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1  �Interfaces and their Structures

An interface may be termed as a small number of atomic layers which separate two 
different crystalline solids in contact with each other [1]. For example, a thin film 
deposited on a crystalline substrate is separated by the substrate-thin film interface. 
Another example could be the interfaces inside a superconducting film which sepa-
rate the superconducting matrix and non-superconducting inclusions. The property 
at the so-called interface is very much different from the crystalline solids it sepa-
rates [2].

Interfaces are broadly classified into two types: (i) homophase interfaces and (ii) 
heterophase interfaces. An interface separating two regions of the same phase is 
called a homophase interface which is often termed as a grain boundary. An inter-
face separating two different crystal phases is called a heterophase interface [3].

Interfaces are also classified in other three classes based on their structural fea-
tures. These are called (i) coherent, (ii) semi-coherent, and (iii) incoherent inter-
faces. Starting with a references structure and making a series of operations, these 
interfaces can be constructed exhibiting different structural features [4].

Figure 1 shows the construction of a heterophase interface between two different 
crystal phases: phase 1 and phase 2. The reference structure is the single crystal of 
phase 1. The dashed line in Fig. 1a indicates the location of the interface to be con-
structed. The first operation transforms the upper portion of the crystal 1 into phase 
2 while maintaining registry along the interface as shown in Fig. 1b. As the two 
phases (1 and 2) adjoining the interface are maintained in the registry, the resulting 
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interface is coherent. In order to maintain the interface registry, long-range coher-
ency stresses are required.

The formation of a semi-coherent interface requires another operation in which 
these stresses are eliminated by introducing some dislocations in the interface as 
represented in Fig. 1c. Thus the resulting interface consists of patches of coherent 
interface separated by dislocations. In this process, the overall coherence of the 
interface is destroyed by the cuts and displacements resulting in dislocations, and 
such an interface is, therefore, considered to be semi-coherent with respect to the 
reference structure in Fig. 1a.

If the density of the dislocation is so large that their cores overlap, then the coher-
ence characteristics of the reference structure will be destroyed, and it will result in 
an incoherent interface. The cores of incoherent interfaces, therefore, consist of 
continuous slabs of poor material, and the interfaces lack long-range order.

In REBCO-based nanocomposite thin films, vortex pinning and subsequently 
critical current densities tend to be sensitive to not only the geometry and concentra-
tion of nanoscale inclusions but also to the interfacial composition and the resulting 
nanoscale lattice defects.

Fig. 1  Schematic diagram of a heterophase interface. (a) Phase 1 is the reference crystal. (b) 
Transformation of the upper region of the interface into phase 2 while maintaining coherence. (c) 
Relaxation of long-range stresses by the introduction of dislocations at the interface between 
the phases
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2  �REBCO Superconductors and their Critical Parameters

Superconductivity in YBa2Cu3O7-δ (YBCO) was first discovered in its bulk poly-
crystalline form and the superconducting transition was observed above the liquid 
nitrogen temperature (77 K) [5]. The discovery of YBCO accelerated the search for 
higher transition temperature (Tc) materials and in the quest of discovering higher Tc 
superconductor, other rare-elements were tried to replace Y in YBCO [6–8]. Apart 
from the critical temperature (Tc) and critical magnetic field (Hc), the critical current 
density (Jc) is the most relevant parameter of a superconductor which determines the 
practical utility of a superconductor [9–11].

Soon after the discovery of REBCO superconductors in their polycrystalline 
forms, it became possible to make their thin films on single crystal substrates such 
as SrTiO3, Al2O3, MgO, etc. [12–14]. The current carrying capability of REBCO 
superconducting thin films significantly enhanced over the years due to the develop-
ment of the fabrication and processing techniques. Many fabrication techniques 
such as pulsed laser deposition (PLD) [15], chemical solution deposition (CSD) 
[16], metal organic chemical vapor deposition (MOCVD) [17] have been developed 
over the years to deposit high quality oriented REBCO thin film which exhibit high 
Jc of 1–5 MA/cm2 at 77 K, self-field [18, 19].

3  �Vortex Pinning by APCs in REBCO Thin Films

In the critical state of a type-II superconductor (such as REBCO), the flow of electri-
cal current is limited by temperature and applied magnetic field. When an electrical 
current is passed across a superconducting sample subjected to an applied magnetic 
field, the vortices experience a Lorentz force in a direction perpendicular to both the 
current and the applied magnetic field as depicted in Fig. 2. The movement of the 
vortices due to Lorentz force would generate an electric field leading to energy dis-
sipation. The vortices, therefore, need to be pinned at their respective locations 
inside the superconducting matrix [20].

Some microscopic defects are naturally generated during the growth of thin 
films, such as grain boundaries, oxygen vacancies, point defects, dislocations, etc. 
Some of these defects act as pinning centers for vortices against the Lorentz force. 
Figure 3 shows the schematic diagram of such naturally generated defects in a typi-
cal superconducting REBCO thin film. These naturally generated pinning centers, 
however, are not strong enough to prevent the vortex motion under applied magnetic 
fields at elevated temperatures [11, 21, 22].

An alternative strategy employed to prevent the motion of the vortices is the 
generation of artificial defects inside superconducting matrix. Such intentionally 
generated pinning centers are termed as artificial pinning centers (APCs). The APCs 
are introduced into REBCO films through different methods which include addition 
and/or substitution of rare-earth atoms [23, 24] or incorporation of nanoscale 
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secondary phases into the REBCO film matrix [25–37] or decoration/modification 
of the substrate surface [38, 39]. Improved vortex pinning in REBCO films through 
incorporation of secondary phase nanoinclusions has been frequently observed. 
These secondary phases are self-assembled either in the form of nanocolumns or 
nanoparticles inside the REBCO matrix as represented in the schematics in Fig. 4. 
The nanoscale inclusions of secondary phases such as Y2BaCuO5 [25, 26], Y2O3 
[27], BaTiO3 [28], BaZrO3 [29–31], BaSnO3 [32, 33], BaHfO3 [34], YBa2NbO6 [35, 
36], and YBa2TaO6 [37] have been successfully observed to enhance the in-field Jc 
of REBCO thin films over a wide range of temperature and applied magnetic field.

Fig. 2  The mixed state in a type-II superconductor. Magnetic flux starts penetrating the sample in 
the form of vortices, with quantized flux Φ0 = h/(2e). (Reproduced from Jha and Matsumoto [20])

Fig. 3  Schematic diagram of various defects generated during the growth of REBCO thin films. 
The ones shown in pink are useful for vortex pinning whereas others are detrimental to the super-
conducting properties. (Reproduced from Palau et al. [60])
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4  �Interfaces in REBCO Thin Films Consisting of Columnar 
Nanostructures (1D APCs)

Several secondary phase materials, when incorporated into the REBCO thin films, 
tend to self-assemble in the form of nanocolumnar structures running through the 
thickness of the thin films. Because of their orientation along a particular direction 
(along the c-axis of REBCO), they are also termed as one-dimensional (1D) APCs. 
Several perovskite and double-perovskite materials such as BaZrO3 [29–31], 
BaSnO3 [32, 33], BaHfO3 [34], etc., have been observed to self-assemble in the 
form of nanocolumnar structures inside REBCO films. These nanocolumns have 
been successfully observed to enhance the in-field Jc of REBCO thin films over a 
wide range of temperature and applied magnetic field.

In analogy to Hc of a superconductor, irreversibility field (Hirr) is another very 
important parameter which is defined as the magnetic field at which the vortex pin-
ning strength become negligibly small due to large resistivity values caused by the 
vortex motion [40, 41]. The irreversibility line separates H-T phase diagram of a 
superconductor into reversible and irreversible (or hysteretic) portions. In the revers-
ible portion of this H-T phase diagram, the vortex movements due to thermal fluc-
tuation are so large that the ordered vortex lattice state is destroyed [42, 43]. It is 
highly desired to shift this irreversibility line towards higher H-T regime by artificial 
pinning center (APC) technology [9, 11, 44, 45] and many reports have successfully 
addressed this issue by introducing nanocolumnar structures inside REBCO 
thin films.

In a recent work, Horii et al. [46] have successfully introduced columnar nano-
structures of Ba-Nb-O (BNO) phase inside YBCO thin films. In this study, it has 
been estimated that a lower Tc matrix annulus with a lateral dimension of ~12–14 nm 
exists around each BNO nanocolumns resulting from the strong interface strains. 
The generation of lower Tc region around the BNO nanocolumns enhances vortex 
pinning significantly.

Fig. 4  The schematic diagram representing the formation of (a) columnar and (b) spherical nano-
structures with simultaneous and sequential nucleation of secondary phases and the REBCO 
matrix, respectively. (Reproduced from Palau et al. [60])
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Figure 5 shows the schematic diagram of the interfaces (cross-sectional view) in 
the YBCO films consisting of BNO nanocolumns. In this figure, d, l, and D repre-
sent the average diameter of the BNO nanocolumns, distance from the YBCO/BNO 
interface of a relatively lower Tc region, and average inter-columnar distance. 
According to their model, it is suggested that stronger vortex pinning is expected for 
D > 2l+d, and a significant reduction of vortex pinning is apparent for D ≤ 2l+d.

The generation of the lattice strain in the YBCO matrix by incorporating BNO 
nanocolumns was ascertained by calculating the c-axis lengths from reciprocal 
space measurement (RSM). The RSM measurements confirmed the coexistence of 
the a- and b-axes of the YBCO film, which is induced by twin microstructures paral-
lel to the surface of the STO substrate. Whereas the same could not be observed for 
the YBCO film incorporating BNO nanocolumns which suggested that the broaden-
ing of the diffraction spots in the YBCO matrix is apparently induced by the intro-
duction of the BNO nanocolumns.

Figure 6 shows the comparison of the irreversibility field of pristine YBCO and 
YBCO+BNO nanocomposite films with varying concentrations of BNO phase. It 
can be clearly observed that the irreversibility lines for YBCO films with BNO 
nanocolumns were clearly shifted toward higher H-T regions by BNO incorpora-
tion, and the vortex-glass region became qualitatively larger with the increase in the 
nominal BNO concentration [47–49]. It is well known that the Hirr value is corre-
lated with the magnitude of vortex pinning energy through the change in electro-
magnetic anisotropy in high-Tc cuprate superconductors [50, 51]. It was suggested 
in their study that all the YBCO matrix regions are dominated by the lower Tc 
regions, which is induced by the lattice strain at the nanorod/matrix interface.

The incorporation of BZO and BSO nanocolumns into ErBCO and SmBCO thin 
films has also been reported due to which strong enhancement in the in-field Jc has 
been observed [52, 53]. The role of interfaces although was not highlighted in these 
studies.

The incorporation of a double-perovskite phase YBNO has been reported to 
achieve extremely high pinning force density (Fp) values in YBCO thin films [54]. 
The YBNO nanocolumns were observed to grow along the c-axis of the YBCO film. 
The continuous nanocolumns also exhibited some segmentation, and the distortions 
arising from stacking faults in the YBCO matrix near the YBCO/YBNO interface 

Fig. 5  Schematic diagram 
of the cross-sectional view 
of an YBCO film with 
BNO nanocolumns. The 
strained regions near the 
interfaces have their Tcs 
reduced. (Reprinted from 
Horii et al. [46], with the 
permission of AIP 
Publishing)
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were also observed. A thin layer of amorphous material was observed at these points 
which are important as they provide a mechanism to release the lattice strain result-
ing from the large lattice misfit between the phases.

Recently, Cantoni et  al. [55] have reported that the strain-induced oxygen-
deficient matrix regions exist at YBCO/BZO interfaces, and the distance of such 
regions from the interface is ~ 10 nm in an YBCO film with BZO nanocolumns. 
Figure 7a shows the cross-sectional view of the YBCO/BZO (4 vol%) nanocompos-
ite film. BZO phase can be observed in the form of c-axis oriented nanocolumns 
which is common in YCBO/BZO films grown by PLD technique. The lattice misfit 
occurs between BZO and YBCO phases along the vertical interfaces. The distribu-
tion of the out-of-plane strain has been calculated in this study which results from 

Fig. 6  Variation of irreversibility field for YBCO films with varying concentrations of BNO (a) 
2.5%, (b) 5%, and (c) 7.5% deposited at different substrate temperatures. (Reprinted from Horii 
et al. [46], with the permission of AIP Publishing)
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this misfit using the finite element method (FEM) which is shown in Fig. 7b, c for 
two different values of the ratio between nanocolumn length, d, and inter-column 
distance L, representing low and high concentrations of BZO nanocolumns in the 
YBCO matrix, respectively. It was found that high concentration of BZO nanocol-
umns results in a larger overall positive strain of the YBCO along the c-axis causing 
elongation of the c-axis. Figure 7d shows the variation of microstrain as a function 
BZO concentration as calculated from the Williamson-Hall plot of the XRD data. It 
can be observed that the microstrain also increases with increasing BZO concentra-
tion. The comparative results indicated that the experimental value is significantly 
reduced in comparison to the simulated value for the case of d/L = 20 and coherent 
interface, which indicate that much of the lattice strain has been relieved through 
misfit dislocations that are generated at the YBCO/BZO interface, giving rise to a 
semi-coherent YBCO/BZO interface.

The HRTEM image of such an interface is shown in Fig. 8. In Fig. 8b, large 
number of defects, such as dislocations, can be observed which are marked with 
white arrows. The high-resolution Z-STEM micrograph of the BZO nanocolumn in 
Fig. 8a is shown in Fig. 8b which reveals that the BZO c-axis and the REBCO c-axis 
are tilted with respect to each other by nearly 3°. This commonly observed tilt is 
accommodated by tilt dislocations as marked by circles. The misfit dislocations are 

Fig. 7  (a) Cross-sectional TEM image of an YBCO/BZO nanocomposite film. Volumetric average 
of the out-of-plane strain calculated from FEM calculations for the cases d/L = 1 (b) and d/L = 20 
(c). (d) Variation of microstrain versus BZO concentration as calculated by the FEM method for 
the cases d/L = 20 coherent interface (blue triangles), d/L = 1 coherent interface (black dots), d/L 
= 1 incoherent interface (black circles), and measured by XRD for PLD films (open squares) and 
MOCVD films (filled squares). (Reproduced from Cantoni et al. [55])
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also revealed in this image which are effective in relieving the lattice strain (arrows 
in Fig. 8b).

The local strain has been quantified through the Z-STEM images by measuring 
the variation of the REBCO c-axis lattice parameter. Figure 8d shows the compari-
son between theoretically calculated strain (blue dots) and experimentally measured 
strain (red squares). It has been observed that the strain increases when moving 
from the matrix interior toward the BZO nanocolumn until it reaches a peak value 
at a distance of ~5 nm from the interface. However, near the BZO interface, the 
strain decreases rapidly over a distance of ~3 nm. In the narrow REBCO strip, where 
the tilt and misfit dislocations cause strong lattice distortions, both compressive and 
tensile strain components result in atomic displacements along the columns. The 
analytical prediction of the local strain distribution near the YBCO/BZO boundary 
is also shown in Fig. 8d. The observed peak of the measured strain separates two 
concentric YBCO columns with widely varying Tcs. The defective YBCO column 
(closer to the boundary) has been found to be highly oxygen deficient, which is 
expected to have a much lower Tc than the Tc of the YBCO phase which exist on the 
another side of the strain peak.

The role of REBCO/APC interface in improving vortex pinning has further been 
highlighted in a recent work by Gautam et al. [56]. In this study, they have made two 
different kinds of nanocomposites: YBCO+BZO and YBCO+BHO. Both BZO and 
BHO phases tend to form nanocolumns inside REBCO matrix prepared by PLD and 
MOCVD techniques. These c-axis oriented nanocolumns or the so-called 1D APCs 
have proven to provide strong correlated pinning of vortices resulting in enhanced 
in-field Jc in superconducting YBCO films. Although, there has always been discus-
sions on the issue as to what would fundamentally determine the pinning efficiency 
of different 1D APCs. Both BHO and BZO phases were observed to have similar 
lateral dimensions of 5–6 nm. Figure 9a, b, c shows the cross-sectional TEM image 
of YBCO+BZO and YBCO+BHO nanocomposite films in which the formation of 

Fig. 8  (a) TEM image of a BZO nanocolumn inside REBCO matrix. (b) High-resolution Z-STEM 
image of the same nanocolumn in (a). Light blue circles indicate pure tilt dislocations and white 
arrows indicate misfit dislocations. (c) Bright field image acquired simultaneously to image (b). 
(d) Comparison between theoretically calculated and experimentally measured strain. (Reproduced 
from Cantoni et al. [55])
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nanocolumns can clearly be observed. The corresponding Fourier filtered images of 
these films are also shown in Fig. 9d, e, f. While comparing the Fourier filtered 
images of both YBCO+BZO and YBCO+BHO nanocomposite films, it was 
observed that there is larger number of dislocations along the YBCO/BZO interface 
which the authors have attributed to the larger lattice misfit between YBCO and 
BZO phases as compared to that between YBCO and BHO phases. In contrast, the 
YBCO/BHO interface was observed to be coherent, although a few randomly dis-
tributed dislocations and significant ab-plane buckling was also observed. The high 
interfacial defect concentration in the YBCO+BZO films is attributed to the release 
of strain in a short range of 1–2 nm from the interface, where oxygen deficiency was 
earlier found to be significant [55].

Figure 10 shows the variation of Jc and Fp with respect to applied magnetic field 
for YBCO+BZO and YBCO+BHO nanocomposite films measured at 77  K and 
65  K.  The in-field Jc values of the YBCO+BHO nanocomposite films are much 
higher than their BZO counterpart which is reflected in much higher Fpmax values of 
YBCO+BHO films (182 GNm−3 at 65 K). The authors have attributed the highly 
enhanced vortex pinning properties of YBCO+BHO films to a highly coherent 
YBCO/BHO interface. The coherent nature of the YBCO/BHO interface is attrib-
uted to the smaller lattice misfit between YBCO and BHO phases which would 
allow BHO and YBCO lattices to compromise to each other due to low rigidity of 
the BHO nanocolumns. In contrast, the BZO nanocolumns are prone to the interface 
defects, resulting in a semi-coherent YBCO/BZO interface.

Fig. 9  Cross-sectional HRTEM images of YBCO nanocomposite films consisting of (a) 4 vol.% 
BZO, (b) 4 vol.% BHO and (c) 6 vol.% BHO. The corresponding Fourier filtered images of the 
marked areas (rectangles) in (a), (b), and (c) are shown in (d), (e), and (f) respectively. (Reprinted 
from Gautam et al. [56], with the permission of AIP Publishing)
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5  �Interfaces in REBCO Thin Films Consisting of Spherical 
Nanostructures (3D APCs)

The secondary phase materials when incorporated inside REBCO film matrix 
exhibit different geometries which depend upon many parameters. Lattice misfit 
between the phases and surface diffusion co-efficient of adatoms are crucial in 
determining the interface between the two phases which may be coherent, semi-
coherent, or incoherent [57]. The surface energies of coherent and semi-coherent 
interfaces are much lower in comparison to that of the incoherent interfaces and the 
large surface energies of the incoherent interfaces result in coarsening of the grains 
in polycrystalline films [58] and faceting of precipitates and grain boundaries [1]. It 
has also been reported that the morphology of the secondary phase nanoinclusions 
inside REBCO matrix is determined by the combined effect of lattice misfit and 
elastic properties of REBCO and secondary phase materials [59].

The morphology or geometry of the secondary phase nanoinclusions is also 
determined by the growth or deposition techniques [60]. For example, in-situ growth 
techniques such as pulsed laser deposition (PLD), chemical vapor deposition 
(CVD), or hybrid liquid phase epitaxy (HLPE) allow simultaneous nucleation and 

Fig. 10  Variation of Jc and Fp with applied magnetic field for pristine YBCO film in comparison 
to YBCO films with varying concentrations of BZO and BHO nanocolumns. These data are 
obtained for (H//c-axis) at 77 K (a) and (c) and at 65 K (b) and (d). (Reprinted from Gautam et al. 
[56], with the permission of AIP Publishing)
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growth of the REBCO and secondary phases which result in self-assembled nano-
structures, such as nanocolumns of the secondary phases oriented along the c-axis. 
These secondary phase nanoinclusions are in contact with the REBCO phase 
through coherent or semi-coherent interfaces. Chemical solution deposition (CSD) 
technique, on the other hand, results in REBCO films consisting of nanoscale sec-
ondary phases which are formed in a precursor film in which nucleation and growth 
of the REBCO matrix is delayed. The secondary phase nanoinclusions remain 
trapped during the REBCO growth and they are randomly oriented within the super-
conducting film matrix [57, 61]. During the growth of the REBCO phase, these 
randomly oriented nanoparticles induce a high density of stacking faults in the 
resulting film to relieve the strain at the incoherent interfaces. The nanostrained 
regions surrounding the stacking faults have been suggested to be very efficient in 
inducing isotropic core pinning due to Cooper pair suppression [61, 62].

Figure 11 shows the nanostructural view of YBCO+BZO and YBCO+YBTO 
nanocomposite films prepared from CSD technique as reported by Palau et al. [60]. 
These nanocomposite films are highly strained with a large number of stacking 
faults in the YBCO phase. These defects and the associated distortions in the YBCO 
matrix [63] have been suggested to be efficient isotropic weak pinning sites and a 
large density of such short stacking faults improve the isotropic weak pinning con-
tribution in YBCO nanocomposite thin films.

Fig. 11  High-resolution cross-sectional HAADF-TEM images of an YBCO+BZO10% nanocom-
posite film (a)–(c) with a large density of stacking faults, at different magnifications. (d) Twin 
boundary domains in a highly distorted region of an YBCO+YBTO10% nanocomposite film. 
Green and brown colored regions mark different twin domains, corresponding to [100] and [010] 
YBCO zone axes, respectively. The inset shows the magnified view of a TB. (Reproduced from 
Palau et al. [60])
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In recent years, metal organic deposition (MOD) has also been evolved as a 
promising technique for depositing high performance REBCO superconducting thin 
films [64–66]. In MOD technique, the formation of secondary phase nanoinclusions 
takes place before host superconducting matrix formation. Figure  12 shows the 
schematic diagram depicting the steps of REBCO nanocomposite film growth. 
MOD technique consists of coatings, calcinations, and crystallization steps. The 
nanoparticles are formed earlier in the temperature ramp of the crystallization 
before the crystalline growth of the REBCO matrix, resulting in randomly distrib-
uted and oriented nanoparticles of secondary phases. This method has been demon-
strated to be capable of introducing large concentrations of secondary phases which 
is otherwise difficult in in-situ deposition techniques. Since the crystallization pro-
cess of REBCO phase in MOD technique is liquid mediated, the REBCO/APC 
interface is incoherent and the matrix crystalline quality is less affected as compared 
to in-situ techniques which allow larger concentration of secondary phase 
nanoinclusions.

Figure 13a shows the variation of c-axis length with the concentration of second-
ary phase nanoinclusions for PLD-grown REBCO films consisting nanocolumns, 
PLD-grown REBCO film consisting of nanoparticles, and MOD grown REBCO 
film consisting of nanoparticles as reported by Miura et al. [67]. It can be observed 
that while PLD-grown films exhibit elongation of the c-axis length for larger con-
centration of secondary phase nanoinclusions, MOD films keep their c-axis almost 
unaltered even for larger concentration of secondary phase nanoinclusions. The 
influence of intact crystalline quality of MOD REBCO films is visible in the electri-
cal transport properties which are shown in Fig. 13b, c. The Tc and self-field Jc of the 
MOD grown REBCO films also do not degrade even for higher concentration of 
secondary phase nanoinclusions.

In order to understand the difference between the microstructures of PLD-grown 
and MOD grown REBCO films, high-resolution plan-view TEM images and geo-
metrical phase analysis revealing the strain induced by secondary phase nanoinclu-
sions in the PLD and MOD grown films are shown in Fig. 13d and e. The strain 
component maps reveal that in PLD-grown films, the compressive and tensile stains 

Fig. 12  Schematic diagram of the fabrication steps in Metal organic deposition (MOD) technique 
for the deposition of (Y,Gd)BCO films consisting of BaMO3 (M = Zr, Hf) nanoparticles. (1) 
Coating a chemical solution, (2) calcination to obtain a precursor containing several amorphous 
phases and (3) crystallization of the superconducting phase. (Reproduced from Miura et al. [67])
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are localized near the REBCO/nanocolumn coherent interfaces and spread over a 
distance of ~10 nm whereas, for MOD grown thin films, the strain is localized over 
far shorter distance (~2 nm) around the incoherent REBCO/nanoparticle interfaces. 
The much smaller strained regions in the REBCO matrix results in much less deg-
radation of the superconducting properties. It has also been shown in this study that 
by selecting suitable secondary phase, it is possible to control the size of the 
nanoparticles which would result in large number of pinning sites with less deterio-
ration of the superconducting matrix and subsequently much higher critical current 
performance could be realized.

6  �Conclusions

In order to improve the in-field Jc of REBCO superconducting thin films, many 
methods have been tried to incorporate APCs inside REBCO film matrix. These 
methods have been developed over the years to intentionally introduce nanoscale 
secondary phases into REBCO superconducting thin films. Different secondary 

Fig. 13  Comparison of the structural and superconducting properties as a function of the concen-
tration of secondary phase nanoinclusions and strain maps for PLD grown and MOD grown films. 
Variation of (a) normalized c-axis length, (b) Tc and (c) self-field Jc at 77 K as a function the con-
centration of the nanoinclusions. (d) and (e) show high-resolution plan-view images, where strain 
(εxx, εyy, and εxy) maps were determined by geometrical phase analysis for PLD grown GdBCO+BHO 
(nanocolumns) and MOD grown (Y,Gd)BCO +BHO (nanoparticles) films. The horizontal scale 
bars in (d) and (e) indicate 5 nm. (Reproduced from Miura et al. [67])
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phases exhibit different morphologies when incorporated in REBCO film matrix 
which determine the interface structures between the phases. The artificial pinning 
centers induced by secondary phase nanoscale inclusions and the associated interfa-
cial strain influence the vortex pinning properties of REBCO thin films. The inter-
faces in REBCO superconducting thin films are governed by many parameters 
which include lattice misfit between the phases, surface diffusion co-efficient of 
adatoms, and the processing techniques. While in-situ fabrication techniques rely 
on the coherent interfaces, ex-situ techniques rely on incoherent interfaces for vor-
tex pinning enhancement.
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