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The role of microstructure on flux pinning in c-axis-oriented epitaxial YBa,Cu;0, films grown on
LaAlO; and SrTiO; has been studied. For a magnetic field parallel to the Cu-O planes, the resistivity
and critical current density J, have been measured as a function of the angle 0 between the applied field
and the direction of the transport current. In addition to a Lorentz-force-independent resistivity, the
Lorentz-force-dependent component showed several broad deviations from sin?0 when a field was
aligned parallel to certain microstructural features which vary with the film thickness and substrate ma-
terial. These features were identified by transmission-electron-microscopy analysis. For films of 5000 A
thickness on LaAlQ;, resistivity dips were observed for a field applied parallel to the substrate twin boun-
daries or along misoriented a-axis grains. In thinner films of 900 A thickness also on LaA10; in which
a-axis grains were negligible, we observed dips corresponding to the orientation of substrate twin boun-
daries only. For thin films on SrTiO; in which substrate twins are absent, resistivity dips corresponding
to the direction of twin boundaries in the film and, perhaps, interfacial dislocations were observed.
Overall, such dips decreased with increasing transport current density and became negligible in J, mea-
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surements.

I. INTRODUCTION

High-temperature superconductors (HTS’s) exhibit
unusually large magnetic-field-induced broadening of
their resistive transitions, which generally increase with
the anisotropy.!”3 With the applied field H parallel to
the superconducting Cu-O layers (H||a), the broadening
is not as large due to the anticipated intrinsic pinning of
the insulating (or normal) region between layers.*> In
highly anisotropic HTS’s, such as Bi,Sr,CaCu,0, (Ref. 6)
and Tl,Ba,CaCu,0, (Refs. 2,7), Lorentz-force-
independent resistive transitions were observed and an
explanation other than flux motion has been proposed.’
However, for less anisotropic YBa,Cu;0,, intrinsic pin-
ning is smaller due to the shorter interlayer spacing and
the conducting Cu-O chains between superconducting
Cu-O double layers. In this material, a Lorentz-force-
induced flux flow resistivity which varies as sin’6 has
been observed in high-quality single crystals,® where 8 is
the angle between the direction of the transport current
and magnetic field. Moreover, when a magnetic field is
aligned parallel to the twin boundaries, a sharp drop in
resistivity was found at the foot of the transition, indicat-
ing substantial flux pinning by twin boundaries.> Magne-
tization measurements also show a similar effect of flux
pinning by twin boundaries.”!® A larger magnetization-
hysteresis loop was observed for fields parallel to twin
boundaries than perpendicular to the boundaries.’ In thin
films, flux pinning is more complex mainly due to the
presence of the substrates. Iye et al.!"!? measured the
angular-dependent resistivity in epitaxial YBa,Cu,;0,
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films and observed four broad dips which were attributed
to the Lorentz-force effect and the ab-plane anisotropy
averaged over twin domains.

In this paper, angular-dependent transport studies of
high-quality epitaxial YBa,Cu;O, films are reported.
Resistivity and critical-current density for H||a as a func-
tion of angle 6 were measured. Several dips are observed
in the angular-dependent flux flow resistivity. In order to
clarify the origins of the deviation from flux flow resistivi-
ty, transmission electron microscopy (TEM) was per-
formed on samples prepared from the same batch. The
relative orientations of the microstrip as well as various
microstructural features with respect to the substrate
were determined by TEM and electron diffraction to
correlate with the angle 6 between current and field at
which the dips in resistivity were observed. Several dips
were observed similar to the previous works of Iye
et al.,'>!?2 but we interpret the origin of dips as a pinning
effect due to the microstructure in the films based on
TEM rather than due to the ab-plane anisotropy. For
films of 5000 A thickness on LaAlQ;, four resistivity dips
were observed in one period for a field applied parallel to
substrate twin boundaries or along misoriented a-axis
grains. In thinner films of 900 A thickness also on
LaAlO; in which g-axis grains were negligible, we ob-
served only two dips, corresponding to the orientation of
substrate twin boundaries. For thin films on SrTiO; in
which substrate twins are absent, resistivity dips corre-
sponding to the direction of twin boundaries in the film
and, perhaps, interfacial dislocations were observed.
Such pinning effects became weaker as the temperature
or transport current was increased.
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II. EXPERIMENT

Films on YBa,Cu;0, were grown in situ by dc magne-
tron sputtering from a stoichiometric target onto LaAlO,
(100) and SrTiO; (100) substrates. TEM showed that
films are epitaxial and c-axis oriented. All of the films
studied here exhibit vanishing zero-field resistance
around 7,=88-89 K. The samples were patterned to
form a 6-25 um wide strip with conventional photol-
ithography and ion milling. Gold was sputtered on the
current and voltage pads to reduce the contact resistance.
The typical distance between the voltage probes was 0.1
cm, thus we are measuring an averaged effect of the mi-
crostructures. Samples are placed in the rotating holder
so that we can vary the angle 6 with 1° resolution in the
ab plane. At every 6 position, samples are tilted back
and forth slightly in the ac plane to find the minimum
resistance. In this manner, the angular resolution
achieved for the ac plane is much better than the full
width at half maximum of the rocking curve (0.4°-0.5°).

Conventional techniques were used to prepare planar
and cross-section samples for TEM. After grinding and
dimpling, the samples were ion milled using 4 kV Ar with
a low beam current while maintaining at liquid nitrogen
temperatures to minimize damage to the films. The sam-
ples were imaged in a Philips CM-30 operating at either
100 or 300 kV. Among five samples of YBa,Cu;0, films
studied, the characteristics of three representative films
are listed in Table I. The other two showed almost iden-
tical behavior to samples 2 and 3.

III. RESULTS AND DISCUSSION

Figure 1 shows the resistive transition of a 5000 A
YBa,Cu;0, film on LaAlO; in zero field and 4 T for
fields parallel to the current (H||I) and for fields perpen-
dicular to the current (H1I). The inset shows the same
transition plotted on a semilogarithmic scale. A slight
double transition in zero field was usually observed in all
samples grown on LaAlO; substrates but vanishes in
finite fields (>1 T). The Lorentz-force-dependent com-
ponent is clearly observed in the 4 T field with a large
Lorentz-force-independent background. This back-
ground broadening could be due to a mechanism other
than flux-flow-induced dissipation”!3 and is subject to fu-
ture study. In this work, only the Lorentz-force-
dependent part will be considered.

The angular-dependent resistivity at 90.5 K and 4 T

TABLE I. The characteristics of the three representative
YBa,Cu;0, films are listed. J, was determined using a 2
uV/cm criterion. Samples 2 and 3 were grown from the same
batch.

Width J. at 77 K
Thickness of strip T, and 0 T
Sample  Substrate (A) (um)  (K) (A/cm?)
1 LaAlO5(100) 5000 25 89.2 1.0Xx10°
2 LaAlO5(100) 900 13 87.8 2.3Xx10°
3 SrTiO,(100) 900 6 89.4 4.1x10°
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FIG. 1. Resistive transitions of sample 1 in 0 and 4 T fields
are shown for H1I and H||I. A small Lorentz-force-dependent
component with a large background broadening can be seen.
Inset shows the same transition on a semilogarithmic scale.

with a measuring current density of 80 A/cm? is shown
as circles in Fig. 2(a). A simple flux flow model predicts
a sin’@ dependence with a maximum resistivity at HL1I,
shown as a solid line in Fig. 2(a), but data show addition-
al four dips separated by 45° in one period. Deviation
from an ideal flux flow resistivity, Apg, is also plotted in
Fig. 2(a) (diamonds) and four dips are seen more clearly.
At a lower temperature, 87.9 K, the magnitudes of the
dips increases [Fig. 2(b)] but a large transport current
density of 8000 A/cm? significantly reduces the magni-
tude as shown in Fig. 2(c). This temperature- and
current-dependent behavior suggests that the resistivity
drop is due to the flux pinning effect. Such dips are no
longer observable in J. measurements [Fig. 2(d)], but a
slight asymmetry is observed which is reminiscent of the
dips. It is worthwhile to note that a similar J, measure-
ment in the low-7, material* showed an in-plane anisot-
ropy of greater than 20 with a sin™ '@ dependence except
near 0=0° consistent with the Lorentz-force-induced
dissipation. In this work, J, anisotropy was found to be
about 3 or less, considerably smaller than that in Ref. 14,
and it decreased slightly at low temperatures and fields.
In addition, a sin™ '@ dependence was observed only near
6~90°. This behavior suggests that a mechanism other
than flux-flow-induced dissipation limits J, over a sub-
stantial region around 6 =0°.

A typical TEM micrograph of a planar section of sam-
ple 1 is shown in Fig. 3(a). Needle-shaped crystallites
marked A are g-axis-oriented grains, while larger parti-
cles marked B are CuO, as identified by EDS and electron
diffraction. Figure 3(b) shows a higher magnification im-
age of a misoriented grain in which c-axis fringes can be
clearly seen. Electron diffraction showed that these parti-
cles are oriented along either a or b axis of the c-axis-
oriented background, so that these grains are aligned
with the principal axes of the substrate. Epitaxial forma-
tion at the substrate and film boundaries can be seen in
Fig. 4(a) in the cross-sectional TEM micrograph. The a-
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FIG. 2. (a) Angular-dependent resistivity of sample 1 at 90.5 K and 4 T with a measuring current density of 80 A/cm? is shown as
circles. Solid lines are a sin”0 fit and dotted lines are a guide to the eye. Deviation from ideal flux flow resistivity, Apy, is also plotted
as diamonds and four dips separated by 45° are clearly seen. (b) Resistivity dips develop sharply at 87.9 K. Field and measuring
current density are the same as (a). (c) At the same condition as (b), but a large transport current density of 8000 A/cm? reduces the
magnitude of the dips. (d) The J, measurement at 70.8 K shows hardly any dip.

axis grains nucleate only beyond a certain film thickness
of the order of a few hundred angstroms, not directly
from the substrate as shown in Fig. 4(b).

LaAlO; substrates become heavily twinned during the
cool-down process after the in situ growth of films and
these twin boundaries are oriented 45° from the principal
axis, thus any twin boundaries in YBa,Cu;0, films would
be parallel to the substrate twin boundaries. However, it
was not clear whether this film is twinned or not. In
some plane-section images, evidence of twinning is ob-
served, but selected area diffraction patterns do not show
the typical spot splitting associated with twins in
YBa,Cu;0,. Additionally, the structure resembling
twins is observed only when the underlying substrate is
also present. In regions that have been thinned so that no
substrate remains, this twin structure is absent. One
might argue that the absence of twins in the free-standing
part of the film is due to untwinning during sample
preparation such as ion milling, but the samples were
kept at 77 K during ion milling so that the resulting local
heating is not sufficient enough to untwin the film. Simi-
larly prepared specimen of the single crystals and films on
SrTiO; showed no such untwinning effect. Thus, it is
considered that this film is free of twins, but that the
presence of substrate twins induces a change in the direc-
tion of strain associated with the slight misfit between
YBa,Cu;0, and LaAlO;.

There is a correlation between the orientation of each
of the microstructural features with resistivity drops.
The relatively broader dips at 65° and 155° in Fig. 2 cor-
respond to the substrate twin boundary orientations. The
resistivity drop for a field parallel to the substrate twin

boundaries may be due to flux pinning by undetermined
microstructural features in the sample induced by strain
associated with the substrate twins. The other dips at 20°
and 110° correspond to the directions along the needle
shape of the a-axis-oriented particles. There are two pos-
sibilities for these two dips: flux pinning at the boun-
daries between the misoriented crystal and the back-
ground material or the resistivity anisotropy between
H)||c and H||a of the ag-axis grains. In the latter case, the
resistivity contribution from the ag-axis grain is minimum
when the field is aligned parallel to the Cu-O planes of
the a-axis grains. Then the magnitude of the dip should
be roughly the product of the volume occupied by a-axis
grains and the resistivity difference between H]|c and
Hlja. The volume of a-axis grains was estimated from
TEM micrographs and the resistivity difference at the
corresponding temperatures was measured. It was found
that about 30% of the resistivity drop can be accounted
for on this basis. This suggests that other mechanism of
pinning, perhaps due to a a-axis grain boundaries or some
other features, are dominant.

Iye et al.''"'? explained the dips for the field along the
a or b axis (in this case, along the a-axis grains) as a result
of the ab-plane anisotropy averaged over twin domains.
However, the measurements on the twinned single crys-
tals® did not show any dips associated with the ab-plane
anisotropy, and recent magnetic measurements on the
untwinned single crystals showed no significant ab-plane
anisotropy in the lower!® and upper critical fields.!® The
ab-plane resistivity anisotropy of the untwinned single
crystals for magnetic fields parallel to the Cu-O planes
has not been reported to our knowledge.
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Since the ag-axis-oriented grains start to grow only
beyond a certain film thickness [Fig. 4(b)], the effect of
the misoriented grains can be reduced by growing thinner
films. The resistive transitions for a 900-A-thick film on
LaAlO; (sample 2) in O and 4 T fields for H||T and H1I
are shown in Fig. 5 on a linear and logarithmic scale.
Measurements of resistivity as a function of angle 0 at
88.0 K display an ideal flux flow resistivity as shown in
Fig. 6(a) for a measuring current density of 160 A/cm?.
This temperature is approximately equivalent to 90.5 K
in the thicker film of sample 1 where resistivity dips due
to microstructural features were observed. It implies that
defect structures, such as g-axis-oriented grains, grow
with film thickness and so does the pinning effect. At a

FIG. 3. (a) Bright-field electron micrograph of a planar sec-
tion of YBa,Cu;0, on LaAlO;. The needle-shaped crystallites
marked A are g-axis-oriented grains, and the larger particles
marked B are CuO. (b) Higher magnification image of the same
plane section showing an a-axis-oriented particle. Electron
diffraction pattern shows the c axis of this particle to be parallel
to the a or b axis of the matrix grain.
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lower temperature, 86.7 K, only two dips at 53° and 143°
corresponding to the orientation of the substrate twin
boundaries are evident as shown in Fig. 6(b). The dips re-
sulting from the misoriented particles are negligible as ex-
pected. This result is consistent with the absence of a-
axis grains as confirmed by TEM of a film cross section.
Similar measurements on a 1500-A-thick film on LaAlO,
also showed only two dips corresponding to a-axis grains.
At higher transport current densities, reduction of the
dips has been observed similar to the case of sample 1,
and the critical-current density at 77 K showed no dips at
all. This behavior suggests that these microscopic struc-
tures are not effective pinning centers for high current
applications, and more uniformly distributed pinning
centers, such as oxygen vacancies and dislocations, could
be more effective at low temperatures.

FIG. 4. (a) Bright-field electron micrograph of a cross section
of the film showing epitaxial growth of a film near the substrate.
(b) Low magnification image of the cross section showing a-axis
grains which nucleate only when the film has reached a
minimum thickness.
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FIG. 5. Resistive transitions of sample 2 in 0 and 4 T fields
are shown for H1I and H||I.

So far, the discussion has been limited to samples
grown on LaAlO; where substrate twin boundaries play
an important role in flux pinning for small transport
currents (typically J <10* A/cm?). On the other hand,
SrTiO; does not form any twin structure, thus it is in-
teresting to study films grown on this substrate for com-
parison. We have measured two samples on SrTiO; from
the same batch as sample 2, and they exhibit almost iden-
tical behavior. Figure 7 shows resistive transitions in 0
and 8 T fields for sample 3 of 900 A thickness.
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tivity was observed at 88.0 K. At 86.7 K, two dips separated by
90° were observed. Apyq are plotted as diamonds in (b).
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FIG. 7. Resistive transitions of sample 3 in 0 and 8 T fields
are shown for HLI and H||I.

The angular dependence of the resistivity at 88.3 K for
8 T with a measuring current density of 270 A/cm? is
shown in Fig. 8(a), and an ideal flux flow resistivity is ob-
served. At 86.3 K, three dips develop in one period as
shown in Fig. 8(b). At higher transport current densities,
reduction of the dips has been observed, similar to the
case of samples 1 and 2. The critical-current density at
low temperatures showed no structure at all. The TEM
plane section (Fig. 9) shows twin boundaries in the sam-
ple, and electron diffraction indicates that the twin boun-
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daries are along the [110] direction of the SrTiO;, which
is expected to be due to the epitaxial relationship between
YBa,Cu;O, and SrTiO;. Since the microstrip is pat-
terned along the [100] direction of the substrates, the dips
at +45° correspond to the twin boundary direction of the
film. The resistivity drop may be due to the twin bound-
ary pinning effect. The relatively broad dips compared to
those of the single-crystal work® suggest that the orienta-
tions of the twin boundaries throughout the sample have
a certain angular distribution ( ~310°), but strain associ-
ated with the slight misfit between YBa,Cu,O, and
SrTiO; could be responsible for the broader dips.

It is interesting to note that the relative resistivity
drops due to the twin boundaries in the films are notice-
ably smaller and narrower than the corresponding drops
at the same angular positions in sample 2 on LaAlO,
grown from the same batch. This suggests that the
effects of certain microstructural features induced by the
substrate twins are dominant over the pinning effect of
the intrinsic twin boundaries in YBa,Cu;0, thin films.

The dips at £90° could be due to a-axis-oriented grains.
Although no evidence of g-axis grains was observed in
TEM cross sections, plane-section TEM revealed very
small ag-axis grains, and some of these are indicated by ar-
rows in Fig. 9. Since these grains are quite small
(=100 A), the overall effective volumes or surfaces are
negligible. Furthermore, the effect of these grains was
negligible in transport measurements of sample 2 from
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the same batch. Another possible origin of these dips
could be the flux pinning along dislocations. A high den-
sity of interfacial dislocations typically oriented along the
[100] and [010] directions of SrTiO; was observed. The
dislocations were observed to be unique to films grown on
SrTiO;. However, we do not have further evidence to
directly correlate the dips at £90° to the flux pinning at
the dislocations. Both of these mechanisms predict a dip
at every 90°, so a dip is expected at 0°. However, because
the macroscopic Lorentz force vanishes for H||I, no such
dips are observable except a small glitch at 0°.

Finally, the double transition observed in films on
LaAlO; in small fields (<1 T) indicates a T, variation in
the sample, and it is very likely that a part of the film
along the substrate twin boundaries may have a different
T, from the rest of the film due to the induced micros-
tructural features. The absence of the double transition
in films on SrTiO; is consistent with this speculation. A
detailed study of the influence of the substrate twin boun-
daries of LaAlO; on the microstructures is under way.

IV. SUMMARY

We have measured resistivity and critical-current den-
sity as a function of angle between the applied field and
the direction of transport current for fields parallel to the
Cu-O layers in high-quality epitaxial YBa,Cu;0, films.
Several dips were observed in the angular-dependent flux

FIG. 9. Bright-field electron micrograph of a planar section of YBa,Cu;0, on SrTiO; showing a twinned structure. Some a-axis

grains are indicated by arrows.
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flow resistivity. TEM samples were prepared to investi-
gate the origins of the deviation from flux flow resistivity.
For thick films (5000 A) on LaAlO;, resistivity dips are
observed when a field is aligned parallel to substrate twin
boundaries or along the a-axis grains. In thinner films
(900 A) in which a-axis grains were negligible, only two
dips were observed, corresponding to the orientation of
substrate twin boundaries. The resistivity drop for a field
parallel to the substrate twin boundary may be due to
flux pinning by undetermined microstructural features in
the sample induced by strain associated with the sub-
strate twins. For fields along the a-axis grains, flux pin-
ning at the grain boundaries and/or resistivity anisotropy
between H||c and H]|a can be responsible for resistivity
dips.

Meanwhile, for films grown on SrTiO;, twin structures
in the film were observed in TEM, and the pinning effect
due to the twin boundaries was also observed in the
angular-dependent flux flow resistivity. In addition, a
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pinning effect due to the other microstructural features,
perhaps interfacial dislocations, was observed in films
grown on SrTiO;. Overall, such pinning effects weaken
as the transport current increases and become at most a
perturbation in high-current applications.
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FIG. 3. (a) Bright-field electron micrograph of a planar sec-
tion of YBa,Cu;O, on LaAlO;. The needle-shaped crystallites
marked A are a-axis-oriented grains, and the larger particles
marked B are CuO. (b) Higher magnification image of the same
plane section showing an g-axis-oriented particle. Electron
diffraction pattern shows the ¢ axis of this particle to be parallel
to the @ or b axis of the matrix grain.



FIG. 4. (a) Bright-field electron micrograph of a cross section
of the film showing epitaxial growth of a film near the substrate.
(b) Low magnification image of the cross section showing a-axis
grains which nucleate only when the film has reached a
minimum thickness.



FIG. 9. Bright-field electron micrograph of a planar section of YBa,Cu;0, on SrTiO; showing a twinned structure. Some a-axis
grains are indicated by arrows.



