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The transport critical currents of (110)-, (113)-, and a-axis-oriented YBa,Cu;0,_; thin films were mea-
sured as a function of the magnetic-field direction at different temperatures (4.2-77 K) and magnetic
fields (<1.5 T). Major peaks due to the intrinsic pinning were observed when the magnetic field was
parallel to the Cu-O planes while secondary peaks due to surface pinning were only seen at high temper-
atures. The temperature dependence of J, shows different behavior in these thin films. Possible reasons

for this are discussed.

I. INTRODUCTION

It is important to study the anisotropic behavior of the
transport critical current density (J,) in high-
temperature superconductors (HTS) as a direct probe to
various pinning mechanisms. Knowledge of this issue is
limited and ambiguous though much effort has been
made.!~* The difficulty with this investigation is that J,
depends on both intrinsic and extrinsic factors intro-
duced during the fabrication of the material. In the mea-
surement of J,.(0) (see Fig. 1) along the Cu-O planes (ab
plane) of YBa,Cu;0,_5 (YBCO) single-crystal bulk or c-
axis-oriented thin films, all studies show a pair of J,
peaks at 6=190°, when the magnetic field (H) is parallel
to the Cu-O planes. But different theoretical fits!? of this
angular dependence are reported. It is unclear whether
YBCO can be described as an ideal anisotropic supercon-
ductor as defined by the Ginsburg-Landau theory’ or as a
two-dimensional superconducting layered structure as
implied by the intrinsic pinning model.® Moreover,
another pair of J, peaks at 6=0° or 180° as H is parallel
to the twin boundary were observed on c-axis-oriented
YBCO thin films in certain temperature (7°) and field
range.* It seems plausible to attribute it to the twin-
boundary pinning effect but, on the other hand, it is hard
to understand why this effect has not been observed in
twinned single-crystal bulk samples.” In c-axis-oriented
YBCO thin films, the Cu-O planes are parallel to the sur-
face. It is thus difficult to separate the surface pinning
from the strong intrinsic pinning in these films.*

In this paper, we report J, measurements on (110)-,
(113)-, and a-axis-oriented YBCO thin films. Different
types of growth defects are introduced as the orientation
of the YBCO thin films changes. The study of the J, an-
isotropy in these films provides information on both in-
trinsic and extrinsic pinning mechanisms. In particular,
since the Cu-O planes are no longer coplanar with the
surface and film-substrate interface, the surface-pinning
effect can be studied independently from the strong in-
trinsic pinning.

II. SAMPLE PREPARATION

YBCO thin films were prepared by the pulsed-laser ab-
lation technique using an excimer laser (A=248 nm).
The energy density of each laser pulse was estimated to
be 1-2 J/cm?. The distance between the target and the
substrate was around 3.5 cm and the deposition rate is
about 1 A/sec. The orientation of the YBCO thin films is
controlled by the deposition temperature (T ) and oxygen
pressure (POZ) as previously discussed.® The deposition

parameters are listed in Table I. The substrates were
affixed to the heater by silver paste to obtain good
thermal contact. T, is measured with an Omega
inconnel-sheathed K-type thermocouple embedded in a
small hole drilled parallel to and underneath the heater
surface. The fluctuation of T is within £2 K. For the
c-axis and (113) orientations, the substrate was preheated
to T in 10 min followed by the deposition at T;. For the

a-axis or (110) orientations, a two-step deposition pro-

TABLE 1. Deposition parameters for YBCO thin films of different orientations.

Orientation c (110) (113)
Substrate (100) SrTiO; (100) SrTiO; (110) SrTiO,4 (111) SrTiO,
(100) LaAlO; (100) LaAlO;
(100) MgO
T, (O* 740-750 670-690 660-690 740-750
P02 (mTorr) 180-200 160-180 160-180 180-200
Tonneal (C) 450 510 510 450
fanmeas (min) 30 40 40 30

T, for (110)- and a-axis-oriented films is for the first step.
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TABLE II. Basic features of YBCO thin-film samples used in this experiment.

Sample 1  Sample 2 Sample 3  Sample 4 Sample 5 Sample 6
Orientation (110 (110 a a (113) (113)
Phase purity® 99% 99% 99% 99% N/A N/A
T, (K) 84.0 86.7 83.7 82.2 89.5 90.1
Thickness (A) 1500 1900 1500 1300 1000 1200
Current direction [110],¢ [110],c [013] corb [110] [116]
p1 (300 K)® (mQ cm) 0.23 0.22 0.52 0.55 0.49 0.51
p, (300 K) (mQ cm) 5.1 4.8 0.56 0.53 0.48 0.51
dp,/dT (mQ cm/K) 24 2.6 2.0 1.9 2.6 2.8
dp,/dT (mQ cm/K) N/A N/A 2.0 1.9 2.6 2.75

*Impurity phase for (110) thin films is mostly (103)-oriented YBCO; and for a-axis-oriented thin films,

c-axis-oriented YBCO.

®In (110) films, line 1 refers to the ab plane and line 2, the ¢ axis.

cedure’ was adopted to achieve good superconductivity
and high phase-purity of single orientation. A thin
YBCO or PrBa,Cu;0,_5 buffer layer with thickness of
100-300 A was first deposited at 650-660°C. After the
first deposition, T, was increased to 700-740°C in 2-3
min and the second deposition of YBCO followed. After
deposition, the heater temperature was decreased quickly
to 600°C, and 300 Torr O, was introduced into the
chamber. The samples were then cooled slowly to the
annealing temperature T, and annealed for 7, ~ 30 min.

The orientation of the films was checked by x-ray
diffraction. As discussed in Ref. 8, both g-axis and c-
axis-oriented YBCO phases can be grown on (100) SrTiO;
or LaAlO; substrates while (110)- and (103)-oriented
YBCO phases, on (110) SrTiO; substrates. The volume
percentage of the ag-axis and c-axis-phases was generally
estimated by the ratio of the (200) and (005) peak intensi-
ties in the normal 6-26 scan, and the volume percentage
of the (110) and (103) phases was calculated by the inten-
sities of (108) peak in (108)-® scan.® The surface mor-
phology of the films was studied by scanning electron mi-
croscopy. Generally, the (110)- and q-axis-oriented
YBCO thin films had smoother and crack-free surfaces.

A pair of microbridges was patterned photolithograph-
ically followed by Ar-ion milling. On YBCO (110) thin
films, the two bridges are perpendicular to each other
with one along the ab plane and the other along the ¢
axis. On all the other YBCO thin films, two parallel
bridges were prepared. The bridges were 10 or 20 um
wide and 1 mm long. Ozone treatment after the pattern-
ing was adopted to improve the surface condition. Silver
contact dots of 400-600 A thick were sputtered, either
before or after the patterning, on thin films through a
metal mask. Samples are further annealed at 500°C and
300 Torr O, for 1 h to achieve good electrical contacts.
The transition temperature 7, was checked before pat-
terning by the ac method to avoid contamination of the
surface and after, by the standard four-point method.
Caution was taken in patterning processing to avoid the
degradation of the superconductivity. Many samples
were measured with consistent results. In Table II, we
list the basic features of six samples after the patterning.
J. was then determined by the criterion 0.8 uV/1 mm
from the I-V curve in a dc measurement.

III. EXPERIMENTAL RESULTS

In the setup shown in Fig. 1, J, can be measured as
functions of 0, T, and H. J is held perpendicular to H
during the measurement. 7 is monitored by a Au-Fe vs
chromel thermocouple glued on the back of the sample
by silicone. During the measurement, 7 is controlled
within £0.1 K in the temperature range (10-300 K) with
an Oxford TC4 temperature controller. Resolutions of 6
and H are 1° and 0.01 T, respectively.

A. Angular dependence

J.(6)s of YBCO thin films of various orientations are
displayed at T=20 K and H=1.5T (see Fig. 2). For
(110)-oriented YBCO thin films, J was passed along the
ab plane ([110] axis) and c axis, respectively [see Fig.
2(a)]. When J is along the ab plane [Fig. 2(ai)], two J,
peaks are located at 6=0° and +=180° where H is parallel
to the Cu-O planes. The lowest J, is found at 6=+90°
where H is perpendicular to the Cu-O planes. The peak-
to-valley ratio of J, is about 2.4 which is close to that ob-
served on c-axis-oriented YBCO thin films.* We have at-
tempted to fit the experimental data to the effective-mass’
model and the intrinsic-pinning® model, respectively. A
better fit is obtained with the latter [Fig. 2(ai), solid line]
which indicates that the anisotropy of J, is caused pri-
marily by the anisotropy of the pinning effect. When J
flows along the ¢ axis [Fig. 2(aii)], no variation of J, has
been observed as expected since H is always parallel to
the ab plane. Meanwhile it implies that other pinning
effects, such as the growth-defects pinning, are minor and
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FIG. 1. Schematic description of J.(6) measurement in the
magnetic field. 6 is the angle between H and the normal of the
film. Jis held perpendicular to H during the measurement.
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FIG. 2. J.(8) of YBCO thin films of different orientations. (a) (110)-oriented thin films as J is (i) along the ab plane and (ii) c-axis;
(b) a-axis-oriented thin films as J is along (i) the ¢ or b axis and (ii) [013] axis; and (c) (113)-oriented thin films as J is along (i) the [110]
axis and (ii) [116] axis. Solid line is from the intrinsic-pinning model and dashed line, the effective-mass model where J,(6) ~ H_,(6).

His 1.5 T and T'is 20 K.

have no visible anisotropy in (110)-oriented YBCO thin
films.

J.(0) in a-axis-oriented YBCO thin films is similar to
that of (110)-oriented YBCO thin films since the Cu-O
planes are perpendicular to the film surface in both cases.
Unlike (110)-oriented films, a-axis-oriented films generally
consist of two kinds of microdomains. The Cu-O planes
in these microdomains are perpendicular to each other.
To understand how the J, anisotropy is influenced by the
direction of J with respect to these domains, we passed J
along two different directions. One is along the ¢ axis (or
b axis) where J is parallel to the Cu-O planes in one group
of the microdomains [see Fig. 2(bi)]. The other is along
the [013] axis which has a 45° angle with respect to the
Cu-O planes in both microdomains [see Fig. 2(bii)]. J,
peaks were observed at 6=0° and 180° in both cases. The
peak-to-valley ratio of J,, however, is much higher in the
former (~2.1) than that of the latter (~1.4). As Jis
along the ¢ or b axis, direct application of the intrinsic-
pinning model shows a good fit [Fig. 2(bi), solid line].
The fit is poor when J has an angle with respect to the
Cu-O planes [Fig. 2(bii), solid line].

The anisotropy of J, is quite different in (113)-oriented

YBCO thin films [Fig. 2(c)]. From a structural point of
view, there exist three different types of microdomains in
which the Cu-O planes have different orientations, or the
¢ axis is aligned to the [100], [010], and [001] axes of the
SrTiO, substrate, respectively. We label them as group I,
I1, and III. When J is along the [110] axis [Fig. 2(ci), in-
set], two groups of J, peaks are visible: the higher peaks
near 6=35° and —145° and the lower peaks, around
0=125° and —55°. Comparing this with the calculated
angles of the intrinsic pinning from three different groups
of Cu-O planes, we determined that the higher J, peaks
are induced by the intrinsic pinning from group III Cu-O
planes and the lower peaks, from groups I and II togeth-
er. When H is along 6=35° or —145°, a simple calcula-
tion shows that the Lorentz forces are parallel to the ¢
axis of group III Cu-O planes where it experiences the
maximum of the intrinsic pinning. At 125° and —55°,
there exist minimum angles of 45° between the Lorentz
force and both ¢ axes of groups I and II Cu-O planes. It
explains the lower peak height in this case. When J flows
along the [116] axis [Fig. 2(cii)], which is perpendicular
to the [110] axis, we observed six peaks located near
0=123°, +90°, and £157°. The calculation shows that
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FIG. 3. High-temperature data. (a) (110)-oriented thin films as J is along the ab plane at (i) 50 K and (ii) 77 K; (b) g-axis-oriented
thin films as J is along the ¢ or b axis at (i) 50 K and (ii) 70 K; and (c) (113)-oriented thin films as J is along the [110] axis at (i) 50 K
and (ii) 77 K. Solid line in (a) and (b) is the fit of the intrinsic-pinning model. The field is 1.5 T.

the peaks at 23° or —157° are due to group I, and the
peaks at —23° or 157°, to group II Cu-O planes. The an-
gle between the Lorentz force and the corresponding ¢
axis is 23.09°. J, peaks at £90° are contributed by group
IIT Cu-O planes where the Lorentz force has an angle of
25.24° with respect to the c axis of group III planes. This
explains the overall low value of the peak-to-valley ratio
in this case.

J.(8)s of these samples show basically the same
features at higher T°s as shown in Fig. 3. Generally, the
peak-to-valley ratio of the J, due to intrinsic-pinning in-
creases with T and the width of the peaks are getting nar-
rower. The fitting of the experimental data by the
intrinsic-pinning model is fairly good at high T”s for both
(110)- and a-axis-oriented thin films [Figs. 3(a) and 3(b)].
It should be noticed that the width of the measured J,
peaks is narrower than that predicted by the intrinsic-
pinning model at low T”s but the order is reversed at high
T’s. It is possible that the contribution of other pinning
effects, which are not considered in the intrinsic-pinning
model, increases with 7. For example, twin-boundary
pinning was seen as broad J, maxima only at high T”s in
c-axis-oriented YBCO thin films.* In (110)- and a-axis-
oriented YBCO thin films, there are also many planar
growth defects parallel to the Cu-O planes. The J.(9) at
high T cannot be determined by intrinsic pinning only.
One may also attribute the discrepancy between theory
and experiment to the enhanced thermally activated flux
creep'® at high 7°s. When flux creep becomes non-
negligible, the measured J, may be significantly reduced.
Moreover, the influence of flux creep on the value of J, is
anisotropic because of the anisotropy of the pinning
effect. On the c-axis-oriented YBCO thin films,* a con-

tinuous transition from flux flow to flux creep was ob-
served as H was rotated from H lc axis to H||c axis posi-
tion. A similar phenomenon has also been observed in
our (110)- and a-axis-oriented thin films.

Besides the J, peak discussed above, a pair of J, peaks
becomes visible at 6=190° despite the orientation of the
film. It should be noted that these peaks were not seen at
low T (Fig. 2) so the impurity effect, e.g., the c-axis-
oriented grains in g-axis-oriented films, should be exclud-
ed as a possible case. Planar growth defects parallel to
the surface could be a reason but they are unlikely to
have formed in (113)-oriented thin films. In the many
samples we have measured, only those with a very
smooth surface show these peaks, suggesting that these
peaks are caused by surface and the film-substrate inter-
face pinning effect. The absence of this effect at low T
could be attributed to the extremely short coherence
length of YBCO. We will elaborate our results on surface
pinning in a separate paper.!!

B. Temperature dependence

To obtain some physical insight, the T dependence of
J. was measured at different H and 6. In Ref. 3, we re-
ported J.(T) of (110)-oriented YBCO thin films at zero
field and suggested vortex-glass behavior along the ab
plane and Josephson tunnel-junction behavior along the ¢
axis. As the magnetic field is applied either parallel or
perpendicular to the ab plane, J.(T') along the ab plane
shows an almost parallel shift down with respect to the
zero-field curve in the low-T range [Fig. 4(a)]. This sug-
gests the vortex-glass behavior in the ab plane. The gaps
between the zero field and the nonzero field J.(T) curves
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increased as T approaches T,. J.(T) measured with H
perpendicular to the ab plane decreases faster than that
with H parallel to the ab plane. This may relate to the
higher rate of thermally activated flux creep in the form-
er case because of the weaker pinning. J.(T') [and
J.(H)] along the c axis of (110)-oriented YBCO films in
the presence of a magnetic field is still under investigation
and the result will be reported elsewhere. J.(T) of
YBCO g-axis- and (113)-oriented thin films is shown in
Figs. 4(b) and 4(c), respectively. A similar exponential
decrease of J, in the low-T region appears even though J
has different angles with respect to the Cu-O planes in
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FIG. 4. J.(T) of YBCO thin films. (a) (110)-oriented thin
films as J is along the ab plane, (b) a-axis-oriented thin films as J
is along the c axis or b axis, and (c) (113)-oriented thin films as J
is along [110] axis.
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these thin films. It implies that the J.’s in these samples
are primarily determined by the weak links between
different grains. The situation may be completely
different when J is along the c¢ axis where the intragrain
J, could be even smaller, so that tunnel-junction behavior
due to the layered structure of YBCO becomes dom-
inant.’

C. Field dependence

J.(H)s in (110)-, a-axis-, and (113)-oriented YBCO
thin films are plotted in Fig. 5 as functions of T and 6. In
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FIG. 5. J.(B) of YBCO thin films at various temperatures.
(a) (110)-oriented thin films, J is along the ab plane, (b) a-axis-
oriented thin films, J is along [013] axis, and (c) (113)-oriented
thin films, J is along [110] axis.
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the (110)- and a-axis-oriented thin films, J is along the ab
plane, while in (113)-oriented thin films, J is along the
[110] axis. Generally, J, in all three kinds of thin films
shows weaker H dependence in the low-T region and
stronger H dependence in the high-7 region. The de-
crease of J, with field when H is parallel to the ab plane
indicates that weak layers between the Cu-O planes of
YBCO are not completely transparent to the magnetic
field. It implies that even though superconductivity can
exist in one unit cell of YBCO, a thicker layer (along the
¢ axis) of YBCO has a higher T, due to weak interlayer
pair interaction. The faster decrease of J, with field at
higher T’s is most probably due to thermally activated
flux creep. Figures 5(a) and 5(b) show that the J (H) is
anisotropic with respect to the direction of the applied
field. J, declines faster when H is perpendicular to the
Cu-O planes than when H is parallel to the Cu-O planes.
We understand it to be a result of the anisotropy of pin-
ning effects. The difference of J, between these two field
configurations becomes complicated at high T’s. On c-
axis- (Ref. 4) and a-axis-oriented thin films [Fig. 5(b)], a
crossover of the two curves was observed. Instead of go-
ing directly to zero, J.(B) in both a-axis- (at 70 K) and
(110)-oriented thin films (at 77 K) shows a finite value fol-
lowing a sharp drop as H is parallel to the thin films. The
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comparison of these curves with measurements on con-
ventional superconductors'”!® leads one to believe that
this anomaly is induced by the surface pinning effect.!!

IV. CONCLUSIONS

We have measured the anisotropy of transport J, in
(110)-, (113)-, and a-axis-oriented YBCO thin films at
various T"s and H’s. The experimental results indicate:
(1) The dominant pinning effect is the intrinsic pinning
between the Cu-O planes which is responsible for the an-
isotropy of the J, (6) despite the orientation of the film.
The anisotropic J.(6) of (110)- and ag-axis-oriented thin
films agrees well with the intrinsic-pinning model when J
is along the Cu-O planes. (2) The surface pinning effect
has been seen only in the high-T region which is possibly
the result of the extremely short coherence length of
YBCO. J, anisotropy induced by growth-defect pinning
is not visible.
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