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2.1 Introduction

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

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

(YBCO, Tc = 92 K) in magnetic field. Figure 2.1 shows the performance of
state-of-the-art YBCO thin films with APCs in comparison with other supercon-
ducting materials [1]. It is worth noting the outstanding performance of
APCs-added YBCO films at 77 K, surpassing the conventional superconducting
metallic cables (NbTi, Nb3Sn) at 4.2 K. The incorporation of one-dimensional
defects such as nanorods in YBCO films prepared by pulsed laser deposition
(PLD) could be exemplified as to how effective the APC technology evolves. After
the pioneering work of J. McManus-Driscoll and coworkers on YBCO+BZO
nanorods [2], in 2008 YBCO films added with 4 wt% BSO have been reported to
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generate a Jc = 0.3 MA/cm2 and global pinning force Fp = Jc × B = 28.3 GN/m3

at 77 K, 3 T (B //c) [3]. Rapid progress in the maximum global pinning force in
YBCO added with nanorods has been reported during the following years by
decreasing the operating temperature: 120 GN/m3 at 65 K with niobate addition [4];
405 GN/m3 at 40 K in YBCO added with BHO [5]; 700 GN/m3 at 30 K, 1000
GN/m3 at 20 K [6]; and even 1750 GN/m3 at 4.2 K [7] in YBCO with 25% of Zr.
Besides Fp

max, another parameter used to quantify the applicability range of YBCO
films is the irreversibility field (Birr). Remarkable improvements of Birr (77 K) = 11
T of YBCO+BSO have been published recently. Birr = 14.8 T (77 K) for MOCVD
(Y,Gd)BCO doped with 15% vol Zr [7], Birr = 15 T for LTG-SmBCO-BHO [8],
and Birr = 15.8 T for GdBCO-BHO on Hastelloy [9].

The impressive performances of YBCO added with nanorods are counterbal-
anced by the fact that Jc is found to be intrinsically anisotropic in relation to the
direction of the applied magnetic field with a broad maximum for B//c-axis
direction. Current flow anisotropy was identified as one of the critical issues facing
the practical applicability of these materials since the value of Jc in certain appli-
cations might be needed to be constant in all directions of the applied magnetic field
during machine operation. T. Haugan and coauthors opened the way to solve this

Fig. 2.1 Dependence of critical current density (Jc) on external magnetic field (B) and
temperature (T) for various superconducting wires: NbTi (white line), MgB2 (white dotted line),
Bi-2223 (blue solid line), YBCO (red solid line). In the YBCO case, the maximum of the critical
current density can be obtained in a wide region. (Reproduced with permission from [1] with slight
modification)

16 P. Mele et al.



issue with their seminal work on Y-211 randomly dispersed particles (3D-APCs)
added to YBCO films [10]. After that, big progress has been achieved in YBCO
added with isotropic APCs. Impressively, YBCO added with Y2O3 nanoislands
showed extremely high global pinning force: Fp > 1TN/m3 at 4.2 K [11].

Besides the “basic” one-dimensional and three-dimensional APCs
(two-dimensional APCs have been found to be much more difficult to be estab-
lished), the pinning landscape became extremely rich, thanks to the nanoengi-
neering approach of many groups worldwide in the past decade. Several
combinations of APCs have been tried, such as adding randomly dispersed islands
to the nanorods, cutting the nanorods when nanolayers are deposited parallel to the
films’ thickness, and several more diverse approaches. All of them will be covered
in this extensive review.

This chapter is divided in three parts:

(i) Critical current and pinning force in pure YBCO superconductors and their
limits

(ii) Artificial pinning center approach with broad overview of experimental
results and theoretical models

(iii) Summary of the performance of APCs-added YBCO and general conclusion.

2.2 Critical Current and Pinning Force in Pure
YBa2Cu3Ox Thin Films

After the discovery of YBCO in 1987 [12], the first oxide superconductor with
Tc = 92 K, a temperature that is larger than the boiling point of nitrogen, the great
potential of this material for practical application has been immediately anticipated
and many research groups have focused on the transport properties of sintered
YBCO. Despite of considerably large irreversibility field (Birr ∼ 7 T at 77 K) in the
bulk form of the sintered material, the critical current was found to have very low
values in excess of 102 A/cm2 or so, not surpassing the typical performance of
copper cables.

The reason of the low values of Jc has been found into the low coherence length
of YBCO, so that consequently Jc does not pass easily through the grain boundaries
[13]. Early studies of bulk YBCO and related REBCO (RE = lanthanide rare earth)
materials have been demonstrated that Jc can be enhanced thanks to the alignment
of the grains by melt-texturing-growth (MTG) approach [14]. MTG allowed
obtaining Jc in the order of 104 A/cm2, two orders of magnitude larger than for
sintered material. Indeed, the MTG REBCO materials are able to trap huge values
of magnetic field [15, 16] and can be used for energy storage. However, as a matter
of fact, MTG bulk materials are inherently brittle and then not feasible for devel-
opment of long and flexible cables for the effective transportation of electrical
current.
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The same problem of low critical currents due to the misorientation of the grains
has been found at first in the so-called first-generation wires and tapes (1G-WT),
based on (Bi,Pb)2Sr2Ca2Cu3Ox (Bi-2223) materials and produced by powder-in
tube approach. Bi-2223 tapes can be used for power cables, but are not feasible for
use at 77 K in any magnetic field of significant magnitude. The reason is the drastic
suppression of Birr (T) to the very low value of 0.2 T due to the large anisotropy
[17].

From early 1990s, researchers focused on the development of
“second-generation wires and tapes” (2G-WT). 2G-WT are called “coated con-
ductors” (CC): The superconducting layer (usually YBCO or REBCO) is coated on
a substrate in such a way as to obtain both in-plane and out-of-plane texturing of the
superconducting grains in a biaxial alignment [18]. The biaxial alignment (i.e., the
perfect epitaxy) can be easily obtained on a single crystal, which sizes are few cm,
but is more difficult to achieve over long lengths (on the km scale) which are
indispensable for practical applications.

Two kinds of approaches to prepare long-length CC have been proposed: ion
beam-assisted deposition (IBAD) [19] and rolling-assisted biaxially textured sub-
strates (RABiTS) [20]. IBAD technique involves the deposition of biaxially ori-
ented buffer layer on polycrystalline metallic substrate, followed by deposition of
superconducting film. In RABiTS, the metallic substrate (Ni) is biaxially textured as
effect of cold rolling and recrystallization. The story of 2G-WT is the story of
technological progress on IBAD and RABiTS, with continuous improvement in
performance (critical current and pinning force) and length of the tapes. However,
further discussion on 2G-WT is beyond the scope of this chapter. Nevertheless, the
interested reader is kindly referred to the detailed analysis of the 2G-WT which can
be found in the excellent textbook [21] and reviews [22, 23].

Parallel to the development of IBAD and RABiTS, a plethora of research has
been done and duly published on the fabrication and characterization of YBCO
films on single crystals, and the state-of-the-art advancement was the Jc > 106

A/cm2 (self-field, 77 K, B//c) for YBCO films. It was concluded from this striking
development that YBCO films can carry currents two orders of magnitude larger
than the MTG YBCO materials.

It is quite impressive to see how, in about 28 years, four orders of magnitude
improvement on the value of the critical current in YBCO materials has been
achieved, thanks to the combined progress in material and flux pinning engineering.

The epitaxial YBCO films formed on single-crystal substrates via the
non-equilibrium process such as pulsed laser deposition (PLD) [24] or chemical
routes such as trifluoroacetate-metal oxide deposition (TFA-MOD) [25] and metal
organic chemical vapor deposition (MOCVD) [26] have high Jc of 1–5 MA/cm2 at
77 K and zero field (see, e.g., [27] and references therein, [28]). This is because the
various crystal defects which are naturally formed during the deposition of the
epitaxial YBCO films such as antiphase boundaries, grain boundaries, stacking
faults [29–33], voids, compositional impurities, fine precipitates, and dislocations
[34] exist in a high density in the film, in addition to oxygen vacancies and twins
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[35–37]. Schematic representation of natural defects in YBCO thin films is reported
in Fig. 2.2 [38].

From early studies of PLD-prepared YBCO superconductor films, it has been
proven that the three-dimensional Volmer–Weber growth mechanism creates steps
on crystal substrate which acts as nucleation sites thereafter [27]. AFM images
show growth spirals on PLD film, and this feature was accepted as clear evidence
for the presence of screw dislocations in the structure of the grown films. Fur-
thermore, cross-sectional TEM images have also presented evidence of the
columnar microstructure of the PLD films. This was ascribed to the growth of spiral
columns intertwined with the grain boundaries. The dislocations, both screw and
edge dislocations which are found to extend along the c-axis of the films, have been
suggested to act as strong pinning centers for the vortices in YBCO films. This was
the case since the dislocation core is normal and its diameter is about 1–3 nm,
which is comparable with the coherence length of the superconductor [30–40].
However, it is very difficult to control the density and distribution of the disloca-
tions in order to improve Jc under magnetic fields. This has been the problem for
improving the in-field Jc of the pure YBCO films for a long period of time.

2.3 Critical Current and Pinning Force in YBa2Cu3Ox
Thin Films with Artificial Pinning Centers (APCs)

Based on the Ginzburg–Landau model [41, 42], insertion of additional artificial
pinning centers (APCs) on the nanoscale-prepared films is found to be useful as
well as effective approach in enhancing the dynamic Jc in the complex structure of
these materials. The added defects were found to prevent the movement of vortices.
According to global pinning theory, any non-superconducting region of a size d that

Fig. 2.2 Schematic representation of natural thin-films defects proposed as flux pinning sites in
YBCO. (Reproduced with permission from [38])
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is equivalent to few nanometers or approximately equal to the size of a vortex core
radius can act as APC. Hence, the pinning energy of the vortex is then given by

uP =
B2
c

2μ0
πξ2GLd ð2:1Þ

where Bc is the thermodynamically critical field, and ξGL is the Ginzburg–Landau
coherence length. The elementary pinning force, i.e., the pinning force associated
with one single vortex pinned by one single particle can be written as

fp =Up ̸ ξGL =
B2
c

2μ0
πξGLd ð2:2Þ

The global pinning force FP = Jc × B therefore is directly proportional to the
number of particles N so that the critical current is expressed by

Jc =
FP

B
=

Nfp
B

=
NB2

c

2μ0B
πξGLd ð2:3Þ

A classical representation of (2.2) and (2.3) is used for the analysis of an
YBCO MTG bulk containing round-shaped Y2BaCuO5 (Y211) nanosized particles
having a density Np and lattice spacing af, where 1/Np = af

2√3/2 and size d. In this
case, the critical current density of the system is calculated as

Jc =
πξGLB2

c

2μ0B
ffiffiffiffiffi
ϕ0

p Npd2ffiffiffi
B

p 1−
B
Bc2

� �
ð2:4Þ

It can be seen from the above equation that the Jc of the system is directly
proportional to the volume fraction of the nanoparticles, Npd

3, divided by the size of
the vortex core d or, in other words, the number of YBCO/Y211 interfaces. By
extension, this theoretical approach led the experimentalists to choose an approach
allowing the reduction of the size d of the Y211 inclusions in the films in order to
increase Jc. The refinement of Y211 nanoparticle size and the consequent
improvement of Jc have been successfully accomplished by addition of secondary
phases (e.g., Pt [14]).

The APC approach has been successfully extended to YBCO and REBCO thin
films, and outstanding results, with global pinning force exceeding 30 GN/m3 at
77 K, have been obtained by many groups all over the world in the past 10 years.
Summary of pinning performance at 77 K is given in Fig. 2.3.

In the last 2 or 3 years, several groups focused their investigations on the lower
temperatures (from 30 K down to 4.2 K) and high magnetic fields (from 10 T up to
30 T). The performance of APCs-added YBCO and REBCO overcame the “psy-
chological threshold” of 1000 GN/m3, with the present record value of 1750 GN/m3

at 4.2 K, 30 T for YBCO+15%Zr prepared by MOCVD: 100-fold than the
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maximum pinning force of NbTi at the same temperature [7]. Summary of pinning
performance at 4.2 K is given in Fig. 2.4.

The broad-spectrum strategies so far implemented for the production of super-
conducting thin films doped with different APCs can be classified into three main
stream steps. The preliminary step is directed toward finding an element, elemental
oxide, or elemental compound with feasible APC features. The second step is rather
practical and is concentrated onto how to incorporate the viably defined APCs into
YBCO or REBCO superconducting matrix so that the immediate objective here is
to provide a potential pinning site. The third and final broad strategy was devoted to

Fig. 2.3 The global pinning force Fp drawn against the applied magnetic field B at (77 K, B//c)
for YBCO films with several types of APCs. Majority of the samples are described in the main
text. The Fp performance of NbTi wire at 4.2 K was included as a milestone

Fig. 2.4 The global pinning
force Fp drawn against the
applied magnetic field B at
(4.2 K, B//c) for YBCO films
and tapes with several types
of APCs. The samples are
described in the main text
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the ways and means that could possibly lead to practical control of the spacing and
the spatial distribution of APCs in the superconducting matrix so that a clear
correlation between APCs and the output values of Jc and Fp can be realized.

The APC selection is usually based on empirical trials and can also be predicted
theoretically or in some cases through the combination of the two. While the
analysis of Jc and Fp can be done through modeling of simple empirical equations,
the Ginzburg–Landau theory of superconductivity stood out as best theoretical
background that is extensively used for data analysis. Different examples of APC
engineering approaches for YBCO thin films will be given in the subsequent pages.

One of the most common classifications of the APCs is related to their dimen-
sionality and shape in relation to the superconducting matrix. Four kinds of APC
can be distinguished as follows:

(i) Zero-dimensional APCs (0D-APCs): the defects smaller than ξ, such as
vacancies, cation disorder, or atomic substitutions at Y or RE site

(ii) one-dimensional APCs (1D-APCs), i.e., linear defects: linear dislocations
obtained by decoration of the substrate; columnar defects obtained by heavy
ion irradiation; and columnar defects incorporated by the addition of sec-
ondary phases such as dislocations and columnar defects

(iii) two-dimensional APCs (2D-APCs), i.e., planar defects such as interfaces in
multilayers, small-angle grain boundaries, antiphase boundaries, and surfaces
of large precipitates

(iv) Three-dimensional APCs (3D-APCs) such as nanoparticles and secondary
phases of the scale of ξ or more.

Other four subcategories are generally obtained by the combination or modifi-
cation of the aforementioned main types which include:

(v) Segmented 1D-APCs, obtained by alternating layers with pure YBCO and
layers of YBCO+nanocolumns

(vi) Mixed 1D+3D APCs, obtained by simultaneous combination of columnar
defects and nanoparticles in hybrid films

(vii) Multilayered 1D+3D-APCs obtained by alternating columnar defects and
nanoparticles in multilayers

(viii) Combined multilayers and nanorods, obtained by simultaneous incorpora-
tion of APCs engineered parallel and perpendicular to the c-axis of the film.

Figure 2.5 represents the four basic cases and their most common combinations.

2.3.1 Zero-Dimensional APCs (0D-APCs)

0D-APCs (or dilute doping, or minute doping) of YBCO or REBCO thin films is
referred to the substitution of very small amounts of foreign elements at Y or RE
site. Several substitutions by element M (M = Tb, Ce, Pr, Nd, La, Co, and Eu) at
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the Y site of YBCO and RE site of REBCO (RE = Dy) were studied [43–48]. The
doping enhances Jc and Fp over the range of the applied magnetic fields, and this is
attributed to two intertwinned factors. Firstly, there is the enhanced concentration of
nanoprecipitates of these substituents in YBCO film compared to the case of the
pure YBCO one (see Fig. 2.6a). Consequently, the resulting stress field induces
lattice misfit in the final structure of the hybrid film. In the case of YBCO added
with Eu at Y site, the most consistent self-field transport Jc values were achieved for
Y/Eu = 0.7/0.3 films, with arguably the densest and smoothest microstructures
(Fig. 2.6b).

Advanced doping with three different rare earth elements at RE site was tried in
the middle of 1990s in melt-textured (Nd0.33Eu0.33Gd0.33)Ba2Cu3Ox (NEG-123)

Fig. 2.5 Schematic
representation of nanometric
artificial pinning centers
(APCs) of different
dimensionality incorporated
in YBCO superconducting
thin film. Details are given in
the main text
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and has shown marvelous performances in terms of Jc and irreversibility field [49,
50]. In the bulk form of these materials, the self-field Jc at 77 K has reached the
level of 105 A/cm2 (H//c-axis), and the irreversibility field was recorded ∼15 T
when the measurement was performed at the applied field of 5 T. A very important
as well as intuitive aspect deduced from the early results is the possibility to reduce
the pinning defect size down to nanoscale level and to engineer a method that
brings the defect size close to the coherence length. These nanoscale particles of
secondary phases, Zn, Mo, Ti, Nb, etc., have eventually enhanced the flux pinning
of these materials up to 3 times compared to that measured on pristine YBCO
compounds. As a result, the pinning force density remained strong up to the liquid
oxygen temperature (90.2 K), which enables magnetic levitation near to the vicinity
of critical temperature of YBCO [51]. The applicability of levitation technology is
thus extended by about 13 K above the usual limit of the boiling point of liquid
nitrogen.

Along this line, studies on NEG-123 films were tried with emphasis on the great
potential of this material for practical applications [52–54]. In comparison with
GdBCO films, pinning performance and irreversibility field were enhanced. It
appeared, however, that there is not much difference between the Jc and Fp values
of the NEG-123 films and the bulk form of the same material. This fact may be
related to issues regarding the structural optimization.

2.3.2 One-Dimensional APCs (1D-APCs)

In the attempt to improve Jc over a wide range of magnetic fields and field ori-
entations, the one-dimensional artificial pinning centers (1D-APCs) in the form of

Fig. 2.6 a SEM micrograph showing nanoprecipitates on the surface of (Y0.7Eu0.3)Ba2Cu3Oy film
grown on CeO2–YSZ substrate; b Jc (77.2 K) of (Y0.7Eu0.3)Ba2Cu3O and YBCO films on CeO2–

YSZ substrates, for varying angle and Happl = 0.2 and 1 T; θ = 0° corresponds to H//c, and
θ = 90° is for H//ab. (Both panels reproduced with permission from [44])
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columnar defects, screw and edge dislocations, and their consequential lattice strain
constitute the most investigated type of pinning centers associated with films and
coated conductors alike. This type of pinning centers is generally classified into
three subcategories.

The first category comprises columnar defects that are introduced into the film
by heavy ion and/or neutron irradiation.

The second subtype is the linear dislocations which can be obtained by deco-
ration of substrate prior to the thin-film deposition.

Nanocolumns composed of secondary non-superconducting phases incorporated
in superconducting film encompass the third subtype: the 1D nanorods. The ability
of these 1D nanorods in restraining the vortex flux line mobility and, hence, the
dramatic improvement of Jc and the global flux pinning Fp were clearly demon-
strated in the optimally doped BaMO3–YBCO samples with (M = Zr, and Sn) [3].
A comparison of the Fp values of the two samples, however, showed that the global
pinning is larger in the BaSnO3-doped sample. Additions of other perovskite
(BaHfO3) or double perovskite nanorods were tried as well.

2.3.2.1 Columnar Defects by Neutron and Ion Irradiation

In the first half of 1990s, significant efforts have been made to create
non-superconducting columns by high-energy irradiation of YBCO single crystals
or thin films with neutrons and heavy ions [55–59]. Both neutrons and heavy ions
have been found as efficient tools for improving Jc, Fp, Birr of the thin films since
the size of defects and vortex core is comparable. Furthermore, the size, density,
and shape of defects are controllable though variation of energy and fluence of the
ions or neutrons.

Due to the high cost of irradiation, this top-down approach was confined to
small-size samples and laboratory studies for long time. Very recently [60],
development of reel-to-reel neutron irradiation facility drastically lowered the cost
to few USD/m so that this way appears feasible for large-scale applications. In the
framework of this “revival,” fast irradiation (exposure of just one second per
0.8 cm2) by 3.5 meV oxygen ions significantly improves the in-field performance
of YBCO tapes without modification of the coating conductor growth in the
industrial process [61].

Develos-Bagarinao et al. [62] proposed a cost-effective way to create nanopores
in MOD YBCO films: conventional Ar ion milling of the films through nanoporous
anodic aluminum oxide (AAO) templates. After irradiation, etching of the YBCO
film revealed columnar voids deeply penetrating into YBCO matrix (Fig. 2.7a).
Despite to low pore density (∼4.56 μm−2), in-field Jc (2 T) was enhanced by a
factor of two with respect to the Jc of the unirradiated films, with typical ab-pinning
(Fig. 2.7b). With AAO membranes having much higher density of pores,
c-axis-correlated pinning and much higher Jc are expected.

Another original approach has been proposed by Sueyoshi et al. [63] by
investigating the flux pinning property in a GdBCO-coated conductor splayed with
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Xe+ ions where the resulted columnar defects were oriented parallel to both c-axis
and the ab plane. The angular dependence of Jc(θ) has been shown to produce
multiple maxima in the field angular orientation dependence of the critical current.

2.3.2.2 Linear APCs in YBCO Films Deposited on Decorated
Substrates and on Functional Buffers

The first bottom-up approach to produce 1D-APCs was the deposition of nanodots
on the substrates followed by deposition of the superconducting film. The imme-
diate effect of the decoration of substrates by 1D-APCs is the formation of linear
dislocations parallel to the c-axis of the superconducting film. This procedure is
now usually named “substrate decoration method.”

In the pioneering work of Crisan et al. [64–66], they deposited an amorphous
phase of Tl-based thin-film superconductor on substrates decorated by sputtered Ag
nanodots. This approach was successful, and the Jc was enhanced to a value more
than one order of magnitude (Fig. 2.8). The drawback of Tl-based materials lies in
their unsuitability for applications because of the toxicity of Tl. Later on, the
technology was applied to YBCO films, numerous studies on improvement of Jc by
linear defects induced by decoration were published so far, and several decoration
techniques were subsequently employed. Examples are annealed CeO2 buffer for
YBCO films [67, 68], iridium-sputtered particles for YBCO films [69], Au, Ag, and
Pd PLD-deposited nanodots [70, 71], spin-coated BaTiO3 and BaZrO3 nanoparti-
cles [72], gas-phase-deposited Y2O3 particles [73], and PLD-deposited Y2O3

particles [74].

Fig. 2.7 a Cross-sectional SEM image of an Ar ion-milled, Br-ethanol chemically etched YBCO
film. The arrow indicates a typical columnar void created by the ion milling and subsequent
etching (reproduced with permission). b In-field current-carrying performance and structural
properties comparing as-grown to ion-milled YBCO films: Angle-dependent Jc (θ) at 77.3 K, 1 T
of as-grown YBCO and ion-milled YBCO. The inset shows the ratio Jc(B//ab)/Jc(B//c) as a
function of applied field. (Both panels reproduced with permission and slightly modified from
[62])
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K. Matsumoto et al. proposed the formation of distributed nanosized Y2O3

islands on the substrate surface, followed by YBCO [75–80] or SmBCO [81]
deposition. Depending on deposition conditions, the formation of yttria nanoislands
of diameter 15–50 nm and height 4–10 nm was found to require a small number of
laser shots, typically 5–10. After chemically etching deposited YBCO films, the
density of the etch pits and the distance between closest neighbors are nearly
identical to those observed for the nanoislands. Nanoislands induce the formation of
extended linear defects such as dislocations, and nearly, all the islands can induce
dislocations inside the film. In such a way, the density of dislocations was enhanced
up to 200–220/μm2

—about three times larger than the natural dislocation density
values. In the best conditions (substrate decorated with 10 laser pulses on Y2O3

target), both Jc and the maximum global pinning force of the samples at 77 K were
enhanced by up to 1.7 times than those of pure YBCO film deposited in the same
conditions, and clear c-axis-correlated pinning was observed.

Although the fabrication of PLD film on the decorated substrate results in an
enhancement of Jc in magnetic field, the decoration technique is very laborious and
delicate process. The growth window for deposition is very narrow where a small
difference in the number of the laser shots can radically change the size and dis-
tribution of the nanoislands in the film.

More recently, Tsai and coworkers deposited YBCO films by PLD on STO
substrates buffered with (Fe2O3)x(CeO2)1–x functional ferromagnetic composite
[82]. The Fe2O3 vertically aligned nanopillars (VAN) embedded in CeO2 matrix
provide significant increase in the Jc (Fig. 2.9) due to pronounced magnetic pinning
effect. The amount of nanopillars can be tuned by varying the concentration x of
Fe2O3 in the matrix. Best result was obtained when x = 0.3: Fp

max (65 K) ∼ 20
GN/m3, Fp

max (40 K) ∼ 180 GN/m3, and Fp
max (5 K) ∼ 1100 GN/m3.

Fig. 2.8 a Atomic force micrograph of Ag islands grown on annealed SrTiO3 (100) by 5 s rf
sputtering; b Critical current density of (Cu, Tl)BaSrCa2Cu3Oy films grown on substrate without
(empty symbols) and with (filled symbols) Ag nanodots at 77 K and various dc fields, estimated
from Brandt’s formula. (Both panels reproduced with permission from [64])
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2.3.2.3 Oxide Nanocolumns Embedded in Superconducting Films

The majority of published reports on 1D-APCs is devoted to the formation and
characterization of self-aligned nanorods of 5–15 nm diameter grown in the
epitaxial YBCO films by ablation of YBCO target doped with a small wt% of
perovskites BaMO3 (BMO, M = Zr, Sn, Hf) by PLD or MOCVD methods [2–4,
83–128].

A key question related to columnar 1D-APCs is: Why perovskites (BMO) form
nanorods in YBCO while other dopants (Y2O3 for example) do not? This question
remained unanswered for several years. Wu et al. [129–134] recently proposed an
explanation based on the interfacial strain (Fig. 2.10).

(i) the local YBCO/dopant interfacial strain, extended for few nm around the
dopant, determines the morphology of the nanostructures (vertical align-
ment = nanorods) or horizontal alignment (particles or nanopatches) inside
the films (Fig. 2.10a);

(ii) the global film (YBCO+incorporated dopants)/substrate interfacial strain,
extended for hundreds of nm, tunes the 1D-APC landscape: Nanorod orien-
tation evolves as c-aligned → splayed → ab-aligned (i.e., nanopatches or
nanolayers) as the global strain increases. It is worth noting that if the global
strain is negligible, nanorods remain parallel to the c-axis up to very high
concentrations of the dopant (up to 45 vol.%) (Fig. 2.10b).

Fig. 2.9 a Cross-sectional high-resolution TEM micrographs and b illustration of pinning
landscape of (Fe2O3)0.3:(CeO2)0.7 buffer containing vertically aligned nanopillars (VAN) below
YBCO film. c In-field performance (Jc(B//c)) as a function of applied magnetic field plots of the
VAN nanolayers doped samples compared with the reference YBCO sample measured at 65 K.
(All panels reproduced with permission and slightly modified from [82])
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Additionally, in [132–134], Wu and coworkers applied an elastic strain model to
understand the effect of the lattice strain on the diameter of the BZO nanorods
embedded in YBCO films. They found that the radius R of the nanorods was not
dramatically affected by the concentration of BZO in the targets and is varying only
slightly in the range χ = 0.2 ∼ 0.7, where χ = R/D, the ratio between radius of the
nanorods (R), and distance between two adjacent nanorods (D). R can be predicted
from c and Eelastic of the nanorods according to the relation

R=
γSχ

2

γ0 + γ1χ2 −Eelastic
ð2:5Þ

where γs = Csεrod, γ0 = C0εrod, and γ1 = C0εrod; Cs, C0, and C1 are constants, while
εrod, the elastic energy of the nanorods, is calculated from the elastic constants cij of
BZO and YBCO and mismatch between YBCO and the nanorods.

This approach can be extended to YBCO-BSO and YBCO-BHO [134]. Fig-
ure 2.11 shows as individual points the experimental values of R as reported from
several groups and our predicted value of R for the three systems YBCO-BZO,
YBCO-BSO, and YBCO-BHO using different values of the constants. It appears
that RBSO > RBZO > RBHO. Our results are consistent with [134] even if in such
work same value of γ0 = 180 is used for the three systems. This suggests a uni-
versal behavior for R versus χ. It is quite remarkable that following this approach it

Fig. 2.10 a Threshold of f1/f3 as a function of w2 for nanodefects (BZO, BSO, Y2O3, CeO2)
orientation in the c-oriented YBCO film on lattice-matched substrates, where f1 and f3 are the
lattice mismatch between the film and dopant in the [100] and [001] directions, respectively, and
w2 is a function of the elastic constants of the dopant. Below (above) the solid curve, the vertical
(horizontal) alignment is unattainable (Reproduced with permission from [125]). b Phase diagram
for BZO nanostructure in c-axis-oriented YBCO films, where r(%) is the volume density of BZO
in the film, f is the vicinal angle of STO substrate, and fs is the substrate/film lattice mismatch.
The solid curve is the calculated phase boundary. Experimental points are indicated by triangles
(c-axis-aligned nanorods), squares (ab plane-aligned nanopatches and circles (mixed nanorods and
nanopatches). (Reproduced with permission from [87])
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is possible to predict the diameter and density of the nanorods (or any other kind of
defect) embedded in a film knowing the elastic constants and crystalline parameters
of the materials.

Another systematic work comparing the effect of BMO (M = Zr, Sn, Hf) on the
superconducting properties of YBCO was recently proposed by Horide et al. [83]. It
was shown that only Bϕ (i.e., the density of the nanorods) and not BMO selection
nor wt% content are affecting the Tirr/Tc curves.

When the nanorods are added to a YBCO film, the maximum pinning force is
given for B//c direction, and the critical current can be calculated from the solution
of the London and Ginzburg–Landau equations for the case of columnar pins [42]:

Jcolumnsc =
Φ0

32π2ξabλ
2
ab

ln 1+
C0ffiffiffi
2

p
ξab

� �2
 !

ð2:6Þ

In this expression, C0 is the radius of the columnar pin, Φ0 is the flux quanta,
λab = λ0 (1 − t4)−0.5 is the London penetration depth in the ab plane, ξab = ξ0
(1 − t)−0.5 is the coherence length in the ab plane, and t is the reduced temperature:
t = T/Tc. Equation (2.5) is valid when the sizes of defects and the coherence length
in the ab plane are comparable. In the case of YBCO, λ0 = 150 nm and
ξ0 = 1.5 nm [17].

Fig. 2.11 Nanorod radius calculated from (2.5) as a function of χ for BZO (blue continuous line),
BSO (red dashed line), and BHO (green dashed and dotted line) nanorods in YBCO films, using
Cs = 0.9, C1 = 85, C0 = 275 for BZO; Cs = 0.5, C1 = 75, C0 = 316 for BSO; and Cs = 0.4,
C1 = 100, C0 = 290 for BHO (see main text for details). Individual points are the measured
nanorod radius of BZO in YBCO from [88] (blue filled squares), [84] (blue empty square), [132]
(blue filled diamond), [6] (blue empty diamond), [111] (blue filled triangle), [3] (blue empty
triangle), and [83] (blue filled circle); BSO in YBCO from [117] (red filled triangles), [116] (red
filled squares), [115] (red empty square), and [79] (red filled circle); BHO in YBCO from [83]
(green filled circle) and an unpublished work (Mele et al. 2013) (green filled diamonds)
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BaZrO3 (BZO) Nanocolumns

In the early times (2005), BaZrO3 (BZO) was very popular material to be used as
dopant. The first report has been published by McManus-Driscoll et al. [2] and
immediately followed by the publication of many more reports in which the like-
lihood of the new dopant as a good pinning catalyst is revealed [84–100]. The
nanorods are found to accumulate longitudinal and parallel to the c-axis of the
films, and they act as c-axis-correlated pinning centers (Fig. 2.12). By utilizing the
BZO doping in YBCO films, the Jc was pushed up and eventually reached 0.7
MA/cm2 (77 K, 1 T, B//c) and 0.1 MA/cm2 (77 K, 5 T, B//c). The achieved values
correspond to several times Jc of the epitaxial YBCO films. Consequently, the Fp

max

is increased to reach values of 12–16 GN/m3 (77 K, B//c) which are quite close to
those of NbTi (16 GN/m3, 4.2 K). It was noticed that there is an optimal value in
the amount of BZO doping, but the matching field Bϕ value has also reached 8–10
T. As a result, the Birr curve is greatly pushed up to the high magnetic field side
from 5–7 T to 8–11 T at 77 K and B//c. Introduction of BZO nanorods by means of
mixed target or surface-modified targets was carried out, and similar results were
reported for several other REBCO materials with higher Tc than YBCO, such as
NdBCO [101–104], ErBCO [105–108], EuBCO [109], and the LTG-SmBCO [110].

In thin films prepared by PLD, the performance of BZO-added YBCO was
surpassed by BSO and BHO (see the following paragraphs). Nevertheless, more

Fig. 2.12 a Low-magnification TEM micrograph showing nanoparticles of BaZrO3 in YBCO
+BaZrO3 films on STO-buffered MgO single crystals. Some of the nanoparticles have been
labeled using white arrows and some of the columnar defects by black arrows; b normalized
critical current density Jc/Jc (sf) at 75.5 K versus magnetic field applied parallel to the c-axis for
pure YBCO and YBCO+BaZrO3 films deposited on single-crystal SrTiO3 substrates; inset shows
the angular dependence of Jc at 1 T with sample 60 data multiplied by 0.75. Open points are for
pure YBCO, and filled points are for YBCO+BaZrO3. (Both panels reproduced with permission
from [2])
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recently, the group of V. Selvamanickam at Houston University [6, 111–113]
reported outstanding results in (Y,Gd)BCO thin films (thickness about 0.9 μm)
deposited by MOCVD method, incorporating heavy concentrations of Zr (7.5%,
15%, 25% in volume). In 15% BZO-added (Y, Gd)BCO, the maximum pinning
force density Fp

max reached 14 GN/m3 at 5 T, 77 K, which is comparable with Fp
max

of NbTi at 4.2 K, and the impressive 1.7 TN/m3 at 4.2 K [6]. Another significant
finding is the extremely high Birr at (77 K) ∼ 14.8 T, a value that surpasses the
Birr ∼ 11 T of the NbTi superconductor at 4.2 K [6].

Eventually, thickness of the films was increased up to 2.2 μm with incorporation
of BZO nanorods fully extended throughout the whole thickness of the film
(Fig. 2.13a), and addition of 20% Zr was recognized [6] as the most effective with
critical current of 4206 A/12 mm at 30 K, 2.5 T, corresponding to Jc of about 15
MA/cm2. This performance exceeds a fourfold improvement in critical current at
the operating condition of a 10 MW wind generator (3000 A/12 mm at 30 K, 2.5
T). Indeed, it is a factor of 5.6 higher than the critical current values of commercial
coated conductors available today. Linear correlation can be established between Jc
(77 K, 3 T, B//c) and Jc (T, B//c) for temperatures lower than 20 K and fields larger
than 9 T [112]. Indeed, it has been demonstrated that in these MOCVD-YBCO
films highly doped with Zr, the requirement to have Jc of 15 MA/cm2 at 30 K, 2.5 T
(B//c) is to have a large self-field Jc at 77 K: between 2.5 and 3.8 MA/cm2 [113]. In
the present status, the MOCVD-(Y,Gd)BCO +BZO tapes appear as the most
promising material for practical application of the second-generation tapes. Sum-
mary of the performances of MOCVD-YBCO-Zr tapes is reported in Fig. 2.13b.

Fig. 2.13 a Cross-sectional TEM image of a 2.2-mm-thick 20 mol% Zr-doped (Gd, Y)BaCuO
thin film showing well-aligned BaZrO3 nanocolumns throughout the film thickness; b magnetic
field dependence of critical currents of a 2.2 mm GdBCO tape with 20% mol addition of Zr and the
best 0.9-mm-thick GdBCO tapes with 7.5%, 15%, and 25% addition at 30 K in the orientation of
filed parallel to the c-axis. (Both figures reproduced with permission from [6])
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BaSnO3 (BSO) Nanocolumns

The BaSnO3 (BSO) nanocolumns introduced into YBCO were the next try for
finding a better nanocomposite superconducting film. Numerous works related to
the introduction of the relatively new dopant into YBCO were published in the
literature [3, 114–122]. The rather dense and straight in shape BSO nanorods are
easily formed in YBCO films. Because the lattice mismatch of BSO compound with
YBCO is better than that of the BZO, deterioration of Tc of the films due to the
presence of non-superconducting species in the superconducting matrix is moder-
ate. As a result, the YBCO thin films with BSO nanorods are found to have
excellent pinning properties.

Historically, first reports on the BSO-added YBCO were published by Varanasi
et al. [114–118]. They used a pie-shaped YBCO target, removing a 30° YBCO
sector and substituting it with a BSO sector. The periodical ablation in PLD
chamber of BSO sector generated BSO nanorods parallel to the c-axis of the film
(Fig. 2.14a). The angular dependence of Jc shows wide peak with a maximum at
B//c direction, which is the signature of c-axis-correlated pinning (Fig. 2.14b).

The YBCO-BSO system was extensively studied by Mele et al. [117] proposing
systematic increment of the BSO content by means of mixed YBCO-BSO targets.
Same as in the case of BZO, the perovskite phase is incorporated in the YBCO film
with a shape of nanorods, independently from the way used to add the second phase
to the target (pie-shaped or mixed).

Figure 2.15 shows the morphology and Fp(B) characteristics of YBCO+BSO
films with systematic increment of BSO content. It is clear that concentration and
diameter of the nanorods increase with the BSO content in the target. The highest
Fp
max of the 4wt% BSO-doped YBCO film is 28.3 GN/m3 (77 K, B//c), and it

corresponds to about twice as much compared to the BZO-doped films of the same

Fig. 2.14 a Cross-sectional TEM image of an YBCO+BSO sample on a LaAlO3 substrate. The
particles were identified to be BaSnO3 in the selected area diffraction pattern. Nanocolumns
extending through the thickness are marked by arrows; b angular dependence of Jc values of
YBCO+BSO sample on a LaAlO3 substrate at various applied fields of 1, 3, and 5 T at 77 K.
(Both figures reproduced with permission from [115])
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concentration of 4 wt% BZO [3]. Analysis of the data reported by Mele et al. [117]
for a series of YBCO+BSO thin films and the calculations of Jc using (2.5) are
listed in Table 2.1.

From the data displayed in Table 2.1, it is obvious that the measured and the
calculated values extracted from all the samples follow a similar trend with the
concentration of BSO, with a maximum for 4wt% BSO-added sample. This means
that increasing the amount of APCs, which lead to the reduction of the mean
separation distance between the columns, does not increase Jc indefinitely. Instead,
it has been shown that the enclosure of too many defects in the superconducting
matrix has a detrimental effect since the resulting current-blocking effect stifles or
thwarts the movement of vortices. In this regard, it can be concluded that the 4 wt%
BSO content represents the best compromise between the amount of APCs and the
current flow hindrance that primarily stems from the effect of current blocking. To
further justify this argument, qualitative as well as quantitative analysis of the
samples results from this series is given below.

Fig. 2.15 TEM cross-sectional images of YBCO films incorporated with increasing amount of
BSO: a 2wt%, b 4wt%, c 6wt%, and d 8wt%; e global pinning force Fp (T = 77 K, B//c) for YBCO
films added with increasing content of BSO (2, 4, 6, 8 wt%). (Panels a∼d are reproduced with
permission from [117] with slight modifications)

Table 2.1 Physical
parameters, calculated Jc and
measured Jc (0 T, 77 K) for
YBCO+BSO films

BaSnO3 wt% 2 4 6 8
APCs (m−2) ( × 10−15) 0.91 2.30 5.10 6.80
d (nm) 30 21 14 12
Tc (K) 88.68 88.57 86.46 83.08
C0 (nm) 3.8 4.28 4.3 5.5
U0 (N) ( × 10−12) 1.01 1.4 0.84 0.59
Calculated Jc 12 16.3 9 5
Measured Jc 0.89 1.64 0.54 0.23
Jc calc/Jc meas 13.5 9.94 16.7 22
Eff. Curr. blocking 16% 37% 50% 71%
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It is known that the pinning force per unit length of the pinned flux line is
proportional to the work done to interchange the flux line from a point to another
point where the flux pinning is smaller. In this case, the equation of proportionality
is written as Fp α ΔWL/x, where ΔW being the work done to transfer the flux line to
the new point, L is the length of the flux line, and x is the extent of pinning
interface. The pinning force density Fp is then customarily calculated from the
temperature and/or field dependence Jc(T, B) data according to the function
Fp = Jc × B. As shown in Fig. 2.8a, the behavior of the field-dependent Fp(B) at
B//c direction is depicted for the 1D inclusion of BSO+YBCO samples with
varying BSO concentration, as listed in the legend. Data from the undoped pristine
YBCO sample and a standard (NbTi, measured at 4.2 K) sample are also shown for
comparison. To elucidate additional information from this graph, Fig. 2.15e shows
further split into two more figures as presented in Fig. 2.16a, b, respectively.
Figure 2.16 depicts a comparative plot of the global pinning force density Fp as a
function of the reduced field b for four different YBCO films engineered with four
different 1D nanorod additives. As evident from the figure, the 4 wt% BSO-added
YBCO film has clear superior pinning performance, both in the maximum pinning
value of about 28.30 GN/m3 and in the position of this maximum at about 0.4
reduced field. Since the effectiveness of the pinning force in all the four samples is
dominated by the 1D columnar pins due to the presence of these four types of 1D
ingredient, we can safely conclude that the 4 wt% BSO-added YBCO sample has a
better control of the vortex pinning force associated with 1D pinning centers.

The scaling behavior of the 4 wt% BSO-YBCO sample is further fitted to the
Dew–Hughes like equation Fp = Abm(1-b)n where A is a scaling constant and
m = 0.5 and n = 2.5 are fitting parameters. The original Dew–Hughes model
roughly gives m = 1 and n = 2 and the maximum Fp

max at b ≈ 0.25 and 0.35 for
either 1D or 3D point pinning. It should be noted here that the parameters m and
n may be necessary for fitting purposes, but they might not be sufficient for the
determination of the exact type of pinning associated with the samples. Important
information about the dominant pinning mechanism, however, may be extracted

Fig. 2.16 Global pinning force Fp as a function of reduced field for a the 4 wt% BSO+YBCO
sample and b the rest of the BSO-doped YBCO series of samples (2, 6, and 8 wt%). Ginzburg–
Landau related fitting of the experimental data is described in the main text
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from the pinning curve when vertically extrapolated down to the reduced field axis.
As demonstrated in Fig. 2.16a, b, the BSO+YBCO set of samples provides dif-
ferent maxima reflecting the relative strength of pinning force related to their
Fp(B) curves and the amount of the 1D species as well. Had it been for a single
pinning mechanism produced by the BSO doping with different percentage in the
samples, the scaling behavior of the preceding equation should have coincided with
the maximum pinning from the experimental data. But this does not seem to be the
case here. Accordingly, there may at least be two different varieties of pinning force
mechanisms competing for a dominant role in this set of samples. Maximum pin-
ning for the 2 wt% BSO, the 6 wt% BSO, and the 8 wt% BSO samples corresponds
to b ≈ 0.15, b ≈ 0.31, and b ≈ 0.035, respectively. It can be deduced from these
values that the 2, 6, and 8 wt% BSO concentration on the YBCO films acts only as
uncorrelated defect point pinning with which each sample has an Ic(B) value and an
Fp(B) value that is less compared to that of the virgin YBCO sample. This assertion
is valid for the data shown in Fig. 2.16b. A reduced field b ≈ 0.4 is, however, being
verified for the 4 wt% BSO-added YBCO sample (Fig. 2.16a), a value closer to 0.7
where pinning mechanisms in a superconductor are dominated by the variation in
the order parameter δl. We believe that the 4 wt% BSO contents have, to a certain
degree, resulted in different reaction between its non-superconducting precipitates
and the superconducting matrix. From Fig. 2.16a, b, it is conceivable to distinguish
two types of pinning behaviors accompanying this sample: The highest Ic recorded
for the 4 wt% BSO+YBCO sample among this series may partially be due to
well-arranged nanoscale defects resulted from the concomitant crystal growth
during PLD deposition of the film using a mixed target. These correlated defects
later contribute to δl pinning mechanism which is responsible for the enhancement
of Ic(B) in the low-field regime. The second type of pinning mechanism that can be
associated with the behavior of this sample is δTc pinning which is commonly
known to be the necessary precursor that enriches the value of Ic(B) at high-field
regime.

In the mixed state of a type II superconductor, flux pinning has a substantial
effect in resisting the entry and exit of vortex flux into the material. It is apparent
that the 2, 6, and 8 wt% BSO concentrations into the YBCO have created disjointed
defects of sizes not in tandem with the superconducting order parameter or par-
ticularly the penetration depth, λ.

In such a situation, the unfavorable effect of the impurity sites (i.e., weak pinning
centers) pushes the vortex flux lines to assume a distortive energy state. For the
4 wt% BSO sample, where pinning centers are strong, although the flux vortex
lattice is little distorted, it is expected that each vortex flux line is individually
pinned. It was reported that the vastly improved Ic(B) and Fp(B) properties in the
4 wt% BSO sample were mainly due to the effective length of the BSO defects
(nanorods) which contributed to a positive superconducting energy exchange
between the flux pinning mechanism and the flux density from the externally
applied magnetic field [7, 117].

Figure 2.17a shows the angular dependence of the transport critical current Ic(θ)
at 77 K for the 4 wt% BSO+YBCO sample. The measurements were performed
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under magnetic fields of 1, 3, and 5 T, respectively. The field orientation angle θ
points to the direction of the applied magnetic field with respect to the c-axis of the
film.

With the aim to better understand the cause of the flux pinning mechanisms
which is the main cause of driving the vortex pinning force density of a high Tc
superconductor in a magnetic field, it is of crucial importance to discuss the angular
dependence Ic(θ) data taking into consideration the response of the sample to a
varying field values across a wide range of the measuring angles. We shall start the
discussion from the viewpoint of the Blatter model [33, 34]. In a YBCO super-
conductor although generally regarded as less anisotropic, the Ic(θ) can be found to
have strong dependence on the orientation of the applied magnetic field with respect
to the crystallographic axis directions. Indeed, this was the case when the APCs are
accommodated in the pristine YBCO films so as to improve the pinning potential in
the material. As viewed from Fig. 2.17a, the anisotropy of the crystallographic axes
a and b with their level located along the cuprate plane can show sharp but rela-
tively small peak at θ = 90° when the applied field B is parallel to ab plane (B//ab).
The physical meaning of the isotropic or intrinsic pinning of this orientation is that
the vortices revolving parallel to the ab plane are strongly pinned by the presence of
point defects such as 1D- and 3D-APCs, and the weakly superconducting layers
between the CuO2 planes. The physical properties of the isotropic contribution to
the overall pinning landscape is therefore largely explained by the Blatter scaling
approach for the vortex flux line in the anisotropic Ginzburg–Landau (GL) theory.
The Blatter model has shown that the anisotropy of a superconductor can have an
anisotropic parameter, ε:

ε= 1
γ =

λab
λc

= ξc
ξab

=
ffiffiffiffiffiffi
mab
mc

q
where mab, mc and λab, λc, ξab, ξc are the mass tensor

and the anisotropic superconducting parameters in the a, b, and c crystallographic
directions. The effective magnetic field in play in this case is given by B
(θ) = εθB. The Blatter scaling model can then be given for anisotropic

Fig. 2.17 Ic(θ) dependence for 4 wt% BSO+YBCO sample. a Data at 77 K and 1, 3, 5 T, with a
draw of a Ginzburg–Landau scale to indicate the estimate of isotropic pinning line; b replot of
(77 K,1 T) data fitted by a Gaussian expression
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superconductor as εθ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2θ+ ε2cos2θ

p
with θ being the angle between the

applied field B and the ab crystal plane.
The scaling method used to produce Fig. 2.17a can hardly scale the seemingly

isotropic contribution of the 4 wt% BSO-doped YBCO sample. The reasons for the
discrepancy between the experimental data and the scaled fit can be viewed from
the points that the scaling approach assumes the material to be strictly isotropic so
that the scaling coefficient γ ≈ 5–7. The reason mentioned in the preceding line
could lead to the assertion that the pinning behavior of the 1D BSO species of
existing concentration in YBCO film is also not isotropic enough apart from the
narrow window in the vicinity of 85° ≤ θ ≤ 105° where pinning mechanism is
due to random defects or uncorrelated disorder. However, the scaling approach has
no answer to the huge and rather extended peak centered around θ = 180°.
Moreover, the angular-dependent Jc(θ) for YBCO films deposited on different
substrates shows that it is extremely difficult to account for the combined effect of
random defects and mass anisotropy when the Jc(θ) data are mapped across a wide
angular range. It was concluded that the effect of correlated pinning structure in the
samples with the maximum at both θ = 90° and θ = 180° cannot be accounted for
by the anisotropic scaling [102].

Since the data presented in Fig. 2.17a are highly anisotropic across the
advancing angular range, we use a Gaussian statistical expression to account for the
enormous pinning effect of the 4 wt% BSO nanocolumns in the vortex flux pinning
mechanism of this YBCO sample. Figure 2.17b shows the model fit to the 1 T Ic(θ)
data.

The Gaussian statistical expression used to fit the data shown in Fig. 2.1 can be
written as

IcðθÞ= Iðcð0ÞÞn exp ∑
3

n=1
−

θ− βn
δn

� �� �2

ð2:7Þ

where the numerical coefficients for the quantities appearing in the (2.6) are shown
in Table 2.2.

In the fit shown in Fig. 2.17b, the θ values across the angular range are nor-
malized by means of 131.4° where the coefficients are 95% confidence bound and
the goodness of fit was R2 = 0.99. From the data shown in Table 2.2, it is clear that
the data of the sample are divided into three regions, the isotropic peak, the plateau,
and the enormously huge anisotropic peak at the far right of the curve. Unlike the
original anisotropic GL model where the isotropic peak shows elliptical symmetry
and a concave pinning plateau elsewhere, the statistical estimation using (2.7) has at

Table 2.2 The angular
quantities used in fitting the
Ic(θ) for the 1 T field shown in
Fig. 2.16

Parameter n = 1 n = 2 n = 3

I(0)n 38.4 24.33 46.03
βn 1.16 −0.99 1.49
δn 0.56 0.05 8.40
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least roughly accounted for the effect of the 1D pinning on the vortex configuration
feature of the sample measured at 1 T.

Indeed, the addition of 4 wt% BSO into YBCO sample has contributed to better
isotropic feature at a narrow angular range, as characterized by a sharp peak cen-
tered at θ = 90°. The anisotropy of Ic(θ) in the intermediate region is rather short
lived but shows a horizontal feature just before the c-axis anisotropy dominates.

BaHfO3 (BHO) Nanocolumns

Recently, BaHfO3 (BHO) nanorods became trendy since BHO has been found to
give strong pinning without significant depression of the Tc of the superconducting
matrix. Tobita et al. [119] first reported that a BHO-doped GdBa2Cu3Oy (GdBCO)
film is deposited by PLD on IBAD-MgO substrate. The most interesting feature of
BHO nanocolumn addition was reported as Jc is undepressed by increasing
thickness of the film (Fig. 2.18).

The SmBCO/BHO system was extensively studied in Nagoya University by
Y. Yoshida group [5, 8, 124–126]. Low-temperature growth (LTG) SmBCO/BHO
films show striking performance with Fp

max = 28 GN/m3 and Birr = 15 T [8] as a
result of the unique linearity and the narrow angle distribution of the BHO
nanorods.

Very recently, it was found that BHO-added SmBCO films prepared by LTG
method present large values of Fp below 77 K. As shown in Fig. 2.19, maximum
flux pinning forces (Fp) of 105 GN/m3 in 9.0 T at 65 K and 405 GN/m3 in 9.0 T at
40 K have been obtained thanks to the high density and small size of the nanorods
embedded in the superconducting matrix [5]. Furthermore, the increase in self-field
Jc of GdBCO-BHO films deposited on single crystals with artificial grain

Fig. 2.18 a Cross-sectional TEM images of GdBCO-coated conductors incorporating BHO
nanorods. b Thickness dependence of Ic at 77 K and 3 T for BHO-doped GdBCO CCs compared
with BSO- and BZO-doped GdBCO CCs and pure GdBCO CCs. (Figures reproduced with
permission from [123])
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boundaries by flux pinning of the Abrikosov–Josephson vortices by BHO nanorods
[126] was demonstrated. All the results described previously were obtained on
single crystals. The deposition of GdBCO+BHO has been tried on metallic sub-
strates as well [9], obtaining very large Fp

max = 23.5 GN/m3 and outstanding value
of irreversibility field Birr = 15.8 T.

Other Oxide Nanocolumns

Other than perovskite BMO (M = Zr, Sn, Hf) nanorods, Harrington et al. [127]
reported excellent pinning performance at 77 K via the incorporation of very stable
RE3TaO7 (RE = Er, Gd, Yb) pyrochlore nanorods in YBCO PLD films without
significant depression of Tc. The presence of additional nanoparticles (Fig. 2.20a)
yields increase of the Jc in the whole range of angles, while the effect of the
nanorods becomes predominant at high fields (Fig. 2.20b, c).

Feldmann et al. [128] successfully added a high density of double perovskite
Ba2YNbO6 nanorods into PLD thin films, and substantially, enhanced pinning was
achieved in their sample: maximum global pinning forces of 32.3 GN/m3 (75.5 K)
and 122 GN/m3 (65 K).

2.3.3 Two-Dimensional APCs (2D-APCs)

Two subcategories of 2D-APCs can be mentioned: (i) nanolayers and (ii) grain
boundaries

Fig. 2.19 a Plan-view TEM images of SmBCO films with 4.1 vol.% BHO content, fabricated
with alternating target technique by pulsing the BHO target 3 times per cycle. b Magnetic field
dependence of flux pinning force density Fp at 40 K for 0 (pure), 3.0, and 5.6 vol.% BHO-doped
SmBa2Cu3Oy LTG films, and a BaSnO3-doped YBa2Cu3Oy film reported by Mele et al. [3].
(Figures reproduced with permission from [9] with slight modifications)
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2.3.3.1 Nanolayers as 2D-APCs

As understood in the early 1990s [135, 136], the critical current of thin films does
not increase indefinitely by increasing thickness. The reason [137–142] is that the
quality of thin film, and hence Jc, is best near the substrate, and as the film is grown
thicker, current-blocking defects (misoriented crystallites, cracks or voids) become
more prevalent, depressing the critical current.

In their remarkable works, Foltyn et al. [38, 143] proposed a revolutionary way
to have thick YBCO films increased critical current: Six YBCO-CeO2 layers were
deposited on buffered metal substrates by PLD, resulting in a 3-μm-thick film where
critical current exceeded 1000 A/cm2. It was thus demonstrated [38, 143] that by
periodically inserting 30-nm CeO2 layers every 0.5 μm or so in a thick YBCO film
(Fig. 2.21a), a high critical current density is maintained. As shown in Fig. 2.21b,
single-layer coatings do not reach 600 A/cm width unless the thickness is more than
4 μm. However, six 0.55-mm-thick YBCO layers, separated by 40-nm-thick CeO2

layers, have a Jc of 4 MA/cm2
—nearly that of a single 0.55-mm layer. The key is in

the multilayers’ ability to preserve thin-film Jc values, as indicated by the arrow
(Fig. 2.21). This amazing result marked a significant advance in coated conductor
technology.

Fig. 2.20 Left a Microstructure of a typical YBCO+RTO film. TEM cross-sectional image of
YBCO+5 mol% ErTaO film grown at 765 °C and 10 Hz, inset, proves the structure of the rare
earth tantalate phase is the pyrochlore Er3TaO7. Vertical arrows show positions of the
self-assembled nanorods, and horizontal arrows show the positions of some of the random
nanoparticles. Right Angular dependence of the critical current density at 77 K for standard
YBCO, YBCO+BZO (∼7 mol%) and YBCO+RTO films: b 1 T and c 3 T. (Figures reproduced
with permission from [127] with slight modifications)
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After this breakout, research on multilayers flourished and a variety of multilayered
and quasi-multilayered structures have been tried: Y2O3/YBCO [144, 145],
YBCO/DyBCO [146, 147], YBCO/EuBCO [148], YBCO/NdBCO [149], Y2BaCuO5

(Y-211)/YBCO [150], YBCO/YSZ [151], SrRuO3/YBCO [152], YBCO+BaZrO3/
CeO2 [153], YBCO/BaZrO3 [154], YBCO/SrTiO3 [155], YBCO/LaCaMnO3 [156]
YBCO/ZnO [157], Sm1.04Ba1.96Cu3Oy/Sm1.08Ba1.92Cu3Oy [158], and so on. The
general common effect of multilayer approach is an enhancement of Jc in magnetic
field, sometimes combined with weak c-axis-correlated pinning.

All these structures involve c-axis-oriented YBCO layers stacked with different
kind of oxides. Horii et al. [159] proposed a multilayered structure alternating
a-axis-oriented YBCO [160] and semiconducting PrBCO interlayers. The PrBCO
layers act as 2D-APCs. The consequence is a weakening of the intrinsic pinning
along the ab plane and enhancement of the c-axis-correlated pinning [161, 162].

2.3.3.2 Grain Boundaries as 2D-APCs

The grain boundaries in the HTS show the Josephson-like behavior when the
misorientation angle of adjacent grains becomes ten degrees or more. This causes a
weak coupling due to which Jc rapidly decreases at the grain boundaries. However,
the small-angle grain boundary can be considered as a dislocation array, and there is
a possibility to act as strong pinning center when the misorientation angle is small.
This is one of the natural pinning previously mentioned. Matsumoto et al. [163]
have reported the use of grain boundaries as effective pinning centers in GdBCO
films. By varying the oxygen partial pressure during deposition, the size of the

Fig. 2.21 a Transmission electron microscope image of a pulsed laser deposition YBCO+CeO2

multilayer on a single-crystal MgO substrate with a SrTiO3 buffer (b). Comparison of single-layer
and YBCO/CeO2 multilayer films. (Reproduced with permission from [143])
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grains continuously changed from 196 to 92 nm. Jc and Fp
max increase with the

reduction of the grain size, suggesting that the (001) tilt grain boundaries act as
pinning centers in the film and that the improvement of Fp appears because the
density of pinning centers increases as the grains become smaller. The maximum Fp

for the sample of which grain size is 92 nm is about 15 GN/m3 at 77 K, B//c,
approaching the value of NbTi at 4.2 K.

Another type of grain boundary, in this case as 2D artificial pinning center,
comes from the catalytic effect of silver during the growth of YBCO as was
demonstrated in A. Crisan’s group [164, 165]. It was shown that Ag nanodots (in
substrate decoration and/or quasi-multilayer approach) have a twofold beneficial
effect: (i) allow the growth of much thicker (up to 5 µm) YBCO films without a
very strong decrease in the critical current density (thus increasing the critical
current) and (ii) promoting a columnar growth of YBCO. The surface of the
cylinders, which in the case of BZO-doping is also entangled with BZO nanorods,
provides very strong pinning centers. Their 2D character was demonstrated by a
Dew–Hughes-Like analysis of the reduced field dependence of the global pinning
force [166].

2.3.4 Three-Dimensional APCs (3D-APCs)

For practical applications of YBCO superconductors, there is a very desirable
feature which is the isotropic character of Jc with high values under a wide range of
applied magnetic field under various orientations. Therefore, considerable efforts
have been made to prepare superconducting thin films incorporating 3D-APCs.

Pioneering work on 3D-APCs addition was published in 2004 by Haugan et al.
[10] with incorporation of disk-shaped Y211 nanoparticles in YBCO film by PLD
(Fig. 2.22a). The Y211 addition clearly shows improvement of Jc in magnetic fields
due to enhanced pinning (Fig. 2.22b).

Extensive work on the introduction of 3D-APCs in YBCO films has been made
by several groups using TFA-MOD method. It was reported that the highly den-
sified nanoparticles can be introduced into the YBCO films by mixing foreign
elements of proper quantities with the starting solution including Y, Ba, and Cu. In
the BZO case, nearly isotropic angular dependence of Jc is reached [167] with Fp

max

of 22 GN/m3 (77 K, B//c) [168]. At its time, this result from X. Obradors group
(ICMAB Barcelona) was the best pinning performance reached with isotropic
APCs (Fig. 2.23a, b). Other effective isotropic pinning centers added to YBCO by
MOD process are Y2O3, BaCeO3, and Ba2YTaO6 [169]. It is worth noting here that
the round-shaped particles dispersed in the superconducting film by MOD are
randomly oriented because there is no preferred crystallographic orientation
between the superconducting matrix and the foreign phase.

PLD process was also extensively used to incorporate 3D-APCs in supercon-
ducting thin films. First of all, a Sm-rich SmBCO target, with composition Sm1+-

xBa2-xBaCuOy, was used for ablation in the PLD process [170–174]. Low Tc 3D
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nanoparticles are randomly dispersed in the superconducting matrix due to the local
compositional fluctuation, and significant improvement in the pinning properties
has been achieved. Very high values Jc = 0.37 MA/cm2 (77 K, 5 T, B//c) and
Fp
max = 23 GN/m3 (77 K, B//c) were reported for the first time in 2006. Addi-

tionally, Birr of the SmBCO films reached very high values, up to 12 T (77 K, B//c).
Alternatively, the introduction of nanoparticles into YBCO film was made by

switching the superconducting target and the dopant target in an alternating manner.
Under selected experimental conditions, instead of multilayered structure with

Fig. 2.22 a Transmission electron micrographs of YBCO+Y211 films, showing repeated layering
structure and nanoparticle formations; b critical current density as a function of applied magnetic
field for YBCO+Y211 films compared to pure YBCO films (solid lines) prepared by PLD (filled
squares) and MOD (filled circles). Multilayer films (dashed lines) were measured for different
Y211 and YBCO parameters, and for samples from the same deposition run (triangles and
diamonds). (Reproduced with permission from [10])

Fig. 2.23 a High-magnification cross-sectional TEM micrograph of a BZO nanoparticle
embedded in YBCO thin film grown on STO; b pinning force versus magnetic field at 77 K in
a series of YBCO MOD films added with several kinds of nanoparticles. (Both panels reproduced
with permission from [168])
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separation between the two phases, nanoparticle structure embedded into the film
was obtained. The 3D-APCs incorporated were Y211 [175–177], Y2O3 [178–182],
perovskites (BaIrO3 [183], and BaHfO3 [184]). Metallic elements such as Ag, Au
[185, 186], and Gd2Ba4CuWOy compound [187] were consequently employed.

A third method that allows the creation of 3D-APCs into the superconducting
films was developed by using the target surface modification method [188, 189]. In
this method, a small piece of the sintered APC material such as Y2O3 is placed onto
the YBCO target and together, and they are used for the usual PLD deposition
process. This technique has the merit to introduce the nanostructure into epitaxial
thin films through a very simple procedure.

Y2O3 nanoparticles are incorporated in YBCO matrix and show epitaxial rela-
tionship with YBCO: (001)YBCO//(001)Y2O3, and [100]YBCO//[110]Y2O3

crystallographic orientation. That is, the a-axis of the Y2O3 nanoparticles is oriented
45º with respect to the YBCO a-axis, while the same out-of-plane (c-axis) orien-
tation is apparently preserved in the hybrid structure. In YBCO films where
3D-APCs are incorporated, additional defects such as stacking faults are also
present, most probably playing the role of additional pinning centers [178, 189] (see
Fig. 2.24a). The Y2O3 particles are homogenously dispersed into YBCO matrix,
and consistently, the Jc angular dependence does not show any peak at B//c orien-
tation (Fig. 2.24b).

More recently, Xu et al. [11] proposed a heat treatment-based method via direct
ablation of pure YBCO target at high temperature of 830°C instead of the usual
800 °C used by other workers. Without any addition of secondary phase onto the
target or surface modification, dispersed Y2O3 particles are obtained due to different
kinetic energy during the growth.

Mele et al. studied systematically the effect of increasing additions of Y2O3 in
YBCO thin films [189]. Similar to BSO compound, the Y2O3 oxide addition
increases the amount of APCs according to the size of the area of the sliced piece

Fig. 2.24 a High-resolution transmission electron microscopy (HRTEM) image of a Y2O3

nanoparticle embedded in a superconducting matrix. Arrows indicate Y2Ba4Cu8O16 (Y248)
intergrowths (i.e., stacking faults); b angular dependence of critical current density (77 K, B = 1,
3, 5 T) for YBCO+Y2O3 2.51 A%. (Both figures reproduced with permission from [189])
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placed onto the superconducting target, but the resulting critical currents and pin-
ning force density were not always proportional to Y2O3 contents, as deduced from
the study of the whole series of the samples [189]. For example, the 9.22A% Y2O3

film presents a global pinning values lower than the standard YBCO film, while the
5.44 A% Y2O3 sample produced a global pinning force of 14.3 GN/m3 at 77 K,
twofolds the value obtained in the 2.51A% Y2O3 sample which is comparatively
similar to the global pinning of NbTi tape at 4.2 K [190]. This value is also very
close to the value obtained for the YBCO films with BaZrO3 nanorods, but with a
much less depression in the superconducting critical temperature.

Nanoparticle defects such as Y211 and Y2O3 are experimentally proven to
increase the strength of pinning centers so that vortices surrounding them can bend
to create discrete trapped segments [191–193]. In this context, it is foreseeable to
estimate the maximum critical current Jc from the depinning of curve segments
which are fixed by two consecutive nanoparticles separated by a distance d. The
analytical expression resulting from the above argument can be written as

Jc, max =
Φ0

4πμ0λabλcd
ln

d
ξc

ð2:8Þ

where Φ0 is the flux quanta, μ0 is the magnetic permeability, λab and λc are the
London penetration depths in the ab plane and along the c-axis, respectively, and ξc
is the coherence length along the c-axis. Analysis of the data reported by Mele et al.
[189] for a series of YBCO+Y2O3 thin films and the calculations of U0, Jc by using
(2.8) are listed in Table 2.3.

Parameters extracted for YBCO at 77 K are λab = 0.35 μm, λc = 2.4 μm,
ξc = 0.6 nm, and the mean separation between Y2O3 particles d ∼ 18 nm, as
approximated from TEM images [189] for Y2O3 5.44A% sample, and the estimated
Jc (77 K, self-field) is 6.40 MA/cm2. The relative consistency with the experimental
value of 3.21 MA/cm2 demonstrates that Y2O3 particles act as good pinning cen-
ters. Indeed, the effective current blocking is only 13% of Jc and therefore no much
of a hindrance for the supercurrent to percolate avoiding the pinning barriers
(normal cores). For the 9.22A% sample, the mean separation distance between

Table 2.3 Physical parameters, calculated Jc, and measured Jc (0 T, 77 K) for YBCO+Y2O3

films

Y2O3 content 2.51A% 5.44A% 9.22A%
Amount of APCs (m−2) 1.75 × 1015 2.68 × 1015 5.23 × 1015

Tc (K) 89.26 89.2 87.78
d (nm) [36] 20 18 12
Calculated Jc 5.93 6.4 7.4
Measured Jc 2.62 3.21 0.89
Jc calc./Jc meas. 2.26 1.99 8.31

Effective current blocking 10% 13% 32%
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particles is estimated to be d ∼ 12 nm. Hence, current calculation has given Jc
(77 K, self-field) = 7.40 MA/cm2, while the experimental value is merely
0.89 MA/cm2. The depression of Jc in the 9.22A% sample may be due to the
presence of a larger density of non-superconducting particles such as Y248 inter-
growth compound which contribute to about 32% current blocking. Interestingly
enough, the presence of Y248 intergrowths can play two opposite roles in the
superconductivity of the sample. While large sizes of the Y248 intergrowths can
result in a poor superconducting material, they may also act as good pinning centers
provided that their sizes are comparable to the coherence length. However, in the
case of this particular sample, Y248 is present in the form of disks situated per-
pendicular to c-axis of the film with lengths of several hundreds of nanometers
which in turn impede the motion of vortices.

It is worth noting that the pinning performance of the nanorods at 77 K is
superior with respect to the Y2O3 nanoparticle doping. However, in the case of
eventual decrease in Tc due to the spherical inclusion of foreign species, the pinning
performance of nanorods considerably deteriorates. This behavior was first
observed by Mele et al. [188] as it was later confirmed in recent years in the work of
Xu et al. [11]. They reported detailed analysis of YBCO+Y2O3 films in a wide
range of operating temperatures. Their findings showed that at 4.2 K and 16 T, the
Y2O3-YBCO film attains Fp = 1000 GN/m3, about 30% higher than the 7.5%
Zr-added REBCO prepared by MOCVD [11] where BZO nanorods are integrated
into the film.

There are different techniques used for the approximation of the very high values
of Jc in superconductors with nanoscale pinning centers. Since the electric field
vector within a conductor satisfies a vector wave ∇2bB+ κ2bB=0, we consider a
vortex flux line as a tiny cylinder of radius a lying along the z-axis where Jc has
only a z -axis component. The waveform due to the field generated by the inter-
action of the vortex flux line pinned by a nanoparticle in the presence of the
externally applied field can be expressed in terms of the Bessel’s equation of order
zero such that

d2bBzðρÞ
dρ2

+
1
ρ

dbBzðρÞ
dρ

+ κ2bBzðρÞ=0 ð2:9Þ

where ρ(z) is a local coordinate for the vortex flux line, and κ is a wave number. The
solution to the above equation yields the field generated by the vortex interaction
with a potential pinning site and can be given by

bBz, vðρÞ= bB 0ð Þ, v
I0ðκρÞ
I0ðκaÞ ð2:10Þ

where bB 0ð Þ, v is the field at the surface of the film. The I0 is the zero-order Bessel’s
function of the first kind. Hence, the Jc within the vortex flux line is the conse-
quence of the film’s conductivity and the interactive field generated.
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bJz, vðρÞ= σbB 0ð Þ, v
I0ðκρÞ
I0ðκaÞ ð2:11Þ

Therefore, at near zero field, bB 0ð Þ, and bJc, v distributions are nearly uniform. Note
that the term σ can “mathematically” be dropped from (2.10) since σ → ∞ for a
superconductor. In this case, (2.10) reduces to the form shown in (2.9) and the field
vector essentially extends the current vector over a finite length of the vortex flux line.
The asymptotic behavior of the high Jc across the field is therefore estimated using
the large argument of the Bessel’s function of the first kind.

InðxÞ= ∑
∞

κ=0

ð− 1Þκ
κ!Γ κ+ p+1ð Þ

x
2

� �2κ+ p

ð2:12Þ

where In is the Bessel’s function of integer order n = 0, 1, 2, …, x is any positive
quantity, p = 0.5, κ = 0, 1, 2, …, and Γ κ+ p+1ð Þ= 2κ+1ð Þ

22κ+1κ!

ffiffiffi
π

p
. The asymptotic

behavior of (2.11) yields the analytical expression shown below in (2.12).

InðxÞ=
ffiffiffiffiffi
2
πx

r
cos πx−

nπ
2

� �
−

π

4

h i
; thus, JcðBÞ=

ffiffiffiffiffi
2
πx

r
cosϕ ð2:13Þ

where ϕ= x− n π
2

� �
− π

4

	 

≈ 0.007◦ is the angle at which the pinned vortex can bend.

The maximum attainable Jc is 40 MA/cm2. This value corresponds to the
maximum current density through the normal direction or the z-axis of a vortex core
spinning around the vicinity of magnetic field B = 0 T [193]. Figure 2.25a shows

Fig. 2.25 a Critical current density, Jc, versus magnetic field, B (77 K, B//c), for a pure YBCO
film and doped YBCO films with Y2O3 nanoparticles. Fit based on single vortex dynamics is
plotted along with experimental data. Inset shows the behavior of Jc(B = 0) in a function of Y2O3

concentration. b Global pinning force, Fp, versus the reduced field b = B/Birr at 77 K and
B//c. Theoretical, b = 0.35 is within 2% of the experimental error. Note that Fp = 1.3 GN/m3 at
b = 1. (Reproduced with permission from [189])
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the field dependence Jc(B) for the standard YBCO together with YBCO samples
added with 2.51A%, 5.44A%, and 9.22A% Y2O3. A fit based on (2.11) and (2.12) is
also depicted in the figure. In comparison with the standard YBCO film, the 5.44A
%, Y2O3 sample shows a good field-dependent Jc up to 4 T. Beyond 4 T however,
the Jc of all samples decreases below the curve of the depinning current density. As
the low-field regime is known to characterize the single vortex dynamics, the
Jc(B) of the 5.44A%, Y2O3 sample is seen to have a quite good consistency with the
positive effect of Y2O3 nanoparticles.

For YBCO samples added with 2.51A%, 5.44A%, and 9.22A% Y2O3,, the
minimum pinned vortex core length is estimated to be about 6.5%, 8.0%, and 2.2%,
respectively [189].

2.3.5 Segmented 1D-APCs

For practical applications, the merits and drawbacks of continuous nanorods
(1D-APCs, high Jc but anisotropic pinning) and randomly distributed nanoparticles
(3D-APCs, isotropic pinning but lower Jc) suggested investigating the intermediate
anisotropy range of vortex pinning between the two limits.

This kind of approach has been studied at first by Horide et al. [194]. By means
of PLD, they prepared multilayered samples comprised of pure YBCO layers
alternating with YBCO layers containing nanorods. In this way, segmented BZO
nanorods are produced because the nanorods nucleate and grow exactly above the
upper portion of nanorods underneath the pure YBCO layer. The thickness of the
layers containing nanorods can be easily varied by changing the number of pulses
in PLD ablation, so that from “short nanocolumns” (still 1D-APCs) it is possible to
gradually pass to “nanoparticles” (3D-APCs, but regularly distributed).

As a result, the c-axis-correlated peak in the angular current plot becomes
gradually small. Also, the critical exponents at the vortex liquid–solid transition
change from the Bose glass to the vortex glass.

The effect of segmented BSO nanorods on Birr, Tc, Jc characteristics has been
systematically investigated, and flux pinning mechanisms have been discussed in
recent work of Matsumoto et al. [195, 196]. The thicknesses of superconducting
layers of YBCO (ls) and pinning layers of YBCO+BSO (lp) have been controlled,
and several samples have been prepared combining lp = 90, 60, 30 nm and ls = 45,
30, 15 nm (Fig. 2.26a).

By applying a “harmonic oscillator” approach based on the Bose glass state, the
Jc of samples can be calculated as

JsegmentedB ̸ ̸c
c =

Φ0

16πμ0λ
2
abξab

lp
lp + ls

� �
ð2:14Þ

In the B//c case.
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This expression must be modified in the B//ab case:

JsegmentedB ̸ ̸ab
c =

B2
cπξaba

2
0

2μ0Φ0d2
2C0

lp + ls

� �
ð2:15Þ

where a0 is the vortex line spacing, a0 = (Φ0/B)
1/2, C0 is the radius of columns, and

d is the mean distance between them.
The tendencies of Jc (B//c) > Jc (B//ab) were observed for the films with large lp,

but the opposite ones of Jc (B//c) < Jc (B//ab) for the films with small lp
(Fig. 2.19b). This behavior suggests that a vortex of length lp+ls is strongly pinned
over a portion of length lp and the pinning effect is degraded at B//c when lp
becomes small, however, recovered at B//ab by additional pins involved in the
films.

Significant variation was considered by Horide et al. [197]: Instead of super-
conducting YBCO layers, semiconducting perovskite PrBCO layers are alternated
with YBCO+BSO layers. Main result is that the c-axis-correlated pinning was
weakened by the PrBCO layers in the multilayers.

2.3.6 Combined One-Dimensional and Three-Dimensional
(1D+3D) APCs

Another nanoengineering approach to control the angular dependence of Jc in the
intermediate range is the combination of APCs of different dimensionality.

Fig. 2.26 a TEM cross section of PLD-YBCO film with length controlled nanorod segments
(60/15 configuration). b Field angular dependences of Jc(θ) at 77 K, 1 T for YBCO-BSO film,
YBCO-BSO/YBCO multilayered films with 90/30, 60/15, 64/45, 30/15, 30/30, 30/45 configu-
rations. Inset shows a magnification of B//ab peak. (Both figures reproduced with permission from
[195])
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Two ways are possible to obtain combined one-dimensional and
three-dimensional (1D+3D) APCs in YBCO films: (i) simultaneous combination of
columnar defects (1D) and nanoparticles (3D) in hybrid films by ablation of a single
target and (ii) separating columnar defects and nanoparticles in multilayers by
alternate ablation of two targets.

2.3.6.1 Hybrid YBCO Films with Mixed 1D+3D-APCs

One of the earliest reports on hybrid films with 1D+3D-APCs incorporation was
made by Mele et al. [198] using a YBCO+4wt% BZO-mixed target whose surface
was modified by sticking a 2.5A% Y2O3 sector on it. They formed YBCO films
incorporating 1D-APCs (BZO nanorods) and 3D-APCs (Y2O3 islands) at the same
time. In the double-doped sample, the angular dependence of Jc showed an inter-
mediate behavior, with broad peak at B//c due to the flux pinning by
c-axis-correlated defects, combined with a plateau, due to the flux pinning by
isotropic pinning centers. Both BZO nanorods parallel to the c-axis and Y2O3

nanoparticles randomly dispersed inside the YBCO matrix were consistently
observed in the cross-sectional TEM images. Similar results in 1-μm-thick films
were obtained by Zhou et al. using a YBCO target added with 5 mol% BZO and
5 mol% Y2O3 [199].

More recently, Jha et al. [200, 201] studied systematically the influence of
double APCs on the pinning properties of YBCO films grown by PLD on SrTiO3.
They used three YBCO-BSO-mixed targets (2 wt% 3wt%, and 4 wt%), fabricating
films with each one added with two different areal concentrations of Y2O3 (2.2A%
and 3A%), and he compared in total ten samples, including YBCO reference and
the three samples with BSO only. Both 1D- and 3D-APCs were incorporated in the
film according to TEM images (Fig. 2.27a) and are active pinning centers. The

Fig. 2.27 a High-resolution TEM image (cross-sectional view) of (a) YBCO+BSO 2wt%+Y2O3

3A% nanocomposite films. The inset shows the planar view of the TEM images; b comparison of
angular dependence of Jc at 77 K, 1 T for YBCO+BSO 4wt series. (Both figures reproduced with
permission from [201])
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addition of Y2O3 nanoparticles to BSO nanorods improved the Fp
max, with shifting

of Fp
max at higher values of B, due to the increase of pinning center density. Best

hybrid sample (YBCO+BSO 3wt%+Y2O3 3A%) has Fp
max = 11GN/m3 (77 K,

B//c). Since this value is lower than in the case of YBCO+BSO 4wt% without Y2O3

addition (about 20 GN/m3), it seems that an excessive concentration of APCs
hinders the path of supercurrents.

On the other hand, the addition of Y2O3 has the benefit to reduce the anisotropy
of Jc in the intermediate region of θ, being θ the angle between the c-axis of the film
and the applied magnetic field (Fig. 2.27b).

Horide et al. [202] obtained similar results on IBAD technical substrate with
seven YBCO films added with Y2O3 and BSO (all the possible combinations of
BSO 2wt%, 4wt%, and Y2O3 0.69A%, 2.2A%).

In these hybrid YBCO films with nanorods and nanoparticles, when external
magnetic field is parallel to c-axis of the film (i.e., parallel to the nanorods), vertical
segments of the vortices are strongly pinned by the BSO nanorods and connected
by kinks. The contribution from the pinning by continuous nanorods is given by
(2.5). This contribution must be combined with the additional contribution from the
nanoparticles or from the oxygen vacancies for the pinning of the vortex kink.

The nanoparticles give a contribution which can be expressed by the following
equation

J3D− kink
c =

Φ0

16πμ0λ
2
abξab

ξc
ls

� �
ð2:16Þ

where ls is the length of the kink which corresponds to the spacing between
nanorods. The additional oxygen vacancy contribution can be given by

Jvac− kink
c =

D2Φ0

64πdμ0λ
2
abξabξc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nξabξcd

p
ð2:17Þ

where D ≈ 20 nm is the diameter, and n ≈ 1026 m−3 is the concentration of the
oxygen vacancies. At B = 1 T, T = 77 K, the two contributions of the
nanodimensional species have been calculated, Jc

3D-kink = 0.46 MA/cm2 and
Jc
vac-kink = 0.28 MA/cm2. This difference in Jc values indicates that the vortex
pinning for the kinks by the Y2O3 nanoparticles is more effective than the one by
random point defects provided by oxygen vacancies.

2.3.6.2 Multilayers with Alternate YBCO+1D-APCs and YBCO
+3D-APCs Layers

Very recently, Mele et al. [203] tried to add 1D-APCs and 3D-APCs in a separate
fashion fabricating 1D+3D multilayers. To this purpose, YBCO+4wt% BSO-mixed
target and YBCO+2A% Y2O3 surface-modified target were switched in the PLD
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chamber, and different configurations of YBCO+BSO layer (nm)/YBCO+Y2O3

layer (nm) varied as 90/30, 60/10, and 10/10 were studied.
Overall, it was found that the contribution of 1D pinning is quite superior with

respect to that of the 3D ones. Indeed, same as shown in previous sections of the
chapter for 1D and 3D cases, the calculated Jc is larger than the measured Jc
because of the effect of current blocking by APCs. The general trend Jc(90/30) >
Jc(60/10) > Jc(10/10) can be explained in terms of a structural compromise
between the APC pinning efficiency and current-blocking effect when the pinning
center size is less compatible with other superconducting parameters.

2.3.7 Combination of APCs Parallel (Nanorods)
and Perpendicular (Nanolayers) to C-axis of YBCO
Film

The pinning landscape is enriched by the combination of nanorods parallel to the
c-axis of the film and nanolayered structures, perpendicular to the c-axis. Two cases
of hybrid parallel/perpendicular APCs are reported in the literature.

Wee et al. [204] fabricated a hybrid NdBCO film with one half of the film having
BZO nanorods aligned along the c-axis and the other half of the film having BZO
nanoscale defect structures aligned along the ab plane. This unique hybrid
nanoscale structure resulted in less anisotropy in the angular dependence of Jc
compared to pure NdBCO films and to films with nanoscale defects aligned along
only one direction.

Fig. 2.28 a TEM image of the YBa2Cu3O7+2.5 mol% Gd3TaO7+2.5 mol% Ba2YNbO6 sample
showing a platelike nanoparticle nucleated between two rod segments (reproduced with permission
from [201]); b high-field angular dependence of Jc measured at 77 K for a YBCO sample with
(Nb–Ta) doping, applied fields ranging from 3 to 6 T. (Reproduced with permission from [206])
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In the early work of Ercolano et al. [205], the addition of double perovskite
YBa2NbO6 generated two kinds of defects: nanorods parallel to the c-axis and
dispersed nanoparticles, with consequent improvement of pinning in the direction
of both c-axis (c-axis-correlated pinning) and ab plane. In an improvement of their
previous work [206], Ercolano et al. added Gd3TaO7 to Ba2YNbO6 in YBCO target
and found two kinds of defects in YBCO film after the deposition: Ba2(Y/Gd)
(Nb/Ta)O6 segmented rods and (Y/Gd)2O3 platelike nanoparticles, parallel and
perpendicular to the c-axis of the film, respectively (Fig. 2.28a). The two kinds of
defects are interconnected, forming a jungle-gym network, and the angular
dependence of Jc shows peculiar behavior: Increasing the external magnetic field,
isotropic pinning becomes predominant over c-axis-correlated pinning (Fig. 2.28b).

2.4 Conclusion

This chapter presents an overview of the last 10-year research on artificial pinning
centers (APCs) made by several groups in the world with the purpose of enhancing
the performance (critical current and global pinning force) of YBa2Cu3Oy (YBCO)
thin films and coated conductors.

Impressive results have been achieved and can be summarized as follows

(1) Control of dimensionality and spacing of the APCs have been achieved, and
advanced combinations such as segmented nanorods, mixed pinning centers,
multilayers, plus nanorods have been incorporated in the YBCO and REBCO
films grown on bare, decorated, or buffered crystalline substrates.

(2) The irreversibility field at 77 K was impressively enhanced to over 15 T in
optimized SmBCO and GdBCO films and coated conductors added with BHO
nanorods without significant depression of the superconducting critical tem-
perature. This enhancement testifies the robustness of REBCO-related films for
practical applications.

(3) Outstanding global pinning forces of ∼30 GN/m3 (77 K B//c), drastically
surpassing 15 GN/m3, the global pinning force of conventional NbTi (4.2 K),
have been achieved in short pieces of YBCO added with nanorods (BaSnO3

and niobate) so that the use of liquid nitrogen instead of liquid helium as
coolant can be considered for practical applications on the large scale for
transformers, fault current limiter (FCL), and cables.

(4) Exemplary performance in conditions of interest for practical applications such
as motors, generators, and SMES has been obtained: Jc over 15 MA/cm2 at
30 K, 3 T in 2.2-μm-thick heavily doped (Gd, Y)Ba2Cu3Ox superconductor
tapes. Cryocoolers, instead of liquid coolants, are likely to be employed in this
T/B region.

(5) Huge pinning forces have been achieved at low temperatures and ultra-high
magnetic fields in YBCO-coated conductors heavily doped with BZO
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nanorods: Fp
max > 1700 GN/m3 at 4.2 K, 30 T. Applications such as MRI and

NMR are likely to be implemented soon by using HTSC tapes in liquid helium.

The T/B region described in points (3), (4), and (5) is shown in Fig. 2.29, and
new frontier (40 K/20 T) is likely to be approached soon. The incorporation of
APCs in YBCO thin films allowed to achieve marvelous performances in a wide
range of temperatures (4.2–77 K) and magnetic fields (1–30 T) so that the appli-
cability limit of YBCO+APC thin films and coated conductors was considerably
expanded in the past ten years. Remarkable progress in the quality of materials,
wide-scale characterization, and large-scale production allows concluding that the
future of coated conductors added with APCs for applications on the large scale is
bright.
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Fig. 2.29 Temperature dependence versus magnetic field diagrams for different superconducting
materials including YBCO, REBCO, NdFeAsOF, BSCCO, MgB2, NbTi, and Nb3Sn. The new
frontier region (40 K–20 T) for the development of applications is indicated together with the three
regions where the different power applications and magnets are more likely to occur soon by using
coated conductor technology and APCs technology. The temperature regions where the different
cryogenic approaches are needed are also indicated. (Reproduced with permission from [43] with
slight modification)
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