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Thin epitaxial films of YBa2Cu3O7−� grown on vicinal cut substrates exhibit a substantial anisotropy of the
critical current density jc in the film plane. By means of a quantitative magneto-optical analysis it is possible
to investigate the current densities along different directions independently from each other. We performed a
detailed analysis of the temperature dependence of the critical currents in the range T=5–90 K and found a
completely different behavior of jc�T� along different directions. Describing the data by a step-wise power-law
ansatz allows us to distinguish between different current limiting mechanisms.
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Many possible applications for high-temperature super-
conductors, such as current carrying tapes, electronic filters,
or magnetic field sensors are going to be realized using thin
epitaxial films.1–4 Especially for the transport of electric cur-
rents it is desirable to create materials with high critical cur-
rent densities. Thin epitaxial films of YBa2Cu3O7−� �YBCO�
can exhibit current densities of up to 8�1011 A/m2 at low
temperatures due to defect structures that allow effective flux
line pinning.5,6 It could be shown that the critical current
densities in epitaxial YBCO films are also related to the
properties of the coalescence region of the growth islands.7

An elegant method to distinguish between different mecha-
nisms limiting the current transport is given by the detailed
analysis of the temperature dependence of the critical current
density.7–11 Owing to the fact that the quality of the bound-
aries between growth islands plays a decisive role for current
transport, at least at low temperatures,7 it is interesting to
study YBCO films on vicinal cut substrates. The steps of the
vicinal cut substrate restrain the island growth and instead a
self-organizing step-flow growth occurs.12 This makes it pos-
sible to produce films with few grain boundaries in the di-
rection of the steps, though instead an array of antiphase
boundaries are formed along the step edges. Due to the an-
tiphase boundaries the magnetic flux penetration is aniso-
tropic and the critical current along the steps is higher than
across the steps.13,14 Measurements of the current component
flowing along the steps can give information about a system
without growth-induced grain boundaries.

Thin films of optimally doped YBCO grown on vicinal
cut SrTiO3 �106� substrates were studied. The miscut of the
substrate towards the �100� direction was �=9.46°. This
angle produces steps with a width w=aSTO / tan �=11 nm
which is a multiple of aSTO=3.905 Å, the lattice constant of
SrTiO3. This results in very straight steps with heights of one
unit cell.13,15 5�5 mm2 YBCO films are grown onto these
substrates using pulsed laser deposition with nominal thick-
nesses of 150 nm. The steps in the substrate lead to a step
flow growth of YBCO ending up in a very homogeneous
film, containing no islands along the steps.12 In-between the
steps there is a stacking mismatch of the YBCO lattice pro-
ducing nearly parallel antiphase boundaries �APB� that are
elongated along the steps and are parallel to the c axis. This
has been shown using scanning tunneling microscopy and
transmission electron microscopy on samples grown in the

same setup and thus showing similar properties as the film
used here.13,15 It has also been seen that the twinning is par-
tially suppressed so that about 70% of the YBCO has the b
axis oriented along the steps.16 Because of the defect free
growth, the APB’s are expected to dominate as pinning
sites.17

The penetration of magnetic flux into these films is inves-
tigated using the magneto-optical Faraday effect. This allows
the direct imaging of the magnetic flux density distribution.18

A ferrimagnetic lutetium-doped iron garnet film is used as a
field sensing layer.19 That, together with a polarization light
microscope combined with a charge-coupled device camera,
gives a spatial resolution of up to 1 �m and a magnetic
resolution of better than 1 mT. From the so produced gray-
scale images of the magnetic flux distribution, the critical
current density can be calculated using an inversion scheme
of the Biot Savart law. In the film we assume a two-
dimensional current density distribution, which makes the
inversion unambiguous.20 There is an in-plane component of
the external magnetic field caused by the supercurrents. This
has to be omitted wherefore an iteration method developed
by Laviano et al.,21 has been used. The resulting current
density distributions have a spatial resolution of about 5 �m.

In our experiment, the film was cooled down to T�5 K
in an external field of �0H�250 mT. Then, the field was
removed to put the sample into the remanent state. The im-
ages of the flux distribution were then taken at increasing
temperatures, from 6.5 K to above Tc=91 K. To take care of
the relaxation processes of the vortices,22 a constant delay
time of 10 s was used before acquiring each image.

Figure 1�a� schematically shows the directions of the cur-
rents in the film, given as longitudinal �L� along and trans-
versal �T� across the APBs, or the steps of the substrate,
indicated by the vertical solid lines in the figure.

The quantitative flux distribution at 20 K is shown in Fig.
1�b� as a gray-scale image together with the numerically cal-
culated current streamlines showing the current path in the
sample. The gray-scale image represents Bz, the flux density
component perpendicular to the surface of the film, with
bright parts referring to a high local flux density of about 20
mT. The current is flowing in nicely shaped rectangular loops
parallel to the film edges. Figure 1�c� shows the correspond-
ing modulus of the critical current distribution for the film,
calculated as described above. The current density profile
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below the image is taken at the solid black line. The strong
anisotropy of jc due to the steps is clearly seen as different
current densities in the regions with different current direc-
tions, higher in the L direction �light gray�, lower in the T
direction �dark gray�. At a temperature of T=20 K the dif-
ferent directions show critical current densities of jc,L=2.8
�1011 A/m2 and jc,T=1.2�1011 A/m2, respectively. These
are typical values for high quality 150 nm thick YBCO films
grown on vicinal SrTiO3.6,23 Two macroscopic irregularities
in the film are marked out in the picture. At �a�, there is a
scratch in the film resulting in an area which cannot be
crossed by the supercurrents. The currents are forced to flow
around the scratch resulting in components along the APB’s

and, thus, in an enhanced current density in that area. The
white spot marked with �b� refers to a defect in the detector
layer and is not related to superconducting properties. Apart
from these the film is nearly defect free and of a high quality
supported by the high values for the critical current densities
especially in the L direction.

As a comparison, the critical current distribution in the
same film at T=89 K is shown in Fig. 2. At this temperature
the critical current is reduced to about jc=8�109 A/m2 and
the difference between the two directions is very small. Also
the angle between the discontinuity lines and the film edge
has increased and almost a cross is formed, like in films on
flat substrates.24 This means, that the anisotropy of the film
has almost disappeared at this temperature close to Tc.

To investigate the temperature-dependent properties of the
film in more detail, the critical current densities are deter-
mined for temperatures from T=6.5 K to T=90 K. The criti-
cal currents are averaged over an area with side lengths of
several 100 �m for each current direction. To take care of a
possible field dependence of the critical current due to flux-
line flux-line interactions, these areas were chosen to be
around the B=0 line, that necessarily appears in the rema-
nent state.25 These carefully obtained temperature depen-
dences of the critical currents are depicted in Fig. 3, showing
very different behavior for the two directions. The current in
the L direction, squares, shows a similar behavior as those
previously found in epitaxial films and films with improved
microstructure7 as well as for low-angle grain boundaries.10

The T direction, circles, on the other hand, shows a com-
pletely different behavior.

In a first analysis we have a look at the temperature where
jc is vanishing. This temperature for both directions can be
estimated by a linear fit to the values at higher temperatures,
seen in the inset of Fig. 3. For both directions we find values
close to T�91 K which means that there is no substantial
suppression of Tc due to the antiphase boundaries. The an-
isotropy ratio Aj of the critical current density for low tem-
peratures is Aj = jc,L / jc,T=2.5. With increasing temperature
the anisotropy decreases to disappear completely at Tc.

The Ginzburg-Landau theory suggests an ansatz for de-
scribing the temperature dependence of the critical current

FIG. 1. Square shaped YBCO film grown on vicinal cut SrTiO3.
The images were taken at 20 K. �a� Sketch of the L and T directions
of the currents in relation to the steps of the substrate. �b� Magneto-
optical image of the magnetic flux distribution and the calculated
current stream lines. �c� The critical current distribution as calcu-
lated from 1�b� and a current density profile taken along the black
line.

FIG. 2. The critical current density distribution at 89 K and a
current density profile taken along the black line.
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density for different systems. The two characteristic lengths
of a superconductor, the coherence length � and the London
penetration depth � show temperature dependences of �, �
� �1−T/Tc�−1/2 for T close to Tc. This motivates an ansatz
for the critical current density

jc � j0�1 − T/Tc�s. �1�

If this power law can describe the data reasonably is checked
by plotting the data as jc over 1−T /Tc using double logarith-
mic scaling. In Fig. 4 the data for the L direction is shown.
The errors are estimated not to be greater than 3
�109 A/m2 and are shown in the diagram. The data can be
fitted to Eq. �1� using j0 and s as free parameters. For tem-
peratures above T�40 K as can be seen in Fig. 4 the fit
gives s=0.9. At the temperature T=40 K the slope changes
and one finds s=1.4 for lower temperatures, see Fig. 5. For

both temperature regimes the fit is able to describe the ex-
perimental data well and a two-step power-law behavior is
found. The power-law ansatz works properly down to tem-
peratures of T=15 K. Here a significant deviation occurs,
indicated by the arrow in Fig. 5. This finding can possibly be
explained by the onset of quantum creep of vortices at low
temperatures.26 The temperature dependence in the T direc-
tion, Fig. 6 looks very different, though also here the value
s=0.9 is found at higher temperatures. Below T=70 K the
slope of the curve becomes continuously smaller and nearly
runs into a saturation value of jc�1.3�1011 A/m2 at low
temperatures. This behavior is unusual for epitaxially grown
YBCO films without weak links, that can be ruled out due to
the high critical currents. A qualitatively similar behavior is
found for tunneling currents across SIS contacts in classical
superconductors, described by Ambegaokar and Baratoff.27

FIG. 3. Temperature dependence of the critical currents in
YBCO grown on a vicinal cut SrTiO3 substrate. jc,L ��� is the
longitudinal current density along and jc,T ��� the transversal across
the APB’s. The inset shows linear fits to the data close to Tc.

FIG. 4. Temperature dependence of the longitudinal critical cur-
rent density jc,L. The line represents a fit to the power law jc� �1
−T /Tc�s with s=0.9.

FIG. 5. Temperature dependence of the longitudinal critical cur-
rent density jc,L for temperatures up to 50 K. The line represents a
fit to the power law jc� �1−T /Tc�s with s=1.4. The arrow indicates
the temperature below which a deviation from the powerlaw occurs.

FIG. 6. Temperature dependence of the transversal critical cur-
rent density jc,T. The line represents a fit to the power law jc� �1
−T /Tc�s with s=0.9.
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The experimental data have been obtained at low flux
densities making it possible to discuss the results within the
frame of individual flux line pinning. Considering flux-line
core pinning, the condensation energy per unit length of the
flux line is given by ��T�=	0

2 / �8
�0�2�T�� where the tem-
perature dependence only comes in through �. The coher-
ence length � describing the length over which this energy
can vary is connected to ��T�=���T�, where � is the
Ginzburg-Landau parameter. The temperature dependence of
the coherence length �� �1−T /Tc�−1/2 thus leads to ��T�
=�0�1−T /Tc�. In case of thermal depinning, the flux line has
to overcome an activation energy that is proportional to �.
Thus the expected temperature dependence for the critical
current density is jc�T�= j0�1−T /Tc�, the exponent being s
=1. For the measured films on vicinal cut substrates, at tem-
peratures above T=40 K �L direction� and T=70 K �T direc-
tion�, both current directions show the same exponent s
=0.9, which is close to s=1. Also, the values found in films
with different microstructure7 and for single grain
boundaries10 were close, s=1.1 and s=1.2, respectively. This
suggests that for higher temperatures thermally activated de-
pinning of the flux lines acts as a limiting factor for the
critical current density.

At T�40 K the power law describing jc,L�T� changes and
the exponent is found to be s=1.4 indicating a change of the
flux pinning properties. At lower temperatures, thermally ac-
tivated depinning plays a minor role and the flux pinning is
instead governed by the maximum pinning force. This force
is given by the gradient of the pinning potential, which

means the shape of the potential at the pinning sites is more
important than the depth. Different values of the exponent s
have been found for films with different grain-boundary
structures. An exponent of s=3.0 is found for a film contain-
ing a single, well-defined grain boundary with 3° misorien-
tation. For a standard epitaxial film s=2 is found and for
films with improved grain boundaries, s=1.7. Following this,
for a film grown on a vicinal cut substrate, the even lower
value of s=1.4 found for the L direction can be explained by
the reduced density of grain boundaries. This due to the step-
flow growth of the film resulting in absence of island forma-
tion. The found exponent s=1.4 is close to s= 3

2 , a tempera-
ture dependence that is also found for the depairing current
density j0=c	0 /12�3
2�2�� �1−T /Tc�3/2 in Ginzburg-
Landau theory.

Summarizing, using the quantitative magneto-optical Far-
aday effect it was possible to study the temperature depen-
dence of the critical current densities independently for both
occurring current directions. The measurements could be
performed with high accuracy up to T=90 K. The current
flowing parallel to the steps, jc,L�T� shows a behavior which
can be described by a two-step power-law ansatz. For T
�40 K, s=0.9 is found, suggesting thermal depinning to be
the current limiting mechanism while for T40 K with s
=1.4, the behavior follows that of the depairing current. The
current direction jc,T�T� shows a behavior characteristic for
SIS tunneling, although near Tc also here a nearly linear
behavior is found.
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