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Controlling the Critical Current Anisotropy of YBCO
Superconducting Films by Incorporating Hybrid
Artificial Pinning Centers
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Abstract—BaSnOz (BSO) nanocolumns and Y2BaCuOs (Y211)
nanoparticles have been successfully incorporated into YBCO
thin films by premixed and surface modified target approach.
The effect of these artificially incorporated nanostructures on the
vortex pinning properties of YBCO films is investigated on the
basis of variation of critical current density (Jc) with applied
magnetic field and also its variation with respect to the
orientation of the applied magnetic field at two different
temperatures: 77 K and 65 K. The incorporation of Y211
nanoparticles in both YBCO and YBCO+BS02% films results in
improved Jc-H characteristics which is reflected in the enhanced
pinning force density (Fp) values. The angular dependent Jc
measurement reveals that the YBCO film containing BSO
nanocolumns exhibits Jc peak along the c-axis, whereas the film
containing Y211 nanoparticles exhibits isotropic enhancement in
the Jc values along the entire investigated angular regime. The
YBCO film consisting of both kinds of nanostructures (BSO
nanocolumns together with Y211 nanoparticles), on the other
hand, exhibits mixed characteristics of different kinds of pinning:
strong c-axis Jc peak together with isotropically enhanced Jc in
the intermediate angular regime. A possible vortex pinning
mechanism due to different kinds of artificially incorporated
nanostructures is also discussed.
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I. INTRODUCTION

T HIN FILMS of YBa,CuzO7s (YBCO) superconductor
with enhanced critical current density (Jc) and reduced
anisotropy over wide range of temperature and applied
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magnetic fields are strongly desired for widespread
technological applications [1], [2]. Many efforts have been
made in recent years to improve the flux pinning properties of
YBCO thin films and majority of these efforts aimed to
incorporate nanostructures of secondary phase materials into
YBCO superconducting film matrix which generate artificial
pinning centers (APCs). The nanostructures of several
materials such as YBa,CuOs [3], Y203 [4], BaSnOs [5], [6],
BazZrOs; [7], [8], YBaNbOs [9], [10], etc. have been
successfully incorporated into YBCO films which resulted in
the enhanced vortex pinning properties of YBCO films
deposited by pulsed laser deposition (PLD) technique. Self-
assembled nanocolumns of secondary phase materials such as
BaSnO; (BSO), BaZrO3 (BZO), YBaTaOs (YBTO) etc. have
resulted in the improvement of Jc values particularly when the
applied magnetic field is along the c-axis. However, it is
strongly desired to improve the Jc performance when the
magnetic field is oriented along the intermediate angular
regime (between ab plane and c-axis) as well. In a recent
report, it has been shown that the incorporation of hybrid
structures  (BSO  nanocolumns  together with Y203
nanoparticles) into YBCO thin film reduces the Jc anisotropy
significantly [11].

In the present manuscript, the microstructural and transport
properties of YBCO thin films incorporating 1-D APCs (BSO
nanocolumns), 3-D APCs (Y211 nanoparticles) and hybrid
APCs (BSO nanocolumns + Y211 nanoparticles) is studied.
To introduce 1-D and 3-D APCs into the YBCO films, pre-
mixed target as well as surface modified targets have been
used in the present study. Angular variation of Jc is presented
at two different conditions: 77 K, 1 T and 65 K, 3 T which
exhibits strongly enhanced critical current densities of the
nanocomposite films along broad angular regime. The
objective of the present manuscript is to investigate the vortex
pinning properties of YBCO film consisting of such hybrid
APCs.

Il. EXPERIMENTAL DETAILS

Thin films of YBCO and its nanocomposites with BSO,
Y211 and BSO+Y211 have been deposited on single crystal
SrTiOs (STO) substrates using PLD technique (KrF excimer
laser, A = 248 nm). The deposition conditions have been
described elsewhere [10]. For the deposition of pure YBCO
thin film, a pristine YBCO target has been ablated for 9,000
laser pulses. For YBCO+BSO nanocomposite films,
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YBCO+BSO(2%) pre-mixed target was used in which BSO
content is 2% by weight. For YBCO+Y211 and
YBCO+BSO+Y211 films, the surface of the same YBCO and
YBCO+BSO targets are modified by a sticking a thin
rectangular Y211 pieces (3.6 area %) on the top of the targets
by means of silver paste. As the target is rotated, the Y211
portion is periodically ablated allowing the formation of Y211
nanoparticles in the YBCO and YBCO+BSO films. Two of
the samples: YBCO and YBCO+BS02% have already been
studied in our previous work [11]. The microstructure of
YBCO+Y211 and YBCO+BSO+Y211 nanocomposite films
have been studied using transmission electron microscopy
(TEM). Transport properties of these thin film samples have
been measured using four-probe method by a Physical
Property Measurement System (PPMS, Quantum Design). A
voltage criterion of 1 uVcm™ has been used to obtain the
critical current values. Angular dependence of Jc of all the
thin film samples was measured at 77 K, 1 Tand 65 K, 3 T
using the same voltage criterion.

I1l. RESULTS AND DISCUSSION

The cross-sectional transmission electron micrographs of
YBCO+Y211 and YBCO+BSO2%+Y211 films have been
presented in Fig. 1(a), (b) and (c), (d) respectively at different
magnifications. The formation of Y211 nanoparticles in all the
images and that of the BSO nanocolumns in Fig. 1 (c) and (d)
can be observed clearly. The formation of some planar defects
is also observed which are usually generated during the
growth of the film and has been reported earlier also [10].
Using both mixed target and surface modified target approach;
both nanoparticles and nanocolumns are incorporated in the

YBCO film matrix.

c-axis

FIG. 1 Cross-sectional transmission electron micrographs
of YBCO+Y211 film (a), (b) and YBCO+BSO2%+Y211
film (c), (d) at different magnifications. The formation of
nanoparticles in both the cases and that of nanocolumns
in sample with hybrid APCs can be observed.
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FIG. 2 Variation of Jc (a) and F, (b) with applied
magnetic  field for YBCO, YBCO+BS02%,

YBCO+Y211 and YBCO+BSO2%+Y211 at 77 K.

The variations of Jc and Fp with applied magnetic field for
all the studied thin film samples at 77 K are presented in Fig.
2. The self-field Jc values of all the studied samples vary
between 1.6-3.4 MAcm? The Jc-H characteristics of
YBCO+BSO nanocomposite film is improved as compared to
that of pure YBCO film. YBCO+Y211 film also exhibits
improved Jc-H characteristics as compared to the pure YBCO
film but inferior to the YBCO+BSO film. However at
sufficiently higher field (~ 5T), YBCO+Y211l film starts
overtaking the YBCO+BSO film, although the enhancement is
not significant. YBCO+BSO+Y211 film, on the other hand,
exhibits significantly improved Jc-H characteristics and this
improvement is more prominent at higher applied magnetic
field. The improved Jc-H characteristics are also reflected in
the Fy-H plot. With incorporation of Y211 nanoparticles, both
YBCO and YBCO+BSO films exhibit higher Fpmax values. At
77 K, Fpmax for YBCO film is 2.86 GNm whereas it increases
to 3.95 544, and 9.65 GNm?® for YBCO+Y21l,
YBCO+BS02% and YBCO+BS02%+Y211 films
respectively. The improvement in the Jc-B characteristics is
more prominent at 65 K which is shown in Fig. 3. At 65 K,
Fpmax for YBCO film is 13.6 GNm™ whereas it increases to
31.57, 36.08, and 4470 GNm=® for YBCO+Y211,
YBCO+BSO2% and YBCO+BS02%+Y211 films
respectively.
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FIG. 3 Variation of Jc (a) and Fp (b) with applied
magnetic  field for YBCO, YBCO+BS02%,

YBCO+Y211 and YBCO+BS02%+Y211 at 65 K.

There is significant increase in the Fpmax values of the
nanocomposite films consisting of APCs indicating the
effectiveness of both BSO nanocolumns and Y211
nanoparticles as strong pinning centers. The incorporation of
Y211 nanoparticles in both YBCO and YBCO+BSO films
leads to the shifting of the goHmax (the applied magnetic field
at which Fpmax occurs) towards higher values and it is more
prominent at 65 K. At 65 K, toHmax for YBCO, YBCO+Y211,
YBCO+BS02% and YBCO+BS02%+Y211 films are 3.5, 4.2,
3.8 and 4.6 T respectively which means that pinning is more
effective at higher applied magnetic field in films consisting of
hybrid APCs. Shifting of wHmax towards higher applied
magnetic field can be understood in terms of the nanorod and
vortex densities in the samples. Usually, vortices occupy the
nanorods (correlated disorder along the c-axis) as long as the
applied magnetic field is less than or equal to the matching
field. However, as the applied magnetic field keeps on
increasing, the nanorods cannot accommodate any more
vortices and here the nanoparticles start pinning the vortices as
random pinning centers at places between the nanorods. Thus
pinning force is provided by both the nanorods and the
nanoparticles in the samples consisting of the hybrid APCs.
The nanoparticles can also act differently: they can prevent the
vortex motion in the case of double-kink formations as a

consequence of thermal activations as suggested by Maiorov
etal. [12].
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FIG. 4 Angular dependence of Jc for YBCO,
YBCO+BS02%, YBCO+Y211 and

YBCO+BSO2%+Y211 at (a) 77 K, 1 T and (b) 65 K, 3T.

Fig. 4 shows the angular dependence of Jc for all the 4 thin
films measured at two different conditions: (a) 77 K, 1 T and
(b) 65 K, 3 T. The improved angular dependent Jc behavior
can be clearly observed in the YBCO+BS02% nanocomposite
film where strong enhancement in the c-axis direction is due
to continuous BSO nanocolumns. The angular variation of
YBCO+211 film, however, exhibits uniform enhancement of
Jc along the entire investigated angular regime at both the
temperatures. However, at 65 K, this enhancement is more
prominent. Uniform Jc along the entire angular regime (except
the angular regime near to ab plane) is an evidence of the
isotropic pinning provided by the Y211 nanoparticles. Similar
observation has been made by Viswanathan et al. [13], in
which uniform enhancement in Jc was achieved through
incorporation of Y,03 nanoparticulates. The samples
consisting of hybrid APCs exhibit enhanced Jc values not only
along the c-axis but also along the intermediate angular regime
at both the temperatures due to cooperative contributions of
both 1-D and 3-D APCs. At 77 K, 1 T (Fig. 4(a)), the
incorporation of only BSO nanocolumns resulted in 2-fold
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increase in the Jc value along the c-axis which is the
consequence of strong pinning of vortices by BSO
nanocolumns. However, as the Y211 nanoparticles are further
incorporated into it, the c-axis peak becomes even more
pronounced. This is a bit unusual as the BSO nanocolumns
concentration in both the films are expected to be the same. It
is, however, possible, that the additional Y211 nanoparticles,
which are randomly distributed, restrict the motion of the
double-kink segments of the vortices which are formed as a
result of thermal activations thus preventing further dissipation.
In the pristine YBCO film the strong Jc peak along the ab-
plane is observed because of its layered structure where the
weak superconducting layers provide stability to the flux lines
when these are parallel to the ab-plane [14]. Apart from this
intrinsic pinning provided by the weak superconducting layers,
it is also expected that the planar defects, which are generated
during the growth of the film, contribute to vortex pinning
significantly particularly when the magnetic field is along the
ab-plane [15]. In the hybrid APCs sample, BSO nanocolumns
are expected to provide c-axis pinning and Y211 providing
isotropic pinning. However, Jc enhancement is gradually
decreasing from the c-axis to the ab-plane before becoming
minimum at 6= 80°.

The reduction of Jc by changing the applied magnetic field
orientation has been described by Paulius et al. [16].
According to their model, when the inclination of the
magnetic field with respect to c-axis increases, the length of
the trapped portion of the vortex decreases and subsequently
Jc becomes low. At sufficient inclination, no region of the
vortex is trapped and Jc becomes minimum. In the present
case of samples consisting of hybrid APCs, even though the
vortices can become free of the BSO columnar disorders in the
intermediate angular regime, the Y211 nanoparticles can pin
different portions of the vortices irrespective of the orientation
of the applied magnetic field which results in the improved Jc
values along all the magnetic field orientations. It, therefore,
can be concluded that the combination of 1D+3D APCs is
very useful in improving the vortex pinning properties of
YBCO films which can be observed in terms of increased
Fpmax. Vvalues, shifting of soHmax towards higher applied
magnetic fields and improvement of Jc values along all the
orientations of the applied magnetic field.

IV. CONCLUSIONS

Columnar (1-D) as well as spherical (3-D) APCs have been
successfully incorporated into YBCO film matrix. Fpmax and
HoHmax values got enhanced significantly by incorporating the
Y211 nanoparticles in both pure YBCO and YBCO+BSO
films which has been attributed to the strong pinning of
vortices by Y211 nanoparticles. The angular dependence of Jc
exhibited significant improvement in the YBCO film with
hybrid APCs not only along the c-axis but also along the
intermediate angular regime. The variation of the proportion
of 1-D APCs (BSO nanocolumns) and 3-D APCs (Y211
nanoparticles) in YBCO film matrix is expected to provide
even better critical current properties with reduced anisotropy.
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