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Abstract 

Double perovskite Ba2LuNbO6 (BLNO)-doped YBa2Cu3O7-y (YBCO) thin films are fabricated 

on a SrTiO3 (001) substrate by pulsed laser deposition, and their nanostructures are 

characterized by transmission electron microscopy and scanning transmission electron 

microscopy. Cross-sectional observations and elemental mapping reveal that BLNO self-

assembles during thin film deposition, and consequently, nanorods extending straight from the 

substrate to the surface are formed in the YBCO thin films. It is confirmed that stacking faults 

perpendicular to the growth direction disturb the formation of BLNO nanorods. Strain maps 

extracted by geometric phase analysis reveal that the tensile strain occurs in the YBCO matrix 

around the BLNO nanorods. Misfit dislocations are periodically introduced at the interface 

between the nanorod and matrix, which results in the inhomogeneous strain of YBCO around 

the BLNO nanorods. The superconducting properties of the YBCO+BLNO thin films are 

compared with those of other previously reported YBCO thin films with normal perovskite and 

double perovskite nanorods. 

*To whom correspondence should be addressed. E-mail: ishimaru@post.matsc.kyutech.ac.jp 
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 2 

1. Introduction 

The enhancement of the critical current density (Jc) of REBa2Cu3O7-y (REBCO: RE = rare earth, 

Nd, Sm, Gd, Y, and so forth) thin films is of technological importance for developing high-

performance coated conductors. Because the migration of magnetic flux penetrating a 

superconductor gives rise to resistance, much effort has been devoted to introducing pinning 

centers, such as lattice defects, grain boundaries, and precipitates, to trap the magnetic flux [1-

3]. BaMO3 (BMO: M = Zr, Sn, Hf, and so forth), which has a perovskite-type structure, self-

assembles during thin film deposition to result in the spontaneous formation of nanorods in the 

REBCO matrix [4-6]. The BMO nanorods act as pinning centers oriented along the c-axis of 

the REBCO thin films, which effectively improve Jc and the flux pinning force in a magnetic 

field applied parallel to the c-axis of the thin film. 

 The lattice parameter of BMO is different from that of REBCO, which causes strain 

at the interface between the matrix and nanorod [7-9]. The strain affects the physical properties 

of bulk and thin film superconductors [10-16], and therefore it is necessary to establish strain 

engineering for the development of novel coated conductors. However, the perovskite BMO 

nanorods introduced in the REBCO thin films are mainly BHfO3, BZrO3, and BSnO3, and the 

selection of elements and compositions is limited. A double perovskite-type structure, 

represented as A2B’B”O6 (or A’A”B2O6), is attracting attention as a new artificial pinning 

center. In this structure, the sublattice of the B (A) sites of the normal perovskite-type structure 

(ABO3) is regularly occupied by two different cations and the resultant structure possesses a 

unit cell that is twice that of ABO3. The double perovskite structure has a higher degree of 

freedom in composition and lattice parameter than the conventional perovskite structure, which 

allows flexible control of the strain state. It has been confirmed that the superconducting 

characteristics in the applied magnetic field are improved by introducing nanorods with a 
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double perovskite structure [17-20]. 

 The rare-earth elements can be introduced into one of the cation sites in the double 

perovskite structure, as seen in Ba2(Y,Nb)O6 [17,18] and Ba(Y/Gd,Nb/Ta)O6 [21], and excess 

elements may precipitate as nanoparticles on the matrix or cause stacking faults. As a result, a 

hybrid pinning structure with a mixture of zero-, one-, and two-dimensional defects is 

spontaneously formed. It has been reported for REBCO+BMO thin films that the nanoparticles 

and stacking faults improve the Jc in a magnetic field applied parallel to the ab-plane of the thin 

film [22]. A similar improvement in the superconducting properties is anticipated in the double 

perovskite-doped REBCO films. This motivated us to synthesize double perovskite-doped 

REBCO thin films. 

 To control the superconducting properties, knowledge of the structures is required. 

However, the structural analysis of REBCO thin films containing double perovskite nanorods 

is relatively limited as compared with that of perovskite oxide BMO nanorods. In the present 

study, we prepare Ba2LuNbO6 (BLNO)-doped YBa2Cu3O7-y (YBCO) thin films by pulsed laser 

deposition and characterize their structures and strain state using transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM). As a result, it is 

observed that a hybrid pinning structure consisting of nanoparticles, nanorods, and stacking 

faults is spontaneously formed. The Jc characteristics of the YBCO+BLNO thin films are 

evaluated and the relationship with nanostructures is discussed. 

 

2. Experimental 

The YBCO+BLNO thin films with a thickness of ~160 nm were fabricated on a single-

crystalline SrTiO3 (STO) (001) substrate using pulsed laser deposition, where the mixed 

YBCO+BLNO (5 vol.%) targets were ablated. The oxygen partial pressure during the film 
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 4 

fabrication was 0.26 mbar and the laser frequency was 2 Hz. The growth temperature was 

890 °C. The resistivity and Jc of the film were measured using a Quantum Design Physical 

Property Measurement System. Electric field strengths of 1 V/cm and 10 V/cm were used to 

define a magnetic field dependence of Jc and an angular dependence of Jc, respectively. 

 Cross-sectional specimens for TEM and STEM were prepared by mechanical 

polishing and Ar ion milling. Bright-field images and electron diffraction patterns were 

obtained by a JEOL JEM-3000F operated at 300 kV (Kyushu Institute of Technology). To 

estimate the lattice parameter from the electron diffraction pattern, the camera length was 

calibrated by the diffraction pattern of polycrystalline thallous chloride. Annular bright-field 

(ABF) and high-angle annular dark-field (HAADF) observations and elemental mapping were 

performed at an acceleration voltage of 200 kV using a JEOL JEM-ARM200CF equipped with 

dual silicon drift detectors of a 100 mm2 sensor (Kyushu University). For the strain mapping, 

HAADF images were analyzed by DigitalMicrograph™ using a FRWR plugin from Humboldt-

Universität zu Berlin [23]. 

 

3. Results and discussion 

 Figure 1(a) shows a cross-sectional bright-field TEM image of the YBCO+BLNO 

thin film grown on a STO substrate. The image was recorded a few degrees off the [010] zone 

axis of YBCO, where the 00l-type systematic reflection of YBCO was excited, so as to obtain 

a clear contrast. Moiré fringes caused by overlapping crystals with different lattice parameters 

were observed in the thin film. Because of the uniaxial excitation condition, the moiré fringes 

parallel to the YBCO/STO interface were emphasized. The difference in the direction of the 

moiré fringes between the right- and left-hand sides arose from the change in diffraction 

conditions caused by the slight bending of the TEM sample. In fact, the diffraction contrast of 
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 5 

the YBCO matrix was darker in the right region than that in the left. Most of the nanorods grew 

straight and continuously along the growth direction from the substrate, which indicated the 

formation of nanorods in the thin film. Figure 1(b) shows the electron diffraction pattern 

obtained from the thin film. In addition to the Bragg reflections of YBCO, weak spots arising 

from nanorods appeared, as marked by arrows. To interpret the experimental diffraction pattern, 

the structure factors were calculated on the basis of the kinematical approximation. The 

simulated pattern of Fig. 1(c) revealed that the arrangement of the extra spots was consistent 

with the (010) reciprocal lattice plane of BLNO with a double perovskite structure. (The 002 

and its equivalent reflections of BLNO were too weak to detect.) From the electron diffraction 

patterns, the following orientation relationships were found to exist between the YBCO matrix 

and the BLNO nanorods: (001)YBCO//(001)BLNO and [010]YBCO//[010]BLNO. 

 The lattice parameters of the BLNO nanorods were estimated to be 8.3(2) Å in the 

in-plane direction and 8.5(7) Å in the growth direction. (Because the spots of BLNO are spread 

in the diffraction pattern, the number at the second decimal place in parentheses contains an 

error.) That is, the BLNO nanorods embedded in the YBCO matrix were tetragonally distorted 

and the lattice parameter deviated from that of bulk BLNO (a = 8.368 Å [24]). When two 

lattices with the plane spacings d1 and d2 overlap in parallel, the interval of the moiré fringes, 

D, can be calculated by the following equation [25]: 

𝐷 =
𝑑1𝑑2

|𝑑1−𝑑2|
 . 

Based on the spacing of the moiré fringes (36 Å) and the (004)BLNO planes along the growth 

direction, the spacing of the (006)YBCO planes was estimated to be 2.02 Å. The corresponding 

lattice parameter (c = 12.1(2) Å) was larger than that of the matrix (c = 11.67 Å) estimated from 

the electron diffraction pattern of Fig. 1(b), which suggested that the c-axis of YBCO was 
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 6 

elongated around the BLNO nanorod. In BaZrO3-doped YBCO thin films, an average increase 

in the c-axis was observed with increasing BaZrO3 concentration [7,26], which is consistent 

with the present results. 

 Figure 2(a) shows a cross-sectional ABF-STEM image of the YBCO+BLNO thin 

film. In addition to the nanorods, it was found that precipitates, as marked by arrows, were 

present in the thin film. Similar precipitates were also confirmed in Fig. 2(a), as marked by 

arrows. To identify the nanorods and precipitates, elemental mapping was performed using 

energy-dispersive X-ray spectroscopy (EDX). Figure 2(b–f) shows the EDX elemental maps 

taken by the characteristic X-rays of (b) Y-L, (c) Ba-L, (d) Cu-K, (e) Lu-M, and (f) Nb-L. The 

energy of the M-characteristic X-ray of Lu is 1.581 keV, which is within the energy range of 

soft X-rays (0.1–2 keV). Because the soft X-rays are easily absorbed by the specimen itself 

and/or by obstacles on the way to the detector, the results obtained here show only qualitative 

trends. The concentrations of Lu (Fig. 2(e)) and Nb (Fig. 2(f)) were high at the region of the 

moiré fringes elongated along the growth direction, which suggested that the BLNO nanorods 

were successfully formed in the specimen. The concentration of Ba was low, while that of Y 

was high in the precipitates. A precipitation of Y2O3 was observed in the BaHfO3- [27] and 

Ba2Y(Nb,Ta)O6-doped YBCO thin films [19,20]. It should be noted that the Bragg spots 

corresponding to Y2O3 were not observed in the electron diffraction patterns which were taken 

from a wide area. Faint extra reflections were confirmed in fast Fourier transform (FFT) 

diagrams obtained from the precipitates (see Fig. S1 of the supplementary material), but the 

structure has not yet been determined. The precipitates were embedded in the YBCO matrix, 

and there was a possibility that the crystal structure was different from that of the equilibrium 

phase in the bulk state. Because of this, the precipitates observed here are called Y-rich 

precipitates. 
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 7 

 To reveal the spatial distribution of nanorods, the cross-sectional ABF-STEM image 

taken from a wide area is shown in Fig. 3(a). The nanorods extended straight from the substrate 

to the surface of the thin film, but some of them were curved or interrupted in the middle of the 

thin film. It has been reported that the BMO nanorods grow thick and straight at high growth 

temperatures, while short, thin, and tilted nanorods are formed at low temperatures [28]. In the 

present study, the YBCO+BLNO thin film was deposited at 890 °C, and therefore, the factor 

that inhibited the formation of straight nanorods was not the growth temperature. Figure 3(b,c) 

shows magnified images of the areas enclosed by dashed squares in Fig. 3(a). A linear contrast 

perpendicular to the growth direction was observed in these images, which was attributed to 

the stacking fault located on the (001) plane of YBCO. The nanorods terminated by the stacking 

fault are shown in Fig. 3(b), while the nanorods curved at the stacking fault are observed in Fig. 

3(c). However, several nanorods were uninterrupted at the stacking faults, as indicated by the 

arrows in Fig. 3(a). These results suggest that some of the stacking faults generated during the 

film deposition disturbed the growth of the nanorods. 

 Figure 4(a) shows a HAADF-STEM image of the YBCO+BLNO thin film on a STO 

substrate. The contrast of the HAADF image is proportional to the square of the atomic number, 

and therefore the STO substrate became dark. A BLNO nanorod existed at the dashed 

rectangular region. In fact, spots corresponding to BLNO were observed by Fourier transform 

of Fig. 4(a), as shown in Fig. 4(b), and the FFT diagram agreed with the electron diffraction 

pattern of Fig. 1(b). It was found that the positions of the spots corresponding to BLNO were 

slightly different between the electron diffraction pattern (Fig. 1(b)) and FFT diagram (Fig. 

4(b)). This was proposed to arise from the thinning of the TEM specimen, but the qualitative 

trend in the lattice parameter change was still maintained. 

 Geometric phase analysis (GPA) [29,30] was employed to examine the spatial 
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 8 

distribution of strain. It is known that the precipitates and nanoparticles embedded in the matrix 

cause the moiré fringes which interfere with GPA [31]. Compared with the high-resolution 

TEM images, the moiré fringes were highly suppressed in the HAADF-STEM images. Indeed, 

the atomic arrangement of YBCO was clearly visible without moiré fringes, despite the overlap 

of YBCO and BLNO in the projection direction. Furthermore, we used the Fourier filtered 

image, which was extracted by choosing the YBCO spots only for GPA, to minimize the effects 

of the BLNO lattice and background noise on the strain map. The 003 and 100 spots of YBCO 

circled in Fig. 4(b) were used for the analysis. The radius of the mask for inverse FFT was set 

to be 0.4 nm−1, which corresponded to a spatial resolution of 2.5 nm. An undistorted YBCO 

region (the left side of Fig. 4(a)), which contained neither defects nor nanorods, was chosen as 

the reference lattice. Figure 4 shows the resultant GPA strain maps for (c) the xx and (d) yy 

components, where the x- and y-axes are defined as the lateral and growth directions, 

respectively. It is apparent that the YBCO around the BLNO nanorod was subjected to tensile 

strain along the growth direction (Fig. 4(d)): the lattice parameter of YBCO became large 

around the BLNO nanorod. This result agrees with the moiré fringe analysis described above. 

However, the strain along the lateral direction (Fig. 4(c)) was almost negligible.  

 It should be noted that the strain distribution was not uniform. This inhomogeneous 

strain distribution was attributed to the existence of a misfit dislocation, which was periodically 

introduced at the interface between the YBCO matrix and the BLNO nanorod, as marked by 

arrows in Fig. 4(d). Feldmann et al. [17] found that Ba2YNbO6 nanorods embedded in YBCO 

are short segmented by the amorphous phase. Similar segmented Ba2YNbO6 nanorods were 

also observed by Wee et al. [18]. On the basis of the Lindemann criterion [32], it has been 

proposed that a solid-state amorphization is induced when the sum of the static and thermal 

mean-square displacements reaches a critical fraction of the interatomic spacing [33]. The 
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 9 

formation of nanorods segmented by the amorphous phase seems to occur at the high strain 

region owing to the lattice mismatch. 

 Maeda et al. [8] examined the strain field of GdBa2Cu3O7- in the vicinity of the 

BaHfO3 nanorods and found that the tensile strain fields locally extend to the matrix side. To 

examine the strain distribution at the interface, a magnified yy strain map is shown in Fig. 4(e). 

Because the interface between the nanorod and the matrix was unclear in the HAADF image, 

the line connecting the misfit dislocations was assumed to be the interface. The tensile strain 

field extended in a semicircle toward the YBCO matrix side, as shown by the broken line. The 

line profile averaged at the solid rectangle in Fig. 4(d) is shown in Fig. 4(f). For comparison, 

the profile obtained from the matrix (dashed rectangle in Fig. 4(d)) is also indicated, where no 

strain exists. A maximum tensile strain of ~7% was observed in the region of the nanorod, and 

the amount of strain gradually decreased towards the interface. The tensile strain above the 

background noise still remained at the YBCO matrix, and the region extended up to ~3 nm, 

which is larger than the ~0.5 nm observed in BaHfO3-doped GdBa2Cu3O7- [8]. 

 The interval of misfit dislocation was ~7 nm (Fig. 4(e)), which is longer than that 

observed in BaZrO3-doped YBCO thin films (5.7 nm) [26]. Based on a mismatch of ~10% 

along the growth direction (8.5(7) Å (d002=4.28 Å) for BLNO and 11.67 Å (d003=3.88 Å) for 

YBCO), the interval of misfit dislocation was estimated to be ~4.2 nm, which is shorter than 

the experimental result (~7 nm). This suggests that the lattice mismatch at the interface between 

the BLNO nanorod and YBCO matrix was partially relaxed. There is a possibility that the strain 

changes around the nanorods affect the Jc in a magnetic field applied perpendicular to the c-

axis of thin film. The lattice parameter of the double perovskite structure depends on the 

composition and the degree of cation ordering [34], and therefore the interval of the misfit 

dislocations and strain fields can be controlled by tuning the growth conditions of thin films. 
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 10 

For example, it seems possible to control the ratio of cations in the A- and/or B-sites of the 

double perovskite structure by changing the target composition. 

 Figure 5 shows the superconducting properties of the YBCO+BLNO thin film. From 

the resistance as a function of temperature (Fig. 5(a)), the critical temperature of the present 

specimen was estimated to be 89.5 K. Figure 5(b) shows the magnetic field (B) dependence of 

Jc at 77 K. A magnetic field was applied to the c-axis of the thin film. The Jc(0 T) and Jc(1 T) 

were 3.5 MA/cm2 and 1.4 MA/cm2, respectively. A Jc shoulder was observed at ~1.5 T, and Jc 

rapidly decreased with the increase in the magnetic field after exhibiting the shoulder, which 

suggested the matching field of ~1.5 T. 

 Figure 5(c) shows the pinning force (Fp) as a function of the magnetic field parallel 

to the c-axis. The Fp reached a maximum at 1.5 T. To examine the relationships between the 

structures and properties, plane-view TEM observations were performed (see Fig. S2 of the 

supplementary material). As a result, the average diameter and number density of BLNO 

nanorods were estimated to be ~11 nm and ~780 m−2, respectively. Because the matching field 

(B) is given by n0 (n: nanorod areal density, 0: magnetic flux quantum (2.07 × 10−15 Wb)), 

B was estimated to be 1.6 T for the present specimen. This value agrees with the magnetic 

field of the Fp peak (Fig. 5(c)) and the Jc shoulder (Fig. 5(b)), which suggested the matching 

field effect that is observed in other YBCO thin films containing nanorods. Rizzo et al. [35] 

reported that the nanorods have a mean diameter of ~5 nm and a density of ~2500 m−2 in a 

YBCO+5 mol% Ba2YTaO6 film. Celentano et al. [20] demonstrated that Ba2Y(Nb,Ta)O6 (2.5 

mol% Ba2YNbO6+2.5 mol% Ba2YTaO6) nanorods possess diameters of 12±2 nm and a density 

of ~540 m−2. On the basis of these results, it was proposed that the diameter of the BLNO 

nanorods can be controlled by tuning the growth conditions. 

 The angular () dependence of Jc at a temperature of 77 K under B=2 and 5 T is 
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 11 

shown in Fig. 5(d). Although the Jc of the double perovskite-doped YBCO was measured under 

a magnetic field of 2 T, the value was larger than that of the YBCO with the conventional 

perovskite nanorods, BaSnO3 and BaHfO3 [22], under 1 T. The Jc had maximum values at 0° 

and 180°, which indicated that the BLNO nanorods effectively acted as a pinning center for the 

magnetic field parallel to the growth direction (B // c-axis direction of YBCO). A large c-axis 

peak in the Jc- curve was observed for B~B, while the c-axis peak in the Jc- curve was small 

for B>B. This confirmed the effective vortex pinning by the BLNO nanorods for B<B. 

 Compared with the conventional perovskite nanorods, BaHfO3 and BaSnO3 [22], 

BLNO shows high Jc characteristics at 90°, parallel to the in-plane direction (B // ab-plane of 

YBCO). Jc(B//ab, 2 T) in YBCO+BLNO was larger than Jc(B//ab, 1 T) in YBCO+BSnO3 with 

almost the same matching field (2 T), owing to the vortex pinning by Y-rich precipitates. This 

indicated self-organized hybrid pinning structure consisting of nanorods and nanoparticles. The 

Jc(B//ab, 2 T) was almost the same level as the Jc(B//ab) in other YBCO films containing double 

perovskite nanorods. The slight difference may originate from the morphologies of 

nanoprecipitates and other lattice defects such as stacking faults. 

 The comparison of the superconducting properties between the present and previous 

studies is summarized in Table 1. The Fp,max was the same level as Fp,max in YBCO+BaSnO3 

and YBCO+BaHfO3, which indicated that the pinning efficiency of the BLNO nanorods was 

as large as that of the BMO nanorods. Although the nanorod structure was partially broken, as 

shown in the TEM image (Fig. 3), the decrease in the effective current flow area was not 

significant. The Jc of the YBCO+BLNO thin films under a magnetic field was larger than that 

of the YBCO thin films including conventional perovskite nanorods and was comparable to the 

double perovskite nanorods. These results suggest that the double perovskite BLNO nanorods 

become effective pinning centers, which is useful for developing higher performance coated 
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conductors. 

 

4. Conclusions 

We prepared BLNO-doped YBCO thin films by pulsed laser deposition, and examined their 

superconducting properties and atomistic structures. It was found that a hybrid pinning structure, 

which consists of Y-rich nanoparticles, BLNO nanorods, and stacking faults, is spontaneously 

formed during the film deposition. Cross-sectional observations reveal that most of the BLNO 

nanorods extend from the substrate to the surface, but some of them are terminated by the 

stacking fault generated during the deposition. The lattice parameter of the BLNO nanorods 

along the growth direction is larger than that along the in-plane direction, which results in the 

tetragonal distortion. Also, it was found that the c-axis of YBCO is extended around the BLNO 

nanorods. Misfit dislocations with an interval of ~7 nm are introduced at the interface between 

the nanorod and matrix, and the strain around the nanorod is partially relaxed. The strain maps 

obtained by GPA reveal that the inhomogeneous tensile strain generates around the BLNO 

nanorods owing to the periodically introduced misfit dislocations. It is also confirmed that the 

tensile strain fields are locally generated in the YBCO matrix near the BLNO nanorods. The 

YBCO+BLNO thin film exhibits the same level of Fp,max as YBCO+BaSnO3 and 

YBCO+BaHfO3. The Jc of the YBCO+BLNO thin films under a magnetic field is larger than 

that of the YBCO thin films including conventional perovskite nanorods and comparable to the 

double perovskite nanorods. 

 

Supplementary material 

See supplementary material for the structure analysis of Y-rich precipitates (S1) and plane-view 

TEM observations of the YBCO+BLNO thin film (S2). 
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Figure captions 

Figure 1. (a) Cross-sectional bright-field TEM image of YBCO+BLNO thin film on a STO 

substrate. Gold on the surface is the electrode deposited for measuring the superconducting 

properties. In addition to BLNO nanorods, Y-rich precipitates, marked by arrows, exist in the 

thin film. The length of 10 moiré fringes is 36 nm. (b) Electron diffraction pattern taken from 

the thin film and (c) the corresponding simulated diffraction pattern. The intensity of the 002 

spots of BLNO is too weak to detect. 

 

Figure 2. (a) ABF-STEM image and (b–f) EDX elemental maps of YBCO+BLNO thin film. 

(b) Y-L, (c) Ba-L, (d) Cu-K, (e) Lu-M, and (f) Nb-L. In the ABF-STEM image, the contrast 

arising from the secondary phase is observed in the YBCO matrix. The concentration of Lu and 

Nb is high at the elongated contrast region, which suggests the formation of BLNO nanorods. 

However, Y-rich precipitates exist at the regions marked by arrows. 

 

Figure 3. (a) ABF-STEM image taken from a wide area. Arrows indicate stacking faults on the 

(001) plane of YBCO. Nanorods extending from the substrate to the surface and nanorods 

interrupted in the middle of the thin film are observed in the image. (b, c) Magnified images of 

the regions surrounded by the dashed squares in (a). Stacking faults prevent the growth of the 

nanorods in (b), whereas they change the growth direction of the nanorods in (c). 

 

Figure 4. (a) HAADF-STEM of YBCO thin film with a BLNO nanorod and (b) its Fourier 

power spectrum. A nanorod exists in the rectangle region. (c,d) GPA strain maps obtained from 

a Fourier filtered YBCO lattice image. (c) xx and (d) yy components, where the x- and y-axes 

are defined as the in-plane and growth directions, respectively. A remarkable tensile strain can 
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be seen at the nanorod. Misfit dislocations, some of them are marked by arrows in (d), are 

induced at the interface between the BLNO nanorod and YBCO matrix. (e) A magnified yy 

strain map. A broken line denotes the tensile strain distribution at the YBCO matrix side. (f) 

The strain distribution around the nanorod (solid rectangle) and matrix (dashed rectangle) in 

(d). The strain distribution obtained from the dashed rectangle corresponds to the background 

noise. In the highlighted region on the YBCO matrix side near the BLNO, there is a significant 

tensile strain above the background. 

 

Figure 5. (a) Resistivity of the YBCO+BLNO thin film as a function of temperature. The critical 

temperature is estimated to be 89.5 K. (b) The critical current density (Jc) under the magnetic 

field applied to the c-axis of the thin film at 77 K. A Jc shoulder is observed at ~1.5 T. (c) The 

pinning force (Fp) as a function of a magnetic field parallel to the c-axis. The Fp becomes a 

maximum at 1.5 T. (d) Angular dependence of the Jc at 77 K under a magnetic field of 2 and 5 

T. The peak of Jc appears when the applied magnetic field is parallel to the c-axis (0° and 180°) 

and ab-plane (90°) of YBCO. 
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Table I. Comparison of the superconducting properties of YBCO thin films containing normal 

perovskite and double perovskite nanorods. Tc: critical temperature; B: matching field; Fp,max: 

maximum pinning force, Jc: critical current density under a magnetic field parallel to the c-axis 

and ab-plane of YBCO. 

 Fraction Tc (K) B (T) FP,max (GN/m3) 

(@77 K) 

Jc (MA/cm2) 

(B // c @77 K) 

Jc (MA/cm2) 

(B // ab @77 K) 

Ba2LuNbO3
A 5 vol.% 89.5 1.5 17.5 (1.5 T) 0.76 (2 T) 0.45 (2 T) 

BaHfO3
B 3.1 vol.% 89.0 2.6 15.9 (3 T) 0.61 (1 T) 0.34 (1 T) 

BaSnO3
C 4 vol.% 88.6 4.8 28.3 (2 T) 0.38 (5 T) - 

BaSnO3
B 5.4 vol.% 89.6 2.0 13.4 (2 T) 0.64 (1 T) 0.27 (1 T) 

Ba2YNbO6
D 

5 mol% BNO 

+ 

5 mol% Y2O3 

92.0-92.5 1.4-1.7 32.3 (2.5 T) (75.5 K) 2.03 (1 T) 0.59 (1 T) 

Ba2Y(Nb/Ta)O6
E 

2.5 mol% BYNO 

+ 

2.5 mol% BYTO 

90.5-90.8 1.6-2.3 21.5 (1.7 T)-25.0 (2.3 

T) 

1.08-1.18 (2T) 0.37-0.51 (2 T) 

Ba2YNbO6
F 5 mol% 88-89 1.3-2.0 6 (1.3-1.4 T) 0.44-0.62 (1 T) 0.21-0.57 (1 T) 

Ba2YTaO6
G 5 mol% BYTO - 5.2 9.1 (3 T) 0.56 (1 T) 0.69 (1 T) 

Ba2Y(Nb/Ta)O6
G 

2.5 mol% BYNO 

+ 

2.5 mol% BYTO 

- 5.2 11.5 (4.4 T) 0.51 (1 T) 0.51 (1 T) 

Ba2YNbO6
H 5.1 vol.% 88.3 - - 0.66 (1 T) 0.33 (1 T) 

A: Present work, B: Ref. 22, C: Ref. 36, D: Ref. 17, E: Ref. 19 , F: Ref. 37, G: Ref. 35, H: Ref. 18 
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