
an influence on the morphology and microstructure of bulk samples in the 122 family of iron based superconductors, which is one 
of the most promising for power applications of superconductivity. In particular, Sr0.6K0.4Fe2As2 bulk samples present the best 𝐽c
values when the sintering temperature is above 850 °C because of the disappearance of the impurity phases. If the temperature is 
raised above 850 °C, the 𝐽c shows a very weak dependence on the applied magnetic field indicating that the pinning strength of 
the sample is increasing due to the formation of large grains with fewer impurities.

Another example for the influence of microstructural factors on the transport properties is ball-milling of Co-doped BaFe2As2 as 
shown by Shimada et al. [761]. The authors showed that an increased ball milling energy leads to smaller grain size and consequently 
to ultra-fine grained Ba122 bulks. However, these higher ball energies deteriorate the connectivity between the grains via a reduction 
of neck area leading to reduced critical current densities. In a similar study, Tokuta and Yamamoto [762] showed that an increased 
ball milling energy leads to strain in the samples decreasing the 𝑎-axis and increasing the 𝑐-axis lattice parameter. This leads to a
slight reduction in 𝑇c but an increase in the upper critical fields, very comparable to strained thin films.

Similar to MgB2, spark-plasma sintering (SPS) has also been employed for producing highly dense IBS bulks. Ahn and Oh showed, 
e.g., in 2013 that SPS yields the highest 𝐽c values among other hot-consolidation methods for pristine as well as B- and C-doped 
Fe(Se,Te) samples [763] due to a high degree of densification and the cleanliness of the superconducting phase. Puneet et al. used 
SPS to investigate graphene doping of Fe(Se,Te), finding an improved 𝐽c for 0.5 wt% graphene [764]. Recently, Iebole et al. [765]
used such SPS-prepared Fe(Se,Te) samples as PLD targets for the growth of thin films on CaF2 substrates with excellent properties, 
𝑇c = 16 K, 𝐽c = 0.1 MA∕cm2 at 5 K and 16 T. Zaikina et al. introduced SPS for Ba122 superconductors as a very fast preparation 
technique—‘superconductors in an hour’—by using BaH2 as both Ba and H source [766]. Yamamoto et al. [767] recently optimized 
such SPS-prepared (Ba,K)Fe2As2 bulk samples by deep-learning methods [768]. They reached 𝐽c values around 105 A∕cm2 and
trapped fields of 2.8 T at 5 K. A high density of planar defects with associated strain fields [769] may be responsible for effective 
pinning and hence such high 𝐽c values in such samples besides the optimized grain connectivity.

6.6. Radiation effects on the 𝐽c properties

The study of radiation effects on the superconducting properties of type-II superconductors, and in particular on their critical 
current density, 𝐽c, has been for decades a very active field of research. This is probably because radiation sources are commonly 
used as a tool for the optimization or enhancement of the electronic transport properties of diverse materials, including supercon-
ductors [31], and more recently because to effectively utilize the HTS technology in clean energy sources such as fusion reactors, the 
radiation hardness of the HTS materials became a crucial issue to be studied [770–772]. For these reasons, the modification of 𝑇c
and 𝐽c as well as the shift of the irreversibility line resulting from the exposition of the superconductor to energetic ions, neutrons, 
electrons, and photons have been subject of intense characterization [31,417,773–775]. Consequently, we consider it important 
to finish this review by presenting a comprehensive discussion of notorious irradiation experiments carried out on HTS tapes and
coated conductors—considered the leading candidates for applications in radiation-harsh environments—, with a clear analysis of 
how the dependence of the radiation effects on the shape of the material (e.g., single crystal, polycrystal, or epitaxial film) and
on the substrate (insulator or metallic) can influence our understanding of 𝐽c. Additionally, also recent irradiation experiments 
investigating the fundamental properties and optimization of 𝐽c in MgB2 and IBS compounds will be reviewed.

First, we will outline the different kinds of defects that can be formed in the superconducting compound during or as a result 
of irradiation, revealing the morphology of defects induced by different sources of radiation and energy levels, and highlighting 
relevant findings on whether a specific irradiation technique could lead to either an improvement or deterioration of 𝐽c. Then, due 
to its current technological importance, we will finish this chapter by introducing our most recent knowledge of radiation damage 
in HTS conductors for fusion technologies. In this sense, we call our readers’ attention to the fact that although the list of works 
cited below is not exhaustive but rather focused on HTS tapes and coated conductors, it is our understanding that the discussion 
presented in the following subsections captures the main features of irradiation experiments on advanced superconductors, when 
categorized in terms of the projectile particle or irradiation technique.

6.6.1. Radiation defect morphology
Irradiation has been proven to be a versatile and very efficient tool for tailoring the electromagnetic properties of HTS tapes 

and coated conductors, making them functional for specific applications. Defects play a double role [776,777]: (i) Firstly, acting as 
scattering centers for carriers, lowering the critical temperature and greatly affecting the order parameter (especially in multiband 
systems) [778,779] and the intrinsic anisotropy [780]. (ii) Secondly, as pinning centers for fluxons changing the overall pinning
landscape and its angular behavior with the consequent change of the critical current density [781,782]. In this regard, the defect 
morphology can be controlled by suitably choosing the type and energy of the striking particles, while the defect density can be 
modulated by tuning the irradiation fluence [783].

As sketched in Fig.  40(a), electrons in the range of MeV create only point defects consisting of an interstitial atom and its 
corresponding lattice vacancy, also called ‘Frenkel pairs’ [784]. In the same energy range, a similar damage is produced by protons, 
which introduce some nm-sized clusters. Protons of higher energy, light ions, and neutrons produce point defects and a larger number 
of small cascades of defect clusters [774], which can act as isotropic pinning centers [31] as illustrated in Fig.  40(b). All these defects 
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Fig. 40. Sketches of possible morphologies of radiation-induced defects depending on the irradiation conditions. (a) Electron and proton-induced defects. (b) MeV
nergy proton, neutron and MeV heavy ion induced defects. (c) Discontinuous correlated defects from ∼ 100MeV heavy ions. (d) Columnar defects from high
nergy heavy ions. (e) Splayed columnar defects generated by heavy fission fragments or by irradiations at different angles. (f) Combined columnar and pointlike 
efects from a double irradiation process for composite pinning landscapes.

can be ascribed to the elastic scattering of the striking particles against the target nuclei and to avoid immediate recombination, 
with a transferred energy high enough to overcome the binding energy of the lattice atoms. This threshold displacement energy 
is, in principle, characteristic of each atomic species, material, lattice position, displacement direction and temperature [785]. It is 
generally of the order of a few eV to a few tens of eV, where a reference value typically employed in calculations is 25 eV, i.e., 1000
times the thermal energy of an electron at room temperature.

Nevertheless, in cuprates, the easiest atom to displace is certainly the loosely bound oxygen [776,786], whose content strongly 
influences 𝑇c. Thus, if the transferred energy barely allows the displacement of a target atom, Frenkel pairs are created. In contrast, 
if the transferred energy is much larger, the primary displaced atom starts an avalanche process of defect production, resulting in the 
formation of what is called a ‘collision cascade’. In the case of neutron irradiation, they consist of spheroidal defects where the lattice 
is completely disrupted [787] surrounded by a larger area with a deformed lattice [788], and of individual lattice defects decreasing 
the lattice periodicity [789]. In addition, due to the small collision cross-section of neutrons, these defects are homogeneously 
distributed across the target. However, some inhomogeneity in the defect distribution was observed in neutron-irradiated MgB2
samples where an important damage mechanism consists of low-energy neutron capture by the 10B isotope with the consequent 
emission of an 𝛼 particle and a 7Li nucleus [790], which in turn create displacement damage. Therefore, the large cross-section 
of this reaction results in a very disordered region close to the sample surface and induces a defects distribution gradient in thick 
samples. Either the use of cadmium shields before the sample [790] or the preparation of samples with boron isotopically enriched 
in 11B [791], both can partially solve this inhomogeneity problem. Analogously, a high density of point-like defects is created by
thermal neutrons in GdBCO or SmBCO coated conductors for the high neutron capture cross-sections of gadolinium and samarium, 
respectively [792].

Randomly distributed nanoclusters of defects have also been detected in superconducting samples irradiated with MeV heavy 
ions [793,794]. Nonetheless, by increasing the mass and the energy of the impinging particles, the energy transfer by electronic 
scattering becomes the prevailing source of damage and extended anisotropic defects occur. They consist of continuous or 
discontinuous amorphous tracks along the particle path, in dependence of the energy release and on the target material [795]
(See Fig.  40(d) and (c), respectively), behaving as anisotropic pinning centers [796]. A crossover between elongated discontinuous 
columnar tracks and slightly elongated clusters was found by comparing TEM images of (Y,Dy)BCO coated conductors, irradiated 
with 100 MeV and 50 MeV Ag ions, respectively [797]. However, the threshold electronic energy loss for creating columnar defects in 
a metallic compound, such as MgB2 or iron-based superconductors, is much higher than the one occurring in cuprates [776,798,799].

An alternative radiation technique for generating crossed columnar tracks in Bi-based tapes consists of bombarding the samples 
with high energy (e.g., ∼ 0.8 GeV) protons. This causes the fission of the Bi nuclei and the production of two heavy ions (e.g. Xe
or Kr) with energies of the order of 100 MeV each, i.e. high enough to produce randomly oriented columnar tracks [800,801],
Fig.  40(e). Likewise, for the study of irradiation effects with very high neutron energies, as the ones of interest for nuclear fusion 
technology, neutron absorption/capture reactions are also relevant. These reactions can result in point defects, additional cascades, 
and the presence of transmutation elements such as H and He [802]. These can also be introduced by combined irradiations for a
better control of the defect morphology and distribution, Fig.  40(f). From a contrasting viewpoint, high-energy photons (X-rays and
Gamma rays) can also introduce damage in HTS conductors. Depending on the conditions of the experimental setup, they can heat 
the sample locally [803], or directly induce the generation of high-energy electrons that then can displace atoms in the crystal [786].

6.6.2. Photons, electrons, and neutrons
From this perspective, certain distinction needs to be made in terms of the energy levels of the light or other radiation used, as 

well as on the dimensions of the HTS sample. For instance, in the case of photon irradiation, we will refer mostly to high-intensity 
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beams with fluences as low as 1012 photons/s, which can be obtained from light sources that range from UV lamps or lasers with 
energies in the range 5–40 eV, X-rays with energies of up to a few tens of keV, or even Gamma-ray photons with energies above 
100 keV [804]. The use of photon irradiation or any other particle irradiation for the study of a single or a few monolayer HTS films
with thicknesses of ∼ 0.2 nm each will not be considered in this review as they lay out of the scope of the CCs emphasized in this 
section.

The above is also because at these dimensions, the bombarding particles, e.g., photons, can interact directly with the valence 
electrons of the HTS material in its normal state or, with the quasiparticles (Cooper pairs) that lie over their Fermi surface at the 
superconducting state, in such way that excited ‘electrons’ can escape the HTS material before being affected by inelastic collisions. 
Therefore, for samples with thicknesses ranging from one to a few monolayers, the photon irradiation technique is mostly referred 
to photoemission spectroscopies aimed for the study of the electronic structure of the superconducting crystal [264,805], but not for 
the improvement of the macroscopic properties of HTS films whose minimal thickness is about 1 μm. This also applies to particles 
with mass such as electrons, protons, and neutrons, which, bombarded to samples of dimensions similar to a single atomic layer 
(monolayer), can be used for fundamental crystallographic or energy particle dispersion experiments [806–808].

Limiting our discussion to HTS thin films for high-field/current applications, and especially to the optimization of their 
macroscopic properties, e.g., 𝐽c or 𝑇c, photon irradiation experiments are particularly relevant for X-ray studies at high-intensity 
facilities, and also for applications where gamma-ray irradiation is expected, e.g., at space and in nuclear fusion reactors. 
Nevertheless, to date, only a limited number of experiments have been carried out in this direction, starting with the seminal work 
of K. Tanabe’s group, who studied the effects of photoinduced hole doping on YBCO thin films [809]. Since then, it is known that if
an enhancement of both 𝐽c and 𝑇c in REBCO thin films is seen by photo-irradiation, such enhancement will be rather dependent on
the photon dose than on the oxygen content of the SC sample. Consequently, this phenomenon complicates the reproducibility and
practical deployment of this technique for the large-scale manufacturing of HTS tapes, which has strongly limited the interests of our 
community on this subject. However, this topic has recently recovered certain interest due to its potential use at high-energy particle 
facilities, where we expect a significant increment in the study of commercial 2G-HTS tapes under large doses of gamma radiation. 
An example of such research is the work conducted for the construction of the muon beamline of the Japan Proton Accelerator 
Research Complex, where the absorbed dose of the high-field pion capture solenoids can reach up to 130 MGy in 10 years. With this 
in mind, the commercially available SCS4050 tape manufactured by SuperPower Inc. [257] has been tested already. Several of these 
samples have been irradiated by a 60Co Gamma-ray source, with up to a maximum dose of 27.4 MGy and an average dose rate of 
5.7 kGy∕h at ambient temperature [810], finding that the artificial pinning centers of the SCS4050 tape show an almost negligible 
(≤5%) degradation in their superconducting properties (𝑇c, and 𝐽c). This, in fact is a remarkable result as it was previously thought 
that despite the Gamma rays, seemingly not modifying the 𝑇c of YBCO (the constituent SC layer of SuperPower tapes), may lead
to a significant decrease in its 𝐽c at doses higher than 0.4 MGy [811]. However, the response of the SCS4050 tape to neutron 
irradiation was not as promising as for fluences above 8.23 × 1021 n∕m2, both 𝐽c and 𝑇c deteriorated, leading to the destruction of 
the superconducting state at fluences above 4.11× 1022 n∕m2. Still, a vast room for research remains open for the testing of this and
other commercial 2G-HTS tapes with HTS films based on YBCO, GdBCO, or EuBCO, where it is also known that ad hoc post heat 
treatments can help to recover and reinforce the SC state on photon and neutron irradiated REBCO samples [812,813].

In respect of electron irradiation treatments, it is worth reminding that the point defects induced by this technique are generally 
distributed in a homogeneous way across the HTS sample. This means that, although this technique results useful for fundamental 
studies of the pairing state [814], it offers little insight into how the pinning properties of practical superconductors can be enhanced. 
Consequently, there is very little literature about the impact of electron irradiation on the 𝐽c properties of HTS tapes, although it is 
well known that in YBCO tapes subjected to a 23 MeV electron irradiation up to a fluence of 3 × 1018/cm2, both 𝑇c and 𝐽c remain 
unaffected [815].

However, considering the use of neutron irradiation techniques over REBCO thin films, these can offer a better insight into 
how the formation of defects can affect the critical temperature and transport current properties of superconductors. Nevertheless, 
the behavior of the critical current density with the neutron irradiation dose is not trivial, and the use of this technique for the 
optimization of 𝐽c and 𝑇c of commercial HTS tapes has resulted in scenarios that are still open to great debate. On the one hand,
fast (fission) neutron irradiation experiments (𝐸 > 0.1 MeV) have been carried out already on a large set of commercial REBCO
coated conductors such as the YBCO tapes fabricated by SuperPower Inc., e.g., on the SCS4050 tape which contains a ∼1 μm-YBCO
film [816], or the American Superconductor AMS-344 tape [258] with a ∼0.8 μm YBCO film [817], and the 2.5 μm-YBCO concept-
tape developed by Bruker EST [816]. Similar studies have been seen also on a broad set of GdBCO tapes [818] manufactured by
SuNAM [256], Superpower [257], and SuperOx [260]. In all these cases, not only the thickness of the superconducting layer is 
different, but more importantly, the method and template used for the deposition of the REBCO film are different. Thus, although 
a certain consensus exists on the statement that fast neutrons can introduce effective pinning sites, which in turn might enhance 
the 𝐽c properties of the REBCO layer, there is no consensus on what will be an effective fluence. For instance, although the 𝑇c in 
all samples decreases linearly with increasing neutron fluence [782], the same fluence (2.1×1022 n∕m2) can either enhance, reduce, 
or have no effect on the tape’s pinning structure, at different magnetic field ranges and different temperatures [818,819]. In fact, 
no monotonic trend has been found leading to a direct correlation between the critical current density and the neutron fluence, as 
remarkable differences on the 𝐽c(𝐵, 𝜃) function have been found, depending on the pristine or defective state of the SC samples [820].
This is possibly due to the fact that cascades can act as rather efficient pinning centers for fields perpendicular to the layered 
structure of REBCO, but can also damage the planes, decreasing their pinning efficiency for parallel fields. Still, a post-irradiation 
annealing in Ar or O2 atmospheres has evidenced a partial 𝐽c recovery in irradiation-damaged coated-conductors with BaZrO3
nanoparticles [821]. In contrast, further 𝐽  improvements in addition to those produced by neutron irradiation have been found 
c
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Table 3
Change in the 𝐽c(𝐵, 𝜃) anisotropy in selected samples irradiated with different particles. 𝐽c,max and 𝐽c,min are the maximum and minimum 𝐽c values measured by 
changing the tilt angle of the applied field 𝐵.
 Material Irradiation 𝐽c,max/𝐽c,min 𝐽c,max/𝐽c,min 𝐵 𝑇 Ref.  
 (particles – energy – fluence) pristine irradiated (T) (K)  
 FeSe0.5Te0.5 Protons - 190 keV - 1 × 1019 m−2 3.8 1.9 15 4.2 [830] 
 FeSe0.5Te0.5 Au ions - 6 MeV - 1 × 1016 m−2 1.10 1.10 5 4.2 [793] 
 YBCO Fast Neutrons - > 0.1 MeV - 1 × 1021 m−2 2 1.5 6 64 [816] 
 (Y,Dy)BCO Au ions - 25 MeV - 1 × 1015-1 × 1016 m−2 2.2 1.5 1 77 [831] 
 (Y,Dy)BCO Ag ions - 50 MeV - 2 × 1015 m−2 1.4–1.9 1.2–1.5 1–5 65 [797] 
 (Y,Dy)BCO Ag ions - 100 MeV - 2 × 1015 m−2 1.4–1.9 1.6–2.2 1–5 65 [797] 
 Zr-YBCO Au ions - 25 MeV - 1 × 1015-1016 m−2 1.7 1.9 1 77 [831] 
 GdBCO Xe ions - 80 MeV - 6.5 × 1014 m−2 1.8 1.3 4 70 [796] 
 Tri-modal irrad. (∥ to 𝑐, ± 45◦)  
BZO-added REBCO Pb ions - 1.4 GeV - 5 × 1014 m−2 2.6 1.3 1 77 [32]  

 Bi-modal irrad. (± 45◦)  
U-added Bi2223 Thermal neutrons - <0.55 eV - 4 × 1019 m−2 25–30 3.5 0.5 77 [825] 

 Fission splayed tracks  

in CCs without additional pre-irradiation artificial pinning centers. Nonetheless, in both cases, the 𝐽c modulation is not monotonic 
with the annealing temperature, probably due to a competition between the simultaneous increase of the superfluid density and the 
reduction in the number of efficient pinning centers. Neutron irradiations were also reported to significantly change the sensitivity 
of the critical current to applied stress in the GdBCO/IBAD systems, whereas nearly no change was observed in YBCO/RABiTS [792].
In addition, it has been found that the normalized critical temperature (𝑇c∕𝑇c,0) vs fluence depends neither on the pristine critical 
temperature value, 𝑇c,0, nor on the specifics of the coated conductor at least up to fluences about 5×1022 n∕m2 [782]. These results can 
be interpreted in light of the prominent role played by small defects in suppressing both 𝑇c and 𝐽c combined with the beneficial effect 
of larger defects acting as pinning centers [822], possibly opening a way to predictive models of irradiation induced superconducting 
performance suppression [823].

Bombardment with thermal neutrons (𝐸 < 0.55 eV) was also employed to induce artificial defects in Uranium-added Bi2223/Ag 
tapes [824]. In this case, the induced fission of 235U by thermal neutron irradiation produces two ions with a total kinetic energy of 
162 MeV propagating in opposite directions. These ions create discontinuous tracks of defects with random orientation that become 
effective in increasing 𝐽c above a certain magnetic field threshold, depending on both working temperature and field orientation, 
i.e., in the region where 𝐽c is limited by a weak pinning landscape in the pristine samples. Remarkably, a reduction of 𝐽c anisotropy 
by about one order of magnitude was found with fission track densities of 4 × 1019 [825] (see Table  3).

Neutron irradiation of MgB2 wire at a fluence of 4.75 × 1018 n∕m2 suppressed 𝑇c below 5 K [826]. This decrease is much larger 
than that observed in Mg11B2-enriched bulk samples [827], thus highlighting that the neutron capture reaction plays a significant 
role in suppressing superconductivity. However, a subsequent annealing processes allowed 𝑇c recovering its undamaged values. 
Contextually, the in-field critical current density that dropped to zero after irradiation overcomes the non-irradiated sample value 
after 24 h annealing at temperatures ≥ 400 °C and shows a fishtail behavior. This could imply that the irradiation-induced defects 
still present after annealing act as effective pinning sites. On the contrary, a 𝐽c improvement was directly observed in Cu/MgB2
wire irradiated at lower neutron fluence [790,828]. In this case, the authors attributed the enhancement to an increase of the upper 
critical field rather than to radiation induced defects. However, the 𝐽c enhancement obtained by irradiation are always much lower 
than that achievable with carbon or C-based compound doping [829]. 

6.6.3. Protons and heavier ions
As for the case of neutron irradiation, the pristine sample texture and the defect distribution are both known to affect 𝑇c and

𝐽c of most HTS materials when subjected to proton or heavier ion irradiation at certain fluences. Heavier ions with MeV energy 
generate randomly distributed spheroidal defects that act as isotropic pinning centers not too different from the neutron-generated 
ones [794]. However, their production rate is significantly higher, making this irradiation technique applicable to optimizing the 
pinning properties of HTS tapes at an industrial scale [832,833][834]. Moreover, in contrast to other linear pinning centers such us 
BZO nanorods, irradiation-induced columnar defects can be introduced at arbitrary angles (Fig.  40e), which therefore allow better 
control of the 𝐽c anisotropy by combining irradiation along different directions (see Table  3).

Reel-to-reel irradiation of REBCO coated conductors with 16–18 MeV Au ions evidenced the same critical current enhancement 
as obtained on short static samples [832], and the maximum 𝐽c enhancement (over 2-fold at 27 K) was achieved with a fluence 
of 6×1015 Au ions/m2. The presence of secondary phase particles such as BaZrO3 and (Dy,Y)2O3, acting as strong flux pinning
centers, makes YBCO coated conductors less affected by ion irradiation compared to the undoped conductors [831], even though 
the additional radiation-induced defects decreased the 𝐽c anisotropy of the pristine samples as evidenced in Table  3.

Notice also in Table  3 that protons with a few hundred keV of kinetic energy, and a fluence of 1 × 1019 p∕m2, have also been 
proved to be very efficient in improving the in-field 𝐽c features of iron-based superconducting films, even reducing their magnetic 
anisotropy when compared with pristine samples [830]. However, for the case of cuprate-based films, there is no consensus yet on
what conditions could lead to the enhancement of 𝐽c. For example, it has been seen that although the critical current density can 
be doubled by proton irradiation, e.g., in Dy-doped YBCO coated conductors at 27 K and magnetic fields ranging between 3 T to 
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6 T [835], or on GdBCO coated conductors irradiated with 3.5 MeV protons up to a fluence of 6×1020 p∕m2 [836], in the latter case 
the irradiation also induced a systematic 𝐽c suppression in the self-field conditions, and a larger 𝑇c decrease. Overall, one should 
keep in mind that the 𝐽c improvement occurring at high field is often at the cost of decreasing the transition temperature and the 
self-field/low-field 𝐽c properties of the cuprate [832,837]. This reduction can be ascribed to an oxygen deficiency in the damaged
areas, which can be partially recovered by post-irradiation annealing process in oxygen atmosphere, which results not only in an
effective restoration of the oxygen concentration, but of 𝑇c and the self-field 𝐽c properties of HTS tapes, without annihilating the 
defect nanoclusters [794]. Likewise, it has been found that the irradiation temperature also affects the defect migration to the grain 
boundaries [838], which act as defect sinks, thus providing a grain decoupling less relevant in low-temperature irradiations.

Moreover, the morphology of the radiation defects caused by high energy particles is known to affect the magneto-angular 
anisotropy 𝐽c(𝐵, 𝜃) of the superconducting thin film. This is particularly evident for high-energy ions (able to deposit at least 
8 MeV/μm) that produce defects, which are linearly correlated although discontinuous, up to the point (above 20 MeV/μm) where 
the defects become continuous [839]. In fact, continuous columnar defects created by high-energy heavy ions behave as strong flux
pinning centers when the magnetic field is directed along their axis, and the 𝐽c improvement is predicted to be maximum when 
the density of the columnar defects matches that of the vortices. For this reason, the ion fluence is often given in terms of the 
dose-equivalent field 𝐵𝜙, i.e., of the magnetic field at which the density of vortices matches the number of ion tracks. Moreover, the 
𝐽c vs. 𝐻 curves of the irradiated conductors show a peak whose position depends on 𝐵𝜙 and an increase of anisotropy (Table  3).
For instance, the comparison of the 𝐽c vs. 𝐻 curves of DyBCO coated conductors obtained before and after irradiation with different 
heavy ions (320 MeV Au ions and 200 MeV Ni ions) revealed that the 𝐽c improvement rises at the increase of the electronic energy 
lost by the impinging ions, i.e., with the radius of the columnar defects [840].

In the case of the commercially produced (Y,Dy)BCO coated conductors by American Superconductor [258], different behaviors 
have been seen depending on the energy of the projectile particle (Table  3). For instance, with a fluence of 1×1015/m2, Au ions of 
25 MeV (that produce uncorrelated spheroidal defects) have been seen to strongly reduce 𝐽c at 77 K, when a magnetic field of 1 T is 
applied along the irradiation direction [831]. Nevertheless, at double fluence and in the same field conditions, when using 50 MeV
Ag ions (introducing correlated defects), a 𝐽c improvement appears over the entire angular range [797]. Conversely, for 100 MeV
Ag ions, a significant 𝐽c enhancement occurs just for fields applied parallel to the irradiation direction, whereas there is a strong 𝐽c
reduction for a range of angles orthogonal to this direction. Interestingly, by decreasing the temperature, it has been recently shown 
that the 𝐽c of the conductor irradiated with the 100 MeV Ag ions shows an almost isotropic behavior [841]. Analogously, Kihlstrom 
at al. [443] reported on the synergistic effect of a composite pinning landscape, Fig.  40(f), resulting from sequential irradiations 
with 250 MeV Au ions (at 𝐵𝜙 = 3 T) and 4 MeV protons (at the fluence of 4 × 1020 p∕m2) that, against a 𝑇c reduction of about 
3.5 K, yields 𝐽c values larger than achievable by irradiating with only one species. This highlights how, in the temperature-field 
regime relevant for applications, the presence of randomly distributed nanoclusters of defects created by protons can be effective 
in preventing the flux-line jumping between columnar defects and in catching stray flux lines. Besides, the creation of correlated 
pinning along the 𝑐-axis also mitigates the 𝐽c anisotropy.

A crossover from a sequence of ellipsoidal defects via nearly continuous to totally continuous tracks was detected in YBCO coated 
conductors irradiated with 46, 77, and 167 MeV Xe ions [795]. Similarly, in GdBCO coated conductors irradiated with 80 MeV Xe
ions [842], a noticeable change in the defect microstructure against the irradiation angles was also observed. This was due to their 
anisotropic thermal diffusivity, i.e., ions incoming along the 𝑐-axis produced shortly segmented columnar tracks, whereas columnar 
defects were formed when the ion beam was tilted at an angle ≥ 20◦ from the 𝑐-axis. Analogously, a mixing of discontinuous 
tracks parallel to the 𝑐-axis and of columnar defects tilted at ±45◦ was reported for the same samples when using 270 MeV Xe
ions [843]. Remarkably, the 𝐽c values measured in 80 MeV irradiated samples overcome the pristine values in a wide angular range 
and are higher than those measured on samples irradiated by ions of 270 MeV. Moreover, recent studies on Fujikura GdBCO coated 
conductors [844] irradiated with 2 MeV He+ ions have started to shed light on defect annealing and the influence of working 
conditions on radiation effects [845]. From this standpoint, both 𝑇c and 𝐽c values of patterned tracks degrade with irradiation 
dose, but more importantly, room temperature annealing of ‘in-situ’ irradiated samples can result in a significant recovery of the 
superconducting properties.

Thus, in conclusion, the choice of the fluence is crucial for 𝐽c optimization, although its dependence is not monotonic. For 
instance, in Gd-doped YBCO coated conductors irradiated with a 1.9 GeV Ta-ion beam parallel to the 𝑐-axis [846], the maximum 𝐽c
has been seen to double as the fluence increases from 5 × 1013 to 5 × 1014 ions∕m2, but decreases thereafter. In fact, under the same 
irradiation a similar behavior was noted in other YBCO coated conductors doped with different elements, where a 𝐽c improvement 
by 4.4 times was attained at 30 K and at 𝐵appl = 𝐵𝜙 = 1.0 T [847]. Likewise, by irradiation with 1.4 GeV Pb ions at angles close 
to ±45 ◦ from the 𝑐-axis, a strong reduction of the 𝐽c anisotropy has been seen in several coated conductors [32]. Conversely, the 
superimposition of 1.4 GeV Pb-ion induced columnar defects tilted by 45◦ from the 𝑐-axis to BZO nanorods also aligned along the 
𝑐-axis (both with the same estimated density), produced just a single 𝐽c peak at 45◦. This means that the irradiation made the 
pinning action of the BZO nanorods ineffective.

Regarding bismuth-based cuprate conductors, strong 𝐽c enhancements of up to one order of magnitude at 50 K and in applied 
fields higher than 0.2 T have been measured in both mono- and multi-filamentary Bi2223 tapes irradiated with 0.25 and 4.2 GeV Au 
ions, respectively [848,849]. This is the case when the ion beam and the magnetic field are both applied parallel to the 𝑐-axis. The 
Au-ion irradiation also caused a marked reduction of the anisotropy of the irreversibility field. Similarly, splayed columnar defects 
produced by induced fission fragments irradiating Bi2223 tapes with 0.8 GeV protons led to a smaller field dependence of 𝐽c than 
in a virgin sample in applied fields above 𝐵𝜙. As a consequence, over twice the pristine 𝐽c value can be achieved in correspondence 
to 𝐵  at 55 K and 𝐻 ∥ 𝑐 [850]. Interestingly, the 𝐽  enhancement occurs regardless of whether the magnetic field is applied parallel
𝜙 c  
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or perpendicularly to the 𝑎𝑏-plane of the tape. Analogous results were achieved on Bi2212 tapes irradiated with 0.8 GeV protons, 
where an areal density of tracks of about 6.4 × 1014/m2 (corresponding to 𝐵𝜙 ∼ 1.35 T) led to a 𝐽c enhancement of nearly three 
orders of magnitude at 1 T and 20 K [851].

In contrast, irradiation tests on Fe(Se,Te) films, preliminary to the study of Fe(Se,Te) coated conductors, evidenced cascade 
defects followed by the formation of a strain field around them [756], increasing 𝑇c by about 0.8 K after irradiation with 0.19 MeV
protons [793]. Remarkably, an improvement in self-field 𝐽c of up to one order of magnitude was observed, with positive effects 
in the whole investigated range of applied fields and also, with negligible or very modest 𝑇c changes measured after irradiations 
with 3.5 MeV protons and 6 MeV Au ions, respectively [793,852,853]. Likewise, a significant 𝐽c increment up to a factor of 5 was 
obtained in Co-Ba122 (𝑥 = 0.08) thin films irradiated with 0.6 MeV He ions at a fluence of 5 × 1017 ions∕m2 [854].

6.6.4. Radiation damage in HTS for nuclear fusion technology
One of the key enabling technologies for the development of fusion reactors lies in the use of highly radiation-resistant conductors 

for their high-field magnets. For large Tokamak facilities such as ITER [855], low-𝑇c superconductors can suffice to achieve the task 
since the required field is below 10 T [856]. However, for the development of much more compact reactors, the use of HTS tapes 
and coated conductors is the only viable option [771].

The development of ‘compact’ D-shaped (𝑅0 = 1.85 m, 𝑎 = 0.57 m) HTS magnets with record strength (𝐵0 = 12.2 T) was recently 
demonstrated within the SPARC project [857], and although this is a major milestone for fusion technology, there are still many
challenges the HTS materials need to overcome before enabling break-even fusion production, such as those referred to the radiation 
hardness of HTS materials [858–860].

Thus, despite having found that Fe-based superconductors are expected to be more resistant to radiation [542,852], showing 
interesting features from their multigap nature [861,862], the production of long lengths of commercial HTS tapes with IBS
precursors is still to be seen. Nevertheless, these are already available in the case of cuprates, i.e., in what we have been calling
the 2G-HTS tapes, but due to the 𝑑-wave nature of cuprate superconductors [266,863], these are known to be very sensitive to 
particle irradiation. Yet, their excellent superconducting properties [864], combined with the possibility to partially screen the 
plasma radiation via a careful reactor design, promise to allow their use for the required lifetime [858].

In more detail, an operating fusion Tokamak produces the highest neutron rate from the deuterium–tritium (DT) reaction that 
generates a 3.5 MeV 𝛼 particle and a 14.1 MeV neutron [865]. However, these energetic neutrons will interact with several materials 
of the first wall, vacuum chamber, cooling system, etc., before reaching the superconducting coil [772,866]. These interactions will
slow down the neutrons and eventually generate secondary particles that will, in turn, travel and interact with the HTS materials. 
For these reasons, the radiation environment experienced by the HTS tape might strongly differ from one reactor design to another. 
Clearly, these interactions will help to somehow protect the magnets from radiation damage (the larger the reactor, the more 
protected the magnets), but it also makes it more difficult to estimate and experimentally evaluate the need for additional screening 
or even the suitability and lifetime of the HTS material for the task [772].

For instance, for the radial neutron camera on ITER the down-scattered DT spectral count at 2.5 MeV is expected to be strongly 
attenuated with respect to the first wall, with particle counts 30 times fewer than the counts at the DT peak [867], allowing us 
to suggest that the radiation level in the superconducting coils at ITER is bearable [868]. However, the situation might be very 
different in compact reactors or in situations with very high energy density and neutron rates. As an example of this, we have 
noticed that for the case of SPARC, only 4 times fewer DT counts at 2.5 MeV compared to 14.1 MeV have been found [866]. In fact, 
in this case, the majority of down-scattered neutrons are presumed to come from reflections off the far wall along the spectrometer 
line-of-sight [869], but even by removing that part of the wall, the expected DT count is not reduced, as new simulations have 
shown [866]. Still, a rough estimate of the lifetime of poloidal field HTS coils in SPARC has been reported [858], using a value of 
3×1018 n∕cm2 as the threshold for damage level. The authors suggested that 25 cm of additional ZrH2 shielding might grant achieving 
the desired 10 years lifetime of the coil, but further studies based on the HTS damage rather than on the expected neutron fluence 
are strongly needed. A first attempt in this direction comes from a computational study that focuses on the comparison between 
the expected radiation damage in ARC with the achievable damage from fission reactor experiments, considering neutron spectra, 
displacement per atom (dpa), morphology of the defects, and thermal aspects [772].

The examples above clearly show the need for specific estimates of both the radiation environment and resulting damage in 
HTS coils in fusion reactors and also for experimental studies on the influence of fusion radiation on HTS properties. However, the 
neutron spectrum at the magnet position is non-trivial, and clearly, it is not possible to reproduce it exactly in an experiment [772].
In addition, currently no high flux of 14.1 MeV neutron source facility is available [802], therefore, experimental investigations 
need to be carried out under the view of the best approximation available. Thus, in order to design appropriate experiments, 
simulations of the expected radiation environment, damage levels, and defects typology are required. In this regard, several pre-
compiled codes such as MCNP6 [870], PHITS [871], GEANT4 [872], TRIPOLI-4 [873], and FLUKA [874] can be employed for this 
aim. Such investigations have recently begun, providing a thorough characterization of the HTS radiation environment in ARC-class 
reactors [875,876] and examining the impact of ion heating on HTS cable performance [877]. These studies emphasize the need
for careful neutron shielding designs to ensure a magnet lifetime sufficient for commercial fusion projects.

Finally, from the point of view of experimental facilities, several experiments have taken advantage of the broad neutron 
spectrum of fission reactors for research, although the 14.1 MeV component is still missing [772]. Nevertheless, 14.1 MeV neutron 
beams can be obtained by hitting suitable targets with light ion beams, but high fluences are currently not achievable [878]. In
consequence, carefully designed ion irradiation experiments (possibly with multiple beams [879]) might get close to reproducing the 
damage expected from the exposition to high-energy neutrons. This is based on the initial assessment of 𝐽  changes in commercial 
c
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REBCO tapes, where the displacement damage induced by MeV heavy ions serves to emulate the neutron effects in fusion reactor 
environments [880]. Yet, bear in mind that in the real application of HTS coils in fusion projects, the HTS material will be exposed 
not only to neutron radiation but will be operating at cryogenic temperatures whilst sustaining intense electrical currents. This 
implies that the generation and recombination of defects might be different with respect to that studied in irradiated samples at
room temperature and without transport current; hence, experimental studies are extensively needed but are remarkably challenging. 
A recent comprehensive review on these topics can be found in Ref. [881].

7. Conclusions and outlook

Having discussed the concept of critical current density in high-temperature superconductors under the apparently different 
lenses of the macroscopic, mesoscopic, and microscopic worlds, a broad range of knowledge connections have been established 
which will benefit not only the next generations of researchers in the rather broad field of superconductivity, but are anticipated 
to lead the development of advance superconductors for the high-current and high-field applications that are currently paving the 
way for the future of the fusion energy, transportation, and energy resilience sectors.

Starting from the macroscopic concept of critical current density as a material law, which relates to the most commonly sought 
parameter in the practical specifications of cables, magnets, and any other large-scale applications for the so-called high-temperature 
superconductors, 𝐽c establishes a common language that joins engineers, material scientists, experimentalists, and theoreticians, 
all with the common goal of tailoring these HTS materials in advancing their applications. Undoubtedly, for the world of HTS
applications a well-grounded material law in terms of the macroscopic fields 𝐄(𝐉) with 𝐉 scaled in terms of the material parameter 𝐽c, 
i.e.: 𝐄(𝐉∕𝐽c), is the essential tool for solving many of the purely electromagnetic, magneto-thermal, or electro-mechanical problems 
daily faced in the development of such technologies.

Thus, to begin within a common frame of understanding, in Section 2, we commenced our discussion by introducing the 
seminal contribution to the concept of 𝐽c by C. P. Bean [49,50], who proposed the simplest possible model of the E(J) law in 
superconductivity, even without explicit mention of the electric field (though implicitly recalled). Remarkably, this model, which is 
strictly valid for isothermal 1D systems, captures in a simple but very effective manner the main physics behind the characteristics 
of type-II superconductors to maintain large amounts of carrying current and magnetic field, i.e., the flux pinning. Then, over the 
decades, numerous extensions of the model have allowed dealing with more and more complex situations, including the solutions of 
2D and 3D problems, and including the incorporation of relaxation effects, anisotropies, material defects, and coupling to thermal or 
mechanical modes. Thus, although stated in terms of macroscopic fields that are defined over length scales many orders of magnitude 
above the size of the fundamental objects (flux tubes typically spanning over tens of nanometers), the deep understanding of the 
Critical State model has allowed us to identify valid expressions that connect to the vortex physics.

In brief, one may use a thermodynamic approach that generalizes Bean’s model but still keeps a minimal structure for describing 
the superconducting physics on a large scale. Essentially, by re-stating the problem in terms of minimum entropy production with 
a dedicated (geometric) interpretation of the 𝐄(𝐉) law, one can incorporate the pinning and vortex–vortex interactions that involve 
arbitrary size effects, hysteretic losses, magnetization and demagnetization phenomena, and complex configurations with rotating 
magnetic flux lines, all being common situations experienced in the design and operation of actual HTS applications. Hence, while 
our comprehension of 𝐽c from a macroscopic perspective is almost complete, its microscopic origin and influence on vortex dynamics 
at a mesoscopic scale pose more intricate challenges.

Coherence with mesoscopic theories has been tested in dedicated experiments with controlled artificial pinning centers in thin 
films. Much work also exists on phenomenological expressions for samples in large-scale applications, mainly developed for the 
practical use of advanced superconductors currently in the commercial pipeline. However, some unexplored corners still exist. In
particular, the investigation of ‘‘quasi-force-free’’ configurations where 𝐁 has some component along the induced 𝐉. This scenario has 
been explored in very limited instances, primarily involving ideal slab geometries or short samples of straight HTS conductors, where 
the mechanism of flux cutting comes into play. Essentially, this mechanism constrains the 𝐽c threshold parallel to the lines of the 
magnetic field within the superconductor. However, its implications on the energy efficiency of helicoidally wound superconducting 
tapes, as seen in CORC cables, or on the U-turn of D-shaped or racetrack coils utilized in high-field magnets, remain relatively 
uncharted. This knowledge gap presents an opportunity for further optimization of advanced superconductors, particularly from a
macroscopic perspective.

In order to improve the energy efficiency and the performances of the superconductors, in particular for electric current transport, 
it is important to analyze the correlations between their crystalline structure and the vortex lattice characteristics from real-life 
scenarios. This can be done by analyzing the behavior of the 𝐽c measurements performed at different temperatures and magnetic 
fields, which, however, present various experimental issues as discussed in Section 3. Among these, it is necessary to underline the 
difficulty in the evaluation of the correct value of 𝐽c in the 𝐸(𝐽 ) law, due for example to the sample inhomogeneities, thermal effects, 
and different anisotropies. Moreover, each measurement technique needs the use of specific criteria that define the threshold for 
the evaluation of the involved physical parameter. In other words, it is necessary to specify some peculiar measurement parameters, 
e.g., the sweep rate of the field in DC magnetic measurements or the frequency of the magnetic field or transport current in AC
measurements, if a correct interpretation of the scope of 𝐽c for real applications is given.

One of the most interesting aspects concerning the critical current is the possibility to have high values at high fields as it appears 
in the case of the Second Magnetization Peak (SMP) phenomenon, measured with DC magnetic techniques. The presence of the SMP
phenomenon in a superconductor is attractive for the applications also because 𝐽c is strictly correlated with the irreversibility field
above which no pinning force acts on the vortices. In this framework, an optimized fabrication process plays a fundamental role 
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in determining the morphology and the pinning landscape of the material, and so it can allow tuning of the features of the SMP
phenomenon in order to maximize the superconducting and the transport capabilities of the cuprates at their working temperatures. 
In order to indirectly correlate the critical current to the measured macroscopic physical properties, several models are available. 
Unfortunately, they have different degrees of approximation and can be rigorously applied in particular conditions only, determined 
by the type of sample, its shape, dimensionality, orientation, etc., and within a given experimental technique. In this context, a more 
universal model that also puts the macroscopic variables in close correlation with the microscopic ones would be desirable.

The discussion of critical currents in superconductors is incomplete without mentioning their behavior at super-critical current 
densities, which has been the focus of Section 4. This operational zone of high power dissipation and intense currents is crucial 
in applications such as fault current limiters and fusion energy magnets. Two phenomena can occur when the critical current –
defined by a very low threshold voltage – is surpassed. Exploring the current–voltage characteristics to much higher currents and
electric fields reveals either a sudden switch into the normal state or, particularly in low external magnetic fields and in self-field, 
a strongly non-linear behavior caused by the suppression of thermodynamic fluctuations of the superconducting order parameter. 
High electric fields exert a comparable influence on the configuration of the superconducting transition, akin to the impact of strong 
magnetic fields. The transition phase is significantly prolonged toward lower temperatures, a phenomenon substantiated by both 
theoretical computations and experimental observations involving high-intensity, brief current pulses, strategically employed to 
avert the nucleation of thermal hotspots. As a result, resistance increases even quicker in the supercritical domain than anticipated 
by thermal models, which are generally based on transition curves observed at low electric fields. Since the impacts of high electric 
and magnetic fields are not additive, the additional influence of a strong electric field becomes much weaker in the external magnetic 
fields of several teslas.

Likewise, we have explained how in moderate and high magnetic fields, a discontinuous jump into the high resistive or normal 
state can occur due to flux-flow instability, FFI. The flux-flow instability occurs at the instability current, which is typically smaller 
than the pairbreaking current, thus being a crucial factor to take into account in applications where superconductors are exploited 
in the presence of magnetic fields. The flux-flow instability also prevents realizing regimes of fast (a few km/s to a few tens of km/s) 
vortex velocities. This restriction is essential for the development of fast fluxonic devices with potential applications in information 
processing. Thus, while the capability of HTS materials to detect single optical and infrared-range photons is attracting increasing 
attention, we anticipate that this question will be addressed in detail in the years to come.

The use of the FFI as a tool also reveals a sensitive method to explore the anisotropy of a superconductor. Competitive high-
field superconductors should achieve not only the highest critical currents but also the most isotropic ones, so pushing toward the 
operating limits of any superconducting device. In fact, sustaining the robust current-carrying capacity of these materials within 
varying fields and temperatures is imperative. Consequently, a comprehensive investigation into the mechanisms underpinning the 
instability of the vortex lattice, concomitant with the quenching of the superconducting state, becomes indispensable. Depending 
on the nature of the quenching from the superconducting to the normal state, the difference between the instability current and
the critical current can be significant or not, thus it may be totally reasonable to assess the instability current as the actual critical 
current of the superconducting material. Such scrutiny is essential to avert adverse dissipations and to judiciously select the suitable 
material for a given application.

Actualizing 𝐽c-by-design requires modeling vortex dynamics via a multi-scale approach in which (i) the elemental interactions 
with defects are understood on a microscopic scale, (ii) the phenomenology of vortex matter is accurately captured at a mesoscopic 
level (of the order of the coherence length 𝜉), and (iii) this knowledge is extended to a macroscopic scale describing the full
field-penetrated state under the action of currents in wires and coils as well as devices for sensing and computing. This forms 
the core subject of Section 5, where we reviewed theoretical, experimental, and numerical aspects of vortex matter research that 
have advanced the technological progress on this multi-scale path. These include vortex pinning theories, thermally activated vortex 
motion and quantum creep, tuning fundamental superconducting parameters, and subsequently, the 𝐽c and creep mechanisms using 
electron/hole doping, and multi-scale simulation tools.

While pinning theories have effectively elucidated dependencies witnessed in experimental data, their application remains 
fragmented, often confined to specific temperatures and field ranges with specific sample orientations. Achieving comprehensive 
replication of the 𝐽c(𝑇 , 𝐵, 𝜃) function or creep across an expansive spectrum of conditions – encompassing temperatures, magnetic 
fields, and field orientations – still poses a challenge. This is particularly notable in instances involving non-monotonic characteristics 
like the second magnetization peaks.

Fully analytical approaches are complicated by a composite of different defect dimensionalities involved in the problem. 
Consequently, molecular dynamics and time-dependent Ginzburg–Landau simulations have been implemented and successfully 
predicted 𝐽c in certain materials, e.g., YBCO films containing nanoparticle inclusions as well as the local peak in 𝐽c(𝑇 , 𝐵, 𝜃) for YBCO
films containing nanorods. Another current limitation is our incomplete knowledge about the material structure, which requires 
advances in microscopy to, e.g., measure point defect densities and image interactions between elastic vortex lines and defects 
through the material thickness. This will improve our microscopic understanding of structure–property relationships, which can 
subsequently inform next-generation simulations for engineering 𝐽c. A promising approach for these next-generation simulations is 
to develop and apply self-adjusting machine-learning algorithms using neural networks. See, e.g., Ref. [882] for a discussion of this 
and other transformative opportunities in vortex physics.

From an engineering standpoint, we can state that the operational temperature range for HTS materials in practical applications 
comfortably aligns with the capabilities of contemporary cryogenic systems. However, due to the pronounced depression of the 
critical current density resulting from magnetic fields, predominantly due to the interplay of Lorentz-like forces and thermally-
activated flux line movement, understanding the presence of nanostructural defects inherent in the fabrication process of advanced
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superconductors results of utter importance. Yet, these defects might prove insufficient in both volume density and pinning potential 
to yield the desired effects. Consequently, we have devoted our final chapter, Section 6, to exploring the different avenues for 
engineering 𝐽c in the next generation of advanced superconductors. This entails delving into charge carrier doping, manipulation 
of grain boundaries, and deliberate introduction of artificial pinning centers. Furthermore, we investigated the effects of radiation 
techniques on 𝐽c to elucidate their potential influence on the defects’ morphology, as well as the related challenge for fusion energy 
systems.

The predominant focus of experimental endeavors in this domain has centered around YBCO (REBCO) films and coated 
conductors. In terms of fabrication processes, pulsed laser deposition (PLD) notably stands out among the in-situ methods, offering 
significant advantages over alternative approaches. Consequently, much of the pioneering work concerning APCs was conducted 
utilizing PLD. Over time, progress in this area followed a gradual trajectory. It commenced with substrate decoration, followed 
by the adoption of a quasi-multilayer approach and the utilization of composite targets for deposition. Intriguingly, under specific 
conditions, the application of composite targets facilitated the emergence of self-assembled correlated nanoscale pinning centers.

Recent advancements have demonstrated the most promising outcomes for enhancing critical currents across diverse field and
temperature conditions through the synergy of multiple pinning centers, achieved via a combination of different techniques and
various types of nano-inclusions, such as double-doping, mixed double perovskites, and intermediate nanolayers. This intricate 
pinning landscape can also be tailored by manipulating the thermodynamic growth parameters. An illustrative instance is the case 
of barium zirconate (BZO), which forms mostly nanoparticles in the HTS matrix at elevated rates of laser pulses and marginally 
reduced growth temperatures, while for the slower process (higher temperature and lower laser pulse frequency), BZO self-assembles 
in 𝑐-axis-correlated nanorods.

A more cost-effective alternative to PLD coated conductors is the fabrication of REBCO tapes by chemical solution deposition 
(CSD). Here, two approaches of inserting perovskite nanoparticles (mostly BZO and BHO) have been successfully tested, in-situ and
ex-situ phase formation of the perovskites. Whereas for the former the solutions seem to be more stable, the latter offers larger 
freedom of material combinations as well as potentially smaller nanoparticles. Contrary to PLD, where heterogeneous nucleation is 
promoted, leading to a self-assembling process of the NPs that create homogeneously dispersed vertical nanostructures or nanorods, 
in CSD the perovskite nanoparticles usually grow randomly oriented due to the sequential growth process of the REBCO phase and
the NPs. The sequential deposition and growth processes favor the homogeneous nucleation of the NPs, generally resulting in a
random and homogeneous distribution in the matrix. Consequently, the appearance of incoherent interfaces between the NPs and
the REBCO phase is much more common in CSD than for in-situ growth techniques.

The conventional in-situ approach for the nanocomposite preparation has been shown to significantly increase the pinning force 
and, consequently, 𝐽c of CSD-grown films. Since in this case the size of the NPs is larger than the coherence length, the pinning-
relevant defects are rather stacking faults associated with the incoherent interfaces between the REBCO phase and the NPs. Similar
improvements in the transport properties have been observed for the ex-situ approach with preformed NPs. Also here, the pinning
mechanism relies on the stacking faults in the vicinity of the NPs. Recently, YBCO nanocomposite films with NPs in the range of 
5 nm were reported, leading to a strong increase of the pinning contribution, which is likely a synergistic association of the stacking 
faults and the NPs themselves since their mean diameter is close to the coherence length.

For BSCCO, the addition of APCs has always been a side topic of academic interest, even though followed by several groups. 
The same systems as for REBCO, i.e. oxides and (double-)perovskites, have been tested. The nanoparticles often occur also in grain 
boundaries and voids, which complicates a clear distinction between different possible effects. Typical 𝐽c enhancements are of the 
order of 2-3, often measured at 77 K self-field or 5 K, 1 T. So far, nanocolumns have not been reported for BSCCO compounds.

MgB2 has the advantage of a coherence length roughly one order of magnitude larger than for the HTS cuprates, thus enabling 
grain boundaries as effective pinning centers. This is deemed advantageous, as it eliminates the need for the fabrication of epitaxial 
single-crystal-like materials, a requirement prevalent in the case of REBCO to attain high critical current densities. Consequently, 
less sophisticated and cheaper technologies will easily generate polycrystalline MgB2 with controlled and maximized critical current 
density. In practice, the sensitivity of MgB2 to specifics of processing, raw materials, additives, and impurities is also high. This is 
because they impact anisotropy, defects, homogeneity, chemical substitution into the MgB2 lattice, local strain, grain boundaries, 
nano- and microstructures, and all these material details are known to influence the pinning efficiency and the quality of the 
superconductor. Therefore, pinning engineering is also of paramount importance for the development of MgB2, which, as for REBCO,
is not trivial. In fact, the mentioned sensitivity of MgB2 is reflected in the field dependencies of the pinning force densities. Namely,
these curves may show peculiar profiles (e.g. broadening, peak shift, kink occurrence) so that fitting with a universal pinning force 
scaling law is uncommon. Moreover, the scaling models based on additive expressions are also shown to fail in MgB2, because the 
pinning force factors extracted by fitting the experimental curves are usually far away from the theoretical ones. Nevertheless, a
scaling model for the grain boundary pinning can work well in the entire temperature domain if a field-dependent coupling factor 
is introduced. This coupling factor can account for the revealed peculiarities of the pinning force and, as indicated by the fitting 
process, is either a single- or double-peaked Gaussian or log-normal function.

Concomitantly, the strategies for enhancing 𝐽c in Fe-based superconducting films have been found to be very similar to the work 
done on cuprates, e.g., deepening the pinning potentials by appropriate doping, avoiding 𝐽c-limiting defects such as large-angle GBs, 
utilizing natural growth defects such as low-angle GBs and dislocation networks, and introducing APCs from oxide nanoparticles, 
especially in Ba122 compounds, or by irradiation. Typical high values of maximum pinning force densities for 𝐵 ∥ 𝑐 at 4–5 K are
around 100 GN/m3, as seen for such different systems as pristine and Mn-doped (Li,Fe)OHFeSe, impinged defects in thin NdFeAs(O,F) 
films, and K-doped Ba122 films. Worth mentioning are two methods for IBS: GB engineering for GB angles close to the critical angle 
of ∼ 9◦ and strain engineering by epitaxy and irradiation. For the former, several groups have shown enhanced 𝐽  values for slightly 
c
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lower degrees of texture (in contrast to the cuprates); the latter has, e.g., been shown for inducing superconductivity in undoped 
parent compounds by epitaxial strain as well as for enhancing both 𝑇c and 𝐽c simultaneously by ion irradiation.

Gaining a comprehensive understanding of radiation-induced damage mechanisms and their impact on 𝑇c and 𝐽c of HTS materials 
is indeed challenging, given the multifaceted nature of the contributing parameters. Nevertheless, such understanding holds the 
potential to expedite the optimization process for superconducting tapes and, of paramount significance, assumes a pivotal role in 
advancing compact fusion technology. Thus, we have revisited prominent irradiation experiments on advanced superconductors, 
with a specific emphasis on evaluating the repercussions of damage radiation on coated conductors and HTS tapes intended for 
real-world applications. Consequently, our investigations have revealed that the morphology of irradiation-induced defects can 
be governed by judiciously selecting the type and energy of impacting particles. This spectrum ranges from point defects in the 
case of electrons to columnar defects arising from high-energy heavy ion irradiations. Moreover, the density and orientation of 
defects can be finely tuned through the adjustment of irradiation fluence and direction. The data consistently reveals overarching 
trends as damage escalates: a gradual decline in 𝑇c and a non-monotonic pattern in 𝐽c, attributed to the interplay of defect-induced 
scattering (detrimental) and enhanced vortex pinning (favorable). The dual role of defects renders the prediction of radiation effects 
on superconducting properties notably challenging.

Furthermore, irradiation has demonstrated its efficacy in adjusting the 𝐽c anisotropy. This adjustment manifests as a decrease 
when isotropically distributed defects are introduced (as seen in irradiations with MeV-energy protons, neutrons, or heavy ions) or 
when irradiation-induced defects render the as-grown anisotropic pinning centers ineffective. Notably, the controlled introduction 
of pinning centers via particle irradiation endows it with exceptional utility as a tool for the development and refinement of pinning 
models. Likewise, we anticipate that a significant surge in irradiation experiments will be directed toward comprehending the 
behavior of HTS conductors within the fusion environment, as this field holds paramount importance for the HTS technology and
its potential growth. However, achieving this objective will demand a multitude of intricate experiments, spanning a wide spectrum 
of fluence ranges and energy levels, where a significant emphasis will be placed on conducting such experiments under both, in-situ
irradiation and operando conditions, given their potential to yield insights of paramount significance.

In conclusion, as the demand for advanced superconductors continues to surge in the context of the energy transition, wherein 
the exceptional current-carrying and magnetic field capabilities of HTS materials are critical for the widespread adoption of compact 
fusion energy systems, hydrogen-cryocooled powertrains for aviation and long-haul trucking industries, and lightweight MW power 
drives for the wind energy sector, among other large scale applications, we anticipate a substantial upsurge in research endeavors 
aimed at increasing 𝐽c through the diverse engineering strategies outlined in Section 6. Concurrently, there will be a concerted effort 
to enhance our comprehension of vortex–defect interactions in applied superconductors, as elucidated in Section 5. Additionally, a
deeper understanding of flux-flow instability regimes in these materials, as explored in Section 4, will be sought from fundamental 
perspectives. These pursuits will collectively aim to maximize and optimize the utilization of these materials in real-world scenarios, 
as discussed in Section 3, guided by robust macroscopic approaches that steer the advancement of superconducting machines, 
magnets, and cables within the energy industry, as elaborated in Section 2. Finally, we note recent efforts to establish a dynamic
database compiling key material properties relevant to HTS-based applications [883]. This includes critical current densities, 
magnetic and thermal parameters, and mechanical and electrical characteristics of structural and auxiliary materials. Such a resource 
is expected to support future design and modelling of advanced superconducting systems.
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