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Abstract

YBa,Cuz05_ 5 (YBCO) thin films, possessing high critical current density (J..), have been synthesized by embedding a homogeneous array of
Y,03 non-superconducting nanoclusters/nanoparticles using a pulsed laser deposition technique. The size, interparticle spacing, and density of
Y,05 nanoparticles in YBCO thin films were tailored by varying the number of laser pulses in order to determine the optimum size for effective
immobilization of vortices. Scanning transmission electron microscopy with atomic number contrast and X-ray diffraction techniques were used to
determine the size and structure of the nanoparticles. Both techniques indicate that the Y,05 particles are epitaxial with respect to the surrounding
YBCO matrix. The information about pinning of vortices by the nanoparticles was obtained by investigating the behavior of critical current
density as a function of temperature and applied field, which in turn determines the vortex density in the sample. The superconducting transition
temperature (7;) of YBCO films with the inclusion of nanoparticles was observed to remain almost the same or decrease marginally (1-2 K) with
respect to 7;. of pure YBCO films deposited under identical conditions. However, J.s of YBCO films embedded with self-assembled nanoparticles
were found to be significantly higher than that of pure YBCO films. The J, enhancement was up to five times in high magnetic field, which is a

key requirement for practical application of high-7; materials.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In order to utilize high temperature superconductors (HTSCs)
in electrical power applications, it is critical to improve the
current carrying capacity, especially in high magnetic fields
[1-3]. Recent investigations have shown that one of the most
promising approaches to enhance critical current density of
HTSCs in presence of an applied field is to introduce three-
dimensional homogeneous defects in the YBCO matrix [1-4].
These defects with size in the range of few times of coherence
length (£ ~1.5-2.0 nm) have been found to act as a means to
inhibit vortex motion, which results in the significant en-
hancement of critical current density at high temperatures and
applied magnetic fields [3—7]. In this work, we report our
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efforts to enhance J; of YBCO thin films by incorporating non-
superconducting particles of Y,03, which is chemically non-
reactive with YBCO and has a close lattice mismatch with
YBCO (0.6%). The small lattice mismatch allows epitaxial
growth of nanoparticles in YBCO matrix, which in turn, yields
a composite thin film with very low intrinsic strain.

2. Experimental

As reference samples, a set of pure YBCO films were first
deposited on single crystal (100) LaAlO; and (100) SrTiO3
substrates. All the thin film deposition experiments were carried
out using a pulsed laser deposition technique, the details of
which can be obtained elsewhere [8]. Some of the primary
deposition parameters were: laser energy=700 mlJ, substrate
temperature=780 °C, oxygen pressure=300 mTorr, laser
repetition rate=10 Hz. The inclusion/embedding of nanoparti-
cles in YBCO matrix was realized by sequential ablation of
Y,0; and YBCO targets using a multitarget carousel in the PLD
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Fig. 1. X-ray diffraction patterns of (a) single layer YBCO films on Y,03
nanoparticles deposited using 160 pulses, (b) single layer YBCO films on Y,03
nanoparticles deposited using 80 pulses, and (c¢) pure YBCO thin film.

system. The same growth conditions were used for the growth of
pure YBCO films and Y,05 nanoparticles. Thus, the resulting
structures resembled a multilayered structure. Care was taken to
have bottom-most and topmost layers made of YBCO. The total
numbers of YBCO and Y,05 layers were 10 and 9, respectively.
A simple representation of our multilayered structure is: YBCO /
[Y,05 / YBCO] x 9. Keeping the thickness of YBCO layer the
same, the size of Y,03 nanoparticles was varied by changing the
number of laser pulses impinging on the Y,O; target. We have
also investigated the effect of a single layer of Y,O5; nano-
particles on the superconducting properties of YBCO films. In
the single layer geometry, Y,O3 nanoparticles of different sizes
were deposited on single crystal (100) LaAlO5 and (100) StTiO3
substrates. After terminating the growth of Y,03, YBCO films
with a thickness of 500 nm were deposited using the multitarget
system. The structural characterization of pure as well as
nanoparticle embedded-YBCO thin films was carried out using
X-ray diffraction (XRD), and scanning electron microcopy with
atomic number contrast (STEM-Z) techniques. The transport
and magnetic measurements of the films were performed using a
four-probe resistance method and a DC magnetization method.

3. Results and discussion
3.1. Structural properties

The single layer and multilayer YBCO thin films were
initially characterized by XRD. Fig. 1 shows the XRD patterns
obtained from pure and single layer YBCO films having Y,O3
nanostructures. These patterns indicate the predominance of
(00I) peaks for YBCO with /=2 to 7 and only (400) peak for
Y,0s, suggesting the textured growth of both the materials,
which was confirmed by STEM-Z results. The Scherrer formula
[5], given by r=0.94 / (Afcosfp), was used to calculate the size
of Y,0j3 nanoparticles in the YBCO thin films matrix, where 7 is
the particle size, A6 is the full width at half maximum of a peak
at a given angle, say, 0. Applying the Scherrer formula to
(400) Y,0; peak, the size of Y,03 nanoparticles in single layer
was found to be ~3 and 4 nm corresponding to 80 and 160 laser
pulses.

The structural characterization carried out using STEM-Z
shows that Y,05 are in the form of isolated particles with sharp
and homogeneous interfaces with YBCO matrix. Fig. 2 shows
low magnification STEM-Z images of the YBCO film em-
bedded with Y,0O3 nanoparticles in a multilayered structure.
Though nanoparticles are difficult to resolve at these magnifica-
tions, these images clearly illustrate the high level of film
flatness and thickness uniformity over long lateral distances.
The silver in the form of large boulders in these images is
attributed to silver paint used for contacts during transport
measurements and/or due to silver paste used for mounting the
substrates during in-situ deposition of YBCO films. As men-
tioned in the Experimental section, the layered structure was
obtained by ablating Y,05 and YBCO targets alternatively. The
STEM-Z image obtained at higher magnification and displayed
in Fig. 3 clearly shows the presence of Y,05; nanoparticles in
YBCO matrix. As a guide to the eye, these nanoparticles have
been marked with arrows. This image shows that dispersion of
nanoparticles in YBCO matrix is uniform and extends over long
lateral distances. According to this image, the size of the na-
noparticles ranges between 3 and 10 nm. The interparticle
spacing is ~5-20 nm. The selected area electron diffraction
(SAED) pattern, shown in the inset of Fig. 3, reveals that the

Fig. 2. STEM-Z images at two magnifications for Y,0O; nanoparticles embedded in YBCO thin film samples grown on SrTiO; single crystal substrates. The total

thickness is around 135 nm.
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Fig. 3. STEM-Z images showing a distribution of Y,O3 nanoparticles in the
YBCO matrix. The SAD pattern in the inset shows the epitaxial growth of Y,03
nanoparticles in YBCO thin film matrix [8].

Y,05 nanoparticles are epitaxial with respect to the surrounding
YBCO matrix.

3.2. Superconducting properties

Fig. 4 shows the J.. of pure and single layer YBCO samples
measured at various fields. It can be seen from this figure that J,
(H=0 T, T=77 K) has increased from 2.5 MA/cm? for pure
YBCO film to 2.9 and 3.1 MA/cm? for YBCO films deposited
on a Y,05 layer with two different particle sizes. It may be
recalled that the Y,Oj3 layer was deposited using 80 and 160
pulses of the laser on the Y,0; target that was followed by a
deposition of 500 nm thick YBCO film in each case. Fig. 4 also
shows a J. plot for a multilayered sample (YBCO / [Y,05 /
YBCOY] x 9) that was fabricated using 160 laser pulses on Y,03
target and 160 pulses on YBCO target. The plot for the multi-
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Fig. 4. Field dependence of J for pure, single layer, and multilayer YBCO thin
films.

a=051 ¢=0.38

Je MA/em?

4 ‘ E|
—A— YBCO \ \\

0.17 —#— 80 pulses " ]
1—%— 160 pulses \ ]

0.1

1
H(T)

Fig. 5. logJ. versus logH plots for pure and single layer YBCO thin films. The
value of exponent was estimated using a linear fit.

layered plot also shows the improvement in J, of YBCO films
with the addition of nanoparticles in the matrix. The upward
shift of the irreversibility field H;., at which J is defined to be
negligible due to flux motion, indicates that flux pinning has
been enhanced by means of Y,0O5 nanostructures. The irrever-
sibility fields are increased from 6.4 T for pure YBCO film to
7.7 and 7.8 T for single layer YBCO films deposited on Y,03
nanostructures and to 6.7 T for the multilayer sample.
Another indication of flux pinning enhancement due to
Y,03 nanostructures was obtained by determining the value of
exponent (o) in the J.~H “ power-law in low-field regime
[6]. o is calculated from the log—log plot of J. and lower
applied fields as shown in Fig. 5. The exponent value of pure
YBCO thin film is found to be ~0.51, which is commonly
observed for PLD grown YBCO films [7]. The exponent values
for single layer samples are found to be ~0.38, which suggest
less field dependence of J.. Ovchinnikov and Ivlev [9] have
predicted an o value 0.6 for the case of uncorrelated, dilute
pinning sites — as also verified in a recent study involving
nano-inclusions in ex situ grown YBCO film [10]. Therefore,
both of these earlier studies [9,10] suggests an existence of
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Fig. 6. Comparison of angular dependence of J at 77 K for pure and single layer
YBCO films on Y,0j; nanoparticles.



S.K. Viswanathan et al. / Thin Solid Films 515 (2007) 6452—6455 6455

more highly correlated pinning defects in our films which is
probably due to threading defects which have been known to
develop from nanostructures on the substrate [11]. Fig. 6 shows
the angular dependence of J, at 77 K for single layer samples
that was measured at 1 T applied field. An increase in the
current density over a particular angular range is an indication
of correlated pinning (i.e. vortices are pinned at preferred
angles due to artificial pinning centers). A broad ranged en-
hancement in J,, around 6=0° (i.e. ||c orientation), for both
single layer samples is observed, implying pinning tracks might
be arranged in the direction of the c-axis.

4. Conclusions

We have studied the structural and transport characteristics
of PLD grown YBCO films embedded with coherent Y,O3
nanostructures. The superconducting transition temperature of
YBCO films obtained on nano-structured substrates or obtained
with the inclusion of nanoparticles was observed to remain
almost the same as that of pure YBCO films. However, J.s of
YBCO films embedded with self-assembled nanoparticles or
grown on nano-structured substrates were found to be sig-
nificantly higher than that of pure YBCO films. The ability of
physical vapor deposition based methods such as PLD to create
a two-dimensional periodic array of extended defects or co-
lumnar defects has the potential to become an important means
to enhance the critical current density of HTSCs thin film
materials for practical applications.
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