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Abstract—We report that ��� �� ����	�
��� (NEG)
films grown by low temperature growth (LTG) technique exhibit
excellent superconducting properties in magnetic fields. In this
study, we aim to improve the superconducting properties of NEG
films by means of a modified LTG technique (mLTG) in which the
surface of a highly -axis oriented NEG seed layer is decorated
by �	��� (BZO) nanodots and an NEG upper layer on the
seed layer is deposited at relatively low substrate temperature
by using a BZO doped NEG123 target. From magnetic field and
angular dependence of �, even � peak around -axis of an
LTG-NEG films including BZO was larger than that of LTG-NEG
without BZO. Furthermore, the mLTG-NEG films showed larger
� peak than the LTG-NEG films with BZO and the � peak

increased with increasing the BZO nanodots density. TEM images
clarified that these films included BZO nanorods with a diameter
of 5 10 nm and the number density increased by introducing the
BZO nanodots. Therefore, we concluded that the mLTG enabled
to improve the superconducting properties due to control the
configuration of BZO nanorods in the films.

Index Terms—Flux pinning, high-temperature superconductors,
low temperature growth technique, ���	�
��� film.

I. INTRODUCTION

F OR an enhancement of superconducting properties of
(RE123, , Sm, Nd and lan-

thanide) films, we have developed a novel thin film growth
technique [1], [2]. The technique is named “low temperature
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growth (LTG)” technique and is consisted of two steps as
shown in Fig. 1(a). Firstly, a -axis oriented thin RE123 “seed”
layer is grown on a substrate at a high substrate temperature by
pulsed laser deposition (PLD). Second step is PLD deposition
of a RE123 “upper” layer on the seed layer at relatively low
substrate temperature. A Sm123 films fabricated by the LTG
technique exhibited excellent superconducting properties in
magnetic fields [3], [4]. Additionally, because of high critical
current density in (NEG) melt
textured bulk [5], we have fabricated NEG films by using the
LTG technique and reported the excellent superconducting
properties in magnetic fields [6].

Recently, a dramatic enhancement of flux pinning in Y123
films has been established by doping (BZO) into the
films [7]. The doped BZO forms a lot of nanorods (NRs) along
the Y123 [001] direction and with a diameter of a few nanome-
ters. These BZO NRs act as -axis correlated pinning centers.
For further improvement of superconducting properties, it is
needed to increase the BZO NRs density and to decrease the
diameter as small as the coherence length of RE123. However,
a formation mechanism of BZO NRs has not been clarified yet.

In this report, we introduced BZO nanodots (NDs) before a
RE123 film growth in order to control BZO NR.

II. EXPERIMENTAL PROCEDURE

NEG films were deposited on MgO(100) sub-
strates by PLD method using KrF excimer laser and

sintered bulk as a target. The
conditions are as follows: a target-substrate distance, 60 mm;
a laser repetition rate, 10 Hz; a laser energy density, 3 ;

pressure, 1 Torr. In the deposition, a “pure” NEG and a 2
vol.% BZO doped NEG sintered targets were used.

In the case of LTG technique, seed layer with a thickness
of 100 nm is deposited on substrates at a substrate temper-
ature of 870 and then an upper layer with a thickness
of 400 nm on the seed layer were deposited at of

. In this case, the seed layer is deposited by using the
pure NEG target, while either the pure or the BZO 2 vol.%
doped NEG target is used for the deposition of the upper layer.
In this paper, when an LTG-NEG film of which the upper layer
is fabricated by using the BZO doped NEG target is described as
LTG-NEG+BZO. Additionally, when a seed layer is decorated
by BZO NDs, we call the process as modified LTG (mLTG).
In the mLTG, the BZO NDs were formed by ablating the BZO
target by a few laser pulses as shown in Figs. 1(b) and 1(c). The
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Fig. 1. Schematics of (a) LTG technique and (b) modified LTG technique. (c)
An image of BZO nanodots observed by atomic force microscopy, which were
grew up by 40 laser pulses using BZO target, on an NEG seed layer. A few BZO
nanodots are enclosed with circle.

number density increased with increasing the pulses and the typ-
ical number density was a few hundreds per 1 square. In
this paper, the films prepared by this technique were notated as

in which corresponds to the laser
pulse number for the formation of BZO NDs.

The crystal structure and in-plane alignment of NEG films
were examined by scan and scan of X-ray diffraction
(XRD) with Cu- source. An -axis grain mixed ratio of the
films was calculated from an XRD peak intensity ratio of 200
to 005 reflections. Superconducting properties of the NEG films
were measured by standard four-probe method. Microstructures
of the films were observed by using cross sectional transmission
electron microscopy (TEM).

III. RESULTS AND DISCUSSION

A. Orientation, Crystallinity, and Critical Temperature

We checked orientation and crystallinity of the films against
the density of the BZO NDs. Here, the crystallinity means a full
width at half maximum (FWHM) of NEG 005 rocking curve.
Fig. 2 shows a typical XRD pattern of an mLTG-NEG+BZO
film. One can see that an epitaxial relationship between the
NEG and substrate is (001)[100] NEG//(001)[100] MgO sub-
strate. Even though the BZO NDs increased, these patterns
did not change. However, the FWHMs of NEG 005 rocking
curves in both the LTG-NEG+BZO and the mLTG-NEG+BZO
films are degraded, compared to “pure” LTG-NEG film. For
a “pure” LTG-NEG film without BZO content, the FWHM is
about 0.06 . On the contrary, the FWHMs of the LTG- and the
mLTG-NEG+BZO films were and these values
were independent of the BZO ND density on the seed layer.
When we take into account that a deterioration of crystallinity
is caused by a strain between BZO and RE123, a crystallinity
of a RE123 film is degraded by increasing the BZO volume
fraction. Thus, we can consider that the BZO volume fractions
in our films are almost same in spite of the density of the BZO
NDs. In other words, the BZO NDs do not diffuse into the NEG
matrix.

Critical temperatures of the films including BZO were
89.7 91.5 K and the values were also independent of the den-

Fig. 2. Typical XRD patterns of an mLTG-NEG+BZO film. (a) ���� scan
(out-of-plane texture) and (b) � scan of NEG 102 reflection (in-plane texture).

sity of the BZO NDs. On the other hand, the pure LTG-NEG
film shows 92.5 K. The lowering of the films including the
BZO would also originate from the crystal lattice deformation
due to the strain between the BZO and the NEG.

B. Critical Current Density in Magnetic Fields

We evaluated critical current densities of the NEG films
in magnetic fields applied parallel to the -axis of the films and
the result is exhibited in Fig. 3(a). One can see that at low
fields ( 6 T) of the BZO doped films were higher than that of
the pure LTG-NEG film. This improvement is caused by an en-
hancement of the flux pinning force by introducing the BZO and
this fact is same with other report, for example [7]. Especially,
at the low fields, the mLTG-NEG+BZO(80) film exhibited the
highest in the films and there was a broad peak around 1
T. However, of the films at high fields were lower than that
of the pure LTG-NEG film. Therefore, BZO doping into NEG
films at given doping level is not effective to improve the pin-
ning at high magnetic fields higher than 6 T and more detailed
investigation about higher doping level is required.

As mentioned in the previous section, the BZO NDs should
not diffuse into the NEG matrix. Namely, the volume fraction
of the BZO, which contributes to a formation of any microstruc-
ture made of BZO, should be independent of the BZO ND den-
sity. Therefore, we can think that the BZO NDs affect a pinning
center consisted of BZO. In next section, we will discuss the
BZO configuration in the films.

Next, anisotropy of the against a magnetic field applied
angle is investigated. Fig. 3(b) shows of the films as a func-
tion of the magnetic field applied angle. The magnitude of the
magnetic field was 1 T at which the remarkable enhancement
in the mLTG-NEG+BZO(80) film was obtained (see Fig. 3(a)).
Note the around -axis of the films, the of the mLTG-
NEG+BZO(80) film was the highest among the films in this
study and the LTG-NEG+BZO film exhibited high in the
second. These facts mean that a high density -axis correlated
pinning centers exist in the films including BZO and the density
is enhanced by the BZO NDs.

C. Microstructure

In this section, we investigated the microstructure of
the films. Figs. 4(a) and 4(b) exhibit TEM images of the
mLTG-NEG+BZO(80) and the LTG-NEG+BZO films, respec-
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Fig. 3. Critical current density of NEG films at 77 K. (a) magnetic field de-
pendence of � and (b) � in 1 T as a function of applied magnetic field angle.
Same symbols are used in both (a) and (b).

tively. We found that the BZO NRs were embedded in the
NEG matrix and the NRs grew along the NEG [001] direction,
although the NRs somewhat tilt against the [001] direction. The
existence of the BZO NRs is consistent with the result of the ap-
plied field angular dependence of . Furthermore, one can see
that a diameter of the BZO NRs in the mLTG-NEG+BZO(80)
film was finer than that in the LTG-NEG+BZO film. Because
the BZO content in the films should be the same and the BZO
NDs in the mLTG-NEG+BZO(80) film do not diffuse into the
NEG matrix, the fine NRs in the mLTG-NEG+BZO(80) film
means an increase of the number density of BZO NRs. For a
confirmation of the increase, we made a diameter-histogram of
the BZO NRs in the films as shown in Fig. 4(c). The diameter
distribution is classified into two groups in this figure. One
is a group of the diameter less than 10 nm and another one
is a group of the diameter more than 10 nm. In the case of
the LTG-NEG+BZO film, diameter of a BZO NR belonged to
either group. However, the greater part of the BZO NRs in the
mLTG-NEG+BZO(80) film was in the group of small diameter.
This fact means that the BZO NDs prevented a growth of
coarse BZO NR. Although this detailed mechanism is under
considering, the nucleation of the BZO NRs may be encouraged
by the underlying BZO NDs due to a low interfacial energy
between the BZO nucleus and the BZO NDs. Namely, because
it is easy to grow BZO on the BZO NDs, we suggest that the
BZO NRs directly grow on the BZO NDs. As a result, the
number density increased and the diameter decreased.

Fig. 4. Microstructure of the BZO doped films. (a) Cross sectional TEM image
of the mLTG-NEG+BZO(80) film and (b) the LTG-NEG+BZO films. (c) Diam-
eter-histogram of the BZO nanorods in the films. The number of BZO NRs was
counted over in low magnification TEM images of 1 �� width.

Based on above discussion, we concluded that the increase
of the BZO NRs via the introduction of BZO NDs on the sur-
face of NEG seed layer resulted in the superior superconducting
properties in the magnetic fields for the NEG+BZO film.

IV. CONCLUSION

In order to enhance BZO nanorods density for a further en-
hancement of in magnetic fields, we introduced BZO into
NEG films grown by LTG technique. Especially, in mag-
netic fields was improved by an introduction of BZO nanodots
on the seed layer in the LTG films. This improvement was due
to a formation of the -axis correlated pinning centers which
were made of the BZO. Interestingly, the films including the
BZO nanodots exhibited a remarkable enhancement of . From
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cross-sectional TEM observation, we confirmed that the BZO
nanodots prevented a growth of a coarse BZO nanorod and the
high density BZO nanorods were formed in the films.
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