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High Critical Current Density in High Field in
Sm1+xBa2 xCu3O6+y Thin Films

Yutaka Yoshida, Yusuke Ichino, Masashi Miura, Yoshiaki Takai, Kaname Matsumoto, Ataru Ichinose, Shigeru Horii,
and Masashi Mukaida

Abstract—Critical current density ( ), irreversibility field
( ) and microstructure in epitaxial SmBa2Cu3O7 x

(SmBCO) films are reported. We have developed a novel approach
to deposit high performance Sm1+xBa2 xCu3O6+y (Sm-123)
at relatively low substrate temperature on MgO. The use of
thin SmBCO seed layer grown at a high substrate temperature
enabled us to obtain fully -axis oriented SmBCO films with
high critical current density ( c) of 2 8 105 A cm

2 under
5 T for at 77 K. This value is as high as in the optimized
NbTi superconducting wires achieved for 5 T at 4.2 K. Compared
with YBa2Cu3O7 y films, Sm-123 films showed higher c

in high fields at 77 K. Transmission electron microscopy TEM
analyses clarified the Sm/Ba composition ratio fluctuations in the
Sm-123 matrix composition in the range of x = 0 0 14 with a
wavelength of 50 100 nm.

Index Terms—Magnetic field measurement, superconducting
film, superconducting wires, thin films.

I. INTRODUCTION

S INCE THE discovery of high-temperature superconduc-
tors, developmental efforts have progressed on super-

conducting wire materials and superconducting magnets that
operate at liquid nitrogen temperatures.

If high-temperature superconducting technology is to rapidly
progress, the critical current density level for YBCO is
insufficient for a high magnetic field coil operating at 77 K.
In YBCO-based superconducting thin films used for making
coated conductors, the highest value has been reported as

(77 K, 5 T, ) [1]. To earlier date,
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research techniques similar to those used on bulk materials have
been carried out, including attempts to introduce precipitates
such as CuO. More recently, the novel technique have been
proposed in which nano particles [2] and micro-par-
ticles of the phase are dispersed in the YBCO
thin film [3]; however, high values in a high magnetic field
comparable to those in metallic materials NbTi at 4.2 K [4]
have not been reported. The property of a coated conductor
operating in a magnetic field at 77 K in liquid nitrogen, which
is inexpensive and available in almost inexhaustible abundance,
needs to be increased to compete that of NbTi operating at 4.2
K. Although the strategy of reducing the operating temperature
to improve the property of YBCO is conceivable, such an
approach would impose restrictions on the manner in which
high-temperature superconducting materials could be utilized.
The truly widespread use of high-temperature superconductors
mandates the development of materials that possess adequate

properties at 77 K. With the goal of developing wire ma-
terials that possess high superconducting properties under a
high magnetic field, we have investigated the fabrication of
thin films, focusing on superconducting
materials (REBCO; , Nd, Sm, Gd, Yb, etc.), which
are reported to exhibit critical temperatures exceeding that
of YBCO [5]–[9]. Previous study have produced a -axis single
phase with favorable properties including a critical temperature

of 91 K or better, and a value of about 8.0 (77
K, self-field), and an SmBCO thin film having an in-plane
orientation with crystals aligned in the plane.

In the development of coated conductors, important research
aims are to achieve high under a self-field, high in the
magnetic field of an oxide based superconducting thin film, and
the introduction of artificial pinning center (APC). In this paper,
we have fabricated a (REBCO) film, in
particular (SmBCO), which displays a
high value relative to the REBCO thin films and which can be
expected to improve the irreversible magnetic field . We
have evaluated the films superconducting properties in a mag-
netic field and have observed the microstructure.

II. EXPERIMENTAL

We have previously reported on the orientation of REBCO
films in films produced under different film growth conditions
and compositions [5]–[7]. We fabricated an SmBCO film on
a MgO (100) substrate by the pulse laser deposition (PLD)
method using an ArF excimer laser. The sub-
strate was placed opposite the SmBCO target at a distance of
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50 mm. The repeating frequency of the excimer laser employed
was 10 Hz with an approximate energy density of 1.0 .
The partial pressure of oxygen during the growth process was
fixed at 0.4 Torr. After thin film deposition, oxygen gas was
introduced up to 20 Torr and the film was cooled rapidly. The
laser target was prepared using the solid-phase reaction method
with a loading composition of ( to
0.12).

The superconducting properties and the electric resistivity
of the SmBCO film were measured using the 4-prove method.
Magnetic fields at 77 K ranging from 0 to 9 T were applied par-
allel to the -axis of the REBCO film. To evaluate the angle-de-
pendency of in the magnetic field, measurements were taken
with the angle of the applied magnetic field varied from 0 to
135 at temperatures 77 K for applied magnetic fields from
0 to 9 T. For measurements, samples were patterned into
micro-bridges approximately 100 wide and 200 long.
The criterion for the determination of during I-V mea-
surement was defined as a voltage of 1 . Before and

values were determined, the REBCO film was annealed at
350 in an oxygen stream for 1 hour.

The micro-structure of the REBCO film was observed and
its Sm/Ba composition was measured using a transmission
electron microscrope (TEM) equipped with an energy disper-
sive X-ray spectroscope (EDX). The orientation of the REBCO
film was analyzed using X-ray diffraction and scan-
ning with a .

III. RESULTS AND DISCUSSION

A. Comparison of -Axis Orientations

A problem in fabricating SmBCO superconducting thin films
of favorable -axis orientation using the PLD method is that
the growth temperature required is about 100 higher than the
YBCO approach [5]. This problem must be addressed before
the PLD method can be applied to fabrication of a coated con-
ductor based on a SmBCO thin film. Given this fact, we propose
a low-temperature growth (LTG) process for fabrication of the
SmBCO film, as an alternative to the PLD method. This process
involves the following procedure. First, an SmBCO seed layer
with an approximate film thickness of 100 nm that is pre-ori-
ented along the -axis is prepared on an MgO substrate at a high
growth temperature . Then, an SmBCO upper
layer with a thickness of 500–600 nm is prepared at a low
(700–800 ). Fig. 1 shows the dependence of -axis orien-
tation for the SmBCO thin film fabricated using the usual PLD
method (PLD-SmBCO) and the SmBCO thin film fabricated
using the LTG process (LTG-SmBCO). In the figure, the vertical
axis indicates values calculated from diffraction peak strengths
of the (200) and (005) planes. The PLD-SmBCO exhibits -axis
orientation at temperatures greater than , but at
temperatures less than 800 , the proportion of -axis oriented
grains increases as decreases. A similar trend has also been
reported in YBCO [10]. In contrast, in LTG-SmBCO, -axis
oriented grains did not occur even when the value was re-
duced, and it was verified that the substance exhibits complete
-axis orientation even at . Thus the LTG process is

capable of fabricating SmBCO thin films with complete -axis

Fig. 1. Dependence of the ratio of a-axis orientation on substrate temperature
in the PLD-films and LTG-films. The numbers indicate that the closer the peak
intensity ratio of the (200) plane is to 1, the stronger the a-axis orientation of
the film, and the closer the number is to 0, the stronger the c-axis orientation of
the film.

Fig. 2. Critical current density J vs. Magnetic field (B==c) at 77 K for the
LTG-SmBCO film on MgO. For comparison, J �B properties for an YBCO
film at 77 K, from [6], and for NbTi at 4.2 K, from [4], are added.

orientation at growth temperatures about 100 lower than typ-
ical values.

B. Critical Current Density of the SmBCO Thin Film in
Magnetic Field

We measured the in magnetic field , one of the most im-
portant properties in considering REBCO thin films for fabri-
cation of coated conductor. Fig. 2 shows a curve at 77
K for PLD-SmBCO and LTG-SmBCO thin films of different
Sm/Ba substitution quantities, x. The magnetic field was ap-
plied perpendicular to the -axis. For comparison, the figure also
gives the reported values for NbTi (4.2 K) [4] and YBCO/STO
(77 K) [6]. The LTG-SmBCO film was confirmed to provide
an improved in-field as compared with the PLD-SmBCO or
PLD-YBCO film. Further, it is clear that the LTG-SmBCO film
with Sm/Ba substitution of or produces
a higher value under the magnetic field compared with the
LTG-SmBCO film of . The LTG-SmBCO film of
achieved the highest value of , (77 K,

, 5 T), among the thin films fabricated in this study. This
value is comparable to NbTi at 4.2 K, 5T. These results suggest
that an effective pinning center (PC) may have been introduced
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Fig. 3. Field angular dependence of critical current density J for the SmBCO
films. The horizontal axis � represents the angle formed by the line orthogonal
to the substrate and the magnetic field B. As indicated in the figure, � = 0

corresponds to B==c, and � = 90 to B==ab.

Fig. 4. Cross-sectional TEM image and the results of compositional analyses
on LTG-SmBCO using TEM-EDX. It should be noted that the spatial resolution
of TEM measurement is approximately 2 nm. In the figure, the horizontal axis
represents the Sm/Ba composition x calculated from compositional analyses,
and the vertical axis indicates the positions at which measurements were
performed.

into the interior of the LTG-SmBCO thin film under the mag-
netic field.

For application of REBCO thin films to fabrication of coated
conductor, it is essential to evaluate the characteristics of the PC
and to adequately control its density and distribution. Therefore,
we investigated the PC occurring inside the LTG-SmBCO thin
film. First, we evaluated the anisotropy of the PC by measuring
the value while varying the angle at which the magnetic
field was applied.

Fig. 3 shows curves for PLD-SmBCO and LTG-
SmBCO thin films. The vertical axis represents the value nor-
malized by data at . The figure shows a sharp peak at

in the PLD-SmBCO and LTG-SmBCO thin films. This
is a specific pinning that occurs due to the anisotropy of the
crystal structure of the REBCO superconductor [11]. The LTG-
SmBCO exhibits less variation in with changing compared
with the PLD-SmBCO. It can be inferred that the LTG-SmBCO
thin film contains an isotropic PC.

Fig. 5. Cross-sectional TEM image and the results of compositional
analyses on LTG-upper layer-SmBCO using TEM-EDX. In the figures, the (a)
direction in the TEM image is parallel to the substrate, and the (b) direction
is perpendicular to the substrate. Compositional analyses were conducted at
20-nm intervals from the substrate toward the surface of the thin film.

Fig. 6. A schematic drawing of the LTG-SmBCO thin film inferred from
microstructural observations based on the TEM-EDX analysis. In the figure,
the darker the color, the greater the Sm/Ba substitution quantity x.

C. Microstructure of SmBCO Thin Film

In oxide-based superconducting thin films, conceivable fac-
tors to give rise to a PC include dislocation, precipitates, twin
boundaries, and -axis oriented phases. The anisotropy of such
PC’s appears to be too large to produce high values in the
magnetic field of the LTG-SmBCO thin film. On the other hand,
it has been reported that in REBCO materials, the solid solution
phase that results from RE/Ba substitution can function as an
effective PC [12]. In order to understand the factors responsible
for the occurrence of a high value in the magnetic field of the
LTG-SmBCO film and to conduct a detailed study on the Sm/Ba
solid solution phase inside the thin film, we observed the mi-
crostructure measured by cross-sectional TEM and TEM-EDX.

Figs. 4 and 5 shows a cross-sectional TEM image and the
results of compositional analyses using TEM-EDX on LTG-
SmBCO and upper layer, respectively. The figure provides con-
firmation that, whereas the Sm/Ba composition x varies little in
the seed layer, it changes significantly in the upper layer, ranging
from to 0.15. The period of variation is approximately
100 nm, indicating a Sm-rich area size of approximately 50 nm.

Fig. 6 shows a schematic drawing of the LTG-SmBCO thin
film inferred from microstructural observations based on the
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TEM-EDX analysis. In the seed layer fabricated at a high ,
a change in composition occurs parallel to the surface of the
substrate, but there is hardly any compositional change perpen-
dicular to the substrate. By contrast, in the upper layer, which
was fabricated at a low , compositional changes occurred both
in directions parallel and perpendicular to the surface of the sub-
strate. Thus, it appears that the interior of the LTG-SmBCO thin
film contains diffused clusters of a three-dimensional Sm-rich
phase. It is thought that such a Sm-rich phase, as reported in the
case of bulk Sm-BCO, operates as a magnetic field-induced PC
due to the low of the area in which it occurs. In other words,
it appears that the angle-dependent change in under the ap-
plied magnetic field diminished due to the fact that the Sm-rich
phase occurring in the interior of the LTG-SmBCO thin film op-
erates as a three-dimensional pinning center, that is, an isotropic
pinning center.

IV. CONCLUSION

In this paper, we have presented a low temperature method,
the LTG technique, which is capable of fabricating SmBCO
thin films at low temperature with high superconducting prop-
erties, comparable to those of YBCO thin films. The supercon-
ducting properties of the SmBCO thin film prepared using the
LTG method were evaluated and its micro-structure was ob-
served. The results confirm that -axis oriented thin films with
favorable properties can be obtained at a growth temperature
100 lower than the temperature required for the fabrication of
an SmBCO thin film using the ordinary PLD method, and that
the property of the LTG-SmBCO thin film in the magnetic
field is dramatically improved compared to the PLD-SmBCO
thin film, exhibiting a high value of (77
K, , 5 T). This value is comparable to that of NbTi, which
is used for the fabrication of wires operating at 4.2 K. Based on
the angle dependence of under the applied magnetic field, we
also confirmed that the PC at the interior of the LTG-SmBCO

thin film is isotropic. Also, based on observations of the mi-
crostructure by TEM analysis, we confirmed the existence of an
Sm/Ba solid solution phase inside the LTG-SmBCO thin film,
ranging in size from 50 to 100 nm. We speculate that the
value for the LTG-SmBCO thin film in the magnetic field im-
proves when the solid solution phase is a three-dimensional PC.
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