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The effect of incorporation of nanoscale Y,BaCuOs (Y211) inclusions on the vortex pinning
properties of YBa,Cu307.s (YBCO or Y123) superconducting thin films is investigated in detail
on the basis of variation of critical current density (/<) with applied magnetic field and also with
the orientation of the applied magnetic field at two different temperatures: 77 K and 65 K. Surface
modified target approach is employed to incorporate nanoscale Y211 inclusions into the
superconducting YBCO matrix. The efficiency of Y211 nanoinclusions in reducing the angular
anisotropy of critical current density is found to be significant. The observed angular dependence
of the critical current density is discussed on the basis of mutually occupied volume by a vortex
and spherical and/or planar defect. A dip in J¢ near the ab-plane is also observed which has been
analyzed on the basis of variation of pinning potential corresponding to a spherical (3-D) or
planar (2-D) pinning center and has been attributed to a reduced interaction volume of the
vortices with a pinning center and competing nature of the potentials due to spherical and planar

defects. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.5001273]

I. INTRODUCTION

YBa,Cu307.5s (YBCO or Y123) superconducting thin
films with high critical current density (/<) and reduced
anisotropy over varying temperature and applied magnetic
field ranges are highly desired for various practical applica-
tions.'™ For practical applications of these superconducting
films, it is important to understand the temperature and mag-
netic field dependence of J- and the underlying vortex pin-
ning mechanism which determines J.. The nondissipative
currents under applied magnetic field can be achieved in
superconducting films through pinning of flux lines. Multiple
types of pinning structures are naturally evolved during
growth of the films such as point defects, oxygen vacancies,
stacking faults, twin planes, screw dislocations, antiphase
boundaries, etc. These are termed natural pinning centers
owing to their origin. The naturally grown pinning centers
are weak in nature and are unable to prevent vortex motion
at higher temperatures and applied magnetic fields. Feenstra
et al.* have reported the role of oxygen deficiency as pinning
centers and concluded that the chain-site oxygen vacancies
are not strong pinning centers in high Jo YBCO films. Other
naturally occurring defects in YBCO films such as screw dis-
locations and twin-boundaries have been suggested to be the
primary pinning centers although their low density does not
contribute to high in-field /- of YBCO films.>™” It has also
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been reported that a high density of edge-dislocations are
effective pinning centers particularly when the applied mag-
netic field is oriented along the c-axis of the YBCO film.®
The other kind of pinning center is the one which is
intentionally incorporated into the superconducting film
matrix and is thus termed artificial pinning center (APC).
APCs are considered as strong pinning centers and their pres-
ence together with the naturally occurring pinning centers is
desired for enhanced critical current properties over a wide
range of temperature and applied magnetic field. In order to
improve J of YBCO thin films, APCs have been incorpo-
rated within the YBCO film matrix by means of different
methodologies which include heavy ion irradiation,g’10 neu-
tron irradiation,“’12 addition and/or substitution of rare-earth
atoms,'>'* incorporation of secondary phase nanoinclusions
into the YBCO film matrix,ls*28 and decoration of the sub-
strate surface by nanoparticles of non-superconducting mate-
rials.”” ' These methodologies result in the formation of
artificial pinning centers (APCs) within the superconducting
YBCO film matrix which causes the immobilization of vorti-
ces by the APCs leading to enhanced vortex pinning proper-
ties. Among all the methods to generate APCs into the YBCO
film matrix, the incorporation of non-superconducting nanoin-
clusions into the YBCO superconducting film matrix has been
most extensively studied. The nanoinclusions of several non-
superconducting materials such as YzBaCuOS,ls’lf’ YZO3,17’18
BaSnO; (BSO),'” 2! BaZr0,,>*%* BalrO;,>> YBa,TaOg,°
and YBa,NbOg (YBNO)*’?® have been demonstrated to

Published by AIP Publishing.
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enhance the vortex pinning properties of YBCO films depos-
ited by the pulsed laser deposition (PLD) technique. Apart
from the PLD technique, the chemical solution deposition
(CSD) technique has also been successfully employed to
introduce nanoinclusions of secondary phases which signifi-
cantly enhance the vortex pinning properties of YBCO
films.*>~° The nanoinclusions of the secondary phases such
as YBTO,* BaZrO; (BZO),*® BaHfO; (BHO),*® etc., intro-
duced by the CSD approach are observed in the form of 3-D
nanoparticles which resulted in the reduction of critical cur-
rent anisotropy of YBCO films. More recently, Yamasaki
et al. have investigated the temperature dependence of J. in
YBCO films and discussed the vortex pinning properties of
the nanoprecipitates and dislocations associated with stacking
faults.>’

The critical current density of YBCO thin films exhibits
intrinsic anisotropy where at a particular magnetic field; J¢
along the ab-plane is higher than that along the c-axis which
is attributed to the intrinsic pinning associated with the peri-
odic modulation of the order parameter arising from the
layered structure of YBCO.**™* The nanoinclusions of
perovskite materials such as BaZrO3 (BZO), BaSnO5 (BSO),
YBa,NbOg (YBNO), etc., self-assemble in the form of
columnar nanostructures along the c-axis of the films which
are very effective in improving Jc particularly when the
magnetic field is oriented along the c-axis of the films. For
many practical applications, the anisotropic character of J.
still needs to be improved over a wide range of temperatures
and applied magnetic fields.*’ It is, therefore, highly desir-
able to enhance the critical current density of YBCO
thin films in the intermediate angular regime (between the
ab-plane and c-axis) as well. For this reason, 3-dimensional
artificial pinning centers (nanoparticles) are preferred over
1-dimensional artificial pinning centers (nanocolumns).

The earliest reports on the use of 3-D APCs were made
by Haugan et al."> and Varanasi ez al.'® in which multilayers
of Y,BaCuOs (Y211) and Y123 were made and Y211 nano-
particles were found to improve the in-field critical current
properties. However, the angular variation of critical current
density was not studied in their report. Mele et al.'” have
attempted to incorporate Y,Os nanoparticles but the anisot-
ropy in J¢ could not be improved significantly. Y,O3 has
been tried as 3-D APCs by other researchers also and the
angular dependent /. was improved at 77 K.**

In this paper, detailed investigation on the effect of
incorporating Y211 nanoscale inclusions on the vortex pin-
ning properties of YBCO thin films is presented. For incorpo-
rating Y211 nanoparticles into the YBCO superconducting
film matrix, the surface modified target method is employed
whose details can be found elsewhere.*> The concentration of
secondary phase Y211 nanoinclusions is controlled by vary-
ing the area of the Y211 rectangular piece. The nanocompo-
site thin films comprising Y211 3-D APCs showed enhanced
Jc-H characteristics along with significantly improved angu-
lar dependence which is more prominent at lower tempera-
ture. In addition, the irreversibility field is calculated for all
the samples and its variation with temperature is studied. The
role of spherical defects in shifting the irreversibility line (IL)
towards a higher H-T regime is also discussed.

J. Appl. Phys. 122, 093905 (2017)

Il. EXPERIMENTAL DETAILS

A pristine YBCO film and YBCO films consisting of
Y211 nanoparticles have been deposited on single crystal
SrTiO; (STO) substrates using the PLD technique (KrF exci-
mer laser, 1 =248 nm). The substrate temperature of 830 °C,
repetition rate of 10 Hz, and O, partial pressure of 0.26 mbar
were used for the deposition of the films. A commercial
YBCO target was used to deposit the pristine YBCO film
and for making YBCO + Y211 nanocomposite films, the
same YBCO target is modified by putting a thin rectangular
piece of Y211 onto the YBCO target by means of silver
paste. An Y211 pellet was synthesized in the laboratory by
the solid state reaction method and cut into thin rectangular
pieces to be used in surface modified targets. Phase purity of
the Y211 pellet prepared in the laboratory was ascertained
by X-ray diffraction (XRD) measurement. The concentration
of Y211 nanoparticles in the nanocomposite thin films is var-
ied by modifying the target surface with three different sizes
of rectangular pieces: 1.8 area%, 3.6 area%, and 5.4 area%
which are referred to as Y211A, Y211B, and Y211C in this
paper onwards. As the target is rotated, the Y211 portion is
periodically ablated allowing the formation of Y211 nano-
particles in the YBCO film matrix.

XRD of pristine YBCO and YBCO + Y211 nanocompo-
site films was carried out using an X-ray diffractometer
(Bruker D8 XRD) with Cu-Ko radiation. The 0-20 diffrac-
tion data were collected over diffraction angles ranging from
20 =5°-80°. Slow scan XRD is again conducted over dif-
fraction angles ranging from 20 =26°-52° to look for the
presence of Y211 nanoparticles in the nanocomposite thin
films. w-scan and ¢-scan were also carried out to observe the
in-plane and out-of plane symmetries. The cross-sectional
and planar microstructures of the thin film samples have
been observed using a transmission electron microscope
(JEOL JEM-2100F).

UV photolithography and wet-chemical etching tech-
nique were employed for making microbridges on thin film
samples for critical current measurements. The electrical
transport properties of these thin film samples have been
measured using the standard four-probe method by a
Physical Property Measurement System (PPMS, Quantum
Design). The distance between the current source contact
points (outer probes) was 8 mm, whereas the voltage points
(inner probes) were 2 mm apart. Resistivity versus tempera-
ture measurements were carried out at different applied mag-
netic fields to determine the critical temperature (T-) and the
irreversibility lines (/Ls) for all the samples. A voltage crite-
rion of 1 u V ecm ™' has been used to obtain the critical cur-
rent values. Angular dependence of J. of all the thin film
samples was measured at different temperatures and applied
magnetic fields using the same voltage criterion.

lll. RESULTS AND DISCUSSION

Pristine YBCO and YBCO + Y211 nanocomposite films
have been observed to be strongly oriented along the c-axis
direction as determined from the X-ray diffraction measure-
ment. In order to determine the in-plane order, XRD ¢-scan
measurements were performed. All the thin film samples
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exhibit good in-plane ordering. As the sample is rotated
around its c-axis normal, peaks separated by 90° appear. This
is characteristic of the typical a/b twinning of the orthorhom-
bic YBCO. No extra peaks, indicating the presence of mis-
aligned grains, are visible. The c-axis for the YBCO films
with APCs, however, exhibited relative compression com-
pared to the pristine YBCO film. The Aw of the YBCO(005)
peak for all the samples varies between 0.16° and 0.24°,
while A¢ of YBCO(102) for all samples varies between
0.64° and 0.89° exhibiting good in-plane orientation. The
structural parameters as obtained from X-ray diffraction mea-
surement for all the thin film samples are listed in Table 1. In
the usual 0-20 scan, the presence of Y211 nanoparticles could
not be confirmed and for this reason, slow scan XRD was per-
formed. Figure 1 shows the XRD pattern of all the thin film
samples conducted over diffraction angles ranging between
20 =26°-52°. A small peak corresponding to Y211 (002)
was observed at 20=31.6° in YBCO-+Y211C samples
which indicates that Y211 nanoparticles are epitaxially grown
within the Y123 matrix. From the TEM image, it is evident
that the Y211 phase is grown in the island growth mode
within the epitaxial Y123 matrix. The growth orientation of
the Y211 phase with respect to the Y123 phase leads us to
examine the lattice mismatch between the two phases. The
mismatch between Y211,/Y123,4.4ve. = —7.5% whereas the
mismatch between Y211,/Y123,, 4ve. =5.45%. Such large
lattice mismatch between the Y211 and Y123 phases is favor-
able for the growth of Y211 nanoparticles within the Y123
epitaxial matrix as deposition on the island nucleated phase is
energetically favorable than on the lattice mismatched phase.
On the other hand, the mismatch between Y211./Y123, 4.
= —2.1% which may lead to other growth orientation but it is
not observed here. Apart from Y211 (002), another small
peak corresponding to Y,0Os; (400) was also observed at
20=33.8° in some of the samples indicating the oriented
growth of the Y,03 nanoparticles too. The formation of yttria
in the thin film is observed when the precursor is rich in
Yttrium. The kinetics of the deposition process may also con-
tribute to the formation of small Y,0; particles. Since yttria
has a good in-plane match with the YBCO phase it can
readily nucleate at the surface of the growing YBCO film.
The orientation relationships between YBCO and Y,O;
phases are as follows: [100]YBCO || [110]Y,03, [010]YBCO
[| [110]Y,03, and [001]YBCO || [001]Y,05. In the ab-plane,
the lattice mismatch is less than 3% since d(400) Y,0s5 is
equal to 2.65A and d(110)YBCO is equal to 2.73 A. The
highly oriented growth of Y,O; may be attributed to the
lower interfacial energies between YBCO and Y,05.*° The
formation of the Y,0; phase in YBCO films deposited by the

TABLE 1. Structural parameters for the superconducting samples as
obtained from the XRD measurement.

Composition c-axis (A) Aw (005) (deg.) A¢ (102) (deg.)
YBCO 11.697 0.24 0.89
YBCO + Y211A 11.685 0.21 0.64
YBCO + Y211B 11.687 0.19 0.75
YBCO + Y211C 11.685 0.16 0.83

J. Appl. Phys. 122, 093905 (2017)
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FIG. 1. XRD pattern of YBCO and YBCO + Y211 nanocomposite films
recorded between 20 =26° and 52°. A small peak at 20 =31.6° in the XRD
pattern of the YBCO + Y211C film corresponds to the (002) plane of Y211.
Another small peak which appears at 20 =33.8° in some of the samples has
been attributed to the (400) plane of Y,0s.

laser ablation process has been observed previously also by
other researchers.*’

Figure 2 shows the cross-sectional transmission electron
micrographs of YBCO+Y211A (a) and (b), YBCO
4+ Y211B (c¢) and (d), and YBCO + Y211C (e) and (f) nano-
composite films at two different magnifications. In all the
TEM images, formation of nanoparticles can easily be
observed which are supposed to be of Y211. The Y211 nano-
particles are found to be randomly dispersed in the YBCO
film matrix. The density of the Y211 nanoparticles, however,
seems to vary systematically with the amount of Y211 incor-
porated into the YBCO films. Apart from the randomly dis-
tributed nanoparticles, some planar defects are also observed
which are supposed to be stacking faults originated during
the growth of the film. The inclusion of nanoscale secondary
phases into the Y123 matrix is expected to induce local
defects which could be instrumental in the analysis of the
isotropic pinning. However, the generation of such local
defects due to secondary phase nanoinclusions also depends
on the fabrication and crystallization process and growth
mechanism. In the CSD technique, the crystallization of the
phases takes place simultaneously during pyrolysis of the
deposited layer. The nucleation of the secondary phase starts
in the precursor itself and becomes independent of the orien-
tation of RE123 layer*® which leads to the formation of ran-
domly oriented nanoparticles and incoherent interfaces
between the phases and the density of associated defects
becomes significantly high. However, in the PLD technique,
the growth mode of the layers and the crystallization process
are different in which surface diffusion of adatoms is high
enough for the secondary phase nanoinclusions to nucleate
and grow on the epitaxial Y123 matrix and the nanoscale
inclusions of perovskite materials lead to the generation of
semi-coherent interfaces.>> The different growth mecha-
nisms and the crystallization processes lead to different
microstructures of YBCO nanocomposite films prepared by
CSD and PLD techniques. The geometry of the secondary
phase inclusions, the density of planar defects (which is very
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c-axis

FIG. 2. The cross-sectional view of the microstructure of YBCO + Y211A
(a), (b), YBCO+Y211B (¢), (d) and YBCO + Y211C (e), (f) at different
magnifications. The formation of spherical nanostructures together with
some planar defects can be clearly observed in these images.

high in CSD films), etc., are some of the microstructural dif-
ferences that can be clearly observed in films prepared by
CSD and PLD techniques. Figure 3 shows the planar view of
the TEM images of the YBCO + Y211B film at two different
magnifications. From the planar view, uniform distribution
of Y211 nanoparticles together with the presence of some
twin boundaries can be observed. From the planar view of
the TEM image, a rough estimation of the Y211 nanoparticle

J. Appl. Phys. 122, 093905 (2017)
density is made which comes out to be ~1.15 x 10'?cm 2
The size of the Y211 nanoscale inclusions varies between 4
and 10nm. In Fig. 3(b), the distorted lattice planes of the
YBCO film matrix around the Y211 nanoparticles can be
observed which are also promising pinning centers. In Fig. 4,
the cross-sectional HRTEM image of (a) YBCO + Y211B
and (b) YBCO + Y211C films is shown where the presence of
planar defects can be seen with lengths ranging between 50
and 100nm. The formation of stacking faults in the YBCO
film takes place naturally where an extra non-superconducting
Cu-O plane evolves between adjacent YBCO unit cells
normal to the c-axis. These stacking faults originate from
the decomposition of Cu-containing impurity phases such as
(Ba-Cu-O) during post-annealing of the films in an oxygen
atmosphere. In the present case, since the oxygenation of all
the samples was executed under the same conditions of tem-
perature, duration, and mass flow rate, the density of the
stacking faults is expected to be the same in the samples.
Figure 4, in which stacking faults are marked by small white
arrows, reveals that the density of stacking faults in these two
films is not much different. The dimensions of the planar
defects related to stacking faults have been previously shown
by Llordes er al.** which is similar to the present study.
However, they employed the chemical solution deposition
(CSD) technique for the deposition of the films which is very
different from PLD and the density of the planar defects,
therefore, is very different in their case.

The T¢s of all the superconducting films are obtained
from electrical transport measurement and are listed in
Table II. The T for the pristine YBCO film is 89.8 K,
whereas for YBCO +Y211A, YBCO + Y211B, and YBCO
+ Y211C films, it is 89.1 K, 89.6 K, and 88.8 K, respectively.
Substantial reduction in 7 of the nanocomposite films is not
observed in comparison to that of pristine YBCO film indi-
cating minimum deterioration of the superconducting matrix
which is also evident from the XRD measurement. It is to be
noted that the YBCO + Y211B film has higher T than that
for YBCO + Y211A in contrast to the general trend among
the samples. The reduction in T may be attributed to possi-
ble interfacial strain that might have been generated during
the growth of the film and this is also studied by Zhai and
Chu.>® However, as the strain is relieved by dislocations
or other growth defects, this reduction is suppressed. The

FIG. 3. The planar view of the micro-
structure of the YBCO + Y211B film at
different magnifications. The uniform
distribution of the nanoparticles and
buckled lattice-planes near the interfa-
ces can be clearly observed. Twin
boundaries can also be seen which are
common in YBCO films.
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( a) YBCO+Y211 B (b) ~ YBCO+Y211 C

FIG. 4. Cross-section TEM image of
(a) YBCO+Y21IB and (b) YBCO
+ Y211C films exhibiting planar defects
of length ranging between 50 and
100 nm indicated by small white arrows.

reduced T of YBCO+ Y211A in comparison to that for  as the vortices can be completely occupied by nanocol-
pristine YBCO film and higher T~ of YBCO+ Y211B in umns.”>>* Spherical nanoparticles, on the other hand, can
comparison to that for YBCO + Y211A film may be attrib- arrest the segments of the vortices connected by kinks. The
uted to this phenomenon. It is, however, difficult to quantify effect of nanoparticles on shifting of the ILs has been dis-
strain in the samples and this could well be the subject of a cussed by Miura er al.>° where synergetic combination of
separate study. Further, increasing APC concentration in the twin-boundaries and BZO nanoparticles has been success-
samples (e.g., YBCO + Y211C in the present case) may lead  fully demonstrated to shift the /Ls towards the higher H-T
to reduction in the superconducting volume fraction whichin  regime. According to their analysis, the density of twin
turn results in reduced T¢. The T reduction, therefore, is not ~ boundaries has been suggested to be directly linked to the
simply related to the Y211 content but seems to be related to density of BZO nanoparticles which in turn results in varying

the strain in the samples as well. the matching field of the twin boundaries. The introduction
The practical utility of superconductors depends on of nanoparticles of secondary phases into the YBCO film has
another important superconducting parameter called irrevers- also been reported to influence the vertical coherence of the

ibility field (H;,,) which determines the upper boundary of = twin boundary resulting in reduced spacing of the twin
the critical current density. The vortex matter undergoes a  boundaries.”’”® We actually looked into the planar view of
solid-liquid transition across the melting line or irreversibil- the microstructures of YBCO + Y211A and YBCO + Y211C
ity line (/L) and shifting of this line towards a higher H-T  films for twin-boundary density comparison. Figure 6 shows
regime is strongly desired.' "' Figure 5 shows the variation the planar view of the microstructures of YBCO + Y211A
of woH;,, with (a) absolute temperature 7" and (b) reduced and YBCO+ Y211C films which reveals that despite the
temperature (7/T¢) for all the nanocomposite films in com- density of the Y211 nanoinclusions being much different in
parison to that of the pristine YBCO film. pyH,,, for pristine these two films, there is no apparent difference in the density
YBCO at 77K has been estimated to be 7.8 T. In the case of ~ of the twin boundaries. Moreover, the density of stacking
the nanocomposite films, the value of yyH,;, at 77K is 7.8 T, faults is also compared between YBCO+ Y211B and
9.7T, and 8.8 T for YBCO + Y211A, YBCO + Y211B, and YBCO+ Y211C films in Fig. 4 and it can be observed that
YBCO + Y211C films, respectively. There is a pronounced  the density of stacking faults in these two films is signifi-
up-shift of the /Ls in the nanocomposite films and it becomes cantly lower than that in the films prepared by the CSD tech-
more prominent when p,H,;,, is plotted against reduced tem- nique. The difference in the microstructures of these films
perature (7/T¢) which eliminates the effect of transition tem- and the ones reported in the references cited above may be
perature. The upward shift in the /Ls has been discussed attributed to the different growth mechanisms in PLD and
earlier and has been attributed to the morphology of the CSD films.

APCs and not simply to the volume fraction of the secondary In our samples, a high density of twin-boundaries
phase inclusions acting as APCs.*” It has been reported ear- together with Y211 nanoparticles is present in the Y123
lier that the straight nanocolumnar disorders are very effec- matrix. Although the effect of twin-boundaries on vortex

tive in shifting of the ILs towards the higher H-T regime pinning properties is limited to lower applied magnetic field,
when the applied magnetic field is along the c-axis direction  they can contribute in localizing the vortices together with

TABLE II. Comparison of several superconducting parameters of pristine YBCO and YBCO + Y211 nanocomposite thin films.

Te o) MACM ™) Fppa GNM™) B (T (O MAM ™) Fppx (GNM™) By () By, (D)

Composition X) (77K, 07T) (77K) (77K) (65K,0T) (65K) (65K) (77K)
YBCO 89.8 1.64 2.86 2 3.58 13.6 35 7.8
YBCO + Y211A  89.1 1.85 4.00 2 3.99 21.2 3.8 7.8
YBCO + Y211B  89.6 2.30 3.95 2 4.38 31.6 42 9.7

YBCO + Y211C 88.8 1.83 4.78 2.6 3.44 39.5 5.0 8.8
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FIG. 5. Variation of irreversibility field with absolute temperature (a) and
reduced temperature (b) for YBCO and YBCO + Y211 nanocomposite films.

the Y211 nanoparticles at higher applied magnetic field. At
higher applied magnetic field, when vortex density is more
than APC density, the enhancement in H,,. is expected to
cease. It should be noted, however, that the vortices are elas-
tic in nature and they also interact with themselves and are
arranged in a particular pattern depending on the pinning
landscape present in the superconducting matrix.

Pinning force density (F,) which is the product of
applied magnetic field and the corresponding critical current
density (J¢) is an important parameter which reflects the J-

YBCO+Y211 A

YBCO+Y211 C
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performance of superconducting samples under applied mag-
netic field. 4, is the maximum F,, observed for the inves-
tigated applied magnetic field range and pyH,,.. is the
applied field where F,,,, emerges. Figure 7 shows the varia-
tion of J¢ and F),, with respect to applied magnetic field for
pristine YBCO and YBCO+ Y211 nanocomposite films
obtained at 77 K and 65 K. It can be observed that the J- -H
characteristics of YBCO 4 Y211 nanocomposite films have
been improved significantly which is reflected in the higher
Fppax values for the nanocomposite films both at 77K and
65 K. It is also to be noted that the improvement in the J—H
characteristics is very systematic with respect to the density
of Y211 nanoscale inclusions in the YBCO superconducting
matrix which is prominently observed at 65 K. In addition to
higher F,,, values, YBCO + Y211 nanocomposite films
also exhibit pyH,,,. values shifted towards higher applied
magnetic fields. Although the enhancement in F),,, and
UoH a values is not very high at 77K, it is significant at
65K. The F),,,4c value for the pristine YBCO film at 65K is
13.6 G N m°, whereas it is 21.2, 31.6, and 39.5 G N m ™’
for YBCO + Y211A, YBCO + Y211B, and YBCO + Y211C
nanocomposite films, respectively. poH,,, values as
obtained at 65K for YBCO, YBCO+ Y211A, YBCO
+Y211B, and YBCO + Y211C films are 3.5, 3.8, 4.2, and
5.0T, respectively. Systematic enhancement in F,,,, and
UoH av values of the nanocomposite films can be understood
in terms of the densities of the artificial pinning centers pre-
venting the motion of the vortices. A pinned vortex line has
a lower energy than a free vortex in the superconductor. The
energy gain per unit length of a vortex line, in the case of a
non-superconducting particle, corresponds to the condensa-
tion energy in the core region. The total pinning energy for a
vortex line, therefore, is

BZ

U=
210

né2 e(0)d, (1

where B.(T) = W is the thermodynamic critical

field, ¢, is the flux quantum, £, is the coherence length in
the ab-plane, Ay, is the penetration depth along the ab-plane,
and d is the size of the non-superconducting particle. Energy

FIG. 6. The planar view of the micro-
structure exhibiting a high density of
twin planes in (a) YBCO + Y211A and
(b) YBCO+ Y211C films. It can be
observed that although the density of
Y211 nanoinclusions is very different
in these two films, the density of the
twin planes is not much different.
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has to be paid to move the fluxoid from the non-
superconducting area, i.e., the fluxoid is pinned. The elemen-
tary pinning force, i.e., the force needed to depin a vortex
line segment, is related to the pinning energy by the coher-
ence length &,

U

éah .

If the flux line lattice is soft, i.e., the elastic energies are
small compared to the pinning energies, each flux line will
be individually pinned and the bulk pinning force per unit
volume (F),) is given by a direct summation over occupied
pinning sites.

I 2

. d, .
F,=ZXf, = Nﬁfm 3)

where N is the number of pinning centers per unit volume, d,
is the distance between two pinning centers, and qy is the dis-
tance between adjacent flux lines. This equation indicates
that the bulk pinning force is proportional to the density of
the pinning centers and F,,,,. values for nanocomposite films
continue to increase with respect to Y211 nanoparticle den-
sity in nanocomposite films which means that the density of
Y211 nanoparticles is below the optimum level. As the mag-
netic field is applied, Y211 nanoparticles provide stability to
vortices against the Lorentz force and more APC translates
to the prevention of the vortex motion against higher mag-
netic field.

In Fig. 8, the angular variation of J- for YBCO, YBCO
+Y211A, YBCO + Y211B, and YBCO + Y211C films mea-
sured at (a) 77K, 1 T and (b) 77K, 3T is presented. It can be
observed that at 1 T, all the nanocomposite films exhibit iso-
tropic enhancement in J- over a broad angular range except

the YBCO+Y211C film which exhibits a continuous
decrease and a dip near the ab-plane. Also, the ab-plane
peak of YBCO + Y211A and YBCO + Y211B is similar to
that of YBCO but for YBCO + Y211C, it is suppressed. At
77K, 3T, however, the YBCO + Y211C film exhibits maxi-
mum enhancement in J¢ over the entire investigated angular
regime except along the ab-plane which indicates that high
density of Y211 nanoparticles are effective for isotropic
enhancement of Jc at higher applied magnetic field. It is
worth noting here that although the enhancement in J¢ is
observed for most of the investigated angular regime, it
is not observed along the ab-plane. It may be related to the
density of the stacking faults (planar defects) which might
not be very different in the nanocomposite films as observed
in Fig. 4.

Figure 9 shows the angular dependent J- behavior
of YBCO, YBCO+Y211A, YBCO+ Y211B, and YBCO
+ Y211C films measured at (a) 65K, 1 T (b) 65K, 3T, and
(c) 65K, 5T. Isotropic enhancement in Jc can be clearly
observed for YBCO + Y211 nanocomposite films for a broad
range of applied magnetic field orientation. However, as the
orientation of the magnetic field approaches near the ab-
plane, J starts decreasing and reaches the minimum before
again exhibiting a peak when applied magnetic field is along
the ab-plane. In an earlier paper, Chudy ez al.'' reported the
generation of APCs by neutron irradiation. Although the
microstructure of the APC introduced samples is not pre-
sented in their report, it is presumed, on the basis of earlier
literature, that the defects would be similar to the Y211
defects in the present paper. Also, despite the APC incorpo-
ration technique being different, the angular dependent J.
behavior of the APC introduced samples exhibits striking
similarities. It is to be noted here that although the authors
have irradiated the HTS tapes by different neutron fluences,
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FIG. 8. Comparison of angular dependence of J. at (a) 77K, 1T and (b)
77K, 3T for YBCO and YBCO + Y211 nanocomposite films. The isotropic
enhancement in the /. value along the broad angular regime can be observed
for YBCO films with Y211 nanoparticles.

the results of only one fluence (2 x 10*' m~2) were presented
in their report. Whereas, in the present paper, not only the
systematic variation of Y211 nanoinclusion density is pre-
sented through microstructure examination but also its influ-
ence on the critical current properties is also studied which
seem to vary systematically with respect to the Y211 content
in the YBCO films. The enhancement in J seems to be sys-
tematic with respect to the density of Y211 nanoinclusions:
least being in YBCO + Y211A and maximum in YBCO
+ Y211C. In addition, it is noteworthy that the minimum J.
has also increased considerably in YBCO + Y211 nanocom-
posite films.

The anisotropic scaling approach is very useful in the
study of angular anisotropy of J~ within collective pinning
theory. It can be used to distinguish between random and
correlated pinning in different angular regimes. This scaling
approach was first proposed by Blatter et al.> and later suc-
cessfully used by other researchers® >>*? to quantify the
contribution of isotropic and anisotropic pinning in YBCO
superconducting films. According to this approach, if pin-
ning is caused by random defects, J- (H,0) may be approxi-
mated to JcHe(0) where

e(0) = \/(0052 0 +7y~2sin0), “)
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FIG. 9. Comparison of angular dependence of J at (a) 65K, 1T, (b) 65K,
3T and (c) 65K, 5T for YBCO and YBCO+ Y211 nanocomposite films.
The isotropic enhancement in the J~ value along the broad angular regime is
more prominent and systematic at lower temperature.

and y (=5-7) is the electronic mass anisotropy parameter. In
Fig. 10, the anisotropic scaling approach as applied to
YBCO + Y211 films is presented. The black solid curve cor-
responds to the scaling curve obtained by using effective
mass anisotropy ratio y.g. =2 and 1.5 for YBCO + Y211A
and YBCO -+ Y211C films, respectively, which indicates
that intrinsic anisotropy is reduced as the Y211 nanoinclu-
sions are increased in the Y123 matrix. The shape of the
scaling curve matches well with the J-(60) within the angular
interval of 25°-80° in the YBCO + Y211A film which means
that J¢ in this angular interval is mainly caused by random
pinning. However, in the case of the YBCO + Y211C film,
the departure of Jo(0) from the scaling curve towards the
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FIG. 10. Anisotropic scaling approach as applied to (a) YBCO+ Y211A
and (b) YBCO + Y211C nanocomposite films. The solid symbols represent
the actual J, whereas the solid black line represents the scaling curve.

minima near the ab-plane may be attributed to a different
depinning mechanism which cannot be described by the scal-
ing approach. It is to be noted here that this anisotropic scal-
ing approach can be applied to our films only in a high
magnetic field case (3T at 77 K). Looking at the J-(6) plots
of the films at 65K, it can be inferred that the anisotropic
scaling approach cannot be applied as the shapes of the J-(0)
curves are different at different applied magnetic fields,
where local minima around € = 0 are absent. The efficiency
of the random pinning centers due to Y211 nanoinclusions
varies with the applied magnetic field and its orientation
which is in contradiction with the collective pinning theory
leads us to assume that pinning due to Y211 nanoinclusions
and is not completely random.

In the case of interaction of the vortex with a non-
superconducting defect, the pinning energy is proportional to
the interaction volume which is mutually contributed by the
pinning defect as well as the vortex itself. When applied field
is oriented at an angle from the c-axis, the interaction volume
between the vortex core and the defect is changed as the
cross-section of the vortex core changes from circular to
elliptical.®® The cross-section of the vortex-core depends on
the angle on inclination as per the following relationship:

éab(0> = 50/78(0)- (5)

At 0=90°, £,,(0) = &,. Tt has recently been suggested by
Mishev ez al.?® that if the dimension of the spherical defect
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is smaller than the coherence length (such as point defects),
the interaction volume between the vortex core and the
defect will not change even if the applied magnetic field is
oriented at any angle as the interaction volume will not
change. However, if the size of the defect is larger than the
coherence length (such as in the case of Y211 nanoinclu-
sions), the interaction volume will change with respect to the
inclination angle of the applied magnetic field which will
result in the change in the pinning potential and the critical
current density accordingly.

The appearance of the planar defects such as stacking
faults is a commonly observed phenomenon in the Y123
films deposited by the PLD technique.*>®" The formation of
124-type stacking faults results from an extra CuO, plane,
forming in effect a monolayer of YBa,Cu,Og (Y 124) instead
of Y123 and these stacking faults assist in the propagation of
planar defects. In a recent report, the stoichiometry of Y124
type structural defects has been investigated in detail by
atomic resolution STEM (scanning transmission electron
microscopy) analysis,®® in which point defects associated
with Cu and O vacancies were observed and it was proposed
that the real cationic stoichiometry may be close to 1:2:3
instead of 1:2:4. The contribution of planar defects in the
vortex pinning properties has recently been investigated by
Yamasaki er al.®>® They proposed that these stacking faults
themselves are weak planar pinning centers and the partial
dislocations generated between the stacking fault/Y 123 matrix
interface act as linear pinning centers along the ab-plane.
These linear pinning centers may act as the ab-plane correlated
pinning centers when they are normally aligned to the current
direction and as weak pinning centers otherwise. This assump-
tion is similar to the one suggested by Matsumoto et al.®* in
Y123 films consisting of segmented BSO nanorods. The nano-
scale strain due to partial dislocations associated with inter-
growths generated between secondary phase nanoparticles and
the Y123 matrix has been quantitatively evaluated**** and has
been proposed to be responsible for the suppression of Cooper-
pair formation which results in enhanced vortex pinning effi-
ciency of YBCO nanocomposite films.

In the case of linear/correlated pinning centers, the
trapped length of the vortices decreases when the field is ori-
ented at an angle with respect to the linear pinning centers.®®
The angle at which the trapped length of the vortices becomes
zero is called accommodation angle. The expected vortex con-
figuration due to the 3-D nanoparticles and 2-D planar defects
for the case when applied magnetic field is inclined from the
ab-plane is presented in Fig. 11. Nanoparticles pin the seg-
ments of the vortices connected by the unpinned portions.
When the magnetic field is tilted from the ab-plane, the inter-
action volume between the nanoparticles and the vortex
increases and subsequently, the pining energy due to the nano-
particles increases. Planar defects, on the other hand, behave
as correlated pinning centers when the magnetic field is along
the ab-plane, holding the vortices partially or completely
depending on the width of the planar defect along the c-axis.
When the magnetic field is tilted from the ab-plane, the length
of the trapped portion of the vortices decreases and finally
becomes negligibly small at the accommodation angle. The
accommodation angle has been calculated by Paulius er al.®®
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FIG. 11. Schematics of the possible
vortex configuration due to 3-D nano-
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' particles and 2-D planar defects for
different magnetic field orientations
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for YBCO single crystals subjected to heavy ion-irradiation
resulting in the formation of columnar defects along the
c-axis of the crystal. In the present case of YBCO + Y211
nanocomposite films, the pinning energy due to a planar
defect can be estimated using Eq. (1). The length of the stack-
ing fault resulting from the formation of the Y124 phase is
much larger along the ab-plane than &, at 65K, but along
the c-axis, it is only ~0.2nm (extension in the c-axis due to
the additional CuO, plane) which is smaller than &, at 65 K.*
The schematics of the interacting area of the vortex cross-
section with a planar defect for the case when the thickness
of the planar defect along the c-axis is larger or smaller than
£. is shown in Fig. 12. The interacting cross-sectional area of
the vortex with a planar defect, therefore, may be approxi-
mated as zZ\ngK x 0.2nm. The interaction volume, there-

fore, becomes v, = 2522K x 0.2nm x d, where d is the

(a)

t >¢&,

/ ab

(@2

(b)

=1e <=

FIG. 12. Schematics of the interaction volume between a vortex and a planar
defect for the case when the thickness of the planar defect along the c-axis is
(a) larger than &, and (b) smaller than &,.

é//

length of the planar defect along the ab-plane. Therefore, the
pinning potential due to a planar defect is

U x 0.2nm X d,
2#0 ab

using the standard values of the parameters and d=70nm,
U =5.87 x 1072°]. Similarly, the pinning energy due to a
Y211 nanoparticle of average diameter 5nm can be calcu-
lated using Eq. (1) which comes out to be 2.53 x 107207J,
significantly smaller than due to a planar defect. However,
for large inclinations of applied magnetic field from the ab-
plane, the pinning energy due to planar pinning centers is
negligibly smaller than that due to the 3-D nanoparticles. So,
for most of the magnetic field orientations, the vortices are
supposed to be arrested by the Y211 nanoparticles except for
the regions near the ab-plane where planar defects dominate
over the Y211 nanoparticles. The region of dominance of the
planar defects is decided by the crossover angle where the
vortices shift their locations between potentials due to spher-
ical and planar defects. The pinning potential due to the lin-
ear pinning center is related to the accommodation angle as
per the following relationship:

2u

p
tan Hacc = 5 (6)

€

2
where ¢, = —2_In(<) is the line tension of the vortices,
A/, ¢
Ho4an ab

up, is the pinning energy per unit length of the defect, and

ap = \/% is the average separation among the vortices. For

a particular case of the YBCO 4 Y211C sample at 65K, 1T,
¢ =245x10""Jm™! and the accommodation angle is
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FIG. 13. Schematics of the pinning
landscapes and the corresponding vari-
ation of the pinning potential as a func-
tion of magnetic field orientation. (a)
Due to Y211 nanoparticles, (b) due to
planar defects, and (c) due to the com-
bination of both.

calculated from Eq. (6) which comes out to be 14.75°.
Figure 13 represents the schematic diagram of the pinning
landscape and the corresponding variation of the pinning
potential with respect to the orientation of the applied mag-
netic field calculated using Eqgs. (1) and (6) for the
YBCO+ Y211C film. In the hybrid APC case where both
spherical and planar defects contribute to pinning, dominant
pinning potential exhibits a crossover from pinning due to
nanoparticles to pinning due to planar defects near the ab-
plane. This crossover from one pinning potential to the other
leads to the dip in the J¢-B-0 of the YBCO + Y211 nano-
composite films. Figure 14 represents the schematic diagram
of localizing the vortices by spherical nanoparticles and
planar defects. It can be visualized that spherical Y211 nano-
particles can effectively pin the vortices for most of the mag-
netic field orientations except near the ab-plane where the
planar defect dominates in localizing the vortices. The intrin-
sic pinning associated with the periodic modulation of the
order parameter arising from the layered structure of YBCO
also contributes to ab-pinning. Thus, the movement of the
vortices near the ab-plane from the defects associated with
Y211 nanoparticles to the ones associated with the planar
defects and weak pinning centers and vice-versa depending
on the orientation of the magnetic field causes motion of the
vortices near the ab-plane resulting in reduced J¢- and hence
the dip in the /¢ — B — 0 plot near the ab-plane.

In the /¢ — B — 0 plot of the samples, the emergence of
a broad Jo peak is observed in the intermediate angular
region at both 77 K and 65 K, at about 60°. It is to be noted

60 90 120 150 180
© (deg.)

that such peaks appear at relatively higher applied field (3T
at 77K and 5T at 65 K) and seem to dominate all other types
of pinning at higher applied magnetic fields. Similar observa-
tions have previously been reported by Chudy er al.'' and
Ercolano er al.%” It might be possible that the different pin-
ning landscapes present in the films create an interacting
network for a certain temperature/applied magnetic field
combination which would act differently than the pinning
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FIG. 14. Schematic illustration of contribution to vortex pinning by spheri-
cal and planar defects. With the inclination of the vortices from the c-axis,
the interaction volume with the spherical defects reduces and the pinning
energy is decreased resulting in an overall decrease in J.. Planar defects
such as stacking faults, on the other hand, are useful only for a limited angu-
lar regime and act as linear defects with a small accommodation angle.
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landscapes would do it individually without any interaction.
The vortex path model as suggested by Long®® can be used
to describe the occurrence of this additional peak in which
the combination of Y211 nanostructures and planar pinning
structures results in staircase vortices which experience
strongest pinning at a particular angle determined by the par-
ticular distribution of defect lengths present in the supercon-
ducting matrix. This type of pinning is efficient at higher
applied fields as it utilizes both kinds of pinning structures
and hence strongly pins a greater vortex length. Such an
interacting pinning network is expected to result in a com-
plex depinning mechanism. However, it is not clearly under-
stood and needs to be investigated in detail in future.

IV. CONCLUSIONS

Y211 nanoparticles have been successfully incorporated
into the YBCO film matrix in a systematic manner using sur-
face modified target method and it has been shown that these
Y211 nanoparticles are effective in improving the vortex pin-
ning properties of YBCO thin films. F),,,, values of the nano-
composite films exhibited a systematic increase with
increasing the density of Y211 nanoinclusions and pyH,,.. is
shifted towards higher magnetic field which has been attrib-
uted to strong pinning of vortices by Y211 nanoparticles. An
upper-shift in the irreversibility lines of the nanocomposite
films was observed which has been attributed to cooperative
vortex pinning contributions from the naturally occurring twin
planes and Y211 nanoinclusions. Isotropic enhancement in
the critical current density of the YBCO + Y211 nanocompo-
site films was observed both at 77 K and 65 K, supposedly due
to the isotropic pinning provided by the Y211 nanoparticles.
The dip in the Jo — B — 0 plot near the ab-plane is discussed
on the basis of competing nature of the pinning potentials due
to isotropic pinning by Y211 nanoparticles and correlated pin-
ning by planar defects along the ab-plane with a small accom-
modation angle.
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