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Abstract

The longitudinal magnetic field (LMF) state, in which the magnetic field is applied parallel to the
applied current direction and ab-plane of SmBa,CusOy (Sm123) films with shaped artificial
pinning centers (APCs) of various shapes is investigated. The in-field critical current density (Jc)
of pure Sm123 films in the LMF state and films with Y,03;, Sm.BaCuOs, BaHfOs;, and
multilayered-structure with short BaHfO3; nanorods were measured in the configuration. The
measurement revealed that there was significant J. enhancement only in the multilayered-film.
From the viewpoint of flux pinning, 3D-flux pinning is the key to improving in-field J; in the
LMF state. However, the Sm123 films with APCs, such as Y03 and Sm;BaCuOs, did not have a
larger Jc than the pure Sm123 films in the LMF state. This indicates that the APCs prevent the
current flowing along the external magnetic field. Both of the 3D-flux pinning and the pure layer
in which current can flow without disturbance are important for the J. enhancement in the LMF
state.
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1. Introduction

Recently, many manufactures have developed high temperature superconducting (HTS) wires,
such as Bi2Sr.Ca,CusOy (Bi-2223) and REBa,CusOy (RE123, RE = rare earth), for the next
generation of superconducting applications. The HTS wires carry supercurrents even at liquid N2
temperature; therefore, the cost for the refrigerant can be saved [1-3]. In fact, Bi-2223 and
YBa,CusOy (Y123) cables already have been introduced into DC power transmission [4].
Additionally, the RE123-coated conductors have great potential for high-field superconducting
magnets [1-3]; therefore, there have been many studies to improve the in-field properties of
RE123 by adding artificial pinning centers (APCs) into the RE123 matrix [7-37]. The well-
investigated APC materials for the improvement of the properties are nonsuperconductors, such
as metallic nanodots of Ag [8-10, 13, 20, 21], Au [10, 13, 20], substrate decoration [8-13, 20, 21],
quasimultilayer technique [12, 13, 20, 21], heavy-ion irradiation [14], BaMO3z (BMO, M = metal:
Zr, Sn, Hf) [15-26], Ba:RE(Nb, Ta)Os [27-31], RE203 [25, 32, 33], RE.BaCuOs (RE211) [34-36],
and Gd2:Ba;,CuWOy [37].

However, the reduction of the Lorentz force (F.) on flux lines is also effective to improve the
critical current density (Jc). The F on the flux lines is formulated as the cross product between
vectors of current and flux density; therefore, it disappears when these vectors are parallel namely,
in a longitudinal magnetic field (LMF) state. Additionally, LMF effects comprising various
peculiar electromagnetic phenomena have been reported [38]. In general, in transverse magnetic
fields, J. monotonically decreases with increasing the fields. However, J. enhancement by the
LMF effect in a certain magnetic field compared with that in a self-field has been reported, and it
is called “Jc-gain” [39-42]. The Jc-gain has great potential to increase the current capacity of
superconducting power cables. For saving space and cost, Matsushita et al. suggested a novel
architecture of superconducting power cables with high efficiency [43-46]. This cable applies the
LMF state via the peculiar design of tape winding in which the synthetic vector field consisting
of the external field and its self-field becomes parallel to the current. Recently, current capacity
enhancement in Bi-2223 tapes was reported with a cable architecture, as suggested previously
[46].

The Jc-gain in the LMF state in SmBa,CuzOy (Sm123) films with multilayered (ML)-
architecture [47-50] consisting of pure Sm123 and BaHfO3 (BHO)-doped Sm123 layers has been
reported. The Jc-gain at liquid N> temperature was observed not in pure Sm123 films, but in the
ML-Sm123 films. However, some researchers have reported the Jc-gain in pure Y123 films with
a single-layer structure [41].

The ML-structure could be suitable for J.-gain appearance; however, its mechanism is still



unclear in terms of flux pinning, APC shape, and film structure. Flux motion is in a spiral shape
in the LMF state, and it is necessary to consider the flux pinning effect with separated directions
on the complicated flux motion. In this study, the focus is on the relationship between the F_
directions, such as in-plane and out-of-plane, and the J. property in the LMF state in several
Sm123 films with various APCs. From this investigation, it is possible to clarify the dominant
factor for the Jc gain in terms of flux pinning. Therefore, a study was conducted upon the in-field
properties in the transverse field and the LMF state in a pure Sm123 film and Sm123 films with
randomly distributed nanoparticles such as Y.0s; and Sm;BaCuOs (Sm211), BHO nanorods
threading a film, and ML-structure.

2. Experimental procedure

Pure and APC-doped Sm123 films on LaAlO; (100) single-crystalline substrates were
fabricated by the pulsed laser deposition method using a KrF excimer laser (1 = 248 nm) at a
repetition rate of 10 Hz. Y203, Sm211, and BHO were chosen as APCs in this study, because they
have been reported to form nanoparticles or nanorods in the RE123 matrix [22-26,32-36]. To
dope the APCs into the Sm123 matrix, a surface modified target technique was used in which a
Sm123-sintered bulk as a target was modified by putting thin sectors of Y,03 or Sm211 onto the
Sm123 target by means of a silver paste. A 3 vol% BHO mixed Sm123 target was used to deposit
a Sm123 film with BHO nanorods. Additionally, an ML film were deposited with pure and 3
vol% BHO mixed Sm123 targets by an alternating target technique [23], and this film had 48
layers (48ML), which were alternately stacked 24 pure and 24 BHO-doped layers each of a
thickness of around 8 nm. BHO nanorods in the 48ML film were cut to short lengths by the pure
layers. The distance between the targets and the substrate was 50 mm. The substrate temperature
was kept at 860 °C. The O, partial pressure was 53 Pa during the deposition. The laser energy
density was 1.6 J/cm?. Additionally, these films had a total film thickness of approximately 400
nm. X-ray diffraction analysis was used to evaluate the film crystallinity. The film thickness was
measured by an optical interferometry microscope. The films were patterned into bridge shapes,
with a width of 0.1 mm and a length of around 1 mm, using laser etching. Superconducting
properties were measured using the standard four-probe method in external magnetic fields with
various directions. The J. were evaluated from I-V curves with an electric field criterion of 1.0

uV/iem.



3. Results and discussion

First, the crystallinity of the Sm123 films was evaluated. All the films had epitaxial growth on
the substrates and had a negligible amount of a-axis-oriented phase. The critical temperatures
(Tes) and Jcs in the self-field (Jc**'s) at 77 K are listed in Table 1.

The film structures of these samples were evaluated in terms of in-field properties. Figure 1
shows the angular dependence of the transverse in-field Jc at 77 K in 1 T. Figure 1 shows that the
Y203 samples had particle-like pinning centers, because they show a similar J. property to one
found in a previous report [33]. Y203 had a shape in nanoparticle with a diameter of 10-20 nm
and the random configuration in the Sm123 matrix from a previous report [25], because the
conditions in the film deposition were almost the same. Although the Sm211 sample showed
isotropic in-field Jc, lower Jc and lower T values were observed. It is thought that Sm211 also
shaped random nanoparticles and their diameters were more than 10 nm from a similar report of
Y,BaCuOs [36]. In addition, RE123 of light rare earths (LRES), such as La, Nd, and Sm, form a
solid solution LRE;1+xBa,>xCusOy via an RE/Ba solid solution [51, 52]. In Sm123, the Sm/Ba solid
solution spread with the size of more than 100 nm in the Sm123 matrix, and the T. decreased with
increasing Sm/Ba solid solution [52]. In this study, the Sm211 sample had not only Sm211
particles, but also Sm/Ba solid solution, because the Sm211 sample showed lower T, than the pure
sample. The above demonstrates that the Sm211 and Sm/Ba solid solution within the Sm123
matrix could have a larger diameter or higher number density of particles. The 48ML sample
showed isotropic enhancement compared with the pure sample, and, especially, it showed higher
Je around B || ab than that of the other samples by strong pinning via a stacking interface parallel
to the ab-plane. From this result and a previous report [23], it can be concluded that the 48ML
sample has an ML-structure. The BHO sample showed a sharp J. peak around B || c; thus, BHO
becomes nanorods threading the Sm123 film [24]. From previous research [49], BHO nanorods
diameters were approximately 10 nm in the 48ML and the BHO samples, because the film
deposition conditions were almost the same.

Figure 2(a) shows the J.-B curves in the LMF state at 77 K. Figure 2(b) shows the ones
normalized by each J!f and the magnified plot in the low-field region. As a notable result, a Jc-
gain was observed only in the 48ML sample. The J.-gain was defined as a J. enhancement in a
certain magnetic field in comparison with the J:*. In the normalized data, the pure sample
showed comparatively higher Jc than the other samples with APCs, except for the 48ML sample.
Other notable data were samples with “random” nanoparticles such as Y,03 or Sm211. The Y03
sample showed a higher J. around B || ab than the pure sample in Figure 1; however, the in-field
Je in the LMF state was almost equal to that of the pure sample in Figure 2. Also, the Sm211



sample showed a similar tendency to that of the Y203 sample. The BHO sample showed the lowest
property among the samples.

For the LMF state, one should consider the flux pinning with respect to the spiral motion of
flux lines [38]. The spiral motion can be simplified as in-plane and out-of-plane directions for the
films. There should be suitable shapes of pinning centers for the several directions of the flux
lines; then, the flux pinning force (F,) property was examined. The above-mentioned were
considered with separated F_ along the c-axis direction and F_ parallel to the ab-plane. The
relationship between F, for both the directions and the J; in the LMF state at 1 T in 77 K is
represented in Figure 3. This figure shows the separated flux pinning effect on the Jc in the LMF
state. From this figure, one can see that there is a roughly linear relationship between the F, in F.
|| c and the Jc in the LMF state, except for the Y,O3 sample. We discuss this tendency of Y,03
later. However, there is no definite tendency for the F, in F_ || ab. The 48ML sample was the
highest F, and J. among the samples. The Y,03; sample showed higher F, than the pure sample
both of F. || ab and F || ¢, and the BHO sample showed higher Fy in F. || ab than the pure sample.
However, the Y>03 and the BHO samples showed a lower J. in the LMF state than the pure sample.
The Sm211 sample showed lower Fy and Jc in the LMF state. It is considered that too large or
high a number density of particles did not pin flux effectively in a transverse and a longitudinal
magnetic field.

It was expected that the 3D-flux pinning would be effective for the J. enhancement in the LMF
state, because flux lines move in a spiral shape along the current direction. From a previous report
[48] and the results from Figures 1 through 3, flux pinning along the c-axis direction had a larger
influence on the in-field property in the LMF state than that along the ab-plane. There was a
roughly linear relationship between F, in F_ || ¢ and J. in the LMF state, as shown in Figure 3,
and the higher Fp in F_ || c sample shows a comparatively higher J. in the LMF state.

These results illustrate the flux motion in a superconducting film in the LMF state and its
pinning around the film surface, as shown in Figure 4. Flux lines penetrate toward the center of
the film from the surface, and the flux lines instantaneously release the rotational strain (force-
free torque) caused by the self-field. Then, a critical state is determined by the equilibrium of the
force-free torque and its pinning (pinning torque). The J; in this state becomes higher with
increasing pinning centers that can pin the rotation of flux lines. There is a report that described
a linear relationship between the Jc in the LMF state and the pinning torque [53]. Flux lines at the
sides of the film move to the center of the film along a direction of the ab-plane. In general, the
self-field is maximum at an edge of a film with the direction along the c-axis, so that the pinning
torque at the edge has more influence on the critical state than that at the top surface of the film.
Therefore, the flux pinning along the c-axis direction at the edge mainly determines the whole
critical state, because the flux pinning along the c-axis can suppress the distortion of the flux lines



at the edge. In other words, flux pinning for F.//c is effective for an enhancement of J. in the LMF
state; therefore, pinning centers such as the interface of pure and BHO-doped layers are useful.
This speculation is also supported from a previous report [48] and the results of Figures 1 through
3 that the sample with 3D-pinning centers, such as the Y>03 and the 48ML samples, showed a
higher J. in the LMF state than the BHO sample with a 1D-pinning center.

The above shows that the Y,03; sample with a higher F, than the pure sample should have a
higher Jc in the LMF state than that of the pure sample. For consideration of the differences among
the pure, Y03, and 48ML samples, the APCs configuration was examined. First, the pure sample
had no APCs. The Y,03; sample had randomly distributed nanoparticles, and the 48ML sample
had short BHO nanorods separated by pure layers. In other words, there were pure layers with no
APCs in the pure and 48ML samples. In the LMF state, the critical current became higher when
the current and magnetic field were parallel, because the F. became zero theoretically. It is
considered that the current can flow without disturbance in the pure layer, and 3D-APCs can trap
the flux lines in the LMF state. Therefore, the Y>O3 sample did not show the J. gain in Figure 2
and showed a higher F, and not-so-high Jc in the LMF state in Figure 3. Thus, the 48ML sample,
which had both a pure layer and the 3D-APCs, showed the highest J. in the LMF state.

4. Conclusions

The LMF effect in the pure Sm123 films and those with several shaped APCs, such as randomly
distributed nanoparticles made of Y>0O3 or Sm211, BHO nanorods, and ML-Sm123, was studied
to investigate the flux pinning and the other factors for larger J. enhancement. First, the angular
dependence of in-field J. of several samples was examined, and these films had the expected film
structures. In the LMF state, Jc-gain was observed only in the 48ML sample. The Y>03 sample
showed a higher F, in both F( || ab and F || ¢; however, the in-field J. in the LMF state was lower
than that of the pure sample. The Sm211 sample showed a lower F; in the transverse field and J.
in the LMF state, because too large or high a number density of Sm211 or Sm/Ba solid solution
did not pin flux effectively. In terms of the flux pinning, it is considered that the 3D-APCs are
effective for the flux motion in the LMF state, because flux lines move in a spiral shape. Thus, it
is important to enhance the supercurrent in the LMF state so that the current and field are parallel
to each other. It is speculated that the current flow without a disturbance in the superconducting
matrix is another factor for higher Jc in the LMF state. The ML-structure can pin flux lines that
move in a spiral shape, and the current can flow without disturbance in the pure layers. Therefore,
both the 3D-flux pinning and the pure layer in which current can flow without disturbance are
effective for the Jc-gain and its enhancement.
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Table 1
Tc and Jefs at 77 K of Sm123 films.

APC Jefat 77 K
Sample name Te (K)
(architecture) (MA/cm?)
Pure Pure 915 2.2
5 area% Y203
Y203 88.5 15
(random particles)
5 area% Sm211
Sm211 88.7 1.0
(random particles)
3 vol% BHO
BHO 90.8 1.7
(threading nanorods)
48ML
48ML 91.7 2.7

(multilayer)
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Angular dependence of in-field Jc at 77 Kin 1 T of each Sm123 film.
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superconducting film in the LMF state:the distortion of flux lines in the side edge is larger than that

in the top surface, because of a difference of the self-field magnitude caused by the film shape.



