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The temperature and magnetic field dependences of anisotropic pinning contributions of
YBa,Cu30;7_5/ YSZ quasi-multilayer have been investigated by the measurement of
angular-dependent critical current density (J.). With the isotropic and anisotropic pinning
contributions in a wide range of temperature, we identify the possible sources of the pinning centers
and classify them into the weak and the strong flux pinning model. Angular-dependent J.(H,T)
measurements have demonstrated that the growth control strategy is very effective in preventing the
vortex motion at high fields and high temperatures. It is suggested that at high applied fields, such
as 7 T, the pinning contribution of the nanostructured quasi-multilayers is dominated by the
anisotropic disorders, while at intermediate-low fields (such as 1 T) the pinning contribution is
determined by both isotropic and anisotropic disorders, suggesting the coexistence of isotropic and

anisotropic pinning. © 2008 American Institute of Physics. [DOI: 10.1063/1.2968235]

I. INTRODUCTION

It is well known that due to the elimination of weak links
and the emergence of as-grown flux pinning centers such as
dislocations, the epitaxial YBa,Cu3;0;_s5(YBCO) thin films
may show a very high superconducting critical current den-
sity (J,) and a high irreversibility field (H,,) at the tempera-
ture of liquid nitrogen.l’2 Coated conductors based on YBCO
epitaxial films now appear very promising for power appli-
cations because of the tremendous advances in understanding
of both physics and materials science.” However, the highest
critical current densities observed so far in YBCO films and
related coated conductors are still much below the maximum
theoretical limit (that is, ~1%—10% of the depairing current
JO).4 To explore the possibility of improvement in J. and
in-field behavior, great efforts have been made to add the
artificial flux pinning centers in the YBCO thin films, which
normally enhance an effective immobilization of vortices in
a dense structure of defects with nanometer dimensions.

Recently, several strategies for the preparation of nano-
structured YBCO films have been proposed to increase flux
pinning, including chemical doping (e.g., to change the ini-
tial compositions of physical vapor deposition targets),s’6
growth control (e.g., to build up multilayers or incomplete
multilayers),”® and substrate modulation (e.g., to introduce
nanoscale islands of a second phase onto the substrate).”!°
Among them, growth controlling is very attractive as it can
provide a high density of second-phase defects of up to
10" cm 2" However, it is commonly observed that there
are competitive contributions between zero-field J,. and in-
field J. coming from chemical doping or secondary phase
additions. This, together with anisotropic microstructures,
implies that the flux pinning mechanism in such nanostruc-
tured YBCO thin films, may be complex, far away from a
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complete understanding. Thus the anisotropic flux pinning
contribution shows the ongoing interests and importance for
the zero-field and in-field J,. behavior of RE123 thin films as
well as coated conductors.

In the present work, a kind of growth-controlled quasi-
multilayer consisting of YBCO and yttria-stabilized zirconia
(YSZ) is prepared with a given ratio of the two compounds.
Electrotransport measurements are made at different tem-
peratures, magnetic fields (H), as well as angle (®) between
the c-axis orientation and magnetic field direction. A meth-
odology based on angular-dependent J. measurement is
plroposed,]2 enabling us to identify and quantify the domi-
nant pinning contributions depending on the dimensionality
of the defects.

Il. EXPERIMENTAL DETAILS

Quasi-multilayers in the name of p(mYBCO/nYSZ) are
prepared by means of pulsed-laser deposition (PLD) using
commercial stoichiometric targets and single crystal sub-
strates of (001) SrTiOs, where m and n denote the number of
laser pulses on YBCO and YSZ, respectively, and p is the
repetition number of YBCO/YSZ bilayers, i.e., periodic
number for each consequential layer. A Lambda Physik KrF
excimer laser (\=248 nm) runs at a repetition rate of 5 Hz
with an energy density of 2.4—3.0 J/cm? alternatively on the
two targets. The standard deposition parameters for YBCO
are applied, with a heater temperature of 820 °C, a back-
ground pressure of 0.3 mbar O,, and oxygen loading of 400
mbar. These conditions result in an YBCO growth rate of
about 1 A/pulse. Thus, 40 pulses of YBCO give roughly 3.5
unit cell thickness. During the laser deposition, several
pulses on the YSZ target give no rise to a complete layer of
heterogeneous phases. This results in a so-called quasi-
multilayer consisting of YBCO film matrix and islandlike

© 2008 American Institute of Physics
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FIG. 1. Magnetic-field dependence of J, at three given temperatures (50, 70,
and 77 K) for the YBCO/YSZ quasi-multilayer. The inset shows a compari-
son between a pure Y123 film and a quasi-multilayer at 77 K. The arrow
indicates the extra bump around 1 T for the quasi-multilayer.

BaZrO; nanoparticles. More details for sample preparation
and structural features can be found in our previous
publications. 13

Critical current density J. was measured in various mag-
netic fields (Quantum Design PPMS) by the standard four-
probe method on a bridge of 0.8 mm length and 50 um
width, patterned by photolithography. The angular depen-
dence of J. was measured in a maximum force configuration,
i.e., the sample was rotated around the current axis to
achieve various angles ® between the c-axis orientation and
the magnetic field direction. The electric field criterion of
E.=107% V/cm was used for all J, determinations.

lll. RESULTS AND DISCUSSION

According to the previous x-ray diffraction and atomic
force microscopy measurements,”” the YBCO/YSZ quasi-
multilayers prepared by PLD show good c-axis orientations
and nanosized heterogeneous perovskite phase of BaZrOs.
Figure 1 shows the magnetic-field dependence of J.(Hllc) at
three typical temperatures of 50, 70, and 77 K for the quasi-
multilayer with m=40, n=2, and p=70. As seen in the inset
of Fig. 1, the sample has a higher value of J.. at intermediate-
high fields, showing a characteristic bump at intermediate
magnetic fields, in contrast to the pure YBCO films. This
implies that the increased flux pinning occurs as a result of
YSZ doping.

In order to give insight into the flux pinning mechanism
of such a quasi-multilayer, we study the angular dependence
of J.. As shown in Fig. 2, a strong main peak is present at
Hll(a,b), whereas a smoother and weaker second peak is
observed as well at Hllc. Generally the (a,b) plane peak is
attributed to intrinsic pinning, mainly resulting from the
CuO, planes and the others such as extrinsic linear or planar
defects parallel to (a,b) planes.M’15 In contrast, the second
peak at Hllc is probably due to the correlated defects parallel
to the c-axis, such as twin planes, and edge and screw
dislocations.'®!” So far, the defects mentioned above may be
sorted as anisotropic in the sense that their contribution to J,.

J. Appl. Phys. 104, 033920 (2008)

1.0+ EHijab Hilc

c

J (@)1 (90"

90 135 180
o(deg)

FIG. 2. Angular dependence of J.(0)/J.(90°) for the YBCO/YSZ quasi-
multilayer sample at 77 K and in several magnetic fields.

depends on the direction of the applied magnetic field. Note
that the two types of anisotropic defects, aligned with (a,b)
planes and ¢ axis, are both low dimensional, hence, being
effective for flux pinning.'2

It is possible to identify the contributions from either the
anisotropic defects or isotropic defects through the analysis
on the angular dependence of J.(H,T). The anisotropic de-
fects may modify the anisotropy factor of the electronic mass
and then the J., depending on the angle between the direc-
tions of applied field and transport current."®" On the con-
trary, the contribution of the isotropic defects to the critical
current density is independent of the direction of the applied
magnetic field as the isotropic defects hardly modify the an-
isotropy factor of the electronic mass of YBCO.

The isotropic and anisotropic behaviors of the nanocom-
posite films may be characterized based on the scaling be-
havior of J.(H,®) at fixed temperatures. As proposed by
Blatter et al.,”® the J.(H,®) results obtained for isotropic
pinning centers may be applicable to describe the anisotropic
materials with a simple variable of effective fields (H,g). The
scaling approach was initially applied to coated conductors
by Kim et al.™ 1f flux pinning is caused by isotropic defects
(uncorrelated pinning), J. depends on H and © only through

a single variable and it can be written as follows:*'
T(H.0) = I (He), (1)
He = He(0), (2)
£(0) = (cos?> O + y2 sin*> ©) 12, (3)

In these equations, y=(m./m,)"">~5-7 is the mass aniso-
tropy, where m,. and m, are the Ginzburg—Landau effective
masses for pair motion along the ¢ direction and the (a,b)
plane, respectively.18 Thus, for those H-® regions where
only uncorrelated pinning is present, J.(H,®) curves should
collapse onto a single one if it is plotted as a function of f[eff.
This approach only explains qualitatively whether uncorre-
lated pining is present in some H-® region, but it does not
provide the function J*(H,g)."°

To test the validity of the scaling for some H-0 regions,

we mapped the J,. curves for each I?Ieff. It is concluded that
the scaling can be achieved with y~7 for the present nano-
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FIG. 3. Scaling behavior of J.(®) as a function of H.y at 77 K. The solid
line is a fit based on the scaling theory for different magnetic fields. The
inset shows the anisotropy of the irreversibility line in the magnetic field of
3 T. The solid line represents the fitting to &(®)H;(O,T,,)=H,[1
—(T3/ T,)]* with y=7.

composite films. We use y~ 7 as the only adjustable param-
eter and then find that all the curves of J.-T in various mag-
netic fields collapse into a single one if they are plotted (see
the Fig. 3), except those regions with the angles close to
Hll(a,b) or Hllc. The part of the cure which contains the
collapsed data shows the isotropic defect contribution

Jics(ljleff). According to the scaling approach above, the aniso-
tropic irreversibility line (IL) of H;.(®,T;,) may be de-
scribed by the expression as follows:'

8(®)Hirr(®vTirr) = HO(I - %)a- (4)

c

The inset of Fig. 3 shows an IL, where y~7 and uoH
=3 T. Notice that at the IL, the angular dependence of irre-
versibility field indicates the increased anisotropy.

On the other hand, one may estimate the intrinsic flux
pinning contribution to J.(®) according to the model of Ta-
chiki and Takahashi,” giving J.(®)=J,(0)|cos ®| 5. The
model is well suited for higher electronic anisotropies. It can
be used for YBCO, as shown already by Tachiki and
Takahashi,22 however, at very low temperatures, where the
coherence length is short and the superconducting layers are
well separated. An example for uyH=5 T and T=77 K is
shown in Fig. 4. The model shows a good fit for the angles
around 90° or 270°, i.e., the region of Hll(a,b) plane. In
view of isotropic defects and mass anisotropy, however, it
seems hard to understand that the second peak emerged at
the region of Hllc. The fitting discrepancy at this angle re-
gions suggests that there may exist correlated defects along
the c-axis. They may act as correlated pinning centers, giving
rise to the second set of peaks. This may be also the reason
for the bump in J-H curves plotted in a log-log scale (see
the inset of Fig. 1).
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FIG. 4. J(0©)/J,(90°) for the YBCO/YSZ quasi-multilayer sample at 77 K
and 5 T. The solid line is a fit according to the original Tachiki—Takahashi
model (Ref. 21), i.e., J(0)=J.(0)|cos O3, Aside from the main peak at
HIl(a,b), the second peak appears at Hllc.

To further understand the flux pinning mechanisms of
the present quasi-multilayer, we evaluate the isotropic and
anisotropic contributions to J, in a wide range of magnetic
fields and temperatures. According to the Blatter model,”' the
temperature dependence of the critical current density for
weak isotropic flux pinning centers usually exhibit an expo-
ner211tia1 decrease with temperature. This may be described
by

TYR(T) = JVP(0)e~ 1o, (5)

In contrast, the strong anisotropic flux pinning mechanism is
developed to analyze the flux pinning related to correlated
disorders. The J.-T behavior with respect to anisotropic flux

. . 23
pinning centers may be well described as follows:

JP(T) = I (0)e 3T, (6)

This normally gives rise to a smoother temperature
dependen(:e.21’24 In low magnetic fields, a mixed behavior
can be explained by using the sum of two contributions, i.e.,

PR(T) = JYP(0)e Mo + JSF(0)e T, ™

where JZVP(O) and JLS,P(O) are the critical current densities at 0
K for weak and strong pinning, respectively, and T, and T*
are characteristic temperatures which fix the energy scale of
the pinning centers for each contribution. Figure 5 shows the
temperature dependence of J.(T) in two given magnetic
fields (H|l¢). The solid line is the fit based on the mixed flux
pinning mechanism in the magnetic field of 1 T. The dash
line is the fit based on the strong anisotropic flux pinning
mechanism in the high field of 7 T. It is found that the J.-T
relationship at 7 T can be very well described by Eq. (6),
where JEP(O) and T* are 5.787 MA/cm? and 65.06 K, re-
spectively. This implies that strong-anisotropic flux pinning
may dominate the overall J.(H) in high applied fields such as
7 T. Thus, in high magnetic fields, the dominant contribution
is determined by the anisotropic disorders. Meanwhile, a
mixed behavior at 1 T is observed and the J,. data can also be
well described by Eq. (7), where JZVP(O), J?P(O), Ty, and T*
are 20.0 MA/cm?, 10.5 MA/cm?, 4.16 K, and 70.40 K, re-
spectively. Therefore, it seems reasonable to identify the
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FIG. 5. Temperature dependence of J.(7) in two different magnetic fields
(Hllc). The solid line is the fit based on the mixed flux pinning mechanism
in the magnetic field of 1 T. The dash line is the fit based on the strong
anisotropic flux pinning mechanism in the high field of 7 T.

weak flux pinning contribution as well as the strong flux
pinning contribution based on the measured temperature de-
pendence of critical current density. Figure 6 shows the two
separated contributions for the studied quasi-multilayer at 1
T, and the inset of Fig. 6 gives the fitting results based on the
Eq. (7) at 1 T. A sharp drop occurs due to the proximity of
the irreversibility line at the region close to 80 K (see the
inset of Fig. 6). Notice that weak isotropic pinning contribu-
tion appears dominant at very low temperatures, while with
increasing temperature there is an inversion of the weights
from the weak isotropic pinning contributions to the strong
anisotropic pinning contributions. Thus, above ~10 K the
dominant contribution comes from the correlated disorder
generating the characteristic bump in the temperature depen-
dence of the critical current density. On the other hand, the
existing bump at high temperatures in the semilogarithmic
plots (see the inset of Fig. 6) clearly shows that J)'* gets
vanishingly small and JEP completely controls the behavior
of J. at the region close to the IL.'%%

IV. CONCLUSIONS

Magnetotransport measurements of J, have demon-
strated that the growth control strategy is very effective in
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FIG. 6. Separation of weak and strong flux pinning contributions for the
YBCO/YSZ quasi-multilayer in the field of 1 T. The inset shows the J. data
and the fit according to Eq. (7).
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preventing the vortex motion at high fields and high tempera-
tures. Angle-dependent J.(H,T) reveals that the presence of
a second J,. peak at Hllc is caused by c-axis correlated de-
fects. Based on the existing anisotropic flux theory, we have
identified the isotropic and the anisotropic defects and evalu-
ated their contributions to the critical current densities sub-
ject to applied magnetic fields and temperature. It is evident
that the studied quasi-multilayers give rise to anisotropic
structural disorders, leading to enhanced critical current den-
sity at high fields, which is essential for power application of
coated conductors.
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